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The calix[4]pyrroles are a class of old but new heterocalix-
arene analogues that show interesting anion and neutral
substrate binding properties. Calix[4]pyrroles are easy to
make and functionalize. As such, they have been employed
in the production of separation media for anionic and
neutral species. Calixpyrroles also provide useful precursors
for the generation of novel calixpyridinopyrroles and
calixpyridines.

Introduction

This short review article covers the chemistry of systems that
resemble calixarenes but are not calixarenes. Specifically, it
discusses the synthesis and properties of calixpyrroles and other
heterocyclic calixarene analogues. This story starts with
Baeyer’s publication of his paper on the condensation of pyrrole
and acetone1 which appeared in 1886, some fourteen years after
he initiated his first studies of phenol–formaldehyde condensa-
tion chemistry.2

Although he did not appreciate it at the time, the white
crystalline product Baeyer obtained by mixing pyrrole, acetone
and hydrochloric acid was an octamethyl substituted form of
porphyrinogen 1. Porphyrinogens are naturally occurring

colourless macrocycles consisting of four pyrrole rings linked
through the a (i.e. pyrrolic 2 and 5) or meso-like positions by sp3

hybridized carbon atoms. The chemistry of porphyrinogens
containing hydrogen atoms in the meso-position is well known
as these species readily oxidize to form aromatic porphyrins.
However, fully meso-substituted porphyrinogens have attracted
much less attention, precisely because they do not constitute
useful porphyrin precursors. Nonetheless, for reasons outlined
in a recent communication,3 we felt that these materials might
be interesting. Specifically, we felt this class of macrocycle was
perhaps mis-named and might better be referred to as cal-
ix[4]pyrroles. This renaming, which is supported by structural
studies (vide infra), helps establish an obvious analogy to the
calixarenes. It also led us to consider that this class of cyclic
tetrapyrroles might display interesting anion binding character-
istics. Thus, this exercise in nomenclature provided us with an
incentive to begin studying further this venerable set of
macrocycles.

As implied above, the chemistry of calix[4]pyrroles goes way
back. Indeed, subsequent to the work of Baeyer, Dennstedt and
Zimmermann also studied this reaction, using ‘chlorzink’ as the
acid catalyst.4–6 Thirty years later, during the First World War,
Chelintzev and Tronov repeated these reactions and proposed

(correctly) a cyclic tetrameric structure for a calix[4]pyrrole.7
These same authors carried out several other reactions. These
included an acid catalysed condensation of pyrrole with methyl
ethyl ketone, which yielded a small quantity of a single
calix[4]pyrrole configurational isomer. Additionally, methyl
ethyl ketone and acetone were co-condensed with pyrrole
forming a mixed meso-hexamethyldiethylcalix[4]pyrrole of
unknown structure.8 In the 1950s, Rothemund and Gage used
methanesulfonic acid as the acid catalyst and obtained improved
yields.9 In the early 1970s, Brown et al. reported a refined
procedure that permitted them to obtain tetraspirocyclohexyl-
calix[4]pyrrole 2,10 a compound that had previously been
reported by Chelintzev, Tronov and Karmanov in 1916,11 in
decent yield. Calixpyrroles with functionalizable groups in the
meso-positions (chloroalkyl or cyano) were also reported
recently by Lehn and co-workers in a book chapter.12–14 In work
that is of a very different character, the transition metal
coordination chemistry of deprotonated meso-octaalkyl-
calix[4]pyrroles, particularly meso-octaethylcalixpyrrole 3, has
been extensively studied by Floriani and co-workers. This
chemistry has recently been highlighted in a Feature Article
appearing in this journal.15 It is, therefore, omitted from this
review.

Structural studies
Several crystal structures of calix[4]pyrrole macrocycles
(Fig. 1) have been elucidated. Taken in concert, these reveal that
the macrocycle adopts a 1,3-alternate conformation in the solid
state (i.e. adjacent pyrrole moieties are oriented in opposite
directions).3,16 Interestingly, in contradistinction to what is true
for calix[4]arenes, in calix[4]pyrroles there is no possibility for
the formation of a hydrogen bonded array between the various
pyrrolic NH groups. Thus, in the absence of an added substrate
there is no propensity for the free macrocycles to adopt the cone
conformation, a motif so prevalent in calix[4]arene chemistry.

Anion binding properties
On a track that is very different from that of Floriani (see
above), our group in Austin has focused on studying the anion
binding properties of the calix[4]pyrroles. Our interest in this
line of study, abetted by our renaming process (vide supra),
came about as the result of our previous work with sapphyrins.
Sapphyrin, a pentapyrrolic expanded porphyrin first synthe-
sized by Woodward,17 is an excellent receptor for anions
(particularly fluoride) when diprotonated.18 Knowing this, we
were keen to test whether neutral non-aromatic polypyrrolic
macrocycles, such as the calix[4]pyrroles, could also serve as
anion binding agents.

The solution binding properties of 1 and 2 were studied using
1H NMR titration techniques. Stability constants were then
determined using the EQNMR least-squares fitting procedure.19

The findings, summarized in Table 1, revealed that compounds
1 and 2 are not only effective 1 : 1 anion binding agents in
solution, they are also selective. Specifically, they show a
marked preference for F2 over other putative anionic guests
(viz. Cl2, Br2, I2, H2PO4

2 and HSO4
2).
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X-Ray crystal analyses of the Bu4NCl complex of calix-
pyrrole 1 and the Bu4NF complex of 2 revealed that in both
cases the calix[4]pyrrole ligand adopts a cone-like conforma-
tion in the solid state such that the four NH protons can
hydrogen bond to the halide anion (Fig. 2). While these two
structures are similar, in the case of the chloride complex
[Fig. 2(a)] the nitrogen-to-anion distances are in the range of
3.264(7)–3.331(7) Å, while for the corresponding fluoride
complex they are 2.790(2) Å [Fig. 2(b)] (the four pyrrole groups
are equivalent by symmetry). As a result, in these two
complexes the chloride and fluoride anions reside 2.319(3) and
1.499(3) Å above the N4 root mean square planes of
calixpyrroles 1 and 2, respectively. Thus, the fluoride anion
appears to be more tightly bound, at least in the solid state.

In an effort to study the conformational properties of the
calix[4]pyrroles in solution, variable temperature 1H NMR
studies were carried out on a CD2Cl2 solution of 1 in the absence
and presence of fluoride anions. In the presence of 3 equiv. of
Bu4NF, the meso-methyl resonance splits into two separate
signals as the temperature is lowered. By contrast, in the
absence of fluoride anions, there is no significant change in the
1H NMR spectrum of compound 1. The splitting seen in the
presence of F2 may be due to the calixpyrrole adopting a cone
conformation in solution when bound to this, and presumably
other anions. Certainly, such a model is consistent with
experiment. This is because it leads to the prediction that in the
presence of F2 at low temperature the meso-methyl groups will
be arranged in either axial or equatorial positions and thus
resonating at different frequencies, as is indeed observed.

Surprisingly, the pyrrole NH resonance was also found to
split into two peaks as the temperature was lowered in the
presence of fluoride (Fig. 3). It was considered that a likely
cause for this engendered splitting might be coupling between
the NH protons and the 19F nucleus of the bound fluoride anion.
To test this supposition, a 19F NMR spectrum of the fluoride
complex was acquired at 193 K. The bound fluoride nucleus
was found to resonate as a quintet (with a coupling constant of
39.5 Hz), confirming the proposed coupling effect (Fig. 3).

Binding of neutral substrates
In work that was designed to complement the above, it was
found that the molecular recognition chemistry of the cal-
ix[4]pyrroles is not limited to anionic substrates. Indeed, the
coordination of neutral species was explicitly achieved using
meso-octamethylcalix[4]pyrrole 1. In this instance, 1H NMR
titration experiments in C6D6 and subsequent analysis of the
titration curves using the EQNMR computer program,19

revealed that this calix[4]pyrrole forms complexes with neutral
species, including short chain alcohols, amides and other
oxygen-containing neutral species. Although the binding con-
stants are modest, a clear trend is evident in both the alcohol and

Fig. 1 X-Ray crystal structure of (a) 1 and (b) 2·CH2Cl2. In (b) the solvent
is omitted for clarity. Nitrogen and pyrrolic hydrogen atoms are blue. This
figure was generated using data originally published in ref. 3.

Table 1 Stability constants for compounds 1 and 2 with anionic substratesa

in CD2Cl2 at 298 K. For further details, see ref. 3

Stability constant/m21

Anion 1 2

Fluorideb,c 17 170 (± 900) 3600 (± 395))
Chloride 350 (± 5.5) 117 (± 4.0)
Bromide 10 (± 0.5) d

Iodide < 10 d

Dihydrogen phosphatee 97 (± 3.9) < 10 
Hydrogen sulfate < 10 d

a Anions were added as 0.1 m CD2Cl2 solutions of their Bu4N+ salts to 10
mm solutions of the receptor in CD2Cl2, with concentration changes being
accounted for by EQNMR. In determining the stability constants, the
possible effects of ion pairing (if any) were ignored. b Bu4NF was added as
the trihydrate. c A repeat titration with compound 1 at 1.0 mm concentration
gave concordant results. d Not determined. e A repeat titration with
compound 1 at 100 mm concentration gave concordant results.

Fig. 2 X-Ray crystal structure of (a) the chloride complex of compound 1
and (b) the fluoride complex of compound 2. Nitrogen and pyrrolic
hydrogen atoms are blue, chloride is green and fluoride is magenta. This
figure was generated using data originally published in ref. 3.
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amide series. Specifically, it was found that the relevant
stability constants decrease as the steric bulk around the oxygen
atom is increased (Table 2).20

The structure of 1 coordinated to two molecules of MeOH
was determined by X-ray diffraction analysis. In contrast to the
crystal structures of the anion-bound forms of 1 and 2
(discussed above), the calixpyrrole in this neutral substrate
complex adopts a 1,3-alternate conformation in the solid state
[Fig. 4(a)]. The two MeOH molecules are each coordinated to
the calixpyrrole via two sets of hydrogen bonds involving the
pyrrolic moieties [the Npyrrole-OMeOH distances are 3.155(4)
Å].

The single crystal X-ray structure of the DMF complex of 1
was also solved. As in the bis(methanol) adduct, each of the two
DMF molecules was found to be coordinated to a single
calix[4]pyrrole macrocycle via two hydrogen bonds. However,
in the case of the DMF complex the calix[4]pyrrole adopts a
1,2-alternate conformation, wherein each DMF molecule is
coordinated to adjacent pyrrole moieties [Npyrrole–
ODMF = 2.908(2) and 2.924(2) Å]. Each of the DMF molecules
lies ca. 3.4 Å over the plane of one of the pyrrole rings to which
it is not hydrogen bonded. This finding led us to suggest that
p–p interactions help stabilize the 1,2-alternate conformation of
this particular calix[4]pyrrole-neutral substrate complex
[Fig. 4(b)].20

Functionalized systems
The introduction of a ‘tailed’ butanoate group to a calix[4]py-
rrole produces an anionic calixpyrrole with interesting self-
assembly properties.21 The requisite ‘meso-hook’ calix[4]py-
rrole monoester 4 was synthesized by co-condensing methyl
4-acetylbutyrate, cyclohexanone and pyrrole. After column
chromatography, the monoester was isolated from a mixture of
calixpyrroles containing different numbers of ester functional
groups in 12% yield. Subsequent hydrolysis of 4 yielded the
monoacid 5.

X-Ray quality crystals of the calixpyrrole carboxylate 5 were
obtained by slow evaporation of a CH2Cl2 solution of 5 in the

Fig. 3 (a) The NH resonance of 1·F2 splits as the temperature is lowered to
193 K (b), indicating coupling to the bound fluoride anion

Table 2 Association constants for 1 with neutral substrates. a For further
details, see ref. 20

Substrate added Ka m21

MeOH 12.7 ± 1.0
EtOH 10.7 ± 0.7
BnOH 9.7 ± 0.7
PriOH 7.0 ± 0.4
BusOH 6.2 ± 0.4

N-Formylglycine ethyl ester 13.3 ± 1.0
DMF 11.3 ± 0.8
N,N-Dimethylacetamide 9.0 ± 0.9
1,1,3,3-Tetramethylurea 2.2 ± 0.1

DMSO 16.2 ± 1.1
1,2-Dimethylimidazole 5.4 ± 0.3
Acetone 2.2 ± 0.2
Nitromethaneb —

a In C6D6 at 298 K. For each titration, the concentration of 1 was held
constant (at ca. 4 1023 m) as aliquots of the substrate in C6D6 (ca. 1 m) were
added. b In this instance, the induced shifts in the NH proton(s) of 1 were too
small ( < 0.15 ppm) to afford a reliable Ka value.

Fig. 4 X-Ray crystal structure of (a) 1·2(MeOH) and (b) 1·2(DMF).
Nitrogen and pyrrolic hydrogen atoms are blue and oxygen is red. This
figure was generated using data originally published in ref. 20.
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presence of excess Bu4NF·xH2O. Interestingly, the crystals did
not contain any fluoride anions within the lattice. Rather, this
latter was found to be comprised entirely of the tetra-
butylammonium calix[4]pyrrole carboxylate salt. The structure
of the salt revealed that the calixpyrrole carboxylate self-
assembles in the solid state. Specifically, the carboxylate
functionality of one calixpyrrole was found to be bound to the
pyrrolic array of an adjacent calixpyrrole and vice versa. The net
result of these interactions is a dimeric cyclic structure as
indicated in Fig. 5. In this instance, the calix[4]pyrrole adopts a
cone conformation with four hydrogen bonds from the cal-
ixpyrrole pyrrole groups serving, as implied above, to bind the
carboxylate ‘tail’ of a second functionalized calixpyrrole
unit.21

A ROESY NMR spectrum of the trimethylammonium salt of
5 in CD2Cl2 provided evidence for aggregation in solution. Two
resonances were observed between d 7.0 and 7.5 corresponding
to non-complexed pyrrole NH protons. Another resonance was
observed at approximately d 11. This was assigned to bound
pyrrole NH protons, in exchange with the unbound NH
resonances. As such, this datum point provides evidence in
favour of aggregate formation in solution. The dimer could also
be observed using FAB MS techniques.21 In any event, to the
best of our knowledge, this self-assembling calix[4]pyrrole
system (5) represents the first and only example wherein purely
anionic sub-units are seen to self-assemble.

In addition to the above, we have recently described the
synthesis of several novel calix[4]pyrrole molecules containing
functional groups appended to the carbon- or C-rim of the
calix[4]pyrrole ‘bowl’. Two strategies were pursued in the
synthesis of these materials. The first involved a direct
condensation approach. Using such a strategy the b-octa-
methoxy-meso-tetraspirocyclohexylcalix[4]pyrrole 6 was pre-
pared via the condensation of 3,4-dimethoxypyrrole and
cyclohexanone in glacial acetic acid. The resulting calixpyrrole
was then isolated in 8% yield after column chromatography.22

The second strategy involved modifying the C-rim of a pre-
synthesized calix[4]pyrrole. In this case, meso-octamethyl-
calix[4]pyrrole was dissolved in dry THF and cooled to 278 °C.
A solution of n-butyllithium in hexanes (4.0 equiv.) was added
dropwise to the calixpyrrole solution followed by 4.0 equiv. of
ethyl bromoacetate. Purification by column chromatography
afforded two isolatable products, a C-rim monoester 7 (formed
in 26% yield) and a diester 8 (3% yield). Surprisingly 1H and
13C NMR experiments showed that the diester 8 present in the
fraction collected was a single isomer, with the ester groups

attached to the calixpyrrole in the 2 and 7 positions, as judged
from single crystal X-ray diffraction and NMR analyses.22

In chemistry somewhat related to the above, b-octabromo-
meso-octamethylcalix[4]pyrrole 9 was synthesized in 90%
yield by reacting meso-octamethylcalix[4]pyrrole with
N-bromosuccinimide in dry THF at reflux. In this instance, an
X-ray structure (Fig. 6) revealed the calixpyrrole macrocycle 9
exists in a chair-like flattened 1,2-alternate conformation in the
solid state (i.e., the dihedral angles between pyrrole rings and
plane through the calixpyrrole meso-carbon atoms are 66.8°,
5.8, 266.8 and 25.8°, respectively).22

The solution anion binding properties of the b-octamethoxy
derivative 6 and the b-octabromo derivative 9 have been studied
in CD2Cl2 using 1H NMR titration techniques (Table 3).22

Compound 6 displays lower stability constants than the
corresponding ‘b-free’ analogue 2, presumably due to the
electron-donating effects of the methoxy groups (this decreases
the acidity of the pyrrole NH protons and therefore lowers the
stabilty of the calixpyrrole–anion complex formed). By con-
trast, compound 9 displays higher stability constants with
anions than its ‘b-free’ control (compound 1) as a result,
presumably, of the electron-withdrawing effect of the bromine
substituents.22

Higher order systems
While currently the chemistry of calix[4]pyrroles is fairly well
worked out, that of higher order systems (i.e. calix[n]pyrroles

Fig. 5 X-Ray crystal structure of the calix[4]pyrrole carboxylate dimer (5·5
2 2H+). Nitrogen and pyrrolic hydrogen atoms are blue and oxygen is red.
This figure was generated using data originally published in ref. 21.

Fig. 6 X-Ray crystal structure of compound 9. Nitrogen and pyrrolic
hydrogen atoms are blue and bromine is magenta. This figure was generated
using data originally published in ref. 22.
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with n > 4) is still essentially unexplored. While such species
may be identified as by-products in condensations leading to the
generation of calix[4]pyrroles, they have yet to be isolated
cleanly.3 Recently it occurred to us that a p-tert-butylcalix-
[n]arene could be used as a template around which a
calix[n]pyrrole could form. Such a strategy could prove useful
in the synthesis of higher order calix[n]pyrroles (i.e. those
where n > 4). As a first step towards this approach, p-tert-
butylcalix[4]arene tetramethyl ketone23 was condensed with
pyrrole in the presence of methanesulfonic acid. This afforded
the cylindrical calix[4]arene-calix[4]pyrrole pseudo-dimer 10
in 32% yield.24

The X-ray structure of 10 was solved. It revealed, as
expected, that the calixarene adopts a cone conformation.
Further, two of the pyrrole NH groups were seen to form
hydrogen bonds to the phenolic oxygen atoms at the lower rim
of the calixarene (Fig. 7).

The hydrogen bonding between the pyrrole NH groups and
phenolic oxygen atoms is maintained in solution, as evidenced
by 1H NMR spectroscopic studies.24 Here, it was found, for
instance, that the pyrrole NH protons resonate at d 11.22. This
is consistent with the proposal that they are deshielded as a
result of their participation in the suggested hydrogen bonding
interactions. Addition of polar solvents such as CD3OD or
anions such as fluoride does not disrupt the hydrogen bonding
array. This latter finding thus supports the notion that the
molecule adopts a cylindrical conformation in solution.

When p-tert-butylcalix[5]arene pentamethyl ketone25 was
condensed with 5 equiv. of pyrrole in the presence of BF3·OEt2,
a calix[5]pyrrole-calix[5]arene pseudo-dimer 11 was formed in
10% yield.26 Compound 11 is, to the best of our knowledge, the
first example of an expanded calixpyrrole. The intramolecular
hydrogen bonding array in compound 11 appears to be weaker
than that of the tetramer. For example, the NH protons resonate
at d 9.88 in the pentamer, and addition of CD3OD or chloride
anions cause shifts in the NH protons.

The use of other templates, such as cyclodextrins, using the
same strategy, may lead to the synthesis of new expanded
calixpyrroles and porphyrins. This approach is currently being
pursued in the authors’ laboratory.

Towards possible commercial applications
The fact that calixpyrroles are easy to make has led us to
consider that products based on the calixpyrrole technology
could be commercially viable. With a view towards testing this
hypothesis, we decided to investigate whether calixpyrrole-
based solid supports could be used to separate oligonucleotides
and other polyanionic substrates. Thus in work that is still
ongoing, we have recently attached carboxylic acid function-
alized calix[4]pyrroles to aminopropyl silica gel via both the
meso- and b-positions. As determined from HPLC studies,27 the
resulting media allow for the ready separation of mixtures of (i)
AMP, ADP, and ATP, (ii) aromatic carboxylates, and (iii)
oligonucleotides of varying chain length (Fig. 8) under
isochratic conditions. These same media also permit the HPLC-
based separation of mixtures of neutral species such as
polyfluorobiphenyls.

The synthesis of pyridine-containing macrocycles
calixpyrroles as synthetic precursors
While pyridine-containing macrocycles are among the most
versatile and important of all those known, in the heterocalix-
arene analogue area pyridine remains a minor player. Indeed,
until the authors’ recent contributions,28 calix[4]pyridine was
actually unknown. However a decade ago (1987), Newkome et
al. did report the synthesis of several interesting calixpyridine
analogues including compound 12.29

In work that is of a very different nature, Floriani has
succeeded in producing calix[1]pyridino[3]pyrroles and cal-
ix[2]pyridino[2]pyrroles. This was done by carrying out an

Table 3 Stability constants for compounds 6 and 9 with anionic substratesa

in CD2Cl2 at 298 K. For further details, see ref. 22

Stability constants/m21

Anion added 6 9

Fluoride 1.7 (± 0.2) 3 102 2.7 (± 0.4) 3 104b

Chloride < 10 4.3 (± 0.6) 3 103

Dihydrogen phosphate c 6.5 (± 0.4) 3 102

a Anions were added as 0.3 m CD2Cl2 solutions of their Bu4N+ salts to 3 mm
solutions of the receptor in CD2Cl2 with concentration changes being
accounted for by EQNMR. In determining the stability constants, the
possible effects of ion pairing (if any) were ignored. b Estimated value. The
NH proton resonance broadened considerably during the titration, forcing
the frequency of the resonance to be noted manually. This value should
therefore, be treated with caution. c Not determined.

Fig. 7 X-Ray crystal structure of compound 10 showing intramolecular
pyrrole NH–phenolic oxygen hydrogen bonding: N(2)···O(1) 2.701(6),
N(2)···O(2) 2.739(6) Å. Nitrogen and pyrrolic hydrogen atoms are blue and
oxygen is red. This figure was generated using data originally published in
ref. 24.
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homologation of the pyrrole rings effected by reacting the
zirconium complex of deprotonated meso-octaethylcalix[4]py-
rrole with CO.30

Recently the present authors have discovered a very versatile
and easy entry into the chemistry of calixpyridines. It is
predicated on the use of calixpyrroles and dichlorocarbene and,
as illustrated in Scheme 1, provides ready access to the
previously unknown calix[3]pyridino[1]pyrrole and calix[4]py-
ridine families.

Our initial synthetic efforts were based on attempts to
condense substituted pyridine N-oxides in a manner analogous
to p-tert-butylphenol in calixarene synthesis.31–33 However,
using this approach none of the desired products could be
isolated from the reaction mixtures. Our attention then turned on
finding a way that would allow us to convert calix[4]pyrroles
(e.g. 1) into calix[4]pyridines. Here, we were inspired by the
fact that the reaction of dichlorocarbene with pyrrole, imidazole
or indole rings will lead to an insertion of the :CCl2 unit
(generated inter alia by heating sodium trichloroacetate under
neutral conditions) into one of the double bonds.34 In the case of
pyrroles, subsequent elimination of HCl and rearrangement
produces a 3-chloropyridine ring. We therefore decided to apply
this methodology to calix[4]pyrrole and investigate whether a
tetrachloro calix[4]pyridine derivative might not be obtainable
in this way.

The conversion of meso-octamethylcalix[4]pyrrole 1 into
tetrachloro-meso-octamethylcalix[4]pyridine 13 was attempted
in several different solvents using a range of reaction times as
well as different (excess) concentrations of sodium tri-
chloroacetate. Using 1,4-dioxane as the solvent, and 15 equiv.
of sodium trichloroacetate, a 2.4 : 1 mixture of the mono- and di-
pyridine macrocycles (14 and 15) was formed. Interestingly,
when the same reaction conditions were employed using
1,2-dimethoxyethane as the solvent, a mixture of di- (15), tri-
(16) and tetra-pyridine (13) species was obtained in a 1 : 1 : 1
ratio. The latter conditions, therefore, allowed us to obtain
chlorinated derivatives of two previously unknown hetero-
calixarene analogues, namely, calix[3]pyridino[1]pyrrole (16)
and calix[4]pyridine (13). Improved yields of the latter products
could be obtained by adding separate batches of the di-
chlorocarbene precursor. In fact, using this approach the

reaction process could be made to favour, as desired, the
formation of either 15 and 16, or just 13. The calix[2]pyr-
idino[2]pyrrole, calix[3]pyridino[1]pyrrole, and calix[4]pyr-
idine products prepared in this way can be easily separated by
column chromatography (silica gel, CH2Cl2–hexane eluent).
Thus, it has proved possible, depending on the choice of
conditions, to obtain 15, 16 and 13 in optimized yields of 65, 42
and 26%, respectively. The NMR spectra of the crude products
obtained from the above reactions are complicated due to the
presence of isomers. This is reflected in Scheme 1 wherein each
pyridine ring is bound to either Cla or Clb (not to both).

The X-ray crystal structure of 15 [Fig. 9(a)] reveals that there
are two crystallographically distinct molecules in the unit cell.
Both adopt the cone conformation in the solid state. The
pyrrolic NH groups are oriented near the pyridine nitrogen
atoms such that potential NH···N hydrogen bonds may be
formed. These hydrogen bonds may influence the conforma-
tional properties of the macrocycle.

The X-ray crystal structure of 16 has also been elucidated
[Fig. 9(b) and (c)]. As in the case of 15, there are two molecules
of 16 per asymmetric unit. However unlike 15, where the two
molecules were found to be conformationally equivalent, the
two molecules of 16 assume strikingly different conformations.
In Fig. 9(b), the molecular conformation is similar to that found
in compound 13 (see below) wherein alternate rings are either
parallel or nearly perpendicular. In this case, the pyrrole NH
group is not hydrogen-bonded to any of the pyridine nitrogen
atoms. The other molecule [Fig. 9(c)] in the asymmetric unit
displays a dramatically different conformation.

Finally, in work that is still very recent,28 the single crystal
X-ray structure of the calix[4]pyridine 13 was solved. This
structure revealed that the molecule adopts a flattened partial
cone conformation in the solid state [Fig. 9(d]). As importantly,
by virtue of simply being solved, this structure served to
confirm the existence of 13. As such, it provides a critical proof

Fig. 8 Separation of dT12–18 on calixpyrrole modified silica gel column.
Flow rate 0.4 ml min21, mobile phase MeCN–[aq. NaCl (250 mm) + aq.
Na3PO4 (50 mm)], 1 : 1 (v/v) (isochratic), pH = 7.0, column temperature
25 °C, UV detection at 265 nm.

Scheme 1
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(a)

(c) (d)

(b)

that calix[4]pyridines can be made and that they are potentially
well-organized in the solid state.

Conclusion

The goal of this review has been to summarize the current state
of calixpyrrole chemistry and, by implication, highlight the
similarities and differences that exist with regard to normal
calixarene chemistry. One feature that is particularly note-
worthy is the fact that the calixpyrroles act as such effective
receptors for neutral and anionic substrates. This finding leads
us to suggest that related systems, such as the calixindoles,35,36

might be worth studying in this regard. Indeed we think the
chemistry of heterocalixarenes in general is one that is likely to
be blessed with a rich supramolecular future.
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Calix[4]pyridine: a new arrival in the heterocalixarene family

Vladimı́r Král,a,b Philip A. Gale,a Pavel Anzenbacher Jr.,a,b Karolina Jursı́ková,a Vincent Lyncha and
Jonathan L. Sessler*a
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Reaction of dichlorocarbene with meso-octamethyl-
calix[4]pyrrole causes pyrrole ring expansion, producing
chlorocalixpyridinopyrroles and chlorocalixpyridines.

Considerable effort of late has been devoted to synthesizing
new macrocycles containing pyridine subunits. While many
such systems have been reported, some of considerable
elegance,1 one of the simplest conceivable pyridine-containing
macrocycles, calix[4]pyridine, remains unknown.

Currently, close analogues of calix[4]pyridine, in the form of
homocalixpyridines2 and tetrapyridine tetraone3 macrocycles
are known. However, macrocyclic systems with pyridine rings
linked in the 2 and 6 positions via a single sp3 hybridized carbon
atom have yet to be prepared. We have now discovered a
general synthetic strategy that not only allows for the prepara-
tion of calix[4]pyridine derivatives (e.g. 1), but also provides
access to calix[n]pyridino[n]pyrroles (m + n = 4). While some
species related to this latter set of macrocycles are known,
namely mixed porphyrin-like pyrrole-pyridine systems and
calixpyridinopyrroles containing one or two pyridines,4
calix[3]pyridine[1]pyrrole derivatives (e.g. 4), as reported here,
appear to be without precedent in the literature.

Our initial synthetic efforts were based on attempts to
condense substituted pyridine N-oxides in a manner analogous
to p-tert-butylphenol in calixarene synthesis.5 However none of
the desired products could be isolated from the reaction
mixtures. Our attention then turned on finding methods that
would allow us to convert calix[4]pyrroles6 (e.g. 5) to
calix[4]pyridines. Reaction of dichlorocarbene with pyrrole,
imidazole or indole rings has been shown to cause an insertion
of the CCl2 unit into one of the double bonds.7 In the case of
pyrroles, subsequent elimination of HCl and rearrangement
produces a 3-chloropyridine ring. We thus attempted the
conversion of meso-octamethylcalix[4]pyrrole 5 into tetra-
chloro-meso-octamethylcalix[4]pyridine 1 in several different
solvents using a range of reaction times as well as different
(excess) concentrations of sodium trichloroacetate. Using
dioxane as the solvent, and 15 equiv. of sodium trichloroacetate,
a 2.4 : 1 mixture of the mono- and di-pyridine macrocycles (2
and 3) was formed. Interestingly when the same reaction
conditions were employed using 1,2-dimethoxyethane as sol-
vent, a mixture of di-, tri- and tetra-pyridine species 3, 4 and 1
was obtained in a 1 : 1 : 1 ratio (Scheme 1).† The latter
conditions, therefore, offer easy access to chlorinated deriva-
tives of two previously unknown macrocycles, namely, calix-
[3]pyridino[1]pyrrole 4 and calix[4]pyridine 1, in the same
reaction. In any event, it was found that by adding between 3
and 6 equiv. of the carbene source in a sequential manner,
isolated yields of 65, 42 and 26% could be obtained for targets
3, 4 and 1, respectively.

X-Ray diffraction-grade single crystals of compound 3 were
grown by slow evaporation of a dilute CH2Cl2 solution of the
macrocycle (Fig. 1).‡ The resulting X-ray structure reveals that
there are two crystallographically distinct molecules in the unit
cell. Both adopt the cone conformation in the solid state such
that potential NH···N hydrogen bonds are formed. These

hydrogen bonds may influence the conformation of the
macrocycle.

Crystals of the calix[3]pyridino[1]pyrrole were grown from a
MeOH–CH2Cl2–hexanes solvent mixture.§ As in the structure

Scheme 1 The chlorine atoms indicated may be present in position ‘a’ or ‘b’
but not both. This results in isomers, as discussed in the text.

Fig. 1 X-Ray crystal structure of 3. Intramolecular hydrogen bonds are
shown by dotted lines. Thermal ellipsoids are at the 30% probability
level.
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of compound 3, there are two molecules of compound 4 per
asymmetric unit. The two molecules in the structure of 4 assume
strikingly different conformations. For molecule 2, the molec-
ular conformation is similar to that found in the structure of 1
(below) where alternate rings are either nearly parallel or nearly
perpendicular. The dihedral angle between ring 2 (as denoted by
the nitrogen atom label) and the pyrrole ring 4 is 81.9(2)°. The
dihedral angle between ring 1 and ring 3 is 13.4(2)°. The
dihedral angles between the rings and the plane through the
bridging carbon atoms C(6A), C(12A), C(18A) and C(23A) is
81.6(2)° for ring 1, 74.9(2)° for ring 2, 85.1(2)° for ring 3 and
7.3(3)° for ring 4. Molecule 1 has a dramatically different
conformation (Fig. 2). The dihedral angles between the rings
and the plane through the bridging carbon atoms of molecule 1
are 51.3(2)° for ring 1, 89.3(2)° for ring 2, 55.5(2)° for ring 3
and 21.5(2)° for ring 4.

Single crystals of the calix[4]pyridine 1 were grown by
slow evaporation of a CH2Cl2–hexane–MeOH solution of the
macrocycle (Fig. 3).¶ The molecule adopts a flattened
partial cone conformation in the solid state.

In summary, we have developed a universal and easy
synthetic protocol for the preparation of calix[m]pyridino-
[n]pyrrole (m + n = 4) and calix[4]pyridine systems based on a
non-metal mediated ring expansion of pyrrole. We are currently
investigating the molecular recognition properties of these new
systems.
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Fig. 2 X-Ray crystal structure of 4. Only one molecule from the asymmetric
unit is shown. Thermal ellipsoids are at the 30% probability level.

Fig. 3 X-Ray crystal structure of 1. Intramolecular hydrogen bonds are
shown by dotted lines. Thermal ellipsoids are at the 30% probability
level.
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Templated assembly of a molecular capsule
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Two rigid Tröger’s base dizinc(II) bis-porphyrin receptor
molecules 1 and the first generation of dendrimer tetramine
4 form a 2 : 1 complex 5, a self-assembled spherical
superstructure encapsulating the dendrimer.

Self-assembled molecular capsules have received much atten-
tion in supramolecular chemistry. Most of them are based on
diphenylglycoluril building blocks in which the formation of
eight (or more) hydrogen bonds favours a dimeric structure
resembling a ‘molecular tennis ball’.1 These assemblies were
able to reversibly encapsulate small guest molecules.2 Recently
larger dimeric structures based on calix[4]arenes have also been
described, showing comparable behaviour.3

The use of self-assembly in the formation of porphyrin arrays
to mimic some aspects of the photosynthetic machinery, has
emerged in different supramolecular porphyrin structures.
These porphyrin assemblies are based on hydrogen bonding,4
metal ion coordination,1,5 and central metal atom coordination.6
Here, we report the formation of a self-assembled molecular
capsule based on metal-to-ligand interactions of two dizinc(ii)
bis-porphyrins around a tetramine.

Previously we have shown that a rigid Tröger’s base-like
receptor strongly binds ditopic diamino ligands such as
l-histidine esters7 and a,w-diaminoalkanes8 in its cleft which
has a Zn···Zn distance of ca. 8.5 Å. We have also synthesised the
expanded TrögerAs base dizinc(ii) bis-porphyrin receptor 1.9
Models indicate that the Zn···Zn distance in the unbound state is
ca. 16 Å.

Binding studies, using UV–VIS spectroscopy,† of a series of
ditopic a,w-diaminoalkanes show that 1,7-diaminoheptane 2 is
the smallest guest which can bind to the receptor 1 in a ditopic
manner giving a 1 : 1 complex with a high binding constant (1.5
3 106 dm3 mol21). This indicates that there is some flexibility
in the skeleton of 1 and that the cleft can be contracted to a
Zn···Zn distance of 13 Å. The binding strength of the
monodentate ligand 1-hexylamine is significantly less (5 3 104

dm3 mol21). In the case of 1,6-diaminohexane binding is also
significantly weaker and sigmoidal titration curves are observed
indicating several competing modes of binding occur. Larger
guests, for example 1,12-diaminododecane 3 bind significantly
more strongly (7 3 107 dm3 mol21), indicating that there is an
energy penalty associated with contraction of the binding
cleft.

The observation of tight binding of suitably long ditopic
ligands to dizinc(ii) bis-porphyrin 1 suggested to us that

polyamines could be used as ligands to assemble a number of
dimetallo bis-porphyrin systems around a ligand core. Dizinc-
(ii) bis-porphyrin 1 and quatratopic ligands such as the first
generation of aminodendrimer10 4 were expected to give a 2 : 1
complex by the formation of four Zn–amine bonds. Indeed, the
UV–VIS titration curve of 1 with tetramine 4 showed an
inflection point at 0.5 equiv. of 4 added, indicating that a 2 : 1
complex 5 was formed (Fig. 1). The porphyrin Q bands as well
as the Soret band were shifted towards the red in the visible
spectrum as ligand was added, indicating that the amines of 4
were complexed to the Zn atoms of the porphyrin units of 1.
These shifts were similar to those found for the ditopic ligands
2 and 3 upon full complexation showing that to each Zn atom of
1, an amine was bound. The only structure which allowed a 2 : 1
complex and all the Zn atoms to be occupied was the molecular
capsule 5 with the tetramine guest 4 inside the spherical dimer
(Fig. 2). Although there are two possible forms in which the
guest molecule can be bound to the tetramine, either with 9 or
14 atoms between the two Zn atoms of one unit of 1, molecular
modelling‡ studies suggest that the latter form is much more
favourable, which is in line with the difference seen in binding
of 2 and 3 with receptor 1.§

In order to explore the stability of the molecular capsule 5 the
titration was continued by adding further free ligand 4. A second
inflection point was observed corresponding to the addition of 1
equiv. of 4 (Fig. 1). This indicates that complex 5 dissociates to
form 1 : 1 complexes (two Zn–amine bonds and two free amine
groups per complex) at higher ligand concentration. By
comparison, a titration curve of 1 with the ditopic guest 3 (or 2)
showed only one inflection point which corresponded to the
addition of 1 equiv. of ligand (also two Zn–amine bonds).

To further investigate the structure of the molecular capsule
5, 400 MHz 1H NMR studies were performed (Fig. 3). To a 2.2
mmol CDCl3 solution of tetramine 4 was added stepwise a 12.6
mmol solution of 1 also containing 2.2 mmol of 4. Upon the
addition of 1 the signals of 4 were broadened and upfield
shifted. The NH2 (protons a in structure 4), a-CH2 (protons b)
and b-CH2 (protons c) signals showed the highest shifts, being
the closest protons to the porphyrin ring upon complexation.
These signals shifted approximately linearly with concentration
towards d24.68 (NH2; total shift 25.92 ppm), 22.82 (a-CH2;
total shift 25.50 ppm) and 21.80 (b-CH2; total shift 23.35
ppm) at 2 equiv. of 1 [Fig. 3(c)], indicating that all amino groups
were complexed to zinc(ii) porphyrins. The addition of more 1

Fig. 1 UV Titration curve (616 nm) of 1 with quatratopic guest 4
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(up to 5.4 equiv.) did not result in significant change of chemical
shifts of the protons of 4, indicating that at these concentrations
the 2 : 1 complex is stable and no higher complexes are formed.
Upon the addition of just 1 equiv. of 1 the shifts of protons a, b

and c of 4 [Fig. 3(b)] were in between the signals of free 4 [Fig.
3(a)] and fully complexed 4 [Fig. 3(c)], suggesting that a 1 : 1
complex is formed as an intermediate.

The signals of receptor 1 shifted as well. The signals of the
bridging methyl groups and the b-pyrrolic protons of the
porphyrin rings shifted to higher field, upon complexation.
Adding more than 2 equiv. of 1 resulted in broadening of the
signals of the receptor and signals of the bridging methyl groups
and the b-pyrrolic protons of the porphyrin rings shifted back to
lower field. These data clearly show that a 2 : 1 complex
between receptor 1 and quatratopic guest 4 is formed, and that
the exchange between the free components and the complex is
at coalescence on the NMR timescale. At 250 °C, this
equilibrium is slow and the 1H NMR spectrum of a 1 : 4 mixture
of 4 and 1 showed signals of the free and the complexed
receptor 1. Although the spectrum was complicated and could
not be completely assigned, large downfield shifts were
observed for the b-pyrrolic protons of the porphyrin rings and
the other aromatic protons of the receptor. These large shifts,
which were not observed for ditopic ligands, are in agreement
with the structure of molecular capsule 5.

Studies of porphyrin arrays assembled around larger den-
drimers are in progress.

We thank the Australian Research Council for a research
grant to M. J. C.
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Fig. 2 (a) Schematic sideview with sixteen meso aryl groups omitted for
clarity and (b) a modelled structure of the capsule 5 consisting of the two
shape complementary receptor molecules 1 assembled around the core guest
4. The encapsulated guest is in blue (space-filling), the receptors are in dark
green and red (stick).

Fig. 3 1H NMR spectra of (a) 4, (b) a 1 : 1 complex of 4 and 1,
(c) molecular capsule 5. Peaks marked with an asterisk are from the tert-
butyl protons of the receptor molecule and the SiMe4 resonance is marked
with a circle.
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Crystallization of 3-cyanophenyl 4-cyanobenzoate with AgSbF6: a polar
coordination network based on the crisscrossing of intertwined helices
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Crystallization of 3-cyanophenyl 4-cyanobenzoate 1 with
AgSbF6 yields the non-centrosymmetric, fourfold interpene-
trated grid structure [Ag(1)2]SbF6 2 through the criss-
crossing of two-dimensional sheets.

The construction of self-assembled materials through metal
coordination is an area of research that has grown tremendously
in recent years.1 The challenge that faces chemists working in
this field is to identify packing trends that may allow for the
rational design of functional materials. In this vein, we
developed a packing model for interpenetrated diamondoid
networks that was applied with success to our structures and
those in the literature.2 Also, many interesting structural studies
on other coordination networks have been put forth,3 and some
have yielded materials exhibiting novel properties.4 In order to
observe packing trends such that coordination network topology
may be better anticipated, systematic structural studies should
continue to elucidate the role of variables such as counterion
and ligand structure. In time, such studies may allow for the
rational construction of materials exhibiting catalytic or non-
linear optical activity. In continuing towards this goal, we report
a novel, non-centrosymmetric coordination network based on
3-cyanophenyl 4-cyanobenzoate 1. Included here is a descrip-
tion of this structure that accounts for its packing in a polar
space group.

3-Cyanophenyl 4-cyanobenzoate 1 was prepared in 92%
yield by reaction of 3-cyanophenol (1.0 equiv.) and 4-cyano-
benzoyl chloride (1.0 equiv.) in CH2Cl2 at room temperature in
the presence of DMAP (0.1 equiv.) and NEt3 (2.4 equiv.).
Crystallization of ligand 1 (1.0 equiv.) with AgSbF6 (1.1 equiv.)
was achieved by heating and slow cooling from toluene in a
programmable oven. The temperature program involved heat-
ing from room temperature to 100 °C at a rate of 20 °C h21,
holding at 100 °C for 2 h, and cooling to ambient temperature at
a rate of 1.2 °C h21. Colorless columnar crystals of the complex
[Ag(1)2]SbF6 2 were obtained and one was selected for X-ray
analysis.† The resulting structure crystallizes in the non-
centrosymmetric, orthorhombic space group Ccc2 and is
composed of crisscrossing sheets that form an infinite grid.

In complex 2, silver(i) adopts a distorted tetrahedral geome-
try coordinated by four nitrile nitrogen atoms of ligand 1. The
metal ion bonds to nitrile nitrogens of two cyanobenzoyl rings
and two cyanophenyl rings. N–Ag–N bond angles about
silver(i) range from 100.4(3) to 130.1(4)°. The SbF6

2 ions do
not coordinate to silver(i) and are disordered over two sites,
each of which is half-occupied. The shortest Ag···F separation is
5.30 Å.

The sheet topology of complex 2 is shown in Fig. 1. Within
a sheet, the Ag–1–Ag distance is 16.11 Å. Twofold
interpenetration is observed to partially fill void space created

by a single sheet. This interpenetration may be viewed as the
intertwining of two 2/1 helices (Fig. 1). Closest-packing in
complex 2 is not achieved by twofold interpenetration. Rather,
it results from further interpenetration of twofold inter-
penetrated sheets that propagate orthogonal to one another.
Crisscrossing of orthogonal twofold sheets yields a fourfold
interpenetrated grid structure overall (see Fig. 2). p–p Stacking
is observed between molecules of ligand 1 that originate from
orthogonal sheets [Fig. 2(b)]. Specifically, stacking occurs
between cyanobenzoyl rings at a plane-to-plane distance of 3.35
Å and between cyanophenyl rings at a plane-to-plane distance
of 3.44 Å.

Fourfold interpenetration in complex 2 can be viewed as
arising from the crisscrossing of orthogonal pairs of 2/1 helices
(see Fig. 3). Orthogonal sheets are mirror images of one another
and, therefore, orthogonal helices are of opposite handedness
[Fig. 3(b)]. The reason that this structure is polar is that helices
of opposite handedness propagate orthogonal to one another.
Therefore, the opposite twist sense associated with these helices
does not cancel. Had helices of opposite handedness propagated

Fig. 1 Twofold interpenetrated sheets as a means to partially fill void space
in the grid structure [Ag(1)2]SbF6 2. Interpenetration may be viewed as the
intertwining of two 2/1 helices that are derived from the sheets as shown.
The projection at the bottom is obtained by rotation of the middle figure by
ca. 90° about the horizontal axis. The inclusion of counterions is shown in
this projection (antimony is green and fluorine is red).
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along the same direction, a non-polar structure could have
formed. Such a packing of helices was observed in the sheet

structures [Ag(3,3A-dicyanodiphenylacetylene)2]XF6 (X = P,
As, Sb), which we reported recently.3a These structures
crystallized in space group P 1̄ and the topology is twofold
interpenetrated sheets that are very similar to those shown in
Fig. 1. However, for the 3,3A-dicyanodiphenylacetylene struc-
tures, closest-packing arises from the interdigitation of helices
of opposite handedness3a rather than the crisscrossing of such
helices. As a result, left- and right-handed helices propagate
along the same axis such that the opposite twist sense associated
with these helices cancel out, and the structures are non-polar
(P 1̄). The difference in the packing between the structure
presented here and those of 3,3A-dicyanodiphenylacetylene may
be a result of the para-nitrile group of ligand 1, which changes
the conformation of the 2/1 helix. This comparison demon-
strates the value of viewing solid-state packing in terms of
helices in order to better understand gross structure. An
increased understanding of solid-state packing is essential if
self-assembled materials possessing novel properties are to be
designed.

We acknowledge the US Department of Energy through the
Materials Research Laboratory at the University of Illinois
(Grant DEFG02-96ER45439) for financial support of this work.
We also thank the School of Chemical Sciences Materials
Characterization Laboratory at the University of Illinois for
X-ray data collection.
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Fig. 2 (a) Fourfold interpenetration in [Ag(1)2]SbF6 2 resulting from the
crisscrossing of an orthogonal pair of twofold interpenetrated sheets. The
blue and yellow networks constitute one set of twofold sheets and the red
and green networks constitute the other. The arrows indicate the directions
of propagation for the orthogonal sheets. Fourfold interpenetration is shown
from left to right in a blue–green–yellow–red sequence where the
orthogonal sheets cross. (b) Two views of p–p stacking of cyanobenzoyl
rings of compound 1 as a result of fourfold interpenetration. Stacking occurs
between ligands of orthogonal sheets along the polar c-axis. The direction
of the c-axis is indicated for the bottom projection. The plane-to-plane
distance for this stacking interaction is 3.35 Å.

Fig. 3 The crisscrossing of orthogonal pairs of 2/1 helices in [Ag(1)2]SbF6

2. (a) Pairs of intertwined helices crisscross to afford fourfold inter-
penetration. Fourfold interpenetration is indicated by the arrow, which
highlights a yellow–red–blue–green sequence of silver(i) ions (balls).
Orthogonal helices are of opposite handedness. This point is clarified on the
right. (b) Two orthogonal pairs of helices separated to reveal mirror
symmetry. The blue and yellow helices are left-handed and the red and
green helices are right-handed.
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Novel supported catalysts: platinum and platinum oxide nanoparticles
dispersed on polypyrrole/polystyrenesulfonate particles
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Platinum and platinum oxide nanoparticles are deposited on
electronically and ionically conducting polypyrrole/poly-
styrenesulfonate particles by the reduction of Pt(NH3)4Cl2
with formaldehyde and the oxidation of Na6Pt(SO3)4 with
H2O2, respectively.

Supported metal catalysts play a crucial role in many in-
dustrially important chemical reactions.1 The support enables
the metal particles to be highly dispersed and thermostable to
retard sintering so that they can be used with high efficiency.
This is particularly important with expensive noble metal
catalysts such as platinum. The most widely used supports are
carbon, SiO2, Al2O3, TiO2 and zeolites. Carbon is the only
electronically conducting support in widespread use.

We introduce here a new type of support, polypyrrole/
polystyrenesulfonate, which is both electronically and ionically
conductive. The polypyrrole (PPy) provides electronic con-
ductivity that can be controlled either chemically or electro-
chemically.2 The polystyrenesulfonate (PSS) counter-ion, in-
corporated into the PPy during preparation, provides cation
exchange sites. When the oxidation state of the polypyrrole is
decreased, mobile cations are drawn into the particles to
compensate the loss of cationic polymer sites. This causes an
increase in the ionic conductivity that can be chemically or
electrochemically controlled.3

Our primary interest in using PPy/PSS particles as a catalyst
support arises from their potential application in proton
exchange membrane fuel cells. The ideal catalyst support in
such fuel cells would be gas and water permeable, and conduct
both protons and electrons.4 None of the conventional catalyst
supports possess all these properties, but PPy/PSS does.

Although using conducting polymers as catalyst supports has
been attracting research interest for more than 10 years, the
deposition of metal particles has been restricted to the use of
electrochemical methods and polymer films.5 In one case,
chemically prepared colloidal Pt particles were dispersed in a
polypyrrole film during its electrochemical synthesis,6 but there
are no reports on the deposition of metal particles on conducting
polymer particles. We have developed simple methodology that
enables the fabrication of size-controllable PPy/PSS particles
with dimensions ranging from ca. 30 to 1000 nm, and the
chemical deposition of highly dispersed Pt on these particles.

The sizes of chemically synthesized PPy/PSS particles were
controlled by varying the concentrations of pyrrole and the
iron(iii) oxidant.7 The higher the concentration, the smaller the
resulting polymer particles. The presence of PSS is essential in
the size-control process. In a typical procedure (i.e. the
preparation of the PPy/PSS particles shown in Fig. 1), a mixture
consisting of 7.0 ml of 0.1 m NaPSS(aq) (0.70 3 1023 mol,
Aldrich; M ca. 70 000), 150 ml of neat pyrrole (2.1 3 1023 mol),
and 61 ml of water was shaken for 10 min before addition of 12
ml of 0.5 m FeCl3 (6.0 3 1023 mol) in 0.1 m HCl(aq). Following
stirring for 15 min and centrifuging, the PPy/PSS particles were
washed five times with water. The average diameter of the PPy/
PSS particles produced under these conditions was ca. 500 nm,
and their electronic conductivity was ca. 1022 S cm21. Based
on a model of spherical particles with a density8 of ca. 1.5
g cm23, the estimated surface area is ca. 8 m2 g21. The sample

shown in Fig. 2 has an estimated surface area of ca. 100
m2 g21.

The deposition of Pt nanoparticles on PPy/PSS particles was
accomplished by the reduction of Pt(NH3)4Cl2 with formal-
dehyde. PPy/PSS was heated at reflux in 60 ml of formaldehyde
for 1 h to ensure full dispersion, followed by the addition of 72
mg of Pt(NH3)4Cl2 and stirring for 30 min. The mixture was
then heated at reflux for 30, 60, 90, 120 or 150 min.

Transmission electron microscopy (TEM) revealed that little
Pt deposition occurred during the first 1.5 h, while large
quantities of Pt nanoparticles with diameters of ca. 4 nm were
produced after ca. 2 h. The reaction time had little influence on
the Pt particle size. Fig. 1 shows a TEM of a Pt/PPy/PSS sample
following 2.5 h of reflux. The distribution of Pt nanoparticles is
quite homogeneous. Electronic conductivity measurements
following Pt deposition revealed a ca. three order of magnitude
decrease to ca. 1025 S cm21. A similar decrease in conductivity
was observed when PPy/PSS particles were treated with
formaldehyde alone, suggesting that it is due to irreversible
reduction of the polypyrrole.

Deposition of Pt oxide nanoparticles on PPy/PSS particles
was also performed.9 In this case, the PPy/PSS was produced
from a mixture consisting of 0.14 m pyrrole, 0.70 m Fe(NO3)3
and 0.04 m PSS with a 90 min reaction time. The resulting PPy/
PSS particles were of an irregular shape, with an average
dimension of ca. 40 nm. After 0.2000 g of dried PPy/PSS and
0.1695 g of Na6Pt(SO3)4

9 were stirred in 80 ml of water for 5

Fig. 1 TEM of Pt nanoparticles dispersed on PPy/PSS particles
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min, 1 m H2SO4 was added dropwise to adjust the pH from ca.
4 to 2.0, followed by the dropwise addition of 0.5 m NaOH to
adjust the pH to 3.0. Then 1.00 ml of 30% H2O2 was added and
the mixture was stirred for 1 h and then boiled. The Pt oxide/
PPy/PSS particles were separated from the reaction medium by
centrifuging, washed three times with water, and dried under
vacuum overnight at room temperature.

Fig. 2 shows a TEM of the resulting Pt oxide/PPy/PSS
particles. Pt oxide nanoparticles were ca. 2 nm in diameter and
evenly distributed on the PPy/PSS particles. Although the exact
chemical nature of the Pt oxide particles is unknown, they can
be converted to highly catalytic Pt particles simply by heating.9
This sample exhibited electronic conductivities of ca. 3 and
1025 S cm21 before and after Pt oxide deposition, respectively.
The decrease in conductivity is presumably due to over-
oxidation10 of the polypyrrole by the H2O2.

Preliminary results (Fig. 3) have indicated that the supported
catalysts described here are effective for oxygen reduction in

proton exchange membrane fuel cells, despite their low
electronic conductivities. However, significantly high conduc-
tivities are required to compete with the carbon supported
catalysts currently in use.

This work was supported by the Natural Sciences and
Engineering Research Council of Canada and Memorial
University.

Footnotes and References

* E-mail: ppickup@morgan.ucs.mun.ca

1 Heterogeneous Catalysis: Principles and Applications, ed. G. C. Bond,
Clarendon Press, Oxford, 2nd edn., 1987.

2 A. F. Diaz and J. Bargon, in Handbook of Conducting Polymers, ed.
T. A. Skotheim, Marcel Dekker, New York and Basel, 1986, vol. 1, pp.
81–115.

3 X. Ren and P. G. Pickup, J. Electroanal. Chem., 1995, 396, 359.
4 A. J. Appleby, Philosophical Transactions of the Royal Society of

London Series A—Mathematical Physical and Engineering Sciences,
1996, 354, 1681.

5 M. E. G. Lyons, Analyst, 1994, 119, 805.
6 C. S. C. Bose and K. Rajeshwar, J. Electroanal. Chem., 1992, 333,

235.
7 Z. Qi and P. G. Pickup, Chem. Mater., 1997, in press.
8 M. Salmon, A. F. Diaz, A. J. Logan, M. Krounbi and J. Bargon, Mol.

Cryst. Liq. Cryst., 1982, 83, 265.
9 H. G. Petrow and R. J. Allen, US Pat., 4 044 193, 1977.

10 A. A. Pud, Synth. Met., 1994, 66, 1.
11 Z. Qi, M. C. Lefebvre and P. G. Pickup, J. Electroanal. Chem.,

submitted.

Received in Columbia, MO, USA, 22nd October 1997; 7/07648G

Fig. 2 TEM of Pt oxide nanoparticles dispersed on PPy/PSS particles

Fig. 3 Polarization curve for oxygen reduction in a CıO2 (1 atm), PPy/PSS/
Pt oxide (0.15 mg Pt cm22)ıNafionı1 m H2SO4(aq), SCEıPt cell at
ambient temperature. Experimental details are reported elsewhere.11
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Intramolecular coordination of an alkene to a mixed dicyclopentadienyl benzyl
zirconium cation studied by NMR spectroscopy
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Benzylation of [Zr(h5-C5H5){h5-C5H4SiMe2(CH2CHN
CH2)}Cl2] 1 yields [Zr(h5-C5H5){h5-C5H4SiMe2-
(CH2CHNCH2)}(CH2C6H5)2] 2, which reacts with either
B(C6F5)3 or [Ph3C][B(C6F5)4] to generate the same cation,
3+, which has been fully characterised by 1H, 13C NMR and
1H DNMR spectroscopy.

It is generally accepted1 that a cationic 14-electron alkyl
dicyclopentadienylzirconium complex of the type [ZrCp2R]+

stabilized by coordinative contact with a counter-ion
[R-MAO]2 (MAO = methylalumoxane), [RB(C6F5)3]2 or
[B(C6F5)4]2 provides a route to [ZrCp2R(alkene)]+, a pro-
ductive, active, cationic polymerization catalyst. Numerous
synthetic studies involving the characterization of dicyclopenta-
dienyl alkyl cationic group 4 metal complexes and their
catalytic activity in Ziegler–Natta polymerization processes,
have recently been reported.2 Many structural techniques have
been used to investigate the formation of cationic species of this
type and various theoretical methods3 have been applied to
calculate the kinetic and thermodynamic parameters of their
transition states and intermediate species.

However, in spite of the many attempts made,4 the crucial
cationic d0 metal–alkene complex has only been observed and
studied by X-ray diffraction5 in the zirconium complex
[ZrCp2(OCMe2CH2CH2CHNCH2)]+, in which the alkenic dou-
ble bond shows a rather weak interaction with the metal center.
The isolation of dimethyl titanium6a and zirconium6b com-
plexes containing the 1-(but-3-enyl)-2,3,4,5-tetramethylcyclo-
pentadienyl ligand has been reported, for which extensive low
temperature NMR studies were unable to detect the alkene-
coordinated metal complex. An yttrium pentenyl chelate has
also been studied,7 where the exchange between the dias-
tereotopic C5H4Me ligands is proposed to occur via rapid and
reversible alkene dissociation followed by rate limiting inver-
sion of the pyramidal d0 yttrium center. A related compound
reported by Erker8 was isolated by reaction of the butadiene
zirconium complex [ZrCp2(C4H6)] with B(C6F5)3, resulting in
the formation of a betaine system in which an anionic allyl
system is coordinated to the dicyclopentadienyl zirconium
cation.

In order to favour alkene coordination we decided to
synthesize zirconium complexes containing the more electron-
withdrawing di(methyl)(allyl)silyl(cyclopentadienyl) ligand to
create a more acidic metal center with a slightly longer and more
fluxional pendant chain, owing to the bulkier silicon atom.

As shown in Scheme 1 the dichloro complex [Zr(h5-
C5H5){h5-C5H4SiMe2(CH2CHNCH2)}Cl2] 1 was prepared† by
reaction of the lithium salt of di(methyl)(allyl)silylcyclopen-
tadiene9 with stoichiometric amounts of ZrCpCl3·DME. Treat-
ment of 1 with MgBn2·2THF yielded the dibenzyl complex 2.

NMR spectra recorded after mixing 1 equiv. of either
[Ph3C][B(C6F5)4] or B(C6F5)3 with 1 equiv. of complex 2 in
CD2Cl2 at 270 °C demonstrate the formation of the same
14-electron cationic species 3+. Characteristic methylene reso-
nances of Ph3CCH2Ph (d 3.90) and non-coordinated
[PhCH2B(C6F5)3]2 (d 2.70, br) were observed, respectively.

Stabilization of this 14-electron cationic zirconium species is
usually achieved by benzallylic coordination of the benzyl
ligand, evidenced by the loss of the C2v symmetry of the phenyl
ring and a substantial difference between the 1H chemical shifts
for the two methylenic protons (Dd = 2.80 ppm) observed1c in
the solid by X-ray analysis and in solution by NMR spectro-
scopy at low temperatures. However, this behaviour is not
observed in the 1H NMR spectra of 3+ at 203 K which shows
C2v symmetry for the phenyl ring, an AB spin system (dav 3.13,
Dd = 0.27 ppm) for the two diastereotopic methylenic protons,
two SiMe signals at d 0.31 and 0.59, and four resonances at d
5.74, 6.13, 6.35, 7.10 due to the CpSi ring protons, consistent
with an asymmetric species. The 1H NMR spectra of 3+ did not
show a typical vinylic signal between d 4.9 and 5.6, but instead
five new multiplets were observed at d 1.81, 2.05, 2.13, 2.78,
7.30. Table 1 summarizes the chemical shifts and proton–proton
coupling constants for the allyl chain protons of complexes 2
and 3+.

All of the spin–spin coupling constants for H3, H4 and H5 in
complexes 2 and 3+ are very similar indicating that the sp2

character of the alkenic carbon atoms is not lost. However the
H3 signal is shifted [Dd = d(3+) 2 d(2)] to low field
(Dd = +1.58 ppm) whereas the terminal H4 and H5 signals are
displaced to high field (Dd = 22.08 and 22.83 ppm,
respectively); the CH2Si resonance is split and also displaced to
low field (Dd = +0.38, +0.46 ppm). Similar behaviour is

Scheme 1

Scheme 2
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observed in the 13C NMR spectra which show
Dd(CHNCH2) = +36.2, Dd(CHNCH2) = 222.7,
Dd(CH2Si) = +2.8 and Dd(CCp) = 23.1 ppm. Displacement of
the terminal alkenic CH2 moiety signals to high field is
consistent with its coordination to the metal atom. This
interaction is stronger than that reported by Wu and Jordan5 and
may be interpreted as the result of the interaction of the
s-bonding alkene orbital with the vacant 2a1 zirconium orbital
and simultaneous overlapping of the HOMO p alkene orbital
with the vacant zirconium orbital of the same symmetry, b2.

As shown in Scheme 2 these interactions result in delocalized
electron density in the Zr–C–C system, similar to that observed
for classical allyl cations, which is favoured by the known
silicon effect9 and can be described in terms of the resonance
structures of Scheme 2, where the terminal alkenic carbon is in
a well known pentacoordinate situation.10 This description is
consistent with the observed displacement of the CHN and
SiCH2 resonances to low field and of CH2N resonances to high
field.

Variable temperature 1H NMR spectra show dynamic
behaviour which implies an interchange between the signals of
the CH2Ph, CH2Si, (CH3)2Si and the Ha1–Ha2 and Hb1–Hb2
protons of the C5H4R ring, with little exchange in the Zr–C–C
system. The assignment of the Ha1–Ha2 and Hb1–Hb2 signals
was made from the results of saturation transfer experiments at
253 K and the spin–lattice relaxation time T1 values measured at
2213 K (Ha1: d 6.30, T1 = 1.67 s; Ha2: d = 6.10, T1 = 1.61
s; Hb1: d = 7.10, T1 = 0.96 s; Hb2: d = 5.70, T1 = 1.26 s). The
signal at d 7.10 is assigned to the Hb1 proton located near the
C5H5 moiety since is well known that proton relaxation times
depend mainly on the number of adjacent protons and their
distances. The SiCH2 resonance is observed at 263 K as one
doublet (3J 8.3 Hz) due to spin–spin coupling with H3.
Coalescences of the SiMe2 and CH2Ph resonances are observed
at 253 K with the same DG‡ = 11.7 kcal mol21 (1 cal = 4.184
J) calculated for the collapse of two equally populated singlets
and for an AB spin system, respectively. This indicates that both
are associated with a unique dynamic process involving
interconversion between two enantiomers through a transition
state with Cs symmetry.

The kinetic parameters for the process shown in Scheme 3
(log A = 14.4 ± 0.5, Ea = 13.4 ± 0.54 kcal mol21, DH‡ = 12.9

± 0.53 kcal mol21, DS‡ = 5.0 ± 2.3 cal K21 mol21 and
DG‡

298 K = 11.4 kcal mol21) obtained from 1H DNMR data for
exchange of the SiMe2 groups are consistent with an intra-
molecular process with negligible variation of entropy and are
in good agreement with theoretical data reported by Bercaw and
coworkers11 for [MCp2Me]+.
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Scheme 3

Table 1 Important 1H NMR data for complexes 2 and 3+ in CD2Cl2 at 203
K

d(SSCC, J/Hz)
Assignment 2 3+

H1, H2 1.66 2.05, 2.13
(H1, H2–H3 8.0) (H1–H2 11.5)

(H1–H3 10.5)
(H2–H3 5.2)

H3 5.72 7.30
(H3–H4 10.5) (H3–H4 8.80)
(H3–H5 16.3) (H3–H5 16.5)

H4 4.86 2.78
(H4–H5 3.8) (H4–H5 4.0)

H5 4.83 1.81
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Sc(OTf)3-Catalyzed three-component reactions of aldehydes, amines and
allyltributylstannane in micellar systems. Facile synthesis of homoallylic
amines in water

Shū Kobayashi,* Tsuyoshi Busujima and Satoshi Nagayama

Department of Applied Chemistry, Faculty of Science, Science University of Tokyo (SUT), and CREST, Japan Science and
Technology Corporation (JST), Kagurazaka, Shinjuku-ku, Tokyo 162, Japan

Three-component reactions of aldehydes, amines and
allyltributylstannane proceeded smoothly in water without
using any organic solvents, in the presence of a small amount
of scandium trifluoromethanesulfonate [Sc(OTf)3] and so-
dium dodecylsulfate (SDS), to afford the corresponding
homoallylic amines in high yields.

The reaction of imines with allyltributylstannane provides a
useful route for the synthesis of homoallylic amines.1 The
reaction is generally carried out in the presence of a Lewis acid
in organic solvents under strict anhydrous conditions,2 because
most imines, Lewis acids and organotin reagents used are
hygroscopic and easily decompose in the presence of even a
small amount of water.3 On the other hand, the utility of
aqueous reactions is now generally recognized,4 and develop-
ment of carbon–carbon bond-forming reactions that can be
carried out in aqueous media is one of the most challenging
tasks in organic synthesis. It was believed, however, that the
above reaction would remain difficult to perform in water
because of the use of water-sensitive imines, Lewis acids and
organotin reagents. Recently, we have found that scandium
trifluoromethanesulfonate [Sc(OTf)3]-catalyzed aldol reac-
tions5 and allylations of aldehydes6 proceed smoothly in the
presence of a small amount of a surfactant in water. It was
indicated that micelles formed in these reactions and that the
excellent hydrophobic reaction fields created realized the
aqueous reactions. In the course of our investigations to develop
new synthetic reactions in micellar systems, we have found that
three-component reactions of aldehydes, amines and allyl-
tributylstannane proceed smoothly in micellar systems using
Sc(OTf)3 as a Lewis acid catalyst.†

The reaction of benzaldehyde, aniline and allyltributylstan-
nane was chosen as a model, and several sets of reaction
conditions were examined. While the reaction proceeded
sluggishly in the presence of Sc(OTf)3 without sodium
dodecylsulfate (SDS) or in the presence of SDS without
Sc(OTf)3, a 77% yield of the desired homoallylic amine was
obtained in the presence of both Sc(OTf)3 and SDS. It was
suggested that an imine formed from the aldehyde and the
amine rapidly reacted with allyltributylstannane to afford the
desired adduct. We also examined the effect of the amount of
Sc(OTf)3 and SDS used and the results are summarized in Table
1. When a 70 mm SDS solution (0.4 equiv.) was used, the
desired homoallylic amine was obtained in a 79% yield, and the
yield remained unchanged with increasing amounts of SDS.‡
On the other hand, it was found that reduction of the amount of
Sc(OTf)3 decreased the yield, and that a prolonged reaction time
increased the yield. Finally, a satisfactory yield was obtained
when 0.2 equiv. Sc(OTf)3 and 35 mm (0.2 equiv.) SDS were
used and the reaction was carried out at room temp. for 20 h. No
homoallylic alcohol (an adduct between the aldehyde and
allyltributylstannane) was produced under these conditions.

Several examples of the present three-component reactions of
aldehydes, amines and allyltributylstannane are shown in Table
2. The reactions proceeded smoothly in water without using any

organic solvents in the presence of a small amount of Sc(OTf)3
and SDS, to afford the corresponding homoallylic amines in
high yields. Not only aromatic aldehydes but also aliphatic,
unsaturated and heterocyclic aldehydes worked well. It is
known that severe side reactions occur to decrease yields in the
reactions of imines having a-protons with allyltributylstan-
nane.1 It should be noted that aliphatic aldehydes, especially
non-branched aliphatic aldehydes, reacted smoothly under these
conditions to afford the homoallylic amines in high yields. In all
cases, no aldehyde adducts (homoallylic alcohols) were ob-

Table 1 Effect of the amounts of Sc(OTf)3 and SDSa

Sc(OTf)3/
mol% SDS/mm t/h Yield (%)

20 — 4 trace
— 105b 4 trace
20 105 4 77
20 18 4 60
20 35 4 68
20 70 4 79
20 140 4 76
10 35 4 52

5 35 4 37
20 35 10 80
20 35 20 83

a PhCHO (1.3 equiv.), PhNH2 (1.0 equiv.) and allyltributylstannane (1.5
equiv.). b 0.6 equiv.

Table 2 Three-component reactions of aldehydes, amines and allyl-
tributylstannane

R1 R2 Yield (%)

Ph Ph 83
Ph p-ClPh 90
Ph p-MeOPh 81
p-ClPh p-ClPh 70
2-Furyl p-ClPh 67 (71,a 82c)
2-Thienyl p-ClPh 67a (78c)
Ph(CH2)2 p-ClPh 78
Me(CH2)7 p-ClPh 66
c-C6H11 Ph 80 (83b)
c-C6H11 p-MeOPh 74
PhCO p-ClPh 71 (83c)
(E)-PhCHNCH p-ClPh 80 (82a)

a SDS, 0.4 equiv. b 0.6 equiv. c 1.0 equiv.
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tained. It was suggested that the imine formation from
aldehydes and amines was very fast in the presence of both
Sc(OTf)3 and SDS,8 and that the selective activation of imines
rather than aldehydes was achieved using Sc(OTf)3 as a
catalyst.9 It is also noteworthy that using a small amount of a
surfactant created efficient hydrophobic reaction fields10 and
achieved the dehydration and addition reactions in water.

A typical experimental procedure is as follows. To a 35 mm
water solution of SDS (3 ml) and Sc(OTf)3 (0.1 mmol) were
added the amine (0.5 mmol), allyltributylstannane (0.75 mmol)
and the aldehyde (0.65 mmol) successively, and the mixture
was stirred at room temp. After 20 h, the mixture was diluted
with water and ethyl acetate, and Amberlite IRA96SB was
added. After being stirred for 10 min, the resin was filtered and
the filtrate was extracted with ethyl acetate. The combined
organic layers were dried, filtered and concentrated. The crude
adduct was purified by column chromatography on silica gel to
afford the pure desired homoallylic amine.

In summary, we have developed Sc(OTf)3-catalyzed three-
component reactions between aldehydes, amines and allyltri-
butylstannane in micellar systems. The reactions proceed
smoothly in water without using any organic solvents, to afford
the corresponding homoallylic amines in high yields. In
addition to the synthetic utility of these reactions, it should be
noted that reactions using water-sensitive substrates have been
successfully carried out in water under the present reaction
conditions. Further progress is expected in this field and
investigations on these micellar systems including mechanistic
aspects are now underway in our laboratories.

This work was partially supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports, and Culture, Japan, and a SUT Special Grant for
Research Promotion. S. N. thanks the JSPS fellowship for
Japanese Junior Scientists.
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Stereospecific intramolecular proton transfer in the cyclization of
geranylgeranyl diphosphate to (2)-abietadiene catalyzed by recombinant
cyclase from grand fir (Abies grandis)

Matthew M. Ravn,a Robert M. Coates,*a Reinhard Jetterb and Rodney B. Croteauc
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The cyclization–rearrangement of deuterated geranylger-
anyl diphosphate (GGPP) and (+)-copalyl diphosphate
(CPP) catalyzed by recombinant (2)-abietadiene synthase
from grand fir proceeds with intramolecular proton transfer
from C-19 of GGPP, and from the C-17 pro-E position of
CPP, to form the C-16 pro-S methyl group of (2)-abieta-
diene.

(2)-Abietic acid 3 is a major component of oleoresin exuded by
conifer species, including lodgepole pine (Pinus contorta) and
grand fir (Abies grandis),1 as a defensive secretion against
insect and pathogen attack. This diterpenoid resin acid is
biosynthesized by cyclization of geranylgeranyl diphosphate
(GGPP, 1) to (2)-abietadiene 2 and sequential oxidations of the
C-18-methyl group (Scheme 1).2 (2)-Abietadiene synthase
(AS) was purified and identified as an 80 kDa protein with
general characteristics typical for terpenoid cyclases.3

AS from grand fir yielded internal amino acid sequence
information from which a PCR-based cloning strategy was
developed.4 A 286 base-pair insert was isolated that encoded an
868-amino acid preprotein bearing a putative plastidial transit
peptide. The cDNA encoded preprotein was functionally
expressed in Escherichia coli, thereby confirming that a single
enzyme catalyzes this multistep cyclization. Recent experi-
ments with the recombinant enzyme (rAS) demonstrated that
(+)-copalyl diphosphate (CPP, 4) could serve as an efficient
alternative precursor of 2† whereas none of the four pimara-
diene isomers tested were converted to abietadiene. Here we
report the use of deuterated substrates to examine the mecha-
nism of the rAS cyclization.

The synthesis of the labelled substrates [19-2H3]-1 and
(17E)-[17-2H1]-4 followed analogous procedures in the literat-
ure. 19-Nor-7-methoxycarbonylgeranylgeranyl benzyl ether
prepared by Z-selective phosphonate condensation5 was con-
verted to [19-2H3]geranylgeraniol by (a) AlD3; (b) MsCl, Et3N,
CH2Cl2; (c) LiBEt3D, THF; (d) Li, NH3. (17E)-
[17-2H1]Copalol was obtained from (17E)-17-bromocopalyl
THP ether by lithiation, deuterolysis and deprotection.6
Diphosphate esters were formed by standard methods7 and were
characterized by 1H and 31P NMR spectra. Incubation of these
labelled substrates and [1-2H2]-1 with rAS‡ gave
(15S)-[14,16-2H2]-, (15S)-[16-2H1]- and (15S)-[16-2H2]-2

respectively, with one deuterium located exclusively in the
upfield methyl doublet of the isopropyl group according to 1H
NMR integrations and broadening from deuterium coupling
(Scheme 2).§ No loss of the deuterium transferred to C-16 could
be observed by GC–MS (@1%). The absence of any detectable
[2H1]abietadiene from a cross-over experiment with [19-2H3]-1
and unlabelled 1 establishes that proton or deuteron transfer
occurs within one catalytic cycle and rules out an enzyme-
bound pimara-7,15-diene intermediate.

NMR assignments for the isopropyl methyl groups required
unambiguous synthesis of stereospecifically labelled 2 (Scheme
3). Reaction of the tricyclic 8(14)-en-13-one8 with ethyl
lithioacetate·CeCl3 complex provided a mixture of b-hydroxy
esters (91%, 3 : 1 a-OH :b-OH) which underwent dehydration
(HCl, EtOH, reflux) and saponification to give 7,13-diene acid
5 (65%).¶ Methylation of the y-ephedrine amide 6 afforded two
diastereomers (94 : 6). The major isomer is assigned the 15S

Scheme 1

Scheme 2

Scheme 3 Reagents and conditions: i, (ClCO)2, PhH; ii, (S,S)-pseudoephe-
drine, pyridine, THF, 84% from 5; iii, LDA, LiCl, THF, 278 °C; MeI,
278 °C, 92%; iv, LiBH3NH2, THF, 73%; v, MsCl, Et3N, CH2Cl2, 0 °C; vi,
LiEt3BD, THF, 0 °C, 88% from 7
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configuration (7) based on the established stereodirecting
influence of this chiral auxiliary.9 LiBH3NH2 reduction,¶
mesylation and LiBEt3D displacement gave (15R)-[16-2H1]-2
(64%). The 1H NMR spectrum shows deuterium coupling and a
characteristic upfield isotope shift for the downfield isopropyl
methyl group of unlabelled 2 which is therefore assigned the
pro-R configuration.§ It follows that rAS effects intramolecular
proton transfer to the terminal carbon of the vinyl group which
becomes the pro-S methyl, and that the methyl migration occurs
to the si face at C-15 of the putative pimara-9(14),15-diene
intermediate.

Intramolecular proton transfers to enzyme-bound polyolefin
intermediates have been observed previously in pentalenene
and taxadiene biosynthesis.10 The occurrence of an analogous
proton transfer to form the pro-S methyl of a presumptive
abietadiene intermediate was inferred from the labelling pattern
of ginkgolide A biosynthesized from [6,6,6-2H3]mevalonate in
Ginkgo biloba cell cultures.11 The same si face selectivity for
the methyl migration presumed to occur in the biosynthesis of
12-O-methylferruginol and cryptotanshinone was deduced from
label distributions resulting from incorporation experiments
with [U-13C]glucose in Salvia miltiorhiza cell cultures.12

Two plausible mechanisms for this novel cyclization–
rearrangement are presented in Scheme 4. SNA cyclization of 4
analogous to those involved in the biosynthesis of related
pimarane and kaurane diterpenes6,13 gives the pimaren-8-yl
carbocation 8 which can undergo either intramolecular C-14-to-

C-16 hydrogen transfer (Path A) or enzyme-mediated proton
elimination to form a pimara-8(14),15-diene intermediate 9 that
re-incorporates the proton at C-16 (Path B). Further research to
elucidate the mechanism of the cyclization–rearrangement, the
nature of the intermediate(s), and the identity of the participat-
ing enzyme base, if any, is underway.

Footnotes and References

* E-mail: coates@aries.scs.uiuc.edu
† R. Jetter and R. Croteau, manuscript in preparation.
‡ Enzyme incubations conditions: HEPES buffer (30 mm, pH 7.2), rAS
(100 ml), dithiothreitol (5 mm), MgCl2 (7.5 mm), MnCl2 (20 mm), 5%
glycerol (v/v) and GGPP (20 mm) in 1 ml.
§ Selected 1H NMR (500 MHz, C6D6 J/Hz) data for isopropyl methyls of
(15S)-[14,16-2H2]-2: dH 1.003 (br d, J 6.8, ≈ 2H, CDH2), 1.030 (d, J 6.8 Hz,
3 H, CH3). For (15R)-[16-2H1]-2: dH 1.014 (br d, J 6.8, ≈ 2 H, CDH2), 1.020
(d, J 6.8, 3 H, CH3). For 2: dH 1.020 (d, J 6.9, 3 H, CH3) and 1.031 (d, J 6.9,
3 H, CH3). Observed deuterium isotope shift Dd = 20.017 ppm in each
case.
¶ Selected data for 5 (di-n-amylamine salt): mp, 64–65 °C; lmax 244 nm (e
19 600 m21 cm21). For 5: dH(500 MHz, CDCl3, J/Hz) 5.48 (dt, J 5.0, 2.5,
1 H, C-7 NCH), 5.90 (s, 1 H, C-14 NCH). For (15S)-abietadien-16-ol: dH(500
MHz, CDCl3, J/Hz) 0.99 (d, J 7.0, 3 H, CHCH3), 3.47 (dABq, J 7.8, 10.4,
DnAB 19 Hz, 2 H, CH2OH).
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A 3 : 1 mixed aggregate of diphenylamidolithium with lithium chloride:
crystal structure of [(Ph2NLi)3LiCl·3tmen]
(tmen = N,N,NA,NA-tetramethylethylenediamine)

William Clegg,a Andrew J. Edwards,a Francis S. Mair*b and Philip M. Nolanc

a Department of Chemistry, University of Newcastle, Newcastle upon Tyne, UK NE1 7RU 
b Department of Chemistry, UMIST, PO Box 88, Manchester, UK M60 1QD 
c Department of Chemistry, University of Dublin, Trinity College, Dublin 2, Republic of Ireland 

Demonstrating a new structural type in mixed aggregate
chemistry, a 3 : 1 mixture of Ph2NLi and LiCl with 3 equiv. of
N,N,NA,NA-tetramethylethylenediamine exists in toluene
and in the solid state as a Ph2NLi/LiCl mixed ‘dimer’ and a
(Ph2NLi)2 homodimer linked only by a Li–Cl coordinate
bond, as determined by NMR spectroscopy and X-ray
crystallography.

There has been growing interest in the effect of added salts in a
wide variety of chemical reactons, focused by a recent treatise
on the subject.1 One of the most intensely investigated
phenomena has been the effect of added lithium halides on
reactions involving lithium amides.2 Mixed aggregates have
been implicated by NMR3 and, more recently, by crystallo-
graphic,4 and ab initio computational4d,f,5 analysis. So far for
mixtures of lithium amides and lithium halides, of particular
importance in modern enolisation reaction methodology, there
have been examples of 1 : 1 {the 5,10-dihydrophenazine
derivative4a [LiCl·Li(NC12H8NH)·4thf] and the 2,2,6,6-tetra-
methylpiperidine (tmp) derivative4d [LiBr·Li(tmp)·3thf]} and
2 : 1 {e.g. [LiCl·2LDA·2tmen] and isostructural anal-
ogues4b,c,d,f} aggregates. For 3 : 1 amide/halide aggregates there
is no prior evidence; the only structurally characterised 3 : 1
mixed aggregate has been the organolithium heterocubane
[LiBr·3LiPh·3thf], a structure in which the halide occupies one
corner of the cube,6 in retrospect unsurprising in view of the
isostructural homo-aggregates [LiBr·Et2O]4 and [Li-
Ph·Et2O]4.7,6 While halides and carbanions are often associated
with the ring stacking motif, inclusion of amides in the
aggregates precludes this structural type.8 Halides have pre-
viousl been incorporated into ladder structures,4 including a
very recent tetralithium butterfly cluster with m4 bromide,4e but
we here report an alternative way for two dimers to associate via
a single contact.

We chose the diphenylamido system as the basis for an
extensive study of mixed aggregation phenomena since it is a
simple model secondary amide amenable to crystallographic
study. Prior to our work, only a single structure involving
Ph2NLi had been reported, that of a monomeric 12-crown-4
complex.9 However, a thorough NMR spectroscopic investi-
gation of the Ph2NLi/LiBr system was also in the literature. This
revealed evidence only of mixed dimeric aggregates.3a As this
manuscript was in preparation, a further structure report
appeared involving Ph2NLi in a large aggregate with BunLi and
dilithiated Ph2NH.10

Crystals of [(Ph2NLi)3LiCl·3tmen 1 were grown from a
toluene solution prepared from Ph2NH, Ph2NH2Cl and BunLi in
the presence of tmen.† This hydrohalide in situ route has proved
advantageous over ‘direct’ or ‘ammonium salt’ routes in the
past for generation of crystalline mixed aggregates.4b,d,f Struc-
ture determination by X-ray crystallography‡ revealed the
elegantly simple structure depicted in Fig. 1. Perhaps the
simplest way of rationalising the molecule is to consider it as an
adduct of a homodimeric amidolithium and a 1 : 1 mixed dimer.

Taken in this way the mixed dimer may be compared with
[LiCl·Li(NC12H8NH)·4thf] in which each lithium is four-
coordinate,4a as in 1, but in which the chloride was only two-
coordinate. In 1 the chloride is m3, as it is in
[LiCl·2LDAP·2tmen],4b but in a Y-shaped rather than a
T-shaped conformation. This near-planar (sum of angles 356°)
Y-shape is rare for chloride. The closest analogy structurally lies
in [(LiCl)4(pmdeta)3] (pmdeta = N,N,NA,NB,NB-pentamethyl-
diethylenetriamine),11 where the sum of angles around the
three-coordinate chloride is 337°. This structure also provides
the closest analogy to the two linked rhomboids of 1. However,
in [(LiCl)4(pmdeta)3] the link is supported by a bridging pmdeta
ligand.11

A more intriguing view of the molecule might be as a frozen
analogue of a postulated intermediate in the fluxion of
[LiCl·2LDA·2tmen] in toluene solution.4f In this way, inclusion
of a further amidolithium unit converts this fluxion inter-
mediate, in which chloride acts as a fulcrum around which the
other ligands rotate, into a stable geometry. The retention of the
double-ring structure of 1 in solution is proven by the
concentration-invariant observation of three signals in a 2 : 1 : 1
ratio in the 7Li NMR spectrum in toluene. This view of an extra
amidolithium unit trapping an opened 2 : 1 aggregate is also
relevant to enolisation mechanisms of 2 : 1 LDA/LiCl ag-

Fig. 1 Molecular structure of compound 1. Selected bond lengths (Å) and
angles (°): Cl(1)–Li(2) 2.242(6), Cl(1)–Li(3) 2.377(7), Cl(1)–Li(4)
2.378(7), Li(1)–N(4) 2.140(7), Li(1)–N(1) 2.151(8), Li(1)–N(3) 2.169(7),
Li(1)–N(2) 2.220(7), Li(2)–N(4) 2.004(9), Li(2)–N(1) 2.106(8), Li(3)–N(9)
2.068(8), Li(3)–N(5) 2.130(8), Li(3)–N(6) 2.168(9), Li(4)–N(9) 2.088(7),
Li(4)–N(8) 2.135(9), Li(4)–N(7) 2.165(8), Li(2)–Cl(1)–Li(3) 135.9(3),
Li(2)–Cl(1)–Li(4) 144.0(3), Li(3)–Cl(1)–Ll(4) 75.8(2), N(4)–Li(1)–N(1)
98.1(3), N(4)–Li(2)–N(1) 107.5(3), N(4)–Li(2)–Cl(1) 127.5(4),
N(1)–Li(2)–Cl(1) 124.9(4), N(9)–Li(3)–Cl(1) 97.7(3), N(9)–Li(4)–Cl(1)
97.1(3), Li(2)–N(1)–Li(1) 76.9(3), Li(2)–N(4)–Li(1) 77.4(3), Li(2)–
N(9)–Li(4) 89.3(3).
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gregates in solution: it has been proposed that such aggregates
react via scission of a Li–N bond and coordination of a ketone.4d

This proposal is further supported by the similarities between
the putative opened intermediate and the stable geometry of 1 as
shown emboldened in Scheme 1.

Another interesting view of the molecule is as a ‘crystallo-
graphic snapshot’ of the process of amidolithium ladder
fragmentation by solvation, as recently discussed by Mulvey
and coworkers.12 By variation of solvent ratio and organic
substituent on amido nitrogen, a series of fragmented ladders
have been structurally determined, most recently by use of the
primary amide PhNHLi and limited amounts of thf.12 Inclusion
of chloride in the aggregate 1 reduces the connectivity of two
dimers to its minimal limit.

The success of the Ph2N anion as a platform for mixed
aggregate studies is due in large part to its favour of asymmetric
solvation in the dimeric state. One four-coordinate and one
three-coordinate lithium are observed in the unmixed tmen
complex of this amide, just as in 1, and in other mixed
aggregates that we have structurally characterised. Details of
some of these will be found in a forthcoming full paper once
their solution behaviour has been fully characterised.13

Forbairt (P. M. N., F. S. M.) and the EPSRC (W. C., A. J. E.)
are gratefully acknowledged for financial support. We thank Dr
J. O’Brien for obtaining NMR spectra.

Footnotes and References

* E-mail: frank.mair@umist.ac.uk
† Compound 1, mp 151 °C, was obtained as colourless needles in a yield of
51%. A second crop produced a combined yield of 98%. Satisfactory C, H,
and N analyses were obtained.

‡ Crystal data for 1: C54H78ClLi4N9, M = 916.5, monoclinic, space group
P21/c, a = 23.067(3), b = 14.879(2), c = 17.124(2) Å, b = 104.77(2)°,
U = 5682.8(12) Å3, Z = 4, Dc = 1.071 g cm23, m = 0.896 mm21 (Cu-Ka,
l = 1.541 78 Å), F(000) = 1976, T = 160 K. Stoe-Siemens diffractometer,
crystal size 0.57 3 0.42 3 0.30 mm, qmax 67.5°, 9314 reflections measured,
9266 unique (Rint = 0.0772). Structure solution by direct methods, full-
matrix least-squares refinement on F2 for all data, with anisotropic
displacement parameters, riding isotropic H atoms, no absorption correc-
tion. Final Rw = {S[w(Fo

2 2 Fc
2)2]/S[w(Fo

2)2]1
2} = 0.2627 for all data,

conventional R = 0.0930 for 6115 data having Fo
2 > 2s(Fo

2), S = 1.032.
Final difference map between +0.70 and 20.35 e Å23. Programs:
SHELXTL (G. M. Sheldrick, University of Göttingen, Germany), and local
programs. CCDC 182/661.
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Iron(iii) 2-ethylhexanoate as a novel, stereoselective hetero-Diels–Alder
catalyst

David B. Gorman* and Ian A. Tomlinson

The Dow Chemical Company, Midland, Michigan 48674, USA 

Iron(III) 2-ethylhexanoate has been used as a novel, mild
Lewis acid catalyst for the stereoselective Diels–Alder
reaction of ethyl (E)-4-oxobutenoate with alkyl vinyl ethers
to stereoselectively produce cis-2-alkoxy-3,4-dihydro-
2H-pyran-4-carboxylic acid, ethyl esters with diastereoiso-
meric excesses (de) as high as 98%.

Since its discovery over 65 years ago,1 the Diels–Alder reaction
has been one of the most versatile reactions for assembling six-
membered rings. The use of Lewis acid catalysts has led to
improved regio- and stereo-selectivity for many of these
reactions. Lanthanide reagents have been used as very mild
Lewis acid catalysts for the Diels–Alder reaction of a,b-
unsaturated aldehydes or esters with vinyl ethers to give
substituted dihydropyrans.2 In a search for cost-effective
alternative catalysts, we have discovered that iron(iii) 2-ethyl-
hexanoate 1 is a novel, mild and economical Lewis acid catalyst
for carrying out highly stereoselective Diels–Alder reactions
between ethyl (E)-4-oxobutenoate 23 and alkyl vinyl ethers
3a–3c to give 2,4-disubstituted pyrans 4a–c and 5a–c
(Scheme 1).

Based on analogous Diels–Alder transformations to give
2,4-substituted tetrahydropyrans, the major products have been
assigned as the endo isomers.4 Effectively an inverse electron
demand hetero-Diels–Alder reaction, cyclization occurs se-
lectively through the endo transition state, regio- and stereo-
selectively producing the cis-2,4-disubstituted pyrans 4). This
endo selectivity is enhanced using 1 as a catalyst (Table 1),
giving diastereoisomeric excesses (de) as high as 98% based on
relative product peak ratios obtained by gas chromatography.
Similar yields and selectivities have been obtained when ethyl,
isobutyl, and n-butyl vinyl ethers are used.

The reaction of 2 and 3b has been examined with varying
amounts of 1 at various temperatures (Table 2). Clearly,
selectivity and reaction rate were enhanced by the addition of 1
(entry 6 vs. entries 7–10). The highest selectivity was seen at
room temperature. Increasing reaction temperature shortened
the reaction time from a few days to a few hours, but the de
decreased from 98% at room temperature to 96% at 60 °C and

90% at 80 °C (entries 2–5 vs. entries 7–10 vs. entry 15). For
reaction mixtures at elevated temperatures, yields could be
improved by adding a trace amount of Et3N as an inhibitor; at
levels above 1 wt% Et3N in the reaction of 2, yields and
selectivity began to decrease, indicating Et3N was poisoning the
catalyst (entries 15–19). Reaction times could also be shortened
by adding additional catalyst, but optimal yields of !80% were
obtained using 0.20–0.25 equiv. of 1 (entries 3, 8 and 13).
Modest yield increases also were realized by increasing the
amount of vinyl ether from 6 to 10 equiv. (entries 12 and 14 vs.
entries 11 and 13).

To isolate gram quantities, the product was removed from the
catalyst by selective precipitation followed by column chroma-

Scheme 1

Table 1 Comparison of vinyl ethersa

Entry Ether T/°C t/d Yield (%) De (%)

1 3a 23 14 78 98
2 3b 23 14 80 98
3 3c 23 14 79 98

a Each reaction mixture contained ethyl (E)-4-oxobutenoate, 6 equiv. of
vinyl ether and 0.1 euqiv. of iron(iii) 2-ethylhexanoate. Ethyl
(E)-4-oxobutenoate was inhibited with a trace amount of hydroquinone.
Reported yields are GLC yields based on an internal standard. Yields at 66
h were calculated to be 72, 79 and 71% for entries 1, 2 and 3,
respectively.

Table 2 Optimization reactionsa

Entry T/°C t/h 1 (equiv.) Yieldb (%) De (%)

1 23 96 0 2 —
2 23 96 0.10 66 98
3 23 96 0.25 81 98
4 23 96 0.50 78 98
5 23 96 1.00 70 98
6c 60 18 0 13 66
7c 60 18 0.10 72 96
8c 60 18 0.25 80 96
9c 60 18 0.50 79 98

10c 60 18 1.00 67 98
11 60 16 0.10 72 96
12d 60 16 0.10 75 96
13 60 16 0.20 80 96
14d 60 16 0.20 84 96
15e 80 20 0.10 64 90
16e 80 20 0.10 73 92
17e 80 20 0.10 67 90
18e 80 20 0.10 56 82
19e 80 20 0.10 47 78

a Each reaction mixture contained ethyl (E)-4-oxobutenoate, isobutyl vinyl
ether and iron(iii) 2-ethylhexanoate. Ethyl (E)-4-oxobutenoate was in-
hibited with a trace amount of hydroquinone. Unless otherwise specified, 6
equiv. of isobutyl vinyl ether were used. b Reported yields are GLC yields
based on an internal standard. c The reaction mixtures were stirred at room
temperature for 18 h before heating to 60 °C for 18 h. d 10 equiv. of isobutyl
vinyl ether were added instead of 6 equiv. e Et3N was added in the following
weight percents relative to 2: 0% for entry 15, 1% for entry 16, 5% for entry
17, 15% for entry 18 and 25% for entry 19.
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tography on silica gel which had been deactivated by mixing
with Et3N in CH2Cl2 and evaporating to dryness. For larger
samples, the product was isolated either by chromatography or
wiped-film evaporation.

Although the exact binding nature of the catalyst is unknown,
the choice of metal ligands and metal oxidation state is critical
to the success of the catalytic reaction. Similar catalysts
containing lower metal oxidation states and/or ligands which
are bulkier and/or more rigid give lower selectivity, as well as
lower reaction yields (Table 3). The bulkier/more rigid ligands
may cause steric interference with the ethyl (E)-4-oxobutenoate,
where complexation is believed to take place. A lower oxidation
state may decrease the catalyst electrophilicity enough that it
does not coordinate well with any of the oxygens from 2.

In summary, iron(iii) 2-ethylhexanoate is a novel, mild and
relatively inexpensive Lewis acid catalyst for the stereoselec-
tive Diels–Alder reaction of ethyl (E)-4-oxobutenoate with
alkyl vinyl ethers to give cis-2,4-disubstituted pyrans, extending
the range of known catalysts for these types of trans-
formations.

We thank Don Zakett for determining mass spectral data for
4a–c and 5a–c.

Footnotes and References

* E-mail: dbgorman@dow.com
† Iron(iii) 2-ethylhexanoate was purchased as a 52% solution in mineral
spirits from Johnson Matthey Alfa Aesar. Ethyl (E)- 4-oxobutenoate was
purchased from Lonza. Representative experimental procedures. (a)
Purification by chromatography: A mixture of ethyl (E)-4-oxobutenoate
(2.56 g, 0.02 mol): n-butyl vinyl ether (8.65 g, 0.12 mol) and 52% iron(iii)
2-ethylhexanoate (1.86 g, 0.002 mol) in mineral spirits was stirred at room
temperature for 44 h. The catalyst precipitated after adding 20 ml of 20%
MeCN in water. The slurry was filtered through filter agent, rinsing the cake
with 20% MeCN in water. The filtrate was saturated with NaCl. The organic

layer was separated and dried (MgSO4). The solution was decanted and the
MeCN evaporated. The remaining brown oil was flushed through a 0.75B3
12B deactivated silica gel column, eluting with hexane, followed by 20%
EtOAc in hexane. After concentrating, a clear yellow oil (3.36 g) was
obtained, assaying at 97% of 4a as a single isomer for a calculated yield of
3.26 g (81%).

(b) purification by wiped-film evaporation: A mixture of of 52% iron(iii)
2-ethylhexanoate (96.5 g) in mineral spirits and (±)-bis(2-ethylhexyl)
sebacate (50.3 g) was dripped down a wiped-film still over 2 h operating at
a vacuum of 0.05 mmHg, a heating temperature of 60 °C, a condensing
temperature of 4 °C and a spinning rate of 300 rpm. The recovered bottoms
(99.4 g) were assumed to be 50% catalyst by weight. A mixture of ethyl
(E)-4-oxobutenoate (25.7 g, 0.20 mol) n-butyl vinyl ether (120.4 g, 1.20
mol) Et3N (0.3 g), hydroquinone (0.026 g), and 50% iron(iii) 2-ethylhex-
anoate in (±)-bis(2-ethylhexyl) sebacate (18.6 g, 0.02 mol) was heated at
60 °C for 12 h. After evaporating excess vinyl ether, the residue was dripped
at 1 drop per second down a wiped-film still operating at a vacuum of 0.1
mmHg, a heating temperature of 90 °C, a condensing temperature of 2 °C
and a spinning rate of 300 rpm. The overheads (30.2 g) assayed at 93% of
4a for a calculated yield of 28 g (62%).
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and C. Otto, Chem. Rev., 1993, 93, 741; H. B. Kagan and O. Riant, Chem.
Rev., 1992, 92, 1007; G. Desimoni and G. Tacconi, Chem. Rev., 1975, 75,
651; A. Wasserman, Diels–Alder Reactions, Elsevier, New York, 1965;
H. L. Holmes, Org. React., 1948, 4, 60.

2 J.-Y. Merour, A.-S. Bourlot and E. Desarbre, Tetrahedron Lett., 1995, 36,
3527; I. E. Marko, G. R. Evans, J.-P. Declercq, B. Tinant, J. Feneau-
Dupont, Acros Organics Acta, 1995, 1, 2, 63; S. Danishefsky,
M. Bednarski, J. Am. Chem. Soc., 1983, 105, 3716; S. Danishefsky,
M. Bednarski, Tetrahedron Lett., 1984, 25, 721.

3 For preparation of ethyl (E)-4-oxobutenoate by ozonolysis of ethyl
sorbate, see V. Tarik, L. A. Mitscher and J. K. Dep, Synthesis, 1980, 10,
807.

4 W. G. Dauben and H. O. Krabbenhoft, J. Org. Chem., 1977, 42, 282.
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Table 3 Comparison of Iron-Based Catalystsa

Entry Catalyst T °C t/h 2 (%) Yieldb (%) De (%)

1 Iron(iii) 2-ethylhexanoate 70 6 15 58 96
2 Iron(ii) 2-ethylhexanoate 70 6 29 38 92
3 Iron(iii) naphthenate 70 5 21 30 92
4 Iron(iii) benzoate 70 5 44 29 86
5 Iron(ii) stearate 70 4 59 18 86
6 Iron(iii) stearate 70 4 71 14 80
7 — 70 6 71 10 64

a All reactions were carried out in sealed glass tubes containing 2, 6 equiv. of ethyl vinyl ether and 0.1 equiv. of catalyst. b Reported yields are GLC yields
based on an internal standard.
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Preparation and X-ray analysis of novel carbonyltungsten(0) complexes of
diphosphinidenecyclobutenes

Masaaki Yoshifuji,* Yoshito Ichikawa, Naoki Yamada and Kozo Toyota

Department of Chemistry, Graduate School of Science, Tohoku University, Aoba, Sendai 980-77, Japan 

A sterically protected diphosphinidenecyclobutene 5 bearing
a bulky 2,4,6-triisopropylphenyl group is prepared and
allowed to react with W(CO)5(thf) to give a doubly tungsten-
coordinated complex 8, with chelate- and p-type coordina-
tion; the structure of the complex is confirmed by X-ray
analysis.

Sterically protected phosphorus-containing multiple bonded
compounds with bulky substituents are currently of interest. We
have been interested in cumulated and conjugated systems1,2

involving phosphorus atom(s) in low coordination states, as
well as diphosphenes3 and phosphaethenes.4 Recently, Appel
et al.,5 Märkl et al.6 and ourselves7–9 have reported the
preparation and isolation of diphosphinidenecyclobutenes
(1a–c, Scheme 1) utilizing 2,4,6-tri-tert-butylphenyl as a
protecting group (Ar), as well as their E/Z isomerization about
the PNC bonds.7,10 We have also reported on their transition
metal complexes, where metals are Cr, Mo, W,8,11,12 Pt and
Pd.13 We now report a new type of tungsten carbonyl complex
ligated with diphosphinidenecyclobutenes carrying the
2,4,6-triisopropylphenyl group14 (Tip) as well as the Ar
group.

According to a slightly modified procedure employed for the
preparation of 1b, (2-phenylethynyl)(2,4,6-triisopropyl-
phenyl)phosphinous halides 3 were prepared by the reaction of
2-phenylethynylphosphinous dichloride 215 with 2,4,6-tri-
isopropylphenylmagnesium bromide in thf at 278 °C. Then 3
was allowed to react with ButLi at 278 °C or with Zn powder
at room temp. to give diphosphane 4 as a diastereomeric mixture
(d,l : meso = ca. 1 : 1) and the mixture was refluxed in thf to
give (E,Z)-1,2-diphenyl-3,4-bis(2,4,6-triisopropylphenyl-
phosphinidene)cyclobutene 5.† It should be noted that only a
trace amount of (E,E)-5 was observed by 31P NMR spectro-
scopy.

In the 1H NMR spectrum of 5 in [2H8]toluene, there appeared
six types of isopropyl peaks at 295 K. At higher temperatures,
only two sets due to the ortho-isopropyl groups became
coalesced, but the other two sets due to the other ortho-
isopropyl groups remained magnetically non-equivalent. The
remainder of the isopropyl groups assigned to the para-
isopropyl groups remained unchanged even at 375 K. The fact
suggests that one of the Tip groups, probably (E)-Tip, taking the
steric congestion into account, starts to rotate at 323 K, while
(Z)-Tip appears not to rotate even at 375 K.

We are now able to obtain a novel class of tungsten complex
by the reaction of the diphosphinidenecyclobutene 5 with
W(CO)5(thf)16 in refluxing thf.‡ The reaction gave 8 together
with 6 and 7 (Scheme 2).† The 31P NMR chemical shift of 8
appeared at dP 57, indicating that the phosphorus atom is
strongly shielded compared with the value in the free ligand of
either dP 164 for (E,E)-5 or dP 169 and 183 for (E,Z)-5.

The structure of 8 was confirmed by the X-ray analysis§ to
reveal a novel coordination type. Fig. 1 depicts an ORTEP
drawing of the molecular structure for the bis-tungsten complex
8. There are observed two WCO moieties, one is tetracarbonyl
with chelate type coordination, the other is tricarbonyl with
p-coordination. The two phosphorus atoms coordinate doubly
on both W(CO)4 and W(CO)3 adopting sp3 type configuration.
The exocyclic PNC bonds are bent strongly from the ring plane
[interplanar angle between the plane P(1)P(2)C(3)C(4) and the
plane C(1)–C(4) 32.3°] to adopt a good interaction with the 6p
system to coordinate on W(CO)3, thus exhibiting a sharp
contrast to the regular group 6 metal tetracarbonyl or palladium
complexes of diphosphinidenecyclobutenes, where the system
is planar with all sp2 type configuration as exemplified in W,11

Mo,12 and Pd complexes.13

The PNC bond lengths of 8 [av. 1.763(10) Å] are elongated
upon coordination compared to those of (E,E)-1a [1.677(6) Å]12

and (E,E)-1b [1.690(8) Å].5 The bond length C(1)–C(2) of 8
[1.47(1) Å] is fairly elongated compared to the values of
1.400(9) Å and 1.380(9) Å for (E,E)-1a and (E,E)-1b,
respectively. Thus, the interaction between the W(CO)3 group
and the ligand is apparently strong, since little change in bond
lengths has been observed upon coordination with the che-
late.8,11–13

Furthermore, in the case of compound (E,E)-1c, carrying the
two Ar groups and no substituents on the cyclobutene ring, a
doubly coordinated complex 9 was formed under similar
conditions using W(CO)4(MeCN)2 (Scheme 3).16 Complex 9
seems to have been formed via 10 as an intermediate, since 10
reacted with W(CO)4(MeCN)2 to give 9.¶ It appeared to require
less hindered environment than 1a or 1b to obtain double
coordination products such as 8 or 9.

Although Rau and Behrens reported on the formation and the
structural analysis of (h6-dimethylenecyclobutene)tricar-

Scheme 1 Ar = C6H2But
3-2,4,6

Scheme 2 Tip = C6H2Pri
3-2,4,6. Reagents and conditions: i, NEt3; ii, PCl3;

iii, (Tip)MgBr; iv, ButLi or Zn; v, reflux in thf; vi, W(CO)5(thf), reflux in
thf.
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bonylchromium(0)17 and (h6-diisopropylidenecyclobutene)tri-
carbonylchromium(0),18 this is the first example in the di-
phosphinidenecyclobutene–tungsten carbonyl system, where
the ligand is doubly coordinated to tungsten.
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Scientific Research (Nos. 08454193 and 09239101) from the
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Footnotes and References

* E-mail: yoshifj@mail.cc.tohoku.ac.jp
† Selected spectroscopic data (NMR spectra were recorded on either a
Bruker AC200P, a JEOL a-500, or a Bruker AM600 spectrometer): (E,Z)-5:
1H NMR (600 MHz, at 295 K, CDCl3): d 0.92 (6 H, d, J 6.8 Hz, o-CHMe),
1.00 (6 H, d, J 6.8 Hz, o-CHMe), 1.20 (6 H, d, J 6.9 Hz, p-CHMe2), 1.25 (6
H, d, J 6.9 Hz, pA-CHMe2), 1.32 (6 H, d, J 6.8 Hz, oA-CHMe), 1.39 (6 H, d,
J 6.8 Hz, oA-CHMe), 2.75 (1 H, spt, J 6.9 Hz, p-CHMe2), 2.75 (1 H, spt, J
6.9 Hz, pA-CHMe2), 3.21 (2 H, m, o-CHMe2), 3.72 (2 H, m, oA-CHMe2);
31P{1H} NMR (81 MHz, CDCl3): d 168.6, 182.8 (AB, J 17.8 Hz). 8: dark
violet crystals, mp 183 °C (decomp.); 1H NMR (600 MHz, CDCl3): d 1.18
(6 H, d, J 6.6 Hz, o-CHMe), 1.31 (6 H, d, J 6.9 Hz, p-CHMe), 1.31 (12 H,
d, J 6.9 Hz, o-, p-CHMe), 1.41 (6 H, d, J 6.7 Hz, o-CHMe), 1.43 (6 H, d, J
6.6 Hz, o-CHMe), 2.94 (2 H, spt, J 6.9 Hz, p-CHMe2), 4.35 (2 H, br s,
o-CHMe2), 4.46 (2 H, spt, J 6.7 Hz, o-CHMe2); 31P{1H} NMR (81 MHz,
CDCl3): d 56.7 (satellite d, 1JPW 226 Hz); IR (KBr): n/cm21 2033, 1994,
1979, 1923, 1913, 1878, UV–VIS (CH2Cl2): lmax(log e) 254 (sh, 4.87), 272
(sh, 4.75), 321 (4.37), 456 (4.04), 603 nm (sh, 3.51); MS (FAB): m/z 1234
(M+), 1206 (M+– CO). 9: red needles, mp 180–181 °C (decomp.); 1H NMR
(500 MHz, CDCl3): d 1.19 (18 H, s, p-But), 1.65 (18 H, s, o-But), 1.75 (18
H, s, o-But), 4.66 (2 H, m, PNC–CH); 31P{1H} NMR (81 MHz, CDCl3): d
64.6 (satellite d, 1JPW 227.6 Hz); IR (KBr): n/cm21 2033, 1994, 1942, 1900,
1865, 604 cm21; UV–VIS (n-hexane): lmax(log e) 218 (4.88), 236 (4.71),

380 (3.94), 456 (3.66), 505 (sh, 3.54), 598 nm (3.30); MS (FAB): m/z 1166
(M+), 1138 (M+ 2 CO), 968 (M+ 2 7CO 2 2). 10: orange powder, mp
198–199.5 °C (decomp.); 1H NMR (200 MHz, CDCl3): d 1.34 (18 H, s,
p-But), 1.63 (36 H, s, o-But), 6.45 (2 H, dd, 3JPH = 4JPH 3.6 Hz, PNC–CH);
31P{1H} NMR (81 MHz, CDCl3): d 154.1 (satellite d, 1JPW 250.1 Hz); UV–
VIS (n-hexane): lmax(log e) 242 (4.79), 319 (4.12), 413 (4.09), 482 nm
(3.45); MS (FAB): m/z 898 (M+), 870 (M+ 2 CO).
‡ Preparative procedure: 8: under argon, a solution of phenylethynyl-
phosphonous dichloride 2 (356 mg, 1.8 mmol)15 in thf (10 ml) was cooled
at 278 °C and was allowed to react with triisopropylphenylmagnesium
bromide (1.8 mmol) and the mixture was warmed to room temp. to give
phenylethynylphosphinous chloride 3 (X = Cl, dP 40) together with the
bromide 3 (X = Br, dP 22) (chloride : bromide = 1 : 0.8). The mixture of the
halides 3 (X = Cl, Br) was allowed to react with Zn (261 mg, 4.0 mmol) in
thf (7 ml) at room temp. for 3 h to give the corresponding diphosphane 4 as
a diastereomeric mixture (dP 266, 265); d,l : meso = ca. 1 : 1. It was then
refluxed in thf for 24 h to give (E,Z)-5. The ligand (E,Z)-5 was allowed to
react with W(CO)5(thf) (1.7 mmol) in refluxing thf for 9 h. 8 (62 mg, 0.051
mmol)† was isolated in 6% yield based on 2, together with 6 [dP 114
(satellite d, 1JPW 265 Hz) and 186, AB, 4JPP 8 Hz] and 7 [dP 139, 1JPW 251
Hz].
§ Crystal data for 8: recrystallised from ethanol–benzene. C53H56O7P2W2,
M = 1234.67, monoclinic, space group P21/n, a = 10.241(3),
b = 25.462(4), c = 20.219(3) Å, b = 92.61(2)°, U = 5266(1) Å3, Z = 4,
T = 223 K, Dc = 1.557 g cm23; 9529 reflections with 2q @ 50.0° were
recorded on a four-circle diffractometer using graphite-monochromated
Mo-Ka radiation. Of these, 6693 with I > 3s(I) were judged as observed.
The structure was solved using SIR92.19 The non-hydrogen atoms, except
for C(27) and C(28), were refined anisotropically. Atoms C(27) and C(28)
were disordered and refined isotropically (occupancy factor for the
dominant: 0.55). Hydrogen atoms except for those on C(26)–C(28) were
included, but their positions were not refined. R = 0.054, Rw = 0.064.
CCDC 182/653.
¶ Preparative procedure: 9 (E,E)-1c (86 mg, 0.14 mmol) was allowed to
react with 0.43 mmol of W(CO)4(MeCN)2 in refluxing thf (30 ml) for 1.5
h to give 90 mg of 9 in 54% yield.† 10: a mixture of diphos-
phinidenecyclobutene (E,E)-1c (31 mg, 0.051 mmol) and W(CO)4-
(MeCN)2 (40 mg, 0.11 mmol) was dissolved in thf (20 ml) and the solution
was stirred at room temp. for 21 h to give 10 (20 mg, 43% yield).†
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Fig. 1 The molecular structure of bis-tungsten complex 8 showing the
atomic labelling scheme; only atoms with dominant occupancy factors are
displayed. Important bond lengths (Å) and angles (°): W(1)–P(1) 2.493(3),
W(1)–P(2) 2.490(3), W(2)–P(1) 2.679(3), W(2)–P(2) 2.664(3), W(2)–C(1)
2.35(1), W(2)–C(2) 2.321(10), W(2)–C(3) 2.24(1), W(2)–C(4) 2.18(1),
P(1)–C(3) 1.788(10), P(2)–C(4) 1.737(9), C(1)–C(2) 1.47(1), C(1)–C(4)
1.49(1), C(2)–C(3) 1.47(1), C(3)–C(4) 1.47(1); P(1)–W(1)–P(2) 73.22(9),
P(1)–W(2)–P(2) 67.60(8), C(2)–C(1)–C(4) 90.0(8), C(1)–C(2)–C(3)
90.2(8), C(2)–C(3)–C(4) 90.4(8), C(1)–C(4)–C(3) 89.2(8).

Scheme 3 Ar = C6H2But
3-2,4,6. Reagents and conditions: i, W(CO)4-

(MeCN)2, thf, in the dark.
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Aziridination of naphthalene by 3-acetoxyaminoquinazolin-4(3H)-ones

Robert S. Atkinson,*a† Emma Barker,a Christopher K. Meadesa and Hassan A. Albar*b‡
a Department of Chemistry, University of Leicester, Leicester, UK LE1 7RH
b Department of Chemistry, King Abdul Aziz University, Jeddah 21413, Saudi Arabia

Reaction of naphthalene with 3-acetoxyaminoquinazolin-
ones 1, 4 or 8 in the presence of hexamethyldisilazane gives
the corresponding mono-aziridine as the major (for 1) or
exclusive (for 8) product; on heating in benzene, aziridine 5
acts as an aziridinating agent for alkenes.

Intermolecular non-enzymic reactions of simple naphthalenes
which result in exclusive 1,2-addition to a peripheral double
bond are uncommon: the remaining 3,4-double bond in the
functionalised six-membered ring will usually be more reactive
than any bond in the parent naphthalene with the result that bis-
addition (1,2 and 3,4) is the major pathway. Thus the reaction of
naphthalene with m-chloroperoxybenzoic acid1 or with methyl-
(trifluoromethyl)dioxirane2 is reported to give the trans-
1,2,3,4-bis-epoxide but none of the mono-epoxide. A stereo-
selective addition to just one double bond would be valuable
because subsequent stereoselective addition to the second
double bond, using a different reagent, would lead to
1,2,3,4-tetrahydronaphthalene derivatives as single dia-
stereoisomers.

Aziridination of naphthalene (3 equiv.) with 3-acetoxy-
amino-2-methylquinazolinone 1 (Q1NHOAc)3 in the presence
of hexamethyldisilazane (HMDS) (3 equiv.) in chloroform gave
mono-aziridine 2 (29%) and bis-aziridine 3 (7%) from examina-
tion of the crude reaction product by NMR spectroscopy using
triphenylmethane as an internal standard (Scheme 1).§ After
removal of the bulk of the naphthalene by sublimation (40 °C,
~ 1025 mmHg), the products 2 and 3 were isolated in 17 and 3%
yields respectively after chromatography on de-activated
silica.

When aziridination of naphthalene was carried out using
3-acetoxyamino-2-isopropylquinazolinone 4 (Q2NHOAc)4

under the same conditions, the analogous mono- and bis-
aziridines 5 and 6 were present in 26 and 29% yields in the crude
reaction product and isolated in 20 and 11% yields respectively
(Scheme 1) after chromatography as described above.

The presumed 3-acetoxyaminoquinazolinone 8 (Q3NHOAc)
(Scheme 2), unsubstituted in the 2-position, is not stable under
the conditions used for the preparation of Q1NHOAc 1 and
Q2NHOAc 4. However, N-acetoxylation of the corresponding
3-aminoquinazolinone 7 by lead tetraacetate (LTA) in the
presence of naphthalene (3 equiv.) and HMDS (3 equiv.) gave
the mono-aziridine, isolated as a mixture of N-invertomers 9a
(endo) and 9b (exo) (11%) after chromatography: examination
of the crude reaction product revealed that no bis-aziridine was
formed.

Following the course of these aziridinations by NMR
spectroscopy at temperatures from 220 °C to ambient is
particularly informative and the changes observed can be
interpreted as follows (Scheme 3): (a) the kinetically-formed
products in each case are, as expected,3 the endo-N-invertomers
10 and 11 (Scheme 3) and 9a (Scheme 2) in which the
quinazolinone ring and naphthalene residue are cis; (b) for each
of the endo-invertomers 10 and 11 two rotamers around the
N–N bond are present (ratio 3 : 1 and 5 : 1 respectively): only a
single rotamer appears to be present in the case of 9a; (c)
interconversion between the N–N bond rotamers in 10 and 11
although slow on the NMR time-scale is fast on the N-inversion
(endo?exo) time-scale;¶ (d) bis-aziridines 3 and 6 have the
exo–exo configuration;∑ if the corresponding exo–endo stereo-
isomers 12 and 13 are intermediates in the formation of 3 and 6,
their concentrations are not sufficiently high for detection; (e)
signals for mono-aziridines 2 and 5 (exo-invertomers) only
become significant in these NMR spectra when signals from the
respective aziridinating agents Q1NHOAc 1 or Q2NHOAc 4
have almost disappeared;** (f) bis-aziridination takes place
predominantly or exclusively from the exo-invertomers 2 and
5.

The competititve or predominant formation of mono-
aziridine in these reactions arises as a consequence of (f) above
together with a slow rate of N-inversion (endo?exo) for the
mono-aziridine. Support for the conclusion in (f) comes from
the absence of bis-aziridine as a product from the reaction in
Scheme 2 and from the greater ratio of mono- : bis-aziridines
2 : 3 over 5 : 6. The rates of N-inversion (endo?exo) in these
mono-aziridines would be expected to increase in the order 9a
< 10 < 11 and this order correlates with the ratios bis- : mono-Scheme 1

Scheme 2
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aziridine obtained. The absence of any bis-aziridine in the
reaction in Scheme 2 is because reaction of Q3NHOAc with
naphthalene is complete, and gives only endo-invertomer 9a,
before conversion of 9a to 9b takes place as the temperature is
raised to ambient.††

syn-Addition of these 3-acetoxyaminoquinazolinones to aryl-
substituted double bonds to give endo-substituted aziridines as
kintically-formed products is well known and has been ascribed
to an attractive interaction between the quinazolinone and aryl
rings in the transition state.3 Deactivation of the residual
3,4-double bond in the endo-configured mono-aziridines 10, 11
and 9a presumably arises from a similar interaction in these
stereoisomers in which the aziriding ring bonds are now fully
formed.

Further functionalisation of the 3,4-double bond in these
mono-aziridines is under study: the mono-aziridine 2 reacts
with Q2NHOAc 4 (2 equiv.) to give the bis-aziridine 14 in 68%
yield.

Heating aziridine 5 in benzene containing a mixture of
styrene (3 equiv.) and diethyl fumarate (3 equiv.) gave the
corresponding aziridines 15 and 16 and the amine 17 in a 1 : 1 : 2
ratio (Scheme 4). It is likely that the intermediate in this
aziridination is the nitrene [Q2N̈:] since the same selectivity for
these two alkenes is found for this species generated by other
means.5

Footnotes and References

† E-mail: vow@le.ac.uk
‡ E-mail: scf3043@kaau.edu.sa
§ In the absence of HMDS, the major product is 1-(3,4-dihydro-2-methyl-
4-oxoquinazolin-3-yl)aminonaphthalene 17 (22%).
¶ As the reactions proceed the concentrations of 10 and 11 are reduced to
zero but there is no change in the ratios of their two rotamers.
∑ The two aziridine rings in these bis-aziridines would be expected to be
trans-disposed based on steric grounds and this assignment is supported by
the C2v symmetry present (NMR spectroscopy) in the corresponding bis-
aziridine obtained from reaction of naphthalene and 3-acetoxyamino-
2-[(1AS)-2A,2A-dimethyl-1A-hydroxypropyl]quinazolin-4(3H)-one (see R. S.
Atkinson, A. P. Ayscough, W. T. Gattrell and T. M. Raynham, Chem.
Commun., 1996, 1935).
** The rates of aziridination of exo-N-invertomers 2 and 5 by Q1NHOAc 1
and Q2NHOAc 4 are expected to be faster than that of naphthalene.
†† Further support for the conclusion in (f) is the higher ratio mono- : bis-
aziridine 5 : 6 (4 : 1) obtained using the nitrene [Q2N̈:] derived from
Q2NHOAc 4 and triethylamine (ref. 5): aziridinations of alkenes using
[Q2N̈:] take place at slightly lower temperatures than those using
Q2NHOAc.
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5 R. S. Atkinson and E. Barker, J. Chem. Soc., Chem. Commun., 1995,
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A porous chiral framework of coordinated 1,3,5-benzenetricarboxylate:
quadruple interpenetration of the (10,3)-a network

Cameron J. Kepert and Matthew J. Rosseinsky*

Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, Oxford UK OX1 3QR

The chiral and porous cubic coordination polymer Ni3-
(btc)2(py)6(eg)6·xeg·yH2O (btc = 1,3,5-benzenetricarbox-
ylate, py = pyridine, eg = ethylene glycol, x ≈ 3, y ≈ 4) is
based on the interpenetration of four independent (10,3)-a
networks, and contains large interconnected cavities with
diameter 16 Å which may be desolvated without irreversibly
destroying the porous framework structure.

The search for porous chiral solids is driven largely by a desire
to perform enantioselective separations and syntheses.1 The
only two chiral zeolites known, zeolite b2 and the titanosilicate
ETS-10,3 are both polymorphic, and samples currently retain
one handedness only over a few crystallographic layers. Chiral,
porous solids have very recently been resolved by the formation
of single crystals: NaZnPO4·H2O4 consists of a tetrahedral
framework containing water-filled channels, Co(tn)3·Al3-
P4O16·2H2O5 (GTex-2) consists of aluminophosphate layers
separated by layers of the template, Cd(tcm)[B(OMe)4]·
xMeOH6 (x ≈ 1.6) consists of sixfold helices containing
methanol of solvation, and Zn2(btc)(NO3)·H2O·5C2H5OH7

contains a single (10,3)-a network.8 The last of these, as well as
three achiral btc metallate phases,9 shows structural stability to
removal of solvent.

Here, we report the preparation of an air-stable nickel(ii) salt
of btc with spontaneous resolution from achiral starting
materials. The material is novel in containing four interpene-
trating (10,3)-a networks of the same handedness, through
which lie solvent-filled pores of an unprecedented size. These
pores may be desolvated completely at 115 °C to leave a poorly
crystalline material with empty chiral cavities. The crystallinity
of the interpenetrating lattice may be regenerated by resolvating
this material with a variety of solvents.

Batches of single crystals consisting of a 50 : 50 mixture of
enantiomers were synthesised by slow diffusion techniques,†
and the crystal structure was determined by X-ray diffraction at
150(2) and 295(2) K.‡ Ni3(btc)2(py)6(eg)6·xeg·yH2O is cubic,
and is the first molecular material to crystallise in the chiral
space group P4232. The chiral network self-assembles due to
unique interactions between the ligands in the first coordination
sphere of the six-coordinate NiII. The two axial positions of the
octahedron are occupied by tridentate btc anions while the
equatorial positions are occupied equally by eg/H2O and py
(Fig. 1). Hydrogen bonding between the non-coordinated
oxygen atom of the btc carbonyl group and the equatorial
alcohol/H2O group [O(11)···O(2) 2.60 Å] produces an approx-
imately orthogonal orientation of the trans btc groups bound to
NiII. This hydrogen-bonded arrangement, which appears to be
highly uncommon, is the structural key to the formation of the
chiral framework.

In the (10,3)-a network, chirality arises from the < 100 >
fourfold and < 111 > threefold helices of the same handedness
propagating in all crystallographically equivalent directions.
Here the 11.3 Å separation between neighbouring btc prevents
interpenetration of networks of opposite chirality (such as that
resulting in a racemic crystal in [Zn(tpt)2/3(SiF6)(H2O)2-
(MeOH)]10) and four networks of the same handedness
interpenetrate in such a way that each is related by unit
translation or twofold rotation. Pseudo-tetrahedral cavities

between the networks are bounded by the four btc anions per
unit cell, and are linked by wide zigzag channels running along
the < 111 > directions and passing through the vertices of the
tetrahedra. The cavities are centred about (0,0,0) and
(1/2,1/2,1/2) (Fig. 2). Approximately 28.1% of the crystal
volume is occupied by free solvent,‡ so that each pore has a
volume of ca. 600 Å3, and a maximum diameter of ca. 16 Å.
With the assumed Ni coordination, each contains three eg and
four H2O molecules, as determined by elemental microanalysis.
The pseudo-hexagonal < 111 > channels have radii in the range
7–10 Å. There are narrower < 100 > channels with radii in the
range 5–8 Å.

With heating to 115 °C, the material undergoes a colour
change from blue to green. Thermogravimetry§ and elemental
microanalyses§ are consistent with the loss of six eg and one py
to leave Ni3(btc)2(py)5(eg)3(H2O)4. This is accompanied by a
severe broadening of the X-ray powder diffraction (XRPD)
pattern.¶ Exposure to eg, EtOH and MeOH vapour at ambient
conditions in all cases led to a considerable sharpening of the
XRPD pattern¶ indicating a drastic increase in crystallinity with
the resolvation of the lattice. This implies that the partially
desolvated material, Ni3(btc)2(py)5(eg)3(H2O)4, contains large

Fig. 1 The linear coordination of 1,3,5-benzenetricarboxylate to NiII, which
is stabilised by hydrogen bonding to equatorial alcohol/H2O groups
(indicated by the dashed lines). The three orthogonal twofold rotation axes
passing through the Ni are shown. All atoms are shown with 30% thermal
ellipsoids. For clarity, only one orientation of the highly disordered
fragment is shown, and hydrogen atoms have been omitted.
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empty chiral cavities, and that the relatively inflexible (10,3)-a
network structure is retained throughout the cycle.

The chemical significance of the first-sphere hydrogen
bonding in orienting the helix-forming btc anions is shown by
the formation of isomorphous structures, either by resolvation
or direct growth, with MeOH and EtOH replacing eg. The
choice of ligands around the metal centre thus promises to
greatly influence the chemical nature of the chiral pores in this
new framework structure.

C. J. K. thanks Christ Church, Oxford, for a Junior Research
Fellowship. We thank Professor C. K. Prout and Dr D. J. Watkin
for access to the single crystal X-ray diffractometers (funded by
EPSRC) and for useful discussions.

Footnotes and References

* E-mail: {cameron.kepert, matthew.rosseinsky}@chem.ox.ac.uk
† Batches of large, octahedral, clear blue crystals (up to 2 3 2 3 2 mm) were
grown under ambient conditions over a period of four weeks by slow
diffusion of pyridine (1 mmol) into a stoichiometric 2 : 3 solution of trimesic
acid (1,3,5-benzenetricarboxylic acid, 0.10 mmol) and Ni(NO3)2·6H2O
(0.15 mmol) in ethylene glycol (20 cm3).
‡ Structural data were collected at 150(2) K on an Enraf-Nonius DIP2000
diffractometer equipped with Mo-Ka radiation, and at 293(2) K on an
Enraf-Nonius CAD4 diffractometer equipped with Cu-Ka radiation. The
DIP2000 data were reduced with the HKL suite of programs.11

Crystal data for Ni3(btc)2(py)6(eg)6·3eg·4H2O: C66H98Ni3N6O34,
M = 1695.63, cubic, space group P4232, a = 15.922(1) and 16.025(1) Å,
U = 4036.4(4) and 4115.2(4) Å3, Dc = 1.395 and 1.368 Mg m23 at 150(2)
and 293(2) K, respectively, Z = 2, crystal dimensions 0.40 3 0.375 3 0.35
mm, 2qmax = 53.46 and 149.38°. Structure solution was by a combination
of geometric considerations and Fourier techniques using SHELXL-93.12

Full-matrix least-squares refinement on Fo
2 for 1445 and 1347 unique data

(30 973 and 3320 collected, Rint = 0.112 and 0.0363), 124 parameters and
37 restraints converged to wR2 = 25.99 and 20.46 (all data), conventional
R = 0.0965 and 0.0697 (1070 and 908 data with Fo > 4sFo), with Flack
parameters 0.03(11) and 20.04(15). Cavity volumes were calculated within
PLATON13 by summing voxels more than 1.2 Å away from the van der
Waals surface of the framework. CCDC 182/641.

§ In the temperature range 90–120 °C the material loses ca. 30% of its mass
to form Ni3(btc)2(py)5(eg)3(H2O)4. In the range 120–380 °C there is a loss
of a further 35%, equal to the mass of the remaining neutral species.
¶ Ground samples were sealed in 0.5 mm Lindemann capillaries and
mounted on a D5000 Siemens X-ray powder diffractometer. For the [210]
reflections at 2q = 12.3°, FWHM = 0.086, 0.151, 0.165 and 0.095° for the
fresh, the two 115 °C desolvated and eg resolvated samples, respectively.
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Fig. 2 Axial projection of the structure (for clarity, the equatorial ligands of
the NiII cations and the solvent species occupying the pores have been
removed, and only one of the two disordered orientations of the
1,3,5-benzenetricarboxylate is shown). Large, pseudo-tetrahedral solvent-
filled cavities are centred about (0,0,0) and (1/2, 1/2, 1/2), and are linked by
wide channels along the < 111 > and < 100 > directions. A view along
(111) is presented as the graphical abstract.

Fig. 3 Conceptual diagram showing the interpenetration of four ‘clockwise’
(10,3)-a networks. One of the four networks is highlighted such that the
blackened circles represent Ni atoms and the hatched circles represent
centres of the benzene rings.
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Phosphonium salts of diacetoxyiodine(i) anions, new reagents for the
iodoacetoxylation of alkenes

Andreas Kirschning,* Claus Plumeier and Lars Rose

Institut für Organische Chemie, TU Clausthal, Leibnizstr. 6, D-38678 Clausthal-Zellerfeld, Germany 

Novel phosphonium salts of diacetoxyiodine(I) anions 1 add
to alkenes like tri-O-benzyl galactal 8 affording 1-acetoxy-
2-iodopyranoses 12a,b which can efficiently be employed in
the synthesis of 2-deoxyglycoside 14.

Stereo- and regio-selective 1,2-additions to alkenic double
bonds are one of the most important transformations in organic
synthesis.1 Among this class of reactions, acetoxyiodinations
are only rarely used. The a-iodo acetates which are created via
this transformation can serve as starting materials for the
preparation of allyl acetates or a-iodo alcohols with subsequent
formation of oxiranes.2 Current reagent systems in use for the
acetoxyiodination of alkenes involve KIO3 in glacial AcOH at
60 °C,3 or various heavy metal salts4 derived from silver(i),
thallium(i), copper(ii), mercury(ii) or bismuth(iii), all in the
presence of I2. AcOH and N-iodosuccinimide at 60 °C can also
be used to form a-iodo acetates from the corresponding
alkenes.5 Due to the harsh reaction conditions employed and
environmental problems involved with heavy metals, these
methods have not found wide acceptance in reactions with
multifunctional alkenes or in natural product synthesis.

Here we describe the preparation of a new class of reagents,
the phosphonium salts of diacetoxyiodine(i) 1,6 which can be
regarded as an acetyl hypoiodite 4 equivalent. Compound 4 has
never been isolated, but has been postulated as an intermediate
in the Hunsdiecker and Simonini reactions7 and in the thermal
decomposition of diacyliodobenzenes.8 As is demonstrated,
diacetoxyiodine(i) species 1 are ideally suited for promoting
acetoxyiodination of alkenes under very mild conditions.
Scheme 1 shows that these reagents are conveniently prepared
from the corresponding phosphonium iodides 2a and 2b and
diacetoxyiodobenzene 3 (CHCl3, room temp., 2 h). After
addition of Et2O, the tetraphenylphosphonium salt 1a precip-
itates as a light brown amorphous material [mp 145 °C
(decomp.)], whereas the methyltriphenylphosphonium salt 1b
separates from the organic layer as a dark brown oil.†

Diacyliodine(i) compounds like 1a promote acetoxyiodina-
tion of alkenes such as cyclohexene 5 or indene 6 in a highly
anti selective manner (Table 1). a-Iodo acetates 99 and 10 are
isolated in good yield. Regiocontrol is determined by the
relative stability of the two possible intermediate cations.
Acetoxyiodination may further be simplified by in situ
generation of 1 from 2,‡ including formation of 1c from
Murahashi’s reagent 2c, in various solvents followed by
addition of the alkene. Under these conditions carbohydrate
derived enol ethers such as 7 and 8 quantitatively afford
1-acetoxy-2-iodopyranoses 11a,b and 12a,b, respectively,
under very mild conditions. Usually, a preference for
a-glycosyl acetates is observed. Due to the reduced solubility of

1a and 2a in toluene, acetoxyiodination of 7 proceeds
sluggishly. This obstacle may be circumvented by accellerating
the reaction with catalytic Me3SiOSO2CF3. Under these
conditions the rare 2-deoxy b-anomer 11b is formed in
substantial amounts. The reaction exclusively furnishes
1,2-trans adducts, which can be rationalized by assuming a
trans-diaxial addition of iodonium cation and acetoxy group to
the electron-rich enol ether double bond.§

Scheme 1

Table 1 Results of some acetoxyiodinations

Methoda 1 Solvent t/h Ratiob Yield (%)c

A 1a CH2Cl2 36 — 61

A 1a CH2Cl2 12 — 69

A 1a CH2Cl2 16 1.8 : 1 59
B 1a MeCN 16 2.1 : 1 73
Be 1a PhMe 72 1.1 : 1 69
B 1b CH2Cl2 24 2.2 : 1 68
B 1c CH2Cl2 24 2.7 : 1 72

B 1b MeCN 72 3.5 : 1 67
B 1b PhMe 72 3.5 : 1 74f

a Method A: Preformed 1a. Method B: 1a–c generated in situ. All reactions
carried out at room temp. b Determined from 1H NMR spectra of crude
product. c Yield of isolated product after column chromatography. d See
footnote §. e Added Me3SiOSO2CF3. f Crude product was contaminated
with 8 (10%).
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These glycosyl acetates are ideal precursors for the con-
struction of 2-deoxy glycosides, which occur as structural
moieties of many bioactive natural products.10 In glycosidations
the 1-acetoxy group has glycosyl donor properties, while the
2-iodo substituent serves as a stereocontrol element in the
glycosidation step which can be removed reductively at a later
stage. In fact, acetoxyiodination of glycal 8 in CH2Cl2 yields
glycosyl acetate 12 (a :b = 3.1 : 1, 78%) (Scheme 2).
Separation by column chromatography gave pure a-talo-12
which, after Lewis acid-promoted activation, was glycosidated
in the presence of methyl glycoside 13 to afford a(1-2)
disaccharide 14 as the only product in excellent yield.

In summary, phosphonium salts of diacetoxyiodine(i) rep-
resent a new class of reagents for the facile acetoxyiodination of
alkenes. Starting from glycals, 1-acetoxy-2-iodo pyranoses are
generated which can efficiently be employed in the synthesis of
2-deoxy glycosides.

The authors thank the Deutsche Forschungsgemeinschaft and
the Fonds der Chemischen Industrie for financial support.

Footnotes and References

* E-mail: andreas.kirschning@tu-clausthal.de
† The 31P NMR chemical shifts (CDCl3) measured for 1a and 1b were
identical with those for the starting iodides 2a and 2b. From this it can be
concluded that compounds 1 are composed of an ion pair similar to
phosphonium iodides 2.
‡ Experimental procedure: A mixture of PhI(OAc)2 3 (0.966 g, 3.0 mmol)
and Ph3MePI 2b (1.114 g, 3.0 mmol) in CH2Cl2 (15 ml) was stirred for 15
min at rom temp. until the solution turned dark red. Glycal 8 (416 mg, 1.0
mmol) was added and stirring was continued for 72 h. The solution was
washed twice with aqueous NaHSO3 and the aqueous phase was extracted
four times with CH2Cl2. The combined organic extracts were dried

(MgSO4) and concentrated under reduced pressure. Column chromatog-
raphy using light petroleum–EtOAc (4 : 1) gave two fractions
(12a : 12b = 3 : 1; 470 mg, 78%).

First fraction: b-12b; colourless crystals, mp 101 °C; [a]D
20 +52.2 (c 1.02,

CHCl3); dH (C6D6) 7.42–7.20 (m, 15 H, arom. H), 6.13 (d, 1 H, J1,2 9.6,
1-H), 4.84, 4.50, 4.37, 4.31, 4.26, 4.17 (6d, 6 H, J 11.2 and 12.0, CH2Ph),
4.68 (dd, 1 H, J2,1 9.6, J2,3 11.2, 2-H), 3.78 (br t, 1 H, J5,6 = J5,6A = 8.0,
5-H), 3.71 (d, 1 H, J4,3 1.6, 4-H), 3.56 (m, 2 H, 6-H, 6A-H), 3.27 (dd, 1 H,
J3,2 11.2, J3,4 1.6, 3-H), 2.10 (s, 3 H, OAc); dC (CDCl3) 169.0, 138.0–136.9
and 128.5–127.7, 94.8 (C-1), 83.2, 74.6, 72.5 (C-3, C-4, C-5), 74.7, 73.5,
72.8 (OCH2Ph), 67.6 (C-6), 30.5 (C-2), 20.8.

Second fraction: a-12a; colourless oil, [a]D
19
27.6 (c 0.99, CHCl3); dH

(CDCl3) 7.50–7.25 (m, 15 H, arom. H), 6.57 (d, 1 H, J1,2 2.4, 1-H), 5.08,
4.80, 4.58, 4.53, 4.50, 4.40 (6d, 6 H, J 12.0, CH2Ph), 4.31 (ddd, 1 H, J2,3 4.4,
J2,1 2.4, J2,4 0.8, 2-H), 4.19 (dt, 1 H, J5,6 = J5,6A = 6.0, J5,4 2.4, 5-H), 4.00
(dd, 1 H, J4,3 = J4,5 = 2.4, 4-H), 3.70 (m, 2 H, 6-H, 6A-H), 3.49 (dd, 1 H,
J3,4 2.4, J3,2 4.4, 3-H), 2.03 (s, 3 H, OAc); dC (CDCl3) 168.5, 138.3–137.2
and 128.4–127.4, 95.2 (C-1), 73.5, 73.4, 70.9, 73.4, 73.3, 72.9 (C-3, C- 4,
C-5), 68.4 (C-6), 22.4 (C-2), 20.9.
§ The 1H NMR spectra of the crude products revealed traces of the a-gluco
isomer, in particular when the reaction was run in toluene for a prolonged
time.
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Scheme 2 Reagents and conditions: i, 2b, 3, CH2Cl2, 78%; ii, 12a, 13,
Me3SiOSO2CF3, CH2Cl2, 278 °C, 89%
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Oxygen states present at a Ag(111) surface in the presence of ammonia:
evidence for a NH3–O2

d2 complex

A. F. Carley, P. R. Davies, M. W. Roberts,* K. K. Thomas and S. Yan

Department of Chemistry, University of Wales, Cardiff, UK CF1 3TB 

Molecular oxygen states present at Ag(111) surfaces when
dioxygen is coadsorbed with ammonia at 80 K are charac-
terised by vibrational loss features at 1488 and 1640 cm21.
The former is suggested to be associated with the NH3···O2

d2

complex, a key intermediate in the oxidation pathway.

There is now incontrovertible experimental evidence for the
role of specific oxygen states present at single crystal metal
surfaces (e.g. zinc, copper, nickel) as the active sites in
oxydehydrogenation of ammonia.1–4 In the case of Cu(110)O
surfaces the isolated oxygen adatoms, or oxygens at the ends of
Cu–O–Cu–O– chains, are the most active5 but for atomically
clean Cu(110) surfaces there is evidence during the coadsorp-
tion of oxygen–ammonia mixtures for a dioxygen–ammonia
complex being the key intermediate. Both experimental and
theoretical6 work have supported this view and there are strong
analogies with the model developed for the oxidation of
ammonia when coadsorbed with dioxygen at a Zn(0001) surface
at low temperatures.2 The Ag(111)–dioxygen/ammonia system
shows very similar precursor kinetics to that observed with
Zn(0001) and for this reason we have searched for spectro-
scopic evidence, using both X-ray and vibrational electron
energy loss spectroscopies (XPS and VEELS), for the presence
of dioxygen states present at low temperatures when dioxygen–
ammonia mixtures are coadsorbed at Ag(111) at 100 K.

The sticking probability of pure dioxygen at clean Ag(111)
surfaces at 120 K is very low (ca. 1024); a peroxo species is
observed after 3000 L exposure,7 as evidenced by VEELS
bands at 220 cm21 [n(AgO2)] and 670 cm21 [n(O–O)].
However, when dioxygen and ammonia are coadsorbed the
reactivity to dissociative oxygen chemisorption is increased and
the chemistry, as reflected by the O 1s and N 1s spectra, indicate
that dehydrogenation has occurred. A typical set of kinetic data
for the coadsorption of an ammonia–dioxygen mixture is shown
in Fig. 1. The ‘oxygen’ uptake, calculated from the total O1s
intensity data, is shown as a function of oxygen exposure in four
different experiments at four different temperatures (220, 180,
150 and 120 K) using an O2–NH3 (1 : 3) mixture. As well as
demonstrating the much increased sticking probability for

oxygen adsorption [as observed at Zn(0001) surfaces2], these
results provide strong circumstantial evidence for dioxygen–
ammonia complexes participating in the oxidation pathway; this
was the impetus for the VEELS investigation.

Fig. 2 shows a set of VEEL spectra when an atomically clean
Ag(111) surface was exposed to an ammonia–dioxygen mixture
at 100 K [Fig. 2(a)] and then warmed to 210 K [Fig. 2(b)]. The
main loss features at 100 K are at 250, 700, 1120, 1480, 1640
and 3390 cm21. The assignments [Fig. 2(a)] are as shown; the
250 cm21 feature is attributed to Ag–adsorbate stretch fre-
quencies. A similar experiment, but replacing NH3 with ND3,
gave rise to the spectra in Fig. 2(c), curves (ii) and (iii); for

Fig. 1 Exposure of a Ag(111) surface to an O2–NH3 (1 : 3) mixture at four
different temperatures. The graphs are plots of total concentration of oxygen
adsorbed (expressed as atoms) vs. equivalent dioxygen exposure. The
reaction of pure dioxygen leads to negligible adsorption in this exposure and
temperature range.

Fig. 2 VEELS spectra for (a) exposure of a clean Ag(111) surface to a
dioxygen–ammonia mixture at 100 K; (b) surface in (a) warmed to 210 K
and (c) VEELS spectra for (i) adsorption of ND3 at Ag(111) at 100 K, (ii)
adsorption of an O2–ND3 mixture at Ag(111) at 100 K and (iii) surface in
(ii) warmed to 210 K
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comparison curve (i) shows the adsorption of pure ND3 at
Ag(111) at 100 K. The spectra for deuterated ammonia confirm
the assignments of the 1480 and 1640 cm21 features in Fig. 2(a)
for the ammonia–dioxygen mixture as arising from adsorbed
dioxygen states. The unusually strong and broad n(ND) feature
at 2456 cm21 [Fig. 2(c), curve (ii)] is the consequence of
hydrogen bonding in the dioxygen–ND3 complex.

On warming the Ag(111) surface exposed to the dioxygen–
NH3 mixture [spectrum (a)] to 210 K [Fig. 2(b)] the features
assigned to the dioxygen states were not present. There was
however spectroscopic evidence, from the loss feature charac-
teristic of ds(NH3) at 1120 cm21, for adsorbed ammonia present
at low coverage. Also there had developed two features in the
high frequency loss region, one at 3390 cm21 assigned to n(NH)
and the other at 3640 cm21 assigned to n(OH).

The correlation shown to exist8 between the O–O stretch
frequencies and the electronic state of oxygen, suggests that the
VEEL spectra for the coadsorbed dioxygen–ammonia system
reflect the presence of two different molecular oxygen species
[n(O–O) at 1488 and 1640 cm21]. One of these (1488 cm21) is
involved in a NH3···O2

d2 charge transfer type complex while
the other characterised by the higher frequency (1640 cm21) is
a more isolated physisorbed species. There is very little charge
associated with this state, its vibrational frequency being close
to that reported for the gas phase molecule. It is the former that
opens up a low energy oxidation pathway leading to surface OH
and NH species [Fig. 2(b)]; in contrast, the peroxo state [n(O–
O) at 670 cm21] observed after the adsorption of pure dioxygen

at a Ag(111) surface is unreactive towards ammonia. It is
interesting to note that at a Cu(111) surface, exposure of an ND3
adlayer to dioxygen at 100 K gives rise to a molecularly
adsorbed oxygen species9 characterised by a loss feature at 1500
cm21.

We acknowledge the support of EPSRC through a CASE
Award with ICI to K. T.
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Hydrostannation of C–C multiple bonds with Bu3SnH prepared in situ from
Bu3SnCl and Et3SiH in the presence of Lewis acid catalysts

Vladimir Gevorgyan, Jian-Xiu Liu and Yoshinori Yamamoto*

Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-77, Japan 

A number of alkynes 5, allene 11 and alkene 13 smoothly
underwent hydrostannation with tributyltin hydride 1,
prepared in situ from tributylchlorostannane 6 and triethyl-
silane 7 in the presence of catalytic amounts of Lewis
acids.

Since the first synthesis of tributyltin hydride 1 by Finholt et al.
in 1947,1 this compound has become one of the most frequently
used organometallic reagents in organic synthesis.2 Along with
wide applicability as a hydrogen source in various kinds of
reductions,2 Bu3SnH is the most popular hydrostannation agent
for the synthesis of vinyl-3 and allyl-stannanes.4 The latter, due
to their great versatility as building blocks, are of increasing
importance in modern synthetic organic chemistry.5 Recently
we reported regio- and stereo-selective methods for the
synthesis of vinyl- and allyl-tributylstannanes via Lewis acid-
catalyzed trans-hydrostannation of acetylenes6 and allenes.7
Although Bu3SnH is commercially available, it gradually
decomposes after storage in a refrigerator for a prolonged
period of time;8 consequently, distillation is needed before use.
It occurred to us that in situ generation of 1 from stable
precursors would be synthetically more convenient for the
hydrostannation reaction. The generation of Bu3SnH in situ
from more stable stannyl precursors and hydride sources could
serve this purpose.9 In general, the preparation of commercially
available tributyltin hydride 1 is carried out by the reduction of
tributyltin oxide 2 with hydrosiloxane 3 [reaction (1)].10

Accordingly, we attempted to employ this method for the in situ
preparation of 1 under the conditions of the Lewis acid-
catalyzed hydrostannation reaction.6,7 However, no hydro-
stannation products were detected, instead the starting alkynes
were recovered quantitatively. It is probable that, due to the
strong affinity of the Lewis acid for the oxygen of either the
reactants (2 and/or 3) or of the byproduct 4, it is deactivated and
thus not effective as a catalyst in the hydrostannation reaction.
Hence, a non-oxygen containing precursor should be employed
for the in situ preparation of 1.

Herein we report the first example of the Lewis acid-
catalyzed hydrostannation reaction of alkynes with tributyltin
hydride 1, prepared in situ from Bu3SnCl 6 and Et3SiH 7
[reactions (2) and (4)].

In our initial experiments we found that simple mixing of 6
and 7 in toluene at room temperature did not produce any
detectable amount of tin hydride 1. In contrast, a redistribution
took place by the addition of 20 mol% ZrCl411 to the same
reaction mixture and noticeable amounts of 1 were detected by
1H NMR analysis of the reaction mixture after one hour
[reaction (3)]. Although the mixture contained a large amount of

silyl hydride 7 [reaction (3)], it was presumed that, due to the
fact that ZrCl4 is not a strong enough Lewis acid to the catalyze
hydrosilylation alkynes,12 this reaction would not compete with
the desired hydrostannation process. Motivated by that we
applied this method for the in situ preparation of 1 and
subsequent ZrCl4-catalyzed hydrostannation of phenyl-
acetylene 5d;11 as a result the trans-addition product (Z)-b-
(tributylstannyl)styrene 8d was formed in 52% yield (by 1H
NMR analysis). A brief search for a more efficient Lewis acid
catalyst pointed to B(C6F5)3. We found that 10 mol% of
B(C6F5)3 effectively catalyzed the hydrostannation of various
alkynes 5 with tributylstannane 1, generated in situ from 6 and
7, producing the hydrostannation products 8 and 10 in excellent
chemical yields [reaction (4), Table 1]. The hydrostannation of

all the monosubstituted alkynes tested (5a–f) proceeded in a
regiospecific manner affording the b-hydrostannation products
(8a–f, 10) exclusively (entries 1–6, Table 1). Except for the
reactions with 5b and 5g in which small amounts of the cis-
addition products were formed (entries 2,7), the reaction was
also trans-stereoselective (entries 1,3–6,8, Table 1) as was
reported for the conventional method for the Lewis acid-
catalyzed hydrostannation of alkynes.6 The preparation of 8a
from 5a is representative. Tributylstannyl chloride 6 (1.5
mmol), triethylsilane 7 (1.0 mmol) and 5a (1 mmol) were
consecutively added at 0 °C to a solution of B(C6F5)3 (0.1
mmol) in dry toluene (0.25 ml) under an argon atmosphere.
After being stirred for 40 min at 0 °C the reaction temperature
was allowed to warm to 25 °C and the mixture was stirred for
another 3 h. The reaction was quenched by adding Et3N (0.5
mmol) at ambient temperature. Hexane was added and the
resulting mixture was filtered through Celite and concentrated
under reduced pressure. Purification by column chromato-
graphy (aluminium oxide, 90 mesh, n-hexane as eluent) gave
220 mg (78%) of 8a.

Finally, we disclose our initial experiments on the application
of this method for the hydrostannation of an allene and alkene.
We reported recently that tributyltin hydride 1 in the presence of
Lewis acids reacted with a number of allenes affording the
corresponding vinylstannanes in good chemical yields.7 We
found that 1, prepared in situ from 6 and 7 in the presence of 10
mol% of B(C6F5)3, smoothly reacted with phenylallene 11
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affording the vinylstannane 12 in 51% yield [reaction (5)]. In
addition, the same method could be employed for the hydro-
stannation of alkenes: styrene 13 was converted into the
corresponding alkylstannane 14 in 70% isolated yield [reaction
(6)]. To the best of our knowledge, reaction (6) is the first

example of the Lewis acid-catalyzed hydrostannation of
alkenes.

In conclusion, a synthetically useful and convenient method
for the Lewis acid-catalyzed hydrostannation of carbon–carbon
multiple bonds with tributyltin hydride 1, prepared in situ from
easily handled and cheap chlorostannane 6 and hydrosilane 7,
has been developed. The first example of the Lewis acid-
catalyzed hydrostannation of an alkene has been demon-
strated.
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Table 1 B(C6F5)3-catalyzed hydrostannation of alkynes with Bu3SnH generated in situ from Bu3SnCl and Et3SiH

Yield of
Entry R R1 Conditions 8 + 10a (%) Ratio 8 : 10b

1 C6H13 H 5a 40 min/0 °C
3 h/rtc 78 > 95 : 5

2 Cyclohexenyl H 5b 2 h/0 °C 85 86 : 14
3 PhCH2 H 5c 4 h/0 °C 85 > 95 : 5
4 Ph H 5d 2.5 h/0 °C 77 > 95 : 5
5 p-MeC6H4 H 5e 2.5 h/0 °C 89 > 95 : 5
6 p-MeOC6H4 H 5f 1.5 h/235 °C 70 > 95 : 5
7 Pentyl Pentyl 5g 40 min/0 °C

3 h/rt 90 80 : 20
8 Ph Ph 5h 40 min/0 °C

3 h/rt 71 > 95 : 5

a Isolated yield. b Determined by 1H NMR analysis of crude reaction mixtures. c rt = room temp.
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Linear tri- and tetra-chromium(ii) chains supported by four
bis(2-pyridyl)formamidinium ligands
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Reactions of bis(2-pyridyl)formamidinium ion, DpyF2, with
CrCl2 lead to [Cr3(DpyF)4][PF6]2 and [Cr4(DpyF)4Cl2]Cl2,
both of which are structurally characterized by X-ray
crystallography; the latter contains two Cr–Cr quadruple
bonds even though no such bonds were preformed in the
starting material (CrCl2).

In our continuing study of compounds with linear chains of
metal atoms,1–3 we have employed the anion of bis(2-
pyridyl)formamidine, DpyF2, as a ligand and carried out
reactions of the lithium salt with CrCl2 under various condi-
tions, whereby we have obtained† three new and interesting

compounds, [Cr3(DpyF)4][PF6]2·4MeCN·2Et2O (1·4MeCN·
2Et2O), [Cr4(DpyF)4Cl2]Cl2·5(Me2CO) (2·5Me2CO) and a
different solvate of 2, namely, 2·4MeOH. The crystal structures
of all three have been determined‡.

The structure of the trinuclear compound 1 is shown in Fig. 1;
the Cr3 chain is not symmetrical and can be qualitatively
described as having one pair of chromium atoms quadruply
bonded, Cr(2)–Cr(3) 1.949(7) Å, with the third chromium atom
not significantly bonded to the central one, Cr(1)–Cr(2)
2.738(7) Å. In comparing the structure of 1 with those
previously reported2 for chromium with dpa2 [dpa2 = anion of
bis(2-pyridyl)amine], the most obvious qualitative difference is
that the central Cr3N12 core in 1 is essentially untwisted, as
shown in Fig. 2, whereas in the dpa compounds there is an
overall twist of about 45°. Compound 1 is the first such linear,
trinuclear species of any metal§ that is non-helical. The twist in
all of the dpa2 compounds is clearly due to the H···H repulsion
indicated in I while in II it is clear that there is no basis for a
ligand-imposed twist.

As already reported2 the Cr3 chains in Cr3(dpa)4X(Y) units
may be symmetrical (X = Y = Cl, Cr–Cr 2.36 Å) or
unsymmetrical (X = Cl, Y = BF4, Cr–Cr 2.64, 2.00 Å)
depending on the axial ligands. In 1 there are no axial ligands.
The nearest structural comparison we can make with 1 is the
structure of Cr3(dpa)4Cl(BF4) 3.

To the question of whether absence of helicity is of
importance to the electronic structure of the Cr3

6+ unit we can
offer at least a partial answer at this time. The Cr3 chain of 1,
like that in 3, is unsymmetrical. In addition, the Cr–Cr distances
in 1, 1.949(7) and 2.738(7) Å are very similar to those in 3,
1.995(1) and 2.643(1) Å. In these respects there is no indication
that helicity in itself has a qualitative effect on the bonding in
the metal atom chain. For the dpa compounds, the structure
seems to be tunable, from symmetrical to unsymmetrical, by
changing the axial ligands from Cl, Cl to Cl, BF4. In the case of
1 there are no axial ligands, and thus the unsymmetrical
character seems to be inherent in the [Cr3(DpyF)4]2+ chain.

The cation in 2 is shown in Fig. 3; there are only slight
differences between the dimensions in the two crystalline
forms. There must, of course, be non-equivalent M–M distances
in all Mn chains with n > 3. In this case the difference between
the central and the outer Cr–Cr distances is very large, ca. 2.73
Å vs. ca. 2.01 Å. It seems reasonable to describe the bonding to
a first, and probably good, approximation by saying that there
are two Cr–Cr quadruple bonds and little if any bonding
between the two inner chromium atoms. The short Cr–Cr
distance may be compared to that in the compound Cr2(map)4

4

(map = anion of 2-amino-6-methylpyridine), where it is
1.870(3) Å. It seems reasonable to attribute the greater length of

Fig. 1 Perspective view of the cation of 1. Relevant distances (Å) and angles
(°): Cr(1)–Cr(2) 2.738(7), Cr(2)–Cr(3) 1.949(7), Cr(1)–N(1) 2.054(5),
Cr(1)–N(11) 2.092(6), Cr(1)–N(14) 2.074(6), Cr(2)–N(2) 2.086(5), Cr(2)–
N(7) 2.102(5), Cr(2)–N(10) 2.070(5), Cr(2)–N(15) 2.068(5), Cr(3)–N(3)
2.062(5), Cr(3)–N(6) 2.031(5), Cr(3)–N(9) 2.057(5), Cr(3)–N(16) 2.078(6);
Cr(1)–Cr(2)–Cr(3) 179.2(2), N(1)–Cr(1)–N(11) 88.2(2), N(2)–Cr(2)–N(10)
89.7(2), N(3)–Cr(3)–N(9) 90.4(2).

Fig. 2 The [Cr3(DpyF)4]2+ cation of 1 viewed down the Cr–Cr–Cr
direction
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the bonds in 2 to the presence of the axial Cl2 ligands, whereas
in Cr2(map)4 there are no axial interactions.

The observed preference of the chain of three Cr2+ ions to
form one quadruple bond and the chain of four Cr2+ ions to form
two separate quadruple bonds rather than to give more
delocalized, and therefore evenly spaced arrangements raises
the question of how general this tendency may be. It is already
known, for both Cr3 and Co3 compounds of dpa2 that
symmetrical and unsymmetrical structures both occur. In the
Cr4 case, the short–long–short structure makes all the metal
chain electrons (MCEs) bonding electrons over short distances
where d–d overlaps are very good.¶ It can be hypothesized that
in other cases of four metal atoms, especially where MCE
counts are higher, more delocalized configurations might be
favored. Studies are in progress to examine this.

We acknowledge support by the US National Science
Foundation.
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mixture for 6 h. At this stage, TlPF6 (0.70 g, 2.0 mmol) was added to the
suspension. A green solid was produced when it was heated to reflux
temperature for 12 h and then cooled to room temp. The supernatant liquid
was removed with a syringe and the green solid was washed with THF (15
ml) and CH2Cl2 (2 3 20 ml). Extraction with acetone gave a green solution.
After layering with hexanes, red crystals of 2·5Me2CO were isolated. Yield
0.11 g, 7.7%. The remaining solid was only partially soluble in acetonitrile.
After filtration, slow diffusion of diethyl ether into the filtrate changed the
color of the solution from green to reddish and gave orange crystals of
1·4MeCN·2Et2O, yield 0.44 g, 28%. The remaining solid, which was not
soluble in acetone or in acetonitrile, was dissolved in dimethyl sulfoxide to
give an emerald green solution. Layering with benzene precipitated a green
powder. After filtration, this was washed with diethyl ether and dried under
vacuum to yield 0.64 g of green material. Red crystals of 2·4MeOH were

obtained by diffusion of diethyl ether (20 ml) into a saturated green
methanol solution (25 ml) of the green powder. The combined yields for 2
are 64%. Crystals of 1 can be redissolved in acetonitrile to produce an
orange solution. Red crystals of 2 are not soluble in acetonitrile but can be
redissolved in methanol to give a green solution. Compound 1 is
paramagnetic, mobs 4.6 mB; 2 is diamagnetic, 1H NMR (CD3OD, 300 MHz):
d 9.76 (s, 4 H, methine NCHN), 9.48 (d, 8 H, pyridyl CH), 7.83 (m, 16 H,
pyridyl CH), 7.09 (t, 8 H, pyridyl CH). UV–VIS (l/nm): 528, 620 (sh) for
1 in MeCN; 384(sh), 462, 616 for 2 in MeOH.
‡ Crystal data: [Cr3(DpyF)4][PF6]2·4MeCN·2Et2O, 1·4MeCN·2Et2O: or-
ange crystal, C60H68Cr3F12N20O2P2, M = 1547.28, monoclinic, space
group P21/c, a = 15.006(4), b = 14.993(2), c = 31.238(9) Å.
b = 99.79(1)°, U = 6926(3) Å3, Z = 4, Dc = 1.484 g cm23, l = 0.710 73
Å, m(Mo-Ka) 0.599 mm21. Intensity data were collected on a CAD4 dif-
fractometer at 2100 °C. A y-scan absorption correction was made. A total
number of 8966 independent reflections were measured, of which 4352
were observed [I ! 2s(I)]. The structure was solved by direct methods
using SHELXTL and refined using SHELXL-97. During structural
refinement, it was found that the chromium atoms were disordered. The
final positions of the metal atoms clearly indicate a short Cr–Cr quadruple
bond and a long, non-bonded Cr–Cr interaction. The disorder arises since
the ligand framework is essentially symmetric, and the short–long bond pair
can sit either way in the ligand environment. In the final refinement cycles,
the relative occupancy of the two metal-atom groups was refined, and
converged with the major orientation having an occupancy of 0.52(1). Final
full-matrix least-squares refinement on F2 of positional and anisotropic
thermal parameters for all non-hydrogen atoms converged to R1 = 0.181,
wR2 = 0.118 for all data; and R1 = 0.056, wR2 = 0.102 for data with I !
2s(I).

[Cr4(DPyF)4Cl2]Cl2·5Me2CO, 2·5Me2CO: red crystal,
C59H66Cl4Cr4N16O5, M = 1429.08, monoclinic, space group C2/c,
a = 32.988(4), b = 9.269(1), c = 26.183(7) Å, b = 127.50(1)°,
U = 6351(2) Å3, Z = 4, Dc = 1.491 g cm23, l = 0.710 73 Å, m(Mo-Ka)
0.896 mm21. Intensity data were collected on a FAST area detector system
at 260 °C. A total number of 4145 independent reflections were measured,
of which 3660 were observed [I! 2s(I)]. The structure was solved by direct
methods using SHELXTL. Full-matrix least-squares refinement on F2 of
positional and anisotropic thermal parameters for all non-hydrogen atoms
converged to R1 = 0.049, wR2 = 0.111 for all data; and R1 = 0.041,
wR2 = 0.103 for data with I ! 2s(I).

[Cr4(DPyF)4Cl2]Cl2·4MeOH, 2·4MeOH: red crystal,
C48H52Cl4Cr4N16O4, M = 1266.86, tetragonal, space group P4/n,
a = 12.8063(7), c = 16.326(2) Å, U = 2677.5(4) Å3, Z = 2, Dc = 1.571
gcm23, l = 0.71073 Å, m(Mo-Ka) 1.050 mm21. Intensity data were
collected on a FAST area detector system at 260 °C. A total number of
1767 independent reflections were measured, of which 1647 were observed
[I ! 2s(I)]. The structure was solved by direct methods using SHELXTL.
During structural refinement, it was found the crystal twinned along the
(110) plane. The occupancy of both components were refined and the major
component contributed to 59.5% of the structure. Final refinement
converged to R1 = 0.044 and wR2 = 0.108 for all data, and R1 = 0.040 and
wR2 = 0.103 for data with I ! 2s(I). CCDC 182/652.
§ M3(dpa)4X2 compounds, all of which are helical, have been reported for
M = Cr,2 Co,3 Ni, Cu and Ru. Full references are found in ref. 3.
¶ Compounds containing two quadruply bonded M2

4+ units (M = Mo and
W), end-to-end, are also known.6 In these cases the quadruply bonded
dimetal units were already present in the starting material.
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Fig. 3 Perspective view of the cation of 2·4MeOH. Relevant distances (Å)
and angles (°): Cr(1)–Cr(2) 2.013(2), Cr(2)–Cr(3) 2.726(2), Cr(3)–Cr(4)
2.001(2), Cr(1)–N(1) 2.134(4), Cr(2)–N(2) 2.036(3), Cr(3)–N(3) 2.034(4),
Cr(4)–N(4) 2.135(4), Cr(1)–Cl(1) 2.545(2), Cr(4)–Cl(2) 2.564(2); Cr(2)–
Cr(1)–N(1) 89.7(1), Cr(1)–Cr(2)–N(2) 97.2(1), N(2)–Cr(2)–Cr(3) 82.8(1),
Cr(4)–Cr(3)–N(3) 97.3(1), N(3)–Cr(3)–Cr(2) 82.7(1), Cr(3)–Cr(4)–N(4)
90.2(1).
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A biomimetic methyl transfer from amine to thiol

Masaru Tada,*a Tohru Kambea and Yoshinobu Inouyeb

a Department of Chemistry, Advanced Research Center for Science and Engineering and Materials Research Laboratory for
Bioscience and Photonics, Waseda University, Shinjuku, Tokyo 169, Japan 
b Department of Chemistry, University of Tsukuba, Tsukuba, Ibaraki 305, Japan 

A biomimetic methyl transfer, analogous to a tetrahydrofol-
ate-to-homocystein transfer, is simulated by the reaction of
methylammonium salts with arylthiolatocobaloxime; the
mechanism proposed is an electron transfer from the
cobaloxime to the ammonium ion followed by radical
substitution of the methyl group.

Biological methyl transfers often occur via methionine,
(HO2C)(NH2)CHCH2CH2SMe,1 and methyl coenzyme-M,
2O3SCH2CH2SMe.2 Methyl groups in these cofactors originate
from N5-methyl derivatives of tetrahydropteridine, i.e.
N5-methyltetrahydrofolic acid 1a, (R1 = H, R2 = CONH–
glutamate)3 and N5-methyltetrahydromethanopterin 1b, [R1

= Me, R2 = CH2(CHOH)3CH2OPO2HOCH-
(CO2H)(CH2)2CO2H].4

These methyl transfers from amine to sulfur are mediated by
coenzyme-B12 and its congener,5 but the participation mode of
the cobalt complexes has not been clarified as yet.6,7 The direct
methyl transfer from a methyl ammonium salt to a thiolate anion
is known8 but the cobalt mediated biological methyl transfer is
much faster than the direct biological methyl transfer from
nitrogen to sulfur.9

We report here a biomimetic N–S methyl transfer which is
assisted by a cobalt complex. Coenzyme-M was originally
isolated in the disulfide form.10 Thiol and disulfide forms both
exist in biological systems because they are interconvertible via
a simple biochemical redox process. We therefore started the
model reaction from a disulfide and bis(dimethylglyoxi-
mato)(4-tert-butylpyridine)cobalt(ii) [cobaloxime(ii)]. Thus di-
aryl disulfides 2 were treated with cobaloxime(ii) (0.5 equiv.) to
produce arylthiolatocobaloxime(iii) 3 in fair yields (Scheme
1).

Reaction† of phenylthiolatocobaloxime(iii) 3b with a trime-
thylanilinium salt 4 gave methyl sulfide 5 in addition to
diphenyl disulfide 6. The reaction of 3b with a methylpiperidi-
nium salt 7 yielded the corresponding phenyl sulfide 8 and
disulfide 6 (Scheme 2).

We then tested the effect of a para-substituent on the phenyl
group of 3 and the benzyl group of ammonium salt 9. The
ammonium salt 9 having an electron-withdrawing substituent
gave higher yields of the products 10 (Scheme 3 and Table 1).

On the other hand, arylthiolatocobaloxime(iii) 3 having an
electron-donating substituent showed higher reactivity towards
benzyldimethylanilinium salt 11 to yield benzyl sulfide 12
selectively (Scheme 3). Similarly, the reaction with a folate
coenzyme model 148 produced methyl sulfide 15. The time
course of the reaction of 3 with benzylammonium salt 11 clearly
shows the relationship between the relative rate of product
formation and the substituent on 3 (Fig. 1).

The substituent effect envisages nucleophilic attack of the
arylthiolate anion at the methyl or benzyl group without the
assistance of the cobalt complex, as reported by Hilhorst et al.8
However, the formation of the thiolate anion from arylthiolat-
ocobaloximes 3 must precede the nucleophilic attack, and the
electron-withdrawing substituent on 3 is expected to accelerate
this heterolysis, contrary to the experimental findings.

If these methyl and benzyl transfer reactions start with the
initial homolysis of the sulfur–cobalt bond of 3,‡ the reactivity

Scheme 1

Scheme 2

Scheme 3
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of 3 must be inversely proportional to the bond strength and
hence the bond distance of the sulfur–cobalt bond. X-Ray
crystal analyses11 determined the Co–S distance of 3 as shown
in Table 2. However, this correlation between the oxidation
potential (Eox) and the bond distance (dCo–S) breaks down upon
moving from 3c and 3d. The X-ray analysis unexpectedly
showed the Co–S bond in 4-chlorophenylthiolatocobalox-
ime(iii) 3c to be shorter than the others. As we pointed out
earlier,12 the strength of the cobalt–sulfur bond is a consequence
of the donation and back-donation from sulfur to cobalt. Cyclic
voltammetry of arylthiolatocobaloximes 3a–d showed a revers-
ible oxidation wave as shown in Table 2, and the reactivity of
the present methyl and arylmethyl group transfer has a trend
parallel with the oxidation potential (Eox) of 3a–d; a lower
oxidation potential results in higher reactivity.

The substituent effects on both sides of the reactants suggest
a single electron transfer (SET) mechanism. The intermediacy
of the arylthiyl radical is supported by the formation of diaryl
disulfide in all the reactions. As one of the plausible mecha-
nisms for the methyl transfer, we propose a homolytic
substitution by an arylthiyl radical on the methyl group of the
zwitterionic species formed by SET [Scheme 4, (a)].‡ The
migrations of the benzyl and diphenylmethyl groups are
considered to proceed via a radical coupling mechanism

[Scheme 4, (b)] because these migrations occur in preference to
methyl group migration in spite of greater steric hindrance. In
accordance with the SET mechanism, the reactions proceed
more efficiently in polar MeCN than in less polar CHCl3 or
protic MeOH.

Direct methyl transfer to a thiolate anion8 via an SN2
mechanism cannot explain the involvement of coenzyme-B12 in
enzymatic processes. The present experimental findings ac-
count for assistance by a cobalt complex and suggest a possible
scheme for the enzymatic process, in which N5-protonated-
N5-methyltetrahydrofolic acid and homocysteinylthiolato–co-
enzyme B12 complex are reaction partners.

We thank Waseda University and the Ministry of Education,
Sports, and Culture of Japan for financial support via the Annual
Project Program (95A-252) and a Grant-in-aid for Scientific
Research (09640649), respectively.
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* E-mail: mtada@mn.waseda.ac.jp
† Reaction conditions were the same for all reactions of 3. A mixture of 3
(0.2 mmol) and an ammonium salt (0.25 mmol) in MeCN (10 cm3) was
heated to 80 °C for 22 h and then concentrated to 1 cm3. The concentrated
mixture was subjected to Florisil chromatography (hexane–CH2Cl2) to
remove polar non-volatile materials. The yields of 5 were obtained by GC
analyses of the eluate using an internal standard, and those of 8, 10, 12 and
15 refer to the isolated products. In most cases the starting materials
persisted but the reactions were stopped after 22 h to assess the relative
reactivities.
‡ The direct attack of the arylthiyl radical on ammonium salts is ruled out
by the lack of reactivity of the arylthiyl radical generated by PhSH–AIBN
or photolysis of (PhS)2.
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Table 1 Substituent effect on methyl transfer from an ammonium ion to
arylthiolatocobaloximes

Starting Ammonium Yield
material ion X Product (%)

3b 9a OMe 10 19
3b 9b H 10 30
3b 9c NO2 10 38
3a 11 OMe 12a 77
3b 11 H 12b 72
3c 11 Cl 12c 70
3d 11 CN 12d 65
3a 14 OMe 15a 61
3b 14 H 15b 51
3c 14 Cl 15c 48
3d 14 CN 15d 44

Fig. 1 Time course of the reaction of arylthiolatocobaloximes 3 with
benzyldimethylammonium salt 11: (8) 3a, (5) 3b, («) 3c and (2) 3d

Table 2 Oxidation potentials and bond lengths of arylthiolatocobal-
oxime(iii) 3

Compound X Eox/Va d(Co–S)/Å

3a OMe +0.483 2.291
3b H +0.542 2.280
3c Cl +0.563 2.261
3d CN +0.777 2.274b

a Pt electrodes; voltage vs. Ag/AgNO3; 3a–d (0.2 mmol dm23), Bu4NClO4

(0.1 mol dm23) in MeCN; scan rate, 0.100 V s21. The voltages were
referenced to ferrocene (Eox = 0.083 V). b Mean value of two independent
molecules in the asymmetric unit.

Scheme 4
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Chemoselective isomerization of amide-substituted oxetanes with Lewis acid to
give oxazine derivatives or bicyclic amide acetals

Tomonari Nishimura,a Shigeyoshi Kanoh,*a† Hitoshi Senda,a Toshiyuki Tanaka,b Kohji Ando,a Hiroshi
Ogawaa and Masatoshi Motoi*a

a Department of Industrial Chemistry, Faculty of Engineering, Kanazawa University, Kodatsuno, Kanazawa 920-8667, Japan
b Department of Pharmacognosy, Gifu Pharmaceutical University, Mitahora-higashi, Gifu 502-8585, Japan

The Lewis-acid catalyzed isomerization of secondary and
tertiary amide-substituted oxetanes takes place chemoselec-
tively, giving 5-hydroxymethyl-5,6-dihydro-4H-1,3-oxazines
and reactive amide acetals consisting of a bicyclo[2.2.2]oc-
tane skeleton, respectively.

Oxetane and its various derivatives are well known to be
polymerizable cationically via conventional ring-opening proc-
esses.1,2 As an exception, certain oxetanes carrying a carbonyl-
containing substituent, however, can undergo Lewis-acid
catalyzed intramolecular nucleophilic attack of the unsaturated
oxygen atom, for example, ester-substituted oxetanes 1 give the
bridged orthoesters 2,3 and cyclic imide-substituted oxetanes 3
give bicyclic acetals with a lactam ring 44 (Scheme 1). Here we
report a novel chemoselective isomerization of oxetanes having
an amide group at their 3-positions. The isomerization of the

amide-substituted oxetanes 5 with Lewis acid gives two quite
different types of products, depending on the structure of amide
group. One type is 5-hydroxymethyl-5,6-dihydro-
4H-1,3-oxazines 6 produced from the secondary amides of 5 by
a new mode of rearrangement involving the oxetanyl group. The
other type is bicyclic amide acetals, i.e. 2,6-dioxa-7-azabicy-
clo[2.2.2]octanes 7, which are produced from the tertiary
amides of 5 by a similar mode to those in the already reported
cases of 1 and 3.

Starting oxetane amides 5a–e were prepared via acylation of
oxetane amine 8 derived from 3 (phthalimide), and the resulting
secondary amides were N-alkylated under phase-transfer cata-
lyzed conditions5 to give the tertiary amides 5f–k.‡

The isomerization of 5 was successfully carried out in
anhydrous chlorobenzene or CH2Cl2 using Lewis acids such as
BF3·OEt2 and AlMe3 (Table 1).§ Like 1 and 3 cycloacetaliza-
tion occurred in the reactions of 5f–k. The products (7f–k)
obtained are a new series of bicyclic amide acetals.¶ Analogous
amide acetals of the bicyclo[n.3.0] type (n = 3 or 4) have
already been synthesized by intermolecular cycloaddition or
transacetalization, and they have been reported to possess high
susceptibility to nucleophiles.6 Similarly compounds 7 were so
sensitive to moisture that hydrolytic fission proceeded rapidly
under normal conditions.∑ When the above isomerization was
run for 24 h at 100 °C and above, most of the 7 produced was
consumed. The final products were oligomers having a
polyether backbone.

In sharp contrast, the isomerization of 5a unexpectedly
afforded 5-hydroxymethyl-5-methyl-2-phenyl-5,6-dihydro-
4H-1,3-oxazine 6a instead of a bicyclic amide acetal, and no
polymerization took place.¶ The molecular structure of 6a was
established by X-ray analysis (Fig. 1).** The isomerization of
the other secondary amides (5b–e) always gave oxazine
derivatives (6b–e) in good yields (Table 1).¶ Compounds 6
were stable during distillation or recrystallization, but chro-
matographic manipulation over alumina often caused hydroly-
sis to propanediols with amide groups.Scheme 1

Table 1 Lewis-acid catalyzed isomerization of oxetane amides 5a

Amide Lewis acid Product

(R1,R2) (mol%) T/°C t/h Yield (%)b

5ac (Ph, H) BF3·OEt2 (25) 35 96 6a 89
5b (H, H) AlMe3 (50) 120 24 6b 50d

5c (Me, H) AlMe3 (5) 120 24 6c 92
5d (Prn, H) AlMe3 (5) 120 24 6d 89
5e (PhCH2, H) AlMe3 (5) 120 24 6e 71
5f (Ph, Et) BF3·OEt2 (5) 120 1 7f 59
5g (Ph, PhCH2) BF3·OEt2 (5) 130 1 7g 61
5h (H, PhCH2) BF3·OEt2 (35) 70 96 7h 63
5i (Me, Et) BF3·OEt2 (5) 130 1 7i 55
5j (Me, PhCH2) BF3·OEt2 (5) 130 1 7j 65
5k (Pri, Et) BF3·OEt2 (5) 130 1.5 7k 48

a In PhCl. b Isolated yield. c In CH2Cl2. d The reaction was quenched with Et3N followed by MeOH containing a small amount of dilute NaOH.
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Although the secondary and tertiary amides of 5 are
isomerized giving structurally different products, these reac-
tions can be explained by the following mechanisms passing
through a common intermediate B (Scheme 2). Both isomeri-
zations begin with the coordination of Lewis acid E to oxetanyl
oxygen atom of 5, and then oxonium A undergoes intra-
molecular nucleophilic attack of the carbonyl oxygen atom by
neighboring group participation. The fate of the resulting B
determines the consequent chemoselection. For tertiary amides,
subsequent ring closure of B gives an equilibrium mixture of C
and CA. On the other hand, B is interconvertible to BA when R2

is a hydrogen atom. The iminium and ammonium salts, BA and
CA, are probably thermodynamically more stable than B and C,
and the catalytic turnover of Lewis acid would decrease as the
isomerization progresses. This was strongly supported by the
observation that the isomerization rates of 5 steeply slowed
down at increased yields of basic 6 and 7. In order to force these
reactions to completion, it was necessary to employ either high
temperature or a very large amount of Lewis acid, or both
(Table 1). Under such conditions, however, the yields of 7
began to decrease after reaching maxima at relatively early
stages, because of inevitable polymerization as a competing
reaction.

In the chemoselective isomerization of 5, moderate to fairly
good yields of 6 and 7 were obtained using simple operations.
Like other bicyclic amide acetals,6 compounds 7 are also
interesting in a variety of chemical transformations not only as
reactive amino ethers but also as ring-opening polymerizable
monomers.6,7 Numerous methods of preparing dihydro-1,3-ox-
azines appear in the literature.8 The advantages (as well as
differences) in the present reaction may be summarized as
follows: (a) the preparation of dihydro-1,3-oxazines having a
hydroxymethyl group, which is a useful functional group for
further modification. (b) A general method for obtaining not

only the phenyl- or alkyl-substituted oxzines at the 2-positions
but also the unsubstituted oxazine.

Footnotes and References

† E-mail: kanoh@kenroku.ipc.kanazawa-u.ac.jp
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Reagents and conditions: i, 3-methyl-3-(phthalimidomethyl)oxetane4 (1.0
equiv.), hydrazine hydrate (5 equiv.), in EtOH, 60 °C, 1.5 h, and then a
catalytic amount of Raney Ni (W-2), vigorous reflux, 81% (GLPC purity
96%), bp 90–95 °C/100 mmHg; ii, acylating reagents: (R1CO)2O,
HCO2COMe, or R1CO2H (DCC coupling), 76–92%; iii, 5 (1.0 equiv.),
R2Br (1.1 equiv.), K2CO3 (1.0 equiv.), NaOH (2.5 equiv.), Bun

4NHSO4

(0.10 equiv.), in benzene, 40 °C to reflux, 3–15 h, 55–78%.
§ Typical experimental procedure: To an anhydrous PhCl (1.0 ml) solution
of 5c (150 mg, 1.1 mmol) in a tube was added 1.0 mol l21 AlMe3 in hexane
(0.05 mmol) under nitrogen. The resulting solution was allowed to react at
120 °C for 24 h. After the reaction was quenched by addition of Et3N (0.1
ml) followed by MeOH (3.0 ml), the solvents were replaced by CH2Cl2 (10
ml). Distillation of the CH2Cl2-soluble part afforded 6c in 92% yield, bp
100–110 °C/0.1 mmHg. Similarly, the isomerization of 5f was carried out in
a small distillation flask at 120 °C for 1 h. After the addition of anhydrous
Et3N (0.1 ml) followed by CaH2 (ca. 50 mg), distillation of the resulting
mixture afforded 7f (0.12 g, 0.52 mmol) in 59% yield, bp 110–120 °C/0.1
mmHg. The product isolated was stable under nitrogen.
¶ All compounds were characterized by 1H NMR and IR spectroscopy,
although the IR spectra of 7 were always observed as a mixture of 7 and its
hydrolysis product. Selected data for 6a: mp 135–136 °C (CH2Cl2–hexane);
nmax(KBr)/cm21 3400 (OH), 1650 (CNN); the atomic numbering system
refers to that used in Fig. 1; dH(CDCl3, J/Hz) 7.89 (dd-like, J 6.9, 1.5, 2 H,
ArHo), 7.44–7.33 (m, 3 H, ArHm,p), 4.23 [dd, J 10.7, 2.4, 1 H, H(6b)], 3.92
[d-like, J 10.7, 1 H, H(6a)], 3.57, 3.47 [each d, J 10.7, 2 H, H (14a) and H
(14b), 3.48 [dd, J 16.9, 2.2, 1 H, H (4b)], 3.27 [d-like, J 16.6, 1 H, H(4a)],
2.02 (br s, 1 H, OH), 1.02 [s, 3 H, C(13) H3]; dC (100 MHz, CDCl3) 155.0
[C(2)], 133.3 [C(7)], 130.5 [C(10)], 128.0 [C(9), C(11)], 127.0 [C(8),
C(12)], 70.1 [C(6)], 65.8 [C(14)], 51.1 [C(4)], 32.7 [C(5)], 19.0 [C(13)].
HRMS: m/z 205.1115, calc. for C12H15NO2: 205.1104. Analysis for
C12H15NO2, found (calc.): C, 69.96 (70.22); H, 7.33 (7.37); N, 6.76
(6.82%). For 7f: dH(anhydrous CDCl3 under nitrogen, J/Hz) 7.60 (dd, J 6.8,
3.2, 2 H, ArHo), 7.38–7.29 (m, 3 H, ArHm,p), 3.98 (s, 4 H, OCH2), 2.99 (s,
2 H, NCH2), 2.36 (q, J 7.2, 2 H, CH2CH3), 0.94 (t, J 7.3, 3 H, CH2CH3), 0.88
(s, 3 H, CCH3). HRMS: m/z 233.1439, calc. for C14H19NO2: 233.1417.
∑ The hydrolysis product is 2-ethylaminomethyl-2-hydroxymethylpropyl
benzoate. The initially formed esters except for the benzoates and
isobutyrate were spontaneously converted to the corresponding amide-
substituted propanediols by acyl exchange.
** 6a: Mp 135–136 °C (CH2Cl2–hexane). Crystal data for 6a: space group
P21/c, Z = 4, a = 11.044(1), b = 9.3865(8), c = 11.817(1) Å, b
= 116.336(8)°, Dc = 1.242 g cm23. 2816 measured, 2685 independent
reflections, of which 1813 were considered as observed [I > 3.00 s(I)].
R = 0.039, Rw = 0.035. CCDC 182/639.
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Fig. 1 ORTEP view of 6a (30% probability thermal ellipsoids)
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Supramolecular self-assembly of a toroidal inclusion complex,
[NH4][Co8(MeCO2)8(OMe)16][PF6]

James K. Beattie, Trevor W. Hambley, John A. Klepetko, Anthony F. Masters* and Peter Turner

School of Chemistry, The University of Sydney, Sydney, NSW, 2006, Australia 

Diamagnetic [NH4][Co8(MeCO2)8(OMe)16][PF6], a com-
pound with eight cobalt atoms bridged by methoxy and
acetato ligands so as to form a planar ring with an
ammonium ion at its centre, is isolated from the reaction
between cobalt(III) acetate and methanol in the presence of
NH4PF6.

We recently reported that slow recrystallisation of ‘cobalt(iii)
acetate’ in the presence of a halide source produced the mixed
valence octanuclear compound [Co8O4(MeCO2)6(OMe)4-
Cl4(OHn)4]·6H2O (n = 1, 2).1 Structural characterisation of this
compound showed it to contain a central [Co8O8] core
consisting of a linear array of three face-sharing [Co4O4] cubane
fragments. A similar mixed valence Co8 core had previously
been reported in the compound [Co8O4(Me-
CO2)6(OH)4L2][ClO4]2 [L = tetradentate ligand, 1,2-bis(2,2A-
bipyridyl-6-yl)ethane], prepared by H2O2 treatment of Co(Me-
CO2)2·4H2O (3 equiv.) in the presence of L (1 equiv.) and
LiClO4.2 The isolation of [Co8O4(MeCO2)6(OMe)4Cl4(OHn)4]
suggests that supramolecular assembly of the Co8 core (and
possibly of other architectures) may occur even in the absence
of polydentate ligands. Thus, another mixed valence octanu-
clear derivative, [Co8O4(PhCO2)12L4] [L4 = (MeCN)3(H2O)],
has been prepared by addition of aqueous H2O2 to a dmf
solution of cobalt benzoate, followed by recrystallization from
CH2Cl2–MeCN.3,4 This material has a [Co8O4]12+ framework in
which trigonally bipyramidally coordinated CoII atoms are
bound to the oxygens of a central [CoIII

4O4]4+ cubane.
We report here the isolation and structural characterization of

a second octanuclear material from ‘cobalt(iii) acetate’,
[NH4][Co8(MeCO2)8(OMe)16][PF6] 1. Reaction of ‘cobalt(iii)
acetate’ (0.5 g)5 and NH4PF6 (0.61 mmol in 3 ml) in methanol
over one week at ambient temperature gave an as yet
unidentified green microcrystalline solid and large dark green,
plate-like crystals of 1. Pure 1 was obtained by decanting the
remaining solution followed by rinsing and decanting diethyl
ether suspensions of the microcrystalline solid. The initial yield
of 1 was typically ca. 5% (0.03 mmol) based on NH4PF6.
Although the yields have not been optimised, further, larger,
crops of 1 and of the microcrystalline solid were obtained after
leaving the filtrate for a period of several days to several weeks.
Crystals suitable for single crystal X-ray diffraction analysis
were obtained by leaving the reaction mixture undisturbed for
several weeks. To prevent decomposition the crystals were kept
under diethyl ether and subsequently used in single crystal
X-ray diffraction measurements.† Single crystal X-ray diffrac-
tion‡ showed that 1 consists of a molecule of [Co8(Me-
CO2)8(OMe)16] which functions as an inclusion host for an
NH4

+ cation. Charge balance is provided by a PF6
2 anion in the

lattice. The [Co8(MeCO2)8(OMe)16] molecule has a highly
symmetric toroidal shape (Fig. 1), containing four [Co2(m-
MeCO2)(m-OMe)2] units, forming eight edge-shared CoO6
distorted octahedra. The cobalt atoms are situated at the vertices
of a near regular planar octagon. Each pair of cobalt atoms is
bridged by an acetate ligand and two stereochemically distinct
methoxide ligands, one methoxide on either side of the Co8
plane. The acetate ligands on adjacent pairs of cobalt atoms are
alternatively above and below and at approximately 30° to the

Co8 plane. Of the eight methoxide ligands on each side of the
Co8 plane, four have O–C bonds perpendicular to the Co8 plane,
whereas the C–O bonds of the other four methoxide ligands are
directed to the periphery of the molecule. This latter set of
methoxide ligands eclipses the acetate ligands on the other side
of the Co8 plane. On each side of the Co8 plane, then, the
methoxide C–O bonds are alternatively perpendicular to (type
A), and at approximately 30° to (type B) the Co8 plane, similar
to the orientation of the methoxide ligands in [NBu4]2-
[V8O8(OMe)16(C2O4)].6 The NH4

+ ion is situated at the centre
of the [Co8(MeCO2)8(OMe)16] molecule, with the nitrogen
atom in the Co8 plane. The NH4

+ protons could not be located.
Adjacent cobalt atoms are separated by an average of 2.863 Å,
slightly longer than the hydroxy- and alkoxy-bridged Co···Co
separations in the hydroxy-bridged dimers and most of the oxo-
centred trimers.7 The Co–O(MeCO2) distances are within the
range 1.885(6)–1.916(6) Å, as observed in the dinuclear and
trinuclear cobalt(iii) complexes.7 Bridging Co–O(OMe) dis-

Fig. 1 ORTEP (25% probability)17 representations of (a) the octanuclear
[Co8(O2CMe)8(OMe)16] host molecule and the guest NH4

+ cation, showing
the partial labelling scheme, viewed perpendicular to the Co8 plane, and (b)
the asymmetric unit viewed along the Co8 plane
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tances and angles are all similar and within the ranges
1.878(6)–1.918(5) Å and 97.7(4)–98.6(3)°, respectively. The
Co8 ring has a diameter of ca. 7.5 Å, the O4 rings of the type A
methoxides have diameters of ca. 5.3 Å.

The 1H and 13C NMR solution spectra are consistent with the
solid state structure.§ Both spectra indicate a single acetate
environment and equal populations of two methoxide environ-
ments. The 1H NMR spectrum in CD3OD includes a broad peak
centred at d 7.7 attributable to the protons of the NH4

+ ion. This
peak is shifted some 0.5 ppm downfield from that of NH4PF6 in
CD3OD (d 7.2). The NMR spectra and the stoichiometry
indicate that [Co8(MeCO2)8(OMe)16] is diamagnetic.

Topological analogues of the [Co8(MeCO2)8(OMe)16] struc-
ture have been reported in vanadium {[V8O8(OMe)16(C2O4)]2+,
[MeCN(V12O32)]42},6,8 chromium {[Cr8F8(Me3CCO2)16]},9
molybdenum {[Mo8O16(OR)8(C2O4)]2+; R = Me, Et},6,10 iron
{[Fe8F8(Me3CCO2)16]}11 and copper {[Cu8L8(OH)8];
L = 3,5-dimethylpyrazole}12 chemistries. The M8 (M = V, Cr,
Mo, Fe, Cu) rings of these compounds have diameters of some
7–9 Å.6,9–12 The internal cavities of the similarly planar, cyclic,
octameric [Cu8L8(OH)8] (L = 3,5-dimethylpyrazole) and
[M8F8(Me3CCO2)16] (M = Cr, Fe) have diameters of ca. 6–7
Å.9,11,12 The related [Mo8O16(OMe)8(PMe3)4] has a puckered
Mo8 ring with alternating five- and six-coordinated molybde-
num atoms.13 In some cases, solvent molecules are occluded in
the structure, in others, oxalato ligands bridge four alternating
metal atoms about the ring. The nitrogen atom of occluded
Et2NH is coplanar with the Fe8 ring of [Fe8F8(Me3CCO2)16],11

whereas occluded acetones are situated on either side of the Cr
ring of [Cr8F8(Me3CCO2)16].9 However, little precedent exists
for this structural motif in cobalt chemistry (although com-
pounds containing Co6 rings are known14–16) and its association
with the chemistry of ‘cobalt(iii) acetate’ is completely
unanticipated. It is not yet clear whether [Co8(Me-
CO2)8(OMe)16] self assembles (possibly about a cationic
template) as a result of a reaction between one or more
constituents of ‘cobalt(iii) acetate’ and methanol, or whether a
species such as [Co8(MeCO2)8(OH)16] self assembles in
‘cobalt(iii) acetate’ and reacts with alcohols analogously to
other species derived from ‘cobalt(iii) acetate’. What is clear is
that the deceptively simple ‘cobalt(iii) acetate’ can form a wide
variety of ionic and neutral species and that the driving force for
self assembly in these systems must be considerable, even in the
presence of only the ubiquitous acetate ligand. A detailed study
of related inclusion complexes will be published later.

We thank the Australian Research Council and the School of
Chemistry, University of Sydney (scholarship to J. A. K.) for
support.

Footnotes and References

* E-mail: masters@chem.usyd.edu.au
† Elemental analysis: calc. for C32H76Co8F6NO32P·0.5C4H10O: C, 24.9; H,
5.0; N, 0.9. Found: C, 25.0; H, 4.9; N, 0.9%.
‡ Crystal data for Co8(MeCO2)8(OMe)16·NH4·PF6·1.4C4H10O,
C37.60Co8H86F6NO33.40P: M = 1703.11, monoclinic, space group P21/m
(no. 11), a = 8.621(1), b = 25.345(6), c = 16.368(3) Å, b = 104.81(1)°,
U = 3457(1) Å3, F(000) = 1733.60, Z = 2, Dc = 1.632 g cm23, Mo-Ka
radiation, l = 0.710 69 Å, m(Mo-Ka) = 19.90 cm21; R value 0.048 (Rw

0.042) for 3022 absorption-corrected reflections with I > 3s(I). CCDC
182/664.
§ 1H NMR (200 MHz, CD3OD, TMS reference) d 7.74 (1 H, br s, NH4),
2.45 (6 H, s, m-O2CMe), 2.23 (6 H, s, m-OMe), 2.16 (6 H, s, m-OMe); 13C
NMR (200 MHz, CD3OD, TMS reference) d 192.31 (m-O2CMe), 52.89
(m-OMe), 51.67 (m-OMe), 24.02 (m-O2CCH3); ESIMS (90 V) m/z 1458.1
([M 2 PF6]+).
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Nickel(0) complex-catalysed detelluration of diorganyl tellurides and
ditellurides with phosphines

Li-Biao Han and Masato Tanaka*

National Institute of Materials and Chemical Research, Tsukuba, Ibaraki 305, Japan

Nickel(0) complexes efficiently catalyse detelluration of
diaryl tellurides and diaryl ditellurides in the presence of
phosphines to afford biaryls in high yields.

Organotellurium compounds are becoming increasingly im-
portant in organic synthesis.1 As reported by Bergman et al.
more than two decades ago,2 aryltelluriums undergo detellu-
ration upon treatment with degassed Raney nickel to afford
biaryls. The high accessibility of the aryltelluriums1,2 has made
the detelluration a convenient method for the synthesis of
biaryls. However, attempted transition metal-catalysed detel-
luration has been unsuccessful to data.2,3 Hence, although the
reaction is interesting and synthetically useful, the necessity of
more than a stoichiometric amount of the metal is still a serious
drawback. Herein reported are (i) highly successful nickel-
catalysed detelluration of diaryl tellurides with phosphines
affording biaryls and (ii) its mechanism involving an unex-
pected disproportionation of the complexes formed by oxidative
addition of C–Te bonds to Ni(PEt3)4.4

Heating a mixture of dianisyl telluride (1a, 684 mg, 2 mmol)
and Ni(PEt3)4 (106 mg, 10 mol% relative to 1a) in benzene (4
ml) at 80 °C slowly formed black precipitates to give the
detelluration product 4,4A-bianisyl 2a in 13% GC yield after 20
h.† Prolonged heating did not improve the yield, indicating a
very poor turnover of the complex catalyst. However, a higher
turnover was achieved when a free phosphine was added to the
reaction system [eqn. (1)]. Thus, the yield of 2a increased to

30% and further to 65% when the reaction was conducted under
the same conditions in the presence of 1.2 and 3.0 equiv.
(relative to 1a) of free PEt3, respectively (Table 1). Although
reactions in acetonitrile gave slightly higher yields than those in
benzene, the difference was marginal. The effect of the
concentration of 1a on the yield was not significant either at
concentrations ranging from 0.8 to 2 mmol of 1a in 4 ml of the
solvent. However, the nature of the phosphine employed
exerted a decisive effect. PBu3 was as effective as PEt3, but the
use of more sterically demanding or less electron-donating
phosphines such as PPri

3 and PMePh2 reduced the yield. As
compared to these triorganophosphines, however, amino-
phosphines proved much more efficient to achieve significant
improvement in the product yield. In the presence of 1.2 equiv.
of P(pyrro)3 (pyrro = pyrrolidinyl), for example, starting
telluride 1a disappeared completely after 20 h (80 °C) to afford
2a quantitatively. Note that a yield as high as 95% was obtained
even when the amount of the nickel catalyst was reduced to 3
mol%. Obviously, the yield of 2a increases in the order PMePh2
< PEt3 ≈ PBu3 < P(NEt2)3 < P(pip)3 (pip = piperidinyl) <
P(pyrro)3. The trend is in good agreement with the reactivity of
phosphines toward tellurium to form phosphine tellurides
(TeNPR3), P(pyrro)3 being most reactive.5‡

The Ni-catalysed detelluration could be readily applied to
other diaryl tellurides affording the corresponding biaryls in
good yields (Scheme 1).§ Besides methoxy group, the amino

functionality was also tolerant towards the reaction, and a good
yield of the corresponding product was obtained. Moreover, the
new procedure could be successfully applied to diaryl ditellu-
rides. Thus, the reactions of (PhTe)2 and (4-MeOC6H4Te)2 with
2.5 equiv. of P(pyrro)3 catalysed by Ni(PEt3)4 (10 mol%) in
acetonitrile under similar conditions readily afforded high
yields of the corresponding biaryls in both cases. The reaction of
(4-ClC6H4Te)2 was particularly noticeable;
4,4A-dichlorobiphenyl was selectively formed in 79% yield
despite the potential reactivity of chloroarenes toward Ni0
species. Since diaryl ditellurides are more readily synthesized
then tellurides, successful application of the procedure to
ditellurides significantly expands the scope of the reaction.

Table 1 Detelluration of dianisyl telluride 1a catalysed by Ni(PEt3)4
a

Solvent/quantity of 1a (mmol)/ GC yield of
Run additive (equiv. relative to 1a) 2a (%)

1 C6H6/2/none 13
2 C6H6/2/PEt3 (1.2) 30
3 C6H6/2/PEt3 (3.0) 65
4 MeCN/2/PEt3 (1.2) 41
5 MeCN/0.8/PEt3 (1.2) 42
6 MeCN/2/PEt3 (3.0) 73
7 MeCN/1.2/PEt3 (5.0) 93
8 MeCN/2/PBu3 (1.2) 40
9 MeCN/0.8/Pi-Pr3 (1.2) 29

10 MeCN/0.8/PMePh2 (1.2) 20
11 MeCN/0.8/P(NEt2)3 (1.2) 41
12 MeCN/0.8/P(pip)3 (1.2)b 56
13 MeCN/0.8/P(pyrro)3 (1.2)b ca. 100
14 MeCN/0.8/P(pyrro)3 (0.5)b 70
15 MeCN/0.8/P(pyrro)3 (1.2)b 95c

16 MeCN/0.8/P(pyrro)3 (1.2)b 61d

a All reactions were run in a Schlenk flask under argon atmosphere at 80 °C
for 20 h, using 10 mol% of Ni(PEt3)4 and 4 ml of a solvent. Yields of 2a
were determined by GC using biphenyl as an internal standard. b pip =
Piperidinyl; pyrro = pyrrolidinyl. c 3 mol% Ni(PEt3)4 was used. d 3 mol%
Ni(PPh3)4 was used as the catalyst.

Scheme 1 Reagents and conditions: i, telluride or ditelluride (2.0 mmol),
Ni(PEt3)4 (10 mol%), P(pyrro)3 (2.4 or 5.0 mmol for telluride or ditelluride
respectively), MeCN, 80 °C, overnight
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The detelluration of tellurides is likely to proceed, as depicted
in Scheme 2, via oxidative addition of a telluride to the nickel
complex, disproportionation of the resulting complex 3 to
generate diarylnickel species 5, and its reductive elimination.
The mechanism is substantiated by the following observations.
As previously reported,4 treatment of TePh2 (340 mg, 1.206
mmol) with Ni(PEt3)4 (427 mg, 0.804 mmol) in C6D6 at room
temp. gave complex 3b in 10 min, which displayed a singlet at
d 10.3 in its 31P NMR spectrum [eqn. (2)]. Complex 3b was

liquid and rather unstable so prohibiting further purification.
Telluride 1a also reacted similarly to form oily complex 3a.
However, oxidative addition of Te[C6H3(OMe)2-3,4]2 1c with
the nickel complex gave analytically pure complex 3c (87%
yield) as a black solid.¶

These nickel complexes 3 gradually decomposed even at
room temp. For example, NMR spectroscopy revealed that the
spontaneous decomposition of 3b in C6D6 resulted in precipita-
tion of a black solid (presumably a nickel telluride like 6) to
generate trans-NiPh2(PEt3)2 5b6 and TePh2 (approximately 1 : 1
ratio; the conversion of 3b was ca. 50% after 2 d) in solution. A
very similar decomposition process was observed with complex
3c, where the diarylnickel complex 5c and the telluride 1c were
found by 1H and 31P NMR spectroscopy to be formed in
addition to the black precipitates. As expected, the decomposi-
tion was faster at elevated temperatures. Thus, while only ca.
50% of complex 3c decomposed at room temp. over 10 h, it
disappeared completely within 3 h at 50 °C to afford 5c and 1c
in ca. 1 : 1 ratio, which accounted for over 93% of the total aryl
groups as estimated by 1H NMR spectroscopy. Heating to even
higher temperatures induced a secondary decomposition (re-
ductive elimination); diarylnickel complex 5c generated in situ
through the decomposition of 3c at 50 °C in a sealed NMR tube
disappeared after overnight heating at 100 °C and the
corresponding biaryl was obtained in 91% NMR yield (based on
the quantity of 1c). This reductive elimination process ob-
viously results in regeneration of Ni0 species, which carries the
catalysis. Interaction of 6 with a phosphine molecule forming a
phosphine telluride presumably is another route to the Ni0
species. Further mechanistic detail of the decomposition of 3
leading to the generation of 5 is ambiguous at the moment. It
may involve a dimeric intermediate such as 4 (Scheme 2),

palladium analogues of which have been proposed.7 A suppor-
tive observation was made in a catalytic reaction [1.2 equiv.
P(pyrro)3, 3 mol% Ni(PEt3)4, acetonitrile, 80 °C, 10 h] of an
unsymmetrical telluride, TeAr1Ar2 (Ar1 = C6H4NMe2-4, Ar2 =
C6H4OMe-4), which gave not only Ar1–Ar2 but also cross-over
products, Ar1–Ar1 and Ar2–Ar2 (Ar1–Ar1 : Ar1–Ar2 : Ar2–Ar2 =
1 : 3 : 1) in 73% total yield. The telluride recovered in ca. 10%
was also a mixture of TeAr1

2, TeAr1Ar2 and TeAr2
2.

Further synthetic application of the facile oxidative addition
of C–Te bonds to Ni, Pd and Pt complexes4 is now under
extensive study.

Financial support from the Japan Science and Technology
Corporation (JST) through the CREST (Core Research for
Evolution Science and Technology) program is gratefully
acknowledged.

Footnotes and References

* E-mail: mtanaka@ccmail.nimc.go.jp
† Most of 1a (83% based on GC) remained unreacted. In the absence of the
nickel catalyst, no coupling product was formed under similar conditions,
indicating that the nickel catalyst was essential for the reaction.
‡ Formation of TeNP(pyrro)3 in the detelluration reaction with P(pyrro)3

was confirmed by 31P NMR. See ref. 5.
§ Typical experimental procedure: A mixture of telluride 1a (684 mg, 2
mmol), P(pyrro)3 (579 mg, 2.4 mmol) and Ni(PEt3)4 (106 mg, 0.2 mmol) in
acetonitrile (5 ml) was heated at 80 °C overnight (20 h). The reaction
mixture was poured into 10 ml of 1m HCl to liberate metallic tellurium
instantly. Extraction using CH2Cl2, drying over MgSO4 and concentration
afforded crude 2a, which was subsequently passed through a short silica gel
column (ethyl acetate–chloroform–hexane = 0.5 : 1 : 8) to give pure product
2a as a white solid (394 mg, 1.84 mmol, 92%).
¶ A mixture of 1c (371 mg, 0.923 mmol) and Ni(PEt3)4 (500 mg, 0.941
mmol) in benzene (6 ml) was stirred at room temp. for 15 min.
Concentration of the reaction mixture to ca. 0.5 ml resulted in the
precipitation of analytically pure complex 3c as a black solid in 87% yield
(560 mg, 0.803 mmol). Selected data for 3c: 1H NMR (300 MHz, C6D6) d
7.78 (d, 1 H, J 8.0 Hz), 7.67 (s, 1 H), 7.11 (s, 1 H), 6.89 (d, 1 H, J 7.8 Hz),
6.66 (d, 1 H, J 7.8 Hz), 6.41 (d, 1 H, J 8.0 Hz), 3.67 (s, 3 H), 3.52 (s, 3 H),
3.50 (s, 3 H), 3.40 (s, 3 H), 1.34–1.42 (m, 12 H), 0.90–1.09 (m, 18 H); 31P
(121.5 MHz, C6D6) d 11.3. Anal. Calc. for C28H48NiO4P2Te: C, 48.26; H,
6.94. Found: C, 48.21; H, 7.07%.

1 K. Y. Irgolic, The Organic Chemistry of Tellurium, Gordon and Breach,
New York, 1974; The Chemistry of Organic Selenium and Tellurium
Compounds, ed. S. Patai and Z. Rapport, John Wiley & Sons, New York,
1986, vol. 1 and 1987, vol. 2; Comprehensive Organometallic Chemistry
II, ed. E. W. Abel, F. G. A. Stone and G. Wilkinson, Pergamon, Oxford,
1995, vol. 11, pp. 571–601; N. Petragnani, Tellurium in Organic
Synthesis, Academic Press, London, 1994.

2 J. Bergman, R. Carlsson and B. Sjöberg, Org. Synth., 1977, 57, 18; J.
Bergman, Tetrahedron, 1972, 28, 3323; J. Bergman and L. Engman,
Tetrahedron, 1980, 36, 1275.

3 S. Uemura, H. Takahashi and K. Ohe, J. Organomet. Chem., 1992, 423,
C9; Y. Nishibayashi, C. S. Cho, K. Ohe and S. Uemura, J. Organomet.
Chem., 1996, 526, 335; D. H. R. Barton, N. Ozbalik and M. Ramesh,
Tetrahedron Lett., 1988, 29, 3533.

4 L.-B. Han, N. Choi and M. Tanaka, J. Am. Chem. Soc., 1997, 119,
1795.

5 C. Rømming, A. J. Iversen and J. Songstad, Acta Chem. Scand., Part A,
1980, 34, 333; R. A. Zingaro, B. H. Steeves and K. Irgolic, J. Organomet.
Chem., 1965, 4, 320.

6 The formation of 5b was confirmed spectroscopically by comparing with
an authentic sample synthesized by an established method. J. Chatt and
B. L. Shaw, J. Chem. Soc., 1960, 1718.

7 L. Y. Chia and W. R. McWhinnie, J. Organomet. Chem., 1978, 148,
165.
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Chemoselective platinum(0)-catalysed hydrophosphination of ethyl acrylate

Emiliana Costa, Paul G. Pringle* and Kerry Worboys

School of Chemistry, University of Bristol, Cantocks Close, Bristol, UK BS8 1TS 

Platinum(0) complexes of P(CH2CH2CO2Et)3 are efficient
and selective catalysts for the addition of PH3 to
CH2NCHCO2Et.

Homogeneous catalysis of the addition of Si–H,1 B–H2 or
P–H3–5 to CNC bonds by transition-metal complexes is a field of
academic interest and industrial potential. We are interested in
the additions of PIII–H to CNC bonds catalysed by metal–
phosphine complexes and have shown that platinum(0) com-
plexes of tris(cyanoethyl)phosphine catalyse the hydro-
phosphination of acrylonitrile.3 We report here that the
synthesis of the triester phosphine 1 by the addition of PH3 to
CH2NCHCO2Et [eqn. (1)] is catalysed by platinum(0) com-

plexes of 1 and the efficiency and selectivity of this catalysis is
superior to the alternative radical-initiated process. Phosphine 1
is of interest as a flame retardant intermediate6 and as a
phosphine ligand amenable to further functionalisation.7

Rauhut et al.8 reported that at 70 °C and ca. 25 atm of PH3,
hydrophosphination of ethyl acrylate [eqn. (2)] is promoted by

AIBN to give a mixture of primary, secondary and tertiary
phosphines in the ratio of ca. 1 : 1 : 1. The conversion based on
ethyl acrylate was 83% and the tertiary phosphine component
was a ca. 1 : 1 mixture of phosphine 1 and the telomer 2. Thus
the overall selectivity of this radical reaction to the desired
phosphine 1 is ca. 15%. We investigated the efficacy of
platinum(0) complexes as catalysts for the hydrophosphination
of ethyl acrylate in the hope that they would be more selective
than the radical initiated process.

Treatment of [Pt(norbornene)3] with 2 or 3 equiv. of 1 in
toluene gave platinum(0) complexes assigned structures 3 and 4
on the basis of the characteristic 31P NMR data and the
multiplicity of the 195Pt NMR signals.† Addition of further
ligand 1 to solutions of 4 led to broad 31P NMR signals for both
1 and 4 showing that ligand exchange takes place on the NMR
timescale at ambient temperatures but there was no evidence for
a stable [Pt(PR3)4] species. Addition of 1 equiv. of ethyl acrylate
to a solution of 3 in toluene gave a species assigned structure 5
on the basis of the AB pattern observed in the 31P NMR

spectrum and the doublet of doublets in the 195Pt NMR
spectrum. Interestingly the same species 5 is obtained upon
addition of 1 equiv. of ethyl acrylate to 4 but in this case the 31P
NMR signals are broad for both 5 and displaced 1 indicating that
phosphine exchange is taking place; addition of 5 equiv. of
phosphine 1 to solutions of 5 broadened the signals further but
there was no evidence for reformation of 4. It was therefore
inferred that the equilibrium shown in eqn. (3) lies to the right

and K was estimated to be > 100. This suggests that complex 5
will be the predominant form of the platinum(0) during the
course of the catalysis described below particularly in the initial
stages when the ethyl acrylate is in abundance. Complexes 3–5
are very reactive and attempts to isolate them in pure form were
unsuccessful; thus they have been generated in situ for the
catalysis.

When PH3 is bubbled through a warmed solution of ethyl
acrylate, no reaction is apparent after 3 h but under similar
conditions‡ in the presence of 0.002 equiv. of platinum(0), the
reaction proceeded smoothly and after 8 h essentially all of the
ethyl acrylate had been consumed. According to 31P NMR
spectroscopy, a ca. 10 : 1 mixture of the tertiary phosphines 1
and 2 was the product and therefore the selectivity of the
platinum(0) process for 1 is > 90%. The addition of PH3 to ethyl
acrylate involves three consecutive hydrophosphinations and
the preference for tertiary phosphine in the product implies that
the rate of the P–H additions increases in the order PH3 < RPH2
< R2PH. From the proportion of 1 obtained in the product, the
average selectivity of each step is apparently ca. 97%.

The final step in the hydrophosphination [eqn. (4)] has been

monitored by 31P NMR spectroscopy in the presence and
absence of platinum(0) complex 3. Under the conditions used,§
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the P–H addition [eqn. (4)] proceeded 30% after 24 h in the
absence of platinum(0) while in the presence of 3 (0.1 equiv.) the
hydrophosphination had proceeded 50% after 15 min and was
complete in less than 90 min with the desired phosphine 1
constituting > 95% of the product according to 31P NMR
spectroscopy.

Platinum(0) complexes are catalysts for the hydrophosphi-
nation of CH2NCHZ (Z = CN or CO2Et).3,4 Both of these Z
substituents withdraw electron density from the CNC bond by
virtue of their electronegativity (2I) and resonance (2R)
effects. Since no catalysis was detected when PH3 was passed
through a toluene solution of CH2NCHCF3 in the presence of
[Pt{P(CH2CH2CF3)3}2(norbornene)], it is the resonance (or
Michael) activation of the alkene that appears to be critical.

While the coordination chemistry of the commercially
available P(CH2CH2CN)3 has been well studied,9 to our
knowledge, the reported metal complex chemistry of 1 is
restricted to one iridium cluster.7 A study of the precious metal
chemistry of 1 is in progress.

We should like to thank Albright and Wilson and EPSRC for
support and Johnson-Matthey for the loan of platinum com-
pounds.

Footnotes and References

* E-mail: paul.pringle@bristol.ac.uk
† NMR data for compounds 1–5: Phosphine 1: 1H NMR (CDCl3, 270 MHz)
d 1.27 [t, 3J(HH) 7.2 Hz, 3 H], 1.75 [t, 3J(HH) 8.3, 2J(HP) 8.3 Hz, 2 H], 2.45
[dt, 3J(HH) 8.3, 3J(HP) 8.1 Hz, 2 H], 4.15 [q, 3J(HH) 7.2 Hz, 2 H]; 13C NMR
(C6D5CD3, 100 MHz, assigned with the aid of DEPT) d 14.2 (s, CH3), 21.9
[d, 1J(CP) 14.7 Hz, CH2], 30.7 [d, 2J(CP) 16.5 Hz, CH2], 60.2 (s, CH2),
172.5 [d, 3J(CP) 11.0 Hz, CNO]; 31P{1H} NMR (C6D5CD3, 162 MHz) d
225.9. Phosphine 2 characterised in solution by subtracting the peaks for 1
from the spectra of mixtures of 1 and 2: 13C NMR (C6D5CD3, 100 MHz,
assigned with the aid of DEPT) d 14.3 (s, CH3), 22.3 [d, 1J(CP) 14.7 Hz,
CH2], 22.4 [d, 1J(CP) 14.7 Hz, CH2] 27.8 (s, CH2), 30.7 [d, 1J(CP) 16.5 Hz,
CH2], 31.9 (s, CH2), 44.6 [d, 2J(CP) 14.7 Hz, CH], 60.6 (s, CH2), 60.4 (s,
CH2), 60.3 (s, CH2), 172.1 (s, CNO), 172.5 [d, 3J(CP) 11.0 Hz, CNO], 174.5
[d, 3J(CP) 3.0 Hz, CNO]; 31P{1H} NMR (C6D5CD3, 162 MHz) d 230.1.
Complex 3: 31P{1H} NMR (C6D6, 162 MHz) d 219.7 [1J(PtP) 3390 Hz];
195Pt{1H} NMR [C6D6, 85.6 MHz, d relative to X(Pt) 21.4 MHz] d2574.6
[t, 1J(PtP) 3390 Hz]. Complex 4: 31P{1H} NMR (C6D6, 162 MHz) d240.5

[1J(PtP) 4202 Hz]; 195Pt{1H} NMR (C6D6, 85.6 MHz) d 20.6 [q, 1J(PtP)
4202 Hz]. Complex 5: 31P{1H} NMR (C6D6, 162 MHz) d 15.9 [d, 2J(PP)
46, 1J(PtP) 3410 Hz], 17.4 [d, 2J(PP) 46, 1J(PtP) 3854 Hz]; 195Pt{1H} NMR
(C6D6, 64.2 MHz) d 2604.0 [dd, 1J(PtP) 3405, 3865 Hz].
‡ CAUTION: Phosphine gas is extremely toxic and should only be handled
in a well ventilated fume cupboard; the exit gases were passed through a
solution of commercial bleach to oxidise unreacted PH3. Toluene (50 cm3)
was carefully deaerated by passing nitrogen through it for 1.5 h and then
[Pt(norbornene)3] (0.123 g, 0.257 mmol), the phosphine 1 (1.034 g, 3.093
mmol) and ethyl acrylate (13.1 cm3, 121 mmol) were added sequentially.
PH3 gas was bubbled through the solution for 8 h maintaining the
temperature at 55 °C. The solution was stirred for a further 3 h at 55 °C and
the reaction was monitored throughout by 31P NMR spectroscopy.
§ Oxygen was rigorously excluded from the reaction mixture. In an 5 mm
NMR tube, to a solution of [Pt(norbornene)3] (5 mg, 0.010 mmol) in
C6D5CD3 (0.10 cm3), phosphine 1 (7.0 ml, 0.020 mmol) and then ethyl
acrylate (35.0 ml, 0.32 mmol) were added. To this mixture a solution of
PH(CH2CH2CO2Et)3 (50 ml, 0.21 mmol) in C6D5CD3 (0.30 cm3) was added
in one portion and the reaction monitored by 31P NMR spectroscopy.

1 T. Ishiyama, N. Matsuda, M. Murata, F. Ozawa, A. Suzuki and
N. Miyaura, Organometallics, 1996, 15, 713 and references 8(a)–(p)
within; B. Marciniec and J. Gulinski, J. Organomet. Chem., 1993, 446, 15
and references therein.

2 K. Burgess, W. A. van der Donk, S. A. Westcott, T. B. Marder,
R. T. Baker and J. C. Calabrese, J. Am. Chem. Soc., 1992, 114, 9350 and
references therein; K. Burgess and M. J. Ohlmeyer, Chem. Rev., 1991, 91,
1179 and references therein.

3 P. G. Pringle and M. B. Smith, J. Chem. Soc., Chem. Commun., 1990,
1701; E. Costa, P. G. Pringle, M. B. Smith and K. Worboys, J. Chem.
Soc., Dalton Trans., 1997, 4277.

4 D. K. Wicht, I. V. Kourkine, B. M. Lew, J. M. Nthenge and D. S. Glueck,
J. Am. Chem. Soc., 1997, 119, 5039.

5 L.-B. Han and M. Tanaka, J. Am. Chem. Soc., 1996, 118, 1571; N. Choi,
L.-B. Han and M. Tanaka, Organometallics, 1996, 15, 3259.

6 R. K. Valetdinov, A. N. Zuikova and R. D. Murtazina, USSR Pat.
819 115, 1981; Chem. Abstr., 1981, 95, 62 414.

7 J. Werner, Z. Naturforsch., Teil B, 1989, 44, 79.
8 M. M. Rauhut, H. A. Currier, A. M. Semsel and V. P. Wystrach, J. Org.

Chem., 1961, 26, 5138.
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Chem., 1997, in press, and references therein.
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Stereoselective formation of (Z)-g-substituted allylsilanes by the
titanocene(ii)-promoted reaction of thioacetals with trialkyl(allyl)silanes

Tooru Fujiwara, Mayumi Takamori and Takeshi Takeda*

Department of Applied Chemistry, Tokyo University of Agriculture and Technology, Koganei, Tokyo 184, Japan 

The reaction of organotitanium species prepared by the
desulfurizative titanation of thioacetals with (C5H5)2Ti-
[P(OEt)3]2 in the presence of trialkyl(allyl)silanes gives
g-substituted allylsilanes with Z stereoselectivity.

Since allylsilanes are useful synthetic intermediates in organic
synthesis, a number of procedures for their preparation have
been reported. Among them, the methods utilizing an olefina-
tion process are attractive because they enable us to prepare
regioisomeric pure allylsilanes. Two types of olefination have
been investigated; (i) Wittig olefination of carbonyl compounds
using Ph3PNCHCH2SiMe3,1 and (ii) metal alkylidene catalysed
olefin cross metathesis using trialkyl(allyl)silane. Crowe et al.
showed that the cross metathesis of allyltrimethylsilane with
terminal olefins using Schrock’s molybdenum catalyst
PhMe2CCHNMoNN(2,6-PriC6H3)[OCMe(CF3)2]2 gave (E)-g-
substituted allylsilanes predominantly.2 On the other hand, the
stereochemistry of Grubb’s ruthenium {Cl2[c-C6H11)3-
P]2RuNCHPh} catalysed ring opening metathesis of strained
cyclic olefins with allyltrimethylsilane is reported to be
unpredictable.3

Recently we reported the titanocene(ii)-promoted reactions
of thioacetals with organic compounds having a multiple bond
such as carbonyls,4 alkenes5 and alkynes.6 It was suggested that
these reactions proceeded through the carbene complexes of
titanium 1 formed by the desulfurization of thioacetals with low
valent titanium species. Since the intermediate of olefin
metathesis is assumed to be a metal alkylidene species, we
expected that substituted allylsilanes would be formed by the
titanocene(ii)-promoted reaction of thioacetals 2 with allyl-
silanes 3 through the metathesis process.

As would be expected, 1-triisopropylsilyl-5-phenylpent-
2-ene 4b was produced in 50% yield along with a small amount
of the homoallylsilane 5b (7%) when the thioacetal 2a was
treated with the titanocene(ii) species (C5H5)2Ti[P(OEt)3]2 6 in
the presence of a two-fold excess allyltriisopropylsilane 3b at
room temperature for 48 h (Scheme 1). The starting material
disappeared within a short period of time (3 h), and 4b was
obtained in a comparable yield when the reaction was carried
out in refluxing THF. The yield of 4b was increased by
increasing the molar ratio of 3b (Table 1, entry 2).†

In a similar manner, the reactions of several thioacetals 2 with
trialkyl(allyl)silanes 3 were performed, and the mixtures of the
corresponding substituted allylsilanes 4 and the homoallyl-
silanes 5 were produced in a ratio of 7.1 : 1 to 1.9 : 1 depending
on the alkyl substituents on silicon atom of 3 and the structure
of thioacetal 2. For example, the reaction using
allyltriisopropylsilane gave substituted allylsilanes preferen-
tially. On the other hand, in the case of the reaction using
allyltrimethylsilane or allyldimethyl(phenyl)silane, a substan-
tial amount of 5 was produced. What is striking is that

Scheme 1

Table 1 Reaction of thioacetals 2 with trialkyl(allyl)silanes 3a

Products (% yield; E : Z)

Entry 2 3 4 5b

1 2a 3a 4a (64; 13 : 87) 5a (13)
2 2a 3b 4b (64; 12 : 88) 5b (9)
3 2b 3a 4c (55; 16 : 84) 5c (29)
4 2b 3b 4d (85; 23 : 77) 5d (12)
5 2b 3c 4e (45; 14 : 86) 5e (23)
6 2c 3b 4f (78; 11 : 89) 5f (16)
7 2c 3c 4g (48; 10 : 90) 5g (20)
8 2d 3a 4h (44; 14 : 86) 5h (20)
9 2d 3b 4i (44; 14 : 86) 5i (18)

a Carried out with 5 equiv. of 3. b The stereochemistry was not
determined.

Scheme 2
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(Z)-allylsilanes (Z)-4 were selectively produced by the present
reaction regardless of the substituents on the thioacetals or
allylsilanes.‡

The formation of organosilyl compounds 4 and 5 is explained
by the following reaction pathway (Scheme 2), which involves
the initial formation of a,b-disubstituted titanacyclobutane
intermediate 7.7 The metallacycle intermediate then cleaves to
form a g-substituted allylsilane 4 and titanocene methylidene
complex 8. The homoallylsilane 5 is produced by elimination of
the b-hydride from 7, followed by elimination of the titanoce-
ne(ii) species from the homoallyltitanium 9. A similar process
was observed in the reaction of carbene complexes with
alkynes.6

As for the cleavage of a,b-disubstituted titanacyclobutane
leading to the formation of a carbene complex and an olefin, it
was shown that the configuration of the metallacycle derived
from Tebbe’s reagent, 3,3-dimethylcyclopropene and a nor-
bornene diester was retained during the process.8 Since the cis-
a,b-disubstituted metallacycle is much less stable than the
corresponding trans-isomer,9 the preferential formation of
(Z)-allylsilanes by the present reaction is explicable in terms of
much faster cleavage of cis-titanacyclobutane cis-7 than of
trans-7 (Scheme 3).

In conclusion, we have found that the reaction of titanium
carbene complexes with allylsilanes affords (Z)-allylsilanes
regio- and stereo-selectively. It should be noted that the present
study first revealed the stereochemistry of the cross metathesis
between an alkylidenetitanocene and an acyclic olefin. Further
study on the reactions of carbene complexes formed from
thioacetals with various olefins is now in progress.

This work was supported by a Grant-in-aid for Scientific
Research on Priority Area No. 09231213 from the Ministry of
Education, Science, Sports and Culture, Japan.

Footnotes and References

* E-mail: takeda-t@cc.tuat.ac.jp
† Typical experimental procedure: To a flask charged with finely powdered
molecular sieves 4A (150 mg), magnesium turnings (3 mmol) and
titanocene dichloride (1.5 mmol) was added THF (3 ml), triethyl phosphite
(3 mmol) and trialkyl(allyl)silane (2.5 mmol) successively with stirring.
After 2 h, a THF (1 ml) solution of 2 (0.5 mmol) was added and the reaction
mixture was refluxed for 6 h. After being cooled to room temperature, the
reaction mixture was diluted with pentane (30 ml). The insoluble materials
were filtered off through Celite and the filtrate was concentrated.
Purification was accomplished by preparative TLC providing a mixture of
4 and 5 as a clear, colourless oil; the excess trialkyl(allyl)silane was
removed by distillation prior to purification when necessary. The yields of
4 and 5 were determined by NMR analysis.
‡ The configurations of 4a–d were determined by comparison with
authentic samples of the E- and Z-isomers. The Z-isomers (Z)-4 were
prepared by the stereoselective reduction of the corresponding prop-
2-ynylsilanes with DIBAL-H reported by Rajagopalan and Zweifel,10 and
E-isomers (E)-4 were obtained by their diphenyl disulfide mediated
photoisomerization11 [4a (E : Z = 74 : 26), 4b (E : Z = 83 : 17), 4c
(E : Z = 79 : 21), 4d (E : Z = 82 : 18)]. The configurations of other
allylsilanes were assigned on the basis of the coupling constant of their vinyl
protons.

1 D. Seyferth, K. R. Wursthorn and R. E. Mammarella, J. Org. Chem.,
1977, 42, 3104; D. Seyferth, K. R. Wursthorn and T. F. O. Lim,
J. Organomet. Chem., 1979, 181, 293; I. Fleming and I. Paterson,
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Segregation of mixed micelles in the presence of polymers
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The diffusion behaviour of an aqueous mixture of the sugar-
based non-ionic surfactant dodecylmalono-bis-N-methyl-
glucamide DBNMG and the anionic surfactant of similar
tail length, sodium dodecyl sulfate SDS, are examined in the
presence of 5 mass% gelatin; the results clearly show that
there are two types of mixed micelle present in the system
arising through competition between gelatin and the non-
ionic micelle for the anionic surfactant.

The interactions between common synthetic polymers, e.g.
homopolymers,1,2 hydrophobically modified polymers3–5 and
polyelectrolytes,6,7 and selected surfactants have been studied
extensively. Generally, the polymer/surfactant complex con-
sists of spherical, monodisperse micelles adsorbed onto the
polymer chain in a ‘bead and necklace’ manner.8 The presence
of the polymer stabilises the formation of the adsorbed micelles
and these form at lower concentrations [denoted c.a.c. or c.m.c.
(1)], compared with the polymer-free critical micelle concentra-
tion (c.m.c.). Recent theoretical modelling9,10 of these systems
is based on the fact that the polymer segments bind in the
micelle palisade layer thereby partially shielding some of the
hydrophobic core from contact with the continuous aqueous
phase. This results in a decrease in the interfacial free energy of
the system and hence, provides the driving force for the
interaction.

In commercial polymer/surfactant systems, a single surfac-
tant is rarely employed. Most often, a mixture of surfactants is
present and synergistic or antagonistic effects are used to
mediate and control the overall polymer/surfactant behaviour.
The molecular basis for these effects is poorly understood but
very important for the improvement of product formulations. It
is possible however, to build up a picture of the structure of the
polymer/mixed surfactant complex from a knowledge of the
diffusion behaviour of the various components. Here, we
present as far as we are aware, the first such attempt to do
this.

The simultaneous measurement of the (self)-diffusion coeffi-
cient of each component present in a multi-component mixture
can be achieved using pulsed-gradient spin-echo nuclear
magnetic resonance, PGSE NMR. The normal procedure for
measuring the self-diffusion coefficient of a species in a multi-
component solution is to isolate a resolvable peak, extract the
peak integral (intensity) or height for a series of spectra
separated in time and fit the resultant exponential time decay. In
many useful polymer/surfactant mixtures, resolvable peaks are
not present and one must resort to the fitting of multi-
exponential decays. For example, consider the data shown in
Fig. 1(a). The most intense peak (at d 1.45) corresponds to CH2
groups present in both surfactants as well as the gelatin. A new
data analysis has been developed however, to overcome this
problem, called component resolved (CORE) PGSE NMR.11

The fit to the data is given in Fig. 1(b). This approach
significantly enhances the accuracy of the diffusion coefficients
obtained. A further advantage of CORE PGSE NMR, is that the
T2 weighted 1D spectrum for each component is extracted from
the component bandshape. Unequivocal assignment of the
diffusion coefficient to each component is then possible.

Gelatin interacts strongly with SDS but not DBNMG, whilst
SDS and DBNMG form mixed micelles in the absence of
gelatin.10,12–14 The self-diffusion coefficients of the three
components SDS, DBNMG and 5 mass% gelatin are presented
in Fig. 2 for a series of 5 mass% aqueous gelatin solutions
containing 20 mm SDS and a range of DBNMG concentrations.
The broken line corresponds to the diffusion behaviour of
DBNMG in the presence of 5 mass% gelatin. This diffusion is
slower by a factor of approximately two-thirds than that in the
absence of gelatin owing to the obstructing effects of the
polymer: the micelle has to diffuse around the gelatin, thereby
increasing its diffusion pathlength. The diffusion of DBNMG is
further retarded when SDS is present in the system indicative of
binding to the much more slowly diffusing gelatin. The gelatin
diffusion is an order of magnitude slower than that measured in
the simple gelatin and gelatin/DBNMG solutions, again indica-
tive of binding of surfactant micelles to the gelatin.

Fig. 1 (a) Experimental data for a 5 mass% gelatin solution containing 40
mm SDS and 5 mm DBNMG; (b) the CORE processed simulation
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The most striking conclusion however, comes from the
behaviour of the SDS. If only one type of micelle is present in
the system, and assuming that the unimer concentrations are
low, the two surfactants should diffuse at the same rate. This is
not observed. Since c.m.c.(1) for gelatin/SDS is higher than
c.m.c.DBNMG, the concentration of unimeric SDS in the system
should be greater than that of the DBNMG and hence, the self-
diffusion coefficient of SDS should be greater than that of the
DBNMG. This too is not observed. The highly unexpected, yet
obvious conclusion is that two mixed micellar environments

must be present, SDS-rich micelles bound to the gelatin and
DBNMG-rich micelles present in solution.

At higher DBNMG concentrations, both the SDS and gelatin
self-diffusion coefficients increase, the faster diffusing
DBNMG-rich micelles in solution are ‘pulling’ SDS from the
slower diffusing micelles bound to the gelatin. The SDS
concentration bound to the gelatin therefore decreases, causing
the diffusion of gelatin to increase.
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Fig. 2 Diffusion in 5 mass% aqueous gelatin/DBNMG/SDS solutions;
gelatin (8), DBNMG (2), and SDS (5). The diffusion of DBNMG in the
presence of 5 mass% gelatin only (-) is also shown.

54 Chem. Commun., 1998



RR R

R R

R

R R

OO

A

C
H

O
O

C
H

O

H
C

OO

C
H

O

C

O

A

H H
C

H
C

OO

C

O

H

OO O

O O
O

O

A A

RR RR

O
OO

C
H

C
H

O

H
C

OO

C
H

O O

H

OO

H

1, A =
C

CO
Me2C

O

H

H

CH2

CH2

C

CHO

HO

H

H

CH2

CH2

2, A = 3, A =

5

4, A = 1,2-(CH2)2C6H4

O
H H

O

O

R = PhCH2CH2 throughout

O O

O

O

Chiral and somewhat hydrophilic hemicarceplexes

Bong Ser Park, Carolyn B. Knobler, Clark N. Eid, Jr., Ralf Warmuth and Donald J. Cram*
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Five new hemicarceplexes involving chiral hosts 1 and 2
have been synthesized and characterized, two by crystal
structure determinations; chiral recognition by one host in
complexing butan-2-ol is described.

This research had two objectives: to prepare chiral hemicarce-
rands for chiral recognition of guests in complexation studies,
and to obtain hemicarcerands soluble in hydroxylic solvents for
examination of solvent effects on complexation. Previously, we
found that diastereomers of 3™EtCHBrCH2Br decomplexed at
rates that differed by a factor of 9 in CDCl3 at 23 °C.1 In the
present work we report the syntheses and characterizations of
complexes of 1 and 2 from tetrol 5 and (S,S)-(2)-1,4-di-
O-tosyl-2,3-isopropylidene-l-threitol.2 The shell closures were
conducted in Me2SO to give 16% of 1™Me2SO,† in
Me2NCOMe to give 22% of 1™Me2NCOMe† and in Me2N-
CHO to provide 20% of 1™Me2NCHO.† Products were
separated chromatographically from substantial amounts of diol
containing only three bridges, which suggests the rates of
introducing the fourth bridge were substantially slower than for
the first three bridges, probably for steric reasons. Complex
1™Me2SO required heating at 230 °C in Ph2O for two days to
decomplex, but considerable host decomposition accompanied
decomplexation. Clean decomplexation occurred with
1™Me2NCOMe in Ph2O or 1,2,4-Cl3C6H3 (214 °C, 8 h) or
1™Me2NCHO in either solvent (150–160 °C, 3 d) to give empty
1† (80–90%). The acetonide protecting groups were removed
(80–90%) from 1™Me2NCOMe without decomplexation by
heating its solution at reflux in (CH2)4O containing 10 drops of
concentrated aqueous HCl for 2 h to provide 2™Me2NCOMe
(80%).†‡ Similar treatment of 1™Me2SO and 1™Me2NCHO
gave 2™(CH2)4O.† Thus decomplexation accompanied depro-
tection. We suggest that 1™Me2SOH+ and 1™Me2NCHOH+

are respective intermediates in these decomplexations, and that
these cations decomplex much more rapidly than does the
neutral starting material. In a different host, host™Et2NH2

+

decomplexed instantaneously under conditions such that
host™Et2NH was stable.3

In CDCl2CDCl2 as solvent at 150 °C the appearance of free
guest 1H NMR signals showed half lives for decomplexation of
1™Me2NCOMe and 2™Me2NCOMe to be ~ 113 and ~ 4.5 h,
respectively. The rigidity of the acetonide bridges of 1 appears
to inhibit the loss of Me2NCOMe from the inner phase of 1 more
than does the more flexible acyclic bridge system of 2. The
decomplexation half-life of 1™Me2NCHO at 138 °C in
CDCl2CDCl2 was ~ 1.5 h, reflecting the smaller size of
Me2NCHO compared to Me2NCOMe.

Crystal structures of 1™Me2SO and 2™Me2NCOMe show
the disposition of the chiral bridges.§ Side and top stereoviews
are portrayed in Fig. 1, the latter including only the guest and
bridges connecting the two hemispheres, whose four oxygens
are each joined by lines to form two near squares. Notice the
unshared electron pairs of the bridge oxygens invariably face
inward toward the cavity, which orients the other atoms outward
away from the cavity. The two squares are within 1–2° of
occupying parallel planes, and are rotated with respect to each
other about their long normal axis by 15° in 1™Me2SO and by
13° in 2™Me2NCOMe. The average distances between oxygen
planes are 3.27 and 3.67 Å, respectively. The crystals are

somewhat disordered in the regions of the feet and solvent and
with respect to the guests’ locations relative to their hosts. In the
disorder model for 1™Me2SO, two Me2SO guest locations are
equally likely, either with one Me in the upper bowl (as in the
drawing) or with one Me in the lower bowl of 1. This model is
in agreement with 1H NMR evidence and with crystal structures
of similar complexes. The plane of the Me2NCOMe guest in
either of its orientations in 2™Me2NCOMe lies nearly along one
of the diagonals of the O4 squares, and its long MeNCMe axis
is essentially aligned with the host’s long axis. The twisting of
the two hemispheres of the hosts with respect to one another is
less than the 24° observed in the crystal structure of
4™Me2NCOMe.4

The 500 MHz 1H NMR spectrum of 1™Me2SO in CDCl3
gave two CH3 singlets at d 20.91 and 21.03 and thus
Dd = 0.12 ppm. Variable-temperature 1H NMR spectra of
1™Me2SO in CDCl2CDCl2 from 280 to 180 °C showed no sign
of either splitting or coalescence of these signals, and the whole
spectrum showed little temperature dependence. Thus the two
guest methyl signals reflect their enantiotopic character in the
asymmetric environment of the chiral host. Separately, 1 was
heated in 4 : 1 (v/v) PriOH–Ph2O to 80 °C for 4 d to form
1™PriOH,¶ which in CDCl3 similarly exhibited 500 MHz 1H
NMR signals (two sets) for two enantiotopically related Me
groups at d 22.03 and 22.18 to give a Dd = 0.15 ppm.
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1 Me2SO partial top stereoview of crystal structure

1 Me2SO side stereoview of crystal structure

2 Me2NCOMe side stereoview of crystal structure

2 Me2NCOMe partial top stereoview of crystal structure

In an exploratory chiral recognition experiment, (S,S)-1 was
heated in a mixture of 1 : 4 (v/v) Ph2O–BusOH (racemic) for
three days at 95–100 °C, and the complex was precipitated with
MeOH and submitted to TLC on silica gel plates with 20 : 1
(v/v) CHCl3–EtOAc to provide a 2 : 1 ratio of diastereomeric
complexes¶ (1H NMR guest measurements), Rf = 0.8 major
product, and Rf = 0.5 minor product. This result shows a

surprisingly large sensitivity of the surface-absorption proper-
ties of the (S,S)-1 host to the configuration of an incarcerated
and largely inner-phase-mobile guest separated from the surface
of the complex by the host’s multi-Ångstrom-thick shell.
Further chiral recognition studies involving 1 and 2 should
provide interesting results. The fact that 2™guests are soluble in
EtOH and higher alkanols suggests that if the eight PhCH2CH2
groups of 2 are replaced by Me groups, the host might be water
soluble. We are investigating this possibility.

Footnotes and References
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(v/v)] to give 27 mg (87%) of 2™Me2NCOMe.† Decomplexation of
1™Me2NCHO was accomplished by heating 30 mg of the complex in 2 ml
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25 mg of 1.† Complexation of 1 with racemic BusOH involved heating 20
mg of 1 in a mixture of 1 ml of Ph2O and 4 ml of BusOH for 3 d under argon
at 95 °C. The solution was cooled and 1™BusOH was precipitated with
excess MeOH and purified by preparative silica gel TLC [20 : 1 CHCl3 : E-
tOAc (v/v)] to give 15 mg of 1™BusOH.†
§ Crystal data: the crystal structures of 1™Me2SO and 2™Me2NCOMe
were each determined at 25 °C from cut colorless crystals in capillaries
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2q = 100°. The structure of 1™Me2SO (crystallized from CH2Cl2–EtOH–
EtOAc) belongs to the monoclinic space group P21, a = 17.7483(7),
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10 080 unique reflections, 5081 > 4s(F), was solved by direct methods
(SHELXS90)5a and was refined to R = 0.14. Disordered or low-occupancy
solvent molecules, some EtOAc and some unidentified fragments, were
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The structure of 2™Me2NCOMe (crystallized from CHCl3–PrnOH)
belongs to the triclinic space group P1, a = 13.811(7), b = 16.239(9), c
= 20.785(11) Å, a = 111.38(1), b = 95.13(1), g = 110.90(1)°, V = 3924
Å3, Z = 1, 8059 unique reflections, 4566 > 4s(F), was solved by direct
methods (SHELX86)5a and was refined to R = 0.14. The solvent content is
uncertain; the final model includes 2 CHCl3, 1 PrnOH and 3 other solvent
fragments. For both structures, final refinements were performed with
SHELXL935b with isotropic displacement parameters and hydrogen atoms
in calculated positions. CCDC 182/647.
¶ FAB MS gave host™guest or host signals as parent ion and the expected
1H NMR spectra were found in CDCl3.
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Surface plasmon excitation of a porphyrin covalently linked to a gold surface

Akito Ishida,* Yoshiteru Sakata and Tetsuro Majima*

The Institute of Scientific and Industrial Research, Osaka University, Mihogaoka 8-1, Ibaraki 567, Japan 

Fluorescence of a porphyrin covalently linked to a gold
surface is observed with surface plasmon excitation using
p-polarized light to show higher excitation efficiency for the
Q-bands than the Soret band.

Surface plasmon resonance (SPR) is a near-field phenomenon,
in which the plasma oscillation of a metal is coupled with the
incident light at the resonance angle resulting in strong
polarization on the metal surface.1 SPR has been mainly used as
an excellent sensing method for biological purposes.2,3 Since
surface plasmon (SP) has field enhancement effects,1 photo-
chemical reactions at the surface are expected to be assisted by
SPR similar to the surface enhanced spectroscopy. Here, we
have studied electronic excitation of a porphyrin chromophore
covalently linked to a gold surface by SPR.

SPs were generated on a gold surface with an attenuated total
reflection (ATR) method using a Kretschmann–Raether config-
uration4 [Fig. 1(a)]. The reflectivity was recorded as a function
of the incident angle (q). At the ATR minimum denoted as a
SPR angle (qR), SPs were created on the opposite side of the
gold film. A disulfide derivative of porphyrin 1 was used as a
modification reagent to effectively introduce porphyrin chro-
mophores {–S(CH2)10CONH–Por, Por = p-[tris(p-tolyl)por-
phyrinyl]phenyl} on the gold surface. The Au–S covalent bond
has been confirmed by X-ray photoelectron spectroscopy by
one of us (Y. S.).5 All the measurements were performed at
room temperature.

A 15 3 15 3 15 mm BK-7 right-angle prism was rigorously
cleaned by ultrapure water, spectroscopic grade methanol,
acetone and 1,2-dichloroethane. A 50 nm gold film was
evaporated on the hypotenuse face from a 99.9995% Au source
at a pressure < 6 3 1024 Pa, rinsed with spectroscopic grade
1,2-dichloroethane, dried in class-100 air, and used as a control
bare film. The qR was measured with p-polarized 632.8 nm light

from a He–Ne laser. The bare film showed qR of 43.6° (Fig. 2)
which is consistent with the reported values.6

Modification of the gold surface by 1 was performed as
follows. The bare film was immersed in a 0.5 mmol dm23

1,2-dichloroethane solution of 1 for 2 min, washed with a
sufficient amount of 1,2-dichloroethane 10 times, and dried in
air. After modification, the qR shifted to 43.9° (Fig. 2). The shift
is attributable to the change in the refractive index for the gold
surface covered with –S(CH2)10CONH–Por. The shift required
immersion for 2 min for saturation. Therefore, the gold surface
was virtually covered with the porphyrin layer after 2 min
immersion.

A transmission absorption spectrum of –S(CH2)10CONH–
Por was measured using two gold films prepared on BK-7 flat
plates as the sample and reference films. The sample film was
modified by –S(CH2)10CONH–Por similarly to the prism. As
shown in Fig. 3, the difference absorption spectrum showed the
characteristic bands of tetraarylporphyrin and is quite similar to
that of the film of tetraphenylporphyrin evaporated under
vacuum on a glass.7 Assuming the refractive index of
–S(CH2)10CONH–Por film as 1.5, similar to those of usual
organic thin films such as protein6 and poly(methyl methacry-
late),8 the thickness was estimated to be ca. 2 nm. This suggests
that the –S(CH2)10CONH–Por moiety adopts a linear conforma-
tion perpendicular to the gold surface.9 In other words, the gold

Fig. 1 Experimental configurations of ATR minimum (a) and fluorescence
(b) measurements

Fig. 2 SPR reflectivity curves for the gold film on a BK-7 right-angle prism
(2) and that modified by –S(CH2)10CONH–Por (5)
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surface is covered with the monolayer of linearly ordered
–S(CH2)10CONH–Por.

The electromagnetic field of SP shows a maximum on the
surface and decays exponentially into the space along the axis
perpendicular to the surface.8 Since the porphyrin chromophore
is bonded to the gold surface at the distance < 2 nm, it can
obtain effectively the energy of SP for the electronic excitation.
The emission from the gold surface covered with
–S(CH2)10CONH–Por was measured using a fluorescence
spectrometer, in which the p-polarized visible light illuminated
the gold film through a prism at the incident angle (qf) of 45°
[Fig. 1(b)]. The characteristic fluorescence spectrum of tetra-
arylporphyrin was observed with maxima at 655 and 720 nm,
while the fluorescence excitation spectrum using SPR was
different from the absorption spectrum (Fig. 3). The intensity
ratio between the Qx(1,0)-band and Soret band, IQ/IS = 4.0 was
significantly larger than that of the absorption spectrum
(0.06).†

Because of the dispersion of SP, qR varies depending on the
wavelength of the incident light. Therefore, we should consider
an appropriate q for the excitation wavelength. The excitation
spectrum was measured at qf of 75° in order to confirm the q
dependence on the excitation wavelength. The Soret band at
qf = 75° was certainly increased compared to that at qf = 45°,
while the IQ/IS was still large, 1.8 (Fig. 3).

Since the amplitude of the electromagnetic field of SP
exceeds that of the incident field, the evanescent field of SP is
expected to enhance inelastic emission such as fluorescence and
Raman scattering from molecules adjacent to the metal film.10

The field enhancement effect of SP is larger in the longer
wavelength region. For example, the electric field of SP on the
gold surface created by 650 nm light is approximately 50 times
larger than that of the incident light.8 This is consistent with the
preferable excitation at the longer wavelength light in the SPR
excitation of the –S(CH2)10CONH–Por film.

The fluorescence lifetime with the SPR excitation was
measured by a single photon counting method. The obtained
decay profile was analysed by two components with 500 ps
(65%) and 3.5 ns (35%),‡ both of which were longer than that
(310 ps) of a film of tetraphenylporphyrin evaporated under
vacuum on Pt surface with the direct photoirradiation.7 The long
lifetimes seem to be due to weak electronic interaction between
the porphyrin chromophore and the gold surface through the
–S(CH2)10CONH– group. Recently, a –S(CH2)10– spacer
between a fluorophore and a gold surface has been reported to
suppress energy transfer quenching by the gold surface giving
high fluorescence yield.11 Similarly, it is suggested that the
–S(CH2)10CONH– group interrupts the energy transfer from the
porphyrin excited state to the gold surface.

The present study demonstrates that SP is an effective and
specific excitation source of a porphyrin covalently linked to a
gold surface. We are currently studying the effects of the spacer
length and the nature of metals upon the fluorescence
properties.
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and electronic environments.
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Fig. 3 The excitation spectra of the 655 nm fluorescence band in
–S(CH2)10CONH–Por film on a gold surface with the SPR excitation at the
incident angles of q = 45° (—) and 75° (···), and a transmission absorption
spectrum of the film (---)
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First innermolecular Diels–Alder reaction of o-benzyne inside a molecular
container compound

Ralf Warmuth*

Department of Chemistry and Biochemistry, University of California, Los Angeles, CA 90095-1569 USA 

1,2-Didehydrobenzene 1, incarcerated in the inner phase of
a hemicarcerand 2, undergoes an innermolecular Diels–
Alder reaction with its surrounding host, which is a new type
of reaction at the borderline between intra- and inter-
molecular reactions.

Previously, we reported the successful generation of the highly
reactive o-benzyne 1 in the inner phase of a molecular container
compound.1 The synthesis and application of molecular con-
tainer compounds was developed by D. J. Cram.2 They are
particularly suitable for the generation and study of highly
reactive species, which cannot be isolated under usual condi-
tions in solution.3 o-Benzyne was generated inside hemicarcer-
and 24 by UV illumination of incarcerated benzocycloprop-
enone 3 at 77 K in [2H8]THF. It was stable enough in solution
to determine and fully interpret for the first time its solution 1H
and 13C NMR spectra.1 However, the high reactivity of 1, even
at low temperature, led to the inner phase reaction of the
incarcerated o-benzyne with hemicarcerand 2. This reaction is
the first reported reaction2c,5 where the guest reacts with the
surrounding host shell. Now we report the results of a detailed
investigation of this reaction.

Incarcerated o-benzyne 2™1 was prepared photochemically
from a solution of 2™3 in [2H8]THF at 77 K as described
previously.1 During the warming of the sample to room
temperature the incarcerated 1 reacts with the host to form the
addition product 4 ( > 90%) (Scheme 1).† This new compound
4 was isolated and analysed. The elemental analysis, FT-IR
spectrum and the FAB-MS, which shows only a single peak at
the expected mass of the benzyne hemicarceplex [M + 1] =
2327, are all consistent with a reaction product of o-benzyne
with the host 2. In the 1H NMR spectrum of 4 (Fig. 1) the
outward pointing hydrogens Ha of the eight methylene span-
ners, which are equivalent in 2™3,1 are split into four doublets.
Each integrates for two protons. The same is true for the inward
pointing methylene protons Hi and the eight methine protons,
which give four triplets. The proton signals originating from
o-benzyne were identified at d 6.14 (d, 1 H, H1), 5.21 (t, 1 H,
H2), 4.58 (t, 1 H, H3) and 3.12 (d, 1 H, H4). Their relationship
was identified by 1H homonuclear shift correlation experiments.
The only reaction that is consistent with the observed 1H NMR
spectrum is the [4 + 2] Diels–Alder reaction illustrated in
Scheme 1.

o-Benzyne (ene component) adds to one of the aryl ether
units of 2 (diene component) to give the geminal para adduct 4.
In the 13C NMR spectrum of the 13C6 labelled Diels–Alder
product, obtained from the addition of 13C labelled o-benzyne 5
to 2,1 the signals for the six carbons originating from 5 appear
at d 149.20, 142.98, 122.38 (C-H2), 120.85 (C-H3), 119.34
(C-H4) and 117.04 (C-H1). The chemical shifts agree well with
the corresponding chemical shifts of benzocyclooctatriene
model compounds.6

We studied o-benzyne and its reactivity in the inner phase of
2 by 1H NMR spectroscopy in the temperature range between
275 and 2108 °C in [2H8]THF. In this temperature range, we
noticed an upfield shift of the signal assigned to the protons H1

and H4 and a downfield shift of the signal of the protons H2 and
H3 with increasing temperature [Fig. 2(a)]. These shift
differences seem to be too large to be just a temperature effect,
since the downfield shift of the guest protons of 2™benzene (Dd
0.033 ppm) is only 8% of the shift of H1 and H4. We believe that
upon lowering the temperature the two cavitands of 2 are
squeezed together more tightly to increase the number of van
der Waals contacts. As a consequence, the shape of the inner
cavity, which is characterized by the ratio of the length of the
polar axis lpa and the equatorial axis lea, will change, leading to
a smaller lpa/lea ratio at lower temperature [Fig. 2(b)].

Due to its shape, o-benzyne 1 will be more likely located
inside 2 with its C2 axis parallel to the polar axis of 2 at low
temperature [orientation I in Fig. 2(b)]. This leads to a stronger
shielding of H2 and H3, which would be located in the polar
region of 2. Upon increasing the temperature, orientation II in
Fig. 2(b) will be more populated, resulting in an enhanced
shielding of H1 and H4 and a deshielding of H2 and H3.
Orientation I would explain the high tendency of 1 to undergo
a reaction with 2 even at very low temperatures, since in this
orientation the reactive triple bond of 1 is facing into one of the
polar regions of 2. It would also explain why incarcerated
o-benzyne does not react with water in the bulk solvent even
though H2O is small enough to pass through the equatorial
portals of 2.

The course of the Diels–Alder reaction was followed by the
decrease of the signal assigned to the o-benzyne protons H1 and
H4.1 At all temperatures we observed first-order kinetics for the
reaction of 1 with 2.

Scheme 1

Fig. 1 1H NMR spectrum (500.113 MHz; CDCl3; 25 °C) of 4: (*) outward
pointing methylene bridge protons, (5) inward pointing methylene bridge
protons, (2) methine protons, and (.) protons originating from o-benzyne.
Arrow indicates the proton H5.
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From an Arrhenius plot (Fig. 3) we determined the activation
parameters of this reaction: DG‡(298 K) = 14.7 kcal mol21;
DS‡(298 K) = 210.7 cal mol21 K21 and DH‡(298 K) = 11.6
kcal mol21, which gives excellent agreement with the calcu-
lated DH‡ (298 K) = 10.7 kcal mol21 for the addition of
o-benzyne to benzene.7 The enthropy of activation DS‡(298 K)
is a good measure of the degree of preorganization of this
reaction. The measured value is much smaller than the DS‡(298
K) values of intermolecular Diels–Alder reactions [DS‡(298 K)
≈240 cal mol21 K21]8 and of the intramolecular Diels–Alder
reactions of trienes 6–9,9,10 but much larger than the DS‡(298
K) value of the Cope rearrangement of hexatriene 10 (Scheme
2).11

In the present case o-benzyne has the possibility of reacting
in two different orientations, of which both differ by a 180°
rotation of 1 around its C2 axis, with eight equivalent aryl ether
units of 2 to form 4. This would favour DS‡ by DDS‡ = Rln 16
= 5.51 cal mol21 K21. Subtracting DDS‡ from the measured

DS‡ gives 216.2 cal mol21 K21, which is between the DS‡

values of the intramolecular Diels–Alder reactions of 6 and 7.
According to the kinetic parameters, we place the Diels–

Alder reaction of 1 with 2 in the category of intramolecular
Diels–Alder reactions. Like intramolecular reactions, the reac-
tion of 1 and 2 shows first-order reaction behaviour. However,
both reaction partners, 1 and 2, are not covalently connected but
are held together by incarceration. They are separate, individual
species, free to rotate in all dimensions. Hence, in this specific
case we observed for the first time a bimolecular reaction which,
contrary to bimolecular reactions in solution or in the gas phase,
obeys first order kinetics. Reactions of this type are only
possible if one reactant A is completely encapsulated inside the
closed surface of inner phase3,12 of the second reaction
component B and is retained inside B by constrictive binding.13

Therefore, we would like to introduce the name innermolecular
reaction for this new type of reaction, which is an intermolecular
reaction with a rate law of an intramolecular reaction and which
is limited to the inner phase of molecular container com-
pounds.14 Since the inner phase of reactant B is the reaction
medium, the course of an innermolecular reaction is expected to
be independent of the bulk phase, which might be the solid, the
liquid or the gas phase.3
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whose research group this work was conducted. We are very
grateful for his many helpful, critical and stimulating discus-
sions. Furthermore, we thank Professor K. N. Houk, Dr R. C.
Helgeson and Dr C. Sheu for helpful discussions and the
Alexander von Humboldt Foundation for a Feodor-Lynen
fellowship. We warmly thank the U.S. Public Health Service for
supporting grant GM-12640 (D. J. Cram, principal investi-
gator).
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Fig. 2 (a) 1H NMR chemical shifts of the o-benzyne protons (5) H1 and H4

and (2) H2 and H3 in [2H8]THF as function of the temperature. (b)
Simplified representation of the orientation of 1 in the inner phase of 2 at
different temperatures.

Fig. 3 Arrhenius plot for the reaction of 1 inside 2

Scheme 2
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New hydrogenation and isomerization reactions involving thiaplatinacycles
derived from benzothiophene

Alexei Iretskii,a Harry Adams,a Juventino J. Garcia,b Graciela Picazob and Peter M. Maitlisa

a Department of Chemistry, The University of Sheffield, Sheffield, UK S3 7HF
b Facultad de Quı́mica, Universidad Nacional Autónoma de México, 04510 México D.F.

Hydrogenation of the thiaplatinacycle [Pt{C,S-
(CHNCHC6H4S)}(dppe)] 2 (dppe = Ph2PCH2CH2PPh2)
derived from benzothiophene, leads to [Pt{C,S-
(CHMeC6H4S)}(dppe)] 3 in which 2H have added and a
H-shift has occurred; the X-ray structures of 2 and 3 are
reported.

Thiophenes (T), benzothiophenes (BT), dibenzothiophenes
(DBT), and their alkyl derivatives pose particular problems for
hydrodesulfurization (HDS) as they occur in substantial
amounts, notably in the heavier crude oils, and are rather
resistant to normal HDS catalysts such as Co–Mo–S on
alumina.1 Quite recently platinum has emerged as a viable
catalyst for second stage industrial hydrotreating;2 this has
allowed the production of the so-called city diesel fuel, with a
very low sulfur content (@30 ppm).

In our researches to model such HDS reactions we have
found that the platinum(0) complex [Pt(PEt3)3] can reversibly
oxidatively insert into the C–S bonds of T, BT or DBT, giving
six-membered thiaplatinacycles.3–5 These thiaplatinacycles ex-
trude S and Pt on reaction with sources of hydride to give
hydrocarbons, thus demonstrating a full HDS sequence medi-
ated by platinum.

Related thiametallacycles are formed by the oxidative
insertion of other metals (e.g. Rh and Ir6) into the thiophene;
those derived from BT generally react with hydrogen to give
2-ethylthiophenol (or a salt thereof)7 or 2,3-dihydrobenzo-
thiophene,8 though ethylbenzene can be obtained under forcing
conditions.9 We have now isolated and characterised a novel
isomerisation product from partial hydrogenation of a thiaplati-
nacycle derived from BT, which indicates that the HDS cycle
may be more complex than previously proposed.

The trimethylphosphine complex 1† was synthesised either
from reaction of BT with pure [Pt(PMe3)4] in refluxing toluene
[eqn. (1); 83%] or, more conveniently [eqn. (2); 69%] by a one-
pot reaction of K2PtCl4, NaOH, and trimethylphosphine,
forming [Pt(PMe3)4] in situ, to which BT was then added.
Reaction of 1 with a small excess of dppe (Ph2PCH2CH2PPh2)
gave complex 2 [eqn. (3); 89%].

The complexes were characterised by microanalysis, NMR
spectra and an X-ray structure determination for 2.‡ This
showed the expected arrangement (Fig. 1) and was very similar

to the structure already determined for [Pt{C,S-
(CHNCHC6H4S)}(PEt3)2].3 Complex 2 was hydrodesulfurised
by reaction with LiAlH4 in toluene–thf to give ethylbenzene
(42%). Similar results but poorer yields were obtained for
complex 1 and for [Pt{C,S-(CHNCHC6H4S)}(dppp)].

Complex 2 could also be hydrogenated (toluene solution,
120 °C, 20 atm H2) directly to give a mixture of ethylbenzene
(6%) and free BT (12%). The low yield of HDS product under
these conditions is explained by the additional formation of a
new platinum complex (in 74% yield). FABMS showed it to
have a molecular ion at m/z 730 corresponding to
[Pt(C8H8S(dppe)], indicating that 2 H have added to 2. The new
complex was identified as 3§ by an X-ray determination which
showed that the S-ligand did not have the expected saturated
six-membered thiaplatinacycle structure; instead a ring contrac-
tion had occurred and the product had a methyl attached to CH
in a five-membered thiaplatinacycle (Fig. 2).

The structure for 3 indicates that a hydrogen shift has
occurred in addition to the hydrogenation so that the benzylic
carbon is now attached to the metal. This also has structural
consequences: the benzothiaplatinacycle in complex 2 is very
nearly planar with a dihedral angle of only 3.2° between the
plane C(1)–Pt–S and the best plane through S–C(8)···C(2)–
C(1). By contrast, and as a consequence of the presence of the
sp3 carbon at C(1) the thiaplatinacycle in complex 3 is much
more bent, with a dihedral angle of 27.8° between the planes
C(1)–Pt–S and C(1)–C(2)–C(3).

The difference in the structures is also manifested in their
reactions with HCl. Complex 3 was degraded to give

Fig. 1 The molecular structure determined for 2. Bond lengths (Å) and
angles (°): Pt–P(1) 2.2474(13), Pt–P(2) 2.2969(14), Pt–S 2.260(2), Pt–C(1)
2.054(4); C(1)–Pt–P(1) 93.1(2), P(1)–Pt–P(2) 85.20(5), C(1)–Pt–S 88.4(2),
P(2)–Pt–S 93.40(5)°.
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2-ethylthiophenol, while the six-membered thiaplatinacycles
[Pt{C,S-(CHNCHC6H4S)}(PEt3)2] and 2 gave 2-vinylthio-
phenol.4

One attractive mechanism by which the reaction 2 ? 3 can
occur is via a s-S bonded p-alkene (h3) intermediate (A), as
shown in Scheme 1. Such species have been previously invoked
in the reactions of various thiophenes with metal hydrides; a
related iridium complex derived from thiophene itself has been
isolated and characterised as [(triphos)Ir(h3-
S(Me)CHNCHCHNCH2)]+ [triphos = MeC(CH2PPh2)3], and
this shows equivalent bonding of the irdidium to both the CH
[2.19(3) Å] and to the CH2 [2.12(3) Å].10 That complex 3 does
not have a type A structure is shown by the Pt···Me distance
[Pt···C(34)] of 3.05 Å, which is well outside bonding; by
contrast the distance Pt–C(1) is 2.202(14) Å.

Complex 3 can be hydrodesulfurised to ethylbenzene (ca.
80%) with LiAlH4 (thf, 20 °C); this demonstrates a new HDS
pathway, BT ? 2? 3? PhEt.

We thank the EPSRC, the Royal Society, EERO, the
European Community (Contract CL1*CT94-0062) and CON-
ACYT for support and Professor W. Clegg for collecting the
data for complex 2.
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Refinement converged at a final R = 0.0318 (wR2 = 0.0863, for all 5728
unique data, 372 parameters, mean and maximum d/s 0.000, 0.000), with
allowance for the thermal anisotropy of all non-hydrogen atoms. Minimum
and maximum final electron density 21.087 and 1.308 e A23.

§ [Pt(C,S-SC8H8)(dppe)], 3. Anal. Calc. for C34H32P2PtS·0.5CHCl3: C,
52.5; H, 4.2; Found: C, 53.1; H, 4.4%. NMR spectra in CDCl3, 1H: d 1.1–1.4
(m, 3 H, CH3), 1.9–2.7 (m, 4 H, CH2), 3.1–3.5 (m, 1 H, CH), 6.7 (t, 1 H, Ar),
6.8 (t, 1 H, Ar), 6.9 (d, 1 H, Ar), 7.4–8.0 (m, 21 H, Ar). 31P: d 43.0 [1J(PtP)
1594, 2J(PP) 4 Hz], 45.9 [1J(PtP) 3190 Hz]. FABMS: m/z 730.

Crystal data for 3: C34H32P2PtS; M = 729.69, crystallised from CH2Cl2–
hexane as yellow blocks; crystal dimensions 0.43 3 0.26 3 0.12 mm.
Monoclinic, space group P21/c (C5

2h, No. 14), a = 9.266(4), b = 15.142(7),
c = 21.303(9) Å, b = 98.51(3), U = 2956(2) Å3, Z = 4, Dc = 1.640 Mg
m23, Mo-Ka radiation (l = 0.710 73 Å), m(Mo-Ka) = 4.948 mm21,
F(000) = 1440.

Refinement converged at a final R = 0.0665 (wR2 = 0.1506, for all 5188
unique data 344 parameters, mean and maximum d/s 0.000, 0.000), with
allowance for the thermal anisotropy of all non-hydrogen atoms. Minimum
and maximum final electron density 20.892 and 1.150 e A23. CCDC
182/670.

1 H. Topsoe, B. S. Clausen and F. Massoth, Hydrotreating Catalysis,
Springer, Berlin, p. 114; A. N. Startsev, Catal. Rev. Sci. Eng., 1995, 37,
353; B. C. Weygand and C. Friend, Chem. Rev., 1992, 92, 491;
C. M. Friend and D. A. Chen, Polyhedron, 1997, 16, 3165; B. Delmon,
Catal. Lett., 1993, 1–2, 1; O. Weisser and S. Landa, Sulphide Catalysts,
their Properties and Applications, Pergamon, Oxford, 1973.

2 J. P. van den Berg, J. P. Lucien, G. Germaine and G. L. B. Thielemans,
Fuel Process. Technol., 1993, 35, 119; B. H. Cooper, A. Stanislaus and
P. N. Hannerup, Hydrocarbon Process., 1993, 83; I. E. Maxwell,
J. E. Naber and K. P. de Jong, Appl. Catal., A: Gen., 1994, 113, 153;
S. Mignard, N. Marchal and S. Kasztelan, Bull. Soc. Chim. Belg., 1995,
104, 259; M. Sugioka, F. Sado, Y. Matsumoto and N. Maesaki, Catal.
Today, 1996, 29, 255.

3 J. J. Garcia, B. E. Mann, H. Adams, N. A. Bailey and P. M. Maitlis,
J. Am. Chem. Soc., 1995, 117, 2179; see also: J. J. Garcia and
P. M. Maitlis, J. Am. Chem. Soc., 1993, 115, 12 200.

4 J. J. Garcia, A. Arevalo, V. Montiel, F. Del Rio, B. Quiroz, H. Adams
and P. M. Maitlis, Organometallics, 1997, 16, 3216.
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P. M. Maitlis, Polyhedron, 1997, 16, 3185.

6 R. J. Angelici, Polyhedron, 1997, 16, 3073 and following articles in
Polyhedron Symposium in Print on Hydrotreating; see also: C.
Bianchini and A. Meli, J. Chem. Soc., Dalton Trans., 1996, 801.

7 C. Bianchini, A. Meli, M. Peruzzini, F. Vizza, P. Frediani, V. Herrera
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Fig. 2 The molecular structure determined for 3. Bond lengths (Å) and
angles (°): Pt–P(1) 2.232(4), Pt–P(2) 2.313(4), Pt–S 2.328(4), Pt–C(1)
2.202(14), Pt–C(34) 3.05 Å; C(1)–Pt–P(1) 93.3(4), P(1)–Pt–P(2) 85.49(13),
C(1)–Pt–S, 82.7(4), P(2)–Pt–S 98.60(13)°.

Scheme 1
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Self-assembling tetranuclear copper(ii) complex of a bis-bidentate Schiff base:
double-helical structure induced by aromatic p···p and CH···p interactions

Noboru Yoshida,*a Hiroki Oshiob and Tasuku Itob

a Laboratory of Molecular Functional Chemistry, Division of Material Science, Graduate School of Environmental Earth Science,
Hokkaido University, Sapporo 060, Japan 
b Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-77, Japan 

The synthesis and structure of a tetranuclear copper(II)
complex of a bis-N,O-bidentate Schiff base is reported; two
types of copper(II) centers and the preference for two
conformational degrees of freedom in the ligand lead to the
unique formation of a novel supramolecular architecture not
requiring a preorganized synthetic approach.

Self-assembly and molecular recognition appear to be essential
factors for the construction of supramolecular architectures
utilizing the formation of non-covalent bonds in solution.1 The
use of metal ions with specific preferences for particular
coordination geometries has been developed rapidly in order to
produce non-covalently organized structures, resulting in self-
assembly of target ligands.2 Many types of oligopyridines have
been used because of their preorganized characteristics in self-
assembling processes.3

Recently, new ligand systems have been exploited to
construct unprecedented structures formed by self-assembling
processes in solution and in the solid phase.4,5 The requirement
of the supramolecular structure is principally controlled by the
appropriate combination of various types of weak non-covalent
interactions and the geometrical preference of the metal ion.
Our recent investigation using bis-bidentate Schiff base ligands
(Scheme 1) allows for the synthesis of a variety of metal-
assisted supramolecular structures. A dinuclear triple-helical
ZnII complex of L17,5 a dinuclear double-helical CuII complex
of L16,6 and polynuclear ZnII complexes of L16,5 have been
synthesized.

Here we describe a novel and general strategy for the
construction of metal-assisted supramolecular architectures
using ligand L8. This architecture is prepared readily utilizing
the weak aromatic p···p and CH···p interactions operating
between the bridging groups of the bis-bidentate Schiff bases
(Scheme 2).

The Schiff base ligand L8 contains two N,O-bidentate
chelating moieties linked via the azomethine groups with bis(3-

aminophenyl)sulfone (Scheme 1). Reaction of L8 with Cu(Me-
CO2)2·H2O in a 1 : 1 molar ratio in hot ethanol (ca. 60–70 °C)
afforded a light-green solid 1.† Elemental analysis suggests the
formation of a CuII : L8 2 : 2 complex and fast-atom bombard-
ment mass spectroscopy (FABMS) also indicated a 2 : 2
complex for 1.‡ However, positive-ion electrospray MS (m/z
2073.5) suggested the existence of a 4 : 4 complex for 1. The
electronic absorption spectrum of 1 shows a p–p* band at 379.5

Scheme 1

Scheme 2

Fig. 1 Crystal structure of [Cu(H21L8)]4 1
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nm in the visible region which indicates deprotonation of the
OH groups and N,O-coordination of CuII.7

Single crystals were obtained from chloroform–diethyl ether.
An X-ray diffraction study confirms the formation of the
CuII : L8 4 : 4 structure as shown in Fig. 1.§ The tetranuclear
double helical structure appears to be stabilized by CH–p and
p–p aromatic interactions (3.2–3.9 Å) between the bridging
groups (–C6H4SO2C6H4–). Complex 1 contains four CuII ions
and four ligands. Two CuII ions at the top [Cu(1)] and bottom
[Cu(4)] of the tetranuclear (CuL8)4 core adopt a square-planar
(SP) coordination geometry, whereas the two remaining CuII

ions [Cu(2), Cu(3)] in the middle adopt a tetrahedral (Td)
coordination geometry. Each CuII ion is coordinated by N,O-
bidentate sites originating from two different ligands. Each
ligand interacts with two CuII ions with a different coordination
geometry. Furthermore, two types of conformations of L8 are
observed in this tetranuclear core (Fig. 2). The conformations of
L8(1) and L8(4) are anti-closed (Esteric = 227.58 kcal mol21, 1
cal = 4.184 J) (Fig. 2), whereas the conformations of L8(2) and
L8(3) are similar and anti-opened (Esteric = 227.16 kcal
mol21).¶

Fig. 3 shows selected bond lengths and angles around the four
CuII centers of the tetranuclear core of 1. The Cu–N distances lie
between 1.968(6)–2.024(6) Å and Cu–O is in the range
1.858(6)–1.903(5) Å. Angles O–Cu(1)–O, N–Cu(1)–N
N–Cu(1)–O [O–Cu(4)–O, N–Cu(4)–N, N–Cu(4)–O] are in the
range 174.9(2), 171.4(2), 88.1(2)–91.4(2)° [170.4(3), 177.6(2),
88.6(2)–91.8°], respectively. Thus, the coordination geometries
around Cu(1) and Cu(4) are almost square-planar. On the other
hand, O–Cu(2)–O, N–Cu(2)–N, N–Cu(2)–O [O–Cu(3)–O,
N–Cu(3)–N, N–Cu(3)–O] angles are 89.6(2), 99.2(2),
147.2(2)–148.8(2)° [89.2(2), 100.1(2), 144.6(2)–148.7(2)°]
which show a distorted tetrahedral geometry around Cu(2) and
Cu(3). Four CuII ions having different coordination spheres lie
almost in one plane and in a rhombus arrangement with Cu···Cu

distances between 4.043 and 7.659 Å. The sum of the interior
angles is 353.26°. Other metal complexes with ZnII, NiII and
CoII which are insoluble in most organic solvents appear to form
(1 : 1)n polymeric structures (Scheme 2).

Flexible geometry of CuII (SP or Td) and the flexible
conformational freedom in the ligand lead to CH–p and p–p
aromatic interactions between the bridging groups and the
tetranulear double-helical structure. These conformational pref-
erences in the ligand and metal-coordination geometry are an
unusual example in metallosupramolecular chemistry. The
subtle change in the bridging group leads to an unprecedented
organized structure in the absence of a preorganized synthetic
approach. The development of new ligand systems using Schiff
base series is now in progress.

Footnotes and References

* E-mail: nyoshida@high.hokudai.ac.jp
† 3,3A-Diaminosulfone (0.5 mol) was added gradually to an EtOH solution
(100 ml) of salicylaldehyde (1 mol) and the solution was stirred for 30 min
at 60 °C and the orange solid precipitate was collected by filtration.
Elemental analysis was in accord for L8. A mixture of L8 (0.78 g, 1.72
mmol) and CuII(MeCO2)2·H2O (0.34 g, 1.7 mmol) was dissolved in EtOH
(100 ml) and heated and the resulting green powder was collected by
filtration and washed with hot EtOH. This powder dissolves readily in DMF
and CHCl3. X-Ray quality crystals were grown by slow diffusion of Et2O
into a CHCl3 solution of 1. Satisfactory elemental analysis was obtained.
‡ MM2 force-field calculations also suggested the possibility for the
existence of CuII : L8 2 : 2 complexes, the minimum-energy self-assembling
structures, 2 (SP–SP for two CuII) and 3 (Td–Td coordination geometry).
The force-field structure 3 (Esteric = 232.212 kcal mol21) is considerably
more stable than that of 2 (Esteric = 8.662 kcal mol21); Tektronix CAChe
System, (Version 3.7).
§ Crystal data for 1: C104H72Cu4N8O16S4, 0.50 3 0.30 3 0.25 mm,
M = 2072.18, brown prismatic crystal, monoclinic, space group P21/c,
a = 18.026(2), b = 23.450(3), c = 22.743(2) Å, b = 90.299(9)°,
U = 9613(1) Å3, Z = 4, Dc = 1.432 g cm23, m(Mo-Ka) = 9.64 cm21,
F(000) = 4240. 17 487 data collected at 2100 °C on a Rigaku AFC 7S four
circle diffractometer equipped with graphite monochromated Mo-Ka
radiation (l = 0.710 73 Å). The structure was solved by direct methods with
SHELX-86 (G. M. Sheldrick, University of Göttingen, 1986) and Fourier
techniques, and refined by full-matrix least-squares on F2 data using
SHELXL-93 (G. M. Sheldrick, University of Göttingen, 1993). and
converged at R1 = 0.0667, wR2 = 0.1652. CCDC 182/663.
¶ Although L8 can adopt many conformations, molecular mechanics (MM2)
calculations revealed the four minimum-energy structures as anti-closed
and anti-opened conformers. These two isomers have almost the same
energy. Other minimum-energy structures, syn-opened (Esteric = 227.4973
kcal mol21) and syn-closed (Esteric = 228.820 kcal mol21) conformers
have similar energy.
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Fig. 2 Two main conformers of L8

Fig. 3 Coordination geometries around the four CuII ions of 1
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Three step syntheses of naphthofurans and phenanthrofurans related to
(2)-morphine from ortho-benzoquinone monoketals by Diels–Alder and Cope
reactions

Rina Carlini, Kerianne Higgs, Russell Rodrigo* and Nicholas Taylor

Guelph-Waterloo Centre for Graduate Work in Chemistry, Department of Chemistry, University of Waterloo, Waterloo, Ontario,
Canada N2L 3G1 

Adducts of the intramolecular Diels–Alder reaction of
o-benzoquinone monoketals are rapidly converted to oxygen
heterocycles via Cope rearrangements.

The considerable synthetic potential of ortho-benzoquinonoid
monoketals remains largely unexploited despite a few note-
worthy applications1 in natural product synthesis. Our labora-
tory has recently embarked on a program to study the inter-2 and
intra-molecular Diels–Alder (IMDA) reactions3 of such inter-
mediates and to evaluate the synthetic utility of the resulting
adducts. We recently reported3 the Cope rearrangement of one
adduct and its use in a brief and efficient synthesis of the
pentacyclic marine sponge metabolite (±)-Xestoquinone. The
success of this two step IMDA–Cope sequence has prompted us
to explore the Cope rearrangements of several additional
bridged IMDA adducts to demonstrate their generality and
illustrate their value with a convergent three-step route to a
3-hydroxy-9c-allylphenanthro[4,5-bcd]furan 14b constituting
rings A, B, C and E of morphine.4

Each of four substituted guaiacols 1a–d were treated with a
minimum of 5 equiv. of (E)-penta-2,4-dienol in the presence of
bis(trifluoroacetoxy)iodobenzene (BTIB), to provide the mixed
monoketals 2 that reacted in situ to generate the IMDA adducts
3 and 4 in combined yields of 53–88% (Table 1 and Scheme 1).
After separation of the adducts, thermal Cope rearrangements of
the bridged compounds 3a–f were effected (Table 2).5 Several
naphtho[1,8-bc]furan tricycles 4a, b, e, f, all endo† isomers and
bearing a carbon substituent (R3) at a ring junction, are thus
obtainable in two steps from simple starting materials. Bridged
adduct 3e generated the naphthofuran 7e upon heating in
aromatic hydrocarbon solvents (entries 8 and 9). This is
presumably the result of a facile dienone–phenol rearrangement
of intermediate 5e. We have observed that thiol esters like 5e are
particularly prone to such migrations. Acid-catalysed elimina-
tion of MeOH (using TFA) from 4f, and subsequent alkaline
hydrolysis of the ester, produced the phenol 7 (R1 = R3 = H)
after spontaneous decarboxylation (90%).‡

The tetracyclic phenanthrofuran system is also readily
accessible by application of the same chemistry. The reaction of
methyl vanillate 1f with 3 equiv. of 3-vinylcyclohex-2-enol6 9a
produced a mixture of exo (10a) and endo (11a) IMDA adducts,
together with a small amount of the bridged adduct 12a
(Scheme 2). X-Ray crystal structures§ of 10a and 11a were
obtained to establish their structure and relative configurations.

The endo isomer (11a) was easily aromatized in two steps: brief
treatment with TFA to eliminate MeOH produced the dienone
13a (92%), and saponification of the ester resulted in sponta-
neous decarboxylation and aromatization to 14a (90%). The
ketal moiety of the exo isomer (10a) was remarkably stable to
prolonged acid treatment at room temperature.

It is generally acknowledged that acid hydrolysis of an acetal
is promoted by the presence of at least one non-bonded electron
pair on the endocyclic oxygen atom in an antiperiplanar
relationship with the exocyclic carbon–oxygen bond that is
being cleaved in the reaction.7 Furthermore, the relationship
between C–O bond lengths and O–C–O angles of acetals in the
ground state and the ease of acid-catalysed hydrolysis has been
convincingly demonstrated.8,9 The relevant bond lengths and
angles of 10a and 11a are shown in Table 3, together with
projections along the O(4)–C(3a) bond derived from the X-ray
structures (Fig. 1), with the non-bonding sp3 orbitals of O(4)
added in approximately tetrahedral orientations. These projec-
tions clearly show that the stereoelectronic requirements for the
acid-catalysed elimination of MeOH can only be met in the
endo-adduct 11a, and this is reflected in the corresponding
changes in bond lengths of C(3a)–OMe (longer) and C(3a)–
O(4) (shorter), exactly opposite to the situation in the exo-

Table 1 Diels–Alder reactions of guaiacols 1 with (E)-penta-2,4-dienol

Substituted guaiacola Products (% yield)

1a 3a (72), 4a (16)
1b 3b (65), 4b (13)
1c 3c (65), 4c (7)
1d 3d (52), 4d (1)

a For three more examples, see ref. 3. Scheme 1 Reagents and conditions: i, BTIB, THF, 0 °C
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adduct 10a. The reluctance of the latter adduct to undergo the
elimination can thus be understood.

The 2-allylcyclohexenol 9b, prepared from 2-allylcyclohex-
ane-1,3-dione10 in a similar manner to 9a, reacted with methyl
vanillate 1f to provide a mixture of three adducts 10b, 11b and
12b (Scheme 2). Again, the exo-adduct 10b was stable to acid
while the endo-isomer 11b was converted to dienone 13b by
brief exposure to TFA. When the bridged adduct 12b was
subjected to the thermal Cope rearrangement in refluxing
1,1,2,2-tetrachloroethane, elimination of MeOH also occurred

to produce 13b (83% yield, 59% conversion), which was
saponified as before to produce 14b (94%).

Reduction of 2-allyl-3-vinylcyclohex-2-enone with borane
and 20 mol% of the (R)-oxazaborolidine11 provided the
(S)-(2)-cyclohexenol 9b in 84% yield and 88% ee.¶ Repetition
of the same sequence of reactions with (2)-9b afforded 15, the
methyl ether of phenol 14b in 75% yield (88% ee) from 13b.
Further progress in the conversion of 14b or 15 to a
morphinan12 will be reported in due course.∑

We thank the Natural Sciences and Engineering Research
Council of Canada for support of this work.

Footnotes and References

* E-mail: rrodrigo@mach1.wlu.ca
† The terms exo and endo are used with respect to the o- quinonoid ring.
‡ The same sequence of reactions was also used to generate the naphtho[1,8-
bc]pyran system 8 from methyl vanillate and hexa-3,5-dienol.
§ Crystal Data for 10a: Colourless plate of C17H20O5, triclinic, space group
P 1̄, M = 304.3, a = 7.8603(8), b = 7.9599(8), c = 12.6351(11) Å, a =
103.516(5), b = 104.685(5), g = 100.226(7)°, V = 719.6(2) Å3, Z = 2, T
= 160 K, w21 = s2(F) + 0.00007F2, wR (all data) = 5.02%, wR (obs. data)
= 4.97%. For 11a: Colourless needle prism fragment of C17H20O5,
orthorhombic, space group Pbca, M = 304.3, a = 23.109(3), b =
10.525(1), c = 12.005(2) Å, V = 2919.9(8) Å3, Z = 8, T = 160 K, w21 =
s2(F), wR (all data) = 3.80%, wR (obs. data) = 3.74%. CCDC 182/672.
¶ The enantiomeric excesses of 9b and 15 were determined in each instance
by HPLC separation on a Chiralcel OD column using hexane–iso-
propanol.
∑ All new compounds prepared in this study provided satisfactory
spectroscopic data. Full details will be published later.
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Table 2 Thermal Cope rearrangements of bridged IMDA adducts 3 in
various solvents

Solventa Products
Entry Reactant (% conversion) (% yield)

1 3a TMBa (100) 4a (38)b

2 3a Decanec (100) 6a (50)
3 3a TCEa (61) 6a (70)
4 3b TCEc (100) 4b (10), 6b (32)
5 3c Decanec (72) 6c (25)
6 3d Decane Decomposition product
7 3ed Decane (84) 4e (81)
8 3ed p-Xylene (100) 4e (6), 7e (28)
9 3ed TMB (100) 7e (42)

10 3fd TMB (100) 4f (46), 5f (20)
11 3fd p-Xylene (93) 4f (21), 5f (44)

a TMB = 1,2,4-trimethylbenzene; TCE = 1,1,2,2-tetrachloroethane.
b Iodine was also produced. c Some thermal rearrangements performed in
decane and TCE resulted in significant decomposition. d For the preparation
of 3e and 3f, see ref. 3.

Scheme 2 Reagents and conditions: i, BTIB; ii, Cl2CHCHCl2, heat; iii,
NaOH, MeOH; iv, K2CO3, Me2SO4, acetone

Table 3 Bond lengths and angles at the C(3a) ketal carbon atom of 10a and
11a

Bond length/Å

Bond angle (°)
C(3a)–O(4) C(3a)–OMe O(4)–C(3a)–OMe

10a (exo) 1.422 1.401 109.1
11a (endo) 1.407 1.416 111.6

Fig. 1 Projections along the C(3a)–O(4) bonds adapted from X-ray
structures of 10a and 11a
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Strategies of fungal pathogens: detoxification of a cruciferous phytoalexin by
mimicry

M. Soledade C. Pedras* and Francis I. Okanga

Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon SK, Canada S7N 5C9 

Two different isolates of the phytopathogen Phoma lingam
metabolized and phytoalexin cyclobrassinin 3 to the phytoa-
lexins dioxibrassinin 5 and brassilexin 9; both 5 and 9 were
further metabolized and detoxified by each fungal isolate.

Phytoalexins1 are part of the induced chemical defenses
produced by plants in response to several forms of stress,
including fungal attack. In spite of the enormous interest in
phytoalexins, cruciferous2 phytoalexins may have further
significance due to their unique chemical structures and
additional biological activity.3 Brassinin 1, methoxybrassinin 2

and cyclobrassinin 3 were the first reported4 sulfur-containing
phytoalexins produced by crucifers, a plant family with high
sulfur requirements.5 In general, the timing, rate of accumula-
tion and relative amounts of phytoalexins synthesized in leaf
tissues play crucial roles in plant resistance to pathogen
invasion.6 However, when pathogenic fungi can effectively
disarm the plant by detoxifying phytoalexins, the outcome of
the interaction can favour the pathogen and be detrimental to the
plant. Although to date only a few examples demonstrate that
brassica pathogens can detoxify phytoalexins efficiently,2
multiple examples exist in other plant species.7 We have
demonstrated previously that the blackleg fungus [Phoma
lingam (Tode ex Fr.) Desm., perfect stage Leptosphaeria
maculans (Desm.) Ces. et de Not.], one of the most destructive
pathogens of rapeseed (Brassica napus, B. rapa) can overcome
the plant’s chemical defenses by promptly transforming
brassinin 1 into non-toxic indole-3-carboxylic acid.8 Here we
describe the unprecedented biotransformation of the brassica
phytoalexin cyclobrassinin 3 to the phytoalexins dioxibrassinin
5 and brassilexin 9, by the ‘virulent’ and ‘avirulent’ isolates of
P. lingam,9 respectively.

In initial experiments, cyclobrassinin 310 was incubated with
the so-called ‘avirulent’ isolate Unity† to establish a time-
course transformation profile.11 Analysis of organic extracts of
culture samples by HPLC‡ indicated a rapid decrease in the
concentration of 3 (HPLC retention time, tr = 24.5 min) and the
concurrent appearance of two additional constituents (tr = 7.2
and 12.1 min) over a 12 h period. Subsequently, to obtain
sufficient quantities of each constituent, larger-scale fungal
cultures incubated with cyclobrassinin 3 were extracted with
Et2O, the extract fractionated by chromatography§ and each
fraction analysed by HPLC. The fractions containing the
aforementioned new constituents were analysed by standard
spectroscopic methods (NMR, HRMS, FTIR, UV) for structural
elucidation. Based on these results the constituent of tr = 12.1
min was established to be the known phytoalexin brassilexin 9,¶
whose structure we confirmed by synthesis.2 The structure of
the constituent of tr = 7.2 min, a relatively less-stable
metabolite, was assigned as a mixture of the related tautomers

3-methylenaminoindole-2-thione 6, 3-methylenaminoindole-
2-thiol 7 and 3-(methylimino)indole-2-thiol 8, based on spec-
troscopic data∑ and derivatization. Two days after incubation of
the isolate Unity with cyclobrassinin, no brassilexin or other
phytoalexins or putative metabolites were detected in any of the
cultures or their extracts. The mycelial mass of cultures
incubated with cyclobrassinin 3 was similar to that of control
cultures. Similar experiments carried out with the ‘virulent’
isolate BJ-125† incubated with cyclobrassinin 3 for 12 h
afforded yet another known phytoalexin, dioxibrassinin 512

tr = 7.5 min), whose chemical structure we confirmed by
synthesis. Two days after incubation of the virulent isolate BJ-
125 with cyclobrassinin 3, no phytoalexins or derivatives were
detected in any of the cultures or their extracts. In addition, the
mycelial mass of cultures incubated with cyclobrassinin 3 was
similar to that of control cultures. These remarkable results
indicate that cyclobrassinin 3 is detoxified via the phytoalexins
brassilexin 9 or dioxibrassinin 5, depending on the particular
fungal species, as shown in Scheme 1. The reactive intermediate
4, similar to that proposed for the biosynthesis of a brassica
phytoalexin,12 could explain the formation of 5 through
enzymatic dioxygenation of 3. Additional experiments with
other fungal isolates incubated with cyclobrassinin indicated
similar results within the same species. It is worthy to note that
cyclobrassinin 3 has been proposed as an in planta biosynthetic
precursor of both brassilexin 913 and brassicanal A 10.14

However, in planta, biosynthetic relationships have only been
established between brassinin 1 and cyclobrassinin 3 and
brassinin 1 and spirobrassinin 11.12,15

Scheme 1
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Our results suggest that two different fungal species, the so-
called ‘virulent’ and ‘avirulent’ groups,† can metabolize the
phytoalexin cyclobrassinin 3 ‘mimicking’ pathways that may
operate in the plant (i.e. 3 to 5 and 3 to 9, respectively).**
Considering that fungal pathogens have been coevolving with
plants for multiple generations, the detoxification of phytoalex-
ins by ‘mimicry’ appears quite plausible. Nonetheless, because
in planta only a part of the biosynthetic pathway of cruciferous
phytoalexins has been established, such a hypothesis remains to
be demonstrated. A clearer picture will eventually unfold upon
tracing a complete map of phytoalexin transformation in both
cruciferous plants and their pathogenic fungi.

We gratefully acknowledge the financial support of the
Natural Sciences and Engineering Research Council of Canada
and the University of Saskatchewan.
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Alkyl succinimidyl carbonates undergo Lossen rearrangement in basic buffers

Samuel Zalipsky*

SEQUUS Pharmaceuticals, Inc., 960 Hamilton Court, Menlo Park, CA 94025, USA 

A side reaction producing b-alanine and derivatives through
Lossen rearrangement was found to accompany hydrolysis
of alkyl succinimidyl carbonates in basic aqueous buffers.

Alkyl succinimidyl† carbonate (SC) derivatives are useful
alkoxycarbonylating reagents. In particular, their reactivity with
primary amines has found a wide use for the introduction of
urethane protecting groups,1 protein modification,2–5 and
covalent attachment of ligands to matrices for solid-phase
synthesis6 and affinity chromatography.7 Often these carba-
moylation reactions are carried out in aqueous or aqueous–
organic medium at mildly basic pH. Such conditions are
dictated by the solubility properties of the amino reactants,
amino acids, aminosugars, proteins, etc. In recent years, we
have used SC derivatives of poly(ethylene glycol) (SC-PEG) for
attachment of the polymer residues to amino groups of proteins,
lipids and various biologically-relevant ligands.3–5,8,9 In the
course of these studies it was noticed that occasionally upon
completion of a protein modification reaction using an excess of
SC-PEG, there were larger amounts of primary amino group-
containing compounds in solution than originally present on the
protein. Accurate determinations of the extent of protein
modification were only realized following removal of low
molecular weight amines by extensive diafiltration.4 These
observations lead to the belief that the low molecular weight
amine originated from the SC reagent itself. In order to verify
this hypothesis, several 1H NMR experiments were performed

with bis-SC-PEG-20003,9 and benzyl succinimidyl carbonate
(Bn-SC) under conditions often used for protein modification.
Herein I present the results of these experiments and their
corroboration by amino acid analysis (AAA), all of which
indicate that SC derivatives undergo Lossen-type rearrange-
ment producing b-Ala and its derivatives.

Hydrolysis of bis-SC-PEG in D2O [d 2.96 (s, Su of SC, 8H),
3.71 (s, PEG, 180H), 4.58 (m, CH2-O2COSu, 4H)] proceeded
slowly over 24 h without any side reactions, yielding
N-hydroxysuccinimide [HOSu, d 2.77 (s)] quantitatively. Next,
the degradation of SC-PEG was examined in D2O-based
potassium tetraborate buffer and monitored by 1H NMR

Fig. 1 Progress of the bis-SC-PEG (10 mg) decomposition monitored by 360 MHz 1H NMR spectroscopy in D2O–tetraborate buffer (0.1 m, pH 9.3, 0.65
ml). Spectra were acquired at (a) 3 min, (b) 5 min, (c) 8 min, (d) 11 min, (e) 16 min, (f) 30 min, (g) 45 min, (h) 2 h, (i) 4 h and (j) 20 h.

Table 1 Quantities of b-Ala formed after dissolution of bis-SC-PEG (10
mg, 8.4 3 1024 equiv. SC per g) in tetraborate or carbonate buffers (0.1 m,
pH 9.3, 0.65 ml) and incubation at 23 °C for 24 h. Aliquots taken from the
reaction solutions were subjected to AAA, both directly and after hydrolysis
(6 m HCl, 24 h, 110 °C). Amino groups were determined by the
2,4,6-trinitrobenzene sulfonate assay17 using b-Ala for calibration

b-Ala/1025 mol g21 [% of SC group]

Total Amino groups/
Buffer type (HCl hydrolysis) Free amino acid 1025 mol g21

Tetraborate 15.8 [19] 4.6 [5.5] 8.6
Carbonate 20.6 [24] 6.6 [7.8] 10.3
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spectroscopy (Fig. 1). Although the disappearance of SC groups
[d 2.96 (s), 4.58 (m)] was complete within 10 min, and most of
the SC was hydrolyzed to 2OSu [d 2.65 (s)], additional
reactions have also taken place. Appearance of a new signal [d
4.35 (m)] of the terminal methylene group of PEG and two
symmetrical sets of peaks of type X–CH2–CH2–Y at d 2.3 and
2.4 suggest that a substantial amount of the starting SC-PEG has
been converted into a new derivative resulting from the
succinimide (Su) ring opening. Within 16 min two triplets at d
2.54 and 3.16, representing free b-Ala, have appeared and
increased in size for the next few hours. At the end of the
experiment, in addition to the b-Ala peaks, signals clustering
around d 2.3–2.5 and 3.2–3.4 with two major triplets at d 2.36
and 3.31 were apparent. These chemical shifts are in the areas
where various acylated derivatives of b-Ala yield NMR
peaks.10,11 Similar observations in the 1H NMR spectra were
made by following the decomposition of SC-PEG in a D2O–
carbonate buffer.

Quantitation of b-Ala in both buffer solutions by AAA (Table
1), either directly or after extensive hydrolysis, revealed that
20–25% of the original SC groups underwent conversion into
b-Ala. Approximately one third of the total b-Ala was found in
the free amino acid form. Amounts of primary amine somewhat
higher than of free b-Ala were detected, suggesting that some of
the amines were present in the form of b-Ala derivatives, e.g.
b-Ala-b-Ala. Due to its low water solubility, Bn-SC was first
dissolved in CD3CN and then diluted ten-fold with D2O–
tetraborate buffer. 1H NMR spectra again showed decomposi-
tion of the SC groups proceeded as in the case of SC-PEG
yielding b-Ala and derivatives. This experiment confirmed that
the observed reaction is more general, and is not exclusive to
SC-PEG. The reaction pathways shown in Scheme 1 are
consistent with the above observations. Opening of the
succinimide ring by a nucleophile, Nu, leads to a Lossen-type
hydroxamic acid intermediate, which rearranges into isocyanate
via a scission of the N–O bond with the concomitant departure
of the alkoxycarboxylate, and 1,2-migration of the outlined
residue.12 The isocyanate is expected either to hydrolyze, or to
react with various nucleophilic groups (amino, carboxylate,
hydroxy), yielding free b-Ala as well as its urea, amide and

urethane derivatives. Specifically, b-isocyanatopropionate
(Nu = OH) is known to produce 3,3A-ureylenedipropionic acid
and oligo(b-Ala), among other b-Ala acylates.10 This explains
why most of the b-Ala was found in the form of acylated
derivatives as revealed by AAA after hydrolysis (Table 1).

The tendency of Su-OX derivatives, where OX constitutes a
good leaving group, to undergo Lossen rearrangement initiated
by a nucleophilic attack on the succinimide ring by either 2OH,
2OSu, or even amine, is known.12–16 Although alkoxycarbox-
ylates are recognized as very effective leaving groups, this is the
first time that alkyl-SC (Su-OCO2R) derivatives are implicated
in this process. It is pertinent to note that nucleophilic attack by
an amino group on the exocyclic carbonyl of SC-derivatives,
occurring during carbamoylation reactions, is a lot faster than
the side reactions described here. However, the reactions
described here can potentially be a source of undesirable by-
products, particularly in protein modifications with an excess of
alkyl-SC. Preliminary observations in our laboratory suggest
that this rearrangement can be measurably suppressed by
lowering the pH or the temperature of the solution.
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Scheme 1 Reaction pathways of alkyl-SC degradation through hydrolysis
and through Lossen rearrangement
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Asymmetric aldol reaction of 2-cyanopropionates catalysed by trans-chelating
chiral diphosphine ligand TRAP–rhodium(i) complex

Ryoichi Kuwano,† Hiroshi Miyazaki and Yoshihiko Ito*

Division of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku, Kyoto
606-01, Japan 

trans-Chelating chiral diphosphine TRAP ligands bearing
P-aromatic groups are effective for RhI-catalysed asym-
metric aldol reaction of 2-cyanopropionates with an alde-
hyde to give the corresponding aldol adduct with up to 93%
ee.

The asymmetric aldol reaction provides a most useful tool for
stereoselective construction of a-substituted b-hydroxy car-
bonyl units with vicinal chiral centres, and is widely used in the
synthesis of complex organic molecules.1 Recently, it was
found that some low-valent transition metal complexes catalyse
aldol and Michael reactions with cyano compounds having
active a-methylene groups,2 and we developed a highly
enantioselective Michael reaction of 2-cyanopropionates cat-
alysed by a rhodium(i) complex coordinated with trans-
chelating chiral diphosphine TRAP (1).3–6 The transition metal

catalysed reactions involve enolate intermediates of 2-cyano-
propionates coordinating to the metal atom through the cyano
nitrogen, which then react directly with electrophiles.2 Herein,
we report the catalytic asymmetric aldol reaction of 2-cyanopro-
pionates 2 using a TRAP–RhI complex.

Asymmetric aldol reactions of 2 with paraformaldehyde (10
wt% in water) were carried out with a rhodium(i) catalyst
generated in situ from Rh(acac)(CO)2 and (S,S)-(R,R)-PhTRAP
1a (Table 1).‡ The enantioselectivity of the asymmetric aldol
reaction was heavily dependant upon reaction solvent. Bu2O
was the solvent of choice.§ Bulky ester groups of 2 are essential
to attain high enantioselectivities for the aldol reactions (entries
1–5). 2-Cyanopropionates 2d and 2e bearing bulky secondary
alkyl ester group gave aldol adducts (S)-3d and (S)-3e in 91 and
93% ee, respectively. Surprisingly, use of formalin hardly
affected the enantiopurity of 3d (93% ee). The enantioselectiv-
ity of the aldol reaction of 2d was slightly increased by using 1b,
which has electron-donating aromatic groups attached to the
phosphorus atoms (entry 6), while electron-withdrawing sub-
stituents on the P-aromatics group gave lower enantioselectivity
and reactivity (entry 7). Conceivably, the P-aromatic sub-
stituents of TRAP play an important role in the enantioface
selection of enolate of 2 coordinated to the rhodium atom,
because ligands 1d and 1e with P-aliphatic substituents showed
lower enantioselectivities (entries 8 and 9).

Other aldehydes 4a–d were subjected to asymmetric aldol
reaction with (S,S)-(R,R)-PhTRAP–RhI catalyst (Table 2). The
aldol reactions of ethyl ester 2b and isopropyl ester 2c with
acetaldehyde 4a resulted in not only low enantioselectivities but
also low diastereoselectivities (entries 1 and 2). However, the
use of 2d gave anti-(2S,3S)-7a (86% ee) with good anti-

selectivity (anti : syn = 81 : 19) (entry 3). The aldol reaction of
2d with 4b proceeded, but with lower stereoselectivity (entry 4).
Benzaldehyde 4c did not react at all (entry 5). However,
aldehyde 4d smoothly reacted with 2d giving a mixture of anti-
(2S,3R)-7d (91% ee) and syn-(2S,3S)-7d (63% ee) in a ratio of
68 : 32 (entry 6).

The observed stereochemistry at the 2-position of the aldol
products suggests that (S,S)-(R,R)-PhTRAP on the catalyst can
differentiate between the steric bulkiness of the a-Me and ester
substituents of 2, with one of the P-phenyl substituents blocking
the approach of the aldehyde to the si-face of the enolate
coordinated to the rhodium atom.4 The preferential formation of
anti-7 in the aldol reactions of 2d with 4 may suggest that this
reaction proceeded through antiperiplanar transition state TS1,
which avoids the steric repulsion between the aldehyde
substituent (R) and the bulky CHPri

2 ester (Fig. 1). The lack of
diasereoselectivity in the reactions with 2b and 2c may be due
to the lesser steric repulsion between the R and ester groups,
which does not produce any enantioface selection by the
aldehyde. Synclinal transition state TS2 giving an anti-aldol
would be sterically unfavourable due to the steric interaction
between R and one of P-phenyl groups of 1a.

In conclusion, we have accomplished the highly enan-
tioselective aldol reaction of 2 with some aldehydes. Further
studies are currently in progress to improve the catalyst’s
efficiency and to widen its applicability to a variety of
aldehydes.

Table 1 Asymmetric aldol reaction of 2 with formaldehyde catalysed by
1–RhI complexa

Products 3

Entry 2 TRAP (1)b T/°C t/h Yield (%)c Ee (%)d,e

1 2a 1a 230 100 67 35
2 2b 1a 230 42 85 74 (2)
3 2c 1a 230 90 86 78 (2)
4 2d 1a 210 24 82 91 (2)
5 2e 1a 210 24 86 93 (2)
6 2d 1b 210 24 87 92 (2)
7 2d 1c 210 24 44 74 (2)
8 2d 1d 210 24 58 3 (2)
9 2d 1e 210 24 86 22 (2)

a All reactions were carried out in Bu2O. 2 (0.50 m)–formaldehyde–
Rh(acac)(CO)2–1 = 1 : 1.3 : 0.010 : 0.011. b (S,S)-(R,R)-1 was used.
c Isolated yield. d Determined by HPLC analysis. e The sign of the specific
rotation of 3 in CHCl3 is given in parentheses.
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Table 2 Asymmetric aldol reaction of 2 with 4 catalysed by (S,S)-(R,R)-1a–RhI complexa

Ee (%)d (config.)

Entry 4 2 T/°C t/h Product Yield (%)b anti : sync anti syn

1 4a 2b 0 24 5 63 45/55 31 23
2 4a 2c 0 24 6 61 47/53 55 50
3 4a 2d 0 24 7a 67 81/19 86 (2S,3S) 33
4 4be 2d 0 48 7b 76 75/25 57 (2S,3S) 10
5 4c 2d 20 72 No reaction — — —
6 4df 2d 0 40 7d 88 68/32 91 (2S,3R) 63 (2S,3S)

a All reactions were carried out in Bu2O. 2 (0.25 M)–4–Rh(acac)(CO)2–1a = 1 : 7.5 : 0.010 : 0.011 unless otherwise noted. b Isolated yield of a mixture of
anti- and syn-aldols. c Determined by 1H NMR analysis. d Determined by HPLC analysis. e 10 equiv. of 4b was used. f 2.0 equiv. of 4d was used.

Fig. 1
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Selective oxidation of substituted xylenes to toluic acids by hypochlorite–Ru
system under phase transfer conditions

Yoel Sasson,* Abed El-Aziz Al Quntar and Ami Zoran

Casali Institute of Applied Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel 

Instantaneous aqueous extraction of toluic acid salts is the
basis for a novel selective process for the oxidation of a single
methyl group of various xylenes; aqueous hypochlorite is
inert towards methylbenzenes at pH higher than 9.0,
however, in the presence of an organic solvent, a Ru catalyst
and a phase transfer agent, rapid oxidation to benzoic acids
is observed at 25 °C.

The combination of ruthenium tetroxide as catalyst with sodium
hypochlorite as primary oxidant was shown to be effective in
the oxidation of olefins, alkynes and aromatic rings. The system
could be improved by the addition of a phase transfer catalyst
(PTC).1 We have shown that methylbenzenes can readily be
transformed into benzoic acids at room temperature upon
exposure to aqueous sodium hypochlorite at pH 9–10 in the
presence of RuCl3 and tetra-n-butylammonium bromide
(TBAB) catalysts in a two phase system [eqn. (1)].2

In a recent study we subsequently observed that this system
is also capable of converting alkanes and cycloalkanes into
ketones accompanied by some chlorinated products,3 similar to
other ruthenium catalyzed oxidations.4

A major feature of the Ru–NaOCl–PTC system in the
oxidation of methylbenzenes is the instantaneous transport of
the benzoic acid product as it forms into the basic aqueous phase
thus allowing the facile separation of the product from the
catalysts which abide in the organic phase ready for reuse in a
succeeding reaction batch. This unique characteristic can also
be the foundation for the design of a continuous catalytic liquid–
liquid oxidation process.

The instantaneous extraction of benzoic acids (as sodium
salts) into the aqueous phase can also be utilized for a selective
oxidation of one methyl group in polymethylbenzenes such as
xylenes or trimethylbenzenes. This is the subject of this
communication. We have found that when xylenes are reacted
under the above conditions complete conversion is achieved
after two hours with only one methyl group selectively oxidized
to the corresponding carboxylic acid.

Toluic acids are obtained in the autoxidation of xylenes in the
presence of a cobalt(ii) catalyst in acetic acid solvent but high
selectivity to the desired products is obtained only at relatively
low conversions.5,6 At higher conversions the major product is
the dicarboxylic acid. Thus alternative methods were proposed
for the preparation of substituted toluic acids. Typical examples
are the hydrolysis of toluonitriles7,8 (obtained by diazotization
of anilines in presence of CuCN) and the oxidation of
methylacetophenones via the haloform reaction.9,10

Our new oxidation system is demonstrated with the following
typical procedure. 4-Chloro-o-xylene (4.6 g, 33 mmol), tetra-
n-butylammonium hydrogen sulfate11 (TBHS, 0.47 g, 1.6
mmol) and ruthenium chloride trihydrate (70 mg, 0.33 mmol)

were dissolved in 1,2-dichloroethane (25 ml) in a 300 ml flask
equipped with a mechanical stirrer, a thermometer, a pH meter
and a dual dropping funnel, one filled with commercial aqueous
hypochlorite and the other with 20% aqueous NaOH. Aqueous
hypochlorite (200 ml) was added into the flask with stirring at
a rate of 1.5 ml min21 while keeping the system at 25 °C. The
pH was maintained throughout the process at 9.0 by manual
gradual addition of 20% aqueous NaOH (28 ml in total was
added). After two hours the aqueous phase was separated,
acidified with 20% aqueous sulfuric acid to pH 3 and the
precipitate was filtered and dried to give 4-chloro-2-methyl-
benzoic acid (5.50 g, 98%), mp 170 °C, were obtained. The
structure of the product was confirmed by comparison with an
authentic sample.

Interestingly, when 4-nitro-o-xylene was reacted under an
identical procedure, the meta methyl group was oxidised to
yield 2-methyl-5-nitrobenzoic acid (mp 176 °C) in 90% yield.
This is shown in eqns. (2) and (3).

The reaction was found to be of a general nature with
numerous substituted xylenes. These experiments have revealed
the following observations. (a) When unsubstituted xylenes or
xylenes bearing electron donating groups (such as methoxy-
xylenes) are reacted under the above conditions, the major
reaction taking place is ring chlorination accompanied with
some side chain chlorination. The ring chlorinated xylenes were
further oxidized to the corresponding toluic acids resulting in
a mixture of toluic acids and side-chain chlorinated xylenes.
(b) In oxidizing xylenes bearing an electron withdrawing
substituent which also has a lone pair of electrons available to
stabilize the carbonium ion, such as bromine or chlorine, the
methyl group para or ortho to the substituent is oxidized. (c) In
reactions of xylenes with electron withdrawing substituents not
containing an unshared pair of electrons such as nitro, sulfonate
or carboxylate, the methyl group meta to the substituent is
selectively oxidized. (d) The oxidation rate is slower when
substituents with stronger 2I effect are present. (e) No
oxidation reaction is taking place in the aqueous phase thus once
the toluic acid product is extracted into the water no further
oxidation is observed. (f) Non-selective oxidation was realized
when 4-nitro-m-xylene was reacted with formation of both
possible toluic acids.
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These observations support our originally proposed mecha-
nism for the Ru–NaOCl–PTC system.2 The key step is a hydride
abstraction from the substrate by RuO4 to form a carbonium ion
which is promptly hydrolyzed.

With chlorine in the 4-position the carbonium ion is more
stable on the para methyl group due to existence of canonical
structures with the positive charge on the chlorine atom. Such
forms are not possible when the ion is on the meta methyl group
[eqn. (4)]. With 4-nitro substituted xylene the 2I effect of the

substituent destabilizing the carbonium ion, is more pronounced
for the para methyl group resulting in activation of the meta
methyl group.

Upon attempts to recycle the catalytic system for consecutive
runs we have found some deactivation of the catalytic activity.
This could be corrected by modifying the solvent with addition
of a nitrile. When using a solvent mixture of 1 : 1 (w/w)
1,2-dichloroethane and benzonitrile (which is known to stabi-
lize RuO4 in the organic phase12) the catalysts could be recycled

in the same solvent for seven consecutive runs without any
apparent loss in activity.
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Efficient synthesis of b- and g-amino acid derivatives using new functionalised
zinc reagents: enhanced stability and reactivity of b-amido zinc reagents in
dimethylformamide

Charles S. Dexter and Richard F. W. Jackson*

Department of Chemistry, Bedson Building, The University of Newcastle, Newcastle upon Tyne, UK NE1 7RU

The new zinc reagents 3 and 4 are not sufficiently stable to be
prepared efficiently in THF, but they can be prepared in
DMF under mild and convenient conditions; subsequent
palladium- catalysed coupling with aromatic iodides gives
protected b- and g-amino acids 11 and 12 in generally good
yields.

There has been increasing interest in the development of new
synthetic routes to b-amino acids, due to their importance as
components of natural products and modified peptides.1 The
asymmetric synthesis of b-amino acids has most often relied on
use of the chiral pool. For example, homologation of a-amino
acids,2 ring-opening of aziridine carboxylates3 and modifica-
tion of aspartic acid4–6 and asparagine7 have each been
explored. g-Amino acids have also been prepared using similar
strategies, for example by modification of glutamic acid4 and by
homologation of a-amino acids.8 A direct asymmetric synthesis
of aryl b- and g-amino acids has also been recently reported.9

In view of our development of other amino acid-derived zinc
reagents, such as the nucleophilic alanine equivalent 1 prepared
from protected iodoalanine 2,10 we have explored the potential
of the related reagents 3 and 4 for the synthesis of enantiomer-
ically pure b- and g-amino acids. The necessary iodide
precursors for the two reagents, 9 and 10, were prepared from
the protected aspartic and glutamic acid derivatives 5 and 6 by
standard methods.†

Our initial efforts to prepare the zinc reagents 3 and 4, by
using zinc dust activated using the Knochel procedure in THF as
solvent,11 were disappointing. For example, formation and
coupling of the zinc reagent 3 with p-iodonitrobenzene 8l, under
the conditions previously developed for the zinc reagent 1, gave
the b-homophenylalanine derivative 11l in disappointing yield
(25%). Similar results were obtained using the zinc reagent 4.

1H NMR spectroscopy of the zinc reagent 3 prepared in
[2H8]THF indicated clearly that the main problem was
b-elimination of the urethane group to give the alkene 7.
Examination of the 13C NMR spectrum of the reagent 3 in
[2H8]THF indicated that there was significant coordination of
the urethane carbonyl group to zinc (implied by the downfield
shift of the urethane carbon atom upon formation of the zinc

reagent), whilst coordination of the ester carbonyl was much
less pronounced (Table 1). We suggest that this lack of ester
coordination results in a relatively facile b-elimination of the
urethane group (promoted by the internal Lewis acid), since the
conformation required for elimination can be easily attained.
This stands in sharp contrast to the 13C NMR spectrum of the
serine-derived reagent 1 in [2H8]THF, which indicates that both
ester and urethane carbonyl groups are coordinated to zinc,
which in turn, we believe, is responsible for the significantly
greater stability of this reagent than the reagent 3 in THF. In
contrast to the situation in [2H8]THF, the 13C NMR spectrum of
3 in [2H7]DMF showed no significant changes in the shifts of
the two carbonyl carbon atoms on conversion of iodide 9 into
zinc reagent 3, which we interpret as indicating that there is no
coordination of either carbonyl group to zinc in this solvent. It
is interesting to note that in [2H7]DMF, the serine-derived zinc
reagent 1 preserves ester coordination (Table 1), indicating that
intramolecular co-ordination of an ester group which results in
a 5-membered ring is especially favourable. We therefore
explored the preparation of the zinc reagent 3 in dipolar aprotic
solvents, and were pleased that all solvents employed (DMF,
DMA, NMP and DMSO) were effective.12 In all the solvents,
preparation of the zinc reagent 3 and its subsequent coupling
with iodobenzene, to give 11a,‡ occurred at room temperature
in good yield. Given the convenience of using DMF,13

subsequent reactions were all carried out with this solvent, and
are summarised in Table 2 and Scheme 1. The only disappoint-

Table 1 13C NMR chemical shifts (d) of zinc reagents 1 and 3

THF DMF

Ester Carbamate Ester Carbamate

2 171.93 157.20 169.57 155.10
1 177.28 159.91 175.35 154.24

9 172.68 157.04 170.50 154.88
3 174.14 160.79 171.38 154.34

Table 2 Preparation of b-amino acids

Yield
Aryl iodide Product Ar (%)a

8a Iodobenzene 11a Ph 73
8b 1-Iodonaphthalene 11b 1-Naphthyl 61
8c 4-Iodotoluene 11c 4-MeC6H4 73
8d 2-Iodoanisole 11d 2-MeOC6H4 56
8e 4-Iodoanisole 11e 4-MeOC6H4 68
8f 2-Iodoaniline 11f 2-H2NC6H4 33
8g 4-Bromoiodobenzene 11g 4-BrC6H4 58
8h 2-Fluoroiodobenzene 11h 2-FC6H4 46
8i 4-Fluoroiodobenzene 11i 4-FC6H4 65
8j 2-Iodonitrobenzene 11j 2-O2NC6H4 20
8k 3-Iodonitrobenzene 11k 3-O2NC6H4 47
8l 4-Iodonitrobenzene 11l 4-O2NC6H4 89

a All yields are based on iodide 9.
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ing yields occur with the use of ortho substituents, which appear
to be caused by steric problems, rather than by electronic ones.
The reasonable result obtained with 2-fluoroiodobenzene is in
sharp contrast to our previous complete failure to promote
coupling with this substrate.10

In an analogous way, the iodide 10 can be converted into the
zinc reagent 4, which then undergoes coupling with a range of
aromatic iodides in good yield to give a series of g-amino acids
12. These results are summarised in Table 3.

These results indicate that it is possible to prepare both b- and
g-amino acids using organozinc chemistry at room temperature
in a straightforward manner. Further applications of zinc
reagents 3 and 4, and of related zinc/copper reagents, to the
synthesis of other classes of b- and g-amino acid derivatives
will be reported in a future full paper.
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Scheme 1 Reagents and conditions: i, Zn* (prepared from Zn dust using
1,2-dibromoethane, followed by Me3SiCl, in DMF), 15 min, room temp.; ii,
8 (1.33 equiv.), Pd2(dba)3 (2.5 mol%), P(o-MeC6H4)3 (10 mol%), room
temp., 3 h

Table 3 Preparation of g-amino acids

Yield
Product Ar (%)aAryl iodide

8a Iodobenzene 12a Ph 68
8c 4-Iodotoluene 12c 4-MeC6H4 68
8d 2-Iosoanisole 12d 2-MeOC6H4 69
8e 4-Iodoanisole 12e 4-MeOC6H4 68
8f 2-Iodoaniline 12f 2-H2NC6H4 56
8h 2-Fluoroiodobenzene 12h 2-FC6H4 34
8l 4-Iodonitrobenzene 12l 4-O2NC6H4 80

a All yields are based on iodide 10.
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Novel heterocyclic betaines relevant to the mechanism of tyrosinase-catalysed
oxidation of phenols
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Betaines formed by dianisyltellurium oxide oxidation of
N,N-dialkyldopamines are identical to the products formed
by tyrosinase oxidation of N,N-dialkyltyramines or N,N-
dialkyldopamines and provide evidence that tyrosinase does
not act as a tyrosine hydroxylase; oxidations of higher
homologues of N,N-diethyldopamine are also described.

Tyrosinase [EC 1.14.18.1] catalyses the formation of ortho-
quinones 3 from both phenolic (1) and catecholic (2) substrates
(Scheme 1):1 the mechanism of the phenol oxidation (1? 3)
has been the subject of disagreement.2 There is a lag phase
during initial tyrosinase-catalysed oxidation of monohydric
phenols 1 because the enzyme requires activation by a catechol:
this process is believed to involve reduction of CuII ions in the
active site. Once formed, initially by largely unactivated
enzyme, quinone derivatives of primary amines, such as
dopaquinone 3a, undergo rapid cyclisation and subsequent
disproportionation with a second molecule of quinone to give a
catechol amine (e.g. 2a) (eqn. 1) which then activates more
enzyme. The catechol 2 is not, therefore, formed directly by the

2 dopaquinone (3a)? dopa (2a) + dopachrome (1)

enzyme acting as a tyrosine hydroxylase, as is widely claimed,2
but by a subsequent sequence of non-enzymic reactions. We
have recently reported oximetry studies that firmly support the
exclusive operation of this indirect mechanism of auto-
activation of tyrosinase.3 We now report novel chemical studies
relevant to these conclusions.

A priori it is not clear whether the ortho-quinone of a tertiary
amine 3 (R2 and R3 ≠ H) will cyclise. Other workers,4 in a
study of protein binding of oxidised catechols, have recently
expressed the view that formation of 2,3-dihydroindole deriva-
tives (e.g. 3? 4) via N,N-dialkylquinones 3 is unlikely.
However, a close examination of the literature reveals that this
type of cyclisation was encountered by Robinson and Suga-
sawa5 during studies of chloranil oxidation of laudanosaline
but, as far as we are aware, this remains the only example. In this
context, we have observed3 that tyrosinase oxidises N,N-di-
n-propyldopamine 2c with an oxygen stoichiometry of 0.5 to
give a stable product that is not an ortho-quinone. Similar
oxidation of N,N-dimethyltyramine 1b by pre-activated tyr-
osinase gives a similar product with an oxygen stoichiometry of
1.0: no enzymic oxidation of this phenolic precursor 1b
occurred without pre-activation by a trace of dopa 2a.
Spectroscopic evidence suggested that these enzymic products
are the betaines 4b and 4c formed by rapid cyclisation and
aromatisation of the initially formed ortho-quinones 3 (Scheme
1). Significantly, oxidative cyclisation of the tertiary amines 1
does not lead to catecholic products that can function as
tyrosinase activators. Since there is no autocatalysis using the
tyramine precursor 1b we have concluded that direct formation
of catechols by tyrosinase acting as a hydroxylase (e.g.
1b? 2b) does not occur. We now describe the chemical
synthesis and characterisation of the indol-1-ium-5-olates 4b–d
and products obtained by oxidation of the higher homologues 6
and 7.

Our recent interest in hypervalent oxidising agents6 led us to
investigate the use of dianisyltellurium oxide (DAT), which has
been shown to be particularly mild and selective for quinone
formation.7 Oxidations were monitored in deuterated solvents
via 1H NMR spectroscopy. Amine 2c was rapidly and
quantitatively transformed to the betaine 4c upon treatment with
1 equiv. of DAT in CH2Cl2–MeOH (9 : 1) solution. The water
soluble betaine 4c, obtained as a crystalline solid, mp
115–120°C (90%), was easily separated from the accompany-
ing dianisyltelluride by CHCl3–water partitioning and the
proposed structure is fully supported by its spectroscopic
properties. The 1H NMR (D2O) spectrum exhibits two aromatic
protons (singlets at d 6.42 and 6.46) indicating formation of the
second ring at C-5 of the catechol ring. Further evidence of ring
formation is provided by the non-equivalence of each pair of
methylene protons (CHaHb) of the N-n-propyl substituents
(NCH2CH2Me) which, as a result of the quaternary nitrogen
atom, are also significantly shifted downfield and appear as
pairs of multiplets at d 3.16 and 3.35 and at d 1.19 and 1.40. A
COSY spectrum confirmed the expected proton coupling. A
high resolution mass spectrum of compound 4c confirmed the
constitution of the molecular ion (m/z 235). The UV spectrum of
the betaine 4c in 0.1 m phosphate buffer was pH dependent [pH
7.4: lmax 290 (e 4122) and 312(sh) nm (1453); pH 6.5: lmax 290Scheme 1
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nm (e 3923)] and this change is attributed to the formation of the
salt 5c (R4 = H) at low pH.

Attempts to monomethylate the betaine 4c using MeI were
unsuccessful and gave mixtures. However, use of MeI and solid
K2CO3 in acetone gave exclusively the dimethoxy iodide 5c
(R4 = Me, X = I), mp 172–173 °C (95%).† Significantly, the
UV spectrum of this salt 5c was pH independent [lmax 284 nm
(e 4115)] and showed no shoulder at higher wavelength. In a
similar manner the betaines 4b,d were prepared, characterised
and converted to their dimethoxy iodides 5b,d (R4 = Me,
X = I). The synthetic products 4b,c were found to be identical
in all respects to the material produced by tyrosinase oxidation
of amines 1b and 2c.3

Oxidation of the higher homologue 6 resulted in a similar
quantitative cyclisation giving the tetrahydroquinolin-1-ium-
6-olate 8 which was obtained as a crystalline solid, mp
95–100 °C (84%). The 1H NMR [dH(D2O) 6.42 and 6.63 (s, 2
3 arom H), 3.4–3.8 (m, 3 3 CH2N+), 2.57 (t, CH2Ar), 2.0 (m,
CH2CH2CH2) and 1.09 (t, 2 3 CH3)] and UV [pH 7.4: lmax 286
nm (e 2831)] spectra are analogous to those of the betaines 4 and
fully consistent with structure 8. Evidence of spirocyclisation
was not detected by NMR spectroscopy. Methylation (MeI–
K2CO3) gave the expected 6,7-dimethoxy iodide as a crystalline
solid mp 230–231 °C (90%).

A different mode of reaction occurred when the 4-alkylamine
chain was extended by an additional methylene unit. Again,
clean formation of a single product was observed by 1H NMR
spectroscopy when the amine 7 was treated with 1 equiv. of
DAT and after isolation this was identified as the quaternary salt
9, mp 118–120 °C (86%) [m/z 236.1642 (C14H22N1O2), M 2
OH2]. In particular the 1H NMR spectrum (D2O) showed non-

equivalent ethyl groups [dH 0.99 and 1.25 (t, 2 3 CH2CH3)] and
a low field pseudo-triplet at dH 4.60 corresponding to the
methine proton. There was no evidence of cyclisation to a
seven-membered betaine. We rationalise the formation of the
product 9 by an isomerisation of the initially formed ortho-
quinone 10 to the quinomethane 11, assisted by intramolecular
deprotonation (Scheme 2). The quinomethane 11 then under-
goes a 5-exo-trig cyclisation giving the observed product 9 via
the betaine 12. This cyclisation (11? 12) is analogous to that
proposed for the formation of the tetrahydrofuran ring in the
biosynthesis of lignans (e.g. pinoresinol and olivil)8 and for the
epimerisation of profisetinidins.9 The formation of a quino-
methane intermediate via an ortho-quinone (10? 11) is also
relevant to the role of quinone isomerase in the sclerotization of
insect cuticles.10

We thank the EPSRC National Mass Spectrometry Service
Centre, Swansea, for high resolution mass spectra.
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F. Garcı́a-Carmona, Biochim. Biophys. Acta, 1995, 1247, 1.

3 C. J. Cooksey, P. J. Garratt, E. J. Land, S. Pavel, C. A. Ramsden,
P. A. Riley and N. Smit, J. Biol. Chem., 1997, 272, 26 226.

4 C. T. Jagoe, S. E. Kreifels and J. Li, Bioorg. Med. Chem. Lett., 1997, 7,
113.

5 R. Robinson and S. Sugasawa, J. Chem. Soc., 1932, 789.
6 C. A. Ramsden and H. L. Rose, J. Chem. Soc., Perkin Trans. 1, 1997,

2319; M. Bodajla, G. R. Jones and C. A. Ramsden, Tetrahedron Lett.,
1997, 38, 2573; C. A. Ramsden and H. L. Rose, Synlett, 1997, 27;
P. Nongkunsarn and C. A. Ramsden, J. Chem. Soc., Perkin Trans. 1,
1996, 121; A. P. Lothian and C. A. Ramsden, Synlett, 1993, 753.

7 S. V. Ley, C. A. Meerholz and D. H. R. Barton, Tetrahedron, 1981, 37,
213.

8 K. Freudenberg, Pure Appl. Chem., 1962, 5, 9; D. C. Ayers and
J. D. Loike, in Lignans: Chemical, Biological and Clinical Properties,
Cambridge University Press, Cambridge, 1990.

9 P. J. Steynberg, J. P. Steynberg, E. V. Brandt, D. Ferreira and
R. W. Hemingway, J. Chem. Soc., Perkin Trans. 1, 1997, 1943.

10 M. Sugumaran, V. Semensi, B. Kalyanaraman, J. M. Bruce and
E. J. Land, J. Biol. Chem., 1992, 267, 10 355.

Received in Liverpool, UK, 27th August 1997; 7/06281H

Scheme 2

78 Chem. Commun., 1998



OOH

O

O OH

O

OH

OH O

O
1

8

9

16
17

18
19

25

1

O

O

OR3

R1O

O

O

OR

X

OSiMe2But

OSiMe2ButO

O

O

O

O

I

OSiMe2But

O

O

OSiMe2But

OR2

2 R1 = R2 = R3 = H

3 R1 = SiMe2But, R2 = R3 = H

4 R1 = R2 = SiMe2But, R3 = H

5 R1 = R2 = SiMe2But, R3 = Bz

6 R1 = H, R2 = SiMe2But, R3 = Bz

  7 R = Bz, X = O

  8 R = Bz, X = CHI (E)

  9 R = H, X = CHI (E)

10 R = C(O)CH2P(O)(OEt)2, X = CHI (E)

i

ii

iii

iv

vi

vii

viii

12

11

v

Total synthesis of rutamycin B via Suzuki macrocyclization

James D. White,* Thomas Tiller, Yoshihiro Ohba, Warren J. Porter, Randy W. Jackson, Shan Wang, and
Roger Hanselmann

Department of Chemistry, Oregon State University, Corvallis, OR 97331-4003, USA

The macrolide rutamycin B containing 17 stereogenic
centres and a 26-membered ring was synthesized by a route
which features a chelate-controlled, double differentiating
aldol reaction and ring closure by means of a vinyl–vinyl
coupling.

Rutamycins A and B are structurally complex macrolide
antibiotics isolated from Streptomyces species.1 A total synthe-
sis of rutamycin B (1) by Evans2 confirmed the structural
assignment,3 and the absolute configuration of 1 was deduced
from synthesis of the spiroketal segment obtained by degrada-
tion of the rutamycins.4 Herein, we report a convergent
synthesis of rutamycin B in which the 26-membered ring is
closed by means of a Suzuki macrocyclization.

Selective silylation of triol 25 took advantage of the different
steric environments of the three hydroxy groups in this structure
and was accomplished by reaction with ButMe2SiCl, which
gave 3, and then by treatment with ButMe2SiOSO2CF3 to yield
4 (Scheme 1). The remaining secondary alcohol was converted
to its benzoate 5, and the primary silyl ether was selectively
removed by treatment with HF·pyridine complex. The resultant
primary alcohol 6 was oxidized to aldehyde 7, which was
subjected to a Takai reaction6 with CHI3 in the presence of
CrCl2 to yield trans iodo alkene 8. After saponification of the
benzoate, the liberated alcohol 9 was reacted with diethoxy-
phosphorylacetyl chloride to give 10. Horner–Emmons con-
densation of the lithio anion of 10 with keto aldehyde 11,
previously prepared from methyl (2R)-3-hydroxy-2-methylpro-
pionate,7 afforded a,b-unsaturated ester 12.

Synthesis of the C9–C16 segment 26 of 1 was initiated by
asymmetric crotylation of (R)-13 with (E)-crotylboronate 14
derived from (S,S)-tartrate (Scheme 2).8 The alcohol 15
resulting from re face addition to the aldehyde was converted to
the bis(silyl ether) 16, and the primary ether was selectively
cleaved to give 17. The tosylate 18 of this alcohol was displaced
with cyanide and the resultant nitrile 19 was reduced to 20 and
then to alcohol 21. The latter was converted to its bis(silyl ether)
22 before ozonolysis to 23. The reaction of 23 with
(E)-crotylboronate 24 derived from (R,R)-tartrate8 afforded
alcohol 25 with good stereoselectivity ( > 95 : 5) in this matched
(Felkin) addition to the si face of the aldehyde. Alcohol 25 was
protected as its p-methoxybenzyl (PMB) ether 26 and the latter
upon ozonolysis yielded 27.

Coupling of the (Z)-chlorotitanium enolate9 of 12 and 17
gave the syn,syn (Felkin) aldol product 28 as the sole
stereoisomer (Scheme 3).10 A rationale for this high stereo-
selectivity invoking secondary complexation of the aldehyde
carbonyl with the PMB ether has been suggested previously,7
and it is noteworthy that the aldol reaction of 12 with 27 is
completely nonstereoselective when the PMB group of 12 is
replaced by a Et3Si ether. Thus, it appears that the PMB ether
not only obstructs the anti-Felkin pathway in this coupling, but

Scheme 1 Reagents and conditions: i, ButMe2SiCl, pyridine, AgNO3, THF;
ii, ButMe2SiOSO2CF3, 2,6-lutidine, CH2Cl2, 278 °C, 66%; iii, BzCl, Et3N,
DMAP, CH2Cl2, 90%; iv, HF·pyridine, pyridine, 61%; v, (COCl)2, DMSO,
Et3N; CH2Cl2, 278 °C, 96%; vi, CHI3, CrCl2, THF, 0 °C, 76%; vii, LiOH,
MeOH–H2O–THF, ~ 100%; viii, (EtO)2(O)PCH2COCl, pyridine, DMAP,
82%; ix, LDA, THF, then 11, 278 ? 0 °C, 88%
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plays a positive role by favouring attack at the re face of the
aldehyde carbonyl by the si face of the titanium enolate.
b-Hydroxy ketone 28 was converted to its silyl ether 29, and

the PMB ether was cleaved to give 30, which was immediately
oxidized to 31 (Scheme 4). The primary silyl ether was
selectively removed from 31 and the resultant alcohol 32 was
oxidized to 33. Condensation of 33 with the dichlorome-
thylboronic ester 3411 of pinacol in the presence of CrCl2 and
LiI afforded (E)-vinyl boronate 3512 which was subjected to
palladium-catalysed intramolecular coupling13 in the presence
of Ag2O14 and AsPh3. The ensuing macrocyclization proceeded
in good yield and furnished the tetrasilyl ether 36 of rutamycin
B, identical in all respects with a sample prepared from the
natural material by exhaustive silylation with ButMe2SiO-
SO2CF3. Final cleavage of the four ButMe2Si ethers from 36 by
sequential addition of aq. HF in pyridine gave 1, identical with
natural rutamycin B.
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rutamycin B, and Professor David Evans (Harvard University)
for a generous quantity of a derivative of 2. This research was
supported by grants from the U.S. National Institutes of Health
(GM50574 and AI10964). Postdoctoral fellowships are grate-
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Scheme 2 Reagents and conditions: i, 14, 4 Å MS (powder), toluene,
278 °C, 86% (78% de); ii, ButMe2SiOSO2CF3, Et3N, CH2Cl2, 99%; iii,
NH4F, MeOH, heat, 85%; iv, TsCl, pyridine, 92%; v, NaCN, DMSO, 94%;
vi, DIBAL-H, toluene, 278 °C, 75%; vii, NaBH4, PriOH, 0 °C, 87%; viii,
ButMe2SiCl, imidazole, DMF, 96%; ix, O3, CH2Cl2–MeOH, 278 °C,
Me2S, 94%; x, 24, 4 Å MS (powder), toluene, 278 °C, 78% ( > 98% de); xi,
PMBOC(NNH)CCl3, CF3SO3H, 210 °C, 68%; xii, O3, MeOH–CH2Cl2,
79%

Scheme 3 Reagents and conditions: i, TiCl4, Pri
2NEt, CH2Cl2, 278 °C, then

27, 52% ( > 98% de); ii, ButMe2SiOSO2CF3, Et3N, CH2Cl2, 0 °C, 86%; iii,
DDQ, H2O–CH2Cl2

Scheme 4 Reagents and conditions: i, Dess–Martin periodinane, 93% from
29; ii, HF·pyridine, MeCN–H2O–CHCl3, 79%; iii, Dess–Martin period-
inane, 95%; iv, 34, CrCl2, LiI, THF, 76%; v, Pd(MeCN)2Cl2, AsPh3, Ag2O,
THF, 70%; vi, aq. HF, pyridine, 4 d, 70%
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Directed conjugate addition of organolithium reagents to a,b-unsaturated
carboxylic acids
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a,b-Unsaturated carboxylic acids undergo predominantly
conjugate addition with organolithium reagents at low
temperature (278 °C) in THF and lead to various substi-
tuted alkanoic acids after quenching with electrophiles;
with (E)-3-phenylpropenoic acid, this tandem alkylation
sequence also affords significant amounts of isomeric
1,3-addition products.

1,4-Additions of organolithium reagents to a,b-unsaturated
carbonyl compounds are usually promoted by steric interfer-
ence of the 1,2-addition process.1 Literature furnishes little
information regarding the conjugate addition of unprotected
a,b-unsaturated acids to organolithiums2,3 and the data,
scarce as they are, even appear to be inconsistent at first
sight. Majewski and Snieckus described in 1984 the reaction
in THF at 0 °C between senecioic acid [(E)-3-methylbut-
2-enoic acid] and 2-lithiodithiane which afforded the 1,4-ad-
dition product in 65% yield.4 Reaction of (E)-3-tri-
methylsilylpropenoic acid with n-butyllithium in
THF–hexane at 270 °C was reported to give a mixture of
1,2-(55%) and 1,4-(45%) addition products.5 The conjugate
addition of a-silylated a,b-unsaturated acids to organoli-
thiums appears to be a particular case.6 Indeed the 1,2-addi-
tion is suppressed by the placement of a unit of negative
charge adjacent to the carbonyl group. Furthermore the
enolate dianions resulting from such additions are not effi-
ciently intercepted with alkylating agents.

We have recently described the efficient addition of
organolithium reagents to naphthalene-1- and -2-carboxylic
acids followed by electrophilic trapping.7 The diastereo-
isomeric ratios of 1,1,2- and 1,2,2-trisubstituted-1,2-dihydro-
naphthalenes were found to contain only trans addition
products. The trans addition was verified in each system by
single X-ray determination. Thus, in either case, the electro-
phile approached the naphthalene nucleus from the side
opposite to the organolithium. We now describe results
which demonstrate that the process can be expanded to
simple a,b-unsaturated carboxylic acids.

Typical unsaturated carboxylic acids 1–3 underwent
1,4-addition reactions with lithium reagents in THF at low
temperature (278 °C) over the course of several minutes

giving carboxylic acid dilithium enolates which, when
quenched with a proton source (CF3CO2H) or an alkyl

halide (MeI),8 gave moderate to good yields of substituted
alkanoic acids 4–15. These reactions almost certainly in-
volve deprotonation of the acid first, which reduces but does
not suppress the reactivity of the carbonyl towards 1,2-addi-
tion.9 At 278 °C, n-butyllithium and sec-butyllithium added
efficiently to the carboxylic acid derivatives 1–3. The use of
phenyllithium, however, proceeded very sluggishly to 1 and
2 and after trapping with trifluoroacetic acid gave only 6
and 11 in 40 and 20% purified yields, respectively (Table 1,
entries 3 and 7). Methyllithium failed to react (entries 5 and
9) and gave mainly products resulting from carbonyl addi-
tion at higher temperatures.

Reaction of n-butyllithium with (E)-3-methylpropenoic
acid 1, followed by quenching with trifluoroacetic acid,
provided the 1,4-adduct 4 in good yield (entry 1). A 1 : 1
mixture of the diastereoisomers 5A and 5B was obtained
when the enolate was trapped with methyl iodide (entry 2).
When 1 was treated with sec-butyllithium, proton quench
with trifluoroacetic acid afforded the conjugate 1,4-addition
product in moderate yield as a mixture of diastereoisomers
(7A and 7B) differing in their configuration at C-3 and C-4
(7 : 3 ratio, entry 4). Reactions of (E)-3-phenylpropenoic acid
2 with n-butyllithium and sec-butyllithium gave mixtures of
the conjugate 1,4-addition products 9 and 12A, 12B as well as
the isomeric products 10 and 13A, 13B, respectively. Struc-
tures of types 9, 10 and 12, 13 were easily distinguished by
their 13C NMR spectra by the multiplicity and the order of
the chemical shift of the carbon in a-position of the car-
boxylic acid. 1,3-Addition reactions of Grignard and organo-
lithium reagents to cinnamate derivatives, involving the
addition of a free radical produced by a single electron
transfer from the organometallic reagent to the alkene, are
precedented.2a,5,10 Turning to acrylic acid 3, it was found
that n-butyllithium with 3 in THF at 278 °C followed by
hydrolysis, gave 14 and 15 (5 : 3) which were isolated in
50% yield (entry 10). Compound 15 resulted presumably
from the double conjugate addition of the organolithium
reagent to the lithium acrylate.

The following procedure for the synthesis of 3-methylhep-
tanoic acid 4 is representative. In a 250 ml flask maintained
under argon, were placed 40 ml of dry THF and 20 ml of
n-butyllithium (1.6 m in hexanes, 33 mmol). The mixture
was then cooled to 278 °C and (E)-methylpropenoic acid 1
(1.29 g, 15 mmol) in THF (40 ml) was slowly added. After
the mixture was stirred for 1 h at 278 °C, a THF solution
(20 ml) of an excess of trifluoroacetic acid (4.62 ml, 60
mmol) was added. The solution was allowed to warm slowly
to room temperature with stirring, then treated with water,
washed with diethyl ether, and shaken. The aqueous layer
was acidified with 2 m HCl, diluted with diethyl ether, and
the organic layer was separated, washed with aq. NaHCO3
and water, and dried with MgSO4. Filtration and concentra-
tion in vacuo afforded 4 which was purified by distillation
(bp 75–80 °C/1 mmHg, 1.72 g, 80%).
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Table 1 Additions of organolithium reagents to acyclic a,b-unsaturated carboxylic acidsa

Entry Acceptor R3Lib Product(s) Ratioc Yield (%)d

1 1 BunLi — 80 (90)

2 1 BunLi 1 : 1 76 (85)

3 1 PhLi — 40 (70)

4 1 BusLi 7 : 3 46 (62)

5 1 MeLi — 0

6 2 BunLi 7 : 3 60 (73)

7 2 PhLi — 20 (32)

8 2 BusLi 42 : 22 : 23 : 13 70 (78)

9 2 MeLi — 0

10 3 BunLi 5 : 3 50 (64)

a All structures are supported by spectral and analytical data. b BunLi in hexane; BusLi in cyclohexane–hexane; MeLi and PhLi in diethyl ether; 2.2 equiv.
of RLi is used. c Determined by 1H NMR spectroscopy. d Yields refer to purified isolated compounds. Yields in parenthesis are based on the consumed starting
material.
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Catalytic C-amidoalkylations: synthesis of b-amido aldehydes by
three-component condensations

Charles M. Marson*† and Asad Fallah

Department of Chemistry, University of Sheffield, Sheffield, UK S3 7HF 

Primary amides condense with aliphatic aldehydes (2 equiv.)
in the presence of trifluoromethanesulfonic acid to give
b-amido aldehydes.

The condensation of aldehydes with primary and secondary
amides can lead to valuable products by means of amidoalkyl-
ation.1,2 However, amidoalkylation at carbon has been gen-
erally limited to the condensation of an active methylene
compound other than an aldehyde with an imine substrate
usually containing an aromatic substituent.1,2 In most cases, the
amidoalkylating agent must be separately prepared and isolated
prior to reaction with the active methylene compound. Whereas
amidoalkylation is well-established for cases where either the
aldehyde or the amide is aromatic1,2 (or both are), condensa-
tions involving only aliphatic reactants are rare, and appear
confined to one example of a cyclic amide [eqn. (1)].3 Such

aliphatic amidoalkyations could significantly extend the scope
of aliphatic and heterocyclic N–C bond formation, with
particular importance for alkaloids and related pharmaceutical
products. In this area, the nature of the acid catalyst is known to
be crucial; for aromatic reactants, polyphosphoric acid4 or
polyphosphate ester5 have been shown to effect amidoalkyla-
tion followed by cyclization. However, the harshness of these
reagents led to decomposition when applied to aliphatic
reactants. Accordingly, trifluoromethanesulfonic acid was in-
vestigated, since its mildness, and ease of control of reagent
concentration result in good yields in acid-catalyzed condensa-
tions,6 notably in the cyclization of b,g-unsaturated amides to
lactams.7

Multiple component condensations offer powerful strategies
in combinatorial chemistry8a and general synthesis.8b A new
three-component amidoalkylation is here reported that is to the
best of our knowledge the first amidoalkylation to deliver
acyclic aliphatic aldehydes [eqn. (2)]. Unique features include:

(a) in situ formation2 of the presumed imine substrate (from an
amide and an aldehyde), (b) subsequent amidoalkylation by an
aldehyde, in an overall one-pot process to give (c) an isolable
b-amido aldehyde as the product, under mild conditions of acid
catalysis at 20 °C. b-Amido aldehydes are protected, relatively
stable forms of b-amino aldehydes which are generally only
isolable with difficulty9 or accessible via indirect synthetic
protocol.10 b-Acetylamino aldehydes are key intermediates in
the synthesis of amino cyclitols.11 Table 1 shows that b-amido

aldehydes‡ of the form R1CONHCHR2CHR2CHO can be
prepared from an amide R1CONH2 and an aldehyde
R2CH2CHO (2 equiv.). For entries 1 and 5, the syn : anti
diastereoisomer ratio is respectively 1 : 2 and 1 : 5,12 whereas for
entries 2 and 3 a 1 : 1 ratio was observed. The diastereoselection
found in entries 1 and 5 can be accounted for on the basis of a
Zimmerman–Traxler model, leading to preponderance of the
anti-diastereoisomer.13

Notable is the variety of amides (some functionalized) and
sensitive aliphatic aldehydes (or their equivalent) that partici-
pate under the mild conditions. Attempts to obtain b-amido
aldehydes using polyphosphoric acid or polyphosphate ester
were unsuccessful in all cases studied, and we have generally
observed that simple aliphatic aldehydes and ketals are rapidly
decomposed by reagents other than dilute trifluoromethane-
sulfonic acid. The b,g-unsaturated amides used in entries 2, 3
and 4 have been shown to cyclize either as the sole reactant7 or
in the presence of an aromatic aldehyde;4,5 it is noteworthy that
in the present reactions the double bond does not participate in
a cyclization, but remains intact.

The reaction of amides with aldehydes can give a number of
products, depending on the reagent and conditions. Thus,
amides have been shown to add reversibly to aldehydes,

Table 1 Condensation of amides with aldehydes in the presence of 2% v/v
trifluoromethanesulfonic acid in dichloromethane at 20 °C

Aldehyde b-Amido Yield
Entry Amide or acetal t/h aldehyde (%)
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particularly formaldehyde, to give N-hydroxymethylamides.2,14

For the latter, basic conditions are usually employed because
acidic catalysis is usually either ineffective or affords mixtures.
In general (and depending on the stoichiometry), N,NA-
alkylidenebis(amides), R1CH(NHCOR2)2, can be prepared by
condensing R1CHO with R2CONH2.15

Preliminary experiments with a,b-unsaturated aldehydes and
amides in the presence of CF3SO3H did not lead to b-amido
aldehydes, and would appear to exclude an initial aldol
condensation with dehydration, followed by conjugate addition.
More probable is an initial condensation of the amide with one
equivalent of aldehyde to give an acyl imine or acyl iminium
intermediate which then undergoes attack by an enolic form of
a second equivalent of the aldehyde, either in its enolic form, or
possibly as an enamide derivative.

In conclusion, a new three-component condensation8 is
disclosed which provides a flexible route to b-amido aldehydes
that have been hitherto largely inaccessible. The b-amido
aldehydes are of synthetic value in themselves, being relatively
stable derivatives of the difficulty isolable b-amino aldehydes.9
These condensations of amides with aldehydes proceed at 20 °C
with acid catalysis, and without the need for protection or
derivatisation of the aldehyde function. The new condensation
is clearly distinguishable from other related amide–carbonyl
condensations; synthetic applications and mechanistic aspects
are under investigation.

We thank the EPSRC for a postdoctoral fellowship to A. F.
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A bridged pyrrolic ansa-ferrocene. A new type of anion receptor

Markus Scherer, Jonathan L. Sessler,* Andreas Gebauer and Vincent Lynch

Department of Chemistry and Biochemistry, The University of Texas at Austin, Austin, TX 78712, USA 

Reaction of an activated bis(pyrrolyl)ferrocene with
2,2A-(ethylenedioxy)bis(ethylamine) under standard amide-
forming conditions gives rise to a novel ansa-ferrocene
system that acts as a redox-based sensor for F2 and H2PO4

2

anions.

The construction of metallocene-based anion sensors consti-
tutes an area of active research.1 In general, successful systems
reported in the literature have consisted of a redox active
metallocene ‘marker’ covalently linked to an anion recognition
subunit and in this context a wide range of anion binding agents
have been employed. One set of anion chelating agents that
appears attractive in terms of anion sensor development, but
which, apparently, has yet to be explored, is polypyrroles.2
Pyrrole-containing species, both cyclic and acyclic, often
possess H-bond donating characteristics that, depending on the
details of structure, can make them effective and selective as
anion binding agents both in solution and in the solid state. We
thus thought that combining a suitable pyrrolic anion binding
entity with a ferrocene marker group could give rise to a new
type of anion sensing device. Here, we report the first successful
test of this hypothesis. Specifically, we describe the synthesis,
solid state characterization, and solution phase anion binding
behavior of the ansa-ferrocene system 1; this system acts as an
effective redox-based sensor for F2 and H2PO4

2.
The synthesis of 1 and its acyclic control 2, is summarized in

Scheme 1. Here, the key precursor 4 was obtained starting from
an isomeric mixture of cyclopentadienyl functionalized pyr-
roles 3.3,† Deesterification of 4 under reductive conditions led
to the corresponding diacid 5. Reaction with 2,2A-(ethylene-
dioxy)bis(ethylamine) under standard amide-forming condi-
tions then gave the desired ansa-ferrocene system 1, with the
acyclic analog 2 being prepared from 2-methoxyethylamine in
a similar way.

The ansa-ferrocene 1 was characterized inter alia by X-ray
diffraction analyses. Diffraction-grade single crystals of 1 were
obtained by slow diffusion of a CH2Cl2 solution of 1 into
hexanes in the case of the solvent-free structure (Fig. 1), and by
slow evaporation of a CH2Cl2–hexanes solution at 210 °C in
the case of the water-containing structure (Fig. 2). The resulting
structures revealed a trans-type arrangement about the ferro-
cene subunit and the presence of an internal ‘pocket’ that,
depending on the anion size, might be expected to accommodate
either one or two negatively charged substrates.‡ In the absence
of a bound guest, this suggested propensity towards substrate

binding is accommodated in the solid state via a dimerization
process, wherein amide and oxygen atoms from one macro-
cyclic subunit are bound, via H-bonding interactions, to the
pyrrolic and amido NH portions of another macrocycle
(Fig. 1).§

Interestingly, the second structure alluded to above (Fig. 2)
actually provided a more concrete ‘hint’ that receptor 1 can
accommodate a substrate in its binding pocket. In this case a
single water molecule is found to be bound within the
macrocyclic cavity.‡ A second water molecule, not constrained
within the cavity, is found H-bonded to the encapsulated water
and to an amide oxygen of an adjacent macrocycle.

The solution phase anion-binding properties of 1 and 2 were
studied by carrying out 1H NMR spectroscopic titrations.
Stability constants were then calculated using the EQNMR

Scheme 1 Syntheses of the receptor systems 1 and 2. Reagents: i, TlOEt, THF then FeCl2; ii, Pd/C–H2, THF; iii, BOP, NEt3, DMF, H2NCH2CH2OMe; iv,
BOP, NEt3, DMF, H2NCH2CH2OCH2CH2OCH2CH2NH2.

Fig. 1 View of the H-bound dimer of 1 obtained in the solid state. One
molecule is shown in ball-and-stick form while a second related by 1 2 x,
1 2 y, 2z is shown in wireframe form. Dashed lines are indicative of a
H-bonding interaction. With the exception of the amide- and amino-H all
other H atoms are omitted for clarity.
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computer program.4 As summarized in Table 1, it was
determined that 1 and 2 bind both H2PO4

2 and Cl2 anions with
high affinity in acetonitrile. Although the relevant interactions
are clearly weaker, effective anion binding was also observed
when Br2 and HSO4

2 anions were tested as substrates. The
reduced affinities observed for Br2 and HSO4

2 are ascribed to
the lower basicity of these anions and a set of correspondingly
weaker H-bond interactions.1

Not surprisingly, 2 displays overall affinity constants that are
weaker for all of the anions tested. Given the fact that identical
functionality is present in both 1 and 2, this disparity in anion
affinity is easily interpreted in terms of the greater preorganiza-
tion (and lower flexibility) presumed to pertain in receptor 1.

As was revealed by Job plots, different binding stoichiome-
tries are observed (for both 1 and 2) depending on the size of the
anion. In particular, F2 was determined to bind in a 2 : 1 ratio
while all other anions tested were found to be bound in a 1 : 1
fashion.

The above findings led us to consider whether systems 1 and
2 could be used to detect the presence of various anions
electrochemically through the species specific perturbation of
the ferrocene–ferrocenium (Fc/Fc+) redox couple. As reflected
by the data summarized in Table 1, it was found that this could
in fact be done. Specifically, the addition of an added, non-
electrolyte anion was found to induce a cathodic shift in the
reversible Fc/Fc+ couple seen in both 1 and 2. These studies,
carried out in acetonitrile to allow the calculation of binding
enhancement factors,5 also served to highlight the facts that (i)
among the five test anions studied, the response factor for both
1 and 2 is greatest for H2PO4

2 anion followed by F2 and Cl2
and (ii) the purely electrochemical sensitivity (i.e. DE1/2) of
these two systems is similar.

In conclusion, the employment of a 1,1A-dipyrrole substituted
ferrocene as a building block in an ansa-ferrocene type anion
system leads to the generation of receptors that not only display
unusually high affinities for the 1 : 1 binding of Cl2 and
H2PO4

2 relative to other systems in literature1 but also allows
the detection of these species via electrochemical means.

This research was supported by the National Science
Foundation (grant CHE 9725399 to J. L. S.). M. S. thanks the
Alexander von Humboldt-Stiftung for a post-doctoral research
fellowship (Feodor-Lynen stipend). We are grateful to Dr P. A.
Gale for numerous helpful discussions, and for providing a copy
of ref. 5 prior to publication.
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C34H44FeN4O4 628.6, found: 831). Similarly, only a weak peak of the dimer
(2% compared to 100% for the monomer) was observed in ESMS.

1 P. D. Beer and J. K. Smith, Prog. Inorg. Chem., 1997, 46, 1, and
references therein.

2 P. A. Gale, J. L. Sessler, V. Král and V. Lynch, J. Am. Chem. Soc., 1996,
118, 5140; J. L. Sessler, A. Andrievsky, P. A. Gale and V. Lynch, Angew.
Chem., 1996, 108, 2954; Angew. Chem., Int. Ed. Engl., 1996, 35, 2782;
J. L. Sessler and S. J. Weghorn, Expanded, Contracted and Isomeric
Porphyrins, Elsevier, NY, 1997, p. 453, and references therein.

3 The syntheses of the pyrrole substituted cyclopentadienes 1 (and also of
dipyrrole functionalized cyclopentadienes) is described in: M. Scherer, J.
L. Sessler, A. Gebauer and V. Lynch, J. Org. Chem., in press.

4 M. J. Hynes, J. Chem. Soc., Dalton Trans., 1993, 311.
5 P. D. Beer, P. A. Gale and Z. Chen, Adv. Phys. Org. Chem., 1997, in

press.
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Fig. 2 Solid state structure of 1·2H2O (the second water molecule, not
contained in the cavity, has been omitted for clarity). Thermal ellipsoids are
scaled to the 30% probability level. H atoms shown are drawn at an arbitrary
scale. With the exception of the amide and amino hydrogens all other H
atoms are omitted for clarity.

Table 1 Relevant electrochemical data and stability constants for anion
complexes formed from receptors 1 and 2

Receptor 1 Receptor 2

Ka
b/dm3 E1/2

c/ DEd/ Ka
b/dm3 E1/2

c/ DEd/
Aniona mol21 mV mV BEFe mol21 mV mV BEFe

None N/A 396 — N/A — 424 — N/A
F2 > 105 316 80 —f > 105 368 56 —f

Cl2 9031 372 24 2.5 1260 388 36 4.1
Br2 857 388 8 1.4 66 404 20 2.2
HSO4

2 889 380 16 1.9 258 392 32 8.8
H2PO4

2 11305 260 136 199.0 4181 280 144 271.7

a NBun
4

+ salts. b Association constants for anion binding; recorded in
CD3CN; errors < 15%; determined from D(d)/ppm NH(amide). c De-
termined in acetonitrile containing 0.1 m NBun

4PF6 as the supporting
electrolyte. Solutions of 1/2 were 5 3 1024 m and potentials were
determined with reference to Ag/AgCl, 10 Hz frequency in square wave
voltammetry. d Cathodic shift observed after the addition of 5 molar equiv.
of added anion. e Enhancement factor (BEF) for anion coordination after
oxidation. f Since a 2 : 1 binding mode pertains the BEF could not be
defined.
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Incorporation of vanadium species in a dealuminated b zeolite

S. Dzwigaj,a† M. J. Peltre,a P. Massiani,a* A. Davidson,a* M. Che,a T. Senb and S. Sivasankerb

a Laboratoire de Réactivité de Surface, URA 1106-CNRS, Université P. et M. Curie, 4 Place Jussieu, 75252 Paris Cedex 05,
France 
b National Chemical Laboratory, Pune 411008, India 

V-loaded b zeolites can be prepared by a two-step post-
synthesis method which consists of first creating vacant
T-sites by dealumination of the b zeolite with nitric acid,
then contacting them with an ammonium metavanadate
solution; the SiOH consumption and the nature of the
incorporated V species are characterized by IR, UV–VIS
and 29Si MAS NMR spectroscopies.

Transition metal cations can be efficiently dispersed in
molecular sieves by using a two-step post-synthesis method.1–3

The zeolite is first dealuminated with a strong acid (HCl, HNO3,
etc.) to generate vacant T-sites associated with silanol func-
tional groups, which are then reacted with a highly reactive
metallic precursor such as TiCl4.1,2 The procedures are often
highly demanding, requiring both a perfectly anhydrous
atmosphere and a high temperature (typically 673–773 K). The
present work shows that a similar two-step method can be used
to disperse vanadium species in a b zeolite even at room
temp. using an aqueous solution as a V precursor.

A tetraethylammonium b zeolite (TEAb) provided by RIPP
(China) was separated into two fractions. The first fraction was
calcined (12 h, 823 K) to obtain the non-dealuminated organic-
free Hb (Si/Al = 11). The second fraction was treated in a 13
m HNO3 solution  (4 h, 353 K) to give the dealuminated organic-
free Sib (Si/Al > 1300) used without further calcination. As
already reported,4 the dealumination does not affect the zeolite
crystallinity of the b zeolite. The IR vibrations of the hydroxyls
in these two solids are compared in Fig. 1(a). The three bands
attributed to OH in Al–OH groups (3780, 3662, 3609 cm21)4,5

disappear after dealumination, confirming elimination of the Al
atoms. Simultaneously, the intensity of several bands related to

Si–OH groups increases (narrow bands of isolated silanol
groups within the range 3700–3740 cm21, and a broad band of
H-bonded SiOH groups centered near 3520 cm21).6 Fur-
thermore, a new IR peak is detected at ca. 960 cm21 (not
shown) which is assigned to uncoupled (Si–O) oscillators
belonging to defective Si–OH groups.7,8 29Si NMR spectros-
copy confirms that stable silanol groups are generated by the
dealumination. In all the spectra presented in Fig. 1(b) (MAS)
and (c) (CP MAS), two main broad peaks, located at high field
(d 2110 to 2115) and downfield (d 2100 to 2104) are
observed. The high-field peak is due to framework Si atoms in
a Si(SiO)4 environment, located in different crystallographic
sites.9 For the non-dealuminated Hb sample, the downfield peak
is associated with Si atoms in Si(OSi)3(OAl) and Si(OH)(OSi)3
environments.4 The contribution from Si atoms associated with
hydroxyl groups is revealed by the intense band which is
detected at d 2102 when cross-polarization is applied. For the
dealuminated Sib sample, the downfield peak only corresponds
to Si atoms in a Si(OH)(OSi)3 environment. A small proportion
of Si atoms in a Si(OH)2(OSi)2 environment is also evident
(weak signal at ca. d 291 in the cross-polarized spectrum of
Sib).10

Each sample (Hb and Sib) was contacted with an aqueous
solution of NH4VO3 at 298 K (V/Si atomic ratio in the
suspension within the range 0.007–0.021). Fig. 2(a) shows, as a
function of time, the absorbance of the more diluted solution,
measured at a constant wavelength of 380 nm, where the
O22?VV charge-transfer transitions are detected. With the
Sib zeolite, the absorbance decreases rapidly and disappears
within a few hours indicating that the V ions initially present in
the solution have reacted with the zeolite. With the Hb sample,
the absorbance rapidly reaches a non-zero constant value,
showing that a non-negligible proportion of the V species

Fig. 1 (a) FTIR, (b) 29Si MAS NMR and (c) 1H–29Si CP MAS NMR spectra
of Hb, Sib and VSib samples (V/Si atomic ratio 0.007). The FTIR spectra
were recorded on a Bruker IFS 66V FTIR spectrometer after calcination at
573 K (8 h, 120 ml min21 O2) and evacuation (1025 Torr, 6 h) at the same
temperature. The 29Si NMR spectra were recorded on a Bruker MSL 400 at
79.5 MHz. The pulse length and recycle delay were 2.5 ms and 10 s
respectively (MAS spectra). The proton p/2 pulse length, contact time, and
recycle delay were 6.5 ms, 5 ms and 5 s, respectively (CP MAS).

Fig. 2 (a) Evolution as a function of time of the UV–VIS absorbance
measured at 380 nm on a 258 Ciba-Corning spectrometer, of an ammonium
metavanadate solution (298 K, 7 3 1024 mol l21) contacted with the Hb and
dealuminated Sib samples (130 mg zeolite in 3 ml solution); (b) UV–VIS
diffuse reflectance spectra of the VHb and VSib zeolites (V/Si atomic ratios
0.013, 0.021 respectively), measured on a Cary spectrometer, using the
parent V-free b zeolites as references.
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remains in the solution, even after several days of contact with
the non-dealuminated solid. The same trends have been
observed using V solutions three times more concentrated.

After 3 days of contact with the solutions, the solids were
recovered by centrifugation and dried overnight at 353 K. By
chemical analysis, all the V species present in the initial
solutions were detected inside the dealuminated VSib samples.
By contrast, < 60% of the V species present in the initial
solutions were found in the non-dealuminated VHb solids. The
VHb samples were pale yellow whereas the VSib samples were
white and their colour did not change even after several months
in moist air. As indicated by Newsam et al.,11 X-ray
diffractograms of b materials are complex due to the inter-
growth of a monoclinic and a quadratic polytype which makes
unit-cell measurements difficult. For simplification, the
d-spacings of single peaks indexed in a purely quadratic
geometry are generally used to evidence lattice contraction and/
or expansion.12 On the non-dealuminated samples, no sig-
nificant change in the d302 spacing was observed upon V
incorporation ( < 0.1%). In contrast, the d302 spacing which has
decreased from 3.960 (Hb) to 3.920 Å (Sib) upon deal-
umination, increases with increasing V loading in Sib to reach
a maximum value of 3.940 Å when the atomic V/Si ratio is
0.021. Because of the relative values of the Al–O, Si–O and
V–O bond distances (1.790, 1.660 and 1.755 Å, respectively),13

these variations strongly suggest that the vanadium species have
been incorporated into the zeolite framework.

To obtain more information on the microstructure of the V
sites, we have compared the diffuse reflectance UV–VIS
spectra of V-loaded solids [Fig. 2(b)]. The absence of d–d
transitions within the range 600–800 nm clearly indicates that
no reduced VIV species is formed, oxidized VV species being
mainly present.14 For the VHb sample, the major absorption
located near 410 nm is due to a low-energy charge transfer
transition occurring between octahedral oxygen ligands and a
central VV atom.14,15 The spectrum of the VSib sample is
different and exhibits two bands at 270 and 340 nm. associated
with pseudotetrahedral O3/2VNO species, anchored to the
zeolitic walls by three Si–O–V bridges and possessing a VNO
double bond.14–16

Chemical analysis indicates that the octahedral VV species
detected in the VHb samples are almost completely leached out
by washing (12 h, 298 K) in a 1 m ammonium acetate solution.
By contrast, the pseudotetrahedral species present in the VSib
samples are strongly anchored to the zeolitic walls, < 10% of
them being extracted by a similar washing. Furthermore, after
incorporation of V on Sib, the intensities of the broad IR band
near 3520 cm21 [Fig. 1(a)] and the downfield 29Si MAS NMR
peak at d 2102 [Fig. 1(b)] are significantly reduced, which
confirms that a specific reaction takes place between the
vanadium precursor and the silanol groups. Moreover, the
aspect of the IR peak near 960 cm21 is strongly modified with
appearance of two maxima at 950 and 978 cm21 as will be
described elsewhere.

The catalytic behaviour of the VSib materials was tested in
the oxidation of toluene in aqueous solution using H2O2 as an
oxidant (molar ratio toluene/H2O2 = 3; 0.1 g of catalyst for 1 g
of toluene).17 After 9 h of reaction at 80 °C, toluene conversion
was ca. 5% and the products distribution was 5–10% cresols,
85–90% benzaldehyde, 5% benzyl alcohol and benzoic acid.

In conclusion, catalytically active vanadium species can be
easily dispersed within the porosity of a b zeolite using a two-

step method. Because of its stacking faults, the b zeolite accepts
a high density of silanols and depletion sites generated upon
elimination of Al species. The silanol groups generated upon
strong dealumination react with NH4VO3 aqueous solution,
even at room temp., thus obviating the need for a highly reactive
metallic precursor such as VOCl3. Pseudotetrahedral and stable
VV species attached to the zeolitic walls are formed with the
silanol-rich dealuminated sample, whereas loosely bonded
octahedral VV species are mostly generated when the non-
dealuminated b is used instead. This clearly illustrates the role
of the vacant T-sites and their associated silanol groups in the
incorporation of vanadium species. To the best of our
knowledge, this is the first time that vanadium species have
been incorporated into a dealuminated b zeolite, which may be
of importance in mild oxidation reactions that must be
performed in the absence of strong acidity, as described by
Corma and coworkers for Ti-b.29

The Indo–French Center for the Promotion of Advanced
Research (IFCPAR) is gratefully acknowledged for financial
support under award IFC 1006-1. The authors thank RIPP
(China) for providing the parent TEAb zeolite.
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Regioselective solvation in a polymeric lithium amide: remarkable twisted
ladder structure of [{[PhCH2N(H)Li]2·H2NCH2Ph}H]

Alan R. Kennedy, Robert E. Mulvey* and Alan Robertson

Department of Pure and Applied Chemistry, University of Strathclyde, Glasgow, UK G1 1XL

The hemi-benzylamine complex of lithium benzylamide
exists in the crystal as an infinite, twisted-ladder structure of
fused (NLi)2 rings; curiously, one edge of the ladder is
solvated by benzylamine molecules, while the other is
solvent-free.

Lithium amide molecules can self-assemble by the process
known as ‘ring-laddering’ to generate ladder structures, as most
recently demonstrated by the cyclic octameric ladder structure
of [{ButN(H)Li}8].1 This primary amide represents a special
case in being oligomeric, on account of the bulky steric nature
of its alkyl group. Generally, the absence of solvating ligands is
thought to encourage continuous ladder growth rendering many
lithium amide compounds polymeric. These infinite ladder
structures can be broken down to smaller, partially solvated,
ladders of a finite length, when exposed to certain solvating
ligands. As a rule, this partial solvation takes place at the ladder
ends (outer rungs), e.g. as found in the pyrrolidide
[{[H2C(CH2)3NLi]2·tmeda}2];2 inner-rung solvation,3 as stud-
ied theoretically by ab initio MO calculations on the model
ladder tetramers [(H2NLi)4·nH2O] (n = 0, 2 or 4),2 has a
destabilising influence. To the best of our knowledge, the
possibility of donor molecules selectively ligating the ladder
framework, along one edge only, has never been considered
previously. In this paper we present experimental proof of such
in the remarkable twisted-ladder structure of
[{[PhCH2N(H)Li]2·H2NCH2Ph}H] 1. What is more, the selec-
tive solvation is achieved without interrupting the infinite nature
of the ladder arrangement, so providing a rare example of a
crystallographically characterised polymeric lithium amide (a
lithium thiolate with an infinite ladder structure of Li–S rungs
has been reported4). This study represents the first structural
investigation of a lithium (mono) benzylamide species, and it is
apt that it should provide such an important finding since it
follows over a decade of activity in dibenzylamido systems5

which has contributed significantly to our basic understanding
of alkali metal amide structural chemistry.

Solubility problems necessitated the deliberate use of excess
benzylamine in the reaction sequence producing 1. Pure
solvent-free, lithium benzylamide, prepared by treating freshly
distilled benzylamine (10 mmol) with BunLi (10 mmol) under
standard inert-atmosphere conditions, precipitated as a pink
slurry from hexane, and could not be dissolved on addition of
toluene. However, dissolution was achieved by introducing a
second equivalent of benzylamine (10 mmol) dropwise and
strongly heating the mixture. Pink delicate platelets of 1
crystallised on cooling the resulting solution to ca. 230 °C for
1 d (yield of first batch, 40%). On isolation from solution, the
crystals collapse to a melt in a matter of hours. While the
synthesis proved reproducible, different batches of 1 were
found to contain various amounts of benzylamine and occasion-
ally toluene, suggesting that the loss of crystallinity is due to the
product losing these solvents with time.†

An X-ray diffraction study‡ revealed that 1 adopts an infinite
ladder structure of fused (NLi)2 rings, only one Li centre of
which is solvated by a benzylamine molecule [Fig. 1(a)].
Therefore one ladder edge has unsolvated, three-coordinate,
pyramidal Li centres [Li(3), Li(4)], while the other has solvated,

four-coordinate, distorted-tetrahedral ones [Li(1), Li(2)]. The
pattern of N–Li bond lengths reflects this coordinative inequal-
ity. Rungs involving Li(3), Li(4) are distinctly shorter than
those involving Li(1), Li(2) (respective mean values; 1.996,
2.102 Å); edge lengths are also generally shorter for the former
atoms (mean value, 2.055 Å; cf. 2.116 Å for the latter atoms),
the exception being N(3)–Li(3) which is longer than its opposite
edge [N(4)–Li(1)] although the difference [0.012(7)Å] is not
statistically significant. Alternating above and below the ladder
framework along one edge, the benzylamine molecules form
relatively long bonds to Li (mean length, 2.130 Å). By failing to

Fig. 1 (a) Section of the polymeric structure of 1 including the atom
labelling scheme. Hydrogen atoms, apart from N–H ones, have been
omitted for clarity. Selected bond lengths (Å) and angles (°): N(1)–Li(1)
2.135(5), N(2)–Li(1) 2.134(5), N(2)–Li(2*) 2.136(5), N(2)–Li(4*)
1.998(6), N(3) –Li(1) 2.102, N(3)–Li(3) 2.091(5), N(3*)–Li(4) 2.053(5),
N(4)–Li(1) 2.079(5), N(4)–Li(2) 2.115(5), N(4)–Li(3) 1.993(5), N(5)–Li(2)
2.102(5), N(5)–Li(3) 2.060(5), N(5)–Li(4) 2.015(5) N(6)–Li(2) 2.125(5),
N(2)–Li(1)–N(3) 104.4 (2), N(3)–Li(1)–N(4) 105.6(2), Li(1)–N(3)–Li(3)
69.7 (2), N(3)–Li(3)–N(4) 109.3 (2), N(4)–Li(3)–N(5) 104.0 (2), Li(1)–
N(4)–Li(3) 72.0 (2), Li(2)–N(4)–Li(3) 73.5 (2), N(4)-Li(2)–N(5) 98.5 (2),
N(5)–Li(2)–N(2*) 99.6 (2), Li(2)–N(5)–Li(3) 72.5 (2), Li(2)–N(5)–Li(4)
71.5 (2), N(5)–Li(4)–N(2*) 107.5 (2), N(2*)–Li(4)–N(3*) 111.4 (2), Li(2)–
N(2*)–Li(4) 71.1 (2). (b) Stick drawing of a longer section of 1 emphasising
the severe twisting within the ladder framework.
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interrupt the laddering process and simply attaching itself to the
ladder framework, this primary amine exhibits contrasting
behaviour to that of the tertiary, chelating amines tmeda and
pmdeta, which have been reported to break down (suspected)
long ladders to finite ladders of limited length, e.g. as in
[{[H2C(CH2)3NLi]2·tmeda}2] and [{[H2C(CH2)3NLi]3·pm-
deta}2], respectively.2 The four crystallographically distinct
(NLi)2 rings repeated throughout the ladder structure of 1 are
non-planar. Two of them, Li(3)N(4)Li(2)N(5) and Li(2)N(5)-
Li(4)N(2*), are much more distorted from planarity than the
other pair, Li(1)N(2)Li(4*)N(3) and Li(1)N(3)Li(3)N(4) (re-
spective summed bond angles: 348.5, 349.7, 356.6, 356.6°;
respective mean rms deviations: 0.227, 0.212, 0.124, 0.123 Å);
this factor contributes to the severe twisting within the ladder
framework (symmetry code: * = x + 1, y, z). The twist is most
pronounced at the solvated Li(2) centre [Fig. 1(b)]: considering
only ladder framework N atoms, it is the most pyramidal of the
Li centres [summed bond angle, 333.2°; cf. 337.9, 348.7 and
359.9° for Li(1), Li(3) and Li(4), respectively]; it also displays
the smallest endocyclic N–Li–N bond angles (i.e. mean value,
99.1°; cf. range of others, 104.0–111.4°). Endocyclic angles at
the N atoms cover a narrower range (69.7–73.5°) These five-
coordinate N atoms have severely distorted trigonal bipyr-
amidal geometries with the axial bonds positioned along the Li–
N–Li ladder edges (range of axial bond angles, 137.0–143.3°).
The benzylamine N atoms have distorted tetrahedral coordina-
tion geometries.

There is another unique feature to the ladder structure of 1.
The conformation of the bridging amido substituents (PhCH2,
H) with respect to the four-membered (NLi)2 rings, alternates
between cisoid and transoid. In the octamer [{ButN(H)Li}8]1

the conformation is exclusively cisoid (the bulky alkyl sub-
stituents all project exo from the N8Li8 framework), and it is this
feature which dictates that the ladder turns in on itself and
cyclises. However, most discrete lithium amide ring dimers
exhibit transoid set-ups. In the laddering principle,6 it is
reasoned that ladder structures have their origin in the lateral
association of two or more dimeric rings of formula
(R1R2NLi)2, but the possible ring conformations involved were
not considered. The next goal is therefore to establish a
correlation between the cisoid/transoid nature of the constituent
(NLi)2 rings and the final shape and size of the ladder.

We thank the EPSRC (studentship to A. R.) for sponsoring
this research.
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Sorbate–framework interactions as an aid to vibrational mode assignment:
FT-Raman studies of ETS-10
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p-Xylene–framework interactions enable identification of
Ti–O stretch and three-membered ring structures in the FT-
Raman spectrum of ETS-10.

In recent years there has been increasing interest in the
application of Raman spectroscopy and, in particular, FT-
Raman techniques to the study of the structure of molecular
sieve materials and adsorption processes within them.1–3

However, the characterisation of aluminosilicate frameworks
using FT-Raman spectroscopy remains limited by the intrin-
sically weak Raman effect associated with these materials.
Further, there exists controversy as to the ability of the
technique to identify specific structural units such as three-
membered rings (3MR) within aluminosilicate and related
frameworks. In this study we exploit the effect of sorbate–
framework interactions on the frequency of the Raman bands
characteristic of the framework structure to assign bands to
specific stretches and structural units. In so doing we identify
specific bands associated with 3MR structures. The framework
structure considered here is the microporous titanosilicate ETS-
10 which consists of corner-sharing tetrahedrally coordinated
silicon and octahedrally coordinated titanium linked through
bridging oxygens. The structure consists of 12-, 7-, 5- and
3-membered rings.4,5 The main pore system is a three-
dimensional 12-membered ring channel network and displays a
considerable degree of disorder. Every titanium atom is
connected to four silicon and two titanium atoms. Each TiO6
unit carries a 22 charge that is balanced by extraframework
cations such as Na+ and K+. [TiO6]22 units are part of the 7- and
3-membered ring channels.

The ETS-10 sample used in the present work was synthesized
using the procedure reported by Anderson et al.4 Phase purity
was checked by powder X-ray diffraction, which confirmed the
absence of any TiO2 impurity. Contamination of the sample
with ETS-4 and AM-1 phase impurities was below that reported
for the sample studied by Anderson et al.5 Electron microprobe
analysis performed on a JEOL JXA-8600 spectrometer showed
that the Si/Ti ratio was 5 : 1, consistent with the previously
reported composition of ETS-10.5 The pure ETS-10 sample was
calcined overnight at 500 °C in air prior to the FT-Raman
experiment. A further sample containing 0.5 mmol p-xylene (g
dry ETS-10)21 was also prepared; p-xylene was chosen because
it demonstrates significant changes in polarisability during
interaction with the ETS-10 framework whilst still being small
enough to move easily within the micropore structure. The
p-xylene/ETS-10 sample was prepared by evacuating the
calcined ETS-10 material at 1026 Torr at 200 °C for 12 h, the
required sorbate loading was then introduced using a gravi-
metric technique. The sample was then equilibrated at 65 °C and
held at this temperature for 12 h to ensure that the adsorbate was
evenly distributed within the ETS-10 framework. Raman
measurements were performed at room temperature on a
Nicolet-Magna-IR 750 spectrometer equipped with a Raman
module and an InGaAs detector. A Nd : YAG laser was used
operating at a power of 200 mW at an excitation wavelength of
1064 nm. The resolution was 4 cm21. For each spectrum, 4000
scans were co-added giving a data acquisition time of ca. 2 h.

Fig. 1 shows the FT-Raman spectrum of ETS-10. A very high
signal-to-noise ratio, consistent with the absence of a high
fluorescence background, is observed indicative of the absence
of any organic impurity as expected given that ETS-10 does not
require an organic template for its synthesis and is synthesised
in an environment totally free of organic species. Reviews of
previously published Raman studies of aluminosilicate frame-
works show the most prominent band to occur in the region
between 300 and 550 cm21 followed by weaker bands in the
700–900 and 1000–1200 cm21 regions.6 Bands in the 300–550
cm21 region have been assigned to the motion of an oxygen
atom in a plane perpendicular to the T–O–T (TNSi, Al)
bonds.1,2,7 The spectrum of ETS-10 exhibits a very strong peak
at 726 cm21 along with a small peak to its low frequency side
at 639 cm21. Given that silicates have a relatively low Raman
scattering cross-section, we assign the strong band at 726 cm21

to the Ti–O stretch of the [TiO6]22 rod structure present in the
framework. This band was not observed in the FT-Raman
spectrum of Ti-silicalite-1 (TS-1); we also note that the bands
seen in the present study are not characteristic of the anatase or
rutile phases of titania.8 The spectrum also contains bands of
low intensity at 987 and 1104 cm21, generally ascribed to the
asymmetric stretching vibration of the Si–O bond.3 Bands at
307, 427 and 539 cm21 are assigned to the various T–O–T,
O–T–O bending and skeletal deformation modes of the
framework. The band at 539 cm21 lies to higher frequency of
the bands in the 470–510 cm21 region characteristic of
framework structures containing rings with four or more T
atoms (T = Si, Al). Previous literature suggests that this band,

Fig. 1 FT-Raman spectra of (a) ETS-10 and (b) ETS-10 with a loading of
p-xylene of 0.5 mmol (g dry ETS-10)21. The arrow indicates the band at
539 cm21 in the pure ETS-10 spectrum.
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as well as the band at 726 cm21, might be associated with 3MR
structures. Assuming the correlation between average T–O–T
(TNSi, Al) angle and Raman frequency to be valid,2 and further
that the same correlation applies to the case of the T atom being
Si or Ti, a band at a frequency of 539 cm21 would be consistent
with a T–O–T bond angle of less than 138.1° and therefore
consistent with the bond angle expected for a 3MR structure. An
EXAFS analysis of ETS-10 has previously suggested a Ti–O–Si
bond angle in ETS-10 of 130°.9 Further, Annen and Davis10

have suggested that if a band associated with a 3MR structure is
observable it should occur in the frequency region of 550–800
cm21, the particular frequency being dependent upon the type
of T-atoms that are contained within the ring. However, in their
work no common vibrational bands assignable to 3MR
structures were observed in the range of materials studied.

Assignment of the bands at 726 and 539 cm21 to 3MR
structures is obtained by consideration of the FT-Raman
spectrum of p-xylene sorbed within the ETS-10 framework.
Consider first the band at 726 cm21 assigned to the Ti–O
stretch; the Ti–O bond being part of a 3MR structure. The
sorbed aromatic is expected to associate itself with the charged
species within the ETS-10 framework, and this is reflected in a
shift of 16 cm21 in the Ti–O stretch to lower frequency upon
p-xylene sorption. The observed shift can be interpreted as
follows. The p-xylene must reside within the 12-membered ring
channels, and will interact through the p-electrons with the Na+/
K+ cations which are present in order to balance the 22 negative
charge associated with each Ti atom.9 The presence of sorbed
p-xylene modifies the electrostatic interaction between the
oxygens in the framework and the cations, thus causing the shift
in Ti–O stretching frequency. We also note that there is a
significant shift of the p-xylene C–H ring deformation mode
from 1184 cm21 in the pure liquid to 1193 cm21 in the sorbed
state, consistent with a strong sorbate–sorbent interaction.11 A

smaller shift in the 539 cm21 band is observed again consistent
with the 3MR structure, of which Ti is a constituent atom, being
in close proximity to the sorbed p-xylene molecule; shifts in
other bands are negligible.
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Coordination of Mn(CO)3
+ to a carbocyclic ring of dibenzo-

thiophene activates a C–S bond to reductive cleavage,
affording a novel tetramanganese metallathiacycle 5 that
reacts with H2 to form a dimanganese complex 9 containing
bridging hydride and thiolate ligands; methylation of 5
followed by hydrogenation results in desulfurization of the
dibenzothiophene and formation of [Mn(CO)5(SMe)].

Much of the research in the field of catalytic hydrodesulfuriza-
tion (HDS) has focused on the problem of sulfur removal from
thiophenic molecules.1 Benzothiophene (BT) and dibenzo-
thiophene (DBT) are of particular interest in this regard because
their substituted derivatives are difficult to desulfurize and, as a
consequence, are relatively abundant in fossil fuels.2 A key step
in HDS is cleavage of the C–S bonds by insertion of a metal. A
recent study indicates that the energy barrier to metal insertion
is considerably greater for DBT than for BT, or for thiophene
itself.3 This higher barrier to C–S cleavage in DBT (which is
probably steric in origin) most likely accounts for the relatively
small number of published reports of metal insertion into DBT
to give metallathiacycle 1. Nevertheless, there are reports of
metal-promoted scission of the C–S bonds in DBT to give
characterizable organometallic products with systems based on
Rh, Ir, Pt and Co.3,4 We recently showed5,6 that precoordination
of a Mn(CO)3

+ fragment to the carbocyclic ring in BT or the h5

p-system of thiophene activates the C–S bonds to facile
electron-transfer induced cleavage, affording the bimetallic
metallathiacycles 2 and 3, respectively. Here, we show that a
C–S bond in the dibenzothiophene complex
[(h6-DBT)Mn(CO)3]+ 4 is also activated and that chemical
reduction leads (in part) to the novel metallathiacycle 5, the
multimetallic nature of which may be relevant to hydro-
genolysis and desulfurization reactions occurring with in-
dustrial heterogeneous HDS catalysts (Mo/Co, etc.).7 The
reactions of 5 with H2 and electrophilic reagents were
investigated and are described below.

Reduction of 4[BF4]8 with cobaltocene or Na/Hg produced as
the major product an isomeric mixture of the yellow bis(cyclo-
hexadienyl) complexes [(h5-DBT)Mn(CO)3]2, an example of

which is shown as structure 6.† Isomers of 6 occur because the
dienyl rings can couple at various sites. Analogous ring-coupled
dimeric cyclohexadienyl complexes are known to result from
the reduction of [(arene)Mn(CO)3]+ (arene = benzene, mesity-
lene).9 Far more interesting is a dark red minor product that was
isolated† and shown by X-ray crystallography to be 5.‡ The
yield of 5 was only ca. 10%, but this improved to > 20% when
[Mn2(CO)10] was added to the reaction mixture. The structure
of 5, illustrated in Fig. 1, shows that precoordination of
Mn(CO)3

+ to a carbocyclic ring of DBT provides sufficient
activation so that manganese can insert into the adjacent C–S
bond. The transformation 4? 5 is initiated by electron transfer,
probably by a mechanistic pathway that depends on the
known10 ease with which ring slippage and arene ligand
displacement occur with conjugated polyarene complexes of
Mn(CO)3

+.
A novel feature of 5 is the coordination of the sulfur to three

metal atoms. The sulfur atom in the metallathiacyclic ring acts
as a bridging ligand to Mn2(CO)8, in analogy to the bridging
sulfur in [Mn2(CO)8{S(CH2)4}], which is obtained by the
reaction of tetrahydrothiophene and [Mn2(CO)10].11 Thus, the
sulfur atom in 5 has significantly enhanced donor properties in
comparison to the sulfur in free DBT. An attempt was made to
remove the Mn2(CO)8 fragment from 5 by ligand substitution
with CO at room temp., but this was unsuccessful. However,
treatment of 5 in CH2Cl2 with HBF4 in CH2Cl2 led to a change
from red to yellow; after chromatography on neutral alumina, a
low yield (17%) of a thermally unstable red complex was
obtained that is assigned structure 7 based on comparison of
spectroscopic data to that of 2 (R = H). It is likely that the initial
yellow product in this reaction contained a protonated sulfur,
which converted to 7 during the chromatographic procedure. In
a similar vein, the reaction of 5 with methyl triflate afforded a
good yield of the methylated complex 8.§ An X-ray structural
study of 8[CF3SO3] was plagued by disorder in the triflate
anion, but the data were sufficient to establish the structure
unequivocally.¶ Complex 5 has a highly non-planar metal-
lathiacyclic ring. The twist angle between the arene rings in 5,
as measured by the C(2)–C(3)–C(9)–C(8) torsion angle, is

Fig. 1 Crystal structure of 5. Selected bond distances (Å) and angles (°):
Mn(2)–S 2.408(1), Mn(2)–C(8), 2.095(4), Mn(3)–S 2.301(1), Mn(4)–S
2.320(1), Mn(3)–Mn(4), 2.773(1), C(2)–S 1.804(4), C(2)–C(3) 1.394(6),
C(3)–C(9) 1.499(6), C(8)–C(9) 1.447(6), S–Mn(3)–Mn(4) 53.43(3),
Mn(3)–S–Mn(4) 73.76(4), S–Mn(4)–Mn(3) 52.81(3), S–Mn(2)–C(8)
80.82(11).
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47.1(6)° and is somewhat larger than the 30–40° range found by
Myers et al.4j for a series of dibenzothiophenes having the
(h-C5Me5)Rh(PMe3) fragment inserted into a C–S bond.

Reaction of 5 with H2 at 500 psi and 97 °C for 3 h led to clean
hydrogenolysis of the Mn–C s-bond to afford complex 9, which
features bridging hydride and biphenyl thiolate ligands, and a
Mn–Mn bond.∑ The structure and relevant intramolecular
parameters for 9 are given in Fig. 2.** Interestingly, the
bimetallic structural unit Mn2(H)(SR) found in 9 also forms
when the manganese thiophene and benzothiophene bimetallics
2 and 3 are hydrogenated.5b,12 Analogous bridging species
containing the fragment Ir2(H)(SR) and RhW(H)(SR) have very
recently been reported in model HDS studies of thiophene and
benzothiophene complexes.7c,13 The structural unit M2(H)(SR)
is significant because of a possible relationship to species
occurring on the surface of heterogeneous HDS catalysts.7,13

Preliminary hydrogenation experiments with 8 under conditions
similar to those used with 5 gave [Mn(CO)5(SMe)] rather than
9 as the major organometallic product.†† This shows that
complete desulfurization of DBT can be achieved by alkylation
of the multimetallic intermediate 5 (or 7).

In conclusion, we have demonstrated that coordination of
Mn(CO)3

+ to a carbocyclic ring of dibenzothiophene activates a
C–S bond to reductive cleavage, affording the tetrametallic
species 5. Hydrogenation of 5 produces the bridging hydride 9,
while methylation of 5 followed by hydrogenation results in
desulfurization of the DBT with the concomitant formation of
[Mn(CO)5(SMe)].

This work was supported by grants from the National Science
Foundation (CHE-9400800 and 9705121) and the Petroleum
Research Fund, administered by the American Chemical
Society.
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† Cobaltocene (47 mg, 0.249 mmol) was added to a suspension of 4[BF4]
(105 mg, 0.256 mmol) in CH2Cl2 (5 ml) and the mixture stirred under N2 for
30 min at room temp. The solvent was then stripped and the residue
chromatographed on deactivated neutral alumina with pentane to elute
[Mn2(CO)10], free DBT and unidentified trace products, then with Et2O to
elute 6 (and its isomers, collectively labeled ‘6’), and finally with CH2Cl2
to elute 5. The isolated yields of 6 and 5 were 45 and 5 mg, respectively.
When [Mn2(CO)10] was added to the reaction mixture (215 mg, 0.551
mmol), the yield of 5 increased to 20 mg. The presence of an atmosphere of
CO had no discernable effect on the product distribution. IR, NMR, MS and
elemental analysis data for 5–9 and [Mn(CO)5(SMe)] are available upon
request from the authors.
‡ Crystal dimensions 0.11 3 0.20 3 0.34 mm, crystal system triclinic, space
group P1, a = 10.0482(3), b = 10.1494(3), c = 16.3738(5) Å,
a = 73.532(1), b = 78.792(1), g = 78.268(1)°, U = 1551.19(8) Å3, Z = 2,
Dc = 1.765 g cm23, m = 1.730 mm21, q range 2.09–26.45°, 424 variables
refined with 6139 independent reflections to final R indices [I > 2s(I)] of
R = 0.0587 and wR2 = 0.1160 and GOF = 1.113. CCDC 182/678.

§ Methyl triflate (100 ml, 0.883 mmol) was added to 5 (22 mg, 0.027 mmol)
in CH2Cl2 (5 ml) and the solution was stirred for 18 h at room temp. under
N2, during which time it changed from red to yellow. The solution was then
filtered through cotton wool and concentrated. Diethyl ether was added to
precipitate the product as a yellow powder in a yield of 86% (15 mg, 0.023
mmol).
¶ The crystal structure of 8[CF3SO3] was determined as described in
footnote ‡. However, owing to low intensities and disorder in the triflate
anion, the structure refined only to R = 0.140. Nevertheless, the atom
connectivity indicated in structure 8 is unequivocal.
∑ Complex 5 (25 mg, 0.030 mmol) in dry CH2Cl2 (2 ml) was placed in a Parr
bomb and treated with H2 at 500 psi and 97 °C for 3 h. (A gas mixture
consisting of 95% H2 and 5% CO gave the same results.) After cooling to
room temp., the product was purified by TLC on silica gel with pentane
eluent. A bright yellow band separated cleanly, from which 9 was isolated
in 87% yield (13.8 mg, 0.0265 mmol) as a yellow oil.
** Crystal dimensions 0.22 3 0.14 3 0.09 mm, crystal system triclinic,
space group P1, a = 7.1767(1), b = 15.3254(1), c = 19.6549(1),
a = 90.363(1), b = 93.210(1), g = 95.236(1)°, U = 2149.21(3) Å3,
Z = 4, Dc = 1.608 g cm23, m = 1.316 mm21, q range 1.68 to 24.83°, 567
variables refined with 7224 independent reflections to final R indices [I >
2s(I)] of R = 0.0549 and wR2 = 0.0889, and GOF = 1.005.
†† Complex 8 in CH2Cl2 was pressurized to 550 psi with H2–CO (95 : 5) at
97 °C for 9 h. After solvent removal, the product, [Mn(CO)5(SMe)], was
extracted into hexanes.
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Fig. 2 Crystal structure of 9. Selected bond distances (Å) and angles (°):
Mn(1)–S 2.315(14), Mn(2)–S 2.346(2), Mn(1)–H 1.66(4), Mn(2)–H
1.75(4), Mn(1)–Mn(2) 2.883(1), S–C(1) 1.801(5), Mn(1)–S–Mn(2)
75.71(4), Mn(1)–H–Mn(2) 115(2). The twist angle between the arene rings
in the thiolate ligand is 54°.
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The first sandwich silver cluster of a trinuclear cyclic gold(i) complex

Alfredo Burini,*a John P. Fackler, Jr.,*b Rossana Galassi,a Bianca R. Pietronia and Richard J. Staplesc

a Dipartimento di Scienze Chimiche dell’Universita, via S. Agostino 1, I-62032 Camerino, Italy
b Department of Chemistry and Laboratory for Molecular Structure and Bonding, Texas A & M University, College Station, Texas
77843-3255, USA
c Department of Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, MA 02138, USA

A new type of metal sandwich structure [Ag{[Au(m-N3,C2-
bzim)]3}2]BF4·CH2Cl2 1, is formed by reacting the neutral,
triangular cluster [Au(m-N3,C2-bzim)]3 with Ag+; these units
stack with two short intermolecular Au···Au distances of ca.
3.2 Å.

In 1970 Vaughan1 reported the synthesis of organogold
derivatives of the 2-pyridyl ligands that were thought to be
trinuclear cyclic gold(i) species, based upon the coordination
requirements of the gold(i) atoms. In the following years
analogous compounds were isolated and depending upon the
types of 1,2 bridging ligands, N–Au–C2 or N–Au–N3 arrange-
ments were described. Some of these were structurally
characterized.4 The structures all have nine-atom rings where
the intramolecular Au···Au distances range between 3.224(1)
and 3.368(1) Å. Only weak metal–metal interactions are
present, hence these compounds are classified as polynuclear
non-cluster species.

Reactivity investigations of these trimeric gold(i) complexes
indicate that the bridging ligand plays an important role. While
the carbeniato gold(i) derivatives undergo stepwise oxidative
halogen addition to form three distinct complexes, [AuC(O-
Me)NNMe]3Xn (n = 2,4, 6; X = Br, I),5 the pyrazolato trimers
[Au(m-3.5-R2pz)3} (R = alky1, aryl) only oxidized at one center
yielding mixed valence AuI

2AuIII complexes: [Au(m-
3,5-R2pz)]3I2;6 [Au(m-3,5-Ph2-4-Cl-pz)]3Cl2.7 Additionally,
[Au(m-N3,C2-bzim)]3 (N3,C2-bzim = 1-benzylimidazolate) also
undergoes oxidation by only 1 equiv. of I2 yielding the mixed-
valence complex [Au(m-N3,C2-Bzim)]3I2.8 However, this com-
plex can be oxidized completely to a AuIII derivative [Au(m-
N3,C2-bzim)]3C16

9 by SOCl2.
While reactions of metal ions such as AuPPh3

+, Ag(PPh3)2
+

or Ag+ with transition metal clusters represent a well known
method for cluster expansion synthesis,10 few examples of the
addition of metal ions to dinuclear gold(i) complexes have been
reported.11 An addition strategy has not been reported at all for
cyclic trimer gold(i) compounds. Here we describe the results of
the reaction of [Au(m-N3,C2-bzim)]3 with Ag+ to produce a
novel12 silver sandwich cluster [Ag{[Au(m-N3,C2-bzim)]3}2]+.
By layering a solution of AgBF4 in MeCN over a CH2Cl2
solution of [Au(m-N3,C2-bzim)]3, a yellow luminescent† precip-
itate was formed immediately in almost quantitative yield. After
several months, the precipitate, standing in contact with the
solvent was completely transformed into small yellow crystals
of the cluster [Ag{[Au(m-N3,C2-bzim)]3}2]BF4·CH2Cl2 1. The
compound is stable in the solid state‡ but dissolution in a
coordinating solvent like Me2SO yields the starting materials as
determined by NMR spectroscopy.

The molecular structure§ of the cation 1 is shown in Fig. 1
while Fig. 2 presents the stacking arrangement observed. The
naked silver ion center is bonded to six gold atoms to form a
distorted, AgI centered trigonal prism of AuI atoms with Ag–Au
distances ranging from 2.731(2) to 2.922(2) Å, indicative of
appreciable metal–metal bonding. These distances are close to
distances observed in other gold–silver derivatives11 wherein
the silver atoms bridging two gold centers are always supported
by other ancillary ligands.

The gold–silver bonds may be regarded as arising from a
nucleophilic or Lewis base interaction of the gold atoms with
the silver ion, which acts as a Lewis acid. The d10–d10 closed
shell AuI–AgI bonds probably also relate to the weak Au···Au
bonds, estimated to be 6–8 kcal mol21 (1 cal = 4.184 J), which
arise from correlation and relativistic effects.13 The average
Au···Au intramolecular distance in the cyclic trimer moiety

Fig. 1 Thermal ellipsoid drawing (50% probability) of the structure of
[Ag{[Au(m-N3,C2-bzim)]3}2]BF4·CH2Cl2 1. The Ag–Au distances range
from 2.731(2) to 2.922(2) Å.

Fig. 2 Stacked sandwich structure of the cation of [Ag{[Au(m-N3,C2-
bzim)]3}2]BF4·CH2Cl2 1. The intermolecular Au(1)···Au(3A) distance is
3.268(2) Å.

Chem. Commun., 1998 95



forming the sandwich unit is 3.19 Å. This is shorter than the
distance observed for AuI···AuI in [Au(m-N3,C2-Bzim)]3I2.8

In Fig. 2, the interactions between two close sandwich units
can be seen. The short distances Au(3)···Au(1A) 3.268 Å and
Au(4)···Au(5A) 3.116 Å, are indicative of weak intermolecular
bonds between gold atoms. Considering also the atoms Au(2)
and Au(2A) which are widely separated, a characteristic Au6
cycle is formed in a chair conformation. This arrangement also
was observed in the carbeniato trimer [AuC(OEt)NNC6H4Me]3
structure.4 The inter- and intra-molecular interactions present in
1 result in the formation of an infinite chain of gold–silver atoms
which are expected to show interesting properties as observed
for molecular chain compounds such as [Rh6(MeCN)4]9+.14

In cluster 1 the bridging imidazole rings show C–Au and
N–Au distances of ca. 2.0 Å, similar to distances found in
[Au(m-N3,C2-bzim)]3I2.8 Three of the N–Au–C angles show
significant distortions from linearity, namely N(1)–Au(1)–C(9)
[173.9(8)], N(3)–Au(3)–C(5) [172.9(7)] and N(6)–Au(6)–
C(17) [172.9(7)]. This distortion could be a result of the
interaction of the silver atom with the gold atoms. Further
investigations into the reactivity of other trinuclear cyclic
gold(i) complex with electrophilic metal ions are underway.

The studies at the University of Camerino have been
supported by MURST while those at Texas A&M University
have been supported by the Robert A. Welch Foundation.
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† Luminescence studies will be reported elsewhere.
‡ Anal. Found; C, 30.83; H.2.61; N, 6.65. Calc. for C61H56Ag-
Au6BC12F4N12; C, 30.47; H, 2.35; N, 6.99%.
§ Crystal data for 1; C61H56AgAu6BC12F4N12, M = 2404.57; triclinic,
space group P1̄, a = 14.4505(1), b = 15,098(2), c = 15.9571(1) Å,
a = 106.189(3), b = 103.551(5), g = 101.310(5)°, U = 3120.3(5) Å3,
Z = 2, Dc = 2.547 g cm23, F(000) 2192, l = 0.710 73 Å , T = 213(2) K,
crystal size = 0.15 3 0.10 3 0.05 mm.

Data were collected using a Siemens SMART CCD (charge coupled
device) based diffractometer equipped with an LT-2 low temperature
apparatus operating at 213 K. A total of 13 371 reflections were collected
using w scans with 1.40 < 2q < 22.50°. Of these 8077 were unique
(Rint = 0.0503 after absorption correction applied, based on y scans,
Tmin,max 0.9361, 0.6366). The structure was solved by the direct method
using the SHELXS-97 program and refined by least squares methods on F2.
SHELXL-9716 incorporated in SHELXTL-PC V 5.03.17 All non-hydrogen
atoms were refined anisotropically. Hydrogens were calculated by geomet-
rical methods and refined as a riding model. The crystal used for the
diffraction study showed no decomposition during data collection. The

refinement converged at R1 = 0.0583 [I > 2 s(I)] and wR2 = 0.1217 (all
data). The final difference map showed no peak greater than + 0.639 e Å23

and no hole larger than 20.454 e Å23. CCDC 182/688.
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Catalytic hydroxylation of alkanes by immobilized mononuclear iron
carboxylate

Keiji Miki* and Takeshi Furuya
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Mononuclear iron carboxylate complex immobilized and
isolated on a modified silica surface (1) catalyzes oxidation
of hexane to a mixture of hexan-1-ol, -2-ol and -3-ol without
ketone formation in the presence of mercaptan, acetic acid,
triphenylphosphine and O2 at ambient conditions.

Biomimetic oxidation studies on non-heme iron enzymes have
been extensively reported for the direct hydroxylation of
saturated hydrocarbons at ambient conditions.1,2 Most of the
efforts have been focused on the modeling of dinuclear iron
complexes, because of the structural correspondence to the
active site of methane monooxygenase (MMO). In this report
we describe a novel catalytic oxidation yielding only alcohols
from alkanes by mononuclear iron carboxylate complex
immobilized and isolated on a modified silica surface (1) in the
presence of mercaptan (propane-1,3-dithiol, PDT), acetic acid
(AcOH), triphenylphosphine (PPh3) and O2.

For the effective catalytic turnover, it was necessary to
protect the complex against decomposition. Immobilization and
isolation on an amorphous silica powder (Aerosil 200, specific
surface area = 200 m2 g21) was employed for this purpose. A
dilute solution of masked ligand, isopropylidene ketal and tert-
butyl ester of 3-[N-(2,3-dihydroxypropyl)-N-carboxymethyl]-
aminopropylmethylsilyl group,† was first anchored on the
surface and the remnant silanols were subsequently blocked by
diethoxydodecylmethylsilane. Removal of the protecting
groups resulted in the attachment of highly dispersed ligands at
a concentration of 4.8 3 1022 mmol g21 (3.2% of total silanols)
as quantified by the measurement of nitrogen content. Loaded
dodecylmethylsilyl groups, 3.75 3 1021 mmol g21 based on
carbon content, were estimated to cover 25.3% of total silanols.
The high coverage implies that long alkylsilyl groups are tightly
packed in the cylindroid arrangement on the surface.3

Complexation in 2.5 mm Fe(NO3)3–methanol, followed by
thorough washing with methanol yielded immobilization of 4.3
3 1022 mmol g21 iron (determined colorimetrically) which
occupied 90% of the ligands previously anchored. The
formation of complex was confirmed by the appearance of
asymmetric CO vibration at 1570 cm21 and a decrease in the
signal representing free carboxyl groups at 1715 cm21 with
FTIR. Taking into account the remainder of a trace amount of
ester (1740 cm21), the complexation seemed to be accompli-
shed in almost quantitative yield. In addition treatment of the
white powder in 200 mm HCl–dioxane gave three methanol

molecules per iron, while the elemental analysis did not show
the presence of nitrogen derived from NO3. The EPR spectrum
revealed a broad signal at g = 4.2 which was assigned to a high
spin mononuclear iron(iii). We thus propose the structure
shown in Scheme 1 for synthesized complex 1.

Oxidation of alkanes was carried out in an acetonitrile
solution as described in Table 1. No oxidation took place if
either O2 or PDT was omitted. In the presence of PDT alone or
AcOH/PDT without PPh3, hexane was not oxidized, but
cyclohexane yielded a trace of cyclohexanol. By contrast, assay
containing PPh3 remarkably improved the reaction. Without
AcOH, conversion was low, but in the complete system, hexane
was selectively oxidized to hexanols with a total turnover
number of 59 in the ratio of 1-ol (14%), 2-ol (44%) and 3-ol
(42%). Similarly cyclohexane was converted to cyclohexanol
alone with a turnover of 109. Catalyst recovered by acetonitrile
washing after the assay showed a slight decrease in iron
content,‡ but there was no change in the hydroxylation activity.
The catalytic turnover is evidently due to the immobilized
mononuclear iron carboxylate. Recovered catalyst, however,
showed an iron : methanol molar ratio of 1 : 1 which differed
from the original 1 : 3. Since this phenomenon was not observed
in the catalyst recovered from an anaerobic assay, the change in
the iron environment can be accounted for through the

Table 1 Hydroxylation of alkanes by immobilized mononuclear iron carboxylate (1)a

Run Substrate Additives Products (yield)b Total yield

1 Hexane PDT, PPh3 1-ol (1.0), 2-ol (1.7), 3-ol (1.4) 4.1
2 Hexane AcOH, PDT, PPh3 1-ol (8.1), 2-ol (26.0), 3-ol (25.3) 59.4
3c Hexane AcOH, PDT, PPh3 1-ol (8.3), 2-ol (25.5), 3-ol (24.8) 58.6
4 Cyclohexane PDT, PPh3 Cyclohexanol (10.0) 10.0
5 Cyclohexane AcOH, PDT, PPh3 Cyclohexanol (109.2) 109.2

a Catalyst (0.5 mmol iron), substrate (3.5 mmol), AcOH (0.25 mmol), PDT (0.25 mmol), PPh3 (0.25 mmol) were placed into a 20 ml vial containing
acetonitrile (2.6 ml) and sealed with a Teflon septum. After replacing the gas phase by O2, the vial was shaken at 180 strokes min21 and 25 °C for 4 h using
a Bioshaker. b Moles of product per mole of iron. c Catalyst recovered from the assay scaled up tenfold was used.

Scheme 1 Proposed structure for immobilized iron carboxylate
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participation of oxygen during the catalytic cycle. After release
of oxygen, acetonitrile may serve as alternative ligands.

When oxidation was carried out without substrate, PPh3 was
converted to PPh3O with a turnover number of 136. Also we can
not rule out unavoidable oxidation of the alkane chains adjacent
to the active center in 1, considering the strong oxidative
capability toward primary C–H. Such competitive oxidation
explains the rapid consumption of PPh3 causing unexpected
termination of the catalytic turnover as well as the requirement
of high concentration of substrate for effective hydroxylation in
our system.

A hypothetical mechanism for this notable catalytic hydrox-
ylation is illustrated in Scheme 2. The reduction of FeIII to FeII

by mercaptan initiates the reaction. Mercaptan consumed at this
stage is converted to alkyl disulfide which is subsequently
attacked by the PPh3 nucleophile to form thioalkoxyphosphon-
ium cation intermediate.4 Since the intermediate is known to be
readily trapped by a carboxylic acid in refluxing acetonitrile to
yield mercaptan, thioester and PPh3O,5 a similar reaction could
be possible in the presence of AcOH. On the other hand, the
assay using 18O2 demonstrated almost quantitative 18O in-
corporation into both PPh3O and hexanols regardless of the
AcOH addition. Accordingly the intermediate is directly
attacked by a dioxygen– metal adduct, presumably a peroxoiron
species, to release PPh3O. The resulting O–O bond scission is
thought to allow the generation of an iron–oxo species from
which oxygen is transferred to the substrate. The role of AcOH
is therefore assumed to protonate the thiolate anion and promote
its dissociation from the intermediate ion pair.

The participation of PPh3 in the O–O bond cleavage is similar
to that of acylating reagents in cytochrome P450 model studies.6
In fact we could detect the same hexanols in the hydroxylation
of hexane using 1, KO2–18-crown-6 and acetic anhydride in
benzene although the yield was low (total turnover
number = 0.12). Furthermore [tetrakis(pentafluoro-
phenyl)porphyrinate] iron(iii) hydroxide instead of 1 oxidized
hexane to only hexanols in comparable product yield and
distribution in our system. The results again support the
formation of a high-valent iron–oxo species being responsible
for the hydroxylation of alkanes by 1.

Interestingly a hydroperoxoiron(iii) species was identified by
EPR spectroscopy at 77 K (g = 2.27, 2.20, 1.97)7 when the

porphyrin iron complex was reduced with an equivalent of PDT
and then exposed to O2. Addition of H2O2 gave an identical
EPR signal. The same intermediate has been reported in the
model studies of bleomycin with mononuclear iron coordinat-
ing nitrogen ligands.8 By contrast this phenomenon was not
found in the investigation using 1, and there was no effect of the
intermediate on the hydroxylation of alkanes even with the
addition of PPh3 or AcOH–PPh3. The fact may reflect a
characteristic nature of the iron complex with oxygen-rich
ligands involving carboxylate different from those bearing a
porphyrin or nitrogen ligands.

It now appears that mononuclear iron carboxylate can
catalyze highly selective hydroxylation of alkanes by reductive
dioxygen activation. The key reaction is assumed to be the
efficient heterolytic scission of the O–O bond by the PPh3
participated deoxygenation. However, regarding the generation
of putatively unstable FeVNO species in a mononuclear iron
core, there is an argument against delocalization of the
oxidizing equivalents.2 This point contrasts to a FeIVNO
dinuclear cluster which has been reported recently as the critical
intermediate of MMO.9 The results obtained in this work could
be attributed to unique properties of the complex with
predominantly oxygen ligation in a hydrophobic micro-
environment analogous to the active site of an enzyme buried in
a protein matrix.
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1022 mmol g21 (86% of the initial catalyst).
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Scheme 2 Hypothetical catalytic cycle of immobilized mononuclear iron
carboxylate (1) for alkane hydroxylation
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Control of ligand–metal interaction at the lower rim of
p-tert-butylcalix[5]arene

Maomian Fan, Hongming Zhang and Michael Lattman*

Department of Chemistry, Southern Methodist University, Dallas, Texas 75275-0314, USA 

The lower rim of p-tert-butylcalix[5]arene is able to
accommodate both a ligand and metal in close proximity
allowing subtle electronic changes to dramatically affect
ligand–metal interaction.

The ability to constrain the mobility of a ligand relative to a
metal can have far-reaching applications from catalysis to
molecular devices. This is particularly true when such systems
can stabilize relatively weak ligand–metal interactions. Herein
we report the synthesis of such a system based on a
calix[5]arene and demonstrate the control of ligand–metal
bonding via small electronic changes at the metal.

Treatment of p-tert-butylcalix[5]arene1 with tris(dimethyl-
amino)phosphine2 inserts a Me2NP moiety into the calixarene.†
The 1H NMR spectrum of 1 is consistent with the symmetry of
the proposed structure: three singlets in the tert-butyl region in
a 2 : 1 : 2 ratio and six doublets in the methylene region owing to
the fact that the two hydrogens on each methylene carbon are
non-equivalent. Also, the 31P NMR signal at d 131 is in the
region for a three-coordinate phosphorus with two phenolic
groups and a dialkylamino group.3 If the cavity of the
calix[5]arene is large enough, the three remaining hydroxyls
should be able to bind a metal. In fact, insertion of tungsten
proceeds smoothly by the reaction of 1 with (ButN)2W(NH-
But)2

4 via elimination of 2 moles of tert-butylamine (Scheme
1).‡ As expected, the 1H NMR spectrum of 2 is similar to 1 in
the tert-butyl and methylene regions. In addition, two new But

singlets are present due to the tungsten-bound tert-butyl-amido
and -imido ligands. The 31P NMR signal at d 116 is only 15 ppm

upfield of 1. More importantly, this signal shows a small
coupling to W of 43 Hz, significantly smaller than usual 1JPW
values.5 This suggests a weak (through-space?) P–W inter-
action. Amido and imido ligands are known to be excellent p
donors to high-oxidation-state metals.6 If one of these ligands
could be replaced with another that puts less electron density at
the metal, this might increase the P–W interaction. This is
exactly what occurs when triflate replaces tert-butylamido via
the reaction of 2 with an excess of trifluoromethanesulfonic acid
in refluxing toluene to give 3.§ The 1JPW value in 3 of 352 Hz
is in the usual range of P–W bonds which is indicative of a
significantly stronger P–W interaction.

The X-ray crystal structures¶ of 2 and 3 substantiate the
above spectral interpretations and provide detail on the
structural changes associated with increasing the P–W interac-
tion. The structures of 2 and 3 are illustrated in Figs. 1 and 2,
respectively. Selected bond lengths and angles are given in the
captions. In 2, the calix[5]arene backbone adopts a somewhat
flattened conformation. The phosphorus has a distorted pyrami-
dal geometry, while the tungsten adopts a distorted square-
pyramidal geometry. The phosphorus lone pair is oriented
towards the vacant sixth coordination site at the tungsten with a
P···W distance of 3.15 Å, well outside the longest bond lengths
reported for P–W bonds;7 however, it is close enough to exhibit
a small through-space PW coupling in the NMR spectrum. After

Scheme 1 Reagents and conditions: i, +(ButN)2W(NHBut)2, 22 H2NBut;
ii, excess  HOTf, reflux, 2H2NBut

Fig. 1 Molecular structure and atom numbering scheme for 2. Selected
distances (Å) and angles (°): W–P 3.148(3), W–N(1) 1.714(8), W–N(2)
1.924(8), W–O(1) 1.961(7), W–O(2) 1.976(6), W–O(5) 1.972(7), P–N(3)
1.631(9), P–O(3) 1.645(7), P–O(4) 1.644(7), N(1)–C(1) 1.448(14),
N(2)–C(5) 1.503(13), N(3)–C(9) 1.454(14), N(3)–C(10) 1.447(14);
N(1)–W–P 178.0(3), N(2)–W–P 75.9(3), O(1)–W–P 76.0(2), O(5)–W–P
84.8(2), O(2)–W–P 79.5(2), N(1)–W–N(2) 102.7(4), N(1)–W–O(1)
105.3(4), N(2)–W–O(1) 151.8(3), N(1)–W–O(5) 96.7(3), N(2)–W–O(5)
95.4(3), O(1)–W–O(5) 83.9(3), N(1)–W–O(2) 99.2(3), N(2)–W–O(2)
90.4(3), O(1)–W–O(2) 82.7(3), O(5)–W–O(2) 161.4(3), W–P–O(3)
93.1(2), W–P–O(4) 129.4(3), W–P–N(3) 123.8(3), N(3)–P–O(4) 98.9(4),
N(3)–P–O(3) 109.9(4), O(4)–P–O(3) 96.8(4), C(1)–N(1)–W 169.6(8),
C(5)–N(2)–W 140.3(7), C(10)–N(3)–C(9), 112.6(9), C(10)–N(3)–P
120.1(7), C(9)–N(3)–P 127.0(7), C(11)–O(1)–W 139.6(6), C(21)–O(2)–W
136.2(6), C(51)–O(5)–W 125.8(6).
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ligand exchange, the calix[5]arene backbone in 3 adopts the
cone conformation with the phosphorus bound to the tungsten at
the ‘lower’ rim. The P–W distance is 2.74 Å which is long but
still within reported ranges for P–W bonds. The triflate lies
outside the cavity of the calixarene, while the imido is within the
cavity. As expected, the W–O(6) (triflate) distance is longer
than the other W–O distances, indicative of a more weakly
bound group.

The structures of 2 and 3 also account for certain anomalies
in their 1H NMR spectra. The dimethylamino group resonance
in 2 at d 1.53 is about 1.5 ppm upfield of its usual position, and
the (imido) tert-butyl group resonance in 3 at d2 1.03 is about
2 ppm upfield of its usual position. Figs. 1 and 2 show that the
protons of these groups lie above and inside the aromatic rings
of the calix[5]arene resulting in upfield ring current shifts for
these signals.

We have demonstrated that a calix[5]arene is large enough to
bind both a ligand and metal at the lower rim. Moreover, the
macrocycle appears to orient the ligand and metal toward one
another. This constraint supports both a weak and strong
ligand–metal interaction, depending on the electron density at
the metal. It may also be useful to view the tri-deprotonated
form of 1 as a tetradentate ligand with three hard (oxygen)
binding sites and one soft (phosphorus) binding site. Work is
currently under way to determine how general this chemistry is
by incorporating other metals and ligands.

Acknowledgement is made to the National Science Founda-
tion (CHE-9522606), Robert A. Welch Foundation, and the
donors of the Petroleum Research Fund, administered by the
American Chemical Society, for financial support.

Footnotes and References

* E-mail: mlattman@mail.smu.edu
† In an inert atmosphere, a stirred solution of p-tert-butylcalix[5]arene
(0.765 g, 0.943 mmol) in toluene (30 ml) was treated dropwise with
tris(dimethylamino)phosphine (0.154 g, 0.944 mmol). The mixture was
stirred for 1 d. The volatiles were then pumped off and the resulting solid
washed with hexane (3 3 2 ml) and pumped dry to yield 1 as a white, air-
and moisture-stable solid (0.72 g, 86%). Analytically pure samples can be
obtained by recrystallization from toluene to give 1·C6H5Me. Mp
148–150 °C. Anal. Calc. for C57H74NO5P·C7H8: C, 78.73; H, 8.47. Found:
C, 78.80; H, 8.39%. 1H NMR (CDCl3): d 1.20 (s, 18 H, But), 1.21 (s, 9 H,
But), 1.29 (s, 18 H, But), 2.35 (s, 3 H, CH3 of toluene), 2.96 (d, 6 H, NCH3,
3JPH 10.2 Hz), 3.39 (d, 2 H, CH2, 2JHH 14.9 Hz), 3.46 (d, 1 H, CH2, 2JHH

13.6 Hz), 3.51 (d, 2 H, CH2, 2JHH 14.2 Hz), 4.13 (d, 2 H, CH2, 2JHH 14.1
Hz), 4.48 (d, 2 H, CH2, 2JHH 14.8 Hz), 4.49 (br d, 1 H, CH2, 2JHH ca. 14 Hz),
7.10–7.36 (m, 15 H, aromatic calix and toluene). 31P NMR (CDCl3):
d 131.
‡ In an inert atmosphere, a stirred solution of (ButN)2W(NHBut)2 (0.396 g,
0.839 mmol) in toluene (20 ml) was treated dropwise with a solution of 1
(0.744 g, 0.841 mmol) in toluene (20 ml). The mixture was stirred for 3 d.
The mixture was then filtered to remove a small amount of solid, and the
volume of the filtrate was reduced to ca. 5 ml. A solid precipitated over a
few days. This product was filtered and dried to yield 2·C6H5Me as a
yellow, crystalline, air-sensitive solid (0.649 g, 77%). Mp 270 °C
(decomp.). Anal. Calc. for C65H90N3O5PW·C7H8: C, 66.50; H, 7.60. Found:
C, 66.14; H, 7.64%. 1H NMR (CDCl3): d 1.12 (s, 18 H, But), 1.18 (s, 9 H,
But), 1.33 (s, 18 H, But), 1.34 (s, 9 H, But), 1.36 (s, 9 H, But), 1.53 (d, 6 H,
NCH3, 3JPH 9.4 Hz), 2.34 (s, 3 H, CH3 of toluene), 3.29 (d, 2 H, CH2, 2JHH

13.9 Hz), 3.44 (d, 2 H, CH2, 2JHH 15.8 Hz), 3.51 (d, 1 H, CH2, 2JHH 15.5
Hz), 4.38 (d, 2 H, CH2, 2JHH 13.8 Hz), 4.44 (d, 1 H, CH2, 2JHH 15.3 Hz),
4.58 (d, 2 H, CH2, 2JHH 15.7 Hz), 6.99–7.62 (m, 15 H, aromatic calix and
toluene). 31P NMR (CDCl3): d 116 (1JPW 43 Hz). The toluene of
crystallization can be removed by extended pumping.
§ In an inert atmosphere, a stirred solution of 2 (0.960 g, 0.795 mmol) in
toluene (40 ml) was treated dropwise with trifluoromethanesulfonic acid
(0.361 g, 2.41 mmol). The mixture was refluxed for 3 d. The mixture was
then filtered to remove a small amount of solid, and the filtrate was pumped
to dryness. The residue was recrystallized from toluene yielding
3·0.5-C6H5Me as a red, air- and moisture-stable solid (0.65 g, 61%). Mp
343–345 (decomp.). Anal. Calc. for C62H80F3N3O8PSW·0.5C7H8: C,
59.10; H, 6.36. Found: C, 58.97; H, 6.63%. 1H NMR (CDCl3): d 21.03 (s,
9 H, But), 1.16 (s, 18 H, But), 1.24 (s, 9 H, But), 1.30 (s, 18 H, But), 2.34 (s,
1.5 H, CH3 of toluene), 3.28 (d, 6 H,NCH3, 3JPH 9.7 Hz), 3.30 (d, 2 H, CH2,
2JHH 13.1 Hz), 3.35 (d, 2 H, CH2, 2JHH 13.7 Hz), 3.51 (d, 1 H, CH2, 2JHH

13.4 Hz), 4.36 (dd, 1 H, CH2, 2JHH 13.3, 5JPH 2.4 Hz), 4.52 (d, 2 H, CH2,
2JHH 13.6 Hz), 4.70 (d, 2 H, CH2, 2JHH 13.1 Hz), 7.11–7.50 (m, 12.5 H,
aromatic calix and toluene). 31P NMR (CDCl3): d 125 (1JPW 352 Hz).
¶ Crystal data: 2: C65H90N3O5PW·2C7H8, M = 1392.49, triclinic, space
group P1, a = 14.073(2), b = 16.615(1), c = 17.880(1) Å, a = 95.67(1),
b = 110.23(1), g = 105.49(1)°, U = 3694.9(6) Å3, Z = 2, T = 228(2) K,
l = 0.71073 Å, Dc = 1.252 g cm23, m = 1.635 mm21, for 7561 observed
reflections [I > 2s(I)], R1 = 0.0484, wR2 = 0.1245.

3: 2(C62H80F3N2O8PSW)·2C7H8·0.5C6H6, M = 2793.64, triclinic, space
group P1, a = 13.282(3), b = 23.909(3), c = 25.770(3) Å,
a = 115.844(7), b = 101.995(12), g = 94.853(12)°, U = 7060(2) Å3,
Z = 2, T = 228(2) K, l = 0.71073 Å, Dc = 1.314 g cm23, m = 1.748
mm21, for 12 959 observed reflections [I > 2s(I)], R1 = 0.0460,
wR2 = 0.1072.

Both structures were refined on F2 (SHELX93, G. M. Sheldrick, 1993,
University of Göttingen, Germany). CCDC 182/656.
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Fig. 2 Molecular structure and atom numbering scheme for 3. Label for
C(36) [carbon attached to C(31) and C(35)] omitted for clarity. Selected
distances (Å) and angles (°): W–N(1) 1.725(7), W–O(2) 1.907(5), W–O(1)
1.936(6), W–O(3) 1.943(5), W–O(6) 2.188(6), W–P 2.743(2), P–O(5)
1.598(6), P–O(4) 1.616(6), P–N(2) 1.633(7), N(1)–C(2) 1.464(11),
N(2)–C(6) 1.456(11), N(2)–C(7) 1.471(12); N(1)–W—O(2) 102.3(3),
N(1)–W–O(1) 96.1(3), O(2)–W–O(1) 90.8(2), N(1)–W–O(3) 97.1(3),
O(2)–W–O(3) 89.5(2), O(1)–W–O(3) 166.4(2), N(1)–W–O(6) 177.0(3),
O(2)–W–O(6) 80.5(2), O(1)–W–O(6) 82.8(2), O(3)–W–O(6) 83.9(2),
N(1)–W–P 99.5(2), O(2)–W–P 158.2(2), O(1)–W–P 86.9(2), O(3)–W–P
87.7(2), O(6)–W–P 77.7(2), O(5)–P–O(4) 106.6(3), O(5)–P–N(2) 97.6(3),
O(4)–P–N(2) 99.9(3), O(5)–P–W 118.2(2), O(4)–P–W 118.0(2), N(2)–P–
W 113.3(3), C(2)–N(1)–W 178.9(5), C(6)–N(2)–C(7) 113.6(8), C(6)–N(2)–
P 121.6(7), C(7)–N(2)–P 121.8(6), C(11)–O(1)–W 133.2(5), C(21)–O(2)–
W 123.4(5), C(31)–O(3)–W 134.0(5), S–O(6)–W 138.9(4).
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Subvalent germanium and tin complexes supported by a dianionic calixarene
ligand: structural characterization of exo and endo isomers of
[Butcalix(TMS)2]Ge

Tony Hascall,a Arnold L. Rheingold,b Ilia Guzeib and Gerard Parkin*a

a Department of Chemistry, Columbia University, New York, New York 10027, USA
b Department of Chemistry and Biochemistry, Univesity of Delaware, Newark, Delaware 19716, USA

The 1,3-bis(trimethylsilyl) ether of p-tert-butylcalix[4]arene,
[Butcalix(TMS)2]H2, has been synthesized and used as a
dianionic ligand for Ge and Sn; notably, the Ge complex
[Butcalix(TMS)2]Ge exhibits exo/endo isomerism, and pro-
vides the first calixarene system for which both isomers have
been structurally characterized.

The calix[n]arenes are a class of ‘chalice-like’ macrocyclic
molecules that have recently attracted widespread attention.1 In
particular, these molecules have been extensively studied as
receptors for small organic molecules and simple cations.1 By
comparison, however, calix[n]arenes have been infrequently
used as ancilliary ligands for studying the chemistry of
transition and main group metals.2,3 Moreover, for those
situations where calix[n]arenes have been employed as support-
ing ligands, their application has been mainly restricted to the
use of p-tert-butylcalix[4]arene in its tetraanionic form.†
1,3-Dialkyl ethers of calix[4]arenes, [calixR2]H2, on the other
hand, offer the potential for providing dianionic macrocyclic
ligands which may be considered as oxygen relatives of well
known N-containing macrocycles, such as porphyrins, phthalo-
cyanines and tetraazaannulenes. Despite such analogies, the
application of 1,3-diethers of calix[4]arenes as ligands for main
group metals has been limited to recent reports concerned with
the 1,3-dimethyl ether of p-tert-butylcalix[4]arene.3a–c Here, we
report the synthesis of a more sterically demanding, 1,3-di-
substituted calix[4]arene, namely bis(trimethylsilyl)-p-tert-
butylcalix[4]arene, its use as a ligand for divalent Ge and Sn,
and the first structural characterization of a pair of exo and
endo isomers of a calix[n]arene derivative.

Our particular interest in the use of 1,3-dialkylcalix[4]arenes
as O-donor macrocyclic ligands derives from recent studies
concerned with Ge and Sn complexes supported by the
octamethyldibenzotetraaza[14]annulene dianion, e.g. the sub-
valent and terminal chalcogenido complexes [h4-Me8taa]M and
[h4-Me8taa]ME (M = Ge, Sn; E = S, Se, Te).4–6 In order to
extend this chemistry, we sought to synthesize analogous
complexes derived from related macrocycles which contain O
(rather than N) donor functionalities. For this purpose, 1,3-di-
alkyl ether calix[4]arene derivatives incorporating bulky sub-
stituents (e.g. SiMe3) appeared ideal. Although 1,3-diethers of
p-tert-butylcalix[4]arene incorporating primary alkyl substi-
tuents have been synthesized previously by the reaction of the
calix[4]arene with 2 equiv. of alkyl halides in the presence of a
weak base,1c the bis(trimethylsilyl) derivative [Butca-
lix(TMS)2]H2 could not be isolated using such procedures.‡8

Nevertheless, we have found that the reaction of p-tert-
butylcalix[4]arene with Me3SiI (2 equiv.) in the presence of
pyridine (2 equiv.) affords a useful synthesis of [Butca-
lix(TMS)2]H2 (Scheme 1).

Divalent Ge and Sn complexes [Butcalix(TMS)2]M are readily
obtained by the reaction of [Butcalix(TMS)2]H2 with
M[N(SiMe3)2]2 (M = Ge, Sn) as illustrated in Scheme 1. Each
of the products has been structurally characterized by X-ray
diffraction, as shown in Fig. 1 and 2.§ Interestingly, for the Ge

system, the reaction yields sequentially two isomers, namely
exo- and endo-[Butcalix(TMS)2]Ge, which differ in the location
of the Ge atom with respect to the calixarene cavity (Figs. 1 and
2).¶ Exo and endo isomerism of this type has previously been
suggested for the aluminium hydride complex [ButcalixMe2]-
AlH, for which the Al–H moiety may be directed into, or away
from, the calixarene cavity.3b However, only the structure of
exo-[ButcalixMe2]AlH has been determined by X-ray diffrac-
tion, with the nature of the endo isomer having been inferred by
NMR spectroscopy. The Ge complexes described here, there-
fore, constitute the first pair of exo and endo isomers to be
structurally characterized.

The coordination geometries about Ge in exo- and endo-
[Butcalix(TMS)2]Ge are summarized in Table 1, from which it is
evident that both complexes exhibit Ge–O bond lengths to the
phenoxide moieties which are comparable to, but slightly
shorter than, the sum of their covalent radii (1.96 Å).∑ For the
endo isomer, the Ge center is located ca. 3.5 Å from the O atoms
of the trimethylsilylether groups, so that it is appropriately

Scheme 1

Fig. 1 The molecular structure of exo-[Butcalix(TMS)2]Ge (the Sn analogue
is similar)
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considered to be two-coordinate, with the dianionic calixarene
acting as a bidentate, rather than tetradentate, ligand. As such,
the coordination environment offered by the dianionic calixar-
ene provides a contrast with the tetracoordination provided by
related macrocyclic derivatives, e.g. [h4-Me8taa]Ge.4 The
ability of the calixarene to sustain monomeric two-coordinate
GeII centers is of interest since complexes with such coordina-
tion environments are uncommon; for example, only two two-
coordinate GeII alkoxide complexes are listed in the Cambridge
Structural Database (Version 5.13), namely (ArO)2Ge
(Ar = C6H2MeBut

2) and (But
3CO)2Ge.∑ In contrast to the two-

coordinate endo isomer, the exo isomer does exhibit interactions
with the O atoms of the trimethylsilylether groups (ca. 2.45 Å)
that are shorter than the sum of their van der Waals radii (3.40
Å).∑

It is interesting to note that, despite the observation that the
dative interaction between Ge and the trimethylsilyl ether
groups is shorter for the exo isomer, the endo isomer is evidently
the more thermodynamically stable, as judged by the observed
exo to endo isomerization.**,†† Thus, the [O?Ge] dative
interactions in the exo isomer are presumably weak and
insufficient to compensate for other structural changes which
accompany the isomerization. For example, one factor which
favors the endo isomer being the more stable is concerned with
the possibility that the calixarene conformation is such that it
furnishes a more appropriate bite angle for Ge in the endo
position than for Ge in the exo position (compare Figs. 1 and 2).
Supporting this notion, the O–Ge–O bond angle for the exo
isomer [100.2(3)°] is notably larger than is observed for simple
(RO)2Ge complexes (ca. 86–92°)∑ which are not subject to the
constraints of the macrocyclic configuration. In contrast, the
endo isomer does exhibit a O–Ge–O bond angle (ca. 92.4°) that
is comparable to the values for (RO)2Ge derivatives, thereby
suggesting that there is less strain for the endo isomer, so that it
may be more thermodynamically favored.‡‡

We thank the National Science Foundation (CHE 96-10497)
for support of this research. G. P. is the recipient of a
Presidential Faculty Fellowship Award (1992–1997). 

Footnotes and References

* E-mail: parkin@chem.columbia.edu
† For the use of neutral calixarene ligands, see ref. 3(f).

‡ Specifically, only recovered p-tert-butylcalix[4]arene was obtained from
the reaction of (i) p-tert-butylcalix[4]arene with Me3SiCl and (Me3Si)2NH,
and (ii) p-tert-butylcalix[4]arene with Me3SiCl and Li2S. The latter
reaction, however, did provide evidence for formation of the bis-
(trimethylsilyl) ether derivative, but the product could not be isolated.7a

Tetrakis(trimethylsilyl)-p-tert-butylcalix[4]arene has, however, been ob-
tained by the reaction of the calix[4]arene with N,O-tris(trimethylsilyl)-
acetamide.7b

§ Crystallography. exo-[Butcalix(TMS)2]Ge·C6H5Me is monoclinic, P21/c
(no. 14), a = 23.275(3), b = 18.829(2), c = 13.245(1) Å, b = 105.059(7)°,
U = 5605(1) Å3, Z = 4, R [I > 2s(I)] = 0.0738. endo-[Butcalix(TMS)2]Ge
is monoclinic, P21/c (no. 14), a = 28.2718(3), b = 18.4591(1),
c = 20.5583(1) Å, b = 111.245(1)°, U = 9999.7(1) Å3, Z = 8, R [I >
2s(I)] = 0.1027. exo-[Butcalix(TMS)2]Sn·C6H6 is monoclinic, P21/c (no.
14), a = 23.339(7), b = 18.684(4), c = 13.204(3) Å, b = 105.98(1)°,
U = 5535(1) Å3, Z = 4, R [I > 2s(I)] = 0.0744. CCDC 182/655.
¶ In contrast, for the Sn system, only the exo isomer has been isolated so
far.
∑ For comparison, the following metrical data have been reported for two-
coordinate Ge and Sn alkoxide and aryloxide complexes: (i) (ArO)2Ge
(Ar = C6H2MeBut

2): (Ge–O) 1.802(8), 1.812(7) Å; O–Ge–O 92.0(4)°;92a

(ii) (ArO)2Sn (Ar = C6H2MeBut
2): (Sn–O) 1.995(4), 2.022(4) Å; O–Sn–O

88.8(2)°;9a (iii) (But
3CO)2Ge: (Ge–O) 1.896(6), 1.832(11) Å; O–Ge–O

85.9(4)°.9b

** The conversion of exo-[Butcalix(TMS)2]Ge to its endo isomer (ca. 95%)
has been observed to occur over a 1 h at ca. 80 °C, as monitored by 1H NMR
spectroscopy.
†† The endo isomer of [ButcalixMe2]AlH has also been reported to be more
stable than its exo isomer. See ref. (3b).
‡‡ Other factors, such as the small conformational differences of the
calixarene ligand, may also influence the stability of the endo with respect
to exo isomer.
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Table 1 Metrical data for [Butcalix(TMS)2]M (M = Ge, Sn)

d(M–O1)/Å d(M–O3)/Å d(M···O2)/Å d(M···O4)/Å O–M–O/°

exo-[Butcalix(TMS)2]Ge 1.765(6) 1.842(6) 2.421(5) 2.486(5) 100.2(3)
endo-[Butcalix(TMS)2]Ge 1.841(5) 1.853(5) 3.460(5) 3.565(6) 92.81(22)

1.840(5) 1.849(5) 3.454(6) 2.458(5) 92.02(23)
exo-[Butcalix(TMS)2]Sn 1.956(7) 2.011(9) 2.521(6) 2.532(6) 96.3(4)

Fig. 2 The molecular structure of endo-[Butcalix(TMS)2]Ge (only one of the
crystallographically independent molecules is shown)
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A coordination network based on d0 transition-metal centers: synthesis and
structure of the [2,4]-connected layered compound
[(TiCl4)2Si(C6H4CN-p)4]·1.5C7H8

Feng-Quan Liu and T. Don Tilley*

Department of Chemistry, University of California, Berkeley, Berkeley, CA 94720-1460, USA 
Chemical Sciences Division, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA 

The tetrafunctional silane Si(C6H4CN-p)4 forms a coordina-
tion network with TiCl4 consisting of 4,2-connected layers
containing large (56 atom) rings.

There has been considerable recent interest in the construction
and study of coordination networks based on coordinate bonds
between polyfunctional ligands and various metal centers.1–8

These materials often possess well defined (crystalline) struc-
tures which are related to those for more condensed mineral
phases such as diamond,1 SrSi2,9 a-ThSi2,10 rutile11 and PtS.12

Since coordination networks may possess large pores or
channels,12,13 which in principle might contain strategically
located transition metal centers, there is interest in developing
such systems as selective, heterogeneous catalysts.14 A few
reports have appeared on the use of tetrahedral ligands, in
combination with Cu and Ag, as building blocks for construc-
tion of coordination networks.1,2 Our work in this area is based
on the tetrafunctional silane Si(C6H4CN-p)4 1, which has been
used to prepare Ag-containing networks.15

To our knowledge, there have been no reports on three-
dimensional coordination networks based on early transition
metal d0 centers. Such materials might be expected to function
as catalysts for a variety of reactions, including alkene
polymerization.16 Here we report initial efforts in this area,
involving the synthesis and characterization of the titanium-
containing network solid [(TiCl4)2Si(C6H4CN-p)4]·1.5C7H8,
which has a layered structure related to that of a-HgI2.

Layering a solution of TiCl4 (2 equiv.) in benzene over a
solution of 1 in dichloromethane resulted in the slow precipita-
tion of a yellow solid, which was isolated by filtration after 5 d
and dried under vacuum for 4 h. By combustion and 1H NMR
analysis, this material is formulated as (TiCl4)2Si(C6H4CN-
p)4·0.6C6H6 2a.† Light-yellow crystals of 2b were obtained in
55% yield by heating a sealed tube containing 2a and toluene to
140 °C for 10 h, followed by slow cooling over 6 h to room
temp.‡ The IR spectrum of 2b exhibits bands for the nitrile
groups which are blue shifted to 2231 and 2271 cm21 with
respect to the band for the tetrahedral ligand 1 (nCN 2229
cm21).17

The structure of 2b consists of [4,2]-connected infinite layers
formed by the linking of molecules of 1 by TiCl4 units (Fig. 1).§
Each molecule of 1 is coordinated to four Ti centers, each of
which links two units of 1 via cis-coordination of nitrile groups
in the roughly octahedral titanium coordination sphere. There
are two independent Ti centers in the unit cell, which possess
slightly different bond distances and angles. The octahedral
coordination geometries for the independent titanium centers
are significantly distorted such that the ‘trans’ chloride ligands
form Cl–Ti–Cl angles of 162.31(3) and 160.67(7)°. These
chloride ligands are associated with Ti–Cl distances
[2.253(2)–2.310(2) Å] which are longer than those for chloride
ligands trans to the nitrile groups [2.209(2)–2.241(2) Å]. The
silicon centers are in distorted tetrahedral environments, such
that the C–Si–C bond angles range from 103.2(2)–113.7(2)°.
The N–Ti–N angles for the two pseudo-octahedra are 78.0(2)

and 81.4(2)°. For comparison, Zaworotko has previously
reported two-dimensional frameworks based on tetrahedral
building blocks.6

The layers in the structure lie in the ac plane, and there are
two such layers in each repeat along the b-axis, which are
overlapping and related by centers of inversion in the structure.
The tetrahedral ligands 1 form a square network in each net,
with TiCl4 groups protruding above and below the planes. A
simplified drawing of two overlapping nets, illustrating their
‘buckled’ character, is given in Fig. 2. All of the ‘upward’ TiCl4
groups pack in a rough column along the b-axis, as do all the
‘downward’ TiCl4 groups. Disordered toluene molecules are
packed between the layers, to fill voids in the structure. The
two-dimensional framework of 2b may therefore be described
as a [4,2]-connected net, with tetraconnected silicon centers and
biconnected titanium centers in a 1 : 2 ratio.18 Thus, this

Fig. 1 ORTEP diagram illustrating part of a net in the structure of 2b

Fig. 2 A view of two overlapping nets in the structure of 2b. The –NCC6H4–
linkages are depicted as long ‘bonds’, the titanium centers are shown as
shaded ellipsoids, and the silicon atoms appear as unshaded ellipsoids.
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structure is related to those adopted by some binary compounds
with the AX2 formula. Since the titanium centers link the
tetrahedral building blocks 1 via cis-bonding of nitrile groups,
the structure of 2b is similar to that of a-HgI2 in which the
tetrahedral Hg centers lie in a plane.19

Thermogravimetry (TG) of 2a and 2b indicate that these
networks are somewhat thermally unstable. Thus, the TG traces
for these materials exhibit significant mass losses (ca. 32 and
35%, respectively) over the temperature range 25–280 °C, but
2a loses mass much faster than 2b during this step, which
corresponds to loss of solvent as well as some decomposition of
the framework. Both 2a and 2b exhibited the same decomposi-
tion step over the temperature range 340–500 °C.

A preliminary test of 2b as a catalyst for the polymerization
of propylene in the presence of triethylaluminium as cocatalyst
(heptane solvent, 1 atm propylene) produced only 0.400 g of
polypropylene from 0.190 g of 2b.20,21 The heptane-soluble
fraction (atactic, Mn = 24 400; PDI = 3.3, by gel permeation
chromatography using polystyrene standards) represented 75%
of the sample by mass and the remaining (presumably isotactic)
heptane-insoluble fraction (Mn = 93 000; PDI = 2.1) was
slightly soluble in THF.

This work was supported by the Director, Office of
Energy Research, Office of Basic Energy Sciences, Chemical
Sciences Division, of the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098.
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* E-mail: tdtilley@socrates.berkeley.edu
† The 1H NMR spectrum of 2a in [2H6]acetone revealed a 5 : 3 ratio of 115

to benzene. Anal. Found: C, 44.87; H, 2.57; N, 6.37. Calc. for
C31.60H19.60Cl8N4SiTi2: C, 43.99; H, 2.29; N, 6.49%).
‡ The 1H NMR spectrum of 2b in [2H6]acetone revealed a 2 : 3 ratio of 115

to toluene. Anal. Found: C, 47.87; H, 2.56; N, 5.82. Calc. for
C38.50H28Cl8N4SiTi2: C, 48.46; H, 2.96; N, 5.87%.
§ Crystal data: C38.5H28Cl8N4SiTi2, M = 954.18, triclinic, space group P 1̄
(no. 2), a = 12.4273(5), b = 13.4378(5), c = 14.1035(5) Å,
a = 110.423(1), b = 96.468(1), g = 90.752(1)°, U = 2189.6(1) Å3, Z = 2,
Dc = 1.447 g cm23, m(Mo-Ka) = 9.12 cm21, F(000) = 962. The data
collection was performed at 286 °C with Mo-Ka radiation (l = 0.710 69
Å) using a Siemens SMART diffractometer with a CCD area detector, by
the w–2q scan method within the limits 3.00 < 2q < 45.00°. The data were
corrected for Lorentz and polarization effects. The structure was solved by
direct methods (SIR 92) and refined by full-matrix least-squares analysis
based on 4580 observed reflections [I > 3.00s(I)] and 437 variable

parameters and converged with unweighted and weighted agreement factors
of R = 0.049, Rw = 0.062. All non-hydrogen atoms except those in the
disordered solvent regions were refined anisotropically. CCDC 182/669.
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Binuclear cyclopalladated cyclophanes: towards a new family of
metallomesogens
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Macrocyclic liquid crystals consisting of a biphenyl rigid core
and a 2-phenylpyrimidine unit are fused by cyclopalladation
giving a novel type of metallomesogens with nematic and
smectic mesophases.

The continuing development of liquid-crystal-based technolo-
gies requires novel mesomorphic materials with special phys-
ical properties and much research has been carried out to
prepare new types of liquid crystalline materials. In recent years
metal containing liquid crystals have been developed and
intensively investigated.1 These metallomesogens allow the
creation of quite unusual molecular geometries, which are
difficult to achieve with purely organic materials. Additionally,
interesting electronic and magnetic properties have been
reported. Recently, another type of unconventional liquid
crystals has been described. These are macrocyclic compounds
incorporating conformationally flexible2 or rigid3 rod-like
groups connected by appropriate flexible spacer units. It was
found that they exhibit mesophases that are more stable than
those of the corresponding low and high molecular mass open
chain liquid crystals. Based on this observation we decided to
synthesise macrocycles incorporating two different units. One
of them is mainly responsible for the liquid crystalline
properties whereas the other one should introduce a certain
functionality, such as electron acceptor/donor properties,4
photosensitivity or molecular recognition ability. Using the
macrocycle approach these functional units can be connected
with the mesogenic groups in a side specific manner, which
should allow the tailoring of specific properties hopefully
without losing the liquid crystalline properties.

Here, we describe the synthesis and the liquid crystalline
behaviour of novel macrocyclic compounds which combine a
4,4A-substituted biphenyl core with a 2-phenylpyrimidine unit
connected by polyether chains. The 2-phenylpyrimidine units
can serve as ligands for the formation of liquid crystalline
organometallics by orthopalladation.5,6 In this way it should be
possible to fuse two macrocyclic liquid crystals side by side.
This novel molecular architecture combines a flat metallo-
mesogenic heart with two additional calamitic mesogens.

The synthesis of the macrocycles 1 and 2 was carried out as
outlined in Scheme 1 by cyclisation of 4,4A-bis[13-(toluenesul-
fonyloxy)-2,5,8,11-tetraoxatridecyl]biphenyl7 or 4,4A-bis[12-
(toluenesulfonyloxy)-4,7,10-trioxadodecyloxy]biphenyl† with
2-(hydroxyphenyl)-5-hydroxypyrimidine under high dilution
conditions in the presence of potassium toluene-p-sulfonate
(K+OTs2) as a template resulting in a yield of 21 and 35%,
respectively. Correct spectral data which support the cyclic
structure were obtained for both compounds.‡ The [M + H]+,
[M + Na]+ and [M + K]+ peaks in the electrospray MS§
correspond to the cyclic structures. No additional peaks could
be detected in the scanned range up to m/z = 2000. Therefore
other macrocycles with larger sizes should be absent.

The phase behaviour of the macrocycles was investigated by
polarising microscopy. Compound 1 shows a monotropic
nematic phase with a clearing temperature at 142 °C. The
isotropic melt of compound 2 in which the polyether chains are

connected via flexible methylene units with the biphenyl core
can easily be supercooled to room temp. without transition to a
liquid crystalline phase.

The orthopalladation reaction was carried out by reaction of
the macrocyclic ligands 1 and 2 with Pd(PhCN)2Cl28 which
leads in moderate yields (63 and 42%, respectively) to the
corresponding metallomesogens Pd1 and Pd2 (Scheme 1). The
1H NMR spectra of the complexes show a substitution pattern
expected for palladium attack at C-2A and one of the nitrogen
atom of the phenylpyrimidine core. In negative ionization
ESMS several peaks with typical isotopic pattern corresponding

Scheme 1
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to [Pd2(Cl)2L2 + Cl]2 occur.¶ From these results and from the
structures of related 2-phenylpyrimidine-PdII complexes5 we
assume the complexes contain a dimetallic core in which each
PdII atom is in a square geometry.

The phase transition temperatures of Pd1 and Pd2 are shown
and compared with the free ligands in Table 1. Compound Pd1
exhibits an enantiotropic nematic phase indicated by the typical
schlieren texture and marbelled textures observable between
crossed polarizers. The clearing temperature of the nematic
phase is significantly enhanced in comparison to the parent
macrocycle 1. On cooling below 208 °C the transition to another
enantiotropic phase takes place which is indicated by the
occurrence of a focal conic fan texture. This can easily be
homeotropically aligned and thus clearly indicates a smectic A
phase.

The metallomesogen Pd2 obtained from the non-mesomor-
phic cyclophane 2 shows exclusively a monotropic nematic
phase with a clearing temperature at 91 °C.

The higher clearing temperatures of the complexes in
comparison with the ligands, the formation of an SA layer
structure in the phase sequence of compound Pd1, and the
induction of a liquid crystalline nematic phase in the metal-
lomesogen Pd2 indicate a significant mesophase stabilisation
caused by the orthopalladation with formation of a fused
macrocyclic ring system. The amount of mesophase stabilisa-
tion corresponds to that observed for the orthopalladation of
conventional 2-phenylpyrimidines5 and should result from the
better intermolecular interaction due to the Pd(m-X)2Pd core as
well as from their rigid molecular structure.

The unusual molecular shape of compounds Pd1 and Pd2
imposes the question concerning the type of the observed
nematic phases. One can assume that they represent uniaxial
nematic phases made up by the individual rod-shaped rigid
building blocks. On the other hand the molecules as a whole can
probably adapt a disc- or a board-like shape. Thus, the nematic
phases could also be made up by disc-shaped molecules.
However, the occurrence of a smectic layer structure as a low
temperature mesophase in the phase sequence of compound
Pd1 and the complete miscibility of the nematic phases of Pd1
and Pd2 with those of calamitic compounds are in line with a
nematic phase made up of rod like molecules.

Interestingly, a biaxial nematic phase was recently proposed
for a macrocyclic liquid crystal.9 However, no hint of the
presence of a biaxial nematic phase∑ has been found for the
macrocyclic metallomesogens Pd1 and Pd2.

In summary, the macrocyclic 2-phenylpyrimidine derivatives
1 and 2 are able to form dinuclear metallomesogens. The
orthopalladated compounds Pd1 and Pd2 represent a novel type
of metallomesogens and form more stable liquid crystalline
phases than the parent macrocyclic ligands.

This work was supported by the Deutsche Forschungs-
gemeinschaft and the Fonds der Chemischen Industrie.
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§ A solution of the compound in CHCl3–MeOH–H2O with a concentration
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¶ E.g.: Pd1: 1H NMR (400 MHz, CDCl3, SiMe4) 3.70–3.73 (m, 32 H,
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Table 1 Phase transition temperatures (T/°C)

Compound X Y cr SA N is

1 O O 4 172 — — (4 142) 4
Pd1 O O 4 168 4 208 4 226a 4
2 OCH2 CH2O 4 87 — — — — 4
Pd2 OCH2 CH2O 4 118 — — (4 91) 4

a Decomposition.
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Mechanism of low thermal expansion in the cation-ordered Nasicon structure
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Variable temperature neutron powder diffraction data are
used to pinpoint the mechanism of low thermal expansivity
in the Nasicon-related material Sr0.5Ti2(PO4)3; this behav-
iour is contrasted with that of the parent phase Na-
Ti2(PO4)3.

There has recently been considerable interest in materials
displaying the remarkable property of negative, or very low,
thermal expansivity. New materials displaying this property
include ZrP22xVxO7

1 and ZrW2O8,2 but by far the most widely
studied types have been the Nasicon or NZP family, based on
the NaZr2(PO4)3 structure.3–5 The NZP structure is a three-
dimensional lattice consisting of vertex-linked TiO6 and PO4
polyhedra, with the large Na cation occupying interstitial
trigonal prismatic (MI) sites spaced at intervals along the c-axis
(Fig. 1). NaZr2(PO4)3 itself crystallises in space group R3c,
having only one crystallographically distinct Na site. A wide
variety of adaptations may be made to the basic NZP
stoichiometry by substitutions at all three non-oxygen sites. One
such series is M0.5Ti2(PO4)3, where M is a divalent cation (Ca,

Sr, Ba). The Ca and Sr compounds adopt the lower symmetry
R 3̄ space group owing to alternate ordering of M and vacancy
along the c-axis, leading to crystallographically distinct MIa
and MIb sites. Measurements of lattice parameter evolution vs.
temperature, by X-ray powder diffraction, have shown that, in
general, the thermal expansivity behaviour of the R3c and R3
families is different, with the former showing a positive
coefficient of the c-axis expansivity (ac) and a negative
coefficient of the a-axis expansivity (aa), while the situation for
the R3 family is reversed.5,6 Although a very elegant general
model has been proposed to describe the thermal behaviour of
these materials, in terms of cooperative rotations of linked
polyhedra,7,8 the specific issue of the contrasting behaviour of
the R3c and R3 series has not been satisfactorily addressed.
Here, we show that this behaviour is directly related to the
cation-vacancy ordering, and is due to the compressibility of the
vacant site along the c-axis.

Samples were prepared from stoichiometric quantities of
TiO2, (NH4)2HPO4 and Na2CO3 or SrCO3. Thoroughly ground
mixtures were preheated at 200 °C, followed by subsequent heat
treatments at 600, 900 and 1000 °C with intermediate
regrinding. For the Sr sample a final treatment at 1200 °C was
required. Neutron diffraction data were collected on the high
flux diffractometer D1B at the ILL, Grenoble, using a
wavelength of 2.522 Å and a fixed detector bank covering 80°
in 2q. In order to determine the thermal evolution of the lattice
parameters, a series of 123 short (ca. 10 min) scans was
collected over the range 25 < T < 835 °C. These scans were
refined with the cyclic version of the refinement program
FULLPROF9 using the result for a run at a given temperature as
input file for the following run with slightly higher temperature.
Runs at selected temperatures were then chosen for detailed
structural analysis. Rietveld refinement was carried out using
the GSAS package.10 The starting model for the refinement of
the Sr0.5Ti2(PO4)3 structure was taken from Senbhagaraman
et al.11 A typical refinement consisted of 17 structural para-

Fig. 1 Portion of the ideal NZP structure showing packing of polyhedral
units along the c-axis. In Sr0.5Ti2(PO4)3 the MIa site (0,0,0) is fully occupied
while the MIb site (0,0,1/2) is vacant. The parameter D refers to the O···O
distance along the c-axis.

Fig. 2 Thermal evolution of lattice parameters for (a) NaTi2(PO4)3 and (b) Sr0.5Ti2(PO4)3
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meters, with 400 data points and 80 contributing reflections
over the range 18 < 2q < 98°.

Plots of the thermal evolution of the lattice parameters for
both compounds are shown in Fig. 2. Values of aa and ac are
25.3 and 20.8 3 1026 °C21 for NaTi2(PO4)3 in the range
25–500 °C and 13.2 and 20.02 3 1026 °C21 for Sr0.5Ti2(PO4)3
in the range 25–800 °C, which are in good agreement with those
reported by earlier studies.5,6,12 Although thermal evolution of
lattice parameters by X-ray powder diffraction has been carried
out for both these samples, the present study provides, for the
first time, precise structural details by neutron diffraction,
which allows us to pinpoint the mechanism of their behaviour.
One of the most significant trends is the near-zero expansivity
of the c-axis for the Sr compound. It has previously been
suggested that the largest contribution to the expansivity in NZP
materials is the expansion of the Na–O bond itself. This governs
the ‘size’ of the trigonal prismatic site along the c-axis (i.e. the
O–O contact), which is plotted in Fig. 3. In the case of the Sr
compound in R3 there are two such sites to consider, the Sr site
and the vacancy site, which are confirmed to be completely
ordered from the refinements. It can be seen that, in the Na
compound this site expands, by ca. 0.20 Å over the full
temperature range, accounting completely for the overall
expansivity ac (two per unit cell), whereas in the Sr compound
there is an expansion of the Sr site but a contraction of the
vacancy site. These two almost exactly cancel out, resulting in
the observed near-zero expansion coefficient, ac. These param-

eters in turn result in the cooperative polyhedral rotations
described by earlier workers, and lead to the expansivities along
the a-axis. A full analysis of these effects will be the subject of
a later paper, but the fundamental explanation of the c-axis
expansivity lies simply in the relative expansion/contraction of
the occupied and vacant MI sites. The anomaly previously
observed in the case of Ca0.5Zr2(PO4)3, which shows the
behaviour of an R3c structure rather than an R3 structure13 lies
in the fact that in that case both the Ca site and the vacancy site
expand with temperature, resulting in a net expansion of the
c-axis. Apparently the smaller vacancy site in that case (ca. 4.1
Å at 25 °C) is not as compressible as the vacancy site in the
present phase. A diffraction experiment cannot differentiate
whether the unusual behaviour of the Sr phase is due to cation-
ordering per se or merely the presence of equal numbers of
filled and vacant MI sites. However, it is interesting to note that
a larger value of ac = 1.37 3 1026 °C21 has been reported for
Ba0.5Ti2(PO4)3, which crystallises in the disordered R3c
structure type.6 A comparative, detailed neutron diffraction
study of the Sr and Ba materials is therefore currently in
progress.

We would like to thank the EPSRC for the provision of a
studentship to D. A. W., and Mr C. J. Milne for help in
collecting the neutron diffraction data.
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Fig. 3 Thermal evolution of the trigonal prismatic MI sites (i.e. O···O
distance, D, along the c-axis). In NaTi2(PO4)3 the c-axis expansivity is
governed by 2 3 D(Na), in Sr0.5Ti2(PO4)3 by D(Sr) + D(vac).
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Synthesis and optical sensing properties of a boronic acid appended rhenium(i)
complex for sugar

Vivian Wing-Wah Yam* and Alex Sze-Fai Kai

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, PR China

A rhenium(I) complex with boronic acid pendant is synthe-
sized and characterized; the complex is shown to exhibit pH
dependent electronic absorption characteristics; the photo-
physical properties and sugar sensing behaviour are also
investigated.

Boronic acids, which have been known to form covalently
bonded complexes with diols in aqueous system, have attracted
a great deal of attention as an interactive tool for sugar
recognition.1,2 Much attention has been focused on the
application of boronic acids with organic backbones as
fluorescent chemosensors for sugars.2 Although there were
reports on the synthesis of iron(ii) complexes with boronic acid-
containing ligands, they were mainly confined to those of
electrochemical3 and circular dichroism (CD) spectroscopic
studies.4 There has been, to the best of our knowledge, no report
of transition metal coordination/organometallic compounds of
this kind employed as absorbance or luminescence probes. With
our recent interest in the utilization of metal-to-ligand charge
transfer (MLCT) excited states as spectrochemical and lumines-
cence probes as well as in the study of host–guest interactions,5
an attempt to extend our attention to sugar recognition was
pursued. Herein are reported the synthesis and luminescence
behaviour of a rhenium(i) complex 1 with boronic acid pendant.
The changes in the electronic absorption and luminescence
properties induced by the presence of various types of mono-
and di-saccharides have been investigated and the binding
constants determined using spectrochemical methods. Com-
plexes 2 and 3 have also been synthesized for comparative
spectrochemical studies. All complexes 1–3 have been charac-
terized by 1H NMR, IR spectroscopy and positive FAB mass
spectrometry, and gave satisfactory elemental analyses.†

The UV–VIS spectrum of complex 1 shows a low energy
absorption band at ca. 370 nm, typical of the MLCT transition
of rhenium(i) diimines.6 Excitation of an aqueous solution of 1
at l = 430 nm showed an intense luminescence at ca. 620 nm,
which is typical of the phosphorescence derived from the triplet
rhenium-to-diimine metal-to-ligand charge transfer (3MLCT)
excited state.6 Both the MLCT absorption and emission bands
in Me2SO–H2O (1 : 1 v/v) were found to show a blue shift in
energy as the pH7 was increased. Besides the blue shift from ca.
670 nm in acidic medium to ca. 620 nm in alkaline medium was
observed in the emission maxima, a rise in emission intensity
was found to occur as the pH increased. The pKa of 1 was found

to be 5.9, which we attributed to hydroxide capture by the
boronic acid group. A typical pKa of ca. 9 was reported for
phenylboronic acid in aqueous solution,8 quite different from
the medium used in the present system. It is believed that
coordination of the ligand to the metal centre would stabilize the
boronate pendant and hence lowered its pKa value. A similar
pKa has been obtained in a separate experiment using a
universal phosphate–citrate buffer with constant ionic strength.9
In order to choose an optimum working pH for the sugar binding
studies, the absorption spectra of 1 at pH 5.5–10.5 both in the
absence and in the presence of 0.2 mol dm23 d-fructose were
measured. d-Fructose was chosen as it has previously been
reported to show the largest spectral change among the various
types of saccharides studied.1,2,8 The largest spectral change
induced by d-fructose was observed at pH 8.3 for 1, which was
thus employed for our subsequent measurements.

The UV–VIS spectral traces of 1 in glycine–NaOH buffer10

at pH 8.3 in the presence of various amounts of added d-fructose
showed an isosbestic point at ca. 350 nm. Fig. 1 depicts the
titration curve of 1 with different sugar substrates. d-Fructose
was found to induce the largest spectral change of 1. By
applying the equation A0/(A02 A) = (e0/e02 e)[(1/K[S]) + 1]11

and a plot of A0/(A0 2 A) vs. [S]21, the stability constants K
could be obtained from the ratio slope/y-intercept, where A0 and
A are the respective absorbances at 376 nm in the absence and
in the presence of saccharide S with concentration [S], and e0
and e are the absorption coefficients for the free and sugar-
bound rhenium(i) complex, respectively. The stability constants
for 1 : 1 complexation in glycine–NaOH buffer : Me2SO (1 : 1
v/v) are: d-fructose (log K = 2.40); l-arabinose (log K = 1.56);
d-galactose (log K = 1.54); d-mannose (log K = 1.29);
d-glucose (log K = 1.18); maltose (log K = 0.91); lactose (log
K = 20.37). It was found that d-fructose gives the largest log
K value. Similar trends have also been observed in the related
organic systems.1,2

The selective preference of 1 for mono- over di-saccharides
has been attributed to the covalent bonding interaction of the
hydroxyl groups on the saccharides to the boronate ions; the

Fig. 1 Plot of absorbance of 1 (0.1 mm) at 376 nm in glycine–NaOH
buffer : Me2SO (1 : 1 v/v) at pH 8.3 as a function of sugar concentration for
selected sugars
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selectivity of which is controlled by the size of cavity as
governed by the two boronate groups. The existence of the 1:1
complex of 1 with d-glucose was established by negative FAB
mass spectrometry. Fig. 2 shows the expanded ion clusters
observed in the mass spectrum of a mixture of 1 and d-glucose.
The binding of monosaccharides, like d-glucose, to 1 gave both
1 : 1 cyclic and 1 : 1 non-cyclic bound species at low saccharide
concentrations. At high concentration of saccharides, apart from
the 1 : 1 complexes, the 1 : 2 complex also exists. The site of
binding has also been confirmed by related studies using the
analogous complex 2 in which the boronic acid groups were
absent as a control. Unlike 1, addition of d-fructose to 2 at pH
8.3 induces no spectral change, indicative of the importance of
the boronic acid pendants in the binding action. However, as the
pH is increased to 12.1, both 1 and 2 showed a similar increase
in the absorbance upon addition of d-fructose with the absence
of isosbestic points in the electronic absorption spectral traces.
It is likely that under such high pH conditions, deprotonation of
the amide group would occur to bind the saccharides.
Deprotonation of the amido proton has been reported to occur at
high pH. Organic amides such as benzanilide and
p-bromobenzanilide showed pKa values of 16.53 and 15.73,
respectively;12 the pKa values are dependent on the electronic
factors with electron withdrawing substituents stabilizing the
imide anion, and lowering the pKa value. The emissive
behaviour of 1 and 2 is similar, each showing an emission
maximum at ca. 620 nm, the intensity of which increased
significantly upon addition of sugars. Similar changes in the
emission behaviour were not observed for 1 and 2 at pH 8.3. In

order to investigate the behaviour of complex 2 under high pH
condition, complex 3 was prepared in which the amido protons
were replaced by methyl substituents. Unlike complexes 1 and
2, the addition of d-fructose to 3 at pH 12.1 induces no spectral
change. It is worth noting that the role played by the amido
group in sugar binding at high pH values should not be
overlooked. Work is in progress to explore the potential of such
binding properties.
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the Croucher Studentship and the Croucher Scholarship, both
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Fig. 2 Expanded ion cluster from the negative FAB mass spectrum of a
buffered solution containing 1 and d-glucose. (a) (i) m/z 896, (ii) simulated
isotope pattern for ReB2C33ClH24N4O11; (b) (i) m/z 932, (ii) simulated
isotope pattern for ReB2C33ClH28N4O13; (c) (i) m/z 1076, (ii) simulated
isotope pattern for ReB2C39ClH36N4O17.
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Novel channel-type inclusion compounds of 3-epiursodeoxycholic acid
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A new host, 3-epiursodeoxycholic acid, forms inclusion
crystals with naphthalene derivatives with 1 : 1 stoichio-
metry.

Ursodeoxycholic acid (3a,7b-dihydroxy-5b-cholan-24-oic acid
1), one of the bile acids, is well-known as a medicine,1
originally isolated from the gall of bears.2 Compound 1 and its
3b-isomer, 3-epiursodeoxycholic acid 2, were believed to yield
only guest-free crystals in the presence of organic substances,3,4

although other bile acids, such as deoxycholic acid and cholic
acid, tend to form inclusion crystals.5 In contrast, our recent
research has revealed that 2 includes a wide range of organic
compounds. Here we report that 2 forms a layered assembly
with large channels where naphthalene derivatives are included
in a 1 : 1 host-to-guest ratio.

Compound 2 was prepared from commercially available 1 as
described in the literature.6 The acid was recrystallized from
neat organic liquids, or from alcoholic solvents dissolving the
third solid components.7 The resulting crystals were charac-
terized by thermogravimetric analysis, and solid state IR and 1H
NMR spectroscopy. A wide variety of organic compounds, such
as aromatic and aliphatic alcohols, ketones, ethers, esters and so
on, were included by 2 as a host, whereas they were not included
by 1. Table 1 shows a number of the inclusion compounds. It is

noteworthy that 2 includes both small ketones such as pentan-
3-one and naphthalene derivatives such as 2A-acetonaphthone 3
in a 1 : 1 molar ratio of host to guest. We did not observe such
an inclusion in the case of other bile acids and their derivatives.
For example, deoxycholic acid formed inclusion compounds
with 3 in a 3 : 1 molar ratio of host to guest.

X-Ray powder diffraction studies showed that the inclusion
compounds have very similar structures, indicating that the
inclusion crystals have similar molecular assembly modes. This
was confirmed by single crystal X-ray structural analysis.
Single crystals suitable for analysis were obtained by recrystal-
lization of 2 with 3.† Fig. 1 depicts the crystal packing of the
inclusion compound viewed along the crystallographic c axis. It
can be seen that the host molecules are arranged in a ‘chicken-
wire’ network with large channel-type inclusion spaces. The
molecular assembly mode is quite unique, as inclusion crystals
of other bile acids tend to form bilayered structures.5 All the
host molecules are connected by hydrogen bonds. The helical
network has the sequence O(3)H···O(7)H···O(24a)NC–
O(24b)H···O(3)H, where the hydrogen bonding distances are
2.744(5), 2.894(5) and 2.595(4) Å, respectively.

The channel was analysed as a space filling model, which
showed that the channel could be described as a straight pillar
with a rectangular cross-section of approximate dimensions 7.4
3 11.5 Å. The guest molecules are accommodated in the
channels with only van der Waals contacts. It is interesting that
3 arranges perpendicular to the channel and forms a column
along the crystallographic c axis. In the column, 3 stacks with a
distance of 3.51 Å, which corresponds to half of the crystal c
dimension (7.020 Å). The space filling model of one column is
depicted in Fig. 2.

In addition, we obtained single crystals via recrystallization
of 2 from pentan-3-one. The X-ray measurement at 193 K
indicated that the guest molecules were disordered in the
channels. This indicates that the guest molecules are too small
in size to provide thermally stable inclusion compounds.

In conclusion, this study demonstrates that 2 forms inclusion
compounds with a wide range of organic compounds. These
form a new channel-type large inclusion space as compared
with any other bile acids, enabling the inclusion naphthalene
derivatives with 1 : 1 stoichiometry.

Table 1 Inclusion ability of 2 with various organic compounds

Guest Host–guest ratio

4-Methylpentan-2-ol 1 : 1a,b

2-Methylpentan-1-ol 1 : 1a,b

Isobutyl acetate 1 : 1a,b

Propyl propionate 1 : 1a,b

Ethyl benzoate 1 : 1a,b

Pentan-2-one 1 : 1a,b

Pentan-3-one 1 : 1a,b

4-Methylcyclohexanone 1 : 1a,b

Acetophenone 1 : 1a,b

Anisole 1 : 1a,b

Ethylbenzene 1 : 1a,b

n-Propylbenzene 1 : 1a,b

Styrene 1 : 1a,b

o-Xylene 1 : 1a,b

2A-Acetonaphthone 1 : 1b

1A-Hydroxy-2A-acetonaphthone 1 : 1b

2-Methylnaphthalene 1 : 1b

1-Methoxynaphthalene 1 : 1b

a Determined by thermogravimetric analysis–differential scanning calo-
rimetry. b Determined by 1H NMR spectroscopy.

Fig. 1 The crystal structure of a 1 : 1 complex between 2 and 3 viewed down
the crystallographic c axis. Carbon and oxygen atoms are represented by
empty and filled circles, respectively. Hydrogen atoms are omitted for
clarity.
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Ka radiation. 2683 Reflections were unique, and 1583 observed reflection
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calculations were performed using the TEXSAN crystallographic software
package of the Molecular Structure Corporation. CCDC 182/665.
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Fig. 2 Schematic drawing of one column of 3 in the inclusion space. Carbon
and oxygen atoms are represented by empty and filled circles, re-
spectively.
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Novel synthesis of calamitic and discotic liquid crystalline derivatives of
tetrathiafulvalene (TTF)

Richard A. Bissell,a Neville Boden,a Richard J. Bushby,*a Colin W. G. Fishwick,a Edward Holland,a Bijan
Movaghara and Goran Ungarb

a Centre for Self-Organising Molecular Systems (SOMS), University of Leeds, Leeds, UK LS2 9JT 
b Department of Engineering Materials, University of Sheffield, Sheffield, UK S1 3JD 

A synthesis has been developed for both calamitic and
discotic mesogens based on the bis(phenylenedithio-TTF)
(BPhDT-TTF) nucleus.

Only recently has attention been given to the charge transport
properties of liquid crystals and the new applications that could
stem from them.1 Well defined hole transits have been obtained
from the columnar phases of discotic liquid crystals2 and it has
been shown that quasi-one-dimensional electronic conduction
can be induced in these systems either by n-doping3 or by
p-doping.4 More recently it has been shown that phenyl-
benzothiazole-based calamitic smectic A phases (quasi-two-
dimensional) give both electron and ion transits.5 The highly
efficient, anisotropic charge transport obtained suggests appli-
cations in photosensors, light-emitting diodes,6 electrophoto-
graphy and many other areas. There is, however, a need for new
molecular systems. Although the success of crystalline TTF
conductors7 makes liquid crystalline derivatives of TTF an
obvious synthetic target little progress has been made in this
area.8

Our synthesis, which is shown in Scheme 1, enables us to
make both calamitic and discotic mesogens based on the
bis(phenylenedithio-TTF) (BPhDT-TTF) nucleus. The novel
step involves a cycloaddition between 2,3-bis(methoxycar-
bonyl)benzoquinone 2 and 1,3-dithiole-2,4,5-trithione [depoly-
merised oligo(1,3-dithiole-2,4,5-trithione)] 1.9 Addition of
simple four p electron components to 2,3-disubstituted qui-
nones normally yields adducts of the 2,3-double bond10 (in this
case the ‘wrong’ regioisomer) but, fortunately, the sole product
obtained was the desired hydroquinone 3. The remainder of the
synthesis, shown in Scheme 1, uses well-established reactions
and procedures. Compounds 4a, 4b and 4c were non-liquid
crystalline (4a, mp 48 °C; 4b, mp 129–130 °C and 4c, mp
182–184 °C) but the bis(anhydride) 5 and the bis(imide) 6 both
displayed enantiotropic liquid crystalline behaviour.

Force field (MM2) calculations on the BPhDT-TTF nucleus
and crystal structures of related compounds suggest that it
adopts the elongated shallow ‘chair’ conformation shown in
Fig. 1 making it, perhaps, a more obvious choice for creating
calamitic than discotic liquid crystals.

Compound 5 gives a smectic A phase between 91.5 and 107.3
°C, with a layer repeat distance of 24.3 Å, comparable to the
length of the molecules. More surprisingly, compound 6
behaves as a discogen, giving a Dr columnar phase between
room temperature and 64.7 °C. This is unusual, but not
unprecedented, for a molecule with such a non-planar, elon-
gated core.11 When viewed between cross polarisers, thin films
of compound 6 obtained by slow cooling from the isotropic
phase showed the characteristic dendritic structures of a
columnar mesophase and the X-ray analysis of this phase is
detailed in Table 1. Compounds 4a, 5 and 6 are soluble in
common organic solvents and solutions display two reversible
one electron oxidation waves in the anodic window showing the
formation of stable radical cations. The dc and ac conductivity
response of thin films (12 mm) of compounds 5 and 6 has been

investigated using a variety of electrode types (indium tin oxide,
gold and aluminium).12 The liquid crystalline phase of com-
pound 5 did not align under these conditions but compound 6
aligned homeotropically when annealed at 55 °C. Dc studies
showed that both materials gave a linear (Ohmic) response up to
an applied voltage of 1 V.12 As expected, the ac conductivities
(101–106 Hz, 1 V) were very low (10212–1027 S cm21) and

Scheme 1 Reagents and conditions: i, THF, reflux, 8 h, 24%; ii, Ac2O,
DMAP, CH2Cl2, 2 h, 94%; iii, Hg(OAc)2, AcOH, CH2Cl2, 4 h, 94%; iv,
P(OMe)3, C6H6, reflux, 5 h, 60%; v, RX, K2CO3, DMF, heat, 74–94%; vi,
KOH, THF, MeOH, reflux, 5 h, 78%; vii, 90 °C, vacuum, 5 h, 88%; viii,
MeNH2·HCl, K2CO3, DMAP, DMF, CHCl3, 3 Å molecular sieves, 80 °C,
3 days, 60%. All new compounds gave satisfactory combustion analyses
and spectroscopic data.
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dominated by trace ionic impurities. More surprising was the
finding that, when a sample of compound 6 was p-doped with 2
mol% of antimony pentachloride, giving a radical cation
concentration ~ 1020 cm23 (EPR), the ac conductivity (101–106

Hz, 1 V) only increased to 10211–1026 S cm21. This is very
much lower than that normally found in doped discotics2,3 and
the reasons for this are not immediately apparent. It may imply
that the radical cations formed are highly localised (small
polarons) and/or pinned by the counterions. Alternatively it may
be that there is a major difference in geometry between the
neutral molecule and the radical cation resulting in large local
lattice distortions (a structural polaron). Experiments aimed at

resolving this problem and at producing related TTF derivatives
with higher conductivities are in progress.

We thank the EPSRC and Leeds University for financial
support and the Royal Society for a fellowship to R. A. B.
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Fig. 1 Optimised geometry of BPhDT-TTF obtained using the MM2 force
field method

Table 1 Powder X-ray diffraction data for the Dr phase of the diimide 6. The
calculated data is that expected for a two-dimensional cell, a = 27.3, b =
22.9 Å. Additionally there is a rather broad reflection at 4.00 Å
corresponding to the separation between the rings within the stacks. It is
greater than that found in crystalline TTF derivatives (ref. 13)

Reflection Calculated/Å Observed/Å

10 27.3 27.3
01 22.9 absent
11 17.5 17.8
20 13.7 13.7
02 11.4 11.4
21 11.7 11.4
12 10.6 10.8
30 9.1 9.7
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Observation and quantification of a chiral medium induced difference in rate
of enantiomerization

Kai Rossen,* Jess Sager and Yongkui Sun

Process Research and Development, Merck Research Laboratories, PO Box 2000, Rahway, NJ 07065, USA

A chiral stationary phase HPLC column has been used both
to separate the enantiomers of a g-lactol and also to observe
the rate of enantiomerization of the individual enantiomers;
the rate of enantiomerization differed for both enantiomers
in the presence of the chiral stationary phase.

A chiral medium interacting with a pair of enantiomers results
in energetically differentiated, diastereomeric complexes and
this differential stabilization of the enantiomers will contribute
to the different reaction rates of the enantiomers in the chiral
medium.1 Chiral stationary phases (CSPs) have developed into
very useful and reliable tools for the determination of the
enantiomeric composition of mixtures. One of the most
successful types of chiral stationary phases for HPLC and SFC
(supercritical fluid chromatography) is prepared from crystal-
line carbamoylated or acylated cellulose or amylose deposited
on SiO2 (commercially available as Chiralcel and Chiralpak
columns).2

The combination of these columns with the use of super-
critical CO2 as eluent is a particularly powerful tool for
enantiomer separation.3 The chromatographic separation of the
enantiomers results from the formation of energetically differ-
ent diastereomeric complexes between the enantiomers and the
CSP and it would therefore appear reasonable to expect that
enantiomers react at different rates in the presence of a chiral
stationary phase.4 We have examined this premise using the
enantiomerization of g-lactol 1 as a model reaction (Scheme 1)
where (R)-1 and (S)-1 are chiral but the reaction intermediate
hydroxy aldehyde 2 is not.†

Examination of 1 by 1H NMR spectroscopy shows that it is
exclusively present in the closed form, as would be expected
from a gem-dimethyl substituted five-membered lactol. The
enantiomers of 1 are separated on a Chiralpak AD column [25
cm length, supercritical CO2 at 300 bar with 8% modifier
(PriOH–H2O 95 : 5), flow 1 ml min21, 40 °C, retention time

tR = 21.0 min, tS = 29.8 min, dead volume time t0 = 3.3 min,
assignment of first peak as the R-isomer is arbitrary].‡ The
procedure for measuring the rates of enantiomerization is
described in Fig. 1. The flow of the mobile phase is turned off
at a fraction of the regular run time when the enantiomers are
already spatially separated on the column (e.g. at tX = 0.33 tR).
The enantiomers are then allowed to partially enantiomerize in
the presence of the chiral medium for a period of time t before
the flow resumes.5 A four-peak pattern is obtained, with the
inside peaks resulting from the enantiomerization of the
previously separated peaks.§ 

By varying the time t for which the flow is turned off, the rate
of enantiomerization of each enantiomer in the presence of the
chiral stationary phase can be determined. A plot of conversion
R/R0 and S/S0 vs. t (Fig. 2) shows that the enantiomers react at

Scheme 1

Fig. 1

Fig. 2
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different rates! Least square fit of the data to the kinetic
equations of a reversible first-order system gives kR = 1.19 3
1023 min21 and kS = 7.75 3 1024 min21.¶ This rate difference
can be used to calculate the difference in Gibbs energy of
activation for the enantiomerization of (R)- and (S)-1 in the
presence of the chiral medium at 40 °C: DG‡ = DGR

‡ 2

DGS
‡ = 2RTln kR/kS = 21.10 kJ mol21. However, the

differential binding energy of the two enantiomers on the CSP
is responsible for the separation of the enantiomers on the
column. It can be calculated from the observed chromatogaphic
separation factor a = (tS 2 t0)/(tR 2 t0) = 1.50 according to
DG = 2RTln a and gives DG = 21.06 kJ mol21 (40 °C). As
the intermediate hydroxy aldehyde 2 is achiral, the difference in
Gibbs energy of activation DG‡ obtained from the kinetic
measurements will result from the differential binding strength
of the two enantiomers of 1 on the chiral column as long the
influence of the chiral medium on the energy of the transition
states leading to the achiral intermediate 2 is negligible. Indeed,
the value obtained from the kinetic measurement (DG‡ = 1.10
kJ mol21) is in good agreement with the number obtained from
the chromatographic separation factor (DG = 1.06 kJ mol21).
Thus, the different rates of enantiomerization are caused by the
differential binding of the enantiomers of the lactol 1 with the
chiral medium and the transition states leading from 2 to the
enantiomers of 1 are of nearly identical energy in the presence
of the chiral medium.

In summary, we have demonstrated that the enantiomers of a
chiral compound react at different rates in the presence of a CSP
and that this rate difference is caused by the differential
energetic stabilization of the individual enantiomers of the
g-lactol by the chiral medium. This example adds to the list of
examples6 where enantiodifferentiating reactivity is achieved
by performing a reaction in the chiral environment provided by
a chiral host.
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Structure of templated microcrystalline DAF-5† (Co0.28Al0.72PO4C10H20N2)
determined by synchrotron-based diffraction methods

Gopinathan Sankar,a Joanna K. Wyles,a Richard H. Jones,b John Meurig Thomas,*a C. Richard A. Catlow,a
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Micro-single crystal diffraction techniques employing syn-
chrotron radiation are used to determine the structures of
the disordered template (4-piperidinopiperidine) within the
recently synthesised, chabazite-related cobalt aluminium
phosphate known as DAF-5; the structural details revealed
are inaccessible by high-resolution powder diffraction.

In the search for microporous solids possessing unusual
catalytic and other properties1 accurate knowledge of template–
host interaction is of crucial importance. Computational
techniques2,3 are indeed able to design templates for the
synthesis of specific microporous architectures. Experimental
determination of the location, orientation and disorder of
templates within the microporous host is however, necessary for
improving our ability to predict and optimise the appropriate
templates. Recently4 the de novo design code ZEBEDEE led to
the choice of 4-piperidinopiperidine (C10H20N2) as the template
for producing a chabazitic cavity which is more symmetrical
than that achieved in the open-structured cobalt phosphate
known as DAF-4, a solid-acid catalyst (closely related in
structure to the zeolitic mineral levyne) that shape-selectively
converts methanol preferentially to ethene and propene.5 Here,
microcrystalline diffraction techniques, feasible only with
synchrotron radiation, are used to establish the structural
properties of the template within this new chabazitic alumino-
phosphate.

DAF-5 was crystallised from a gel of composition 0.4
CoO : 0.8 Al2O3 : 1.5 P2O5 : 30 H2O : 2.5 C10H20N2 which was
heated under hydrothermal pressure at 160 °C for 3–6 h. A
phase-pure material was produced which gave a unique X-ray
powder diffractogram collected on station 2.3 of the Daresbury
Synchrotron radiation source (which operates at 2 GeV with a
typical current between 120 and 250 mA) in capillary mode
using a wavelength of 1.399 94 Å. Unit cell parameters were
obtained using the auto-indexing program TREOR.6 Structure
factor amplitudes were extracted using a Le Bail decomposi-
tion.7 These data were used to solve the structure by direct
methods using the program SIRPOW,8 the starting model so
obtained being utilized for subsequent Rietveld refinement.9,10

This clearly established the nature of the framework [the best fit
is shown in Fig. 1 and the framework structure, as subsequently
determined together with the template, in Fig. 2(a)]. Difference
Fourier maps indicated that the organic molecule experiences
extensive disorder; but detailed structural information could not
be derived from the powder diffraction data.

To determine the nature of the disorder of this template and
find its possible orientations we employed single-crystal
diffraction methods on a microcrystal of DAF-5 having
dimensions close to 30 3 30 3 30 mm.‡ Collection of accurate
data on such small crystals can be best performed using
synchrotron sources,11–13 such as the facility recently commis-
sioned at station 9.8 of the Daresbury SRS,14 where focusing

optics ensures high photon flux on the sample. Data were
collected on a Siemens SMART CCD Area detector at a
wavelength of 0.6889 Å. The structure was again solved by
direct methods.15 The location of the template molecule could

Fig. 1 High-resolution X-ray powder diffraction pattern (solid line)
recorded at station 2.3 of the Daresbury Synchrotron radiation source
employing a wavelength of 1.3999 Å. The dashed curve shows the best fit
to the experimental data generated using the Rietveld analysis program
GSAS. The difference profile is shown in the bottom of the figure.

Fig. 2 Graphical representation of the structures of DAF-5 derived from the
single crystal experiment is shown in (a). For clarity only one of the cages
is given which contains all possible conformations of the occluded template
molecule 4-piperidinopiperidine. One of the possible conformations of the
template molecule is also shown using ball (b) and stick (c) representations
where carbon atoms are shown in grey and nitrogen in black.
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be ascertained from a careful interpretation of the difference
Fourier map in terms of the possible conformers. This approach
yielded plausible template orientations shown in the location
inside the cage in Fig. 2, which also depicts one of the
orientations of the single template molecule. The calculated
position of the template5 has six equivalent, statically disor-
dered positions. Furthermore, molecular dynamics simulations
(using Discover16) indicate independent rotation around the
C–N bridge in the molecule as well as a precessional motion.
However, the symmetry of the molecule is such that the
extremes of the molecule and bridging atoms show small
amplitudes of thermal motion. These findings are consistent
with the atomic positions found in the diffraction study.

Our study demonstrates the power of microcrystalline
diffraction techniques together with computer modelling in
revealing complex structural features of templated microporous
solids.

The authors thank EPSRC for financial support and CCLRC
for the provision of beam time. D. W. L. thanks the
Oppenheimer Trust of the University of Cambridge for an
Oppenheimer Fellowship.
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† Davy Faraday Number 5. For DAF-4 see ref. 5.
‡ Crystal data: Co0.28Al0.72PO4C1.67N0.33H3.33, Mr = 158.96, trigonal
space group R3, a = 13.537(5), c = 15.480(6) Å, U = 2457 Å3, Z = 18,
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3 0.03 3 0.03 mm. Data were collected at 295 K employing a wavelength
of 0.6889 Å, on a Siemens SMART CCD area detector diffractometer,
equipped with a silicon (111) crystal monochromator and a palladium
coated focusing mirror on the single crystal diffraction station (no. 9.8) at
the Daresbury Laboratory Synchrotron Radiation Source. Coverage of a
hemisphere of reciprocal space was achieved by 0.2° frame increments in w,
with qmin = 2.11° and qmax = 26.47° (index ranges 25 @ h @ 16, 216 @
k @ 4, 215 @ l @ 19). Corrections were applied to account for incident
beam decay and absorption effects. A solution was provided via direct
methods and refined by full-matrix least-squares on F2. 2188 reflections
were measured, producing 969 unique data with Rint = 0.0455. 100
parameters and 264 restraints (imposed in order to model the disordered

template molecule; these consisted of restraints on geometry, to impose
approximate non-crystallographic molecular symmetry and similarity of
groups of bond lengths and angles as well as equivalence of crystallo-
graphically independent disorder components, and on atomic displacement
parameters, to approximate a rigid bond model and similarity of
displacements for disorder sites) refined to R1 = 0.0633 and wR2 = 0.1785
[I > 2s(I)] with s = 0.971 and a residual electron density of 0.58, 20.71
e Å23.
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Synthesis of iminopolyols via Henry reaction: a short route to the a-manno-
sidase inhibitor 1,4-dideoxy-1,4-imino-d-mannitol and to amino analogues†,1

Frank-Michael Kieß,a Philip Poggendorf,a Sylviane Picassob and Volker Jäger*a

a Institut für Organische Chemie der Universität Stuttgart, Pfaffenwaldring 55, D-70569 Stuttgart, Germany
b Institut de Chemie Organique, Université de Lausanne, CH-1015, Lausanne-Dorigny, Switzerland

The a-mannosidase inhibitor 1,4-dideoxy-1,4-imino-
D-mannitol (DIM) as well as amino analogues of DIM and of
deoxy-manno-nojirimycin, respectively, have been prepared
using a diastereoselective nitroaldol addition as the key
step.

Many polyhydroxy-pyrrolidines and -piperidines (iminoglyci-
tols) act as strong and specific inhibitors of glycosidases,2–4 e.g.
1,4-dideoxy-1,4-imino-d-mannitol 13 or deoxy-manno-nojiri-
mycin 2.4 Due to their potential as anti-diabetic, anti-viral or
anti-tumour agents,2c many efforts have been directed towards
syntheses of this class of compounds, usually based on
modification of carbohydrate precursors or cycloaddition
methods.5

For some time, we have been studying the diastereoselec-
tivity of the nitroaldol addition (Henry reaction),6 with a view to
efficient construction of nitro- and amino-polyols and further
uses in the preparation of various amino- and imino-polyols.7
We now report a simple synthesis of DIM 1, and of new amino
analogues 3, 4 of DIM and of 2, respectively, based on
diastereoselective nitroaldol additions catalyzed by tetrabutyl-
ammonium fluoride trihydrate.7,8 (C3 + C3)-Assembly of nitro
compounds, bearing an a-oxy or a-amino function, and the
glyceraldehydes 7 leads to nitrohexitols (see Scheme 2), which
can be reduced to the corresponding amino compounds.
Cyclization would then give access to iminopolyols. Thus, the
question should be addressed whether the 4- or 5-OH group
could be replaced by an amino function, to retain or alter
inhibition of glycosidases.

The optically active nitro compounds 5, 6 were prepared from
the corresponding aldehydes9,10 by oximation,9d,10c followed by
oxidation with trifluoroperacetic acid11 (Scheme 1).

For the aldehyde part, 2-O-benzylglyceraldehyde 7 was
chosen, readily available in both enantiomeric forms from

tartrates,12 which had given the best diastereomer ratios in
related cases.7 The addition of 5 to d- or l-7 afforded the nitro
alcohols 8 and 9 in high yields as mixtures of diastereomers,7c

from which the major isomers 8a (d-manno) and 9a (d-gulo)
were separated by chromatography (Scheme 2, Table 1). As
seen earlier,7 1,2-induction from the aldehyde stereocentre
strongly favoured 2,3-erythro formation, and the non-induced
stereoselection concerning C3/C4 preferentially led to a threo
relationship. Double stereodifferentiation, as observed in re-
lated cases,1,7b,c was not operative here.

The nitroaldol 8a was converted into the amine 12 by
catalytic hydrogenation.13 Cyclization of 12 with the Appel
reagent (Ph3P, CCl4, Et3N),14 followed by ion exchange
chromatography and hydrochloric acid treatment, afforded the
d-iminomannitol 1 in 74% yield after conversion into the
hydrochloride (Scheme 3); the overall yield from d-mannitol
was 10% (seven steps). Starting from 9a, the d-gulo isomer15

was accessible likewise, as confirmed by crystal structure
analysis.16

Addition of the nitro compound 6 to d-7 occurred with a
considerably higher diastereomer ratio: the 5-amino-4-nitro-
hexitol 10 was preferred by 90 : 10 (d-manno : d-talo; from l-7:
11a and 11b, d-gulo and d-allo were formed; Table 1). The nitro
alcohol mixture 10 was converted to the corresponding amines

Scheme 1 Reagents and conditions: i, ref. 9(a), (b), 53%; ii, ref. 9(d), 11,
67%; iii, ref. 10(a), (b), 84%; iv, NH2OH·HCl, K2CO3, MeOH, H2O, 0 °C,
2 h; [ref. 10(c)]; v, H2O2 (85%), (CF3CO)2O, Na2HPO4, MeCN, 0 °C, 2 h,
76% (iv, v)

Scheme 2

Table 1 Nitroaldol addition of 5 and 6 to 7

Yielda Major
Reactants Conditions Products (%) Drb isomer

d-7 + 5 220 °C, 6 d 8a,8b,8c 90 67 : 22 : 11 d-manno
l-7 + 5 220 °C, 6 d 9a,9b,9c 92 69 : 18 : 13 d-gulo
d-7 + 6 0 °C, 7 d 10a,10b 88 90 : 10 d-manno
l-7 + 6 0 °C, 7 d 11a,11b 81 90 : 10 d-gulo

a Pure material after flash chromatography on silica. b From 13C NMR and/
or HPLC analyses of crude mixture; other diastereomers < 5%.

Scheme 3 Reagents and conditions: i, H2 (4 bar), Pd–C, MeOH (cf. ref. 13),
25 °C, 21 h, 84%; ii, Ph3P, CCl4, Et3N, pyridine, 25 °C, 2 d; Lewatit S 100
(H+ form); 1 m HCl; 74% 1·HCl, mp 147–148 °C, [a]20

D
215.8 (c 0.97, H2O)

{lit.3 mp 148–149 °C, [a]20
D 216.3 (c 1.00, H2O)}
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by hydrogenation, followed by N-protection with benzyl
chloroformate (ZCl) (Scheme 4). The major diastereomer 13
(d-manno) was separated by crystallization. Regioselective
mesylation of the primary hydroxy group then led to the
methanesulfonate 14. Hydrogenolysis of the Z group was
accompanied by N-cyclization7 to afford the pyrrolidine 15. On
treatment of 15 with hydrochloric acid, the amino analogue of
DIM 3 was obtained as the bis(hydrochloride). The configura-
tion of 3 was again secured by X-ray crystallography.7c Due to
orthogonal protection, the two amino groups of 14 could be
functionalized individually, as is shown by the syntheses of the
5-acetylaminopyrrolidine 17 and the 4-aminopiperidine 4. After
Z protection of the ring nitrogen in 15, the 5-amino function was
liberated with aqueous acid to yield 16. N-Acetylation and
finally removal of Z furnished the 5-acetamido target compound
17 in the form of its hydrochloride (Scheme 4).

Next, the isomeric structure of the piperidine 4 was sought
from the methanesulfonate 14, by changing the order of steps.
After removal of both the Boc and the acetonide protecting
groups with acid, cyclization to the piperidine 18 took place on
treatment with base. Catalytic hydrogenation under acidic
conditions, followed by ion exchange chromatography, and
subsequent reaction with hydrobromic acid led to the piperidine
4 in form of the bis(hydrobromide) (Scheme 5). The l-manno
enantiomers of 3 and 4 were prepared according to the same
protocol, starting with d-6, readily accessible from l-serine.

The iminopolyols were tested concerning their inhibitory
activity on 24 glycosidases.17 While DIM 1, in accord with the
literature,3 showed strong and very selective inhibition of
a-mannosidases [jack bean, IC50/mm 3, Ki /mm 1.6; almond, IC50
6, Ki 1.6], the 5-amino analogues 3 and 17 were inactive; this
emphasizes the crucial role of the 5-hydroxy function in 1.18

The piperidines 4 and 18 showed no activity either, nor did the
l-enantiomers of 3, 4 and 18. In contrast, the N-protected

intermediates 16, 18 proved moderately active towards
b-galactosidases [16: bovine liver, IC50/mm 460, Ki/mm 228;
Aspergillus orizae, IC50 540, Ki 705; 18: bovine liver, 31%
inhibition at 1 mm].

In summary, short and efficient syntheses of 1,4-imino-
d-mannitol and -d-gulitol as well as of new amino analogues of
DIM and of deoxy-manno-nojirimycin are presented, demon-
strating the potential of the Henry reaction for the dia-
stereoselective assembly of iminopolyols.
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Fonds der Chemischen Industrie is gratefully acknowledged.
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8 R. Öhrlein and V. Jäger, Tetrahedron Lett., 1988, 29, 6083; B.
Aebischer, J. H. Bieri, R. Prewo and A. Vasella, Helv. Chim. Acta, 1982,
65, 2251; cf. use of ‘anhydrous’ Bu4NF for silyl nitronate additions:
D. Seebach, A. K. Beck, T. Mukhopadhyay and E. Thomas, Helv. Chim.
Acta, 1982, 65, 1101.

9 (a) G. J. F. Chittenden, Carbohydr. Res., 1980, 84, 350; (b) B. Häfele
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Synthesis, X-ray structure and binding properties of molecular clips based on
dimethylpropanediurea
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New concave host molecules show strong noncovalent
binding of hydroxybenzene derivatives by an induced fit
mechanism (Ka up to 3.4 3 106 dm3 mol21).

The design and synthesis of host molecules for neutral guests
continues to be an area of great interest in supramolecular
chemistry.1 In recent years a series of receptors derived from the
concave molecule glycoluril (see 1) have been developed in our

laboratory.2 These receptors, which are U-shaped, bind dihy-
droxybenzenes by hydrogen bonding interactions between the
hydroxy groups of the guest and the urea carbonyl groups of the
host and by p–p stacking interactions between the guest and the
host side-walls. Although the supramolecular chemistry of
glycoluril-based clips has been widely explored, and their
sidewalls extensively varied,2 relatively little attention has been
given to variations in the diphenylglycoluril part of the clip
molecules. Here we describe the synthesis, X-ray structures and
binding properties of a new type of related molecular clips
derived from 2,4,6,8-tetraazabicyclo[3.3.1]nonane-3,7-dione
(propanediurea, see 2). Molecular modelling studies suggested
that the o-xylylene side walls of these new clips would be more
parallel than the walls of glycoluril derived clips, which would
result in better p–p stacking interactions with an aromatic guest
molecule sandwiched between the side walls of the clip and
hence lead to increased binding affinities for aromatic mole-
cules. Here we show that compound 2 indeed binds aromatic
guest molecules with very high association constants (Ka > 106

dm3 mol21).
Clip molecules 2a,b were prepared in ca. 20% yield by

reacting the respective propanediurea derivatives 3a,b with
a,aA-dibromo-o-xylene in DMSO in the presence of NaH.
Compound 3a was accessible following a literature procedure,3
and compound 3b was synthesized in 90% yield by refluxing
2,2-dimethyl-3-oxobutanal with urea in toluene in the presence

of TFA with azeotropic removal of water. Clip molecule 2c
could be obtained in 20% yield by reacting 3a with 2,3-bis-
(bromomethyl)-1,4-dimethoxybenzene in DMSO in the pres-
ence of NaH. The latter compound was prepared from
3,6-dimethoxyphthalic anhydride4 by reduction with LiAlH4
followed by reaction with PBr3. Full experimental details will
be reported in a forthcoming paper.‡

Single crystals of 2a were obtained by vapour diffusion using
CHCl3 as the solvent and hexane as the precipitant and of 2c by
vapour diffusion using CH2Cl2 as the solvent and Et2O as the
precipitant. The crystal structure of 2a revealed that this clip
molecule has a U-shaped cavity similar to that of di-
phenylglycoluril derived clips.2a In contrast to previous clip
molecules of type 1 the crystal structure of 2c§ shows an
asymmetric geometry with respect to the side walls (Fig. 1),
which is attributed to its greater flexibility. The clip molecule
dimerizes to give a ‘head-to-head’ packing, with the wall of one
clip molecule being buried in the cavity of another clip. This
dimerization was not observed in CDCl3 solution.

The binding properties of hosts 2 and, for comparison, hosts
1 with a number of hydroxybenzene derivatives (4a–f, 5–7),
were measured by NMR titration experiments in CDCl3 using
the outer wall protons of the host and the aromatic protons of the
guest as probes.¶ The results are summarized in Table 1. The
new clip molecules bind resorcinol derivatives significantly
more strongly than diphenylglycoluril molecular clips. The
binding constant is a factor of three higher for hosts 2a,b when
compared to host 1a.∑ In the case of 2c the increase in binding
constant strongly depended on the type of guest used (see Table
1). For guests 4a–c the binding was increased by a factor of
three, five and twelve respectively when compared to host 1b.
For guests 4d–f the binding constants were so large that they
could not be measured by standard NMR titrations.5 We
therefore determined the binding constants of 4d,e by competi-
tion experiments with 4c, and of 4f by a competition experiment
with 4e.6 A plot of the binding free energies of guests 4a–f as a
function of the Hammett parameter [sm (R)] of the guest’s
substituent (Fig. 2) reveals a linear correlation which has been
previously observed for clip 1b.2b From the gradients of the

Fig. 1 X-Ray structure showing a dimer of clip 2c
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plots it is clear that binding of guests in clip 2c is more sensitive
to the substituent on the guest than binding in clip 1b. Previous
analysis of the binding properties of clips of type 1 showed that
the steeper the gradient the greater the hydrogen bonding
contribution is to the overall binding.2b One of the reasons for
the stronger binding of 2c is the fact that the carbonyl oxygens
atoms are situated slightly higher with respect to the cavity
walls than the carbonyl oxygens atoms in clip 1b, as is clear
from the X-ray structures. Previously it has been shown that the
optimal distance for p–p interaction of a guest in clips 1 is at a
position further out of the cavity than that for optimal hydrogen
bonding.2b This means that in clip 2c the complexation
geometry is more ideal for optimum p–p interactions than in
clip 1b. Furthermore, the carbonyl–carbonyl distance in clip 2c
(5.2 Å) is closer to the ideal value for resorcinol binding (3.9
Å)** than this distance in clip 1b (5.5 Å). Although the
difference is small, it is significant since 1b is shown to be better
suited for binding of guest molecules with relatively large OH–
OH distances such as 2,7-dihydroxynaphthalene 5 than 2c
(Table 1); this guest prefers a carbonyl–carbonyl distance of 6.3
Å.** The enhanced binding of catechol 6 in 2c can be explained
by the smaller carbonyl–carbonyl distance.∑Other factors, apart
from the position of the carbonyl groups, also contribute to the
difference in binding properties of the clips. The binding of
4-nitrophenol 7, which has only one hydroxy group and hence
forms one strong optimum hydrogen bond, is stronger in clip 2c
than in clip 1b (Table 1), suggesting that additional factors, e.g.
the possibility of a guest to adopt a more parallel orientation
with respect to the cavity walls, play a role in the enhanced
binding.††

The NMR data suggest that the binding of a guest in clips of
type 2 takes place via an induced fit mechanism, which is in
agreement with the increased flexibility predicted by molecular

modelling and suggested in the asymmetry observed in the
X-ray crystal structures. The signals due to the benzylic protons
of clip 2c were found to shift considerably upon binding of a
guest (4d: up to +0.44 ppm for the upfield benzylic proton
signals and 20.29 ppm for the downfield benzylic proton
signals), in contrast to those of clips 1, for which virtually no
shifts were observed. These shifts indicate that the conforma-
tion of the clip’s side walls changes upon binding of a guest and
are consistent with a tightening of the cavity upon binding of an
aromatic guest.

In conclusion, a new type of molecular clips is presented
which show enhanced binding of aromatic guest molecules.
Applications of these receptor molecules in the construction of
new supramolecular architectures are under investigation.
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¶ NMR titration experiments were performed as described in ref. 2(a). The
chloroform used was standard NMR grade and predried on molecular sieves
(4 Å) before use. The NMR spectra used for the determination of the binding
constants showed only a small water peak.
∑ For example: for 4d: Ka = 2000 m21 with clip 2a and 600 m21 with clip
1c; for 4b: Ka = 550 m21 with clip 2b and 165 m21 with clip 1c.
** Assuming that the hydrogen bonds are linear and that the O–H–O
distance is 2.7 Å (ref. 7).
†† Since clip molecules 1a and 1c have different groups at their convex
sides, we compared the binding affinities of 1a and 1c with guests 4b, 4d
and 4f. The binding constants were the same within the experimental error
(e.g. Ka = 165 and 175 m21, respectively, for 1a and 1c with guest 4b and
Ka = 3600 and 3500 m21, respectively, with guest 4f), which indicates that
the groups at the convex side of clips 1 do not contribute significantly to the
binding. Clip molecule 1c was prepared in 60% yield from dimethylglyco-
luril and a,aA-dibromo-o-xylene in DMF at room temperature in the
presence of NaH.

1 For an overview, see R. M. Izatt, J. S. Bradshaw, K. Pawlak, R. L.
Bruening and B. J. Tarbet, Chem. Rev., 1992, 92, 1261.

2 (a) R. P. Sijbesma, A. P. M. Kentgens, E. T. G. Lutz, J. H. van der Maas
and R. J. M. Nolte, J. Am. Chem. Soc., 1993, 115, 8999; (b) J. N. H. Reek,
A. H. Priem, H. Engelkamp, A. E. Rowan, J. A. A. W. Elemans and
R. J. M. Nolte, J. Am. Chem. Soc., 1997, 119, 9956; (c) J. N. H. Reek,
J. A. A. W. Elemans and R. J. M. Nolte, J. Org. Chem., 1997, 62,
2234.

3 B. N. Khasapov, T. S. Novikova, O. V. Lebedev, L. I. Khmel’nitskii and
S. S. Novikov, Zh. Org. Khim., 1973, 9, 23.

4 C. Cardani and F. Piozzi, Lincei-Rend. Sc. Fis. Mat. Nat., 1952, 12,
719.

5 B. J. Whitlock and H. W. Whitlock, J. Am. Chem. Soc., 1990, 112,
3910.

6 J. S. Alper, R. I. Gelb, D. A. Laufer and L. M. Schwartz, Anal. Chim.
Acta, 1989, 220, 171.

7 I. Olovsson and P.-G. Jönsson, in The Hydrogen Bond, ed. P. Schuster, G.
Zundel and C. Sandorfy, North Holland Publishing Company, Am-
sterdam, New York, Oxford, 1976, vol. II, pp. 393–456.

8 R. de Gelder, R. A. G. de Graaff and H. Schenk, Acta Crystallogr., Sect.
A, 1993, 49, 287.

9 G. M. Sheldrick, SHELXL-97, Program for the refinement of crystal
structures, University of Göttingen, Germany, 1997.
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Fig. 2 Binding free energies of guests 4a–f in clips (a) 1b and (b) 2c as a
function of the Hammett parameter [sm(R)] of the guest’s substituent

Table 1 Association constants of complexes between various host and guest
molecules in CDCl3, T = 25 °C

Host

Guest 2c 1b

4a 5500a 1900b

4b 14000a 2600c

4c 53000a 4400b

4d 2.7·105d 16500b

4e 4.2·105d 16000b

4f 3.4·106e 1·105b

5 2300a 7100b

6 130d 60c

7 4400a 1200c

a Estimated error, 20%. b Values taken from ref. 2(a). c Values taken from
ref. 2(b). d Estimated error, 30%. e Estimated error, 40%.
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Highly enantioselective chiral base mediated [2,3]-Wittig rearrangement

Susan E. Gibson (née Thomas),*a Peter Hamb and Gary R. Jeffersona
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A chiral non-racemic base promoted [2,3]-Wittig rearrange-
ment of a series of (allyloxymethylbenzene)tricarbonylchro-
mium(0) complexes proceeds with remarkably high enan-
tioselectivity.

The [2,3]-Wittig (sigmatropic) rearrangement is a useful
carbon–carbon bond-forming reaction.1 As such, asymmetric
versions of it are a desirable goal and research in recent years
has produced several approaches to such systems.2 The greatest
success has been achieved using chiral auxiliaries.3 For
example, rearrangement of a range of a-allyloxy ketone
hydrazones derived from a non-racemic chiral hydrazine
proceeded in excellent yield (89–100%), with very good syn/
anti selectivity (80–94% de) and good enantioselectivity
(63–90% ee).3a Enantioselective versions of the [2,3]-Wittig
rearrangement involving an achiral substrate and a chiral non-
racemic base are synthetically more attractive but this approach
has been much less successful, providing very moderate yields,
diastereoselectivities and enantioselectivities.4 The best results
to date for a linear† system were obtained very recently using
diprop-2-ynyl ethers as substrates.4a These rearranged in
modest yield (29–57%) and with moderate enantioselectivity
(46–62% ee) on treatment with a base derived from norpseudo-
ephedrine. In view of the moderate success achieved so far for
the chiral non-racemic base mediated [2,3]-Wittig rearrange-
ment, we reveal herein a rearrangement that proceeds with
relatively high enantioselectivity (84–96% ee) and, with
appropriate substitution, very good yield (80–82%).

Our recent observation that the benzylic methylene group in
tricarbonylchromium(0) complexes of alkyl benzyl ethers 1
may be functionalised asymmetrically in high yield and
enantiomeric excess by treatment with the chiral non-racemic
base 2 and an external electrophile,6 together with earlier
reports that tricarbonylchromium(0) complexes of allyl benzyl
ethers undergo [2,3]-Wittig rearrangements,7 suggested to us
that the action of base 2 on allyl benzyl ether complexes may
lead to a highly enantioselective [2,3]-Wittig rearrangement.
Accordingly a series of allyl benzyl ether complexes were
synthesised using standard procedures‡ and the outcome of
their reactions with base 2 determined (Scheme 1).

Initially the reaction of parent complex 3 with base 2 was
examined. Complex 3 was added dropwise to a mixture of 1.1
equiv. of base 28 and 1 equiv. of LiCl in THF at 278 °C. The
reaction mixture was allowed to warm to 250 °C over 2 h and
then stirred at 250 °C for a further 5 h. Addition of methanol
and work-up gave a yellow oil that was identified as the
[2,3]-Wittig rearrangement product 4 by comparison of its
spectroscopic data with literature values.7d The enantiomeric
purity of 4 was readily assessed by chiral HPLC (Chiralpak AD)
and, to our delight, was found to be 96%. In order to determine
the absolute configuration of product 4, the tricarbonylchro-
mium(0) unit was removed (hn, 83% yield) and the [a]D of the
resulting alcohol compared with literature values.9 This re-
vealed that the absolute configuration of 4 was R, a result
consistent with the sense of asymmetric induction observed for
the functionalisation of complexes 1 with external electro-
philes.6

The effect of substituents on the chemical yields and
enantioselectivity of the [2,3]-Wittig rearrangement were
examined next starting with substituent patterns that would lead
to products containing just one chiral centre. Complexes 5, 7
and 9 rearranged to give the novel§ alcohol complexes 6, 8 and
10 with very good enantioselectivity (84–94%).¶ Although the
chemical yield of 6 was good (82%), the yields of 8 and 10 were
relatively poor (25 and 33% respectively) probably reflecting,
for 8, the hindered trajectory presented to the base by 7 and, for
10, the extra electron donating substituent on an already
electron-rich centre10 in the transition state leading to 10.

Scheme 1

ee (syn) 490%
ee (syn) 490%
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Finally complexes 11 and 13 were reacted with base 2 in
order to determine the level of stereochemical control this
asymmetric [2,3]-Wittig rearrangement would exert over the
generation of two adjacent chiral centres. The (E)-but-2-enyl
complex 11 rearranged smoothly to give a good yield (82%) of
alcohol 12. The diastereomeric ratio of the product complex was
found to be 95 : 5 and the relative stereochemistry of the major
isomer was identified as syn by comparison of the 1H NMR
spectroscopic data of 12 and its decomplexation product with
literature values obtained from a racemic sample.7c Chiral
HPLC analysis revealed that the ee of 12 was 96%. In contrast
the (Z)-but-2-enyl complex 13 rearranged to give a relatively
poor yield of a 1 : 1 mixture of diastereomers,∑ although it was
noted that the ee of each of the diastereomers was !90%.

The authors thank Nichola C. Stevens of SmithKline
Beecham Pharmaceuticals for several chiral HPLC analyses.
G. R. J. also gratefully acknowledges a CASE award from
SmithKline Beecham Pharmaceuticals.
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Synthesis of a mordenite/ZSM-5/chabazite hydrophilic membrane on a tubular
support. Application to the separation of a water–propanol mixture
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A selectivity of 71 is achieved in the separation of a gas phase
water–propanol mixture, using a mordenite/ZSM-5/chaba-
zite membrane that is hydrothermally synthesized onto the
inner surface of a porous a-alumina tubular support.

In recent years, the synthesis of zeolite membranes on porous
inorganic substrates (disks or tubes) has received much
attention. To prepare such a membrane, the crystals must form
a continuous, defect-free two-dimensional layer, so that only
transport through the zeolite pores takes place. Several methods
have been proposed for the preparation of zeolite membranes.
For ZSM-5 membranes, it was demonstrated that permeation
and separation properties depend strongly on the preparation
procedure used.1 The most usual liquid-phase preparation
method involves immersing the porous support into the zeolite
precursor gel. With this method MFI-type zeolite,1,2 zeolite A3

and zeolite Y4 tubular or flat membranes have been prepared. It
is noticed that, although tubular supports are more interesting
from an industrial point of view, there are still very few
examples of zeolite membranes synthesized on them. This is
due to the development of mechanical tensions during the
drying/calcination steps, that often result in the formation of
defects such as cracks and pinholes. The vapour phase method
has been used to prepare ZSM-5 and ZSM-35,5 ferrierite6 and
mordenite7 flat membranes, where vapors containing amines
and water were employed to zeolitize silica and/or alumina
layers previously deposited onto the support.

Most of these zeolite membranes have been used for
separations of organic–organic,1 water–organic3,4,8 and perma-
nent gas–organic2 mixtures. When there are significant differ-
ences in polarity between the components of a mixture (e.g.
water–alcohol mixtures), the organophilic or hydrophilic char-
acter of the zeolite can play an important role. For instance,
water permeated faster than ethanol through membranes of
zeolites A and Y (both of them hydrophilic),3,4 while through
silicalite membranes the permeation of ethanol was faster.8
Here we present the synthesis and some permeation properties
of a mordenite/ZSM-5/chabazite membrane on a tubular
a-alumina support. To our knowledge this is the first report on
the preparation of such a tubular membrane. The constituting
zeolites differ in their physical properties: ZSM-5 is a high-
silica zeolite (Si/Al ratios between 2.5 and 100), with a structure
consisting of straight channels of 0.54 3 0.56 nm, intersecting
with sinusoidal channels of 0.53 3 0.55 nm; with mordenite, the
Si/Al ratio is around 5, and there are large channels of 0.67 3
0.7 nm, and small channels of 0.26 3 0.57 nm; finally,
chabazite is a smaller pore size zeolite (its larger channels are
0.38 3 0.38 nm), but in this case the Al content is higher, with
a Si/Al ratio between 1.6 and 3. Since the hydrophilicity of a
zeolite increases with its Al content, it can be expected that the
presence of mordenite and chabazite increase the selectivity for
the separation of water, with respect to what could be achieved
on a pure ZSM-5 membrane.

The synthesis method employed 0.65 mm id asymmetric
porous a-alumina microfiltration tubes with a 200 nm pore
diameter separation layer (US Filter, SCT). An aluminosilicate
gel was prepared using Aerosil 300 (Degussa) and sodium
aluminate (Carlo Erba) as silica and alumina sources, respec-

tively, tetraethylammonium hydroxide (TEAOH) solution 35
mass% in water (Aldrich) as template, NaOH and distilled
water. A gel was prepared with a molar composition 80
SiO2 : 2080 H2O : 32 NaOH : 40 TEAOH : 1 Na2Al2O4. The
starting solution consisted of Aerosil 300 and approximately
two thirds of the above amount of deionized water. This
solution was kept under vigorous stirring for 5 h. Then, a
solution containing the other substances was added, one fifth
every 30 min, to the first solution. The resulting gel was aged
under stirring for 3 days. The gel was cloudy but not thick, and
had a pH of ca. 12.1. The gel was not completely stable, and two
different phases appeared a few hours after stirring was stopped.
Before synthesis, the outer surface of the dry alumina tube was
wrapped with Teflon tape to avoid penetration of the gel from
this side, and the tube was then immersed in the synthesis gel
filling a Teflon-lined autoclave. The tube was fixed axially, and
the autoclave was placed horizontally in a convection stove at
443 K for 21–23 h. The synthesis was repeated four times, with
the tube–autoclave ensemble rotated 90° in each step. After the
last synthesis, the tube was tested for permeability to N2, at
room temp. and pressure differences of up to 3 bar. Strict
impermeability was required, which sometimes required a fifth
synthesis. Finally, to remove the template, the membrane was
calcined, at 753 K for 8 h using 1 K min21 heating and cooling
rates. The composition of the gel used for the synthesis is
optimized to obtain mordenite. However, during the synthesis
of the membrane on an Al2O3 support, it can be expected that
part of the support is dissolved and incorporated into the
synthesis gel, and thus other compositions such as ZSM-5 and
chabazite are possible.

The zeolite mass gain and the N2 permeance were measured
for several membranes, samples M1–M3 (Table 1) to charac-
terize initially the membrane and assess the reproducibility of
the synthesis method. After the hydrothermal synthesis, crystals
not attached to the support were recovered from the autoclave.
These crystals which should have a composition similar to the
material deposited as a continuous layer on the alumina support,
were characterized by XRD analysis (Rigaku/Max System, Cu-
Ka radiation, graphite monochromator). XRD patterns of the
composite membrane and of zeolite crystals prepared by
homogeneous synthesis (i.e. in the absence of a porous alumina
support) using the same gel were also obtained. Fig. 1(a) shows
the XRD pattern of zeolite crystals prepared by homogeneous
synthesis. By comparison with XRD data in the literature9 it can
be seen that the pattern is practically coincident with that of a
pure mordenite zeolite. On the other hand, Fig. 1(b) indicates
that the XRD pattern of the crystals collected in the remaining
liquid after the synthesis of the membrane in the presence of
a-Al2O3 contains a significant amount of other zeolites (ZSM-5
and chabazite), in addition to mordenite. Finally, the pattern
shown in Fig. 1(c) corresponds to composite membrane M3 (see
Table 1), and is a combination of a-alumina (marked with an
asterisk), and the ZSM-5, chabazite and mordenite crystals
already shown in Fig. 1(b). The zeolite peaks in the XRD
diagram corresponding to the composite membrane are smaller
than those shown in Fig. 1(b), because the zeolite contributed
only 7% to the total membrane mass, the rest being a-Al2O3. A
closer examination of the XRD pattern of the composite
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membrane shows some additional interesting features: first, the
orientation of the zeolite crystals does not change from Fig. 1(a)
to Fig. 1(b) and (c). Second, a comparison of the intensities of
the main characteristic bands in the XRD diagram gives a rough
estimation of the relative proportions of the different zeolites as
mordenite : ZSM-5 : chabazite = 2 : 1 : 1, i.e. mordenite is the
preponderant species, but there are very significant amounts of
ZSM-5 and chabazite.

SEM (JEOL JSM-6400) observations of cross-sections of the
composite membranes (not shown) indicated that the zeolite
crystals formed a continuous layer 10 mm thick, on top of the
inner surface of the alumina support. Further SEM observations
showed that zeolite crystals also dispersed among the large
a-alumina particles of the support, indicating that the hydro-
thermal synthesis took place not only on the support but also
inside its pores. The thickness of the mordenite layer estimated
by SEM agrees well with the Si/Al profile across the membrane
measured by EPMA (not shown). The Si/Al ratio in the zeolite
film was lower than in the gel, as noted in other case of
hydrothermal synthesis of zeolite membranes on alumina

supports.1 This indicates that a part of the alumina support was
leached during the synthesis procedure, being incorporated into
the composite membrane, and is consistent with the appearance
of high alumina zeolites such as chabazite. The preparation
procedure (in which the tube was placed horizontally and
rotated 90° after every synthesis) was successful in dealing with
the instability of the synthesis gel, and allowed deep penetration
of the gel into the alumina support, as the 67–79 mg mass gain
per g of support indicates (Table 1).

In the water–propanol separation experiments, the membrane
was sealed with silicon o-rings in a stainless steel module. A
gaseous mixture containing a predetermined proportion of
water and propanol was obtained by mixing two air streams
after passing them through two saturator trains containing liquid
water and propanol respectively. This mixture was fed into the
tube side of the membrane, and permeated through the
membrane wall. The shell side was swept with a N2 stream.
Both the air and the N2 streams were mass-flow controlled at
approximately 34 cm3(STP) min21. The total pressure (ca. 1
atm) and the pressure differential between both sides of the
membrane (close to zero) were accurately maintained by means
of an automated control system. When the steady state was
reached, as indicated by GC analysis of both exit streams
(usually after keeping the membrane under the mixture stream
for around 2 h), the separation selectivities were calculated as
the ratios of permeances for water and propanol, using the
log(mean partial pressure) difference in the calculations. Table
1 shows the results of the water–propanol separation experi-
ments performed with membranes M1–M3. The highest water–
propanol selectivity was 71 at room temp. for membrane M2.
The high selectivity of the composite membrane in the water–
propanol separation may be attributed to the selective sorption
of water in this hydrophilic membrane.
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Table 1 Some characteristics of the composite zeolite membranes

Water–propanol–air mixturea

Mass gain/ N2 single gas Water/
mg zeolite permeance/ H2O permeance/ propanol Water/O2

Membrane (g support)21 mol (s m2 Pa)21 mol (s m2 Pa)21 selectivity selectivity

M1 67 3.03 1027 2.03 1027 50 5.3
M2 79 2.53 1027 2.73 1027 71 10
M3 69 Not measured 2.83 1027 16 13

a Partial pressure (kPa): water = 2.4; propanol = 0.36.

Fig. 1 X-Ray diffraction patterns of (a) mordenite powder; (b) powder
collected in the remaining liquid after the synthesis of the composite zeolite
membrane, 4 = chabazite, 44 = silicalite, m = mordenite; (c) composite
zeolite membrane, *  = Al2O3 support. For clarity, zeolite peaks have not
been marked.
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The phosphine stabilized ethylene complex of zirconocene,
Cp2Zr, reacts with 1 equiv. of B(C6F5)3 to form the girdle-
type zwitterion Cp2Zr+(PPh3Me)CH2CH2B2(C6F5)3 2,
which serves as an ethene polymerization catalyst either
with or without added B(C6F5)3.

Bent metallocenes1 are highly active for the polymerization of
alkenic monomers to important commodity plastics.2 Two
principal factors contribute to this molecular fragment’s ability
to circumvent the barrier associated with the exothermic alkene
enchainment process: the high electrophilicity of the formally
14 electron [Cp2M–R]n+ species and the ideally configured
frontier orbital structure of the bent metallocene unit.3 Since the
former attribute is enhanced when n = 1, most commercially
viable catalysts are based on group 4 metal cations; use of
sufficiently weakly ccordinating counter-anions is necessary in
order to attain high activities.

Zwitterionic analogs of cationic metallocenes, in which the
counter-anion and the active cation are covalently linked in
some fashion, have been touted as a way to modulate ion pairing
in these catalysts, thus increasing activity.4 Two classes of
zwitterionic metallocenes have been reported: ring-type zwit-
terions in which the anion is affixed to one of the Cp donors,5
and girdle-type betaines, where the counter-anion is located on
the alkyl group occupying the reactive wedge of the metal-
locene.6 In the latter type, the zwitterionic nature of the catalysts
lasts only until the first termination step, while in the former, the
charge separated structure is maintained throughout the polym-
erization process.

Girdle-type zwitterionic compounds have been accessed
mainly through electrophilic attack by B(C6F5)3

7 on suitable
hydrocarbyl ligands of neutral group 4 bent metallocenes.
Herein we report the reaction of the phosphine stabilized
zirconocene ethylene complex, Cp2Zr(h2-C2H4)PPh2Me8 1,
with this borane; the product may be considered to be the
‘parent’ girdle-type zwitterionic zirconocene.

When 1 is treated with one equivalent of B(C6F5)3 in toluene,
the zwitterionic product 2 is isolated as an orange solid in 92%
yield (Scheme 1).† Although the phosphine ligand in the
starting material is labile,‡ the electrophile preferentially
attacks the coordinated alkene; no formation of

Ph2MeP·B(C6F5)3 was observed. The 11B chemical shift of d
210.8 for 2 is diagnostic for anionic, four-coordinate boron,9
supporting the formulation of 2 as a zwitterionic species with a
high degree of charge separation. For comparison, a 11B NMR
chemical shift of d 2.0, more closely associated with neutral
four-coordinate boron, was found for the product formed from
reaction of 1 with HB(C6F5)2,10 which features a strong borate–
zirconium cation interaction.11

Although the 11B NMR chemical shift of 2 is suggestive of
significant charge separation, several spectral criteria are met
which are suggestive of a strong b-CH agostic interaction12

which electronically compensates the cationic zirconium center.
Signals for the b-CH2 protons and carbon atom appear upfield
of the resonances for the a-methylene atoms in the 1H and 13C
NMR spectra. At room temp., the averaged JCHb coupling
constant is 105 Hz, indicative of weakened C–H bonds at this
position.13 The coupling constant of 145 Hz for the a-C–H
bonds is characteristic of an acute Zr–Ca–Cb bond angle,
expected in the event of a b-agostic interaction.12,14 Fur-
thermore, when the 1H NMR spectrum is monitored as the
temperature is lowered, the signals for the ZrCH2CH2B unit
undergo decoalescence behavior until at 290 °C four signals
reappear at d 2.24 and 0.75 for the Zr–CH2 pair and d20.05 and
21.55 for the two CH2B hydrogens. From the NMR data, the
rate of exchange at coalescence (267 °C) was determined15 to
be 1.46 3 103 s21 and a DG‡ of 9.0(5) kcal mol21 (1 cal =
4.184 J) was calculated for this exchange using the Eyring
equation. This is a relatively high barrier for interchange of
b-agostic protons in zirconocene cations, which is typically
faster than the NMR timescale.12,16

The solid state structure of 2 also features this agostic motif.
Suitable crystals of the compound were obtained from toluene;
protons associated with the ZrCH2CH2B moiety were located
and refined isotropically.§ An ORTEP diagram of the com-
pound is shown in Fig. 1 and pertinent metrical parameters are
summarized in Table 1, along with analogous data for two
related, non-zwitterionic compounds reported previously by
Jordan and coworkers. Compound 2 is a zwitterionic analog of
Jordan’s ethyl cation12 but is structurally more similar to the
trimethylsilyl substituted derivative16 in that the b-agostic alkyl
group adopts an endo coordination geometry rather than the exo
structure seen in the ethyl complex. Since the Me3Si group was
essentially coplanar with Zr, Ca and Cb, Jordan proposed an
organometallic g silicon effect, in which the back lobe of the Si–
Cb bond donates to the zirconium center, as the basis for this
observation. In 2, the borate boron is tilted ca. 17° out of the Zr–
C(12)–C(11) plane and the Cb–H bond is clearly involved in an
agostic interaction with the deficient zirconium center. It is,
however, feasible that the back lobe of the B–Cb carbon may
also be involved in the Zr–Cb contact. At any rate, the observed
strength of the b-agostic interaction in 2 suggests that the
negative charge of the borate group is substantially localized on
Cb, rendering it a more effective donor than the Cb–SiMe3
group in Jordan’s compound.

Although it could be argued that attack by B(C6F5)3 at the exo
carbon of the coordinated ethylene in 1 should be preferred on
steric and electronic grounds,¶ the endo isomer of 2 appears toScheme 1
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be the kinetic as well as the thermodynamic product. Thus,
when the reaction was monitored at 290 °C by 1H or 31P NMR
spectroscopy, no intermediates were observed and only endo-2
was formed. If attack at the exo carbon is preferred, rearrange-
ment to endo-2 must be very fast.

The zwitterion 2 polymerizes ethylene under ambient
conditions,17 although for optimal activity, an additional
equivalent of B(C6F5)3 is required. Activities of 3.2(4) 3 104 g
polymer (mol Zr atm h)21 (Mw = 26 100, Mw/Mn = 2.2) were
observed in the absence of added B(C6F5)3, while productivities
more in line with expected values [9.4(4) 3 105; Mw = 133 700;
Mw/Mn = 2.0] were found when 2 was treated with borane in
the presence of ethene. Presumably, the added B(C6F5)3 serves
to sequester the phosphine ligand blocking the coordination site
necessary for optimal polymerization rates. In the absence of
ethene, a complex mixture of products results when 2 is treated
with B(C6F5)3, indicating that the ‘naked’ zwitterion is not
stable in solution under these conditions.
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by the Natural Sciences and Engineering Council of Canada’s
Research Partnerships program. W. E. P. thanks the Alfred P.
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† Synthesis of 2. Toluene (20 ml) was condensed into an evacuated flask
cooled to 2196 °C containing 1 (609 mg, 1.35 mmol) and B(C6F5)3 (693
mg, 1.35 mmol). The mixture was warmed to 278 °C, stirred for 30 min and

then warmed to room temp. The yellow slurry was concentrated and filtered.
The solid was washed with hexane (15 ml) and 2 (1.2 g, 92%) was obtained
as yellow powder. Partial 1H NMR (C6D6, 23 °C): d 1.50 (t, JHH 6.5 Hz, 2
H, ZrCH2CH2B), 20.74 (br, 2 H, ZrCH2CH2B). Partial 13C{1H} NMR
(C6D6, 23 °C): d 41.6 (s, JCH 145 Hz, ZrCH2CH2B), 214.0 (br m, JCH 105
Hz, ZrCH2CH2B).
‡ For example, the reaction of PPh2Me stabilized 1 with the more basic
phosphine PMe3 gave the trimethyl phosphine adduct Cp2Zr(h2-
C2H4)PMe3 essentially upon mixing.
§ Crystal data for 2: C43H27BF15PZr, M = 961.67, orthorhombic, Pbca, a
= 18.782(1), b = 22.5024(9), c = 18.740(2) Å, U = 7920.3(9) Å3, Dc =
1.613 Mg m23 for Z = 8. F(000) = 3840.00, m(Cu-Ka) = 36.71 cm21, l
= 1.541 78 Å, T = 294 K. A total of 8944 reflections were collected using
the w–2q scan technique to a maximum 2q value of 155°. The data were
corrected for Lorentz and polarisation effects and the structure solved by
heavy-atom Patterson methods and expanded using Fourier techniques. The
non-hydrogen atoms were refined anisotropically. The hydrogen atoms
associated with the b-ethyl moiety were refined isotropically, the rest were
fixed in idealized positions with C–H = 0.98 Å. The final cycle of full-
matrix least-squares refinement was based on 4690 observed reflections [I
> 3s(I)] and 567 variable parameters and converged (largest parameter
shift was 0.003 times its esd) with R = 0.034, Rw = 0.034, GOF = 1.88.
CCDC 182/687.
¶ A MacSpartan Plus ab initio calculation on Cp2Zr(PH3)(h2-C2H4) at the
3-21G* level showed that the HOMO is roughly equally distributed on the
exo and endo carbons; a slightly higher charge density exists on the exo
carbon, which is also sterically much more accessible.
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Fig. 1 ORTEP diagram of girdle zwitterion 2. Phenyl and pentafluorophenyl
groups have been omitted for clarity. Key metrical parameters are given in
Table 1.

Table 1 Metrical parameters for 2 and related compounds
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Alkali metal cation cooperative iodide anion recognition by new heteroditopic
bis(calix[4]arene) rhenium(i) bipyridyl receptor molecules

Paul D. Beer* and James B. Cooper

Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QR 

New heteroditopic bis(calix[4]arene) rhenium(I) bipyridyl
receptors are synthesised and shown to simultaneously bind
alkali metal cations and iodide anion with positive
cooperativity.

The design of new ditopic1 ligands for the simultaneous
complexation of anionic and cationic guest species is a new
exciting area of coordination chemistry of significant relevance
to the selective extraction and/or transportation of metal salts
across lipophilic membranes. Rare examples of receptors
containing appropriate covalently linked binding sites for
anions and cations include Lewis-acidic boron,2 uranyl,3
polyammonium4 centres combined with crown ether moieties
and crown ether or urea functionalised calix[4]arene iono-
phores5,6 which are capable of solubilising alkali metal salts
into organic solvent media. We have shown that charged or

neutral transition metal organometallic and coordination amide
containing receptor systems can selectively bind and sense
anions.7 Lower rim ester functionalised calix[4]arenes are
known to coordinate alkali metal cations.8 Incorporating these
two types of recognition sites on to the calix[4]arene building
block will create potential heteroditopic receptors capable of
binding anions and cations. We report here the syntheses of new
heteroditopic bis(calix[4]arene) rhenium(i) bipyridyl receptors
which display positive cooperative upper rim binding of the
iodide anion via lower rim complexation of alkali metal
cations.

The new upper rim mono-amine–lower rim ester substituted
calix[4]arene derivatives 1 and 2 were prepared according to
Scheme 1. Condensation reactions of 2 equiv. of 1 and 2 with
4,4A-bis(chlorocarbonyl)-2,2A-bipyridine 39 followed by com-
plexation with Re(CO)5Cl gave the new receptors L1 and L2 in
good yields (Scheme 2).

The cation and anion coordination properties of both
receptors were investigated by 1H NMR titration experiments in
CD3CN solution. The addition of LiClO4, NaClO4 and KPF6
salts typically caused the ester methylene receptors’ protons to
initially broaden and sharpen again after 2 equiv. suggesting
complexes of 2M+ : L stoichiometry are being formed in

Scheme 1 Reagents and conditions i, 1 equiv. PhCH2Br, 0.5 equiv. K2CO3,
MeCN reflux, 24 h; ii, BrCH2CO2Et (excess), K2CO3 (excess), MeCN
reflux 48 h; iii, Pd/C, HCO2NH4, EtOH reflux; iv, NH4NO3, HCl, H2O,
acetic anhydride, CH2Cl2; v, Zn (excess), HCl (excess), reflux EtOH,
24 h Scheme 2
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solution, with the alkali metal cations coordinated at the lower
rim ester recognition sites. The addition of tetrabutylammonium
chloride, iodide and benzoate salts caused substantial downfield
perturbations of the respective receptor’s amide, H3bipyridyl
and aryl calix[4]arene protons indicating anion binding is taking
place at the upper-rim bis(calix[4]arene) vicinity of the
receptor. In all cases the resulting titration curves indicated 1 : 1
complex stoichiometry. Stability constants were calculated
from the titration data using EQNMR10 for complexation with
iodide (Table 1). Unfortunately the anion complexes with Cl2
and PhCO2

2 are so strong in CD3CN that only a semi-
quantitative estimate of the value of K > 104 dm3 mol21 could
be made. The 1H NMR iodide titration experiments were
repeated in the presence of 2 equiv. of alkali metal salt and the
stability constant values are presented in Table 1. Clearly with
both receptors there is a significant increase in the strength of
iodide binding when the alkali metal cations are co-bound by
nearly an order of magnitude in the case of L2 and sodium
cations. This positive cooperative binding of the iodide anion
may be attributed to each lower rim ester complexed metal
cation rigidifying the calix[4]arene structure in such a way as to
preorganise the upper rim for anion binding.11 Also through

bond electrostatic effects of the complexed metal cation may
enhance the relative acidity of the receptors’ amide protons and
lead to stronger hydrogen bonding with the iodide guest anion.
Interestingly Table 1 shows that receptor L2 exhibits the largest
positive cooperative iodide anion binding effect with the
sodium cation, which is known to form highly selective
complexes with lower rim tetrasubstituted ethyl ester cal-
ix[4]arenes.8

In conclusion these new heteroditopic bis(calix[4]arene)
rhenium(i) bipyridyl receptors are capable of simultaneously
binding alkali metal cations and iodide anion with positive
cooperativity.

We thank the EPSRC for a studentship and for use of the
mass spectrometry service at University College, Swansea.
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Table 1 Stability constants for iodide binding in the presence and absence
of alkali metal cations in CD3CN

Receptor Metal cationb Ka/dm3 mol21

L1 None 67
L1 Li+ 294
L1 Na+ 202
L1 K+ 100
L2 None 40
L2 Li+ 305
L2 Na+ 322
L2 K+ 209

a Errors estimated to be @5%. b Titration carried out in the presence of 2
equiv. of alkali metal cation salt, perchlorates for lithium, sodium and
hexafluorophosphate for potassium.
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Synthesis of spherical particulate polysiloxane resins as catalyst supports

Katherine I. Alder and David C. Sherrington*

University of Strathclyde, Department of Pure and Applied Chemistry, 295 Cathedral Street, Glasgow, UK G1 1XL

Spherical particulate polysiloxanes are synthesised for the
first time, chemically derivatised and employed as a support
in molybdenum(VI) catalysed alkene epoxidation.

The use of polymer supports in organic synthesis is escalat-
ing.1,2 Currently a particularly active area of research is
polymer-supported metal complex catalysts,3 including asym-
metric catalysts.4 In the case of oxygenation reactions thermo-
oxidatively stable supports such as polybenzimidazoles5,6 and
polyimides7,8 are very attractive.

Polysiloxanes also offer potential in this context, and
although these species have been used in a membrane form as
metal complex catalyst supports9–13 and some largely silica-
based precipitates have been so described,14 as far as we are
aware these materials have never been produced in a spherical
particulate form of dimensions suitable for direct and indepen-
dent use as heterogeneous supports. This work describes our
recent synthesis and characterisation of such spherical particu-
late polysiloxanes.

The synthetic strategy (Scheme 1) involves the suspension
polycondensation of a dispersion of a pre-formed silanol S10 or
S5 with tetraethoxysilane (TEOS) catalysed by tin(ii) octanoate
in an immiscible continuous phase, such as liquid paraffin,
ethylene glycol, or water. The product is essentially a spherical
particulate crosslinked polydimethylsiloxane elastomer. The
reaction is carried out in a thermostatted 250 ml flanged glass
parallel-sided reactor with efficient overhead stirring.5 Typical
reaction conditions are summarised in Table 1 using e.g. 25 g of
S10. Fig. 1 shows an optical micrograph of resin 8. Aggregation
of the product and fouling of the stirrer and reactor can be a
problem in small-scale suspension polymerisations. None of the
stabilisers we examined to minimise this showed any significant
effect [e.g. resin 3, Akcros Chem. Monolan E80, polyethylene
oxide-polypropylene oxide diblock; resins 7 and 8, Dow
Corning Siloxane 2-2502, C18 trimethoxysilane], and in our
standard procedure (e.g. resins 1 and 4) we use no stabilising
additives in the continuous phase. Yields of beaded product
vary typically from 30 to 70%, average particle diameters were
ca. 50–200 mm and C, H analysis confirmed the organic content
to be close to theoretical.

In all cases the resins formed are elastomeric since the glass
transition temperature, Tg, of the polydimethylsiloxane con-
stituting the network is 2125 °C. Resins 1 and 4 were prepared
with mole ratios of silanols (S10 and S5) and TEOS, such that
on average a highly uniform network would result with one S10
or S5 residue between each TEOS derived crosslink. Resins 2

and 3 were prepared with higher levels of TEOS in an attempt
to produce some degree of homo-polycondensation of the latter,
and hence generate some more rigid silica-like domains in the
networks. In practice there is little physical difference between
resins 1–4 and this may be due to loss of some TEOS into the
continuous phase (liquid paraffin) in which it has some
solubility. Resins 5 and 6 were prepared using a slightly
different strategy involving dimethyldimethoxysilane
(DMDMS) condensed with TEOS under hydrolysing condi-
tions (Scheme 2). Water proved to be a convenient continuous
phase in this case and the mole ratio for DMDMS/TEOS was
chosen in an attempt to achieve a single dimethylsilanoxy
residue between all crosslinks. These products proved to be very

Scheme 1

Table 1 Synthesis of spherical particulate polysiloxane resins—Reaction
conditions

Continuous Reac-
Polymerisation phase Stirrer Reac- tion
mixture (mol ratio (vol. ratio speed/ tion temp./

Resin reactive end groups) disp. : cont.)a rpm time/h °C

1 S10/TEOS P (1 : 7) 700 24 70
(2 : 1)

2 S10/TEOS EG (1 : 5) 600 48 80
(1 : 2)

3 S10/TEOS EG (1 : 6) 300 18 80
(1 : 5)

4 S5/TEOS P (1 : 7) 700 24 70
(2 : 1)

5 DMDMS/TEOS H2O (1 : 7) 600 20 70
(2 : 1)

6 DMDMS/TEOS H2O (1 : 7) 400 22 r.t.b
(2 : 1)

7 S5/CMPTMS P (1 : 7) 600 48 70
(1.5 : 1)

8 S10/TEOS/TMOSEP P (1 : 7) 700 24 70
(3.6 : 1 : 1)

a P = Liquid paraffin, EG = ethylene glycol. b r.t. = Room
temperature.

Fig. 1 Spherical particulate polysiloxane, resin 4, 3 100
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emulsion-like owing to the very small particle sizes. The latter
approach is related to the procedure described by Yacoub-
George et al.15 which yields essentially a silica-based species
with a very low level of organic functionality.

Resin 7 was prepared from silanol S5 but with the TEOS
crosslinker replaced by chloromethylphenyltrimethoxysilane
(CMPTMS) (with adjustment to the molar ratio) in order to
generate functionality in the product. The polycondensation was
as before and the content of chloromethyl groups was found to
be close to the theoretical value (Calc. from Cl: 1.44 mmol
CH2Cl g21. Found: 1.55 mmol CH2Cl g21), the functionality
being located on the crosslinks. Resin 8 was prepared from
silanol S10 and TEOS but with half of the latter replaced by
trimethoxysilyl-2-ethylpyridine (TMOSEP). Again the poly-
condensation proceeded as before yielding a content of 0.69
mmol of pyridine per g of resin 8 calculated from N%
(theoretical content 0.36 mmol g21). This higher than expected
incorporation of TMOSEP may reflect loss of some of the main
components S5/TEOS to the continuous phase. In all cases the
resins were found to absorb significant levels (typically ca. 4 ml
g21 resin) of non-polar solvents (toluene, dichloromethane,
light petroleum) but very low levels of ethanol and, of course,
water. Thermogravimetry (TG) indicates that all the resins are
stable in O2 to well above 200 °C, with 10% mass loss not
occurring typically until ca. > 400 °C. All the resins were
unaffected by 2 m H2SO4 but in common with the susceptibility
of SiO2 to dissolve in aqueous alkali, these resins also digested
readily in 2 m NaOH.

Amination of resin 7 with an excess of trimethylamine in
ethanol at room temp. appears to proceed essentially quantita-
tively (%Cl, theoretical 5.0; found 4.8: %N, theoretical 2.0,
found 2.1), whereas the alkylation of resin 8 with excess MeI in
toluene was less efficient (%I theoretical 4.3; found 0.9: %N
theoretical 0.5, found 0.65). This was a little surprising since
toluene swells the resins better than ethanol. However, the
content of chloromethylphenyl groups in resin 7 is substantially
higher than the pyridine contents in resins 8, and so overall
accessibility may be more impaired in the latter case.

Resin 8 was also treated with a 2 molar excess (relative to
pyridine residues) of [MoO2(acac)2] in refluxing toluene.
Following exhaustive extraction with toluene and vacuum
drying, dark blue (typical of mixed MoVI–MoVI species)
somewhat aggregated elastomeric beads were recovered.
Through we have not been able to demonstrate unambiguously
coordination of resin-bound pyridine to Mo, non-functional
supports have previously been shown to be unable to retain such
complexes on extraction in a Soxhlet.

Alkaline alcoholic digestion of the resin supported Mo
complex and analysis of ICP-AAS yielded a Mo content of 0.43

mmol g21, corresponding to a pyridine ligand : Mo ratio of
1.5 : 1. This particulate polysiloxane-supported Mo complex
turned bright yellow (characteristic of MoVI) on contact with
tert-butyl hydroperoxide (t-BHP) and showed very high activity
and selectivity as a catalyst in the epoxidation of cyclohexene
by t-BHP, under conditions very similar to those we have used
before. Furthermore, the activity was superior to that of soluble
[MoO2(acac)2] used at the same molar level. Very surprisingly,
however, the supported catalyst was also more active than our
previously reported polybenzimidazole-supported Mo system
since it was used at a much lower level (Mo : t-BHP 1 : 450) than
we have used previously (Mo : t-BHP 1 : 80).16 Mo analysis of
the supernatant solution from the epoxidation indicated that
< 0.02% of the Mo was leached from the support and there is
little doubt that the major catalytic component is Mo hetero-
genised on the polysiloxane.

Further details on the synthesis, characterisation and ex-
ploitation as catalyst supports of these spherical particulate
polysiloxanes will be reported in due course.

K. A. is grateful to the EPSRC for a research assistantship
under the ROPA scheme supported by ICI. We are also grateful
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S5 and S10 and for useful discussions.

Footnote and References

* E-mail: m.p.a.smith@strath.ac.uk

1 Syntheses and Separations Using Functional Polymers, ed. D. C.
Sherrington and P. Hodge, Wiley, Chichester, UK, 1988.

2 Combinatorial Peptide and Non-peptide Libraries, ed. G. Jung, VCH,
Weinheim, Germany, 1996.

3 F. R. Hartley, Supported Metal Complexes, Reidel, Dordrecht,
Germany, 1985.

4 D. Pini, A. Petri, A. Mastantuono and P. Salvadori, in Chiral Reactions
in Heterogeneous Catalysis, ed. G. Jannes and V. Dubois, Plenum, New
York, 1995, p. 155.

5 T. Brock and D. C. Sherrington, Polymer, 1992, 33, 1773.
6 M. M. Miller and D. C. Sherrington, J. Chem. Soc., Perkin Trans. 2,

1994, 2091.
7 T. Brock, D. C. Sherrington and J. Swindell, J. Mater. Chem., 1994, 4,

229.
8 J. H. Ahn and D. C. Sherrington, Chem. Commun., 1996, 643.
9 E. N. Eijke, R. V. Parish and A. Jideonwo, J. Appl. Polym. Sci., 1989,

38, 171.
10 E. Lindner, R. Schreiber, T. Schneller, P. Wegner and H. A. Mayer,

Inorg. Chem., 1996, 35, 514.
11 K. Soga, T. Arai, B. T. Hoang and T. Uozumi, Macromol. Rapid

Commun., 1995, 16, 905.
12 I. F. J. Vankelecom, D. Tas, R. F. Parton, V. Vande Vyver and P. A.

Jacobs, Angew. Chem., Int. Ed. Engl., 1996, 35, 1346.
13 Dr B. J. Brisdon, Department of Chemistry, University of Bath, UK,

personal communication.
14 Z. C. Brezezinska, W. R. Cullen and G. Strukul, Can. J. Chem., 1980,

58, 750.
15 G. Yacoub-George, E. Bratz and H. Tiltscher, J. Non-Cryst. Solids,

1994, 167, 9.
16 M. Miller and D. C. Sherrington, J. Catal., 1995, 152, 377.

Received in Cambridge, UK, 18th September 1997; 7/06777A

Scheme 2

132 Chem. Commun., 1998



             

O

Si SiO

O

V

O

Si

O

O

OR

R
O

R R

RR

OSi
Si

O
R

O
OSi

O

Si

O

Si SiO

OH

O

Si

OH

OH

R

R
O

R R

RR

OSi
Si

O
R

O
OSi

O

Si

Si O Si

R

O

Si

R

O
O

Si
R

O
Si

OR

RO

O
R

O

O

Si
Si

R

O V

O

O
O Si

O V

O

O
Si

R

O

Si

OR

O
R

Si

Si

O
R
O

O
O

Si

R

O

Si

O
R

R

1a (R = c-C6H11)
  b (R = c-C5H9)

2b (R = c-C5H9)

3b (R = c-C5H9)
CH4    +    O2

hn

493 K, [cat.]
HCHO    +    H2O (1)

Active catalysts prepared using a vanadium-containing oligosilsesquioxane for
selective photo-assisted oxidation of methane into methanal

K. Wada, M. Nakashita, A. Yamamoto and T. Mitsudo*

Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku, Kyoto 606-01,
Japan

Catalysts of characteristic pore structure derived from silica-
supported vanadium-containing silsesquioxane show ex-
cellent activity towards the selective photo-assisted catalytic
oxidation of methane into methanal (at 493 K, 139 mmol h21,
TON ca. 9 h21, selectivity 81%), indicating its potent
abilities as an excellent precursor for porous oxide cata-
lysts.

Supported vanadium oxide catalysts are very important in the
chemical industry, especially for the selective oxidation of
hydrocarbons.1 We have reported the excellent activities of
silica-supported vanadium oxide catalysts towards the selective
photo-assisted catalytic oxidation of methane, ethane and
propane at relatively high temperature into the corresponding
aldehydes.2 Only highly dispersed, isolated tetrahedral VO4
species were considered to be active species, and the reactions
were quite sensitive to the state of the surface. However, strict
control of the surface structure is generally quite difficult.3 Thus
the development of novel methods for the preparation of
catalysts which have well ordered surface species is desirable.

On the other hand, oligometallasilsesquioxanes such as
compound 1a have attracted attention from the viewpoint of

well defined, homogeneous models for surface active sites of
supported catalysts or metal-containing zeolites.4 The catalytic
activities of these oligometallasilsesquioxanes, however, have
been mainly focused on alkene polymerization and metathesis.
Their activities for other reactions were not well investigated.5
It should be noted that the activity of a titanium-containing
silsesquioxane towards the epoxidation of alkenes was recently
reported.6

From the background described above, we have reported the
fair to excellent activity of a vanadium-containing silses-
quioxane 1b, a cyclopentyl derivative of 1a, for the photooxi-
dation of benzene and cyclohexane, indicating its ability as a

homogeneous analog of silica-supported catalysts.7 Here, in
order to investigate the possibility of 1b as a precursor for
heterogeneous catalysts, we prepared supported 1b-based
catalysts, and found that thermal treatment of the catalysts
induces high activities towards the selective photo-assisted
catalytic oxidation of methane into methanal.

Preparation of a vanadium-containing silsesquioxane 1b was
based on the procedure reported by Feher et al.5a The reaction
of vanadyl triisopropoxide with incompletely condensed sil-
sesquioxane 2b, which was prepared by the hydrolytic con-
densation of cyclopentyltrichlorosilane, gave a white powder of
dimer 3b in 44% yield.5a,7 The resultant product exists as a
monomer 1b in organic solutions at above room temperature. 1b
shows an absorption at ca. 252 nm in cyclohexane solution
(e = 4840 dm3 mol21 cm21). The silica-supported catalysts
were prepared by incipient wetness impregnation from a
pentane solution of 1b using silica (Alfa, evacuated at 423 K for
2 h, mass ratio 1b : silica = 1 : 3, V 1.9 mol%). The vacuum
dried catalyst was designated A. We also prepared catalysts B
and C by air-flow treatment (20 cm3 min21) for 2 h at 523 and
723 K, respectively. It should be noted that heat treatment of 3b
without silica support often produced non-porous glassy
materials.

The reaction was performed by using an upstream flow fixed-
bed reactor made of silica glass. The catalyst was mounted in a
flat cell (10 3 20 mm, inner thickness 1.5 mm), and covered by
another silica glass tube. UV irradiation was performed from the
outer side of the reactor using a 200 W high-pressure mercury
lamp with a water filter. Details of the reaction apparatus were
described elsewhere.2 Chemical actinometry using iron(iii)
ammonium oxalate revealed that the number of photons
irradiated into the catalyst bed is 6.631027 einstein s21

(250–500 nm, 1.631027 einstein s21 for 250–300 nm).
Liquid and gaseous products were collected in cold traps and

gas sampling bags, respectively, followed by analysis using gas
chromatography, GC–MS and 1H NMR spectroscopy. 

Silica-supported vanadium-containing silsesquioxane-based
catalysts showed fair to excellent activities for photooxidation
of methane into methanal [eqn. (1); see Table 1] and results are
shown in Table 1. Preliminary experiments showed that catalyst

Table 1 Photo-assisted catalytic oxidation of methanea

Yield/mmol h21

Run Catalyst HCHO CO CO2

1 None 0 0 0
2 B 7.2 9 18
3 C 139 26 6
4 V2O5/SiO2

b 61 13 7

a Typical reaction conditions: amount of catalyst 50 mg, molar ratio
methane : O2 : He = 12 : 1 : 11, total gas flow rate 20 cm3 min21, reaction
temperature 493 K, reaction time 1 h.
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A afforded very small amounts of the products. The result
without catalyst shown in run 1 exhibits the absence of the
photo-chemical reaction of methane. Control experiments
without alkanes afforded none of the products, eliminating the
contribution by the oxidation of organic groups of the
silsesquioxane moiety. Reaction using silica support also did
not afford the products. 

The reaction using catalyst C, calcined in air at 723 K,
produced methanal in a yield of 139 mmol h21 (0.56% of fed
methane) with the selectivity of > 80%. Turnover frequency for
the formation of methanal was ca. 9 h21. Only a trace amount
of methanal was formed by the reaction at ca. 300 K, indicating
the necessity of a reaction temperature as high as 493 K.
Reaction without UV irradiation did not proceed at all. For
comparison, we examined the performance of a silica-supported
vanadium oxide catalyst prepared by evaporation-to-dryness
impregnation using ammonium metavanadate, which showed
the highest activity in the previous study.2 However, it gave
only 61 mmol h21 of methanal under the same reaction
conditions, indicating the excellence of catalyst C. It should be
noted that catalyst B including organic substituents (vide infra)
also produced methanal, but the yield and the selectivity were
low. This probably indicates the difference of the activity
between the surface vanadium species on silica and that on the
silsesquioxane moiety.

Then we investigated various properties of the supported
catalysts. The XPS spectra of the catalysts A and B showed
almost the same ratio of C 1s, corresponding to organic
substituents of the silsesquioxane moiety, to Si 2p, indicating
the absence of oxidation of organic substituents by treatment at
523 K in air. On the other hand, catalyst C was found to consist
of oxides, since only trace amounts of carbonaceous materials
were detected on the surface of catalyst C. While the BET
surface area of original silica support was 259 m2 g21, those of
catalyst A (180 m2 g21) and B (171 m2 g21) were smaller. On
the other hand, catalyst C had a larger surface area (349 m2

g21). Fig. 1 shows the pore size distribution of the catalysts
estimated from the desorption isotherm of nitrogen at 77 K by
Dollimore–Heal method. It should be noted that the catalyst C
was more rich in mesopores around 30 Å than the parent silica
support. These characteristic features indicate the possibility of
oligometalla-silsesquioxanes as novel precursors for porous
oxide materials.

In conclusion, we have shown fair to excellent activities of
the heterogeneous catalysts prepared using a vanadium-
containing silsesquioxane 1b for the selective photo-assisted
oxidation of methane into methanal. The present results indicate

the possibility of oligometallasilsesquioxanes as excellent
precursors for porous oxide catalysts. We are now investigating
not only the detailed structure, but also the shape selectivity of
the supported catalysts.
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Fig. 1 Pore size distribution of silica and supported catalysts estimated by
the Dollimore–Heal method (desorption, integral data)
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Synthesis and structure of a novel binuclear rhenium(i) complex containing an
unusual bridging ligand derived from coordinated acetonitrile. Unusual
reactivity of [Re(CO)3(bpy)(MeCN)]+

Vivian Wing-Wah Yam,* Keith Man-Chung Wong and Kung-Kai Cheung

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, PR China 

[Re(CO)3(bpy)(MeCN)]+ forms a novel binuclear rhenium(I)
complex containing a N·CCHNC(CH3)NH bridge derived
from the reaction of the coordinated acetonitrile with NaH;
the crystal structure of which has been determined.

There has always been considerable interest in transition metal
nitriles which are extensively used as starting materials for a
large variety of coordination and organometallic complexes, as
well as in the activation of organonitriles in organic transforma-
tion reactions, which result from changes in the electrophilicity
or nucleophilicity of the nitrile upon coordination to the metal
center.1,2 The coordination chemistry of coordinated nitriles at
rhenium(i) centers has recently been reviewed,1f,2 in which the
coordinated nitrile carbon has been observed to be prone to
attack by electrophiles such as H+. Although there have been
reports on the nucleophilic attack on nitriles coordinated to
electron-deficient metal centers such as those of CoIII,3 to the
best of our knowledge, there has been no report on reactions
involving nucleophilic attack on the nitriles coordinated to
rhenium(i) metal centers, which are normally accepted as being
electron rich. Complexes such as [ReCl(NCR)(dppe)2] have
been reported to undergo protonation at the nitrile carbon, due
to the strong p electron releasing ability of the ReI center to the
NC p* orbitals of the coordinated nitrile,1f,2 to yield azaviny-
lidene derivatives. Herein we report the unusual reactivity of
[Re(CO)3(bpy)(MeCN)]+ and the first example of a nucleo-
philic attack at the nitrile coordinated to the rhenium(i) center.
The crystal structure of the novel binuclear rhenium(i) product,
[{Re(CO)3(bpy)}2{NHC(CH3)CHCN}]+ 1 has also been de-
termined.

Reaction of [Re(CO)3(bpy)(MeCN)]OTf (0.5 mmol) with
NaH (0.3 mmol) in thf (20 ml) at room temp. for 2 min under
nitrogen afforded a reddish brown solution, which was then
purified by column chromatography on silica gel using
dichloromethane–acetone (1 : 1 v/v) as eluent to yield [{Re-
(CO)3(bpy)}2{NHC(Me)CHCN}]+ as dark red crystals; the
identity of which has been confirmed by characterization with
1H NMR, 13C NMR, IR, FABMS, elemental analyses,† and
X-ray crystallography.‡

The perspective drawing of the complex cation of 1 is
depicted in Fig. 1. The structure of the complex consists of two
rhenium diimine moieties bridged by an enamino–nitrile ligand.
The coordination geometry at each Re atom is distorted
octahedral with the three carbonyl ligands arranged in a fac
fashion.4 Bond distances worthy of special comment are
N(4)–C(16) [1.29(1) Å], which is indicative of a C–N bond

intermediate between those of single and double bond character,
C(14)–C(15) [1.40(1) Å] and C(15)–C(16) [1.41(2) Å] which
are intermediate between those expected for single and double
bonds and are closer to that expected for alkenes. Although the
bond distance N(3)–C(14) [1.13(1) Å] is quite short, the IR
stretching frequency for the C·N bond is 2194 cm21, which is
at lower frequency than that found in [Re(CO)3(bpy)(MeCN]+

(2315 cm21),§ and may be suggestive of a bond weaker than
that for a true triple bond character. These data strongly suggest
that the p bonding or electron is extensively delocalized over
the NCCCN moiety of the bridging ligand (Scheme 1). Such
delocalization has also been observed in other systems.5 The
enamino–nitrile ligand containing N(3), C(14), C(15), C(16)
and N(4) shows a coplanar arrangement with a mean deviation
of 0.0114 Å from the least-squares plane, which is in
accordance with the p bonding being delocalized over the
NCCCN moiety.

The room temp. 1H NMR spectrum shows two sets of
chemical shifts for each resonance signal of CH3, NH and CH
groups. This has been attributed to the presence of two
conformers existing in equilibrium in solution. The two

Scheme 1

Fig. 1 Perspective drawing of the complex cation of 1 with atomic
numbering scheme. Thermal ellipsoids are shown at the 40% probability
levels.
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conformers or rotamers are the cis- and trans-isomers owing to
the restricted rotation about the CNC bond in the N·CCNCN
system. The two isomers are in equilibrium, resulting from the
mesomerism, and the relative populations of the isomers change
with different solvent polarities, which are common in organic
compounds with the ONCCNCN moiety.6 The relative popula-
tions of the cis- and trans-isomers are ca. 7 : 1 in acetonitrile and
ca. 5 : 1 in acetone. The 13C NMR spectrum also shows two
distinct resonances for CH3 and CH groups which are in accord
with results obtained from 1H NMR spectroscopy; the identities
of the CH3 and CH signals have also been confirmed by DEPT-
135 NMR spectroscopy.

A mechanism involving the initial deprotonation of the
a-methylene proton in the coordinated acetonitrile in the
presence of a strong base to give the carbanion [Re(CO)3-
(bpy)(N·CCH2)], followed by its attack on the electrophilic
nitrile carbon of a second molecule of [Re(CO)3(bpy)-
(MeCN)]+, is proposed. The imine group in the bridging ligand
finally tautomerizes to the enamine, despite the fact that imine
is commonly more stable than enamine (Scheme 2). It is likely
that the presence of delocalization of electron over the bridging
ligand in this enamino–nitrile form favors the tautomerism. The
deprotonation step has also been proposed to occur in other
electron-deficient transition metal nitrile complexes.3 It is likely
that the ReI center in [Re(CO)3(bpy)(MeCN)]+ which carries a
positive charge and contains strong p-accepting CO groups,
unlike the neutral [ReCl(RCN)(dppe)2], is fairly electron
deficient, and is thus capable of activating the coordinated
acetonitrile towards deprotonation. The electrophilic nature of
ReI has been reflected by the higher n(C·N) stretching
frequencies observed in [Re(CO)3(bpy)(MeCN)]+ than in free
acetonitrile.7 Similar frequency shifts have been reported for the
cobalt(iii) complexes which have been proposed to undergo
base hydrolysis via an initial deprotonation step.3 Preliminary
studies show that [{Re(CO)3(bpy)}2{NHC(Me)CHCN}]+ is
strongly luminescent, typical of triplet MLCT emission in
related rhenium(i) diimine systems.5,8

The detailed photophysical and reactivity studies of this
complex, as well as the preparation of related complexes
containing different bridging ligands by employing coordinated
nitriles other than acetonitrile, are in progress.
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d 24 (CH3), 52 (CH), 126 (bpy), 129 (bpy), 137 (C·N), 142 (bpy), 155
(bpy), 157 (NHCMeCHCN), 177 (C·O), 199 (C·O). IR (Nujol, cm21):
n(NH) 3302; n(C·N) 2172; n(C·O) 2027, 2014, 1936, 1903. Positive
ESIMS: ion clusters at m/z 933 {M}+, 905 {M 2 CO}+, 509 {M 2
[Re(bpy)(CO)3]}+. UV–VIS [l/nm (emax/dm3 mol21 cm21)] (MeCN) 246
(41 460), 314 (42 360), 338 (27 280), 450 (1280). Found: C, 34.25; H, 1.88;
N, 7.79. Calc. for 1·H2O: C, 34.82; H, 2.15; N, 7.86%.
‡ Crystal data for 1: {[Re2O6N6C30H21]+CF3SO3

2}; M = 1083.01,
monoclinic, space group P21/c (no. 14), a = 10.632(2), b = 16.607(2),
c = 20.611(3) Å, b = 103.83(2)°, U = 3533.7(10) Å3, Z = 4, Dc = 2.036
g cm23, m(Mo-Ka) = 69.83 cm21, F(000) = 2056, T = 301 K.
Convergence for 448 variable parameters by least squares refinement on F
with w = 4 Fo

2/s2(Fo
2) where s2(Fo

2) = [s2(I) = (0.020Fo
2)2] for 3915

reflections with I > 3s(I) was reached at R = 0.034 and wR = 0.043 with
a goodness-of-fit of 2.18. CCDC 182/680.
§ Assignment of n(C·N) for [Re(CO)3(bpy)(MeCN)]+ is confirmed by
comparison with [Re(CO)3(bpy)(CD3CN)]+.
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Racemisation behaviour of trinuclear helicates formed from ethylene-bridged
tris(catechol) ligands and titanium(iv) ions

Markus Albrecht* and Matthias Schneider

Institut für Organische Chemie, Universität Karlsruhe, Richard-Willstätter-Allee, D-76131 Karlsruhe, Germany 

Trinuclear helicates are self-assembled from ligand H6L1

and TiIV ions in the presence of sodium or potassium
carbonate and they racemise by consecutive inversion of the
three complex units.

Movement, flexibility and dynamic behaviour are important
features of chemical compounds. Although we tend to rationa-
lise and visualise molecules as rigid structures, their behaviour
very often is dominated by their ability to move or to undergo
conformational changes. A very simple dynamic process of a
supramolecular aggregate which is formed in a metal-directed
self-assembly process is the racemisation of helicates.1–3 In
some special cases this process can be followed by NMR
spectroscopy using diastereotopic protons as a stereochemical
probe.1,2 Just recently Raymond and coworkers showed that the
racemisation of dinuclear gallium helicates with bis(catecho-
late) ligands proceeds by stepwise inversion of the two chiral
metal complex units. The energy barrier for a simultaneous
inversion of the two moieties should be twice as high as those of
analogous mononuclear compounds. However, very similar
barriers are observed for the mono- and di-nuclear complexes.1
Additionally we could show that the racemisation barrier of
dinuclear triple-stranded cryptand-type alkyl-bridged titaniu-
m(iv) helicates depends on the length of the spacer as well as the
counter-ion which is present.2

Herein, we present the first self-assembly of a trinuclear
triple-stranded helicate, which is formed from oxygen-donor
ligands.4 Analogous trinuclear double- or triple-stranded sys-
tems which contain nitrogen donor ligands have already been
described in the literature.5 Additionally we investigated the
racemisation behaviour of the coordination compounds and we
can show that the racemisation of the triple-stranded helicate
occurs by a stepwise inversion of the complex units.

Preparation of the coordination compounds M6(L1
3Ti3) (M

= Na, K) is done by simple mixing of ligand H6L1 (1 equiv.),
TiO(acac)2 (1 equiv., acac = acetyl acetonate) and alkali-metal
carbonate (1 equiv.) in methanol. Red solutions are formed

overnight and solvent is evaporated in vacuo. The residue is
purified by chromatography (Sephadex LH 20, methanol) to
obtain red complexes M6(L1

3Ti3) [M = Na (20%), K (33%)].†
Owing to the high charge of the complex salts, it is difficult to
obtain satisfactory mass spectra. However, for K6(L1

3Ti3) a
positive FAB MS spectrum could be obtained with glycerine as
matrix showing at high molar masses only characteristic peaks
at m/z = 1430 [K4(L1

3Ti3H3)+], 1469 [K5(L1
3Ti3H2)+] and

1507 [K6(L1
3Ti3H)+].

The 1H NMR spectra (CD3OD, 500 MHz) of the sodium cf.
the potassium salt possess different features. NMR signals of
the sodium salt Na6(L1

3Ti3) are observed at d = 6.42 (dd, J 7.6,
1.6 Hz, 6 H), 6.36 (s, 6 H), 6.36 (t, J 7.6 Hz, 6 H) and 6.25 (dd,

Fig. 1 Change of the 23Na NMR signal of Na6(L1
3Ti3) in D2O–H2O upon

addition of KCl

Fig. 2 1H NMR spectra of Na6(L1
3Ti3) at variable temperature (CD3OD)

Table 1 Free energy barriers (DG‡) for the racemisation of di- and tri-
nuclear helicates M4(L2

3Ti2) and M6(L1
3Ti3) (M = Na, K

DG‡/kJ mol21

M = Na (CD3OD) M = K (D2O)

M6(L1
3Ti3) 43.9 70.7

M4(L2
3Ti2)a 45.2 64.4

DG‡
tri/DG‡

di 0.97 1.10

a Ref. 2.
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J 7.6, 1.6 Hz, 6 H) for the aromatic protons. The spacer protons
lead to a multiplet at d 2.66 (24 H). In contrast, K6(L1

3Ti3)
exhibits resonances at d 6.52 (dd, J 7.6, 1.2 Hz, 6 H), 6.46 (s, 6
H), 6.44 (t, J 7.6 Hz, 6 H) and 6.25 (dd, J 7.6, 1.2 Hz, 6 H) for
the ligand moieties and two multiplets at d 2.90 (m, 12 H) and
2.33 (m, 12 H) for the spacer protons. The observed NMR
spectroscopic results show that for the potassium salt
K6(L1

3Ti3) the racemisation of the helicate at room temp. is
slow with respect to the NMR timescale while the inversion of
the corresponding sodium salt is fast. This is in agreement with
results obtained for the analogous dinuclear complexes
M4(L2

3Ti2) (M = Na, K).2 As we showed previously, the
difference in the dynamic behaviour of different alkali-metal
salts of helicates is due to inclusion of the counter-ions in the
cryptand-type interior.6

Inclusion of counter-ions in the cavities of the trinuclear
helicate [L1

3Ti3]62 was indicated by titration of the sodium salt
with potassium chloride. 23Na NMR spectroscopy [D2O–H2O
(1 : 1), 105.8 MHz, Fig. 1)] at room temp. shows that the initial
broad signal at d22.4 (Dn1

2
= 625 Hz) sharpens upon addition

of KCl and is shifted towards the typical resonance for solvated
sodium cations at d20.3. This observation is due to the binding
of potassium cations in the interior of the cavities and removal
of sodium.6

Fig. 2 presents the result of a low temperature NMR
spectroscopic study of Na6(L1

3Ti3) in CD3OD (500 MHz).
While cooling the NMR sample, the signal of the protons of the
spacer at d 2.66 starts to broaden and at 236 K coalescence is
observed. At lower temperatures (218 K) two multiplets can be
detected at d 3.02 and 2.31 for the diastereotopic spacer protons
of the chiral helicate. From those NMR spectroscopic findings
a free energy barrier of DG‡ = 43.9 kJ mol21 can be estimated
for the racemisation of the hexaanionic helicate with sodium
counter-ions, Na6(L1

3Ti3).
Upon heating of K6(L1

3Ti3) in CD3OD (500 MHz) coales-
cence can not be reached. However, if the same experiment is
performed in D2O, coalescence is observed at 364 K, indicating
a racemisation barrier of DG‡ = 70.7 kJ mol21.

As can be seen from Table 1, the observed DG‡ values of the
trinuclear complexes M6(L1

3Ti3) are very similar to those
detected for the corresponding dinuclear compounds
M4(L2

3Ti2). The largest deviation is found for the potassium
salts with DG‡

tri/DG‡
di = 1.1. If the racemisation proceeds by

a simultaneous mechanism via an achiral coordination com-
pound with three trigonal prismatic complex moieties, a ratio of
DG‡

tri/DG‡
di = 1.5 would be expected. The observed ratios of

approximately 1.0 show that the racemisation takes place by a
stepwise mechanism. This means that the helicate starts to
invert at one terminus of the complex followed by inversion of

the central complex unit and final racemisation of the second
terminus (Scheme 1). (It is unlikely that the inversion starts at
the central unit. This would lead to two meso-type relations of
this unit to the two other complex moieties and would build up
a high strain energy.7)

To rule out a dissociative mechanism for the racemisation of
the helicate,1,3 NMR experiments were performed in the
presence of an excess of ligand. No exchange of free and bound
ligand could be observed.6 Spin saturation transfer NMR
experiments proved to be negative and thus supported our
interpretations.

Using Raymond’s strategy, we could show that the racemisa-
tion of flexible alkyl-bridged trinuclear tris(catecholato) tita-
nium helicates proceeds similarly to the one of dinuclear
gallium helicates with more rigid aryl amid linkages between
the complex units.1 However, in the case of M6(L1

3Ti3) the
counter-ions are binding to the hexaanion and thus are
influencing the racemisation barrier.

This work was supported by the Deutsche Forschungs-
gemeinschaft and the Fonds der Chemischen Industrie. We
thank Dr Herbert Röttele for the measurement of the NMR
spectra.
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Scheme 1 Mechanism of the stepwise racemisation of DDD-[L1
3Ti3]62 to LLL-[L1

3Ti3]62
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Syntheses and characterizations of two copolymers containing cone
conformations of calix[4]arenes in the polymer backbone

Michael T. Blanda* and Eba Adou

Department of Chemistry, Southwest Texas State University, San Marcos, TX 78666, USA 

Two new polymers containing calix[4]arenes in the cone
conformation were synthesized via condensation reactions.

Calix[4]arenes are cyclic tetramers of tert-butylphenol and
formaldehyde which can be synthetically manipulated to
assume rigid, cone-like structures which possess an upper rim
defined by the para-positions of the aromatic rings, and a lower
rim defined by the oxygen atoms. This conformation of
calix[4]arenes is highly preorganized and forms complexes with
neutral molecules or metal ions.1 In order to enhance the affinity
of calix[4]arenes towards certain metal ions (in particular
sodium) ionophoric groups containing carbonyl or ether
functionality may be appended to the lower rim.2

We report a new application for the well established binding
properties of calix[4]arenes that involves incorporating them
into polymers. These new polymers may then be processed into
materials suitable for chemical sensor devices such as ion-
selective electrodes and filtration/extraction membranes. Pre-
viously reported sensor devices based on calixarenes have been
fabricated by blending the calixarene molecules into polymer
melts or other membrane composites.3,4 Blending methods have
several drawbacks including non-uniform ordering of the
calixarene units, leaching, and difficulty in reproducing a given
set of properties in the blend.

Calixarene-based polymers have just begun to receive
attention, and of the few reported, the calixarene moieties have
been appended to the polymer via the lower rim of the
calixarene monomers.5 A calixarene-based water soluble poly-
mer has also been reported in which the upper rim of the
calixarene was used as the site of attachment to the polymer.6
Until very recently, no polymers have been reported in which
the calixarenes were part of the polymer backbone. Dondoni et
al. have successfully copolymerized a calixarene monomer in
the 1,3-alternate conformation with Bisphenol A to yield a
calixarene-based polymer which exhibited a higher binding
affinity for silver ions than the individual calixarene monomer
from which it was derived.7 We report the syntheses of two
calixarene-based copolymers with the following features: (1)
the calixarene monomers are in the cone conformation, (2) the
site of polymerization is located on the upper rim of the
calixarene monomers and (3) the calixarene units are part of the
polymer backbone.

The scarcity of calixarene-based polymers is in part due to the
difficulty in synthesizing rationally designed monomers. The
key intermediate to both monomers, 5,17-dichloromethyl-
25,26,27,28-tetraethoxyethylcalix[4]arene† 1, was derived
from the principal starting material 5,11,17,23-tetra-tert-butyl-
25,26,27,28-tetrahydroxycalix[4]arene.8 The conformationally

mobile tert-butylcalixarene was first dealkylated at the upper
rim using AlCl3, then treated with 2-bromoethyl ethyl ether in
the presence of sodium hydride to yield the tetraethoxyethyl
calixarene which assumed the cone conformation.‡ The alkali
metal binding properties of this ether-functionalized calix[4]-
arene were investigated by Shinkai and showed high selectivity
for the sodium ion, prompting us to elaborate on its structure so
that it could be incorporated into different types of polymers.9

The tetraethoxyethylcalixarene was selectively formylated
on the upper rim by treatment with dichloromethyl methyl ether
in the presence of tin(iv) chloride followed by hydrolysis of the
geminal dichloride.10 The aldehyde groups were then reduced to
alcohols and the corresponding diol was transformed into the
dichloride 1 by treatment with thionyl chloride. The dichloride
1 was next transformed into the two penultimate monomer
compounds by reacting it with either p-bromo- or p-cyano-
phenol in the presence of sodium hydride to yield the
corresponding dibromo and dicyano compounds which were
converted into the diol monomer 2 and diamine monomer 3,
respectively. The extension of the ‘arms’ at the upper rim
proved to be critical in the subsequent condensation copoly-
merization reactions because initial attempts to copolymerize
various calixarene monomers with shortened ‘arms’ did not
yield high molecular weight polymers.

Both calixarene monomers 2 and 3 were condensed with
equal molar amounts of terephthaloyl chloride in dimethyl-
acetamide. The polyester reaction was heated at 60 °C while the
polyamide reaction was run at room temperature. Both
copolymerization condensation reactions were allowed to react
for 36 h. After that time, the solvent volume was reduced and
methanol was added to the reaction mixtures to precipitate the
copolymers, 4 and 5.§ The isolated yields of the two white
amorphous copolymers were 66 and 50% for the polyester 4 and
polyamide 5, respectively. The glass transition temperatures
(Tg) were measured using differential scanning calorimetry and
the Tg for 4 was found to be 141 °C and that of 5 was determined
to be 100 °C. Due to the amorphous structure of the copolymers,
no melting transitions (Tm) were observed in the thermograms.
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The thermal stabilities of each copolymer were determined by
thermal gravimetric analyses (TGA) in a nitrogen atmosphere.
The temperatures at which 10% weight loss occurred were 352
and 380 °C, respectively, for 4 and 5. The inherent viscosities
for the copolymers were measured using an Ostwald viscometer
with chloroform as the solvent at 25 °C and were found to be
0.12 dl g21 for 4 and 0.14 dl g21 for 5.11 The fact that both
copolymers were completely soluble may provide additional
evidence that the copolymers are amorphous.11b The molecular
weights for each copolymer were determined by size exclusion
chromatography (SEC) against polystyrene standards. The
eluent used in the SEC analyses was THF and the samples were
run at room temperature. The chromatograms for each polymer
showed only one broad signal from which the number-average
molecular weights (Mn) were determined to be 29 000 Da for the
polyester 4 and 52 000 Da for the polyamide 5. Qualitatively the
broadness of the signals reflects a certain degree of poly-
dispersity. However, since no experimental determination of the
weight-average molecular weight (Mw) was made, a quantita-
tive value of the polydispersity was not obtained. Based on the
step-growth nature of the copolymers via the condensation
reactions, the polydispersity is likely to be ca. 2.11c Even though
the signals in the 1H NMR spectrum for 4 and 5 were broadened
at room temperature, it was possible to discern that the
calixarene moieties were still in the cone conformation. We are
currently investigating the alkali metal binding properties of
each copolymer in comparison with the tetraethoxyethylcalix-
arene previously studied in order to determine if any cooper-
ativity is displayed.12
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Formation of an unusual tetralithium diplatinum complex
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The very unusual complex [Pt(C·CBut)2(PPh2O)2Li2(m-
H2O)(Me2CO)2]2 2 is obtained by the reaction of
‘Li2[Pt(C·CBut)4]’ with an excess of PPh2H in acetone–
ethanol and possesses an unusual linear chain of four Li
atoms sandwiched between two square planar dianionic
units trans-2OPPh2{Pt(C·CBut)2}PPh2O2, to which it is
bound through m3-PPh2O2 bridging ligands.

Platinum–alkynyl chemistry has long been the subject of
intensive study1 and recently there has been a growing interest
in the synthesis of polymetallic species derived from dianionic
(C2

22, C2RC2
22, etc.) or substituted (pyridyl, bipyridyl,

ruthenocenyl, ferrocenyl, etc.) building blocks due to their
increasing importance in materials science.1,2 The family of
alkynyl Pt complexes, particularly that of mononuclear hetero-
leptic derivatives which are stabilised by tertiary phosphine
ligands is now quite large.1,2d,e,3 The chemistry of monomeric
derivatives containing other types of ligands is comparatively
less developed1,3a,4 and analogous complexes containing secon-
dary phosphines as additional ligands have not been explored.
The presence of acidic protons in this type of ligand (PR2H)
probably prevents the use of the most general synthetic routes
such as the reaction of halides with alk-1-ynes (base, CuI-
catalysed)1,2d,e,3b,4d or with metal acetylide reagents.1,4 Re-
cently, we have reported the preparation of trans-
[Pt(C·CBut)2(PPh3)2]5 in high yield by partial displacement of
the alkynyl groups with PPh3 from the reactive species
Li2[Pt(C·CBut)4], prepared ‘in situ’. We report here the
application of this method to the diphenylphosphine ligand,
which allows not only the preparation of the homologous
complex trans-[Pt(C·CBut)2(PPh2H)2] 1 but also the synthesis
of an unexpected tetralithium diplatinum compound 2, which
contains lithium atoms in the form of an unusual linear chain of
four Li atoms stabilised by m3-PPh2O2 and m-OH2 bridging
ligands. Complex 2 represents the second alkynyl–platinum
lithium complex crystallographically characterised,6 and also
the second example reported containing one small chain of four
sandwiched Li ions.7

The tetraalkynylplatinatelithium species ‘Li2[Pt(C·CBut)4]’
was initially formed by addition of LiC·CBut to [PtCl2(tht)2]
(molar ratio 5.5 : 1) as previously reported.5,8 Treatment of the
colourless solution obtained by dissolving Li2[Pt(C·CBut)4] in
acetone–ethanol with an excess of PPh2H (1 : 3, N2 atmosphere)
causes the slow precipitatiion (7 h of stirring) of trans-
[Pt(C·CBut)2(PPh2H)2] 1 as a white microcrystalline solid
(25% yield on the Pt starting material). Prolonged stirring (7 h)
of the resulting filtrate under aerobic conditions produces the
separation of a new white solid. Recrystallization of this solid
from hot acetone yields the crystalline tetralithium diplatinum
diphenylphosphinite complex 2 in ca. 45% yield. During our
efforts to optimise the synthesis of complex 1 we observed that
the relative yields of 1 and 2 vary with the presence of air in the
reaction system (25–52% 1 to 45–11% 2, on the Pt starting
material). This fact clearly indicates that the presence of
PPh2O2 ligands in complex 2 stems from the partial oxidation
of the PPh2H ligand to PPh2OH under the reaction conditions

employed.9 Complex 1 was characterised analytically and
spectroscopically.

The identity of complex 2 has been established by X-ray
structure analysis† which revealed the unexpected tetra-
lithiumdiplatinum species [Pt(C·CBut)2(PPh2O)2Li2(m-
H2O)(Me2CO)2]2.‡ Molecule A (Fig. 1) is formed by two
identical dianionic fragments ‘trans-2OPPh2{Pt(C·CBut)2}P-
Ph2O2’ which act as didentate ligands, bridging the four Li
centers pairwise through the oxygen atoms. Each PPh2O2
ligand is Pt–P bonded [Pt(1)–P(1,2) 2.301(2), 2.306(2) Å] and
as mentioned bridges two Li centres [Li–O range
1.907(10)–1.969(10) Å], giving two planar Li2O2 rings,
Li(1,2)O(1,2A) and Li(1A,2A)O(1A,2), which are rigorously copla-
nar. The central atoms are connected by two H2O molecules
[O(5), O(5A)]. All this results in a final linear disposition of four
non-bonded Li atoms [Li(2)···Li(1,2A) 2.610(13), 2.848(19) Å],
Li(1)–Li(2)–Li(2A) 176.7(6)°], which is very similar to the Li
disposition in the compound recently described by Roesky and
coworkers,7 Li4[(MeGa)6(m3-O)2(ButPO3)6]·4thf. This struc-
tural feature contrasts with the most prevalent structural motif,
cubane-like, found in other tetralithium derivatives10 which has
been rationalised using ring-stacking ideas.11 The Li atoms in

Fig. 1 Molecular structure of 2. Ellipsoids depicted at their 50% probability
level. Important molecular geometry parameters include: interatomic
distances (Å): Li(1)–O(1) 1.907(10), Li(1)–O(2A) 1.927(10), Li(2)–O(2A)
1.957(11), Li(2)–O(1) 1.969(10), Li(2)–O(5) 2.0481(10), Li(2)–O(5A)
2.048(10), Pt(1)–C(1) 2.001(6), Pt(1)–C(7) 2.006(6), C(1)–C(2) 1.207(8),
C(7)–C(8) 1.203(8). Bond angles (°): O(3)–Li(1)–O(4) 99.0(4),
O(1)–Li(1)–O(2A) 96.9(4), Li(1)–O(1)–Li(2) 84.6(4), Li(1)–O(2A)–Li(2)
84.4(4), O(1)–Li(2)–O(2A) 93.9(4), O(5)–Li(2)–O(5A) 91.9(4), Li(2)–
O(1)–P(1) 119.1(4), O(1)–P(1)–Pt(1) 111.65(15), O(2)–P(2)–Pt(1)
112.62(15), Pt(1)–C(1)–C(2) 175.8(5), C(1)–C(2)–C(3) 173.4(7), Pt(1)–
C(7)–C(8) 177.0(5), C(7)–C(8)–C(9) 175.0(7). Primed atoms are related by
inversion centre to unprimed ones.
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each [Li(1,2)O2] unit are chemically different. Thus the internal
Li atoms [Li(2), Li(2A)] have tetrahedral coordination, being
bonded to the O atoms [O(5), O(5A)] of the two bridging water
ligands, while the external Li atoms [Li(1), Li(1A)] interact with
two terminal acetone molecules [Li(1)–O(3),(4) 1.981(10),
1.997(10) Å]. Both the distortion from tetrahedral geometry at
the Li centres and the Li–O bond lengths are in good agreement
with those observed in other Li compounds containing similar
LiO4 tetrahedral coordination environments.10–12 On the other
hand, it is also remarkable that although a variety of metal
coordination modes have been observed for diorgano-
phosphinite ligands,9a,12b,13 to our knowledge, complex 2 is the
first example in which this ligand acts with a m3-k3 : P,O,OA
bonding mode, bridging two hard Li atoms (m-O) and also being
P-bonded to a soft Pt centre. The P–O bond distances in 2
[1.537(4), 1.539(4) Å] are comparable to those observed for
structurally characterised [PPh2–O]2 complexes displaying a
m-O,m-P metal bridging mode.13 The square-planar coordina-
tion at Pt is unexceptional, exhibiting, as expected, essentially
linear acetylenic fragments (see Fig. 1).

In accord with the solid structure, the IR spectrum of 2 shows,
in addition to a medium n(C·C) band at 2092 cm21, the
presence of water (3646, 3402, 1611 cm21) and typical
absorptions for n(PNO) (996, 1006, 1030 cm21), characteristic
of phosphinito-bridged complexes.13 In the 31P NMR spectrum
a singlet shifted far downfield (d 67.37, 1JPtP 2510 Hz) is
observed,indicative of P oxidation to PV.13 The 1H NMR
spectrum of 2 in CD3COCD3 exhibits a singlet at d 0.46 due to
equivalent alkynyl groups (C2But); however, the difficulty in
assigning OH bands, even after addition of D2O, does not allow
us to determine with certainty whether the H2O molecules
remain coordinated in solution.

The Li-ionic conductivity of the Li derivative 2 has also been
measured using the well known complex impedance method,14

but it is near zero. This fact is in agreement with previous results
obtained for other tetrahedral LiO4 derivatives.15

We thank the Dirección General de Enseñanza Superior
(Spain, Projects PB95-0003C02-01 02 and PB95-0792) and the
University of LaRioja (API-97/B13) for financial support.
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New dianionic ligands h5-C25H4Si(Me)2C2(H)SiMe3 and
h5-C25H4SiMe2{NC(But)C(H)SiMe3}2; syntheses, structures and reactivity of
their lithium and zirconium derivatives†

Peter B. Hitchcock, Jin Hu and Michael F. Lappert*

The Chemistry Laboratory, University of Sussex, Brighton, UK BN1 9QJ 

Lithium and zirconium complexes [Li2(B)(tmen)]2 4,
[Li4(C)2(tmen)] 5, [Zr(B)2] 7 and [Zr(C)2] of the new
ligands h5-C25H4Si(Me)2C2(H)SiMe3 (·[B]22) and
h5-C25H4Si(Me)2{NC(But)C(H)SiMe3}2 (·[C]22) are repor-
ted, as well as the X-ray structures of the centrosymmetric
dimer 4 and of 5 (having each of the four Li atoms in a
different environment) and the catalytic activity of 7 for
a-alkene polymerisation.

Examples of cyclopentadienyl ligands bearing a neutral Lewis
base substitutent include those containing an amine,1a ether,1b

pyridyl,1c phosphine,1d or vinyl1e side chain. Analogues having
an anionic substituent are rare. The earliest examples are the
‘tucked-in’ metal complexes, such as [W(h5-C5Me4CH2)(h5-
C5Me5)H2],2 but the cyclopentadienyl amide [A]22 is note-
worthy,3 because its derived TiIV complex [Ti(A)Cl2] is the
Dow catalyst for the production of ethylene–styrene copoly-
mer.4 A cyclopentadienyl(iminoacyl) ligand has been found in
a number of TiIV and ZrIV complexes.5

We now draw attention to two new dianionic cyclopenta-
dienyl ligands [B]22 and [C]22, having an alkyl and a

1-azaallylsilyl side-chain, respectively, which may well find a
useful role in organometallic chemistry.

Treatment of Cl2SiMe2 with LiCH2SiMe3 gave ClSi-
(Me)2CH2SiMe3,6 which with NaC5H5 gave 1 (Scheme 1, step
i). From 1 and LiBun (even when used in excess) in
tetrahydrofuran (thf), only the monodeprotonated complex
LiC5H4Si(Me)2C(H)2SiMe3 2 was obtained (step ii), deriva-
tised (step iii) as the 1 : 1tmen adduct 3 [tmen = (Me2NCH2)2].
However, from 1, 2 LiBun and 2 tmen, the dimeric complex
[Li2(B)(tmen)]2 4 was isolated (step iv). Reacting 4 with ButCN
led (step v) to the tetranuclear complex [Li4(C)2(tmen)] 5. The
reaction between ZrCl4 and each of the lithium compounds 2, 4
and 5 gave (steps vi–viii, respectively) 6–8, respectively.
Complexes 6 and 7 (but not 8) with methylaluminoxane (MAO)
were shown to be effective catalysts for the polymerisation of
C2H4, and 7 also for MeCHNCH2 and PhCHNCH2.

Since treatment of Li{CH(SiMe3)2} with ButCN readily gave
the 1-azaallyllithium compound [Li{N(SiMe3)C(But)C(H)-
SiMe3}]2,7 in which a 1,3-SiMe3 migration from C?N had
taken place, there appeared to be two possible pathways upon
reacting 4 with ButCN, a and b in eqn. (1). In the event, Scheme
1, step v, as ultimately the X-ray structure of 5 revealed (vide

infra) migration of the h5-C5H4SiMe2 group (pathway a) was
preferred over SiMe3.

Each of the compounds 1 and 3–8 gave satisfactory
microanalysis, as well as multinuclear NMR spectra. For 1 [bp
93–98 °C (13 mmHg)], GCMS confirmed its purity and EI mass
spectra showed the parent molecular ion to be the highest m/z
peak for each of the zirconium compounds 6–8. Compounds
3–8 were isolated as crystals and X-ray diffraction data‡ on 4
(Fig. 1) and 5 (Fig. 2) established their molecular structures;
such data for 6 and 8 will be presented in a full paper.

Crystalline 4 is a centrosymmetric dimer. Each cyclopenta-
dienyl group bridges two Li one of which Li(2)/Li(2A) has its
coordination environment completed by a chelating tmen
ligand, while the other Li(1)/Li(1A) has the carbanionic carbon
C(1)/C(1A). Atoms Li(1)/Li(1A) are arranged in an almost linear
fashion with respect to C(1)/C(1A) and the centroid M(1A)/M(1)
of the cyclopentadienyl ring, C(1)–Li(1)–M(1A) 178.5. The
Li(1)–C(1) bond of 2.075(8) Å is longer than the Li(1)–M(1A)
distance of 1.93 Å. The former may be compared with the Li–C

Scheme 1 Reagents and conditions: i, NaCp, thf, 24 h, 0 °C; ii, LiBun,
C6H14, 24 h, 0 °C; iii, tmen, C6H14, 3 h, 25 °C; iv, 2 tmen, 2 LiBun, C6H14,
24 h, 0 °C; v, ButCN, Et2O, 24 h, 25 °C; vi, 1/2 ZrCl4, C6H14, 48 h, 25 °C;
vii, or viii, ZrCl4, C6H14, 48 h, 25 °C
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bond lengths in [Li{CH(SiMe3)2}]H [av. 2.19(5) Å]8 and
Li{CH(SiMe3)2}{N(Me)(CH2CH2NMe2)2}, 2.13(5) Å.9 The
Li(1)–M(1A) distance is similar to that in Li(h5-C5H4SiMe3)-
(tmen), 1.928 Å;10 the latter has average Li–N bond lengths of
2.13(1) Å, compared with 2.100(9) Å in 4.

Crystalline 5 is a tetranuclear complex in which each of the
four Li atoms is in a different environment. Li(1) and Li(2) are
somewhat similar (see 5a and 5b), except that the cyclopenta-
dienyl having the centroid M(1) bridges Li(2) and Li(4),
whereas the cyclopentadienyl having the centroid M(2) acts as
a terminal ligand with respect to Li(1). The coordination
environment around Li(4) is completed by a chelating tmen.
The situation regarding Li(3) is the most unusual: it is
two-coordinate, being the bridge between N(1) and N(2) of the
two 1-azaallyl moieties, N(1) and N(2) being four-coordinate
and N(1)–Li(3)–N(2) 145.2(5)°. The azaallyl–lithium

environment around L(1) and Li(2) is similar to that in
[Li{N(SiMe3)C(But)C(H)SiMe3}]2.7

The catalytic activity of the zirconocene(iv) chloride 6 (with
MAO) for polymerisation of ethylene was comparable to that of
[Zr(h5-C5H5)Cl2].§ While this is not surprising, the activity of 7
(with MAO) for C2H4 (mp of polymer: 138 °C by DSC), C3H6
(atactic oligomer of low average molecular mass) and
PhCHNCH2§ (atactic polymer of high average molecular mass)
was unexpected. The high activity combined with the relatively
low chain lengths for the latter two suggests that chain transfer
is frequent, consistent with the high polydispersity. As far as we
are aware, a zirconium(iv) bis(chelate) catalyst has not
previously been reported.

Ligands related to [B]22 and [C]22, including
h5-C25H4Si(Me)2C2(SiMe3)2 are being explored, as are exten-
sions to their role in titanium chemistry.

We thank EPSRC for providing a fellowship for J. H., and Mr
D. Whiteman and Dr N. C. Billingham and RAPRA for the
characterisation§ of the polymers.
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P21/n, a = 10.730(2), b = 10.126(2), c = 22.125(4) Å, b = 103.73(2)°,
U = 2335.2(8) Å3, F(000) = 744, Z = 2, Dc = 0.96 g cm23, m(Mo-
Ka) = 0.15 mm21, specimen 0.35 3 0.20 3 0.20 mm, 4088 unique
reflections for 2 < q < 25°, R1 = 0.068 for 2170 reflections with I > 2s(I),
wR2 = 0.191 (all data), S = 1.012, the dimer lies on a crystallographic
inversion centre. 5, C38H74Li4N4Si4, M = 727.13, triclinic, space group P1
(no. 2), a = 13.811(3), b = 13.848(3), c = 14.683(3) Å, a = 88.65(2),
b = 89.32(2), g = 60.51(2)°, U = 2443.7(9) Å3, F(000) = 796, Z = 2,
Dc = 0.99 g cm23, m(Mo-Ka) = 0.15 mm21, specimen 0.5 3 0.3 3 0.1
mm, 8596 unique reflections for 2 < q < 25°, R1 = 0.080 for 3824
reflections with I > 2s(I), wR2 = 0.211 (all data), S = 1.018. T = 273 K,
Enraf-Nonius CAD-4 diffractometer, l(Mo-Ka) = 0.710 73 Å, no
absorption corrections, solution by direct method, full-matrix least-squares
refinement on all F2. CCDC 182/681.
§ Catalytic properties of 7 for a-alkene polymerisation [25 °C in toluene
(ca. 200 cm3)]. C2H4: 7 (0.064 mm), MAO (12.7 mm), 1.4 bar; activity, 1.41
3 105 g PE (mol Zr)21 h21 (bar)21; M w, 7.4 3 105 (using polystyrene as
calibrant for PE); Mw/Mn, 4.4; mp 138 °C. C3H6: 7 (0.048 mm), MAO (15
mm); activity, 1.86 3 105 g PP (mol Zr)21 h21 (bar)21; Mw, 710; Mw/Mn,
1.4; oil. PhCHCH2: 7 (0.050 mm), MAO (40 mm); activity, 1.16 3 106 g PS
(mol Zr)21 h21 (bar)21; Mw, 22.3 3 103; Mw/Mn, 3.2.
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Fig. 1 The molecular structure of 4. Selected bond lengths (Å) and angles (°)
(also see text): Li(2)–M(1) 1.96, Li(2)–N(2) 2.092(8), Li(2)–N(1) 2.108(9);
M(1) is the centroid of the C(2)–C(6) ring.

Fig. 2 The molecular structure of 5. Selected bond lengths (Å) and angles (°)
(see also 5a and 5b, and text): Li(4)–M(1) 2.004, Li(4)–N(3) 2.104(10),
Li(4)–N(4) 2.093(10); M(1) is the centroid of the C(3)–C(7) ring, M(2) of
the C(19)–C(23) ring.
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Engineering layers in molecular solids with the cyclic dipeptide of (S)-aspartic
acid

G. Tayhas R. Palmore* and Mary T. McBride

Department of Chemistry, University of California, Davis, CA 95616, USA 

Hydrogen-bonded tapes formed by the cyclic dipeptide of
(S)-aspartic acid 1 are used as a scaffold on which to build
two-dimensonal layers that vary in size, shape and chemical
composition.

Numerous research groups have demonstrated considerable
success at using non-covalent interactions to build supramole-
cular structures in crystalline solids.1 The most common
interaction in these structures is the hydrogen bond, which
occurs between functional groups strategically located on the
constituent molecules.2–5 Several molecules have been investi-
gated, including a few that form robust supramolecular
structures that can be modified in terms of their size and shape
(i.e. modular). The advantage of a supramolecular structure that
is both robust and modular is that it provides a scaffold with
which to engineer the structure (and possibly the function) of
molecular solids.

We have initiated a program of research aimed at under-
standing the influence of molecular structure on the kinetics of
crystal growth using atomic force microscopy. To simplify
these studies, we require molecular solids with a common
supramolecular structure whose dimensions can be modified
systematically. Our approach to preparing a series of related
solids is to use the strength and directional character of
hydrogen bonds to build the supramolecular structure, and
exploit the selectivity of hydrogen bonds for different hydro-
gen-bond donors and acceptors to modify the supramolecular
structure. We have focused our efforts on the cyclic dipeptide of
(S)-aspartic acid 1 based on the following rationale.6 First, 1 is
representative of a family of molecules known to form
hydrogen-bonded tapes in their crystalline solids [Fig. 1(a)].1,7

Tapes are one-dimensional aggregates that typically pack with
their long axes parallel. Second, 1 contains two types of
functional groups (cis-amide and carboxylic acid) that contain
both a hydrogen bond donor and a hydrogen bond acceptor.

Functional groups such as cis-amides and carboxylic acids are
known to form an R2

2(8) pattern of hydrogen bonds—a two-
point interaction that is stronger and orientationally more
restrictive than chains of hydrogen bonds.8–10 Third, the
hydrogen-bonding functional groups in 1 are positioned to
preorganize the direction of their hydrogen bonds mutually
orthogonal, which will promote the formation of hydrogen-
bonded layers through the cross-linking of tapes [Fig. 1(b)].
Layers are two-dimensional aggregates that should pack with
their planes parallel. Fourth, cis-amides and carboxylic acids
have different selectivities for hydrogen-bond donors and
acceptors.10 With cocrystallization techniques, this difference
in selectivity can be exploited to modify the interdigitation of
tapes or the shape of the hydrogen-bonded layers.

Our first objective was to demonstrate that the two cis-amide
functional groups in 1 form a symmetric R2

2(8) pattern of
hydrogen bonds with adjacent molecules to generate the tape
motif in the solid state. Based on Etter’s rules for hydrogen-
bonds, where the strongest hydrogen bond donor (acid hydroxy)
preferentially interacts with the strongest hydrogen bond
acceptor (amide carbonyl), carboxylic acids crystallized in the
presence of amides should form an asymmetric R2

2(8) pattern of
hydrogen bonds.10,11 Further evidence that supports the prefer-
ential formation of an asymmetric R2

2(8) pattern of hydrogen
bonds is the packing modes of monocarboxamide derivatives of
dicarboxylic acids.8 Due in part to restrictions in the conforma-
tion of 1 imposed by its stereochemistry, the crystalline solid of
1 contains the tape motif generated from a symmetric R2

2(8)
pattern of hydrogen bonds between the cis-amide functional
groups. The asymmetric unit cell contains two crystallo-
graphically distinct molecules of 1 that generate two distinct
tapes, labelled A and B (Fig. 2).† Tapes pack with their long
axes parallel. The hydrogen bond distances and angles between
the cis-amides depend on the tape to which 1 belongs:
N–H···O = 2.860 Å, 166° and 2.868 Å, 167° for tape A; 2.864
Å, 163° and 2.871 Å, 163° for tape B. Although a C2-axis of
symmetry is present in a two-dimensional drawing of 1, this
symmetry element is absent in the solid state due to the different
conformations adopted by the two side-chains. Consequently, a

Fig. 1 (a) Tape that results when the cis-amides of (S,S)-ASPDKP (1) form
a pair of hydrogen bonds (dashed lines) with the cis-amides of two adjacent
molecules. X represents a substituted carbon atom. (b) Layer that forms
when parallel tapes are cross-linked either directly through functional
groups on X or indirectly through cocrystallization with ‘linker’ molecules
(e.g. BPETE).

Fig. 2. Layer in crystal structure of 1. The asymmetric unit cell contains two
molecules of 1, each of which generate a distinct tape (A and B), which
alternate in their direction of propagation (arrows). Each tape is cross-linked
to adjacent tapes through an R2

2(8) pattern of hydrogen bonds between the
carboxylic acid groups to form a non-planar layer.
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non-planar layer results when each tape is cross-linked to
adjacent tapes through a symmetric R2

2(8) pattern of hydrogen
bonds between carboxylic acid functional groups (O–H···O
interactions: 2.665 Å, 176°; 2.633 Å, 161°; 2.753 Å, 174°; and
2.740 Å, 175°). Layers pack with a slippage of 3.737 Å along
the c axis while maintaining a periodicity of 4.985 Å between
layers. Close contacts between layers include: O9–H16···O4,
2.886 Å and C15–H15···O2, 3.088 Å.

For the purpose of engineering related solids, the formation
of a symmetric R2

2(8) pattern of hydrogen bonds in the
crystalline solid of 1 is significant in that it suggests the tape
motif can be used as a scaffold on which to build layers with
different repeat distances between tapes. For example, a guest
molecule can be inserted within the layer of 1 by cocrystalliza-
tion techniques, which allows for systematic modification of the
periodicity of tapes within the layer. We illustrate this point in
Fig. 3, which shows the crystal structure of 1 cocrystallized with
(E)-1,2-bis(4-pyridyl)ethene (BPETE).‡ In this example, paral-
lel tapes are cross-linked into a planar layer through hydrogen
bonding interactions between the carboxylic acid functional
groups on 1 and the nitrogen and ortho carbon atoms of BPETE
(O–H···N = 2.893 Å, 162°; and 2.633 Å, 143°;
C–H···O = 3.103 Å, 126°; and 3.511 Å, 116°). The carboxylic
acid functional groups do not form an R2

2(8) pattern of hydrogen
bonds in the presence of BPETE because the pyridyl nitrogen
atom is a stronger hydrogen-bond acceptor than the carbonyl
oxygen atom of carboxylic acids.§ Moreover, the interaction is
not ionic; proton transfer from the carboxylic acid to BPETE
does not occur. We base this assertion on the similar C–N–C
bond angles of BPETE in the presence (115.8°) or absence
(115.4°) of 1.12 In a manner similar to the crystalline solid of 1,
the crystalline solid of 1–BPETE contains an R2

2(8) pattern of
hydrogen bonds between cis-amides of adjacent molecules to
give tapes (N1–H1···O2 = 2.857 Å, 166°, N2–H2···O1 = 2.829
Å, 167°). Tapes lie with their long axes parallel. Layers pack
with slippage of 4.511 Å along the c-axis and a periodicity of
4.211 Å between adjacent layers. The closest contact between
layers is 3.203 Å (C20–H20···O5).

Several research groups have demonstrated that hydrogen-
bonded layers can be assembled in crystalline solids from
molecules that are designed to form hydrogen bonds in two
directions. Compound 1 is a new addition to this type of
molecule. An important feature of 1 is that the presence of
competing hydrogen-bonding functional groups, either as part

of (carboxylic acid) or external (pyridyl) to the molecular
structure of 1, does not preclude the formation of tapes defined
by an R2

2(8) pattern of hydrogen bonds between cis-amide
functional groups. Consequently, these tapes can be modified in
terms of their interdigitation or used as scaffolds on which to
build layers (or three-dimensional structures) that system-
atically differ in their size, shape and chemical composition. We
demonstrate the use of tapes as scaffolds with the two examples
shown, which are representative of the tremendous potential
that molecules such as 1 have in engineering layers in the solid
state. Studies of other layered solids built with 1 are currently in
progress and will be the subject of future reports.

We thank Dr Marilyn M. Olmstead for helpful discussions
and the PRF for financial support.

Footnotes and References
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squares analysis of 30–35 reflections. Two standard reflections were
measured every 198 reflections. Structures were solved by direct methods
and refined by full-matrix least-squares on F2 using SHELXTL, Version
5.03. All non-hydrogen atoms were refined anisotropically. All hydrogen-
bonded hydrogen atoms were refined after location on a difference map with
isotropic temperature factors. Other hydrogen atoms were placed in
idealized positions with assigned isotropic thermal parameters. Crystal data
for 1: C8H10N2O6, M = 230.18 g mol21, triclinic P1, colorless needle
measuring 0.18 3 0.06 3 0.04 mm, a = 4.985(1), b = 5.039(1),
c = 18.853(4) Å, a = 82.50(3), b = 88.47(3), g = 75.33(3)°, V = 454.2(2)
Å3, Z = 2, Dc = 1.683 Mg m23, m = 1.275 mm21; Tmax = 0.96,
Tmin = 0.93, GOF on F2 = 1.083; R1 = 0.0344, Rall = 0.0346 for 1215
independent observed reflections, based on I > 2.0s(I).
‡ Cocrystals of 1 and BPETE were obtained by slow evaporation from a
methanol solution containing an equimolar mixture of 1 and BPETE.
Crystal data for cocrystal of 1–BPETE: C20H20N4O6; M = 412.40 g
mol21, triclinic P1, yellow needles measuring 0.52 3 0.14 3 0.08 mm,
a = 6.1779(13), b = 6.187(2), c = 13.404(3) Å, a = 82.63(2),
b = 83.92(2), g = 68.23(2)°, V = 471.0(2) Å3, Z = 1, Dc = 1.454 Mg
m23, m = 0.919 mm21; Tmax = 0.94, Tmin = 0.89, GOF on F2 = 1.043;
R1 = 0.0860, Rall = 0.0982 for 1240 independent observed reflections,
based on I > 2.0s(I).
§ Based on b-values for pyridine (0.64) and ethyl acetate (0.41).
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Fig. 3 Layer in crystal structure of 1–BPETE. A symmetric R2
2(8) pattern of

hydrogen bonds between the cis-amides of 1 form tapes, which are cross-
linked into planar layers through an R2

2(7) pattern of hydrogen bonds
between the carboxylic acid functional groups on 1 and the nitrogen atom
and ortho carbon atom on BPETE. All tapes propagate in the same direction
relative to tapes in the same layer and in adjacent layers (arrows).
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Hydrolysis of an RNA dinucleoside monophosphate by neomycin B

Sarah R. Kirk and Yitzhak Tor*

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla, CA 92093-0358, USA

Neomycin B is shown to accelerate the phosphodiester
hydrolysis of adenylyl(3A–5A)adenosine (ApA) more effec-
tively than a simple unstructured diamine.

Current approaches to site-directed RNA hydrolysis involve the
conjugation of a reactive moiety capable of cleaving phospho-
diester bonds to a recognition element capable of sequence-
specifically hybridizing to RNA.1 In most cases, a metal
complex is covalently attached to a DNA strand which forms a
stable heteroduplex. Upon hybridization, a Lewis acid is placed
in close proximity to the RNA backbone to effect hydrolysis.2 In
a similar fashion, DNA–polyamine conjugates have been
demonstrated to induce site-directed RNA strand scission.3
While these high molecular-weight conjugates are promising
sequence-specific RNA cleavers, combining recognition and
catalysis in a single small organic molecule has remained a
challenging problem.4

The discovery that aminoglycoside antibiotics interact spe-
cifically with diverse RNA molecules such as group I introns,5
hammerhead ribozymes6 and the HIV-1’s TAR7 and RRE8 sites
has attracted considerable interest and stimulated studies
attempting to identify the elements involved in these recogni-
tion phenomena.9–11 As highly functionalized polycationic
oligosaccharides, interactions between the aminoglycosides’
polar residues (i.e. amino and hydroxy groups) and the RNA
backbone and/or heterocyclic bases are likely to occur. Since
simple unstructured polyamines12,13 as well as basic polypep-
tides14 have been shown to catalyze RNA hydrolysis, we
hypothesized that aminoglycoside antibiotics may exhibit
similar effects. As a first step toward developing small
molecules capable of both recognizing RNA and cleaving it, we
demonstrate that neomycin B is able to accelerate the hydrolysis
of a ribodinucleoside monophosphate.

The hydrolysis rate of adenylyl(3A–5A)adenosine (ApA) in the
presence of 0.3 m neomycin B, 1,3-diaminopropane and

3-aminopropan-1-ol was investigated at pH 8.0 and 50 °C.†
Reversed-phase HPLC was employed to measure the rate of
appearance of adenosine (A) against the loss of ApA.‡
Neomycin B hydrolyzes ApA with a pseudo-first-order rate
constant of 1.6 ± 0.1 x 1025 min21, approximately three times
faster than 1,3-diaminopropane (5 ± 1 x 1026 min21) and more
than 50 times faster than Tris buffer alone or 3-aminopropan-
1-ol (3–4 ± 2 x 1027 min21) (Fig. 1).§ The observed hydrolysis
rates were not significantly altered when 2 mm EDTA was
added, excluding metal ion-mediated hydrolysis. Furthermore,
the observed formation of adenosine 2A,3A-cyclic mono-
phosphate (A > p) and its subsequent degradation to adenosine
2A-phosphate (AA2p) and 3A-phosphate (AA3p) rules out the
possibility of nuclease-mediated hydrolysis that would generate
AA3p exclusively.15 These observations clearly show that an
aminoglycoside antibiotic is capable of significantly accelerat-
ing the hydrolysis of a ribodinucleoside phosphate.

The rate of ApA hydrolysis by neomycin B is pH dependent.
When the pH of the buffered 0.3 m neomycin B was lowered
from 8.0 to 7.0, the rate of hydrolysis was slowed down by a
factor of three. As demonstrated earlier for simple diamines, the
hydrolysis rate acceleration is dependent on the relative
abundance of the neutral, monoprotonated and diprotonated
forms.13 While the uncharged form has the highest hydrolytic
activity and the dicationic form is essentially inactive, the
monocationic form—which is the most populated form at pH
7—is the major contributor to the observed catalysis. Neomycin
B contains six amino groups with pKa values between 5.7 and
8.8.16 As the pH is lowered and neomycin B becomes highly
protonated, the rate of ApA hydrolysis is expected to decrease,
which indeed is observed.

Neomycin B has three times as many amines as 1,3-diamino-
propane, yet the three-fold rate enhancement observed for ApA
hydrolysis may be coincidental. A priori, several factors may
contribute to the observed rate acceleration: the number of
amino groups, their stereochemical relationships, as well as

Fig. 1 Kinetic analysis of ApA hydrolysis by (!) 0.3 m neomycin B, (-)
0.3 m 1,3-diaminopropane, (:) 0.3 m 3-aminopropan-1-ol and (5) 50 mm
Tris·HCl at pH 8.0 and 50 °C (see footnotes † and §)

Chem. Commun., 1998 147



their individual pKa values. As reported earlier,13 simple
oligoamines such as diethylenetriamine and triethylene-
tetramine are essentially as effective as 1,3-diaminopropane in
hydrolyzing ApA. This suggests that the number of amino
groups may not be the major factor distinguishing neomycin B
from 1,3-diaminopropane. Since the observed rate is a combina-
tion of individual hydrolysis rates mediated by various pairs of
amino groups, it is likely that some pairs are much more active
than others. This may be due to their spatial positioning and
individual pKa values, as well as the lower conformational
freedom of neomycin B when compared to simple unstructured
diamines. Since cyclohexane-1,3-diamine has been found to be
as effective as 1,3-diaminopropane in hydrolyzing ApA,13 we
favor the modulation of individual pKa values as the likely
source for the rate enhancement observed with neomycin B.
While the amines in 1,3-diaminopropane are rather basic, (pKa
8.1 and 9.8),13 certain pairs in neomycin B are less basic and
display a wider difference in their pKa. For example, the pKa
values reported for N1 and N3 are 8.04 and 5.74, respectively.16

This may lead to a higher population of a monocationic form at
a given pH compared to 1,3-diaminopropane, and therefore to a
faster hydrolysis. 

Neomycin B has been shown to bind to various RNA
sequences5–8 and now to hydrolyze an RNA dinucleoside
phosphate. These observations provide new leads for the design
of small molecules that combine RNA recognition with
hydrolysis. Such molecules may become useful chemical
probes for RNA structure and folding.17 We are currently
exploring these possibilities with larger and well-defined RNA
structures.

This work was supported by the Universitywide AIDS
Research Program, University of California, grant No. R96-SD-
067, and by the Hellman Faculty Fellowship (Y. T.).
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‡ HPLC analysis was performed using a C18 reversed-phase column with
25 mm sodium phosphate buffer, pH 3.5, containing 2% MeCN as the initial
eluent, at a flow-rate of 1 ml min21. Gradient elution up to 50% MeCN was
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§ The chromatograms were monitored at 260 nm and the resolved peaks
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2A-deoxyadenosine used as an internal standard. Plotting ln(1 2 A/Atot) vs.
t (min), where A = integration for adenosine, and Atot = sum of integrals
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A novel synthesis of unsymmetrical tertiary phosphines: selective nucleophilic
substitution on phosphorus(iii)

Sumita Singh and Kenneth M. Nicholas*

Department of Chemistry and Biochemistry, University of Oklahoma, Norman, OK, 73019, USA 

A new synthesis of unsymmetrical tertiary phosphines has
been developed employing selective, sequential alkylation of
chloroaminophosphines by Grignard and organolithium
reagents.

Phosphines constitute the most important class of ligands used
in transition metal catalysed reactions.1 The activity and
selectivity of such catalysts are often acutely sensitive to the
structure of the phosphine, necessitating the synthesis and
testing of a variety of ligands to optimize the catalyst. Hence,
the development of efficient and selective preparative routes to
structurally diverse phosphine libraries, both in solution and on
solid supports, is an important objective. Initial approaches to
high throughput parallel syntheses of peptide-derived chiral
phosphines2 and of other ligands3 and catalysts4 for asymmetric
synthesis have been reported recently.

We sought to develop a general and efficient preparation of
tertiary phosphines which ultimately would be adaptable for
solid phase parallel synthesis. Solution phase preparation of
phosphines usually involves displacement of halide or alkoxide
using organometallic reagents5 (Scheme 1) but access to
unsymmetrical tertiary phosphines 1 is complicated by poly-
substitution. Selective displacement of chloride in the presence
of alkoxide is sometimes possible using a combination of
organocadmium and Grignard reagents,6 organozinc and
organolithium reagents,7 and via other approaches8 but these
methods often employ inconvenient organometallics, require
multiple steps, and/or lack selectivity or generality. We describe
herein a new approach (Scheme 2) which exploits the vastly
different leaving group abilities of chloride vs. amide and the
differential reactivity of organolithium vs. organomagnesium
reagents.

To first establish the leaving group ability of the dialkyl-
amino unit, the interaction of 4a–c9 with representative RLi,
RMgX, and R3Al reagents was investigated. Dialkylamino-
phosphines 4a,b proved unreactive even when these organ-
ometallics were employed in excess at elevated temperature.†
N-Methyl-N-phenylaminodiphenylphosphine 4c9 possessing an
expectedly better leaving group, however, reacted extremely
slowly with excess MeMgCl at high temperature but rapidly

with MeLi at room temperature, yielding the desired phosphine
(Scheme 3).

The key chloroaminophosphines 2 (a R = Ph; b R = Et) are
efficiently prepared (ca. 75%) by reaction of readily available
organodichlorophosphines‡§ with LiNMePh9 (THF, 20 °C,
Scheme 2).¶ These, in turn undergo selective reaction with
Grignard reagents (1.5 equiv, THF, 20 °C) producing amino-
phosphines 3a–j in excellent yields following aqueous workup
(Table 1).∑ A variety of substituents, including alkyl, vinyl and
aryl groups, are efficiently incorporated.

Organolithium reagents readily react with the aminophosph-
ines 3 (THF, 20 °C) giving unsymmetrical tertiary phosphines
1a–j (Scheme 2, Table 1).** Although isolated yields of volatile
dialkylaryl phosphines were only fair, diarylalkyl derivatives,
including sterically hindered ones (e.g. 1e–g), could be obtained
in high yield.

Finally, we note that the complete sequence from PR1Cl2 to
PR1R2R3 can be conveniently accomplished without the
isolation of intermediates. In this way phosphine 1f was
obtained in 59% yield by sequential treatment of PhPCl2 with
LiNMePh, o-tolMgBr and then MeLi.††

Application of this methodology for the solid-phase synthesis
of phosphine libraries is under investigation.

We thank the National Science Foundation (in part) and the
University of Oklahoma Research Council for financial support
of this work.

Scheme 1

Scheme 2

Scheme 3

Table 1 Preparation of unsymmetrical tertiary phosphines

Yielda

2 R1 R2 X 3 Yielda (%) R3 1 (%)

2a Ph Pri Cl 3a 86 Me 1a 16
2a Ph Me Cl 3b 83 But 1b 44
2a Ph Vinyl Br 3c 95 Me 1c 54
2a Ph p-tol Br 3d 94 Me 1d 95
2a Ph p-tol Br 3e 94 But 1e 76
2a Ph o-tol Br 3f 96 Me 1f 93
2a Ph 2,6-Me2C6H3 Br 3g 89 Me 1g 70
2a Ph Me3SiCH2 Cl 3h 87 Me 1h 98b

2b Et p-tol Br 3i 90 Ph 1i 99
2b Et Bn Cl 3j 77 Ph 1j 78

a Isolated yield. b Mixture of phosphine and PhNHMe (3 : 1) by 1H NMR
spectroscopy. Yield calculated via integration.

Chem. Commun., 1998 149



Footnotes and References

* E-mail: knicholas@ou.edu
† Synthesis of tertiary phosphines via reaction of Grignard reagents with
aminoarylphosphines bearing a coordinating heteroatomic group at the
ortho position on the phenyl ring has been previously reported (ref. 10).
Based on the non-reactivity of unsubstituted aryldialkylaminophosphines
observed by us, the ligating ortho substituent seems to be a prerequisite.
‡ Some organodichlorophosphines are commercially available; they also
can be obtained via reaction of phosphorus trichloride with organometallic
reagents (ref. 5).
§ Reactions and transfers for the preparation of 1–3 were conducted under
N2. All compounds exhibited satisfactory 1H and 31P NMR spectra.
¶ Preparation of 2: BunLi (35 mmol in hexane) was added slowly to
PhNHMe (30 mmol) in THF (5 ml) at 0 °C and the resulting white
suspension was stirred at room temp. for 45 min. The solvent was
evaporated, the white solid was dissolved in THF (150 ml), and the solution
was added dropwise to RPCl2 in THF (1.25 m, R = Et, Ph) at 0 °C. After
stirring at room temp. for 2 h, the solvent was evaporated, CH2Cl2 (40 ml)
was added, the mixture filtered, and the solvent evaporated to provide crude
2a,b which could be purified by vacuum distillation.
∑ Preparation of 3: To a stirred solution of 2a or b in THF (1 m) at 0 °C was
added 1.5 equiv. of Grignard reagent. The mixture was stirred at room
temp. until all of 2 had reacted (by 1H and 31P NMR spectroscopy). The
mixture was then cooled in ice and 1 m NH4Cl was added slowly for
complete neutralization. The organic layer was separated, dried over
Na2SO4, and the solvent evaporated to give the aminophosphines 3a–j as
pale yellow liquids which could be used in the next step without further
purification.
** Preparation of 1: To a solution of 3 in THF (1 m) at 0 °C was added 1.5
equiv. of RLi. After warming to room temp., the mixture was stirred until
reaction completion was indicated (by 1H and 31P NMR spectroscopy). The
solvent was evaporated and hexane (30–40 ml) was added. After stirring for
a few minutes, the mixture was filtered, and the solvent was evaporated to
yield the phosphines.
†† ‘No isolation’ preparation of 1: PhMeNLi was prepared and added to
PhPCl2 in THF as described for the preparation of 2. When the starting
material was consumed (2 h, by NMR spectroscopy), o-tolylMgBr (1.5
equiv.) was added at 0 °C and the reaction mixture was then warmed to
room temperature. Once the formation of aminophosphine was complete
(1.5 h), the solvent was evaporated and the residue was triturated with 50 ml
benzene. The combined extracts were evaporated and the residue was

dissolved in 10 ml THF, treated with MeLi (5.5 equiv.) at 0 °C, and then
stirred at room temperature for 3 h. Phosphine 1f was isolated as described
for the preparation of 1 above.
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Unambiguous synthesis of stromal cell-derived factor-1 by regioselective
disulfide bond formation using a DMSO–aqueous HCl system

Hirokazu Tamamura,* Fumihiro Matsumoto, Kyoko Sakano, Akira Otaka, Toshiro Ibuka and Nobutaka
Fujii*†

Graduate School of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto 606-01, Japan

Total synthesis of human and murine stromal cell-derived
factor-1s (SDF-1s) (residues 1–67) containing two disulfide
bonds and an oxidation-sensitive Trp residue was achieved
unequivocally by stepwise disulfide-forming reactions: A
silver trifluoromethanesulfonate (AgOTf)–(DMSO)–aque-
ous HCl system was used in combination with air oxidation
to form regioselectively each disulfide bond.

SDF-1,1 a lymphocyte chemoattractant, belongs to the CXC-
chemokines between two subfamilies, the CXC- and CC-
chemokines.2 Recently, it was reported that the CXC-chemo-
kine receptor, CXCR4/fusin, and the CC-chemokine receptor,
CCR5, serve as coreceptors in association with CD4 for the
entry of T-cell line-tropic (T-tropic) and macrophage-tropic
(M-tropic) strains of HIV-1, respectively,3 and that SDF-1
blocks infection of T-cells by T-tropic HIV-1.4 Thus, SDF-1
and its derivatives have the potential to become attractive
candidates for the chemotherapy and prophylaxis of HIV-1
infection. The human SDF-1 (residues 1–67), having two
intramolecular disulfide bonds and Trp (the sequence shown in
Scheme 1), was synthesized by Springer and co-workers, and
was identical in activity to the purified natural murine SDF-1.4a

For the synthesis of human SDF-1, the researchers employed
random disulfide bond formation of the fully reduced SDF-1
([Cys(SH)9,11,34,50]-SDF-1) by air oxidation. However, it is
desirable that each disulfide bond be formed regioselectively in
order to suppress the formation of disulfide isomers, partic-
ularly since Cys9 and Cys11 are present in close proximity in
human SDF-1. The natural SDF-1 contains two disulfide bonds
between Cys9 and Cys34 and between Cys11 and Cys50.5 It
would be valuable to define the activity of this peptide whose
disulfide bridges are correctly formed. Thus, we attempted to
synthesize SDF-1(1–67) by regioselective disulfide bond for-
mation. The differential S-protection of four Cys residues and
the following stepwise disulfide bond formation must be carried
out regioselectively. Several disulfide bond-forming reactions,
i.e. iodine,6 thallium(iii) trifluoroacetate,7 DMSO8 and sulf-
oxide-silylating reagents,9 have been found to convert some
S-protected Cys into cystine by us and others. The re-
gioselective syntheses using these reactions in combination
with a conventional air oxidation method have been reported;
however, one potential limitation to the use of these reactions is
the oxidative decomposition of Trp.

We have recently developed a new procedure for disulfide
bond formation in S-Acm-containing‡ peptides10 using an
AgOTf– DMSO–aq. HCl system.11 In this protocol, S-Acm
groups are removed from Cys(Acm) residues by AgOTf12 and
subsequent DMSO–aq. HCl treatment effects two reactions: the
conversion of Cys(Ag) residues into Cys(SH) residues besides
precipitation of AgCl by the action of HCl, and the disulfide
bond formation of Cys(SH) residues by the action of DMSO in
aqueous media.13 Under these reaction conditions, no sig-
nificant side reactions are observed with oxidation-sensitive
amino acids such as Met, Tyr and Trp. Thus, in the present
study, we synthesized human and murine SDF-1s(1–67) by the
regioselective disulfide bond formation using a combination of

the AgOTf–DMSO–aq. HCl system with air oxidation in order
to investigate the feasibility of practical applications of this
strategy to relatively large and complicated peptides.

SDF-1(1-67) has a single substitution of Ile to Val at a
position 18 between mouse and human. The peptidyl resins of
human and murine SDF-1s were constructed by Fmoc-based†

solid-phase synthesis on p-alkoxybenzyl alcohol resins14

(Scheme 1). To form regioselectively two disulfide bridges, two
different protecting groups were employed with suitable pairs
for the protection of four SH groups of the Cys residues: Trt‡
groups for Cys9 and Cys34, and Acm groups for Cys11 and
Cys50. S-Trt groups are removable via Me3SiBr treatment,15

Scheme 1 Reagents and conditions: i, Fmoc-based solid phase synthesis; ii,
Me3SiBr–thioanisole–TFA; iii, air oxidation; iv, HPLC purification; v,
AgOTf–TFA; vi, DMSO–aq. HCl; vii, trypsin; viii, prolyl endopeptidase.
Bold letters indicate protected amino acids.
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whereas S-Acm groups are stable during to Me3SiBr treatment,
but can be removed via AgOTf treatment. For the side-chain
protection of the other amino acid residues, the following
groups were used: Trt groups for Asn and Gln, Boc groups for
Lys and His, But groups for Glu, Tyr, Asp, Thr and Ser, and
Pmc‡ groups for Arg. The protected resins were treated with 1
mol dm23 Me3SiBr–thioanisole–TFA to cleave peptides from
the resins and remove all the protecting groups except for the
S-Acm groups.15 The resulting crude dihydropeptides,
[Cys(SH)9,34, Cys(Acm)11,50]-SDF-1s (Scheme 1, 1a,b), were
air-oxidized to establish the first disulfide bond. After HPLC
purification, monocyclic products, [Cys(Acm)11,50]-SDF-1s
(2a,b), were subjected to sequential treatment with AgOTf–
TFA and 50% DMSO–1 mol dm23 aq. HCl (v/v) to establish the
second disulfide bond. Each crude bicyclic product exhibited a
sharp main peak on analytical HPLC (Fig. 1) without significant
side products. HPLC purification gave human and murine SDF-
1s (3a,b) in satisfactory yields.§ The effective concentrations
(EC50) of the synthetic human and murine SDF-1s for 50%
protection in an assay of HIV-induced cytopathogenicity were
463 and 201 mmol m23, respectively, and for 50% inhibition of
HIV-1 p24 antigen production were 630 and 750 mmol m23,
respectively. Furthermore, these peptides have the ability to
induce an increase in intracellular Ca2+ through CXCR4/fusin
(data not shown). These activities are comparable with those
reported by Springer and co-workers.

In conclusion, total synthesis of human and murine SDF-1s
(1-67) has been accomplished by stepwise and regioselective
disulfide bond formation using air oxidation and the AgOTf–
DMSO–aq. HCl system. This combination protocol has proven
to be useful for preparation of relatively large and complicated
bis(disulfide) peptides, particularly when Trp residues are
present.

We are grateful to Professor N. Yamamoto and Dr T.
Murakami, Tokyo Medical and Dental University, Tokyo,
Japan, and Professor H. Nakashima and Dr R. Arakaki,
Kagoshima University Dental School, Kagoshima, Japan, for
the anti-HIV assay.

Footnotes and References

† E-mail: nfujii@pharmsun.pharm.kyoto-u.ac.jp
‡ Abbreviations: Acm = acetamidomethyl, Fmoc = fluoren-9-ylmethoxy-
carbonyl, Trt = triphenylmethyl, Pmc = 2,2,5,7,8-pentamethylchroman-
6-ylsulfonyl.
‡ Human SDF-1(1-67) 3a was prepared by the following procedure: The
protected human SDF-1(1–67) resin (203 mg, 13.5 mmol) was treated with
1 mol dm23 Me3SiBr–thioanisole–TFA (20 cm3) in the presence of
m-cresol (1 cm3, 860 equiv.) and ethane-1,2-dithiol (0.4 cm3, 520 equiv.) at
4 °C for 2 h. After removal of the resin by filtration, the filtrate was
concentrated in vacuo. Ice-cold dry Et2O (30 cm3) was then added, and the
resulting powder was collected by centrifugation. After washing three times
with ice- cold dry Et2O (3 3 20 cm3), the product 1a was dissolved in 50%

AcOH (2 cm3). Subsequently, the total solution volume was adjusted to 400
cm3 with H2O and the pH was then adjusted to 8 with conc. NH4OH. After
1 day of air oxidation, the pH of the solution was adjusted to 5 with AcOH.
The crude product was purified by preparative HPLC [Waters Delta Prep
4000 on a Cosmosil packed column (5 mC18-100 Å, 20 3 250 mm) using
a linear gradient of MeCN (31–33%, for 30 min) in 0.1% aq. TFA at a flow
rate of 7 cm3 min21]. The solvent was removed by lyophilisation to give
[Cys(Acm)11,50]-human SDF-1 2a as a fluffy white powder: (17.4 mg,
1.80 mmol). [Cys(Acm)11, 50]-human SDF-1 (17.2 mg, 1.78 mmol) was
treated with AgOTf (45.6 mg, 100 equiv.) in TFA (2 cm3) in the presence
of anisole (0.02 cm3) at 4 °C. After 2 h, ice-cold dry Et2O (30 cm3) was then
added. The resulting product was washed three times with ice-cold dry Et2O
(3 3 20 cm3), and then treated with 50% DMSO–1 mol dm23 aq. HCl (v/v,
17 cm3) at room temperature for 7 h. After removal of the AgCl precipitate
by filtration, the filtrate was diluted with H2O (150 cm3). The crude peptide
was purified by preparative HPLC [a linear gradient of MeCN (30–32%, for
30 min)] to give human SDF-1 3a as a fluffy white powder [2.1 mg,
0.245 mmol, 13.8% (calculated from 2a)]: [IS-MS (reconstructed): Found,
7827.5. Calc. for C350H566N104O92S4, 7826.5]. Its disulfide pairings proved
to be identical with those of the natural peptide based on ion spray mass
analysis of peptide fragments (4 and 5 in Scheme 1) derived from the
successive digestion treatment of the synthetic peptide by trypsin (TRCK-
treated type XIII from bovine pancreas) and prolyl endopeptidase (from
Flavobacterium). [a]28

D 292.3 (c 0.1, H2O).
Murine SDF-1(1-67) 3b was prepared by the same procedure as

described above, [16.4% (calculated from (2b)]: [IS-MS (reconstructed):
Found, 7841.0. Calc. for C351H568N104O92S4, 7840.6]. Its disulfide pairings
proved to be identical with those of the natural peptide. [a]28

D 284.8 (c 0.1,
H2O).
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Fig. 1 Analytical HPLC of the crude (a) human and (b) murine SDF-1s.
HPLC conditions: a mBondasphere 5 mC18-100 Å (3.9 3 150 mm) column,
a linear gradient of MeCN (25–55%, for 30 min) in 0.1% aq. TFA at a flow
rate of 1 cm3 min21, a Waters LC module 1 equipped with a Waters 741
Data Module, UV absorption measurement at 220 nm.
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Electrochemical syntheses and doping properties of
poly(3,3A-dialkylsulfanyl-2,2A-bithiophene)s: novel materials which exhibit facile
n- and p-dopability

Siu-Choon Ng,* Ping Miao and Hardy S. O. Chan

Department of Chemistry, National University of Singapore, Singapore 119260

Novel and stable electroactive polymer films which can
undergo facile electrochemical p- and n-doping are success-
fully prepared for the first time from the electrochemical
polymerization of symmetrical 3,3A-dialkylsulfanyl-
2,2A-bithiophenes with long pendant chains.

In the course of our ongoing investigations into novel
electrically conducting polymers, it was found that, in striking
contrast to 3-alkylsulfanylthiophenes,1–8 3,3A-dialkylsulfanyl-
2,2A-bithiophenes (DSABT) can be successfully polymerized by
both chemical (using FeCl3 as oxidant) and electrochemical
approaches. Apart from the formation of stable films, the
electrochemically derived polymers demonstrated reversible
electrochemical p- and n-dopability. For most polymers,
although p-doping activity has been well researched, n-type
doping studies are comparatively rare due to the poor stability of
the polymers at extreme negative potentials. However, from an
application viewpoint, materials which are both p- and
n-dopable are important, for example as light-emitting diode
materials,9 electrochemical cells10 or in the construction of type
III capacitors,11 wherein one electrode is p-doped and the other
is n-doped when the capacitor is charged. Studies on poly-
thiophenes and polybithiophenes12,13 have shown that p-doping
generally occurs at high positive potentials whilst n-doping
occurs at large negative potentials. Although introduction of
pendant alkoxy groups at the 3-position of thiophene sig-
nificantly reduced the oxidation potential, the n-doping process
was found to be irreversible with a very small anodic current.14

To the best of our knowledge, the electrochemical n-doping
properties of alkylsulfanyl functionalized polythiophenes have
not been studied.

The synthesis of monomers was accomplished starting from
3,3A-dibromo- 2,2A-bithiophene as reported previously.15 Elec-
trochemical polymerization of DSABTs was performed either
by via cyclic voltammetry (CV), with the sweep potential varied
from 0 to 1.1 V [versus a saturated calomel electrode (SCE)] at
a scan rate of 20 mV s21, or by the galvanostatic method at a
current density of 100 mA cm22. The monomers and electrolyte
(Bu4NBF4 in MeCN) concentrations were 0.002 and 0.1 m,
respectively. The resulting polymer films were rinsed carefully
with absolute ethanol and acetone and then dried in an argon
steam prior to the cyclic voltammetry studies and spectrophoto-
metric analyses.

In contrast to 3-alkylsulfanylthiophenes, symmetrical
3,3A-dialkylsulfanyl-2,2’-bithiophenes with long pendant chains
can undergo a facile oxidative polymerization via both the CV
and galvanostatic methods, with the resulting polymers exhibit-
ing excellent film formation behaviour. The monomer oxidation
potential in Bun

4N+BF4
2 (0.1 m) at a scan rate of 20 mV s21 was

ca. 1.10 V. In the CV polymerization approach, a cathodic peak
(ca. 0.75 V) was observed during the first scan, which increased
in intensity with increasing number of scans. One main anodic
peak at approximately 0.80 V with two shoulder peaks at 0.75
and 0.85 V were evident after the second scan. The increase in
peak currents observable with the number of scans, is indicative
of progressive polymer growth on the surface of the electrode.

Polymer film prepared via galvanostatic polymerization meth-
ods exhibited a monomer oxidation potential at ca. 1.0 V at a
current density of 100 mA cm22. The film quality was found to
be dependent on the alkylsulfanyl chain lengths. Hence,
monomers with lengthy alkylsulfanyl moieties (e.g. DSDeBT)
can be electrochemically polymerized to afford excellent films
with good stability on both platinum foil and ITO glass. These
electrochemically generated films are completely soluble in
CHCl3, partially soluble in acetone, but insoluble in MeCN,
MeOH and EtOH. On the other hand, electrochemical polymeri-
zation of DSABTs with short pendant chains (e.g. DSBuBT),
results only in oligomers which are soluble in MeCN and
alcohol. In this instance, even though a film can be obtained, it
is not stable for long periods of time in the electrolyte solution.
The p-doping mechanism for all four polymer films is highly
reversibly with strong electrochromistic behaviour, being dark
blue in the doped oxidised state and lilac in the neutral undoped
state. The peak anodic potentials (Epa) of the polymers range
from 0.66 to 0.82 V and the peak cathodic potentials (Epc) from
0.62 to 0.72 V. Long pendant groups resulted in a slightly
increased oxidation potential of polymers, due presumably to
accentuated steric effects exerted via the head-to-head linkages.
The values of Epa and Epc increased slightly, whilst both the
anodic and cathodic peak currents were found to scale linearly
with increasing scan rate, which is characteristic of an
electroactive polymer film grafted on to a electrode where the
current is not diffusion controlled.15

Fig. 1 depicts the cyclic voltammograms of thin films of
poly(DSOcBT), poly(DSDeBT) and poly(DSDoBT) deposited
on the platinum in the potential range 22.3 to + 1.1 V at a scan
rate of 100 mV s21. Both p- and n-type redox cycles exhibit
characteristic wave shapes between sharp reduction peaks and
the corresponding sharp oxidation peaks. The stability of p- and
n-doping is related to the quality of the films. As discussed
above, electrochemical polymerization of DSOcBT, DSDeBT
and DSDoBT afforded high quality films. Thus, both p-doping
and n-doping are stable and highly reversibly with strong
electrochromism, from dark blue (p-doped) ? lilac (neutral
state) ? dark blue (n-doped) ? transparent (neutral state). On
the other hand, only p-doping is observable for poly(DSBuBT),
as the film is unstable in MeCN. The electrochemical oxidation
potentials (Ep) of poly(DSOcBT), poly(DSDeBT) and poly-
(DSDoBT) are 0.75, 0.75 and 0.82 V. These three polymers
have the same onset potential (Eon) value (0.49 V) and
consequently the same ionisation potential (IP) (4.89 eV),
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suggesting that the IP of DSABTs is independent of the pendant
chain lengths. The peak potentials for the electrochemical
reduction of the above polymers are 21.94, 21.89 and 21.98
V, with onset potentials of 21.41, 21.41 and 21.46 V,
respectively. The corresponding electron affinities (EA) of
these polymers are therefore 2.99, 2.99 and 2.94 eV. The
observed electrochemical band gaps (the difference between the
IP and the EA) are 1.90 eV for poly(DSOcBT) and poly-
(DSDeBT) and 1.95 eV for poly(DSDoBT). In addition, at
sweep rates of 50 to 100 mV s21, both cathodic and anodic peak
currents of the n-type redox cycle were found to scale linearly
with respect to the sweep rate, suggesting that kinetic limitation
of the electrochemical reduction of these two polymers is not
significant.16

Fig. 2 depicts the optical absorption spectra of a typical
poly(DSDeBT) film. All neutral polymer films exhibited
absorption maxima at ca. 480, 520 and 570 nm with bandgap
values between 1.77 and 1.82 eV, as derived from extrapolation
of the low-energy absorption edges,17 which agree well with the
electrochemically-determined bandgap values. The high degree
of conjugation in these head-to-head polymers might be
ascribable to a relatively low energy barrier between their most
stable configuration and the coplanar conformation.18 Conse-
quently, a coplanar conformation is readily attainable for
poly[DSABT]s in their condensed film state. The polymer films
were found to be soluble in CHCl3 with solution UV absorption
maxima in the range 408–450 nm depending on the length of

alkylsulfanyl moiety. Thus, these pendant groups affect the
conformation of polymer both in solution and the solid state.

The authors thank the National University of Singapore for
financial support through research grant RP960613. P. M. is
grateful to NUS for the award of a research scholarship.
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Fig. 1 CVs of (a) poly(DSOcBT), (b) poly(DSDeBT) and (c) poly-
(DSDoBT)

Fig. 2 UV–Visible spectra of poly(DSDeBT) in (a) CHCl3 (lmax = 441 nm)
and (b) film state (lmax at 482, 514 and 584 nm)
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Stereoselective synthesis of highly functionalized cis-decalins from masked
o-benzoquinones

Polisetti Dharma Rao, Chien-Hsing Chen and Chun-Chen Liao*

Department of Chemistry, National Tsing Hua University, Hsinchu, Taiwan 30043

Highly functionalized cis-decalins are prepared from
commercially available 2-methoxyphenols and acyclic
1,3-dienes.

The decalin skeleton features in a large variety of natural
products with interesting biological properties, e.g. kaurenes,
aphidicolanes, quassinoids and azadirachtins.1,2 A functional-
ized decalin has often been the starting point for the synthesis of
the above mentioned classes of terpenoids. Owing to this, there
is continued interest in the stereoselective synthesis of decalins,
as is amply evidenced by the recent flurry of reports by various
groups including ours.3,4 Herein we report a novel method for
the preparation of highly functionalized decalins from commer-
cially available 2-methoxyphenols and acyclic 1,3-dienes.

Masked o-benzoquinones, i.e., 6,6-dialkoxycyclohexa-
2,4-dienones 1, when compared to their counterparts derived
from p-benzoquinones,5 are a relatively underutilized class of
compounds. Prior to our studies, there have been only sporadic
reports on their chemistry.6,7 The main reason for this could be
their high propensity to dimerize. In most cases, they were
isolated in poor yields as dimers. For the last ten years we have

been interested in exploiting the synthetic potential of this
neglected class of compounds. We have alreadly shown that the
masked o-benzoquinones 1, generated in situ by the oxidation of
2-methoxyphenols 2 with (diacetoxy)iodobenzene (DAIB) or
[bis(trifluoroacetoxy)]iodobenzene (BTIB) in presence of a
dienophile in MeOH, an allyl alcohol in CH2Cl2 or a 2,4-dienol
in THF, undergo Diels–Alder reactions to provide compounds
of the types 3, 4, and 5 and 6, respectively (Scheme 1).4,8

Masked o-benzoquinones, or cyclohexa-2,4-dienones in
general, are commonly used as dienes.7,9 We and others have
recently found that they can also act as dienophiles in an
intramolecular sense when forced by their structures.4,10 We
now report that masked o-benzoquinones 11–14, generated in
situ from phenols 7–10, exhibit sufficient dienophilicity to react
even with unactivated acyclic dienes such as 2,3-dimethylbuta-
diene 15, trans-piperylene 16 and 1-acetoxybutadiene 17 to
provide highly substituted cis-decalins with very high regio-
and stereo-selectivity (Scheme 2). To the best of our knowl-
edge, these findings are unprecedented.

Phenols 7–10 were oxidized by slow addition of a solution of
DAIB in MeOH in presence of an excess of a diene in MeOH at

Scheme 1 Reagents and conditions: i, DAIB, methyl acrylate, MeOH; ii, DAIB, allyl alcohol, CH2Cl2; iii, BTIB, 2,4-dienol, THF

Scheme 2
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appropriate temperature to obtain compounds 18 and 19.† In all
the cases, the bicyclo[2.2.2]octenone derivatives 18a–j under-
went Cope rearrangement, smoothly providing cis-decalins 19
in very high yields.† The total yields of decalins are quite high
and hence a new efficient method for the stereoselective
preparation of cis-decalins has been developed. Although many
isomers are possible, we generally isolate only two products,
except in case of phenol 10, showing that these reactions are
highly regio- and stereo-selective and obey the ground rules of
the Diels–Alder reaction.

The cis-decalins 19 could result from either direct Diels–
Alder reactions, in which masked o-benzoquinones behave as
dienophiles, or from tandem processes involving Diels–Alder
reactions, in which masked o-benzoquinones act as dienes and
the resultant vinylbicyclo[2.2.2]octenones 18 then undergo
Cope rearrangement. In order to ascertain the actual pathway,
the bicyclo[2.2.2]octenones 18e and 18g were subjected to
heating in MeOH containing AcOH and the corresponding
diene in the appropriate proportions for 3 h. In the case of 18e,
the crude reaction mixture was found to contain compounds 18e
and 19e in a 97 : 3 ratio via 1H NMR spectroscopy. On the other
hand, compound 18g remained unchanged. We therefore
believe that the decalins 19 are generally primary products.
Nevertheless the aforementioned tandem process can not be
completely ruled out.

All the compounds were characterized by 1H and 13C NMR,
IR and mass spectral analysis. The structural assignments of
bicyclo[2.2.2]octenones 18 are based on the fact that they
isomerize to cis-decalins 19 smoothly. The stereochemical
assignments of the decalins are based on NOE studies and
coupling constants. Closely related compounds can be obtained
via the reaction of o-benzoquinones with acyclic dienes, but the
senstive a-dicarbonyl moiety makes these compounds less
attractive. Moreover, they aromatize to naphthalene derivatives
very easily.11

It is quite clear from Table 1 that the masked o-benzoqui-
nones can be good dienophiles. Apparently, it is difficult to
predict whether a masked o-benzoquinone would behave as a
diene or a dienophile in its reactions with added dienes. It is
obviously linked to the structure of added diene and the nature
and/or the position of the substituents present on the masked
o-benzoquinone. For example, the methoxycarbonyl group on
masked o-benzoquinone 13 diminishes the dienophilicity due to
cross conjugation, which reinforces the diene character. Sim-
ilarly, the methyl group on masked o-benzoquinone 14
increases the diene character, possibly via hyperconjugation.

Masked o-benzoquinone 11 is undoubtedly the best, exhib-
iting optimum reactivity and very high selectivity in all respects.

On the other hand, 14 showed very poor selectivity, providing
mixtures of bicyclo[2.2.2]octenones under various conditions
except with 2,3-dimethylbutadiene.

In conclusion, our studies throw light on the nature of masked
o-benzoquinones and have resulted in the development of a
simple method for the synthesis of highly functionalized cis-
decalins. More detailed studies on the nature of masked
o-benzoquinones and the transformation of decalin 19f into
(±)-vernolepin are in progress in our laboratory. 

We thank the National Science Council (NSC) of Taiwan,
R.O.C., for financial support. P. D. R. thanks the NSC for a
post-doctoral fellowship.
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chromatography yielded compounds 18 and 19. The ratio of 18 and 19 was
determined by 1H NMR analysis of the crude reaction mixture.
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Table 1 Stereoselective synthesis of cis-decalins 19

Diels–Alder reaction Cope rearrangement of 18d

Ratio Yield of Yield of Yield of Total yield
Entry Phenol Diene T/°Ca t/hb 18 : 19 18c (%) 19c (%) T/°C t/h 19c (%) of 19c (%)

a 7 15 80 3 1 : 2 29 53 220 24 95 91
b 7 16 50 3 2 : 1 55 25 200 50 91e —
c 7 17 80 0.1 2 : 1 62 34 200 40 87 88
d 8 15 80 3 0 : 1 — 81 — — — 81
e 8 16 50 3 6 : 1 64 11 200 24 85e —
f 8 17 80 0.5 4 : 1 61 16 200 40 91 71
g 9 15 80 3 4 : 1 56 14 220 24 86 62
h 9 16 50 3 1 : 0 81 — 200 50 87e —
i 9 17 80 0.5 5 : 1 64 14 180 40 89 71
j 10 15 80 6 3 : 1 34 12 220 24 98 45
k 10 16 50 6 — 40f —
l 10 17 50 6 — 60f —

a Oil bath. b During which DAIB is added. c Yields are of isolated products and unoptimized. d Reaction conditions: 18 + HC(OMe)3 (1 equiv.), mesitylene,
heat. e Based on consumed starting material. f An inseparable mixture of bicyclo[2.2.2]octenones is obtained.
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An oligooxamacrocycle containing a p-donor tetrathiafulvalene and a
p-acceptor quinone. Molecular and supramolecular structure

Robert M. Moriarty,*a Anping Tao,a Richard Gilardi,b Zhengzhe Songa and Sudersan M. Tuladhara

a Department of Chemistry, University of Illinois at Chicago, Chicago, Illinois 60608, USA
b Naval Research Laboratory, 4555 Overlook Ave, Washington, DC 20375, USA

Tetrathiafulvalenedicarbonyl chloride reacts with 2,5-bis[(2-
hydroxyethoxy)ethyl]-1,4-benzoquinone to afford a novel
charge-transfer oligooxamacrocycle whose molecular and
supramolecular structure are reported.

The p-donor charge transfer role of tetrathiafulvalene (TTF)
(2a) as a molecular redox component is a key feature of organo-
electrochemical devices such as conducting and super-
conducting materials, sensors, molecular shuttles, NLO materi-
als, organic ferromagnets and C60-complexes.1 An important
structural feature in these materials is the spatial arrangement of
the TTF with respect to the p-acceptor unit, either a non-
covalent self-assembled array, or a covalently bonded system in
which the position of the interacting (charge transfer groups) is
fixed by synthetic design. Structures of increasingly evolved
synthetic design have been reported, notably, the synthesis of
tetrathiafulvalenoparacyclophanes and tetrathiafulvaleno-
phanes by Staab et al.,2 the joining of TTF-thiols by Hg2+ or
Ni2+,3 the incorporation of TTF into crown ethers,4 cages5 and
[3]-pseudocatenanes,6 the coupling of TTF to a ferrocenyl unit,7
and the incorporation of TTF into a dimacrocycle with a
catenated cyclobis(paraquat-p-phenylene).8 Incorporation of
TCNQ into a [2.2]paracyclophane has been accomplished;
however, the p-donor was not TTF but the essentially irrelevant
phenyl9 and 1,4-dimethoxyphenyl groups.10

These molecules and others11 represent only partial solution
to the synthetic problem of fixing both the p-donor TTF and
p-acceptor within the same molecule. We now report the
synthesis of such a molecule as embodied in the oligooxamacro-
cycle 6 (Scheme 1).

Macrocycle 5 is a yellow crystalline material which could not
be oxidized to 6 using ceric ammonium nitrate (CAN) or AgO.
Charge transfer complex 6 is a black crystalline material.† The
UV-VIS spectrum of 6 in chloroform shows absorptions at 252,
285, 302, 314 and 424 nm. There is no difference in the UV-VIS
spectrum of 6 when measured as a film made by spin-coating
from chloroform solution. In the VIS-NIR range no absorption
appears between 600–2500 nm. The position of the 1H NMR
chemical shift for the TTF portion in 6 is at 7.44 ppm compared
with 7.35 ppm for 2b. Likewise, the quinone hydrogen is at 6.65
ppm in 4 and 6.79 ppm in 6. The conductivity of a film of 6 (0.1
mm thick, 4 probe method) is s = 2.13 1025 S cm21, which
reveals the material to be a semiconductor.

The X-ray structure‡ of 6 may be discussed in terms of the
unit molecule 6 (Fig. 1), an arbitrary dimer and its stacking
(Fig. 2), and the supramolecular crystalline architecture (Fig. 3).
Fig. 1 shows the unit molecular structure. In agreement to
expectation, the quinone and TTF do not lie directly above and
below each other, although they do lie in parallel planes. The
distance between the centres of the non-overlapping quinone
and TTF is 6.869 Å. The quinone occupies a plane about 3.6 Å
above the extended parallel plane of the TTF. Fig. 2 shows a
stack of three pairs of ‘dimers.’ Each pair is composed of two
almost parallel planes of quinone and TTF. Going from the left
to the right of Fig. 2, the first two molecules of 6 nestle together
to afford partial overlap of TTF and quinone. These two are
related by a crystal inversion center [1.0 2 x, 1.0 2 y, z] in the

cell. However, the relationship between the second and the third
molecule is such that there are certain close atom contacts, but
the quinone and TTF of adjacent molecules do not
overlap. They are related by a different inversion centre [1.0 2
x, 1.0 2 y, 1.0 2 z]. Repeats of these operations produce an
oblique stack of pairs (dimers that possess quinone–TTF
overlaps) culminating in the depicted array of six stacks
(including solvent CHCl3) as shown in Fig. 3.

Scheme 1

Fig. 1 X-Ray structure of the unit molecule 6
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The basic molecule 6 and higher oligooxa homologue tethers
of increasing –OCH2CH2O– units available by modification of
the synthetic route offer the interesting possibility of complexa-
tion of alkali metal ions. Finally, the design of 6 owes much to
the pioneering work of Staab and coworkers on oligooxapara-
cyclophane charge-transfer quinhydrones.12
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Fig. 2 Stack of three dimers. Hydrogens and solvent (CHCl3) are removed
for clarity

Fig. 3 Six stacks viewed down the c axis of the unit cell. Solvent chloroform
is included in channels.
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The concept of ‘counterattack reagents’ has been applied in
the development of various chemical transformations. The
use of counterattack reagents allows complicated reactions
to be accomplished in a single flask without the isolation of
intermediates. Thus multistep transformations can be
simplified to ‘one-step’ operations. Representative examples
of applications illustrated herein include oxidation, reduc-
tion, C–C single and double bond formation, cyclization,
C–Si bond formation, O- and N-silylations and allylsilyla-
tion, as well as dealkylation. Comparisons are made between
the results from traditional and ‘counterattack’ methods.
Examples also include the utilization of ‘pseudo-counter-
attack’ and ‘intramolecular counterattack’ strategies in
organic synthesis. The ‘counterattack reagents’ involved in
those reactions are often, but not limited to, silicon-
containing compounds.

Synthetic chemists are always seeking processes that lead from
starting materials to target molecules with efficiency and a
minimum number of operations. Here we describe the applica-
tion of the concept of ‘counterattack reagents’ which provides a
method to improve the efficiency of organic syntheses.

A synthetic sequence involving two steps often requires two
individual reactions by traditional approaches. Method 1 in
Scheme 1 shows an example in which a nucleophile Nu is
treated with the reagent RX to give X and NuR in the first
reaction. After isolation, the intermediate NuR is allowed to
react with nucleophile L (from another source ML) to give the
desired product in the second reaction. For certain synthetic
sequences, one may combine these two reactions into one by

using the ‘counterattack strategy’, as shown in Method 2.1 The
reagent RL is chosen with care; it is first attacked by Nu to give
NuR and L. The leaving group L then counterattacks the
intermediate NuR in situ to afford the final product. The reagent
RL is thus referred to as a ‘counterattack reagent’.1

Method 3 in Scheme 1 shows another efficient way that
sequential reactions can be combined into a ‘one-flask’
process.2 The first step, analogous to that in Method 2, involves
the reaction between Nu and RL to give NuR and the leaving
group L. This leaving group then reacts with compound S to
generate an active species SA, which subsequently attacks the
intermediate NuR in situ. Because L does not counterattack
NuR directly as in Method 2, we refer to the compound RL as
a ‘pseudo-counterattack reagent’.2 Furthermore, Method 4 in
Scheme 1 represents an ‘intramolecular counterattack pro-
cess’.3 It involves attacking and subsequent counterattacking
processes occurring in one molecule.

In the past fifteen years, our research group has applied the
concept of ‘counterattack reagents’ to organic reactions of
various types. Here, twelve novel and efficient chemical
transformations will be illustrated which involve the use of
various organic compounds in a counterattack, pseudo-coun-
terattack or intramolecular counterattack process.2–15

Counterattack versus traditional methods

Given the potential advantages associated with counterattack
reagents, we will first make a direct comparison of their results
with those from traditional methods.

Direct synthesis of ketene dithioacetals and
2-trimethylsilyl-1,3-dithiane derivatives from 1,3-dithiane4

Ketene dithioacetals 6 are useful synthetic intermediates.16

Traditionally, the preparation of ketene dithioacetals involves
two steps. The first step involves generation and isolation of
2-trimethylsilyl-1,3-dithiane 3 (71% yield) from 1,3-dithiane
1.17 The second step involves reaction of its corresponding
lithium salt 5 with various carbonyl compounds to give the
desired ketene dithioacetals 6 in 62–80% yield.18–20 The overall
yields are in the range 40–57%. In comparison, use of the
‘counterattack strategy’, as shown in Scheme 2, allows a ‘one-
flask’ synthesis of 6 in 65–92% yield from 1,3-dithiane 1.

Scheme 2 depicts the mechanism, which includes an
intriguing role for Me3SiSiMe3. BunLi is used to remove a C-2
proton from 1,3-dithiane 1 to give anion 2, which attacks
Me3SiSiMe3 to produce 2-trimethylsilyl-1,3-dithiane 3 and
Me3Si2 4. This anionic silyl leaving group then counterattacks
compound 3 to generate the Me3Si-stabilized anion 5. Thus
Me3SiSiMe3 can be regarded as a ‘counterattack reagent’.

Using this ‘one-flask’ synthetic strategy, a,b-unsaturated
ketones can act as Michael acceptors for 5 to give ketones 7 in
94% yield. Furthermore, alkyl, allyl and benzyl bromides
undergo substitution to produce Me3Si-containing 1,3-dithianes
8 in 54–98% yields.Scheme 1
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Preparation of N-methyl-N,O-bis(trimethylsilyl)-
hydroxylamine from hydroxylamine5

N-Methyl-N,O-bis(trimethylsilyl)hydroxylamine 14, which is
widely used in organic synthesis,21 is the trimethylsilylated
equivalent of N-methylhydroxylamine 10. Silylated hydroxyl-
amine 14 can be prepared from anhydrous N-methylhydroxyl-
amine 10.22 Nevertheless, the route used to obtain 10 is tedious.
Alternatively, hydroxylamine 14 can also be synthesized via use
of hexamethyldisilazane; however, the yield is only 18%.23,24 A
way to solve these problems is to apply the concept of
‘counterattack reagents’.

Thus, MeNHOH·HCl 9 is treated with KH and then
Me3SiSiMe3 in a mixture of Et2O and HMPA to give the desired
hydroxylamine 14 in 41% yield. The mechanism is depicted in
Scheme 3. After removal of the acid (i.e. HCl) in salt 9 and the
OH proton in 10 using KH, the resultant oxide 11 attacks
Me3SiSiMe3 to generate monosilylated hydroxylamine 12 and
2SiMe3 4. This silyl anion 4, acting as a base, counterattacks
compound 12 to give amide 13. Reaction of 13 with a second
equivalent of Me3SiSiMe3 affords the desired product 14 and
2SiMe3 4, which could substitute for KH to convert 10 to 11 by
proton abstraction. Therefore 14 can be obtained from a mixture
of 10 and Me3SiSiMe3 by use of a catalytic amount of KH.

Direct preparation of polysilylated hydrazines from
hydrazines:6 a consecutive triple-counterattack process
Polysilylated hydrazines are ideal starting materials for the
generation of various organic species.25,26 Nevertheless, it is
tedious to prepare these compounds by classic means.27 A

typical way to prepare (Me3Si)2NN(SiMe3)2 16 from H2NNH2
15 includes three separate silylations, utilizes two different
bases (pyridine and BunLi), requires strong silylating agents
(Me3SiCl and Me3SiBr) and gives only a ca. 8% overall yield
(see Scheme 4). Use of hexamethyldisilane as a ‘counterattack
reagent’, however, allows the hydrazines to be polysilylated in
one reaction without isolation of any of the intermediates, and
provides the target 16 in an excellent yield (91%).

Scheme 5 illustrates this ‘one-flask’ preparation of tetra-
kis(trimethylsilyl)hydrazine 16 from hydrazine 15 and Me3Si-
SiMe3 under alkaline conditions. The disilane, Me3SiSiMe3,
plays a dual role in this reaction: silylating agent and source of
base. In the overall process, proton abstraction alternates with
silylation. This alternation is repeated four times and thus
allows H2NNH2 15 to be converted to (Me3Si)2NN(SiMe3)2 16
in an efficient way.

With regard to both the manipulation and the yield (91 versus
8%), the counterattack method shown in Scheme 5 is much
more efficient than the classic procedure shown in Scheme 4. It
also represents an example of a ‘consecutive triple-counter-
attack process.’

New counterattack methods

The concept of ‘counterattack reagents’ has also been applied to
new methods for the generation of molecules with synthetically
valuable functionalities or biological significance. Scheme 6
shows an example in which various starting materials are
converted to an important class of products. Scheme 8 shows
examples of how a simple starting materials can be transformed
into products of various kinds.

Direct conversion of aldehydes, ketones and allyl alcohols to
allyltrimethylsilanes7

The allyltrimethylsilane moiety possesses umpolung character
and is regarded as a synthon for allyl cations and anions.28,29

Use of the counterattack method facilitates the preparation of
allyltrimethylsilanes from allyl alcohols, enals, enones, alde-
hydes or ketones, as shown in Scheme 6. Treatment of allyl
alcohols (i.e. 17 and 18) with MeLi and Me3SiSiMe3 in a
mixture of HMPA and Et2O gives the desired allylsilanes 21
(Method 1). The substrates include primary allyl alcohols 17
[e.g. geraniol, (2)-myrtenol], secondary allyl alcohols 18 (e.g.
linalool), benzyl alcohol and homobenzylic alcohol (e.g.
phenylethyl alcohol). Method 2 in Scheme 6 shows a new
method for the preparation of allylsilanes 21 from enals and
enones (i.e. 19) by use of alkyllithium and Me3SiSiMe3.
Acrolein and methyl vinyl ketone are converted to allylsilanes
by use of BunLi and Me3SiSiMe3. Moreover, reactions of
saturated aldehydes and ketones (i.e. 20) with vinyllithium and
Me3SiSiMe3 generate allylsilanes 21 as indicated in Method 3.
The starting materials include hexanal, heptan-2-one, and
cyclohexanone.

For the preparation of allyltrimethylsilanes by Methods 1–3,
the first step is to generate an allyl alkoxide: removal of a proton
from an allyl alcohol with MeLi in Method 1; 1,2-addition of
RLi to an a,b-unsaturated aldehyde or ketone in Method 2; or
addition of vinyllithium to a saturated carbonyl compound in

Scheme 2

Scheme 3

Scheme 4
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Method 3. The allyl alkoxides then react with Me3SiSiMe3 by a
novel pathway to give allyltrimethylsilanes in situ, as repre-
sented in Scheme 7. Hexamethyldisilane is attacked by allyl
alkoxides 23, generated by addition of vinyllithium to ketone
22, to give allyl trimethylsilyl ether 24 and Me3Si2 4. An in situ
substitution reaction subsequently occurs between 24 and 4 to
produce allyltrimethylsilanes 25 in 75% yield. Hexamethyldi-
silane acts as an ‘electrophilic counterattack reagent’ in these
one-flask reactions.

Formation of thiohydroxamic acids, thiohydroximates, nitriles
and oximes from nitro compounds8,9

Thiohydroxamic acids [RC(NS)NHOH] and thiohydroximates
[RC(SRA)NNOH] contain a moiety with three adjacent nucleo-
philic atoms (i.e. N, O and S). Thiohydroxamic acids play
various roles in analytical and biological chemistry. Phenyl-
acetothiohydroximate exists in Tropaeolum majus;33,34 it is also
an intermediate in the biosynthesis of benzyl glucosinolate, a

mustard oil glucoside.33 Thiohydroximates are also used as
starting materials for the synthesis of the carbamate derivatives
R1C(SR2)NNOC(NO)NR3R4.35 Some carbamates are utilized as
pesticides.

The counterattack strategy has been applied in the syntheses
of thiohydroxamic acids from readily available nitro com-
pounds (Scheme 8). Thus reaction of various primary nitro
compounds 26 with KH and hexamethyldisilathiane in THF
gives thiohydroxamic acids 27 in 56–92% yield. The substrates,
including esters, acetals, arenes and thiols, are all stable to the
reaction conditions. By the same strategy, a thiohydroxamic
acid is obtained in 50% yield after treatment of trans-
b-nitrostyrene with PriSLi and Me3SiSSiMe3 in THF.

Moreover, primary nitro compounds 26 can be converted to
nitriles 28 under UV irradiation. The first step is to generate
potassium thiohydroxamates in the dark as previously des-
cribed. These salts are then neutralized with an acid and
desulfurized by light to afford nitriles 28 in 78–87% yield
(Scheme 8).9 On the other hand, treatment of primary nitro
compounds 26 with BunLi and thiosilanes (i.e. MeSSiMe3 or
PhSSiMe3) in THF generates the corresponding thiohydroxi-
mates 29 in 61–78% yield. Secondary nitro compounds 30 are
converted to oximes 31 in 68–96% yields by reaction with KH
and Me3SiSSiMe3 or MeSSiMe3 in THF or 1,4-dioxane.

Scheme 5

Scheme 6

Scheme 7

Scheme 8
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The role of Me3SiSSiMe3 is depicted in Scheme 9 for the
‘one-flask’ conversion of primary nitro compounds 32 into
thiohydroxamic acids 35. The entire transformation involves
multiple steps and the formation of several intermediates, of
which isolation is unnecessary. Scheme 10 illustrates a
mechanism for the conversion of secondary nitro compounds 36
into oximes 39 via reaction with Me3SiSSiMe3. In this
transformation, a 1,1-elimination occurs in the intermediate
R1R2C(NNO)S2 38 to give sulfur and an oxime.

A common feature of the reactions shown in Scheme 8 is the
generation of a nitronate intermediate (cf. 33 in Scheme 9 and
37 in Scheme 10). Reagents Me3SiSSiMe3, MeSSiMe3 and
PhSSiMe3 are first attacked by nitronates (i.e. 33 and 37) at a
silicon centre. The leaving group, Me3SiS2, MeS2 or PhS2,
then counterattacks the silylated nitronate intermediates (e.g.
34). Thus Me3SiSSiMe3, MeSSiMe3 and PhSSiMe3 can be
regarded as ‘counterattack reagents’.

Protection and deprotection of hydroxy groups

The protection and deprotection of hydroxy groups are common
synthetic processes. Traditional methods for the disilylative
protection of diols and bis-O-demethylation of protected
aromatic diols are performed stepwise. The disadvantages
include low yields and tedious transformations. The concept of
counterattack reagents can be applied to perform the protection
and deprotection in an efficient manner.

Disilylation of diols by use of MeC(OSiMe3)NNSiMe3:10 a
tandem double-counterattack process
Trimethylsilylation is useful in the protection of functional
groups bearing labile protons. Silylation of alcohols, especially
diols, polyols and carbohydrates, can increase their volatility
and thermal stability. Consequently, the silylated species are
more suitable than the parent alcohols for analysis by GC and
mass spectrometry.36

Reaction of various diols with bis(trimethylsilyl)acetamide
40 in THF under alkaline conditions gives the corresponding
bis(trimethylsilyl) ethers in good to excellent yields (60–95%).
The diols may contain other functionalities, such as amides,
amines, ethers and thioethers.10

Stepwise silylations of resorcinol with hexamethyldisila-
thiane give the corresponding disiloxylbenzene in 55% overall
yield;37 however, the counterattack method leads to an 80%
yield. Use of chlorotrimethylsilane and pyridine to silylate the
diols in a carbohydrate gives the corresponding bis(trimethyl-
silyl) ether in 41% yield;38 the counterattack method results in
a 65% yield. These results clearly indicate the efficiency of the
counterattack method.

In the disilylation, MeC(OSiMe3)NNSiMe3 40 acts as a
counterattack reagent and exhibits multiple functions (see
Scheme 11). In addition to transferring both Me3Si groups onto
the diol, reagent 40 provides amide anions 41 and 42. These
anions deprotonate the intermediates and the starting diols.
Therefore, only a catalytic amount of base (i.e. KH) is needed
for initiation of the disilylation. This ‘one-flask’ disilylation
involves sequential deprotonation–silylation–deprotonation–si-
lylation. This double trimethylsilylation also represents an
example of a ‘tandem double-counterattack process’, in which
bis(trimethylsilyl)acetamide offers three reacting centres (i.e.
two electrophilic silicon atoms and one nucleophilic nitrogen
atom).

Deprotection of aryl methyl ethers by sodium
trimethylsilanethiolate and hexamethyldisilathiane11

Commonly used reagents for demethylation of aryl methyl
ethers give mono-O-demethylated products; a few of them can
bis-O-demethylate substrates.39 Sequential demethylation of
dimethoxybenzenes in one flask is difficult using nucleophilic
reagents, as shown in Scheme 12. The first demethylation
involves attack of a nucleophilic reagent on a methyl group of
dimethoxybenzenes 43 to give methoxyphenolates 44. It is
unlikely that nucleofuge 44 could be demethylated by another
nucleophile in an efficient manner (i.e. 44? 45) because the
resultant species 45 would bear two negative charges.

This problem can be circumvented by utilization of the
‘counterattack reagent’ concept. Use of Me3SiSNa and Me3-

Scheme 9

Scheme 10

Scheme 11

Scheme 12
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SiSSiMe3 as counterattack reagents causes aryl methyl ethers to
bis-O-demethylate efficiently under alkaline conditions. Treat-
ment of an aryl methyl ether containing two methoxy units with
ca. 2.5 equiv. of Me3SiSNa in 1,3-dimethyl-2-imidazolidinone
at 185 °C in a sealed tube gives the corresponding aryl diols in
78–96% yield after aqueous workup. The starting materials also
include an aryl alcohol containing a biphenyl or naphthalene
unit.

Moreover, Me3SiSSiMe3 is used to bis-O-demethylate aro-
matic compounds containing one free hydroxy group and two
methoxy units, which react with 1.5 equiv. of NaH and then
with 1.5 equiv. of Me3SiSSiMe3 at 185 °C in a sealed tube to
afford the corresponding triols in 78–83% yield. Sodium
trimethylsilanethiolate and hexamethyldisilathiane can be used
to remove two methyl groups in situ from an aryl methyl ether.
In these bis-O-demethylations, Me3SiSNa and Me3SiSSiMe3
act as ‘counterattack reagents’.

Scheme 13 shows the mechanism for the bis-O-demethyla-
tion of 1,3-dimethoxybenzene 46, in which Me3SiSNa acts as a
‘nucleophilic counterattack reagent’. This reagent contains both
a nucleophilic centre (i.e. S) and an electrophilic centre (i.e. Si),
which react with the intermediates at different points in the
reaction. Furthermore, Scheme 14 depicts an example involving
Me3SiSSiMe3 as an ‘electrophilic counterattack reagent’, which
is used for the bis-O-demethylation of dimethoxyphenol 47.
The reactions shown in Schemes 13 and 14 share common
features—the design is complicated and the manipulation is
simple.

Similarly, this demethylation procedure is also applicable to
pyridines with two methoxy groups, using Me3SiSNa.40

Furthermore, chlorotrimethylsilane, in combination with
sodium sulfide, can be used as the equivalent of sodium
trimethylsilanethiolate in the demethylation of dimethoxy-
benzenes.41

Oxidation reactions involving counterattack strategy

Counterattack strategy can also be applied to oxidation
reactions. Examples include the oxidative desulfonylation of
sulfones to aldehydes or ketones, oxidation of hydrazines to
2-tetrazenes, and conversion of benzyl alcohols to phenones or
benzaldehydes. In these transformations, silicon reagents are
utilized both as an oxidant and as a ‘counterattack reagent’.

Oxidative desulfonylation of sulfones to aldehydes or ketones
by use of Me3SiOOSiMe3

12

The sulfone group is commonly used in organic synthesis. This
group generally has to be removed after the desired trans-
formations have been accomplished. An efficient method for
the oxidative desulfonylation of sulfones to aldehydes or
ketones is reported, which uses Me3SiOOSiMe3 under alkaline
conditions. As shown in Scheme 15, removal of a proton in
sulfone 48 with BunLi in THF at 278 °C generates the
corresponding carbanion 49. Me3SiOOSiMe3 is then attacked
by the sulfonyl carbanion 49 to generate siloxy sulfone 50 and
Me3SiO2 51. Without isolation, the siloxy sulfone 50 is
counterattacked by Me3SiO2 to give the desired carbonyl
product 52.

Scheme 13

Scheme 14

Scheme 15
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This ‘one-flask’ method can be used to convert alkyl, allylic,
benzylic and cycloalkyl sulfones to aldehydes or ketones in
66–91% yield. In the attacking step (49? 50) as shown in
Scheme 15, the trimethylsiloxy moiety in Me3SiOOSiMe3
behaves like a leaving group. In the counterattacking step
(50? 52), Me3SiO2 51 acts as a nucleophile. Therefore
Me3SiOOSiMe3 is an ‘electrophilic counterattack reagent’ in
this oxidative desulfonylation.

Conversion of hydrazines to 2-tetrazenes by use of Me3SiCl,
Me3SiSiMe3 and Ph2MeSiSiMePh2 as oxidizing agents13

Silicon compounds Me3SiCl, Me3SiSiMe3 and Ph2MeSi-
SiMePh2 are commonly used as silylating or reducing agents.
By use of a ‘counterattack procedure’, these silicon reagents can
be utilized as oxidants. Reaction of 1,1-disubstituted hydrazines
53 with Me3SiCl, Me3SiSiMe3 or Ph2MeSiSiMePh2 in the
presence of KH gives the corresponding 2-tetrazenes 56 in fair
to good yields (Schemes 16 and 17). In these reactions,
Me3SiCl, Me3SiSiMe3 and Ph2MeSiSiMePh2 behave as oxidiz-
ing agents.

These new methods for the formation of 2-tetrazenes 56
involve several transformations: silylation of hydrazines 53 to
give monosilylhydrazines 54, decomposition of monosilylhy-
drazines 54 to generate amino nitrenes 55, and dimerization of
amino nitrenes 55 to afford 2-tetrazenes 56. The characteristic
feature of these reactions is that the R3Si2 species can depart
from the NSiR3 moiety in 54 and 57. Schemes 16 and 17 depict
the ‘counterattack processes’ for the oxidation of hydrazines to
2-tetrazenes by Me3SiCl and disilanes, respectively.

Oxidation of benzyl alcohols to phenones14 or
benzaldehydes15 by use of Me3SiSiMe3: a tandem
double-counterattack process
Hexamethyldisilane can also act as an oxidant in the conversion
of benzyl alcohols to carbonyl compounds. Under basic
conditions, reaction of a-cyclopropylbenzyl alcohol 58 or
3-methoxybenzyl alcohol 63 with Me3SiSiMe3 generates
g-trimethylsilylbutyrophenone 62 or 3-methoxybenzaldehyde
65, respectively.

The mechanism for the one-flask oxidation and cyclopropyl
ring opening procedure is depicted in Scheme 18.14 Disilane
Me3SiSiMe3 is attacked by alkoxide 59 to produce silyl ether 60
and Me3Si2 4. Subsequently, Me3Si2 counterattacks the
benzylic proton in 60 to give cyclopropyl phenyl ketone 61 and
regenerates Me3Si2. Me3Si2 then re-counterattacks interme-
diate 61 to give g-silylphenone 62 as the major product. The
entire mechanism includes two counterattack processes. The
first is to convert 59 to 61 using Me3SiSiMe3; the trimethylsilyl
moiety serves as a leaving group in Me3SiSiMe3 and as a

counterattack species for intermediate 60. The second is to
transform 60 to 62 using Me3Si2 4; the trimethylsilyl moiety
behaves as a leaving group in 60 and as a counterattack species
for intermediate 61. This sequence provides an example of a
‘tandem double-counterattack process’.

Similarly, the oxidation of 3-methoxybenzyl alcohol 63 to
3-methoxybenzaldehyde 65 by use of Me3SiSiMe3 under basic
conditions occurs via the mechanism shown in Scheme 19.15 In
these transformations, the Me3Si2 species is utilized as a
catalyst, which can also oxidize trimethylsilyl ethers (i.e. 60 in
Scheme 18 and 64 in Scheme 19) possessing acidic protons at
the position a to the corresponding carbonyl compounds (i.e. 62

Scheme 16

Scheme 17

Scheme 18

Scheme 19
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and 65). Thus the interconversions can constitute a novel cycle
among a-silylalkoxides 66, a-siloxy carbanions 67 and car-
bonyl compounds 68 accompanied by R3Si2, as shown in
Scheme 20.15 This newly established cycle involves Brook
rearrangement, the silyl-Wittig rearrangement, a b-elimination
and a 1,2-addition.

Preparation of prop-2-ynylic alcohols by use of organic
amides as pseudo-counterattack reagents2

Prop-2-ynylic alcohols can be used in the synthesis of
pheromone components42 and the w-chain in prostaglandins.43

For the preparation of prop-2-ynylic alcohols, a one-flask
method has been established by use of a ‘pseudo-counterattack
process’. Reaction of an organolithium reagent, an organic
amide and phenylacetylene generates prop-2-ynylic alcohols in
71–93% yield. The amides, including N,N-dimethyl-, N,N-
diethyl- and N,N-diisopropyl-formamide, 1-formylpyrrolidine,
1-formylpiperidine, N,N-dimethylacetamide and N,N-diethyl-
dodecanamide, behave as pseudo-counterattack reagents in this
transformation.

The mechanism is illustrated in Scheme 21 for the reaction
involving BunLi, N,N-diisopropylformamide 69 and phenyl-
acetylene 71. In the first step, N,N-diisopropylformamide 69 is
attacked by BunLi to give the stable intermediate valeraldehyde
70. The Pri

2N2 anion formed from the amide reacts with
phenylacetylene 71 to generate lithium phenylacetylide 72. This
nucleophilic species attacks the intermediate valeraldehyde 70
in situ to afford the desired prop-2-ynylic alcohol 73 in 87%
yield. Thus, N,N-diisopropylformamide serves both as a
substrate for the organolithium reagent and as the solvent. In the
entire transformation, the organic amide can be considered as a
‘pseudo-counterattack reagent’.

Intramolecular counterattack strategy in the synthesis of
biologically active isopenams3

The concept of counterattack reagents can be extended to the
performance of chemical transformations in one molecule. Use
of this method allows the synthesis of isopenams having
important biological activities in high yields.

The synthesis of isopenams, involving an ‘intramolecular
counterattack process’, is illustrated in Scheme 22. Formation
of the thiazolidine ring in isopenams 80 and 81 from the
corresponding thioesters 74 and 75, respectively, is accompli-
shed under basic conditions. Accordingly, the sulfides 76 and
77 are generated by deacetylation of thioesters 74 and 75,
respectively, with piperidine. The a-chloro ester moiety in 76
and 77 is first attacked intramolecularly by the sulfide moiety.
The resultant carbanions 78 and 79 then counterattack the S–Cl
unit to form the thiazolidine ring in 80 and 81. Thus the
thioesters 74 and 75 act as ‘intramolecular counterattack
reagents’.

A similar mechanism, shown in Scheme 23, is responsible for
the transformation of sulfone malonate 82 to isopenam 80 via
sulfide 83 and malonate anion 84. The key steps involve the
sulfone moiety in 83 being attacked by the sulifide unit, and the
resultant carbanion 84 counterattacking the S–SO2Me unit to
form the thiazolidine ring in 80. Thus sulfone 82 also functions
as an ‘intramolecular counterattack reagent’. Using this intra-
molecular counterattack mechanism, we can efficiently con-
struct a heterocyclic ring fused to a b-lactam nucleus.

Conclusions

Twelve examples have been given which demonstrate the
efficient ways counterattack reagents can be used in organic
synthesis. These reagents function either as electrophilic or
nucleophilic ‘counterattack reagents’. Their structures can be
symmetric or non-symmetric. In addition to being attacked by
substrates and then counterattacking the intermediates in situ,
some counterattack reagents can follow very complicated

Scheme 20

Scheme 21

Scheme 22

Scheme 23
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reaction pathways, such as the ‘tandem double-counterattack
process’ and the ‘consecutive triple-counterattack process’.
This new concept has also been extended to the ‘intramolecular
counterattack strategy’ and the ‘pseudo-counterattack process’
in the synthesis of valuable organic targets.

A multistep chemical transformation can be simplified into a
‘one-flask’ reaction using a counterattack reagent. In compari-
son with established classic methods, this new approach often
gives higher yields with less manipulation. There is a bright
future for the application of counterattack reagents to trans-
formations of various types. An extreme example might involve
hundreds or thousands of consecutive attacking and counter-
attacking processes in polymer syntheses. The deliberate design
of the reagent applied in each transformation is the key to the
creation of new ‘counterattack reagents’.
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Biosynthesis of (2)-b-barbatene from 13C- and 2H-labelled acetate, mevalonate
and glycerol†

Kensuke Nabeta,*a Kaori Komuro,a Tomoaki Utoh,a Hiroyuki Tazakia and Hiroyuki Koshinob

a Department of Bioresource Science, Obihiro University of Agriculture and Veterinary Medicine, Obihiro, 080 Japan
b The Institute of Physical and Chemical Research, (Riken) Wako, 351-01 Japan

The 2H and 13C enrichment, 13C–13C coupling patterns and
b-2H isotope shifts observed in b-barbatanol prepared from
(2)-b-barbatene incorporating variously 2H- and
13C-labelled mevalonates, acetates and glycerol verifies a
1,4-hydrogen shift and a double 1,2-methyl migration in the
formation of b-barbatene in cultured cells of Heteroscyphus
planus, and also indicates the diversity of regulation and the
sole operation of the mevalonate pathway in extrachloro-
plastidic sesquiterpene biosynthesis. 

The irregular sesquiterpene, b-barbatene 6, has been proposed
to be related biogenetically to the trichothecanes and cuparanes,
the biosynthesis of which apparently involves a usual 1,4-hy-
dride shift.1 b-Barbatene is formed by further methyl migration
by two routes, one involving a double 1,2-methyl migration
[route (a) in Scheme 1], while the other features 1,3-methyl
migration [route (b)]. Further cyclization and deprotonation of 5
affords b-barbatene. We fed deuteriated mevalonates (MVA)
([2,2-2H2] and [4,4-2H2]), 13C- and 2H-labelled acetates
([2-13C], [1,2-13C2] and [2,2,2-2H3, 1-13C]), [2-13C]glycerol
and [6,6-2H2]glucose to cultured cells of Heteroscyphus planus
to elucidate the details of these steps and to determine whether
extrachloroplastidic terpenoids are produced via a non-mevalo-
nate-utilizing pathway.2

Cell cultures of H. planus were grown in MSK-4 medium3

(75 ml), and fed 1.0 mmol of the potassium deuteriated MVAs
(isotopic purity 99 atom%), 0.5 mmol of labelled acetate
(isotopic purity 99 atom%), 0.5 mmol of [2-13C]glycerol (60
atom%) and 11.1 mmol of [6,6-2H2]glucose (20 atom%) under
continuous light at 25 °C. After extraction with methanol, the
labelled b-barbatene was partitioned with pentane and separated
by silica gel chromatography. The partially purified b-barbatene
was then converted to b-barbatanol 7, by reaction with borane–
methyl sulfide, to avoid loss of volatile b-barbatene during
further purification. b-Barbatanol was finally purified by
repeated HPLC. Full assignment of the natural abundance 1H
and 13C{1H} NMR spectra of b-barbatanol and its acetate 8 was
achieved by 1H–1H 2D COSY, 1H–13C 2D COSY, DEPT,
differential NOE, DQF-COSY, PFG- HMQC and PFG-HMBC
NMR studies.

2H{1H} NMR spectra of b-barbatanyl [4,4-2H2]mevalonate
indicated that 2H-6 and 2H-10 retained in farnesyl diphosphate
1 were incorporated into the C-5 position of b-barbatanol
[dD 1.05 and 2.05 (CDCl3), see Scheme 1] via the 1,4-hydride
shift from cation 2 to 3 and 2H-2 was incorporated into the C-7
(dD 1.61) position, while deuterium atoms of [2,2-2H2]MVA
were incorporated into C-3 , C-9 and C-14 positions of
b-barbatanol. 2H enrichment of b-barbatanol (10.3 atom%
excess) incorporating deuteriated MVA was determined by
GC–MS analysis.4 These labelling patterns indicated the
1,4-hydride shift and migration of the methyl group originating
from the C-3 methyl of MVA. 13C{1H} NMR examination of
the b-2H isotope shifts5 in b-barbatanyl [1-13C, 2,2,2-2H3]ace-
tate indicated the retention of two 2H atoms at C-5 (ratio of
C2H2 : C2H1H : C1H2 of C-4 = ca. 1 : 2 : 5, Dd20.22 and 20.11
ppm, Table 1) which supports the 1,4-hydride shift. No apparent

13C signals due to a b-isotope shift of the C-2 carbon by 13C2H3
were observed.

The 13C {1H} NMR spectrum of b-barbatanyl [1,2-13C2]ace-
tate showed three 13C enriched peaks with doublets due to
13C–13C coupling (C-1–C-12, C-2–C-13 and C-8–C-15, see
footnote of Table 1). The relative peak intensity of doublet to
the central 13C peak of C-13 (0.17) was much lower than that of
C-15 (0.77) or that estimated on the basis of average 13C
enrichment (0.76 atom% excess), indicating that [1,2-13C2]ace-
tate was not incorporated into the C-2 and C-13 positions.
Intense 13C–13C couplings between C-1–C-10, C-4–C-5,

Scheme 1 Biosynthetic pathway of (2)-b-barbatene from deuteriated
mevalonate in cultured cells of H. planus. Relative peak intensity of 2H
peaks at dD 1.73, 1.52 and 0.96 = 1 : 2 : 3 and that at dD 2.05, 1.61 and
1.05 = 1 : 1 : 1. H-6 in the carbocation 3 corresponds to H-6 in farnesyl
diphosphate 1.

Chem. Commun., 1998 169



C-7–C-11 and C-8–C-15 were confirmed by a PFG-IN-
ADEQUATE experiment.6

Despite the low level of incorporation, the results of feeding
cultured cells with [1,2-13C2]acetate demonstrated that all the
carbon atoms in b-barbatanol were coupled with every adjacent
carbon atoms. Couplings were observed between carbon atoms
of different acetate units or those of different isoprene units,
C-2–C-13, C-3–C-4 and C-9–C-10 (see footnote of Table 1).
This suggests that b-barbatene biosynthesis is compartmen-
talized and occurs rapidly, e.g. within organelles.7 However, in
the formation of labelled (1S)-7-methoxy-1,2-dihydrocadalene3

(cadinane 9, 0.80 atom% excess) incorporating [1,2-13C2]ace-
tate, which was isolated together with labelled b-barbatanol
from the pentane extract of cultured cells fed with [1,2-13C2]a-
cetate, no coupling was observed between the carbons of the
different isoprene units. Contrasting results for b-barbatene and
the cadinane suggest that their biosynthesis is regulated
differently. These findings suggest a diversity of regulation in
sesquiterpene biosynthesis. Although cultured cells of H.
planus accumulate both cadinanes and bisabolanes,3 only
cadinane synthases have been detected in the 40 000 g
supernatants.8 This observation supported the suggestion that
the cyclases which form bisabolanes including b-barbatene are
associated with organelles, while cadinane synthases are
localized in cytosol.

Labels were detected as intense singlets at C-2, C-4, C-6, C-8,
C-10 and C-11 of b-barbatanol incorporating [2-13C]glycerol,
all of which were observed as intense singlet peaks. No
deuterium atoms from [6,6-2H2]glucose were incorporated into
b-barbatanol.

The labelling pattern supported the sole operation of the
mevalonate pathway in biosynthesis of the extrachloroplastidic
sesquiterpenes. In contrast the simultaneous operation of two
distinct pathways, a mevalonate- and a non-mevalonate-
mediated pathway, has been identified in the formation of the
phytyl side-chain within chloroplasts.9

These obsevations are consistent with the occurrence of a
1,4-hydride shift and double 1,2-methyl migration during

formation of b-barbatene and exclude the possibility of
1,3-methyl migration. They also suggested that the diversity of
regulation and the sole operation of the mevalonate-utilizing
pathway in the extrachloroplastidic biosynthesis of sesquiter-
penes. 
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Professor K. Kakinuma (Tokyo Institute of Technology) for the
generous gift of [6,6-2H2]glucose. These investigations were
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08306021) and (C. No. 08660125), from the Ministry of
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Table 1 13C enrichment of carbons in b-barbatanol acetates incorporating 13C- and 2H-labelled acetates. Figures in parentheses show 13C enrichment (atom%
excess). Figures in square brackets show 13C chemical shift of b-barbatanol

dC

[1-13C,2H3]Acetate incorporation
Non-labelled 13C–13C Coupling

Carbon b-barbatanol [2-13C] [1,2-13C2] observeda [1-13C,2H3] 2H : 1Hb Ddc (ppm)

1 43.3 [43.4] 43.3 (0.8)d 43.3 (20.1) C-10, C-12 and C-11
2 54.7 [54.7] 54.7 (0.4) Unresolved 54.7 (2.7)
3 34.2 [34.1] 34.2 (1.8) 34.1 (0.6) C-2 and C-4
4 27.9 [27.9] 27.9 (1.3) C-5 and C-3 27.9 (0.8) 19 : 40 : 100e 20.22, 20.11
5 36.7 [36.7] 36.7 (1.8) 36.7 (0.5) C-4 and C-6
6 54.8 [54.9] 54.8 (0.2) Unresolved 54.8 (0.7)
7 46.5 [46.3] 46.5 (0.8) 46.5 (0.7) C-11, C-6 and C-8
8 42.8 [46.8] 42.5 (0.7) C-15, C-7 and C-9 42.5 (0.8) 30 : 32 : 100e 20.18, 20.09
9 23.5 [23.4] 23.5 (1.0) 23.5 (1.2) C-8 and C-10

10 37.7 [37.9] 37.7 (1.3) C-1 and C-9 37.7 (1.6)
11 48.6 [48.7] 48.5 (0.6) C-7 and C-1 48.5 (0.3) 31 : 100 20.13
12 24.6 [24.7] 24.6 (0.4)d 24.6 (0.8) C-1
13 23.0 [23.0] 23.0 (1.1) 23.0 (1.2) C-2
14 29.0 [29.0] 29.0 (1.8) 29.0 (1.3) C-6
15 68.6 [67.2] 68.6 (1.8) 68.6 (0.8) C-8
Acetyl Me 21.1
Acetyl CNO 171.3

Average 1.24 0.76 1.14

a Coupling constant in b-barbatanol incorporating [1,2-13C]acetate, JC,C/Hz, C-2–C-3 33.0, C-3–C-4 33.0, C-4–C-5 32.3, C-5–C-6 34.0, C-7–C-8 36.0,
C-8–C-9 30.5, C-9–C-10 33.2, C-10–C-1 34.1, C-11–C-1 31.7, C-11–C-7 31.7, C-12–C-1 37.9, C-13–C-2 31.8, C-14–C-6 29.3, C-15–C-8 37.9. JC-1, C-2,
JC-2, C-6 and JC-6, C-7 were not determined, because of the low intensity of quaternary carbon atoms. b Ratio of carbon peak intensities for b-isotope shifted
signals. c b-Isotope shifts due to 2H. d Coupling constant in b-barbatanol incorporating [2-13C]acetate, JC,C/Hz, C-1–C-12 31.4. e CD2 : CDH : CH2.
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Very long C–H···O contacts can be weak hydrogen bonds: experimental
evidence from crystalline [Cr(CO)3{h6-[7-exo-(C·CH)C7H7]}]

Thomas Steiner,*a Bert Lutz,b John van der Maas,b Antoine M. M. Schreurs,c Jan Kroonc and Matthias
Tamm*d

a Institut für Kristallographie, Freie Universität Berlin, Takustraße 6, D-14195 Berlin, Germany 
b Department of Analytical Molecular Spectrometry, Faculty of Chemistry, Utrecht University, Sorbonnelaan 16, 3584 CA
Utrecht, The Netherlands 
c Bijvoet Center for Biomolecular Research, Department of Crystal and Structural Chemistry, Utrecht University, Padualaan 8,
3584 CH Utrecht, The Netherlands 
d Institut für Anorganische und Analytische Chemie, Freie Universität Berlin, Fabeckstraße 34-36, D-14195 Berlin, Germany 

The crystal structure of the title compound contains a very
long C–H···O contact from the ethynyl group to a carbonyl
ligand with a H···O separation of 2.92 Å; weakly hydrogen
bonding character of this contact is inferred from the Raman
and the IR absorption spectra, showing the long range
nature of the C–H···O hydrogen bond.

Terminal alkynes are among the best studied donors of C–H···X
hydrogen bonds.1,2 This is because of two reasons: one is the
high acidity and hence the strong donor potential, and one is the
good and robust suitability for vibrational spectroscopic
experiments.3 In C–H···O hydrogen bonds donated by terminal
alkynes, H···O separations are typically in the range 2.1–2.6 Å,
with the mean value 2.37(4) Å.1,4 If particularly strong
acceptors like PNO are involved, H···O distances can be as short
as 2.0 Å.5 Whereas no conceptual problems arise for strong
acceptors and short C·C–H···O contacts, very little is known
about long C–H···O (and more generally on long D–H···A)
contacts. The open question is very simple: to which distances
can C–H···O interactions be elongated before losing their
hydrogen bond character? Currently, there seems to be
consensus that no clear distance limits can be given, and that for
increasing H···O and C···O separations, there is a gradual
transition from hydrogen bond interactions to ‘nothing’.1 Still,
the question remains: to which distances can physical effects of
C–H···O interactions be detected, and when do the effects
become more or less undetectable? In this contribution, we
report structural and spectroscopic data on the longest alkynyl
C–H···O contact discussed so far, which can still be reasonably
regarded as a weak ‘hydrogen bond’.

As part of our studies on ligands containing cyclohepta-
trienylium rings,6 we prepared compound 1.†

In terms of hydrogen bond potentials, the strongest donor in
1 is the ethynyl group and as hydrogen bond partners, there are
the weak C·C,7 CNC8 and CO9 acceptors available. In this
situation, it is impossible to predict which of the potentially
resulting hydrogen bond types would eventually be formed in
the solid state (if one is formed at all). In the crystal structure,‡
1 is found in the expected conformation, Fig. 1(a). The shortest
intermolecular contact of the ethynyl group is with a CO ligand

of a neighboring molecule, Fig. 1(b). This contact is very long
with H···O 2.92 Å (for C–H 1.08 Å) and C···O 3.71 Å, and the
C–H···O angle is bent far from linearity, 130°.§ When looking
only at the geometry, it is questionable how to interpret this
contact: the distance is very long, much longer than van der
Waals separation, the angle is strongly bent, and the CO ligand
is one of the weakest O-acceptors known. No C–H···O contact
of such a geometry has ever been clearly identified as a
hydrogen bond. On the other hand, weak hydrogen bond nature
has been shown for similarly long C·C–H···p contacts,7,8

suggesting this matter should be followed in further depth.
In vibrational spectroscopic experiments,¶ the alkynyl C–H

stretching frequency n·C–H was determined under a variety of
sampling conditions in the crystalline state and in apolar
solvents. This is to exclude possible matrix or solvent effects on
n·C–H. Most important is the data on matrix-free polycrystalline
1 (determined by FT-Raman spectroscopy), which was obtained
from small crystals taken without further sample treatment from

Fig. 1 (a) Molecular structure and atomic numbering scheme of 1. (b) The
very long C–H···O contact in crystalline 1, numerical data is given for C–H
1.08 Å. The projection is along the screw axis of the space group; the
apparently cyclic motif is therefore in fact a screw.
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the same batch as the crystal used for X-ray data collection.
FTIR spectra of polycrystalline samples in an inert mull and in
KBr were also determined. All three n·C–H values are identical
at 3293 cm21 (Table 1 and Fig. 2), which is slightly but
significantly reduced compared to the ca. 3315 cm21 which are
typical for ‘free’ alkynyl n·C–H.3 The identity of the three values
under different sampling conditions makes matrix and sample
preparation artifacts unlikely. Since n·C–H of ‘free’ molecules
R–C·C–H can slightly depend on the nature of R and also on the
experimental conditions, IR absorption spectra were determined
of dilute solutions in the apolar solvents n-hexane and CCl4. The
n·C–H values of 3315 and 3310 cm21, respectively, correspond
to alkynyl groups which experience only very small (but
necessarily non-zero) intermolecular interactions with ‘inert’
solvent molecules. The reduction of n·C–H in the crystalline
state of ca. 20 cm21 shows that in crystals, the alkynyl covalent
C–H bond is slightly but detectably weakened owing to its
intermolecular interactions. This bond weakening is an appro-
priate (and normally used3) indicator of C–H···X hydrogen
bonding. A red-shift of 20 cm21 is only a small effect. In
‘normal’ alkynyl C–H···O interactions, the corresponding red-
shifts are in the range 40–100 cm21, and for strong C·C–
H···ONP hydrogen bonds, they can be 145 cm21 and more.3,5

This means that the intermolecular interactions in 1 do have an
effect on the vibrational spectum, but this effect is small. We see
no other interactions that the C–H···O contact that might be
responsible, and therefore call it a ‘weak hydrogen bond’ (the
terminologic classification, though, is of minor importance
here).

The discussed contact with H···O 2.92 Å, is, to our
knowledge, the longest C–H···O interaction for which effects on
vibrational spectra have been experimentally shown. This is
strong support for the long-range nature of C–H···O inter-
actions, and clearly disfavours views that hydrogen bond
character stops at the distance of the sum of van der Waals radii.

On the other hand, one must consider that the red-shift of IR
wavenumbers is only ca. 20 cm21, which is much smaller than
for C–H···O interactions in optimal geometry: the strength of
C–H···O hydrogen bonds at such distances is already very small.
Since the donor studied here, C·C–H, is stronger than most
other C–H groups,1 C–H···O contacts of similar geometries with
less acidic C–H groups will be correspondingly weaker. We
explicitly do not conclude that ‘every C–H···O contact with
H···O 2.9 Å is a hydrogen bond’, but we state (based on
experimental evidence) that such a contact can be a hydrogen
bond.

T. S. thanks Professor W. Saenger for giving him the
opportunity to carry out part of this work in his laboratory, and
the Research Network of the European Union ‘Molecular
Recognition Phenomena’ for supporting a stay in Utrecht. M. T.
thanks the Deutsche Forschungsgemeinschaft (Ta 189/1-4,5)
and the Fonds der Chemischen Industrie for financial support.
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yield from [Cr(CO)3(C7H7)]BF4 and lithiated (trimethylsilyl)acetylene
followed by desilylation in methanolic KOH. 1H NMR (CDCl3): d 6.08 (m,
2 H), 5.91 (m, 2 H), 3.84 (t, 1 H, endo-H), 3.68 (m, 2 H), 2.09 (s, 1 H, C·H).
13C NMR (CDCl3): d 231.0 (CO), 98.9, 98.2 (C7 CH), 83.8 (C·CH), 71.2
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block-shaped crystals. C12H8CrO3, M = 252.2, monoclinic, space group
P21/c (no. 14), a = 10.367(1), b = 8.291(2), c = 13.135(2) Å,
b = 95.93(1)°, U = 1120.1(3) Å3, Z = 4, Dc = 1.495 g cm23, m = 1.007
mm21. Enraf-Nonius FAST area detector, Mo-Ka radiation with
l = 0.710 73 Å, crystal dimensions 0.4 3 0.3 3 0.3 mm, room temp.,
7779 reflections measured, 2569 independent (Rint = 0.062), 2025 with I >
2s(I), no absorption correction. Standard crystallographic computa-
tions10,11 (refinement on F2 of all reflections, H-atoms treated in the riding
model with isotropic displacement parameter refined, 154 parameters
vaired). Final R = 0.054 (for observed reflections), wR2 = 0.119 (for all
reflections). CCDC 182/689.
§ The second shortest contact of C·C–H is to a CO ligand of a different
neighbour with H···O 3.12 Å and C–H···O 109°.
¶ FT-NIR-Raman spectra were recorded of a matrix-free polycrystalline
sample at room temp. (Perkin Elmer 2000 system, Nd/YAG laser, l = 1064
nm, InGaAs detector, resolution 4 cm21, 128 scans). IR absorption spectra
were recorded of polycrystalline 1 in a poly(chlorotrifluoroethylene) mull
and in a KBr pellet, and of dilute solutions in n-hexane and in CCl4 at room
temp. (Perkin Elmer Model 2000 FTIR system, DTGS detector, optical
resolution: 2 cm21; 8 scans, medium apodization, 0.5 mm KBr cells at
concentrations < 0.5 mg ml21).
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Table 1 IR alkynyl C–H stretching frequencies (cm21) of 1 in different
environments

Sample of 1 Spectrum n·C–H

Polycrystalline matrix-free FT-Raman 3293
Polycrystalline in poflu-oila FTIR 3293
Polycrystalline in KBr FTIR 3293
Solution in n-hexane FTIR 3315
Solution in CCl4 FTIR 3310

a Poly(chlorotrifluoroethylene).

Fig. 2 Alkynyl C–H stretching region of the vibrational spectrum. (a) FT-
Raman spectrum of a matrix-free polycrystalline sample. (b) FTIR spectrum
of a polycrystalline sample in a poly(chlorotrifluoroethylene) mull. (c)
FTIR spectrum of a dilute solution in n-hexane.
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A novel and direct a-azidation of cyclic sulfides using a hypervalent iodine(III)
reagent

Hirofumi Tohma, Masahiro Egi, Makoto Ohtsubo, Hiroaki Watanabe, Shinobu Takizawa and Yasuyuki Kita*

Faculty of Pharmaceutical Sciences, Osaka University, 1-6, Yamada oka, Suita, Osaka 565, Japan

A novel and direct a-azidation of cyclic sulfides using a
hypervalent iodine(III) reagent in the presence of Me3SiN3 is
described; the present method is applicable to substrates
which are easily aromatized under oxidative conditions.

a-Azido sulfides have attracted much attention because of their
interesting reactivities under various conditions (e.g. photo-
chemical, thermal, and other conditions1) and their utility as
amino cation equivalents.2 Furthermore, a-azido sulfides have
potential for the synthesis of various N,S-acetals, since the azido
moiety can be changed to other aza substituents via PPh3 and
catalytic hydrogenation.3 Generally, N,S-acetals4 are difficult to
synthesize because of their instability. However, several
methods have appeared for the syntheses of N,S-acetals, e.g.
addition of thionucleophiles to imine intermediates5 and
addition of aza nucleophiles to thionium intermediates.6
However, most of the methods have problems in terms of yield
and vigorous reaction conditions. Hence, subsequent to the first
report7 by Böhme and Morf, acyclic a-azido sulfides have
usually been synthesized stepwise,1,8 via halogenation followed
by azidation of sulfides, or via thioketals.9

On the other hand, a-azidation of cyclic sulfides, especially
dihydrobenzothiophenes, has never been reported, probably due
to readily occuring side reactions such as aromatization,
sulfoxide formation, benzylic oxidation and a-oxidation of the
sulfur atom under oxidative conditions. In particular, a-azido-
hydrobenzothiophene is thought to be a suitable precursor for
the total synthesis of the recently isolated marine anti-cancer
alkaloids, discorhabdin A,10 B,11 D12 and makaluvamine F,13

whose total syntheses have yet to be accomplished owing to
difficulties in constructing their N,S-acetal skeletons. This
prompted us to develop an efficient and general a-azidation
method for cyclic sulfides. First, we examined the known
stepwise methods to obtain a-azidohydrobenzothiophene. The
initial chlorination of 1a by N-chlorosuccinimide (NCS) or
SO2Cl2,7,8 however, exclusively gave 5-methoxybenzo-
thiophene 3a, and oxidation of 1a to the sulfoxide followed by
Pummerer-type azidation gave predominantly 3a and not 2a. As
part of our continuing studies of hypervalent iodine(iii)
oxidation,14 we report here a novel and direct a-azidation
method for cyclic sulfides using a combination of PhINO and
Me3SiN3 (Scheme 1).

A typical experimental procedure is as follows. To a stirred
solution of 1a in MeCN, Me3SiN3 (4.0 equiv.) was added
dropwise at 240 °C under nitrogen atmosphere. Iodosylben-
zene (2.0 equiv.) was added to the reaction mixture, which was
then slowly warmed to 225 °C with stirring for 1–2 h.

Evaporation of solvent followed by preparative TLC or column
chromatography gave 2a in 63% yield. Of the combination of
reagents investigated, PhINO with Me3SiN3 was the best since
using PhI(OCOCF3)2–Me3SiN3 or other combined reagents†
gave 3a as the main product. Although the reaction of
dihydrobenzothiophene bearing alkoxy substituents with hyper-
valent iodine(iii) reagents has various possibility for (i)
a-azidation, (ii) aromatic azidation,15 (iii) benzylic azidation,16

(iv) sulfoxide formation,17 and (v) aromatization to benzothio-
phene, the present method makes the a-azidation of cyclic
sulfides possible predominantly by the use of the combined
reagent, PhINO–Me3SiN3. The structure of 2a was unambigu-
ously established by 1H NMR, IR and mass spectral and
elemental analysis.‡

Table 1 shows that the present method is also applicable to
mono- and bi-cyclic sulfides 1b–i including dihydrobenzothio-
phene to give the corresponding a-azido sulfides 2b–i in
moderate to good yields. Among the substrates bearing an
alkoxy group at the para position of the alkyl side chain,
benzylic azidation products have also been obtained. In such
cases, a-azidation proceeded after protection of the phenolic
OH group with an acetyl group (runs 2 and 4).

A plausible reaction mechanism is proposed in Scheme 2.
Iodosulfonium cation 4 initially formed from the reaction of

Scheme 1 Reagents and conditions: i, PhINO (2 equiv.), Me3SiN3 (4 equiv.),
MeCN, 240 to 225 °C

Table 1 a-Azidation of cyclic sulfides using PhINO–Me3SiN3

Substrate
Product Yield

Entry 1 n R1 R2 R3 2 (%)

1 1a 1 OMe H H 2a 63
2 1b 1 H OAc H 2b 70a

3 1c 1 OMe OMe OMe 2c 42
4 1d 1 OAc OAc H 2d 25a (67)b

5 1e 1 H H H 2e 69
6 1f 2 OMe H H 2f 70
7 1g 2 OMe H H 2g 63

8 1h 1 — — — 2h 48
9 1i 2 — — — 2i 62

a PhINO (5.0 equiv.) and Me3SiN3 (10.0 equiv.) were used. b Yield based on
reacted substrate.
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sulfide 1 with PhINO–Me3SiN3, a mechanism well studied by
Magnus and co-workers,18 is then deprotonated to give cation
intermediate 5. Azido anion attack on the a-position of 5 gives
the a-azido sulfide 2. On the other hand, NCS or SO2Cl2 causes
b-proton abstraction of 5 to give benzothiophene 3 exclusively
rather than a nucleophilic attack on the a-carbon. This is
probably because the chloride anion is more basic than the
Me3SiO2 anion, generated in the azidation step, and also
because Me3SiO2 is readily neutralized to the siloxane under
the reaction conditions used.

In conclusion, a novel and direct a-azidation of cyclic
sulfides has been accomplished. This work opens the way to
effective syntheses of biologically active natural products
carrying N,S-acetal structures, and provides a direct and
efficient method for the synthesis of cyclic a-azido sulfides.
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71Ga and 31P solid state NMR: a powerful tool for the characterization of the
first gallium phosphonates
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45071 Orléans Cedex 02, France
c Department of Chemistry, Texas A & M University, College Station, TX 77843, USA
d Institut des Matériaux de Nantes, UMR CNRS 6502, BP 92208, 2 Rue de la Houssinière, 44322 Nantes Cedex 03, France

Two new gallium phosphonates Ga(OH)(O3PC2H4-
CO2H)·H2O 1 and Ga3(OH)3(O3PC2H4CO2)2·2H2O 2 are
prepared and characterized, using 31P MAS and 71Ga static
NMR spectroscopy, showing a good correspondence be-
tween the fitted NMR parameters and the crystallographic
data.

In recent papers, we have demonstrated that catalytic complexes
(i.e. manganese porphyrins)1 could be efficiently heterogenised
as divalent metal phosphonates, in which significant shape
selectivity effects imposed by the inorganic framework were
observed. The key feature of this approach is to functionalize
the catalytic complex by phosphonic acid PO3H2 moieties, that
are then ‘polymerised’ by reaction with a metal (M) salt in
solution, to build up a M(RPO3)x network.2 Taking into account
that the resulting immobilised catalysts are usually poorly
crystalline, our interest was to find a good method for the
characterisation of such materials (i.e. get information about
both the metal and the PO3 group environments). One attractive
solution to achieve that goal should be to use solid state NMR,
provided that the metal atom reacted with the PO3 groups can be
observed by this technique, with the potential advantage (in
comparison with EXAFS) to be able to determine the number of
metallic sites and their relative amounts, as well as their
coordination. In this paper, we describe our attempts in this
field, by studying gallium phosphonate systems, the preparation
of which seemed possible by analogy with gallium phosphates.3
As a matter of fact, the stabilities of these materials towards
acidic and basic media are higher than the divalent metal
analogues and this can be of interest, as far as catalytic
applications are concerned. Thus, by reaction of
(2-carboxymethyl)phosphonic acid with gallium(iii) nitrate in
water in an autoclave, two novel gallium hydroxyphosphonates
were prepared: Ga(OH)(O3PC2H4CO2H)·H2O 1 and
Ga3(OH)3(O3PC2H4CO2)2·2H2O 2. It is worth noting that the
presence of hydroxide groups in phosphonates is unusual,
except for recent examples described by us in the copper(ii)
system.4

Solid state NMR study of gallium is rendered difficult as it
undergoes strong quadrupolar couplings, which give rise to
severe second order broadening of the powder spectrum of its
central < 1/2 > transition. Gallium has two NMR active
isotopes, 69Ga and 71Ga, both having I = 3/2 spins with higher
gyromagnetic ratio and lower quadrupolar momentum for 71Ga,
which is thus the easiest to observe. At the principal magnetic
field of 9.4 T (122 MHz Larmor frequency for 71Ga), the width
of the 71Ga spectra of these two new gallium phosphonates (400
1, 600 2 kHz) exceeds the bandwidth accessible with a single
experiment (typically 300 kHz). The spectra have thus been
acquired in static conditions as a sum of nine full echo signals
obtained by varying the offset of the carrier frequency (with a
100 kHz step), according to the VOCS protocol that we have

recently described in a study of 69,71Ga in b-Ga2O3.5 The second
order quadrupolar broadening is so high in these compounds
that MAS experiments cannot give resolution (unlike alumino-
phosphonates, for which MQ 27Al MAS has proved to be
efficient),6 while the possible DAS7 or newly described
QPASS8 experiments remain ineffective.

Owing to these intrinsic experimental difficulties, there is
little known on Ga solid state NMR, even though there is a well
established and confirmed correlation that links gallium and
aluminium chemical shifts for four- and six-fold coordination in
silicate, phosphates, zeolites and organic complexes.5,9,10 The
results obtained from the simulation of the two observed 71Ga
spectra (Fig. 1) are summarized in Table 1, showing two
different Ga sites for 1 in a 1 : 1 ratio and one single site for 2.
The chemical shifts of these signals can be unambiguously

Fig. 1 Experimental 71Ga static NMR spectrum of 1, and simulated
spectrum with second order quadrupolar broadened shape, according to
parameters described in Table 1

Table 1 Experimental values for chemical shift and electric field gradient
for compounds 1 and 2

diso
a CQ

b/MHz hQc

1 26 (site 1: 50%) 13.5 0.85
2 (site 2: 50%) 12.0 0.35

2 23 17.0 0.9

a Chemical shifts are referenced to 71Ga resonance in a 1 m gallium nitrate
solution; error in the measured value: ±10 ppm. b Quadrupolar coupling
constant (CQ = e2qQ/h); error in the measured value: ±0.25 MHz.
c Asymmetry factor.
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assigned to sixfold coordination, while their respective electric
field gradient tensors characterize the asymmetry of their local
environments. In the case of 1, the presence of the two GaO6
sites was confirmed by a structure determination from its
powder X-ray diffraction pattern (Fig. 2).† On the other hand,
even if six-coordinate gallium centres were clearly evidenced
from the XANES–EXAFS spectra of this compound, it was
however not possible to detect the two different independent
metal atoms in this layered compound. Moreover, it is
reasonable to think that in compound 1, the most distorted
gallium site Ga(1) [Ga–O bond lengths ranging from 1.889(7) to
2.061(7) Å; see Fig. 2] corresponds to the highest value
measured for CQ (13.5 MHz, site 1 in Table 1). For compound
2, the observed value for CQ (17 MHz) is significantly higher,
thus giving evidence of a probably more distorted GaO6
environment present in this latter phase. The structure of 1
consists of GaO6 octahedra (composed of three phosphonate
oxygens, two hydroxide groups and one water molecule)
sharing two opposite vertices, thus forming chains parallel to
the b-axis. These chains are connected by O–P–O bridges in the
a-direction, to build a two-dimensional network. The organic
chains are oriented roughly perpendicular to the layers, and the
CO2H groups are not coordinated, in contrast with 2 [n(CO)
1590 cm21], for which a pillared layered structure is likely to be
present, resulting from 1 by a probable coordination of the
carboxylic acid moieties with gallium atoms. These two layered
structures are in contrast to the only other reported gallium
phosphonate, Li4[(MeGa)6(m3-O)2(ButPO3)6]·4thf, an anionic
molecular cage containing sandwiched lithium ions.11

Finally, from the simulation of the static and MAS 31P spectra
of gallium phosphonates 1 and 2, the number of independent
PO3 groups was extracted together with their relative amounts
and their respective chemical shift anisotropy parameters12

[diso, W (span), k (skew)]. In a recent paper devoted to zinc
phosphonates,13 we have demonstrated that the k parameter
(chemical shift asymmetry) gave a good signature of the
connectivity of the PO3 groups (i.e. the number of zinc atoms
connected to each of the three oxygen atoms bound to
phosphorus). The value of k is directly related to the range of
variation of the bond strength at the phosphonate oxygens
(DPO22),14 that in this case, was different for the various types
of connectivity, that were thus easily determined: (111)
connectivity [k = 20.6 to 20.5; DPO22 ≈ 0.05 to 0.1], (112)
[k = 20.2; DPO22 ≈ 0.2] and (122) [k = 0.05–0.1; DPO22 ≈
0.3]. Similarly in compound 1, the highest value of the k
parameter is probably found for the highest DPO22 (0.29). As
the two PO3 sites exhibit the same (111) coordination mode, we
can see, for a given connectivity, that the range of variation of

DPO22 is far larger than it was in the case of zinc phosphonates.
It would be very helpful to know if the differentiation of the
various connectivities from the k parameter is still possible in
gallium phosphonates, but additional crystallographic refer-
ences are necessary, and work is in progress for this purpose.
Nevertheless, if we look at the k values measured for compound
2 (Table 2), it is reasonable to think that the site at d 25.3
(k = 0.0) denotes a PO3 group with a connectivity higher than
(111).

In summary, the work reported here illustrates that original
gallium phosphonates can be obtained and efficiently charac-
terized using 31P MAS and 71Ga static NMR spectroscopy.
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Fig. 2 Schematic representation of a Ga(OH)(O3P(CH2)2CO2H)·H2O layer
as seen perpendicular to the c-axis; Ga (hatched), P (white), O (black) and
carbon atoms omitted for clarity. Selected interatomic distances (Å): Ga(1)–
O 1.889(7), 1.906(6) (OH), 1.926(7) (OH), 1.978(8), 2.019(7), 2.061(7)
(H2O); Ga(2)–O 1.913(7) (OH), 1.922(6) (OH), 1.949(7), 1.965(7),
2.018(7), 2.060(7) (H2O).

Table 2 31P chemical shift tensor data for gallium phosphonates 1 and 2

diso Wb kc DpO22 (v.u.)d

1 14.9 (site 1: 50%) 76.5 20.3 0.29
12.0 (site 2: 50%) 74.5 20.5 0.15

2 25.3 (site 1: 50%) 53.1 0.0 —
23.9 (site 2: 50%) 52.6 20.2 —

a Chemical shifts are referenced to 31P resonance in 85% H3PO4. b Chemical
shift span defined as d11 2 d33 with d11 ! d22! d33, see ref. 12(b).
c Chemical shift skew defined as 3 (d22 2 diso)/W. d Bond strength range at
oxygens, see ref. 14(b).
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An immobilised lipase isolated from Candida antarctica
(Novozym 435) catalyses the selective epoxidation of poly-
butadiene.

The use of enzymes in organic synthesis is becoming increas-
ingly widespread. There are previous reports of the use of
lipases in polytransesterification reactions, but their application
to the modification of the backbone of synthetic polymers has
not been explored.1 We now report the enzyme catalysed
epoxidation of a monophenyl terminated polybutadiene (Mn ~

1300; 45% 1,2-vinyl, 35% 1,4-trans, 20% 1,4-cis) in a three
phase system, under very mild conditions. The polybutadiene
was treated with a 27.5 wt% aq. solution of hydrogen peroxide,
catalytic quantities of acetic acid, and an immobilised lipase
isolated from Candida antarctica (Novozym 435), in CH2Cl2 at
room temperature.‡ The reaction proceeded rapidly over 24 h.
Little further epoxidation and no opening of the epoxide rings
(absence of OH absorptions in the infrared spectra) occurred
over an additional 72 h. Reactions carried out in the absence of
enzyme showed no evidence of epoxidation. The molecular
weight of the polymer, determined by GPC, did not alter
significantly during the epoxidation procedure, indicating the
absence of chain scission and coupling reactions. The degree of
epoxidation was readily calculated from the 1H NMR spectrum
and the elemental analysis of the polymer. The results from both
techniques were in close agreement. It was found that 29% of
the double bonds had been oxidised over 24 h. The 1H NMR
spectra also allowed the relative numbers of 1,4-cis, 1,4-trans
and 1,2-vinyl double bonds to be calculated. The signals arising
from the phenyl end group were vital to this procedure. It was
apparent that the reaction was highly selective, and under all
conditions studied the 1,4-cis and 1,4-trans double bonds of the
backbone were epoxidised whilst the 1,2-vinyl groups remained
untouched. Thus the epoxidation of 29% of all the double bonds
in the polymer after 24 h corresponds to 52% of the backbone
double bonds being epoxidised.

Some selective preference for epoxidation of the double
bonds of the backbone (1,4-cis > 1,4-trans 9 1,2-vinyl) has
been observed in previous attempts to epoxidise poly-
butadiene.2–4 In these systems the vinyl groups began to react
before all of the backbone double bonds had reacted and some
of the backbone double bonds remained unreacted. Small
amounts of ring opened products were also observed in the
epoxidation of polybutadiene with a 1 : 2 mixture of acetic acid
and 60 wt% hydrogen peroxide.2 The mild conditions of the
enzymatic epoxidation procedure allowed the selective epoxi-
dation of the backbone double bonds without opening the
epoxide rings. Only one approach, using a molybdenum
catalyst, has shown both high selectivity and complete conver-
sion.5 With this catalyst the backbone double bonds were
completely epoxidised within 3 h at room temperature and there
was no further change in the next 70 h. No epoxidation of the
1,2-vinyl groups was observed.

The conditions of the reaction were varied in the hope that the
selective epoxidation of all the backbone double bonds would
be achieved. It has been reported that for monomeric systems
the dropwise addition of the hydrogen peroxide over the course
of the reaction gives better yields of epoxides than the addition
of the oxidant in one portion at the beginning of the reaction.6

We found that the percentage of epoxidised double bonds was
reduced from 29 to 18% using this procedure. Changing the
solvent from CH2Cl2 to toluene, while using the same dropwise
addition procedure, increased the percentage of epoxidation
from 18 to 30%. In contrast, using hexane gave only 2%
epoxidation. The poor yield of epoxide obtained with hexane as
solvent was surprising as hexane had been reported to be
amongst the best solvents for the epoxidation of monomeric
systems with this enzyme.6 It is known that the enzyme is
deactivated during the course of the reaction.6 It was anticipated
that increasing the amount of enzyme would increase the
reaction rate, and more double bonds would be epoxidised in the
time taken for the enzyme to become inactive. In fact, doubling
the amount of enzyme had no effect and the yield of epoxide
was virtually unchanged.

It has been established that the role of the enzyme in this
system is to catalyse the synthesis of peracid, the actual species
which attacks the double bond.6 The enzyme plays no part in the
actual epoxidation step. The generation of peracid in situ
removes the need for handling these potentially hazardous
compounds. Medium chain alkanoic acids (C8 to C16) were used
with this enzyme in previous epoxidation reactions of mono-
meric systems.6 With polymeric systems we found that very
stable emulsions were formed, making the work up procedure
extremely difficult. The use of acetic acid, instead of medium
chain alkanoic acids, allowed the reaction to proceed efficiently
and greatly simplified the work up procedure. Confirmation that
the enzyme plays no part in the epoxidation of alkene by
peracetic acid was obtained by epoxidising the polymer in
CH2Cl2 with a 32% solution of peracetic acid in acetic acid with
and without enzyme present. In both cases, over 96 h
polybutadiene was completely epoxidised and the majority of
the epoxide rings opened and esterified [nmax (thin film) 1736
cm21]. There was no evidence of residual acid being retained by
the polymer. Interestingly, the epoxide groups of polyepoxide
polymers derived from polybutadiene have been reported to be
relatively inert to ring opening reactions with carboxylic acids,
requiring forcing conditions.7

Table 1 Enzymatic epoxidation of polybutadiene

Yield of
1,4-cis
and

Hydrogen Yield of 1,4-trans
peroxide Enzyme/ epoxide epoxide

Run t/h Solvent additiona wt% (%)b (%)b

1 2 CH2Cl2 A 10 ~ 0 ~ 0
2 6 CH2Cl2 A 10 12 21
3 24 CH2Cl2 A 10 29 52
4 96 CH2Cl2 A 10 31 57
5 24 CH2Cl2 B 10 18 33
6 24 Hexane B 10 2 4
7 24 Toluene B 10 30 55
8 24 CH2Cl2 B 20 21 39

a A: Oxidant added in one portion at the start of the reaction. B: Oxidant
added dropwise over the course of the reaction. b Determined via 1H NMR
spectroscopy.
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Further investigation of this intriguing approach to polymer
modification and its potential for modifying polymers for
speciality materials applications, such as biomaterials, and
polymer degradation are currently underway.

We thank the EPSRC for a studentship (to N. O.) and Novo
Nordisk for the gift of Novozym 435.
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Theoretical and experimental studies of the unprecedented spin-dependent
structures of [Cp2Fe2(CO)2], the double-CO-loss product of [Cp2Fe2(CO)4]

Marcello Vitale, Marsi E. Archer and Bruce E. Bursten*

Department of Chemistry, The Ohio State University, Columbus, OH 43210, USA

Photochemically generated [(h-C5R5)2Fe2(CO)2], which is a
triplet molecule with terminal CO ligands, undergoes
thermal relaxation to the singlet ground state of the
molecule, which has bridging CO ligands.

Dinuclear organometallic complexes (DOCs) demonstrate re-
markably rich and diverse photochemistry.1 This paper focuses
on new aspects of the photochemistry of one of the best studied
DOCs, namely the diiron complex [Cp2Fe2(CO)4] (1, Cp = h5-
C5H5), and its half-methylated and permethylated derivatives
[Cp(Cp*)Fe2(CO)4] (1A, Cp* = h5-C5Me5) and
[Cp*2Fe2(CO)4] 1*.2 We report evidence here for a remarkable
and unprecedented spin-dependent structural change in an
organometallic photoproduct.

In 1983, Rest and coworkers3 and Wrighton and coworkers4

demonstrated that irradiation of 1 in frozen hydrocarbon
matrices leads to CO loss and the formation of [Cp2Fe2(m-CO)3]
2, which has a formal Fe–Fe double bond and three symmet-
rically bridging CO ligands (nCO = 1812 cm21). Complex 2 is
unusual inasmuch as it has a triplet ground state owing to its
high, pseudo-D3h symmetry.5 We demonstrated that irradiation
of 1 in softer hydrocarbon matrices leads to subsequent loss of
CO from 2, yielding the double-CO-loss product
[Cp2Fe2(CO)2] 3:6

Based on the positions and near-equal intensities of its IR
bands in the CO-stretching region (1904, 1958 cm21), we
proposed that 3 has a C2 structure in which two equivalent
CpFe(CO) fragments are bonded together via an unsupported
Fe–Fe triple bond, with a dihedral angle of ca. 90° between the
two CO ligands.6 Compounds 1A and 1* exhibit wholly
analogous matrix photochemistry, with methylation of the Cp
ligands leading to the expected red-shift of the CO-stretching
bands in the IR.†

The presence of terminal CO ligands in 3, 3A and 3* is highly
unusual. Other [{CpM(EO)}2] complexes of first-row transition
elements, such as [{CpCo(CO)}2], contain bridging EO li-
gands.7 [{CpPt(CO)}2] does have terminal CO ligands, but it
seems likely that the Pt–Pt single bond in the latter is too long
to support bridging CO ligands.8

In order to add insight into the unusual structure of 3, we have
performed electronic structure calculations of 3 using density
functional theory.‡ We and others have used this methodology
to predict the structures of metal carbonyl complexes with good
success.9 The calculated lowest-energy structure of 3 has C2v
symmetry with two symmetric bridging CO ligands [Fig. 1(a)],
corresponding to a 1A1 closed-shell electron configuration. The
calculated dihedral angle between the two Fe–C(O)–Fe planes
is 125°; it can therefore be viewed as structurally analogous to
2 with the removal of one of the m-CO ligands.

We were initially puzzled by the apparent disagreement
between this calculated structure of 3 and the one indicated by
experiment. However, 3 is produced by a triplet precursor (2),

and 3 readily back-reacts to form 2, even in frozen matrices at
< 90 K. These observations suggest that the conversion 3 + CO
? 2 is a spin-allowed reaction, which would require that 3 be a
triplet molecule. Our calculations on excited triplet states of 3
indicate that a low-lying 3B state has a C2 structure in perfect
accord with that proposed from the matrix experiments, viz.
terminal CO ligands and a dihedral angle of 86° [Fig. 1(b)].§
These calculations provide support for the notion that the
double-CO-loss products 3, 3A and 3* are produced as excited
triplet molecules.

Our calculated Fe–Fe bond lengths for trans-1 (2.548 Å) and
2 (2.274 Å)10 are in good agreement with the crystallographic
Fe–Fe bond lengths in trans-1 (2.534 Å)11 and 2 (2.265 Å).5
These results give us confidence in the reliability of our
calculated Fe–Fe bond lengths in the singlet and triplet forms of
3, which are 2.116 Å and 2.189 Å, respectively. Both of these
are significantly shorter than the Fe–Fe bond length in 2,
consistent with an increase in the formal Fe–Fe bond order from
two in 2 to three in 3.

The gross structural change predicted between the ground-
state bridging-CO singlet form of 3 (denoted 13) and the
terminal-CO triplet form of 3 (33) is unprecedented and suggests
that 33 is the kinetically favored product of the irradiation of 2.

Fig. 1 (a) Calculated structure of the singlet ground-state structure of
[Cp2Fe2(CO)2] 3. Selected calculated metric parameters: Fe–Fe 2.116 Å,
Fe–C(CO) 1.926 Å, Fe–(Cp centroid) 1.773 Å, Fe–Fe–(Cp centroid) 174°,
dihedral angle between Fe–C(CO)–Fe planes 125°. (b) Calculated structure
of the unbridged 3B excited state of 3. Selected calculated metric
parameters: Fe–Fe 2.189 Å, Fe–C(CO) 1.778 A, Fe–(Cp centroid) = 1.850
A, Fe–Fe–(Cp centroid) 141°, dihedral angle between Fe–Fe–C(CO) planes
86°.
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It also suggests that, under appropriate conditions, 33 should
relax to form ground-state 13. We now believe that we have
observed 13* in new matrix photochemical experiments.

When a frozen solution of 1* (1 mm) in neat 3-methylpentane
is irradiated for 150 min, we observe IR bands for free CO (2132
cm21), 2* (1785 cm21), and 33* (1876 cm21; the 1929 cm21

band of 33* is obscured by a band of 1*). We also observe a new
bridging-CO band at 1812 cm21 [Fig. 2(a)]. Observation at
short irradiation times ( < 5 min) indicates that the species that
causes the band at 1812 cm21 is formed only after 33* is
formed. If the irradiation is discontinued and the matrix
maintained at 98 K, we observe, via difference IR spectroscopy,
only the thermal back-reaction 33* + CO ? 2*, as was the case
in the original report of 3 [Fig. 2(b)].6 The band at 1812 cm21

does not disappear on standing at 98 K. However, if the dark
matrix is warmed to 163 K, we observe that free CO, 33*, and
the species at 1812 cm21 are consumed as 2* is produced
[Fig. 2(c)]. We see analogous results upon prolonged irradiation
of a matrix of 1A, with the new band blue-shifted to 1833
cm21.

These new experimental data are consistent with the slow
thermal or photochemical formation of 13* and 13A from 33* and
33A, respectively, and the slower (higher activation energy)
back-reactions of 13* and 13A with CO to reform 2* and 2A. The
slowness of these conversions is expected given that they are
spin-forbidden. If our calculated structure of 13 is correct, then
the 1812 and 1833 cm21 bands are likely the antisymmetric (B1
under C2v symmetry) stretching mode of the bridging CO
ligands in 13* and 13A, respectively. The symmetric A1 mode for
each molecule should be at higher energy and, assuming the
dipole moment changes are similar, will be only about half as
intense as the B1 mode. We have not yet observed the A1 band
for either 13* or 13. Our proposed series of transformations in
the matrix photochemistry of 1* is summarized in Scheme 1.

Direct kinetic access to the triplet double-CO-loss photo-
products such as 3 is a consequence of the symmetry-driven
triplet ground state of the single-CO-loss photoproduct 2.
Lowering the symmetry of the initial precursor should favor the
formation of singlet rather than triplet products. We believe that
we have observed such an effect in the photochemistry of the

lower-symmetry precursor [{Cp*Fe(CO)}2(m-CO)(m-CH2)],
which forms a double-CO-loss product with a bridging or semi-
bridging CO ligand.12 We will continue to explore this interplay
between spin state and structure in the photochemistry of other
DOCs.

We thank Timothy Barckholtz for helpful discussions. We
gratefully acknowledge the National Science Foundation (Grant
CHE-9528568) and the Ohio Supercomputer Center for support
of this research. M. E. A. is thankful for support as a GAANN
Fellow, granted by the US Department of Education and
administered by The Ohio State University.
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Fig. 2 Difference IR spectra of the CO-stretching region of a frozen solution
of 1* in 3-methylpentane at 98 K. (a) Difference spectrum obtained by
subtracting the initial spectrum prior to irradiation from the spectrum
obtained after 150 min irradiation. (b) Difference spectrum obtained by
subtracting the spectrum immediately following 150 min irradiation from
the spectrum obtained after 150 min irradiation followed by 5 min of
thermal (dark) reaction at 98 K. (c) Difference spectrum obtained by
subtracting the spectrum immediately following 150 min irradiation from
the spectrum obtained after 150 min irradiation followed by dark warming
of the matrix to 163 K and cooling back to 98 K.

Scheme 1 Summary of proposed matrix photochemistry of 1* in frozen
3-methylpentane
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One-step synthesis of a quaternary tetrapyridinium macrocycle as a new
specific receptor of tricarboxylate anions

Satoshi Shinoda,*a Makoto Tadokoro,a Hiroshi Tsukubea and Ryuichi Arakawab

a Department of Chemistry, Faculty of Science, Osaka City University, Sugimoto, Sumiyoshi-ku, Osaka 558, Japan
b Department of Applied Chemistry, Kansai University, Yamate-cho, Suita 564-80, Japan

A new type of quaternary tetrapyridinium macrocycle has
been readily prepared via a one-step reaction, which showed
characteristic selectivity for certain tricarboxylate anions
upon 1 : 1 complexation.

Because anion recognition plays an important role in many
biological processes, much effort has been devoted to designing
specific anion receptors in molecular recognition chemistry.1,2

In most of the reported receptors, positively charged groups
such as ammonium and guanidinium units have been commonly
introduced as binding sites, with electrostatic attraction between
ion pairs predominantly contributing to the stability of the
complexes.3 Structural complementarity also affects both the
selectivity and stability of the anion complexation. Kimura and
Hosseini and Lehn demonstrated4 that some protonated poly-
azamacrocycles bound carboxylates and phosphates, and ex-
hibited interesting anion selectivity. Since the number of
synthetic receptors specific for anions is still limited, a new
class of macrocycles having well-defined geometrical and
binding features should be developed, especially for specific
recognition of biologically important organic polyanions.

Here, we present the one-step synthesis, crystal structure and
anion binding property of a new macrocyclic receptor 1.†
Although polyammonium macrocycles have been presented as
effective anion receptors, macrocycle 1 is remarkable for the

following reasons. (1) Macrocycle 1 was directly derived from
3-bromomethylpyridine and its synthetic procedure was ex-
tremely simple. (2) The macro-ring is composed of four
pyridinium rings having structurally and electrostatically well-
defined features. (3) The positive charge of 1 is permanent and
active even under neutral or weakly alkali conditions, while
corresponding aliphatic polyammoniums are not fully proto-
nated under such conditions.

An aqueous solution of 3-bromomethylpyridinium bromide
(4.5 g, 18 mmol) was neutralized with NaHCO3 and the
resulting 3-bromomethylpyridine was immediately extracted in
CH2Cl2 (40 ml). When the solvent was evaporated at room
temperature, N-alkylation vigorously occurred to yield a
mixture of quaternary pyridinium salts. Hydrated single crystals
of the tetrapyridinium bromide 1, C24H24N4Br4·2H2O,‡ were
isolated by recrystallization from water (230 mg, 0.32 mmol). A
mixture of linear oligomeric pyridinium salts was obtained as
major products, but product analysis by capillary electro-
phoresis revealed that cyclic compounds having different ring
sizes were not formed under the employed conditions.

N-Alkylation also occurred in refluxing CH2Cl2, which grad-
ually yielded cyclic tetramer and linear polymer.

The crystal structure§ of 1·2H2O, determined by an X-ray
diffraction study, indicates that the 16-membered ring contain-
ing four pyridine nitrogen atoms with positive charges is almost
in one plane (Fig. 1). Of the four counter bromide anions, two
are located inside the macrocycle, while the others are located
outside the macrocycle. The distances between these bromide
anions and the Ha protons of the pyridine rings are in the range
2.65–2.79 Å, which are shorter than the sum of the van der
Waals radius of a hydrogen atom and the ionic radius of a
bromide anion (3.17 Å).5

The binding property¶ of 1 for tricarboxylate anions was
investigated by 1H NMR titration experiments in D2O in which
the pH value was initially adjusted to be 7–8 with NaHCO3 to
make guest anions in the trivalent forms. Five tricarboxylic
acids were employed: acyclic tricarboxylic acids 2–4 and
cyclohexane tricarboxylic acids 5 and 6. When 3 was employed

as a guest, large downfield shifts (Dd = 0.83 ppm, 1 equiv.)
were observed for the Ha proton signal†† while the signals for
other aryl protons shifted slightly upfield (Dd = 0.13 ppm, 1
equiv.). Other tricarboxylates 2, 4 and 5 gave similar 1H NMR
spectral changes and the observed titration curves showed
saturation and were well fitted by the 1 : 1 complexation,
although 6 provided too small changes in the 1H NMR spectra
to precisely analyze. The binding constants K were calculated

Fig. 1 Crystal structure of 1·2H2O. Hydrogen atoms other than Ha and Hb

are omitted for clarification.

Chem. Commun., 1998 181



from the computer analysis,6 indicating that 1 offered inter-
esting anion selectivity for the four tricarboxylates; 3 (log
K = 5.1) > 4 (4.5) ≈ 2 (4.4) > 5 (4.1). Among the acyclic
tricarboxylates 2–4, 3, having two carboxylates fixed at the cis-
1,2 positions, offered the largest K value. Because the employed
tricarboxylates have the same net charges, the geometry of the
three carboxyl groups should be an important factor for
determining the stability and selectivity.7 The order of the log K
values parallels that of the chemical shift changes (Dd) of the Ha
protons.∑

We have successfully prepared a new type of macrocyclic
receptor via a one-step synthesis. Because of the pre-organized
macrocyclic structure and highly positive charge, it specifically
binds tricarboxylate anions at pH 7. Since its anion recognition
behavior varied considerably from those observed with com-
mon protonated macrocyclic polyamines,4,7 this study presents
a new aspect of anion recognition chemistry with wide
applications in related fields.

We thank Ms. S. Takeda of the Osaka National Research
Institute, AIST, and Professor Akio Ichimura of Osaka City
University for their helpful discussions. This research was
supported by a Grant-in-Aid for Scientific Research (No.
08454205) from the Ministry of Education, Science, Sports and
Culture, Japan.
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The facile loss of formic acid from an anion system in which the charged and
reacting centres cannot interact
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Both the 3-[2-(2-formyloxy-1,3-[2H6]propyl)]adamantane
carboxyate anion and cation undergo loss of HCO2D from
the 3 substituent by processes which occur remote from and
uninfluenced by the carboxylate charged centre.

It has been proposed that reactions which occur remote from
and uninfluenced by the charged centre (charge-remote reac-
tions) can occur following collisional activation of even
electron organic anions in the gas phase.1,2 In support of this,
charge-remote loss of a radical from an (M 2 H)2 ion is
sometimes observed when the product formed is a stable radical
anion.3 The evidence in favour of the loss of (even electron)
neutrals commonly occurring by charge-remote processes from
even electron anions is not strong however.4 One such process
which has been substantiated is the Gross reaction:1,2,5,6 the
particular example shown in eqn. (1) is energetically unfavoura-

ble (calculations indicate that DH = +209 kJ mol21 while the
activation barrier is some 370 kJ mol21), and occurs following
extensive hydrogen exchange along the carbon skeleton.6 It
appears that charge-remote reactions may occur when anion
directed fragmentations are energetically unfavourable in
comparison.

We have continued our search for charge-remote reactions
utilising a system in which the anion site is unable to approach
the reacting centre. Certain 1,3-disubstituted adamantanes fulfil
this prerequisite, and we have chosen the carboxylate group as
the anion site.

When cyclohexyl acetate is heated to 160 °C in solution,
cyclohexene and acetic acid are formed in almost quantitative
yield.7 The reaction is slightly endothermic [DG = +18 kJ
mol21 (ref. 8)] and the barrier is calculated [at MP4 (SDTQ)/
6-31G* level for the model system ethyl formate] to be near 220
kJ mol21.9 We have synthesised 1† as an anion model for this
reaction. The two substituents in 1 can neither interact through
bonds, nor approach through space. The parent (M 2 H)2 ion
fragments by exclusive loss of HCO2D (Fig. 1): this charge-
remote reaction (which shows similarities to both the McLaff-
erty rearrangement of a radical cation, and the Norrish 2
rearrangement of a diradical) is summarised in eqn. (2).

The neutrals formed following collisional activation of the
unlabelled analogue corresponding to 1 have also been studied:
the 2NfR+ spectrum (the compositive positive ion spectrum
produced by ionisation of all neutrals formed following

collisional activation of the parent negative ion)5,6 of these
shows a small peak on the side of the CO2·+ peak which
corresponds to m/z 46 (HCO2H·+), establishing that formic acid
is amongst the neutrals formed during fragmentation of
unlabelled parent anion corresponding to 1.

Finally, if this reaction is uninfluenced by the charged centre,
then it should also operate for the cognate species containing a
carboxylate cation centre, provided of course that there is no
low energy positive ion fragmentation which occurs in
preference to the charge-remote reaction. A carboxylate cation
cannot be formed by conventional positive ion mass spectrome-
try, but it is accessible by charge reversal11 of anion 1. The
charge reversal spectrum of 1 (Fig. 2) [a charge reversal
spectrum is the positive ion spectrum resulting from the
energised (M 2H)+ species formed following collision induced
charge stripping of the (M 2 H)2 ion] shows small peaks due
to (M 2 H)+, [(M 2 H)+ 2 CO2] and [(M 2 H)+ 2 HCO2D]

Fig. 1 Collisional activation mass analysed ion kinetic energy spectrum of
1. VG ZAB 2HF mass spectrometer operating in negative chemical
ionisation mode. The carboxylic acid precursor is deprotonated by HO2
(from H2O), source pressure ca. 1021 Torr (1 Torr = 133.322 Pa), collision
gas Ar (pressure 5 3 1027 Torr), for full experimental details see ref. 6.

Fig. 2 Charge reversal (positive ion) mass spectrum of anion 1. VG ZAB
2HF spectrometer. Experimental conditions as for Fig. 1 except that the
voltage of the electric sector is reversed to allow the transmission of positive
ions.
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ions. The base peak is produced by the overall process [(M 2
H)+ 2 (CO2 + HCO2D)] but it is not known whether loss of
HCO2D in this instance occurs from the (M 2 H)+ and/or the
[(M 2 H)+ 2 CO2] ions.

It is thus established experimentally that charge-remote loss
of HCO2D occurs from anion 1, and also via the corresponding
carboxylate cation.

We acknowledge funding from the Australian Research
Council (J. H. B. and S. D.) and the National Institutes of
Health, USA (C. W.).
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Tandem Michael-aldol induced ring closure of dimethyl
2-phenylselenofumarate: a diastereoselective entry to novel 4-phenylseleno
butano-4-lactone derivatives, versatile precursors of naturally occurring
compounds

Franco D’Onofrio,*b Roberto Margarita,a,b Luca Parlanti,*a,b Giovanni Piancatellia and Maurizio Sbragaa

a Dipartimento di Chimica and b Centro CNR di Studio per la Chimica delle Sostanze Organiche Naturali (Istituto Nazionale di
Coordinamento ‘Chimica dei Sistemi Biologici’), Università ‘La Sapienza’ P.le A. Moro 5, 00185 Roma, Italy

Tandem Michael-aldol induced ring closure of dimethyl
2-phenylsenofumarate gives, with good yields and dia-
stereoselectivities, highly substituted 4-phenylselenobutano-
4-lactones, which can be further transformed into naturally
occurring substances.

The synthesis of trisubstituted butenolides and butano-4-lac-
tones, in particular of their 4-carboxy-derivatives (paraconic
acids), has attracted considerable attention in recent years,
because of the wide range of biological activities exhibited by
this class of compounds,1 which includes substances such as
lichesterinic, protolichesterinic, dihydroprotolichesterinic,1b,2h,i

roccellaric,2j nephromopsinic,2f pertusarinic2k and phaseolinic2l

acids. Many synthetic approaches to these molecules have been
developed by a number of research groups over the past
decades.2,3

In connection with our previous studies on the reactivity of
dimethyl 2-phenylselenofumarate 1 as a Michael acceptor,4b,c

we describe here a simple method for the diastereocontrolled
synthesis of the novel highly functionalized 4-phenylseleno-
butano-4-lactones 2a–d, 3a–d, which involves a tandem
Michael-Aldol induced ring closure [reaction (1), Table 1]. We

also show the synthetic utility of the new molecules, which can
be easily transformed into naturally occurring products, such as
saturated and unsaturated paraconic acids.

As we described in a previous paper, the diester 1, which is
easily available from dimethyl maleate,4a reacts with MeLi in a
Michael reaction, with no trace of the 1,2 addition products.4b

The anion resulting from this Michael addition can be easily
trapped by adding an aldehyde to the reaction mixture; the
resulting aldol adduct then instantaneously undergoes lactoni-
zation affording 4-phenylselenobutano-4-lactones 2a–d, 3a–d
with good overall process yields [reaction (1), Table 1].†

As summarized in Table 1, the reaction proceeds with
excellent diastereoselectivities when R = n-alkyl, aryl or

2-furyl; a lower diastereoselectivity is observed when an a,b-
unsaturated aldehyde is used. The stereochemistry of the
process could be rationalised assuming the formation of the
chelated intermediate A resulting from the attack of MeLi and
the subsequent approach of the aldehyde from the favoured si-
face (Scheme 1).5 However, the assignment of the relative
stereochemistries of diastereoisomers 2 and 3 is based upon the
following chemical evidence arising from further trans-
formations of these compounds.

First, 2 and 3 gave butenolides 4 via selenoxide syn-
elimination when treated with NaIO4,6 [reaction (2), Table 2],

indicating that the phenylselenenyl and methyl groups in 2 and
3 must be in a trans relative configuration. Using 2a and 3a as
starting compounds in this reaction allowed the synthesis of
(R,S)-lichesterinic acid methyl ester 4a; (R,S)-lichesterinic acid
has been isolated from Icelandic moss Cetraria islandica.7 This
paraconic acid shows antibacterial activity towards Gram
positive organisms,7c and various syntheses have already been
reported in the literature.3d,7c,8

Secondly, in order to determine the relative configurations at
C-5 in lactones 2 and 3, hydrogenolysis of the C–Se bond of
2a,b was carried out.9 The resulting products were identified as

Table 1 Synthesis of g-lactones 2a–d, 3a–d

Yield
R 2 + 3 (%) 2 : 3

nC13H27 a 71 93 : 7
Ph b 58 89 : 11
2-Furyl c 55 91 : 9
CH3CHNCH d 66 71 : 29

Scheme 1

Table 2 Transformation of g-lactones 2a–d, 3a–d to butenolides 4a–d

R 4 Yield (%)

n-C13H27 a 92
Ph b 73
2-Furyl c 81
CH3CHNCH d 82
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5a,b, 6a,b by comparison with the literature data [reaction
(3)];2k this outcome was interpreted in terms of a structure for

compound 2 in which the substituent at C-5 and the methyl
group at C-3 are in a cis relative configuration. Consequently,
the lactone 3 must have the same groups in a trans configura-
tion.

In addition, as the predominant isomer 5a can be easily
epimerized to 6a,2k this transformation also has synthetic
relevance, as 6a is the methyl ester of the naturally occurring
roccellaric acid, isolated from the chilenic lichen species
Roccellaria mollis.2b

In conclusion, we have described a facile diastereoselective
synthesis of novel highly functionalized 4-phenylselenobutano-
4-lactones and their application in the synthesis from 1 of
racemic paraconic acids esters e.g. 4a and 6a, with good overall
yields (65 and 58%, respectively). Furthermore, this strategy
allows good flexibility with respect to the substituent at C-5,
which is characteristic of paraconic acids.

Development of a stereocontrolled methodology to prepare
enantiomerically pure compounds2 via this sequential process
and extension of the methodology are underway in our
laboratory.
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* E-mail: piancatelli@axrma.uniromal.it
† Typical experimental procedure: MeLi (1.1 mmol) was added to a stirred
solution of 1 (1 mmol, 300 mg) at 270 °C in 10 ml of dry Et2O, under argon
atmosphere; the reaction mixture was allowed to react for 10 min and then
the aldehyde (1.2 mmol), dissolved in 2 ml of dry Et2O, was added. The
resulting mixture was stirred at 270 °C for 1 h after which the temperature
was raised to 0 °C and water was added. The solution was then extracted
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aqueous NaHCO3 and brine, dried over anhydrous Na2SO4 and concen-
trated under reduced pressure. Column chromatography on SiO2 (hexane–
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Synthesis, structure and properties of [Cr2(PS4)4]62; the first discrete
transition metal cluster from thiophosphate flux reactions

Volkmar Derstroff, Vadim Ksenofontov, Philipp Gütlich and Wolfgang Tremel*

Institut für Anorganische Chemie und Analytische Chemie, Universität Mainz, Becherweg 24, D-55099 Mainz, Germany

The molecular cluster compound [Cr2(PS4)4]62 forms by the
reaction of Cr metal with thiophosphate fluxes.

Understanding the structural and reactivity relationships be-
tween molecules and extended solids of comparable compo-
sitions is a major challenge of synthetic inorganic chemistry.
Many molecular cage and cluster compounds whose structural,
and sometimes reactivity, features are comparable to those of
metal oxide/chalcogenide/halide solids have been reported.1–3

The well known behavior of metal alkoxides to oligomerize
both in solution and in the solid state4 has triggered studies on
systems where a facile conversion of molecules to solids under
mild conditions is possible, e.g. by using the sol–gel process5 or
by pyrolysis6 of suitable precursors to achieve the desired solid
product. The reverse process, an excision7 of discrete metal
clusters from extended solids, has received less attention so far.8
Pioneering work has been done by the groups of Corbett9 and
Holm10 who used solid state compounds containing discrete
clusters as precursors for the synthesis of soluble species that
are not accessible by solution methods. In contrast to tetra-
thiometalate complexes11 metal coordination compounds with
group 15 tetrathio anions as ligands (so-called Zintl-type
ligands) are extremely difficult to stabilize in solution12 because
of their high negative charge and the lack of charge delocaliza-
tion. The first representatives of this class of compounds are,
however, easily accessible through solid state reactions† using
polythiophosphate fluxes.13

The facile syntheses of the one-dimensional chain com-
pounds A3[Cr2(PS4)3] (A = K, Tl) whose structures contain the
polymeric H1[(Cr2(PS4)3]32 species14 indicated that discrete
[Cr2(PS4)4]62 units might form from reaction systems contain-
ing a higher tetrathiophosphate content. In one Cr–P2S5–K2S
system containing the reactants in a 1 : 2 : 3 ratio at 600 °C the
title compound formed in 85% yield after one week. The
structure‡ of the title compound contains binuclear
[Cr2(PS4)4]62 clusters which are well separated from each other
by K+ cations. The anion portion of the clusters is shown in
Fig. 1. The centrosymmetric [Cr2(PS4)4]62 cluster consists of a
Cr2(PS4)2 core which is terminated on each side by two [PS4]32

thiophosphate ligands in a bidentate fashion. In the core two
[PS4]32 ligands bridge two octahedrally coordinated Cr atoms
employing three S atoms each. The remaining S atom is non-
bonding. Relative to the idealized Td anion symmetry, metal
coordination decreases the S–P–S angle while the angle
unbridged by Cr is considerably expanded. The Cr atoms are
coordinated by three [PS4]32 ligands where each thiophosphate
group furnishes two S atoms to complete the octahedral S
coordination of the metal. The Cr···Cr distance within the dimer
is 3.523(1) Å. The unique Cr–S distance is comparable to that in
CrP3S9 + x

15 the individual Cr–S distances ranging from
2.387(1) to 2.485(1) Å.

Magnetic susceptibility measurements in the temperature
range 4–300 K show that the Cr3+ centers within the binuclear
units are antiferromagnetically coupled. This can be ascribed to
a small antiferromagnetic exchange coupling between the Cr
atoms in the dimeric units. The magnetic behavior can be
modeled with the use of an isotropic Heisenberg–Dirac–Van
Vleck dimer model for an S1 = S2 = 3/2 and an exchange

coupling constant J = 24 cm21. The corresponding room
temp. moment corrected for diamagnetism, meff = 3.78 mB, is
slightly smaller than the spin-only value of 3.87 mB for CrIII with
S = 3/2. The optical spectrum of K6[Cr2(PS4)4] exhibits a sharp
optical gap consistent with semiconducting behavior. The
experimentally determined value is Eg = 1.36 eV. Thermal
analysis shows that K6[Cr2(PS4)4] melts without decomposition
at 433.8 °C.

K6[Cr2(PS4)4] easily dissolves in DMF or acetonitrile upon
addition of 2,2,2-cryptand, although so far we were unable to
obtain precipitates with large cations in single-crystalline form.
This behavior indicates the potential of [Cr2(PS4)4]62 as a
precursor for the synthesis of Zintl anion complexes in solution.
The solutions of K6[Cr2(PS4)4] in DMF are stable according to
UV–VIS for 1–2 days. In DMF solution the [Cr2(PS4)4]62

chromophore shows one strong absorption at 615 nm.
K6[Cr2(PS4)4], the first transition metal thiophosphate with

PS4
32 ligands has been synthesized from molten poly-

thiophosphate fluxes. Its structure contains the [Cr2(PS4)4]62

cluster as a molecular analogue of the [Cr2(PS4)3]32 units
observed in the one-dimensional chain compound
K6[Cr2(PS4)4].14 The [Cr2(PS4)4]62 cluster is one of the few
known complexes with a complete Zintl anion coordination
sphere; it is stable in solution and may be useful as a synthon for
‘wet’ chemistry.

Fig. 1 Structure of the [Cr2(PS4)4]62 anion with atomic labeling scheme.
Selected bond lengths (Å) and angles (°): Cr–S(3) 2.387(1), Cr–S(4)
2.391(1), Cr–S(5) 2.416(1), Cr–S(6) 2.399(1), Cr–S(7) 2.451(1), Cr–S(7a)
2.485(1), P(1)–S(1) 2.003(2), P(1)–S(2) 2.004(2), P(1)–S(3) 2.090(2),
P(1)–S(4) 2.073(2), P(2)–S(5) 2.048(2), P(2)–S(6) 2.045(2), P(2)–S(7)
2.114(2), P(2)–S(8) 1.967(2), S(3)–Cr–S(4) 84.05(4), S(3)–Cr–S(5)
85.94(5), S(3)–Cr–S(6) 99.37(5), S(3)–Cr–S(7) 167.52(5), S(3)–Cr–S(7a)
92.36(4), S(4)–Cr–S(5) 96.59(4), S(4)–Cr–S(6) 84.59(4), S(4)–Cr–S(7)
97.68(4), S(4)–Cr–S(7a) 165.09(4), S(5)–Cr–S(6) 174.66(5), S(5)–Cr–S(7)
81.58(4), S(5)–Cr–S(7a) 97.59(4), S(6)–Cr–S(7) 93.10(4), S(6)–Cr–S(7a)
81.72(4), S(1)–P(1)–S(2) 113.68(7), S(1)–P(1)–S(3) 198.73(7), S(1)–P(1)–
S(4) 112.29(7), S(2)–P(1)–S(3) 111.13(7), S(2)–P(1)–S(4) 109.84(7),
S(3)–P(1)–S(4) 100.39(6), S(5)–P(2)–S(6) 109.89(7), S(5)–P(2)–S(7)
99.61(6), S(5)–P(2)–S(8) 115.94(8), S(6)–P(2)–S(7) 100.39(6), S(6)–P(2)–
S(8) 113.28(7), S(7)–P(2)–S(8) 115.93(7).
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generous gift of silica tubes.

Footnotes and References
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† A mixture of Cr powder (0.104 g, 2 mmol), P2S5 (0.221 g, 2 mmol), K2S
(0.331 g, 3 mmol) and S (0.096 g, 3 mmol) was loaded into a silica tube in
a glovebox. The tube was sealed under vacuum, heated to 600 °C for 4 d and
then cooled slowly to room temp. at 4 °C h21. K6[Cr2(PS4)4] can be isolated
in high yields ( > 85%) in the form of dark green platelets. The air-sensitive
crystals are soluble in aprotic polar solvents upon addition of 2,2,2-cryp-
tand.
‡ Crystal data for K6[Cr2(PS4)4] at 25 °C: orthorhombic, space group Pbca
(no. 61), a = 13.110(3), b = 12.050(2), c = 18.720(4) Å, U = 2957.3(8)
Å3, Z = 4, l = 0.710 73 Å, Dc = 2.191 g cm23, m(Mo-Ka) = 2.92 mm21,
crystal platelike, dimensions 0.1 3 0.2 3 0.2 mm, qmax = 54°, data
collected at 25 °C on a Nicolet P21 four circle diffractometer, 6456; unique
data, 3.226; data with Fo

2 > 4s(Fo
2), 2449; number of variables, 129.

Structure solved and refined using SHELXS86 and SHELXL93, An
empirical absorption correction based on y scans was applied to the data.
Final R, Rw = 0.038, 0.094 (0.062, 0.094 for all data). CCDC 182/673.

1 Oxometalates: M. T. Pope, Heteropoly and Isopoly Oxometalates,
Springer Verlag, New York, 1983; M. T. Pope and A. Müller, Angew.
Chem., 1991, 103, 56; Angew. Chem., Int. Ed. Engl., 1991, 30, 34.

2 Metal thiolates: I. G. Dance, Polyhedron, 1986, 5, 1037; B. Krebs and
G. Henkel, Angew. Chem., 1991, 103, 785; Angew. Chem., Int. Ed.
Engl., 1991, 769.

3 Metal chalcogenides and halides: H. Schäfer and H. G. von Schnering,
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Steric acceleration in the reaction of aryl bromides with tributylstannyl
radicals

David Crich* and Francesco Recupero

Department of Chemistry, University of Illinois at Chicago, 845 West Taylor Street, Chicago, IL 60607-7061, USA 

Approximate absolute rate constants for the abstraction of
bromine from a series of aryl bromides by stannyl radicals
have been determined: 2,4,6-tri-tert-butylbromobenzene and
2,4,6-triphenylbromobenzene are found to be unusually
reactive, most likely owing to steric acceleration.

Like many radical reactions,1–5 the abstraction of a halogen
atom from an aryl or vinyl halide by a stannyl radical is subject
to polar effects. This much was demonstrated by Curran who
showed that aryl halides carrying electron-withdrawing groups
in the ortho or para positions react more rapidly with tin
hydrides than do their unsubstituted congeners.6 This is readily
understood in terms of a polar transition state [eqn. (1)] with a
partial negative charge on the sigma framework of the
developing aryl radical.6 We had therefore anticipated that
2,4,6-tri-tert-butylbromobenzene, with its sterically bulky,
electron-donating alkyl groups, would be considerably less
reactive than bromobenzene itself toward stannyl radicals. In
the event, as we report here, the opposite was found to be the
case: the abstraction of bromine from 2,4,6-tri-tert-butyl-
bromobenzene by Bu3Sn· is subject to a considerable accelera-
tion due to the relief of steric strain.

In the course of an ongoing investigation, we had occasion to
prepare 2,4,6-tri-tert-butyl- and 2,4,5-tri-iso-propylbromo-
benzene and to compare their reactivity toward tributyltin
hydride with that of bromobenzene itself. Crude competition
experiments revealed that, contrary to expectation, both were
consumed somewhat more rapidly than the parent compound.
We therefore undertook a more thorough investigation, com-
prising a series of competition experiments for a limited
quantity of stannane. The initial and final ratios of both
substrates in a given competition were determined by capillary
GC or 1H NMR spectroscopy, as appropriate, and the relative
rates (kRel) computed using eqn. (2).6,7

k1/k2 = {ln[[Ar1Br]i/([Ar1Br]i 2 [Ar1H])]}/
{ln[[Ar2Br]i/([Ar2Br]i 2 [Ar2H])} (2)

In this manner the relative rates set out in Table 1 were
obtained.† The approximate absolute rate constants were then
obtained using the known bimolecular rate constant for reaction
of Bu3Sn· with 1-bromodecane.6 As is clear from Table 1,
2,4,6-tri-tert-butylbromobenzene is indeed considerably more
reactive toward bromine abstraction by the stannyl radical than
is 2,4,6-tri-iso-propylbromobenzene, being only slightly less
reactive than 1-bromodecane. 2,4,6-Tri-iso-propylbromo-
benzene has comparable reactivity to 2-phenylbromobenzene
and is some 2.6 times less reactive than 2-acetylbromobenzene.
As this latter was found to be 6.7 times more reactive than
4-tert-butylbromobenzene, considered to be a model for
bromobenzene itself, by Curran,6 we conclude that 2,4,6-tri-iso-

propylbromobenzene is some 2.6 times more reactive than
bromobenzene. 2,4,6-Triphenylbromobenzene8,9 was found to
have identical reactivity to 1-bromodecane. We also studied
pentafluorobromobenzene and found that it was so reactive
toward the stannyl radical that we were unable to determine
accurate ratios in competition experiments with 2-acetyl-
bromobenzene; consequently we report a only minimum
relative rate. With the likely exception of the perfluoroalkyl
bromides,10 pentafluorobromobenzene is the most reactive aryl
or alkyl bromide toward stannyl radicals studied to date.

The reactivities of 2-phenyl- and 2-acetyl-bromobenzene are
fully in accord with the polarized transition state [eqn. (1)]
proposed by Curran. That of pentafluorobromobenzene like-
wise fits this model, although we cannot rule out an electron
transfer chain mechanism in this case. The enhanced reactivity
of 2,4,6-tri-iso-propylbromobenzene and especially that of
2,4,6-tri-tert-butylbromobenzene we attribute to acceleration
due to relief of steric strain.‡ Such examples of steric
acceleration of bimolecular radical reactions are much less
common1,11 than their unimolecular counterparts.12 The re-
activity of 2,4,6-triphenylbromobenzene can be ascribed to the
symbiosis of three effects: (i) the stabilization of the polar
transition state by the three phenyl groups phenyl substituents,
(ii) relief of steric strain and (iii) relief of steric inhibition of
resonance. However, as with pentafluorobromobenzene, we
cannot rule out a single electron transfer mechanism in this
case.

In conclusion, we have provided evidence that the abstraction
of bromine from aryl bromides by stannyl radicals is accelerated
when it leads to a relief of steric strain with bulky ortho
substituents. Moreover, this acceleration is sufficient to over-
come unfavourable polar effects in the transition state.

We thank the NSF (CHE 9625256) for partial support of this
work. F. R. thanks the Politecnico di Milano for study leave and
support.

Table 1 Relative reactivity of aryl bromides toward tributyltin radicals

Entry Bromide kRel k/m21 s21

1 Pentafluorobromobenzene > 50 > 13 108

2 1-Bromodecane 15.2 5.83 107

3 2,4,6-Triphenylbromobenzene 15.2 5.83 107

4 2,4,6-Tri-tert-butylbromobenzene 9.5 2.93 107

5a 2-Acetylbromobenzene 6.7 1.63 107

6 2-Phenylbromobenzene 2.6 6.23 106

7 2,4,6-Tri-iso-propylbromobenzene 2.6 6.23 106

8a 4-tert-Butylbromobenzene 1 2.43 106

a Taken from ref. 6.
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atom in both 2,4,6-tri-tert-butylbromobenzene and 2,4,6-triphenylbromo-
benzene is in a very congested environment, it is sufficiently well-exposed
to permit abstraction by Bu3Sn· through a linear transition state.
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Cobaltabis(dicarbollide) derivatives as extractants for europium from nuclear
wastes

Clara Viñas,a Sı́lvia Gomez,a Josep Bertran,a Francesc Teixidor,*a† Jean-Franc̀ois Dozol*b‡ and Hélène
Rouquetteb

a Institut de Ciència de Materials de Barcelona, Campus de la U.A.B., 08193 Bellaterra, Spain
b D.C.C./D.E.S.D./S.E.P., C.E.A. Cadarache, 13108 Saint Paul lez Durance, France

Carbon substituted derivatives of [3,3A-Co(1-Me-
2-R-1,2-C2B9H9)2]2 incorporating lipophilic chains
[R = (CH2)3O(CH2)2OMe 1, (CH2)3OCH2CHMe2 2,
(CH2)6O(CH2)3Me 3, (CH2)3Me 4], are synthesized for the
first time and tested for extraction of 152Eu; compound 3
showed the best performance, and it proved to have higher
efficiency in transport at low acidity than the well known
calixarene derivatives.

Up to now, a large variety of metallacarboranes have been
prepared using the [7,8-C2B9H11]22 (dicarbollide) ligand.1,2 Of
them, [3,3A-Co(1,2-C2B9H11)2]2 [cobaltabis(dicarbollide)] has
attracted the most attention, as it is very robust, withstanding
strong acid, moderate base, high temperatures and intense
radiation.3 The stability of this ion makes it interesting in
nuclear waste remediation.3,4

Cobaltabis(dicarbollide) is capable of removing caesium ions
(and with much less efficiency strontium and trivalent lantha-
nides and actinides) with high selectivity from acidic fission
product solution.3,4

The problem of removing caesium and strontium from
nuclear wastes has been widely treated previously.3–7 However,
the extraction of trivalent actinides has still to be investigated.
Since the properties of lanthanides and trivalent actinides are
very similar, and handling of lanthanides is easier, the
transplutonium elements were simulated by the g emitter 152Eu.
We report here on some C-substituted derivatives of
[3,3’-Co(1,2-C2B9H11)2]2, which in addition to maintaining the
extracting properties of 137Cs and 90Sr, have proven to be very
efficient in the extraction of 152Eu.

Following a synthetic procedure developed previously in our
group,8 the reaction of [7-Me-8-R-7,8-C2B9H10]2
[R = (CH2)3O(CH2)2OMe, (CH2)3OCH2CHMe2, (CH2)6O(C-
H2)3Me, or (CH2)3Me],9 with KOBut and CoCl2 in dimethoxy-
ethane at reflux for 30 h leads, after precipitation with aqueous
CsCl, to a set of new products which are purified by TLC [ethyl
acetate–acetonitrile (10 : 2)]; Rf (1) = 0.38, Rf (2) = 0.62, Rf
(3) = 0.65, Rf (4) = 0.65 (Fig. 1).

A mixture of two geometric isomers were produced in this
synthesis, which we were not able to separate (racemic mixture
and meso form), owing to their extremely similar physical
properties, however, chemical analyses establish their stoichio-

metric formulae. The shape of the NMR resonances clearly
suggests the existence of more than one isomer.§

Table 1 lists the distribution coefficient of europium, DEu,
defined as the equilibrium ratio of europium between the
organic and the aqueous phases. These were determined as
previously described,12 with the feed phase being an aqueous
HNO3 solution containing the radionuclides and the organic
receiving phase being nitrophenyl hexyl ether.

At pH 3, compound 4 shows a very low DEu. The values of
DEu are much better for compounds 2 and 3 which have only
one oxygen atom in the alkylic chain. When a second oxygen
atom is incorporated, as for compound 1, DEu decreases. The
results of the tests also show that the larger the exocluster chain
the better the performance of the extracting agent. Compound 3
gives the best extraction coefficient. Attempts to synthesize
cobaltabis(dicarbollide) derivatives with longer exocluster
chains led to products which were difficult to isolate.

The distribution coefficient of the cation strongly decreases
as acidity increases in the feeding solution.4b Despite this
decrease of extracting ability in acidic medium, compounds 2
and 3 display good efficiency for the extraction of 152Eu at pH
3.

The excellent results obtained for compound 3 prompted us
to use it in transport tests at pH 3 using a reported method.12 The
transport of 152Eu from aqueous HNO3 solutions was followed
by regular measurement of the decrease of radioactivity in the
feed solution by g spectrometry analysis. This allowed
determination of the permeability constants P (cm h21) of 152Eu
permeation through the supported liquid membrane (SLM) for
3.5 h, as is described in the model of mass transfer proposed by
Danesi10

      
ln( / )C C

S

V
Pt0 =2e

where C0 and C are the concentrations of the cation in the feed
solution at time t = 0 and t (mol dm23); e is volumic porosity
of the SLM (%); S is membrane surface area (cm2); V is volume
of feed and stripping solutions (cm3); and t is time (h).

Transport experiments were carried out with addition of a
linear polyether, nonylphenylnonaethylene glycol (Slovafol
909) to the organic phase (0.003 m) and using aqueous 1 m
methylene diphosphonic acid (MDPA) as complexing agent in
the stripping phase, to improve the transport of Eu.

Fig. 1 Cobaltabis(dicarbollide) derivatives

Table 1 Distribution coefficients of 152Eu (DEu) in aqueous HNO3–
nitrophenyl hexyl ether

DEu

Compound pH = 3 pH = 2 pH = 1

1 16 9 0.06
2 > 1000a > 1000a 0.05
3 > 1000 — 0.15
4 3.5 0.09 0.05

a A precipitate appears, which leads to a lack of precision in the
determination of the distribution coefficient D.
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It is found that transport is very rapid at pH 3. Under these
conditions, compound 3 shows a permeability P of 8.9 cm h21,
i.e. an extraction of 31.2% after 1 h or 91.3% after 3.5 h.
Calixarene derivatives, which are known as excellent extrac-
tants for this type of radionuclides, show a value of 7.0 cm h21

for 239Pu (feeding phase: aqueous 1 m HNO3),11 i.e. lower than
the value obtained with compound 3. Furthermore, with other
carriers such as diphosphine dioxides under similar conditions,
transport is much slower: a permeability of 1.4 cm h21 for 237Np
and 3.4 cm h21 for 239Pu were reported (feeding phase: aqueous
1 m HNO3).12

This report shows that the efficient 137Cs extractants,
[3,3A-Co(1,2-C2B9H11)2]2, can be adequately tuned by appro-
priate cluster C-substitution to enhance 152Eu and hopefully
transplutonides. By this monoxygen C-substitution, the 152Eu
affinity of the [3,3A-Co(1,2-C2B9H11)2]2 derivatives has been
extraordinarily enhanced with respect to the non-substituted
parent compound, and its affinity towards 137Cs and 90Sr has not
been decreased. For instance, 3 displays DCs > 1000 and
DSr = 8 at pH 3, with P = 15.8 and 22.3 cm h21, respectively.
Owing to the existence of more specific 137Cs extracting agents
such as calixarene or [3,3A-Co(1,2-C2B9H11)2]2, it should be
possible to separate the elements. However, many questions
arise in terms of the coordinating mode of these ligands towards
152Eu that require further work, such as the position of the
oxygen in the organic chain, or why the membrane transport is
accelerated when polyethyleneglycols are incorporated in it.

This work was supported by EU project CIPA-CT93-0133.
J. B. also thanks the Generalitat de Catalunya for a Predoctoral
Grant (FIAP/96-98.469).
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§ Compound 1: 11B NMR: d {213.97 [d, 1J(BH) 192.6 Hz], 210.01 (m),
28.58 [d, 1J(BH) 160.5 Hz], 24.78 [d, 1J(BH) 128.4 Hz], 23.54 [d, 1J(BH)
128.4 Hz], 21.22 [d, 1J(BH) 128.4 Hz], 16B}, 7.31 [d, 1J(BH) 96.3 Hz, 2B].
11B NMR data for the other compounds are analogous to that of 1. 
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Homogeneous catalysis. Mechanisms of the catalysed Mukaiyama cross-aldol
reaction

William W. Ellis and B. Bosnich*

Department of Chemistry, The University of Chicago, 5735 South Ellis Avenue, Chicago, Illinois 60637, USA 

It is shown that [2 + 2] addition intermediates can form
reversibly in the catalysed Mukaiyama reaction; these serve
to prevent formation of the catalyst Me3Si+ and the
reactivities of the [2 + 2] intermediates can affect the
enantioselectivity of the reaction.

The Mukaiyama cross-aldol reaction is a versatile carbon–
carbon bond-forming reaction which is catalysed by a variety of
Lewis acids.1 It is generally assumed to proceed by way of a
cyclic intermediate 1 which allows for transfer of the silyl group
(Scheme 1). For certain Lewis acids, however, intramolecular
silicon transfer does not occur, rather the trimethylsilyl group is
captured by the carbonyl substrate2,3 and catalysis occurs by
means of the powerful Me3Si+ catalyst.2 Despite the possible
widespread intervention of the (achiral) Me3Si+ catalytic path,
there are a number of reports of chiral Lewis acid catalysts
which give excellent enantiomeric excesses (ees),4 indicating
that for these catalysts, the unwanted Me3Si+ path is suppressed.
The question then arises as to which type of Lewis acids will
allow for one or other of the possible catalytic paths. It is
probable that if the Lewis acid–oxygen bond of the aldolate 1 is
weak and the bound oxygen atom is a good nucleophile, the rate
of the silyl transfer step will be enhanced and consequently the
capture of the Me3Si+ group by external nucleophiles will be
suppressed. The direct silyl transfer path as illustrated in
Scheme 1, however, may not be the only component of the
mechanism because it is possible that an oxetane could form by
capture of the carbenium ion of the intermediate. It is known
that oxetanes are formed by Lewis acid-catalysed coupling of
aldehydes and dialkyl ketene acetals.5 The formation of the
oxetane would be the equivalent of the Mukaiyama reaction, as
an acidic workup would provide the desired aldol product. We
report here on the detection of oxetanes in the Mukaiyama
reaction using lanthanide and zinc complexes, both of which
were expected to form aldolate intermediates with weak metal–
oxygen bonds.

In benzene solution at 20 °C, the catalyst [Eu(hfc)3] 2 (4
mol%) promotes the reaction between benzaldehyde and the
ketene acetal 3 to give initially the two oxetane isomers 4 and 5
(Scheme 2). We have not been able to isolate these oxetanes in
pure form but they have been characterized by their 1H and 13C
NMR spectra, although the identity of the isomers 4 and 5 was
not established.† The initial (kinetic) ratio of the isomers is
48 : 52 which slowly reaches an equilibrium ratio of 38 : 62. At
1 m concentration of each of the substrates, a maximum yield of
56% for the two oxetanes is obtained after 1 h in benzene
solution at 20 °C using 4 mol% catalyst. Isomer equilibrium
occurs over 2 h. The maximum yield of oxetanes (4 and 5)
decreases upon dilution of the reaction solution, indicating that

the equilibrium illustrated in Scheme 2 obtains (K ≈ 3 at 20 °C).
Addition of 1 m pyridine quenches catalysis, but the addition of
the hindered base, 2,6-di-tert-butyl-4-methylpyridine, does not
affect the rate of catalysis. This latter observation indicates that
the reaction in Scheme 2 is neither proton-initiated nor proton-
catalysed. Under these conditions—4 mol% catalyst, 1 m each
of substrates, benzene solution, 20 °C—the Mukaiyama product
begins to appear after several hours and, after seven days, all of
the substrates and intermediates are converted to this product.
The Mukaiyama product is irreversibly formed because a 15%
ee (S)6 was found using the (+)-hfc catalyst, and the ee of the
product did not change in the presence of the catalyst after two
weeks. It was found that, after equilibration of the two oxetanes,
their hydrolysed product had 0% ee using the (+)-hfc catalyst
but a 5% ee (S) was observed for the hydrolysed products
derived from the kinetically formed oxetanes (ca. 10%
conversion to oxetanes).‡ This observation also supports the
view that equilibration between substrates and oxetanes exists
(Scheme 2).

The results are consistent with the mechanism outlined in
Scheme 3 (Ln = 2). In this case, the rate of production of the
oxetanes by carbenium ion capture and the reverse reaction are
faster than silyl transfer to produce the Mukaiyama product 7.
As might be expected, these relative rates vary according to the
nature of the substrates and the catalyst. This is illustrated by a

Scheme 1

Scheme 2

Scheme 3
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comparison of the reactions shown in Scheme 4, where it is
found that in catalysis of benzaldehyde, a cis : trans ratio of
80 : 20 is observed for the Mukaiyama product. For 1 mol%
catalyst at 20 °C in benzene solution, the benzaldehyde reaction
gives a cis : trans ratio of 75 : 25 at 40% conversion to the two
oxetanes and 55 : 45 after 60% conversion.§ This change in
isomer ratio occurs before significant amounts of the Mu-
kaiyama products are formed, indicating that equilibration
between the substrates and oxetanes occurs. Final equilibrium
may not be established under these conditions, however,
because a constant cis : trans ratio was not observed before the
Mukaiyama product began to appear. For the analogous
reaction with acetaldehyde (Scheme 4), under the same
conditions, the rates of formation of the oxetanes and the
Mukaiyama product are comparable. Similarly, the [Zn(fa-
cac)2·2H2O] (facac = hexafluoroacetylacetonate) complex
catalyses the coupling between benzaldehyde and 3 but the
equilibrium 4" 5 is not established before significant amounts
of the Mukaiyama product is formed (Scheme 2). With this zinc
catalyst, no [2 + 2] addition products are observed in the
coupling of benzaldehyde and CH2NC(OSiMe3)SBut indicating
that catalysis proceeds either wholly by direct silyl transfer or,
if [2 + 2] products are formed, their concentrations are very low.
We note that neither the Eu nor the Zn catalysts lead to coupling
of ketones with silyl ketene acetals nor coupling of silyl enol
ethers with aldehydes or ketones.

The discovery of the [2 + 2] addition path for the catalysed
Mukaiyama is significant in a number of respects. For cases
where silyl transfer is slow in the intermediate 6 (Scheme 3), the
more rapid oxetane formation will reduce the life-time of this
intermediate. Consequently, the probability of Me3Si+ capture
in 6 by external nucleophiles will be reduced. The Me3Si+ group
is stable in the oxetanes. As was noted earlier, the mechanism
illustrated in Scheme 3 is more likely to occur when the Lewis
acid–alkoxide bond of the intermediate 6 is weak. Intermediates
having strong alkoxide–Lewis acid bonds are unlikely to lead to
oxetane formation or to silyl transfer. This appears to be the case
for many catalysts which only serve as initiators for the
production of Me3Si+ catalyst.2

These results suggest that identification of the enantioselec-
tive step can be a complicated problem because the ee will
depend on the relative rates of formation of the various species.
If equilibration between the substrates and oxetanes is much
faster than formation of the Mukaiyama product, the ee will
depend on the relative rates of silyl transfer which lead to the
formation of the two enantiomers of the product. If, however,
the rates of equilibration and product formation are comparable,
the ee will depend on a complex mix of rates associated with all

of the diastereomeric species in the mechanism. Under these
circumstances, there would not be a single chirality-controlling
step. The observations presented here may help in the design of
effective enantioselective catalysts for the Mukaiyama reac-
tion.

This work was supported by grants from the NIH.
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* E-mail: bos5@midway.uchicago.edu
† Selected spectroscopic data for the major and minor oxetanes (at
equilibrium): dH (400 MHz, C6D6) (major isomer) 7.3–7.1 (m, 5 H), 4.95 (s,
1 H), 3.26 (s, 3 H), 1.27 (s, 3 H), 0.76 (s, 3 H), 0.29 (s, 9 H); (minor isomer)
7.3–7.1 (m, 5 H), 4.99 (s, 1 H), 3.34 (s, 3 H), 1.25 (s, 3 H), 0.76 (s, 3 H), 0.23
(s, 9 H); dC (125 MHz, CDCl3) (major isomer) 139.0 (s), 127.7 (d), 127.2
(d), 125.1 (d), 116.2 (s), 82.6 (d), 49.4 (s), 48.8 (q), 23.5 (q), 21.1 (q), 1.05
(q); (minor isomer) 138.5 (s), 127.7 (d), 127.0, 125.6 (d), 115.7 (s), 81.8 (q),
50.7 (s), 49.0 (q), 19.0 (q), 18.1 (q), 1.06 (q).
‡ Mild acid hydrolysis of the mixture of oxetanes leads to the formation of
the b-hydroxy ester. Enantiomeric excesses of the hydrooxy ester were
determined using Eu(tfc)3 as a chiral shift reagent.
§ The cis and trans oxetanes where R = Ph and Me were identified by
conversion of mixtures of these compounds to mixtures of their respective
threo and erythro 2,3-dihydroxyalkanoic acids according to the reported
procedure (ref. 7). In both cases, where R = Ph or Me, it is noted that
hydrolysis of the cis and trans oxetanes leads to formation of the threo and
erythro products, respectively, which were identified by comparison with
spectroscopic data from the literature (ref. 8).

Selected spectroscopic data for the oxetanes: dH (400 MHz, C6D6) (R =
Ph, threo) 7.47 (m, 2 H), 7.2–7.0 (m, 3 H), 5.18 (d, J 6.2, 1 H), 4.69 (d, J
6.2, 1 H), 0.29 (s, 9 H), 0.27 (s, 9 H), 20.22 (s, 9 H); (R = Ph, erythro) 7.43
(m, 2 H), 7.2–7.0 (m, 3 H), 4.98 (d, J 4.9, 1 H), 4.35 (d, J 4.8, 1 H), 0.35 (s,
9 H), 0.26 (s, 9 H), 0.01 (s, 9 H); (R = Me, threo) 4.42 (d, J 6.3, 1 H), 4.28
(m, 1 H), 1.25 (d, J 6.4, 3 H); (R = Me, erythro) 4.10 (m, 1 H), 4.02 (d, J
4.8, 1 H), 1.21 (d, J 6.2, 3 H). The OSi(CH3)3 resonances for R = Me were
left unassigned due to the complexity of this region in the 1H NMR spectrum
of the reaction mixture.
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New metallomesogens core. New copper complexes with calamitic mesophases
using tropolone based ligands. Crystal structure of
bis(5-octyloxytropolonato)copper

John R. Chipperfield, Steve Clark, James Elliott and Ekkehard Sinn*

Department of Chemistry, University of Hull, Hull, UK HU6 7RX 

A new class of metallomesogens based on 5-substituted
tropolones with both enantiotropic and monotropic meso-
phase behaviour are prepared, the mesogenic properties are
in line with the rod-like, calamitic nature of bis(5-
octyloxytropolonato)copper shown in its crystal structure.

Most metallomesogens1–4 have made use of benzene rings as
integral parts of the rigid core. Seven-membered ring cores in
metallomesogens are reported here for the first time. Tropolone-
based organic liquid crystals have been reported by Uemura
et al.,5 and Mori et al.6–9 Tropolone forms complexes with
many metals in a manner analogous to acetylacetone,10 but none
were reported to be metallomesogens. We report here the first
syntheses and studies of mesogenic complexes 1 based on
tropolone.

We have modified the literature method8 to make 5-substi-
tuted tropolones, 2b, from 5-hydroxytropolone, 2a, by using
dimethylimidazolidinone (DMI) as solvent for alkylation of the
5-position to replace the carcinogenic HMPA.8 DMI has in the
past been reported as replacement for HMPA,11–14 but we
believe that this is the first reported use for tropolone derivatives
Scheme 1.

The copper complexes of these 5-substituted tropolones (1,
M = Cu) have been synthesised in the usual way† and their
mesomorphic nature has been studied using polarised optical
microscopy and differential scanning calorimetry. Variable
temperature X-ray powder studies are in progress.

The decyl substituted copper complex displays a monotropic
SB phase. Both the dodecyl and tetradecyl copper complexes
exhibit a short range SC mesophase (which despite the high
temperatures are stable) as well as SB and crystal G phases. The
hexadecyl substituted copper complex exhibits a SB phase and
an anisotropic plastic crystal phase which cannot be pinpointed.
The mesogenic data are summarized in Table 1.

Long chain alkoxy derivatives are very difficult to crystallise
in forms suitable for X-ray structure determination. Generally

very fine needles are obtained. Crystallisation of bis(5-
octyloxytropolonato)copper from 1,4-dioxan containing 10%
acetic acid in a similar way to that used for bis(tropolonato)-
copper(ii)15 yielded a suitable crystal for an X-ray diffraction
study.‡ The CuO4 centre is required by crystallographic
symmetry to be precisely planar, and the entire molecule is
planar within 7%. The ligand plane O(1)C(1)C(7)O(2) attached
to the Cu makes an angle of 2° with the tropolone ring. The
molecular structure shown in Fig. 1 confirms the calamitic
nature of the tropolone derivatives, while the packing in the
crystal shows a similar arrangement to that in the smectic C
phase. No solvent molecules are incorporated into the structure
and there is no Cu–Cu interaction, the closest Cu···Cu approach
being along the c-axis at 6.413(4) Å. The alkyl chain thermal
parameters are interesting in that they exhibit partial melting at
room temperature.

NMR analysis of 5-alkoxy tropolones confirmed their
structure. Satisfactory analyses were obtained for the com-
plexes. Over a period of time, the copper complexes are prone
to hydrate, making them difficult to dry. However, because of
the high transition temperatures, all water will have evaporated
from the copper complex and have no effect on the mesophase
behaviour. This is confirmed by uniform phase identification
(and transition temperatures) of the copper complexes when dry
and hydrated. IR data for bis[5-(decyloxy)tropolonato]-
copper(ii) (KBr disc): 2918s, 2850s, 1516s, 1432vs, 1350s,
1241s, 1204s, 789w.

Scheme 1

Table 1 Phase transition temperatures and corresponding enthalpies
(kJ mol21) of copper tropolonate complexes

a Overlapping peaks, enthalpies could not be resolved.
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Nickel and oxovanadium(iv) complexes of the 5-substituted
tropolone ligands have been prepared. However, despite having
melting points which are 50 and 90 °C lower respectively than
their copper complex counterparts, none have displayed any
mesophases. For the nickel complexes, IR spectra suggest
octahedral nickel.

While mesophases are still at high temperatures, appropriate
substitution on the tropolone rings enables the length-to-breadth
ratio to be adjusted, and initial work gives the promise of
metallotropolonates with much lower mesophase transition
temperatures. The use of tropolone derivatives in medicine
(colchicine is a valuable anti-tumour agent while hinokitiol has
strong biocidal properties), indicates potential uses for metal
tropolonate derivatives outside the field of display devices.

The authors would like to thank EPSRC for financial support,
and Professor J. Goodby and Dr P. Styring for help with phase
identification.

Footnotes and References

* E-mail: e.sinn@chemistry.hull.ac.uk
† Example: bis[5-(decycloxy)tropolonato]copper(ii): 5-decyloxytropolone
(0.18 g, 0.71 mmol), sodium acetate (0.1 g, 1.4 mmol) and copper acetate
(0.072 g, 0.359 mmol) were dissolved in methanol (15 cm3). The mixture
was refluxed for 3 h before cooling and filtration of the copper complex as
a green powder. Recrystallisation in dichloromethane yielded bis[5-
(decycloxy)tropolonato]copper(ii) as green needles.
‡ Crystal data: C80H42CuO6, triclinic, space group P 1̄, a = 7.607(4), b =
15.871(8), c = 6.413(4) Å, a = 96.32(4), b = 105.46(3), g = 97.449(3)°,
U = 731(1) Å3, Z = 1, T = 24 °C, m(Mo-Ka) = 7.84 cm21, R, Rw = 0.055
for 990 independent reflections collected on a Rigaku AFC6S diffrac-

tometer. The small crystal size led to a relatively small data set. The copper,
oxygen and ring carbons were refined with anisotropic thermal parameters.
Cu lies on a special position (origin): Cu–O(1) 1.916(2) Å, Cu–O(2)
1.902(9) Å; O(1)–Cu–O(2) 85.0(4)°. CCDC 182/694.
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Fig. 1 View of bis(5-octyloxytropolonato)copper(ii) from X-ray data
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The chalcogeno-Baylis–Hillman reaction: the first examples catalysed by
chalcogenides in the presence of Lewis acids

Tadashi Kataoka,* Tetsuo Iwama and Shin-ichiro Tsujiyama

Gifu Pharmaceutical University, 6-1, Mitahora-higashi 5-Chome, Gifu 502, Japan 

The chalcogeno-Baylis–Hillman reaction catalysed by sul-
fides and selenides, the group 16 element compounds, in the
presence of Lewis acids gave coupling products in moderate
to good yield even after only 1 h at room temperature.

The coupling of activated alkenes with aldehydes or ketones is
referred to as the Baylis–Hillman reaction (Scheme 1).1 The
reaction requires a compound containing a tertiary group 15
element as a catalyst. Generally tertiary amines are utilised as
catalysts, and 1,4-diazabicyclo[2.2.2]octane (DABCO) is the
most popular. There are some known examples which utilise
tertiary phosphine catalysts.2 Although the Baylis–Hillman
reaction provides useful building blocks for organic synthesis,1
it has a number of disadvantages. The main drawback is the
slow reaction rate, and much attention has been paid to
accelerating such reactions.2c,3–8 Recently, Aggarwal et al.
reported that lanthanides and group 3 metal triflates accelerate
the Baylis–Hillman reaction, and that standard Lewis acids such
as TiCl4 and BF3·Et2O decelerate the reaction due to formation
of an amine–Lewis acid complex.6 Imagawa et al. described the
Baylis–Hillman reaction promoted by a phosphine catalyst and
Et2AlCl due to activation of the aldehyde by coordination with
the Lewis acid.9 Therefore, we aimed to develop new catalysts
other than those containing group 15 elements. We report here
a preliminary study on the first chalcogeno-Baylis–Hillman
reaction catalysed by sulfides and selenides, compounds
containing group 16 elements, in the presence of Lewis acids.

We examined the reaction of p-nitrobenzaldehyde 1 and 3
equiv. of cyclohex-2-en-1-one 2 in the presence of chalco-
genides 4, 5,10 6,11 7, 8,12 9,13 10,14 11,† 12,15 1314 and 14‡ in
CH2Cl2 at room temperature for 1 h (Scheme 2, Table 1).§ First,
4 was used in order to confirm the possibility of sulfide catalysts

for the Baylis–Hillman reaction. A mixture of compounds 1 and
2 was treated with 1 equiv. of the sulfide 4 at room temperature
for 4 days, and no coupling product 3 was obtained (entry 1).
For the purpose of enhancing the reactivity of the enone towards
the Michael addition of the sulfide, 0.1 equiv. of TiCl4 was used
and the Baylis–Hillman product 3 was produced in 17% yield
(entry 2). Therefore, we examined the reaction with a catalytic
amount of 4 (0.1 equiv.) in the presence of 1 equiv. of TiCl4 and
obtained the adduct 3 in 60% yield (entry 3). The reaction time
was reduced to 10 min in refluxing CH2Cl2 (entry 4). It is
significant that the reaction rate was dramatically accelerated in
comparison to reactions utilising amine catalysts. Generally, it
takes a few days or more to complete reactions catalysed by
tertiary amines.1 In addition it is also noteworthy that 1 equiv.
of TiCl4 is necessary for smooth reaction even though
deceleration of the reaction has been observed when using an
amine catalyst and TiCl4 because of the formation of a
deactivated amine–Lewis acid complex.6

A plausible mechanism is shown in Scheme 3. Activation of
enone 2 by coordination with TiCl4 allows addition of methyl
sulfide 4 to complex I to generate an enolate intermediate II.
The aldol reaction of the enolate II and aldehyde 1 gives an
adduct III, which provides a Baylis–Hillman product–TiCl4
complex 3A via b-elimination and regeneration of methyl sulfide
4. Formation of the complex 3A requires a stoichiometric amount
of TiCl4 for a smooth reaction. Next, we examined several
Lewis acids under standard conditions. The use of BF3·Et2O and
SnCl4 gave no coupling product (entries 5 and 6). The yields of
the adduct 3 increased with increasing Lewis acidity in the cases

Scheme 1

Scheme 2 Reagents and conditions: i, 1 (1 equiv.), 2 (3 equiv.),
chalcogenide, Lewis acid, CH2Cl2, room temp., 1 h

Table 1 Chalcogeno-Baylis–Hillman reaction in the presence of Lewis
acidsa

Chalcogenide Lewis acid
Entry (equiv.) (equiv.) 3 (% yield)b

1c 4 (1) — —
2 4 (1) TiCl4 (0.1) 17
3 4 (0.1) TiCl4 (1) 60
4d 4 (0.1) TiCl4 (1) 58
5 4 (0.1) BF3·Et2O (1) —
6 4 (0.1) SnCl4 (1) —
7 4 (0.1) AlCl3 (1) 30
8 4 (0.1) EtAlCl2 (1) 13
9 4 (0.1) Et2AlCl (1) 11

10 5 (0.1) TiCl4 (1) 71
11 6 (0.1) TiCl4 (1) 70
12 7 (0.1) TiCl4 (1) 69
13 8 (0.1) TiCl4 (1) 85
14 9 (0.1) TiCl4 (1) 71
15 10 (0.1) TiCl4 (1) 74
16 11 (0.1) TiCl4 (1) 78
17 12 (0.1) TiCl4 (1) 71
18 13 (0.1) TiCl4 (1) 76
19 14 (0.1) TiCl4 (1) 69

a 3 equiv. of enone 2 was used against aldehyde 1. Reactions were carried
out in CH2Cl2 at room temperature for 1 h. b Isolated yield based on
aldehyde 1. c The reaction was carried out at room temperature for 4 d. d The
reaction was carried out in refluxing CH2Cl2 for 10 min.
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of aluminium Lewis acids (entries 7–9). The best result was
obtained when using TiCl4. Chalcogenide catalysts 5–14 were
examined in the presence of 1 equiv. of TiCl4. Cyclic
monochalcogenides 5 and 6 catalysed the chalcogeno-Baylis–
Hillman reaction to provide the adduct 3 in 71 and 70% yield,
respectively. We considered that the electron-releasing ability
of the chalcogenide might promote the Michael addition step,
and selected bis-chalcogenides 7–12 and related chalcogenides
13 and 14 are expected to donate electrons to a cationic species
by transannular interaction of a chalcogen and a heteroatom.16

Some (8, 10, 11 and 13) gave better results than mono-
chalcogenides 5 and 6, and others (7, 9, 12 and 14) gave similar
results. The best result was obtained using bis-selenide 8,
probably due to transannular interaction (entry 13). In the cases
of aromatic chalcogenides 9–14 steric interaction, for example
between peri-hydrogens of the aromatic rings and the enone,
may prevent the Michael addition step.

Various aldehydes and enones were applied to the chalcoge-
no-Baylis–Hillman reaction under standard conditions (Table
2).§ The yields of the adducts 4, 18, 17 and 19 decreased with
the decreasing electrophilicity of the aldehydes (entry 3 in Table
1, entries 2, 1 and 3 in Table 2, respectively). Reactions of
p-nitrobenzaldehyde 1 with enones 15 and 16 gave coupling
products 20 and 21, respectively, in moderate yields.

Reactions of other substrates such as acrylonitrile and an
aliphatic aldehyde using the Me2S–TiCl4 system resulted in low
( < 24%) yields. Further examination of different combinations
of chalcogenides and Lewis acids, and extension of the
chalcogeno-Baylis–Hillman reaction to various substrates, is
now under investigation.

Footnotes and References

* E-mail: kataoka@gifu-pu.ac.jp
† Chalcogenide 11 was prepared by the reaction of bis(2-bromo-
methylphenyl) sulfide and Na2Se (prepared from Se and NaBH4 in EtOH)
in EtOH by a procedure similar to that for compound 10 (ref. 14).
‡ Selenide 14 was prepared from bis(2-bromomethylphenyl) selenide (ref.
15) and benzylamine by the same procedure as for sulfide 13 (ref. 14). The
N-methyl derivative of selenide 14 has been synthesised: H. Fujihara, H.
Mima, T. Erata and N. Furukawa, J. Chem. Soc., Chem. Commun., 1991,
98.
§ Typical procedure for the chalcogeno-Baylis–Hillman reaction: To a
stirred solution of p-nitrobenzaldehyde (151 mg, 1 mmol), cyclohex-2-en-
1-one (0.29 ml, 3 mmol) and methyl sulfide (7 ml, 0.1 mmol) in CH2Cl2 (2
cm3) was added a 1 m solution of TiCl4 in CH2Cl2 (1 ml, 1 mmol) at room
temperature. The mixture was stirred for 1 h at ambient temperature, and the
reaction was quenched by addition of water (5 cm3). The precipitate of
inorganic material was removed by filtration through Celite, and the filtrate
was extracted with CH2Cl2 (20 ml 3 2). The extracts were dried (MgSO4)
and the solvent was evaporated under reduced pressure. The residue was
purified by preparative TLC on silica gel eluting with ethyl acetate–hexane
(1 : 1, v/v) to give 148 mg (60%) of an adduct 3.
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Scheme 3

Table 2 Reactions of some enones and aldehydes catalysed by Me2S–
TiCl4a

Product
Entry Aldehyde Enone (% yield)b

1 PhCHO 2 17 (25)
2 p-ClC6H4CHO 2 18 (43)
3 p-MeC6H4CHO 2 19 (13)
4 p-NO2C6H4CHO 15 20 (68)
5 p-NO2C6H4CHO 16 21 (63)

a Conditions: 1 equiv. of aldehyde, 3 equiv. of enone, 0.1 equiv. of Me2S,
1 equiv. of TiCl4, CH2Cl2, room temp., 1 h. b Isolated yield based on the
aldehyde.
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Synthesis of group 4 complexes that contain the tridentate diamido ligands
[(ArNCH2CH2)2O]22 (Ar = C6H3-Me2-2,6 or C6H3Pri

2-2,6)

Richard R. Schrock,* Florian Schattenmann, Michael Aizenberg and William M. Davis

Department of Chemistry 6-331, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA 

Complexes of Zr and Hf of the type
[(2,6-R2C6H3NCH2CH2)2O]ZrMe2 (R = Me or Pri) can be
activated by [PhNMe2H][B(C6F5)4] or [Ph3C][B(C6F5)4] in
chlorobenzene or bromobenzene to yield catalysts for the
polymerization of hex-1-ene, but analogous titanium cata-
lysts are relatively poorly behaved.

Significant advances have been made in the synthesis of ‘well
defined’ alkene polymerization catalysts of the early metals
(largely group 4) in the last 15 years, the vast majority of which
contain two cyclopentadienyl-like rings.1–3 (See, however, ref.
4, and references therein.) Recently group 4 complexes that
contain chelating diamido ligand systems have received
increased attention as potential alkene polymerization cata-
lysts.5–13 The most successful so far appear to be dialkyl
complexes of Ti that contain diamido ligands such as
[ArNCH2CH2CH2NAr]22 (Ar = C6H3Pri

2-2,6),5,6 and dialkyl
complexes of Zr that contain the ‘diamido/donor’ ligand,
[(o-[2H6]ButNC6H4)2O]22 ([NON]22).10 Both types can be
activated to yield (presumably) cationic catalysts for the living
polymerization of hex-1-ene. We report here Ti, Zr and Hf
complexes that contain potentially interesting ‘diamido/donor’
variations of the [NON]22 ligand,
[(2,6-R2C6H3NCH2CH2)2O]22 (R = Me, Pri), and preliminary
experiments concerning their use as catalysts for the poly-
merization of hex-1-ene.

The diamines, (2,6-Me2C6H3NHCH2CH2)2O (H2L1a) and
(2,6-Pri

2C6H3NHCH2CH2)2O (H2L1b), can be prepared readily
from (TsOCH2CH2)2O (TsO = tosylate) and 2 equiv. of
LiNH(C6H3Me2-2,6) or LiNH(C6H3Pri

2-2,6), respectively, in
thf.† Compound H2L1a can be obtained in 60% yield as colorless
crystals upon crystallization from pentane.‡,§ Compound H2L1b

is obtained in 80% yield as an oil that has crystallized in some
instances upon standing for several days, and that can be
crystallized from pentane in low yield at 230 °C.†,‡ Crude
H2L1b can be used in subsequent reactions.

The reaction between H2L1a or H2L1b and Zr(NMe2)4 in
pentane at room temp. yields crystalline ZrL1a(NMe2)2‡ or
ZrL1b(NMe2)2‡ readily. The dimethylamido compounds react
with excess SiMe3Cl in ether overnight at room temp. to yield
ZrL1aCl2‡ and ZrL1bCl2‡ as colorless, relatively insoluble
crystals. NMR spectra of ZrL1b(NMe2)2 and ZrL1bCl2 show two
sets of isopropyl methyl groups, but only one methine resonance,
consistent with restricted rotation of the aryl ring about the
N–Cipso bond, a phenomenon that was also noted by McConville
and co-workers5–8,14 in complexes containing the
[ArNCH2CH2CH2NAr]22 and related ligands. Only a single
amido methyl resonance is observed in all dimethylamido
compounds at room temp. in C6D6.

Alkylation of ZrL1aCl2 with MeMgBr in ether gives ZrL1aMe2
1a‡ in good yield, while alkylation of ZrL1bCl2 with Me or Bui

Grignard reagents in ether yields ZrL1bMe2 1b‡ or
ZrL1b(CH2CHMe2)2 2b,‡ respectively, in good yields as
colorless cubes. NMR spectra are again consistent with slow
rotation around the N–Cipso bond on the NMR timescale. In all
dialkyl compounds the alkyl groups are equivalent, consistent
either with a pseudotrigonal bipyramidal structure of type A or
a pseudotrigonal bipyramid of type B in which the alkyl groups

become equivalent on the NMR timescale via a rapid ‘flipping’
of the ligand backbone through an intermediate with structure
A.

An X-ray study of ZrL1aMe2 (Fig. 1)¶ showed it to have
structure A with ‘axial’ Zr–N bond distances of 2.084(3) Å and
a Zr–O(2) bond length of 2.336(3) Å. The compound has a
crystallographic mirror plane defined by Zr, O(2), C(5) and C(6).
The planes of the aryl rings are perpendicular to the
ZrO(2)N(3)N(4) pseudo-plane. The structure is closely related
to that of [(2,6-Et2C6H3NCH2)2NC5H3]ZrMe2 [N–Zr–N
139.6(2)° and C–Zr–C 102.4(3)°]8 and contrasts markedly with
that of {[(o-[2H6]ButNC6H4)2O]ZrMe}{MeB(C6F5)3},10 in
which B(C6F5)3 has partially removed Meax. The two Me groups
are technically inequivalent in the solid state structure of
ZrL1aMe2 [C(8)–O(2)–C(18) 113.7(4)°] as a consequence of
C(18) and C(8) not lying in the ZrN2 plane.

Reactions similar to those employed to prepare Zr compounds
can be employed to prepare HfL1a(NMe2)2,‡ HfL1aCl2,‡ and
HfL1aMe2 3a.‡ The Hf compounds are virtually identical to the
Zr compounds in physical properties and NMR character-
istics.

Addition of Li2L1a to TiCl4(thf)2 in diethyl ether at 230 °C led
to formation of a deep red precipitate, which could be
recrystallized from CH2Cl2 to yield TiL1aCl2 in 57% yield.
Alkylation of TiL1aCl2 in ether with MeMgCl in thf at 230 °C
gave TiL1aMe2 4a in 53% yield as a yellow powder from
pentane. Red, crystalline TiL1a(CH2Ph)2 5a was prepared in low
yield (ca. 15%) via the reaction between Ti(CH2Ph)4 (2 mmol)

Fig. 1 A view of the structure of ZrL1aMe2 nearly opposite the Zr–O bond
in the ZrC2 plane. Bond lengths (Å) and angles (°): Zr–C(5) 2.253(6);
N(4)–Zr–N(3) 139.1(2), C(8)–O(2)–C(18) 113.7(4), Zr–N(3)–C(9)
120.2(2), C(5)–Zr–C(6) 100.0(2)°.
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and H2L1a (2 mmol) in pentane (ca. 15 ml) in 40 h. In 4a and 5a
the alkyl groups are equivalent on the NMR timescale at room
temp., although several proton and carbon resonances in 5a are
broad at 22 °C. The structure of TiL1a(CH2Ph)2 (Fig. 2)¶ is best
described as type B in which O and C(2) are in the apical position
and N(1), N(2), and C(1) are in the equatorial positions of a
pseudotrigonal bipyramid. Surprisingly, the benzyl groups are
bound only in an h1 fashion; if two Ti–N p bonds can form, the
metal should be viewed as having a 14 electron count, an electron
deficiency that has led in many situations to h2 or h3 binding of
benzyl ligands.15

Activation of alkyl complexes 1a,b, 2b and 3a by either
[PhNMe2H][B(C6F5)4] or [Ph3C][B(C6F5)4] yields initiators for
the polymerization of hex-1-ene in chlorobenzene at 0 °C.∑
Polymerization yields are high, but the molecular masses of the
polymers were found to be significantly smaller than expected
when ZrL1bMe2 and ZrL1b(CH2CHMe2)2 were employed (Table
1). These results suggest that chain termination competes with
propagation, but that the catalyst remains active thereafter and
polymerization of a new chain is initiated. The [PhNMe2H]+ and
[Ph3C]+ activators seem to be equally efficient. The number
average molecular mass of poly(hex-1-ene) prepared using
ZrL1aMe2 is approximately that expected if no significant chain
termination is taking place. In all cases polymerization activity
ceases when 2,4-dimethylpyridine is added to the catalyst
mixture, consistent with competitive binding of the nitrogen
base to a cationic metal center. Analogous experiments
employing HfL1aMe2 yielded results similar to those employing
ZrL1aMe2, but use of TiL1aMe2 (activated by
[PhNMe2H][B(C6F5)4] in [2H5]bromobenzene) led to only ca.
75% consumption of 25 equiv. of hex-1-ene to give poly(hex-
1-ene).

We conclude that [(2,6-R2C6H3NCH2CH2)2O]22 ligands
produce stable five-coordinate dialkyl complexes of Ti, Zr and
Hf, and that ‘cations’ formed by protonation or oxidative
cleavage of an alkyl group from Zr or Hf are initiators for the
polymerization of hex-1-ene. These results should be contrasted
with results obtained by McConville and co-workers5,6 where Ti
is the most successful when the diamido ligand does not contain
an additional donor.

R. R. S. thanks the Department of Energy (DEFG02-
86ER13564) and Exxon for supporting this research, and M. A.
is grateful for a Rueff-Wormser Postdoctoral Fellowship.

Footnotes and References
† Solid (TsOCH2CH2)2O (5 g, 12.0 mmol) was added to a chilled (230 °C)
solution of 2,6-Pri

2C6H3NHLi (4.53 g, 24.8 mmol) in thf (30 ml). After 24
h all solvents were removed in vacuo and the residue was extracted with
pentane. The pentane was removed in vacuo to yield an orange oil (4.2 g,
82%). An analytically pure sample was obtained by recrystallization from a
concentrated pentane solution at 230 °C: 1H NMR (C6D6) d 7.18–7.14 (m,
6, Haryl), 3.60 (t, 2, NH), 3.48 (spt, 4, CHMe2), 3.35 (t, 4, OCH2), 3.07 (q,
4, CH2N), 1.06 (d, 24, CHMe2); (CDCl3) d 7.18–7.05 (m, 6, Haryl), 3.70 (t,
4, OCH2), 3.57 (br, 2, NH), 3.36 (spt, 4, CHMe2), 3.14 (br t, 4, CH2N), 1.27
(d, 24, CHMe2).
‡ Satisfactory elemental analyses have been obtained (C, H, N).
§ 1H NMR (C6D6) d 3.15 (t, 4, OCH2), 2.95 (dt, 4, CH2N), 2.24 (s, 12,
ArMe).
¶ Crystallographic data: ZrL1aMe2: Siemens SMART/CCD, orthorhombic,
space group Pnma, a = 12.741(3), b = 22.663(5), c = 7.518(2) Å,
U = 2170.9(8) Å3, Z = 4, Dc = 1.321 g cm23, R = 0.0368, Rw = 0.1009,
GOF = 1.179. For TiL1a(CH2Ph)2: Siemens SMART/CCD, orthorhombic,
space group Fdd2, a = 32.803(8), b = 42.342(13), c = 8.547(4) Å,
U = 11872(7) Å3, Z = 16, Dc = 1.210 g cm23, R = 0.0609, Rw = 0.1269,
GOF = 1.095. CCDC 182/679.
∑ In a typical experiment a chilled (230 °C) solution of 1b (19 mg, 44 mmol)
in chlorobenzene (3 ml) was added to a suspension of [PhNMe2H][B(C6F5)4]
(32 mg, 40 mmol) in chlorobenzene (6 ml) at 230 °C. The reaction mixture
was allowed to warm to room temp. and was stirred for 15 min. The reaction
mixture was cooled to 0 °C and hex-1-ene (1.0 ml, 8.0 mmol) was added all
at once. After stirring for 1 h at 0 °C the reaction was quenched with HCl
(1.0 m in ether, 4 ml). In a typical experiment employing [Ph3C][B(C6F5)4]
the reaction mixture was stirred for 2 min at 230 °C and allowed to
equilibrate at 0 °C before hex-1-ene (1.0 ml, 8.0 mmol) was added all at
once.
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Table 1 GPC and yield data for poly(hex-1-ene)a

Complex Activator Mn(theory) Mn
b Mw

b Mw/Mn
b Yield (%)

ZrL1bMe2 [NHMe2Ph]+ 13 440 2 670 3 560 1.33 96
ZrL1bMe2 [CPh3]+ 16 800 2 460 4 220 1.72 96
ZrL1b(CH2CHMe2)2 [NHMe2Ph]+ 16 800 2 650 8 550 3.23 94
ZrL1bMe2 [CPh3]+ 16 800 11 700 18 000 1.55 100

a Dialkyl complex (44 mmol), activator (40 mmol), 200 equiv. hex-1-ene (except first entry = 160 equiv.), 10 ml chlorobenzene. b Determined by GPC coupled
with on-line light scattering (Wyatt Technology).

Fig. 2 A view of the structure of TiL1a(CH2Ph)2. Bond lengths (Å) and
angles (°): Ti–C(1) 2.129(10), Ti–N(1) 1.962(6), C(2)–Ti–O 169.3(3).
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Lithium enamides, b-diketiminates and 1,3-diazaallyls from the 1 : 1 insertion
of an isonitrile into the Li–C bond of LiCH(SiMe3)2†‡

Peter B. Hitchcock, Michael F. Lappert* and Marcus Layh

The Chemistry Laboratory, University of Sussex, Brighton, UK BN1 9QJ 

The diverse behaviour of LiCHR2 A towards an isonitrile
RANC is unravelled; depending on reaction conditions and
choice of RA, the product was an enamide Li[N-
(RA)C(R)NC(H)R](tmen), a b-diketiminate Li[N-
(RA)C(R)C(H)C(R)N(RA)], a 1,3-diazaallyl (with addi-
tionally PhCN) Li[N(Ph)C(R)NC(Ph)NC(H)R](tmen) or a
1 : 1 adduct of A and Li[N(RA)C(R)C(H)C(R)N(RA)](CNRA)
(RA = But), (R = SiMe3, tmen = Me2NCH2CH2NMe2 and
RA = But, Ph or C6H3Me2-2,6).

We have previously noted that the reaction between bis-
(trimethylsilyl)methyllithium LiCHR2 A and the a-H-free
nitrile PhCN or ButCN gave under ambient conditions and
irrespective of stoichiometry the 1 : 2 or 1 : 1 adduct, the lithium
b-diketiminate [LiN(R)C(Ph)C(H)C(Ph)N(R)]2 B1 or 1-azaal-
lyl [LiN(R)C(But)C(H)R]2

2 (R = SiMe3). We now report new
findings on the LiCHR2–PhCN system and on the variety of
reactions between LiCHR2 and the isonitrile RANC (RA = Ph,
But or C6H3Me2-2,6).

Treatment of a lithium alkyl LiR1 and an isonitrile R2NC was
shown by Walborsky et al. to give the lithioaldimine
LiC(R1)NNR2, which was not isolated, but used in situ as a
source of an aldehyde, ketone, a-keto acid, b-hydroxyketone or
a heterocycle.3

We now report (i) the synthesis of three diverse adducts 1, 2
and 3 formed from LiCHR2 A and RANC (RA = But or
C6H3Me2-2,6); (ii) that the previously examined LiCHR2–
PhCN system1 is modified in the presence of (Me2NCH2)2
( = tmen) to yield the 1 : 1 adduct 4; (iii) that the enamide 1 with
PhCN or 4 with PhNC yields the lithium b-diketiminate 5 or
1,3-diazaallyl 6, respectively; (iv) that the b-diketiminate B1

with LiCHR2 and 1 equiv. of Et2O or thf (OC4H8) gives the
dilithium [bis(trimethylsilyl)methyl-b-diketiminate] donor
(Et2O or thf) adduct 7a or 7b (similar in type to the tert-butyl
isonitrile adduct 3); and (v) the characterisation of each of 1–7,§
including the X-ray structures of 6 (to be published in the full
paper) and 7b.¶ The reactions leading to compounds 1–7 are
summarised in Scheme 1.

It is noteworthy (Scheme 1) that the nature of the product, a
lithium enamide 1 or b-diketiminate 2, or (irrespective of
stoichiometry) an isonitrile adduct of a dilithium [bis-
(trimethylsilyl)methyl-b-diketiminate] 3, obtained from
LiCHR2 A and the isonitrile RANC, in good yield under ambient
conditions in Et2O, was dependent on one or more of the
variables: the nature of RA, the stoichiometry and the presence or
absence of tmen. A transient lithium b-diketiminate may well
have been an intermediate along the pathway to 3, as evident
from the isolation of the related dilithium compounds 7a and 7b
from A and B.

The formation of the stable compound 4 (from LiCHR2–
PhCN–tmen) lends credence to the suggestion that the pre-
viously reported LiCHR2–PhCN reaction (which gave the
lithium b-diketiminate B)1 proceeded via a transient
h3-1-azaallyl (an isomer of the tmen-free 4). The function of the
tmen may have been to have promoted the h3?h1 isomerisa-
tion. This is also consistent with the present observation that 4

+ PhNC gave the Li(tmen) 1,3-diazaallyl compound 6 rather
than the isomer 0.5 B (tmen) (cf., the reaction of the Li enamide
1 + 2,6-Me2C6H3NC? Li b-diketiminate 2). The possibility
(cf., ref. 5) that in this reaction PhNC was initially isomerised
into PhCN is discounted because 4 + PhCN gave an isomer of
6, in which the Ph and Me3Si groups at N(1) and C(2) were
exchanged.

The multifarious reaction products observed in the LiCHR2–
RANC system (Scheme 1) may be accommodated by the
pathways shown in Scheme 2. Thus, we propose that (i) an
initial 1 : 1 complex 8 is (ii) transformed into the lithioaldimine
9, which (iii) induces a C(1)?C(2) shift of an Me3Si ( = R)
group yielding the lithium 1-azaallyl 10" 11, this (iv)

Scheme 1 Synthesis of the crystalline compounds 1–7 from LiCH(SiMe3)2.
Reactions carried out in C5H12 or Et2O (2–4) at 278 °C to ca. 25 °C; yields
refer to recrystallised complexes; RA = C6H3Me2-2,6.

Scheme 2 Reaction pathways in the LiCHR2–RANC systems
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behaving as a C-centred nucleophile adds to RANC giving the
lithiodiimine 12, which (v), by a process similar to (iii), yields
the lithium b-diketiminate 13.

Although isonitrile complexes of certain transition metals are
established, isonitrile adducts of a main group metal are
rare {see, e.g., 6a Ph2CNCLi[(2)-sparteine](thf)2 and 6b

AlPh3(CNC6H11-c)}, complex 3 may serve as a model for 8.
The propensity for an Me3Si group to undergo a 1,2- or 1,3-shift
in an anionic complex is well documented4 [e.g.,1,2 1,3-C?N
in the LiCHR2–RACN systems], and this provides support for
propositions (iii) and (v) of Scheme 2. The isolated complexes
1, 2 and 3 correspond to a tmen adduct of 11, 13 and a composite
of 8 and 13, respectively.

The nature of the donor adducts 3, 7a and 7b, of a dilithium
[bis(trimethylsilyl)methyl-b-diketiminate] requires comment.
In principle, each may be regarded as being either a 1 : 1
cocrystal of LiCHR2(donor) and Li(b-diketiminate) or a
discrete compound. We favour the latter for the following
reasons. First, repeated recrystallisation of 3 from different
solvents led in each case to a product of precise 1 : 1
composition. Second, their colours (Scheme 1) are distinct from
those of their possible factors (B is pale yellow). Third, the
X-ray structure of 7b (Fig. 1) shows each lithium atom to be
closely bound to the two nitrogen atoms of the b-diketiminate
moiety [as, indeed, appears to be the case for 3, but the quality
of the crystals was such that an accurate structure was not
established, R1 {I > 2s(I) ≈ 0.20}]. Finally, the 7Li{1H} NMR
spectrum of 7a in C6D5CD3 showed a single signal at d 2.30 at
293 K, but three separate signals at d 2.36, 1.44 and 1.37 at 193
K; this is attributed to there being an equilibrium between 7a
and its factors A and B. Variable temperature NMR spectra of
3 and 7b are under investigation.

Crystalline 7b has a mirror plane containing the atoms O and
C(13) of the thf molecule, the two lithium, the two silicon atoms
and the methyl group C(6), as well as C(2) [corresponding to the
C(H) of the b-diketiminate moiety]. The methine carbon, C(0)
of the CHR2 group, and the remaining atoms C(10), C(11) and
C(12) of the thf molecule are disordered across the mirror plane.
The nitrogen atoms N(1) and N(1A) are bridged by Li(1) (bonded
to thf) and Li(2), one above and the other below the nearly

planar and completely delocalised diketiminato skeleton, with
Li(1)–N(1) 2.00(2) and Li(2)–N(1) 2.13(2) Å. This contrasts
with the situation in the dimeric lithium b-diketiminate B,
which has only one of the two nitrogen atoms of each boat-
shaped, incompletely delocalised lithiated ligand in a bridging
mode with Li–N 1.952(9) and 2.095(9) Å, for the four- and
three-coordinate nitrogens, respectively.1 The Li(2)–C(0) dis-
tance of 2.07(3) Å may be compared with 2.14(3)–2.27(2) Å in
crystalline [LiCHR2]H.7

The lithium compounds 1–7 are available as ligand transfer
agents to provide a variety of new s-, p-, d- and f-block metal
coordination compounds. We also conclude that isonitriles have
an as yet unexplored potential for main group metal chem-
istry.

We thank ESPRC for a fellowship for M. L. and for other
support.
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Fig. 1 Molecular structure of 7b with selected bond distances (Å):
N(1)–Li(1) 2.00(2), N(1)–Li(2) 2.13(2), C(0)–Li(2) 2.07(3), N(1)–C(1)
1.32(1), C(1)–C(2) 1.41(1), O–Li(1) 1.86(3).
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A chiroptically enhanced fluorescent chemosensor

Jesus M. Castagnetto and James W. Canary*

Department of Chemistry, New York University, New York, NY 10003, USA 

One sensor molecule gives both fluorescence and exciton-
coupled circular dichroism signals upon metal ion
complexation, suggesting a novel strategy for detection,
identification and quantification of multiple analytes.

One important strategy for the design of efficient sensors for the
determination of metal ion concentrations in solution utilizes
fluorescent chemosensors in which a metal ion binding event is
coupled to a change in the luminescence behavior of the ligand
upon forming a complex.1–4 The classic approach to selective
metal ion sensor design involves the engineering of selectivity
through control of ligand stereoelectronic features including
donor atoms and geometry. Sensor arrays with multivariate
calibration offer especially exciting potential in this field.5
Recently, multiple wavelength excitation6 and ratiometric
detection7 schemes have offered sophisticated analysis of two
metal ions with a single ligand. Here, we wish to report a
strategy wherein both isotropic and anisotropic absorption
signals from the optical response of a single sensory molecule
provide not only detection but also differentiation of multiple
analytes.

The ligand 1 {a-MeBQPA, bis[(2-quinolyl)methyl][1-
(2-pyridyl)ethyl]amine} generates strong signals in exciton-
coupled circular dichroism spectra (ECCD) upon formation of
complexes with trigonal bipyramidal metal ions (ZnII, CuII) as
shown in Fig. 1.8 Contrastingly, complexes with octahedral
metal ions (CdII, FeII) do not give strong CD signals. The
physical basis for tripodal ligand ECCD response to metal ion
geometry has been discussed.8,9

Since quinoline ligands were employed in the development of
practical fluorescent sensors for ions such as CaII, MgII and
MnII,10,11 we envisioned that 1 might also display useful
fluorometric sensory properties. Fig. 1 shows fluorescence
spectra of the free ligand and four coordination complexes in
aqueous solution at pH = 7.1; the fluorescence intensities of
diamagnetic complexes increase relative to the free ligand,12

with observed enhancements (378 nm, H2O, pH = 7) of 30 : 1
(ZnII) and 6 : 1 (CdII). The fluorescence enhancement derives
from an N-heterocycle characteristic change from an n–p*
electronic transition (leading to phosphorescence)10,13 to a
p–p* transition upon metal ion complexation, resulting in
fluorescence.10,13 The observed binding of ZnII and CdII to the
a-MeBQPA is strong (Ka > 106 dm3 mol21) as expected,14

which was evidenced by the linear response of the fluorescence
enhancement at micromolar concentrations [e.g. Fig. 2(b)].

The fluorescence and ECCD properties of the complexes
result in the interesting situation that the ligand can not only
signal the presence of a metal ion, but evaluation of both
properties can allow identification of the metal. Detection of

both fluorescence enhancement and anisotropic absorption
distinguish, for example, ZnII (strong fluorescence and ECCD
response), CuII (strong ECCD but no fluorescence), CdII (strong
fluorescence but no ECCD) and FeII (neither fluorescence nor
ECCD). These results illustrate for the first time the principle
that both isotropic and anisotropic detection may be utilized to
maximize the information transmitted by a single sensor
molecule.

The optical behavior of the ligand upon presentation of ZnII

and CdII mixtures serves to illustrate the approach. The overall
ratio of fluorescence signals of the ZnII and CdII ions at
micromolar concentrations is 5 : 1 at 378 nm. However, the
circular dichroic responses are more highly differentiated; at
242 nm (H2O, pH = 7) the ratio of De(ZnL) :De(CdL) is 12 : 1.
The relative fluorescence measured follows eqn. (1)

I = cZnIZnL
0 + (12 cZn)I0

CdL (1)

q = A[Zn2+] + B (2)

where I0
ZnL and ICdL

0 are the intensities for the 1 : 1 M : L
complex, and cZn the mole fraction of ZnII in the mixture. The
CD signal is mainly sensitive to [ZnII]; assumption that CdII

Fig. 1 Fluorescence and circular dichroism spectra of (R)-a-MeBQPA
(5.1 mm) and complexes with Zn(ClO4)2 (5.1 mm), Cd(NO3)2 (5.1 mm),
Cu(ClO)4)2 (5.2 mm) and FeCl2 (5.0 mm) in aqueous HEPES buffer (0.1 m),
pH = 7.09, 25 °C (lex = 310 nm)
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does not contribute gives eqn. (2). Rearranging eqn. (1) into
linear form and combining with eqn. (2) we obtained eqn. (3)
which will give the [CdII] as a function of the two observ-
ables.

  
[ ]Cd2+ 0

ZnL

0
CdL= −

−






−





I I

I I

B

A

q
(3)

Based on this chemistry, a device measuring both isotopic and
anisotropic absorbance would permit the calculation of the

concentrations of two species. This may be done by measure-
ment of light absorption (UV–VIS and CD) or emission (e.g.,
fluorescence and fluorescence-detected CD) since all four
responses are proportional to absorption of the light.

We thank the National Institutes of Health (GM49170), for
support of this work. Some mass spectra were obtained at the
Michigan State University Mass Spectrometry Facility (sup-
ported in part by grant DRR-00480, from the Biotechnology
Research Technology Program, NCRS, NIH).
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Fig. 2 Change in fluorescence intensity (378 nm, r = 0.995) and CD signal
(242 nm, r = 0.984) of a 5 mm solution of (R)-a-MeBQPA in water (0.1 m
HEPES, pH = 7.09)
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Stereoselective preparation and reactions of configurationally-defined mixed
acyclic dialkylzincs

Christophe Darcel, Felix Flachsmann and Paul Knochel*

Fachbereich Chemie der Philipps-Universität Marburg, Hans-Meerwein-Strasse, D-35032 Marburg, Germany 

Mixed acyclic dialkylzincs are stereoselectively prepared
from E- and Z-trisubstituted alkenes.

The preparation of configurationally defined reactive organo-
metallics is of great interest,1 since it offers the potential of
transferring the stereochemical information at the a-carbon of
the metal to a variety of organic compounds via reaction with
various electrophiles. Recently,2 we have shown that organo-
boranes 1 can be converted by an exchange reaction3 with
Pri

2Zn to configurationally stable4 mixed diorganozincs 2.
These zinc reagents can be reacted with electrophiles like D2O
or allylic halides, providing products of type 3 (Scheme 1).

In all these experiments, trans-cycloalkylborane derivatives
4 were used and converted to trans-cycloalkylzinc compounds
5. To demonstrate the stereoselectivity of the boron–zinc
exchange, the use of cis-cycloalkylboranes 6 would have been
necessary. Since these molecules are not available by hydrobor-
ation with Et2BH, we examined the hydroboration of open-
chain trisubstituted E- and Z-olefins 7. Herein, we report the
stereoselective preparation of open-chain secondary dialkyl-
zincs and their stereoselective deuterolysis and allylation.

Thus, the hydroboration of E- and Z-styrene derivatives 8
with Et2BH was complete after 14 h at 25 °C; the intermediate
diethylorganoboranes were treated with Pri

2Zn, furnishing the
mixed diorganozincs 9 and 10, which were quenched with D2O
resulting in the formation of the deuterated product 11 (Scheme
2). The presence of the o-methoxy group was found to
accelerate significantly the rate of the boron–zinc exchange
reaction, allowing the completion of this exchange starting from
(Z)- or (E)-8 within 3 h at 0 °C. Under these conditions, the
deuterolysis of 9 provides mainly the anti-deuterated product 11
(syn : anti < 1 : 99) whereas the deuterolysis of 10 furnishes the
product 11 as a syn : anti mixture of 77 : 23. The syn : anti ratio
of the deuterated products was determined by 2H NMR
spectroscopy. These experiments demonstrate for the first time
the stereoselectivity of the boron–zinc exchange reaction for
open-chain systems. It is interesting to note that performing the
boron–zinc exchange at 25 °C instead of 0 °C leads to lower
stereoselectivities, i.e. a syn : anti ratio of 22 : 78 starting from
(Z)-8 and 73 : 27 starting from (E)-8.

The mixed dialkylzincs 9 and 10 could also be transmetalated
to copper–zinc compounds via reaction with CuCN·2LiCl,

leading after treatment with allyl bromide to the desired
allylated products 12 with a syn : anti ratio of 24 : 76 starting
from the zinc intermediate 9 and 81 : 19 starting from the zinc
reagent 10. The lower stereoselectivity of the allylation of 9
compared to the deuterolysis may be due to a slow isomeriza-
tion of 9 during the allylation reaction.†

Whilst the presence of the o-methoxy group of 8 facilitates
the subsequent boron–zinc exchange, it is possible to extend the
reaction to (E)- and (Z)-styrenes 13 with similar selectivities.
This proves that the configurational stability of the organozinc
intermediates does not depend on the presence of a heteroatom
in close proximity. In this case, the deuterium signals after
quenching of the intermediate zinc reagent 14 were not
separated, so that the selectivity could not be determined.
However, after transmetalation with CuCN·2LiCl and allylation
the desired allylated product 15 was obtained stereoselectively.
The Z-olefin 13 gave allylation product 15 with a syn : anti ratio
of 19 : 81, whereas the E-olefin 13 gave a syn : anti ratio of
78 : 22 for 15 (Scheme 3).

The relative stereochemistry of the product 15 (syn : anti ratio
of 78 : 22) was determined by converting it to 3,4-dimethyl-
1-tetralone 18 by ozonolysis followed by oxidation of the

Scheme 1

Scheme 2 Reagents and conditions: i, HBEt2 (3 equiv.), 25 °C, 14.5 h; ii,
Pri

2Zn (2 equiv.), 0 °C, 3 h; iii, D2O, THF, 278 °C; iv, CuCN·2LiCl; v, allyl
bromide, 278 to 25 °C
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resulting aldehyde 16 to the acid 17. Friedel–Crafts cyclization
of the corresponding acid chloride furnishes the cis- and trans-
ketones 18 (cis : trans = 22 : 78). Both the major trans isomer
and the minor cis isomer could be unequivocally identified by
NMR spectroscopy (Scheme 4).

In conclusion, we have shown that the boron–zinc exchange
performed with Pri

2Zn on open-chain secondary zinc reagents
proceeds stereoselectively. Although the relative stereoche-
mistry of the zinc reagents could not be directly determined, we
assume that this exchange reaction proceeds with retention of
configuration as well as the allylation (and deuterolysis),‡ since
an overall retention of configuration is observed. Current work
in order to improve the level of stereoselectivity and to extend
the number of electrophiles that can quench stereoselectively
the intermediate organozinc reagents is underway.
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0 °C. After deuterolysis a cis : trans ratio of 11 : 89 was obtained. However,
keeping this copper–zinc reagent at 278 °C and treating it with another
equivalent of ZnBr2 provides a cis : trans ratio of 1 : 99, showing that the
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at this temperature, the zinc salts produced during the allylation reaction are
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Scheme 3 Reagents and conditions: i, BHEt2 (3 equiv.), 25 °C, 13 h; ii,
Pri

2Zn (2 equiv.), 25 °C, 3 h; iii, CuCN·2LiCl, 278 °C; iv, allyl bromide,
278 to 25 °C; v, Pri

2Zn (2 equiv.), 25 °C, 4 h

Scheme 4 Reagents and conditions: i, O3, then Me2S; ii, NaClO2,
Me2CNCHMe, NaH2PO4, ButOH, 25 °C, 1 h; iii, SOCl2, 60 °C, 1 h; iv,
AlCl3 (1.25 equiv.), ClCH2CH2Cl, 25 °C, 4 h
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Cp*TaCl2B4H8: synthesis, crystal structure and spectroscopic characterization
of an air-stable, electronically unsaturated, chiral tantalaborane

Simon Aldridge, Hisako Hashimoto, Maoyu Shang and Thomas P. Fehlner*

Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana, 46556, USA 

Reaction between Cp*TaCl4 (Cp* = h5-C5H5) and BH3·thf
at 40 °C yields the pale red electronically unsaturated cluster
Cp*TaCl2B4H8 1 which despite having two electrons fewer
than the seven pairs required for the observed square
pyramidal geometry is stable in air; viewed as a cluster, 1 is
the first example of an unsaturated cluster containing a
single metal atom; viewed as a chiral 16-electron organome-
tallic complex it is isoelectronic with Cp(C2B9H11)TaCl2 and
Cp[(Me3Si)2C2B4H4]TaCl2.

The rôle of unsaturated species in catalyzing or mediating
industrially important transformations has long been acknow-
ledged,1 although examples of such species in transition metal
cluster chemistry are rare.2 Within the realms of metallaborane
chemistry unsaturated species, that is those which are formally
electron deficient with respect to the number of skeletal pairs
required to sustain the observed molecular geometry, are
limited to the sensitive group 6 metallaboranes (Cp*Cr)2B4H8

3

and (Cp*MoCl)2B3H7
4 both of which, having five skeletal

electron pairs are formally two electrons deficient in terms of
Wade’s rules.5 We now report the synthesis of the six-electron
pair cluster (Cp*TaCl2)B4H8 1 which has a nido structure
formally derived from B5H9 by replacement of a basal BH
fragment by Cp*TaCl2. Although 1 has two fewer electrons
than the seven pairs expected for such a geometry, it is
remarkably stable in air and sufficiently thermodynamically
robust that it can be sublimed in vacuo at 230 °C.

Reaction of Cp*TaCl4 with 3.5 equiv. of BH3·thf at 40 °C
leads initially (4 h reaction time) to an extremely air- and
moisture-sensitive deep blue intermediate thought to be a BH3
adduct of the known dimeric tantalum hydride (Cp*TaCl2H)2.6
Longer reaction times lead to the isolation of the pale red air-
stable cluster Cp*TaCl2B4H8 1.† 1 has been characterized by 1H
and 11B NMR, IR spectroscopy and high-resolution mass
spectrometry and by single crystal X-ray diffraction.‡ Con-
sumption of BH3·thf during the reaction is accompanied by
evolution of BH2Cl; the effective use of BH3·thf as a dual
reagent to build up a metallaborane cluster and to remove Cl as
BH2Cl has been demonstrated previously for cobalt7 and
molybdenum4 metallaboranes. In addition, the reaction of
Cp*TaCl4 with BH3·thf contrasts with the analogous reaction
with the more strongly reducing BH4

2, which we find to give
the known compound (Cp*TaB2H6)2.8 The differing reactivities
of BH3·L and BH4

2 towards Cp*MXn species have been
demonstrated previously for M = Cr, Mo and Co.3,4,7

The crystal structure of 1 is illustrated in Fig. 1 and can be
interpreted as a nido cluster formally derived from B5H9 by
replacement of a basal BH group by Cp*TaCl2. The skeletal
electron count for such a molecule is six pairs, one pair short of
the seven required for a square pyramidal geometry.5 That the
molecule is indeed square pyramidal, rather than trigonal
bipyramidal (as would be expected for six pairs) is reflected by
Ta–B(4) and B(1)–B(3) distances [3.338(12), 2.59(2) Å,
respectively] which are sufficiently long to preclude any
significant bonding interaction. Cluster 1 is therefore electron-
ically unsaturated and is the first example of an unsaturated
cluster containing a single metal atom.

The square pyramidal geometry of 1 is further confirmed by
similarities with the only other crystallographically charac-
terized 2-metallapentaborane, 2-CpCoB4H8.9 The two clusters
display similar B–B distances and B–B–B angles. Although the
metal–apical boron distances are consistent with the differences
in the covalent radii of the metals, the metal–basal boron
distance for 1 is longer than expected from the structure of the
cobalt compound. However, as M–B distances for hydrogen-
bridged interactions exhibit large variations for the same metal,
this difference is difficult to interpret.

A comparison of the molecular orbital schemes for 1 and
2-CpCoB4H8 calculated by Fenske–Hall methods10 offers some
insight into the nature of the unsaturated tantalaborane.§ For
2-CpCoB4H8 the SHOMO is an antibonding combination
consisting mainly of a metal-based d orbital along with a minor
contribution from a borane-based fragment orbital which is
symmetric with respect to the molecular mirror plane and has a
high percentage of apical boron 2p character. In the tantalum
case the corresponding MO has similar character but is shifted
to much higher energy (+0.41 for 1 vs. 212.47 eV) principally
because the participating metal-based orbital is itself at much
higher energy (25.99 for 1 vs. 213.09 eV). In essence the
significantly higher energy of the early transition metal d
orbitals shifts a predominantly metal-based MO to much higher
energy such that it is unoccupied, and 1 is stable despite one
skeletal electron pair fewer than 2-CpCoB4H8. Although 1 is
unique in being an unsaturated cluster featuring a single metal
atom, the electronic factors underlying its apparent stability, the
high-lying nature of the metal d orbitals and their ability to
overlap well with borane-based orbitals, have much in common

Fig. 1 The molecular structure of 1. Relevant bond lengths (Å) and angles
(°): Ta–Cl(1) 2.341(2), Ta–Cl(2) 2.370(2), Ta–Cp*(centroid) 2.123(9), Ta–
B(1) 2.495(12), Ta–B(2) 2.249(12), Ta–B(3) 2.495(14), B(1)–B(2) 1.70(2),
B(1)–B(4) 1.77(2), B(2)–B(4) 1.71(2), B(1)–H(11) 1.33(4), B(1)–H(12)
1.34(5), B(1)–H(13) 0.98(6), Ta–H(11) 1.88(5); Cl(1)–Ta–Cl(2) 99.20(10),
H(11)–Ta–H(31) 79(3), B(1)–Ta–B(3) 62.4(5), B(1)–B(2)–B(3) 99.9(10),
B(1)–B(4)–B(3) 94.0(9).
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with the factors stabilizing other unsaturated early transition
metal metallaboranes featuring two metal centres i.e.
(Cp*Cr)2B4H8

3 and (Cp*MoCl)2B3H7.4
Cluster 1 represents a rare example of a structurally

characterized molecule containing a Ta–B bond8,11–14 and
comparison with (Cp*TaBr)2B2H6

8 (which contains both Ta–B
and Ta–H–B linkages) shows similar hydrogen-bridged Ta···B
distances [2.495 Å for 1; 2.41 Å for (Cp*TaBr)2B2H6]8 but a
significantly shorter direct Ta–B linkage (2.249 vs. 2.37 Å). The
Ta–B bond is also decidedly shorter than those found in h5

bound tantalum carborane complexes (which are typically in the
range 2.4–2.5 Å),11,13,14 but of similar length to that found in
both isomers of the h1 complex Cp2Ta(H)2(BO2C6H4) (2.263,
2.295 Å12).

An alternative view of 1 is as a 16-electron organometallic
complex containing either a d0 TaV centre coordinated to a six-
electron B4H8

22 ligand or a TaIII centre and a four-electron
neutral B4H8 ligand. The B4H8

22 ligand is comparable to the
six-electron units C2B9H11

22 or (Me3Si)2C2B4H4
22 in the

analogous molecules Cp(R)TaCl2 [R = C2B9H11
13 or (Me3-

Si)2C2B4H4
14]. In contrast to these carborane complexes,

however, 1 is chiral with the plane of mirror symmetry present
in other 2-metallapentaboranes such as 2-CpCoB4H8

9 being
eliminated by the non-symmetrical distribution of ligands about
the tantalum centre (see Fig. 2). This results in non-equivalence
of borons B(1) and B(3) which consequently give rise to two
distinct 11B NMR signals (at dB 22.9, 0.5). A similar situation
arises in the osmapentaborane nido-[(OC)(Ph3P)2OsB4H8]
which also gives rise to four distinct 11B signals;15 in the case of
1 the barrier to rotation is sufficiently high that no hint of
coalescence is observed even at 90 °C.

Although reactions of monocyclopentadienylmetal halides,
CpMXn, with nucleophiles have been extensively investi-
gated,16 reactions with electrophiles have received compara-
tively little attention to date. Reaction of one such transition
metal complex, Cp*TaCl4 with the electrophile BH3·thf yields
the highly unusual cluster (Cp*TaCl2)B4H8 1. Cluster 1 is
remarkable enough in being an electronically unsaturated
mono-metallated borane cluster, but its thermodynamic stabil-
ity, together with its stability in air, make it unique. The
synthesis and on-going investigation of the chemistry of 1 [with
particular emphasis on the synthesis of chiral tantalum(v) alkyl
derivatives] represents an exciting development in the little
investigated area of early transition metal metallaboranes.

The support of the National Science Foundation is gratefully
acknowledged. S. A. also thanks the J. William Fulbright
Scholarship Board for the award of a research scholarship. We
thank Professor R. N. Grimes (University of Virginia) for
providing fractional atomic coordinates for 2-CpCoB4H8.
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† Reaction of Cp*TaCl4 (300 mg, 0.66 mmol) with 3.5 equiv. of BH3·thf in
toluene at 40 °C for 96 h, followed by removal of volatiles (including
BH2Cl) in vacuo and extraction with hexane gives an orange–red solution
from which pale red crystals of Cp*TaCl2B4H8 1 can be grown by
controlled cooling; 1 can also be isolated from the reaction of Cp*Ta-
Cl2(CO)2(thf) with a fivefold excess of BH3·thf in toluene at 40–50 °C over
a period of 24 h. 1 is stable to air in both solid and solution phases (toluene

or hexane), is obtained in yields of up to 45% (based on boron) and can be
sublimed under continuous vacuum at ca. 230 °C without significant
decomposition. 1 has been characterized by 1H and 11B NMR (including
selective decoupling experiments), IR, high-resolution mass spectrometry
and single crystal X-ray diffraction. Spectroscopic data for 1: MS (EI), M+

= 438, 1 Ta, 4 B, 2 Cl atoms, calc. m/z 438.1029, obs. 438.1041. 11B NMR
(toluene 21 °C), [J(11B–1H) in parentheses] d 6.3 [d, 1B, B(2) (150 Hz)], 4.8
[d, 1B, B(4) (160 Hz)], d 0.5 [d, 1B, B(1) or B(3) (160 Hz)], 22.9 [d, 1B,
B(1) or B(3) (140 Hz)]. 1H NMR ([2H6]benzene, 21 °C), d21.24 [partially
collapsed quartet (pcq), 2 H, accidental overlap of both TaHB signals (80
Hz)], 20.67 (br, 2 H, overlap of both BHB signals), 1.85 (s, 15 H, Cp*)
d 2.81 [q, 1 H, terminal H attached to B(2) (150 Hz)], 4.52 [overlapping pcq,
3 H, overlap of terminal H attached to B(1), B(3) and B(4) (ca. 150 Hz)]. IR
(KBr, cm21) 2996w (sh), 2965m, 2912m, 2863w (sh), n(CH); 2567s, 2544s,
2530m (sh), n(B–Ht); 2076w (sh), 2057m (br), 1646m (br), n(B–Hb);
1443m (br); 1378s, d(CH3); 700m, 614w, r(CH3). (n = stretching mode,
d = deformation mode, r = rocking mode).
‡ Crystallographic data for 1: monoclinic, space group P21/c, a =
14.149(2), b = 8.6357(12), c = 14.328(2) Å, b = 116.981(13)°, U =
1560.1(4) Å3, Z = 4, Dc = 1.866 g cm23. Of the 2744 reflections collected
[CAD4 diffractometer, Mo-Ka radiation (l = 0.710 73 Å, 293 K)], all were
independent and 2430 were observed [I > 2s(I)]. All non-hydrogen atoms
were anisotropically refined and difference Fourier synthesis located all
hydrogen atoms. Both methyl and borane hydrogens were included in the
final refinement, the former as idealized riding atoms [r(C–H) = 0.96 Å,
Uiso(H) = 1.5 Ueq(C)], the latter isotropically with three free-variables to
restrain B–H(terminal) B–H(bridging) and Ta–H bond lengths. R1 =
0.0433, wR2 = 0.1118 for observed unique reflections [I > 2s(I)] and R1

= 0.0494, wR2 = 0.1199 for all 2744 unique reflections including those
with negative intensities. The max., min. residual electron densities on the
final difference Fourier map were 2.037 and 21.750 e Å23, respectively.
The first five peaks were all within 1.4 Å of the heavy Ta atom and might
have been caused by satellite diffraction and/or imperfection in the
empirical absorption correction. Since no observable abnormality of the
structure details was found, no further effort was made to improve the index
for residual electron density. CCDC 182/705.
§ Fenske–Hall calculations were carried out on the 2-CpTaCl2B4H8 and
2-CpCoB4H8 molecules, with coordinates taken from the results of single
crystal X-ray diffraction studies. In the tantalum case the simplification was
made that the Cp* (h5-C5Me5) ligand was replaced by Cp (h5-C5H5).
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Fig. 2 Structure of 1 viewed along the Ta–B(4) axis showing the non-
symmetrical distribution of ligands about the tantalum centre
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Electron transfer-induced sequential transformations of malonates by the
ferrocenium ion

Ullrich Jahn* and Philip Hartmann

Institut für Organische Chemie, Technische Universität Braunschweig, Hagenring 30, D-38106 Braunschweig, Germany

Malonate enolates undergo single electron oxidation with
the ferrocenium ion followed by radical cyclisation and
radical or cationic termination of the reaction sequence.

In the course of investigations towards the incorporation of
oxidative electron transfer in tandem reactions, we became
interested in the development of general strategies for the use of
enolates as precursors for the generation of radicals, with the
choice of subsequent oxidation of the latter to carbocations in
‘heterointermediate reaction sequences’ [eqn. (1)].

2e2 2e2
Educt ? (R1)2 ? (R2)2 ––––? (R3). ? (R4). ––––?

(R5)+? (R6)+? Product (1)

Enolates have been used in oxidative dimerisations involving
various metal salts.1 Cyclisations of highly acidic b-dicarbonyl
compounds onto phenolates with alkaline K3[Fe(CN)6] were
reported by Kende.2 The electrochemical oxidation of enolates
is known, but these reactions are often limited by low yields and
competing reaction pathways.3 For the generation of a-carbonyl
radicals from neutral carbonyl compounds, Mn(OAc)3

4 or
cerium ammonium nitrate (CAN)5 were employed, but these
reagents are not applicable to enolates.

Here we introduce ferrocenium hexafluorophosphate 1 as an
efficient and selective single electron oxidant for enolates and
certain radical types in reaction sequences.† In addition to its
mildness, 1 is easily recovered and recycled and is thus more
economical than other heavy metal oxidants.

The starting point of our studies was the 5-exo cyclisations of
the substituted malonates 2a–e (Scheme 1). After deprotonation
with (Me3Si)2NLi or LDA at 278 °C in DME (50 mm), the
enolate solutions were treated with portions of 1 at 0 °C.‡ The
course of the reactions was easily monitored by the colour
change of the mixtures. The reactions were finished when the
colour of the solution remained green.

Depending on the structure of the acceptor double bonds in 2,
different products were obtained (Scheme 1, Table 1). Malonate

2a gave a single bicyclic lactone 3a§ in 64% yield (entries 1 and
2). The dimethyl derivative 2b yielded the lactone 3b and the
elimination product 4b together with a small amount of the
disproportionation product 5b. (Me3Si)2NLi was the more
efficient base for the bicyclisation to lactone 3b (entries 3 and
4). Oxidative cyclisation of the phenyl compounds 2c or 2d
afforded a partly separable mixture of the diastereoisomerically
pure lactone 3c and the dimer 6c (entries 5 and 6). The

Table 1 Cyclisation products of the malonates 2 with 1 and product ratio of cationic or radical termination of the sequence

Products (%)

Entry Educt Base (equiv.) 3 4 5 6a Cationic : radical

1 2a LDA (2.5) 64 — — — 100 : 0
2 2a (Me3Si)2NLi (1.75) 54 — — — 100 : 0
3 2b (Me3Si)2NLi (1.75) 52 26 6 — 6 : 1
4 2b LDA (3) 27 28 2 — 13 : 1
5 2c (Me3Si)2NLi (2.5) 7 — — 24 1 : 3.4
6 2d LDA (1.75) 28 — — 48 1 : 1.7
7 2e (Me3Si)2NLi (2) — 25 25 34b 0 : 100

a Yield based on 2. b Diastereoisomeric mixture, stereochemistry not assigned.

Scheme 1 Reagents and conditions: i, LDA or (Me3Si)2NLi, 278 °C, DME;
ii, 1, 0 °C
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stereochemical assignment is based on spectral data and is in
agreement with the stereochemistry of the TEMPO-trapping
product (vide infra). The (E)-Hex-4-enylmalonate 2e provided
the disproportionation products 4e and 5e and a diastereomeric
mixture of the dimer 6e in a ratio of 1.5 : 1.5 : 1 (entry 7).

Clear trends emerge from these results. Enolates 2 are
efficiently oxidised to radicals 7 by 1 (Scheme 2). The 5-exo
cyclisation provides the rearranged radicals 8. The structure of
8 determines their stabilisation. Radicals 8a,b are oxidised to
carbocations 9a,b, which undergo intramolecular nucleophilic
trapping to lactones 3a,b or elimination to 4b, respectively. The
endergonic oxidation of the benzylic radical 8c occurs,6 but is
slower than radical dimerisation and yields a mixture of 3c and
6c. Secondary alkyl radicals are not oxidised and undergo
typical radical processes to products 4e, 5e and 6e.

Trapping experiments with TEMPO 10 confirm these
hypotheses and give rise to an efficient oxidative radical
cyclisation/termination process with remote oxy-func-
tionalisation (Scheme 3, Table 2). Addition of 1 to the reaction
mixtures in the presence of 1–2 equiv. of 10, as described above,
gave the following results. Malonate 2a yielded a mixture of the

acyclic TEMPO adduct 11a and lactone 3a (entry 1). Substrates
2b–e provided the cyclised TEMPO adducts 12 with moderate
to excellent stereoselectivity (entries 2–5). The acyclic com-
pounds 11 were detected in traces if at all, but by using a larger
excess of 10 their amount increased (entry 6). The structure and
stereochemistry of 12c was proved by X-ray analysis.§ Thus on
one hand, radical 5-exo cyclisation of 7 is (except in the case of
7a) faster than their trapping by 10. On the other hand, trapping
of the cyclised radicals 8b,c is strongly favoured over their
oxidation and allows selective remote oxygenation.

Reductive N–O bond cleavage of 12b,e with spontaneous
lactonisation was achieved with Zn–AcOH and allows the
preparation of 3b and the otherwise not accessible lactone 3e
(vide supra) in a two-step procedure in 86 and 84% yield .

In conclusion, we have shown that enolates serve as a
convenient source of radicals. Electron transfer-induced reac-
tion sequences provide a simple access to bicyclic lactones with
1 as oxidant.

We thank the Fonds der Chemischen Industrie (Liebig-
Stipendium for U. J.) for financial support and Professor Dr H.
Hopf for ongoing support of this project.
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* E-mail: u.jahn@tu-bs.de
† Salt 1 has found widespread use in transition metal oxidation (ref. 7),
although applications in organic chemistry are scarce (ref. 8). Ferrocenes
have been employed as redox catalysts for enzymatic oxidations (ref. 9).
‡ The excess of base was applied to ensure complete deprotonation under
dilution conditions. A control experiment showed that the free base was also
oxidised with 1. The outcome of the cyclisations was, however, only
slightly influenced by the amount of base.
§ All new compounds exhibit satisfactory analytical data. X-Ray analyses of
3a and 12c proved their structures and will be published separately.
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Table 2 Termination of the oxidative cyclisations of the malonates 2 with TEMPO 10

Product (%)
Equiv.

Entry Educt Base (equiv.) TEMPO 3 11 12 (dr)a Cyclic : acyclic

1 2a (Me3Si)2NLi (1.75) 2 26 33 — 1 : 1.3
2 2a LDA (1.75) 2 25 47 — 1 : 1.9
3 2b (Me3Si)2NLi (1.75) 2 — — 87 100 : 0
4 2c,d (Me3Si)2NLi (1.75) 2 — — 72 (100 : 0) 100 : 0
5 2e (Me3Si)2NLi (1)b 1 — — 69 (1.8 : 1c) 100 : 0
6 2e (Me3Si)2NLi (2) 2 — 41 42 (2 : 1c) 1 : 1

a Diastereoisomeric ratio. b 6% Educt recovered. c Stereochemistry could not be assigned.

Scheme 2

Scheme 3 Reagents and conditions: i, TEMPO, 1, 0 °C, DME; ii, Zn,
AcOH, THF, 70 °C
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First blue luminescent diborate compound: B2(m-O)Et2(7-azain)2

(7-azain = 7-azaindole anion)

Abdi Hassan and Suning Wang*

Department of Chemistry, Queen’s University, Kingston, Ontario, Canada K7L 3N6 

A novel blue luminescent diborate compound B2(m-O)Et2(7-
azain)2 (7-azain = 7-azaindole anion) is synthesized and
characterized structurally; it emits a blue color at
lmax = 422 nm in the solid and at lmax = 419 nm in solution
and is stable under air as a solid.

Blue luminescent compounds are among the most sought-after
materials by scientists in both academia and industry because of
their potential applications in electroluminescence displays.1
Most of the previously reported blue luminescent compounds in
electroluminescent displays are either aromatic organic mole-
cules or organic polymers.1 Blue luminescent inorganic and
organometallic complexes are rather rare and have been limited
to 8-quinoline or azomethine based complexes where either Al
or Zn ions are involved.2 During our investigation of alkylalu-
minium amido and imido chemistry, we have discovered two
families of blue luminescent aluminium complexes based on
either the deprotonated di-2-pyridyl amine ligand or 7-azain-
dole ligand.3 Both di-2-pyridyl amine (Hdpa) and 7-azaindole
(7-Hazain) have no visible blue luminescence under UV
radiation at ambient temperature. Upon reaction with AlMe3,
these two ligands produce a variety of blue luminescent
aluminium complexes.4 One weakness associated with these
aluminium compounds is their tendency to undergo hydrolysis
upon exposure to air. Although we have found that the
incorporation of alkoxo and oxo ligands into the complexes
enhances their thermal and air stability without destroying the
blue luminescence,4 they are, however, still vulnerable, to some
extent, to air and moisture. In contrast to organoaluminium
compounds, organoboron compounds are in general more stable
owing to the increased covalency of B–C and B–N bonds,5 in
comparison to those of Al–C and Al–N bonds. We therefore
explored the synthesis of boron compounds containing either
the di-2-pyridylamine or the 7-azaindole ligand. We report here
the first example of a blue luminescent diborate compound,
B2(m-O)Et2(7-azain)2 1.

The colorless diborate compound was isolated in ca. 30%
yield from the reaction of BEt3 with 7-azaindole and
1,1,1,3,3,3-hexafluoropropan-2-ol in a 2 : 2 : 1 ratio in toluene at
25 °C. This compound can also be obtained by the reaction of
BEt3 with 7-azaindole and water in a 2 : 2 : 1 ratio in ca. 10%
yield. The role played by 1,1,1,3,3,3-hexafluoropropan-2-ol in
the synthesis has not, as yet, been understood. 1H NMR
spectroscopy, single-crystal X-ray diffraction and elemental
analyses† established the formula of this compound to be B2(m-
O)Et2(7-azain)2 1. The crystal structure along with important
bond lengths and angles are given in Fig. 1. Compound 1
contains two B atoms in a tetrahedral environment. The
7-azaindole ligand is bound to the B centers via both N atoms.
Both 7-azaindole ligands are disordered with 50% occupancy
for each of the disordered sites. Consequently, the B–N bond
lengths are the average of B–N(indole) and B–N(pyridyl)
bonds, ranging from 1.604(5) to 1.612(5) Å, which are
consistent with the typical B–N bond lengths reported pre-
viously.6,7 Each B is also bound by an ethyl group with a normal
B–C bond length. The most interesting structural feature of this
molecule is the bridging O atom which can be considered as the
consequence of the reaction of two ethyl groups with one water

molecule. A similar oxygen bridge has been observed in the
compound B4(2,2A-biimidazole)2(O)Et6 reported by Niedenzu
et al.6a The B–O bond lengths in compound 1 are typical6,7 and
similar to those found in Niedenzu’s compound. The B–O–B
angle [151(3)°] in Niedenzu’s compound is, however, much
larger than that in compound 1 [119.6(3)°] which can be
attributed to the different steric strain imposed by the
2,2A-biimidazole and the 7-azaindole ligands. As a result of the
bridging oxygen atom, compound 1 has a bicyclo[3.3.1]nonane-
like structure. Similar B–O–B bridges have also been observed
previously in heterocycles of boric or boronic acids or their
acyloxy or acylamino derivatives based on the bicyclo-
[3.3.1]nonane framework.7 To our knowledge, compound 1 is
the first example of biheterocycles involving 7-azaindole, boron
and oxygen atoms.

The most exciting property of 1 is that it emits an intense blue
color upon irradiation by UV light. The emission maximum in
the solid is at l = 422 nm. The free 7-azaindole does not have
any observable blue luminescence in the solid state. The toluene
solution of compound 1 emits at lmax = 419 nm at 23 °C while
the toluene solution of the free 7-azaindole ligand has an
emission band at lmax = 357 nm which is in the colorless UV
region. In addition to the dramatic shift of the emission band, the
relative emission intensity† of compound 1 in solution also
appeared to be much greater than that of the free ligand (Fig. 2).
The role of the boron atom in the blue luminescence of 1 was
therefore considered to be perhaps twofold. First, the formation
of covalent bonds between the B and N atoms via the donation
of lone-pairs of the N atoms to the B atoms changes the
emission energy from UV to blue, perhaps owing to the
lowering of the energy gap between p* and p. Second, the

Fig. 1 The molecular structure of compound 1 with 50% thermal ellipsoids
and labelling scheme. The second set of positions of the disordered
7-azaindole ligands are shown as dashed lines. Important bond lengths (Å)
and angles (°): B(1)–O 1.430(5), B(1)–N(1) 1.604(5), B(1)–N(3) 1.609(5),
B(1)–C(15) 1.595(6), B(2)–O 1.431(5), B(2)–N(2) 1.612(5), B(2)–N(4)
1.604(5), B(2)–C(17) 1.592(5); B(1)–O–B(2) 119.6(3), N(1)–B(1)–N(3)
104.6(3), O–B(1)–C(15) 115.9(4), N(2)–B(2)–N(4) 105.2(3), O–B(2)–
C(17) 115.9(3)°.
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binding of the 7-azaindole ligand to two B atoms increases the
rigidity of the ligand, thus reducing the loss of energy via
vibrational motions and increasing the emission efficiency,8a a
phenomenon well known to coordination compounds contain-
ing luminescent chelating ligands.8b,c However, our attempt to
measure the quantum yields of the free ligand and the boron
compound against a common reference compound was un-
successful because they absorb at different regions. The
emission quantum yield of compound 1 was determined to be
0.47, relative to that of 9,10-diphenylanthracene while the
quantum yield of the free ligand was determined to be 0.92,
relative to that of naphthalene. Efforts to gain a better
understanding of the luminescent mechanism of 1 are being
undertaken by our group.

As we anticipated, compound 1 is remarkably stable towards
air in the solid state. In fact, it can be kept under air for days
without decomposition. Compound 1 is also thermally stable. It
melts at 290 °C without decomposition and can be sublimed at
ca. 150 °C and 0.06 mmHg. The high stability of compound 1
can be attributed to both the presence of the bridging O atom
and the covalency of B–C and B–N bonds, in comparison to the
corresponding aluminium compounds. To our best knowledge,
compound 1 is the first example of blue luminescent boron
compounds. The high stability and volatility of 1 make it a good
candidate as an emitter in electroluminescence display devices,
which is being investigated in our laboratory.

We thank the Natural Science and Engineering Research
Council of Canada for financial support, Dr Steven Brown and
Samir Tabash for recording the excitation and emission spectra,
as well as Drs Linda Johnston and Lorenzo Branealeon for
assistance in quantum yield measurements.
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† Crystal data for 1: a = 12.865(4), b = 10.085(3), c = 13.476(4) Å, b
= 103.81(2)°, U = 1698.0(8) Å3, monoclinic, space group P21/n. Data
were collected over the range 2q 3–45° at 25 °C on a Siemens P4
diffractometer with Mo-Ka radiation (l = 0, 710 73 Å), operated at 50 kV
and 40 mA. Data were processed on a Pentium PC using Siemens
SHELXTL software package. Convergence to the final R values of R1

= 0.0678, wR2 = 0.1840 for 1 were achieved by using 2193 reflections [I
> 2s(I)] and 218 parameters. Details of X-ray crystallographic analyses are
given in supplementary material available from the authors. CCDC
182/707. Elemental analysis for C18H20B2N4O: calc. C, 65.51; H, 6.07; N,
16.98. Found: C, 65.35; H, 6.03; N, 16.80%. 1H NMR (CDCl3): d 0.95 (t,
6 H, CH3), 1.26 (q, 4 H, CH2), 6.41 (d, 2 H, 7-azain), 7.04 (m, 2 H, 7-azain),
7.45 (d, 2 H, 7-azain), 7.97 (m, 2 H, 7-azain), 8.12 (m, 2 H, 7-azain).
Excitation and emission spectra for compound 1 and the free ligand were
recorded on a Photon Technologies International QM1 spectrometer. The
solution spectra for both compounds were recorded under the same
conditions except that the molar concentration of the free ligand was made
5.44 times higher than that of the boron compound owing to its low emission
intensity.
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Fig. 2 Excitation and emission spectra of 1 and 7-azaindole in solution at
23 °C: (a) and (b) are the excitation and emission spectra of compound 1
(6.75 3 1023 m in toluene); (c) and (d) are the excitation and emission
spectra of 7-azaindole (3.67 3 1022 m in toluene)
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Synthesis of soluble conjugated metalloporphyrin polymers with tunable
electronic properties

Biwang Jiang, Szu-Wei Yang, Denis C. Barbini and Wayne E. Jones Jr.*

Department of Chemistry and Institute for Materials Research, State University of New York at Binghamton, Binghamton, NY
13902-6016, USA

New linear conjugated porphyrin polymers are synthesized
by a palladium-catalyzed cross-coupling reaction of [5,15-
bis(ethynyl)-10,20-bis(mesityl)porphyrin]zinc and diiodo-
benzene derivatives; enhanced solubility of the conjugated
porphyrin polymers is achieved by attachment of long alkyl
ether or dialkyl amide groups to the aryl moiety, resulting in
unambiguous characterization by 1H NMR, IR, GPC, UV–
VIS and fluorescence spectroscopy; in addition, the
introduction of alkyl ether (electron donor) or dialkyl amide
(electron acceptor) results in significant modulation of the
electronic properties of the conjugated porphyrin polymers
owing to strong electronic coupling.

Conjugated porphyrin polymers and oligomers are an attractive
new class of materials with potential applications in the fields of
electronics, optical devices, sensors and solar energy conver-
sion.1–7 Although the synthesis of a wide variety of porphyrin
dimers or oligomers via the building block approach is well
developed, relatively few soluble conjugated porphyrin poly-
mers have been studied.1 Anderson et al. have synthesized a
soluble, linear conjugated meso-butadiyne-linked porphyrin
polymer with long alkyl chains on the porphyrin periphery. The
polymer exhibits an unusually high susceptibility c(3) and
strong electronic communication as well as electronic absorp-
tion in the near IR.1a However, the electronic tuning of the
meso-butadiyne-linked porphyrin polymers is synthetically
challenging. Therien and DiMagno also reported the synthesis
of poly(diethylnylaryl porphyrin) with limited characteriza-
tion.1b Recently, we synthesized a series of soluble meso-
phenylporphyrin-based polymers with tunable electronic and
photophysical properties.5,6 Unfortunately, the electronic com-
munication along the polymer backbone was limited due to
steric interactions between the phenyl ortho proton and the
porphyrin b-hydrogen, resulting in a large dihedral angle
between the porphyrin ring and the phenylenevinylene unit.5–8

We present here a modified approach to soluble and fully
conjugated porphyrin polymers with tunable electronic and
optical properties that builds on previous efforts.

The design and synthesis of the new conjugated porphyrin
polymers and their precursor porphyrin monomers are outlined
in Scheme 1. The meso-(mesityl)dipyrromethane 1 was synthe-
sized from pyrrole according to a literature procedure.9
Condensation of 1 with (trimethylsilyl)propynal 2 gives
trimethylsilyl-protected porphyrin 3a in 30% yield.10 Metalla-
tion of porphyrin 3a with Zn(OAc)2, followed by deprotection
of the terminal acetylene with tetrabutylammonium fluoride
leads to 3c. Porphyrin polymers 5a and 5b were synthesized
from palladium-catalyzed cross-coupling reaction of porphyrin
monomer 3c and the corresponding diiodoaryl compounds 4a or
4b11 in 90% yields.† The high solubility of the polymers was
achieved by attaching long pendant chains to the aryl units. The
mesityl substituents on the porphyrin moiety also contribute to
the solubility of the polymers.12

1H NMR spectra of the polymers in CDCl3 demonstrated the
expected polymer structure (Scheme 1). For polymer 5b, two
broad peaks at d 9.7 and 8.8 are observed and assigned to the
b-pyrrole protons of the porphyrin subunits. The resonance of

the two aromatic protons corresponding to aryl units appears at
d 8.1, much further downfield from d 7.55 as seen in monomer
4b. No signal was observed near d 4.1 for an acetylenic proton,
supporting the formation of the diethynylaryl-linked porphyrin
polymer. Also no absorbance was observed at 2091 cm21 in the
IR spectrum due to acetylene end-groups, consistent with 1H
NMR results. The formation of the ethynyl link was further
confirmed by absorbance at 2184 cm21 in the IR spectrum. The
NMR and IR data suggest a high degree of polymerization in
these materials. The average molecular mass was determined by
GPC to be Mw = 5.17 3 104, Mn = 2.45 3 104, using
polystyrene standards. Attempts at using multi-angle light
scattering to independently determine molecular mass were
unsuccessful due to competitive absorption.

The insertion of a triple bond between the porphyrin and aryl
subunits was expected to enhance electronic interaction in the
main polymer chain as demonstrated previously for dimeric
systems.8 Fig. 1(a) shows the absorption spectra of polymers 5a
and 5b compared with the monomer 3c. In both cases, the
porphyrin polymers exhibit dramatic red-shifts and broadening
in both the B- and Q-type transition bands in comparison to
porphyrin monomer 3c. This would indicate strong electronic
interactions along the conjugated porphyrin backbone.1–3

Scheme 1 Synthesis of conjugated porphyrin polymers and their pre-
cursors
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In the presence of strong electronic coupling, introduction of
the aryl units into the porphyrin polymer main chain allows for
facile modification of the electronic properties through the
pendant aryl substituent. The observed decrease in absorption
energy on going from polymer 5b to 5a is consistent with the
electron donating character of the ether alkyl substituent and
electron withdrawing character of the dialkyl amide substituent
on the aryl ‘bridge’ units. Cyclic voltammetry measurements in
0.5 m tetrahydrofuran and dichloromethane solution show a
shift in the oxidation potential from 0.94 to 0.75 V vs. SCE on
going from polymer 5b to 5a. As compared to the monomer
electrochemical oxidation at 0.95 V vs. SCE under similar
conditions, substantial broadening in DEp was observed. The
observed modulation of ground-state electronic properties of
the polymer suggests high electron coupling along the conjuga-
tion of the polymer backbone.

The emission spectra of the polymers and the monomer are
shown in Fig. 1(b). Both polymers exhibit significant red-shifts
in comparison to that of the monomer. Polymer 5a displays a
larger red shift than polymer 5b, consistent with the electronic
absorption spectra. The emission lifetimes of polymers 5a and
5b were 0.92 and 1.1 ns respectively, which is shorter than that
of the porphyrin monomer (2.5 ns) measured in THF at room
temp. The fluorescence quantum yields of the monomer and
polymers 5a and 5b are 0.071, 0.028 and 0.069, respectively.
The decrease in emission lifetime and the observed shifts in the
emission spectra upon bridge substitution are also consistent
with increased electronic delocalization in the polymer excited
state relative to the meso-phenylene vinylene linked porphyrin
polymers reported previously.5 Enhanced exciton mobility in
these soluble one-dimensional systems would also be consistent
with these fluorescence data, but more information is necessary
before this mechanism can be confirmed.

The electronic absorption and emission spectra of both
polymers also display significant solvent dependence. The
emission maximum shifts to lower energy on going from
chloroform (704 nm) to n-butylamine (741 nm). This is related
to the well known axial complexation ability of the central metal
cation of the porphyrin toward different solvent ligands.13 The
electron-donating ability of the solvent ligand increases as the

solvent basicity increases. Complexation of the solvent to the
metal cation results in increased electron density on the
porphyrin units. It is important to note that either an increase in
the electron density of the diethynyl aryl unit through pendant
groups or the porphyrin units through axial solvation leads to a
red shift in the absorption and emission bands.

In summary, we have developed a modified approach to
synthesizing a family of fully conjugated, soluble porphyrin
polymers in which the porphyrin units are connected by the
diethynylaryl group. The porphyrin monomers are easily
synthesized, and the high solubility of the polymers in common
organic solvents allows routine manipulation, chemical charac-
terization and spectroscopic analysis. The ground and excited
state electronic properties suggest enhanced delocalization
which can be fine-tuned through the structural modification of
the more synthetically accessible aryl bridge units, rather than
by direct modification of the porphyrin moiety. The unique
coordinating ability of the central metal cation, combined with
the high electronic coupling and fluorescence in the polymers,
may provide an opportunity to develop optical sensors based on
this family of conjugated porphyrin polymers.13

We thank Dr Milissa Bolcar for helpful discussions. This
research was funded by the Integrated Electronics and Engi-
neering Center (IEEC) at the State University of New York at
Binghamton. The IEEC receives funding from the NY State
Science and Technology Foundation, the National Science
Foundation and a consortium of industrial members.

Footnotes and References

* E-mail: wjones@binghamton.edu
† Preparation of polymers (typical procedure): under an atmosphere of
argon, diisopropylamine (1.5 ml) in THF (3 ml) was added to a 15 ml
Schlenk flask containing porphyrin 3c (0.05 g, 0.0076 mmol), diiodo-
benzene 4a or 4b (0.076 mmol), CuI (5 mg) and Pd(PPh3)4 (6.5 mg). This
mixture was refluxed for 24 h and then subjected to CHCl3/H2O. The
combined organic phase was washed with NH4OH (50%), H2O and dried
over MgSO4. Most of the solvent was evaporated in under vacuum and the
concentrated solutions poured into MeOH. The polymer precipitated as a
green solid in 90% yield.

1 (a) H. L. Anderson, S. J. Martin and D. D. C. Bradley, Angew. Chem.,
Int. Ed. Engl., 1994, 33, 655; (b) M. J. Therien and S. G. DiMagno, US
Pat. 5 371 199.

2 H. L. Anderson, Inorg. Chem., 1994, 33, 972.
3 M. J. Crossley and P. L. Burn, J. Chem. Soc., Chem. Commun., 1987, 39;

J. Chem. Soc., Chem. Commun., 1991, 1569.
4 V. S.-Y. Lin, S. DiMagno and M. J. Therien, Science, 1994, 264,

1105.
5 B. Jiang, S. Yang and W. E. Jones Jr., Chem. Mater., 1997, 9, 2031.
6 B. Jiang, S. Yang and W. E. Jones Jr., Synth. Met., submitted.
7 (a) P. J. Angiolilo, V. S.-Y. Lin, J. M. Vanderkooi and M. J. Therien,

J. Am. Chem. Soc., 1995, 117, 12 514; (b) M. Chachisvilis, V. Chirony,
A. M. Shulga, B. Kallebring, S. Lasson and V. Sundstrom, J. Phys.
Chem., 1996, 100, 13 857; (c) V. S.-Y. Lin and M. J. Therien, Chem.
Eur. J., 1995, 1, 645.

8 S. M. Lecours, S. G. DiMagno and M. J. Therien, J. Am. Chem. Soc.,
1996, 118, 11 854; S. M. LeCours, H. Guan, S. G. DiMagno, C. H. Wang
and M. J. Therien, J. Am. Chem. Soc., 1996, 118, 1497; S. Priyadarshi,
M. J. Therien and D. N. Beratan, J. Am. Chem. Soc., 1996, 118, 1504;
H. Imahori, H. Higuchi, Y. Matsuda, A. Itagaki, Y. Sakai, I. Ojima and
Y. Sakata, Bull. Chem. Soc. Jpn., 1994, 67, 2500; (e) D. P. Arnold and
D. A. James, J. Org. Chem., 1997, 62, 3460.

9 C. H. Lee and J. S. Lindsey, Tetrahedron, 1994, 50, 11 427.
10 G. Scott and H. L. Anderson, Synlett, 1996, 1039.
11 (a) Q. Zhou and T. M. Swager, J. Am. Chem. Soc., 1995, 117, 12 593;

(b) T. M. Swager, C. J. Gil and M. S. Wrighton, J. Phys. Chem., 1995,
4886.

12 R. W. Wagner, T. E. Johnson and J. S. Lindsey, J. Am. Chem. Soc.,
1996, 118, 11 166.

13 F. Bedioui and J. Devynck, Acc. Chem. Res., 1995, 28, 30.

Received in Columbia, MO, USA, 5th August 1997; revised manuscript
received 5th November 1997; 7/08044A

Fig. 1 (a) UV–VIS absorption spectra of monomer 3c and polymers 5a and
5b in THF solution and (b) emission spectra of monomer 3c and polymers
5a and 5b in THF solution (465 nm excitation); (—) monomer 3c, (- - - -)
polymer 5a, (—) polymer 5b
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Simple routes to supramolecular squares with ligand corners:
1 : 1 AgI : pyrimidine cationic tetranuclear assemblies

C. V. Krishnamohan Sharma, Scott T. Griffin and Robin D. Rogers*

Department of Chemistry, The University of Alabama, Tuscaloosa, AL 35487, USA 

Simple, tetranuclear cationic supramolecular squares with
ligands at the corners can be constructed using the geometry
of the pyrimidine ligand and the directional tendencies of
AgI coordination; the 1 : 1 AgI : pyrimidine squares have an
open channel structure which facilitates selective ion ex-
change of pertechnetate over nitrate.

Discrete macrocyclic metal complexes and coordination poly-
mers with open networks constitute a new family of inorganic
host materials.1,2 While inorganic macrocycles with their
conformational rigidity provide an alternative to organic
macrocycles such as, crown ethers, cyclophanes, and calix-
arenes, the open network coordination polymers represent
zeolite-like materials with fine-tunable cavities and/or ion
exchange properties.1–3 The robustness of inorganic frame-
works and their ability to selectively bind anionic species make
them particularly suitable to extract a variety of anions.3 Here,
we report crystal engineering strategies for synthesizing novel
supramolecular squares through tetranuclear self-assembly of
AgI cations and pyrimidine ligands.1 These supramolecular
squares may be used to selectively remove the radioactive
TcO4

2 anion from solution, currently a technological challenge
in the clean-up of the Hanford radioactive waste tanks in the
US.4

In general, formation of cyclamers, oligomers, or polymers in
transition metal complexes depends on the coordination
geometry of the metal, the metal to ligand ratio, the chemical
structure of the organic ligands, and the donicity of counter-
ion.2,5 The 1 : 1 transition metal complexes of linear bifunc-
tional ligands such as pyrazine and 4,4A-bipyridyl are known to
form one-dimensional coordination polymers, but the possible
network topologies for analogous metal complexes with simple
angular bifunctional ligands, e.g. pyrimidine, are not well
studied.3,5b,6† However, one can reasonably anticipate three
different networks, or supramolecular isomers, for 1 : 1 pyr-
imidine metal complexes as delineated in Scheme 1.7 Indeed,
one type of isomer, discrete supramolecular squares [Scheme
1(c)], is of current interest owing to their potential host
properties. Current synthetic strategies focus on using metal

ions at the corners and linear ligands as the spacers, which often
requires occupying several of the metal’s coordination sites
with chelating ligands to force discrete macrocycle formation.1
We undertook the inverse, construction of such squares utilizing
a ligand with angular geometry (pyrimidine) at the corners and
a metal with a tendency for linear coordination (AgI) as the
spacer.

Crystals of [Ag(pyrimidine)][NO3] 1, were obtained when
methanolic solution (15 ml) of pyrimidine (0.08 g, 1 mmol) was
reacted with AgNO3 (0.169 g, 1 mmol) dissolved in acetonitrile
(15 ml) through careful layering in a test tube at room temp.
Complex 1 is an interesting cyclic self-assembly of pyrimidine
and AgI forming a supramolecular square with H···H contacts
within the cavity ca. 3.8 3 3.8 Å [Scheme 1(c), Fig. 1].‡ The
squares exist in planar sheets with each square face-to-face
stacked to six other squares (one edged stacked and two corner
stacked each, in the sheets above and below the square plane,
Fig. 2) at 3.45 Å. The planar sheets coincide every fifth sheet,
thus the channels perpendicular to each plane of squares, are
actually formed both by open squares and by an edge and two
corners of three squares in the planes above and below. The
NO3

2 anions are inside the channels and are weakly co-
ordinated with the AgI cations (nine Ag···O interactions in the
range 2.6–3.2 Å) and accept aromatic C–H···O hydrogen bonds.
There are as many as 18 C–H···O hydrogen bonds with C···O

Scheme 1 M = Metal atom

Fig. 1 Packing diagram of 1. The channels depicted are formed from the
supramolecular square in every fifth plane and by an edge and two corners
of a total of three squares in all other planes. Additional channels through
the centers of the squares exist at an angle to the square plane.

Fig. 2 The face-to-face stacking of a supramolecular square to six other
squares is indicated with solid (square edges stacked) and dashed (square
corners stacked) lines
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distances and C–H···O angles in the range 3.0–3.5 Å and
110.7–150.4°.8

Because of the open and hydrophobic nature of the channels
and the weak cation and anion interactions, we attempted to
exchange the nitrate anions with larger softer anions such as
ReO4

2 and TcO4
2. 0.0158 g of complex 1 crystals were

suspended in 1 ml of MeOH containing 0.114 mCi of NH4
99TcO4. After stirring for 2 h the activity of the solution was
reduced by 12%. A significant reduction in the activity, ca.
40%, was observed after 24 h and the distribution ratio for
TcO4

2 was calculated to be 95.§ We also examined the
radioactivity of the above crystals after washing them thor-
oughly with fresh MeOH. A 0.008 g sample of the crystalline
material used above showed an activity of 885 counts min21

confirming the presence of TcO4
2. Further, dissolution of

complex 1 (0.062 g, 0.25 mmol) in 25 ml of MeOH–H2O (3 : 1)
containing NaReO4 (0.068 g, 0.25 mmol) and recrystallization
at room temp., yielded crystals of [Ag(pyrimidine)][ReO4] 2.
Complex 2 also consists of supramolecular squares (internal
cavity H···H separations ca. 3.3 3 4.3 Å) as observed in 1 with
ReO4

2 both in the open channels and forming a 1D coordina-
tion polymer [Ag–O, 2.413(8), 2.480(10) Å] as shown in Fig. 3.
The ReO4

2 anions in the channels form 15 C–H···O hydrogen
bonds (C···O distances and C–H···O angles are within the ranges
of 3.1–3.5 Å and 110.0–143.5°, respectively) in addition to long
Ag···O contacts (four contacts found between 2.8 and 3.0 Å).
The 3D structure of 2 is stabilized by face-to-face stacking of
square edges (3.44 Å) such that each square stacks with only
two other squares in a stair-step fashion (one above and one
below the square plane, Fig. 3).

Our attempts to grow single crystals of the 1 : 1 complex of
AgClO4 (0.207 g, 1 mmol) and pyrimidine (0.08 g, 1 mmol)
from MeOH (25 ml, room temp.) resulted in an unexpected 5 : 6
complex, [Ag2.5(pyrimidine)3][ClO4]2.5 3. The crystal structure
of 3 is a 1D coordination polymer with supramolecular squares
similar to 1 and 2 (internal cavity H···H separation, ca. 2.8 3 4.8
Å) but the squares are crosslinked by a dimeric pyrimidine unit
vertically in a staircase fashion as shown in Fig. 4. Indeed, this
is a combination of possible isomers outlined for 1 : 1 metal

complexes in Scheme 1. One of the ClO4
2 anions is coordinated

to Ag [Ag–O 2.496(7) Å] and one is found to be disordered.
Further, the anions have eight Ag···O contacts between 2.7 and
3.2 Å and 20 C–H···O hydrogen bonds (C···O distances and
C–H···O angles are within the ranges 3.1–3.5 Å and
113.0–172.5°, respectively). The 1D layers of 3 are face-to-face
stacked on square edges in a stair-step fashion as observed for
2, but at a longer 3.87 Å separation.

In conclusion, the angular geometry of pyrimidine or of any
other simple angular bifunctional ligands may be readily
exploited to construct discrete inorganic macrocyclics and a
variety of coordination polymers as well, by making subtle
changes in the metal/ligand ratio (including the uncommon
ratios as observed for complex 3) or donicity of the anion.
Currently, we are investigating the conditions required for
preferential formation of the descrete supramolecular square vs.
the 1D/2D coordination polymers in complexes of pyrimidine
and its derivatives.

Footnotes and References

* E-mail: RDRogers@UA1VM.ua.edu
† A survey of the Cambridge Structural Database (April, 1997 release) for
simple pyrimidine metal complexes resulted in five hits. Of these, only two
complexes contain pyrimidine exclusively as a ligand, i.e., with no other
ligands additionally bonded to the metal (Refcodes: PMDPTA, PMDPTB).
However, recently, pyrimidine has been used to generate an acentric 3D
coordination polymer of CuI, S. W. Keller, Angew. Chem., Int. Ed. Engl.,
1997, 36, 247.
‡ Crystal data: 1 [Ag(pyrimidine)][NO3], M = 249.97, triclinic, space
group P1̄, a = 7.3996(3), b = 9.4356(3), c = 10.3679(4) Å, a = 90.046(1),
b = 71.437(1), g = 74.406(1)°, U = 658.00(4) Å3, Z = 4, Dc = 2.523 Mg
m23, F(000) = 480. R = 0.086, Rw = 0.215.

2: [Ag(pyrimidine)][ReO4], M = 483.16, triclinic, P 1̄, a = 7.895(2), b =
8.095(3), c = 12.643(3) Å, a = 91.95(2), b = 96.11(1), g = 98.51(1)°, U
= 793.5(4) Å3, Z = 4, Dc = 3.668 Mg m23, F(000) = 784. 3081
absorption corrected reflections out of 3611 unique reflections measured at
173 K for a crystal of dimensions, 0.04 3 0.10 3 0.18 mm, on convergence
gave final values of R = 0.039, Rw = 0.090.

3: [Ag2.5(pyrimidine)3][ClO4]2.5, M = 758.58, triclinic, P 1̄, a =
7.2417(3), b = 8.1714(8), c = 19.187(2) Å, a = 81.274(2), b = 80.608(2),
g = 75.215(2)°, U = 1075.8(2) Å3, Z = 2, Dc = 2.342 Mg m23, F(000) =
732. 2673 absorption corrected reflections out of 3171 unique reflections
measured at 173 K for a crystal of dimensions, 0.20 3 0.30 3 0.38 mm, on
convergence gave final values of R = 0.050, Rw = 0.111.

Data on 1, 2 and 3 were collected with a Siemens CCD area detector (4
< q < 56°). All non-H atoms were anisotropically refined and aromatic H
atoms were calculated (dC–H = 0.95 Å) and fixed with the thermal
parameters based upon the C atom to which they are bonded. CCDC
182/695.
§ The distribution ratio was calculated from [(Ai2 Af/Af)(volume of MeOH
in ml/mass of complex 1 crystals, g)], where Ai = initial 99Tc activity, Af =
final 99Tc activity in the solution.
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Fig. 3 The 1D coordination polymers of 2 are stacked to form open channel
networks

Fig. 4 The supramolecular squares of 3 are vertically crosslinked by
dipyrimidine units in a staircase fashion to form 1D coordination polymers.
The polymers are face-to-face stacked on edge in a stair-step fashion as
observed in 2 albeit at a longer aromatic···aromatic separation. Note that one
of the ClO4

2 anions is disordered.
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Regiocontrol in palladium-catalysed allylic alkylation by addition of lithium
iodide

Motoi Kawatsura, Yasuhiro Uozumi and Tamio Hayashi*

Department of Chemistry, Faculty of Science, Kyoto University, Sakyo, Kyoto 606-01, Japan

Regioselectivity in the palladium-catalysed allylic alkylation
of 1-arylprop-2-enyl acetates [ArCH(OAc)CHNCH2] or
(E)-3-phenylprop-2-enyl acetate (PhCHNCHCH2OAc) with
sodium enolates of soft carbon nucleophiles is controlled by
addition of a catalytic amount of lithium iodide to give lienar
products [(E)-ArCHNCHCH2Nu] exclusively; their branch
isomers [ArCH(Nu)CHNCH2] were not detected.

In synthetic organic chemistry, palladium-catalysed allylic
alkylation of allyl esters is a useful reaction for the formation of
carbon–carbon bonds.1 One of the challenging problems in
catalytic allylic alkylation is control of the regiochemistry in the
reaction that proceeds through unsymmetrically substituted
p-allylpalladium intermediates. For example, the
p-allylpalladium complex containing one substituent at the C-1
position usually produces both linear and branch isomers, the
ratio being dependent on the substituents, nucleophiles and
reaction conditions.1–3 Here we report exclusive formation of
the linear isomer in a palladium-catalysed allylic alkylation,
which is realized by addition of a catalytic amount of lithium
iodide.4

In the presence of 2 mol% of the palladium catalyst generated
by mixing [PdCl(p-C3H5)]2 with PPh3 (2 equiv. to Pd), allyl
acetates 1–4 were allowed to react with soft carbon nucleophiles
in THF at 0 °C (Scheme 1). The regioselectivity of the reaction
was found to be dramatically changed by the addition of lithium
iodide. Thus, the reaction of 1-phenylprop-2-enyl acetate 1 with
the sodium salt of dimethyl methylmalonate in the absence of
lithium iodide gave a 96% yield of alkylation product;
consisting of linear isomer (E)-5a and branch isomer 6a in a
ratio of 77 : 23 (entry 1, Table 1). On the other hand, the reaction

carried out in the presence of 10 mol% of lithium iodide gave a
quantitative yield of linear isomer 5a with 100% regioselectiv-
ity (entry 2). The regioselectivity was not strongly affected by
the addition of lithium fluoride, chloride or bromide, branch
isomer 6a being formed with about 20% regioselectivity
(entries 3–5). High linear selectivity was also observed in the
reaction in the presence of sodium iodide (entry 6), indicating
that the iodide anion is important for control of the re-
gioselectivity. The amount of lithium iodide additive can be
decreased to 2 mol%, which is the same amount as that of the
palladium catalyst (entry 7). Use of the palladium catalyst
generated from [PdI(p-C3H5)]2 instead of [PdCl(p-C3H5)]2
showed the same linear selectivity in the absence of additional
iodide anion (entry 8).

The selectivity in forming the linear isomer in the presence of
lithium iodide was also observed in the reaction of 1-arylprop-
2-enyl acetates 2 and 3 and 3-phenylprop-2-enyl acetate 4 with
the sodium salt of dimethyl methylmalonate (entries 9–13) and

Table 1 Effects of lithium salts on allylic alkylation of allyl acetates 1–4 catalysed by palladium–phosphine complexesa

Allyl Phosphine Yield (%)c Ratiod

Entry ester MX/equiv. ligandb Nu t/h 5 + 6 5 : 6

1 1 none PPh3 CMe(CO2Me)2 12 96 77 : 23
2 1 LiI (0.1) PPh3 CMe(CO2Me)2 24 99 100 : 0
3 1 LiF (0.1) PPh3 CMe(CO2Me)2 24 89 78 : 22
4 1 LiCl (0.1) PPh3 CMe(CO2Me)2 24 96 82 : 18
5 1 LiBr (0.1) PPh3 CMe(CO2Me)2 24 90 80 : 20
6 1 NaI (0.1) PPh3 CMe(CO2Me)2 24 93 98 : 2
7 1 LiI (0.02) PPh3 CMe(CO2Me)2 24 97 100 : 0
8e 1 none PPh3 CMe(CO2Me)2 24 96 100 : 0
9 2 none PPh3 CMe(CO2Me)2 12 98 72 : 28

10 2 LiI (0.1) PPh3 CMe(CO2Me)2 24 92 100 : 0
11 3 none PPh3 CMe(CO2Me)2 12 96 86 : 14
12 3 LiI (0.1) PPh3 CMe(CO2Me)2 24 89 100 : 0
13f 4 LiI (0.1) PPh3 CMe(CO2Me)2 24 99 100 : 0
14 1 none PPh3 CH(CO2Me)2 12 94 83 : 17
15 1 LiI (0.1) PPh3 CH(CO2Me)2 12 91 100 : 0
16 1 none PPh3 CH(COMe)CO2Me 12 95 92 : 8
17 1 LiI (0.1) PPh3 CH(COMe)CO2Me 12 89 100 : 0
18f 1 none dppe CMe(CO2Me)2 12 92 89 : 11
19f 1 LiI (0.1) dppe CMe(CO2Me)2 12 61 89 : 11

a All reactions were carried out in THF under nitrogen: THF (1.0 ml), allylic acetate (0.20 mmol), NaNu (0.40 mmol), [PdCl(p-C3H5)]2 (0.002 mmol) and
phosphine ligand at 0 °C. b The ratio of Pd : Phosphine = 1 : 2. c Isolated yield by silica gel column chromatography. d The ratio was determined by 1H NMR
analysis of the products. e [PdI(p-C3H5)]2 was used. f Carried out at 20 °C.

Scheme 1

Chem. Commun., 1998 217



Ph

Pd
X PPh3

Ph

Nu

Ph Nu +

7 X = Cl
8 X = I

Nu = CMe(CO2Me)2

5a 6a

Na–Nu

THF, 0 °C

X = Cl 5a:6a = 80:20
X = I 5a:6a = 100:0

1
2

3

in the reactions with dimethyl malonate and methyl acetoacetate
(entries 14–17).

It is noteworthy that the addition of lithium iodide is not
effective for the reaction catalysed by a palladium–bisphosph-
ine complex. Thus, the reaction of 1 with dimethyl methyl-
malonate in the presence of a palladium catalyst prepared from
[PdCl(p-C3H5)]2 and 1,2-bis(diphenylphosphino)ethane (dppe)
gave a mixture of 5a and 5b in a ratio of 89 : 11, irrespective of
the addition of lithium iodide (entries 18 and 19). These results
suggest that, in the reaction catalysed by triphenylphosphine–
palladium, the iodide coordinates to the p-allylpalladium
intermediate to form the intermediate PdI(p-allyl)(PPh3), and
that the iodide on the palladium controls the regioselectivity of
the nucleophilic attack. Using the dppe ligand, the intermediate
will be the cationic complex [Pd(p-allyl)(dppe)]+X2, where
iodide is not directly bonded to palladium.

Palladium complex PdCl[p-(1-phenyl)allyl](PPh3) 7 and its
iodide analogue 8 were prepared by mixing [PdX[p-(1-phenyl)-
allyl]]2 (X = Cl and I)5 with PPh3 (1 equiv. to Pd) and were
characterized by 31P, 1H and 13C NMR spectroscopy.† Both
have the substituted carbon (C-1) of the p-allyl trans to the
phosphorus atom of PPh3 and the unsubstituted carbon (C-3) cis
to phosphorus, as determined by the large coupling constants
(J = 10.1 Hz in 7 and 10.5 Hz in 8) between the C-1 proton and
phosphorus, and no coupling between the C-3 protons and
phosphorus. Stoichiometric reaction of chloride complex 7 with
the sodium enolate of dimethyl methylmalonate in THF at 0 °C
gave 5a and 6a in a ratio of 80 : 20, while the reaction of iodide
complex 8 gave 5a with 100% regioselectivity (Scheme 2).
These selectivities are in good agreement with those observed in
the catalytic reactions, demonstrating that the iodide ligand
bonded to the p-allylpalladium intermediate controls the
regioselectivity. Comparing the 13C NMR spectra of 7 and 8, the
chemical shift for C-3 of the p-allyl group of 8 appears at lower

field than that for 7 by 6.5 ppm and the chemical shift for C-1
of 8 appears at higher field than that for 7 by 3.1 ppm. The
difference in the chemical shifts may support the idea that the
C-3 carbon of the iodide complex 8 undergoes the nucleophilic
attack giving linear isomer 5a more selectively than that of
7.6

This work was supported by the ‘Research for the Future’
Program, the Japan Society for the Promotion of Science.
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* E-mail: thayashi@th1.orgchem.kychem.kyoto-u.ac.jp
† Selected data for 7: dH(CDCl3, 240 °C) 2.88 (d, J 6.8, 1 H, syn-H on C-3),
2.97 (d, J 11.7, 1 H, anti-H on C-3), 5.37 (dd, JH–H 13.2, JH–P 10.1, 1 H, H
on C-1), 6.08 (ddd, J 6.8, 11.7, 13.2, 1 H, H on C-2), 7.36–7.88 (m, 20 H);
dP(CDCl3, 240 °C) 24.2 (s); dC(CDCl3, 240 °C) 58.2 (C-3), 99.6 (JC–P

26.9, C-1), 111.4 (JC–P 5.2, C-2). For 8: dH(CDCl3, 240 °C) 3.47 (d, J 6.8,
1 H, syn-H on C-3), 3.14 (d, J 12.2, 1 H, anti-H on C-3), 5.21 (dd, JH–H 13.0,
JH–P 10.5, 1 H, H on C-1), 6.08 (ddd, J 6.8, 12.2, 13.0, 1 H, H on C-2),
7.26–7.63 (m, 20 H); dP(CDCl3, 240 °C) 27.9 (s); dC(CDCl3, 240 °C) 64.7
(C-3), 96.5 (JC–P 29.0, C-1), 111.0 (JC–P 5.2, C-2).

1 For reviews on catalytic allylic substitutions: J. Tsuji, Palladium
Reagents and Catalyst, Wiley, Chichester, 1995, pp. 290–340; J. A.
Davies, in Comprehensive Organometallic Chemistry II, ed. E. W. Abel,
F. G. A. Stone and G. Wilkinson, Pergamon, Oxford, 1955, vol. 9, ch. 6;
S. A. Godleski, in Comprehensive Organic Synthesis, ed. B. M. Trost and
I. Fleming, Pergamon, Oxford, 1991, vol. 4, p. 585; G. C. Frost,
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6297.
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If Watson–Crick and Hoogsteen sites of guanine are blocked, hydrogen
bonding with cytosine is via N2 and N3

Roland K. O. Sigel, Eva Freisinger and Bernhard Lippert*

Fachbereich Chemie, Universität Dortmund, D-44221 Dortmund, Germany 

A novel hydrogen bonding scheme between cytosine and
guanine nucleobases is observed if both N1 and N7 positions
of the guanine are blocked by a metal entity and a methyl
group, respectively.

Chemical modification of nucleobases can result in severely
altered hydrogen bonding patterns as far as base selectivity and/
or hydrogen bonding sites are concerned. When occurring in
DNA, potentially dangerous consequences can be expected, as
known in the case of guanine methylated at the 6-position.1
Here we demonstrate, on a model nucleobase level, that the
complementary nucleobases guanine (G) and cytosine (C)
associate in a hitherto unknown fashion if both Watson–Crick,
and Hoogsteen hydrogen bonding sites are blocked.

Base pairing between G and C is predominantly according to
the Watson–Crick scheme (Scheme 1, I), and very rarely, e.g.
between G15 and C48 in yeast tRNAPhe, of the reversed Watson–

Crick type (II).2 With protonated cytosine, and possibly also
with neutral cytosine in a rare tautomeric form,3 pairing is of the
Hoogsteen type (III). In addition to these principal hydrogen
bonding patterns, there is also the possibility of association to
quartet structures through dimerization of two Watson–Crick
pairs via hydrogen bonds (IV).4

Metal binding at the N7 site of G still permits types I and IV
hydrogen bonding patterns.5,6 Alternatively it can lead to a
‘metal-modified’ Hoogsteen pattern5 or, upon guanine depro-
tonation at N1, to either mispairing with free guanine7 or
formation of a quite unusual nucleobase quartet.8 Additional
blockage at N1 leads to the pattern V hereafter.

7,9-Dimethylguanine (7,9-dmgua), a model of the rare
nucleobase 7-methylguanosine, forms 2 : 1 complexes with
trans-PtIIam2 (am = NH3 or NH2Me) of composition trans-
[Ptam2(7,9-dmgua-N1)2]X2·nH2O. Recently we have published
the X-ray structure analyses for the combination am = NH2Me,
X = NO3

2, n = 0.9 With am = NH2Me, X = ClO4
2

cocrystallization with the model nucleobase 1-methylcytosine
(mcyt) from water† gave crystals suitable for X-ray crystallo-
graphy.‡

As can be seen in Fig. 1, each mcyt molecule forms two
strong hydrogen bonds; one to a coplanar 7,9-dmgua ligand,
N(3aA)···N(2) 2.881(8) Å, and the second one to the amine group
of NH2Me of another cation lying below the pyrimidine
[O(2A)···N(10) 2.878(6) Å]. Furthermore the pyrimidine rings
are stacking (3.4 Å) with the platinated purine ligands leading to
an arrangement like tiles of a roof. These strong intermolecular
interactions bring the exocyclic amino group of mcyt in
relatively close proximity to N(3) of 7,9-dmgua [N(3)···N(4aA)
3.194(8) Å] leading to an arrangement as shown in Fig. 2.
Although the latter distance is at the upper end of a hydrogen
bond, the sum of the van der Waals radii of H and N (1.20 Å +
1.55 Å = 2.75 Å)10 is still larger than the distance between the
H and the acceptor N [2.340(8) Å], so it can still be considered
as such,11 especially in view of the near-coplanarity of the two
bases [dihedral angle 2.3(3)°].

Scheme 1

Fig. 1 Section of packing of cations and mcyt in the crystal lattice of trans-
[Pt(MeNH2)2(7,9-dmgua-N1)2][ClO4]2·2mcyt. There is stacking between
7,9-dmgua ligands and mcyt (distance 3.4 Å), one hydrogen bond of
2.878(6) Å between O(2aA) of the free mcyt and N(10a) of the NH2Me group
and another short hydrogen bond between N(3aA) and N(2b) [2.881(8) Å].
At each cation one 7,9-dmgua ligand is omitted for clarity.
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Involvement of guanine N2 and N3 sites in hydrogen bonding
with another nucleobase has some precedence, although not
with cytosine. In one of the four types of GA mispairs found in
RNA,12 as well as in a base quartet formed as a consequence of
crystal packing, the guanine N3 positions act as hydrogen bond
acceptors.13

This work is dedicated to Professor H. Sigel, University of
Basel, on the occasion of his 60th birthday. The authors
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10 mm aqueous solution of trans-[Pt(MeNH2)2(7,9-dmgua-N1)2[ClO4]2

with 2 equiv. of mcyt. After 5 d slightly yellow crystals, suitable for X-ray
diffraction studies could be isolated in 38% yield. Anal. calc. for
C26H42O12N18Cl2Pt: C, 29.3; H, 4.0; N, 23.7. Found: C, 29.4; H, 4.1; N,
24.1%.
‡ Crystal data for trans-[Pt(MeNH2)2(7,9-dmgua-N1)2][ClO4]2·2mcyt:
C26H42N18O12Cl12Pt, M = 1064.77, triclinic, space group P 1̄,
a = 6.623(1), b = 9.819(2), c = 15.261(3) Å, a = 85.47(3), b = 82.85(3),
g = 79.73(3)°, U = 967.3(3) Å3, Z = 2, Dc = 1.828 g cm23, m(Mo-
Ka) = 3.848 mm21, F(000) = 532, T = 293 K. The crystals were slightly
yellow platelets with a size of 0.625 3 0.125 3 0.125 mm. Intensity data
were collected on a Nonius KappaCCD with graphite-monochromated Mo-
Ka radiation (l = 0.710 69 Å). 3354 independent reflections were
measured and 3012 reflections with Fo > 4s(Fo) were used in the
refinement. Reflections which were partly measured on previous and
following frames were used to scale these frames on each other. This
procedure in part eliminates absorption effects and also considers crystal
decay, if present. The structure was solved by Patterson method (SHELXS-
8614) and refined on Fo

2 (SHELXS = 9315). Refinement and positional and
anisotropic thermal parameters for all non-hydrogen atoms (276 parame-
ters) converged to R1 = 0.0365 and wR2 = 0.0798. The final Fourier
difference map showed residual electron density in the range of 2.612 to
20.752 e Å23. CCDC 182/676.
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Fig. 2 Hydrogen bonding scheme between 7,9-dmgua and mcyt in trans-
[Pt(MeNH2)2(7,9-dmgua-N1)2][ClO4]2·2mcyt with two hydrogen bonds,
N(2)···N(3aA) 2.881(8) Å and N(3)···N(4aA) 3.194(8) Å, between the two
nucleobases. Hydrogen bond formation between O(2) sites and N(10)
groups is schematically shown.

220 Chem. Commun., 1998



O
O

OH

HO

O
O

O

P PP
PP

1

2
3 4 5

6

7

8

9 10
5

1 2
3

4
5

5

4
3

2

1

1 2

3

4

Differential incorporation of 1-deoxy-d-xylulose into monoterpenes and
carotenoids in higher plants

Silvia Sagner,a Christoph Latzel,a Wolfgang Eisenreich,b Adelbert Bacherb and Meinhart H. Zenk*a
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1-Deoxy-D-xylulose labelled with 13C or 14C is incorporated
into the monoterpenoids menthone, menthol, menthofuran,
eucalyptol, pulegone, geraniol and thymol by higher plants,
however, the rate of incorporation was lower as compared
with incorporation into carotene and phytol.

Recent evidence indicates that 1-deoxy-d-xylulose (DX) or a
derivative such as the 5-phosphate is the committed precursor
for the biosynthesis of isoprenoids in some bacteria.1,2 The
deoxyxylulose pathway is also operative in higher plants.3–9

Thus, pigments of life, such as chlorophyll and carotenoids are
formed in plants from the pentose derivative and not from
mevalonate.7,8 Recent incorporation experiments with
13C-labelled glucose have also shown that essential oils in
plants are formed via the alternative pathway.9

In order to study in more detail the involvement of DX in
monoterpenoid biosynthesis, we prepared [1-13C]- and
[2-13C]DX by condensation of d-glyceraldehyde with [3-13C]-
and [2-13C]pyruvate, respectively, using pyruvate dehydroge-
nase as catalyst.10,11 The spectral characteristics of the deoxy-
pentulose obtained were identical to published values.12

[1,2-14C2]DX was obtained similarly from [U-14C]pyruvate
(yield 75–83%; spec. act., 62.5 mCi mmol21).

Shoots of peppermint (Mentha x piperita) with a length of
about 5 cm were cut and were allowed to form roots in
hydroponic culture. A solution containing 27 mm [1,2-14C2]DX
was applied to the rooted shoots for 48 h. The monoterpenes
were obtained by steam distillation, and the metabolites were
isolated as described earlier.9 Relative specific activities of
0.1% for menthone, 0.2% for menthol, 0.3% for menthofuran
and 0.3% for eucalyptol were observed. In similar experiments,
Mentha pulegium showed incorporation into pulegon (0.2%),
Pelargonium graveolens into geraniol (0.3%), and Thymus
vulgaris into thymol (0.2%).

13C-Labelled DX samples were supplied to M. piperita
shoots at a concentration of 25 mm. Menthone was isolated9 and
was subjected to NMR analysis as described earlier.7 Relative
13C abundance of individual carbon atoms was calculated from
the NMR signal integrals of biosynthetic samples by compar-
ison with the natural abundance sample (% 13C in Table 1). The
values were referenced to 1.10% for the carbon with the lowest
13C enrichment. In the experiment with [1-13C]DX, the carbon
atoms 7 and 9 of menthone were enriched with 1.49 and 1.41%
13C abundance, respectively. The other atoms were virtually
unlabelled with 1.16 ± 0.06% 13C abundance. On the other
hand, [2-13C]DX labelled the carbon atoms 1 and 8 of menthone
with 1.39 and 1.41% 13C abundance, whereas the other atoms
had a 13C abundance of 1.20 ± 0.05% (Table 1). On the basis of
the established isoprene dissection of the cyclic monoterpene it
follows that [1-13C]DX enriched C-5 of IPP/DMAPP and that
[2-13C]DX enriched C-3 of IPP/DMAPP, respectively (Fig. 1).
This labelling pattern is in full accordance with terpenoid
formation via the deoxyxylulose pathway.

It should be noted that the observed incorporation rates of DX
into the monoterpenes under study are low. However, they
exceed the rates achieved with labelled acetate or mevalonate

by factors of at least 10 to 100 fold.13 This indicates that the
deoxyxylulose pathway is the dominant metabolic route for
essential oil formation. Based on the incorporation of 13C- and
14C-labelled DX and on our previous [13C]glucose feeding
experiments using the same plants,9 we conclude that the
deoxyxylulose pathway leading to isopentenyl pyrophosphate
(IPP) and dimethylallyl pyrophosphate (DMAPP) is operative
in essential oil formation, which is at variance with previous
reports.14

In experiments using M. piperita it was observed that
[1,2-14C2]DX was incorporated with considerably higher rates
into chlorophyll a and b (13%) and into b-carotine (10%) than
into the monoterpenes. This is in accordance with incorporation
rates of DX into chlorophylls and carotenoids in a cell culture of
Catharanthus roseus.7 The different incorporation rates of DX
into monoterpenes and into chlorophylls/carotenoids could
indicate that an enzyme involved in the utilization of exogenous
DX (e.g. a kinase) is limiting in the plant glandular trichomes
which have been recognized as sites of monoterpenoid
biosynthesis,14,15 but not in the chloroplasts where chlorophylls
and carotenoids are synthesized. Limited transport of labelled
DX into the plant glandular trichomes might also explain the
discrepancy of incorporation rates.

Table 1 13C NMR analysis of menthone from Mentha x piperita supplied
with 13C labelled 1-deoxyxylulose (DX). Values indicative for IPP
formation via the deoxyxylulose pathway are shown in bold type. The signal
with lowest 13C enrichment (marked by asterisk) was referenced to 1.1%
13C abundance

Proffered precursor

[1-13C]DX [2-13C]DX
Position db % 13C % 13C

1 35.3 1.10* 1.39
2 50.5 1.18 1.21
3 212.3 1.10 1.10*
4 55.5 1.12 1.15
5 27.4 1.18 1.19
6 33.5 1.16 1.20
7 21.9 1.49 1.25
8 25.4 1.12 1.41
9 18.3 1.41 1.23

10 20.9 1.29 1.27

a For signal assignments ref. 16. b Referenced to CDCl3 solvent signal at
77.0 ppm.

Fig. 1
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Oligomerisation of ethene by new palladium iminophosphine catalysts
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Oligomerisation of ethene in polar solvents at higher
temperatures is achieved using new palladium iminophos-
phine catalysts and the oligomer selectivity can be controlled
by the nature of the ligand substituents.

Oligomerisation and polymerisation of alkenes by early1 and
late transition metal catalysts2 leads to important commercial
products and currently much effort is devoted towards the
development of more efficient and selective catalysts. Com-
monly, late transition metal complexes produce dimers of
alkenes due to fast b-hydrogen abstraction.3 Until now, only a
limited number of oligomerisation or polymerisation reactions
by late transition metal catalysts are known. An example is the
ethene oligomerisation process with a nickel catalyst developed
by Keim et al.,4 well known as SHOP1a (Shell Higher Olefin
Process). Recently, Brookhart and coworkers have reported on
ethene polymerisation with bisimine PdII or NiII complexes in
CH2Cl2 or toluene.5 Furthermore, bisimine and bisphosphine
PdII complexes are highly efficient in alkene/CO copoly-
merisation.6 We report here new palladium catalysts based on
iminophosphine ligands which result in the unexpected switch
to oligomerisation of ethene in polar solvents.

Bidentate iminophosphine ligands are known to bind to Pd in
a unique way: the soft P atom coordinates very strongly to Pd
whereas the hard N donor is weakly bound.7 We envisaged that
these features might be exploited in tuning the reactivity of Pd
complexes in alkene coupling reactions. For this purpose, we
synthesised new iminophosphine ligands 3 from the corre-
sponding amine and aldehyde8 as shown in Scheme 1.

The catalysts were formed by the combination of the
bidentate ligands 3, Pd(OAc)2 and a weakly or non-coordinat-
ing anion (X2) for instance toluene-p-sulfonic acid (TsOH), via
an anion exchange reaction. The oligomerisation reactions

performed under 20 bar ethene with these complexes gave
remarkable results: at a high temperature (100 °C) and in a polar
solvent (MeOH) higher alkenes were obtained (Table 1). In
sharp contrast with these results, diphosphines show higher
conversion rates at these temperatures, but only dimers are
obtained3d whereas Brookhart’s diimine system5 polymerises
ethene at 25 °C. In the latter case, chain transfer took place only
a few times (for 0.1 mmol Pd catalyst, 45.3 g polyethylene was
obtained with Mw = 11.2 3 104), while for the new ligand
system this feature was observed many times (for 3i ca. 250
times).

Table 1 shows the product ratios for various iminophosphine
ligands.† Increasing the steric bulk at the nitrogen donor site,
results in higher molecular masses (compare entries 1 and 2
with 3 and 7 with 9). Furthermore, when more steric bulk on the
phosphorus site is introduced (in the case of o-OMe analog 3i)
the molecular mass is increased again (compare entries 3, 4, 5
and 9). This is in accordance with observations by Brookhart
and coworkers, who found with bisimine ligands, that blocking
of the axial positions led to polymers with higher molecular
mass.5

To obtain more insight into the structure of the catalyst, an
X-ray analysis was performed on [Pd(L)Me(Cl)] 4 (L = 3i),‡
which was synthesised from 3i and [Pd(cod)Me(Cl)] (cod = cy-
cloocta-1,5-diene). In structure 4 (Fig. 1) Pd is coordinated by
N, P, Cl and a Me group in a square planar mode. Examination
of the space filling model of 4 showed that one axial position of
Pd is blocked effectively by an Pri group and one o-OMe group
(Fig. 2). The other axial position is partly blocked by the second
o-OMe group.

Remarkably, the activity is increased dramatically (turnover
number from 250 to 1100), by replacing the two Ph groups on
P by o-OMePh groups (Table 1, entry 8). This is due to a steric
effect because no higher activity was obtained for the
p-methoxyphenyl analogue. The catalytic activity is further-
more influenced by electronic effects in the imino donor site; in
particular electron releasing groups enhance the rate. For
instance by changing R3 from Cl 3f to OMe 3h an increase of
turnover from 150 to 800 is observed.

Scheme 1 Synthesis of 3

Table 1 PN ligands in ethene oligomerisation and percentage of
productsa

Entry Ligand Time/h T.O.b C6 C8 C10 C12 C14 C16

1 3a 9 250 85 12 3
2 3b 9 250 74 15 11
3 3c 9 250 53 29 13 4 1
4 3d 5 125 63 26 9 2
5 3e 5 150 62 26 10 2
6 3f 5 150 44 23 16 10 5 2
7 3g 5 500 34 26 19 12 6 3
8 3h 5 800 36 27 18 12 6 1
9 3i 5 1100 22 25 22 16 9 6

a 0.1 mmol Pd(OAc)2, 0.11 mmol ligand, 0.21 mmol TsOH, 20 bar ethene,
50 ml MeOH, T = 100 °C (product ratio determined by GC).
b T.O. = Turnover; mol consumed ethene/mol palladium.
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A tremendous activity increase could be obtained by change
of solvent. For instance, in ethylene glycol the activity increased
to 1100 turnovers in 1.5 h by using ligand 3h.

With all ligands, the molar growth factor K (moles Cn+2/mol
Cn) is dependent on the chain length. When the chain length is
higher, K decreases; for example 3i gave K(C8/C6) = 1.14 while
K(C14/C12) = 0.6 (Table 1). This suggests that chain migration
takes place, giving branched alkyl fragments. This branching
leads to a decreased propagation and increased termination
owing to steric hindrance. This is confirmed by the observation
that for longer chains, more branched products were found
(Table 2). Furthermore, the isomerisation increased (K de-
creased) at higher temperatures [e.g. 3i gave K(C8/C6) = 1.46 at
70 °C and 0.88 at 120 °C, Table 3] as well as the amount of
branched products (Table 2). Decrease of the steric hindrance in

the ligand, resulted also in more branched products (compare 3c
and 3i).

In conclusion, a new palladium based catalyst system for
ethene oligomerisation has been developed. Remarkable fea-
tures are the excellent stability in polar solvents at high
temperatures, the formation of C6–C16 oligomers at these
temperatures and the possibility to tune the oligomer selectivity
by the iminophosphine ligands.

This work was financially supported by Shell Research B.V.
The assistance of and valuable discussions with Dr E. Drent are
gratefully acknowledged.
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‡ Crystal data for 4: C34H39ClNO2PPd·CH2Cl2, Mr = 751.47, yellowish
block shaped crystal (0.13 3 0.20 3 0.50 mm), monoclinic, space group
C2/c, a = 38.074(5), b = 10.851(1), c = 17.661(1) Å, b = 111.10(1),
U = 6807.2(1) Å3, Z = 8, Dc = 1.467 g cm23, F(000) = 3088, m(Mo-
Ka) = 8.6 cm21; 8340 reflections (1.15 < q < 27.50°; w scan; T = 150
K) were measured on an Enraf-Nonius CAD-4T diffractometer (rotating
anode, graphite-monochromated Mo-Ka radiation [l = 0.71073 Å]). Data
were corrected for Lp effects, for the linear decay (0.4%) of the intensity
control reflections during 19 h of X-ray exposure and merged into a dataset
of 7671 unique reflections. The structure was solved with standard Patterson
methods (DIRDIF 96) and difference Fourier techniques. Hydrogen atoms
were introduced at calculated positions and refined riding on their carrier
atoms. All non-H atoms were refined on F2 (SHELXL-96) using all 7671
unique reflections, with anisotropic thermal parameters. Convergence was
reached at R1 = 0.0460 for 5757 reflections with I > 2.0s(I) and 421
parameters; wR2 = 0.1065, S = 1.011 for all 7671 reflections,
w = 1/s2(Fo

2) + (0.0488P)2 + 5.42P. A final difference Fourier map shows
residual densities between 21.11 and +0.70 e Å23. CCDC 182/690.
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Fig. 1 Ellipsoid plot (drawn at 50% probability) of 4, with adopted atom
labelling (CH2Cl2 solvent not shown). Selected bond lengths (Å) and angles
(°): Pd–P 2.2092(10), Pd–N 2.170(3), Pd–Cl 2.3734(11), Pd–C(34)
2.062(4); Cl–Pd–P 168.85(4), Cl–Pd–N 92.08(9), Cl–Pd–C(34) 88.29(10),
P–Pd–N 89.72(9), P–Pd–C(34) 90.86(10), N–Pd–C(34) 175.08(12).

Fig. 2 CPK plots of 4 (top and bottom view, Pd = black)

Table 2 Percentage linearity of C6–C12

Linear Linear Linear Linear 
Entry Ligand T/°C C6 (%) C8 (%) C10 (%) C12 (%)

1 3c 100 92 88 83 77
2 3i 100 94 92 89 83
3 3i 120 94 89 77 76

Table 3 Product ratio (%) dependence on temperature for 3i

Entry T/°C Time/h T.O. C6 C8 C10 C12 C14 C16

1 70 16 650 17 24 22 17 12 8
2 100 5 1100 22 25 22 16 9 6
3 120 5 1650 32 28 20 11 6 3
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NMR spectroscopic evidence for chromium(vi) alkoxides with a-hydrogen
atoms

Christian Limberg,* Sven Cunskis and Axel Frick

Universität Heidelberg, Anorganisch-Chemisches Institut, Im Neuenheimer Feld 270, D-69120 Heidelberg, Germany 

Selective insertion of epoxides into one Cr–Cl bond of
chromyl chloride at 250 °C enabled, for the first time, the
spectroscopic identification of CrVI alkoxides with
a-hydrogen atoms.

For quite some time alkene oxidation with chromyl chloride
seemed to proceed completely unspecifically and uncontrol-
lably.1 In 1977 Sharpless et al. made an attempt to explain the
occurrence of the various products and the stereochemistry
involved via several intermediates2 which subsequently ag-
gregate to the Etard complex and none of which have ever been
characterised.

Recently, with the aid of matrix isolation an alkene oxidation
by chromyl chloride could be stopped before aggregation and
the species ONCrCl2···ONCHCH3 [eqn. (1)] was identified.3

This finding could provide an explanation for the isolation of
carbonyl compounds after such reactions, which had previously
been understood as a result of the rearrangement of chlorohy-
drins and epoxides in solution.1

Formation of this complex could be considered via photolysis
of the intermediate ONCrCl2···OCH2CH2 stimulating an in-
vestigation concerning the behaviour of ethylene oxide in the
presence of Lewis acids at low temperatures. Since ONCrCl2 is
not available on a preparative scale, in search of an appropriate
reagent which could model some of the properties of ONCrCl2,
the initial starting material, CrO2Cl2, was studied. After co-
condensation of this reagent with 1 equiv. of ethylene oxide and
CD2Cl2 in an NMR tube and flame-sealing the sample was
investigated at 280 °C. 1H NMR spectra (Fig. 1) showed that
ethylene oxide co-ordinates to CrO2Cl2, as indicated by a broad
resonance at d 3.29 for the ethylene oxide protons.† This signal
remains at this position if a second equiv. of ethylene oxide is
added meaning that CrO2Cl2 is capable of co-ordinating up to
two epoxide molecules. Consequently the complex shown in
eqn. (2) must be in equilibrium not only with free CrO2Cl2 but

also with CrO2Cl2·2OC2H4. Correspondingly, if 4 equiv. of
ethylene oxide are reacted with CrO2Cl2 a signal at d 3.01,
intermediate between free and co-ordinated oxirane, is ob-
served. Photolysis at this stage resulted in C–H activation and
formation of paramagnetic compounds. However, warming of a
1 : 1 sample to 250 °C triggered a cleavage reaction of the
three-membered ring4 by one Cl ligand of CrO2Cl2 producing
the species O2Cr(OCH2CH2Cl)Cl 1. After 60 min the yield of 1
amounts to 75%, however, at this stage the decomposition rate
of 1 becomes faster than its formation.

Dark red 1 has been characterised by 1H, 13C (135° DEPT),
1H/13C-HMQC and 1H/1H-COSY NMR spectra showing two
coupling CH2 groups‡ both of which appear in the characteristic
regions for the proposed connectivity. In addition 17O NMR
data of concentrated samples were recorded: the initial signal of
the CrO2 group of the CrO2Cl2–oxirane complex (one broad
resonance at d 1476) decreased at 250 °C in favour of a new
signal for the terminal oxygens in 1 at d 1429 indicating that the
CrO2 group has been preserved. Signals for the oxirane and
alkoxide oxygens could not be detected in accordance with the
results of investigations concerning molybdate esters.5 Concen-
tration dependent experiments in the presence of a standard
(CH2Cl2) confirmed that only 1 equiv. of ethylene oxide per Cr
centre is consumed during the formation of 1 and that
accordingly ethylene oxide inserts into only one Cr–Cl bond
excluding the formation of the bis(2-chloroethyl) chromate
ester. Instead, increasing the initial concentration of the oxirane
decreases the lifetime of 1, which decomposes to paramagnetic
dark brown compounds, so terminating the NMR experiments.
These species, small amounts of which are constantly generated
at 250 °C at any ethylene oxide concentration, can explain the
continuous broadening of the signal of ethylene oxide and its
shifting to higher field (Fig. 1): ethylene oxide equilibrating
rapidly between its free state and complexation to CrO2Cl2 and
1 also binds reversibly to the paramagnetic compounds and
therefore the averaged signal observed in the experiment is
increasingly broadened with time. In CFCl3 the paramagnetic
complexes precipitate as brown solids and accordingly the
ethylene oxide signal does not shift or broaden significantly.
The positive results after replacement of CD2Cl2 additionally
rule out its participation in the reaction sequence leading to 1.

1 is contaminated by only one other compound, 2 (ca. 8% in
the experiment shown in Fig. 1), whose identification proved
difficult because of its low concentration, limited stability and

Fig. 1 1H NMR spectra of a mixture of 0.8 mmol CrO2Cl2 and 0.8 mmol of
ethylene oxide in CD2Cl2 (a) at 280 °C and after annealing to 250 °C for
(b) 10 min, (c) 20 min, (d) 40 min and (e) 60 min. The signals marked with
an asterisk belong to 2.
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considerable linewidths of its signals thwarting all attempts to
record COSY spectra. Its 1H and 13C NMR data may be
interpreted in terms of the compound O2Cr-
(Cl)OCH2CH2OCH2CH2Cl being formed by insertion of two
ethylene oxide molecules into one Cr–Cl bond. This is
supported by the fact that FeCl3 has been found to react with
ethylene oxide to give uncharacterised chloroferric alkoxides
producing chloroethanol and 2-(2-chloroethoxy)ethanol upon
hydrolysis.6 However, due to the insufficient spectroscopic data
the assignment of 2 is speculative.

Compound 1 is remarkable because it is the first CrVI

alkoxide with a-hydrogens whose existence has been proved
spectroscopically.§ It is well known that CrVI compounds
oxidise primary and secondary alcohols to carbonyl com-
pounds8 and recent DFT calculations by Deng and Ziegler10

have shown that the key step in CrO2Cl2 oxidations is probably
that shown in Scheme 1. While chromate esters of tertiary
alcohols11 are protected against this decomposition route the
activation of a-hydrogens by terminal CrNO groups is possible
for 1 so that its thermal sensitivity (decomp. within 15 min at
230 °C) is not a surprise. However, the smooth synthesis
presented above which can be performed at low temperatures
without simultaneous formation of by-products allows its NMR
spectroscopic characterisation. Attempts to isolate 1 and 2 at
250 °C by removal of all volatiles led to a brown glass, whose
hydrolysis yielded, as expected, 2-chloroethanol and chloro-
acetaldehyde contaminated by small amounts of compounds of
unknown composition, some of which were identical with the
chromyl chloride oxidation products of 2-(2-chloroethoxy)-
ethanol, supporting the assignment of 2. When the brown glass
is annealed to room temp. in the absence of any reactant a
heterogeneous decomposition product is obtained in which the
organic oxidation products remain coordinated to the chromium
centres as they do in the Etard complex.12 Accordingly its IR
spectrum is dominated by strong bands at 3301 [n(OH)],
1640/1570/1430 [n(CNO)] and 1066 cm21 [n(C–O)].

Surprisingly, when propylene oxide was reacted with
CrO2Cl2 at 250 °C both possible regioisomers12 were found in
a close to 1 : 1 ratio [eqn. (3)]. A similar lack of selectivity has

been found e.g. in epoxide cleavages using VCl3·3thf.13 The
reaction mechanism and the stereochemistry involved in
epoxide opening by CrO2Cl2 are under current investigation.
Further research also concerns the expansion of this novel route
yielding oxochromium(vi) alkoxides to the syntheses of stable
candidates of this class of compounds, i.e. those eluding
a-hydrogens, which find application as useful oxidation
reagents.10

C. L. thanks the Deutsche Forschungsgemeinschaft for a
scholarship as well as funding and Professor Dr G. Huttner for
his generous support.

Footnotes and References

* E-mail: Limberg@sun0.urz.uni-heidelberg.de
† Free ethylene oxide shows a singlet at d 2.58.
‡ Owing to the linewidths of the signals no coupling information could be
deduced from the COSY experiments. In Fig. 1 no coupling is resolved, in
other experiments, however, a triplet structure for the two signals became
obvious. 1H NMR (200 MHz, CD2Cl2, 250 °C, SiMe4) :dH 5.96 [2 H, br t,
3J(HH) 4.8 Hz, OCH2], 3.95 [2 H, br t, 3J(HH) 4.8 Hz, ClCH2]; 13C NMR
(200 MHz, CD2Cl2, 250 °C, SiMe4) :dC 94.22 (OCH2), 46.06 (ClCH2).
§ Chada et al.7 claim to have prepared oligomers of O2Cr(OCH2CH2Cl)2

(said to show just one singlet by 1H NMR) by refluxing CrO2Cl2 with the
corresponding alcohol in CCl4 and 1 (neither analytical nor spectroscopic
data are given) by treatment of CrO2Cl2 with Li(OCH2CH2Cl) in CCl4.
Since primary and secondary alcohols are oxidised by CrVI compounds at
room temp.8 it did not surprise us that these rather drastic conditions in our
hands did not yield the compounds mentioned above rather than green solids
with strong n(CNO) bands in the IR spectra. An NMR spectroscopic
investigation showed that HOCH2CH2Cl reacts with CrO2Cl2 already at
temperatures below 280 °C producing paramagnetic species. Westheimer
et al.9 reported the in situ preparation of bisisopropyl chromate from CrO3

and PriOH which was characterised by elemental analyses of its decomposi-
tion products.
¶ 3: dH 6.14 (1 H, br m, OCH), 3.82 (2 H, br m), ClCH2), 1.68 [3 H, d,
3J(HH) 5.20 Hz, CH3]; dC 99.38 (OCH), 49.43 (ClCH2), 21.41 (CH3). 4: dH

5.83 [2 H, d, 3J(HH) 4.8 Hz, OCH2], 4.37 (1 H, m, ClCH), 1.57 [3 H, d,
3J(HH) 5.20 Hz, CH3]; dC 98.14 (OCH2), 57.69 (ClCH), 21.35 (CH3).
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Highly diastereoselective synthesis of b-hydroxy carbonyl compounds using
p-allyltricarbonyliron lactone complexes: a formal 1,7-asymmetric induction of
chirality in a Mukaiyama aldol reaction

Steven V. Ley* and Liam R. Cox

Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW

The reaction of p-allyltricarbonyliron lactone complex 2
with a variety of achiral aldehydes affords the corresponding
aldol products in good yields and with good to excellent
levels of stereocontrol.

The aldol reaction remains one of the most important C–C bond
constructing processes in modern organic synthesis. While
many methods towards the preparation of diastereoisomerically
pure aldol products have been developed,1 the direct synthesis
of isomerically pure b-hydroxy ketones lacking an
a-substituent has proved to be much more difficult, since the
a-substituent is often a key stereocontrolling requirement in the
addition event.2

We now report that a trimethylsilyl enol ether 2 appended to
the side-chain of a p-allyltricarbonyliron lactone complex
undergoes a Mukaiyama aldol reaction3 with a range of achiral
aldehydes, affording b-hydroxy ketone products in good yield
and with good to excellent levels of stereocontrol. The reaction
constitutes what is formally a 1,7-asymmetric induction of
chirality4 and as such is quite unprecedented in aldol chem-
istry.5
p-Allyltricarbonyliron lactone complexes bearing ketone

functionality in the side-chain are readily prepared via a four-
step sequence starting from an allylic alcohol.6 The ketone
group positioned in the side-chain of the allyl ligand preferen-
tially adopts an s-cis conformation.6 This, combined with the
steric bulk of the tricarbonyliron moiety, ensures that nucleo-
philes add to the ketone to afford a single diastereoisomeric
product.6,7 Starting from (E)-oct-2-en-1-ol, the model methyl
ketone complex 1 was prepared and treated with Me3SiO-
SO2CF3 and Et3N in CH2Cl2 at 0 °C to afford the remarkably
stable trimethylsilyl enol ether 2 in excellent yield (Scheme 1).
We envisaged that this silyl enol ether functionality would also
adopt a preferred conformation and therefore might react with

aldehydes producing the corresponding aldol products with
some degree of stereocontrol.

Addition of an ethereal solution of benzaldehyde and
BF3·OEt2 to a solution of silyl enol ether 2 at 278 °C afforded
the aldol products 3 and 4 in good yield and, in both cases,
mainly as one diastereoisomer (Scheme 1). Treatment of the
crude reaction mixture with HF·pyridine allowed quantitative
conversion of the silyl aldol product 3 to the free alcohol 4† and
subsequent determination of the overall diastereoselectivity of
the aldol reaction by high field 1H NMR analysis.‡

Encouraged by this result, we applied the same reaction
conditions to a range of achiral aldehydes and the results are
outlined in Table 1.§ Aldehydes with a-branching (entries 3–5)
showed the best levels of diastereocontrol, with the sterically
encumbered pivalaldehyde affording only one diastereoisomer
as evidenced by 1H NMR analysis on the crude reaction
mixture. a,b-Unsaturated aldehydes reacted in high yield but
showed decreased levels of diastereocontrol.

The relative stereochemical outcome of the aldol addition
was determined as follows: reduction of the ketone group in 3
with AlPrn

3 proceeded stereoselectively, in accord with earlier
results, producing one diastereoisomer 5.6 Protection of the
1,3-diol unit as the acetonide 6 revealed a syn relationship
between the alcohol functionalities as determined by charac-
teristic shifts for the acetal carbon at d 99.78 and the acetal
methyl groups at d 19.9 and 29.6 (Scheme 2).9 By induction the
relative configuration of the stereogenic centre formed in the
aldol reaction to that at the lactone tether was determined.

In summary, the lactone tether imparts, via the tricarbonyl-
iron moiety, a high degree of 1,7-induction of chirality in the
Lewis acid-mediated reaction between silyl enol ether 2 and a
wide range of achiral aldehydes. In general, the more sterically
bulky the aldehyde, the greater the diastereoselectivity of the
reaction. Such remote induction in an acyclic system is very
unusual. The generated b-hydroxy carbonyl or syn 1,3-diol units
are ubiquitous motifs in many biologically important molecules
and since p-allyltricarbonyliron lactones are easily prepared in

Scheme 1 Reagents and conditions: Me3SiOSO2CF3 (1.2 equiv.), Et3N (1.4
equiv.), CH2Cl2, 0 °C, 1 h, 89%; ii, PhCHO (1.5 equiv.), BF3·OEt2 (1.4
equiv.), Et2O–CH2Cl2 (5 : 1), 278 °C, 5 h, then Et3N (1.4 equiv.), 278 °C,
61% (3), 20% (4)

Table 1 Mukaiyama aldol reaction of achiral aldehydes with p-allyltri-
carbonyliron lactone complex 2

Overall Ratio of
Entry Aldehyde yield (%)a 3 : 4b De (%)c

1 PhCHO 81 75 : 25 86
2 CH3(CH2)4CHO 74 23 : 77 82
3 CH3CH(CH3)CHO 66 39 : 61 94
4 CH3C(CH3)2CHO 57 26 : 74 > 95d

5 cyclohexyl–CHO 75 57 : 43 91
6 CH3(CH2)3CHNCHCHO 65e 72 : 28 79
7 CH3(CH2)4CNCCHO 78 79 : 21 47

a Isolated yield after chromatography. b Determined from isolated yields of
3 and 4. c De determined from the crude reaction mixture by 600 MHz 1H
NMR analysis after silyl deprotection. d Only one diastereoisomer was
observable in the crude reaction mixture by 600 MHz 1H NMR analysis.
e Up to ca. 8% dehydration product was also isolated.
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enantiomerically enriched form ( > 95%),7 and can be decom-
plexed to b-, g- and d-lactones,10 (E,E)-dienes,10 or alk-
enols,10,11 we envisage that this addition to their chemistry will
yet further extend their utility in natural product synthesis.
Work exploring the scope of this reaction and possible reaction
mechanisms is presently underway within our laboratory.

We thank the EPSRC (L. R. C.), the Isaac Newton Trust
Bursary Scheme (L. R. C.), Zeneca Pharmaceuticals (L. R. C.),
the B.P. Endowment (S. V. L.) and the Novartis Research
Fellowship (S. V. L.) for supporting this work.

Footnotes and References

* E-mail: sv11000@cus.cam.ac.uk
† General procedure for the aldol reaction: synthesis of 4. A solution of
PhCHO (0.035 cm3, 0.35 mmol) and BF3·OEt2 (0.047 cm3, 0.34 mmol) in
Et2O (1.0 cm3) was added dropwise to a cooled (278 °C) solution of silyl
enol ether 2 (0.099 g, 0.23 mmol) in Et2O–CH2Cl2 (1.5 cm3, 2 : 1). After 5
h, Et3N (0.047 cm3, 0.34 mmol) was added dropwise with vigorous stirring.
After 2 min, the solution was filtered through a pad of Celite, washing the
residue with Et2O–CH2Cl2 (50 cm3, 4 : 1). Concentration of the filtrate in
vacuo followed by treatment of the residue with a solution of HF·pyridine
(0.69 mmol, 0.300 cm3 of a ca. 2.25 mol dm23 solution in THF) for 30 min
afforded, after standard aqueous work-up and purification by flash column
chromatography (silica, eluent: Et2O–light petroleum, 7 : 3), aldol product 4
as a yellow oil (0.087 g, 81%); nmax(film)/cm21 3458 (OH), 3031, 2928,
2858, 2088 (CO), 2016 (CO), 1667 (CNO), 1496, 1454, 1417, 1363, 1323,
1233, 1204, 1027, 760, 701, 654; dH(500 MHz) 0.88 (3 H, t, J 6.2, 12-H 3
3), 1.23–1.62 (8 H, m, 8-H 3 2, 9-H 3 2, 10-H 3 2, 11-H 3 2), 2.96–3.19
(3 H, m, 2-H 3 2, OH), 3.83 (1 H, d, J 11.3, 4-H), 4.34 (1 H, app q, J 5.6,
7-H), 5.03 (1 H, dd, J 8.3, 4.5, 6-H), 5.26–5.28 (1 H, m, 1-H), 5.59 (1 H, dd,
J 11.3, 8.3, 5-H), 7.28-7.39 (5 H, m, Ph-H); dC(100 MHz) 13.9 (CH3, 12-C),
22.4 (CH2), 26.5 (CH2), 31.5 (CH2), 36.6 (CH2), 51.7 (CH2, 2-C), 65.5
(CH), 70.1 (CH), 77.0 (CH), 84.9 (CH), 92.0 (CH), 125.7 (CH), 127.9 (CH),
128.7 (CH), 142.5 (quat. C), 199.6 (CO), 202.4 (CO), 203.6 (CO), 204.4
(CO), 207.8 (CO); m/z (FAB) 457 (MH+, 25%), 442 (17), 429 (6, MH 2
CO), 411 (15, MH 2 CO 2 H2O), 399 (20, M 2 H 2 2CO), 383 (13, M 2
H 2 2CO 2 O), 373 (5), 353 (18), 345 (38, MH 2 4CO), 327 (61, MH 2
4CO 2 H2O), 239 (33), 223 (37), 179 (48), 151 (50), 136 (100) [Found
(MH+): 457.0984. C22H25FeO7 requires MH, 457.0950].

‡ Diastereoisomeric excess of the aldol products was determined by 1H
NMR analysis using a Bruker DRX-600 spectrometer.
§ All new compounds exhibited satisfactory spectral and mass data. Yields
refer to chromatographically and spectroscopically homogeneous materi-
als.
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Kim, S. F. Williams, S. Masamune, I. Paterson and C. Gennari, in
Comprehensive Organic Synthesis, ed. B. M. Trost and I. Fleming,
Pergamon, Oxford, 1991, vol. 2 and references cited therein; A. S.
Franklin and I. Paterson, Contemp. Org. Synth., 1994, 1, 317 and
references cited therein.

2 For approaches to the asymmetric synthesis of a-unsubstituted
b-hydroxy ketones: M. Braun, Angew. Chem., Int. Ed. Engl., 1987, 26,
24; M. Braun, in Advances in Carbanion Chemistry, ed. V. Snieckus,
JAI, Greenwich, 1992, p. 216; M. Franck-Neumann, P.-J. Colson,
P. Geoffroy and K. M. Taba, Tetrahedron Lett., 1992, 33, 1903;
M. Franck-Neumann, P. Bissinger and P. Geoffroy, Tetrahedron Lett.,
1997, 38, 4469; 1997, 38, 4473; 1997, 38, 4477; M. Sodeoka,
R. Tokunoh, F. Miyazaki, E. Hagiwara and M. Shibasaki, Synlett, 1997,
463; K. Mikami, S. Matsukawa, M. Nagashima, H. Funabashi and
H. Morishima, Tetrahedron Lett., 1997, 38, 579; Y.-M. Li, X.-J. Yao,
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Scheme 2 Reagents and conditions: i, AlPrn
3 (2.4 equiv.), CH2Cl2, 278 ?

0 °C, 1 h 75%; ii, HF·pyridine (3 equiv., ca. 2.25 mol dm23 solution), THF,
25 °C, then pyridinium para-toluenesulfonate (PPTS) (0.05 equiv.),
2,2-dimethoxypropane (20 equiv.), DMF, 25 °C, 12 h, 71%
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A novel decomplexation of p-allyltricarbonyliron lactone complexes using
borohydride reagents: a new route to stereodefined acyclic 1,5-diols and
1,5,7-triols

Steven V. Ley,* Svenja Burckhardt, Liam R. Cox and Julia M. Worrall

Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW

p-Allyltricarbonyliron lactone complexes undergo a highly
stereoselective decomplexation reaction on treatment with
sodium triacetoxyborohydride to afford acyclic alcohols in
excellent yields.

Remote asymmetric induction in acyclic systems remains a
challenging problem in contemporary organic synthesis. The
use of a complexed transition metal as a temporary structural
feature is a strategy which is finding increasing utility in
addressing this problem.1 The higher level of organisation and
rigidity in such an organometallic system can allow the transfer
of stereochemical information across distances of several
atoms, for a variety of different bond forming reactions and
functional group transformations.

We have previously shown that the use of a p-allyltricar-
bonyliron lactone complex as a scaffold affords excellent
diastereoselectivity in the manipulation of a ketone group
appended to the allyl unit (Scheme 1). Thus a 1,5 stereochem-
ical relationship of oxygen functionalities may be established in
a controlled manner by the addition of organoaluminium
reagents2 or allylstannanes3 into the side-chain ketone. We have
now also demonstrated high diastereocontrol in Mukaiyama
aldol reactions of aldehydes with p-allyltricarbonyliron lactone
complexes bearing a silyl enol ether functionality in the side-
chain.4 The products of these reactions have a 1,7 stereo-
chemical relationship between the new chiral centre and the
lactone tether.

Existing methods for the removal of the iron carbonyl moiety
are limited in scope.5 Treatment with ceric ammonium nitrate
leads to the stereoselective formation of b-lactones,6 while
d-lactones can be accessed under exhaustive carbonylation
conditions.7,8 Treatment with barium hydroxide affords
(h4-diene)tricarbonyliron complexes.2b,7 We now report a new
decomplexation reaction which effectively unwraps the carbon
chain from the iron centre to reveal a linear molecule, with the
chiral centre at the lactone tether preserved as a free alcohol and
the side-chain functionality intact.

Our interest in hydride donors as potential decomplexing
agents was initially aroused by the reaction between ketone 1
and sodium borohydride in 50% MeOH–CH2Cl2 at 278 °C.9
After 1 h the ketone group was completely reduced to afford a
single diastereoisomer of the corresponding secondary alcohol

2 in 88% yield. Over longer reaction times, however, the
product began to react further and small quantities of chromato-
graphically inseparable decomplexation products, tentatively
assigned as 3 and 4, could be isolated (Scheme 2).

In order to drive the decomplexation reaction to completion it
was necessary to use a large excess of sodium borohydride,
added portionwise to a methanolic solution of the dias-
tereomerically pure secondary alcohol complex at room
temperature. Under these conditions a further, saturated product
5 could be detected in the diol mixture (Scheme 2). Hydro-
genation of the mixture afforded exclusively saturated diol, but
with a diastereomeric excess of only 56%. These results indicate

Scheme 2

Scheme 1
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that positional isomerisation of the double bonds in products 3
and 4 had taken place during decomplexation. Formation of the
saturated product 5 could then be explained by initial iron
carbonyl catalysed double bond isomerisation to form an enol,10

followed by decomplexation and non-stereospecific borohy-
dride reduction of the tautomeric ketone.

Extensive screening of different reducing systems revealed
that decomplexation could be achieved without isomerisation
using sodium triacetoxyborohydride in dry THF. A variety of
different lactone complexes were exposed to these conditions
and the results are shown in Table 1. In each case, the major
component of the product mixture was cis-7 which could
generally be isolated by careful flash chromatography; the
proportion of cis-7 : (trans-7 + 8) was typically around 2 : 1. The
products were combined and hydrogenated in order to facilitate
characterisation and determination of the diastereomeric ex-
cesses.

In the case of the syn 5,7-diol complex 6f, prepared by a
Mukaiyama aldol reaction followed by stereoselective reduc-
tion of the C-5 ketone group,4 the 1,5,7-triol decomplexation
product cis-7f was isolated in 55% yield. After recombination
with the other ene triol products and hydrogenation according to
the standard procedure, however, a fully saturated 1,5-diol was
obtained, which was formed by elimination of the C-7 hydroxy
group during hydrogenation. This problem should be avoidable
by variation of the hydrogenation conditions.

In summary, a new decomplexation reaction has been
developed which allows removal of the iron carbonyl moiety
from functionalised p-allyltricarbonyliron lactone complexes
and conversion into functionalised alcohols without loss of
stereochemical integrity. Application of this procedure to the
nucleophilic adducts of ketone complexes constitutes an
expedient route to stereodefined 1,5-diols, while application to
the products of Mukaiyama aldol reactions allows access to
stereodefined 1,5,7-triols. Studies on the mechanism of the
decomplexation reaction and its utility in natural product
synthesis will be published in due course.

We gratefully acknowledge financial support from the
EPSRC (to L. R. C. and J. M. W.), the Isaac Newton Trust (to
L. R. C.), Zeneca Pharmaceuticals (to L. R. C.), the Dr Carl-
Duisberg Stiftung (to S. B.), the BP Endowment and the
Novartis Research Fellowship (to S. V. L.).
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Table 1 Decomplexation of a range of functionalised p-allyltricarbonyliron lactone complexes using NaBH(OAc)3

Complex R1 R2 R3 R4 Yield of 9 (%)a De (%)b

6a C5H11 H H H 59 —
6b C5H11 H Ph H 71 96
6c Me H (CH2)4OBn H 63 > 96
6d H C5H11 Me H 82 (97)c > 96
6e H C5H11 Me Prn 52 (67)c > 96
6f H C5H11 CH2CH(OH)Ph H 65d (87)c > 96

a Isolated yield of 9 over two steps from 6. b Diastereomeric excess of 9 determined by comparison of integrals in the 600 MHz 1H NMR spectra. c Yield
based on recovered starting material. d The OH at C-7 was lost during hydrogenation; see text.
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Cooperative binding of potassium cation and chloride anion by novel
rhenium(i) bipyridyl amide crown ether receptors

James E. Redman,a Paul D. Beer,*a Simon W. Denta and Michael G. B. Drewb

a Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QR
b Department of Chemistry, University of Reading, Reading, UK RG6 6AD 

New rhenium(I) bipyridyl amide crown ether receptors are
prepared and shown to complex K+Cl2 ion pairs in which
crown ether complexation of the potassium cation co-
operates in the binding of chloride anion.

Ion pair recognition, the simultaneous binding of cationic and
anionic guest species by ditopic receptors is a new emerging
field of coordination chemistry.1–5 These multisite ligand
systems as well as being potential selective extraction/mem-
brane transportation reagents for metal salts can also be
designed to exhibit allosteric and cooperative behaviour
whereby the binding of one charged guest can influence the
subsequent coordination of the pairing ion. We have recently
shown that charged or neutral transition metal organometallic
and coordination amide containing receptors can selectively
bind and sense anionic guest species.6 The covalent attachment
of benzo crown ether metal cation recognition sites to these
anion receptors will create novel ion pair binding reagents. We
report here the synthesis and preliminary coordination chem-
istry of new neutral rhenium(i) bipyridyl amide crown ether
receptors that complex potassium cations and simultaneously
bind chloride anions with positive cooperativity which is a first
step towards the design of ion pair recognition systems.

The bipyridyl amide functionalised benzo-18-crown-6 and
3,4-dimethoxyphenyl ligands were prepared in good yields
according to Scheme 1. Reaction of each of these bipyridyl
ligands with [Re(CO)5Br] in THF produced the target receptors
L1–L5 as yellow solids (Scheme 2). The potassium cation and
chloride anion coordination properties of the receptors were
investigated by 1H NMR titration experiments in (CD3)2SO
solution. The addition of KPF6 to 1H NMR solutions of L2, L3

and L5 caused the crown ether methylene protons to sig-
nificantly shift to lower field. Analysis of the resulting titration
curves with the computer program EQNMR7 suggested the
respective crown ether recognition site of each receptor to form
a 1 : 1 complex with the potassium cation, with stability constant
values of ca. 500 dm3 mol21 for L3 and L5. Negligible shifts
were observed with L1 and L4 suggesting K+ complexation only
takes place at the crown ether binding sites. The addition of
tetrabutylammonium chloride to (CD3)2SO solutions of L1–L5

caused significant downfield perturbations of the respective
receptor’s amide and H3-bipyridyl protons by up to Dd = 0.55
ppm, indicating anion binding is taking place exclusively in the
amide-bipyridyl vicinity of the receptor. In all cases the titration
curves suggested 1 : 1 complex stoichiometry. The titrations
with chloride were repeated in the presence of 2 equiv. of KPF6
and EQNMR7 determined stability constant values for both
titration experiments are presented in Table 1. Table 1 clearly
shows the addition of KPF6 to the crown ether containing
receptors L2, L3 and L5 leads to a substantial increase in the
magnitude of stability constant, by nearly threefold for L2, for
the respective chloride anion receptor-complex. It is noteworthy
that receptors L1, L4, lacking crown ether moieties, do not
exhibit such an increase in stability constant in the presence of
KPF6 which suggests the origin of positive co-operativity is an
intramolecular electrostatic attraction between a simultaneously

crown ether bound potassium cation and bipyridyl amide
complexed chloride anion.

Receptor L3 was co-crystallized with KCl and the X-ray
crystal structure of the ion-pair complex [L3KCl]2·2H2O which
has a crystallographic centre of symmetry is shown in Fig. 1 and
2.†‡

Scheme 1
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In the Re(CO)3(bipy) moieties, the environment of the metal
is octahedral with dimensions in the expected range. Each bipy
is linked via an amide group to a benzo-18-crown-6 in which is
encapsulated a potassium ion. The benzo crown has a planar
conformation with the six oxygens coplanar to within 0.10 Å
with the potassium 0.24 Å from the plane. The hexagonal
bipyramidal potassium coordination is completed by two axial
bonds to a water molecule and to an amide oxygen atom from
another substituted Re(CO)3(bipy) moiety, thus forming the
centrosymmetric dimer. The chloride anion is disordered over
two positions 1.07 Å apart with relative occupancies 56 and
44%, but each anion is hydrogen bonded to both amide nitrogen
atoms, Cl(21) to N(63) at 3.25 and N(66) at 3.41 Å and Cl(22)
to N(63) 3.12 and N(66) at 3.29 Å.

In summary, these new rhenium(i) bipyridyl amide crown
ether receptors are capable of binding K+Cl2 ion pairs in which
crown ether complexation of the potassium cation co-operates
in the complexation of chloride anion.

We thank Kodak Ltd for a studentship (S. W. D.) and the
EPSRC for use of the mass spectrometry service at University

College Swansea. The University of Reading and EPSRC are
gratefully acknowledged for funding towards the crystallo-
graphic image-plate system.
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Scheme 2

Table 1 Stability constants for chloride anion binding in the presence and
absence of potassium cations in (CD3)2SO

Receptor Ka/dm3 mol21

L1 44
L1 + KPF6 (2 equiv.) 46
L2 48
L2 + KPF6 (2 equiv.) 120
L3 24
L3 + KPF6 (2 equiv.) 57
L4 15
L4 + KPF6 (2 equiv.) 15
L5 —b

L5 + KPF6 (2 equiv.) 35

a Errors estimated to be @5%. b Very weak binding, a stability constant
could not be determined.

Fig. 1 The centrosymmetric dimer [L3KCl]2·2H2O with ellipsoids shown at
20% probability together with the atomic numbering scheme. Bond lengths
from the potassium to crown oxygens are to O(81) 2.752(13), O(84)
2.913(15), O(87) 2.76(2), O(90) 2.801(16), O(93) 2.881(13), O(96)
2.722(14) Å and to the amide oxygen O(62S1) 2.654(17) and to the water
molecule O(900) 2.753(17) Å.

Fig. 2 The centrosymmetric dimer [L3KCl]2·2H2O with ellipsoids shown at
20% probability
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Isomeric clusters [Ru4(m4-PPh)(m4-C4H3N)(CO)11] containing diagonal C,C and
parallel C,N bonded pyrrolyne ligands
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The three isomeric tertiary phosphines, diphenyl-n-pyrrolyl-
phosphine (n = 1, 2 or 3) lead to two isomeric tetranuclear
clusters [Ru4(m4-PPh)(m4-C4H3N)(CO)11] which contain the
diagonal C,C bonded and parallel C,N bonded pyrrolyne
ligands.

The organometallic chemistry of pyrrole is important from the
point of view of the hydrodenitrogenation (HDN) process.1
There are few examples of mononuclear pyrrole complexes but
it coordinates as pyrrolyl in complexes related to cyclopentadi-
enyl compounds.2 However, in clusters there are both aromatic
and non-aromatic, doubly and triply bridging ligands derived
from pyrrole, mostly by C–H bond activation and hydrogen
atom transfer.3 Up to now it has been unknown as a m4 ligand.
This paper describes the synthesis and structure of two isomeric
pyrrolyne ligands that bridge square faces of tetranuclear
ruthenium complexes.

Treatment of [Ru3(CO)12] with equimolar amounts of any of
the three isomeric pyrrolyl phosphines, Ph2P(n-C4H4N) (L1,
n = 1; L2, n = 2; L3 n = 3),4 leads firstly to simple substitution
products [Ru3(CO)11Ln] with Ln coordinated through
phosphorus, closely related to known tertiary phosphine
clusters.5 The clusters [Ru3(CO)11Ln] were only formed in
small quantities because they readily lose CO to allow
metallation at the pyrrolyl rings, in preference to the phenyl
rings, to give products 1–3 (Scheme 1). For 2 and 3 pure
samples were isolated and in the case of 3 the crystal structure
has been determined (to be reported elsewhere). Compound 1
was not detected, however, and its intermediacy can only be
reasoned from the isolation and full characterisation, including
X-ray structure, of the corresponding osmium complex formed
from L1 and [Os3(CO)12].6 Compounds 1 to 3 react further with
[Ru3(CO)12] under the reaction conditions to give isomers of

[Ru4(m4-PPh)(m4-C4H3N)(CO)11], C,N-bonded 4 or C,C-
bonded 5 as shown in Scheme 1. Clusters 4 and 5 gave similar
but different IR n(CO) spectra, both showing bridging CO
bands.† Whereas 4 showed three sharp 1H NMR signals for the
pyrrolyne ligand at d 7.43, 6.19 and 7.07 consistent with these
all being CH groups, 5 gave signals at d 6.62, 5.90 and 7.90. The
broad signal at d 7.90 for 5 is assigned to NH, while the other
two signals are much sharper.

The X-ray structures of two red crystalline modifications of 4
have been determined: a triclinic crystal deposited from heptane
on cooling and a monoclinic crystal formed by evaporation of a
hexane–CH2Cl2 mixture.‡ Their molecular structures are very
similar and only one is shown (Fig. 1). The molecular structure
of 5 is shown in Fig. 2.

Fig. 3 shows the cores of these molecules to emphasize the
clearly different ways that the C4H3N ligands coordinate in
clusters 4 and 5. In the C,C-bonded form 5 [Fig. 2 and 3(b)] the
geometry is closely related to known structures of the type
[Ru4(m4-PR)(m4-X)(CO)11], where X = alkyne,7 thiophyne,8
etc., with the diagonal vertical arrangement with the ligand
vertical. Like other diagonally coordinated complexes of the
type, there are two bridging CO ligands along the shorter Ru–
Ru edges. The angle between the C4H2NH plane and the Ru4
plane is 90.3°. Benzyne analogues [Ru4(m4-PR)(m4-
C6H4)(CO)11] 6 have been synthesised from [Ru3(CO)12] and
arylphosphines9 and are also formed as a minor byproduct from
[Ru3(CO)12] and L2. The m4-C6H4 ligand behaves as a six-
electron donor and adopts a parallel tilted orientation; the

Scheme 1 Formation of clusters 4 and 5 from Ln and [Ru3(CO)12]

Fig. 1 Molecular structure of 4. The monoclinic form is shown; the triclinic
form is similar. Selected bond lengths (Å) are given for the monoclinic
crystal with those for the triclinic crystal in square brackets: Ru(1)–Ru(2)
2.8316(7) [2.8035(9)], Ru(2)-Ru(3) 2.8752(8) [2.8318(7)], Ru(3)–Ru(4)
2.9069(7) [2.8637(9)], Ru(4)–Ru(1) 2.8720(8) [2.8522(8)], Ru(1)–N(1)
2.211(4) [2.177(5)], Ru(2)–C(1) 2.217(4) [2.188(5)], Ru(3)–C(1) 2.193(4)
[2.178(5)], Ru(4)–N(1) 2.194(4) [2.170(5)], C(1)–N(1) 1.462(6) [1.441(7)],
C(1)–C(4) 1.400(7) [1.374(8)], C(2)–C(3) 1.388(9) [1.381(10)], C(3)–C(4)
1.385(8) [1.400(9)], C(2)–N(1) 1.407(7) [1.373(8)].
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coordinated C–C bond is parallel to a Ru–Ru edge and the
C6H4 plane is 49.7 and 54.7° to the Ru4 plane (two independent
molecules) when R = Ph. A related 1,2-naphthyne cluster is
also known.10 In C,N-bonded pyrrolyne cluster 4 [Fig. 1 and
3(a)] a parallel arrangement is found with the C(1)–N(1) bond
parallel to the Ru(1)–Ru(2) and Ru(3)–Ru(4) edges of the Ru4
square. However, in this case the organic ring is essentially
vertical with a dihedral angle to the metal plane of 84.2°
(monoclinic form) and 85.2° (triclinic form). In many ways the
isomers 4 and 5 correspond to the C,N-bonded (ligand vertical)
and the C,C-bonded (ligand tilted) forms of pyrrolyne in
trisomium clusters [Os3(m-H)(m-C4H3N)(CO)9] 73c and [Os3(m-
H)(m-C4H2NMe)(CO)9] 8.3b The existence of these different
isomers at both triangular and square metal faces in trinuclear
and tetranuclear clusters respectively strongly points to the
possibility of having similar isomeric forms for pyrrolyne at
metal surfaces.

We thank the EPSRC, the British Council and CONICIT
(Venezuela) for support for this work 

Footnotes and References

* E-mail: a.j.deeming@ucl.ac.uk
† Syntheses: Reaction of L1 with [Ru3(CO)12]: a solution of L1 4a (0.057 g)
and [Ru3(CO)12] (0.145 g) in refluxing octane gave after TLC separation
three products: [Ru3(CO)11(Ph2PC4H4N)] as an orange solid (0.025 g,
17%), [Ru3(CO)9(Ph2PC4H4N)3] as a dark red solid (0.041 g, 28%) and 4 as
red crystals (0.016 g, 11%).

Reaction of L2 with [Ru3(CO)12]: a solution of L2 4b (0.059 g) and
[Ru3(CO)12] (0.150 g) in refluxing toluene gave after TLC separation 2 as
a yellow oil (10%), [Ru3(m-H)(m3-Ph2PC4H2NH)(CO)8(Ph2PC4H3NH)] as
a yellow oil (10%), 4 as red crystals (7%) and 6 as an orange oil (3%).

Reaction of L3 with [Ru3(CO)12]: a solution of L3 44b (0.0903 g) and
[Ru3(CO)12] (0.22 g) in refluxing toluene gave after TLC separation 3 as

orange crystals (20%), [Ru3(m-H)(m3-Ph2PC4H2NH)(CO)8(Ph2PC4H3NH)]
as dark orange crystals (25%) and 5 as a brown solid (5%).
‡ Crystal data: cluster 4, C21H8NO11PRu4, M = 885.53, monoclinic, space
group P21/n, a = 9.241(2), b = 17.182(3), c = 17.891(4) Å,
b = 90.51(3)°, U = 2840.6(10) Å3, Z = 4, Dc = 2.071 Mg m23,
F(000) = 1680, red plate, 0.70 3 0.50 3 0.01 mm, m(Mo-Ka) = 21.96
cm21. 5900 unique data collected in the range 5 @ 2q @ 53°, final
R = 0.0373 [I > 2s(I)], wR2 = 0.1008 (all data), GOF = 1.005, maximum
D/s = 0.001, max. peak, hole in final difference Fourier = 0.846, 21.380
e Å23. Cluster 4, triclinic, space group P 1̄, a = 9.4707(13), b = 9.621(2),
c = 15.855(4) Å, a = 92.41(2), b = 95.65(2), g = 110.990(12)°,
U = 1337.7(4) Å3, Z = 2, Dc = 2.199 Mg m23, F(000) = 840, red plate,
0.40 3 0.38 3 0.03 mm, m(Mo-Ka) = 23.31 cm21. 4642 unique data
collected in the range 5 @ 2q @ 50°, final R = 0.0375 [I > 2s(I)],
wR2 = 0.1109 (all data), GOF = 1.059, max. D/s = 0.001, max. peak, hole
in final difference Fourier = 0.63, 21.11 e Å23. Cluster 5, C21H8NO11-
PRu4, M = 885.53, triclinic, space group P 1̄, a = 9.110(2), b = 9.577(3),
c = 16.298(4) Å, a = 89.93(2), b = 105.11(2), g = 107.89(2)°,
U = 1301.6(6) Å3, Z = 2, Dc = 2.260 Mg m23, F(000) = 840, red plate,
0.22 3 0.18 3 0.03 mm, m(Mo-Ka) = 23.96 cm21. 4519 unique data
collected in the range 5 @ 2q @ 50°, final R = 0.0421 [I > 2s(I)],
wR2 = 0.1271 (all data), GOF = 1.089, maximum D/s = 0.001, max. peak,
hole in final difference Fourier = 0.74, 20.89 e Å23. For each structure,
data were collected at 273(2) K on a Nicolet R3v/m diffractometer in the
w–2q scan mode, absorption corrections (y-scans) were applied, relative
transmission factors: 0.924–0.189 (4, monoclinic), 1.000–0.661 (4, tri-
clinic), 0.961–0.699 (5). Structures were solved by direct methods
(SHELXTL PLUS)11 and full-matrix least-squares refinement on F2

(SHELXL 93).12 All non-hydrogen atoms were refined anisotropically
except the coordinated C and N atoms of the pyrrolyne in 4 (both forms)
which were refined isotropically. In the two modifications of 4 a model was
refined with disorder involving two enantiomeric orientations of the
pyrrolyne ligand. The orientation shown in Fig. 1 is the major one in each
case with C(1) and N(1) reversed in the other. CCDC 182/682.

1 R. M. Laine, Ann. N. Y. Acad. Sci., 1983, 415, 271; R. H. Fish, ibid.,
1983, 415, 292; A. Eisenstadt, C. M. Giandomenico, M. F. Frederick
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see also various articles in Polyhedron Symposium-in-Print, Number
19, Polyhedron, 1997, 16, 3071.
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Fig. 2 Molecular structure of 5. Selected bond lengths (Å) and angles (°):
Ru(1)–Ru(2) 2.7553(13), Ru(2)–Ru(3) 2.7533(11), Ru(3)–Ru(4)
2.9035(13), Ru(1)–Ru(4), 2.8730(11), Ru(1)–C(1) 2.456(8), Ru(1)–C(2)
2.372(7), Ru(2)–C(2) 2.182(7), Ru(3)–C(1) 2.468(8), Ru(3)–C(2) 2.366(8),
Ru(4)–C(1) 2.081(8), C(1)–C(2) 1.418(11), C(1)–N(1) 1.383(11),
C(2)–C(3) 1.450(10), C(3)–C(4) 1.350(12), C(4)–N(1) 1.367(11).

Fig. 3 A comparison of (a) the C,N bonded 4 and (b) the C,C bonded 5

234 Chem. Commun., 1998



X

O

R
R

O

O

X

O

R
R

O

O

X

O

O

R
R

O

H
hn

MeCN

X

O

R
R

O

O

X

O

R
R

O

O

X

O

O

R
R

O

H
hn

MeCN

3 X = CH2, R = H
5 X = O, R = Me

1 X = CH2, R = H
2 X = O, R = Me

4 (52%)
6 (62%)

O

O

O

7

hn

O
O

O
H

+ Cyclodimers (1)
MeCN

T = 25 °C
T = –55 °C

8 (67%)
(29%)

(10–14%)
(45%)

O

CO2Me
9

OH

MeO2C

OH

O
H

MeO2C

O
H OH

+

hn MeCN

+

10
50%

(syn:anti 20:30)

11
50%

(syn:anti 46:4)

(2)

Conformational effects and cyclodimer formation in intramolecular [2 + 2]
photocycloadditions

Sylvie Piva-Le Blanc, Jean-Pierre Pete and Olivier Piva*

Unité mixte de recherche CNRS, Université de Reims Champagne Ardenne, BP 1039, 51687 Reims Cedex 2, France 

Cyclodimer formation competes with intramolecular [2 + 2]
photocycloaddition during the photolysis of w-alkenyl
3-carboxylatocyclohexenones.

Intramolecular [2 + 2] photocycloadditions are very useful
reactions for multistep syntheses of polycyclic molecules.1 The
efficiency of the process depends mainly on the length of the
chain between the enone and the alkene moiety and on the strain
involved during the cycloaddition process. Intramolecular
photocycloadditions can be disfavoured when medium ring
cycles would otherwise be formed simultaneously to the
formation of cyclobutane. In these cases, hydrogen abstraction2

or polymerization3 predominate when conformational restric-
tions decrease the rate of the intramolecular cycloaddition
process. Since they should be good candidates for asymmetric
[2 + 2] photocycloadditions,4 we have studied the reactivity of
unsaturated esters of 3-carboxylatocyclohex-2-enone and we
now report the unusual effect of the ester linkage on the
photocycloaddition process. (Scheme 1).

Intermolecular photocycloadducts could not be isolated from
allyl esters 1 or 2 and photodimerization of the enone
chromophore ( < 5%) was the main reaction observed. The
absence of intramolecular photocycloaddition might result from
conformational effects as already pointed out by Pirrung and
Thomson with other types of carboxylic derivatives.5 Due to the
large preference for an s-trans conformation around the CO–O
bond of the ester group,6 the ethylenic bond would be situated
too far from the excited enone to allow an intramolecular
photocycloaddition process to occur. The conformational origin
of the absence of cycloadducts from 1 and 2 was verified by
using the gem-dimethyl effect.7 Introduction of two Me groups
into the chain of 1,1-dimethylallyl esters 3 and 5 restores its
conformational mobility and, as expected, adducts 4 and 6 were
isolated in good yields. Use of butenyl esters should minimize
the conformational restrictions associated with an ester group
and indeed, irradiation at room temperature of butenyl ester 7

(1022 mol l21) in MeCN or CH2Cl2, led to the expected
cycloadduct 8 [reaction (1)].8

Interestingly, the chemical yield of 8 decreased at low
temperatures and a mixture of cyclodimers (up to 45%) was
obtained at 255 °C. Analysis of the crude reaction mixture by
NMR spectroscopy, at high conversion yields, showed no
ethylenic bonds.† Methanolysis of the mixture of oligomers
afforded 10 and 11 which were prepared independently by an
intermolecular photocycloaddition of oxo ester 9 with but-3-en-
1-ol [reaction (2)].

ESMS confirmed the dimeric nature of the isolated oligomers
and detected some trimers of the starting material in the reaction
mixture. By successive chromatography, crystallization and
NMR studies, seven cyclodimers 12–18 were isolated‡ and
characterized§ (Scheme 2). Formation of these adducts can be
rationalised by a succession of intermolecular and intra-
molecular photocycloadditions, none of which appeared to be
regio- or stereo-selective.9 In order to increase the yield of
macrocyclic structures, we performed the reaction at higher
concentration (1021 mol l21). Unfortunately, photodimeriza-
tion between the two cyclohexenone moieties was preferred.

To the best of our knowledge, formation of cyclic photo-
dimers has not yet been reported for cycloalkenone derivatives.
That an intermolecular process competes with the expected
intramolecular cycloaddition probably results from a relatively
unfavourable conformation of the substrate. The observed
temperature effect might indicate that the reactive conformer for
an intramolecular process is more easily accessible at higher
temperatures. The unexpected formation of 12-membered ring

Scheme 1
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bis-lactones in cyclodimers rather than linear oligomers, in the
second photocycloaddition process, indicates that due to steric
restrictions, the two reactive entities of the same molecule
should be very close in the opened dimer favouring a further
intramolecular process.

S. P. L. B. thanks ‘Région Champagne-Ardenne’ for financial
support. We are indebted to Dr T. G. C. Bird (Zeneca Pharma,
Reims) for his help with preparing the text of the manuscript.

Footnotes and References

* E-mail: olivier.piva@univ-reims.fr
† Even at conversion yields of about 50% of the starting material, linear
photodimers remained very minor compounds in the reaction mixture.
‡ The solvent was first concentrated and the residue dissolved in MeOH.
After partial evaporation, macrolide 12 readily crystallized. The MeOH was
removed and the mixture chromatographed on silica (eluent: AcOEt–
hexanes : 10–60 to 90–40) in order to separate the monomeric lactone 8 and
an unseparable fraction of cyclodimers 13–18. The macrocyclic compounds
were totally or partially separated using HPLC with a Lichrosorb Si 60-7
column. By NMR analysis of each compound, and by comparison with
spectra of the monomeric adduct and also those of compounds 10 and 11, we
were able to attribute the regiochemistry and relative stereochemistry.
§ Selected data for 4: dH 1.35 (3 H, s), 1.40 (3 H, s), 1.70–1.90 (1 H, m),
2.00–2.55 (7 H, ma), 2.66 (1 H, td, 7.75, 1.0), 2.74 (1 H, t, 6.7). dC 22.35 (q),
22.5 (t), 23.0 (t), 28.7 (q), 28.84 (t), 40.5 (t), 44.0 (d), 46.2 (d), 54.7 (s), 84.2
(s), 179.9 (s), 210.8 (s); n(CHCl3)/cm21 1755, 1711; m/z 208 (M·+, 23), 165
(10), 164 (11), 149 (100), 135 (16), 121 (54), 107 (36) (Calc. for C12H16O3:
C 69.19; H 7.75. Found C 69.01, H 7.84%). For 8: dH 1.75–1.90 (2 H, m),
1.95–2.27 (5 H, m), 2.32–2.46 (4 H, m), 3.17 (1 H, dd, 11.2, 6.7), 4.31 (1 H,
ddd, 18.0, 9.0, 3.0), 4.50 (1 H, ddd, 18.0, 6.7, 3.0); dC 19.5 (t), 27.3 (t), 28.8
(t), 31.1 (t), 35.0 (d), 38.5 (t), 44.8 (d), 46.2 (t), 67.1 (t), 175.2 (q), 210.8 (q);
n(CHCl3)/cm21 1720, 1710; m/z 176 (M·+, 49), 166 (10), 148 (35), 125
(55), 104 (56) (Calc. for C11H14O3: C 68.03; H 7.27. Found C 68.11, H
7.58%). For 12: dH 1.60–2.50 (21 H, m), 2.92 (1 H, dddd, 12.5, 10.3, 8.6,
4.6), 3.16 (1 H, t, 10.1), 3.20 (1 H, dd, 11.5, 5.3), 3.98 (1 H, td, 11.9, 1.1),
4.03–4.14 (3 H, m); dC 20.4 (t), 20.9 (t), 24.0 (t), 27.4 (t), 28.9 (t), 29.0 (t),
29.7 (t), 30.6 (t), 34.5 (d), 38.15 (t), 39.5 (t), 42.7 (d), 43.7 (d), 51.0 (s), 52.5
(s), 62.7 (t), 63.3 (t), 174.0 (s), 175.9 (s), 211.2 (s), 212.6 (s); m/z 411.96
(M·+ Na+ + H).
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First complexes with cuboidal-type M4Te4 (M = Mo, W) cluster cores:
synthesis and structure of K7[Mo4(m3-Te)4(CN)12]·11H2O and
K6[W4(m3-Te)4(CN)12]·5H2O

Vladimir P. Fedin,*a Irina V. Kalinina,a Alexander V. Virovets,a Nina V. Podberezskayaa and A. Geoffrey
Sykes*b

a Institute of Inorganic Chemistry, Russian Academy of Sciences, pr. Lavrentjeva 3, Novosibirsk 630090, Russia 
b Department of Chemistry, The University of Newcastle, Newcastle-upon-Tyne, UK NE1 7RU 

High-temperature reactions of Mo3Te7I4 or WTe2 with KCN
at 450 °C produce M4Te4 cubane-type complexes, isolated
here as K7[Mo4(m3-Te)4(CN)12]·11H2O and K6[W4(m3-
Te)4(CN)12]·5H2O in high yields, and characterized by X-ray
crystallography.

Homo- and heterometallic cuboidal cluster complexes with
bridging chalcogenide ligands are known for a wide variety of
transition metals, and appear to be one of the most important
common basic structures of transition metal cluster complexes.
Homometallic Mo4S4 cubane-type clusters have been known
for some 20 years.1–6 They have the general formula
[Mo4Y4L12], where L denotes the ligating atoms, either neutral
or anionic. Cubane-type molecular cluster complexes [Mo4-
Se4(H2O)12]4+/5+/6+ have been reported.7,8 Solid-state com-
pounds Mo4S4X4 (X = Cl, Br, I) and MMo4Y8 (M = Al, Ga,
Y = S; M = Ga, Y = Se) containing Mo4Y4 clusters, with Mo
atoms coordinated octahedrally by either three chalcogen and
three halogen atoms or six chalcogen atoms have been
isolated.9–12

Preparative routes to [Mo4Y4(H2O)12]4+/5+/6+ (Y = S, Se)
clusters by dimerization of chalcogenide MoV

2
complexes under reducing conditions, and from Mo3Y7 and
Mo3Y4 cores, have been reported. Self-assembly routes have
also been developed.13 There are as yet no examples of cuboidal
[W4Y4(H2O)12]4+/5+/6+ clusters and the number of W4 chal-
cogenide complexes is limited. Examples are (i) the raft-type
complex [W4S6(SH)2(PMe2Ph)6],14 (ii) the tetrahedral complex
[W4S6(PMe2Ph)4]14 having a W4(m2-S)6 adamantane-like core,
and (iii) [W4S8(H2NCH2CH2NH2)4]S15 which has a cuboidal
W4S4

10+ core.
No Mo and W cubes, M4Y4 with Y = telluride, have as yet

been prepared. Many of the traditional reagents used in the
development of the sulfide/selenide chemistry, e.g. H2Y or
[MY4]22 (M = Mo, W; Y = S, Se), are simply not known in the
case of Y = Te.16,17 Our recent research has therefore focused
on the development of high-temperature techniques to synthe-
size solid-state molybdenum/tungsten tellurides as starting
materials for the preparation of molecular telluride containing
complexes.18,19 The first complex having an M3Te7 core
Mo3(m3-Te)(m2-Te2)3

4+, was synthesized by extrusion of the
polymeric solid-state product Mo3Te7I4 from the high-tem-
perature reaction of molybdenum, tellurium and iodine, with
cyanide.19

Here we report the high-yield synthesis and crystal structure
determination of the first complexes with Mo4Te4 and W4Te4
cluster cores. Cuboidal M4Te4 complexes are known for
transition metals M = Mn, Re, Fe, Ru, Rh, Ir, Ni and Pt, but
with the exception of Fe these do not have as highly developed
M4S4 and M4Se4 chemistry as in the case of Mo.20

We have used a simple procedure starting from the elements
for the synthesis of the title telluride cluster complexes of
molybdenum and tungsten. Dark red–brown crystals of
K7[Mo4(m3-Te)4(CN)12]·11H2O 1 and K6[W4(m3-Te)4-

(CN)12]·5H2O 2 were obtained in high yields by the high-
temperature reaction of Mo3Te7I4 or WTe2 with KCN at 450 °C
and further crystallization from aqueous solutions.† Complete
X-ray structural determinations have revealed that the structures
of 1 and 2 consist of discrete cluster anions of [Mo4(m3-
Te)4(CN)12]72‡ or [W4(m3-Te)4(CN)12]62‡ and K+ cations, and
solvent water molecules. Fig. 1 and 2 show perspective views of
the cluster units with important bond distances. The cluster
anions display a cubane-like geometry, with the M4Te4
(M = Mo, W) cores constituted by two concentric inter-
penetrating tetrahedra of molybdenum/tungsten and tellurium.
The tellurium atoms cap in a symmetrical manner the triangular
faces of the molybdenum/tungsten tetrahedron [the mean Mo–
Te distance is 2.674(1) Å; the mean W–Te distance is 2.686(2)
Å]. The octahedral coordination of each molybdenum/tungsten
center is completed by three cyanide ligands. For 1, the
distortion of the Mo4 tetrahedron from ideal Td symmetry is
irregular, giving a relatively narrow range of Mo–Mo distances
from 2.967(1) to 3.002(1) Å. Some notable differences,
however, can be found for W–W bond distances: the
W(1)–W(4) distance of 2.839(1) Å is significantly shorter than
the W(2)–W(4) distance of 3.054(1) Å. The average oxidation
state of the molybdenum atoms in 1 is 3.25 and the complex has
one unpaired electron. The average oxidation state of the
tungsten atoms in 2 is 3.5 and the complex is diamagnetic. The
M4Te4 clusters of 5+ and 6+ charges, respectively, provide
interesting comparisons with [Mo4Y4]5+ and [Mo4Y4]6+

(Y = S, Se) clusters.8,13,21,22 The higher charge on the W4Te4

Fig. 1 Anion in 1 (thermal ellipsoids at 50% probability level). Some
geometrical parameters (Å): Te–Mo 2.6663(8)–2.686(1), av. 2.674(1); Mo–
Mo 2.967(1)–3.002(1), av. 2.993; Mo–C 2.14(1)–2.176(8), av. 2.162(9);
C–N 1.13(1)–1.17(1), av. 1.15(1).
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cluster is consistent with the greater difficulty in reducing W to
its lower oxidation states.

The cluster compounds 1 and 2 are stable indefinitely in air at
95 °C, and dissolve in aqueous solution, with no tendency to
lose core atoms. Further studies on the reactivities of the
telluride clusters, including an investigation of NMR and EPR
spectra, and magnetic properties are in progress.

This work was supported by the Russian Foundation for
Basic Research (research grant no. 96-03-33018), and an EU
INTAS collaboration (research grant no. 96-1256).

Footnotes and References

† General method for preparation of K7[Mo4(m3-Te)4(CN)12]·11H2O 1 and
K6[W4(m3-Te)4(CN)12]·5H2O 2: a mixture of Mo3Te7I4 (3.00 g) and KCN
(3 g) or a mixture of WTe2 (5.00 g) and KCN (5 g) was heated (450 °C; 2
days) in a sealed quartz tube. The product of the reaction was added to 50
ml of water and the mixture was refluxed for 3 h. After filtration, the
solution was kept at 80 °C. During this time, the volume was decreased to
10 ml. After allowing to stand at 20 °C for 1 day, dark red–brown crystals
were filtered off, washed with cold water and dried in air. Yield: 1.86 g of
K7[Mo4(m3-Te)4(CN)12]·11H2O (83%), 4.73 g of K6[W4(m3-
Te)4(CN)12]·5H2O (88%). Satisfactory elemental analyses (C, H, N, Mo, W
and Te) were obtained. In order to ensure product homogeneity, the X-ray
powder diffraction diagrams of 1 and 2 were obtained, and found to be
identical with diagrams calculated from the single-crystal data. The UV–
VIS absorption spectrum of 1 in H2O gave peak positions [l/nm (e/m21

cm21 per M4)] at 382 (6100), 535 (2080), 769 (420). The UV–VIS
absorption spectrum of 2 in H2O gave peak positions at 357 (8000), 382
(sh), 474 (3140), 869 (440). IR (KBr pellet): n(CN) 2086 cm21 (1); n(CN)
2108, 2097 cm21 (2). The magnetic susceptibility of 1 was measured at 77
K: m = 2.03 mB. The magnetic susceptibility of 2 was measured at 300 K:
cM = 2360 3 1025 cm3 mol21.
‡ Crystallography: 1: single crystal (0.14 3 0.38 3 0.44 mm) obtained by
recrystallisation from an aqueous solution of KCN. Crystal data: or-
thorhombic, space group Pnma, a = 12.112(1), b = 21.736(2),
c = 16.109(1) Å, U = 4241.0(6) Å3, Z = 4, Dc = 2.632 g cm23. Total 5874
reflections [in which 4707 Fo > 4s(F)] were collected using standard
techniques at room temperature on an Enraf-Nonius CAD4 diffractometer
with Mo-Ka radiation (l = 0.710 69 Å) up to 2qmax = 60°. The structure
was solved by direct methods and refined in anisotropic approximation by
full-matrix least-squares on Fo

2 using the SHELX-9723 package. Absorp-
tion corrections were made using five azimuthal scan curves. Some
hydrogen atoms of the solvent water molecules were found on Fourier map,
but our attempts to refine these were unsuccessful. Final R values:

R(F) = 0.0473, wR(F2) = 0.1239 for 4707 Fo > 4s(F), R(F) = 0.0612,
wR(F2) = 0.1276, GOF = 1.153 for all data.

2: Single crystal (0.26 3 0.32 3 0.76 mm) obtained by recrystallisation
from an aqueous solution of KCN. Crystal data: triclinic, space group P1̄,
a = 12.399(1), b = 13.187(1), c = 13.496(1) Å, a = 83.712(8),
b = 66.575(8), g = 63.223(9)°, U = 1801.1(2) Å3, Z = 2, Dc = 3.471
g cm23. Total 8464 reflections (in which 8103 unique, Rint = 0.0594) were
collected using standard techniques at room temperature on an Enraf-
Nonius CAD4 diffractometer with Mo-Ka radiation (l = 0.710 69 Å) up to
2qmax = 56°. The structure was solved by direct methods and refined in
anisotropic approximation by full-matrix least-squares on Fo

2 using the
SHELX-9723 package. Absorption corrections were made using six
azimuthal scan curves. Hydrogen atoms of solvate water molecules were not
located. Final R values: R(F) = 0.0696, wR(F2) = 0.2151 for 6752 Fo >
4s(F), R(F) = 0.0796, wR(F2) = 0.2213, GOF = 1.143 for all unique data.
CCDC 182/712.
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Fig. 2 Anion in 2 (thermal ellipsoids at 50% probability level). Some
geometrical parameters (Å): W(1)–W(2) 2.957(1), W(1)–W(3) 2.923(1),
W(1)–W(4) 2.839(1), W(2)–W(3) 3.054(1), W(2)–W(4) 3.008(1),
W(3)–W(4) 2.991(2), W–Te 2.674(2)–2.704(2), av. 2.686(2); W–C
2.10(3)–2.20(3), av. 2.15(3); C–N 1.07(3)–1.20(3), av. 1.16(3).
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The first metal complexes of bicyclopropylidene, a unique tetrasubstituted
alkene ligand
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The reactions of bicyclopropylidene 2 with bis(cyclopenta-
dienyl)bis(trimethylphosphane)titanium(II) 1 and with the
cobalt chelate 4 give the first known metal complexes of
bicyclopropylidene 3 and 7, respectively, in good yields; the
bicyclopropylidene cobalt complex 7 is characterized by an
X-ray crystal structure analysis which shows a severe out-of-
plane bending of the alkenic ligand, indicating considerable
back-bonding which goes along with a release of strain in the
ligand.

The organometallic chemistry of cyclopropane derivatives is
dominated by ring opening reactions.1,2 However, metal-
mediated substitutions on vinylcyclopropane derivatives3 and
cycloadditions with methylenecyclopropane 5 and its deriva-
tives4–7 can also be achieved with retention of the ring. In view
of their high-lying HOMOs,8,9 methylenecyclopropane 5 and
especially bicyclopropylidene 2 should be strong p-bases
capable of efficiently donating electron density into the vacant
orbitals of transition metals. In particular, strained alkenes have
an increased ability to accept back-bonding and therefore are
preferentially coordinated to transition metals,10–13 and it is this
feature which is frequently used to stabilize otherwise unstable
alkenes and alkynes by complexation.14,15 Indeed, some
transition metal, including cobalt, complexes of methylene-
cyclopropane have been reported.4,16

Here, we report on the synthesis and the structural character-
ization of the first transition metal complexes of 2,17 which
contains a more highly strained double bond18 than methylene-
cyclopropane 5.

A first attempt to bind an intact bicyclopropylidene unit to a
metal was made by use of the titanocene fragment. (Alkene)-
bis(cyclopentadienyl)titanium(ii) complexes are known, and
they are 16e complexes.19 If there were a tendency towards ring
opening of a bicyclopropylidene ligand by oxidative addition, it
should happen with this complex fragment attached. One way to
prepare titanium complexes with sensitive ligands starts from
titanocene dichloride, which can easily be converted to
Cp2Ti(PMe3) 1.20,21 Treatment of 1 with 1.16 equiv. of 2 in
pentane gave (h2-bicyclopropylidene)(bis-h5-cyclopenta-
dienyl)titanium(ii) 3 in 79% yield as a green solid (Scheme 1),
which was characterized by its 1H and 13C NMR spectra‡ as
well as by a correct elemental analysis. While signals for the
CH2 and cyclopentadienyl carbon atoms are clearly observed at
d 15.3 and 116.7 as a triplet and a doublet, respectively, the
signal assigned to the coordinated quaternary carbon atoms of
the bicyclopropylidene ligand appears as a singlet of only low
intensity at d 93, a value which is in accord with those observed
for related compounds.22 A structural investigation of 3 has so
far been precluded because suitable crystals for an X-ray
structure analysis could not be obtained. Anyhow, 3 is the first
example of an (alkene)bis(cyclopentadienyl)titanium(ii) com-
plex without a supporting PR3 ligand or stabilizing methyl
groups on the cyclopentadienyl ligands.22

Complexation of sensitive ligands without subsequent reac-
tions is also possible with the {[2-(di-tert-butylphosphanyl)-
P-ethyl]-h5-cyclopentadienyl}cobalt(i) fragment (CoCp#),
with which the cyclopentadienyl ligand and the pending
phosphane side arm coordinate at the metal to form a rather
stable chelate.23–25 For oligomerization reactions, frequently
observed at normal cyclopentadienyl cobalt, to occur with this
complex fragment, an advance decomplexation of the phos-
phane side arm would be necessary. In this case the phosphane
side arm normally wins the competition with an external ligand
for entropic reasons. A reliable method for the preparation of
such complexes is the reductive complexation starting with the
paramagnetic chloro complex 4 in the presence of sodium
amalgam and the new ligand.26 As a first test, 2 was treated with
4 at low temperature in this manner and gave a 72% yield of
complex 6 (Scheme 2), which was identified by its spectral data.
The NMR spectra show two signals for alkenic protons and two
signals for non-alkenic cyclopropyl carbon atoms indicating an
orientation of the methylenecyclopropane ligand as in formula
6. In the mass spectrum the molecular ion peak is observed (m/z
350, 19%), the base peak resulting from decomplexation of 1.

Next, 2 was treated with 4 in the presence of sodium
amalgam, and the corresponding cobalt complex 7 (Scheme 3)
was obtained in even higher yield (83%) as large brown crystals
of up to 7 mm edge length after crystallization from diethyl

Scheme 1

Scheme 2

Scheme 3
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ether. The NMR spectra indicate a plane of symmetry through
the cobalt atom and the center of the double bond as in formula
7. As for 6, in the mass spectrum of 7 the molecular ion peak is
observed (m/z 376, 27%), and the base peak also results from
bicyclopropylidene decomplexation.

A suitable crystal of compound 7 was subjected to an X-ray
structural analysis (Fig. 1). According to this the bicyclo-
propylidene ligand has undergone a remarkable out of plane
bending by 40° at both termini of the double bond. This
indicates a large back-bonding effect accepted by bicyclo-
propylidene, which is also documented by the long bond length
of the coordinated double bond (1.401 Å) as compared to that in
uncoordinated 2 (1.314 Å27). As a result of the complexation the
double bond of bicyclopropylidene is expanded by ca. 6.6%. It
is instructive to compare these numbers with those of ethene and
the ethene complex corresponding to 7. The bond length of
ethene is 1.330 Å, in the ethene complex corresponding to 7 this
value is 1.396 Å,24 an increase of only 5.0%. The bonds in 2 and
7 adjacent to the double bond are of similar length, whereas the
single bond opposite the double bond is significantly shortened
from 1.544 Å in 2 to 1.499 Å in complex 7. This is a
consequence of the change in hybridization of the coordinated
carbon atoms from sp2 towards sp3, causing a smaller
endocyclic interorbital angle and thus shorter distal bonds in the
ring.

A DTA–TG analysis revealed the remarkable thermal
stability of 7, as it can be heated up to 160 °C without
decomposition. At 168 °C a strongly exothermic reaction takes
place [DH = 252.1 kcal mol21 (1 cal = 4.184 J)]. A relative
loss of mass of 11.5% is measured which, with a molecular mass
of 7 of 376 g mol21 corresponds to a loss of 40 g mol21, the
molecular mass of cyclopropene. This suggests that the
bicyclopropylidene ligand decomposes at elevated temperature.
After the DTA–TG analysis the material was analyzed by FAB–
MS indicating an M+ peak at m/z 1304. This hints towards the
formation of a (CoCp#)4 cluster with three cyclopropane
rings.

In conclusion, bicyclopropylidene can be used as a ligand in
transition metal complexes of early and late transition metals.
The ligand displays a strong back-bonding effect as evidenced
by the X-ray crystal structure analysis of the cobalt complex.
We are currently investigating the chemistry of bicyclopropy-
lidene complexes and related compounds with special emphasis
of their thermochemical behaviour.

This work was supported by the Deutsche Forschungs-
gemeinschaft and the Fonds der Chemischen Industrie. We are
grateful to Bayer AG, BASF AG, Chemetall GmbH, and Hüls
AG for generous gifts of chemicals.
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† New address: Fachbereich Chemie, Organische Chemie, Universität
Kaiserslautern, Erwin-Schrödinger-Strasse, D-67663 Kaiserslautern, Ger-
many.
‡ Crystal structure analysis of 7: C21H34CoP: crystal size 0.70 3 0.60 3
0.60 mm, crystal system triclinic, space group P1̄ with three molecules in
the asymmetric unit, a = 9.658(1), b = 14.731(2), c = 21.282(4) Å,
a = 84.21(2), b = 80.64(1), g = 88.46(1)°, U = 2972.1(8) Å3, Z = 6,
Dc = 1.262 g cm23, 3.51 < q > 25.06°, Mo-Ka radiation, l = 0.710 73
Å, T = 153(2) K, 17 372 measured reflections, 10 506 independent
reflections, no absorption correction, structure solution with direct methods
with SHELXS-86, refinement with SHELXL-93, 401 free parameters,
hydrogen atoms in geometrically calculated positions, R1 = 0.0544 [I >
2s(I)], wR2 = 0.1208 (all data), refinement to F2, min., max. residual
electron density 21.304, 1.304 e Å23. CCDC 182/686.

1 K. C. Bishop III, Chem. Rev., 1976, 76, 461.
2 P. Eilbracht, in Houben-Weyl, E 17c, ed. A. de Meijere, Thieme,

Stuttgart, 1997, pp. 2677–2694.
3 A. Stolle, J. Ollivier, P. P. Piras, J. Salaün and A. de Meijere, J. Am.

Chem. Soc., 1992, 114, 4051.
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Fig. 1 Structure of the bicyclopropylidene cobalt complex 7 in the crystal.‡
Selected bond lengths (Å) and angles (°): Co–C(31) 1.956(4), Co–C(34)
1.965(3), C(31)–C(34) 1.401(5), C(31)–C(32) 1.482(5), C(32)–C(33)
1.499(12), C(33)–C(31)–C(32) 61.2(5), C(33)–C(31)–C(34) 129.5(5),
C(32)–C(31)–C(34) 131.5(5), C(31)–C(34)–C(36) 133.8(3), C(31)–C(34)–
C(35) 129.8(3).
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Synthesis of highly active tungsten-containing MCM-41 mesoporous molecular
sieve catalyst

Zhaorong Zhang, Jishuan Suo, Xiaoming Zhang and Shuben Li*

State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences, Lanzhou, 730000, P.R. China 

A tungsten-containing MCM-41 mesoporous molecular
sieve is synthesized by the hydrolysis of tetraethylorthosili-
cate and ammonium tungstate in the presence of cetylpyr-
idinium bromide as template in acidic medium and found to
be more active than the conventional WO3 catalyst in the
hydroxylation of cyclohexene using H2O2 as oxidant.

WO3-based catalysts are important not only in hydrodesulfuri-
zation and alkene metathesis1 but also in hydroxylation of
unsaturated compounds.2 Recently, the breakthrough discovery
of silica-based mesoporous molecular sieves M41S, including
the hexagonal MCM-41,3,4 offered new opportunities for
creating highly dispersed and more accessible catalytic sites by
incorporating transition-metal ions into their silica-based
frameworks.5–9 Many of the mesoporous molecular sieve
catalysts thus obtained therefore showed quite good catalytic
properties in different reactions.10,11 Here, we report the
synthesis, characterization and catalytic performance of the
tungsten-containing MCM-41 mesoporous molecular sieve
catalyst (W-MCM-41) in the hydroxylation of cyclohexene
with 30 mass% H2O2.

In a typical synthesis of the W-MCM-41, 5.67 g (20 mmol) of
ammonium tungstate [Aldrich, 99.99% (NH4)2WO4] was
dissolved in 100 ml of water to prepare solution A; 6.2 g (15
mmol) of cetylpyridinium bromide (Aldrich, 98%
C16H33NC5H5Br·H2O, CPBr) was combined with 60 ml of HCl
(5 mol dm23) to form solution B. Then 11.4 g (50 mmol) of
tetraethylorthosilicate [Aldrich, 98% Si(OEt)4, TEOS] and a
determined amount of solution A were simultaneously in-
troduced into solution B under vigorous stirring to give the
following composition: 1 TEOS : 0.3 CPBr : 0.02 W : 6 HCl : 60
H2O. After allowing the resulting gel to age at 323 K under
gentle stirring for 22 h, the solid product was centrifuged,
washed with distilled water and air-dried. The calcination of the
W-MCM-41 sample was carried out in air at ca. 533 K for 1.5
h, then at 873 K for 4 h.

The calcined W-MCM-41 sample was colorless, indicating
the absence of colored crystalline WO3 species outside the
framework. This result was verified by Raman and UV–VIS
spectroscopy.

An X-ray powder diffraction pattern (Rigaku, D/Max-2400,
with Cu-Ka radiation; l = 0.154 18 nm) of the calcined sample
is depicted and indexed in Fig. 1 and corresponds to MCM-41
mesoporous silicas reported previously.4,5

Fig. 2 shows the Raman spectra (Nicolet, Raman 910) of
W-MCM-41 and crystalline WO3. Crystalline WO3 is a very
strong Raman scatterer, so the absence of intense peaks at ca.
804, 714, 327, 267 and 137 cm21 (in WO3) corresponding to
octahedral WO6 groups13 in the spectrum of W-MCM-41
indicated that the W was highly dispersed in the silica-based
framework structure. This result was also supported by the
diffuse reflectance (DR) spectra of W-MCM-41 and WO3
crystals in the UV–VIS region. In the DR UV–VIS spectrum of
the calcined W-MCM-41 sample, there is no absorption band
corresponding to crystalline WO3.

The chemical analysis using ICP atomic emission spectro-
scopy (ARL 3520) showed the WO3 content in the W-MCM-41

to be 7.1 mass% (SiO2 : WO3 ca. 50). The HK mean pore size
and BET surface area of the as-synthesized W-MCM-41
calculated on the basis of nitrogen adsorption–desorption
isotherms (Coulter, Omnisorp 360CX) were ca. 2.9 nm and
1059 m2 g21, respectively.

As mentioned above, different physicochemical characteri-
zations confirmed that in the W-MCM-41 sample prepared, the
W was highly dispersed in the silica-based framework structure,
and it was found to be active for carrying out catalytic
oxidations of unsaturated hydrocarbons using H2O2 as oxidant.
Here the H2O2 hydroxylation of cyclohexene was carried out
over W-MCM-41, Si-MCM-41 and conventional WO3 catalysts
suspended in acetic acid (HAc) media; where Si-MCM-41 was
a pure silica sample synthesized by the method described above
but leaving out the tungsten ion precursor. Since H2O2 in HAc
alone is a hydroxylating agent,2 a comparative experiment was
also made in the absence of any catalyst. The results
summarized in Table 1 clearly show that W-MCM-41 is a good
catalyst for the test reaction, on which the hydroxylation rate of

Fig. 1 PXRD pattern of the calcined W-MCM-41

Fig. 2 Raman spectra of (a) W-MCM-41 and (b) crystalline WO3
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cyclohexene could be increased significantly without decreas-
ing the yields of trans-cyclohexane-1,2-diol. However, the Si-
MCM-41 catalyst is equivalent to the blank H2O2–HAc system
and inferior to the conventional WO3 catalyst in activity. These
data indicated that the highly dispersed W in silica-based
molecular sieve might play a critical role in promoting the
reaction. Systematic investigations toward understanding the
mechanism for this catalytic reaction are still in progress.
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Table 1 Activity of W-MCM-41 and related materials for hydroxylation of cyclohexene with hydrogen peroxidea

Conversion (%) Selectivity (%)b

Expt. Catalyst C6H10/mmol H2O2/mmol t/min H2O2 C6H10 Glycol Ester

1 W-MCM-41 50 50 80 ca. 100 84.6 80.3 12.0
2 W-MCM-41 50 65 60 97.1 ca. 100 78.1 10.4
3 WO3 50 65 160 97.8 ca. 100 78.6 10.0
4 Si-MCM-41 50 65 240 94.5 ca. 100 72.4 7.4
5 None 50 65 240 94.1 ca. 100 74.0 6.7

a Reaction conditions: substrate/solvent: 1 : 20 (v/v), catalyst: 0.2 g, T: 353 K, H2O2: 30 mass% aqueous solution; C6H10: cyclohexene; t: time required for
completing the reaction. b Calculated on alkene consumed; glycol: trans-cyclohexane-1,2-diol; ester: trans-cyclohexane-1,2-diol monoacetate.
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Germylene and stannylene cleavage of Lawesson’s reagent

Claire J. Carmalt, Jason A. C. Clyburne, Alan H. Cowley,* Viviana Lomeli and Brian G. McBurnett

Department of Chemistry and Biochemistry, The University of Texas at Austin, Austin, Texas, 78712, USA 

Lawesson’s reagent undergoes cleavage reactions with
bis[bis(trimethylsilyl)amino]germanium(II) and bis[bis(tri-
methylsilyl)amino]tin(II) whilst with 1,3-di-tert-butyl-
1,3,2-diazagermol-2-ylidene the product is a novel spir-
ocyclic germanium derivative.

Lawesson’s reagent 1 is one of the most versatile thiation
reagents available and is highly effective, for example, for the
conversion of aldehydes and ketones to the corresponding thio
derivatives.1 However, much less information is available
regarding the interaction of 1 with transition metal2 or main
group reagents. Herein we describe the unusual reactions of 1
with some coordinatively unsaturated group 14 compounds.

The reaction of 1 with stannylene 2b3 in THF solution
resulted in a > 90% isolated yield of 4b.† Interestingly, the
corresponding reaction of 1 with 2a3 produced a much smaller
yield (ca. 10%) of the Ge analogue 3a. 31P NMR and
HRMS(CI+) data were consistent with the formulae proposed
above for both compounds, and 1H and 13C NMR spectra
indicated the presence of one p-MeOC6H4 and two (non-
equivalent) N(SiMe3)2 groups.‡ However, in order to ascertain
the atom connectivity, it was necessary to appeal to X-ray
crystallography. Suitable single crystals of 3b were obtained
from CH2Cl2 solution. The central feature of the molecular
structure of 3b§ (Fig. 1) comprises a planar PS2Sn ring [sum of
angles = 360.00(3)°]. Such rings are rare as indicated by a
search of the Cambridge Data Base which revealed only one
previous example.4 As expected, the average P–Sring bond

distance [2.1125(9) Å] is longer than that of the external P–S
bond [1.9315(9) Å]. Although the phosphorus and tin centres
are four-coordinate, there is considerable deviation of the bond
angles from the ideal tetrahedral value and the N–Sn–N angle in
3b [116.07(7)°] is larger than that in 2b [104.7(2)°].5

The mechanism of formation of 3a,b is not clear, but
plausible routes to these products include (i) oxidative addition
of 2a,b to 4, which results from symmetrical cleavage of 1,
followed by addition of sulfur to phosphorus, (ii) addition of
2a,b to an ArAPS3 (6) fragment resulting from unsymmetrical
cleavage of 1, and (iii) addition of sulfur to 2a,b followed by
reaction of the resulting germa- or stanna-thione with 4. In an
attempt to clarify this point, 7,6 which can be viewed as a cyclic
dimer of the requisite stanna-thione 8, was treated with an
equimolar quantity of 1 in CD2Cl2 or C6D6 solution at 25 °C.
NMR (31P and 1H) assay indicated quantitative conversion to
3b. This observation is consistent with route (iii), and as such
would represent a novel formal [2 + 2] cycloaddition involving
PNS and SnNS bonds.7

In sharp contrast to the results obtained with 2a, the cyclic
germylene 98 undergoes a completely different type of reaction
with 1 and affords 10 as the major product. Whilst not
appropriate as a mechanism, one way of thinking of this reaction
is to consider that the cyclic germylene 9 serves as a source of
Ge atoms for transfer to four ArAPS (5) moieties. As pointed out
above, 5 could arise via unsymmetrical cleavage of 1.

The X-ray crystal structure of 10 revealed an interesting
spirocyclic geometry (Fig. 2). Individual molecules of 10 reside
on a crystallographic twofold axis. The GeS2P2 rings are
slightly puckered and the dihedral angle between the S–Ge–S
planes is 81.7°. The geometry at Ge is essentially tetrahedral;

Fig. 1 Molecular structure of 3b showing the atom numbering scheme.
Selected distances (Å) and angles (°): P–C(1) 1.804(2), P–S(1) 1.9315(9),
P–S(2) 2.1168(9), P–S(3) 2.1018(9), Sn–S(2) 2.4188(6), Sn–S(3)
2.4358(6), N(1)–Sn 2.015(2), N(2)–Sn 2.023(2), N–Si(1) 1.764(2), N–Si(2)
1.757(2), N(2)–Si(3) 1.757(2), N(2)–Si(4) 1.761(2); C(1)–P–S(1)
112.05(8), S(2)–P–S(3) 101.32(3), P–S(2)–Sn 87.17(3), P–S(3)–Sn
87.06(3), N(1)–Sn–N(2) 116.07(7), Sn–N(1)–Si(1) 122.83(10), Sn–
N(1)–Si(2) 115.15(9), Sn–N(2)–Si(3) 116.33(9), Sn–N(2)–Si(4)
120.37(10), Si(1)–N(1)–Si(2) 120.73(10), Si(3)–N(2)–Si(4) 121.35(10).
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however, the endocyclic S–Ge–S angles [105.89(4)°] are more
acute than the exocyclic angles [117.10(6)°]. The average Ge–S
[2.222(1) Å], P–S [2.100(2) Å] and P–P [2.220(2) Å] distances
each correspond to a bond order of unity. Finally, the R2P2S2
ligand does not appear to have been described previously;
although a phosphorus–sulfur heterocycle is known9 in which
the Ph2P2S2 ligand is associated with a PhP(S) moiety, i.e.
(PhPS)3.

We thank the National Science Foundation, and the Robert A.
Welch Foundation for financial support.

Footnotes and References

* E-mail: cowley@mail.utexas.edu
† Experimental procedure: 3a: compound 2a (0.81 g, 2.1 mmol) in 50 cm3

of THF was added to a stirred slurry of 1 (0.80 g, 2.0 mmol) in 10 cm3 of
THF. The solution was warmed to 60 °C for 20 min. The solvent was
removed in vacuo and the resulting yellow residue was dissolved in 30 cm3

of CH2Cl2. After filtration through Celite the filtrate was concentrated and
stored at 225 °C to afford a small quantity of yellow powder 3a (0.09 g,
0.15 mmol, 8%), mp 132–136 °C.

3b: compound 2b (1.25 g, 2.8 mmol) in 50 cm3 of THF was added to a
stirred slurry of 1 (1.15 g, 2.8 mmol) in 10 cm3 of THF. The solution was
warmed to 60 °C for 20 min. The solvent was removed in vacuo and the
resulting pale yellow powder was dissolved in 30 cm3 of CH2Cl2. After
filtration through Celite the filtrate was concentrated and stored at 225 °C
to afford pale yellow crystals of 3b (0.90 g, 1.3 mmol, 92% yield based on
1), mp 140–143 °C.

10: compound 9 (0.67 g, 2.80 mmol) was dissolved in 30 cm3 of toluene
and added to a stirred suspension of 1 (0.78 g, 1.94 mmol) in 40 cm3 of
toluene at 25 °C. Over a 20 min period, the originally yellowish solution
turned red as the solids dissolved. After 4 h a precipitate formed and the
reaction mixture was allowed to stir for an additional 12 h. After filtration,
the solvent and volatiles were removed from the filtrate and the residue was
dissolved in CH2Cl2 and this solution was covered with a layer of hexane.
Colourless crystals of 10 formed over a period of several days (0.15 g, 20%

yield based on 1), mp 200 °C (becomes opaque at 170 °C). HRMS:
calculated for C28H28GeO4P4S4 (M+), 754.9111; found 754.9125.
‡ Selected spectroscopic data: 3a: NMR (C6D6): 31P{1H} d 42.0; 1H d
8.02–8.08 (m, 2 H, aryl), 6.80–6.82 (m, 2 H, aryl), 8.85 (s, 3 H, OCH3), 0.47
[s, 18 H, Si(CH3)3], 0.34 [s, 18 H, Si(CH3)3]; 13C d 162.6 (s, p-Caryl), 132.2
(d, 3JPC 14 Hz, m-Caryl), 114.3 (d, 2JPC 16 Hz, o-Caryl), 54.9 (s, OCH3), 6.5
(s, SiCH3), 5.5 (s, SiCH3), ipso-Caryl not observed. HRMS (CI+): calc. for
C19H43GeN2OPS3Si4 (M+), m/z 597.0826; found 597.0825.

3b: NMR (C6D6): 31P{1H} d 56.5, satellites due to coupling with 119Sn
observed (75 Hz); 119Sn{1H} d 2240 (d, 2JPSn 76 Hz); 1H d 8.17–8.26 (m,
2 H, aryl), 7.02–7.06 (m, 2 H, aryl), 3.91 (s, 3 H, OCH3), 0.49 [s, 18 H,
Si(CH3)3], 0.31 [s, 18 H, Si(CH3)3]; 13C d 161.6 (s, p-Caryl), 137.0 (d, 1JPC

94 Hz, ipso-Caryl), 132.2 (d, 3JPC 15 Hz, m-Caryl), 113.7 (d, 2JPC 17 Hz,
o-Caryl), 54.9 (s, OCH3), 6.2 (s, SiCH3), 5.7 (s, SiCH3). HRMS (CI+): calc.
for C19H43N2OPS3Si4Sn (M+), m/z 674.0374; found 674.0361.

10 NMR (C6D6): 31P{1H} d 45.6; 1H d 7.47–7.50 (m, 2 H, aryl),
6.92–6.95 (m, 2 H, aryl), 3.79 (s, 3 H, OCH3), 0.49 [s, 18 H, Si(CH3)3], 0.31
[s, 18 H, Si(CH3)3]; 13C d 161.6 (s, p-Caryl), 133.4 (d, 3JPC 15 Hz, m-Caryl),
114.6 (d, 2JPC 17 Hz, o-Caryl), 54.0 (s, OCH3), ipso-Caryl not observed.
§ Crystal data: 3b: C19H43N2OPS3Si4Sn, M = 673.75, monoclinic, space
group I2/a, a = 27.250(2), b = 11.542(1), c = 20.522(1) Å,
b = 98.200(4)°, U = 6388.6(8) Å3, Z = 8, Dc = 1.401 g cm23,
F(000) = 2784, T = 183(2) K. 7313 independent reflections were collected
on a Siemens P4 diffractometer using graphite-monochromated Mo-Ka
radiation (l = 0.710 73 Å, 2.01° < q < 27.50°, m = 4.35 cm21); an
absorption correction was applied: wR2 = 0.0578, R = 0.0261 for
reflections with I > 2s(I).

10: C28H28GeO4P4S4, M = 753.21, monoclinic, space group C2/c, a
= 24.248(6), b = 7.931(1), c = 20.152(5) Å, b = 122.34(1)°,
U = 3274.5(1) Å3, Z = 4, Dc = 1.528 g cm23, F(000) = 1536, T = 293(2)
K. 3721 independent reflections were collected on an Enraf Nonius CAD4
diffractometer using graphite-monochromated Mo-Ka radiation
(l = 0.710 73 Å, 2.39° < q < 27.50°, m = 14.19 cm21); an absorption
correction was applied: wR2 = 0.1243, R = 0.0499 for reflections with I >
2s(I). CCDC 182/691.

1 For a review, see: M. P. Cava and M. I. Levinson, Tetrahedron, 1985, 41,
5061.

2 R. Jones, D. J. Williams, P. T. Wood and J. D. Woollins, Polyhedron,
1987, 6, 539; G. A. Zank and T. B. Rauchfuss, Organometallics, 1984, 3,
1191.

3 M. J. S. Gynane, D. H. Harris, M. F. Lappert, P. P. Power, P. Rivière and
M. Rivière-Baudet, J. Chem. Soc., Dalton Trans., 1977, 2004.

4 J. L. Lefferts, K. C. Molloy, M. B. Hossain, D. van der Helm and
J. J. Zuckerman, Inorg. Chem., 1982, 21, 1410.

5 T. Fjeldberg, H. Hope, M. F. Lappert, P. P. Power and A. J. Thorne,
J. Chem. Soc., Chem. Commun., 1983, 639.

6 P. B. Hitchcock, E. Jang and M. F. Lappert, J. Chem. Soc., Dalton Trans.,
1995, 3179.

7 [2 + 2] reactions have also been suggested for a ferrocenyl analogue of
Lawesson’s reagent: M. R. StJ. Foreman, A. M. Z. Slawin and
J. D. Woollins, Chem. Commun., 1997, 1269.

8 W. A. Herrmann, M. Denk, J. Behm, W. Scherer, F. R. Klingan, H. Bock,
B. Soluki and M. Wagner, Angew. Chem., Int. Ed. Engl., 1992, 31,
1485.

9 C. Lensch, W. Clegg and G. M. Sheldrick, J. Chem. Soc., Dalton Trans.,
1984, 723.

Received in Bloomington, IN, USA, 19th August 1997; 7/06097A

Fig. 2 Molecular structure of 10 showing the atom numbering scheme.
Selected distances (Å) and angles (°): Ge–S(1) 2.222(1), Ge–S(2) 2.223(1),
P(1)–S(1) 2.103(2), P(2)–S(2) 2.098(2), P(1)–P(2) 2.220(2); S(1)–Ge–S(2)
105.89(4), P(1)–S(1)–Ge 104.69(5), S(1)–P(1)–P(2) 104.46(6), S(2)–P(2)–
P(1) 103.50(6), P(2)–S(2)–Ge 105.07(5).
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Taking advantage of the pH and pO2 sensitivity of a luminescent macrocyclic
terbium phenanthridyl complex

David Parker* and J. A. Gareth Williams

Department of Chemistry, University of Durham, South Road, Durham, UK DH1 3LE

Strong metal-based emission with [TbL1] in aqueous media
occurs in the absence of protons and oxygen; dissolved
molecular oxygen quenches the phenanthridyl triplet (1/KSV
= 58 Torr O2) but back-energy transfer to the organic triplet
occurs efficiently only with the excited protonated complex
(pKaB = 5.7).

Responsive luminescent probes that signal the presence of
molecules or ions in aqueous solution are of current interest
because of their application to the analysis of biological or
environmental samples.1 There have been some recent reports
of pH responsive luminescent lanthanide complexes2 in which
the delayed luminescence from the metal allows time-gating in
monitoring the emission, so that problems such as autofluores-
cence and Rayleigh-scattering are obviated. As a consequence
of the low absorption coefficients associated with lanthanide f–f
transitions, a sensitising chromophore needs to be built in to
such complexes, preferably one that can efficiently absorb
incident light at wavelengths greater than 340 nm.3 Several
different aromatic chromophores can be used under ambient
conditions, provided that they possess a triplet energy ca. 1500
cm21 greater than that of the emissive lanthanide state. If this
condition is not fulfilled, then competitive thermally activated
back-energy transfer will occur and the metal-based lumines-
cence will become sensitive to the presence of dissolved O2.3,4

Such a situation is depicted in Scheme 1, wherein molecular
oxygen may quench the aromatic triplet excited state and
similarly affect the lanthanide luminescence, depending on the
relative magnitude of k1, k21, kq[O2] and k2. Of course, sensors
for molecular oxygen that operate on the quenching of an
aromatic triplet excited state are well known and include
polyaza ruthenium and palladium porphyrin complexes,5
where values of kq are typically of the order of 1.5 3 109

dm3 mol21 s21.6

The complex [TbL1]† was prepared by reaction of the
triphosphinate-phenanthridine ligand H3L1 reported previous-
ly2a with Tb(OAc)3 in water, followed by purification by
alumina chromatography. The fluorescent emission from the
phenanthridine group at 403 nm was monitored together with

the delayed luminescence from the terbium centre (lem = 547
nm) as a function of pH (Fig. 1), following excitation at the
isosbestic wavelength (304 nm). The ligand-based fluorescence
increases in intensity by a factor of 3 as the phenanthridyl
nitrogen is protonated, consistent with the suppression of
photoinduced electron transfer associated with protonation. The
apparent pKa was 4.2(1), in reasonable agreement with the value
of 4.4(1) obtained with the analogous europium complex.2a The
metal-based luminescence showed a luminescence enhance-
ment of 125 but in the opposite sense. The neutral complex was
highly emissive (oH2 = 0.025, tH2O = 0.98 ms) and the
protonated complex was not (oH2O = 9 3 1024, tH2O < 0.1
ms).

The phenanthridine triplet energies were estimated from the
phosphorescence spectra of [GdL1] at 77 K in an MeOH–EtOH
glass and were found to be 22 000 cm21 for the unprotonated
form and 21 300 cm21 for the protonated complex. These values
are 1500 and 800 cm21 higher than the energy of the Tb3+

emissive state (5D4, 20 500 cm21), respectively. Deactivation of
the terbium complex by back-energy transfer to the organic
triplet is thus much more significant for the protonated form.
The excited-state pKa of 5.75(10) for [TbL1] is close to the pKa
reported for the triplet state of phenanthridine itself (5.7),7 and
is consistent with the establishment of an equilibrium between
the triplet phenanthridyl excited state and the terbium 5D4
excited state (Scheme 1). Further support for this hypothesis
came from the effect of varying the partial pressure of O2 in the
sample. Removal of dissolved oxygen led to an increase in the
overall quantum yield {o = 0.12, pO2 = 0, (H2O)} and a
concomitant increase in the terbium luminescent lifetime
[tH2O = 1.82 ms (pO2 = 0)].† The triplet phenanthridyl excited
state is quenched by O2, and the extent of quenching is a
function of dissolved [O2] and is reported by changes in the
terbium lifetime and emission intensity.‡ The N-methylated
complex [TbL2]+ (prepared by alkylation in MeI–MeCN at
20 °C) also behaved as an oxygen sensor, with pO2 (S = 1

2) of
58 Torr, and an associated linear Stern–Volmer plot (Fig. 2).

Scheme 1

Fig. 1 Delayed luminescence emission intensity (5) and ligand-based
fluroescence intensity (2) as a function of pH for [TbL1], following pulsed
excitation at 304 nm (isosbestic wavelength) and using a delay time of 0.1
ms [293 K, I = 0.1 (NMe4ClO4)]
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The luminescence of this N-alkylated complex was independent
of pH in the range 2–9.

The complex [TbL1] possesses several attractive sensory
features. It exhibits a pH dependence in aqueous solution that
embraces the range 3–7, because of the ability to examine either
the ligand based fluorescence (pKaA = 4.2) or the metal-based
phosphorescence (pKaB = 5.75). Moreover, the luminescent
enhancement factors for the former are at least 500, when an
excitation wavelength of 375 nm is used, because the un-
protonated complex does not absorb at this wavelength {cf.
e375 = 3 3 103 dm3 mol21 cm21 for [Tb(HL1)]+}, as was found
for the analogous complex [EuL1].2a

The change in the lifetime of the terbium excited state upon
protonation (DtH2O = 1 ms), means that lifetime measure-

ments, rather than luminescence intensity measurements, may
be used to characterise the pH dependence over the range 5–7,
which may be usefully applied to biological systems. In
addition, in the pH range 2–9 the sensitivity of the N-methylated
salt to dissolved oxygen may be harnessed to determine pO2 in
aqueous solutions, measuring the lifetime or emission intensity
from the Tb excited state. Finally, given that strong terbium
luminescence (Table 1), occurs only when both acid and O2 are
not present, the complex [TbL1] could be construed as behaving
as a molecular NAND logic gate8 with H+ and O2 as the ‘inputs’
and delayed terbium luminescence as the signal ‘output’.

We thank EPSRC for grant support.
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‡ A laser flash photolysis study of several lanthanide complexes of a related
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Fig. 2 Stern–Volmer plot of Io/I vs. pO2 for [TbL2]+ [293 K, I = 0.1
NMe4ClO4)]. Similar behaviour was exhibited by [Tb(HL1)]+.

Table 1 Lifetimes and quantum yields for lanthanide complexes (H2O, 293
K, lexc 304 nm)a

Parameter [TbL1] [TbHL1)]+ [EuL1]b,c (Eu(HL1)]+

oaer 2.5 3 1022 9.1 3 1024 0.011 0.03
odegassed 0.12 4.6 3 1022 0.011 0.03
tH2Oaer/ms 0.98 ca. 0.1 0.71 0.71
tH2Odegassed/ms 1.82 0.83 0.71 0.71

a Lifetimes were obtained using a Perkin-Elmer LS50B (gate time 0.1 ms);
b Data from ref. 2(a); c In D2O, t = 1.92 ms for the free and 1.95 ms for the
protonated complex.
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First electrochemical synthesis of network silane and silane–germane
copolymers: (C6H11Si)x(PhSi)y and (C6H11Si)x(PhGe)y

Kui Huang and Lori A. Vermeulen*

Department of Chemistry and Biochemistry, Southern Illinois University at Carbondale, Carbondale, IL, 62901-4409, USA 

An electrochemical technique is demonstrated for the
synthesis of Si–Si and Si–Ge network copolymers poly-
(cyclohexylsilyne-co-phenylsilyne) and poly(cyclohexylsi-
lyne-co-phenylgermyne); the molecular mass distributions
of the electrochemically prepared polymers are more narrow
in comparison to similar polymers prepared by the Wurtz
coupling reaction.

Silicon-based polymers have attracted considerable attention
owing to their interesting optical and electronic properties,
which are strongly related to the dimensionality of the silicon
backbone.1 Polysilanes (SiR1R2)n which consist of a one-
dimensional backbone structure exhibit intense near-UV ab-
sorption bands and sharp UV emission attributed to the Si
backbone s–s* transition.2 The network or crosslinked poly-
silynes (SiR)n in which each silicon atom is bonded to three
other silicon atoms and one organic side group R are typically
yellow materials that photoluminesce in the visible region of the
spectrum.3 It has been proposed that the structure of the network
polysilynes consists of rings of different sizes and shapes that
are fused together in a random arrangement. The optical
features are attributed to the decrease in the Si s–s* bandgap
compared to the linear polymers, which is caused by increasing
the dimensionality of the silicon backbone from a 1D linear
structure to a 2D cross-linked structure. Furthermore, it has
been reported that Ge three-coordinate polymers (polyger-
mynes)4 as well as some silicon and germanium copolymers5

can also be synthesized. The ability to tune the optical properties
of these polymers by manipulation of the backbone architecture
and composition is an intriguing challenge for the development
of these polymers as optoelectronic materials.

The most general synthetic method for the preparation of
these metallic backbone polymers is the Wurtz coupling
reaction of organo-dichloro- or trichloro-silanes (or germanes)
with a sodium dispersion in toluene at refluxing temperature.2
However, there are several problems with the Wurtz coupling
method, most notably the extreme difficulty in controlling the
rate of the reaction and thereby obtaining polymers with
reproducibly narrow molecular mass distributions. In particular,
the network polysilynes that have been prepared by the Wurtz
coupling reaction exhibit very broad electronic absorption and
NMR spectra. These observations are attributed to the wide
variety of macrostructures that are obtained in the Wurtz
coupling reaction. Thus, alternative methods of synthesis are
desirable for the preparation of materials with structural and
optical properties that can be more precisely controlled. To this
end, there have been several reports of employing electro-

chemical techniques for the synthesis of linear polysilanes and
germane–silane copolymers.6

In the present study, we describe the synthesis and optical
properties of two new network copolymers poly-
(cyclohexylsilyne-co-phenylsilyne) (C6H11Si)x(PhSi)y 1 and
poly(cyclohexylsilyne-co-phenylgermyne) (C6H11Si)x(PhGe)y

2 by an electrochemical reduction utilizing copper electrodes
and constant applied potential.† The network polymers were
synthesized by the electrochemical reduction of 1,2-dimethoxy-
ethane (DME) solution of a 1 : 1 mixture of the trifunctional
monomers as depicted in Scheme 1.

Molecular mass, yield, NMR data, and optical properties of 1
and 2 are provided in Table 1. Notably, the 29Si NMR spectrum

Scheme 1†

Table 1 Physical and optical properties of 1 and 2

Yieldb Mw/ lem
d/ lex/

x/ya (%) Mn
c Mn

29Si, d nm nm

1 1.25 49 5839 1.4 255, 265, 276(br) 470 350
2 1.04 23 3147 2.0 250 to 280(br) 490 350

a Monomer ratio determined by 1H NMR. b Isolated yield obtained by
precipitation from toluene–methanol (1 : 8). c Mw determined by GPC vs.
polystyrene. d Excitation l = 300 nm.

Fig. 1 GPC chromatogram for (a) poly(cyclohexylsilyne-co-phenylsilyne)
(1) electrochemical product, (2) Wurtz product; (b) poly(cyclohexylsilyne-
co-phenylgermyne) (1) electrochemical product, (2) Wurtz product.
[Different columns were used for (a) and (b) and time scales are therefore
different]
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of 1 exhibits three broad resolvable peaks in the region typical
for tertiary Si atoms (Si bonded to three other Si atoms).
Thermally prepared network polymers typically exhibit an
extremely broad resonance in this region (d 220 to 280, with
no resolvable peaks).3 The broad resonance typically observed
is attributed to overlapping peaks corresponding to the wide
variety of ways that the Si atoms can be bonded together in a
random network arrangement. There are no resonances ob-
served which would be typical for linear polysilylene seg-
ments.

For comparison, these two copolymers, which are not
reported in the literature, were also prepared by the thermal
reduction method under typical Wurtz conditions.2‡ The
molecular mass distributions of all four polymers are shown in
Fig. 1. As can be seen, the GPC for the same products obtained
by the thermal Wurtz coupling reaction are broader and
polymodal compared to those prepared electrochemically.

These network copolymers have optical properties which are
typical for this class of materials, exhibiting both a broad
absorption band edge that tails into the visible region and a
broad emission band. The Ge–Si backbone polymer exhibits a
broader emission which is slightly red-shifted compared to the
Si backbone polymer, as expected.4

Because of the mild reaction conditions, we were able to
observe precursors to the isolated products spectroscopically,

which can not be observed from the Wurtz product mixture.
Discrete peaks are observed in the absorption spectra of the two
electrochemically prepared copolymers prior to work-up as
shown in Fig. 2. Both samples were quenched with methanol
and stored in the dark and the absorption spectrum was re-
checked periodically. Over a period of two weeks, the discrete
peaks gradually disappear and the spectrum begins to resemble
that of the isolated polymer. The slow conversion to products
provides an opportunity to more easily study the reaction
mechanism, which is not readily accomplished with the thermal
Wurtz reaction. The origin of the discrete peaks in the electronic
spectra and a study of the reaction pathway are currently being
investigated.

The authors gratefully acknowledge financial support from
the National Science Foundation (NSF-CHE-9510481), an Oak
Ridge Associated Universities Junior Faculty Award, and the
Office of Research and Development Administration (ORDA)
at SIU. We also acknowledge Dr. Bill Stevens for assistance
with the NMR experiments.
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Fig. 2 Absorption spectra of (a) poly(cyclohexylsilyne-co-phenylsilyne)
reaction mixture (1) immediately after quenching with methanol, (2) after
ageing in the dark; (b) poly(cyclohexylsilyne-co-phenylgermyne) reaction
mixture (1) immediately after quenching with methanol; (2) after ageing in
the dark
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Selective formation of HCO2
2 and C2O4

22 in electrochemical reduction of CO2

catalyzed by mono- and di-nuclear ruthenium complexes

Md. Meser Ali,a Hiroyasu Sato,a Tetsunori Mizukawa,b Kiyoshi Tsuge,b Masa-aki Hagab and Koji Tanaka*b

a Department of Chemistry for Materials, Faculty of Engineering, Mie University, 1515 Kamihama Cho, Tsu 514, Japan
b Institute for Molecular Science, Department of Structural Molecular Science, Myodaiji, Okazaki 444, Japan

Electrochemical reduction of carbon dioxide catalyzed by
mono- and di-nuclear ruthenium complexes produced
HCO2H with trace amounts of CO and C2O4

22 in the
presence and absence of H2O, respectively, in MeCN. 

Reduction of CO2 accompanied by carbon–carbon bond
formation is highly desired because the electrochemical reduc-
tion of CO2 catalyzed by metal complexes usually produces
only CO and/or HCO2H.1–6 A key process for the activation of
CO2 on metals is how to create coordinately unsaturated low
valent metal centers under mild conditions. We have found that
[(CpM)3(m3-S)2]2+ (M = Co, Rh, Ir)7 catalyzes electrochemical
reduction of CO2 to produce oxalate selectively, where the
reaction sites for the first catalytic formation of C2O4

22 are
presumed to be created by an M–M bond cleavage upon the
two-electron reduction of these M3S2 clusters. Metal complexes
with unsymmetrical chelating rings may also provide sites for
activation of CO2 by dechelation in the electrochemical
reduction of CO2. We introduced 2,2A-bis(1-methylbenzimida-
zol-2-yl)-4,4A-bipyridine (dmbbbpy) as an unsymmetrical che-
lating ligand into a Ru(bpy)2 moiety to aim not only to create
reaction sites by opening the chelate ring but also to accumulate
electrons into the ligand required in the reduction of CO2. Here,
we report almost selective HCO2H and C2O4

22 formation
depending on the presence and the absence of H2O in
electrochemical reduction of CO2 catalyzed by mono- and di-
nuclear Ru complexes.

Scheme 1 shows the synthetic route for 2,2A-bis(1-methyl-
benzimidazol-2-yl)-4,4A-bipyridine (dmbbbpy) and the mono-
and di-nuclear ruthenium complexes. Mono- (1) and di-nuclear
Ru complexes (2) were synthesized by the reaction of
[Ru(bpy)2Cl2] with dmbbbpy with mol ratios of 1 : 1 and 2 : 1,
respectively, in ethylene glycol. Both complexes were purified
by column chromatography and characterized by electrospray
MS and elemental analyses.

The cyclic voltammogram (CV) of 1 exhibited three
reversible one electron redox couples at E1/2 = 21.45, 21.75
and 21.99 V in MeCN resulting from dmbbbpy and two bpy
based reductions, respectively. Complex 2 also showed three
reversible redox couples with a small positive shift (0.2 V) of
the dmbbbpy based redox wave. Introduction of CO2 by
bubbling into the solutions of 1 and 2 results in an increase in the
cathodic currents at potentials more negative than 21.60 and
21.50 V, respectively, indicating that two-electron reduced
forms of 1 and 2 have an ability to catalyze the reduction of
CO2 (Fig. 1).

Controlled potential electrolysis of 1 and 2 (0.2–0.3
mmol dm23) at 21.65 and 21.55 V (vs. Ag/AgCl) was
conducted in CO2 saturated MeCN (20 ml) in the presence of
H2O (0.5 ml). After 91 C was passed in the electrolysis of 1,†
HCO2

2 was produced with a current efficiency (h) of 89%
together with a trace amount of CO (h = 2–3%). On the other
hand, the similar electrochemical reduction of CO2 in dry
MeCN selectively produced oxalate‡ with an h of 64% without
forming HCO2

2 and CO after 50 C was passed in the
electrolysis. The electrochemical reduction of CO2 catalyzed by
2 also generated almost selectively HCO2

2 (h = 90%) and
C2O4

22 (h = 70%) in the presence and the absence of H2O,
respectively, under similar conditions. 

The reaction of CO2 catalyzed by 1 was monitored in an IR
cell with KBr windows equipped with a gold mesh for the
working electrode, a platinum wire for a counter electrode and
an Ag/AgCl reference electrode.8 Reductive electrolysis at
21.65 V§ of 1 in CO2-saturated CD3CN solution resulted in the
appearance of three bands at 1684, 1633 and 1603 cm21

[Fig. 2(b)]. Reoxidation at 20.70 V causes the disappearance of
the 1684 and 1603 cm21 bands, while the 1633 cm21 band
assigned to C2O4

22 remained unchanged. The three bands at
1684, 1633 and 1603 cm21 shifted to 1638, 1600 and 1540
cm21, respectively, under similar electrolysis using 13CO2

Scheme 1 Synthesis route for the bridging ligand, Ru mono- and di-nuclear
complexes. Reagents and conditions: i, MeCO2H + H2O2; ii, (MeO)2SO2,
KCN; iii, N-methyl-1,2-phenylenediamine; iv, [RuL2Cl2] (L = bpy).

Fig. 1 Cyclic voltammograms of 0.3 mm 1 or 2 in 0.1 m NBu4BF4MeCN at
glassy carbon electrode (id = 3.0 mm) under N2 (——) and CO2 (------)
atmospheres. Scan rate = 50 mV s21.
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[Fig. 2(c)]. The bands at 1638 and 1540 cm21 also disappeared
upon reoxidation at 20.70 V suggesting that a CO2 adduct
probably formed by an attack of two molecules of CO2 to the
two-electron reduced form of 1 which acts as a precusor to
oxalate in the electrochemical reduction of CO2 in dry
MeCN.

It is noteworthy that any interaction between reduced forms
of [Ru(bpy)2L]2+ (L = bpy or 2-pyridyl-1-methylbenzimid-
azole¶) and CO2 was not observed at all in the CV in MeCN.
Indeed, these complexes have no ability to catalyze the
electrochemical reduction of CO2 under controlled potential
electrolysis even at 21.80 V in the absence or presence of H2O
in MeCN. Moreover, [Ru(bpy)2(CO)X]n+ (n = 2, X = CO; n
= 1, X = Cl)9 works as an effective catalyst producing CO and/
or HCO2H in the electrochemical reduction of CO2 under protic
conditions, but the complex readily decomposes in the similar
reduction of CO2 in the absence of proton donor. Savéant and
coworkers have shown that aromatic nitriles and esters with
redox potentials more negative than 21.93 V mediate electro-
chemical reduction of CO2 affording oxalate. The reaction is
explained by an electrophilic attack of CO2 to oxygen or
nitrogen of the anion radicals followed by homolytic cleavage
of the ArX–CO2

2 [X = OC(O)R, CN] bond and the subsequent
coupling of free CO2

.2.10 On the other hand, the IR spectra of
1 showed the two n(CO2) bands (1684, 1603 cm21) assignable
to the precursor for oxalate under electrolysis at 21.65 V,
suggesting that oxalate generation in the present study does not
result from dimerization of free CO2

.2. If two-electron

reduction of 1 and 2 causes dechelation of dmbbbpy, the
resultant five-coordinate Ru and monodentate dmbbbpy2 may
provide two binding sites for an attack of CO2, which would
facilitate a coupling reaction of CO2 affording oxalate. Thus,
dmbbbpy of 1 and 2 greatly contributes to the first selective
formation of C2O4

22 and HCO2
2 depending upon the absence

and the presence of H2O, respectively, in the electrochemical
reduction of CO2. 
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NMR spectroscopy.
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§ Electrolysis of 1 at potentials more negative than 21.75 V resulted in
rapid growth of the 1633 cm21 band so that electrolysis was conducted at
21.65 V to detect the emergence of the 1684 and 1603 cm21 bands
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¶ [Ru(bpy)2L]2+ (L = 2-pyridyl-1-methylbenzimidazole) was prepared and
characterized by electrospray MS and elemental analyses.
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Fig. 2 IR spectra of 1 (0.8 mm) during a thin-cell bulk electrolysis in CD3CN
with LiBF4. (a) Starting scan, (b) using 12CO2, (c) using 13CO2.
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Interpenetrating three-dimensional rutile-like frameworks. Crystal structure
and magnetic properties of MnII[C(CN)3]2
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The interpenetrating double-density rutile-like structure
and magnetic properties of MnII[C(CN)3]2 are determined.

Molecule-based magnetic materials have been the focus of
intense investigations since the ferromagnetic electron transfer
salt [FeCp*2].+[TCNE].21,2 and the ferrimagnetic MnIICuII

chains2,3 were discovered to magnetically order.1,2 In the
meantime, numerous one-, two-, and three-dimensional coor-
dination polymers comprising paramagnetic transition metal
cations and diamagnetic organic ligands exhibiting a wide
variety of cooperative phenomena have been reported.2,4

Furthermore, several diamagnetic examples of molecular
materials that mimic three-dimensional inorganic network
solids (e.g. a Po, diamond, a-ThSi2, etc.) have also been
described including systems in which interpenetration of two or
more identical lattices occurs.5 The majority of these polymeric
frameworks are comprised of Ag+ cations because of their
propensity to afford multiple coordination geometries. Notable
examples where Ag+ possesses octahedral, tetrahedral, and
trigonal planar geometries include [Ag(pyz)3]SbF6 (pyz = pyr-
azine),6 [Ag(DCPA)2]ClO4

.H2O (DCPA = 3,3A-dicyanodiphe-
nylacetylene),7 and [Ag2(pyz)3](BF4)2,8 respectively.

In order to construct new molecule-based magnetic materials
it is important to assemble solid state structures analogous to
those just described. To do this, appropriate paramagnetic
transition metal ions and organic bridging ligands capable of
significant spin coupling are required. Conjugated bridging
ligands, such as cyanide and oxalato, have been shown to
provide spin coupling between metals sites and extension to
other classes of ligands are sought.4 We selected tricyanometha-
nide, [C(CN)3]2, due to its ability to bind to three metal sites,
and the aqueous reaction of MnII(NO3)2 and [C(CN)3]2 leads to
the formation of Mn[C(CN)3]2.‡ The tricoordinate [C(CN)3]2
could lead to geometrical spin frustration.10

Mn[C(CN)3]2 has a complex interpenetrating network struc-
ture.‡ Each MnII bonds to six [C(CN)3]2 anions, Fig. 1, and

each [C(CN)3]2 is m3-bonded to three MnII ions, Fig. 2, forming
a rutile-like (TiO2) lattice and is isomorphous to Zn[C(CN)3]2.11

[C(CN)3]2 is planar with C(1)–C(3) and C(2)–C(3) bond
distances of 1.404(2) and 1.412(2) Å (av. 1.408 Å), and
C(1)–N(1) and C(2)–N(2) distances of 1.151(2) and 1.149(2) Å
(av. 1.150 Å), respectively, as is typical of [C(CN)3]2.11,12 The
MnII cation occupies a 2/m special position while C(2) and N(2)
reside on mirror planes, all on the crystallographic a-axis. Each
MnII center is slightly elongated from octahedral symmetry with
Mn–N(1) and Mn–N(2) bond distances of 2.222(1) and 2.272(2)
Å, respectively, and averaging 2.247 Å. These Mn–N distances
compare favorably to those found in related materials.13 This
distortion is significantly less than that observed for
Zn[C(CN)3]2 with Zn–N(1) and Zn–N(2) distances of 2.120(2)
and 2.211(2) Å,11 respectively. Hence, the distortion is not a
consequence of ligand-field effects, but is imposed by steric
constraints. Likewise, owing to crystal packing forces the cis-
N–M–NA bond angles demonstrate a marked distortion from 90°
and range from 88.9 to 96.7° for Mn[C(CN)3]2 and 84.4 to 95.6°
for Zn[C(CN)3]2,11 respectively. Additionally, the large
Mn···Ccentroid separations (ca. 4.8 Å) provide cavities of
sufficient size for interpenetration of a second identical lattice,
Fig. 2. Furthermore, the shortest intra- and inter-network
Mn···Mn separations are 7.679 and 5.383 Å, respectively.

The rutile structure is a fundamental solid state structure-type
and is one way to connect octahedral centers with trigonal
planar ligands to form three-dimensional networks for spin
coupling. Antiferromagnetic coupling between spin sites cou-
pled via the D3h m3-bridging [C(CN)3]2 ligand should lead to
geometrical spin frustration akin to a Kagomé lattice.10

Additionally, the interpenetrating rutile-like frameworks may
lead to enhanced or unusual magnetic properties that may arise
if communication between them is sufficient, thus leading to
effective dipolar exchange.

The temperature dependence (2–300 K) of the magnetic
susceptibility of Mn[C(CN)3]2 was measured and can be fit by
the Curie–Weiss expression, cª (T 2 q)21, with q = 25.1 K
indicative of finite antiferromagnetic coupling between the MnII

Fig. 1 Illustration showing only the first coordination sphere of the MnII

cation (shaded). Filled and unfilled spheres represent C and N atoms,
respectively. Bound nitriles do not coordinate linearly as can be seen clearly
here in this view: Mn–N(1)–C(1) 170.03(10), Mn–N(2)–C(2) 166.4(2)°.

Fig. 2 Space filling model of MnII[C(CN)3]2 emphasizing the inter-
penetrating nature of the two identical rutile-like frameworks
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metal centers, Fig. 3. At 300 K the effective moment is 5.86 mB,
in good agreement with the expected value (5.92 mB) for
isolated S = 5/2 MnII ions and decreases at lower temperatures
owing to antiferromagnetic coupling. The 25.1 K q-value is
larger than expected for isolated MnII ions and suggests that (a)
the diamagnetic [C(CN)3]2 ligand mediates a superexchange
interaction between the MnII ions, and/or (b) owing to shorter
internetwork Mn···Mn separation with respect to intranetwork
separation, through-space (dipolar) antiferromagnetic coupling
between the interpenetrating rutile networks may dominate and
lead to bulk antiferromagnetic coupling. Both mechanisms are
expected to contribute as the internetwork Mn···Mn separations
leading to dipolar interactions are shorter than the intranetwork
Mn···Mn separations leading to superexchange.

The authors gratefully acknowledge the ACS-PRF (Grant
#30722-AC5) and the US Department of Energy (Grant #DE-
FG03-93ER45504) for support of this work. 
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Curie–Weiss law (—) using the following parameters: S = 5/2, g = 2.00
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Cleavage of the Pt–S bond of thiolated terpyridine–platinum(ii) complexes by
copper(ii) and zinc(ii) ions in phosphate buffer

Chien-Chung Cheng* and Yen-Lin Lu

Institute of Chemistry, Academia Sinica, Taipei, Taiwan 11529, Republic of China 

Using the chelation of a triamine moiety and an S-bridged
heterodinuclear unit, cleavage of the Pt–S bond in the
thiolate–platinum complexes, [Pt(terpy)(BAT)]4+ and [Pt-
(terpy)(AET)]+ is induced by adding transition metals such
as Cu2+ or Zn2+ in phosphate buffer (pH 7–8) at room
temp.

Many efforts in the development of platinum complexes as
anticancer drugs have been contemplated in order to reduce the
cytotoxicity and to improve the platin drug-resistance.1 Since
sulfur-containing compounds such as glutathione and metallo-
thioneins are rich in cells, the formation of the S–Pt bond is
generally believed to be one of the major mechanisms in the
resistance to cis-platin drugs in biological processes.2 In
contrast, recent NMR studies by Sadler and coworkers reveal
that S-bound l-methionine on PtII acts as a reversible binding
ligand and is capable of undergoing intermolecular replacement
by 5A-GMP in phosphate buffer (pH 7.2).3 In fact, the
concentration of glutathione (GSH) in intracellular cells is
commonly high ( > 1 mm). Therefore, in the reaction with platin
drugs, the formation of thiolate–platinum adducts is inevitable.4
The thiolate ion is capable of providing a stronger binding
affinity owing to its better s-donating ability.5 Such a Pt–S bond
is considered relatively inert, which may cause the inhibition of
the anticancer activity of platin drugs. Thus, the great challenge
is to break the Pt–S bond in the thiolate–platinum adducts.

To approach this goal, thiolated derivatives of terpy–
platinum(ii) complexes are used as a source to study the Pt–S
bond owing to their characteristic electronic absorption and
NMR spectra.6–8 Here, we report that transition metals such as
CuII or ZnII are capable of inducing cleavage of the Pt–S bond
of thiolated terpyridine platinum(ii) complexes, [Pt(terpy)-
(AET)]+ (AET = 2-aminoethanethiol) and [Pt(terpy)(BAT)]4+

[BAT = N,NA-bis(aminoethyl)aminoethanethiol], particularly
in phosphate buffer as shown in Fig. 1. The introduction of a
triamine moiety to the complex structure increases the dissocia-
tion rate and the selectivity of the Pt–S bond cleavage in
thiolate–platinum complexes. To our knowledge, this is the first
reported example of Pt–S bond cleavage among thiolate–
platinum(ii) complexes in phosphate buffer.

[Pt(terpy)(AET)]+ was prepared by published methods.11 The
synthesis of a triamine derivative, [Pt(terpy)(BAT)]4+, was
achieved by the coupling reaction of [Pt(terpy)Cl]+ with the
modified multistep synthesis12–15 of triaminothiol, 1, in water as
illustrated in Scheme 1. The NMR spectrum of [Pt(terpy)-

(BAT)]4+ in D2O showed a new downfield peak at d 8.82 and
the UV–VIS spectrum displayed the absorbances at 486 nm
(e = 698 dm3 mol21 cm21), 342 (12 959), 329 (12 397) and 311
(11 903) in phosphate buffer (pH 8.0), which agreed with the
characteristic features for establishing the formation of thiolate–
platinum bonds in the previous report.11 In addition, the
integration ratio of protons of terpyridine and the triamine
moiety in NMR spectra (D2O) was approximately 0.93,
suggesting no S-bridged diplatinum complex was generated.14

In the presence of CuCl2·6H2O (42 mm), the solution of
[Pt(terpy)(BAT)]4+ (40 mm) exhibited a decreasing UV–VIS
absorption at 342 nm accompanied by an increasing absorption
at 329 nm in phosphate buffer (10 mm, pH 8.0). An isosbestic
point was observed at 337 nm in the spectrum, suggesting no
intermediate had been generated in the reaction with metal ions.
Also, no significant alteration was observed in the absence of
CuII. The cleavage of the Pt–S bond of [Pt(terpy)(BAT)]4+ (40
mm) in the titration with CuII (10–84 mm) was found to require
1 equiv. of CuII to complete the reaction in 120 min. This
dissociation of the Pt–S bond of [Pt(terpy)(BAT)]4+ was
revealed to be a pH dependent process in the range pH 4.8–10.0.
The reactivity of the Pt–S bond cleavage was reduced with a
decreasing pH and ceased at pH < 6, implying that the
participation of the amino group plays a vital role in the
cleavage. In fact, when a hydroxylthiol derivative of [Pt(ter-
py)(SCH2CH2OH)]+, was used instead of an amino derivative,
under the same conditions, no cleavage of the Pt–S bond was
observed.

The isolation of the cleavage product was performed in
MeOH in order to simplify the product analysis. After the
addition of CuCl2·6H2O, a red solution of [Pt(terpy)(BAT)]4+

turned into a blue-green suspension containing orange solid.
This orange solid was isolated in a yield of 75–80% with
electronic absorptions at 382, 332 and 320 nm in phosphate
buffer (pH 8) and NMR peaks in D2O at d 7.8 (m), 7.5 (m) and
7.2 (t), suggesting it lacked the Pt–S bond linkage. Furthermore,
FAB mass and isotope abundance simulation studies disclosed
that the molecular ion at 464 contained a chloride ion,
suggesting that [Pt(terpy)Cl]+ was one of the cleavage products.

Fig. 1 General equation representing the cleavage of the Pt–S bond

Scheme 1 Reagents and conditions: i, triphenylmethanol, neat TFA, 25 °C,
30 min, 89%; ii, NaOH(aq), 92%; iii, conc. H2SO4; vacuum (0.1 mmHg) at
80 °C, overnight, 62%; iv, KOH(aq), distillation; v, (Boc)2O, dioxane–H2O,
0 °C, warming to room temp. overnight; vi, MeCN, reflux, 3 days, 75–80%;
vii, TFA, triethylsilane 84%; viii, deionized H2O, [Pt(terpy)Cl]Cl, N2, 25
°C, 5 h; recrystallization with MeOH–MeCN, 40%.
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The chloride ion in the isolated product may be acquired from
the use of metal chloride salt as the starting material. In addition,
the residual Cu complex in the solution was determined to be a
symmetric dimer of copper–triaminothiol complex by NMR
and FAB MS analysis. The dimer adduct may be obtained by the
coupling reaction with monomer of copper–triaminothiol once
released from the platinum–thiolate complexes.

Furthermore, a comparison of the reactivity using different
metals NiII, CuII and ZnII in the Pt–S bond dissociation in
[Pt(terpy)(BAT)]4+ in phosphate buffer is also examined.
Interestingly, the result shows that the dissociation induced by
transition metals varied in a descending order: ZnII > CuII >
NiII, as illustrated in Fig. 2. The rate constant has been estimated
under the first-order condition15 to give a value of 7.9 3 1023

s21 for ZnII, 5.3 3 1024 s21 for CuII and 1.9 3 1024 s21 for
NiII. Moreover, the same cleavage product, [Pt(terpy)Cl]+, also
can be obtained from [Pt(terpy)(BAT)]4+ using ZnCl2 in
phosphate buffer. ZnII had the strongest preference for promot-
ing Pt–S bond cleavage, and was about 15 times faster than
CuCl2. Besides, ZnII also exhibited the highest selectivity in the
cleavage of the Pt–S bond of the triaminothiol species,
[Pt(terpy)(BAT)]4+, but produced no reaction with the amino-
thiol species, [Pt(terpy)(AET)]+.

In order to eliminate the possibility of the aggregation of
polyaromatic compounds,10 which may enhance the cleavage
by neighboring complexes, the dissociation process was also
examined at a low concentration (10–12 mm) of [Pt(terpy)-
(BAT)]4+. The result showed no significant difference in the
dissociation rate of the Pt–S bond at either a low or high
concentration of polyaromatic compounds. Moreover, the
preliminary cleavage mechanism has been studied using CuII in
NMR. In phosphate buffer, one of the terpyridine peaks and all
of the aliphatic protons are shifted from d 8.88 and 2.2–2.7 to d
9.06 and 2.7–3.1 respectively, indicating the S-bridged hetero-
dinuclear moiety is generated while CuII is coordinating to the
triamine moiety. As a result, it will weaken the Pt–S bond,
resulting in Pt–S bond dissociation by the other nucleophiles
such as Cl2. Thus, the different coordination of triaminothiol to

tetrahedral ZnII, square-planar CuII and octahedral NiII in the
transition state may be attributed to the different reactivity and
selectivity of different metal ions in the Pt–S bond cleavage.
The detailed mechanism is under current investigation.

In summary, we have demonstrated that the cleavage of the
Pt–S bond of [Pt(terpy)(AET)]+ and [Pt(terpy)(BAT)]4+ can be
achieved by the addition of transition metal ions such as ZnII or
CuII in either phosphate buffer or MeOH. Importantly [Pt(ter-
py)Cl]+ is isolated and identified as one of the major products in
the dissociation of the Pt–S bond of [Pt(terpy)(BAT)]4+ in the
presence of ZnCl2 or CuCl2. In fact, the Cl ligand is very labile
and readily replaced by other nucleophiles such as H2O or
imidazole.6 Namely, in the biological system, the replacement
of the labile Cl ligand may be achieved by surrounding guanine
residues2 resulting in the recovery of anticancer activity of
platin drugs. Interestingly, the dissociation of the Pt–S bond and
the formation of a labile chloro species can also be detected
using [Pt(dien)(BAT)]4+, (dien = diethylenetriamine) in phos-
phate buffer in the presence of ZnII or CuII ions. Therefore, these
results may provide an alternative pathway in the regeneration
of the active Pt complexes from the platinum–thiolate adduct,
which may relate to the restoration of the anticancer activity of
platin drugs in biological systems.

C.-C. Cheng thanks Academia Sinica and the National
Science Council, Taiwan, ROC, for financial support.
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Fig. 2 Comparison of the reactivity in the cleavage of the Pt–S bond by
Zn2+, Cu2+ and Ni2+ ions. These data were collected at a fixed absorption
wavelength of 342 nm at intervals of 50 s per cycle at a concentration of
[Pt(terpy)(BAT)]4+ (40 mm) and metal ion (40–42 mm) in 10 mm phosphate
buffer (pH 8.0) at room temp. (5) Zn2+, (~ ) Cu2+, (-) Ni2+.
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Significant improvements compared with the results ob-
tained by other authors are achieved when space symmetry
information obtainable from powder diffraction data is
applied to the calculation of the TiO2(anatase) and TiO2-
(rutile) structure; imposing symmetry conditions increases
the number of times that the correct structure is generated in
a set of runs and leads to more accuracy in the atomic
positions.

Simulated annealing techniques have been shown to be very
efficient for calculating crystal structures with only knowledge
of the unit cell dimensions and content.1,2 However, the
computational demand of the method does not allow it to be
applied to very complex structures. As the complexity of the
structure increases, not only the computing time increases but
also the number of times the system gets trapped in local
minima. To avoid this problem it is necessary to impose more
constraints to the system to force convergence to the global
minimum. Concerning this subject, Deem and Newsam suc-
cessfully made use of the known symmetry in their study of
zeolites;3 but these prediction methods, which are based on
empirical relationships, seem to be more appropriate for
specific families of materials, such as zeolites, whose topologic
characteristics are well known.

In the present work we propose to optimise the method by
using symmetry information, which is easily obtainable from a
powder diffraction experiment, in such a way that it can be
applied to a wide range of systems for which less restrictive
assumptions can be made. To this purpose we chose TiO2
(anatase), and TiO2 (rutile) which have been already calculated
by Freeman et al.1

Calculations of the lattice energy (which was initially used as
the cost function) were performed using a code developed by us,
which uses an Ewald summation for the coulombic term and a
real space evaluation of the short range terms. Formal charges
were used (Ti4+ and O22). Parameters for short range potentials
are listed in Table 1. The minimisation was carried out using the
Metropolis importance sampling algorithm.4,5 We used a
cooling algorithm defined by Tn+1 = aTn, (a = 0.90) with a
starting temperature T0 = 1.0 3 106 K.

For anatase and when no symmetry restriction was imposed,
over a total amount of 50 runs, we obtained the real structure
only four times, in agreement with Freeman et al.1 By imposing
symmetry restrictions the number of independent variables in
the cost function significantly decreases. The reason for this is
that during simulation only the coordinates of a group of atoms

are randomly generated, the rest are determined through space
symmetry operations and consequently, those configurations
with atomic coordinates which are not correlated by these
symmetry operations are excluded from the configurational
space.

From all the space symmetry operations present in each space
group, only centring (A, B, C, I, F), screw axes of the type X1
and glide planes can be used, the rest of space symmetry
operations and all the point symmetry operations may produce
the overlapping of one atom with its image generated by the
symmetry operation (Deem and Newsam overcome this by
using a merging term in the cost function3). All these particular
space symmetry operations are, in principle, obtainable from the
extinctions in the powder diffractogram.

We have calculated the structure of TiO2(anatase) imposing
I centring or 41 screw axis. By doing this, over a total of 50 runs
we obtained the correct structure 30 times with the I centring
and 37 with the 41 screw axis; which is a significant
improvement compared with the results obtained with no
symmetry imposition (4 out of 50). Moreover, the atomic
positions are more accurate, (as compared with the experi-
mental ones) (Table 2) obtaining thus a better starting structural
model for Rietveld refinement. Fig. 1 compares the structures
predicted by the calculations with and without symmetry
restrictions. The former is indistinguishable from the experi-
mental one within the accuracy of the plot.

Space symmetry operations sometimes might not be so easily
obtained from the extinctions in a powder diffractogram
because in structures with low symmetry the overlapping of
reflections might not allow to do this unambiguously. Besides,
for a primitive structure without screw axes and glide planes, all
atoms contained in the unit cell must be considered in the
calculations. For these reasons we also propose an additional
term for the cost function, which takes into account the
minimum symmetry of the crystal system independently of the
Bravais lattice or space group.

This term is based on the fact that, for a given crystal
structure, the structure factors [F(hkl)] of most sets of
equivalent reflections which have the same d spacing and
belong to different crystal planes must all be the same (the fact
that the structure factors of a given set of reflections are all the
same or not, depends on the point group; however, for each
crystal system, it is always possible to find such a set of
reflections).7 For example, in the orthorhombic crystal system,
the reflections 123, 1̄23, 12̄3, 123̄, 1̄2̄3, 1̄23, 12̄3̄, 1̄2̄3̄ all must
have the same F(hkl) values. This will be true only if the
distribution of atoms in the unit cell is consistent with the crystal
system, otherwise different values will be obtained. In order to
obtain the same weight for the different atoms within the cell we
defined an FA(hkl) value in which all the atomic scattering
factors (f) are set equal to one. The proposed term is:

E Wi i
ii

sym ref at
atref

= ∑∑ (1)

where iref runs over each set of equivalent reflections and iat runs

Table 1 Short range potential model for TiO2 (taken from ref. 6); V(r) = A
exp (r/r) 2 Cr26

A(Ti–O)/eV 754.2
r(Ti–O)/Å 0.3879
A(O–O)/eV 22764.3
r(O–O)/Å 0.1490
C(O–O)/eV Å26 27.88
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over each kind of atom (in this case Ti4+ and O22). W is given
by:
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where b, a and n are adjustable parameters and FAj is the
modified structure factor corresponding to the jth reflection of a
group of K equivalent reflections (reflections which should have
the same structure factor for all the point group within this
crystal system) and K is the multiplicity factor used in the
powder method.7 Each FAj is then given by:
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m

N
A = + +[ ]∑

=
exp 2

1
π( ) (3)

where m runs over the N atoms of a same kind and hj, kj, lj are
the Miller indexes of the jth reflection.

In eqn. (2) is observed that W tends to zero for distributions
of atoms that are consistent with the crystal system symmetry
and tends to b for distributions far from required symmetry.

For this particular case (tetragonal system) some of the {hhl}
and {h0l} groups of equivalent reflections (which have a
multiplicity of eight) were used7 (use of the {hkl} reflections,
with a multiplicity of 16, would imply a previous assumption
about the point group).

For anatase, a new set of calculations was run adding an Esym
term corresponding to the reflections {112}, {304} and {221}
and imposing I centring. The values used were a = 1.0 3 1023,
b = 20.0 eV, n = 3. These values were those, which led to the
best minimisation of all W values for a set of 50 runs.

Over a total of 50 runs we obtained the correct structure 36
times. Atomic positions thus obtained are the same as those
obtained with I centring only (Table 2).

For rutile, over a total of 50 runs and with no imposition of
symmetry we obtained the correct structure 44 times; and when
we added this symmetry term to the cost function we obtained
the correct structure in all of the 50 runs, with atomic
coordinates being the same as those obtained by Freeman et
al.1

The predictions of crystal structures by simulated annealing
based only on energetic considerations is impracticable for very
complex structures, because of the large amount of local
minima, which causes that incorrect structures are obtained in a
large number of runs. The imposition of symmetry restrictions
may decrease this number of local minima and in consequence
may increase the number of times that the correct structure is
obtained. Although these symmetry restrictions are expected to
be more effective when dealing with a more symmetric
structure, their application is general and, as these results
suggest, may extend the use of simulated annealing to more
complex systems.
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Table 2 Atomic coordinates: experimental and calculated by different means for TiO2 (anatase) (a = b = 3.785, c = 9.515 Å). In the last two sets (centring
and screw axis) the letters show atoms related by symmetry imposed to the system

Calculated Calculated with
Experimental Calculated without symmetry with I centring screw axis 41

X/a Y/b Z/c X/a Y/b Z/c X/a Y/b Z/c X/a Y/b Z/c

Ti(1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 a 0.000 0.000 0.000 a
Ti(2) 0.500 0.500 0.500 0.336 0.336 0.500 0.500 0.500 0.500 a 0.500 0.500 0.500 a
Ti(3) 0.000 0.500 0.250 20.165 0.501 0.250 0.000 0.500 0.250 b 0.000 0.500 0.250 a
Ti(4) 0.500 0.000 0.750 0.502 20.163 0.750 0.500 0.000 0.750 b 0.500 0.000 0.750 a
O(1) 0.000 0.000 0.208 20.133 20.022 0.195 0.000 0.000 0.197 c 0.000 0.000 0.197 b
O(2) 0.000 0.000 0.792 20.021 20.132 0.805 0.000 0.000 0.803 d 0.000 0.000 0.803 c
O(3) 0.000 0.500 0.042 20.032 0.479 0.055 0.000 0.500 0.053 e 0.000 0.500 0.053 c
O(4) 0.000 0.500 0.458 20.142 0.367 0.445 0.000 0.500 0.447 f 0.000 0.500 0.447 b
O(5) 0.500 0.000 0.542 0.369 0.141 0.555 0.500 0.000 0.553 e 0.500 0.000 0.553 c
O(6) 0.500 0.000 0.958 0.479 20.031 0.946 0.500 0.000 0.947 f 0.500 0.000 0.947 b
O(7) 0.500 0.500 0.708 0.470 0.358 0.696 0.500 0.500 0.697 c 0.500 0.500 0.697 b
O(8) 0.500 0.500 0.292 0.358 0.470 0.305 0.500 0.500 0.303 d 0.500 0.500 0.303 c

Fig. 1 Structures calculated without symmetry restrictions (a), and imposing
I centring (b) for TiO2 (anatase). Small spheres represent titanium atoms and
large spheres, oxygen atoms.
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Is the calcium-ion catalysis of biological reoxidation of reduced PQQ purely
electrostatic?†

Gudrun Schürer and Timothy Clark*
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Semiempirical (PM3) molecular orbital calculations on the
mechanism of reoxidation of PQQ by triplet dioxygen
suggest that the reaction can proceed purely by hydrogen-
atom-transfer steps that are catalysed by the electrostatic
effect of a coordinated calcium ion, rather than by an
electron-transfer mechanism.

Pyrroloquinolinequinone (PQQ) 1 acts as the coenzyme in
several bacterial oxidations.1–3 It has been proposed1–3 that the
reoxidation of reduced PQQ (PQQH2 2) is Ca-ion dependent.

Itoh et al.4 recently demonstrated the catalytic effect of Ca2+ on
the oxidation of 2 in MeCN solution by triplet O2. They
proposed an electron-transfer mechanism on the basis of earlier
suggestions5,6 that the reaction of 1,5-dihydroflavin with 3O2
must occur by a single electron-transfer (SET) mechanism.
However, reaction of 2 with 3O2 to give a triplet radical pair is
a perfectly spin-allowed reaction and the electrostatic effect of
an adjacent positive charge should be to bind electrons tighter
than in the neutral compound. Furthermore, we have pointed
out7–9 that reactions of closed shell molecules with 3O2 should
be strongly favoured by complexation with metal cations. We
now suggest that the role of Ca2+ in the biological reoxidation of
reduced PQQ is that of an electrostatic catalyst,9 and that the
Ca-dependent enzymes that use PQQ as a coenzyme are
possibly the best documented examples of this type of catalysis
in biological systems.

The reaction system 2 + 3O2? 1 + H2O2 with and without
complexation to Ca2+ was investigated using standard PM3
semiempirical MO theory10 with VAMP6.5.11 The unrestricted
Hartree–Fock (UHF) formalism was used throughout (for both
singlets and triplets) and relative energies of different spin states
were also checked using configuration interaction (CI) calcula-
tions. The Ca PM3 parameters are those developed by Hehre
et al.12 and made available via the Wavefunction website. All
stationary points were characterised by calculation of their
normal vibrations and the reaction paths were checked by
internal reaction coordinate (IRC) calculations.

The calculations were carried out with the conformations
shown in the Schemes. Complexation with Ca2+ gives structures

1-Ca and 2-Ca, as found in X-ray structures of bacterial
methanol dehydrogenase.13,14 Abstraction of the OH hydrogen
on C-5 in 12 by 3O2 occurs via transition state 33 to give 34
(Scheme 1; superscripts before structure numbers indicate the
spin multiplicity) in the uncomplexed case with a calculated
activation energy of 44.1 kcal mol21 (1 cal = 4.184 J) in a
reaction that is found to be endothermic by 12.1 kcal mol21,
neither thermodynamically nor kinetically favourable enough to
occur at room temperature in an enzymatic system.

The Ca-catalysed reaction 2-Ca + 3O2? 4-Ca via transition
state 3-Ca (Scheme 2), in contrast, requires an activation energy
of only 3.9 kcal mol21 and is exothermic by 33.2 kcal mol21

and thus very favourable under biological conditions. Hence,
both the kinetic stabilisation of the transition state arising from
the charge effect on odd-electron bonds15–18 and the thermody-
namic effect of adding polar bonds to oxygen7–9 are very
effective in accelerating the reaction.

Both single point CI calculations and UHF geometry
optimisations of the singlet radical pairs corresponding to 34 (14
and 14-Ca) give energies that are almost degenerate with the
triplet radical pairs. After geometry optimisation, 14-Ca is
found to be 2.7 kcal mol21 more stable than 34-Ca, so that
intersystem crossing (ISC) to the singlet state should be fast,
especially given the presence of the calcium ion and the oxygen
centres.

After ISC, the system can transfer the second OH hydrogen to
the hydroperoxy radical to give the product. In the uncomplexed
system, however, this reaction occurs in two steps, as shown in
Scheme 3 and Fig. 1.

In contrast, the Ca-catalysed reaction proceeds directly via
transition state 15-Ca to the final product 11-Ca + 3O2 in a

Scheme 1

Scheme 2
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classical H-atom transfer step (Scheme 4). This reaction is
calculated to have a barrier of 15.0 kcal mol21. The product is
55.2 and 19.3 kcal mol21 more stable than 14-Ca and 12-Ca +
3O2, respectively. The energy profiles for the two reaction paths
are shown schematically in Fig. 1.

Although the SET mechanism has not been tested specific-
ally, we believe that our calculations provide a strong indication
that the role of the Ca ions in these systems is that of an
electrostatic catalyst, as proposed in our model studies on

methane oxidation and ethene epoxidation.7–9 The PQQ-
dependent systems therefore represent experimental examples
of an effect first pointed out on the basis of model ab initio
calculations.7–9 We note especially that the direct formation of
a covalent bond in such systems is not only spin-allowed, but is
also a very facile process. There is no need to invoke an SET
mechanism, especially in view of the likely fast ISC in 4-Ca.

In order to investigate the effect of solvent, which would
compete with oxygen for the complexation sites on the metal
ion, we added two molecules of MeCN to the Ca-catalysed
system. The energetic results are shown in Fig. 1. Although the
effect of the metal is weakened somewhat, the total activation
energy (14.1 kcal mol21) remains low enough for a very fast
reaction at room temp.

This work was supported by the Fonds der Chemischen
Industrie.
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Synthesis of MCM-48 single crystals
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Truncated rhombic dodecahedral crystals of the mesoporous
molecular sieve MCM-48 are synthesised by a hydrothermal
procedure using sodium silicate, hexadecyltrimethyl-
ammonium bromide and various kinds of alcohol.

The materials designated MCM-41 and MCM-48 are large-pore
molecular sieves attracting much recent attention in catalysis
and nanoscience.1,2 The structure of MCM-48 consists of two
independent and intricately interwoven networks of mesopor-
ous channels,2–5 while the structure of MCM-41 consists of
hexagonal packing of one-dimensional channels. The three-
dimensional channel network of MCM-48 is much more
desirable than the one-dimensional channel of MCM-41 from a
diffusional and catalytic point of view. However, surprisingly
little research has been reported on MCM-48, compared with
research on MCM-41.6,7 We believe that this is due to the
difficulty of the MCM-48 synthesis.

Here, we present a hydrothermal synthesis procedure to
obtain MCM-48 readily using a sodium silicate solution as the
silica source, hexadecyltrimethylammonium bromide (HTABr)
as the structure-directing agent, and various kinds of alcohol
such as methanol, ethanol and 2-methylpropan-2-ol as an
additive for the mesophase control. The resultant MCM-48
material exhibits not only excellent structural order but also the
unique crystalline morphology of a cube truncated by rhomb
dodecahedron.

To prepare the silica source, colloidal silica, Ludox HS40
(39.5 mass% SiO2, 0.4 mass% Na2O and 60.1 mass% H2O, Du
Pont), was preheated to 343 K in a Erlenmeyer flask. An
aqueous solution of 1.00 m NaOH was slowly added to the
heated Ludox with vigorous magnetic stirring, to give a molar
composition of 0.25 Na2O : 1.0 SiO2 : 12.5 H2O for the resultant
mixture. The resultant mixture became a clear sodium silicate
solution after stirring continuously for ca. 1 h with heating to
343–353 K.8 After further stirring for 1 h at the same
temperature, the solution was cooled to room temp. and stored
in a polypropylene bottle until used as the silica source.

In a typical synthesis batch, HTABr (Aldrich) was dissolved,
by heating and magnetic stirring if necessary, in a mixture of
doubly distilled water and ethanol to give the resulting molar
composition of 1.0 HTABr : 5.0 EtOH : 120 H2O. The above
silica source was added to this surfactant solution at room temp.,
dropwise with vigorous magnetic stirring. The resulting gel
mixture, with a molar composition of 1.4 SiO2 : 1.0
HTABr : 0.35 Na2O : 5.0 EtOH : 140 H2O, was heated for 4 days
at 373 K in an autoclave and subsequently cooled to 340 K. The
supernatant liquid in the reaction mixture was quickly removed
by decantation and filtration before further cooling. The solid
product was washed quickly with hot distilled water before
cooling. The product was then slurried in EtOH–HCl, filtered,
washed with EtOH, dried in an oven, and calcined in air under
static conditions, in the same way as described in our recent
report.9

The product yield in a typical synthesis batch was ca. 50% on
the basis of the silica recovery. About 50% of silica was
dissolved in the supernatant liquid under the hydrothermal
reaction condition. The dissolved silica had to be removed from
the MCM-48 phase before cooling to below 340 K, because the

cooling resulted in the formation of insoluble silicate gel and
made it difficult to separate from the MCM-48 phase after-
ward.

Fig. 1 shows typical powder X-ray diffraction (XRD)
patterns and field emission scanning electron micrographs
(SEM) for MCM-48 samples obtained following the above
procedure. The XRD patterns were obtained with a Cu-Ka
X-ray source using a Rigaku D/MAX-III (3 kW) instrument.
The field emission SEM images were obtained with a Hitachi
S800 instrument. The XRD patterns in Fig. 1(a) indicate
excellent structural order for the cubic crystallographic space
group Ia3̄d.2–5 Fig. 1(b) shows a narrow distribution in the
particle size around 0.3 mm for the present MCM-48 sample
synthesised at 373 K. The SEM image in Fig. 1(c) was obtained
from a MCM-48 sample after hydrothermal synthesis over 16 h
at 413 K. The particle size increased markedly, compared with
the sample synthesised at 373 K. It is very remarkable that the
MCM-48 particles obtained at 413 K have the crystal shape of
a cube truncated by rhomb dodecahedron. An activation energy
of 14 kcal mol21 (1 cal = 4.184 J) has been obtained from the
Arrhenius plot between the crystallisation rate and the inverse
of the synthesis temperature.10 All these results show remark-

Fig. 1 (a) XRD patterns, (b) field emission SEM image for MCM-48
synthesised at 373 K and (c) at 413 K
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able similarities between the formation of MCM-48 particles
under the present hydrothermal conditions and hydrothermal
growth of other conventional zeolite crystals.

The MCM-48 phase was converted to a disordered phase
when ethanol was allowed to evaporate under the present
hydrothermal synthesis conditions. The role of the added
ethanol in the formation of MCM-48 is the ability to cause a
systematic rearrangement in the structure of the micelle by
penetrating the micelle surface, just the same way as ethanol
which is formed by the hydrolysis of tetraethylorthosilicate
(TEOS) during the synthesis of MCM-48 with TEOS. The latter
has been clarified recently by Huo et al.11 using Cab-o-sil in
place of TEOS as the silica source in the presence of other polar
organic additives such as Me2NCH2CH2OH and
N(CH2CH2OH)3. The use of tetramethylorthosilicate instead of
TEOS did not give MCM-48, and the result was attributed to the
high polarity and hydrophilicity of the resulting methanol so
that it could not penetrate the micelle surface. However,
methanol is more effective for the formation of MCM-48 than
ethanol. The substitution of 5.0 EtOH with 3.0 MeOH in our
synthesis procedure described above gave just the same high-
quality MCM-48 material. The EtOH could also be substituted
by appropriate amounts of higher alcohol such as 1.5 PriOH, 0.3
BusOH and 0.3 ButOH. All MCM-48 materials obtained with
the alcohol showed similar BET surface areas in the range of
1000 ± 50 m2 g21. However, the use of the higher alcohol
resulted in a somewhat lower XRD peak resolution, compared
with the use of EtOH and MeOH.

MCM-41 or a disordered mesoporous material12 was ob-
tained instead of MCM-48 when the amount of alcohol was

insufficient. The use of excess alcohol resulted, on the other
hand, in the formation of a lamellar phase. We have confirmed
that MCM-48 can be obtained within a wide range of the gel
composition, x SiO2 : 0.25x Na2O : 1.0 HTABr : 0.035y EtOH : y
H2O in a temperature range of 373–413 K, where x and y can be
varied over 1.2–3.0 and 70–400, respectively. The formation of
the MCM-48 phase followed a typical zeolite crystallisation
curve, reaching a maximum in 4 d at 373 K. Subsequently, the
MCM-48 phase was converted to a lamellar phase. At 413 K,
the MCM-48 formation was accomplished in 16 h.10

After heating in boiling water for 12 h, our calcined samples
gave no XRD patterns indicating the MCM-48 structure. This
was due to the low hydrothermal stability of the MCM-48
samples.13 The hydrothermal stability of the MCM-48 can be
improved by using NaCl, similar to the salt effect for MCM-
41.14 To demonstrate this, the autoclave was cooled to room
temp. after heating for 3.5 d at 373 K. The reaction mixture in
the autoclave was then added to a conc. NaCl solution with
magnetic stirring, to give NaCl/HTA = 0.1–1.0. The autoclave
was closed and heated again for 1.5 d. The results are shown in
Fig. 2.
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Fig. 2 XRD patterns for MCM-48 samples: (a) calcined and (b) after heating
the calcined samples in distilled water at 373 K for 12 h. Numbers given to
XRD patterns denote the NaCl/HTABr molar ratios used for the
synthesis.
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Synthesis and structure of [{(ButO)2Sb3(m-NCy)3(m3-NCy)}K·h6-C6H5Me]; a
sandwich complex containing a unique SbIII nido cage anion (Cy = cyclohexyl,
C6H11)

Michael A. Beswick,a Nick Choi,b Alexander D. Hopkins,a Mary McPartlin,b Michael A. Pavera and Dominic
S. Wright*a

a Chemical Laboratory, University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW
b School of Applied Chemistry, University of North London, Holloway Road, London, UK N7 8DB

Reaction of the terminal NMe2 groups of the spiro anti-
mony(III) imido anion [{(Me2N)Sb(m-NCy)}2Sb]2 with
ButOH results in major rearrangement in the Sb–N frame-
work as witnessed in the structure of the sandwich complex
[{(ButO)2Sb3(m-NCy)3(m3-NCy)}K·h6-C6H5Me] 1, contain-
ing the novel nido cage anion [(ButO)2Sb3(m-NCy)3(m3-
NCy)]2.

We have recently investigated the structures and coordination
chemistry of imido and phosphinidene anions of p block metals
(group 13–15).1–3 These species are readily prepared by the
reactions of primary amido or phosphido lithium complexes,
[REHLi] (E = N, P), with dimethylamido metal reagents or
neutral metal imido cages and function as relatively robust
ligands for a range of main group and transition metal ions.4 For
example, the transmetallation reaction of [{Sb(NCy)3}2Li6]
(Cy = cyclohexyl) with [PbCp2] gives the cage
[Pb3{Sb(NCy)3}2], in which the [Sb(NCy)3]32 trianions of the
alkali metal precursor are transferred intact to PbII.4a Reactions
of this type therefore provide a general strategy for the assembly
of heterometallic cage compounds containing diverse mixed-
metal stoichiometries. A current interest in this area concerns
the factors controlling the formation and stability of these new
ligand systems.5 To this end we report here the investigation of
the effects of ligand substitution on the SbN framework of one
such anion arrangement, the spiro monoanion [{(Me2N)Sb(m-
NR)2}2Sb]2.3b

The reaction of [{(Me2N)Sb(m-NR)2}2Sb]K with [ButOH]
(1 : 2 equiv.) gives [{(ButO)2Sb3(m-NCy)3(m3-NCy)}K·h6-
C6H5Me] 1, for which spectroscopic and analytical analysis
suggests that simple ligand exchange of the terminal NMe2
groups of the precursor has occurred.† However, subsequent
X-ray structural investigation of 1 reveals that ligand substitu-
tion is accompanied by isomerism of the initial spiro structure
of the anion in to a nido cage arrangement (Scheme 1). It is
interesting to note that the spiro structure of the precursor is
preserved upon substitution with NHR groups.4a It therefore
appears that this rearrangement is a consequence of the
increased Lewis acidity of the O-attached Sb centres, with the
nido structure of the anion of 1 maximising their coordination
numbers. The same effect can also be seen to underlie the
coordination of NHMe2 to SbIII in [(Me2NH)ClSb(m-NBut)]2
(during the reaction of [(Me2N)2ClSb] with NH2But)6 and the
aggregation of [Cl3SbNMe]4 in to a cubane (as opposed to a

dimer) structure.7 However, the formation of 1 provides, to our
knowledge, the first intramolecular example of the structure-
directing influence of the electronegativity of substituents on
cage geometry within such a p-block metal system.

The low-temperature X-ray structure of 1‡ shows it to be the
ion-contacted complex [{(ButO)2Sb3(m-NCy)3(m3-NCy)}K·h6-
C6H5Me], in which the K+ cation is coordinated at the open
Sb3N3 face of the nido [(ButO)2Sb3(m-NCy)3(m3-NCy)]2 anion
and by a p-bonded toluene molecule (Fig. 1). The [(But-
O)2Sb3(m-NCy)3(m3-NCy)]2 anion of 1 is composed of three
SbIII centres which are linked together in the equator by three m-
NCy groups and capped by a m3-NCy group. In addition, Sb(1)

Scheme 1

Fig. 1 Structure of 1. H atoms have been omitted for clarity. Only major core
components of the But group [on O(2)] and of the toluene molecule are
shown. Key bond lengths (Å) and angles (°): Sb(1)–N(1) 2.064(5), Sb(1)–
N(3) 2.090(5), Sb(1)–N(4) 2.335(5), Sb(1)–O(1) 2.113(4), Sb(2)–N(1)
2.061(5), Sb(2)–N(2) 2.077(5), Sb(2)–N(4) 2.311(4), Sb(2)–O(2) 2.122(4),
Sb(3)–N(2) 2.027(5), Sb(3)–N(3) 2.025(5), Sb(3)–N(4) 2.033(5),
K(1)–N(1) 2.718(5), K(1)–N(2) 2.991(5), K(1)–N(3) 2.953(5), K(1)–O(1)
2.942(4), K(1)–O(2) 2.865(4), K(1)···C 3.20–3.47, arene(centroid)···K 3.03;
N(1)–Sb(1)–N(3) 98.9(2), N(1,3)–Sb(1)–N(4) av. 74.3, O(1)–Sb(1)–N(4)
147.6(2), N(1,3)–Sb(1)–O(1) av. 85.0, N(1)–Sb(2)–N(2) 100.5(2),
N(1,2)–Sb(2)–N(4) av. 75.0, O(2)–Sb(2)–N(4) 146.0(2), N(1,2)–Sb(2)–
O(2) 83.5(2), N(2)–Sb(2)–N(3) 92.5(2), N(2,3)–Sb(3)–N(4) av. 81.6,
Sb(1)–N(4)–Sb(2) 95.3(2), Sb(1)–N(4)–Sb(3) 98.2(2), Sb(2)–N(4)–Sb(3)
97.9(2), N(1)–K(1)–N(2) 67.6(1), N(1)–K(1)–N(3) 67.5(1), N(1)–K(1)–
O(1) 60.0(1), N(1)–K(1)–O(2) 59.8(1), O(1)–K(1)–N(3) 107.6(1),
O(2)–K(1)–N(2) 107.9(1), O(1)–K(1)–O(2) 118.7(1).
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and Sb(2) are bonded to terminal OBut groups [Sb(1,2)–O av.
2.12 Å], resulting in 10e pseudo-trigonal bipyramidal geome-
tries for these centres and with Sb(3) adopting an 8e pyramidal
geometry. Although the majority of the Sb–N bond lengths in 1
fall in a narrow range [2.027(5)–2.090(5) Å], longer Sb–N
bonds occur between the m3-NCy group and the four-coordinate
Sb centres [Sb(1)–N(4) 2.335(5), Sb(2)–N(4) 2.311(4) Å].
These correspond to the use of orbitals by Sb(1) and Sb(2) at an
axial position of their pseudo-trigonal bipyramidal environ-
ments. The overall arrangement of the imido antimony(iii)
anion fragment of 1 is similar to that occurring in the neutral,
isoelectronic complex [Cl2Sb2Se(m-NBut)3(m3-NBut)], formed
by the desilylation reaction of [Se{NBut(SiMe3)}2] with
SeCl2.8

The bonding of the imido antimony(iii) anion of 1 to the K+

cation is very asymmetrical. The shortest contact between the
imido antimony(iii) anion and the K centre occurs with N(1)
[2.718(5) Å] and is typical of those found in a range of amido
potassium compounds.9 However, far weaker interactions occur
between the K+ cation and the remaining N centres of the Sb3N3
face of the anion [N(2)–K(1) 2.991(5), N(3)–K(1) 2.953(5) Å].
In addition, the O atoms of the pendant OBut groups only
weakly coordinate the K+ cation {O(1)–K(1) 2.942(4),
O(2)–K(1) 2.865(4) Å; cf. 2.788(8) Å for the thf O–K bonds in
[{(RNH)Sb(m-NR)2}2Sb]K·2thf10}. This arrangement leaves
the K+ cation open to further coordination by the h6-toluene
ligand. Similar ion–dipole interactions of aromatic ligands with
K+ are well known in a variety of complexes, with typical
centroid···K+ distances lying in the range 3.18–3.59 Å.11 The
shortness of the arene···K interactions in 1 [centroid···K(1) 3.03
Å, K···C 3.20–3.47 Å] is a further reflection of the overall
weakness of the interaction of the imido antimony(iii) anion
with the K+ cation and of its sterically uncongested environ-
ment.

Clearly there are considerable differences between the
electron-precise bonding present in the nido [(ButO)2Sb3(m-
NCy)3(m3-NCy)]2 anion of 1 and structurally similar electron
deficient borane ligands such as nido-2,3- and
2,4-[R2C2B4H4]22.12 However, their geometric similarity and
the fact that the [Sb(m-NCy)]3 face (although localised) is
isoelectronic with the open C2B3 face of the latter suggests that
the nido [(ButO)2Sb3(m-NCy)3(m3-NCy)]2 anion may perform
an analogous structural role as a building block in metal
complexes.13 In this regard, the structure of 1 which can be
viewed as a mixed-ligand sandwich complex of K+, provides an
initial indication of this behaviour.

We gratefully acknowledge the EPSRC (M. A. B., A. D. H.),
the Royal Society (D. S. W.) and Electron Tubes, Ruislip, UK
(Case award for A. D. H.) for financial support.
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† Synthesis of 1: to a solution of [{(Me2N)Sb(m-NCy)2}2Sb]Li (0.77 g, 0.91
mmol) in toluene (10 ml) was added ButOK (0.10 g, 0.91 mmol). Stirring
the solution at room temp. gave a change from yellow to orange. To this was
added ButOH (0.18 ml, 1.82 mmol) and the mixture was brought briefly to
reflux and stirred at room temp. (24 h). The solvent was removed under
vacuum and the colourless solid produced was dissolved in hexane (5 ml)
and toluene (2 ml). Storage at 218 °C (48 h) gave colourless crystals of 1.
The low yield of crystalline 1 (0.22 g, 23%) is due to its high solubility; mp
130 °C; 1H NMR (250 MHz, C8D6, 25 °C), d 7.0 (m, 5 H, aryl C–H,
toluene), 2.40 (m, 4 H, Ca-H, m-NCy), 2.11 (s, 3 H, Me, toluene), ca. 1.9–0.9
(overlapping m, 40 H, CH2, Cy), 1.49 (s, 18 H, But). Found: C, 43.1; H, 6.6;
N, 5.3. Calc. for [C32H62KN4O2Sb3.C7H8]n: C, 45.4; H, 6.8; N, 5.4%.
¶ Crystal data for 1: C39H70KN4O2Sb3, M = 1031.34, monoclinic, space
group P21/c, a = 18.749(1), b = 13.113(1), c = 18.848(2) Å,
b = 103.831(7)°, U = 4499.5(7) Å3, Z = 4, Dc = 1.522 Mg m23,
l = 0.710 73 Å, T = 203(2) K, m(Mo-Ka) = 1.915 mm21, F(000) = 2080.
Data were collected on a Siemens P4 diffractometer using an oil-coated
rapidly cooled crystal14 of dimensions 0.60 3 0.50 3 0.40 mm by the q–2w
method (1.91 @ q @ 25.00°). Of a total of 9158 collected reflections, 7727
were independent (Rint = 0.0512). The structure was solved by direct

methods; all non-hydrogen atoms were refined with anisotropic displace-
ment parameters and all hydrogen atoms were placed in idealised geometry
riding on the relevant carbon atoms. The structure has a disordered But

group [on O(2)] (ca. 60 : 40); the ring atoms of each disordered toluene
component were fixed in a regular hexagonal geometry (C–C 1.39 Å). In the
crystal the ion-contacted units of 1 are arranged in centrosymmetric pairs
held together by p stacking interactions of the aryl rings with centroid off-
set distance of 1.27 Å (mean) and centroid···centroid distance 3.80 Å
(mean). 421 parameters were refined on F2 to final conventional R1 = 0.043
[F > 4s(F)] and wR2 = 0.120 (all data) [R1 = SıFo 2 Fcı/SFo and
wR2 = [Sw(Fo

2 2 Fc
2)2/Sw(Fo

2)2]0.5, w = 1/[s2(Fo
2) + (xP)2 + yP],

P = Fo
2 + (2Fc

2/3)], x = 0.0636, y = 5.28, P = (Fo
2 + 2Fc

2)/3;15 largest
peak and hole in the final difference map, 0.999 and 20.897 e Å23. CCDC
182/699.
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Two new nickel–dmit-based molecular conductors based on heteroleptic
polymetallic complexes: synthesis, structures and electrical properties

Tianlu Sheng, Xintao Wu,* Wenjian Zhang, Quanming Wang, Xiancheng Gao and Ping Lin

State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, The Chinese Academy of
Sciences, Fuzhou, Fjuian, 350002, PR China

Two heteroleptic dmit complexes of polynuclear nickel(ii),
[NEt4]2[Ni5(edt)4(dmit)2] and [AsPh4]2[Ni3(pdt)2(d-
mit)2]·0.5MeOH (dmit = 2-thione-1,3-dithiole-4,5-dithio-
late, H2edt = ethane-1,2-dithiol, H2pdt = propane-1,2-di-
thiol) are synthesized and characterized by X-ray
crystallography and display room-temperature conductiv-
ities of 1.75 3 1024 and 1.52 3 1025 S cm21; this is the first
report of semiconducting heteroleptic dmit complexes con-
sisting of more than two nickel(II) centres.

During the search for new complexes with novel electric
properties, metal complexes of the dmit ligand have received
considerable attention1,2 since some of them were reported to
exhibit conductivities and even superconductivities.3–7 Some
non-planar metal–dmit complexes have also been reported to
exhibit high conductivities.8 Recently, it has been shown that
intermolecular interactions in transition metal bis(dithiolate)
complexes of this type are also important for the assembly of
molecular ferromagnets.9 A large number of metal–dmit
complexes have been synthesized and structurally characterized
but many of them are homoleptic. To our knowledge,
heteroleptic polymetallic complexes of dmit in particular, are
rare. These types of complexes reported in the literature are
restricted to [NBu4]2[Ni2(C2S4)(dmit)2],10 [Au4(dmit)2-
(Ph2PCH2PPh2)2] and [Au3(PPh3)3(dmit)].11 We have now
investigated whether dithiolate can be used as a bridging
ligand to synthesize heteroleptic polymetallic complexes with
dmit. As two examples, two heteroleptic nickel(ii) derivatives
[NEt4]2[Ni5(edt)4(dmit)2] 1 and [AsPh4]2[Ni3(pdt)2-
(dmit)2]·0.5MeOH 2, were formed by using edt or pdt as
bridging ligands; this is the first report of heteroleptic dmit
complexes consisting of more than two nickel(ii) centres.

4,5-Bis(benzoylthio)-1,3-dithiole-2-thione (prepared accord-
ing to the detailed procedures described by Steimecke et al.12)
(0.408 g, 1.0 mmol) was dissolved in a methanol solution (30
ml) containing sodium (0.046 g, 2.0 mmol). To the resulting
purple–red solution of Na2dmit was added H2edt (0.06 ml, 1.4
mmol) and then NiCl2·6H2O (0.24 g, 1.0 mmol) to give a purple
solution. After stirring for 6 h at room temp. a methanol solution
(10 ml) of NEt4Br (0.2 g, 1.0 mmol) was added leading to the
precipitation of a purple product. This was collected by
filtration and redissolved in dmf (10 ml); then it was filtered
after stirring for several minutes. This filtrate was diffused with
Et2O at room temp. for ten days, after which 0.12 g of black
crystals of 1 were obtained. The preparation of complex 2 was
similar to that of 1, H2edt and NEt4Br being replaced by H2pdt
and AsPh4Cl, respectively. The red precipitate was collected by
filtration and redissolved in Me2CO (10 ml) and then filtered
after stirring for several min. The filtrate was diffused with Et2O
at room temp. for ten days after which 0.35 g of black crystals
of 2 were obtained.†

The structures of 1 and 2 were established by single-crystal
X-ray diffraction analysis‡ and reveal the edt or pdt ligands in
bridging modes chelated to Ni atoms and dmit ligands
coordinated to edge Ni atoms. The anions of 1 and 2 together
with selected bond parameters are depicted in Figs. 1 and 2. In
1, the anion occupies a crystallographic inversion center, the

five Ni atoms are bridged by four edt ligands, Ni(1), Ni(2) and
Ni(2A) are square-planar coordinated to four S atoms of edt
ligands and both the edge Ni atoms are square-planar co-
ordinated to two S atoms of edt ligands and to two S atoms from
one dmit ligand. From the configuration of the five Ni atoms
and two dmit ligands, the anion can be described as consisting
of an Ni3(edt)4

22 unit to which are trans attached two Ni(dmit)2
fragments, the angle Ni(1)–Ni(2)–Ni(3) [Ni(1)–Ni(2A)–Ni(3A)]
being 102.83°. The Ni···Ni bond distances are 2.852(1) and
2.817(1) Å and are slightly shorter than that in
[PPh4]2[Ni2(edt)3] 317 [2.914(1) Å] and comparable to the
distances in [PPh4]2[Ni3(edt)4] 418 [2.856(1) Å]. The Ni–S bond
distances vary from 2.151(3) to 2.227(3) Å which are
comparable to the Ni–S bond distances in 317

[2.158(2)–2.221(2) Å] and 418 [2.174(1)–2.210(1) Å] as well as

Fig. 1 ORTEP diagram of the anion of 1 (25% displacement ellipsoids).
Selected bond lengths (Å) and angles (°): Ni(1)–Ni(2) 2.852(1), Ni(2)–
Ni(3) 2.817(1), Ni(1)–S(1) 2.213(3), Ni(1)–S(2) 2.215(3), Ni(2)–S(1)
2.169(3), Ni(2)–S(2) 2.151(3), Ni(2)–S(3) 2.159(3), Ni(2)–S(4) 2.160(3),
Ni(3)–S(3) 2.222(3), Ni(3)–S(4) 2.227(3), Ni(3)–S(5) 2.174(3), Ni(3)–S(6)
2.171(3); Ni(1)–Ni(2)–Ni(3) 102.83.

Fig. 2 ORTEP diagram of the anion of 2 (25% displacement ellipsoids).
Selected bond lengths (Å) and angles (°): Ni(1)–Ni(3) 2.792(2), Ni(1)–
Ni(2) 2.812(2). Ni(1)–S(1) 2.143(3), Ni(1)–S(2) 2.149(3), Ni(1)–S(3)
2.156(3), Ni(1)–S(4) 2.184(3), Ni(2)–S(5) 2.161(3), Ni(2)–S(6) 2.167(3),
Ni(2)–S(1) 2.244(3), Ni(2)–S(3) 2.245(3), Ni(3)–S(11) 2.151(3), Ni(3)–
S(10) 2.176(3), Ni(3)–S(2) 2.223(3), Ni(3)–S(4) 2.240(3); Ni(3)–Ni(1)–
Ni(2) 102.47(5).
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in [AsPh4]2[Ni2(S2C4){S2C2S2C2(CO2Me)2}2]19 and
[NBu4]2[Ni2(C2S4)(dmit)2].10

As shown in Fig. 2, the geometry around the Ni atoms in 2 is
similar to those in 1, the three Ni atoms adopt a V shape with the
angle Ni(2)–Ni(1)–Ni(3) being 102.47°. In contrast to 1,
complex 2 can be achieved as an Ni(pdt)22 unit to which two
Ni(dmit)2 fragments are cis bonded. Compared to 1, the Ni···Ni
bond distances [Ni(1)–Ni(2) 2.812(2), Ni(1)–Ni(3) 2.792(2) Å]
are slightly shorter, whereas the Ni–S bond lengths are almost
the same as those in 1.

In the crystal of complex 1 (as shown in Fig. 3), the anions
interact with each other through S···S contacts of < 3.7 Å
between the thiole and thione groups or the thiole and thiole
groups of the dmit ligands on adjacent molecules to form a two-
dimensional molecular interaction net. However, in the crystal
of complex 2, no S···S contacts < 3.7 Å are observed (the
shortest intermolecular S···S distance is 3.92 Å); this may result
from using the larger AsPh4

+ ion.
The electrical conductivities of complexes 1 and 2 were

measured with pressed pellets (two probe). Both complexes
show semiconducting behaviour with room-temperature con-
ductivities of 1.75 3 1024 and 1.52 3 1025 S cm21,
respectively. The fact that the conductivity of 1 is higher than
that of 2 may be the result of shorter intermolecular non-bonded
S···S contacts.

This research was supported by State Key Laboratory of
Structural Chemistry, Fujian Institute of Research on the
Structure of Matter, the Chinese Academy of Sciences, and the
Science Foundation of Nation and Fujian Province.

Footnotes and References

* E-mail: wxt@ms.fjirsm.ac.cn
† Spectroscopic data: for 1: IR (KBr pellet: n/cm21): n(Ni–S) 338.2s,
316.7m, 472.1s, 514.6s; n(C–S) and n(CNS) 838.3s, 911.1s, 998s, 1024.2s,
1049s. UV–VIS (dmf solution): lmax/nm (e/dm3 mol21 cm21): 275 (4.2 3
104), 290 (4.62 3 104), 320 (4.09 3 104), 430 (1.12 3 104), 530 (2.2 3 104)
(Found: C, 26.53; H, 4.18; N, 2.82; Ni, 22.20. Calc. for C30H56N2Ni5S18: C,
27.39; H, 4.29; N, 2;13; Ni, 22.31%.)

For 2: IR (KBr pellet: n/cm21): n(Ni–S) 364.4m, 465.9s, 476.0s, 515.8m;
n(C–S) and n(CNS) 857.3w, 857.4m, 915.1s, 997.3s, 1023.6s, 1049.1s,
1079.7s. UV–VIS (dmf solution): lmax/nm (e/dm3 mol21 cm21): 293 (3.3 3
104), 310 (3.4 3 1024), 366 (1.4 3 104), 424 (2.2 3 103), 517 (1.7 3 104).
(Found: C, 46.76; H, 3.62; Ni, 11.21. Calc. for C60.5H54As2Ni3O0.5S14: C,
46.47; H, 3.48; Ni, 11.26%).
‡ Crystal data: 1: C30H56N2Ni5S18, Mr = 1315.32, triclinic, space group
P1, a = 9.407(4), b = 11.665(3), c = 12.777(3), a = 106.45(2),
b = 101.54(3), g = 100.79(3)°, U = 1272(1) Å3, Z = 1, Dc = 1.72 g cm23,
T = 296 K, l(Mo-Ka) = 0.710 73 Å, q range 0–25°. Enraf-Nonius CAD4
diffractometer, w–2q scans. 4468 reflections are unique, 2821 reflections
with I > 3.0s(I) were used in the refinement and used to calculate R and Rw.
The last successful full-matrix least-squares refinement with anisotropic

thermal parameters for all non-hydrogen atoms (250 variables) converged to
R = 0.058, Rw = 0.062 {w = [s2(Fo)2 + (0.020Fo)2 + 1.000]21}, the final
maximum residual electron density is 0.80 e Å23. The positions of hydrogen
atoms were calculated in ideal positions and not used in the least-squares
refinement. The structure was solved by direct methods, and the positions of
Ni atoms were obtained from E maps. The remaining non-H atoms were
located from successive difference Fourier maps. The refinement of the
structure was performed by full-matrix least-squares techniques on F using
MolEN.13 Data were corrected for absorption with program DIFABS.14

2: C60.5H54As2Ni3O0.5S14, Mr = 1563.85, triclinic, space group P1, a
= 14.3284(2), b = 14.9487(3), c = 17.2496(3), a = 102.886(1),
b = 101.898(1), g = 102.687(1)°, U = 3385(2) Å3, Z = 2, Dc = 1.534 g
cm23, T = 293 K, l(Mo-Ka) = 0.710 73 Å, q range 1.90–23.2°. Siemens
Smart CCD diffractometer, w scans. 9438 unique reflections were used in
the refinement and 6615 reflections with I > 2.0s(I) used to calculate R and
Rw. The last successful full-matrix least-squares refinement with anisotropic
thermal parameters for all non-hydrogen atoms except solution molecule
(720 variables) converged to R = 0.0739, Rw = 0.2085 {w = [s2(Fo)2 +
(0.1355P)2 + 4.7414P]21, where P = [(Fo)2 + 2(Fc)2]/3}. The solvent
molecule is disordered. The final maximum residual electron density is
2.477 e Å23, lying 1.073 Å from Ni(1). The positions of hydrogen atoms
were calculated in ideal positions and not used in the least-squares
refinement. The structure was solved by direct methods, and the positions of
three Ni atoms were obtained from E maps. The remaining non-H atoms
were located from successive difference Fourier maps. The refinement of
the structure was performed by full-matrix least-squares techniques on F2

using SHELXL-93.15 Data were corrected for absorption with SADABS.16
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Fig. 3 The packing of 1 in the crystal. Dashed lines indicate non-bonded
S···S contacts < 3.7 Å, the cations are omitted for clarity.
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Synthesis and structural characterization of cyclic aryl ethers

Alaa S. Abd-El-Aziz,*a Christine R. de Denus,a Michael J. Zaworotkob and C. V. Krishnamohan Sharmab

a Department of Chemistry, University of Winnipeg, Winnipeg, Manitoba, Canada, R3B 2E9 
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The facile preparation of macrocyclic ethers is achieved
using SNAr reactions of (dichlorobenzene)CpFe+ complexes
with various dinucleophiles, followed by photolytic deme-
tallation; X-ray crystallography gives unequivocal structural
proof for one of these macrocycles.

Cyclic polyethers are important synthetic targets owing to their
selective complexation and chiral recognition.1–3 Interest in
these materials originates from the size and nature of their
cavity, which dictates whether or not such materials are capable
of binding with other compounds.2 Although a great deal of
attention has been directed toward the encapsulation abilities of
supramolecules, there is a growing interest in the synthesis of
cyclic aryl ethers.3–5 These compounds are appealing since the
rigidity and stability of their structures greatly reduces con-
formational freedom which may allow chiral recognition or
catalysis at high temperature or in hostile environments.4a

Mullins et al. reported that cyclic aryl ethers may be subjected
to ring-opening polymerization to produce linear polyethers
without the release of side-products.4b Here, we report the
synthesis of four new cyclic aryl ethers, and the crystal structure
of 8 utilizing temporary complexation to the cyclopentadienyl-
iron (CpFe+) moiety.

The molecular design and controlled synthesis of aromatic
polyethers with pendant CpFe+ moieties has been a focus of our
recent research. The complexation of chloroarenes to the CpFe+

moiety has allowed nucleophilic aromatic substitution (SNAr)
reactions to take place with a large number of dinucleophiles.6
This methodology has enabled us to prepare a number of
oligomeric ethers, thioethers and amines under very mild
experimental conditions. Owing to the paucity of existing
methods for the preparation of cyclic aryl ethers, we have been
exploring new routes for the synthesis of such materials. A
drawback of the existing methods is the need for electron
withdrawing substitutents on the haloarene ring to promote the
substitution reactions.5 The ease of complexation and decom-
plexation of the CpFe+ to the arene systems shows the
advantages of our methodology. The stepwise displacement of
both chloro groups in [(h6-1,2-dichlorobenzene)(h5-cyclo-
pentadienyl)]iron(ii) hexafluorophosphate 10 or
[(h6-1,3-dichlorobenzene)(h5-cyclopentadienyl]iron(ii)hexa-
fluorophosphate 1 with a variety of dinucleophiles has allowed
for the facile preparation of macrocycles 8, 9, 17, and 18. To our
knowledge there are few reports which outline the preparation
of macrocyclic materials using SNAr reactions of substituted
chlorobenzenes activated by temporary complexation to a metal
moiety.7 The preparation of dibenzo crown ethers was achieved
via the SNAr reactions of (o-dichlorobenzene)-
Cr(CO)3 with diethylene glycol and bis(2-mercaptoethyl)
ether.7a A disadvantage of this particular synthetic method is the
implementation of harsh reaction conditions in order to obtain
the desired products in rather modest yields.

Scheme 1 outlines the reaction sequence employed for the
preparation of cyclic aryl ethers 8 and 9. The initial reaction of
complex 1 and dinucleophile 2 or 3 in a 2 : 1 molar ratio was
carried out in order to obtain the bimetallic complex (4 or 5) in
high yield. The reaction of 4 or 5 with 2 in an equimolar ratio led
to the formation of complexed cyclic aryl ethers 6 and 7 in

yields of 86 and 89%, respectively. The rigid nature of these
complexed macrocycles introduces both cis- and trans-orienta-
tions of the CpFe+ moieties attached to the arene ring.8 The
presence of two different cyclopentadienyl (Cp) resonances as
well as a complex aromatic region in the 1H NMR spectra
indicated that there was a mixture of both cis and trans products
present. Based on the integration of the respective Cp
resonances, it was determined that for complex 6 the ratio was
3 : 1 while it was 1 : 1 for complex 7. The major structure was
predicted to be trans based on previous findings.8

Photolytic demetallation was implemented to allow for the
recovery of the free organic macrocycles 8 or 9 in yields of 64
and 58%, respectively, which may be attributed to the poor
solubility of these macrocyclic materials in most organic

Scheme 1
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solvents. The 1H NMR spectra indicated the symmetric nature
of these materials. It was noted that a triplet was present at a
rather high field chemical shift of d 5.6 (8) or 6.2 (9) which was
attributed to the inner-ring protons of the benzene ring. This
shift is explained by the large diamagnetic shielding caused by
the two adjacent biphenyl rings on the inner-ring protons. Our
observation is in accordance with similar cyclic aryl ether NMR
shifts.5 Unequivocal proof of the structure of 8 was obtained by
an X-ray crystallographic study.† Single crystals suitable for
X-ray analysis were obtained by slow evaporation of a
chloroform solution of the cyclic aryl ether at room temp. Fig. 1
illustrates the rigidity imparted in the structure by the biphenyl
and benzene rings, respectively. The biphenyl groups of the
macrocycle are separated by 5.2 Å while the diagonal distance
of oxygen atoms was found to be 10.9 Å.

Scheme 2 illustrates that an analogous sequence of reactions
may be employed with the (o-dichlorobenzene)CpFe+ complex
(10) and dinucleophiles containing both aliphatic and aromatic
bridges. In this fashion, macrocyclic compounds 17 and 18 with
both oxygen and sulfur bridges were prepared. Once again
NMR spectroscopy and elemental analyses were used to
confirm the structure of all new materials. Unlike the rigid
macrocycles prepared in Scheme 1, these structures have no
inner ring protons and as a result no high field chemical shifts
were observed.

This is the first example of iron cyclopentadienyl mediated
cyclic aryl ether synthesis. The presented methodology will
enable us to prepare a variety of these cyclic compounds under
mild experimental conditions and in very high yields. An
additional benefit of this process is the ability to isolate the
intermediate bimetallic complex prior to ring closure. It has
been demonstrated that it is possible to prepare both symmetric
and asymmetric cyclic aryl ethers depending on the nucleophile
used to close the macrocycle. Further investigations aimed at
increasing the cavity size and varying the nature of the
substituents are in progress and will be reported in due
course.

Financial support provided by the Natural Sciences and
Engineering Research Council of Canada (NSERC) and the

University of Winnipeg is gratefully acknowledged. C. R. D.
(graduate student, University of Manitoba) also thanks NSERC
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Footnotes and References

* E-mail: abdelaziz@uwinnipeg.ca
† Crystal data for 8. Colourless crystals from CHCl3, crystal dimensions
0.40 3 0.20 3 0.20 mm, monoclinic, space group P21/c, a = 6.0546(16),
b = 16.093(2), c = 13.514(4) Å, V = 1314.7(6) Å3, Z = 4, m = 0.07
mm21, 1814 reflections measured, 1736 unique, R = 0.058, Rw = 0.050.
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Fig. 1 ORTEP plot of cyclic aryl ether 8. Selected bond lengths (Å) and
angles (°): O(2)–C(5) 1.384(10), O(2)–C(7) 1.416(9), O(1)–C(1) 1.396(9),
O(1)–C(16) 1.417(10), C(10)–C(13) 1.504(11); C(5)–O(1)–C(7) 117.7(5),
C(1)–O(1)–C(16) 118.0(6), C(10)–C(13)–C(14) 121.0(7), C(10)–C(13)–
C(18) 120.3(7).

Scheme 2
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Heterogeneous molybdate catalysts for the generation of singlet molecular
oxygen (1Dg) from H2O2

F. van Laar,a D. De Vos,a D. Vanoppen,a B. Sels,a P. A. Jacobs,*a A. Del Guerzo,b F. Pierardb and
A. Kirsch-De Mesmaekerb

a Center for Surface Science and Catalysis, K.U. Leuven, Kardinaal Mercierlaan 92, B-3001 Heverlee, Belgium
b Physical Organic Chemistry, CP160/08, Université Libre de Bruxelles, 50 Av. F. D. Roosevelt, B-1050 Brussels, Belgium

The immobilisation of molybdate on Mg,Al-LDH leads to an
active, heterogeneous catalyst that generates singlet mole-
cular oxygen from hydrogen peroxide in the absence of
soluble base.

Molecular oxygen in the singlet state (1O2) is a unique reagent
for oxyfunctionalisation, as its product distributions essentially
differ from those of radical or electrophilic agents such as RO*
radicals or (in)organic peracids.1 Singlet O2 can be generated
from 3O2 via visible excitation of dissolved or heterogenised
photosensitisers (e.g. porphyrins or rose bengal), but the need
for an efficient illumination and the photolability of many dyes
are major drawbacks for scale-up of such systems.2–5 An
alternative pathway is the catalysed production of 1O2 from
alkaline H2O2.6 Several metal ions can act as homogeneous
catalysts for this reaction, in particular molybdate and calcium.
This contribution presents a new solid catalyst for 1O2
generation, consisting of active molybdate centers embedded in
a layered double hydroxide (LDH) matrix. Such catalytic design
eliminates the need for a soluble base. The production of 1O2 is
evidenced by spectral observations and by oxygenation of
characteristic substrates.

LDHs are analogues of the mineral hydrotalcite, and can be
synthesised in a variety of elemental compositions, depending
on the desired surface pH and anion exchange capacity.7 For the
present work, a Mg0.7Al0.3-LDH was precipitated in degassed
water at pH 10, ion-exchanged with MoO4

22 in the same
conditions, and isolated by freeze-drying. A typical Mo loading
of 5.5 mass% corresponds to occupation of 37.5% of the anion
exchange capacity with divalent molybdate anions. When this
catalyst is exposed to aqueous H2O2 in dioxane, the suspension
turns brick-red. This colour change was studied with time-
resolved diffuse reflectance spectroscopy [Fig. 1(a)]. Bands are
observed at 330 and 450 nm. Especially the latter band is typical
of polyperoxomolybdate species, e.g. [MoO(O2)3]22 and
[Mo(O2)4]22. Such Mo species are formed in particular at high
peroxide : Mo ratios and at high pH.8 Monitoring the spectrum
as a function of time shows a steady decrease of the intensity of
the polyperoxo bands. This decay corresponds to the dis-
proportionation of the peroxo groups into oxo groups and
singlet oxygen, as is proved unequivocally by the near infrared
luminescence spectrum. Simultaneously with the UV–VIS
spectral change, an emission peak is observed at 1276 nm,
which is in satisfactory agreement with the reported energy of
the 1Dg ?

3Sg
2 transition [Fig. 1(b)].9 The smooth release of

1O2 and the formation of the polyperoxomolybdates are in
agreement with the basic nature of the LDH surface; in solution,
the same processes would require addition of additional NaOH.
When the [MoO4]22 exchanged LDH is removed by filtration,
the H2O2 decomposition stops completely. This proves that the
Mo is really heterogeneous, even if the singlet oxygen may
diffuse into the solution. 

As the production of 1O2 was firmly established from the
physicochemical methods, we turned to the application of the
material in 1O2 mediated (per)oxidations (Scheme 1).† The
1,3-diene a-terpinene (1) was selected as a substrate for [2p +
4p] cycloaddition; the feasibility of 1O2 ‘ene’ type reactions
was tested with 1-methylcyclohexene 2 and 2,3-dimethyl-but-

Fig. 1 Exposure of Mg0.7Al0.3-LDH-MoO4 (37.5% AEC), suspended in
1,4-dioxane, to H2O2 (0.5 mmol, as 35% in water). (a) Diffuse reflectance
UV–VIS spectrum recorded at different times after H2O2 addition (0.1 g
LDH in 0.5 ml solvent; K–M = Kubelka–Munk). (b) IR luminescence
spectrum, recorded with a liquid N2 cooled Ge detector (0.025 g LDH in
1.75 ml solvent). Scheme 1
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2-ene 3 (Table 1). The endoperoxide ascaridole is obtained from
1 with a 98% selectivity. With 2 and 3, hydroperoxide formation
is accompanied by a double-bond shift, as expected for a non-
free radical, 1O2 mediated peroxidation. Characteristically, the
double bond also shifts to the exocyclic position in the case of
2; the product distribution is essentially the same as for a
photosensitised reaction. While the recovered enols undoubt-
edly originate from the corresponding hydroperoxides, the only
competing side reaction is a limited epoxidation. Such an
epoxidation of double bonds by peroxo d0 metals is well
documented; however, in our reactions, epoxides in all cases
amount to < 20% of the formed products.

A principal advantage of LDHs over other supports (e.g.
polymers) is that the characteristics of the catalytic site’s
environment are easily modified. For instance, co-exchange of
the LDH with [MoO4]22 and an organic anion such as toluene-
p-sulfonate (Ts) transforms the polar layered double hydroxide
into a much more lipophilic material. With ([MoO4]22,Ts)-
LDH as a catalyst, the consumption of H2O2 is more gradual,
which is undoubtedly due to a repulsion of the primary oxidant
H2O2 by the apolar surface. While this catalyst modification
increases the eventual conversion of e.g. 1-methylcyclohexene,
this increase is almost totally accounted for by a fivefold
multiplication of the epoxide yield. A more successful catalyst
modification is the dilution of the [MoO4]22 active centers over
the hydrophilic support. When the occupancy of the anion
exchange capacity by [MoO4]22 is lowered from 37.5 to 12.5%,
the yield of 1O2 oxidation products almost doubles (Table 1).
Apparently, a slow release of 1O2 from well-dispersed active
centers ensures an optimal capture of the 1O2 by the organic
substrate. A supplementary improvement of the catalyst is
achieved by modification of the elemental composition of the
LDH. Thus when the molar fraction of Al in the octahedral layer
of the LDH is lowered to 10%, the epoxide formation becomes
marginal, while the peroxidation yield further increases.
Typically, up to 100 mol of 1O2 product are formed per mol of
Mo, proving that the process is truly catalytic in Mo.

Summarizing, this system is the first heterogeneous catalyst
for 1O2 generation from a peroxide for which the performance
can be easily tuned by modification of the support. A soluble
base, as required for the homogeneous molybdate system,
becomes superfluous because of the basic characteristics of the
LDH surface. The key to achieving high peroxidation yields is
a gradual release of 1O2 from a hydrophilic surface. 
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Table 1 Yields for oxidations with 1O2, generated from H2O2 by LDH-MoO4 catalysta

Product yields (%)

1O2 productsd

Substrate Catalystb Epoxide 2a 2b 2c TONc

1-Methylcyclohex-1-ene Mg0.7Al0.3-LDH-MoO4
e 0.6 11.7 2.3 5.0 17

Mg0.7Al0.3-LDH-MoO4
f 0.6 12.4 2.9 5.4 29

Mg0.7Al0.3-LDH-MoO4 0.9 19.2 6.4 8.6 86
Mg0.8Al0.2-LDH-MoO4 0.6 23.5 4.3 11.6 98
Mg0.9Al0.1-LDH-MoO4 0.5 23.2 (53)g 7.1 (16)g 13.4 (31)g 109
Rbh (50g (19)g (31)g

Epoxide 1O2 products 3A
2,3-Dimethylbut-2-ene Mg0.7Al0.3-LDH-MoO4 4.7 19.6 49

Mg0.8Al0.2-LDH-MoO4 2.9 32.4 81
Mg0.9Al0.1-LDH-MoO4 2.3 47.9 120

Endoperoxide 1A
a-Terpinene Mg0.7Al0.3-LDH-MoO4 14.4 36

Mg0.8Al0.2-LDH-MoO4 21.6 54
Mg0.9Al0.1-LDH-MoO4 24.5 61

a Reaction conditions: 2.5 mmol substrate, 5 mmol H2O2 35% in water, 0.05 g catalyst containing 10 mmol [MoO4]22, 3 ml of 1,4-dioxane, 293 K. Product
yields on substrate basis. b Subscripts for Mg and Al refer to molar fractions in LDH octahedral layer. c TON = moles of 1O2 products per mol of Mo.
d 2a = 1-hydro(pero)xy-1-methylcyclohex-2-ene; 2b = 1-hydro(pero)xy-2-methylcyclohex-2-ene; 2c = 1-hydro(pero)xy-2-methylenylcyclohexane.
e 28 mmol [MoO4]22 on 0.05 g LDH, or 37.5% of the anion exchange capacity. f 18 mmol MoO4

2 on 0.05 g LDH, or 25% of the anion exchange capacity.
g Values between brackets: distribution of 1O2 oxidation products (%). h Photosensitisation with rose bengal (3.1025 m in ethanol), cold light source Schott
KL 1500, 293 K.
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Detection of low levels of Brønsted acidity in Na+Y and Na+X zeolites

V. Jayathirtha Rao,a Deborah L. Perlstein,a Rebecca J. Robbins,a P. H. Lakshminarasimhan,a Hsien-Ming
Kao,b Clare P. Greyb and V. Ramamurthy*a

a Department of Chemistry, Tulane University, New Orleans, LA 70118, USA 
b Department of Chemistry, State University of New York, Stony Brook, NY-11794, USA 

By using retinyl acetate, retinol and retinyl Schiff base as
probes, zeolites NaY and NaX are demonstrated to possess a
small number of Brønsted acidic sites; the color test
employed here is potentially simple and may be universally
applied.

Zeolites are finding increasing favor as supramolecular hosts for
investigation of the photochemical and photophysical behavior
of organic guests.1 In this context, one would like to employ a
reaction cavity that is ‘passive’.2 A set of zeolites that is
commonly used as a reaction medium is M+X and M+Y.3 The
molecular formula as written for these X and Y zeolites,
M+

x(AlO2)x(SiO2)y, does not give any indication that they may
possess reactive Brønsted acid sites.4 However, it is becoming
increasingly clear that the characteristics, especially Brønsted
acidity, of commonly used monovalent cation exchanged
zeolites can vary significantly from source to source. Even the
presence of very small numbers of acidic sites may act in a
catalytic manner and complicate the desired chemistry.5 The
characterization of the very small concentrations of Brønsted
acid sites present in different samples of X and Y zeolites was,
therefore, critical in order to rationalise the observed chemistry.
Results of our investigation of Na+X and Na+Y zeolites are
presented here.

One of our laboratories has recently developed new solid
state double resonance NMR methods to probe the acidic sites
present in zeolites.6 Prompted by the success with H+Y and
Ca2+Y zeolites, we proceeded to investigate Na+Y zeolites with
solid state NMR. The basic probe molecules trimethyl-
phosphine (TMP), dimethylamine and methylamine were used
to test both Brønsted and Lewis acidity in these materials. Both
room and low temperature studies were performed. Zeolite
samples (obtained from Aldrich and Zeolyst International) were
activated both in an oven at 500 °C in air or at ca. 300 °C under
a vacuum, in order to mimic activation conditions used for the
alkene reactions.5 1H MAS NMR spectra of activated Na+Y
showed a resonance at d 3.6 (both at 280 and 2120 °C)
possibly due to Brønsted acid sites.7 The area underneath the
peak was extremely small in comparison to the intensity of the
residual water and the resonance due to the silanols. Hence it
was very difficult to quantify the numbers of Brønsted acid sites
per unit cell. A very weak signal was observed at d22 in the 31P
MAS NMR spectrum (collected at 2100 °C) of Na+Y (from
Aldrich) loaded with 26 molecules per unit cell of trimethyl-
phosphine. This resonance was approximately 1/50 that of the
main resonance at d 260 from weakly bound/physisorbed
TMP. Resonances from TMPH+, formed by the protonation by
the Brønsted acidic sites typically appear in the range d 0 to
25.6 Although the resonance at d22 seen in the case of Na+Y,
cannot be definitely attributed to TMPH+, it is clear that the
number of acidic sites within Na+Y is very small. From the
intensity of this resonance, we estimate that there can be no
more than ca. 0.5. Brønsted acid sites per unit cell in this
sample. No resonances from TMPH+ were observed in samples
from Zeolyst (CBV-100) and Engelhardt (EZ-150). To check
the presence of weakly acidic sites, stronger bases such as
dimethylamine and methylamine were used as probes for Na+Y.

No Brønsted acid sites were detected in the 1H MAS NMR with
these probes. Based on these studies we conclude that the
number of Brønsted acid sites in Na+Y (CBV-100 and EZ-150)
are small and beyond the detection limits of NMR when using
these probe molecules (i.e. < ca. 0.5 acid sites per unit cell).

In spite of the above discouraging observations, we remained
convinced that both Na+Y and Na+X contain acidic sites based
on their influence on various alkenic substrates.5 We, therefore,
employed a different technique to detect the acidic sites within
the zeolites. This involved detecting differences in electronic
absorption characteristics between protonated and unprotonated
forms of a probe molecule. Three probe molecules (1a, 1b and
1c) with different basicities were used (Scheme 1).

Both retinol (1a) and retinyl acetate (1b) in an acidic medium
generate a blue color due to the formation of a short lived retinyl
carbocation [Scheme 1, eqn. (1)].8 We have adopted this color
change to monitor the Brønsted acidity within zeolites. Four
samples of Na+Y (Aldrich, CBV-100, EZ-150 and LZY-52
from Union Carbide) and Na+X (Aldrich) were tested for
Brønsted acidity. The test consisted of monitoring the absorp-
tion changes upon addition of a small amount (50–200 mg) of an
activated zeolite to a standard micromolar hexane solution (5
ml) of retinol or retinyl acetate. When activated Na+Y was
added to a standard solution of retinol or retinyl acetate, the
zeolite immediately adopted a dark blue color. The color

Scheme 1
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persisted for nearly an hour and the diffuse reflectance spectra
of these samples are displayed in Fig. 1. The observed lmax
within zeolites is in the same range reported in solution.8 The
above observations can be interpreted to mean that Na+Y
contains Brønsted acidic sites that are strong enough to
protonate 1a and 1b. Na+X did not show a positive blue test with
either 1a or 1b, indicating that Na+X does not contain any
protons that are sufficiently acidic to protonate 1a and 1b.

Another probe we employed to test the acidity is the more
basic retinyl Schiff base 1c [Scheme 1, eqn. (2)]. In methanol
solution, the protonated Schiff base shows an absorption with a
lmax at 440 nm. Addition of the above four activated Na+Y and
Na+X zeolites to a standard micromolar hexane solution of
retinyl Schiff base resulted in a color change of the zeolite from
white to light yellow orange. The orange colored species
absorbs in the same region as the protonated retinyl Schiff base
in CH2Cl2 solution (Fig. 2). The emission spectra recorded at 77
K are consistent with those reported for the protonated Schiff
base.9 As expected, addition of a large amount of n-butylamine
displaced the Schiff base from the zeolite. Furthermore, while
retinol and retinyl acetate did not indicate the presence of acidic
sites within Na+X, the more basic retinyl Schiff base showed
that Na+X zeolite is also acidic in nature. The difference is likely

to result from the difference in strength of acidity of the sites
present in these two structures.10

Diethylamine, a stronger base than 1a, 1b and 1c, was added
before the indicator, to react with the Brønsted acid sites,
allowing us to estimate the number of acidic sites present in
Na+Y. Titration of the Brønsted acid sites was conducted with
diethylamine as the base and 1a and 1c as the indicators.†
Addition of 1 molecule of diethylamine per 12 supercages of
Na+Y completely quenched the protonation of the probe
molecules 1a and 1c. This represents a maximum limit of acidic
sites within NaY since the estimation assumes that all molecules
of diethylamine are protonated under the experimental condi-
tions.

Although extremely low levels of Brønsted acidity were
detected, these levels were sufficient to alter the reaction
pathways for a number of alkenic systems. We are in the process
of characterizing the acidity distribution within different
samples of Na+Y and Na+X with indicators of different basity.
Our initial results suggest that these probes may serve to not
only quantify the number of sites but to distinguish between
sites of different acidity. Finally, because the method relies on
the color changes of highly absorbent dye molecules, it
extremely sensitive to low concentrations of acid sites.

Acknowledgement is made to the Donors of PRF-ACS for
partial support of this research. The authors at Tulane thank the
Division of Chemical Sciences, Office of Basic Energy
Sciences, Office of Energy Research, US Department of Energy
for support of this program. The solid state NMR spectrometer
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the National Science Foundation.
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Fig. 1 The spectral change upon inclusion of retinyl acetate within NaY and
NaX zeolites. A comparative spectrum in methanol solution is included.
Absorption due to retinyl cation is observed in NaY. In NaX the absorption
due to retinyl acetate is red shifted but no absorption due to retinyl cation is
seen.

Fig. 2 The spectral change upon inclusion of retinyl Schiff base within NaY
and NaX zeolites. A comparative spectrum of unprotonated Schiff base in
methanol solution is included. Absorption due to protonated Schiff base is
observed in NaY and NaX.
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Coupling reaction of terminal allenes with themselves or acetylenes mediated
by (h2-propene)Ti(OPri)2: some new selectivities and synthetic application

Daigaku Hideura, Hirokazu Urabe and Fumie Sato*
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226, Japan

Treatment of an allene alone or with an acetylene with
(h2-propene)Ti(O-i-Pr)2 generates a new titanacycle, which
reacts with some electrophiles to give useful intermediates
for organic synthesis.

Low-valent early transition metal complexes are well known to
effect the coupling reactions of olefins and acetylenes to yield
metallacycles via olefin– (or acetylene)–metal intermediates,
which show wide application in organic synthesis.1 Although
some examples of allene coupling reactions based on
(C5H5)2Ti– or (C5H5)2Zr–allene complexes have been docu-
mented,2–4† the small number of reactions utilizing just allenes
as the starting material (rather than any other appropriate
precursors) and, accordingly, the critical issues in organic
synthesis of regio- and stereo-selectivity and the feasibility of
the reaction with respect to various substrates, have not been
sufficiently investigated. As some of the aforementioned
cyclometallation reactions have recently been carried out with
an inexpensive, readily available low-valent titanium species,
(h2-propene)Ti(OPri)2 1,5 we reinvestigated the coupling reac-
tion of allenes themsleves and with other unsaturated com-
pounds by taking advantage of this new method.

The homo-coupling reaction of 1,1-dimethylallene 2 with 1
proceeded at 250 °C for 2 h to give the symmetrically
substituted 3 having two vinyl–metal bonds as a virtually single
isomer (Scheme 1) as shown by the production of 4 (Table 1,
entry 1) in accord with precedents of the (C5H5)2Ti- or
(C5H5)2Zr-mediated reactions.2,3a,4b However, mono-substi-
tuted allene 56 showed a completely different regioselectivity
from 2 to give the titanabicycle 6, which was identified by
isolation of 7 as a mixture of E- and Z-olefinic isomers after
aqueous workup (Table 1, entry 2). The latter regioselectivity is
not seen in the homo-coupling reactions of representative types
of allenes mediated by a low-valent titanium complex having
cyclopentadienyl ligands.2

The E/Z ratio of the double bond in the above product could
be controlled by the use of a silylallene.7c Thus, treatment of 88

with 1 under the same conditions as above initiated cyclization
to afford the single product 10 after aqueous workup (Scheme 2
and entry 3, Table 1). The internal double bond of 10 had
exclusively the Z configuration, as determined via examination
of the coupling constants and an NOE study in the 1H NMR
spectrum. The titanacycle structure 9‡ was verified by deuter-
olysis that gave the bis-deuterated product [2H2]-10 (93 atom%
at each position) as a single regioisomer.

More importantly, addition of 9 to aldehydes proceeded in a
regioselective manner to give the adducts 11 and 12 as an
approximately 3 : 1–4 : 1 mixture of diastereoisomers, which
could be separated on silica gel. The addition of the vinyl–
titanium bond in 9 to the aldehyde was not observed,5b,9

although its presence was confirmed by the subsequent workup
with deuteriochloric acid to give the product 12 having vinylic
deuterium (93 atm%). Upon treatment with KH in THF,10 the

Scheme 1

Table 1 Coupling of allene mediated by 1

Entry Allene Product Yield (%)

1 2 4 75
2 5 7 65a

3 8 10 80b

a E : Z ratio = 24 : 76 (or vice versa). b Z isomer only.

Scheme 2
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major stereoisomer 12a afforded the Z,Z-triene 13a, while the
minor 12b gave Z,E-13b. These results not only established the
orientation of the hydroxy group in 12 (and, hence, 11 by
analogy) based on the well-precedented stereochemical course
of the Peterson olefination,10 but also demonstrated a synthetic
application of the homo-coupling of the allene followed by
aldehyde addition for the stereoselective preparation of tri-
enes.

The hetero-coupling reaction between an allene and an
acetylene is another important feature of the transformation
involving allenes.3a,4† However, little information is available
on the regio- and stereo-chemical aspects of the coupling
reaction starting from unsymmetrical allenes and acetylenes.4b

Thus, we first attempted the reaction of unsymmetrical
substrates, a mono-substituted allene 8 and silylacetylene 14,
and found that the desired products 16 could be obtained in good
yield and as an essentially single stereoisomer (Scheme 3). The
stereochemistry of both double bonds in 16 was elucidated by
1H NMR analysis. The high regioselectivity found for this
unsymmetrical acetylene, as verified by the absence of another
regioisomer, is also noteworthy. The presence of the inter-
mediate titanacycle 15 was confirmed by the deuterolysis (1 m
DCl) and iodinolysis (excess I2) to give the bis-deuterated 17
and diiodide 18 in good yields.

This coupling reaction seems to be general for various
substrates, as shown in Table 2. Alkylallene 5 preferentially
affords the product 20 having an E-disubstituted double bond
when reacted with dialkylacetylene 19 (Table 2, entries 1 and 2),
but gives 21 carrying a Z-disubstituted olefin with silylacetylene
14 (entry 3), both in good yields. Alkoxyallene 2211 was able to
participate in this coupling reaction as well. Although the yield
of 23 is not particularly good due to partial decomposition of the
allene in the presence of the titanium alkoxide, the exclusive
Z-olefinic preference found in the product is somewhat
amazing, provided that the stereoselectivity was simply con-
trolled by the steric hindrance of the allenic substituent, which
is usually less pronounced in the following order: trialkylsilyl >
n-alkyl > n-alkyloxy (cf. entries 3–5). The resultant cis-vinyl
ether moiety may be stereospecifically replaced by a carbon
chain with a Grignard reagent under nickel catalysis12 or
hydrolyzed to aldehyde.

The coupling reaction based on allenes described herein,
which enables the selective construction of a carbon framework
and the facile introduction of an electrophile, is a synthetically
useful entry to the metal-promoted coupling reactions of
unsaturated compounds.

We thank the Ministry of Education, Science, Sports and
Culture (Japan) for financial support.
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Scheme 3

Table 2 Coupling of allene and acetylene mediated by 1a

Entry Allene Acetylene Product E : Z ratiob Yield (%)c

1 5 19 20 64 : 36 74
2 5 19d 20 64 : 36 70
3 5 14 21 25 : 75 72
4 8 14 16 Z only 94
5 22 14 23 Z only 45

a Allene (1.5 equiv.) and acetylene (1.0 equiv.), unless otherwise stated.
b Refers to double bond substituted with R1. c Isolated yields based on
limiting substrate. d Allene (1.0 equiv.) and acetylene (1.5 equiv.).
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The biosynthesis of pramanicin: origin of the carbon skeleton

Paul H. M. Harrison,* Donald W. Hughes and R. William Riddoch

Department of Chemistry, McMaster University, 1280 Main Street West, Hamilton, Ontario, Canada L8S 4M1

Incorporation of labelled acetates and serine into pramani-
cin 1 in Stagonospora sp. ATCC 74235 shows that the carbon
skeleton of 1 is derived from eight acetate units and a serine
residue, implying that the biosynthesis of 1 proceeds via an
acyl–tetramic acid intermediate 3.

Pramanicin 1 (Scheme 1), an inhibitor of Cryptococcus
neoformans, and the closely related fatty acid epoxide 2 were
isolated by Schwartz et al.1 from a sterile fungus which has
subsequently been identified as a species of Stagonospora. Our
biomimetic template-directed synthesis of 22 was based on a
presumed biosynthetic pathway in which seven acetate units
combine in a manner typical of fatty acids and polyketides3 to
give tetradeca-2,4-dienoyl-CoA; however, the biosynthetic
origin of the pyrrolidone ring in 1 is not clear. Thus, this polar
headgroup could be derived from a suitable five-carbon amino
acid precursor such as proline or glutamate via pyroglutamate
and a further Claisen-like condensation onto the CoA ester of
fatty acid 2 [Scheme 1, path (a)]. On the other hand, 1 could also
be viewed as being related to the tetramic acid family of natural
products which contains the 3-acyl-D3-pyrrolin-2-one moiety.
Biosynthetic studies on erythroskyrine,4 b-cyclopiazonic acid,5
tenuazonic acid,6 malonomicin,7 streptolydigin,8 ikarugamy-
cin,9 the cytochalasans,10 and recently a preliminary report on
aflastatin A11 have shown that the five atoms of the pyrrolinone
ring in these metabolites derive from C-1 and C-2 of one acetate
unit and the carboxy- and a-carbon as well as the nitrogen of the
appropriate amino acid (Val, Trp, Ile, 2,3-diaminopropanoate,
b-methyl-Asp, ornithine, Trp and Ala, respectively). Tetramic
acid intermediates have also been proposed in the biosynthesis
of, for example, tenellin12 and ilicicolin H.13 Thus another
potential pathway to 1 would involve the formation of a linear
octaketide and cyclization with, presumably, serine as the
amino acid [Scheme 1, path (b)]. Therefore we sought to
determine which pathway was operational in formation of 1,
and describe herein the results of preliminary labelling
experiments which establish the origin of the carbon skeleton of
1.

Cultures of Stagonospora sp. ATCC 74235 were grown, and
pramanicin was isolated with minor modifications† of the
literature procedure.1 When sodium [1-13C]acetate was added
to the cultures, enhanced signals in the {1H}13C NMR spectrum
were observed in the resulting 1, compared with an unlabelled
control sample (Table 1). Labelling was observed at the
unambiguously assigned sites 2, 7, 9, 11, 13 and 19, as well as

at two other sites within the heavily overlapped region
corresponding to C-14 to C-18. Therefore, eight acetate units
are incorporated into 1. When sodium [1,2-13C2]acetate was
incorporated into 1, the pulsed field gradient 2D INADE-
QUATE NMR spectrum of the resulting sample showed seven
of the eight expected couplings within acetate-derived units
(Table 1).†

These results show that the 4,5-epoxytetradec-2-enoyl hydro-
phobic tail of 1 is indeed derived from the expected ‘head-to-
tail’ condensation of seven acetate units,‡ and at first sight
imply a further cycle of chain extension on the fatty acid
synthase to give a sixteen-carbon b-ketoacyl chain. However,
acetate can enter the tricarboxylic acid cycle and can label
glutamate and hence proline: [1-13C]- and [1,2-13C2]-acetates
give [5-13C]- and [4,5-13C2]-glutamates, respectively, which are
expected to label C-2 and C-2,3 of pramanicin if path (a) is
operational. Hence, exactly the same labelling pattern is
predicted for the direct chain extension pathway as is expected
for indirect incorporation via glutamate, and these experiments
cannot distinguish between the two proposed putative bio-
genetic pathways.

Incorporation of dl-[1-13C]serine proceeded efficiently: only
C-4 of 1 was labelled (Table 1). Although serine can be
converted to glutamate or proline, the intermediacy of acetate is

Scheme 1

Table 1

Incorporation Coupling

[1-13C]- [1-13C]- [1,2-13C2]- 
Carbona dC

b NaOAcc serinec NaOAcd J/Hze Tof

7 197.91 0.81 20.11 2.7 56 C-8
2 174.93 0.51 20.11 3.1 52 C-3
9 145.13 0.69 20.07 3.1 55 C-10
8 127.88 0.04 20.07 2.5 56 C-7
3 88.10 0.06 0.04 2.6 52 C-2
4 78.99 0.02 5.24 — —

11 62.90 0.74 20.10 2.6 43.7 C-12
6 62.12 0.06 0.00 — —
5 60.33 20.02 0.11 — —

10 57.78 0.04 20.08 2.9 55.4 C-9
12 33.02 20.05g 20.05g 2.5g 43.7 C-11
14–18 33.02 34.7 d 30.5
14–18 30.61 0.30g 20.01g NDh mi NDh

14–18 30.61 NDh mi NDh

14–18 30.48 20.03 0.03 NDh mi NDh

14–18 30.39 0.41 0.07 NDh mi NDh

13 26.92 0.60 20.02 2.4 34.7 d 30.5
19 23.69 0.43 0.10 2.6 34.7 C-20
20 14.38 20.12 0.10 3.1 35 C-19

a The numbering system is based on ref. 1. b Determined in CD3OD.
c Expressed as number of fold increase in the height of the carbon-13
resonance relative to unlabelled 1, with correction by standardizing the two
samples using the mean peak height for all unlabelled carbons. d Determined
by dividing the sum of the coupled peak heights by the height of the
uncoupled, natural abundance peak. e Values which are stated to 0.1 Hz
accuracy determined from a narrow-window high-resolution 13C NMR
experiment. f Coupled partner from 2D gradient INADEQUATE experi-
ment. g Values averaged over two overlapping carbons. h ND = not
determined. i Multiplet; coupling patterns could not be deduced in this
region.
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required in this process, and label is expected to appear at C-5
of 1. Since no incorporation into acetate-derived sites was
observed in this experiment, glutamate and proline cannot be
precursors of the pyrrolidone moiety in 1. Rather, the results are
consistent with formation of a linear octaketide; amide
formation with the amino group of serine and cyclization by
formal Claisen-like condensation of the b-ketoacyl enolate onto
the presumably activated serine carboxy group would generate
3, which contains the carbon skeleton and ring of 1 (Scheme 2).
The order of these events [events (a), (b) and (c) in Scheme 2]
remains to be established. Net addition of water across the
C-3–C-4 bond, presumably by oxidative hydroxylation at C-3
and reduction at C-4 of intermediate 3, and epoxidation gives 1.
Further investigation of this pathway is being undertaken, and
will be reported in due course.

This work was financially supported by the Natural Sciences
and Engineering Research Council of Canada and by McMaster
University. Cambridge Isotopes Ltd. are gratefully ack-
nowledged for a grant of isotopically labelled compounds.
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Formation of bridged bicycloalkenes via ring closing metathesis

Andrew Morehead, Jr. and Robert Grubbs*

The Arnold and Mabel Beckman Laboratory of Chemical Synthesis, Division of Chemistry and Chemical Engineering, California
Institute of Technology, Pasadena, California 91125, USA

Ring closing metathesis may be used in the formation of
small ring bicycloalkenes from monocyclic diene pre-
cursors.

Ring closing metathesis (RCM), catalyzed by transition metal
carbenes, has recently become an established method for the
conversion of dienes to cyclic olefins.1 While many applica-
tions of RCM have been reported,2 only a few have involved the
formation of bridged bicyclic compounds. The reported exam-
ples all involved macrocyclization (ring sizes > 12 atoms)
except one, which involved the formation of a seven-membered
ring leading to a bicyclo[9.5.1]alkene ring system.3 Since small
ring bridged bicycloalkanes and heterocycles are ubiquitous in
natural products, the application of RCM in ring closures of this
type would potentially lead to greatly broadened utility of this
method.

A series of monocyclic diene substrates was synthesized† and
the ring closure promoted by the well-defined ruthenium
benzylidene complex4 was examined [eqn. (1)].‡ The results of

the cyclization reactions are summarized in Table 1.
The ring closure of five-, six- and seven-membered rings to

form [3.x.1], [4.x.1] and [5.x.1] bicycloalkenes is a relatively
facile process (entries 1, 2, 5, 6 and 8), while ring closure of
eight-membered rings to give bicyclo[5.x.1]alkenes does not
occur (entries 3, 9 and 10). Variation of the reaction tem-
perature, concentration of the diene and catalyst type (Mo
catalyst5) had no influence on the formation of the eight-
membered rings, as starting material and oligomers were the
only products isolated. 

Formation of the bicyclo-[3.2.1]- and -[3.3.1]-alkenes when
the six-membered ring is being closed is extremely facile

(entries 1 and 6). In general, as the ring closure becomes slower,
other processes such as dimerization may start to compete.
Lower concentration disfavors the intermolecular coupling
relative to the intramolecular ring closure, and allows clean
formation of the products. Raising the temperature to that of
refluxing CH2Cl2 was necessary only when the substrate was
sterically hindered (entries 4 and 5) or the cyclization was very
slow (entry 8).

The enthalpies of ring closure (including formation of
ethylene) were calculated using the MM2 forcefield and are
included in Table 1.6 In general, if the calculated enthalpy is less
than ca. 10 kcal mol21, the ring closure should be favorable due
to the entropy gain from the generation of ethylene. An
interesting comparision may be made between entry 5 and entry
3, both of which are calculated to have DH ≈ 13 kcal mol21.
For substrate 1 (entry 5), the kinetic favorability of ring closure
for five-membered rings, coupled with the loss of ethylene to
the atmosphere, drives the reaction to completion. Note that at
higher concentrations (entry 4), the yield is much lower, as a
result of a significant amount of polymer being formed,
suggesting that endothermic ring closures are possible if the
concentration is kept below the critical concentration for
polymerization. In the case of the eight-membered ring (entry
3), although the same loss of ethylene would occur, the ring
closure is sufficently slow as to be non-competitive with
polymerization. Linderman et al. have recently reported the use
of removable But

3Sn groups to overcome the entropic barrier
allowing formation of eight-membered rings,7 a strategy that
could potentially be applied here. The molecular mechanics also
suggest that the silyl-protected alcohol plays a small role in the
cyclization by decreasing the enthalpy of the ring flip to the bis-
axial conformer needed for the ring closure by ca. 1 kcal mol21

relative to the unprotected alcohol.
In conclusion, a number of small ring bridged bicycloalkenes

have been synthesized from monocyclic dienes, demonstrating
the power of ring closing metathesis to form carbocycles that
contain a significant amount of strain.

A. T. M. acknowledges a postdoctoral fellowship from the
National Institutes of Health (USA). We also thank Professor
Dennis Dougherty for the use of the SGI Power Impact
workstation and the software packages used for the calculations
referred to in this paper.

Table 1 Conversion and ethalpies for ring closure of monocyclic dienes

DHa/
Entry Substrate n m Conc./m [Ru] (mol%) T/°C Yield (%) kcal mol21

1 1a 0 1 0.050 5 RT 87 1.2
2 1b 0 2 0.005 5 RT ( > 95 Conv.)b 6.9
3 1c 0 3 0.005 10 Reflux Oligo 13.1
4 1d 1 0 0.050 5 Reflux 41 13.3
5 1d 1 0 0.005 10 Reflux 84 13.3
6 1e 1 1 0.050 5 RT 95 1.7
7 1f 1 2 0.050 5 RT Trace 10.0
8 1f 1 2 0.005 10 Reflux 96 10.0
9 1g 1 3 0.050 5 RT Oligo 17.5

10 1g 1 3 0.005 10 Reflux Oligo 17.5

a MM2 Calculations. b Conversion by NMR spectroscopy.
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Diastereoselective homogeneous hydrogenations without direction by
substituents
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The Rh complex catalysed hydrogenation of an a-(hydroxy-
alkyl)-N-methoxyacrylamide and the Ru complex catalysed
hydrogenation of an a-(fluoroalkyl)acrylate both proceed
with !90% selectivity to give the syn-isomer.

In the directed hydrogenation of alkenes, coordination of a polar
functionality to the catalyst leads to enhanced dia-
stereoselectivity in the reduced product. Stereochemical control
may arise by complexation of an alcohol, amide, ester or
sulfoxide group.1 The vast majority of substituent-directed
diastereoselective reactions follow similar principles.2 For the
common case of an acyclic alkene with an allylic stereogenic
centre, a simple model based on the constrained conformation
of the complexed alkene 1a suffices [Fig. 1(a)]. This model, for
which the torsional angle H–C––CNC is 180°, is calculated to be
5 kJ mol21 higher in enthalpy than the rotamer (H–C–CNC =
0°).3 In the absence of complexation by a polar functional
group, diastereoselectivity will be controlled by steric factors.
An alternative mode of complexation, shown in Fig. 1(b), was
required to test this prediction. In practice this was realised by
synthesis of the corresponding N-methyl-N-methoxyamide
according to Nahm and Weinreb.4 In a related unsaturated
amide, the preferred conformation of the amide side-chain has
N–O anti to CNO, thus permitting the desired complexation.5

The synthetic route6 from compound 1a provides access to
both alcohol 2a and its ButMe2Si ether 2b. Hydrogenation of 2a
was carried out with the Rh complex 3 as previously described1

in either MeOH or ClCH2CH2Cl and gave a near-equal mixture
of syn- and anti-diastereomers 4a and 5a (Scheme 1). This is in
contrast to the results observed for hydrogenation of all other
a-(hydroxyalkyl)acrylates under related conditions, where the
anti-isomer predominates. The contrasting result obtained here
suggests that there are two competing pathways in hydro-
genation which operate in opposite senses, one involving N–O
participation, the other O–H participation. Support for this
proposal stems from hydrogenation of silyl ether 2b, which
gives 92% of the corresponding syn-product 4b. In separate
experiments it was verified that the a-silyloxyalkyl acrylates
1b–d gave mixtures of both syn-6b–d and anti-7b–d on
hydrogenation, confirming that the reduced basicity and
increased bulk of the silyl ethers attenuates their complexation
to rhodium relative to OH. Both the selectivity and the rate
depend on the size of the siloxy group in the manner expected
if the stereoselectivity is controlled by the relative steric bulk of
the substituents at the a-stereogenic centre.

The hydrogenation of compound 2b can be interpreted in
accord with the model in Fig. 1(b). It is assumed that the side-

chain can adopt its minimum energy conformation with a-C–H
eclipsing CNC, and there are then two diastereomeric sets of
intermediates which lead on to the diastereomeric products 4b
and 5b. The proportions will be determined primarily by the
perceived bulk of the two non-hydrogen substituents at the
stereogenic centre. As would be expected on the basis of relative
A values (1.79 for Et vs. 0.74 for OSiMe3),7 the ethyl group
prefers to be remote from the metal complex (Scheme 2),
leading to the observed preference for syn hydrogenation.

A further example of syn-directed hydrogenation was
discovered adventitiously, in a search for fluorine participation
in catalysis. There are precedents for C–F activation by several
transition metal complexes, but none which demand C–F

Fig. 1 Alternative reactant chelates in hydrogenation

Scheme 1 Reagents and conditions: i, 3 (1–4 mol%), H2 (1.5 atm)

Scheme 2
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participation to augment the selectivity of a catalytic process.
Some examples of C–F···M interactions in organometallic
crystal structures, and indeed the only two derived from late
transition metals, involve Ru;8 the Ru···F bond lengths are 2.366
and 2.489 Å, much longer than other bonds from Ru to second-
row elements. These observations guided our approach.

The phenyl analogue of compound 1a reacted with diethyl-
aminosulfur trifluoride (DAST)9 to produce the corresponding
allyl fluoride 8 with ca. 5–10% competing allylic isomerisation
to the primary fluoride (Z)-9 (Scheme 3). In initial studies it was
found that hydrogenation of compound 8 with Crabtree’s
catalyst10 (25 °C, 2 atm, CH2Cl2) occurred cleanly with low
diastereoselectivity. The diastereomers syn-10 and anti-11 were
separately identified from independent synthesis of the anti-
isomer 11 by DAST fluorodehydroxylation of its anti- alcohol
precursor, which occurred with 75% retention of configura-
tion,11 verified by spectral comparison with literature assign-
ments which are based on an X-ray analysis.12 When hydro-
genation of the allyl fluoride 8 was carried out with (S)- or
rac-BINAP–Ru complexes 12, the syn-diastereomer 10 was
formed as 90% of the reduced product, but in a slow reaction
sustained for up to 20 turnovers. The ee of recovered allyl
fluoride was low when enantiomerically pure catalyst was
employed. Since Ru and Rh give parallel stereoselectivity in
directed hydrogenation,13 this result cannot be the consequence
of a fluorine-directed hydrogenation but rather reflects the
preferred coordination of the reactant in the CNC–C–H = 0°
conformation,14 and the relative steric size of fluoro and phenyl
substituents. The failure to observe clear-cut evidence for C–F
participation at a potentially fluorophilic metal site has origins

related to the reluctance of C–F to act as an hydrogen-bond
acceptor.15

It has been a general rule that diastereoselectivity in
organometallic catalysis requires substituent participation
through complexation.1,2 Although modest specificity has been
obtained here, it is useful to realise that significant stereocontrol
in homogeneous hydrogenation can arise from the intrinsic
conformational preferences of the reactant.

We thank Dr Uma Sharma for NMR experiments and
Johnson-Matthey for loans of precious metal salts. Dr D. J.
Bayston made useful suggestions. A visit by M. C.-F. to Oxford
was supported by the European Community HCM programme
(CRTX-920067).
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Organically templated layered uranium(vi) phosphates: hydrothermal
syntheses and structures of [NHEt3][(UO2)2(PO4)(HPO4)] and
[NPr4][(UO2)3(PO4)(HPO4)2]
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Two organically templated layered uranium(VI) phosphates
have been prepared under hydrothermal conditions from
U3O8 and H3PO4 using either NPr4

+ or NHEt3
+ ions as

structure directing agents; both compounds have layered
structures which contain infinite chains of edge-sharing
[UO7] pentagonal bipyramids cross linked by bridging [PO4]
tetrahedra to form two dimensional sheets of [(UO2)n-
(HPO4)n21(PO4)]m

m2 anions.

Crystalline layered and microporous phosphates have attracted
great attention owing to their rich chemistry based on the
intercalation, ion-exchange, or absorption of guest molecules
into the host framework.1,2 This has led to interest in the
synthesis of new metal phosphates with novel layered and open-
framework structures. Recently a wide variety of new com-
pounds have been synthesized in which metals such as Be,3 Ga,4
In,5 Zn,6 V,7 Fe,8 Co,9 and Mo10 have been incorporated into the
phosphate framework. When the syntheses are performed under
hydrothermal conditions in the presence of organic templates
both layered and microporous phases are formed, which often
display unusual framework topologies. To date, however, we
are not aware of any organically templated hydrothermal
syntheses of new phosphate materials incorporating actinide
elements. It is expected that the incorporation of bulky organic
templates in an actinide phosphate framework could result in
new and unusual framework topologies. Clearfield and co-
workers have synthesised a number of uranyl phosphonates in
which the presence of the bulky organic substituents on the
phosphonate groups leads to the formation of novel structure
types.11,12 We have been exploring the hydrothermal synthesis
of uranium phosphate based materials in the presence of organic
templates. We report here the synthesis and structural
characterization of the first examples of organically templated
layered uranium(vi) phosphates to be isolated, namely
[NHEt3][(UO2)2(PO4)(HPO4)] 1 and [NPr4][(UO2)3(PO4)-
(HPO4)2] 2.

Single crystals of 1 were grown by heating mixtures of
composition U3O8 : 9H3PO4 : 3NEt3 : 240H2O under autoge-
nous hydrothermal conditions in Teflon lined autoclaves at
180 °C for 3 d.‡ The crystals formed as flat plates together with
a small amount of microcrystalline impurity. Single crystals of
2 were grown by heating mixtures of composition U3O8 :
6H3PO4 : 3NPr4OH : 240H2O at 180 °C for 3 d.‡ The crystals
formed as thin needles together with a small amount of a
microcrystalline impurity.

Compound 1 adopts a layered structure§ in which the two
unique U atoms are both coordinated in a slightly distorted
pentagonal bipyramidal arrangement by seven O atoms, a
common coordination environment for U. The axial O and the
U atoms form almost linear [angles of 178.8(4)° and 169.1(3)°]
uranyl UO2

2+ units with a mean U–O distance of 1.77 Å with the
five equatorial O at a larger mean distance of 2.40 Å. These
values are typical for UVI in this coordination environment.13

Valence sum calculations are consistent with this assignment.14

Zigzag PaCl5 type chains are formed along the (101) direction
by UO2O5 pentagonal bipyramidal units sharing opposite edges.
(UO2O5)n chains such as these are a common structural unit
found in other uranium oxides and phosphates such as a-U3O8,
UVO5,15 U2V2O11,15 and U(UO2)(PO4)2.16 Individual chains
are cross-linked through O atoms of bridging tetrahedral
phosphate units to form a corrugated layer structure in the [010]
plane. Each phosphate group bonds to a U atom in one chain via
two O atoms and also bonds to a second U atom in an adjacent
chain via a third O atom (Fig. 1). The fourth O of the phosphate
group does not bridge but instead projects above and below the
phosphate layers. These layers are stacked along the (010)
direction and are separated from adjacent layers by charge
balancing NHEt3+ cations to form a structure consisting of
alternating inorganic and organic layers. The separation be-
tween adjacent phosphate layers is 9.2 Å. To maintain charge
balance, one of the phosphate groups must be protonated, giving
the indicated formula [NHEt3][(UO2)2(PO4)(HPO4)]. The IR
spectrum of 1 also revealed broad weak bands at 2750 and 1620
cm21 that are consistent with P–OH vibrations. The location of
the OH proton could not be determined from the X-ray analysis,
and a consideration of the P–O distances did not reveal any
obviously longer bonds indicative of a P–OH group. The P–O
distances range from 1.50(1) to 1.56(1) Å with an average of
1.54 Å. However, valence sum calculations indicate that the
terminal O atoms projecting above and below the layers have
unsatisfied valence and these calculations are consistent with
the assumption that the proton is likely to be located on these
atoms. However, it is not possible to determine which of the two
unique phosphate groups contains the OH group. It seems likely
that the H is disordered over both sites.

Compound 2 also forms as a layered structure.§ As in 1 the
layers consist of PaCl5 type (UO2O5)n chains formed from edge
sharing pentagonal bipyramidal (UO2O5) units which are then
further cross-linked by phosphate groups to form uranium

Fig. 1 A view of the structure of the layers in [NHEt3][(UO2)2(PO4)(HPO4)]
1 parallel to the b axis, showing the chains of edge-sharing [UO7]
pentagonal bipyramids and bridging [PO4] tetrahedra
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phosphate layers similar to those in 1 in the [011̄] plane. There
are three unique U atoms in the asymmetric unit. The
coordination around all three is again typical for a UVI atom in
this environment, with a mean uranyl U–O distance of 1.75 Å
and a mean equatorial U–O distance of 2.40 Å. Valence sum
calculations are consistent with this assignment.14 Each tetra-
hedral phosphate group bonds to one U atom via two O atoms
and another U atom in the next (UO2O5)n chain via a third O
atom. The fourth O atom projects above and below the
phosphate layers. Each phosphate layer is separated from the
next by intercalated NPr4

+ cations forming alternating in-
organic–organic layers along the (011̄) direction. The separation
between adjacent phosphate layers is 12.2 Å. As in 1, to
maintain charge balance the existence of protonated P–OH
groups must be inferred.

Although the coordination of the uranium and phosphate
species in both 1 and 2 are the same, subtle differences in the
geometry of the bridging phosphate groups leads to differences
in the structures of the layers. In 1 chains of bridging phosphate
groups running along the (100) direction [ca. 45° to the
(UO2O5)n chains] have terminal P–O bonds that either stick ‘up’
or ‘down’ from the layers in a strictly alternating [all-up : all-
down : all-up] manner along the (001) direction. However, in 2
the same chains of bridging phosphates alternate in the
sequence [all-up : both up and down : all-down] along (011).
This has the effect that in 1 the layers are corrugated in an
approximately sinusoidal manner, whereas in 2 the layers
consist of approximately flat sections connected by ‘steps’
(Fig. 2).

The charged framework and large interlayer spacing found in
these materials suggested that they may be capable of
undergoing ion-exchange reactions with other charged species.
Preliminary experiments indicate that the template molecules
can indeed be exchanged for a variety of alkali metal, transition
metal and other quaternary ammonium cations, such as Na+,
Co2+ and NMe4

+, whilst still retaining the integrity of the
uranium phosphate layers.

The isolation and characterization of 1 and 2 demonstrate that
organic templates can be used to hydrothermally synthesize new
hybrid inorganic–organic uranium phosphate materials in
which the structure directing organic species is incorporated
into the U/P/O framework. Furthermore, these materials show
that the detailed structure of the inorganic layers can be
influenced by the precise nature of the organic template used.
Given the variety of coordination modes and framework
topologies13 displayed by uranium minerals and inorganic
phases, there appears to be much scope for synthesizing new
materials displaying novel structural features and properties

using this methodology. We are currently investigating further
the absorption, catalytic, and ion-exchange properties of 1 and
2.

We would like to thank British Nuclear Fuels Limited for
support, and the Leverhulme Fund (P. S. H.), the Common-
wealth Scholarship Commission (C. R.) and EPSRC (R. J. F.,
M. J. D.) for financial support.
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1 : 9 : 3 : 240 was placed in a 23 ml capacity Teflon lined autoclave and
heated to 180 °C at autogenous pressure for 3 d. After cooling to room
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filtered, washed with water, and allowed to dry in air. The crystals could be
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(br), 1096s, 1062s, 1030s, 959s, 919s, 850m, 800w, 721w, 612m, 538m.

2: a mixture of U3O8, H3PO4, NPr4OH and H2O in the mol ratio
1 : 6 : 3 : 240 was placed in a 23 ml capacity Teflon lined autoclave and
heated to 180 °C at autogenous pressure for 3 d. After cooling to room
temp., light green needles of 2 and a small amount of powder impurity were
filtered, washed with water and allowed to dry in air. Due to the small size
of the crystals it was difficult to obtain a sample suitable for analysis.
‡ Crystal data: C6H17NO12P2U2 1: monoclinic, space group P21/c,
a = 9.336(4), b = 18.325(5), c = 9.864(4) Å, b = 93.075(5)°,
U = 1685.1(2) Å3, Z = 4, Dc = 3.281 g cm23. 13 372 reflections collected
(Enraf-Nonius DIP2000 diffractometer, Mo-Ka, 150 K), of which 3272
were independent and 2346 were observed [I > 5s(I)]. Refinement
converged with R = 0.0570, wR = 0.0650, S = 1.101.

C12H30NO18P3U3 2: triclinic, space group P 1̄, a = 9.401(2),
b = 13.048(3), c = 13.447(1) Å, a = 108.021(3), b = 103.164(2),
g = 100.978(4)°, U = 1465.4(3) Å3, Z = 2, Dc = 2.904 g cm23. 10 394
reflections collected [Siemens SMART CCD diffractometer on the single-
crystal diffraction station (9.8) at the Daresbury Laboratory Synchrotron
Radiation Source, UK, l = 0.6956 Å, 160 K], of which 8120 were
independent and 5244 were observed [I > 5s(I)]. Refinement converged
with R = 0.0564, wR = 0.0661, S = 0.733. CCDC 182/660.
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Fig. 2 View of a single layer of [(UO2)n(HPO4)n21(PO4)]2 in 1 (a) and 2
(b) along the (100) direction; also shown is a schematic representation of the
layer structure
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Resolution and circular dichroism of an asymmetrically cage-opened
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Fred Wudlb

a Department of Organic and Molecular Inorganic Chemistry, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The
Netherlands 
b Institute for Polymers and Organic Solids, University of California at Santa Barbara, Santa Barbara, CA 93106, USA 
c Laboratory of Organic Chemistry, Eindhoven University of Technology, 5600 MB Eindhoven, The Netherlands 

The enantiomers of the first cagewise inherently asymmetric
C60 derivative, i.e. N-MEM (MEM = 2-methoxyethoxy-
methyl) keto lactam 1, have been separated by HPLC and
their chiroptical properties compared with data obtained
from C60 derivatives that are dissymmetric or asymmetric
due to chiral addends.

N-MEM keto lactam 1 (Fig. 1) is the first example of a well-
defined open-cage derivative of C60.1 It is obtained from C60 in
two synthetic steps, and (±)-1 serves as the key intermediate in
the synthesis of azafullerenes, e.g. (C59N)2,2 C59NH 3 and
K6C59N.4 Stereochemically, 1 is an interesting molecule,
because it can be regarded as a (highly symmetrical) sphere with
a chiral orifice. A larger version could be envisioned as a chiral
selector, operating by enantioselective endohedral complexa-
tion.

Various chiral C60 derivatives have been prepared thus far.5,6

Chirality can be introduced into C60 derivatives via chiral
addends, either asymmetric7,8 or C2-symmetric,9 as well as via
an inherently asymmetric addition or substitution pattern, such
as in 2 : 1 adducts with C2-symmetry.10,11 Higher fullerenes and
carbon nanotubes can be inherently chiral.12 C2 C76, D3 C78 and
D2 C80 have been obtained in enantiomerically pure form via
kinetic resolution by asymmetric osmylation, providing opti-
cally active forms of carbon.13 Since keto lactam 1 is the first
open-cage C60 derivative with an inherently asymmetric cage
functionalization pattern, it is of interest to determine a possible
resemblance of the chiroptical properties of 1 with those of the
chirally modified C60 compounds. Here we present the
successful resolution of (±)-1 and the chiroptical properties of
the individual enantiomers.

Chromatography of racemic 11 as a 0.3 mg ml21 solution in
toluene–1,2-dichlorobenzene (2 : 1 v/v) on an analytical chiral
stationary phase HPLC column [Bakerbond Pirkle Type
DNBPG 5 mm (4.6 3 250 mm)], using n-hexane–CHCl3–PriOH
(70 : 30 : 1 v/v/v) as the eluent (flow rate 1 ml min21) and UV
detection at l = 328 nm, gave enough separation to yield the
enantiomers in 80 and 92% ee (as inferred from a second HPLC
experiment, Fig. 2), respectively. The two fractions were

assigned to (+)-1 and (2)-1, respectively, by determining their
specific rotations at 589 nm.

The UV–VIS spectrum of (±)-1, the circular dichroism (CD)
spectrum and the resulting g value (g = De/e ≈ DA/A) of (+)-1
are shown in Fig. 3. The CD spectrum of (2)-1 was found to
have a mirror image relation to that of (+)-1. Similar to the UV–
VIS absorption, the CD spectrum of (+)-1 extends throughout
the 200–700 nm spectral range. The strongest Cotton effect is
found at l = 325 nm (De = +29 m21 cm21), coinciding with
the lowest energy dipole-allowed transition of 1 (l = 328 nm).
Comparison with, for example, (+)-hexahelicene, which has a g
value of +7.0 3 1023 at l = 325 nm for the p–p* transition,
shows however that the g value of (+)-1 (g325 = +6.4 3 1024)
is an order of magnitude lower and represents a typical value for
a noninherently dissymmetric chromophore.14 Various chirally
modified [6,6]-dihydrofullerene derivatives show a diagnostic
CD band at about l = 430 nm, whose sign has been taken as an
indicator for the absolute configuration.8,15–17 For (+)-1, a local
extreme in the CD spectrum is found at l = 426 nm, where the
Cotton effect is negative. Tentatively applying the sector rule of
Wilson et al. to 1 suggests that (+)-1 corresponds to the fA
configuration (Fig. 1).15 The largest g values of (+)-1 are found
in the wavelength range l = 600–700 nm, with a maximum of
g = 21.7 3 1022 at 659 nm, a typical value for a magnetically-
allowed dipole-forbidden transition.

In summary, we have separated the two enantiomers of the
C60 derivative (±)-1 using chiral HPLC, providing a first
example of an open-cage fullerene with a chiral orifice. The
inherently chiral functionalization of the eleven-membered ring
causes a dissymmetric perturbation on the p system of the
fullerene, resulting in optical activity extending over the entire

Fig. 1 Molecular structure of the two enantiomeric forms of 1 with
configurational description fC and fA according to ref. 6

Fig. 2 Chiral HPLC chromatogram of separated samples of (a) (+)-1 and (b)
(2)-1 (Bakerbond Pirkle Type DNBPG, eluent: n-hexane–CHCl3–PriOH
(70 : 30 : 1 v/v/v), flow rate 1 ml min21, UV detection at l = 328 nm)
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Dedicated to Professor Dr Hans Wynberg on the occasion of
his 75th birthday on 28th November 1997.
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Fig. 3 (a) UV–VIS absorption spectrum of (±)-1 (c = 7.6 3 1026 m) [lmax/
nm = 204 (e = 1.5 3 105 m21 cm21, n-hexane), 260 (1.2 3 105, CHCl3),
328 (4.5 3 104, CHCl3), 428 (4.7 3 103, CHCl3) and 688 (4.2 3 102,
CHCl3)]. (b) CD spectra (left axis) and g value (right axis) of (+)-1 (c = 7.6
3 1026 m). The UV–VIS and CD spectra were recorded using a solution in
n-hexane for the region l = 200–248 nm and in CHCl3 for the region l =
248–800 nm. The CHCl3 spectra were recorded at higher concentrations and
mathematically scaled to the spectrum in n-hexane for representation.
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Macrocyclic aromatic thioether sulfones

Ian Baxter,a Howard M. Colquhoun,b† Philip Hodge,c‡ Franz H. Kohnke,c§ and David J. Williamsa
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Reaction of 4,4A-sulfonylbis(thiophenol) with
4,4A-dichlorodiphenyl sulfone under pseudo-high-dilution
conditions leads to a novel family of all-para macrocyclic
thioether sulfones [-SfSO2f-]n (f = 1,4-phenylene); these
include a highly strained [1 + 1] cyclodimer (n = 2), a
cyclotrimer resulting from thioether exchange reactions, and
a [2 + 2] cyclotetramer which can adopt two distinctly
different conformations, one having molecular D2d (‘tennis-
ball-seam’) symmetry, in the crystalline state.

There is considerable and growing interest in the synthesis and
ring-opening polymerisation chemistry of macrocyclic aromatic
ethers1 and thioethers.2 The very low viscosities of such
macrocycles, together with the absence of by-products during
polymerisation, offer new possibilities for in situ fabrication of
high-performance materials. We now report the discovery of a
new class of potentially polymerisable macrocyclic aromatic
thioethers, including an extremely strained cyclodimer, formed
by polycondensation of 4,4A-sulfonylbis(thiophenol) 13 with
4,4A-dichlorodiphenyl sulfone 2 under pseudo-high-dilution
conditions.

A dimethylacetamide (DMA) solution containing equimolar
quantities of 1 and 2 (0.13 m in each) was added via syringe-
pump over 48 h to a refluxing suspension of K2CO3 in DMA–
benzene (7.5 : 1, v/v). By-product water from the reaction was
continuously removed by azeotropic distillation of benzene.
After a further 2 h the reaction mixture was cooled and the
products precipitated in water. Analysis by HPLC and FAB-
mass spectrometry demonstrated the formation of a new family
of macrocyclic oligomers [-SfSO2f-]n (f = 1,4-phenylene) in
ca. 30% yield (Scheme 1), the remaining material being high
molecular weight polymer. The principal macrocyclic product
(ca. 15% yield) is the cyclic trimer, a result which indicates that
cyclisation must be accompanied by extensive thioether
exchange. Macrocycles where n is odd cannot be formed
directly by condensation of 1 and 2, and must therefore arise by
redistribution or back-biting reactions (Scheme 2).

Extraction of the product mixture with CHCl3 followed by
gradient elution column chromatography on silica gel with
CH2Cl2–EtOAc as eluent allowed several of the macrocyclic
oligomers to be isolated as pure crystalline compounds,
including the cyclodimer [-SfSO2f-]2 3, the cyclotrimer 4 and
the cyclic tetramer 5. Macrocycles were identified by 13C and

1H NMR spectroscopy and FAB-mass spectrometry. The cyclic
trimer and tetramer give 1H NMR spectra virtually identical to
that of the linear polymer [-SfSO2f-]n, which shows a well-
resolved AAABBA system at d 7.85, 7.82, 7.44 and 7.41. In
contrast, the 1H NMR resonances for cyclic dimer 3, where the
effects of ring-closure are likely to be greatest, occur in a very
much narrower range at d 7.61, 7.58, 7.55, and 7.52.

The structures of 3, 4 and 5 were investigated by single
crystal X-ray methods.¶ The cyclic dimer 3 adopts a cen-
trosymmetric, box-like conformation (Fig. 1) in which adjacent
aromatic rings are orthogonal to within 1°. Although this ‘open-
book’ type of conformation is well established in diaryl
sulfones,4 diaryl thioethers have up until now invariably
displayed a ‘skewed’ conformation, even in the related cyclic
oligomer [1,4-C6H4S]4.5 It thus appears to be the conforma-
tional preferences of the sulfone linkage which dominate the
present structure.

Scheme 1

Scheme 2

Fig. 1 Molecular structure of the cyclic dimer 3: bond angles within the
macrocycle at S(1) and S(7) are 101.4(2) and 96.4(2)°; the C(1)–C(6) and
C(8)–C(13) rings are inclined by 88 and 81°, respectively, to the plane of the
four sulfur atoms

n 4 2
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In the cyclic dimer 3, C–S–C bond angles at thioether and
sulfone are compressed by some 8 and 3°, respectively, from
their normal open-chain values around 105°. Moreover, a
distinct ‘bowing’ of the macrocycle is evident such that
1,4-related C–S bonds, which would normally be co-linear, here
subtend an angle of ca. 171°. The very low yield of cyclodimer
3 ( < 1%) thus clearly reflects the high strain-energy associated
with formation of a cyclic thioether–sulfone oligomer contain-
ing only two repeat units.

The cyclotrimer 4 and cyclotetramer 5 were isolated in very
much higher yields (ca. 15 and 10%, respectively), but despite
the increased ring size, there is still evidence of some steric
strain in the structure of 4, all three independent thioether C–S–
C bond angles being compressed by ca. 3° (Fig. 2).

The cyclic tetramer 5 adopts two entirely different confor-
mations in the solid state, depending on the solvent of
crystallisation. In the benzene solvate (5a) the oligomer
displays a rather flattened conformation with the macrocyclic
cavity being occupied by two of the five solvating benzene
molecules. In another solvate (5b), however, the macrocycle
adopts a ‘tennis-ball-seam’ conformation having non-crystal-

lographic D2d symmetry (Fig. 3). The solvent in 5b is very
substantially disordered and appears to comprise a mixture of
both solvents used in its recrystallisation (CHCl3 and CH2Cl2),
limiting the overall precision of the structure. It is nevertheless
evident from their bond and torsion angles that both 5a and 5b
are virtually unstrained. In both conformers all diphenyl sulfone
units have the conventional open-book geometry, so that
interconversion between the two structures may be achieved
simply by rotation about the thioether linkages.

We have found that peroxide oxidation of the cyclic thioether
sulfones [-SfSO2f-]n affords a further series of macrocycles
[-fSO2-]2n. These novel, cyclic oligomers of the highly
crystalline and intractable polymer poly(1,4-phenylene sul-
fone)6 will be described in a future communication.

We thank the Engineering and Physical Sciences Research
Council for financial support of this research.
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¶ Crystal data for 3: C24H16O4S4, M = 496.61, monoclinic, space group
P21/c, a = 9.912(1), b = 13.085(1), c = 10.007(1) Å, b = 117.67(1)°,
Z = 2, U = 1149.7(2) Å3, T = 203 K, Dc = 1.435 g cm23, m(Cu-
Ka) = 4.05 mm21, F(000) = 512. R1 = 0.0398, wR2 = 0.1003 for 1558
independent observed reflections [2q < 126°, I > 2s(I)]. For 4:
C36H24O6S6·3CHCl3, M = 1103.02, monoclinic, space group Ia,
a = 11.355(1), b = 32.209(2), c = 13.475(2) Å, b = 105.00(1)°, Z = 4,
U = 4760.5(10) Å3, T = 203 K, Dc = 1.529 g cm23, m(Cu-Ka) = 7.67
mm21, F(000) = 2232. R1 = 0.0693, wR2 = 0.1833 for 3861 independent
observed reflections [2q < 126°, I > 2s(I)]. For 5a: C48H32O8S8·5C6H6,
M = 1383.76, triclinic, space group P1̄, a = 8.289(2), b = 13.049(1),
c = 16.705(2) Å, a = 103.58(1), b = 101.88(1), g = 90.85(1)°, Z = 1,
U = 1714.9(5) Å3, T = 203 K, Dc = 1.340 g cm23, m(Cu-Ka) = 2.87
mm21, F(000) = 722. R1 = 0.0579, wR2 = 0.1360 for 4002 independent
observed reflections [2q < 126°, I > 2s(I)]. For 5b:
C48H32O8S8·5CHCl3·0.5CH2Cl2, M = 1632.52, triclinic, space group P1̄,
a = 15.147(1), b = 15.892(2), c = 16.591(2) Å, a = 72.68(1),
b = 66.14(1), g = 79.81(1)°, Z = 2, U = 3479.3(6) Å3, T = 203 K,
Dc = 1.558 g cm23, m(Cu-Ka) = 8.44 mm21, F(000) = 1646. R1 = 0.089,
wR2 = 0.214 for 5967 independent observed reflections [2q < 120°, I >
2s(I)]. Data for all four compounds were measured on a Siemens P4/RA
diffractometer with graphite-monochromated Cu-Ka radiation using
w-scans. The data were absorption-corrected and the structures were solved
by direct methods. Major-occupancy non-hydrogen atoms were refined
anisotropically on F2 data using the SHELXTL program package. CCDC
182/685.
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Fig. 2 Molecular structure of the cyclic trimer 4: bond angles within the
macrocycle at the sulfone sulfur atoms S(1), S(15) and S(29) are 105.7(4),
106.5(4) and 105.1(5)°, and those at the thioether sulfur atoms S(8), S(22)
and S(36) are 101.5(4), 101.1(5) and 103.0(5)°

Fig. 3 The D2d (‘tennis-ball-seam’) conformation adopted by the cyclic
tetramer 5 in solvate 5b: bond angles within the macrocycle at the sulfone
sulfur atoms S(1), S(15), S(29) and S(43) are 103.7(4), 104.9(3), 103.9(3)
and 104.6(3)°, and those at the thioether sulfur atoms S(8), S(22), S(36) and
S(50) are 104.5(4), 104.3(4), 104.0(3), and 106.3(3)°
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a-Zincated phosphorus ylides

Matthias Steiner,a Hansjörg Grützmacher,*a Hans Prtizkowb and Laszlo Zsolnaib

a ETH-Zürich, Laboratorium für Anorganische Chemie, Universitätsstrasse 6, CH-8092 Zürich, Switzerland
b Anorganisch Chemisches Institut der Universität, Im Neuenheimer Feld 270, D-69120 Heidelberg, Germany

1,3-Dizincata-2,4-diphosphoniacyclobutane rearranges into
a zincataphosphoniaindane which reacts with benzaldehyde
to give 1,3-diphenylallene.

By reacting phosphorus ylides (R = aryl) with mercury
bis(trimethylsilyamide) we found a simple synthesis of a-mer-
curated phosphorus ylides, Ph3PNCR[HgN(SiMe3)2], which
react in a Wittig type alkenation reaction with aldehydes to give
vinylmercury compounds.1 We explored the possibility of
synthesising comparable organozinc compounds in a similar
way. These reagents seemed promising to us since they contain
two oxophilic sites (P and low coordinated Zn) for the attack of
a carbonyl oxygen centre. Like titanacycles 12 or allenic
diazophosphorus ylides 23 they may serve as synthons for
carbon atoms (Scheme 1). In the course of the studies, we
observed an unprecedented cyclometallation reaction4 invol-
ving, presumably, a low coordinated zinc centre.

When a toluene solution of ylides 3a,b is added to zinc amide
4 at room temp. in toluene the expected adducts1 5a,b are
formed. They can be isolated as colourless precipitates after
short reaction times (10 min) by concentrating the volume of the
reaction mixture to 20% and adding n-hexane.†

While 5a is thermally unstable, 5b could be recrystallised
from n-hexane and its structure determined by an X-ray
analysis.‡ All bonds [av. Zn–N 1.956(3) Å, Zn–C 2.077(4) Å]
to the slightly pyramidalised zinc centre (0.138 Å above the
N(1)N(2)C(1) plane] are ca. 0.1 Å longer than comparable Zn–
N (av. 1.857 Å) and Zn–C (av. 1.952 Å) bonds in other
tricoordinated zinc compounds.5 The P(1)–C(1) distance
[1.738(3) Å] is slightly longer than corresponding distances in
a lithium phosphorus ylide complex6 (P–C 1.702 Å) or
uncomplexed ylides themselves (i.e. 3a: 1.693 Å).7 Keeping
solutions of 5a at room temp. or adding pyridine causes loss of
1 equiv. of HN(SiMe3)2 and leads almost quantitatively to
zincatacyclobutane 6 which precipitates as colourless crystals
from the reaction mixture. Compound 6 can be recrystallised
from THF–n-hexane (1 : 6 v/v). X-Ray analysis of 6‡ reveals a
four-membered planar centrosymmetric Zn2C2 heterocycle in
which the Ph3PCH units adopt bridging positions between the
tricoordinated zinc centres. The Zn–N [1.931(3) Å] and Zn–C
distances [2.068(4) Å] being again longer than in other low
coordinated zinc compounds compare well with the ones in 5b.
The Zn–C–Zn angles [84.5(1)°] are smaller than the C–Zn–C
angles [95.5(1)°]. In order to extrude 1 more equiv. of

Scheme 1 Reagents and conditions: i, 60 °C, 24 h, no py, 7%; ii, 60 °C, 16 h, py, 12%; iii, 60 °C, 16 h, 31%
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HN(SiMe3)2 we warmed 6 to 60 °C in presence of pyridine. A
clean reaction was evidenced by one new 31P resonance at d
34.8 (6: d 25.9). The new product 7 was purified by
recrystallization from toluene–n-hexane and completely cha-
racterised including an X-ray analysis. In order to explain the
formation of zincataphosphoniaindane 7, we assume that
pyridine cleaves the four-membered Zn2C2 heterocycle 6 to
give intermediate A which corresponds to an h1-arene complex
to an electrophilic metal centre. Precedence for such a Zn–arene
interaction is found in ZnPh2 which forms a trapezoid dimer in
the solid state with two ipso-carbon centres of the phenyl
substituents adopting an unsymmetrical bridging binding mode
(Zn–C 2.01, 2.40 Å).8 Being an intramolecular organometallic
s-complex, A possesses a ortho-hydrogen centre which be-
comes sufficiently acidic to be abstracted by pyridine to give
intermediate B. Reprotonation at the C(1) centre yields the
thermodynamically more stable product 7. Unfortunately, we
could not isolate compound B by deprotonation of 7 with a
strong base like NaN(SiMe3)2. Earlier work showed that 1a may
be lithiated by BunLi either at the CH2 group or at the ortho-
position of one of the phenyl groups attached to the phosphorus
centre.9 Our results confirm that the first product may be
obtained under kinetic control while the second one is
thermodynamically more stable.

When zincatacyclobutane 6 is reacted with 4 equiv. of
benzaldehyde in toluene at 60 °C, a pale yellow oil is obtained
after hydrolysis from which ca. 7% diphenylallene 8 were
isolated by column chromatography (n-pentane–Et2O 7 : 1 v/v).
Other products could not be identified. If the reaction is
performed in presence of pyridine, the yield of allene 8 is
augmented to 12%. Suspecting compound 7 may be involved in
the formation of allene we reacted the zincataindane 7 with 2
equiv. of benzaldehyde. Indeed, the allene was formed in 31%
yield. The mechanism of the seemingly simply Wittig alken-
ation is still not known with certainty10 and our results show that
reactions between metallated ylides and carbonyl compounds
may be even more complex.

The structure of 7 is shown in Fig. 1. The five-membered
heterocycle including a tetrahedrally distorted coordinated,
chiral zinc centre (racemic mixture in the crystal) adopts an

envelope conformation [angle between P(1)C(1)Zn and the
ZnC(3)C(2)P plane = 30°].

The Zn–C(3) (aryl) bond length [2.049(3) Å] is normal while
the Zn–C(1) (alkyl) bond [2.138(4) Å] is long. The Zn–
N(SiMe3)2 bond [1.982(3) Å] is 0.1 Å shorter than the Zn–Npy
bond. Owing to electrostatic interactions between the negatively
charged carbon center C(1) (being bonded to the electropositive
Zn centre) and the highly positively charged l5,s4-phosphorus
centre, the P–C(1) (sp3) bond [1.732(4) Å] is significantly
shorter than the P–C(2) (sp2) bond [1.803(3) Å].
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Hz, CH2), 2.08 (d, 18 H, 3JHP 9.3 Hz, NMe2). 13C: d 2.8 (d, 1JCP 91.7 Hz,
CH2). 29Si NMR: d 27.0. 31P NMR: d 74.0. 6: Mp 94–96 °C. 1H NMR: d
20.22 (s, 18 H, SiMe3), 0.01 [A part of AAAXXA, 1 H, (JHP + JHP) 17.7 Hz,
CH], 7.35–7.53 (m, 9 H, m-, p-H, PPh3), 7.62–7.74 (m, 6 H, o-H, PPh3). 13C
NMR: d 6.1 (d, 1JCP 27.7 Hz, Cring). 29Si NMR: d 27.3. 31P NMR: d 28.1.
7: Mp 79 °C. 1H NMR: d 0.47 (s, SiMe3, 2JHSi 6.2 Hz), 0.76 (d, 2JCP 9.5 Hz,
CH2), 6.55–6.64 (m, arom H), 6.80–740 (m, arom H). 13C NMR (75.469
MHz, C6D6): d 1.3 (d. 1JCP 47.5 Hz, CH2), 126.4 (d, 2JCP 13 Hz, 6A-C,
C6H4), 130.9 (d, 4JCP 4.0 Hz, 4A-C, C6H4), 131.5 (d, 3JCP 18.1 Hz, 5A-C,
C6H4), 136.1 (d, 1JCP 105.7 Hz, 1A-C, C6H4), 139.4 (d, 3JCP 21 Hz, 3A-C,
C6H4), 176.0 (d, 2JCP 45 Hz, 2A-C, C6H4). 29Si NMR: d 26.0 31P NMR: d
34.2. All compounds gave satisfactorily elemental analyses.
‡ Crystallography: All data collected using Mo-Ka radiation, refinements
by least-squares methods (full matrix) based on Fo

2 values (SHELXL-93).
5b: monoclinic, P21/n, a = 16.065(12), b = 12.239(7), c = 17.191(11) Å,
b = 109.81(5)°, U = 3180(4) Å3, Z = 4, 3.0 < 2q < 50.0°, 4568
reflections, 281 parameters, R1 = 0.0357 (only observed reflections),
wR2 = 0.0604. 6: monoclinic, P21/n, a = 12.352(14), b = 15.94(16),
c = 14.999(16) Å, b = 114.37(8)°, U = 2690(5) Å3, Z = 2, 3.62 < 2q <
50.00°, 4290 reflections, 342 parameters, R1 = 0.041 (only observed
reflections), wR2 = 0.1071. 7: triclinic, P1̄, a = 10.139(6), b = 14.245(8),
c = 24.464(13) Å, a = 95.67(4), b = 99.39(4), g = 96.09(4)°;
U = 3442(3) Å3, Z = 4, 4.1 < 2q < 47.00°, 10 037 reflections, 719
parameters, R1 = 0.039 (only observed reflections) wR2 = 0.0961. CCDC
182/677.
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Fig. 1 Molecular structure of 7: hydrogen atoms have been omitted for
clarity. Selected bond lengths (Å) and angles (°): Zn–N(1) 2.174(3), Zn–
N(2) 1.982(3), Zn–C(1) 2.137(4), Zn–C(3) 2.050(3), P–C(1) 1.733(4),
P–C(2) 1.803(3), C(2)–C(3) 1.409(4); N(1)–Zn–N(2) 103.4(1), N(1)–Zn–
C(1) 101.5(1), N(1)–Zn–C(3) 102.2(1), N(2)–Zn–C(1) 122.4(1), N(2)–Zn–
C(3) 130.1(1), C(1)–Zn–C(3) 92.9(1), Zn–C(3)–C(2) 113.3(2), C(3)–C(2)–
P 114.9(2), C(1)–P–C(2) 108.3(2), P–C(1)–Zn 100.8(2).
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The phase behaviour of organic compounds is at the same
time rich, appealing and complicated. From the properties of
the pure liquid, to molecular recognition, aggregation and
nucleation, both as a liquid and in solution, a number of
different paths can be followed whose thermodynamics and
kinetics are still to a large extent a mystery. Very little is
known at a molecular level about the selective process that
causes some nuclei to grow into crystals, while other
aggregates are unproductive; similarly, the molecular details
of the melting and dissolution processes are missing. Since
the dimensions of objects and the timescale of events are
scarcely or not at all accessible to experiment, computational
simulation seems a viable alternative for the investigation of
these phenomena.

Introduction

Modern chemistry has developed an extraordinary capability in
the manipulation of molecular structures, and the synthesis of
compounds of unusual or extreme chemical bonding (e.g.
cubane), or stereochemical fine tuning (e.g. the total synthesis
of taxol) are now within the range of possible, if not common,
achievement. However, much less progress has been made in
the control of molecular aggregation, and very little is known
about the mechanisms of such commonplace events as melting,
nucleation, growth and crystallization from the pure liquid or
from solution. The main reason for this uneven development is
that ordinary chemical bonding occurs in the range 102–103

kJ mol21, while molecular recognition and condensation lie in
the range 100–101 kJ mol21; transformations among bonding
patterns have therefore a much more predictable and reproduci-
ble course than intermolecular rearrangements, whose energetic
landscape is but slightly undulated.

Of course, X-ray diffraction on single crystals has provided a
tremendous amount of direct structural information on solids,
and has fostered great advances also in our understanding of
intermolecular interactions. Liquids and solutions are much less
amenable to such detailed analysis, and, correspondingly, our
knowledge of their intimate structure and properties is much
less developed. It is perhaps obvious that studying inter-
molecular phenomena requires a knowledge of intermolecular
potential energies and forces, out of which the fabric of
macroscopic objects is woven. It is perhaps less frequently
appreciated that thermal (i.e. kinetic) energy and entropy are
also involved in determining the behaviour of matter. A 1985
textbook1 appropriately stated: ‘there is a big gap between
knowing what the forces between two isolated molecules are
and understanding how an assembly of such molecules will
behave . . . even today there is no simple formula for deriving
the properties of condensed phases from their intermolecular
potentials . . .’. Much of this review will be devoted to the use
of computer resources to bridge that gap and understand that
derivation.

A first conceptual divide is the distinction between methods
which explicitly include kinetic energy and account for thermal

motion, and those which do not. For example, quantum
chemical (QC) calculations can reproduce or predict structures,
energies and activation barriers, but not the effects of thermal
libration. The same applies to empirical calculations dealing, for
example, with lattice energies of crystals and energy differences
between polymorphs, using crystal structures frozen in the
configuration derived from X-ray diffraction analyses or from
some geometrical structure-guessing procedure. The effects of
molecular librations may be somehow incorporated in the force
field parameters, by calibrating them to reproduce specific
volumes, but the description of libration itself is missing in the
entirely static setup of both parametrization and modeling: all
such calculations formally refer to a temperature of 0 K. Monte
Carlo (MC)-type calculations include to some extent thermal
energies, in that the Metropolis algorithm introduces a tem-
perature-dependent Boltzmann factor for acceptance or rejec-
tion of phase space sampling steps. A full account of the
dynamical evolution of a system under the action of potentials
and including kinetic energies is given only by molecular
dynamics (MD) calculations, which, at least in principle, allow
a complete sampling of phase space and a de novo derivation of
structural, thermodynamic and kinetic parameters.

The availability of accurate and easily applicable potential
formulae and parameters is one of the key points in any
theoretical treatment of condensed phases. In fact, one could
contend that even in quantum chemical calculations the choice
of the basis set and of the method for treating electron
correlation are the equivalent of empirical parametrizations in
classical force fields. However, the subject of potential
formulation and optimization will not be considered here, since
such a topic, even if schematically treated, would take up all the
journal space allotted to this review. The problem of potentials
will be addressed, in a cursory fashion, at some places, but the
main emphasis will be on a perspective of what can or could be
done to simulate, rationalize, predict or control molecular self-
organization under the assumption that a suitable potential has
indeed been made available. The reader should be conscious
that this is not equivalent to saying that suitable potentials can
always be derived, or, worse, that the power of MC, MD or
quantum chemical algorithms is such that any potential
formulation will do.

As is usual in these days of massive publication policies, the
literature survey will be representative, rather than exhaus-
tive.

Molecular recognition

Consider two molecules of different species, A and B, in the gas
phase or in any condensed phase which allows substantial
diffusional freedom. The most elementary definition of mole-
cular recognition is the following aggregation step (1),
neglecting the effects of the surrounding medium.

A + B?AB (1)
If this reaction describes hetero-recognition, self-recognition,

relevant to condensation, nucleation and crystal growth in pure
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substances, is given instead by step (2) where the expression
[nA] denotes an aggregate of n identical molecules of species
A.

A + A? [2A] (2a)
[nA] + A? [(n + 1)A] (2b)

Processes (1) and (2a) can be studied quantum chemically, if
the sizes of A and B are affordable (a base pair, but not a DNA
strand and a ligand) given the required accuracy in the treatment
of electron correlation. Process (2b) becomes quickly too
expensive to be tackled by QC methods for molecular sizes
(10–50 atoms) and n-values (10–100) of chemical signifi-
cance.

High quality QC calculations on systems like (1) and (2a) can
be used to derive cohesive energies and equilibrium distances
which can then be exploited in the parametrization of empirical
potentials. Typical results2 indicate that, for example, the
energies of C–H···C, C–H···S and S···S interactions are 22.9,
21.9 and 21.5 kJ mol21, respectively, an energy range which
is consistent with that indicated in the opening statement of this
review.

If a more realistic picture of the molecular recognition
proceedings is desired, including solvation effects, one can use
MC or MD calculations. Potentials here must be empirical,
including usual intramolecular force field contributions plus
intermolecular contributions, the latter being generally treated
as a series of inverse powers of atom–atom distances, i.e. terms
of the type CR2n where Cs are calibrating constants and the
exponents are integers in the 1–12 range. Such events as
solvation, dimerization and further aggregation can be simu-
lated comfortably over systems consisting of a few thousand
atoms. Using such techniques, for example, the optimized
interaction energies of the benzene dimer in solution have been
shown3 to be within 27.1 and 29.6 kJ mol21, for widely
different dimer structures; differences in stability between these
aggregates are, again, in the range of a few to a few tenths of a
kJ mol21.

A substantial drawback in this kind of calculation is that
empirical potentials cannot account for molecular polarizabil-
ity, at least for larger molecules with complex chemical
features, since most force fields—at least the ones of more
widespread applicability—are invariant with time and chemical
environment. Indeed, describing steps (2a) and (2b) with the
same force field for molecule A is unrealistic, and even less
realistic is the use of an invariant field for molecule A when it
is exposed to a strongly polarizing solvent, water to mention an
obvious case.

A bonus of MD is that, besides thermodynamics, a picture of
the interaction kinetics is obtained: this is vital if one considers
molecular recognition as the preliminary step of condensation,
ideally looking for liquid phase or solution precursors to crystal
nucleation. Simulations of molecular aggregation by hydrogen-
bonding in carboxylic acids and amides prove that in solution an
equilibrium exists between cyclic and periodic chain arrange-
ments.

Thus, the relatively high abundance of the chain dimer for
tetrolic acid in CCl4 solution, predicted by MD,4 is in agreement
with the existence of two crystal polymorphs, one with the
cyclic and one with the catemer motif. Understandably, such
hydrogen-bonded aggregates survive in the apolar solvent, but
break apart almost instantly in water. For 2-pyridone in CCl4,

the frequency of events in which one of the two hydrogen bonds
of the cyclic dimer is cleaved,5 most likely due to transfer of
kinetic energy from solvent to solvate molecules, agrees with
the significant dipole moment observed for the dimer in
solution;6 however, the high stability of the dimer is in contrast
to the observed crystal structure, which exhibits the catemer
motif. Fig. 1 shows typical time evolution graphs for the
relevant hydrogen-bonding distances; such information is in
principle very valuable for structural predictions, but clearly
yields only a preliminary picture of the subsequent nucleation
and growth processes.

Condensation; liquids

The notion that with an appropriate reduction in temperature
and/or increase in overall pressure any vapor will condense into
a liquid is trivial even in everyday words. Less widespread is the
notion that even this familiar process requires a preliminary
recognition leading to molecular clustering, a not so intuitive
process for matter in the gas phase. Simulation studies of
clustering from vapor have been presented,7 but this topic will
not be further pursued in this paper, which is mostly oriented
towards molecular aggregation equilibria in condensed
phases.

Organic compounds which are in the liquid state at around
room temperature are made of small or apolar molecules. For
these, the bulk liquid can be studied rather comfortably by MC
or MD (e.g. ref. 3) with excellent results on the thermodynamics
(heats of vaporization and Cp values) and on the structure (radial
distribution curves). A recent MD study of liquid ethanol8
afforded accurate estimates of thermodynamic and transport
properties, of molecular conformations and orientational order,

Fig. 1 Time evolution of the hydrogen-bonding O···H distances during MD
simulations for cyclic dimers of (a) tetrolic acid (ref. 4) and (b) 2-pyridone
(ref. 5)
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as well as a description of the characteristics of hydrogen
bonding states. Liquid phenol was studied9 using an inter-
molecular potential derived from accurate QC calculations on
the isolated molecule or dimers and trimers (remarkably, four
dimers of widely different geometries span a cohesive energy
range of just 4 kJ mol21, and the three most stable trimers of just
10 kJ mol21). MC simulations of the hydrogen bonding patterns
in liquid formic acid10 reveal that cyclic dimers occupy only 7%
of the phase space, while in methanol clusters of 5 to 256
molecules,11 small monocyclic aggregates were found to
exhibit considerable persistency, presumably correlated with
the high percentage of alcohol crystals with multimolecular
asymmetric units composed of such cycles.12

The vast majority of organic compounds of molecular weight
over 100 are solid at room temperature, and experimental
measurements of the properties of their liquids can be awkward.
Computer simulation can be very helpful here: test MD
calculations13 show that even simple 6–12 or 6–exponential
atom–atom potentials, calibrated using static crystal structure
data, can reliably estimate the density and heats of vaporization
of comparatively large compounds, e.g. benzamide or cou-
marin. The complete calculation of specific volume as a
function of temperature for liquid and crystal phases is also
feasible (e.g. Fig. 2). Note that no timescale problem exists in
the MD simulation of equilibrium bulk liquids, since experi-
mental time constants for molecular diffusion span the 90 ps–20
fs range,14 quite within the possibilities of today’s MD.
Presumably, the computational estimation of the thermo-
chemical properties of small to medium-size organic molecules
successfully competes, on the basis of cost : quality ratio, with
experimental determinations.

Nucleation and the solid–liquid interface

A bulk liquid at a temperature much higher than its freezing
point should ideally be completely disordered and hence
perfectly homogeneous. Quite a different situation must arise
when the temperature is lowered to the freezing point, and, even
more, below it. An undercooled liquid must experience
fluctuations towards the thermodynamically stable crystalline
phase, and, if the size of nuclei formed during these fluctuations
exceeds a certain critical threshold, evolution to the crystal is
observed; otherwise, the subcritical nuclei merge back into the
bulk fluid.15 The theoretical study of these nucleation phenom-
ena can proceed at an almost entirely macroscopic level, using

comprehensive descriptors without regard to molecular struc-
ture,15–17 or through several kinds of computational guinea pigs
such as the Lennard–Jones system or other, similarly over-
simplified (at least, with respect to ordinary organic chemistry)
interaction sites.18–20 Macroscopic theories of crystal growth
have been developed mostly using cell models (like the Burton–
Cabrera–Frank model), and models intermediate between the
macroscopic and the molecular level exploit simple concepts
such as the relationships between the growth speed of different
crystal faces and the interplanar spacing (the Hartmann–Perdok
model) or molecular attachment energies; however, these
approaches lack resolution on the detail of molecular recogni-
tion, and hence are beyond our present scope. Heterogeneous
nucleation, induced by interactions with random impurities, and
hence orders of magnitude more complicated than homogen-
eous nucleation, will not be considered here for obvious
reasons.

Progress on systems composed of real molecules has been
made by joint experimental and theoretical studies of molecular
clusters.21 Clusters can be prepared in such conditions as to
have nucleation rates as high as 1030 m23 s21, perhaps 15 orders
of magnitude larger than those in bulk liquids, and this is what
makes them especially attractive targets for nucleation studies.
For example, MD simulations on clusters including a few
hundred molecules correctly reproduced solid–liquid transi-
tions, and, even more significantly, an MD simulation on a
cluster of 188 tert-butyl chloride molecules showed stability in
the observed plastic crystalline tetragonal phase as well as
spontaneous transformation to a low-temperature ordered,
monoclinic crystalline phase, in agreement with electron and
neutron diffraction data.21 tert-Butyl compounds have a rich
phase behaviour with several solid–solid and solid–liquid
features, which have been studied by thermal analysis and
theoretical dynamical methods (see ref. 22 for results and
related literature).

While a complete phase diagram in the P–T plane can be
obtained for a system of Lennard–Jones spheres,23 solid–liquid
equilibrium in molecular systems of moderate complexity is
also almost within reach of present day computer capabilities.
The nucleation and melting of linear Cn alkanes has been
studied24 by MD using an n-site Lennard–Jones representation
of the molecules, in the NPT ensemble, i.e. at constant pressure,
in a box with periodic boundary conditions resembling the bulk
more than a cluster. The time evolution of thermodynamic and
structural parameters could be monitored on line, in what can be
considered an ideal computational experiment in nucleation.
Similarly, encouraging results have been obtained for the
liquid–solid phase transition of cyclohexane, with a six-site
molecular model.25 Using MD, the freezing of supercooled
water, induced by an electric field, has been successfully
simulated26 over a period of a few hundred picoseconds, a quite
affordable timescale for present-day computers.

Simulations of this kind, when extended to larger molecules,
and analyzed for the identification of crystallization precursors,
can be of extreme value in the progress of our understanding of
nucleation from the melt.

Nucleation and crystallization from solvent

Nucleation of organic molecules within a solution is at present
an essentially unaccessible phenomenon. The nuclei are too
small to be seen by direct or scattered light, and their size
distribution and dynamic growth properties cannot be deter-
mined experimentally. Computer experiments are therefore the
only means to probe this elusive reality.

A first attempt to study the behaviour of elementary nuclei in
solution was made4 on dimers of tetrolic acid, as discussed
previously in this paper. For a more comprehensive and
significant test, an MD simulation was run on a computational
box initially consisting of 9 3 9 3 9 cells about 7 Å wide, 20
of which, picked at random, were occupied by (solute) acetic

Fig. 2 Specific volume versus temperature for benzene from MD
simulations of the liquid and crystal phases (from ref. 13). (2) calculated;
(«) observed.
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acid molecules, the others being occupied by (solvent) CCl4
molecules; no solute–solute distances below 15 Å were present
in the starting configuration. Crystal potentials27 were used for
intermolecular interactions of the solute, and standard poten-
tials28 for the united-atom solvent molecules, applying the usual
averaging rules for cross interactions and a 30 Å cutoff in
intermolecular summations. The intramolecular geometry of the
acetic acid molecules was frozen, except for the wagging
motions of the acidic proton. Several runs were conducted at
constant temperature between 200 and 300 K; the 200 K results
are discussed, but the results did not change significantly with
temperature. The GROMOS96 package29 was employed.

The results are, if not conclusive, at least stimulating. Since
no periodic boundaries were imposed, the starting box quickly
relaxed into a pseudospherical shape [Fig. 3 and 4(a)], and at the
same time a very fast condensation of solute molecules into
small clusters made of 2–5 molecules was observed [Fig. 4(b)
and 5], with geometries ranging from head-to-head dimers over
the COOH function, to small hydrogen-bonded oligomers
bound into cyclic structures. Not unexpectedly, no trace of
intermolecular symmetry was found within these prototypical
droplets, in which the molecular centers of mass stayed within
cohesive distance during the simulation, while the detailed
structure exhibited a highly fluxional behaviour. The solute
potentials were of the 6–exp type,27 transformed to 6–12 for
compatibility with GROMOS; their well depth corresponds to a
hydrogen-bonding energy (about 30 kJ mol21), but they fall off
very quickly with distance. Therefore, to probe the efficiency of
molecular attraction at long range, the computer experiment
was then repeated supplementing the 6–exp potential with
coulombic terms computed with the GROMOS96 charge
distribution over the COOH group, thus increasing artificially,
and even unrealistically, the intermolecular attractive forces.
The stronger potentials bring molecules together more rapidly
and hold them more tightly together within the droplets;
although energies and trajectories differ somewhat, however,
the final results in terms of structure and the total number of
hydrogen bonds were essentially the same. One possible
interpretation is that solute condensation is helped by solvent
reorganization, besides solute–solute attractive interactions; in
other words, some of the driving force for the segregation of
solute molecules may come from the tendency of the solvent to
squeeze out the disturbance to its own structure. If and how
these conclusions can stand the trial of changes in the solute
potential, in the length of the simulation, or in boundary
conditions, remains to be seen; the example proves the

feasibility, and hints to a possible usefulness, of this kind of
simulation.

The other relevant aspect of the solute–solvent equilibrium is
the growth of macroscopic crystals once the nucleation stage
has been overcome, and template crystal surface(s) are available
within the solution. The timescale of events involved in crystal
growth goes from (presumably) picoseconds for structural
relaxation of molecules adsorbed on growing surfaces, to
nanoseconds for molecular diffusion over the surface, to
seconds for the growth of several monolayers; the first two steps
are easily manageable by MD, but not the third. The so-called
kinetic MC method can be employed, in which, roughly
speaking, transition probabilities among configurations are
weighted by estimated rates of the transition events, rather than
by the Metropolis test as is the case in thermodynamic MC.
Apparently, KMC simulations span formal times of the order of
hundreds of seconds (see ref. 30 for further description and a
review).

For chemical purposes, growth from solution is the method of
choice. The concept of a relationship between a given crystal
structure and the structure of precursor nuclei in solution has

Fig. 3 Starting configuration within the computational box for 20 AcOH and
709 CCl4 molecules; large circles are united-atom solvent molecules

Fig. 4 (a) Overall view of the AcOH–CCl4 system after 400 ps; 10 solvent
molecules (not appearing) have departed from the drop, simulating
evaporation. (b) Detail of the arrangement of AcOH molecules. A denotes
cyclic dimers, B a chain trimer, C a four-molecule structure with bifurcated
H-bonding and D a cyclic pentamer. In E, two molecules are close together
but not H-bonded. F is an isolated molecule.
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been introduced and exploited by the Weizmann school in a
series of beautiful experiments, in which nucleation inhibitors
were designed, on the basis of molecular structure, to bind
stereospecifically at the surface of the stable polymorph, thus
preventing its growth and enhancing the growth of metastable
polymorphs (see ref. 31 for a recent account on the control of
glycine polymorphism). At the other extreme, holistic analyses
of the nucleation and growth kinetics produce phenomeno-
logical equations which lack molecular detail, but can be used32

to study the rate-controlling processes in solvent-mediated
phase transformations (Ostwald cycles).

Several experimental techniques are nowadays available for
the in situ monitoring of crystal growth at atomic level; among
others, atomic force microscopy33 and laser interferometry.34

The ideal computational experiment in crystal growth and
dissolution involves the preparation of a computational box in
which one or more crystal faces are exposed to either the pure
solvent or a solution of the crystallizing substance, and the
monitoring of the evolution in time of the system by MD.
Problems of potentials (polarizability) and of timescale concur
in making this experiment a very awkward one, e.g. given an
elongation rate of 0.3 mm min21 on a needle of the diameter of
10 mm,35 a simple calculation shows that on a computational
surface 100 3 100 Å wide, one should wait 3 3 108 ps to
observe the attachment of a single molecule. This experimental
result obviously incorporates an unknown time lag due to
diffusional barriers within the solution; attachment and detach-
ment events within the microscopic layer in intimate contact
with the crystal surface may proceed at a much higher rate. In
fact, MD simulations of the interface between a saturated urea
solution and the urea crystal36 revealed, at least, interesting
preorganization details within the adsorbed layers. Well within
the range of MD is instead the equilibration of water over crystal
surfaces, or an essentially surface phenomenon, revealing
details of the interaction with relevance to morphology37 and
wettability.38

Crystals

The final product of molecular recognition can be comfortably
examined in the crystal structure, thanks to X-ray diffraction—
at least in the majority of occurrences, but not always, since for
yet unknown reasons a small but significant percentage of
organic molecules refuse to organize into suitable single
crystals. Present-day diffraction facilities, using stronger
sources and two-dimensional detectors, have considerably
reduced the number of inaccessible crystalline materials.

The dynamics of molecules in crystals far from transition
temperatures is essentially harmonic, and hence rather uninspir-
ing. Intermolecular librations can be successfully modeled by
harmonic lattice dynamics, while extensive MD simulations are
rather a tool for a more accurate calibration of potentials than for
the discovery of new facts.39

Long before MD methods were devised, extensive compu-
tational work had been conducted on molecular crystals, dealing
successfully with crystal packing analysis and crystal thermo-
dynamics (see ref. 40 for a historical perspective). The
background was thus laid for tackling more ambitious goals,
like the enforcement of close-packing in translationally sym-
metrical molecular assemblies, and eventually, the com-
putational prediction of crystal structures.

In the last five years or so, computational methods have been
developed for guessing the crystal structure a compound will
adopt, starting from the bare molecular constitution, and not
without some success.41–48 Such methods completely overlook
all preliminary, dynamic molecular recognition stages, and rely
on astute algorithms and shortcuts to assemble the crystal
structure like a sort of molecular LEGO puzzle, the guiding
concept being that the predicted crystal structure must be the
one with the most stabilizing lattice energy. These procedures
rely sometimes on random, Monte Carlo-type, or even brute
force searches through the potential energy hypersurface, or on
energy minimizing algorithms, and sometimes on symmetry
considerations with an exploitation of close-packing principles;
they are therefore essentially static in nature, although at some
stages dynamic reshuffling in the form of simulated annealing
may be applied, to facilitate the crossing of barriers and the
unification of apparently different valleys. Typically, hundreds
or thousands of plausibly close-packed structures are generated,
and clustering of equivalent ones is problematic—consider, for
example, just the problem of cell reduction in triclinic space
groups. The basic result, common to all of these procedures, is
a portrait of the potential energy landscape in the proximity of
its minima, a picture that invariably reveals shallow regions
among which the recognition of absolute stability is impossible.
Fig. 6 and Tables 1–4 demonstrate this assertion.

Things could not be different, given the unavoidable physical
nature of weak intermolecular interactions, and their energy
range (see the introduction to this paper). The energetic
resolution of empirical intermolecular potentials is presumably
of the same order of magnitude as the energy differences they
try to gauge; entropy differences are neglected. Besides, the
starting molecular geometry is assumed in vacuo, and a reliable
account of the interplay between the intra- and inter-molecular
force field is awkward. Nevertheless, these structure prediction

Fig. 5 AcOH in CCl4: number of hydrogen bonds formed during the MD
simulation, starting from the configuration in Fig. 3. Curve (a), with
charges, curve (b), without charges (see text). T = 200 K.

Fig. 6 Scatterplot of the cell volumes and packing energies of crystal
structures generated in six different space-groups for the molecule shown in
the inset (after ref. 48).
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algorithms are extremely valuable in that they usually can
narrow down the choice to a few, typically 5–10 possible crystal
structures, and this is an important result which should not be
overlooked. Besides, when coupled with partial X-ray diffrac-
tion data (e.g. from faulty crystals or from powders) they lead to
consistent structure prediction, the discrimination between
computationally generated structures being taken care of by the
reliable (often indisputable) experimental crystallographic
information.49,50 These facts are more than enough to foresee a
wide impact of computational techniques, in the near future, on
the design of novel molecular materials with desirable struc-
ture–property relationships. And, after all, with some luck and
a modicum of chemical or crystallographic intuition, some of
these methods can actually lead to a real de novo crystal
structure prediction for some molecules; the trouble is, success
or failure depends on still uncontrolled factors, and the success
rate cannot be assessed in a systematic way, so that weak spots
cannot be clearly identified and ameliorations cannot be
rationally planned, at least thus far.

Phase behaviour of organic compounds

The study of organic molecules in the 100–1000 Da molecular
weight range51 is full of richness and fascination, although more
so as regards their aggregation properties than the bare
molecular structure, i.e. more in the inter- than in the intra-
molecular arena. The definition and modeling of weak recogni-
tion forces pose a great theoretical challenge, but also the
applicative side is full of promise.

The in vacuo theoretical chemistry of small molecules
includes a design step, done by sketching a molecular
composition and connectivity on paper, and a structural
exploration stage, in which quantum chemical or force field
methods are used to define the conformation(s) and overall
shape of the molecule in the absence of surrounding fields. If a
high-quality wavefunction is available, the main features and
even some detail of the molecular electrostatic field can be
obtained for each conformation.

The study of the intermolecular theoretical chemistry of
organic small molecules hits a big stumbling block in its very
first stage, which is the polarization of the in vacuo molecular
field by the environment. The study of condensed phases should
start from the simplest one, a pure liquid; from there on, a wide
range of possible paths can be envisaged in the modeling of the
phase domain, using temperature/kinetic energy as a guideline.
Several degrees and types of structuring and ordering set in as
the temperature of the liquid decreases, from molecular
clustering, to one- or two-dimensional translational ordering in
liquid crystals (LC), to three-dimensional translational ordering
with rotational disorder in plastic crystals; further on, or
alternatively, a glassy state could be reached. All of these
mesophases could be either thermodynamically stable or
metastable with respect to the crystalline solid. At this stage the
system assumes the status of a material with a macroscopic
molecular assembly which can be used for specific purposes,
since its texture interferes and specifically interacts with
electromagnetic waves (LC display devices, non-linear optics),
or with electric and magnetic fields (electrets and organic
magnets).

In a conceptually final condensation stage, with further
reduction of translational and rotational kinetic energies, the
crystalline state is accessed, whose complete anisotropy of
course enhances all possibilities for practical uses of the
material. Even here, some flexibility is left in the consideration
of possible polymorphism.

Binary solutions are just the two-component equivalent of the
already immense one-component problem outlined above.
Although neither pure liquids nor solutions can compete with
solids for applicative purposes, the liquid state holds the
premises for our comprehension of solidification. The basic
dissolution–segregation process is in fact the key to an

Table 1 Results of crystal structure prediction for isoiridomyrmecin (CSD
refcode ISIRIN) (ref. 42)

Space group Z E/kJ mol21 Vcell/Å3 b axis

P21 2 103.0 473.8 6.42
115.3 474.5 12.4
111.3 471.9 9.02
112.2 497.0 7.35

P1 1 103.5 241.1 —

Table 2 Predicted crystal structures for 1,8-dinitronaphthalene

Space group (V/Z)/Å3 E/kJ mol21 Ref.

P212121 Exp 233.31 105.1 43
P1̄ 233.25 102.5 43
P21 237.04 103.4 43
P21/c 231.29 108.5 43
P212121 Exp opt 219.5 123.8 49
I2/a 227.9 119.7 49
P21/c 221.4 123.4 49
Pbca 227.4 120.5 49

Table 3 First 10 structures predicted for durene (1,2,4,5-tetramethyl-
benzene, ref. 45)

Space group E/kJ mol21 Z

P1̄ 89.64 1
P1̄ 83.74 1
Pca21 83.31 4
Pbca 82.81 4
P21/a 82.23 4
P21/c 81.68 4
Pna21 80.93 4
P21 80.64 2
P21/a 80.47 2
P21/c 79.76 2

Table 4 Crystal structure prediction for AcOH (ref. 47). For each space
group No is the total number of structures generated, NA the number after
clustering

No NA Best E/kJ
mol21

P1̄ 37 705 7 69.2
P21 2294 10 67.3
P21/c 60 683 113 69.7
C2/c 69 908 139 69.9
P212121 7035 19 69.8
Pna21 3874 47 69.5
Pbca 9410 49 69.1
Pnma 15 100 40 63.5
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understanding of the mechanisms of formation of the vast
majority of organic solids.

Summary

Thus, the phase–mesophase behaviour of organic compounds is
an inextricable tangle of kinetics and thermodynamics. We
would like to conclude this article with some assessment of
present or near-future computational approaches to its predic-
tion and control. We assume that molecular structure and
intermolecular potentials have been somehow established using
the procedures and within the limitations outlined in the
preceding sections.

Fairly accessible would be the prediction of the densities and
cohesive energies of the liquid, liquid crystal, glassy and
crystalline states of the substance. For the first three, dynamic
calculations are necessary, but the corresponding computational
boxes could be rather easily set up and equilibrated at any
desired temperature. At least for the crystal, prediction could
also go through static calculations, using one of the several
algorithms described in a former section of this paper. Although
the detailed geometrical structure of the crystal may not be
accurately and reproducibly predicted, the available methods
can usually produce 5–10 structures among which the possible
polymorphs would almost certainly be included.

Quite a different problem would be the prediction of relative
thermodynamic stabilities and of transition temperatures, for
which an accurate evaluation of the enthalpies and entropies of
all phases as a function of temperature would be needed. This is,
so far, a prohibitive task. The dynamic simulation of the detailed
transformation paths and of their kinetics is also so far
extremely demanding, but steps are already being taken in this
direction, and the promise for very quick development in the
near future is high.

Control is a step beyond prediction. It would certainly be
desirable to learn how to design the molecular architecture so as
to engineer a certain property within the material, e.g. its
propensity to form liquid crystal phases, or the presence or
absence of a center of symmetry in the crystal, up to a fine
tuning of molecular orientation in the solid to produce a certain
electrooptical effect. A structural approach to crystal structure
prediction and control makes use of the concept of crystal
synthons, or basic recognition blocks which, when implanted in
molecular objects, drive their spatial recognition to pre-
established goals.52 Its success depends on some systemati-
zation and much chemical intuition.

There is little that can be done directly, in terms of control of
the properties of a material, by pure calculations; a computer
computes properties, but cannot be confidently taught to
appreciate the influence of molecular chemistry on them, a task
which is more appropriate to the human than to the electronic
mind (the crystal packing modes of primary amides had been
codified and to some extent predicted53 in times when
computers were in their infancy). It is still for the human to line
up all the computational information and to organize it towards
comprehension. In this respect, what computers can easily do,
besides brute force exploration of the phase space, is to gather
at a fantastic speed, for the use of a human operator, information
that would be too tedious or quite impossible to obtain by hand.
Using computer-accessible collections of crystal information,
like the Cambridge Structural Database,54 one learns for
instance55 (after having programmed computers for decades to
explore all the cell space) that molecular centers of mass must
lie in special positions within the crystal cell, i.e. roughly
halfway between inversion centers or between screw axes. Also,
crystal structure prediction algorithms can be designed to learn
from the structural or energetic properties of existing struc-
tures.56 Together with the exponential increase in mere
computing power, the near future should see a more and more
widespread cooperation of human and electronic mindpower

towards a more comprehensive understanding of the phase
behaviour of organic compounds.
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Hydrotalcite catalysis: heterogeneous epoxidation of olefins using hydrogen
peroxide in the presence of nitriles
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The layered hydrotalcite, Mg10Al2(OH)24CO3, acts as an
efficient base catalyst for the epoxidation of various olefins
using hydrogen peroxide in the presence of benzonitrile and
with MeOH as solvent. 

Hydrotalcites consist of Brucite-like layers having positive
charge with anionic species in the interlayer, forming neutral
materials.1,2 Combination of different elements, changing the
element ratios in the Brucite-like layer and selection of different
anionic species can tune up the basicity of the hydrotalcites and
the interlayer distance.3 Recently, we found that hydrotalcites
show high catalytic activities for the Baeyer–Villiger oxidation
of various ketones using a combined oxidant of molecular
oxygen and benzaldehyde or MCPBA; the surface hydroxy
groups of the hydrotalcites acted as basic sites to promote the
above oxidations.4–7Here, in relation to our studies on the base
catalysis of hydrotalcites, we report that the heterogeneous
epoxidation of various olefins using hydrogen peroxide is
catalysed by hydrotalcites to give the corresponding epoxides
[eqn. (1)].

There are few reports concerning the oxidation of olefins by
hydrotalcite catalysts using hydrogen peroxide.8–11 Shape
selective epoxidation was observed in the case of poly-
oxometalate-intercalated hydrotalcites. But diols and oxolanes
were formed to some degree by successive cleavage of the
epoxides. Notably, our oxidation system using hydrotalcites
exculsively gives epoxides without other products.

Various hydrotalcites used in Table 1 were prepared by the
literature procedures.1,12,13 Elemental analyses for the hydro-
talcites are in good agreement with literature values. After

drying the hydrotalcites at 110 °C, they were stored in air and
used without further pretreatment.†

In the presence of Mg10Al2(OH)24CO3, oxidations of cyclo-
hexene using hydrogen peroxide with benzonitrile were carried
out in various solvents such as methanol, benzene, toluene and
1,2-dichloroethane.‡ MeOH gave the highest yield of cyclohex-
ene oxide. However, the oxidation hardly occurred in the
absence of benzonitrile. Table 1 shows the catalytic effect of
various hydrotalcites on the epoxidation of cyclohexene using
benzonitrile in MeOH. Yields of cyclohexene oxide increased
with increasing heat of benzoic acid adsorption on the
hydrotalcites. The basicity of these hydrotalcites was estimated
by a measurement of calorimetric heats of benzoic acid
adsorption using microdifferential scanning calorimetry.7 It is
likely that the basic hydroxy groups of the hydrotalcites play an
important role in the epoxidation. Bases such as NaOH and
KOH catalyse the epoxidation of olefins using hydrogen
peroxide in the presence of nitriles.14,15 However, NaOH was
not an effective base for our epoxidation.§

Table 2 shows results of the oxidation of olefins with
benzonitrile in MeOH. Common linear and cyclic olefins such
as oct-1-ene and cyclohexene gave the corresponding epoxides
as sole products in excellent yield, respectively (entries 1–7).
Norbornene gave only exo-norbornene oxide in quantitative
yield (entry 8). Remarkably, styrene was oxidized to give
styrene oxide in a high yield without formation of other
oxidation products, e.g. acetophenone and benzaldehyde (entry
9). In the case of an a,b-unsaturated ketone, cyclohex-2-en-
1-one, the epoxidation exclusively occurred without formation
of the Baeyer–Villiger oxidation products (entry 10). This
epoxidation proceeds stereospecifically with retention of con-
figuration at the double bonds (entries 2 and 3).

Interestingly, we found that adding sodium dodecyl sulfate
and sodium dodecylbenzene sulfate to the above oxidation
system markedly increased the rates of the epoxidation;
cyclooctene oxide was obtained quantitatively within 2 h.¶ This
epoxidation consists of two phases; the olefin and nitrile are in
the organic phase, while the hydrogen peroxide and hydrotalcite
are in the aqueous phase. The above additives might act as a
surfactant to form reverse micelles (aqueous phase in organic
medium), which helps to increase contact area of the interface
between the two phases. The detailed role of the additives in this
epoxidation system is under investigation in our laboratory.

This epoxidation involves the following two steps; (i)
formation of peroxycarboximidic acid by the reaction of a
nitrile with hydrogen peroxide, and (ii) oxygen transfer from
peroxycarboximidic acid to olefin, in which step (i) is promoted
by bases.14 It is likely that the hydrotalcite acts as a solid base
and promotes the formation of peroxycarboximidic acid,
leading to high yields of the epoxides.

In conclusion, we have developed an efficient heterogeneous
catalyst system utilising hydrotalcites for epoxidation and using
a combined oxidant of aqueous hydrogen peroxide and
benzonitrile. The solid hydrotalcites are easily separated from
the reaction mixture via filtration, which makes the work-up
procedure simple. The hydrotalcite can be reused without an

Table 1 The epoxidation of cyclohexene catalysed by various hydrotalcites
and NaOH using H2O2 and benzonitrilea

Heat of
Conversion Yield Adsorptionc/

Catalyst (%) (%)b J g21

Mg10Al2(OH)24CO3 100 < 99 14.0
Mg5Al(OH)11CO3 80 79 8.1
Mg6Al2(OH)16CO3 69 67 6.3
Mg6Al2(OH)16SO4 58 54 5.1
NaOHd 95 53e —
Without catalyst 20 15 —

a Reaction conditions: cyclohexene (3.9 mmol), benzonitrile (10.5 mmol),
hydrotalcite (0.05 g), MeOH 10 (ml), 30% aq. H2O2 (2.4 ml), 60 °C, 24 h.
b Yields of epoxides were determined by GC analysis using internal
standards, based on the olefins. c The basicity of the hydrotalcites was
estimated by calorimetric heats of benzoic acid adsorption. d NaOH was
equivalent to the amount of hydroxy functions in hydrotalcites (1.5 mmol).
e Ring opening products of the epoxide, e.g. cyclohexane-1,2-diol and
2-methoxycyclohexan-1-ol, were formed.
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appreciable loss of catalytic activity. This system should prove
useful for many base-catalysed selective oxidations.
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† A typical procedure for the epoxidation of cyclooctene: Into a reaction
vessel with a reflux condenser were successively placed the hydrotalcite of
Mg10Al2(OH)24CO3 (0.15 g), MeOH (40 ml), cyclooctene (14 mmol),
benzonitrile (17 mmol) and 30% aq. H2O2 (7.5 ml). The resulting mixture
was stirred at 60 °C for 24 h. The hydrotalcite was separated by filtration
and the filtrate was treated with MnO2 (0.03 g) to decompose the remaining
H2O2. GC analysis of the filtrate showed a quantitative yield of cyclooctene
oxide. The filtrate was diluted with deionized water (50 ml) and extracted
with CHCl3 (50 ml 3 3). The extract was concentrated under reduced
pressure and subjected to a silica gel chromatography using a mixture of
n-hexane–Et2O (40 : 1, v/v) as an eluent to give cyclooctene oxide (1.5 g,
87% yield). The isolated hydrotalcite can be reused without loosing its high
catalytic activity.
‡ The order for yields of cyclohexene oxide using different nitrile
compounds is as follows; benzonitrile > acetonitrile > propionitrile. 
§ Under our reaction conditions, use of NaOH in place of the hydrotalcites
resulted in a 53% yield of cyclohexene oxides, as shown in Table 1. 
¶ Use of cationic surfactants, e.g. cetylpyridinium chloride monohydrate
and tetra-n-propylammonium bromide, did not increase yields of cyclo-
octene oxide.
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Table 2 The epoxidation of various olefins catalysed by Mg10Al2(OH)24CO3 using H2O2 and benzonitrilea

Conversion
Entry Substrate Product (%) Yield (%)b

a Reaction conditions: olefin (3.9 mmol), benzonitrile (10.5 mmol), Mg10Al2(OH)24CO3 (0.05 g), MeOH (10 ml), 30% aq. H2O2 (2.4 ml), 60 °C, 24 h.
b Yields of epoxides were determined by GC analysis using internal standards, based on the olefins. c The relative epoxidation rate of cis- and trans-oct-2-ene
was 1.5, which is similar to that of MCPBA. d 30 °C.
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Anionic cyclisations of an N-benzyl naphthamide: a route to
benzo[e]isoindolones

Anjum Ahmed,a Jonathan Clayden*a and Michael Rowleyb

a Department of Chemistry, University of Manchester, Oxford Road, Manchester, UK M13 9PL
b Merck Sharp and Dohme Neuroscience Research Centre, Terlings Park, Harlow, Essex, UK CM20 2QR

On treatment with ButLi and HMPA, N-tert-butyl-
N-benzyl-1-naphthamide undergoes cyclisation to a tricyclic
enolate which reacts diastereoselectively with electrophiles
to give substituted 2,3,3a,9b-tetrahydro-1H-benzo[e]-
isoindol-1-ones, the first example of an anionic cyclisation
onto an aromatic ring.

When tertiary aromatic amides 1 are treated with organolithium
bases, they are usually ortho-lithiated.1–3 Amides bearing
2-alkyl groups may be laterally lithiated4,5 and, in exceptional
cases (for example if the 2 and 6 positions are blocked,6–9 if the
nitrogen bears an activating group such as benzyl10 or with a
lithium amide base1,11), lithiation may take place a to
nitrogen.12,13 Alkylation of these dipole-stabilised anions is
well known,13 and both ortho-lithiation14 and lateral lithiation15

followed by electrophilic quench have been made enantiose-
lective by the addition of (2)-sparteine.16

We have shown that both ortho-lithiated17,18 and laterally
lithiated19 tertiary 1-naphthamides can react atroposelectively
with electrophiles—frequently only one of two possible
atropisomeric products (which arise from restricted rotation
about the aryl–carbonyl bond) is formed.19 For example, the
2-ethyl-N,N-diisopropylnaphthamide 2 reacts with BusLi to
give a single, configurationally stable (at both stereogenic axis
and centre) organolithium20 which reacts stereospecifically
with many electrophiles to give a single atropisomer of the
product 3 (Scheme 1).

In connection with this work, we lithiated N-tert-butyl-
N-benzyl-1-naphthamide 4 with ButLi and quenched the
resulting red solution with MeI. We obtained two compounds,
in a ratio of about 2 : 1: compound 7 results from methylation a
to nitrogen, and 8 from methylation on the aromatic ring ortho
to the amide group.† Lithiation of 4 therefore apparently gives
a mixture of a- and ortho-lithiated compounds 5 and 6.

When we treated this mixture of organolithiums with HMPA
(6 equiv.), it underwent a remarkable cyclisation reaction.‡
After an aqueous quench, we isolated the tricyclic 2,3,3a,9b-

tetrahydro-1H-benzo[e]isoindol-1-one 9 as a single diastereo-
isomer in 82% yield (Scheme 2). Nuclear Overhauser enhance-
ment (NOE) experiments showed that the 6,5-ring junction was
cis, with the phenyl group on the exo face. This is the more
stable of the two ring-junction isomers: 9 was recovered as a
single unchanged diastereoisomer after stirring overnight with
ButOK in ButOH at 40 °C.§

The initial product of the cyclisation triggered by the HMPA
is an enolate 10 which we could alkylate with MeI, BunBr or
BnBr, giving compounds 11 as shown in Scheme 3. Diastereo-
selectivity depended on the size of the electrophile, with BnBr
being the most selective—11 (R = Bn) was obtained as a single
isomer 11a (R = Bn) only. MeI gave a 3 : 1 ratio of 11a and 11b,
and the same ratio of diastereoisomers is obtained by methylat-
ing the lithium enolate formed from 9 with LDA in the absence
of HMPA: HMPA does not affect the diastereoselectivity of the

Scheme 1 Reagents and conditions: i, BusLi, 278 °C; ii, E+ (EtI or
R3SiCl)

Scheme 2 Reagents and conditions: i, ButLi (1.3 equiv.), THF, 278 °C, 2
h; ii, MeI, 278 °C; iii, HMPA (6 equiv.), 278 °C, 16 h; iv, NH4Cl

Scheme 3 Reagents and conditions: i, ButLi, 278 °C; ii, HMPA, 278 °C;
iii, RX
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reaction. The identity of the diastereoisomers was determined
by NOE experiments, and the major one in each case results
from alkylation from the less hindered exo face of the enolate as
shown (12), giving a cis 6,5-ring junction.

The cyclised enolate 10 also underwent clean aldol reactions
(Scheme 4). A reaction with benzaldehyde gave the alcohol 13
as a single diastereoisomer in 81% yield. Tricycle 13 has four
new adjacent chiral centres, and its relative stereochemistry was
proved by X-ray crystallography (Fig. 1). An aldol reaction with
n-butyraldehyde was somewhat less stereoselective, although
NMR correlation indicated that again the major product 14
arose from attack of the aldehyde on the less hindered face of
the enolate.

While additions onto aromatic rings which result in loss of
aromaticity are rare,21 the addition of organometallic nucleo-
philes to electron-poor naphthalenes is precedented.22 How-
ever, our cyclisation is, as far as we are aware, the first example
of an anionic cyclisation onto an aromatic ring of any sort.
Anionic cyclisation onto p systems is turning out to be a useful
way of making rings, both carbocyclic23,24 and heterocyclic,25

but is invariably initiated by transmetallation and not deprotona-
tion.26 We are currently extending the scope and applicability of
this new reaction as a promising method for the stereocontrolled
synthesis of fused five-membered nitrogen heterocycles.27

We are grateful to the University of Manchester for a
Research Support Grant, to the EPSRC for a CASE award (to A.
A.) and to Dr Madeleine Helliwell for determining the X-ray
crystal structure of 13.

Notes and References

* E-mail: j.p.clayden@man.ac.uk
† Later, we found that this reaction also gives a small amount (ca. 10%) of
11 (R = Me).
‡ For an example of an anionic cyclisation triggered by
Me2NCH2CH2NMe2, see ref. 24.
§ A kinetic protonation of the enolate with ButBr likewise gave a single
diastereoisomer of 9.
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Scheme 4 Reagents and conditions: i, ButLi, 278 °C; ii, HMPA, 278 °C;
iii, PhCHO; iv, PrnCHO
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Stereoselective intramolecular aldol reactions of
(4R)-3-(3-oxobutanoyl)-1,3-thiazolidine-4-carboxylates believed to be directed
by ‘self-induced’ axial chirality

Andrew G. Brewster,a Christopher S. Frampton,b Jay Jayatissa,c Mark B. Mitchell,b Richard J. Stoodley*c†
and Shaheen Vohrac

a Zeneca Pharmaceuticals, Mereside, Alderley Park, Macclesfield, Cheshire, UK SK10 4TG 
b Roche Discovery Welwyn, Broadwater Road, Welwyn Garden City, Hertfordshire, UK AL7 3AY 
c Department of Chemistry, UMIST, PO Box 88, Manchester, UK M60 1QD 

Essentially complete retention of configuration accompanies
the base-induced aldol reaction of the thiazolidinecarbox-
ylate 6c to give the fused heterocycles 7c and 8c and their
retroaldol–acylation reactions to give the bicycle 9c.

Recently we showed1 that the diazo esters 1a–c underwent
cyclisations under basic conditions to give the bicyclic
compounds 2a–c in a state of high enantiomeric purity (Scheme
1). We postulated that the reactions proceeded by way of planar
ester enolate (or enol) intermediates that possessed axial
chirality. For example, the species 3 (arbitrary enolate geome-
try) was considered to be involved in the 1a? 2a cyclisation.
The marked kinetic preference for the diazo ester 1a to undergo
deprotonation to give the enolate 3 rather than its enantiomer
was attributed to the greater ease in attaining the geometry 4
compared with the geometry 5 (in which a severe A1,2

interaction exists between the N-acyl substituent and the
CO2Me group) required for the deprotonation reactions.

Whilst the aforecited findings were of significant mechanistic
interest in that they exemplified a new stereoinduction princi-
ple, they were of limited synthetic impact because a C–N bond
had been generated at the expense of a C–H bond at the
thiazolidine stereocentre. Obviously, the ability to develop a
C–C bond would notably enhance the technology, particularly
because of the high interest in enantiopure a-C-substituted
a-amino acids.2 We now report studies that have led to the
achievement of this objective.

Seeking to prepare the bicycle 7a and/or 8a, the acetoacetyl
thiazolidine 6a1 was treated with NEt3 (300 mol%) in MeOH for
17 h. Subjection of the product to silica gel column chromato-
graphy led to the isolation of two fractions. The first fraction

(10% yield), [a]D 285 (c 0.34, CH2Cl2) was identified as a
75 : 25 mixture of the desired aldol products 7a and 8a.‡§ The
second fraction was considered to be the triethylammonium salt
9a;§ treatment of an ethereal solution of the material with
potassium 2-ethylhexanoate (in BuOH–Et2O) gave the po-
tassium salt 9b‡ (66% yield), mp 251–252 °C, [a]D 2116 (c
0.39, H2O). When resubjected to the cyclisation conditions, the
aldol products 7a and 8a were unaffected, establishing that the
thiazolidine 6a underwent two competing cyclisations by way
of the enolates 10a and 11a (arbitrary enolate geometries).

A study of the behaviour of the thiazolidine 6a towards a
variety of base/solvent combinations revealed that KCN (150
mol%) in MeOH was the most effective in promoting the
desired cyclisation reactions, giving the results shown in Table
1. A simple work-up¶ provided a 76 : 24 mixture of the aldol
products 7a and 8a in 32% yield {after chromatography, 29%
yield; [a]D 288 (c 0.25, CH2Cl2)}.

The slow step in the 6a? 9b transformation is likely to
involve an intramolecular reaction of the intermediate 11a in
which the enolate adds to the ester carbonyl group. Hoping to
dampen this reaction, the ethyl ester 6b,‡∑ [a]D 2123 (c 0.41,
CH2Cl2), and the isopropyl ester 6c,‡∑ [a]D 2128 (c 0.59,
CH2Cl2), were prepared. The outcomes of their cyclisation

Scheme 1
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reactions are shown in Table 1. Work-ups provided a 72 : 28
mixture of the aldol products 7b and 8b‡ (47% yield after
chromatography), mp 91–93 °C, [a]D 298 (c 0.38, CH2Cl2),
and a 72 : 28 mixture of the aldol products 7c and 8c‡ (68%
yield after chromatography), mp 85–87 °C, [a]D 295 (c 0.29,
CH2Cl2). Clearly, the desired intramolecular aldol reactions
became more favourable as the size of the ester group
increased.

The similar optical rotations of the comparable mixtures of
the aldol products 7a/8a, 7b/8b and 7c/8c suggested common
enantiomeric purities. This was substantiated by a chemical
correlation involving the mixtures 7a/8a and 7c/8c. Thus,
sequential treatment of the former mixture with Ac2O–
perchloric acid and DBU in CH2Cl2 gave the alkene 12a,‡ mp
73–74 °C, [a]D +228 (c 0.33, CH2Cl2). A similar sequence
performed on the 7c/8c mixture afforded the alkene 12b,‡ mp
124–126 °C, [a]D +215 (c 0.41, CH2Cl2), which was converted
into the methyl ester 12a, [a]D +221 (c 0.27, CH2Cl2), under
transesterification conditions (KCN in MeOH). On the basis of
HPLC analysis,** compounds 7c and 8c were shown to have
ees of 99%. It is concluded, therefore, that the aldol products
7a–c and 8a–c are essentially enantiopure.

It remained to establish that the intramolecular aldol reactions
had occurred with retention of configuration at the thiazolidine
stereocentre. Crystallisation of a 72 : 28 mixture of compounds
7c and 8c from hot water provided the major diastereomer, mp
104 °C, [a]D 2108 (c 0.33, CH2Cl2), which was shown to
possess the absolute stereochemistry 7c by X-ray crystallog-
raphy†† (Fig. 1). Clearly, the C–H bond adjacent to the
alkoxycarbonyl group had been replaced by a C–C bond with
retention of configuration. Moreover, there was a kinetic
preference to generate the aldol product 7c over its diastereomer
8c (and, similarly, of aldols 7a,b over their diastereomers
8a,b).

Although stable to the cyclisation conditions, compounds 7c
and 8c did react with KCN in refluxing MeOH to give mainly
the potassium salt 9b.‡‡ Acidification of an aqueous solution of
the salt with Amberlite IR–120 (H+) ion-exchange resin and
subjection of the residue obtained after evaporation to silica gel
column chromatography gave the enol 9c‡ (82% yield), mp
142 °C, [a]D 289 (c 0.51, CH2Cl2), as a 72 : 28 mixture of
diastereomers, with an ee of 99%.** Evidently, under more
forcing conditions, the aldol reaction can be reversed and the
enolate intermediates 10a and 10b can be reprotonated with
essentially complete retention of configuration to regenerate the
thiazolidines 6a and 6c. Subsequent production of the enolates
11a and 11b then leads, by intramolecular acylation reactions,
to the salt 9b with no loss of stereochemical integrity.

As before,1 we suggest that the stereochemical memory of the
enolate 10b can be accounted for by postulating its generation
in an axially chiral form, e.g. 13.

Recently, Fuji reported3 examples of intermolecular alkyla-
tions of N-alkoxycarbonyl-N-methylphenylalanine esters that
proceed with up to 82% ee. In reactions induced by lithium
2,2,6,6-tetramethylpiperidide in THF at 278 °C, they favoured
the involvement of a C-lithiated intermediate formed with
retention of configuration.

The aforecited results are of note in a number of respects. The
finding that C–C bonds can be constructed stereoselectively
considerably extends the scope of self-induced axial chirality as
a stereocontrol element in synthesis.§§ Compounds 7a–c, 8a–c
and 12a,b are interesting classes of essentially enantiopure
fused heterocycles; by appropriate manipulation they should be
convertible into a-C-substituted 4-thiaprolines and 5-oxopro-
lines. Finally, the discovery that the kinetic cyclisation products
7c and 8c of the thiazolidine 6c can be converted into the
thermodynamic cyclisation product 9b provides a striking
illustration of stereoretentive protonation accompanying the
retroaldol reaction.

We thank the Link Asymmetric Synthesis New Core
Programme for a studentship (to J. J.) and the EPSRC/Zeneca
Pharmaceuticals for a CASE studentship (to S. V.). We are also
grateful to Dr C. M. Raynor (UMIST) and Mr J. A. Whatley
(Roche) for the HPLC analyses.
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† E-mail: richard.stoodley@umist.ac.uk
‡ The product displayed analytical and spectral properties that supported its
assigned structure.
§ For analogous cyclisations on an oxazolidine framework, see ref. 4.
¶ After evaporation of the solvent, the product was partitioned between
CH2Cl2 and brine; evaporation of the dried (MgSO4) organic phase gave the
aldol products 7a and 8a in a near-pure state.
∑ Compounds 6b and 6c were prepared from l-cysteine hydrochloride (in
respective overall yields of 40 and 31%) by routes similar to that employed
in the synthesis of compound 6a (see ref. 1).
** The enantiomers were separated on a Chiralpak AD column, using
hexanes–propan-2-ol (9 : 1) as eluent (flow rate: 0.5 cm3 min21) in the cases
of 7c/ent-7c and 8c/ent-8c and hexanes–ethanol (85 : 15) as eluent (flow
rate: 0.7 cm3 min21) in the case of 9c/ent-9c.
†† Crystal data for 7c: C11H17NO4S, M = 259.32, orthorhombic, space
group P212121, a = 6.4154(15), b = 13.321(4), c = 14.961(5) Å,
U = 1278.5(6) Å3, Z = 4, Dc = 1.347 g cm21, m = 0.256 mm21 (Mo–Ka,
l = 0.71073 Å), F(000) = 552, T = 123(1) K. Siemens SMART CCD
area-detector diffractometer, crystal size 0.18 3 0.20 3 0.60 mm, qmax

29.15°, 14263 reflections measured, 3181 unique (Rint = 0.0419). Structure
solution by direct methods, full-matrix least-squares refinement on F2 with
weighting w21 = s2(Fo

2) + (0.0676P)2, where P = (Fo
2 + 2Fc

2)/3,
anisotropic displacement parameters, riding hydrogen atoms, no absorption
correction, absolute structure parameter = 20.02(7). Final
Rw = {S[w(Fo

2–Fc
2)2]/S[w(Fo

2)2]1
2} = 0.1002 for all data, conventional

R = 0.0376 on F values of 2872 reflections with I > 2s(I), S = 1/073 for
all data and 154 parameters. Final difference map between +0.31 and 20.44
e Å23, Programs: Siemens SMART and SAINT control and integration
software, SHELXTL (G. M. Sheldrick, University of Gottingen, Germany).
CCDC 182/717.
‡‡ Some transesterification, leading to compounds 7a and 8a, occurred
during the course of this transformation.
§§ For a summary of asymmetric inductions directed by non-biaryl
atropisomers, see ref. 5.
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Table 1 Cyclisation reactions of thiazolidines of type 6

Reactant R Conditions t/h Products Ratioa

6a Me KCN–MeOH 2 7a,8a,9b 27 : 9 : 64
6b Et KCN–EtOH 4 7b,8b,9b 39 : 20 : 41
6c Pri KCN–MeOH 2 7c,8c,9b 69 : 23 : 8

a Determined by 300 MHz 1H NMR spectroscopic analysis.

Fig. 1 Molecular structure of compound 7c
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Cycloaddition of o-benzyne to benzene and the inner phase of a hemicarcerand

Brett R. Beno, Chimin Sheu, K. N. Houk,* Ralf Warmuth and D. J. Cram

Department of Chemistry and Biochemistry, University of California, Los Angeles, Los Angeles, CA 90095-1569, USA 

Becke3LYP/6-31G* calculations predict a small energy of
concert for the Diels–Alder reaction of o-benzyne with
benzene, and force-field calculations indicate that steric
interactions and transannular strain are responsible for the
regiospecificity of the Diels–Alder reaction between
o-benzyne and its host hemicarcerand.

In a previous communication, Warmuth reported the Diels–
Alder (DA) reaction of an o-benzyne guest with an aromatic
ring of its hemicarcerand host.1 We have studied the DA
reaction of o-benzyne with benzene,2 and the hemicarcerand
using computational methods.2

The narrow frontier orbital gap, and especially the low
LUMO energy, of o-benzyne make it a good dienophile.3
Owing to the poor overlap of the sp2 orbitals which combine to
form the in-plane p-bond, o-benzyne also has a significant
amount of diradical character.4 The o-, m-, and p-isomers of
benzyne have been the subject of extensive high-level theoret-
ical studies,5 and the reactivity of o-benzyne as a DA dienophile
is well known experimentally,6 but no computational studies of
DA reactions involving o-benzyne have been reported.

The benzene–o-benzyne DA reaction has been observed
experimentally. Miller and Stiles isolated benzobicyclo-
[2.2.2]octatriene 4, biphenyl and benzocyclooctatetraene in a
ratio of 1 : 3 : 4, respectively, from the thermal decomposition of
benzenediazonium-2-carboxylate in benzene at 45 °C.7a The
product ratio for the reaction is strongly influenced by Ag+, a
possible contaminant in the Miller and Stiles experiment.7b,c In
its absence, 4 is the major product.

These results are remarkable, since the DA reactions of
benzene are expected to strongly favor closed-shell concerted
over stepwise diradical mechanisms.8 The barrier for the
concerted pathway of the benzene–ethene DA reaction is
estimated to be 23 kcal mol21 (1 cal = 4.184 J) below that of
the stepwise diradical pathway.8a However, the diradical
character of o-benzyne may allow a stepwise mechanism to
compete more effectively with a concerted mechanism.

The concerted and stepwise DA reactions were studied using
the Becke3LYP hybrid HF-DFT method9 and 6-31G* basis
set.10 All DFT calculations were carried out using Gaussian
94.11 RBecke3LYP and UBecke3LYP methods were used for
closed- and open-shell species, respectively. Stationary points
were characterized with vibrational frequency calculations and
thermodynamic quantities were calculated from unscaled
frequencies. The hemicarceplex and possible o-benzyne–
hemicarcerand DA regioadducts were calculated with Macro-
Model using the MM2*, MM3* and AMBER* force-fields.12

The Becke3LYP/6-31G* optimized geometries of benzene 1,
o-benzyne 2, the concerted transition structure 3, and cycload-
duct 4 are shown in Fig. 1. The length of the partial triple bond
in 2 is predicted to be 1.251 Å, in excellent agreement with the
experimental value of 1.24 ± 0.02 Å .13 The DFT structure of 1
is also in good agreement with experiment.14

Concerted transition structure 3 occurs early along the
reaction coordinate. The forming C(1)–C(7) and C(4)–C(8)
bonds are 2.383 Å in length. The benzene moiety is relatively
undistorted in the transition structure: the C(2)–C(3) and
C(5)–C(6) bonds have decreased in length by 0.024 Å, about
38% of the total difference of their lengths in benzene and

cycloadduct 4. The other four C–C bonds in the benzene moiety
have increased in length by 0.025 Å in the transition structure,
or 18% of the total change from reactants to products. The
deviation of the benzene moiety from planarity is also small.
These factors allow a substantial amount of the aromaticity of
benzene to be conserved in the transition structure. The largest
change in benzyne is a 0.037 Å elongation of the partial triple
bond.

The Becke3LYP/6-31G* DH‡ and DS‡ (298 K) are 10.7
kcal mol21 and 236.2 cal mol21 K21 and the DHrxn. is 248.7
kcal mol21. The DH‡ for the concerted pathway of the
butadiene–ethene DA reaction is 23.4 kcal mol21 at the same
level.2a Since benzene is not an especially good DA diene, the
low barrier can be attributed to the high reactivity of o-benzyne
as a dienophile.

The DH‡ predicted for the benzene–o-benzyne DA reaction
is coincidentally close to the 12 kcal mol21 experimental value
determined by Warmuth for the DA reaction of o-benzyne with
the aromatic ring of the hemicarcerand (5).1 The aromatic ring
in 5 is highly substituted with electron donors, and should be
electronically more reactive than benzene. However, steric
effects and the difficulty of bending the aromatic ring toward
the transition state should decrease its reactivity as a DA
diene.

The predicted DS‡ for the concerted benzene–o-benzyne DA
reaction is 25.5 cal mol21 K21 more negative than the DS‡ for
the o-benzyne–hemicarcerand DA reaction.1 This reflects the
greater loss of mobility of the benzene in the intermolecular DA
reaction, relative to the reaction within the hemicarcerand
where the aryl moiety is already constrained within the
framework of the host.

A diradical transition structure 6 and intermediate 7 for the
stepwise addition of o-benzyne to benzene are shown in Fig. 2.
In transition structure 6, s bond formation is more advanced
than in concerted transition structure 3, as shown by the
relatively short C–C forming bond length of 1.976 Å. As with 3,
the benzyne moiety is relatively undistorted, except for a 0.06 Å
lengthening of the partial triple bond.

The DH‡ for formation of intermediate 7 is 13.1 kcal mol21;
only 2.4 kcal mol21 above the DH‡ for the concerted addition of
benzene to o-benzyne. The energy of concert is nearly zero. The
energy of concert for the DA reaction of ethene with
cyclobutadiene, which has significant diradical character, is
also smaller.15

The DHrxn. for formation of diradical intermediate 7 from 1
and 2 is predicted to be 2.3 kcal mol21, in good agreement with

Fig. 1 RBecke3LYP/6-31G* optimized structures of the reactants (1 and 2),
transition structure 3 and product 4 of the concerted Diels–Alder reaction of
benzene with o-benzyne. All bond lengths are in Å.
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an estimate based on Benson equivalents16 and the CASPT2
DHf of benzyne.5

Intermediate 7 may lead to biphenyl by hydrogen atom
abstraction from C(1) by the C(12) phenyl radical moiety, or [2
+ 2] or [4 + 2] cycloadducts via rotation about the C(1)–C(7)
bond followed by ring closure. These mechanistic pathways are
currently being explored.

NMR evidence indicates that of the two possible regio-
isomeric o-benzyne–hemicarcerand DA adducts (Fig. 4), only 8
is formed experimentally.1 The origin of this regiospecificity
was probed using force-field methods. The minimum energy
conformer of hemicarceplex 10 was located using molecular
dynamics and simulated annealing techniques with the MM3*
force-field (Fig. 3). This force-field was also used to obtain
optimized geometries and steric energies of DA adducts 8 and
9 (Fig. 4). AMBER* and MM2* gave similar results.

In 10, the orientation of benzyne is favorable for formation of
8, via a concerted DA reaction (Fig. 3). However, both carbons
of the benzyne partial triple bond are > 4 Å from the

hemicarcerand atoms to which they are bound in 8, and
substantial motion is required to bring benzyne within bonding
distance. Formation of 9 from 10 through a concerted pathway
requires benzyne to rotate around its C2 axis by ca. 120°. This
should be sterically unfavorable. Either stepwise or concerted
mechanisms should be possible.

Regioisomer 8 is predicted to be 20.0 kcal mol21 more stable
than 9. It is likely that a significant fraction of this energy
difference will be felt in the transition state, as well.

Unfavorable steric interactions and greater strain in 9
contribute to the thermodynamic preference for formation of 8.
The Ph group of the benzobicyclo[2.2.2]octatriene moiety is
crowded into the top hemisphere of the hemicarcerand in 9, and
several unfavorable steric interactions result. In 8, the Ph group
of the benzobicyclo[2.2.2]octatriene moiety is in a less
sterically hindered environment.

Calculations with MM3* on various DA adducts show that
the greater transannular strain in 9 contributes significantly to
the overall thermodynamic preference for formation of 8.

We are grateful to the National Science Foundation for
financial support of this research, and to the National Center for
Supercomputing Applications (NCSA) and UCLA Office of
Academic Computing for computer time and facilities.
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Fig. 2 UBecke3LYP/6-31G* diradical transition structure 6 and inter-
mediate 7 in the stepwise diradical addition of o-benzyne to benzene. All
bond lengths are in Å.

Fig. 3 MM3* minimum energy conformer of the o-benzyne hemicarce-
plex

Fig. 4 MM3* optimized stuctures of o-benzyne–hemicarcerand Diels–
Alder adducts 8 and 9
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Statistical analysis of C–H···N hydrogen bonds in the solid state: there are real
precedents

Mark Mascal*

Department of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD 

A survey of the Cambridge Structural Database reveals
hundreds of C–H···N contacts which are significantly
shorter ( < 2.45 Å) than the sum of the van der Waals radii
(2.75 Å), effectively refuting recent claims to the contrary
and supporting the description of this interaction as a
hydrogen bond.

The nature of nonbonded C–H···N interactions has been called
into question in the form of a recent publication which has
appeared in this Journal.1 Based on a self-declared ‘superficial
check of the literature’, the authors of this work manage to
discredit certain observations of C–H···N hydrogen bonds,
while at the same time putting forward their own example of an
apparently uncommon and authentic case of this phenomenon.
A more thorough search however indicates that the published
structure is not extraordinary, rather only one among nearly a
thousand such cases.

We were first alerted to problems with the aforementioned
paper by simple comparison with some of our own work. The
authors make two major assertions, that: (i) ‘in most, if not all,
of the previously claimed examples of C–H···N “hydrogen
bonds” the contact is little (or no) different from that expected
for an ordinary, classic van der Waals contact,’ and (ii) the
C–H···N distance in Co(dpa)2 ‘is among the shortest of the
C–H···Y, Y = N or O distances’. The Co(dpa)2 complex has a
C–H···N distance of 2.44 Å and C–H–N angle of 177°.1 By way
of comparison, the triazine–2Br2 complex2 has a C–H···N
distance of 2.42 Å and a C–H–N angle of 180°, and, indeed,
even this is not a particularly remarkable example of such
nonbonded contact when the literature on the matter is properly
consulted. A statistical analysis of the problem using the
Cambridge Structural Database3 currently indicates no less than
967 observations of intermolecular C–H···N contact with
distances (r) less than 2.45 Å and C–H–N angles (a) between
120 and 180°, as identified using the query dialogue within
QUEST3D3 represented in Fig. 1. Histograms for both variables
r and a are illustrated in Figs. 2 and 3. The mean C–H···N
separation within the sample taken is 2.38 Å,4 effectively
disputing point (ii). Yet another claim, that ‘the angles at the H
atom are well below (often far below) 180°’1 is also called into
question by the data in Fig. 3, which show that over 100 entries
have C–H–N angles between 170 and 180°. In fact, the mean a
value of 155° is not far off that for classic N–H···O interactions,
which is 161°.5

Another difficulty with such a sweeping statement as (i)
above is that it entirely ignores the fact that C–H bonds can
under some circumstances be as polar as a hydroxy group,
whose capacity to participate in hydrogen bonding is not in
question. A good example of an interaction involving an acidic
C–H is seen in the crown ether 1–nitromethane complex6

(Fig. 4) with its C–H···N distance of 2.21 Å and C–H–N angle
of 178°.

An entirely systematic study of this phenomenon would
involve sampling the nearest neighbour contacts for every
(C–)H atom in every structure containing C, H and N and
demonstrating that the proportion of close approaches to
nitrogen is statistically greater than the stoichiometric content of
N in the database. In consideration of the number of structures
involved this is clearly not practicable. However, in ground-
breaking work, Taylor and Kennard,7 using a small but
representative subset of the databse (relevant neutron diffrac-
tion structures), were able to show that ‘counterintuitive’
C–H···C and C–H···H close contacts are comparatively rare,8
and one could reason that the profusion of short C–H···N
distances strongly implies a tendency for (C–)H to interact with
nitrogen in preference to non-H-bond acceptors. Because such a
strong case for C–H···O hydrogen bonding has already been
made,8,9 it is logically contentious to challenge the existence of
C–H···N hydrogen bonds, since N is generally a more effective
hydrogen acceptor than O.10 Thus, although it is not possible to

Fig. 1 The QUEST3D query, with conditions r @ 2.45 Å and 120 @ a @
180°

Fig. 2 Histogram for r (C–H···N)

Fig. 3 Histogram for a (C–H–N)
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deliberate over the precise nature of these contacts without
individually examining the many hundred occurrences of
C–H···N relationships in the literature, the fact that such a large
number are significantly shorter than the 2.75 Å sum of the van
der Waals radii11 indicates that the distinction between the
classical van der Waals interaction and the hydrogen bond is not
necessarily being ‘blurred’,1 at least not when all of the
available data are taken into consideration.

Dr A. J. Blake is thanked for helpful discussions, and the use
of the EPSRC’s Chemical Database Service12 at Daresbury is
gratefully acknowledged.
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Fig. 4 Crystal structure of the 1–MeNO2 complex (ref. 6). The C–H···N
distance (2.21 Å, dashed line) is actually shorter than the C–H···O distances
(2.39 and 2.44 Å, dotted lines).
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A new route towards deep desulfurization: selective charge transfer complex
formation1

Valérie Meille,ab Emmanuelle Schulz,a Michel Vrinatb and Marc Lemaire*
a Laboratoire de Catalyse et Synthèse Organique, IRC, UCBL, CPE, 43 Bd du 11 Novembre 1918, 69622 Villeurbanne Cedex,
France
b Institut de Recherches sur la Catalyse, 2, Avenue A. Einstein, 69626 Villeurbanne Cedex, France

An alternative to the classical hydrodesulfurization process
is proposed, based on the formation and subsequent removal
of insoluble charge-transfer complexes between suitable
p-acceptors and alkylated dibenzothiophenes.

Due to more stringent environmental regulations to protect
urban areas and new legislation in Europe, the sulfur level in
diesel fuel is now limited to 0.05 wt%, and will certainly be
lowered in the near future. However, present refinery diesel
hydrodesulfurization (HDS) processes can only be achieved
under severe conditions, leading to shorter catalyst life. It is now
well established that the achievement of deep HDS is prevented
by one type of sulfur compound, namely alkyl-
dibenzothiophenes.2,3 These molecules have been subject of
numerous studies as models to improve the properties of HDS
catalysts.4–6 Recently, a new method has been proposed7 where
the hydrodesulfurized stream is treated with a solid material
(activated carbon, alumina, zeolite etc.) capable of adsorbing
substituted dibenzothiophenes (DBT) by ‘form selectivity’ and
steric hindrance. However, this interesting method presents
some limitations because the capacity of the described (weight
percent DBT on adsorbent) does not exceed 12% and fur-
thermore, the selectivity factor a [eqn. (1)] toward aromatic
system models (1-methylnaphthalene, MN) is just 7.

  
a =

DBT MN

DBT MN
adsorbed solution

solution adsorbed

⋅
⋅ (1)

Considering the electron-rich structure of alkylated DBT, we
have studied its ability for form charge-transfer complexes with
p-acceptors in order to describe a new method for their specific
removal from gas oil.

Electron donor–acceptor complexes are easily detected via
UV–VIS spectroscopy because their formation is generally
accompanied by the appearance of a new absorption band
(Benesi–Hildebrand band). Following the method of Foster–
Hammick–Wardley,8 this phenomenon allows the calculation
of the association constant (and hence the free enthalpy)
characterizing the new complex.

DDQ was tested as a p-acceptor due to its easy availability
and its known ability to form charge-transfer complexes.
Indeed, a mixture of 4,6-dimethyldibenzothiophene (DMDBT)9

and DDQ in CHCl3 gave rise to a new absorption wave (lmax
633 nm) corresponding to a DG of 15 kJ mol21 (see Fig. 1).
1-Methylnaphtalene was chosen as a model to represent the
aromatic compounds contained in the gas oil which are capable
of complexing DDQ competitively with DMDBT to form
charge-transfer complexes. Using the same procedure as for
DMDBT, DDQ and MN formed a charge-transfer complex
showing a maximum absorption at 654 nm (DG = 7.3
kJ mol21) (see Fig. 2). This result indicates stronger complexa-
tion of DDQ with the sulfur compound than with the aromatic
one. Complexation thus appears to be selective toward alkyl–
DBT species, although the p-acceptor’s chosen structure had
not been optimized.

Having demonstrated the possibility of forming selectively a
charge-transfer complex between DMDBT and DDQ, we have
tested several other p-acceptors. The properties required are a
high selectivity factor a for DMDBT toward the aromatics, and
complete insolubility in alkanes in order to easily remove the
complex formed from the gas oil.

The procedure used to test the different p-acceptors is as
follows: an equimolar solution of DMDBT and MN in heptane
(11 mmol l21) was stirred at room temperature in the presence
of dodecane (1 equiv.) as the internal reference. The addition of
the p-acceptor (1 equiv.) was followed by the immediate

Fig. 1 UV–VIS spectrum from the donor–acceptor complex DMDBT–DDQ
in CHCl3; (a) DDQ, (b) 4,6-DMDBT and (c) complex
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formation of a coloured precipitate (except for p-benzoqui-
none). The samples were removed and the composition of the
resulting solution analysed by gas chromatography to determine
the amount of unreacted MN and DMDBT. The capacity value
C [eqn. (2), where MW equals molecular weight] and the

C =
+

×MW

(MW MW
DBT

DBT acceptor )
100

(2)

separation factors a were calculated for each complexing
material and are reported in Table 1 (for a direct comparison
with results reported with solid materials as adsorbent, see ref.
7). Among all the p-acceptors tested, tetranitrofluorenone
(TNF) seems to have the best characteristics, with a maximum
factor of separation (rapidly reached) and a satisfactory
capacity.

Fluorene was then used instead of MN to check the selectivity
for DMDBT in the presence of a molecule rich in electrons with
a similar geometry.10 In this case, the selectivity factor was only
80 after 60 h stirring. Even if this value is lower than the
previous one with MN, the selectivity remains higher than that
obtained with adsorbent materials by shape selectivity.7

Following the results of this preliminary study on model
molecules, the possible selective complexation of substituted
DBT from a gas oil, already hydrodesulfurized (960 ppm) by
classical methods, was examined. Firstly, the gas oil was diluted
in heptane (15 g in 200 ml) and analysed by X-ray fluorescence
spectroscopy, which showed a sulfur level of 214 ppm. Taking
into account that this value is representative of the quantity of
alkyldibenzothiophenes (and more precisely 4,6-DMDBT)
present as refractory molecules, an equimolar quantity of TNF
was added and the heterogeneous mixture was stirred at room
temperature. After 74 h, the sulfur level of the solution obtained
after filtration was only 120 ppm.

A similar experiment was conducted with pure gas oil (1920
ppm sulfur, at least 50% being 4,6-DMDBT) and the same
p-acceptor, leading to 840 ppm sulfur after 92 h stirring. In

these two examples, we have been able to remove 60 wt% of the
initial sulfur containing compounds by formation of insoluble
charge-transfer complexes. A detailed GC analysis would
provide us with a precise distribution of the sulfur compounds
contained in the residual gas oil. This work is in progress.

We have thus demonstrated that the sulfur compounds
remaining in the gas oil after deep HDS (i.e. alkyldibenzothio-
phenes) are able to form stable electron donor–acceptor
complexes with common p-acceptor compounds. These com-
plexes are then easily separated from aliphatic/aromatic mixture
by simple filtration. This behaviour is of major importance to
the development of an analytical method for the determination
of the exact composition and structure of the sulfur compounds
contained in such mixtures. Work is in progress to create a
polymer containing such a p-acceptor structure (and which is
thus easily regenerated) and then a new process for limiting the
sulfur level in the gas oil by formation and subsequent removal
of charge–transfer complexes.
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Fig. 2 UV–VIS spectrum from the donor–acceptor complex MN–DDQ in
CHCl3; (a) DDQ, (b) MN and (c) complex

Table 1 Capacity and selectivity factor values for DMDBT and MN for
different complexing materials depending on the stirring time

a

p-Acceptors 4 h 30 min 29 h 96 h C (%)

BQ Soluble — — —
DNF — — — —
AQ — — 3 50
DDQ 28 35 > 1000 48
TNF 137 > 1000 > 1000 37
TCNQ 10 132 191 51
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Novel formation of a phenylated isoquinolino[3A,4A : 1,2][60]fullerene

Ala’a K. Abdul-Sada, Anthony G. Avent, Paul R. Birkett, Adam D. Darwish, Harold W. Kroto, Roger
Taylor,* David R. M. Walton and Oliver B. Woodhouse

The Chemistry Laboratory, CPES School, University of Sussex, Brighton, UK BN1 9QJ 

Reaction of C60Ph5Cl with cyanogen bromide results in
replacement of the chlorine by BrCN and ring closure
between the addend and an adjacent phenyl ring, giving a
1-bromoisoquinoline derivative of [60]fullerene; this readily
undergoes nucleophilic replacement of Br by OH to give the
corresponding 1-isoquinolone derivative.

Recently we described a novel spontaneous oxidation of
C60Ph5X (X = H, Cl) into a benzo[b]furan derivative of
[60]fullerene, whereby oxygen forms a bridge between the cage
and one of the phenyl rings.1 We now report a related ring
closure whereby reaction of BrCN with the above chloro
precursor results in chlorine loss, and formation of a bromine-
substituted CN bridge between the cage and the ortho position
of the adjacent phenyl ring. This product is a 1-bromoisoqui-
noline derivative of [60]fullerene 1. The resulting product then
undergoes nucleophilic substitution of the bromine by hydrox-
ide followed by tautomerism to give the isoquinolone derivative
2, the spectroscopic data for which further confirm the precursor
structure.

Cyanogen bromide (660 mg) and FeCl3 (106 mg) were added
to a solution of C60Ph5Cl (52 mg) in dry benzene (50 cm3). The
mixture was heated under reflux for 4 h, during which time it
was monitored by TLC. After ca. 45 min an orange micro-
crystalline solid began to form. The reaction mixture was cooled
to room temperature, and the solvent removed under reduced
pressure to give a dark residue which was washed with Et2O to
remove FeCl3 and CNBr. The remaining orange–red solid was
dissolved in CCl4 (this can be helped by sonication) and then
column chromatographed (SiO2, CCl4) to remove a small
amount of C60Ph5Cl, giving a single orange fraction which,
after solvent removal, produced an orange crystalline solid
(80%). Washing the column with CH2Cl2 yielded a second
orange fraction which, after solvent removal, was allowed to
crystallise from benzene.

The FAB mass spectrum showed the parent ion at 1211 amu,
which indicated overall replacement of Cl by CNBr. The IR
spectrum showed a strong peak at 1646 cm21 indicative of a
CNN stretch and a band at 616 cm21 attributable to a C–Br
stretch (Fig. 1). This strongly suggests the presence of a
C(Br)NN group in the molecule, and NMR spectroscopic
analysis revealed the compound to be 1.

The 13C NMR spectrum shows 1 to have Cs symmetry, with
four peaks in the sp3 region for the cage carbons appearing at d

74.84 (1 C), 59.77 (2 C), 57.77 (2 C) and 57.36 (1 C) [cf. 75.91
(1 C), 60.39 (2 C), 57.72 (2 C) and 62.98 (1 C) for the chloro
precursor].2 Previously we assigned the most downfield
resonance to C-2 from a comparison of the resonance changes
on replacing Cl by H (which causes an upfield shift of d 17.5).
The results suggest that the bromocyano group is likewise
attached to C-2, and via nitrogen. For the cage the required 28
lines for sp2 carbons (2 3 1 C, 26 3 2 C) appear (all 2 C except
where indicated) at d 161.10 154.21, 151.81, 148.65, 148.21,
148.16, 148.10, 148.04, 147.94, 147.76 (1 C), 147.64, 147.20,
146.86 (1 C), 146.82, 146.54, 146.42, 145.0, 144.74, 144.14 (4
C), 143.99, 143.67 (4 C), 143.48, 143.37, 143.26, 142.74 and
142.17. The spectrum also shows two ortho (4 C) peaks at d
128.36/127.33, two meta (4 C) peaks at d 127.81/127.24, two
para (2 C) peaks at d 127.33 (coincident)/126.87, four ipso
peaks at d 146.55 (1 C), 139.18 (2 C), 136.88 (2 C) and 132.07
(1 C) and five other peaks (all 1 C) at d 131.49, 130.81, 127.04,
124.77 and 124.22 (one of this group being the carbon of the
C(Br)N group). This shows that one phenyl ring has two
substituents attached, namely the fullerene cage and the C(Br)N
group.

The 1H NMR spectrum is assigned as follows (aryl ring
notation as in 1): (i) rings B, d 7.61–7.59 (4 H, dd, o-H),
7.34–7.31 (2 H, m, p-H), 7.26–7.22 (4 H, m, m-H); (ii) rings C,
d 7.21–7.19 (4 H, dd, o-H), 7.075–7.055 (2 H, m, p-H),
7.00–6.96 (4 H, m, m-H); (iii) ring A, d 7.91 (1 H, dd, H4), 7.79
(1 H dd H1), 7.20 (1 H, dd, H3), 7.17 (1 H dd, H2); the couplings
were approximately 7.5 and 1.5 Hz, but could not in some cases
be accurately given because of peak coincidences.

The locations of the hydrogens in ring A were determined by
2D-COSY and NOE analysis, which showed interaction
between H1 and the ortho hydrogens of rings B. The downfield
resonance for h1 is consistent with our previous observation that
resonances for hydrogens pointing towards the cage are shifted
downfield,3 whilst that for H4 is attributable to the adjacent
C–Br substituent.

The mechanism proposed (Scheme 1) is supported by the
following: (i) reaction will not occur with the corresponding
4-fluoro derivative [C60(4-FC6H4)5Cl] and (ii) no reaction takes
place in the absence of FeCl3. If nucleophilic substitution by the
nitrogen of the BrCN group were to take place on the aryl

Fig. 1 IR spectrum (KBr) for C91H24NBr (1)
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addend (giving, ultimately, a quinoline derivative), this would
be enhanced in the fluorophenyl compound and would occur
meta to fluorine, i.e. ortho to the fullerene cage, which is the site
required for the subsequent ring closure. Since reaction does not
occur, electrophilic substitution by the carbon of the BrCN
group into the aryl ring (giving an isoquinoline derivative) is
indicated. However, this is unlikely to occur as a first step since
substitution would in general take place at the more accessible
position para to the cage. It is probable therefore that the initial
step involves nucleophilic replacement of the cage-attached
chlorine by BrCN, giving an intermediate fullerene–NNC+–Br
moiety, followed by electrophilic substitution by the imino
carbocation of this group into the phenyl ring; FeCl3 will aid
polarisation of the cage–Cl bond just as it does in nucleophilic
replacement of cage chlorines by phenyl groups.2 Electrophilic
substitution in aryl rings attached to fullerenes is normally
difficult owing to the very strong electron withdrawal by the
cage. However, the above intermediate will be strongly
electrophilic, and the electrophilicity may be increased further
through polarisation of the C–Br bond by FeCl3. A related
Lewis acid-catalysed intramolecular electrophilic aromatic
substitution of isocyanide dihalides has also been described
recently.4 It is probable that the present reaction is synchronous
and synergistic, since C60Cl6 itself does not react with cyanogen
bromide–FeCl3.

Confirmation of the structure comes from nucleophilic
replacement of the bromine by hydroxide to give 2, which has
the low solubility typical of amides, obtained as orange–red
plates from benzene. This occurs both on standing in air and was
observed to result from reaction with either Zn–AcOH or HCl–
AcOH. (Zinc accelerates the reaction, although the reason for
this is unclear.) The mass spectrum of 2 gives the parent ion at
the required 1148 amu. The IR spectrum (Fig. 2) shows a new
CNO band at 1669 cm21, an N–H stretch at 3368 cm21 and no
C–Br stretch. The correct location of the carbon and nitrogen of
the bridge with respect to the cage and phenylene group are
confirmed by both the 13C and 1H NMR spectra.

The 13C NMR spectrum shows the product to have Cs

symmetry, the four peaks in the sp3 region appearing at d 65.56
(1 C), 60.74 (1 C), 60.57 (2 C) and 58.30 (2 C). Thus, whereas
the ring carbons bearing the two pairs of phenyl rings have very
similar shifts to those in the precursor, one of the two unique
carbons has shifted markedly upfield whilst the other has shifted
downfield (and to a smaller extent). This is entirely consistent
with the proposed structure of 2 compared to that of 1. The sp2-
hybridised nitrogen on the cage has changed to sp3 hybridisation
(thereby resulting in a marked upfield shift of the attached
carbon), whereas the phenyl group now has an electron-
withdrawing CO group attached, so that the fullerene carbon
attached to this ring experiences a downfield shift. Since the
electron withdrawing CO moiety is more remote than the
electron-withdrawing –NN moiety, the downfield shift should
be smaller than the upfield one, as observed.

For the cage, the required 28 lines for sp2 carbons (2 3 1 C,
26 3 2 C) appear (all 2 C except where indicated) at d 160.86,
154.22, 152.10, 148.62, 148.52 (4 C), 148.36, 148.22, 148.04 (1
C), 147.94, 147.84, 147.48, 147.35 (1 C), 147.01, 148.86,
146.77, 145.43, 144.79, 144.46, 144.38, 144.21, 143.99,
143.93, 143.90, 143.77, 143.17, 142.83 and 142.53; the
resonance for the CNO group appears at d 161.34. The ipso
peaks appear at d 133.78 (1 C), 139.42 (2 C), 136.99 (2 C) and
132.08 (1 C), and it can be seen that the last three values are

almost identical to those in the precursor 1. The first value can
be assigned to the aryl ring carbon which is adjacent to the C–Br
group in 1 and the CNO group in 2. The normally stronger
electron withdrawing effect of the carbonyl group5 is evidently
moderated through resonance with the adjacent nitrogen lone
pair.

The 1H NMR spectrum is assigned as follows, the hydrogen
locations being identified by 2D-COSY and NOE analysis.
Ring notations are as in 2; couplings are not given due to peak
coincidences, and splitting could not be resolved for H3 and H2:
(i) rings B, d 7.66–7.64 (4 H, d, o-H), 7.36–7.33 (2 H, t, p-H),
7.29–7.25 (4 H, t, m-H); (ii) rings C, d 7.27–7.25 (4 H, d, o-H),
7.09—7.06 (2 H, t, p-H), 7.01–6.98 (4 H, t, m-H); (iii) ring A,
d 8.12 (1 H, dd, H4), 7.92 (1 H, dd, H1), 7.28 (1 H, H2), 7.23 (1
H, H3); (iv) d 7.03, (1 H, s, –CONH–).

This identification for H1 was confirmed by NOE enhance-
ment (4.1%) of the signal for the ortho hydrogens of ring B. The
resonances for hydrogens in ring A are all shifted downfield
relative to those in the precursor, which is consistent with CO
being substituted on this ring, but not with –NN being attached
originally to this ring and then converted to –NH– on
hydrolysis. The relatively greater downfield shift in 2 compared
to 1 of the resonance for H1 relative to that of H3 (both positions
being meta to the substituent) is consistent with C–N bond
lengthening in the quinolone relative to the quinoline, forcing
H1 slightly nearer to the cage. AM1 calculations indicate that
the cage–H1 distance is reduced from 2.634 Å in the
bromoisoquinoline to 2.61 Å in the isoquinolone. Similarly, the
greater downfield shift for H4 (ortho) relative to H2 (para) is
consistent with the calculated H4–O distance (2.49 Å) in 2
compared to the H4–Br distance (2.63 Å) in 1.
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Scheme 1

Fig. 2 IR spectrum (KBr) for C91H25NO (2)
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Polymers and oligomers with transverse aromatic groups and tightly controlled
chain conformations

Roger W. Alder,*† Kevin R. Anderson, Paul A. Benjes, Craig P. Butts, Panayiotis A. Koutentis and
A. Guy Orpen

School of Chemistry, University of Bristol, Cantock’s Close, Bristol, UK BS8 1TS

Anionic ring-opening polymerisation of spiro[cyclopropane-
1,9A-fluorene] with fluorenyl anion as initiator yields poly-
mers 1 with chains which are essentially all-anti and have
transversely-oriented fluorenyl groups, as shown by strong
upfield shifts for the mid-chain methylene and 1,8-fluorenyl
protons; synthetic routes to some specific oligomers are also
reported.

Controlling the secondary structure of acyclic molecules and
polymers is important for many applications. We have shown
that quaternary centres exert extensive conformational effects
on adjacent chains.1,2 Combining these effects with the rigid
side groups provided by transversely-oriented fluorene rings
should lead to a polymer 1 with a highly-constrained all-anti
(extended chain) secondary structure; any gauche bonds in the
chain create strong interactions between CH2 groups in the
chain and the 1,8-CH groups on the fluorene rings. Calculations
on oligomers using the MM3 force field3,4 predict that all-anti
structures are 9–10 kJ mol21 more stable than the next best
conformation, which has one gauche bond in the terminal
section of the chain. Introduction of gauche bonds in the interior
parts of these oligomers costs 13.5–14 kJ mol21, corresponding
to a > 200 : 1 preference for all-anti conformations at ambient
temperature in these parts of the chain. In structures like 1, anti
conformations can be readily recognised from the upfield shifts

in 1H NMR spectra due to aromatic ring current effects. Thus
the CH2OH protons in diol 2 (n = 1, R = H), whose X-ray
structure‡ is shown in Fig. 1, resonate at d 2.85, whereas in
acetal 3 the corresponding protons occur at d 3.95.

Anionic ring-opening polymerisation is a common process
for heterocyclic monomers like epoxides, but it has barely been
explored for hydrocarbon monomers like cyclopropanes.
[1.1.1]Propellane5 and some bicyclobutanes6 (which have much
higher strain energies) and a few vinylcyclopropanes7 have
been polymerised by this process. Simple 1,1-disubstituted
cyclopropanes with two anion-stabilising groups appear good
candidates, but the only example in the literature is with CO2Me
as the stabilising group.8

We find that polymerisation of spiro[cyclopropane-
1,9A-fluorene]9 4 can indeed be initiated by an SN2 reaction with
fluorenyllithium. Temperatures > 100 °C are required; we have
used DMPU as solvent, but HMPA is also effective. During
polymerisation reactions with monomer : initiator ratios > 3 : 1,
a precipitate appears after about 10 min at 150 °C, raising
concern that chain growth may be limited by the insolubility of
the product. This insolubility precludes any simple determina-
tion of the degree of polymerisation (DP), but NMR data (see
below) indicate that oligomers below the octamer 1 (n = 8) are
almost absent in products from reactions with monomer-
: initiator ratios > 12 : 1, so polymerisation probably continues
in spite of the precipitation. Further optimisation of this
polymerisation will be undertaken and we intend making
modified monomers with flexible chains on the periphery of the
aromatic rings to improve solubility.

We found a much improved synthesis of 4 in > 90% yield
from fluorene, BuLi and ethylene sulfate.10 Ethylene sulfate is
much more efficient in this reaction than 1,2-dibromoethane,
which gives mixtures of dimer 1 (n = 2),11 4 and cyclohexane
derivative 5,§ even when fluorenyllithium is added slowly to
excess dibromide. Ethane-1,2-diyl dimesylate only gives 4,
without 1 (n = 2) or 5, but is relatively unreactive. We are
investigating the reasons for the effectiveness of ethylene

Fig. 1 X-Ray structure of diol 2 (n = 1, R = H) showing the all-anti
aliphatic chain
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sulfate in this cyclisation, and whether this observation has
more general implications.

In order to examine the physical properties of the novel
structure represented by 1, we have prepared some specific
oligomers by a general route. Thus reaction of an excess of the
monoanion of dimer 1 (n = 2) (prepared using BuLi) with
dimesylate 2 (n = 1, R = OMs) gives the pentamer 1 (n = 5),
along with small amounts of the octamer from reaction of 3
equiv. of 1 (n = 2) with 2 equiv. of 2 (n = 1, R = OMs).
Similarly, reaction of excess fluorenyl anion with dimesylate 2
(n = 2, R = OMs) gives the tetramer 1 (n = 4) and reaction of
an excess of the monoanion of dimer 1 (n = 2) with dimesylate
2 (n = 2, R = OMs) gives the hexamer 1 (n = 6). Since
mesylates 2 (R = OMs) are readily prepared from the
hydrocarbons 1, this route can potentially be used repetitively
with a rapid growth in DP, as shown in Scheme 1, so long as
starting oligomer can be separated from the product. Reaction of
excess fluorenyl anion with dimesylate 2 (n = 1, R = OMs)
only gives 5, with no observable trimer formation, but trimer
can be isolated by preparative TLC from polymerisation runs
with 2 : 1 ratios of 4 : fluorenyllithium. These oligomers can be
capped at both ends by double deprotonation with BuLi, and
reaction with electrophiles [e.g. MeI, MEMCl, oxirane and
(PhS)2], and many of these derivatives show improved
solubility.

Somewhat surprisingly, the best solvent for 1 is CHCl3, the
solubility of the tetramer, pentamer and hexamer are > 45, 31
and 26 mg ml21 respectively; the heptamer is very insoluble. In
the 1H NMR spectra of oligomers 1 (n = 2–6) in CDCl3, CH2
groups and some aromatic protons are shifted upfield sub-
stantially, with shifts increasing towards the middle of the
molecule and with increasing chain length. The shifts for CH2
groups range from d 1.75 for the dimer to d 0.42 for the central
CH2CH2 in the hexamer. As might be expected, the largest
upfield shifts for the aromatic protons are observed for the
1,8-fluorenyl protons (Table 1), with progressively smaller
shifts for the 2,7-, 3,6- and 4,5-protons.Upfield shifts for the
1,8-fluorenyl protons are predictable to within 0.02 ppm from a
simple additivity scheme based on the number of fluorene units
which are a (adjacent), Dd 20.38, b (next to adjacent) Dd
20.26, g Dd20.11, dDd20.04, e Dd20.02 and fDd20.01;
this scheme allows us to identify the heptamer from polymer-
isation reactions and the octamer as a by-product of the
preparation of the pentamer. It predicts that the 1,8-fluorenyl
protons in the middle of the polymer should resonate at d 6.04,
and we believe that it provides excellent evidence for a strong

preference for the all-anti conformation in solution. These
polymers and oligomers therefore possess a novel architecture
(flexible, but possessing many of the attributes of a rigid rod).
They could be useful as molecular spacers, and the regular array
of aligned aromatic rings is an intriguing feature. The distance
between two aromatic rings on the same side of the polymer
chain, calculated to be 7.71 Å, gives enough room to intercalate
another aromatic ring between them. Furthermore, the inter-
vening chains, while saturated, are perfectly aligned for
maximum through-bond coupling,12 and electron- and energy-
transfer down these chains may well be rapid. Finally, we point
out that anionic ring-opening polymerisation of 1,1-disub-
stituted cyclopropanes has now been observed for cases where
the growing anion is a malonic ester derivative8 (pKa ~ 13) and
where it is a fluorenyl anion (pKa ~ 22). We are exploring the
limits for this process, but we believe that many novel
polymeric structures might be made this way.

We thank EPSRC for support (grants GR/K15497 and GR/
K76160) and for a studentship (K. R. A.).
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‡ Crystal data for 2: C17H18O2, M = 254.31, monoclinic, space group
P21/c, a = 7.391(1), b = 24.846(4), c = 7.898(1) Å, b = 103.50(1)°, V
= 1410.3(3) Å3, Z = 4, Dc = 1.198 g cm23, l = 0.71073 Å, graphite
monochromated Mo-Ka X-radiation, m = 0.38 mm21, F(000) = 544,
T = 293 K. Data were collected on a Siemens P4 four circle diffractometer
for a quadrant of reciprocal space for 2.78 > 2q > 40.00. The structure was
solved by direct methods and refined by full-matrix least-squares methods
(175 parameters) against all 1292 unique intensity data with I > 2s(I) to
final R1 = 0.0628 for the 723 reflections with I > 2s(I). CCDC
182/714.
§ Dispiro[9H-fluorene-9,1A-cyclohexane-4A,9B-9H-fluorene] 5, a new com-
pound, shows a broadened absorption in its 1H NMR spectrum for the
methylene protons at room temperature; the variable temperature behaviour
of this compound will be discussed elsewhere.
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Scheme 1

Table 1 1H NMR chemical shifts in CDCl3 for 1,8-fluorenyl protons in
oligomers 1

dH(ppm)

Ar1

(Terminal rings) Ar2 Ar3 Ar4

Dimer 7.28
Trimer 7.01 6.89
Tetramer 6.90 6.63
Pentamer 6.86 6.53 6.39
Hexamer 6.84 6.48 6.28
Heptamer 6.83 6.46 6.24 6.18
Octamer 6.83 6.45 6.22 6.14
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A new approach to steroid ring construction based on a novel radical cascade
sequence

Sandeep Handa, Gerald Pattenden*† and Wan-Sheung Li

Department of Chemistry, Nottingham University, Nottingham, UK NG7 2RD 

A new approach to steroid ring construction based on
sequential cascade 6-endo-trig cyclisation/macrocyclisation/
transannulation reactions and exemplified in the synthesis
of the cis, anti, cis, anti, cis tetracycle 17 from 15, is
presented.

Since their structures were firmly established some fifty years
ago, there have been a wide range of imaginative approaches to
the total synthesis of natural steroids and to steroidal ring
systems. Perhaps paramount amongst the methods that have
been developed are those based on either Diels–Alder reactions
(inter- and intra-molecular, including transannular based)1 or
biomimetic-type electrophilic cyclisations of polyene precursor
compounds.2 In recent years our own research group has been
examining the scope for a range of cascade radical processes in
the synthesis of steroids, including those based on consecutive
6-endo-trig cyclisations from appropriate polyene acyl radical
precursors,3 and those based on radical macrocyclisations in
tandem with radical transannulations.4 Indeed, these approaches
have led to some highly efficient routes to steroids, including
aza-steroids5 and some natural products.6 We have now
conceived a new approach to steroid constructions, based on
these earlier studies, whereby the A/B ring system is elaborated
by consecutive 6-endo-trig cyclisations (1? 2), in concert with
formation of the C/D ring system via a macrocyclisation/
transannulation sequence (3? 4? 5), from an appropriately
functionalised cyclopropyl-based polyene precursor 1 (Scheme
1).

Thus we chose the cyclopropyl substituted trienone selenyl
ester 7 as the starting point for our cyclisation studies. The

selenyl ester group was chosen as the radical precursor because
of the known propensity for hex-5-enoyl radicals to undergo
6-endo cyclisations,3,7 and the conjugated enone group was
incorporated in the substrate 7 to facilitate the 9-endo-trig
cyclisation8 following ring-opening of the cyclopropylcarbinyl
radical intermediate (cf. 2? 3? 4, Scheme 1). The synthesis
of 7 was achieved in fifteen steps from the known bromo
alcohol 6 (Scheme 2).9,10 When a solution of the selenyl ester 7
in dry degassed benzene (4 mm), at reflux, was treated with
Bu3SnH (syringe pump addition over 4 h) in the presence of
AIBN, one major product was isolated in ca. 40% yield.
Analysis of the spectroscopic data for the compound showed
that, instead of generating the steroid dione structure 9 resulting
from the predicted cascade highlighted in Scheme 1, the acyl
radical intermediate 8 had undergone a single 14-endo-trig
cyclisation producing the macrocyclic 1,4-dione 10.11

The efficient 14-endo-trig macrocyclisation of the nucleoph-
ilic acyl radical 8, leading to 10, over the competing 6-endo-trig
cascade is no doubt a consequence of the electrophilicity of the
terminal enone in 8. In light of this we designed a new
cyclisation precursor to avoid the competing pathway. The
designed polyene selenyl ester 15 incorporates two carboxylate
ester moieties, the first of which [at C(5)] was introduced in
order to increase the rate of 6-endo-trig cyclisation of the acyl
radical precursor and the second [at C(13)] was incorporated to
lower the electrophilicity of the terminal olefin (with respect to
7). The new precursor 15 was prepared as shown in Scheme 3.
Thus formation of the Normant Grignard reagent from 3-chloro-

Scheme 1 Scheme 2
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propanol followed by reaction with dicyclopropyl ketone first
gave the diol 11a which was then protected selectively as its
TBDPS ether 11b. Selective ring opening of one of the
cyclopropane rings in 11b was achieved by treatment with
N-iodosuccinimide (NIS)–PPh3 to produce the vinyl cyclopro-
pyl intermediate 12 as a 1 : 1 mixture of E- and Z-isomers.
Nucleophilic displacement of the homoallylic iodide in 12 by
the anion generated from trimethyl phosphonoacetate and
subsequent Wadsworth–Emmons reaction with paraformalde-
hyde next installed the terminal methacrylate residue in the
form of intermediate 13. The silyl ether group in 13 was
converted into the corresponding aldehyde which was then used
in a further Wadsworth–Emmons olefination with the phos-
phate 16 giving the triene 14 as a mixture of separable isomers
about the newly formed double bond. Finally, a series of
functional group interconversions then led to the target selenyl
ester 15.

Treatment of the selenyl ester 15 with Bu3SnH–AIBN under
conditions similar to those which produced 10 from 7 led to the
formation of one major product in ca. 45% yield, and some
minor products. Detailed analysis of the NMR data for the
separated major product indicated that the compound had the
hoped-for tetracyclic (steroid) ring system, but the data could
not define its stereochemistry unambiguously. Fortunately, the
tetracyclic ketone product could be reduced selectively using
NaBH4 leading to the crystalline carbinol 18, mp 126–128 °C
(Et2O–light petroleum). An X-ray crystallographic analysis of
this tetracycle showed, surprisingly, that it had the very unusual
cis, anti, cis, anti, cis-stereochemistry, viz. 17 and 18 (Fig. 1).
Thus we had not only demonstrated the scope for the new
strategy for steroid ring construction enunciated in Scheme 1,
but we have also uncovered a route to the unusual all cis-
stereochemistry for the steroid ring system produced when 15
undergoes a radical cascade cyclisation to 17. Further studies
are now in progress to develop this novel stratagem for
polycycle construction in other fused ring systems.

We thank the EPSRC for support of this work via a
Postdoctoral Fellowships (to S. H. and W-S. L.) and purchase of
the X-ray diffractometer.

Notes and References

† E-mail: gp@nottingham.ac.uk
‡ Crystal data for 18: C21H32O5, M = 364.47, triclinic, a = 7.499(6), b
= 10.405(6), c = 12.297(7) Å, a = 82.70(4), b = 80.93(6), g = 79.83(5)°,
U = 927.7(11) Å3, T = 150 K, space group P1 (No. 2), Z = 2, Dc = 1.305
g cm23, m(Mo-Ka) = 0.091 mm21, 5459 reflections measured, 3120
unique (Rint = 0.019), final R1 [Fo ! 4s(Fo)] = 0.0628, wR2 (all
data) = 0.209 for 242 refined parameters. CCDC 182/715.
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Scheme 3 Reagents and conditions: i, MeMgBr, THF, 230 °C, Mg, 70 °C,
then dicyclopropyl ketone, 68%; ii, ButPh2SiCl, imidazole, 97%; iii, NIS,
PPh3, CH2Cl2230 °C, 64%; iv, NaH, trimethyl phosphonoacetate, DMSO,
73%; v, NaH, (CH2O)3, 85%; vi, TBAF, 91–95%; vii, Dess–Martin
periodinane, 90–92%; viii, NaH, ButPh2SiO(CH2)4CH(CO2Me)PO(OMe)2

16, 0 °C, 87%; ix, KH2PO4, ButOH, H2O, NaClO2, 2-methylbut-2-ene,
95%; x, N-(phenylseleno)phthalimide, PBu3, 230 °C, 72%

Fig. 1 X-Ray crystallographic structure of 18
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High activity ethylene polymerisation catalysts based on chelating diamide
ligands

Vernon C. Gibson,*a Brian S. Kimberley,a Andrew J. P. White,a David J. Williamsa and Philip Howardb

a Department of Chemistry, Imperial College, Exhibition Road, South Kensington, London, UK SW7 2AY
b BP Chemicals, Sunbury Research Centre, Chertsey Road, Sunbury on Thames, Middlesex, UK TW16 7LN

Treatment of Zr(NMe2)4 with RNH(SiPh2)NHR and
RNH(Me2SiCH2CH2SiMe2)NHR (R = 2,6-Me2C6H3) af-
fords the four- and seven-membered chelate complexes
{Zr[RN(SiPh2)NR](NMe2)2(HNMe2)} and {Zr[RN(Me2Si-
CH2CH2SiMe2)NR](NMe2)2} respectively; a dramatic effect
of chelate ring size on ethylene polymerisation activity and
kinetic profile is found.

There is considerable interest in the development of new
generation ‘non-metallocene’ catalysts for the polymerisation
of a-olefins. Chelating diamide complexes of the Group 4
metals have recently become the focus of much attention,1–10

partly because of their close relationship to the commercially
significant half-sandwich metal amido ‘constrained geometry’
catalyst system,11,12 and more generally due to a relationship to
metallocenes that may be traced through alkoxide relatives
(Scheme 1).† A potential advantage of the bis(amido)metal
system relative to the constrained geometry half-sandwich
metal amide catalyst family is a lower formal electron count
[(R2N)2Zr is formally a 10e2 fragment, cf. 12e2 for CpZr-
(NR2)] which is likely to result in a more electrophilic and
therefore potentially more active catalyst fragment. However, it
must be recognised that the bis(amido)metal system is sterically
more open and may need steric tuning to minimise deactivation
processes.

We report a surprisingly active zirconium ethylene polymer-
isation catalyst system based on chelating diamide ligands. Of
particular significance is the observation of dramatically
enhanced activity and a more stable kinetic profile upon increase
in the chelate ring size. Compounds 1 and 2 are readily
synthesised in high yield via reaction of LiNHR (R =
2,6-Me2C6H3) with the appropriate dichlorosilane (Scheme 2).
Treatment of 1 and 2 with Zr(NMe2)4 in toluene at 90 °C leads to
elimination of 2 equiv. of Me2NH and formation of four- and
seven-membered chelate complexes 3 and 4 in excellent yield.‡

The structures of 3 and 4 have been determined by X-ray
crystallography.§ The structure of 3 reveals the formation of a
distorted trigonal bipyramidal Zr complex (Fig. 1), the Zr being
bonded to the bidentate chelating diamide 1, two Me2N groups
and a molecule of Me2NH. The equatorial plane is defined by
N(2), N(6) and N(9), the axial positions being occupied by N(1)
and N(3). The principal distortion in the coordination geometry
is due to the small bite [71.3(1)°] of the chelating diamide, a
consequence of which is ‘reduced’ steric congestion of the Zr
centre allowing retention of three of the original four Me2N
ligands (rather than the expected two). The N2SiZr chelate ring
is planar to within 0.01 Å.

By contrast, the structure of 4 (Fig. 2) reveals a slightly
distorted tetrahedral coordination at Zr, comprising the bi-
dentate disilyldianilide [bite angle 109.2(1)°] and just two

Me2N ligands. An important effect of increasing the size of the
chelate ring in 4 (now seven-membered, cf. four-membered in
3) is for the two aryl rings to partially envelop the Zr centre and
one of the Me2N ligands [N(10)]. The geometry of the seven-
membered chelate ring appears to be somewhat strained, the
internal angles at the N (131°) and C (117°) centres being
significantly enlarged from normal trigonal and tetrahedral
geometries, respectively. The reason(s) for these distortions are
not immediately evident, although they are clearly a factor in the
envelopment of the Zr centre described above. Complex 4 is
readily converted to complex 5 upon reaction with excess
AlMe3.13

The results of preliminary studies on their activities for
ethylene polymerisation are collected in Table 1. For the mono-
silyl bridged species 3, pretreatment with BunLi, to remove the
bound Me2NH, and prealkylation with excess AlMe3, followed

Scheme 1

Scheme 2 Reagents and conditions: i, Cl2SiPh2 (0.5 equiv.), Et2O, room
temp., 12 h, 79%; ii, Zr(NMe2)4, toluene, 90 °C, 12 h, 98%; iii,
ClSi(Me)2CH2CH2Si(Me)2Cl (0.5 equiv.), Et2O, room temp., 12 h, 74%; iv,
Zr(NMe2)4, toluene, 90 °C, 12 h, 97%; AlMe3 (5.0 equiv.), toluene, room
temp., 30 min, 98%

Fig. 1 Molecular structure of 3. Selected bond lengths (Å) and angles (°):
Zr–N(1) 2.158(2), Zr–N(2) 2.159(2), Zr–N(3) 2.426(2), Zr–N(6) 2.025(3),
Zr–N(9) 2.057(3), Si–N(1) 1.709(2), Si–N(2) 1.725(2); N(6)–Zr–N(9)
108.5(1), N(6)–Zr–N(1) 106.1(1), N(9)–Zr–N(1) 105.2(1), N(6)–Zr–N(2)
128.1(1), N(9)–Zr–N(2) 122.4(1), N(1)–Zr–N(2) 71.3(1), N(6)–Zr–N(3)
91.8(1), N(9)–Zr–N(3) 89.2(1), N(1)–Zr–N(3) 151.6(1), N(2)–Zr–N(3)
80.3(1), N(1)–Si–N(2) 94.2(1), Si–N(1)–Zr 97.5(1), Si–N(2)–Zr 97.0(1).
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by exposure to ethylene (10 atm) in the presence of MAO (750
equiv.) at 50 °C gave an active, although short-lived ( < 15 min)
catalyst; 450 mg of polyethylene was isolated, corresponding to
an activity of 3 g mmol21 h21 bar21. By contrast, under
identical conditions of temperature, pressure and cocatalyst
concentration (entry 2), complex 4 afforded a steady uptake of
ethylene over the 60 min duration of the run at an activity of 490
g mmol21 h21 bar21. Increasing the temperature (entries 2–4)
gave a corresponding increase in activity, although a noticeable
deactivation occurs over the course of the 60 min run at 50 °C,
which becomes even more enhanced at 75 °C. The effect of
MAO cocatalyst concentration can be seen from entries 3, 5 and
6, the more MAO the higher the activity and also the more stable
the kinetic profile. If the procatalyst is not pre-alkylated with
AlMe3 (entry 7) reduced activity is found, consistent with the
necessity for efficient alkylation of the Me2N complex;13 MAO
on its own is known to be a relatively poor alkylating agent. The
molecular weights of the polyethylenes generated using the
most active catalysts are in the region of 105 (Mw) with
relatively broad molecular weight distributions (PDIs 5–9).
These will be discussed in more detail in a future publication.

Treatment of dimethylzirconium procatalyst 5 with
trityltetrakis(pentafluorophenyl)borate at 50 °C initially gives a
highly active catalyst that rapidly deactivates over 10 min. The
same procatalyst in the presence of MAO gives a much more
stable kinetic profile and an activity figure of merit comparable
to prealkylated 4 (entry 3). This is consistent with the general
stabilising effect found for MAO with metallocene catalyst
systems.

The dramatically more favourable activity and kinetic profile
characteristics found for 4 relative to 3 may be attributed to the
steric protection of the zirconium centre by the bulky aryl

substituents of the large ring chelate ligand. Not only do these
prevent the binding of small base molecules such as Me2NH, they
also undoubtedly lend protection to the active catalyst site.

BP Chemicals Ltd and the EPSRC are thanked for a CASE
studentship to B. S. K. BP Chemicals is also thanked for
assistance with catalyst evaluation.

Notes and References
* E-mail: v.gibson@ic.ac.uk
† The similar 1s,2p bonding characteristics of the cyclopentadienide and
alkoxide ligands affords a direct isolobal relationship. It should be noted
that, whilst closely related to the alkoxide moiety, the amide ligand is
formally a 1s,1p unit and therefore is not strictly isolobal; as a 1s,1p ligand
it also donates two fewer electrons to the metal centre.
‡ Satisfactory elemental analyses have been obtained. Selected data for 1:
dH(C6D6, 298 K) 2.10 (s, 12 H, PhMe2), 3.39 (br s, 2 H, NH), 6.80–6.91
(overlapping m, aryl H), 7.04–7.10 (overlapping m, aryl H), 7.66–7.84
(overlapping m, aryl H); dC(C6D6, 298 K) 20.44, 122.13, 129.05, 130.10,
130.72, 134.81, 135.02, 136.82, 142.90. For 2: dH(C6D6, 298 K) 0.76 (s, 12
H, SiMe2), 0.51 (s, 4 H, (CH2SiMe2)2, 2.18 (s, 12 H, PhMe2), 6.85 (t, 2 H,
3JHH 6.7, p-C6H3), 7.00 (d, 4 H, 3JHH 6.7, m-C6H3); dC(C6D6, 298 K) 21.10,
9.75, 19.85, 122.01, 128.70, 131.45, 143.80. For 3: dH(C6D6, 298 K) 1.42
(br s, 1 H, HNMe2), 1.68 (d, 6 H, 3JHH 5.9, HNMe2), 2.26 (br s, 6 H, PhMe),
2.42 (br s, 6 H, PhMe), 2.79 (s, 12 H, NMe2), 7.07–7.11 (overlapping m, aryl
H), 7.61–7.64 (overlapping m, aryl H); dC(C6D6, 298 K) 21.15, 39.43,
41.95, 120.99, 127.22, 128.65, 135.64, 142.83. For 4: dH(C6D6, 298 K) 0.13
(s, 12 H, SiMe2), 1.21 (s, 4 H, Me2SiCH2), 2.39 (s, 12 H, PhMe2), 2.48 (s,
12 H, NMe2), 6.83 (t, 2 H, 3JHH 7.3, aryl H), 7.06 (d, 4 H, 3JHH 7.3, aryl H);
dC(C6D6, 298 K) 1.06, 10.72, 20.61, 42.42, 123.21, 128.95, 135.36, 146.13.
For 5: dH(C6D6, 298 K) 0.12 (s, 12 H, SiMe2), 0.23 (s, 6 H, ZrMe2), 1.08 (s,
4 H, Me2SiCH2), 2.37 (s, 12 H, C6H3Me2), 6.89–6.95 (m, 2 H, p-aryl H),
7.00–7.03 (m, 4 H, m-aryl H); dC(C6D6, 298 K) 0.18 (SiMe2), 9.38
(C6H3Me2), 20.75 (C6H3Me2), 43.07 (ZrMe2), 125.48 (C6H3-Cm), 129.51
(C6H3-Cp), 137.00 (C6H3-Co), 137.94 (C6H3-Cipso).
§ Crystal data for 3: C34H47N5SiZr, M = 645.1, monoclinic, P21/n (no. 14),
a = 11.425(1), b = 19.501(1), c = 15.423(3) Å, b = 97.58(1)°, V =
3406.1(7) Å3, Z = 4, Dc = 1.26 g cm23, m(Cu-Ka) = 32.0 cm21, F(000)
= 1360. A clear prism of dimensions 0.35 3 0.23 3 0.10 mm was used. For
4: C26H46N4Si2Zr, M = 562.1, monoclinic, P21/c (no. 14), a = 9.403(2), b
= 33.301(6), c = 10.640(2) Å, b = 113.02(1)°, V = 3066(1) Å3, Z = 4,
Dc = 1.22 g cm23, m(Mo-Ka) = 4.6 cm21, F(000) = 1192. A clear prism
of dimensions 0.67 3 0.57 3 0.57 mm was used. For 3 (4), 5590 (4306)
independent reflections were measured on a Siemens P4/PC diffractometer
at 183 K (293 K) with graphite monochromated Cu-Ka—rotating anode
source—(Mo-Ka) radiation using w-scans. The structures were solved by
direct methods and all the non-hydrogen atoms were refined anisotropically
using full-matrix least-squares based on F2 to give R1 = 0.036 (0.046), wR2

= 0.095 (0.099) for 5084 (3093) independent observed absorption
corrected reflections [ıFoı > 4s(ıFoı), 2q @ 128° (50°)] and 351 (299)
parameters respectively. The N–H hydrogen atom in 3 was located from a
DF map and refined isotropically subject to an N–H distance constraint
(0.90 Å). CCDC 182/700.
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Fig. 2 Molecular structure of 4. Selected bond lengths (Å) and angles (°):
Zr–N(10) 2.024(4), Zr–N(7) 2.032(4), Zr–N(1) 2.084(4), Zr–N(6) 2.105(4),
N(1)–Si(2) 1.735(4), Si(2)–C(3) 1.874(5), C(3)–C(4) 1.535(7), C(4)–Si(5)
1.869(5), Si(5)–N(6) 1.746(4); N(10)–Zr–N(7) 104.7(2), N(10)–Zr–N(1)
116.0(2), N(7)–Zr–N(1) 108.2(2), N(10)–Zr–N(6) 111.1(2), N(7)–Zr–N(6)
107.2(2), N(1)–Zr–N(6) 109.2(1), Si(2)–N(1)–Zr 129.0(2), N(1)–Si(2)–
C(3) 107.8(2), C(4)–C(3)–Si(2) 116.8(4), C(3)–C(4)–Si(5) 116.6(4),
N(6)–Si(5)–C(4) 110.8(2), Si(5)–N(6)–Zr 131.7(2).

Table 1 Ethylene polymerisation characteristicsa for 3–5

Cocatalyst Activity/
Entry Procatalyst (equiv.) T/°C g mmol21 h21 bar21

1 3 MAO (750) 50 3b

2 4 MAO (750) 25 250c

3 4 MAO (750) 50 490d

4 4 MAO (750) 75 680e

5 4 MAO (100) 50 140b

6 4 MAO (2000) 50 990d

7 4 MAO (750)f 50 70
8 5 [Ph3C][B(C6F5)4] 50 60b

9 5 MAO (750) 50 400d

a General conditions: procatalyst dissolved in toluene for runs 1–7 and 9,
CH2Cl2 for run 8, pretreatment with excess AlMe3 (10 equiv.) for runs 1–6,
1 litre autoclave, 10 atm ethylene pressure, isobutane solvent, AlMe3

scavenger, runs carried out over 60 min. b Rapid deactivation. c Stable
ethylene uptake over 1 h duration of run. d Slow deactivation over 1 h
duration of run. e Deactivation more rapid than in footnote (d). f No
prealkylation.
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Either g-syn- or g-anti-selective palladium-catalysed carbonyl allylation by
mixed (E)- and (Z)-1,3-dichloropropene with tin(ii) halides

Yoshiro Masuyama,* Akihiro Ito and Yasuhiko Kurusu

Department of Chemistry, Sophia University, 7-1 Kioicho, Chiyoda-ku, Tokyo 102, Japan

Palladium-catalysed carbonyl allylations by mixed (E)- and
(Z)-1,3-dichloropropene with SnI2–Bu4NI and SnCl2 dia-
stereoselectively produce syn and anti 1-substituted
2-chlorobut-3-en-1-ols, respectively. These are transformed
into cis and trans 1-substituted 2-vinyl epoxides.

Barbier-type carbonyl allylations by (E)-g-substituted allylic
metal reagents, derived from (E)-g-substituted allylic halides
with metals or metal halides, usually add anti-diastereoselec-
tively at the g-position of the allylic metal reagents to
aldehydes; g-anti-selective carbonyl allylation.1 g-syn-Selec-
tion is difficult for the Barbier-type carbonyl allylations by
(E)-g-substituted allylic metal reagents. We have found that
halogens on the tin of but-2-enyltin reagents, prepared from
(E)-rich 1-bromobut-2-ene and tin(ii) halides, affect the dia-
stereoselectivity in the g-regioselective carbonyl allylation in
THF–H2O at room temperature; anti-selection with tin(ii)
chloride and syn-selection with tin(ii) iodide–tetrabutylammo-
nium bromide (or iodide).2 We thus hoped that palladium-
catalysed carbonyl allylation3 by (E)-rich 3-chloroprop-2-
enyltin reagents, derived from (E)- and (Z)-mixed 1,3-dichlo-
ropropene (1)† with SnCl2 or SnI2–Bu4NI via the formation of
1-chloro-syn-p-allylpalladium complex, could lead to halogen-
coordination controlled diastereoselectivity to produce dias-
tereo-defined 1-substituted 2-chlorobut-3-en-1-ols, which could
be transformed into the corresponding 1-substituted 2-vinyl
epoxides (Scheme 1).5

Diastereoselectivity in the allylation of benzaldehyde by (E)-
and (Z)-mixed 1,3-dichloropropene (1) in 1,3-dimethyl-
imidazolidin-2-one (DMI)–H2O‡ was investigated with tin(ii)
halides (SnX2) and tetrabutylammonium halides (TBAXA). To a
solution of SnX2 (2.0 mmol) and TBAXA (2.0 mmol) in DMI (3
ml)–H2O (0.1 ml) in the presence or absence of a catalytic
amount of PdCl2(PhCN)2 (0.02 mmol) was added 1 (2.0 mmol),
and the solution was stirred at room temperature for 24 h.
Benzaldehyde (1.0 mmol) was added to the solution, which was
then stirred at room temperature. After the usual work-up,
2-chloro-1-phenylbut-3-en-1-ol (2, RNPh) was obtained. The
results are summarized in Table 1. The palladium-catalysed
carbonyl allylation with SnCl2 in DMI without H2O led to usual
anti-selectivity.3 For addition of TBAXA, the carbonyl allylation
with SnBr2 or SnI2 proceeded without any palladium catalyst.
Use of either iodide (SnI2 or TBAI) enhanced both the yield and
the syn-selectivity. Addition of a catalytic amount of

PdCl2(PhCN)2 accelerated the carbonyl allylation with SnI2 and
TBAI without lowering the syn-selectivity. The reaction with
NaI accompanied by a catalytic amount of TBAI exhibited the
same reactivity and selectivity as those of the reaction with an
equimolar amount of TBAI to 1.

Either syn- or anti-selective palladium-catalysed allylations
of various aldehydes by 1 were carried out with SnI2–TBAI–

Scheme 1

Table 1 Allylation of benzaldehyde by 1,3-dichloropropene (1)

Yielda of 2
(R = Ph)

X XA t/h (%) 2s : 2ab

Clc d 24 88 41 : 59
Cle d 65 70 22 : 78
Br Br 130 22 46 : 54
Br I 125 87 85 : 15
I Br 121 66 90 : 10
I I 122 63 92 : 8
Ic I 70 65 91 : 9
Ic If 71 65 92 : 8

a Isolated yields. b The ratio was determined by 1H NMR spectroscopy
(JEOL GX-270).§ c PdCl2(PhCN)2 as a catalyst was added. d No TBAXA
was used. e The reaction was carried out without H2O at 0 °C. f TBAI (0.2
mmol) and NaI (2.0 mmol) were used.

Table 2 Diastereoselective carbonyl allylation by 1a

Yieldb of 2
R Method t/h (%) 2s : 2ac

4-ClC6H4 A 70 74 14 : 86
4-ClC6H4 B 71 80 93 : 7
4-NCC6H4 A 71 71 15 : 85
4-NCC6H4 B 68 72 91 : 9
4-H3CC6H4 A 62 58 20 : 80
4-H3CC6H4 B 72 49 91 : 9
3,4-(CH2O2)C6H3 A 78 56 24 : 76
3,4-(CH2O2)C6H3 B 97 24 93 : 7
(E)-C6H5CHNCH A 72 78 15 : 85a

(E)-C6H5CHNCH B 96 53 77 : 23d

C6H5CH2CH2 A 71 58 32 : 68
C6H5CH2CH2 B 96 64 76 : 24
CH3(CH2)5 A 93 48 36 : 64
CH3(CH2)5 B 95 48 84 : 16
CH2NCH(CH2)8 A 70 62 26 : 74
CH2NCH(CH2)8 B 94 63 78 : 22

a The allylation of aldehydes (1.0 mmol) by 1 (2.0 mmol) was carried out
with PdCl2(PhCN)2 (0.02 mmol), SnX2 (2.0 mmol), TBAI (0.2 mmol) and
NaI (2.0 mmol) in DMI (3 ml) and H2O (0.1 ml). b Isolated yields. c The
ratio was determined by 1H NMR spectroscopy (JEOL GX-270).§ d The
ratios (cis : trans) refer to the corresponding vinyl epoxides.
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NaI and SnCl2 in DMI–H2O and DMI, respectively, as shown in
Table 2. Any aldehyde, such as aromatic aldehydes bearing
either an electron-donating group or an electron-withdrawing
group, a,b-unsaturated aldehydes, and aliphatic aldehydes, can
be used for the diastereo-defined carbonyl allylation. 1-Substi-
tuted 2-chlorobut-3-en-1-ols 2, which are chlorohydrins, were
transformed into the corresponding 1-substituted 2-vinyl
epoxides 3 with aqueous NaHCO3–THF solution in 70–90%
yields [reaction (1)]. The cis : trans ratios of 3 were similar to
the syn : anti ratios of 2.§

The anti-selection with SnCl2 probably occurs via the usual
six-membered cyclic transition states (coordination) between
(E)-rich 3-chloroprop-2-enyltrichlorotin, derived from syn-rich
1-chloro-p-allylpalladium chloride and tin(ii) chloride, and
aldehydes.1 The coordination suggests high Lewis acidity of tin

in (E)-3-chloroprop-2-enyltrichlorotin, as shown in Scheme 2.
However, syn-selectivity with SnI2–TBAI (–NaI) probably
occurs via acyclic antiperiplanar transition states between
pentacoordinate 3-chloroprop-2-enyltetraiodotin, in which the
tin has no Lewis acidity, and aldehydes.2 The syn-selection via
the acyclic antiperiplanar transition state is independent of the
olefinic geometry of 3-chloroprop-2-enyltin intermediate, in
contrast to the anti-selection via the six-membered cyclic
transition state.1 Thus the syn-selectivity with SnI2–TBAI is
probably superior to the anti-selectivity with SnCl2.

Notes and References

* E-mail: y-masuya@hoffman.cc.sophia.ac.jp
† 1,3-Dichloropropene (1, E : Z = 48 : 52) was purchased from Tokyo
Chemical Industry Co.
‡ DMI–H2O is a most effective solvent in syn-selective carbonyl allylation
by 1-chlorobut-2-ene with SnI2–TBAI.
§ The syn (2s) and anti (2a) structures were determined by the ratios and
structures of the cis- (3c) and trans-epoxides (3t). The cis (3c) and trans (3t)
structures of the epoxides were determined from the coupling constants of
vicinal protons of the epoxides in 1H NMR spectra (JEOL GX-270);
Jcis = 4.27–4.28 and Jtrans = 2.03–2.45 Hz.5

1 For a review, see: Y. Yamamoto and N. Asao, Chem. Rev., 1993, 93,
2207.

2 Y. Masuyama, M. Kishida and Y. Kurusu, Tetrahedron Lett., 1996, 37,
7103.

3 For palladium-catalysed carbonyl allylation, see: Y. Masuyama, J. Synth.
Org. Chem. Jpn., 1992, 50, 202; Y. Masuyama, in Advances in Metal-
Organic Chemistry, ed. L. S. Liebeskind, JAI Press, Greenwich, 1994,
vol. 3, p. 255.

4 For carbonyl allylation by (Z)-rich 1-chloro-3-iodoprop-1-ene with tin(ii)
chloride, see: J. Auge and S. David, Tetrahedron Lett., 1983, 24, 4009.

5 S. Hu, S. Jayaraman and A. C. Oehlschlager, J. Org. Chem., 1996, 61,
7513 and references cited therein.

Received in Cambridge, UK, 3rd November 1997; 7/07865J

Scheme 2 Plausible mechanism in either g-syn- or g-anti-selective
palladium-catalysed carbonyl allylation by mixed (E)- and
(Z)-1,3-dichloropropene (1)
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Sulfonic acid functionalised ordered mesoporous materials as catalysts for
condensation and esterification reactions

Wim M. Van Rhijn,* Dirk E. De Vos, Bert F. Sels, Wim D. Bossaert and Pierre A. Jacobs

Centre for Surface Science and Catalysis, KU Leuven, Kard. Mercierlaan 92, B-3001 Heverlee, Belgium

Mesoporous silicas were functionalised with sulfonic acid
groups; the resulting materials are excellent catalysts for
formation of bisfurylalkanes and polyol esters.

The discovery of mesoporous materials has raised the general
expectation that the catalytic efficiency of microporous zeolites
can be expanded to mesoporous dimensions.1 It is necessary to
introduce functionality into MCM or HMS structures, so
surface modification techniques are enjoying a renewed
interest, and it is clear that the pore walls of mesoporous
materials are easily modified with either purely inorganic or
with hybrid, semi-organic functional groups.2,3 Reports on Ti–
MCM-41 prove that this oxidation catalyst can indeed handle
voluminous substrates such as alkylated phenols.4 We recently
illustrated the potential of a guanidine-functionalised MCM-41
in base-catalysed condensations.5 Progress in acid catalysis is
lagging behind, largely because of the low acid strength of Al-
substituted mesoporous silicas such as Al–MCM-41.6 As an
alternative, we now propose the covalent attachment of
alkylsulfonic acid groups to the surface of MCM and HMS
molecular sieves, via secondary synthesis as well as via direct
one-step synthesis. The resulting MCM–SO3H and HMS–
SO3H materials perform well in typical strong-acid catalysed
reactions. The hydrophobic nature of the active sites’ environ-
ment can be exploited to perform reactions which are outside
the reach of other inorganic solid acid catalysts.

The key precursor in the synthesis of alkylsulfonic acid
functionalised mesoporous materials is 3-mercaptopropyl-
trimethoxysilane (MPTS). This molecule contains an SH group,
a stable propyl spacer and a hydrolisable Si(OMe)3 moiety.
Hybrid mesoporous silicas were prepared either via silylation of
preformed mesoporous silica, or via co-condensation of the
primary building blocks.† First, MPTS and Si(OEt)4 were
hydrolysed together in the presence of an ionic or a non-ionic
surfactant (viz. C16NMe3Br and n-C12-amine), leading to MCM
or HMS type materials, respectively (Scheme 1, route 1).
Alternatively, secondary modification comprised the silylation
of a vacuum-dried pre-existing MCM support with MPTS in dry
toluene, or the coating of a partially hydrated support with an
MPTS layer (Scheme 1, routes 2a and b).3 Both primary and

secondary syntheses lead to materials functionalised with
largely intact SH groups, as is evidenced by an IR nS–H vibration
of medium intensity at 2575 cm21, and by the solid state 13C
NMR shifts [d 11 (C3), 27 (C1, C2)]. The MeO groups of the
liquid MPTS spectrum are absent, while the CH2(–Si) is slightly
shifted downfield (from d 8 to 11). These SH groups are easily
converted into sulfonic acid groups by mild oxidation with
neutralised H2O2, acidification and finally, thorough washing to
remove all liquid acid. In view of the high loading of the
material with functional groups, it is not surprising that some
disulfide is observed in the final product (d 41, 23). However,
the major signals are observed at d 54, 18 and 11. These are
consistent with those calculated for e.g. propanesulfonic acid
and give strong proof for the prevalence of (CH2)3SO3H surface
groups.

In ambient conditions, the water affinity of the material is
remarkably low, as proved by thermogravimetric analysis (less
than 1 wt% H2O) and by the weakness of the IR dOH vibration
(1638 cm21). Typical loadings, as measured by thermograv-
imetry or via titration of the SO3H groups, vary between 1.0 and
1.5 mequiv. g21. Sorption characteristics depend strongly on
the preparation method. For instance, an MCM–SH material
prepared via silylation (route 2a) displays a BET surface of 740
m2 g21 and a pore volume of 0.51 ml g21 with a radius between
2 and 4 nm (from the Kelvin equation and the BJH method).
These data evidence the mesoporous nature of the material,
even if the specific surface and mesoporous volume are
somewhat lower than for a typical MCM-41. However, coating
of the material with an MPTS layer (route 2b) leads to a
reduction of BET surface (510 m2 g21), average pore radius
( < 2 nm) and pore volume (0.25 ml g21), as determined from
T-plot analysis). Oxidation of the latter material to its sulfonic
acid form leads to further minor changes of BET (399 m2 g21)
and pore volume (0.19 ml g21). Isolated silanol groups, which
reportedly absorb at 3740 cm21,7 were not detected in the IR
spectra of MCM–SO3H upon evacuation at 373 or 473 K. The
absorption between 3500 and 2700 cm21 may rather be
assigned to hydrogen-bonded SO3H groups. Summarising, the
catalyst design leads to a hydrophobic mesoporous material,
with uniform and well-characterized SO3H groups.

The catalytic properties of the new materials were first tested
in the synthesis of 2,2-bis(5-methylfuryl)propane (DMP).
Bisfurylalkanes are relevant intermediates for macromolecular
chemistry.8 DMP is produced from 2-methylfuran (MF) and
acetone in a strong acid catalysed condensation [reaction (1)].

Zeolites may seem accomplished catalysts for such reactions.
However, exposure of zeolites such as H-b or H-US-Y to furans
leads to immediate formation of tarry oligomeric products, even
for the substituted compounds such as MF.9 Addition of acetoneScheme 1
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partially suppresses MF oligomerisation. As a result, catalyst
deactivation is fast, and DMP selectivities are limited even at
moderate conversions (Table 1, entries 2, 3). Moreover, the
strong adsorption of DMP or other reaction intermediates in the
relatively narrow zeolite pores leads to detectable secondary
condensation products, which desorb with even greater diffi-
culty than DMP itself. Such observations have led previous
workers to use elevated catalyst concentrations;10 in our
reaction conditions, the side-reactions impose an upper limit of
45% on the overall DMP yield. While the DMP selectivity is
better on Al–MCM-41, the low acid strength causes an
unsatisfactory MF conversion. In contrast, the sulfonic acid
MCMs combine a remarkable DMP selectivity (often up to
95%) with elevated MF conversions (entries 5–9). Apparently
the hydrophobic surface prevents a too strong MF adsorption
and oligomerisation, while the larger dimension of the pores
facilitates product desorption. The highest DMP yield on MF
basis, a remarkable 82%, is obtained with an MCM–SO3H
prepared via the surface coating procedure (entry 5). Thus,
polarity, rather than the activity, makes the sulfonic MCMs
superior to zeolites for this particularly demanding reaction.

Another application of the new materials may be found in
polyol esterification. These reactions produce valuable products
such as emulsifiers, detergents or low-calorific fats. The use of
(preferably heterogeneous) catalysts may allow lower reaction
temperatures, but the intrinsic immiscibility of the polyol and
fatty acid phases is a major problem. Thus, in the esterification
of e.g. d-sorbitol with lauric acid, zeolites such as H-b reside
exclusively in the polyol layer. The only reaction is sorbitol
degradation, and the fatty acid conversion is zero even after
prolonged reaction times (Table 2, entry 2). In contrast, the
much more hydrophobic MCM–SO3H readily effects formation
of a small amount of monoacylated products, and because of the
detergency of the latter, homogenisation of the reaction
medium. Main products are monolauroylisosorbide, which is an
important detergent precursor,11 or in a later stage, the
isosorbide diester (entry 3).

In conclusion, sulfonic acid functionalised MCM or HMS
materials are new and worthwhile materials for reactions in
which zeolites fail.

This work is sponsored within a IUAP program of the
Belgian Federal Government. W. V. R. and B. S. acknowledge
IWT and D.D.V. FWO for fellowships. We thank B. Wouters
for recording NMR spectra.

Notes and References

* E-mail: wim.vanrhijn@agr.kuleuven.ac.be
† Preparation of MCM–SO3H and HMS–SO3H via co-condensation
(Scheme 1, route 1): MCM-41 type materials were synthesized from a
mixture of MPTS (20 mol%) and Si(OEt)4 (TEOS, 80 mol%). The molar gel
composition was 0.12 C16NMe3Br : 0.5 NaOH : 1.0 total siloxane : 130H2O
(24 h, 293 K). An acid solvent extraction technique was used to remove the
ionic surfactant. Mercaptopropyl-modified HMS was obtained from the
following gel composition: 0.9 (or 0.8) TEOS : 0.1 (or 0.2) MPTS : 0.275
n-C12-amine : 8.9 EtOH : 29.4 H2O (24 h, 293 K). n-C12-Amine was
extracted with boiling EtOH (12 h, 3 times).

Silylation (Scheme 1, route 2a) was performed on a calcined and
evacuated (393 K) MCM-41 (synthesised from Ludox), using excess MPTS
in dry toluene (4 h, reflux), followed by Soxhlet extraction with Et2O and
CH2Cl2. For coating with an MPTS layer (route 2b), the MCM was refluxed
in water (3 h), filtered and suspended in toluene. Part of the water was
removed in an azeotropic distillation with a Dean–Stark trap. Further
preparation followed route 2a.

Mercaptopropyl groups were oxidised with a three-fold excess of
neutralised H2O2. After washing with H2O and EtOH, and acidification in
0.2 m H2SO4, the powder was rinsed thoroughly with distilled H2O and
dried at 333 K.
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Table 1 Solvent-free reaction of MF (1.8 g) with acetone (3.2 g) (molar
ratio = 1 : 2.5) in the presence of 0.18 g acid catalyst (323 K, 24 h)

Conversion Selectivity
Entry Catalyst (%)a (%)b

1 — 0 —
2 H-bc 61 74
3 H-US-Yd 55 67
4 Al–MCM-41 5 95
5 MCM–SO3H (coated)e 85 96
6 HMS–SO3H (co-cond.; 10%)f 61 94
7 HMS–SO3H (co-cond.; 20%)g 73 95
8 MCM–SO3H (co-cond.; 20%)g 52 87
9 MCM–SO3H (silylated)c 57 92

a Conversion of MF. b Selectivity for DMP, based on MF. c Si : Al = 12.5
(PQ). d Si : Al = 22.5. e Prepared via secondary modification with MPTS.†
f Prepared via co-condensation of MPTS and TEOS (10 : 90). g As in f, with
MPTS : TEOS = 20 : 80.

Table 2 Esterification of d-sorbitol (3.64 g) with lauric acid (24.0 g) (molar
ratio = 1 : 6) catalysed by an acid zeolite or by a mesoporous sulfonic acid
catalyst (0.36 g) (385 K, 24 h)a

Lauric
acid con- Product
version selectivity

Entry Catalyst (%) (%)b

1 — 0 —
2 H-bc 0 —
3 MCM–SO3H

(co-cond.; 20%)d
33 > 95

a Analysis with size-exclusion HPLC, 1H–13C NMR and COSY.
b Selectivity, based on lauric acid, for dilaurylisosorbide. c Si : Al = 12.5
(PQ). d Prepared via co-condensation of MPTS and TEOS (20 : 80).
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Preparation and structure of cis-[Pt(BF2)2(PPh3)2]: the first
crystallographically characterised complex containing the BF2 ligand

Aidan Kerr,a Todd B. Marder,b Nicholas C. Norman,*a A. Guy Orpen,a Michael J. Quayle,a Craig R. Rice,a

Peter L. Timmsa and George R. Whittella

a The University of Bristol, School of Chemistry, Cantock’s Close, Bristol, UK BS8 1TS 
b The University of Durham, Department of Chemistry, Science Laboratories, South Road, Durham, UK DH1 3LE 

The platinum compound [Pt(PPh3)2(h-C2H4)] reacts with
B2F4 affording the BF2 complex cis-[Pt(BF2)2(PPh3)2] which
is characterised by multinuclear NMR studies and X-ray
crystallography.

A key step in many transition metal catalysed diboration
reactions is oxidative addition of the B–B bond of a diborane(4)
compound (R2B–BR2) to a low-valent transition metal centre
affording a metal bis-boryl complex of the form LnM(BR2)2.1
Amongst the many studies which have been carried out,1 one of
the more thoroughly examined reactions, particularly in terms
of this B–B bond oxidative addition step, has been the platinum
catalysed diboration of alkynes described recently by the groups
of Miyaura and Suzuki,2 Smith3 and Marder and Norman.4
These and other studies5,6 have resulted in a number of
crystallographically characterised platinum bis-boryl species of
the type cis-[Pt(BR2)2(PRA3)2]. In seeking to further explore the
oxidative addition of B–B bonds to Pt0, we examined the
reaction between [Pt(PPh3)2(h-C2H4)] and diboron tetrafluor-
ide, B2F4, and report herein the preparation and structural
characterisation of the complex cis-[Pt(BF2)2(PPh3)2], the first
example of a compound containing the BF2 ligand.

The reaction between [Pt(PPh3)2(h-C2H4)]7 and a slight
excess of B2F4

8 in toluene solution afforded, after work-up,†
pale yellow crystals of the complex cis-[Pt(BF2)2(PPh3)2] 1.
The formula of 1 was evident from multinuclear NMR data‡
and the structure was confirmed by X-ray crystallography§ the
results of which are shown in Fig. 1. The Pt centre in 1 adopts
the expected square-planar coordination geometry (maximum
atom deviation from the PtP2B2 mean plane is 0.025 Å) with the
BF2 groups in a cis configuration. Metric parameters of note are
the Pt–B bond distances [Pt–B(1) 2.058(6) and Pt–B(2)
2.052(6) Å] together with the B–Pt–B [78.2(3)°] and P–Pt–P
angles [99.4(1)°]. These values fall in or close to the range
observed for other structurally characterised platinum(ii) cis
bis-boryl compounds2–6 in which the boron atoms carry oxygen
or sulfur substituents (Pt–B distances, B–Pt–B angles and non-
chelate P–Pt–P anlges are in the range 2.03–2.076 Å, 73.0–81.0
and 100.38–107.14°, respectively).¶ There is no decisive
crystallographic evidence for platinum-to-boron p-back-bond-
ing in 1.

In 1, the angles defined by the boron ligand planes and the
mean platinum square plane are 81.1 and 87.4° for B(1) and
B(2), respectively, therefore showing that the boryl ligands are
essentially orthogonal to the platinum square plane [as observed
for most platinum(ii) cis bis-boryl complexes2–6,9]. Whether or

not an electronic origin exists for the acute B–Pt–B angles (and
large P–Pt–P angles) and/or the orientations of the boryl ligands
is unclear at present, although we note that recent theoretical
studies on model (PH3)2 platinum(ii) cis bis-boryl complexes do
reproduce the experimentally observed geometries.10 Further
insight into this matter, including the extent of any platinum-to-
boron p-back-bonding, will have to await a more detailed
theoretical analysis. The B···B distance in 1 [2.591(9) Å] is also
typical (cf. the range 2.514–2.667 Å for the complexes
described in refs. 2–6); for comparison and the B–B bond
distance in crystalline B2F4 is 1.67 Å.11

It is noteworthy that 1 is isoelectronic with the product of
double oxidation of the h2-alkene complex [Pt(PPh3)2(h-C2F4)]
{whose arsine analogue, [Pt(AsPh3)2(h-C2F4)],12 has been
structurally characterised; C–C 1.447(18) Å} implying that
such a complex would be a bis-carbene species,
[Pt(PPh3)2(CF2)2]2+, with a significantly longer, non-bonding
C···C interaction. The electronic requirements for this kind of
alkene cleavage (as studied by Lappert and others; see ref. 13
and references therein) or its reverse, carbene coupling, have
been examined by Hoffmann and coworkers.13

Fig. 1 A view of the molecular structure of 1 with key atoms labelled.
Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at the 50%
level. Selected bond lengths (Å) and angles (°): Pt–B(1) 2.058(6), Pt–B(2)
2.052(6), B(1)–F(1) 1.324(7), B(1)–F(2) 1.342(7), B(2)–F(3) 1.327(6),
B(2)–F(4) 1.330(7); B(1)–Pt–B(2) 78.2(3), P(1)–Pt–P(2) 99.35(5),
F(1)–B(1)–F(2) 110.6(5), Pt–B(1)–F(1) 124.6(5), Pt–B(1)–F(2) 124.7(4),
F(3)–B(2)–F(4) 110.8(5), Pt–B(2)–F(3) 125.7(4), Pt–B(2)–F(4) 123.5(4).
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To the best of our knowledge, there are no previous reports of
metal–BF2 complexes although we note that a number of BCl2
(and some BBr2 and BI2) complexes have been described, but
not structurally characterised, by Nöth and coworkers.14 Further
studies are in progress to examine the reactivity of B2F4 towards
a range of transition metal compounds with a view to preparing
further examples of complexes containing BF2 ligands; we have
recently structurally characterised the complex cis-
[Pt(BF2)2(dppb)] [dppb = 1,2-bis(diphenylphosphino)butane]
full details of which will be described in a future full paper.15
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to room temp. with stirring once the solvent had melted. A white precipitate
formed at ca. 250 °C and once at room temp., stirring was continued for 30
min. After this time, the solvent volume was reduced slightly by vacuum
and the reaction flask sealed under dinitrogen and cooled to 230 °C for ca.
24 h. The mother liquor was then removed by syringe and the remaining
white solid dried under vacuum. Dissolution of this solid in CH2Cl2 (2 cm3)
afforded a cloudy pale yellow solution which was filtered affording a yellow
filtrate to which a toluene overlayer (5 cm3) was added. Solvent diffusion
over a period of 7 days at 230 °C afforded pale yellow crystals of 1 (0.086
g, 97%) one of which was used for X-ray crystallography.
‡ Spectroscopic data for 1 (CD2Cl2): 31P{1H} NMR d 24.3 (br t, 1JPtP 1607
Hz); 11B{1H} NMR d 42.3; 19F NMR d 217.8 (br t, 2JPtF 1032 Hz);
13C{1H} NMR d 134.4 (d, o-PPh3, JPC 12 Hz), 130.8 (s, p-PPh3), 128.8 (d,
m-PPh3, JPC 11 Hz), ipso-carbon not observed; 1H NMR d 7.32 (m, 18 H,
PPh3), 7.21 (m, 12 H, PPh3). 31P, 11B and 19F spectra were referenced to
85% H3PO4, BF3·Et2O and BF3·Et2O respectively. C36H30B2F4P2Pt
requires C, 52.90; H, 3.70. Found C, 54.60; H, 3.90%. Mass spectrum
(FAB), m/z 713 [Pt(PPh3)2]+.
§ Crystal data for [Pt(PPh3)2(BF2)2]·0.5PhMe (1·0.5 PhMe):
C39.5H34B2F4P2Pt, M = 863.32, monoclinic, space group P21/c (no. 14),

a = 18.211(4), b = 9.5963(15), c = 20.422(3) Å, b = 90.617(14)°,
U = 3568.7(11) Å3, Z = 4, Dc = 1.607 Mg m23, l = 0.71073
Å, m = 4.070 mm21, F(000) = 1700, T = 173(2) K. Data were collected
on a Siemens SMART diffractometer for 1.99 < q < 27.57°. The structure
was solved by direct methods and refined by least-squares methods against
all 8156 F2 values with F2 > 23s(F2) to wR2 = 0.0701 [R1 = 0.0373 for
5825 data with F2 > 2s(F2)]. Other crystals inspected (which were
isostructural with 1) showed signs of compositional disorder consistent with
partial hydrolysis having occurred during recrystallisation leading to
replacement of some BF2 ligands by some B(OH)2 or B(OH)F. CCDC
182/713.
¶ A preliminary presentation of the structure of the complex
[Pt(PPh3)2{B(OMe)2}2] reports Pt–B distances of 2.098(4) and 2.100(4) Å
and B–Pt–B and P–Pt–P angles of 72.9(2) and 107.69(3)° respectively.9
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Phase transition of ZnS nanocrystallites induced by surface modification at
ambient temperature and pressure confirmed by electron diffraction
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Pentafluorothiophenol, thiophenol, 1-decanethiol,
1-hexanethiol, benzoic acid and cyanoacetic acid, which are
confirmed to bind to the surface of ZnS nanocrystallites,
induce phase transition of ZnS nanocrystallites from the
hexagonal to the cubic phase, with retention of the crystal-
line size of 3 nm at ambient temperature and pressure.

The crystalline structure of quantum-confined semiconductor
nanocrystallites is one of the important factors for determining
their photophysical properties.1 Generally, the difference in the
crystalline structure of the solid leads to considerable change in
the effective masses of electrons and holes in their electronic
bands.2 Although it is important to control the crystalline
structure of semiconductor nanocrystallites with a definite size,
phase transition whilst retaining their size has not been reported
at ambient temperature and pressure. There are only a few
reports concerning phase transitions at high pressure.3 Gen-
erally, the surface of nanocrystallites plays a dominant role in
determining the thermodynamics of the system because of their
large surface-to-volume ratios. We recently revealed that
coordination of solvent molecules, such as N,NA-dimethylform-
amide (DMF), to the surface of CdS4 or ZnS5 nanocrystallites
also plays a crucial role in stabilizing nanocrystallites. In such
systems, the crystalline structure as well as size of the CdS6 or
ZnS7 nanocrystallites differs with the choice of solvent used for
preparation. Here, we report the first control of the crystalline
structure of size-controlled nanocrystallites at ambient tem-
perature and pressure by surface modification.

As reported previously,5 transparent colloidal ZnS nano-
crystallites (ZnS–DMF) were prepared by introducing H2S gas
to a DMF solution (5 ml) of Zn(MeCO2)2·2H2O (5 mm) with
vigorous stirring on an ice bath. After purging ZnS–DMF with
N2 gas for 1.5 h to remove unreacted H2S, a DMF solution (5
ml) of an organic molecule (2.5 mm), such as thiol, carboxylic
acid, or phenol, was added into the 5 ml N2-purged ZnS–DMF
solution ([Zn] = 5 mm) with stirring on an ice bath for 30 min.
Normalized absorption spectra of the ZnS–DMF solution after
combination with the organic molecules were the same as those
before the combination,5 indicating that dissolution or growth
of the ZnS nanocrystallites in DMF is negligibly small (the
change of the size should be within a few Å) under the
experimental conditions. The resulting transparent solution was
placed on a copper grid covered with amorphous carbon, and
dried carefully in vacuo at room temp. for transmission electron
microscopy (TEM) and electron diffraction measurements
(Hitachi H-9000, operating at 300 kV) to determine the size and
crystalline structure of the resulting ZnS nanocrystallites,
respectively. Their size and crystalline structure did not depend
upon the choice of the observed areas, and were not changed by
the irradiation by the electron beam in the TEM measurements.
FTIR spectra of the ZnS powders dried in vacuo were obtained
on a Perkin Elmer 2000 FTIR spectrophotometer using the KBr
method. 

Fig. 1 shows typical TEM images and the size distributions of
ZnS–DMF and ZnS–DMF combined with C6F5SH. TEM

observation revealed that both ZnS–DMF and ZnS–DMF
combined with C6F5SH consisted of nanocrystallites with a
mean diameter of ca. 3 nm. The size distribution and the mean
diameter of the ZnS nanocrystallites (2.9 nm before combina-
tion) were not significantly changed after combination with the
thiol (2.7 nm after combination). However, there lies a crucial
difference in the crystalline structure between ZnS–DMF and
ZnS–DMF combined with C6F5SH. In the electron diffraction
pattern of ZnS–DMF [Fig. 2(a)], the apparent diffraction rings
assigned to (100), (002), (101), (102), (110) and (103) of the
hexagonal ZnS crystallites show that ZnS–DMF has a hexago-
nal crystalline structure. On the other hand, the diffraction rings
assigned to (111), (200), (220) and (311) of cubic ZnS
crystallites were observed, while the characteristic ring, (102),
which was observed in the hexagonal ZnS crystallites, was not
apparent for ZnS–DMF combined with C6F5SH [Fig. 2(b)]. The
observation of the clear difference in the electron diffraction
patterns indicates that the hexagonal structure of ZnS–DMF
undergoes a phase transition when combined with C6F5SH,
giving mainly ( > 50%) the cubic phase at ambient temperature
and pressure.8

It is seem that the crystalline structure of the resulting ZnS
nanocrystallites depended on the choice of the added molecules
(Table 1). All the thiols, i.e. pentafluorothiophenol, thiophenol,
1-decanethiol and 1-hexanethiol, induced the phase transition

Fig. 1 TEM images and size distributions of (a) ZnS–DMF and (b) ZnS–
DMF combined with C6F5SH

Chem. Commun., 1998 321



from the hexagonal to the cubic phase of the ZnS nano-
crystallites without changing the crystallite size (3 nm).
Additionally, the addition of carboxylic acid, e.g. benzoic acid
and cyanoacetic acid, could also induce the phase transition. In
contrast, combination with phenol, octanoic acid or acetic acid
gave the same hexagonal phase as that of ‘as-prepared’ ZnS–
DMF. The behavior of the phase transition depends on the pKa
value of the carboxylic acids and phenol. The carboxylic acids,
e.g. benzoic acid (pKa = 4.19) and cyanoacetic acid
(pKa = 2.45), which have lower pKa values than acetic acid
(pKa = 4.76), were capable of inducing the phase transition,
while neither acetic acid, octanoic acid (pKa = 4.89), nor
phenol (pKa = 9.89) with higher pKa values could induce the
phase transition.9 On the other hand, the phase transition did not
depend on the pKa value of the thiols.10 These results suggest
that the behavior of the phase transition is affected by
interactions of the dissociated anions of the respective organic
molecules with the surface of ZnS nanocrystallites. 

The modified surface of the resulting ZnS nanocrystallites
was characterized by FTIR spectroscopy. The surface zinc
atoms of ZnS nanocrystallites in DMF are solvated by the
oxygen atoms of DMF molecules, and interact with acetate
anions derived from the starting zinc acetate;5 FTIR analyses of
powdered ZnS–DMF combined with carboxylic acid revealed
that benzoate and cyanoacetate anions coordinated to the
surface of ZnS nanocrystallites via the oxygen atoms since the
peaks assigned to the CNO stretching vibration of the carbox-
ylate (benzoate, 1536 cm21; cyanoacetate, 1623 cm21) were
shifted to lower frequency than those of the free carboxylic
acids (benzoic acid, 1688 cm21; cyanoacetic acid, 1736 cm21).
In contrast, non-coordination of phenol, octanoic acid and acetic
acid molecules was confirmed by FTIR spectra. These observa-
tions lead to the conclusion that the phase transition could be
induced only when the added molecules react with the surface
of ZnS nanocrystallites to form covalent or ionic bonds. For

carboxylic acids with lower pKa values than that of acetic acid,
they must dissociate into the corresponding carboxylate anions
in basic DMF to an appreciable extent; the carboxylate anions
then coordinate to the ZnS nanocrystallite surface, resulting in
the phase transition. On the other hand, since a thiolate anion
has high nucleophilicity as a soft base, the thiolate anion readily
binds to the surface zinc atom which is a soft acid, even when
the concentration of the dissociated thiolate is low.11 As a
consequence, the phase transition of ZnS nanocrystallites was
independent of the pKa value of the thiol.

Generally, ZnS crystallizes to form the cubic structure at
room temp. because the internal energy of the cubic phase is
slightly lower than that of the hexagonal phase.12 Thus, the
hexagonal structure of ZnS–DMF must be formed due to the
metastability caused by the effective coordination of DMF
molecules to the ZnS nanocrystallite surface,5 which should
stabilize the phase during growth. The formation of nanocry-
stallites with metastable crystalline structure is often obser-
ved.13 The formation of chemical bonds between the surface
zinc atom of ZnS nanocrystallites and the added thiolate or
carboxylate anion should lead to a change of the surface energy
of ZnS nanocrystallites. This change of the surface energy could
induce the phase transition from the metastable phase (hexago-
nal) to the stable phase (cubic) at ambient temperature and
pressure, because the difference in the internal energy of ZnS
between the hexagonal and the cubic phase is quite small (13.4
kJ mol21).12 Further study is required for quantitative descrip-
tion of the surface energy to induce the phase transition.

In conclusion, control of crystalline structures of quantum-
confined semiconductor nanocrystallites was achieved at ambi-
ent temperature and pressure through the phase transition from
the hexagonal to the cubic structure by the chemical modifica-
tion of the ZnS nanocrystalline surface with organic molecules
for the first time.

This work was supported in part by the ‘Research for the
Future’ Program of JSPS.

Notes and References
* E-mail: yanagida@chem.eng.osaka-u.ac.jp

1 See reviews, for example: A. P. Alivisatos, J. Phys. Chem., 1996, 100,
13 226

2 M. V. Ramakrishna and R. A. Friesner, J. Chem. Phys., 1991, 95,
8309.

3 M. Haase and A. P. Alivisatos, J. Phys. Chem., 1992, 96, 6756;
S. H. Tolbert and A. P. Alivisatos, Science, 1994, 265, 373; J. Chem.
Phys., 1995, 102, 4642. 

4 H. Hosokawa, H. Fujiwara, K. Murakoshi, Y. Wada, S. Yanagida and
M. Satoh, J. Phys. Chem., 1996, 100, 6649.

5 H. Hosokawa, K. Murakoshi, Y. Wada, S. Yanagida and M. Satoh,
Langmuir, 1996, 12, 3598. 

6 M. Kanemoto, K. Ishihara, Y. Wada, T. Sakata, H. Mori and
S. Yanagida, Chem. Lett., 1992, 835. 

7 M. Kanemoto, H. Hosokawa, Y. Wada, K. Murakoshi, S. Yanagida,
T. Sakata, H. Mori, M. Ishikawa and H. Kobayashi, J. Chem. Soc.,
Faraday Trans., 1996, 92, 2401. 

8 M. G. Bawendi, A. R. Kortan, M. L. Steigerwald and L. E. Brus,
J. Chem. Phys., 1989, 91, 7282. 

9 R. C. Weast, in Handbook of Chemistry and Physics, CRC Press,
Cleveland, 52nd edn., 1972, p. D-120.

10 E. P. Serjeant and B. Dempsey, in Ionization Constants of Organic
Acids in Aqueous Solution, Pergamon, Oxford, 1978. 

11 T. L. Ho, in Hard and Soft Acids and Bases Principle in Organic
Chemistry, Academic Press, New York, 1977.

12 D. R. Lide, in CRC Handbook of Chemistry and Physics, CRC Press,
Boca Raton, FL, 75th edn., 1995, pp. 4–46.

13 M. L. Steigerwald, A. P. Alivisatos, J. M. Gibson, T. D. Harris,
A. R. Kortan, A. J. Muller, A. M. Thayer, T. M. Duncan, D. C. Douglass
and L. E. Brus, J. Am. Chem. Soc., 1988, 110, 3046. 

14 K. Izutsu, in Acid-Base Dissociation Constants in Dipolar Aprotic
Solvents, Blackwell Science, Oxford, 1990.

15 A. B. P. Lever, in Inorganic Electronic Spectroscopy, Elsevier,
Amsterdam, 1984, p. 222.

Received in Cambridge, UK, 6th October 1997; 7/07176K

Fig. 2 Electron diffraction patterns of (a) ZnS–DMF and (b) ZnS–DMF
combined with C6F5SH

Table 1 Dependence of crystalline structure of ZnS nanocrystallites on
adding reagents

pKa in pKa in Crystalline
Added reagent watera DMFb structure

None Hexagonal
C6F5SH < 6.615c Cubic
C6F5SH 6.615d Cubic
C10H21SH ca. 10e Cubic
C6H13SH 10.3d Cubic
CH2(CN)CO2H 2.45f Cubic
C6H5CO2H 4.19f 12.3 Cubic
CH3CO2H 4.76f 13.5 Hexagonal
C7H15CO2H 4.89f Hexagonal
C6H5OH 9.89f > 16 Hexagonal

a Acidic dissociation constants in water at 25 °C. b Acidic dissociation
constants in DMF at 25 °C. See ref. 14. c The value of pKa of C6F5SH must
be lower than that of C6H5SH because of the higher electronegativity of
C6F5S2. See ref. 15. d See ref. 10. e The value of pKa of C10H21SH must be
the nearly same as that of C6H13SH. f See ref. 9.
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Amine and ester-substituted silsesquioxanes: synthesis, characterization and
use as a core for starburst dendrimers

Frank J. Feher* and Kevin D. Wyndham

Department of Chemistry, University of California, Irvine, CA 92697-2025, USA 

Practical procedures are reported for the syntheses of amine
and ester-substituted silsesquioxane frameworks with the
formula R8Si8O12 with R = CH2CH2CH2NH2 (2),
[CH2CH2CH2NH3]Cl (3) and CH2CH2CMe2CH2CO2Me
(4); the use of 2 as a core for starburst dendrimers with
R = CH2CH2CH2N(CH2CH2CO2Me)2 (5) and
CH2CH2CH2N(CH2CH2C(O)NHCH2CH2NH2)2 (6) is also
described.

Polyhedral oligosilsesquioxanes (POSS) are an interesting class
of clusters derived from the hydrolytic condensation of
trifunctional organosilicon monomers.1–3 Cube-octameric clus-
ters (e.g. 1) are most common, but a wide variety of other
polyhedral frameworks have been identified. Interest in POSS
has grown rapidly over the past several years, particularly for
polymer-related applications, where several families of POSS
monomers have been developed as precursors to hybrid
inorganic–organic polymers.4 Many other applications for
POSS have emerged and developed rapidly as straightforward
procedures have been devised for preparing frameworks with
synthetically useful pendant groups.5–9 Here, we report prac-
tical syntheses of several new silsesquioxanes that are attractive
starting materials for more elaborate molecules, including
amine- and ester-substituted frameworks that have excellent
potential as cores for starburst dendrimers.

Wacker-Chemie’s 1991 US patent10 claimed the preparation
of 2. This compound is ideally suited for many purposes, but no
experimental details or characterization data were provided in
the patent. We reinvestigated these claims and now confirm that
the hydrolytic condensation of g-aminopropyltriethoxysilane in
MeOH–conc. HCl does indeed provide easy access to an amine-
substituted framework,† but the product obtained under condi-
tions reported by Wacker-Chemie is 3 rather than 2 (i.e. the free
amine).11 This hydrochloride is highly soluble in water ( > 0.9
g ml21), poorly soluble or insoluble in most organic solvents
and is somewhat hygroscopic. It is also surprisingly difficult to
neutralize without destroying the Si/O framework, but neutral-
ization of 3 to 2 can be accomplished by eluting solutions of 3
in methanol or 14 : 1 ethanol–water solutions across a column of
Amberlite IRA-400 resin.‡ The resulting solution of 2 appears
to be stable for 1–2 days at 25 °C, but decomposes to an ill-
defined T-gel upon prolonged storage at 25 °C or when the
solvent is removed.

It is interesting to note that a 29Si NMR spectrum of the
decomposition product is nearly identical to the published
spectrum for products from the uncatalyzed hydrolysis
g-aminopropyltriethoxysilane in 14 : 1 EtOH–H2O.12 Both

spectra exhibit several sharp resonances between d 260 and
272, including a large resonance at d 268.5 previously
assigned12 to 2, but the characteristic resonance for pure 2 only
appears as a minor resonance at d266.8. In light of the fact that
MALDI-TOF mass spectra of both samples exhibit many peaks
at m/z < 3000, but no large peaks attributable to RnSinO3n/2
(n = 6, 8, 10, 12), it appears that fully condensed frameworks
containing free aminopropyl groups are not stable relative to
incompletely condensed frameworks and/or T-gels.

Platinum-catalyzed hydrosilylation reactions of H8Si8O12
provide convenient access to a wide variety of functionalized
silsesquioxanes,5,6,9,13,14 but in most cases the products are
complicated mixtures of isomers because both a- and b-addi-
tion to the alkene are observed. Gentle and Bassindale5 noted
that b-addition and a number of side-reactions can be sup-
pressed by increasing steric bulk on the g-position and avoiding
the use of vinyl silanes as alkenes. We have found that
b-addition can be completely eliminated by using 3,3-di-
substituted a-alkenes. In the case of H8Si8O12

15 and readily
available H2CNCHCMe2CH2CO2Me (Aldrich), hydrosilylation
with Speier’s catalyst is complete within 48 h in refluxing
hexanes to produce high yields of 4, which spontaneously
crystallizes from solution as large colorless crystals.§ We have
not examined other hydridosilsesquioxanes (e.g. H10Si10O15,
H12Si12O18, H14Si14O21),15,16 but these compounds should react
similarly with H2CNCHCMe2CH2CO2Me to produce iso-
merically pure derivatives containing ester-substituted pendant
groups on each vertex. Ester-substituted frameworks should
also be available from analogous Pt-catalyzed reactions of
H2CNCHCMe2CH2CO2Me with readily available hydride-
substituted spherosilicates [e.g. (HSiMe2O)8Si8O12].10

An interesting ester-substituted framework can also be
prepared via the reaction of 2 with methyl acrylate. When
performed under conditions typically used to prepare PAMAM
dendrimers from polyamine cores,17,18 this reaction produces
excellent yields of 5; subsequent reaction of 5 with an excess of
ethylenediamine produces 6. Both 5 and 6 were identified on the
basis of multinuclear NMR data and MALDI-TOF mass
spectra.¶ Higher generation PAMAM dendrimers with a Si8O12
core can presumably be synthesized by further synthetic
iterations.
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In summary, we have developed straightforward procedures
for the synthesis of amine and ester-substituted silsesquioxane
frameworks. We have also demonstrated that silsesquioxanes
can be used as cores for the preparation of amine or ester-
terminated starburst dendrimers. The use of silsesquioxanes as
cores for dendrimers is particularly attractive6 because their
polyhedral structures should produce spherically symmetric
dendrimers with smaller generation numbers then more conven-
tional cores.19 Our efforts to use amine and ester-substituted
silsesquioxanes as building blocks for hybrid inorganic–organic
materials4,20 and as platforms for biologically active pendant
groups will be reported separately.

These studies were supported by the National Science
Foundation and Phillips Laboratory (Edwards AFB). We thank
Dr Keith J. Weller (Witco/OSi Specialities) for a generous gift
of silanes.
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* E-mail: fjfeher@uci.edu
† The reaction of H2NCH2CH2CH2Si(OEt)3 (150 ml, 0.627 mol) and conc.
HCl (200 ml) in MeOH (3.6 l) produces 3 (30%) as a microcrystalline solid
after 6 weeks at 25 °C. The crude product obtained after filtration, washing
with MeOH and drying (0.001 Torr, 25 °C) is spectroscopically pure.
Recrystallization from MeOH affords 3 as white microcrystalline powder.
1H NMR [500.2 MHz, (CD3)2SO, room temp.] d 8.25 (s, NH3, 24 H), 2.75
(t, CH2NH3, 16 H), 1.71 (m, SiCH2CH2, 16 H), 0.71 (t, SiCH2, 16 H).
13C{1H} NMR [125.8 MHz, (CD3)2SO, room temp.] d 41.01 (s, CH2NH3),
20.61 (s, SiCH2CH2), 8.44 (s, SiCH2). 29Si NMR [99.4 MHz, (CD3)2SO,
room temp.] d 266.4 (s). IR (KBr): 3190, 3023, 2903, 1579, 1506, 1215,
1138, 1110, 994, 923, 808, 706 cm21. Anal. for C24H72O12Si8N8C18 (calc.):
24.69 (24.57), 6.40 (6.19), 9.40 (9.55%). Mass spectrum (MALDI-TOF,
DHB matrix), m/z (relative intensity), 881.4 ([M + H 2 8 HCl]+, 100%),
863.4 ([M 2 NH3]+, 39%).
‡ Amberlite IRA-400 ion-exchange resin (37 g) is prepared by successive
washing with H2O (4 3 200 ml), 1 m NaOH (3 3 200 ml), H2O (6 3 200
ml) and finally MeOH or 14 : 1 EtOH–H2O (6 3 200 ml). Half of the beads
are loaded onto a column (3.5 cm o.d.); the other half are used to dissolve
a suspension of 3 (5 g) in a minimum amount of MeOH or EtOH–H2O.
Elution across the column produces a stock solution of 2 which tests
negative for chloride. Small samples of 2 can be prepared by rapidly
evaporating aliquots from the stock solution, but to avoid decomposition,
the amine should be prepared immediately before use or stored in MeOH
solutions at 235 °C. 1H NMR (500.2 MHz, CD3OD, room temp.) d 4.4 (s,
NH2 and H2O), 2.52 (t, CH2N, 16 H), 1.46 (m, SiCH2CH2, 16 H), 0.56 (t,
SiCH2, 16 H). 13C{1H} NMR (125.8 MHz, CD3OD, room temp.) d 44.87 (s,
CH2N), 26.88 (s, SiCH2CH2), 9.57 (s, SiCH2). 29Si NMR (99.4 MHz,
CD3OD, room temp.) d 266.4 (s). Mass spectrum (MALDI-TOF, DHB
matrix), m/z (relative intensity), 881.5 ([M + H]+, 100%), 863.5 ([M 2
NH3]+, 49%).
§ Methyl-3,3-dimethylpent-4-enoate (Aldrich) (11 ml, 0.068 mol) and
[HSiO3/2]8 (3.30 g, 7.74 mmol) are reacted (48 h) in refluxing hexanes (8
ml) with a catalytic amount of Speier’s catalyst as described in ref. 5; the
yield is quantitative by 1H, 13C and 29Si NMR spectroscopy. Upon cooling,
ester 4 crystallizes as large colorless crystals (80%). 1H NMR (500.1 MHz,
CDCl3, room temp.) d 3.62 (s, OCH3, 24 H), 2.179 (s, CH2CO, 16 H), 1.401
(m, SiCH2CH2, 16 H), 0.959 (s, CH3, 48 H), 0.567 (m, 16 H, SiCH2).
13C{1H} NMR (127.8 MHz, CDCl3, room temp.) d 172.70 (s, CO), 51.02,
44.95, 35.31, 33.80 (s, SiCH2CH2), 26.48 (s, CH3), 6.06 (s, SiCH2). Anal.
for C64H120O28Si8 (calc.): 49.59 (49.20), 7.72 (7.74%). Mass spectrum (EI,

70 eV, 200 °C), m/z (relative intensity), 1529.5 ([M 2 OCH3]+ 100%),
1417.3 ([M 2 C8H15O2]+, 40%).
¶ Ester 5 was prepared in 73% yield (204 mg) via the reaction (room temp.,
24 h) of methyl acrylate (0.8 ml, 8.884 mmol) with freshly prepared 2 (65
mg, 0.029 mmol) in methanol (1 ml).18 Subsesquent reaction of 5 (48 mg
0.021 mmol) with an excess of H2NCH2CH2NH2 (220 equiv. ester, 4 °C, 4
d) afforded 6 in 100% yield (58 mg).17 For 5: 1H NMR (500.2 MHz,
CD3OD, room temp.) d 3.61 (s, CH3, 48 H), 2.71 (t, CH2CO, 32 H), 2.40 [m,
CH2N(CH2), 48 H] 1.51 (m, SiCH2CH2, 16 H), 0.593 (t, SiCH2, 16 H).
13C{1H} NMR (125.8 MHz, CD3OD, room temp.) d 174.53 (s, CO), 57.23
[s, CH2N(CH2)2], 52.13 (s, CH2CO2), 50.34 (s, CH3), 33.27 [s,
CH2N(CH2)2], 21.48 (s, SiCH2CH2), 10.21 (s, SiCH2). 29Si NMR (99.4
MHz, CD3OD, room temp.) d26.0(s). Mass spectrum (MALDI-TOF, DHB
matrix), m/z (relative intensity); 2256.5 ([M]+, 100%). For 6: 1H NMR
(500.2 MHz, CD3OD, room temp.) d 3.18 (t, CH2, 32 H), 2.70 (t, CH2, 32
H), 2.66 (t, CH2, 32 H), 2.43 (t, SiCH2CH2, 16 H), 2.31 (t, CH2, 32 H), 1.50
(m, SiCH2CH2, 16 H), 0.58 (t, SiCH2, 16 H). 13C{1H} NMR (125.8 MHz,
CD3OD, room temp.) d 175.08 (s, CO), 57.13 [s, CH2N(CH2)2], 50.81 (s,
CH2), 43.07 (s, CH2), 42.11 (s, CH2), 34.57 [s, CH2N(CH2)2], 21.12 (s,
SiCH2CH2), 10.57 (s, SiCH2). 29Si NMR (99.4 MHz, CD3OD, room temp.)
d 266.2 (s). Mass spectrum (MALDI-TOF, DHB matrix), m/z (relative
intensity); 2705.5 [M]+.
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Remarkable activity enhancement by trimethylsilylation in oxidation of alkenes
and alkanes with H2O2 catalyzed by titanium-containing mesoporous
molecular sieves

Takashi Tatsumi,* Keiko A. Koyano and Naoko Igarashi

Engineering Research Institute, School of Engineering, The University of Tokyo, Yayoi, Tokyo 113, Japan 

Titanium-containing mesoporous materials, Ti-MCM-41
and Ti-MCM-48, have been successfully modified by
trimethylsilylation to exhibit enhanced catalytic activity in
the oxidation of alkenes and alkanes with H2O2.

The recent discovery of a new family of mesoporous molecular
sieves has received much attention.1,2 Ti-substituted MCM-413

and MCM-484 and Ti-substituted hexagonal mesoporous silica
(Ti-HMS5) have been synthesized, and pioneered the potential
to oxidize bulky molecules which cannot enter into the
micropores of zeolites such as TS-1, TS-2 and Ti-b. However,
it has been reported that Ti-MCM-41 samples show a lower
intrinsic activity and lower selectivity toward the use of H2O2
for alkene oxidation than either TS-1 or Ti-b owing to their high
hydrophilicity.6 It has been recently proposed that the hydro-
philic/hydrophobic property of Ti zeolites plays an important
role in their activity for liquid phase oxidations.7 We have
conducted trimethylsilylation of Ti-MCM-41 and Ti-MCM-48
in order to enhance activity in oxidation with dilute H2O2
through increasing their hydrophobicity. Here, we report that
trimethylsilylation of Ti-containing mesoporous molecular
sieves, Ti-MCM-41 and Ti-MCM-48, resulted in a remarkable
enhancement of catalytic activity in oxidation of alkenes and
alkanes with H2O2.

Ti-MCM-41 was synthesized as previously described.8
Tetraethylorthosilicate, tetrabutylorthotitanate and cetyl-
trimethylammonium chloride (CTMACl) were used, and the
molar composition of the gels subjected to hydrothermal
synthesis was SiO2 : 0.01 TiO2 : 0.6 CTMA : 0.3 NMe4OH : 60
H2O. Ti-MCM-48 was similarly synthesized by using
CTMACl/OH (Cl/OH = 70/30) as a template.9 The molar
composition of the gels was: SiO2 : 0.02 TiO2 : CTMA : 46.5
H2O. Trimethylsilylation was conducted according to literat-
ure;2 0.5 g Ti-MCM-41 or -48, 10 g Me3SiCl and 15 g
(Me3Si)2O were refluxed for 16 h under N2. The HCl produced
was stripped off and the dry powder obtained was thoroughly
washed with dry acetone with centrifuging, and dried at 393 K
for 3 h. The samples before and after trimethylsilylation are
denoted Ti-MCM-41 or -48 (non-sil) and Ti-MCM-41 or -48
(sil), respectively. A typical oxidation run used 50 mg of a
catalyst in 25 mmol of substrate in a round-bottom flask, to
which was added 5 mmol of H2O2 (30% aqueous solution). The
resulting mixture was stirred at various temperatures.

The X-ray diffraction patterns of Ti-MCM-41 and Ti-MCM-
48 materials closely matched those of the pure silica iso-
morph.1,2 Although the X-ray diffraction patterns and the d
spacings were virtually unchanged after trimethylsilylation, the
pore diameter determined by the Dolimore–Heal method, the
BET surface area, and the pore volume decreased upon
trimethylsilylation (Table 1). These observations could be
accounted for by assuming that the silanol groups inside the
pore were trimethylsilylated.

In the IR spectra of Ti-MCM-41 samples the band at 960
cm21, which is used as evidence for Ti incorporation into the
framework in Ti-containing microporous molecular sieves such

as TS-1 and Ti-b,10,11 has significantly decreased upon
trimethylsilylation. Similar phenomena were also observed with
Ti-MCM-48. The band was also detected in the spectra of pure
silica MCM-41 or -48 (non-sil) and completely disappeared
upon trimethylsilylation. Moreover, the intensity of a broad
peak in the range 3700–3500 cm21 corresponding to silanol
groups and adsorbed water in the spectra of both Ti-MCM-41
and Ti-MCM-48 decreased significantly upon trimethylsilyla-
tion. To determine the concentration of surface trimethylsilyl
groups 29Si MAS NMR measurements were carried out. Before
trimethylsilylation, the 29Si MAS NMR spectrum of Ti-MCM-
41 (non-sil) exhibited two broad resonances, at d 2108.7
(73.7%) for the Q4 silicate unit and at d2100.5 (26.3%) for the
Q3 environment. After trimethylsilylation, a new peak ascribed
to the silicon atoms of TMS appeared at d 14.3 and the ratio of
Q3 silicate was significantly decreased. Deconvolution of the
spectrum into three peaks (TMS, Q3, Q4) was made; the molar
ratio of TMS : Q3 : Q4 was 17.2 : 11.7 : 71.1, indicating that the
content of silanol groups after trimethylsilylation was 0.208
mol (mol Si)21 [mol Si for Ti-MCM-41 (non-sil)], while that of
silanol groups before trimethylsilylation was 0.263 mol (mol
Si)21. Thus a part of original silanol groups could not be
trimethylsilylated and furthermore, the increase in Q4 species
was moderate compared to the expected increase resulting from
the substitution of trimethylsilyl groups for silanol H atoms,
suggesting that some silanol groups were newly formed during
the trimethylsilylation. The incomplete trimethylsilylation is
considered to be due to the bulkiness of the trimethylsilyl group
(ca. 0.6 nm). Despite the incomplete modification of silanol
groups, Ti-MCM-41 (sil) was highly hydrophobic; the amount
of adsorbed water was measured by TG after exposure to
moisture over saturated aqueous solution of NH4Cl at room
temperature for 24 h; Ti-MCM-41 (sil) adsorbed only 0.29
mass% H2O, whereas Ti-MCM-41 (non-sil) adsorbed 55
mass% H2O.

We performed oxidation of cyclohexene, hexane and pent-
2-en-1-ol with H2O2 on Ti-MCM-41 and Ti-MCM-48 samples.
The results are summarized in Table 2. Neither Ti-MCM-41
(non-sil) nor Ti-MCM-48 (non-sil) exhibited significant activ-
ity in the oxidation of cyclohexene. However, trimethylsilyla-
tion of these Ti-containing mesoporous solids resulted in a ca.
20-fold increase in the activity in the oxidation of cyclohexene.
Furthermore, non-productive decomposition of H2O2 was
inhibited by the trimethylsilylation. The turnover number

Table 1 Properties of Ti-containing mesoporous molecular sieves before
and after trimethylsilylation

Pore Pore
BET surface diameter/ volume/

Catalyst Si/Ti area/m2 g21 nm ml g21

Ti-MCM-41 (non-sil) 123 1015 2.32 0.88
Ti-MCM-48 (non-sil) 47 1048 2.32 0.91
Ti-MCM-41 (sil) 139 879 1.90 0.82
Ti-MCM-48 (sil) 51 839 1.90 0.71
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(TON) per hour was even higher than that observed with Ti-b at
333 K.12 The selectivity for epoxide/diol was increased at the
expense of allylic oxidation. In the oxidation of hexane, no
products were obtained with the non-trimethylsilylated sam-
ples, where H2O2 was mostly decomposed. On the other hand,
hexane was oxidized on the trimethylsilylated samples with
retarded decomposition of H2O2. The turnover number in-
creased to 6.8 mol (mol Ti)21 with increasing reaction
temperature, while the rate of H2O2 decomposition increased.
The difference in the activity for cyclohexene and hexane
oxidation between non-trimethylsilylated and trimethylsilylated
samples may be explained in terms of hydrophobicity/hydro-
philicity; excess water should prevent non-polar cyclohexene or
hexane from adsorbing into the pores of the non-trimethylsily-
lated catalysts and/or approaching active sites inside the pores.
It has been observed that trimethylsilylated catalysts exist in the
organic phase because of their hydrophobicity, resulting in
mitigation of the inhibition of oxidation caused by water. No
leaching of Ti was observed during the oxidation.

As shown in Table 2, pent-2-en-1-ol was oxidized with H2O2
on both Ti-MCM-41 and -48 (non-sil) at a much higher rate than
cyclohexene. The enhanced reactivity of this OH-containing
alkenes may be due to the possible formation of a ring structure
where alcoholic OH is bound to Ti as previously proposed.13,14

It should be noted that the difference in the reactivity between
alkenes and allylic alcohols on TS-1 was not so marked
compared to this case.15 Thus it is conceivable that, because of
the presence of a considerable amount of silanol groups, pent-
2-en-1-ol containing a polar hydroxyl group more easily
migrates into the pores of non-trimethylsilylated catalysts than
simple alkenes in competition with water, showing a much
higher reactivity than cyclohexene. Trimethylsilylated samples
Ti-MCM-41 (sil) and Ti-MCM-48 (sil) exhibited lower activity
in the oxidation of pent-2-en-1-ol than the corresponding non-
trimethylsilylated samples. Partial removal of silanol groups
would reduce the capability to absorb the allylic alcohols
through hydrogen bonding. The decreased activity might be
also due to the difficulty in access to the active site caused by the
introduction of rather bulky trimethylsilyl groups. Studies on
the steric environment of the Ti site are in progress using a
variety of reactants as probe molecules.

Trimethylsilylation leads to a further advantage: the meso-
porous structure of Ti-containing samples is much less resistant

to moisture than that of pure silica samples.8 For example, the
d100 peak height of Ti-MCM-41 (non-sil) decreased by 80%
upon exposure to moisture over saturated aqueous solution of
NH4Cl for 3 days. In contrast the ordered structure of both Ti-
MCM-41 (sil) and Ti-MCM-48 (sil) was found to be intact upon
exposure to moisture for 30 days.

The authors are grateful to Dr S. Nakata and Mr Y. Tanaka
(Chiyoda Corp.) for measuring 29Si MAS NMR spectra. This
work was supported in part by Grant-in-aid for Scientific
Research on Priority Areas (No. 0742104) from the Ministry of
Education, Science and Culture, Japan.
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Table 2 Effect of trimethylsilylation on catalytic activity of Ti-containing mesoporous molecular sieves

Conversion TON/ H2O2 decomposition
Catalyst (mol% of max.) mol (mol Ti)21 Selectivity (%) (%)

Cyclohexene oxidation Alcohol Ketone Epoxide Diol

Ti-MCM-41 (non-sil)a 0.72 5.4 30.0 15.2 0 54.7 57.6
Ti-MCM-48 (non-sil)b 2.1 6.1 26.7 32.8 4.7 35.7 61.9
Ti-MCM-41 (sil)a 13.3 112.1 14.4 21.0 13.9 50.7 0
Ti-MCM-48 (sil)a 38.5 120.9 21.3 17.0 2.2 59.4 0

Hexane oxidation 2-ol 3-ol 2-one 3-one

Ti-MCM-41 (non-sil)b 0 0 — — — — 74.7
Ti-MCM-41 (sil)b 0.06 0.50 40.5 59.5 0.0 0.0 0.0
Ti-MCM-41 (sil)c 0.20 6.8 22.0 22.9 31.0 24.1 97.3
Ti-MCM-48 (non-sil)b 0 0 — — — — 75.0
Ti-MCM-48 (sil)b 0.17 0.52 45.4 54.6 0.0 0.0 20.2

Pent-2-en-1-ol oxidation Pent-2-enal Epoxide

Ti-MCM-41 (non-sil)b 32.4 242 81.0 19.0 0
Ti-MCM-48 (non-sil)b 32.0 92.9 78.9 21.1 3.0
Ti-MCM-41 (sil)b 14.7 124 81.6 18.4 0
Ti-MCM-48 (sil)b 20.7 59.3 73.4 26.5 0

a Catalyst 50 mg, substrate 25 mmol, H2O2 5 mmol, 323 K, 3 h. b Catalyst 50 mg, substrate 25 mmol, H2O2 5 mmol, 323 K, 2 h. c Catalyst 50 mg, substrate
100 mmol, H2O2 20 mmol, 353 K, 16 h.
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Solution processible poly(1-alkyl-2,5-pyrrolenevinylenes): new low band gap
conductive polymers

In Tae Kim and Ronald L. Elsenbaumer*

Department of Chemistry and Biochemistry, The University of Texas at Arlington, Arlington, Texas 76019, USA

Bis(phenylthiomethylene)  derivatives  of  1-alkylpyrroles
afford conjugated polymers by base induced elimination of
thiophenyl groups.

Electrochemically prepared polypyrrole is employed as an
electrode in capacitors and batteries owing to its high con-
ductivity ( > 100 S cm21), relative stability to air and moisture
in its oxidized form, ability to form strong coherent films and
ease of synthesis.1 Conductive properties are related to the
nature of the counter anions in polypyrrole films.2 Properties
have also been modified by polymerizing pyrrole derivatives
with 3-methyl and 3,4-dimethyl substituents. Conductivities of
these polymers are 4 and 10 S cm21, respectively.3,4 However,
the room temperature conductivities of poly(1-alkyl-2,5-pyrrol-
ylene) (alkyl = methyl, hexyl, dodecyl) prepared by chemical
oxidation fall in the range 1023 to 1026 S cm21.5,6 The large
decrease in conductivity of doped poly(pyrrolylenes) with an
N-alkyl substitutent and an increase in size of the alkyl
substituent has been rationalized on a steric basis.7

Reduction of band gaps in conjugated polymers such as
poly(p-phenylene) and poly(thienylene) has been achieved by
the insertion of vinylene linkages between the aromatic rings in
the polymer chain to give poly(phenylenevinylene) and poly-
(thienylenevinylene),8–10 respectively. The backbone of these
polymers is made of aromatic rings bridged by vinylene
linkages wherein the vinylene linkage not only reduces steric
hindrance between backbone rings attached to them, but also
has a beneficial effect on electronic properties as evidenced by
experimental and theoretical data on both poly(p-phenylene-
vinylene)4 and poly(thienylenevinylene).11

Recently, we reported a new precursor and polymerization
route for the preparation of high molecular mass poly(3,4-
dialkoxy-2,5-thienylenevinylene)s as low band gap conductive
polymers made by base/acid and thermally induced elimination
of sulfoxide groups.12 We now report a convenient synthesis of
1-alkyl-2,5-bis(phenylthiomethylene)pyrroles (2a–c) using the
Mannich reaction.13 These can be readily polymerized using 4
equiv. of ButOK (Scheme 1). The present account is the first
report of the use of phenylthio as a leaving group in forming
poly(1-alkyl-2,5-pyrrolenevinylene)s (1a–c).

1-Alkylpyrroles (5a–b) were prepared as described in the
literature.14 Treatment of 5a–c with aq. HCHO and
Me2NH·HCl at room temperature for 7 d, the Mannich reaction,
gave 70–85% yields of 1-alkyl-2,5-bis[(dimethylamino)-
methyl]pyrroles (4a–c) and these, in turn, were converted into
bisquaternary ammonium salts (3a–c) (yield: 75–92%) after
reaction with MeI in THF at room temperature. We chose
1-alkyl-2,5-bis[(trimethylammonio)methyl]pyrrole diiodide
(3a–c) as initial target monomers because of their crystallinity
and good stability. However, attempts to polymerize these
monomers (3a–c) with 5–10% aq. NaOH in a temperature range
from 0 °C to reflux have not been successful. Manipulation of
the bisquaternary ammonium salt functional groups in 3a–c into
a phenylthio leaving group 2a–c (yield: 55–70%) provided a
facile approach to a new class of polymerizable monomers
(Scheme 1).†

The bis(phenylthiomethylene) derivative 2b of 1-alkylpyr-
role was treated with ButOK (4 mol) in THF at room

temperature and then gradually warmed to reflux. This
monomer polymerized to give poly(1-hexyl-2,5-pyrrolylene-
vinylene) (PHxPyV), 1b. This polymer was purified by four
reprecipitations from THF into MeOH and acetone and had a
deep blue color with a gold luster. On exposure to air, the
polymer became slightly doped reaching a limiting conductivity
of 1026 S cm21. On doping with AuCl3, PHxPyV films (cast on
quartz) exhibited conductivities of 2.5 S cm21 (four-in-line
probe) in air. The undoped conjugated polymer 1b was soluble
in many common organic solvents. Conversion from the bis-
phenylthio monomer 2b afforded PHxPyV in 72% yield, which
is considerably higher than that typically obtained for poly-
(phenylenevinylene) prepared from bis-sulfonium salt pre-
cursors (20–40%).15 As indicated by the UV–VIS–NIR spec-
trum shown in Fig. 1(a) on an undoped film of cast polymer 1b,

Scheme 1 Reagents and conditions: i, aq. CH2O, HClHN(CH3)2, 0–25 °C;
ii, MeI, THF, room temp.; iii, PhSNa, THF, reflux; iv, ButOK, THF,
reflux

Fig. 1 UV–VIS–NIR absorption spectra of (a) undoped and (b) FeCl3 doped
PHxPyV (1b) (cast film on quartz)
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the onset band gap (low energy absorption edge) was deter-
mined to be 1.69 eV for PHxPyV. Poly(1-dodecyl-2,5-pyrrolyl-
enevinylene) (PDoPyV), 1c, was prepared from bis-phenylthio
monomer 2c as indicated in Scheme 1. This polymer had an
onset band gap of 1.65 eV and had, by GPC using polystyrene
standards, a number average weight (Mn) of 1.6 3 104 and a
polydispersity (PD) of 1.16. This band gap is similar to that
observed with PHxPyV. A comparison of the properties of 1a–c
made by the same route are summarized in Table 1.

The difference in conductivity between poly(1-alkyl-2,5-pyr-
rolylene) [s = 1023 (methyl), 4.3 3 1025 (hexyl) and 1.2 3
1026 S cm21 (dodecyl)] and 1a–c suggests that the low
conductivities of N-substituted polypyrroles as prepared by
oxidative polymerization arise from a combination of steric
interactions between adjacent rings7 and from a mixture of
a–aA, a–bA, and b–bA coupled monomer.16

We have found the polymerization of bis-phenylthio mono-
mers (2a–c) to be general for the electron rich 1-alkylpyrroles.
Also, we fully expect that this polymerization process will be
suitable for the preparation of other electron rich polymers, and
we are presently in the process of attempting to prepare
representative examples.

We thank the Robert A. Welch Foundation for support of this
work. We also thank Professor Michael P. Cava, Professor
Martin Pomerantz and Dr Haitao Cheng for helpful discus-
sions.
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Table 1 Properties of polymers 1a–c

lmax/nm Onset
optical Doped conductivity/S cm21

Polymer THF Film gap/eV Solubilitya (dopant)

1a 500b — 1.89 Insoluble 0.02 (AuCl3), 0.001 (FeCl3)c

1b 550 569 1.69 Very soluble 2.5 (AuCl3), 0.15 (FeCl3)d

1c 548 563 1.65 Very soluble 0.48 (AuCl3), 0.11 (FeCl3)d

a Solubility in moderately polar solvent such as CHCl3, THF, CH2Cl2. b NMP. c Pressed powder pellet. d Cast film.
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The oxa-di-p-methane rearrangement of b,g-unsaturated ketones induced by
the external heavy atom cation effect within a zeolite

R. Sadeghpoor,a M. Ghandi,*a H. Mahmoudi Najafia and F. Farzanehb

a Department of Chemistry, University of Tehran, Tehran, Iran 
b Department of Chemistry, University of Az-Zahra, Tehran, Iran 

Photolyses of b,g-unsaturated ketones 1 and 2 included in
MY zeolites gave the oxa-di-p-methane products, which are
believed to originate from the triplet state caused by heavy
atom cations present within the supercage.

Recent application of zeolites in organic photochemistry,1 and
our interest in the chemistry of zeolites2 and the photochemistry
of b,g-unsaturated ketones,3 has prompted us to investigate the
photochemistry of these compounds within the supercages of
zeolite Y. We report here the observation of a 1,2-acyl shift, or
oxa-di-p-methane (ODPM) rearrangement, of bicyclo-
[2.2.1]hept-5-en-2-one (BHO) 1† and bicyclo[2.2.2]oct-5-en-
2-one (BOO) 24 included in heavy cation-exchanged zeolite
Y.

The chemistry of b,g-unsaturated ketones is well-known and
many publications on this subject have been published during
the last two decades.5 Upon direct irradiation, the majority of
b,g-unsaturated ketones undergo a singlet-mediated 1,3-acyl
shift reaction to produce a rearranged b,g-unsaturated ketone.6
Triplet-sensitized photolysis of these compounds, on the other
hand, leads to the well known and synthetically useful ODPM
rearrangement.7 Investigation of the extent of singlet–triplet
interconversion of the excited guest molecule within a cage,
channel or pore has been limited to the study of the
photophysical processes of some aromatics and olefins,8 and
photochemical reactions like photodimerization of acena-
phthylene 9 and photolysis of 2,3-diazabicyclo[2.2.2]oct-
2-ene.10 We felt that the heavy cations present within the Y-type
faujasite supercage could provide interesting results for the
photochemistry of b,g-unsaturated ketones. Because LiY and
NaY were not effective for ODPM rearrangement, and KY did
not show more than 15% activity for this reaction,‡ we
concentrated our experiments on CsY and TlY. It should be
emphasized that the absence of triplet formation in LiY and
NaY is consistent with their solution behaviour in which the
intersystem crossing yields from singlet to triplet is reported to
be near zero.11 This led us to conclude that rearrangement in the
supercages of LiY, NaY and mostly in KY is from the singlet
excited state.‡

The Cs+ and Tl+ cations were exchanged into the NaY zeolite
by mixing the powder with the appropriate 10% nitrate solution
at 90 °C for 1 h. For each gram of zeolite, 10 ml of the cation
nitrate solution was used. This cycle was repeated three times.
The zeolite was filtered, washed thoroughly, and then held at
500 °C for 12 h. A typical procedure for the preparation of
zeolite-guest complexes is provided below. Dry zeolite (2.1 g)
and the ketone (30 mg)§ were stirred in dry hexane (30 ml) for
about 2 h under a dry nitrogen atmosphere. The complex was
filtered and washed several times with dry hexane to remove
any surface adsorbed materials. GC analysis of the filtrates
showed that most of the ketone had been introduced into the
cavities. The dry solid inclusion complexes were then placed in
a quartz tube and photolyzed at 253.7 nm in a Rayonet
photoreactor with five lamps for 10–35 h.¶ The photolyses were
carried out either in hexane slurry or in the solid state. The
products were extracted by stirring the complex in 30 ml of dry
Et2O for ca. 12 h or dissolution of the zeolite framework with

1 m HCl. Mass balance in all cases was ca. 90%. Identification
of products was made by GC (Perkin-Elmer 3920 gas
chromatograph equipped with TCD detection and a packed
column of 3% OV-17 on Chromosorb W) and comparison of
retention times with those of authentic samples. The concentra-
tions were determined by an internal standard procedure using
cyclohexanone as the internal standard.∑ The results are shown
in Tables 1 and 2.

Photolyses of either the hexane slurry or the solid complexes
led to the ODPM ketones 3 and 4 as the sole products (Scheme
1). Only traces of 1,3-acyl shift ketones could be detected as
byproducts.

Table 1 Photolyses results for BHO 1 under various conditions

Solutiona Slurryb Solid

Medium t/h Yield (%) t/h Yield (%) t/h Yield (%)

Acetone 15 41
CsY 10 21.4 25 39.2
CsY 15 24 30 40.4
CsY 20 27 35 41.9
TlY 10 33.6 25 55.5
TlY 15 34.3 30 57.8
TlY 20 35 35 61.1

a Yield based on photolysis at 253.7 nm (quartz). Photolysis with a low
pressure merucury lamp led to 70.4% of 3. b Increasing the photolysis time
to more than 20 h did not improve the results.

Table 2 Photolyses results for BOO 2 under various conditions

Solutiona Slurryb Solid

Medium t/h Yield (%) t/h Yield (%) t/h Yield (%)

Acetone 15 37.3
CsY 10 12.2 25 29.1
CsY 15 18.6 30 30.6
CsY 20 20.5 35 32.1
TlY 10 24.1 25 38.6
TlY 15 25.6 30 40.5
TlY 20 26.1 35 44.7

a Yield based on photolysis at 253.7 nm (quartz). Photolysis with a low
pressure mercury lamp led to 66.2% of 4. b Increasing the photolysis time
to more than 20 h did not improve the results.

Scheme 1
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Since intersystem crossing of b,g-unsaturated ketones is
usually slow following direct irradiation, population of the
triplet excited state requires either to use of triplet energy
sensitizers or the introduction of heavy atoms to decrease the
barrier to the singlet–triplet transition (the heavy atom effect).12

Because sensitization techniques have been difficult to apply in
the crystalline state until now, the triplet state photochemistry of
such compounds has not been studied in this medium, except for
the remarkable work of Ramamurthy, who investigated the
photolyses of Li+, Na+, K+, Rb+ and Cs+ salts of a b,g-
unsaturated keto acid and found that there is a strong cation
effect in the crystalline state but none in solution.13

The formation of the ODPM ketones under the effect of
heavy cations within the Y zeolite in our system, particularly the
60% yield of the 1,2-acyl shift product in the presence of TlY,
is strong support for the heavy atom cation effect in solid
systems. The trends observed in the variation of the triplet
yields with increasing mass, i.e. Li+, Na+ < K+ < Cs+ < Tl+,
is consistent with the expected spin-orbit coupling-induced
triplet formation. The reason for the greater effect of heavy atom
castions in the solid state than in the slurries might be attributed
to the increased triplet lifetime of the ketone in the solid state,
and the reduced diffusional mobility of the guest molecule
toward the heavy cations when the channels are filled with
solvent molecules. Such behaviour has been observed in the di-
p-methane rearrangement of 11-hydroxymethyl-9,10-dihydro-
9,10-ethanoanthracene within zeolite KY by the triplet–triplet
energy transfer of several sensitizers to the guest molecule
within the supercages.14

In conclusion, we believe that zeolite–guest complexes
containing heavy cations can be considered as remarkable
singlet–triplet transition matrices. Our results show it to be an
efficient approach to energy transfer from a donor to an acceptor
in the solid state. To the best of our knowledge, this is the first
report of an ODPM rearrangement arising from an external
heavy atom cation effect within a zeolite.

Acknowledgment is made to the Research Council of the
University of Tehran for support of this research.
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Stereoselective preparation of quaternary benzylic centres using chiral
imidazolines†

Peter I. Dalko and Yves Langlois*‡

Laboratoire de Synthèse des Substances Naturelles, associé au CNRS, ICMO, Bâtiment 410, Université de Paris-Sud, 91405
Orsay, France 

Dianions derived from C2 symmetric chiral imidazolines
provide good to excellent stereocontrol in alkylation reac-
tions affording fully substituted benzylic centres.

Stereoselective preparation of quaternary centres, particularly
in benzylic positions, remains a challenge. Carbometallation
followed by nucleophilic substitution is seemingly a simple
method, however, difficulties arise in both the preparation of the
organometallic intermediate and also in the control of the
stereoselectivity of the carbometallation in an inherently
crowded position. Reports of the asymmetric preparation of
vicinal heteroatom-stabilized tertiary organolithium com-
pounds1,2 are still scarce, although it is being actively studied by
a number of groups.2 Furthermore, stereoselective formation of
fully C-substituted carbons via deprotonative carbolithiation
remains elusive.3

In the wake of other studies on five-membered heterocycles
as chiral auxiliaries,4 we were interested in testing imidazolines
in asymmetric substitution reactions. We observed that dianions
derived from C2 symmetric chiral imidazoline 1§ undergo
diastereoselective alkylation in the presence of 1.1 equiv. of
alkyl halides 2a–d and afforded the corresponding fully
C-substituted centres 3a–e in good yield. The reaction was
performed in THF and the dimetallated intermediate was
formed without addition of supplementary complexing agents
such as TMEDA or other additives.5 Some representative
examples are given in Table 1. Quaternary centres were
obtained with good acyclic diastereoselectivity¶ and in good
yield, as illustrated in entries 1–4. The presence of electron-
donating substituents on the aryl side chain resulted in a drop in
selectivity (entry 5).

Alkylation of monoanions derived from N-alkylated imid-
azolines such as 4a proceeded with slightly lower dia-
stereoselectivity. However, good stereocontrol was observed
using the conformationally restrained bicyclic imidazoline 4b
(Table 2). Surprisingly, the diastereoselectivity in these reac-
tions was the opposite to the observed for non-substituted C2
symmetric imidazolines 3a–e, as was ascertained by chemical
correlation between 3a and 5a: imidazoline 3a was
N-methylated using 1.1 equiv. of BunLi and 1.1 equiv. of MeI at
278 °C, and the 1H and 13C MNR spectra of the resultant
product were compared with that of 5a.

In order to provide a structural basis for the stereodifferen-
tiation, the question of the C-versus N-lithiation dichotomy was
addressed. A 13C NMR study6 of selected compounds 6 and 9
was undertaken (Scheme 1). The 13C NMR spectrum at 269 °C
of the monolithiated intermediate 7 shows in a single set of well-
resolved signals which were in accord with the expected
N-lithiated product [Ca d 40.2 (t, 1JC–H 125 Hz)]. Dimetallation
using the standard procedure afforded a single, unsymmetrical
product whose 13C NMR signals at 269 °C were in accord with
those of the N and Ca bis-lithiated compound 8. The lithiated
carbon [Ca d 64.2 (d)] was shown to be slightly pyramidalised
(1JC–H 157 Hz)7 and thus is stereogenic. The two ortho carbons
of the benzylic side chain were found to be magnetically non-
equivalent at this temperature, which indicates restrained
conformational freedom of the side chain.

Table 1 Alkylation of dianions derived from C2 symmetric imidazolines
using alkyl halides as electrophiles

Entry 1 2 Yield (%) De (%) 3

1 1a 2a MeI 86 > 95 3a
2 1a 2b ButOCH2CH2I 79 > 95 3b
3 1a 2c Allyl I 79 92 3c
4 1a 2d BnBr 75 > 95 3d
5 1b 2a MeI 85 80 3e

Table 2 Alkylation of monoanions derived from N-substituted imidazolines
using methyl iodide

Entry 4 Yield (%) De (%) 5

1 4a 86 72 5a
2 4b 21 > 95 5b

Scheme 1 Reagents and conditions: i, BunLi (1.1 equiv.), 269 °C; ii, BunLi
(1.1 equiv.), 225 °C, 25 min, then 269 °C
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Monolithiation of 9 under standard conditions afforded a
single product whose 13C NMR signals at 269 °C were in
accord with those of the C-lithiated compound 10 [Ca d 66.4 (d,
1JC–H 158 Hz)], structurally similar to the dimetallated
counterpart 8 (Scheme 1). These results suggest in both cases
the presence of carbometallated species prior to alkylation
rather than the formation of N-metallated aza-enolates. The
stereoselectivity of the alkylation reaction is thus dependent to
the stereochemistry of this carbolithiated species1a,1b,8 and is
currently being investigated in our laboratory.∑

In summary, the method described here allows the stereo-
selective preparation of either stereoisomeric quaternary
benzylic centre independently of the stereochemistry of the
inducting chiral auxiliary, using non-complexing alkyl halides.8
Beyond the perspective of building fully C-substituted benzylic
quaternary carbons9 the method could also be useful in
providing access to other, covalently linked stereodefined
tertiary organometallic compounds useful in asymmetric syn-
thesis.
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New synthetic methodology utilising 1,2-dioxines and stabilised phosphorus
ylides: a highly diastereoselective cyclopropanation reaction

Thomas D. Avery,a Thomas D. Haselgrove,a Tanya J. Rathbone,b Dennis K. Taylor*a and Edward R. T.
Tiekinka

a Department of Chemistry, The University of Adelaide, Adelaide, Australia, 5005 
b Department of Chemistry, Monash University, Clayton, Victoria, Australia, 3168 

A new method is described for the synthesis of
diastereomerically pure cyclopropanes from substituted
1,2-dioxines 1a–c and stabilised phosphorus ylides 2a–e.

In 1994 the group of Adam and Treiber established for the first
time that the peroxide bond of 1,2-dioxetanes is susceptible to
nucleophilic ‘attack’ by simple diazoalkanes.1 In this first
report, 1,2-dioxetanes upon treatment with diazoalkanes af-
forded a mixture of products including 1,3-dioxolanes. More
recently, the reactions between various methyl-substituted
1,2-dioxetanes and simple triphenylalkylidenephosphoranes
were explored by the same group.2 Initial nucleophilic ‘attack’
on the O–O linkage was proposed for the observed formation, at
low temperature, of 2,2,2-triphenyl-1,4,2l5-dioxaphosphor-
inanes which, upon warming, ring-opened affording dipolar
phosphonium alkoxides.

Herein we report that various 1,2-dioxines 1a–c react under
mild conditions with stabilised phosphorus ylides 2a–e to afford
novel diastereomerically pure cyclopropanes [reaction (1)]. To

the best of our knowledge, the reactions of stabilised phos-
phorus ylides with 1,2-dioxines have not been reported until
now. A typical reaction involved treatment of 1a3 with 2a (1.1
equiv.) in an appropriate solvent (usually CH2Cl2) at ambient
temperature. The major product formed was identified as the
cyclopropane 3a along with a trace of diketone 9a4. Similar
reactions afforded a variety of di- and tri-substituted cyclopro-
panes in excellent yields and are collated in Table 1.
Compounds 1a and c afforded essentially diastereomerically
pure trans-cyclopropanes whilst 1b afforded the trans-cyclo-
propane as the major diastereomer along with a minor amount
of the cis-cyclopropane. Typically the isolated yields were
within 10% of those quoted whilst the diastereomers were easily
separated by column chromatography. The structure and
relative stereochemistry of the cyclopropanes were unambigu-
ously elucidated from a combination of 1H, 13C, DEPT, NOESY
(1H-COSY and HMQC with gradient coherence selection)

NMR techniques.† X-Ray analysis‡ of 4a (Fig. 1) unambigu-
ously confirmed the general structural and stereochemical
assignments elucidated by NMR spectroscopy.

The effect of solvent and additives on the rate of reaction
between 1a and 2a and the cyclopropane : diketone ratio 3a : 9a
was evaluated. Our initial findings indicate that the overall rate
of reaction increases only slightly with increasing solvent
polarity. The small rate increase is inconsistent with a
mechanism involving zwitterionic intermediates in the rate-
determining step. The relative rate and product ratio was
unaffected by the addition of TEMPO suggesting that free
radicals are not involved. Additionally, the formation of ‘free’
carbenes can be excluded on the basis that addition of excess
cyclohexene failed to compete in cyclopropane formation. This

Table 1 Reaction of 1,2-dioxines 1a–c with various stabilised phosphorus
ylides 2a–e at 25 °Ca

1,2-Dioxine Ylide Yield of cyclopropane (%) Yield of 9 (%)

1a 2a 3a (95) 6a (@2) 9a (3)
2b 3b (96) 6b (@2) 9a (2)
2c 3c (48) 6c (nd) 9a (52)
2d 3d (nd) 6d (nd) 9a (100)

1b 2a 4a (84) 7a (15) 9b (@1)
2d 4d (75) 7d (15) 9b (10)
2e 4e (82) 7e (18) 9b (nd)

1c 2a 5a (100) 8a (nd) 9c (nd)
2c 5c (80) 8c (nd) 9c (nd)b

a All reactions performed in CH2Cl2; yields were determined from the 1H
NMR spectra (600 MHz) of the crude reaction mixtures; nd denotes not
detectable. b Another unidentified minor product present.

Fig. 1 Molecular structure of 4a showing the crystallographic numbering
scheme employed: O(5)–C(5)–C(4)–C(1) 34(1)°, C(5)–O(5a)–C(6)–C(7)
282.6(8)°, C(2)–C(13)–C(14)–C(15) 159.5(7)°
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conclusion was further supported by the observation that only a
trace of the carbene dimer ( < 1%) could be detected by 1H
NMR analysis of the crude reaction mixtures. Finally, perform-
ing the reaction at 80 °C simply lead to an increased rate without
a change in product outcome or ratio.

The reaction of equimolar amounts of 1a and 2a in C6D6 was
monitored by 31P NMR spectroscopy. At no time could any
‘free’ triphenylphosphine or zwitterionic intermediates be
detected. Careful 1H NMR analysis of the crude mixture after
cessation of the reaction revealed the presence of 3a, 9a, Ph3PO
and unreacted 2a. All 1a had been consumed affording 3a and
9a in a 77 : 22 ratio. The remaining 1% constituted the cis-
cyclopropane. Formation of Ph3PO (75%) parallels the yield of
the cyclopropane as expected. Most important was the observa-
tion that 22% unreacted 2a remained and parallels 9a formation
(22%). This observation suggests that formation of 9a is
catalytic in ylide. Indeed, analysis of all crude reaction mixtures
by 31P and 1H NMR spectroscopies showed the same trend.
Blank reactions showed that formation of 9a–c was not
promoted by Ph3PO. We have evidence that the rearrangement
1a? 9a is not promoted by ‘free’ Ph3P liberated during the
ylide reaction, e.g. addition of excess Ph3P to the reaction
mixture containing 1a and 2a failed to dramatically change
product outcome. Based on these initial findings we suggest that
formation of 9a in the reaction of 1a with 2a is promoted by the
ylide acting as a weak base5 in a catalytic manner. Base
catalysed rearrangement (Kornblum–De La Mare decomposi-
tion) of cyclic peroxides has been reported previously and is
initiated by removal of a proton from the carbon adjacent to the
O–O linkage.6 Finally, the observation that the more sterically
hindered 2c affords less cyclopropane 3c when compared to that
for 2b in identical solvents suggests that there is a steric
component to the two competing processes.

A significant mechanistic finding was the observation of the
trans-alcohol 10 intermediate during 1H NMR monitoring of
these reactions. Indeed, we were able to isolate a quantity of 10
from the reaction mixture and demonstrate that it lead to the
observed cyclopropanes and no 1,2-diketone upon addition of
ylid. Although the reaction manifold is complicated by many
factors, Scheme 1 depicts a general mechanistic overview.
Interaction of 1 and 2 leads in a rate-limiting step to the
formation of the key intermediate 10. Michael addition of the
ylide to 10, followed by cyclisation, proton transfer and
extrusion of triphenylphosphine oxide from 11 affords the
observed cyclopropanes. In competition with this process is the
known cyclisation6 of (Z)-10 via the hemi-acetal and rearrange-
ment leading to formation of 9.

Synthetically, this novel reaction has several advantages over
existing methods7 for cyclopropane formation involving phos-
phorus ylides, as functionalised cyclopropanes are formed in a
highly diastereoselective manner in excellent yields. We are
currently evaluating the reactions of various 1,2-dioxines, alkyl
hydroperoxides and disulfides with a variety of stabilised and
non-stabilised ylides (phosphorus, sulfur etc.) and full mecha-
nistic details will be presented in due course.

Financial support in the form of set-up grants (Adelaide and
Monash Universities, D. K. T.) and the ARC (E. R. T. T.) is
greatly acknowledged. Assistance from Dr S. M. Pyke (Ade-
laide) in NMR spectral analysis is also acknowledged while Dr
P. Perlmutter (Monash University) is thanked for co-super-
vision of T. J. R.
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New route to organoaluminium sulfides: synthesis of (Mes*AlS)2 (Mes* =
-C6H2But

3-2,4,6) and its dimethyl sulfoxide adduct [Mes*AlS(OSMe2)]2

Rudolf J. Wehmschulte and Philip P. Power*

Department of Chemistry, University of California, Davis, California 95616, USA

Treatment of the alane (Mes*AlH2)2 (Mes* = -C6H2But
3-

2,4,6) with S(SiMe3)2 in refluxing toluene affords the novel
organoaluminium sulfide (Mes*AlS)2 1 which has a pre-
viously unobserved dimeric structure; treatment of 1 with 2
equiv. of Me2SO furnishes the complex [Mes*AlS(OSMe2)]2
2 in which a dimeric configuration is retained, and which
shows weak intermolecular interactions between neighbor-
ing dimers.

Group 13 organometallic chalcogenide species of formula
(RME)n (R = alkyl, aryl; M = Al, Ga, In; E = O–Te) are
usually synthesized with use of the organometallic precursors
MR3.1 For the heavier chalcogenide derivatives, direct inter-
action of the elements themselves (i.e. S, Se, Te) with the metal
trialkyls has afforded several new compounds which have three-
dimensional cage structures.2 For the lighter oxide derivatives,
however, the reaction between water (or water complexed in
metal salts)3 remains the preferred method of synthesis of
(RMO)n compounds.† Recently, it has been shown that
aluminium hydride compounds are also useful precursors for
the synthesis of organoalumoxanes.4 Thus, the reaction of the
hydride (Mes*AlH2)2

5 (Mes* = -C6H2But
3-2,4,6) with

(Me2SiO)3 affords the unique tetramer (Mes*AlO)4 with
elimination of SiH2Me2. We now report that the reaction of
(Mes*AlH2)2 with S(SiMe3)2‡ affords the unique, dimeric,
heavier chalcogenide derivative (Mes*AlS)2 1 and that treat-
ment of 1 with Me2SO does not effect dissociation of the
dimeric structure but affords the adduct [Mes*AlS(OSMe2)]2,
2.

Compound 1, which displays high thermal stability (mp >
200 °C), can be synthesized§ in almost quantitative yield by
refluxing (Mes*AlH2)2

5 with 2 equiv. of S(SiMe3)2 in either
toluene or n-octane. X-Ray crystallographic data¶ for 1 show
that it crystallizes as dimeric units (Fig. 1) which have a
crystallographically required inversion center. The planar Al2S2
core is characterized by almost equal Al–S distances of
2.2083(9) and 2.2107(14) Å and internal ring angles of
78.09(3)° at S and 101.91(3)° at Al. The external S–Al–C
angles, 127.94(7) and 130.14(7)°, are quite similar, so that the
sum of the angles at Al is 359.99° indicating strictly planar
coordination at Al. However, there are also short (2.26–2.33 Å)
interactions between a number of ortho-But H atoms and Al.

The angle between the normals to the (AlS)2 and aromatic ring
planes is 89.3°. 

The dimeric structure of 1 may be contrasted with the
tetrameric structure of the corresponding oxide species
(Mes*AlO)4

4 which features an almost planar, eight-membered
Al4O4 ring with wide (ca. 151°) Al–O–Al angles. The lower
aggregation in 1 thus, may be a consequence of the reluctance of
the S atoms to hybridize which imposes a narrower interbond
angle. This leads to greater steric congestion in the molecule
which results in the lower degree of aggregation observed for 1.
Apparently, 1 is only the second example of a mono-
organoaluminium sulfide to be fully structurally characterized.
The only previous example is the tetrameric species [(Me2Et-
C)AlS]4

2d which has an Al4S4 cubane structure with Al–S
distances in the range 2.295(8)–2.319(9) Å. The longer Al–S
distances in that compound are due to the higher coordination
numbers of both Al (four) and S (three). The short Al–S
distances in 1 are similar to those observed in the low-
coordinate compounds Al(SMes*)3

6 [Al–S 2.172(2)–2.191(2)
Å], S[Al{CH(SiMe3)2}]2

7 [Al–S 2.187(4) Å] and
Al4I4S2(SMe)4

8 [Al–S (two-coordinate) 2.16(1)–2.20(1) Å].
The dimethyl sulfoxide adduct 2 was prepared by the addition

of 2 equiv. of Me2SO to 1 in benzene. Complex 2 was formed
essentially instantaneously and it is precipitated from benzene at
room temperature. Heating the solution to reflux temperature
resulted in redissolution of the precipitate and cooling slowly
resulted in crystals suitable for X-ray crystallography. The
X-ray data for 2 show that the dimeric Al2S2 core structure (Fig.
2) remains intact and that the metals are each complexed by one
dimethyl sulfoxide molecule which are disposed on opposite
sides of the Al2S2 core. This results in an increase of ca. 0.05 Å
in the Al–S bond lengths which span the narrow range
2.243(2)–2.259(2) Å. The Al–C distances are lengthened by
about the same amount; from 1.956(2) Å in 1 to an average of
2.022(8) Å in 2. The average Al–O distance is 1.86(1) Å, which
is within the range found in related complexes.9 Also, the Al2S2
core is folded slightly (fold angle 167.5°) along the S(1)···S(2)
axis. Although each Al is complexed by one Me2SO, it can be
seen from Fig. 2 that the relative orientation of each donor
molecule is different. Thus, the Me2SO containing O(1) is
oriented such that the SMe2 moiety lies above the Al2S2 core
whereas the O(2) containing Me2SO is oriented away from the
core. These different orientations are reflected in different Al–
O–S angles of 114.2(2)° at O(1) and 130.0(2) at O(2). It seems
that this unusual arrangement is a result of some weak
intermolecular interactions involving the Me2SO donor contain-
ing O(2). These interactions involve relatively short O···H
distances [e.g. O(2)···H(40E) 2.89 Å, O(2)···H(39F) 2.63 Å],
and S···H distances [e.g. S(1)···H(39C) 3.04 Å, S(2)···H(40E)
3.02 Å]. Another notable feature of the structure of 2 is the
distorted geometry at the ipso-C atoms of the Mes* ligands. The
averaged aromatic ring planes are bent by ca. 25° from the Al–C
vector lines. Similar distortions have been observed in other
Mes* group 13 derivatives.10

Finally, although no dissociation of the dimeric 1 was
effected by the addition of Me2SO, attempted redissolution of
isolated 2 results in its partial decomposition and production of

Fig. 1 Thermal ellipsoidal (30%) plot of 1 with H atoms not shown. Some
important bond distances (Å) and angles (°): Al(1)–S(1) 2.2083(9), Al(1)–
S(1A) 2.2107(14), Al–C(1) 1.956(2), Al(1)···Al(1A) 2.7835(13); Al(1)–
S(1)–Al(1A) 78.09(3), S(1)–Al(1)–S(1A) 101.91(3), S(1)–Al(1)–C(1)
127.94(7), S(1A)–Al(1)–C(1) 130.14(7).
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an orange–red solid. Attempts to identify the composition of
this solid are currently underway.

We thank the National Science Foundation and the Donors of
the Petroleum Research Fund administered by the American
Chemical Society for financial support.
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*E-mail: pppower@ucdavis.edu
† Alumoxanes of formula R2AlOAlR2 can be synthesized by the reaction of
triorganoaluminium compounds with species containing reactive oxygen
such as CO2, RC(O)NR2, MeCO2H and Me2SO. See: H. Sinn and W.
Kaminsky, Adv. Organomet. Chem., 1980, 18, 99; W. Uhl, M. Koch, W.
Hiller and M. Heckel, Angew. Chem., Int. Ed. Engl., 1995, 34, 989.
‡ The compound S(SiMe3)2 has been extensively used recently in the
synthesis of several transition metal sulfide cluster compounds. See: D.
Fenske and S. Dehnen, Chem. Eur. J., 1996, 2, 1407.
§ All manipulations were carried out under anaerobic and anhydrous
conditions. The compound (Mes*AlH2)2

5 was synthesized as described in
the literature and S(SiMe3)2 was purchased from Aldrich and used as
received.

1 or 1·PhMe: A solution of (Mes*AlH2)2
5 (1.05 g, 1.91 mmol) in toluene

(25 ml) was heated with (Me3Si)2S (0.81 ml, 3.82 mmol, 0.68 g) at room
temp. The clear, colorless solution was heated to 100–105 °C for ca. 21 h
during which time large colorless plates of 1·PhMe formed. Yield: 1.25 g,
93%. Mp: turns opaque at 120–140 °C (desolvation), melts at 305–310 °C.
Crystals of unsolvated 1 suitable for X-ray diffraction studies were obtained
via a similar procedure by the reaction of (Mes*AlH2)2 with (Me3Si)2S in
n-octane at 115–120 °C for 38 h. Yield: 42%. Mp: turns slowly opaque at
250–280 °C, melts at 310–312 °C. 1H NMR (C6D6, 85 °C): d 7.51 (s, m-H,
4 H), 1.81 (s, o-CH3, 36 H), 1.36 (s, p-CH3, 18 H).

2: Dimethyl sulfoxide (0.06 ml, 0.8 mmol, 0.062 g) was added to a slurry
of finely ground 1·PhMe (0.16 g, 0.23 mmol) in benzene (25 ml) at room
temp. to give an almost clear solution from which after a few seconds a fine,
colorless solid precipitates. This was dissolved by heating to reflux for ca.
1 min to afford a clear colorless solution from which, after 3 days at room
temp. ca. 0.04 g of colorless plates could be isolated. Yield: 23%. Mp: turns
red at 235 °C, gradually darkens to almost black at 300 °C, does not melt
below 300 °C.

It is noteworthy that 1 is practically insoluble in hydrocarbon solvents. It
can be solubilized by the addition of Me2SO or HMPA at elevated
temperatures (the range 60–80 °C works best). From these solutions crystals
are usually obtained upon cooling to room temp. These crystals do not
redissolve without decomposition.
¶ Crystal data at T = 130 K with Mo-Ka, (l = 0.710 73 Å) radiation for 1
and Cu-Ka, (l = 1.541 78 Å) radiation for 2: 1, C36H58Al2S2, M = 608.9,
monoclinic, space group C2/c, a = 26.924(5), b = 9.845(2), c = 16.780(3)
Å, b = 125.86(3)°, U = 3064(1) Å3, m = 0.219 mm21, Z = 4 (8/2), wR2

= 0.119 for all 4149 data, R1 = 0.047 for 3164 [I > 2s(I)] data; 2,
C40H70Al2O2S4, M = 765.2 monoclinic, space group P21/n, a = 18.374(5),
b = 9.883(2), c = 24.587(3) Å, b = 91.16(2)°, U = 4464(2) Å3, m = 2.560
mm21, Z = 4, wR2 = 0.143 for all 5830 data, R1 = 0.053 for 4550 [I >
2s(I)] data. CCDC 182/706.
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Fig. 2 Computer generated drawing of 2. H atoms, except those involved in
intermolecular interactions, are not shown. Some important bond distances
(Å) and angles (°): Al(1)–S(1) 2.259(2), Al(1)–S(2) 2.243(2), Al(2)–S(1)
2.258(2), Al(2)–S(2) 2.247(2), Al(1)–O(1) 1.869(2), Al(2)–O(2) 1.847(3),
Al(1)–C(1) 2.014(4), Al(2)–C(21) 2.029(4), S(3)–O(1) 1.553(3), S(4)–O(2)
1.548(3), Al(1)···Al(2) = 2.999(2), S–C(Me) av 1.766(8); S(1)–Al(1)–S(2)
95.91(6), S(1)–Al(2)–S(2) 95.84(6), Al(1)–S(1)–Al(2) 83.20(5), Al(1)–
S(2)–Al(2) 83.83(5), S(1)–Al(1)–C(1) 118.79(12), S(2)–Al(1)–C(1)
118.25(12), O(1)–Al(1)–C(1) 115.30(14), O(2)–Al(2)–C(21) 115.16(14),
S(3)–O(1)–Al(1) 114.2(2), S(4)–O(2)–Al(2) 130.0(2).
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One-pot electrochemical formation of meso,meso-linked porphyrin arrays

Takuji Ogawa,*a Yoshihiro Nishimoto,b Naoya Yoshida,c Noboru Onob and Atsuhiro Osukua*c

a Institute for Fundamental Research of Organic Chemistry, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812-81, Japan
b Department of Chemistry, Faculty of Science, Ehime University, Matsuyama 790, Japan
c Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-01, Japan

Electrochemical oxidation of [5,15-bis(3,5-di-tert-butyl-
phenyl)porphyrinato]zinc(II) 1, [5,15-bis(4-methoxy-
carbonylphenyl)porphyrinato]zinc(II), [5,15-bis(penta-
fluorophenyl)porphyrinato]zinc(II) or [10-bromo-5,15-
diphenylporphyrinato]zinc(II) in benzonitrile using a plati-
num net as the working electrode afforded the correspond-
ing meso,meso-linked oligomer porphyrin arrays, and up to
the octamer porphyrin array could be isolated for 1.

Polynuclear porphyrins have been attracting considerable
attention as biomimetic models of photosynthetic systems as
well as photonic materials and functional molecular de-
vices.1–7

In a previous communication we reported the oxidative
coupling reaction of [5,15-bis(3,5-di-tert-butylphenyl)-
porphyrinato]zinc(ii) 1 with silver(i) salts to give the porphyrin
dimer 2, the porphyrin trimer 3 and the porphyrin tetramer 4.8
The possible mechanism proposed is an initial one-electron
oxidation of zinc porphyrin with AgI followed by nucleophilic
attack of a neutral zinc porphyrin. This mechanism suggests that
electrochemical oxidation also may lead to the formation of the
meso,meso-coupled porphyrin arrays. Here we report an
electrochemical preparation of the porphyrin arrays, by which
the usage of expensive silver salts is not required, the oxidizing
potentials can be best tuned to the porphyrin used, and the long
porphyrin arrays can be prepared in a one-step procedure
through prolonged electrolysis.

Porphyrin 1 (n = 1) (219 mg, 0.293 mmol) was electrolyzed
in dry benzonitrile (210 ml) in a single cell with NBu4ClO4 (0.1
m) as the electrolyte, a platinum net (1.8 3 2.4 cm) as the
counter electrode, and a platinum net (3 3 4 cm) as the working
electrode; the electricity used was 0.732 mF. The porphyrin
products were purified by being passed through an alumina and
then a silica gel chromatography column, and isolated by
preparative scale HPLC using a gel permeation column (GPC–
HPLC). The structures were identified through comparison with
the authentic samples:8 1 (44.0%), 2 (n = 2) (20.7%), 3 (n = 3)
(2.9%) and 4 (n = 4) (0.9%). When porphyrin 1 (211 mg, 0.282
mmol) was electrolyzed under similar conditions using elec-
tricity of 1.65 mF, the higher homologous pentamer 5 (n = 5),
hexamer 6 (n = 6), heptamer 7 (n = 7) and octamer 8 (n = 8)

could be isolated at yields of 0.5, 0.4, 0.2 and 0.05%,
respectively, together with 1 (6.7%), 2 (10.2%), 3 (3.2%) and 4
(1.6%) by GPC–HPLC. The new product was characterized by
1H NMR spectroscopy (500 or 600 MHz) and FAB mass
spectrometry or MALDI-TOF mass spectrometry.†

Treatment of [5,15-bis(4-methoxycarbonylphenyl)porphy-
rinato]zinc(ii) 9 at higher oxidation potential (+0.68 V vs. Ag/
AgNO3) than 1 (+0.54 V vs. Ag/AgNO3) with AgClO4 under
the conditions reported previously8 did not afford the corre-
sponding meso,meso-linked porphyrin arrays, although an
unidentified complex mixture together with ca. 60% of the
recovered starting material were obtained. However, when 9 (51
mg, 79 mmol) was electrolyzed using electricity of 134 mF, it
afforded the meso,meso-linked porphyrin dimer 10 (34.3%),
porphyrin trimer 11 (6.9%) and the starting porphyrin 9
(47.4%). Similarly, [5,15-bis(pentafluorophenyl)porphyrinat-
o]zinc(ii) 12 (+0.77 V vs. Ag/AgNO3) and (10-bromo-
5,15-diphenylporphyrinato)zinc(ii) 13 (+0.56 V vs. Ag/
AgNO3), which did not give the corresponding
meso,meso-linked porphyrin arrays by the silver salt method,
afforded the corresponding dimers 14 and 15 under similar
conditions by electrolysis in isolated yields of 11.6 and 47.5%,
respectively. Thus the electrochemical method has a wider
scope for the substrates than the silver salt method.

These meso,meso-linked porphyrin arrays so far isolated
were quite soluble in CHCl3. Of particular note is the fact that
even the arrays of porphyrin 9, 12 and 13, which have little
sterical hindrance to prevent p–p stacking of the porphyrin
planes, also had high solubility. This is probably because the
porphyrin planes connect nearly perpendicular to each other due
to their sterical requirement, and hence their intermolecular p–p
stacking was largely prevented.

These results indicate that the present electrochemical
method is a convenient way of preparing meso,meso-linked
porphyrin arrays which should be good candidates for long
‘molecular wires’9,10 having a linear rigid structure and high
solubility.

Work at Kyoto was partly supported by Grants-in Aid for
Scientific Research (No. 08874074) from the Ministry of
Education, Science, Sports and Culture of Japan and by the
Tokuyama Science Foundation.

Scheme 1 Reagents and conditions: i, Anodic oxidation, Pt net as working electrode, Pt net as counter electrode, in benzonitrile, 0.1 m NBu4ClO4
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* E-mail: ogawat@ms.ifoc.kyushu-u.ac.jp
† 5 (Ar = 3,5-di-tert-butylphenyl, R = H, n = 5): dH(CDCl3) 1.37 (s, But),
1.40 (s, But), 1.50 (s, But), 7.62 (t, J 2.0, 4 H, Ar-4-H), 7.65 (t, J 1.5, 2 H,
Ar-4-H), 7.76 (t, J 2.0, 4 H, Ar-4-H), 8.12 (d, J 2.0, 8 H, Ar-2,6-H), 8.15 (d,
J 1.5, 4 H, Ar-2,6-H), 8.16 (d, J 2, 8 H, Ar-2,6-H) 8.19 (d, J 4.5, 4 H, b
protons), 8.32 (d, J 4.5, 4 H, b protons), 8.35 (d, J 5.0, 4 H, b protons), 8.36
(d, J 5.0, 4 H, b protons), 8.75 (d, J 5.0, 4 H, b protons), 8.82 (d, J 4.5, 4 H,
b protons), 8.84 (d, J 4.0, 4 H, b protons), 8.85 (d, J 4.5, 4 H, b protons), 9.22
(d, J 4.5, 4 H, b protons), 9.53 (d, J 4.5, 4 H, b protons) and 10.42 (s, 2 H);
m/z (FAB) 3742.1 (C240H252N20Zn5 requires 3743.7). 6 (Ar = 3,5-di-tert-
butylphenyl, R = H, n = 6): m/z (TOF) 4563 (C288H302N24Zn6 requires
4492). 7 (Ar = 3,5-di-tert-butylphenyl, R = H, n = 7): m/z (TOF) 5237
(C336H352N28Zn7 requires 5240). 8 (Ar = 3,5-di-tert-butylphenyl, R = H,
n = 8): m/z (TOF) 6053 (C384H402N32Zn8 requires 5989). 10 (Ar = 4-
methoxycarbonylphenyl, R = H, n = 2): dH(CDCl3) 3.89 (s, 12 H), 8.03 (d,
4 H, J 5.0, b protons), 8.21 (d, 8 H, J 8.5, phenyl), 8.25 (d, 8 H, J 8.5,
phenyl), 8.57 (d, 4 H, J 4.5, b protons), 9.03 (d, 4 H, J 4.5, b protons), 9.45
(d, 4 H, J 4.5, b protons) and 10.35 (s, 2 H, meso protons); m/z (FAB) 1281.1
(C72H46N8O8Zn2 requires 1282.0). 11 (Ar = 4-methoxycarbonylphenyl,
R = H, n = 3): dH[(CD3)2CO] 3.90 (s, 6 H, inner CH3OCOC6H4), 4.04 (s,
12 H, outer CH3OCOC6H4), 8.11 (d, 4 H, J 4.5, b protons), 8.23 (d, 4 H, J
4.5, b protons), 8.25–8.45 (m, 24 H, CH3OCOC6H4), 8.57 (d, 4 H, J 5.0, b
protons), 8.65 (d, 4 H, J 4.5, b protons), 9.05 (d, 4 H, J 4.5, b protons), 9.58
(d, 4 H, J 4.0, b protons) and 10.48 (s, 2 H, meso protons); m/z (FAB) 1921.7
(C108H68N12O12Zn3 requires 1921.9). 14 (Ar = pentafluorophenyl, R = H,
n = 2): dH(CDCl3) 8.18 (d, 4 H, J 4.5, b protons), 8.65 (d, 4 H, J 5, b
protons), 9.11 (d, 4 H, J 4.5, b protons), 9.61 (d, 4 H, J 5, b protons) and
10.50 (s, 2 H, meso protons); m/z (FAB) 1410 (C64H18F20N8Zn2 requires

1410). 15 (Ar = Ph, R = Br, n = 2): dH(CDCl3) 7.5–7.7 (m, 12 H, Ph), 8.06
(d, 4 H, J 5, b protons), 8.19 (dd, 8 H, J 8 and 2, Ph), 8.60 (d, 4 H, J 4.5, b
protons), 9.04 (d, 4 H, J 5, protons) and 9.85 (d, 4 H, J 4.5, b protons); m/z
(FAB) 1207.7 (C64H36Br2N8Zn2 requires 1208.0).
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Synthesis and characterization of Ag2C2·2AgClO4·2H2O: a novel layer-type
structure with the acetylide dianion functioning in a m6-h1,h1 :h2,h2 :h2,h2

bonding mode inside an octahedral silver cage

Guo-Cong Guo, Qi-Guang Wang, Gong-Du Zhou and Thomas C. W. Mak*†

The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong, PR China 

In the novel double salt Ag2C2·2AgClO4·2H2O, the C2
22

dianion [bond length 1.217(7) Å] is encapsulated inside an
octahedral Ag6 cage, and the resulting cationic [C2@Ag6]
units share corners to generate metallic layers between
which the perchlorate anions and aqua ligands are accom-
modated.

The literature contains scant information on the ligand behav-
iour of C2

22 (acetylide dianion), in contrast to the rich
coordination chemistry of its isoelectronic analogues N2
(dinitrogen) and CN2 (acting in either cyanide or isocyanide
mode). The salt-like alkali and alkaline-earth metal acetylides
are readily decomposed by water, the best known example
being calcium carbide, CaC2, which exists in at least four
different crystalline modifications.1 Of the group 11 metal
acetylides, silver acetylide (Ag2C2, also known as silver
carbide) was first prepared as an impure yellowish powder by
Berthelot in 1866.2 A linear polymeric structure for silver
acetylide has been inferred from its chemical properties, which
are consistent with those of a molecular compound; for
example, it does not react with water and is highly explosive and
sensitive to shock when completely dried.3 However, the
existence of the ‘naked’ acetylide dianion, C2

22, as a fully
encapsulated species within rhombohedral Ag8 and mono-
capped square-antiprismatic Ag9 cages in the double salts
Ag2C2·6AgNO3

4,5 and Ag2C2·8AgF,6 respectively, suggests
that the coordination mode of the C2

22 entity in silver acetylide
is much more complex than hitherto imagined.

Recently we have initiated a research project to synthesize
and elucidate the X-ray crystal structures of novel compounds
containing silver acetylide as a component, so as to shed some
light on the nature of the interaction between the acetylide
dianion and silver(i) ions. We report here the synthesis and
crystal structure of a new double salt of silver acetylide with
silver perchlorate, in which the acetylide dianion acts in a
m6-h1,h1 :h2,h2 :h2,h2 bonding mode that binds the silver
cations into an unprecedented two-dimensional planar array.‡

In the crystal structure of Ag2C2·2AgClO4·2H2O, the atoms
C(1), C(2), Ag(2) and Ag(3) all lie on the same crystallographic
mirror plane. The measured C(1)–C(2) bond distance of
1.212(7) Å is comparable to that found in acetylene (1.205 Å),
showing that the acetylide dianion retains its triple bond
character inherited from the parent silver acetylide, as con-
firmed by its laser Raman stretching frequency. The C2

22

dianion is s-bonded to atoms Ag(2) and Ag(2i) in the c
direction, and p-bonded to Ag(3) and Ag(3ii) in the a direction
and to Ag(1) and Ag(1iii) in the b direction (Fig. 1). Thus this
dumbbell-like species is encapsulated inside an Ag6 cage, and
the resulting [C2@Ag6] octahedra share vertices along the a and
c directions to generate a layer structure. The distances of
bridging atom Ag(2) to the C(1) and C(2iv) atoms of its adjacent
acetylide dianions are 2.087(3) and 2.108(6) Å, respectively,
which are comparable to those (average 2.057 Å) of Ag atoms
s-bonded to the C·CR groups in the alkynyl complexes
[Ph3PAgC·CPh]4·3.5thf and [Me3PAgC·CSiMe3]H.7 The
C(2)–C(1)–Ag(2) and C(1)–Ag(2)–C(2iv) bond angles are

179.9(3) and 178.5(2)°, respectively. Therefore the coordina-
tion mode of the acetylide dianion to two metal atom of type
Ag(2) can be regarded as typical linear s-bonding, as found in
the discrete complexes [{Ru(CO)2(Cp)}2(m-C·C)],8
[{Re(CO)5}2(m-C·C)]9 and [Cu4(m-dppm)4(C·C)][BF4]2.10

However, to our knowledge the infinite linear chain resulting
from an alternate arrangement of s-bonded acetylide dianions
and type Ag(2) silver atoms in the present compound is
unprecedented.

The orthogonal pair of filled p orbitals of the acetylide
dianion interact unsymmetrically with Ag(1) and Ag(3) and
their symmetry equivalents, such that silver atoms of type Ag(3)
serve as bridges to link adjacent infinite chains to form a
metallic layer (Fig. 1). The distances of atom Ag(3) to C(1) and
C(2) are 2.554(4) and 2.382(6) Å, and the C(1)–C(2)–Ag(3) and
C(2)–C(1)–Ag(3) angles are 83.9(3) and 68.0(3)°, respectively.
Thus the coordination mode of the acetylide dianion to silver
atoms of type Ag(3) can be regarded as unsymmetrical
p-bridging, which differs from the symmetrical acetylide–
copper interaction observed in [Cu4(m-dppm)4(C·C)][BF4]2.10

Similar unsymmetrical p-bonding also occurs between the
acetylide dianion and silver atoms of type Ag(1), which are

Fig. 1 Cationic layer composed of C2
22 and Ag+ ions in the crystal structure

of Ag2C2·2AgClO4·2H2O viewed along the b axis. The thermal ellipsoids
are drawn at the 35% probability level. Selected bond lengths (Å) and angles
(°): C(1)–C(2) 1.212(7), Ag(1)–C(1) 2.3448(4), Ag(1)–C(2) 2.579(2),
Ag(2)–C(1) 2.087(3), Ag(2)–C(2i) 2.108(6), Ag(3)–C(1) 2.554(1), Ag(3)–
C(2) 2.382(6), Ag(3ii)–C(1) 2.596(4), Ag(3ii)–C(2) 2.448(6), Ag(1)–O(1W)
2.304(2); Ag(1)–C(1)–Ag(1iii) 173.5(2), C(1)–Ag(1)–O(1W) 171.4(1),
C(2)–C(1)–Ag(2) 179.9(3), C(1)–Ag(2)–C(2iv) 178.5(2), C(2)–Ag(3)–
C(2v) 166.8(3), C(1)–C(2)–Ag(3) 83.0(3), C(2)–C(1)–Ag(3) 69.4(3).
Symmetry codes: i, x, y, 21 + z, ii, 1 + x, y, z, iii, x, 1

2 2 y, z, iv, x, y, 1 + z,
v, 21 + x, y, z.
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linked to C(1), C(2) and terminal aqua ligand O(1W) at
distances of 2.3448(4), 2.579(2) and 2.304(2) Å, respectively.
The dihedral angle between the planes defined by C(1)–C(2)–
Ag(3) and C(1)–C(2)–Ag(1) is 90.7°.

The ClO4
2 ion exhibits twofold disorder with two equally

populated, opposite orientations that share a common set of
three basal oxygen atoms. The terminal aqua ligands that are
coordinated to type Ag(1) silver atoms form donor hydrogen
bonds to the ClO4

2 ions, thereby contributing to the stability of
the structure. Fig. 2 shows that the cationic layers are
completely separated by ClO4

2 anions, so that the crystal
structure of the present compound may be considered as a stack
of alternate conducting and insulating layers. This potential
anisotropic conducting property of the metallic layer will be
further studied.

This work is supported by Direct Grant No. 2060129 of The
Chinese University of Hong Kong and Hong Kong Research
Grants Council Earmarked Grant Ref. No. CUHK 456/95P.

Notes and References

* E-mail: tcwmak@cuhk.edu.hk
† Synthesis of Ag2C2·2AgClO4·2H2O: aqueous silver nitrate solution was
stirred and a slow stream of acetylene gas was bubbled into it until
saturation was reached at ambient temperature. The white precipitate of
Ag2C2 was isolated by filtration, washed several times with deionized
water, and stored in the dark in wet form. CAUTION: Ag2C2 in the dry state
detonates easily by mechanical shock, and only a small quantity should be
prepared for immediate use in any chemical reaction. Moist Ag2C2 is added
to 2 ml of a concentrated aqueous solution of AgClO4 with stirring until
saturation is reached. The excess amount of Ag2C2 was filtered off, and the
solution was placed in a desiccator charged with P2O5. After several days a
good crop of colorless crystals of Ag2C2·2AgClO4·2H2O was obtained. The
Raman spectrum (Renishaw Raman Image Microscope System 2000) of
this product exhibits absorption peaks at 2103.9 and 2167.1 cm21 in the
Dn(C·C) region, which originate from Fermi resonance between the
stretching frequency of C2

22 with the first overtone of the irradiating laser
line at 1123.5 cm21.
§ Crystal data: Ag2C2·2AgClO4·2H2O, C2H4Ag3Cl2O10, M = 690.43,
monoclinic, space group P21/m (no. 11), a = 4.798(1), b = 21.341(2),
c = 5.406(1) Å, b = 90.01(1)°, U = 553.5(1) Å3, Z = 2, m(Mo-
Ka) = 74.96 mm21; 767 observed data [ıFoı > 4s(Fo)] out of 845 unique
reflections converged to R1 · S(ıFoı 2 ıFcı)/SıFoı = 0.053 and wR2 ·
[{Sw(Fo

2 2 Fc
2)2}/}SwFo

4}]1
2 = 0.157. CCDC reference 182/721.

1 U. Dehlinger and R. Glocker, Z. Kristallogr., 1926, 64, 296;
N. C. Vanneberg, Acta Chem. Scand., 1961, 15, 769; 1962, 16, 1212;
T. C. W. Mak and G.-D. Zhou, Crystallography in Modern Chemistry:
A Resource Book of Crystal Structures, Wiley-Interscience, New York,
1992, pp. 285–286.

2 M. P. Berthelot, Ann., 1866, 245.
3 N. R. Thompson, in Comprehensive Inorganic Chemistry, ed. J. C.
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Fig. 2 Crystal structure of Ag2C2·2AgClO4·2H2O viewed along the c axis.
For clarity the disordered perchlorate ion is shown in only one of its two
orientations, and the hydrogen bonds between the aqua ligands and the
perchlorate ions have been omitted.
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Solution injection laser pyrolysis: a novel technique for gas phase pyrolysis of
involatile compounds

Janet E. Everett, Noel D. Renner and Douglas K. Russell*

Department of Chemistry, University of Auckland, Private Bag 92019, Auckland, New Zealand 

The gas phase pyrolysis of involatile species has been studied
by injection of solutions in inert solvents into SF6 gas heated
by CO2 laser radiation; the gas phase chemistry reflects the
distribution of species present in solution, and may poten-
tially be controlled through parameters such as solution
pH.

IR laser powered homogeneous pyrolysis (LPHP) has been
successfully exploited for over 20 years in the investigation of
the mechanisms of thermal decomposition of volatile organic
and organometallic compounds.1,2 The advantages of the
technique are well known; very small quantities of materials are
needed, initiation of reaction is unambiguously homogeneous,
and intermediates are readily trapped.3,4 Among its short-
comings are difficulties in defining and measuring effective
temperatures, although this may be overcome through the use of
compounds of well known kinetic parameters. In addition,
previous work has been restricted to compounds of at least
moderate volatility ( > 1 Pa). Here, we show that the latter
limitation may be removed by a simple adaptation of the
technique, and report some preliminary results.

The modification of IR LPHP described in this study is
referred to as solution injection laser pyrolysis, SILP. Saturated
solutions of target species in suitable solvents were introduced
directly into the SF6 gas heated by the CO2 IR laser by means of
a Hamilton syringe inserted through a rubber septum. In order to
ensure rapid vaporisation of the solvent, the needle orifice was
mechanically modified to produce a fine spray, and the needle
tip heated to somewhat below red heat by positioning at the
perimeter of the heated zone. Effective temperatures were not
otherwise monitored in the present work although these are
clearly needed in quantitative studies. Gaseous pyrolysis
products were identified after injection by FTIR, and quantified
with the aid of commercial software. For very soluble species,
solution volumes of 10–50 ml yielded strong product IR spectra.
In some experiments, additional gaseous reagents were intro-
duced into the pyrolysis cell before solution injection in order to
trap reactive intermediates, or the solution pH varied to modify
the dominant solute species.

The volumes of solution injected are such that the vapour
pressure of the solvent is usually exceeded in the pyrolysis cell;
as a result, interpretation of observations might conceivably
involve the partial dissolution of gaseous pyrolysis products in
residual liquid solvent. In cases where evaluation of this
complicating feature was possible, it proved to play no
significant role, and has therefore been discounted. It is also
possible that partial pyrolysis of solute might take place in
solution within the heated needle tip before ejection. Again,
investigations correlating product yield with needle tip location
indicated that this was not the case; this conclusion is consistent
with those from the early development of thermospray mass
spectrometry, where orifice temperatures as high as 1000 °C
were employed.5

The physical processes that occur as solution emerges from
the needle tip into the heated gas zone are a matter of vigorous
debate in the literature. In the most widely accepted model
proposed by Iribarne and Thomson,6 the majority of the solvent
is vaporised into a fine spray as the solution leaves the capillary;

the droplets that result may be charged, positively or negatively,
in a statistical manner reflecting the distribution of ionic species
in solution. As further solvent evaporates from the droplets, the
charge density increases and eventually results in a series of
‘Coulomb explosions’ in which ions, either naked or solvated,
are ejected into the gas phase. However, in contrast with
electrospray or thermospray mass spectrometry, the principal
focus of the present work is the subsequent thermal chemistry of
solute species. This process also differs substantially from the
suite of ‘spray pyrolysis’ methods developed for the generation
of ceramic materials, where the major pyrolysis processes
involve micro-aggregates of solute at heated surfaces.7 The
preliminary results described below confirm the viability of the
technique, and illustrate its potential in mechanistic investiga-
tions.

Zinc oxoacetate and zinc acetate in toluene. The covalent
zinc oxoacetate {hexakis[m-(acetato-O : OA)]-m4-oxotetrazinc},
Zn4O(MeCO2)6, provides a convenient reference point for the
investigation of the gas phase pyrolysis chemistry of metal
acetates; although little is known of the vapour of this
compound, pyrolysis of the solid is known to produce largely
CO2 and acetone.8 Its very slight volatility, and its stable
tetrahedral Zn4O unit, have also attracted interest in the parent
compound as a potential precursor in the chemical vapour
deposition of zinc oxide films.9 In the present work, toluene was
selected as the solvent, as it proved thermally inert at the
temperatures employed. FTIR spectra (Fig. 1) of the gaseous
products of SILP of saturated toluene solutions of Zn4O-
(MeCO2)6 were dominated by solvent vapour and ketene, with
smaller amounts of CO2 and CH4, and traces of CO, C2H4 and
C2H2; no trace of acetone was detected. Clearly, pyrolysis
pathways for isolated molecules in the vapour are very different
from those in the bulk solid. Very similar results were found for
the less soluble zinc acetate, although the yield of ketene was
lower, and that of methane higher. In fully deuterated toluene,
CH3D was produced as well as CH4, indicating the involvement
of methyl radicals. These results concur with the known routes
for decomposition of isolated acetate groups on oxide surfaces,
and indicate that analogues of zinc oxoacetate may serve as
molecular mimics for surface chemistry.10

Aqueous alkali metal acetates. There have been several
reports on the dominant ionic species observed in the electro-

Fig. 1 Partial FTIR spectrum of the products of SILP of zinc oxoacetate in
toluene, indicating the production of ketene (A) and CO2 (B)
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spray mass spectra of alkali metal acetates;11 these include
clusters of the form [Mn(OAc)n +̄1]±. In the SILP system, at high
laser powers, the SF6 photosensitiser was attacked, presumably
by metal atoms or ions, resulting in the production of large
quantities of SO2 and extensive etching of the cell walls and
windows. This reaction route was not explored in any detail;
however, the observation of a blue chemiluminescence within
the heated gas zone (presumably electronically excited SO2) did
provide clear visual confirmation of the homogeneous nature of
reaction. At lower powers, all the alkali metal acetates behaved
identically, and most experiments were conducted with sat-
urated solutions of the potassium salt. In H2O, the major
products were CO2 and CH4, together with small amounts of
CO and C2H2; no ketene was observed, in line with the known
ready hydrolysis of ketenes.12 In D2O solution, extensive
deuteration of C2H2 (as both C2HD and C2D2) was observed,
suggestive perhaps of ion–molecule reactions, but none of CH4.
Copyrolysis with H2 resulted in almost complete suppression of
CO2 and CO, and a marked increase in CH4 production;
copyrolysis with D2 resulted in some CH3D, but no deuterated
acetylenes. Conversely, copyrolysis with O2 suppressed both
hydrocarbons and increased the yield of oxides. Pyrolysis of a
saturated solution of potassium acetate in 2 mol l21 NaOH
yielded no CO2, and a marked increase in both CH4 and
C2H2.

Aqueous glycine. Many electrospray studies have focussed on
systems of biological interest such as amino acids; in particular,
the gas-phase chemistry of glycine-related anions and cations
has been the subject of a number of experimental and theoretical
investigations.13 The IR-detectable gas phase products of SILP
of aqueous solutions of glycine were CO2, CO, NH3, HCN, CH4
and traces of C2H2. From 2 mol l21 NaOH solution, no HCN
was observed; from acidified solutions, no traces of CH4, C2H2
or NH3 were detected. With the 13C-labelled H2N13CH2CO2H,
only H13CN was observed, and both 13CO2 and 13CO were also
detected at levels dependent on solution pH. From acidic
solution, the ratio of 13CO2 : 12CO2 was 1 : 5, and that of
13CO : 12CO 1 : 1; from basic solutions, no labelled carbon
oxides were generated. Unlike the alkali metal acetates, none of
the solute species present in glycine solution are appreciably
volatile, and we may conclude that these variations in pyrolysis
products reflect changes in the major species appearing in the
gas phase.

The above preliminary results indicate that the SILP
technique provides the potential for the investigation of
pyrolysis of isolated involatile species in the gas phase, most
significantly of cations and anions, which are not readily
produced by other methods.
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Formation and co-coordination of lithium azide via lithium triazasulfite

Roland Fleischer and Dietmar Stalke*
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The triazasulfite [Li4{(NBut)3S}2] (the analogue of Li2SO3)
provides the opportunity to complex in situ formed lithium
azide and converts this inorganic solid into soluble mono-
meric residues.

Recently, we described the synthesis and structures of some
nitrogen analogues of simple sulfur oxygen compounds. In
these derivatives the oxygen atoms are substituted by isoelec-
tronic NR groups to yield the dilithium triazasulfite dimer1

[(thf)Li4{(NBut)3S}2] (the analogue of Li2SO3) and the dili-
thium tetraazasulfate monomer2 [(thf)4Li2(NBut)4S] (analogue
to Li2SO4). Polyimido polyanions containing p-block element
bridgeheads like [RSi(NSiMe3)3]2

32,3 RE(EARA2NRB)3
32

(R,RA = H, alkyl; RB = alkyl, aryl; E,EA = C, Si),4
[Sb(NR)3]32,5a [Sb2(NR)4]22,5b and [E(NBut)3]22 (E = Se,
Te)6 furnish a new family of ligand systems to construct
macromolecular architectures of mixed metal cages and
clusters.7 While the alkali metal salts of these polyanions are
mostly employed in metal metathesis reactions little is known of
their anion solvation behaviour to metal salts. The flexible
electronic structure of their alkali metal derivatives, i.e. the
ability to localise or delocalise the charge in the anion core
backbone, should provide the opportunity to complex neutral
metal salts.

We report here the reaction of dilithium N,NA,NB-tris(tert-
butyl)azasulfite [(thf)Li4{(NBut)3S}2] and trimethylsilyl azide
to give the lithium azide adduct [(thf)2Li3(m4N3){(NBut)3S}]H
1. Organo azides are mainly employed as oxidants in Staudinger
type reactions.8 In an attempt to obtain the aza analogue
Me3SiNS(NBut)3

22 of sulfate we added trimethylsilyl azide to
a hexane solution of [(thf)Li4{(NBut)3S}2]. During the reaction
at room temperature a slight rise in temperature was detected,
although no evolution of gas (N2) was observed (Scheme 1). In
addition, silicon could not be detected in the 29Si NMR
spectrum of the product and the 7Li NMR spectrum displayed
two different lithium sites in the ratio 1 : 2. To further
investigate the actual composition of the product, an X-ray
structure analysis of the air-sensitive crystals (the compound
turned dark blue when exposed to oxygen) was performed
which established the formation of a polymeric lithium azide
adduct 1 of monomeric [Li2(NBut)3S] (Scheme 2).

Obviously the trimethylsilyl azide acts as an acid rather than
an oxidant in this reaction. That the byproduct ButNS(ButN-
SiMe3)2 could not be isolated is presumably owing to its
instability with respect to decomposition to S(NBut)2 and
ButN(SiMe3)2 which were isolated from the reaction mixture†
and identified by 1H and 13C NMR spectroscopy.

Compound 1 crystallises from thf–hexane within a few hours
storage at room temperature to give colourless needles.‡ Within
the monomeric units (Fig. 1), three lithium atoms are co-
ordinated by the dianionic S(NBut)3

22 ligand. The dianion
shows almost ideal local C3 symmetry at sulfur. The three S–N
distances are identical within e.s.d.s and are of typical length
(av. 163.7 pm).1 Li(1) and Li(1a) are tetrahedrally coordinated
by two nitrogen atoms of the dianionic S(NBut)3

22 ligand, one
azide nitrogen atom, and a single thf donor molecule. In
addition to the two nitrogen atoms of the S(NBut)3

22 ligand
Li(2) is coordinated by two azide nitrogen atoms [N(5) and
N(5a)] of different N3

2 anions completing the tetrahedral
coordination sphere of Li(2). Each azide anion m4 bridges the
three lithium atoms of one Li3(NBut)3S unit [av. Li–N 220(1)
pm] and one lithium atom of a neighbouring monomeric residue

Scheme 1

Scheme 2

Fig. 1 Solid state structure of a monomeric unit of [(thf)2Li3(m4N3){(N-
But)3S}]H 1. Selected bond lengths (pm) and angles (°): S(1)–N(1)
163.3(5), S(1)–N(2) 164.2(4), Li(1)–N(1) 203.0(9), Li(1)–N(2) 200.3(8),
Li(2)–N(2a) 203.3(8), Li(1)–N(5) 219.9(9), Li(2a)–N(5) 221.1(13), Li(2)–
N(3) 195.9(12), Li(1)–O(1) 192.1(8), N(3)–N(4) 117.7(8), N(4)–N(5)
117.4(7); N(1)–S(1)–N(2) 100.5(2), N(2)–S(1)–N(2a) 100.8(3),
N(3)–N(4)–N(5) 180.0(6), Li(2)–N(5)–N(4) 146.4(5).
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[N(5)–Li(2) 196(1) pm] with both terminal nitrogen atoms, such
that a polymeric solid state structure is generated (Fig. 2).

In the solid state structure of LiN3 every lithium atom is
octahedrally coordinated by eight nitrogen atoms.9 Every
terminal nitrogen atom of an azide anion m3 bridges three
lithium atoms with one short (221.4 pm) and two longer (228.9
pm) Li–N distances. In contrast, the Li–N distances of the
terminal azide nitrogen atoms [N(3) and N(5)] in 1 are equal
within e.s.d.s.

The in situ generated lithium azide is incorporated in a metal
salt cocoordination complex owing to the capability of the
S(NBut)3

22 triazasulfite anion to coordinate more than two
metal centres.10 Although balanced in terms of charge the
Li2N3S framework can accommodate another lithium atom to
form a LiN3 monomer. The polyimido polyanions in general
seem to provide access to soluble mixed metal aggregates11 via
incorporation of in situ generated inorganic solids into complex
residues.
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† Preparation of [(thf)2Li3{m4N3}{(NBut)3S}] 1: a solution of trimethylsi-
lyl azide (4 mmol, 0.46 g) in 5 ml hexane is added to a solution of
[Li4{(NBut)3S}2] (2 mmol, 1.18 g) in 5 ml hexane and stirred for 1 h. All
volatiles are removed in vacuo. Crystallisation from thf–hexane (2 : 3)
solution gives colourless needles. M = 452.45 g mol21, yield 1.14 g (63%).
Mp 113 °C. NMR: 1H (200 MHz, C6D6) d 1.37 (s, 18 H, But), 1.40 (m, 8 H,
thf), 1.49 (s, 9 H, But), 3.63 (m, 8 H, thf). 13C (100 MHz, C6D6) d 25.65
(OCH2CH2, thf), 34.00, 34.35 [C(CH3)3], 52.92, 53.49 [C(CH3)3], 68.09
(OCH2, thf). 7Li (100 MHz, C6D6) d 1.31 (s, 1Li), 2.88 (s, 2Li).
‡ Crystal data for [(thf)2Li3{m4N3}{(NBut)3S}]·0.5 thf 1: C20H43Li3-
N6O2S·0.5C4H8O, M = 488.54, orthorhombic space group Pnma,
a = 965.60(14), b = 1593.2(4), c = 2079.3(5) pm, U = 3.1988(12) nm3,
Z = 4, Dc = 1.014 Mg m23, F(000) = 1064, l = 71.073 pm, m(Mo-Ka)
= 0.128 mm21, T = 153(2) K, data were collected on a Stoe-Siemens AED.
Intensities of a 0.5 3 0.2 3 0.2 mm rapidly cooled crystal in an oil drop12

were collected by the 2q–w method in the range of 4.33 @ q @ 22.55°. Of
a total of 3931 reflections, 2179 were independent and together with 608
restraints, were used to refine 322 parameters, largest difference peak and
hole: 509 and 2255 e nm23, R1[F > 4s(F)] = 0.0760 and wR2 = 0.2369
(all data) with R1 = S∑Foı 2 ıFc∑/SıFoı and wR2 = {Sw(Fo

2 2 Fc
2)2/

Sw(Fo
2)2}1

2; w = 1/{s2(Fo
2) + (0.153P)2 + 1.81P}; P = (Fo

2 + 2Fc
2)/3. The

structure was solved by direct methods with SHELXS-9613 and refined by
full-matrix least squares on F2.14 The But moiety [C(21)–C(23)] exhibits a
rotational disorder. It was refined to a split occupancy of 0.72/0.28. The
twist disorder of the coordinated thf molecule [O(1), C(40)–C(43)] was
modelled to a split occupancy of 0.61/0.39. Additionally, half an
uncoordinated thf was found in the difference Fourier map. It is disordered
over a special position and was refined to a split occupancy of 0.52/0.48. In
the refinement of the But moiety [C(10)–C(13)], the symmetry (mirror
plane) was suppressed. For the refinement of the disorder bond length and
similarity restraints were applied. A riding model was applied in the
refinement of the hydrogen atom positions. CCDC 182/720.
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Fig. 2 Arrangement of monomeric 1 to give polymeric wave shaped
ribbons; carbon atoms omitted for clarity
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Intermolecular hydrogen···metal interactions. The crystal structure of
{cis-[PdCl2(TPA)2]}2·H2O, a water-soluble palladium(ii) tertiary phosphine
complex
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The single-crystal X-ray structural determination of {cis-
[PdCl2(TPA)2]}2·H2O (TPA = 1,3,5-triaza-7-phosphaada-
mantane) establishes that pairs of cis-[PdCl2(TPA)2] mole-
cules are linked about inversion centres by intermolecular
Pd···H···C three-centre–four-electron interactions (2.86, 3.00
Å for the two independent dimers); the water molecule links
these dimers via O–H···N hydrogen bonds to form infinite
chains extending in the c-direction in the crystal lattice.

Attention has focused recently on complexes of the air-stable
water-soluble phosphine 1,3,5-triaza-7-phosphaadamantane
(TPA) with transition metal ions.1,2 Darensbourg and co-
workers have shown the high catalytic activity of certain
ruthenium and rhodium complexes towards the hydrogenation
of alkenes and the conversion of unsaturated aldehydes to
saturated aldehydes or unsaturated alcohols.1b,c,f Given the
potential for applications of water-soluble palladium and
platinum complexes in catalysis, e.g. [Pd(TPPTS)4] [TPPTS =
P(m-C6H4SO3Na)3] is used for the telomerization of dienes3

and cis-[PtCl2(TPPTS)2] for the functionalization of dienes,4
we are currently extending our preliminary investigations of
group 10 complexes of TPA.2a,c We report here our discovery
that the crystal structure of the square-planar water-soluble
palladium(ii) complex of TPA, {cis-[PdCl2(TPA)2]}2·H2O 1
contains rare intermolecular C···H···Pd interactions; such
C···H···M interactions, originally postulated in the literature as
possible examples of agostic bonding, are best described as
three-centre–four-electron (3c–4e) hydrogen bonds.5

The analytically pure compound was synthesized by the
reaction of solid PdCl2 with an excess of TPA in water.6 The
analytical, 1H and 31P NMR spectral data† of the isolated
greenish–yellow product 1 show that the TPA ligand is bonded
through its phosphorus atom to the metal ion in a 2 : 1 ratio. In
contrast, a similar reaction employing PtCl2 gave a product
having the formula [Pt(TPA)3Cl]Cl.2c Crystals of 1 suitable for
X-ray diffraction analysis were obtained from a H2O–MeCN–
MeOH mixture by slow evaporation.‡ Our preliminary studies
show that this complex is unstable in water, giving TPA oxide,
but it is relatively stable in the presence of an excess of TPA.
The mechanism of decomposition, which also occurs for the
analogous Ni and Pt complexes, is under further investiga-
tion.6

Compound 1 crystallised in the triclinic space group P1̄ and
the asymmetric unit contains two molecules of cis-
[PdCl2(TPA)2] and a water molecule which links the two Pd
complexes via O–H···N hydrogen bonds [O(1)–H(1)···N(13),
O···N 2.916(6); O(1)–H(2)···N(33), O···N 2.914(6) Å]. A view
of this hydrogen-bonded complex is in Fig. 1. The two
independent Pd complexes have essentially identical stereo-
chemistry and conformation; each palladium atom is surroun-
ded by two chlorine and two TPA ligands, giving the expected
square-planar geometry. It is well established that cis- and
trans-isomerization in palladium(ii) trialkylphosphine com-
plexes of the type [PdX2L2] (X = halogen, L = trialkylphos-
phine) is mainly determined by the phosphine size.7–9 Thus, the
PMe3 (cone angle q = 118°) complex is cis,7 whereas larger

phosphines such as PEt3, PPr3, PMe2Ph, etc., form isomeric
mixtures8 and the PCy3 (q = 170°) complex is trans.9 Since the
cone angle of TPA is only 102°,1a not surprisingly, in the
present complex the two TPA ligands are arranged in a cis-
orientation, and indeed the P–Pd–P bond angles [93.25(5),
93.58(5)°] are the smallest found for any cis-[Pd(PR3)2X2]
complexes.7–10 The P–Pd–P angle for the PMe3 analogue is
reported as 94.7(1) Å in the solid state.7 Comparable values for
trans-P–Pd–Cl bond angles also show that less distortion is
present in the TPA complex, mean 176.8(4)° compared with a
mean value of 172.5(1)° in the PMe3 complex.7 The observed
Pd–P [2.2392(13)–2.2551(13) Å] and Pd–Cl bond distances
[2.3467(14)–2.3777(13) Å] are similar to those in cis-
[Pd(PMe3)2Cl2] [av. 2.257(2) and 2.368(3) Å respectively] and
other analogous complexes.7–10

Although bridging hydrogen–palladium interactions are
known for a few palladium–phosphine complexes,5 {e.g. Pd···H
2.8 Å in [Pd(PPhMe2)2I2] and 2.92 Å in [Pd(PEt3)2Cl(C6H4C-
MeN2HPh)]} in most cases the interaction is purely an
intramolecular one. Examination of the crystal structure of 1
with PLATON11 shows that each Pd complex lies close to an

Fig. 1 A view of the asymmetric unit of 1 with our numbering scheme.
Anisotropic displacement ellipsoids are drawn at the 40% probability
level.

Chem. Commun., 1998 345



Pd(1′)
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P(11)
Pd(1) P(12)

N(23)

N(22)

N(21)Cl(11)

H(13B′)

inversion centre and this leads to a short intermolecular
Pd···H···C interaction with an H atom of a TPA ligand of a
molecule related by the inversion centre. Each Pd complex
forms essentially identical dimers in this way with Pd···H
distances of 2.86 [Pd(1)···H(13BA) (at 2x, 2y, 2z)] and 3.00 Å
[Pd(2)···H(33BB) (at 2x, 2y, 1 2 z)] some 0.5–0.6 Å less than
the sum of the van der Waals radii. A view of the hydrogen-
bridged dimer involving Pd(1) is in Fig. 2; a view of the dimer
with Pd(2) is given in supplementary material available from
the authors. The orientation of the bridging H atoms above the
PdP2Cl2 planes is given by e.g. the angles
P(12)–Pd(1)···H(13BA) (99°) and P(22)–Pd(2)···H(33B) (95°).
In the crystal structure, the effect of these Pd···H···C interactions
together with the O–H···N hydrogen bonds noted above is to
generate infinite chains in the c-direction which have
‘H-bridged dimers’ linked via water molecules. These linear
C–H···Pd interactions are best described as 3c–4e hydrogen
bonds rather than 3c–2e agostic bonds (i.e. the out-of-plane Pd
d orbital is filled), as has been well documented by Bram-
mer.5b

E. C. A. and G. F. thank NSERC (Canada) for financial
support.
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* E-mail: alyea@chembio.uoguelph.ca
† Selected analytical and spectroscopic data for 1: yield, 250 mg, 87%, mp.
235 °C (decomp.). Anal. Calc. for 2(C12H24Cl2N6P2Pd)·H2O: C, 28.79; H,
5.03; N, 16.79. Found: C, 28.8; H, 4.9; N, 16.7%. FT-Raman: 273, 302
cm21; 31P{1H} [(CD3)2SO]: d 218.3. 1H [(CD3)2SO]: d 4.35–4.55 (m,
PCH2, NCH2).
‡ Crystal data for 1: 2(C12H24Cl2N6P2Pd)·H2O, Mr = 1001.2, space group
P1̄, a = 9.6132(6), b = 9.8611(5), c = 19.5682(8) Å, a = 98.902(4), b =
96.754(4), g = 90.722(5)°, U = 1819.0(2) Å, Z = 2, Dc = 1.828 g cm23,
F(000) = 1012, R(Fo) = 0.0360 for 4645 observed reflections with I >
2s(I), wR2(F2) = 0.0822 for all 6381 unique reflections. Data were

collected on an Enraf-Nonius CAD4 diffractometer and corrected for
Lorentz, polarization and absorption (Gaussian) effects. The structure was
solved using the Patterson heavy-atom method with NRCVAX12 and
refined using SHELXL97.13 All non-H atoms were allowed anisotropic
motion. All H atoms were visible in difference maps and were allowed for
as riding atoms. CCDC 182/716.
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The opening and filling of single walled carbon nanotubes (SWTs)

Jeremy Sloan,a,b Jens Hammer,a Marek Zwiefka-Sibleya and Malcolm L. H. Green*a
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Single walled nanotubes (SWTs) can be selectively opened
and filled using wet chemistry techniques; treatment of the
carbon nanomaterials with concentrated HCl apparently
leads to the selective opening of the SWTs at their tips;
foreign materials can then be deposited inside the resulting
cavities in a similar fashion to multi-walled carbon nano-
tubes (MWTs); the filling of SWTs with small spherical
crystals and, additionally, preferentially orientated and
elongated single crystals of Ru metal is described; the
selective opening of SWTs was inferred from these ob-
servations.

Multi-walled carbon nanotubes (MWTs) have attracted much
interest since their discovery owing to their high mechanical
strength and electrical properties.1,2 They have already proved
to be valuable in their application as tips for scanning probe
microscopy and also as field emission devices.3,4 The discovery
and large scale synthesis of single-walled nanotubes (SWTs)5,6

has given further impetus to this research as they similarly
exhibit useful physical and electronic properties. SWTs can be
generated by co-evaporating carbon and certain metals in arc-
evaporation5–9 or laser-vaporisation of metal-doped graph-
ite10,11 although they have also been produced by thinning of
MWTs using CO2.12 SWTs display a higher degree of
uniformity with respect to their physical dimensions compared
to MWTs as they consist only of a single cylindrical graphitic
layer and exhibit both a smaller range of diameters and far fewer
defects than their multi-walled counterparts. Similarly, there-
fore, a greater degree of uniformity may be anticipated from
their physical properties. Theoretical studies suggest that the
introduction of foreign material into the inner cavities of MWTs
or SWTs may enhance or modify the properties of the resulting
composite materials.13–15 Therefore, following similar work
with MWTs,16,17 we have employed wet chemistry techniques
to open and fill SWTs. Here, however, a milder process has
been used to selectively open SWTs since the oxidation
methodology employed for opening MWTs16 (i.e. refluxing
concentrated HNO3) was found to be too harsh for SWTs and
resulted in their destruction.

The SWTs used in these experiments were produced in a
modified arc-discharge chamber also employed to make
MWTs.14 Cobalt doped graphite rods were evaporated under a
dynamic vacuum with helium (500 Torr) using an electric arc
generated from a potential of 30 V and a dc current of 200 A.
The external environment of the electrodes was confined by a
10 cm id steel cylinder 20 cm in length. The SWTs were found
in the highest yield (ca. 30%) in the web-like material deposited
on the walls of the cylinder. The diameters of the SWTs were
found by high-resolution transmission electron microscopy
(HRTEM) to be in the range 1–3 nm. For the filling
experiments, samples of SWTs were suspended in concentrated
HCl and stirred for 8 h. After centrifuging for 5 min, a light blue
solution containing CoCl2 was removed and the specimen was
dried at 70 °C for 8 h and then washed with deionised water. A
saturated solution of RuCl3 (ca. 5 ml) was then added to the
SWT-containing specimen and the mixture stirred for 5 h at
35 °C after which the black residue was dried at 60 °C
overnight. The sample was then heated in a stream of H2 at a rate

of 5 °C min21 to 45 °C and kept at this temperature for 3 h. After
washing with distilled water and drying at 60 °C the residue was
prepared for HTREM. 

Electron micrographs revealed that a small proportion (ca.
5%) of the opened SWT contained foreign material. Fig. 1(a)
shows a group of three SWTs, two of which apparently are filled
with Ru crystals (arrowed). By slightly altering the defocus of
the microscope, these crystals were observed to stay at the same
focus with the SWTs and therefore we conclude that they are
encapsulated inside the SWTs. As with studies carried out with
MWTs,17 individual crystallites were observed to fill the entire
width of the hollow core of the SWTs as is seen in Fig. 1(a).
Energy dispersive X-ray (EDX) microanalyses, utilising a 3 nm
probe, performed on clusters of encapsulated crystallites similar
to those in Fig. 1(a), confirmed their chemical identity as Ru
metal [Fig. 1(b)], although some slight oxidation is apparent.
Encapsulated and elongated crystallites were also frequently
observed and these were again identified by EDX to be Ru
metal. Fig. 2(a) shows an elongated Ru crystallite encapsulated
near the elbow of a bent or damaged SWT. Fig. 2(b) shows an
elongated Ru crystallite growing along the bore of one SWT at

Fig. 1 (a) Individual Ru crystals encapsulated inside SWTs (arrowed). The
diameter of the crystallites is apparently the same as that of the id of the
SWT. (b) EDX microanalysis obtained from encapsulated Ru crystals
similar to those observed in (a). O peak indicates that the crystallites are
slightly oxidised. The Cu peak is from the copper TEM support grid. 

Chem. Commun., 1998 347



the edge of a bundle of SWTs (bundling of SWTs into ‘ropes’
is very common10,11). Both crystallites exhibit preferred
orientations, with their d(101) lattice fringes18 aligning parallel
to the SWT axes. This phenomenon is represented schemat-
ically for Figs. 2(a) and (b) in Figs. 2(c) and (d), respectively.
The phenomenon of preferred orientation inside SWTs is
consistent with the observation of preferred crystallite orienta-
tion inside MWTs19,20 and is most probably the result of the
morphological influence of nanotube capillaries over crystallite
growth during formation.21 Other particles were also observed
on the exterior of SWTs [Figs. 2(b) and (d)] and these were
found by EDX to be either ‘loose’ Ru particles or carbon
encapsulated Co particles which were presumably protected
from acid attack by their carbon shells. It was not possible for us
to conclusively image the opened tips of the SWTs by HRTEM
because of their very low contrast compared to opened
MWTs.12 The selective opening of the SWTs was therefore
inferred indirectly from the observation of their filling with Ru
metal from solution which must have occurred in order for
filling to occur. A further point is that we have not attempted to
estimate the percentage of SWT opening in our experiments,
partly for the above reason and also partly because the very high
aspect ratio of SWTs would make this an extremely difficult
proposition.

Experiments are currently under way in our laboratory to
repeat this experiment with both ruthenium and other metals
using a higher yield SWT method, similar to that recently
reported by Journet et al.22 We are also investigating methods
for increasing the yield of the encapsulated product and are also
trying to establish the mechanism by which opening occurs.
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Fig. 2 (a) Elongated Ru crystallite encapsulated near the elbow of a bent or damaged SWT. The lattice fringes aligned parallel to the SWT axis corresponding
to the d(101) lattice fringes of Ru metal. (b) Elongated Ru crystallite encapsulated inside a single SWT at the edge of a bundle of SWTs. As with the crystallite
in Fig. 1(a), the d(101) Ru lattice fringes are orientated parallel to the SWT axis. (c) Schematic representation of (a). (d) Schematic representation of
(b).
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A novel ‘build-bottle-around-ship’ method to encapsulate metalloporphyrins
in zeolite-Y. An efficient biomimetic catalyst
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Electrostatic interaction is introduced between the host and
guest in the synthesis of faujasite-Y confined metallote-
trakis(N,N,N-trimethylanilinium) porphyrin cations
(MTMAnP4+); the synthesized composites display high
catalytic activity in the oxidation of cyclohexene.

One of the most attractive properties of zeolites are their well
organized nanopores and nanochannels which serve readily as
supporting hosts for various molecules. Encapsulation of
catalytically active transition metal complexes inside the
nanopores of zeolites, often referred to as ‘ship-in-a-bottle’
systems,1 has been believed to be one of the most promising
strategies in the development of viable industrial catalysts.1–6

Extensive effort has been devoted to the synthesis and catalytic
properties of zeolite entrapped metallocomplexes with such
ligands as bipyridine, salen, polyamines and phthalocya-
nines.1–6 In most of these syntheses, a so-called ‘assemble-ship-
inside-bottle’ approach has usually been adopted in which the
desired catalytic metallocomplex is synthesized inside the
nanopores/channels of the zeolite in the presence of an excess of
ligand or its synthetic precursors. As a consequence, what was
usually obtained is a mixture of the desired complex with
unreacted free ligand as well as side-products. For example, the
synthesis of metalloporphyrin (MP) inside zeolites often leads
to a significant portion of undesired polymerization product and
the unmetallated free base porphyrin ligand.7–9

We report here a novel, efficient and quantitative method to
synthesize high purity MPs incorporated in faujasite-Y at a
controllable loading concentration. The novel aspect of this
method is that an electrostatic interaction was introduced
between the host (anionic aluminosilicate species) and the guest
(cationic peripheral substituents on MPs) in a ‘build-bottle-
around-ship’ approach, namely to synthesize the nanocages of
zeolite around the high purity cationic MPs. The selected guest
molecules have excellent solubility in aluminosilicate gel. In a
typical synthesis, 240 mg of MTMAnPCl5 was added into an
aluminosilicate gel, freshly prepared by mixing silicate and
aluminate solutions containing 4.6 g of silica, 6.2 g of NaOH,
3.2 g of NaAlO2 and 80 ml of H2O. The gel was then
crystallized at 95 ± 2 °C under static and autogeneous
conditions in a stainless steel bomb (250 ml) for 48 h. After
cooling to room temp., a solid product was recovered by
filtration. The complexes adsorbed on the exterior surfaces were
removed by a thorough extraction with distilled water, metha-
nol, pyridine (2%)–methanol, and methanol again, respectively.
The removed complexes can be fully recovered for the next
round of synthesis. The crystals were then dried at 60 °C for
24 h. Thermogravimetry (TG) of the composite indicates that
1.51 mass% is attributable to the confined guest, corresponding
to ca. one MP complex for every forty supercages or a
supercage occupancy of 2.5%.

The loading concentration of MTMAnP4+ is adjustable by
controlling its concentration in the aluminosilicate gel before
crystallization. The largest loading of ca. 5 mass% of the guest
molecule can be achieved if 800 mg of MTMAnPCl5 is added
to ca. 94 g of aluminosilicate gel. We speculate that the main
driving force for the very successful nanoinclusion of

MTMAnP4+ cations in the zeolitic supercages in such a readily
controllable manner is the electrostatic interaction between the
anionic aluminosilicate species and the cationic peripheral
substituents on the porphyrin macrocycle. The excellent
aqueous solubility of the cationic MP may contribute to the
enhanced loading concentration in the zeolite, but this factor
alone does not guarantee successful encapsulation. This asser-
tion is supported by the following experimental facts: (a) in
addition to MTMAnP4+, we have also successfully encapsu-
lated other metalloporphyrins with cationic peripheral substi-
tuents into zeolitic cages such as metallo–tetrakis(N-methyl-
4-pyridyl)porphyrins (M = transition metal ion); (b)
metalloporphyrins with anionic peripheral substituents, such as
metallo–tetra(4-sulfonatophenyl)porphyrin (MTPPS42), could
not be entrapped into the supercages of zeolite by this method;
and (c) metalloporphyrins with neutral peripheral substituents,
such as metallo–tetraphenylporphyrin (MTPP), could only be
incorporated into the zeolite in trace amounts independent of the
initial concentration of the porphyrin in the gel. On the other
hand, it is believed that the first step in the construction of the
zeolitic framework is the formation of anionic aluminosilicate
species.

X-Ray powder diffraction (XRD) patterns of the unloaded
zeolite and zeolite entrapped FeTMAnP4+ and MnTMAnP4+ are
in excellent agreement with the calculated simulation of the
XRD pattern for faujasite zeolite.10 The excellent signal to noise
ratio in the XRD indicates that our synthesized faujasite crystals
are of high quality. X-Ray induced fluorescence (XIF) analysis
indicates that all the samples have a Si/Al ratio of ca. 1.6. This
suggests that the framework around the guest molecule
MTMAnP4+ is faujasite-Y (denoted MTMAnP@NaY)
(M = FeIII, MnIII etc.). The encapsulation of the cationic MP
inside the zeolite nanopores is also supported by TG, UV–VIS
DRS, surface area measurements, and resonance microRaman
spectroscopy (mRR, vide infra). This observation suggests that
the occluded MTMAnP4+ cations fit well into the supercages of
faujasite-Y. In view of the 13 Å diameter of supercage of
faujasite, ca. 18 Å MTMAnP4+ cation [across two opposite
trimethylanilinium (TMAn) substituents assuming a planar
macrocycle] must distort itself somewhat in order to fit into a
supercage. The most plausible distortion is that each of the four
peripheral TMAn groups swings toward one of the four channel
windows (ca. 7 Å in diameter) tetrahedrally located in a
supercage, leading to an overall ruffling of the macrocycle, a
distortion commonly observed in the X-ray structures of similar
MPs.11

Resonance Raman techniques are very powerful in the study
of hemeproteins and zeolite confined molecules.12,13 Here, we
applied mRR to study the synthesized zeolite–porphyrin com-
posites. Laser excitation at 632.8 nm, in close resonance with
the Q0 absorption band of MTMAnPCl5, was used. Fig. 1 shows
the mRR spectra of MnTMAnPCl5 and its faujasite-Y confined
composite MnTMAnP@NaY. The normal modes of
MnTMAnPCl5 and other similar compounds have been thor-
oughly studied and assigned.13 Fig. 1 clearly shows that the
basic RR features of MnTMAnPCl5 are all retained in the
spectrum of MnTMAnP@NaY, indicating that neither decom-
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position nor dimerization occurred during the process of
hydrothermal crystallization. It is noticeable that (a) several
structure sensitive bands located in the region 1300–1600 cm21,
corresponding to the vibrations of n(Ca–N), n(Ca–Cb), n(Cb–
Cb), and n(Ca–Cm) of the MP macrocycle,11–13 display some
changes in their relative intensity but their frequencies remain
more or less the same as that in the spectrum of MnTMAnPCl5;
(b) the anilinium distortion modes located at 810–900 cm21

become broader and weaker in the spectrum of entrapped MP;
and (c) the frequency of the Mn–N stretching mode at ca. 400
cm21 shifted markedly by ca. 10 cm21. All these changes of
vibrational signatures of the entrapped MP indicate that the
entrapped complex is indeed distorted in the cavity of faujasite-
Y.

The catalytic oxidation of cyclohexene over zeolite confined
metalloporphyrins (MnAnP@NaY) with tert-butyl hydroper-
oxide (t-BHP) was performed in a glass tube with a stopper in
a standard manner. At 50 °C, using a ratio of 1 : 1.5 for
cyclohexene to t-BHP, and a mole ratio of 12 000 : 1000 : 1 for
solvent : reactant : catalyst, we obtained a 28.6% conversion of
cyclohexene with an average of 6.1 h21 turnover frequency
(TOF) in 48 h when MnTMAnP@NaY was used as the catalyst.
Of particular interest is that the catalytic activity of MnTMAnP-
@NaY is enhanced ca. fivefold in the presence of pyridine in
the first 24 h (Table 1, entries 1 and 3). Everything else being the
same as above, a blank experiment using H2TMPyP@NaY gave
a conversion of 3.5%, much lower than that of 24.5% for

MnTMAnP@NaY (entries 3 and 5). This shows clearly that the
encapsulated MP is indeed involved in the oxidation process.
Longer reaction time leads to > 90% conversion of cyclohexene
and gives adipic acid as the main product. To the best of our
knowledge, this is the highest catalytic activity ever achieved in
cyclohexene oxidation using a zeolite confined transition
metallocomplex as catalyst. No significant loss of activity was
detected in the reaction process. The mixture of the final
products is colourless and no leaching of MPs into the reaction
solution was detected according to atomic absorption spectros-
copy. The catalytic activity of our catalyst was completely
recovered by filtration of the reaction solution and washing of
the catalyst with acetone at room temperature.

In conclusion, we have developed a novel, efficient and
quantitative method to synthesize high purity metallo–tetra-
kis(N,N,N-trimethylanilinium) porphyrin encapsulated in the
supercages of faujasite-Y. This method introduced an elec-
trostatic interaction between the host (zeolite) and the guest
(cationic MPs) in a ‘built-bottle-around-ship’ approach. The
loading of the guest molecules can be adjusted easily by
controlling the initial concentration of cationic MPs in alumino-
silicate gel. In our preliminary study of the catalytic oxidation of
cyclohexene by t-BHP, MnTMAnP@NaY gives very high
activity and epoxidation selectivity. Its activity was enhanced
ca. fivefold when pyridine was added to the reaction mixture.
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Table 1 Catalytic oxidation of cyclohexene with t-BHP over MnTMANP@NaY

Product distribution (%)

No Catalyst Oxide Diol Acid Others ta/h Conv. (%) TOFb/h21

1 MnTMAnP@NaY 18.9 77.4 1.4 2.3 24 5.0 2.1
2 15.7 75.7 5.8 2.8 48 28.6 6.1
3 MnTMAnP@NaYc 12.4 87.6 Trace Trace 24 24.5 10.2
4 12.4 69.5 18.1 Trace 48 45.1 10.3
5 H2TMAnP@NaYc 12.8 59.8 15.7 11.7 24 3.5 1.5

a Reaction time. b Based on the efficiency of the inserted ‘oxygen’ into substrate. c 30 mg of pyridine was added into the reaction mixture (see text).

Fig. 1 Resonance microRaman spectra of MnTMAnPCl5 (blank) and
MnTMAnP@NaY; 632.8 nm excitation
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Novel nanostructures of gold–polypyrrole composites

S. Tamil Selvan*

Organic Chemistry III/Macromolecular Chemistry, University of Ulm, D-89069 Ulm, Germany 

Different novel nanostructures of gold–polypyrrole compo-
sites are observed by the transmission electron microscopy,
for the first time, with the advent of block copolymer
micelles.

Nanoparticles of gold and other noble metals and semiconduc-
tor particles, in a more general sense, exhibit a variety of useful
optical, electrical and catalytic properties. All these properties
strongly depend on the careful choice of preparative strategies,
which could provide long term stability and ease in process-
ability.1–4 Polymer nanocomposites is one such approach and
one of the important objectives in recent research is to prepare
monodisperse particles, regularly dispersed in a polymer
matrix. The synthesis of noble metal sols in a polymerising non-
conducting system such as poly(methyl methacrylate) has
recently been documented in the literature.5. The first pre-
requisite for the formation of kinetically controlled mono-
disperse colloids is the availability of well defined dispersions.
Block copolymer micelles provide an excellent means for such
dispersions,6 by which the particles of a definite size can be
formed and stabilized within the core, yielding monodisperse
colloids.

With the advent of block copolymer micelles, we have
demonstrated very recently, a facile and versatile route to the
fabrication of monodisperse, single gold (Au) nanocluster, ca. 7
nm, in diameter (core) surrounded by a shell of polypyrrole
(PPY), both within the spherical microdomains.7–9 In this
report, the first observation of different, novel nanostructures of
Au–PPY, is described.

In the first method, a micellar solution of polystyrene-block-
poly(2-vinylpyridine) (0.5 mass%) in toluene was treated with
tetrachloroauric acid (0.5 and 0.7 equiv. to 2VP units) which got
selectively bound within the P2VP cores of the micelles. When
this solution was treated with pyrrole (PY), polymerization
occurred, yielding polypyrrole under concurrent formation of
Au nanoparticles, as supported by FTIR and UV–VIS measure-
ments. The bipolaron bands at 1210 and 925 cm21 indicated the
formation of PPY in its doped state.7 The chemical conversion
is depicted in Scheme 1.

TEM images were acquired with a Philips 400 microscope
operating at 80 kV. The samples were prepared by placing a

drop of the colloidal polymer solution onto a carbon-coated Cu
grid on an underlying tissue paper, leaving behind a thin
colloidal film. In a typical concentration, i.e. [PY]/[HAuCl4]
= 4.0, uniform, monodisperse Au particles with a mean
diameter of 7 and 9 nm, are vividly seen with a shell of PPY,
respectively in Fig. 1(a) and (b), upon annealing the thin film at
130 °C for 1 h. When the above procedure is repeated, but with

Scheme 1

Fig. 1 Transmission electron micrographs of thin colloidal polymer films
([PY]/[HAuCl4] = 4.0) after annealing at 130 °C for 1 h. (a) 7 nm Au
([HAuCl4]/[2VP] = 0.5); (b) 9 nm Au ([HAuCl4]/[2VP] = 0.7) in each
micelle. The grayish area represents PPY.

Chem. Commun., 1998 351



heavy stirring of the micellar solution and without heating,
different shapes of Au particles, viz., spherical, cubic, tetra-
hedral and octahedral, are observed (Fig. 2). Here, the spherical
domains cannot be seen owing to the fact that the spherical
micelles coagulate with each other, yielding different shapes of
Au, dispersed in a PPY matrix, marked by a grayish area. Most
importantly, the nanoparticles of Au with different shapes
resemble the shape-controlled synthesis of Pd nanoclusters.10 It
is obvious that an ordered aggregation produces uniform
particles (Fig. 1), since a disordered aggregation would result in
polydisperse particles of variable morphology (Fig. 2).

Interestingly, we have observed elegant ‘dendritic’ nano-
structures (Au–PPY fractals?), in another different approach, by
employing vapour phase polymerization of PY onto solution
cast films of block copolymer ionomers (Fig. 3). Dendritic
growth occurs even at a lesser polymerization time (@30 min).
Thick branches radiated after 2 h of polymerisation. This large
random supramolecular structure, known in short as DLA
(diffusion-limited aggregate),11 represents a very wide variety
of growth (here, polymerization and coagulation), allowing
building of one particle after the other and letting the particle
diffuse and stick to the growing structure. The pioneering work
of Kaufman et al. delineated PPY fractals obtained by the
diffusion-limited electrochemical polymerization of PY.12

In conclusion, we have observed different elegant nano-
structures of composites of Au, with a little nudge in the
preparative strategies. Different (spheroids, cuboids) Au nano-
particles may have important implications in the field of
catalysis. Importantly, the block copolymer architecture is
useful for commercial applications of a processable form of
PPY by providing colloidal stability to the suspension of PPY.13

Furthermore, the new observation of ‘dendritic’ nanostructures,
could open up new vistas in supramolecular structures. Over
and above, conducting and semiconducting polymer/metal
junctions could provide intriguing perspectives to develop
novel electronic devices.14
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Fig. 2 Transmission electron micrograph of a thin film cast from a colloidal
polymer solution (stirred heavily, but without annealing), exhibiting
spherical, cubic, tetrahedral and octahedral Au particles

Fig. 3 TEM pictures depicting dendritic nanostructures of thin films cast
from block copolymer ionomers, after vapour phase polymerization (VPP)
of PY. (a) after 2 h of VPP; (b) after overnight VPP.

352 Chem. Commun., 1998



N

N

H
N NH2

S N

N

H
N

H
N

S

N

N

Hpt H2L

N(4)

O(1)

S(1)

Cu(2)

O(11C)

N(6)

N(5)
Cu(1)

O(11)

O(13)

O(12)

P(1)

O(14)

O(21)

N(1)

N(2)

N(3)

S(1A)

P(2)

O(22)

O(23)

O(11B)

Cu(1A)

Cu(2A)
O(1A)

Structural and magnetic properties of an asymmetric dicopper(ii) anticancer
drug analogue

Boujemaa Moubaraki,a Keith S. Murray,a John D. Ranford,*b Xiaobai Wangb and Yan Xuc
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The single-crystal X-ray structure and variable temperature
magnetic properties of the novel dicopper(II) anticancer
drug analogue [{Cu2(HL)(H2PO4)2}2][NO3]2·2H2O
[H2L = bis(pyridine-2-aldehyde) thiocarbohydrazone] is
determined; the complex shows a dimer of dimeric
{Cu2(HL)}3+ units with dihydrogenphosphato and sulfur
bridges between the inequivalent CuII centres, resulting in
three antiferromagnetic exchange interactions: a dominant
intradimer J of 2109 to 2116 cm21, and two weaker
interdimer interactions.

Thiosemicarbazones have been extensively studied because of
their biological properties. CuII is necessary for activity for
kethoxal bis(thiosemicarbazone),1 with the mode of action
proposed to involve inhibition of DNA synthesis and oxidative
phosphorylation,2 and N-methylisatin-b-thiosemicarbazone can
inactivate tumour viruses.3 Attention has however focused on
pyridine-2-aldehyde thiosemicarbazone (Hpt) and derivatives
as the CuII complexes are more bioactive than the metal free
ligands.2,4 The metal-free 5-OH analogue underwent clinical
trials as an anticancer drug but side effects such as disruption of
iron metabolism prevented clinical use.5 However, administra-
tion of a preformed metal complex may alleviate this. Adducts
of [Cu(pt)]+ with sulfur and nitrogen donors have been detected
in biological fluids6 with stable model thiolato complexes
isolated from aqueous solution.7 Crystallographic studies have
revealed ternary nitrogen adduct formation,7,8 complexation of
dihydrogen phosphate9 and pyrophosphate10 and the system’s
remarkable ability to form complexes of both the anionic and
neutral ligand.11 The H2L ligand may be considered as an
extension of Hpt, now with a possible extra metal binding
domain. Antiviral activity has been reported for 2-acetylpyr-
idine thiocarbohydrazones12 and H2L is antifungal13 and
cytotoxic14 but little chemical and no structural work has been
carried out on the Cu–H2L system. On the human leukemia cell
line MOLT4 (at 10 mm), H2L is more cytotoxic than Hpt,
Cu2(HL)3+ and Cu(pt)+ show equal activity whereas, surpris-
ingly Cu(HL)+ is the most cytotoxic.14 Here we report the
first crystallographic study of H2L with CuII, [{Cu2(HL)(H2-
PO4)2}2][NO3]2·2H2O, giving a dimer of dicopper(ii) moieties
with H2PO4

2 and weak sulfur bridges. Variable temperature
magnetic studies reveal three antiferromagnetic exchange
interactions involving superexchange pathways across the
planar ligand, a three-atom H2PO4

2 bridge and direct CuII···CuII

and/or out-of-plane (via S) interactions.

The starting nitrate complex, [Cu2L(NO3)2]·3H2O 1, used in
subsequent metathetical reactions with phosphate was prepared
by addition of H2L (0.616 g, 2.16 mmol) in hot ethanol (150 ml)

to Cu(NO3)2·3H2O (1.05 g, 4.34 mmol) in the same solvent (10
ml). After stirring for 1 h the product was filtered, washed with
ethanol then dried in vacuo (913 mg, 72%). [{Cu2(HL)-
(H2PO4)2}2][NO3]2·2H2O 2 was prepared by dissolving 1 (157
mg, 0.267 mmol) and NaH2PO4·H2O (37 mg, 0.268 mmol) in
H3PO4 (2 ml, 2 m). Dark green crystals suitable for X-ray
analysis were collected after 20 days (82 mg, 45%).

X-Ray analysis of 2† shows the structure (Fig. 1) to be best
described as a centrosymmetric dimer of dicopper(ii) moieties
with dihydrogenphosphato and weak sulfur bridges. Cu(1) has a
square-pyramidal geometry with the monoanionic HL bound
through pyridyl and imine nitrogens and sulfur. The coordina-
tion sphere is completed by phosphato oxygens O(11) and
O(21). Cu(2) adopts a tetragonal ‘4 + 2’ geometry with pyridyl,
imine and deprotonated amide nitrogens from HL and phos-
phato oxygen in the plane. Much weaker axial interactions to
O(11) and S(1A) 3.24 Å] are from symmetry related molecules.
The dimeric Cu2(HL)3+ units are linked via three-atom
phosphato [Cu(1)–O(21)–P(2)–O(1A)–Cu(2)] and one-atom
sulfur bridges with adjacent dimers connected by the weak
Cu(2)–O(11) interaction and a hydrogen-bonding network
involving phosphato, water and nitrate oxygens and protonated
amide [N(3)] nitrogen. Other metric parameters may be
considered normal.7–12 The two phosphate ions adopt different
coordination modes, with P(2) chelating and P(1) being
monodentate and P(2) binds through the keto oxygen
[P(2)–O(1) 1.468(4) Å].

Fig. 1 Molecular structure of the dimeric dicopper(ii) ion
[{Cu2(HL)(H2PO4)2}2]2+ of 2. Hydrogen atoms are omitted for clarity.
Selected bond distances (Å) and angles (°): Cu(1)–N(1) 2.053(4), Cu(1)–
N(2) 1.954(4), Cu(1)–N(4) 2.076(4), Cu(1)–O(11) 1.933(3), Cu(1)–O(21)
2.159(3), Cu(2)–N(5) 1.966(3), Cu(2)–N(6) 2.004(4), Cu(2)–O(1) 1.890(3),
Cu(2)–S(1) 2.263(2), Cu(2)–O(11C) 2.860(4), Cu(2)–S(1A) 3.242(2),
Cu(1)···Cu(2) 4.996, Cu(1)···Cu(2A) 5.076, Cu(2)···Cu(2A) 3.905,
Cu(2)···Cu(2C) 3.797, Cu(1)···Cu(1A) 9.326; O(11)–Cu(1)–N(1) 95.4(2),
N(4)–Cu(1)–O(11) 140.5(1), O(21)–Cu(1)–N(1) 97.4(2), O(21)–Cu(1)–
O(11) 95.0(1), N(1)–Cu(1)–N(4) 155.1(1), N(2)–Cu(1)–O(11) 160.5(2),
O(1)–Cu(2)–N(6) 92.8(2), S(1)–Cu(2)–O(1) 100.7(1), S(1)–Cu(2)–N(6)
165.4(1), S(1)–Cu(2)–N(5) 84.9(1), O(1)–Cu(2)–N(5) 171.9(2),
O(11)–Cu(2)–S(1) 86.6(1), O(11)–Cu(2)–O(1) 107.4(1), O(11)–Cu(2)–
N(5) 78.6(1), O(11)–Cu(2)–S(1A) 159.2(2), S(1A)–Cu(2)–S(1) 94.7(1),
S(1A)–Cu(2)–O(1) 92.8(1).
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The temperature dependence of magnetic susceptibility and
moment, per CuII, for 2 is shown in Fig. 2. A maximum in c at
ca. 180 K is clearly indicative of medium strength antiferro-
magnetic exchange occurring. The rapid increase in c at low
temperature is due to monomer impurity. Use of a simple
dinuclear Bleaney–Bowers model15 (22 JS1S2 Hamiltonian)
did not precisely reproduce the shape of the susceptibility in the
region of cmax but did yield an approximate J12 value of ca.
2105 cm21, albeit with a low g value of 1.98 and a large
interdimer q parameter (in T–q) of 225 K. Excellent fits could
be obtained when the tetranuclear model of Hatfield16 was
employed. The rhomboidal framework of the dimer of dimers is
shown in Fig. 3 together with the J labels. The value of the long
Cu(1)···Cu(1A) parameter J1,1A was set at zero and the other
parameters were varied widely for best-fit. It was found that two
parameter sets gave equally excellent fits i.e. set A: g = 2.00 ±
0.02, Na = (60 ± 3) 3 1026 cm3 mol21, J2,2A = 275.4 ± 0.2
cm21, J1,2 = 2116.6 ± 0.2 cm21, J1,2A = 216.8 ± 0.2 cm21,
% monomer 1.7 ± 0.1. This fit is shown in Fig. 2. Set B:
g = 2.00 ± 0.02, J2,2A = 246.0 ± 0.5 cm21, J1,2 = 2109.5 ±
0.2 cm21, J1,2A = 247.9 ± 0.2 cm21, % monomer 1.7 ± 0.1.
Thus the dominant coupling, J1,2, remains virtually constant in
both fits and occurs across the planar thiocarbohydrazonato
moiety. It involves superexchange pathways in the x–y plane
such as a two-atom trans-Cu–N–N–Cu pathway and three- or
four-atom pathways Cu–S–C–N–Cu or Cu–S–C–N–N–Cu. The
value of J1,2 is similar to that of a structurally related
carbohydrazonato dinuclear analogue, reported recently17 hav-
ing J = 2106.6 cm21 (there is a factor of two error in J in ref.
17). The size of the ‘edge’ and ‘short-diagonal’ parameters J1,2A
and J2,2A could not be identified unambiguously. When using
set B, but with J2,2A set at zero or slightly positive, {as
anticipated from a previous study18 on a related S-bridged
complex [CuCl(S2CNEt)]4} much poorer fits were obtained,
with the calculated and observed curves crossing each other in
the region of cmax. Thus it appears that the Cu(2)S(1)-
Cu(2A)S(1A) pathways yield stronger antiferromagnetic cou-
pling (minimum of 246 cm21) than do related Cu(SR)CuCl or
Cu(SR)Cu(SR) pathways18 in [CuCl(S2CNEt)]4 and [Cu(S2C-
NEt)2]2. The antiferromagnetic coupling across the three-atom
H2PO4

2 bridge, with J of at least 216.8 cm21, is weak as

anticipated and involves axial–equatorial d-orbital overlap,
respectively on Cu(1) and Cu(2A). The uncertainties and
correlation in the J1,2A parameters may also be influenced by the
weak axial interaction Cu(2)–O(11) and Cu(2)–S occurring
between teramers, although these are expected to be very weak.
In this regard, the visible spectra of solid and H3PO4 solutions
of 2 are nearly identical.

The X-band ESR spectrum of a neat powder of 2 at 298 K
shows a broad, symmetrical signal at g = 2.1. At 77 K this
signal is resolved into a typical axial lineshipe (g∑ = 2.19,
A∑ = 184.6 gauss, g4 = 2.00) probably due to the monomer
impurity (vide supra). Triplet state lines due to CuII···CuII

interactions19 are evident as weak broad lines at ‘half-field’
(1500 G) and 3700 G. The same spectrum is observed in frozen
2 m H3PO4 solution, with evidence for a weaker monomer
lineshape (g∑ = 2.33, A∑ = 175 G, g4 = 2.06) superimposed.

This work was supported by grants from the National
University of Singapore (RP 3950651) and the Australian
Research Council (Large Grants) and Dr J. J. Vittal’s help with
the crystallography is acknowledged.
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3 0.1 3 0.1 mm, triclinic, space group P 1̄, a = 8.604(2), b = 10.719(2),
c = 14.268(3) Å, a = 109.57(3), b = 90.11(3), g = 110.62(3)°,
U = 1149.6(4) Å3, Dc = 1.977 g cm23, Z = 2, F(000) = 688, m(Mo-
Ka) = 2.157 mm21; R = 0.041, Rw = 0.122 using 3150 unique reflections
with I > 4s(I). CCDC 182/711.
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Fig. 2 Temperature dependence of cCu and mCu vs. T for [{Cu2(HL)(H2-
PO4)2}2](NO3)2·2H2O 2. Solid lines represent the best fit calculated
values.

Fig. 3 Rhomboidal framework for the CuII centres of 2 showing distances
(Å) together with the J labels.
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Design, synthesis and metal binding properties of a mixed-donor macrobicycle

Mark Mascal,* Jens Hansen, Alexander J. Blake and Wan-Sheung Li

Department of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD

A cryptand is resolved into its three independent macro-
cyclic components leading to novel, dynamic metal ion
complexation.

Chelating agents which operate with the benefit of the
macrocyclic effect possess an exceptional complexation poten-
tial which has facilitated the study of metals in unusual
circumstances, e.g. uncommon coordination numbers, coordi-
nation geometries, donor atoms and/or oxidation states.1 We
describe below a case where, through innovative ligand design,
CuI and AgI ions are guests in a novel and dynamic
environment.

Macrobicycle L1 was conceptualised as a logical extension of
an earlier study on the conformational preferences of [n.n]cy-
clophanes.2 The molecule lies in a potential energy minimum
where the aromatic rings are face to face and the three
heteroatoms are in fixed equatorial positions.3 An important
design consideration of this ligand system is that sandwich-type
complexation involving h6-bonding to the benzene rings is
disfavoured by the large Ar···Ar separation (ca. 5.0 Å), and no
assistance from the nitrogens can be expected owing to the
distance between these atoms and the centre of the trigonal
plane (ca. 3.0 Å) which they define. This means that L1,
formally a cryptand, is reduced conceptually to three independ-
ent, 16-membered azamacrocycles (Fig. 1) each capable of
complexing a metal, especially if some contribution from the
aromatic systems was forthcoming. Since only one of these
three equivalent ‘facets’ can be occupied at any one time, it
should be possible to promote spontaneous migration of the
guest from nitrogen to nitrogen within the perimeter of the
benzene rings above a characteristic temperature, effectively
constituting ‘dynamic’ sandwich complexation with the centre
of gravity of the metal coinciding with the molecular C3 axis.

Compound L1 can be conveniently synthesised by the
cyclotrimerisation method shown in Scheme 1.4 Thus benzene
1,3,5-triacetic acid 1, available by Willgerodt–Kindler reaction
on commercial triacetylbenzene, is condensed with 4-aminobut-
1-yne to give triyne 2 in 94% yield. Reaction of 2 with catalytic
[CoCp(CO)2] provides the bicyclic amide 3 as an inseparable
mixture of 1,2,4- and 1,3,5-isomers (1.3 : 1, ratio) in 54%
overall yield. The mixture is finally reduced with borane,
whereupon L1 can be isolated by column chromatography.

A stable complex is formed between L1 and CuI by simply
adding a solution of [Cu(MeCN)4]BF4 in acetonitrile to an
equimolar quantity of the macrocycle in dichloromethane at
room temp. The 1H and 13C NMR spectra of this material show
a desymmetrisation of the ligand resonances consistent with the
expected mode of inclusion. In particular, the aromatic CH

signal associated with the Cu is shifted 0.59 ppm downfield of
the other two protons, indicative of electron withdrawal to the
metal bond. Mass spectral data are also consistent with the
formation of a 1 : 1 complex. Colourless crystals of
[CuL1]BF4·H2O suitable for X-ray diffraction were obtained
from dichloromethane/ether solution, and determination of the
structure† (Fig. 2) served to confirm our model. The Cu sits in
a general position with Cu–N bond lengths of 2.01 Å. The
closing of the N···N distance in L1 in order to achieve these bond
lengths is made possible by a puckering inwards of the chains

Fig. 1 Structure of L1 and representation in terms of ligand sets

Scheme 1 Reagents and conditions: i, carbonyldiimidazole, 4-aminobut-
1-yne, THF; ii, [CoCp(CO)2], o-xylene, heat; iii, BH3·SMe2, THF, heat then
MeOH, heat

Fig. 2 Crystal structure of [CuL1]BF4·H2O. Displacement ellipsoids are
represented at the 30% probability level. The H-atoms, counter-ion and
water of crystallization are omitted for clarity.
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between which the metal is located. An interesting feature of
this structure is the relationship of Cu to the benzene rings. This
may involve either the metal acting as an electron acceptor in h1

bonds to C,5 or three-centre, two-electron s complexation to the
aromatic C–H bonds.6 The Cu···C distances are 2.38 and 2.40 Å,
and the 0.57 Å displacement of the metal away from C(9)–C(18)
axis puts the contacts to the midpoint of the C–H bonds at 2.37
and 2.39 Å. The downfield shift in the NMR of the protons
involved argues in favour of this type of interaction and against
agostic bonding to the H, which would normally result in an
upfield shift.7 It is noted that interactions between copper(i) and
aryl rings are somewhat of a novelty in any case, with only five
other structurally characterised examples appearing in the
literature.8 All of these show exclusively h interactions to
carbon, most with the Cu located over a p bond in an h2

fashion.9
We then examined the dynamics of ligand exchange in

[CuL1]. The 1H NMR spectrum (CDCl2CDCl2) shows tem-
perature dependent fluxional behaviour, with collapse of the
two aromatic signals to a single, broad peak occurring around
95 °C. Migration of the copper nominally involves breaking
away from one of the nitrogens and both carbons [or C–H(s) ?
Cu bonds] of a C2N2 ligand set before regaining the same from
another set, although progression from site to site would take
place under the continuous influence of the p system.

Reaction of the macrobicycle with AgOTf in THF gave the
corresponding complex [AgL1]OTf. Unlike [CuL1]BF4, the
proton NMR (CD2Cl2) of this material showed a single
resonance in the aromatic region at room temperature, and only
on cooling below 250 °C did the signal split analogously to the
copper(i) system into two sharp peaks (1 : 2), separated in this
case by 0.27 ppm. This indicated a much greater degree of
mobility for the silver ion than for CuI. The X-ray crystal
structure of [AgL1]OTf† (Fig. 3) was comparable to that of
[CuL1]BF4, the major difference being that only one of the two
CCNCC chains needed to distort from the ideal all-trans
conformation to accommodate the larger silver ion (Ag–N 2.32
Å). The outward displacement of the silver from the C9–C18
axis (0.40 Å) is slightly less than that for copper(i), but the same
general NMR and structural arguments apply and either h1

complexation or two electron donation from the C–H bonds can
be invoked. A longer range contact to one of the oxygens of the

triflate ion (2.92 Å) is also observed normal to the (approx-
imate) C2N2 plane.

Future work in this area will address the behaviour of other
metal ions in the presence of L1, as well as structural
modifications to the macrocycle (O, S analogues) which should
further expand its scope as a novel ligand.

This research was supported by a grant from the European
Commission (to J. H.), and we would like to thank Martin
Schröder for helpful discussions.
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† Single crystal structure determinations: [CuL1]BF4·H2O:
C24H33BCuF4N3]·H2O, Mr = 531.90, colourless irregular plate 0.39 3 0.39
3 0.10 mm, triclinic, space group P1̄ (no. 2), a = 9.937(12), b = 10.094(6),
c = 13.656(15) Å, a = 83.23(7), b = 81.19(12), g = 61.24(6)°,
U = 1185.0(17) Å3, Z = 2, Dc = 1.491 g cm23, m(Mo-Ka) = 0.976 mm21,
T = 150 K. Stoe Stadi-4 four-circle diffractometer, Mo-Ka radiation
(l = 0.710 73 Å) 2qmax = 50°. Numerical absorption corrections
(T = 0.756–0.908). The structure was solved by automatic direct methods
(G. M. Sheldrick, SHELXS-96. Acta Crystallogr., Sect. A, 1990, 46, 467)
and refined by full-matrix least squares on F2 (G. M. Sheldrick, SHELXL-
96. University of Göttingen, Germany, 1996) with all non-H atoms assigned
anisotropic displacement parameters. Methylene H atoms were placed
geometrically, others being located from DF syntheses; thereafter those of
H2O were refined freely with others constrained to ride on their parent
atoms. Final R1 [Fo > 4s(Fo)] = 0.0551, wR2 (all data) = 0.1264 for 4150
unique reflections and 328 refined parameters.

[AgL1]OTf: C25H33AgF3N3O3S, Mr = 620.5, colourless plate 0.53 3
0.48 3 0.11 mm, monoclinic, space group P21/c (no. 14), a = 13.152(5),
b = 10.655(5), c = 19.306(4) Å, b = 106.50(2)°, U = 2594.0(9) Å3, Z = 4,
Dc = 1.589 g cm23, m(Mo-Ka) = 0.911 mm21, T = 220 K. Data were
collected as for [CuL1]BF4

.H2O and absorption corrections
(T = 0.582–0.775) based on azimuthal scans were applied. The structure
was solved and refined as for [CuL1]BF4

.H2O. Static disorder was modelled
in the region of the non-coordinating N, with major (0.76) and minor (0.24)
components and with restraints applied to C–C and C–N distances. The H
atom on the minor component was omitted, that on the major was restrained
during refinement and all others were riding on their parent atoms. Final R1

[Fo > 4s(Fo)] = 0.0414, wR2 (all data) = 0.1071 for 4561 unique
reflections and 328 refined parameters. CCDC 182/710.
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Fig. 3 Crystal structure of [AgL1]OTf. Displacement ellipsoids are
represented at the 20% probability level and the H-atoms and counter-ion
are omitted for clarity. Only the major component of disorder affecting the
free nitrogen [N3] is shown.
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Cu2O as a photocatalyst for overall water splitting under visible light
irradiation

Michikazu Hara,a Takeshi Kondo,a Mutsuko Komoda,a Sigeru Ikeda,a Kiyoaki Shinohara,b Akira Tanaka,b

Junko N. Kondoa and Kazunari Domen*a

a Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226, Japan 
b Nikon Corp., 1-10-1 Azamizodai, Sagamihara 228, Japan 

Photocatalytic decomposition of water into H2 and O2 on
Cu2O under visible light irradiation is investigated; the
photocatalytic water splitting on Cu2O powder proceeds
without any noticeable decrease in the activity for more than
1900 h.

So far, many photocatalysts have been reported to decompose
water into H2 and O2 under UV light irradiation.1–5 From the
view point of solar energy conversion, however, a photocatalyst
which works under visible light irradiation ( > 400 nm) is
indispensable, but such a photocatalyst has not yet been found.
In this report, we introduce Cu2O, a well-known p-type
semiconductor, which acts as a photocatalyst for overall water
splitting under visible light irradiation (@600 nm).

The solid state physics of Cu2O, which abundantly exists as
cuprite in nature, has been extensively investigated for a long
time since Cu2O is a simple metal oxide semiconductor with a
small band gap energy. As shown in an energy correlation
between the band gap model of Cu2O and the redox potentials
of relevant electrode reactions in an aqueous solution at pH 7,6
the conduction and valence band edges of Cu2O, which are
separated by a band gap energy of 2.0–2.2 eV,7,8,9 seem to be
available for reduction and oxidation of water, respectively.
Therefore, Cu2O is, in principle, capable of decomposing water
into H2 and O2 under visible light excitation. However, as yet,
such a photochemical reaction has not been accomplished on
any Cu2O electrode since they undergo photodegradation in
aqueous solution.9 In fact, visible light irradiation (470 nm) of
a cathode-polarized Cu2O single crystal electrode in aqueous
solution resulted in reduction of Cu2O to metallic Cu.10 For this
reason, overall water splitting on Cu2O photocatalysts has not
been investigated despite the band structure available for the
reaction. In this study, we confirmed the photocatalytic overall
water splitting on Cu2O powder under visible light irradia-
tion.

Cu2O powder prepared by the hydrolysis of CuCl was used in
this study. CuCl was hydrolyzed by adding 1 m aqueous Na3PO4
(40 cm3) to a 5 m aqueous NaCl solution containing 0.04 mol of
CuCl (400 cm3) with vigorous stirring under an Ar flow. A
yellow precipitate was produced by the hydrolysis which was
washed with distilled water (200 cm3) 5–7 times followed by
decantation under vacuum and drying in vacuo. Cu2O powder
was obtained by heating the yellow precipitate at 673 K for 24
h in vacuo, followed by boiling in water under an Ar atmosphere
to remove unreacted CuCl from Cu2O. The particle size and
surface area of Cu2O were estimated to be 0.3–0.5 mm and 6 m2

g21, respectively. Only the XRD pattern due to Cu2O was seen
with no evidence for other diffraction patterns such as for CuO,
metallic Cu or other impurities. The XP spectra of Cu 2p and the
Cu LMM Auger spectra indicated that the surface of Cu2O was
composed of CuI.11,12 The band gap energy of Cu2O was
estimated at ca. 2.0 eV (l ca. 620 nm) by UV–VIS
spectroscopy.

The photodecomposition of water was carried out in a Pyrex
cell with 0.5 g of Cu2O and 200 cm3 of distilled water, which

was vigorously magnetically stirred. The cell was irradiated at
room temperature from one side with visible light (l > 460 nm)
from a 300 W Xe lamp with a cut-off filter. A closed gas
circulation and evacuation system (300 cm3) made of Pyrex
glass was connected to the reaction cell, and evolved gases were
directly transferred to a gas chromatograph to avoid any
contamination from air.

Fig. 1 shows several typical time courses of H2 and O2
evolution from Cu2O under visible light irradiation ( > 460 nm).
The reaction system was evacuated after each run. As shown in
run 1, only O2 evolved for 10 h after the beginning of the
reaction, and then the evolution of H2 was observed as the
reaction proceeded. The rate of H2 evolution increased
gradually in the subsequent runs. The ratio of the amount of
evolved H2 to O2 (H2/O2) was 0.8 in run 1 and increased to 1.8
in run 4. After run 4, the ratio was between 2.0 and 2.5. The
reaction proceeds without any noticeable decrease in the
activity for more than 30 runs as shown in Fig. 1. The total
amounts of evolved H2 and O2 for 1900 h reached 3.8 and 1.9
mmol, respectively, and are comparable to the amount of Cu2O
used (0.5 g, 3.5 mmol). Furthermore, there was no noticeable
difference in pH of the suspension before reaction (pH 7.3) and
after run 31 (pH 7.1). In order to elucidate the origin of the
evolved O2, an experiment using H2

18O was carried out. In
another small Pyrex cell (50 cm3), 0.1 g of Cu2O (after reaction
for 400 h) suspended in a mixture of H2

16O (5 cm3) and H2
18O

(1 cm3) was irradiated with visible light ( > 460 nm). H2 and O2
were stoichiometrically evolved after light irradiation and it was
confirmed by mass spectral analysis that the ratio,
16O2 : 16O18O : 18O2, in the evolved O2 species for 24 h was
254 : 94 : 13. The result indicates that the atomic ratio, 16O : 18O,
in the total amount of evolved O2 is 5.0 corresponding to that in
the mixed water. As a result, the evolved O2 is attributed to the
water cleavage on Cu2O. The photoresponse on Cu2O was
observed for visible light through a cut-off filter of 600 nm,
while there was no photoresponse at l > 650 nm.

Fig. 1 Time courses of H2 (open circles) and O2 (filled circles) evolution in
Cu2O under visible light (l!460 nm) irradiation. Catalyst: 0.5 g, H2O: 200
cm3. The reaction system was evacuated with light irradiation after each
run. Time courses in runs 5–8, 10–13 and 15–30 are omitted.
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Fig. 2 shows the XP spectra of Cu 2p and Cu LMM Auger
peaks of Cu2O before and after reaction for 400 h. There was no
noticeable difference in the XP spectra of Cu2O, indicating that
Cu2O powder was neither reduced nor oxidized after photo-
catalytic reaction. These results are in total contrast to the
observation on Cu2O electrodes and strongly suggest that Cu2O
powder catalytically decomposes water into H2 and O2 under
visible light irradiation. To the best of our knowledge, such a
reaction on Cu2O photocatalysts has not yet been reported. The
reaction mechanism as well as the reason for the difference
between the electrode and the powder systems are still not clear.
Nevertheless it is inferred that the photocatalytic reaction on a
Cu2O particle in distilled water is clearly different from the
photoelectrochemical reaction on polarized Cu2O electrodes in
an aqueous electrolyte. The quantum efficiency of the photo-
catalytic reaction was estimated at ca. 0.3% between 550 and
600 nm.

One of the characteristic features of the Cu2O photocatalyst is
the excess evolution of O2 above the stoichiometry at the early
stage of the reaction (runs 1 and 2). Cu2O is known to absorb a
relatively large amount of oxygen in bulk as well as adsorbing
oxygen as O2 or O2

2 on the surface.13,14 The excess oxygen on
the surface or in the bulk leads to p-type semiconducting
behaviour and unique oxidation catalysis of Cu2O. The release
of these excess oxygen species from Cu2O by visible light
irradiation may cause the excess evolution of O2 above the
stoichiometry at the early stage of the reaction. Another feature
to be noted is the O2 pressure dependence of the reaction.

As shown in runs 3 and 4 of Fig. 1, the evolution rates of H2
and O2 became slow or stopped when the amount of evolved O2
exceeded ca. 80 mmol which corresponded to 500 Pa of O2 in
our system. In all runs after run 5, H2 and O2 evolved without
any significant decrease in the activity so long as the evolved
gas was evacuated before the pressure of O2 reached 500 Pa.
These results suggest that O2 at more than a certain pressure
(500 Pa) in the reaction system inhibits the overall water
splitting on Cu2O. Such an inhibition might be attributed to the
photoadsorption of oxygen on the Cu2O surface. p-Type
semiconductors are known to photoadsorb O2 under light

irradiation when O2 in gas phase exceeds a certain pressure.15

The photoadsorption largely depends on the O2 pressure as well
as on the wavelength and intensity of incident light, tem-
perature, etc. Although the dependence of photoadsorption on
O2 pressure in a Cu2O–H2O–O2/H2 system as in the present
case has not yet been investigated, it is probable that preferential
O2 photoadsorption inhibits the overall water splitting on the
Cu2O surface.

Although Cu2O has been regarded as an unstable material for
water decomposition under light irradiation from the results of
photoelectrochemistry, the present study has revealed Cu2O to
be a photocatalyst able to decompose water into H2 and O2
under visible light irradiation. The reaction mechanism on
Cu2O is under investigation.

Recently, we have also found that CuFeO2 evolves H2 and O2
under visible light irradiation, and detailed results will be
reported soon. CuFeO2 has a delafossite type layered structure
where the iron oxide layers are connected to each other through
linear –O–CuI–O– bonds.16–18 The Cu2O lattice consists of
chains of linear bonds. This suggests that CuI containing
materials with linear –O–CuI–O– bonds are available for the
overall water splitting under visible light irradiation. Such CuI

containing materials may become potential candidates for
converting solar energy into H2 energy.
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Fig. 2 X-Ray photoelectron spectra of Cu 2p and Cu LMM Auger spectra
of Cu2O before (a) and after (b) reaction for 400 h. The binding and kinetic
energies were referenced to the Au 4f7/2 level at 83.8 eV.
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Friedel–Crafts alkylation in supercritical fluids: continuous, selective and clean

Martin G. Hitzler,a Fiona R. Smail,a Stephen K. Rossb and Martyn Poliakoffa*†
a Department of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD
bThomas Swan & Co. Ltd, Crookhall, Consett, Co. Durham, UK DH8 7ND

Continuous Friedel–Crafts alkylation of mesitylene,
C6H3Me3, and anisole, C6H5OMe, with propene or propan-
2-ol has been carried out in supercritical propene or CO2
using a heterogeneous polysiloxane-supported solid acid
Deloxan® catalyst in a small fixed bed reactor (10 ml
volume); 100% selectivity for mono-alkylated products with
50% conversion could be obtained by adjusting the reaction
parameters, e.g. temperature, pressure, flow rates, etc.

Numerous chemical syntheses involve Friedel–Crafts or Frie-
del–Crafts-type alkylation reactions, both on laboratory and
industrial scales. Friedel–Crafts chemistry is therefore of major
importance and research in this field is of continuing chemical
interest.1–5 Frequently, the reaction is used to add only a single
alkyl group to the substrate, but addition of the first alkyl group
activates the substrate so that subsequent alkylation is made
easier. Thus, conditions have to be controlled precisely, often
with long reaction times and low temperatures, to minimise the
formation of poly-alkylated by-products.

Friedel–Crafts reactions are usually carried out batch-wise in
a large excess of the substrate or in an organic solvent.
Generally, the reaction is carried out in the presence of Lewis
acid catalysts (e.g. AlCl3, BF3, TiCl4) or strong protic acids (e.g.
HF, H2SO4). Relatively high concentrations of catalyst are
needed; often the amounts are near stoichiometric, especially
when H2O is generated. These problems make most Friedel–
Crafts processes inherently dirty. Therefore, the development of
environmetally more benign Friedel–Crafts processes is a high
priority. Solid acid catalysts based on clays, zeolites or even
graphite6 could be the answer to cleaner Friedel–Crafts
chemistry, but until recently rapid catalyst deactivation has
prevented the development of a commercial process.7 Not only
can solid catalysts be easily separated from liquid products, they
also offer the possibility of carrying out Friedel–Crafts reactions
in continuous rather than batch reactors.8 Continuous flow
reactors can be smaller than the batch reactors needed to
generate comparable amounts of product.9 A reactor of smaller
size usually increases safety and reduces capital cost.

Very recently, we described10 how the supercritical hydro-
genation of a wide a range of organic compounds can be carried
out extremely efficiently in small-scale continuous flow
reactors (5 or 10 ml) using Pd and Pt heterogeneous catalysts
supported on polysiloxane (Deloxan®, Degussa AG). Here we
show how the same reactor can be used to carry out continuous
Friedel–Crafts alkylation using a commercially available solid

acid catalyst based on the same Deloxan® support.‡ In our
process,§ the organic solvent is replaced by a supercritical fluid,
e.g. scCO2. The separation of the product occurs simply by
expanding the fluid to atmospheric pressure, so the crude
product can be analysed without further work-up. Although
reaction temperatures are high, because of short residence
times, our process maintains high product selectivity.

Our initial reactions involved mesitylene 1 (C6H3Me3) with
propene 2, which acts both as alkylating agent and as
supercritical solvent [scPropene, Tc = 91.9 °C, pc = 46.0 bar
(10 bar = 1 MPa)]. This reaction was chosen because the mono-
3, di- 4 and tri-alkylated product 5 each have only one possible
isomer (Scheme 1), which simplifies product analysis.¶

Table 1 shows that Friedel–Crafts chemistry can indeed be
carried out continuously under these conditions. The selectivity
is reasonable for 1-isopropyl-2,4,6-trimethylbenzene 3 but
significant amounts of 4 and dimers of propene 2 are formed.
Table 1 also shows that the yield of 3 cannot easily be improved
by varying the reaction conditions.

By contrast, selectivity for the formation of 3 is much higher
in the alkylation of 1 with propan-2-ol, 6, in supercritical CO2
(scCO2, Tc = 31.1 °C, pc = 73.8 bar) using the same solid acid
Deloxan® catalyst. The reaction forms water but this is not a
serious problem; the organic and water layers are easily
separated after the scCO2 has been vented. Initially, the reaction
was carried out with a three-fold excess of 6 over 1 (total flow
rate of 1 + 6: 0.50 ml min21) at 220 bar and Tcat = 200 °C with
a gaseous CO2 flow rate of 0.43 l min21. Analysis of the organic
layer showed that the conversion of 1 was 46% with 3 as the
major product (40% yield). As side-products, 4 was found in 5%
yield along with traces of diisopropyl ether (1%). Table 2
summarises the results obtained by varying the reaction
conditions. The yield of 3 can be improved by optimising the
temperature and raising the pressure. When 1 is in excess, 3 is
the only detectable organic product.

Previous attempts to run continuous Friedel–Crafts alkyla-
tion have frequently been thwarted by poor catalyst lifetimes
but the lifetime of the Deloxan® catalyst is relatively long. In
fact, when the reaction was started using a fresh sample of ASP
I/7 acid Deloxan® catalyst, the activity actually increased after
an induction period of ca. 100 min and was maintained for at
least a further 15 h operation. We initially attributed this
induction to some activating effect of the H2O formed in the
reaction. However, the yields of 3 were dramatically lower

Scheme 1

Table 1 Alkylation of mesitylene 1 with propene 2 at 200 bar pressurea

Yield (%)
Flow Flow
rate of 1/ rateb of Dimers Trimers

Tcat/°C ml min21 propene 1 3 4 5 of 2 of 2

160 0.30 0.65 57 25 6 0 12 0
160 0.30 0.43 47 25 10 0 14 4
180 0.30 0.43 32 27 14 2 16 9

a The reaction was carried out in a heated reactor of 10 ml volume
containing 9 ml of the solid acid Deloxan® catalyst (ASP I/7, particle size:
0.1–0.4 mm). No reaction was observed when the catalyst was replaced by
Nafion as the solid acid. b Flow rate of propene in 1 min21 measured at 1
atm and 20 °C, as determined by bubble flow meter.
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when the catalyst was conditioned with water for 30 min prior
to use. When operated for maximum flow of 3 (see Table 2) the
catalyst can produce twice its volume of 3 per hour.

The supercritical reactor can also be applied sucessfully to
the continous alkylation of anisole 7 by scPropene 2 or by
propan-2-ol 6 in scCO2 (Scheme 2). As with the alkylation of 1,
there is significant selectivity in favour of the mono-alkylated
product. Thus, 6 reacted with 7 at a molar ratio of 1.0 : 3.0 to
form isomers of 8 (30% yield) and 9 (only 6% yield).∑ No
further products could be detected by GC–MS. When 7 was
alkylated at a flow rate of 0.2 ml min21 with scPropene (flow
rate of gaseous propene: 0.43 l min21) under the same
conditions, the yield of 8 was 38% with the same isomer ratio as
was found with propan-2-ol.∑ However, the yield of 9 increased
to 18% (three isomers at a ratio of 5 : 2 : 1). In addition, 10 was
found in 5% yield (peak ratio 5 : 2 at a mass of 234) as well as
trace amounts (3%) of propene di- and tri-mers.

The supercritical fluid probably plays several roles in these
reactions. Compared to liquid phase reactions, the fluid reduces
mass transport restrictions at the surface of the catalyst.
Compared to a gas phase reaction, it increases the density of the
reaction medium and hence increases the residence time of the
substrate in a given size of reactor. This allows continuous
alkylation to be caried out on a reasonable scale in a small
reactor. Finally, it may reduce coking of the catalyst preventing
premature deactivation of the catalytic sites.

This investigation has shown that aromatic substrates can
undergo continuous and sustainable Friedel–Crafts alkylation in
supercritical fluid solution over solid acid heterogeneous
catalysts. The reactions can be carried out in a flow reactor, which
differs only in the peripheral pipework from that used for the
supercritical hydrogenation of organic compounds.10 The
method of alkylation has features of potential importance for the
manufacture of fine chemicals. It is selective, organic solvents are
eliminated and a clean heterogeneous catalyst replaces a liquid–
based system. Thus, supercritical alkylation is a step closer to
ennvironmentally acceptable Friedel–Crafts chemistry.
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is more complicated for the reactions of 7 than for those of 1 becasue the
products (8, 9 and 10) all have more than one possible isomer. Thus, GC–
MS gave three peaks for 8 (m/z 150) in the ratio of 13 : 12 : 1, corresponding
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Table 2 Investigationa of (I) temperature, (II) pressure and (III) molar ratio on yield of 3

Flow rate Production
Molar ratio of 1 + 6/ Foundb Yieldc rate of
of 1 : 6 g min21 Tcat/°C p CO2/bar 3 (%) of 3 (%) 3/g min21

I 2.0 : 1.0 0.60 200 200 15.0 30.0 0.09
2.0 : 1.0 0.60 230 200 21.0 42.0 0.13
2.0 : 1.0 0.60 250 200 21.0 42.0 0.13
2.0 : 1.0 0.60 270 200 15.0 30.0 0.09
2.0 : 1.0 0.60 300 200 7.5 15.0 0.05

II 2.0 : 1.0 0.60 250 200 21.0 42.0 0.13
2.0 : 1.0 0.60 250 150 18.5 37.0 0.11
2.0 : 1.0 0.60 250 100 16.0 32.0 0.10

III 1.0 : 5.0 1.51 250 150 19.0d 19.0d 0.29
2.0 : 1.0 0.60 250 150 18.5 37.0 0.11
5.0 : 1.0 0.52 250 150 10.0 50.0 0.05

a All reactions carried out in scCO2 (0.65 l min21) with 3 as the only detectable product. b Product analysis was by 1H NMR spectroscopy (CDCl3). c Based
on the amount of 6 in the initial reaction mixture. d Yield based on 1. In addition, 3% of 4 and traces of side-products were found.

Scheme 2
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A new promising p-donor of the tetrathiafulvalene series:
bis(2,3-dithiabutane-1,4-diyl)tetrathiafulvalene, the symmetrical outer
S-position isomer of BEDT-TTF

C. Durand,a,b P. Hudhomme,*a† G. Duguay,a M. Jubaultb and A. Gorgues*b‡
a Laboratoire de Synthèse Organique, Université de Nantes, UMR-CNRS 6513, 2 rue de la Houssinière, F-44322 Nantes Cedex 3,
France 
b Laboratoire d’Ingénierie Moléculaire et Matériaux Organiques, Université d’Angers, UMR-CNRS 6501, 2 Bd Lavoisier,
F-49045 Angers Cedex, France 

New functionalities are introduced into the 2-(thi)oxo-
1,3-dithiole system and applied to the synthesis of the title
compound.

Among the organic donors of the tetrathiafulvalene (TTF)
family,1 bis(ethylenedithio)tetrathiafulvalene 1 (BEDT-TTF or
ET) is still regarded as the best precursor for superconducting
organic metals2 endowed with the highest Tc in that series.3 In
their solid state structure, the related radical cation salts exhibit
bidimensional character mainly originating from strong periph-
eral S···S intermolecular interactions. Therefore, modifications
of ET are of interest to establish relationships between the solid
state structure and the transport properties of the corresponding
salts, particularly by varying the position and the nature (S, Se,
Te) of the chalcogen.2b,4

In this context, we have become interested in the un-
symmetrical and symmetrical S-position isomers of ET, 2 and 3
respectively, with the aim of understanding the possible role of
the position of the peripheral sulfur atoms on the dimensionality
of the related materials.5 After our previous study devoted to the
unsymmetrical ET isomer 2 and some of its charge transfer
salts,6 we have extended this work to the symmetrical ET
isomer 3. We report here on the synthesis of the latter, based on
the introduction of new functionalities on the 2-(thi)oxo-
1,3-dithiolic precursors,7 and also describe some preliminary
electrochemical results emphasizing its promising p-donor
ability for molecular conductors.

In our synthetic approach, we first studied a pathway
involving the standard symmetrical or cross-coupling of the
corresponding 2-(thi)oxo-1,3-dithioles 4a and 4b. These were
synthesized according to Scheme 1 via two possible routes, A
and B.

In route A, we used our standard procedure6 allowing the
conversion of the 4,5-bis(hydroxymethyl)-2-(thi)oxo-1,3-di-
thiole 5a8 or 5b to 6a or 6b with thioacetic acid, either via the
Mitsunobu reaction9 (32% yield for 6a) or after activation of the
alcoholic groups with N,N-dimethylformamide diethyl acetal10

(52% yield for 6b). In route B, diol 5a was easily dibrominated
with PBr3 in 94% yield,11 similar results being also obtained for
5b. Upon treatment of 7a and 7b12 with thioacetic acid and
pyridine or its potassium salt, the corresponding thioesters were
formed in good yield (ca. 90%), even on a large scale. To
achieve the S–S intramolecular closure, best results were

obtained by cleaving13 the thioester groups with CsOH in
MeOH and by oxidizing the corresponding generated dithiolate
with iodine in Et2O. Note that the NaBH4–LiCl mediated
cleavage successfully used in the corresponding TTF series6

affords 4a or 4b in poorer yields.§
Whereas the trialkyl phosphite induced self- or cross-

coupling reaction of 2-(thi)oxo-1,3-dithioles is a classical
method for TTF core building,14 all attempts from 4a and 4b
were inefficient, as they were when using octacarbonyl
dicobalt.15 A similar failure was observed of 6a and P(OMe)3,
the expected derivative 11 being formed only as a side product
(5% yield), besides the main product, the oxo derivative 6b
(70% yield).16

Given these results, we investigated the other pathway
depicted in Scheme 2. Methylation of 6a with MeOTf in dry

Scheme 1 Reagents and conditions: i, (for 6a) DEAD, PPh3, AcSH, THF
(32%); (for 6b) Me2NCH(OEt)2, CH2Cl2, 40 °C (52%); ii, PBr3, THF–CCl4
(1 : 2, v/v) (7a = 94%, 7b = 62%); iii, AcSH, THF, Py or ACS2K+, THF
(6a = 94%, 6b = 89%); iv, CsOH, MeOH, then I2, Et2O (4a = 85%,
4b = 46%); v, Hg(OAc)2, AcOH–CHCl3 (44%); vi, P4S10, toluene, 100 °C
(6a = 28%, 4a = 37%)

Scheme 2 Reagents and conditions: i, MeOTf, CH2Cl2 (98%); ii, NaBH4,
PriOH–MeCN (1 : 8, v/v) (82%); iii, HBF4, Ac2O (83%); iv, Et3N, MeCN
(61%); v, MeO2Na+, MeOH–DMF (10 : 1, v/v) (63%)
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CH2Cl2 afforded the corresponding salt 8 quantitatively.
Reduction of the latter with NaBH4 in PriOH–MeCN at 0 °C
produced 9 in 82% yield. Subsequent conversion to the
1,3-dithiolium tetrafluoroborate 10 was performed under clas-
sical conditions (HBF4–Ac2O) (83% yield).17 Upon immediate
treatment of 10 with an excess of Et3N in MeCN, the TTF
derivative 11 was obtained in fairly good yield (61%). Finally,
transformation of 11 to the required target compound 3 could
also be carried out as indicated above for the analogous
conversion of 6 to 4, but the yields were improved (63%) by
treatment of 11 with MeO2 in MeOH–DMF, without isolation
of the dithiolate intermediate.¶

The cyclovoltammogram of 3 resembles that of TTF
derivatives, with two reversible oxidation peaks indicative of
the successive generation of stable radical cation 3·+ and
dication 32+, at potential values (Epa1 and Epa2) close to those
of their isomeric counterparts 1 (ET) and 2 (Table 1). This
p-donor behaviour is also confirmed by the ready formation of
black charge transfer salts upon oxidation with Br2, I2 and
TCNQ, and also upon electrooxidations in the presence of
various anions, structural studies of the resulting materials
being currently underway.

Notes and References
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Table 1 Oxidation peak potentialsa Epa1 and Epa2

E/V vs. SCEb

Compound Epa1 Epa2 DEp

BEDT-TTF 1 0.51 0.92 0.41
2 0.49 0.93 0.44
3 0.54 0.99 0.45

a Pt electrode, 20 °C, under nitrogen atmosphere, Bu4N+PF6
2 0.1 m in

CH2Cl2, scan rate 0.1 V s21, [compound] ≈ 1023 m. b Saturated calomel
electrode.
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Incorporation of hydrophobic helix-bundle peptides into lipid bilayer
membranes facilitated by a peptide-umbrella structure
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Hydrophobic helical peptides, which are covered by
hydrophilic peptides, are transferred into a phospholipid
bilayer to form helix-bundle structures as a consequence of
their peptide-umbrella structure.

The hydrophobic helix-bundle structure is one of the common
structures for membrane proteins found in nature, for example,
in receptors of peptide hormones1 and ion channels.2 Therefore,
phospholipid bilayer membranes embedded with helix-bundle
peptides are of research interest for developing information-
processing systems. However, a difficulty in the preparation of
the molecular system exists in the insolubility of hydrophobic
peptides in water, which restricts distribution of peptides in
water to a phospholipid bilayer membrane. For this reason,
water-soluble amphiphilic helical peptides have been synthe-
sized3 which form helix-bundle structures by association in
water, and which have their hydrophilic surface facing outward
and the hydrophobic surface facing inward. Generally, how-
ever, transfer of charged amino acid residues from the aqueous
phase to the hydrophobic core region of the membrane is
energetically unfavourable,4 and most of amphiphilic peptides
tend to stay at the membrane surface.5 To realize a transmem-
brane helix-bundle in high yield, hydrophobic helices may be
more favourable than amphiphilic helices,6 and thus the design
of hydrophobic helices able to be solubilized in water is
presented here.

We have conceived a novel class of peptide molecules that
mimic the structure of umbrellas, i.e. peptide molecules that are
composed of hydrophobic helices in a ‘handle’ structure with
hydrophilic segments shielding the helices. Upon binding to
phospholipid bilayer membranes, the hydrophobic helices are
inserted into the membrane vertically, with the hydrophilic
segments staying at the membrane surface or in the aqueous
phase just like an open umbrella. Regen7 also presented a
‘molecular umbrella’ concept, but their molecules are designed
for drug delivery and not for a functional membrane peptide.

In the present study, hydrophobic helix-bundle peptides were
designed and synthesized with an umbrella structure, and their
interaction with a phospholipid bilayer membrane was investi-
gated. The molecular structures of the peptides are shown in
Fig. 1. Two or three hydrophobic helices were connected
together through pentaoxyethylenebis(amine) or tris(3-amino-
propyl)amine in a parallel arrangement of helices. The hexa-
decapeptide –(Ala-Aib)8– was chosen as the hydrophobic helix
peptide because Boc–(Ala-Aib)8–OMe has been found to have
an a-helix conformation by X-ray diffraction8 and to form a
bundle structure for a voltage-dependent ion channel in a lipid
membrane.9 A naphthyl group was connected as a fluorescent
probe. Oligosarcosine chains were connected to the hydro-
phobic peptides (2aZ and 3aZ) to make them soluble in water
(2aS and 3aS). Nap–(Ala-Aib)8–OBz 1a (Nap represents a
b-naphthaleneacetic group) was used as a reference hydro-
phobic helix peptide. The peptides were synthesized via
conventional liquid phase methods.

The conformations of the peptides were investigated by
circular dichroism (CD) spectroscopy. The CD spectra of the
peptides showed a double-minimum pattern, indicating for-
mation of an a-helical conformation in MeOH solution (Fig. 2).
The helix content increases in the order 1a < 2aZ ≈ 2aS <
3aZ ≈ 3aS. It is considered that the presence of helix chains in
close proximity favours the formation of a helical conformation
due to Van der Waals interactions. On the other hand, the
introduction of oligosarcosine chains does not influence the
conformation of the peptides in MeOH (2aZ ≈ 2aS and 3aZ ≈
3aS), suggesting the absence of any interactions between the
oligosarcosine chains and the helix chains. However, in water

Fig. 1 Molecular structures of the hydrophobic helical peptides and peptide
umbrellas. The average degree of polymerization of Sar is 11 for 2aS and
9 for 3aS.

Fig. 2 CD spectra of the peptides in MeOH (3aZ and 3aS) or MeOH–EtOH
[2 : 1 (v/v), 1a, 2aZ and 2aS]: (a) 1a, (b) 2aS, (c) 2aZ, (d) 3aS and (e)
3aZ. Total concentration of Ala and Aib residues = 0.5 mm. The molar
ellipticity stems from the amino acid residues of the helix segments.
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the peptides show different CD spectra (Fig. 3). Compound 1a
showed very weak ellipticity due to low solubility in water.
Compound 2aZ showed a shoulder at 208 nm and a broad peak
centred at 228 nm, suggesting the occurrence of severely
distorted helices by strong aggregation in water. On the other
hand, 2aS shows the double-minimum pattern with increasing
negative intensity at 222 nm, suggesting a weak association of
helix chains in water.10 It is evident in these CD patterns that the
oligosarcosine chains of 2aS suppresses the strong aggregation
seen for 2aZ by increasing water solubility. Compounds 3aZ
and 3aS showed increasing negative intensity at 224 nm and
their CD patterns are similar to those of 2aS and 2aZ. The
oligosarcosine chains of 3aS should stabilize the helical
conformation of the peptide in water by avoiding strong
aggregation. Unexpectedly, 3aZ showed evidence of stable
helix-bundle structures in water. It is considered that the tertiary
amino group of the peptide increases the hydrophilicity of the
molecule to form a micelle structure via self-assembly, which
remains to be investigated.

The interactions of the peptides with DMPC liposomes was
investigated by CD spectroscopy (Fig. 4). Compound 1a
showed a double-minimum-type CD spectrum with increasing
negative intensity at 225 nm, indicating spontaneous distribu-
tion of the peptides to the membrane and formation of a helix-
bundle structure. On the other hand, CD spectra of 2aZ and 3aZ
showed a weak Cotton effect in the presence of DMPC
liposomes. The liposome suspension became turbid upon
addition of the peptides, indicating aggregation of liposomes
triggered by enhanced hydrophobic contact of liposomes and/or

membrane disorder caused by the hydrophobic peptides.
Notably, aggregation of liposomes was not induced by the
addition of 2aS or 3aS, and the peptides were taken in
spontaneously by the phospholipid membrane. Oligosarcosine
chains should suppress liposomal aggregation by making the
liposome surface hydrophilic. With 2aS and 3aS, the relative
molar ellipticity at 208 nm to that at 225 nm was smaller in the
presence of DMPC liposomes than in pure water, suggesting a
stronger aggregation of the helix chains in the lipid membrane
than in water.10

Distribution of the peptides into the phospholipid membrane
was also investigated by fluorescence quenching of the naphthyl
group with acrylmaide, which is a water-soluble quencher. The
Stern–Volmer constants11 for the collisional quenching process
KSV (mm21) were 8.3 for 2aS in buffer, 1.8 for 2aS with
liposome, 6.5 for 3aS in buffer and 2.1 for 3aS with liposome.
The lower KSV values in the presence of liposomes indicate that
the naphthyl groups are buried in the hydrophobic core region of
the membrane due to vertical insertion of the helices.

It is considered that the helix-bundle structure, in which the
peptide chains take a parallel arrangement, should function as
ion channels in the lipid membrane. Compound 3aS (0.026 mm)
was added to the bilayer lipid membrane (BLM) to measure the
current–voltage response. Current fluctuation at an applied
voltage of 190 mV was observed (Fig. 5). Current peaks of the
same level were observed frequently, but were not detected with
1a at the same concentraton. This indicates an important
contribution from the umbrella-like structure of 3aS in the
formation of the ion channel under a transmembrane electric
potential. An unusual observation was that the current fluctu-
ation was not a stepwise response typical of ion channels.
Probably, a part of the current response may be due to disorder
of the membrane produced by the peptide insertion.

This work is partly supported by Japan Securities Scholarship
Foundation.
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Fig. 3 CD spectra of the peptides in water: (a) 1a, (b) 2aS, (c) 2aZ, (d) 3aS
and (e) 3aZ. Total concentration of Ala and Aib residues = 0.5 mm.

Fig. 4 CD spectra of the peptides in the presence of DMPC liposomes: (a)
1a, (b) 2aS, (c) 2aZ, (d) 3aS and (e) 3aZ. [DMPC] = 1.0 mm. DMPC
liposomes were prepared by the sonication method using Tris buffer (0.01
m, pH 7.4) containing NaCl (0.1 m) and EDTA (0.1 mm). Total
concentration of Ala and Aib residues = 0.5 mm.

Fig. 5 Current fluctuation of the bilayer lipid membrane (BLM) in the
presence of 3aS. The membrane is made of soybean lectin and formed on
an aperture of 0.2 mm diameter. Aqueous solution contains 1 m KCl. A
membrane potential of 190 mV was applied using a salt bridge.
[3aS] = 0.026 mm.

364 Chem. Commun., 1998



MeMe CH2CN

(±)-CFTA Et ester (1)

(56% conversion)

3

i, ii
C

F

CO2Et

CN

CONHC

F

CN

Me

Me C

F

CN

CO2HMe C

F

CN

CO2Et

(R)-(+)-CFTA [(R)-2]

optically pure

 (R)-(+)-CFTA [(R)-2]

optically pure 

(S)-(–)-CFTA [(S)-2]

+

(R)-(+)-CFTA Et ester [(R)-1]

99% ee

(S)-(–)-CFTA [(S)-2]

78% ee

iv

vi

vii

iii

v

MeH

CO2RH

M
L

CO2RH

Me

CO2EtF

CN

Me

Empirical rule (S)-2-phenyl-
propionic ester

(S)-CFTA ethyl
ester [(S)-1]

Efficient synthesis of a new, highly versatile chiral derivatizing agent,
a-cyano-a-fluoro-p-tolylacetic acid (CFTA)

Yoshio Takeuchi,*a Miyuki Konishi,a Hitoshi Hori,a Tamiko Takahashi,a Tadashi Kometanib and Kenneth L.
Kirkc

a Toyama Medical and Pharmaceutical University, Sugitani 2630, Toyama 930-01, Japan 
b Toyama National College of Technology, Hongo 13, Toyama 939, Japan 
c Laboratory of Bioorganic Chemistry NIDDK, National Institutes of Health, Bethesda, MD, 20892, USA 

The new and versatile chiral derivatizing agent, a-cyano-a-
fluoro-p-tolylacetic acid (CFTA), has been efficiently syn-
thesized in optically pure form by Candida rugosa lipase-
mediated kinetic resolution of racemic CFTA ethyl ester, the
latter being readily prepared by fluorination of ethyl
a-cyano-p-tolylacetate with FClO3.

Rapid progress has been made in the development of techniques
for determination of ees of chiral molecules. However, despite
many advances, there are few agents that can be applied to a
broad spectrum of molecules encountered in modern synthetic
and analytical chemistry.1 We recently developed one such
agent, a-cyano-a-fluorophenylacetic acid (CFPA), which far
surpassed the capabilities of existing chiral derivatizing agents
(CDAs) with respect both to reactivity2 and resolution effi-
ciency.3 However, the involved synthesis of this agent has
precluded its general use. We now report a related CDA,
a-cyano-a-fluoro-p-tolylacetic acid (CFTA), that retains the
merits of CFPA but, through effective use of enzymatic
resolution, is readily available in its optically pure state.

Treatment of p-xylyl cyanide with CO(OEt)2 produced ethyl
a-cyano-p-tolylacetate which, in turn, was treated with FClO3†
to give CFTA ethyl ester 1 in excellent overall yield. Among
twenty commercial hydrolytic enzymes that were screened for
the enantioselective hydrolysis of 1, Candida rugosa lipase
(CRL)‡ gave the best results with respect to reactivity, although
the enantioselectivity (E value5 of ca. 3) was clearly insufficient
for our purposes. Fortunately, after much investigation, we
found that pre-treatment of CRL with PriOH improved the
enantioselectivity more than ten-fold, consistent with the
previous results obtained by Kazlauskas for the resolution of
2-aryl- and 2-aryloxy-propionic esters.6 Thus, hydrolysis of
racemic ester 1, catalysed by pre-treated commercial CRL [50%
(v/v) PriOH in 2-(N-morpholino)ethanesulfonate buffer solu-
tion (pH 6.0), according to the procedure of Kazlauskas], gave,
at 56% conversion, (R)-1 with an ee of 99% and (S)-CFTA
[(S)-2] with an ee of 78%, corresponding to an E value of 40
(Scheme 1). This dramatic increase in enantioselectivity can be
attributed to a change in stereostructure of CRL caused by
PriOH treatment, as demonstrated earlier by Kazlauskas (see
below).6

The R configuration of the remaining ester 1 was determined
by X-ray crystallographic analysis§ of the (S)-a-phenethyl-
amide 3 prepared from 1. Therefore, the more readily
hydrolysed ester has the S-configuration and (S)-2 is enriched in
the product. Kazlauskas proposed an empirical rule¶ to predict
the stereochemical outcome of ester hydrolysis catalysed by
PriOH-treated CRL, as shown in Fig. 1.7 The active site of the
CRL apparently accepts F as a replacement for H, with CN
corresponding to the medium-sized substituent.

(R)-CFTA [(R)-2] was obtained by LiOH hydrolysis of the
remaining ester (R)-1. The (S)-a-phenethylamine salt of (R)-2
and the (R)-a-phenethylamine salts of the (S)-2-enriched
hydrolysis product were each recrystallized from CHCl3–

hexane to afford optically pure enantiomers, the (R)-a-
phenethylamine salt of (S)-CFTA {mp 135–137 °C, [a]D

25
23.3

(c 0.99, MeOH)} and the (S)-a-phenethylamine salt of
(R)-CFTA {mp 135–137 °C, [a]D

25 +3.3 (c 0.99, MeOH)}. These
enantiomeric salts were treated with acid to afford (R)-CFTA
{[a]D

25 +36.8 (c 1.21, CHCl3)} and (S)-CFTA {[a]D
25
236.3 (c

1.05, CHCl3)} as colourless oils in isolated overall yields of 38
and 19%, respectively, from racemic CFTA ethyl ester.∑

Scheme 1 Reagents and conditions: i, NaH, CO(OEt)2, THF, reflux, 2 h,
98%; ii, NaH, THF, room temp., 1 h, then FClO3, room temp., 40 min, 90%;
iii, PriOH-treated CRL, isooctane, 1 m phosphate buffer (pH 7.0), 25 °C,
41% for (R)-1 (99% ee), 46% for (S)-2 (78% ee); iv, 1 m LiOH, THF–H2O
(1 : 1), room temp., 5 min, 100%; v, (S)-a-phenethylamine, DCC, CH2Cl2,
room temp., 6 h, 95%; vi, (S)-a-phenethylamine, recrystallization, then 1 m
HCl, 78%; vii, (R)-a-phenethylamine, recrystallization, then 1 m HCl,
41%

Fig. 1 Enantiopreference of PriOH-treated CRL-mediated kinetic hydrol-
ysis
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The chemical shift differences between the two diastereom-
ers (Dd values)** in both the 19F and 1H NMR spectra for
several CFTA and MTPA esters are shown in Tables 1 and 2,
respectively.†† The greater efficiency of CFTA compared to
MTPA in ee determinations is apparent from the much greater
Dd values consistently obtained for the CFTA derivatives.8–10

Furthermore, in addition to the greater magnitude of the Dd
values, the consistency of the sign of these shifts suggests that
the CFTA procedure is more reliable11 than the Mosher method
in assigning absolute configurations of secondary alcohols
based on 19F NMR8,9 and 1H NMR9,10 spectroscopy. We are
currently investigating in greater detail the relationship between

stereostructure and chemical shift value, especially in the 19F
NMR spectra.

We thank Ms H. Kakuda for the X-ray crystallographic
analysis of 3. This work was supported by a Grant-in-Aid from
the Ministry of Education, Science, Sports and Culture, Japan
and a grant from the Ciba-Geigy Foundation (Japan).
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† FClO3 gas diluted with N2 is safely and conveniently generated in
ordinary glassware by reaction of KClO4 with FSO3H (ref. 4).
‡ Lipase OF (CRL) was purchased from Meito Sangyo Co., Ltd.
§ Crystal data for 3: C18H17FN2O, M = 296.34, monoclinic, a = 9.647(2),
b = 17.686(3), c = 9.915(2) Å, b = 109.64(1)°, U = 1593.3(5) Å3,
T = 203 K, space group P21 (no. 4), Z = 4, m(Cu-Ka) = 0.698 mm21, 2626
reflections measured, 2469 reflections unique, 1322 reflections observed [I
> 3s(I)]. Two aryl groups (phenyl and p-tolyl) were disordered over two
positions with occupancies 0.5 for all disorder components. For this reason,
the R value was relatively high. The final cycle of full-matrix least-squares
refinement (for 218 parameters) was converged with Rw = 0.111,
R = 0.116. CCDC 182/709.
¶ The rule was derived from the results of enantioselective hydrolysis of 16
esters, where L is a large substituent such as Ar or OAr, and M is a medium-
sized substituent such as Me or OH (refs. 6 and 7).
∑ The enantiomeric purity of both (R)- and (S)-CFTA was determined to be
> 99.5% by comparison of the 1H and 19F NMR spectra of their cholesteryl
esters with those of the cholesteryl ester of recemic CFTA.
** The Dd value is defined as the difference in the 19F (F or CF3 signal for
CFTA or MTPA ester, respectively) or 1H (Me signal of R1 and R2) NMR
chemical shifts for the (S)-agent/(R)-alcohol diastereomer (dSR) and the
(R)-agent/(R)-alcohol diastereomer (dRR) for each CFTA or MTPA ester
(ref. 9).
†† The preparation of CFTA chloride and condensation of CFTA chloride
with chiral alcohols were carried out according to procedures described for
derivatization of CFPA (ref. 3).
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Table 1 19F NMR Chemical shift differences (DdF values in ppm) for
diastereomeric CFTA and MTPA esters

DdF = dSR2 dRR

R1 R2 CFTA ester MTPA ester

Me Et +0.09 0.00a

Me Pri +0.51 20.18a

Me C6H11 +0.32 20.05a

Me Ph +0.88 20.20a

Bornyl +0.71 +0.10b

Menthyl +0.58 20.12a

a Ref. 8. b Ref. 9.

Table 2 1H NMR Chemical shift differences (DdH values in ppm) for
diastereomeric CFTA and MTPA esters

DdH = dSR2 dRR

CFTA ester MTPA ester

R1 R2 Me of R1 Me of R2 Me of R1 Me of R2

Me Et +0.14 20.22 +0.13a 20.10a

Me Pri +0.16 20.19 +0.08a 20.08a

Me C6H11 +0.14 20.03 +0.08a —
Me Ph +0.10 — +0.06a —

Bornyl — 20.22c — 20.08b,c

Menthyl +0.03d 20.26e +0.03b,d 20.12b,e

20.19e 20.10b,e

a Ref. 10. b Ref. 9. c C1-Me. d C5-Me. e Me of Pri.
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A metallacyclic l5-phosphaalkenyl complex of ruthenium(ii): X-ray structure
of [Ru{k2-P(NO)CButC(NO)}(CNBut)2(PPh3)2]

Anthony F. Hill,*†a Cameron Jones,*‡b Andrew J. P. White,a David J. Williamsa and James D. E. T.
Wilton-Elya

a Department of Chemistry, Imperial College of Science Technology and Medicine, South Kensington, London, UK SW7 2AY 
b Department of Chemistry, University of Wales, Swansea, Singleton Park, Swansea, UK SA2 8PP 

The reaction of [Ru(PNCHBut)Cl(CO)(PPh3)2] 1 or
[Ru(PNCHBut)Cl(CNBut)(CO)(PPh3)2] 2b with excess piv-
alo isonitrile under aerobic conditions provides the novel
metallacyclic l5-phosphaalkenyl-P complex [Ru{k2-
P(NO)CButC(NO)}(CNBut)2(PPh3)2], which has been
crystallographically characterised.

The l3-phosphaalkenyl-P complex [Ru(PNCHBut)Cl-
(CO)(PPh3)2] 11 is intriguing in that despite effective atomic
number considerations for ruthenium, both the spectroscopic
features and the emerging reactivity profile2–4 point to a
nucleophilic phosphorus centre (A). The RuCl(CO)(PPh3)2

fragment, possessing 15 valence electrons might be expected to
commandeer three electrons from the phosphaalkenyl ligand B
and thereby enforce linearity and attendant electrophilic
character at phosphorus. This is, however, not the case. We have
interpreted this counter-intuitive behaviour with reference to a
similar dichotomy which prevails for nitrosyl ligands bound to
metal centres with high d-occupancies.1 One aspect of the
‘semi-bent’ nature of the phosphaalkenyl ligand in 1 is that the
ruthenium centre readily, though reversibly, accepts two-
electron ligands, resulting in a metal centre which requires bent
(one-electron) phosphaalkenyl coordination. The resulting
nucleophilic nature of the phosphorus centre has been demon-
strated by its reduction to a complex of the unusual fluoro-
phosphine ButCH2PHF ligand via the reaction of the isonitrile
adduct [Ru(PNCHBut)Cl(CNC6H3Me2-2,6)(CO)(PPh3)2] 2a
with HBF4.2 Herein we wish to report a curious transformation
of 1 into a metallacyclic phosphaalkenyl complex 3. This is
accompanied by oxidation of the phosphorus from l3 to l5 (C),
resulting in a rare example of a trigonal phosphorus centre
surrounded by three p-interactive substituents. A notable
feature of 3 is that it is, we believe, the first example of a
l5-phosphaalkenyl-P complex.

Whilst complex 1 readily forms a 1 : 1 adduct 2a with
CNC6H3Me2-2,6, the same reaction with pivalo isonitrile
(CNBut) is somewhat more complex. Under strict control of
reagent stoichiometry and reaction conditions it is possible to
prepare the adduct [Ru(PNCHBut)Cl(CNBut)(CO)(PPh3)2] 2b,
spectroscopic data for which are comparable to those for 2a.§
On occasion however, complex 2b is contaminated with a
second product, which is also formed in low yield from 2b on
standing in solution. This second compound is the exclusive

product if an excess of CNBut is used, under aerobic conditions.
Spectroscopic data§ and a crystallographic study (Fig. 1)¶
confirm the identity of the new compound as the novel
metallacyclic l5-phosphaalkenyl-P complex [Ru{k2-P(NO)C-
ButC(NO)}(CNBut)2(PPh3)2] 3. Of note amongst the spectro-
scopic data for 3, is the 31P{1H} NMR resonance for the
phosphaalkenyl centre which appears as a triplet [d 47.0 2J(P2P)
25.2 Hz], to substantially higher field of those observed for 2b
[d 389.8 2J(P2P) 11.7 Hz] or 1 [d 450.4 2J(P2P) 10.0 Hz]. The
phosphoryl group contributes to a strong absorption in the
infrared spectrum at 1198 cm21(Nujol), whilst the acyl group is
apparent at 1644 cm21. All other spectroscopic data are as
expected and unremarkable.

The geometry at ruthenium is essentially octahedral with cis-
interligand angles in the range 85.2(2)–96.1(3)°, the exception
being P(1)–Ru–C(2) which is contracted to 66.5(2)° by virtue of
the constraints of chelation. The two ruthenium isonitrile
distances are 1.988(10) and 2.037(10) Å suggesting that the
trans influence of the phosphaalkenyl ligand is comparable to
that of the acyl component of the metallacycle. The principle
structural feature of interest is the metallacycle, the unsaturation
of which is reflected in the coplanarity to within 0.03 Å of the
atoms C(5), C(1), P(1) O(3), C(2), O(4) and Ru, a planarity
which extends to include the CN groups of the isonitriles.
Owing to the novelty of 3, very little directly comparable
structural data exists. Two metallacyclic l3-phosphaalkenyl
complexes have been structurally characterised (D5 and E),6

Fig. 1 Crystal structure of 3
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though perhaps more relevant here are the structural features of
the phosphaalkene complexes [Ru{P(AuPPh3)NCHBut}Cl2-
(CO)(PPh3)2] 43 and [Ru(PMeNCHBut)ClI(CO)(PPh3)2] 54

where the Ru–P separations are 2.296(2) and 2.280(2) Å,
respectively. The Ru–P(1) bond length of 2.350(2) Å in 3 thus
indicates a substantially reduced degree of Ru–P multiple bond
character, consistent with a perhaps surprising decrease in
apparent p-acidity for the l5-phosphorus centre, notwithstand-
ing the perturbations associated with chelation. This counter-
intuitive result is possibly due to the co-ordination of a
competitive p-acceptor trans to P(1), whilst the phosphaalkene
ligands in 4 and 5 are trans to p-donor ligands. The P(1)–C(1)
separation of 1.713(11) Å is marginally longer than the PNC
bond lengths of 1.664(9) and 1.657(8) Å, found for 4 and 5,
respectively but falls within the range 1.68–1.72 Å found for
free phosphaalkenes,7 indicating substantial double bond char-
acter. In contrast the C(1)–C(2) bond at 1.54(1) Å is long for a
single Csp2–Csp2 bond length.

It remains for the mechanism to be established whereby 3
forms from 1 or 2b, however we would make the following
points which taken together support the route proposed in
Scheme 1. The reaction proceeds in polar solvent mixtures
suggesting ruthenium–chloride ionisation occurs. This is sup-
ported by the formation and isolation of the salt cis,cis,trans-
[Ru(PNCHBut)(CO)(CNBut)2(PPh3)2]Cl 4§ when 1 is treated
with 2 equiv. of pivaloisonitrile and isolated immediately. The
b-position of vinyl ligands is typically nucleophilic in nature, in
particular for later transition metals, and it seems reasonable to
expect a similar property for phosphavinyl ligands. The
carbonyl ligand will be activated towards nucleophilic attack as
a result of the complex being cationic. Ring closure could
provide the saturated metallacycle shown, and the proton which
is a to both phosphorus and a carbonyl group would be expected
to be acidic. Deprotonation then leads to unsaturation of the
metallacycle. The aerial oxidation of the phosphorus centre is,
in contrast to 1, an endearing feature of which is its remarkable
aerobic stability. Nevertheless, the Ru(CNBut)2(PPh3)2 frag-
ment would be expected to be particularly p-basic, activating
the p-acid phosphorus centre towards oxidation. Notably the
conversion of 4 to 3 is accelerated by addition of a non-
nucleophilic base (DBU). We have so far been unsuccessful in
isolating the intermediates between 4 and 3, however the
alternative route of deprotonation prior to cyclisation seems less
favourable, given that it would produce a 20-valence electron
phosphaalkyne complex of zerovalent ruthenium.8

The chemistry of l3 phosphaalkenyl ligands has seen
substantial growth in recent times.1–6,9 With the advent of a l5

example, it will be interesting to see how their respective
coordination chemistries compare.
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Notes and References

† E-mail: a.hill@ic.ac.uk
‡ E-mail: c.a.jones@swansea.ac.uk
§ Selected data for new complexes [25 °C, IR Nujol(CH2Cl2), NMR
(CDCl3), satisfactory microanalytical data obtained]. 2b: IR: 2148 (2148)
[n(CN)], 1930 (1961) [n(CO)] cm21. NMR: 1H d 0.79 (s, 9 H, PCCCH3),
0.97 (s, 9 H, NCCH3), 7.24–7.95 (m, 31 H, C6H5 + PNCH) 31P{1H} d 389.8
[t, 2J(P2P) 11.7 Hz], 24.6 [d, 2J(P2P) 11.7 Hz]. FABMS: m/z 874 [MH]+,
772 [MH 2 HPNCHBut]+, 744 [MH 2 HPNCHBut 2 CO]+, 709 [MH 2
HPNCHBut 2 Cl 2 CO]+. 3: IR: 2169, 2028 (2171, 2038) [n(CN)], 1644
(1606) [n(CO)] cm21. NMR 1H d 0.61 (s, 9 H, PCCCH3), 0.86 (s, 9 H,
NCCH3), 1.27 (s, 9 H, NCCH3) 7.27–8.09 (m, 30 H, C6H5). 31P{1H} d 47.0
[t, 2J(P2C) 25.2 Hz], 31.2 [dd, 2J(P2P) 25.2, 8.4 Hz]. FABMS: m/z 856 [M
2CNBut]+, 602 [M 2CNBut2 PPh3]+. 4: IR: 2184(sh), 2163 (2179, 2156)
[n(CN)], 2003, 1980(sh) (2021) [n(CO)] cm21. NMR: 1H d 0.66 (s, 9 H,
PCCCH3), 0.96 (s, 9 H, NCCH3), 1.18 (s, 9 H, NCCH3), 7.32–7.76 (m, 31
H, C6H5 + PNCHBut). 31P{1H} d 336.9(s), 33.5(s). FABMS: m/z 921 [M]+,
838 [M 2 CNBut]+, 810 [M 2 CNBut] 2 CO]+, 530 [M 2 CNBut 2

PPh3]+.
¶ Crystal data for 3: C52H57N2O2P3Ru·CH2Cl2, M = 1020.9, triclinic,
space group P1̄ (no. 2), a = 13.616(1), b = 14.629(2), c = 15.473(3) Å,
a = 89.93(1), b = 89.39(1), g = 66.72(1)°, U = 2830.9(7) Å3, Z = 2, Dc

= 1.198 g cm23, m(Cu-Ka) = 42.0 cm21, l = 1.54178 Å, F(000) = 1060.
A colourless prism of dimensions 0.27 3 0.20 3 0.05 mm was used. Data
were measured on a Siemens P4/PC diffractometer with graphite mono-
chromated Cu-Ka radiation (w-scans). 7804 Independent reflections were
measured (2q @ 116°) of which 5605 had ıFoı > 4s(ıFoı) and were
considered to be observed. The structure was solved by direct methods and
all the major occupancy non-hydrogen atoms of the complex were refined
anisotropically by full-matrix least squares based on F2 using absorption-
corrected data to give R1 = 0.082, wR2 = 0.205 for the observed data and
530 parameters. The somewhat high R factors are a consequence of disorder
in the But substituents and the included solvent molecule. CCDC
182/727.
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LiR2R1SnCl3   + )3SnR1(R2

1

i

)3SnR1(R2
H2O

H– R2
[(R1Sn)12(µ3-O)14(µ-OH)6](OH)2

a R1 = Bu

b R1 = 4-(CH2=CH)C6H4(CH2)4

c R1 = AcO(CH2)5

d R1 = MeCH=CHCO2(CH2)5
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New route to monoorganotin oxides and alkoxides from trialkynylorganotins

Pascale Jaumier,a Bernard Jousscaume,*a Mohammed Lahcini,b François Ribotc and Clément Sanchezc

a Laboratoire de Chimie Organique et Organométallique, URA 35 CNRS, Université Bordeaux I, 351, cours de la Libération,
33504-Talence-Cedex, France
b Laboratoire de Chimie, Université Cadi Ayyad, Avenue A. Khattabi, BP 618, Marrakech, Morocco
c Laboratoire de Chimie de la Matière Condensée, URA 1466 CNRS, Université P. et M. Curie, T54-E5, 4, place Jussieu,
75252-Paris Cedex 05, France

Functional monoorganotin oxides and alkoxides are synthe-
sised in high yield by hydrolysis or alcoholysis of the
corresponding trialkynylorganotins; the hydrolytic behav-
iour of trialkynylorganotins is the same as for
trialkoxyorganotins.

Most metallic oxides can be prepared by the sol–gel process, the
starting materials being usually metallo-organic compounds
such as alkoxides.1 Hydrolysis and condensation reactions of
these precursors lead to the formation of a metal–oxo based
macromolecular network. Generally, these sol–gel derived
materials are subject to shrinkage and cracking upon solvent
removal. Incorporation of organic phases, linked to the metal
either by metal–oxygen–carbon or metal–carbon bonds, allows
a strong improvement of the mechanical properties of the
resulting hybrid materials.2,3 These types of materials have been
extensively studied with silicon,3,4 which forms hydrolytically
stable metal–carbon bonds. As tin affords such stable bonds,
and changes its coordination number and oxidation state more
readily than Si, organotin oxide derived hybrid materials should
show interesting properties. So far, few tin based hybrids have
been developed using functional organotin trialkoxides as
precursors.5 However, these precursors offer only a limited
number of polymerizable or reactive organic functionalities.5,6

Indeed, alkene-type double bonds could be introduced in the
precursors but ester groups were found to be incompatible with
both available methods of preparation of organotrialkoxytins.
Reaction of w-(alkoxycarbonylalkyl)trichlorotins with tert-
amyl alcohol in the presence of diethylamine7 did not lead to
completion because the coordination of the metal by the
functional group decreases its electrophilic properties. On the
other hand, with sodium tert-amylate, intractable compounds
were only obtained.8

Thus, other precursors, filling several requirements were
sought for: they should be cleaved by water, prepared from
conveniently obtained trichlorides and, finally, they should be
as tolerant as possible towards functional groups. As alkynyltins
are moisture sensitive compounds, alkynyl groups were thought
to be good replacements for alkoxy groups. Actually, the
hydrolysis of the tin–alkynyl bond is the reverse reaction of the
useful access to alkynyltins by reaction of stannoxanes or
alkoxyorganotins with terminal alkynes.9

Treatment10 of functional trichloroorganotins6 with 3 equiv.
of hex-1-ynyllithium (Scheme 1) led to the corresponding
alkyltrialkynyltins in good yields. They were stable enough to
be manipulated in the air for short periods of time and to be
purified by column chromatography on Florisil. Main results
are presented in Table 1.

Upon hydrolysis (Scheme 2), either in chloroform with
aqueous THF or in aqueous alcohols, tin–alkynyl bonds were
cleaved and Sn–O–Sn bonds were formed. For alkyltrialkynyl-
tins, R1Sn(C·CR2)3, solution 119Sn NMR spectroscopy of the
hydrolysed product showed two equally intense sharp signals at
d ca. 2280 and 2450, accompanied by two sets of satellites
corresponding to 2J(Sn–Sn) coupling constants of ca. 200 and
380 Hz.† These peaks are characteristic of the closo cluster
[(R1Sn)12(m3O)14(m2OH)6](OH)2,12,13 where six tins are five-
coordinate and six are six-coordinate. This compound was
previously obtained from the hydrolysis of tris(isopropoxy)-
butyltin.13 Thus, as these trialkynylorganotins behave similarly
to the corresponding trialkoxides, alkynyl groups appear to be
the viable substitutes for alkoxy groups. Moreover, substitution
of the alkynyl moiety by alkyl or aryl groups has no influence on
the reaction as tris(phenylethynyl)-, tri(hex-1-ynyl)- and tri-
(prop-1-ynyl)-butyltins were hydrolyzed at about the same
rate.

With 3-acetoxypropyl as substituent at the metal, a soluble
oxo-polymer‡ in which all tin atoms are six-coordinate, a
precursor of the corresponding organostannoic acid, was
formed. The strong coordinating effect14 of the functional group
disfavors five-coordinate tin and formation of the correspond-
ing closo cluster.

Reaction of trialkynylorganotins with alcohols was also
studied (Scheme 3). To our knowledge, cleavage of [4-(ethenyl-
oxy)but-1-ynyl]triethyltin with butanol giving butoxytriethyltin

Scheme 1 Reagents and conditions: i, toluene, 278 °C to room temp., 5 h;
purification by chromatography on Florisil

Table 1 Preparation of trialkynylorganotins

R1 R2 Yield (%)a

Me Ph 71b

Bu Me 83b

Bu Bu 79b

Ph Bu 75b

4-(CH2NCH)C6H4(CH2)4 Bu 60c

MeO2C(CH2)2 Bu 36
AcO(CH2)3 Bu 45
AcO(CH2)5 Bu 42
MeCHNCHCO2(CH2)5 Bu 46

a Compounds 1 were isolated and fully characterised by 1H, 13C, 119Sn
NMR spectroscopy and mass spectrometry. b Chromatography was not
necessary. c This compound was obtained by direct alkylation of a
tetraalkynyltin.11

Scheme 2 Reagents and conditions: aqueous THF, 20 °C, 12 h
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R3OH

– R2 H

was the only previous example of this reaction.15 When primary
or secondary alcohols were used, cleavage of alkynyl groups
occurred readily upon moderate heating. Tertiary alcohols were
not acidic enough to be useful. In this way, trialkoxymethyl- and
trialkoxybutyl-tins16 were prepared in good yields and results
are presented in Table 2. The results show the higher reactivity
of trialkynylorganotins compared to organosilanes. Indeed, Si–
alkynyl bonds can be cleaved by alcohol molecules, but only at
80 °C and in the presence of F2 as catalyst.17

These results show that alkynyl derivatives of tin can be used
instead of the corresponding alkoxides in sol–gel process and
that these alkynyl derivatives are also good precursors of
alkoxides. Moreover, these new precursors offer wide scope of
opportunities for the introduction of a variety of organic
functionalities inside tin oxide based hybrid materials.

Notes and References

* E-mail: b.jousseaume@lcoo.u-bordeaux.fr
† 119Sn NMR [74.6 MHz, CDCl3, 2J (119,117Sn–119Sn)/Hz] 2a d 2282.2 (J
380, 177), 2449.0 (J 380, 205); 2b d 2280.0, 2470.4 (unresolved
satellites); 2c d 2280.7 (J 373, 178), 2443.7 (J 373, 207); 2d d 2282.2,
2449.0 (unresolved satellites).

‡ 1H NMR (250 MHz, CDCl3) d 1.0 (2 H, br). 1.9 (2 H, br), 2.0 (3 H, br),
4.1 (2 H, br); 13C NMR (62.9 MHz, CDCl3) d 20.3, 21.6, 25.1, 67.8, 171.1;
119Sn NMR (74.6 MHz, CDCl3) d 2465 (0.5 Sn), 2490 (0.5 Sn).
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Scheme 3 Reagents and conditions: cyclohexane, 60 °C, 16 h; the
compounds were purified by distillation

Table 2 Preparation of trialkoxyorganotins

R1 R2 R3 Yield (%)a

Bu Me Bus 55
Bu Me Bui 76
Bu Me CH2Ph 80
Me Ph Bus 50
Bu Ph Pri 59
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Isonitrile gold(i) nitrates as precursors for iron oxide-supported gold catalysts
for CO oxidation
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b Industrial Research Limited, Box 31-310, Lower Hutt, New Zealand

The synthesis and X-ray crystal structure of [Au(NO3)(CN-
But)] are reported, a first for a C- and O-bonded gold(I)
species; it is an effective precursor for chemical deposition of
gold on iron oxide to give catalysts which efficiently oxidise
CO in air at low temperatures.

Haruta et al. have shown that finely-divided metallic gold on
iron oxide catalyses the oxidation of CO to CO2 in air at ambient
pressures and at temperatures as low as 270 °C, a process of
technological importance for the removal of CO.1,2 Originally,
preparations involved co-precipitation from solutions of AuIII

and FeIII followed by heating to generate gold particles on the
iron oxide surface.1 This process requires careful control of the
rates of addition and pH to ensure active catalysts, and thorough
washing to remove chloride ions which poison the catalyst.
More recently a new approach involving vapour deposition of
[AuMe2(acac)] onto TiO2 has given active catalysts for CO
oxidation.3

We are exploring an alternative method of catalyst prepara-
tion, using organometallic gold compounds as substrates for
deposition. The ideal precursor should be readily prepared,
should be adsorbed efficiently onto the metal oxide/hydroxide
surface, and preferably should not contain elements such as Cl,
S or P which may act as catalyst poisons. Iwasawa and
coworkers4 have prepared active catalysts by adsorption of
[Au(NO3)(PPh3)] onto iron hydroxide followed by calcination,
which suggests that phosphorus can be tolerated. Here, we
report our parallel studies on the use of the novel gold(i)
complex [Au(NO3)(CNBut)] 1, for this purpose.

Complex 1 is prepared from AgNO3 and [AuCl(CNBut)] in
CH2Cl2–MeOH at 245 °C.† After removal of AgCl from the
mixture, 1 can be isolated in reasonable yield (65%) as
colourless crystals. The compound is thermally- and light-
sensitive but can be readily handled as a solid at room
temperature with suitable precautions, and can be stored
indefinitely in the dark at 220 °C. Solutions of 1 in CH2Cl2
show signs of decomposition after ca. 15 min at room
temperature, while MeOH solutions deteriorate much more
rapidly. Characterisation of 1 included a single-crystal X-ray
structure analysis,‡ which confirms it as the first example of a
gold(i) complex with both Au–O and Au–C bonds, incorpor-
ating a normal ButNC ligand and an h1-NO3 ligand about an
essentially linearly coordinated gold atom. The only previous
example of a gold(i) nitrate complex to be structurally
characterised is [Au(NO3)(PPh3)];5 the Au–ONO2 fragments of
the two are very similar.

The major structural interest is in the cell packing and inter-
molecular association which is clearly controlled by secondary
Au···Au interactions, as expected from the recent structural and
theoretical work on ‘auriophilicity’ from the groups of Schmid-
baur,6 Pyykkö7 and others.8 As shown in Fig. 1, compound 1
adopts a puckered chain arrangement with adjacent parallel
monomers packing head-to-tail with alternating ButNC and
NO3

2 ligands. The alternating Au···Au interactions are 3.296(1)
and 3.324(1) Å, which are the shortest yet reported for a chain
structure involving Au(CNR)X species, distances less than this
having been found mainly for compounds which pack as dimers

or tetramers.6 For 1 the short distances are presumably
encouraged by the small ligands with low electron-donating
tendencies. For comparison the Au···Au distances in the chains
found for [Au(CN)(CNBut)] are 3.568 Å and those in
[AuCl(CNBut)] are 3.695 Å.9,10

The corresponding [Au(NO3)(CNEt)] complex was isolated
similarly, but so far we have only been able to isolate the
[Au(CNC6H3Me2-2,6)2]NO3 compound from analogous reac-
tion mixtures; these structures will be reported separately.

Preparation of a catalyst for CO oxidation from 1 was
straightforward.§ A sample of 1 was added to a slurry of freshly
precipitated4 Fe(OH)3 in acetone to give a ca. 3% Au : Fe2O3
ratio by mass in the final product. The gold complex appears to
be completely adsorbed onto the solid phase. The suspension
was dried by evaporation under vacuum and heated at 400 °C in
air for 2 h to convert the adsorbed gold to the metallic state,
giving a brown powder. The presence of gold in the sample was
confirmed by bulk EDAX analysis, but individual particles of
gold were not visible under the scanning electron microscope,
suggesting that they were smaller than ca. 4 nm, the maximum
resolving power available to us. Haruta has shown that highest
activity is associated with small gold particle size.1

To test the catalytic activity a 10 mg sample was placed in a
micro-reactor and a stream of CO (1%) in air was passed
through it at 2 ml min21. The effluent stream was monitored by
a fuel-cell based detector which showed complete conversion of
CO was achieved down to 25 °C, the lowest temperature so far
examined. Catalytic activity continued without diminution for
many hours.

Fig. 1 The packing of [Au(NO3)(CNBut)] 1 along one chain. Selected
bond parameters: Au–C(1) 1.92(1), Au–O(1) 2.062(9), C(1)–N(2) 1.13(2),
Au···AuA 3.2955(8) Au···AuB 3.3243(8) Å; C(1)–Au–O(1) 176.3(4),
AuA···Au···AuB 142.27(3)°. Symmetry operations: AuA2x, 1 2 y, 1 2 z; AuB
1 2 x, 1 2 y, 1 2 z.
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It is worth noting that a catalyst prepared in the same way
from [AuCl(CNBut)] displayed no catalytic activity towards
CO oxidation, even at 100 °C.

In conclusion, we have shown that isonitrile gold nitrates are
stable enough for characterisation, that 1 packs with short
Au···Au distances, and that chemical deposition of 1 on iron
hydroxide provides a simple route to a highly active oxidation
catalyst for CO.

We thank Associate Professor Cliff Rickard and Allen
Oliver, University of Auckland, for collection of X-ray intensity
data.
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* E-mail: b.nicholson@waikato.ac.nz
† Synthesis of [Au(NO3)(CNBut)]. An argon-flushed Schlenk flask
containing AgNO3 (0.30 g, 1.8 mmol) in MeOH (30 ml) was covered in foil
to exclude light, and cooled to 245 °C. To this stirred solution was added
[AuCl(CNBut)] (0.45 g, 1.4 mmol) in CH2Cl2 (10 ml) with the temperature
maintained at 245 °C. The mixture was stirred for 30 min. The solvent was
evaporated under vacuum and the residue extracted with cold CH2Cl2 (5
ml). The filtered extract was treated with light petroleum (60–80 °C
fraction) to precipitate [Au(NO3)(CNBut)] (0.32 g, 65%) as a colourless,
microcrystalline powder after drying under vacuum. Found: C, 17.76; H,
2.47; N, 8.30%. Calc. for C5H9AuN2O3: C, 17.55; H 2.65; N, 8.19%. IR
(KBr disk, cm21): 2258 [n(C·N)], 1512, 1272, 977 (monodentate NO3

2

ligand11). NMR (CDCl3): 1H d 1.60 (s, But); 13C d 29.7 [s, (CH3)3CNC],
60.1 [s, (CH3)3CNC], 122.2 [t, 1JC·N 24 Hz, (CH3)3CNC]. WARNING:
The crystals decompose violently without melting at ca. 118 °C. X-Ray
quality crystals were obtained by slow diffusion of light petroleum into a
CH2Cl2 solution of the complex. 
‡ Structure of [Au(NO3)CNBut]. C5H9AuN2O3, M = 342.11, monoclinic,
space group P21/n, a = 6.2642(1), b = 13.5595(3), c = 10.6118(1) Å, b =
102.18(1)°, U = 881.07(3) Å3, Z = 4, Dc = 2.579 g cm23, l = 0.710 73
Å. T = 203(2) K, m(Mo-Ka) = 16.661 mm21, F(000) = 624. Data were
collected on a Siemens SMART diffractometer using a crystal of
dimensions 0.43 3 0.34 3 0.23 mm. A total of 4203 reflections were
collected to 2q = 56°, 1921 unique (Rint = 0.0552), and were corrected for
absorption using SADABS (Tmax, min 0.102, 0.023). The structure was
solved by Patterson methods and refined on F2 to R1 = 0.0574 [1645 data
with F > 4s(F)], wR2 = 0.1543, GoF = 1.002 (all data). Largest final
features were +4.1, 23.9 e Å23, adjacent to the gold atom. All calculations
were with the SHELX-96 suite of programs.12 CCDC 182/738.
§ Preparation of the catalyst. Iron(iii) hydroxide was freshly prepared by
adding a solution of sodium carbonate to a solution of iron(iii) nitrate.4 The

precipitate was thoroughly washed and then suspended in acetone.
Sufficient solid [Au(NO3)(CNBut)] was added to give an Au/Fe2O3 ratio of
3% by mass and the slurry was stirred for 10 h. The acetone was pumped
away under vacuum and the residue was heated in air for 2 h at 400 °C to
convert the adsorbed gold complex to metallic gold particles, and the
Fe(OH)3 to Fe2O3.
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1993, 1812; P. Pyykkö and Y. F. Zhao, Angew. Chem., Int. Ed. Engl.,
1991, 30, 604.

8 S. S. Pathaneni and G. R. Desiraju, J. Chem. Soc., Dalton Trans., 1993,
319; M. J. Calhorda and L. F. Veiros, J. Organomet. Chem., 1994, 478,
37; L. F. Veiros and M. J. Calhorda, J. Organomet. Chem., 1996, 510,
71; D. M. P. Mingos, J. Chem. Soc., Dalton Trans., 1996, 561.

9 C. M. Che, H. K. Yip, W. T. Wong and T. F. Lai, Inorg. Chim. Acta,
1992, 197, 177

10 D. S. Eggleton, D. F. Chodosh, R. L. Webb and L. L. Davis, Acta
Crystallogr., Sect. C, 1986, 42, 36.

11 K. Nakamoto, Infrared and Raman spectra of inorganic and coordina-
tion compounds, John Wiley and Sons, New York, 3rd edn., 1977,
p. 244–246.

12 G. M. Sheldrick, SHELX-96, Programs for X-ray Crystallography,
University of Göttingen, 1996.

Received in Cambridge, UK, 20th October 1997; 7/07522G

372 Chem. Commun., 1998



                 

350 400 450 500 550 600 650
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

l / nm

A
bs

or
pt

io
n

300250200150100
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

p / atm

c 
/ M

High solubility of UO2(NO3)2·2TBP complex in supercritical CO2

Mike J. Carrott,a Brenda E. Waller,a Neil G. Smartb and Chien M. Wai*a

a Department of Chemistry, University of Idaho, Moscow, ID 83844, USA 
b Research and Technology, BNFL, Sellafield, Cumbria, UK CA20 1PG 

UO2(NO3)2·2TBP is highly soluble in supercritical CO2, with
concentrations of 0.0025–0.4981 M attainable at modest
temperatures and pressures, demonstrating that super-
critical CO2 can provide a viable substitute for organic
solvents used in nuclear fuel processing.

Recently there has been growing interest in the use of
supercritical CO2 for extracting metals and radioisotopes from
waste materials. This technology is particularly attractive to the
nuclear industry, where the replacement of organic solvents
with supercritical CO2 has the potential to minimize or
eliminate the secondary waste produced by conventional
extraction techniques, such as the PUREX process. Metal ions
in solid and liquid matrices can be extracted by supercritical
CO2 using the in situ chelation method originally reported by
Wai and coworkers.1 This method neutralizes the charge on the
metal using organic ligands dissolved in supercritical CO2, to
produce soluble metal chelates. A recent review reported the
solubility data available to date for 49 metal chelates in CO2,2
however, the low solubility of many metal chelates in
supercritical CO2 is a major limitation of this method for
practical metal processing. This problem has been partially
overcome by the use of fluorinated ligands which have been
shown to enhance the solubility of the resulting metal chelate by
over two orders of magnitude.3 Supercritical CO2 has already
been successfully applied to the extraction of U, Th and
lanthanides from liquid and solid matrices using fluorinated
b-diketone ligands.4,5 Recent work has shown that UO2

2+ and
Th4+ can be effectively extracted from nitric acid solution using
CO2 modified with tributylphosphate (TBP).6,7 The uranyl
species extracted by supercritical CO2 is a neutral uranyl
nitrate–TBP complex, UO2(NO3)2·2TBP, which is identical to
the species extracted in the PUREX process using 20% TBP in
kerosene.

SFE offers several advantages over conventional solvents
employed in the PUREX process, the most important of which
is the potential to minimize the amount of secondary waste
generated by reprocessing spent fuel. Since the solvating power
of supercritical CO2 is density dependent, extracted species are
easily recovered by expanding the fluid to atmospheric
pressure, thus precipitating the solutes and allowing the CO2 to
be recycled. In addition CO2 is inexpensive, non-toxic and
stable under high radiation.

In order to develop models for the extraction process and
assess the feasibility of using CO2 to replace organic solvents in
the PUREX process, solubility data for the complex in
supercritical CO2 is essential. Here we report the first solubility
measurements for UO2(NO3)2·2TBP in supercritical CO2.

UO2(NO3)2·2TBP was prepared using a similar method
reported for the synthesis of the triphenylphosphine analog.8
Approximately 2 g of UO2(NO3)2·6H2O were placed in a 200
ml round bottomed flask, 2 mol equiv. of TBP in 100 ml hexane
were added and the mixture stirred for ca. 2 h at room
temperature. When the uranyl nitrate had dissolved, the organic
phase was separated from the water of hydration displaced by
TBP, and the solvent evaporated to yield the product as a
viscous yellow oil. The product was further purified by
dissolving in ca. 15 ml hexane, freezing to 250 °C to crystallize

the complex and cold filtering. This process was repeated three
times to remove excess TBP. Thin film IR spectra of the liquid
phase were obtained using NaCl plates; cm21: 2962s, 2878s,
1526s, 1355w, 1281m, 1192s, 939m, and the absorption bands
are in good agreement with those reported by Auwer et al.9

The solubility of UO2(NO3)2·2TBP in supercritical CO2 was
determined by UV–VIS spectroscopy,† over a pressure range of
100–300 atm and at temperatures of 40, 50 and 60 °C. Prior to
the solubility measurements the molar absorptivity of the
complex at 411 nm was determined using standards of
UO2(NO3)2·2TBP in hexane,‡ and found to be 8.77 l mol21

cm21 at 411 nm. Using Beer–Lambert’s law the concentration
of the complex in supercritical CO2 was calculated from
subsequent spectroscopic measurements. A typical UV–VIS
spectrum of UO2(NO3)2·2TBP in supercritical CO2 is shown in
Fig. 1. The solubility curves for UO2(NO3)2·2TBP under the
conditions investigated are presented in Fig. 2. It can clearly be
seen that the solubility of the complex increases dramatically
with pressure, particularly at low temperatures. At 40 °C the
concentration of UO2(NO3)2·2TBP in CO2 increases from
0.0025 m at 100 atm to 0.4291 m at 225 atm, corresponding to
2.31 and 397.3 g l21 respectively, and represents an increase in

Fig. 1 UV–VIS spectrum of UO2(NO3)2·2TBP in supercritical CO2

Fig. 2 Solubility of UO2(NO3)2·2TBP in supercritical CO2 at 40 °C (/), 50
°C (-) and 60 °C (~ )
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solubility over two orders of magnitude. Similar curves were
obtained at 50 and 60 °C, although the solubility was observed
to decrease with increasing temperature. This effect is due to the
lower density and hence decreased solvating power of the fluid
at higher temperatures. At 50 and 60 °C no appreciable
solubility ( < 0.001 m) was observed below 125 atm, but the
concentration of UO2(NO3)2·2TBP increased rapidly in excess
of 0.2 m at 240 and 275 atm, respectively. The use of a high
pressure view cell as a saturation vessel enabled the phase
behaviour of the complex to be observed during the spectro-
scopic measurements. Initially two distinct phases were present,
an intense yellow liquid (lower) phase due to the complex and
a pale yellow supercritical (upper) phase due to the CO2
saturated with UO2(NO3)2·2TBP. With increasing pressure the
yellow colour of the supercritical phase became progressively
more intense due to the increasing solubility of the complex,
also the liquid phase became darker in colour until it appeared
almost black, possibly due to CO2 being dissolved in the liquid
phase. Further increases in pressure produced a very turbid,
opaque (almost black) phase in which the meniscus had
virtually disappeared, and eventually resulted in an intense
yellow single phase. This transition to a single phase occurred
very rapidly, over a small pressure range, and is apparent from
the sharp increases in concentration observed at 190, 240 and
275 atm for the solubility curves at 40, 50 and 60 °C,
respectively. Upon formation of a single phase the concentra-
tion remained constant with further increases in pressure, and
the solubility curve reached a plateau due to complete
dissolution of the complex. Valid solubility data cannot be
obtained after this point as the CO2 was no longer saturated with
the complex. Since uranyl nitrate itself is insoluble in pure CO2
the high solubility of the complex can be attributed to the
shielding of the central metal ion by the TBP ligands and
increased solute–solvent interactions between the butyl groups
and CO2.

In conclusion, this study has shown that it is possible to
obtain extremely high concentrations of UO2(NO3)2·2TBP in
supercritical CO2, which surpasses the solubility of any metal
chelate previously reported in the literature.§ Most signifi-
cantly, the concentrations of UO2(NO3)2·2TBP in supercritical
CO2 are comparable to those encountered in the waste streams
of the PUREX process, typically 0.13–0.47 m in the organic
phase.10 In conjunction with previous extraction work,6,7 this
clearly demonstrates CO2 can offer a viable alternative to the
organic solvents currently employed in nuclear fuel process-
ing.

The authors wish to express their gratitude to British Nuclear
Fuels Ltd. (BNFL), and Idaho NSF-EPSCoR for financial
support. We also thank Varian for the loan of the fibre optic
interface for the Cary 1E UV–VIS spectrometer.
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† Measurements were performed using high pressure fibre optic cells
constructed in-house. The cells are connected in series and have path lengths
of 1 cm, 733 mm and 38 mm, enabling measurements to be made over a wide
concentration range. CO2 was saturated with the complex using a high
pressure view cell,3 with a volume of 15 ml, as an equilibration vessel.
Approximately 5–7 ml of UO2(NO3)2·2TBP were loaded into the view cell,
and, after a period of equilibration, the saturated CO2 was introduced into
the fibre optic cells and UV spectra recorded.
‡ Hexane has a similar polarity to CO2, and UV–VIS spectra have been
shown to exhibit similar absorption coefficients and negligible shifts in the
positions of absorption maxima.11 Our work has also shown that the molar
absorptivity of the complex is not affected by changes in the density of the
fluid. A high pressure view cell, with a path length of 5 cm and a volume of
15 ml3, was employed to determine the effect of temperature and pressure
on the spectrum of the complex. An aliquot of UO2(NO3)2·2TBP was placed
in the cell, such that complete dissolution of the complex was achieved
under supercritical conditions. Spectra were recorded over a temperature
range of 40–60 °C and at pressures of 150–300 atm. No change was
observed in the absorption spectrum, thus confirming the molar absorptivity
is unaffected by the temperatures and pressures employed in this work.
§ The highest solubility previously reported for a metal chelate in
supercritical CO2, was chromium(iii) dipivaloylmethane, Cr(thd)3, with a
concentration of 0.126 m at 40 °C and 310 atm.12
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N-Hydroxypyrazinone-bearing homotrioxacalix[3]arene: its cooperative
molecular recognition by metal complexation

Junko Ohkanda, Hiroyuki Shibui and Akira Katoh*

Department of Industrial Chemistry, Faculty of Engineering, Seikei University, Musashino, Tokyo 180, Japan 

Artificial receptors in which three bidentate hydroxypyraz-
inones are linked to homotrioxacalix[3]arene through an a,
w-diamine as a spacer exhibited cooperative molecular
recognition with gallium ion toward ammonium cations.

Recently, artificial allosteric receptors have been widely
investigated from the viewpoint of the application of regulated
functions controlled by cooperativity in natural proteins to
biomimetic molecular recognition systems.1 Previously we
have demonstrated that N-hydroxyamide-containing diazines
such as N-hydroxypyrazinones acted as a bidentate ligand to
FeIII and GaIII.2 Homotrioxacalix[3]arene3 is flexible compared
to calix[4]arene due to its ethereal linkages, and has a C3
symmetrical structure which is expected to be particularly
useful in receptors of primary ammonium cations.4 We focused
our interest on this compound as a platform for the construction
of a flexible host molecule. In the course of our studies on the
application of diazines to multifunctional receptors, new host
molecules 1a,b, in which three N-hydroxypyrazinones were
linked to homotrioxacalix[3]arene by an alkyl spacer group,
were synthesized. The hosts would be expected to control their
cavity size and rigidity upon transition metal chelation, which
enables them to exhibit cooperative molecular recognition
toward primary ammonium cations. We describe herein the
synthesis of the receptors 1a,b and their ammonium cation
extraction abilities.

Receptors 1a,b were synthesized by coupling N-3-(1-benzyl-
oxy-5,6-dimethyl-2-oxo-1,2-dihydropyraz-3-yl)propanoyl-
diaminoalkane hydrochloride (n = 4, 6)2b with the cone-type
tricarboxylic acid5 derived from homotrioxacalix[3]arene by
using WSC·HCl and HOBt† and subsequent hydrogenation
according to Scheme 1. Compounds 1a,b were characterised by
IR and 1H NMR spectroscopy and elemental analysis, re-
spectively.‡

Scheme 1 Reagents and conditions: i, WSC·HCl, HOBt, Et3N,  CH2Cl2,
room temp., 72 h, 52%; ii, H2, 10% Pd–C, MeOH, 70%

Fig. 1 (a) 1H NMR spectra (400 MHz) of 1a at [BuNH3ClO4] = (i) 0, (ii)
0.51, (iii) 1.02 and (iv) 1.53 mm; T = 23 °C, [1a] = 0.7 mm,
[Ga(acac)3] = 0.84 mm. (b) 1H NMR spectrum of 1a in the presence of
C6H11NH3

+; [1a] = 0.54 mm, [C6H11NH3ClO4] = 0.79 mm.
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The 1 : 1 gallium complexation was ascertained by a mole
ratio plot. In the 1H NMR spectrum of 1a with 1.2 equiv. of
Ga(acac)3 in 25% CD3CN in CDCl3, only the two singlets of the
5- and 6-methyl groups of the pyrazinone ring showed
downfield shifts (Dd +0.20 for 5-methyl, +0.13 for 6-methyl),
whereas titration with BuNH3ClO4 induced large downfield
shifts of the OCH2CO (:) and ArH (”) protons, as shown in
Fig. 1(a). The formation of 1 : 1 complex of 1a with BuNH3

+

was confirmed by a Job plot. It has been reported that the triester
derivative of homotrioxacalix[3]arene is bound to an ammo-
nium cation via the interaction of three phenolic oxygens and
three carbonyl oxygens with the cation.6 As for 1a, the singlet
for the OCH2CO protons (:) changed to two broad singlets
when the ammonium salt was added, but no apparent downfield
shifts were observed for the signals from the ethereal methylene
protons (-, 5). Thus, it is likely that 1a binds to BuNH3

+

through CNO···HN+ and ArO···HN+ interactions similar to those
previously reported.

By using a CH2Cl2 solution of 1 or a mixture of 1 and an
equimolar amount of Ga(acac)3, extraction of primary ammo-
nium picrate from an aqueous phase was carried out. The
amounts of ammonium picrates extracted into the organic phase
are shown in Fig. 2.§ ButNH3

+ was not extracted efficiently
when compared to BuNH3

+ and HexNH3
+, suggesting that the

bulky substituent disturbs inclusion of the guest into the cavity.
This result also indicates that the extracted amounts of BuNH3

+

and ButNH3
+ increased in the presence of Ga3+, indicating a

cooperative molecular recognition of 1 and Ga3+ toward the
primary ammonium cation. Furthermore, it was noted that the
amount of HexNH3

+ extracted by 1a decreased in the presence
of Ga3+. This result was consistent with the difference in the
association constants of 1a–HexNH3

+ in the absence [Ka 4375,
Fig. 1(b)] and in the presence of Ga3+ (Ka 2833).¶ On the basis
of molecular modelling, this observation might be attributed to
the regulation of the cavity size by metal complexation; the Ga–
1 complex thus provides a rigid cavity that is suitable for
selective recognition of ammonium cations.

This work was partially supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports and Culture, Japan.
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* E-mail: katoh@chgw.ch.seikei.ac.jp
† Abbreviations: WSC·HCl = 1-[3-(dimethylamino)propyl]- 3-ethyl-
carbodiimide hydrochloride (water soluble carbodiimide); HOBt = 1-
hydroxybenzotriazole. 
‡ Selected data for 1a: nmax(KBr)/cm21 3310, 1651; dH [(CD3)2SO, 23 °C]
1.03 (s, 27 H), 1.45 (m, 12 H), 2.09, 2.20, 2.45 (each s, 18 H), 2.43 (m, 6 H),
2.84 (m, 6 H), 3.06 (m, 6 H), 3.19 (m, 6 H), 4.12 (s, 6 H), 4.42 (d, J 12, 6
H), 4.64 (d, J 12, 6 H), 6.89 (s, 6 H), 7.95 (br s, 3 H), 8.01 (br s, 3 H); Calc.
for C81H102N12O18·4H2O: C, 60.65; H, 6.9; N, 10.4. Found: C, 60.6; H, 7.2;
N, 10.1%.
§ A CH2Cl2 solution (2 ml) containing 1 (0.045 mm) was shaken with an
aqueous solution (2 ml) containing ammonium picrate (0.12 mm) and the
corresponding hydrochloride salt (0.1 m) at 23 °C for 9 h. The amount of
each ammonium cation extracted into the CH2Cl2 phase was estimated from
[Pic]c 2 [Pic]f, [Pic]f and [Pic]c being the picrate concentrations in the
aqueous phase after the extraction and in the corresponding control sample,
respectively.
¶ The association constant (Ka) of the 1 : 1 complex of 1a with HexNH3ClO4

was directly estimated from the 1H NMR spectra. Error estimated to be
< 15%.
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Carboxylate-derived calixarenes with high selectivity for actinium-225

Xiaoyuan Chen,a Min Ji,a Darrell R. Fisherb and Chien M. Waia

a Department of Chemistry, University of Idaho, Moscow, Idaho 83844, USA 
b Molecular Biosciences Department, PNNL, Richland, Washington 99352, USA 

The binding properties of two ligands, 5,11,17,23-tetra-tert-
butyl-25,26,27,28-tetrakis(carboxymethoxy)calix[4]arene 1
and 5,11,17,23,29,35-hexa-tert-butyl-37,38,39,40,41,42-
hexakiscarboxymethoxy)calix[6]arene 2, which show high
selectivity for 225Ac3+ (an a-emitter with t1/2 = 10 days) over
Na+, K+, Mg2+, Ca2+ and Zn2+ are described.

In recent years there has been an increased interest in the
development of monoclonal antibodies that may be linked with
a radioisotope as targeting agents in radioimmunodiagnosis and
radioimmunotherapy of cancer tumors.1 The success of such
approaches depends on the development of bifunctional
complexing agents that can bind a specific radioisotope tightly
and selectively and can be linked to antibodies. Chelators that
can hold the desired radioisotope with high stability under
physiological conditions are essential to deliver the radioisotope
to the antigen binding site on tumor cells.2 Linkage of
b-emitters such as 90Y and 67Cu to the moab part of monoclonal
antibodies via bifunctional aza- and peraza-crown ether macro-
cycles has shown good results for the treatment of a number of
cancer patients.3 For radioimmunotherapy, a-emitters are much
better cytotoxic agents than b-emitters since they dissipate a
large amount of energy along straight particle tracks of
40–70 mm (ca. 8 cell diameters).4 Among the a-emitters having
an appropriate physical half-life for such an application is
actinium-225 (t1/2 = 10.0 d).5 225Ac decays through a chain of
daughter products to stable 209Bi with the emission of a total of
four a and two b particles, releasing about 28 MeV of radiation
energy to the absorbing medium.6

Solvent extraction experiments performed recently in our
laboratory indicate that 5,11,17,23-tetra-tert-butyl-
25,26,27,28-tetrakis(carboxymethoxy)calix[4]arene 1 and
5,11,17,23,29,35-hexa-tert-butyl-37,38,39,40,41,42-hexakis-
(carboxymethoxy)calix[6]arene 2 (Fig. 1) exhibit high Ac3+

selectivity over alkali, alkaline earth, and zinc metal ions under
neutral and weak acidic conditions. These calixarene deriva-
tives were synthesized in our laboratory according to the known
procedures in the literature.7,8 The two-phase solvent extraction
experiments were carried out between water (1.5 ml, [225Ac]
= 1023 mm) and chloroform (1.5 ml, [ionophore] = 2 mm).
The pH of the aqueous phase was adjusted with HCl for pH 1–3,
succinic acid–NH4OH for pH 4–6, and Tris–HCl for pH 7–8.
The mixture was shaken at 25 °C for 30 min, which was long
enough to reach equilibrium based on our time variation studies.
The distribution ratio D ([Ac3+] in the organic phase/[Ac3+] in
the aqueous phase) was determined by measuring the 225Ac
activity in each phase using a Ge(Li) detector. Percentage
extraction of Ac3+ (Ex%) was calculated by D/(1 + D). Fig. 2

shows Ex% of Ac3+ with ligands 1 and 2 plotted vs. pH of the
aqueous phase. For 1, Ex% becomes appreciable at pH 2.0 and
reaches nearly 100% around pH 4.0. Ex% decreases rapidly at
pH > 7.3 reaching only 40% at pH 8.0. Ex% for 2 shows a
similar pH dependence. The Ex% increases from pH 1.5,
reaching saturation at pH around 3.0 and decreasing sharply
above pH 7.5.

Fig. 3 shows plots of log D vs. 2log[L] for the extraction of
Ac3+ by ligands 1 and 2 at pH = 6.0, where [L] is the
concentration of the ionophore in the organic phase. A linear
relationship between log D and 2log[L] is observed with the
slope of both lines roughly equal to 21 suggesting that both 1
and 2 form a 1 : 1 complex with Ac3+.

Owing to its short half-life and high radioactivity, it was not
possible for us to obtain the stability constants of the 225Ac
complexes using common spectroscopic or potentiometric
titration methods. We used a competition extraction method to
obtain the relative extraction constants of Ac3+ by ligands 1 and
2 with respect to EDTA. To obtain the relative stability
constants of the Ac complexes, the following competition
experiments were performed. The Ac3+ in water at pH 7 was

Fig. 1 Structures of the carboxylate-derived calixarenes which show high
selectivity for Ac3+

Fig. 2 pH dependence of extraction of actinium-225 with ligands 1 and 2.
The pH of the aqueous phase was adjusted with HCl for pH 1–3, succinic
acid–NH4OH for pH 4–6 and Tris–HCl for pH 7–8; (2) 1 (n = 4), (-) 2
(n = 6).

Fig. 3 Plot of log D vs.2log[L] for the extraction of Ac3+ by ligands 1 and
2. The slopes were 1.05 and 1.06, respectively; (2) 1, (-) 2.
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EDTA3– + Ac(OH)2+ = Ac(OH)(EDTA)–

K1 = [Ac(OH)(EDTA)–]/[EDTA3–][Ac(OH)2+]

H2L2– + Ac(OH)2+ = Ac(OH)(H2L)

K2 = [Ac(OH)(H2L)]/[H2L2–][Ac(OH)2+]

K2/K1 = [Ac(OH)(H2L)][EDTA3–]/[Ac(OH)(EDTA)–][H2L2–]

log(K2/K1) = log D′ + log[EDTA3–]/[H2L2–]
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first extracted into the chloroform phase containing 1 or 2. The
organic phase was then back-extracted with an aqueous phase
containing EDTA at pH = 7.0. No data for Ac3+ hydrolysis is
available. We estimated the hydrolysis of Ac3+ based on the
known values of Am3+ (log b1 = 26.4 ± 0.7, log b2 = 214.1
± 0.6, log b3 = 225.7 ± 0.5 at I = 0 and 25 °C), which fall in
the range of the hydrolysis constants reported for the trivalent
lanthanides.9 According to these values, the distribution of
Ac3+, Ac(OH)2+ and Ac(OH)2

+ should be 71, 28 and 1%,
respectively, at pH 6 and 17, 68 and 15%, respectively, at pH 7.
Thus, 225Ac could also be extracted as the Ac(OH)–calixarene
complexes in near neutral solutions.

The following equilibrium relations were obtained based on
the assumptions that neither EDTA32 nor Ac(OH)(EDTA)2
was soluble in chloroform and the solubility of the H2L22 and
Ac(OH)(H2L) in the aqueous phase was negligible. The new
distribution ratio DA was taken as [Ac(OH)(H2L)]org/[Ac(O-
H)(EDTA)2]aq, where Ac(OH)(H2L) represented the Ac–
calixarene complex.

A linear relationship is observed between log DA and
log[EDTA]/[L] for both ligands (Fig. 4) with slope close to
unity suggesting that the assumptions are reasonable. From the
intercept, we obtain the extraction constants of the Ac–
calixarene complexes relative to that of EDTA. Ligand 1 has
K2 = 1.11 K1 and 2 has K2 = 5.75 K1, where K1 is the extraction
constant of Ac with H4EDTA at pH 7.

We also investigated whether the actinium complexes could
tolerate high concentrations of alkali, alkaline earth and zinc
metal ions. We took aliquots of the organic phase containing the
225Ac complexes and back-extracted with an aqueous solution

containing a mixture of 10 mm each of Ca2+, Mg2+, Na+, K+ and
Zn2+ at pH 7.0. After shaking for 5 h, ligand 1 showed no
measurable loss of Ac3+ from the organic phase to the aqueous
phase. For ligand 2, about 5% of the Ac originally present in the
organic phase was extracted to the aqueous phase. The high
selectivity of the calixarene carboxylate ligands for Ac3+ may
be related to the high charge density of the Ac3+ ion favoring
electrostatic interactions with the anionic ligands.10 Ligand 2
shows a slightly lower selectivity for Ac3+ than 1 which may be
due to the structural difference between the two ligands.
Because 2 has a larger and more flexible cavity, it probably can
accommodate the competing cations better than 1. Also 2 is
more acidic than 1, thus it can coordinate with the alkaline earth
metal ions at lower pH values.

In conclusion, this study shows that both 1 and 2 have an
ionophore cavity capable for selective complexation with Ac3+

in weak acid and neutral solutions. They appear to be suitable
candidates as 225Ac carriers. The next step in our research is to
selectively functionalize the upper rim of the calixarene ring
with amine, bromine, aldehyde or acid chloride forming
bifunctional ligands that may be attached to the desired
monoclonal antibodies.

This work was supported by the Pacific Northwest National
Laboratory (PNNL).
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Preparation and characterization of the kinetic and thermodynamic isomers of
dinuclear molybdenum and tungsten complexes with metal–metal triple bonds
supported by p-tert-butylcalix[4]arene anions†

Malcolm H. Chisholm,* Kirsten Folting, William E. Streib and De-Dong Wu

Department of Chemistry and Molecular Center, Indiana University, Bloomington, IN 47405, USA

The reaction between M2(NMe2)6 and < 2 equiv. of p-tert-
butylcalix[4]arene (H4L) in hydrocarbon solvents leads to
(H2NMe2)2[M2(m,h2,h2-L)2] 1 (M = Mo, W), which iso-
merizes to the unbridged isomers (H2NMe2)2[M2(h4-L)2] 2
upon heating in refluxing pyridine (L = quadruply
deprotonated calix[4]arene); related complexes M2(h4-HL)2
3 (M = Mo, W) are prepared from reactions involving
M2(OBut)6 and H4L, and these react with HNMe2 to give 2
(M = Mo and W) while [NH2Me2][W2(h4-L)(h4-HL)] 4 can
be obtained by the reaction between 2 and 3 (M = W) in a
1 : 1 ratio.

The recent communication of the elegant synthesis of W–W
bonded complexes supported by the p-tert-butylcalix[4]arene
tetraanion, L, namely Na2W2(h4-L)2(m-Cl)2 (MNM) and
Na2W2(h4-L)2 (M·M),1 leads us to report on our related
findings concerning (M·M)6+ centers.

The reaction between M2(NMe2)6 and p-tert-butylcalix-
[4]arene, H4L (1.7 equiv.) in a hydrocarbon solvent leads to the
formation of green compounds 1 (M = Mo, W).‡ The 1H NMR
spectrum reveals one type of But group and two CH2 groups,
each being diastereotopic, consistent with the structure found
for M = Mo in the solid-state shown in Fig. 1.§ The m,h2,h2-L
bridging of the calix[4]arene ligand is similar to that reported
for the Mo–Mo quadruple bonded complex
Mo2(OAc)2(m,h2,h2-H2L)2 but the Mo–Mo distance in the

M–M triple bonded complex is larger by ca. 0.07 Å as is
commonly seen in comparing Mo–Mo bonded complexes of
bond order 4 and 3.3 Also the Mo–O distances are somewhat
shorter in the present structure consistent with the Mo2

6+ center.
The W complex is isomorphous.§

We recently have prepared a number of complexes of the type
Mo2(NMe2)2(m-diolate)2 and noted that bridged diolates are
often formed kinetically. The addition of pyridine and heat
causes isomerization to the chelate isomers, Mo2(NMe2)2(h-
diolate)2, which represent the thermodynamic products.4 We
thus reasoned that the dumb-bell-like isomer Mo2(h4-HL)2
might be thermodynamically favored and, indeed, upon reflux-
ing in pyridine the green solutions of (H2NMe2)2[Mo2(m,h2,h2-
L)2] 1 turn amber.‡ The 1H NMR spectrum becomes simpler
revealing again one type of But group and one CHaHb group
with a large chemical shift difference (d 5.3 and 3.3 ppm) as
might be expected if one CH bond were proximal and the other
distal to the Mo–Mo triple bond.5 Amber crystals of [NH2-
Me2]2[Mo2(h4-L)2] 2 were obtained that were suitable for an
X-ray study and the molecular structure is shown in Fig. 2.§

It is interesting to note that in both structural determinations
the calix[4]arene ligands encapsulate or attract molecules of
dimethylamine, as [NH2Me2]+ cations, and solvent molecules.
However, upon heating crystalline samples of the kinetic and
thermodynamic isomers in a dynamic vacuum, 1·4thf (M =
Mo) loses only thf molecules whereas 2·4py (M = Mo) loses

Fig. 1 An ORTEP drawing of 1 (M = Mo) showing the atom numbering
scheme. Selected bond lengths (Å) and bond angles (°): Mo(1)–Mo(2)
2.194(2), Mo(1)–O(3) 2.033(7), Mo(1)–O(4) 1.959(8), Mo(1)–O(5)
2.009(7), Mo(1)–O(6), 1.968(7), Mo(2)–O(7) 2.035(7), Mo(2)–O(8)
1.989(7), Mo(2)–O(9) 2.025(7), Mo(2)–O(10) 1.954(8); Mo(2)–Mo(1)–
O(3) 101.6(2), Mo(2)–Mo(1)–O(4) 94.1(3), Mo(2)–Mo(1)–O(5) 101.9(2),
Mo(2)–Mo(1)–O(6) 94.5(2), Mo(1)–Mo(2)–O(7) 102.2(2), Mo(1)–Mo(2)–
O(8) 92.1(2), Mo(1)–Mo(2)–O(9) 100.7(2), Mo(1)–Mo(2)–O(10) 92.8(2).

Fig. 2 An ORTEP drawing of 2·4py (M = Mo) showing the atom
numbering scheme. Selected bond lengths (Å) and bond angles (°): Mo(1)–
Mo(1A) 2.226(1), Mo(1)–O(2) 2.009(4), Mo(1)–O(3) 1.975(4), Mo(1)–O(4)
2.028(4), Mo(1)–O(5) 1.973(4); Mo(1A)–Mo(1)–O(2) 97.9(1), Mo(1A)–
Mo(1)–O(3) 98.8(1), Mo(1A)–Mo(1)–O(4) 97.1(1), Mo(1A)–Mo(1)–O(5)
100.1(1). The molecule has a crystallographically imposed inversion
center.
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pyridine as well as NHMe2 leaving behind the complex M2(h4-
HL)2 3 (M = Mo) as evidenced by NMR spectroscopy.
Complex 3, as well as its tungsten analogue W2(h4-HL)2, can
also be prepared from the reaction of M2(OBut)6 (M = Mo, W)
with H4L.‡

The addition of NHMe2 to 3 (M = Mo, W) in benzene leads
to 2 (M = Mo, W).‡ In the case of M = W, the reaction between
2 and 3 in a 1 : 1 ratio gives the pale green compound
[NH2Me2][W2(h4-L)(h4-HL)] 4, which has the structure shown
in Fig. 3.§ These reactions are summarized in Scheme 1 and
reveal the fascinating substitution chemistry resulting from
reactions involving (M·M)6+ complexes (M = Mo, W) and the
p- tert-butylcalix[4]arene ligand.

We thank the National Science Foundation for support of the
work.
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‡ Syntheses and spectroscopic data: 1 (M = Mo): the reaction mixture of
Mo2(NMe2)6 (280 mg, 0.60 mmol) and H4L (650 mg, 1.00 mmol) in 15 ml
of benzene was stirred at room temp. overnight. The volatile components

were removed in vacuo and the residue was suspended in hexanes to give a
green precipitate 1, which was collected and dried in vacuo (685 mg, yield:
90%). Crystals of 1·4thf (M = Mo) suitable for X-ray analysis were
obtained by slow evaporation of a thf solution. Selected 1H NMR data (300
MHz, C6D6): d 7.29 (br, 8 H), 6.93 (br, 8 H), 6.46 (d, 4 H), 3.59 (d, 4 H),
3.27 (d, 4 H), 2.89 (d, 4 H), 1.22 (br, 72 H), 0.79 (t, 12 H).

1 (M = W): the same procedure as 1 (M = Mo) except stirring the
mixture with refluxing (yield: 63%). Selected 1H NMR data (300 MHz,
C6D6): d 7.30 (d, 8 H), 6.96 (d, 8 H), 6.51 (d, 4 H), 3.61 (d, 4 H), 3.57 (d,
4 H), 3.03 (d, 4 H), 1.22 (br, 72 H), 0.67 (t, 12 H).

2 (M = Mo): a green solution of 1 (M = Mo) (260 mg, 0.17 mmol) in
8 ml of pyridine was refluxed for 0.5 h, the resulting amber solution was
cooled and allowed to stand at room temp. overnight to yield amber crystals
of 2·4py (M = Mo) (203 mg, yield: 65%), which were suitable for X-ray
analysis. Selected 1H NMR data (300 MHz, C6D6): d 7.24 (s, 16 H), 5.29 (d,
8 H), 3.34 (d, 8 H), 1.58 (s, 12 H), 1.23 (s, 72 H). Yellow solid 2 (M = Mo)
can be also prepared by addition of an excess of NHMe2 to 3 (M = Mo).

3 (M = Mo): a reaction mixture of Mo2(OBut)6 (202 mg, 0.32 mmol) and
H4L (326 mg, 0.50 mmol) in 10 ml of toluene was stirred at room temp. for
2 days. The volatile components were removed in vacuo and the residue was
suspended in hexanes to give a pale brown precipitate 3 (M = Mo), which
was collected and dried in vacuo (336 mg, yield: 91%). Selected 1H NMR
data (300 MHz, C6D6): d 7.09 (s, 16 H), 5.17 (d, 8 H), 3.39 (d, 8 H), 1.12
(s, 72 H).

3 (M = W): the same procedure as 3 (M = Mo), (yield: 86%). Selected
1H NMR data (300 MHz, C6D6): d 7.10 (s, 16 H), 5.14 (d, 8 H), 3.39 (d, 8
H), 1.12 (s, 72 H).

2 (M = W): NHMe2 (2.4 mmol) was added to the frozen reddish brown
solution of 3 (M = W) (480 mg, 0.29 mmol) at 2196 °C employing a
calibrated gas manifold. After the solution was warmed to room temp., the
green precipitate 2 (M = W) was collected and dried in vacuo (482 mg,
yield: 95%).

4 (M = W): a reaction mixture of 2 (M = W) (105 mg, 0.060 mmol) and
3 (M = W) (100 mg, 0.060 mmol) in 10 ml of benzene was stirred at room
temp. The green solid was gradually dissolved in solution, and the brown
solution turned green. After 3 h, the volatile components were removed in
vacuo and the residue was suspended in hexanes to give a pale green
precipitate 4 (M = W), which was collected and dried in vacuo (186 mg,
yield: 89%). Recrystallization in benzene afforded green crystals of
4·7C6H6 (M = W) suitable for X-ray analysis. Selected 1H NMR data (300
MHz, C6D6): d 7.20 (s, 16 H), 5.18 (d, 8 H), 3.42 (d, 8 H), 1.45 (br, 6 H),
1.20 (s, 72 H).

§ Crystal data: for 1·4thf (M = Mo): T = 2170 °C monoclinic, space
group P21, a = 13.105(4), b = 18.631(6), c = 20.543(6) Å, b = 94.04(2)°,
Z = 2. Final residuals are R(F) = 0.067 and Rw(F) = 0.066 using 7500
observed data. 

For 1·xthf (M = W): T = 2170 °C: a = 13.08(2), b = 18.61(3), c =
20.60(3) Å, b = 94.03(3)°. Collection of diffraction data was not processed
because of the poor quality of the crystal.

For 2·4py (M = Mo): T = 2170 °C, monoclinic, space group P21/n, a
= 12.384(2), b = 22.130(3), c = 18.621(3) Å, b = 100.26(1)°, Z = 2.
Final residuals are R(F) = 0.059 and Rw(F) = 0.058 using 4799 observed
data.

For 4·7C6H6 (M = W): T = 2168 °C, orthorhombic, space group Pnma,
a = 25.421(3), b = 34.611(3), c = 13.113(1) Å, Z = 4. Final residuals are
R(F) = 0.058 and Rw(F) = 0.052 using 6231 observed data. CCDC
182/704.

Full crystallographic data are also available from the Reciprocal Data
Base via Internet at URL http://www.iumsc.indiana.edu. Request data and
files for 97055 for 1·4thf (M = Mo), 97056 for 2·4py (M = Mo) and 97064
for 4·7C6H6 (M = W).
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Fig. 3 An ORTEP drawing of 4 (M = W) showing the atom numbering
scheme. Selected bond lengths (Å) and bond angles (°): W(1)–W(1A)
2.3039(8), W(1)–O(2) 2.066(6), W(1)–O(3) 1.947(6), W(1)–O(4) 1.973(6),
W(1)–O(5) 1.959(6); W(1A)–W(1)–O(2) 90.5(2), W(1A)–W(1)–O(3)
99.6(2), W(1A)–W(1)–O(4) 102.8(2), W(1A)–W(1)–O(5) 98.8(2). The mole-
cule has a crystallographically imposed mirror plane.
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Molecular structure of the unusual tris(tribromoindate)methane anion,
[HC(InBr3)3]32
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a Departamento de Quı́mica-CCEN, Universidade Federal da Paraiba, 58.059-900, Joaõ Pessoa-PB, Brazil 
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The title molecule, which is obtained as the
tetraphenylphosphonium salt following the reaction of InBr
and HCBr3, is shown to involve pseudo-tetrahedral carbon
and indium(III) sites; it is a member of a series of related
[H42nC(InBr3)n]n2 anions.

There is increasing interest in the synthesis and structural
investigation of complexes in which metal atoms cluster around
a centre which may be metallic or non-metallic. Schmidbaur1

has reviewed his extensive work on molecules in which
[(R3P)Au]+ and similar gold(i) cations are bonded to a large
variety of such centres, and has emphasized the important
isolobal relationship between LAu+ and the H+ and R+

cations.2
In earlier papers, the reactions of indium(i) halides (InX, X

= CI, Br, I) with halogenomethanes were shown to proceed via
oxidative addition to give neutral derivatives of X2InCH2X and
X2InCH2InX2 and the anionic complexes [X3InCH2X]2 and
[H2C(InX3)2]22 have also been reported, although not for all
X.3,4 We have now prepared the salt [PPh4]3[HC(InBr3)3], and
established its structure. The room temperature reaction be-
tween InBr and CHBr3 (1 : 3 mole ratio, mmol quantities) in
1,4-dioxane (diox) gave, on work-up, a colourless solid, shown
to be the 1 : 1 adduct Br2InCHBr2·diox. (Calc. for C5H9O2-
Br4In, In 21.4. Found: In 21.2%) 1H NMR [(CD3)2SO] d 5.36 (s,
1 H, CH), 3.60 (m, 8 H, diox). 13C NMR [(CD3)2SO] d 37.31
(CH), 67.77 (diox). This was redissolved in dioxane and treated
with 2 equiv. of InBr, to give an oil, which was dissolved in
acetonitrile; addition of PPh4Br, concentration and crystalliza-
tion from MeCN–ethanol gave [PPh4]3[HC(InBr3)3] 1 in 84%
yield.† It seems very probable that the reaction proceeds by
successive oxidative additions, with the related Br2InCHBr2
and (Br2In)2CHBr species as intermediates.

The structure of the anion of 1 is shown in Fig. 1.‡ The In–Br
bond distances are similar to those for other inorganic and
organometallic compounds of indium(iii) [e.g. InBr4

2,
r = 2.479(2);5 Br3InCH2PPh3, r = 2.512(2);3 Br3InCH2(tmtu),
r = 2.517(6) Å (tmtu = 1,1,3,3-tetramethyl-2-thiourea)6], as
are the In–C distances; the lengthening of the In–Br bonds
relative to those in the neutral ylide adducts is ascribed to the
repulsive effect of the triple negative charge on this molecule.
The sum of the angles in a tetrahedral MX4 molecule is 657°,
and in the present case the corresponding sums at the
three indium atoms are 655.1, 655.5 and 654.4°, respectively, so
that these are pseudo-tetrahedral sites, as in the molecules
previously noted. The In–C–In angles lead to a similar
conclusion for the carbon atom of this molecule.

This anion can be regarded as a member of the series
[H42nC(InBr3)n]n2. The salts of H3CInX3

2 have been known
for some time,7 and crystallographic studies of [H3CInCl3]2
and [C2H5InI3]2 have confirmed the pseudo-tetrahedral sym-
metry at metal and carbon atoms in such anions.8,9 As noted
above, the anions [H2C(InX3)2]22 have also been prepared; the
structure of the neutral adducts such as (tmen)Cl2InCH2InCl2-
(tmen) (tmen = N,N,NA,NA-tetramethylethanediamine) demon-
strates the presence of the central H2C(InX2)2 group.10 The

series is therefore complete except for n = 4; work on this is
proceeding.

It seems probable that similar series can be prepared with
other metallo-ligands of main group elements. In particular,
some members of the series of tin compounds H42nC(SnMe3)n

are already known, and analogous sets of related compounds are
easily formulated, at least on paper. We also note the existence
of complexes such as [Pt(SnCl3)5]32, in which the tri-
chlorostannate group acts as an anionic ligand, and it could well
be that analogous species with InX3

2 ligands will be acces-
sible.
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Notes and References

* E-mail: dgtuck@uwindsor.ca
† Elemental analysis. Calc. for C73H61Br9In3P3: C 41.9; H, 2.93; Br, 34.3;
In, 16.4. Found C, 41.8; H, 3.07; Br, 34.0; In, 16.0%. 1H NMR [(CD3)2SO]
d 8.01–7.71 (m, 60 H, C6H5), 0.20 (s, 1 H, In3CH). 13C NMR (CD3CN) d
135.27 [d, J(PCp) 2.68 Hz], 134.41 [d, J(PCo) 10.56 Hz], 130.38 [d, J(PCm)
12.82 Hz], 117.57 [d, J(PCi) 88.90 Hz]. No 13C resonance was detected for
the In3CH atom, and this is ascribed to the immediate presence of high-spin
indium atoms (115In, I = 9/2); similar problems have been reported for
related organoindium compounds.3,6

Fig. 1 Molecular structure of the [HC(InBr3)3]32 anion, showing 30%
probability ellipsoids. Selected bond distances (Å) and bond angles (°):
In(1)–Br (av.) 2.545, In(2)–Br (av.) 2.526, In(3)–Br(av.) 2.546, overall In–
Br range 2.518(6)–2.560(5), In–C 2.11(3), 2.13(3), 2.17(3); Br–In(1)–Br
(av.) 103.0, Br–In(2)–Br (av.) 104.0, Br–In(3)–Br 102.1, overall range 98.9
(2)–106.92(2), In–C–In 115(2), 112(1), 113(1).
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‡ The diffraction experiment at 23 °C on a Rigaku AFC6S instrument, using
graphite monochromated Mo-Ka radiation, (l = 0.710 69 Å), 2qmax = 45°,
structure solution by Patterson method, refinement against F2 of data with
redundants removed. Crystal data: C73H61Br9In3P3, M = 2094.8, triclinic,
space group P1

– 
(no. 2), a = 14.609(6), b = 22.468(12), c = 12.109(7) Å,

a = 101.91(4), b = 108.59(4), g = 90.11(4)°, U = 4004(3) Å3, Z = 2.
Dc = 1.74 g cm23, T = 32.38 cm21, crystal size 0.5 3 0.4 3 0.5 mm., 9207
reflections total, 8708 unique, 2849 observed, R = 0.063, 429 variables,
Rw = 0.058, goodness of fit 2.15, max., min. peaks on final difference
map = 1.65, 20.85 e Å23. CCDC 182/733.
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New synthesis of Fischer-type hydrazino(alkyl) complexes. First X-ray
characterisation of a chelate hydrazino derivative

Emanuela Licandro,*a Stefano Maiorana,a† Raffaella Manzotti,a Antonio Papagni,a Dario Perdicchia,a Mary
Pryce,b Antonio Tiripicchio*c and Maurizio Lanfranchic

a Dipartimento di Chimica Organica e Industriale, Università degli Studi di Milano, via C. Golgi, 19, I-20133 Milan, Italy 
b School of Chemical Sciences, Dublin City University, Dublin 9, Ireland 
c Dipartimento di Chimica Generale ed Inorganica, Chimica Analitica, Chimica Fisica, Università di Parma, Centro di Studio per
la Strutturistica Diffrattometrica del CNR, viale delle Science, I-43100 Parma, Italy 

The first Fischer-type hydrazino(methyl)carbene complex
has been synthesized from the appropriate acetylhydrazine
and Na2Cr(CO)5; the new complex has some peculiar
features in comparison with aminocarbene complexes: (i) the
E rotamer can be completely transformed into the Z rotamer
through the formation of its anion, and (ii) as a result of a
thermal reaction, the Z isomer affords a new unusual chelate
hydrazino(methyl)carbene complex that can be mono- or di-
alkylated.

Only a few hydrazinocarbene complexes have so far been
reported in the literature.1 This is certainly due to the very
limited applicability of the hydrazinolysis reaction of alkoxy-
carbenes,2 which seems to be partially successful only in the
case of alkynyl carbene complexes.1b

Alkyl(hydrazino)carbene complexes are unknown and could
in principle have some unique features due to the potential of the
b-nitrogen of the hydrazine moiety as a coordinating group to
the metal, and the influence of this coordination on the
stereodynamic properties of the complex and the reactivity of
the a-carbanions.

We here report the synthesis of the first hydrazino-
(methyl)carbene complex 1, its thermally promoted trans-
formation, and the reaction of its anion with electrophiles. The

apparently simple but long-standing problem associated with
the controlled synthesis of alkyl (hydrazino)carbene complexes
has been solved by extending the known Hegedus method3 for
preparing amino carbene complexes from amides to hydrazide
derivatives. The hydrazide 2 was reacted with disodium
pentacarbonylchromate,3 affording complex 1 as a 1 : 1.3 E : Z
rotameric mixture (Scheme 1).‡ The (E)-1 and (Z)-1 rotamers
were fully characterized after chromatographic separation over
silica gel. Rotamer (E)-1 proved to be thermally stable,

remaining unchanged after heating in hexane at 50 °C for 2 h
whereas, after heating at 39 °C in CH2Cl2 for 3.5 h, (Z)-1 was
transformed into a new, red–orange solid complex, 3‡ with the

displacement of a CO ligand. As far as we know, only one
example of an N-chelate complex with a four-membered ring
has been previously reported.4 The structure of 3 was supported
by the X-ray analysis of the structure of the homologue 5a§
whose formation is described below (Scheme 2). The pure
rotamers (E)-1 and (Z)-1 were treated with BunLi at 270 °C and
quenched with a saturated aq. NH4Cl; rotamer (E)-1 was
completely transformed into rotamer (Z)-1, whereas the latter
proved to be configurationally stable. The complete conversion
of (E)-1 into (Z)-1 is rather surprising since this transformation
is usually incomplete in aminocarbene complexes and generally
leads to a mixture of the two rotamers. The treatment of the
anion generated from the pure (E)-1 or (Z)-1 rotamers with
alkylating reagents such as iodomethane and allyl bromide gave
the expected ethyl(hydrazino)carbene complexes (Z)-4a and
(Z)-4b, together with the tetracarbonyl N-chelate derivatives 5a
and 5b (Scheme 2).‡ It can be seen that the formation of the
coordinated derivatives 3, 5a and 5b is easier as the bulk of the
a- substituent increases (Me < Et < allyl). Column chromato-
graphy over silica gel gave pure samples of the complexes 5a
and 5b, whereas complexes 4a and 4b were always recovered in
the form of mixtures with 5a and 5b respectively.‡ Unlike an
amino(ethyl)carbene complex, the ethyl(hydrazino)carbene 5a
can easily be further alkylated with MeI to give complex 6
(Scheme 3).‡ Compound 5a is the first structurally charac-
terized chelate hydrazinocarbene complex (see Fig. 1). The
coordination around Cr is distorted octahedrally, with the
organic moiety acting as a chelating ligand through N(1) and
C(5). The four-membered ring is planar, and the chelation
N(1)–Cr–C(5) angle is very narrow at 62.9(2)°. Although the
Cr–N bond length of 2.211(4) Å is comparable with the average

Scheme 1 Reagents and conditions: i, Na2Cr(CO)5 (2 equiv.), anhydrous
THF, N2, 278 °C, 40 min, allowed to warm to 0 °C, 4 h, then cooled to
278 °C, Me3SiCl (3 equiv.), 278 °C, 30 min, then Al2O3 (45 g on a base
of 0.61 g of 2), 45 min, then chromatographic separation on silica gel to give
(E)-1 (0.32 g) and (Z)-1 (0.36 g), eluent light petroleum–CH2Cl2 8 : 2
(overall yield 59%)

Scheme 2 Reagents and conditions: BunLi (1 equiv.), THF, N2, 278 °C, 30
min, then RX, 278 °C, 10 min, 0 °C, 30 min
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value found in complexes of Cr0 with tertiary amines (2.21 Å),
the 2.028(4) Å Cr–C(5) bond length is much shorter than those
found in aminocarbene complexes of Cr0 (in the range of
2.123–2.156 Å).5 This means that the Cr–C(5) bond has a more
noticeably double bond character than the other aminocarbene
complexes. It is also worth noting that the 1.813(6) Å Cr–C(1)
bond involving the carbonyl trans to the aminic N(1) atom is
shorter than other Cr–C(carbonyl) bonds [in the range
1.871(5)–1.882(5) Å].

We thank the M.U.R.S.T. and the C.N.R. of Rome, and the
European community (HCM Programme, contract
ERBCHRXCT940501), for their financial support.

Notes and References

† E-mail: maior@icil64.cilea.it
‡ Selected data for (E)-1: mp 57 °C (decomp.); dH (300 MHz, CDCl3) 2.45
[s, 6 H, N(CH3)2], 3.05 (s, 3 H, CH3), 5.55 (s, 2 H, CH2Ph), 7.40–7.20 (m,

5 H, arom); dC (300 MHz, CDCl3) 39.6 (q, CH3), 44.3 [q, N(CH3)2], 56.2
(t, CH2 ), 126.6, 128.0, 128.8 (arom), 135.6 (s, arom), 217.6 (s, CO cis),
223.4 (s, CO trans), 277.5 (s, CNCr); m/z (EI) 368 [M+]. For (Z)-1: mp
85 °C; dH (300 MHz, CDCl3) 2.65 [s, 6 H, N(CH3)2], 2.70 (s, 3 H, CH3),
4.95 (s, 2 H, CH2Ph), 7.40–7.20 (m, 5 H, arom); dC (300 MHz, CDCl3) 39.1
(q, CH3), 44.2 [q, N(CH3)2], 48.9 (t, CH2), 125.2, 127.8, 129.3 (arom),
133.5 (s, arom), 218.4 (s, CO cis), 225.2 (s, CO trans), 280.6 (s, CNCr); m/z
(EI) 368 [M+]. For 3: mp 123–6 °C; n (Nujol)/cm21 1997, 1888–1830 (CO);
dH (80 MHz, CDCl3) 2.73 (s, 3 H, CH3), 2.78 [s, 6 H, N(CH3)2], 4.65 (s, 2
H, CH2Ph), 7.05–7.55 (m, 5 H, arom); m/z (FAB+) 340 [M+]. For 5a: mp
120 °C (decomp.); n (Nujol)/cm21 1998 (CO trans), 1917–1803 (CO cis);
dH (80 MHz, CDCl3) 1.50 (t, 3 H, CH2CH3), 2.65 (q, 2 H, CH2CH3), 2.80
[s, 6 H, N(CH3)2], 4.65 (s, 2 H, CH2Ph), 7.10–7.45 (m, 5 H, arom); dC (300
MHz, CDCl3) 13.0 (q, CH3), 34.7 (q, CH3), 49.1 (t, CH2 ), 52.3 [q,
N(CH3)2], 126.1, 128.5, 129.5 (arom), 133.5 (s, arom), 218.5 (s, 2CO cis),
230.1 (s, CO cis), 232.2 (s, CO trans), 294.7 (s, CNCr); m/z (FAB+) 354
[M+]. Spectroscopic and analytical data for complexes 4a, 4b, 5b and 6 are
in line with the reported structure.
§ Crystal data for 5a: C16H18CrN2O4, Mr = 354.32, monoclinic, space
group C2/c, a = 21.346(6), b = 12.782(4), c = 14.136(4) Å,
b = 113.70(2)°, V = 3532(2) Å3, Z = 8, rcalc = 1.333 Mg m23,
F(000) = 1472, l = 1.54184 Å, m(Cu-Ka) = 5.507 mm21. Crystal
dimensions: 0.15 3 0.21 3 0.33 mm. The intensity data were collected by
means of a Siemens AED diffractometer using the q–2q scan technique at
room temperature. 3494 reflections were measured (with q in the range
3–70°) of which 3357 were independent and included in the structural
refinement. Correction for absorption was applied (maximum and minimum
values for the transmission coefficient were 1.000 and 0.637). The structure
was solved by means of direct and Fourier methods, and refined using full-
matrix least-squares procedures (based on Fo

2), with anisotropic thermal
parameters in the last cycles of refinement for all of the non-hydrogen
atoms. The hydrogen atoms were introduced into the geometrically
calculated positions and refined riding on the parent atoms. The refinement
converged at wR2 = 0.1579 for all data, and 209 variables [R1 = 0.0506 for
1603 reflections with I > 2s(I)]; min/max residual electron density:
20.356/0.408 e Å23. The SHELXS-86 and SHELXL-93 computer
programs were used (ref. 6). CCDC 182/726.

1 (a) H. Fischer and G. Roth, J. Organomet. Chem., 1995, 490, 229; (b)
R. Aumann, B. Jasper and R. Fröhlich, Organometallics, 1995, 14,
2447.
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A. Parlier, R. Yefsah, B. Denise, J.-C. Daran, J. Vaissermann and
C. Knobler, J. Organomet. Chem., 1988, 358, 245; R. Aumann,
S. Althaus, C. Kruger and P. Betz, Chem. Ber., 1989, 122, 357; A. Parlier,
N. Rudler, H. Rudler, R. Goumont, J.-C. Daran and J. Vaissermann,
Organometallics, 1995, 134, 2760.

6 G. M. Sheldrick, SHELXS-86 Program for the solution of crystal
structures, University of Göttingen, 1986; SHELXL-93 Program for
crystal structure refinement, University of Göttingen, 1993.
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Scheme 3 Reagents and conditions: BunLi (1 equiv.), THF, N2, 278 °C, 30
min, then MeI, 278 °C, 10 min then 0 °C, 20 min, then room temp., 10
min

Fig. 1 View of the molecular structure of complex 5a together with the
atomic numbering system. Selected bond distances (Å) and angles (°): Cr–
C(5) 2.028(4), Cr–N(1) 2.221(4), C(5)–N(2) 1.308(7), N(1)–N(2) 1.451(5),
N(2)–C(10) 1.481(6), C(5)–C(6) 1.494(7); N(1)–Cr–C(5) 62.9(2), Cr–
C(5)–N(2) 101.3(3), Cr–N(1)–N(2) 88.5(2), N(1)–N(2)–C(5) 107.3(3),
N(1)–N(2)–C(10) 120.8(3), C(5)–N(2)–C(10) 131.8(4).
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On the origin of the endo/exo selectivity in Diels–Alder reactions

D. Suárez and J. A. Sordo*

Departamento de Quı́mica Fı́sica y Analı́tica, Facultad de Quı́mica, Universidad de Oviedo, Julián Claverı́a 8, 33006 Oviedo,
Principado de Asturias, Spain

The endo/exo selectivity in Diels–Alder reactions is analyzed
in terms of the pre-reactive van der Waals complexes located
on the potential energy surface.

The Diels–Alder reaction has been the subject of a wide variety
of both experimental and theoretical studies.1 Of particular
relevance from the mechanistic viewpoint is the explanation of
the observed endo/exo selectivity. As established from the very
beginning, there is usually a preference for the endo adducts
(endo Alder rule2). Such an endo preference has been ascribed
to quite different factors.3 On the other hand, the first
documented example of regiospecifity of Diels–Alder reactions
being primarily controlled by the dispersion (attractive van der
Waals) interactions has been recently reported by Cioslowski
et al.4 Additional work in this direction was announced by
Gillies et al.5b

The above explanations have in common that they all focus
on the transition structures. The impressive advances in the last
two decades leading to the development of rather sophisticated
spectroscopic techniques, including Raman, microwave and
infrared spectrocopies,5c have made it possible to gain a deeper
insight into the nature of van der Waals interactions, and it has
been recently recognized5b that the formation of van der Waals
systems in the very early (pre-reactive) stages of certain
cycloaddition reactions can exert a significant influence upon
the stereochemical outcome. Gillies et al. concluded5b that it is
possible to relate the geometry of van der Waals intermediates
to the geometry of the transition structure and the product of
certain cycloaddition reactions. Recent findings using inter-
molecular perturbation theory6 seem to provide further support
to this point. Here, theoretical evidence is presented showing
the important role that pre-reactive van der Waals complexes,
present in the potential energy surface, might play in determin-
ing the stereochemical outcome of Diels–Alder reactions. The
prototype reaction between cyclopentadiene and maleic anhy-
dride has been investigated.

The geometries of the significant structures located at the
MP2/6-31G* level on the potential energy surface of the Diels–
Alder reaction between cyclopentadiene and maleic anhydride:
three van der Waals intermediates (vdW1 and vdW2, leading to
the endo and exo transition structures, respectively, and vdW3,
showing a T-shaped structure intermediate between vdW1 and
vdW2), two van der Waals transition structures connecting
vdW1 and vdW3 (vdW1? 3) and vdW2 and vdW3 (vdW2?
3), and two transition structures leading to the endo (TS1) and
exo (TS2) products (P1 and P2), are not presented because of
space limitations but are available upon request. All these
structures were characterized by computing the Hessian matrix
(at the HF level) and checking the sign of the corresponding
eigenvalues. Table 1 collects the energy results, which include
single-point calculations at the MP4SDQ/6-31G* level and an
estimate of the solvent effects. In cycloaddition reactions
between ethylene and ozone, occurring both in the gas phase
and in condensed media, a van der Waals (pre-reactive)
intermediate was experimentally detected in the gas phase5

(where rather sophisticated spectroscopic techniques are availa-
ble). It is difficult to make a priori predictions about the role
played by different solvents on the stabilization/destabiliza-

tion7a (a detailed discussion on this point for a reaction
involving a zwitterionic intermediate can be found elsewhere7b)
of these van der Waals intermediates (exploratory calculations
using a model where the solvent is represented by a dielectric
continuum characterized by its static dielectric permittivity7c e0,
suggest that the energy changes introduced by the solvent are
not too drastic, see Table 1, but there is experimental evidence
for the important role played by van der Waals interactions in
Diels–Alder reactions in solution.4

In Fig. 1 a simplified scheme of the potential energy surface
is presented. Examination of this figure suggests that the van der
Waals structures might play a decisive role in determining the
stereochemical outcome of Diels–Alder reactions. Indeed, the
endo/exo ratio is related to the barrier DDE≠ (vdW) = [E(TS2)
2 E(vdW2)] 2 [E(TS1) 2 E(vdW1)]. If the van der Waals
structures were not present in the potential energy surface the
endo/exo ratio should be computed as DDE≠ (R) = [E(TS2) 2
E(R)] 2 [E(TS1) 2 E(R)] (R = reactants). In the present case
(at the MP4SDQ/6-31G*//MP2/6-31G* level of theory),
DDE≠ (R) = 2.1 kcal mol21 (97.1% endo at 298 K) and
DDE≠ (vdW) = 2.6 kcal mol21 (98.8% endo at 298 K); the
greater stability of vdW2 leading to the exo transition structure
TS2 enhances the endo preference. The experimental endo
preference is8 2.5 kcal mol21 (98.5% endo at 298 K). It is
important to remark that, while DDE≠ (R) is affected by the
basis set superposition error (BSSE)9 [consideration of the
BSSE by means of the counterpoise procedure,9 including
fragment relaxation terms,10 gives DDE≠ (R) = 2.0 kcal mol21

(96.5% endo at 298 K), moving away from the experimental

Table 1 Relative Energies (including zero point energy correction from HF/
6-31G* frequencies) of van der Waals intermediates, transition structures
and products with respect to reactants for the [4 + 2] cycloaddition reaction
between cyclopentadiene and maleic anhydride. Geometries were opti-
mized at the MP2/6-31G* theory level (single-point SCRF = self-
consistent-reaction field calculations to estimate electrostatic solvent
effects). Relative energies of the Diels–Alder transition structures with
respect to the corresponding van der Waals intermediates are shown in
parentheses

Relative energy/kcal mol21

MP2/6-31G*
(SCRFa MP4SDQ/

MP2/6-31G* e0 = 2.24b) 6-31G*

vdW1 endo 27.4 27.0 23.8
TS vdW1? 3 23.2 22.9 22.1
vdW3 24.2 23.8 23.2
TS vdW2? 3 24.1 23.7 23.1
vdW2 exo 26.6 25.9 24.3

[4 + 2] TS1 endo 20.4 (7.0) 20.8 (6.2) 14.1 (17.9)
[4 + 2] TS2 exo 1.9 (8.5) 1.8 (7.7) 16.2 (20.5)
[4 + 2] endo Adduct P1 234.1 233.8 229.0
[4 + 2] exo Adduct P2 234.5 234.0 229.6

a See ref. 7(d) for an excellent example of how the estimate of barriers in
solution by means of single-point SCRF calculations are approximate but
useful indicators of energetic trends. b A relative permittivity of 2.24 was
used to simulate benzene, which has been used as solvent in this reaction
(see ref. 8).
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value], DDE≠ (vdW) is BSSE free.11. It is important to stress at
this point that the above results are consistent with the so-called
Curtin–Hammett principle,12 which states that when the barriers
involving the vdW systems in Fig. 1 are much lower than the
reaction barriers TS1 and TS2, then the (endo/exo) product ratio
depends only upon the difference in energy of the transition
structures TS1 and TS2. In the present case, the Curtin–
Hammett principle should apply (see Fig. 1) and the endo/exo
ratio could be estimated from DDE≠ (R), in agreement with the
above results [i.e. DDE≠ (vdW) ≈ DDE≠ (R)].

Although the difference between DDE≠ (R) and
DDE≠ (vdW) is not (quantitatively) drastic in the present case,
it must be stressed that a detailed inspection of the potential
energy surface shows that consideration of the van der Waals
structures is strictly needed to avoid serious topological
inconsistencies in the computed potential energy surface.
Indeed, at the MP2/6-31G* level, where optimizations were
carried out, the TS1 and TS2 structures (without taking into
account the zero-point energy correction) are energetically
lower than reactants and higher than products (the energies
relative to reactants are 22.3 and 20.1 kcal mol21 for TS1 and
TS2, respectively). Therefore, if the van der Waals interme-
diates were not considered, TS1 and TS2 would not be
maximums along the reaction paths and, consequently, they
could not be real transition structures (saddle points separating
two energy minima) in clear contradiction with the information
provided by the Hessian matrix (see above). Of course,
consideration of the van der Waals structures reported in this
work indicates that TS1 and TS2 are saddle points connecting
two minima (i.e. transition structures): vdW1 and P1, and
vdW2 and P2, respectively (the energies of TS1 relative to
vdW1, and of TS2 relative to vdW2, without considering the
zero-point energy correction, are both positive: +7.4 and +9.1
kcal mol21, respectively).

Finally, we would like to make a short comment on the nature
of the interaction in the van der Waals intermediates and
transition structures. The application of a configurational
analysis on the corresponding wave functions13 shows that for
TS1 and TS2 the most significant contributions, apart from the
zero configuration AB (A = cyclopentadiene, B = maleic
anhydride) come from the HOMO(cyclopentadiene) ?
LUMO(maleic anhydride) (w ≈ 0.35)† A+B2 and HOMO-
(maleic anhydride) ? LUMO(cyclopentadiene) (w ≈ 0.15)
A2B+ (back donation14) monotransferred configurations. The
same kind of interactions, with smaller weights (w ≈ 0.10,
A+B2, and w ≈ 0.02, A2B+) are already present in the van der

Waals intermediates vdW1 and vdW2. Therefore, in agreement
with previous suggestions,5 the present calculations show that
the (pre-reactive) van der Waals intermediates are located at the
entrance of the cycloaddition reaction (endo/exo) channels, thus
being precursors to the actual Diels–Alder products.
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* E-mail: jasg@dwarfl.quimica.uniovi.es
† wi is the weight of the i-th fragment electronic configuration when the
wave function, Y, of a complex system formed by two fragments (A, B) is
written as:
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Fig. 1 Simplified scheme of the potential energy surface corresponding to
the Diels–Alder reaction between cyclopentadiene and maleic anhydride
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First structurally defined catalyst for the asymmetric addition of trimethylsilyl
cyanide to benzaldehyde

Vitali I. Tararov,b David E. Hibbs,c Michael B. Hursthouse,c Nicolai S. Ikonnikov,b K. M. Abdul Malik,c

Michael North,*a† Charles Orizua and Yuri N. Belokon*b

a Department of Chemistry, University of Wales, Bangor, Gwynedd, UK LL57 2UW 
b A.N. Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences, 117813 Vavilov 28, Moscow, Russia 
c Department of Chemistry, University of Wales, Cardiff, PO Box 912, Park Place, Cardiff, UK CF1 3TB 

Titanium complex TiCl2L [H2L = (R,R)-N,NA-bis(3,5-di-
tert-butylsalicylidene)hexane-1,2-diamine] 2 has been pre-
pared, characterised by X-ray crystallography and shown to
be an active catalyst for the asymmetric addition of
Me3SiCN to benzaldehyde, producing (S)-2-phenyl-
2-trimethylsilyloxyacetonitrile in 86% ee at room tem-
perature.

Enantiomerically pure cyanohydrins are important synthetic
intermediates in the synthesis of other chiral compounds and
hence are of significant industrial importance.1 A number of
catalytic methods have been reported for the asymmetric
synthesis of cyanohydrins, including the use of enzymes,
peptides and transition metal complexes.2 Recently, we re-
ported the use of chiral TiIV (salen)(OPri)2 complexes as chiral
catalysts for the asymmetric addition of Me3SiCN to alde-
hydes,3 and related work has been reported by other workers.4
Whilst some of these catalysts have given cyanohydrin silyl
ethers with > 90% ee, the structures of the catalysts have never
been determined and this has restricted mechanistic investiga-
tions aimed at further improving the enantiomeric excesses and
substrate tolerance. The catalysts have generally been prepared
in situ by mixing a chiral ligand and titanium(iv) species. In the
case of ligand 1–Ti(OPri)4 we have shown that at least three
species can subsequently be detected by NMR spectroscopy.5
Here we describe the synthesis of the first isolable and
characterisable catalyst for the asymmetric addition of
Me3SiCN to benzaldehyde.

Reaction of ligand 16 with titanium(iv) chloride in CH2Cl2 at
room temperature for 2 h followed by evaporation of the solvent
in vacuo and washing of the solid with Et2O and Et2O–hexane
(1 : 1) gave a brown solid of structure 2 which could be
recrystallised from CHCl3. The spectral (1H and 13C NMR, IR)
properties of compound 2 {[a]22

D +736 (c 0.0125, CHCl3), mp

330 °C (decomp.)} were entirely consistent with a single
species of the proposed structure, and the monomeric nature and
geometry of compound 2 were proven by X-ray structure
analysis‡ (Fig. 1). Compound 2 has two independent molecules
in the crystals, both with the R,R configuration and comparable
geometry parameters. Each molecule adopts a slightly distorted
octahedral geometry in which the two chlorine atoms are
repelled by the tert-butyl groups (Cl–Ti–Cl bond angle ≈
169°). Although X-ray structures of similar achiral titanium
complexes have been reported,7 only one other example of the
X-ray structure of a monomeric, chiral (salen) titanium complex
has been reported,8 and in that case the salen ligand did not
adopt four equatorial positions around the titanium.9

Compound 2 was active as a catalyst for the asymmetric
addition of Me3SiCN to benzaldehyde (Scheme 1). Thus
treatment of a CH2Cl2 solution of benzaldehyde and Me3SiCN
(2.3 equiv.) with complex 2 (0.1 mol%) at room temperature
resulted after 24 h in complete conversion of the benzaldehyde
to (S)-2-phenyl-2-trimethylsilyloxyacetonitrile 3 in 86% ee, as
determined by chiral gas chromatography. It is notable that
catalyst 2 is active at room temperature and at very high
substrate to catalyst ratios, results which contrast with pre-
viously reported catalysts for this reactions.2–4

Further work on the mechanism and synthetic applications of
this chemistry is underway and will be reported in due course.
The authors thank the EPSRC, INTAS, the EU (INCO-
COPERNICUS) and the Russian Fund for Fundamental
Research (grant No. 95-03-08046) for financial support.

Fig. 1 Solid state structure of one independent molecule of 2. Thermal
ellipsoids are drawn at 50% probability. The structure of the other molecule
is closely similar.

Scheme 1
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‡ Crystallographic data for 2: C36H52Cl2N2O2Ti.CHCl3 (FW 782.96),
triclinic, space group P1 (No. 1); a = 12.032(3), b = 13.376(5),
c = 14.938(5) Å, a = 63.42(3), b = 75.75(3), g = 72.92(3)0,
V = 2036.6(11) Å3; Z = 2; Dc = 1.277 Mg m23, l(Mo-Ka) = 0.71069 Å,
F(000) = 824. The structure was solved by direct methods (SHELXS86)
(ref. 10) using previously described procedures (ref. 11) and refined on F2

by full-matrix least-squares (SHELXL93) (ref. 12) using all 6227 unique
data corrected for Lorentz and polarisation factors but not for absorption.
The structure was finally refined (823 parameters) to R [on F,F0 > 4s(F0)]
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182/732.
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Two versatile new routes to dinuclear molybdenum dithiolene complexes

Andrew Abbott,a Matthew N. Bancroft,a Michael J. Morris,*a Graeme Hogarthb and Simon P. Redmondb

a Department of Chemistry, University of Sheffield, Sheffield, UK S3 7HF
b Department of Chemistry, University College London, 20 Gordon Street, London, UK WC1H 0AJ

Two routes to the dithiolene complexes [Mo2S(m-
S)2(SCR1NCR2S)(h-C5H5)2] starting from the complexes
[Mo2(m-alkyne)(CO)4(h-C5H5)2] are described; in one case
the dithiolene ligand is derived from the alkyne, and in the
other from a 1,3-dithiole-2-thione reagent.

A combination of techniques have indicated that the molybde-
num atom in the molybdenum cofactor (Moco) common to a
range of oxotransferase enzymes is coordinated by a pterin
ligand which is bonded through a dithiolene linkage.1 Recent
protein crystallographic studies, however, have shown that in
some of these enzymes the metal atom is ligated by one
dithiolene ligand whereas in other cases, unexpectedly, two
such ligands were present.2 Molybdenum (and tungsten)
dithiolene complexes have been known for many years,3 and are
of continuing interest as model systems for the metal site in the
cofactor.

Here, we describe two versatile routes to dimolybdenum
complexes containing terminal dithiolene or tetrathiooxalate
ligands, both of which start with the alkyne complexes [Mo2(m-
R1C·CR2)(CO)4(h-C5H5)2] 1a–e. We have recently shown that
reactions of these compounds with thiols often proceed with
C–S bond cleavage to give sulfido-bridged species.4 In contrast,
it is notable that the reactions discussed here involve the
formation of C–S bonds as well as their scission.

In the first approach we found that heating a toluene solution
of 1 with elemental sulfur for 5 h provided the green dithiolene
complexes [Mo2S(SCR1NCR2S)(m-S)2(h-C5H5)2] 2a–e in
yields of up to 80% after isolation by column chromatography
(Scheme 1). Five representative examples are given but the
reaction works equally well with other complexes of type 1.
Complex 2c and the corresponding oxo species
[Mo2O(SCHNCPhS)(m-S)2(h-C5H5)2] 3 have been prepared
previously by a different route,5 but in contrast to this report we
find that complexes of type 2 are not particularly air sensitive
even in solution, and only slowly convert into the oxo
complexes analogous to 3; small amounts of these were isolated
from some reactions.

The dithiolene compounds were characterised spectroscop-
ically (and by comparison with the published values for 2c, for
which our data agree exactly).† In the 1H NMR spectrum each
complex displays two rather widely separated signals for the
C5H5 rings and appropriate resonances for the substituents R1

and R2. In the complexes derived from terminal alkynes, the

signal for the CH group appears shifted downfield at d 8–9. This
is a characteristic feature of terminal dithiolene complexes and
can be regarded as arising either from the contribution of a
dithioglyoxal canonical form6,7 or the presence of a ring current
in the pseudo-aromatic metalladithiolene unit.8 Interestingly the
products all gave high intensity molecular ions in their electron
impact mass spectra, but most evidently disintegrated com-
pletely when subjected to fast atom bombardment (FAB).

The result of an X-ray crystal structure determination of 2a is
shown in Fig. 1.‡ The molecule is based on a dimolybdenum
centre with a metal–metal distance of 2.984(1) Å, which is
similar to that of 2.927(1) Å observed in
[Mo2O(SCHNCPhS)(m-S)2(h-C5H5)2] 3.5 The coordination
geometry in the two complexes is also very similar. Thus Mo(1)
has a pseudo-tetrahedral coordination (if the C5H5 ligand is
regarded as occupying one site) whereas Mo(2) is in a square
pyramidal environment. The Mo2(m-S)2 core is not planar: the
dihedral angle between the two intersecting Mo2S planes is
161.3°, whereas in 3 the corresponding angle is 144.6°. This
contrasts with related MoV dimers with imido ligands, e.g.
[Mo2(NPh)2(m-NPh)2(h-C5H4Me)2] which all contain strictly
planar cores.9

The bond lengths between Mo(2) and the bridging sulfur
atoms are significantly longer than the distances from Mo(1) to
the same sulfurs. Together with the rather short S(4)–C(11) and
S(5)–C(12) bonds within the dithiolene ligand itself, this could
be regarded as evidence for some contribution of the dithio-
glyoxal canonical form: if the dithiolene ligand is dianionic,
each Mo atom is formally MoV, but if it is bonded in the
dithioglyoxal form, Mo(2) would be formally MoIII. Again an
alternative interpretation is that the dithiolene ligand acts as a
delocalised 6p pseudo-aromatic system which is a better
p-donor than the sulfide ligand on Mo(1).

Our second approach is shown in Scheme 2. We recently
reported that alkyne complex 1e reacted with 1,3-dithiole-
2-thiones by cleavage of the CNS bond, ring opening of the
resulting carbene and coupling with the alkyne ligand to

Scheme 1

Fig. 1 Molecular structure of complex 2a in the crystal. Selected bond
lengths (Å): Mo(1)–Mo(2) 2.984(1), Mo(1)–S(1) 2.154(1), Mo(1)–S(2)
2.263(1), Mo(1)–S(3) 2.263(1), Mo(2)–S(2) 2.406(1), Mo(2)–S(3)
2.398(1), Mo(2)–S(4) 2.387(1), Mo(2)–S(5) 2.384(1), S(4)–C(11) 1.708(5),
S(5)–C(12) 1.705(4), C(11)–C(12) 1.348(7).
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produce complexes of type 4 (R3 = CO2Me, SMe, SCOPh).10

Remarkably, we have now discovered that these compounds
also react rapidly (2 h) with elemental sulfur in boiling toluene
to give dithiolene complexes 2e–g, in which the dithiolene
ligand originates from the backbone of the original thione rather
than the alkyne. Compounds 2f and 2g are rare examples of
dialkyl- and diacyl-tetrathiooxalate (or ethenetetrathiolate)
complexes respectively.

The alkyne ligand is recovered in the form of the interesting
new sulfur heterocycle 5, a hitherto inaccessible derivative of
the important 1,2-dithiole-3-thione ring system.11 Indeed, in the
case of R3 = CO2Me, the reaction represents an elaborate
isomerisation of the 1,3-dithiole-2-thione ring. The mechanism
presumably involves insertion of three sulfur atoms into the
Mo–C bonds of the bridging ligand of 4, cleavage of the m-C–S
bond to afford the dithiolene ligand, and reductive elimination
of the organic by-product 5. It is notable that this process
reforms the thione unit which is cleaved during the formation of
4.

In summary, the two synthetic routes described here are
complementary: simple dithiolene ligands are easily accessed
from the appropriate alkyne by the first method, whereas in the
second case the availability of convenient synthetic procedures
for a large number of requisite thiones, which are readily made
by alkylation or acylation of [NEt4]2[Zn(C3S5)2], should enable
the introduction of a wide variety of more complex substituents
including functionalised derivatives such as crown ethers,
macrocycles, etc. Moreover, compounds containing the 1,2-di-
thiole-3-thione ring system have been studied for their pharma-
ceutical properties, particularly as anticancer agents. We are
currently exploiting this methodology to synthesize a repre-
sentative range of dithiolene complexes and heterocycles for
further investigation.

We thank the EPSRC for the award of a studentship (M. N. B.).
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* E-mail: M.Morris@sheffield.ac.uk
† Selected spectroscopic data: (NMR in CDCl3, all signals are singlets
unless otherwise stated). Satisfactory elemental analyses were obtained for
all new compounds.

2a: yield 64%. mp 196–198 °C. 1H NMR d 8.37 (2 H, CH), 6.00 (5 H,
C5H5), 5.38 (5 H, C5H5); 13C NMR d 149.5 (CH), 103.7 (C5H5), 100.1
(C5H5); MS m/z 508 (M+), 482 (M 2 C2H2

+). The dithiolene complexes
2a–f all show peaks at m/z 450, 418, 386, 353 and 323 (Mo2S42nCp2

+,
n = 0–4) in the EI mass spectrum.

2b: yield 54%. mp 234 °C (decomp.). 1H NMR d 8.00 (1 H, CH), 6.00 (s,
5 H, C5H5), 5.40 (5 H, C5H5), 2.80 (3 H, Me); 13C NMR d 163.0 (CMe),

145.6 (CH), 103.6 (C5H5), 100.1 (C5H5), 23.4 (Me). MS m/z 522 (M+), 482
(M 2 HC2Me+).

2d: yield 70%. mp 232–233 °C. 1H NMR d 6.00 (5 H, C5H5), 5.35 (5 H,
C5H5), 3.10 (dq, J 7 Hz, 2 H, 1 H of CH2), 2.85 (dq, J 7 Hz, 2 H, 1 H of CH2),
1.55 (t, J 7 Hz, 6 H, Me); 13C NMR d 163.2 (CEt), 103.6 (C5H5), 100.0
(C5H5), 29.8 (CH2), 16.6 (Me); MS m/z 564 (M+), 532 (M 2 S+), 482 (M
2 C2Et2+).

2e: yield 80%. mp > 250 °C. 1H NMR d 6.00 (5 H, C5H5), 5.50 (5 H,
C5H5), 3.87 (s, 6 H, Me); 13C NMR d 165.1 (CO2Me), 154.7 (CCO2Me),
103.8 (C5H5), 100.9 (C5H5), 53.0 (Me); MS m/z 624 (M+), 592 (M 2 S+),
482 [M 2 C2(CO2Me)2

+].
2f: yield 66%. mp 230 °C (decomp.). 1H NMR d 6.02 (5 H, C5H5), 5.40

(5 H, C5H5), 2.70 (6 H, Me); 13C NMR d 153.6 (CSMe), 103.7 (C5H5),
100.2 (C5H5), 19.3 (Me); MS m/z 600 (M+).

2g: yield 58%. mp 214 °C. 1H NMR d 8.03–7.43 (m, 10 H, Ph), 6.03 (5
H, C5H5), 5.84 (5 H, C5H5); 13C NMR 189.4 (COPh), 151.4 (CSCOPh),
136.4 (Cipso), 133.8–127.7 (m, Ph), 103.7 (C5H5), 101.4 (C5H5); FAB MS
m/z 780 (M+).

5: Yield 70%. mp 93–94 °C. 1H NMR d 3.97 (3 H, Me), 3.95 (3 H, Me);
13C NMR d 210.4 (CNS), 162.7, 159.4 (both CO2Me), 156.1, 146.2 (both
CCO2Me), 54.4, 53.7 (both Me); MS m/z 250 (M+).

‡ Crystal data for 2a: C12H12Mo2S5, M = 508.40, monoclinic, space
group C2/c (no. 15), a = 22.2528(29), b = 11.0848(21), c = 12.9379(26)
Å, b = 105.933(15)°, U = 3068.7(9) Å3, F(000) = 1984, Mo-Ka radiation
(l = 0.710 73 Å), m(Mo-Ka) = 22.34 cm21, Z = 8, Dc = 2.20 g cm23.

Room temperature X-ray data were collected on a Nicolet R3mV
diffractometer. A total of 3937 reflections (3779 unique) were measured in
the range 5 < 2q < 50° by the w–2q scan technique, all of which were
corrected for Lorentz and polarisation effects and for absorption by analysis
of y-scans (minimum and maximum transmission coefficients 0.806 and
0.913); 2634 data with I ! 3.0s(I) were used in the refinement. The
structure was solved by direct methods and developed by alternating cycles
of least squares refinement and difference Fourier synthesis. All non-
hydrogen atoms were refined anisotropically while hydrogen atoms were
placed in idealised positions (C–H 0.96 Å) and assigned a common isotropic
thermal parameter (U = 0.08 Å2). The last cycle of least squares refinement
included 172 parameters for 2497 variables. The final R values were R
= 0.035 and Rw = 0.042 and the final difference Fourier map contained no
peaks > 1.00 e Å23. The structure was solved using the SHELXTL PLUS
program package12 on a Micro Vax II computer. CCDC 182/722.
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HAlCl4 in the gas phase is stronger than HTaF6
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Ab initio MO calculations at the {MP2(fc)/6-311++G(d,p)/
/3-21G(*)+ZPVE[3-21G(*)]} and {MP2(fc)/D95++G(d,p)/
/3-21G(*)+ZPVE[3-21G(*)]} levels of sophistication and also
an analogous DFT/DNP study reveal that HAlCl4 has a gas
phase deprotonation energy of ca. 264 kcal mol21 (1
cal = 4.184 J) being lower than the value predicted for
HTaF6 (269 kcal mol21).

Superacids are a very intriguing tool in applied experimental1–6

and theoretical7–9 chemistry. It was previously shown7 by
applying the density functional theory (DFT) to calculating
deprotonation energies (DEs) that in the gas phase HSbF6
(HF·SbF5) is the strongest acid known (DE = 258 kcal mol21),
in full agreement with various investigations of the correspond-
ing Hammett acidity function in condensed media.4 Further,
HTaF6 (HF·TaF5) has been predicted to be clearly weaker7

possessing a DE of 269 kcal mol21.
On the other hand, the place of Friedel–Crafts acid of the

HX·AlX3 (X = Cl, Br) type in the acidity scale is unknown thus
far. Moreover, there was a controversy more than 10 years
ago4,10,11 concerning the relative strengths of HAlBr4
(HBr·AlBr3). Farcasiu et al.10 argued that the latter should
exhibit an acidity comparable to HSbF6 since it is capable of
protonating benzene at 0 °C. Kramer proposed the same ranking
based on his selectivity parameter.11 However, it was claimed4

that HAlBr4 is very unlikely comparable to HSbF6 as it is
incapable of protonating weak bases or ionising precursors.
Although the order of acidic strength might change in solution12

it is of principal significance to determine the DEs of HAlCl4
and HAlBr4. Here, quantum chemical calculations on HAlCl4,
AlCl42, AlCl3, HCl and Cl2 are presented, which have been
used to determine the energies of the following processes. (i)
The DE of the superacid, HAlCl4?H+ + AlCl42 (1); (ii) the
decomposition energy of the superacid, HAlCl4?HCl + AlCl3
(2); (iii) the decomposition energy of the conjugated base,
AlCl42?AlCl3 + Cl2 (3) and (iv) the DE of hydrogen
chloride, HCl?H+ + Cl2 (4).

The last process is considered to obtain information of the
performance of the methods used.

In order to obtain reliable results we used a suggestion of
Koppel et al.13 that MP2(fc)/6-311++G(d,p) perform rather

well already at 3-21G [or 3-21G(*) in the cases of molecules
containing second row elements] fully optimised geometries.
Very recently we reported8 on the gas phase DEs of some
superacids (HClO4, FSO3H, ClSO3H) applying the 6-31+G(d)
basis set for calculating structures. Nevertheless, we are of the
opinion now that the smaller valence basis sets also attain this
objective, providing deviations from experiment of < 3 kcal
mol mol21;13 at this point evidence is given of the reliability of
the level of sophistication mentioned above for calculating DEs
of HPF6 (HF·PF5).9

The geometries for two conformations of HAlCl4, cis and
trans, the conjugated base AlCl42 and also for the Lewis acid
AlCl3 have been fully optimised (Table 1) by using the 3-21G(*)

basis set followed by vibrational analyses at the same level. All
stationary points were found to be minima. Then the energies
were improved by carrying out MP2(fc)/6-311++G(d,p) calcu-
lations. Since for calculating the DE the energy of the low lying
conformation of HAlCl4 had to be used depending on the level
of investigation, the corresponding values of either cis or trans
geometry have been employed. Nevertheless, both conforma-
tions are almost equal in stability and, therefore, DE is
practically unaffected by the energy chosen for the acid.

Details on current ab initio MO theory and common standard
procedures are given elsewhere.14 Furthermore, single point
energy calculations have been also performed with Dunnings
split valence basis set D95.15 All ab initio MO calculations were
performed using Hyperchem software16 and run on a Pentium
PC.

All ab initio DFT computations were performed with the
DMol program17 on an Indigo-2 workstation. The Becke 1988
exchange functional18 was used in combination with the Lee–
Yang–Parr correlation (LYP).19 All electrons were taken into
account and the DNP (double numeric augmented by polariza-
tion functions at both hydrogen and non-hydrogen atoms) basis
set was used together with a high number of mesh points that is
almost to the saturation point of the mesh grid. Completely
optimised geometries as well as the corresponding energies
have been calculated with this basis which is17 comparable to
6-31G(d,p) followed by vibrational analyses. All stationary
points were found to be minima. It has been shown7 that DNP
reproduces the DE of strong acids and superacids quite well.

Table 1 Calculated total energies (-Eh) and ZPVEs (kcal mol21)

ZPVE
Point ZPVE B-LYP/ 6-31+ 6-31+

Compound group 3-21G(*) DNP 3-21G(*)a G(d)a G(d,p)

HAlCl4, cis Cs 8.78 7.78 2071.08345 2080.64470 2080.65075

HAlCl4, trans Cs 8.84 7.64 2071.08350 2080.64438 2080.65085

AlCl42 Td 3.91 3.37 2070.67394 2080.23457 2080.23455

AlCl3 D3h 3.19 2.87 1613.09168 1620.57802 1620.57802
HCl DHv 4.56 3.94 457.98139 460.06100 460.06734
Cl2 1S0 0.00 0.00 457.44410 459.53964 459.53964

D95++ 6-311++ MP2/6-31+ MP2/D95++ MP2/6-311++ B-LYP/
G(d,p) G(d,p) G(d,p) G(d,p) G(d,p) DNP

2080.62684 2080.77494 2081.28968 2081.66018 2081.72054 2084.14452
(2081.72000)b

2080.63852 2080.77496 2081.28998 2081.67213 2081.72075 2084.14448
(2081.71482)b

2080.22098 2080.35608 2080.86515 2081.23394 2081.29120 2083.71675
(2081.29098)b

1620.55913 1620.67310 1621.05833 1621.36398 1621.40989 1623.31904
460.06191 460.09621 460.21834 460.28323 460.29680 460.82018
459.53440 459.56562 459.68144 459.74856 459.75418 460.28427

a Fully optimised geometries. b Energies at 6-31+G(d) geometries.

Chem. Commun., 1998 391



Detailed information on the current state and performance of
modern DFT theory is given in the user manual17 and in some
recent comprehensive books and papers.20

In order to turn out an incidental failure of the chosen
procedure, the geometries have also been fully optimised
employing the medium size 6-31+G(d) basis set. The gradients
of the 6-311++G(d,p) energies (not given in the text) are smaller
when the 3-21G(*) geometries are used and the corresponding
energies (Table 1) are lower. Thus, the 3-21G(*) structures are
closer to the 6-311++G(d,p) ones and they are applied
throughout in this study. The DE values are practically
unaffected by this difference in the geometries used. The values
calculated (Table 2) are 265.0 kcal mol21 (3-21G(*)) and 264.8
kcal mol21 (6-31+G(d)).

It is noteworthy that the results for DE from all MO
calculations rigorously depend on the size of the basis sets
applied (Table 2). It was found that the MP2(fc)/6-31+(d,p)
level of investigation provides a good estimate for predicting
the acidity of HAlCl4. On the other hand, it is remarkable that
both remaining MP2 calculations provide almost identical
values of DE (263.1 and 265.0 kcal mol21). Moreover, the DFT
gives a value (264.1 kcal mol21) lying between the two latter
ones. Thus, the mean DE of HAlCl4 amounts to ca. 264 kcal
mol21. This is less than the corresponding value for HTaF6 (269
kcal mol21)7 which was obtained applying the same DFT
procedure as in the present work. The order of acidity is,
therefore, HSbF6 > HAlCl4 > HTaF6 since there is a complete
agreement between the experimental and DFT results of DEs on
one hand7 and the same was found for the DFT and MP2(fc)/
6-311++G(d,p) sets of values, on the other hand.8

Beside the acidity the decomposition of the acid toward HCl
and AlCl3 is of interest. The positive energies for reaction (2)
collected in Table 2 reveal that generation of HAlCl4 is
favoured, however, the values are small and indicate a weak van
der Waals (vdW) interaction. Indeed, all attempts of Brown and
Pearsall21 failed to detect any complexation of AlCl3 with HCl
even at temperatures as low as 150 K. Many years later,
however, aggregates were found22 with a composition corre-
sponding to 2HAlCl4·3Et2O indicating the necessity of an
auxiliary ‘complexation generator’.

Finally, the stability of the anion AlCl42 towards chloride ion
detachment has been investigated (Table 2). Previously it was
found23 that the MP2/6-31+G(d) energy required to dissociate
AlCl42 in agreement with reaction (3) is 51.57 kcal mol21. The
latter value is, however, erroneous. We calculated from the total
energies reported23 the correct one (77.6 kcal mol21). This
result was confirmed by our calculations (Table 2).

Thus, AlCl42 is, for example, comparable in stability to the
conjugated base PF6

2 for which a fluoride ion detachment of 85
± 10 kcal mol21 was determined experimentally,24 in complete
agreement with quantum chemical calculations.9,25

The following significant concluding remarks can to be
made. (a) HAlCl4 belongs to the strongest superacids since its
gas phase acidity is between those of HSbF6 and HTabF6. (b)
The acid itself exhibits a weakly bonded vdW complex between
HCl and AlCl3 which is rather unstable in vacuo even at low
temperatures. (c) The conjugated base (AlCl42) is a stable

species with respect to chloride ion abstraction possessing a
detachment energy which is comparable to those of usual
ordinary chemical bonds.

All optimised geometries are available from the authors by
request. Furthermore, they will be published in a subsequent
paper.
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Table 2 Processes considered in this investigationa (kcal mol21)

6-31+ 6-31+ D95++ 6-311++ MP2/6-31+ MP2/D95++ MP2/6-311++ B-LYP/
Reaction 3-21G(*)b G(d)b G(d,p) G(d,p) G(d,p) G(d,p) G(d,p) G(d,p) DNP

(1) HAlCl4?H+ + AlCl42 252.6 253.0 256.8 257.6 258.5 262.1 263.1 265.0 (264.8)c 264.1
(2) HAlCl4?HCl + AlCl3 5.61 2.63 2.45 10.00 2.59 7.40 14.69 7.87 2.37
(3) AlCl42?AlCl3 + Cl2 86.0 72.7 72.7 79.3 73.0 78.0 75.6 79.1 70.7
(4) HCl?H+ + Cl2 333.0d 323.0 327.0 326.9 328.8 332.8 331.4 333.5 332.3

a The ZPVE corrections are scaled by 0.9 for the 3-21G(*) calculations and they are unscaled when the DFT values were used. b Fully optimised geometries.
c The DE when the 6-31+G(d) geometry is used. d Experimental values (enthalpies at 298 K) are26 333.4 ± 0.3 and 333.7 ± 2.2 kcal mol21.
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The importance of nitrogen substituents in chiral amino thiol ligands for the
asymmetric addition of diethylzinc to aromatic aldehydes

James C. Anderson*† and Michael Harding

Department of Chemistry, University of Sheffield, Sheffield, UK S3 7HF 

A new series of N,S-chelate ligands derived from (S)-valine,
which possess the capability of a stereogenic nitrogen donor
atom, are catalysts for the addition of diethylzinc to
aromatic aldehydes and gave the product secondary alcohols
in up to 82% ee.

The successful use of metal complexes for enantioselective
catalysis is largely dependant upon the structure and electronic
properties of chiral ligands. We set out to develop a series of
new chiral N,S-chelates, derived from amino acids, that would
help us understand the origins of chirality in a variety of
asymmetric catalytic processes. Very recently enantiomerically
pure amino thiols have been shown to catalyse the addition of
diethylzinc to benzaldehyde in high enantiomeric excess. Most
noteworthy are systems derived from ephedrine,1,2 (1R,
2S)-(2)-1,2-diphenyl-2-aminoethanol3 and van Koten’s N,S-
chelated bis{2-[(R)-1-)dimethylamino)ethyl]phenylthiolato}-
zinc complex.4 All of these ligands possess a symmetrical
nitrogen donor atom and we anticipated that a potentially
stereogenic nitrogen donor atom could have positive effects in
this reaction system and other metal catalysed processes. In the
design of our ligands careful attention was paid to the notion
that the chirality inherent to the backbone of the amino acid
could be transmitted closer towards the reaction centre by the
correct choice of substituents on nitrogen. Upon chelation, the
nitrogen atom could become stereogenic and reinforce the
stereoinducing power of the ligand. We have tackled this idea
by preparing ligands 1–5 that all possess a ligating sulfur atom
in place of the hydroxy group from the derived amino acid. We
hoped we could get good catalytic activity as sulfur would have
a high affinity towards most metals useful in catalytic reactions,
and has less tendency to diminish the Lewis acidity of the metal
compared to metal alcoholates.‡ For instance, when ligand 1

chelates to a metal atom the nitrogen donor with two phenyl
substituents will possess different orientations of its atomatic
rings [Fig. 1(a)]. The rotational freedom of the b-phenyl ring
will be restricted by the proximity of the chiral centre. The

orientation of this phenyl ring will affect that of the a-phenyl
ring and render the nitrogen atom stereogenic.§ In ligands of
type 4 the nitrogen atom is substituted with a large and small
group. Upon coordination to a metal atom the N-methyl
substituent should occupy the same face as the chiral centre on
the backbone of the chelate, forcing the larger phenyl
substituent to the underface [Fig. 1(b)], thus again rendering the
nitrogen atom stereogenic.¶ Here we report our initial studies
concerning these ligands in the 1,2-addition of diethylzinc to
aromatic aldehydes, in order to assay their enantioselectivity
and catalytic reactivity.

The syntheses of our desired ligands were accomplished in
high yield starting from either (S)-valine methyl ester or
(S)-valinol derived from the reduction of (S)-valine (Scheme
1).5 Diphenylation of (S)-valine methyl ester or (S)-valine was
not possible using palladium catalysed methods recently
reported.6 Instead monophenylation using triphenylbismuth
diacetate, promoted or catalysed by copper diacetate,7 gave 7 in
85% yield. This material could then be phenylated again, under
similar conditions, to give 8 in 69% yield. Reduction of the
diphenylamine 8 with LAH was followed by substitution of the
hydroxy function with sulfur under Mitsunobu-type conditions
and gave ligand 1 in 75% yield. Formation of the
N-phenylformamide by warming 7 with acetic formic anhy-
dride8 in 96% yield was followed by treatment with LAH to
effect simultaneous reduction to the N-methyl substituent and

Fig. 1

Scheme 1 Reagents and conditions: i, Ph3Bi(OAc)2 (1.2 equiv.), Cu(OAc)2

(10 mol%), CH2Cl2, room temp., 24 h, 85%; ii, Ph3Bi(OAc)2 (1.5 equiv.)
Cu(OAc)2 (1 equiv.), CH2Cl2, room temp., 14 d, 69%; iii, LAH (4 equiv.),
Et2O–THF, room temp., 1 h; iv, diisopropyl azodicarboxylate (2 equiv.),
Ph3P (2 equiv.), AcSH (2 equiv.), room temp., 77% over two steps; v, LAH
(4 equiv.) Et2O–THF, 0 °C, 5 min, 98%; vi, AcOCHO (2.6 equiv.) HCO2H
(3.2 equiv.), THF, 70 °C, 2.5 h, 96%; vii, LAH (5 equiv.) Et2O, 60 °C, 0.5
h, then (iv) followed by (v), 84% over three steps; viii, LAH (2 equiv.),
Et2O–THF, room temp., 0.5 h, 93%; ix, PhSSPh (3 equiv.), Bu3P (4 equiv.),
THF, 80 °C, sealed tube, 24 h, 75%; x, BnBr (2.2 equiv.), K2CO3 (2.5
equiv.), EtOH, room temp. 24 h, 91%, then (iv) followed by (v), 81% over
two steps; xi, Br(CH2)5Br (2 equiv.), K2CO3 (5 equiv.), EtOH, 60 °C, 48 h,
78%, then (iv) followed by (v), 72% over two steps
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hydroxy function. Substitution by sulfur as before gave ligand 4
in 84% yield over three steps. Treatment of 7 with LAH gave
alcohol 10 in 93% yield which was converted to the phenylthiol
ligand 5 by heating in a sealed tube with diphenyl disulfide and
tri-n-butylphosphine in 75% yield.9

Dibenzylation of (S)-valinol was achieved by treatment with
benzyl bromide and potassium carbonate in 91% yield.
Dialkylation of the amine function of (S)-valinol with 1,5-di-
bromopentane, under similar conditions, proceeded in 78%
yield to form a piperidine. Substitution of the hydroxy function
in each of these compounds by the aforementioned method gave
ligands 2 and 3 in 81 and 72% yield, respectively (Scheme 1).
The enantiohomogeneity of these ligands has been verified by
racemic synthesis followed by NMR and HPLC comparison of
their Mosher derivatives with the enantiomerically pure mate-
rials.

With these ligands in hand we screened their effectiveness as
enantioselective catalysts in the addition of diethylzinc to
aromatic aldehydes. Our initial experiments in this area are
promising, as summarised in Table 1, and show good levels of
enantioinduction in the presence of catalytic amounts (10
mol%) of the ligands 1–5. Reactions were performed in toluene,
at room temperature, for 3–20 h using 2.2 equiv. of di-
ethylzinc.

These preliminary studies indicate that giving the nitrogen
atom the potential to become stereogenic leads to a better
system for enantioselection, as evidenced by the superior
enantioselection of ligands 1 and 4 over 2 and 3 respectively.
The best enantioselection (82% ee, entries 8 and 9) found with
ligand 4 suggests that the donating ability of the nitrogen lone
pair could be a factor in the efficiency of these ligands. This
necessitates the need for further studies to try and separate the

steric and electronic factors that are responsible for enhanced
enantioselection. Ligands having a labile proton on nitrogen
perform very poorly as catalysts in this particular reaction and
along with the desired addition product, benzyl alcohol (38%)
was formed from reduction of benzaldehyde.10 These results
show that non-symmetrical phenyl-substituted nitrogen donor
atoms have a positive effect on the efficiency of these particular
ligand systems. We believe we have a system with which we
can probe the origins of chiral induction by further manipulation
of the steric and electronic properties of these ligands. Further
systematic modifications, studies designed to describe a
transition state model and investigation of other metal catalysed
systems will be reported in due course.
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Pfizer and Zeneca for financial support. The loan of GC
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Table 1 Diethylzinc additions to aromatic aldehydes catalysed by chelate
ligands 1–5

Entry Ligand Ar Yield (%)a Ee (%)b

1 1 Ph 85 74
2 1 o-MeOC6H4 88 52
3 1 p-MeOC6H4 91 62
4 2 Ph 91 58
5 3 Ph 78 66
6 3 o-MeOC6H4 92 65
7 3 p-MeOC6H4 100 62
8 4 Ph 80 82
9 4 o-MeOC6H4 83 82

10 4 p-MeOC6H4 90 78
11 5 Ph 35c 0

a Isolated yield. b Determined by chiral GLC using a ChrompackTM CP-
Cyclodex B column or optical rotation (see note ∑). c Reaction time 3
days.
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Radical cyclization of a-iodo enones by photoinduced electron transfer reaction

Chin-Kang Sha,*† K. C. Santhosh, Chen-Tso Tseng and Chien-Ting Lin

Department of Chemistry, National Tsing Hua University, Hsinchu 300, Taiwan, ROC 

A facile intramolecular radical cyclization of a-iodo enones
effected by triethylamine-mediated photoinduced electron
transfer (PET) reactions is described.

Photoinduced electron transfer (PET) reactions have been
widely used for one electron reduction and cyclization reac-
tions.1 Recently, Cossy has employed a triethylamine-promoted
PET reaction for the generation of alkyl radicals2 and for
various cyclization reactions.3 Mattay has described the radical
cyclization reactions of cyclopropyl and epoxy ketones effected
by triethylamine-mediated PET reactions.4 Triethylamine-
induced carbocyclization of b-bromoprop-2-ynyl ethers in
pyrimidenedione has also been reported.5 As part of our
investigation directed toward the total synthesis of natural
products based on a-ketone6 and a-enone7 radical cyclizations,
we were in search of an efficient and mild alternative route to
the tributyltin hydride method. In this context we examined the
triethylamine-mediated PET reactions of a-iodo ketones,
a-iodo enones and vinyl iodides. Herein we report the
preliminary results of our investigation.

We initiated our study with a-iodo ketones.1 a-Iodo ketone 1
or 4 with triethylamine (10 equiv.) in MeCN (0.02 m) was
irradiated in a Rayonet photoreactor with low pressure mercury
lamp for 15 min (Scheme 1). The reaction mixture was purified
by silica-gel column chromatography to afford the cyclized
product 2 or 5 in low yield (35 and 40%, respectively). The
other compounds isolated were the reduction products 3 and
6. Attempts to improve the yields of this reaction under various
conditions were futile. We then examined the PET radical
cyclization of a-iodo enones. The a-iodo enones were synthe-
sized from the corresponding enones8 via a literature proce-
dure.9 A solution of a-iodo enone 8 or 11 in MeCN (0.02 m)
with triethylamine (10 equiv.) was irradiated for 45 min. Upon
workup, we obtained the cyclized product 9 (E : Z = 3 : 1) or 12
(E : Z = 1 : 1) in 74 and 61% yield, respectively. The generality
of this PET radical cyclization of a-iodo enones was then
investigated. The results are summarized in Table 1.
a-Iodo vinylogous esters 14 and 20 with a terminal acetylenic

moiety and 17 and 23 with trimethylsilyl acetylenic groups
underwent cyclization readily. While a-iodo enones and a-iodo
vinylogous esters underwent smooth cyclization, the corre-
sponding unprotected a-iodo vinylogous amide 26 failed to
cyclize under these photolysis conditions. However,
N-protected a-iodo vinylogous amide 29 underwent clean
cyclization and afforded the double bond isomerized compound
30 upon silica-gel column chromatography. In order to test the
limitations of this method, we also tried a similar procedure

with vinyl iodides. The required iodo compounds 31 and 33
were prepared by standard procedures.10 Compound 31 was
photolyzed with triethylamine for 2 h, but the expected
cyclization did not occur. Instead 31 underwent simple
reduction to give compound 32. Similarly, iodo compound 33
failed to cyclize upon irradiation and led only to the formation
of reduction product 34 (Scheme 2).

Scheme 1

Table 1 Irradiation of iodo enones, vinylogous esters and amides in the
presence of triethylamine

a-Iodo Cyclized Yield (%)a,b

Entry Enones enones products E : Z

a Isolated yield. b The uncyclized reduction products were 10–25% for
entries 1–3. c The Z and E isomers were characterized by NOE experiments.
d The exocyclic double bond was isomerized to form the pyrrole ring during
silica-gel column chromatography.

Scheme 2
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In conclusion, we have achieved the efficient radical
cyclization of a-iodo enones via triethylamine-mediated PET
reactions, whereas the radical cyclization of a-iodo ketones
using PET conditions afforded the cyclized product only in
moderate yield. Presumably a-enone radicals, having the
radical orbital orthogonal to the p-system of the enone, is more
reactive and hence undergoes cyclization more effectively. Mild
reaction conditions and easy product isolation make this route
an attractive alternative to the tributyltin hydride method. This
method eliminates the tedious separation of the tin compounds
and would permit large scale preparations. The application of
this method toward the total synthesis of natural products is
being investigated in our laboratories.

We gratefully acknowledge a grant (NSC87-
2113-M-007-043) from the National Science Council of the
Republic of China.
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Excited state properties of the (tropylium)molybdenum tricarbonyl cation

H. Kunkely and A. Vogler*

Institut für Anorganische Chemie, Universität Regensburg, 93040 Regensburg, Germany 

The electronic spectrum of [(h-C7H7)Mo0(CO)3]+ shows its
longest-wavelength absorption at lmax = 379 nm which is
assigned to a Mo0? h-C7H7

+ MLCT transition; the 3MLCT
excited state is luminescent at room temperature; solid
[(h-C7H7)Mo0(CO)3]PF6 as well as solutions of the complex
in MeCN display this emission at lmax ca. 580 nm; the MLCT
state is also reactive; in EtOH solutions
[(h-C7H7)Mo0(CO)3]+ is reduced to [(h-C7H8)Mo0(CO)3]
with f = 0.18 at lirr = 366 nm.

An important family of luminescent transition metal com-
pounds comprises polypyridyl complexes such as [RuII-

(bipy)3]2+ 1,2 and [ReI(bipy)(CO)3Cl].3–5 These emitters are
characterized by a reducing d6 metal ion of the second or third
transition series and heteroaromatic ligands which provide low-
energy empty p* orbitals. The emission originates from the
lowest energy metal-to-ligand charge transfer (MLCT) triplet
excited state. An analogous behavior may be observed for
organometallic complexes which contain aromatic molecules or
ions such as benzene or cyclopentadienyl anion as 6p-electron
ligands. Unfortunately, the metal?p* (aromatic hydrocarbon)
MLCT states of such complexes are apparently located above
the lowest energy ligand-field (LF) excited states. Accordingly,
these compounds do not emit under ambient conditions, but
undergo photosubstitution.3 However, an emission could occur,
if by a suitable choice of the aromatic ligand, the MLCT state is
pushed below the LF states. In contrast to C5H5

2 and C6H6, the
tropylium cation is a strong acceptor.6,7 The electronic spectra
of ion pairs consisting of C7H7

+ and donor anions such as I2
show characteristic long-wavelength outer sphere CT absorp-
tions.7–9 It follows that the tropylium cation should be an
appropriate acceptor ligand in order to observe a low-energy
and hence emitting MLCT state. We explored this possibility
and selected the cation [(h-C7H7)Mo0(CO)3]+10–13 for the
present study. This complex is easily accessible from
[(h-C7H8)Mo0(CO)3]11,14 which is commercially available
(Aldrich).

The electronic spectrum of [(h-C7H7)Mo(CO)3]+ in EtOH
(Fig. 1) shows absorptions at lmax = 379 nm (e/dm3 mol21

cm21 1200), 298 (23 800), 236 (sh, 15 800). The energy of the
long-wavelength bands is scarcely dependent on the solvent
polarity. Solid [(h-C7H7)Mo(CO)3]PF6 shows a yellow emis-
sion at lmax = 580 nm at room temperature. In solution this
luminescence is slightly shifted (Fig. 1) and appears at lmax
= 578 nm. The excitation spectrum of [(h-C7H7)Mo(CO)3]+

matches essentially the absorption spectrum. This emission
intensity is rather low in solution (f ca. 1025). In EtOH the
complex is light sensitive. The photolysis is accompanied by
spectral changes (Fig. 2) which indicate the formation of
[(h-C7H8)Mo(CO)3]. At the isosbestic point (l = 317 nm)
[(h-C7H7)Mo(CO)3]+ and [(h-C7H8)Mo(CO)3] have the same

absorption coefficient (4100). In a qualitative analysis protons
and acetaldehyde are detected as further photoproducts. The
progress of the photolysis was monitored by measuring the
decrease of the optical absorption at 298 nm where the
absorption coefficients of [(h-C7H7)Mo(CO)3]+ and
[(h-C7H8)Mo(CO)3] are 23 800 and 3700, respectively. The
quantum yield of this photoreaction is f = 0.18 at lirr = 366
nm.

Complexes of the type [(arene)M0(CO)3] can be viewed as
pseudo-octahedral d6 complexes in which the arene occupies
three coordination sites at the central metal. The electronic
spectra and photochemistry of a variety of such complexes have
been studied in the past.3 These compounds display M0?p*
arene MLCT absorptions near 300 nm. However, LF excited
states are apparently located below these MLCT states as
indicated by the emission behavior and photochemical proper-
ties. While related complexes such as [ReI(bipy)(CO)3Cl] are
characterized by lowest energy MLCT states which are
luminescent under ambient conditions,3–5 [(arene)M0(CO)3]

Fig. 1 Electronic absorption (—) and emission (---) spectra of
[(h-C7H7)Mo(CO)3]PF6 at room temperature under argon. Absorption: 5.63
3 1025 m in EtOH, 1 cm cell. Emission: in MeCN, lexc = 380 nm, intensity
in arbitrary units.

Fig. 2 Spectral changes during the photolysis of 1.06 3 1024 m
[(h-C7H7)Mo(CO)3]PF6 in EtOH under argon at room temp. after 0 (a), 5
(b), 10 (c) and 20 s (d) irradiation time, lirr = 313 nm (1 kW Xe/Hg 977 B-1
lamp), 0.1 cm cell
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complexes are not emissive at room temperature and in
solution.3,4 The presence of lowest energy LF excited states is
also consistent with the observation that these complexes
undergo efficient photosubstitution reactions.3

If arenes in [(arene)M(CO)3] are replaced by the isoelectronic
aromatic tropylium cation which is a strong electron acceptor6,7

MLCT states should be shifted to lower energies and might now
occur below the photoactive LF states. The results of the present
study are in agreement with this expectation.

The rather intense absorption of [(h-C7H7)Mo(CO)3]+ at
lmax = 379 nm (Fig. 1) is assigned to the M0?p* C7H7

+

MLCT transition. This band is scarcely solvent dependent.
However, the strong interaction of the tropylium ligand with
Mo10,13,15 is certainly associated with a considerable mixing of
ligand and metal orbitals. Accordingly, the CT character should
be reduced and the change of dipole moment during MLCT
excitation might be quite small. On the other hand, the
appearance of a room temperature emission is consistent with a
MLCT assignment. It is assumed that the emitting state is a
triplet in analogy to many other luminescing d6 complexes with
metals of the second and third transition row.1–5

In ethanol [(h-C7H7)Mo(CO)3]+ undergoes a photoreduction
according to eqn. (1).

[(h-C7H7)Mo0(CO)3]+ + EtOH? [(h-C7H8)Mo0(CO)3]
+ H+ + MeCHO (1)

This reaction consists of a hydride transfer from ethanol to
the C7H7

+ ligand yielding the cycloheptatriene complex and
acetaldehyde. In the ground state only the reaction of
[(h-C7H7)Mo(CO)3]+ with strong H2 donors such as BH4

2

generates the trialkene complex.12,13 Although the mechanism
of the photoreduction of coordinated C7H7

+ to C7H8 is
unknown, it should be related to the nature of the reactive
excited state. In the MLCT state the complex may be regarded
as a MoI complex which contains a C7H7 radical as a ligand. The
C7H7 radical should be able to abstract a hydrogen atom from
ethanol [eqn. (3)].

MLCT
[(C7H7

+)Mo0(Co)3]+ ––––? [(·C7H7)MoI(CO)3]+ (2)

[(·C7H7)MoI(CO)3]+ + EtOH? [(C7H8)MoI(CO)3]+

+ MeĊHOH (3)

The MeĊHOH radical is a strong reductant and transfers an
electron to the oxidizing MoI complex yielding the final
products.

In conclusion, it has been shown that [(h-C7H7)Mo(CO)3]+ is
characterized by a lowest energy MLCT state which is
luminescent and, in the presence of suitable substrates, also
reactive.

This work was supported by the Deutsche Forschungs-
gemeinschaft.
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Controlled cleavage of R8Si8O12 frameworks: a revolutionary new method for
manufacturing precursors to hybrid inorganic–organic materials

Frank J. Feher,* Daravong Soulivong and Andrew G. Eklund

Department of Chemistry, University of California, Irvine, CA 92697-2025, USA 

Cube-octameric polyhedral silsesquioxanes (R8Si8O12) react
with strong acids (HX) to produce R8Si8O11X2 frameworks
resulting from selective cleavage of one Si–O–Si linkage;
subsequent hydrolysis affords R8Si8O11(OH)2 frameworks
derived from the net hydrolysis of one Si–O–Si linkage in
R8Si8O12; these results demonstrate for the first time that
readily available R8Si8O12 frameworks can be used as
precursors to incompletely condensed Si/O frameworks and
have important implications for the manufacture of hybrid
inorganic–organic materials based on discrete polyhedral
clusters of silicon and oxygen.

Discrete polyhedral clusters containing silicon and oxygen have
recently emerged as precursors to new families of network
solids1 and hybrid inorganic–organic materials.2 Two broad
families of polyhedral Si/O clusters exist: (i) spherosilicates
(e.g. 1),1a which are most often prepared by silylation of silicate
solutions;3 and (ii) polyhedral silsesquioxanes4a (e.g. 2, 3),

which are usually obtained from hydrolytic condensation
reactions of trifunctional organosilicon monomers (RSiX3),3b,4

hydrosilylation of hydridosilsesquioxanes2c,f,5 or ‘corner-cap-
ping’ reactions of trisilanols 5 and 6.6a,b Both families have
enormous potential as building blocks for advanced materials if
cost-effective methods can be devised to produce appropriately
functionalized Si/O frameworks on a large scale.

Here, we outline a new strategy for preparing functionalized
silsesquioxanes from fully condensed [R8Si8O12] frameworks
(e.g. 3). The salient feature of our approach is a general and
remarkably selective method for effecting cleavage of a single
framework siloxane linkage. Products from this reaction are
versatile precursors to a wide range of functionalized Si/O
frameworks, including several that could be manufactured on a
large scale from readily available organosilicon monomers.

The addition of an excess of HBF4·OMe2 (4.6 equiv.) and
BF3·OEt2 (6 equiv.) to a solution of 3 in CDCl3 or C6D6 does not
produce an immediate reaction at 25 °C, but upon standing for
several hours or brief refluxing, NMR resonances for a new
fluoride-substituted silsesquioxane appear at the expense of
resonances for 3. On the basis of multinuclear NMR data (1H,
13C, 29Si, 19F), a high-resolution mass spectrum, and the strong

preference for stereochemical inversion at Si in related
reactions,6c,d this product was identified as 7, a C2v-symmetric
framework derived from cleavage of a single Si–O–Si linkage.†
Difluoride 7 is the only Si-containing product formed by the
reaction, but the reaction consistently stops at 70–85%
conversion because water produced during the reaction lowers
the activity of HBF4 to a point where protonation and
subsequent cleavage of Si–O–Si linkages are no longer
favorable.

Like other fluoride-substituted silsesquioxanes, 7 is stable to
air and water, but it can be hydrolyzed with retention of
stereochemistry at Si in two steps by sequential treatment with
Me3SnOH and aqueous HCl.6c,d The reaction of 7 with
Me3SnOH (reflux, 46 h, CHCl3) proceeds with complete
retention of stereochemistry at Si to afford 8, which reacts
rapidly with dilute aqueous HCl to produce 9. Yields for both
reactions are quantitative by NMR spectroscopy, so the three-
step synthesis of 9 from 3 can be accomplished easily on a
laboratory scale with good overall yield.

It is tempting to conclude that cleavage of Si–O–Si bonds by
HBF4/BF3 is driven by the formation of strong Si–F bonds, but
it is clear from reactions of 3 with other strong acids that the
acidity of HBF4 is more important for Si–O–Si cleavage than
the availability of fluoride. In fact, a source of fluoride is not
required to induce framework cleavage. We have examined a
number of strong acids, but our preliminary results with triflic
acid (CF3SO3H, TfOH) are particularly promising.

Triflic acid is one of the strongest organic acids available, and
under normal conditions it is not a source of fluoride. The
reaction of 3 with an excess of TfOH (5 equiv., 25 °C, C6H6)
occurs quickly upon mixing and within 30 min produces a
quantitative yield of a new C2v-symmetric ditriflate derived
from cleavage of a single Si–O–Si linkage. Ditriflate 10 is the
product expected if framework cleavage by TfOH is mechanis-
tically analogous to the reaction of 3 with HBF4/BF3, but
structure 11 is equally consistent with all of our spectroscopic
data and should not be dismissed until the stereochemical
consequences of silsesquioxane–triflic acid reactions (vide
infra) are independently corroborated by X-ray diffraction
studies.‡ Regardless of its structure, the ditriflate is surprisingly
resistant to further framework cleavage under conditions where
3 is completely consumed. It is not obvious why this is the case
because most crystallographic data suggest that R8Si8O12
frameworks adopt structures with strain-free Si–O–Si link-
ages,4a but it is clear from our results that 3 is at least two orders
of magnitude more susceptible to cleavage by TfOH than the
ditriflate derived from cleavage of a single Si–O–Si linkage.

In stark contrast to difluoride 7, which does not react with
water (even at 80 °C in the presence of pyridine), the ditriflate
obtained from 3 is very difficult to handle without producing
hydrolysis products. In fact, hydrolysis of both Si–OTf groups
occurs immediately upon exposure to water to produce disilanol
12 and variable amounts of 3, which presumably forms via
intramolecular cyclization of the intermediate monosilanol/
monotriflate. When hydrolysis is performed by adding Et2O
solutions of the ditriflate and excess NEt3 to water-saturated
Et2O, 12 and 3 are produced in a 97 : 3 ratio.
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Structural assignment of 12 was made on the basis of
multinuclear NMR spectroscopy, a high-resolution mass spec-
trum and combustion analysis. The endo orientation of both Si–
OH groups is evident from the 1H NMR spectrum, which
exhibits a broad resonance at d 4.44 for the two H-bonded SiOH
groups. This is within the chemical shift range observed for
other intramolecularly H-bonded SiOH groups6a,e and nearly
2.5 ppm downfield from the 1H NMR resonance for the isolated
SiOH groups in 9 (d 2.00). Final confirmation of our assignment
is provided by the reaction of 12 with MeHSiCl2 (25 °C, NEt3–
Et2O) which produces quantitative yields of 13. Subsequent
hydrosilylation (Kardstedt’s catalyst, C6D6, 25 °C, 1.5 h)5a of
13 with H2CNCHCMe2CH2CO2Me affords 14 as the sole Si-
containing product.

The two-step synthesis of 12 from 3 requires both the reaction
of 3 with TfOH and hydrolysis of the resulting ditriflate to occur
with the same stereochemical consequences at silicon. Both
reactions must proceed with complete inversion at Si or both
must proceed with complete retention. Inversion at silicon
during nucleophilic displacement reactions is usually observed
when good leaving groups are replaced by poor (i.e. soft)
nucleophiles.7 Retention at silicon is usually favored when poor
leaving groups are replaced by strong (i.e. hard) nucleophiles.7
Water is a much poorer nucleophile than MeLi or hydroxide,
and triflate (i.e. CF3SO3

2) is a much better leaving group than
fluoride. Both factors should favor stereochemical inversion
during hydrolysis of Si–OTf. It is therefore highly probable that
both the reaction of 3 with excess TfOH (to produce 10) and the
subsequent formation of 12 proceed with complete inversion of
stereochemistry at Si.

Most R8Si8O12 frameworks are thermally very stable and
surprisingly unreactive toward reagents that normally attack
cyclic siloxanes.4a When framework cleavage was observed in
the past, it normally produced complicated product mixtures or
occurred under conditions where extensive framework degrada-
tion was followed by equilibration to other thermodynamically
stable clusters (R10Si10O15, R12Si12O18, etc.).8 The work
presented here describes a revolutionary advance in the
chemistry of silsesquioxanes because it demonstrates for the
first time that a readily available R8Si8O12 framework can be
used as a precursor to incompletely condensed Si/O frame-
works. In fact, the net monohydrolysis of Cy8Si8O12 3 can be
accomplished selectivity with either of two useful stereo-
chemical outcomes (i.e. 9 or 12). In light of the fact that 3 can
be prepared in high yield via the catalytic hydrogenation of
Ph8Si8O12 4,4c which in turn can be prepared in nearly
quantitative yield from relatively inexpensive PhSiX3 monom-
ers,4d the transformations described here present the very real
possibility that functionalized Si/O frameworks can be manu-
factured on a truly large scale for production of advanced
inorganic–organic hybrid materials. The results from our work
to expand the scope of these powerful new synthetic methods, as
well as our efforts to use ditriflate 10 as a precursor to new Si/O
and Si/O/M frameworks will be reported in due course.

These studies were supported by the National Science
Foundation and Phillips Laboratory (Edwards AFB).

Notes and References

* E-mail: fjfeher@uci.edu

† Selected spectroscopic data: 7: 13C{1H} NMR (125 MHz, CDCl3, 25 °C)
d 27.41–26.04 (CH2), 23.47, 22.85, 21.86 (d, J 23.2 Hz) (2 : 1 : 2 for CH).
29Si{1H} NMR (99 MHz, CDCl3, 25 °C) d 263.69 (d, J 274 Hz), 267.44,
268.26 (2 : 4 : 2). EIMS (70 eV, 200 °C, relative intensity): m/z 1019 ([M 2
Cy]+, 100%). 9: 1H NMR (500 MHz, CDCl3, 25 °C) d 2.00 (br s, SiOH, 2
H), 1.74 (br m, 40 H), 1.24 (br m, 40 H), 0.82 (br m, 2 H), 0.76 (br m, 6 H).
13C{1H} NMR (125 MHz, CDCl3, 25 °C) d 27.54–27.33 (CH2),
26.83–26.54 (CH2), 23.83, 23.27, 23.02 (2 : 1 : 1 for CH). 29Si{1H} NMR
(99 MHz, CDCl3, 25 °C) d 256.88, 267.31, 268.45 (1 : 1 : 2). MS (70 eV,
200 °C, relative intensity): m/z 1015 ([M 2 Cy]+, 100%). 10: 1H NMR (500
MHz, C6D6, 25 °C) d 2.10 (br m), 1.75 (br m), 1.57 (br m), 1.24 (br m).
13C{1H} NMR (125 MHz, C6D6, 25 °C) d 119.20 (CF3, J 317 Hz), 27.67,
27.61, 27.31, 27.02, 26.90, 26.40, 26.01 (s for CH2), 24.04, 23.51, 23.33 (s,
4 : 2 : 2 for CH). 29Si{1H} NMR (99 MHz, C6D6, 25 °C) d263.55, 266.32,
267.60 (s, 2 : 2 : 4 for CH). 12: 1H NMR (500 MHz, CDCl3, 25 °C) d 4.45
(br s, SiOH), 1.77 (br s, 40 H), 1.24 (br s, 40 H), 0.75 (br s, 8 H) 13C{1H}
NMR (125 MHz, CDCl3, 25 °C) d 27.54, 27.47, 26.87, 26.77, 26.53, 26.51
(s for CH2), 23.77, 23.65, 23.05 (s, 4 : 2 : 2 for CH). 29Si{1H} NMR (99
MHz, CDCl3, 25 °C) d 259.84, 267.58, 269.82 (s, 2 : 2 : 4). MS (70 eV,
200 °C, relative intensity): m/z 1015 ([M 2 Cy]+, 100%). 13: 1H NMR (500
MHz, CDCl3, 25 °C) d 4.64 (d, 1 H, SiH, 3JHH 1.6, JHSi 246.5 Hz), 1.75 (br
s, 40 H), 1.24 (br s, 40 H), 0.76 (br s, 8 H), 0.20 (d, 3 H, CH3, 3JHH 1.6 Hz).
13C{1H} NMR (125 MHz, CDCl3, 25 °C) d 27.60, 27.57, 27.52, 26.92,
26.78, 26.58 (s for CH2), 23.90, 23.75, 23.13 (s, 2 : 4 : 2 for CH), 0.57 (CH3).
29Si{1H} NMR (99 MHz, CDCl3, 25 °C) d 235.68 [Si(H)Me], 267.80,
269.26, 270.24, 270.34 (s, 2 : 2 : 2 : 2). MS (70 eV, 200 °C, relative
intensity): m/z 1139 ([M 2 H]+, 3%), 1125 ([M 2Me]+, 5%), 1057 ([M 2
Cy]+, 100%). 14: 1H NMR (500 MHz, CDCl3, 25 °C) d 3.65 (s, 3 H, OCH3),
2.18 (s, 2 H, CH2CO), 1.74 (br s, 40 H), 1.34 (m, 2 H, CH2), 1.23 (br s, 40
H), 0.97 (s, 6 H, CMe2), 0.74 (br s, 6 H), 0.68 (br s, 2 H), 0.50 (m, 2 H,
SiCH2), 0.10 (s, 3 H, SiCH3). 13C{1H} NMR (125 MHz, CDCl3, 25 °C) d
172.98 (CNO), 50.99 (OCH3), 45.23 (CH2CO), 35.67 (SiCH2CH2), 33.86
(CMe2), 27.58, 27.55, 27.50, 26.91, 26.86, 26.73, 26.71, 26.55 (s, for CH2),
26.49 (CMe2), 24.08, 23.76, 23.72, 23.10 (s, 2 : 2 : 2 : 2 for CH), 10.61
(SiCH2), 21.49 (SiCH3). 29Si{1H} NMR (99 MHz, CDCl3, 25 °C) d
220.69 [Si(Me)CH2], 267.88, 270.38, 270.42, 270.44 (s, 2 : 2 : 2 : 2). MS
(MALDI-TOF, dithranol, relative intensity): m/z 1199 ([M 2 Cy]+, 20),
1139 ([M 2 C8H15O2]+, 100%).
‡ We hope to establish the structure of the ditriflate by a single-crystal X-ray
diffraction study, but the compound is extremely water-sensitive, highly
soluble in all solvents with which it does not react, and prone to precipitate
as poorly diffracting microcrystals.
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Catalytic conversions in water. Part 9. High activity of the
Pd/dpppr-s/Brønsted acid system in the alternating copolymerization of ethene
and carbon monoxide {dpppr-s = C3H6-1,3-[P(C6H4-m-SO3Na)2]2}

GöranVerspui, Georgios Papadogianakis and Roger A. Sheldon*†

Laboratory for Organic Chemistry and Catalysis, Delft University of Technology, Julianalaan 136, NL-2826 BL Delft, The
Netherlands

The formation of alternating copolymers of ethene and
carbon monoxide proceeds rapidly in the aqueous phase in
the presence of a water-soluble palladium catalyst and a
Brønsted acid; activities of > 4 kg of polymer per g
palladium per hour were observed.

Currently there is a growing interest in organometallic catalysis
in water.1 The replacement of organic solvents by water is
advantageous for environmental, safety and economical reasons
and the use of biphasic systems facilitates catalyst recycling.
Nevertheless, there are few examples of (biphasic) aqueous
systems with acceptable catalytic activities.

The palladium catalyzed alternating copolymerization of
a-olefins and carbon monoxide affords polyketones with
commercially interesting properties.2 The most active catalysts
are palladium(ii) complexes with bidentate phosphines, e.g.
1,3-bis(diphenylphosphino)propane (dpppr).3 Jiang and Sen4

attempted to perform the alternating copolymerization in pure
water but, unfortunately, their system suffered from low
catalytic activity (470 g polymer per gram Pd in 22 h).

We recently found high activities for the water-soluble
palladium catalyst [Pd(tppts)3] [tppts = P(C6H4-m-SO3Na)3] in
the biphasic hydrocarboxylation of propene.5 We now report on
the facile formation of alternating copolymers of ethene and
carbon monoxide in the presence of the bidentate water-soluble
phosphine C3H6-1,3-[P(C6H4-m-SO3Na)2]2 (dpppr-s) and a
Brønsted acid cocatalyst (vide infra). Indeed, under mild and
only partly optimized reaction conditions, the catalyst exhibits
activities (ca. 4 kg polymer per gram Pd per hour, ±7600
mol ethene per mol Pd per hour) comparable to those observed
with Pd/dpppr systems in organic solvents, e.g. MeOH which is
quite extraordinary for a water-soluble catalyst.

We applied a recently developed sulfonation procedure for
the synthesis of the water-soluble analogue of dpppr;6 dpppr-s‡
was obtained in high yield (90%) and purity (98%) and its
structure was confirmed by 1H, 13C and 31P NMR and elemental
analysis.

The catalyst was prepared in situ by addition of dpppr-s
dissolved in water to an aqueous solution of
[Pd{OTs}2{NCMe}2]. Analogous to non-aqueous systems, the
use of a bidentate ligand has a dramatic effect on the outcome of
the reaction (Scheme 1). Whereas tppts affords predominantly
propionic acid, the water-soluble bidentate dpppr-s results in the
formation of the alternating copolymer. The reaction condi-
tions§ are rather mild and only extremely low concentrations of

palladium ( < 0.14 mmol l21) are needed for a rapid conversion.
Under these conditions no low molecular weight compounds
(n = 1–6) are formed, as determined by HPLC analysis.

The optimum dpppr-s : Pd ratio is 1 : 1 (see Table 1). Without
ligand metallic palladium is formed, while an excess of ligand
(dpppr-s : Pd = 2 : 1) inhibits the reaction. The addition of a
Brønsted acid is important for the stability of the catalyst. At
low Brønsted acid concentration a lower catalyst activity is
observed and large amounts of metallic palladium are formed
during the reaction. The optimum results were obtained with 50
equiv. of Brønsted acid per palladium (1.0 mmol, run 7).

The anion of the Brønsted acid should be weakly- or non-
coordinating, e.g. CF3CO2

2 or TsO2. With the strongly
coordinating iodide anion no catalytic activity was observed
(run 6). These results are consistent with those observed in the
Pd/tppts-catalyzed hydrocarboxylation of a-olefins.5

The copolymers are white solids that precipitate during the
reaction, which implies that the reaction can proceed hete-
rogeneously in aqueous media. The average molecular weights
(Table 1) are lower than for copolymers obtained in the Pd/
dpppr system in MeOH (6.6 vs. 8.5 kg mol21).3a

We assume that the aqueous phase copolymerization pro-
ceeds via a similar reaction pathway to that proposed by Drent
et al.3a for the organic soluble system (Scheme 2). Initiation
takes place by ethene insertion in a palladium–hydride bond.
The palladium hydride [PdH{dpppr-s} {L}]+ (L = H2O,

Scheme 1

Table 1 The alternating copolymerization of ethene and carbon monoxide
catalyzed by the aqueous Pd/dpppr-s systema

Molecular
Brønsted weight/kg

Run Ligand Ligand : Pd acid (mmol) Activityb mol21c

1d,e — 0.0 TsOH (30.0) 0 —
2 dpppr-s 1.0 TsOH (10.0) 3.58 6.1
3 dpppr-s 1.5 TsOH (10.0) 1.56 6.5
4 dpppr-s 2.0 TsOH (10.0) 0.56 6.1
5 dpppr-s 1.0 TFA (10.0) 3.87 6.9
6 dpppr-s 1.0 HI (10.0) 0 —
7 dpppr-s 1.0 TsOH (1.0) 4.03 6.6
8d dpprs-s 1.0 TsOH (0.2) 3.44 7.7
9d dpprs-s 1.0 — (0.0) 2.83 6.5

10f dpprs-s 1.0 TsOH (10.0) 2.04 10.9

a Reaction conditions: 0.020 mmol [Pd{OTs}2{NCMe}2], ligand and
Brønsted acid in water, 141.9 g of total reaction mixture, 0.20 mol ethene,
40 bar constant total pressure, 90 °C, 60 min, stirring speed: 1000 rpm. b In
kg polymer per gram Pd per hour. c Determined by quantitative 13C NMR
analysis. d Formation of metallic palladium during reaction. e Reaction time:
120 min. f Reaction temperature: 70 °C, reaction time: 65 min.
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NCMe, anion or monomer) can for instance be formed in situ by
successive reduction of [Pd{dpppr-s} {L}]2]2+ by CO and water
to a Pd0 complex7 and oxidative addition of the Brønsted acid.
The initiation is followed by alternating insertion of carbon
monoxide into a palladium–alkyl bond and ethene insertion in a
palladium–acyl bond. The strictly alternating fashion of chain
growth is terminated by hydrolysis of either a palladium–acyl or
a palladium–alkyl bond, resulting in the formation of a
carboxylic or a keto end group, respectively. In the latter case a
palladium(ii) hydroxo species is formed which can be reduced
by carbon monoxide to regenerate the original hydride.

The much higher activity of our system compared to that
previously reported4 can be explained by the addition of a
Brønsted acid cocatalyst and the high purity of the ligand. The
addition of a Brønsted acid prevents decomposition of the
catalyst and thus enhances its productivity. Moreover, impuri-
ties, such as partly oxidized ligand [Ar2PO–(CH2)3–PAr2] and
inorganic salts can inhibit the reaction by occupying free
coordination sites on the palladium.

We conclude that the alternating copolymerization of olefins
and carbon monoxide in water constitute an alternative,
environmentally friendly method for the preparation of new
low-cost polymers with interesting properties. Studies are
underway aimed at further optimization of this system and
confirming the molecular weights of the polymers by alternative
techniques.

Financial support by the Foundation for Chemical Research
in the Netherlands (SON/NWO) is greatly acknowledged.
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† E-mail: r.a.sheldon@stm.tudelft.nl
‡ Ligand synthesis: 4.95 g of dpppr (12.0 mmol) was dissolved in a solution
of 4.00 g of orthoboric acid (64.7 mmol) in 37.5 ml of H2SO4 (98%). After
ca. 90 min 67.5 ml oleum (65%) was added at 0–5 °C under vigorous
stirring. After the addition the solution was stirred at room temperature for
48 h. The mixture was hydrolyzed at 0–5 °C with 800 ml of H2O. The
product was extracted from the water phase with tri-isooctylamine in
toluene. The organic layer was washed repeatedly with water. By addition
of 5% aq. NaOH, the pH was increased and the fraction of pH 4.6–12.5 was
collected, washed with pentane and evaporated to dryness. Yield: 90%,
purity: 98% (based on 31P-NMR analysis). Selected data: dH (300.2 MHz,

25 °C, D2O) d: 7.70 (m, 4 H), 7.65 (m, 4 H), 7.35 (m, 8 H), 2.19 (t, J 8 Hz,
4 H), 1.39 (m, 2 H); dC (100.6 MHz, 25 °C, D2O) 144.4 (d, J 6 Hz), 140.0
(d, J 12 Hz), 136.8 (d, J 17 Hz), 131.0 (s), 130.8 (d, J 15 Hz), 121.6 (s), 29.1
and 29.0 (dd, J 9 Hz), 22.7 (t, J 16 Hz); dP (121.5 MHz, 25 °C, D2O) 216.3
(s). Calc. for C27H22O12P2S4Na4·4H2O: P, 6.67, S, 13.81. Found: P, 6.52, S,
13.6% (S/P = 2.0).
§ Copolymerization reactions. Under an argon atmosphere an aqueous
solution of [Pd{OTs}2{NCMe}2] (0.020 mmol), dpppr-s and Brønsted acid
was transferred to a 300 ml Hasteloy C autoclave and diluted to give 141.9
g of reaction mixture ([Pd] = 0.14 mmol l21). The argon was replaced by
carbon monoxide after five pressurizing–depressurizing cycles. The
reaction mixture was stirred (1000 rpm) and the autoclave was pressurized
with carbon monoxide via a stainless steel cylinder that contained 0.20
mol of ethene and heated to the reaction temperature. The pressure was kept
constant by addition of carbon monoxide. After the reaction the autoclave
was cooled to room temperature immediately. The reactant gasses were
vented and the product was filtered, washed with water (50 ml) and EtOH
(2 3 50 ml) and dried in vacuo. The average molecular weights of the
copolymer samples were determined by quantitative 13C NMR analysis in
a mixture of 1,1,1,3,3,3-hexafluoropropan-2-ol and CDCl3 (9 : 1).
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7 [PdCl{tppts}3]+ is reduced to [Pd{tppts}3] within 5 min under 2 bar CO
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J. Chem. Soc., Chem. Commun., 1995, 1105.
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Metal-directed assembly of a box-like structure

Edwin C. Constable* and Emma Schofield

Institut für Anorganische Chemie, Spitalstrasse 51, CH-4056 Basel, Switzerland 

A dinuclear octacationic box is assembled by the reaction of
a dicationic bis(2,2A : 6A,2B-terpyridine) ligand with iron(II);
an {FeL2} unit [L = 4A-(4-pyridyl)-2,2A : 6A,2B-terpyridine]
acts as an analogue of 4,4A-bipyridine.

Metal-directed self-assembly is a widely used methodology in
supramolecular chemistry.1 In the synthesis of new systems
such as helicates, cyclohelicates, boxes, cylinders and grids,
inter alia, conventional organic substructures are conceptually
replaced by metal-containing units. This strategy has been
successfully used by Stang and Olenyuk2 and Lehn and
coworkers3 amongst others4 for the synthesis of box-like
structures. Here, we report the use of the [FeL2

2+ unit [L = 4A-
(4-pyridyl)-2,2A : 6A,2B-terpyridine] as an analogue of
4,4A-bipyridine.

Stoddart and coworkers have reported a range of topologicaly
complex structures based upon the molecular box 14+ (Scheme
1).5 Paradoxically, the key compound 14+ remains elusive and is

only obtained in low yield under forcing conditions in the
absence of a template,6 although improved yields are obtained
in templated syntheses.7 We considered the synthesis of 28+ in
which the key cyclisation step involved the formation of the
4,4A-bipyridine analogue in a step involving the formation of
twelve Fe–N bonds.

Our initial approach to the synthesis of 28+ was a direct
analogy to the preparation of 14+ and involved the reaction in
acetonitrile of 4,4A-bis(bromomethyl)biphenyl with
[FeL2][PF6]2,8 the metallogue of 4,4A-bipyridine. The iron salt
was added over 6 h to a boiling solution and heating continued
for 72 h to give a dark blue solution which TLC indicated to
contain one major blue component. This compound was
isolated by chromatography [Kieselgel 60, gradient starting
with MeCN : sat. KNO3 (aq) : H2O (7 : 1 : 0.5) and gradually
increasing the H2O content] and identified as 3[PF6]6 (25%).†
None of the numerous minor fractions appeared to contain the
desired 28+ species. Attempts to prepare 28+ by the reaction of

Scheme 1
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36+ with a second equivalent of 4,4A-bis(bromomethyl)biphenyl
in acetonitrile were also unsuccessful.

Accordingly, we adopted an alternative strategy in which the
iron is incorporated into the metallocycle in the final step. The
reaction of L with 4,4A-bis(bromomethyl)biphenyl proceeded
smoothly in acetonitrile to give 42+ which was isolated as its
hexafluorophosphate salt in 62% yield (Scheme 1).‡ The
subsequent cyclisation was performed under high dilution
conditions (6 3 1025 mol dm23 in each component) by the
addition of 1 equiv. of iron(ii) tetrafluoroborate to 1 equiv. of
3[PF6]2 in 1 : 1 methanol–acetonitrile solution (Scheme 1).
Finally, the deep blue solution was treated with an excess of
NH4PF6 and the blue solid collected by filtration. Fractional
recrystallisation yielded 2[PF6]8 as deep blue microcrystals in
35% yield.§ Chromatographic analysis and separation indicated
that a series of higher oligomers with varying metal : ligand
stoichiometries were formed.

The 1H NMR spectrum of a solution of 2[PF6]8 in CD3CN is
surprisingly simple§ and fully confirms the structural proposal
with a single chemical and magnetic 2,2A : 6A,2B-terpyridine
environment and a single AB pattern for the biphenylene unit.
The primary characterisation relied upon electrospray mass
spectrometry which exhibited a series of ions corresponding to
the species {2(PF6)n}(82 n)+ indicating the formation of the
dinuclear species rather than a higher oligomer. This was further
confirmed by the preparation of the tetraphenylborate analogue
by metathesis with NaBPh4; the electrospray mass spectrum
revealed the expected peaks assigned to {2(BPh4)n}(82 n)+.
Attempts to obtain X-ray quality crystals have failed and even
the very small crystals that we have obtained are extremely
prone to solvent loss.

To date we have been unable to obtain NMR evidence for the
inclusion of electron rich aromatic guest molecules into the
cavity of 28+ although modelling studies indicate that such
interactions are reasonable. We note that the compound is
obtained in a highly solvated form containing significant
numbers of acetone, methanol or water molecules which may be
removed under high vacuum to yield material with somewhat
different solubility characteristics. We are currently studying
the introduction of such guest molecules.

We should like to thank the Schweizerischer Nationalfonds
zur Föderung der wissenschaftlichen Forschung and the
University of Basel for support.

Notes and References

* E-mail: constable@ubaclu.unibas.ch
† 3[PF6]6: 1H NMR (250 MHz, CD3CN): d 9.32 (4 H, s, H3b), 9.26 (4 H, s,
H3D), 9.20 (4 H, d, J 6.8 Hz, H3M), 9.03 (4 H, d, J 6.4 Hz, H3N), 8.91 (4 H,

d, J 6.8 Hz, H2M), 8.65 (8 H, m, H3A), 8.24 (4 H, d, J 5.9 Hz, H2N, 7.94 (8
H, m, H4A), 7.93, 7.77 (4 H, d, J 8.3 Hz, HY), 7.15 (16 H, m, H5A,6A), 6.00
(4 H, s, CH2). ESMS (calc.): m/z 255.9 (255.4, [M 2 6PF6]6+); 455.5 (455.6,
[M 2 4PF6]4+).
‡ 4[PF6]2: 1H NMR (250 MHz, CD3CN): d 8.91 (4 H, d, J 6.8 Hz, H6A), 8.88
(4 H, s, H3B), 8.73 (8 H, m, H3M,2M/3A), 8.50 (8 H, d, J 6.8 Hz, H2M/3A), 8.01
(4 H, ddd, J 7.8, 2 Hz, H4A, 7.80 (4 H, d, J 8.8 Hz, HY), 7.59 (4 H, d, J 8.3
Hz, HY), 7.55 (4 H, m, H5A), 5.83 (4 H, s, CH2). LD TOF-MS (calc.): m/z
947 (945, [M 2 PF6]+), 799 (800, [M 2 2PF6]+). Mp 195–196 °C.
§ 2[PF6]8: 1H NMR (250 MHz, CD3CN): d 9.22 (8 H, s, H3B), 9.17 (4 H, d,
J 6.9 Hz, H3M), 9.81 (8 H, d, J 6.4 Hz, H2M), 8.55 (8 H, d, J 8.3 Hz, H3A),
7.78 (24 H, m, H4A,Y), 7.00 (16 H, m, H5A,6A), 5.97 (8 H, s, CH2). ESMS
(calc.): m/z 265.6 (265.5, [M 2 7PF6]7+), 334.0 (333.9, [M 2 6PF6]6+),
429.6 (429.7, [M 2 5PF6]5+), 573.3 (573.4 [M 2 4PF6]4+), 812.5 (812.8, [M
2 3PF6]3+), 1291.9 (1291.7, [M 2 2PF6]2+). 2[BPh4]8: m/z 1175.5 (1176.0,
[M 2 6PF6]2+), 1334.9 (1335.7, [M 2 5PF6]2+), 1494.7 (1495.3, [M 2
4PF6]2+), 1656.0 (1654.9, [M 2 3PF6]2+), 1814.0 (1814.5, [M 2
2PF6]2+).

Throughout, the notation used is: A, terminal tpy ring; B, central tpy ring
with free 4-pyridyl; D, central tpy ring with quaternised 4-pyridyl; M,
quaternised 4-pyridyl ring; N, free 4-pyridyl ring; Y, biphenyl spacer.
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Facile synthesis of arylated heterofullerenes ArC59N

Berthold Nuber and Andreas Hirsch*

Institut für Organische Chemie, Henkestasse 42, D-91054 Erlangen, Germany 

The thermal treatment of the heterofullerene dimer (C59N)2
with anisole, toluene and 1-chloronaphthalene in the pres-
ence of toluene-p-sulfonic acid and air leads to the formation
monoarylated azafullerenes ArC59N in very good yields.

The simplest nitrogen heterofullerene C59N is a reactive radical
intermediate and stabilizes after its formation upon dimerization
to the closed shell system 1.1–3 So far, only a limited number of
monomeric closed shell derivatives, namely the parent hydro-
azafullerene HC59N and RC59N (R = Ph2CH) described by
Wudl and co-workers,4,5 as well the alkoxides ROC59N and
ROC69N (R = CH2CH2OMe) reported by our group,2 are
known. These compounds are formed either during the
synthesis of the heterofullerenes themselves as by-products or
starting from the dimer 1 by trapping the homolysis product
C59N, for example, with Ph2CH2 in a radical substitution
sequence. Here we report on an easy method for the synthesis of
arylated mono adducts of C59N in high yields by the thermal
treatment of the dimer (C59N)2 1 with aromatics in the presence
of acid and oxygen.

Refluxing a solution of 25 mg of 1 in 30 ml of a 5 : 3 mixture
of 1,2-dichlorobenzene (ODCB) and the corresponding aro-
matic with 50 equivs. of toluene-p-sulfonic acid in the presence
of air for about 2–5 h results in almost quantitative conversion
to the heterofullerene derivatives 2–4 (Scheme 1). After
chromatographic purification (silica gel; toluene) the mono-
adducts 2–4 were obtained in 78–90% isolated yield. Com-
pounds 2 and 3 are the para-substitution products of anisole and
toluene, whereas 4 is a mixture of different substitution products
of 1-chloronaphthalene. We did not observe arylations with

Fig. 1 13C NMR (100.5 MHz, CS2, 20% CDCl3) spectrum for 2, (top: expanded 120–155 ppm region)

Scheme 1
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deactivated aromatics, which allows use of ODCB as solvent. In
the absence of an acid or oxygen these derivatizations do not
take place. The arylation with N,N-dimethylaniline failed. This
is presumably due to the protonation of the Me2N group causing
deactivation towards electrophilic substitution.

The monoadducts 2–4 were characterized by 1H NMR, 13C
NMR, UV–VIS and FTIR spectroscopy as well as by mass
spectrometry.† The 1H NMR spectrum of 2, for example, shows
the expected ddd-pattern of an AAABBA-spin system for a para-
substituted aromatic ring. The protons of the methoxy group
resonate at d 4.03. The 13C NMR spectrum of 2 (Fig. 1) clearly
proves Cs symmetry showing the 30 expected fullerene
resonances in the sp2 region between d 155 and 123. The five
different C-atoms of the anisyl addend resonate at d 160.36,
132.94, 128.47, 115.01 and 54.93. The peak at d 82.33 is due to
the resonance of the sp3 carbon of the fullerene skeleton, which
is a typical value for a corresponding C atom in RC59N.6 The
UV–VIS spectra of 2–4 displaying the most intensive absorp-
tions† at ca. 260, 320 and 440 nm are basically identical to that
of 1. All three compounds are green in solution. The FTIR
spectra† of 2–4 show the typical characteristics for fullerene
derivatives (monoadducts), especially the absorptions in the
fingerprint region between 480 and 590 cm21 with the strongest
peak at about 523 cm21. MALDI-TOF mass spectrometry
shows the M+ peak of each compound together with a strong
fragmentation peak at m/z 722 for C59N+.

We assume that the mechanism of this reaction is an
electrophilic aromatic substitution (SEAr). The electrophile is
presumably C59N+, which might be formed via thermal
homolysis of 1 and subsequent oxidation with O2. The reaction
times depend on the nature of the aromatic reagent used. For
example, the reaction of 1 with toluene took almost 5 h, whereas
quantitative conversion with anisole was achieved within 2 h,
which is in line with the lower SEAr activity of toluene. The role
of the acid is not clear. It is possible that it is needed to trap the
reduced oxygen species.

It is important to mention that arylated adducts like 2 can also
be obtained starting directly from the precursor molecules 5 and
6, which are usually used for the synthesis of the heterofullerene
dimer 1 (Scheme 2). Although the yields are considerably lower
than those of the corresponding conversions using isolated 1,
one separation step can be avoided. However, the yields can be
increased upon raising the reaction temperature. The direct
treatment of 5 in 1-chloronaphthalene at 220 °C leads to the
formation of 4 in 46% isolated yield.

Investigations on the chemical behaviour as well as on the
electronic and photophysical properties of the stable arylated
heterofullerene derivates like 2–4 are currently underway.

We thank the DFG for financial support.
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* E-mail: hirsch@organik.uni-erlangen.de
† Selected spectroscopic data of the newly synthesised compounds 2–4. 2:
FTIR: n(KBr)/cm21 2995, 2945, 2924, 2900, 2828, 1507, 1421, 1250, 1175,
1032, 966, 899, 840, 822, 718, 638, 587, 555, 523 and 482; UV–VIS
lmax(cyclohexane)/nm 257, 323, 444, 591, 723 and 789; dH(400 MHz, CS2–
20% CDCl3) 8.72 (ddd, JAB 9.02, JABA 3.10, JAAA 2.75, 1 H), 7.35 (ddd, JAB

9.02, JABA 3.10, JAAA 2.75, 1 H) and 4.03 (s, 3 H); dC(100.5 MHz, CS2–20%
CDCl3) 160.36 (C–OMe, 1C), 154.10 (2C), 148.61 (2C), 147.58 (1C),
147.44 (2C), 147.38 (2C), 147.06 (2C), 146.91 (2C), 146.41 (2C), 146.19
(2C), 146.02 (2C), 145.66 (2C), 145.63 (1C), 145.46 (2C), 144.83 (4C),
144.37 (2C), 144.11 (2C), 143.79 (2C), 142.93 (2C), 142.55 (2C), 141.89
(2C), 141.60 (2C), 141.34 (2C), 141.24 (2C), 140.80 (2C), 140.68 (2C),
139.60 (2C), 137.31 (2C), 132.94 [C-(CH)2COMe, 1C], 132.72 (2C),
128.47 (C–CHCOMe, 2C), 123.89 (2C), 115.01 (C–COMe, 2C), 82.33 (1C)
and 54.93 (Me); MALDI-MS m/z 828 (M+), 814 (M+ 2 Me) and 722
(C59N+). 3: FTIR: n(KBr)/cm21 2919, 2845, 1736, 1629, 1509, 1422, 1374,
1344, 1316, 1262, 1236, 1186, 1095, 1020, 968, 901, 844, 803, 774, 719,
707, 679, 554, 525, 495, 483, 438, 428 and 409; UV–VIS lmax(cyclohex-
ane)/nm 263, 323, 440, 588, 722 and 790; dH(400 MHz, CS2–20% CDCl3)
8.70 (ddd, not completely resolved, JAB 7.77, 1 H), 7.67 (ddd, not
completely resolved, JAB 7.77, 1 H) and 2.66 (s, 3 H); dC(100.5 MHz, CS2–
20% CDCl3) 154.19 (2C), 148.69 (2C), 147.59 (1C), 147.42 (2C), 147.39
(2C), 147.08 (2C), 147.01 (2C), 146.41 (2C), 146.21 (2C), 146.03 (2C),
145.67 (2C), 145.65 (1C), 145.46 (2C), 144.84 (4C), 144.39 (2C), 144.11
(2C), 143.80 (2C), 142.95 (2C), 142.56 (2C), 141.90 (2C), 141.62 (2C),
141.34 (2C), 141.25 (2C), 140.80 (2C), 140.69 (2C), 139.61 (2C), 139.22
(q, 1C), 138.02 (q, 1C), 137.34 (2C), 132.75 (2C), 130.42 (C–CMe, 2C),
127.07 (C–CHCMe, 2C), 123.94 (2C), 82.60 (1C) and 21.48 (Me); MALDI-
MS m/z 813 (M+) and 722 (C59N+). 4: FTIR: n(KBr)/cm21 2962, 2923,
2854, 1635, 1508, 1420, 1375, 1318, 1261, 1092, 1028, 800, 747, 722, 524
and 472; UV–VIS lmax(cyclohexane)/nm 256, 320, 436, 580, 711 and 793;
dH(400 MHz, CS2–20% CDCl3) several multiplets between d 7.0 and 10.5;
dC(100.5 MHz, CS2–20% CDCl3) 154.23, 148.34, 147.66, 147.53, 147.41,
147.27, 147.15, 146.73, 146.48, 146.38, 146.27, 146.24, 146.14, 145.74,
145.54, 144.96, 144.43, 144.34, 144.22, 143.79, 143.07, 142.81, 142.08,
141.86, 141.32, 140.96, 140.80, 139.80, 137.39, 137.38, 136.99, 133.34,
133.00, 129.20, 128.76, 128.05, 127.61, 127.45, 126.97, 126.50, 126.30,
125.75, 125.25, 124.82, 124.02 and 122.82; MALDI-MS m/z 884 (M+) and
722 (C59N+).
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Self-assembly of carcerand-like dimers of calix[4]resorcinarene facilitated by
hydrogen bonded solvent bridges

Kristie N. Rose, Leonard J. Barbour, G. William Orr and Jerry L. Atwood*†

Department of Chemistry, University of Missouri-Columbia, Columbia, Missouri 65211, USA

In the presence of solvent molecules which can act simul-
taneously as hydrogen bond donors and acceptors, the
calix[4] resorcinarene 1 can self-assemble into a dimeric
carcerand-like complex utilizing an intricate array of
hydrogen bonds with the solvent such that pairs of concave
molecules associate indirectly in a rim-to-rim fashion to
form a relatively large supramolecular cavity.

One of the main goals of supramolecular chemistry1 is to use
cleft-containing molecules to ‘recognize’ a substrate on the
basis of size, shape, functionality and electrostatic profile. This
concept was borrowed from Nature where the process of
molecular recognition is central to the chemistry of life.2
Although bowl-shaped molecules such as the calixarenes3 and
cyclodextrins4 have been studied extensively over the last two
decades, their molecular cavities are relatively small. An
increasing trend towards the design of systems with larger voids
has resulted in the development of systems which utilize
multiple bowl-shaped molecules as building blocks. In this
context, the pioneering work of Cram5 and Collet6 introduced
the carcerands and cryptophanes—covalent cavities with the
ability to confine guest molecules. Although these systems are
of great conceptual importance, the guest cannot usually be
removed without the rupture of at least one covalent bond of the
host. Consequently, there has been much interest in the
utilization of hydrogen bonded interactions to assemble con-
cave building blocks in order to produce large cavities. In
general, such cage systems are attractive because the molecular
association is reversible under relatively mild conditions. Rebek
and co-workers7 have elegantly demonstrated these principles
using self-complementary molecules that contain hydrogen
bond donor and acceptor moieties positioned about the rims of
their cavities. Moreover, one of us recently reported8 a solid-
state supramolecular assembly composed of six calix[4]resorci-
narene molecules which are linked by solvent water molecules,
thus forming a large cavity approximately 1375 Å3 in volume.
We are keenly interested in the supramolecular complexation of
fullerenes,9 and have been investigating the possibility of
encapsulating C60 within a calix[4]resorcinarene hexamer.
Since a solitary C60 molecule is too small to fill the void
efficiently, the complex would also require encapsulation of a
significant amount of solvent in order to stabilize the structure.
During the course of our attempts at assembling such a system,
we have instead produced a dimeric carcerand-like complex in
which two concave calix[4]resorcinarene molecules are linked
indirectly by hydrogen bond bridges involving eight propan-
2-ol solvent molecules. Crystallographic characterization of a
dimeric system of this nature is unprecedented and is an
important extension of the work initiated by Rebek.

Single crystals suitable for X-ray diffraction analysis‡ were
grown by slow diffusion of propan-2-ol into a solution of 110

and C60 (5 : 1 molar ratio) in o-dichlorobenzene. The most
striking feature of the structure is that pairs of concave
calix[4]resorcinarene molecules are arranged in a rim-to-rim
fashion to form dimers, as shown in Fig. 1. The eight hydroxy
groups of one calix[4]resorcinarene form hydrogen bonds with
eight oxygen atoms belonging to propan-2-ol solvent mole-
cules. The latter, in turn, form hydrogen bonds to a second

claix[4]resorcinarene molecule, thus completing the dimer. No
hydroxy group hydrogen atoms were located and hydrogen
bonds are inferred from short O···O contacts. The proximate
hydroxy O···O contacts within each calixresorcinarene are
2.771(7) Å, implying that these oxygen atoms are also hydrogen
bonded to one another. The unique calix[4]resorcinarene-to-
solvent O···O distances are 2.660(9) and 2.743(9) Å. The two
calix[4]resorcinarene molecules each have C4v symmetry and
are related to one another by a mirror plane at x,y,0 which passes
through all of the propan-2-ol oxygen atoms. The assembly of
the dimer is thus facilitated by the formation of sixteen
intermolecular hydrogen bonds, while a further eight intra-
molecular hydrogen bonds impart structural rigidity of the
calix[4]resorcinarene molecules. The symmetry relationship
between the constituents of the dimer requires all of the
hydrogen atoms involved in hydrogen bonding to be dis-
ordered.

The effective van der Waals volume of the cavity was
calculated11 to be 230 Å3 and its cross section, measured at
x,y,0, is approximately equal in dimensions to a molecule of
o-dichlorobenzene. In order to maintain structural stability, it is
probable that the cavity contains several solvent molecules,
perhaps of both o-dichlorobenzene and propan-2-ol. Relatively

Fig. 1 Projection showing the calix[4]resorcinarene dimer. Hydrogen atoms
are omitted for clarity and hydrogen bonded interactions are shown as
broken bars.
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large peaks of electron density within the cavity appear to
indicate the presence of chlorine atoms, but crystallographically
imposed symmetry precludes the use of a cogent model for
included solvent molecules. As shown in Fig. 2, the cal-
ix[4]resorcinarene dimers are stacked in columns along 0,0,z
and 1

2,12,z while the C60 molecules are similarly arranged along
0,12,z and 1

2,0,z. The calix[4]resorcinarene columns involve
alternating head-to-head and tail-to-tail associations of the
molecules. The latter result in the formation of lattice voids
bounded by phenethyl moieties belonging to the host and also
appear to contain disordered o-dichlorobenzene solvent.

We have shown that the solvent-assisted hexameric assembly
of calix[4]resorcinarenes to form carcerand-like complexes has
a dimeric analogue. Characterization of such systems is a
significant step towards understanding the principles involved
in the design of supramolecular cavities of diverse shapes and
sizes, and assemblies of this nature are important because, like
their biological counterparts, the contents of large molecular
voids are often considered12 to represent an additional phase of
matter.

We are grateful for funding from the National Science
Foundation.
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† E-mail: chemja@showme.missouri.edu
‡ Crystal data for C60H56O8·4(C3H8O)·C60: M = 1866.14; dark red
orthorhomboid, 0.30 3 0.25 3 0.20 mm, tetragonal, I4/m;
a = b = 18.9296(7), c 27.2702(13) Å; Z = 4; V = 9771.7(7) Å3,
Dc = 1.216 g cm23, Siemens SMART CCD diffractometer, Mo-Ka
radiation, l = 0.7107 Å; T = 2100 °C; 2qmax = 54.4°, 27652 reflections

collected, 5531 unique (Rint = 0.0388). final GoF = 1.045, R1 = 0.1193,
wR2 = 0.3393, R indices based on 5531 reflections with F > 4s(F), Lp and
absorption corrections applied, m = 0.077 mm21, min transition factor
= 0.743. All calculations were performed using the Siemens SHELX-TL
software suite. All non-hydrogen atoms of the claix[4]resorcinarene
molecule were refined anisotropically and, with the exception of the
hydroxy group hydrogen atoms which are disordered, hydrogens were
placed in calculated positions. The C60 molecule is disordered over two
orientations and was modeled accordingly. The final model also included
propan-2-ol and disordered o-dichlorobenzene solvent molecules. CCDC
182/731.
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Fig. 2 Packing diagram (only calix[4]resorcinarene and C60 molecules are
shown) viewed along [001], parallel to the molecular columns
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Sulfinyl versus allylic stereocontrol in Diels–Alder cycloadditions of hydroxy
2-sulfinyl butadienes

Roberto Fernández de la Pradilla,*a† Carlos Monteroa and Alma Visob
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b Departamento de Quı́mica Orgánica I, Facultad de Quı́mica, Universidad Complutense, E-28040 Madrid, Spain 

Enantiopure hydroxy 2-sulfinyl butadienes undergo a highly
face selective Diels–Alder cycloaddition with
N-phenylmaleimide and phenyltriazolinedione controlled
by the chiral sulfur atom; the related enantiopure sulfonyl
dienes display complimentary p-facial selectivity.

The asymmetric Diels–Alder reaction is a fundamental process
in contemporary organic synthesis since up to four enantio- and
diastereo-merically pure stereogenic centres are created in a
single step.1 Within this field, the use of enantiopure dienes is
comparatively less developed and the clarification of issues
concerning stereocontrol for these protocols is a current
challenge.2 In most studies involving enantiopure dienes, the
chiral auxiliary is only utilized to induce asymmetry in the
Diels–Alder process, and further asymmetric transformations
are not readily envisaged. In contrast, simple 2-sulfinyl dienes
are especially appealing substrates since, after a highly selective
Diels–Alder cycloaddition,3,4 a vinyl sulfoxide, which may
undergo subsequent chirality transfer operations,5 is
generated. Here we report the first examples of highly
diastereoselective sulfur directed Diels–Alder cycloadditions of
enantiopure hydroxy 2-sulfinyl dienes which display a non-
reinforcing relationship of stereocontrolling elements.6

We have recently described a short and completely stereo-
controlled route to enantiopure dienes 1 (Scheme 1).7 At the
onset of this research we envisioned that dienes 1 would provide
a unique opportunity to assess the relative p-facial stereodirect-
ing abilities of two powerful elements of stereocontrol in a
Diels–Alder process,4,8,9 and lead to enantiopure cycloadducts
A or B. It should be noted that for dienes 1, the allylic hydroxy-
bearing stereocentre and the sulfinyl auxiliary are expected to
direct the approach of the dienophile with maximum efficiency
due to mutual 1,3-allylic strain,10 and to opposite faces of the
diene moiety.11

To gain insight into the stereochemical outcome of a basic
intermolecular Diels–Alder process, we selected N-phenyl-
maleimide (NPM) and diene 1a7 for our initial studies, and the
results obtained are shown in Scheme 2. In this fashion,
cycloadduct 2a was produced as a single isomer (300 MHz 1H
NMR analysis of the crude reaction mixture) and isolated in

good yield after recrystallization. Treatment of a solution of 2a
with silica gel resulted in spontaneous lactonization and partial
epimerization to produce a separable 25 : 75 mixture of amides
3a (b-amide) and 4a (a-amide) which displayed significant
NOE enhancements between Ha and Hb (11.5 and 10.4%
respectively).‡

To extend the scope of our methodology, and seeking
additional support for the stereochemical assignments, we
prepared enantiopure hydroxy sulfonyl diene 7a from sulfoxide
1a by a simple oxidation with magnesium monoperoxyph-
thalate (MMPP).12 Diene 7a underwent smooth cycloaddition

Scheme 1

Scheme 2 Reagents and conditions: i, NPM (1–1.5 equiv.), toluene, room
temp., 2–5 d, 70% for 2a, 69% for 2b, 86% for 9a and 82% for 9b; ii, SiO2,
CH2Cl2, room temp., 4 d, 91% for 3a/4a and 95% for 4b; iii, MCPBA, (1.5
equiv.), CH2Cl2, 278 °C to room temp., 2–5 h, 80% for 5a, 83% for 6a and
75% for 6b
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with NPM affording the very unstable cycloadduct 8a§ as a
single isomer which lactonized spontaneously in the reaction
medium to give 9a. This result shows that the allylic hydroxy
group is a powerful element of stereocontrol in these cases.9 The
diastereomeric relationship found between amides 9a and 5a/6a
(prepared by oxidation of pure samples of 3a and 4a), along
with the NOE enhancements observed for 3a and 4a, con-
clusively establish that the p-facial selectivity of the cycloaddi-
tion between 1a and NPM is exclusively controlled by the chiral
sulfur atom.

Encouraged by these results we sought to test the generality
of this sulfoxide directed cycloaddition by studying the reaction
of diene 1b,7 with a bulkier R1 substituent, and NPM which
afforded a 95 : 5 mixture of cycloadduct 2b and sulfinyl amide
10b,¶ respectively, as judged by 1H NMR analysis of the crude
reaction mixture. Treatment of 2b, isolated by recrystallization,
with SiO2 resulted in smooth cyclization and epimerization
affording amide 4b along with trace amounts of 3b. Oxidation
of 4b afforded sulfone 6b while the cycloaddition between
sulfonyl diene 7b and NPM produced diastereomeric sulfonyl
amide 9b. We believe that lactones 3a and 3b undergo a facile
epimerization at the amide-bearing carbon due to the location of
the R1 substituent in the sterically demanding concave region of
the molecule, while for lactones 9, R1 is placed in the convex
face. The enhanced degree of epimerization found for R1 = Bn
versus Bu is likely to be related to the different steric
requirements of these substituents.

Scheme 3 gathers our results for the cycloaddition between
sulfinyl diene 1a, sulfonyl diene 7a and phenyltriazolinedione
(PTAD). These cycloadditions took place with complete facial
selectivity and in high yield to produce adducts 11a and 13a
respectively. Standard oxidation of 11a afforded 12a whose
spectral features clearly indicated a diastereomeric relationship
to 13a. These observations establish a sulfur-directed p-facial
selectivity for hydroxy sulfoxide 1a, and an allylic-directed
p-facial selectivity for hydroxy sulfone 7a.

In summary, readily available enantiopure acyclic hydroxy
2-sulfinyl butadienes,7 which display a nonreinforcing rela-
tionship of stereocontrolling elements,6 undergo a highly face-
selective Diels–Alder cycloaddition with N-phenylmaleimide
and phenyltriazolinedione to generate densely functionalized
cycloadducts. To the best of our knowledge, the complete
reversal of facial selectivity found for sulfoxides 1, relative to
related sulfonyl dienes 7, is unprecedented and demonstrates
that the sulfinyl functionality is not just synthetically useful but

also an extremely powerful element of stereocontrol for
intermolecular Diels–Alder cycloadditions, Further studies on
the scope and limitations of this methodology, including its
intramolecular variant as well as applications toward natural
products syntheses, will be reported in due course.

We thank DGICYT (PB94-0104 and PB96-0822) for support
of this research and the CAM for a doctoral fellowship to
C. M.
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Burnouf, J. C. López, F. Garcı́a Calvo-Flores, M. A. Laborde, A.
Olesker and G. Lukacs, J. Chem. Soc., Chem. Commun., 1990, 823;
R. M. Giuliano, A. D. Jordan, Jr., A. D. Gauthier and K. Hoogsteen,
J. Org. Chem., 1993, 58, 4979; S. A. Kozmin and V. H. Rawal, J. Am.
Chem. Soc., 1997, 119, 7165; M. Virgili, A. Moyano, M. A. Pericàs and
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Scheme 3 Reagents and conditions: i, PTAD (1.5–2.0 equiv.), CH2Cl2,
278 °C to room temp., 1 h, 87% for 11a and 79% for 13a; ii, MCPBA (1.5
equiv.), CH2Cl2, 278 °C to room temp., 4 h, 88%
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Structural evidence for resonance-assisted O–H···S hydrogen bonding

Thomas Steiner*

Institut für Kristallographie, Freie Universität Berlin, Takustraße 6, D-14195 Berlin, Germany

By far the shortest hydrogen bonds of the O–H···S type occur
in monothio-ß-diketones and related substances (H···S
distances 1.9–2.0 Å); it is shown with crystal correlation
techniques that this very short hydrogen bonding is facili-
tated by resonance assistance similar to that occurring in the
oxygen analogues.

Although O–H···S hydrogen bonds occur in many chemical and
biological systems, they have been little investigated until
today. The first comprehensive statistical analysis of inter-
molecular O–H···S hydrogen bond geometries was only recently
published by Allen et al.1 It is observed that in intermolecular
hydrogen bonds, H···S distances are restricted to values > 2.2 Å.
In this present work, the database analysis of Allen et al. was
followed, but intramolecular hydrogen bonds were also in-
cluded.2† The distribution of H···S separations is clearly
bimodal (Fig. 1). The large peak centred in the range 2.3–2.4 Å
represents intermolecular hydrogen bonds, mostly of the type
O–H···SNC < .1 The small peak centred in the range 1.9–2.0 Å
was not evident in the previous study and represents exclusively
intramolecular hydrogen bonds, which are apparently unusually
strong. To discover what kind of interactions cause this
prominent peak, the examples with H···S < 2.1 Å were
inspected individually. It was found that they are all structurally
very similar and are formed in the structural fragments shown in
Fig. 2 (numerical data given in Table 1).

The largest fraction of the data sample in Fig. 2 is composed
of monothio-b-diketones in the enol tautomeric form
[Fig. 2(a)]. As an archetypal example, the structure of
3-mercapto-1,3-diphenylprop-2-en-1-one, which has been de-
termined by neutron diffraction,3 is show in Fig. 3. Note that the
covalent O–H bond length of 1.024(8) Å is appreciably
elongated from the ca. 0.98 Å which is typically observed in
moderate O–H···O hydrogen bonds,4,5 indicating an interaction
of considerable strength. For fragment (b) [2-hydroxybenzene-
1-carbothioamides], IR spectroscopy shows redshifts of O–H

stretching frequencies of around 450 cm21 compared to free
phenolic O–H, which are similar values as in the oxygen
analogues.6

The short intramolecular hydrogen bonds in monothio-
b-diketones lead directly to the concept of resonance assisted
hydrogen bonding (RAHB), which has been introduced by Gilli
et al. to explain the observed strong hydrogen bonding in the
oxygen analogue,7 and was later put into a wider conceptual
frame.5,8 In this model, strong hydrogen bonding is possible if
a suitably polarizable system of p-bonds allows charge flow
through covalent bonds from the donor to the acceptor. Such
systems are provided, for example, by conjugated double bonds.
This cooperativity mechanism is well established for cyclic and

Fig. 1 Distribution of H···S distances in inter- and intra-molecular O–H···S
hydrogen bonds (for normalised H-atom position). The large peak centred
at 2.3–2.4 Å is derived mainly from intermolecular hydrogen bonds and the
small peak centred at 1.9–2.0 Å arises exclusively from intramolecular
hydrogen bonds.

Fig. 2 The crystal structures exhibiting intramolecular O–H···S hydrogen
bonds with H···S < 2.1 Å; (a) and (b) represent molecular fragments, (c)–(e)
are drawn as they occur in the crystal

Table 1 Crystal structures containing O–H···S hydrogen bonds with H···S
distances < 2.1 Å. All are intramolecular and resonance assisted (for X-ray
structures based on normalised H-atom positions)

Compound dH···S/Å dO···S/Å O–H···S
(°)

BABCOW 1.92 2.848 156
BIPTID 1.95 2.886 159
BOZTIT 1.96 2.884 155
GEHMIP 2.04 2.979 159
KASSUS 1.98 2.898 155
KUSWAW 2.06 2.937 148
MCPROP 01 (neutron diffr.) 1.90 2.865 155
MCPROP 02 1.93 2.865 157
MPYDCX 10 1.94 2.868 157
SICXUX 1.94 2.904 167
SICXUX 2.00 2.919 154
WIJSEN 1.97 2.874 153
YAVSIX 2.01 2.891 149
YAVRIW 1.88 2.847 165
YAVSET 1.97 2.882 153
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non-cyclic ONC–CNC–O–H systems and for related hetero-
nuclear cases with N–H donors,9 and has even been postulated
for C–H donors.10 Since it has not been investigated as yet for
sulfur acceptors, the mechanism is looked at more closely
here.

If the RAHB model is applicable to the monothio-
b-diketones 1, the situation should exactly parallel the oxygen

analogue, as is shown below. Because of the hydrogen bond, the
O–C and the C–C bonds gain some double bond character and
are shortened, whereas the CNC and CNS bonds loose part of
their double bond character and are lengthened. To see if this is
more than a suggestion, and if the hydrogen bond arrangement
in fact represents a resonant cycle, it is necessary to perform
geometrical tests. There are several ways to quantify p-system
delocalisation; to make comparison easy, the formalism used by
Gilli et al.6 is also used here. It is obvious that in RAHB of
increasing strengths, the bond length d1 reduces and d4
increases; since CNS is longer than O–C, this means that the
difference q1 = d12 d4 is negative and becomes more negative
with increasing hydrogen bond strength. The difference in the
C–C and the CNC bond lengths, q2 = d3 2 d2, is positive and
decreases with increasing hydrogen bond strength. In the case of
total p-delocalisation at CNC–C, q2 becomes zero. If the
arrangement as a whole is a resonant cycle, there must be a
correlation between the parameters q1 and q2. Furthermore, the
p-delocalisation must increase with reducing hydrogen bond
distance, so that q1, q2 and their sum Q = q1 + q2 must correlate
with O···S (or H···S). The corresponding correlation plots for the
monothio-b-diketones are shown in Fig. 4. Despite the limited
amount of data the correlations are sufficiently clear to show the
anticipated trends [the single outlier in Fig. 4(b) is unexplained
upon inspection]. This is conclusive evidence that the mecha-
nism of resonance assisted hydrogen bonding is operative in this
fragment.

The amount of data for the arrangements in Fig. 2(b)–(e) is
insufficient for statistical analysis, but the structural and
electronic similarities immediately suggest that they also
represent decent RAHBs, which for arrangements (c)–(e) even
contain a contribution of charge assistance.5

The arrangements in Fig. 2 represent by far the shortest
O–H···S hydrogen bonds known, about 0.4 Å shorter than
typical intermolecular hydrogen bonds. This circumstance is
readily explained by the operation of resonance effects within
the cyclic fragments, i.e. by resonance assisted hydrogen
bonding which is analogous to that in b-diketones.7 The general
importance of this concept5,7 is thereby further emphasised and
its applicability for heteronuclear hydrogen bonds is confirmed.
The other mechanisms that can produce strong hydrogen bonds,
in particular charge assistance,8 are not apparent in the pure
form in the currently available structural data for O–H···S
hydrogen bonding.

The author thanks Professor W. Saenger for giving him the
opportunity to carry out this work in his laboratory.
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Fig. 3 Molecular structure of a monothio-b-diketone determined by neutron
diffraction: mercapto-1,3-diphenylprop-2-en-1-one3

Fig. 4 (a) Correlation of the parameter q1 ( = d1 2 d4) and q2 ( = d3 2 d2).
(b) Correlation of Q = q1 + q2 with the hydrogen bond distance O···S. The
observed correlations imply that the arrangement in 1 is in fact a resonant
cycle.6 Note that a value of q2 = 0 corresponds to complete p-delocalisation
of CNC–C. Error bars are included where standard errors of bond lengths
were given in the original publication. Data are identified as 1: BOZTIT. 2:
GEHMIP. 3: KASSUS. 4: MCPROP01. 5: MCPROP02. 6: WIJSEN.
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Modeling the active sites of bacteriophage T7 lysozyme, bovine
5-aminolevulinate dehydratase, and peptide deformylase: synthesis and
structural characterization of a bis(pyrazolyl)(thioalkoxy)hydroborato zinc
complex, [(Ph2CHS)BpBut,Pri]ZnI

Prasenjit Ghosh and Gerard Parkin*

Department of Chemistry, Columbia University, New York, New York 10027, USA

Insertion of thiobenzophenone into a B–H bond of
[BpBut,Pri]ZnI achieves the synthesis of [(Ph2CHS)BpBut,-

Pri]ZnI, a complex in which the in situ generated [NNS]
donor ligand models the binding of the histidine and cysteine
residues at the active sites of bacteriophage T7 lysozyme,
bovine 5-aminolevulinate dehydratase and peptide de-
formylase.

Zinc is essential to all forms of life.1,2 Of the trace metals, its
abundance in biological systems is second only to iron, with an
average human containing ca. 3 g of zinc. Correspondingly,
there are many biological functions of zinc and a large number
of zinc enzymes are known. Interestingly, the active sites of
many of these enzymes exhibit a common structural motif
which comprises a pseudo-tetrahedral zinc center to which a
single water molecule is attached, with the three remaining sites
being occupied by a combination of nitrogen, oxygen and sulfur
donors provided by histidine, glutamate, aspartate and cysteine
residues of the protein backbone.3 Despite the overall similarity
in the structure of the active sites of these enzymes, however,
each performs a different function. It is, therefore, important to
understand the manner in which a [NxOySz] donor array
modifies the chemistry of a tetrahedral zinc center. A first step
to achieve such an objective involves the synthesis and
structural characterization of well defined complexes with a
series of appropriate [NxOySz] donor ligands. For this reason,
we are actively studying synthetic analogues of zinc enzymes
which differ in the ligand complement, e.g. carbonic anhydrase
[NNN],4–6 thermolysin [NNO],7 and liver alcohol dehy-
drogenase [NSS].8 In this paper, we describe the construction of
a [NNS] ligand which provides a model of the groups that bind
zinc at the active sites of bacteriophage T7 lysozyme, bovine
5-aminolevulinate dehydratase and peptide deformylase.

Bacteriophage T7 lysozyme is a zinc enzyme which destroys
bacteria by cleaving polysaccharide components within their
cell walls.9,10 X-Ray diffraction studies of a mutant lysozyme
(AK6) reveal that the active site is located in a cleft within the
protein which is ca. 22–26 Å long and 10–11 Å deep. The
tetrahedral zinc center of the active site is bound to the protein
backbone via one sulfur and two nitrogen donors of cysteine
(Cys-130) and histidine (His-17 and His-122) residues; the
fourth site is occupied by a water molecule.10 Bovine 5-amino-
levulinate dehydratase11 and peptide deformylase12 are en-
zymes that are related to T7 lysozyme by virtue of the common
coordination of one cysteine and two histidine donors to the zinc
center of the active site. In order to mimic the tetrahedral
binding of zinc to the protein backbone of these enzymes, a
[NNS] ligand which presents the nitrogen and sulfur donors as
a facial, rather than T-shaped, array is required. For this
purpose, we have focused attention on the construction of
ligands in which the donor groups are linked to a common
tetrahedral center, since we have previously noted that such
attachment serves to enforce facial binding to zinc.7,8 Sig-
nificantly, a monomeric zinc complex containing a facially

tridentate [NNS] donor ligand, namely [(Ph2CHS)BpBut,Pri]ZnI,
may indeed be constructed by insertion of thiobenzophenone
into a B–H of [BpBut,Pri]ZnI13 (Scheme 1).

The molecular structure of [(Ph2CHS)BpBut,Pri]ZnI (Fig. 1)
has been determined by X-ray diffraction.14 Of most im-
portance, the diffraction study demonstrates that (i)
[(Ph2CHS)BpBut,Pri]ZnI exists as a well defined monomeric
complex, and (ii) the [NNS] ligand supports a pseudo-
tetrahedral zinc center that is structurally related to the active
sites of T7 lysozyme,15 5-aminolevulinate dehydratase,16 and
peptide deformylase.12

The significance of isolating [(Ph2CHS)BpBut,Pri]ZnI is
further underscored by noting that other attempts to use
tridentate [NNS] ligands to support monomeric tetrahedral zinc
complexes of the type [NNS]ZnX have not been very
successful. For example, Vahrenkamp has used
N-(2-mercaptoethyl)picolylamine (MEPAH) in an attempt to
provide a [NNS] environment pertinent to zinc enzymes.17

Unfortunately, however, the zinc chemistry derived from
MEPAH was found to be very complex, with polymeric

Scheme 1

Fig. 1 Molecular structure of [(Ph2CHS)BpBut,Pri]ZnI. Selected bond
lengths (Å) and angles (°): Z–N(12) 2.031(5), Zn–N(22) 2.040(5), Zn–S
2.460(2), Zn–I 2.4869(8); N(12)–Zn–N(22) 94.6(2), N(12)–Zn–S
88.61(14), N(22)–Zn–S 84.00(14), N(12)–Zn–I 125.63(13), N(22)–Zn–I
129.34(13), S–Zn–I 121.71(5).

Chem. Commun., 1998 413



[(MEPA)ZnX]n (X = Cl, Br), trinuclear [(MEPA)4Zn3]X2 (X
= BF4, ClO4, NO3), dinuclear [(MEPA)Zn(OAc)]2, and other
complexes being isolated; in no instance was a monomeric
tetrahedral [NNS]ZnX complex strucurally characterized.18

Undoubtedly, one of the principal reasons for the difficulty in
isolating mononuclear [NNS]ZnX complexes is associated with
the propensity of sulfur to act as a bridge between metal
centers.19 In view of the difficulty associated with isolating such
complexes, the in situ construction of a [NNS] donor ligand by
elaboration of a [NN] donor ligand at a metal center therefore
provides a useful method of synthesis of other [NNS]ZnX
derivatives.20

In addition to [(Ph2CHS)BpBut,Pri]ZnI, the alkoxide analogue
[(Ph2CHO)BpBut,Pri]ZnI has also been synthesized (Scheme 1)
and structurally characterized by X-ray diffraction.21 Other than
the difference in Zn–O vs. Zn–S bond lengths, the coordination
environment about zinc is similar for [(Ph2CHS)BpBut,Pri]ZnI
and [(Ph2CHO)BpBut,Pri]ZnI. The geometry at the chalcogen in
each case is distinctly pyramidal, with the [Ph2CH] alkyl
substituent being displaced from the B–E–Zn plane, so that both
molecules are chiral. The barriers to enantiomer interconversion
are, however, considerably different for the two derivatives.
For example, whereas the thioalkoxide complex [(Ph2CHS)-
BpBut,Pri]ZnI exhibits two sets of resonances in the 500 MHz 1H
NMR spectrum at 250 °C for the two diasterotopic pyrazolyl
groups, the corresponding 1H NMR spectrum of the alkoxide
analogue [(Ph2CHO)BpBut,Pri]ZnI shows only a single set due to
chemical exchange as a result of isomerization. The barrier for
enantiomer interconversion, is, therefore, considerably lower
for the alkoxide complex than for the thioalkoxide derivative.22

Enantiomer interconversion for [(Ph2CHS)BpBut,Pri]ZnI is,
however, observed to occur rapidly on the NMR timescale at
ambient temperature,23 with an activation barrier (DG‡) of
14.5(3) kcal mol21 (1 cal = 4.184 J) at 25 °C.24,25 Two possible
mechanisms for enantiomer interconversion include (i) cleav-
age of the E ? Zn dative bond, rotation about the B–E bond,
followed by re-coordination, and (ii) pyramidal inversion at E.
Although we have no evidence to distinguish between these
mechanisms, if enantiomer interconversion were to proceed via
a common mechanism, the observation that the exchange is
more facile for the alkoxide than for the thioalkoxide suggests
that the mechanism may involve direct inversion at the
chalcogen, since barriers to inversion are typically lower for
second row (i.e. O), as opposed to third row (i.e. S),
elements.22,26 Some support for this notion is provided by the
observation that the [Ph2CH] substituent is much closer to
planarity with the B–E–Zn plane in the alkoxide than in the
thioalkoxide derivative, as judged by the respective sum of bond
angles at O (336°) and S (288°). In contrast, however, if
enantiomer interconversion were to require dissociation of the
E ? Zn dative bond, then the exchange would be expected to be
more facile for the complex with the weaker bond, i.e. the
thioalkoxide derivative.

In summary, the insertion of thiobenzophenone into a B–H
bond of [BpBut,Pri]ZnI results in the synthesis of
[(Ph2CHS)BpBut,Pri]ZnI. Importantly, the [NNS] ligand so
obtained is capable of sustaining a monomeric tetrahedral
geometry about zinc and resembles the histidine and cysteine
residues that bind zinc at the active sites of T7 lysozyme,
5-aminolevulinate dehydratase and peptide deformylase.
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Cyclohexanone monooxygenase from Acinetobacter cata-
lyzes the enantioselective oxidation of organic cyclic sulfites
to sulfates.

Cyclohexanone monooxygenase (CHMO) (EC 1.14.13.22)
from Acinetobacter NCIB 9871 is a flavoenzyme of about
60 000 Daltons, active as a monomer which contains one firmly
but non-covalently bound FAD unit per enzyme molecule.1 It
has wide potential for application in the manufacture of fine
chemicals and in organic synthesis based on the Baeyer–
Villiger reaction.2 The only reagents consumed are dioxygen,
NADPH and the substrate ketone, which are transformed
enantioselectively into the corresponding ester and water.

Walsh showed that CHMO can oxygenate heteroatoms, due
to the high reactivity of the 4a-hydroperoxyflavin intermediate
which acts as an electrophile to trimethyl phosphite and iodide
ions, and as a nucleophile to boronic acids.1 Walsh3 and our
group4 have also shown that this enzyme catalyzes the
asymmetric sulfoxidation of numerous alkyl aryl sulfides with
high enantioselectivity. The versatility of CHMO in promoting
enantioselective sulfoxidation was recently exploited also with
1,3-dithioacetals5 and dialkyl sulfides.6

We were interested in exploring whether CHMO was able to
oxidize organic cyclic sulfites to the corresponding sulfates, a
reaction that, to the best of our knowledge, has not been
described previously in the literature. Furthermore, this enzy-

matic procedure could also serve as an alternative route to the
only chemical sysnthesis of sulfates of practical interest
described so far. This method, developed by Sharpless and Gao,
employs sodium metaperiodate as the stoichiometric reoxidant
for a ruthenium tetroxide catalyst.7 Cyclic sulfites and sulfates
can be considered synthetic equivalents of epoxides, capable of
reacting with a large variety of nucleophiles.8 In many instances
cyclic sulfates are more reactive than oxiranes and, unlike the
latter, can lead to disubstitution products.8

The diastereoisomeric cyclic sulfites 1, 3, 4 and 6, prepared in
racemic form according to the literature,7 were separated by
flash chromatography into their cis and trans components. The
enzymatic oxidation of sulfites (reactions 1–4, Scheme 1) was
coupled to a second enzymatic reaction to regenerate NADPH;
therefore only a catalytic quantity of NADPH was required. The
regenerating system was glucose-6-phosphate and glucose-
6-phosphate dehydrogenase (G6PDH) (reaction 5, Scheme 1).3

The time-course of reactions (1) and (2) (see Scheme 1) was
monitored by HPLC both for conversion and ee. The absolute
configurations of the remaining substrates 1b and 3b were
assigned by comparison of their elution order in chiral HPLC
with that of cis-(2R,4S)-1b and trans-(2S,4R)-3b prepared
according to the literature.9

The results of the oxidation of 4-benzyloxymethyl-1,3,2-di-
oxathiolane 2-oxides, cis-1a, and -1b and trans-3a and -3b,
reported in Table 1, show that indeed cyclohexanone mono-

Scheme 1
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oxygenase in the presence of dioxygen is able to transfer an
oxygen atom to the cyclic sulfite in satisfactory chemical yield.
The enzymatic reaction is a ‘clean’ alternative to the chemical
oxidation that needs a mixture of CCl4 and MeCN as solvent.
The stereoselective formation of the (4R)-sulfate 2 is the result
of a kinetic resolution of the starting racemic substrates. The cis
diastereoisomers (1a and 1b) were more reactive than the trans
(3a and 3b), as shown by their higher conversion at the same
reaction times. The enantioselectivity in the kinetic resolution
was also more pronunced for the cis sulfite; indeed 1b was
obtained in 94% ee after 60 min, the ee of 3b being 21%. The
stereochemical course of the oxidation is dictated by the
absolute configuration of the carbon atom (and not by that of
sulfur) since both diastereoisomers afforded the (R)-sulfate 2.
The same behaviour was also shown by 4-benzylmethyl- and
4-(benzyl)-1,3,2-dioxathiolane 2-oxide, the cis diastereoisom-
ers being more reactive than the trans. The kinetic resolution
was also more satisfactory for the cis sulfites, the ees being in
the range 15–70 and 35–50% for the starting material and the
reaction products, respectively.

Interestingly, the order of reactivity and the enantioselectivity
were reversed in the oxidation of 4-methyl-1,3,2-dioxathiane
2-oxides 4 and 6. As shown in Table 1, the trans sulfites 6a and
6b reacted faster than the cis sulfites 4a and 4b and showed
higher stereoselectivity. We do not know whether this behav-
iour is due to the more flexible nature of the five-membered ring
than the six-membered ring,10 which may affect their inter-
actions with the active site of CHMO or, more generally, to a

dramatic influence of the substrate structure on the stereo-
chemical course of the oxidation at sulfur, as we previously
found with biosulfoxidation reactions.4

The absolute configurations of dioxathianes 4 and 6 were
assigned by GLC comparison with authentic samples prepared
according to the literature.11

In conclusion, this new oxidation reaction catalyzed by
cyclohexanone monooxygenase, likely via 4a-hydroperoxy-
flavin as intermediate, expands the synthetic importance of this
enzyme. The oxygen transfer at sulfur is enantioselective, thus
allowing the obtainment of cyclic sulfites and sulfates with high
ee under appropriate conditions. We are now investigating the
oxidation by CHMO of other sulfites. Since the high electro-
philic reactivity of 4a-hydroperoxyflavin is reminescent of that
of dioxiranes we are also examining the behaviour of these
oxidants in the oxidation of some substrates in organic solvents.
It is worth mentioning that, so far, the only reported example of
enzymatic oxidation of an organic sulfite is that of dimethyl
sulfite, catalyzed by chicken liver sulfite oxidase.12

Concerning the scale-up of CHMO catalyzed reactions, we
are assessing the possibility of using membrane reactors and
macromolecular NADPH, as already done with other coenzyme
dependent oxidoreductases.13,14 However, there are some
drawbacks that need to be overcome. One is represented by the
stability of the enzyme, which is not very high especially in the
presence of bubbling oxygen, which is an essential reagent.
Considerable stability improvements have been described
recently by feeding oxygen through a thin-walled silicone
tube.15 Another limitation is represented by the low water
solubility of substrates. The solution to this problem could be
the use of integrated extractive procedures14 or of hydrophobic
resins that act as reservoirs for both substrates and products.16
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Table 1 CHMO catalyzed oxidation of sulfites to sulfatesa

Ee (%)
Conversion 

Substrate t/min (%) Sulfite Sulfate

1a, 1b 15 22 26 93
30 34 44 84
60 62 94 58
90 74 !99 47

120 80 !99 36

3a, 3b 15 8 6 66
30 17 11 56
60 31 21 47
90 63 60 35

120 79 79 25

4a, 4b 15 7 5 68
30 17 12 58
45 27 18 47
60 32 23 44
90 60 50 31

120 69 60 21

6a, 6b 15 19 20 85
30 34 32 61
45 50 54 45
60 68 71 22
90 77 80 12

120 85 93 5

a The oxidation of sulfites to sulfates was carried out as follows: the sulfite
(10 mm) was reacted at 25 °C, under stirring, in 5 ml of 50 mm Tris–HCl
buffer, pH 8.6, containing NADP (1 mm), glucose- 6-phosphate (50 mm), 10
units CHMO [purified as described by Latham and Walsh (ref. 17)] and 100
units of glucose-6-phosphate dehydrogenase. At scheduled times, the
reaction mixture was extracted with ethyl acetate (3 3 5 ml), dried and
analyzed by chiral HPLC or GLC to determine the degree of conversion and
ee. HPLC was carried out in a Chiralpak AS column (Daicel) using n-
hexane–propan-2-ol (9 : 1) as the mobile phase. The column separated the
enantiomers of sulfites cis-1 and trans-3 and of sulfate 2. The retention
times were: 1a, 9.0; 1b, 9.9; 3a, 12.8; 3b, 17.3; (R)-2, 30.2; (S)-2, 31.8 min.
GLC was carried out on a CP-cyclodextrin-b-2,3,6-M19 column (Chrom-
pack) under the following conditions: oven temperature 100 to 150 °C;
heating rate 1 °C min21; H2 as carrier gas. The column separated the
enantiomers of sulfites cis-4 and trans-6 and of sulfate 5. Retention times
were: 4a, 17.8; 4b, 17.1; 6a, 10.1; 6b, 10.6; (R)-5, 40.2; (S)-5, 40.8 min.
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Synthesis of a cobalt complex of a pyrano[2,3-b]quinoxaline-3,4-dithiolate
related to molybdopterin

Ben Bradshaw, Andrew Dinsmore, C. David Garner and John A. Joule*†

Chemistry Department, The University of Manchester, Manchester, UK M13 9PL 

Cobalt complex 2 has been synthesised in which the key
features of molybdopterin—a dithiolene ligand on a tetra-
hydropyrano[2,3-b]pyrazine—are modelled.

The pioneering analytical studies on representatives of the
oxomolybdoenzymes by Rajagopalan1 showed the presence of
a pteridine (molybdopterin) carrying a C-6 side-chain having
two sulfur atoms which ligate molybdenum. X-Ray crystallo-
graphic determinations on the oxomolybdoenzymes aldehyde
oxidase from Desulfovibrio gigas,2 DMSO reductase from
Rhodobacter sphaeroides and R. capsulatus3 and formate
dehydrogenase from Escherichia coli4 and on the hyperther-
mophilic tungsten enzyme ferredoxin aldehyde oxidoreductase
from Pyrococcus furiosus,5 clearly define the nature of
molybdopterin and its mode of ligation to Mo and W 1. Thus,

the metals are chelated by an ene-1,2-dithiolate (dithiolene)
which is attached at C-6 to a reduced pteridine ring, as originally
proposed by Rajagopalan.1 However, unsuspected from the
degradative and spectroscopic studies of Rajagopalan,1 all of
the protein crystallographic studies observe a tetrahydropyran
ring, which can be viewed as resulting from cyclisation of a
side-chain hydroxy group to C-7 of a 5,6-dihydropteridine.

Given the results of these protein crystallographic studies, we
have modified our earlier synthetic strategies6–7 to take account
of the presence of the tetrahydropyran ring and herein describe
the synthesis of cobalt complex 2 which involves ligation of the
metal by a dithiolene moiety linked to pyran and pyrazine rings
as identified for molybdopterin.2–5

2-Chloroquinoxaline9 was coupled with but-3-yn-2-ol, with-
out protection of the alcohol, using Pd0 catalysis, and the
product 3a was oxidised to 3b following Taylor (Scheme 1).10

Following precedents,11 heating the ketone in 4-phenyl-
1,3-dithiolane-3-thione12 at 150 °C gave the 1,3-dithiole-
2-thione 4a in 75% yield. This short route to masked,
unsymmetrically substituted dithiolenes has considerable ad-
vantages over those we have used earlier.7,13

Selective reduction of the ketone functionality with NaBH4
gave alcohol 4b; conversion to 1,3-dithiol-2-one 4c was then
achieved in high yield with mercury(ii) acetate in AcOH at
room temperature.

We had shown earlier14 that treatment of 2-substituted
quinoxalines with NaBH4 in the presence of benzyl chlorofor-
mate leads to 2-substituted 4-benzyloxycarbonyl-1,2,3,4-tetra-
hydroquinoxalines, via initial N-4-acylation then trapping of the
resulting quinoxalinium salt by hydride addition at C-7 and

finally reduction of the remaining 5,6-imine unit. Therefore, it
seemed possible that alcohols such as 4b and 4c might react
with a chloroformate, in the absence of reductant, to form
products in which a first-formed N-4-acylquinoxalinium salt
has been trapped by an intramolecular nucleophilic attack at C-7
by the side-chain hydroxy group resulting in a cyclisation and
giving a pyran ring oriented, with respect to the pyrazine, just as
in molybdopterin. We were aware that simple O-acylation could
compete with these aspirations and indeed, under most of the
conditions examined in an extended study of 4b, O-acylation
was the only or the predominant reaction observed.

After considerable experimentation it was found that treat-
ment of 4c with benzyl chloroformate, in the absence of solvent
or added base at room temperature, produced the desired
cyclisation with no O-acylation. Even more rewarding was the
finding that one diastereoisomer was formed almost exclusively
and that the relative stereochemistry in this tricycle mirrors that
in molybdopterin. Thus, 4c was converted into tetracycle 5 in
90% yield, the relative stereochemistry in 5 being established by
the observation of an NOE between the two methine hydrogen
signals at d 6.02 (s) and 4.92 (q, J 6.6) for the BnO2CN-
CHOCHMe and MeCHOCHNCO2Bn protons, respectively.
Reduction of the remaining imine unit with sodium cyanobor-
ohydride in the presence of AcOH produced only one

Scheme 1 Reagents and conditions: i, HC·CCH(OH)Me, Pd(OAc)2, CuI,
Ph3P, Et3N (88%); ii, CrO3, H2SO4, Me2CO, 0 °C (76%); iii, 4-phenyl-
1,3-dithiolane-2-thione, 150 °C, N2 (75%); iv, NaBH4, THF, PriOH, H2O
(69%); v, Hg(OAc)2, Me2CO, AcOH, room temp. (98%); vi, ClCO2Bn,
room temp., N2 (90%); vii, NaB(CN)H3, AcOH, CH2Cl2, MeOH, room
temp. (95%); viii, CsOH, MeOH, CH2Cl2, room temp., then Co(Cp)I2

(77%).

Chem. Commun., 1998 417



stereoisomer of the dihydro derivative, shown to have structure
6, the predicted cis relationship of hydrogen atoms at the ring
junction being confirmed by an NOE between the protons
resonating at d 5.95 (d, J 2.19) (BnO2CNCHOCHMe) and 4.45
(d, J 2.19) (NCHCHOCHMe). Thus, this proligand, and the
cobalt complex 2 formed from it, possess the same relative
stereochemistry at the three chiral centres as in the natural
cofactor. Hydrolysis of 6 with aq. CsOH at room temperature
produced a solution to which was added cyclopentadienyl
(diiodo)cobalt resulting in the formation of purple crystals of 2
in 77% yield, having 1H NMR signals which verified that the
organic ligand has been incorporated intact into the metal-
containing complex.

We are currently pursuing the application of the methodology
described above for the synthesis of molybdopterin, especially
to ascertain the chemistry of this biologicaly important ligand.
For example, it is not yet established whether the form of
molybdopterin identified by protein crystallography represents
the catalytically active form. Simple proton-catalysed processes
would lead from the structure shown in 1 to forms in which the
N–C–O unit has been cleaved, introducing a double bond into
the pyrazine ring and allowing electronic communication (i.e.
conjugation) between the metallocycle and the pteridine unit,
and we have speculated on the possible involvement of such
interactions in the biological mode of action of these cofac-
tors.15

We thank the EPSRC for post-doctoral (A. D.) and student
(B. B.) support of this work.
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Calix[4]arenes with a novel proton-ionizable group: synthesis and metal ion
separations

Galina G. Talanova, Hong-Sik Hwang, Vladimir S. Talanov and Richard A. Bartsch*†

Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, Texas 79409-1061, USA 

New calix[4]arenes with two N-(X)sulfonyl carboxamide
groups of ‘tunable’ acidity are synthesized from the corre-
sponding calixarene dicarboxylic acid and exhibit good to
excellent extraction selectivity for Pb2+ over most alkali,
alkaline earth and transition metal ions.

Calixarenes are an important class of macrocyclic host
molecules that efficiently and selectively bind a variety of ionic
and neutral guest species.1–4 They find applications in separa-
tion processes involving organic and inorganic substances,
phase transfer catalysis, chromatography, ion-selective elec-
trodes, etc.2 Calixarenes functionalized with pendent proton-
ionizable groups (carboxylic acid, hydroxamic acid, phos-
phonic acid and phosphonic acid monoalkyl ester) are of special
interest as potential agents for separations of polyvalent metal
ions by liquid extraction and membrane transport5–10 or
sorption when immobilized on polymer matrices.11–14 The
ligation properties of such compounds are controlled by the
nature of the ionizable groups, in particular their acidity. For
example, calixarene carboxylic acids5 were found to be much
more efficient interphase carriers for alkaline earth cations than
related nonfunctionalized calixarenes which contain phenolic
groups on the lower rim. Developing new types of calixarenes
with a wider variety of proton-ionizable functions may lead to
additional applications of these compounds in metal ion
separation processes.

In recent work, we have introduced the N-(X)sulfonyl
carboxamide moiety as a novel pendent proton-ionizable group
in lariat ethers 1 to obtain macrocyclic ligands with ‘tunable’
acidity that exhibit high Na+ selectivity in competitive solvent
extraction of alkali metal cations.15 We now report the synthesis
and application in metal ion extraction of a new type of
calixarenes, the calix[4]arene bis[N-(X)sulfonyl carboxamides]
2–5. It was anticipated that these new ligands would exhibit
appreciable acidity and effectiveness in extracting divalent
metal ions from aqueous solutions.

Calix[4]arenes 2–5‡ were prepared in two steps from the
calixarene dicarboxylic acid 6.16§ The positions and shapes of
the signals in the 1H NMR spectra of 2–5 were found to vary
with the identity of the solvent and concentration, which
demonstrates that the calixarenes exist in solution as mixtures of
conformers and also associate by NH···ONC hydrogen bonding.
The conformational and associative behavior is especially
pronounced for 5. Solution and solid-state structures of the new
ligands are under continued investigation.

The new di-ionizable calixarenes 2–5 efficiently extract Pb2+

from acidic (HNO3) solutions into CHCl3¶ (Fig. 1). The
acidities of the new calixarene ligands are expected to be
strongly influenced by the electron-withdrawing ability of X in
the N-(X)sulfonyl group. Values of the pH for half-extraction
(pH1/2) in the extraction profiles are found to vary with X in the
order: CF3 (2.0) > Ph (5.2) > 4-O2NC6H4 (5.3) > Me (5.5).
Although the pH1/2 values for 2–4 fall in the anticipated
ordering for the electron-withdrawing ability of X,15 that for 5
with X = 4-nitrophenyl is considerably less acidic than
expected. It is suggested that the reduced acidity of 5 in CHCl3
arises from inter- or intra-molecular NH···ONC hydrogen

bonding or by conformational peculiarities of the compound
that hinder metal ion complexation.

The extraction selectivity of 2 at pH 2.5 was examined for
equimolar binary mixtures of Pb–M,∑ where M is Na+, K+, Cs+,
Sr2+, Cu2+, Ni2+, Co2+, Zn2+, Cd2+ or Hg2+ (Fig. 2). High
selectivity is observed for Pb2+ over K+, Cs+ and all of the
transition metal ions examined except Hg2+. Good extraction
selectivity for Pb2+ over Na+ and Sr2+ is also evident.
Interference to Pb2+ extraction by the presence of Hg2+ was
significantly reduced by the addition of chloride ions to the
aqueous solution.

Fig. 1 pH profiles for Pb2+ extraction from 0.50 mm aq. Pb(NO3)2 into
CHCl3 with 1.00 mm calix[4]arene N-(X)sulfonyl carboxamides (8 2, (.)
3, (2) 4 and («) 5
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† E-mail: rabartsch@ttu.edu
‡ Selected data for 2: mp 233–234 °C (Calc. for C52H64F6N2O10S2: C,
59.19; H, 6.11; N, 2.65. Found: C, 59.39; H, 6.19; N, 2.65%); nmax(deposit
from CH2Cl2 solution onto a NaCl plate)/cm21 3324, 3240, 1758, 1300,
1131, 1205, 1057; dH (300 MHz, [2H6]DMSO) 0.93 (br s, 18 H), 1.30 (s, 18
H), 3.68 (br m, 18 H), 6.80 (br m, 8 H), 10.31 (br s, 2 H). For 3: mp
268–270 °C (Calc. for C52H70N2O10S2: C, 65.93; H, 7.45; N, 2.96. Found:
C, 65.56; H, 7.66; N, 2.95%) nmax (deposit from CH2Cl2 solution onto a
NaCl plate)/cm21 3355, 3241, 1731, 1347, 1151, 1199, 1122; dH(300 MHz,
[2H6]DMSO) 0.99 (s, 18 H), 1.30 (s, 18 H), 3.74 (br m, 24 H), 6.55 (br m,
4 H), 7.15 (br s, 4 H), 11.80 (br s, 2 H). For 4: mp 233–235 °C (Calc. for
C62H74N2O10S2: C, 69.50; H, 6.96. N, 2.61. Found: C, 69.77; H, 6.90; N,
2.55%); nmax(deposit from CH2Cl2 solution onto a NaCl plate)/cm21 3352,
3248, 1732, 1361, 1163, 1196, 1089; dH(300 MHz, [2H6]DMSO) 0.96 (br s,
18 H), 1.22 (br s, 18 H), 3.63 (br m, 18 H), 6.47 (br m, 4 H), 7.10 (s, 4 H),
7.65 (m, 6 H), 8.00 (br s, 4 H), 12.39 (br s, 2 H). For 5: mp 238–240 °C
(Calc. for C62H72N4O14S2: C, 64.12; H, 6.25; N, 4.82. Found: C, 63.74; H,
6.51; N, 4.48%); nmax(deposit from CH2Cl2 solution onto a NaCl plate)/
cm21 3346, 1719, 1350, 1162, 1197, 1089, 1532, 1350; dH(300 MHz,
[2H6]DMSO 0.95 (br s, 18 H), 1.20 (br s, 18 H), 3.56 (br m, 18 H), 6.73 (br
m, 8 H), 8.26 (s, 4 H), 8.46 (m, 4 H), 12.78 (br s, 2 H).
§ Typical procedure for conversion of 6 into the corresponding bis(N-
trifluoromethanesulfonyl carboxamide) 2: To a solution of 6 (2.50 g, 3.15
mmol) in dry benzene (50 ml) was added oxalyl chloride (3.25 ml, 37.4
mmol). The reaction mixture was refluxed for 4 h under nitrogen and
evaporated in vacuo. The resultant acid chloride was dissolved in dry THF
(50 ml) and added to a mixture of pentane-washed KH (35% in mineral oil,
3.63 g, 31.7 mmol) and trifluoromethanesulfonamide (1.38 g, 9.3 mmol) in
dry THF (25 ml). The mixture was stirred at room temperature for 10 h (1

h for 5) under nitrogen, then water (15 ml) was carefully added to destroy
the residual KH. The THF layer was separated and diluted with EtOAc (100
ml). The organic solution was washed with a 10% aq. K2CO3 (3 3 50 ml)
and evaporated in vacuo. Column chromatography on alumina with CH2Cl2
and then MeOH–CH2Cl2 (1 : 9) as eluents gave a white solid which was
dissolved in CH2Cl2 (50 ml) and washed with 1 m HCl (50 ml). The CH2Cl2
solution was dried over MgSO4 and evaporated in vacuo to give a white
solid which was recrystallized from Et2O–hexanes to give 2 (2.35 g, 71%).
Calixarenes 3–5 were prepared similarly in 60, 80 and 70% yields,
respectively.
¶ A 1.0 mm solution of the calixarene in CHCl3 (5.0 ml) and 5.0 ml of 0.50
mm aq. Pb(NO3)2 (pH adjusted with dil. HNO3) in a 15 ml, metal-free
capped plastic centrifuge tube was shaken on a vortex mixer for 5 min,
allowed to stand for 5 min, and shaken for another 5 min. The mixture was
centrifuged for 5 min and an aliquot of the aqueous phase was removed and
diluted with deionized water for Pb2+ analysis by atomic absorption
spectrophotometry.
∑A 5.0 mm solution of 2 in CHCl3 (5.0 ml) and 5.0 ml of an aqueous mixture
(pH 2.5, HNO3) which was 0.50 mm (each) in Pb2+ and the other metal
nitrate was shaken on a vortex mixer for 5 min, allowed to stand for 5 min,
and shaken again for 5 min. The mixture was centrifuged for 5 min and an
aliquot was removed and diluted with deionized water. The Pb2+

concentration in the diluted aqueous phase was determined by atomic
absorption spectrophotometry and compared with the result of Pb2+

extraction from the aqueous solution of ‘pure’ Pb(NO3)2 under the same
conditions.
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Fig. 2 Pb2+ loading of 2 in competitive extraction of 0.50 mm Pb2+ and 0.50
mm competing metal ion from an aqueous nitrate solution at pH 2.5 relative
to the Pb2+ loading for extraction of Pb2+ under the same conditions, but in
the absence of the competing metal ion
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Transition metal complex-templated asymmetric free radical polymerisation

Brodyck J. L. Royles and David C. Sherrington*

Department of Pure and Applied Chemistry, University of Strathclyde, 295 Cathedral Street, Glasgow, UK G1 1XL 

For the first time an amino acid Schiff base copper complex
has been used as a chiral template—auxiliary for the
induction of configurational asymmetry into the backbone of
4-vinylpyridine-co-indene polymers, yielding main chain
optically active macromolecules via free radical polymer-
isation.

The synthesis of vinyl polymers whose optical activity arises
solely as a result of the configuration of stereogenic carbon
centres in the main chain is of increasing importance because of
their unique properties and potential applications in (second
order) nonlinear optics, liquid crystals, ferroelectrics and
asymmetric catalysis.1 Whereas main chain optically active
(co)polymers employing non-alkene comonomers (e.g. CO,
epoxides) have been prepared using optically active metal
complex initiators, the synthesis of main chain optically active
vinyl (co)polymers via a simple free radical mechanism remains
problematical. To date, a number of ingenious strategies1–3 have
been reported which circumvent the inherent complex sym-
metry properties (e.g. glide reflection and mirror planes)
associated with stereoregular macromolecular systems (note
isotactic and syndiotactic vinyl polymers are not optically
active), and therefore lead to main chain optically active
polymers. Unfortunately, however, the majority1,2 suffer from
various disadvantages (such as multistep syntheses of mono-
mers, expensive reagents/starting materials or products that are
not readily amenable to functionalisation) that render them
unsuitable for commercial exploitation. Thus for ‘asymmetric
synthesis polymerisation’ (whereby a chiral auxiliary, or
template, is attached to an achiral monomer prior to poly-
merisation and then removed afterwards to leave optically
active polymer)2 to achieve viability in a commercial process or
as a routine laboratory procedure, the auxiliary must be of low
cost, readily attached to everyday monomers and easily
removed from the newly formed polymer.

We now adumbrate a novel and highly expedient strategy for
preparing main chain optically active polymers in which the
chiral auxiliary is a transition metal salicylidene–amino acid
Schiff base complex. A vinyl monomer containing a suitable
donor group (e.g. a vinylpyridine) will coordinate to the metal
centre, thus forming a chiral monomer unit. Upon completion of
the polymerisation the template complex, being attached only
through relatively weak dative bonds, should be easily removed,
thus liberating the vinyl polymer (Scheme 1).

If a chiral monomer complex of this type were copolymerised
with achiral monosubstituted or cyclic 1,1-disubstituted vinyl
(or related) compounds, we realised that there would be a strong
likelihood that nonsymmetric Wulff-type1 triads (1) or related
diads (2), respectively, would be formed along at least some
sections of the polymer backbone. Should this in fact be the
case, any such polymers would display optical activity as a
result of the main chain configuration.

Accordingly, we have now synthesised the copper(ii) amino
acid Schiff base complex 3 from (S,S)-(+)-isoleucine, salicyl-
aldehyde and copper(ii) acetate in aqueous solution (see Table
1).4 The amino acid was chosen because of its non-function-
alised alkyl side chain, which provides steric bulk on the ‘upper’
face of the complex without the possibility of any undesirable
side reactions occurring. Copper Schiff base complexes have
long been known5 and generally possess square planar geome-
try about the metal. Furthermore, such complexes have a high
affinity for, and are readily coordinated by, one or two pyridine
molecules to form five- or six-coordinate species.5 Precedent
exists for the free-radical polymerisation of transition metal
complexes without any adverse interactions with the metal (e.g.
electron transfer from a radical centre): copper6,7 and cobalt8
Schiff base complexes have been used to prepare imprinted
polymer networks containing enzyme mimetic or chiral binding
cavities, respectively.

Polymerisations were performed, under an inert atmosphere,
in (deoxygenated) MeOH solutions of 3, 4-vinylpyridine
(4-VPy) 4 and indene (IN) 5 with AIBN (1 wt%) as the radical
souce (Scheme 2). Evaporation of the solvent gave dark green
Schiff base–polymer adducts 6; these were not characterised
except for measurement of the specific rotation in one case (see
Table 2, entry 4). These adducts were broken down through acid
hydrolysis before the free polymers were precipitated from the
acidic aqueous solution by basifiying with aqueous ammonia.
Further reprecipitation from MeOH solutions into aqueous
ammonia produced the polymers 7 as off-white powders.
Attempts to measure the molecular weights of 7, using gel
permeation chromatography, have so far failed because the
copolymers appear to be absorbed onto the poly(styrene–
divinylbenzene) column packings. This is a recognised problem

Scheme 1

Table 1 Data for the copper(ii) amino acid Schiff base complex 3 and (S,S)-
(+)-isoleucine

[a]25/1021 deg cm2 g21

l/nm (S,S)-(+)-Ile Complex 3

365 +6.4a —b

436 +13.6a 21014c

589 +27.1a +128.6c

a c = 0.14 3 1022 g cm23 in MeOH. b c = 0.07 3 1022 and 0.035 3 1022

g cm23 in MeOH. The sample absorbed too much light at these
concentrations for a reading to be obtained. c c = 0.07 3 1022 g cm23.
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with poly(4-vinylpyridine) systems9 which we are currently
addressing. However, the materials 7 do show all the character-
istics of macromolecular systems, including broad NMR
resonances and initially becoming gel-like before slowly
dispersing to form isotropic solutions in organic solvents.

Each of the polymers 7a–d which were prepared using the
chiral auxiliary template displayed negative optical rotations at
365, 436 and 589 nm (see Table 2). The polymer 7e which
resulted from a blank control experiment (without template)
was, as expected, optically inactive. Obviously, the asymmetric
induction which has taken place during the polymerisation
process is due to the stereogenic centre in complex 3. In order
to be absolutely certain that the optical activity observed arose
from the main chain configuration of the polymers 7 we carried
out a detailed study of the optical rotary properties of the
complex 3 and the Schiff base-polymer adduct 6, as well as
(S,S)-(+)-isoleucine itself: at 589 nm all these have positive
optical rotations of varying magnitude.

Thus we can unequivocally conclude that polymers possess-
ing main chain optical activity have been obtained. It is
important to appreciate that for a chemical process to achieve
this, not only must a significant number of stereogenic centres
be generated enantioselectively but it is also essential for some
higher order asymmetry to be generated simultaneously. At the
moment we are not able to specify precisely the configurations
of the stereogenic carbon centres along the backbone although

free-radical propagation of cyclic alkenes does generally
proceed via a trans reaction. The overall configurations giving
rise to the observed optical activity are therefore not clear cut,
but there must be an excess of the diads, 2, in the backbone.

We have described a simple, low cost and effective method
for the synthesis of main chain optically active polymers. To the
best of our knowledge this is the first example where a chiral
transition metal complex has been employed as a template for
asymmetric induction during a polymerisation reaction. It is
also the first instance where non-covalent interactions have
been utilised to attach the chiral auxiliary. We are currently
expanding the range of copolymers produced in this way, and of
course considerable scope exists for exploiting chiral Schiff
base (or other) metal complexes involving other amino acids
and indeed other chiral molecules.

We acknowledge the EPSRC for the award of a post doctoral
fellowship to B. J. L. R. and RAPRA Technology Ltd. for help
with GPC molecular weight determinations.
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Table 2 Data for poly(4-vinylpyridine-co-indene) copolymer 7

Reactants/mmol Polymer [a]25/1021 deg cm2 g21

compositiona

Entry 3 4 5 T/°C t/h 4-Vpy : IN 365 nm 436 nm 589 nm c/1022 g cm23 Solvent Yield/g (%)

1 5 5 5 65 18 3 : 1 —b 24.0 21.2 0.57 MeOH 0.59 (53)
2 7.5 7.5 7.5 65 18 4 : 1 26.3 —c 22.0 0.32 MeOH 0.85 (49)
3 7.5 7.5 7.5 65 16 4 : 1 26.5 —c 22.1 0.30 MeOH 0.79 (46)
4 5.2 5.2 5.2 65 18 3 : 1 25.8 24.2d 22.3d 0.31 MeOH 0.58 (51)
5 0 10 10 65 16 7 : 2 0 0 0 0.52 CHCl3 1.21 (54)

a Determined using 1H NMR spectroscopy. b The sample absorbed too much light at this concentration for a reading to be obtained. c No readings taken.
d Specific rotation of adduct 6 was 2688.2 at 436 nm and +76.5 at 589 nm (c 0.017, MeOH).

Scheme 2 Reagents and conditions: i, AIBN, MeOH, reflux N2; ii, 2 m HCl
then NH3 (aq)
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A tetraphenylporphyrin–peptide hybrid with high affinity for single-stranded
DNA

Rishi K. Jain, David A. Sarracino and Clemens Richert*†

Department of Chemistry, Tufts University, Medford, MA 02155, USA

A tetraphenylporphyrin bearing four peptide chains, synthe-
sized in two steps from meso-tetrakis-
(p-aminophenyl)porphyrin and the peptide CGKWK, binds
single-stranded DNA oligomers with high affinity and
inhibits degradation by nuclease S1. 

Small ligands that bind single-stranded DNA (ssDNA) with
high affinity are scarce. Non-protein ligands, such as cationic
peptides with an intercalating residue,1,2 cationic tetraaryl-
porphyrins and sapphyrins3 and naphthalene diimide interca-
lators,4 give dissociation constants at or above the micromolar
level. Lower dissociation constants are found for ssDNA
binding proteins, but their crystal structures5 do not suggest a
simple way of designing small ligands with similar affinity.
Further, increasing the length of a peptidic binder does not
necessarily increase its affinity for ssDNA, as enthalpy gains are
usually matched by entropic cost.6 Since recent studies have
shown that binding to ssDNA can inhibit polymerases,
including HIV reverse transcriptase,7,8 the search for tight
ssDNA binders poses not only an intellectual challenge, but also
promises to lead to drug candidates. 

Presented here is the lead compound in our search for ssDNA
binders. This is a tetraphenylporphyrin core molecule bearing
short peptide chains. The design of this compound was based on
the notions that (i) single stranded nucleic acids are highly
flexible, favoring large rigid ligands to reduce the entropic
penalty for complex formation, and (ii) ssDNA presents more
lipophilic surface area than double-stranded DNA, where the
nucleobases are buried, and its complexes may therefore gain
substantial stabilization from hydrophobic interactions. Tetra-
phenylporphyrins are not only large, rigid and lipophilic
macrocycles, they are also chromophores, allowing for sensitive
monitoring of binding events. Further, tetraphenylporphyrins
are straightforward to synthesize and easily detected by
quantitative laser desorption mass spectrometry, a technique
that has allowed us to perform monitored in vitro selection
experiments.9 The peptide sequence Lys-Trp-Lys (KWK), a
known ssDNA-binder,1 was chosen as substituent to provide
additional binding affinity and solubility in aqueous media. A
cysteinyl-glycine linker was designed to span the distance
between KWK and the ‘termini’ of the phenylporphyrin and to
provide a reactive thiol group.

Assembly of the peptide–porphyrin hybrid started from
meso-tetrakis(p-aminophenyl)porphyrin 1,10 which was con-
verted to the chloroacetamido derivative 2 under the conditions
reported by Collman et al.11 The subsequent coupling of 2 with
CGKWK‡ was monitored by MALDI-TOF mass spectrometry.
Thioether formation to the desired tetrapeptide 3 proceeded
slowly under conditions optimized for peptide–DNA hybrids12

(aqueous buffer, pH 7.0, 40 °C) and DMF as a co-solvent. Even
with a 150-fold excess of the peptide and several days reaction
time, less than 20% tetrasubstituted porphyrin 3 was found.
Rigorous exclusion of air to prevent disulfide formation and
stepwise addition of the peptide did not improve the yield.
Further, purification of 3 from the crude product was compli-
cated by the presence of many side products of similar
molecular weight. Interestingly, coupling in dry DMF with
Cs2CO3 as base,13 conditions less typical for bioconjugations,

proceeded smoothly with 2 equiv. peptide per chloroacetamide
group.§ Despite the limited solubility of both the caesium salt
and the highly charged peptide in the organic solvent, the
reaction was more than 90% complete after 20 min at room
temperature. Tetrasubstituted porphyrin hybrid 3 made up more
than 65% of the crude product and could be obtained in
satisfactory purity in a single HPLC step.¶ 

Addition of DNA octamers 5A-TGGTTGAC-3A 4 and (dC)8 5
to solutions of 3 led to > 50% hypochromicity of the Sôret band
but little shift of the maximum. Comparable hypochromicity
has been found for a macrocyclic porphyrin-containing cryp-
tand bound to poly(dT).14 Unlike this single-strand specific
cryptand, which is too bulky for intercalation, and cationic
tetraarylporphyrins that intercalate, or, more probably, hemi-
intercalate15 into double-stranded DNA, 3 appeared to bind
quite tightly to the short, single-stranded oligomers. Uncon-
jugated KWK (2 equiv.) in the solution did not influence the
binding curve measurably. Further evidence for tight binding
came from the observation that the complex 3·4 did not show
hyperchromicity when the NaCl concentration was raised to 3
m. In the plot of the titration data (Fig. 1) hypochromicity levels
off at 1 equiv. of DNA, both at 900 and 400 nm 3. This suggests
that a 1 : 1 complex between 3 and the DNA strands is preferred
when a molar excess of DNA is available, and that above 1
equiv. DNA very little unbound 3 exists at these concentrations.
The latter makes it difficult to determine the dissociation
constant accurately∑ but allows an estimation of Kd@ 5 nm. This

Fig. 1 Hypochromicity of the Sôret and absorption of 3 (415 nm) upon
addition of DNA octamers 4 and 5, 10 mm ammonium acetate solution, pH
6.0: (8) 3 (900 mm) + 5, (.) 3 (900 mm) + 4 and (2) 3 (400 nm) + 4
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estimate was corroborated by fluorescence titrations performed
at 55 nm 3 and increasing amounts of 4, 5, (dA)8 6 and
5A-GTCAAA-3A 7 (Figs. 2 and 3). The fluorescence of 3
changed with the concentration when up to 1 equiv. DNA was
added, but remained mostly unchanged at higher DNA : hybrid
ratios. Only for the oligopyrimidine 5, and the shorter oligomer
7 was a fraction of unbound porphyrin detected at 1 equiv. 

When titrations with 4 were performed at pH 2.5, where the
porphyrin core is at least partially protonated,16 a fluorescence
increase rather than decrease accompanied addition of DNA
(Fig. 2). Apparently, 3 can reverse its fluorescence reporter
properties. At a pH where the porphyrin ring is uncharged, DNA
induces quenching, just like in other neutral chromophors. At
low pH, however, DNA induces the fluorescence enhancement
typical for cationic aromatic intercalators, such as the ethidium,
acridine orange and proflavin ions. In both states, tight 1 : 1
complexes appear to form with the DNA octamer. 

Exploratory experiments show that 2 equiv. of 3 inhibit the
degradation of 4 by nuclease S1 by more than 50% at 37 °C [28
mm 4 in 83 mm (NH4)2SO4–5 mm ZnSO4, pH 5.6, 0.8 u ml21

nuclease, monitored by quantitative MALDI-TOF MS17].
Footprinting analysis17 indicates that nuclease cleavage after
the third, fourth and fifth nucleotide is similarly inhibited in the
presence of 3, with a slightly decreased protection at the latter
site (not shown). This suggests that hybrid 3 covers more than
a small fraction of DNA octamer 4. 

In conclusion, we report a facile synthesis of a porphyrin-
peptide hybrid. The synthetic methodology requires only
unmodified deprotected peptides, which are accessible via
standard automated peptide synthesis and biotechnological
processes. Hybrids prepared via the route presented here may
become valuable bioorganic model compounds, e.g. as heme
protein analogs18 or photosynthetic reaction centre maquettes.19

Further, the finding that porphyrin–tetrapeptide hybrid 3 binds
ssDNA corroborates assumptions (i) and (ii) about the nature of
tight ssDNA binders (vide supra). Initial results from a study on
the binding of 3 and related compounds to double-stranded
DNA, presently under way in these laboratories, shows that
such hybrids can bind to short ssDNA oligomers without
preventing duplex formation. Therefore, 3 may also be a lead

compound for the development of protective ‘coats’ for
antisense oligonucleotides, as, unlike complementary oligo-
nucleotide strands, the only other known high affinity ligands to
ssDNA, 3 does not seem to block Watson–Crick base pairing.

The authors thank M. Simon for the preparation of synthetic
intermediates and C. Tetzlaff for the acquisition of NMR
spectra. Support by the NIH (grant GM54783 to C. R.) is
gratefully acknowledged.
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Fig. 2 Changes in fluorescence intensity (lex = 415 nm, ldet = 660 nm)
upon addition of DNA octamer 4 to a solution of 3 (55 ± 10 nm) at (8) pH
6.0, (.) 4.6 and (2) 2.5 (10 mm ammonium acetate buffers)

Fig. 3 Fluorescence quenching upon addition of DNA oligomers (8)
(dC)8 5, (.) (dA)8 6 and (2) GTCAAA 7 to a solution of 3 at pH 4.6;
experimental conditions are the same as in Fig. 2
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Dopamine recognition in templated silicate films

Rajendra Makote and Maryanne M. Collinson*

Department of Chemistry, Kansas State University, Manhattan, KS 66506-3701, USA 

Dopamine templated nanoporous silica gel films prepared
via the hydrolysis and cocondensation of tetramethoxysilane
with phenyltrimethoxysilane show an enhanced affinity for
dopamine and its related structures relative to non-tem-
plated films.

Considerable attention has recently been given to the design and
development of new materials with improved molecular
recognition capabilities.1 Materials with tailor-made porosity,
morphology, and chemical functionality are particularly im-
portant in the development of highly selective chemical sensors,
stationary phases for HPLC, binding assays, polymeric mem-
branes, and catalytic supports. One of the most promising
technologies for the creation of recognition sites within a host
structure involves molecular templating.2,3 In this approach, a
polymeric network is assembled around a suitable template
molecule. Upon removal of the template, microcavities with a
distinct pore size, shape and/or chemical functionality remain in
the host.

Sol–gel technology provides a valuable approach for the
creation of nanostructured silicate materials through the
hydrolysis and condensation of silicon alkoxides.4 The inherent
processing flexibility enables thin films to be readily fabricated
whereas the mild polymerization conditions enable specific
reagents to be readily introduced within the highly cross-linked,
porous host structure without the problems of thermal or
chemical decomposition.5 In previous work it has been
demonstrated that nanostructured silica with enhanced porosity
can be prepared via template-based sol polymerization.3 In one
method, surfactant molecules are used as templates to prepare
periodic mesoporous silicate materials.3,6 In the second method,
molecular sized voids are created in a silicate matrix via the
pyrolysis of the organic functional groups3,7 covalently bound
to the silicate framework.8 While the pore size and connectivity
of the host structure can be designed at the molecular level via
careful control of the template concentration and sol–gel
process conditions,3 improvements in chemical selectivity need
to be made.

In this report, we describe a unique template based method
for the fabrication of thin porous chemically selective films, that
can be used to fabricate materials with improved properties.
This procedure involves the blending of organosilicon pre-
cursors with the inorganic reagents to produce a composite
material8 that shows an increased affinity for a specific class of
molecules once the template has been extracted from the gel.
The inorganic silicon precursor acts as the cross-linking agent
whereas the organosilicon precursor introduces a specific
functionality in the matrix which improves chemical specificity
via an increase in porosity, polarity and/or intermolecular
interactions. The feasibility of this approach is demonstrated in
this work via the development of a material that shows an
affinity toward dopamine and its related structures. The
catechol amines were selected because of the important role
they play in neurotransmission and the necessity of developing
methodologies that allow their differentiation in the presence of
numerous interferents including ascorbic acid (AA).9

In these experiments, a sol stock solution was prepared by
combining tetramethoxysilane (TMOS), phenyltrimethoxy-
silane (PTMOS), ethoxy ethanol (EE), water and 0.1 m

hydrochloric acid. PTMOS was selected as the functionalized
monomer because it is a trifunctional silane containing a bulky,
aromatic constituent whereas EE was utilized as the solvent
owing to its both polar and non-polar solvating properties. After
stirring for 1 h, dopamine was added to the sol followed by the
addition of potassium hydroxide to raise the pH of the sol to ca.
7. The molar ratio of monomers to template was 1 : 0.1 : 0.04
(TMOS : PTMOS : DA). After 30 min, a 50 ml aliquot of the sol
was cast on a polished glassy carbon electrode (5 mm diameter)
using an in-house built rotator (ca. 7000 rpm, 60 s) and the
resulting films allowed to dry for 2 days in a desiccator at
ambient temperature. The average film thickness as measured
via surface profilometry was ca. 450 nm. The template (e.g.,
dopamine) was leached out of the matrix by placing the film in
pH 7 phosphate buffer for 2 h. Under these conditions,
approximately 90% of the dopamine was leached out of the film
as evident from a cyclic voltammogram (CV) of gel-encapsu-
lated dopamine acquired before and after leaching. In control
experiments, non-templated films were prepared in a similar
manner with the exception that dopamine was not added to the
sol.

To characterize the affinity of the templated and non-
templated films for dopamine and its structurally related
compounds, cyclic voltammetry was used. Fig. 1(a) shows a CV
at a non-templated film prepared from an undoped PTMOS–
TMOS sol in a solution of 0.1 mm dopamine. The lack of
significant faradaic current indicates the film is compact and
dopamine is unable to reach the underlying electrode surface. In
distinct contrast, the films prepared from a doped PTMOS–
TMOS sol show a distinguishable affinity for dopamine as
evidenced from the quasi-reversible voltammogram obtained at
the templated film, Fig. 1(b). The peak current for the oxidation
of dopamine achieves a constant value within 3–4 min
indicative of the relatively fast response of the templated films
toward dopamine. The response of the templated film toward
dopamine is ca. 70% of that observed for an identical solution
concentration at a bare glassy carbon electrode.

Fig. 1 Cyclic voltammograms (CVs) of 0.1 mm dopamine at (a) a non-
templated PTMOS–TMOS film, (b) a templated PTMOS–TMOS film and
(c) a templated film prepared from TMOS. The CVs were acquired after the
silicate films had been in solution for 4–5 min. Solution conditions: 0.1 m,
pH 7.0 phosphate buffer. Scan rate = 100 mV s21. Electrode potentials are
vs. Ag/AgCl (1.0 m KCl).
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To establish the importance of the phenyl functionality in the
recognition properties of the material, templated films were
prepared only from TMOS. The CV response of the templated
TMOS film toward dopamine is slight as shown in Fig. 1(c), but
significantly less than that observed at the templated PTMOS–
TMOS silicate film. These results attest to the importance of the
organosilicon precursor in enhancing the response of the film
toward dopamine.

The dopamine templated PTMOS–TMOS films were also
exposed to solutions of structurally related or biologically
significant compounds including epinephrine, norepinephrine
and ascorbic acid. These results showed that the templated films
were not selective solely for dopamine but have an affinity for
other catechol amines as well. This is expected since the host
matrix is sufficiently porous and lacks specific binding sites as
commonly observed for molecularly imprinted polymers.2 The
templated films, however, are able to discriminate against
ascorbic acid as shown in Fig. 2. The lack of a noticeable
voltammetric signal at the templated PTMOS–TMOS film and

the non-templated PTMOS–TMOS film indicates that these
materials have little affinity for ascorbic acid. The basis of this
discrimination is likely due to electrostatics as the silicate
matrix (pKa of the silanol groups10 is ca. 2) and ascorbic acid are
both negatively charged at neutral pH. Alternatively, polarity
may also be another factor as ascorbic acid is a relatively polar
molecule whereas the phenyl-modified silicate films are more
nonpolar.

In summary, this study has demonstrated the feasibility of
utilizing aqueous based inorganic polymerization techniques to
fabricate nanoporous templated films with short response times
that exhibit chemical selectivity. It is anticipated that this work
will lead to promising developments in the design of improved
molecular recognition materials.
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Fig. 2 Cyclic voltammograms of 0.1 mm ascorbic acid at (a) a nontemplated
PTMOS–TMOS film and (b) a templated PTMOS–TMOS film. The CVs
were acquired after the silicate films had been in solution for 4–5 min.
Solution conditions: 0.1 m, pH 7.0 phosphate buffer. Scan rate = 100 mV
s21. Electrode potentials are vs. Ag/AgCl (1.0 m KCl).
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Highly efficient synthesis of phosphorodithioates derived from 3A-thiothymidine
by anhydro-ring opening of 2,3A-anhydro-5A-O-tritylthymidine with
O,O-disubstituted phosphorodithioic acids

Wojciech Dàbkowski,a† Maria Michalskab and Izabela Tworowskaa

a Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, 90-363 Oódź, Sienkiewicza 112, Poland 
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Thymidine 3A-S-phosphorodithioate 4 and dithymidine-3A-S-
phosphorodithioate 7 derived from 3A-thiothymidine are
synthesized in excellent yield under mild conditions by the
nucleophilic ring opening of 2,3A-anhydrothymidine with
phosphorodithioic acids.

The rapid development of antisense chemotherapy1 and studies
to elucidate the mechanism of rybozyme action2 have en-
couraged organic chemists to undertake the synthesis of
oligonucleotide analogues in which the sugar residues and
internucleotide linkages are modified. Interest in oligonucleo-
tides containing 3A-S- or 5A-S-phosphorothioate linkages has
recently increased, but methods presented to date, although
elegant, are laborious and rather difficult to carry out.3–9

5A-Deoxy-5A-S-nucleosidyl phosphates have been prepared
from 5A-iodo-2A-deoxynucleosides by condensation with triso-
dium phosphorothioate.3 2A-Deoxy-5A-O-thymidyl-5A-S-thymi-
dyl phosphorothioate has been obtained by allowing thymidine
5A-phosphorothioate to react with 5A-iodothymidine.4 A varia-
tion of this approach is the use of 5A-O-tosyl nucleoside for
condensation with mono- or di-esters of phosphorothioic acid.5
Cosstick has synthesized dithymidine phosphate analogues
containing 3A-thiothymidine by phosphitylation of 5A-O-mono-
methoxytrityl-3A-thiothymidine.6 The resulting dinucleosidyl
phosphorothioite has been oxidized to the corresponding
3A-phosphorothioate. Dithymidine-3A-S-phosphorodithioate has
been prepared, in an analogous fashion, as a mixture of
diastereoisomers and separated after deprotection.7

More recently Cosstick has devised a synthesis of inter-
nucleoside 3A-phosphorothiolate linkages via electrophilic 3A-S-
thymidinethiol derivatives, specifically, mixed disulfides with

one strongly electronegative substituent, which were allowed to
react with 3A-O-(tert-butyldimethylsilyl)thymidin-5A-yl tri-
methylsilyl phosphite.8 A similar strategy has been used by Liu
and Reese9 in investigating the chemistry of RNA. Okruszek
et al. have found that 3A-O-phosphorodithioates react in DMF
solution with 5A-bromo-5A-deoxythymidine to give correspond-
ing dinucleoside-5A-S-phosphorodithioate.10 In spite of the
elegance of Cosstick’s, Reese’s and Okruszek’s approaches,
formation of phosphorothiolate linkages requires laborious
operations and depends on access to 3A-S- or 5A-S-thionucleo-
sides and 5A-bromonucleoside which are not readily available.
For this reason we have sought an alternative strategy avoiding
3A-S- or 5A-S-thionucleosides. Our long-standing interest in the
chemistry of sugar thiophosphates11 and modified nucleotides12

also stimulated this work.
It is known that 2,3A-anhydrothymidine reacts with a variety

of nucleophiles, usually under harsh conditions.13 We dis-
covered that 2,3A-anhydrothymidine reacts rapidly with phos-
phorus dithioacids [RRAP(S)SH] at ambient temperature in
almost quantitative yield, and the ring opening proceeds with
inversion of configuration at the 3A-carbon. Protonation of the
anhydro-ring oxygen and the high nucleophilicity of phospho-
rus dithioacids make this procedure efficient and mild.
Phosphorus dithioacids, including those derived from nucleo-
sides,14 are readily available.

Our methodology is exemplified by reactions of 5A-O-trityl-
2,3A-anhydrothymidine15 1 with O,O-dimethyl phosphorodi-
thioate16 2‡ and with O-(5A-O-tritylthymidin-3A-yl) O-(2-cyano-
ethyl) phosphorodithioate 5§ (Scheme 1). The dithioic acid 5
was prepared in situ by treating its DBU salt 5a with excess of
toluene-p-sulfonic acid monohydrate. Water introduced with

Scheme 1 Reagents and conditions: i, THF, 2 h, 20 °C; ii, MeCN, TsOH, 2 h, 20 °C; iii, tert-butylamine, 8 h, 20 °C; iv, THF–DBU (9 : 1), 1 h, 20 °C
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toluene-p-sulfonic acid does not interfere with the ring opening
reaction but effects the removal of the trityl group. The
analogous reaction with the DBU salt of 5a requires severe
conditions.

Both reactions proceed in THF or MeCN solution at 20 °C
and are completed within 2 h yielding phosphorodithioates 3
and 6 in almost quantitative yield.

The demethylation of phosphorodithioate 3 by tert-butyl-
amine and removal of the 2-cyanoethyl group of phosphoro-
dithioate 6 leads to the corresponding salts 4a, b and 7a, b,
respectively. These stable compounds contain a chiral phosp-
horus centre and are formed as a mixture of diastereoisomers.
The 1 : 1 mixture of diastereoisomers 4 was separated into the
‘fast’ 4a and ‘slow’ 4b diastereoisomers by silica gel chromato-
graphy. 31P NMR spectra of phosphorodithioates 4, 4a and 4b
are shown in Fig. 1.

We are currently exploring the use of nucleoside anhydrides
to construct analogues of oligonucleotides containing 3A-S- or
5A-S-phosphorothiolate linkages by this methodology.

These studies were supported by grants No 3T09A 146 08
(M. M.) and No 3T09A 155 10 (W. D. and I. T.) of the
Committee of Scientific Research, Poland.
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isolated by silica gel chromatography [CH2Cl2–Me2CO–Et3N, 10 : 2 : 0.5
(v/v/v)] as a mixture of diastereoisomers (1 : 1) of the tert-butylammonium

salt of 4 (95%); dP(C6D6) 72.2, 71.6. The diastereoisomers were resolved by
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raphy on silica gel (230–400 mesh, Merck 9835) using CH2Cl2–Me2CO
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Fig. 1 The 31P NMR spectra of (a) 4, (b) 4b (slow diastereoisomer) and (c)
4a (fast diastereoisomer)
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5-Hydroperoxycarbonylphthalimide: a new reagent for epoxidation

Alun P. James,a Robert A. W. Johnstone,*b† Moya McCarron,b J. Phillip Sankeya and Brian Trenbirthc
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Peroxycarboxylic acids, widely used for epoxidation in
industry and general research, have various drawbacks, such
as difficulty of preparation in a pure state, cost and the
possibly ring-opening of the product epoxides due to acid-
catalysed reactions; a new reagent, 5-hydroperoxycar-
bonylphthalimide, overcomes these problems.

The formation of epoxides (oxiranes) from alkenes is a widely
used reaction, either for the product epoxides themselves or for
their preparation as intermediates in further synthesis.1 The
manufacture of epoxides ranges in scale from the small
requirements of a research reaction to the huge tonnages of
industrial epoxides and bis-epoxides. Hydrogen peroxide, a
clean oxidant producing only water as a by-product, would be
ideal if it could be used to produce epoxides directly. Although
epoxidation can be effected with hydrogen peroxide through use
of metal catalysts such as those of tungsten2 or molybdenum,3
titanium silicalites4 and porphyrins,5 these catalysts are not
universally applicable for various reasons, including cost, lack
of specificity, inability to selectively epoxidise without forma-
tion of serious quantities of by-products and lack of reactivity
towards alkenes having electron-deficient double bonds. Such
catalysts have not found general favour, except in some
specialised instances. There is widespread use of hydrogen
peroxide by first converting it into a suitably reactive form, such
as tert-butyl peroxide and the popular peroxycarboxylic acids.
Of the latter, although many are known, only a few are in
general use.6 Thus, peroxyformic, peroxyacetic, peroxyben-
zoic, peroxyphthalic (also as its magnesium salt), peroxytri-
fluoroacetic and m-chloroperoxybenzoic acids are the ones
most frequently employed. Generally, the relatively cheap,
lower molecular mass, liquid peroxyformic and peroxyacetic
acids are used for large-scale industrial epoxidation and the
higher molecular mass, solid m-chloroperoxybenzoic acid is
widely employed for research or very small scale purposes.
There are serious disadvantages to the use of peroxyformic and
peroxyacetic acids, including their difficulty of synthesis in
high concentration, their lack of stability, the need for buffering
of a reaction medium to lessen acid-induced side reactions and
the difficulty of recycling the parent acid. m-Chloroperoxy-
benzoic acid is not available commercially in large quantities or
in pure form because of its easy thermal decomposition and
sensitivity to mechanical shock;7 the peroxyacid is also
expensive because of the cost of the starting acid and the need
to use methanesulfonic acid to catalyse its formation from
hydrogen peroxide. Nevertheless, m-chloroperoxybenzoic acid
does have desirable properties, in being capable of effecting
many kinds of epoxidation and in giving a product acid that is
relatively insoluble in non-polar solvents. The present research
has shown that 5-hydroperoxycarbonylphthalimide 1 (5-PCP;
1,3-dioxo-1,3-dihydroisoindole-5-peroxycarboxylic acid;
Scheme 1)8 is an excellent, cheaper reagent for effecting
epoxidation, ameliorating or overcoming many of the disadvan-
tages listed above. Its preparation is described in a footnote to
Table 1.

The alkenes shown in Table 1 were epoxidised at tempera-
tures between 0 and 60 °C in various solvents (Scheme 1). The

Scheme 1

Table 1 Alkenes epoxidised with 5-hydroperoxycarbonylphthalimide 1
(5-PCP)a

Alkene T/°Cb Solvent t/hc

2,3-Dimethylbut-2-ene 20 CH2Cl2 2
Cyclohexene 20 CH2Cl2 6
1-Methylcyclohexene 20 CH2Cl2 2

20 Toluene 3
Cyclooctene 20 CH2Cl2 2
a-Pinene 20 CH2Cl2 2
b-Pinene 20 CH2Cl2 2.5
Limonene 20 CH2Cl2 2 + 4d

Oct-1-ene 35 CH2Cl2 24
cis-Stilbene 35 CH2Cl2 24
trans-Stilbene 35 CH2Cl2 24
Allyl phenyl ether 60 ClCH2CH2Cl 113
Styrene 35 CH2Cl2 24
Diallyl maleate 60 ClCH2CH2Cl 150
6-Methylhept-5-en-2-one 0 CH2Cl2 7
1,2-Diallyloxyethane 55 EtOAc 70

a To conc. H2SO4 (29.4 g; 98% w/w) was added water (1.7 g;
demineralised), with stirring and cooling, followed by hydrogen peroxide
(3.66 g; 85% w/w; 0.0915 mol), maintaining the reaction temperature below
15 °C. After addition had been completed, the mixture was warmed to
40 °C, at which stage 1,3-dihydro-1,3-dioxoisoindole-5-carboxylic acid
(ref. 10) (5-carboxyphthalimide 2; 5 g) was added. The mixture was stirred
at 40 °C for 45 min, after which it was cooled and quenched by addition of
ice–water. 5-Hydroperoxycarbonylphthalimide 1 (5-PCP) crystallised out.
The product was filtered off, washed normally with water to pH 3 and air-
dried to give the pure compound in > 90% yield, mp 175 °C. b In a typical
reaction (Scheme 1), 1-methylcyclohexene (48 mg; 0.5 mmol) in CH2Cl2 (2
ml) was stirred with 5-PCP (0.12 g; 0.6 mmol) at room temperature for 2 h.
The course of the reaction was monitored by GC and by GC–MS. At the end
of reaction, the precipitated 5-carboxyphthalimide 2 was filtered off, the
solvent was evaporated and the product was weighed and examined by 1H
NMR spectroscopy. All the epoxides are known and authentic materials
were used for comparison with the epoxides produced with 5-PCP. Yields
were between 98–100%. c Approximate time to complete reaction, as
revealed by the disappearance of the starting alkene. d With 1 equiv. of
5-PCP, only the 1,2-mono(epoxide) was isolated after 2 h. Addition of a
further 1 equiv. of 5-PCP at this stage gave the 1,2 : 9,10 bis(epoxide) after
a further 4 h.
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alkenes were chosen to explore the general suitability of 5-PCP
for epoxidation. Thus, the reactivity of the alkenes towards
electrophilic oxygen ranged from the electron-rich 2,3-di-
methylbut-2-ene (containing a tetraalkyl-substituted double
bond) to the electron-deficient allyl phenyl ether (containing a
monosubstituted, oxygen-deactivated double bond). Other al-
kenes were chosen to demonstrate the stability of the resulting
epoxide under the reaction conditions (styrene, a-pinene,
1,2-diallyloxyethane), the stereo integrity of reaction (cis- and
trans-stilbene) or the selectivity of reaction (limonene, having
two different double bonds).

In each case, epoxidation proceeded to give virtually a 100%
yield of very pure product epoxide. Reaction rates were as
expected from the known mechanism of epoxidation with
peroxyacids.1,6 Thus, at room temperature, reaction of 2,3-di-
methylbut-2-ene, 1-methylcyclohexene, cyclohexene, cyclo-
octene and a- and b-pinene with 5-PCP was fast in CH2Cl2. For
the less reactive alkenes, such as oct-1-ene, allyl phenyl ether,
1,2-diallyloxyethane and diallyl maleate, higher temperatures
were needed to achieve reaction in a reasonable time. Such
reactions could be carried out in CH2Cl2 under reflux (35 °C),
1,2-dichloroethane (at 50 °C), EtOAc (at 55 °C) and toluene (at
50 °C). When the epoxidation was carried out at higher
temperatures than these, reaction was faster and a clean product
was still obtained, but there was some small loss of active
oxygen over long periods of time. In these cases, somewhat
more than a 1 equiv. of peroxyacid to each double bond was
needed. Thus, after a period of about 100 h at 60 °C with 2
equiv. of 5-PCP, epoxidation of the two allylic bonds in
diallylmaleate ceased at about 60–70% because of depletion of
the peroxyacid; addition of a further 1 equiv. (0.5 equiv. for
each bond) caused the reaction to proceed to completion and to
give a very pure product.

In all of the reactions, the product acid (5-carboxyphthali-
mide 2) was almost totally insoluble in the solvent. This
behaviour is highly advantageous in two ways. First, the
product acid can be filtered off easily from the reaction medium
and re-used; this potentially low-cost acid can be recycled with
hydrogen peroxide to give little or no environmentally dis-
advantageous by-product. Second, the insolubility of the acid,
due to extensive strong intermolecular hydrogen-bonding,9

means that the hydrogen ion concentration in solution is
extremely low. In turn, this means that acid-catalysed changes
in the epoxide, when formed, are reduced to a very low level,
enabling the isolation of even acid-sensitive epoxides in high
yield and purity. 5-PCP itself is partly soluble in the solvents
described here. This implies it has all of the kinetic advantages
of a homogeneous reaction but, being a very weak acid, does not
produce a significant hydrogen ion concentration in the reaction
medium. Thus, there is little or no effect from acid-catalysed
decomposition of the product epoxide. In the most sensitive
epoxides prepared in this work (e.g. styrene oxide), reaction
proceeded to virtually 100% yield with no evidence for acid-
catalysed rearrangement products (phenylacetaldehyde in the
case of styrene oxide). Until full hazard information is
available, 5-PCP should be treated with caution, as with any
peroxy compound.
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Fluorescence sensing due to allosteric switching of pyrene functionalized
cis-cyclohexane-1,3-dicarboxylate

Carol Monahan, Jeffrey T. Bien and Bradley D. Smith*†

Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN 46556, USA 

The excimer/monomer fluorescence ratio for a pyrene
functionalized cis-cyclohexane-1,3-dicarboxylate decreases
upon titration with divalent and monovalent metal cations,
as well as strong and weak acids.

Molecules that can be chemically switched between different
conformations have been used as allosteric receptors, catalysts,
transport carriers, liquid crystalline materials and sensors.1 The
main approach with allosteric sensors has been to change the
proximity between two interacting fluorophores,2 or to alter the
solvent polarity surrounding a fluorophore.3 Here we describe
the allosteric properties of cis-1,3-disubstituted cyclohexane-
1,3-dicarboxylic acids 1 and in particular how the cis-
1,3-bispyrenyl derivative 1b acts as a fluorescent cations
sensor.4

Initially, the cis-1,3-dimethyl analogue 1a was prepared,†
and shown by 1H NMR spectroscopy to adopt a chair
conformation with both carboxyl groups in axial positions
(Scheme 1).§ This conformational preference is in agreement
with the higher steric A value for a methyl group compared to a
carboxy group. Conversion to the dianion results in a switch to
the alternate chair structure 2a with diequatorial carboxylate
groups.§ The driving force for this conformational change is the
electrostatic repulsion of the proximal anionic carboxylates. In
agreement with an earlier report by Menger et al., titration of a
1 : 1 MeOH–H2O solution of 2a with Mg2+ induces a conforma-
tional flip to 3a.6 Addition of Na+, however, has a negligible
effect on conformation in such a polar solvent. Two factors
drive the conformational change induced by Mg2+: (i) partial
neutralization of the anionic carboxylates by the Mg2+ ion, and
(ii) release of steric strain as the methyl groups transfer from
diaxial to more accommodating diequatorial positions.

Based on this knowledge it was hypothesized that compound
1b would show substantial changes in fluorescence upon
conformational switching. The two pyrenyl groups in structure
2b are in close proximity to each other and are able to exhibit
intramolecular excimer fluorescence. With structures 1b, 3b
and 4b, the pyrenyl groups are separated and the favorability of
excimer formation is decreased.2 This was found to be the case
in MeCN solution where titration of the bis(tetrabutylammon-
ium) salt of 2b with strong acid resulted in a stoichiometric
decrease in the excimer/monomer fluorescence ratio. The

titration curve (Fig. 1) indicates that only 1 equiv. of nitric acid
is needed to completely switch the excimer/monomer
ratio. Thus, protonation of one of the carboxylates relieves the
strain due to dianionic repulsion and causes a flip to the alternate
chair conformation 4b. In contrast, alkali metal cations induce
much gentler decreases in excimer/monomer ratio suggesting a
gradual formation of 3b, where M is one or two M+ ions.§
Titration with ammonium chloride or ammonium nitrate
generated plots that were identical to the nitric acid curve
(Figs. 1 and 2). It appears that the ammonium also transfers a
proton to 2b and forms 4b. Although carboxylic acids are more
acidic than ammonium salts in aqueous solution, the reverse
order is observed in aprotic solvents such as MeCN. For
example, ammonium (pKa 16.5) is more acidic than glutaric
acid (pKa1 19.2, pKa2 29.9), a dicarboxylic acid that is
structurally related to 1.7–9

Scheme 1

Fig. 1 Change in excimer/monomer ratio for 2b (3 mm) in MeCN upon
titration with (D) CsNO3, (x) RbNO3, (5) KNO3, (2) NaNO3, (-)
NH4NO3 and (+) HNO3. Excitation at 346 nm, monomer emission at 397
nm, excimer emission at 470 nm, T = 298 K.

Fig. 2 Fluorescence emission for 2b in MeCN (3 mm, excitation at 346 nm)
in the presence of (a) 0, (b) 1.0, (c) 2.2 and (d) 10.6 mm of NH4NO3
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Strong evidence that the change in fluorescence is due to a
conformational change was obtained from the following control
experiments. (i) All of the fluorescence titrations were repeated
using tetrabutylammonium pyrene-1-butyrate as a replacement
fluorophore. In all cases, negligible changes in fluorescence
were observed, indicating that the excimer/monomer switching
is not due to due to intermolecular or environmental factors. (ii)
Treatment of a CD3CN solution of 1a with 2 equiv. of
tetramethylammonium hydroxide changes the difference in 1H
NMR chemical shifts for Ha and Hb Dd = 1.36 to 0.50 ppm,
which is consistent with a change from 1a to 2a.§ A subsequent
titration of this solution with ammonium thiocyanate results in
smooth migration back to Dd = 1.61 ppm, suggesting that 2a
becomes protonated and converts to 4a. The fluorescence
switching effects of ammonium and alkali metal cations are
essentially negligible in polar, competitive solvents such as
MeOH. However, moderate descreases in excimer/monomer
ratio are induced by titrating 2b with alkaline metal dichlorides
to produce 3b (Fig. 3).

In summary, a simple but sensitive allosteric system is
described that can undergo large changes in molecular
shape. Depending on the experimental conditions, the
conformational switching can be induced by divalent and
monovalent metal cations, as well as strong and weak
acids. Analogue 1b exhibits large changes in fluorescence and
is thus sensor for Lewis and Brønsted acids. Future efforts will
attempt to incorporate this conformational switch into the
structures of other molecular devices.

This work was supported by the National Science Foundation
(USA).
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prepared by treating the di-tert-butyl cyclohexane-1,3-dicarboxylate with
LDA (2 equiv.) followed by 4-(pyren-1-yl)butyl trifluoromethylsulfonate (2
equiv.). Acid hydrolysis gave 1b in 15% overall yield.
§ The conformational assignments are based on the close homology of the
NMR data with Kemp et al. (ref. 5) and Menger et al. (ref. 6), who examined
the conformational switching of cis,cis-1,3,5-trimethylcyclohexane-
1,3,5-tricarboxylic acid (Kemp’s triacid). In particular, the non-equivalent
methylene protons between the two carboxy group in 1a (Ha and Hb)
resonate at d 2.63 and 1.13, respectively, in 1 : 1 MeOH–H2O (Dd = 1.50
ppm). The chemical shift for Ha is strongly deshielded due to the anisotropy
of the neighbouring carbonyl groups. In the case of dianion 2a, the
resonances for Ha and Hb are much closer together (Dd = 0.35 ppm)
indicating that they are nearly equidistant from the carboxylates, which can
only occur if the carboxylates have assumed equatorial positions. Structure
3 is drawn as a classical chair with the carboxylates in diaxial positions,
however, another possibility is a flattened half-chair which provides the
carboxylates with slightly more spacious psuedo-axial
environments. (ref. 6).
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Fig. 3 Change in excimer/monomer ratio for 2b (3 mm in MeOH upon
titration with CaCl2. Excitation at 346 nm, monomer emission at 397 nm,
excimer emission at 470 nm, T = 298 K.
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A fullerene-modified protein

Arnd Kurz,a Catherine M. Halliwell,a Jason J. Davis,a H. Allen O. Hill*a† and Gerard W. Cantersb
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b Leiden Institute of Chemistry, Leiden University, Gorlaeus Laboratories, Leiden, The Netherlands

A surface cysteine-containing redox protein (azurin mutant
S118C) has been labelled with a C60-based thiol-selective
reagent leading to electrochemical interactions between the
fullerene and protein redox centre.

In recent years much interest has been drawn to the biological
activities of fullerenes, such as cytotoxic activity,1 selective
DNA cleavage2 and antiviral activity against HIV.3 However,
biological studies have been hindered because of the hydro-
phobic nature of fullerenes. In an effort to overcome problems
associated with their insolubility in aqueous solution, several
strategies have been developed such as the formation of
complexes with cyclodextrin,4 liposomes,5 poly-
(vinylpyrrolidone)6 and derivatization with water-solubilising
moieties.7 The C60 cage is able to reversibly accept up to six
electrons under suitable conditions,8 so C60, that is covalently
attached to biomolecules, can be sensed electrochemically. As
C60 is insoluble in water little is known about its electro-
chemical behaviour in aqueous media, although the electro-
chemistry of films9 and g-cyclodextrin inclusion complexes10

has been studied. The C60 radical monoanion has recently11

been reported to be stable in water and monoanion containing
salts have been isolated from aqueous solutions. We report
herein the modification of a redox protein (azurin mutant
S118C) with buckminsterfullerene and the electrochemical
behaviour of the adduct so formed.

Azurin is a small blue copper redox protein which acts as an
electron transfer agent in the denitrification chains of a number
of bacteria. It has a molecular weight of about 14 000 kDa. As
wild type azurin does not contain any surface cysteines (and
hence free thiols), a mutant‡ containing just one surface
cysteine was created by polymerase chain reaction (PCR)
mutagenesis methods12 and expressed according to published
methods.13 Serine 118 was genetically replaced by a cysteine,
this being a conservative mutation to ensure the mutant closely
resembled the wild type azurin. The position was chosen to
allow labelling close to the redox centre, a copper ion in the case
of azurin, in order to investigate the possibility of electro-
chemical communication between copper and fullerene. The
previously described N-(triphenylmethyl)-3,4-fulleropyrroli-
dine14 was reacted with 3-maleimidopropionyl chloride in the
synthesis (Scheme 1) of a thiol selective fullerenomaleimide.§

This label is not soluble in water and only sparingly soluble in
polar organic solvents, but is reactive enough as a suspension to
couple to the protein. For the labelling reaction, the full-
erenomaleimide (in 100-fold molar excess) was suspended in a
60 mm solution of azurin S118C in 20 mm HEPES buffer at pH
7. The suspension was then stirred for 72 h at 4 °C. The
originally blue solution turned green after 24 h. Over the same
time period the characteristic electronic absorption band of C60
at 330 nm appeared (Fig 1). Unreacted fullerene was removed
by size exclusion chromatography (PD-10, Pharmacia). A SDS-
PAGE gel (15% polyacrylamide) indicated the presence of a
new band at higher mass. The mass increase was estimated to be
5%, consistent with the addition of one fullerene moiety per
protein. The reaction appeared to go to completion as no native
protein could be detected by SDS-PAGE or by cyclic voltam-
metry. The cyclic voltammogram of the product shows the
presence of a new redox couple at 2302 mV assigned to the first
electron reduction and reoxidation of C60 (Fig 2). The potential
lies between that reported11 for a solution of C60 in DMF (2250
mV) and a g-cyclodextrin inclusion complex of C60 in water
(2570 mV).10 The redox couple of the protein copper appears
at 242 mV. It is shifted by 41 mV to a more negative potential

Scheme 1

Fig. 1 UV–VIS spectrum (H2O) of (a) azurin S118C and (b) fullerene-
modifed S118C 

Fig. 2 Cyclic voltammogram at an edge plane graphite electrode of 65 mm
fullerene modified S118C in 20 mm HEPES buffer (pH 7.0) containing 5%
THF and 5% DMSO at 50 mV s21 and 25 °C. The solutions were purged
with argon for 60 min before measurement. (a) Copper redox couple Cu+2/
Cu+1 and (b) fullerene redox couple C60°/C60

21.
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compared to the unmodifed protein (21 mV) under the same
experimental conditions (Fig 3). As the fullerene is attached
next to histidine 117, which is a copper ligand, modification-
induced changes in the redox potential are likely. If the potential
range is restricted to that of the azurin copper, a reversible
couple is observed with reduction and re-oxidation peak areas
of equal magnitude. If scans are continued to more negative
potentials (at which the fullerene is reduced) the anodic peak of
the Cu couple changes, as does the ratio of anodic to cathodic
current. This behaviour suggests communication between
copper centre and fullerene. Spectroscopic (UV–VIS) and
electrochemical data prove that the fullerene modification did
not lead to the denaturation of the protein.

The covalent modification of protein with buckminsterful-
lerene opens up the possibility of extensive investigations into
the aqueous and biological chemistry of these ‘fulleryl pro-
teins’.

The support of the Dutch Science Foundation (C. M. H.),
MediSense (A. K.) and the BBSRC (A. K., C. M. H., J. J. D.) is
gratefully acknowleged. We thank Professor M. L. H. Green for
access to arc vaporisation equipment and Drs P. D. Barker, M.
J. Rosseinsky and G. Sanghera for helpful discussions.
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concentration of 3 mm in order to prevent dimerisation. Prior to labelling the
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Pharmacia). The protein was reconstituted by addition of an equimolar
amount of a 10 mm solution of Cu(NO3)2. 
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Fig. 3 Cyclic voltammogramm of (a) wild type azurin and (b) fullerene
modified S118C under the same conditions as in Fig 2
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Separation of carbon nanotubes by size exclusion chromatography
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Size exclusion chromatography has been performed on
micellar aqueous dispersions of soot from an arc discharge
experiment to yield chemically unmodified, almost impurity
free and size separated multiwall nanotubes.

Several large-scale synthesis routes for carbon nanotubes (NTs)
have been reported,1–3 however, they lead to by-products of
other carbon species. In addition to multiwall NTs the soot of a
conventional arc discharge experiment contains fullerenes,
carbon polyhedra, and amorphous carbon, which are intercon-
nected in a dense network. For a number of proposed
applications of NTs, which include field emission4 and
electronic devices,5,6 their purification and size separation is of
great importance.

In destructive methods, like oxidation, the soot material is
purified by decomposition of the small particles while some
tubes remain. However, the caps of the tubes are opened and
chemical functionalities are introduced on the tube surface.7,8 In

addition, no size separation of the tubes can be accomplished by
these methods.

Non-destructive methods like filtering or flocculation have
been reported but their efficiency is limited,9,10 and especially
in filtration techniques blocking of pores is a severe problem.

Here, we report the purification and size separation of
multiwall NTs by size exclusion chromatography (SEC), which
is a multistep process using a stationary phase with defined pore
sizes. SEC is a powerful tool for the separation of large
molecules, e.g. biological macromolecules or virus parti-
cles.11

A dispersion of multiwall NTs in water was prepared with the
aid of sodium dodecyl sulfate (SDS). Through the action of the
surfactant the carbon particles were incorporated into mi-
celles.10 10 mg of the raw soot from a conventional arc
discharge experiment was added to 2 ml of a 1 mass% aqueous
SDS solution and sonicated for 5 min with an ultrasonic
tip. After a settling time of 15 min a black supernatant was
obtained, leaving a sediment of some undispersed aggregates.
The colloidal dispersion was stable for days and was used
directly for chromatography.

Two successive columns were used for the fractionation. The
purpose of the first column was to remove the gross of small
particles and fullerenes. The packing (7 3 2 cm) consisted of
controlled pore glass (CPG) with an average pore size of 140 nm
(CPG 1400 Å, Fluka). This material is characterized by a
narrow pore size distribution and is chemically inert. The
column was loaded with 1.5 ml of the supernatant and eluted
with a 0.25 mass% aqueous SDS solution buffered at pH 7. The
flow rate was adjusted to 9 ml h21. After a void volume of 16
ml, two fractions of 6 ml were collected. The first fraction was
concentrated to 1.5 ml by addition of 100 mg of polyacrylamide
adsorbent gel (Fluka) followed by continuous shaking for 30
min. No darkening of the gel was observed, indicating that this
technique allows the concentration of aqueous NT dispersions
without an apparent loss of material.

Fig. 1 Transmission electron micrograph of fraction 3: multiwall nanotubes
purified by size exclusion chromatography

Fig. 2 Scanning electron micrograph of purified carbon nanotubes adsorbed
on a chemically modified Si wafer
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The concentrated first fraction was loaded into the second
column (33 3 1 cm) filled with CPG with an average pore size
of 300 nm (CPG 3000 Å, Fluka). The same eluent as before was
used with a flow rate of 5 ml h21. After a void volume of 16 ml,
eight fractions of 1.5 ml were collected.

The fractions were characterised by transmission and scan-
ning electron microscopy (TEM/SEM) as well as atomic force
microscopy (AFM). For the TEM investigations, the carbon
grids were treated with a fraction for 15 min and then rinsed
briefly with water. Fig. 1 shows a typical TEM micrograph of
the third fraction. Individual NTs are clearly recognized,
demonstrating that the network of the soot was successfully
disintegrated by the surfactant. Furthermore, scarcely any small
spherical particles were observed in this fraction, revealing
successful purification of the NTs.

For the determination of NT sizes in the different fractions,
the NTs were adsorbed onto chemically modified Si wafers. The
wafers were silanized for 30 min in an aqueous solution of
3-aminopropyltriethoxylsilane (2.5 mm), and then treated with

the NT dispersion for 30 min. After drying, they were immersed
in water for 1 min to remove the surfactant. The adsorbed NTs
were investigated by SEM and AFM, which revealed that the
surfactant was removed from the surface by the washing step.

In the first fraction from the second column (fraction 1),
aggregates of NTs and other carbon species were found while
fractions 7 and 8 contained mainly spherical particles and a few
short tubes, both < 0.1 mm. Fractions 2–6 consisted of
individual nanotubes and, for the later fractions, a low content
of spherical particles. Fig. 2 presents a representative SEM
image of the third fraction. It shows individual NTs, mainly
with a length of ca. 1 mm.

A statistical evaluation of the size distribution was performed
using the NT lengths determined from a number of SEM and
AFM images. The histograms of fraction 3 and 6 are shown in
Fig. 3(a) and (b), respectively. There is a significant difference
in the length distribution of the NTs: the average NT length in
fraction 3 was calculated to be 0.8 mm and in fraction 6 to be
0.4 mm.

In conclusion, the chromatographic technique presented is an
effective, non-destructive method for purification and size
separation of carbon NTs. This type of chromatography should
also be applicable to micellar dispersions of single wall NTs.
This work is now in progress. In addition, the method can easily
be scaled up and by the use of more sophisticated chromato-
graphic systems, e.g. HPLC, the size separation could be
improved.

Supported by EU TMR network Namitech.
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Fig. 3 Histograms of nanotube lengths in the third fraction (a) and sixth
fraction (b)
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The structures of premithramycinone and demethylpremithramycinone,
plausible early intermediates of the aureolic acid group antibiotic mithramycin
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The structures of premithramycinone and its demethyl
analogue suggest that the aureolic acid antibiotics are
biosynthetically formed via a tetracycline-type, and not a
tetracenomycin-type, folded decaketide.

Mithramycin1 1 (aureolic acid, plicamycin, mithracin, LA-7017
etc.2) and related aureolic acid group antibiotics, such as the
chromomycins, olivomycins and UCH9, are important anti-
cancer agents, effective against various experimental and
human tumours.1–6 Mithramycin in particular has been clini-
cally used for the treatment of certain tumours as well as for
Paget’s bone disease.7,8 For its mechanism of action, a Mg2+

dimer complex binding to GC-rich DNA regions has been
investigated.9

Incorporation experiments on chromomycin A3 with various
single and double 13C labelled acetates by Montanari and
Rosazza revealed that all carbon atoms of the aglycon moiety of
the aureolic acid group antibiotics are acetate, i.e. polyketide,
derived.10 Because of the unexpected incorporation pattern,
hypotheses were raised in which two or three independent
acetate chains are condensed to form the aglycon.10 Recent
molecular biology experiments11,12 confirmed our earlier
hypothesis13 that the entire aglycon backbone of such com-
pounds derives from a single decaketide chain. To explain
Rosazza’s acetate incorporation pattern, a tetracenomycin-type

intermediate was suggested.11–13 Therefore, the aureolic acid
group was proposed to be biosynthetically closely related to the
tetracenomycins. The tetracenomycins, produced by Strepto-
myces glaucescens, are unique among the polycyclic aromatic
polyketides insofar as the formation of their tetracyclic ring
skeleton requires a folding of the hypothetical decaketide
intermediate leading to a first cyclization between carbons 9/14,
instead of the more typical first cyclization between carbons
7/12 which is found, e.g. for anthracyclines, angucyclines and
tetracyclines.13–15

Premithramycinone 2 and its demethyl analogue 3 (in smaller
amounts) are accumulated by the disrupted M7D1 mutant of
Streptomyces argillaceus ATCC 12956, which is a mithramycin
producer. In the mutant M7D1 the mtmD gene encoding a
glucose-1-phosphate : thymidylyl transferase16,17 was inacti-
vated through the insertion of an apramycin resistance cassette
into a unique BamHl site of this gene and through gene
replacement of the wild type region of the chromosome by the
in vitro mutated one.16 Glucose-1-phosphate : TTP thymidylyl
transferase is a key enzyme of the deoxysugar biosynthesis. As
a consequence, no sugar substrates for the glycosyl transfer
steps in the mithramycin biosynthesis can be provided, and an
aglycon substrate can be expected to be accumulated in such a
mutant strain, as was discussed previously.16 However, a wrong
structure was initially suggested for premithramycinone.

The (revised) structures of 2 and 3 were determined on
various physicochemical data, in particular on one- and two-
dimensional 1H and 13C NMR spectra (Tables 1 and 2, Fig. 1).18

Fig. 1 shows the nJC,H couplings (n = 2,3; HMBC) found for 2
(for 3 analogously), including the key couplings supporting
these structures vs. the formerly suggested premithramycinone
structure which can be observed between 2A-CH3/1A-CNO and
2A-CH3/C-2. The stereochemistry shown in 2 and 3 is suggested
taking into consideration the observed H,H and C,H couplings

Table 1 1H NMR data (MeOH) for 2 and 3

d (multiplicity, J/Hz)

Proton 2a 3b

4-H 4.00 (br d, 11) 4.00 (br d, 11)
4-OCH3 3.54 (br s) —
4a-H 2.68 (ddd, 11, 4.5, 3) 2.50 (m)
5-Ha 3.48 (ddd, 16.5, 4.5, 1.5) 3.46 (br d, 16)
5-He 3.10 (dd, 16.5, 3) 3.19 (br d, 16)
6-H 6.93 (dd, 1.5, 0.5) 6.89 (s)
7-H 6.54 (dd, 2.5, 0.5) 6.52 (d, 2)
8-H 6.36 (d, 2.5) 6.33 (d, 2)
2A-H3 2.63 (s) 2.65 (s)

a 300 MHz. b 400 MHz.

Table 2 13C NMR data (MeOH) 2 and 3, multiplicities from APT and C,H
COSY experiments

d (multiplicity)

Carbon 2a 3b

C-1 196.4 (s)c 196.7 (s)c

C-2 112.2 (s) 111.6 (s)
C-3 167.8 (s)c 167.4 (s)c

C-4 78.7 (d) 70.0 (d)
C-4a 45.5 (d) 46.6 (d)
C-5 27.0 (t) 26.7 (t)
C-5a 135.7 (s) 135.5 (s)
C-6 118.8 (d) 119.0 (d)
C-6a 143.4 (s) 143.3 (s)
C-7 103.7 (d) 103.6 (d)
C-8 164.0 (s) 163.9 (s)

d (multiplicity)

Carbon 2a 3b

C-9 102.9 (d) 102.8 (d)
C-10 161.2 (s) 161.0 (s)
C-10a 108.1 (s) 108.1 (s)
C-11 164.0 (s)c 163.8 (s)c

C-11a 108.1 (s) 107.9 (s)
C-12 197.4 (s)c 197.6 (s)c

C-12a 80.0 (s) 78.9 (s)
C-1A 202.0 (s) 203.6 (s)
C-2A 30.7 (q) 30.7 (q)
OCH3 61.6 (q) —

a 125.7 MHz. b 100.6 MHz. c Interchangeable due to tautomerisation.
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(Table 1, Fig. 1) and the given stereochemistry of 1 along with
the conversion mechanism involving a Baeyer–Villiger type
oxidation (Scheme 1). The structures 2 and 3 resemble certain
tetracyclines, e.g. the aglycon moiety of chromocyclomycin,19

BMS-192548 and others.20

Thus, 2 is plausibly the substrate for the first glycosyl transfer
reaction, and its glycosylated derivative21 is likely to be the
substrate for an enzyme responsible for a C–C bond scission
leading to the typical tricyclic aureolic acid chromophore. For
this cleavage reaction, we suggest here also22 a Baeyer–Villiger
type oxidation of 4 leading to the e-lactone containing
intermediate 5. Its subsequent hydrolysis to 6 along with a
decarboxylation reaction and eventual further glycosylation
reaction leads to 1. As an alternative, a retro-aldol-type cleavage
and a subsequent oxidation of the resulting side chain (Scheme
2) may also be taken into consideration.23 Both mechanistic
sequences (Schemes 1 and 2) are also in agreement with
Rosazza’s and our own 13C labelled acetate incorporation
pattern.10,24

The studies described here show the (presumably oxidative)
C–C bond cleavage of a tetracyclic compound to be the
biosynthetic key step leading to the aglycon skeleton of the
aureolic acid group antibiotics, as was suggested earlier.11–13

However, the tetracyclic compounds 2 and 3, which are
presumably biosynthetic intermediates of mithramycin, are
structurally related to the tetracyclines, and not to the tetra-
cenomycins. Thus, a tetracycline-type folding (Scheme 1)
rather than a tetracenomycin-type folding and a standard first
cyclase reaction between carbons 7/12 of the hypothetical
decaketide intermediate (Scheme 1) is also true in the
biosynthetic formation of the aureolic acid antibiotics, and all
former hypotheses involving a tetracenomycin-type inter-
mediate12–15 have to be corrected, including the previously
suggested wrong structure for premithramycinone.16
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Fig. 1 2,3JC,H Couplings observed in the HMBC spectra of 2 and 3. Several
theoretical couplings in ring A are not detectable due to tautomerisation

Scheme 1

Scheme 2
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Structure and molecular magnetism of the rutile-related compounds M(dca)2,
M = CoII, NiII, CuII, dca = dicyanamide, N(CN)2
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The isomorphous rutile-related network structures of
Co(dca)2, Ni(dca)2 and Cu(dca)2, dca = dicyanamide,
N(CN)2

2, are shown to behave as ferromagnets (Tc = 9 and
20 K) and a near-paramagnet, respectively.

The deliberate design and construction of coordination poly-
mers with predetermined topology is an area of much current
interest.1–3 A number of new compounds with interesting
properties such as high porosity and catalytic activity has been
made following these principles. Here, we describe a series of
such compounds which display unusual magnetic properties,
including long-range ferromagnetic ordering. A number of
existing coordination polymers are already known to display
unusual magnetic properties. For instance, (rad)2Mn2[Cu-
(opba)]3(Me2SO)2·2H2O, opba = o-phenylenebis(oxamato),
rad+ = 2-(4-N-methylpyridinium)-4,4,5,5-tetramethylimid-
azoline-1-oxyl-3-oxide consists of two sets of 2D hexagonal
sheets of Mn2[Cu(opba)]3

22 which interpenetrate each other at
an angle of 72.7°.4 Rad+ cations connect the sheets, and the solid
behaves as a magnet below 22.5 K. The magnetic properties of
a large number of bimetallic oxalate structures, AMMA(ox)3
(A+ = NR4

+), which have a hexagonal sheet structure, have also
been studied recently.5 There is a great need to explore bridging
groups other than these N,O-bonded oxamides and O-bonded
oxalates.

The results described herein form part of a study we are
undertaking on the binary structures of metal–pseudohalide
compounds. The structures of M(tcm)2, tcm = tricyanometha-
nide, C(CN)3

2, M = CrII, MnII, FeII, CoII, NiII, CuII, ZnII, CdII,
HgII, consist of two interpenetrating rutile nets,6 and have been
found to display weak antiferromagnetic coupling.7 The
structures and novel magnetochemistry of the binary metal
complexes of dicyanamide, dca, N(CN)2

2, are now described.

Following the method of Köhler,8 combination of aqueous
solutions of cobalt nitrate, nickel nitrate or copper nitrate with
aqueous solutions of sodium dicyanamide results in small pink
rods of Co(dca)2, a blue microcrystalline powder of Ni(dca)2,
and green rods of Cu(dca)2, respectively. As in Köhler’s
original work, there is evidence from IR and microanalytical
data† for a small amount of water in Ni(dca)2 even when we
prepared it from Ni(NO3)2·6H2O in MeCN using
[N(PPh3)2](dca).

The structure of Cu(dca)2 was determined by single crystal
X-ray crystallography.‡ It was found to consist of a single
rutile-related network (Fig. 1). Each dca is coordinated to three
metal atoms via the two nitrile nitrogens and the central amido
nitrogen. Each copper in turn is coordinated to six dca ligands,
four via the nitrile nitrogens and two via the amido nitrogens.
The copper shows considerable Jahn–Teller distortion, with the
two axial amido nitrogens considerably further from the copper

[2.478(2) Å] than the four equatorial nitrile nitrogens [1.975(1)
Å]. There is evidence of p–p interactions between pairs of dca
ligands across the square channels seen in Fig. 1, with the
closest interactions being Namido–Namido 3.463 Å, C–C 3.513 Å
and Namido–C 3.603 Å. The distortions in the framework seen in
Fig. 1 may maximise these interactions. The structures of
polycrystalline Co(dca)2 and Ni(dca)2 have been shown by
X-ray powder diffraction to be isomorphous with Cu(dca)2,§
but with a few very small peaks not indexing and not present in
the XRD of Cu(dca)2.

It is interesting to compare the structures of M(dca)2 and
M(tcm)2. In both cases the networks have a rutile-like topology
with six-connected metal centres and three-connected ligands.
In M(tcm)2, all three connections between the trigonal centres
and the octahedral centres of the rutile networks are C–CN–M
(ca. 4.50–4.99 Å), and the structures are composed of two
interpenetrating networks. The interpenetration produces a
tightly packed structure in which each of the nets is con-
siderably distorted to accommodate the other. In M(dca)2, two
of these connections are N–CN–M (4.368 Å), which are
comparable with those in M(tcm)2. The third connection
between trigonal and octahedral nodes, however, is a direct
N–M bond [2.478(2) Å], and there is no longer enough room
within the structure for a second rutile-related net to be
accommodated. Indeed, the packing efficiency of Cu(dca)2 is
very similar to that of Cu(tcm)2 (Dc = 2.01 and 1.918 g cm23,
volume/atom = 14.7 and 14.1 Å3, respectively.)

While Hvastijova et al.9 have made many studies of the
magnetism of chain-like compounds of type M(tcm)2L2 and
M(dca)2L2, where L = pyridine, imidazole, pyrazole, there
have been no detailed studies until now on the parent

Fig. 1 The rutile-related structure of Cu(dca)2. The circles represent in order
of decreasing size Cu, N and C.
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compounds. We find that Cu(dca)2 shows near-Curie behaviour
in a field of 1 T (C = 0.438 cm3 K mol21, q = 21.8 K)
indicative of extremely weak antiferromagnetic coupling. The
meff values decrease a little from 1.87 mB at 300 K to 1.77 mB at
4.2 K. Magnetization studies in a field of 5 Oe show that long-
range ordering is not occurring above 2 K. Chain-like
CuII(dca)2L2 adducts also display very weak coupling and long-
range ordering at low temperautres has occasionally been
claimed but without proof.9

In contrast, the Co(dca)2 and Ni(dca)2 samples both display
well behaved long-range ferromagnetic ordering with Tc values,
respectively, of 9 and 20 K. The first evidence of ferromagne-
tism is given in the Curie–Weiss susceptibility plots obtained in
fields of 1 T. Positive Weiss constants are noted with best-fit
parameters of C = 2.074, q = +6.1 K (Co) and C = 1.086,
q = +21.4 K (Ni). In small applied fields of 5 Oe, the cT values
increase sharply at Tc reaching values much higher than
anticipated for short-range order. Plots of field-cooled (FCM),
zero-field cooled (ZFCM) and remanent magnetization (RM),
shown in Fig. 2 for Ni(dca)2, are typical of those expected for a
magnetically ordered system.10 The very sharp increase in the
magnetization isotherms at small field values, followed by a
gradual increase towards a saturation magnetization value of
2NmB [for Ni(dca)2] in high fields (Fig. 2), lends further support
for a ferromagnetic phase transition. Hysteresis loops are
observed with the value of the coercive field for Ni(dca)2 being
191 Oe.

The origin of ferromagnetic ordering in the CoII and NiII dca
compounds and the lack thereof in the structurally characterized
CuII species is intriguing and is being vigorously pursued. If we
assume that the majority Pnnm phase in all three samples (vide
supra) is responsible for the magnetic behaviour then Jahn–
Teller distortions in Cu(dca)2, along the Cu–N(amido) links,
may prevent magnetic interactions between Cu(dca)2 chains in
the crystal, while such interchain interactions can occur in the
Co and Ni derivatives. This contrasts with the situation in one of

the few know homometallic ferromagnetic systems
(NH3R)2[MX4], (MnII = Cu, Cr; X = Cl, Br), in which Jahn–
Teller elongated M–X bonds within metal–halide layers are
orthogonal from one MX6 octahedron to the next,10,11 thus
giving the required orthogonality of neighbouring magnetic
orbitals. Orthogonality relationships are not obvious from Fig. 1
but presumably must involve the M–N·C–N–M pathways
otherwise Cu(dca)2 should behave likewise. In conclusion, it is
clear that some of these d-blocks pseudohalide species provide
new and fascinating examples of molecular magnets.

This work was supported by grants (to K. S. M. and R. R.)
from the Australian Research Council.
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Fig. 2 (a) Plots of field-cooled (FCM), zero field-cooled (ZFCM) and
remanent magnetization (RM) vs. temperature for Ni(dca)2·xH2O and (b)
plots of magnetization, M (in units NmB) vs. applied field at various
temperatures for Ni(dca)2·xH2O: (5) 30 K, («) 20 K, (+) 10 K, (!) 5 K
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Neutral anion receptors: design and application

Martijn M. G. Antonisse and David N. Reinhoudt*†

Department of Supramolecular Chemistry and Technology, MESA Research Institute, University of Twente,
PO Box 217, 7500 AE Enschede, Netherlands 

After the development of synthetic cation receptors in the
late 1960s, only in the past decade has work started on the
development of synthetic neutral anion receptors. Combina-
tion and preorganization of different anion binding groups,
like amides, urea moieties, or Lewis acidic metal centers lead
to receptor molecules that strongly bind inorganic anions
with high selectivity. Combined with neutral cation ligands,
ditopic receptors were obtained for the complexation of
inorganic salts. The molecular complexation properties of
anion receptors has been transduced into macroscopic
properties in membrane separation processes and in sensors
for selective anion detection.

Introduction

Host–guest systems for ionic species have played an important
role in the development of the field of supramolecular
chemistry, the chemistry of the non-covalent interactions. The
research of Pedersen in 1967 on the complexation of alkali
metal ions by crown ethers initiated the development of many
other neutral host species for metal ions.1,2 Compared with the
cation receptors, anion receptors were developed much later,
although already in 1968 the first synthetic receptor for
inorganic anions was reported3 (size selective binding of Cl2
anions was described with diprotonated 1,11-diazabicyclo-
[9.9.9]nonacosane 1). The field started to develop in 1976
when Graf and Lehn reported that protonated cryptate 2
encapsulates F2, Br2 and Cl2 anions.4 Since then several other
positively charged anion receptors have been developed that
have protonated nitrogen atoms or metal ions.5 In these
receptors mainly coulomb interactions contribute to the attrac-
tive force.

In Nature, the transport of sulfate or phosphate anions
through cell membranes is regulated by neutral anion binding
proteins.6 The high specificity is due to a recognition site in
which the anion is completely desolvated and bound exclusively
via hydrogen bonds. Furthermore, a so-called macrodipole
effect, caused by orientation of the amino terminus of the
protein backbones towards the negative guest, contributes to the
stability of the complex.7 This article will focus on the recent
developments in the design of synthetic neutral receptors for
inorganic anions. The individual interactions in these receptors
are weaker than coulomb interactions and strongly depend on
the directionality of the interaction and on the electron density
of the anion. Nevertheless, combination and preorganization of
several binding sites can lead to selective neutral receptors for
anions.

The neutral anion binding receptors can be divided into two
classes: receptors that bind anions exclusively by hydrogen
bonding or ion–dipole interactions, and receptors that coordi-
nate anions at the Lewis acidic centers of a neutral organome-
tallic ligand. The corresponding ditopic receptors that are
formed by the combination of neutral anion and cation receptor
sites are included in the second part of this review. Finally some
applications of anion receptors in anion transport and sensing
will be discussed.

Anion recognition by hydrogen bonding

In an attempt to mimic nature in its high binding selectivity,
several anion receptors have been developed with three-
dimensional arrangements of hydrogen bond donating moieties,
like amides, sulfonamides, and (thio)ureas. Receptor 3, which
has three amido substituents connected via a tris(amino-
ethyl)amine spacer, binds H2PO4

2 with an association constant
of 6100 m21 in MeCN.8 The increased electrophilicity of the
sulfonamide NH moieties in 4, in combination with pre-
organization of the binding site by P-stacking, enhances the
H2PO4

2 binding with 4 (Ka = 1.4 3 104 m21) and results in an
almost 400-fold selectivity over HSO4

2. The tris(amino-
ethyl)amine spacer was also used to preorganize urea moieties
(receptor 5).9 This receptor strongly binds PO4

32 (Ka = 1.4 3
104 m21 in [2H6]DMSO) and SO4

22 (Ka = 3 3 103 m21).
Reduction of the rotational freedom of the urea substituents
with the cis-1,3,5-tris(aminomethyl)cyclohexane spacer lowers
the PO4

32 association to 1100 m21. Recently Umezawa and co-
workers reported bis(NA-phenylthioureylene)xanthene 6.10 The
rigid spacer prevents the self-association of the urea substituents
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and consequently the association constant for H2PO4
2 is very

high. The value of 1.95 3 105 m21 in [2H6]DMSO was obtained
from an NMR titration experiment in competition with 10
equiv. of Cl2 (Ka = 1000 m21). Davis and co-workers have
utilized cholic acid as a building block for neutral anion
receptors.11 Bis-carbamate 7 preferentially binds F2 over other
halides, but does not discriminate between chloride or bromide.
Functionalization of cholic acid with sulfonamido moieties (8)
yields a receptor that binds the more basic chloride more
strongly than bromide (Ka = 92 000 and 9200 m21, re-
spectively, in CDCl3).

Calixarenes are versatile building blocks that have been used
in the design of many cation receptors.12 Hydrogen bond
donating substituents at either the upper or lower rim yield
receptor molecules suitable for anion binding. Functionalization
of a calix[4]arene with upper rim sulfonamido substituents leads
to a three-dimensional cavity (receptor 9) which complexes

tetrahedral HSO4
2 better than spherical Cl2 or planar NO3

2.13

We also introduced octylurea moieties at the upper rim of a
calix[4]arene tetra(ethyl ester) yielding calix[4]arene 10. How-
ever, upon addition of Bu4NCl or Bu4NBr in CDCl3 no
complexation of halide anions was observed.14 This is due to the
strong intramolecular hydrogen bonding between the diamet-
rically positioned urea moieties, stabilizing 10 in a pinched cone
conformation.15 This conformation is stable up to at least
120 °C in C2D2Cl4. In contrast to the upper rim functionalized
derivatives, calix[4]arenes functionalized at the lower rim with
urea substituents bind specifically halide anions. The tetrakis-
(phenylurea) derivative 11 binds Cl2 and Br2 ions in CDCl3
with association constants of 2015 and 1225 m21, respec-
tively.16 The very strong hydrogen bond acceptors F2 and

H2PO4
2 are not bound by 11. Although bidentate phenylurea

derivative 12 has only four hydrogen bond donor sites, the
association constants are significantly higher than with 11 and
the selectivity for Cl2 over Br2 is enhanced (Ka = 7105 and
2555 m21, respectively). The extent of inter- and intra-
molecular hydrogen bond formation is much lower in 12 than in
the tetrakis(phenylurea) derivative 11, favouring the complexa-
tion of anions. The larger binding cavity in tris(phenylurea)
calix[6]arene derivative 13 reverses the selectivity and Br2
binding is favoured over Cl2.17 Beer et al. covalently linked the
upper and lower rim of two calix[4]arenes with hydrogen bond
donating amide bonds.18 The resulting cavity is too small for
encapsulation of H2PO4

2 or HSO4
2, but Cl2 and F2 are bound,

favouring F2 with one order of magnitude.
Recently, Sessler and co-workers reported the anion binding

ability of calixpyrroles.19 These meso-substituted porphyr-
inogens are, unlike porphyrinogens with meso-hydrogen atoms,
stable towards auto-oxidation, and can adopt cone and 1,3-alter-
nate conformations like calix[4]arenes. Crystal structures show
that calix[4]pyrrole 14 is fixed in a cone conformation upon Cl2
or F2 binding. The receptor preferentially binds F2 (Ka = 1.7
3 104 m21 in CD2Cl2) over Cl2 (Ka = 350 m21) or Br2
(Ka = 10 m21). Substitution of 14 with electron-withdrawing
bromine atoms increases the anion binding (Ka = 2.7 3 104

m21 and 4.3 3 103 m21 for F2 and Cl2, respectively).
Phosphine oxide disulfoxide 15 binds halide ions (Cl2 ≈

Br2 > I2 > F2) via ion–dipole interactions.20 The association
with Cl2, Br2 (both Ka = 65 m21) and I2 (Ka = 40 m21) was
investigated by NMR titration in 2 vol% CD3OD in CDCl3.
A similar experiment with F2 induced only small shifts. Also
the macrotricyclic borane–amine adduct 16 encapsulates anions
driven by ion–dipole interactions.21 All four borane–amine
bonds are in a fixed orientation with the positive ends pointing
to the center of the cavity. The small Cl2 and CN2 anions can
easily enter the cavity with only a little conformational
adaptation of the host. Optimal association was observed for
Br2. Zwitterionic macrotricycle 17 is able to recognize anions
in water.21b Halides are complexed in a 1 : 1 stoichiometry with
association constants from 270 m21 for Cl2 to 6480 m21 for
I2.

Anion recognition with organometallic ligands

Several Lewis acidic atoms have been investigated for binding
of anions. In particular, group 14 metals have been used
extensively in macrocyclic organometallic anion receptors.
12-Silacrown-3 18 preferentially binds Cl2 over all other
halides in bulk liquid membrane transport experiments.22

Takeuchi and co-workers investigated several organogerman-
ium macrocycles (receptor 19) as carrier in bulk liquid
membranes.23 The Lewis acidity of bis-methyl or bis-phenyl
substituted germanium was too low for anion transport. The
enhanced acidity of methyl(chloro)germanium results in effec-
tive Cl2 binding, and transports Cl2 with selectivity over Br2.
Methyl(bromo)-bis(chloro)- and bis(bromo)-germanium are
unsuitable due to easy decomposition by hydrolysis. The halide
substituted tin centers at the bridgehead position of macrobi-
cycle 20 coordinate with encapsulated Cl2 or Br2.24 Optimal
selectivity in the case of Cl2 is obtained with eight methylene
units between the tin centers; for Br2 a larger cavity is necessary
(10 methylene units).

Mercury has also been used for the design of Cl2 receptors.
Two phenylene-1,2-dimercury dichloride molecules coordinate
with an additional Cl2 anion in the electrophilic cavity that is
formed by the four C–Hg–Cl arms.25 Hawthorne and Zheng
studied the anion recognition of carborane-supported multi-
dentate mercury hosts.26 Cl2 can coordinate with the four
mercury atoms in the preorganized cavity of mercuracarborand
21. Iodide anions are bound in a 1 : 2 host–guest stoichiometry
with the I2 ions slightly above and below the plane formed by
the mercury atoms.
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Katz developed F2 receptors with Lewis acidic boron
centers.27 Both naphthalene-1,8-diylbis(dimethylborane) and
(8-trimethylsilyl)-1-naphthyl(dimethylborane) coordinate the
anion between the two electron accepting atoms. The boron
atom of ferroceneboronic acid binds F2 with an association
constant of 1000 m21 (in MeOH–H2O 1 : 9).28 The association
is reflected in a strong decay in the absorbance at 665 nm. Other
ions, like Cl2 or Br2, hardly affect the absorbance.

In our group we have developed neutral anion receptors
based on an immobilized uranyl cation. Complexed in a
salophen unit the uranyl cation prefers a pentagonal bipyramidal
coordination, with the two oxygen atoms at the apical positions
and four of the equatorial positions occupied by the salophen
ligand. The fifth equatorial position can coordinate to nucleo-
philic guest species. This can either be a nucleophilic moiety
(e.g. CNO or SNO) of a neutral molecule,29 as we illustrated with
the transport of urea with carrier 22 through supported liquid
membranes,30 or anionic species.31,32 Uranyl salophen 23 binds
H2PO4

2more strongly than Cl2 (Ka = 1.5 3 104 and 4.0 3 102

m21 in MeCN–DMSO 99 : 1), which is in accordance with the
principle that the hard Lewis acidic uranyl cation favours
interactions with hard Lewis basic anions. The advantage of our
system is that additional hydrogen bond binding sites can be
introduced close to the uranyl center and this makes it possible

to improve or change the selectivity in anion binding. Hydrogen
bond accepting methoxy substituents (24) enhance the H2PO4

2

over Cl2 selectivity. The crystal structure of the H2PO4
2

complex of 24 (Fig. 1) clearly shows the additional hydrogen
bond between the anion and the methoxy oxygen atom.
Salophen 27, with N-(4-methylphenyl)acetamide moieties, has
both hydrogen bond accepting ether oxygens and hydrogen
bond donating amide functions. This salophen binds H2PO4

2

by coordination at the uranyl center and three hydrogen bonds.
These additional interactions are reflected in the increased
association constant for H2PO4

2 (Ka > 5 3 105 m21). Recently
we have synthesized uranyl salophen 28 with hydrogen bond
donating acetamido moieties close to the uranyl coordination
site. The resulting F2 binding is reflected in the selectivity of
sensors based on this receptor. According to 1H NMR titrations
in CDCl3 a 2 : 1 host–guest complex is formed in which the
fluoride anion is hydrogen bonded to the amide moieties and
coordinated to the uranyl centers.

Ditopic receptors, combined recognition of anions and
cations

The new neutral anion receptors opened the way for neutral
ditopic receptors that complex both anions and cations. Anion
binding, based on hydrogen bonds or coordination to Lewis
acids, has been combined with cation binding, e.g. crown ethers
or calix[4]arene derivatives. We combined the anion binding
uranyl salophen building block with several cation ligands.
Ditopic receptor 29 binds K+ between the crown ether
substituents, while the uranyl center can coordinate with
phosphate.33 The binding was investigated by 1H NMR
spectroscopy, cyclic voltammetry and fast atom bombardment
mass spectroscopy (FAB-MS). The spectra of the latter
technique show intense peaks for [29 + K+]+ and [29 +
H2PO4

2]2, while the signal of [29 + K+ + H2PO4
2]2 is also

present, which clearly proves the complexation of the salt. In the
ditopic receptor 30 a Cs+ selective 1,3-alternate calix[4]arene
crown-6 is combined with a uranyl salophen and this receptor
complexes CsCl.34 Furthermore, the Na+ selective calix[4]arene
tetra(ethyl ester) was linked at the upper rim via amide bonds to
a uranyl salophen unit.35 FAB-MS spectra of the NaH2PO4
complex of this receptor show intense signals for the receptor +
Na+ and for the receptor + H2PO4

2.
Also Reetz and co-workers combined Lewis acidic centers

with a cation binding crown ether. Boronic acid crown ether
derivative 31 forms a ditopic complex with KF when the
receptor is added to a suspension of the salt in CH2Cl2.36 Other
potassium salts (KBr or KCl) do not exhibit either monotopic or
hetrotopic interactions. This selectivity is also observed in

Fig. 1 Crystal structure of the complex 24·H2PO4. Hydrogen atoms are
omitted for clarity.

Chem. Commun., 1998 445



NN

OO
UO2

O O

O O

O
O

NH

O
O

O

O
O

O
O

O

HN

29

NN

OO
UO2

O O

O O
NHHN

OO
(CH2)4(CH2)4

OO

O O

OO

X OO

OO

O

n

30

31 n = 2, X =

32 n = 1, X = OAIMe2

O
B

O

OO

33

34•35

competition experiments, as in a mixture of KF, KCl, KBr and
KI, the KF adduct of 31 is exclusively formed. With aluminium
phenolate as the Lewis acid (receptor 32) the selectivity is
reversed. With the Li+ or K+ salts of F2 no binding is observed,
whereas Cl2, Br2, or I2 salts all show ditopic binding. Shinkai
and co-workers combined a calix[4]arene with a neutral anion
binding porphyrin–Zn2+ complex (receptor 33).37 The two
building blocks are covalently linked via lower rim amido
substituents. The cation (e.g. Na+ or K+) is coordinated by the
four OCH2C(O)NH linkages and a cavity is formed between the
two metal ions. In the case of the K+ complex strong I2
complexation is observed. For the Na+ complex the association
constant for encapsulation of I2 is lower. This is due to the
different electron accepting character of Na+ and the larger
distance between the Zn2+ and Na+ ion. Anion binding
porphyrin 34 and cation binding calix[4]arene 35 form a
bifunctional receptor by self-assembly.38 The hydrogen bonds
between the diaminopyridine and thymine moieties brings the
two recognition sites into close proximity. When no cation is
bound in the cavity formed by the ethyl ester moieties, the
diaminopyridine fragment interacts with these substituents via
hydrogen bonding and cannot form the aggregate with the
thymine units. Sodium complexation of 35 initiates the self-
assembly as it coordinates with the ethyl ester carbonyl oxygen
atoms. The self-assembly of the bifunctional receptor enhances
the binding of the investigated anion (SCN2) to the porphyrin.
The association constant of the self-assembled complex
(34·SCN2)(35·Na+) is 2.5 3 104 m21 in toluene, and is very
different from that for free 34 which binds SCN2 only weakly
(Ka = 10 m21).

When we investigated anion binding via hydrogen bonds
with the above mentioned urea-functionalized calix[4]arene 10
it was observed that cation complexation is essential for anion
complexation (positive heterotropic allostery). The tetra ester
functionalized lower rim of 10 is a ligand that is highly selective

for Na+.39 Upon complexation of Na+, the conformation of the
calix[4]arene is converted from a pinched cone to a symmetrical
cone.14 In this conformation intramolecular hydrogen bonding
is not possible and the urea moieties become available for
hydrogen bonding to anions. The Na+ complex of 10 prefers
Cl2 binding over the ‘softer’ Br2 anion. Calix[4]arene 10 is
capable of solubilizing simple alkali salts in CHCl3. The
selectivity of the cation binding part of the receptor is expressed
by the relative amount of Cl2 alkali salt complex that is
transferred in liquid–solid extractions. NaCl results in 100% of
[Na+·Cl2·10] complex, but with KCl only partial complexation
is observed (29%). No complexation of CsCl is observed,
apparently because Cs+ is too large to fit in the cavity. Beer
et al. reported NMR studies with the K+ or NH4

+ complex of
calix[4]arene 36.40 K+ or NH4

+ form a sandwich complex with
the bis(crown ether), rigidifying the hydrogen-bonding arrange-
ment of the two amides and the two phenolic protons in a
pseudo-tetrahedral cavity in which Cl2 or HSO4

2 is bound.

Anion transport and sensing

Supramolecular chemistry has always been associated with
possible applications. As in the case of cation receptors, anion
receptors are now applied as the selector element in separation
membranes41 and in ion-selective electrodes.42 Recently we
have studied anion transport through supported liquid mem-
branes (SLMs). The pores of a microporous film are filled with
a solution of anion receptor in o-nitrophenyl octyl ether and the
film is placed between two aqueous phases: a source phase with
the anion to be transported and a receiving phase. The transport
of KH2PO4 is facilitated by a 1 : 1 mixture of anion receptor 36
and the K+ selective calix[4]arene crown-5.43 Salt transport
solely by the cation receptor is very low (0.6 3 1028 mol m22

s21) due to the low partition of H2PO4
2. Transport of KH2PO4

by 37 alone increases the transport (5.1 3 1028 mol m22 s21),
but the flux is much larger using a mixture of cation and anion
receptor (12.5 3 1028 mol m22 s21). A transport selectivity for
H2PO4

2 over Cl2 of 143 for the combination of the cation
carrier and 36 is observed. Bifunctional receptor 29 transports
CsCl and the flux has been compared with the transport of
CsNO3.34 The interactions of both the anion and the cation of
CsCl with 29 is reflected in a higher transport rate for CsCl than
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for CsNO3. Tsukube et al. applied neutral tris(b-ketonate)
lanthanide complexes as anion carriers in bulk liquid membrane
transport experiments.44 The transport of Cl2 is more efficient
than that of the more lipophilic Br2 I2 or ClO4

2.
In potentiometric sensors, e.g. ion-selective electrodes (ISEs)

or chemically modified field effect transistors (CHEMFETs45),
the molecular interaction between the receptor and the ionic
species can be converted into an electronic signal. Most anion
receptors applied in potentiometric sensors are organometallic
molecules, but recently Umezawa and co-workers reported the
application of 6 as a sensor selector.46 Remarkably, H2PO4

2

could not be detected as would be expected based on the
association constants; instead a moderate Cl2 sensor was
obtained. The potentiometric selectivity coefficient vs. Br2
(log KPot

Cl,Br = 0.4) reflects almost equal sensitivity for Cl2 and
Br2. Simon and co-workers developed chloride selective
electrodes with organometallic trialkyltin derivatives as the
neutral anion receptor.47 With di- or tetra-dentate organotin
derivatives the selectivity favours the binding of H2PO4

2.48 The
sensors show selectivity over the very lipophilic anions, e.g.
SCN2 and ClO4

2. Sensors with a high chloride selectivity are
based on lipophilic ortho-dimercury aromatic compounds like
38.49 Chloride is preferred over other halides, as expressed by
the potentiometric selectivity coefficients vs. I2, Br2 and F2 of
respectively 21.7, 21.4 and 26.6 (log KPot

Cl,j).
Recently in our group we investigated uranyl salophen

derivatives as anion receptors in CHEMFETs that are selective
for hydrophilic anions.32,50 For this purpose novel derivatives
were synthesized with lipophilic substituents to enhance the
solubility in the membrane matrix. The high association
constants of uranyl salophen derivatives for H2PO4

2 could be
transduced into sensors with high sensitivity and selectivity for
this anion. Application of uranyl salophen 25, the lipophilic
equivalent of 23, results in sensors that start to respond to
H2PO4

2 at activities !6 3 1024 m. Even in the presence of the

more lipophilic NO3
2 anion the sensor is twenty times more

sensitive for H2PO4
2 (log KPot

H2PO4,NO3 = 21.3). The introduc-
tion of hydrogen bond donating methoxy substituents (receptor
26) increases the H2PO4

2 binding and consequently an
improved detection limit of 1.6 3 1024 m is obtained. Also the
selectivity in the presence of halides and SO4

22 is further
enhanced by a factor 3 to 10. Incorporation of salophen
derivative 28 in the CHEMFET membrane gives excellent F2
sensitivity and selectivity. The strong binding of the hydrophilic
F2 anion in the small cleft is reflected by the hundred-fold or
higher selectivity (log KPot

F,j @ 22.0) for fluoride over other
halides, nitrate and sulfate. As shown in Fig. 2, even in the
presence of a large excess of the very lipophilic ClO4

2 anion
(0.1 m) it is possible to detect F2 at the (sub)millimolar level
(log KPot

F,ClO4
= 21.7).

Conclusions

This article illustrates that neutral anion receptors with high
binding selectivity can be synthesized. The organometallic
ligands show the highest association constants, but three-
dimensional arrangements of hydrogen bond donating ligands
are promising recent developments. The combination of anion
receptors with cation receptors revealed interesting events like
synergistic effects and (positive) heterotropic allostery.
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receptors and their application in durable potentiometric
sensors (CHEMFETs).
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Indium-mediated highly diastereoselective allenylation in aqueous medium:
total synthesis of (+)-goniofufurone

Xiang-Hui Yi, Yue Meng and Chao-Jun Li*

Department of Chemistry, Tulane University, New Orleans, Louisiana 70118, USA

(+)-Goniofufurone was synthesized from D-glucurono-
6,3-lactone via an indium-mediated highly regio- and
diastereo-selective allenylation of carbonyl compounds in
aqueous medium.

The Asian trees of the genus Goniothalamus have long been
recognized as a potential source of chemotherapeutical agents.
The extracts and leaves of Goniothalamus have traditionally
been used for the treatment of edema and rheumatism,1 a pain
killer and a mosquito repellent,2 as well as used as an
abortifacient.3 Recently, from the constituents of these plants,
McLaughlin discovered a number of novel styryl lactones
which were found to possess moderate to significant cytotox-
icities against several human tumors. These findings have
attracted considerable biological and synthetic attention to these
styryl compounds. Among the key components in the extracts
are (+)-goniofufurone 14 and (+)-7-epi-goniofufurone 2.5 The

absolute stereochemistry of (+)-goniofufurone was established
by Shing through the total synthesis of ent-(2)-1.6 Subse-
quently, several synthetic studies have been carried out on the
synthesis of 1.7–13

The recent advances in Barbier–Grignard type carbon–
carbon bond formations in aqueous medium14 offer opportu-
nities to synthesize various heavily oxygenated biologically
important agents in a concise manner. Out continued interest in
metal mediated carbon–carbon bond formation in aqueous
media, particularly the synthetic application of these reactions,
drew our attention to these styryl compounds. Here we report a
highly regio- and diastereo-selective indium-mediated allenyl-
ation15,16 of carbonyl compounds in aqeuous medium, which
leads to a concise total synthesis of (+)-goniofufurone from a
readily available starting material. The retrosynthetic analysis
of (+)-goniofufurone is illustrated in Scheme 1.

Initially, the coupling between 1-phenyl-3-bromopropyne
and several carbohydrate substrates mediated by indium were
investigated in aqueous EtOH (Table 1). In each case, the
corresponding allenylation product was obtained with high
diastereoselectivity, favoring the syn diastereomer. The high
diastereoselectivity of this indium-mediated allenylation reac-
tion could be attributed to chelation control.17

The results of the allenylation study confirmed the key step
for the outlined synthesis. Thus, the commercially available
d-glucurono-6,3-lactone 5 was readily converted into the
corresponding bromo compound 6 based on the modification of
a literature procedure for synthesizing a related chloro deriva-
tive.18 Then allenylation of the compound with prop-2-ynyl
bromide 4, mediated by indium in aqueous EtOH, generated a
mixture of allenylation products (56%) in which the allene 7 is
the major component, together with debromination and re-

Scheme 1

Table 1 Diastereoselective allenylation of carbonyl compounds

Carbonyl Diastereo- Yield
Entry compound Product selectivity (%)a

a The yields were those of the isolated major isomers after column
chromatograph on silica gel and were not optimized. b Determined after
peracetylation. Conditions: stirred in 0.1 m aq. HCl–EtOH (1 : 9) overnight
at room temperature.
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ductive elimination products. The allene 7 again shows a high
( > 10 : 1) syn diastereoselectivity (the desired isomer). Standard
ozonolysis of the allene compound in MeOH, followed by a
diastereoselective reduction with NaBH4, provided the corre-
sponding alcohol as the predominant product (de = 3 : 1). The
initial assignment of the stereochemistry for the reduction was
confirmed after completion of the total synthesis. Subsequent
reaction of the polyol with conc. H2SO4 in Ac2O generated the
peracetylation product 8 (ca. 75% from 7) which decomposed
on silica gel. Direct treatment of the peracetylation product with
Na2HSO3 and Na2SO3 in MeOH–H2O generated an a,b-
unsaturated g-lactone, as shown by 1H NMR analysis of the
crude material. In order to remove the acetyl protecting groups,
the crude product was treated with HCl in MeOH resulting in

the deprotected product which cyclized in situ giving the target
natural product in 44% yield over two steps. The spectroscopic
data and melting point of the target molecule synthesized by this
method are consistent with previous literature reports.7

In conclusion, (+)-goniofufurone has been synthesized in a
short sequence from d-glucurono-6,3-lactone using an indium-
mediated, highly regio- and diastereo-selective allene formation
in aqueous medium. The scope and application of the current
indium-mediated method to the syntheses of other carbo-
hydrates is presently under investigation.
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Scheme 2 Reagents and conditions: i, acetone, H2SO4, room temp., 5 h,
86%; ii, Tf2O, Py, CH2Cl2, 240 °C, 94%; iii, LiBr, acetone, room temp., 1
h, 97%; iv, TFA–H2O (3 : 1), room temp., 4.5 h, 98%; v, 4, In, 0.1 m HCl–
EtOH (1 : 9), room temp., 14 h; vi, O3, MeOH, 278 °C, then DMS; vii,
NaBH4, MeOH, 210 °C, 30 min, then AcOH quench; viii, H2SO4, Ac2O,
room temp., 75% from 7; ix, Na2HSO3, Na2SO3, MeOH–H2O, room temp.,
3 h, quant.; x, HCl (g), MeOH, room temp., 2 d, 44% from 8
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An E4O4 heterocubane structure with a trivalent element of group 13 realized
in In4O4[C(SiMe3)3]4

Werner Uhl* and Michael Pohlmann

Fachbereich Chemie, Universität, Postfach 2503, D-26111 Oldenburg, Germany 

The tetrahedral indium(I) compound In4[C(SiMe3)3]4 1
reacts with the oxygen donor o-nitrosotoluene to form the
extremely hygroscopic In4O4[C(SiMe3)3]4 2 in moderate
yield, which exhibits a distorted In4O4 molecular center with
normal In–O bond lengths, but short intracage In···In and
O···O distances.

Although heterocubane type compounds X4(ER)4 with E a
group 13 element, X a chalcogen atom and R an alkyl or aryl
group have been known for several years with a continually
increasing number of X = S, Se or Te,1–4 no information
concerning the properties or structure of the oxygen analogues
is available from literature. Recently, a new method for the
synthesis of such derivatives was developed by the treatment of
tetrahedral element(i) clusters like In4[C(SiMe3)3]4 13,5 with
elemental sulfur, selenium or tellurium, which gave the
heterocubane compounds in high yields.3,4 Their formation and
structure can be described by the occupation of all tetrahedral
faces of the cluster by chalcogen atoms. Dry oxygen and 1 gave
no isolable products and, as previously reported,5 moist air
yielded the compound In4O(OH)6[C(SiMe3)3]4

6 upon partial
hydrolysis. Therefore, we searched for a suitable oxygen donor
to oxidize 1 under mild conditions and to synthesize the up to
now unknown In4O4 derivative.

Phosphane oxides or trimethylamine N-oxide did not react
with 1, and mixtures of unknown products resulted with
bis(trimethylsilyl)peroxide. p-Nitrotoluene gave the In4O4
product 2 in a low yield, but the reaction was not well
reproducible. The best result was obtained with o-nitrosotolu-
ene (Scheme 1),† which formed, upon transfer of its oxygen
atom to 1, the corresponding dark red diazobenzene derivative
identified by IR, NMR and UV–VIS spectroscopy. Mixed
crystals of both products were isolated from hexane, in which
the diazo compound was so strongly disordered that the
structure could not be refined satisfactorily. Treatment with
toluene to dissolve the more readily soluble diazo compound
and recrystallization from hexane gave the colorless In4O4
derivative 2 in a yield of 24%. Compound 2 is hygroscopic and
forms In4O(OH)6[C(SiMe3)3]4

6 upon hydrolysis, which can be
separated from the less soluble 2 by recrystallization. Crystal-

line 2 decomposes at 390 °C and is thermally more stable than
its analogues with heavier chalcogens, for which decomposition
points gradually decrease (330 °C for X = Te).3,4 The molecule
does not dissociate in benzene, as shown by the cryoscopically
determined molar mass.

The structure of 2 (Fig. 1) shows a distorted In4O4
heterocubane in the molecular center with normal In–O bond
lengths [213.3(5)–214.3(5) pm] and each In atom bound to a
terminal alkyl group.‡ To the best of our knowledge, similar
structures have not been observed before. The compounds
[MeIn(OH)(O2PPh2)]4·4py (py = pyridine) and Ga8-
(pz)12O4Cl4 (pz = pyrazolate) exhibit an In4(OH)4 or a Ga4O4
cube,7 but due to the coordination number of four at the oxygen
atoms and the bridging of faces or edges of the cages they are
not comparable to the E4X4R4 compounds discussed here. Also,
the thallium(i) alcoholates with Tl4(OR)4 heterocubanes,8 m3-
OR groups and no alkyl substituents at the Tl atoms belong to
another class of compounds. The series of the tetrachalcogen
derivatives of 1 is completed with the synthesis of 2.
Comparison of important structure parameters in Table 1 shows
that, with the exception of the oxygen compound 2, the sum of

Scheme 1

Fig. 1 Molecular structure of 2. Selected bond lengths (pm) and angles (°):
In(1)–O(1) 214.3(5), In(2)–O(1) 213.3(5), In(2)–O(1a) 214.0(5), In(2)–
O(2) 213.8(5), In(1)–C(1) 222(1), In(2)–C(2) 216.5(7); O–In–O
84.4(2)–84.8(2), In–O–In 95.0(3)–95.3(2).

Table 1 Comparison of important structure parameters of the heterocubane
molecules In4X4R4 [X = chalcogen, R = C(SiMe3)3, Sr(X) = sum of the
van der Waals radii of the chalcogen atoms,9 Sr(In) = 380 pm]

In–X/ In–X– X–In– In···In/ X···X/ Sr(X)/
pm In/° X/° pm pm pm

In4O4R4 214.0 95.1 84.6 315.7 287.9 300
In4S4R4 254.9 86.8 93.1 350.4 370.0 360
In4Se4R4 267.1 85.4 94.4 362.1 392.1 380
In4Te4R4 286.4 83.7 95.6 382.9 425.2 420
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the van der Waals radii9 is exceeded between the chalcogen
atoms, which may be caused by the charge distribution in the
cage and a strong electrostatic repulsion between the more
electronegative atoms. In contrast, the In–In distances are equal
to (X = Te) or smaller (X = S, Se) than the sum of the van der
Waals radii (380 pm). The difference between the intra-
molecular In···In and X···X distances increases from 20 pm for
X = S to 42 pm for X = Te with the smallest distance always
between the In atoms. The situation changes with the oxygen
derivative 2, where the In···In distance (315.7 pm) is larger than
the O···O distance (287.9 pm). Both are smaller than the sum of
the van der Waals radii, and the In···In distance approaches the
bond length in the indium(i) compound 1 (300.2 pm)3 indicating
a considerable steric stress in the molecule. The inverse ratio of
the homoatomic intracage distances leads to quite different
bond angles. The most acute angles ( < 90°) of 2 are observed at
the In atoms, while with X = S, Se and Te they occur at the
chalcogen atoms. The largest distortion of the cube is observed
for the Te derivative, it decreases gradually to X = S and is
reversed between X = S and O. The bond angles in 2 are in
good agreement with values predicted by Barron and coworkers
from a relation between intracage bond angles in known E4X4
cubane molecules and the ratio of the covalent radii of the
elements.2

We are grateful to the Deutsche Forschungsgemeinschaft and
the Fonds der Chemischen Industrie for generous financial
support.

Notes and References

* E-mail: Uhl@chemie.uni-oldenburg.de
† Compound 1 (200 mg, 0.145 mmol) was treated under argon with 20 ml
(0.579 mmol) of a solution of sublimed o-nitrosotoluene in n-hexane (stored
over molecular sieve, c = 3.5 mg l21), the mixture was warmed to 50 °C for
36 h, during which it changed from violet to brown–red. After concentration
and cooling to 250 °C, red crystals were isolated which were washed with
toluene and recrystallized from hexane. Yield: 56 mg (24%);
decomp. 390 °C. 1H NMR (300 MHz, C6D6): d 0.49. 13C NMR (75.5 MHz,
C6D6): d 29.7 (InC), 6.3 (SiMe3). IR (paraffin, cm21): 1260m, 1250m
(dCH3); 1169vw, 1154vw, 1017vw; 858vs, 766s, 721m (rCH3); 671m,
654w, 615w (nSiC); 520w, 496w, 466w, 426w, 399w (nInC), (nInO); 362
(dSiC). FD-MS: m/z 1448.9 (M+). Molar mass (cryoscopically in benzene):
obs. 1375, calc. 1449.6 g mol21.

‡ Crystal data: single crystals from n-hexane; two solvent molecules
included; C40H108In4O4Si12·2C6H14, cubic, space group Pa3

– 
(no. 205),

a = 25.536(2) pm, U = 16 652(2) Å3; Z = 8; Dc = 1.271 g cm23; crystal
dimensions 0.5 3 0.4 3 0.4 mm, T = 293 K; m(Mo-Ka) = 1.299 mm21;
w–2q scan, range 3 < 2q < 50°, 0@h@20, 0@k@21, 2@l@30; STOE
STADI4 diffractometer; 4774 independent reflections; 2555 reflections
with F > 4s(F); structure solved by direct methods and refined with all
independent structure factors based on F2;10 239 parameters; R1 = 0.079,
wR2 = 0.113; max., min. residual electron density 0.548, 20.394. The
molecule is located on a crystallographic threefold rotation axis across the
atoms C(1), In(1) and O(2). The hexane molecules are disordered; their
carbon atoms were refined isotropically; hydrogen atoms were not
considered. CCDC 182/728.

1 Very recent publications: U. App and K. Merzweiler, Z. Anorg. Allg.
Chem., 1997, 623, 478; S. L. Stoll, S. G. Bott and A. R. Barron, J. Chem.
Soc., Dalton Trans., 1997, 1315.

2 C. J. Harlan, E. G. Gillan, S. G. Bott and A. R. Barron, Organometallics,
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1995, 493, C1.
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G. M. Sheldrick, D. Stalke and A. Kuhn, Angew. Chem., Int. Ed. Engl.,
1993, 32, 1729.

5 R. D. Schluter, A. H. Cowley, D. A. Atwood, R. A. Jones and
J. L. Atwood, J. Coord. Chem., 1993, 30, 25.

6 S. S. Al-Juaid, N. H. Buttrus, C. Eaborn, P. B. Hitchcock, A. T. L.
Roberts, J. D. Smith and A. C. Sullivan, J. Chem. Soc., Chem. Commun.,
1986, 908.

7 A. M. Arif and A. R. Barron, Polyhedron, 1988, 7, 2091. M. V.
Capparelli, P. Hodge and B. Piggott, Chem. Commun., 1997, 937.

8 S. Harvey, M. F. Lappert, C. L. Raston, B. W. Skelton, G. Srivastava
and A. H. White, J. Chem. Soc., Chem. Commun., 1988, 1216;
H. Rothfuss, K. Folting and K. G. Caulton, Inorg. Chim. Acta, 1993,
212, 165; H. Kunkely and A. Vogler, Inorg. Chim. Acta., 1991, 186,
155.

9 J. E. Huheey, E. A. Keiter and R. L. Keiter, Inorganic Chemistry, Harper
Collins, 1993.

10 SHELXTL-Plus REL. 4.1, Siemens Analytical X-RAY Instruments
Inc., Madison, WI, 1990; G. M. Sheldrick SHELXL-93, Program for the
Refinement of Structures, Universität Göttingen, 1993.
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Tertiary amine–S2Cl2 chemistry: interception of reaction intermediates

Carlos F. Marcos,a Oleg A. Rakitin,b Charles W. Rees,c Ljudmila I. Souvorova,b Tomás Torroba,a

Andrew J. P. Whitec and David J. Williamsc

a Departamento de Quı́mica Orgánica, Facultad de Veterinaria, Universidad de Extremadura, 10071 Cáceres, Spain
b N. D. Zelinsky Institute of Organic Chemistry, Academy of Sciences, Leninsky Prospect, 47, 117913 Moscow, Russia
c Department of Chemistry, Imperial College of Science, Technology and Medicine, London, UK SW7 2AY

The reaction of N-(2-chloroethyl)diisopropylamine 1a with
S2Cl2 allows the selective one-pot preparation of the tricyclic
4-(2-chloroethyl)bisdithiolothiazines 8 and 9 or, by addition
of phosphorus pentasulfide at a late stage of the reaction, of
the dithiolothiazine 6b characterised by X-ray crystallog-
raphy; the chloroethyl derivative 8 is also obtained from
(2-diisopropylamino)ethanethiol 1b and its disulfide 1c and
S2Cl2, in a rare conversion of a thiol or disulfide into the
corresponding chloro compound.

We have shown that Hünig’s base, a simple saturated tertiary
amine, is converted in a one-pot reaction by disulfur dichloride
S2Cl2 into the fully unsaturated tricyclic bis[1,2]dithiolo[3,4-
b : 4A,3A-e][1,4]thiazine ring system1 or, at a higher temperature,
into the bis[1,2]dithiolo[4,3-b : 3A,4A-d]pyrrole system2 by se-
lective sulfur extrusion from the thiazine.

Only the isopropyl groups of Hünig’s base reacted with
S2Cl2, the ethyl group being untouched. This led us to consider
the reactivity of functionalised ethyl groups, both to broaden the
reaction scope and hopefully to intercept proposed inter-
mediates on the long reaction pathway, by cyclisations
involving the ethyl group substituents. The key intermediates in
our earlier proposals6 were considered to be 2, 3 and 4
(Scheme 1) when X = H, with 4 finally reacting with sulfur and
oxygen nucleophiles to give the observed products. If X is a
sufficiently nucleophilic group such as SH, the intermediates 2
and 3 could be diverted (arrows in 5), to give the bicyclic
compounds 6a, or 6b (Scheme 2). If X is a leaving group such
as Cl then, at a later stage in the reaction when the dithiolium
salt has been converted into the thione 7, nucleophilic
displacement could lead to the same bicyclic intermediates 6
(Scheme 2).

We therefore selected the commercially available
N-(2-chloroethyl)diisopropylamine 1a, which was readily con-
verted into the thiol 1b and its disulfide 1c.3 These compounds
(1 equiv.) were each treated with S2Cl2 (10 equiv.) and DABCO
(10 equiv.) in 1,2-dichloroethane for 3 d at room temperature.

Formic acid (20 equiv.) was then added and the mixture heated
under reflux for 1 h, since we find that this treatment gives clean
reactions by converting the 3-chlorodithiolium salts into dithiol-
3-ones. To our surprise all three starting materials 1a–c gave
exactly the same product 8 as a yellow solid, mp 175–177 °C
(16–25%) after chromatography (Scheme 3). When the reaction
of 1a (1 equiv.) with S2Cl2 (1 equiv.) was performed in THF
without addition of DABCO or formic acid, the oxo thione 9
was obtained as an orange solid, mp 256–258 °C (10%),†
together with 8 (30%)† (Scheme 3). The structures of 8 and 9
were fully supported by all their spectroscopic properties.

In these reactions the chloroethylamine 1a, the mercapto-
ethylamine 1b and the disulfide 1c reacted with S2Cl2 in the
same way as Hünig’s base itself, without detectable diversion of

Scheme 1

Scheme 2

Scheme 3
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the reaction pathway, but with the additional conversion at some
stage of the thiol and disulfide into the corresponding chloro
compound. This last transformation is surprisingly rare, but has
been achieved with sulfuryl chloride, followed by treatment
with triphenylphosphine.4

These results suggest that S2Cl2 reacted with the sulfur
groups faster than with the isopropyl groups; we therefore
decided to try to regenerate a thiol derivative from the chloro
compound by addition of a sulfur nucleophile at a late stage in
the reaction. Treatment of the 2-chloroethylamine 1a (1 equiv.)
and S2Cl2 (1 equiv.) in THF for 3 d at room temperature was
followed by addition of phosphorus pentasulfide (P4S10, 0.3
mol) and heating under reflux for 5.5 h. Chromatography gave
new compound 6b (C8H5NS7) as shining orange needles, mp
240–241 °C (40%)† (Scheme 3). This did not contain chlorine
(mass spectrum), although two different methylene groups were
still present, together with an aromatic methyne group (1H and
13C NMR spectra) and a thiocarbonyl but not a carbonyl group
(IR). The presence of an aromatic proton indicated that the fully
fused tricyclic system of 8 and 9 had not been reached, and
suggested the presence of a 1,2-dithiole with one ring hydrogen;
structure 6b was confirmed by X-ray crystallography (Fig. 1).‡
The partially saturated 1,4-thiazine ring has an ‘envelope’
conformation with C(5) lying 0.7 Å out of the plane of the
remaining five atoms (which are co-planar to within 0.07 Å).
There is a noticeable pyramidalization at N(4), the nitrogen
atom lying 0.28 Å out of the plane of its substituents. The two
dithiole rings are oriented approximately orthogonally (ca. 80°)
thereby minimising interactions between them.

Taken in conjunction with our previous work on the
conversion of Hünig’s base with S2Cl2 into the N-ethyl
analogues of compounds 8 and 9,1 the present results can be
explained by the overall mechanism outlined in Scheme 4. The
basic ‘N-ethyl’ reaction does extend to other N-substituents and
an appropriate functional group can divert the proposed reaction
intermediates to form, in the present case, the new [1,2]di-
thiolo[3,4-b][1,4]thiazine ring system of 6b. These complex
1,2-dithioles, now readily available from commercial materials
in one-pot reactions, may be useful in the chemistry of new
materials5 and in pharmaceutical research.6

We gratefully acknowledge financial support from the
Dirección General de Enseñanza Superior of Spain (DGDES
Project ref. PB96-0101), the Consejerı́a de Educación de la
Junta de Extremadura y Fondo Social Europeo (ref.
PRI97C123) and the NATO Linkage Grant 970596, and we
thank the Wolfson Foundation for establishing the Wolfson

Centre for Organic Chemistry in Medical Science at Imperial
College.

Notes and References

† In the absence of DABCO, yields are calculated on the basis of 15 mol of
amine 1 giving 1 mol of product and 14 mol of amine 1 hydrochloride.
‡ Crystal data for 6b: C8H5NS7, M = 339.6, orthorhombic, space group
Pbca (no. 61), a = 14.672(1), b = 8.757(2), c = 19.626(2) Å, V
= 2521.7(6) Å3, Z = 8, Dc = 1.789 g cm23, m(Cu-Ka) = 113.2 cm21, l
= 1.54178 Å, F(000) = 1376. An orange platy needle of dimensions 0.67
3 0.22 3 0.02 mm was used. Data were measured on a Siemens P4/PC
diffractometer with Cu-Ka radiation (graphite monochromator) using
w-scans. 2089 Independent reflections were measured (2q@ 128°) of which
1855 had ıF0ı > 4s(ıF0ı) and were considered to be observed. The
structure was solved by direct methods and the non-hydrogen atoms were
refined anisotropically by full-matrix least-squares based on F2 using
absorption corrected data (face-indexed numerical, maximum and mini-
mum transmission factors 0.80 and 0.16, respectively) to give R1 = 0.036,
wR2 = 0.096 for the observed data and 146 parameters. CCDC 182/736.
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Angew. Chem., 1997, 109, 283; Angew. Chem., Int. Ed. Engl., 1997, 36,
281.

2 C. F. Marcos, C. Polo, O. A. Rakitin, C. W. Rees and T. Torroba, Chem.
Commun., 1997, 879.

3 F. A. Davis, J. K. Ray, S. Kasperowicz, R. M. Przeslawski and
H. D. Durst, J. Org. Chem., 1992, 57, 2594.

4 I. W. J. Still, G. W. Kutney and D. McLean, J. Org. Chem., 1982, 47,
560.

5 A. Terzis, E. I. Kamitsos, V. Psycharis, J. S. Zambounis, J. Swiatek and
G. C. Papavassiliou, Synth. Met., 1987, 19, 481; E. Fanghänel,
A. M. Richter, B. Kordts and N. Beye, Phosphorus Sulfur, 1989, 43,
165.

6 M. L. Aimar and R. H. Rossi, Tetrahedron Lett., 1996, 37, 2137 and
references cited therein.

Received in Liverpool, UK, 20th November 1997; 7/08396C

Fig. 1 The molecular structure of 6b. Selected bond lengths (Å), S(1)–S(2)
2.057(1), S(2)–C(3) 1.731(3), C(3)–C(3A) 1.431(3), C(3A)–C(7A)
1.371(4), C(7A)–S(1) 1.729(3). C(3A)–N(4) 1.410(3), N(4)–C(8) 1.418(4),
C(8)–C(9) 1.437(4), C(9)–S(10) 1.729(3), S(10)–S(11) 2.055(1),
S(11)–C(12) 1.705(3) and C(12)–C(8) 1.348(4).

Scheme 4

454 Chem. Commun., 1998



OBnO

OBnOAc
AcO

OAc
OHO

OBn O
OHO

OBnO

OBnOAc
AcO

B

3T/3G21

i ii

OBnO

OBnOH
HO

B
OBnO

O

B

BnO

OHO

O

B

HO

6T/6G 5T/5G 4T/4G

iii

v iv

ODMTO

O

B

O
P

Pri
2N OCH2CH2CN

O

O

B

O

O

PO O–

LNA7T/7G

vi

N

NH

O

O

B =

N

NHN

N

O

NHR

T / G

LNA (locked nucleic acids): synthesis and high-affinity nucleic acid recognition

Sanjay K. Singh,a Poul Nielsen,b Alexei A. Koshkina and Jesper Wengel*a

a Department of Chemistry, University of Copenhagen, Universitetsparken 5, DK-2100 Copenhagen, Denmark
b Department of Chemistry, Odense University, Campusvej 55, DK-5230 Odense M, Denmark

A novel class of nucleic acid analogues, termed LNA (locked
nucleic acids), is introduced. Following the Watson–Crick
base pairing rules, LNA forms duplexes with complemen-
tary DNA and RNA with remarkably increased thermal
stabilities and generally improved selectivities.

During the last decade a plethora of DNA and RNA analogues
have been chemically synthesized,1–6 e.g. with the aim of
improving nucleic acid recognition. We7 and others8 have
reported promising, but not satisfactory, properties of oligo-
nucleotides containing conformationally restricted monomers.
We report here the synthesis of a novel conformationally
restricted nucleic acid mimic, LNA (see Scheme 1). Molecular
modelling† and simple model building suggested to us that the
LNA monomers would be favourably preorganized in an
N-type conformation thus enabling the formation of entrop-
ically favoured duplexes with complementary DNA and RNA.
As an attractive feature, the structural change from DNA (or
RNA) to LNA is limited from a chemical perspective, namely
the introduction of an additional 2A-C,4A-C-oxymethylene link.

For synthesis of the LNA monomers we chose a strategy
starting from the known 4A-C-hydroxymethyl pentofuranose
derivative 19 (Scheme 1). Regioselective 5-O-benzylation,
acetylation and acetolysis, followed by another acetylation,
afforded furanose 2, a key intermediate for coupling with
silylated nucleobases. Stereoselective reaction with silylated
thymine10 yielded nucleoside 3T which was deacetylated to give
nucleoside diol 4T. Tosylation followed by base-induced ring
closure afforded the 2A-O,4A-C-linked bicyclic nucleoside
derivative 5T. Debenzylation yielded the unprotected analogue
6T as the first example of a nucleoside diol with the
(1S,3R,4R,7S)-7-hydroxy-1-hydroxymethyl-2,5-dioxabicyclo-
[2.2.1]heptane structure. The assigned structure of 6T was
verified by NMR spectroscopy, including NOE experiments.‡
The absence of a coupling constant between 1A-H and 2A-H, and
the unusual and strong mutual NOE effects (9%/8%) between
3A-H and 6-H (thymine base), strongly indicate structural
preorganization of the pentofuranose ring of the LNA monomer
into an N-type conformation.5,11 Similar synthetic procedures
were applied to synthesize the guanine derivatives 3G–6G via
coupling of 2 and 2-N-isobutyrylguanine. Transformation of
nucleosides 6 into the 5A-O-4,4A-dimethoxytrityl (5A-O-DMT)
protected analogues and subsequently into the phosphoramidite
derivatives 7§ yielded the desired monomeric building blocks
for automated oligonucleotide synthesis.

LNAs¶ and unmodified reference strands (Tables 1 and 2)
were effectively synthesized using the phosphoramidite ap-
proach.12 Stability against 3A-exonucleolytic degradation is a
prerequisite for most in vivo applications of oligonucleotide
analogues The LNA 5A-TL

13T displayed complete 3A-exo-
nucleolytic stability when measured by a procedure described
earlier using snake venom phosphodiesterase.13 The thermal
stabilities (melting temperatures, Tm) of duplexes involving
LNA oligonucleotides towards both DNA and RNA comple-
ments were determined and compared to their unmodified
references (Tables 1 and 2). In all experiments, sharp mono-
phasic transitions were observed with hyperchromicities of
1.2–1.4. No transitions were observed when running LNAs
without complements in control experiments.

Scheme 1 Reagents and conditions (for 7T): i, (a) NaH, BnBr, DMF, (b)
Ac2O, Py (64%, two steps), (c) 80% AcOH, (d) Ac2O, Py (86%, two steps);
ii, thymine, N,O-bis(trimethylsilyl)acetamide, TMS triflate, acetonitrile
(76%) [for 3G: 2-N-isobutyrylguanine, N,O-bis(trimethylsilyl)acetamide,
TMS triflate, dichloroethane]; iii, NaOMe, MeOH (97%); iv, (a) TsCl, Py
(47%), (b) NaH, DMF (89%); v, 20% Pd(OH)2/C, EtOH, H2 (98%); vi,
(a) DMTCI, Py (93%), (b) N,N-diisopropylethylamine, 2-cyanoethyl
N,N-diisopropylphosphoramidochloridite, CH2Cl2 (70%)

Table 1 Hybridization data of oligothymidylates

DNA Complement RNA Complement
dA14 A14

Sequencea (DTm/TL)/ (DTm/TL)/
Entry 5A? 3A Tm/°C °C Tm/°C °C

1 T14 35.5 Ref. 32.0 Ref.
2 T7TLT6 35.5 0.0 36.0 +4.0
3 T3(TLT)4T3 47.0 +2.9 52.5 +5.1
4 T5TL

4T5 42.0 +1.6 51.5 +4.9
5 TL

13T > 90.0 > +4.2 87.5 +4.3
6 T10 24.0 Ref. 18.0 Ref.
7 TL

9T 80.0 +4.9 70.5 +4.3
8 T6 < 10.0 Ref. < 10.0 Ref.
9 TL

5T 32.0 > +4.4 40.0 > +6.0

a See footnote to Table 2.
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The results for oligothymidylates are depicted in Table 1.
Generally, significant increases in Tm values were obtained.
Against complementary DNA (dA14), the results ranged from
no effect (incorporation of one LNA monomer, entry 2) to an
increase in Tm of 4.9 °C per TL incorporated for the LNA TL

9T
(entry 7). The effect on the thermal stabilities of duplexes
towards RNA (A14) was significant (and additive) in all
experiments (entries 2–9, increases in Tm of 4.0–6.0 °C per TL

incorporated).
The remarkable nucleic acid recognition potential of oligo-

thymidylate LNAs was extended to mixed sequences containing
the pyrimidine LNA monomer TL and/or the purine LNA
monomer GL (Table 2). Thus, convincing stabilizing effects
were observed when hybridizing nonamer LNAs towards DNA
(DTm = +5.3 °C per LNA monomer incorporated), whereas
unprecedented increases in thermal stability (DTm = +7.3 and
+8.3 °C per LNA monomer incorporated) of the corresponding
LNA:RNA duplexes were observed. The selectivity of the
mixed sequence LNAs is, if anything, improved compared to
the corresponding DNA references. This can be extracted from
experiments where mis-matched nucleotides were in turn
introduced in the position opposite to the middle TL/GL

monomers (and T/G monomers). The decreases in thermal
stabilities obtained were slightly more pronounced for the
LNAs compared to the reference DNAs (representative results
are shown in entries 3–5; similar results were obtained when
evaluating the binding selectivity of GL and the binding
selectivity against complementary RNA). These results indicate
that LNA obeys the standard Watson–Crick pairing rules and
that the complexes are bimolecular duplexes.**

In this report it has been demonstrated that preorganized
LNAs display 3A-exonucleolytic stability and excellent ability to
recognize complementary DNA and RNA. These results should
make LNA a prime candidate for development of oligonucleo-
tide-based therapeutics and diagnostic probes, and LNA-
mediated nucleic acid recognition a novel concept of general
applicability.

We thank The Danish Natural Science Research Council, The
Danish International Development Agency, and Exiqon A/S,
Denmark for financial support.

Footnotes and References

* E-mail: wengel@kiki.dk
† Molecular modelling was performed using HYPERCHEMTM version 4.0;
MM+ force field; Polak-Ribiere conjugate gradient geometry optimiza-
tion.
‡ NMR data for 6T (conventional nucleoside numbering is used): dH

[(CD3)2SO] 11.33 (1 H, br s, NH), 7.62 (1 H, d, J 1.1, 6-H), 5.65 (1 H, d,
J 4.4, 3A-OH), 5.41 (1 H, s, 1A-H), 5.19 (1 H, t, J 5.6 Hz, 5A-OH), 4.11 (1 H,
s, 2A-H), 3.91 (1 H, d, J 4.2, 3A-H), 3.82 (1 H, d, J 7.7, 5B-Ha), 3.76 (2 H, d,
J 5.7, 5A-H), 3.63 (1 H, d, J 7.7, 5B-Hb), 1.78 (3 H, d, J 0.7, CH3); key NOE
contacts, signifying close interatom distances, were identified between:
5B-Hb and 1A-H, 6-H and 3A-H, 5A-OH and 5A-H, 5A-OH and 3A-H, and 5A-OH
and 6-H.
§ NMR data for: 7T dP(CDCl3) 149.06, 148.74. For 7G dP (CDCl3) 148.17,
146.07.
¶ The term LNA describes oligonucleotides containing one or more LNA
monomer(s). For synthetic convenience, the LNAs of this first study were
synthesized (0.2 mmol scale) on commercial supports carrying a natural
2A-deoxynucleoside. Step-wise coupling yields: 7T > 98% (12 min cou-
pling), 7G > 95% (12 min coupling), deoxynucleoside phosphoramidites
> 98% (2 min coupling). After standard cleavage and deprotection,
capillary gel electrophoresis or reversed-phase HPLC was used to verify the
purity ( > 90%) of the synthesized oligonucleotides. Selected MALDI-MS
experiments: 5A-T5TL

4T5 [M 2 H]2 4307.0 (calc. 4307.8); 5A-TL
13T [M 2

H]2 4557.8 (calc. 4559.7); 5A-d(GTLGAGLATLGC) [M 2 H]2 2862.2
(calc. 2861.9).
** At pH 7.0, cytosine nucleobases are non-protonated and thus unable to
form triple-helical structures. Triple-helical complexation for the oligo-
thymidylate LNAs of Table 1 is theoretically possible, but no biphasic
transitions were detected, even for the lower melting complexes. As further
evidence, strikingly similar CD curves for LNA complexes and the
corresponding reference duplexes were obtained.

1 E. Uhlmann and A. Peyman, Chem. Rev., 1990, 90, 544.
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1234; H. Vorbrüggen and G. Höfle, Chem. Ber., 1981, 114, 1256.

11 C. Altona and M. Sundaralingam, J. Am. Chem. Soc., 1973, 95, 2333; S.
Obika, K Morio, D. Nanbu and T. Imanishi, Chem. Commun., 1997,
1643.

12 M. H. Caruthers, Acc. Chem. Res., 1991, 24, 278.
13 P. Nielsen, F. Kirpekar and J. Wengel, Nucleic Acids Res., 1994, 22,

703. 

Received in Glasgow, UK, 28th November 1997; 7/08608C

Table 2 Hybridization data of mixed sequences

[DTm/
Sequencea Tm/°C TL(GL)]/

Entry 5A? 3A °C °C

1 d(GTGATATGC) d(GCATATCAC) 28.0 Ref.
2 d(GTLGATLATLGC) d(GCATATCAC) 44.0 +5.3
3 d(GTLGATLATLGC) d(—–— T —–—) 27.0 —
4 d(GTLGATLATLGC) d(—–— G —–—) 30.0 —
5 d(GTLGATLATLGC) d(—–— C —–—) 23.0 —
6 d(GTGAGATGC) d(GCATCTCAC) 33.0 Ref.
7 d(GTLGAGLATLGC) d(GCATCTCAC) 49.0 +5.3
8 d(GTGATATGC) GCAUAUCAC 28.0 Ref.
9 d(GTLGATLATLGC) GCAUAUCAC 50.0 +7.3

10 d(GTGAGATGC) GCAUCUCAC 33.0 Ref.
11 d(GTLGAGLATLGC) GCAUCUCAC 58.0 +8.3

a A = adenosine monomer, C = cytidine monomer, G = guanosine
monomer, U = uridine monomer, T = thymidine monomer, TL/GL =
LNA monomers. Oligodeoxynucleotide sequences are depicted as d(se-
quence). ‘Ref’ indicates reference duplex. Hybridization mixtures of 1 ml
were prepared using a buffer solution (10 mm Na2HPO4, pH 7.0, 100 mm
NaCl, 0.1 mm EDTA) and equimolar (1.0 or 1.5 mm) amounts of the
oligonucleotides. The absorbance at 260 nm was recorded while the
temperature was raised linearly from 10 to 93 °C (1 °C min21). The melting
temperatures (Tm values) were obtained as the maxima of the first
derivatives of the melting curves.
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Intramolecular [4 + 2] cycloadditions involving transient phosphaalkene
intermediates as dienophiles: a useful entry to phosphabicyclo[4.3.0]non-4-ene
derivatives

Jean-François Pilard, Annie-Claude Gaumont, Céline Friot and Jean-Marc Denis*†

Synthèse et électrosynthèse organiques, UMR 6510, Université de Rennes 1, Campus de Beaulieu, F-35042, Rennes, France

Three representative phosphabicyclo[4.3.0]non-4-ene
derivatives are formed in high yields and various diaster-
eomeric forms by [4 + 2] intramolecular cycloadditions
involving transient phosphaalkenes as dienophiles; complete
diastereoselectivity is observed with the P-substituted de-
rivative.

Free cyclic phosphines and their metal coordination complexes
are valuable intermediates in organophosphorus chemistry.1
They are prepared by many different approaches, among them,
cycloaddition reactions involving CNP double bonds with
dienes and dipoles appear to be of synthetic value.1,2 the main
problem encountered by using this methodology is keeping the
reactivity of the PNC double bond under control. Self-
condensations are usually avoided by steric or electronic effects
and by complexation with a transition metal. Some cycloaddi-
tions lacking stabilisation of the PII intermediate occur in high
yield,3 especially when the cycloadducts spontaneously ar-
omatize, thus giving a useful entry to functionalised phosphi-
nines;4 in most cases however the desired cycloadducts are
accompanied of various amounts of self-condensed products.2d

In order to circumvent this problem we thought to trap the
transient species by internal cycloaddition. Under these condi-
tions, the rates of the reactions are expected to be strongly
enhanced by entropic assistance, hopefully making the self-
condensation reactions of transient species negligible. Inter-
molecular reactions between conjugated dienes and phos-
phaalkenes have been recently reviewed.2a It is now well
established that, with the exception of some derivatives bearing
electronegative substituents, the reaction takes place with
retention of the phosphaalkene stereochemistry. Furthermore, at
least with cyclopentadiene derivatives, the endo preference is
respected with substituents on phosphorus. Thus, the potential
versatility of intramolecular cycloadditions involving low
coordinated phosphorus derivatives as dienophiles should
afford a useful entry to tailored and hopefully stereocontrolled
polycyclic systems. As a first evaluation of this methodology,
we present here the synthesis of three differently substituted
2-phosphabicyclo[4.3.0]non-4-ene phosphines 5a–c by intra-
molecular [4 + 2] cycloadditions involving the corresponding
terminal phosphaalkenes 4a–c as dienophiles. Conditions for
controlling the stereochemistry are described.

We have recently developed a general route to non-stabilized
phosphaalkenes which involves as a key step the dehy-
drohalogenation of a-chloroalkylphosphines with a Lewis
base2d,5 (Scheme 1). This procedure is attractive for the
following reasons: (i) the a-chlorophosphonate and phosphi-
nate precursors A are readily available by conventional anionic
routes,6,7 allowing introduction of the desired substituents both

on phosphorus and carbon, (ii) the reduction of esters A into
phosphines B with dichloroalane is chemoselective,8 and (iii)
HCl elimination occurs under mild conditions at a temperature
which depends both on the strength of the base and the P–H
acidity of the phosphine, allowing us to determine the best
conditions for the trapping of the transient phosphaalkene C.
We decided to adopt this strategy for the synthesis of the
phosphabicyclononenes 5a–c (Scheme 2).

Chlorophosphonate 2a was prepared by halogen–metal
exchange of trichloromethylphosphonate [Cl3CP(O)(OEt)2]6

with BuLi (2 equiv.) followed by selective monosilylation
[Me3SiCl (1 equiv.)], alkylation [(E)-1-bromohepta-4,6-diene 1
(1 equiv.)]9 of the resulting lithiated intermediates and sub-
sequent hydrolysis in basic media.10 The phosphonate 2b and
phosphinate 2c were prepared by halogen–metal exchange of
trichloromethylphosphonate [Cl3CP(O)(OEt)2] and trichloro-
methylphenylphosphinate6 [Cl3CP(O)(OEt)Ph]7 respectively
with BuLi (1 equiv.) followed by alkylation of the resulting
intermediates with 1 (Scheme 2). The yields of 2a and 2b were
greater than 85% after purification by chromatography on silica.
The yield for 2c is lower (57%), a small amount of the starting
material 1 being recovered at the end of the reaction.
Chemoselective reduction of esters 2a–c with dichloroalane5,8

in THF afforded the free phosphines 3a–c. The low volatility of
the latter prevents purification by the general procedure
involving successive vacuum transfers.5 The following protocol
was used: after hydrolysis of the crude mixture at 210 °C with
deoxygenated water, the organic solution was filtered off under
a slight pressure of neutral gas, washed again and then dried.

Scheme 1

Scheme 2 Reagents and conditions: i, THF, BuLi (2 equiv. for 2a, 1 equiv.
for 2b,c), 285 °C, then Cl3CP(O)(OEt)2; ii (for 2a), 285 °C, Me3SiCl (1
equiv.), then 285 °C, Br(CH2)3CHNCHCHNCH2, then 20 °C, aq. LiOH;
(for 2b,c), 285 °C, Br(CH2)3CHNCHCHNCH2; iii, ‘AlHCl2’, THF, 280 to
20 °C, then deoxygenated H2O, 210 °C, then MgSO4; iv (for 5a,b),
260 °C, Py (3 equiv.), then 260 to 20 °C; (for 5c) 230 °C, Et3N (2.5
equiv.), then 230 to 20 °C
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Solutions were used without further purification, and the
chlorophosphines 3a–c were stable in the absence of oxygen.
Yields determinated by NMR spectroscopy with an internal
reference were greater than 70% (purity > 90%). The
characterisation was supported by HRMS and 31P, 1H and 13C
NMR data, all of which were consistent with the assigned
structure.‡

We have shown in our previous work that (i) transient
phosphaalkenes are detectable by 31P NMR spectroscopy in the
dehydrochlorination of primary and secondary a-chloro-
alkylphosphines2d,5 under controlled temperature conditions
(from 280 to 20 °C) and (ii) polymerisation of the chloro-
phosphaalkene intermediates was observed in the elimination of
HCl from a,aA-dichlorophosphines by a weak Lewis base
(pyridine) in the absence of a trapping agent.11,12 Whatever the
nature of the Lewis base, we never detected in this work the
expected phosphaalkene intermediates 4a–c starting from 3a–c.
The only observed products were the cycloadducts 5a–c
characterized by new signals in the 31P NMR spectra and the
corresponding JPH couplings: cyclic phosphines 5a and 5b were
observed when the temperature rose to 260 °C in the presented
pyridine (3 equiv.). Due to the lower P–H acidity5 of secondary
phosphines, elimination of HCl from a,aA-chlorophosphine 3c
occurred at 230 °C with a stronger base [NEt3 (2.5 equiv.)].
Intramolecular [4 + 2] cycloaddition of 4a–c with the diene
counterpart is consequently a fast step. Self-condensations are
strongly inhibited, as was confirmed by the high yield of
cycloadducts (i.e. yield for 5c > 80%, determined by 31P NMR
spectroscopy with an internal reference). All these results are
consistent with entropic activation.

Since cycloaddition reactions take place with retention of
stereochemistry at the PII centre,2a both (Z)- and (E)-phospha-
alkene intermediates are expected from elimination of HCl from
a-chlorophosphines 3, giving four isomeric cycloadducts. The
observed stereochemical course differs strongly with the
structure of the dienophile. We observed a weak selectivity
starting from 4a [four isomers, at d 291.5 (d, 1JPH = 187 Hz),
288.4 (d, 1JPH = 191 Hz), 285 (d, 1JPH = 182 Hz) and 268.7
(d, 1JPH = 178 Hz); ratio = 57 : 20 : 14 : 9, respectively]. A
higher selectivity is encountered for 4b [two isomers at d 276
(1J1PH = 186 Hz) and 265 (1JPH = 195 Hz); ratio = 81 : 19,
respectively]. These results are consistent with the presence of
the two (Z)- and (E)-phosphaalkene intermediates for 4a and 4b.
On the other hand, intramolecular cycloaddition of 4c is highly
selective, and only one isomer is observed. The stereochemistry
of the P(1), C(8) and C(9) centres is controlled (Scheme 3). (i)
The relative configuration at P and C(8) of 5c was established

on the basis of the 2JPC(7) coupling constant: the observed value
(15 Hz) favours a trans relationship between the lone pair and
C(7).3,13,14§ (ii) The cis-fused cycloadduct is proposed to take
into account the preference of the P-substituent for the endo
postions.2a,15,16 The phenyl and chloride substituents in 4c are
consequently in a trans relationship. The 1H, 31P and 13C NMR
data and mass spectra (HRMS) of 5a–c are fully consistent with
their assigned structures.

In summary, we have shown that intramolecular [4 + 2]
cycloadditions involving phosphaalkenes can be considered as
a potentially useful route for the construction of stereocontrol-
led polycyclic structures bearing a phosphorus atom, with the
entropic effect suppressing the polymerisation of the transient
intermediate. A more detailed mechanistic study of this reaction
is under active investigation.

Footnotes and References

† E-mail: Jean-Marc Denis@univ-rennes1.fr
‡ All new products were characterized by 31P, 1H and 13C NMR
spectroscopy and mass spectrometry (HRMS).
§ The so called ‘cis rule’ (ref. 15) is applied. For tetrahydrophosphinines:
cis-geometry, 2JPC = 20–22 Hz; trans-geometry, 2JPC = 15–16 Hz (refs.
13, 14).
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Asymmetric tandem reactions based on nitroalkenes: a one-pot construction of
functionalized chiral bicycles by a three-component reaction

Martı́n Avalos,*† Reyes Babiano, Pedro Cintas, José L. Jiménez, Juan C. Palacios and Marı́a A. Silva

Departamento de Quı́mica Orgánica, Facultad de Ciencias, Universidad de Extremadura, E-06071 Badajoz, Spain

Asymmetric tandem cycloaddition of a chiral carbohydrate
nitroalkene with ethyl vinyl ether in the presence of electron-
withdrawing alkenes produces a facile assembly of bicyclic
systems, which can further be selectively cleaved to give
homologated carbohydrates.

The construction of complex organic molecules by sequential
transformations is one of the most important and efficient
synthetic strategies. The advantages of these so-called tandem
or domino reactions are many and have been thoroughly
discussed.1 Sequential [4 + 2]/[3 + 2] cycloadditions relying on
nitroalkenes have been developed by Denmark and his group
over the last decade, exploiting the use of a homochiral auxiliary
on the dienophile and demonstrating the versatility of this
methodology in alkaloid synthesis.2

Recently we have also demonstrated the efficiency of the
tandem nitroalkene cycloaddition as a viable approach to
densely functionalized molecules, but the heterodiene now
imparts chirality by using a readily available carbohydrate-
appended nitroalkene (Scheme 1).3 These processes occur
through the intermediacy of nitronate species such as 2.

Given the distinctive electronic character of nitroalkenes and
nitronates, it would be possible to perform a multicomponent
reaction combining electron-rich and electron-withdrawing
alkenes without them interfering with each other. Thus when the
heterodiene 1 was reacted with excesses of ethyl vinyl ether
(EVE) and an electron-withdrawing alkene such as methyl vinyl
ketone (MVK), methyl acrylate (MA), acrylonitrile (AN) and
dimethyl maleate (DMM) in ethanolic solution at room
temperature for 5–7 days, the corresponding nitrosoacetals 4–7
were obtained as crystalline solids (Scheme 2 and Table 1).‡
The initial inverse electronic demand [4 + 2] cycloaddition
occurs with ethyl vinyl ether, whereas the resulting nitronate
will react exclusively in a [3 + 2] fashion with the electron-
deficient alkene.

Analyses of crude samples by 1H NMR spectroscopy
(CDCl3, 400 MHz) reveal that the reactions are regiospecific
and exhibit a pronounced facial diastereoselectivity. Only two
diastereoisomers were detected, one of which was always
prevalent. Remarkably, the mixtures could be purified by flash

chromatography (ethyl acetate–hexane eluent system) and the
major isomers were obtained as diastereoisomerically pure
samples by crystallization from EtOH. In the cases of the MA
and AN reactions, the minor isomers could also be obtained in
crystalline form in 4 and 10% yields, respectively.

We have confirmed by X-ray diffractometry that the initial [4
+ 2] cycloaddition occurs with a complete endo selectivity to the
re face of the heterodiene, whereas the [3 + 2] cyclization
follows in the exo sense, which is sterically more favorable than
the competitive endo approach.3 This type of exo–endo facial
selectivity has been observed before with related 5,5-fused
systems.4 Based on such results and with the information
provided by proton coupling constants, suggesting that both
substituents of five- and six-membered fused rings are located
at a-equatorial positions, we have tentatively assigned the
absolute stereochemistry of the major isomers 4–7. Because
similar coupling constants have also been found for the isolated
minor isomers, their formation must have taken place with the
opposite endo orientation in the [3 + 2] cyclization.

The usefulness of these functionalized polyhydroxyalkyl
heterocycles was further illustrated through their selective six-
membered ring opening under mild conditions. Cleavage of
nitrosoacetals may be induced by acidic treatment with dilute
AcOH in ethanolic solution, but reaction mixtures were difficult
to purify owing to the presence of unidentified side products.
However, when cycloadducts were heated at reflux in a 1 : 1
EtOH–H2O mixture, homologated sugar aldehydes5,6 such as
10 and 11 were cleanly obtained in quantitative yield (Scheme
3).‡ These substances were further characterized by preparing
their hydrazone derivatives 12 and 13, respectively. Com-
pounds 10–13 also bear an attractive isoxazoline ring that could

Scheme 1

Scheme 2

Table 1 Reaction of 1 with EVE and electron deficient alkenes

Product (% yielda)

R EWG Major Minor

H COMe 4 (70) —b

H CO2Me 5 (75) 8 (4)
H CN 6 (60) 9 (10)
CO2Me CO2Me 7 (50) —b

a Isolated yields after crystallization. b Not isolated.
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be further manipulated to afford vicinal amino alcohols and
crossed aldol products.7,8

In conclusion, we have successfully explored a tandem
cycloaddition which involves in situ formation of a chiral
nitronate having a sugar moiety and its subsequent diastereo-
facial selective dipolar cycloaddition with a series of electron-
deficient alkenes. Variations in the system undergoing cycliza-
tion allows subsets of richly functionalized nitrogen-containing
polycycles to be produced from an acyclic precursor. The
formation of homologated carbohydrates in a few steps is also
notable. With the understanding of transition state preferences,
this methodology will become a useful element in synthetic
design and further investigations are currently under way in our
laboratories. 
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‡ Satisfactory spectroscopic (IR, 1H, 13C, 1H-COSY, and 1H-13C-HETCOR
NMR) and analytical data were obtained for all new compounds. Selected
data for 3: (the numbering system used for NMR assignments is in
agreement with the literature data, see ref. 9): mp 188 °C (EtOH); [a]D +7.5
(c 1, CHCl3); nmax (KBr)/cm21 2970, 1730, 1360, 1225, 1100, 1050, 1020;
dH (CDCl3, 400 MHz) 5.32 (dd, J1A,2A 1.2, J2A3A 9.9, 1 H, H-2A), 5.27–5.21 (m,
2 H, H-1A, H-4A), 5.18 (dd, J2A,3A = 9.9, J3A,4A = 1.8, 1 H, H-3A), 4.90 (dd, J2,3a

9.8, J2,3b = 4.6, 1 H, H-2), 4.75 (t, J6a,7 J6b,7 7.0, 1 H, H-7), 4.32 (dd, J4A,5aA
4.5, J5aA,5bA = 11.8, 1 H, H-5aA), 3.95 (m, 1 H, CH3CH2O–C-7), 3.78 (dd,
J4A,5bA 7.6, J5aA,5bA 11.8, 1 H, H-5bA), 3.51 (m, 1 H, CH3CH2O–C-7), 3.30 (m,

1 H, H-4), 2.32 (m, 1 H, H-3a), 2.26–2.16 (m, 2 H, H-3b, H-6a), 2.21 (s, 3
H, CH3CO–C-2), 2.14 (s, 3 H, OAc), 2.12 (s, 3 H, OAc), 2.11 (s, 3 H, OAc),
2.09 (s, 3 H, OAc), 2.02 (s, 3 H, OAc), 1.83–1.70 (m, 2 H, H-5, H-6b), 1.27
(t, 3 H, CH3CH2O– C-7); dC (CDCl3, 100 MHz) 206.2 (CH3CO), 170.5 (2C,
OAc), 170.3 (OAc), 170.1 (OAc), 169.9 (OAc), 99.7 (C-7), 87.9 (C-2), 71.8
(C-4A), 69.7 (C-4), 67.7, 67.6, 67.5 (3C, C-1A, C-2A, C-3A), 63.6 (CH3CH2O–
C-7), 62.4 (C-5A), 38.7 (C-5), 34.3 (C-3), 28.0 (C-6), 26.7 (CH3CO), 20.7
(OAc), 20.7 (OAc), 20.6 (3C, OAc), 15.0 (CH3CH2O–C-7). Calc. for
C25H37NO14: C, 52.17; H, 6.48; N, 2.43. Found: C, 52.02; H, 6.51; N,
2.43%). For 8 (note that the longest sugar chain is cited first with the lowest
number to the aldehyde group; primed numbers are located on the
hererocycle): dH (CDCl3, 400 MHz) 9.65 (s, 1 H, CHO), 5.37 (dd, J4,5 1.4,
J5,6 11.0, 1 H, H-5), 5.25–5.19 (m, 3 H, H-4, H-6, H-7), 4.79 (dd, J5A,4aA 5.6,
J5A,4bA 11.5, 1 H, H-5A), 4.28 (dd, J8a,7 4.7, J8a,8b 11.7, 1 H, H-8a), 3.78 (dd,
J8b,7 7.5, J8a,8b 11.7, 1 H, H-8b) 3.29–3.18 (m, 2 H, H-3, H- 4aA), 3.12 (dd,
J4bA,5A 5.6, J4aA,4bA 17.4, 1 H, H-4bA), 2.96 (dd, J2a,3 5.0, J2a,2b 18.3, 1 H, H-2a),
2.82 (dd, J2b,3 2.3, J2a,2b 18.3, 1 H, H-2b), 2.27 (s, 3 H, CH3CO–C-5A), 2.10
(s, 9 H, 3 OAc), 2.07 (s, 3 H, OAc), 2.02 (s, 3 H, OAc); dC(CDCl3, 100
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Scheme 3 Reagents and conditions: i, EtOH–H2O, reflux, 12 h, 100%; ii,
2,4-(O2N)2C6H3NHNH2, MeOH, room temp., 12 h
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Direct versatile route to conformationally constrained glutamate analogues

James Dyer,a Steve Keelingb and Mark G. Moloney*a

a The Department of Chemistry, Dyson Perrins Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QY
b GlaxoWellcome, Medicines Research Centre, Gunnels Wood Road, Stevenage, Hertfordshire, UK SG1 2NY

Novel conformationally constrained glutamate analogues
are readily available from (S)-pyroglutamic acid; using a
bicyclic lactam template, diastereocontrolled and sequential
modification of the pyrrolidine ring is possible, allowing a
versatile access to several glutamate and kainoid analogues;
variations in the C(2)H–C(3)H coupling constants were
observed depending upon the nature of remote substituents
on the heterocyclic ring, consistent with modification of the
ring conformation.
Nitrogen heterocycles occur widely in nature, in isolation and as
structural subunits in many families of alkaloids, and possess
wide ranging biological and pharmacological activities.1–3 Of
particular current interest are conformationally constrained
glutamines,4 which have been shown to possess potent activity
at both the ionotropic and metabotropic receptors.5,6 These
receptors are selectively activated by excitatory amino acids,
and are known to play an important role in various physiological
processes, such as memory and learning, neuroendocrine
regulation, and acute and chronic neuronal disfunction.7
Excessive activation of these receptors can in some cases lead to
cell death.8 The search for selective agonists and antagonists
offers the potential for both the structural and physiological
characterisation of the receptors, and treatment of a range of
physiological disorders, in particular Alzheimer’s and Parkin-
son’s diseases. Highly functionalised pyrrolidines have been
found to have activity at these receptors,9 and there has
therefore been considerable recent interest in the development
of practical and versatile methodology for the preparation of
this important class of compound;10,11 particularly elegant
protocols have been developed by Shirahama12,13 and by
Baldwin14–16 which use 4-hydroxyproline as a chiral starting
material, and which offer considerable simplicity and generality
for the introduction of the ring substituents. We report here an
alternative but equally versatile and simple approach to
functionalised pyroglutamates which uses a sequential con-
jugate addition/alkylation or arylation strategy to a D3,4

pyrrolidinone derivative. This method has been applied to the
synthesis of a novel class of conformationally restricted
glutamates, which possess a similar ring substitution pattern to
the kainoid group of amino acids.

We used the recently described and readily available lactam
1 as a template for manipulation to a variety of functionalised
pyrrolidinones.17,18 Thus, conjugate addition of the Refor-
matsky reagent derived from tert-butyl bromoacetate generated
in THF and DMPU with ultrasonic irradiation gave the diester
2, in 77% yield as a mixture of diastereomers at the C(7)
position, using our previously reported method;19 conjugate
additions to a related enone have been reported previously,
although not with Reformatsky reagents.19,20 This compound
was readily functionalised at C(7) by direct arylation using
several aryllead triacetates [ArPb(OAc)3, CHCl3, Py, reflux, 72
h]21,22 to give the aryl derivatives 3a–d in good yield as
mixtures of diastereomers at C(7) (Table 1) which could be
separated only with some difficulty.23 In the case of 3a,b, the
stereochemistry of the C(7)–Ar exo- diasteromer was assigned
by a series of NOE experiments. Alternatively, alkylation with
benzyl bromide under previously reported conditions (NaH,
THF, reflux)24 gave the derivative 3e as a separable mixture of

diastereomers in very good yield. In all arylations, a diastereo-
meric mixture was obtained, in which preferential addition of
the aryl substituent to the exo face of 2 was predominant,
although for the alkylation with benzyl bromide, a slight
preference for endo addition was observed.

Table 1 Yields of C(7) functionalised products of 3

Diastereomer
Isolated ratioa

Compound R yield (%) exo : endo

3a Ph 86 2.4 : 1
3b p-BrC6H4 76 2.25 : 1
3c p-MeOC6H4 38b 2.3 : 1
3d o-MeOC6H4 72 1.7 : 1
3e Bn 75 1 : 1.2

a Determined by 1H NMR analysis of the crude reaction mixture. b Contains
starting material, in the ratio 2 : 3c = 1 : 1.3.
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In the case of the arylated derivative 3a, acidic deprotection
of the hemiaminal ether function gave the separable dia-
stereomeric alcohols 4a,b in 28 and 52% yield, respectively.
Treatment of 4b with 1 m NaOH in EtOH gave the hydrolysed
and decarboxylated products 4c,d on extraction of the basic
mixture with EtOAc, and a mixture of the acid 4e and product
4c,d on extraction of the aqueous mixture after acidification
with 2 m HCl. Heating of this mixture at 135 °C at 0.8 mBar for
30 min gave the product 4c,d as a 1 : 1 mixture of diastereomers,
in a combined yield of 82%. Acidic deprotection (TFA–
CH2Cl2) of the tert-butyl ester function of 4c,d and then
oxidation (RuO2, NaIO4, MeCN, CCl4, H2O) afforded the acid
5 [as a mixture of diastereomers at C(4)] which was partially
purified using base wash and then treated with MeOH–H2SO4
(catalytic) giving the diesters 6a and 6b each in 33% yield (from
4c,d), whose relative stereochemistry was determined by NOE
experiments (Fig. 1). An alternative route to 6a,b, which
involved treatment of 3a with 2 m NaOH–EtOH at 50 °C for 5
h to give concomitant ethyl ester hydrolysis, decarboxylation
and tert-butyl ester hydrolysis, was limited by incomplete and
variable hydrolysis of the ester functions, leading to impure
7a,b.

The benzyl derivative 3e was also amenable to similar
manipulation. Thus, hemiaminal ether cleavage of each of the
benzyl diastereomers of 3e (TFA in CH2Cl2) afforded the
products 4f,g. Hydrolysis (NaOH–EtOH) of 4f gave 4h in 99%
crude yield, which after heating to effect decarboxylation, and
then tert-butyl ester removal, oxidation (RuO2, NaIO4, MeCN,
CCl4, H2O) and esterification (CH2N2) provided the separable
diastereomeric benzyl derivatives 6c,d in a ratio of 1 : 4.4 and
38% overall yield. An alternative path, involving hydrolysis of
4g, followed by direct tert-butyl ester removal, oxidation, and
esterification using the above conditions gave a 1 : 1 mixture of
products 6e,f, indicating that the initial hydrolyis was in-
complete.

Pyrrolidinones which were unfunctionalised at C(4) were
also available by this route. Thus, direct decarboxylation of the
starting lactam 2, by treatment with ethanolic NaOH followed
by thermolysis and deprotection with TFA, afforded 4i in 33%
yield, a compound which has been previously reported in the
literature.25 Conversion to lactam 6h was achieved by tert-butyl
ester removal, oxidation as before and esterification (CH2N2) in
53% yield over the three steps.

Noteworthy was variation of the C(2)–H/C(3)–H vicinal
proton coupling constants for each of the substituted pyroglu-

tamates 6 (Table 2); molecular modelling studies of each of
these compounds27 indicated that the dihedral angle of the
energy minimised structures also varied with the nature of the
C(4) substituent, particularly for the more sterically congested
C(4)–aryl series of compounds 6a,b. Thus, it would appear that
analogues of well-defined glutamate conformers could be
available by variation in the C(4) substituent of compounds of
type 6.

This route represents a novel and simple, but potentially
generalisable, approach to highly functionalised pyrrolidinones,
and is complementary to existing literature protocols. It in
particular provides access to novel pyroglutamate analogues of
the kainoid group of amino acids possessing substituents with
p-electron density at C(4). 

We thank the EPSRC and GlaxoWellcome for funding of a
studentship to J. D., and we gratefully acknowledge the use of
the EPSRC Chemical Database Service at Daresbury28 and the
EPSRC National Mass Spectrometric Service Centre at Swan-
sea. 
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Fig. 1 NOE enhancements for 6a and 6b

Table 2 Proton–proton C(2)–H/C(3)–H coupling constant data and
corresponding dihedral angles

J/Hza

Dihedral
Compound angle (°)b

6h 5.5 (5.5) 117
6a 6.5 (6.5) 121
6b 8.0 (8.0) 153
6c 2.5 (2.5) 125
6d 6.0 (6.5) 118

a In CDCl3 (in C6D6). b Ref. 27.
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Highly efficient and regioselective cyclization catalyzed by titanium silicate-1

Asim Bhaumik† and Takashi Tatsumi

Engineering Research Institute, The University of Tokyo, Yayoi, Tokyo 113, Japan

Highly regioselective cyclization of 3,4, 4,5 and 5,6 unsatu-
rated alcohols to tetrahydrofuranols and tetrahydropyranols
is reported using the TS-1–H2O2 system for the first time.

Since the discovery of the titanium silicate molecular sieve,
TS-1,1 and its use in liquid phase heterogeneous oxidation
catalysis2 in the presence of dilute hydrogen peroxide, it has
been the subject of tremendous research activity to establish its
applicability to various organic transformations.3–7

Substituted tetrahydrofuran and tetrahydropyran rings are
common in many natural products, and thus play an important
role as building blocks for the synthesis of various biologically
active organic target molecules.8 Hence, new methods for the
synthesis of these oxacyclic compounds have long been sought.
A strategy involving electrophilic activation of the double
bond9,10 in pent-4-en-1-ol or hex-5-en-1-ol followed by intra-
molecular nucleophilic attack of the oxygen atom of the
hydroxy group offers a convenient route for the stereoselective
synthesis of these compounds. Ring closure of substituted pent-
4-en-1-yloxy and hex-5-en-1-yloxy radicals11,12 is also of
notable synthetic utility. Here, we report a highly efficient
regioselective cyclization of such olefinic alcohols over TS-1,
under mild reaction conditions using dilute hydrogen peroxide
as oxidant. A similar oxidative cyclization (bifunctional
behavior, epoxidation followed by acid catalyzed cyclization)
was observed in the oxidation of linalool13 over Al-Ti-Beta and
Al-Ti-MCM-41, where the acidity at the Al sites was responsi-
ble for the cyclization. 

TS-1 used in the present study was synthesized by the
standard literature procedure1 and thoroughly characterized via
X-ray diffraction and FT-IR and UV-VIS spectroscopy. The
liquid phase reaction was carried out in a two-necked glass
reactor fitted with a water condenser under an N2 atmosphere at
the required temperature (298 and 333 K) with vigorous stirring.
In a typical reaction the following constituents were employed:
substrate (0.02 mol), aq. H2O2 (0.02 mol, 30 wt%), catalyst
(TS-1, Si/Ti = 27, 20 wt% with respect to the substrate),
acetone (10 g), butan-2-ol or H2O (in a three phase system). At
various reaction times products were analyzed via capillary gas
chromatography (Shimatzu 14 A, OV-1 and Chiraldex G-TA
with Flame Ionization Detector). Products were identified via
GC retention times and GC–MS using authentic reference
samples. When authentic samples were unavailable identifica-
tion was performed via 1H NMR spectroscopy. 

Cyclization of the simplest molecule in this series, but-3-en-
1-ol, occurs at room temperature using the TS-1–H2O2 system.
In butan-2-ol the reaction rate is slow and it takes 18 h to reach
a yield of 82%, 3-hydroxytetrahydrofuran 1 being the sole
product (Scheme 1). However, in the presence of water as the
dispersion medium (solid catalyst, aq. H2O2 and organic
substrate initially forms three distinct phases) reaction proceeds
at a faster rate (93.6% conversion after 6 h). Selectivity towards
1 decreases to 75.5%. In this case oxirane ring opening via
attack of external H2O molecules from the medium competes
with intramolecular cyclization, leading to dihydroxylation
(butane-1,2,4-triol, selectivity 24.5%). Interestingly, increasing
the reaction temperature to 333 K in the latter case decreases the
yield of 1 to 2.5% with selective dihydroxylation.14 Unlike the
benzenesulfenyl chloride system,10 the cyclization of but-3-en-

1-ol is relatively efficient in the present TS-1–H2O2 system.
Another important aspect of the TS-1 catalyzed cyclization is
that, unlike the radical addition reaction, the products are
hydroxy-substituted oxacyclic compounds. 

The tetrahydrofuran derivative 2-methyl-4-hydroxytetra-
hydrofuran 2 (trans : cis ratio 70 : 30) was formed from (±)-pent-
4-en-2-ol in acetone (80% yield at room temperature after 18 h).
In water at room temperature, the selectivity for 2 drops to 70%,
with a trans : cis ratio of 67 : 33 after 12 h. At higher temperature
in a water dispersion medium the dihydroxylation product
predominates in a manner similar to that for but-3-en-1-ol.
Interestingly, here also the intermediate epoxide is highly
reactive and undergoes very rapid oxirane ring opening via
either intramolecular cyclization or hydrolysis. However, using
butan-2-ol as solvent 2 forms as the sole product in 84% yield
(trans : cis ratio 72 : 28). The high trans selectivity among the
diastereomers of 2 may be due to the higher stability of the
transition state at the active site.

The cyclization of pent-4-en-1-ol occurred regioselectively
to the 5-exo product tetrahydrofuran-2-methanol 3. Attack of
the hydroxy nucleophile definitely does not take place at the
other carbon atom of the intermediate oxirane ring. Irrespective
of the reaction medium (butan-2-ol, acetone or water), 3 was
exclusively obtained in 98–99% yield. This is interesting, since
2,4,6,6-tetrabromocyclohexa-2,4-dienone-induced9 cyclization
leads to a mixture of tetrahydopyran to tetrahydrofuran in the
ratio 3 : 1. In water at high temperature (333 K) no dihydroxyl-
ation product is formed. Although theoretical calculations on
the transition state energies for the pent-4-en-1-yloxyl radical11

indicates that the 5-exo product is strongly favored, and in the
TS-1–H2O2 system oxidation is believed to occur via titanium
hydroperoxo species 415 (Scheme 2) and is thus essentially ionic
in nature. Restricted geometry inside the TS-1 channel (MFI
topology with intersecting 10-membered rings of 5.3 3 5.6 and
5.1 3 5.5 Å pore diameters and 0.10 cm3 g21 internal void
volume helps in bending the chain) might play a crucial role in
the regioselectivity of the cyclization. The decreasing trend for
the ratio of tetrahydropyran to tetrahydrofuran from mesopor-
ous MCM-41 to large pore Beta13 followed by exclusive
formation of tetrahydrofuran rings over medium pore TS-1
supports the above proposition. 

Scheme 1
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One might suggest that the 5-exo product formation from 3
could be accounted for by the acidic nature of TS-1; if the
reaction follows an SN1 pathway, the hydroxy group would
attack preferentially at the more substituted carbon atom due to
the higher stability of the corresponding carbocation. On the
contrary, alkyl group substitution at C5 does not cause any
change in the regioselectivity of cyclization as observed for cis-
hex-4-en-1-ol 5 (Scheme 2). Between the two possibilities for
the ring-opening of the intermediate oxirane 6, the 5-exo
product, 1-(tetrahydro-2-furyl)ethanol 7, forms exclusively in
92% yield in acetone at 333 K. The 6-endo product, 2-methyl-
3-hydroxytetrahydropyran 8, is not formed. The titanium
hydroperoxo species 4 protonates the oxirane 6 and thus
activates13 it for the nucleophilic attack of the hydroxy groups
at C1. 

For the cyclization of hex-5-en-1-ol, where two products are
possible, tetrahydropyran-2-methanol 9 only is formed in 90%
yield in acetone at 333 K (Scheme 3). Interestingly, no
intermediate epoxide was detected while studying the kinetics
of various constituents of the reaction mixture by GC, indicating
that TS-1 catalyzed the present cyclization process at a very fast
rate and that ring closure takes place inside the cages of the
zeolite immediately after the epoxidation. 

In conclusion, we can say that, in the presence of aq. H2O2,
TS-1 generates titanium hydroperoxo species 4, which not only
efficiently epoxidizes the double bond of the olefinic alcohols,
but catalyzes epoxy ring-opening via intramolecular attack of
the hydroxy nucleophile leading to oxacyclic ring formation.
This reaction not only has enormous potential for the re-
gioselective synthesis of substituted tetrahydrofuran and tetra-
hydropyran derivatives, but also opens up a new area involving
the use of titanium silicates in cyclization reactions.
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Hydrogen bonding and cooperativity effects on the assembly of carbohydrates

Manuela López de la Paz, Jesús Jiménez-Barbero and Cristina Vicent*†

Departamento de Quı́mica Orgánica Biológica, Institut de Quı́mica Orgánica, CSIC, Juan de la Cierva 3, E-28006 Madrid, Spain

The effect of intramolecular hydrogen bonds on the coopera-
tive assembly of carbohydrate derivatives has been eval-
uated; the 1,3-diaxial OH···OH intramolecular hydrogen
bond is at the origin of the dimerization of diol 1; and one
intermolecular OH···OH bond accounts for 2.5 kcal mol21 in
CDCl3 and 3 kcal mol21 in CDCl3–CCl4.

Hydrophobic interactions, hydrogen bonding and cation bind-
ing are at the origin of the recognition processes in which
carbohydrates are involved. The study of carbohydrate
OH···OH hydrogen bond energetics is of fundamental interest
for understanding these recognition processes.

One particular characteristic of hydrogen bonding is cooper-
ativity, considered as the enhancement of the first hydrogen
bond (HB) between a donor and an acceptor when a second HB
is formed between one of these two species and a third partner.1
A quantitative treatment of HB cooperativity was described
initially by Huyskens.2 Theoretical3 and experimental4 methods
have also allowed the quantification of this effect. Evidence of
intramolecular s-cooperativity in carbohydrates has arisen from
neutron diffraction data of crystalline structures of mono- and
di-saccharides.5 In solution, intramolecular cooperativity has
been studied by NMR spectroscopy in polar solvents6 and by
FTIR.7 In contrast, evidence of intermolecular cooperativity in
carbohydrates has only come from neutron diffraction data of
carbohydrates8 and protein–carbohydrate complexes.9

This report represents a contribution within a project to
design self-assembled structures based on carbohydrate inter-
molecular OH···OH hydrogen bonds.10 Here we have evaluated
the energetic advantage of establishing cooperative inter-
molecular HBs for assembling simple carbohydrates. In addi-
tion, we have also studied the relative stereochemistry of OH
groups that favour this process.

The possibility of self-assembly of diols of 1,6-anhydro-b-d-
glycopyranosides of different relative configuration and posi-
tion with respect to the anomeric centre [2,4 (a,a) cis-diol 1, 3,4
(a,e) cis-diol 4, 2,3 (e,a) cis-diol 5 and 3,4 (e,e) trans-diol 6] has
been explored.‡ The only diol that showed significant aggrega-
tion behaviour in CHCl3 was the glucose 1,3-diaxial diol 1.

A detailed study of the intramolecular HB network for the
monomer of 1 was carried out in dilute CDCl3 solution by 1H
NMR spectroscopy. Additionally, the axial monoalcohols,

1,6-anhydro-b-d-glycopyranosides 2a and 3a, were used as
models to study the influence of a second hydroxy group with a
1,3-diaxial orientation, as present in diol 1, on intermolecular
cooperativity.

Monoalcohols 2a and 3a in CDCl3 at low concentration show
high 3JCH,OH values (9 Hz), consistent with a fixed conforma-
tion of the CHOH angle (larger than 150°), which can be
attributed to an hydrogen bonded OH.6c For the 1,3-diaxial diol
1, the OH(2) resonance follows the same trend [as expected for
hydrogen bonding to OH(4) or O(5)] but, in contrast, the OH(4)
resonance now has a medium size 3JCH,OH value, indicating that
it is not hydrogen bonded. Neither of the OH(2) or OH(4)
resonances achieve exchange decoupling at any accessible
concentration, a characteristic feature of fixed OHs.6c

Partial deuteration of 1 in CDCl3 at low concentration shows
that the OH(2) resonance has a negative isotopic effect
(20.0165 ppm), consistent with OH(2) being a donor.6b

Therefore, these results show that both monoalcohols 2a and 3a
have their hydroxy groups intramolecularly fixed by a HB to
O(5). In contrast, for 1 the 1,3-diaxial orientation of both
hydroxy groups favour OH(2) to be hydrogen bonded, as a
donor, to OH(4). These HBs must affect the self-assembly
characteristics of the different compounds.

The characterization of the aggregates in solution was
performed using different methods. 1H NMR dilution experi-
ments in CDCl3 at 299 K of 1–6 allowed us to calculate the
stability constants of the dimerization process.§ Neither of the
monoalcohols 2a or 3a dimerize.¶ In contrast, diol 1 [2,4(a,a)]
presents a dimerization constant of 70 m21 at 299 K
(DG° = 22.5 ± 0.1 kcal mol21).

Vapour pressure osmometry measurements (VPO)11 in
CHCl3 suggested that, for a concentration range between
0.05–0.01 m, the monoalcohols 2a and 3a are monomers. On the
other hand, 1 presents a molecular weight which corresponds to
1.6 times that of the monomer. This value is in agreement with
the percentage of dimer which is present in solution according
to the NMR-derived stability constant (80%).

Chemical shifts, 3J values and temperature coefficients also
indicate that the assembly is mediated by OH···OH hydrogen
bonds. Table 1 shows that the coefficients of OH(2) for 2a and
OH(4) for 3a are not concentration dependent, in contrast with
the observations made for 1.12 The 3JCH,OH values of 1–3 at high
concentration indicate their involvement in HBs, with the
exception of OH(4) of 1 which shows a J value of 5.4 Hz at all
concentrations. The NH of 1 does not show any concentration
dependence for the NMR parameters. This experimental
evidence is consistent with the amide not being involved in the
self-association process.∑

The clear difference in the solution self-assembly behaviour
of 1 with respect to monoalcohols 2a and 3a indicates that the
addition of the extra OH in a pyranoid ring having a 1,3-syn
diaxial orientation accounts for an extra stabilization of the
dimer of 2.5 kcal mol21 in CDCl3 compared to the monoalco-
hols. As a test for a non-intramolecular hydrogen bonded OH,
ethanol under the same conditions measured for 1–6 did not
show any measurable dimerization constant.

Thermodynamic parameters for the dimerization of 1 in
CDCl3–CCl4 (1–1.3) were obtained from a Van’t Hoff plot
(from 296–318 K). Values of DH° = 26.5 kcal mol21 and DS°
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= +11.8 kcal mol21 K21 were estimated. The stability constant
of the dimer at 299 K was 150 m21 (DG° = 23.0 ± 0.1 kcal
mol21). Ethanol under the same conditions showed a dimeriza-
tion constant of 0.1 m21.

To quantify the effect of cooperativity on the dimerization
process, it is important to know the structure of the dimer. In
principle, the structure of the dimer present in solution could be
of two types: an open dimer with one cooperative inter-
molecular HB stabilizing the dimer [Fig. 1(a)], and a closed
dimer with two intermolecular HBs established in a cyclic and
cooperative way [Fig. 1(b)]. The implication of O(5) in the
network cannot be excluded.

NOESY experiments of a concentrated solution of 1 (0.1 m)
were performed in order to obtain structural information about
the dimer. Since two free OH groups are present in the
molecule, regular experiments as well as MINSY-type spectra13

were recorded in order to exclude chemical exchange-mediated
cross peaks. Thus, besides the regular NOESY spectrum,
additional experiments saturating OH(2) and OH(4) hydroxy
groups were recorded. The obtained results unambiguously
indicate the presence of intermolecular NOEs. In particular,
H(1)/H(6exo), H(1)/H(6endo), H(1)/H(5), H(2)/H(4),
H(5)/H(2) and H(1)/H(4) cross-peaks were detected. These
NOEs are not seen when the experiments are carried out at low
concentration and are only compatible with the existence of an
open dimer structure. This open structure is also supported by
the measured 3JCH,OH values. MM2* calculations** of this
structure show that it is stable and account for the observed
NOEs. This structure shows that the carbonyl group cannot be
hydrogen bonded to any donor moiety.

Thus, a single cooperative intermolecular OH···OH bond
accounts for 2.5 kcal mol21 in CDCl3 and 3 kcal mol21 in
CDCl3–CCl4.

The difference in the self-assembly behaviour of 1 with
respect to diols 4, 5 and 6 has to be related to the difference in
strength and directionality of the intramolecular HBs.7c,14

We are now extending this study to diols involving other
positions in the pyranoid ring in order to evaluate the energetic
advantage of intermolecular HB cooperativity.
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Table 1 1H NMR chemical shifts coupling constants and temperature coefficients of OH resonances of 1, 2a and 3a at two different concentrations

Concentration/ OH(2) DdOH(2)/DTb OH(4) DdOH(1)/DT
b

Compound mm d (ppm) 3Ja/Hz (ppm K21) d (ppm) 3Ja/Hz (ppm K21)

1 110 4.00 9.0 21.0 3 1022 4.68 5.4 21.6 3 1022

0.05 2.82 10.2 22.3 3 1023 2.73 5.4 24.0 3 1023

2a 110 2.21 8.4 25.5 3 1023 — — —
0.05 1.95 8.7 22.2 3 1023 — — —

3a 110 — — — 2.534 8.7 25.2 3 1023

0.05 — — — 2.304 9.3 22.4 3 1023

a Data at 298 K. b Measured between 297 and 313 K.

Fig. 1 Schematic representation of two possible dimeric structures for 1: (a)
open dimer and (b) closed dimer
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Anion coordination by aminoglycosides: structural and charge effects

Tsuyoshi Ohyama, Dongqing Wang and James A. Cowan*†

Evans Laboratory of Chemistry, The Ohio State University, 100 West 18th Avenue, Columbus, Ohio 43210, USA 

Aminoglycosides provide new approaches to the recognition
and specific binding of anionic species, and show promise for
development as anion sensors in biological and separation
science.

Aminoglycoside antibiotics constitute a large family of mole-
cules that find extensive clinical use in the treatment of gram-
negative infections.1 Recent reports have also demonstrated
specific and high affinity (mm) binding of aminoglycosides to
RNA structural motifs.2–6 Aminoglycoside complexes of metal
ions have previously been reported,7–10 however, the large
positive charge density of the drug in neutral solution suggested
to us that such molecules might prove to be efficient anion
complexing agents. This work contrasts with earlier studies of
anion binding that have focused on polyamine macrocycles
including hexaaza ligands and porphyrin derivatives,11–14

Novel advances in this chemistry should afford significant
opportunities for the development of anion sensors,15–17 and in
separation science.18–20 Here, we communicate our initial
findings on the coordination chemistry of neomycin B 1 with a
variety of negatively charged species. Binding thermodynamics
have been evaluated by isothermal titration calorimetry (Fig. 1),
and structural insight obtained by 1H, 13C, 15N and 31P NMR
spectroscopy.‡ These studies complement recent work on
ferrocenyl receptors of anions.16 In contrast to the classic inner-
sphere coordination chemistry of metal ions, anion binding
more typically involves outer-sphere binding of multi-atomic
species; although outer-sphere interactions of cationic com-
plexes are also well established in biological chemistry.21–24

Neomycin B, 1, possesses six ionizable amino functional
groups, with pKas > 6.5, and it was expected that such a highly
charged molecule might complex anionic species with moderate
to high affinity. Fig. 1 establishes this fact with Ka varying from
332 dm3 mol21 for CrO4

22 to 1.3 3 105 dm3 mol21 for

Fe(CN)6
42. The coordination chemistry of neomycin B has

been explored with two classes of anionic species, differing in
their distribution of charge density and described as spherical
[Fe(CN)6

32, Fe(CN)6
42, Cr(C2O4)3

32, CrO4
22], where the

charge is confined in a spherical array, and linear [AMPH2,
ADPH22, ATPH32, and adenosine tetraphosphate (Atetra-
PH42)], where the charge is spread along a chain of atoms.
Distinct thermodynamic data (Fig. 1) were obtained for the
spherical and linear charged species. Also the binding affinity is
found to increase with increasing charge on both the aminogly-
coside and bound anion, although different factors control the
experimental Kas for each class of anion. The linear adenosine
phosphate series demonstrates an approximately constant

binding enthalpy [DH ca. 26.6 kcal mol21 (1 cal = 4.184 J),
Fig. 1], with the charge dependence of the binding affinity
arising through variation of the entropy term, presumably as a
result of more extensive disruption of the solvation state for the
longer phosphate chain. In contrast, the spherical charged
species show a marked variation for both the entropy and
enthalpy terms; although for both spherical and linear charged
species the magnitude of the DH term demonstrates that binding
is enthalpically controlled. This contrasts with binding to oligo-
or poly-nucleotides where ligand binding is typically entrop-
ically driven.

Our attention was drawn to the mode of binding of the anions
to the aminoglycosides. None of the anion–aminoglycoside
complexes demonstrate the direct inner-sphere binding mode
typical of classical metal ion coordination to a basic ligand.
Rather, outer-sphere binding must be mediated either through
hydrogen bonding and/or electrostatic interactions. The sim-
ilarity in binding affinity for ATPH32, Fe(CN)6

32 and
Cr(C2O4)3

32, and their very different hydrogen-bond accepting
abilities (decreasing across the series), suggest the dominance
of electrostatic attraction in defining Ka. Further support for this
conclusion came from the salt dependence of Ka. In the Debye
concentration range, the linear dependence of ln Ka with
[NaCl]1/2, where NaCl is the background electrolyte, is
consistent with outer-sphere complex formation and long-range
electrostatic interactions.25 Plots of ln Ka vs. [NaCl]1/2 for
Fe(CN)6

42, ATPH32 and CrO4
22 binding to neomycin B were

fitted to the equation, ln Ka = ln {(4pNLa3)/3000} + b 2
ab{(2Z2e2)/(ee0kT)}1/2[NaCl]1/2, where symbols are defined in
ref. 25. In each case linearity was maintained in the Debye
range, and gradients of 25.7, 211.9 and 29.4, were obtained,
respectively.

Structural aspects of anion binding to neomycin B have been
evaluated by heteronuclear 1D and 2D NMR methods.

Fig. 1 Variation of thermodynamic binding parameters with the total charge
of the anionic species (n). ADPH22, ATPH32, AtetraPH42 (circles);
Fe(CN)6

32/42 (squares); CrO4
22, Cr(C2O4)3

32 (triangles), where open and
closed symbols refer to ln K and DH data, respectively. Data were collected
on a Microcal OMEGA isothermal titration calorimeter at pH 5.5 in 10 mm
sodium acetate. No evidence for irreversible or covalent interactions was
noted with these complexation reactions. Errors are within the radius of the
symbols.
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Assignments for 1H, 13C and 15N resonances of neomycin have
been previously reported.26,27 Neither 1H, 13C, nor 15N
resonances or crosspeaks in 1D or 2D NMR experiments,
respectively, demonstrated a significant change after binding of
any of the anionic species to neomycin B, and so complex
formation does not involve significant structural perturbation of
the sugar rings. Fast exchange is indicated by the occurrence of
only sharp exchange-averaged resonances for bound and free
forms. 31P NMR spectra of ADPH22, ATPH32 and AtetraPH42

show significant changes in the shift value of only the terminal
phosphate upon binding to neomycin B. Also double protona-
tion of the terminal phosphate at ATP at reduced pH ( = 5)
resulted in loss of binding, even though the overall charges of
ADPH22 and ATPH2

22 are identical. These results support an
end-on binding mode rather than a parallel mode (below). Such
a hypothesis is also consistent with the approximately constant
DH for binding of the adenosine phosphates (Fig. 1) to
neomycin B, since only the terminal phosphate serves as an
hydrogen-bond acceptor.

In conclusion, aminoglycosides have been shown to bind a
variety of negatively charged species with moderate to high
affinities, and structural differentiation of charge arrays (spher-
ical and linear) has been demonstrated. The critical need for
such molecules as biological sensors10,17 and in separation
science,18–20 will fuel further efforts in our laboratory.
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Highly dissymmetric chelate coordination of
3,4,7,8-tetramethyl-1,10-phenanthroline to CuI(SR)

Andreas F. Stange, Torsten Sixt and Wolfgang Kaim*

Institut für Anorganische Chemie, Universität Stuttgart, Pfaffenwaldring 55, D-70550 Stuttgart, Germany 

Not only AuI and HgII species but also CuI(SR) fragments
can bind in a highly dissymmetrical fashion to symmetrical
diimine chelate ligands; the 2 + 1 coordination arrangement
observed for the metal in two complexes (tmphen)Cu(SR)
(tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline) is
characterised by obtuse angles a[N(1)–Cu–S] > 159° and by
two very different distances Cu–N(1) and Cu–N(2).

The copper(i) state is characterised by the lack of a clear
preference for specific coordination numbers (CN) or coordi-
nation geometries, the most common arrangements being close
to tetrahedral (CN 4) or trigonal planar (CN 3).1,2 Higher and
lower coordination numbers, in particular CN 2, have also been
documented.2

In probing copper–thiolate–N-chelate ligand chemistry to
mimic the CuA dinuclear electron transfer center of enzymes3

we reacted the a-diimine ligand 3,4,7,8-tetramethyl-1,10-phe-
nanthroline (tmphen)4 with electrolytically5 obtained 2,4,6-tri-
methyl- and 2,6-diphenyl-thiophenolatocopper(i), Cu(SMes)
and Cu(SDpp). The result† was not a di- or tetra-nuclear
arrangement3c,d but mononuclear copper(i) complexes which
could be crystallised for structural characterisation (Figs. 1 and
2).‡

Copper(i) does not normally display the same strong
preference for a coordination number of two with linear
coordination geometry as do gold(i) or mercury(ii) centres, yet
the list in Table 1 illustrates that the complexes
(tmphen)Cu(SR) exhibit unusually distorted geometries as
evident from very obtuse angles a and large differences
between the distances Cu–N(1) and Cu–N(2), despite the formal
equivalence of both nitrogen donor sites and the symmetry of
the aryl groups, R (Table 1).

Gold(i) or mercury(ii) centres which strongly prefer the linear
geometry can be forced to accept a third donor atom via chelate
coordination. Structurally characterised examples related to the
neutral species (tmphen)Cu(SR) include the ionic systems

[(bpy)Au(PPh3)]PF6
6a and [(bpy)HgMe]NO3 (Table 1; bpy =

2,2A-bipyridine).6b Ligands, especially thiolates, with steric bulk
may cause a similar distortion from the trigonal geometry of d10

metal centres as has been realized in the T-shaped (Et2O)Z-
nII(SC6H2But

3-2,4,6)2
7b and, in attenuated form, with the

compound (phen)Cu[SSi(OBut)3] (phen = 1,10-phenanthroli-
ne).7b

Table 1 Geometrical parameters for complexes with 2 + 1 coordination arrangement

Complex a/° b/° g/° M–N(1)/Å M–N(2)/Å Ref.

(tmphen)Cu(SDpp) 164.4 115.7 79.9 1.972 2.172 This work
(tmphen)Cu(SMes) 159.1 120.5 80.4 1.976 2.158 This work
(phen)Cu[SSi(OBut)3] 144.6 133.5 80.9 2.031 2.108 7(b)
[(bpy)Au(PPh3)]+ 157.4 130.4 71.4 2.166 2.406 6(a)
[(bpy)HgMe]+ 164.0 126.0 69.4 2.236 2.421 6(b)
(Et2O)Zn(SC6H2But

3)2 159.6a — — — — 7(a)

a Angle S(1)–Zn–S(2).

Fig. 1 Molecular structure of the metal complex in (tmphen)Cu(S-
Mes)·0.5C3H6O with atom numbering. Selected bond lengths (Å) and
angles (°): Cu–N(1) 1.976(2), Cu–N(2) 2.159(2), Cu–S 2.1470(8), S–C(1)
1.787(3); N(1)–Cu–N(2) 80.4(1), N(1)–Cu–S 159.13(8), S–Cu–N(2)
120.48(7), C(1)–S–Cu 98.7(1). Cu lies in the S–N(1)–N(2) plane; torsional
angles (°): N(1)–Cu–S–C(1) 2166.96(2), N(2)–Cu–S–C(1) 13.1(1).

Fig. 2 Molecular structure of (tmphen)Cu(SDpp) with atom numbering.
Selected bond lengths (Å) and angles (°): Cu–N(1) 1.972(4), Cu–N(2)
2.172(4), Cu–S 2.1687(14), S–C(1) 1.775(5), C(21)–C(22) 1.388(7);
N(1)–Cu–N(2) 79.9(2), N(1)–Cu–S 164.37(12), S–Cu–N(2) 115.68(12),
C(1)–S–Cu 97.8(2). Cu lies 0.026(2) Å over the S–N(1)–N(2) plane;
torsional angles (°): N(1)–Cu–S–C(1) 2136.1(5), N(2)–Cu–S–C(1)
50.2(2).
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The unsymmetrical coordination of the chelate ligand to the
CuI center as observed in the solid state is probably responsible
for the selective broadening in the 1H NMR spectrum of
(tmphen)Cu(SDpp) (Fig. 3).

These observations suggest a low but non-negligible barrier
for the ‘movement’ of Cu between two equivalent energy
minimum sites, separated by ca. 0.28 Å. No intermolecular
interactions were recognised in the crystal structures which can
be made responsible for this unusual copper(i)–thiolate3c,d,8

coordination arrangement. To rationalise the observed dis-
symmetry we thus invoke the strong s and p donor effect of
thiolate groups SR and the donor substitution of the a-diimine
tmphen.4 There appears to be no need then for full coordination
of a third donor atom to the electron-rich copper(i) centres,
leaving the inevitably close second nitrogen atom N(2) of the
chelate ligand as a lesser coordinated donor centre to result in
the observed coordination number 2 + 1.

Notes and References

* E-mail: kaim@iac.uni-stuttgart.de
† Synthesis: Arylcopper(i) precursors were obtained by electrolysing5

solutions of the thiophenols9,10 in acetonitrile–2 mmol dm23 NBu4ClO4 in
a cell containing a copper anode.

(2,4,6-Trimethylthiophenolato)(3,4,7,8-tetramethyl-1,10-phenanthrol-
ine)copper(i) was prepared by adding 250 mg (1.18 mmol) of the
thiolatocopper precursor to a suspension of 278 mg (1.18 mmol) tmphen in
20 ml toluene. After reflux for 2.5 h the clear brownish solution was filtered
hot, cooling produced 352 mg (62%) of (tmphen)Cu(SMes)·C7H8. Single
crystals suitable for X-ray diffraction were obtained from acetone as
(tmphen)Cu(SMes)·0.5C3H6O (correct C, H, N elemental analysis). 1H
NMR (CD2Cl2, 300 K): d 2.16 (s, 6 H, Mes-4-CH3), 2.41 (s, 24 H, tmphen-
3,8-CH3 and Mes-2,5-CH3), 2.65 (s, 6 H, tmphen-4,7-CH3), 6.66 (s, 4 H,
Mes-3,5-H), 8.03 (s, 4 H, tmphen-5,6-H), 8.34 (s, 4 H, tmphen-2,9-H).

(2,6-Diphenylthiophenolato)(3,4,7,8-tetramethyl-1,10-phenanthrol-
ine)copper(i) was prepared by adding 120 mg (0.37 mmol) of the
thiolatocopper precursor to a solution of 87 mg (0.37 mmol) tmphen in 25

ml toluene. After reflux for 1 h the clear brownish solution was filtered hot,
and careful cooling produced 50 mg (24%) of the compound, partially as
single crystals suitable for X-ray diffraction. Correct elemental analysis (C,
H, N). 1H NMR (CD2Cl2, 300 K): d 2.45 (s, 6 H, 3,8-CH3), 2.70 (s, 6 H,
4,7-CH3), 6.79 (t, J 7.4 Hz, 2 H, aryl-H), 6.96–7.05 (m, 5 H, aryl-H),
7.35–7.50 (m, 6 H, aryl-H), 8.11 (s, 2 H, 5,6-H), 8.40 (br s, 2 H, 2,9-H).
Selective broadening of the resonances was observed upon cooling to 198
K (Fig. 3).
‡ Crystallography: (tmphen)Cu(SMes)·0.5C3H6O: C25H27CuN2S-
·0.5C3H6O, M = 480.16, crystal size 0.4 3 0.4 3 0.4 mm, monoclinic,
space group P21/n (no. 14), a = 8.1319(7), b = 14.8164(12), c =
19.6605(12) Å, b = 98.388(8)°, U = 2343.5(3) Å3, Dc = 1.351 g cm23,
m(Mo-Ka) = 1.039 mm21, F(000) = 994, Wyckoff scans, 6561 measured
reflections, 6156 independent reflections, 5830 reflections used for
refinement, Lorentz polarisation, R = 0.0501 for 4244 reflections with I >
2s(I); 183 K, Siemens P4 diffractometer with graphite monochromator and
Mo-Ka radiation (l = 0.710 73 Å). The structure was solved by direct
methods (Siemens SHELXTL-PC) and refined (SHELXL-93) by full-
matrix least squares on F2 (362 parameters). One half equivalent of a
solvent molecule had to be included. Hydrogen atoms were introduced at
calculated positions and refined freely; (tmphen)Cu(SDpp): C34H29CuN2S,
M = 561.19, crystal dimensions 0.4 3 0.4 3 0.3 mm, monoclinic, space
group P21/n (no. 14), a = 11.949(2), b = 13.284(2), c = 17.636(2) Å, b =
104.56(1)°, U = 2709.5(6) Å3, Dc = 1.376 g cm23, m(Mo-Ka) = 0.909
mm21, F(000) = 1168, Wyckoff scans, 6188 measured reflections, 5971
independent reflections, 5499 reflections used for refinement, Lorentz
polarisation, R = 0.0687 for 3490 reflections with I > 2s(I); 183 K,
Siemens P4 diffractometer with graphite monochromator and Mo-Ka
radiation (l = 0.710 73 Å). The structure was solved by direct methods
(Siemens SHELXTL-PC) and refined (SHELXL-93) by full-matrix least
squares on F2 (430 parameters). Hydrogen atoms were introduced at
calculated positions and refined freely. CCDC 182/737.
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We demonstrate an amperometric enzyme-linked assay
within an ultra-low volume (600 pl) micromachined device
for the rapid determination of (hypo)xanthine via a catalyt-
ically generated hydrogen peroxide intermediate, thereby
illustrating the potential of this technology in a variety of
bioanalytical measurements involving the oxidases.

Techniques used in planar microfabrication have shown
considerable promise in analytical biotechnology by enabling
miniaturised metallic sensing electrodes to be made routinely,
with precise control over their two-dimensional geometry.1–5

More recently, however, micromachining has provided a
complementary technology (to microfabrication), allowing for a
greater degree of flexibility in structural design, by defining the
geometry of a device in all three dimensions.

In general, the analytical benefits of miniaturisation of such
devices become apparent through the scaling laws (which
dictate that, for example, within a diffusion limited system, as
the dimension of the structure is reduced, so transport of analyte
becomes more efficient, with an improvement in both response
times and signal to noise).5,6 As a consequence, within the last
two years, the potential for performing biological analyses
within micromachined structures has been demonstrated, in-
cluding examples of novel device configurations, capable of
electrophoretic separation of high molecular mass analytes,6
‘on-chip’ PCR7 and electrophoretic manipulations of cells.8

Many of the devices which have been machined have been
generated by the annealing of glasses and/or silicon to form
three-dimensional channels and chambers.6–8 However, there
are still technical problems in introducing functional sensors or
actuators within a micromachined volume. For example,
although Clark et al.,9 have embossed very low volume
polystyrene vials for electrochemical analysis, the electrodes
must be introduced into the device as ‘probes’ from above.
Recently, in order to overcome this problem, we described the
use of a photoactive polyimide (Probimide 7020), which can be
used in combination with two-dimensional (planar) micro-
fabrication procedures to produce low volume (sub-nl) titre
chambers with integrated electrochemical microelectrodes. We
have previously characterised these devices by investigating the
electrochemistry of the inorganic redox mediator, ferrocene
monocarboxylic acid.10

The method by which we fabricated this surface micro-
machined device was adapted from procedures which have
previously been described,10 and involved using photo-
lithography, metal evaporation and lift-off to produce a planar
two-electrode array, consisting of gold micro-ring electrodes,
adhered on a glass slide using a Ti/Pd underlayer (Ti/Pd/Au
10 : 10 : 100 nm). Importantly, in order to prevent subsequent
fouling of the gold electrochemical surface during microcham-
ber processing, the gold was coated with a 10 nm sacrificial
layer of NiCr (60% : 40%, also known as ‘nichrome’). The
volume above the microelectrode (600 pl) was defined by
photopolymerisation of the light sensitive polyimide (l = 436
nm) through an appropriate chrome on quartz mask, followed
by exposure to the OCGTM developer. The diameter of the
chamber was 200 mm, and the depth of the chamber, as defined
by the thickness of the polymer was 20 mm.10

After producing the chamber, residual polyimide was
removed from the electrochemical surface by wet etching the
‘sacrificial’ nichrome in 0.6 m acetic acid and 0.37 m
ammonium cerium(iv) nitrate, followed by ultrasonication
(undercutting the polymer, and thus freeing it from the metal).
Fig. 1(a) shows the electroanalytical device, coated with the
nichrome layer and the contaminating polymer, prior to the wet
etching process. Subsequently, Fig. 1(b) and (c) show the
sequential ‘cleaning’ of the gold by nichrome etching, leaving
the electrochemical surface available for further functionalisa-
tion (see below).

In order to produce a stable electrochemical surface, platinum
was electrodeposited galvanostatically onto both the working
and counter gold electrodes from a solution containing 24 mm
platinum(iv) chloride and 2.1 mm lead acetate, maintaining a
constant current of 1 mA for 1 min.11,12 Bioelectrochemical
measurements were made in a two-electrode configuration, with
an outer (larger) micro-ring (inner diameter 120 mm, width 20
mm) acting as the platinum pseudo-reference counter (+270 mV
vs. Ag/AgCl), and a smaller inner ring electrode (inner diameter
100 mm, width 10 mm) as the (platinum coated) working
electrode, see Fig. 1(a). The ratio of the respective geometric
areas of the counter and the working electrode was > 2 : 1.

(a)

(b) (c)

Fig. 1 A method for producing polyimide free electrodes, within the
m-electrochemical chamber: (a, above) shows the nichrome layer (with
contaminating polymer); (b, below, left) and (c, below, right) show the
sequential etching of the ‘sacrificial’ nichrome to remove the polymer
residue. The opaque polymer surrounding the microelectrode is the
photocured polyimide, which defines the three dimensional structure.

Chem. Commun., 1998 471



0 2 4 6 8 10 12

0

2

4

6

8

10

t / min

C
ur

re
nt

 / 
nA

1 2 3 4 5 6

–4

0

4

8

12

0 1 2 3 4
t / min

C
ur

re
nt

 / 
nA

H2O2 catalase

0 100 200 300 400 500 600
0

50

100

150

200

250

300

350

400

Hypoxanthine concentration / µM

C
ha

rg
e 

tr
an

sf
er

re
d 

/ n
C

Hypoxanthine → Xanthine + H2O2 (1)
XOD, pH 7.4

Xanthine → Uric acid + H2O2 (2)

H2O2 → O2 + 2H+ + 2e–

+420 mV vs. Ag/AgCl
(3)

XOD, pH 7.4

In the first instance, hydrogen peroxide was ultramicro-
pipetted into the m-electroanalytical chamber through a layer of
mineral oil (to prevent solvent evaporation),10 and i–t measure-
ments were made using a BAS CV 37 potentiostat (Bio-
analytical Systems, UK) at a potential equivalent to +420 mV
vs. Ag/AgCl.11,12 Responses to successive additions of hydro-
gen peroxide are shown in Fig. 2, which are very fast, owing to
the short electrode diffusion lengths. Measurements were
integrated, as the total oxidation charge for hydrogen peroxide,
giving a linear calibration curve over a range of analyte
concentrations between 8.3 mm (5 fmol) and 1.83 mm (1.10
pmol), i.e. y = 0.1 x + 6.1 nC (r = 0.99, n = 3). That the
observed signals were generated by the electro-oxidation of
hydrogen peroxide was corroborated by the addition of catalase

during one such experiment (Fig. 3), which scavenged the
analyte efficiently, as expected.

In order to further demonstrate the potential application of
this device to bioanalytical measurements, a series of experi-
ments involving the measurement of hypoxanthine were
performed, using the oxidase enzyme, xanthine oxidase (XOD).
The quantification of hypoxanthine is of interest in biomedi-
cine, not least as it is produced during purine catabolism, and
therefore has relevance in assessing the nucleotide pool in
tissue. In the XOD catalysed reaction, under study here, two
hydrogen peroxide equivalents are generated as a consequence
of the oxidation of hypoxanthine, Eqn. (1) and (2), and these are
subsequently measured through their electrochemical oxidation
at the working electrode, according to Eqn. (3).

The calibration curve for the electrochemical measurement of
hypoxanthine is shown in Fig. 4. Measurements are the integral
of the total (i–t) response, as before, after the addition of
substrate within the range 10 mm (60 fmol) to 500 mm (3 pmol),
y = 0.79 x 2 5.04 nC (n = 1, r = 0.99).

Although in both cases (for the generalised measurement of
H2O2 and for the specific measurement of hypoxanthine) the
responses do not correspond exactly to theoretical values,
calculated on the assumption that all analyte is consumed, the
results do demonstrate the general principle of bio-electro-
chemical detection within a confined ultra-low volume.

At present, routine in situ single cell measurements are
limited to determinations of ions and ATP. The technique that
we have developed has potential implications for the rapid, low
volume detection of a wide range of new analytes, e.g. for
determinations from single cells using oxidase enzymes to
catalytically generate an electroactive coproduct, including
glucose (cf. glucose oxidase) or lactate (cf. lactate oxidase).

The authors wish to thank the Wellcome Trust and Glaxo-
Wellcome for their support.
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Fig. 2 i–t responses for successive additions of 8 pl buffer (1) and
subsequently 1 pl (2), 8 pl (3), 30 pl (4), 66 pl (5) and 220 pl (7) of hydrogen
peroxide to 600 pl m-electroanalytical chamber containing a platinised
micro-ring working electrode (geometric area = 3.3 3 103 mm2), poised at
a potential equivalent to +420 mV vs. Ag/AgCl

Fig. 3 Corroborative evidence that the responses in Fig. 2 are due to the
electro-oxidation of hydrogen peroxide, shown by the addition of 2.5 nmol
of catalase (equivalent to 25 units of enzyme), thereby acting as an effective
catalytic scavenger. Responses were measured at a potential equivalent to
+420 mV vs. Ag/AgCl.

Fig. 4 Calibration curve for hypoxanthine in the concentration range
between 10 mm (60 fmol) and 500 mm (3 pmol), (r = 0.99). Substrate
additions were made to stock solutions of Ringers buffer containing 1.75 3
1025 units of XOD in a volume of 600 pl.
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Self-assembling chiral monolayers of helical peptides bound to gold via
side-chain thioethers

Andrew E. Strong and Barry D. Moore*

Department of Pure and Applied Chemistry, University of Strathclyde, Thomas Graham Building, 295 Cathedral Street, Glasgow,
UK G1 1XL 

A helical oligopeptide containing three methionine residues,
positioned so their side-chains align along one side of the
helix, forms self-assembled monolayers on gold as charac-
terised by cyclic voltammetry and reflection–absorption IR
spectroscopy.

Self-assembling monolayers (SAMs) of sulfur-containing mol-
ecules on gold are attractive systems for tailoring surface
properties and the study of interfacial phenomena.1 Our aim is
to develop this technology so that ordered surfaces can be
prepared featuring different functional groups positioned at
relative predetermined positions on the nanometer scale. To this
end we are investigating the formation and structure of self-
assembling monolayers of helical oligopeptides. A few exam-
ples of self-assembled monolayers of peptides have recently
appeared.2,3 In all of these cases the peptides had only one
strong attachment point to the gold surface, either through the
side-chain of an N-terminal Cys residue2 or via a thioalkyl
carboxylic acid coupled to the N-terminal.3 In order to obtain a
defined alignment parallel to the surface we investigated
binding a helical peptide to gold via multiple weaker inter-
actions arising from methionine (Met) thioether side-chains.
Peptides bound in this way provide maximum scope for
organisation of other amino acids at the outer face to produce
functionalised chiral surfaces.

Peptide 1, Fcb-Ala-Aib-Ala-Met-Aib-Ala-Ala-Met-Ala-Aib-
Met-Ala-Ala-NH2, was designed so that in an a-helical
conformation the thioether-containing side-chains of the three
Met residues would align along the same side of the helix, able
to bind to a gold surface. The remaining amino acids used, Ala
and Aib (a-aminoisobutyric acid), are known strong helix
formers in organic solvents4 and have small methyl side-chains
to minimise unfavourable steric interactions with the surface.
The N-terminus was acylated with ferrocene butyric acid (Fcb)
to provide a convenient electrochemical label. Peptide 2, Fcp-
Ala-Aib-Ala-Ala-Leu-Aib-Ala-Ala-Ala-Aib-Leu-Ala-NH2,
available from previous studies provided a convenient, non-
sulfur-containing control of similar length, composition and
secondary structure to 1.

The peptides were prepared by conventional solid-phase
peptide synthesis on a modified Rink-type resin using Fmoc
chemistry and PyBOP® coupling protocols.† N-Acylation with
the ferrocene carboxylic acids was carried out on the resin.
Analysis of the cleaved precipitated products by reversed-phase
HPLC and electrospray mass spectrometry‡ showed that in each
case they were > 90% the desired peptide. Attempts to further
purify peptide 1 invariably led instead to introduction of other
impurities due to autooxidation of the methionine groups and
hence the peptide was used freshly cleaved.

The CD spectra of peptide 1 in methanol and acetonitrile are
shown in Fig. 1. The double minima at 208 and 222 nm are
characteristic of a predominantly a-helical structure.5 Analysis
of the spectra6 indicated that 1 was > 65% a-helical in methanol
and 50% a-helical in acetonitrile. Other contributions can be
assigned to 310-helix or random coil caused by fraying of the
helix ends. Formation of the observed a-helix preorganises the

three thioether side-chains to favour multipoint binding to a
metal surface.

Cyclic voltammetry was used as a convenient tool for
monitoring the formation and relative stability of self-assem-
bled monolayers of sulfur-containing peptide 1 compared to
sulfur-free 2. Ethanolic solutions of each peptide (ca. 1 mm)
were contacted with a polished gold disk electrode for 20–26 h.§
Following rinsing with pure solvent, cyclic voltammograms
were measured in ethanol (Fig. 2). Peaks characteristic of
reversible electrochemistry of the covalently attached ferrocene
were observed for both peptides. However the wave for peptide
2 was typically < 15% of peptide 1.¶ Monolayers formed by
peptide 1 were found to be remarkably stable to repetitive
cycling. In fact, cycling appeared to condition the film so that
the background current and peak to peak separation reduced
while the Faradaic current remained constant [Fig. 2(a)]. In
contrast the wave associated with the monolayer of peptide 2

Fig. 1 CD spectra of oligopeptide 1 in MeCN (continuous line) and in
MeOH (dashed line) at room temperature

Fig. 2 (a) Cyclic voltammograms of films of peptide 1 adsorbed at a gold
electrode, continuous line: recorded on immersion, dashed line: after
sweeping for 30 min. (b) As above but for peptide 2. The CVs were recorded
at 0.5 V s21 in 10 mm NBun

4BF4 in EtOH vs. Ag/AgCl.
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rapidly decreased during cycling under the same conditions
[Fig. 2(b)]. The high stability of monolayers of 1 in ethanol,
where hydrophobic interactions are absent, is consistent with
the proposed mode of self-assembly via binding of the thioether
side-chains to the gold surface.

The conformation and orientation of the adsorbed peptides
were investigated by reflection–absorption IR spectroscopy
(RAIRS).∑ The spectra of peptide 1 in a KBr pellet and self-
assembled at gold** are shown in Fig. 3. The main indication of
peptide secondary structure is the frequency of the amide I band
(1600–1700 cm21).7 Bands at 1620–1640 and above 1680
indicate b-structures while those at 1650–1658 are typical of
a-helices. Interestingly the amide I band of peptide 1 appears at
1664 cm21 close to that previously observed for 310-helices of
Aib-containing peptides.8

The RAIRS technique also allows the orientation of the
peptides at the surface to be inferred using the surface selection
rule, because only vibrations with a component normal to the
surface are enhanced.9 The main component of the amide I band
is stretching of the carbonyl groups and in a helical peptide these
will be aligned along the helix axis. The main contributions to
the amide II and III bands are in-plane bending of N–H and
CNO, and C–C and C–N stretching.10 For each of these
vibrations the transition dipole moment subtends a range of
angles to the helical axis. In the self-assembled peptide
monolayers, binding via the methionine side-chains is expected
to align the helical axis parallel to surface. This is expected to
lead to a dramatic reduction in the intensity of the RAIRS amide
I band relative to the amide II and III bands, as compared to the
powder spectra. It can be seen in Fig. 3 that this is exactly what
is found. The amide I band at 1664 cm21 is significantly weaker
in the reflectance spectra relative to the respective amide II and
III bands at 1545 and 1264 cm21. RAIRS of peptide 2, which
lacks the thioether groups, showed weak bands consistent with
a helical conformation at 1660, 1540 and 1300 cm21 in the
reflectance spectra. However their relative ratios were similar to
those in the powder spectrum suggesting no particular orienta-
tion of the peptide at the surface.

We have shown peptide 1 adopts a helical secondary
structure resulting in preorganisation of three surface binding
thioether groups along one side of the helix. The peptide forms

stable monolayers on gold with the helix aligned parallel to the
surface. Future work will involve introduction of other amino
acids into the sequence to produce functionalised chiral
surfaces.

We thank EPSRC, Sharon Kelly and the BBSRC CD facility
at Stirling University, Ras Raval and Elaine Cooper at
University of Liverpool and Novabiochem.

Notes and References
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peptide synthesiser, Novasyn PR500 resin, Fmoc protected amino acids and
PyBOP coupling chemistry. Each residue was double coupled using a
threefold excess (for 1) or a twofold excess (for 2) of amino acid. Cleavage
was with 10% TFA in CH2Cl2 for 2 3 45 min.
‡ Analytical HPLC was via reversed-phase HPLC on a C8 column using an
MeOH–H2O gradient. ESMS data: peptide 1, m/z 1417.6, found at m/z
1418.4 (M + H+), 1400.7 (M + H+ 2 NH3), 740.9 (M + Na+ + K+), 732.6
(M + 2Na+), 700.9 (M + 2H+ 2 NH3), 665.4 (M + 2H+ 2 Ala 2 NH3).
Peptide 2, m/z 1236.3, found at m/z 1274.8 (M + K+), 1258.8 (M + Na+),
1236.8 (M + H+), 1219.8 (M + H+2 NH3), 638.1 (M + K+ + H+), 629.9 (M
+ Na+ + H+), 619.1 (M + 2H+), 610.3 (M + 2H+ 2 NH3), 585.6 (M + 2H+

2 Ala).
§ The gold disk electrode (2 mm in diameter, purchased from Oxford
Electrodes) was manually polished with alumina paste, rinsed with H2O and
immersed in 4 : 3 : 1 H2O–conc. HCl–conc. HNO3 for 60 s, rinsed with H2O
for 10 s and immersed in the peptide solution.
¶ A surface coverage of 17% was calculated modelling the helices as 27 3
12 Å rectangles and using a surface roughness of 2.
∑ RAIRS spectra were accumulated over 200 scans at 4 cm21 resolution
using a Unicam Galaxy Series FTIR 7000 spectrometer equipped with a
Hg–Cd–Te detector and FT85 specular reflector from SpectraTech Inc. The
sample compartment was purged with dry air.
** Peptide monolayers were assembled by evaporating 5 nm Cr and 50 nm
Au onto a glass slide. The wafers were placed in 0.4 mmol dm23 solutions
of peptide 1 (in MeCN) for 16 h or peptide 2 (in CH2Cl2) for 4 h, rinsed with
solvent and dried gently in a stream of He.
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6 S. W. Provencher and J. Glöckner, Biochemistry, 1981, 20, 33.
7 P. I. Haris and D. Chapman, Biopolymers, 1995, 37, 251.
8 D. F. Kennedy, M. Crisma, C. Toniolo and D. Chapman, Biochemistry,

1991, 30, 6451.
9 R. J. Greenler, J. Chem. Phys., 1966, 44, 310.

10 S. Krimm and J. Bandekar, Adv. Protein Chem., 1986, 38, 181.

Received in Bath, UK, 2nd December 1997; 7/08663F

Fig. 3 IR spectra of oligopeptide 1. (a) KBr spectrum and (b) reflection–
absorption spectrum of the self-assembled film [scale bar applies to (b)
only]
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‘Self-complexing’ tetrathiafulvalene macrocycles; a tetrathiafulvalene switch

Mogens Brøndsted Nielsen, Steen Brøndsted Nielsen and Jan Becher*

Department of Chemistry, Odense University, DK-5230 Odense M, Denmark 

Two ‘self-complexing’ macrocycles based on the electron
donor TTF and a cyclic bipyridinium acceptor are pre-
pared.

The construction of molecular devices which can operate as
machines upon external energy transfer has been of high interest
recently, as such systems may be able to store and process
information at the molecular level.1,2 A recent example is
provided by a pseudorotaxane system in which a naphthalene or
hydroquinone p-donor and the p-acceptor cyclobis(paraquat-
p-phenylene) are covalently linked.3

We have prepared a number of donor–acceptor catenanes by
incorporating the p-donor tetrathiafulvalene (TTF) into macro-
cyclic systems,4 as well as systems in which the TTF unit and
the bipyridinium unit are linked, either in a rigid conformation,
e.g. as a donor–acceptor cyclophane, or in a noncyclic system.5
Here we have extended these concepts by incorporating TTF
into macrocycles which may self-complex in order to in-
vestigate their switching properties. For synthetic reasons we
attached the TTF unit to the unsymmetrical m-p linked
cyclophane of cyclobis(paraquat-p-phenylene).6 The corre-
sponding symmetric m-m linked cyclophane was discarded due
to its poor ability to act as a host, as reported by Stoddart.7

First, 2 and 3 were prepared by O-alkylations of dimethyl
5-hydroxyisophthalate 1 (Scheme 1). The TTF derivative 4 was
deprotected with CsOH (1 equiv.) (Scheme 2),8 and the

resulting monothiolate was treated in situ with 2 or 3 affording
5 and 6, respectively. The two ester groups were reduced with
LiAlH4 followed by mesylation in the presence of DBU. The
mesylated compounds were converted directly to the corre-
sponding chloro compounds by reaction with an excess of LiCl,
giving fair yields of 9 and 10. Subsequent Finkelstein reactions
with LiBr gave the TTF-linked m-xylene dibromides 11 and
12.†

The new anchimeric-complexed‡ macrocycles 14a and 15a
were obtained by treating 11 and 12, respectively, with the
dipyridinium dication of 13 under ultra-high pressure (10 kbar)
for 6 days (Scheme 3). The crude green products were subjected
to column chromatography and ion exchange.4 During work-up
of 15a, partial isomerisation ‘decomplexation’ to the orange
coloured form 15b was observed. Repeated fractional crystal-
lization via slow evaporation of Pri

2O into MeCN solutions of
14a and 15a resulted in removal of small amounts of impurities.
In this way it was possible to obtain 14b and 15b as orange
microcrystalline compounds, e.g. in the completely ‘decom-
plexed’ forms. Redissolution of 15b in MeCN initially gave an
orange solution which slowly turned greener on standing due to
partial anchimeric complexation. However, an MeCN solution
of ‘decomplexed’ 14 did not change colour, and according to
UV–VIS spectroscopy only a very small charge-transfer (CT)
absorption could be detected after several days. Thus, when first
‘decomplexed’, the short linker of 14b more or less prevents the
TTF unit from intramolecularly slipping back into the cyclic
acceptor. Besides, the persistent orange colour indicates the
absence of intermolecular complexation.

The UV–VIS absorption of the initially orange crystals of
15b dissolved in MeCN was followed over time [Fig. 1(a)].
After about 20 h the equilibrium between 15a and 15b was
established, as seen from the constant CT absorption (lmax
~ 785 nm). The relatively weak CT absorption indicates that
only a small degree of anchimeric complexation occurs, which
was confirmed by 1H NMR spectroscopy (estimated ratio
15a : 15b: 1 : 10). The anchimeric complexation results in a
complicated set of bipyridinium proton resonances and a
downfield shift of the SMe protons in agreement with
observations for comparable TTF-based catenanes.4d The
question is whether the complexation is truly of the auchimeric

Scheme 1 Reagents and conditions: i, K2CO3, BrCH2CH2Br (n = 1) or
I(CH2CH2O)2CH2CH2I (n = 3), acetone, reflux, 16 h

Scheme 2 Reagents and conditions: i, CsOH·H2O (1 equiv.), 2 or 3, DMF,
room temp., 3 h; ii, LiAlH4, THF, reflux, 2 h; iii, MsCl, DBU,  LiCl,
CH2Cl2, room temp., 24 h; iv, LiBr, acetone, reflux, 24 h

Fig. 1 (a) The UV–VIS absorption spectrum of the initially decomplexed
15b in MeCN at (i) 0, (ii) 3 and (iii) 19 h. (b) The time variation of the
maximum absorbance (lmax ~ 785 nm) of initially decomplexed 15b. A
first-order fit matches the points very well. Concentration of
compound = 0.26 mmol dm23.
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type. The formation of an intramolecular ‘complex’ by
anchimeric complexation would be expected to follow a first-
order rate equation. In Fig. 1(b) the observed absorption
maxima are plotted against time, and a curve fitted using eqn.
(1)§ confirms that the data are in good agreement with first-
order conditions. Of course this is not a final proof for exclusive
anchimeric complexation. Nevertheless, since 14b did not
readily undergo intermolecular slipping in dilute solution, we
would not expect this to be likely for 15b either.

Refluxing the equilibrium solution of 15a,b in MeCN for 45
min caused almost complete conversion to 15b. However, the
next day a CT absorption close to the starting equilibrium
absorption at room temperature was reestablished. This anchi-
meric decomplexation/recomplexation could be repeated.¶
Thus, 15 behaves as a thermal molecular switch, the state of
which is determined by both thermodynamics and kinetics. The
solution of 15a,b was subjected to 10 kbars of pressure (room
temp., 4 days); however, this caused no significant change in
absorption, i.e. in no displacement of the equilibrium.

Compounds 14 and 15 were characterized by electrospray
mass spectrometry (ESMS) showing peaks assignable to [M 2
nPF6]n+ (n = 1–4), [M 2 nPF6](n+1)+ (n = 1–3) and [M 2
nPF6](n21)+ (14, n = 3,4). Furthermore, a [2M 2 3PF6]3+ ion
was observed in the gas phase, but whether this is a real dimer
or a dimeric cluster ion cannot be concluded. Collisional
activation (MS/MS) of the mass selected [M 2 4PF6]4+ ions
caused similar fragmentations of the cyclic acceptor, as already
observed for related TTF based catenanes.4d

Notes and References

* E-mail: jbe@chem.ou.dk
† According to plasma desorption mass spectrometry (PDMS), 11 and 12
could not be separated by chromatography from a small amount of the
monobrominated compounds (Cl, Br). All other compounds were obtained
pure and gave satisfactory elemental analyses. Selected data for 5:
dH(CDCl3) 2.41–2.43 (3 s, 9 H, SCH3), 3.21 (t, J 6.4, 2 H, SCH2), 3.95 (s,
6 H, CO2CH3), 4.26 (t, J 6.4, 2 H, OCH2), 7.77 (d, J 1.4, 2 H, Ar.), 8.30 (t,
J 1.4, 1 H, Ar.); PDMS: m/z 610.1 (M+). For 7: dH(CDCl3) 2.40–2.44 (3 s,
9 H, SCH3), 3.18 (t, J 6.5, 2 H, SCH2), 4.21 (t, J 6.7, 2 H, OCH2), 4.68 (d,
J 5.2, 4 H, CH2OH), 6.85 (s, 2H, Ar), 6.97 (s, 1 H, Ar); PDMS: m/z 554.2
(M+). For 9: dH(CDCl3) 2.39–2.45 (3 s, 9 H, SCH3), 3.17 (t, J 4.9, 2 H,
SCH2), 4.21 (m, 2 H, OCH2), 4.55 (s, 4 H, ClCH2), 6.89 (d, J 1.2, 2 H, Ar),
7.02 (s, 1 H, Ar); PDMS: m/z 590.4 (M+). For 11: dH(CDCl3) 2.39–2.44 (3
s, 9 H, SCH3), 3.17 (t, J 6.5, 2 H, SCH2), 4.20 (t, J 6.5, 2 H, OCH2), 4.43
(s, 4 H, BrCH2), 6.86 (d, J 1.1, 2 H, Ar), 7.02 (s, 1 H, Ar); PDMS: m/z 680.2

(M+). For 14b: dH(CD3CN) 2.40–2.41 (2 s, 9 H, SCH3), 3.28 (t, J 5.9, 2 H,
SCH2), 4.34 (t, J 6.0, 2 H, OCH2), 5.69 (s, 4 H, NCH2), 5.76 (s, 4 H, NCH2),
6.89 (s, 1 H, Ar), 7.30 (d, J 1.3, 2 H, Ar), 7.60 (s, 4 H, Ar), 8.05 (d, J 6.8,
4 H, b-H), 8.07 (d, J 6.9, 4 H, b-H), 8.74 (d, J 6.9, 4 H, a-H), 8.85 (d, J 7.1,
4 H, a-H).
‡ Anchimeric assistance is normally used to describe neighbouring group
participation in a reaction. The expression ‘complexation’ is incorrect when
used to describe an intramolecular reaction. We suggest using the
expression ‘anchimeric complexation’ to describe the present type of
isomerisation (‘self-complexation’) taking place between two covalently
linked groups.
§ The time-dependence of the absorbance (A) for first-order recomplexa-
tions with rate constant k+ is shown by eqn. (1),

A = A0 exp[2(k+ + k2)t] + constant·{12 exp[2(k+ + k2)t] (1)
where k2 is the rate constant for the decomplexation reaction.
¶ A small decrease of the equilibrium CT absorption (ca. 5%) was observed
after each experiment, which may be due to a chemical decomposition upon
refluxing.
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Scheme 3 Reagents and conditions: i, DMF, 10 kbar, room temp., 6 d; ii, fractional crystallization; iii, equilibrium in MeCN
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Electrochemical immobilization of a pH sensitive fluorescein derivative:
synthesis and characterization of a fluorescein-derivatised polythiophene

David Millar, Mahesh Uttamlal,*† Ross Henderson and Alexis Keeper

Department of Physical Sciences, Glasgow Caledonian University, City Campus, Cowcaddens Road, Glasgow, Scotland,
UK G4 0BA

The electrochemical immobilization of a pH sensitive
fluorescein derivative was achieved by preparing a fluor-
escein-substituted thiophene species, followed by its
electropolymerization on a Pt electrode.

Immobilization of fluorescein1 for the preparation of fibre-optic
pH sensors has been achieved using several techniques.2 Simple
entrapment in sol-gel matrices has been reported by several
workers.3 Fluorescein derivatives have also been used to create
a covalent link between the indicator and the optical fibre
surface.2 The photochemical covalent immobilization of fluor-
esceinamine has been reported for the preparation of fibre-optic
chemical sensors (FOCSs) for pH measurement.4 Here we
report the first example of the electrochemical immobilization
of a pH sensitive fluorescein derivative.

Electropolymerization is a simple and attractive approach for
the immobilization of fluorophores in the form of a polymer on
a substrate surface. The process of electropolymerization can be
controlled by electrode potential and allows accurate control of
the amount of fluorophore immobilized. In this work the
electrochemical immobilization of fluoresceinamine is being
undertaken in order to prepare a FOCS for pH and to study the
effect of electrode potential on the fluorescence properties of
the new polymer.

Scheme 1 shows the reaction for the preparation of
fluorescein-derivatised polythiophene. The new monomer for
electropolymerization was prepared using thiophene-3-acetic
acid (TAA), a well characterized compound for preparing
conducting polymers.5 From TAA, thiophene-3-acetyl chloride
(TAC) 1 was prepared via reaction with thionyl chloride.6‡
TAC was then reacted with fluoresceinamine, to yield 2.§

Polymer 3 was prepared via the electrochemical polymerization
on Pt coated glass in MeCN using the method reported for the
preparation of poly-TAA.7¶ Polymer 3 was produced as a
golden film. Under the experimental conditions used, the
polymer film produced is probably over-oxidised and conse-
quently non-conducting. However, the electrical properties of
the polymer are not of interest here and will not be discussed
further.

Fluorescein itself in aqueous solution occurs in cationic,
neutral and anionic forms, making its absorption and fluores-
cence properties strongly pH dependent.1 It has been shown to
be electrochemically active in non-aqueous media.8 At neutral
and high pHs in aqueous media the equilibrium shown in Fig. 1
dominates.

The fluorescence intensity ratio vs. pH curves for sodium
fluorescein (NaFlu) and for 2 in aqueous solution are given in
Fig. 2. The emission wavelength for 2 was identical to that of
NaFlu and had a value of 515 nm. The two titration curves have
very similar characteristics and indicate that the modification of
fluorescein with thiophene has little effect on the pH sensitivity
of the fluorescein moeity. The solid lines are theoretical plots
generated by fitting Eqn. (1) to the data. This model yields
approximations for the pKa of the indicators. For NaFlu the pKa
is 6.3 and that for 2 it is 6.2. The reported value for fluorescein
is in the range 6.2–6.9.1

Fig. 2 also shows the pH titration curve for 3. Polymer 3
shows a well-defined titration with a lower pH sensitivity
compared to NaFlu and 2 in solution. The decrease in sensitivity
is attributed to small changes in the fluorescence properties of
the fluorescein moiety in its new environment. This phenome-
non is also observed for photochemically immobilized fluor-
escein in hydrogel films.4

This work has for the first time reported an electrochemical
immobilization method for a pH sensitive fluorescein deriva-
tive. We have shown that the pH sensitive polymer has similar
response characteristics to that of fluorescein in solution.
Current investigations are concerned with the effect of electrode
potential on the fluorescence properties of the polymer and the
preparation of copolymers with TAA. Indole and pyrrole
derivatives as alternative monomer units are also being
investigated.

Scheme 1 Reagents and conditions: i, excess SOCl2, 60 °C, 2 h (ref. 6); ii,
fluoresceinamine, acetone, reflux, then CHCl3–H2O extraction; iii, electro-
chemical polymerisation (ref. 7)

Fig. 1 Dominant equilibrium of fluorescein at neutral and high pH.
Fluorescein has a high molar absorbitivity at 488 nm, a large fluorescence
quantum yield and high photostability. An attractive feature of this indicator
is that it has an excitation maximum at 488 nm, and a pH insensitive
shoulder at 430 nm making it suitable for use in the ‘ratiometric’ mode
which overcomes problems in measurement associated with photobleach-
ing, light intensity fluctuation in the excitation source, ionic strength and
indicator concentration (ref. 9).
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Notes and References

† E-mail: m.uttamlal@gcal.ac.uk
‡ Experimental procedure for 1:6 The reaction of TAA (1.00 g, Acros, 98%)
with SOCl2 (0.8 cm3) at 60 °C for 2 h in dry conditions gave an orange–
brown liquid 1 (the excess SOCl2 was evaporated in vacuo at 35 °C ) with
a yield of ca. 80%. dH (360 MHz, [2H6]acetone) 7.24 (d, H1), 7.21 (d, H3),
7.05 (s, H2), 4.25 (s, H4, H5).

§ Experimental procedure for 2: Compound 1 (0.74 g) was reacted with
fluoresceinamine (4.00 g) in boiling acetone (125 cm3) and cooled.
Chloroform (100 cm3) and de-ionised water (100 cm3) were added to the
reaction mixture, which was transferred to a separation funnel with 25 cm3

of 5% NaOH. The aqueous layer containing the product was removed and
100 cm3 of 5% HCl was added. Vacuum filtration and recrystalisation from
EtOH–H2O (1 : 1) gave orange crystals of 2 with a yield of ca. 60%. dH(360
MHz, [2H6]acetone 9.82 (s, H10), 8.94 (s, H13), 8.42 (s, H15), 7.96 (s,
H14), 7.48 (d, H9), 7.33 (d, H7), 7.18–7.16 (2d, H2, H3), 6.82–6.76 (2d,
H11, H12), 6.7–6.68 (2d, H8, H1), 6.62–6.59 (2d, H16, H17), 3.79 (s, H4,
H5), 2.83 (s, H6).
¶ Experimental procedure for polymer 3: Electrochemical cell consisted of
a Pt coated glass working electrode, Ag/Ag+ reference electrode and Pt
gauze counter electrode. The electrolyte solution was 0.10 mol dm23

tetrabutylammonium perchlorate (TBAP) and 0.021 mol dm23 2 in MeCN.
Compound 2 was deposited using cyclic voltammetry. The potential was
applied via an Oxford Electrodes potentiostat at 100 mV s21 between 20.2
and 2.6 V vs. Ag/Ag+ reference electrode for 20 cycles. A golden film was
produced on the electrode surface.

Fluorescence emission intensities were measured on a Perkin-Elmer
LS50B luminescence spectrophotometer. The fluorescence intensity ratio
was measured using excitation at 430 and 488 nm The emission wavelength
was 515 nm.

Platinum deposition on glass was achieved using thermal vapour
deposition.
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Fig 2 pH Titration curve for (2) 2 (pKa = 6.1), (/) 3 (pKa = 6.3) and (5)
NaFlu (pKa = 6.2). The overall equilibrium can be written. HIn " H+ +
In2, where HIn (not fluorescent) and In2 (fluorescent) are the protonated
and deprotonated forms of the indicator respectively. The pH is related to
the fluorescent intensity by pH = pKa + log[I/(Io 2 I)] (ref. 2) where the
fluorescence intensity (or intensity ratio) I = [In2] and Io = [In2]o where
Io is the maximum fluorescence intensity. This equation can be re-written in
terms of I to give eqn. (1):

I
I

BK= +o
pH – p1+ (10 a )–1

An additional term B is introduced where B is the fluorescence intensity
when [In2] = 0. The solid lines are theoretical fits using eqn. (1).
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Synthesis and reactivity of a-allenylhydroxylamines: a new efficient access to
3,6-dihydro-1,2-oxazines

Estelle Dumez and Jean-Pierre Dulcère

RéSo, Réactivité en Synthèse organique, UMR 6516, Faculté des Sciences et Techniques de St. Jérôme, Boı̂te D 12, Av. Esc.
Normandie-Niemen, F-13397 Marseille Cedex 20, France 

SmI2-promoted reduction of a-allenyl nitro derivatives 2a–f
using controlled conditions provides either 3-amino-4-vinyl-
idenetetrahydrofuran 3a or 3-hydroxylamino-4-vinylidene-
tetrahydrofurans 4b–f, which undergo intramolecular
cyclization consistent with a reverse Cope elimination to
afford 3,6-dihydro-1,2-oxazines 5b–f.

The C-nitroso group (R–NNO) acts as a heterodienophile in
hetero-Diels–Alder reactions with 1,3-dienes to afford regio-
selectively 3,6-dihydro-1,2-oxazines.1 The intramolecular vari-
ant Diels–Alder reaction has received some attention since
resulting 3,6-dihydro-1,2-oxazines are involved in strategies for
the synthesis of indolizidine alkaloids.2 The most useful
synthetic application of these cycloadditions is the easy
cleavage of the N–O bond in the adduct to generate 1,4-bifunc-
tional groups.3

Despite their synthetic potential, 3,6-dihydro-1,2-oxazines
have exclusively been prepared by [4 + 2] cycloaddition.4
Nevertheless, the well documented electrophilic-catalyzed
intramolecular cyclizations of b-allenyl alcohols into dihy-
dropyrans5 suggest that cyclic derivatives of hydroxylamines,
namely 3,6-dihydro-1,2-oxazines, should alternatively be pro-
vided by related cyclization of a-allenylhydroxylamines.

Although a number of methods are available for the synthesis
of allenic amines,6 to the best of our knowledge, among
nitrogen related derivatives with higher oxidation state, alle-
nylhydroxylamines have never been described. Nevertheless,
addition of alkylhydroxylamines to allenyl carbonyl com-
pounds provides allenyl nitrones which have been postulated as
intermediates7 in 1,3-dipolar cycloadditions leading to bicyclic
isoxazolidines. Moreover, a diastereoselective synthesis of
nitroallenes has recently been reported.8

We disclose here the efficient reduction of nitroallenes 2b–f
upon treatment with SmI2 to the corresponding hydroxylamines
4b–f, which are subsequently converted into 3,6-dihydro-
1,2-oxazines 5b–f by remarkably facile cyclization (Scheme
1).

3-Nitro-4-vinylidenetetrahydrofurans 2a–e were prepared8

by tandem oxa-Michael addition–SN2A substitution of 4-chloro-
but-2-yn-1-ol with nitroalkenes 1a–e, while the same sequence
with 1f afforded 3-nitro-4-vinylidenetetrahydropyran 2f when
5-chloropent-3-yn-1-ol was used as nucleophile. Reduction of
nitro compounds has been used for a long time as a routine
method for the preparation of various nitrogen derivatives such
as amines and hydroxylamines;9 however, in many cases over
reduction occurs and further reduction to amines is difficult to
avoid. Since the previous work of Kagan and co-workers on the
reactivity of SmI2 with nitrogen compounds,10 alkylhydroxyl-
amines and alkylamines have been prepared selectively from
nitroalkanes and SmI2 under mild conditions.11

According to this procedure, allenyl amine 3a† was obtained
by treatment of 2a with 6 equiv. of SmI2 in THF–ButOH, while
reaction of 2b–f with 4 equiv. of SmI2 allowed the isolation of
the corresponding hydroxylamines 4b–f in 60–65% yield.‡§

Upon standing at room temperature without catalyst, 4b,c,e,f
(6 h) or 4d (15 d) were converted into 5b–f¶ in 62–92% yield.
This non-catalyzed intramolecular cyclization of hydroxyl-

amines is in contrast to the well-known electrophilic catalysis
required for the cyclization of functionalized allenic deriva-
tives.5,12 Although intramolecular cyclization of a-allenyl
amines proceeds according to a 5-endo-trig mode to afford
pyrroline derivatives13 the chemo- and regio-selectivities of the
cyclization of 4b–f allow the formation of 5b–f via apparently
exclusive intramolecular O-alkylation. Nevertheless, while it is
premature to propose a definitive mechanism, the fact that the
cyclizations proceed uncatalyzed at ambient temperature
strongly suggests a pathway which features a reverse Cope
elimination [eqn. (1)].14∑ Moreover, this pathway proceeds

according to the usual reactivity of hydroxylamines, which
undergo alkylation on nitrogen rather than on oxygen by
addition to the activated double bond.15

In conclusion, the SmI2-controlled mild reduction of 2b–f
constitutes a new access to allenyl hydroxylamines 4b–f which
are precursors of 3,6-dihydro-1,2-oxazines 5b–f, probably by
reverse Cope elimination.

Notes and References

* E-mail: jean-pierre.dulcere@reso.u-3mrs.fr
† Selected data for 3a: nmax(neat)/cm21 3367, 2964, 1965, 1092, 1021;
dH(400 MHz, CDCl3) 0.90 (m, 3 H), 1.14 (s, 3 H), 1.19–1.81 (m, 8 H), 3.90

Scheme 1 Reagents and conditions: i, 1 (1 equiv.), THF, ButOK (1.5
equiv.), ClCH2C·C(CH2)nOH (1.5 equiv.), 0 °C, 10 min, then room temp.,
15–30 min, n = 1 (ref. 8), n = 2 (74%); ii, SmI2 (6 equiv.), THF, ButOH,
15 min, 42%; iii, SmI2 (4 equiv.), THF, ButOH, 15 min, 60–65%; iv, room
temp., 6 h to 15 d, 62–92%
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[t, J 1.8, 1 H (C5H11CHO–)], 4.35 [dt, J 12.3, 4.7, 1 H (OCHAHB)], 4.46 [dt,
J 12.3, 4.2, 1 H (OCHAHB], 4.73 [dt, J 9.8, 4.5, 1 H (NCHAHB)], 4.80 [dt,
J 9.8, 4.5, 1 H (NCHAHB)]; dC(100.61 MHz, CDCl3) 14.2, 22.6, 22.7, 26.7,
29.2, 32.1, 66.6 (OCH2), 71.1 (C–N), 81.3 (NCH2), 88.1 (C5H11–C–O),
103.9, 197.6; m/z (12 eV) 196 (M + 1), 194, 178, 123, 99, 95, 82
(100%).
‡ Bicyclic adducts 2d–f are cis ring fused (refs. 8 and 16), and this
stereochemistry is recovered in 4, 5d–f.
§ Selected data for 4c: nmax(neat)/cm21 3555, 3257, 3033, 2859, 2969,
1966, 1058; dH(400 MHz, C6D6) 0.79 (s, 3 H), 4.52 [dt, J 11.9, 5.0, 1 H
(OCHAHB)], 4.60 [dt, J 11.9, 3.5, 1 H (OCHAHB)], 4.70 [ddd, J 10.3, 4.9,
3.4, 1 H (CNCHAHB)], 4.76 (ddd, J 10.3, 5.2, 3.6, 1 H), 5.20 [s, 1 H
(PhCHO)], 7.12 (tt, J 7.4, 1.2, 1 H), 7.21 (t, J 7.4, 2 H), 7.50 (d, J 7.5, 2 H);
dC(100.61 MHz, CDCl3) 20.4, 68.6 (OCH2), 71.4 (C–N), 81.2, 84.3
(PhCHO–), 106.9, 126.8, 127.6, 128.2, 139.8, 199.2.
¶ Selected data for 5e: nmax(neat)/cm21 3387, 3265, 3218, 2930, 1657,
1011; dH(400 MHz, CDCl3) 1.33–1.61 (m, 6 H), 1.95–2.07 (m, 2 H), 3.44
[m, 1 H (C6 ring CHO–)], 4.14 [ddd, J 16, 5.6, 3, 1 H (OCHAHB–C6ring)],
4.21 [ddt, J 16, 3.1, 2.1, 1 H (OCHAHB–C6ring)], 4.34 [ddd, J 12.6, 4.1, 2.3,
1 H (OCHAHB–C5ring)], 4.53 [ddd, J 12.6, 5.4, 3.1, 1 H (OCHAHB–
C5ring)], 5.55 [tt, J 3.1, 2.0, 1 H (NCH)]; dC (100.61 MHz, CDCl3) 20.0,
21.1, 27.0, 27.1, 60.3 (C–N), 66.2 (OCH2, C6ring), 68.2 (OCH2, C5ring),
79.1 (O–CH–), 114.9, 142.9; m/z (12 eV) 182, 181 (100%, M+), 150, 149,
111, 96, 83.
∑ This pathway has been suggested by referees.
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LiOH promoted allomerization of pyropheophorbide a. A convenient synthesis
of 132-oxopyropheophorbide a and its unusual enolization

Andrei N. Kozyrev, Thomas J. Dougherty and Ravindra K. Pandey*†

Chemistry Section, Department of Radiation Biology, Division of Radiation Medicine, Roswell Park Cancer Institute, Buffalo, NY
14263, USA 

Treatment of pyropheophorbide a with aqueous LiOH–THF
gave the corresponding enolate, which on in situ oxidation
produced the corresponding 132-oxo derivative in 79% yield;
prolonged autoxidation gave purpurin-18 and purpurin-5 as
major products and a mechanism for the formation of
12-formyl derivative from 132-oxopyropheophorbide a
under unusual enolization is discussed; the electronic
absorption spectroscopy data of the enolic intermediates
showed a considerable perturbation in the p-systems of the
macrocycle.

The term ‘allomerization’ was first introduced to chlorophyll
chemistry by Willstatter,1 who used it to describe then unknown
modification reactions of chlorophylls occurring on standing in
alcohol solution in contact with air. Thus, allomerization is
identical with the term ‘autoxidation’, which implies oxidation
by triplex oxygen (3O2). In chlorophyll chemistry, besides
allomerization, the enolization of the isocyclic ring has been
studied extensively and it is now well established that
allomerization takes place after the formation of chlorophyll
enolates.2 The isocyclic ring of all chlorophylls (except the
chlorobium Chls) is a substituted b-keto ester and therefore has
a tendency to enolize. Due to the activation by the two carbonyl
functions, the 132-hydrogen atom is abnormally acidic. On the
basis of oxidation potentials, Wasielewski et al.3 have proposed
an enolate ion of chlorophyll a as the possible primary electron
donor in Photosystem I of plant photosynthesis.

We recently reported the formation of a formyl analog as a
minor product in the synthesis of purpurin-18 imides.4 In our
investigation on the mechanism for the formation of such
formyl derivatives, we used a variety of chlorins including
132-oxopyropheophobide a as substrates. Here we report a
simple and efficient method for the preparation of diketone 3, its
‘alomerization’ behavior, spectroscopic studies and a possible
mechanism for the formation of the corresponding 12-formyl
analog.

In contrast to natural chlorophylls and their free bases,
pyropheophorbide a 1 which lacks an acidic hydrogen at
132-position was believed not to undergo enolization. This was
further confirmed by Conant and Hyde5 on the basis of a
negative Molisch ‘phase test’. We reinvestigated this reaction
under milder basic conditions, and observed that pyropheo-
horbide a on treatment with LiOH indeed produced stable
enolate derivative 2 (Scheme 1), which was detected spectro-
scopically. It exhibited a characteristic UV–VIS spectrum with
the split and red shifted Soret band at lmax = 449 nm. Stronger
bases, such as KOH and NaOH, did not produce any spectro-
scopic changes. This phenomenon could be explained due to the
well-known property of lithium salts to form partially covalent
bonds.2 As a result of enolization, methyl pyropheophorbide a
1 was completely autoxidized on stirring in THF at room
temperature for extended time (12 h) to produce 132-oxo
derivative 3 in 79% yield. Prolonged oxidation (72 h) gave the
products of further degradation, which after standard work-up
and CH2N2 treatment were separated by preparative chromatog-
raphy. The faster moving band was identified as purpurin-18
methyl ester 4 (32%).6 The slower moving band was charac-

terized as purpurin-5 dimethyl ester 5 (a key product inWood-
ward’s ‘purpurin reaction’) and was isolated in 38% yield.7 The
formation of chlorin 5 is obviously due to the basic hydrolysis
of the dicarbonyl C–C bond of the diketocyclopentane ring. The
other two gray–green porphyrins were isolated in small amounts
(ca. 2%) and were identified as 132-oxophylloerythrin methyl
ester 6 and 15-meso-formylrhodoporphyrin XV dimethyl ester
7. Both porphyrins showed unique ‘reverse-rhodo’ visible
absorption spectra (Fig. 1) which were found to be different
from those generally reported in porphyrin chemistry.8 These
newly discovered green porphyrins can be compared to those
related to verdins, or recently reported emeraldins containing
fused anhydride or imide ring systems.9

Scheme 1
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Further purification of this complex mixture also gave a
novel chlorin (5% yield) with a significantly red shifted
absorption Qy-band at 710 nm and a Soret band at 440 nm.
Compared to 132-oxopyropheophorbide a, the 1H NMR
spectrum of this chlorin showed the presence of a distinctive
singlet for a formyl group at d 11.08 and disappearance of the
resonances for the 12-methyl protons. The mass spectrum of
this product gave a molecular ion peak at m/z 576, confirming
the replacement one of the methyl group by a formyl
substituent. The 1H NMR and 2D ROESY data supported the
structure as 12-demethyl-12-formyl-132-oxopyropheophorbide
a methyl ester 8. The formation of chlorin 8 from 132-oxopyr-
opheophorbide a 3, which lacks protons at 132-position,
possibly proceeds via a vinylogous enolization involving the
methyl protons attached to the adjacent pyrrolic ring (ring C).
This process would certainly be facilitated by the presence of
strong electron-withdrawing carbonyl functions at the adjacent
cyclopentane ring. A proposed mechanism for the formation of
chlorin 8 is shown in Scheme 2. The key step in this reaction is
the formation of a reactive intermediate species 3a. Reaction of
enolate 3a with singlet oxygen, via [4 + 2] cycloaddition and
subsequent rearrangement, would generate the 12-formyl
analog 8. Chlorins in general are known to convert molecular
oxygen to singlet oxygen (1O2) on irradiating with light. In
order to further confirm the [4 + 2] cycloaddition mechanism
with singlet oxygen, we used purpurin-18 imide,4 as a more
stable substrate, which could also undergo vinylogous enoliza-
tion similar to 3a. Photooxidation of purpurin-18 imide in
aqueous LiOH–THF on exposing to sunlight produced the
corresponding 12-formyl derivative in high yield (up to 60%).
When the reaction was performed in the dark, the 12-formyl
analog was not detected.10

Despite intensive studies in chlorophyll chemistry, this is the
first example in which this type of enolization is observed. The

evidence of enolization in 132-oxopyropheophorbide a 3 was
also confirmed by its specific UV–VIS spectrum (splitting of
the Soret band), a characteristic property of enolates in
pheophorbide system (Fig. 2). The enolic form 3a produced
under other basic conditions (KOH, NaOH) was found to be
stable in non-polar solvents. However, traces of alcohol or
water completely destroyed the potassium and sodium enolates,
while the lithium salt appeared to be quite stable.

The chemistry discussed here might explain the origin of
deoxophylloerythrioetioporphyrin (12-demethyl-DPEP), a
minor petroporphyrin structure isolated by Callot.11

The newly discovered LiOH promoted enolization of pyr-
opheophorbide a has opened a simple and effective way for the
preparation of 132-oxopyropheophorbide a 3 which had pre-
viously been isolated as a by-product in minor quantities.6
Further studies are underway to explore the reactivity of the
cyclopentanedione ring system for the preparation of novel
chlorins with linear conjugation as photosensitizers for pho-
todynamic therapy and models for photosynthetic reaction
centers.

This work was supported by grants from Mallinckrodt
Medical Inc., St. Louis, the National Institutes of Health (CA
55791) and the Oncologic Foundation of Buffalo.
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Fig. 1 Electronic absorption spectra (in CH2Cl2) of (a) dioxoporphyrin 6
and (b) porphyrin 7

Scheme 2

Fig. 2 Electronic absorption spectra (in CH2Cl2) of (a) chlorin 3 and (b) its
enolate 3a
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Cyclic enediynes: relationship between ring size, alkyne carbon distance, and
cyclization barrier

Peter R. Schreiner
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This work presents the first detailed study on a series of
cyclic hydrocarbon enediynes showing that the cyclization
barrier depends upon the ground state energy differences of
the biradical products, and that pure density functional
methods can be used reliably to estimate the activation
enthalpies of the Bergman reaction.

While the Bergman-3-enecyclization1 of (Z)-hex-1,5-diynes (1,
enediynes) is driven thermodynamically by subsequent forma-
tion of two C–H bonds, the pharmacological activity2 of cyclic
enediynes (3)3 is also related to changes in ring strain upon
cyclization.4,5 Ring closure in enediyne carrying drugs com-
plexed to the minor grove of DNA is triggered by subtle
structural perturbations.4 Hence, enediynes are highly pro-
mising pharmacophors, but reactivity control is still a prob-
lem.

It has been suggested that if the distance d of the acetylene
carbons forming the new bond is in the critical range of
3.31–3.20 Å, cyclization should occur at room temperature.6
Based on experimental activation enthalpies, X-ray structures of
C9–C12 cyclic enediynes and empirical computations, it was
proposed that differential molecular strain in the educts and
transition states is most important.7–10 There have been several
studies attempting to clarify the relationship between d and
cyclic enediyne cyclization as well as the ground state energy
differences, but transition structures for other than the smallest
enediynes were never computed.9–14 The modeling of larger
enediynes is currently only possible with molecular mechan-
ics,13 semiempirical10,14 or lowest-level ab initio methods,11 but
these cannot be used to compute accurate enediyne transition
structures and activation energies; much higher level treatments
are needed,12,15,16 Density functional theory (DFT) offers a
suitable compromise for multi-reference cases, as it is the
electron density instead of the wavefunction which is the
decisive quantity.17 While hybrid Hartree-Fock DFT methods
like B3LYP do not perform well for computing the heat of

formation of p-benzyne 2a,16 ‘pure’ (i.e. non-hybrid DFT
treatments give acceptable accuracy (Table 1).18 We have
therefore used the BLYP/6-311+G**//BLYP/6-31G* level
throughout, unless noted otherwise.19

The experimental activation enthalpies are well reproduced at
our reference level: (theory vs. expt.) 28.4 vs. 28.2 kcal mol21

for TS1a;20 25.0 vs. 23.86 and 24.0 kcal mol21 for TS3d.21

Enediynes 1a and 1b have almost the same d value but the
difference in DH‡ values is 7 kcal mol21. This is primarily due
to the fact that methyl groups stabilize (by ca. 10 kcal mol21)
acetylenic (1b) much more than olefinic bonds (partially
developed in TS1b). Thus, dialkyl substitution increases both
the activation barriers and the reaction endothermicities of the
Bergman reaction for acyclic enediynes.

As expected, both 3a and 3b do not cyclize, despite small d
values; 5 was found experimentally not to cyclize either.22 The
cyclization products would contain highly strained [olefin strain
(OS) = 54.4 kcal mol21, Table 1]23 cyclopropene (in 3a) and
cyclobutene moieties (in 3b and 5; OS = 30.6 kcal mol21).23

Nine-membered 3c was suggested to cyclize spontaneously at
room temperature,4,6 and the relatively low activation barrier of
16.3 kcal mol21 for TS3c supports this finding. While 3d with
d = 3.413 Å21 cyclizes spontaneously at room temp., 3e does
not, despite d being only slightly larger (3.588 Å).4 Part of the
activation enthalpy difference (7 kcal mol21) is due to olefin
strain (OS) energy differences23 between the cyclohexene (OS
= 2.5 kcal mol21) and cycloheptene (OS = 6.7 kcal mol21)
moieties in the products. Thus, there is no linear relationship
between the alkyne carbon distance d and DH‡ for Bergman-
cyclization of monocyclic enediynes.

The reaction enthalpy (DrHOK, Table 1) of the Bergman
reaction is more difficult to compute than the activation
enthalpies due to the pronounced multi-reference-character of

Scheme 1

Table 1 Parameter d (in Å), activation enthalpy (DH‡/kcal mol21), reaction
enthalpy (DrHOK/kcal mol21) for the Bergman reaction of 3a–f; olefin ring
strain (OS) of non-benzenoid product ring and stability of enediyne at room
temperature. Level of theory: BLYP/6-311+G**//BLYP/6-31G*, unless
noted otherwise

Ring Species Correctedb Stable at
size (PG)a d DH‡ DrHOK DcrHOK OSc 25 °C

— 1a (C2v) 4.548 28.4 17.6 8.5 — yesd

— 1b (C2v) 4.571 35.6 29.9 20.8 — yesd

7 3a (C2v) 2.512 —e 54.4 n.a.
8 3b (C2v) 2.636 —e 30.6 yesf

9 3c (Cs) 2.924 16.3 11.4 2.3 6.8 nog

10 3d (C2) 3.413h 25.0i 18.3 9.2 2.5 nog

11 3e (C2) 3.588j 31.9 25.4 16.3 6.7 yesg

12 3f (C2)k 4.353 40.3 36.3 27.2 7.4 yesg

a PG = point group. b Corrected for the computational error in DrHOK of 2a
at 0 K (correction = 29.1 kcal mol21). c Ref. 23. d Ref. 24. e No ring
closure, see text. f Ref. 22. g Ref. 6. h Experimentally estimated distance ca.
3.4 Å (refs. 24 and 21). i Experimental activation barrier = 23.8 (ref. 6) and
24.0 kcal mol21 (refs. 14 and 21). j Experimental distance (X-ray) =
3.661(5) Å (ref. 6). k Using a 6-311G** basis set for the energy single point.
Despite extensive efforts, the wavefunction did not converge with added
diffuse (‘+’) functions on the heavy atoms.
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2a. It is therefore sensible to correct DrHOK for the error (9.1
kcal mol21) in evaluating the enthalpy of the parent reaction.
This correction seems reasonable based on the fact that nine-
and ten-membered enediynes cyclize reversibly.4,24 Larger
enediyne cyclizations are much more endothermic and the
corresponding transition structures are product-like.12,15 This is
confirmed by the increase in the activation enthalpy of the
parent (1a? TS1a: DH‡ = 28.4 kcal mol21) vs. the dimethyl
enediyne system (1b? TS1b; DH‡ = 35.6 kcal mol21): TS1b
already experiences part of the higher relative energy of the
product, where the methyl groups at olefinic carbons are less
stabilizing.

The relationship between DH‡ for Bergman cyclization of
monocyclic enediynes can thus roughly be estimated from the
endothermicity of eqn. (1).

DH‡ = DcrHOK + 14 ± 2 kcal mol21 (1)

In conclusion, there is excellent agreement between the
experimental and pure DFT-computed DH‡ values for Bergman
cyclization of monocyclic enediynes. There is no predictive
linear relationship between d and DH‡, but the ‘critical range’
for 3.31–3.2 Å for spontaneous cyclization may be extended to
3.4–2.9 Å. However, cyclization may be inhibited by large
olefin strain in the products. Although dialkyl substitution
increases the endothermicity of the Bergman reaction, ring
strain effects can dominate.

The author thanks the Fonds der Chemischen Industrie
(Liebig-Fellowship), the Deutsche Forschungsgemeinschaft,
the RRZ Niedersachsen and Professor de Meijere for support.
Discussions with Professors R. R. Squires and C. J. Cramer are
highly appreciated.
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First X-ray crystal structure and NMR spectroscopic analysis of a lithiated
1,2-diazapentadiene

Arndt Krol, Roland Fröhlich and Ernst-Ulrich Würthwein*†

Institute of Organic Chemistry, Westfälische Wilhelms-Universität, Corrensstr. 40, D-48149 Münster, Germany 

Deprotonation of 1,2-diazapentadienes in Et2O leads to the
respective lithium compounds which, in the case of
[(h1-PhNLiNCHCMeCHPh)·Et2O]3, consists of an almost
planar (Li–N)3 hexagon resulting in a tunnel-like arrange-
ment of the W-shaped 1,2-diazapentadienyl chains; the
X-ray structure, solution NMR spectra and reactions with
electrophiles are reported.

Nitrogen containing organolithium compounds1 play a major
role in synthetic organic chemistry. Therefore, much effort has
been focused on the elucidation of the coordination chemistry of
lithium bases,2,3 lithium hydrazides4 or azapolyenyl metal
compounds.5 In spite of their widespread use in organic
chemistry only rarely has evidence for solution or solid state
structures of lithiated hydrazone intermediates been pub-
lished.2,6,7

We became interested in the theoretical, synthetic and
structural aspects of aza- and diaza-polyenyl metal compounds.
Our studies involve the dependence of the electronic and
structural behaviour of the intermediates on the positions and
nature of the heteroatoms within the conjugated lithiated
polyenyl chain.5 Here we report on the single crystal X-ray
structure and NMR spectroscopic analysis of the hitherto
unknown 4-methyl-1,5-diphenyl-1,2-diazapentadienyllithium.

4-Methyl-1,5-diphenyl-1,2-diazapentadiene 1 was obtained
by condensation of phenylhydrazine and 2-methylcinnamal-
dehyde following the method of Schantl and Hebeisen.8
Subsequent deprotonation with LDA or BunLi in Et2O or THF
at 278 °C yielded a dark red solution of the respective lithium
hydrazide 2 (Scheme 1).

1H and 13C NMR spectra of 2 in [2H8]THF were recorded in
the temperature range 280 to 50 °C.‡ The spectra show two sets
of signals which have been assigned to the W-shaped
conformers 2a and 2b (Scheme 2) in a ratio 65 : 35 (2a : 2b),
which remains constant over the whole temperature range.

The equilibrium between the two isomers (Scheme 2) could
not be frozen out. At 50 °C the spectra resulting from NOE
experiments surprisingly show a negative NOE of one isomer
upon saturation of the other. Although coalescence could not be
achieved this NOE must be due to a transfer of saturation from
2a to 2b which can be observed beneath the coalescence
temperature when the equilibration occurs faster than the
relaxation of the spin system.9

In the 13C NMR spectra of 2 the resonance frequencies of
C(5) and C(3) are shifted by about 11 ppm to higher field, while
for C(4) a downfield shift of about 5 ppm relative to the
resonances of 1 can be observed. This can be explained by
delocalization of the negative charge in the diazapentadienyl
unit producing large HOMO coefficients on atoms 1, 3 and 5
and approximately nodal positions on atoms 2 and 4. So, C(3)
and C(5) are positioned on centres of high electron density
while C(4) is deshielded. As indicated by the 13C NMR shifts,
the phenyl substituents are also involved in the charge
delocalization, which is additionally confirmed by the deep red
colour of the reaction solution. The exact position of the lithium
cation will be determined using Li NMR techniques in further
experiments.

Crystallization from Et2O–n-hexane leads to yellow single
crystals of the trimeric compound 2a§ whose molecular
structure is shown in Fig. 1.

The X-ray diffraction analysis¶ reveals the trimeric structure
[(PhNLiNCHCMeCHPh)·Et2O]3 of 2a (containing one hexane
molecule per unit cell) in which the lithium cations are
h1-coordinated to the nitrogen atoms N(1) of two W-shaped
diazapentadienyl moieties and to one Et2O molecule. Each
metal cation is involved in one shorter Li···N link of 1.995(7) Å
[2.022(6) and 2.020(6) Å, respectively] and one longer metal–
nitrogen contact of 2.066(7) Å [2.085(6) and 2.051(6) Å,
respectively]. Such values are typical for end-on bound lithium
hydrazides.10 The resulting (Li–N)3 hexagon with a diameter of
4.05 Å shows a slight boat-shaped distortion. The average
Li···Li distance of 3.35 Å implicates a weaker intermetal contact
than reported by Nöth et al.10 which can be explained by the
steric hindrance caused by the ligands. The lithium centres
exhibit a trigonal planar coordination formed by two N(1)
nitrogen atoms and one Et2O molecule.

The nitrogen atoms N(1) in the (Li–N)3 hexagon show a
trigonal pyramidalically distorted tetrahedral geometry. The
average N–N–Li angle of 109.3 Å and the Ph–N–N angle of
111.5 Å indicate sp3 hybridization of the hydrazide nitrogen
atom N(1). The short N–N distance of 1.38 Å is in remarkable
contrast to the N(1)–N(2) distances of 1.55 Å reported for bis-
silylhydrazides by Klingebiel11 or 1.47 Å of Nöth et al.10 in Li–
diethylhydrazides and corresponds to non-negotiable double
bond character. The N(2)–C(3) bond length of 1.29 Å correlates
with the value of 1.305(5) Å found by Collum12 in the dimeric
lithiated 2-methoxycarbonylcyclohexanone dimethylhydrazone
for which they postulate the contribution of C–N single and
CNN double bond character. The C–C bond distances implicate
a localized bond structure containing alternating single and
double bonds with delocalization to a small extent. The solid

Scheme 1 Scheme 2
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state structure can best be described as an end-on lithiated
hydrazide with some contribution of a 1,2-diazaallyllithium
resonance structure.

According to semiempirical calculations using PM313 the
trimer of 2a corresponds to a minimum on the potential
energy hyperface in the gas phase, which indicates that the
tunnel-like structure of the diazapentadienyl chains is not due to
crystal packing forces. The W-shaped geometry of the un-
substituted 1,2-diazapentadienyl anion has also been obtained
as the energetically most favoured conformer in ab initio
calculations using the MP2/6-31+G*//RHF/6-31+G*14 basis
set.15

Reaction of the intermediate 2 with several alkyl or acyl
electrophiles leads regioselectively to the N(1)-substituted E,E-
hydrazones. Ab initio calculations indicate that the 1,2-diaza-
pentadienyl anion bears the highest electron density on
N(1)—as expected—and so, structure 2 implicates an electro-
philic attack on N(1) which may also be the result of
thermodynamic control. Regarding the solid state structure of
2a the regioselectivity can be explained by a metal controlled
nucleophilic substitution at the attacking electrophile.

The authors thank Mr L. Terfloth for valuable help in NMR
analysis. We gratefully acknowledge financial support by the
Deutsche Forschungsgemeinschaft, by the Graduiertenkolleg
‘Hochreaktive Mehrfachbindungssysteme’ (DFG) at the Uni-
versity of Münster and by the Fonds der Chemischen In-
dustrie.
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‡ Synthesis and 1H and 13C NMR analysis of 2. The lithium compound 2
was prepared by use of the syringe technique directly in the NMR tube. To
a white slurry of LDA (0.5 mmol; from 0.3 ml BunLi in n-hexane and 0.075
ml Pri

2NH) in 0.3 ml [2H8]THF was added a solution of 1 (85 mg, 0.36
mmol) in 0.3 ml [2H8]THF at 278 °C with shaking. The NMR tube was

sealed with Parafilm and analysed via NMR spectroscopy. dH(599.77 MHz,
223 K, [2H8]THF): 2a 2.34 (s, 3 H, 10-H), 6.02 (s, 1 H, 5-H), 6.20 (dd, 3J
7.7, 7.1, 1 H, Harom), 6.85 (t, 3J 7.3, 2 H, Harom), 6.98 (t, 3J 7.2, 2 H, Harom),
7.22 (m, 3 H, Harom), 7.29 (d, 3J 8.2, 2 H, 7A-H), 7.47 (s, 1 H, 3-H); 2b 2.17
(s, 3 H, 10-H), 5.94 (s, 1 H, 5-H), 6.21 (t, 3J 7.3, 1 H, Harom), 6.85 (t, 3J 7.3,
2 H, 7-H), 7.00 (t, 3J 7.2, 2 H, Harom), 7.19 (m, 3 H, Harom), 7.26 (d, 3J 8.2,
2 H, 7A-H), 8.02 (s, 1 H, 3-H). dC(150.85 MHz, 223 K, [2H8]THF): 2a 14.9
(C-10), 113.2 (Carom), 115.2 (Carom), 121.2 (C-5), 124.5 (Carom), 128.5
(Carom), 128.7 (Carom), 128.9 (C-3), 129.7 (Carom), 140.8 (C-4), 140.8 (C-6A),
160.8 (C-6); 2b 14.2 (C-10), 113.7 (Carom), 115.2 (Carom), 118.0 (C-5),
124.8 (Carom), 128.4 (Carom), 128.8 (Carom), 129.4 (Carom), 135.1 (C-3),
139.4 (C-4), 140.9 (C-6A), 160.7 (C-6).
§ Synthesis of [(PhNLiNCHCMeCHPh)·Et2O]3 2a. To a solution of BunLi
(2.8 ml, 4.5 mmol in n-hexane) in 15 ml Et2O was added dropwise a solution
of 1 (0.74 g, 3.1 mmol) in 25 ml Et2O at 278 °C. After stirring the red
solution for 30 min, the mixture was warmed to 220 °C. Recrystallization
of the yellow precipitate from Et2O–n-hexane yielded yellow crystals.
¶ Crystal data for [(PhNLiNCHCMeCHPh)·Et2O]3, monoclinic, space
group P21/c (No. 14), with unit cell parameters a = 12.013(1), b
= 17.608(3), c = 28.633(2) Å, b = 97.69° (1), V = 6002.1(12) Å3, rcalc

= 1.098 g cm23. The crystals were analyzed using an Enraf Nonius
automatic CAD4 Diffractometer with Cu-Ka radiation (l = 1.54178 Å)
utilizing a graphite monochromator. The yellow single crystal of
(C20H25N2OLi·1/6C6H14)3 (M = 992.16, crystal size: 0.50 3 0.30 3 0.30
mm3) was measured at 250 °C. 10391 reflections were collected (±h, +k,
+l) leading to 10 170 independent and 6106 observed [(sinq)/l]max = 0.59
Å21. An empirical absorption correction via y-scan data (0.914 @ C @
0.999) was carried out, absorption coefficient m = 5.12 cm21. 672 refined
parameters. R = 0.085, Rw

2 = 0.259, max. residual electron density
r = 0.53 (20.35) e Å23. The structure was solved and refined using
SHELXS-86 and SHELXL-93 with hydrogens calculated and refined as
riding model, graphics SCHAKAL92. The unit cell contains one totally
disordered hexane molecule which has been refined isotropically. CCDC
182/774.
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Fig. 1 Molecular structure of 2a: (a) top view and (b) side view (hydrogen
atoms omitted for clarity)
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Optically active ‘adjacent’ type non-centrosymmetrically substituted
phthalocyanines

Nagao Kobayashi†

Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan 

Optically active ‘adjacent’ type non-centrosymmetrically
substituted phthalocyanines (Pcs) and benzo-substituted Pcs
having p-systems with C2v symmetry have been synthesized
in high yields in a mixed condensation using bisphthaloni-
triles (which do not racemize under general Pc formation
conditions) and a second phthalonitrile, and characterized
by UV–VIS, natural and magnetic circular dichroism
spectroscopy.

Control of the molecular symmetry of Pcs is not always easy.
Here we describe a convenient route leading to adjacent and
non-centrosymmetrically substituted optically active Pcs.

Our key starting materials are compounds 1 which can be
obtained via a single step high yielding reaction (more than
90%) from commercially available (S)-(2)- or (R)-(+)-2,2A-
dihydroxy-1,1A-binaphthyl and 3-nitrophthalonitrile without
optical loss.1,2 The most important property of compounds 1 is
that they do not racemize under general Pc synthesis conditions
because of the large steric hindrance due to the two bulky
dicyanophenoxy groups, and of course no opposite isomer is
produced. In addition, since the distance between the two
phenoxy groups is close to the minimum to link two adjacent
benzene rings of Pc, the formation of oligomeric Pcs is
suppressed. Compounds (S)-1 and (R)-1 were converted to
isoindoline derivatives by bubbling ammonia gas in dry MeOH3

followed by reaction with 2 equiv. of 4,5-dimethoxy-
isoindoline4 in refluxing N,N-dimethylaminoethanol for 3 h.3
After evaporation of the solvent, the residue was separated on a
basic alumina column (Act III) using CH2Cl2–MeOH (9 : 1 v/v)
and then CH2Cl2–pyridine (1 : 1 v/v). The blue–green fraction
was collected and separation was attempted by gel-permeation
chromatography using Bio-beads SX-2 (Bio-rad) and CH2Cl2–
MeOH (9 : 1 v/v). Three blue–green bands appeared, but the
separation between the first and second bands was too small to
effect separation. The third band (blue) was identified as
(S)-H22 and (R)-H22 with two binaphthyl units via FAB mass
spectroscopy (5–7%).2,5,6 The first and second bands were
accordingly mixed together and then separated on a column of
Bio-beads SX-8 using THF as eluent. The first band was
collected and recrystallized from CH2Cl2–EtOAc and then
THF–EtOAc to give the optically active non-centrosymmetric
(S)-H23 and (R)-H23 as a blue–green powder in 21–26% yield.
Similarly, (S)-H24 was prepared from the diiminoisoindoline
derivatives of (S)-1 and 6-tert-butyl-2,3-dicyanonaphthalene in
9% yield. Interestingly, the NMR signal of the pyrrole protons
of (S)-H24 appeared at two separate positions, one at d 22.40
and the other at 24.05 (one proton each).2 Judging from the fact
that the ring current in naphthalocyanine (Nc) is smaller than
that in Pc,7 the signal from the former may be attributed to a
pyrrole proton at the naphthalene ring site. The zinc and cobalt
derivatives [i.e. (S)-Zn3, (R)-Zn3, (S)-Co3, (R)-Co3 and
(S)-Co4] were prepared by refluxing (S)-H23 and (R)-H23 with
Zn(OAc)2 and CoCl2, and (S)-H24 with CoCl2, as previously
described.1

Fig. 1 shows the electronic absorption, magnetic circular
dichroism (MCD) and circular dichroism (CD) spectra of
(S)-H22 and (R)-H22 in two solvents. In the absorption spectra,
the four component Q band, characteristic of metal-free Pc, is

seen and the spectra on the shorter wavelength side of the Soret
band are to some extent deformed by the superimposition of the
absorption due to the 1La transition of naphthalene.8 In the
220–250 nm region, a strong absorption attributable to the 1Bb
transition of the naphthalene moiety is observed. The MCD
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spectra are characteristic of the metal-free Pcs, producing
Faraday B-terms approximately corresponding to the absorption
maxima or shoulders.9 Although the solvent effect is discernible
in the absorption and MCD spectra, it is most clearly seen in the
CD spectra. The shape of the spectrum in toluene is similar to
that in the absorption spectrum, while in THF it deviates
significantly, as seen typically in the Q band region, reflecting
perhaps a tendency to higher aggregation trend in the latter
solvent.10 Thus, subtle differences in the absorption spectra are
amplified in the CD spectra. Corresponding to the main Soret
and Q band, the R and S enantiomers show mainly positive and
negative CD envelopes, respectively.

The spectra of (S)-H23 and its deprotonated species and
(S)-H24 are shown in Fig. 2. Compared with the spectra in Fig.
1, the Q bands are broadened and shifted to longer wavelength,
and the CD spectra are mostly negative in sign through the Q
and Soret regions. The Q band of (S)-H24 lies at longer
wavelength and is stronger than that of (S)-H23. (S)-Co4 also
shows the Q0–0 band at longer wavelength (708 nm in CH2Cl2)
than is usual for CoPcs.9 In compounds 1–4, the binaphthyl
moiety of all the S isomers is right-handed while that of the R
isomers is left-handed, judging from the CD pattern in the
220–270 nm region.

The method shown here has general applicability, and the
yields are very high for a reaction of this type. Diphthalonitriles
linked by short chains (ca. 5–6 atoms) can be used as precursors
of non-centrosymmetic Pcs such as 2–4.

Notes and References
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Fig. 1 (a) CD, (b) MCD and (c) electronic absorption spectra of (i) (S)-H22
and (ii) (R)-H22 in THF and (iii) (S)-H22 in toluene Fig. 2 (a) CD, (b) MCD and (c) electronic absorption spectra of (i) (S)-H23,

(ii) its (pyrrole proton) deprotonated species and (iii) (S)-H24 in THF
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Host–guest complexation: a new strategy for electrodeposition of processable
polythiophene composites from aqueous medium

C. Lagrost, J. C. Lacroix, S. Aeiyach, M. Jouini, K. I. Chane-Ching and P. C. Lacaze*

Institut de Topologie et de Dynamique des Systèmes de l’Université Paris 7-Denis Diderot, associé au CNRS (URA 34), 1 rue Guy
de la Brosse, 75005 Paris, France

For the first time host–guest complexation is used to (i)
electrosynthesize polybithiophene in an aqueous medium
and (ii) generate polybithiophene with electroactivity in
water, enhanced solubility in common solvents and pro-
cessability.

Electropolymerization of aromatic and heteroaromatic com-
pounds, leading to anodic deposition of films, is one of the most
valuable techniques for obtaining electrically conducting or-
ganic polymers which suffer from very low solubility and poor
processability. With the exception of polyaniline and poly-
pyrrole, which are sometimes electrosynthesized in aqueous
solutions, most conducting polymers are synthesized in organic
media.1,2 The reasons are the very low water-solubility of
monomers, whose oxidation potential is, moreover, higher than
that of water decomposition, and the relatively high reactivity of
the initially formed radical cations with water molecules.2 For
practical and industrial applications, however, water is the ideal
solvent. Acidic solutions of various compositions3–5 and
anionic micellar media have been proposed for the electro-
synthesis of polythiophene (PT) films in aqueous solution.6
Furthermore, soluble and processable conducting polymers are
needed in terms of industrial and practical applications. To
enhance the processability of these materials, grafting long
alkyl groups onto the polymer backbone has been used. This
strategy induces modifications of the interchain interactions and
makes, for instance, poly(octylthiophene) soluble in most
common solvents.7 We report here a new strategy which allows
the synthesis of soluble polythiophene composites from an
aqueous medium with no covalent modification of the polymer
backbone. It uses host–guest complexation, without any
covalent bonds being formed8 prior to the electropolymeriza-
tion step, cyclodextrin being the host, bithiophene being the
guest.

Cyclodextrins have been widely studied because of their
ability to form inclusion compounds with a large variety of
molecules. They are cyclic oligosaccharides consisting of six,
seven or eight glucose units (a-, b- and g-cyclodextrins) with a
hydrophobic inner cavity and a hydrophilic outer side. They,
therefore, readily form inclusion compounds with hydrophobic
species in aqueous media.9 We have chosen to use hydroxy-
propyl-b-cyclodextrin (HPbCD), because of the size of its
cavity and its good water-solubility, and bithiophene (BT) as the
monomer, because it fits the b-cyclodextrinAs cavity, is a rather
hydrophobic molecule and has a lower oxidation potential than
water.

The water-solubility of BT is very low ( < 1024 m) but is
dramatically increased in the presence of HPßCD. Aqueous
solutions of 1023 and 1022 m BT can be easily prepared with
1021 m HPbCD, indicating the formation of an inclusion
compound between BT and HPbCD. Fluorescence analyses
were carried out by increasing the HPbCD concentration
progressively. Emission spectra exhibit variations showing a
change in the chemical environment of BT: the fluorescence
intensity increases with the HPbCD concentration. This fluores-
cence amplification is typical of an inclusion phenomenon.10

BT was electropolymerized in aqueous HPbCD. Poly-
bithiophene (PBT) thin films can be produced by electrooxi-
dation of an aqueous solution of 1022 m BT, 5.1022 m HPbCD
and 1021 m LiClO4 at platinum electrodes, using cyclic
voltametry and the galvanostatic method. Multicycle voltam-
mograms were recorded between 20.2 and 1.15 V vs. SCE at a
scan rate of 100 mV s21. The first anodic sweep shows a wave
at 1.0 V vs. SCE, corresponding to the oxidation of BT;
additional anodic and cathodic peaks increase regularly with the
number of successive cycles (Fig. 1). A thin, homogeneous and
adherent film is obtained at the platinum electrode. It shows
electroactive and electrochromic properties (Fig. 2) whereas PT
and PBT films prepared from an organic solution (without
cyclodextrins) do not show any electroactivity upon electro-
chemical cycling in aq. LiClO4 solutions. Depending on the
applied potential, the film is red (reduced state) or green
(oxidized state). Similar films can be synthesized by applying
constant current densities of 0.05, 0.1 and 0.2 mA cm22 for 15
min. The chronopotentiometric responses of the electrode
exhibits an instantaneous rise of the potential close to 1 V.
Using higher current densities leads to non-adherent films.

The resonance Raman spectra (Fig. 3), performed ex situ with
an excitation wavelength of 514.2 nm on a reduced film, are
similar to those of PBT films formed in organic media. The
most intense band at 1455 cm21 is assigned to the symmetric
stretching mode of the aromatic CNC band, while a weaker band
at 1492 cm21 is attributed to the antisymmetric stretching
vibration. Other, weaker bands at 1364 and 1268 cm21 are

Fig. 1 Voltametric synthesis of PBT film from aq. BT (102 m), HPbCD (5
3 1022 m) and LiClO4 (1021 m) on Pt electrode (v = 100 mV s21): (arrow
denotes first cycle)
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assigned to the stretching mode of the single C–C bond and the
C–C inter-ring bond, respectively. The bands at 1045 and 695
cm21 are attributed to the deformation modes of the C–H bond
and the C–S–C aromatic bond (Fig. 3). The FT-IR spectra are

also very similar to those of PBT films prepared in organic
media but display strong bands at 3400, 2960 and 2930 cm21

characteristic of cyclodextrins. A film washed in water for three
days in order to eliminate residual cyclodextrins molecules still
exhibits these strong bands, showing that cyclodextrins remain
in the polymer film. The PBT films deposited from aq. HPßCD
solutions are soluble in DMF, DMSO and THF, while PBT
films prepared in MeCN are insoluble in these solvents. Since it
is well-known that, for b-substituted oligothiophenes, the
variation of the absorption maximum energy as a function of the
inverse of the chain length is linear,11 an average conjugation
length of 15 thiophene units is estimated from UV–VIS
spectroscopy (performed on the fully reduced film), indicating
that the material does not consist of low molecular weight
oligomers.

We have demonstrated that electropolymerization of BT in an
aqueous solution of HPßCD is possible and leads to a
homogeneous films similar to that produced in organic media.
According to our first analyses, it seems that cyclodextrins
persist in the film. The abnormal solubility in common solvents
of PBT films electrosynthesized in aq. HPbCD, associated with
a high conjugation length, strongly suggests that the polymer
chains are partially encapsulated by cyclodextrins. Further work
is in hand to confirm this interpretation.
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Fig. 2 Electroactivity of a PBT composite in aq. LiClO4 (2.10–1.00 m) for
various scan rates: (a) 200, (b) 100, (c) 50 and (d) 20 mVs21

Fig. 3 Resonance Raman spectrum of PBT films deposited from aq.
HPbCD
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Photogeneration of an o-quinone methide from pyridoxine (vitamin B6) in
aqueous solution

Darryl Brousmiche and Peter Wan*†

Department of Chemistry, Box 3065, University of Victoria, Victoria, British Columbia, Canada V8W 3V6 

Photolysis (254, 266 or 308 nm) of pyridoxine (vitamin B6) in
aqueous solution gives an o-quinone methide efficiently
which is trapped by MeOH and ethyl vinyl ether.

Over the past several years there has been a great deal of interest
in the biological chemistry of quinone methides‡ (QMs), due
mainly to their toxicological properties against both normal and
cancerous cells, as well as their proposed intermediacy in the
formation of many biologically important polymers (melanin,
lignin and insect cuticles).1,2 These properties have been
attributed to the electrophilic nature of QMs which can result in
both alkylation of DNA and amino acids, and in self
polymerization. QM reactivity in biological systems has been
studied extensively with QM precursors such as butylated
hydroxytoluene (BHT), eugenol, mitomycin C and the anthra-
cyclines.1,2 The formation of these QMs has traditionally been
via thermal reaction, through the use of enzymes in vivo,
oxidation of phenols, or nucleophilic substitution of silyl or
quartenary ammonium groups, amongst others.1–5 Recently,
however, our group has developed a clean and efficient
photochemical method for the formation of o-, m- and p-QMs
via UV (254 nm) photolysis of hydroxybenzyl alcohols.6
Pyridoxine 1 (vitamin B6) provides an ideal system for the
continued study of photochemically generating QMs as it is a
biologically relevant molecule and it contains the required
hydroxybenzyl alcohol-type system. Moreover, it allows for a
competition between the formation of an o-QM vs. a m-QM due
to the presence of a second CH2OH group meta to the aromatic
hydroxy group. Formation of a QM from 1 via exposure to UV
light§ could lead to cell and DNA damage which to the best of
our knowledge has not been explored.

Photolysis of 1 and 5 (1024 m; Rayonet photoreactor; 254
nm; ca. 15 °C; argon) in 1 : 1 MeOH–H2O gave the corre-
sponding methyl ethers 3 and 6 (f ≈ 0.2 for reaction of 5)
cleanly ( > 40%) at low conversion (Scheme 1). The location of
the methoxy group was unambiguously assigned based on NOE
data. Previous work by this group6 has shown that the quantum
yield of methyl ether formation from m-QMs is approximately
half of that from the corresponding o-QM. Thus, if the m-QM
was formed competitively with the o-QM of 1, it would be
easily discernable by formation of the corresponding methyl

ether. Interestingly, none of the product studies show any
evidence for the formation of the m-QM, thereby indicating that
o-QM 2 is formed selectively.

Photolysis of 1 in 1 : 1 H2O–MeCN with 0.26 m ethyl vinyl
ether (EVE) gave the Diels–Alder adduct 4¶ cleanly ( > 70%) in
a regioselective fashion (Scheme 1). Formation of 4 is only
possible through the intermediacy of a 1,4-dipolar species and
therefore provides conclusive evidence for the efficient photo-
generation of o-QM 2.

We have shown6 that laser flash photolysis (LFP) provides an
effective method for the direct detection of appropriately
substituted o-, m- and p-QMs. The choice of 5 for these studies

will enable the resulting QM to be more readily detectable due
to the expected longer wavelength of absorption and corre-
spondingly larger extinction coefficient. LFP of 5 (lexc = 266
or 308 nm, YAG or excimer lasers, < 20 mJ per pulse) in 100%
H2O (oxygen purged to remove triplet states and possible
radical species) yielded a species at 370 nm, which is observed
at pH 7 (t > 10 ms) and 12 (t ca. 2 ms) (Fig. 1). When LFP
experiments were carried out at pH 1, this band can be seen

Scheme 1 Reagents and conditions: i, hn; ii, MeOH–H2O (1 : 1); iii, EVE
(0.26 m), MeCN–H2O (1 : 1)

Fig. 1 LFP spectra (lmax 308 nm; 100% H2O; O2 purged) of 5 at (8) pH 1,
(/) 7 and (2) 12
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below 350 nm (t < 50 ms). In all three cases, however, there is
rapid drop-off signal (bleaching) as the wavelength of observa-
tion approaches the region where the ground state material
absorbs,∑ thereby masking the true extent of this band. Another
species with lmax at 430 nm is apparent in the pH 7 (t > 10 ms)
and 12 (t ca. 2 ms) spectra (Fig. 1). The relative intensities of
the bands change with pH (there is no 430 nm band at pH 1),
with an ‘inflection’ point in the pH 4–7 region. We have
assigned the 370 nm band to o-QM 7 which is protonated at
nitrogen. This is clearly the most basic site of the o-QM;
protonation at oxygen (the other possible basic site) is unlikely
at this pH as this would generate a highly reactive diarylmethyl
carbocation. The 430 nm band is thus assigned to neutral o-QM
8.

The lifetime of simple QMs is expected to be lower in basic
and acidic media than at pH 7, due to attack by either H+ or OH2
at the appropriate sites of the QM (carbonyl oxygen and
exocyclic vinyl carbon, respectively). The transient lifetimes at
pH 7 for both 7 and 8 are approximately five times longer than
at pH 12, while the lifetime of 7 at pH 1 is approximately two
hundred-fold shorter than in neutral solution, consistent with
QM reactivity. The heteroatom present in the pyridine ring will
also have an influence on the QM lifetime at low pH, where it
is fully protonated: it should act a powerful electron-with-
drawing group, making the QM more reactive, and this is
consistent with the much shorter lifetime observed in pH 1.

It has been shown via LFP,6 in the case of the simple
hydroxybenzhydrol systems, that at elevated pH ( > 10) QMs
are formed more efficiently (higher quantum yields) than at
neutral pH, as the phenolate is already present. This appears to
be verified in our system as much stronger signals are observed
when LFP experiments are carried out at pH 12. Moreover,
product studies on the formation of 3 from 1 (1 : 1 MeOH–H2O)
at pH 7 and 12 gave yields of 9 and 15% (performed under low
conversion conditions and in which samples received the same
UV dose), respectively, consistent with the notion that the QM
is more efficiently formed at high pH.

In summary, we have shown that the corresponding o-QMs of
1 and 5 can be formed readily in aqueous solution via irradiation
with UV light. The o-QM is formed selectively in all cases,
although m-QM formation is a possibility. The QM can exist as
the free base or in the iminium ion form, which differ in
reactivity. The pH of the solvent leads to significant differences
in both the lifetime and amount of QM formed, with the QM
being longest-lived at pH 7. These results suggest the possibility

that 2 can be formed inside biological systems, leading to cell
and DNA damage. We believe this to be the first example of the
photogeneration of a quinomethane from an important bio-
molecule (i.e. 1). Since pyridoxal is the active form of
pyridoxine, and is known to be extensively hydrated in aqueous
solution, we are investigating the possibility of analogous
photochemistry for this compound.

We acknowledge support of this research by the Natural
Sciences and Engineering Research Council (NSERC) of
Canada. D. B. thanks the University of Victoria for a graduate
fellowship.
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Modified nucleosides from nitrones: a new and efficient stereoselective
approach to isoxazolidinyl thymidine derivatives

Pedro Merino,*† Santiago Franco, Natalia Garces, Francisco L. Merchan and Tomas Tejero

Departamento de Quimica Organica, ICMA, Universidad de Zaragoza, Zaragoza, E-50009 Aragon, Spain

The addition of the sodium enolate of methyl acetate to the
N-benzyl nitrone 4 derived from D-glyceraldehyde affords
the 3-substituted isoxazolidin-5-one 6a with a high degree of
syn selectivity and in quantitative chemical yield; its further
elaboration leads to the preparation of the important
isoxazolidine nucleoside analogue 2a in enantiomerically
pure form.

Nucleoside analogues have aroused a considerable amount of
attention because of their biological activity.1,2 In particular,
modified nucleosides, such as lamivudine 1a and its 5-fluoro
derivative 1b show potent specific, competitive anti-HIV
activities.3 Also, nucleosides 2 and 3 containing an isox-
azolidine moiety have been described to have promising

therapeutic utility in the development of anti-AIDS agents.4 As
a consequence, syntheses of isoxazolidinyl nucleosides of type
2 and 3 have been recently reported.5,6

Recent investigations in this laboratory have revealed that
chiral a-alkoxy and a-amino nitrones serve as versatile chiral
building blocks in the preparation of several naturally occurring
nitrogen-containing compounds.7 Here we present a successful
implementation of this strategy directed to the stereoselective
synthesis of isoxazolidinyl nucleosides 2.

The key step of our approach consists of the stepwise addition
of an ester enolate to a chiral nitrone in order to construct the
isoxazolidine ring. It had been described by Trombini and co-
workers that both ketone silyl enol ethers and vinylketene
acetals add to nitrones in the presence of trimethylsilyl triflate.8
Kita and co-workers reported that a-alkoxy nitrones undergo
nucleophilic additions with ketene silyl acetals to give the
corresponding b-(siloxyamino) esters in good yields and
stereoselectivity.9 With this background in mind we felt that the
ready availability of the enantiomerically pure nitrone derived
from 1,2-di-O-isopropylidene-d-glyceraldehyde10 and the well-
precedented stereodirecting effect of the dioxolane group7 made
4 an ideal starting material. The addition of nitrone 4 to 1.5
equiv. of the lithium enolate of methyl acetate (LDA and methyl
acetate) afforded a 75 : 25 mixture of diastereomeric isox-
azolidinones 6 in 60% isolated yield (Scheme 1).‡

The b-(hydroxyamino) ester was not observed in the crude
product and only compounds 6, coming from an intramolecular
cyclization, were obtained. The stereochemistry of the obtained
isoxazolidines 6 was ascertained by an X-ray crystallographic
analysis of a single crystal of the major diastereomer syn-6a.§

The stereochemical outcome of the reaction is in accord with
Kita’s results9 and our own previous data concerning the
nucleophilic additions to a-alkoxy nitrones.11 Efforts to
improve both the diastereoselectivity and the chemical yield by
variation of the counterion and the solvent, plus attempts of
stereocontrol of the reaction by addition of a Lewis acid, are
summarised in Table 1.

In all cases, sodium enolates afforded the syn adduct 6a as the
only product of the reaction (ds ! 95%) in excellent chemical
yield (Table 1, compare entries 1–4 with 5, 6 and 9), the solvent
only having a slight influence on the chemical yield of the
process. Guided by our previous results11 on nucleophilic
additions to 4 we next carried out the reaction in the presence of
1.0 equiv. of diethylaluminium chloride (Table 1, entries 7, 8
and 10). Unfortunately, the chemical yield was rather low
(20–25%) in all cases, substantial amounts of starting nitrone
being recovered. This behaviour suggests that the Lewis acid
used as a pre-complexing agent of the nitrone eliminates the
sodium enolate from the reaction mixture by forming the
corresponding aluminium enolate, which is unable to react with
4.

Thus, metal exchange should proceed rapidly at the expense
of nucleophilic addition, which proceeds in only 20–25%

Scheme 1

Table 1 Stereoselective addition of enolates to nitrone 4

Entry R Base (solvent) 6a : 6b Yieldb (%)

1 Me LDA (THF) 75 : 25 60
2 Me LDA (Et2O) 70 : 30 54
3 Me LiHMDS (THF) 86 : 14 68
4 Me LiHMDS (Et2O) 60 : 40 70
5 Me NaHMDS (THF) !95 : 5 100
6 Me NaHMDS (Et2O) !95 : 5 95
7 Me NaHMDS (THF)a 34 : 66 25
8 Me NaHMDS (Et2O)a 30 : 70 22
9 Et NaHMDS (THF) !95 : 5 93

10 Et NaHMDS (Et2O)a 32 : 68 20

a 1.0 equiv. of Et2AlCl was used. b Isolated yield of the crude mixture of
diastereomers.
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yield.¶ The lower reactivity of aluminium enolates has been
described in nucleophilic additions to imines.12 A further
confirmation of that hypothesis emerged from the fact that an
identical result was obtained when nitrone 4 was made to react
with the aluminium enolate of methyl acetate prepared in situ
from methyl acetate and diethylaluminium chloride as de-
scribed.13 Nevertheless, despite these adverse results concern-
ing the chemical yield, a reversal of the diastereofacial
selectivity was observed (Table 1, entries 7, 8 and 10) and the
anti isomer 6b could be fully characterized‡ and used in further
transformations.

Treatment of syn-6a with DIBAL-H in CH2Cl2 at 280 °C
afforded lactols 7 as a 60 : 40 mixture of anomers. The first order
300 MHz 1H NMR spectrum of the mixture provided un-
equivocal information on their structures.∑ Acetylation of 7 as
described6 afforded only unreacted starting material when
stoichiometric amounts of reagents were used; on the other
hand, an excess reagents led to deprotection of the acetonide
moiety. If, however, compounds 7 were treated at 0 °C with
Ac2O and pyridine a 76 : 24 mixture of anomeric acetates 8 was
formed in 82% combined yield, with the a anomer predominat-
ing. Coupling of 8 with 2,4-bis(trimethylsilyloxy)-5-methylpyr-
imidine14 using the glycosylation methodology developed by
Vörbruggen15 afforded the N1-nucleoside 9 as a 22 : 78 mixture
of a/b anomers∑ in which the acetonide moiety had been
hydrolysed (Scheme 2). The major b isomer (depicted in
Scheme 2) was easily separated by column chromatography
(100% EtOAc, Rf a-isomer = 0.13, Rf b-isomer = 0.23,
visualized with UV at 254 nm). Finally, oxidative cleavage
(NaIO4) of the diol unit followed by in situ reduction with
NaBH4 generated the desired isoxazolidine nucleoside 2b in
good overall yield as summarised in Scheme 2.

As expected from these results, nitrone 4 behaved as an
excellent precursor to other related isoxazolidinyl nucleosides,
and thus further studies on its reactivity are underway.

This research was supported by MEC (Madrid, Spain). We
are grateful to Professor S. Castillon for helpful discussions.
One of us (S. F.) thanks the MEC (Madrid, Spain) for a
contract.
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Siemens P4 diffractometer with graphite monochromated Mo-Ka radiation
w–2q scan technique (2.61 @ q@ 23.99). The structure was solved by direct
methods using the SHELXS-86 package.16 All other calculations were
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¶ Similar results were observed with other Lewis acids such as ZnCl2, ZnBr2

or MgBr2. In all cases the yield dropped considerably.
∑ The anomeric configurations were confirmed by 1H NMR (300 MHz) and
NOE experiments.
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Scheme 2 Reagents and conditions: i, DIBAL-H, 280 °C, CH2Cl2, 2 h,
80%; ii, Ac2O, Py, 0 °C, 1 h, 82%; iii, 2,4-bis(trimethylsilyloxy)-
5-methylpyrimidine, TMSOTf, CH2Cl2, room temp., 2 h, 63%; iv, NaIO4

(aq.), SiO2, CH2Cl2, room temp., 20 min, then NaBH4, MeOH, 0 °C, 90 min,
89%
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Facile and highly selective monoacylation of symmetric diols adsorbed on silica
gel with acetyl chloride
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Monoacetylated alcohols of symmetric 1,n-diols are synthe-
sized quantitatively by refluxing a suspension of the diols
adsorbed on silica gel with acetylchloride.

The application of solid adsorbents such as alumina and silica
gel as solid supports in organic synthesis affords a new
procedure for selective reactions1 involving oxidation,2 alkyla-
tion,3 condensation,4 acetylation5 and monomethyl esterifica-
tion.6 The significant potential of adsorbents is due to the milder
reactions conditions and simpler work-up required and the
selective organic transformations that they allow. It is important
for organic chemists to develop methods that permit the
selective protection or functionalization of one functional group
of a bi- or multi-functional molecule. Monoprotection of
polyols is achieved in some cases by carefully controlled
reaction conditions,7 continuous extraction,8 the use of silica
gel,9 alumina,10 phase-transfer catalysts11 and insoluble poly-
mer supports,12 or via the formation of cyclic compounds.13

Protection of hydroxy groups by acylation is common in
organic syntheses and here we report the facile and highly
selective monoacetylation of symmetric diols with acetyl
chloride (AcCl) by use of silica gel.

Acetylation of symmetric diols adsorbed on silica gel was
performed via the following method (adsorption method)
(Scheme 1). Alcohols were adsorbed on silica gel (C-200, Wako
Chemicals) as follows: 1 g of silica gel was added to a Et2O
solution of the alcohol; solvent was then eliminated under
reduced pressure. The obtained solid (adsorption sample) and

AcCl were introduced to 50–100 ml of cyclohexane and
refluxed for 2 h. The reaction period of 2 h was sufficient for the
reaction to reach completion. After the reaction the mixture was
filtered and the solid was washed with distilled water and DMF.
The washings plus the filtrate were concentrated, and the
products were analyzed by GLC with higher hydrocarbons such
as dodecane and heptadecane used as an internal standard. The
products were spectrometrically identified via comparison with
the authentic samples.

The results of acetylation of symmetric diols are listed in
Table 1. According to the adsorption method the monoacety-
lated products of 1,n-diols were quantitatively obtained, while
in the case of cyclohexane-1,4-diol the products were obtained
in lower yield. Even with a larger amount of decane-1,10-diol in
the adsorption sample (3.2 3 1023 mol g21 SiO2), the same
result (quantitative monoacetylation) was observed. This ad-
sorption method is insensitive to the amount of AcCl added, e.g.
2.5–20 equiv. of AcCl were effective for the quantitative
formation of the monoacetylated alcohol of decane-1,10-diol.

The dependence of selectivity on reaction temperature was
investigated in order to improve the selectivity in the reaction of
cyclohexane-1,4-diol, which showed the lowest selectivity.
Higher selectivity was observed with a decrease in the
temperature. Selectivity was improved to 73% at 0 °C, and to
76% at 0 °C in hexane suspension (Table 2). Silica gel is
considered to play a role as a protecting reagent for the
counterpart hydroxy group of the symmetric diol, which is
presumably adsorbed as a monomolecular layer on the surface
of silica gel as in the case of the methylation of decan-1-ol on
silica gel with CH2N2.14 This explains why a large excess of
AcCl yields only the monoacetylated alcohols of 1,n-diols. No
further evidence has been obtained at the present time, however,
this adsorption method should be applicable to the selective
monoprotection or monofunctionalization of polyols.Scheme 1

Table 1 Monoacetylation of symmetric diols adsorbed on silica gela

Amount of
AcClb (in Maximum
homogeneous Yield (%) yield in
reaction) Selectivityc homogeneous

Substrate (equiv.) monoacetate diacetate (%) reactiond (%)

Butane-1,4-diol 9.0 (2.0) 99.5 0.0 100 52.3
Hexane-1,6-diol 5.0 (7.0) 99.5 0.0 100 58.6
Octane-1,8-diol 1.2 (7.0) 99.8 0.0 100 54.3
Decane-1,10-diol 2.5 (20.0) 99.8 0.0 100 56.5
Decane-1,10-diole 2.5 (20.0) 98.3 1.7 98.3 56.5
Decane-1,10-diolf 3.0 (20.0) 99.0 1.0 99.0 56.5
Dodecane-1,12-diol 3.0 (3.0) 99.9 0.0 100 66.5
Hexadecane-1,16-diol 10.0 (5.0) 99.9 0.0 100 30.2
Cyclohexane-1,4-diol 4.0 (4.2) 29.9 40.8 42.7 32.6
trans-Cyclohexane-1,4-diol 4.0 (7.0) 39.9 30.1 50.1 43.1
Benzene-1,4-dimethanol 3.2 (3.0) 36.0 47.5 74.2 52.5

a Each experiment was carried out under reflux in cyclohexane for 2 h. Adsorption sample contains 3.2 3 1024 mol g21 SiO2. b Minimum amount of AcCl.
The same results were observed by the use of AcCl in the amount from the minimum to 20 equiv. c The value of [yield of the monoacetylated alcohol/(100
2 intract diol)] 3 100. d 2.5 3 1022 m solution of diols in DMF in the presence of pyridine (1 equiv.). e Gas–solid phase reaction at room temperature in
the bsence of cyclohexane solvent. f An adsorption sample containing 3.2 3 1023 mol g21 SiO2 of the alcohol was used.
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Table 2 Dependence of the monoacetylation of 1,4-cyclohexanediol on
reaction temperature

Yield (%)

T/°C monoacetate diacetate Selectivityb (%)

80.2 (reflux) 29.9 40.8 42.7
17.0 54.6 41.6 56.8
0.0 52.4 19.3 73.1
0.0c 61.4 19.4 76.0

a Adsorption sample of cyclohexane-1,4-diol (3.2 3 1024 mol g21 SiO2)
was used in cyclohexane suspension with 4.0 equiv. of AcCl. Other
conditions as in the main text. b The value of [yield of the monoacetylated
alcohol/(100 2 intact diol)] 3 100. c In hexane suspension.
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Chiral dendrimers with backfolding wedges

H. W. I. Peerlings, D. C. Trimbach and E. W. Meijer*†

Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology, PO Box 513, 5600 MB Eindhoven,
The Netherlands 

Dendritic wedges with a substitution pattern that forces the
growth inwards are introduced and the use of this new
building strategy is exemplified in the synthesis and
chiroptical properties of a chiral dendrimer.

The first reports on the synthesis and properties of dendrimers1

initiated many studies towards this new class of highly branched
macromolecules. A wide variety of synthetic routes have led to
the production of a large number of new dendritic structures,
even leading to structures that are now commercially available.2
The branching pattern of many, if not all, of these dendrimers is
designed to facilitate the growth of each next generation
outwards. As a result, dendrimers can be obtained that possess
a highly packed periphery and cavities in the interior, making
for example, encapsulation of guest molecules possible.3
Recently, however, it has been indicated that many of the
structures studied so far have a rather flexible conformation,
leading to an average density that is not different for interior and
periphery. So far, conformational rigidity in these structures has
only been found at higher generations of dendrimers.3–6

Restricted flexibility at lower generations, however, has not
been observed before and is of interest for many applications
foreseen for dendrimers, e.g. molecular recognition and cataly-
sis.7 Also our search for an optically active chiral dendritic
object, which owes its chirality to the presence of constitution-
ally different wedges attached to a central carbon atom, is
hampered by this flexibility.8 Recently, the enantiomerically
pure dendrimer (S)-1 was described (Fig. 1); however, no
detectable optical activity was observed.9 Here, we present the
concept of backfolding wedges in the synthesis of dendrimers
with restricted flexibility at lower generations. The effect of
these wedges is exemplified in a chiroptical study based on the

modification of the Fréchet-type poly(benzylether) wedges by
changing from a 3,5- to a 2,6-dibenzyloxy substitution pat-
tern.

2,6-Dihydroxybenzoic acid was used as a starting material
for the synthesis of both desired backfolding dendritic wedges.
The first generation was synthesized starting from a reaction of
2,6-dihydroxybenzoic acid with 3 equiv. of benzylbromide,
yielding benzyl 2,6-dibenzyloxybenzoate 2, which was reduced
by a reaction with LiAlH4 to 2,6-dibenzyloxybenzyl alcohol 3
(Scheme 1). Bromination of 3 was accomplished by a reaction
with PBr3, yielding 2,6-dibenzyloxybenzyl bromide 4, the first
generation bromide backfolding dendrimer. For the synthesis of
the second generation of bromide backfolding dendritic wedge,
first 2,6-dihydroxybenzoic acid was converted into methyl
2,6-dihydroxy benzoate 5 via reaction with methyl iodide in
DMF in the presence of NaHCO3. In our first approach to
backfolding, the normal Fréchet-type dendritic wedge of the
first generation was brought into reaction with 5, yielding 6.
After reduction to the corresponding benzyl alcohol 7, the
desired benzyl bromide 8 was obtained via reaction with PBr3.
The crystalline benzyl bromides 4 and 8 proved to be rather acid
sensitive and compound 8 even decomposes on standing in a
CHCl3 solution.

The effect of the backfolding dendritic wedges was tested in
the synthesis of (S)-9, the conformationally more rigid analogue
of (S)-1 (Fig. 1). The assigned conformational flexibility in
(S)-1 is based on the chiroptical study, as there is no detectable
optical activity in terms of optical rotatory dispersion (ORD),
circular dichroism (CD) or optical rotation,9 and therefore this
compound can be referred to as being cryptochiral.10

Fig. 1 Modelling study of (S)-1 and (S)-9

Scheme 1 Reagents and conditions: i, BnBr, K2CO3, 18-crown-6, acetone;
ii, LiAlH4, Et2O, 65% for two steps; iii, PBr3, Et2O, 96%; iv, MeI, NaHCO3,
DMF, 77%; v, [G-1]Br, K2CO3, 18-crown-6, acetone, 67%; vi, LiAlH4,
THF, 75%; vii, PBr3, Et2O–THF, 74%
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The synthetic approach to chiral dendrimer (S)-9 is similar to
the synthesis of (S)-1, with normal Fréchet-type wedges, as
reported before.9 However, due to the acid-sensitivity of the
dendritic wedges the use of strong acidic conditions in the
synthetic route had to be circumvented. Enantiomerically pure
(S)-2,2-dimethyl-1,3-dioxolane-4-methanol [[a20

D ] +15.2 (neat,
25 °C)] was used as a starting material for the synthesis of the
backfolding dendrimer (S)-9. The free alcohol functionality was
brought into reaction with the first generation of backfolding
bromide 4, yielding 10. Deprotection of the acetal protecting
group was performed under mild acidic conditions, making use
of a catalytic amount of toluene-p-sulfonic acid in MeOH,
leading to diol 11, which could be obtained as a white
crystalline solid. In order to differentiate between the two
alcohol functionalities a bulky protecting group was introduced
via a reaction with NaH and ButMe2SiCl. Only the desired
monosubstituted product 12 and unreacted product 11 could be
obtained after the reaction, which could be separated by
washing with hexane (in which only the product dissolved). The
free secondary alcohol functionality was reacted with benzyl
bromide (the zeroth generation of dendrimer), yielding 13.
Subsequently, the ButMe2Si group was removed by reaction
with Bu4NF to yield precursor molecule 14. In the final step the
free primary alcohol functionality of 14 was reacted with the
second generation of backfolding bromide 8 in a Williamson
synthesis, leading to target molecule (S)-9. Except for 11, all
chiral compounds were oils that had to be purified using column
chromatography. All spectroscopic data are in full agreement
with the compounds obtained.‡

Backfolding dendrimer (S)-9 exhibited, in sharp contrast to
(S)-1, an optical activity of [a]20

D +0.8 (c = 2.2, CH2Cl2). A
more thorough study was performed using ORD, UV and CD
measurements. For the CD measurements, destilled CH2Cl2 was
used and spectra were measured at l = 320–220 nm. A very
weak signal was found at l = 280 nm, at a temperature of
15 °C, indicative of an induced chiral effect. However, at more
elevated temperatures (30 °C) this signal vanished, indicating
that the conformational flexibility/rigidity can be triggered by
temperature. The difference in chiroptical effects for (S)-1 and
(S)-9 are proposed to be the result of more conformational
rigidity in the latter.

In conclusion, we present the concept of a backfolding
dendritic wedge by modifying the branching pattern of Fréchet-
type dendritic wedges. The backfolding character of this new
type of dendrimers is illustrated in chiral dendrimer (S)-9, which
exhibits optical activity. The chiroptical properties show that
when introducing these conceptually new wedges an overall
conformationally more rigid structure is obtained. The use of
this new type of wedge enables us create more conformational
rigidity at low generations, which up to now was only possible
at very high generations.

The authors thank The Netherlands Foundation for Chemical
Research (SON) and The Netherlands Organization for Scien-
tific Research (NWO) for financial support. DSM Research is
gratefully acknowledged for an unrestricted research grant.
Sergey Nepogodiev and Peter Ashton are acknowledged for the
LSIMS measurement of chiral dendrimer (S)-9.
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† E-mail: tgtobm@chem.tue.nl
‡ Selected data for (S)-9: dH(CDCl3) 3.58–3.69 (m, 4 H, C*HCH2), 3.79 (q,
J 5.5, 1 H, C*H), 4.51 and 4.67 (2*s, 4 H, CH2OCH2OAr), 4.71 and 4.73
(2d, J 10.3, C*HOCH2Ph), 4.89 and 4.90 (2s, 8 H, ArOCH2Ph,
ArOCH2ArA), 4.91 (s, 8 H, ArAOCH2Ph), 6.44 and 6.48 (2d, J 8.4, 4 H, ArH-
3,5), 6.51 (t, J 2.2, 2 H, ArAH-4), 6.64 (d, J 2.2, 4 H, ArAH-2,6), 7.03–7.35
(m, 37H, ArH-4 and PhH); dc(CDCl3) 61.4, 69.8, 70.1, 70.9, 71.0, 71.8
(CH2), 77.4 (C*H), 101.3 (ArAC-4), 105.4 and 105.6 (ArC-3,5), 105.8
(ArAC-2,6), 115.4, 115.5 (ArC-1), 126.8, 126.9, 127.2, 127.4, 127.5, 127.8,
128.3, 128.4, 129.3, 129.4 (PhCH), 129.3, 129.4 (ArC-4), 136.7 (ArA-
OCH2PhC-ipso), 137.1 (ArOCH2PhC-ipso), 139.1 (C*HOCH2PhC-ipso),
139.7 (ArAC-1), 158.4 (ArC-2,6), 159.9 (ArAC-3,5); nmax(KBr)/cm21 3031
(NC–H), 2927 and 2872 (–CH2–), 1596 and 1497 (CNC), 1452 (CH2); 1115
(CH2OCH2). [a]20

D +0.8 (c 2.2, CH2Cl2). m/z 1233 (M + Na+), 1249 (M +
K+), 1343 (M + Cs+).
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HOBT immobilized on macroporous polystyrene beads: a useful reagent for
the synthesis of amides

Kleanthis Dendrinos, Jeannie Jeong, Wei Huang and Aristotle G. Kalivretenos*†

Department of Chemistry and Biochemistry, University of Maryland, Baltimore County, Baltimore, MD 21250, USA

Polymer-supported 1-hydroxybenzotriazole (P-HOBT), pre-
pared from macroporous polystyrene beads, was used to
synthesize amides from primary and secondary amines. 

Combinatorial chemistry has led to much research in the use of
solid-phase organic synthesis techniques.1 Polystyrene-sup-
ported 1-hydroxybenzotriazole (P-HOBT) was originally de-

veloped as a highly reactive N-acylating agent for the formation
of peptide bonds.2 Ongoing studies in our laboratory are
directed at the development of P-HOBT as a generally useful
acylating agent. We have utilized P-HOBT for the synthesis of
medium-ring lactams from linear precursors,3 the preparation of
N-hydroxysuccinimide (NHS) esters4 and the carbamate protec-
tion of amines.5 A recent report describes the use of HOBT
immobilized on an aminomethylated Merrifield resin for the
synthesis of simple amides.6 We are interested in utilizing
P-HOBT for the derivatization of naturally occurring amines for
improved chromatographic separation and identification prop-
erties. The use of HOBT immobilized on Merrifield type
polystyrene resins, whose degree of swelling varies greatly
depending on the solvent, would limit the variety of solvents
utilized for amide formation. Herein, we report the use and
advantages of HOBT immobilized on macroporous polystyrene
beads for the amide derivatization of amines. 

We prepared P-HOBT using Bio-Rad SM-2 dried macro-
porous beads (polystyrene–divinylbenzene copolymer resin,
100–200 mesh, MW cutoff 2000) according to the method of
Fridkin and Patchornik.2‡ We chose to use the macroporous
SM-2 beads, designed as a chromatographic support for
hydrophobic interaction chromatography, due to their ability to
be used in aqueous, as well as organic solvents without swelling
or contraction.7 The number of active sites on the resin was
determined by forming the polymer-bound acetate ester,
followed by subsequent treatment with isopropylamine (large
excess) to yield N-isopropylacetamide and recovered polymer.
Based on the yield of recovered N-isopropylacetamide, three
batches of polymer-bound reagent were prepared with activities
of 0.27 (1) 0.25 (2) and 0.25 mmol g21 (3), respectively.§
Polymers 1 and 2 were prepared and stored undessicated at
room temperature for two years. At this time, both polymers
retained ca. 90% of their original activity.

With the polymer in hand, the synthesis of a variety of amides
was completed, as shown in Scheme 1. Acetamides, benz-
amides and amides of pyrene-1-carboxylic acid were chosen
due to their potential for use as derivatization reagents for
naturally occurring amines for improved chromatographic
separation and detection properties. In general, the polymer-
bound ester was formed by addition of the acid anhydride to the

immobilized HOBT group in the presence of pyridine, or by
coupling of the free carboxylic acid to the polymer using DCC
as catalyst. The solvent in both cases was CH2Cl2. After
washing the activated resin thoroughly, it was suspended in a
solution of CH2Cl2 containing 0.8 equiv. of amine based on
polymer activity. The reaction mixture was rocked for 4 h at
room temperature, at which time filtration of the resin and
subsequent concentration of the filtrate yielded the desired
amide as the only observable product.¶∑ A summary of these
results is given in Table 1. Of particular interest is entry 8, in
which water was used as a co-solvent to enhance the solubility
of 6-aminohexanoic acid. The use of water did not have any
deleterious effects on overall reactivity or diffusion through the
polymer. 

We have previously shown the P-HOBT reagent to be
completely recyclable for the synthesis of NHS esters.4 Here we
have re-used the same batches of P-HOBT 2 and 3 for the
synthesis of all amides via two protocols. The first method
involves reactivation of used P-HOBT to synthesize amides
utilizing the same carboxylic acid partner. Once used, the resin
was washed with CH2Cl2, PriOH–CH2Cl2 and Et2O to remove
any remaining unbound reagents. The washed P-HOBT was
then reactivated using the carboxylic acid or the acid anhydride
as described above, followed by subsequent treatment with an
amine to yield the amide product. Alternately, the spent
P-HOBT was used to synthesize amides utilizing a different
acid coupling partner, following a two step reactivation
procedure. The used polymer was reacted with a large excess of
isopropylamine (based on polymer activity), followed by a
rigorous washing protocol, utilizing CH2Cl2, PriOH–CH2Cl2,
DMF, CH2Cl2 and Et2O to yield the clean polymer. The
regenerated polymer was subsequently used to prepare amides
via the general protocol described above.

In summary, polymer-supported HOBT, synthesized from
macroporous polystyrene beads, has been utilized for the
synthesis of amides from carboxylic acids and primary and

Scheme 1
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secondary amines. The polymeric reagent displays high re-
activity, is recyclable and can be used with a variety of solvents,
including water. We feel that this reagent provides an efficient
and facile pathway to prepare amides in high yields and purity.
We are currently utilizing this method for the derivatization of
amines from biological sources, and for the preparation of small
molecule amide libraries. 

The authors thank the University of Maryland, Baltimore
County for financial support.
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† E-mail kalivret@umbc.edu
‡ Immobilization of HOBT on polystyrene beads (ref. 2): A suspension of
3-nitro-4-chlorobenzyl alcohol (5.01 g, 26.7 mmol), dried BioRad SM-2
macroporous beads (5.00 g, polystyrene–divinylbenzene copolymer resin,
100–200 mesh, MW cutoff 2000, Bio-Rad Laboratories) and anhydrous
AlCl3 (5.01 g, 37.6 mmol) in 30 ml of nitrobenzene was heated at 65–70 °C
for 3 days. The suspension was cooled to room temperature and filtered. The
polymer was then washed with a solution of 1 m HCl in dioxane (3 3 25 ml),
DMF (3 3 25 ml), MeOH (3 3 25 ml) and CH2Cl2 (3 3 25 ml), and finally

dried in vacuo. The 3-nitro-4-chloro benzylated polystyrene was heated to
reflux in a mixture of hydrazine monohydrate and ethylene glycol
monoethyl ether (4 : 6, v/v; 30 ml) for 20 h. The reaction mixture was cooled
to room temperature and the polymer was filtered and washed with H2O (3
3 25 ml) and CH2Cl2 (3 3 25 ml). The polymer was resuspended in a
mixture of concentrated aq. HCl and dioxane (1 : 1, v/v; 50 ml) and the
suspension was heated at reflux for 20 h. At this time, the polymer was
filtered and washed with H2O (5 3 50 ml), MeOH (3 3 50 ml) and Et2O (3
3 25 ml), and finally dried in vacuo at room temperature to yield 4.90 g of
P-HOBT.
§ Assay of hydroxy group content in P-HOBT 2: To a suspension of
P-HOBT 2 (0.450 g) in CH2Cl2 (5 ml) was added Ac2O (0.32 g, 0.30 ml, 3.1
mmol) and pyridine (0.20 g, 0.20 ml, 2.5 mmol). The suspension was
subsequently rocked for 1 h at 25 °C. At this time, the polymer was filtered,
washed with CH2Cl2 (25 ml), DMF (2 3 40 ml), CH2Cl2 (3 3 25 ml) and
anhydrous Et2O (3 3 25 ml). The polymer was re-suspended in CH2Cl2 (5
ml) followed by the addition of isopropylamine (0.208 g, 0.300 ml, 3.52
mmol). The suspension was rocked at 25 °C for 3.5 h. The polymer was then
filtered and washed with CH2Cl2 (3 3 25 ml). The filtrate and washings
were combined and concentrated to yield 0.0113 g of N-isopropyl acetamide
as a clear oil. This gave an activity of 0.248 mmol g21 for P-HOBT 2. All
other polymers were tested in this fashion. 
¶ Typical experimental procedure for the synthesis of amides: A suspension
of P-HOBT 2 (0.33 g, 0.25 mmol g21, 0.083 mmol), Ac2O (0.026 g, 0.024
ml, 0.25 mmol, 3.0 equiv.) and pyridine (0.021 g, 0.021 ml, 0.26 mmol, 3.2
equiv.) in CH2Cl2 (10 ml) was rocked for 1 h at 25 °C. At this time, the
polymer was filtered, washed with DMF (2 3 10 ml), CH2Cl2 (3 3 10 ml)
and anhydrous Et2O (3 3 10 ml). The polymer was resuspended in CH2Cl2
(10 ml) followed by the addition of 3-aminopropan-1-ol (0.0051 g, 0.0052
ml, 0.068 mmol, 0.82 equiv. based on P-HOBT 2). The suspension was
rocked at 25 °C for 3.5 h. The polymer was then filtered and washed with
CH2Cl2 (3 x 15 ml). The filtrate and washings were combined and
concentrated to yield 0.0079 g (99%) of N-acetyl-3-aminopropan-1-ol as a
white solid.
∑ All other amides were formed in an analogous fashion as N-acetyl-
3-aminopropan-1-ol. The 1H NMR and mass spectral data of all of the
prepared compounds were consistent with the expected structures.
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Table 1 Amide formation utilizing P-HOBT

Entry Carboxylic acid Amine Yield (%)a

1 AcOH PriNH2 88
2 AcOH Cyclohexylamine 97
3 AcOH Piperidine 87
4 AcOH n-Hexylamine 91
5 AcOH BnNH2 96
6 AcOH PrnNH2 96
7 AcOH 3-Aminopropan-1-ol 99
8 AcOH 6-Aminohexanoic acidb 83
9 AcOH Pyrrolidine 85

10 AcOH 1,5-Diaminopentanea 96
11 BzOH PriNH2 83
12 BzOH Cyclohexylamine 99
13 BzOH Piperidine 96
14 BzOH n-Hexylamine 94
15 BzOH BnNH2 86
16 BzOH PrnNH2 91
17 BzOH 3-Aminopropan-1-ol 63
18 BzOH Pyrrolidine 77
19 BzOH 1,5-Diaminopentanec 72
20 Pyrenecarboxylic acid PriNH2 92
21 Pyrenecarboxylic acid Piperidine 99
22 Pyrenecarboxylic acid 3-Aminopropan-1-ol 79

a The amides were recovered as the only product (purity determined by 1H
NMR spectroscopy) and the yields were based on the amount of amine used.
b DMF–H2O (70 : 30) used as solvent in place of CH2Cl2.
c Formed N,NA-diacetyl-1,5-diaminopentane.
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Adsorption of carbon monoxide on a SmOx film

Takashi Kuriyama,a Kimio Kunimoria and Hisakazu Nozoye*b
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A weak adsorption state of CO, characterized by extremely
high binding energy photoemission features, was formed on
samarium oxide film prepared in UHV.

Molecule/surface interactions on metal oxides are of interest
owing to the importance of metal oxides in catalysis. A number
of investigations of the chemisorption properties of metal
oxides have been carried out under ultrahigh vacuum (UHV)
conditions.1 Little work, however, has dealt with molecular
adsorbates on rare earth oxide surfaces,2,3 since it is difficult to
obtain well defined surfaces of such materials. In order to
investigate the chemisorption property of a rare earth oxide in
detail with surface science techniques, we prepared a samarium
oxide (SmOx) film in UHV. Here, we report the interaction of
CO with the surface of the SmOx film, using ultraviolet
photoelectron spectroscopy (UPS), X-ray photoelectron spec-
troscopy (XPS) and temperature programmed desorption
(TPD).

All experiments were performed in a commercial UHV
apparatus (ESCALAB Mark II) with a base pressure of < 1 3
1028 Pa. The SmOx film was prepared in the UHV system by
oxidizing a Sm overlayer, which was vapor-deposited on a
Ru(001) single crystal sample (ca. 10 mm diameter and 1 mm
thickness). Since the SmOx films obtained here completely
covered the Ru(001) surface, we did not have to take into
account any effect of the Ru surface or the Ru/SmOx interface
on CO adsorption. UP and XP spectra were recorded at ca. 105
K using He II and Al-Ka radiation, respectively.

Fig. 1(a) shows the UP spectrum for the SmOx film on
Ru(001), which was prepared by repeating cycles of Sm
deposition at 300 K and heating to 800 K in O2 (ca. 1025 Pa).
The thickness of the SmOx film was determined to be ca. 4.5 nm
from the attenuation of Ru 3d signal intensity. Fig. 1(b) was
recorded after the surface was saturated with CO at ca. 105 K.
The difference spectrum, (b) 2 (a), shows the appearance of a
pair of peaks at ca. 11.8 and 14.3 eV below EF. These two peaks
disappeared after heating to 150 K and desorption of CO was
observed at ca. 125 K in TPD measurements at a heating rate of
5 K s21. These results suggest that the two observed peaks are
attributed to CO species, which adsorbs weakly on the SmOx

surface. Supposing a first-order desorption, the activation
energy of desorption of ca. 31 kJ mol21 was obtained for this
CO species from the desorption temperature of 125 K and a
frequency factor of 1013 s21.

As shown in Fig. 1(e), two peaks at ca. 8.0 and 11.0 eV were
observed for CO on the Ru(001) surface, which have been
assigned to 5s/1p and 4s emissions, respectively.4 The binding
energies of the two peaks from CO on SmOx are remarkably
larger than those of CO on Ru(001) as well as on other metal
surfaces. Similar very high binding energy features have been
reported for CO on a partially reduced Cr2O3(111) surface.5
This CO species interacts weakly with chromium atoms, and
was not observed on a completely oxidized Cr2O3(111) surface.
The higher binding energies of photoemissions compared with
those of CO on metal surfaces were explained by s bonding
between CO and chromium atoms without p* back-donation,
which plays an important role in CO adsorption on most metal

surfaces. The bonding character of this distinct CO species is
essentially different from that of CO on a metal surface.

Fig. 1(c) and (d) were recorded for an Ar+-ion-bombarded
SmOx surface before and after CO adsorption, respectively. In
the difference spectrum, (d) 2 (c), two peaks also appear, at ca.
11.8 and 14.3 eV. The intensities of these two peaks are
apparently larger than those observed in (b) 2 (a) for the non-
bombarded surface, suggesting that the Ar+-ion-bombardment
of the surface caused an increase in the number of CO
adsorption sites. An explanation for this result is that the
adsorbed CO molecules interact with defect sites, which are
likely to increase for the rough ion-bombarded surface.

According to a previous report for a TiO2 surface,1 the lower
part of the valence band (ca. 4 eV below EF) is mostly
composed of non-bonding 2p orbitals of oxygen in the oxide.
Comparing Fig. 1(c) with (a), the non-bonding O 2p peak
decreases in intensity significantly as a result of the ion
bombardment. This fact suggests that the population of the
oxygen atoms located at the SmOx surface, which are less
coordinated compared with bulk oxygen atoms, are reduced by
the ion bombardment. Therefore, the ion-bombarded surface
has a number of oxygen vacancy defect sites, where samarium

Fig. 1 He II UP spectra recorded on a SmOx film surface (a) before and (b)
after saturating with CO at ca. 105 K and on the Ar+ ion bombarded SmOx

surface (c) before and (d) after saturating with CO. Spectrum (e) was
recorded for CO on Ru(001).
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atoms are exposed and probably exhibit an ability to bond to
CO.

Fig. 2(a) and (b) show XP spectra in the O 1s region, which
were recorded on a SmOx film before and after CO adsorption
at ca. 105 K, respectively. The main O 1s peak at ca. 529.6 eV
is due to oxygen atoms in the SmOx film. Comparing the peak
area of this O 1s feature with that of Sm 3d, we obtained the
stoichiometry of SmOx : ca. 1.44 for x. This result is consistent
with a previous report for the oxidation of a Sm metal surface by
O2 exposure in UHV system, where Sm2O3 was obtained.6 The
difference spectrum (b) 2 (a) has a small peak at ca. 537.8 eV.
Since this O 1s feature disappeared after heating the sample to
150 K, it can be attributed to the weakly adsorbed CO species
described above. The binding energy of this O 1s feature is
much larger than that of CO on most metal surfaces, as well as
those of the valence level emissions. Additionally, a high
binding energy feature of C 1s was also observed at ca. 291.8
eV for this CO species. These higher binding energies must
result mainly from poor screening of the holes induced by
photoemission processes, and suggest a lack of p* back-
donation and a very weak interaction of CO with the SmOx

surface.

Fig. 2(e) was recorded on a SmOx film which was prepared
by the reaction of deposited Sm with CO in UHV. In this
spectrum, the O 1s feature at ca. 529.6 eV is obviously smaller
than that in Fig. 2(a) for the SmOx produced by O2 exposure,
although the amounts of deposited Sm were almost the same
(ca. five monolayers). For this CO-produced SmOx film, which
probably consists of the corresponding amount of carbon as a
component, the stoichiometry was determined to be ca. 0.73 for
x. It is expected that the CO-produced SmOx film has a larger
number of exposed Sm atoms on the surface than the
O2-produced SmOx film.

Fig. 2(d) was recorded on the surface of this SmOx film after
exposure to CO at ca. 105 K. In this spectrum, a more intense O
1s feature at ca. 537.6 eV was observed than in Fig. 2(b).
Comparing the O 1s peak area with that of a saturated CO layer
on Ru(001), the coverage of CO observed here was estimated to
be ca. 0.2 with respect to the Ru(001) substrate. The SmOx film
produced by CO exposure has a larger number of weak CO
bonding sites than that produced by O2 exposure. This result
also supports the fact that the weakly bound CO species interact
with samarium atoms at oxygen vacancy defect sites.

With respect to the catalytic abilities of rare earth oxides for
CO hydrogenation, Sakata et al. have studied CO adsorption on
a practical Sm2O3 catalyst, using in situ IR spectroscopy.7 They
have reported that CO chemisorbed reactively on a Sm2O3
surface to form several types of species, which were also
detected on other rare earth oxides.8 On the other hand, under
UHV conditions, no CO chemisorption was observed on rare
earth oxide films2 or single crystal surfaces of a rare earth
oxide3 at room temperature. The characteristic weak adsorption
state of CO observed here on the SmOx surface was not stable
at room temperature under UHV condition. Under atmospheric
pressure, however, it may be possible that this CO species
becomes a precursor of the species such as those reported by
Sakata et al., or plays other important roles in catalytic
reactions.
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Fig. 2 O 1s XP spectra recorded on a SmOx film prepared by oxidation of
Sm with O2, (a) before and (b) after saturating with CO at ca. 105 K and on
the SmOx film, which was prepared by oxidation of Sm with CO, (c) before
and (d) after saturating with CO
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Synthesis and extraction studies of 1,2- and 1,3-disubstituted butylcalix[4]arene
amides with oxyions; geometric and conformational effects

Olusegun M. Falana,a H. Fred Koch,a D. Max Roundhill,*a Gregg J. Lumettab and Benjamin P. Hayb

Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, Texas 79409-1061, USA 
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26,28-(Dibutylcarbamoyl)methoxy-5,11,17,23-tert-butylca-
lix[4]arene and two geometric isomers of 27,28-(dibu-
tylcarbamoyl)methoxy-5,11,17,23-tert-butylcalix[4]arene
have been used to extract UVI, MoVI, CrVI and SeVI from
aqueous solution into toluene or isooctane.

The selective extraction of metal cations and anions from
aqueous solution into an organic phase is an important goal,
especially if the particular ions are toxic and present in the
environment in significant quantities.1,2 Three such metals are
uranium,3 chromium4–10 and selenium,11 all of which exist
primarily in their hexavalent forms. Although there is con-
siderable diversity between these species there are also some
similarities. The main difference is that whereas SeVI and CrVI

are anions in strongly acidic solution, UVI is a cation. An
important similarity, however, is that these species are high
valent oxophiles, and an amide functionality can potentially act
as a complexant for each of these species. This premise is based
on the logic that such a functionality should not only coordinate
as a hard N,O-donor ligand to such high-valent centers, but
should also function as a neutral host to hydrogen bond with the
protonated form of the oxyanion.

In developing extractants it is important to target specific
solvent systems as well as complexants. Although in earlier
work with calix[4]arenes we have used chloroform as the
organic phase,12–19 we have always been aware that it would be
advantageous to use a less toxic organic such as an alkane. We
have now prepared the geometrically isomeric 1,2- and
1,3-calix[4]arene amides having appended n-butyl substituents
in order that they can be more compatible with such an alkane
phase. In addition to solvent selectivity, the effect of both
geometric and conformational properties of the complexant
needs also to be considered. Since the 1,2 isomer has been
obtained as a separable mixture of geometric isomers, the
availability of such a pair of isomers affords us the opportunity
to compare their relative extraction properties.

These three new calix[4]arene amides have been synthesized
using the same general procedures.20 The precursor compound
N,N-dibutyl-2-bromoacetamide has been synthesized in 82%
yield by stirring a mixture of bromoacetic acid and N,N-
dibutylamine in dichloromethane with 1,3-dicyclo-
hexylcarbodiimide for 12 h.

The synthetic route of the calix[4]arene amides involves
reacting 5,11,17,23-tert-butylcalix[4]arene with N,N-dibutyl-
2-bromoacetamide (2.2 equiv.) in the presence of a base. For the
case of 26,28-(dibutylcarbamoyl)methoxy-5,11,17,23-tert-
butylcalix[4]arene 1 the conditions use potassium carbonate in
refluxing acetone for 18 h (Scheme 1), and for the two isomers
of 27,28-(dibutylcarbamoyl)methoxy-5,11,17,23-tert-butyl-
calix[4]arene (2, 3), sodium hydride in DMF at 60 °C for 26 h
is used (Scheme 2). Compounds 2 and 3 were obtained in the
same reaction mixture and separated by column chromato-
graphy.

These compounds have been structurally characterized by
NMR spectroscopy. Compound 1 (yield 65%; mp 130–132 °C)
is characterized as being in the cone conformation by the
presence of a single triplet resonance in the 1H NMR spectrum

due to the NCH2 group at d 3.36, a singlet at d 4.81 due to
OCH2C(O) and an AB pair for the bridging methylenes at d 3.27
and 4.46 [2J(HH) 13 Hz]. The 13C{1H} NMR spectrum shows
the amide carbonyl resonance at d 168.0. Compound 2 (yield
9.0%; mp 130 °C) is characterized as being in the partial cone
conformation with the bis-(dibutylcarbamoyl)methoxy groups
on opposite rims by the presence of a multiplet resonance due to
NCH2 groups at d 3.21–3.42, two inequivalent singlets at d 5.24
and 5.29 due to the pair of OCH2C(O) groups, and two sets of
AB pairs for the inequivalent bridging methylenes at d 4.34 and
4.96 [2J(HH) 13 Hz], and at d 4.68 and 4.70 [2J(HH) 14 Hz].
The 13C{1H} NMR spectrum shows the amide carbonyl
resonance at d 170.0. Compound 3 (yield 9.6%; mp 174–175
°C) is characterized as being in the partial cone conformation
with the bis-(dibutylcarbamoyl)methoxy groups on the same
side of the upper rim by the presence of a multiplet resonance
due to the NCH2 group at d 3.39–3.49, a singlet for OCH2C(O)
at d 4.98, along with two sets of AB pairs for the inequivalent
bridging methylenes at d 3.41 and 4.63 [2J(HH) 13 Hz] and at
d 3.43 and 4.37 [2J(HH) 14 Hz]. The OH resonances are found
at d 9.76 and 10.48. The 13C{1H} NMR spectrum shows the
amide carbonyl resonance at d 169.0. Both the 1H NMR and 13C
NMR spectra show additional corresponding resonances for the
other functional groups in these structures of 1–3.

Extraction studies have been carried out with isooctane and
toluene, along with the compounds 1, 2 and 3 (1 mm solutions
of each), and aqueous solutions of the metal salts (1 mm in

Scheme 1

Scheme 2

Chem. Commun., 1998 503



0.14 m HNO3). Equal volumes of the organic and aqueous
solutions are then shaken for 1 min. The resultant aqueous layer
is then separated and the remaining metal concentration in that
layer analyzed by ICP. These data with estimated errors in
parentheses are collected in Table 1. From these data it is
apparent that the oxyions can be extracted into toluene or
isooctane from an aqueous solution at pH 0.85 in the presence
of these three hydrophobic calix[4]arene amides. These data
also show differences between both these two solvents and the
isomers of 1, 2 and 3. Although these data may not represent
equilibrium conditions, they are viable because for an extractant
to be useful the phase transfer of the species must be rapid,
therefore these data reflect this property. From these prelimi-
nary data with these compounds it appears that both UO2

2+ and
molybdenum trioxide have a slight preference for isooctane
over toluene, with the reverse trend being observed for the two
oxyanions. The differences between 1, 2 and 3 are less apparent,
but it does appear that there may be a preference of 3 being an
extractant for transferring these oxyions into isooctane. Inter-
estingly, this particular isomer is the one that has the amides in
a potentially chelating geometry, with a hydrophobic tert-butyl
group projecting into this lower rim binding cavity. Further use
of these compounds as extractants will be reported in due
course.

We thank the US Army Research Office and the US
Department of Energy, through the Pacific Northwest Labor-
atory, for financial support.
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Table 1 Extraction of oxyions by 1, 2 and 3

Extraction (%)a

Com-
pound Solvent UO2

2+ MoO3(aq) Cr2O7
22 HSeO4

2

1 Toluene 3 < 1 20(2)b 1
Isooctane 31(3) 20(2) < 1 < 1

2 Toluene 13(1) 7(1) 20(2) 11(1)
Isooctane 25(2) 20(2) < 1 < 1

3 Toluene 14(1) < 1 32(3) 13(1)
Isooctane 39(4) 40(4) < 1 15(1)

a Extractions were carried out by vigorous shaking for 1 min with both the
calix[4]arene and the metal salt as 1 mm solutions. The aqueous solution is
at pH 0.85. b The initial and final metal concentrations were measured by
ICP and the errors are estimated from multiple measurements.
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Large optical limiting properties of the pentanuclear ‘open’ structural cluster
compound [WS4Cu4(SCN)2(py)6]
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Optical limiting properties of a pentanuclear ‘open’ struc-
tural inorganic cluster have been studied with 7 ns laser
pulses of 532 nm wavelength; the limiting threshold of the
cluster [WS4Cu4(SCN)2(py)6] is 0.3 J cm22, which is about
five times better than that observed in C60.

Optical limiting materials are substances whose transmission is
high when they are illuminated by low-intensity light but low
when exposed to intense laser radiation. Because of their
potential applications in the protection of optical sensors from
high-intensity laser beams, the search for better optical limiting
materials has become increasingly intensive. The most fre-
quently reported materials are fullerenes (C60)1,2 and phthalo-
cyanine complexes,3,4 which are generally regarded as the best
compounds for optical limiting. Recently, large non-linear
optical effects have also been found in inorganic clusters.5–22

The structures of these clusters vary widely, they include
butterfly-shaped clusters,6 trinuclear linear clusters,7 nest-
shaped clusters,8–10 ‘half-open’ cubane-like clusters,11,12

cubane-like clusters,13–16 hexagonal prism-shaped clusters,17,18

twin-nest-shaped clusters19,20 and twenty-nuclear supracage-
shaped cluster.21

A good optical-limiting material should possess strong
limiting responses to ns laser pulses in the visible and near-IR
spectral regions. This is because the most likely encountered
powerful light sources are Q-switched Nd : YAG lasers. In this
regard, the optical limiting properties of cubane-like clusters
and hexagonal prism-shaped clusters have been found to be the
best amongst all the clusters studied, with limiting threshold in
the order of ca. 0.1 J cm22.13–15,17 This is comparable to those
of phthalocyanine derivatives and better than that of C60.2,3

However, such performances were achieved under the single-
shot condition; and when the pulse repetition rate exceeded 1
Hz, photodegradation occurred.13 To overcome this problem,
we have investigated different structural types of inorganic
clusters. Here, we report the observation of superior limiting
behavior in a pentanuclear ‘open’ structural cluster
[WS4Cu4(SCN)2(py)6] with a pulse repetition rate of up to 10
Hz.

The preparation of the cluster [WS4Cu4(SCN)2(py)6] was
reported elsewhere.23,24 We obtained the cluster
[WS4Cu4(SCN)2(py)6] by the reaction of [NH4]2WS4, CuSCN
and KSCN with py. The structure was identified from IR
spectra, elemental analysis and unit cell parameters.† The
cluster has an ‘open’ structure with five metal atoms (one W and
four Cu atoms) in the same plane. Four S–S edges of the
tetrahedral WS4

22 core are coordinated by four Cu atoms,
giving a WS4Cu4 aggregate of approximate D2h symmetry, as
shown in the inset of Fig. 1. Its electronic spectrum in Fig. 1
illustrates that there is a relatively low linear absorption in the
visible and near-IR region. A broad transparent range is an
important criterion in the assessment of optical limiting
materials.

Fig. 2 displays measurements of optical limiting effects in a
DMF solution of [WS4Cu4(SCN)2(py)6]‡ with 532 nm laser
pulses of 7 ns duration. The transmittance defined here is the

ratio of the transmitted pulse energy to the incident pulse energy
at 532 nm. It is obvious that the solution transmittance is
independent of the incident fluence at < 0.1 J cm22. (The linear
transmittance is 63%, which includes the Fresnel reflection
losses of the two surfaces of the cell. If the surface losses are
excluded, the transmittance of the solution is 69%.) When the

Fig. 1 Electronic spectrum of [WS4Cu4(SCN)2(py)6] in DMF (1.3 3 1023

m). Optical path: 1 mm. The inset shows the structure of
[WS4Cu4(SCN)2(py)6].

Fig. 2 Energy dependent transmittance of a [WS4Cu4(SCN)2(py)6] DMF
solution (1.1 3 1023 m). Optical path: 1 mm; laser wavelength: 532 nm;
pulse duration: 7 ns; and repetition rates: (a) 10, (b) 5, (c) 1 Hz and (d) single
shots (30 s interval)
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incident fluence exceeds 0.1 J cm22, the solution transmittance
decreases as the incident fluence is increased, thus exhibiting a
typical optical limiting effect. The limiting threshold is defined
as the incident fluence at which the solution transmittance falls
to 50% of the linear transmittance. From Fig. 2, we determine
the limiting threshold of the [WS4Cu4(SCN)2(py)6] DMF
solution to be ca. 0.3 J cm22.

Fig. 2 also displays the optical limiting performance of the
cluster measured with the pulse repetition rate ranging from
single shots to 10 Hz. Within our experimental errors, no
significant difference is found among these measurements,
thereby indicating that the photostability of
[WS4Cu4(SCN)2(py)6] is considerably better compared to the
cubane-like and hexagonal prism-shaped clusters.13–15,17

It is interesting to compare this new cluster with other well
known optical limiting materials for 7 ns pulsed radiation of 532
nm wavelength. Table 1 shows the limiting thresholds of the
cluster [WS4Cu4(SCN)2(py)6], cubane-like clusters, hexagonal
prism-shaped clusters, C60 and phthalocyanine derivatives. It is
clear that the limiting performance in the
[WS4Cu4(SCN)2(py)6] DMF solution is five times better than
that displayed in C60 and three times higher than that in
phthalocyanine derivatives. It should be emphasized, however,
that the Q absorption band in phthalocyanine derivatives makes
them narrow-band limiters, while the spectrum of
[WS4Cu4(SCN)2(py)6] shown in Fig. 1 indicates that the new
cluster should be a broad-band limiter.

It should be pointed out that our measurement of the
transmitted pulse energy was conducted with a full collection of
the transmitted pulse, and no aperture was used. Therefore, the
observed optical limiting originates from a non-linear ab-
sorptive process. The limiting mechanism in cubane-like
clusters has been studied in detail.15 The initial linear absorption
promotes electrons from the ground to an excited singlet state.
These excited electrons are transferred to the lowest triplet state
mainly by a process of ionization and germinate recombination.
If the absorption cross-section of the triplet state is greater than
that of the ground state, then reverse saturable absorption
occurs, resulting in the optical limiting effect.

We have found that this non-linear process can be approxi-
mately expressed by15

    

T
R L

B L F
= - -

+ - -

( ) exp( )

[ exp( )]

1

1 1

2 a

a in
2

where T is the transmittance, R is the reflectance of the cell
surface, L is the optical path, a is the linear absorption
coefficient, Fin is the incident fluence, and B is a parameter
determined by the product of the lifetime and ionization cross-
section of the excited singlet state, the absorption cross-section
of the excited triplet state, and the probability of the germinate
recombination. The solid curves in Fig. 2 are calculated by this

expression with B = 4.3 3 104 cm4 J22. Nearly perfect fits
indicate that the optical limiting in the cluster is caused by the
absorption of the excited triplet state whose population is
generated mainly by the process of ionization and germinate
recombination.
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752, 695 cm21. Anal. Calc. for C32H30Cu4N8S6W: C, 33,22; H, 2.61; Cu,
21.97; N, 9.68; W, 15.9. Found: C, 33.00; H, 2.40; Cu, 21.78; N, 9.80; W,
16.3%. The cluster is orthorhombic, space group Pbcn (no. 60) with
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‡ The optical limiting effects were observed with 532 nm wavelength laser
pulses of 7 nanosecond duration. The laser pulses were produced by a
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Table 1 The limiting thresholds of compounds measured at 532 nm with ns
laser pulses

Linear Limiting
transmis- threshold/

Compound Solvent sion (%) J cm22 Ref.

C60 Toluene 62 1.6 2
[NBun

4]3[WCu3Br4S4] MeCN 70 1.1 15
[NBun

4]3[WAg3Br4S4] MeCN 70 0.6 15
[NBun

4]3[WAg3BrI3S4] MeCN 70 0.5 15
[NBun

4]3[WAg3BrCl3S4] MeCN 70 0.6 15
[WS4Cu4(SCN)2(py)6] DMF 69 0.3 This work
Phthalocyanine derivatives Toluene 85 ≈ 0.1 3, 4
[Mo2Ag4S8(PPh3)4] MeCN 92 ≈ 0.1 17
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Novel reactivity of photoexcited iron porphyrins caged into a polyfluoro
sulfonated membrane in catalytic hydrocarbon oxygenation

A. Maldotti,* A. Molinari, L. Andreotti, M. Fogagnolo and R. Amadelli

Dipartimento di Chimica, Centro di Studio su Fotoreattività e Catalisi del CNR, Università degli Studi di Ferrara, Via L. Borsari
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Heterogenization of iron porphyrins inside Nafion creates
new photocatalytic systems which can be used to oxidize
cyclohexene and cyclohexane with sunlight and O2 under
mild conditions (room temperature, atmospheric pressure);
the polymeric matrix makes the iron porphyrin a good
photocatalyst for the monooxygenation of the substrate and
increases both its photocatalytic efficiency (about ten times)
and its stability (turnover values > 1000).

As a development of an important field of research dealing with
photoexcited iron porphyrins in the catalytic oxygenation of
hydrocarbons,1 we have recently investigated photocatalytic
composite systems in which the porphyrin complexes are
confined inside cross linked polystyrene,2 bound on semicon-
ducting transition metal oxides such as TiO2

3 or interacting with
polyoxotungstates.4 Generally speaking, the use of heteroge-
neous media or organized systems is a suitable means to control
the reaction environment in order to promote specific processes
of interest in biomimetic catalysis by iron porphyrins.5

This work deals with composite systems in which iron
porphyrin complexes are caged inside Nafion,6 a commercial
polyfluorosulfonated membrane consisting of sulfonic groups
connected to a polymeric structure of polytetrafluoroethylene.
We have chosen this support because (i) it is chemically inert
also in strong oxidizing media; (ii) it is totally transparent to the
light of interest in metal porphyrin photochemistry; (iii) it is
expected to cage the monocationic porphyrin complexes inside
its large anionic cavities where the SO3

2 groups are located;
and (iv) dioxygen concentration inside Nafion is more than ten
times higher than in organic solvent.7

The photocatalytic activity of these composite systems is
demonstrated in the oxygenation of cyclohexene and cyclohex-
ane by O2 and sunlight under mild conditions (20 °C, 760 Torr
of O2). A comparison with the photocatalytic properties of the
same iron porphyrins in homogeneous solution reveals that the
polymeric matrix strongly affects the chemioselectivity of the
oxidation process and increases both the photochemical effi-
ciency and the stability of the iron porphyrin.

The following iron(iii) porphyrins have been chosen on the
basis of their well known1 behaviour in homogeneous solution:
iron(iii) meso-tetraphenylporphyrin [FeIII(tpp)]+, iron(iii) meso-
tetrakis(2,6-dichlorophenyl)porphyrin [FeIII(tdcpp)]+, iron(iii)
meso-tetrakis(pentafluorophenyl)porphyrin [FeIII(tf5pp)]+.
Their absorption into Nafion was carried out in CH2Cl2–alcohol
at 40 °C after swelling the membrane in EtOH or PriOH.
Typically the uptake of 0.5–0.8 mmol of complex in 1 g of resin
occurs in a few minutes.

The UV–VIS spectra of the modified resin after swelling with
EtOH or PriOH are exactly those of the starting iron porphyrin
dissolved in acidified alcohol media, which an extensive
literature8 ascribes to the monocationic species having an
alcohol molecule bound to the axial position.† We then infer
that heterogenization does not affect the nature of the iron
porphyrin axial ligand. In support of this conclusion, an EPR
spin-trapping investigation indicates that heterogenization does
not affect even the primary photochemical process consisting of
the homolytic cleavage of the FeIII axial ligand bond according

to step (a) in Scheme 1, which is a type of reaction already
observed for many other iron porphyrin complexes in homoge-
neous solution.1a,b,8,9 In fact, photoirradiation‡ of the iron
porphyrin/Nafion composite systems in alcohol in the presence
of the spin trap phenyl-tert-butylnitrone (PBN) inside the cavity
of an EPR spectrometer yields spectra exhibiting the typical
signals of the adducts between PBN and alkoxy radicals [step
(b)].10

Since the substituents on the meso-aryl groups of [FeIII-
(tdcpp)]+ and [FeIII(tf5pp)]+ prevent the formation of a m-oxo
dimer complex,11 the very fast reaction of the iron(ii) porphyrin
with O2 is expected to restore the starting FeIII complex, so
inducing the reductive activation of O2 itself1b,12 (Scheme 1). In
this way, using dioxygen and sunlight, the iron porphyrin/
Nafion systems are able to form, in a cyclic way, reactive
intermediates which are expected to induce the oxidation of
hydrocarbons. The results obtained in the oxidation of cyclo-
hexene and cyclohexane are summarized in Table 1.

Table 1 shows that irradiation of [FeIII(tdcpp)+ in EtOH–
cyclohexene (25% v/v) results in the formation of cyclohex-
2-en-1-one, cyclohex-2-en-1-ol and trans-cyclohexane-1,2-diol
monoethyl ether. Interestingly, if the same experiment is carried
out using PriOH instead of EtOH, the ether represents about
90% of the overall oxidized alkene, and allylic oxidation
products are formed only in very minor amounts. The presence
of the ether indirectly reveals the formation of cyclohexene
epoxide which, in the strong acidic environment inside Nafion,
likely undergoes a nucleophilic attack by the alcohol, leading to
the epoxide ring opening.§ Oxidation of cyclohexene is also
observed with FeIII(tf5pp)/Nafion even though the ratio of
allylic oxidation products increases significantly in PriOH. For
the latter system we obtain the maximum initial oxidation rate
of ca. 8.5 turnovers min21.

Photoexcitation of [FeIII(tdcpp)]+ in homogeneous alcoholic
solution gives totally different results: (i) the photooxidation is
slower than in heterogeneous conditions; (ii) no ether is
obtained; (iii) in addition to allylic oxidation products, cyclo-
hexanol and cyclohexanone are formed, as we discussed
earlier.13

The turnover values reported in Table 1 indicate that
heterogenization significantly increases (about ten times) the
stability of [FeIII(tdcpp)]3+. The Nafion matrix does not undergo
any degradation and can be utilised several times. [FeIII(tpp)]+

is much less stable inside Nafion than both [FeIII(tdcpp)]+ and
[FeIII(tf5pp)]+. This indicates that, as in homogeneous sol-

Scheme 1
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utions,1c,9 halogen substituents on the meso aryl groups play a
fundamental role in restoring the starting iron porphyrin during
the photocatalytic cycle, avoiding both a too fast oxidative
degradation of the porphyrin ring and the formation of m-oxo-
dimers.

Upon irradiation of FeIII(tdcpp)/Nafion in PriOH containing
cyclohexane (25% v/v) the concentration of oxidation products
was < 1025 mol dm23, on the same timescale as for
cyclohexene. On the other hand, the alkane undergoes hydrox-
ylation when cyclohexene is present as a co-substrate (cyclo-
hexane 12.5% v/v, cyclohexene 12.5% v/v). This suggests that
cyclohexene plays a dominant role in the formation of active
monooxygenating species during the photocatalytic process.

Cyclohexene is expected to capture efficiently alkoxy
radicals originating from the photochemistry of iron porphyrins
through an allylic hydrogen abstraction process [step (c) in
Scheme 1].14 This hypothesis is confirmed by experiments in
which the intensity of the EPR signal of the adduct between
PBN and alkoxy radicals is followed as a function of irradiation
time. We observed that the signal intensity is unchanged in the
presence of cyclohexane, while it is reduced by about 75% if
cyclohexene is present. Apparently, the latter is able to compete
efficiently with PBN in the reaction with the radical inter-
mediates giving relatively stable cyclohexenyl radicals. Reac-
tion of O2 with these radicals in the presence of the iron
porphyrin can give efficient monooxygenating species1b as in
the catalytic cycle of cytochrome P450.15 As a tentative

explanation, the polymeric matrix may favour the above
reactions in the proximity of the metal centre and, at the same
time, inhibit the escape of radical intermediates that initiate
autooxidation processes.¶ Our previous work in the homoge-
neous phase shows that photoexcited porphyrins under aerobic
conditions can oxidise cyclohexane even in the absence of
cyclohexene.1c However, in that case, the active species are OH·
radicals which are more reactive than alkoxy radicals in
extracting hydrogen atom from hydrocarbons.16

Notes and References
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† Exchange of the acid membrane with NaCl causes a red shift of the Soret
band, in keeping with the deprotonation of the coordinated alcohol molecule
and the formation of a neutral porphyrin complex. In fact, in this case we
observe experimentally that the complex is released by the membrane after
a few hours in alcohol. The spectral variations described are exactly the
same as those for the starting iron porphyrin in alcohol with added
CF3SO3H or HClO4. In the acidified alcohol medium one should reasonably
have an equilibrium among more species, with the anions or the alcohol
molecules as axial ligands in the porphyrin complex.
‡ Irradiation was carried out at 20 ± 1 °C with a Hanau Q 400 mercury lamp
(15 mW cm22), under oxygen at 760 Torr. Selection of wavelength between
330 and 400 nm was performed by use of a glass cut-off filter.
§ This statement is confirmed by the observation that the epoxide in acidic
solution undergoes a nucleophilic attack with the formation of the same
trans-cyclohexane-1,2-diol monoalkyl ether during the photocatalytic
oxidation.
¶ The effect of the matrix is not just that of providing an acid environment.
In fact, photooxidation of the cycloalkenes by [FeIII(tdcpp)]+ dissolved in
EtOH or PriOH acidified with trifluoromethanesulfonic acid leads to the
formation of a mixture of various oxygenation products which, on the other
hand, does not include the ethers.
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Table 1 Photocatalytica oxygenation of cyclohexene and cyclohexane

a Six hours photoirradiation, see footnote ‡. b Reaction products were
determined by gas chromatography and gas mass analyses. Reported values
are ±10%. Cyclohexane-1,2-diol monoethers have been separated on an
SiO2 column and characterised by proton NMR spectroscopy. c Mol of
product formed per mol of consumed iron porphyrin.
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Synthesis and electrochemistry of a tetrathiafulvalene (TTF)21–glycol
dendrimer: intradendrimer aggregation of TTF cation radicals

Christian A. Christensen,a Leonid M. Goldenberg,b Martin R. Bryce*b† and Jan Bechera

a Department of Chemistry, Odense University, DK-5230 Odense M, Denmark 
b Department of Chemistry, University of Durham, Durham, UK DH1 3LE 

The convergent synthesis of a TTF–glycol dendrimer is
reported: thin layer cyclic voltammetric studies on (TTF)21
system 11 show that all the TTF units undergo two single-
electron oxidations to produce the 42+ redox state spectro-
electrochemical studies establish that there are intradendri-
mer interactions between partially-oxidised TTF units.

The study of dendrimers is a burgeoning topic.1 These
macromolecules possess well-defined, three-dimensional struc-
tural order, and they provide unique frameworks for placing
functional groups in predetermined spatial arrangements in a
polymeric structure. In the context of functional dendrimers,2 a
variety of redox-active groups have been incorporated into the
structures.3

Tetrathiafulvalene (TTF) dendrimers should be very inter-
esting materials as the TTF system possesses a unique
combination of properties,5 viz. (i) oxidation to the cation radical
and dication species occurs sequentially and reversibly, (ii) the
oxidation potentials can be finely tuned by substituents on the
TTF ring system, (iii) TTF cation radicals are thermodynam-
ically very stable, and (iv) oxidised TTF units have a high
propensity to form dimers or higher aggregates. A large number
of multi-TTF derivatives5 and some main- and side-chain
polymeric TTFs6 are known, but dendrimeric TTFs are largely
unexplored.7 Here we present the synthesis of a novel (TTF)21
dendrimer with TTF units placed at peripheral sites and within
the branches of the structure, and we report the electrochemistry
and spectroelectrochemistry of this polymer. Glycol chains were
incorporated into the branches to impart solubilty in organic
solvents, and air stability, and to provide a flexible structure to
facilitate interactions between the TTF units.

The synthesis of dendrimer 11 uses a convergent strategy,
with the caesium salts of TTF thiolate anions  (Scheme 1)
(generated by the in situ deprotection of their cyanoethyl
derivatives)8 as key intermediate species in the iterative steps.
Compound 1 was deprotected by reaction with CsOH, and the
resulting dithiolate reacted in situ with glycol derivative 2 to
yield compound 3 in 63% yield. Cross-coupling of thione 3 with
ketone 48b in the presence of P(OEt)3 gave the TTF derivative
5 in 67% yield. Halogen exchange to yield diiodide 6 (NaI, 84%
yield) was followed by reaction of 6 with 2 equiv. of the thiolate
anion derived from 7,8c to afford tris(TTF) system 8 in 77%
yield. In an iterative procedure, the thiolate anion derived from
8 (2 equiv.) reacted with 6 to furnish the heptakis(TTF) dendron
wedge 9 in 79% yield. Finally, the thiolate anion derived from
9 (3 equiv.) smoothly displaced the benzylic bromides of the
core reagent 10 to furnish the dendrimer 11 possessing 21 TTF
units (75% yield) as an air-stable, orange toffee-like solid,
which has good solubility in a range of organic solvents (e.g.
CH2Cl2, CHCl3, THF, toluene, dichlorobenzene and CS2) and
was insoluble in water.‡

The solution electrochemistry of 11 in CH2Cl2 was studied
using thin layer cyclic voltammetric (TLCV) techniques in
which the current is not limited by mass transport to the
electrode.9 Integrating the voltammetric waves against the one-
electron reduction peak of the internal standard 2,3-di-
chloronaphthoquinone (DCNQ) provided clear evidence that

complete oxidation occurs for all the TTF units, thus ultimately
generating the 42+ oxidation state of the dendrimer.§ We note
that the second TTF oxidation wave was slightly narrower than
the first wave, which was probably due to adsorption phenom-
ena. Fig. 1 shows the TLCV of 11 in the presence of DCNQ.

The spectroelectrochemistry of dendrimer 11 is shown in
Fig. 2. The spectrum obtained at 0 V [Fig. 2(a)] is consistent
with neutral TTF units; upon oxidation at 0.7 V, the character-
istic absorptions of TTF cation radicals are seen: the new band
at lmax 425 nm is assigned to isolated (non-interacting) TTF
cation radicals, while the absorption at lmax 800 nm is
diagnostic of interacting TTF cation radicals (p–p dimers).10

On increasing the potential [Fig. 2(c)], as oxidation of the
system proceeds the higher energy absorption decreases in
intensity while there is a concomitant increase in the lower
energy absorption, suggesting more of the partially-oxidised
TTF units are now dimerised. Even when the spectrum was
obtained at the threshold potential for oxidation, both bands
were always present, which suggests that the cation radicals
interact even when they are present in very low concentration:
we therefore assign this to an intradendrimer interaction,
achieved due to the flexibility of the glycol spacers. To the best
of our knowledge, this is the first observation of p–p
interactions (either intra- or inter-molecular) in oxidised
dendrimers. This is timely in the light of studies of p–p stacking
at the periphery of functionalised PAMAM dendrimers,12 and
the intermolecular self-association of dendrimers mediated by
hydrogen bonding13 or coordinative bonds.14

This work was funded by the EPSRC and NATO (C. A. C.)
and the Royal Society (L. M. G.).

Fig. 1 TLCV of dendrimer 11 (0.5 3 1024 m) and DCNQ (1.05 3 1023 m)
in Bu4NClO4 (1 m)/CH2Cl2, solution, vs. Ag/Ag+, scan rate 2 mV s21

Fig. 2 Spectroelectrochemistry of 11 at (a) 0.0, (b) 0.7 and (c) 1.0 V
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‡ All new compounds gave satisfactory 1H NMR spectra, mass spectra
(FAB, plasma desorption or MALDI-TOF) and analytical data.
§ Allowing for the very small quantities of compound used and the large
number of TTF groups present, we estimate that these data are accurate to
within ±2 electrons for each TTF wave of compound 11. CV data obtained
in both CH2Cl2 and MeCN solutions gave two reversible redox waves at
E1

1/2 +0.56 and E2
1/2 +0.86 V vs. Ag/AgCl.
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Scheme 1 Reagents and conditions: i, 2 (2 equiv.), CsOH·H2O, MeCN, reflux, 17 h; ii, 4, P(OEt)3, 120 °C, 5 h; iii, NaI, acetone, reflux, 3 d; iv, 7 (2 equiv.),
CsOH·H2O, DMF, room temp., 16 h; v, 6 (0.5 equiv.), CsOH·H2O, DMF, room temp., 16 h; vi, 10 (0.33 equiv.), CsOH·H2O, DMF, room temp.
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Luminescent europium tetraazamacrocyclic complexes with wide range pH
sensitivity

Thorfinnur Gunnlaugsson and David Parker*

Department of Chemistry, University of Durham, South Road, Durham, UK DH1 3LE 

The complexes [EuL1]3+ and [EuL2] function as luminescent
pH sensors over an extended pH range; two distinguishable
pH switching ranges are observed: the delayed europium
emission is switched on in acidic solution, whereas the
fluorescence emission spectra show a pronounced pH
dependence only in alkaline media.

Luminescent chemosensors offer an attractive method for the
detection of various physiological ions and molecules.1 Flu-
orescent sensors may be adversely affected by autofluorescence
and by light scattering from an active physiological environ-
ment.2 Delayed luminescence affords an attractive means of
overcoming some of these obstacles.3 In solution, the applica-
tion of lanthanide luminescence, has generated a great deal of
interest owing to the long wavelength of the emission (large
Stokes’ shifts) and the long lifetimes (in the ms range).4 An
example of such a TbIII and EuIII sensory PET (photoinduced
electron transfer) system has been reported recently for pH
measurement in aqueous solution.5 Various lanthanide com-
plexes of tetra-substituted derivatives of 1,4,7,10-tetraazacyclo-
dodecane (cyclen) have been synthesised either as contrast
agents in magnetic resonance imaging6 or as luminescence
probes.7 In water, these complexes are kinetically stable with
respect to dissociation and possess low hydration numbers (q@
1). In further developing this work, we have recently demon-
strated the effect of protons, oxygen and halide anions on the
luminescence emission spectra of some EuIII phenanthridinium
conjugates.8 Here we introduce the cationic EuIII–tetraamide
[EuL1]3+ and the neutral monoamide [EuL2] quinolyl derived
conjugates. In addition to acting as an efficient antenna
sensitiser4,6,7 the chromophore can reversibly switch, via an
energy transfer mechanism,4 the lanthanide emission on and off
as a function of pH. At the same time, the fluorescence emission
spectrum is only dependent on the hydroxide ion concentration,
so that these conjugates show a dual pH dependence spanning a
wide pH range.

The tetraamide ligand L1 was synthesised by reaction of the
a-haloamide 1 with 1,4,7,10-tetraazacyclododecane in DMF at
80 °C (4.1 equiv. Cs2CO3). The tribasic ligand H3L2 was
synthesised by reacting the molybdenum tricarbonyl complex
of cyclen with the same amide (1 : 1) in DMF–Cs2CO3, with a
subsequent phosphinoxymethylation in THF followed by basic
hydrolysis. The EuIII complexes of L1 and L2 were made by
reaction of the ligand with equimolar quantities of europium
triflate in acetonitrile.9

The absorption spectra in water of [EuL1]3+ and [EuL2], were
similar to those observed for the intermediate amide 1. The
spectra showed a pH dependent bathochromic shift (lmax = 314
nm, log e = 4.18) with an isosbestic point at 296 nm, and
revealed the formation of a new band at 261 nm (log e = 4.0)
following protonation with CF3CO2H. The fluorescence emis-
sion spectrum of 1 did not show any substantial pH dependence
below pH 8 when excited at 330 nm.† The same trend was
observed for [EuL1]3+ and [EuL2], when excited at 330 nm; the
fluorescence emission spectra decreased in intensity in alkaline
media, as shown in the pH–luminescence profile of [EuL1]3+

(Fig. 1). In contrast, when excited at the isosbestic wavelength,
the fluorescence emission spectra increased in intensity in

Fig. 1 Enhancement of the luminescence of europium complexes as a
function of pH: (-) quinolyl fluorescence in [EuL1]3+; (+) metal-based
emission (594 nm) in [EuL1]3+; (/) metal-based emission in [EuL2]
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alkaline solution. In both cases, lmax(fluor.) shifted to longer
wavelength in the presence of base, and pH titrations revealed
formation of an isoemissive point, for [EuL1]3+ at 377 nm and
[for EuL2] at 375 nm. The estimated pKa values of 9.4(3) and
9.6(3) were determined from these changes for [EuL1]3+ and
[EuL2], respectively, which relate to the deprotonation of the
aryl amide nitrogen.

The largest and the most significant pH dependence was
observed in the delayed europium emission. The emission was
independent of pH in alkaline solution (above pH 10) for
[EuL1]3+, with only very small changes observed for [EuL2]
(overall, contributing around 8–12% of the total emission).
Significant ‘off–on’ luminescence switching was observed
when the quinolyl nitrogen was protonated {Fig. 1 for
[EuL1]3+}. The luminescence enhancement was at least 250 for
[EuL2] (lexc = 330 nm), while a more modest factor of 30 was
obtained with [EuL1], in each case observing Eu emission at 594
nm (DJ = 1).‡ The europium emission therefore signals the
protonation of the remote chromophore, a feature which is not
seen in the fluorescence emission spectrum.

Upon protonation of the quinolyl nitrogen atom the n–p*
transition is removed, and the p–p* shifts to lower energy (as
revealed by the excitation spectra for [EuL2] and [EuL1]3+ as a
function of pH). The internal charge transfer (ICT) excited state
which is populated in the neutral chromophore is probably
modified upon protonation and deprotonation (Scheme 1). The
switching between pH 4.5 and 6.5 for [EuL2] is in accordance
with simple ion-binding equilibria1,5,8 and a pKa value of 5.8(2)
was determined. The pH switching of the cationic complex
[EuL1]3+ is over a broader range and is shifted by one pH unit
lower. In addition a small inflection in the metal-based
luminescence is apparent at ca. pH 7 for [EuL1]3+ and 8.5 for
[EuL2]: this feature, apparently not ligand based, could be
related to the deprotonation of the proximate water molecule.
The extended pH sensitivity range of the tricationic complex,
i.e. in the region between pH 6.5 and 2.5, may be related to the
successive protonation of each of the four nitrogens of the
chromophore. The overall pH dependence is then a function of
four stepwise equilibria, taking place over almost 4 pH units,
rather than the pH range of two associated with a single
protonation. In accord with this observation a pH-metric
titration of fully protonated [EuL1]3+ revealed that 4 equivalents
of base were consumed in the range 2.5–6. Similar behaviour
has previously been observed for some fluorescent anthrylaza-
macrocycle PET systems,10 where the switching was con-
sidered to be linear over five pH units, although a detailed
investigation into this behaviour has not subsequently been
reported. In water at pH = 1.80, the luminescence emission
lifetimes tH2O, for [EuL1]3+ and [EuL2] were measured to be
0.55 and 0.71 ms, respectively, while in D2O, the lifetimes were
1.55 and 1.98 ms, respectively, consistent with an overall
hydration state of 0.8 (inner + outer sphere) for both [EuL1]3+

and [EuL2] (after correcting for the quenching effect of the
amide NH oscillators).9,11

In summary, the two europium complexes possess distinctly
different pH sensitivity. The delayed europium emission is
highly dependent on pH changes over the range 3–7 making

these complexes interesting candidates for pH measurement in
competitive media.

We gratefully acknowledge the BBSRC for grant support,
and Drs Stephen Faulkner and Gareth Williams for helpful
discussions.
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Reaction of aromatic amines and ethyl acetoacetate promoted by zeolite
HSZ-360. Phosgene-free synthesis of symmetric diphenylureas

Franca Bigi, Raimondo Maggi, Giovanni Sartori*† and Elena Zambonin

Dipartimento di Chimica Organica e Industriale dell’Università, Viale delle Scienze, I-43100 Parma, Italy 

Reaction of aromatic amines 1 with ethyl acetoacetate 2 in
the presence of the commercially available acid zeolite HSZ-
360 gives symmetric diphenylureas 3 in good yields and
excellent selectivities.

Zeolites and other solid acids have opened new perspectives in
synthetic organic chemistry not only in terms of yield and
selectivity, but also concerning the work-up and the effluent
pollution.1 The use of both solid acids and non-toxic reagents
leads to a substantial reduction in cost and environmental
impact of the production processes.2 Here we report preliminary
results of our study concerning the synthesis of symmetric
diphenylureas (DPUs) from aromatic amines and ethyl aceto-
acetate under solid acid catalysis.

Substituted ureas have received considerable attention due to
their wide range of applications, e.g. for use as antidiabetic and
tranquillizing drugs, antioxidants in gasoline, corrosion in-
hibitors and herbicides.3 The conventional methods reported for
the urea synthesis are essentially based on phosgene and
isocyanates,4 phosgene substitutes,5 carbonates and carba-
mates6 or carboxylic acid derivatives.7 However, phosgene and
isocyanates are toxic and expensive to handle and the above
methods are often difficult to apply. There is, thus, a continuing
interest in the catalytic synthesis of ureas via phosgene-free
reactions. Our strategy, utilizing ethyl acetoacetate as carbox-
ylating agent in place of phosgene and solid acids as catalysts
represents an efficient, innovative and environmentally safe
method for the synthesis of DPUs.

The reaction of aromatic amines 1 with ethyl acetoacetate 2
has been described in the literature to produce ethyl b-aryl-

aminocrotonates or acetoacetoanilides,8 depending on the
temperature. We found that DPUs could be obtained as the sole
reaction products by heating the same mixture in the presence of
different solid acids (Table 1).

The reaction of p-anisidine, selected as the model substrate,
with 2 in the presence of zeolite HSZ-3609 in o-dichlorobenzene
at 180 °C for 5 h gave N,NA-bis(4-methoxyphenyl)urea which
was isolated in 60% yield and 93% selectivity (entry g). Zeolite
HSZ-330,10 with higher acidity and comparable surface area,
was less effective (entry f). The use of two montmorillonites,
K10 and KSF,11 gave the product with lower yield and similar,
high selectivity independent of surface area and acidity (entries
d and e).

The acidity of the catalyst is likely to play an important role
in the activation of 2. Note that the present system seems to
require an optimum acidity level with respect to both strength
and nature of the individual Brønsted and Lewis sites. Indeed,
the more active zeolite HSZ-360 has a lower concentration of
acid sites than HSZ-330, but the individual sites are more
strongly acidic.9,10 Moreover the use of typical hard Brønsted
and Lewis acids such as TsOH, ZnCl2 and AlCl3 results in the
production of untractable mixtures of compounds (entries a, b
and c).

The best result was achieved by carrying out the reaction with
zeolite HSZ-360 under solventless conditions (76% yield, 95%
selectivity) (entry h). This result is of particular interest since
o-dichlorobenzene is on the ‘black list’ of the environmentally
incompatible solvents.12. In the control experiment with no
zeolite catalyst only p-methoxyacetoacetanilide was recovered
as reported above.8 The general applicability of the present

Table 1 Formation of DPUs in the presence of different solid acid catalysts

Surface
Surface acidity/
area/ mequiv. Yield Selectivity

Entry R Catalyst m2 g21 H+ g21 Solvent (%) (%)

a 4-OCH3 TsOH 1,2-Cl2C6H4 a —
b 4-OCH3 ZnCl2 1,2-Cl2C6H4 a —
c 4-OCH3 AlCl3 1,2-Cl2C6H4 a —
d 4-OCH3 KSF 15 ± 10 0.85 ± 0.03 1,2-Cl2C6H4 43 92
e 4-OCH3 K10 200 ± 10 0.70 ± 0.03 1,2-Cl2C6H4 45 90
f 4-OCH3 HSZ-330 460 ± 10 1.39 ± 0.03 1,2-Cl2C6H4 52 94
g 4-OCH3 HSZ-360 500 ± 10 0.51 ± 0.03 1,2-Cl2C6H4 60 93
h 4-OCH3 HSZ-360 500 ± 10 0.51 ± 0.03 None 76 95
i H HSZ-360 500 ± 10 0.51 ± 0.03 None 66 95
j 3-CH3 HSZ-360 500 ± 10 0.51 ± 0.03 None 77 93
k 4-CH3 HSZ-360 500 ± 10 0.51 ± 0.03 None 73 94
l 4-Cl HSZ-360 500 ± 10 0.51 ± 0.03 None 58 96

a Untractable mixture of compounds.
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DPU synthesis was demonstrated by extending the reaction to
different aromatic amines 1 and recovering the products 3 with
good yields and excellent selectivities (entries h–l).

A representative procedure for the preparation of DPUs is as
follows: a flask containing a mixture of the selected aromatic
amine 1 (10 mmol) and zeolite HSZ-360 (0.5 g) was placed in
a hot oil bath (180 °C) and 2 (0.8 g, 0.8 ml, 6 mmol) was added
dropwise during 1 min. The mixture was efficiently stirred at the
same temperature for 5 h.13 After cooling to room temp. the
slurry was washed with boiling MeOH containing 5% water (2
3 100 ml). After filtration the product was recovered from the
solution by addition of more water and cooling.14 Alternatively,
hot DMSO could be successfully utilized under the same
conditions.

The formation of compounds 3 could be attributed to the
initial production of acetoacetanilides and their subsequent
reaction with a second molecule of aromatic amine to give
DPUs and acetone. This hypothesis was in part confirmed by
quantitative production of diphenylurea by heating a 1 : 1
mixture of acetoacetanilide and aniline in the presence of zeolite
HSZ-360. We then estimated the catalyst activity on reuse. Our
results confirmed that the activity of HSZ-360 recovered by
filtration, washed with acetone and reactivated by heating at
500 °C for 8 h was the same for 5 runs.

In conclusion the above reported method of utilizing 2 as
carboxylating agent, zeolite HSZ-360 as solid catalyst and
avoiding the use of any solvent, represents an innovative
phosgene-free route for the selective synthesis of symmetric
diphenylureas.

Thanks are due to the Ministero dell’Università e della
Ricerca Scientifica e Tecnologica (MURST), Italy, and the
Consiglio Nazionale delle Ricerche (CNR), Italy, for financial
support. The authors are also grateful to the Centro Interfacoltà
Misure (C.I.M.) for the use of NMR and mass spectrometry
instruments and to Mr Pier Antonio Bonaldi for technical
assistance.
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Synthesis and chemical and enzymatic reactivity of thymidine 3A-O- and
5A-O-phosphorofluoridothioates

Konrad Misiura, Daria Szymanowicz and Wojciech J. Stec*†

Polish Academy of Sciences, Centre of Molecular and Macromolecular Studies, Department of Bioorganic Chemistry,
Sienkiewicza 112, 90-363 Lódź, Poland

5A-O- or 3A-O-Protected thymidine 3A-O- or 5A-O-(2-thiono-
1,3,2-oxathiaphospholanes) react with triethylammonium
fluoride in a presence of DBU and furnish, after deprotec-
tion, thymidine 3A-O- and 5A-O-phosphorofluoridothioates;
the latter undergoes stereoselective hydrolysis by snake
venom phosphodiesterase.

Within the course of our studies on the development of
oxathiaphospholane methodology for phosphorylation,1 phos-
phorothioylation2 and phosphorodithioylation3 of biomolecules
we have found that the endocyclic P–S bond of a 2-thio-
substituted 1,3,2-oxathiaphospholane ring attached to nucleo-
side moiety can be easily broken in the presence of DBU by
fluoride ions leading, after spontaneous episulfide elimination,
to 3A-O-methoxyacetyl nucleoside 5A-O-phosphoro-
fluoridothioates or 5A-O-dimethoxytrilyl nucleoside 3A-O-phos-
phorofluoridothioates.4,5 Thus, 5A-O-dimethoxytritylthymidine
3A-O-(2-thiono-1,3,2-oxathiaphospholane) 1 (ratio of diaster-
eomers ca. 1 : 1), after treatment with triethylammonium
fluoride‡ in a presence of DBU gives 5A-O-dimethoxy-
tritylthymidine 3A-O-phosphorofluoridothioate 2§ in 78% yield
(Scheme 1). The dimethoxytrityl protecting group was removed
by the treatment of 2 with 80% AcOH. The final product,
thymidine 3A-O-phosphorofluoridothioate 3,¶ was purified by
anion-exchange chromatography on Sephadex A-25 using
triethylammonium hydrogen carbonate buffer (pH 7.5, 0.02–0.5
m) as eluent. Pure 3 has also been obtained from 1 in 68% yield
in a one-pot synthesis. Reaction of 1 with triethylammmonium
fluoride in a presence of DBU is, unlike the 1,3,2-ox-
athiaphospholane ring-opening condensation with alcohols2 or
amines,6 a non-stereospecific process. Starting from a mixture
of partially separated diastereomers of 1 [ratio 73 : 27, dP
(CD3CN), 105.78 and 105.83] diastereomers of 2 were obtained
in a ratio of 54 : 46 [dF (CD3CN), 230.06 and 229.96]. The
epimerisation at phosphorus was not unexpected in the light of

published earlier results on the stereochemistry of nucleophilic
substitution at phosphorus by fluoride ion.7,8 Also, thymidine
5A-O-phosphorofluoridothioate 4 has been synthesized accord-
ing to the reaction sequence presented in the Scheme 2.
Phosphitylation of 3A-O-methoxyacetylthymidine with N,N-
diisopropylamino-1,3,2-oxathiaphospholane2 in a presence of
1H-tetrazole, followed by sulfurization yielded oxathiaphos-
pholane 5. Reaction of 5 with triethylammonium fluoride–DBU
furnished intermediate 3A-O-methoxyacetylthymidine 5A-O-
phosphorofluoridothioate 6 which subsequently was depro-
tected with a concentrated solution of ammonia providing, after
purification on Sephadex A-25, the final product 4** in 75%
yield. The phosphorofluoridothioate monoesters 3 and 4 were
hydrolytically stable even under basic conditions (conc. ammo-
nia, room temp., 1 h), as proven by 31P NMR assay. Similarly,
the resistance of 3 and 4 towards methanolysis, attempted in the
presence of triethylamine or pyridine, has been observed.
Attempts at internucleotide bond formation in reaction of 2 with
3A-O-acetylthymidine in the presence of strong bases such as
ButOK, DBU and 2-tert-butylimino-2-diethylamino-1,3-di-
methyl-1,3,2-diazaphosphinane (BEMP) have failed. Reactions
were performed in DMF and their progress was followed by 31P
NMR spectroscopy. Under these conditions, even after 18 h,
formation of dithymidylyl (3A,5A)phosphorothioate (TPST) was
not observed. Instead, both 3 and 4 underwent intramolecular
cyclization in the presence of an excess of ButOK (five-fold
molar excess) leading to thymidine cyclic (3A,5A)phosphor-
othioate (cTMPS). Similarly, as previously observed9 for
ButOK-catalyzed cyclization of nucleoside 5A-O-p-nitrophenyl
phosphorothioates, in the reactions of phospho-
rofluoridothioates 3 and 4 [SP]-cTMPS10 was also formed
preferentially (ratio of [SP]-: [RP]-cTMPS ca. 2 : 1). Yields of
Sephadex-purified cTMPS obtained from 3 and 4 were 57 and
38%, respectively. The lack of formation of TPST in ButOK
assisted condensation of 2 with 3A-O-acetylthymidine was rather
unexpected in the light of the results of von Tigerstrom and
Smith11 on effective formation of TPT and other medium-sized
oligothymidylates in the reaction of protected thymidine 3A-O-
phosphorofluoridate with 3A-O-acetylthymidine.

Scheme 1 Reagents and conditions: i, Et3NHF, DBU, MeCN, 15 min; ii,
80% AcOH, 1 h

Scheme 2 Reagents and conditions: i, N,N-diisopropylamino-1,3,2-oxa-
thiaphospholane, 1H-tetrazole, 2 h, then elemental sulfur, 18 h; ii, Et3NHF,
DBU, CH2Cl2 MeCN, 15 min; iii, conc. NH4OH, EtOH, 2.5 h
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In the light of earlier results on an enzymatic cleavage of
thymidine 5A-O- or 3A-O-phosphorofluoridate assisted by snake
venom (sv PDE)12,13 and spleen12 phosphodiesterases (spleen
PDE) it was tempting to study the thio analogues 4 and 3 as
substrates for these enzymes. From the pioneering work of
Eckstein14 and Benkovic15 demonstrating the stereoselectivity
of sv PDE towards P-chiral diesters of phosphorothioic acid it
was of interest to check if this enzyme can discriminate between
the diastereomers of 3 or 4.

5A-O-Phosphorofluoridothioate 4 was incubated with sv
PDE†† and the progress of the enzymatic digestion was
analyzed by RP-HPLC. It was found that sv PDE, if added to a
diastereomeric mixture of 4, causes the stereoselective hydroly-
sis of the P–F bond of slow-eluted 4 leaving the fast-eluted
diastereomer intact. Also, in the case of diastereomeric mixture
of 3†† only slow-eluted 3 underwent hydrolysis in a presence of
sv PDE, albeit the reaction proceeded much slower than that
observed for slow-eluted 4. Interestingly, under analogous
conditions, the rate of hydrolysis of slow-4 by sv PDE was
similar to that obtained during digestion of dithymidylyl
(3A,5A)phosphate (TPT). In the presence of spleen PDE both
diastereomers of 3 were hydrolyzed while both diastereomers of
4 were resistant to this enzyme.** It was also found that 3 and
4 have no inhibitory activity§§ towards either phosphodiester-
ase. Results on the use of 4 for inhibition of thymidylate
synthase will be published separately.16

In conclusion, we have found that the 1,3,2-oxathiaphos-
pholane ring can be opened in the presence of DBU by fluoride
anion leading to the appropriate phosphorofluoridothioates. The
nucleoside 5A-O- or 3A-O-phosphorofluoridothioates obtained
can be used in studies of the mode of action of nucleolytic
enzymes. Comparative topological analysis of diastereomers of
TPST and 4 undergoing sv PDE- assisted hydrolysis allows the
tentative assignment of absolute configuration of the slow-
eluted 4 as RP (Fig. 1). Spleen and sv PDE-assisted hydrolysis of
P–F bonds in compounds 3 and 4 is in agreement with earlier
findings12,13 that these enzymes split nucleoside 3A-O- or 5A-O-
phosphorofluoridate, respectively, giving rise to the appropriate
nucleoside phosphates. From this perspective our data on
enzymatic hydrolyses of 3 and 4 disagree with the results of
Dabkowski et al.,17 who characterized thymidine 3A-O-phos-
phorofluoridate as the product of spleen PDE-assisted degrada-
tion of thymidin-3A-yl 2A-deoxyadenosin-5A-yl phosphorofluor-

idate. Adenosine 5A-O-phosphorofluoridate was found as the
product of sv PDE-assisted hydrolysis of the same substrate.
Besides the hydrolytic instability of the P–F bond of dinucleo-
side (3A,5A)phosphorofluoridates in buffered aqueous media18

yielding appropriate phosphates, even if thymidine 3A-O-
phosphorofluoridate or adenosine 5A-O-phosphorofluoridate
were the respective products of PDE-catalyzed hydrolyses, they
would necessarily undergo further enzymatic degradation to
phosphomonoesters.

Studies presented here were financially supported by the
State Committee of Scientific Research (KBN), grant no 4
PO5F 023 10.
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MHz) 54.52 (1JP–F 1043 Hz), 54.58 (1JP–F 1046 Hz); m/z (2FAB) 641.4
(M+· 21).
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Fig. 1 Tentative assignment of absolute configuration of diastereomers of 4

516 Chem. Commun., 1998



Tetrahedral chlorometal derivatives of redox-active cyanomanganese ligands:
synthesis, structures and solvatochromic properties of a new class of
cyanide-bridged complexes

Neil G. Connelly,* Owen M. Hicks, Gareth R. Lewis, A. Guy Orpen and Andrew J. Wood

School of Chemistry, University of Bristol, Bristol, UK BS8 1TS 

First row transition metal (M = Mn–Ni) dichlorides react
with cyanomanganese(I) carbonyl ligands to give novel
paramagnetic bi- and poly-nuclear cyanide-bridged com-
plexes, X-ray structural studies on which are consistent with
FeIIIMnI, FeIIIMnII and MnIIMnII core oxidation states for
[Cl3M(m-NC)Mn(CO)(dppm)2]z (M = Fe, z = 0, 1; M = Mn,
z = 0) respectively; FeIIIMnI complexes show strong
solvatochromism, consistent with low spin d6 octahedral
MnI to tetrahedral d5 FeIII charge transfer.

The archetypal mixed valence complex Prussian Blue, Fe4
III-

[FeII(CN)6]3, has been known since the early 18th century,1 yet
the origin of its unusually intense colour was not understood
until the 1960s.2 Now it, analogues such as MnII[MnIV(CN)6],
CsM[CrIII(CN)6] (M = MnII, NiII) and M3[FeIII(CN)6]2 (M =
CoII, NiII),3 and other novel cyanide-bridged complexes4 are
under intensive investigation as substances with novel electro-
chemical, opto-electronic and magnetic properties.

Our studies of cyanide-bridged5 complexes are based on the
systematic construction of bi- and poly-nuclear species by
N-binding a second metal centre MLAx to the redox-active, low
spin MnI cyanomanganese carbonyl ligands trans-
[Mn(CN)(CO)(dppm)2] and cis- and trans-[Mn(CN)(CO)2-
{P(OR)3}(dppm)] (R = Et, Ph).6 The resulting complexes are
of interest not only in that one-electron oxidation of the MnI

centre of Mn(m-CN)MLAx may induce reactivity at M, but also
in allowing studies of the interactions between two or more
MnI–MnII redox centres within the cyanide-bridged cores
{Mn(m-CN)}nMLAx (n = 2–4, etc.). Our synthetic strategy may
be viewed as complementary to that based on the use of
[M(CN)6]z2 (M = Mn, Fe, Co, etc.) as building blocks where
N-binding to other metal sites leads to three-dimensional solid-
state arrays by a divergent pathway. The binding of two or more
monocyanide donors, such as trans-[Mn(CN)(CO)2-

{P(OEt)3}(dppm)] to M can be viewed as a convergent route to
polynuclear molecular species.

Our previous studies have centred on systems where M is a
low oxidation state metal centre such as RhI,7 Fe2I 8 and AuI.9
Here, we describe simple species in which the cyanomanganese
ligands bind to high spin, tetrahedral 3d metal centres in
‘normal’ oxidation states, and for which unusual electronic and
magnetic properties may be anticipated.

Treatment of MCl2·nH2O (M = Mn, Co, Ni) with
[Mn(CN)Lx] [Lx = cis- or trans-(CO)2{P(OR)3}(dppm); R =
Et, Ph] gave [Cl2M{(m-NC)MnLx}2] which show room tem-
perature magnetic moments consistent with the presence of
tetrahedral M. (Representative examples of the new complexes†
are shown in Table 1.) These complexes are precursors to higher
nuclearity species or can be oxidised to products in which low
spin, paramagnetic MnII is bound to high spin tetrahedral
centres. Thus, for example, treatment of [Cl2Co{(m-
NC)MnLx}2] [Lx = trans-(CO)2{P(OEt)3}(dppm)] 1 with 1
equiv. of [Mn(CN)Lx] in the presence of TlPF6 gives [ClCo{(m-
NC)MnLx}3][PF6] 2 [Lx = trans-(CO)2{P(OEt)3}(dppm)]; use
of 2 equiv. gives [Co{(m-NC)MnLx}4][PF6]2 3. Complexes 1–3
show room temperature magnetic moments in accord with the
presence of tetrahedral, d7 CoII.10 In CH2Cl2 the cyclic
voltammograms of complexes 1 and 2 show two oxidation
waves the separation of which (ca. 100 mV) is consistent with
weak interactions between the manganese centres in the
oxidation products. Chemical oxidation of 1 with [N(C6H4Br-
4)3][SbCl6] gives deep blue [Cl2Co{(m-NC)MnLx}2][SbCl6]2
[Lx = trans-(CO)2{P(OEt)3}(dppm)] 12+ the room temperature
magnetic moment of which (meff = 5.0 mB) indicates some spin
pairing between the d7 CoII and two low spin d5 MnII centres.

The reactions of MCl2·nH2O with the more electron-rich and
sterically demanding ligand trans-[Mn(CN)(CO)(dppm)2] in
thf give [Cl2(thf)M(m-NC)Mn(CO)(dppm)2] (M = Mn, Co, Ni)

Table 1 Representative IR spectroscopic data and room temperature magnetic moments

Complex meff/mB Colour

[Cl2Mn{(m-NC)Mn(CO)2[P(OPh)3](dppm)-cis}2] 5.7 Cream
[Cl2Co{(m-NC)Mn(CO)2[P(OEt)3](dppm)-trans}2] 1 4.6 Green
[Cl2Co{(m-NC)Mn(CO)2[P(OEt)3](dppm)-trans}2][SbCl6]2 12+ 5.0 Dark blue
[ClCo{(m-NC)Mn(CO)2[P(OEt)3](dppm)-trans}3][PF6] 2 4.5 Green
[Co{m-NC)Mn(CO)2[P(OEt)3](dppm)-trans}4][PF6]2 3 4.6 Green
[Cl2Ni{(m-NC)Mn(CO)2[P(OEt)3](dppm)-cis}2] 3.5 Blue
[Cl3Fe(m-NC)Mn(CO)(dppm)2] 5 5.6 Deep blue–

green
[Cl3Fe(m-NC)Mn(CO)(dppm)2][BF4] 7 5.8 Deep purple
[PPN][Cl3Mn(m-NC)Mn(CO)(dppm)2] 6.0 Orange
[Cl3Mn(m-NC)Mn(CO)(dppm)2] 6 5.8 Deep red
[Cl2(thf)Ni(m-NC)Mn(CO)(dppm)2] 3.3 Brown

IRa/cm21

Yield (%) n(CN) n(CO)b

52 2105w 1973, 1919ms
63 2095mw 1924vs (2008)
79 2137vw 2003vs (2071)
82 2088m 1926s (2008)
68 2075m 1925s (2008)
40 2123w 1960, 1903ms
55 2017mw 1889

67 2085m 1961
81 2085mw 1871
56 2117w 1944
56 2098wc 1878c

a In CH2Cl2. Strong absorptions unless stated otherwise; vs = very strong, m = medium, w = weak, vw = very weak. b Very weak A-mode given in
parentheses. c In thf.
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N(1) C(52)

which can be converted into [PPN][Cl3MII(m-NC)MnI-
(CO)(dppm)2] {PPN = [N(PPh3)2]+} and [Cl3MII(m-NC)MnII-
(CO)(dppm)2] (M = Mn, Ni) by successive reactions with
[PPN]Cl and [Fe(h-C5H5)2][PF6].

Anhydrous FeCl2 reacts with [Mn(CN)Lx] [Lx = cis- or
trans-(CO)2{P(OR)3}(dppm), R = Et, Ph] in air to give very
different products from those of the other metals noted above,
namely the intensely coloured (blue to purple) complexes
[Cl3FeIII(m-NC)MnILx]. The reaction of trans-
[Mn(CN)(CO)(dppm)2] with FeCl2 in air gives [Cl3FeIII(m-
NC)MnII(CO)(dppm)2][FeIIICl4] which can be reduced by
[Fe(h-C5Me5)2] to [Cl3FeIII(m-NC)MnI(CO)(dppm)2]. The
presence of MnI and FeIII in the neutral species is in marked
contrast to the MIIMnII cores of [Cl3M(m-NC)Mn(CO)(dppm)2]
(M = Mn, Co, Ni).

The assignments of oxidation state, based on the IR carbonyl
spectra, are supported by X-ray structural studies of [Cl3Fe(m-
NC)Mn(CO)(dppm)2][FeCl4]·2.5CHBr3 4, [Cl3Fe(m-NC)-
Mn(CO)(dppm)2]·CH2Cl2 5 and [Cl3Mn(m-NC)Mn(CO)-
(dppm)2]·CH2Cl2 6 (all three show similar structures‡). The
structure of 6 is shown in Fig. 1, together with important bond
lengths for 4–6. As noted previously,11 the Mn–P bond
distances of the (m-NC)MN(CO)(dppm)2 fragment are diag-
nostic of the oxidation state of Mn. Thus, 4 and 6 contain MnII

and 5 contains MnI.
The intense colours of [Cl3Fe(m-NC)MnLx] are in striking

contrast to that of [FeCl4]2 (pale yellow) despite the presence of
tetrahedral FeIII in all cases. These intense colours arise from
strong absorptions (emax ca. 3000 dm3 mol21 cm21) in the
visible spectrum which are highly solvatochromic (e.g.
[Cl3Fe(m-NC)MnLx] [Lx = cis-(CO)2{P(OPh)3}(dppm) (lmax
= 508 nm in n-hexane; lmax = 599 nm in 1,2-C2H4Cl2),
implying extensive intramolecular charge transfer.

Cyclic voltammetry provides some insight into the origin of
the very different oxidation state distribution in the iron
complexes compared with that in [Cl3MII(m-NC)MnII-

(CO)(dppm)2] (M = Mn, Co, Ni). Thus, 5 shows one oxidation
wave (E0A = 0.43 V) and one reduction wave (E0A = 0.02 V)

associated with the MnI–MnII and FeII–FeIII couples re-
spectively; no equivalent wave for the MII–MIII couple is
observed for M = Mn, Co or Ni. These results also suggest that
the colour and solvatochromism of the iron complexes result
from MnI to FeIII charge transfer through the cyanide bridge. {In
this respect, it is noteworthy that [Cl3FeIII(m-NC)MnII-

(CO)(dppm)2]+, where MnII-to-FeIII charge transfer is im-
possible, is not solvatochromic.}

The magnetic behaviour of the iron complexes is also of
interest. The magnetic moments of 4, 5 and [Cl3Fe(m-
NC)Mn(CO)(dppm)2][BF4] 7 {prepared by [Fe(h-C5H4CO-
Me)Cp][BF4] oxidation of 5} are 8.2, 5.6 and 5.8 mB
respectively at 295 K. Detailed studies of the magnetic and
electronic properties of these complexes are in progress.

We thank the EPSRC for studentships (to O. M. H.,
G. R. L. and A. J. W.).
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Fig. 1 Structure of 6 (hydrogen atoms and solvent molecule omitted for
clarity); the molecular structures of 4 {as its [FeCl4]2 salt} and 5 are similar.
Important bond lengths and angles: 4, Fe–Cl 2.166, Mn–P 2.345; 5, Fe–Cl
2.193, Mn–P 2.283; 6, Mn–Cl 2.341, Mn–P 2.345. (Individual bond lengths
have estimated standard uncertainties in the range 0.001–0.005 Å.)
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Molecular recognition of a tris(histidine) ligand

Shuguang Sun, Jennifer Saltmarsh, Sanku Mallik*†‡ and Kathryn Thomasson

Department of Chemistry, Box: 9024,  University of North Dakota, Grand Forks, ND 58202, USA 

Design and synthesis of a tri-Hg2+ complex to selectivity
recognize a tris(histidine) ligand is presented.

We are interested in the design and synthesis of transition metal
ion based receptors for histidine-containing peptides.1 Histi-
dine-to-metal ion interactions (Cu2+, Ni2+, Zn2+ etc.) have been
used for various applications, e.g. protein purification,2 cross-
linking,3 targeting proteins to lipid bilayers.4 It is these strong,
directed metal ion-to-histidine interactions that we are using as
the basis of the recognition process.5

As a model system for peptide recognition, we have chosen
the ligand L to position three (S)-histidines 12 Å apart (Fig. 1).
The compound C, with one histidine, served as the control for
our studies. LA and CA were tested as histidine-mimetic ligand
and control, respectively. Three-dimensional structures for the
receptor and ligands were constructed using the molecular
modelling software INSIGHT II and DISCOVER (ver. 95.0,
BioSym Technologies/MSI, San Diego, CA) and energy-
minimized in the gas phase using the consistent valence force
field (cvff).

Syntheses of the receptor R, ligands L, LA and the control C,
CA are shown in Scheme 1. Selective protection of three
nitrogens of the cyclam (1,4,8,11-tetraazacyclotetradecane)
ring 1 was carried out following a literature procedure.6

Reaction of cyclam tritosylate 2 with 1,3,5-tris(bromo-
methyl)benzene 67 proceeded smoothly in MeCN (using
powdered K2CO3 as the base) under sonication (8 h). The crude
product was purified by flash chromatography, using 5%
MeOH–CH2Cl2 as the solvent (Rf 0.3). This reaction was found
to yield a complex mixture of products under reflux. Removal of
the tosyl groups was carried out in HBr–AcOH at 70 °C (10 h).
Free ligand 4 was isolated by ion-exchange chromatography
(IRA-400 column, hydroxide form) using water as eluent.
Receptor R was synthesized by adding a solution of the free
ligand 4 in MeCN to a methanolic solution of Hg(ClO4)2.3H2O.
Receptor R was isolated as the air-stable perchlorate salt after
addition of Et2O to the reaction mixture. (Note: we did not
observe any explosive tendency for this compound.)§

Ligand L is known in the literature8 and control C was
synthesized by an analogous procedure. Reactions for the
synthesis of LA and CA gave higher yields under sonication
compared to refluxing conditions. Control CA was purified by
recrystallization from CHCl3–hexane and LA was purified by
flash chromatography using MeOH as the eluent (Rf = 0.3).§ In
the binding studies, a diamagnetic metal ion (Hg2+) with strong
affinity for histidine ( > 103 m21) was used so that the binding
could be monitored by 1H NMR spectroscopy. Since the
receptor R contains the embedded distance information, cyclam
was used to hold the metal ions. Cyclam has very high affinities
( > 1020 m21) for transition metal ions. This ensures that the
metal ions will not get displaced from R at high histidine
concentrations. Cyclam also gives us the flexibility to synthe-
size the receptor with a variety of transition metal ions and to
optimize the recognition properties.

Recognition studies were conducted in highly polar
[2H6]DMSO, and were followed by 1H NMR spectroscopy. The
C-2-H of the imidazole moieties (indicated in Fig. 1) of C and
CA were found to be shifted downfield (0.80 ppm for C; 0.87
ppm for CA) upon complexation with the Hg2+ ions of the
receptor R (10 mm in R, 0–60 mm in C or CA). Both of these
controls were in fast exchange with the receptor and an average
signal was observed in each case. Resultant titration curves are

Fig. 1 Structures of the tris(histidine) ligand L, histidine mimetic ligand LA,
controls C, CA and the designed receptor R. Hydrogens monitored in the
titration studies are circled.

Scheme 1 Reagents and conditions: TsCl, Et3N, CHCl3; ii, 6, K2CO3,
MeCN, sonication; iii, HBr, AcOH, 70 °C; iv, ion exchange; v,
Hg(ClO4)2.3H2O, MeOH–MeCN; vi, N-hydroxysuccinimide, DCC, Et3N,
THF, 7; vii, NaOH; viii, 8, EtOH, sonication
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shown in Fig. 2. The turning of the titration curves at a 3 : 1 ratio
of [R]t/[His]t indicated a 3 : 1 stoichiometry of binding between
R and C (or CA).9

For data analysis, the three metal ions were taken as
interacting independently. Also shown in Fig. 2 are the
calculated titration curves with the best-fit estimates of the
binding constants. Non-linear regression analysis of the binding
data following a previously-developed procedure5 (SIGMA
PLOT 4.0 for Windows, Jandel Scientific Inc.) provided the
value of the binding constants (KRC = 1.1 3 104 m21,
[R]t = 10.25–6.5 mm; [C]t = 0–32 mm; KRC’ = 104 m21,
[R]t = 9.6–6.6 mm; [C’]t = 0–32 mm; in both regressions,
error: < 10%). The regression analysis converged to these
numbers starting from either a smaller or a larger value as the
initial estimate.

Ligand LAwas also in fast exchange with the receptor (Fig. 2).
The sharp turning of the titration curve at [R]/[LA] = 1 indicated
a 1 : 1 stoichiometry of the complex and a high affinity. Due to
the high affinity, only a lower limit of K can be estimated from
the binding data (KRLA > 105 m21).

Similar titration experiments (10 mm in R, 3–30 mm in L)
showed that R interacts differently with L compared to C. The
ligand L was found to be in slow exchange with R.10 Two
different C-2-H signals were observed for the free (d 7.67) and
bound (d 8.605) ligand. The amounts of free L (measured by the
integration of bound and free C-2-H resonances) were very
small up to 1 : 1 stoichiometry and then the amount of free L
increased rapidly. The aromatic hydrogens of L were shifted
upfield by 0.8 ppm in the presence of the receptor R. These
observations indicated that R is forming a 1 : 1 complex with L
and that the benzene rings of R and L are stacking. This was
corroborated by the observance of a cross-peak between the
aromatic ring hydrogens of the two benzene rings of R and L in
a NOESY spectra and by molecular modeling. The binding
constant was estimated from the integration of bound and free
signals of L.11 Owing to inherent errors in the integration of
very small peaks in 1H NMR spectra, only a lower limit of KRL
can be obtained (KRL > 105 m21).

In order to determine the binding selectivity of R and L (or
LA) over C (or CA), competitive titration experiments were
conducted (Fig. 3).5 A 10 mm solution of R.L (or R.LA) was
titrated with C or CA (1–30 mm). The C-2–H chemical shift of C
(or CA) was followed to measure the concentration of C (or CA)
bound to R. The fraction of R bound to L (or LA) compared to
the fraction of R bound to C (or CA) was taken as the measure
of selectivity. R was found to be selective for L compared to C
by a factor of 20; its selectivity for LA over CA was 10. This
difference in selectivity may be due to the difference in inter-
imidazole distances of L and LA and the resultant strain in the
complexes arising from non-optimal distance matching be-
tween the receptor and the ligand. We are currently probing this
by synthesizing tris(histidines) with varying inter-imidazole
distances.

Thus, the designed receptor R is indeed selective for pattern
matched tris(histidine) ligand L compared to the control C.

Studies are currently underway to optimize the selectivity by
changing the spacer of the tris(histidine) ligand L.

This work is supported by grants from the NIH (1R15 GM/
OD 54321-01) and from the NSF (CAREER award to S. M.).
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Fig. 2 Titration curves for (.)C, («)CA and (2) LA. The curves indicate the
calculated titration curves with the reported binding constants. Fig. 3 Fraction of bound (5) C and (:) CA in the competition experiments.

The corresponding fractions bound in the titration experiments for (2) C
and («) C’ are also plotted.

520 Chem. Commun., 1998



      

Understanding structure and reactivity of new fundamental
inorganic molecules: metal sulfides, metallocarbohedrenes, and
nitrogenase

Ian Dance

School of Chemistry, University of New South Wales, Sydney 2052, Australia 

A large number of new and unexpected molecules,
fundamentally inorganic and containing just metal and
sulfur, or metal and carbon, can be synthesised in the gas
phase, and their reactivities investigated. In the absence of
bulk samples and definitive characterisation data they can
be very profitably investigated using density functional
calculations. A valuable perspective places these new and
unprotected molecules in the context of related non-
molecular solids, and terminally ligated molecules. The
Fe7MoS9 cluster which effects the mild reduction of N2 at the
active site of nitrogenase is similarly undercoordinated,
floppy, and reactive. Density functional calculations reveal
the characteristics of the Fe7MoS9 site and elucidate
postulated mechanisms for the reduction.

Introduction

Consider this experiment: cobalt sulfide, as the familiar black
insoluble solid, is energised with a high power pulse of a 1064
nm laser, in a high vacuum chamber. A plasma occurs at the
surface, and after collisional cooling the products formed are
trapped as negative ions, and assayed mass spectrometrically.
The resulting mass spectrum reveals 83 binary species
[CoxSy]2, ranging in size up to [Co38S24]2.1

What have we done? We have prepared 83 structurally-
molecular forms of a fundamental inorganic binary compound,
cobalt sulfide, which previously had been known only with non-
molecular structure. This experiment is the metal sulfide
analogue of the better known laser ablation of a non-molecular
allotrope of carbon (graphite) to generate the family of
fullerenes, which are elemental carbon in molecular form.

This feature article is about newly discovered inorganic
molecules which are comprised of just two (or at most a few)
elements, and yet which are unprecedented in composition and
structure and reactivity. These molecules are at the core of
inorganic chemistry, but they do not adhere to the traditional
notions of composition or oxidation state or valence, and they
require new concepts of structure and bonding. Very often these
new molecules have their genesis in the gas phase (like the
fullerenes). However, as described below, metal sulfide cores
are also deployed by evolved biological chemistry to effect
significant reactivity which is beyond current human capability
in the laboratory.

Molecular binary metal chalcogenides

By gas phase experiments like that already outlined, the
generation of metal sulfide (and selenide and telluride)
molecular clusters [MxEy]2 has been achieved for all of the first
row transition metals, and others.2–4 We know that these new
molecules are formed in the gas phase by associative processes
involving atoms, ions and/or electrons generated in a high
energy plasma, and that our experiment does not merely excise
various fragments from the solid metal sulfide. This conclusion
derives from the result that the distributions of product ions are
largely independent of the properties of the solid precursor, and

the fact that laser ablation of a mixture of elemental copper and
selenium gives the same distribution as copper selenide
precursors.5,6 Through this experimental program we now know
of the existence of many hundreds of unprecedented molecular
metal sulfides [MxSy]2, and have information about their
relative abundances, stabilities, and reactivities.1,2,4,6–13

Before considering the position of these metal sulfide
molecules in the menagerie of chemistry, it is worth mentioning
a related inorganic experiment also performed in the cell of the
Fourier transform ion cyclotron resonance (FTICR) mass
spectrometer: this cell can be regarded as a gas-phase ‘beaker’,
in which we can undertake controlled synthesis and purification
of new species, and investigate their reactivities, reactions, and
dissociations.13,14 All of the metals (except Tc) can be isolated
as M+ in this cell, and reacted with the elemental reagent S8 (g),
forming numerous cations [MSn]+. This is comparative in-
organic chemistry par excellence: it compares all metals, in the
same oxidation state, reacting with the same reagent under the
same conditions.14,15

Inorganic perspectives: non-molecules, exposed molecules,
and protected molecules

What structural perspective best serves the numerous questions
which arise for these and related newly discovered molecules?
A threefold overall classification is valuable. At one extreme are
binary and ternary compounds which are structurally non-
molecular (in one, two or three dimensions) and which therefore
occur only in the solid state, and for which detailed structural
data are available crystallographically. At the other extreme are
conventional molecular compounds in which a metal cluster
core is terminally ligated by ligands: this is the class of
‘protected molecules’. In the third class, the new molecules
considered here have only the cluster core, and no ligand
termination, and so are named ‘exposed molecules’. This
classification is illustrated in Fig. 1 for nickel chalcogenide
systems, by NiS (the mineral millerite) as the non-molecular
solid, by [Ni11S8]12 as the exposed molecule and by [Ni34-
Se22(PPh3)10]16 as the protected molecule. To illustrate again
with the familiar carbon systems, diamond is non-molecular
carbon, C60 is exposed molecular carbon, and the hydrocarbon
dodecahedrane C20H20 represents protected C20. This tripartite
perspective is valuable and stimulates research in other fields of
contemporary inorganic chemistry: some examples from metal–
carbon systems are developed below. The concepts of non-
molecularity, exposure and protection also pervade surface
chemistry.

Metallocarbohedrenes

In 1992 a class of naked metal carbide clusters known as
metallocarbohedrenes (or met-cars) was discovered.17 These
metallocarbohedrenes are synthesised when reactive metal
clusters dehydrogenate hydrocarbons in the gas phase. The
prototypical species was [Ti8C12]+, but now more than a
hundred metal–carbon molecules have been detected for metals
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in groups 4–8 and 11. While many of these MxCy molecules
have y > x and an even number of C atoms and are believed to
contain C2 groups, there is a subset with y ≈ x, believed to be
fragments of a cubic metal carbide lattice containing C atoms.18

The reactivities and transformations of metallocarbohedrenes
are now well known,18,19 but no pure bulk sample has been
prepared. In the classification of Fig. 1, these exposed metal–
carbon molecules lie between the non-molecular metal car-
bides20 and organometallic clusters containing Cn moieties.21

Nitrogenase

Nitrogenase is the enzyme which reduces dinitrogen to
ammonia, under conditions (ambient) which are far milder than
those of the best industrial practice for reduction of N2 with H2
to form ammonia (the Haber–Bosch process, 400–500 °C,
100–1000 atm). The crystal structure of the FeMo protein of
nitrogenase was determined in 1992, and subsequently im-
proved,22 revealing that the metal sulfide cluster (Fe7MoS9) at
the active site is different from the many predictions, and
unprecedented. The tantalising chemical question is ‘how can a
metal sulfide cluster enclosed in protein reduce one of the most
recalcitrant molecules of chemistry under such mild condi-
tions?’ This question is another mantra in the philosophy of
biognosis which holds that sophisticated chemistry can be
learned from evolved biology.

The essential features of the Fe7MoS9 cluster at the active site
are shown in Fig. 2. A six-coordinate Mo atom is coordinated by
a side-chain histidine, bidentate homocitrate and three triply
bridging sulfide ions to one triangular end of a trigonal prism of
Fe atoms. The opposite end of this trigonal prism is connected
through three triply bridging sulfides to the seventh Fe atom,
whose tetrahedral coordination is completed by a cysteine
residue. Around the equatorial belt of the trigonal prism there
are three doubly-bridging sulfide ions. The significant features
of the cluster are the threefold coordination of each of the six
Fe3 atoms† in the trigonal prism, the doubly-bridging S2 atoms
bridging the axial edges of the trigonal prism, and the
connection of the cluster to the protein only at two end
positions. The nakedness of the central Fe3 and S2 atoms is a
conceptual link with the exposed metal sulfide clusters in the
gas phase. Of course the essential Fe7MoS9 cluster is enclosed
by protein, and the sophistication of the catalysis effected by
nitrogenase depends on the cooperative action of cluster and
protein, and the hydrogen bonds which link them. The Fe7MoS9
cluster participates in a rich sequence of reactions which
probably depend, at least in part, on the reactivity of nakedness.
There is another conceptual link between nitrogenase and the

gas phase metallocarbohedrene chemistry, in that the C2
22

ligand of the metallocarbohedrenes is isoelectronic with the
primary substrate N2 of nitrogenase.

Determination of the crystal structure of the key protein of
nitrogenase revealed the stage on which the marvellous
molecular dance occurs, but provided no direct information
about the dancers or the choreography.23 The question now is
how to determine that choreography.

Similar questions arise for the new exposed inorganic
molecules. Their compositions and reactions are known mass

Fig. 1 Illustrations of the classification of non-molecular solids, exposed molecules, and protected molecules. Non-molecular NiS in the mineral millerite,
the exposed molecule [Ni11S8] observed in the gas phase,12 and the phosphine-protected nickel selenide core of [Ni34Se22(PPh3)10] prepared in solution and
characterised crystallographically:16 Ni red, S, Se yellow, P magenta, C green.

Fig. 2 The essential features of the Fe7MoS9(cysteine)(histidine)(ho-
mocitrate) cluster at the active site of the enzyme nitrogenase: Fe magenta,
Mo orange, S yellow, C green, N blue, O red
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spectrometrically, but not their structures. In all of these
contexts, powerful density functional theory provides valuable
insights.

Calculating the structures and reactions of big molecules

Density functional theory (DFT) is now well established as a
valuable quantum method for the calculation of the electronic
structure and energy, and derived properties, of large molecules
and molecules containing atoms which contribute many
electrons.11,24 DFT includes a computationally efficient account
of the correlation and exchange energies (the electron–electron
energies) which have complicated and prolonged traditional
quantum chemical calculations. Apart from the selection of
functionals to describe exchange and correlation, the DFT
method is ab initio.

The performance of DFT calculations is impressive for
molecules like those introduced above. For a calculational effort
which scales with the number of electrons more favourably than
any comparable method, optimised geometries are obtained
with an accuracy sufficient to address the big-picture questions.
As illustration, Fig. 3 shows the optimised structure of

Cu29Se15(PH3)12 (which contains 1566 electrons) in compar-
ison with the observed (X-ray crystal structure25) geometry for
Cu29Se15(PPri

3)12, and Fig. 4 shows the results for the ‘basket
cluster’ [Fe6S6(PR3)6]2+ (R = H calculated, R = Et ob-
served26). In both molecules it can be seen that the calculated
interatomic distances are generally within 0.05 Å (and often
0.02 Å) of those observed, and that the variability of bond type
and length is reproduced, including long Fe–Fe distances which
are not bonds. This augurs well for application to molecular
metal sulfide clusters and to nitrogenase. There are extensive
checks of calculated energies against experimental data.27

In exploring the geometry–energy hypersurface for new
chemical systems it is also desirable to locate transition states
(saddle points) and to calculate reaction profiles. The method
used here is to postulate a saddle geometry, then follow the
geometry change on its steepest downhill energy path, and then
to iterate through a cycle of geometry adjustment and energy
minimisation until the lowest energy transition state is found.

Answering the questions: transferring concepts

The new inorganic molecules and their reactions present
innumerable questions. In DFT we have a powerful tool for
answering those questions, or at least for the design of fruitful
further experiments. The key challenge—and the exciting
appeal of this research—is in devising the best hypotheses. In

Fig. 3 The structure of Cu29Se15(PR3)12: large spheres are Cu atoms, colour
coded according to chemical type and connectivity (point group D3h), small
yellow and orange spheres are Se, green P and white H. The tabulation of
colour-coded bond types compares the distance range observed for R = Pri

with the distances calculated (in C2v) for R = H, using the Vosko–Wilke–
Nusair local density functional28 for correlation and Becke’s gradient-
corrected exchange functional.29

Fig. 4 The structure of [Fe6S6(PR3)6]2+: large spheres are Fe atoms, colour
coded according to chemical type and connectivity (point group C2v), small
yellow, light orange and deep orange spheres are S, green P and white H.
The tabulation of colour-coded bond types compares the distances observed
for R = Et with the distance calculated (in C2v) for R = H, using the Lee–
Yang–Parr gradient-corrected correlation functional30 and Becke’s gra-
dient-corrected exchange functional.29
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my view the quality of research of this type is determined more
by the quality of the ideas to be tested than by the computational
methodology to be deployed.

In the following sections I outline some responses to the
questions raised, with emphasis on the transferability of ideas
and insight from metal sulfides to metallocarbohedrenes to
nitrogenase, and the incorporation of structural data and
principles from related non-molecular solids and protected
molecules.

Structures of molecular metal sulfides

The compositions of the observed molecules [MxSy] are plotted
on maps of y vs. x, and show several significant general
characteristics. Firstly, the x/y distribution is a continuous
extended domain which is relatively narrow in y. In the case of
[CuxSy]2, the main sequence of larger species can be described
by the equations x = 2 y 2 1 and x = 2 y 2 2,4,6 while for
[MnxSy]2 the ions are described by x = y and x = y 2 1.8 The
continuous narrow regions of observability accentuate in
contrast the emptiness of the composition maps and the many
species which are not observed. Secondly, while for any metal
there are variations in intensity along these sequences, there are
no pronounced discontinuities in abundance which might
signify special stability or structure. Thirdly, it must be
remembered that observability on the composition map need not
represent inherent stability, and could be due to favourable
electron affinity in the competition for electrons during the
formation of the anions. Fourthly, the slopes (y/x) of the
domains of observability correlate with the number of valence
electrons provided by M, and a qualitative electron counting
pattern has been identified.1,4

The first issue for the new molecules is geometry: what is
[Mn20S20]2, or [Fe11S10]2, or [Co38S24]2, or [Ni15S10]2, or
. . .? And then, is there a fundamental structural principle for
each metal? And are there structural principles which allow
almost continuous growth, rather than special stability at certain
sizes? In answering questions about geometry, knowledge of
the many structures of terminally ligated metal chalcogenide
clusters2 provides inspiration for postulates to be tested.

In the case of [CuxSy]2 clusters, the enhanced stability of
[Cu3S3]2, [Cu6S4]2 and [Cu10S6]2 has been traced to cluster
structures which contain local S–Cu–S linear (or near-linear)
coordination, and the other reactive clusters are those which
have exposed Cu atoms without this geometry.4 For the
[MnxSy]2 set,8 61 isomers for 23 compositions up to
[Mn15S15]2 have been evaluated by DFT in terms of optimised
geometrical structure, electronic structure, and electron affin-
ity.7 Structures based on stacks of Mn3S3 triangles are
favourable, as are regular Mnx polyhedra with (m3-S) caps, and
trigonal MnS3 local coordination occurs in the more stable
isomers.

Structures of metallocarbohedrenes

The prototypical metallocarbohedrene Ti8C12 was postulated to
have a structure (symmetry Th) in which six C2 units cap the
faces of a Ti8 cube, with the C2 parallel to the edges of Ti4
squares.17 In this, the Ti–C and C–C bonds constitute a
pentagonal dodecahedron, with analogy to C20. My idea that
there could be alternative stable structures came from a quite
different field, metal thiolate clusters. The M8(SR)12 based
clusters had been investigated earlier, when it was recognised
that the M8 polyhedron could be either a cube or a tetracapped
tetrahedron, and that the bridging S atoms could constitute
either a cuboctahedron or an icosahedron.31,32 Therefore I
explored alternatives for Ti8C12, and recognised a high
symmetry (Td) structure in which the Ti8 set was a tetracapped
tetrahedron, with the six C2 groups bonded diagonally on each
of the six folded Ti4 rhombuses (or butterflies) on the Ti8

surface (see Fig. 5). DFT calculations readily showed that the Td
structure was very much more stable than the Th structure,33 and
this was confirmed by other theoretical investigations.18,34

There are other isomers for M8C12 which have lower symmetry
arrangements of the diagonally bound C2.34 Subsequently I
characterised the barrierless transformation of Th-Ti8C12 to Td-
Ti8C12, outlined in Fig. 5.35

The concept of C2 bonded diagonally across an M4 rhombus
rather than parallel to edges of an M4 quadrilateral is entrenched
in the models of many other metcars, such as the photo-
dissociative transformation of Ti14C13 to Ti8C13,36 the struc-
tures of the unusual niobium carbohedrenes,37 and the copper
carbohedrenes.38 Copper is unique in being the only late-
transition metal reported to form metallocarbohedrenes: carbo-
hedrenes are not known for metals in groups 9 or 10.

Copper carbohedrenes CuxCy were observed in the series
[Cu2n+1C2n]+ for 1 @ n @ 10, as well as [Cu7C8]+, [Cu9C10]+,
[Cu12C12]+, [Cu16C16]+ and [Cu20C18]+.18 I noted a similarity
between these compositions and those of the naked copper
sulfide clusters [CuxSy]2, if C2 was stoichiometrically equi-
valent to S. This similarity is shown on the composition map in
Fig. 6. This is reasonable because both S22 and C2

22 can be iso-
valence-electronic in their bonding in metal clusters, both
providing four donor electron pairs and having empty acceptor
orbitals, as shown diagrammatically in Fig. 7.

Figs. 8 and 9 illustrate analogies between copper sulfide
structures and copper carbohedrenes. The high symmetry
structures of Cu12S7 (point group Oh) and Cu13(C2)6 (point
group Th) have the same connectivity with either S or C2 bound
to the Cu4 units of a cuboctahedron (see Fig. 8): the
stoichiometry difference is accounted for by the presence of S at
the centre of Cu13S7 and Cu at the centre of Cu13(C2)6. This
structural homology can be extended through larger clusters, to
Cu24S13 and Cu25C24,38 shown in Fig. 9.

While much further investigation is required to reveal the
structures of the large numbers of exposed metal sulfide and
metallocarbohedrene molecules, some guiding principles are
becoming clear, and the analogies between the sulfide and
carbide clusters stimulate hypotheses.

Fig. 5 The Th and Td isomers of Ti8C12 (C green), and the barrierless energy
change of 300 kcal mol21 (1 cal = 4.184 J) in the transformation (in point
group D2) of Th to Td. In the Td isomer the inner and outer Ti atoms are
coloured pink and purple, respectively.
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Tantalising nitrogenase

As already mentioned, the structure of the resting FeMo protein
revealed nothing about the mechanism for conversion of N2 to
NH3. There is however a very large amount of data on the
kinetics and spectroscopy (mainly EPR) of the enzyme with
various substrates and inhibitors, impressive model chemistry,
and information about the effects of site-directed mutations.22,39

An issue is how to incorporate the new structural data into a
more detailed and chemical description of the mechanism. More
specifically there are questions about the location and geometry
for the initial binding of N2, the bonding geometry which
activates N2, the effects of introduction of electrons, the proton
approach pathways, details of the binding of the intermediates,
and the pathway for egress of products. Nitrogenase reduces
protons in amounts determined by the availability of N2, and H2
inhibits N2 reduction, and so there are related key questions
about the binding of H+, H and H2 at the active site.

The first question (although not necessarily the first step in
the mechanism) concerns the binding of N2. In 1993, a lecture
by Doug Rees about the cluster structure triggered the idea that
the metallocarbohedrene experience was relevant. The hypoth-
esis was:40

(i) metallocarbohedrenes have C2 bound most stably along
the long diagonal of a M4 rhombus, while C2 bonding
parallel to the edges of an M4 rectangle is less stable;

(ii) the (Fe3)6 trigonal prism of nitrogenase has three (Fe3)4
rectangular faces;

(iii) rotation of a trigonal prism about its threefold axis
changes the rectangular faces to rhombuses;

(iv) N2 is isoelectronic with C2
22;

(v) therefore the N2 could be bound stably to an (Fe3)4
rhombus face of a twisted form of the (Fe3)6 trigonal
prism [Fig. 10(a)];

(vi) rotation back to the trigonal prismatic (Fe3)6 geometry
with a rectangular (Fe3)4 face could weaken the N–N
bond [Fig. 10(b)], which is the objective.

This hypothesis was fully consistent with the binding of the
Fe7MoS9 cluster to the protein, because the cluster is anchored
at the six-coordinate Mo end, but able to rotate the other end

Fig. 6 Map of the compositions of [CuxSy]2 (red) and [Cux(C2)y]+ (green,
blue) in the gas phase: the vertical axis plots the number of S atoms or C2

groups. The green compositions belong to the series [Cu2n+1C2n], but the
hatched green species were not observed.18

Fig. 7 Comparison (diagrammatic, not stereochemical) of the electronic
components of sulfide S22 and acetylide C2

22 available for bonding
participation in metal clusters. Both have four donor electron pairs marked
as heavy lines (for C2

22 these are the terminal s pairs and the two p bonding
pairs) and both have empty orbitals marked as lobes, being d orbitals at S
and p* orbitals on C2

22: not all of these empty orbitals are shown.

Fig. 8 Comparison of the optimised structures of [Cu12S7] and [Cu13(C2)6]+,
in which S and C2 groups interchangeably cap the faces of a Cu12

cuboctahedron

Fig. 9 Comparison of the optimised structures for Cu24S13 and
[Cu25(C2)12]+, in which S and C2 groups occupy similar positions on the
surface of a Cu24 framework which is a distorted hexacapped cuboctahe-
dron. The differences are due to tetrahedral coordination of the central S in
Cu24S13 but cuboctahedral coordination of the central Cu in
[Cu25(C2)12]+.

Fig. 10 Hypotheses for N2 binding to an (Fe3)4 face of the Fe7MoS9 cluster
of nitrogenase. (a) The twist or rhombus configuration allowing overlap
between the Fe orbitals and N2 p-bonding orbitals. (b) The parallel or
rectangle configuration in which the Fe orbitals overlap with N2

p-antibonding orbitals.
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about the pseudo-threefold axis coincident with the Fe–Scys
bond.

The feasibility of an (Fe3)4 face of the cluster as N2 binding
site was developed by examination of the protein surrounds and
hydrogen bonds, revealing that the (Fe3)4 face capped by the
extended side chain of arginine-359 was much better positioned
than the other two for substrate binding:79 this full
[(Fe3)4(S2)2(S3)2] face proposed for action is named the front
face. DFT calculations demonstrated the feasibility of N2
binding at this face, and also revealed that reduction of the
cluster concentrated negative electron density on the S (rather
than Fe or Mo) atoms, and particularly on the S2 atoms flanking
the binding face. Since these two flanking S2 atoms are
hydrogen bonded to protein from behind the front face, this
result inspired the important mechanistic concept of proton
transfer to bound substrate via these S2 atoms according to their
redox-moderated basicity, along the pathway illustrated in
Fig. 11.

Continued application of DFT to the questions about
nitrogenase structure and mechanism has provided further
insight41 into: (a) the flexibility of the Fe7MoS9(cys)(his)(cit)
core structure; (b) the influence of redox level (both electro-
nation and hydrogenation) on the geometry of the core; (c) the
optimum geometries for N2 bound to the core in various ways,
and their relative energies; (d) the sliding of H atoms around the
cluster atoms, in relation to the 2e2 + 2 H+"H2 processes and
the exchangeable and non-exchangeable hydrogen binding
sites; (e) the binding of inhibitor CO and alternative substrates;
and (f) the formation of NH3.

The initial idea of the trigonal prism twisting about its
threefold axis has been expanded to include and explore all of
the conformational freedom of the Fe7MoS9 cluster. Because
this cluster is undercoordinated it was expected to be floppy.
Using the distortions shown in Fig. 12, DFT calculations with
the 38-atom asymmetric model (Fig. 12) show that the energy
surface for these distortions is relatively flat. Variations of
Fe–Fe distances by up to 1 Å involve energy changes of < 10
kcal mol21: the flatness of the energy surface is dependent on
the redox level.

A number of geometries for N2 binding to the Fe7MoS9
cluster have been investigated theoretically.40,42 My DFT
calculations show that terminal h1 binding of N2 to one of the
Fe3 atoms is energetically favourable, and draws the Fe3 atom
out of the cluster to achieve local trigonal pyramidal coordina-
tion. However this does not elongate N–N as much as does
h2, m4 binding of both N atoms of N2 to an (Fe3)4 face. The
lowest energy h2, m4 geometry is the conformation shown in

Fig. 13(left), and dubbed ‘oblique arrow’ to describe the
approach of N2 to the (Fe3)4 face. One N atom, labelled
Nproximal, is bonded to all four Fe3 atoms, while the other
(Ndistal) is bonded to two Fe3. This configuration is ca. 27 kcal
mol21 more stable than the symmetrical configuration of
Fig. 13(right), and the N–N bond in the oblique arrow geometry
is 1.29 Å relative to 1.10 Å in free N2. The ‘direct arrow’
configuration in which N2 is bound symmetrically to (Fe3)4
through only one N atom is not an energy minimum.

The Ndistal atom in the oblique arrow conformation is
positioned between three S atoms (two S3, one S2) on the front
face, with N···S distances of 2.7–3.0 Å. Electronation of the
cluster is calculated to increase the basicity of these S atoms,
allowing H+ ions to be transferred to them via hydrogen bonds,
and after inversion at S2 the resulting bound H atoms are within
hydrogen bonding distance of the Ndistal atom. This suggested a

Fig. 11 The Fe7MoS9(cysteine)(histidine)(homocitrate) cluster, showing
hydrogen bonds from behind the S2 atoms flanking the front face, and the
postulated transfer of H to bound N2 by inversion of (S2–H)

Fig. 12 Conformational freedom of the Fe7MoS9(cys)(his)(cit) cluster. The
red arrows represent lateral shear, the brown arrow represents torsional twist
about the pseudo-threefold axis, the orange arrow represents flapping of the
S2 atoms, and the black arrows represent various expansions and/or
contractions of the (Fe3)6 trigonal prism.

Fig. 13 The oblique arrow and parallel binding geometries for N2 on the
(Fe3)4 face of the Fe7MoS9(cys)(cit)(his) cluster. The calculated N–N
distances are 1.29 and 1.25 Å, respectively.
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mechanism for hydrogenation of Ndistal. The transition state
shown in Fig. 14 for transfer of these H atoms to Ndistal was
postulated, and on energy minimisation the N–N bond broke
and NH3 formed as Ndistal separates.43 This process is calculated
to be exergonic by many tens of kcal mol21. Similar protonation
of Nproximal via the closest S atoms, in concert with electronation
via the cluster, is postulated for subsequent formation of the
second NH3 product.43

The chemistry of hydrogen at the active site, while not as
dramatic as the breaking of a very strong triple bond, is almost
as intriguing. Some facts39 are that proton reduction always
accompanies N2 reduction, in amounts depending on the
availability of N2; H2 (g) inhibits N2 reduction; the reductive
formation of HD(g) from protons in the presence of D2 (g) occurs
in the presence of N2 and with the same kinetics as N2 reduction.
A mechanistic requirement is that H atoms from the gas phase
must always remain distinguishable from H atoms from
water.39

The bonding and sliding of H atoms over the Fe and S atoms
of the cluster can be investigated by DFT. One result is that H
atoms bound to S atoms weaken their ligating ability,
lengthening Fe3–S bonds and shortening Fe3–Fe3 distances,
while H atoms bonded to Fe3 lengthen Fe3–Fe3 distances.41

Other calculations show how H2 can bind to Fe. Various
2H"H2 interconversions on the Fe7MoS9 cluster can be
demonstrated.41 As an illustration of the type of calculation
which can inform this cluster–hydrogen chemistry, Fig. 15
outlines the main features of a calculated reaction coordinate for
a symmetrical 2(S2–H)"H2 interconversion on a Fe8S9(SMe)2
model.

Prospectives

This short account has provided glimpses of (1) the new
chemistry which occurs for unprotected fundamental inorganic
molecules, (2) consideration of this new molecular chemistry in
the context of the more familiar non-molecular and protected
analogous compounds, (3) the value of DFT, and (4) the value
of concept-transfer between rather different chemical systems.
But overall this has raised more questions than answers, and so
I conclude with some prospectives for further research.

Continuing investigations of the formation and reactions of
fundamental inorganic molecules in the gas phase, free of the
ameliorating influences of solvation or crystal surrounds, will
reveal more rule-breakers and expand the conceptual basis of
fundamental inorganic chemistry.

A key objective is the preparation of bulk samples of the new
molecules: this can be approached by condensation from the gas
phase (cf. the fullerenes), or by planned reactions in relatively
inert solution. The preparation of phosphine-protected copper
sulfide clusters inspired by the gas phase results has been

reported.44 Preparation from the gas phase is likely to require
condensation into a milieu which is inert or contains protecting
ligands, to restrict conversion to non-molecular solids. On the
basis of observed reactivities in the gas phase, the demonstrated
successes of Dehnen and Fenske44 using protecting ligands, and
the calculated correlations of structure and reactivity, copper
appears to be the most promising metal for preparation of the
new molecules.

The Fe7MoS9 molecule at the catalytic site of nitrogenase is
unprotected, in the sense of being undercoordinated, and is
calculated to be reactive like other exposed metal sulfide
molecules. It is also calculated to be floppy. The Fe7MoS9
cluster probably requires its protein cage for restraint of
distortions, as well as restraint of some reactivity. The concerted
enhancement of the catalytic reactivity of the Fe7MoS9
molecule by the protein surrounds is likely to occur primarily
through the S atoms.

In an experimentally complex system such as the active site
of nitrogenase, powerful DFT methods can provide insight and
guidance to the experimental program.
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Reappraisal of the spin-forbidden unimolecular decay of the methoxy cation†

Massimiliano Aschi, Jeremy N. Harvey, Christoph A. Schalley, Detlef Schröder and Helmut Schwarz‡

Institut für Organische Chemie der Technischen Universität Straße des 17. Juni 135, D-10623 Berlin, Germany 

The mechanism of the unimolecular loss of H2 from triplet
methoxy cations (3CH3O+) is revised.

The mental representation of chemical reactions relies on the
paradigm of the potential energy surface (PES): the reactive
system moves from the reactant minimum of the PES through a
transition state to the product minimum. Reactions which
involve a change in total spin appear to violate this paradigm,
since they must necessarily occur on two or more PESs. For this
reason, they have been difficult to understand, both qualitatively
and quantitatively.1 A typical example which has been the
subject of numerous studies2 is the unimolecular decomposition
of triplet methoxy cation (3CH3O+) to form H2 and formyl
cation (HCO+), both singlet species. The present consensus
(path A) is that this process occurs in a stepwise manner, i.e. first

hydrogen shift, concurrent with spin change, to form singlet
hydroxymethyl cation (1CH2OH+), then the well documented3

[1,2]-elimination to yield HCO+ and H2. The main support for
this mechanistic scheme is derived from the observation of
almost identical kinetic energy releases associated with the
losses of molecular hydrogen from both [C,H3,O]+ cations.2e

However, neither this experimental nor the computational
evidence are conclusive. Indeed, a concerted pathway (path B)
involving simultaneous spin change and [1,1]-elimination from
3CH3O+ has been suggested, but not established.2f Here we
present experimental results4–6 for the H/D isotope effect on
unimolecular hydrogen loss from [C,H2,D,O]+ isotopomers of
the methoxy and hydroxymethyl cations,7 and discuss the
mechanistic implications on the basis of supporting computa-
tional results in order to clear up the long-standing questions
concerning the unimolecular decay of methoxy cation.

Assuming that only the stepwise mechanism occurs,
Scheme 1 implies that the observed kinetic isotope effect KIEobs
for loss of molecular hydrogen from 3CH2DO+ is expected to be
smaller than the kinetic isotope effect for loss of hydrogen from
the intermediate CHDOH+ (KIE2), whatever the actual values of
KIE1 and KIE2.8 Assuming that KIE2 does not depend much on
the way in which CHDOH+ is formed,9 it can be obtained from
the decay of independently generated CHDOH+ cations. The
relevant metastable ion (MI) spectra4 (Fig. 1) lead to
KIEobs = 8.0 ± 1.0 and KIE2 = 1.3 ± 0.1, respectively.10 This
value of KIEobs is inconsistent with the above analysis, therefore

the stepwise path A alone cannot account for the experimental
findings. Other mechanisms must strongly contribute; an
obvious candidate is the concerted pathway B which could well
have a kinetic isotope effect larger than KIE2.

Further evidence comes from eqns. (1) and (2) for the relative
yields of ideal stepwise and concerted mechanisms, re-
spectively.11 The experimental kinetic isotope effect for HD vs.

[ ([ ] [ ])HD] = 0.5 H D2 2+ (1)

[ ] [ ]HD] = [H D2 2⋅ (2)

D2 loss from 3CHD2O+ cations2e is 10 ± 2, which, together with
a kinetic isotope effect of 8.0 for H2 vs. HD loss from 3CH2DO+,
gives a branching ratio of [H2] : [HD] : [D2] = 100 : 12.5 : 1.25.
Based on the measured [H2] and [D2] abundances, eqns. (1) and
(2) predict [HD] values of 51 and 11 for stepwise and concerted
pathways, respectively. Within the error margins, the observed
[HD] figure of 12.5 is identical with the latter value, again
suggesting that dehydrogenation of methoxy cation occurs in a
concerted manner.

The [C,H3,O]+ hypersurfaces have been the subject of several
computational studies.2,3 The key events in the present reactions
are, however, the spin changes, which can be assumed to
proceed through surface hopping in the vicinity of the minimum
energy crossing points (MECPs) between the PESs of different
spin. Any computational description of unimolecular reactivity
must therefore also consider the MECPs for paths A and B. This
can be done with several methods which use analytical energy
gradients.1,12 The MECP corresponding to the concerted
pathway (MECP1) has been described in the literature,2f but not
that for the hydrogen migration in the stepwise route
(MECP2).

Table 1 and Fig. 2 show the calculated14 PESs for singlet and
triplet [C,H3,O]+, including both MECPs. The key point is that
MECP1 is slightly lower than MECP2 at each of the three levels
of theory considered, although the relative energies of the two
MECPs compared to 3CH3O+ vary somewhat. Further, the
surface-hopping probability at the MECPs depends strongly on
the spin-orbit coupling constant HSO between the two wave-
functions. In fact, if the values of HSO were very different at
MECP1 and MECP2, the pathway with the larger HSO could
dominate, whatever the energies. To evaluate this possibility,
we calculated16 the value of HSO at both MECPs, and obtained
similar results, 50 cm21 for HSO (MECP1) and 56 cm21 for HSO

(MECP2). With the present energies and HSO values for
MECP1 and MECP2, it is thus reasonable to expect that the

3CH3O+? 1CH2OH+? 1HCO+ + H2 Path A

3CH3O+? 1HCO+ + 1H2 Path B

Scheme 1

Fig. 1 MI spectra of (a) 3CH2DO+, (b) CHDOH+ and (c) CH2OD+. Note that
weak H/D atom losses are observed for the hydroxymethyl cations, which
can be distinguished from H2 loss by their peak shapes.
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concerted mechanism should at least be favoured over the
stepwise pathway, although precise quantitative predictions
would require a much more thorough analysis.18

The observation of nearly identical kinetic energy releases
from both [C,H3O]+ cations2e is an argument in favour of the
stepwise mechanism. However, if one considers that the height
of MECP1 is less than 11 kcal mol21 higher than 1TS-H2

+ (see
Fig. 2), then it can be seen that these identical kinetic energy
releases could come from different mechanisms.

In conclusion, the kinetic isotope effect results reported here
provide very strong support for a reappraisal of the mechanism
of unimolecular decomposition of the triplet methoxy cation
and the present results suggest a [1,1]-elimination in which
dehydrogenation and spin crossover occur in concert.19,20
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Table 1 Calculated (ref. 14) energies relative to 3CH3O+ at different points
on the [CH3O+] PESs, based on total energiesa with no zero-point energy
corrections

Species UMP2 B3LYP CCSD(T) G2b

HCO+ + H2 265.1 238.4 251.8 254.5
CH2OH+ 292.4 276.5 285.6 288.3
TS for H2 loss 26.4 11.7 2.5 20.5
MECP1c 11.6 17.6 13.2 —
MECP2c 13.7 19.4 14.3 —

a Total energies (in Hartrees) for methoxy cation are 2114.37456 (UMP2/
BSI), 2114.70013 (B3LYP/BSI), 2114.47930 (CCSD(T)/BSII//B3LYP/
BSI) and 2114.50621 (G2). b G2 total energies are taken for comparison
from ref. 13. c The calculated geometries for each MECP are very similar at
all levels. The results for MECP1 reported in ref. 2(f) are similar to those
obtained here.

Fig. 2 Relevant parts of the triplet and singlet potential energy surfaces of
[C,H3,O]+ cations calculated at the CCSD(T)/BSII//B:3LYP/BSI level (ref.
14). Bond lengths are given in Å and angles in degrees. Energies relative to
the methoxy cation are given in kcal mol21.
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Stereoselective synthesis of a new optically active phosphinoacyloxazolidinone
via enantioselective hydrogenation

Pierre Le Gendre, François Jérôme, Christian Bruneau* and Pierre H. Dixneuf*†

Laboratoire de Chimie de Coordination et Catalyse, UMR 6509, CNRS-Université de Rennes, Campus de Beaulieu, F-35042
Rennes, France

The preparation of a new optically active
phosphinoacyloxazolidinone, based on the enantioselective
hydrogenation of a 4-methylene-N-propionyloxazolidinone
in the presence of [(R)-BINAP]Ru(O2CCF3)2 catalyst fol-
lowed by stereoselective phosphinylation, is reported.

Chiral diphosphines coordinated to a transition metal centre
have demonstrated their power in asymmetric catalysis.1 More
recently, optically active heterobidentate ligands containing
only one phosphorus group have proved to be very efficient in
a variety of catalytic reactions. Thus, the diphenylphosphino
group attached to a functional group such as an amine,2 an
oxazoline,3 a pyrazole4 or a quinoline5 moiety has led to a
variety of new P–N ligand–metal catalysts which have contri-
buted to the improvement of enantioselectivity in various
catalytic reactions. Other heterobidentate functional phosphine
ligands with an additional coordinating oxygen atom have also
been used successfully in asymmetric catalysis.6–9

Here we report the preparation of a new P–O heterobidentate
ligand of high optical purity based on the synthesis of an
optically active acyloxazolidinone followed by its phosphinyla-
tion. This synthesis does not involve substrates from the natural
chiral pool but is based on two successive selective reactions: (i)
the enantioselective hydrogenation of a 4-methylene-
N-propionyloxazolidin-2-one 1, and (ii) the stereoselective
phosphinylation of the resulting optically active acyloxaz-
olidinone 2, according to Scheme 1.

Whereas optically active acyloxazolidinones are usually
prepared by acylation of oxazolidinones arising from optically
active natural amino acids via multistep syntheses,10,11 we have
shown that it is possible to obtain both enantiomers of the
acyloxazolidinone 2 via enantioselective hydrogenation of the
4-methylene-N-acyloxazolidinone 1 in the presence of a
ruthenium catalyst containing an optically pure diphosphine
ligand.

The bubbling of ammonia through an EtOAc solution of the
carbonate 412 at room temperature led to 95% yield of the
hydroxyoxazolidinone 5. The treatment of this cyclic carbamate
with an excess of propionyl chloride in refluxing CH2Cl2 in the
presence of CaCl2 led to the isolation of the acyloxazolidinone
1 (80% yield) in a one pot acylation–dehydration reaction. The
enantioselective hydrogenation of 1 was performed under 10
MPa of H2 in MeOH at 50 °C for 18 h in the presence of 1 mol%
of [(R)-BINAP]Ru(O2CCF3)2 as catalyst and led to the (R)-N-
propionyloxazolidinone (R)-2 in 95% yield. Thus, in a four step
synthesis involving only small simple molecules (prop-2-ynylic
alcohol, CO2, NH3, AcCl and H2), the (R)-N-propionyl-
oxazolidinone (R)-2 was isolated with an enantiomeric excess

of 98%, according to Scheme 2.‡ Compound (R)-2 appears to be
the simplest (R)-enantiomer of the family of Superquats, the
(S)-enantiomer of which has already been prepared from an
amino acid.11

Advantage was taken of the asymmetric induction offered by
chiral acyloxazolidinones to stereoselectively introduce an
electrophile on the acyl group.10,11 We thus attempted to
transform (R)-2 into a functional phosphine of type 3 by
addition of the electrophilic diphenylphosphino group after
deprotonation of the acyl moiety of (R)-2 (Scheme 3).

The N-propionyloxazolidinone (R)-2 (4.3 mmol) was first
deprotonated in THF at 290 °C using LDA (1 equiv.). Then,
chlorodiphenylphosphine (4.3 mmol) was added and the
reaction mixture was kept at 290 °C for 15 h before warming to
room temperature. The resulting phosphinoacyloxazolidinone
(R,R)-3 was purified by chromatography over alumina and
isolated in 87% yield. The 31P NMR spectrum of the crude oil
showed two singlets at d 5.84 and 4.87, indicating the presence
of the two diastereoisomers in the ratio 95 : 5. This result shows
that the novel transformation of acyloxazolidinones by phosphi-
nylation is stereoselective and that the optically pure
N-propionyloxazolidinone (R)-2 provides efficient asymmetric
induction as already observed for the alkylation with BnBr, of
(S)-2 prepared via a different route.11

This functional phosphine is very air-sensitive and it is
preferable to stabilize it as a phosphine–borane adduct. The
addition of BH3·SMe at 280 °C at the end of the reaction
leading to 3 made possible the preparation of the corresponding
phosphine–borane (R,R)-6.§ Chromatography over silica gel
allowed the isolation of only the major diastereoisomer in 47%
yield (100% de). 

Cleavage of the N-acyl bond of (R,R)-3 was carried out under
mild conditions in MeOH at room temperature in the presence
of K2CO3 and led to the chiral oxazolidinone auxiliary (R)-8 and

Scheme 1

Scheme 2 Reagents and conditions: i, NH3, room temp.; ii, EtCOCl,
CH2Cl2 reflux; iii, H2, [(R)-BINAP]Ru(O2CCF3)2, MeOH, 50 °C

Scheme 3 Reagents and conditions: i, LDA, THF, 290 °C, then Ph2PCl,
290 °C to room temp.; ii, BH3·SMe2
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the optically active phosphine methyl ester (R)-7 in 90% yield
after column chromatography under N2 (Scheme 4).

In conclusion, we report the selective preparation of an
optically pure phosphinoacyloxazolidinone. The synthesis in-
volves the preparation of an optically active acyloxazolidinone
via catalytic enantioselective hydrogenation and its use as chiral
inductor for stereoselective phosphinylation. This type of new
compound has potential as a new heterobidentate ligand in
asymmetric catalysis, and as a building block for access to a
variety of optically active phosphorus derivatives via cleavage
of the oxazolidinone ring.
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7.14; N, 3.65; P, 7.93%. [a]D + 58 (c 1.0, CHCl3).
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Scheme 4 Reagents and conditions: i, MeOH, K2CO3, room temp.
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Meerwein–Ponndorf–Verley reduction of carbonyl compounds catalysed by
Mg–Al hydrotalcite

Pramod S. Kumbhar,† Jaime Sanchez-Valente, Joseph Lopez and François Figueras*‡

Institut de Recherches sur la Catalyse, 2 Av. A. Einstein, 69626 Villeurbanne, France 

Properly activated Mg–Al hydrotalcite (Mg : Al = 3 : 1) is
found to be a highly active, selective and regenerable
heterogeneous catalyst for Meerwein–Ponndorf–Verley re-
duction of carbonyl compounds in the liquid phase.

The reduction of carbonyl compounds is one of the most widely
practised operations in the synthetic organic, fine and perfum-
ery chemical industries. Of particular importance is selective
reduction of carbonyl groups in the presence of other functional
groups. New methods, new catalysts and new reagents which
offer greater activity, selectivity and reusability are constantly
being sought.

The Meerwein–Ponndorf–Verley (MPV) reduction of alde-
hydes and ketones is one such reaction when high selectivities
are obtained using metal alkoxides as catalysts, such as
Al(OPri)3 and La(OPri)3.1 However, the metal alkoxide cata-
lysts are homogeneous, create problems during separation and
are not reusable. Hence, reusable heterogeneous catalysts will
have a distinct advantage if they can match the performance of
homogeneous catalysts. In this regard, Posner et al.2 were first
to report the use of Al2O3 as a catalyst. However, a large amount
of catalyst needed to be used (1–2 g Al2O per mmol substrate)
to achieve high conversions. Recently, Van Bekkum3 showed
that properly activated zeolite b was a highly active and
stereoselective catalyst for the reduction of 4-tert-butylcyclo-
hexanone to cis-4-tert-butylcyclohexanol. However, the use of
zeolite b has limitations due to its pore size (7.4 3 6.5 Å).
Kaspar et al.4 have reported the use of MgO as a moderately
selective catalyst for the reduction of a,b-unsaturated ketones in
a fixed bed reactor using vapour phase conditions. In a
fundamental study Ivanov et al.5 have shown that MPV
reductions can be catalysed by both basic and acid sites. Niyama
et al.6 reported that catalysts having adequate acidity and
basicity show high activity in this reaction.

Here we report that properly activated Mg–Al hydrotalcite
having a Mg/Al ratio of 3 : 1 is a highly active, selective and
regenerable catalyst for MPV reduction of carbonyl compounds
in the liquid phase. The high activity of these catalysts is
attributed to the presence of both strongly basic and mildly
acidic sites.

Mg–Al hydrotalcites having different ratios were synthesised
using the procedure reported by Miyata et al.7 The presence of
pure hydrotalcite structure was confirmed by PWXRD. The
catalysts activated in N2 upto 550 °C showed a MgO pattern by
X-ray diffraction indicating the formation of a solid solution of
Al in MgO. The catalytic test was carried out using propan-2-ol
as the hydrogen donor at 82 °C. The catalyst was pre-treated in
N2 at the desired temperature and carefully transferred to the
reactor containing propan-2-ol without exposure to air, after
which the substrate was introduced. Periodically withdrawn
samples were analysed by gas-liquid chromatography.

The preliminary testing of hydrotalcites having different Mg/
Al ratios and different calcination temperatures was carried out
for the reduction of 4-tert-butylcyclohexanone to 4-tert-
butylcyclohexanol. The hydrotalcite having a Mg : Al ratio
of 3 : 1, calcined at 450 °C, was found to be the most active
(Table 1). Hence all further studies were carried out using this
catalyst.

To allow comparison with the results reported by Van
Bekkum3 the same reaction was carried out using similar
conditions on a reduced scale. Under these conditions, even
with a lower catalyst loading (0.075 g instead of 0.1 g), 98%
conversion was reached within 4 h with selectivity for alcohol
greater than 95% (Fig. 1) (trans to cis alcohol ratio: 85 : 15).
This shows that the activity of the catalyst prepared from
hydrotalcite precursor is substantially higher than that reported
for alumina, silica–alumina and Y-zeolite.3

The reusability of the catalyst was checked via solid
separated by filtration and reactivated in N2 at 450 °C. The
reused catalyst showed similar activity to a fresh sample (Table
1).

The study was extended to the reduction of some industrially
important unsaturated carbonyl compounds, such as cinna-
maldehyde, citral and citronellal, to the corresponding un-
saturated alcohols, which are high value perfumery chemicals.
The results are summarised in Table 2. As can be seen, the
catalyst is both active and highly selective.

The higher selectivities obtained are rather unexpected as
hydrotalcites are strongly basic and one would have expected
the aldol condensation reaction to be predominant. However, as
we have already shown in our previous publication, the aldol

Table 1 Effect of Mg : Al ratio and calcination temperature on the activity
of Mg–Al hydrotalcites for MPV reduction of 4-tert-butylcyclohexanonea

Activation Initial
Mg : Al ratio temperature/°C rate/104b

2 : 1 450 0.27
3 : 1 350 0.85
3 : 1 450 4.12
3 : 1 550 2.22
5 : 1 450 0.73
3 : 1c 450 4.09

a Reaction conditions: 4-tert-butylcyclohexanone (13 mmol), propan-2-ol
(10 ml), catalyst (0.15 g) activated in N2, reaction temperature 82 °C; b In
mol per min per g catalyst. c Catalyst regenerated after one use in N2 at
450 °C.

Fig. 1 Conversion versus time plot for reduction of 4-tert-butyl-
cyclohexanone using Mg–Al hydrotalcite (Mg : Al = 3 : 1). Reaction
conditions: same as Table 1 except 4-tert-butylcyclohexanone (1 mmol)
catalyst (0.075 g) activated in N2 at 450 °C.
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condensation reaction is catalysed by Brönsted bases (OH2
groups) and calcined hydrotalcites, which are Lewis bases, do
not catalyse this reaction.8 As we have used catalysts activated
in N2 at 450 °C having only Lewis basicity, they do not give
aldol products under the mild reaction conditions used; this is
consistent with the previous work.

The high activity of calcined hydrotalcites probably comes
from the synergetic effect of strong Lewis basicity and mild
acidity, as shown in Fig. 2. This mechanism agrees with that
proposed by Ivanov et al.5 based on in situ IR experiments.

In summary, we have shown that properly activated Mg–Al
hydrotalcite (Mg : Al = 3 : 1) is a highly active, selective and
regenerable catalyst for Meerwein–Ponndorf–Verley reduction
of carbonyl compounds under liquid phase conditions.

We thank the Indo-French Centre for Promotion of Advanced
Research (IFCPAR project no. IFC/1106-2696-2460) for finan-

cial support. J. S. V. thanks Conacyt de Mexico for a PhD
grant.
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Table 2 MPV reduction of unsaturated aldehydes to unsaturated alcohols
over Mg–Al hydrotalcite (Mg : Al = 3 : 1)a

Selectivity
for
unsaturated

Aldehyde t/h Conversion (%) alcohol (%)

Citronellal 4 90 95b

Cinnamaldehyde 5 75 92c

Citral 5 83 70d

a Reaction conditions: aldehyde (1 mmol) catalyst (0.14 g) activated in N2

at 450 °C, propan-2-ol (10 ml), T = 82 °C, stirring speed = 900 rpm.
b Citronellol. c Cinnamyl alcohol. d Nerol + geraniol.

Fig. 2 Proposed mechanism of the MPV reduction over Mg–Al hydro-
talcite
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Liquid-crystalline mixed [60]fullerene–ferrocene materials

Robert Deschenaux,*a Michael Evena and Daniel Guillonb

a Institut de Chimie, Université de Neuchâtel, Av. de Bellevaux 51, 2000 Neuchâtel, Switzerland 
b Institut de Physique et Chimie des Matériaux de Strasbourg, Groupe des Matériaux Organiques, 23 Rue du Loess,
67037 Strasbourg Cédex, France 

[60]Fullerene was functionalized with a mesomorphic malo-
nate derivative containing two ferrocene units; the targeted
compound showed thermotropic liquid-crystalline proper-
ties.

Recently, we reported the first [60]fullerene-containing ther-
motropic liquid crystal.1 The C60 core was functionalized with
a twin cholesterol malonate derivative following well establi-
shed literature procedures.2 The targeted fullerene derivative
showed a monotropic smectic A phase.1 This finding is of
interest regarding the increasing activity which is currently
devoted to the design of fullerene-based new materials.3 On the
other hand, photoinduced electron transfer reactions in full-
erene–ferrocene dyads have been investigated4 (intramolecular
quenching of C60 singlet excited state by the ferrocene
framework was observed). Such studies are interesting with a
view to elaborating new optical and electronic molecular
devices.3,4 The design of fullerene–ferrocene compounds
showing liquid-crystalline behavior is attractive as such struc-
tures would lead to new multicomponent mesomorphic mate-
rials.

This communication describes the synthesis and liquid-
crystalline properties of the mixed fullerene–ferrocene ther-
motropic liquid crystal 1 which represents the first member of
this new family of mesomorphic materials. Malonate derivative
2 was selected to functionalize the C60 core owing to the high
mesomorphic character of the twin cholesterol liquid crys-
tals.1

The synthesis of 1 is presented in Scheme 1. 1-Carboxy-
benzyloxy-1A-chlorocarboxyferrocene5 (3) was reacted with
cholest-5-en-3b-yl-4-(10-hydroxydecyloxy)benzoate1 to give
protected ferrocene 4. Deprotection of the latter species gave
acid 5, the esterification of which with hydroquinone mono-
benzyl ether led to benzyl derivative 6. Removal of the benzyl
protecting group furnished phenol intermediate 7, which was
subsequently O-alkylated with 6-bromohexanol to give 8.
Condensation of 8 with malonyl chloride led to 2. Finally,
treatment of 2 with [60]fullerene adapting a literature proce-

dure6 gave the targeted structure 1, as a dark solid. The latter
species was purified by column chromatography (silica gel,
eluent: toluene–AcOEt 20 : 1 v/v) and precipitation (dissolution
in CH2Cl2 and precipitation in MeOH). Its structure and purity
were confirmed by NMR spectroscopy, UV–VIS spectroscopy
and elemental analysis.† As expected, the [6,6]-closed metha-
nofullerene derivative was obtained.1,2

The thermal and liquid-crystalline properties of 1, 2, 7 and 8
were investigated by a combination of polarized optical
microscopy (POM), differential scanning calorimetry (DSC)
and X-ray diffraction studies.‡ Compounds 2 (Cr 73 SA 134 I)§
and 7 (Cr 112 SA 151 I)§ gave an enantiotropic smectic A phase
and 8 (Cr 63 SA 125 N* 127 I)§ showed enantiotropic smectic
A and chiral nematic phases. The liquid-crystalline phases were
identified by POM from the observation of typical textures
(smectic A phase: focal conic texture and homeotropic areas;
chiral nematic phase: plane texture). The POM observations
were confirmed by X-ray diffraction analysis.

During the first heating, DSC analysis of 1 gave two
endotherms at 66 (onset, DH = 12.9 kJ mol21) and 118 °C
(onset, DH = 11.7 kJ mol21), which were indicative of the
formation of a liquid-crystalline phase. On cooling an exotherm
was obtained at 113 °C (onset, DH = 10.5 kJ mol21) as well as
a Tg at 61 °C (onset). Reversibility of the cooling transitions was
observed during the second heating run. POM observations
supported the DSC data: a viscous liquid-crystalline phase
formed between the two endotherms (fluidity increased from
ca. 80 °C). The transition at 118 °C corresponded to the clearing
point, whereas the transition at 66 °C reflected softening of the
sample. The low enthalpy value which is associated to this latter
transition could be the consequence of a semicrystalline
character of the sample, which was precipitated during the
purification process (see above). Neither slow cooling of the
sample from the isotropic liquid nor annealing of the sample
near the clearing point led to the formation of a typical texture.
This is often the case for viscous materials. Careful examina-
tions of small droplets revealed the presence of a focal-conic
texture and homeotropic zones.
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To further investigate the nature of the liquid-crystalline
phase displayed by 1, X-ray diffraction studies were performed
from 120 to 30 °C (the sample was heated into the isotropic fluid
and then cooled to the desired temperature). Diffraction patterns
typical of disordered smectic phases (i.e. smectic A or C) were
recorded. They consisted, in the low-angle region, of two sharp
diffraction peaks, the corresponding spacings of which are in a
1 : 2 ratio, and in the wide-angle region, of a diffuse signal. A
representative diffractogram is shown in Fig. 1. The d-layer
spacing was found to be independent of the temperature (a
d-value of 74.5 Å was measured at 110 °C; from CPK molecular
models, an approximate molecular length of 120 Å was
measured for 2 in its fully extended conformation). The layered
structure was retained at room temperature. The X-ray diffrac-
tion data and POM observations suggest that the liquid-
crystalline phase could be smectic A in nature.

Finally, thermogravimetry (10 °C min21, under N2) revealed
good thermal stability for 1: mass losses of 1, 5 and 10% were
detected at 270, 295 and 309 °C, respectively.

The possibility to exploit the properties of the fullerene3 and
ferrocene7 units within the same liquid-crystalline molecular

framework represents an important step towards the develop-
ment of multifunctional new materials.

R. D. acknowledges financial support from the Swiss
National Science Foundation. We thank Dr B. Heinrich for his
assistance with X-ray experiments.
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Diederich, C. Doudon, J.-P. Gisselbrecht and M. Gross, Helv. Chim.
Acta, 1997, 80, 293.

7 Ferrocenes: Homogeneous Catalysis, Organic Synthesis, Materials
Science, ed. A. Togni and T.Hayashi, VCH, Weinheim, 1995.

Received in Bath, UK, 18th December 1997; 7/09092G

Scheme 1 Reagents and conditions: i, cholest-5-en-3b-yl-4-(10-hydroxy-
decyloxy)benzoate,1 triethylamine (Et3N), CH2Cl2, room temp. (16 h) and
then reflux (overnight), 61%; ii, H2, Pd/C, CH2Cl2–EtOH, room temp., 4
bar, overnight, 85%; iii, hydroquinone monobenzyl ether, N,NA-dicyclohex-
ylcarbodiimide (DCC), 4-pyrrolidinopyridine, CH2Cl2, room temp., 3 h,
76%; iv, H2, Pd/C, CH2Cl2–EtOH, room temp., 4 bar, overnight, 93%; v,
6-bromohexanol, K2CO3, acetone–THF, 60 °C, 24 h, 36%; vi, malonyl
chloride, Et3N, CH2Cl2, room temp., 2 h, 76%; vii, [60]fullerene, I2,
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), toluene, room temp., 3 h, under
N2, 35%

Fig. 1 X-Ray diffraction pattern of 1 recorded at 110 °C. P1 and P2 refer to
the first and second order signals corresponding to the layer periodicity. The
diffuse signal at large angles corresponds to the liquid-like arrangement of
the molecules within the smectic layers.
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Electroreductive coupling of vinylpyridines and vinylquinolines: radical
anion–substrate cycloaddition?

Robert G. Janssen, Majid Motevalli and James H. P. Utley*†

Department of Chemistry, Queen Mary & Westfield College, University of London, Mile End Road, London, UK E1 4NS 

Cathodic reduction of 2- and 4-vinylpyridine and of
2-vinylquinoline gives trans-1,12-di(heteroaryl)cyclobutanes
as major products; they arise via radical anion–substrate
cycloaddition.

Much recent evidence1,2 is in favour of electrohydrodimerisa-
tion (EHD) proceeding through the coupling of the initially-
formed radical anions (the radical anion–radical anion route).
An alternative, less well supported, is attack on the starting
material by conjugate addition (the radical anion–substrate
route) or, much less discussed, by cycloaddition between radical
anion–substrate. Oxidative analogues of this possibility are
well-known,3 and there is one report4 of the formation of
cyclobutanes from aryl vinyl sulfones in a cathodically initiated
reaction.

In examining templating effects on the stereoselectivity of
EHD reactions2 we explored the controlled potential cathodic

reduction of 2-vinylpyridine 1 at a mercury cathode in DMF
(see Table 1). Compound 1 has a potentially ligating nitrogen
atom which is close to the reaction centre for EHD. Previously
the EHD reactions of both 1 and 4-vinylpyridine (3) were

reported5 to give, respectively, only the linear hydrodimers 6a
and 6b. However, we discovered that substantial amounts of
pyridine-substituted cyclobutanes were formed, together with
the expected linear hydrodimers 6a and 6b. We now find that
cyclobutane formation is quite general for vinylpyridines 1 and
3 and the vinylquinoline 4. We present here compelling
evidence for the proposed cycloaddition between radical anion–
substrate.

Controlled potential electrolysis (CPE) of alkenyl-substituted
pyridines and quinolines gave the trans-1,2-di(heteroaryl)-
cyclobutanes 5a-e. For two examples 5b and 5c this conclusion
was established by X-ray crystallography,6 which in turn
allowed unambiguous interpretation of high-field NMR spec-
troscopic data used to characterise all of the cyclobutane
products.7 The other major products of the electrolyses were the
linear hydrodimers 6a–c.

From 3 and 4 substantial amounts (ca. 30%) of oligomers
were formed and found, for 3, to be the trimer 7a and the
tetramer 7b. The position of vinyl-substitution is important;
electrolysis of 3-vinylpyridine 2 gave predominantly cathodic
hydrogenation of the double bond with only a 22% yield of an
inseparable mixture of the corresponding cyclobutane and
linear hydrodimer (3 : 7 ratio). The results of controlled
potential electrolyses and the conditions used are summarised in
Table 1.

The cyclobutanes 5a–c have also been made8 by a photo-
chemical method which gave in our hands inseparable mixtures
of the cis- and trans-isomers in case of cyclobutanes 5a and 5b
with overall yields substantially lower than those reported. In
addition to its mechanistic significance the electrochemical
method is superior with regard to yield and product selectiv-
ity.

The cyclobutanes are electroactive at potentials close to the
reduction potentials of the starting materials. Similar reduction,
with ring opening, of cyclobutanes occurs in pulse radiolysis9 of
the methyl esters of truxillic acids. Cyclic voltammetry
typically indicates an irreversible reduction followed by
reversible reduction of the corresponding linear hydrodimer.
Controlled potential electrolysis of cyclobutane 5c gave linear
hydrodimer 6c quantitatively in a 2 F process. Electrolysis was
therefore carried out at the foot of the relevant cyclic
voltammetric wave, usually at low current density (1–3 mA

Table 1 Preparative scale controlled potential electrolysesa

Cyclobutane Yield (%)b Ework/Vc Charge/F mol21

5a 49 22.0 0.80
63 21.75 0.43d

5b trace 22.0 0.81
15 21.6 0.16

5c trace 21.6 0.75
53 21.4 0.30

5d 8 21.6
5e 14 21.4

a Hg pool cathode, DMF–Et4NBr (0.1 m), divided cell. b Isolated yields.
c Ag wire reference electrode; E° (Ag/AgBr) = 20.170 V vs. SCE.

d Electrolysis followed by GC analysis of reactant and products.

Table 2 Reduction potentialsa of vinylheteroaromatics and cyclobutanes

Vinylhetero- Cyclo-
aromatic E°/V butane Epc(1)/V E°(2)/V

1 22.313 5a 22.585b

2 22.322 5b 22.441b

3 22.147 5c 22.118c 22.182
4 21.915 5d 22.495b

5e 22.154d

a Hg–Pt microelectrode, DMF–Et4NBr, V vs. SCE; concentration for E°
values = 4 mm, for Ep values = 2 mm. b v = 10 V s21. c v = 1 V s21;
shoulder on second reduction wave. d First irreversible reduction wave was
cathodically shifted under reversible second reduction wave.
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4 Ar2 = 2-quinolyl
(Eo = –1.92 V vs. SCE)

5e (14%) 5c (ca. 50%) 5a (<5%)

+ +

cm22) for concentrations in the range 60 mm–0.3 m. Relevant
reduction potentials10 are given in Table 2.

Vinylpyridines 1 and 3 give chemically irreversible reduction
on cyclic voltammetry at low scan rates but reversibility is
apparent for the reductions of 2 and 4 at modest scan rates ( < 10
V s21). Thus, apart from direct further reduction of the
cyclobutanes it is possible that electron transfer from the
persistent first-formed radical anions will take place to give
redox-catalyzed cleavage of the cyclobutanes.

A reaction profile was constructed (Fig. 1) for cathodic
constant potential reduction of 1 by using GLC analysis to
follow relative concentrations of reactant and products as a
function of charge passed. The results show clearly that 1 (VP)
was consumed using 0.70 F. Furthermore cyclobutane 5a (CB)
and linear hydrodimer 6a (EHD) were formed in almost
constant proportion (2 : 1) throughout the electrolysis. A third
product was that of 2 F cathodic hydrogenation (2-ethylpyr-
idine). The profile and coulometry are consistent with consump-
tion of the first-formed radical anion in parallel reactions;
dimerisation leading to linear EHD, cycloaddition leading in a
catalytic chain process to the cyclobutane, and cathodic
hydrogenation leading to 2-ethylpyridine. The final molar
proportions of products were 6a (0.29), 5a (0.51) and
2-ethylpyridine (0.20). Consequently the proportion of charge
consumed, given that EHD is a 1 F process and hydrogenation
a 2 F process, must be linear hydrodimer (0.29 F) and
2-ethylpyridine (0.4 F), totalling 0.69 F. 2-Vinylpyridine 1 was
consumed in 0.70 F, which indicates that the cyclobutane is
formed without overall charge consumption. This experiment is
reproducible and repeated experiments gave similar results.

The possibilities are detailed in Scheme 1, which illustrates
formation of the linear hydrodimer by the usual radical anion–
radical anion route (A), by disproportionation of the first
product of cycloaddition, the radical anion route (B), and by
subsequent 2e reduction of the cyclobutanes. The 1,2-di(hetero-

aryl)cyclobutanes are formed by oxidation of the intermediate
radical anion (tentatively represented as 8); in principle this
could be the result of disproportionation (route B) or of a chain
process as in the vinyl-sulfone case3 (route C). The results from
the reaction profile (Fig. 1) indicate cyclobutane formation via
the chain process with no overall consumption of charge.

Co-electrolysis gives further insight (Scheme 2 and Table 1).
Co-electrolysis of 3 in the presence of a five-fold excess of 1, at
the potential of the more easily reduced substrate 3, gave the
cross-coupled cyclobutane 5d and the homo-coupled cyclo-
butane and linear dimer 6b, respectively. Cyclobutane 5a was
found in only trace amounts. Similar behaviour was observed
for the co-electrolysis of 4 and 1. Cross-coupled cyclobutanes
are therefore formed by reaction between the radical-anion
formed at the lower potential and the other, unreduced,
component. Formation of both radical anions, e.g. by homo-
geneous electron transfer, would give all three possible
cyclobutanes in comparable amounts.

Thus there is compelling evidence for the formation of the
cyclobutanes by allowed cycloaddition between vinylpyridines
or vinylquinolines and the radical anions derived from them. A
detailed mechanistic and kinetic examination is underway,
aimed at distinguishing conclusively between the possibilities
for the follow-up reactions as outlined in Scheme 1.

We acknowledge support from the EPSRC and from the EU
Human Capital & Mobility Institutional Grant # ERBCH-
BGCT940590.
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Diastereomer-differentiating photoisomerization of
5-(cyclopent-2-en-1-yl)-2,5-dihydro-1H-pyrrol-2-ones

Matthias N. Wrobel and Paul Margaretha*

Institut für Organische Chemie, Universität Hamburg, D-20146 Hamburg, Germany

The diastereomeric l- and u-dihydropyrroles 1 and 2
photoisomerize to azatetracyclodecanones 3 and 4, re-
spectively.

According to the reactant-based Izumi–Tai classification,1
reactions wherein a l(ike) and an u(nlike) diastereomer exhibit
differing behaviour are termed ‘diastereomer differentiating’.
Here we report the first example of a photochemical reaction
where two diastereomeric hexa-1,5-dienes undergo photo-
isomerization to a crossed and a straight cycloadduct,2 re-
spectively. The 1 : 1 diastereomeric mixture of tert-butyl
5-(cyclopent-2-en-1-yl)-2-oxo-2,5-dihydro-1H-pyrrole-1-carb-
oxylates 1 and 2 was available in 36% yield by alkylation of
tert-butyl 2-tert-butyldimethylsilyloxy-1H-pyrrole-1-carboxy-
late3 with 3-bromocyclopentene. Separation was achieved by
chromatography (SiO2, Et2O–hexane 1 : 1) affording the
u-diastereomer 1, mp 86 °C, whose structure was confirmed by
X-ray analysis, and the l-diastereomer 2, mp 104 °C. Both
(CD3)2CO-sensitized4 (300 nm) or direct (254 nm) irradiation
of 1 afford the Boc-protected 5-azatetracyclo[4.4.02,8.03,7]dec-
an-4-one 3 (mp 94 °C) in nearly quantitative yield. In contrast,

sensitized irradiation of 2 affords the Boc-protected 4-aza-
tetracyclodecan-3-one 4 (oil) selectively (9 : 1) in 75% yield, but
on direct irradiation a 1 : 1 mixture of 3 and 4 is formed. In both
sets of experiments the conversion of 2 to product(s) proceeds
slower than that of 1.

The fact that in the sensitized runs both diastereomers
undergo regioselective intramolecular [2 + 2]cycloaddition but
on direct irradiation only 1, and not 2, exhibit this behaviour can
be explained in terms of differential ratios of efficiencies of
cycloadduct formation vs. cleavage to a radical pair for singlet
and triplet excited states of 1 and 2, respectively. The results
indicate that only for singlet excited 2 does this racemization,
which causes cleavage, become competitive, most probably
reflecting the higher activation energy barrier in the formation
of a bicyclo[2.2.0]hexane unit, as in 4, compared to the less
strained5 bicyclo[2.1.1]hexane moiety of 3. This differential
behaviour is expected to be typical for all compounds
containing a 3-(cyclopent-2-en-1-yl)cyclopentene framework.

The new compounds 1–4 have been fully characterized and
have spectroscopic properties compatible with the structures
assigned.
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Heterogeneous Cs3PW12O40 photocatalysts

Duane A. Friesen, David B. Gibson and Cooper H. Langford*

Department of Chemistry, University of Calgary, 2500 University Drive NW, Calgary, Alberta, Canada T2N 1N4

Colloidal Cs3PW12O40 shows promise as a heterogeneous
photo-oxidant, oxidizing alcohols in aqueous solution upon
UV irradiation.

Polyoxotungstate clusters such as the Keggin ion (XW12O40
n2,

where X is a heteroatom such as P or Si) are well known thermal
catalysts for the oxidative transformation of various organic
molecules in solution.1,2 These species can also function as
photocatalysts upon UV irradiation, promoting the oxidation of
alcohols to aldehydes or ketones,3–5 the functionalization of
alkanes to form alkenes or ketones,6 and the dimerization of
alkenes.7 Recent interest in the photochemical properties of
these compounds has included the degradation of chlorophenols
via oxidative processes.8

Much work has been done studying polyoxometalates as
heterogeneous thermal catalysts and applying them for in-
dustrial purposes.2 However, studies of the photo-oxidative
behaviour of polyoxometalates have been with homogeneous
solutions. Comparisons of the photo-oxidative activity of these
solutions with conventional heterogeneous photocatalysts (e.g.
TiO2) have been made.2d For many applications, it is desirable
to have the photoactive agent in a more recoverable form.
Recently, progress has been made with placing poly-
oxotungstates (soluble forms such as H3PW12O40 or insoluble
forms such as Cs2.5H0.5PW12O40) on solid supports for liquid
phase reactions in order to enhance recovery from the reaction
mixture.9 The utility of the Cs+ salt for heterogeneous thermal
catalysis has been proven.2,10 There is a need for the potential of
these systems for heterogeneous photo-oxidation to be investi-
gated. Here, we demonstrate that a water-insoluble colloid,
Cs3PW12O40, can function as an effective photo-oxidative agent
for the oxidation of propan-2-ol to acetone.

Colloidal Cs3PW12O40 was synthesized by metathesis of
H3PW12O40

.nH2O and CsCl in H2O. The precipitate was
centrifuged, washed twice with water, and dried at 85 °C. Silica-
supported photocatalyst materials were made using the sol–gel
procedure of Izumi et al.9a,b A mixture of 1 g Cs3PW12O40, 3 ml
ethanol, 3.5 g tetraethoxysilane (TEOS), and 1.5 g H2O was
heated at 80 °C until dry. The resulting granular material was
calcined at 300 °C for 4 h and washed with hot H2O to separate
soluble and fine colloidal materials.

Filtration and light scattering experiments suggested that a
large fraction of the unsupported Cs3PW12O40 powder was sub-
micrometer in size, i.e. 300 nm in diameter. This value probably
represents the size of aggregates of smaller particles as noted
previously.9a The powder X-ray diffraction patterns of the
uncalcined colloid and the calcined Cs3PW12O40–SiO2 compos-
ite were the same, indicating that the crystallinity of the
polyoxometalate was not altered significantly during the
calcination procedure.2b,9d From nitrogen adsorption measure-
ments, it was determined that the Cs3PW12O40 powder had a
specific surface area of 126 m2 g21, in agreement with previous
values.10c In comparison, the surface area for TiO2 (Degussa
P25) is 55 m2 g21. The calcined, sol–gel supported tungstate
material was extremely porous, with a pore size distribution
centered at 23 Å, a surface area of 677 m2 g21, and a total pore
volume of 0.46 ml g21. This compares favorably with values
obtained for the supported thermal catalyst Cs2.5H0.5PW12O40–
SiO2 and silica gel itself.9a,b,11

The insolubility of the Cs3PW12O40 material in water is a
critical factor for its potential use for the photo-oxidation of
organic species in water, considering the solubility of
H3PW12O40. When the granular Cs3PW12O40–SiO2 composite
(several hundred mg in 2 ml H2O) was stirred at room
temperature for ca. 3 h, the amount of PW12O40

32 in the water
at the end of this period was ca. 3 3 1027 m as determined by
UV–VIS spectroscopy. This was a factor of 100 less than the
solubility of uncalcined Cs3PW12O40 in H2O at natural pH (5–6)
and represented a leakage of < 0.01%.

The photochemical oxidation of alcohols by dissolved
PW12O40

32 upon UV irradiation is well documented.3–5 We
demonstrate here that desolubilized polyoxometalate colloids
also show photocatalytic behavior. Reflectance spectroscopy
was used to observe reduction of the photoexcited Cs3PW12O40
colloid suspended in neat propan-2-ol. An opaque suspension of
Cs3PW12O40 in N2-purged propan-2-ol was irradiated in a 2 mm
quartz cell using the output from a 200 W Xe(Hg) arc lamp with
a 300 nm cutoff filter. UV–VIS spectral changes in the
suspension were monitored using a fibre-optic diffuse re-
flectance probe coupled to an Ocean Optics S1000 absorption
spectrometer. Fig. 1 shows changes in the reflectance spectrum
upon irradiation of the slurry. Absorptions in the red region of
the visible spectrum are those of the reduced tungstate.3,4,6d,12

At early irradiation times the absorption maximum is at 760 nm,
corresponding to the production of PW12O40

42. Longer irradia-
tion periods resulted in a blue-shift of the spectral maximum
which may be due to > 1 electron reduction at some sites. After
irradiation, the blue colloid was allowed to settle. The propan-
2-ol liquid phase was uncolored, indicating that bleeding of the
desolubilized metalate into solution remained negligible for the
reduced forms. Subsequent experiments with silica-supported
Cs3PW12O40 yielded similar results under the same conditions.
As shown in the figure, reduction is stoichiometrically sig-
nificant.

This system was also investigated for product formation via
photo-oxidation of the alcohol. Granules of Cs3PW12O40–SiO2
(200 mg) were added to 2 ml of 0.5 m aqueous propan-2-ol

Fig. 1 Visible reflectance spectra for the irradiation ( > 300 nm) of an
N2-purged slurry of Cs3PW12O40 in propan-2-ol: (a) 7 min, (b) 12 min, (c)
17 min, (d) 22 min
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(aerated) in a 1 cm quartz cell. The mixture was irradiated with
the output of a 200 W Xe(Hg) lamp and 300 nm cutoff filter.
The solution was sampled at regular intervals using an HP 5880
GC with FI detector and a 0.53 mm i.d. fused silica column with
DB-WAX polyethylene glycol stationary phase (J&W Scien-
tific). Acetone was produced steadily during the irradiation as
found previously for dissolved solutions of PW12O40

32. In this
case formation of the heteropoly blue was not visually evident,
due to reoxidation of the metalate by dissolved O2.13

Determination of an accurate quantum yield is not facile, as
demonstrated by Sun and Bolton for TiO2 colloids.14 However,
we have performed a comparative study of the unsupported
tungstate with TiO2 (Degussa-P25), a commercially-available
material for photocatalytic oxidations. Equal mass loadings of
Cs3PW12O40 or TiO2 powder (2 g l21) in a 610 ppm solution of
propan-2-ol were placed in an annular quartz cell irradiated by
a low pressure mercury lamp (Philips TUV, 15 W, l = 254
nm). The 4 mm pathlength and irradiation wavelength ensured
near-total absorption of photons by the colloidal photocatalysts.
The solutions, after allowing 1 h for dark adsorption, were
irradiated. Samples were withdrawn and analyzed (GC–FID)
for the production of acetone and loss of propan-2-ol. Fig. 2
illustrates the production of acetone by both species. From the
data, it appears that the rate of conversion of propan-2-ol to
acetone is approximately one-half for Cs3PW12O40 colloid
relative to TiO2. That is, a first unoptimized preparation of a
heterogeneous polyoxometalate is very competitive with a
widely used form of TiO2 for photo-oxidation. The apparent
reactivity of the tungstate per unit area of catalyst is approx-
imately one quarter that of TiO2. This is very approximate due
to the difficulty of determining the actual surface area
illuminated.

The photo-oxidative ability is not limited to alcohols; upon
broad-band irradiation [1000 W Xe(Hg) lamp, Pyrex cutoff], an
aqueous solution of a model aromatic compound, aceto-
phenone, shows > 99% degradation to hydroxy- and dihydroxy-
acetophenones over a 3 h period using Cs3PW12O40. This
underlines the possible importance of these systems for
contaminant degradation, parallel to TiO2.

In summary, desolubilized polyoxotungstates can function as
heterogeneous photocatalysts for the oxidation of organic
species in solution. These materials show promise as easily-
recovered materials for photochemical oxidations.

The authors would like to thank Dr Alex Starosud for N2
adsorption and determinations and Mr Fred Henselwood for
light scattering measurements. The support of the Natural
Sciences and Engineering Research Council of Canada is
greatly appreciated.
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Unique ligand imposed distortions in a nickel(ii) 1,5,9-triphospha-
cyclododecane complex

Peter G. Edwards,* Florent Ingold, Simon J. Coles and Michael B. Hursthouse

Department of Chemistry, University of Wales Cardiff, PO Box 912, Cardiff, UK CF1 3TB

1,5,9-Triethyl-1,5,9-triphosphacyclododecane ([12]ane-
P3Et3, L) reacts with NiBr2 to afford the salt [NiLBr]Br
which is shown by X-ray crystallography to have an
unusually distorted structure as a result of constraints
imposed by the ligand L.

Triaza and trithia cycloalkanes are well known to form stable
nickel compounds in a variety of oxidation states and with
properties that are unique to complexes of these ligand sets.1
There are few examples of Ni complexes of macrocyclic
polyphosphines and none with macrocyclic triphosphines. In
view of the coordination control as well as the relative kinetic
stability that may arise in complexes of phosphorus macrocy-
cles, we have studied reactions of 1,5,9-triethyl-1,5,9-tri-
phosphacyclododecane ([12]aneP3Et3, L) and report prelimi-
nary results of this study here. 

Reactions of L with NiBr2 in ethanol give rise to deep red
solutions from which red crystals of 1 may be isolated and for
which analytical data indicate the formula NiLBr2.† The
crystals are only slightly air-sensitive but solutions are readily
oxidised by air giving rise to oxides of L. 1 is readily soluble in
Me2SO but is insoluble in hydrocarbons and aliphatic ethers and
only poorly soluble in relatively polar organic solvents such as
THF, CH2Cl2 and MeNO2. 1 has only been isolated in
reasonable yield when prepared in alcohols, black oils are
formed in THF or CH2Cl2. 1 is a conductor in Me2SO (LM = 21
cm2 ohm21 mol21), a value close to other monocationic NiII
complexes such as [Ni(NP3)I]BF4 [LM = 14 cm2 ohm21

mol21, NP3 = N(CH2PPh2)3]2a and is thus better formulated as
the salt [NiLBr]+Br2. 1 is also diamagnetic, giving rise to sharp
NMR spectra and so presumably does not have a tetrahedral NiII
atom. The 31P{1H} NMR spectrum consists of a singlet (d
23.0) indicating fluxionality in solution since a static distorted
four-coordinate geometry would not have magnetically equiva-
lent phosphorus atoms. The spectrum is temperature invariant
(25 to 270 °C). This fluxionality may in part be due to halide
lability since warming solutions of 1 in Me2SO gives rise to
solutions for which conductivity measurements indicate the
solute to be dicationic (LM = 229 cm2 ohm21 mol21) by
comparison to related dicationic Ni complexes {e.g. for [Ni{h2-
1,2-C6H4(PEt2)2}2], LM = 182 cm2 ohm21 mol21}.3

The structure of the cation of 1 is presented in Fig. 1.‡ The
geometry around the four-coordinate d8 Ni atom is heavily
distorted from either of the common, regular four-coordinate
geometries.

Whereas the Ni–P distances are all similar [av. 2.151(1) Å]
[Ni(NP3)I]+ [av. 2.22(1) Å],8 the distortion is manifested in the
bond angles around Ni where one of the P–Ni–P angles is
considerably larger than the other two [126.43(4)° vs. 94.80(4)
and 96.29(4)°]; similarly one of the Br–Ni–P angles is much
larger than the other two [155.60(4)° vs. 94.52(3) and
96.19(3)°]. Distortions from square planar towards tetrahedral
structures arising from steric encumbrance of the ligands are
well known for NiII phosphine complexes. Examples are
[Ni(CH2SiMe3)Cl(PMe3)2]+ and [Ni(CH2SiMe3)(PMe3)3]+

where the substitution of Cl, in the former, by PMe3 increases
the distortion around Ni, albeit less severe, approaches that in
1.4 Other than the direct bonding contacts between Ni and the

three phosphorus and one bromine atoms in 1, the closest
intramolecular interaction with the nickel is to a P–Et hydrogen
atom on C(15) at 2.85 Å and is thus considered to be non-
bonding. There are no other interactions that could explain the
distortion. A striking comparison is with the related ligands
[12]aneN3 and [12]aneS3 which both form high-spin octahedral
complexes with NiII, the latter forms a bis-macrocycle sandwich
with six coordinated S atoms.1,5 The related 9-membered
nitrogen macrocycles, [9]aneN3 and [9]aneN3Me3, also favour
octahedral geometries, although the latter is reported not to form
a bis-ligand complex of NiII owing to steric interactions
between the methyl substituents.1 It appears then that steric
crowding is not responsible for forcing the distortion observed
in 1 unlike in the PMe3 complexes above, however space filling
models6 give a better view of its coordination sphere (Fig. 2)
showing the apparent coordination vacancy arising from the
distortion. This vacancy is highlighted by rotation of the
P–Et[C(14)] bond [Fig. 2(b)], which might be expected to be
facile in solution, such that the methyl group [C(15)] is removed
from the proximity of the nickel atom. These views indicate that
the structure might best be described as a distorted trigonal
bipyramid with a vacant vertex. Although this behaviour is
unexpected and unique for d8 NiII phosphine complexes, there
are other examples of four-coordinate d8 complexes that show
distortions from either square-planar or tetrahedral geometries
as a result of electronic influences.7 A relevant comparison with
1 in this context is the structure of [Ru(CO)2(PBut

2Me)2] 2
which exhibits a similar distortion from a square-planar
geometry and whose structure was also described as trigonal
bipyramidal in which one equatorial ligand is absent; the
‘transoid’ (P–Ru–P) and ‘cisoid’ (C–Ru–C) angles are

Fig. 1 The molecular structure and atom labelling scheme of [NiLBr]Br 1.
Isotropically refined hydrogen atoms closest to Ni [on C(15)] are included,
all others are excluded for clarity. Selected bond lengths (Å) and angles (°):
Br(1)–Ni(1) 2.329(1), Ni(1)–P(3) 2.124(1), Ni(1)–P(1) 2.163(1), Ni(1)–
P(2) 2.167(1), P(3)–Ni(1)–P(1) 94.80(4), P(3)–Ni(1)–P(2) 96.29(4),
P(1)–Ni(1)–P(2), 126.43(4), P(3)–Ni(1)–Br(1) 155.60(4), P(1)–Ni(1)–
Br(1) 94.52(3), P(2)–Ni(1)–Br(1) 96.19(3).
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165.56(8) and 133.3(4), respectively.8 In this case, ab initio
calculations (on the PH3 analogue) at the RHF/MP2 level
indicated that the observed structure was very close to the most
stable ground state configuration and a more regular square-
planar geometry was disfavoured. This is in contrast to
analogous RhI complexes where the reverse is true; this
difference was said to arise from a p-bonding stabilisation in the
Ru carbonyl that is not as significant in RhI owing to differences
in d-orbital energies. This explanation also implies that related
NiII compounds would favour regular square-planar geometries
in the ground state and especially in 1 where the tertiary alkyl
phosphine donors are expected to be less efficient p acceptors
than CO in 2. The electronic preference for a square-planar
ground state configuration in 1 is further supported by EHMO
calculations9 on the idealised system, [Ni(PH3)3Br]+. Three
geometries were studied: square planar, trigonal bipyramidal
having a vacant equatorial site, and tetrahedral. The square-
planar geometry is found to be the most stable owing to
minimisation of antibonding Ni–Br interactions; the bipyramid
and tetrahedron are destabilised by 133 and 204 kJ mol21

respectivley.
The structure of 1 also contrasts with NiII complexes of

tripodal ligands such as N(CH2LA)3 (LA = PPh2, SH) for which
trigonal-bipyramidal geometries predominate.2 A related tripo-
dal tris-amidate ligand {N[CH2C(O)NBut]3

32} has been shown
to support a high-spin trigonal monopyramidal structure in its

NiII complex although the absence of one axial ligand (trans to
tertiary N) was explained as due to the steric bulk of the tertiary
butyl groups precluding coordination of the fifth ligand.10

It appears then that the distortion observed in 1 is not due to
either electronic influences or steric factors arising from ligand
substituents but rather to the unique feature of the macrocycle in
restricting the freedom of the phosphorus donors, forcing them
to adopt the coordination configuration observed. The strong
preference of the nickel for a low-spin configuration in the
presence of the three high-field phosphorus ligands also clearly
dominates, destabilising tetrahedral or octahedral coordination
geometries. This demonstrates a marked difference in the
coordination behaviour of this [12]aneP3 macrocycle in com-
parison to directly analogous N3 and S3 macrocycles as well as
related tripodal ligands; it also indicates that the properties of its
complexes will differ markedly from those of other ligands.

The synthesis of other Ni complexes and their reactions with
small molecules and unsaturated substrates are currently being
studied; preliminary results indicate that tetrahedral Ni0 car-
bonyl complexes of L {[NiL(CO)3]3, [NiL(CO)] and
[NiL(CO)]+} are readily formed.

We thank the EPSRC for a research grant (GR/L06508) and
for support of the X-ray crystallography unit in Cardiff.
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* E-mail: edwardspg@cardiff.ac.uk
† 1 was prepared by addition of an ethanolic solution of L to NiBr2 in EtOH,
followed by stirring (5 h) and evaporation of the solvent in vacuo. The
residue was extracted into CH2Cl2; red crystals of crystallographic quality
were obtained from CH2Cl2 by slow diffusion into light petroleum (bp
40–60 °C) in 23% yield. Analytical data, found (calc.): C, 34.24 (34.33); H
5.97 (6.34%).
‡ Crystal data: C15H33Br2NiP3, M = 524.85, monoclinic, space group
P21/c, a = 14.950(3), b = 7.9648(4), c = 17.3117(7) Å, b = 95.679(9)°,
U = 2051.3(5) Å3. Dc = 1.699 g cm23, m(Mo-Ka) = 5.069 mm21,
F(000) = 1064, l = 0.710 69 Å, T = 150(2) K. All crystallographic
measurements were made using a FAST area detector diffractometer
following previously described procedures.11 The structure was solved by
direct methods (SHELXS-8612) and refined on F2 by full-matrix least
squares (SHELXL-9313) using all unique data. Hydrogens were included in
idealised postions and refined with group isotropic thermal parameters.
Final R (on F with Fo > 3sF) = 0.0299 and wR (on all F2) = 0.073. CCDC
182/742.
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Fig. 2 Space filling models of [Ni([12]aneP3Et3)Br]+; (a) crystallo-
graphically determined configuration, (b) ethyl group rotated away from Ni
[around P(3)–C(14)]
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Structural authentication of an N-functionalised disecondary diphosphane

Philip C. Andrews, Simon J. King, Colin L. Raston* and Brett A. Roberts

Department of Chemistry, Monash University, Clayton, Victoria 3168, Australia 

The reaction of RPCl2 [R = (6-Me-2-pyridyl)(SiMe3)2C2]
with LiAlH4 in Et2O gives the novel N-functionalised
disecondary diphosphane compound [R(H)P–P(H)R] rather
than the expected phosphorus dihydride complex RPH2; the
meso and rac isomers of the diphosphane crystallise
separately with the meso isomer being structurally authen-
ticated.

Disecondary diphosphanes,† (RAPH)2 (RA = alkyl or aryl)
normally formed in the equilibration reaction of organophos-
phide oligomers, (RAP)n, with organophosphorus hydrides,
n RAPH2, have been studied extensively in solution by NMR
spectroscopy.1 However in the solid state examples are limited
to those where they have been synthesised in situ and isolated as
Lewis base donors, bonding through phosphorus, and bridging
two metal centres; namely Cr in {[Cr(CO)5][MesP(H)P(H)-
Mes][Cr(CO)5]}2 (Mes = 2,4,6-Me3C6H2), Mn in
{[MnCp(CO)2][PhP(H)P(H)Ph][MnCp(CO)2]}3 and Ag in
[PhPH2Ag{m-(PhPH)2}]2[AsF6]2.4 The mechanism of forma-
tion of the diphosphanes is in each case unknown but has been
attributed to the dimerisation of the reactive radical [RA(H)P]·
species which is also accessible from the deprotonation of protic
and/or polar solvents by a reactive phosphinidene intermediate
[RAP:].5

Herein we report the synthesis and characterisation of the
first non-complexed N-functionalised disecondary diphos-
phane, 1. In attempting to synthesise the simple phosphorus
dihydride derivative of the bulky alkyl ligand (6-Me-2-pyridyl)-
(SiMe3)2C2, R, via the reduction of RPCl2 with LiAlH4 we
observed that on each occasion the product obtained by
crystallisation was not the dihydride but the diphosphane,
[(6-Me-2-pyridyl)(SiMe3)2CPH]2 1. This was totally unexpec-
ted given that LiAlH4 is an almost ubiquitous reagent used in the
formation of RAPH2 species from various phosphine, phosphi-
nous and phosphonic sources.6

In a typical reaction (Scheme 1) an Et2O solution of a slight
stoichiometric excess of LiAlH4 was added to a pale orange

Et2O solution of the crystals of the dichloride complex RPCl2,
formed from the metathetical reaction of RLi·Et2O and PCl3, at
278 °C and the reaction mixture allowed to warm slowly to
ambient temperature over 4 h. Filtration followed by in vacuo
concentration of the solution and cooling to 230 °C allowed for
the growth of a moderate yield of 1 as colourless needles.‡

The structure (Fig. 1) of the single crystal analysed by X-ray
techniques proved to be the meso isomer: crystallising in the
triclinic space group P1 (no. 2) with two molecules in the unit
cell, each molecule possessing a centre of inversion.§ The P–P
bond distance of 2.222(3) Å is comparable with that of 2.258(3)
Å in the Mn complex, 2.253(2) Å in the Cr complex and
2.202(4) Å in the Ag complex. The pyridyl nitrogens are located
away from the P centre indicating there are no N···P inter-
actions.

Two significantly different melting points, 122–123 and
177–178 °C with decomposition to dark red products, were
obtained for different crystals taken from the same sample. This
coupled with the fact that NMR data obtained on several
different samples was consistent and reproducible is indicative
that both the meso and the rac (dl) isomers co-crystallise from
solution. The NMR data also revealed that the meso and rac
isomers were always present in solution in 1 : 0.6 ratio,
respectively; a ratio which did not change in the temperature
range 290 to 80 °C. There was no spectroscopic evidence that
the target dihydride complex was formed either directly as
originally proposed or by the disproportionation of the diph-
osphane into higher phosphide oligomers and the accom-
panying hydride species. This implies that the diphosphane is

Scheme 1 Reagents and conditions: i, BunLi, Et2O, 278 °C; ii, PCl3, Et2O,
278 °C, 2 h; iii, LiAlH4, Et2O, 278 °C, 4 h

Fig. 1 Crystal structure of 1. Selected distances (Å) and angles (°):
P(1)–P(1*) 2.222(3), P(1)–C(7) 1.872(4), C(7)–C(6) 1.528(6), C(7)–Si(1)
1.931(4), C(7)–Si(2) 1.934(5), P(1*)–P(1)–C(7) 104.5(2), P(1)–C(7)–Si(1)
103.8(2), P(1)–C(7)–Si(2) 111.1(2), P(1)–C(7)–C(6) 116.4(2).
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thermally robust and requires greater temperatures to force the
creation of the equilibrium observed for other diphosphanes.

The NMR data on 1 can be compared with those obtained and
compiled by Albrand and Taı̈eb1 on a series of disecondary
diphosphanes, RA = Ph, Me, Et, cyclohexyl, CF3, all relating to
an AAAXXA spin system. The 31P{1H} spectrum has two peaks
at d 299.5 (rac) and 291.5 (meso). The undecoupled 31P
spectrum has the two peaks split into two symmetrical sets of
doublets of doublets, the coupling constants for the peaks
centred at d 299.5 being 1JPH 128 and 2JPH 74 Hz and for the
peaks centred at d291.5 being 1JPH 152 and 2JPH 61 Hz. While
the 31P chemical shifts correlate most closely with those for
RA = Et (d299.6 and 293.8) the 1JPH and 2JPH values of 192.9,
192.9 and 11.2, 6.5 Hz, respectively, are clearly very different,
as they are for all of the diphosphanes investigated, and must
relate to the increased polarisation of the C–P bonds induced by
the proximity of the two SiMe3 groups.

The 1H NMR spectrum also shows the high degree of P–H
coupling. Two sets of doublets of doublets are present, one
centred on d 3.82 with coupling constants corresponding to
those of the meso isomer at d 91.5 in the 31P spectrum and the
other at d 4.48 with coupling constants relating to the rac isomer
at d 99.5 in the 31P spectrum. The two inner peaks of the doublet
of doublets at d 3.82 also show 3JHH splitting with a coupling
constant of 4.89 Hz while those centred on d 4.48 are smaller at
1.6 Hz. The differing electronic environments of the isomers are
highlighted by the four signals present for the four SiMe3
groups in both the 1H and the 13C spectra with the largest
chemical shift separation (cf. d 0.51 and d 0.24 with d 0.42 and
d 0.34) occurring for those relating to the rac isomer.

The mechanism of formation of the diphosphane can as yet
only be speculated upon but two possibilities exist; dimerisation
of a monohydride species, [R(H)P], radical or otherwise,
occurring more rapidly than replacement of a remaining
chloride by a hydride or formation of the diphosphene [RPNPR]
which is subsequently hydrogenated by the LiAlH4. Why this
should occur for (6-Me-2-pyridyl)(SiMe3)2CPCl2 and not, for
example, 2,4,6-But

3C6H2PCl2,7 is puzzling though in several
EPR studies we have shown that it is possible for the pyridyl
system to stabilise a radical species for a significant amount of
time. Thus [(2-pyridyl)(SiMe3)2CHg]·,8 generated from
{(2-pyridyl)(SiMe3)2C2}M on exposure to unfiltered UV light
at 100 K, gave a decaying EPR signal with t0.5 = 300 s while t0.5
for the radicals [{(2-pyridyl)(SiMe3)2C}2M]· (M = Al, Ga)9

generated by the Na/K reduction of the {(2-pyridyl)(Si-
Me3)2C}2MCl complexes were of the order of 3600 s, though
coupling in this case occurred, not unexpectedly, through the g
position of the pyridyl ring. Clearly in the absence of metallic
centres and the absence of unfavourable M–M bond formation
the possibility of [R(H)P]· coupling exists as a viable mecha-
nism. The attempt to form the As analogue by the same route
resulted in crystallisation of only the thermally unstable RAsH2
complex.

Compound 1 should prove to be a valuable, flexible and
interesting new ligand having, with the added functionality of
the two pyridyl nitrogens, four possible donating sites. We are
currently investigating the potential of forming novel metal
complexes of 1.

We thank the Australian Research Council for financial
support.

Notes and References

* E-mail: c.raston@sci.monash.edu.au
† Also referred to in the literature as diphosphines.
‡ Analytical data for 1: colourless needle crystals. typical yield, after three
crystallisations, 63%. Two isomers in 1 : 0.6 ratio (rac : meso). Mp 122–
123 °C (decomp.) and 177–178 °C (decomp.). 1H NMR (400 MHz, C6D6,
25 °C) d 7.40 (d, 1 H, a), 7.33 (d, 0.6 H, a), 7.23 (m, 1.6 H, b), 6.51 (m, 1.6
H, g), 4.48 (dd, 0.6 H, 1JPH 128, 2JPH 75 Hz), 3.82 (dd, 1 H, 1JPH 149, 2JPH

63 Hz) 2.36 (s, 3 H, Me), 2.33 (s, 1.8 H, Me) 0.51 (s, 0.6 3 9 H, SiMe3), 
0.42 (s, 9 H, SiMe3), 0.34 (s, 9 H, SiMe3) 0.27 (s, 0.6 3 9 H, SiMe3). 13C
NMR (50.3 MHz, C6D6, 25 °C) d 162.8, 156.4, 135.7, 120.1, 118.5, 28.9,
23.9, 2.42, 1.83, 1.80, 1.32. 31P{1H} NMR (81 MHz, C6D6, 25 °C) d299.5,
291.5. 31P NMR (81 MHz, C6D6, 25 °C) d 299.5 (dd 1JPH 128, 2JPH 74
Hz), 291.5 (dd, 1JPH 152, 2JPH 61 Hz). Elemental analysis (%); required
(found) C, 55.32 (55.30); H, 8.86 (9.05); N, 4.96 (4.97).
§ Crystallographic data for 1: Nicolet R3m diffractometer, crystals
mounted in oil under N2, [RP(H)]2, C26H50N2P2Si4, M = 564.98, triclinic,
space group P1, a = 8.790(5), b = 9.184(6), c = 11.735(6) Å,
a = 93.99(5), b = 101.16(4), g = 112.86(4)°, U = 845.3(10) Å3,
Dc = 1.110 g cm23, T = 173 K, Z = 2, F(000) = 306.00. mMo = 2.87
cm21, A*min,max = 0.79, 1.00. 2qmax = 45°, final R,Rw = 0.052, 0.038
(statistical weights), GOF 2.08, No = 1552 ‘observed’ [I > 2s(I)]
reflections out of N = 2203 unique. The positions of all H atoms were
calculated and included as invariants; fixed temperature and constrained in
x, y, z, Uiso. CCDC 182/740.
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Aggregation of lithium and mixed thallium(i)–lithium amides through h3- and
h6-p-arene interactions in the solid

Konrad W. Hellmann,a Christian Galka,a Lutz H. Gade,*a Alexander Steiner,b Dominic S. Wright,b Thomas
Kottkea and Dietmar Stalkea

a Institut für Anorganische Chemie der Universität Würzburg, Am Hubland, D-97074 Würzburg, Germany
b University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW

The mixed Li–Tl amide [C10H6{N[Li(thf)2]SiMe3}{N(Tl)-
SiMe3}] has been synthesized and shown to aggregate via
h6-arene–thallium coordination in the solid; a related
pattern of aggregation is found for the partially solvated
homometallic Li amide [C10H6{N[Li(thf)]SiMe3}{N(Li)-
SiMe3}] which displays an unusual h3-arene–lithium inter-
action.

A comparison of the structural patterns observed in the solid
state structures of lithium and thallium(i) amides reveals
marked differences in the bonding patterns. Mainly ionic forms
of aggregation controlled by electrostatic interactions and the
steric demand of the organic periphery occur in the case of
lithium amides (and other alkali metal amides).1 However, the
few structurally characterized thallium(i) amides known to date
are not well described by the electrostatic model but rather
display attractive intermolecular contacts between the heavy
metal atoms which appear to arise from weak dispersion
forces.2,3 Another significant difference is the tendency for
solvation of the metal atoms, with lithium being most readily
coordinated by donor solvents while monovalent thallium
appears to be more resistant to increasing its coordination
number by donor solvation.

Here, we give a first account of our systematic attempts to
break-up the hitherto established structural patterns in TlI–
amide chemistry by incorporating potentially coordinating
molecular units into the ligands employed, and to obtain mixed
alkali metal–thallium amides which combine the characteristics
of the two structural regimes mentioned above. As the ligand
precursor we chose the known 1,8-bis(trimethylsilyl-
amino)naphthalene 1 containing an aryl backbone4 which may
potentially interact with the metal centres and thus generate
novel forms of aggregation. In this context it should be noted
that MO calculations reported for the related dilithiated
a-naphthylamine already suggested metal–C-8 interactions in
the gas phase which were, however, not found in the decameric
solid state structure [(C10H7NLi2)10(Et2O)6].5 With this in
mind, we assumed that the formal addition of a donor
functionality in or close to the C-8 position of the naphthyl unit
would generate a significantly different structural pattern.

Lithiation of 1 in thf cleanly yielded the solvated Li–amide
[C10H6{N[Li(thf)2]SiMe3}2] 2 which was isolated and em-
ployed as a starting material. Stirring 2 with 1 equiv. of TlCl in
thf for 5 h followed by work-up by removal of the solvent,
extraction with toluene and crystallization at 235 °C gave an
orange crystalline solid in moderate yield. The analytical data
and the 1H and 13C NMR spectra were consistent with its
formulation as [C10H6{N[Li(thf)2]SiMe3}{N(Tl)SiMe3}] 3, i.e.
the first example of a mixed TlI–Li amide.† While cryoscopy in
benzene indicated the presence of monomeric units in solution,
its crystal structure revealed an intriguing dimeric aggregation
in the solid (Fig. 1.)‡

The two halves of the dimer, in which a TlI atom and a
(thf)2Li+ cation bridge the amido-N atoms, are related by a
crystallographic centre of symmetry. The Tl···Tl distance of

3.982(2) Å does not indicate a significant metal–metal inter-
action. Instead, the interaction between the Tl centres and one of
the naphthalene arene rings appears to provide the driving force
for the dimeric aggregation in the solid. The distance between
the Tl atom and the centroid of the h6-coordinated arene ring of
3.5106 Å is somewhat greater than some of the previously
reported Tl–arene contacts, in particular that found in
[{2,6-Pri

2C6H3N(Tl)SiMe3}4] (3.11 Å),6a but clearly within the
range expected for a heavy metal arene coordination.6b–d The
crystal structure of 3 nicely illustrates the structural principles
outlined above, the solvation of the ‘peripheral’ Li atoms and
aggregation involving the arene unit in the ligand backbone.

When the Li–Tl exchange is carried out with 2 molar equiv.
of TlCl the completely transmetallated amide
[C10H6{N(Tl)SiMe3}2] 4 is formed which has a much decreased
solubility in hydrocarbon solvents. It is therefore thought to be
polymeric in the solid possibly as a result of metal···arene
interactions similar to those established for 3.

That the 1,8-naphthadiyl backbone of the bidentate amido
ligand may strongly influence the aggregation of its metallated
derivatives became apparent upon stirring the Li–amide 2 for

Fig. 1 Molecular structure of 3. Selected atomic distances (Å) and interbond
angles (°): Tl(1)–N(1) 2.467(11), Tl(1)–N(2) 2.497(10), Tl(1)–Li(1)
3.24(3), Tl(1)–C(2A) 3.628(14), Tl(1)–C(6A) 3.810(13), Tl(1)–C(3A)
3.82(2), Tl(1)–C(4A) 3.90(2), Tl(1)–C(5A) 3.91(2), Tl(1)–Tl(1A) 3.982(2),
Li(1)–N(2) 1.97(3), Li(1)–N(1) 2.02(3), Li(1)–O(2) 2.06(3), Li(1)–O(1)
2.06(3); N(1)–Tl(1)–N(2) 69.8(3), N(1)–Li(1)–N(2) 90.4(11), Li(1)–
N(1)–Tl(1) 91.8(9), Li(1)–N(2)–Tl(1) 92.3(9).
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ca. 15 h in dioxane or toluene in the absence of TlCl. Instead of
the disolvated Li–amide 2 large single crystals of a monosolvate
[C10H6{N[Li(thf)]SiMe3}{N(Li)SiMe3}] 5 were obtained.†
The displacement of three of the thf ligands under these
conditions was unexpected and indicated the formation of an
unusual amide structure. This was confirmed by the single
crystal X-ray structure analysis of the compound which
revealed a dimeric structure closely related to that of 3
(Fig. 2).‡

The two molecular units are again related by a centre of
inversion which generates a structural array which closely
parallels that of the mixed metal amide 3. The Li cation which
has lost all of its donor ligands is coordinated by one of the
naphthalene arene rings in an h3-fashion [Li(2)–C(9A)
2.596(6), Li(2)–C(8A) 2.399(6), Li(2)–C(7A) 2.577(6) Å;
nearest non-bonding Li–arene distances: Li(2)–C(5A) 2.956(6),
Li(2)–C(10A) 2.992(6) Å]. The second Li atom which is located
at the periphery is coordinated by only one thf molecule. At the
vacant coordination site, which is occupied by a second thf
molecule in 3, a methyl group of the neighbouring dimeric unit
is located [Li(1)–C(14A) 3.656(6) Å]. Although p-interactions of
lithium cations with arene rings are known,7 the h3-mode of
p-coordination observed in 5 is unprecedented in lithium amide
chemistry.

Since lithium has a smaller ionic radius than thallium(i) and,
consequently, forms shorter metal–arene distances, the two
naphthalene ring systems are considerably closer in 5 than in 3
(lengths of the normal vectors between the arene planes in 3:
5.41, 5: 3.60 Å).

In conclusion, these first results indicate that the use of
polydentate amido ligands containing potentially ligating
backbone units generates structural arrays which differ mar-
kedly from those previously obtained with amido ligands
containing an ‘inactive’ alkyl or silyl periphery.3

We thank the Deutsche Forschungsgemeinschaft, the Fonds
der Chemischen Industrie, the Stiftung Volkswagenwerk, the
EPSRC and the Deutscher Akademischer Austauschdienst for
funding and Professor H. Werner for support of this work.
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(Rint = 0.027), 3325 used in the structure refinement; R1 = 0.052 [I > s(I)],
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Fig. 2 Molecular structure of 5. Selected atomic distances (Å) and interbond
angles (°): N(1)–Li(1) 1.989(6), N(2)–Li(1) 1.995(6), N(1)–Li(2) 1.987(6),
N(2)–Li(2) 1.861(4), Li(1)–O(1) 1.917(5), Li(2)–Li(2A) 4.117(6), Li(2)–
C(9A) 2.596(6), Li(2)–C(8A) 2.399(6), Li(2)–C(7A) 2.577(6); Li(1)–
N(1)–Li(2) 86.3(2), Li(1)–N(2)–Li(2) 86.3(2), N(1)–Li(1)–N(2) 89.2(2),
N(1)–Li(2)–N(2) 89.6(2).
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Structural control of ferromagnetic interactions in nickel(ii) complexes based
on a tetradentate biradical

Francisco M. Romero,a Dominique Luneaub and Raymond Ziessela
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b Département de Recherche Fondamentale sur la Matière Condensée, Service de Chimie Inorganique et Biologique, Laboratoire
de Chimie de Coordination (URA CNRS 1194), CEA-Grenoble, 38054 Grenoble, France 

Complexation of a bipyridine-based nitronyl nitroxide
biradical with nickel(II) affords two complexes that differ by
the nature of one axial ligand and by their magnetic
behaviour: in both cases ferromagnetic interactions between
high-spin nickel(II) and the radicals are observed.

A key concept for the design of molecular ferromagnets
involves the pre-programmed overlap of magnetic orbitals.1
Thus far interest has focused on the preparation of multi-
dimensional inorganic assemblies,2,3 hybrid inorganic/organic
systems4 and organic radicals.5 Coordination of nitroxide
radicals to acidic paramagnetic metal centres provides valuable
magnetic properties and, in certain cases, ferromagnetic
ordering has been attained.6,7 Surprisingly, chelating radicals
have received scant attention despite the fact that they introduce
important stereochemical constraints concerning the overlap of
magnetic orbitals while favouring utilization of metal centres
that are not strongly acid.8,9 Here we report on the preparation,
crystallographic analysis and magnetic properties of two
nickel(ii) complexes obtained from NIT-bpy, these being the
first complexes to exhibit ferromagnetic NiII–radical inter-
actions.

Complexes 1 and 2 were synthesised (Scheme 1), respec-
tively, by mixing NIT-bpy with [Ni(H2O)6][ClO4]2 in methanol
or in a mixture of dichloromethane–ethyl acetate.†

Single crystals of 1 were grown by slow evaporation of
methanol.‡ Both the ORTEP view and the magnetic properties
are shown in Fig. 1. It is seen that the NIT-bpy behaves as a
pincer occupying the basal plane of the nickel octahedron. Two
ancilliary ligands [H2O molecules at a distance of 2.08(1) Å]
complete the cation coordination sphere. Relevant structural
features which have an impact on the magnetic properties are as

follows: the O(1)N(1)C(1)N(2)O(2) mean plane containing one
unpaired electron makes an angle of 14.07° with the equatorial
plane N(5)N(6)O(1)O(3), 86.10 and 77.60°, respectively, with
the N(5)O(w1)O(3)O(w2) and N(6)O(w1)O(1)O(w2) planes.
The second O(3)N(3)C(12)N(4)O(4) mean plane exhibits an
angle of 2.74° with the equatorial plane N(5)N(6)O(1)O(3),
89.50 and 88.97°, respectively, with N(5)O(w1)O(3)O(w2) and
N(6)O(w1)O(1)O(w2) planes. The tilt angle about the exocyclic
central C–C bond in the bpy subunit is 11.09°.

The magnetic properties of these two nickel(ii) complexes
were studied by use of a SQUID susceptometer. For 1, the
product of molar susceptibility and temperature (cT) at 300 K
corresponds to the calculated value expected for three un-
correlated spins (NiII S = 1 and two radicals S = 1/2) (Fig. 1).
With decreasing temperature, cT shows a shallow decrease until
a sharp breakdown occurs at around 220 K, presumably due to
a phase transition. Then a continuous decrease is observed until
a plateau is reached around 50 K, where cT = 1.13 emu
K mol21. At still lower temperature an abrupt decrease occurs,
indicating the onset of weak intermolecular antiferromagnetic
interactions. A good fit of these experimental data could be
obtained by allowing for the fact that coupling between each
radical and the metal centre is different. One radical is coupled

Scheme 1

Fig. 1 (a) ORTEP view of the [Ni(NIT-bpy)·2H2O]2+ cation in complex 1
and (b) temperature dependence of the product of the magnetic susceptibil-
ity with temperature, cT vs. T, for 1. The solid line represents the best-fit
calculated values. Inset: magnetic interations network and values of the
coupling constants.
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ferromagnetically (J12 = +57 K) while the second interaction
(J23 = 270 K) is antiferromagnetic. The value obtained for the
plateau corresponds to the value calculated for an S = 1 ground
spin state arising from antiferromagnetic coupling between a
spin 3/2 and a spin 1/2 of the second radical. The best fit in the
low temperature regime was obtained with a mean field
approximation (zJA = 20.47 K).

At a first glance the crystal structure of complex 2‡ looks
very close to that of 1 (Fig. 2). However, careful examination of
these structures reveals some important differences concerning
relevant angles. Indeed, for 2 the O(1)N(1)C(1)N(2)O(2)
system containing one unpaired electron is planar and makes an
angle of 14.20° with the equatorial plane N(5)N(6)O(1)O(3),
81.48 and 78.68°, respectively, with the N(5)O(w)O(3)O(6) and
the N(6)O(w)O(1)O(6) planes. The O(3)N(3)C(12)N(4)O(4)
plane makes an angle of 9.43° with the equatorial plane
N(5)N(6)O(1)O(3), 78.20 and 84.44°, respectively, with the
N(5)O(w)O(3)O(6) and the N(6)O(w)O(1)O(6) planes. The tilt
angle between both pyridine rings in the bpy subunit is only
2.54°. The axial ligands in 2 comprise a water molecule, located
at 2.085(4) Å, and a perchlorate anion located at 2.178(4) Å.

Complex 2 exhibits disparate magnetic properties when
compared to 1 (Fig. 2). The cT product measured at 300 K is
somewhat higher than that calculated for three uncorrelated
spins. With decreasing temperature, cT continuously increases
over the entire temperature range reaching a value of 3.96 emu
K mol21 around 1.8 K. This value is higher than that calculated
for two radicals ferromagnetically coupled to NiII (3.63 emu K
mol21). This reveals that intermolecular ferromagnetic inter-
actions are effective in this complex. The experimental data
could be well explained by taking into account two intra-
molecular ferromagnetic interactions between the radicals and
the NiII centre (J12 = +40 K and J23 = +9.9 K) as well as a weak
intermolecular ferromagnetic interaction calculated by using a
mean field approximation (zJA = + 1.0 K). In 1 and 2, as well as
in the corresponding diamagnetic zinc(ii) complex, intra-
molecular spin coupling between the radicals is insignificant

since no sizeable magnetic interactions are observed when c is
measured in a frozen and dilute solution.

Analysis of the overlap between magnetic orbitals indicates
that ferromagnetic interactions should be observed for the ideal
case where the N2O2 ligand is planar. In fact, this conformation
forces overlap between the p* orbital of each radical and the
magnetic orbitals of NiII to be orthogonal (for dx22y2) or
symmetry forbidden (for dz2). However, slight deviation from
orthogonality should induce the appearance of antiferromag-
netic components. One radical in 1 is almost planar along the
basal plane of the octahedron, thereby favouring ferromagnetic
interaction. The second radical exhibits a prominent deviation
from planarity, giving rise to strong antiferromagnetic interac-
tion. Consequently, the overall magnetic behaviour of 1 is
antiferromagnetic. The two radical centres in 2, however,
deviate only slightly from planarity and remain ferromagnetic-
ally coupled to the NiII centre.

This study has demonstrated that effective ferromagnetic
coupling between NiII and nitronyl nitroxide radicals belonging
to a tetradendate N2O2 tweezer ligand is possible. This is due to
near orthogonality of the magnetic orbitals and was previously
observed only for CuII complexes of nitronyl nitroxides in axial
positions.10 It is further shown that chelating ligands provide an
excellent structural scaffold on which to assemble molecular
ferromagnets. Future work will concentrate on the optimisation
of these ligands both for their coordinative properties and for
their ability to maintain strict orthogonality between the
magnetic orbitals.

Notes and References
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0.0369. The structure was solved and refined on F factors using
SHELX8611a and SHELX7611b packages, respectively. CCDC 182/746.
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Fig. 2 (a) ORTEP view of the [Ni(NIT-bpy)·H2O·ClO4]2+ cation in complex
2 and (b) temperature dependence of the product of the magnetic
susceptibility with temperature, cT vs. T, for 2. The solid line represents the
best-fit calculated values. Inset: Magnetic interactions network and values
of the coupling constants.
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Dioxygen binding to immobilized CoII complexes in porous organic hosts:
evidence for site isolation

John F. Krebsb and A. S. Borovik*a

a Department of Chemistry, University of Kansas, Lawrence, KS 66045, USA
b Department of Chemistry, Kansas State University, Manhattan, KS 66504, USA

To model channel motifs and site isolation properties found
in metalloproteins, a series of CoII Schiff base complexes
have been immobilized in porous organic hosts which
stabilize Co–O2 species at room temperature.

Immobilization of metal complexes in porous hosts is an
effective way to regulate metal-based chemistry. In natural
systems, this is exemplified by metalloproteins where the
microenvironments around the metal-based active sites are
controlled by protein structure.1 In most cases, the active sites
are located within the interior of the proteins, isolated from each
other to prevent undesirable interactions. Access to external
ligands (or substrates) is provided by channels that connect the
active sites to the surface of the protein. To mimic these two
structural properties in synthetic systems, i.e. site isolation and
channel structure, we are using template polymerization
techniques to immobilize metal complexes within porous
organic hosts.2,3 Results described herein show the feasibility of
this approach in isolating metal sites in porous hosts via the
stabilization of Co–O2 adducts at room temperature.4

Incorporating metal sites with polymeric materials to model
the dioxygen binding properties of metalloproteins has been
reported.5–7 While some promising results have been obtained,
several of these systems use < 10% crosslinked polymers that
do not sufficiently isolate the metal sites or utilize only a small
percentage of their immobilized metal sites in the binding of
dioxygen.8 Our approach for site isolating metal complexes is
modeled after methods developed to make templated network
polymers.9 We have modified these published methods by using
substitution-inert metal complexes as templates. Utilizing
kinetically inert metallo-templates that are synthesized prior to
polymerization is advantageous because they provide a way of
controlling the architecture of the metal sites in the porous
hosts. Copolymerization of the metallo-template with a large
excess of an organic crosslinker in the presence of a porogenic
agent results in materials with immobilized metal complexes
that are dispersed throughout highly crosslinked hosts. In
addition, the porous structure of the host permits the im-
mobilized complexes to be chemically modified to bind
dioxygen. To evaluate the extent of site isolation achieved by
this approach, we have examined dioxygen binding to im-
mobilized Co Schiff base complexes: these complexes are
known to bind dioxygen to form superoxide adducts, yet at
room temperature most complexes undergo rapid reactions to
yield CoIII

2–peroxide species.10 Thus monitoring the formation
and stability of the cobalt–superoxide species in the porous
hosts at room temperature will indicate whether the metal sites
have the appropriate architecture to bind additional ligands, and
provide a measure of the number of metal sites isolated within
the host.

The kinetically inert six-coordinate [Co1(dmap)2]+ con-
taining the styrene-modified salen ligand 111 and two axially
coordinated dimethylaminopyridine (dmap) ligands was im-
mobilized into a methacrylate host by the procedure shown in
Scheme 1. After grinding and sieving a dark red solid
P-1[Co(dmap)2]([Co] = 180 mmol g21)12 was obtained with a
particle size of @125 mm and an average pore diameter of 80 Å.

The nearly quantitative ( > 90%) removal of CoIII ions and the
dmap ligands was achieved by refluxing P-1[Co(dmap)2] in an
aqueous solution of 0.1 m Na2H2edta at a pH ca. 4. This metal
ion removal process hydrolyzes the immobilized salen ligand to
yield sites composed of two salicylaldehyde moieties covalently
attached to the organic host [P-1(saI)2]. This assignment is
based on (i) the almost complete loss of nitrogen content in the
polymer, (ii) the loss of the signature salen absorbance band at
380 nm, and (iii) the appearance of the characteristic carbonyl
signal of salicylaldehyde at 1653 cm21 in the DRIFT spectrum.
The predisposition of the salicylaldehyde groups allows for
regeneration of the salen ligands within the porous host by
treating a suspension of P-1(sal)2 in methanol with ethylenedi-
amine under N2 which affords P-1.

The immobilized sites in P-1 can rebind metal ions to form
four-coordinate complexes: the EPR spectra of P-1[Co] and
P-1[Cu] are consistent with the immobilized complexes having
the expected square-planar arrangement of donors around the
metal ions.13 Note that these immobilized sites also have
sufficient axial space for the coordination of external ligands,
such as nitrogeneous bases and dioxygen. This space is a
consequence of the [Co1(dmap)2]+ complex used in the
copolymerization. Hence, > 80% of the immobilized CoII sites
are converted to five-coordinate complexes when P-1[Co] is
treated with ca. 15 equiv. of either pyridine or dmap under an Ar
atmosphere. Fig. 1(a) shows the rhombic EPR spectrum of
P-1[Co(dmap)] measured at 77 K which is indicative of a low-
spin CoII complex where the dmap ligand binds axially to afford
a square-pyramidal coordination geometry around the CoII

ions.11,14,15 These five-coordinate Co sites in P-1[Co(dmap)]
and P-1[Co(py)] form 1 : 1 Co–O2 adducts at room temperature
under 1 atm of O2: the EPR spectra of both systems contain the
characteristic EPR signals of Co–superoxide complexes (Fig.
1).10 Double integration of the 77 K EPR signal for
P-1[Co(dmap)(O2)], shows that 70% of the immobilized five-
coordinate CoII sites in P-1[Co(dmap)] form Co–O2 adducts.16

For P-1[Co(py)(O2)], the percentage of stable Co–O2 sites is

Scheme 1 a: ethylene glycol dimethacrylate; azobis(isobutyronitrile), DMF,
Ar, 60 °C; b: EDTA, H2O, heat; c: C2H8N2, MeOH; d: Co(OAc)2, MeOH,
Ar
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slightly less at 52%. In contrast to these results, monomeric
Co1(dmap) and Co1(py) complexes dissolved in a 1 : 1 CH2Cl2–
toluene mixture yield < 10% of the Co–O2 adducts 1 h after
exposure to dioxygen at room temperature.

The above results demonstrate that the porous organic host
can influence the chemistry of the immobilized metal com-
plexes compared to that observed in solution. The design of P-1
requires the binding of an external base to efficiently bind
dioxygen. To circumvent the need for an external base,
immobilized sites containing the pentadentate Schiff base
ligand bis(2-hydroxybenzyliminopropyl)methylamine (smdpt)
were synthesized using [Co2(1-MeIm)]+ as the template
complex. [Co2(1-MeIm)]+, modeled after a similar complex

reported by Marzilli et al.,17 was copolymerized into a
methacrylate host following the procedure used for
P-1[Co(dmap)2]. P-2[Co],18 having a cobalt concentration of
150 mmol g21 readily forms Co–O2 adducts: double integration
of the EPR signal obtained for P-2[Co–O2] shows that 88% of
the immobilized cobalt sites bind O2 at room temperature and 1
atm of O2 [Fig. 1(b)]. After 40 h at room temperature, the Co–
O2 EPR signal corresponds to 62% of the immobilized sites Co–
O2 adducts.19 Reversion of P-2[Co–O2] to P-2[Co] (40 h after
the initial O2 exposure) is accomplished by flushing the system
with N2 for 30 min. Rebinding of O2 to P-2[Co] produces an
identical EPR spectrum to that obtained after 40 h [Fig.
1(b)].20

The room temperature dioxygen binding properties of
P-1[Co] and P-2[Co] illustrates that this approach for immobi-
lization of metal complexes in porous organic hosts is a useful
method for designing functional metal complexes. For compar-
ison, the large number of cobalt sites that stabilize Co–O2
adducts in these materials are a significant improvement over
results reported for similar complexes immobilized in zeolite
cages: only 1% of the immobilized [Co(salen)(py)] in zeolite
NaY form Co–O2 adducts and 25% of the immobilized

Co(smdpt) in zeolite NaEMT bind O2.7 The highly crosslinked
porous hosts in P-1[Co] and P-2[Co] provide robust matrices
that are sufficiently rigid to retain the metal site architecture and
isolate the metal sites. This type of porous host thus prevents
unwanted metal–metal interactions that are observed in solu-
tion. Extension of this technique toward the design of new
reactive metal complexes is underway.

We thank the donors of Petroleum Research Fund adminis-
tered by the American Chemical Society (26743-G3), NSF
(OSR-9255223) and ONR (N00014-96-1-1216) for financial
support of this work.
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Soc., 1980, 102, 1033; D. Wöhrle and H. Bohlen, Makromol. Chem.,
1986, 187, 2081.

6 T. Aida and D.-L. Jiang, Chem. Commun., 1996, 1523; J. P. Collman, L.
Fu, A. Zingg and F. Diederich, Chem. Commun., 1997, 193.

7 R. F. Howe and J. H. Lunsford, J. Am. Chem. Soc., 1975, 97, 5156; N.
Herron, Inorg. Chem., 1986, 4714; P. K. Dutta and C. Bowers,
Langmuir, 1991, 7, 937; R. J. Taylor, R. S. Drago and J. P. Hage, Inorg.
Chem., 1992, 31, 253; D. E. De Vos, E. J. P. Feijen, R. A. Schoonheydt
and P. A. Jacobs, J. Am. Chem. Soc., 1994, 116, 4746.

8 Selected examples of metal complexes with cavity motifs that in
solution reversibly bind dioxygen at room temperature: J. P. Collman,
Acc. Chem. Res., 1977, 10, 265; M. Momenteau and C. A. Reed, Chem.
Rev., 1994, 94, 659; D. H. Busch and N. W. Alcock, Chem. Rev., 1994,
94, 585.

9 Selected reports: G. Wülff, Angew. Chem., Int. Ed. Engl., 1995, 34,
1812 and references therein: K. Mosbach, Trends Biochem. Sci., 1994,
19, 92; K. J. Shea, Trends Polym. Sci. A, 1994, 32, 166; B. B. De, B. B.
Lohray, S. Sivaram and P. K. Dhal, Tetrahedron Asymmetry, 1995, 9,
2105.

10 R. D. Jones, D. A. Summerville and F. Basolo, Chem. Rev., 1979, 79,
139.

11 Y. Fujii, K. Matsutani and K. Kikuchi, J. Chem. Soc., Chem. Commun.,
1985, 415.

12 The concentration of cobalt in P-1[Co(dmap)2] ranges from 180 to 200
mmol g21 in samples prepared independently.

13 P-1[Co]: [Co] = 170 mmol g21; EPR parameters: g = 1.98 and a broad
feature centered at g = 3.28. P-1[Cu]: EPR parameters: g∑ = 2.21; g4
= 2.04; A∑ = 202 G at 77 K.

14 EPR spectra recorded on samples of polymer suspended in toluene for
1 h after exposure to O2.

15 X-Band EPR parameters for: P-1[Co(py)] at 77 K: g1 = 2.48; g2 = 2.26;
g3 = 2.01; A3 = 99 G; a3

N = 16 G; P-1[Co(py)(O2)] at 77 K: g∑ = 2.08;
g4 = 2.02; A4 = 16 G; P-1[Co(py)(O2)] at 298 K: giso = 2.02.

16 Exposure of O2 to P-1[Co(dmap)] results in an immediate color change
(orange–brown to purple) and formation of P-1[Co(dmap)(O2)] is
completed in < 4 min (the concentration of dioxygen is saturating at ca.
0.009 m in toluene). Similar results were observed for P-1[Co(py)] and
P-2[Co].

17 T. J. Kristenmacher, L. G. Marzilli and P. A. Marzilli, Inorg. Chem.,
1974, 13, 2089.

18 P-2[Co] was synthesized by same procedure used for P-1[Co] (Scheme
1) substituting 3,3A-diamino-N-methyldipropylamine for ethylenedi-
amine.

19 The EPR spectrum of P-2[Co-O2] obtained 125 h after initial O2

exposure was identical to that measured after 40 h.
20 P-1[Co(py)] also reversibly binds O2 at room temperature.

Received in Bloomington, IN, USA, 3rd November 1997; 7/07909E

Fig. 1 (a) X-Band EPR spectra of P-1[Co(dmap)] collected at 77 K (···);
P-1[Co(dmap)(O2)] 1 hour after exposure to O2 and collected at 77 K (—)
and collected at 298 K (- - - -). EPR parameters for P-1[Co(dmap)]: g1 =
2.45; g2 = 2.25; g3 = 2.20; A3 = 96 G, d3

N = 16 G; P-1[Co(dmap)2(O2)]:
77 K g∑ = 2.10; g4 = 2.02; A∑ = 17 G; A4 = 13 G; (298 K) giso = 2.02.
(b) X-Band EPR spectra collected at 77 K of P-2[Co(O2)] 1 hour after
exposure to O2 (-··-); P-2[Co(O2)] after 40 h (——); P-2[Co] generated by
flushing the sample after 40 h with N2 (- — -); and rebinding of O2 by
P-2[Co] (···). EPR parameters for P-2[Co(O2)]: g∑ = 2.09; g4 = 2.02; A4
= 18 G; A4 = 12 G.
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Synthesis of copper(i) complexes with a novel naphthyl-appended macrocyclic
ligand, including the crystal and molecular structure of the first
copper(i)–h2-naphthyl complex

William S. Striejewske and Rebecca R. Conry*

Department of Chemistry/216, University of Nevada, Reno, Nevada, 89557 USA

A new ligand, N-[2-(1-naphthyl)ethyl]-1-aza-4,8-dithiacy-
clodecane (L), and two of its copper(I) complexes [CuL-
(MeCN)]PF6 and [CuL]PF6, have been synthesized and
characterized, including crystal structures of the two copper
complexes.

Organocopper compounds are among the most widely used
organometallic reagents in the synthetic organic chemist’s
arsenal, valued for diversity and versatility in effecting
transformations.1 However, knowledge of the structural chem-
istry for organocopper compounds is as yet underdeveloped.1a

While a number of s-bonded alkyl- and aryl-copper(i)1a,2 as
well as copper(i) p-alkene complexes3 have been structurally
characterized, there are only a handful of such reports for
copper(i) p-arene and p-aryl complexes. These include a couple
of h5-cyclopentadienyl-ligated copper complexes,4 and two
h2-benzene complexes, (C6H6)CuAlCl45 and (CuO-
SO2CF3)2C6H6.6 There are also accounts of weak interactions in
the solid state between a CuI center and an arene ring, with long
distances, typically in the range 2.7–3.0 Å.7 Here, we report the
synthesis and characterization of the first example, to our
knowledge, of a structurally characterized copper complex
containing a p-bound naphthalene ligand, plus details for a
related complex, where an acetonitrile ligand is ligated instead
of the naphthyl group, and the synthesis of the naphthyl-
appended, macrocyclic-NS2 ligand.

The novel ligand L, N-[2-(1-naphthyl)ethyl]-1-aza-4,8-di-
thiacyclodecane, consists of the NS2-macrocyclic ligand re-
ported by Chandrasekhar and McAuley8 to which we have
added a pendant naphthalene group. L was synthesized in two
steps from the parent macrocycle, Scheme 1. The first step
involves formation of a precursor amide by reaction of 8-aza-
1,5-dithiacyclodecane with 1-naphthylacetyl chloride (prepared
from 1-naphthylacetic acid and PCl5 by literature methods9).
The amide was isolated and purified by column chromato-
graphy [silica gel, ethyl acetate–hexanes (35 : 65)] and was then,
in the second step, reduced to L with borane. The ligand L was
isolated as an oil after purification by column chromatography
[silica gel, ethyl acetate–hexanes (30 : 70)], in 44% overall yield
for the two steps.†

The acetonitrile complex, [CuL(MeCN)]PF6 1, was synthe-
sized by the stoichiometric reaction of [Cu(MeCN)4]PF6

10 with

L in THF at ambient temperature, Scheme 2. Recrystallization
from acetonitrile–diethyl ether gave a 61% yield of 1 as yellow
crystals. Elemental analysis, as well as 1H and 13C NMR and IR
spectroscopic results are consistent with the formulation for 1.‡
The solid-state structure (Fig. 1) shows that the geometry about
the copper ion is slightly distorted from tetrahedral,§ with
unexceptional bond lengths and angles.

In order to open a coordination site on the copper center, we
wanted to remove the acetonitrile ligand from 1. We first
accomplished this, to synthesize [CuL]PF6 2, by stirring 1 in
CH2Cl2 under a CO atmosphere, followed by removal of the
solvent and CO in vacuo. Thus, we were taking synthetic
advantage of the tendency many copper(i) complexes have to
bind CO weakly and reversibly.11 However, we found that the
CO was not necessary; the acetonitrile ligand from 1 was
sufficiently labile that several of cycles of stirring the complex
in CH2Cl2 followed by removal of the solvent via vacuum
distillation also yielded 2 in > 85% isolated yield, Scheme 3.¶

Scheme 1

Scheme 2

Fig. 1 Thermal ellipsoid plot of the solid-state structure of [CuL(MeCN)]+

at the 25% probability level (hydrogens omitted for clarity). Selected bond
distances (Å) and angles (°): Cu–N(1) 2.167(4), Cu–S(1) 2.2687(14), Cu–
S(2) 2.260(2), Cu–N(2) 1.923(4); N(1)–Cu–N(2) 118.0(2), S(1)–Cu–N(2)
119.32(14), S(2)–Cu–N(2) 121.73(14), N(1)–Cu–S(1) 90.26(11),
N(1)–Cu–S(2) 90.76(12), S(1)–Cu–S(2) 109.04(6).
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Slow diffusion of hexane into a saturated CH2Cl2 solution of 2
yielded crystals suitable for X-ray diffraction.§

The solid state structure of 2 (Fig. 2) shows that the copper
ion attains a distorted tetrahedral geometry by coordination of
the pendant naphthyl group in an h2-fashion. This binding
occurs at the position adjacent to the ethylene linker chain and
is unsymmetrical, with the Cu–C(10) and Cu–C(11) distances
being 2.414(6) and 2.129(6) Å, respectively [the distance from
the Cu to the center of the C(10)–C(11) bond is 2.168 Å]. These
distances are comparable to the Cu–C distances in the two
known CuI–h2-benzene complexes,5,6 which range from 2.09 to
2.30 Å. The binding in the previously reported complexes is
also unsymmetrical, although it is less pronounced (differences
in the pairs of Cu–C distances of 0.03–0.15 Å). Presumably the
more accentuated unsymmetrical binding of the h2-arene in 2 is
at least partially due to the relatively short tether chain.

The C(10)–C(11) distance is essentially no longer in 2
[1.384(9) Å] than in 1 [1.343(11) Å]; no discernible differences
in the coordinated C–C distances were observed in the two
copper–benzene structures either.5,6 Close comparison of the IR
spectra of L and 2 shows that two bands, 1596 and 1509 cm21,
are present in both spectra. In addition, there is a third band that
has shifted from 1574 cm21 for L to 1586 cm21 for 2; we
tentatively assign these bands as CNC stretches. The CNC
stretches for Cu–alkene complexes have been reported to shift
from 15 to 170 cm21 upon coordination.3c,i,12

We are currently exploring the properties of these novel
complexes, to offer further insights into the chemistry of this
interesting system.

The authors are grateful to the University of Nevada, Reno,
the National Science Foundation, NSF Nevada EPSCoR, and
the American Chemical Society-Petroleum Research Fund for
funding. In addition, we thank Quynh Anderson, Angela
Caffaratti and Lew Cary for technical assistance.
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Örtendahl and M. Håkansson, Organometallics, 1996, 15, 4823; (g) P.
Ganis, U. Lepore and G. Paiaro, Chem. Commun., 1969, 1054; (h) M.
Pasquali, C. Floriani, A. Gaetani-Manfredotti and A. Chiesi-Villa,
Inorg. Chem., 1979, 18, 3535; (i) L. M. Engelhardt, P. C. Healy, J. D.
Kildea and A. H. White, Aust. J. Chem., 1989, 42, 185; (j) T. C. W. Mak,
H. N. C. Wong, K. H. Sze and L. Book, J. Organomet. Chem., 1983,
255, 123 and refs. therein.

4 C. Zybill and G. Müller, Organometallics, 1987, 6, 2489 and refs.
therein.

5 R. W. Turner and E. L. Amma, J. Am. Chem. Soc., 1966, 88, 1877.
6 M. B. Dines and P. H. Bird, J. Chem. Soc., Chem. Commun., 1973,

12.
7 P. F. Rodesiler and E. L. Amma, J. Chem. Soc., Chem. Commun., 1974,

599; M. Pasquali, C. Floriani and A. Gaetani-Manfredotti, Inorg. Chem.,
1980, 19, 1191.

8 S. Chandrasekhar and A. McAuley, Inorg. Chem., 1992, 31, 2234.
9 J. C. Sheehan, D. W. Chapman and R. W. Roth, J. Am. Chem. Soc.,

1952, 74, 3822; M. Pomerantz and A. S. Ross, J. Am. Chem. Soc., 1975,
97, 5850.

10 G. J. Kubas, Inorg. Synth., 1979, 19, 90.
11 B. J. Hathaway, in Comprehensive Coordination Chemistry, ed. G.

Wilkinson, Pergamon, New York, 1987, vol. 5, pp. 533–774.
12 M. Håkansson, K. Wettström and S. Jagner, J. Organomet. Chem.,

1991, 421, 347; B. W. Cook, R. G. J. Miller and P. F. Todd,
J. Organomet. Chem., 1969, 19, 421 and refs. therein.

Received in Bloomington, IN, USA, 16th October 1997; 7/07480H

Scheme 3

Fig. 2 Thermal ellipsoid plot of the solid-state structure of [CuL]+ at the
25% probability level (hydrogens omitted for clarity). Selected bond
distances (Å) and angles (°): Cu–N 2.146(5), Cu–S(1) 2.268(2), Cu–S(2)
2.233(2), Cu–C(10) 2.414(6), Cu–C(11) 2.129(6); N–Cu–S(1) 90.5(2),
N–Cu–S(2) 91.89(14), S(1)–Cu–S(2) 111.08(7), N–Cu–C(10) 81.3(2),
N–Cu–C(11) 105.4(2), S(1)–Cu–C(10) 133.8(2), S(1)–Cu–C(11) 108.2(2),
S(2)–Cu–C(10) 114.5(2), S(2)–Cu–C(11) 136.7(2).
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The structure of the S6-symmetric methanol hexamer assembled in a
supramolecular hydrophobic cavity

Frank Nils Penkert, Thomas Weyhermüller and Karl Wieghardt*

Max-Planck-Institut für Strahlenchemie, P.O. Box 10 13 65, D-45413 Mülheim an der Ruhr, Germany 

The structure of the cyclic S6-symmetric hexamer of
methanol has been established by X-ray crystallography in
crystals of [GaLF3](MeOH)6/2·(MeOH)3·CH2Cl2 1; the hex-
amer has been proposed to be the dominant species in liquid
methanol.4

Crystalline, solid methanol consists of infinite zigzag chains of
hydrogen bonded methanol molecules with an O···O distance of
2.66 Å at 2110 °C.1 Upon melting long chains and/or cyclic
oligomers (MeOH)n form (n = 3–20).2 In his famous book The
Nature of the Chemical Bond, Pauling has depicted the cyclic
hexamer (MeOH)6 with six O–H···O bonding contacts as an
example.3 This cluster has later been proposed to be the
dominant species in liquid methanol at room temperature4 and
its structure and vibrational spectrum in the gas phase have been
repeatedly calculated.5 Two conformers of nearly equal energy
apparently exist: an S6 and a C2 symmetric form (Scheme 1)
both of which have been generated by the method of size
selection of clusters by momentum transfer in a scattering
experiment with atoms in the gas phase.5a,6 Upon vaporization
of methanol the tetramer (MeOH)4 has been shown to be the
major component of the vapour.7 To date none of these cyclic
structures has been found in the solid state and, consequently,
they have not been characterized by single crystal X-ray
crystallography.

We report here the crystal structure of [GaLF3](MeOH)6/2·
(MeOH)3·CH2Cl2 1† where L represents the neutral pendent
arm macrocycle 1,4,7-tris(2-amino-3,5-di-tert-butylbenzyl)-
1,4,7-triazacyclononane. In crystals of 1 the cyclic (MeOH)6
hexamer is assembled in a hydrophobic ligand cavity.

The reaction of L with GaF3·3H2O (1 : 2) in refluxing ethanol
produces colourless microcrystals of [GaLF3] upon addition of
water to the above mixture. Colourless crystals of 1 were
obtained from a dichloromethane–methanol (1 : 5 v/v) solution
of [GaLF3] at 220 °C. Details of the ligand and complex
syntheses will be reported elsewhere.

The solid state structure of 1 consists of neutral [GaLF3]
molecules shown in Fig. 1 where the 1,4,7-triazacyclononane
backbone of the macrocycle L is bound to a GaF3 fragment. The
three 2-amino-3,5-di-tert-butylbenzyl arms are not coordinated.
A cis-N3F3Ga octahedron is formed. The molecule possesses C3
symmetry. The three uncoordinated pendent arms adopt a
conformation where they are folded upwards toward the
coordinated nine-membered 1,4,7-triazacyclononane ring. An
approximately circular bowl-shaped hydrophobic ‘surface’ is
formed with six bulky tertiary butyl groups at the rim of this

bowl. Two such [GaLF3] molecules are then packed together in
a fashion which brings the two hydrophobic bowl-shaped
surfaces facing each other. The two sets of three pendent arms
are staggered. This ‘dimer’ is held together by van der Waals
forces only. Roughly, its shape may be viewed as clam-like with
S6 symmetry. The inner surface of this clam is of purely
hydrophobic nature since it comprises exclusively phenyl rings
and methylene hydrogen atoms of the two ligands L. The
discus-shaped cavity inside is filled with six methanol mole-
cules as is shown in Fig. 2. Fig. 3 shows the six MeOH
molecules forming a cyclic structure via six O–H···O hydrogen
bonding contacts [O···O 2.62(1) Å]. The methyl groups are
staggered; the hexamer adopts S6 symmetry. The methyl groups
form weak van der Waals contacts to the hydrophobic inner

Scheme 1

Fig. 1 Molecular structure of the neutral [GaLF3] complex in crystals of 1.
Selected distances (Å) and angles (°): Ga–N(1) 2.147(3), Ga–F(1) 1.849(2),
C(5)–N(2) 1.397(6), F(1)–Ga–F(1A) 94.1(1), N(1)–Ga–N(1A) 82.8(1),
N(1)–Ga–F(1) 88.7(1).

Fig. 2 Schematic representation of the [GaLF3]2·(MeOH)6 unit in 1. Left:
side-view looking into the ‘clam’ composed of two [GaLF3] shells. Right:
view down the S6 axis on which the two Ga3+ ions (only one is seen) lie.
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surface of the cavity only. The O–H···O bonds are asymmetric
and the twelve-membered ring is puckered.

The outer surface of the clam exposes two sets of (a) three
fluoro ligands and (b) of three amino groups; it is ‘sticky’. Three
additional methanol molecules per GaLF3 unit form each a
strong O–H···F contact at 2.58(1) Å and two somewhat weaker
O···H–N interactions with the amino groups at 2.94(1) and
3.39(1) Å. The latter two interactions enforce an ordered
packing of the clams relative to each other in the solid state
(‘inter-clam’ contacts).

The authors gratefully acknowledge financial support of this
work by the Fonds der Chemischen Industrie.
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† Crystal data: 1: C58H110Cl2F3GaN6O6, M = 1185.14, trigonal, space
group R3̄, a = b = 18.940(3), c = 33.672(6) Å, U = 10461(3) Å3, Z = 6,
Dc = 1.129 Mg m23, m(Mo-Ka) = 0.53 mm21, F(000) = 3840. A
transparent colorless block of 0.56 3 0.49 3 0.28 mm was mounted in a
sealed capillary. 3517 independent reflections were collected on an Enraf-
Nonius CAD4 diffractometer [graphite monochromated Mo-Ka radiation,
293(2) K] using w-scan technique. The structure was solved by direct
methods and all non-hydrogen atoms were refined anisotropically using
full-matrix least squares based on F2. Carbon atoms C(15), C(16), C(17)
belonging to a tert-butyl group were disordered by rotation and a split atom
model was applied. The CH2Cl2 solvent molecule was found to be
disordered on a crystallographic threefold axis. Owing to evaporation, its
occupancy factor was reduced to one third of the complete molecule (1/9 for
carbon and 2/9 for chlorine). The methyl, methylene and phenyl ring
hydrogen atoms were placed at calculated positions whereas all OH and
NH2 hydrogen atoms were located in a difference electron density map
around a circle which represents the possible loci for a fixed O–H, or N–H
distance and C–N(O)–H angle. Final R1 = 0.072, wR2 = 0.196, 2740 Fo >
4s(Fo), 2q @ 50°, 233 parameters. CCDC 182/747.
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Fig. 3 Schematic representation of the S6 symmetric methanol hexamer in
1. Selected distances (Å): O(40)···O(40A) 2.62(1), O(40)–C(40) 1.394(9).
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Synthesis of mesoporous aluminophosphates using surfactants with long alkyl
chain lengths and triisopropylbenzene as a solubilizing agent

Tatsuo Kimura,a Yoshiyuki Sugaharaa and Kazuyuki Kuroda*a,b

a Department of Applied Chemistry, School of Science and Engineering, Waseda University, Ohkubo-3, Shinjuku-ku, Tokyo 169,
Japan
b Kagami Memorial Laboratory for Materials Science and Technology, Waseda University, Nishiwaseda-2, Shinjuku-ku, Tokyo
169, Japan

Mesostructured organo-aluminophosphates were prepared
by using surfactants with long alkyl chain lengths (C16 and
C22) and by utilizing solubilization of triisopropylbenzene;
calcination of the mesostructured materials yielded ther-
mally stable mesoporous aluminophosphates with surface
areas > 700 m2 g21 and with pore diameters in the range
1.8–3.9 nm.

Mesoporous silicas, denoted FSM1 and M41S,2 are very
attractive materials for catalysts, catalyst supports and adsor-
bents for larger molecules than those treated in microporous
crystals. Since microporous AlPO4-n materials are known,3 it is
expected that mesostructured organo-aluminophosphates are
useful for the formation of mesoporous aluminophosphates to
enlarge the variety and possible applications of mesoporous
materials. We have already reported the successful formation of
a hexagonal mesostructured aluminophosphate (AlPO) by using
hexadecyltrimethylammonium chloride.4 Feng et al. also re-
ported a hexagonal mesostructured material prepared in the
presence of F2 ions, however, the porous structure collapsed
upon calcination.5 Recently a mesoporous aluminophosphate
with large surface area (790 m2 g21) was reported by Zhao
et al.6 Although the pore diameter of the product was reported
to be ca. 4.0 nm, this value is somewhat questionable because it
is too large judging from the values observed for ordered
mesoporous silicas.1,2 On the other hand, Holland et al.7 and
Cheng et al.8 reported mesoporous aluminophosphate-based
materials via layered intermediates; the porous materials,
prepared by solvent extraction, are thermally unstable.

The hexagonal mesostructured AlPO reported by us had a
less condensed framework, so that a microporous material
formed after calcination in air.4 Based on this result, it is
expected that mesoporous AlPOs can be obtained by utilizing
mesostructured AlPOs with larger hexagonal arrays. Here, we
report the successful synthesis of thermally stable mesoporous
AlPOs, based on this strategy.

Hexagonal mesostructured AlPOs were prepared by using
C16H33NMe3Cl (C16TMACl) and C22H45NMe3Cl
(C22TMACl), denoted as C16-AlPO and C22-AlPO, respec-
tively. C16-AlPO was prepared according to our previous
paper.4 C22-AlPO was prepared as follows: C22TMACl (con-
taining a small amount of shorter alkyl chains), tetra-
methylammonium hydroxide (TMAOH, 25 mass% in water),
85% H3PO4, and water were mixed for several hours.
Aluminium triisopropoxide was added to this mixture under
vigorous stirring, and the stirring was continued for 1 day. The
composition of the starting mixture was Al2O3 : P2O5 : C22-
TMACl : 2.0 TMAOH : 65.0 H2O. The starting mixture was
dispersed in distilled water at 70 °C, with formation of a white
solid. This solid was washed with distilled water heated at 70 °C
repeatedly, and dried at 80 °C. Solubilization of 1,3,5-triisopro-
pylbenzene (TIPBz) into surfactant assemblage was also carried
out for C22TMACl; TIPBz has already been known to act as a
solubilizing agent.9 The synthesis procedure was the same as
described above and TIPBz was added before the addition of

aluminium triisopropoxide. The molar ratio of TIPBz/
C22TMACl in the starting mixture was 1, and this product was
denoted as TIPBz/C22-AlPO; the molar ratio of TIPBz/
C22TMACl in the TIPBz/C22-AlPO was ca. 0.67 based on the
CHN analysis, indicating that not all the TIPBz was solubilized
in the surfactants. All the products were heated at 600 °C for
1 h in flowing N2, followed by calcination at 600 °C for 1 h in
flowing air. The calcined products were analyzed by XRD, N2
adsorption, and 27Al and 31P MAS NMR spectroscopy
performed on a JEOL GSX-400 with a spinning rate of 5 kHz
(for 27Al: frequency: 104.05 MHz; pulse angle: 45°; recycle
time: 5 s, for 31P: 161.70 MHz; 60°; 20 s, respectively).

The XRD patterns of all the products before calcination are
shown in Fig. 1. The XRD peaks of the C16-AlPO can be
assigned to (100), (110) and (200) of a hexagonal phase. The
XRD peaks of both C22-AlPO and TIPBz/C22-AlPO can also be
assigned to (100), (110), (200) and (210) of hexagonal phases.
The lattice parameters (a0) of the C16-AlPO, C22-AlPO and
TIPBz/C22-AlPO were 4.8, 5.8 and 7.2 nm, respectively. These
XRD results indicate the formation of mesostructured AlPOs
with large hexagonal arrays by utilizing C22TMA and sol-
ubilization of TIPBz.

In the XRD patterns of the calcined products (Fig.1), the d100
peak shifted from 4.1 to 2.8 nm for C16-AlPO after calcination,
and the XRD patterns showed a shift from 5.1 to 3.7 nm for C22-
AlPO and a shift from 6.2 to 4.6 nm for TIPBz/C22-AlPO. The
lattice parameters (a0: 2d100/AB3 ) of the calcined C16-AlPO,
calcined C22-AlPO and calcined TIPBz/C22-AlPO were 3.2, 4.3
and 5.3 nm, respectively, if we assume that the calcined
products retain the hexagonal structures. The shrinkages are

Fig. 1 XRD patterns of (a) C16-AlPO, (b) C22-AlPO and (c) TIPBz/
C22-AlPO, (d) calcined C16-AlPO, (e) calcined C22-AlPO and (f) calcined
TIPBz/C22-AlPO. These patterns were recorded on a Mac Science
M03XHF22 diffractometer with monochromated Fe-Ka radiation.
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larger than those observed for silica-based mesoporous materi-
als2 because of less condensed frameworks as described below.
In addition, the XRD peaks of all the products were broadened
after calcination. These results suggest that the porous struc-
tures remained, although the sizes and the regularities of the
hexagonal arrays decreased upon calcination.

Hexagonal arrays with relatively ordered arrangements were
observed in the TEM images of all the products before
calcination. After calcination, disordered arrays were obtained,
and the periodic distances of these arrays decreased. These
TEM images are in agreement with the XRD results. No other
phases were detected in any TEM images.

The N2 adsorption isotherms and the pore size distributions of
the calcined products, calculated by the Horváth–Kawazoe
method,10 are shown in Fig. 2. The N2 adsorption isotherm of
calcined C16-AlPO showed almost type I behavior, indicating
the presence of micropores; the pore diameter was ca. 1.8 nm.
In contrast, the isotherms of the calcined C22-AlPO and TIPBz/
C22-AlPO showed type IV behavior. The calcined C22-AlPO
had a BET surface area of 760 m2 g21, a pore volume of 0.56
cm3 g21 and an average pore diameter of 2.8 nm. For the
calcined TIPBz/C22-AlPO, the BET surface area and the pore
volume were 720 m2 g21 and 0.72 cm3 g21, respectively. The
pore diameter was ca. 3.9 nm.

The structural changes during calcination can be monitored
by 27Al and 31P MAS NMR measurements before and after
calcination. The 31P MAS NMR spectra of the uncalcined
products showed several peaks in the range d 0 to 220,
indicating the uncalcined products had less condensed frame-
works.4,11,12 A broad peak centered at d221 was observed after
calcination indicating condensation of the frameworks.11,12 The
27Al MAS NMR spectra of the uncalcined products showed that
signals due to both four- (AlIV) and six-coordinate Al (AlVI) at
d ca. 43 and 1, respectively. Based on the AlIV/AlVI intensity
ratios, varying from ca. 0.6 (C16-AlPO) to ca. 0.3 (C22-AlPO
and TIPBz/C22-AlPO), a large amount of AlVI is present in the
uncalcined products and they may be coordinated with not only
PO4 units but also water molecules,4 being related to less
condensed frameworks. Only a broad signal due to AlIV was
observed at ca. d 39 for each calcined product; the chemical
shift strongly suggesting that the AlIVO4 units are surrounded
by mainly P.11,13 Although the Al/P ratios (1.5), discussed
below, might suggest the presence of Al–O–Al bonds, such

bonds are unlikely, judging from very different chemical shifts
expected for [AlIVO4(nAl)] (n = 1–4).13

Both N2 adsorption and NMR results indicate that the pore
sizes can be controlled although shrinkage must be taken into
consideration, so that the C22-AlPO and TIPBz/C22-AlPO
changed to mesoporous materials after calcination owing to the
larger hexagonal arrays.

The CnTMA/(Al + P) ratios were 0.25 (C16-AlPO), 0.19
(C22-AlPO) and 0.16 (TIPBz/C22-AlPO), and the Al/P ratios of
all the products were ca. 1.5. This Al/P value is different from
unity which would be expected for an ideal three-dimensional
AlPO4-n.3 The Al/P ratios of mesostructured and/or mesopor-
ous aluminophosphates reported by Feng et al.,5 Zhao et al.,6
Holland et al.,7 and Cheng et al.8 are 2.9, 0.64, 1.5, and 1.0,
respectively. Although the Al/P ratios of mesoporous AlPOs
reported here are similar to those reported by Holland et al.,7 the
coordination of Al atoms is six for their materials while it is
mainly four for ours. For the other three materials, the Al/P
ratios are clearly different. Nevertheless, the coordination of Al
atoms in the material reported by Feng et al.5 is similar to ours.
However, because there is little information on the alumino-
phosphate frameworks in those reports, appropriate comparison
with our materials is not possible at present.

In conclusion, thermally stable mesoporous AlPOs were
obtained by calcination of hexagonal mesostructured AlPOs
prepared by using both C22TMA as a micelle aggregate and
TIPBz as a solubilizer. This method can be applicable for the
preparation of various mesoporous materials from less con-
densed inorganic units–surfactant mesostructured materials,
which normally afford microporous materials owing to sub-
stantial shrinkage. A study on the surface structure of these
mesoporous AlPO is now in progress.

The authors acknowledge Mr M. Fuziwara, MCCL, Waseda
University for TEM measurements. K. K. acknowledges the
financial assistance from Grant-in-Aid for the Special Priority
Area by the Ministry of Education, Science, and Culture of the
Japanese Government.
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Fig. 2 N2 adsorption isotherms of calcined (a) C16-AlPO, (b) C22-AlPO and
(c) TIPBz/C22-AlPO. Filled symbols denote desorption. Corresponding
pore size distributions of the calcined products are shown in (d). These
isotherms were obtained by a BELSORP 28 (Bel Japan, Inc.) at 77 K.
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Sonophotoluminescence: pyranine emission induced by ultrasound

Muthupandian Ashokkumar and Franz Grieser*

Advanced Mineral Products Research Centre, School of Chemistry, University of Melbourne, Parkville, 3052, Australia

Sonoluminescence has been used to excite the water soluble
acid–base fluorescent indicator trisodium 8-hydroxy-
1,3,6-pyrenetrisulfonate, leading to light emission
(sonophotoluminescence) from the dye.

The acoustic driven collapse of microbubbles in solution results
in a phenomenon referred to as sonoluminescence.1 The
emission spectrum obtained from multibubble sonolu-
minescence (SL) in water is quite broad, ranging from 200 to
above 800 nm, with a maximum in the region of 250–350
nm.1–3 In addition to SL, emission stemming from the ground
state chemical reaction of ultrasonically generated oxidising
radicals with luminol has also been observed.4 In the latter case
the spectrum obtained is similar to the chemiluminescence of
luminol. 

The broad band emission from SL raises the question of
whether it can be conveniently used as an internal light source
to excite other molecules in solution. To explore this possibility
we have examined the ‘trivial’ excitation of trisodium 8-hy-
droxy-1,3,6-pyrenetrisulfonate (pyranine, POH), by SL, and the
ensuing emission, which can be referred to as sonophotolumi-
nescence (SPL). 

Details of the experimental system used are given else-
where.5 Briefly, a modified Undatim D-Reactor (515 kHz) was
fitted into the cavity of a spectrofluorimeter (Hitachi, F-4500)
and spectra recorded directly. A full scan (200–800 nm) could
be measured in ca. 2 min. The sonication of the aqueous
solutions was carried out in pulsed mode using 4 ms pulses with
a 1 : 3 duty cycle. The reactor was operated at ca. 15 W into 50
ml solutions. Under these conditions the temperature rise of the
solutions sonicated was ca. 1° min21.

All solutions were made with Milli-Q water and used on the
day of preparation. Pyranine was obtained from Molecular
Probes Inc. and used as received. The UV-VIS spectrum of
pyranine in water agreed with that reported by others.6 The
temperature of the solutions remained in the range of 20–25 °C
while spectra were recorded.

Pyranine is a highly water soluble compound with well
characterised photophysical properties.6,7 Its chemical structure
is shown below.

Pyranine has a ground state pKa = 7.2 but on excitation
pKa* = 0.5.7 Its excited state lifetime is also sufficiently long (5
ns) such that deprotonation occurs over a wide pH range.7 It is
only when the pH is < ca. 2 that the emission from the POH*
form begins to dominate. These photophysical properties of
pyranine are evident in the absorption and fluorescence spectra
(Fig. 1), at pH values above and below its ground state pKa.

Fig. 2 shows the emission observed when pyranine solutions
(at several pH values) are sonicated. These spectra can be

compared with the equivalent pH fluorescence spectra shown in
Fig. 1. Close correspondence of the two sets of spectra is evident
although there are some differences. Fig. 3 directly compares
the standardised fluorescence and SPL from pyranine at
pH = 6.4. Also shown is the SL signal obtained from water in
the absence of pyranine. As can be seen, the SPL signal is
slightly broader than the fluorescence band with a shoulder at
450 nm. The broadness and the shoulder are both due to the
residual SL emission that has not been absorbed by ground state
pyranine. It can be seen from Fig. 1 that at pH = 6.4 there is no
substantial light absorption by ground state pyranine above ca.
440 nm.

At a pH of 10.7 all the pyranine exists in its ionised form,
PO2, and its absorption spectrum extends to ca. 500 nm
(Fig. 1). Under these conditions all of the SL is absorbed at
wavelengths below 500 nm and therefore the shoulder seen at
450 nm is no longer present. 

At pH = 0.7 the reaction,

PO2* + H+? POH* (1)

Fig. 1 Emission spectra (lex = 350 nm) of 0.1 mm pyranine in water at
various pH. Insert shows the absorption spectra obtained from the same
solutions. Emission and absorption spectra were measured in standard 1 cm
pathlength cuvettes. (Emission spectra are uncorrected.) pH = 10.7 (-), 6.4
(2), 0.7 (8).

Fig. 2 Sonophotoluminescence of 0.1 mm pyranine in water at various pH.
The emission is produced in a 4 cm diameter cell using a 3.5 cm diameter
transducer plate. (Emission spectra are uncorrected.) pH = 10.7 (-), 6.4
(2), 0.7 (8).
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prevents emission from the PO2* form and the emission
recorded is a combination of SL and SPL from the POH*
species.

In order to confirm that it is sonoluminescence that excites
pyranine and not some thermal activation from heat leaking
away from the acoustically collapsed bubble some experiments
were carried out in the presence of butan-1-ol. Butanol has been
found to quench the SL intensity from water5 while enhancing
sonochemical reactions in solution.8,9 The latter indicates that
bubble collapse in the presence of butanol still occurs and local
heating still produces radicals that are responsible for the
chemical reactions in solution.

Fig. 4 shows the effect that 0.1 m of butan-1-ol has on
pyranine fluorescence and its SPL signal. It can be seen that
butanol has a minimal effect on the fluorescence signal but
almost completely quenches the SPL emission. This is con-
sistent with butan-1-ol quenching the SL and hence eliminating
photon excitation of pyranine. 

The results presented clearly show that SL can be used to
excite solution solutes. One of the advantages offered by this
method is that no external light source is required and photon
excitation can, in principle, be achieved in optically opaque and
remote sites. For example, photosensitizing drugs within a
human body could be activated using SPL generated by an

ultrasound source external to the body. We note also that since
sonoluminescence is observed in a wide range of liquids1,10,11 it
should be possible to generate SPL in systems other than
water.
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Fig. 3 A comparison of the fluorescence and SPL spectra of pyranine at
pH = 6.4. The intensity maxima of the bands have been normalised to allow
a better comparison. Under the quite different excitation conditions used the
fluorescence intensity is ca. 600 times stronger than the SPL. Also shown is
the SL from water. The intensity is on the same scale as that of the SPL.
(Emission spectra are uncorrected.)

Fig. 4 Sonophotoluminescence spectra of 0.1 mm pyranine in water in the
absence (2) and presence Ô of 0.1 m butan-1-ol at pH = 6.4. Insert shows
the fluorescence spectra (lex = 350 nm) of the same solutions. (Emission
spectra are uncorrected.)
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A new type of allylation: synthesis of b,g-unsaturated ketones from
a-halogenated aryl ketones using an allyltributyltin(iv)–tin(ii)
dichloride–acetonitrile system

Makoto Yasuda, Makihiro Tsuchida and Akio Baba*†

Department of Applied Chemistry, Faculty of Engineering, Osaka University, 2-1 Yamadaoka, Suita, Osaka 565, Japan 

Allylation of a-halogenated aryl ketones with an
allyltributyltin–tin dichloride–acetonitrile system gave b,g-
unsaturated ketones in high yields via selective aryl re-
arrangement.

Allylation of carbonyl compounds has been intensively studied
for carbon–carbon bond formation, affording homoallylic
alcohols.1 We have recently reported an allylic tin(ii) species as
powerful allylation reagents toward aldehydes, ketones or
imines in preference to the corresponding tin(iv) species.2 The
tin(ii) species, which have vacant orbitals to accept electrons,
contribute to the selective carbonyl allylation via a cyclic
transition state owing to the strong affinity between the tin(ii)
atom and the carbonyl oxygen.2 The tin(ii) center would be
expected to interact even with a halogen atom because the latter
bears unshared electron pairs for coordination to tin(ii). Herein,
we report a new type of allylation system for a-halogenated aryl
ketones.3 This reaction proceeds via carbonyl allylation and
subsequent aryl rearrangement to give b,g-unsaturated ketone
derivatives in high yields, in which reaction the tin(ii) species
characteristically effects the rearrangement.

A mixture of tin dichloride (SnCl2) and 2-bromopropiophe-
none 2a in MeCN was treated with allyltributyltin 1 at room
temperature for 10 min to afford, unexpectedly, the b,g-
unsaturated ketone 3a, whereas general activation by a Lewis
acid, boron trifluoride–diethyl ether,1,4 gave the homoallyl
alcohol 4a exclusively (Scheme 1). In the allyltributyltin–SnCl2
system, migration of the phenyl group takes place as shown in
Scheme 2. The homoallylic tin alkoxide A is a key intermediate

in which the interaction between the tin(ii) atom and the halogen
directs the aryl rearrangement.5 This type of interaction is
unlikely to occur using allyltin(iv) reagents, which have a
weaker affinity for halogen than the tin(ii) species. Allylation
using tin(iv) reagents of a-halo ketones proceeds via cyclization
of the intermediate tin alkoxides to give oxiranes exclusively,
and no rearrangement is observed.6–8 Other solvents examined
(THF, toluene, CH2Cl2, CHCl3) in the presence of SnCl2 gave
low yields of 3a (0–24% yield) at room temperature for 1 h.
These facts strongly support the participation of the allylic
tin(ii) species in the rearrangement, because our previous
report2 has already shown the efficiency of MeCN as the solvent
of choice for transmetalation of allyltributyltin 1 with SnCl2.
Allylaton of 2a in MeCN for 24 h without SnCl2 did not proceed
at all. Considering these results, we suppose that this new type
of allylation system giving the b,g-unsaturated ketone evolves
from the unique character of the tin(ii) reagents.

We then explored the generality of the reaction by varying the
aryl halo ketones. As shown in Table 1, b,g-unsaturated ketones

Scheme 1

Scheme 2

Table 1 Synthesis of b,g-unsaturated ketones 3

Halo ketone 2 Yield (%)

Entry Ar R X t1/h t2/h 3 4

1 4-MeOC6H4 H Br 1 0 98 0
2 4-MeC6H4 H Br 1 0.5 81 0
3 4-PhC6H4 H Br 1 0.5 65 0
4 4-PhC6H4 H Br 1 0 0 89
5 Ph H Br 1 0.5 60 0
6 4-ClC6H4 H Br 1 0.5 26 27a

7 4-O2NC6H4 H Br 1 0.5 0 16
8 2-naphthyl H Br 1 1 74 0
9 2-naphthyl H Br 1 0 0 95

10 2-thienyl H Br 0.25 0.5b 72 0
11 2-thienyl H Br 1 0 0 76
12 3-thienyl H Br 1 0.5 61 0
13 3-thienyl H Br 1 0 0 83
14 Ph Me Br 24 0 98 0
15 Ph Me Cl 1 0.5 71 0
16 Ph Me Cl 0.25 0 0 90c

17 Ph Ph Cl 1 0 86 0

a 2-(p-Chlorophenyl)pent-4-enal (ca. 10% yield) was obtained as a side
product (see ¶). b 50 °C. c Isomeric ratio = 61 : 39.

Chem. Commun., 1998 563



Bu3Sn

Br

O
O N

Bu

R

Bu

Br

O
SnCl

Bu

Br

O

R

N
SnCl

SnCl2, RCN

RCN

25 °C, 1 h
then 80 °C, 6 h

+

R = Me (22%)
R = Et (24%)

3 were effectively obtained.‡ The aryl rearrangement often
required high temperature conditions (80 °C) because homo-
allyl alcohols 4 were formed exclusively at 25 °C (entries 4, 9,
11, 13 and 16). This result suggests that the reaction includes the
intermediate A illustrated in Scheme 2. The effect of different
aromatic substituents was interesting. Generally, the allylation
of aryl-substituted carbonyls is enhanced by an electron-
withdrawing group on the aromatic substituents since the
electrophilicity of the carbonyl group is increased. The opposite
effect was observed in entries 1–3 and 5–7 in regard to the
synthesis of 3. The unrearranged products 4 were observed in
the reaction with the substrates bearing chloro or nitro groups
(entries 6 and 7). These substituent effects are explainable by
the rate-determining migration of the aryl groups,9 as the
allyltin(ii) species have an adequate ability to promote carbonyl
allylation.2 The thienyl ring is tolerated in this reaction system
(entries 10–13), in which sulfur did not reduce the activity of the
tin(ii) reagent at all. The secondary bromo or chloro ketones
also gave 3 exclusively (entries 14, 15 and 17). The rearrange-
ment took place readily without the need for high temperatures
(entries 14 and 17). The interaction of tin(ii) with the halogen
(in A) would generate cationic halide carbon species, which are
more stable for secondary substrates.

On the other hand, a-halogenated alkyl ketones showed a
different reaction course, without any rearrangement; allylox-
azolines were formed by the addition of solvent nitriles to the tin
alkoxide intermediate, albeit in low yields.§

This work describes a new allylation system for the synthesis
of b,g-unsaturated carbonyl compounds, in which an unusual
reaction course, including aryl rearrangement, is proposed. The
selective rearrangement is promoted by the properties of the
tin(ii) species. Further investigaton of allylic tin(ii) species is in
progress.

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Area No. 09231229 from the Ministry of
Education, Science, Sports, and Culture, of the Japanese
Government. Thanks are due to Mr H. Moriguchi, Faculty of
Engineering, Osaka University, for assistance in obtaining mass
spectra.
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First characterisation of zirconium enolate radical cations in solution and their
mesolytic bond cleavage to zirconocene cations

Michael Schmittel* and Rolf Söllner

Institut für Organische Chemie, Universität Würzburg, Am Hubland, D-97074 Würzburg, Germany

Zirconocene enolate radical cations are generated and
characterised in solution for the first time; the sterically
congested radical cations undergo a mesolytic Zr–O bond
cleavage process yielding zirconocene cations, the kinetics of
which are determined.

In light of the importance of transition metal enolates for
organic synthesis1 we have recently become interested in the
redox umpolung of these nucleophilic species.2 We were able to
show that titanium enolate radical cations can undergo carbon–
carbon bond formation to 1,4-diketones, a reaction which can
even be conducted in a diastereoselective fashion.3 In the
present paper we describe for the first time the properties and
reactions of zirconium enolate radical cations and their clean
mesolytic† bond cleavage to zirconocene cations. The latter are
well known as the catalytic active species in the Ziegler–Natta
polymerization of a-alkenes.4

Since zirconium enolates constitute highly reactive com-
pounds with a high sensitivity towards hydrolysis, only a small
number of zirconium enolates5 has been isolated and investi-
gated. The kinetic stability of zirconium enolates should be
largely increased by starting from sterically bulky b,b-
dimesitylenols.6 These were deprotonated quantitatively with
sodium hydride in THF at room temperature and subsequen-
tially reacted with stoichiometric amounts of zirconocene
dichloride. All chloro zirconocene enolates could be obtained as
bright yellow crystals by crystallisation from n-hexane or
n-hexane–toluene.

A route leading to the methyl zirconocene enolates was
realised by reacting dimethyl zirconocene with the corre-
sponding b,b-dimesitylenols accompanied by elimination of
methane. The zirconocene enolates 4–6 could be obtained in
analytically pure form as pale yellow solids by crystallization
from acetonitrile–dichloromethane mixtures (Scheme 1).

In standard cyclic voltammetry (CV) experiments all zirco-
nocene enolates showed irreversible oxidation waves (Epa;

Table 1) in acetonitrile at 100 mV s21. By changing the solvent
to dichloromethane and increasing the scan rates up to 1000 V
s21 reversible waves could be obtained. We observed partially
reversible waves for 1–3 and 5 already at scan rates n ! 100 V
s21, for 4 at n ! 200 V s21, and for 6 at n ! 50 V s21. This
represents the first direct observation of zirconium enolate
radical cations in solution, allowing for the determination of
their thermodynamically relevant redox potentials E1

2

Ox (Table
1). The oxidation potentials fall in the range +0.35 to +0.57 V
vs. ferrocene–ferrocenium† and are ca. 100 mV more anodic
than those of structurally analogous titanocene enolates,2 an
effect which is already known from simple titanocene and
zirconocene compounds.7

The chemical one-electron oxidations of the zirconium
enolates 1–6 which were performed on a preparative scale using
tris(1,10-phenanthroline)iron(iii) hexafluorophosphate
(E1

2
= +0.69 V), as a well-defined outer-sphere one-electron

oxidant, or nitrosonium hexafluorophosphate (E1
2

= +0.89 V) in
acetonitrile–dichloromethane afforded the benzofuran deriva-
tives 7–9 in good yields (Scheme 2, Table 1).

Formation of benzofurans by one-electron oxidation of stable
enols8 and various enol derivatives9 (including titanium eno-
lates2) is known to be initiated by a mesolytic bond cleavage of
the O–X bond followed by several reaction steps that are well
established (Scheme 3).

For the zirconocenes the Zr–O bond must have been broken
at the stage of the enolate radical cation since the direct
cyclization is highly unfavourable because of steric reasons.
Equally, a dissociative electron transfer process can be ruled out
since all the radical cations could be characterised at high scan
rates in the CV experiment. Hence, we conclude that mesolytic
Zr–O bond cleavage is the primary follow-up reaction of theScheme 1

Table 1 Oxidation potentials of zirconocene enolates determined by CV

Zirconocene Yield of
enolate Epa

a,b/V E1
2

Oxa,c/V benzofuran

1 +0.45 +0.57 95% of 7
2 +0.32 +0.43 90% of 8
3 +0.41 +0.44 88% of 9
4 +0.51 +0.46 82% of 7
5 +0.30 +0.35 86% of 8
6 +0.35 +0.36 80% of 9

a vs. Fc–Fc†. b In acetonitrile at n = 100 mV s21. c In dichloromethane at
n = 1000 V s21.

Scheme 2
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radical cations 1·+–6·+ which can follow two distinct mecha-
nistic pathways:9d the heterolytic scission (Mech. A) would
result in the formation of an a-carbonyl radical and a
zirconocene cation, the homolytic variant (Mech. B) would lead
to an a-carbonyl cation and a zirconocene(iii) species. Both
cleavage selectivities are known for enol radical cations:
homolytic cleavage can be observed for radical cations of enol
esters,9a enol carbonates and enol carbamates9d whereas the
radical cations of enols, silyl enol ethers,9b enol phosphites and
enol phosphinates9c and of the structurally very closely related
titanium enolates2 follow the heterolytic variant.

When the oxidation potentials of the homolytic cleavage
fragments (a-carbonyl radicals and Cp2ZrIIIX) are known then
the selectivity of such fragmentation processes can be deter-
mined by using a simple thermochemical cycle calculation. The
fragments which are split off in a cationic form must have the
lower redox potential. We hence measured the oxidation
potential of Cp2ZrIIIMe to Epa = 21.9 V§ and compared it with
those of the relevant a-carbonyl radicals. Since the latter are
much more positive (0.15–0.36 V)8a it is clear that mesolytic
bond cleavage of the methyl zirconocene enolates 4–6 takes
place according to the heterolytic pathway (Mech. A). This
result is in analogy to Jordan’s findings, who performed one-
electron oxidations of dimethyl zirconocene and other dialkyl
zirconocenes with equimolar amounts of ferrocenium and
isolated the cationic complexes [Cp2ZrR]+ after Zr–C bond
cleavage.10 Owing to the much larger differences of the
oxidation potentials between oxidant and substrate the desired
reaction time of this conversion is much longer (10 h) than in
our experiments (1 min). In case of the chlorine substituted
model compounds 1–3 simple considerations¶ propose that
their fragmentation should follow the same pathway.

The knowledge of the exact mechanism of this process
enabled us to determine the lifetime of zirconocene enolate
radical cations by following the kinetics of the mesolytic bond
cleavage through fast scan cyclic voltammetry at ultramicro
electrodes in dichloromethane. From the ratio of cathodic to
anodic peak current Ipc/Ipa the kinetic parameter kt was
evaluated according to the method of Nicholson and Shain11

applying a working curve for an ECirrE mechanism (electron
transfer–chemical reaction–electron transfer). The working
curve had been obtained from digital simulation of cyclic
voltammograms using the implicit Crank–Nicholson tech-
nique.12 This kinetic analysis at room temperature provided a
first order-rate constant of kf = 3.3 3 102 s21 (t1

2
= 2.1 3 1023

s) for the mesolytic bond cleavage of 2·+, kf = 3.1 3 102 s21 (t1
2

= 2.2 3 1023 s) for that of 3·+, kf = 8.3 3 102 s21 (t1
2

= 8.4 3
1024 s) for that of 4·+ and kf = 5.0 3 102 s21 (t1

2
= 1.4 3 1023

s) for that of 5·+.
In conclusion, we have characterised for the first time

zirconium enolate radical cations in solution and identified them
as rapidly cleaving precursors for zirconocene cations. Work is

in progress to use this mesolytic cleavage reaction in photo-
induced electron transfer reactions for triggering poly-
merisation.
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Deutsche Forschungsgemeinschaft (SFB 347: ‘Selective Reac-
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indebted to the Fonds der Chemischen Industrie for the ongoing
support of our research as well as to Degussa for a generous gift
of electrode materials.

Notes and References

* E-mail: mjls@chemie.uni-wuerzburg.de
† The expression mesolytic was coined by Maslak to describe bond
cleavage of radical ions to yield radical and ionic products: P. Maslak and
J. N. Narvaez, Angew. Chem., Int. Ed. Engl., 1990, 29, 283.
‡ All potentials are referenced to the ferrocene–ferrocenium (Fc) redox
couple unless otherwise noted. To obtain values vs. SCE, simply add +0.39
V.
§ We determined the reduction potential of the corresponding cation
[Cp2ZrIVMe(MeCN)2]BPh4 to Epc = 21.94 V (in acetonitrile at 100 mV
s21; supporting electrolyte: NaBPh4). The preparation of this cation is
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a-carbonyl radicals.
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2 M. Schmittel and R. Söllner, Angew. Chem., Int. Ed. Engl., 1996, 35,
2107; Chem. Ber./Recueil, 1997, 130, 771.

3 M. Schmittel, A. Burghart, W. Malisch, J. Reising and R. Söllner,
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Extended rim redox active tris-metallodioxolene derivatives of
cyclotricatechylene

D. Scott Bohle* and Daniel Stasko

Department of Chemistry, University of Wyoming, Laramie, WY 82071-3838, USA 

Triple metallation of cyclotricatechylene (CTC) results in
new cavitands with significantly extended rims and three
reversible redox couples as determined by single-crystal
X-ray diffraction and electrochemistry.

Supramolecular constructs based on cyclotriveratrylene (CTV)
1 are versatile cavitands which form inclusion compounds for a
diverse group of guests ranging from buckministerfullerene1

and carboranes2 to halocarbons,3 anions,4 and cationic organo-
metallic sandwich complexes.5 As has been recently recog-
nized, the solid state structures of these host–guest complexes
are either columnar, with the guests often packing between the
CTV units, much like a typical solvate, or, as in the case of the
fullerene inclusion compounds, the cavity is fully utilized to
maximize the non-covalent interactions in the C607CTV
aggregate.1,5,6 One strategy to more fully utilize the cavitand
scaffold offered by the CTV unit is to extend the rim by building
off from the three catechol moieties; while a wide range of alkyl
and pendant ligand derivatives have been so prepared,7–9 we are
unaware of any reports where transition metal complexes have
been used to directly extend the rim of the CTV cavity. Herein,
we describe (i) the preparation and characterization of two such
derivatives; (ii) the structure of one as its bisdimethylacetamide
(DMA) inclusion adduct; and (iii) the redox activity of these
new hosts. These compounds provide unusual new examples of
a redox active hosts where the redox units are incorporated
directly into the framework of the host.

Cyclotriveratrylene, 1 was converted into the tris-catechol
derivative, cyclotricatechylene 2 with boron tribromide.10

Compound 2 was then treated for several hours in deoxygenated
DMA solutions with a slight excess of LPtCl2 [(L =
diphenylphosphinobenzene (dppb) or diphenylphosphinofer-
rocene (dppfc)] in the presence of a methanol/potassium
carbonate mixture acting as a base. The product was isolated as
an orange solid collected by precipitation with diethyl ether and
recrystallization from dichloromethane–acetone. The two mate-
rials, (CTC)[Pt(dppb)]3 3 and (CTC)[Pt(dppfc)]3 4, were both
obtained in moderate yields and appear indefinitely stable in air
in the solid state; the latter slowly decomposes in solution after
a few days.

Characterization† of these compounds has led to the
formulation of the materials as the triply metallated platinu-
m(ii)–tris-catecholate species. Support for this assignment
comes from the presence of a strong IR active band at 1270
cm21 attributable to a n(C–O–M) mode. In addition, the 31P
NMR spectral data for these species are indicative of complete

substitution, showing only one phosphorus signal with corre-
sponding platinum satellites. The 1H NMR spectrum also shows
this symmetrical substitution, indicated by a singlet represent-
ing the aromatic CTC protons. The geminal coupling of the
protons on the methylene bridgehead carbons, characteristic
CTC markers due to the rigid conformation of the bowl,7 also
suggests that the sterically bulky phosphine ligands do not
significantly perturb the shape.

Structural characterization of 3 by single-crystal X-ray
diffraction‡ confirms that the tris-catecholate complex retains
the original bowl structure of the cavitand (Fig. 1). Moreover,
the square planar coordination of the platinum centers within
the molecule and their metrical data are consistent with the
formulation of the compound as a PtII catecholate.11 As shown
in the graphical abstract a crystallographic inversion center
leads to the formation of a cage in the solid state. The resulting
shell incorporates four DMA molecules, disordered over eight
positions, within its interior. While this is expected from the
known ability of CTV compounds to form inclusion type
complexes,7,8 what is especially striking is that the guests are
now completely enclosed within the rim of the host; derivati-
zation at the rim of the CTV bowl with LPt extends the depth of
the cavity while also maintaining the host character of the parent
compound.

The electrochemical properties of the two compounds, 3 and
4, were examined by cyclic voltammetry.§ Upon sweeping the
voltage to oxidizing potentials, a three wave voltammogram
(Fig. 2) appears, with the first oxidation taking place at
approximately 50 mV (vs. NHE). These reversible oxidations
corresponds to the three separate one-electron oxidations of
each catecholate (cat) moiety of the CTC unit to a semiquinoid
(sq) species (Table 1). This behavior is quite different to that of
the parent CTV compound which shows two irreversible waves

Fig. 1 Structure of (CTC)[Pt(dppb)]3 3 viewed looking down from the top
of the bowl, ORTEP (50% thermal ellipsoids); solvent and hydrogens
removed for clarity. Average Pt–Pt distance 9.85 Å.
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at much higher potential, 1670 and 1830 mV (vs. NHE).12

Though the electrochemical properties of 3 and 4 are very
different from 1, the first oxidation potentials are similar to
those observed for the first oxidation of simple platinum
catecholate derivatives.13 Sweeping to greater oxidizing poten-
tials produces a fourth irreversible couple resulting in decom-
position of the CTC complex. This fourth oxidation is observed
at ca. 1100 mV and most likely is attributed to quinoid
formation and loss of coordination of the CTC moiety to the
platinum center. For 4, this oxidation and decomposition
appears to be coincident with oxidation of the ferrocene moiety
of the chelating phosphine. The three cat–sq waves indicate
communication between the metal centers; since the potential is
characteristic of CTC based catecholate oxidations, this com-
munication is likely to be mediated primarily by the CTC
framework itself, either through a through-space interaction
from the increased charge density on the aromatic ring, or from
a through-bond interaction at the bridging methylene spacers.
The electron rich CTV based cryptophanes are known to form
radical cations which are thought to be stabilized through
extended delocalization of the unpaired electron over the CTV
units.12 The communication observed between the redox
centers of 3 and 4 may be attributed to a similar phenome-
non.

This set of compounds extends the family of known CTC
derivatives to include the new dioxolene species which
incorporate a previously unexamined aspect of metallated host–
guest chemistry. Current efforts are directed towards exploring
the range of complexes that can be created and characterizing
their binding and catalytic properties.

We gratefully acknowledge support from the DOE (Grant
DE-FCO2-91ER) and the Camille and Henry Dreyfus Foun-
dation teacher/scholar award (D. S. B). We would also like to
thank Dr Navamoney Arulsamy for assistance with the
crystallography.
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† Selected spectroscopic data: IR 3, 1271 cm21; 4, 1274 cm21 (aryl C–O–M
stretch). NMR [CDCl3–CD3OD (5 : 1), 23 °C]: 3, d(1H) 6.7 (s, 6 H, CTV
aromatic), 4.6 (d, J 12 Hz, 3 H, CTV methylene bridge), 3.3 (d, J 12 Hz, 3
H, CTV methylene bridge). d(31P) 33.2 (1JPPt 3492 Hz). 4, d(1H) 6.7 (s, 6
H, CTV aromatic), 4.8 (d, J 12 Hz, 3 H, CTV methylene bridge), 3.4 (d, J
12 Hz, 3 H, CTV methylene bridge). d(31P) 10.2 (1JPPt 3640 Hz). Complete
details are available in supplementary data available from the authors.
‡ Selected crystallographic data for 3 (193 K): C143H156N8O14P6Pt3, dark
orange rhombus from DMA–isopropyl alcohol, triclinic, space group P1̄, a
= 17.2442(3), b = 20.98140(10), c = 21.3249(3) Å, a = 69.876(1), b =
85.997(1), g = 66.325(1)°, U = 6613.8(2) Å3, Z = 2; R1 (wR2) [I > 2s(I)]
= 0.046 (0.095), All non-hydrogen atoms refined anisotropically. Com-
plete details are available in supplementary material available from the
authors. CCDC 182/725.
§ Anaerobic dichloromethane solutions of 3 and 4, with 0.1 m NBun

4PF6 as
supporting electrolyte, were examined using a Pt disk working electrode, a
Pt wire auxiliary electrode, and a nonaqueous Ag/AgNO3 reference
electrode. Potentials and corresponding currents were examined at various
scan rates, ranging from 25 to 1000 mV s21. Reversibility was determined
by examination of cathodic and anodic peak current ratios as well as peak
symmetry and by examination of the linearity of plots of DE = Eox 2 Ered

vs. the square root of the scan rate. Measured potentials were calibrated
through the use of an internal Fc–Fc+ standard, with the reported values
referenced against NHE.
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Fig. 2 Cyclic voltammogram of (CTC)[Pt(dppfc)]3 4 reversible cat–sq
couples. Referenced vs. NHE, scan rate = 100 mV s21. See Table 1 for
experimental conditions.

Table 1 Electrochemical data

Compound E1/2
a/mV Assignment

3 40 cat–sq
240
490
≈ 1050 (irr.) sq–quin (decomp.)

4 60 cat–sq
230
470
≈ 1150 (irr.) sq–quin (decomp.)

a Experiments were carried out using CH2Cl2 as the solvent with 0.1 m
NBun

4PF6 as the supporting electrolyte, Pt disc working and Pt wire
auxiliary electrodes, and an Ag–AgNO3 non-aqueous reference electrode.
Half-cell potentials were calibrated against an internal Fc–Fc+ standard.
Reported values are referenced vs. NHE.
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Model investigations for vanadium–protein interactions: first vanadium(iii)
complexes with dipeptides and their oxovanadium(iv) analogues
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Reaction of the dipeptides H2Gly-Tyr and H2Gly-Phe with
VCl3 and 1,10-phenanthroline affords the compounds
[V(Gly-Tyr)(phen)]Cl·3MeOH 1 and [V(Gly-Phe)(phen)]Cl-
·3MeOH 2; aerial oxidation of the complexes 1 and 2 gives
their oxovanadium(iv) analogues [VO(Gly-Tyr)(phen)] 3
and [VO(Gly-Phe(phen)] 4, respectively; the X-ray crystal
structure of 3 is reported.

Vanadium is an essential nutrient for higher animals,1 although
this has not yet been clearly established as such to human life.2
Nevertheless, vanadium in vivo generates significant physio-
logical responses;3 for example, vanadate inhibits ion transport
ATP-ases,4 phosphotyrosine phosphatase,5 etc. Beyond dispute,
the most important physiological response of vanadium is its
insulin-mimetic properties.6 Our understanding of the mecha-
nism of vanadium insulinomimetic action is still in its infancy.6
In addition to the above mentioned roles of vanadium, the
oxovanadium(iv) center is an excellent EPR spectroscopic
probe for various naturally occurring vanadoproteins and
oxovanadium(iv)-substituted protein systems.7 Detailed struc-
tural, physicochemical and kinetic investigations on synthetic
model complexes of vanadium with peptides, that are the most
closely related models to proteins, will contribute greatly to our
understanding of the mechanism of insulinomimetic action of
vanadium as well as of its biological role in general. To date,
there are only two vanadium(v) complexes structurally charac-
terized with the dipeptide glycylglycine.8a,b The preparation of
two vanadium(iv) compounds with the dipeptides glycylglycine
and glycylalanine has also been reported.8c Herein, we describe
the synthesis of the first vanadium(iii) complexes with dipep-
tides, namely, with glycyl-l-tyrosine (Gly-Tyr) and glycyl-
l-phenylalanine (Gly–Phe) and their oxovanadium(iv) ana-
logues. The X-ray crystal structure of VO2+ with Gly-Tyr is
reported, as well as the electrochemistry and the EPR spectra of
the VO2+ compounds. To our knowledge, the structure of VO2+

with the dipeptide Gly-Tyr is the first example of a structurally
characterized vanadium(iv) complex with a peptide.

Vanadium(iii) chloride (2 mmol) was dissolved in methanol
at ambient temperature, then the solution was cooled to 220 °C.
Sequential addition of 1,10-phenanthroline (2 mmol), of the
dipeptide (2 mmol) and an excess of triethylamine (10 mmol) to
the vanadium solution, followed by slow warming under
magnetic stirring to room temperature, induced a sequence of
color changes (from red through red-brown to brown-purple)
and resulted in the formation of the complexes [V(Gly-
Tyr)(phen)]Cl·3MeOH 1 (yield 70%) and [V(Gly-Phe)-
(phen)]Cl·3MeOH 2 (yield 50%). Air oxidation of 1 and 2 gives
their oxovanadium(iv) analogues, [VO(Gly-Tyr)(phen)] 3
(yield 80%) and [VO(Gly-Phe)(phen)] 4 (yield 65%), respec-
tively. The elemental analyses for complexes 1–4 are in accord
with the formulas given above.

The molecular structure of the complex 3 (Fig. 1), shows the
vanadium atom possessing a severely distorted octahedral
coordination. The vanadium atom is 3 is ligated to a tridentate

Gly-Tyr22 ligand at the Namine atom N(11) the deprotonated
Npeptide atom N(12) and one of the Ocarboxylato atoms O(14), as
well as an oxo group O(1) and two phenanthroline nitrogens
N(1) and N(10) and is 0.33 Å, above the mean equatorial plane,
defined by the three ligating atoms of the dipeptide [N(11),
N(12), O(14)] and a phenanthroline nitrogen N(1), in the
direction of the oxo ligand. The peptide functionality
N(12)C(12)O(12)C(11) [maximum deviation of C(12) is 0.02
Å] is planar within the limits of precision. The ligand Gly-Tyr22

forms two five-membered fused chelate rings and is mer-
idionally ligated to VO2+ center with the amine nitrogen and
carboxylato oxygen atoms lying in trans position. The
V–Npeptide bond length [1.927(7) Å] is indicative of a very
strong bond of the deprotonated peptide nitrogen to vanadium,
and may reflect some VNN character9 due to donation of
electron density from the deprotonated peptide nitrogen into
metal d orbitals. The oxovanadium(iv)–amidate N distance in
complex 3 is significantly shorter (ca. 0.07 Å) than seen in the
related complex [NHEt3][VIVO(mpg)(phen)]CH3OH8c,10 5
[V–Namide = 1.997(4) Å] which is the only other oxovana-
dium(iv) complex which contains an aliphatic V–Namide bond.
This significant difference could be ascribed to ligand con-
straints in 3 and to the weaker dianionic ligand set (Gly-Tyr22)
in complex 3, compared to trianionic ligand set (mpg32) in
complex 5, which results in a higher effective charge on the
vanadium center and shorter V–N distances. Nevertheless, the
V–Namide and V–Namine bond lengths in 3 are longer (ca. 0.03
and 0.06 Å, respectively) from the analogous distances found in
the complexes [Cu(Gly-Tyr)(H2O)2]·2H2O 611 [Pd(Gly-Tyr)-
(cyd)]·6.5H2O 712 [complexes 6 and 7 are the only two other
Gly-Tyr compounds with transition metal ions] but the
V–Ocarboxylato bond distance in 3 is shorter (ca. 0.03 and 0.07 Å
for 6 and 7 respectively); this is expected13 as the VIVO2+ center

Fig. 1 The X-ray structure of 3. Selected interatomic distances (Å) and
angles (°): V–O(1) 1.574(5), V–O(14) 1.946(5), V–N(1) 2.105(7), V–N(12)
1.927(7), V–N(11) 2.075(7), V–N(10) 2.351(7); O(1)–V–N(12) 106.9(3),
N(12)–V–O(14) 80.2(2), N(12)–V–N(11) 78.8(3), O(1)–V–N(1) 91.5(3),
O(14)–V–N(1) 91.6(2), O(1)–V–N(10) 162.7(3), O(14)–V–N(10) 82.7(2),
N(1)–V–N(10) 72.0(2), O(1)–V–O(14) 103.5(3), O(1)–V–N(1) 98.0(3),
O(14)–V–N(11) 153.4(3), N(12)–V–N(1) 161.1(3), N(11)–V–N(1)
103.3(3), N(12)–V–N(10) 90.0(2), N(11)–V–N(10) 81.3(2).
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[VIVO(Gly-Phe)(phen)] + e–→ [VIIIO(Gly-Phe)(phen)] – E1/2 = –1.26 V   (1)

is considered a ‘hard acid’, Cu2+ a borderline acid and Pd2+ a
soft acid and oxygen a harder base than nitrogen. The side chain
aromatic ring is tilted to the equatorial coordination plane of
vanadium (the dihedral angle between these planes is 31°) and
in the opposite direction from it, in marked contrast to
complexes 6 and 7 where the aromatic ring is roughly above the
coordination plane of the metal atom; this conformation of the
tyrosine residue in 3 may be imposed by the presence of the
axial ligand (O22), that pushes away the aromatic ring.

The V–Cl stretch is absent from the IR spectra of complexes
1 and 2. This, in combination with the molar conductance of
these complexes in methanol, which is characteristic of 1 : 1
electrolytes led us to the conclusion that the chloride atom is not
coordinated to vanadium. The magnetic moments of complexes
1, 2 and 3, 4 are in accord with the spin-only value expected for
d2 and d1 systems, respectively.

The redox properties of 4 in acetonitrile (complexes 1, 2 and
3 are not soluble enough to be studied in MeCN) have been
studied by cyclic voltametric and polarographic techniques. The
complex displays a reversible one-electron redox process [eqn.
(1); E1

2
vs. NHE].

The continuous wave (cw) EPR parameters for the two
oxovanadium(iv) complexes 3 and 4 (Table 1) were determined
by computer simulation of the experimental cw EPR spectrum.
Comparison of the cw EPR data of the complexes 3 and 4 with
those reported for various oxovanadium(iv) species14 with
different equatorial donor sets (e.g., O4, N2O2, N2S2, etc.)
indicates that their equatorial donor set should be N3O.
Application of the additivity relationship15 for complexes 3 and
4 gives an Az value of 159.6 3 1024 cm21 [ = (40.1 + 42.7 + 35
+ 41.8) 3 1024 cm21] which is almost identical to the
experimental values for both complexes (Table 1). Electron spin
echo envelope modulation (ESEEM) experiments, that were
performed on complexes 3 and 4 verified the existence of three
different 14N atoms ligated to the equatorial plane of the
oxovanadium(iv) center. Thus, it was concluded that in
solution, as well as in the solid state, the VO2+ center is
coordinated to three nitrogen atoms in the equatorial plane. The
experimental values for Az,amide (35 3 1024 and 34 3 1024

cm21 for complexes 3 and 4, respectively) do not deviate from
the average Az,amide value (34 3 1024 cm21) reported by
Cornman et al.16 for oxovanadium(iv) complexes with various
aromatic amides and from the Az,amide for the complexes
[VIVO(Gly-Gly)(phen)]·2MeOH and [VIVO(Gly-Ala)-
(phen)]·MeOH (36 3 1024 cm21). Solution studies (water) of

the VO2+ with a number of peptides17 also gave a value of ca.
35 3 1024 cm21 for Az,amide.

We gratefully acknowledge support of this research by the
Greek General Secretariat of Research and Technology (Grant
no. 1807/95) and Mrs F. Masala for typing the manuscript.
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† Crystal data: 3, C23H20N4O5V, M = 483.36, orthorhombic, space group
P212121, a = 6.9130(2), b = 12.4343(5), c = 23.7833(9) Å,
U = 2044.37(13) Å3, Z = 4, Dc = 1.57 g cm23; crystal dimensions 0.04 3
0.12 3 0.27 mm, m = 0.53 mm21; 8496 data collected, 3049 data unique,
2999 data used; F(000) = 992, 303 parameters, R1 = 0.0714,
wR2 = 0.1491 with I > 2s(I). Data were collected using small slices on a
Siemens SMART system. The absolute chirality was established by the
Flack parameter, 0.03(6). CCDC 182/750.
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Table 1 EPR parameters for the complexes 3 and 4

1024 A/cm21

Com- Donor
pound set gx gy gz Ax Ay Az Az,amide

3 N3O 1.982 1.984 1.952 53.0 58.0 160.0 35
4 N3O 1.981 1.983 1.951 54.0 58.0 159.0 34
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Covalently supported porphyrins as ligands for the preparation of heme
a3/CuB binuclear active site analogues of heme–copper terminal oxidases and
metallation under mild conditions

Jin-Ook Baeg and R. H. Holm*

Department of Chemistry and Chemical Biology, Harvard University, Cambridge, Massachusetts 02138, USA 

New covalently supported binucleating porphyrins have
been prepared as potential structural and/or functional
ligands for the iron–copper (heme a3/CuB) active sites of
heme–copper oxidases, and the introduction of iron and
copper into one porphyrin under mild reaction conditions
has been developed.

Essential to the elucidation of the mechanism of dioxygen
reduction to water and its inhibition at the binuclear heme
a3/CuB active sites of heme–copper oxidases1–5 is the construc-
tion of a functional enzyme analogue system. This can
presumably be achieved by synthesizing covalently supported
binucleating heme ligands whose iron–copper arrangement
approaches the enzyme active site stereochemistry. Collman
et al.6–9 have reported the synthesis of several such ligands by

a congruent Michael multiple addition method, including one
ligand whose CoII–CuI derivative shows catalytic activity in the
four-electron reduction of dioxygen to water.9,10 These systems
primarily contain 1,4,7-triazacyclononane-, cyclen-, or cyclam-
adapted copper binding sites. Our previous investigations of
binuclear heme–Cu bridged assemblies have featured a variety
of unsupported bridges suitable for structural and electronic
elucidation.11–20 To extend our investigation to reactivity with
dioxygen and inhibiting ligands such as cyanide, we have
undertaken the design and synthesis of covalent binucleating
ligands and their complexes capable of sustaining various Fe–
X–Cu bridges. Here we report the preparation of three new
porphyrin ligands, using Michael addition methodology for one
of them, with structural features somewhat different than those
previously described.6–9

Scheme 1 Reagents and conditions: i, H2CNCHCOCl, Et3N, CH2Cl2, 46%; ii, [Fe(OH2)6][BF4]2, 2,6-dimethypyridine, THF, 90%; iii, 9, CH2Cl2, MeOH,
48 h, 32%; iv, [Cu(MeCN)4]PF6, THF, 24 h, 70%; v, I2, THF, 12 h, 82%; vi, 15, SOCl2, DMF, 20 h, 60%; vii, FeSO4, HOAc, O2, NaOH, HCl, 57–60%;
viii, MeCOCl, Et3N, CH2Cl2, 2 h, 50%; ix, PhCHO, 1 N HCl, benzene, molecular sieves, NaBH3CN, 85%; x, HCO2H, HCHO, 110 °C, 12 h, 76%; xi,
Pd(OH)2 on carbon, MeOH, H2 (1 atm), 60 °C, 20 h, 90%; xii, PBr3, quinoline, bromobenzene, 24 h, 165 °C, 65%; xiii, sodium imidazolate, Me2SO, 150
°C, 20 h, 84%
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Synthetic pathways for ligands and complexes are depicted in
Scheme 1.† Reactions were carried out at ambient temperature
unless noted otherwise. A key starting material, as in related
work,6–8 is meso-a,a,a,a-tetrakis(o-aminophenyl)porphyrin
1.21 Treatment of 1 with acryloyl chloride and triethylamine in
dichloromethane affords the corresponding tetrakis(acryloyl-
amidophenyl)porphyrin 26 (46%). The new tetraamine 9 was
prepared in three steps from tris(2-aminoethyl)amine 8 in 58%
overall yield. Reaction of 8 with benzaldehyde in dry benzene
containing ethereal 1 m HCl and molecular sieves, followed by
reduction with NaBH3CN, gave tris[2-(benzylamino)ethyl]-
amine 12 (85%). Subsequent reaction of 12 with formic acid and
formaldehyde solution afforded tris[2-(benzylmethylamino)-
ethyl]amine 13 (76%). Palladium hydroxide catalyzed the
selective debenzylation of 13 under 1 atm of dihydrogen at
room temperature for 20 h to afford 9 (90%). Iron(ii) was
inserted into 2 at room temperature by reaction of Fe[BF4]2 in
the presence of 2,6-dimethylpyridine to give [FeII(2)] (90%).
Metal insertion under these mild conditions is necessary to
minimize undesirable porphyrin isomerization. In the next step,
reaction of the Michael acceptor [FeII(222H)] with tetraamine
9 in dichloromethane for 48 h gave the covalently capped
iron(ii) porphyrin 3 (32%, lmax 426 nm, m/z 1133) with a vacant
tetraaza binding site. The free ligand of 3 (lmax 424 nm, m/z
1079) was obtained by the same reaction in comparable yield
using 2. Treatment of 3 with 1 equiv. of [Cu(MeCN)4]PF6 in
THF for 24 h afforded the binuclear FeII–CuI assembly 4 (70%,
lmax 426 nm, m/z 1196). Complex 3 was readily oxidized by
excess iodine in THF to give the iron(iii) complex 5 (82%, lmax
417 nm, m/z 1260) in which the iodide ligand is presumed to
occupy an axial position on the unhindered heme face as shown.
The EPR spectrum shows 5 to be high spin (g∑ = 2.03, g4 =
5.73; acetonitrile, 10 K).

Ligand binding by complexes 3–5 at the iron site could
introduce ligands internal to the tetraaza cavity or on the
unhindered face. To direct ligands to the desired internal venue,
an exceptionally bulky axial base, incapable of residing in the
cavity, has been prepared. Selective bromination of 1-ada-
mantylmethanol using PBr3 gave 1-bromomethyladamantane
14 (65%). Reaction of 14 with equimolar sodium imidazolate in
Me2SO at 150 °C yielded the N-adamantylimidazole 11
(84%).

Spectroscopic evidence has supported the coordination of
three imidazole groups from histidyl residues by CuB,1,2,5 a
matter recently confirmed by the X-ray structures of two
enzymes in the oxidized form.3,4 To our knowledge, no
binucleating porphyrin having this type of binding potentiality
with copper is available, the closest approach being those with
pyrazolyl binding sites.22 We have sought binucleating ligands
of this sort from the reactions of 1 and the acyl chloride of
3-(N-imidazolyl)propionic acid 15.23 Treatment of 1 with an
excess (5 equiv.) of 15 and SOCl2 in DMF for 20 h produced the
free base of 6 (60%, lmax 421 nm, m/z 1163). In another
experiment, 1 was monoprotected by reaction with 1 equiv. of
acetyl chloride in dichloromethane for 2 h to give the
triphenyl(o-methylamidophenyl)porphyrin, which was resolved
from an isomeric mixture by preparative TLC (acetone–
chloroform, 3 : 7 v/v; 50%). This compound was subjected to
reaction with 4 equiv. of 15 and SOCl2 in DMF to give the
desired free base of 7 (58%, lmax 420, m/z 1083) containing
three imidazole groups. Both free bases could be metalated by
the FeSO4/HOAc method:24 6 [60%, lmax 425 nm, m/z 1252]; 7
[57%, lmax 424 nm, m/z 1172].

In summary, we have prepared three new types of binu-
cleating porphyrin ligands and their iron complexes capable of

covalently supporting Fe–X–Cu bridges. The ligand of 3–5
furnishes a trigonal four-coordinate tetraaza binding site, one
feature of which is direction of the magnetic orbital of CuII

toward a bridging ligand such as dioxygen, hydroxide or
cyanide, thereby optimizing magnetic coupling of the iron atom
across the bridge.20 Complex 6 is favorable to planar coordina-
tion by CuII, while 7 provides the tris(imidazole) binding site of
the native oxidases. The binding sites in 3–5 and 7 are
necessarily displaced off a perpendicular through the iron atom
normal to the heme plane, as is the case for two crystalline
oxidases.3,4 The sterically demanding ligand 11 has been
developed as a promotor of the bridging vs. terminal ligand
binding mode.

This research was supported by National Science Foundation
Grant CHE 94-23830.
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+ H)+. Stated yields refer to isolated compounds.
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Various binding sites in DNA bases and base pairs as
predicted by rigorous analysis of the molecular electrostatic
potential (MESP) are explored for coordination with Li+ and
Ca2+ cations; the electrostatics is generally seen to provide
an explanation for the observed trends in binding upon
subjecting the anticipated structures to optimization at a
high level ab initio theory.

The interactions between metal cation and the bases of DNA are
being widely studied for gaining insights into the origin of
stabilization or destabilization of DNA due to the presence of
such ions.1 In the polynucleotide DNA sequence, most of the
cations predominantly interact with the backbone phosphate
groups,2 the charge neutralization leading to an enhancement of
stabilization of the sequence. However, the cation–base inter-
action is not negligible.1 In fact, some transition metal ions like
Zn2+ and Cd2+ are found2 to interact extensively with the bases
facilitating renaturation of thermally denatured DNA.

Theoretical Hartree–Fock calculations carried out for the
Watson–Crick (WC) base pairs with minimal basis3 revealed
that metal ion binding, in general, leads to an increased stability
of the complementary base pairs. It is observed experimentally
that the purine–purine–pyrimidine (PuPuPy) type triplexes
respond differently to various cations.4 For example, the GGC
triplexes are found to be stabilized by divalent alkaline earth as
well as transition metal cations while AAT triads are stabilized
exclusively by the latter. The observed differential stabilization
also finds support from the recent high level ab initio
calculations by Sponer et al.5 who have explained the
phenomenon on the basis of missing lone-pair interactions with
d orbitals in the case of alkaline earth cations.

An important issue concerning DNA–metal cation interac-
tions is the relative energetic preference of the various lone-pair
sites in the bases. There seems to be a general consensus that the
N7 site in guanine is the most favored one among all the bases
for a given cation,1,6 although the recent theoretical treatment1
also emphasizes the influence of the O6 atom in stabilizing the
cation. The larger stabilization in G–cation complexes has
been1 accounted for by the large dipole moment of the base.

The interactions of DNA with the metal cation are mostly
driven by electrostatics. However, an analysis of the binding
sites in terms of the complete electrostatic description of bases
and base pairs is conspicuous by its absence from the earlier
literature. The MESP,7 V, at a point r due to nuclear charges
{ZL} at {RL} and the electronic charge density r(r) is defined
as
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V(r) can assume both positive and negative values and can
provide useful information regarding electron-rich sites. It is
interesting to see8a,b whether all the negative valued critical
points (CPs) in MESP of the base (and the base pair) turn out to
be the binding sites for cations and also whether any of the
amino-lone pair sites are accessed by them. Since the reported
findings1,3 are based on calculations with either the effective
core potentials or basis sets of limited extent for the metal

species, there is a need for employing better quality basis sets
including polarization functions. Here, we report the findings of
base–cation as well as WC base pair–cation interactions using
an electrostatic approach at a high level ab initio theory.

Planar optimized structures at 6-31G** basis set are used for
the bases A, G, T, C and the WC base9 pairs AT and GC. A
6-31G* basis set is employed for Li while for Ca, use is made
of TZV* basis. The topography of MESP10 of the organic
molecules is used for initial positioning of Li+ or Ca2+. The
cation is docked by keeping the base (or base pair) geometry
fixed until the electrostatic interaction energy11 attains a
minimum. The resultant structure obtained by electrostatic
docking is consequently subjected to full ab initio geometry
optimization carried out on Fujitsu VPP300 with the GAUSS-
IAN94 package tuned for this platform. The single point energy
(DES) values as well as the interaction energies of the fully
optimized structures (DEF) are reported in Table 1.

It can be seen that the relative ordering of the interaction
energies for Li+ and Ca2+ with various hosts is according to the
depth of negative potential at the CP positions. On ab initio
optimization, it is found that the distance of the cation from the
nearest atom in the host is similar to the distance of the

Table 1 Interaction energies [kcal mol21 (1 cal = 4.184 J)] with single
point SCF calculations at the electrostatically docked geometry, DES, and
full optimization, DEF for various DNA···cation interactionsa

DES with DEF with DES with DEF with
Host Site Li+ Li+ Ca2+ Ca2+

A a1 242.83 245.80 266.52 270.97
a2 242.85 246.54 265.70 272.35
a3 224.94 245.80b 241.62 292.31c

a4 239.28 241.41 256.15 261.90
G g1 219.00 240.85c 238.73 262.74

g2 227.11 233.10 240.31 247.01
g5, g6, g7 268.13 278.24 2124.31 2133.78

T t2 244.68 251.90 270.86 281.40
t4 246.45 253.63 271.25 286.06

C c3, c4, c5 270.20 276.02 2108.16 2123.33
AT at1 257.49 262.82 285.13 2142.63d

(24.47)
at2 244.34 256.98b 267.52 2161.81b,d

at3 249.67 256.98 272.68 Not
(25.81) converged

at4, at5, at6 268.04 268.97 299.75 2111.70
25.26 218.35

at7 256.31 263.77 284.91 2161.81d

(210.13)
GC gc1 258.58 2100.56d 253.62 2138.13d

gc2 266.91 273.12 262.63 274.06
(213.97) (227.05)

gc3, gc4, gc5 2103.79 2110.57 2142.74 2143.63
(26.28) (210.45)

gc6 266.89 279.19 258.45 2200.05d

a The relevant CPs in MESP (Fig. 1) of the bases and the WC base pairs are
employed as starting positions of the cations. The numbers in parentheses
for AT and GC are the base pair stabilization energies on cation binding.
b These structures are similar to those obtained from different starting guess.
c Amino group is twisted to facilitate manifold coordination of the cation.
d Cation is sandwiched between two bases splitting the base pair.
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corresponding MESP CP. Whereas the binding energies at
various sites in A as well as in T are quite close, the region
between the O6 and N7 atoms in G shows much more binding
strength than other sites. From an electrostatic point of view, it
is natural to expect that the extensive negative MESP region
constituted by a number of CPs stabilizes the cation to a greater
extent in G and C. In T, the cation enjoys a surrounding negative
MESP region when it is close to t2 or t5, the saddles in MESP.
Thus, rather than relying upon the partial information such as
moments of various orders, the MESP topography leads to a
more complete picture of these interactions. This is evident
from the fact that all the negative MESP regions which are
disjoint give rise to distinct optimum structures.

Electrostatic energy minimization predicts off-plane binding
for both the cations with A and G near the amino nitrogen but
not for C, probably due to the high negative potential region
being concentrated only near O2 and N3 in C. Further
optimization at the SCF level leads Li+ to converge to the
position a1 (rather than a4) in A without affecting the geometry
of the NH2 group. In G, however, full optimization leads Li+ to
the g2 site with an out of plane twisting of the amino group. The
cation is thus able to coordinate with the N2 as well as N3 atoms
forming a bidentate structure. Using the wavefunction of this
twisted amino-G, it is observed that the MESP minimum at N3

(g2) deepens to 20.100 Eh. This is reflected in the improvement
in the stabilization energy DEF which is much more than the
value for the monodentate structure at the N3 site. The
differential behavior of Li+ towards N6 in A and N2 in G could
arise due to a relatively deep negative MESP region in the
former and a very weak one in the latter (cf. Fig. 1). Similar
bidentate structure is formed by Ca2+ with A (coordinating with
N1 and N6) while the optimized structure for G–Ca2+ has the
cation occupying the off-plane site. The discrimination between
the two purine bases by the divalent cation could arise due to
higher ionic charge as well as polarization effects.

From Table 1, the coordination of cations at various sites in
WC base pairs is enhanced as compared to individual bases.
This appears to be due to increased charge concentration upon
base pairing, which is reflected in the MESP topography
(Fig. 1). Thus MESP seems to govern the relative binding
affinities of various sites in base pairs. In some cases (site at7 in
AT accessed by Li+ and gc4 in GC accessed by Ca2+), the
interaction energy at the electrostatically docked geometries is

< 2 kcal mol21 ( < 2%) away from the value for the final
optimized structure. There are other instances when DES and
DEF differ substantially owing to large changes in the
geometrical orientation of the bases within the pair upon
optimization. These structures, however, may not have much
significance in biological systems. Geometry optimization
could not be achieved for Ca2+ at the N7 position of A in AT.
This observation is consistent with the finding of Sponer et al.5
resulting in the inability of alkaline earth cations to stabilize the
AAT triplex.

Base pair stabilization due to cation binding is calculated
according to Anwander et al.,3 although the interaction energies
are not corrected for basis set superposition error. The earlier
calculations3 are based upon optimization of a cation bound to
a single base and the use of inter-base geometry determined by
X-ray crystallography, though their trends generally agree with
our results for GC. Thus, the largest stabilization occurs at the
purine N3 site in GC for both cations. For AT, the present full
optimization at higher level does not lead to binding of Ca2+ at
N7 and N3 positions (the base pair is split) which may be
interpreted as a destabilization effect. The AT pair is stabilized
due to the cation only if it binds near the O2 of thymine, reports3

also predict this site to be the most stabilizing.
The outcome of this work is that the strength of MESP at CPs

can be meaningfully employed for predicting the sites of cation
coordination in bases and base pairs as well as the respective
binding energies. In general, Li+ and Ca2+ do not prefer to
occupy amino-nitrogen lone pair sites with the exception of
G–Ca2+ complex. In all those structures where the base pair
geometry does not alter much, the initial site predicted by
electrostatics is very close to the final optimized one. In
conclusion, electrostatics may be used as a powerful tool for a
qualitative and semiquantitative prediction of cation coordina-
tion sites in DNA bases and base pairs.
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Fig. 1 MESP topographical features of DNA bases A, G, T and C as well as
Watson–Crick base pairs AT and GC. The CPs are marked by * and
corresponding MESP values given alongside.
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Mild thermolysis of (2-pyridyl)(SiMe3)2CSbCl2 and
[2-(6-Me)pyridyl](SiMe3)NAsCl2 affords, respectively, the
chloro-bridged polymeric geminal C-centred distibine(III)
complex [(2-pyridyl)(SiMe3)CSbCl]H 1 and the geminal
N-centred arsenic(III) amide [{2-(6-Me)pyridyl}NAsCl]2 2;
the proposed mechanism involves the elimination of Me3-
SiCl and a [2 + 2] stereospecific cis-cycloaddition of the
stibaalkene (SbNC) and arsaimine (AsNN) intermediates.

In developing the main group chemistry of the bulky alkyl
ligand, (2-pyridyl)(SiMe3)2C2, Rpy, and the related amido
ligand, {2-(6-Me)pyridyl}(SiMe3)N2, Lpy, the presence of the
Me3Si group has been important in the kinetic protection of any
metal(loid) centre.1 However another important aspect of this
chemistry is the potential present for the low energy
b-elimination of Me3SiCl from substituted metal(loid) chloride
complexes resulting in novel and/or rare multiply bonded
species. As such the elimination of halosilane from Rpy2SbCl
proved useful in synthesising the novel geminal AlIII/SbIII

bimetallic heterocycle2 and has been important in the prepara-
tion of phosphaalkenes and alkynes.3 In contrast to N, and to a
lesser degree P, the multiply bonded species of the heavier
group 15 elements have a tendency to oligomerise unless this
thermodynamically favoured process is offset by the presence
of bulky ligands.4 However this can be utilised in the formation
of C-centred geminal organodimetallics which are receiving
increasing attention as a result of their potential in developing
new synthetic routes to complex organic molecules.5

Herein, we report the synthesis and characterisation of the
chloro-bridged polymeric C-centred geminal distibine, [(2-pyr-
idyl)(SiMe3)CSbCl]H 1 and the dimeric N-centred amidoarsine,
[{2-(6-Me)-pyridyl}NAsCl]2 2 derived from the doubly bonded
intermediate species [(2-pyridyl)(SiMe3)CNSbCl] and
[{2-(6-Me)pyridyl}NNAsCl] via the elimination of Me3SiCl
from RpySbCl2 and LpyAsCl2.

In contrast to its As and P analogues, which undergo Me3SiCl
elimination at below 220 °C, RpySbCl2 can be prepared, as
previously described,6 from the 1 : 1 metathesis reaction of
RpyLi·tmen and SbCl3. However Me3SiCl elimination can be
achieved in two ways, as shown in Scheme 1, to give bright
yellow rod-like crystals of 1.† The crystals, which melt at
201–203 °C after gradually becoming opaque and then
blackening, are relatively stable to air and atmospheric
moisture, slowly becoming white and opaque, On melting
further Me3SiCl elimination occurs giving the appearance of
effervescence.

Pale yellow prismatic crystals of 2 were obtained in a similar
manner to the thermal elimination synthesis of 1.† These
crystals also decompose slowly in air, and melt in the range
187–189 °C.

X-Ray diffraction studies on 1‡ revealed a geminal distibine
structure. Such geminal distibine complexes are extremely rare
with only a few structurally authenticated SbV and SbIII

methylene bridged complexes.7 The repeating unit of the
polymer contains, as its core, an almost square, but buckled,
C2Sb2 ring internally bridged by a single Cl lying on a
2-symmetry axis, as does the other Cl which provides the

connecting points along the chain (Fig. 1). The geminal carbon
is formally bonded to two SbIII centres with bond distances of
2.180(9) and 2.219(9) Å. Furthermore each Sb centre is bound
to a pyridyl N [2.220(8) Å] a ring bridging Cl(1), [2.850(3) Å]
and a linking Cl(2) [3.054(2) Å] making each Sb five
coordinate. The stereochemically active lone pairs occupy a
position trans to one of the geminal C-centres. The Sb–Cl
distances in 1 are much longer than those found in RpySbCl2,
2.373(2) and 2.469(2) Å, while the Sn–N distance is actually

Scheme 1 Reagents and conditions: i, thf, 278 °C to room temp., 3 days;
ii, Et2O, 278 °C; iii, toluene, 50 °C, 4 h; iv, Et2O, 278 °C; v, toluene, 80
°C, 4 h

Fig. 1 Crystal structure of 1
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shorter, cf. 2.317(7) Å. The C(21)–Sb–N(1) angle of 63.1(3)° is
comparable with that of 61.4(2)° found in RpySbCl2. The Sb–C
distance of 2.213(5) Å in RpySbCl24 is only comparable with the
longer Sb–C bond distance found in 1 despite the greater
coordinative saturation at the Sb centre, i.e. five over four, while
the Sb–C(–Al) distance in the recently reported Sb/Al geminal
metallocycle,2 in which Sb is only three coordinate, is shorter
than both Sb–C bonds in 1, being 2.167(7) Å. The bridging
Cl(1) directly straddles the two Sb centres in the repeating unit
at an angle of 67.4(1)° while the linking Cl(2) forms an angle of
149.3(1)° between the Sb centres of two different repeating
units. Surprisingly the pyridyl rings are cis to the (CSb)2 ring
and almost eclipse each other.

The symmetry of bond distances and angles, and hence
charge distribution, within the dimeric repeating unit must be
the result of an initial [2 + 2] cycloaddition reaction of the
stibene units, [(2-pyridyl)(SiMe3)CNSbCl], prior to poly-
merisation through the linking chlorides (Scheme 1). The
concomitant stereochemical requirements of such a reaction
may explain the cis arrangement of the pyridyl rings. However,
it is noted that such reactions for alkenes are photolytically
induced. The presence of the metal and thus some ionic
character may render the cycloaddition more facile.

This argument can also be proposed in explaining the dimeric
structure of the amidoarsine, 2. The sp2 geometry at the amido
N requires that the (NAs)2 ring and the (Me)pyridyl fragments
are coplanar (Fig. 2), dihedral angles 8.6(3) and 4.4(2)°, though
from an examination of the bond lengths there is no evidence of
delocalisation. The unusual cis orientation of the Cl atoms
relative to the (NAs)2 ring is most likely, once again, a result of
the stereochemical outcome of the [2 + 2] cycloaddition. Olah
and Oswald8 noted that the reaction of ButNH2 with AsCl3
resulted in the formation, via HCl elimination, of the imido-
chloroarsenite ButNNAsCl. The subsequent crystal structure9

showed the complex to be dimeric, (ButNAsCl)2 3 sharing the
same structural features as 2; the geometry around N being
essentially planar and the Cl atoms cis to the (NAs)2 planar ring.
There is a great deal of similarity in the bond distances and
angles of the As2N2Cl2 cores: As–N bond lengths in 2 range
from 1.809(7)–1.857(7) Å compared with 1.799(5)–1.827(4) Å
in 3, however the As–Cl bond distances in 2 of 2.228(2) and
2.233(2) Å are shorter than those in 3, 2.249(3) and 2.252(2) Å,
while the As···As–Cl angles in 2 are 103.72(8) and 103.75(8)°
and 111.1(1) and 110.5(1)° in 3. To date the only structurally
characterised compound containing an AsIIINN bond is
[2,4,6-ButC6H2N(H)–AsNNC6H2But

3-2,4,6],10 the aryl groups
of which are significantly more bulky than Lpy. Dimerisation in
2 is not unexpected given the loss of a bulky Me3Si moiety.

At room temperature the 1H and 13C NMR spectra of 2
suggest one dominant species ( > 95%) with only one other set
of minor signals indicating other possible oligomeric species.
At low temperature these two species integrate almost equally.
No coalescence occurs so it is unlikely that there is restricted
rotation around the C–N bond. A more reasonable assumption is
the presence of either monomers or higher oligomers. The NMR
spectra of 1 show no evidence of polymer disintegration in

solution but reveal that the polymer crystals often retain residual
solvents in their structure. The structure shown in Fig. 1
contains 0.5 toluene situated between layers of the polymeric
chain in the interstices formed by four Rpy2Sb2Cl2 units.

We thank the Australian Research Council for financial
support.

Notes and References

* E-mail: c.raston@sci.monash.edu.au
† (i) RpySbCl2 was prepared as previously described.4 The in vacuo removal
of Et2O from this reaction, followed by the addition of toluene, subsequent
filtration to remove LiCl and heating to 50 °C for 4 h leads to the
precipitation of a pale yellow powder. Removal of toluene and recrystallisa-
tion at 4 °C from thf–toluene results in bright yellow rod-like crystals of 1.
(ii) Alternatively, the metathesis reaction of RpyLi and SbCl3 can be carried
out in thf at 278 °C, allowed to warm slowly to room temp. and stirred for
3 days. The thf is removed in vacuo and a CH2Cl2 extraction of the
remaining solids allows for the crystallisation of 1, again at 4 °C. Yield 63%
(not maximised). Mp 201.203 °C. 1H NMR (300 MHz, CD2Cl2, 25 °C) d
7.76 (d, br, 1 H), 7.57 (t, 1 H), 7.14 (br, d, 1 H), 6.73 (t, 1 H), 0.34 (s, 9 H),
residual thf (0.25) 3.68 (m, 1 H), 1.80 (m, 1 H), residual toluene (0.33) 7.17
(m, 1.7 H) 2.11 (s, 1 H). 13C NMR (100.6 MHz, CD2Cl2, 25 °C) d 160.6,
144.1, 138.0, 128.1, 119.1, 45.7 (CH2), 2.8. Satisfactory elemental analysis
obtained.

2. A toluene solution of LpyAsCl2, prepared from the metathesis reaction
of LpyLi·Et2O with AsCl3, was heated at 80 °C for 4 h. The in vacuo
reduction of the solution and cooling slowly from 50 °C to room temp.
resulted in pale yellow prismatic crystals of 2. Yield 94%. Mp 187–189 °C.
1H NMR (300 MHz, C7D8, 25 °C) (major component, > 95%) d 6.89 (m, 1
H), 6.45 (d, 1 H, J 8 Hz), 6.30 (d, 1 H, J 8 Hz), 2.26 (s, 3 H, Me), (minor
component) 6.73 (t), 6.50 (d), 6.40 (d), 2.19 (s). 13C NMR (100.6 MHz,
C7D8, 25 °C) d 169.0, 156.5, 139.0, 115.0, 105.6. 23.8. Satisfactory
elemental analysis obtained.
‡ Crystallographic data for 1. (CAD4 diffractometer, crystals mounted in
capillaries) (RpySbCl)2·C7H8, C25H34Cl2N2Sb2Si2, M = 733.15, ortho-
rhombic, space group Pnna (D2h

6, no. 52) a = 10.015(3), b = 15.746(13),
c = 18.996(3) Å, U = 2996(3) Å3, Dc = 1.625 g cm23, Z = 4, F(000) =
1448. mMo = 20.8 cm21, specimen 0.08 3 0.32 3 0.25 mm, A*min,max =
1.35, 1.72. 2qmax = 50°, final R,Rw = 0.047, 0.039 (statistical weights). No

= 1339 ‘observed’ [I > 3s(I)] reflections out of N = 2640 unique. Toluene
disordered with a site occupancy factor of 0.5. 2. C12H12As2Cl2N4, M =
443.08, monoclinic, space group P21/c (C2h

5, no. 14), a = 9.926(4), b =
13.005(3), c = 14.224(4) Å, b = 122.61(2)°, U = 1546.6(9) Å3, Dc =
1.859 g cm23, Z = 4, F(000) = 848, mMo = 46.6 cm21, specimen 0.58 3
0.24 3 0.28 mm, A*min,max = 2.64, 3.60, 2qmax = 50°, final R,Rw = 0.055,
0.051 (statistical weights). No = 2144 ‘observed’ [I > 2s(I)] reflections out
of N = 3540 unique. CCDC 182/724.
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Reaction of uranyl acetate with HCl and 15-crown-5 in
toluene results in the formation of a liquid clathrate phase
from which crystals of (H5O2)[UO2Cl3(H2O)2]·(15-crown-5)2
1 are deposited; on standing, loss of HCl results in the
isolation of a second product [UO2Cl2(H2O)3]16·(15-crown-
5)16 2 which displays an extremely complex hydrogen
bonded chain structure in the solid state.

In crystal growth the task presented to Nature is one of three
dimensional tesselation. Often irregular molecular shapes must
be fitted together in such a way as to minimise the amount of
wasted space (vacuum) within the crystal.1 In some cases,
particularly those in which the molecule to be crystallised
possesses a molecular cavity or cleft, the occurrence of vacant
space is difficult to avoid and adventitious molecules of solvent,
other species present in the reaction mixture or even gases2,3 are
incorporated within the crystalline lattice. The study of this
phenomenon has given birth to the rich field of inclusion
chemistry.4,5

A significant amount of work within the field of crystal
engineering has been devoted in attempts to predict how Nature
will solve the crystal ‘tesselation’ problem for a wide range of
solid compounds.6,7 Many synthetic chemists are, however,
familiar with compounds which ‘just will not crystallise’. The
amorphous nature of such solids, which are often found to form
oils in which a well defined ratio of solvent and solute
comprises a separate phase from the bulk solvent, may often be
rationalised in terms of molecular size and shape and its
consequences on the lattice energy of the crystalline solid.1 An
excellent, and well studied example of this phenomenon is the
formation of liquid clathrates in which an aromatic solvent
serves to separate anions and cations of widely differing shape
and size.8–10 Under certain circumstances however, liquid
clathrates may be decomposed by, for example, loss of HCl
from the reaction medium and a consequent gradual decrease in
polarity. In this way, studies of crown ether/metal salt mixtures
in liquid clathrate media8 have resulted in the isolation of a wide
range of crystalline arrays of type ‘H(H2O)n

+(crown ether)-
(anion)’ in which the oxonium ion acts as a hydrogen bond
donor and the crown ether as a hydrogen bond acceptor, thus
giving insight into the precursor solution species.11–14 In the
case of the larger crown ethers such as 18-crown-6 and
21-crown-7 the oxonium cation is encapsulated by the macro-
cycle.11,12,15 For 15-crown-5 and 12-crown-4, extended hydro-
gen bonded arrays are formed involving alternating hydrogen
bond donors and acceptors, as a result of the inability of the
small crown ether to surround the oxonium cation.16

The key to the production of materials with predictable
crystal structures lies in the engineering of complementary
crystal building blocks either by consideration of molecular
shape,17,18 electronic properties,19 or hydrogen bond donor/
acceptor ability.20 We report herein the preliminary results of
crystal engineering studies carried out in liquid clathrate media
between hydrogen bond donor–acceptor pairs, which are not
sterically complementary, and exhibit a symmetry mismatch.

The reaction of uranyl acetate with HCl and 15-crown-5 in
toluene was carried out as shown in Scheme 1. This resulted in

the formation of a large, yellow liquid clathrate layer over a
period of ca. 12 h. Upon standing for a further 12 h gradual loss
of HCl resulted in the deposition of crystals of formula
(H5O2)[UO2Cl3(H2O)2]·(15-crown-5)2 1. The X-ray crystal
structure† of this complex is shown in Fig. 1 and consists of an
infinite chain comprising alternating H5O2

+ and
[UO2Cl3(H2O)2]2 anions linked by hydrogen bonding via
15-crown-5 molecules. Within the H5O2

+ cation the O···O
distance is extremely short at 2.371(8) Å (cf. typical values of
O···O separations 2.40–2.45 Å11,15,21–23) although distances as
low as 2.336(14) Å have been noted.24 Oxonium–crown
contacts are in the range 2.70–3.20 Å, while the opposite face of
each crown ether is hydrogen bonded to coordinated water
molecules at distances of 2.92–3.04 Å. The [UO2Cl3(H2O)2]2
anion itself exhibits normal bond lengths and angles with UNO
1.743(6), U–OH2 2.37(3), 2.45(5) [O(2) and O(3) are dis-
ordered] and U–Cl 2.708(3), 2.709(3). This may be compared to
typical distances of 1.763, 2.455 and 2.653 respectively.25 The
[UO2Cl3(H2O)2]2 anion adopts a pentagonal bipyramidal
geometry resulting in the hydrogen bond donating H2O ligands
both residing in the equatorial plane with a O–U–O angle of
146.4(9)°. This, in turn, enforces a zigzag structure to the
[UO2Cl3(H2O)2]2···15-crown-5 chain.

Over a period of six weeks continued loss of HCl from the
same reaction mixture results in the replacement of the yellow
rectangular crystals of complex 1 by large, multifaceted crystals
of a second product of empirical formula [UO2Cl2(H2O)3]·15-
crown-5. X-Ray crystallographic analysis† revealed a striking
structure of trigonal symmetry, space group P32, consisting of
sixteen unique uranium complexes and 15-crown-5 molecules,
Fig. 2. The structure is arranged in sheets consisting of
approximately linear, infinite hydrogen bonded strands, which

Scheme 1 Formation of the hydrogen bonded array [UO2Cl2(H2O)3]16·(15-
crown-5)16

Fig. 1 Infinite chain structure of H5O2
+ and [UO2Cl3(H2O)2]2 linked by

15-crown-5
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repeat every four uranium centres. The strands are held together
by interactions between the crown oxygen atoms and water
molecules O(n3) and O(n4) (where n represents the number of
the uranium centre to which the atom is attached) which form
the most nearly linear H2O–U–OH2 angle of ca. 152° [the
analogous O(n3)–U–O(n5) angle is ca. 140°]. Typically both
O(n3) and O(n4) form two hydrogen bonds to an adjacent crown
ether with a wide range of Owater···Ocrown distances of between
2.60(2) and 2.92(2) Å highlighting the individual nature of each
of the sixteen crown–metal complex pairs. In addition, O(n5)
forms a single short hydrogen bond to a further crown oxygen
on the same side as O(n4) with distances ranging from 2.49(2)
to 2.71(2) Å. While some disorder was evident in the 15-crown-
5 molecules of 1, complex 2 is ordered at 2100 °C with each of
the sixteen 15-crown-5 units exhibiting a structure in which
three oxygen atoms point towards O(n4) and O(n5) of one metal
complex and two others interact with O(n3) on the next. It is the
unsymmetrical nature of this conformation with three donor
atoms one side and two on the other, which, in the absence of
oxonium ions, leads to such a complicated structure. In forming
the interactions to water ligands O(n4) and O(n5) with three of
the crown oxygen atoms, two are left for forming the next
interaction to an adjacent anion [via O(n3)]. This results in the
docking of this anion in such a way as to maximise
O(n3)···crown interactions, in the process fixing its orientation.
Hydrogen bonding from O(n4) and O(n5) to the next crown
ether must now necessarily occur in a different orientation to the
previous member of the chain. This results in a rotation
perpendicular to the chain direction of ca. 25–35° accompanied
by a tilt along the chain axis of ca. 10°. The net result is that it
is not until the fifth such donor–acceptor pair that the crown has
rotated back to its starting point. Furthermore, the displacement
of the uranium centres to one side of the chain axis as a

consequence of the non-linear O(n3)–U–O(n4) axis results in
the formation of grooves in the chain into which the crown
ethers of adjacent stacks slot. Again, the steric requirements of
one chain dictate the orientation of the next such that each chain
is rotated with respect to its neighbour. This pattern also does
not repeat itself until the fifth chain resulting in a unique 4 3 4
array of donor acceptor pairs, Fig. 3.

In summary, the rigid and uncomplementary nature of both
uranyl species in 1 and 2 results in interesting crystal packing
motifs. In the former case the presence of a linear oxonium ion
serves to simplify the crystal packing. For 2 a highly complex
crystalline array is required before the problem of three-
dimensional tessellation of such mismatched building blocks
can be solved.

We thank the EPSRC and King’s College London for funding
of the diffractometer system. Grateful acknowledgement is also
given to the Nuffield Foundation for the provision of computing
equipment.

Footnotes and References

* E-mail: jon.steed@kcl.ac.uk
† Crystal data: 1: C20H29Cl3O16U, M = 869.81, orthorhombic, Pmcn,
a = 12.1740(5), b = 14.7740(7), c = 18.4920(11) Å, U = 3325.9(3) Å3,
Z = 4, data 2434, parameters 204, R1 = [F2 > 2s(F2)] = 0.042, wR2 (all
data) = 0.111. 2: C10H26Cl2O10U, M = 615.24, trigonal, P32,
a = 35.3500(2), c = 21.3755(2) Å, U = 23 132.7(3) Å3, Z = 48, data
51 913, parameters 3305, R1 [F2 > 2s(F2)] = 0.072, wR2 (all
data) = 0.158. CCDC 182/735.
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Fig. 2 The asymmetric unit of [UO2Cl2(H2O)3]16·(15-crown-5)16 2
comprising four parallel, helical columns of alternating [UO2Cl2(H2O)3]
and 15-crown-5 (end and side views)

Fig. 3 Space filling plot of 2 showing the interlocking of the chains
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Synthesis of Si and Ti-Si-MCM-48 mesoporous materials with controlled pore
sizes in the absence of polar organic additives and alkali metal ions

Avelino Corma,* Qiubin Kan and Fernando Rey

Instituto de Tecnologia Quı́mica, UPV-CSIC, Universidad Politécnica, Avda. de los Naranjos, S/N, 46022 Valencia, Spain

A new route for the synthesis of Si- and Si-Ti-MCM-48 has
been developed which allows these materials to be obtained
without using polar organic additives and alkali metal ions;
this procedure not only produces more active and selective
Ti-MCM-48 oxidation catalysts than those reported before,
but also permits the synthesis of MCM-48 with controlled
pore diameters.

The development of ordered mesoporous materials (M41S)
containing different atoms in the pore walls has opened up new
possibilities for the use of mesoporous molecular sieve
materials in the field of catalysis.1–7 These materials have large
channels with regular pores which can be varied in some cases
from 1.5 to 7.0 nm, and which are ordered in a hexagonal
(MCM-41), cubic (MCM-48), or laminar (MCM-50) array. All
these materials are characterised by extremely narrow pore size
distributions in the mesoporous region, long range order, high
surface areas ( > 700 m2 g21) and are stable after calcination.
From the point of view of catalytic activity the most interesting
materials are the MCM-48 array, because its pore structure is
built up of two independent tridirectional channel systems.8
However, little research has been carried out on MCM-48,
probably due to the difficulty of its synthesis compared with the
more studied MCM-41, and also the difficulty of controlling its
pore size. In general, MCM-48 is prepared with high surfactant
to silicon ratios (0.65–1.5),9 and the presence of polar organic
additives in the reaction mixture is believed to be essential for
a successful synthesis of MCM-4810,11 when cetyltrimethyl-
ammonium ion (CTA+) surfactant is used as the structure-
directing agent. To achieve the latter, tetraethylorthosilicate
(TEOS) is usually used as the silicon source for preparation of
MCM-48 since in this case the ethanol produced from the
hydrolysis of TEOS acts as the required polar organic additive.
When sodium silicate or other silica sources were used without
addition of polar organics, MCM-41 was produced instead.10,12

Furthermore, in most of the reported syntheses of pure siliceous
MCM-48 materials and their metal derivates, NaOH was
introduced in the synthesis gel.9,12–14 It is known however, that
there is a detrimental effect of alkali metal ions on the catalytic
properties of titanium silicate molecular sieves.15,16 We have
found only one report in which pure siliceous and titanium-
containing MCM-48 were prepared in absence of sodium ions
by using TEOS as the silicon source.17 Unfortunately, the
synthesis was poorly reproducible due to the ill defined and
critical ethanol evaporation step, which is required for the
synthesis. While MCM-41 can be prepared with a large range of
pore diameters, even in the absence of added organics,18 this is
not the case for the MCM-48 structure where relatively small
changes in the pore diameter could only be achieved by using
surfactants with different chain length, and pore sizes larger
than ca. 2.8 nm have not been reported.

It is possible to overcome the above synthetic shortcomings
and to produce high quality MCM-48 samples in the absence of
polar organics and alkali metal ions, as well as enabling the pore
diameter to be increased to ca. 3.8 nm. These achievements
certainly open more possibilities for the use of MCM-48 as
catalysts as is illustrated for Ti-MCM-48.

The hydrothermal synthesis of Si-MCM-48 was carried out
with the following molar composition: 1.0 SiO2 : x CTAOH/
Br : 32.0 H2O, x = 0.18–0.35; the source of silicon was
amorphous silica (Aerosil 200, Degussa) and an aqueous
solution of CTAOH/Br with a OH/Br ratio of 90/10 was used.
The homogenous gel was sealed in Teflon-lined stainless steel
autoclaves and heated at 60–150 °C under static conditions. The
time of synthesis was varied from 1 to 7 days depending on the
temperature of synthesis and the pore size to be obtained. The
resulting solid products were recovered by filtration, washed
and dried at 60 °C for 24 h. The occluded organic was removed
by heating the samples at 540 °C under a continuous flow of N2
for 2 h, followed by calcination in a flow of air at 540 °C for
6 h.

From the XRD patterns presented in Fig. 1 it can be seen that
highly ordered MCM-48 mesoporous materials consistent with
an Ia3d cubic symmetry were obtained. In our procedure we
succeeded in synthesising the MCM-48 structure at low
surfactant to silicon ratios (0.20–0.28), unlike in the synthesis
reported by Mobil Researchers where higher ratios seem to be
mandatory to obtain the cubic structure.9 However, following
our synthesis procedure it is critical to stay in between the limits
given above for the surfactant/silicon ratio, since when this ratio
reached 0.35, a lamellar phase (MCM-50) was formed under the
same reaction conditions, and MCM-41 was produced when the
ratio was lower than 0.18. The reaction temperature and
crystallisation time were the key variables to control the pore
diameter of the resultant samples. For instance, two different
MCM-48 samples with cell parameters a0 = 92.8 Å and a0 =
98.6 Å were obtained after 24 h crystallization at 135 °C and
150 °C, respectively. Longer reaction times at 150 °C, e.g. 3 or
5 days, resulted in the swelling of the unit cell volume of the
MCM-48 to a0 = 112.7 and 116.8 Å, respectively. Moreover,
after 5 days of crystallization a lamellar structure starts to
appear due to a phase transition of MCM-48 (Fig. 1), producing
a pure lamellar phase after 7 days of synthesis. The nitrogen

Fig. 1 X-Ray diffraction patterns of mesophases (MCM-48) synthesised at
various temperatures and different reaction times. The phase transition from
MCM-48 to the lamellar structure (*) upon extended synthesis times can be
clearly seen.
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adsorption–desorption isotherms of the corresponding calcined
samples and the pore size distribution deduced from them are
illustrated in Fig. 2. Table 1 lists the physicochemical
characteristics of the as-synthesised and calcined samples,
showing that swelling of the pore diameter occurs when the unit
cell parameter increases.

If lower reaction temperatures are used the formation of
MCM-41 is favoured. For instance, mesoporous materials with
the MCM-41 structure were generated at 60 and 100 °C after 3
days when the synthesis gel composition given above was used.
The effect of temperature on the structure of the mesoporous
products is probably associated with the modification of the
packing parameter g (g = V/A0l) of the surfactant organisa-
tion,19,20 where V is the surfactant tail volume, l is the length of
surfactant chain and A0 is the effective head group area at the
micelle surface. At lower temperatures, e.g. at 60 or 100 °C,
where MCM-41 is produced, the effective g value for CTA+

ions is smaller21 than that at 135 to 150 °C when MCM-48 is
generated.

By following the above procedure for the synthesis of Si-
MCM-48, Ti-MCM-48 with Si/Ti = 100 has been successfully
obtained. UV–VIS spectra for the as-synthesised and calcined
Ti-MCM-48 show a main band at ca. 200–210 nm assigned to
isolated framework titanium in tetrahedral coordination. The
catalytic reactions for epoxidation of cyclohexene with tert-
butyl hydroperoxide (TBHP) over the Ti-MCM-48 was carried
out at 60 °C with an alkene/TBHP ratio of 4.0 and 5 mass% of
catalyst and following the reaction and analytical procedure
described previously.4 The Ti-MCM-48 prepared here in the
absence of alkali metal ions shows an initial reaction rate of
1.642 mol g21 h21. The sample with the same Si/Ti ratio
obtained in the presence of sodium ions using the method
described in ref. 15 gives an initial reaction rate four times lower

(0.448 mol g21 h21) than that over the Ti-MCM-48 reported
here, illustrating the beneficial effect of the novel synthesis
procedure presented here.

In conclusion, it has been proven that it is possible to carry
out the synthesis of mesoporous materials having the MCM-48
structure without using polar organics and alkali metal cations
in the synthesis mixture. When the synthesis is carried out in the
absence of alkali metal ions, the Ti-MCM-48 produced is a
more active epoxidation catalyst than the Ti-MCM-48 synthe-
sised following the conventional procedure in the presence of
Na+. Finally, by precisely controlling the synthesis conditions,
i.e. composition of the gel, synthesis temperature and time, it
was possible to produce MCM-48 samples with different pore
diameters up to 3.8 nm.

The authors thank CICYT for financial support (MAT97-
1207-C03-01).
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Table 1 Unit cell parameter a0 upon calcination at 540 °C, pore diameter, BET surface area and pore volume of MCM-48

Synthesis conditions Unit cell, a0/Å Unit cell Pore Surface Pore
contraction/ diameter, area, volume,

Sample T/°C t/h asa caa Å d/Å s/m2 g21 n/cm3 g21

1 135 24 92.8 84.6 8.2 24 1121 0.87
2 150 24 98.6 92.1 5.5 28 1026 1.00
3 150 72 112.7 110.9 1.8 36 961 1.09
4b 150 120 116.8 115.4 1.4 38 800 0.93

a as = as-synthesized, ca = calcined. b Containing lamellar phase (see Fig. 1).

Fig. 2 Nitrogen adsorption–desorption isotherms of calcined MCM-48
materials with unit cell a0 = 84.6 Å (-), a0 = 92.1 Å (5), a0 = 110.9 Å
(:) and a0 = 115.4 Å (/); inset: pore distribution of calcined MCM-48
materials with different unit cell parameters (calculated from N2 adsorption
isotherm branch)
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Self-assembly of coordination polymeric chains: crystal structures of silver(i)
complexes with 3,6-bis(diphenylphosphino)pyridazine and
2,6-bis(diphenylphosphino)pyridine

Shan-Ming Kuang,a Zheng-Zhi Zhang,*b Qi-Guang Wang,a and Thomas C. W. Mak*†a

a Department of Chemistry, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong, PR China 
b Elemento-Organic Chemistry Laboratory, Nankai University, Tianjin, China 

Site-specific metal–ligand interactions lead to self-assembly
of coordination polymeric chains in the crystal structures of
silver(i) complexes with 3,6-bis(diphenylphosphino)pyridaz-
ine and 2,6-bis(diphenylphosphino)pyridine.

The design of solid-state architectures has become an area of
increasing interest in recent years.1–6 Much attention has
centered upon the use of supramolecular contacts, particularly
hydrogen bonding, between suitable molecules to generate
multidimensional arrays or networks.1,3,4 In comparison, the
design of inorganic networks is less well developed though
catching up fast in recent years.7–11

The self-assembly of coordination polymeric chains presents
an interesting challenge. We reasoned that, with judicious
design, it should be possible to assemble linear chains in a single
process involving simple mixing of metals and ligands. Such a
strategy requires the design of a ligand with two or more
coordination sites that are juxtaposed in such a way that they
cannot all coordinate to the same metal ion, and interaction
between the ligand and a linear sequence of metal ions must
occur in a logical fashion to form a polymeric chain.

With this in mind, we decided to conduct a test case with N,P-
donor ligands with suitable binding sites and idealized C2v
molecular symmetry. The substituted pyridazine ligand 3,6-bis-
(diphenylphosphino)pyridazine (L1), which was synthesized in

an earlier study,13 is constrained by its connectivity to act as a
tetranucleating ligand, presenting a pair of N,P-bridging sites to
a linear arrangement of four metal ions. Here we report the self-
assembly reaction of L1 with [Ag(MeCN)4]ClO4 to generate a
zigzag polymeric chain in the silver(i) complex {[Ag2-
(MeCN)2(m-L1)]}n[ClO4]2n 1. In contrast, the use of the related
ligand 2,6-bis(diphenylphosphino)pyridine (L2)14 in the same
reaction gave {[Ag(MeCN)2(m-L2)]}n[ClO4]n 2 with a different
metal : ligand molar ratio and exhibiting a simple linear chain.

The reaction of [Ag(MeCN)4]ClO4
15 with L1 in MeCN at

room temperature (Scheme 1) leads to the rapid formation of a
colorless solution from which {[Ag2(MeCN)2(m-L1)]}n[ClO4]2n

1 was isolated.‡ Elemental analysis results are consistent with
the stoichiometric formula Ag2(MeCN)2(L1)(ClO4)2. Slow
diffusion of diethyl ether into an acetonitrile solution afforded

colorless crystals of 1, the structure of which was determined by
single crystal X-ray analysis.§

As anticipated, the L1 ligand bridges between metal centers
via coordination by its P,N-donor sets (Fig. 1). Each silver(i)
center is bound to a P atom from one L1 ligand and a N atom
from the other, resulting in the formation of a polymeric zigzag
chain running in the direction of the c axis (Scheme 1, left); note
that the centers of eight-membered (PCNAg)2 rings are located
at successive inversion centers. The highly distorted trigonal-
planar coordination sphere about each AgI atom is completed by
an acetonitrile ligand that stabilizes the resulting 16-electron
configuration, so that the repeating structural unit is Ag2-
(MeCN)2(m-L1). The sums of the three bond angles at Ag(1) and
Ag(2) are 358.3 and 357.8°, respectively. The intermolecular
Ag(1)···Ag(1a) and Ag(2)···Ag(2b) distances are 3.005(2) and
3.184(2) Å, respectively, which are in agreement with those
[3.162(1)–3.223(1) Å] in [Ag{HC(PPh2)3}2Cl][ClO4]2·
2MeCN,16 and those [2.943(2)–3.014(2) Å] in [Ag3(dppp)2-
(MeCN)2(ClO4)2]+ [dppp = bis(diphenylphosphinophenyl-
phosphine)],17 but much shorter than that [3.641(2) Å] in
{[AgL3(MeCN)2]}n[BF4]n (L3 = 2,7-diazapyrene).9 The
Ag(1)···Ag(2) contact is 3.535(2) Å.

The silver(i) complex {[Ag(MeCN)2(m-L2)]}n[ClO4]n 2 was
obtained from the reaction of [Ag(MeCN)4]ClO4 with L2 in 1 : 1
molar ratio. The crystal structure of 2§ consists of a packing of
linear chains of alternating AgI and L2 units (Fig. 2 and Scheme
1, right) and perchlorate ions. In each coordination polymeric
chain the repeating unit Ag(MeCN)2(m-L2) is held together by
the P atoms of ligand L2, whose pyridyl N atom takes no part in
metal coordination. The coordination geometry of the silver(i)
center is distorted tetrahedral, stabilization being achieved by
linkage to two acetonitrile ligands. The Ag–N distances of
2.332(8) and 2.419(9) Å are much shorter than those [2.871(4),
2.926(4) Å] found in {[AgL3(MeCN)2]}n[BF4]n.9

In summary, we have taken advantage of the different site-
specific ligating capacities of P,N-donor ligands L1 and L2 in
generating coordination polymeric chains with [Ag(MeCN)4]-
ClO4. In complex 1, successive L1 ligands lie on alternate sides
of the zigzag silver(i) chain, while in 2 the L2 ligand is repeated
by the a translation to generate a simple linear chain. The latter
case contrasts sharply with the related one-dimensional gold(i)
polymer {[Au2(m-L2)(C·CPh)2]}n in which the L2 ligands are
arranged in a zigzag fashion along the chain.18 That the silver(i)
and gold(i) complexes of L2 adopt different linear polymeric
structures can be attributed to the difference in number, charge
and bulkiness of the respective acetonitrile and phenylacetylide

Scheme 1
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coligands, as well as the tendency for weak intermolecular
interaction between adjacent gold(i) centres.19
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‡ Preparations: polymeric complex 1: to a solution of [Ag(MeCN)4]ClO4

(0.19 g, 0.5 mmol) in 20 ml of MeCN was added L1 (0.23 g, 0.5 mmol). The
resulting solution was stirred at room temperature for 3 h after which the
colorless solution was filtered and subsequent diffusion of diethyl ether into
the concentrated solution gave 1 as air-stable colorless crystals, 0.40 g
(85.1%). (Found: C, 40.73; H, 3.01; N, 6.00. C32H28AgCl2N4O8P2 requires:
C, 40.66; H, 2.99; N, 5.93%). 31P(1H) NMR (CDCl3, external standard: 85%
H3PO4, 298 K): d 15.9.

Polymeric complex 2: the procedure was similar to that above, except that
0.23 g (0.5 mmol) of L2 was used instead of L1. Recrystallization from
MeCN–diethyl ether afforded 2 as colorless crystals. Yield: 0.32 g (86.5%)
(Found: C, 53.99; H, 3.60; N, 5.60. C35H35CuNP2S2O3·H2O requires: C,
53.79; H, 3.97; N, 5.70%). 31P(1H) NMR (CDCl3, external standard: 85%
H3PO4, 298 K): d 10.1.
§ Crystal data: {[Ag2(MeCN)2(m-L1)]}n[ClO4]2n, C32H28Ag2Cl2N4O8P2 1,
M = 945.16, triclinic, space group P1 (no. 2), a = 12.294(2),
b = 12.999(3), c = 13.679(3) Å, a = 62.98(3), b = 73.74(3),
g = 74.63(3)°, U = 1845.1(7) Å3, Z = 2, m(Mo-Ka) = 1.342 mm21;
Rigaku RAXIS-IIC imaging plate, 5639 observed data [ıFoı > 4s(Fo)] out
of 5964 unique reflections converged (SHELXTL-PC19) to
R(F)·S(ıFoı 2 ıFcı/SıFoı = 0.053 and Rw(F2)·[{Sw(ıFoı 2

ıFcı)2}/{SwıFoı
2}]1/2 = 0.057.

{[Ag(MeCN)2(m-L2)]}n[ClO4]n, C33H29AgClN3O4P2 2, M = 736.85,
orthorhombic, space group P212121 (no. 22), a = 9.465(1), b = 14.116(1),
c = 25.596(2) Å, U = 3419.8(5) Å3, Z = 4, m(Mo-Ka) = 0.801 mm21;
Rigaku RAXIS-IIC imaging plate, 5687 observed data out of 6025 unique
reflections converged (SHELXTL-PC20) to R(F) = 0.065 and
Rw(F2) = 0.070. CCDC 182/749.
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Fig. 1 Perspective view (35% thermal ellipsoids) of the cationic [Ag2-
(MeCN)2(m-L1)]2+ unit in complex 1. Selected bond lengths (Å) and angles
(°): Ag(1)–N(1) 2.299(5), Ag(1)–N(3) 2.300(7), Ag(1)–P(1a) 2.387(2),
Ag(1)–Ag(1a) 3.005(2), Ag(2)–N(4) 2.274(7), Ag(2)–N(2) 2.309(5),
Ag(2)–P(2b) 2.384(2), Ag(2)–Ag(2b) 3.185(2); N(1)–Ag(1)–N(3) 89.9(2),
N(1)–Ag(1)–P(1a) 147.30(13), N(3)–Ag(1)–P(1a) 121.1(2), N(1)–Ag(1)–
Ag(1a) 89.15(13), N(3)–Ag(1)–Ag(1a) 135.4(2), P(1a)–Ag(1)–Ag(1a)
75.99(5), N(4)–Ag(2)–N(2) 91.7(2), N(4)–Ag(2)–P(2b) 126.6(2),
N(2)–Ag(2)–P(2b) 139.50(12), N(4)–Ag(2)–Ag(2b) 142.3(2),
N(2)–Ag(2)–Ag(2b) 86.89(12), P(2b)–Ag(2)–Ag(2b) 70.86(5). Symmetry
codes: a, 2x, 1 2 y, 2 2 z; b, 21 2 x, 1 2 y, 2 2 z.

Fig. 2 Perspective view (35% thermal ellipsoids) of cation [Ag(MeCN)2(m-
L2)]+ in complex 2. Selected bond lengths (Å) and angles (°): Ag(1)–P(1)
2.441(2), Ag(1)–N(2) 2.332(8), Ag(1)–N(3) 2.419(9), Ag(1)–P(2a)
2.423(2); P(1)–Ag(1)–N(2) 107.6(2), P(1)–Ag(1)–N(3) 102.8(3),
P(1)–Ag(1)–Ag(2a) 127.5(1), N(2)–Ag(1)–N(3) 86.7(4), N(2)–Ag(1)–
P(2a) 111.2(2), N(3)–Ag(1)–P(2a) 113.2(2). Symmetry code: a, 1 2 x, y,
z.
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N-Methyl-1,3,5,2-trioxazinane, a possible spontaneous ignition sensitiser†

Wai-To Chan, DeLin Shen‡ and Huw O. Pritchard*§

Department of Chemistry, York University, Downsview, Ontario, Canada M3J 1P3

N-Methyl-1,3,5,2-trioxazinane (or N-methyl-2,4,6-trioxa-
piperidine), by analogy with s-trioxane, should decompose
thermally into MeNO + 2CH2O; this substance does not
appear to have been made, but molecular orbital calculations
show that it should be almost as stable as s-trioxane.

Nitrogen dioxide, from the thermal decomposition of alkyl
nitrates, sensitises the spontaneous ignition of fuel in a diesel
engine;1 likewise, so does formaldehyde, from the thermal
decomposition of s-trioxane.2 Synergy occurs between CH2O
and NO2, so that if both are released simultaneously, the
ignition quality of the fuel is even more enhanced. The
efficiency of 2-ethylhexyl nitrate as a sensitiser of diesel-fuel
ignition arises because following its dissociation into NO2 and
an alkoxy radical, a fraction3 of these radicals goes on to
eliminate CH2O. However, with increasing legislative pressure
to minimise NOx emissions,4 strategies for increasing the ratio
of CH2O/NO2 formation could be beneficial.

An obvious choice is the thermal decomposition of phenethyl
nitrate [eqn. (1)], not only giving the desired

PhCH2CH2ONO2? PhCH2CH2O +
NO2? PhCH2 + CH2O + NO2 (1)

products in equal amounts, but yielding also benzyl radicals,
which are powerful ignition sensitisers.5 The hoped-for ad-
vantage, however, does not materialise in engine measure-
ments6 because in the temperature range of interest (ca.
650–800 K), phenethyl nitrate7 decomposes an order of
magnitude more slowly than does 2-ethylhexyl nitrate3a

(phenethyl nitrate: k = 5.0 3 1013e235,600/1.987T s21;
2-ethylhexyl nitrate: k = 2.5 3 1015e237,500/1.987T s21).

N-Methyl-1,3,5,2-trioxazinane, by analogy with the thermal
decomposition of s-trioxane into three CH2O molecules (or
other symmetrically substituted alkyltrioxanes into three alde-
hyde molecules),8 should yield two CH2O molecules and
MeNO, the latter decomposing rapidly to give NO and thence
NO2 in the presence of excess oxygen [eqn. (2)].

Thus, we explored a parallel set of GAUSSIAN 94 molecular
orbital calculations9 for these two molecules. Their equilibrium
geometries were found at the RHF/6-31G** level of theory, as
were the transition states for the concerted dissociations [eqns.
(3) and (4)], with key energies further

(CH2O)3? 3CH2O (3)

MeNO(CH2O)2? MeNO + 2CH2O (4)

refined at the MP2 and/or MP4 levels. All characteristic
structures were verified by harmonic vibration analysis, and by
demonstrating that equivalent structures could be found by non-
local density functional calculations; in the case of s-trioxane,
all of the reported structures were duplicated with both the
B3LYP and BHandHLYP functionals, but for brevity only the
latter results are presented. Also, for the N-methyl-1,3,5,2-tri-
oxazinane molecule, because of its increased size and complex-

ity, slightly less demanding levels of approximation were used,
and extensive searches were made for both singlet and triplet
configurations to eliminate the possibility of a lower energy
path for the breakup or structural rearrangement. The results of
these calculations are collected together in Tables 1 and 2.

For s-trioxane, the minimum energy configuration is, as
expected, in the chair form, with C–O and C–H bond lengths
each within 1% of 1.40 and 1.08 Å, respectively, in all levels of
approximation. Also, there is always a local minimum for the
(CH2O)2 configuration, with bond lengths approximately 1%
longer than in s-trioxane. The transition state for the dissocia-
tion was characterised by an imaginary vibrational degree of
freedom which corresponds precisely to a concerted dissocia-
tion into three CH2O molecules. At the energy maximum, the
C–O bonds now alternate between 1.25 and 1.90 Å in length,
compared with the calculated C–O distance in formaldehyde
itself of ca. 1.20 Å. Concerted dissociations of six-membered
ring compounds into three identical fragments, viz. 1,3,5-triaza-

Table 1 RHF/6-31G** energies for the reaction systems (CH2O)3 ?

3CH2O and MeNO(CH2O)2? MeNO + 2CH2O

Systema Symmetry E/a.u.b zpe/a.u.b

CH2O C2v 2113.8697 0.0290
(CH2O)2 D2h 2227.7374 0.0689
‡(CH2O)3 C3 2341.5580 0.0989
(CH2O)3 C3v 2341.6649 0.1079

MeNO Cs 2168.8344 0.0471
‡MeNO(CH2O)2 Cs 2396.5941 0.1242
MeNO(CH2O)2 C1 2396.5021 0.1163

a ‡ Signifies the transition state. b 1 a.u. = 2IH = 27.2 eV = 627.5
kcal mol21 = 2625.5 kJ mol21.

Table 2 Density functional, MP2 and MP4 estimates of energy differences
in the (CH2O)3 and MeNO(CH2O)2 reaction systems

Systema E/a.u.b zpe/a.u.b DE0/a.u.b

BHandHLYP/6-311+G**

3CH2O 2343.4202 0.0828 +0.0434 (+27)
‡(CH2O)3 2343.3937 0.0944 +0.0815 (+51)
(CH2O)3 2343.4841 0.1033 0

BHandHLYP/6-311G*

MeNO + 2CH2O 2398.6663 0.1008 +0.0206 (+13)
‡MeNO(CH2O)2 2398.6392 0.1195 +0.0664 (+42)
MeNO(CH2O)2 2398.6981 0.1120 0

RMP2/6-31G**//RHF/6-31G**

‡(CH2O)3 2342.5221 0.0989 +0.0783 (+49)
(CH2O)3 2342.6094 0.1079 0
‡MeNO(CH2O)2 2397.6463 0.1242 +0.0619 (+39)
MeNO(CH2O)2 2397.7161 0.1163 0

RMP4/6-311G**//RHF/6-31G**

‡(CH2O)3 2342.7541 0.0989 +0.0717 (+45)
(CH2O)3 2342.8348 0.1079 0

a ‡ Signifies the transition state. b 1 a.u. = 2IH = 27.2 eV = 627.5
kcal mol21 = 2625.5 kJ mol21. Figures in parentheses in kcal mol21.
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cyclohexane ? 3H2CNNH, trinitro-1,3,5-triazacyclohexane ?
3H2CNN–NO2 and sym-triazine ? 3HCN, have been studied
previously by molecular orbital methods.10

The thermochemical results for dissociation into three CH2O
molecules are typical of what one can expect at the present time
for a reaction with unequal numbers of reactants and products.
The latest thermochemical data for s-trioxane11 and for
formaldehyde12 give DH298 ~ + 33 kcal mol21, or about +30
kcal mol21 at 0 K; an alternative datum for formaldehyde13

gives values of +28 and +25 kcal mol21 respectively. The
results for 0 K from these calculations are +22, +27, +28 and
+20 kcal mol21 from the RHF, DFT, MP2 and MP4 calculations
respectively; unscaled zero point energies (zpe) are used in all
calculations.

For N-methyl-1,3,5,2-trioxazinane there are six conformers,
with the one of lowest energy being again in a chair
configuration; we did not examine the other five structures
beyond RHF/6-31G**. Again, all the C–H distances are about
1.08–1.09 Å and the lowest path to dissociation is a concerted
one, but the structure of the transition state is slightly
asymmetric; the two structures are shown in Fig. 1. Comparison
of the energies given in Table 2 would suggest that both the
enthalpy and activation energy for the dissociation into three
fragments are about 10 kcal mol21 less for this molecule than
for s-trioxane.

There have been several kinetic studies of the thermal
decomposition of s-trioxane: in the 500–800 K temperature
range, three conventional studies14 all gave activation energies
of between 47–48 kcal mol21, and frequency factors of 1014.80

to 1015.28 s21; in addition, a high-temperature shock tube
study15 gives results that extrapolate nicely into this body of
measurements. By comparison, our MP2 and MP4 results for
the activation energy at 0 K are 49 and 45 kcal mol21

respectively.
A straightforward transition state calculation16 of the rate

constant for the thermal dissociation of s-trioxane over the
temperature range 500–800 K yields an Arrhenius A factor of
1015.56 s21, and an activation energy of 52.1 or 48.1 kcal mol21,
depending upon which value of the critical energy is used.¶
These results compare favourably with the experimental ones
quoted above.

Likewise, for N-methyl-1,3,5,2-trioxazinane decomposing
into 2CH2O + MeNO, we find an Arrhenius A factor of 1015.25

s21, and an activation energy of 41.7 kcal mol21, using the
frequency data and the MP2 result for the critical energy of
activation.¶ These rate parameters are rather similar to those for
2-ethylhexyl nitrate, noted above, making this new substance an
ideal candidate for a diesel-fuel ignition sensitiser.

The close parallels between the various structures in the two
systems, and moderate acceptability of the s-trioxane results
(both for the thermochemistry and the reaction rate), tend to
suggest that the calculations on N-methyl-1,3,5,2-trioxazinane
can be accepted with a reasonable degree of confidence. Thus,
N-methyl-1,3,5,2-trioxazinane should be a stable molecule,
with an activation energy for concerted dissociation into
nitrosomethane and formaldehyde in the region of 35–40 kcal
mol21. In which case, it may seem surprising that this
heterocycle has apparently never been reported, particularly

since quite a number of examples of N,N-dialkoxy-N-alkyl-
amines or N,N-dialkoxybenzamides are known.17

This work was supported both by the Natural Sciences and
Engineering Research Council of Canada and by Imperial Oil
Products Division, Sarnia. We also thank Dr D. N. Butler for
suggesting this idea, and for many helpful comments.
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Fig. 1 Structures of (a) the lowest energy conformer of N-methyl-
1,3,5,4-trioxazinane and (b) the transition state for dissociation. Distances
are in Å.
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On the ‘Novel two-phase oxidative cross-coupling of the two-component
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The FeCl3-mediated, heterogeneous cross-coupling of the
title compounds (1 + 2 ? 3) has been re-examined and
formation of the molecular crystal (1 + 2) shown to be
irrelevant to the selectivity observed; a comparison of FeIII

and CuII as reagents is presented.

Oxidative self-coupling of 2-naphthol 1 is a well known
reaction; the resulting BINOL 4 constitutes a pivotal interme-
diate in the synthesis of numerous chiral ligands, such as
BINAP and MOP.2 A number of mild oxidants have been
reported to effect this coupling, in particular CuII, FeIII and
MnIII salts.3

In a recent paper, Ding et al.1 reported on the FeIII-mediated,
two-phase oxidative cross-coupling of the title compounds to
produce (±)-2-amino-2A-hydroxy-1,1A-binaphthyl (NOBIN) (1
+ 2? 3, Scheme 1) and rationalised this outcome as being due
to the unique formation of the molecular crystal 1 + 2 prior to
the reaction. We challenge this communication for the follow-
ing reasons. Firstly, in 1991, we had published the very same
cross-coupling (1 + 2 ? 3), mediated by CuII in a methanolic
solution,4,5 which demonstrates that this selectivity is not
exclusive to the heterogeneous system. Secondly, this is not the
only case of a highly selective cross-coupling; there are about
twenty examples of this kind known to date which all occur in
a homogeneous solution.4–8 Thirdly, Ding’s mechanism1 is in
conflict with that proposed by us.6 Here we present a direct
comparison of Ding’s protocol with our published procedure
and offer evidence which does not support the mechanism
proposed by Ding.

We have shown that 2-naphthol 1 and 2-naphthylamine 2 can
be cross-coupled by treatment with a complex generated in situ
from CuCl2 and an amine, such as BnNH2 or ButNH2; in a
methanolic solution and under anaerobic conditions, the
resulting NOBIN 3 is obtained in up to 85% yield. As by-
products, we have detected the diol 4 (6%) and diamine 5 (2%).
The presence of an amine is crucial for high conversion and
selectivity;4–7 if a chiral amine is employed, acceptable
enantioselectivity is attained (46% ee in the case of 3 and up to
!99% ee for 4).5

In contrast to the previous experiments, which were carried
out in homogeneous solutions,3–8 Ding et al.1 used a suspension
of the pre-formed mixture of 1 and 2 in water and FeCl3 as the

oxidant. At 55 °C the conversion was practically quantitative
and the yields fo 3 were in the range of 71–82% in typical
instances; 4 (13–19%) was identified as the only by-product,
while 5 was not detected.

We have rationalised the striking preference for the cross-
coupling as follows: in the pair to be cross-coupled, one partner
has to be prone to a ready, one-electron oxidation (as
documented by cyclic voltammetry and ab initio calculations)
and the other should be capable of trapping the radical-like
species thus generated;6‡ the coupling itself apparently occurs
in the co-ordination sphere of the metal (vide infra).5b,6,8d,8e If
the redox potentials of the two partners differ sufficiently (as is
the case for 1 and 2 and several other combinations), high
preference for the cross-coupling can be anticipated. On the
other hand, if the latter difference is small, the reaction becomes
non-selective and mixtures of cross- and self-coupled products
are obtained.6 Ding et al. proposed a different mechanism,
according to which 1 and 2 form a molecular crystal (or a
molecular compound) and the coupling occurs either in the solid
state or at the boundary between the solid and liquid phases.1
The favourable orientation of 1 and 2 in the latter crystal is then
assumed to control the coupling reaction to produce mainly 3,
whereas the self-coupling processes, which would lead to 4 and
5, are suppressed.1

Ding’s molecular crystal (or compound) is, presumably,
formed as a result of interaction of a weak Brønsted acid 1 with
a weak base 2. Therefore, the differences in the IR spectra and
in the powder X-ray diffraction characteristics he reported for
the crystal and the individual components1 are not unexpec-
ted.§

In a typical experiment, carried out with a suspension of the
molecular crystal in an aqueous solution of FeCl3 at 55 °C, high
preference for the cross-coupling was observed (82% of 3 and
14% of 4), ¶∑ which was interpreted by Ding as evidence for the
crucial role of the molecular crystal in controlling the
chemoselectivity.1 On the other hand, when solid 1 and 2 were
added separately to an aqueous solution of FeCl3 at 55 °C, very
similar selectivity was observed (78% of 3 and 20% of 4).1 To
account for this result, Ding suggested a rapid formation of the
molecular crystal prior to the coupling.1**

We find little support for the proposed mechanism on the
grounds of the experiments1 presented. First of all, neither 1 nor
2 is entirely insoluble in water: 1 g of 1 is dissolved in 1 l of
water at ambient temperature, while the same amount will
dissolve in 80 ml of boiling water.9 According to our
experience, the solubility of 2 is similar to that of 1.†† Hence,
appreciable amounts of each of 1 and 2 must be dissolved under
the reaction conditions both at room temp. and, especially, at 55
°C. This alone casts doubts on Ding’s mechanism and suggests
that the oxidative coupling does, in fact, occur in the aqueous
phase and is controlled by the factors6 we have identified.
Furthermore, Ding observed a loss of selectivity when FeCl3
was replaced by other FeIII salts, namely Fe2(SO4)3 or
NH4FeCl4, as oxidants. We believe this is further in conflictScheme 1
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with Ding’s hypothesis. Should the selectivity originate from
the molecular crystal, the nature of the metal ligands would be
irrelevant.‡‡

To address these issues, we have carried out the following
experiment: equimolar amounts of 1 and 2 were dissolved in
CH2Cl2 and stirred vigorously with an aqueous solution of
FeCl3 at room temp. for 48 h. With this two-phase system we
obtained similar selectivity to that reported by Ding¶∑ (the ratio
of 3, 4 and 5 was 79 : 9 : 12, as revealed by GC), although the
conversion (ca. 50%) was not as high, presumbably owing to
the lower temperature and the lower concentration of the
reactants in the aqueous phase in our case.

In conclusion, we have shown that the cross-coupling of 1
and 2, suspended in an aqueous solution of FeCl3, most likely
occurs in solution (note that the reactants are sparingly soluble
in water). The selectivity observed does not originate from the
existence of the molecular crystal and can be attributed to the
different redox properties of the reaction partners, as proposed
earlier by us.6 Since the product 3 is much less soluble than the
reactants, its formation siphons off the reactants from the
solution and the system obeys the Le Chatelier–Braun principle.
Under these conditions, BINOL 4 is the main contaminant.
When carried out in a methanolic solution with CuII, less
BINOL is formed but some diamine 5 can be detected (vide
supra).6 These marginal differences between the two methods
are presumably associated with the nature of the oxidant (Fe vs.
Cu) rather than with the homogeneity or non-homogeneity of
the reaction mixture. Carrying out the reaction in aqueous
suspension appears to have the advantage of simplicity if
racemic NOBIN 3 is required. However, its asymmetric verison
remains to be developed if this method is to be competititve with
the homogeneous protocol. The same conclusion holds for the
synthesis of BINOL 4 by the self-coupling of 1.

We thank the GAĈR for grant No 203/97/1009, GAUK for
grant No 86/95 and the Britisch Council and the University of
Leicester for additional support.
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these yields would appear to be impossible since the total would exceed
100% (see note ∑).

∑ We have repeated Ding’s experiment. A capillary GC (using a DB5
column, 15 m 3 0.5 mm, at 220 °C) with FID gave a 90 : 8 : 2 ratio of 3, 4
and 5 in the crude product.
** In this instance, the molecular crystal is presumably formed in an
equilibrium process that involves partial dissolving of each of the
components and crystallisation of the less soluble molecular crystal.
†† Note that both 1 and 2 can be purified by crystallisation from hot
water.
‡‡ The ligands’ crucial role is further evidenced by asymmetric induction,
observed in the presence of enantiopure amines (ref. 5). Moreover, this
effect indicates that the coupling does occur in the co-ordination sphere of
the metal (or, at least, in its vicinity) (ref. 5), rather than via a free-radical
species. For details and further discussion, see refs. 5(b), 8(d) and 8(e).
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A chlorophobic pocket in the p-tert-butylcalix[4]arene cavity: a test site for
molecular recognition investigated by 13C CP MAS NMR and X-ray
crystallography†

Eric B. Brouwer,a,b Konstantin A. Udachin,a Gary D. Enright,a Christopher I. Ratcliffea and John A.
Ripmeester*a,b

a Steacie Institute for Molecular Sciences, National Research Council of Canada, Ottawa, Ontario K1A 0R6, Canada 
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Five-membered aliphatic guests X(CH2)3Y (X, Y = Me, OH,
Cl, Br) adopt equilibrium positions in the asymmetric p-tert-
butylcalix[4]arene cavity formed in the solid state and reveal
a marked aversion of the host pocket for halogen end-
groups.

Weak interactions are expected to play an important role in the
construction of complex materials via self-assembly processes.1
Although there are many studies of interactions involving
H-bonding or p-stacking, there appear to be few methods where
the relative importance of other weak interactions can be
gauged in an unambiguous way.2 Here we report on the use of
the deep pocket in solid p-tert-butylcalix[4]arene host–guest
materials as a site for testing relative interaction strengths, a
concept also explored for guests in channel clathrates.

Recently we have reported the preparation and structural
characterization of p-tert-butylcalix[4]arene (t-BC) compounds
with aliphatic guests.3 One example is the compound with
pentane where the diffraction studies show that the guest
molecule is inserted along the four-fold symmetry axis of the
calix in the all-trans conformation with one methyl group
deeply inserted in the calix cavity. It is therefore quite
interesting that the 13C NMR spectrum of the solid shows the
presence of a single methyl resonance with a chemical shift

close to where it is expected for pentane in solution (1, Table 1)
rather than resonances for inequivalent methyls with one
resonance shifted upfield by ca. 5 ppm owing to ring current
effects from the four proximate aromatic rings of the calix.4,5

The conclusion is that the pentane molecule can invert itself in
the cavity on an NMR timescale. This process probably
involves low concentrations of transient gauche isomers
invisible in the diffraction experiment. The important conclu-
sion is that linear molecules with an equivalent length of up to
five carbon atoms are free to take up equilibrium orientations
and conformations inside the calix cavity. This differs from
monosubstituted and para-disubstituted aromatic guests in
t-BC,5,6 where the orientation of the guest is locked in during
crystallization. The strongly asymmetric calix cavity therefore
offers the unique possibility of using the deep pocket as a test
site for molecular recognition for molecules of the type
X(CH2)3Y (Table 1). A somewhat similar strategy has been
followed in the pursuit of end group interaction energies for
guests in channel clathrates.12

Examination of the 13C NMR spectra of the guest inclusions
with 1-chlorobutane and 1-bromobutane indicates that in this
case the methyl resonances show the expected high field shifts
for methyl groups inserted deeply inside the cavity (Table 1).
This implies that the halogens are excluded from the cavity. A
single-crystal X-ray diffraction study of the 1-chlorobutane
compound confirms that this is indeed the case (Fig. 1).‡ The
alkyl chain is inserted in the pocket, with the chlorine outside
the cavity and situated just off the calixarene four-fold axis. The
depth of penetration is limited by the unusual conformation of
the chain which places C2 and C3 in close contact with the calix
walls. We can exclude the influence of Cl···Cl interactions on
the guest orientation,2,7 as the Cl atoms are at least 6 Å apart.
Although the X-ray structure is not of as high a quality as the

Table 1 45.3 MHz 13C CP MAS NMR chemical shifts for the guest in
p-tert-butylcalix[4]arene·guest compounds 1–5; Dd refers to the difference
in the guest carbon chemical shift between CDCl3 solution and the host

Carbon chemical shifts
Guest
X(CH2)3Y X Y Carbon d(calix)a d(solution) Dd

1 CH3 CH3 CH3 12.3 13.7 21.4
C2 15.9 15.9 0.0
C3 —b 34.6 —b

2 CH3 Cl CH3 8.7 13.0 24.3
C3 23.5 23.0 +0.5
C2 35.6 34.7 +0.9
C1 45.0 44.3 +0.7

3 CH3 Br CH3 9.0 13.0 24.0
C3 22.3 21.2 +1.1
C2 —b 33.0 —b

C1 36.0 34.7 +1.3
4 Cl Cl C2 29.0 34.4 24.4

C1 40.4 41.1 20.7
5 CH3 OH CH3 12.2 13.6 21.4

C2 —b 35.0 —b

C3 18.4 19.1 20.7
C1 59.1 61.4 21.7

a Solid-state NMR spectra were obtained on a Bruker CXP-180 spectrome-
ter under cross-polarization and magic angle spinning conditions. Probe:
Bruker 7 mm; number of acquisitions 200–500; recycle time 4 s; 90° pulse
3.5 ms; contact time 3–5 ms; 4 K data points acquired and zero-filled to 16
K before processing; spectral width = 20 kHz; n = 3.5 kHz. b The guest
resonance in the solid is hidden under host resonances.

Fig. 1 Geometry of p-tert-butylcalix[4]arene inclusion compounds with
pentane (1), 1-chlorobutane (2) and 1,3-dichloropropane (4). Only one of
four symmetry-related guests is shown for 1 and 2. For 4, there is a second
independent guest orientation, giving eight positions in all.
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others, the orientation of the guest is certain. Placing the chain
with Cl in the cavity decreases the quality of the refinement.

Examination of the crystal structure of the compound with
1,3-dichloropropane (Fig. 1) is even more instructive, as now
both chlorine atoms are excluded in favour of penetration of the
cavity by a methylene group. The guest molecule is disordered
equally over two orientations not related by symmetry which
are in turn disordered equally about the compound’s fourfold
symmetry axis. Well defined positions for all guest atoms can
be found, thus yielding eight possible orientations for the
1,3-dichloropropane guest. The carbon chemical shifts show
only two guest lines (Table 1), indicating that the observed
guest conformations are able to interchange. Considerable
mobility of the guests is confirmed by dipolar dephasing
experiments,8 which show that both the terminal and central
methylenes are mobile on an NMR timescale. It is interesting to
note that the central methylene resonance is shifted by ca. 4
ppm, consistent with considerable penetration of the deep
pocket by this group as observed in the diffraction study. This is
also illustrated in Fig. 2, which shows a cutaway view of the
calixarene cavity and illustrates its highly anisotropic nature.
For the structure in question, the upper part of the cavity is
occupied by a water molecule for about half the cages in the
structure.

Since the steric requirements for a chlorine atom and a methyl
group are very similar, one must conclude that there are very
specific electronic effects that cause the exclusion of the
chlorine atom. It is clear that the approach presented here is able
to distinguish quite small energy differences. For instance, for 2,
complete exclusion of Cl requires that the energy difference
between Clin and Clout is at least ca. 4 kT, ca. 10 kJ mol21.

It is not expected that dipole moments play a determining role
in orienting the guest. This was checked by studying a t-BC
compound with an n-butanol guest. It is clear from the NMR
results that for this guest (5) there is little or no preference for
either CH3 or OH in the deep pocket (Table 1). The diffraction
results indicate that the guest is located in the structure as a
gauche conformer with the penetrating group on the axis (as in
2). It makes no difference to the refinement whether OH or CH3
is taken to be the penetrating group. Interactions involving
acidic H such as O–H···p and alkyne C–H···p interactions have
been duly studied.2,9,10 More specifically, interactions between
electron-rich calix[4]resorcarene hosts and CH-containing
guests have been described in terms of a polarization-induced
dipole interaction between a soft base (the host) and soft acid
(the guest).11 In the n-butanol case, the O–H···p interaction
seems to be no stronger than the interaction of the aliphatic
methyl group with the calix pocket. As well as being polarizable
(i.e. soft) the t-BC cavity is also basic due to the electron-
donating CH2, But and OH substituents on the aromatic rings
that form the deep pocket. While the OH group is more acidic
than the CH3 group, it is also less polarizable (i.e. harder) and
the observed lack of specificity likely reflects a balance between
the hard/soft and acid/base characteristics of the guest end
groups. For the Cl-bearing groups in 2 and 4, Cl is a hard base

that does not show any attractive interaction with the soft and
basic host, and thus gives rise to the observed orientations.

We note that the study of t-BC compounds with guests that
have one more carbon atom per chain also are likely to give new
insight, as preliminary X-ray diffraction evidence suggests that
the hexane molecule forms a 2 : 1 compound with both ends
inserted deeply in the t-BC pocket.

In conclusion, pentane-like linear guest molecules are free to
take up equilibrium orientations and conformations inside the
p-tert-butylcalix[4]arene cavity. The soft and basic t-BC pocket
includes the guest deep in the cavity with the preference: CH3 ≈
OH > CH2 > Br, Cl. It is hoped that modelling calculations
should be able to provide significant new insight into the
detailed nature of the interactions governing the guest orienta-
tions.
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Fig. 2 A cutaway view of the highly anisotropic p-tert-butylcalix[4]arene
cavity, showing the location of the 1,3-dichloropropane guest (4). The
chlorophobic pocket is at the bottom in the cleft between aromatic rings.
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Enantioselective epoxidation catalysed by ruthenium complexes with chiral
tetradentate bisamide ligands

Nicole End and Andreas Pfaltz*

Max-Planck-Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Mülheim an der Ruhr, Germany

Ruthenium complexes with chiral bis(dihydro-
oxazolylphenyl)oxalamide ligands catalyse the epoxidation
of (E)-stilbene and (E)-1-phenylpropene with 69 and 58% ee,
respectively, using NaIO4 as oxidant.

The development of efficient catalytic methods for the enantio-
selective preparation of epoxides is an important objective of
current research.1–6 The most general and most effective
catalysts available today are titanium–tartrate complexes for the
epoxidation of allylic alcohols6 and manganese–salen com-
plexes3,5 which allow the preparation of epoxides from certain
cis-disubstituted, tri- and tetra-substituted alkenes with high
ees. However, for other important classes of substrates such as
terminal and trans-disubstituted olefins efficient enantio-
selective epoxidation catalysts are still lacking.

A method for the epoxidation of alkenes using RuCl3,
2,2A-bipyridyl and NaIO4 in a two-phase reaction medium has
been reported.7 Several attempts were made to render this
system enantioselective by replacing bipyridyl with chiral
ligands.8,9 However, only low enantioselectivities have been
obtained so far.

We have recently developed an efficient synthesis of chiral
C2-symmetric oxalamides 1, starting from readily available
2-(2-aminophenyl)oxazolines 2 and oxalyl chloride.10 Oxal-
amides of this type possess a number of features which make
them attractive ligands for enantiocontrol of metal-catalysed
reactions, in particular for oxidations. A variety of differently
substituted derivatives can be readily prepared in both enantio-
meric forms starting from commercially available enantiopure
precursors. The doubly deprotonated oxalamide 1 can act as a
tetradentate ligand. Due to the p-acceptor properties of the
a-dicarbonyl unit and the oxazoline rings, these ligands are
expected to be quite resistant to oxidation and hence suitable for
the formation of stable high-valent metal complexes. Here we
report that ligands 1 can be used for the enantiocontrol of
ruthenium-catalysed epoxidations.

In preliminary experiments, following Balavoine’s proce-
dure,7a with 2 mol% of RuCl3·H2O and 2 equiv. of NaIO4 in the

presence of 12 mol% of ligand 1b, (E)-stilbene was epoxidised
in 31% yield with an ee of 43%. Higher ees and somewhat better
yields were obtained when an aqueous buffer was used instead
of water [Table 1, reaction (1)]. In addition to the desired

epoxide, significant amounts of benzaldehyde were formed.
Control experiments showed that the epoxide 4 is stable under
the reaction conditions. This implies that benzaldehyde is
formed directly by oxidative cleavage of the olefin rather than
by degradation of the epoxide.

Among the different oxalamides 1a–e, the isopropyloxazol-
ine derivative 1b was found to be the most effective ligand. In
contrast, the tert-butyloxazoline derivative 1c gave poor ees and
low yields of epoxide due to the formation of benzaldehyde,
which is the main reaction in this case. Ligands 1a and 1d gave
similar yields of epoxides as 1b but somewhat lower ees.
Interestingly, with ligand 1e the opposite enantiomer of 4 was
formed in 21% ee. In the absence of catalyst, (E)-stilbene was
not oxidised by NaIO4 under otherwise identical conditions.
Replacing NaIO4 by NaOCl resulted in very low yield and
enantiomeric excess.

One of the problems in this reaction is the formation of
benzaldehyde, which is rapid in the beginning (Fig. 1). In the
initial period up to ca. 60% conversion, the alkene is consumed
at about the same rate as benzaldehyde is formed while the
formation of epoxide is much slower. The ee is very low in the
beginning but increases significantly during the course of the
reaction. We thought that these problems could possibly be
overcome if the catalyst was treated with the oxidant prior to
addition of the substrate. Indeed, the catalytic performance
could be significantly improved using the following protocol. A
suspension of RuCl3·H2O (3.5 mg, 14 mmol) and ligand 1

Table 1 Ruthenium-catalysed epoxidation of 3 using ligands 1a–e

Yieldsa (%)
Conver- Eeb Abs.

Entry Ligand sion (%) 4 5 (%) Config.c

1 1a > 99 42 21 42 (1R,2R)
2 1b > 99 37 31 62 (1R,2R)
3 1c > 99 4 65 21 (1R,2R)
4 1d > 99 43 27 38 (1R,2R)
5 1e 69 19 34 21 (1S,2S)

a Determined by GC integration based on tridecane as internal standard. The
yields of 4 and 5 are based on the conversion of alkene. b Determined by GC
using a chiral capillary column (Chiraldex g-CD-TFA, 30 m 3 0.25 mm, 1
bar H2, 150–157 °C (0.5° min21), 157 °C (1 min), 157–180 °C (30° min21),
tR = 11.9/12.1 min). c The absolute configuration was determined based on
the sign of the optical rotation, see ref. 13.
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(80 mmol) in aqueous buffer (2 ml, pH 8, 20 mm sodium
phosphate) was stirred for 30 min at 4 °C. Subsequently,
CH2Cl2 (3 ml) was added, followed by NaIO4 (300 mg, 1.403
mmol). The resulting two-phase system was vigorously stirred
for 4 h at 4 °C. Then (E)-stilbene (3) (125 mg, 0.694 mmol) was
added and stirring continued for another 67 h. As shown in
Fig. 1(b), the epoxide is now the major product and the
enantiomeric excess remains constant during the reaction.
Under these conditions 3 was converted to 4 in 74% yield
(determined by GC based on tridecane as internal standard) with
69% ee. In a larger scale experiment with 3.5 mmol of 3, the
product 4 was isolated in 60% yield with the same ee after
column chromatography. This is the best result obtained so far
in the ruthenium-catalysed epoxidation of 3 with NaIO4. After
completion of this work, a ruthenium catalyst derived from a
chiral bis(oxazolinyl)pyridine ligand was reported which gave
up to 74% ee in the epoxidation of 3 with PhI(OAc)2.11

Interestingly, only benzaldehyde formation but no epoxidation
was observed in this case when NaIO4 was used as oxidant.

Using the same procedure, other alkenes were tested as
substrates in the ruthenium-catalysed epoxidation with ligand

1b. The epoxidation was found to be stereospecific for both (E)-
and (Z)-alkenes. (Z)-1-Phenylpropene 6 was converted to the
cis-epoxide in 50% yield with 25% ee. Significantly higher
enantioselectivity was achieved for the epoxidation of the
corresponding (E)-isomer 7 (58% ee, 40% yield). In this respect
the ruthenium–oxalamide complexes resemble chromium–
salen complexes12 which also give higher ees with 7 than with
the (Z)-isomer 6, but differ from related manganese–salen or
–porphyrin complexes3–5 which afford higher ees for (Z)- than
for (E)-olefins. Olefins 8–10 could not be used as substrates
because the corresponding epoxides were not stable under the
reaction conditions.
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Binding of the uranyl moiety by an Amavadin-style complex; synthesis and
characterisation of [{UO2(H2O)3}{D-V(hida)2}·2H2O]n

Robert E. Berry, Paul D. Smith, Spencer M. Harben, Madeleine Helliwell, David Collison and C. David
Garner*

Department of Chemistry, The University of Manchester, Oxford Road, Manchester, UK M13 9PL

[D-V(hida)2]22 (H3hida = N-hydroxyiminodiacetic acid)
and UO2

2+ form the solid [{UO2(H2O)3}{D-V(hida)2}·2H2O]n
which is comprised of left-handed helical arrays, linked by
H-bonding networks, in which the VIV is eight-coordinate
and the UVI seven-coordinate.

Recent studies in these laboratories have established that
2,2A-(N-hydroxyimino)dicarboxylic acid proligands form a
range of distinctive eight-coordinate complexes with early
d-transition metal centres such as TiIV, VIV, VV, NbV, TaV and
MoV.1–5 This work was initiated by the discovery of Amav-
adin,6 originally isolated from mushrooms of the genus Amanita
and constituted as a 1 : 2 complex of VIV with (S,S)-2,2A-(N-
hydroxyimino)dipropionic acid (H3hidpa).7 Amavadin pos-
sesses a novel eight-coordinate geometry, with each hidpa32

ligand bonding via an h2-NO group and two unidentate
carboxylate groups. This coordination geometry leads to
chirality at the vanadium and the isolated natural product
Amavadin contains an approximately equimolar mixture of the
D- and L-isomers of [V{(S,S)-hidpa}2]22.1,8 Amavadin-style
anions form extended structures with cations such as Ca2+ via
bridging caboxylate groups.4,5 We have explored the possibility
of extending this ‘cation-trapping’ by Amavadin-style com-
plexes to other metals and, herein, we report the synthesis and
characterisation of [{UO2(H2O)3}{D-V(hida)2}·2H2O]n I
[H3hida = 2,2A-N-hydroxyimino(diacetic acid)].

I was formed by the addition of UO2(O2CMe)2·2H2O to an
aqueous solution of H2[D,L-V(hida)2]9 and obtained as brown
prismatic crystals.† The VIV centres (Fig. 1) consist exclusively
of [D-V(hida)2]22 moieties, each with the eight-coordinate
geometry characteristic of Amavadin1 with two mutually trans
h2-NO groups and four unidentate carboxylate groups. The
dimensions of the VIV centres are very similar to those obtained
previously for this anion and its close relatives.1,4,8,12 A striking
aspect of I is that only the D-form of [V(hida)2]22was observed
in the crystal subjected to X-ray crystallographic analysis; no
vanadium-containing material remained in solution after crys-
tallisation and we presume that a racemic mixture of ‘left’ and
‘right’ handed crystals was produced and one hand was
arbitrarily selected for study.

In I, each UVI centre is seven-coordinate (Fig. 1) with a
pentagonal bipyramidal coordination geometry; the trans oxo-
groups [O(11) and O(15)] are the axial ligands and the
equatorial plane is comprised of three H2O molecules [O(12),
O(13) and O(14)] and two carboxylate oxygens from different
[D-V(hida)2]22 centres [O(2*) and O(9)]. An approximate
twofold axis of symmetry is located along the U–O(13) bond;
O(11)–U–O(15) is effectively linear [177.1(6)°] and perpendi-
cular (90.0°) to the least-squares plane of U and the five
equatorial oxygen atoms; O(9) and O(14) sit above (0.05 and
0.06 Å, respectively) and U, O(12), O(13) and O(2*) sit below
(20.01, 20.02, 20.02, 20.06 Å, respectively) the least-squares
plane. This coordination geometry is well known for seven-
coordinate UVI compounds13 and may be directly compared
with that of [UO2(orotato)2(H2O)3]‡,14 which involves two
orotato ligands in cis positions in the equatorial plane each

coordinated via a unidentate carboxylate group. The U–O
distances of I are similar to those in [UO2(orotato)2(H2O)3] and
related UVI complexes.13,14

The unit cell of I is comprised of four identical and parallel
left-handed helical chains centred on cell edges, each con-
tributing its atoms to four unit cells; each turn of the helix is
composed of six VIV and six UVI centres (Fig. 2). There are four
solvent fragments in the lattice beyond the helical chains which,
in the crystallographic refinement, were assumed to be H2O
molecules at 0.5 occupancy each. There is a network of short
interhelix contacts, consistent with extensive H-bonding
throughout the lattice, in particular: the uranyl trans oxo-groups
H-bond to protons on different anions in neighbouring chains,
O(15)···H(6b) and O(11)···H(3b) (2.4, 2.4 Å, respectively); and
the water molecule O(13) coordinated to the UVI has close
contacts with carboxylates on different helical chains,
O(13)···O(4) and O(13)···O(7) (2.5, 2.5 Å, respectively); these
carboxylates also have close contacts with hydrogens on
neighbouring anions, O(4)···H(7b) and O(7)···H(2b) (2.6, 2.7 Å,
respectively); uncoordinated water molecules also have close
contacts with water molecules coordinated to UVI,
O(12)···O(17) and O(14)···O(16) (2.7, 2.7 Å, respectively).

The IR spectrum of I contains n(CNO) bands at 1637, 1617,
and 1587 cm21 and the different frequencies are consistent with
the different roles of the carboxylate groups in bridging to the
UVI centres (Fig. 1). The n(ONUNO) asymmetric stretching

Fig. 1 VIV and UVI centres of I: selected bond lengths (Å) and interbond
angles (°) U–O(2*) 2.36(1), U–O(9) 2.35(1), U–O(11) 1.71(2), U–O(12)
2.42(2), U–O(13) 2.39(1), U–O(14) 2.47(1), U–O(15) 1.69(2), V–O(1)
2.06(1), V–O(3) 1.95(2), V–O(5) 2.08(1), V–O(6) 2.07(1), V–O(8) 1.89(2),
V–O(10) 2.05(2), V–N(1) 2.01(2), V–N(2) 1.95(2); O(2*)–U–O(9) 76.0(4),
O(2*)–U–O(11) 92.1(7), O(2*)–U–O(14) 71.1(5), O(2*)–U–O(15) 90.3(7),
O(9)–U–O(11) 88.9(7), O(9)–U–O(12) 72.2(5), O(9)–U–O(15) 93.1(6),
O(11)–U–O(12) 90.1(8), O(11)–U–O(13) 89.8(7), O(11)–U–O(14) 88.5(8),
O(12)–U–O(13) 69.0(6), O(12)–U–O(15) 88.6(8), O(13)–U–O(14) 71.9(6),
O(13)–U–O(15) 87.3(8), O(14)–U–O(15) 90.9(8). The dihedral angle
between {VNO} planes is 85.34°. * Indicates an atom derived by
symmetry.
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frequency is manifest in the IR spectrum by a sharp absorption
at 930 cm21.

Solid state reflectance UV–VIS data reveal absorptions due
to the uranyl moiety, composed of progressions (average
separation 625 cm21) arising from UO2

2+ symmetric stretching
centred at 22 700 cm21; as well as d–d bands due to the VIV

centre at 12 100, 14 400 and 18 800 cm21 and charge transfer
transitions at > 26 300 cm21.

The EPR spectrum of a polycrystalline powder of I at Q-band
frequency at room temp. comprises a single broad (DBp–p 235
G) line with a very asymmetric derivative shape indicative of
axial symmetry with g∑ = 1.932, g4 = 1.979. This is consistent
with a magnetically concentrated sample arising from the
relatively short inter- and intra-helix V–V distances.

The ‘trapping’ of metal cations by Amavadin-style anions
may allow the selective binding of cations, either to immobilise
them or for ion exchange.15 In this context it is of interest to note
that competition experiments have demonstrated the prefer-
ential precipitation of UO2

2+ by the diffusion of MeOH into an
aqueous solution of H2[V(hida)2] containing equimolar
amounts of UO2

2+ and Ca2+.
We thank BNFL plc (R. E. B., P. D. S., S. M. H.), EPSRC

(R. E. B.) and The Royal Society (D. C.) for financial support,
Dr E. J. L. McInnes (EPSRC CW EPR Service Centre,
Department of Chemistry, The University of Manchester) for
the EPR spectrum and Dr P. Harston (BNFL) and Messrs. P. R.
Silverwood and Y. Zhang for valuable discussions.
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solution stirred for ca. 3 h. Crystals of I suitable for X-ray diffraction were
grown by slow vapour diffusion of MeOH into the reaction solution at 275
K. Analysis. Found: C, 14.2; H, 2.5; N, 4.0; U, 33.1 V, 7.4. Calc. for
C8H18N2O17UV: C, 13.7; H, 2.6; N, 4.0; U, 33.9; V, 7.2%. X-Ray crystal
data for I: C8H20N2O17UV, M = 705.22, hexagonal, space group P65 (no.
170), a = 9.534(2), c = 38.300(3) Å, U = 3014(1) Å3 (by least squares
refinement on diffractometer angles of 25 automatically centred reflec-
tions), l = 0.710 69 Å, Z = 6, F(000) = 1998, Dc = 2.330 g cm23, m =
85.99 cm21, brown prismatic crystal of dimensions 0.20 3 0.22 3 0.25 mm.
Data were collected at 296 K using a Rigaku AFC5R diffractometer with
graphite monochromated Mo-Ka radiation and a rotating anode generator.
A total of 3988 reflections were measured in the w scan mode to a 2qmax of
50.1°, which gave 1849 independent reflections (Rint = 0.035). An
empirical absorption correction was applied, based on the azimuthal scans
of several reflections (transmission factors: 0.6784–1.00). A decay
correction was also applied (1.39% decline). 1587 reflections had I >
1.50s(I). The structure was solved by direct methods10 and expanded using
Fourier techniques.11 The non-hydrogen atoms were refined anisotropically
except for O(12) and the disordered water molecules O(16)–O(19), which

were refined isotropically. Hydrogen atoms were included but not refined.
Refinement of the 255 variables converged with R = 0.044, Rw = 0.037.
Max., min. peaks in the final difference map 0.96, 20.93 e2 Å23.

Careful consideration was given to the space group symmetry. There
were four possible options, P61 and P6122 and the alternative hands P65 and
P6522. The absolute configuration was determined by carrying out
refinements in each space group using all of the observed data, including
equivalent reflections. The detailed arguments which led to the selection of
P65 as the correct space group are available as supplementary material from
the corresponding author. CCDC 182/752.
‡ [UO2(orotato)2(H2O)3] = dioxobis(1,2,3,6-tetrahydro-2,6-dioxo-4-pyr-
imidinecarboxylato)triaquauranium(vi).
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Fig. 2 Representation of a left-hand helical chain of I
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Novel color isomerism and catalytic activities of Cu(salen) complex
encapsulated in a zeolitic matrix

Subratanath Koner*

Catalysis Division, National Chemical Laboratory, Pune 411 008, India

The green zeolite encapsulated Cu(salen) complex on
treatment with MeCN turns red and is found to be
catalytically active towards oxidation reactions whereas the
green species is inactive.

The development of efficient biomimetic oxidation catalysts
containing metal complexes of porphyrins, phthalocyanines,
Schiff-bases, etc. which mimic the active sites of metalloenzy-
mes has received a lot of attention.1 The oxidation reactions
catalyzed by metal complexes are often impeded due to
oxidative degradation of the complex and/or the formation of
m-oxo dimers.1c Several strategies, viz. encapsulation of those
complexes within zeolitic2,3 or polymeric matrices4 or interca-
lation in clays,2 have been adopted to enhance the stability and
reactivity of such catalysts. It is now well understood that
encapsulation of these complexes in zeolitic hosts can enhance
the catalytic performance of the complexes in comparison to
their homogeneous counterparts used in solution.1c

Here, we report the preparation, novel physicochemical
properties and unique catalytic behavior of a zeolite (NaY)
encapsulated Cu(salen) [salen = N,NA-bis(salicylaldehyde)-
ethylenediimine] complex [Cu(salen)-NaY].

To prepare Cu(salen)-NaY, 2 g of calcined Cu-NaY† zeolite
was mixed with 2 g of salen and placed in a sealed glass tube
containing dry N2 and heated at 150 °C with occasional stirring
for 5–6 h. The green mass thus formed was then pulverized and
subjected to Soxhlet extraction with MeOH and Me2CO. The
extracted green solid was then stirred with the portions of fresh
MeCN several times. To our surprise during the stirring with
MeCN the green mass transformed in to a red solid within a few
min whereas treatment of Cu(salen) with MeCN or re-
crystallization of the complex from the same solvent gave no
such color change. Although there is ample evidence of metal
complexes recrystallized from different solvents giving differ-
ent colors owing to the formation of different isomers or
conformers5,6 the present type of color isomerism among zeolite
encapsulated metal complexes is rarely observed. No color
change is observed when the green species is treated with other
sovlents such as EtOH, PriOH, CH2Cl2, CHCl3, etc. Elemental
analysis showed the Cu content of this solid was ca. 0.06%,
which corresponds to encapsulation of ca. 26 molecules of
[Cu(salen)] per 100 supercages in this solid. The Cu content of
the green solid is virtually the same.

A relatively weak band in the visible region in the electronic
spectra of the prepared catalysts and pure complex {590 nm for
[Cu(salen)] and Cu(salen)-NaY(green); 558 nm for Cu(salen)-
NaY(red)} is assigned to d–d transitions whereas two fairly
strong bands appearing in the range 410–280 nm are assigned to
ligand charge transfer bands {370 and 286 nm for the red and
green species and 406 and 355 for the [Cu(salen)] complex}
(Fig. 1).5 All the prominent IR bands for ligand vibrations
appearing in the region 1700–1250 cm21 of the [Cu(salen)]
species are also present in Cu(salen)-NaY. The ligand vibration
bands in the other regions are obscured by the presence of
zeolitic vibration bands. The principal g values calculated by
usual methods from EPR spectra (Fig. 2) are in agreement with
those reported for CuII Schiff base complexes.7 The g∑ and g4
values of the red and green species of Cu(salen)-NaY and for

[Cu(salen)] are 2.189, 2.178, 2.176 and 2.041, 2.039, 2.044,
respectively.

All the above results convincingly demonstrate the presence
of the [Cu(salen)] chromophore in both varieties of Cu(salen)-
NaY catalysts. The shifting of the d–d transition band to shorter
wavelength in electronic spectra of the red species in compar-
ison to the green species clearly indicates that the axial ligand
field around the CuII ion is weaker in the former.6b,8b EPR
spectra are in accord with this as g∑ values of the red species are
higher than that of the green species whereas the g4 values are
almost the same. It is well documented that a decrease of axial
ligand interaction with CuII in these types of complexes leads to
a red-shift of d–d transition bands and an increase in g∑.6b,8 It is
also noteworthy that the resolution of IR spectral bands for
ligand vibrations of the red species is higher than the green
species suggesting that the Cu(salen) moiety in the red species
is more comfortably enclosed inside the zeolitic supercage than
in the green species; which also indirectly indicates that the
interaction between the Cu(salen) moiety and the zeolitic matrix
in the red species is much weaker than in the green species.
Therefore, it can be proposed that in the green species, CuII

Fig. 1 UV–VIS diffuse reflectance spectra of Cu(salen)-NaY(red) (———)
Cu(salen)-NaY(green) (-·-·-·-) and Cu(salen) (- - - -)

Fig. 2 EPR spectra of Cu(salen) (a), Cu(salen)-NaY(green) (b) and
Cu(salen)-NaY(red) (c)
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forms weak Cu–O bonds with zeolitic oxygen to give either
square-pyramidal or octahedral geometry around the CuII ion,
which upon treatment with MeCN becomes square planar. The
formation of weak Cu–O bonds between the CuII ion and
zeolitic oxygen can not be ruled out since recently it has been
shown by single crystal X-ray analysis that Cu(salen) forms
dimers through weak Cu–O (O-salen) bonds in the solid
state.5

The epoxidation of norbornene and hydroxylation of 1-naph-
thol were carried out in a glass batch reactor using TBHP (tert-
butyl hydroperoxide) as oxidant. MeOH was used as solvent for
Cu(salen)-NaY(green) while MeCN was used for Cu(salen)-
NaY(red). In a typical reaction, 0.1 g of catalyst was slurried in
a batch reactor with 10 g of MeCN or MeOH. To this, 0.5 g of
oxidant was added and the mixture allowed to equilibrate at
50 °C in oil bath. After ca. 10 min the substrate was added and
products collected at different time intervals and identified and
quantified by GC and verified by GC–MS.

Results for both reactions (Table 1) established that the
Cu(salen)-NaY(red) catalyst showed excellent product selec-
tivity as well as activity towards oxidation reactions with
exclusively one oxidized product being obtained in each case.
Selectivity of products to this extent is rare among zeolite
encapsulated metal complex catalysts. For the 1-naphthol
hydroxylation reaction 1,4-naphthoquinone is selectively ob-
tained among the three possible products (1,4-naphthoquinone,
1,4-dihydroxynaphthalene, 1,2-dihydroxynaphthalene)9

whereas for norbornene only exo-epoxynorbornane is obtained,
where exo- and endo-epoxynorbornane, cyclohexene-4-carbal-
dehyde and norcamphor are all possible products.10 On the
other hand Cu(salen)-NaY(green) does not show any activity
towards these reactions. It should be noted that Cu is not
detected in the liquid phase of the reaction mixtures (the solid
catalyst is separated from the mixture by filtration at ca. 50 °C)
after completion of experiment. Therefore, the Cu complex is
not leached from the catalysts during reaction.

In conclusion, it can be stated that the catalytic activity of
Cu(salen)-NaY changes dramatically with change in the
coordination geometry around the CuII ion in the zeolite. The
Cu(salen)-NaY(red) catalyst where CuII ion appears to possess
vacant axial positions shows activity1e,5 towards oxidation
reactions whereas the green variety, where CuII ion is either
five- or six-coordinate, is inactive. Further this work is a novel
example where a metal complex encapsulated in a zeolitic
matrix shows color isomerism upon treatment with a specific
solvent.

The author acknowledges CSIR, India for an award of a
Senior Research Associateship (Pool Officer). The author also

thanks Dr S. Sivasanker for his encouragement and interest in
this work.
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Table 1 Catalytic performance of zeolite encapsulated Cu(salen)

Conversion
Catalyst Substrate t/h (mass%) Product

Cu(salen)-NaY(red) Norbornene 3 23.1 exo-Epoxynorbornanea

12 66.7 exo-Epoxynorbornanea

1-Naphthol 12 16.8 1,4-Naphthoquinonea

Cu(salen)-NaY(green) Norbornene 12 0.1 —b

1-Naphthol 12 0.2 —b

a Selectivity = 100 (mass%). b No expected oxidized products are detected.
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X-Ray crystal structure of {Cu[1,2-bis(4-pyridyl)ethane]2(NO3)2}n: the first
example of a coordination polymer that exhibits the NbO 3D network
architecture†

K. Nicole Power, Tracy L. Hennigar and Michael J. Zaworotko*

Department of Chemistry, Saint Mary’s University, Halifax, Nova Scotia, B3H 3C3, Canada

The coordination polymer {Cu[1,2-bis(4-pyridyl)ethane]2-
(NO3)2}n does not exist as a square grid network, rather it is
the first example of a twofold NbO type 3D network. A
twofold level of interpenetration does not preclude the
presence of 11 3 11 Å channels which contain benzene and
methanol guest molecules.

Recent activity in crystal engineering has afforded several
examples of coordination polymers which have open frame-
work network structures and therefore have the potential to be
functionally related to zeolites.1–3 The architectures of coor-
dination polymers can be either mineralomimetic or, more
commonly, without precedence in naturally occurring solids. If
simple linear spacer ligands such as 4,4A-bipyridine (4,4A-bipy)
are utilized, the architecture of a coordination polymer is strictly
limited by the stoichiometry. For example, a 1 : 1.5 ratio of
T-shape, square planar or octahedral metal to 4,4A-bipy affords
ladder,4–7 brick-wall,4 3D frame8,9 or bilayer structures.7,10

These architectures, which can be regarded as being supramo-
lecular isomers of one another,7,10 are without precedence in
naturally occurring compounds. If one considers a 1 : 2 ratio of
square planar or octahedral metal to linear spacer ligand, there

would appear to be only two likely supramolecular isomers,
square 2D grids or 3D frames (Scheme 1). These supramo-
lecular isomers could occur for either square planar or suitably
substituted octahedral complexes. The former has been widely
encountered in Hoffman clathrates11 and 4,4A-bipy sustained
networks12–15 whereas the latter has to our knowledge only
hitherto been observed in NbO.16 In this contribution we report
the structure of a copper(ii) coordination polymer based upon
the spacer ligand 1,2-bis(4-pyridyl)ethane (bpye) which repre-

sents, to our knowledge, the first example of a coordination
polymer which exhibits the NbO type structure, [Cu(bpye)2-
(NO3)2]n 1.

Blue crystals of 1 were grown by carefully layering a
methanol solution of Cu(NO3)2·6H2O onto a benzene solution
of bpye under ambient conditions. The ligand bpye is capable of
adopting either gauche or anti conformations and can therefore
act as either an angular or a linear spacer ligand, respectively.7
As revealed by single crystal X-ray crystallography, the bpye
ligands in 1 are anti and they sustain a 3D framework motif with
channels of effective cross-section 11 3 22 Å.‡ In the structure
there is a single network of 1.† The large channels in a single
framework of 1 facilitate twofold interpenetration with a second
independent framework but do not result in a close-packed
structure, rather, large square channels with effective cross-
sectional area of 11 3 11 Å exist parallel to the crystallographic
a-axis; these channels contain two ordered benzene molecules
and one disordered methanol/benzene molecule per metal
centre and crystals appear to lose solvent and crystallinity
within minutes of their removal from the mother liquor.†

The coordination geometry around the CuII moiety can be
regarded as pseudo-square planar since the nitrate anions are
only weakly coordinated, Cu–O distances being 2.366(4) and
2.486(4) Å, significantly longer than those seen for octahedral
NiII or CoII analogues.14 Other bond distances are within
expected ranges. It is not clear from this study why 1 exists as
a 3D NbO type framework rather than a 2D square grid
framework of the type commonly exhibited by 4,4A-bipy
analogues of 1.12–15 Indeed, we have now prepared more than
twenty 4,4A-bipy square grid compounds and we have prepared
more than ten bpye square grid compounds. The title compound
still remains the only one that exhibits the NbO framework. It
would not appear that the Jahn–Teller induced distortion from
octahedral geometry is a likely factor for the observed structure
since, in principle, both square planar and octahedral metal
moieties should be able to sustain the NbO network. However,
the length of bpye compared to 4,4A-bipy might be a factor. It is

Scheme 1
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known that 4,4A-bipy sustained square grid coordination
polymers can form close packed structures via interpenetra-
tion12 or stable open framework structures through inclusion of
aromatic molecules.13–15 The larger cavity that would be
formed by bype might not be as amenable to such behaviour. It
should also be noted that bpye inherently possesses conforma-
tional flexibility and other supramolecular isomers based upon
conformational isomerism7 are therefore likely for 1. The
factors that affect the generation of supramolecular isomers of 1
and related coordination polymers, in particular the influence of
guest and solvent, are currently being investigated further.

We acknowledge Dr C. Campana of Siemens Industrial
Automation Ltd. for furnishing the X-ray data and the generous
financial support of the NSERC (Canada) in the form of a
research grant (M. J. Z.).
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* Present address: Faculty of Arts and Science, University of Winnipeg, 515
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mike.zaworotko@uwinnipeg.ca
† This ChemComm is also available in enhanced multi-media format via the
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‡ Crystal data for 1: C41H48CuN6O8.5, orthorhombic, space group Pccn,
a = 14.7097(18), b = 21.832(3), c = 26.719(3), U = 8580.4(18) Å3,
Z = 8, Dc = 1.281 Mg m23, l = 0.709 30 Å, F(000) = 3464. 6639
reflections out of 8443 unique reflections with Inet > 3.5I measured at 173
K for a crystal of dimensions 0.2 3 0.3 3 0.4 mm on a Siemens SMART/
CCD diffractometer using the q scan mode (4 < 2q < 52°) afforded on
convergence final R-factors of Rf = 0.114 and Rw = 0.117. Two
independent benzene and two independent MeOH guest molecules were
observed to have high thermal motion and a third benzene guest was
observed to be disordered with a water or methanol molecule. H atoms of
the framework were placed in calculated positions (C–H 1.0 Å) whereas H
atoms of the disordered guest molecules were not placed. All non-hydrogen

atoms were anisotropically refined. The crystallographic calculations were
conducted using the NRCVAX program package. CCDC 182/734.
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The first stable copper(ii) complex containing four sulfide ligands: synthesis
and structural characterization of [Pt2(dppe)2(m-S)2] and
[Cu{Pt2(dppe)2(m3-S)2}2]2+
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The synthesis and crystal structure of the novel
heteropolymetallic aggregate [{Pt2(dppe)2(m3-S)2}2Cu]-
[PF6]2 2 and of its precursor [Pt2(dppe)2(m-S)2] 1 are
reported; 2 has been further characterized by EPR and
electronic spectroscopies and the hinged Pt2S2 rings in 1 and
2 have been rationalized by ab initio MP2 calculations.

The ability of [Pt2L4(m-S)2] (L = phosphine) to behave as a
metalloligand towards Lewis acids of p- and d-block elements is
well reflected in the literature by a wide range of homo- and
hetero-metallic aggregates with various nuclearities and struc-
tures.1 However, structural data in dimeric platinum sulfide
complexes are scarce and contradictory. The partially deter-
mined X-ray structure of [Pt2(PMe2Ph)4(m-S)2] shows a hinged
Pt2S2 ring (q = 121°),2 but the ring is strictly planar in
[Pt2(dppy)4(m-S)2] (dppy = 2-diphenylphosphanopyridine).3
Theoretical ab initio studies found a bent structure for the
[Pt2(PH3)4(m-S)2] complex.4 Stimulated by the difficulty of
stabilizating CuII in S4 environments, relevant for the study of
copper proteins, and based on the coordinative versatility of
[Pt2L4(m-S)2], we targeted the synthesis of a copper(ii) complex
containing four sulfide ligands. The only X-ray structure of a
heterometallic platinum sulfide aggregate, [{Pt2(PPh3)4(m3-
S)2}Cu(PPh3)]PF6,1a contains copper as CuI. The closest
precedents to copper(ii) complexes contain alkyl persulfide5

and disulfide6 ligands. We report the synthesis and X-ray
structure of [Pt2(dppe)2(m-S)2] 1 and pentametallic [Cu{Pt2-
(dppe)2(m3-S)2}2](PF6)2 2, MP2 ab initio calculations for the
[Pt2(H2PCH2CH2PH2)2(m-S)2] complex 3 that can be taken as a
model for 1, and spectroscopic and magnetic features of 2. 

The preparation of 1·2C6H6 from [PtCl2(dppe)] and an excess
of Na2S in benzene by a standard method7 led to a mixture of
products. 31P NMR measurements on aliquots of the reaction
mixture allowed the determination of a satisfactory
[PtCl2(dppe)] : Na2S : benzene ratio and of the appropriate
reaction time. Slow evaporation of the mother-liquor gave
orange crystals of 1·2C6H6 in ca. 90% yield,† whose structure‡
consists of neutral dinuclear molecules devoid of crystallo-
graphic symmetry elements (Fig. 1). Each molecule shows a
hinged Pt2S2 central ring (q = 140.2°) with the two platinum
atoms bridged by two sulfide anions, coordination being
completed by chelating dppe ligands. The geometries at the
individual Pt sites are approximately square planar.

To understand the preference for the bent structure of 1 we
have optimized complex 3 at the MP2 level§ yielding a hinged
structure with q = 118.8°. This result indicates the intrinsic
preference of 3 to adopt a bent structure and allows us to
disregard crystal packing effects as the cause for hinging. The
energy difference with respect to an optimized structure with a
fixed q = 180° is 30.1 kJ mol21 in favour of the former. This
energy difference between the bent and planar forms is small
enough for changes in the size of the terminal ligands to cause
significant variations in the dihedral angle. Thus, 3 is more
hinged (q = 118.8°) than 1 (140.2°) and a further increase in the

steric hindrance about P atoms, as happens in [Pt2(dppy)4(m-
S)2], leads to planarity. Optimization of 3 with a fixed q = 140°
gives an energy only 10.0 kJ mol21 above than that for
q = 118.8°. It is likely that the great coordinative versatility of
[Pt2L4(m-S)2] is due to the low energy cost associated with the
bending process. Moreover, this low energy cost would allow a
ring reversal process and thus a fluxional behaviour in
solution.11

Mixing Cu(PF6)2 with 1 (1 : 2 molar ratio) in methanol gave
rise to a dark solution that afforded red crystals of 2·0.5Et2O.‡
As shown in Fig. 2, the crystallographically non-symmetrical
cation [Cu{Pt2(dppe)2(m3-S)2}2]2+ comprises two {Pt2S2} but-
terflies linked through sulfur to the CuII ion. The long S···S
distance (3.1 Å) in each Pt2S2 moiety indicates the lack of a
disulfido bond. The deviations from square-planarity around all
platinum atoms are small and the hinge angles between PtS2P2
planes are 118.4 and 121.1°. There is a near-symmetrical
chelation of both disulfide metalloligands 1 to the CuII

centre. The distorted tetrahedral environment about the hetero-
metal is shown by the two acute S–Cu–S bite angles of ca. 83.6°
and by a torsion angle, w = 60°, between the two S–Cu–S
planes. Among the numerous geometries of the heterometal in
the environment of [Pt2L4(m-S)2] there is no example where the
former is tetrahedrally coordinated to two [Pt2L4(m-S)2] mole-
cules.

The EPR spectrum of 2 in CH2Cl2 solution displays a signal
at giso = 2.056. The hyperfine coupling constant to the copper
ion (I = 3/2) Aiso was determined to be 58.5 3 1024 cm21. The
spectrum of a powdered sample of 2, which consists of a nearly
axial signal with no appreciable changes either at room

Fig. 1 View of the structure of [Pt2(dppe)2(m-S)2] in 1 with hydrogen atoms
omitted, showing labelling of key atoms. Selected bond lengths (Å) and
angles (°) of the Pt2S2 ring: Pt(1)–S(2) 2.3412(12), Pt(1)–S(1) 2.3554(12),
S(1)–Pt(2) 2.3581(13), S(2)–Pt(2) 2.3437(12); S(2)–Pt(1)–S(1) 83.73(4),
Pt(1)–S(1)–Pt(2) 88.60(4), Pt(1)–S(2)–Pt(2) 89.28(4), S(2)–Pt(2)–S(1)
83.61(4).
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temperature or at 115 K, shows a partially good resolution of the
copper hyperfine splitting, probably brought about by magnetic
dilution afforded by the bulky phenyl groups of the dppe ligands
on the diamagnetic [Pt2(dppe)2(m-S)2] moieties. Simple first-
order spectral analysis yielded gz = 2.114, gy = 2.055 and
gx = 1.994, and Az = 124.4 3 1024, Ay = 37 3 1024 and
Ax = 36 3 1024 cm21. These results agree with the distorted
tetrahedral geometry and show that the heterometal is a
copper(ii) ion rather than copper(i) coordinated to a
[Pt2(dppe)2(m-S)2]+ radical moiety. The unpaired electron
resides in the dxy orbital of the metal centre (with sulfur donor-
atoms between the x and y axes).12 No evidence of delocaliza-
tion of the unpaired electron onto the platinum(ii) ions has been
found. Comparison of these features with EPR spectral patterns
of the blue copper sites13 indicates that gx,y and Ax,y are similar,
but those of the corresponding parallel parameters deviate
significantly. This can be attributed to the different nature of the
donor atoms bound to Cu and to the more flattened tetrahedral
geometry about this metal centre in the case of the [Cu{Pt2-
(dppe)2(m3-S)2}2]2+ cation.14

The electronic spectrum of 2 in acetonitrile solution shows a
very broad band with maximum intensity at n1 = 8550 cm21

(1170 mm, e = 740 dm3 mol21 cm21), a band at n2 = 17 700
cm21 (565 nm, e = 4400 dm3 mol21 cm21), and a very strong
absorption between 320 and 220 nm (e > 20 000 dm3 mol21

cm21). The position of n1 reveals that the distorted tetrahedral
geometry of the copper ion in complex 2 is preserved in solution
and compares well with the estimated value of 9800 cm21 for
the higher energy d–d band of a tetrahedral CuCl4 core with the
same degree of distortion (w = 61°) as 2.15 On the basis of an
idealized D2 symmetry the n1 band is assigned to the 2B1?

2A
(dz2 ? dxy) transition. Following the EPR behaviour, both the
position and the intensity of n2 are close to those of the
characteristic band of the blue copper sites appearing at ca. 600
nm in stellacyanin, plastocyanin and azurin proteins. Therefore,
n2 is assigned to a s(S) ? dxy(Cu) LMCT transition.13

The authors acknowledge the DGICYT through projects
PB94-0695 and PB95-0639-C02-01, and the UK EPSRC for
financial support. R. A. C. thanks Siemens plc for CASE
studentship support. We are grateful to Dr J. Vidal from
ICMAB for the EPR measurements.
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† 31P{1H} NMR [101.2 MHz, (CD3)2SO, 25 °C]: d 40.48 [t, 1J(PPt) 2696,
3J(PPt) 48 Hz]; 195Pt{1H} NMR [85.6 MHz, (CD3)2SO, 25 °C]: d24297.6
[t, 1J(PtP) 2721, 2J(PtPt) 784 Hz].
‡ 1·2C6H6: C64H60P4Pt2S2; M = 1407.3; monoclinic, space group P21/c;
a = 14.6661(9), b = 25.359(2), c = 15.0660(10) Å, b = 95.386(2)°;
U = 5578.6(6) Å3, Z = 4, Dc = 1.676 g cm23; Mo-Ka (l = 0.710 73
Å), m = 5.24 mm21; T = 160 K. 34 054 (12 524 unique, q < 28.5°,
Rint = 0.0337) data were collected on a Siemens SMART CCD, and were
corrected for absorption (SADABS, G. M. Sheldrick, University of
Göttingen, Germany, 1997), transmission 0.397–0.673. Refinement on F2

values of all data (G. M. Sheldrick, SHELXTL manual, Siemens Analytical
X-ray Instruments Inc., Madison WI, USA, 1994, version 5) gave
wR = {S[w(Fo

2 2 Fc
2)2]/S[w(Fo

2)2]}1/2 = 0.0796, conventional
R = 0.0338 for F values of 10 865 reflections with F2 > 2s(F2), S = 1.198
for 650 parameters. Residual electron density extrema are 1.57 and 21.69
e Å23.

2·0.5Et2O: C106H101CuF12O0.50P10Pt4S4; M = 2892.7; monoclinic,
space group C2; a = 33.9929(11), b = 13.6034(4), c = 23.4524(7) Å, b
= 90.374(2)°; U = 10844.6(6) Å3; Z = 4; Dc = 1.772 g cm23; m = 5.63
mm21; T = 160 K; 35 148 (19 241 unique, q < 28.7°, Rint = 0.0347) data,
transmission 0.490–0.810. Experimental and computational methods were
as above. wR = 0.0943, R = 0.0404 (18 847 F values), S = 1.263 for 1241
parameters. Residual electron density extrema are 1.72 and 21.72 e
Å23. CCDC 182/759.
§ Ab initio calculations were performed with the GAUSSIAN 94 series of
programs.8 Geometry optimizations were carried out at the second level of
the Möller–Plesset theory (MP2)9 with a basis set of valence double-z
quality for the metal atoms10a and valence double-z10b + d polarization
functions10c for the atoms attached to the metal. Effective core potentials
(ECP) were used to represent the innermost electrons of the metal atoms10a

as well as the electron core of the P and S atoms.10b A minimal basis set was
used for the H and C atoms of the H2PCH2CH2PH2 ligands.10d
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Fig. 2 The structure of the [Cu{Pt2(dppe)2(m3-S)2}2]2+ cation in 2 with key
atoms labelled. Selected bond lengths (Å) and angles (°) of the Cu{Pt2S2}2

core: Pt(1)–S(2) 2.355(2), Pt(1)–S(1) 2.375(3), S(1)–Pt(2) 2.362(2),
S(2)–Pt(2) 2.365(2), S(1)–Cu 2.320(2), S(2)–Cu 2.318(3), S(4)–Cu
2.303(3), S(3)–Cu 2.316(3), S(3)–Pt(4) 2.359(3), S(3)–Pt(3) 2.364(3),
S(4)–Pt(4) 2.366(2), S(4)–Pt(3) 2.372; S(2)–Pt(1)–S(1) 81.66(8), Pt(1)–
S(1)–Pt(2) 80.86(7), Pt(1)–S(2)–Pt(2) 81.20(7), S(2)–Pt(2)–S(1) 81.75(8),
S(2)–Cu–S(1) 83.65(8), S(4)–Cu–S(3) 83.54(9), S(3)–Pt(3)–S(4) 81.02(9),
Pt(3)–S(3)–Pt(4) 82.98(8), Pt(3)–S(4)–Pt(4) 82.65(8), S(3)–Pt(4)–S(4)
81.26(8).
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Identification of the precursor of singlet oxygen (1O2, 1Dg) involved in the
disproportionation of hydrogen peroxide catalyzed by calcium hydroxide

Véronique Nardello,a Karlis Briviba,b Helmut Siesb and Jean-Marie Aubry*a
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Catalytic disproportionation of hydrogen peroxide by cal-
cium hydroxide generates singlet molecular oxygen 1O2
(1Dg) through the diperoxohydrate peroxide CaO2·2H2O2
with a 50% yield based on the calcium peroxide.

Many inorganic compounds are known to induce the dispro-
portionation of hydrogen peroxide into singlet oxygen (1O2,
1Dg).1 Among them, calcium hydroxide appears both attractive
for its environmental friendly feature and amazing on account
of the simplicity of the catalyst involved [eqn. (1)].

CaII

2 H2O2 —? 2 H2O +a 1O2 + (1 2 a)
3O2

(1)

Although the formation of 1O2 during reaction (1) has been
established,1 several points remain unclear: (i) the traps of 1O2
bore carboxylate functions which precipitated partially in
presence of the calcium salts, (ii) the calcium hydroxide did not
have the highest purity commercially available, (iii) the
influence of the main parameters on the reaction were not
studied, (iv) no information was provided with regard to the
nature of the precursor of 1O2. Therefore, the system H2O2/CaII

has been reinvestigated by resorting to two complementary
techniques: the detection of the IR luminescence of 1O2 at 1270
nm and the chemical trapping with a more suitable trap. In a
second step, the nature of the precursor and the yield of 1O2
were determined.

The monomol emission of 1O2 was detected with a liquid-
nitrogen cooled germanium diode equipped with a bandpass
filter for 1270 ± 10 nm.2 The assays were carried out in a
thermostated cell at 50 °C filled with an aqueous (H2O or D2O)
solution of H2O2 (1.0 m). After recording the baseline, solid
CaO (0.2 m) of high purity (99.995%) was added and the
photoemission of 1O2 was monitored. The maximum values of
the luminescence intensy Ip are reported in Table 1.

The luminescence intensity Ip was found to be strongly
dependent on the deuteration of the solvent (Table 1, entries 1
and 2) as a ten-fold increase was observed in deuterated water
(95%), in good agreement with the longer lifetime of 1O2 in
D2O than in H2O.3 In a control experiment (Table 1, entry 3), it

was shown that the disproportionation of H2O2 (1 m) induced by
NaOH (0.4 m) did not provide any detectable signal in contrast
with the finding of Smith and Kulig.4 Accordingly, 1O2 arises
from the interaction between CaII and H2O2 and not from the
base-catalyzed disproportionation of H2O2.

The detection of 1O2 via its IR luminescence requires a
relatively high steady-state concentration of 1O2.5 Thus,
experiments with the system H2O2/CaII were carried out in D2O
and with gentle warming (50 °C). On the other hand, specific
chemical trapping worked in ordinary water, at room tem-
perature, and was found to be more reliable for the quantifica-
tion of 1O2 than the spectral method. The new cationic water-
soluble trap, 9,10-bis(4-trimethylphenylammonium)
anthracene dichloride (BPAA), which efficiently reacts with
1O2 giving a specific endoperoxide BPAAO2 as the sole
product,6 was particularly suitable for these trapping experi-
ments since it did not interfere with the catalytic reaction as the
tetrapotassium rubrene-2,3,8,9-tetracarboxylate (RTC) did.1 In
presence of BPAA, 1O2 arising from reaction (1) can either be
quenched by water [eqn. (2)] and by BPAA [eqn. (3)] or react
with this trap [eqn. (4)].7

Under pseudo-stationary conditions (d[1O2]/dt = 0), proc-
esses (1)–(4) lead to eqn. (5) giving the rate of the disappearance
of BPAA:

    

d[BPAA]

d
O

[BPAA]

)[BPAA]
1

2
r

d r qt

k

k k k
= -

+ +
n( )

(
(5)

where n(1O2) is the rate of 1O2 generation from reaction (1).
The concentration of BPAA used was very low (1024 m) in

order to minimize the disturbance of the process under study.
Under these conditions, the quenching of 1O2 by water is the
main pathway for 1O2 decay. Thus, kd >> (kr + kq) [BPAA] and
eqn. (5) reduces to eqn. (6) which allows calculation of n(1O2)
from the initial rate of BPAA disappearance, d[BPAA]/dt:

    
n( O )

d[BPAA]

d [BPAA]
1

2
d

r

= -
t

k

k
(6)

In control experiments, it was shown that the oxidation of
BPAA (10 mm) gives the expected endoperoxide BPAAO2
identified by 1H and 13C NMR spectroscopy.6 Accordingly, the

Table 1 Experimental conditions and emission intensity Ip of 1O2

luminescencea

Calcium [H2O2]/ [NaOH]/
Entry compound mmol mmol Solvent Ip/mV

1 CaO 5.0 — H2O 0.4 ± 0.1
2 CaO 5.0 — D2O 4.4 ± 0.5
3 — 5.0 2.0 D2O No signal
4 CaO2·8H2O — — D2O 0.3 ± 0.1

CD3OD 0.5 ± 0.1
5 CaO2·2H2O2 — — D2O 10 ± 0.5

CD3OD 98 ± 2

a Experiments were carried out with 1.0 mmol of calcium compounds at
50 °C in 5 ml of solvent.
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disappearance of BPAA could be confidently assigned to an
oxidation through 1O2. It was also shown that 50 mm CaO was
able to disproportionate 500 mm H2O2 indicating that the CaII

involved in process (1) acts as a catalyst. It is noteworthy that,
whereas no H2O2 could be detected in the aqueous phase at the
end of the reaction, the precipitate was found to contain exactly
one peroxide group per CaII whatever the starting concentra-
tions of H2O2 and CaO were. The final product is then probably
the hydrated calcium monoperoxide CaO2·8H2O which is
known to be stable in water.8,9 The rate of 1O2 formation was
measured for various initial concentrations of H2O2 (Fig. 1).

This figure shows that the formation of 1O2 requires at least
1 equiv. of H2O2. The reaction rate increases steeply at first and
then moderately when the concentration of H2O2 is increased
suggesting that the main precursor of 1O2 is probably the
calcium complex which bears the highest number of peroxo
groups. It is noteworthy that chemical trapping and detection of
the luminescence provided similar results since a mere
standardization allowed the fitting of both curves.

Although numerous calcium peroxides are reported in the
literature,8–10 Karelin et al. have recently established that only
two well defined compounds may be obtained by reaction of
H2O2 with CaO in aqueous solution. The first is the stable
octahydrate peroxide CaO2·8H2O and the other is the unstable
diperoxohydrate peroxide CaO2·2H2O2 which decomposes
spontaneously releasing oxygen.10 Up to now, no report has
dealt with the multiplicity of the oxygen. We looked for the
possible 1O2 luminescence emitted by thermolysis at 50 °C of
the calcium peroxides CaO2·8H2O and CaO2·2H2O2 dispersed
in deuterated methanol and water (Table 1). Deuterated solvents
were preferred to take advantage of the longer lifetime of 1O2
which provides an enhanced intensity of the luminescence.
CaO2·8H2O did not emit any significant luminescence (Table 1,
entry 4) whereas a similar amount of CaO2·2H2O2 emitted a
huge signal (98 ± 2 mV) in CD3OD. In D2O, the signal was
significant but lower probably owing to hydrolysis of the

complex as for the peroxomolybdates.11 Accordingly, we can
assert that CaO2·2H2O2 is a precursor of 1O2. A catalytic
scheme may be drawn from this conclusion (Scheme 1).

In a first step, Ca(OH)2 is converted into CaO2·8H2O which
binds two molecules of H2O2 giving CaO2·2H2O2. On thermol-
ysis at moderate temperature, this latter peroxide splits up into
1O2 and CaO2·8H2O. This catalytic cycle would operate until
complete disproportionation of H2O2 and would leave
CaO2·8H2O as a final product.

In order to assess the efficiency of CaO2·2H2O2 to generate
1O2, the oxidation of 250 mm a-terpinene was performed by
warming at 50 °C a suspension of 400 mm CaO2·2H2O2 in
CD3OD. a-Terpinene is known to trap efficiently all the 1O2
released giving mainly ascaridol.12 1H NMR analysis of the
reaction mixture showed that, under these conditions,
CaO2·2H2O2 converts 85% of a-terpinene into ascaridol
providing a yield of 1O2 formation equal to 50 ± 3% based on
this calcium peroxide.

This work was supported by the CNRS (program ‘Catalysis
and catalysts for industry and environment’).
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Fig. 1 1O2 formation as a function of [H2O2] detected by chemical trapping
(2) (200 mm CaO, 0.1 mm BPAA, H2O, 25 °C) or by IR luminescence at
1270 nm (5) (same conditions except D2O, 50 °C)

Scheme 1
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Strong negative thermal expansion in siliceous faujasite
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Strong isotropic negative thermal expansion (a = 24.2 3
1026 K21) found for siliceous faujasite over a temperature
range of 25 to 573 K is attributed to transverse vibrations of
the bridging oxygen atoms, a model supported by structural
refinements of X-ray diffraction data as a function of
temperature.

Negative thermal expansion is not a common phenomenon in
solid materials. When it does arise, it is usually of small
magnitude and displayed over a limited temperature range.
Such thermal expansion is most usually found in anisotropic
materials, for example, LiAlSiO4,1 NbZrP3O12

1 and
Sc2W3O12,2 where the intrinsic linear thermal expansion is not
more negative than 22.2 3 1026 K21. Ceramic bodies made
from such materials can show greater negative thermal
expansion owing to microcracking effects which tend to
become larger at lower temperatures. For instance a ceramic
body of Sc2W3O12, depending on how it is processed, can give
a thermal expansion of up to 211 3 1026 K21. Problems with
microcracking in such ceramic bodies can be avoided if the
material shows isotropic negative thermal expansion as is the
case for the cubic material ZrW2O8 which exhibits strong
isotropic negative thermal expansion (28.7 3 1026 K21) over
a broad temperature range.3,4

An apparent requirement for an oxide material to have strong
intrinsic negative thermal expansion is that it has an open
framework structure with two-coordinate oxygen atoms. Sev-
eral classes of such framework structures exist, including those
of the family of SiO2 structures and their derivatives. Various
forms of the more condensed polymorphs of SiO2 are known to
exhibit negative thermal expansion over limited temperature
ranges which do not include room temperature. Amorphous
SiO2 shows this behaviour below room temperature, and certain
crystalline forms (quartz, cristobalite and tridymite) show weak
negative thermal expansion above 1000 °C.5 Zeolites are a
group of open framework structures that derive from the SiO2
family of structures in which some aluminium replaces the
silicon atoms in the framework structure. The presence of
aluminium atoms in the framework causes complications when
considering thermal expansion properties. The charge of the
aluminium in the framework is balanced by extraframework
cations which influence the thermal expansion in several ways.
In particular, bonds between framework oxygen atoms and
alkali or alkaline earth cations exhibit large positive thermal
expansion so these cations will provide a positive contribution
to the expansion of the zeolite as the temperature increases. The
position of the extraframework cations is also known to vary
with temperature, as has been shown for Ca-mordenite,6 again
affecting the thermal expansion properties of the zeolite. The
presence of the extraframework cations also increases the
amount of water taken up by the zeolite. This water is often
difficult to fully remove and can influence the thermal
expansion properties of the system. These difficulties appear to
play a large factor in the experimental data for the thermal
expansion of Na-zeolite X, (the only data reported for the
faujasite family that the authors are aware of) which has a net
negative thermal expansion between 25 and 200 K and appears
to expand above 200 K.8,9

In this work, we chose to study the thermal expansion of a
purely siliceous zeolite, thus avoiding the complications
associated with the extraframework cations and greatly reduc-
ing the water content of the zeolite. Here, we report the thermal
expansion properties of siliceous faujasite from 25 to 573 K, it
being strongly negative (24.2 3 1026 K21) over the entire
range.

The sample of dealuminated Y (DAY) was kindly supplied
by Amoco Chemical Company and was prepared as described
previously.9,10 The Al content was 120 ppm by ICP analysis.
DAY was heated to 550° for 8 h in air to produce what has been
referred to9,10 as ‘zero defect’ DAY or ZDDAY. This treatment
removes the defects caused by dealumination as determined by
29Si MAS NMR; only one type of 29Si is observed in ZDDAY.
The sample was dehydrated for 12 h at 330 °C under a vacuum
of ca. 1025 Torr and transferred to an argon-filled glovebox
where it was loaded, and sealed, into 0.5 mm and 0.3 mm
diameter Lindemann glass capillary tubes. Before dehydration,
the water content can be indicated as SiO2·xH2O with x = 0.08.
After dehydration, water was undetected indicating that x was
< 0.005. Synchrotron X-ray powder diffraction data were
collected on the sample at beamline X7A, National Synchrotron
Light Source, Brookhaven National Laboratory. The dif-
fractometer set up included the use of a Si(111) monochromator
and a krypton filled position sensitive detector (p.s.d.). All data
were collected at a wavelength of 1.099 32(6) Å. The tem-
perature of the sample for each data collection was controlled
using an Air Products Displex, and data were collected at seven
temperatures between 25.16 and 297.5 K, inclusive. X-Ray data
on the sample from 303 to 573 K were collected on an INEL
XRG 3000 diffractometer using Cu-Ka1 radiation mono-
chromated by a Ge(111) crystal and adjustable vertical slits. The
detector used was an INEL CPS 90 p.s.d. filled with an ethane–
argon mixture. The sample was held within a capillary furnace
fitted with resistive heating elements.

The synchrotron X-ray data sets were refined using the
Rietveld method.11 The refinement at each temperature was
performed using the same procedure. The first four peaks were
excluded from each refinement owing to their highly asym-
metric peak shape. All backgrounds were fitted by linear
interpolation using the same number of points in each case. The
starting model for the siliceous faujasite was taken from that
described by Hriljac et al.10 The last cycle of least-squares
refinement included the histogram scale factor, zero point,
lattice parameter, five peak shape parameters, and the coor-
dinates and isotropic temperature factors of each atom. The
X-ray data sets collected on the laboratory diffractometer were
fitted using the Le Bail method only.12 Again, the background
was fitted by linear interpolation and the last cycle of least-
squares refinement included the zero point, lattice parameter,
and five peak shape parameters. All refinements were carried
out using the GSAS suite of programs.13

The negative thermal expansion properties of siliceous
faujasite are shown in Fig. 1. An approximately linear decrease
in cell dimension is seen over the entire temperature range
25.16–572.0 K. The overall coefficient of thermal expansion
{defined as (lT2 2 lT1)/[lT1(T2 2 T1)]} calculated for the whole
temperature range is 24.2 3 1026 K21. This value is in good
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agreement with that calculated for siliceous faujasite by Couves
et al. (24.1 3 1026 K21), but is significantly more negative
than the values obtained from their computational and experi-
mental studies on Na-zeolite X (23.0 3 1026 K21 and 20.7 3
1026 K21, respectively).7,8

The results from the Rietveld refinements at the seven
temperatures between 25 and 298 K enable us to gain some
insight into the structural changes giving rise to the negative
thermal expansioin of siliceous faujasite. As in other negative
thermal expansion materials,2–4 the overall changes in bond
distances and angles are small relative to their e.s.d.s. A cell
dimension change of that observed between 25.16 and 297.5 K
(24.2782–24.2442 Å), when placed on the same scale as a
typical Si–O bond represents a change of only 1.600–1.598 Å,
where a typical Rietveld e.s.d. on a bond length is only 0.002
Å.

The observed O–Si–O and Si–O–Si angles varied from 107 to
113° and 137 to 149°, respectively, with no detectable change
with temperature in either case. There was an apparent decrease
in the average Si–O bond distance of 1.614 to 1.610 Å from 25
to 298 K. However, after correcting for the thermal motion of
oxygen,14 there was no detectable change in the Si–O bond
length over this temperature range. The fact that the bond angles
and corrected bond distances within the SiO4 tetrahedra remain
essentially constant over the temperature range studied allows
the latter to be considered as rigid tetrahedra.

The results from the structure refinements lead us to believe
that the negative thermal expansion of this material is related to
the transverse vibrations to the two-coordinate bridging oxygen
atoms, a mode of lattice vibration that is of low enough energy
to be readily excited at low temperatures. These vibrations lead
to coupled rotations of the essentially rigid tetrahedra making
up the structure of the zeolite. The lack of any systematic
changes in atomic coordinates and bond angles over the
temperature range studied implies that the transverse vibrations
of the bridging oxygen atoms are essentially harmonic in nature
and the bending of the Si–O–Si bonds is dynamic rather than
static in nature. As the temperature of the material is increased,

the magnitude of the transverse vibrations of the bridging
oxygen atoms, as well as the resulting coupled rotations of the
tetrahedra, increases, which manifests itself in the structure
refinement results as a decrease in the average Si–O distance.
With the decrease in the Si–O bond length accompanying the
increase in temperature, a decrease in the average Si–Si non-
bonding distance occurs, resulting in the negative thermal
expansion observed. Again we emphasise that the apparent
reduction of the Si–O bond length results from the increased
thermal motion and not from actual changes in the magnitude of
the Si–O vector. The explanation of the mechanism of negative
thermal expansion for siliceous faujasite is the same as that
suggested for other materials such as ZrW2O8

3,4 and the usual
forms of SiO2.15

The strong negative thermal expansion found in siliceous
faujasite indicates that other zeolites and ALPOs might exhibit
similar behaviour, as has been suggested qualitatively by
computational methods.7,8 However, the latter also predicts that
some such framework materials exhibit positive thermal
expansion. The reasons for the difference in behaviour for
similar materials remain unclear and merit further investiga-
tion.

We thank G. J. Ray, Amoco Chemical Company, for
provision of the dealuminated zeolite-Y sample. This work was
supported through NSF grant No. DMR-9308530. Some data
were collected at the National Synchrotron Light Source,
Brookhaven National Laboratory, which is supported by the US
Department of Energy, Division of Materials Sciences and
Division of Chemical Sciences, under Contract No. DE-AC02-
76CH00016.
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Fig. 1 Cubic cell edge as a function of temperature for siliceous faujasite
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Asymmetric synthesis of dimethyl swazinecate and structural confirmation of
its parent alkaloid (2)-swazine

James D. White,*† John C. Amedio, Jr., Peter Hrnciar, Nadine C. Lee, Susumu Ohira and Alexandre F. T.
Yokochi
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Synthesis of dimethyl swazinecate, a principal component of
the pyrrolizidine alkaloid swazine, was completed from
(S)-(2)-b-citronellal; an X-ray crystallographic analysis of
natural swazine confirmed its absolute stereostructure.

Pyrrolizidine alkaloids are widespread among plants of the
Senecio family, many of which possess toxic properties that
pose serious risk to human and animal health.1 (2)-Swazine 1,

first isolated from Senecio swaziensis Compton,2 is among the
more complex members of this class of alkaloids, consisting of
a functionalized adipic acid derivative 2 (swazinecic acid) that
bridges the C7 and C9 hydroxy groups of the pyrrolizidine
retronecine to form a twelve-membered dilactone. Neither
acidic nor careful basic hydrolysis of 1 has permitted isolation
of intact 2. Instead, the constitution of this dicarboxylic (necic)
acid was inferred from the spirolactone 3 obtained upon
treatment of 1 with hot, 1.5 m sulfuric acid. The structure of 3
was established by X-ray crystallographic analysis of its
p-bromobenzoate.2 Initially, swazine was formulated as the
dilactone isomeric with 1, in which swazinecic acid 2 was
connected to retronecine in the reverse orientation to that
shown. This assignment was subsequently revised,3 and the
revision was accepted after a more complete degradative and
spectroscopic investigation.4 Herein, we report the first synthe-
sis of swazinecic acid, characterized as its dimethyl ester, which
confirms its absolute stereostructure as 2. We also describe an
X-ray crystallographic analysis of natural swazine which now
substantiates the designation of this alkaloid as 1.

Our approach, which employs b-citronellal as the starting
material,5 hinges upon oxidative truncation of an elaborated
terpenoid structure to generate a dicarboxylic acid having the
requisite functionality and configuration of the necic acid.6–10

Since our planned route to 2 involved early introduction of a
relatively sensitive epoxide, it was essential that later steps in
the sequence avoid reagents which would destroy this func-
tion.
a-Methylenation of (2)-4, followed by Luche reduction of

the resultant a,b-unsaturated aldehyde (as described for the
enantiomeric series),9 gave the allylic alcohol 5 (Scheme 1).
The trisubstituted olefin of this diene underwent selective
methoxyselenation using Toshimitsu’s conditions,11 and the
intermediate alkyl selenide was oxidized to afford 6 in good
yield. Asymmetric epoxidation of 6 using (S,S)-(+)-diisopropyl

tartrate (DIPT) as the chiral adjuvant12 gave 7 and 8 in the ratio
6.5 : 1.

After chromatographic separation, 7 was oxidized to alde-
hyde 12 which was converted to alcohol 13 upon treatment with
vinylmagnesium bromide at low temperature (Scheme 2).
Further oxidation with Dess–Martin periodinane produced a,b-
unsaturated ketone 14. Chelation-controlled Grignard addition
to this ketone was expected to occur selectively at the re face of
the carbonyl group, and when 14 was treated carefully with
methylmagnesium bromide at low temperature a single alcohol,

Scheme 1 Reagents and conditions: i, LDA, CH2NN+Me2I2, MeI,
NaHCO3, 94%; ii, NaBH4, CeCl3·7H2O, 93%; iii, PhSeCl, NaHCO3, THF–
MeOH; iv, H2O2, NaHCO3, THF–H2O, 82% (from 5); v, ButOOH,
Ti(OPri)4, (+)-DIPT, CH2Cl2, 92%

Scheme 2 Reagents and conditions: i, (COCl)2, DMSO, Et3N, CH2Cl2,
95%; ii, vinylmagnesium bromide, THF, 278 °C, 72%; iii, Dess–Martin
periodinane, 100%; iv, methylmagnesium bromide, Et2O, 278 °C, 60%; v,
TBDMSOTf, 2,6-lutidine, CH2Cl2, 235 °C, 76%
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assigned structure 15, was obtained accompanied by the product
of conjugate addition.

Alcohol 15 was protected as its tert-butyldimethylsilyl ether
16 in a process that retained the epoxide intact. Ozonolytic
cleavage of 16 in the presence of benzyl alcohol, trifluoroacetic
anhydride and triethylamine at low temperature gave the
aldehyde ester 17 in excellent yield (Scheme 3).13 Un-
fortunately, the inherent instability of 17 resulting from its
propensity towards intramolecular aldol condensation deman-
ded immediate oxidation of this aldehyde to a carboxylic acid,
during which the silyl ether was cleaved. Treatment of the
resultant a-hydroxy acid with diazomethane afforded 18 which
underwent hydrogenolysis of the benzyl ester followed by
lactonization with Mukaiyama’s reagent14 to give 19. Con-
densation of the lithium enolate of 19 with formaldehyde
produced a stereoisomeric mixture of hydroxymethyl lactones
which, when exposed to methanesulfonyl chloride and base, led
directly to exo methylene d-lactone 20. Saponification of 20
furnished swazinecic acid 2 which was characterized as its
dimethyl ester 21.‡

Since there is no record of either 2 or 21 having been obtained
by degradation of swazine 1, the structure of synthetic dimethyl
swazinecate was confirmed by its conversion to the spir-
odilactone 3 upon treatment with sulfuric acid in hot THF. The
spectroscopic properties of 3 obtained by this method matched
those recorded for the same substance derived from 1.

Final confirmation of the structure, including absolute
configuration, of swazinecic acid was obtained by X-ray
crystallographic analysis of swazine itself (Fig. 1).§ Since
hydrolysis of swazine is known to yield (+)-retronecine, whose
absolute configuration has been determined by independent
synthesis,15 the full structure of 1 and hence 2 is as shown.

We are indebted to Professor S. E. Drewes, University of
Natal, South Africa, for a sample of natural swazine. Financial
support was provided by the National Institute of Environ-
mental Health Sciences (ES03334).

Notes and References

† E-mail: whitej@ccmail.orst.edu
‡ Selected data for 21: [a]D
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1.19 (3 H, d, J 7), 1.47 (3 H, s), 2.44 (1 H, d, J 4), 2.91 (1 H, d, J 4), 3.62
(1 H, q, J 7), 3.77 (3 H, s), 3.81 (3 H, s), 5.52 (1 H, s), 6.17 (1 H, s); dC (100
MHz, C6D6) 17.2, 22.8, 30.5, 45.2, 51.9, 52.7, 63.8, 77.8, 123.0, 141.3,
168.0, 175.0; nmax/cm21 3472, 2959, 1733, 1450, 1269, 1156, 1103, 1035;
m/z (CI) 259 (M+ + 1), 241, 227, 209, 199, 181, 177, 167, 155, 125.
§ Crystal data for 1: C18H23NO6, (MW = 349.37), orthorhombic, space
group P212121 (No. 19), a = 8.940(2), b = 12.229(2), c = 16.706(3) Å,
V = 1826.4(6) Å3, Z = 4, Dc = 1.271 Mg m23. A total of 1936 data were
collected on a Siemens P4 diffractometer equipped with Cu-Ka radiation
(l = 1.54178 Å, m = 0.795 mm21) of which 1775 were unique
(Rint = 0.0335). A solution was obtained using direct methods as
programmed in SHELXS-90 and refined against all data using the program
SHELXL 97. The final residuals are R1 = 0.0366 (all data), wR2 = 0.0990
(all data) with a GoF = 1.071. Supplementary materials in electronic format
(CIF file) are available from the authors upon request. CCDC 182/758.
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Scheme 3 Reagents and conditions: i, O3, (CF3CO)2O, BnOH–CH2Cl2,
NaHCO3, Et3N, 278 °C; ii, NaClO2, ButOH, Me2CNCHMe; iii, CH2N2,
Et2O, 65% from 16; iv, H2, Pd/C; v, 2-chloro-1-methylpyridinium iodide
(Mukaiyama’s reagent), 99% from 18; vi, LDA, CH2O, 55%; vii, MsCl,
Et3N, 96%; viii, KOH, MeOH–H2O; ix, CH2N2, Et2O, 63% from 20; x,
H2SO4

Fig. 1 ORTEP plot of the crystal structure of swazine 1. Thermal ellipsoids
are drawn at the 50% probability level.
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Synthesis of DNA-binding heteroaromatic oligoamides on liquid solid support

Burkhard König*† and Martin Rödel

Institut für Organische Chemie der Technischen Universität Braunschweig, Hagenring 30, D-38106 Braunschweig, Germany

Heteroaromatic oligoamides as building blocks for the
synthesis of sequence specific DNA binding molecules are
obtained from nitro carboxylic acids on polyethylene glycol
without the use of protecting groups

Mimicking the sequence specific DNA recognition of gene
regulation proteins1 with small molecules is not only an
academic challenge: such molecules are highly desirable as
regulatory factors in biotechnology or as gene specific drugs.2
Several sequence-specific DNA-binding compounds3 have
been discovered over the last 10 years, such as triplex-forming
oligonucleotids, peptide nucleic acids and minor groove
binding heteroaromatic oligoamides.3b The stability and simple
structure of the latter compounds renders them especially
suitable for most applications. However, compared to the
synthesis of aliphatic peptides, that of heteroaromatic imida-
zole/pyrrole oligoamides is difficult: the heteroaromatic amines
are unstable and the carboxy group is less reactive in amide
formation. To address these problems, Baird and Dervan
recently reported a solid phase synthesis protocol for the
synthesis of even complex hairpin oligoamides.4 Unfortunately,
the employed solid support together with the required protecting
groups now make the synthesis of larger quantities of
heteroaromatic oligoamides an expensive venture. In addition
the current protocol is restricted to N-methylpyrrole and
N-methylimidazole, so that new building blocks and coupling
conditions must be developed for the introduction of each new
heterocycle.5 To remedy this situation we report here a versatile
’protecting group free’ synthesis of short heteroaromatic
oligoamides on polyethylene glycol ‘liquid’ solid support.6

Methoxypoly(ethylene glycol) (MeO-PEG-OH) with an
average molecular weight of 5000 g mol21 was used as an
inexpensive solid support. By the reaction of 1-methyl-4-nitro-
1H-pyrrole-2-carbonyl chloride 1 with MeO-PEG-OH under
standard conditions the first heterocyclic unit of the peptide
synthesis is introduced quantitatively via ester linkage (Scheme
1). A sample of 100 g of MeO-PEG-OH can so accommodate
ca. 2.5 g of the first heterocycle. Using the advantage of a
soluble solid support, the nitro group is then reduced with
NH4HCO2–Pd/C in MeOH over 1 h at room temperature. For
work-up the heterogeneous catalyst is removed by filtration and
the polymer-bound amine is precipitated by the addition of
Et2O. The solid is dissolved in CH2Cl2, rendering it ready for
the next coupling step and leaving behind excess NH4HCO2.
Either the reaction of 2 in the presence of pyridine or the
coupling of the corresponding carboxylic acid 5 with DCC–
HOBt can be used to introduce the next heterocycle in excellent
yield.7 Repetition of the reduction-coupling cycle gives trimers
and tetramers. Finally, treatment with base8 allows the quantita-
tive cleavage of the oligoamide from the polymer.‡ The so
obtained molecules§ are most suitable starting materials for the
construction of DNA recognizing structures: solution phase
peptide chemistry allows the large scale synthesis of hairpin
structures,9 immobilization leads to new stationary chromatog-
raphy phases10 and further functionalization gives DNA
markers.11

The described procedure allows the large scale synthesis of
heteroaromatic oligoamides without the use of protecting
groups and chromatography. On top of that it facilitates reaction

monitoring when new analogs are prepared. Using available
nitro carboxylic acids12 a variety of carbo- or hetero-cyclic units
can be introduced, whereby the successful incorporation is
confirmed by NMR spectroscopy.¶ With aromatic nitro iso-
cyanates as building blocks the amide linkage is replaced by a
urea moiety. Such peptidomimetic heteroaromatic compounds
may also have interesting DNA-binding properties, but this
remains to be established. Examples of structures that were
prepared by the reported route, including yields, are: 11 (61%),
12 (56%) and 13 (62%).

In conclusion we have shown that heteroaromatic oligoam-
ides can be prepared in a most economical way on MeO-PEG
polymer support avoiding the use of protecting groups. The
procedure facilitates both large scale synthesis and reaction
optimization for known and new heteroaromatic oligoamides.
This will make this interesting class of compounds more easily
available for the further investigation of specific molecular
recognition of biological structures.

Scheme 1 Reagents and conditions: i, CH2Cl2, Py, quant.; ii, NH4HCO2,
Pd/C, MeOH, room temp., 1 h; iii, CH2Cl2, Py, quant.; iv, DCC, HOBt,
quant.; v, NH4HCO2, MeOH, Pd/C; vi, DCC, HOBt, 83%; vii, 2 m, NaOH,
50 °C, 6 h, quant.

Chem. Commun., 1998 605



N
R

O

N

O

N

N

N
H

O

N

NO2

H

N
R

O

N

O

H

N
R

O

N N

O

H

N
H

O

N

O2N

N

O

H

N

NO2

H

11

12

13

Notes and References

† E-mail: B.KOENIG@tu-bs.de
‡ General procedure for the reduction-coupling cycle on MeO–PEG-
support: A mixture of 3 (5 g, 1 mmol), Pd/C (10%, 100 mg, 9 mol%) and
NH4HCO2 (1 g, 16 mmol) in MeOH (50 ml) was stirred for 1 h at room
temp. The catalyst was removed by filtration, Et2O (400 ml) was added to
the solution and the precipitate was collected by filtration. The white solid
was dissolved in CH2Cl2 (25 ml), leaving behind excess NH4HCO2 that was
filtered of. Either 2 (570 mg, 3.3 mmol) and pyridine (1 ml) or a solution of
5 (560 mg, 3.3 mmol), HOBt·H2O (510 mg, 3.3 mmol) and DCC (680 mg,
3.3 mmol) in DMF (25 ml) were added and the mixture was stirred for 12
h. The reaction mixture was filtered, the polymer-bound product was
precipitated by addition of Et2O (400 ml) and collected by filtration. The
crude product was redissolved, precipitated twice and dried in vacuo.
§ Selected data for 9: dH(400 MHz, [2H6]DMSO) 3.82 (s, 3 H), 3.86 (s, 3 H),
3.96 (s, 3 H), 6.85 (d, 4J 1.9, 1 H), 7.05 (d, 4J 1.8, 1 H), 7.26 (d, 4J 1.6, 1
H), 7.42 (d, 4J 1.8, 1 H), 7.59 (d, 4J 1.9, 1 H), 8.18 (d, 4J 1.8, 1 H), 9.94 (s,
1 H), 10.28 (s, 1 H); 12.16 (s, 1 H); dC(100 MHz, [2H6]DMSO) 36.1 (+),
36.2 (+), 37.5 (+), 104.6 (+), 107.6 (+), 108.4 (+), 118.7 (+), 119.6 (Cquart),
120.3 (+), 121.5 (Cquart), 122.6 (Cquart), 122.9 (Cquart), 126.3 (Cquart), 128.3
(+), 133.8 (Cquart), 156.9 (Cquart), 158.3 (Cquart), 162.0 (Cquart); m/z (70 eV)
370 (74%) [M+ 2 CO2], 275 (100).
¶ For NMR analysis, 100 mg of the polymer bound product were dissolved
in 0.5 ml of CDCl3. The terminal methoxy group of MeO-PEG was used to
calibrate polymer loading and reaction yields. Selected data for 11: dH(400
MHz, [2H6]DMSO) 3.52 (3 H), 4.05 (3 H), 4.10 (3 H), 6.89 (1 H), 7.44 (1
H), 7.48 (1 H), 7.49 (1 H), 7.64 (1 H), 9.05 (1 H), 9.16 (1 H). For 12: 3.92

(3 H), 4.07 (3 H), 6.90 (1 H), 7.44 (1 H), 7.57 (1 H), 7.65 (1 H), 7.70 (1 H),
8.09 (1 H), 8.15 (1 H), 9.01 (1 H), 9.14 (1 H). For 13: 3.87 (3 H), 4.02 (3
H), 6.69 (1 H), 7.2–7.3 (3 H), 7.42 (1 H), 7.53 (1 H), 7.60 (1 H), 7.68 (1 H),
7.73 (1 H), 7.92 (1 H), 8.73 (1 H). Signals of the resin are omitted. All
integrals are relative to the methoxy group of the resin.

1 There are five main peptide structural motifs for DNA-binding that have
been identified: helix-turn-helix, zinc finger, leucine zipper, helix-loop-
helix and antiparallel b-sheets (b-ribbon). D. S. Johnson and
D. L. Boger, in Comprehensive Supramolecular Chemistry, ed.
J. L. Atwood, J. E. Davies, D. D. Macnicol, F. Vögtle and J.-M. Lehn,
Elsevier Science, Oxford, 1996, vol. 4, p. 77.

2 For a recent example of the regulation of genes expression by small
molecules, see: J. M. Gottesfeld, L. Neely, J. W. Trauger, E. E. Baird
and P. B. Dervan, Nature, 1997, 387, 202.

3 (a) P. E. Nielsen, Chem. Eur. J. 1997, 3, 505 and references cited
therein; (b) The structure of the heteroaromatic peptides was inspired by
DNA-binding natural products, such as distamycin or netropsin:
D. S. Johnson and D. L. Boger, in Comprehensive Supramolecular
Chemistry, ed. J. L. Atwood, J. E. Davies, D. D. Macnicol, F. Vögtle and
J.-M. Lehn, Elsevier Science, Oxford, 1996, vol. 4, p. 73; (c) New
J. Chem., 1997, 21, 1 (special issue).

4 E. E. Baird and P. B. Dervan, J. Am. Chem. Soc., 1996, 118, 6141.
5 Heteroaromatic oligopeptides with terminal pyridine, thiazole and furan

units have been synthesized. These derivatives were expected to bind
preferentially G-C rich regions. However, in most cases they still show
a preference for A-T regions; K. E. Rao, R. G. Shea, B. Yadagiri and
J. W. Lown, Anti-Cancer Drug Des., 1990, 5, 3 (terminal thiazol);
M. Lee, R. G. Shea, J. W. Lown and R. T. Pon, J. Mol. Recogn., 1989,
2, 6 (furan); a terminal pyridine has been found to be G-C specific in
certain cases: W. S. Wade, M. Mrksich and P. B. Dervan, J. Am. Chem.
Soc., 1992, 114, 8783.

6 For the use of poly(ethylene glycol) as support in synthesis, see:
M. Mutter, H. Hagenmaier and E. Bayer, Angew. Chem., 1971, 83, 883;
Angew. Chem., Int. Ed. Engl., 1971, 10, 811; R. N. V. Pillai and
M. Mutter, Top. Curr. Chem., 1982, 106, 119; D. J. Gravert and
K. D. Janda, Chem. Rev., 1997, 97, 489; combinatorial libraries: H. Han,
M. M. Wolfe, S. Brenner and K. D. Janda, Proc. Natl. Acad. Sci. USA,
1995, 92, 6419.

7 The coupling with DCC–DMAP gave 6 in a lower yield of 92%.
8 M. A. Tilak and C. S. Hollinden, Tetrahedron Lett., 1968, 1297.
9 M. Mrksich, M. E. Parks and P. B. Dervan, J. Am. Chem. Soc., 1994,

116, 7983. MeO-PEG support is not suitable for a direct synthesis of
extended structures due to the known alteration of its physical properties
with growing oligoamide chain length. This leads to incomplete
precipitation.

10 B. König, H. Buchholz, M. Rödel and M. Schulze, patent pending.
11 Recent example: S. M. Touami, C. C. Poon and P. A. Wender, J. Am.

Chem. Soc., 1997, 119, 7611.
12 Many carbo- or hetero-cyclic aromatic nitro carboxylic acids are readily

available; 4-nitrothiophene-2-carboxylic acid: M. Römer, Chem. Ber.,
1887, 20, 116; ethyl-1-methyl-4-nitroimidazole- 2-carboxylate: K.
Krowicki and J. W. Lown, J. Org. Chem., 1987, 52, 3493; 5-ni-
trothiophene-2-carboxylic acid: P. Cogolli, F. Maiolo, L. Testaferri,
M. Tiecco and M. Tingoli, J. Chem. Soc., Perkin Trans. 2, 1980, 1331;
2-nitrothiazole-5-carboxylic acid: W. Knauf, Eur. J. Med. Chem. Chim.
Ther., 1975, 10, 533.
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Resorcin[4]arene dimer linked by eight water molecules and incorporating a
tetraethylammonium ion: guest-driven capsule formation via cation–p
interactions

Kazutaka Murayama and Katsuyuki Aoki*†

Department of Materials Science, Toyohashi University of Technology, Tempaku-cho, Toyohashi 441, Japan

X-Ray analysis of the co-crystallization compound formed
between tetraethylresorcin[4]arene 1 and tetraethyl-
ammonium ion, Et4N+·1·12·8H2O·2EtOH, has shown that
the two ‘head-to-head’ arranged resorcinarenes are linked
by eight water molecules and encapsulate a tetraethyl-
ammonium ion within the cavity via cation–p interactions.

Molecular containers,1–7 which have the ability to encapsulate
substrates, have attracted much attention in supramolecular
chemistry because of their numerous applications: the design of
artificial receptors, transport and storage of small organic
guests, design of chemical sensor devices, removal of pollutants
from water, and use as reaction chambers. A variety of container
compounds whose interior cavities are constructed by cova-
lently linked structures, typically involving carcerands,1,2

cryptophanes3 or cucurbiturils,4 have been synthesized and well
characterized. More recently, self-assembly through non-
covalent interactions such as hydrogen bonding has proved to
give novel types of molecular containers, which we here
tentatively call ‘molecular capsules’, the still-limited examples
being glycolurils,5 urea-substituted calix[4]arenes6 and tetrols.7
Most recently, MacGillivray and Atwood have reported8 a self-
assembled resorcin[4]arene hexamer, forming a shell-like
molecular capsule, held together by eight water bridges in
addition to direct hydrogen bonds between the substructures.
We report here the preparation and crystal structure of a dimeric
resorcin[4]arene molecular capsule, linked by eight water
bridges and incorporating a tetraethylammonium ion inside the
cavity. The formation of the capsule might be guest-driven
through the cation–p interaction, an important mechanism for
molecular recognition that is not yet sufficiently explored.9

Tetraethylresorcin[4]arene 1‡ (0.1 mmol) and tetraethyl-
ammonium perchlorate (1 mmol) were dissolved in EtOH–H2O
(5 : 3, 8 ml). The mixture (pH 5) was allowed to stand at room
temperature for three weeks to give colourless crystals with a
yield of 60%,§ the structure of which has been determined.¶

The molecular structure of the compound with the composi-
tion of Et4N+·1·12·8H2O·2EtOH∑ is shown in Fig. 1, where,
coinciding with crystallographic symmetries, each macrocyclic
resorcinol tetramer 1 has four-fold symmetry and the two
macrocycles are related to each other by a mirror plane. The
resorcinarene molecule adopts a bowl-shaped conformation
with the usually observed intramolecular hydrogen bonds
between neighbouring hydroxy groups: the crystallographically
independent hydrogen bond O(1)···O(2A) = 2.767(9) Å. The
most interesting structural feature is the formation of a
molecular capsule constructed of two ‘head-to-head’ arranged
substructures which captures a tetraethylammonium ion within
the cavity.** The Et4N+ nitrogen atom is located at a

crystallographic centre of symmetry, the point that the four-fold
axis and the mirror plane intersect, and thus the ethyl groups of
the cation are disordered over two sets of sites related by the
mirror plane on which the central nitrogen and terminal carbon
atoms ride. The architecture of the capsule structure is unique in
that the two substructures are not directly but indirectly
connected to each other via eight water bridges, because in so
far reported molecular capsules5–7 the two substructures are
directly hydrogen-bonded to each other via functional groups,
e.g. urea-substituents,6 that are designed to form complemen-
tary hydrogen bonds. Thus each water molecule, which lies on
the mirror plane noted above, is hydrogen-bonded to two
hydroxy groups, one from each substructure, summing to a total
of 16 hydrogen bonds in the capsule unit: the crystallo-
graphically independent hydrogen bonds O(3)···O(1) = 2.76(1)
and O(4)···O(2) = 2.753(10) Å. The water linking is engaged
also in the assembly of the tetramethylresorcin[4]arene hex-
amer,8 in addition to, in this case, direct hydrogen bonds
between the hydroxy groups of the ‘head-to-head’ arranged
resorcinarenes. As shown in Fig. 2, the Et4N+ ion is arranged in
such a way that its ethyl groups project toward the bridging C(7)
carbons of 1, where each ethyl group makes close contacts with
the phenyl rings through, we suggest, multiple cation–p
interactions. Since the capsule unit is negatively (monovalently)
charged, the presence of the cation–p interactions between the
quaternary cationic Et4N+ group and the aromatic rings of 1 is

Fig. 1 Molecular structure of the capsule molecule [the ethanol solvate is
disordered at four positions due to the four-fold axis passing through it,
where the thermal ellipsoid of the C(12) atom is given at arbitrary scale for
clarity]. O(2A) is related to O(2) by four-fold symmetry. Broken lines denote
hydrogen bonds. 
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not self-evident. However, X-ray evidence for such an inter-
action between the Me3N+ group of acetylcholine and the
p-rings of the neutral resorcin[4]arene is available.10 The bond
lengths and angles of the resorcin[4]arene molecule are in good
agreement with those in the literature.10

Crystallization of 1, in the absence of tetraethylammonium
ion, from EtOH–H2O or EtOH–acetone–H2O gave compounds,
2(1)·2EtOH·10H2O or 1·Me2CO·EtOH·2H2O, respectively, and
their X-ray analyses have shown that in both compounds no
molecular capsule is formed.11 The lack of formation of a
molecular capsule for neutral substrates in these two and, to the
best of our knowledge, six other cases such as MeCN–H2O,12

acetone–EtOH–H2O,12 ethyl methyl ketone,13 EtOH,14 pyr-
idine,15 and MeCN–4,4A-bipyridine15 may give circumstantial
evidence for the important role of the cation–p interaction in the
formation of the present resorcinarene molecular capsule,
suggesting that capsule formation might be guest-driven
through cation–p interactions. This is in contrast to the usually
observed5–7 host-driven capsule formation by direct hydrogen
bonding between two substructures that are predesigned to form
self-complementary hydrogen bonds. 

The 1H NMR spectrum (270 MHz, CD3OD) of the capsule
complex (1 mmol dm23) shows a quartet at d 3.130 and a triplet
at d 1.173 for the CH2 and CH3 protons of Et4N+, respectively,
whereas the corresponding signals of Et4N+ alone appear at d
3.321 and 1.289. These upfield shifts for the complex are
probably due to the shielding effect of the aromatic rings,
indicating that the quaternary tetraethylammonium group
associates preferentially with the p-rings of 1 in solution.††

In conclusion, the synthesis and isolation of the resorcin-
[4]arene molecular capsule incorporating an Et4N+ ion are
straightforward, giving a moderate yield by simply mixing
starting materials which are readily available. Unlike other
molecular capsules,5–7 the two substructures are not directly
hydrogen-bonded but are indirectly bonded via water bridges.
The architecture is simple and elegant: the two hemispherical
resorcin[4]arenes are attached via their upper rims with eight
water molecules to form a spherical capsule having C4h
symmetry. The present study provides additional X-ray evi-
dence10 for cation–p interaction between the quaternary
ammonium group and the p-electrons of the aromatic rings, a
novel type of binding force that is important in the function of
biological systems.9,16 The cation–p interaction could also play
a major role in the process of the capsule formation, by forcing
simultaneous interactions between a tetraethylammonium ion

and two resorcinarenes. The guest-driven host construction
observed here could offer a promising approach for building
new supramolecular compounds. 

Notes and References

† E-mail: kaoki@tutms.tut.ac.jp
‡ 2,8,14,20-Tetraethyl-4,6,10,12,16,18,22,24-octahydroxycalix[4]arene 1
was synthesized according to a literature procedure (ref. 17).
§ Elemental microanalysis of the compound was not possible due to its rapid
decomposition out of solution. The molecular formula was determined by
X-ray analysis.
¶ Crystal data: C10.5H15.875N0.125O3.25, M = 195.80, colourless columns,
tetragonal, space group P4/mnc, a = 13.927(2), c = 22.434(2) Å, U =
4351.5(10) Å3, Z = 16, Dc = 1.195 g cm23, m(Mo-Ka) = 0.88 cm21, T =
293 K, F(000) = 1692. A crystal was sealed in a glass capillary with a drop
of mother liquor. Of 2926 unique data in the range 4 < 2q < 45°, 1052 data
with I > 3s(I) were used in the refinement. Residuals of R = 0.104 and Rw

= 0.115 were obtained after 127 parameters had been refined to
convergence, where only the resorcinarene and water atoms were treated
anisotropically while all the other atoms were treated isotropically. No
attempt was made to locate the H atoms. Extensive disordering of Et4N+ and
EtOH caused the rather high R values. CCDC 182/753.
∑ The Et4N+ : 1 : EtOH composition of 1 : 2 : 2 for the compound formed was
consistent with its 1H NMR spectra. The absence of ClO4

2 was ascertained
via IR spectroscopy. Any one of the sixteen hydroxy substituents belonging
to the two resorcin[4]arenes constituting the capsule could be deproto-
nated.
** Resorcin[4]arenes as receptors for tetraalkylammonium ions have been
demonstrated in alkaline solution (ref. 18), where, however, a tetra-
deprotonated host anion is assumed to form a 1 : 1 complex with an
ammonium cation. 
†† A study to clarify the solution structure or structures involved in the
capsule formation remains to be carried out.
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Fig. 2 A top view of the capsule molecule along the four-fold axis, showing
the disposition of the Et4N+ ion within the cavity. Close contacts:
C(2A)···C(10) = 3.58(2), C(2A)···C(11) = 3.59(1), C(4)···C(10) = 3.59(2),
and C(4)···C(11) = 3.59(1) Å. O(2A) and C(2A) are related to O(2) and C(2),
respectively, by four-fold symmetry. Broken lines denote hydrogen
bonds.
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Unusual C?N migration of phosphoryl group; synthesis of NA-phosphorylated
amidines

Won Bum Jang, Kilsung Lee, Chi-Wan Lee and Dong Young Oh*†

Department of Chemistry, Korea Advanced Institute of Science and Technology, 373-1, Kusung-Dong, Yusung-Gu, Taejon, Korea 

Synthetically and structurally interesting NA-phosphoryl
amidines were obtained by the reaction of lithiated alkyl
phosphonates with N,N-dialkylcyanamide via an
unprecedented migration of the phosphoryl group.

We have been interested in recent years in the reaction of a-
lithioalkylphosphonates with nitriles, and we have used these as
synthetic intermediates in the preparation of b-keto phospho-
nates,1 a,b-unsaturated ketones,2 deoxybenzoines3 and
E-allylic amines.4 Following on from this work, we turned our
attention to the question of whether the reaction of
a-lithioalkylphosphonates with cyanamides (instead of nitriles)
would generate intermediates 6, in the hopes of thereby
obtaining a,b-unsaturated amides.

To this end, we examined the reaction of a-lithioalkyl-
phosphonates, derived from dialkyl alkylphosphonates, with
cyanamides 2 followed by hydrolysis (Scheme 1), and we were
surprised to find that the expected compounds 7 were not
obtained. Good yields of compounds 5 were obtained instead.
Looking closer, we found no evidence for formation of
b-carbonyl phosphonate and/or enamine phosphonates on
monitoring by TLC. Thus, the most reasonable explanation for
the formation of 5 would be the migration of phosphoryl group
(3?4). This unusual C?N migration of a phosphoryl group
was observed in all other dialkyl alkylphosphonates and amides
tested.‡

As shown in Table 1, the migration works well and gives
good yields. All the products were characterized via 1H, 13C and
31P NMR spectroscopy and HRMS. The C?N migration is so
fast that the reaction was completed within 5 min at 278 °C.
The a-lithio anion derived from a benzylphosphonate (5h in

Table 1) did not give the migration product, and the starting
material was recovered. This could be due to the lithiated
benzylphosphonate being possibly less nucleophilic than other
alkylphosphonates.

Intermediate 3 (or its tautomeric form 6) seems to be very
unstable. In general, amidine derivatives have a zwitterionic
character but, in the case of intermediate 3, the anion interrupts
the zwitterionic resonance in the N–CNN linkage, so the
migration of the phosphoryl group may not only initiate the
zwitterionic resonance, but also stabilize the zwitterionic
structure due to pp–dp interaction in the P–N bond.5§

In order to prepare various NA-phosphorylated amidine
derivatives 8, we carried out the reaction shown in Scheme 2
with several electrophiles. Our results are summarized in Table
2. All of the electrophiles gave good yields, even in the one-pot
procedure.¶

Scheme 1

Table 1 Synthesis of NA-phosphorylated amidines 5

Compound R1 R2 R3 R4 Yield (%)a

5a Me H –(CH2)4– 79
5b Me H –(CH2)5– 82
5c Et H –(CH2)4– 81
5d Et H –(CH2)5– 80
5e Et H Me Me 87
5f Et Allyl Me Me 71
5g Et Me –(CH2)5– 73
5h Et Ph –(CH2)5– No reactionb

5i Pri H –(CH2)5– 84

a Isolated yield. b Starting materials were recovered.

Scheme 2 Reagents and conditions: i, BunLi, THF, 278 °C, 1 h; ii,
Me2NCN, 278 °C, 10 min; iii, LDA, THF, 278 °C, 1 h; iv, electrophile,
278 °C to room temp., 1 h

Table 2 Synthesis of various NA-phosphorylated amidine derivatives 8

Compound Electrophile E in 8 Methoda Yield (%)b

8a D2O D A 78
8b MeI Me A 73
8c Allyl bromide Allyl A 68
8d TMSCl TMS A 62
8e PhCHO PhCH(OH) A 41
8e PhCHO PhCH(OH) B 92

a See footnote ¶. b Isolated yield.
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Rearrangements of the phosphoryl groups and other phos-
phorus containing functional groups are known.6 Their mecha-
nisms and resulting products are of importance, not only for
their synthetic applications and biological activities, but also for
understanding the reactivity of the phosphorus atom. However,
this is to the best of our knowledge the first example of the
C?N migration of a phosphoryl group.

In summary, we have developed an interesting and synthet-
ically useful C?N migration. A study of phosphorylated
amidine and its synthetic application is in progress.

Notes and References

† E-mail: s_opmc@cais.kaist.ac.kr
‡ Typical reaction procedure: To a stirred solution of (EtO)2P(O)Me (0.167
g, 1.1 mmol) in dry THF (4 ml) was added BunLi (0.68 ml, 1.1 mmol, 1.6
m in hexanes) at 278 °C under N2. After stirring for 1 h at 278 °C,
Me2NCN (0.070 g, 1.0 mmol) was added, and the mixture warmed to room
temp. After 30 min, saturated aqueous NH4Cl (5 ml) was added, and stirring
continued for 10 min. Extraction with Et2O (3 3 20 ml), drying and removal
of the solvent under reduced pressure gave the crude product. Pure 5e was
obtained (0.1933 g, 87%) by flash column chromatography (EtOAc–
MeOH, 10 : 1): dH(300 MHz, CDCl3) 1.07–1.12 (t, J 17.45, 6 H), 2.16 (s, 3
H), 2.86 (s, 3 H), 2.87 (s, 3 H), 3.83 (dt, JP–H 7.14, JH–H 7.14, 4 H); dC(75
MHz, CDCl3) 15.88 (d, JP–C 6.9), 19.40 (d, J 4.72), 37.55, 38.23, 61.36 (d,
JP–C 6.525), 166.32 (d, JP–C 14.1); dP(120 MHz, CDCl3) +6.157; HRMS
(EI) calc. 222.1133, found 222.1127.
§ In general, the rotational barrier of the C–N single bond in the amidine
moiety is due to its zwitterionic structure. The C–N single bond in NA-aryl-
N,N-dimethylacetamidines, which are known for having aryl groups
strongly conjugated to the NNC–N moiety, shows a relatively low
coalescence temperature (Tc, 260 to 33 °C; ref. 7). However, in the case of
NA-phosphorylated amidines, the coalescence temperature is about 80 °C
(ref. 8), evidence of the extension of the conjugation in the NNC–N linkage
to the phosphoryl group, involving strong pp–dp conjugation of the P–N
bond.
¶ Method A: To a stirred solution of (EtO)2P(O)Me (0.167 g, 1.1 mmol) in
dry THF (4 ml) was added BunLi (0.68 ml, 1.1 mmol, 1.6 m in hexanes) at
278 °C under N2. After stirring for 1 h at 278 °C, Me2NCN (0.070 g, 1.0
mmol) was added, and the mixture warmed to 25 °C for 30 min. Allyl
bromide (0.106 g, 1.0 mmol) was added dropwise and the mixture was
warmed to room temp. After 1 h saturated aqueous NH4Cl (5 ml) was added
and stirring continued for 10 min. Extraction with Et2O (3 3 20 ml), drying
and removal of the solvent under reduced pressure gave the crude product.
Pure 8c was obtained (0.178 g, 68%) by flash column chromatography

(EtOAc–MeOH, 10 : 1): dH(200 MHz, CDCl3) 1.27–1.34 (t, J 7.06, 6 H),
2.34–2.46 (m, 2 H), 2.84–2.96 (m, 2 H), 3.00 (s, 3 H), 3.01 (s, 3 H), 4.05 (dq,
JP–H 5.02, JH–H 5.02, 4 H), 4.98–5.14 (m, 1 H), 5.77–5.97 (m, 1 H); dC(50
MHz, CDCl3) 16.19 (JP–C 6.77), 30.71, 31.91 (JP–C 6), 38.01, 38.31, 115.42,
136.42, 169.01 (JP–C 15.05); HRMS (EI) calc. 262.1446, found 262.1436.

Method B: To a stirred solution of 5e (0.244 g, 1.1 mmol) in dry THF (4
ml) was added LDA (0.53 ml, 1.1 mmol, 2.0 m in THF) at 278 °C under N2.
After stirring for 1 h at 278 °C, benzaldehyde (1.06 g, 1.0 mmol) was added
dropwise. After 1 h, saturated aqueous NH4Cl (5 ml) was added, and stirring
continued for 10 min. Extraction with Et2O (3 3 20 ml), drying and removal
of the solvent under reduced pressure gave the crude product. Pure 8e was
obtained (0.302 g, 92%) by flash column chromatography (EtOAc–MeOH,
10 : 1): dH(300 MHz, CDCl3) 1.14–1.18 (t, JH–H 7.09 Hz), 1.18–1.23 (t, JH–H

7.05), 2.88–2.94 (m, 1 H), 2.94 (s, 3 H), 2.96 (s, 3 H), 3.13–3.21 (m, 1 H),
3.87–3.99 (m, 4 H), 4.86 (br d, 1 H), 6.09 (br s, 1 H), 7.09–7.22 (m, 3 H),
7.30–7.33 (m, 2 H); dC(75 MHz, CDCl3) 15.99 (d, JP–C 6.975), 38.20, 38.40,
42.63 (d, JP–C 6.375), 61.919 (t, J 5.625), 71.04, 125.10, 127.09, 128.15,
144.54, 166.59 (d, JP–C 15.6); dP(120 MHz, CDCl3) +8.083; HRMS (EI)
calc. 328.1552, found 328.1579.

1 K. Lee and D. Y. Oh, Bull. Korean Chem. Soc., 1989, 10, 613.
2 K. Lee and D. Y. Oh, Synthesis, 1991, 213.
3 K. Lee and D. Y. Oh, Bull. Korean Chem. Soc., 1991, 12, 254.
4 W. S. Shin, K. Lee and D. Y. Oh, Tetrahedron Lett., 1995, 36, 281.
5 S. Patai, The Chemistry of Amidines and Imidates, Wiley, London, 1975,

p. 60.
6 Some examples of phosphoryl group migration: (a) O?C migration, B.

Dhawan and D. Redmore, J. Org. Chem., 1986, 51, 179; Y.-Z. An and
D. F. Wiemer, J. Org. Chem., 1992, 57, 317; (b) S?C migration, G.
Sturtz, B. Corbel and J. P. Paugam, Tetrahedron Lett., 1976, 32, 47; S.
Masson, J.-F. Saint-Clair and M. Saquet, Tetrahedron Lett., 1994, 35,
3083; (c) C?O migration, F. Hammerschmidt and E. Zbiral, Chem. Ber.,
1980, 113, 3891; C. E. Burgos-Lepley, S. A. Mizsak, R. A. Nugent and
K. A. Johnson, J. Org. Chem., 1993, 58, 4159; (d) S?N migration, C.
Blonski, M. B. Gasc, A. F. Hegarty and J. J. Perie, J. Org. Chem., 1984,
106, 7523; (e) O?OA migration, S. N. Mikhailov, M. Oivanen, P.
Oksman and H. Lönnberg, J. Org. Chem., 1992, 57, 4122; (f) other related
phosphorus-containing functional group migration, M. J. P. Harger,
Chem. Commun., 1997, 403; M. J. P. Harger, J. Chem. Soc., Perkin
Trans. 1, 1989, 563; C. Earnshaw, J. I. Grayson and S. Warren, J. Chem.
Soc., Perkin Trans. 1., 1979, 1506.

7 D. Leibfritz, Dissertation, Universität Tübingen, 1970.
8 C. K. Tseng and F. M. Pallos, Spectroscopy Lett., 1972, 5, 43.
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Novel porphyrin–viologen rotaxanes

Alan E. Rowan,*† Patrick P. M. Aarts and Koen W. M. Koutstaal

Department of Organic Chemistry, NSR Center, University of Nijmegen, Toernooiveld 6525 ED Nijmegen, The Netherlands

A new porphyrin-containing host has an exceptionally high
affinity for viologen guests, with binding constants as high as
Kass = 7 3 106 M21 in organic solvents, allowing the
construction of porphyrin–viologen rotaxanes.

The design and construction of rotaxanes and catenanes using a
‘self-assembling’ approach is now regularly reported in lit-
erature.1 In general, however, few systems have been assembled
which possess addressable cyclic components, with an eye
toward the construction of functional devices.2 An interesting
functional species for incorporation in a rotaxane is a porphyrin.
Somewhat surprisingly the inclusion of a porphyrin in such a
system has only been preliminarily explored and mainly only as
a photoactive endgroup.3,4 Reported here is a new porphyrin-
clip macrocycle 1 which binds methyl viologen (N,NA-dimethyl-
4,4A-bipyridinium) and a variety of N-substituted derivatives
with the highest binding constants reported to date and is an
ideal basic building block for rotaxane synthesis.

Compound 1 was synthesized as depicted in Scheme 1.5
Catechol was converted in three steps into 1,2-bis(2-p-tolylsul-
fonylethoxy)benzene (in 57% yield) which was then coupled
with tetrachloromethyldiphenylglycoluril,6 to generate the tet-

ratosylate molecular clip. This U-shaped molecule was con-
verted to the tetraaldehyde derivative and subsequently cyclized
with pyrrole to give the porphyrin clip 1 (6%). NOESY and
COSY 2D spectra revealed that the porphyrin moiety is situated
rigidly and symmetrically, directly above the cavity.5

The affinity of this new host for complexation with N,NA-
derivatized 4,4-bipyridinium guests was investigated by UV–
VIS spectroscopy. Host–guest titrations in MeCN–CHCl3 (1 : 1,
v/v) revealed the formation of exceptionally strong 1 : 1 charge-
transfer complexes with all the viologen guests 2. The strength
and geometry of binding is strongly dependent upon the
N-functionality of the guest. In the case of the methyl derivative
2a the association constant, Kass = (6.0 ± 0.9) 3 105 m21, is
several orders of magnitude higher than previously reported
association constants for similar complexes.3,7 Complexation of
porphyrin clip 1 with N,NA-bis(2-hydroxyethyl)-
4,4A-bipyridinium 2b,8 resulted in one of the strongest host–
guest complexes in organic solvents reported to date
[Kass = (7.4 ± 0.8) 3 106 m21]. The complex between 1 and the
propylamine derivative 2c displayed an association constant,
Kass = (9.0 ± 1) 3 105 m21, which is more similar to that of the
complex between 1 and 2a.

1H NMR studies on an equimolar solution of 1 and 2b in
CD3CN–CDCl3 (1 : 1, v/v) revealed large complexation shifts
(see structure 1). In the case of the porphyrin host, the central
NH resonance was shifted significantly upfield by 1.16 ppm
(from d 22.79 to 23.95) implying that this proton is situated
over the centre of an aromatic ring of the guest. Both sets of CH2
protons, which link the porphyrin with the aromatic side-walls
of the cavity, (ArOCHaHb and PorOCHaHb) were shifted
downfield by identical amounts (+0.4 and +0.7 ppm), suggest-
ing that these protons are at the side of an aromatic ring which
is situated symmetrically between the two sets of protons. In the
case of the resonances for the bipyridinium guest 2b even larger
shifts were observed, with the value of the shift diminishing as
one goes from the centre of the bipyridinium ring to the end of
the hydroxyethyl functions (see structure 2b for Dds). The
exceptionally large upfield shifts for the b and a protons (23.51
and 21.99 ppm) confirm that the guest sits in the cavity parallel
to the porphyrin ring.

The 1H NMR spectra (500 MHz) of an equimolar solution of
2a and porphyrin clip 1 in contrast showed three broad
resonances at d 6.20, 4.13 and 3.35 for the a, b and methyl
protons of the guest, respectively. The complexation shifts are
even larger than those for the complex with 2b: Dda = 22.66,
Ddb = 24.24 and Ddmethyl = 21.05 ppm. In contrast to the
complex of 1 with 2b, upon the addition of 2a to the host only
a very small upfield shift of the central NH proton (20.17 ppm)
was observed. The host protons ArOCH2 of the complex with
2a were now shifted upfield (20.16 and 20.69 ppm) with the
protons PorOCH2 being unaffected by the complexation of the
guest. The geometry of complexation of 2a is such that the
bipyridinium rings sit between the two aromatic walls of 1,
perpendicular with respect to the porphyrin. This binding
geometry is different from that of 2b but the same as that
observed for complexation of this guest in a molecular basket
derived from diphenylglycoluril.7

The difference in binding geometry of the two guests is also
reflected in the UV–VIS spectra of the complexes. Upon

Scheme 1 Reagents and conditions: i, SnCl4, ClCH2CH2Cl, 72%; ii, MeCN,
K2CO3, 59%; iii, BF3·Et2O, CH2Cl2, p-chloranil, 6%
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addition of excess guest, the porphyrin Soret band in the UV–
VIS spectrum was shifted to the red by 5 nm in the case of 2b
and only by 2 nm in the case of 2a. The Q-bands remained
unaffected. The addition of 10 equiv. of guest 2b or 100 equiv.
of the methyl derivative 2a to the porphyrin clip caused an
almost complete quenching of the porphyrin fluorescence {I/I0
at 645 nm (excitation 418 nm) = 0.02; [Host] = 2.9 3 1026

mol l21, CH3CN–CHCl3 (1 : 1, v/v)}, confirming the close
proximity of the guest to the porphyrin.

Toward the construction of [n]rotaxanes assemblies it was
decided to use the 1 : 1 complex of bis(aminopropyl)bipyridi-
nium 2c and porphyrin clip 1 as the basic building block. NMR
studies showed that guest 2c forms a pseudo-rotaxane complex
with the NH2 functions sticking outside the cavity. Simple
condensation reactions of this 1 : 1 complex with acid chloride
derivatives should enable a variety of amide rotaxanes to be
formed.9 Using the bulky stopper 3,3,3-triphenylpropionyl
chloride a condensation reaction was carried out with the 1 : 1
complex of 1 and 2c, to give molecule 3·(PF6)2 in 30% yield
after column chromatography and counter-ion exchange. The
resulting rotaxane was, surprisingly, very soluble in CHCl3. 1H
NMR studies confirmed that the viologen is bound in the cavity,
in an asymmetric geometry, rapidly exchanging between two
equivalent sites in which the amide function of the thread
hydrogen bonds to the carbonyl of the porphyrin clip (see
structure 3).5

As shown here the strong complexation between porphyrin
clip 1 and bipyridinium guests 2 generates stable pseudo-
rotaxane complexes. The cyclic porphyrin component allows
the system to be potentially addressed by a variety of means:
chemically,3 electrochemically or photochemically.4 Current
studies are directed towards the construction of larger [n]rotax-
ane systems and arrays of porphyrin–viologens and the study of
their properties.

We thank Professor R. J. M. Nolte and Professor J. F.
Stoddart for discussions and their interest in this work.
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1154; F. Vögtle, M. Handel, S. Meier, S. Ottens-Hildebrandt, F. Ott and
T. Schmidt, Liebigs. Ann., 1995, 739.

2 P. R. Aston, R. Ballardini, V. Balzani, S. E. Boyd, A. Credi,
M. T. Gandolfi, M. Gomez-Lopez, S. Iqbal, D. Philip, J. A. Preece,
L. Prodi, H. G. Ricketts, J. F. Stoddart, M. S. Tolley, M. Venturi,
A. J. P. White and D. J. Williams, Chem. Eur. J., 1997, 3, 152.

3 M. J. Gunter and M. R. Johnston, J. Chem. Soc., Perkin Trans. 1, 1994,
995; M. J. Gunter, D. C. R. Hockless, M. R. Johnston, B. W. Skelton and
A. H. White, ibid., 1994, 1008; M. J. Gunter, D. C. R. Hockless,
M. R. Johnston, B. W. Skelton and A. H. White, J. Am. Chem. Soc.,
1994, 116, 4810.

4 Porphyrins in rotaxanes; D. B. Amabillino and J.-P. Sauvage, Chem.
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Fig. 1 (a) Porphyrin clip 1 and viologen guests 2. The observed 1H NMR complexation shifts for the 1 : 1 complex of 1 and 2b (CDCl3–CD3CN) are indicated.
(b) Rotaxane 3 assembled by the condensation reaction of 3,3,3-triphenylpropionyl chloride and the pseudo-rotaxane complex of 1 and 2c.

612 Chem. Commun., 1998



40 60 80 100 120 140
m / z

R
el

at
iv

e 
in

te
ns

ity

908682787470

80 84 88

*

*

*
6

5

5

6

4

7 8

9

6

(a)

(b)

OH

M

OH

H
O

O
H

H

H
O

H

H

H

HO

HO

H

H

O

H
H

H
O

H
H

2+

110 120 130 140 150 160 170 180 190
m / z

R
el

at
iv

e 
in

te
ns

ity

150 154 158 162

5
**

5

4

Ligand and H/D exchange of Mn(H2O)6
2+ and Cu(OH)(H2O)4

+ in the gas phase

Steen Brøndsted Nielsena and Gustav Bojesen*b
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When ligand exchange of aqua complexes in the gas phase is
examined by reaction with D2O it is not accompanied by
H/D exchange.

In solution, aqua complexes undergo exchange of intact ligands
as well as proton exchange.1 In the present work it is shown that
whereas ligand exchange occurs in the gas phase, doubly
charged aqueous complexes do not undergo proton exchange in
the gas phase. Formation by electrospray of aqua complexes of
doubly charged metal ions is well known.2 However, only a few
studies of ligand exchange in complexes of doubly charged
metal ions in the gas phase have appeared.3,4

The spectra obtained when Mn(H2O)6
2+ is allowed to react

with D2O are shown in Fig. 1 for two different pressures of
D2O.5 The parent ions occur at m/z 81.5 and the products of
consecutive ligand exchange reactions occur at intervals of one
m/z value above the parent ion. At low pressure the unex-
changed reactant is the most abundant ion whereas the product
of four ligand exchanges is the most abundant at high pressure.
Since the ions are doubly charged, this shows that the exchange
reaction leads to an increase in the mass of two Daltons. Hence
the products have been formed by exchange of intact water
molecules, and no evidence of hydrogen exchange is observed.
The spectra shown in Fig. 1(a) and (b) include a group of peaks
at m/z 72.5 and above which must arise from reactant ions which
have lost one or more ligands. This is due to the poorly defined
collision conditions when ion–molecule reactions (IMRs) are
studied in a multipole. In order to optimize the yield of IMRs the

axial velocity of the ions is kept low, and under such
circumstances the radial RF field in the multipole may
contribute significantly to the kinetic energy which is available
in the collisions.6 When the pressure of D2O is increased,
products of addition as well as ligand exchange reactions are
observed [Fig. 1(b)]. The six equidistant peaks above that from
the reactant show that at this pressure all six water molecules in
the parent ion can be exchanged. The abundance of the products
formed by loss of a ligand is increased, and products of addition
reactions are observed. In the observed addition products all the
ligands have been exchanged. This phenomenon is well known
from studies of H/D exchange reactions in quadrupole instru-
ments.7–10 Briefly it is a consequence of the instability of the
addition product relative to dissociation back into the reactants.
The addition product can be stabilized by different mechanisms
but these all require a pressure at which all the ligands in the
parent ion have been exchanged. For most of the aqueous
complexes the largest clusters which we have observed under
high-pressure conditions have nine water molecules, independ-
ently of the size of the parent complex.11 This shows that the
binding of a tenth ligand is very weak. A structure which is in
agreement with this is shown in Scheme 1.

Whereas H/D exchange has not been observed in the doubly
charged ions, it is readily observed in singly charged ions. Fig. 2
shows the spectrum obtained when 63Cu(OH)(H2O)4

+ is
allowed to react with D2O. Such hydroxidoaqua complexes are

Fig. 1 Spectra obtained from the reaction between Mn(H2O)6
2+ and D2O at

two different pressures; (a) 0.20 (b) 0.40 mTorr. The reactant ion is
indicated by *. The number at each group of peaks indicates the number of
aqua ligands in the complex assigned to the peaks.

Scheme 1

Fig. 2 Spectrum obtained from the reaction between 63Cu(OH)(H2O)4
+ and

D2O at 0.20 mTorr. The reactant ion is indicated by *. The number at each
group of peaks indicates the number of ligands (including one hydroxido) in
the complex assigned to the peaks.
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formed in the source along with the aqua complexes. The
equivalent complex with manganese could not be generated in
sufficiently high abundance to study its reactivity in IMRs. This
difference in acidity of copper and manganese aqua complexes
in the gas phase has been noticed before.2 The reactant ion
63Cu(OH)(H2O)4

+ gives a peak at m/z 152, and the products of
the exchange reaction are observed at intervals of one m/z value
above. Products of exchange and ligand loss are observed at m/z
134 and above. The most abundant products occur at m/z 154
and m/z 156. This seems to indicate that exchange of the intact
ligand is preferred for the singly charged complex, but the
observation of peaks at m/z 153, 155, 157 shows that in the
singly charged complex the hydrogen atoms can be exchanged
one at a time.

The absence of H/D exchange in the reaction between the
doubly charged complex Mn(H2O)6

2+ and D2O is in agreement
with the model which previously has been used to rationalize
the reactivity of ligated doubly charged metal ions and of
doubly charged molecular ions.12–14 Excluding exchange of
hydrogen radicals or simultaneous exchange reactions, the
mechanism giving exchange of a singly hydrogen would have to
proceed by intermediates in which the two charges are partially
separated. The overall product of the reaction will be proton
transfer rather than exchange as is observed at high D2O
pressures. A possible mechanism is shown in Scheme 2.

Protonation of inner-sphere ligands has been proposed to play
a role in the exchange of water complexes.15 However, in the
gas phase formation of ions such as 1b must be energetically
disfavoured.12,13 The absence of H/D exchange indicates that
when an intermediate such as 1b is formed in an IMR, the
electrostatic repulsion prevents the incipient hydroxonium ion
and the complex from remaining together for long enough for
back exchange of a deuteron to occur. The overall outcome of

the reaction will then be transfer of a proton rather than H/D
exchange.

The structure of hydrated doubly charged metal ions and the
dynamics of the exchange reaction are being very actively
studied both experimentally and theoretically.16–19 In aqueous
solutions of Mn(H2O)6

2+ ligand exchange is faster than proton
exchange.20 The results presented here show that the exchange
of the intact ligand has its parallel in the gas phase, but that the
very different influence of electrostatic interactions prevents the
occurrence of H/D exchange reactions.
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High catalytic efficiency of transition metal complexes encapsulated in a cubic
mesoporous phase

M. Eswaramoorthy, Neeraj and C. N. R. Rao,*
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064, India 

Copper(II) acetate dimer and [MnII(bipy)2]2+ encapsulated
in cubic Al-MCM-48 show high catalytic activity in the
oxidation of phenol to catechol by oxygen activation, and of
styrene to styrene oxide by singlet oxygen, respectively.

Transition metal complexes encapsulated in the cavities of
zeolites are known to exhibit high catalytic activity in certain
oxidation reactions, suggesting that these catalytic systems are
good enzyme mimics.1 Oxidation of phenols with O2 by copper
acetate dimer incorporated in MCM-22 or VPI-5 is a case in
instance wherein the copper(ii) complex mimics the phenolase
activity of tyrosinase.2,3 Besides the activation of O2, there have
been studies of the oxidation of organic compounds with singlet
oxygen sources such as H2O2, by metal complexes encapsulated
in molecular sieves. Selective oxidation of alkenes by bis(2,2A-
bipyridyl)manganese, [Mn(bipy)2]2+, encapsulated in zeolites X
and Y is one such example.4 The [MnII(bipy)2]2+ complex
immobilized in mesoporous Al-MCM-41 has been recently
shown to exhibit high catalytic activity for styrene oxidation.5
Based on the geometry of the pore structures of mesoporous
solids, it was our view that the cubic phase should be an
excellent host for enhancing the catalytic activity of metal
complexes. We have therefore investigated the catalytic activity
of two transition metal complexes incorporated in mesoporous
Al-MCM-48, in oxidation reactions. The metal complexes
examined are copper(ii) acetate dimer which has the structural
features of Cu-containing monooxygenase enzymes2,3 and
[MnII(bipy)2]2+. While copper(ii) acetate incorporated in Al-
MCM-48 was primarily meant to examine the catalytic activity
for oxygen activation at ambient conditions, the manganese(ii)
complex system was intended to study the oxidation of styrene
by singlet oxygen.

Al-MCM-48 was prepared by employing a modified proce-
dure. To a solution of 2.9 g of cetyltrimethylammonium
bromide in 40 ml of deionised water, 2.8 ml of 5 m NaOH was
added and the solution stirred for 30 min. To this, a solution
containing 0.09 g of aluminium sulfate dissolved in 10 ml of
water was added followed by the dropwise addition of 6.2 ml of
tetraethylorthosilicate. The mixture was stirred for 1 h,
transferred to a stainless steel autoclave and kept at 383 K for 5
days. The final product was filtered, washed several times with
deionised water, dried at 353 K for 3 h and calcined at 773 K for
10 h in air to remove the template. The Si/Al ratio in the product
was ca. 50. The cubic nature of the mesoporous phase was
confirmed by X-ray diffraction (Fig. 1). Distinct (211), (220),
(321), (400) and (332) reflections were seen in the pattern. Cu-
acetate-Al-MCM-48 was prepared by stirring 0.4 g of Al-
MCM-48 with 0.2 g of copper acetate monohydrate in distilled,
deionised water for 12 h. The product was filtered, washed with
water and dried at 383 K for 24 h in vacuum. The Cu/Al ratio in
the final product was 0.15. The XRD pattern given in Fig. 1
shows the cubic mesoporous nature of the catalyst. The surface
area of the catalyst was 600 m2 g21. Al-MCM-
48-[Mn(bipy)2]2+ was prepared by the treatment of Al-MCM-
48 (0.3 g) with a solution of 0.3 g of [Mn(bipy)2][NO3]2 in 20
ml of 1 : 9 (by volume) DMF–acetonitrile mixture at room
temperature for 48 h. The sample was filtered, washed with

acetonitrile and dried at 353 K under vacuum for 1 h. Chemical
analysis showed that the Mn/Al ratio in the product was 0.14.
The XRD pattern (Fig. 1) confirmed that the cubic mesoporous
structure was retained. The surface area of the catalyst was 770
m2 g21.

The second derivative EPR spectrum of Cu-acetate-Al-
MCM-48 (g4 = 2.06, g∑ = 2.18) exhibited the expected

Fig. 1 X-Ray diffraction patterns of (a) calcined Al-MCM-48, (b) copper
acetate dimer encapsulated Al-MCM-48 and (c) [Mn(bipy)2]2+ encapsu-
lated Al-MCM-48

Fig. 2 EPR spectra of (a) copper acetate dimer and (b) [Mn(bipy)]2+

encapsulated in Al-MCM-48
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hyperfine structure [Fig. 2(a)], establishing the presence of the
copper(ii) acetate dimer.3 The IR spectrum showed the
carboxylate absorption at 1629 cm21. The diffuse reflectance
spectrum [Fig. 3(b)] gave a band around 740 nm, just as in the
case of the copper acetate encapsulated zeolites. Oxidation of
phenol by the Cu-Al-MCM-48 catalyst was studied by stirring
100 mg of the catalyst in a phosphate buffer solution with 0.57
mmol of phenol in an oxygen atmosphere at 303 K. Gas
chromatographic analysis of the product indicated 36% conver-
sion, with catechol as the primary product. The turnover number
was 37, a value considerably higher than that found (ca. 4) with
copper(ii) acetate alone. This result demonstrates the high
catalytic activity of Cu-Al-MCM-48 in the orthohydroxylation
of phenol by oxygen activation.

The Al-MCM-48-[Mn(bipy)2]2+ gave an EPR spectrum with
the expected hyperfine structure due to Mn2+ [Fig. 2(b)]. It was
pink with a broad band around 490 nm in its DRS, due to the
metal–ligand charge transfer transition [Fig. 3(c)]. The IR

spectrum showed bands at 760 and 773 cm21 due to the out-of-
plane C–H deformation of the bipy. Oxidation of styrene was
studied by taking 100 mg of the catalyst in a solution of 0.87
mmol of styrene in 5 ml of acetonitrile, to which 3.5 mmol of
H2O2 was added. Gas chromatographic analysis showed the
conversion to be ca. 40% with styrene oxide as the primary
product. The turnover number was 82 compared with ca. 7 for
the [Mn(bipy)2]2+ complex alone. In the hexagonal mesoporous
host, Al-MCM-41, the maximum turnover number was 58.5
This result establishes Al-MCM-48-[Mn(bipy)2]2+ to be an
excellent catalyst for such oxidation reactions. It is to be noted
that the turnover number for styrene oxidation with Cu-acetate-
Al-MCM-48 catalyst was 46, but there was hardly 5%
conversion to styrene oxide, the main product being benzalde-
hyde. Similarly, the turnover number of the manganese catalyst
for the oxidation of phenol through the activation of molecular
oxygen was 14 and the product contained almost no catechol.
These results reveal the specificity of the metal complexes
encapsulated in the cubic mesoporous phase.

The present study not only demonstrates the high catalytic
potential of transition metal complexes encapsulated in cubic
mesoporous phases in oxidation reactions, but also the need to
explore other reactions as well as mesophase compositions with
different Si/Al ratios.
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Fig. 3 Electronic absorption spectra of (a) Al-MCM-48, (b) copper acetate
dimer encapsulated in Al-MCM-48
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Amphiphilic poly(sugar amino acid)s: a novel class of glycoclusters for
supramolecular materials1

Shin-Ichiro Nishimura,*† Shinnosuke Nomura and Kuriko Yamada

Laboratory for Bio-Macromolecular Chemistry, Division of Biological Sciences, Graduate School of Science, Hokkaido
University, Sapporo 060, Japan 

A poly(sugar amino acid) having self-assembling properties
was efficiently synthesised by simple polymerisation of
1-O-dodecyl-2-amino-2-deoxy-b-D-glucopyranosiduronic
acid 7 derived from D-glucofuranurono-6,3-lactone as the
key starting material.

The growing importance of glycoconjugates in biology2 and the
emergence of libraries3 for the construction of glycodrugs
prompted us to design and synthesise a series of carbohydrate
analogues and glycomimetics.4 Carbopeptoids5 (peptide-bond
linked carbohydrates) are also potential candidates for func-
tional glycomimetics having interesting biological activity as
carbohydrate or peptide mimetics. Sugar amino acids (SAAs)6,7

and their derivatives are important synthons for the preparation
of a series of carbopeptoids.8 One of the synthetic SAAs has
been incorporated into a cyclic peptide with the b-turn motif of
somatostatin containing Phe-Trp-Lys-Thr.9 Poly(sugar amino
acid)s [poly (SAA)s],10 peptide-bond linked polysaccharide
mimetics (polyamides11) derived from the SAAs, are regarded

as one of the potential starting points for the synthesis of a novel
class of biocompatible and/or biodegradable materials. As part
of our ongoing efforts in designing artificial glycoclusters with
specific functions,12 we report herein the first synthesis of
poly(sugar amino acid)s able to self-assemble to form stable
monomolecular layers using the readily available
d-glucofuranurono-6,3-lactone 1 ($194 per 1 kg, Aldrich
Chemical Company, Inc.) as a key starting material.

For the construction of the amphiphilic poly(sugar amino
acid) we designed a d-glucosaminuronic acid derivative 7 as an
amphiphilic SAA monomer. Scheme 1 summarises the syn-
thetic route to the target compound 7 starting from 1. Thus,
manipulation of 1 by a known sequence afforded glucal
derivative 2 in large quantities.13 The latter compound was then
converted to 2-azido derivative 3, under standard conditions for
the azidonitration of glucals,14 in 52% overall yield.‡ Removal
of the C-1 acetyl group of 3 was accomplished via treatment
with benzylamine to afford hemiacetal 4 in quantitative yield.
Fluorination of the 1-OH group of 4 with DAST, followed by
direct glycosylation with dodecan-1-ol in the presence of
Cp2ZrCl2–silver perchlorate (1 : 2) in benzene gave b-glycoside
5 in 45% yield from 4.‡§ Successive treatment of 5 with
NaOMe–MeOH and aq. NaOH afforded intermediate 6 in 79%
overall yield.¶ Hydrogenolysis of 6 over Pd–C gave amphi-
philic SAA monomer 7 in 55% yield.‡

Polymerisation of monomer 7 having two unprotected
hydroxy groups at the C-3 and C-4 positions proceeded
smoothly using diphenylphosphoryl azide (DPPA) according to
the published procedure15 and gave new poly(SAA) in 72%
yield (Scheme 2).∑ The molecular weight of the poly(SAA) was
estimated to be in the range 700–4500 (DP = 2–13) by the
MALDI-TOF mass spectrum.∑ This polymer forms a stable
monolayer via spreading of a dilute DMSO–CHCl3 solution on
a pure water surface. The surface pressure–area diagram shows
a steep increase of the surface pressure at around 1.8 nm2 per
molecule [Fig. 1(a)]. This indicates that the poly(SAA)
molecules are closely packed. Upon further compression the
monolayer collapses, at 50 mN m21. On the other hand,
compound 7, the repeating unit of this polymeric amphiphile,
exhibited a poor ability to form a monomolecular layer,

Scheme 1 Reagents and conditions: i, NaOH, MeOH; ii, Ac2O, C5H5N; iii,
HBr–AcOH; iv, Zn, AcONa, CuSO4, 60% from 1; v, NaN3 (1.4 equiv.),
Ce(NO3)6(NH4)2 (2.3 equiv.), MeCN, 215 °C, 20 h; vi, NaOAc (3 equiv.),
AcOH, 100 °C, 1 h, 52% from 2; vii, BnNH2 (1.5 equiv.), THF, 20 °C, 3 h,
99%; viii, DAST (1.2 equiv.), THF, 220 °C, 15 min; ix, C12H25OH (2.0
equiv.), Cp2ZrCl2 (2.5 equiv.), AgClO4 (5.0 equiv.), C6H6, 4 Å molecular
sieves, 25 °C, 16 h, 45% from 4; x, NaOMe (0.2 equiv.), MeOH, 25 °C, 1.5
h; xi, 1 m NaOH (aq.) (1.0 equiv.), MeOH, 25 °C, 3 h, then 1 m HCl (aq.)
(pH 3), 79% from 5; xii, Pd–C, H2 gas, MeOH, 25 °C, 48 h, 55%

Scheme 2 Reagents and conditions: i, Ph2P(O)N3 (2.3 equiv.), Et3N (2.3
equiv.), DMSO, 25 °C, 15 h, 72%
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suggesting that the stable peptide bond-type linkages of
poly(SAA) are efficient triggers for control of the orientation of
the hydrophilic sugar head groups and the hydrophobic alkyl
tails, as indicated in the possible molecular arrangements of the
polymer [Fig. 1(b)]. It should also be noted that the highly
ordered structure of the amphiphilic poly(SAA) will favour
further chemical and/or enzymatic modification of the two
hydroxy groups at the C-3 and C-4 positions. The versatility of
the synthetic strategy using poly(SAAs) as ‘scaffolds’ allows
monolayers to be applied to a variety of novel supramolecular
materials16 having specific molecular recognition sites, such as
galactose and sialic acid residues.

The authors are indebted to Dr A. Yamagishi, Dr N. Nishi and
Dr S. Tokura of Hokkaido University for their valuable
suggestions and discussions. This work was partly supported by
grants from the Association for the Progress of New Chemistry
and the Kato Memorial Bioscience Foundation.
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CH3). For 7: dH([2H6]DMSO) 5.75 (br s, 2 H, NH2), 4.30 (d, 1 H, J 8.0,
H-1), 3.72 and 3.40 (each q, 1 H, J 6.5, OCH2) 3.56 (t, 1 H, J 10.0, H-4), 3.49
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§ Glycosyl fluoride derived from 4 was directly employed for the
glycosidation reaction without further chromatographic purification owing
to its unstable nature.
¶ The versatility of compound 6 as a carboxyl component for the synthesis
of the sequential poly(SAAs) should also be noted, and some examples will
be reported shortly.
∑ Polymerisation of 7: To a solution of 7 (100 mg, 0.277 mmol) in Me2SO
(5 ml) was added DPPA (137 ml, 0.637 mmol) and Et3N (89 ml, 0.637
mmol). The mixture was stirred at room temp. for 15 h. The precipitate
obtained by addition of EtOH–Et2O (1 : 1) was collected and dried over
P2O5 under reduced pressure to give the poly(SAA); nmax/cm21 3350, 2930,
2850, 1660 and 1545; dH ([2H6]DMSO) 4.48 (br d, 1 H, J 8, H-1), 3.85–3.35
(br m, H-2, 3, 4, 5 and OCH2), 1.55 and 1.22 (m, 20 H, CH2), 0.85 (br t, 3
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3132.2, 3475.7, 3819.1, 4162.6 and 4506.0.
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Fig. 1 (a) Surface pressure–area isotherms of (i) poly(SAA) and (ii)
monomer 7. (b) Possible molecular arrangements of the amphiphilic
poly(SAA).
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Isolation and characterisation of the two major isomers of [84]fullerene (C84)

T. John S. Dennis, Tsutomu Kai, Tetsuo Tomiyama and Hisanori Shinohara*†

Department of Chemistry, Nagoya University, Nagoya 464-8602, Japan 

We report the first successful separation of the two major
isomers of C84, i.e. [84-D2]fullerene and [84-D2d(II)]-
fullerene, and 13C NMR and UV–VIS–near IR absorption
spectra of the purified materials.

[84]Fullerene, C84, is one of the first higher fullerenes found in
arc-processed soot, and solvent extracted in macroscopic
amounts.1 C84 has 24 structural isomers obeying the isolated
pentagon rule (IPR).2 Early 13C NMR studies3,4 indicated that
the two major isomers of [84]fullerene have D2 and D2d(II)
symmetry and a 2 : 1 abundance ratio. Theoretical calcula-
tions5,6 predict that the D2(IV) and D2d(II) isomers are the most
stable of the 24 IPR isomers. A number of spectroscopic and
structural studies have been carried out on [84]fullerene during
the last seven years.7 However, since the separation of the D2
and D2d(II) isomers had not been achieved, none of these
experiments have been carried out on isomer-free samples. Here
we report the first successful isolation of the two major isomers
of [84]fullerene.

Separation of C84 isomers was achieved by recycling HPLC
using a Cosmosil 5PYE column and toluene as eluent (20 mm 3
250 mm; 10 ml injections of C84 solution; 18 ml min21 flow
rate).8 Fig. 1 shows the resulting first-recycling-phase HPLC
profile. In this figure, the D2 and D2d isomers are seen to be
partially separated. Complete separation could not be achieved
at this stage by continuing to recycle due to peak spreading.
However, by cutting the sample at the line marked in Fig. 1,
fractions greatly enriched in each of the two isomers were
obtained. Further enrichment resulted from repeating the 20
cycle HPLC and cutting technique, and pure D2 isomer was
obtained after a third treatment. The D2 isomer has the shorter
retention time on this column, and because of the tailing of the
D2 fraction into the D2d, two further recycling HPLC treatments
are required to produce pure D2d isomer.

Fig. 2 shows the 13C NMR spectra of the purified D2 and D2d
fractions. These spectra give a good indication of the purity of
our samples, as there is no detectable contamination of the D2
C84 fraction by the D2d, or vice versa. Fig. 2(a) contains 21 lines

of almost equal intensity, and Fig. 2(b) contains 11 lines with
one being of roughly half the intensity of the others. These
correspond to the D2 and D2d(II) isomers, respectively. We can
confirm that the previous 13C NMR spectra3,4 of the mixture are
convolutions of the present isomer-free spectra. However,
owing to the 2 : 1 D2 : D2d isomer abundance ratio, in the
spectrum of the mixture all lines due to the D2 isomer and ten of
the eleven lines due to the D2d isomer have the same intensity.
Therefore, we are also able to show for the first time which lines
belong to which isomer. Since the submission of the present
communication, an attempt to assign these 31 lines, on the basis
of a comparison of 13C NMR spectra of a central and tail cut
from the main C84 band in an HPLC profile, has appeared in the
literature.9 This was only moderately successful, having six
incorrect assignments.

Among the 24 possible IPR isomers of C84, four have D2
symmetry and two have D2d symmetry. The present D2d isomer
can be unambiguously assigned to C84 isomer II. This isomer
possesses 11 different carbon atom environments. One of these

Fig. 1 HPLC profile taken from the second recycling-phase. The insert is an
expanded view of the 20th cycle. Partial separation of the two major isomers
of C84 has occurred, and by cutting at the line shown in the insert, fractions
enriched in the D2 and D2d isomers are obtained. Several more recycling
HLPC treatments are required to produce pure materials.

Fig. 2 13C NMR spectra of the purified two major isomers C84: (a) one of
the four D2 IPR isomers, and (b) [84-D2d(II)]fullerene. The measured
chemical shifts for the present C84 isomers are: D2 d 133.81, 135.48, 137.39,
137.50, 137.91, 138.58, 139.63, 139.74, 139.77, 139.79, 140.32, 140.60,
141.00, 141.33, 142.58, 142.89, 143.78, 143.81, 143.98, 144.48, 144.58;
D2d; d 134.98, 138.48, 138.87, 138.88, 139.82, 140.00, 140.37, 140.50,
141.57, 142.13, 144.60.
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occurs four times, and the other ten each occur eight times. This
fits perfectly with the spectrum given in Fig. 2(b), both in terms
of the number of lines and their relative intensities. An
unambiguous assignment cannot be given to the D2 isomer, as
all four IPR D2 isomers would have a one-dimensional 13C
NMR spectrum consisting of 21 equal-intensity lines. However,
a recent two-dimensional 13C NMR study10 suggests that the
present sample corresponds to C84{D2(IV)}.

Fig. 3 shows the UV–VIS–near IR absorption spectra of the
purified C84 D2 and D2d(II) isomers. The absorption dip near
600 nm in the spectrum of the present D2d(II) C84 sample
accounts for this isomer being green; the D2 isomer is yellow–
brown in CS2 solution.

The UV–VIS–near IR absorption spectrum of [84-D2(II)]
fullerene is considerably different from the discandium incar-
fullerene iSc2C84{D2(II)},11,12 even though they share the same
C84 isomer. This indicates that metal encapsulation alters
substantially the electronic structure of the host fullerene.

T. J. S. D. thanks the Japan Society for the Promotion of
Science for a Fellowship for Foreign Researchers. H. S. thanks
the Japanese Ministry of Education, Science, Sport and Culture
for Grants-in-Aid for Scientific Research on Scientific Research
(A)(2)(No.08554020) for the financial support of this study.

Notes and References

† E-mail: nori@chem2.chem.nagoya-u.ac.jp

1 H. Ajie, M. M. Alvarez, S. J. Anz, R. D. Beck, F. Diederich,
F. Fostiropoulos, D. R. Huffman, W. Krätschmer, Y. Rubin,
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Catalytic enantioselective epoxidation of alkenes with a tropinone-derived
chiral ketone

Alan Armstrong*† and Barry R. Hayter

Department of Chemistry, University of Nottingham, University Park, Nottingham, UK NG7 2RD 

a-Fluoro-N-ethoxycarbonyltropinone is an efficient catalyst
for the epoxidation of alkenes by Oxone® with good
enantioselectivity.

The development of catalytic methods for the asymmetric
epoxidation of unfunctionalised alkenes continues to be an
important goal in organic chemistry.1 The chiral manganese
salen complexes developed by Jacobsen and Katsuki provide a
solution to this problem for certain alkene substitution patterns,
but these catalysts generally give poor enantioselectivity for
epoxidation of, for example, trans-disubstituted alkenes.1
Recently, attention has focused on the catalysis of Oxone®

epoxidation of alkenes2 by chiral ketones3–6 (via a dioxirane7‡)
and by chiral iminium salts8 (via an oxaziridinium species) as a
possible solution to this problem, and some impressive
advances have been recorded. Yang and co-workers described a
catalytic binaphthyl-based ketone which, with appropriate
substitution, can give high selectivity [up to 84% ee for the
epoxidation of (E)-stilbene].3 Shi has reported a d-fructose-
derived chiral ketone which gives extremely high enantiose-
lectivities, but is destroyed under the Oxone® epoxidation
conditions, presumably by Baeyer–Villiger reaction.4 It must
therefore be used in relatively large quantities, although
modified pH conditions have improved the catalytic efficiency
of the process.4b The enantiomeric catalyst derived from
l-fructose is less readily available, however. Here we describe
some of our own results in the development of new ketone
catalysts which have led to the discovery of a new class of chiral
ketone which can be used catalytically and recycled if required,
as well as affording high enantioselectivities for alkene
epoxidation.

Recognising the need for an efficient ketone catalyst to be
activated electronically towards attack,3,9 we initially examined
several classes of a-functionalised ketone. Of these, a-amido
ketones were attractive with regard to the easy introduction
of asymmetry, but were prone to decomposition by
Baeyer–Villiger reaction.9 We therefore turned our attention to
b-amido ketones and in particular, in view of the need
eventually to prepare conformationally well-defined chiral
catalysts, tropinone derivatives. Commercially available
N-ethoxycarbonyltropinone 1 provided promising initial re-

sults: using 1 (10 equiv.) and Oxone® (10 equiv.) under the
Yang MeCN–H2O conditions,10 (E)-stilbene was epoxidised
completely within 3 h. Importantly, there was no evidence for
decomposition of 1 under these conditions. Reasoning that
electron-withdrawing substituents should further increase the
activity of the catalyst,11 we prepared the a-fluoro derivative 2

from 1 by treatment of the derived trimethylsilyl enol ether with
a Selectfluor reagent.12§ Racemic 2 proved to be an excellent
catalyst for the epoxidation of (E)-stilbene (Table 1): using 10
mol% 2, reaction was complete in less than 2 h (entry 4), while
reasonable conversions were possible at the 1 mol% level over
longer time periods (entry 6).¶ There was no evidence for
Baeyer–Villiger reaction by 1H NMR spectroscopy, and the
catalyst could be recovered (ca. 70% yield) by column
chromatography.

In view of the extremely promising catalytic activity of 2, we
then attempted its synthesis in enantiomerically pure form.
Following the work of the Simpkins group on desymmetrisation
of tropinones using chiral lithium amide bases,13 treatment of 1
with the lithium amide base derived from 314 (1 equiv.) and
BunLi (2 equiv.) in the presence of Me3SiCl (5 equiv.) and LiCl
(1 equiv.) gave the crude silyl enol ether which was reacted
without purification with the Selectfluor reagent. The resulting
sample of 2 (36% yield, unoptimised), ca. 60% ee, was
recrystallised once from Et2O–light petroleum and then once
from CH2Cl2–light petroleum to provide ketone 2 in > 98% ee
according to chiral HPLC.∑ The relative stereochemistry of 2
was proven by X-ray crystallography;** the absolute ster-
eochemistry is assigned based on the precedent of Simpkins,
who converted the same intermediate silyl enol ether into
(2)-anatoxin-a.13 It should be noted that the antipodal form of
the chiral amine 3 is also readily available,14 and so it should be
possible to access the other enantiomer of 2 by this route. We
are also currently exploring resolution methods.

Enantiomerically enriched 2 was used as catalyst for the
Oxone® epoxidation of a range of alkenes (Table 2) and the
results are extremely promising. Enantioselectivities of up to
83% have been obtained. Interestingly, all our results to date fit
a simple transition state model (Fig. 1), which assumes attack on
the sterically less hindered exo-oxygen of the dioxirane
intermediate and a spiro transition state (in accord with Yang3

and Shi4). The hydrogen substituent on the alkene occupies the
region of the fluorine substituent of the catalyst. In accord with
this model, the epoxidation of styrene, where there are two
possible hydrogens on the terminal carbon of the alkene that can
occupy the catalyst fluorine region, proceeds with lower
enantioselectivity (entry 5). Amongst the other substrates
examined so far, it is noteworthy that a,b-unsaturated esters can
be epoxidised under these conditions with moderate (but

Table 1 Oxone® epoxidation of (E)-stilbene catalysed by ketone 2a

(±)-1 Conversion
Entry (mol%)b (%)c t/h

1 100 100 < 0.25
2 50 100 < 0.25
3 25 100 < 0.5
4 10 100 2
5 5 100 @20
6 1 62d 24

a Alkene (0.1 mmol), Oxone® (1.0 mmol KHSO5), NaHCO3 (1.55 mmol),
MeCN (1.5 ml), aq. Na2EDTA (1 ml of 0.4 mmol dm23 solution). b Relative
to alkene. c By TLC analysis. d Measured by 1H NMR spectroscopy.
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promising) enantioselectivity (entry 6), albeit requiring longer
reaction times and higher catalyst loadings.

In conclusion, we have found that a-fluoro-N-ethoxycar-
bonyltropinone is an efficient catalyst for the epoxidation of
alkenes by Oxone®; it can be used in low loadings and
recovered and recycled. Moreover, when prepared in enan-
tiomerically pure form, it affords high enantioselectivity for
alkene epoxidation. Attempts to prepare related bicy-
clo[3.2.1]octanone derivatives with alternative a-substitution,
in order to improve enantioselectivity further and to clarify the
factors responsible for asymmetric induction, are underway.

We thank the EPSRC, the DTI and a consortium of chemical
companies for funding this work through the LINK Asymmetric
Synthesis Second Core Programme. We also thank Mr T.
Lowdon (Hicksons) and Dr N. Johnson (Chiroscience) for
helpful discussions. We are grateful to Professor N. S. Simpkins
and Mr C. D. Jones of this Department for supplies of
N-ethoxycarbonyltropinone and of the chiral base 3, and for
helpful advice concerning the asymmetric deprotonation
chemistry.
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MeCN–H2O solvent system: A. Armstrong, B. R. Hayter and P. A. Clarke,
unpublished results. See also ref. 5 for 18O labelling experiments in support

of this. Earlier 18O labelling experiments (A. Armstrong, P. A. Clarke and
A. Wood, Chem. Commun., 1996, 849) were performed in a two phase,
CH2Cl2–H2O solvent system.
§ 1-Chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetra-
fluoroborate).
¶ It is probable that the lower conversions at the 1 mol% level are due to
decomposition of the Oxone® over the extended reaction times rather than
decomposition of the catalyst.
∑ The ketone had mp 57.5 °C, [a]D

27 +7.3 (c 1.16, CH2Cl2). Chiral HPLC was
performed using a Chiracel OD column with 100 : 1 hexane–PriOH + 0.1%
TFA as eluent; detection at 224 nm; flow rate 1 cm3 min21 retention time
27 min (minor enantiomer), 29.3 min (major enantiomer).
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tion.
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Table 2 Asymmetric epoxidation of alkenes catalysed by ketone (+)-2a

(+)-2 Conversion Yield Ee (%)e

Entry Alkene (mol%)b (%)c t/h (%)d configurationf

1 (E)-Stilbene 10 100 < 3 88 76g R,R
2 (E)-a-Methylstilbene 10 100 < 4 100 73 R,R
3 Phenylstilbene 10 100 < 4 100 83 R
4 1-Phenylcyclohexene 10 100 < 6 97 69 R
5 Styrene 10 100 < 2 33 29 R
6 (E)-Methylcinnamate 25 64h 24 33 64i

a Alkene (0.1 mmol), Oxone® (1.0 mmol KHSO5), NaHCO3 (1.55 mmol), MeCN (1.5 ml), aq. Na2EDTA (1 ml of 0.4 mmol dm23 solution), (+)-2. b Relative
to alkene. c Estimated by TLC. d Isolated yield of epoxide product. e Enantiomeric excesses were measured by 1H NMR spectroscopy in the presence of
Eu(hfc)3 as chiral shift reagent. f Absolute configurations were determined by comparison to literature data (refs. 3 and 4). g Determined by HPLC (Chiracel
OD). h Measured by 1H NMR spectroscopy. i Absolute configuration not assigned.

Fig. 1 Model for the approach of a trans-disubstituted alkene to the
dioxirane derived from ketone (+)-2
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Water-soluble cationic poly-p-phenylene polyelectrolytes with an exceptionally
high charge density

Matthias Wittemann and Matthias Rehahn*†

Polymer-Institut, Universität Karlsruhe, Kaiserstrasse 12, D-76128 Karlsruhe, Germany

Rod-like poly-p-phenylene polyelectrolytes bearing four
quaternized tetraalkylammonium functionalities per
p-phenylene repeating unit are easily available via conver-
sion of poly[2,5-di(6-iodohexyl)-1,4-phenylenes] with a large
excess of TMEDA followed by the quaternization of the
second TMEDA amino group with EtI.

Understanding polyelectrolyte behaviour in dilute solutions of
low ionic strengths is an important objective in macromolecular
science.1–3 Despite much effort, however, a conclusive theoret-
ical description of experimentally observed phenomena such as
the polyelectrolyte effect is unavailable so far. One of the
reasons for this is the fact that, in the case of the commonly
investigated flexible-chain polyelectrolytes, various effects
influence the measured quantities simultaneously whose con-
tributions are difficult to separate properly. When, for example,
measurements are carried out as a function of ionic strength, the
radii of gyration of the polyelectrolytes change over the course
of the experiment because the intramolecular Coulomb inter-
actions change. However, not only do the radii of gyration
increase with decreasing ionic strength but so also does the
distance up to which the charged macromolecules repulse one
another intermolecularly. For a more reliable interpretation of
the obtained data it is therefore advantageous to additionally
study polyelectrolytes which cannot change their shape.
Because conformative and excluded volume effects are ruled
out here, only the intermolecular Coulomb interactions will
determine the solution properties. Based on these considera-
tions, numerous studies have been performed using naturally
occurring rod-like polyelectrolytes such as DNA.4 At very low
ionic strengths and at elevated temperatures, however, these
systems fail because they lose their rod-like shape. Moreover,
variation of the charge density, i.e. the number of ionic groups
per unit length, is not possible with these biopolymers. To
overcome the latter limitations, efficient routes to synthetic rod-
like polyelectrolytes such as the poly(p-phenylene) (PPP)
derivatives 1–35 and 46 have been developed which take
advantage of both the concept of solubilizing side chains7 and
the efficient Pd-catalyzed aryl–aryl coupling reaction.8–10 The
polymers thus available combine exceptional hydrolytic, ther-
mal and chemical stability with a high charge density of up to
two ionic groups per p-phenylene repeating unit.

Nevertheless, further PPP polyelectrolytes having an even
higher charge density would be important as well. We have now
developed an efficient two-step quaternization route leading to
PPP polyelectrolytes 9 with as many as four tetraalkylammon-
ium groups per p-phenylene repeating unit and thus every 4.5 Å.
Poly[2,5-di(6-iodohexyl)-1,4-phenylene] precursor PPP 7,
which is readily available via Pd-catalyzed polycondensation of
4-bromophenylboronic acid derivative 5 followed by an ether
cleavage reaction, is first reacted with a 400-fold molar excess
of TMEDA (Scheme 1). The large excess of TMEDA is
essential in order to suppress quaternization of both TMEDA
nitrogen atoms in this first step, which would lead to structural
irregularities and crosslinks. Representative samples of the
reaction mixture were analyzed at regular intervals using NMR
spectroscopy to determine the reaction time required for a
quantitative conversion. When the reaction was found to be

complete, solvents and the excess of TMEDA were removed by
distillation. The residue was redissolved in water, and the last
traces of organic solvents and TMEDA were carefully separated
off by ultrafiltration using distilled water. Finally, PPP 8 was
freeze-dried from the resulting aqueous solution. In order to
quaternize the second TMEDA amino groups of 8, the
brownish, foamy materials thus obtained were redissolved in
DMSO and heated in the presence of a slight excess of EtI. Here
also the progress of the conversion was monitored using NMR
spectroscopy. A prolonged reaction time and forcing conditions

Scheme 1
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were found to be necessary here to achieve complete conver-
sion. Nevertheless, after heating the solutions to 60 °C for two
days, complete conversion was reached. The obtained slurries
were first diluted with DMSO to redissolve the formed
precipitate, and a 20-fold excess of water was then added.
Subsequently, the resulting polyelectrolyte solutions were
purified by ultrafiltration and freeze-dried to give dark brown,
foamy solids 9.

As both the intermediate 8 and the doubly quaternized
polyelectrolyte 9 readily dissolve not only in pure water but also
in polar organic solvents, their homogeneous molecular con-
stitution could be proved using NMR spectroscopy. Fig. 1
displays the 13C NMR spectra of polyelectrolytes 8 and 9
together with the full signal assignment, which is based on
tabulated increments and model compounds.

As is evident from these spectra, all observed absorptions are
in full agreement with the expected polymer structures, and no
absorptions can be detected which would point towards the
formation of structural irregularities. However, not only is the
homogeneous constitution of the polyelectrolytes of importance
for the planned investigations, but so also is their molar masses.
We therefore determined the degrees of polycondensation of
precursor PPPs 6 using osmometry. Because no evidence of
chain degradation was found during the conversions 6? 7?
8 ? 9, the only process that might result in a change of the
molar masses is diffusion of low- molecular-weight polymer
fractions through the membranes used for ultrafiltration. We
therefore ensured that no polymeric material passed through the
membranes, and we can thus also rule out any fractionation in
the course of the polymer work-up processes. Consequently, the
obtained polyelectrolytes 8 and 9 have the same degrees of
polycondensation as the precursor PPPs 6 used for their
preparation,13 i.e. PPP polyelectrolytes became available in the

present work with average degrees of polycondensation of Pn =
20–70 (Mn = 15 000–50 000 g mol21).

Finally, we would like to emphasize that PPP poly-
electrolytes 8 and 9 are very soluble in water, despite their
highly hydrophobic skeleton. This is presumably due to the fact
that these macromolecules represent cylinders of an average
length of lc = 90–300 Å and a diameter of dc ≈ 10 Å whose
hydrocarbon core is covered by the highly polar and thus
hydrophilic shell of tetraalkylammonium groups (Fig. 2).

Presently, we are investigating the behaviour of PPP
polyelectrolytes 8 and 9 in solution as a function of solvent,
temperature, ionic strength and counter ion. The obtained
results will be compared with those of other PPP poly-
electrolytes such as 1–4 to gain a deeper insight into
polyelectrolyte behaviour in dilute solution. 

The authors are grateful to Professor M. Ballauff, Karlsruhe
for his support of this work. We thank the Deutsche For-
schungsgemeinschaft for financial support.
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Fig. 1 100 MHz 13C NMR spectra of (a) polymer 8 and (b) polymer 9 
recorded in [2H6]DMSO (*) at room temperature. The signal assignment is
based on the numbering given for polymer 9. 

Fig. 2 Schematic illustration of the cylinder-like shape of polymers 9
(viewed along the polymer main chain), sketched according to the results of
preliminary SAXS studies performed in salt-free aqueous solutions
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Particle size and support effects on the activity and deactivation of Pt-based
catalysts for the reduction of NO by n-octane under lean-burn conditions

Robert Burch,*† Paolo Fornasiero and Barry W. L. Southward

Catalysis Research Centre, Department of Chemistry, University of Reading, Whiteknights, Reading, UK RG6 6AD

Very high and stable activity for the reduction of NO by
n-octane under lean-burn conditions may be achieved at
temperatures as low as 180 °C by the use of supported Pt
catalysts, providing the catalyst is clean and is comprised of
large Pt particles.

The adverse environmental impact of NOx is well known and is
the subject of increasingly stringent emissions control legisla-
tion.1,2 It is now accepted that diesel engines will soon require
comparable exhaust emissions control to that used on petrol
engines. However, despite intensive research into the field of
lean DeNOx,3–6 no suitable material has yet been developed
which will attain the levels of activity required under real
operating conditions. The problems encountered range from
SOx poisoning to hydrothermal instability, particularly for
zeolite-based materials.1,5 In contrast, Pt-based materials are
resistant to SOx and have good hydrothermal stability.2,4,5

However, the primary goal of obtaining stable low temperature
activity has yet to be realised. Here, we address this problem and
present preliminary data concerning highly active low tem-
perature DeNOx catalysts.

The catalysts used in this study were prepared by incipient
wetness impregnation using platinum dinitrodiammine pre-
cursor (ex Johnson Matthey), followed by drying (24 h, 120 °C)
and calcination (12 h, 550 °C) to give nominal Pt loadings of
1%. The exception to this was the commercial catalyst Azko
CK303 (0.3% Pt/Al2O3). All catalyst testing was performed in
a standard microreactor system described elsewhere.3 Prior to
reaction all samples were aged overnight in standard reaction
mixture (100 mg catalyst, 500 ppm NO, 500 ppm n-octane, 5%
O2, balance He, total flow 200 cm3 min21) at 500 °C.
Subsequently, all samples were ‘cleaned’, viz. calcined at
550 °C in 5% O2 in He for 1 h. n-Octane was chosen as a model
reductant to simulate a component in a real fuel. NOx

conversions were determined by on-line analysis using a
standard chemiluminescence detector (Signal series 4000), with
data logged onto a PC at 6 s intervals. CO2 analysis was
performed using a Signal series 2000 IR analyser. No reaction
was observed in the absence of a catalyst. H2 chemisorption was
performed in a facility constructed in-house using conditions
described elsewhere.3 Metal particle diameters were calculated
assuming a spherical geometry. BET surface areas were
determined by standard N2 adsorption.

Previously much importance has been placed upon the
analysis of temperature profiles for DeNOx catalysts.4–6 More-
over, such studies have been performed upon ‘aged’ materials to
simulate exhaust catalyst lifetime performance. Conversely, in
the present study it was found that profile measurements were
not a reliable indication of catalyst activity. Hence isothermal
activity profiles of the catalysts were determined using ‘clean’
samples at temperatures in the region of the hydrocarbon light
off (defined as the temperature required for > 20% hydrocarbon
combustion, in these studies ca. 220 and 195 °C for 0.3% Pt/
Al2O3 and 1% Pt/Al2O3, respectively). By this method it is
possible to obtain information on the activity of catalysts in the
absence of any surface deposition. This premise is reflected in
Fig. 1 which compares the activity of a 0.3% Pt/Al2O3 catalyst
at 198 °C. Trace 1, in which the catalyst was temperature

profiled from 150 °C, exhibits a severe loss of activity cf. trace
2 obtained for the ‘clean’ surface. Thus it is clear that this
frequently adopted procedure for evaluating catalysts may
seriously underestimate their intrinsic activity.

Fig. 2 illustrates the response of several 1% Pt catalysts under
‘clean’ reaction conditions. The data further demonstrate that
high DeNOx activity is possible below the hydrocarbon light-off
temperature. In all cases there was an initial period of high
activity for NO reduction ( > 90% NOx) and for n-octane
combustion (100% conversion of n-octane to CO2). The high
combustion activity resulted in a marked increase in catalyst
temperature (at least 30 °C, as indicated by in-bed thermo-
couple).

The duration of the initial period of high activity (see Fig. 2)
was found to be dependent on the reaction temperature and the
choice of catalyst support as summarised in Table 1. Thus,
while the SiO2-supported catalyst exhibited very rapid deacti-
vation below 190 °C, the activity of 1% Pt/ZrO2 was constant at
temperatures as low as 180 °C for > 10 h. Similarly for 1% Pt/
Al2O3, decreasing the furnace temperature from 180 to 175 °C
halved the catalyst lifetime. In all cases the decrease in DeNOx

activity was mirrored by a loss of combustion activity.
Some of these features are attributed to variable metal/

support interactions. With SiO2 there is minimal support
interaction and hence the catalysis occurs exclusively on
unmodified metal particles. In contrast, both Al2O3 and ZrO2
can interact with the Pt and facilitate surface reactions7 and
hence the reaction is not so constrained. Moreover chemisorp-
tion results (Table 1), indicate that both the SiO2- and Al2O3-
supported samples contain comparatively small Pt particles.
Hence it appears that the combination of a non-interacting
support and small Pt particles is responsible for the poor low
temperature stability of the ex SiO2 sample. Conversely the low
temperature stability of 1% Pt/ZrO2 is ascribed to the positive
combination of these factors.

To test this hypothesis the 1% Pt/Al2O3 sample was subjected
to a high temperature treatment in 5% O2–He (740 °C for 24 h)
to induce sintering. This increase in particle size was clearly
beneficial to DeNOx activity (Fig. 3). Comparative studies of

Fig. 1 Effect of surface retention upon activity of 0.3% Pt/Al2O3 at 198 °C.
1, (.), DeNOx activity after exposure to reaction mixture at lower
temperatures; 2, (-), DeNOx activity of ‘clean’ surface.
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the original and the post-sintered samples demonstrated sig-
nificant improvements in the performance at lower tem-
peratures. The minimum operating temperature for high activity
DeNOx without deactivation was lowered, and the stability of
the sintered catalyst was far superior to that of the pre-sintered
case with lifetimes at comparable temperatures being more than
doubled.

This increased poison tolerance reflects the complex balance
in these DeNOx catalysts owing to the competition for surface
sites between the reductant and oxidants, as has been found
previously.8 It further reflects the adverse effects of the

retention of reaction intermediates, whether derived from
organic compounds or from NOx, as clearly illustrated in the
differences observed in isothermal and temperature-pro-
grammed studies. Future work will address the nature of the
deposits responsible for deactivation. However at this stage any
attempt to identify these poisoning species would be mere
speculation and outside the scope of this communication.

These preliminary results have an important technological
value concerning the evaluation of the real intrinsic activity of
DeNOx catalysts. Three significant points emerge. First, the
intrinsic activity of clean Pt catalysts for NO reduction by
higher hydrocarbons may be much higher than would be
observed under normal testing conditions because of the rapid
and serious deactivation observed at temperatures (ca.
< 170 °C) below the hydrocarbon light-off region. Second, the
lowest apparent activity is observed for supports, such as SiO2,
which do not strongly interact with Pt particles and so perhaps
do not provide any resistance to deactivation. Third, the
intrinsic activity and stability of large Pt particles is much
greater than that of small Pt particles. Hence for a specific
support, Pt particle size rather than metal–support interaction
seems to be dominant, since the available data suggest that
deactivation is initiated at the Pt : support interface. Irrespective
of the origin of the enhanced performance it is clear that this
information may prove useful in the development of more
active catalysts for NO reduction under lean-burn conditions.

We are grateful for financial support for this work through the
EU Environment programme, contract number EV5V-CT94-
0535.
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Fig. 2 Effect of the choice of the support and the temperature on the activity of supported Pt catalysts for NO reduction by n-octane (100 mg catalyst, 500
ppm NO, 500 ppm n-octane, 5% O2–He, balance He, total gas flow rate was 200 cm3 min21). Key: (Í), SiO2/175 °C; (;), SiO2/185 °C; (*) SiO2/190 °C;
(2), Al2O3/170 °C; (8) Al2O3/175 °C; («), Al2O3/180 °C (“), Al2O3/185 °C; (5), ZrO2/170 °C; (-), ZrO2/175 °C; (:), ZrO2/180 °C.

Table 1 Characterisation and catalytic performance data for the materials
under investigation

Lifetime @ temperature
(°C)/min

Catalyst Pt sizea/ MSAa/ BET/
1% Pt nm m2 g21 m2 g21 170 175 180 185 190

Al2O3 2.0 1.4 218 5 60 130 Hb H

SiO2 3.5 0.8 296 — < 1 — 1 H

ZrO2 11 0.26 16 40 240 H H H

Al2O3
c 12 0.24 160 15 130 H H H

a Metal surface area (MSA) and Pt particle size determined from H2

chemisorption. b H indicates beyond the end of the experiment. c Sample
sintered at 740 °C, in 5% O2–He for 24 h. In all cases lifetime is defined as
the period for which NOx conversion > 80%.

Fig. 3 Effect of sintering on the activity of 1% Pt/Al2O3 under standard
reaction conditions. Key: (2), 170 °C; (8), 175 °C; («), 180 °C; (“),
185 °C; (5), sintered 170 °C; (-), sintered 175 °C; (:), sintered 180 °C.
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Hybrid Monte Carlo and lattice dynamics simulations: the enthalpy of mixing
of binary oxides
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We present two novel methods for the calculation of the
enthalpies of mixing of oxides; both the sampling of many
different configurations and the effects of ionic relaxation,
which have been largely neglected in previous studies, are
crucial.

Understanding the thermodynamics of solid solutions of oxides
and phase stability is essential in many areas of solid-state
chemistry and mineralogy, including the fabrication and design
of ceramics, solid-state batteries, heterogeneous catalysis and
high temperature superconductivity. However, experimental
data are difficult to obtain and are often unavailable. This is
particularly acute at high temperatures and/or pressures, where
thermodynamic behaviour is important for sustained material
performance and for the stability of minerals deep within the
Earth’s interior. The paucity of experimental data has led to
possibly severe approximations such as the extrapolation of low
temperature data and the assumption that enthalpies of mixing,
DHmix, are constant over wide ranges of temperature.

Advances in computational procedures are such that ato-
mistic simulations1 (e.g., Monte Carlo, molecular dynamics,
lattice statics and dynamics) are now capable of providing
detailed information about the structure and thermodynamics of
ordered inorganic materials and minerals over a wide range of
T and P. The vast majority of calculations have studied the
properties of perfect crystals, assuming a periodic system in a
particular configuration; disorder has largely been investigated
theoretically via point defect calculations, which refer only to
the dilute limit. Such methods are not readily extended to solid
solutions or disordered systems containing a finite impurity or
defect content. Simulations have been largely restricted to the
study of end-member compounds, excluding many industrially
important ceramics and naturally occurring minerals.

The key objective of the present work is to show explicitly
how (i) a modified Monte Carlo technique, that allows an
efficient sampling of a large number of different configurations,
and (ii) direct free energy minimisation via lattice dynamics can
be used for the study of solid solutions, taking explicit account
of relaxation and thermal effects. We do not resort to the use of
a parameterised Hamiltonian which averages out local relaxa-
tion and cannot readily be extended to include the effects of
lattice vibrations and pressure. In this way we remove the major
limitations of the existing methods which restrict considerably
the contact between experiment and theory, and extend the
range of applications that can be tackled to include real rather
than model systems.

In this preliminary communication we report results for the
enthalpies of mixing of the paradigm system MnO/MgO. We
use the ionic model and the set of potential parameters from the
work of Lewis and Catlow.2

The motivation for our new hybrid Monte Carlo (HMC)
approach has been the extensive use made by related techniques
in the modelling of polymers and biomolecules.3–5 During one
HMC cycle, one of three options is chosen at random, with
equal probability. The first of these is a short NVE molecular
dynamics (MD) simulation (15 steps and a timestep of 1.5 fs) in
which the last configuration is accepted or rejected by

comparing its energy with the energy of the starting configura-
tion and using the standard Metropolis algorithm. If the last
configuration is rejected, the original configuration is included
in the statistical averaging of thermodynamic properties. In the
second, a short MD run follows a random exchange of atoms.
Again, the difference in energy between the previous configura-
tion and that immediately after the MD simulation is used in the
Metropolis algorithm. This second option allows us to sample
efficiently different configurations, while the first mainly takes
account of vibrations. At the start of each MD run, velocities are
chosen anew at random from a Maxwellian distribution. The
third option is a random change of the volume of the box6 which
again is accepted or rejected using the Metropolis algorithm.

In Fig. 1(a) we show the values of DHmix determined using
HMC and a box-size of 216 ions at 1300 K. The enthalpy of
mixing at 1300 K is symmetric with a maximum of ca. 5.4 kJ
mol21 at a concentration of 50% MgO–50% MnO. We have
been able to find two sets of experimental data less than thirty
years old.7,8 Agreement with the data of Gripenberg et al.7 is
good, but we do not see the asymmetry reported by Raghavan.8
For comparison we also show values calculated using mean
field theory, a common approach to the modelling of solid
solutions.9 In this model, instead of distinct Mg2+ and Mn2+

ions, a ‘hybrid’ ion is introduced, for which the non-Coulombic
potentials are a linear combination of the potentials for Mn2+

and Mg2+, appropriately weighted by the site occupancies. If
local relaxation or clustering is important then results from this
approach will be poor. Fig. 1(a) shows that this is the case even
in our relatively simple example, where the Mn2+ and Mg2+ ions
are similar in size.

An alternative approach is to average over a limited set of
calculations representing different arrangements of the cations
within a supercell. Previous work has often assumed just one
(the most regular) arrangement and calculated its energy, with
or possibly without relaxation, either using lattice statics/
dynamics, or by an ab initio method.10 We have recently
developed an efficient method which uses lattice statics and
quasiharmonic lattice dynamics (QLD) for the fully dynamic
structure optimisation of large unit cells via the analytic
calculation of the free energy, G, and its derivatives with respect
to all strains.11 Given the free energy, Gk, for the relaxed
structure of each possible cation arrangement k the enthalpy is
properly averaged over all arrangements in the Gibbs ensemble
using
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Fig. 1(b) shows the enthalpies thus calculated of disordered
supercells containing 16, 32 and 64 ions of MgxMn12xO (x = 0,
0.25, 0.5, 0.75, 1). For the 16-ion cell, the average was over all
possible cation arrangements, whilst for the larger supercells 32
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arrangements were chosen at random for each concentration.
The enthalpies for 32- and 64-ion cells are almost identical and
are substantially smaller than those from the 16-ion cell. This
highlights once again the importance of allowing for relaxation

and clustering. The results for the 64-ion cells are also shown in
Fig. 1(b) where it is clear that there is excellent agreement
between the quasiharmonic lattice dynamics and HMC meth-
ods. This result suggests the future use of QLD for enthalpies of
mixing at temperatures below the Debye temperature where
classical Monte Carlo and molecular dynamics fail due to their
neglect of quantum effects. Moreover, the Gibbs free energy
can be calculated efficiently and accurately from the QLD,
without resorting to lengthy thermodynamic integration.

Fig. 1(c) shows the calculated temperature dependence of
DHmix over the temperature range 1300–1700 K calculated
using both HMC and QLD. DHmix does not change significantly
with temperature, supporting the common assumption that
DHmix is largely temperature independent.

In summary, we have demonstrated that both the proposed
HMC and QLD methods provide an accurate description of the
enthalpy of mixing of the binary oxides MgO–MnO. We
reiterate that it is essential to take explicit account of ionic
relaxation without any averaging out of local effects. The
methodology we propose is general, easily extended to other
ensembles, and applicable to a wide range of materials and
minerals.
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02621, EPSRC grants GR/K05979 and GR/L31340. GDB’s
contribution was made possible by means of a grant from el
Consejo Nacional de Investigaciones Cientı́ficas y Técnicas de
la República Argentina.
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Fig. 1 (a) Calculated values of DHmix at 1300 K using hybrid Monte Carlo
(HMC), mean field theory (MF), and quasiharmonic lattice dynamics
(QLD). Two sets of experimental data (GP from ref. 7, RG from ref. 8) are
also shown. (b) The variation of DHmix, calculated using QLD at 1300 K,
with supercell size. (c) DHmix vs. T for MgxMn12xO (x = 0.25, 0.5),
calculated using QLD and HMC.
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Conjugated polyrotaxanes containing coordinating units: reversible copper(i)
metallation–demetallation using lithium as intermediate scaffolding

P. L. Vidal,a M. Billon,a B. Divisia-Blohorn,a G. Bidan,a J. M. Kernb and J. P. Sauvageb

a CEA/CNRS/Université J. Fourier, UMR 585, Département de Recherche Fondamentale sur la Matière Condensée, CEA
Grenoble, 17 rue des Martyrs, F-38054 Grenoble Cedex 9, France 
b Laboratoire de Chimie Organo-Minérale, UMR 7513, Institut Le Bel, Université Louis Pasteur, 4 rue Blaise Pascal, F-67000
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A new polyrotaxane containing a conjugated backbone has
been synthesized via a copper(I) template and electropoly-
merisation; after decomplexation of CuI, remetallation is
only possible if lithium is present during copper removal, as
labile scaffolding able to prevent collapse of the free
coordination sites and of the organic matrix.

Functionalised conducting polymers obtained by electropoly-
merisation of pyrrole or thiophene derivatives represent an
important family of organic materials.1 In parallel, rotaxanes
have attracted much attention, in relation with photoinduced
electron transfer2 and electro- or photo-chemically driven
molecular motions.3–5

Recently, the synthesis of a polymetallorotaxane6 with a
conjugated rod threaded through coordinating 30-membered
rings has been reported, following a strategy similar to previous
works from one of our groups.7 This report prompts us to
disclose our own results and we would like to describe a new
coordinating polyrotaxane, with a conjugated –(phen–tph)–n

backbone (phen = 1,10-phenanthroline, tph = thiophene) and
its demetallation–remetallation behaviour.

As indicated in Scheme 1, the CuI template used to assemble
the fragments of the precursor could be removed but, inter-
estingly, subsequent remetallation was only possible if lithium
was present during demetallation. The function of lithium is
assumed to be that of an ionic scaffolding, maintaining the
topography of the coordination site after copper removal,
though forming a labile complex.

The molecules used are depicted in Scheme 2. The bithienyl-
2,9 disubstituted compound 1† was chosen as the key ligand and
the dpphen-containing macrocycle 28 (dpphen = 2,9-diphenyl-
1,10-phenanthroline) as its partner for complexation (Scheme
1). The reaction between 2 and a slight deficit of [Cu-
(MeCN)4]BF4 followed by addition of 1 in CH2Cl2–MeCN at
room temperature led to the intertwined heteroleptic copper
complex [Cu(1·2)]BF4 in 95% yield after purification by
column chromatography. Analytical and spectroscopic data of
this dark red, stable complex confirmed its structure.‡ Cyclic
voltammetry (CV) of a 2 3 1023 mol dm23 complex solution in
CH2Cl2–0.3 mol dm23 NBun

4PF6 showed a one electron
reversible wave (E1/2 = 0.51 V vs. 0.01 mol dm23 Ag+/Ag)
corresponding to the redox reaction CuII–CuI.§

Electropolymerisation on a platinum electrode (S = 0.07
cm2, Q = 26 mC cm22) by continuous cycling of this solution
between 20.2 and +1.4 V led to the deposition of a thin red–
orange film, characterized by CV measurements [Fig. 1(a)].
The presence of the CuI template is evidenced by the unchanged
potential value compared to the monomer. A partial loss of
reversibility was observed for this response, but at a slower
potential sweep rate (10 mV s21), the DEp value observed (20
mV) is typical of immobilized electroactive systems. The
response between 0.8 and 1.4 V consists of two well defined
waves, in agreement with the electrochemical behaviour of end-
capped tetrathienylenes,9 which confirms the electrochemical
coupling of the terminal bithienyl units.

Scheme 1 i, Threading step; ii, electropolymerisation

Scheme 2
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On treating this film with the strong copper complexing agent
CN2, the signal due to the metallic centre disappeared, whereas
those due to the oligothienyl wires dramatically changed with
total loss of resolution [Fig. 1(b)]. The collapse of the
polyrotaxane network was confirmed by the non-reincorpora-
tion of CuI [Fig. 1(c)] or other metallic centers.

Dipping another film freshly prepared under the same
conditions in a 0.1 mol dm23 Li+ + 0.1 mol dm23 CN2 MeCN
solution resulted again in complete loss of the copper response
but in this case a partial conservation of resolution of the
oligothienyl response was observed [Fig. 2(b)], which could be
attributed to the scaffolding effect induced by Li+ complexation.
Conservation of the topography of the network was spectac-
ularly evidenced by the nearly quantitative reincorporation of
CuI species [Fig. 2(c)] (shown by determination of the ratio of

current quantities corresponding respectively to the metallic and
the oligothienyl redox systems), probably due to a Li+/Cu+

exchange. The strong anodic shift (140 mV) of the electro-
chemical response of the wire when copper centres are present
could be attributed to copper–phenanthroline interactions which
induce an electroattracting effect onto the oligothienyl moi-
ety.

Reversibility of this demetallation–remetallation process is
strongly dependent on the ratio r = [Li+]/[CN2] (with [CN2]
= 0.1 mol dm23) during the demetallation process: for r = 0.1,
reincorporation of CuI is slower and of 80% compared to the
case r = 1, with a loss of reversibility for both the metallic
center and the oligothienyl wires, whereas for r = 0.01, collapse
of the structure was observed.

In situ conductivity measurements are underway to evaluate
the electronic properties of our conjugated structure.

Notes and References
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with MnO2.8 5-Lithio-2,2A-bithiophene itself was prepared by reacting at
278 °C 1 equiv. of LDA with bithiophene dissolved in THF. After addition
of the base, the solution was raised to 0 °C. Overall yield: 18%. Attempts to
obtain 1 in a single step were unsuccessful. 1H NMR (CD2Cl2, 400 MHz):
d 8.20 (d, 2 H), 7.95 (d, 2 H), 7.74 (d, 2 H), 7.70 (s, 2 H), 7.42 (dd, 2 H), 7.29
(dd, 2 H), 7.27 (d, 2 H), 7.09 (dd, 2 H).
‡ 1H NMR (CD2Cl2, 400 MHz): d 8.54 (d, 2 H), 8.42 (d, 2 H), 8.17 (s, 2 H),
7.91 (s, 2 H), 7.89 (d, 2 H), 7.86 (d, 2 H), 7.32 (d, 4 H), 7.24 (d, 2 H), 7.10
(dd, 2 H), 6.78 (dd, 2 H), 6.65 (d, 2 H), 6.17 (dd, 2 H), 5.96 (d, 4 H),
3.85–3.40 (m, 20 H). FABMS: m/z 1137.2 ([M 2 BF4]+), 629.2 ([M 2 12
BF4]+), 570.9 ([M 2 2 2 BF4]+), 509.0 ([1H]+).
§ E1/2 (ferrocene) = 0.18 V vs. our reference electrode Ag+/Ag. E1/2 = 0.48
V for a 1023 mol dm23 solution of Cu(dap)2

+ in the same supporting
electrolyte [dap = 2,9-di(p-anisyl)-1,10-phenanthroline].
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Vögtle, J.-M. Lehn, J.-P. Sauvage and M. W. Hosseini, 1996, vol. 9,
pp. 43–83.

8 C.-O. Dietrich-Buchecker and J.-P. Sauvage, Tetrahedron, 1990, 46,
503.
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Fig. 1 Cyclic voltammetry in CH2Cl2 + 0.3 mol dm23 NBun
4PF6 (v = 50

mV s21) of (a) a freshly prepared poly[Cu(1·2)+] film (solid line), (b) after
dipping (20 min) in a 0.1 mol dm23 NBun

4CN MeCN solution (dashed line)
and (c) after dipping (4 h) in a 0.1 mol dm23 [Cu(MeCN)4]BF4 MeCN
solution (dot–dashed line)

Fig. 2 Cyclic voltammetry in CH2Cl2 + 0.3 mol dm23 NBun
4PF6 (v = 50

mV s21) of: (a) a freshly prepared poly[Cu(1·2)+] film (solid line), (b) after
dipping (20 min) in a 0.1 mol dm23 LiClO4 + 0.1 mol dm23 NBun

4CN
MeCN solution (dashed line) and (c) after dipping (3 h) in a 0.1 mol dm23

[Cu(MeCN)4]BF4 MeCN solutionn (dot–dashed line)
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Novel ring-opened reaction of m-(1–3-h : 4–7-h-cycloheptatrienyl)-
tricarbonylirontricarbonylmanganese with aryllithium reagents

Beihan Wang, Ronghua Li, Jie Sun and Jiabi Chen*

Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Lu,
Shanghai 200032, China 

The reactions of m-(1–3-h : 4–7-cycloheptatrienyl)tri-
carbonylirontricarbonylmanganese [Mn(CO)3Fe(CO)3-
(C7H7)] 1, with aryllithium reagents, ArLi (Ar = Ph, o-, m-,
p-MeC6H4), in ether at low temperature, followed by
alkylation of the acylmetalate intermediates with Et3OBF4
in aqueous solution at 0 °C affords four novel ring-opened
polyene complexes [Mn(CO)3Fe(CO)3{C8H7(OEt)Ar}] (Ar =
Ph 2, o-MeC6H4 3, m-MeC6H4 4, p-MeC6H4 5), of which the
structure of 2 has been established by a single-crystal X-ray
diffraction study.

In recent years, alkene-coordinated transition metal carbene and
carbyne complexes and/or their isomerized products, as part of
a broader investigation of transition metal carbene and carbyne
complexes, have been examined extensively in our laboratory.
We found that the isomerizations of the alkene ligands and
resulting products depend not only on the alkene ligands but
also on the central metals.1–5 For instance, (cycloheptatriene)-
tricarbonyliron [Fe(C7H8)(CO)3], reacted with aryllithium and
subsequent alkylation with Et3OBF4 gave no product contain-
ing ethyl group but the novel compound [(Cl3C-cyclo-
C7H8)(CO)2Fe(COC6H4Me-o)], in which the Cl3C group was
derived from a metathetical reaction of solvent CH2Cl2
molecules aided by iron at Et3OBF4, or ring-opened diallyl-like
compound [(CO)2Fe{C(OEt)(C6H4Me-o)C7H8}] depending on
the alkylation conditions.3 While the cycloheptatrienediiron
hexacarbonyl [Fe2(C7H8)(CO)6], where the two iron atoms are
directly bonded to each other, reacted with aryllithium reagents
under analogous conditions to yield the novel isomerized
bridging carbyne complexes [Fe2(CO)4{m-h4 :h3-C7H7C(OEt)-
Ar(m-C(OEt)}].4 In order to further investigate the effect of
different binuclear central metals on the isomerizations of the
alkene ligands and the reaction products, we chose m-(1–3-h : 4–
7-h-cycloheptatrienyl)tricarbonylirontricarbonylmanganese,
[Mn(CO)3Fe(CO)3(C7H7)] 1,6 where the cycloheptatrienyl
ligand is h4 and h3 respectively bonded to the Mn(CO)3 and
Fe(CO)3 units, and the Mn and Fe atoms are directly bonded to
each other, as the starting material for the reaction with
aryllithium reagents. These reactions led to nucleophilic
addition to and cleavage of the cycloheptatrienyl ring to afford
novel ring-opened polyene complexes. We report herein these
novel reactions and the structures of the resulting products.

[Mn(CO)3Fe(CO)3(C7H7)] 1, was treated with 2 molar equiv.
of aryllithium reagents, ArLi (Ar = Ph, o-, m-, p-MeC6H4), in
diethyl ether at 255 to 240 °C for 3–4 h. The acylmetalate
intermediates were subsequently alkylated with Et3OBF4 in
aqueous solution at 0 °C. After removal of the solvent under
high vacuum at low temperature, the solid residue was
chromatographed on an alumina column at 220 to 225 °C, and
the crude product was recrystallized from light petroleum
–CH2Cl2 solution at 280 °C to afford orange–red crystalline
complexes [Mn(CO)3Fe(CO)3{C8H7(OEt)Ar}] 2–5† (Scheme
1) in 47–52% yields.

The mechanism of the reaction (Scheme 1) is as yet unclear,
but it could involve unstable alkoxycarbene intermediates b and
metalcyclobutane intermediates c.7 The latter then gives
intermediates d upon opening of the ring, as in the reactions of

the tetrafluorobenzobicyclo[2.2.2]octatriene tricarbonyliron
with aryllithium nucleophiles.7 Subsequently, such an inter-
mediate d can abstract one molecule of CO to satisfy an
18-electron configurational iron and be converted into the stable
ring-opened polyene complexes 2–5.

Complexes 2–5 are very sensitive to air and to heat in solution
but are stable for short periods on exposure to air as solids. Their
structures were established by elemental analyses, spectro-
scopic determination and single-crystal X-ray diffraction.

The X-ray structure of 2 (Fig. 1)‡ shows that the cyclohep-
tatrienyl ring of 1 has been opened by cleavage of the original
C(7)–C(13) s bond, and in 2 the C(13) atom is now linked to the
carbon C(14) forming a double bond C(13)–C(14) and the C(7)
atom is linked to the iron atom constructing a MnFeC(7) three-
membered ring. Along with the formation of the new p bond,

Scheme 1
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the alkene ligand became now a conjugated chain octatetraene
with the OEt and Ph groups on the terminal carbon atom C(14),
and the atomic chains C(7)C(8)C(9)C(10) and C(11)C(12) are
coordinated to the orbitals of the Mn and Fe atoms in h4- and
h2-bonding, respectively, to satisfy the 18-electron rule.

Notes and References

* E-mail: chenjb@pub.sioc.ac.cn
† Satisfactory elemental analyses were obtained for the compounds
described. 2: mp 94–96 °C (decomp.) IR [n(CO)/cm21]: 2040s, 1998vs,
1989vs, 1950w, 1943s (br) (cyclohexane). 1H NMR (CD3COCD3): d 7.82
(d, 1 H), 6.27 (t, 1 H), 5.57 (dd, 1 H), 4.95 (t, 1 H), 4.62 (d, 1 H), 4.18 (t,
1 H), 3.78 (m, 1 H), 7.43–7.36 (m, 5 H), 1.29 (t, 3 H), 3.78 (m, 2 H). m/z 476
(M+2CO), 448 (M+2 2CO), 420 (M+2 3CO), 392 (M+2 4CO), 364 (M+

2 5CO), 336 (M+ 2 6CO), 280 (M+2 6CO 2 Fe), 225 (M+2 6CO 2 Fe
2 Mn). 3: mp 89–91 °C (decomp.). IR [n(CO)/cm21]: 2048s, 2000vs,
1991vs, 1955w, 1945s (br) (cyclohexane). 1H NMR (CD3COCD3): d 7.83
(d, 1 H), 6.29 (t, 1 H), 5.57 (dd, 1 H), 4.95 (t, 1 H), 4.60 (d, 1 H), 4.20 (t,
1 H), 3.81 (m, 1 H), 7.27–7.09 (m, 4 H), 2.32 (s, 3 H), 1.29 (t, 3 H), 3.81 (m,
2 H). m/z 490 (M+2 CO), 462 (M+2 2CO), 434 (M+2 3CO), 406 (M+2

4CO), 378 (M+2 5CO), 350 (M+2 6CO), 294 (M+2 6CO 2 Fe), 239 (M+

2 6CO 2 Fe 2Mn). 4: mp 30–32 °C (decomp.). IR [n(CO)/cm21]: 2060s,
2010vs, 1995vs, 1960w, 1950s (br) (cyclohexane). 1H NMR (CD3COCD3):
d 7.84 (d, 1 H), 6.30 (t, 1 H), 5.59 (dd, 1 H), 4.96 (t, 1 H), 4.62 (d, 1 H), 4.22
(t, 1 H), 3.80 (m, 1 H), 7.25–7.16 (m, 4 H), 2.33 (s, 3 H), 1.31 (t, 3 H), 3.80
(m, 2 H). m/z 490 (M+2 CO), 462 (M+2 2CO), 434 (M+2 3CO), 406 (M+

2 4CO), 478 (M+ 2 5CO), 350 (M+ 2 6CO), 294 (M+ 2 6CO 2 Fe), 239
(M+ 2 6CO 2 Fe 2 Mn). 5: mp 42–44 °C (decomp.). IR [n(CO)/cm21]:
2050s, 2001vs, 1993vs, 1958w, 1948s (br) (cyclohexane); 1H NMR
(CD3COCD3): d 7.85 (d, 1 H), 6.30 (t, 1 H), 5.59 (dd, 1 H), 4.97 (t, 1 H),
4.60 (d, 1 H), 4.22 (t, 1 H), 3.79 (m, 1 H), 7.37–7.21 (m, 4 H), 2.33 (s, 3 H),
1.31 (t, 3 H), 3.79 (m, 2 H). m/z 434 (M+ 2 3CO), 406 (M+ 2 4CO), 378
(M+ 2 5CO), 350 (M+ 2 6CO), 294 (M+ 2 6CO 2 Fe), 239 (M+ 2 6CO
2 Fe 2 Mn).
‡ Crystal data for 2: C22H17FeMnO7, monoclinic, space group P21/n, a =
6.823(1), b = 26.698(6), c = 11.767(2) Å, b = 91.86(2)°, U = 2142.4(8)
Å3, Z = 4, Dc = 1.563 g cm23, m = 13.06 cm21 (Mo-Ka). A total of 3826
unique reflections were collected within 5–50° in the conventional w–2q
scan mode, of which 2553 observed reflections [I > 3.00s(I)] were used in
the structure solution (direct methods) and refinement (full-matrix least-
squares method) to give final R = 0.031 and Rw = 0.032. CCDC
182/741.
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Fig. 1 Molecular structure (bond lengths in Å, angles in °) and labelling
diagram for [Mn(CO)3Fe(CO)3{C8H7(OEt)Ph}] 2: Fe···Mn 2.7216(7), Fe–
C(7) 1.967(4), Mn–C(7) 2.130(3), Fe–C(11) 2.211(3), Fe–C(12) 2.260(4),
Mn–C(7) 2.130(3), Mn–C(8) 2.160(4), Mn–C(9) 2.144(4), Mn–C(10)
2.234(4), C(7)–C(8) 1.392(5), C(8)–C(9) 1.417(5), C(9)–C(10) 1.392(5),
C(10)–C(11) 1.440(5), C(11)–C(12) 1.393(5), C(12)–C(13) 1.441(5),
C(13)–C(14) 1.329(5); Fe–Mn–C(7) 45.84(10), Mn–Fe–C(7) 51.0(1), Fe–
C(7)–Mn 83.2(1), Fe–C(7)–C(8) 130.3(3), C(7)–C(8)–C(9) 121.8(4),
C(8)–C(9)–C(10) 122.7(4), C(9)–C(10)–C(11) 127.4(4), C(10)–C(11)–
C(12) 127.3(4), C(11)–C(12)–C(13) 127.3(4), C(12)–C(13)–C(14)
124.9(4).
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Asymmetric routes to substituted piperidines

Patrick D. Bailey,† Paula A. Millwood and Peter D. Smith

Department of Chemistry, Heriot-Watt University, Riccarton, Edinburgh, UK EH14 4AS

An overview of the main asymmetric routes to substituted
piperidines is presented. A wide range of synthetic strategies
have been developed, because of the ubiquitous nature of the
piperidine sub-unit in natural products, and because of the
biological properties of natural and synthetic piperidine
derivatives. This review concentrates on general methodolo-
gies that provide enantioselective routes to substituted
piperidines, but also includes some specific target syntheses
that illustrate the power of the methods that have been
developed. The three approaches that have been most
successful are: the use of the chiral pool, especially amino
acids; the use of reagents that utilise a chiral catalyst; and the
use of chiral auxiliaries in the asymmetric formation or
derivatisation of the piperidine ring.

Introduction
The piperidine ring system 1 is one of the commonest structural
sub-units in natural compounds, as exemplified by structures
2–6. Moreover, piperidine alkaloids (e.g. 2–6) and synthetic

analogues (e.g. 7, 8) are the focus of great interest in the
pharmaceutical industry because they exhibit an extensive
range of biological activities. The importance of this ring
system makes short, versatile, stereocontrolled routes to
substituted piperidines of tremendous potential value. This
review outlines some of the recent developments in the
asymmetric synthesis of piperidine systems;1 it does not include
resolution methods, although these are still very important, but
focusses on the use of the chiral pool, chiral reagents and chiral
auxiliaries. The examples selected are those that, in the view of

the authors, offer the most reliable and flexible asymmetric
routes to piperidines, and/or have the greatest potential for
doing so.

Asymmetry from the chiral pool
Amino acids
Amino acids are particularly useful precursors for the asym-
metric synthesis of piperidine alkaloids for several reasons.
Firstly, many amino acids are cheap and homochiral; secondly,
they already contain the nitrogen of the alkaloid target; thirdly,
they usually lead to 2-substituted piperidines, which is the
commonest position for substitution.

Lysine. Lysine is the biosynthetic precursor for many
piperidine alkaloids, but there are two main problems with its
use in a laboratory synthesis; firstly, the amino groups need to
be differentiated and (one of them) converted into a leaving
group; secondly, it is not easy to introduce additional substitu-
tion (other than the existing carboxylic acid of lysine) into the
piperidine ring. Enantiomerically pure forms of pipecolic acid
have been prepared from lysine via several synthetic pathways.
Fujii et al. have reported a six step synthesis of l-pipecolic acid
in 60% overall yield starting from l-lysine.2 However,
l-pipecolic acid has also been prepared in 39% yield in a one
step reaction of l-lysine with disodium nitrosyl pentacyano-
ferrate(ii).3

The 6-methoxypipecolate derivative 10, which is of biolog-
ical interest, can be synthesised from the lysine derivative 9 by
electrochemical oxidation at a platinum electrode.4 Subsequent
conversion of the cis isomer into enantiomerically pure
(2)-sedamine 12 and (2)-allosedamine 13 was achieved in five
further steps as outlined in Scheme 1. (+)-N-Methylconiine 14
has also been synthesised from 10 by Shono et al.; exclusive
formation of the cis-disubstituted intermediate 11 was followed
by saponification, anodic decarboxylation and reduction to
afford the pure enantiomer in good yield (Scheme 1).5

Several other methods for the preparation of piperidine
derivatives from lysine and various lysine analogues have been

Scheme 1 Reagents and conditions: i, 22e2, MeOH; ii, MeOH, H2SO4; iii,
CH2NCHCH2SiMe3, TiCl4; iv, H2, Pd–C
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reported,6,7 including the use of an immobilised analogue of
lysine to access piperidine derivatives attached to a polymeric
support, providing the opportunity for preparing combinatorial
libraries.8

Glutamic acid/glutamine. Glutamic and aspartic acids are
attractive chiral building blocks for piperidine targets because
the side-chain functionality can be readily derivatised. In both
cases, additional carbon(s) need to be introduced, and this can
be exploited as a means of introducing additional substituents
into the piperidine ring. The side-chain carboxylic acid group is
usually retained as a functionalised position, thus providing
access to 5-substituted pipecolic acid derivatives in the case of
glutamic acid.

For example, Bailey et al. have made use of l-glutamic acid
in a stereo- and enantio-specific synthesis of the naturally
occurring alkaloid, cis-5-hydroxy-l-pipecolic acid 20.9 The
dense functionalisation led to a number of synthetic problems,
but treatment of the trialkylsilyl-protected alcohol 18 with NaH
in DMF at 85 °C induced an intramolecular cyclisation to form
the piperidine unit in 60% yield (Scheme 2).

This route has been subsequently improved in two ways.
Firstly, the problematic differentiation of the two carboxylic
acid groups in glutamic acid has been overcome by selective
hydrolysis of glutamine using tert-butyl nitrite, and the
development of a rhodium(ii) catalyzed carbene N–H insertion
reaction has led to a short and efficient route to the piperidine
ring. The substitution pattern is amenable to the synthesis of
2,5-disubstituted targets such as DKP593A 5, and the monomer
of this compound has been prepared in protected form (Scheme
3).10

The a-chiral centre can also be sacrificed after using it to
control the stereochemistry elsewhere, such as in the synthesis
of (S)- or (R)-3-hydroxypiperidine from d- or l-glutamic acid,11

or in the formation of piperidines (and pyrrolidines) from
glutamine.12

Aspartic acid/asparagine. In the same way that glutamic acid
provides a route to 5-substituted pipecolic acids, aspartic acid

can be used as a chiral precursor to 4-substituted pipecolic acids.
For example, a range of 2,6-disubstituted piperidines can be
prepared by extending the side-chain carboxylic acid group of
Asp, using the attack of a sulfonamide on a ketone to effect the
cyclisation.12

Differentiation of the a- and b-carboxylic groups in Asp can
be tricky, but they were neatly distinguished in work by
Golubev et al. via the formation of an oxazolidinone, which
could be readily transformed into the hexafluoroacetone
protected enone 25.13 A Lewis acid catalysed intramolecular
Michael addition, followed by deprotection of the vicinal amino
and carboxylic functions, gave the 4-oxo-l-pipecolic acid 26
which served as an intermediate in the synthesis of cis- and
trans-4-hydroxy-l-pipecolates (Scheme 4).

Using the side-chain of asparagine in a completely different
way, Christie converted the amide of asparagine into a nitrile,
and used this to construct the piperidine ring in an asymmetric
synthesis of vincamine 31, a known hypertensive agent.12 Thus,
l-asparagine was converted into the iodide 29, which was
cyclised in the presence of LDA and ethyl iodide to afford the
piperidine derivative 30 equipped with two chiral centres at
positions 2 and 3. Apovincamine, a known precursor to
vincamine 31, was synthesised from 30 in six further steps
(Scheme 5).

Other amino acids. The amino acids discussed above all
utilise the functionalised side-chains to become part of the
piperidine ring. It is also possible to use both the a-amino and
a-carboxylic acid groups of amino acids to form piperidine
rings, in which case the amino acid side-chain becomes a
piperidino subsituent. In such cases, the amino acid must be
chosen so that the side-chain matches the target molecule. For
example, starting from l-alanine, Angle et al. completed a nine
step synthesis of (+)-monomorine, with the key step in the
synthesis involving a Claisen rearrangement.14

Sugars
Sugars have been used extensively to prepare polyhydroxylated
piperidines; these aza-analogues of pyranose sugars often have
potent enzyme inhibitory properties, and are thus of medicinal

Scheme 2 Reagents and conditions: i, (CH2O)n, TsOH, benzene, reflux
(94%); ii, NaOMe, MeOH, reflux (95%); iii, NaH, DMF, 85 °C (60%)

Scheme 3 Reagents and conditions: i, ButONO, MeCN, reflux (74%); ii,
EtOCOCl; iii, CH2N2, Et2O; iv, [Rh(OAc)2]2, benzene, reflux; v, NaBH4,
MeOH; vi, HO2 (aq); vii, H2, Pd–C

Scheme 4 Reagents and conditions: i, hexafluoroacetone, then SOCl2, D,
then CH2NCHSnMe3, BnPd(PPh3)2Cl, dimethoxyethane; ii, BF3·OEt2,
benzene, D, then H2O–PriOH

Scheme 5 Reagents and conditions: i, NaHCO3, CH2Cl2, 9-phenylfluoren-
9-yl bromide, K3PO4, Pb(NO3)2, MeCN; ii, NaI, MeCN, D; iii, LDA
(excess), EtI (excess), 278 °C
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importance. There is clearly a wide range of sugar building
blocks available that might provide much of the functionalisa-
tion and stereochemistry, and the one selected depends on the
specific target. The major challenge is to successfully differ-
entiate the hydroxy groups so that one of them can be converted
into an amino group, and a second one can be converted into a
leaving group. This field has been dominated by Fleet’s group,
and he has developed a number of elegant tactics for achieving
the necessary selectivity for the synthesis of polyhydroxylated
targets.15 Less oxygenated targets can also be accessed
relatively quickly, as exemplified by the work of Tadano
et al.16

Other chiral building blocks
As many alkaloids incorporate one or more ‘isoprene’ units
within their structure, terpenes are sometimes attractive chiral
building blocks. For example, Honda et al. developed an
efficient stereoselective route to nuphar piperidine alkaloids
starting from the readily available chiral monoterpenes, (2)- or
(+)-carvone;17 stereoselective construction of the piperidine
ring was achieved via an intramolecular aza-Wittig cyclisation.
Many other chiral building blocks are specific to the target in
question, rather than providing general routes to substituted
piperidines; for example, the chiral epoxide 32a allows a short
efficient synthesis of the C2-symmetric target (2)-2,6-lupeti-
dine 35 (Scheme 6)18 and elaboration of the oxygenated
analogue 34b might provide access to other C2-symmetric
piperidine derivatives.

Use of chiral reagents

There are now many chiral reagents that induce asymmetry, and
some of these have found widespread applicability in the
synthesis of substituted piperidines. In most of the examples
below, the reagent utilises a chiral catalyst, with obvious
economic advantages.

Sharpless asymmetric dihydroxylation
This procedure has been used quite widely, as exemplified by
the asymmetric syntheses of trans-2,6-disubstituted piperidines,
(+)-epidihydropinidine and (+)-solenopsin A, reported by
Takahata et al.19 The asymmetric dihydroxylation (ADH)
reaction was exploited even more effectively by Takahata et al.,
using the ADH reaction to provide access to the piperidine ring,
and then employing it again to generate the dihydroxylated
targets 40 and 41; the ADmix control of absolute ster-
eochemistry was able to override any diastereocontrol for
dihydroxylation in the penultimate step (Scheme 7).20

Sharpless’s more recent asymmetric aminohydroxylation
procedure is certain to be used extensively for the synthesis of
piperidine targets.21

Sharpless asymmetric epoxidation
The Sharpless asymmetric epoxidation reaction is now a well-
established and reliable procedure for the epoxidation of allylic
alcohols, and there are many asymmetric syntheses of piper-
idine targets that exploit the reaction. One recent example nicely
demonstrates how Sharpless asymmetric epoxidation (SAE)
can be used to control (ultimately) the stereochemistry of three
substituents on the piperidine ring.22 A much more general
approach is demonstrated by Ahman and Somfai, who prepared
the chiral vinylaziridine 43 ( > 95% ee) in a straightforward
manner from the known epoxy alcohol 42, itself produced via
Sharpless asymmetric epoxidation. They showed that these
types of vinylaziridines undergo an aza-[2,3]-Wittig rearrange-
ment yielding the corresponding cis-2,6-disubstituted tetra-
hydropyridines 44 as single diastereoisomers (Scheme 8).23

This methodology has been extended, allowing access to many
indolizidine and piperidine alkaloids.

Less conventional is the use of SAE conditions to effect
kinetic resolution of the racemic furanyl sulfonamide 45, which
provided asymmetric routes to both enantiomers of 47 (Scheme
9).24

Chiral bases
Michael reactions using enolate nucleophiles can sometimes
occur enantioselectively if triggered by a chiral base. For

Scheme 6 Reagents and conditions: i, MesPh–BuLi; ii, TsCl, Py; iii,
PhNH2; iv, Na–Hg; v, Pd–C

Scheme 7 Reagents and conditions: i, AD Mix-a; ii, AD Mix-b

Scheme 8 Reagents and conditions: i, LDA, THF

Scheme 9 Reagents and conditions: i, Ti(OPri)4, l-(+)-DIPT, ButOOH,
SiO2, CaH2; ii, MCPBA
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example, the readily available achiral compound 49 has been
shown to undergo an asymmetric intramolecular Michael
reaction with the chiral base, (+)-1-phenylethylamine, to give
the optically active cycloadduct 50 in good yield and 80% ee
(Scheme 10).25 This versatile chiral building block has been
used in the synthesis of various alkaloids including kainic acid,
(2)-tetrahydroalstonine and (2)-ajmalicine 51.

Chiral boron reagents
The boron reagents developed by Brown are so efficient that
their use in the asymmetric synthesis of substituted piperidines
was inevitable. For example, the allylB(Ipc)2 reagent can be
reacted with a wide range of aldehydes, to provide homoallyl
alcohols 53; these can be elaborated to the diols 54, from which
the 2-substituted piperidines 55 are readily prepared. Not only
does this provide a simple route to diverse 2-substituted
piperidines, but either enantiomeric series is accessible by use
of appropriate chiral boranes (Scheme 11).26

The use of chiral borane reagents as catalysts has been only
moderately successful, but used in conjunction with a chiral
auxiliary, the matched reagents can lead to very high asym-
metric induction—see the section concerning Diels–Alder
reactions of imines.

Chiral auxiliaries

Chiral auxiliaries have been used with great success in the
synthesis of piperidine ring systems. Perhaps the three most
general and widely used methods are: the CN(R,S) method, the
use of chiral lactams, and aza-Diels–Alder methodology.

The CN(R,S) method
The CN(R,S) method aptly derives its name from the Institut de
Chemie des Substances Naturelles du C.N.R.S., where Husson
et al. developed the use of chiral 2-cyano-6-oxazolopiperidine

59 for the asymmetric synthesis of functionalised piperidines;
59 can be readily obtained from a ‘one-pot’ condensation
reaction between (2)-phenylglycinol, gluteraldehyde and KCN
under acidic conditions (Scheme 12).

The CN(R,S) method allows access to a wide range of
2,6-disubstituted piperidines of very high optical purity,
exploiting the high functionality and facial selectivity in 59. It
possesses two non-equivalent reactive sites on the piperidine
ring system; an a-amino nitrile at the C-2 position and an
a-amino ether at the C-6 position. As summarised in Scheme
12, differential chemo- and stereo-selective reactions can be
achieved at several positions, allowing access to a wide range of
piperidine derivatives: (i) electrophilic attack at the C-2 position
(route A); (ii) nucleophilic attack at the C-2 position (route B);
(iii) attack at the cyano group (route C); and (iv) electrophilic
attack at the C-3 position (route D).

To demonstrate the versatility of the CN(R,S) method,
Husson et al. have completed the syntheses of numerous
enantiopure piperidine alkaloids which exhibit biological
activity including monomorine, perhydrohistrionicotoxin, vari-
ous analogues of podophyllotoxin and cephalotaxine.

For example the a-amino nitrile anion, generated by
treatment of 59 with LDA, can be alkylated by reaction with
alkyl halides. Elimination of the cyano group in the presence of
NaH results in the formation of a single diastereoisomer;
stereoelectronic effects are responsible for the addition of
hydride to the si face, so that only cis diastereoisomers are
formed. This has been illustrated in the synthesis of (2)-con-
iine27 (Scheme 13).

Alternatively, the nitrile can itself be incorporated into the
target molecule, as in a four step synthesis of (S)-(2)-pipecolic
acid 2 from the synthon 59.28 The cyanide was first converted
into the ethyl ester, and reduction with Zn(BH4)2 gave the
lactone 66 as a mixture of diastereoisomers. A deprotonation
and reprotonation procedure converted 66 into a single
diastereoisomer, from which (S)-(2)-pipecolic acid was subse-
quently isolated in 47% overall yield by a simple hydrogenation
under acidic conditions (Scheme 20). The phosphonic acid
analogue of 2 can also be accessed using the CN(R,S) method,
as indicated in Scheme 13.29

Chiral lactams
The use of chiral lactams has been developed most effectively
by Meyer’s group,30 and this approach has wide applicability to

Scheme 10 Reagents and conditions: i, (+)-1-phenylethylamine, THF

Scheme 11 Reagents and conditions: i, Ipc2BAll, 2100 °C; ii, BH3·DMS;
iii, MeOH; iv, BrCH2Cl, 278 °C, then BuLi; v, H2O2–OH2; vi, MsCl,
NEt3; vii, BnNH2

Scheme 12
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the synthesis of substituted piperidines, as indicated in Scheme
14. In particular: (i) the enolate of lactam 69 can be alkylated at
the 3-position (A); (ii) the N-acyliminium intermediate allows
introduction of C-6 substituents (B); and (iii) the amide
carbonyl can be further functionalised (C). Overall, this
provides access to 2,3,6-trisubstituted piperidines with excel-
lent diastereo- and enantio-control.

In the course of their endeavours towards starting materials
for the asymmetric synthesis of piperidine derivatives, Royer
and Husson were also able to prepare 69 and epimeric 70 from
59, as shown in Scheme 14.31

Meyers has demonstrated the flexibility of his methodology
in numerous syntheses.30 For example, his approach readily
allows access to 2,6-disubstituted piperidines (see Scheme
15),32 whilst reduction of the (thio)lactam clearly provides a
simple route to 2-substituted piperidines.

Aza-Diels–Alder reactions
The aza-Diels–Alder reaction has the potential to be a very
effective method for the preparation of substituted piperi-
dines.33 The reaction potentially allows the rapid construction
of quite complex piperidines, functionalised or derivatised at
various positions, and there is the possibility of regio-,
diastereo- and enantio-selectivity in the reaction. The aza-
Diels–Alder reaction has therefore provided the key step in
numerous syntheses of these compounds. Nevertheless, there

are problems associated with all of the possible aza-Diels–Alder
routes to piperidines, and only recently has substantial progress
been made concerning the general applicability of these
reactions. The three basic variations of the aza-Diels–Alder
reaction that can be used to form piperidine derivatives are
shown in Scheme 16. An excellent recent review on ‘Asym-
metric Hetero-Diels–Alder Reactions’ by Waldmann includes a
valuable summary of asymmetric aza-Diels–Alder chem-
istry.34

1-Azadienes (route A). 1-Azadienes have proved particularly
capricious in (4 + 2)p cycloaddition reactions, with competing
imine chemistry often thwarting the intended reaction, and
although chiral auxiliaries can be attached to the nitrogen atom,
this has not proved to be a major asymmetric route to substituted
piperidines.

2-Azadienes (route B). 2-Azadienes have also been exten-
sively studied as starting materials for the synthesis of
piperidine-based compounds via the Diels–Alder reaction.
Unfortunately, general asymmetric versions of these reactions
have been elusive, as there is no simple way by which a
removable chiral auxiliary can be attached.

Imines as dienophiles (route C). The Diels–Alder reaction of
imines or iminium salts with carbon dienes is probably the most
efficient route to substituted piperidines reported to date.
Intramolecular cycloadditions of N-acyl imines have been
particularly useful in the synthesis of several natural products,
including lupinine 76 and epilupinine 77 (Scheme 17).35

The chiral imine 79 can be readily produced by condensation
of ethyl glyoxylate with 1-phenylethylamine, and the Diels–
Alder reaction of 79 with a number of dienes has been
investigated (Scheme 18).36

Bailey et al. have proposed a mechanism which explains why
catalytic amounts of water are necessary to effect the cycloaddi-
tion under acidic conditions. It was suggested that inter-
molecular hydrogen-bonding between water and the imine
formed a seven membered ring complex (Fig. 1) and that the
diene approached this p-stabilised iminium intermediate from

Scheme 13 Reagents and conditions: i, LDA, THF, 278 °C, then PrBr; ii,
NaBH4, then H2SO4; iii, HCl–EtOH, SiO2, PhMe; iv, Zn(BH4)2, Et2O; v,
LDA, THF, AcOH; vi, H2, Pd–C, HCl–MeOH; vii, P(OMe)3–SnCl4; viii,
NaBH3CN; ix, H2, Pd–C

Scheme 14 Reagents and conditions: i, RCO(CH2)3CO2H; ii, LDA,
278 °C, then O2; iii, glutaric anhydride, AcCl; iv, NaBH4; v, HCl–
MeOH

Scheme 15 Reagents and conditions: i, Belleau’s reagent; ii,
BrCH2CO2Me; iii, P(OMe)3; iv, 3 atm. H2, Pd(OH)2–C

Scheme 16
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the si face due to steric preferences induced by the chiral
N-auxiliary.37

Stella and co-workers devised an alternative set of conditions
in which the Diels–Alder reaction proceeded in the presence of
TFA and BF3·OEt2 in CH2Cl2 at low temperature. Application
of these conditions in the cycloaddition of the chiral 1-phenyl-
ethylimine of methyl glyoxylate with cyclopentadiene led to
total face selectivity and up to 98% exo selectivity in the
cycloadduct, but extension to acyclic dienes was less success-
ful.38

The Diels–Alder reaction of imines with N-chiral auxiliaries
demonstrates that both high endo/exo selectivity and asym-
metric induction can be achieved to allow access to a range of
enantiopure piperidine derivatives. Moreover, the chiral Lewis
acid 83, derived from (R)-binaphthol and triphenyl borate, has
been shown to catalyse the Diels–Alder reaction between chiral
imines and Danishefsky’s diene 84 with a very high degree of
asymmetric induction (Scheme 19).39 The use of lanthanide
Lewis acid catalysts has been recently published in aza-Diels–
Alder reactions of an imine derived from a chiral aldehyde,40

and the addition of chiral ligands to these reactions has given
very encouraging preliminary results—this may well turn out to
be one of the most efficient and economical asymmetric routes
to chiral piperidines.

Holmes has investigated the participation of N-p-tolylsul-
fonyl imines 87, carrying an chiral ester auxiliary, in the aza-
Diels–Alder reaction with cyclopentadiene (Scheme 20).41 The
source of chirality on the ester moiety of the imines was from
glyoxylate ester derivatives of (R)-pantolactone and ethyl
(S)-lactate, which are known to coordinate Lewis acids in
asymmetric cycloaddition reactions. The best results were
obtained using Et2AlCl in toluene at 278 °C. Use of the
(S)-lactate auxiliary led to the formation of 88a as the major
diastereoisomer (76% de) whereas (R)-pantolactone predomin-
antly yielded the diastereoisomer 88b (70% de).

Several groups had sought to prepare the cyclic imines such
as 90, for which Diels–Alder reactions ought to proceed with
excellent diastereo- (and hence enantio-)control. Routes in
which the imine should have been generated by cyclisation of
d-amino aldehyde derivatives were singularly unsuccessful, but
Harwood’s group has successfully prepared 90 via an oxidative
route, and the enantiocontrol in its aza-Diels–Alder reactions is
(as expected) superb (Scheme 21).42 The modest overall yield,
and the cost of (unrecoverable) (R)- or (S)-phenylglycinol are
limitations, but this method does provide the highest enantio-
control from a single auxiliary, and (provided the reaction is
sufficiently general) it offers to be a very attractive asymmetric
route to a wide range of substituted piperidines.

Returning to the readily accessed glyoxylate imines, the
groups of Bailey and Holmes were able to combine their

Scheme 17 Reagents and conditions: i, HCHO

Scheme 18 Reagents and conditions: i, DMF, TFA (1 equiv.), H2O (cat),
25 °C; ii, H2, Pt–C, EtOAc; iii, H2, Pd(OH)2–C, EtOH

Fig. 1 Predictive model for the outcome of the aza-Diels–Alder reaction
between acyclic dienes and 79

Scheme 19 Reagents and conditiosn: i, 83, 84, CH2Cl2, 278 °C

Scheme 20 Reagents and conditions: i, cyclopentadiene, Et2AlCl, toluene,
278 °C

Scheme 21 Reagents and conditions: i, NBS; ii, propylene oxide; iii,
substituted butadienes, TFA or AcOH (ca. 1.5 equiv.), BF3·OEt2, 278 °C
(yield ca. 35% from 89)
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auxiliaries and explore the effect of matched and mismatched
auxiliaries on the nitrogen and the ester moieties of the imine in
aza-Diels–Alder reactions.43 The imines derived from alcohols
(R)-pantolactone, (2)-borneol and (2)-8-phenylmenthol in
combination with (R)- and (S)-1-phenylethyl N-auxiliaries were
studied (imines 92–94) using 2,3-dimethylbutadiene as the 4p
partner.

Optimum results were recorded for the Diels–Alder reaction
using the imine PhMeCHNNCHCO2PhMen* 94a bearing
matched auxiliaries, and the reaction provided single stereo-
isomeric products with a range of dienes. The reactions also
occurred with complete regiospecificity in all cases, and acyclic
dienes added via an endo transition state, whilst cyclic dienes
yielded the exo adducts. Detachment of the (recoverable) ester
auxiliary was achieved by saponification, and removal of the
(cheap) 1-phenylethyl auxiliary could be achieved by catalytic
hydrogenation, allowing access to piperidines of known
absolute stereochemistry.

Other chiral auxiliaries
There are many other examples of syntheses involving chiral
auxiliaries for the synthesis of piperidines, although most have
yet to demonstrate that they are as reliable and versatile as the
general methods outlined above. Nevertheless, the wide range
of other approaches may provide the best method for a specific
target. We have selected a dozen or so examples to illustrate the
types of methodology available.

Oppolozer’s group has led the way in the use of chiral sultams
in asymmetric synthesis, and their methodology provides access
to 2,6-trans-dialkylated piperidines.44 Their approach can also
be adapted to other substitution patterns, such as the 2,5-di-
substituted piperidine (+)-pseudoconhydrine 98, which has
been prepared via a versatile deoxygenative decarboxylation–
imine trapping route (Scheme 22). In most of the sultam work,
the moderately high asymmetric induction can be improved by
recrystallization, and the chiral sultam auxiliary can be
efficiently recovered part way through the synthesis.

A similar camphor-like auxiliary has been developed by
Wanner’s group, providing access to 2-substituted piper-
idines.45 The key step involves the conversion of an N-acyl
2,3-didehydropiperidine into an acyliminium derivative, which
is susceptible to nucleophilic attack with high stereocontrol.

Alkylation of acyliminium intermediates has also been
achieved, using a C2-symmetric chiral hydrazone derivative as
the source of asymmetry.46 Hydrazones have also been used by
Enders and Jegelka in a further development of RAMP/SAMP
methodology, although the approach perhaps lacks general-
ity.47

A rather unusual variation of the SAMP/RAMP auxiliary
uses a cyclic hydrazine, and involves C–O bond cleavage that is
reminiscent of Meyer’s chiral lactam work.48

The enantiospecific reduction of imines can be used to gain
access to piperidines, as demonstrated by Moody’s group.49 The
approach should be quite flexible, as a variety of alkyl
derivatives could be introduced during the synthesis to yield a
range of 2,6-disubstituted piperidines.

Using well-established auxiliaries, several groups have
developed quite general asymmetric routes to substituted
piperidines. For example, Agami et al. utilised an intramole-
cular ene-iminium cyclisation in which stereoselective control
was exerted via a morpholinone auxiliary;50 this gave access to
cis-2,4-disubstituted piperidines, in which the solvent provided
the nucleophile stereospecifically. Using the ephedrine auxil-
iary, hetero-Diels–Alder chemistry has also been used to gain
rapid access to a linear piperidine precursor; although the
stereocontrol was modest, the minor diastereoisomer was
readily removed, and the second (and final) step provided
5-hydroxy-2-methylpiperidine as a single enantiomer, with full
recovery of the auxiliary.51 The aza-annulation of enamines is
another general approach,52 and asymmetric versions have been
developed. In contrast, Jones’ imidazoline chiral auxiliary
effects complete stereocontrol, and provides access to a wide
range of 2-substituted piperidines, but the auxiliary is lost upon
final deprotection.53 Finally, Meyer’s formamidine chiral
auxiliary, which labilises the proton a to nitrogen, can be used
in the synthesis of piperidines.54

Conclusions

The huge amount of work on the synthesis of piperidines
testifies to their importance. However, there are only a few
really concise approaches that provide access to a wide range of
substitution patterns. If 2-substituted piperidines are required,
then there are many possible synthetic strategies. But for more
complex targets, three main options dominate the literature: (i)
a tailor-made synthesis using a chiral pool precursor (e.g. an
amino acid or a sugar); (ii) the construction of a linear precursor
using the best asymmetric reagents available (e.g. chiral AD-
Mix or borane reagents), although such syntheses are often
long; and (iii) the use of a chiral auxiliary to control the
construction or derivatisation of a piperidine derivative. The last
approach offers the potential of short, flexible, highly stereo-
specific syntheses, despite some limitations. The top methods
are the CN(RS) approach, the use of Meyers’ bicyclic lactam
chemistry, and aza-Diels–Alder reactions.

Despite much success, the apparently simple piperidine ring
system remains a demanding challenge for synthetic chemists,
and there is still enormous scope for improvement. It seems
certain the the biological properties of substituted piperidines
will ensure that synthetic work on them continues apace.

Scheme 22 Reagents and conditions: i, NaN(SiMe3)2, 1-chloro-1-ni-
trocyclohexane, H3O+; ii, NaCNBH3; iii, NaH, 110 °C, PrC(O)X, base; iv,
BH3.SMe2, THF, then H2O2, NaOH, then Pd(OH)2–C, MeOH
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A novel transformation of N-alkoxycarbonylprolines 1 to
4-trifluoroacetyl-2,3-dihydropyrroles 2 was efficiently re-
alized by utilizing trifluoroacetic anhydride, in which
probable intermediates were mesoionic 1,3-oxazolium-
5-olates B.

The Dakin–West (D–W) reaction of a-amino acids usually
produces a-amino ketones.1 However, treatment of N-acyl-
N-alkyl-a-amino acids or N-acylprolines with trifluoroacetic
anhydride (TFAA) under the D–W reaction conditions can lead
to trifluoromethylated oxazoles,2 acyloins3 or morpholines,4
depending on the nature of the N-substituents of the amino acids
and/or reaction conditions. In the course of our studies on the
reactivities of mesoionic 1,3-oxazolium-5-olates,5 we have now
found that N-alkoxycarbonylprolines 1 led unexpectedly, by
way of a novel decarboxylative dehydration followed by
trifluoroacetylation, to 4-trifluoroacetyl-2,3-dihydropyrroles 2
under the D–W reaction conditions.

Thus, treatment of 1a (1 mmol) with TFAA (3 mmol) in
MeCN (5 ml) at 80 °C for 5 h gave rise to N-methoxycarbonyl-
4-trifluoroacetyl-2,3-dihydropyrrole 2a in 66% yield. In the
reaction, the D–W reaction product, N-methoxycarbonyl-
2-trifluoroacetylpyrrolidine 3 (R = Me), was not isolated.

Reaction variables were briefly examined. Addition of
pyridine (3 equiv.) to the reaction reduced the yield (2c; 22%).
High temperatures (80 °C) were needed to obtain a high yield of
2c, lower temperatures (60 °C) reducing the yield (2c; 46%).
Various solvents such as MeCN, DMF, ClCH2CH2Cl, benzene,
MeNO2 and acetone are usable, and among them MeCN and
DMF are the solvents of choice for this reaction, while little or
no reaction takes place in THF, DME or dioxane. Several

urethane-protected prolines 1a–f were reacted in this way and
the results are presented in Table 1. Among the
N-alkoxycarbonyl groups examined, Me, Et and Bu proved to
give a good yield of the product 2. The low yields of 2d–f could
be attributable to the ease of cleavage of the alkoxy group in the
mesoionic oxazole intermediate B. In the reaction of 1f,
N-allylacetamide 9a was isolated in 58% yield as a side
product.

The structure of 2 was determined from analytical and
spectral data† and was subsequently secured by single-crystal
X-ray diffraction analysis of 2d (Fig. 1).‡

A plausible mechanism for the formation of 2 is suggested in
Scheme 1. The existence of the mesoionic oxazole B is
supported by the following facts. (i) The reaction of Z-proline

Table 1 Reactions of N-alkoxycarbonylprolines with TFAAa

Starting Product
Entry material Solvent (% yield)b

1 1a MeCN 2a (66)
2 1a DMF 2a (67)
3 1b MeCN 2b (61)
4 1b DMF 2b (53)
5 1c MeCN 2c (58)
6 1c DMF 2c (68)
7 1d MeCN 2d (32)
8 1d DMF 2d (27)
9 1e MeCN 2e (34)

10 1f MeCN 2f (30) + 9a (54)
11 1g MeCN 9b (94)c

12 7 MeCN 8 (86)

a The reactions were carried out according to the general procedure
described in the text. b Isolated yields of pure products. All new compounds
gave satisfactory spectroscopic data (IR, MS, 1H and 13C NMR) and
analytical (combustion and/or high resolution mass) data. c Plus 54% of
proline.

Fig. 1 X-Ray Crystal structure of 2d (the probability level of the ellipsoids
is 50%)
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1g with TFAA afforded proline (45%) and N-benzylacetamide
9b (94%). Formation of proline is presumably due to hydrolysis
of anhydride D,6 which was produced by the attack of
trifluoroacetate ion on the mesoionic oxazole intermediate B via
path (a). N-Benzylacetamide 9a was formed by the Ritter
reaction of intermediary benzyl trifluoroacetate and the solvent
MeCN. (ii) Treatment of N-methoxycarbonyl-
N-methylphenylalanine 4a with TFAA in the presence of
pyridine gave the D–W reaction product, trifluoroacetyl
derivative 5a, in 93% yield.7 In the case of N-benzyloxycar-
bonyl-N-methylphenylalanine 4b, trifluoroacetyl derivative 5b
and the anhydride8 of 6a N-carboxyphenylalanine were ob-
tained in 39 and 43% yields, respectively. (iii) In attempts to
form the mesoionic oxazole A by treatment of N-ethoxycar-
bonyl-N-phenylglycine 4c with SOCl2, Potts et al. isolated the
anhydride 6b of N-carboxyglycine and ethyl chloride.9 This
suggests that ring closure to the mesoionic oxazole A actually
occurred and that it underwent rapid deethylation. However, it
is difficult to obtain a definitive explanation for the transforma-
tion of B to 2. The existence of intermediary C is supported by
the reaction of N-methoxycarbonyl-2,3-dihydroindole-1-car-
boxylic acid 7 with TFAA. Thus, the reaction yielded
N-methoxycarbonylindole 8 in 86% yield and disclosed the
probable intermediacy of C. Indeed, N-methoxycarbonylindole
8 cannot undergo trifluoroacetylation, whereas
N-methoxycarbonyl-2-pyrroline C (R = Me)10 prepared inde-

pendently gave the trifluoroacetyl derivative 2a in 65% yield
under the same reaction conditions as described for 1a. Finally,
trifluoroacetylation of C leads to the product 2.

In summary, this work describes the reaction of N-alkoxy-
carbonylprolines and TFAA, which has great practical potential
because of the ready availability of the starting materials and
reagents and the ease of manipulation. Our method makes novel
compounds 2 readily accessible for further study as building
blocks for the synthesis of fluorine-containing compounds, in
view of the versatility of aminoenones (N–CNC–CNO) in
synthetic as well as heterocyclic chemistry.11 Detailed mecha-
nistic studies and synthetic utilization of 2 as trifluoromethyl
building blocks are now in progress.

Notes and References

† Selected data for 2d: mp 99–101 °C (hexane); m/z 285 (M+, 100%); nmax/
cm21 1670, 1740; dH(500 MHz; CDCl3; Me4Si) 3.04 (br s, 2 H), 4.12 (br s,
2 H), 7.17 (d, 2 H, J 7.9), 7.25–7.30 (m, 1 H), 7.40–7.43 (m, 2 H), 7.93 (s,
1 H); dC(125 MHz; CDCl3; Me4Si) 26.15 (CH2), 46.77 (CH2), 116.92 (C),
116.54 (CF3, 1JCF 290.0), 121.16 (CH), 126.42 (CH), 129.61 (CH), 144.46
(CH), 145.85 (C), 150.15 (C), 176.49 (C, 2JCF 35.5).
‡ Crystal data for 2d: (C13H10NO3F3), FW = 285.2, orthorhombic,
P212121, a = 8.409(7), b = 22.604(6), c = 6.774(6) Å, V = 1288(2) Å3,
Z = 4, m(Mo-Ka) = 1.26 cm21 by Rigaku AFC-5 diffractometer. Final R
value was 0.074 for 1331 reflections (Rw = 0.044, S = 2.770). CCDC
182/754.
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Synthesis of transition metal–poly(yne) polymer possessing chiral acetylene
bridges

Kiyotaka Onitsuka, Yuri Harada, Fumie Takei and Shigetoshi Takahashi*†

The Institute of Scientific and Industrial Research, Osaka University, Mihogaoka, Ibaraki, Osaka 567-0047, Japan 

Treatment of C2-symmetric chiral acetylenes, prepared from
(R)-1,1A-bi-2-naphthol, with dichlorobis(trialkylphosphine)-
platinum or -palladium in the presence of a CuI catalyst in
amine gave high molecular-weight polynuclear complexes,
which show a large negative optical rotation.

In recent years much attention has been drawn to molecular
architecture incorporating coordination chemistry of transition
metals.1 We have been studying the chemistry of transition
metal–poly(yne) polymers, in which metal atoms are linked by
diynes such as butadiyne or p-diethynylbenzene to form rigid
rod-like molecules.2 Recently we showed that our methodology
for the synthesis of multinuclear transition metal acetylides in
one-dimension can be successfully applied to the synthesis of a
three-dimension system giving a platinum–acetylide den-
drimer.3 Now we have expanded our methodology to the
synthesis of polymers having a controlled main chain such as a
helical structure. Since artificial polymers with a chiral
backbone may maintain a stable single-handed helical con-
formation, they are of interest in view of their potential as new
materials.4 Here we report the first synthesis of a novel optically
active poly(yne) polymer possessing a chiral acetylene bridge.

Bridging acetylene ligands 1 were easily prepared from
1,1A-bi-2-naphthol as shown in Scheme 1.5 When optically
active (R)-1,1A-bi-2-naphthol (commercially available, > 99%
ee determined by HPLC using a chiral column) was used as a
starting material, optically active acetylenes [1a: [a]D 269 (c
0.05, CHCl3); 1b: [a]D 229 (c 0.05, CHCl3); 1c: [a]D 28 (c
0.1, CHCl3)] having C2 symmetry were obtained. X-Ray
crystallographic study of 1b and 1c showed that the two

naphthyl groups make a dihedral angle of 112.8° in 1b and
105.3° in 1c, respectively.‡

As a model compound of the polymer we prepared optically
active dinuclear complexes possessing a chiral acetylene bridge
(Scheme 2). Treatment of 1a with 2 equiv. of Pd(PEt3)2Cl2 in
the presence of a CuCl catalyst in Et2NH at room temperature
gave dipalladium complex 2a. Similarly the reaction of 1b with
Pd(PEt3)2Cl2 gave 2b. Platinum analogs 3 were also prepared in
a similar manner but at higher temperature (under piperidine
reflux) because proportionation between platinum diacetylides
and dichlorides takes place only at high reaction temperature.2
These complexes were fully characterized by IR and NMR
spectroscopy and elemental analysis.§ Yields and optical
rotations are summarized in Table 1. The 1H NMR spectrum of
3a using the chiral shift reagent Eu(fod)3 showed that no
racemization took place during the conversion from chiral
1,1A-bi-2-naphthol.¶

Reactions of chiral acetylene 1 with an equimolar amount of
M(PRA3)2Cl2 in the presence of a CuI catalyst in Et2NH result in
the formation of polynuclear complexes 4 and 5 having high
molecular weight (Scheme 3). Experiments using 31P NMR
spectroscopy and GPC indicated the formation of dinuclear
complexes 2 or 3 at an early stage, which slowly condense with
terminal acetylene to propagate a metal–acetylide main chain.
Since the resulting polymers are stable and soluble in common
organic solvents, purification was performed by column
chromatography on alumina followed by reprecipitation from
CH2Cl2 into MeOH. The regular structures of 4 and 5 were

Scheme 1 Reagents and conditions: i, Br2, CH2Cl2, 278 °C to room temp.,
4 h, 91%; ii, RI, K2CO3, acetone, reflux, overnight, 85–89%; iii,
Me3SiC·CH, Pd(PPh3)2Cl2, CuI, Et3N, reflux, overnight, 68–78%; iv,
K2CO3, MeOH, overnight, 85–87%

Scheme 2 Reagents and conditions: i, CuCl, Et2NH, room temp., 4 h (M =
Pd); CuCl, piperidine, reflux, overnight (M = Pt)

Table 1 Yields and optical rotations of dinuclear complexes 2 and 3

Complex M RA R Yield (%) [a]D
a

2a Pd Et Me 82 2142
2b Pd Et Et 78 2150
3a Pt Et Me 62 2147
3b Pt Et Et 61 2148
3c Pt Bu Me 76 2103
3d Pt Bu Et 57 287

a In 1021 deg cm2 g21 (c 0.05, CHCl3, 25 °C).
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confirmed by spectral analyses. For example, the 31P NMR
spectrum of 5d exhibited one singlet signal at d 3.27 with
satellite signals (JPt–P = 2365 Hz). Only one set of signals,
attributed to the naphthyl group, was observed in the 1H and 13C
NMR spectra of 5d.∑ Yields, molecular weights and optical
rotations for 4 and 5 are shown in Table 2. The Mw values for
palladium polymers 4 are in the range of 5400–12 000
regardless of the substituent on acetylene and the nature of the
phosphine ligands, and are smaller than those of the platinum
analogs 5. A similar trend was observed in p-diethynylbenzene-
bridged poly(yne) polymers.2 In contrast, the Mw values of
platinum polymers 5 were influenced to a certain extent by the
substituent on the naphthyl group of the acetylene bridges and
the nature of the phosphine ligands. Thus, the Mw values of
ethoxy analogs 5b and 5d are much higher than those of the
methoxy and isopropoxy variants. Since there is no significant
difference in the structure of the bridging acetylene ligands 1b
and 1c as determined via X-ray analysis, it is not clear why the
molecular weights of the resulting polymers depend on the
bridging acetylene ligands. Tributylphosphine analogs 5c and
5d have higher Mw values than triethylphosphine analogs 5a
and 5b. It should be noted that all polymers prepared here
showed larger specific optical rotations than both acetylene

ligands 1 and model compounds 2 and 3, which may indicate
that the main chain of the polymers adopts a one-handed helical
conformation and induces the helical chirality of the poly-
mers.

In summary, we prepared novel optically active poly(yne)
polymers of palladium and platinum possessing C2-symmetric
chiral acetylene bridges, which provide the first organometallic
polymer with an optically active backbone, although some
optically active organic acetylene polymers, in which chirality
is similarly derived from 1,1A-bi-2-naphthol, have been reported
very recently.5

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Areas, ‘New Polymers and Their Nano-
Organized Systems’ (No. 277/08246103), and Encouragement
of Young Scientists (No. 09740491) from the Ministry of
Education, Science, Sports and Culture, Japan.

Notes and References

† E-mail: takahashi@sanken.osaka-u.ac.jp
‡ Crystal data for 1b: C28H22O2, orthorhombic, P212121, a = 16.576(2), b
= 18.193(3), c = 7.319(4) Å, V = 2207(1) Å3, Z = 4, Dc = 1.175 g cm23,
m(Mo-Ka) = 0.73 cm21, 6 < 2q < 55°, R(Rw) = 0.054 (0.056) against
1420 reflections with I > 2.0s(I) out of 2914 unique reflections, GOF =
1.35. For 1c: C30H26O2, orthorhombic, P212121, a = 16.359(7), b =
17.898(7), c = 8.025(9) Å, V = 2349(2) Å3, Z = 4, Dc = 1.183 g cm23,
m(Mo-Ka) = 0.72 cm21, 6 < 2q < 55°, R(Rw) = 0.045 (0.046) against
2025 reflections with I > 3.0s(I) out of 3089 unique reflections, GOF =
1.44.

Data were measured on a Rigaku AFC5R diffractometer at 275 °C using
the w–2q scan technique. The structure was solved by direct methods
(SAPI91) and refined by full-matrix least-squares methods using aniso-
tropic thermal parameters for all non-hydrogen atoms. Hydrogen atoms are
located at calculated positions. CCDC 182/755.
§ Selected data for 3b: nmax(KBr)/cm21 2115 (C·C); dH(CDCl3, SiMe4)
1.06 (t, J 7.0, 6 H), 1.20 (dt, JP–H 14.1, JH–H 7.1, 36 H), 2.04–2.11 (m, 24
H), 4.01 (q, J 7.0, 4 H), 6.95 (d, J 8.8, 2 H), 7.07 (dd, J 8.8, 1.5, 2 H), 7.34
(d, J 9.0, 2 H), 7.70 (d, J 1.5, 2 H), 7.80 (d, J 9.0, 2 H); dC(CDCl3, SiMe4)
8.06, 14.67, 16.53, 65.26, 81.53 (t, JPt–C 1432, JP–C 14.9), 102.02 (JPt–C

407), 116.17, 120.73, 123.67, 125.06, 128.28, 129.01, 129.28, 129.59,
132.23, 154.06; dP(CDCl3, H3PO4) 15.35 (JPt–P 2393.
¶ Only one signal assignable to the protons of the methoxy group appeared
in the 1H NMR spectrum of 3a using the chiral shift reagent Eu(fod)3, while
two signals of the methoxy protons were separately observed in a similar
NMR experiment of the corresponding racemic mixture.
∑ Selected data for 5d: nmax(KBr)/cm21 2114 (C·C); dH(CDCl3, SiMe4)
0.90 (t, J 7.3, 18 H), 1.02 (t, J 6.8, 6 H), 1.43 (sextet, J = 7.4, 12 H),
1.60–1.61 (m, 12 H), 2.17–2.20 (m, 12 H), 3.96–4.02 (m, 4 H), 6.97 (d, J
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9.0, 2 H); dC(CDCl3, SiMe4) 13.84, 14.99, 23.86 (vt, N 16.7), 24.40 (vt, N
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153.79; dP(CDCl3, H3PO4) 3.27 (JPt–P 2365).
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Scheme 3 Reagents and conditions: i, CuI, Et2NH, room temp., 4 h (M =
Pd); CuCl, Et2NH, reflux, overnight (M = Pt)

Table 2 Yields, molecular weights and optical rotations of poly(yne)
polymers 4 and 5

Polymers M RA R Yield (%) Mw/103a Mw/Mn [a]D
b

4a Pd Et Me 69 5.4 1.6 2370
4b Pd Et Et 71 12 1.9 2227
4c Pd Et Pri 73 11 1.9 2278
4d Pd Bu Me 69 6.1 1.6 2265
4e Pd Bu Et 63 9.8 1.6 2206
4f Pd Bu Pri 59 7.4 1.6 2182
5a Pt Et Me 73 12 2.7 2364
5b Pt Et Et 73 30 2.9 2350
5c Pt Bu Me 76 46 3.5 2331
5d Pt Bu Et 92 100 4.0 2262
5e Pt Bu Pri 71 22 2.2 2288

a Determined by GPC using poly(styrene) standards. b In 1021 deg cm2 g21

[c 0.05 (R = Me, Et), c 0.10 (R = Pri), CHCl3 at 25 °C].
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Diastereoselective routes to side-chain truncated analogues of
N-acetylneuraminic acid†

Martin Banwell,*a‡ Chris De Savi,a David Hocklessa and Keith Watsonb

a Research School of Chemistry, Institute of Advanced Studies, The Australian National University, Canberra, ACT 0200,
Australia 
b Biota Chemistry Laboratory, Chemistry Department, Monash University, Clayton, Victoria 3168, Australia 

Vitamin C 3 has been converted, in a completely stereo-
controlled manner, into the side-chain truncated analogues
4 and 5 of N-acetylneuraminic acid 1.

N-Acetylneuraminic acid 1 (Neu5Ac) and other members of the
sialic acid class of carbohydrates play fundamental roles in
many important biological processes, including cell adhesion
and differentiation, immune responses, tumour metastasis and
the development of neural cells.1 In addition, they constitute a
ligand commonly recognised by many infectious pathogens
such as viruses, bacteria and parasites.1 Consequently, sialic
acids and various derivatives including the potent anti-influenza
drug GG167 22 are assuming increasing importance as
pharmacological tools and/or therapeutic agents.3 In this regard
there is now considerable interest4 in side-chain truncated
analogues of Neu5Ac which are currently only accessible via
degradation of the natural product 1.3,4 Therefore, we report
herein on the stereocontrolled conversion of abundant vitamin C
3 into compounds 4 and 5, each of which embodies the sialic

acid core but lacks the C-8/C-9 (side-chain) assemblage
associated with the parent system 1. The reaction sequences
used for these conversions offer possibilities for the synthesis5

of a range of novel sialic acid analogues which can vary in both
the nature and stereochemistry of the substituents attached to
the pyranose ring.

The reaction sequence (Scheme 1) leading to compound 4
starts with a literature procedure6 for the oxidative degradation
of vitamin C 3 to the a-hydroxy ester 6. The triflate derivative
7 of the latter compound was then prepared in quantitative yield
by standard methods7 and underwent a smooth SN2 reaction
with lithium azide8 in DMF at room temperature to give the
azide 8 {80%, [a]D 214.7 (c 2.6)§}. Reduction of this a-azido
ester with LAH afforded the amino alcohol 9 {100%, [a]D
210.5 (c 1.5)} which was immediately protected as its N,N-
dibenzyl derivative 10 {90%, [a]D +1.2 (c 2.1)}. Oxidation of
compound 10 using the Swern reagent gave aldehyde 119 {95%,
[a]D +3.9 (c 3.8)} which upon reaction with ethyl (2-bromo-
methyl)acrylate, zinc dust and saturated aq. NH4Cl10 in THF
afforded the homoallylic alcohol 12 {87%, [a]D214.8 (c 2.1)}

in a completely diastereoselective fashion.11 Oxidation of the
latter compound with the Swern reagent afforded ketone 13
{90%, [a]D 272.9 (c 2.5)} and this was immediately reduced
with NaBH4 in EtOH to alcohol 14 {82%, [a]D 25.9 (c 2.3)}
which proved to be the only isolable product of the reaction.
Attempts to cleave the CNC double bond12 within this last
compound using ozone failed because of competing reaction at
the aromatic rings associated with the N,N-dibenzylamino
moiety. Consequently, a somewhat more circuitous method was
devised for achieving this end. Thus, compound 14 was

Scheme 1 Reagents and conditions: i, see ref. 6; ii, Tf2O (1.3 equiv.),
2,6-lutidine (1.3 equiv.), CH2Cl2, 250 to 210 °C, 0.75 h; iii, LiN3 (2.5
equiv.), DMF, 18 °C, 3 h; iv, LAH (3.5 equiv.), THF, 18 to 65 °C, 3 h; v,
BnBr (2.2 equiv.), K2CO3 (2 equiv.), MeCN, 60 °C, 14 h; vi, (COCl)2 (1.2
equiv.), DMSO, CH2Cl2, 278 to 0 °C, 1 h, then Et3N (2.6 equiv.); vii, Zn
dust (1.2 equiv.), sat. aq. NH4Cl, THF, 60 °C, 0.75 h; viii, NaBH4 (6 equiv.),
EtOH, 210 °C, 1.5 h; ix, TMSCl (4.0 equiv.),  hexamethyldisilazane (4.0
equiv.), pyridine, 0 to 18 °C, 19 h; x, AD-mix-a (2.2 equiv.), ButOH, H2O,
18 °C, 22 h; xi, Pb(OAc)4 (0.9 equiv.), CaCO3 (11 equiv.), CH2Cl2, 18 °C,
0.33 h; xii, 6% w/v HCl in MeOH, 18 °C, 18 h then Ac2O (10 equiv.),
DMAP (trace), pyridine, 18 °C, 20 h; xiii, Pd black, 5% w/v HCO2H in
MeOH, 18 °C, 0.5 h, then Ac2O (10 equiv.), DMAP (trace), pyridine, 18 °C,
20 h
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converted into the corresponding Me3Si-ether 15 {83%, [a]D
212.9 (c 3.0)} and the CNC double bond within this latter
compound was dihydroxylated using AD-mix-a.13 The result-
ing 1 : 1 mixture of diastereoisomeric diols 16 (83%) was then
cleaved with lead tetraacetate to give the a-keto ester 17 {90%,
[a]D 221.7 (c 2.3)}. Treatment of compound 17 with 6% w/v
methanolic HCl at room temperature for 18 h and subsequent
peracetylation of the crude reaction mixture resulted in
formation of the sialic acid analogue 18 {72%, [a]D 281.3 (c
5.7)}. The benzyl protecting groups within this last compound
could be removed using palladium black and formic acid14 in
MeOH and the resulting primary amine was acetylated to give
the target compound 4 {80% at 80% conversion, [a]D297.1 (c
1.0)}, the structure of which follows from spectroscopic data.

Extension of this chemistry to the preparation of compound 5
is readily achieved. Thus, aldol condensation of the enolate
anion derived from 2-acetylthiazole15 with aldehyde 11 af-
forded the b-hydroxy ketone 19 {72%, [a]D 258 (c 0.7)} in a
completely stereoselective manner. Reaction of this last com-
pound with 20% w/v methanolic HCl at room temperature for
18 h and subsequent peracetylation of the crude reaction
mixture afforded compound 5 {70%. [a]D 2182.1 (c 1.0)}
together with quantities (30%) of the open-chain dehydration
product 20 {[a]D 2154.2 (c 0.6)}.

While the reaction sequence just described delivers a sialic
acid analogue 5 which possesses the unnatural configuration at
C-4, there are some constraints associated with the stereo-
chemical variations that are available. This situation is high-
lighted by the outcome of the reaction sequence outlined in
Scheme 2. Thus, treatment of triflate 7 with sodium azide in
DMF at 75 °C for 6 h afforded azide 21 {85%, [a]D +42.5 (c
2.7)} together with minor amounts (ca. 8%) of its C-2 epimer 8
which could be removed chromatographically. Reduction of
compound 21 with LAH then provided the corresponding amino

alcohol 22 {83%, [a]D + 1.0 (c 5.7)} which was converted into
the N,N-dibenzyl derivative 23 {92%, [a]D 280.0 (c 6.8)}.
Oxidation of this latter compound afforded the C-2 epimer of
a-amino aldehyde 11, namely compound 24 {88%, [a]D +58.7
(c 7.9)}, which underwent stereoselective aldol condensation
with the enolate anion derived from 2-acetylthiazole to give
amino alcohol 25 {79%, [a]D 25.5 (c 3.7)}. The stereo-
chemistry at C-4 within compound 25 has not been rigorously
proven but is assigned as illustrated on the basis of the well-
known9,11 directing effect of an a-(N,N-dibenzylamino) sub-
stituent on nucleophilic additions to aldehydes. In an effort to
achieve a cyclisation reaction, compound 25 was treated with
8% w/v methanolic HCl, then the crude reaction mixture was
subjected to exhaustive acetylation. However, no cyclisation
products were observed. The only compound obtained was the
open-chain dehydration product 26 {70%, mp 123–125 °C, [a]D
+106.3 (c 0.7)}, the structure of which was established by
spectroscopic and X-ray crystallographic methods.¶

Notes and References

† The work described herein is the subject of a patent application (AIPO
Patent Office Provisional Application No. PO8998, lodged September 5th,
1997).
‡ E-mail: mgb@rsc.anu.edu.au
§ All optical rotations were determined in CHCl3 at 20 °C.
¶ Crystal data for 26: C27H28N2O5S, M = 492.59, T = 193(1) K,
monoclinic, space group P21, a = 11.346(4), b = 7.778(2), c = 15.473(6)
Å, b = 109.34(3)°, U = 1288.4(3) Å3, Dc (Z = 2) = 1.270 g cm23, F(000)
= 520, m(Cu-Ka) = 14.42 cm21, semi-empirical absorption correction;
2085 unique data (2qmax = 120.1°), 1583 with I > 3s(I); R = 0.033, wR
= 0.029, GOF = 1.44. CCDC 182/739.
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Scheme 2 Reagents and conditions: i, NaN3 (2 equiv.), DMF, 75 °C, 6 h; ii,
LAH (3.5 equiv.), THF, 18 to 65 °C, 3 h; iii, BnBr (2.2 equiv.), K2CO3 (2
equiv.), MeCN, 60 °C, 14 h; iv, (COCl)2 (1.2 equiv.), DMSO, CH2Cl2, 278
to 0 °C, 1 h then Et3N (2.6 equiv.); v, ButOH (1 equiv.), BunLi (1.2 equiv.),
THF, 18 °C, 0.66 h, then 2-acetylthiazole (1.2 equiv.), 250 °C, 2.5 h; vi, 8%
w/v HCl in MeOH, 18 °C, 18 h, then Ac2O (10 equiv.), DMAP (trace),
pyridine, 18 °C, 20 h
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Ochratoxin A acts as a photoactivatable DNA cleaving agent

Ivan G. Gillman, Jennifer M. Yezek and Richard A. Manderville*

Department of Chemistry, Wake Forest University, Winston-Salem, North Carolina 27109-7486, USA 

The ability of ochratoxin A to photoinduce DNA cleavage is
described; in the presence of DNA the photoreaction yields
the non-chlorinated derivative, ochratoxin B, while a
hydroquinone derivative is produced under anaerobic con-
ditions.

Ochratoxin A (OTA, 1: X = Cl) is a fungal toxin produced by
a species of Aspergillus and Penicillium.1,2 It contaminates a
wide range of foodstuffs and is implicated in the disease Balkan
endemic nephropathy in which patients suffer from urinary tract
tumors.3 OTA induces single-strand DNA cleavage4 and DNA
adduction in vivo;5 properties that establish a basis for its
genotoxicity. However, the mechanism of OTA-induced DNA
damage is currently not known.

Despite this, it is known that the chlorine atom is essential6
and antioxidants inhibit its genotoxic activities.7 While activa-
tion of OTA appears to be oxidative,3–7 we have found, using
fluorescence spectroscopy (lext = 380 nm, lem = 441 nm), that
the toxin is particularly susceptible to light and decomposes
over time unless a suitable filter is used to suppress light
intensity. Since certain halogenated compounds have been
shown to efficiently photocleave DNA,8–10 we hypothesized
that 1 may photoinduce DNA damage. Such activity was also
expected to provide new insight into the toxin’s DNA targeting
activities as photoactivatable agents have proven useful as
probes of DNA structure,11 sequence,12 and mechanism, both in
terms of DNA strand-scission13 and DNA alkylation.14

Here we describe our preliminary findings on the photo-
nuclease activity of 1. While in vivo activation of 1 may be
mediated by cytochrome P45015 with subsequent formation of
hydroxyl radicals,16,17 our results show that light can also
activate 1 and the products from the photoactivation provide
new insight into species that may participate in its in vivo DNA
targeting activities.

The ability of 1 to facilitate DNA photocleavage was
examined using supercoiled plasmid DNA and agarose gel
electrophoresis. As shown in Fig. 1, no cleavage resulted in the
absence of light (lane 2), highlighting that 1 alone does not
induce DNA cleavage. However, in the presence of light, DNA
cleavage by 1 occurred in a concentration dependent fashion
(lanes 4–7). Table 1 shows the effect of various additives on the
extent of photocleavage by 1. In an ambiently oxygenated
atmosphere, inhibition was provided by the oxygen radical
scavengers, DMSO, tert-butyl alcohol and sodium azide.

However, a marked increase in the extent of photocleavage
occurred in an N2-flushed atmosphere, precluding the require-
ment for activated oxygen species. Inhibition of photocleavage
was also provided by copper(ii) ions; a metal that binds 1
effectively and quenches its fluorescence spectrum.18 That both
CuII and O2 inhibit DNA cleavage suggests that they quench the
excited state of 1.19

Additional insight into the mode of photocleavage by 1 was
obtained from the finding that the non-chlorinated derivative,
OTB (2: X = H), and the derivative 4,† which lacks the
dihydroisocoumarin (lactone) ring system of 1, failed to
photoinduce DNA strand-scission (Fig. 2). These findings are
remarkably similar to the in vivo toxicity of 1 and indicate a
requirement for both the chlorine atom6 and the lactone.20

Product analysis from the photoreaction of 1 in aqueous
buffered media also provided information regarding the mode
of photocleavage by the toxin. In an ambiently oxygenated
atmosphere, no products were identified in the photoreaction of
1 alone, even though the toxin was consumed as evidenced by

Fig. 1 Cleavage of supercoiled plasmid DNA by 1. Reaction mixtures (20
ml total volume) contained 400 ng of plasmid DNA in 10 mm MOPS buffer,
pH 7.4, and were irradiated on ice through a Pyrex filter with an ILC
Technology 300 W Xenon arc lamp. After 5 min, the reaction mixtures were
analyzed on a 1.2% agarose gel. Lane 1: DNA alone. Lane 2: DNA + 1000
mm 1. Lane 3: irradiated DNA. Lane 4–7: irradiated DNA + 40, 200, 400 and
1000 mm 1, respectively.

Table 1 Effect of additives on the extent of photocleavage of supercoiled
DNA (Form 1) by 1

Conditionsa Form Ib (%) Form IIc (%) Form IIId (%)

Control 89 11 0
+1 27 73 0
+100 mm NaN3 78 22 0
+1 ml DMSO 66 34 0
+1 ml ButOH 62 38 0
+ SODe 27 73 0
+ catalasef 27 73 0
+10 mm Cu(OAc)2 74 26 0
Anaerobicg 0 61 39

a Reactions were run at pH 7.4 (10 mm MOPS buffer) using 200 mm 1 and
400 ng of supercoiled plasmid DNA in 20 ml total volume, and were
irradiated in ice through a Pyrex filter with an ILC Technology 300 W
Xenon arc lamp for 5 min. Densitometric quantitation of the gels was
performed using a Microtek Scanmaker E6 equipped with PhotoImpact and
UTHSCSA Image Tool software. b Supercoiled DNA. c Nicked circular
DNA. d Linear DNA. e 1000 units ml21 super oxide dismutase. f 1000 units
ml21 catalase. g Reaction with 1 was purged with N2 prior to photo-
cleavage.
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HPLC. However, in the presence of calf thymus DNA or
dextrose, photoirradiation of 1 yielded the non-chlorinated
derivative 2.‡ Under anaerobic conditions in the absence of a
sugar, photoreaction of 1 produced the hydroquinone deriva-
tive, OTOH (3: X = OH),§ a finding that we attribute to SRN1
displacement21 of the chlorine atom by H2O. Interestingly, 3
was also detected in the presence of O2 when a reducing agent
(sodium ascorbate) was added to the photoreaction. This
observation suggests that the hydroquinone 3 may have
originated from a reactive quinone precursor, in analogy to
photooxidation of halogenated phenols that yield benzoquinone
derivatives in the presence of O2.22,23 The results of these
studies are summarized in Scheme 1.

In conclusion, the fungal carcinogen 1 does not facilitate
DNA cleavage alone. However, we have demonstrated that light
is one way to activate 1 to induce DNA damage. The finding
that 2 is a product of 1 photoirradiation in the presence of DNA,
suggests that strand-scission is mediated by H-atom abstraction
from deoxyribose sugars through initial C–Cl bond hom-
olysis.8–10 In the absence of a sugar and O2, 1 is converted in
high yield to the hydroquinone derivative, 3. This species is also
formed in the presence of O2, provided that a suitable reducing
agent is added to the photoreaction. This result suggests
strongly that photooxidation of 1 produces a reactive quinone
derivative, a species that may be responsible for the toxin’s
DNA adduction properties.5 Presently, experiments are in
progress to identify the cleavage sites and the mechanistic
pathways for photocleavage. We are also studying the oxidation
of 1 to determine the exact nature of oxidized 1, its chemical
reactivity and lifetime in aqueous buffered media and the
potential of such a species to induce DNA adduction.

We thank Dr Fred W. Perrino (Department of Biochemistry,
Wake Forest University) for the sample of plasmid DNA. This

work was supported by Grant #IRG from the American Cancer
Society and Wake Forest University.
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dH([2H6]DMSO) 13.08 (s, 1 H), 12.04 (s, 1 H), 9.88 (s, 1 H), 8.95 (d, 1 H,
J 6.0), 7.72 (s, 1 H), 7.29 (m, 5 H), 4.29 (m, 2 H), 3.12 (m, 3 H), 2.66 (dd,
1 H, J 11.9, 11.6), 1.43 (d, 3 H, J 6.2). dC([2H6]DMSO) 172.5, 169.9, 163.1,
152.2, 145.8, 136.9, 130.2, 129.3, 128.4, 126.7, 123.4, 118.3, 109.4, 76.2,
53.9, 36.7, 28.1, 20.3. These peaks are identical to a separately prepared
sample starting from 4-methoxyphenol. Full details will be published
elsewhere.

1 K. J. van der Merwe, P. S. Steyn, L. Fourie, D. B. Scott and J. J. Theron,
Nature, 1965, 205, 1112.

2 W. van Walbeek, P. M. Scott, F. S. Thatcher, Can. J. Microbiol., 1968,
14, 131.

3 R. R. Marquardt and A. A. Frohlich, J. Anim. Sci., 1992, 70, 3968.
4 J. C. Seegers, L. H. Bohmer, M. C. Kruger, M. L. Lottering and K. M.

de, Toxicol. Appl. Pharmacol., 1994, 129, 1.
5 Y. Grosse, I. Baudrimont, M. Castegnaro, A.-M. Betbeder, E. E.

Creppy, G. Dirheimer and L. A. Pfohl, Chem.-Biol. Interact., 1995, 95,
175.

6 C. Malaveille, G. Brun and H. Bartsch, Mutation Res., 1994, 307,
141.

7 I. Baudrimont, A.-M. Betbeder, A. Gharbi, L. A. Pfohl, G. Dirheimer
and E. E. Creppy, Toxicology, 1994, 89, 101.

8 T. Matsumoto, Y. Utsumi, Y. Sakai, K. Toyooka and M. Shibuya,
Heterocycles, 1992, 34, 1697.

9 J. C. Quada, Jr., M. J. Levy and S. M. Hecht, J. Am. Chem. Soc., 1993,
115, 12 171.

10 Saito, T. Sakurai, T. Kurimoto and M. Takayama, Tetrahedron Lett.,
1994, 35, 4797.

11 J. K. Barton, Science, 1986, 233, 727.
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Fig. 2 Structure–activity relationships in DNA cleavage of supercoiled
plasmid DNA by 1. Reactions were carried out for 5 min as described in the
caption below Fig. 1. Lane 1: DNA alone. Lane 2: DNA + 200 mm 1. Lane
3: irradiated DNA. Lane 4: irradiated DNA + 200 mm 1. Lane 5: irradiated
DNA + 200 mm 2. Lane 6: irradiated DNA + 200 mm 4.

Scheme 1 Summary of the photoreaction of 1. Excitation by light ( > 290
nm) to produce 1* is accompanied by production of 2 in the presence of a
sugar. Under anaerobic conditions (N2, H2O) substitution of chlorine by
H2O yields the hydroquinone 3, which is also produced under reducing
conditions in the presence of O2.

648 Chem. Commun., 1998



D–Phe–Cys–Phe–D–Trp

HOCH2–Thr–Cys–Thr–Lys

1 Octreotide

NH2

O CO2Na

2

O CO2Bn

3

O CO2BnFmoc–Thr(But)–CH2O
4

O CO2HFmoc–Thr(But)–CH2O

5

i

ii

iii

0 20t / min

7.
7 

m
in

8.
2 

m
in

(i)

(ii)

(iii)

(iv)

400 t / min

25.4
(a)

(b)

Dihydropyran-2-carboxylic acid, a novel bifunctional linker for the solid-phase
synthesis of peptides containing a C-terminal alcohol

Hsing-Pang Hsieh, Ying-Ta Wu, Shui-Tein Chen*† and Kung-Tsung Wang

Institute of Biological Chemistry, Academia Sinica, Taipei, 11529, Taiwan

Dihydropyran-2-carboxylic acid, a novel compound used to
link an amino alcohol and an amine resin, is utilised for the
solid-phase synthesis of peptide alcohols via the Fmoc
strategy; this bifunctional linker was effectively applied to
the synthesis of Octreotide.

Peptides that contain a C-terminal alcohol, such as Octreotide,1
Enkephalins,2 Gramicidin3 and Trichoderma species,4 have
been the focus of recent research, because of these peptides bind
with high affinity to their receptors and have a long half-life in
vivo. Peptides containing a C-terminal alcohol cannot be
synthesized by conventional solid-phase peptide synthesis
(SPPS), because present protocols require a free carboxy group
to attach onto the resin. Octreotide 1, a metabolically stable
somatostatin analog, inhibits the growth of tumor cells by
binding to surface somatostatin receptors.5 Many methods have
been reported for its synthesis,1a,6a,b,c however5,6 these methods
have drawbacks including low yields and complicated proce-
dures. We describe here a new procedure using dihydropyran-
2-carboxylic acid as a bifunctional linker for the synthesis of
peptide alcohols by SPPS.

Sodium 3,4-dihydro-2H-pyran-2-carboxylate 2 was prepared
according to established procedures.7,8 Compound 2 is a key
component of the bifunctional linker which easily undergoes
self-lactonization under acidic conditions,9,10 and the carboxy
group of 2 must be protected before the dihydropyran portion
couples with the amino alcohol. Compound 2 was reacted with
BnBr in DMF at 25 °C in the presence of Cs2CO3 to form benzyl
3,4-dihydro-2H-pyran-2-carboxylate 3, which was further re-
acted with Fmoc-Thr(But)OH11 in the presence of TsOH in
CH2Cl2 to yield Fmoc-Thr(But)-THP-2-CO2Bn 4. Selective
catalytic transfer hydrogenation to remove the benzyl group of
4 using Pd/C–cyclohexa-1,4-diene yielded Fmoc-Thr(But)-

THP-2-CO2H 5 (90% yield) without interfering with the other
three protection groups. Enzymes such as alcalases and lipases
or chemical methods such as K2CO3 in THF–H2O under mild
hydrolytic conditions were ineffective for removal of the benzyl
ester, due to low reactivity and low conversion. Catalytic
hydrogen transfer, however, effectively cleaved the benzyl ester
without deprotecting the Fmoc group, while the Fmoc group
could be cleaved by hydrogenation over Pd/C or Pd(OAc)2.12 In
a similar manner, Fmoc-Gly-THP-2-CO2H 6 and Fmoc-Phe-
THP-2-CO2H 7, the C-terminal amino alcohols of the Grami-

Scheme 1 Reagents and conditions: i, Cs2CO3, BnBr, room temp., 24 h
(80%); ii, TsOH, CH2Cl2, Fmoc-Thr(But)-ol, 12 h (85%); iii, Pd/C, MeOH,
cyclohexa-1,4-diene, 2 h (90%)

Fig. 1 (a) Analysis of reduced Octreotide (retention time 25.4 min) by
HPLC. Sample was taken from the aq. AcOH (5%) used to extract the
peptide immediately after the elongated peptide was cleaved from the resin.
Conditions for HPLC: RP-18 column, 4.6 3 250 mm; gradient 0 ? 30 min,
0 ? 100% B; 30 ? 35 min, 100% B; 35 ? 40 min, 100 ? 0% B; flow rate
1.0 ml min21; A = 5% MeCN in water containing 0.1% TFA; B = 90%
MeCN in water containing 0.1% TFA; UV detection at 214 nm. (b) The time
course for the folding of reduced Octreotide: (i) 0, (ii) 8, (iii) 32 and (iv) 46
h. The progress of the peptide folding was followed by analytic reverse-
phase HPLC. The retention time for the reduced Octreotide was 8.2 min and
for the folded Octreotide was 7.7 min. Conditions for HPLC: RP-18
column, 4.6 3 250 mm; gradient 0 ? 20 min, 50 ? 60% B; 20 ? 25 min,
60% B; 25 ? 30 min, 60 ? 50% B; flow rate 1.0 ml min21; A = 50%
MeCN in water containing 0.1% TFA; B = 90% MeCN in water containing
0.1% TFA; UV detection at 214 nm.
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cidin3 and Trichoderma species,4 were also obtained from
Fmoc-Gly-ol13 and Fmoc-Phe-ol13 in yields of 72 and 78%,
respectively (see Scheme 1).

The novel linker was used successfully to synthesize
Octreotide. Fmoc-Thr(But)-THP-2-CO2H was attached to an
amine resin and the peptide Fmoc-d-Phe-Cys(Trt)-Phe-
d-Trp(Boc)-Lys(Boc)-Thr(But)-Cys(Trt)-Thr(But)-CH2O-
THP-CO-amide resin was synthesized stepwise using an Fmoc
protocol. After completion of the peptide synthesis, simul-
taneous cleavage of Octreotide from the resin and deprotection
of the side-chains was performed using the TFA method (TFA–
thioanisole–ethanedithiol–H2O = 0.9 : 0.5 : 0.25 : 0.25). Dilsul-
fide bond formation was achieved by air oxidation in aqueous
phosphate buffer at 25 °C pH 7 for 48 h monitored by HPLC.
Pure Octreotide was isolated via preparative reverse-phase
HPLC (70% total yield). Fig. 1 illustrates the time course of the
disulfide bond formation. The reduced form of Octreotide and
the final product appeared as major peaks (Fig. 1). The presence
of Octreotide was confirmed by amino acid analysis and FAB
mass spectrometry (m/z 1019.5 [M+ + 1]).

The high yields and purity (Fig. 1) of Octreotide produced
using the novel bifunctional linker demonstrate that the linker is
stable under basic Fmoc/But synthetic conditions as well as
acid-labile and easily removed from the resin to regenerate the
desired C-terminal alcohol. Furthermore, because the DHP-
2-CO2H linker first couples with the C-terminal amino alcohol
to form the first residue for SPPS, the linker can more easily
couple to any primary, secondary or even tertiary alcohols
compared to Ellman’s DHP-resin bound system.6 In conclusion,
the novel bifunctional linker can be used successfully in the
synthesis of peptide C-terminal alcohols in addition to the
preparation and screening of combinatorial peptide and non-
peptide libraries via solid-phase synthesis techniques.14
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CAN-mediated tandem 5-exo-cyclisation of tertiary aminocyclopropanes: novel
accelerative effect of an N-benzyl group for oxidative ring-opening

Yoshiji Takemoto, Saori Yamagata, Syun-ichirou Furuse, Hiroki Hayase, Tomoki Echigo and Chuzo Iwata*†

Faculty of Pharmaceutical Sciences, Osaka University, 1-6 Yamada-Oka, Suita, Osaka 565, Japan 

Treatment of tertiary cyclopropylamines with cerium(IV)
ammonium nitrate (CAN) gave ring-opened ketones and/or
bicyclic secondary amines via an oxidative cyclopropane
cleavage followed by a hydrogen abstraction or 5-exo radical
cyclization: an N-benzyl group plays a crucial role in these
reactions.

Cyclopropylamines have attracted considerable interest from
organic and biological chemists as conformationally con-
strained amino acids1 and mechanism-based inhibitors of
cytochrome P-450 and monoamine oxidase.2 Thus far many
facile preparations of cyclopropyl amines, such as the Sim-
mons–Smith cyclopropanation of enamines3 and the TiII-
mediated coupling of N,N-dialkylamides and monosubstituted
olefins,4 have been developed. However, compared with these
synthetic methods, few transformations of cyclopropylamines
into more versatile synthetic intermediates have been re-
ported.3,5 Only the enzymatic oxidation of cyclopropylamines

to clarify the mechanism for the inactivation of cytochrome
P-4506 and monoamine oxidase,7 and ethylene formation from
1-aminocyclopropane carboxylic acid8 have been examined. In
these studies, it has been proposed that the ring-opening
reaction proceeds via cyclopropylamine radical cations, whose
existence have been proven by an EPR study.9 Recently, we
developed an efficient synthetic method for cyclic ethers and
spirocyclic compounds by a single electron transfer (SET)
promoted ring-opening of cyclopropyl sulfides with cerium(iv)
ammonium nitrate (CAN).10 Our recent efforts have been
directed to the oxidative ring-opening of the tertiary cyclopro-
pylamines. Herein we report a convenient method for cleaving
a cyclopropyl bond‡ and an intramolecular [3 + 2]cycloaddition
with a tethered olefin.11

The ring-opening of N,N-dimethyl- and N-methyl-N-benzyl-
cyclopropylamines 1§ and 4§ was studied as a model reaction
(Scheme 1). The CAN-promoted oxidation of 1 proceeded
slowly (20 h) in DMF in the presence of NaHCO3 to give the
ring-opened ketone 2 and a,b-unsaturated ketone 3 in 11 and
20% yield, respectively. The use of MeOH as solvent in place of
DMF slowed the reaction rate, resulting in the recovery of
almost all the starting materials. On the other hand, the reaction
of 4 under the same reaction conditions proceeded smoothly (2
h), irrespective to the reaction solvent, to give the ring-opened
ketone 5 as the sole product in good yield. Although all products
seem to be produced by cleaving the most substituted
cyclopropyl bond of 1 and 4, two-electron oxidation occurred
simultaneously with single-electron oxidation in the former
case. In addition, the oxidation of 2-phenylcyclopropylamine 6
took place only through two electron oxidation, giving the
b-methoxy ketone 7 and the a,b-unsaturated ketone 8 in 32 and
45% yield, respectively. These results indicate that the CAN-
mediated oxidation of the tertiary cyclopropylamines is affected
by substituents on both the nitrogen and the cyclopropane ring.
The reaction pathway shown in Scheme 2 clearly explains these
phenomena. The SET oxidation of 1 and 4 generates the radical-

Scheme 1 Reagents and conditions: i, CAN, NaHCO3, DMF, room temp.;
ii, CAN, K2CO3, MeOH, 0 °C

Scheme 2
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cation A, which is equilibrated to the ring-opened iminium
radical B. In the case of 1 (X = Me), the following
1,5-hydrogen shift (B ? C) and successive deprotonation and
second SET oxidation (B ? D ? E) might proceed slowly
because the equilibrium lies so far to A. On the other hand, in
the case of 4 (X = Bn), the benzyl group of the radical-cation
species A and B was rapidly lost from the nitrogen atom, giving
the aminyl radical F and/or iminyl radical G. Because the
aminyl radical F undergoes a very rapid ring-opening to G,12

the next 1,5-hydrogen shift (G?H) occurs at a reasonable rate
to afford 5. However, in the case of 6 (R = Ph), another SET
oxidation of G takes place at a rate faster than the 1,5-hydrogen
shift due to the stability of the radical, producing 7 and 8 via the
cation intermediate I.

To achieve an intramolecular trapping of the presumed
radical G by a tethered olefin, we next examined the CAN
oxidation of N-benzyl-N-methylcyclopropylamines bearing a
suitably situated radical acceptor, typically a double or triple
bond (Scheme 3). The oxidation of 9 bearing a terminal olefin
was carried out with 5 equiv. of CAN in DMF at room
temperature. The reaction was completed in 2 h and gave the
bicyclic products 10a and 10b in a total yield of 59% along with
the ketone 11 as a minor product, while no monocyclic products
were obtained.¶ The cyclization of 12 was not influenced by the
substituent on the tether, giving the desired products 13 in 60%

yield. More interestingly, the a,b-unsaturated ester 14 and the
a,b-acetylenic ester 16 cyclized more efficiently to give the
corresponding bicyclic products 15 and 17 without the ketones,
whereas the oxidation of the methyl enol ether 18 afforded 19 in
only moderate yield with several over-oxidation products. The
a,b-unsaturated lactone 20 was also investigated to examine
whether the chirality of the cyclopropylamine moiety influences
the diastereoselectivity of the products obtained by the tandem
cyclization. Because the CAN-mediated oxidation of 20
(diasteromeric mixture of 1.1 : 1) gave rise to the tricyclic
products 21a and 21b in a total yield of 74% as a single isomer,
the chirality of the cyclopropylamine moiety of 20 appears to
have no effect on the diastereoselectivity of the tandem [3 +
2]-type cycloaddition.12

In conclusion, we have developed a novel tandem [3 +
2]-type cycloaddition using the CAN-mediated ring-opening
reaction of the cyclopropylamines. This transformation allows
for the utilization of aminocyclopropanes as the synthetic
equivalents of g-imino radicals. In addition, the present research
demonstrates that the g-imino radicals possess a totally different
reactivity with g-keto radicals, which can be prepared from
cyclopropyl alcohols and a,b-unsaturated ketones by SET
oxidation and Bun

3SnH-mediated reduction, respectively.13

We thank the Research Foundation for Pharmaceutical
Sciences for financial support.
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Scheme 3 Reagents and conditions: i, CAN, NaHCO3, DMF, room temp.;
ii, CAN, NaHCO3, MeOH–THF (5 : 1), room temp.; iii, CAN, NaHCO3,
DMF, 0 °C
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Metal-bound chlorine often accepts hydrogen bonds

Gabriel Aullón,a Dena Bellamy,a Lee Brammer,*b† Eric A. Brutonb and A. Guy Orpen*a†
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Analysis of 6624 crystallographically characterised hydro-
gen bonds containing M–Cl, C–Cl or Cl2 and either HO or
HN groups show that M–Cl moieties are good, anisotropic
hydrogen-bond acceptors forming hydrogen bonds similar in
length to those of the chloride anion, while C–Cl moieties are
very poor hydrogen-bond acceptors.

In a recent article,1 Dunitz and Taylor showed that the hydrogen
bonding capability of the C–F moiety is very poor on the basis
of a crystal structure database study and quantum mechanical
calculations. The implication of that work is that hydrogen
bonding D–H···F–C (D = O, N, etc.) interactions are too weak
to be of great significance in molecular recognition processes in,
for example, biological chemistry or crystal engineering. Here,
we show that although C–Cl moieties and C–F have rather
similar hydrogen-bonding characteristics, M–Cl moieties
(M = transition metal) are much better hydrogen-bond
acceptors. The ability of metal halide species to act as hydrogen-
bond acceptors has been noted anecdotally by us and others on
the basis of one or more crystal structures.2 Braga, Desiraju and
Grepioni and coworkers3 have shown that ligands in organome-
tallic complexes can be involved in hydrogen bonding. In the
systems they have studied the ligands are either rather weak
acceptors (e.g. carbon monoxide) or behave essentially as their
organic analogues do. In the inorganic species studied here
(those with terminal M–Cl bonds) the effects of the metal on the

hydrogen-bonding ability of the ligand are much more dramatic,
in a way not anticipated in recent authoritative texts on
hydrogen bonding.4 Indeed Jeffery states ‘while halide ions are
strong hydrogen-bond acceptors, there is no evidence from
crystal structures supporting hydrogen bonds to halogens.4a

Here we show that (as Dance has speculated)5 in contrast, metal
bound chlorine is a good hydrogen bond acceptor.

To assess the hydrogen-bonding capabilities of the M–Cl
unit, the Cambridge Stuctural Database6 was used to search for
structures containing O–H or N–H fragments as well as M–Cl,
Cl2 or C–Cl.‡ Our objective was to compare the geometry of
D–H···Cl–M interaction in these crystal structures as well as to
assess the relative probability of such contacts being formed to
chlorine in these three different forms. The intermolecular
contacts were categorised as ‘short’ (@2.52 Å), intermediate

Fig. 1 Histograms of H···Cl distances for (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6. Short distances in light grey, intermediate in grey, long in black.

Scheme 1
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(a) (b) (c) (d)

(2.52–2.95 Å) and long 2.95–3.15 Å (cf. sum of van der Waals
radii for H and Cl = 1.2 + 1.75 = 2.95 Å).7

The range of H···Cl distances for the cases shown in
Scheme 1 are illustrated in Fig. 1. It is clear that Cl2 forms many
‘short’ Cl···H interactions, as does the M–Cl group, whereas
C–Cl moieties form almost no ‘short’ Cl···H interactions. The
correlation of D–H···Cl angles with H···Cl distance (see
Supplementary material§) is comparable to that typically
observed for the corresponding parameters in both strong and
weak hydrogen bonds, and shows a predominance of D–H···Cl
angles close to 180° at short H···Cl separations.8

Fig. 2 shows the spread of M–Cl···H and C–Cl···H angles
with respect to H···Cl distance.¶ It is clear from examination of
Fig. 2(a) that there is a clustering of structures for M–Cl
acceptors, particularly in the short distance range, at angles of
ca. 100–110°, suggesting some directional preference in these
interactions. The C–Cl acceptors [Fig. 2(b),(d)] appear to favour
a similar range of angular approaches, through there are fewer
data, and almost no stronger, shorter Cl···H interactions.

The percentage of interactions formed that fall in the various
categories (in particular the ‘short’ group, Table 1) may be taken
as an indicator of the strength of the interactions of types 1–6.
These percentages confirm the expectation that in general O–H
is a stronger donor than N–H, and more importantly that the
sequence of acceptor strengths is Cl2 > M–Cl >> C–Cl.

The clear implication of these observations is that M–Cl
containing complexes have the potential to interact with
hydrogen-bond donors in both a strong (i.e. short) and
anisotropic fashion. In the first respect they resemble the
chloride ion and in the second organochlorine species. The
shortness of D–H···Cl–M bonds presumably derives at least in
part from the large negative charge on the chloride in these
partially ionic M–Cl bonds. The poor hydrogen-bond acceptor
qualities of C–Cl, C–F, etc. may in turn be associated with much
lower charge accumulation at the halogen atom in these
species.1

Rheingold, Crabtree and their coworkers showed that the
structure of [HNC5H3Ph2-2,6][AuCl4] was consistent with
greater basicity of chlorine p than sp lone pairs,2c since there
appeared to be preference for their involvement in the
N–H···Cl–M bonds. In this work we have shown that this is not
an isolated occurrence and that this phenomenon may be much
more general than has hitherto been thought.

These observations may be extended to metal complexes of
the other halides, which although less numerous show similar
patterns of behaviour in structures in the CSD. We are exploring
the application of these observations to the design and synthesis
of crystal structures of metal halide complexes, as has been
recently reported by Van Koten and coworkers.10
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Fig. 2 Scattergrams of M–Cl···H or C–Cl···H angles vs. H···Cl distances in systems (a) 1, (b) 3, (c) 4, (d) 6. The number of cases in a given pixel are colour
coded.

Table 1 Percentage of hydrogen-bond contacts (H···Cl @ 3.15 Å) which
were classified as short (H···Cl @ 2.52 Å)

Interaction D = O D = N

D–H···Cl–M 86.5 1 57.4 4
D–H···Cl2 97.2 2 90.8 5
D–H···Cl–C 22.7a 3 0.0 6

a Represents five observations (out of a total of 22 O–H···Cl–C contacts
@3.15 Å).
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Enantioselective palladium catalyzed allylic substitution of acyloxypyrrolinones
by alcohols
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Chiral non-racemic acyloxypyrrolinones are converted into
alkoxypyrrolinones with retention of configuration by a
palladium catalyzed allylic substitution; this comprises a key
step in a short chemo-enzymatic route to acyliminium ion
precursors.

Enantiomerically pure alkoxypyrrolinones have been shown to
be facile building blocks for a variety of stereoselective
syntheses involving Diels–Alder cycloadditions, 1,3-dipolar
reactions, conjugate additions and acyliminium ion interme-
diates.1 In particular application in the asymmetric synthesis of
alkaloids, based on N-acyliminium ion chemistry, is of great
current interest.2 For example, (R)-1-acetyl-5-isopropoxy-
3-pyrrolin-2-one [compound (2)-3a (R2 = Pri) in Scheme 1]
has been used by Hiemstra and Speckamp as an intermediate in
the synthesis of gelsemine.3 However, the stereoselective
synthesis from (S)-malic acid4 is laborious and more practical
routes would be desirable.

Recently we reported simple and efficient enzymatic method-
ology to obtain enantiomerically pure acyloxypyrrolinones 2
from hydroxypyrrolinones 1.5 In this process both enantiomers
of an acyloxypyrrolinone can be obtained by the same enzyme
(Candida antarctica lipase, CAL) using either an esterification
(Scheme 1) or a transesterification. Although these compounds

have been applied with success in various stereoselective
transformations,6 they are not suitable as acyliminium ion
precursors. In order to generate an acyliminium ion the acyl
group on nitrogen must be removed.4 This is possible with an
alkoxy group at the 5-position but not with a more sensitive
acyloxy group. We now report that the enzymatic method can be
combined with a palladium catalyzed allylic substitution to
generate optically active alkoxypyrrolinones, which can readily
be transformed to acyliminium ion precursors.4

When a solution of (R)-(2)-2a (R1 = Me) in PriOH is stirred
at room temperature for 7 h in the presence of 0.5 mol%
Pd(PPh3)4, 5-isopropoxy derivative (R)-(2)-3a (R2 = Pri) is
obtained in 99% yield with 95% ee (Table 1, entry 1).‡ The
optically active acyloxypyrrolinone is thus converted into
optically active alkoxypyrrolinone, via Pd0 catalyzed allylic
substitution with PriOH as the nucleophile, with nearly
complete retention of configuration. An allyl palladium inter-
mediate 5 (Scheme 2) is presumably involved. When the
reaction was performed in the presence of Pd(OAc)2 (5 mol%)
and PPh3 (20 mol%) the reaction rate was appreciably lower
(90% conversion after 3 d at 20 °C, > 95% ee). An essential
feature is that the nucleophile PriOH is also used as a solvent
(roughly 13 m). In the presence of an additional solvent like
THF (PriOH ca. 1021 m) no product was obtained after 18 h at
room temp. When the allylic substitution was performed at
higher temperatures, the reaction was very fast, but the
enantioselectivity decreased in the course of the reaction (Table
2). This depletion of ee might be due either to loss of
stereochemical integrity of the allyl palladium intermediate or
partial racemization of acyloxypyrrolinone 1 or alkoxypyrroli-
none 3.

The substitution using Pd(PPh3)4 can easily be performed on
a gram scale with equal efficiency (99%) and selectivity (94%
ee). A lower rate was observed in the presence of additional
PPh3, probably because the equilibrium for the oxidative
addition of the palladium complex is shifted to the left (Scheme
2).7 The effect on the enantioselectivity is negligible.

When EtOH was used instead of PriOH as a nucleophile the
reaction was much faster, probably because of the higherScheme 1

Table 1 Pd catalyzed nucleophilic substitution of (2)-2 ( > 99% ee)

Conversiona Eeb

Entry R1 R2 T/°C Catalyst t/h (%) (%)

1c Me Pri 25 Pd(PPh3)4 (0.5%) 7 99 95
2c Me Pri 25 Pd(PPh3)4 (0.5%) 5.5 72 97
3c Me Et 18 Pd(PPh3)4 (5%) 1 100 93
4d Allyl Pri 20 Pd(OAc)2 + PPh3 (5%) 63 100 83
5d C9H19 Pri 20 Pd(OAc)2 + PPh3 (10%) 63 40 84
6d But Pri 20 Pd(OAc)2 + PPh3 (5%) 48 29 95
7d Ph Pri 20 Pd(OAc)2 + PPh3 (5%) 18 33 93
8 Me Pri 25 Pd(MeCN)2Cl2 + PPh3 (5%) 21 100 89
9 Me Pri 25 Pd(MeCN)2Cl2 (5%) 3 99 > 99

10 Me Et 25 Pd(MeCN)2Cl2 (5%) 3 94 99

a The conversion was determined by GC. b The ee of 3 was determined by chiral GC; > 99% indicates that the other enantiomer could not be detected. c (+)-2
( > 99% ee) was used as starting material. d The ee of starting material 2 is unknown.
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solubility of the substrate in this solvent. A slight decrease in
selectivity (93% ee) was observed (Table 1, entry 3).

This reaction can also be performed with acyloxypyrroli-
nones with other acyl groups (Table 1, entry 4–7). The optically
active starting materials were obtained via enzymatic esterifica-
tion, analogously to our reported procedure.5 Because a method
for direct ee determination of these 5-acyloxypyrrolinones has
not yet been found, the palladium catalyzed allylic substitution
and subsequent ee determination of the 5-isopropoxy pyrroli-
none provides a useful alternative for determination of the ee of
the starting materials.

Other palladium catalysts were also examined as the use of
Pd(PPh3)4 did not result in complete stereoselectivity (95–97%
ee). PdBn(PPh3)2Cl gave, under the same conditions in PriOH,
less than 5% conversion in 23 h (71% ee), whereas with
Pd(dppe)2 no product was obtained. Palladium(ii) complexes
such as Pd(OAc)2 were also tested without PPh3. In this case the
reaction did not proceed, but surprisingly when LiCl was added
22% conversion was found after 23 h (42% ee). A mixture of
Pd(MeCN)2Cl2 (5 mol%) and PPh3 (20 mol%) was also used,
but although this reaction was faster than with Pd(OAc)2 and
PPh3 (100% conversion in 21 h), the selectivity was not
improved (Table 1, entry 8). A remarkable improvement was
achieved when Pd(MeCN)2Cl2 (5 mol%) was used without
PPh3. With this catalyst the reaction is fast, quantitative and
proceeds with complete stereoselectivity (Table 1, entries 9,
10). On 0.5 g scale with 5 mol% PdII catalyst, 96% yield of
(S)-3a (R2 = Pri, 99% ee) was obtained.

Palladium catalyzed nucleophilic substitution reactions of
allylic substrates have found widespread use in organic

synthesis and although a variety of nucleophiles has been
employed emphasis has been on carbon–carbon bond forma-
tion.8 On the contrary the use of alcohols as nucleophiles in Pd
catalyzed allylic substitution is rare, because alcohols are
generally considered poor nucleophiles. The few reported
examples9 are often either intramolecular substitutions or make
use of derivatives of alcohols. The quantitative and ster-
eoselective Pd catalyzed allylic substitution of 5-acyl-
oxypyrrolinones by alcohols provides a key step in the new
catalytic enantioselective, lipase and palladium based metho-
dology for the preparation of enantiopure alkoxypyrrolinones.

We gratefully acknowledge stimulating discussions with Dr
A. van Oeveren in the early stages of this work and financial
support by the IOP catalysis.
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Scheme 2

Table 2 Pd catalyzed nucleophilic substitution of (+)-2a (R1 = Me) at
70 °Ca

Entry t/min Conversionb (%) Eec (%)

1 5 43 90
2 25 91 79
3 40 100 75

a Pd(OAc)2 + PPh3 (5%) was used as catalyst, PriOH was used as solvent.
b The conversion was determined by GC. c The ee of (+)-3a (R2 = Pri) was
determined by chiral GC.
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Large variation of the luminescence energy from rhenium(v) complexes with
oxo and nitrido ligands

Ueli Oetliker,a Carole Savoie,a Sandrine Stanislas,a,b Christian Reber,*a† Fabienne Connac,a,b André L.
Beauchamp,a Frédérique Loiseaub and Michèle Dartiguenaveb

a Département de chimie, Université de Montréal, C.P. 6128, Succ. Centre-ville, Montréal (Québec) H3C 3J7, Canada 
b Laboratoire de Chimie Inorganique, Université P.Sabatier, 118 route de Narbonne, 31062 Toulouse, France 

We observe visible and near-IR luminescence from oxo and
nitrido compounds of rhenium(V) with chelating ligands
combining soft (P) and hard (O) donors and show that the
emitting state energy of the nitrido complexes is higher in
energy by a factor of ca. two (8300 cm21) than for the oxo
compounds, an unusually large difference.

Complexes of ReV with metal–ligand multiple bonds have
received considerable attention due to their reactivity, photo-
chemical and spectroscopic properties.1–4 We have studied a
series of trans-dioxo complexes of ReV and OsVI with
imidazole, carboxylate and ethylenediamine ligands5,6 and have
discovered near-IR (NIR) luminescence bands that are lower in
energy by several thousand wavenumbers than the lumines-
cence maximum of the well known trans-[ReO2(py)4]+, a
representative trans-dioxorhenium(v) compound.7,8 Oxorhe-
nium(v) complexes with low-energy emissions could lead to a
novel spin-crossover transition expected for tetragonal 5d2

complexes.4
A detailed comparative study of nitrido and trans-dioxo

complexes of rhenium(v) reports a difference of 3000 cm21

between the luminescence maxima of related trans-dioxo and
nitrido compounds.9 We report here that a significantly larger
energy range is accessible to complexes of 5d2 ions with metal–
ligand multiple bonds. We present luminescence spectra of
related Re·O and Re·N complexes with only one metal–ligand
multiple bond and two chelating ligands.

The compounds used for our spectroscopic experiments are
shown in Scheme 1. All ReV centers have a triple bond to either
an oxo or nitrido ligand and two anionic P–O2 chelating
ligands, 2-(diphenylphosphino)phenolate (2, 4) or 1-phenyl-
2-(diphenylphosphino)ethanolate (1, 3). The distorted octahed-
ral coordination sphere of the oxo compounds 1, 2 is completed
by chloride ligands.10,11 The nitrido compound 3 has a
triphenylphosphine ligand in its first coordination sphere10,11

and compound 4 has a square-pyramidal structure, proposed
from 31P NMR, IR and elemental analysis data.

The instrumentation for luminescence measurements in the
visible and near-IR wavelength range has been described
previously.12,13‡

Fig. 1 shows low-temperature luminescence spectra of
compounds 2–4. Luminescence spectroscopy allows us to

directly determine the energy of the lowest energy excited state
for each compound. Band maxima and widths of all emission
spectra are summarized in Table 1. The spectra of the oxo
complexes 1 and 2 are almost identical and only the spectrum of
2 is shown. The band maxima of the oxo compound 2 and the
nitrido compound 4 are separated by more than 8000 cm21,
corresponding to emitting state energies that vary by a factor of
two. The solid-state emissions are still observed at 200 K, but
their integrated intensity decreases by approximately an order of
magnitude for the compounds in Fig. 1. The spectrum of the oxo
complex 2 shows barely resolved vibronic structure with a
separation of ca. 800 cm21 between peaks. This progression
involves mainly the Re·O vibrational mode observed at 958
cm21 in the Raman spectrum. The nitrido compounds 3, 4 do
not show resolved structure involving the Re·N vibrational
mode, but their large bandwidths indicate that this high-
frequency mode contributes significantly to the bandshape. The
nitrido compound 4 shows weak vibronic structure with peaks
separated by ca. 130 cm21. Progressions involving similar low-
frequency modes have been observed for nitrido complexes of
the isoelectronic OsVI.14

Scheme 1 Oxo (1, 2) and nitrido (3, 4) complexes of rhenium(v) used for
spectroscopic measurements

Fig. 1 Solid-state luminescence spectra of the oxorhenium(v) complex 2
and of the nitridorhenium(v) complexes 3, 4 measured at 10 K

Table 1 Summary of spectroscopic data for the oxorhenium(v) complexes
1, 2 and the nitridorhenium(v) complexes 3, 4

Luminescence
(crystal, 10 K) Raman Absorption

(crystal, 300 K) (solution, 300 K)
Emax/ Bandwidth/ Re·O,N mode/ lmax/nm

Complex cm21 cm21a cm21 (e/dm3 mol21 cm21)

Re·O, 1 9250 2060 982 840 (10), 635 (75)
400 (260), 280 (3400)

Re·O, 2 9500 1990 958 830 (15), 610 (80)
400 (490), 280 (2080)

Re·N, 3 15350 2810 1034 450 (sh, 200)
320 (18 000)

Re·N, 4 17560 2940 1100 410 (800), 324 (10 200)

a Full width at half height.
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The luminescence lifetimes of compounds 3, 4 are shorter
than 5 ms at 20 K, indicating a low quantum yield and important
non-radiative relaxation processes even at low temperatures.
The NIR luminescences from compounds 1, 2 are too weak to
be detected with fast Ge diodes and no lifetimes could be
measured.

Absorption spectra of all compounds were measured in
Me2SO or CH2Cl2 solution. The onset of the lowest-energy
absorption band occurs at wavelengths close to the high-energy
onset of the luminescence spectra in Fig. 1, indicating that the
observed solid-state emissions are not originating from deep
traps. The molar absorptivities of the lowest-energy bands are
low, characteristic for d–d transitions, but higher than those
typically observed in trans-dioxo systems owing to the absence
of inversion symmetry in compounds 1–4. Absorption and
Raman data for all compounds are included in Table 1.

We rationalize the observed large variation of the lumines-
cence band maxima by comparing spectra and EHMO calcula-
tions based on crystal structures for compounds 1–3.10,11§ The
molecular z axis is chosen to coincide with the metal–ligand
multiple bond and the calculations show predominant contribu-
tions from the 5dxy and 5dxz,yz atomic orbitals to the HOMO and
LUMO, respectively. The lowest energy electronic transition
therefore arises from a 5dxy ? 5dxz,yz orbital excitation,
identical to the first electronic transition for trans-dioxo
complexes of rhenium(v).4,7 The energy of the HOMO (5dxy)
orbital depends mainly on the ancillary ligands and varies by
less than 400 cm21 within the series of compounds. The
different LUMO energies are the most important reason for the
variation of the emission energies of oxo and nitrido complexes.
The calculated HOMO–LUMO gap for the nitrido compound 3
is 10 621 cm21, higher by approximately a factor of two than for
the oxo complex 2, where a gap of 4923 cm21 is calculated.
These orbital energy differences vary by 5700 cm21, surpris-
ingly close to the difference of 5850 cm21 between the emission
maxima of compounds 2 and 3 given in Table 1. The
comparison also indicates that interelectronic repulsions and
other physical effects neglected in the EHMO calculations
account for the discrepancy between observed transition
energies and orbital energy differences. The separation of the
5dxz,yz orbitals is calculated to be less than 1000 cm21 for
compounds 1–3. These orbitals are degenerate in trans-dioxo
compounds with D4h symmetry and the small separations
calculated for our compounds again underline the close
similarity to the trans-dioxo systems. The MO calculations
therefore confirm our d–d assignment for the lowest-energy
electronic transition and are consistent with the spectroscopic
data in Fig. 1 and Table 1. In addition, they qualitatively agree
with ab initio calculations on a series of complexes with metal–
ligand multiple bonds.15

Electronic spectra and EHMO calculations suggest that the
character of the lowest-energy electronic transitions is essen-
tially d–d. We have shown a first example for the large tuning
range for the luminescence energies of related oxo and nitrido
complexes.

This work was made possible by research grants from the
NSERC (Canada) and from the Ministère de l’Enseignement
Supérieur et de la Recherche (France).
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Chiral relay auxiliary for the synthesis of enantiomerically pure a-amino acids

Steven D. Bull, Stephen G. Davies,*† Simon W. Epstein and Jacqueline V. A. Ouzman

The Dyson Perrins Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QY

Chiral auxiliary (3S)-N,NA-bis(p-methoxybenzyl)-3-iso-
propylpiperazine-2,5-dione employs a chiral relay network
based on non-stereogenic N-benzyl protecting groups to
enhance diastereocontrol during enolate alkylation.

The structural diversity of non-proteinogenic a-amino acids is
reflected by the large number of different methods which have
been developed for their asymmetric synthesis.1 Those ap-
proaches that are based on chiral auxiliaries generally rely on
alkylation of a masked glycine enolate where diastereofacial
selectivity is controlled by an attached homochiral residue.2
Schöllkopf’s auxiliary 1 derived from O-methylation of diketo-
piperazine (DKP) 3 has been widely used in this area but there
are problems associated with its use for synthesis (Scheme 1).3
It is a volatile oil which is difficult to prepare, it exhibits poor
diastereoselectivities with a linear or b-branched electrophiles
and is also susceptible to acid catalysed hydrolysis.4 It is known
that N,NA-dialkylpiperazine-2,5-diones are robust, highly crys-
talline compounds5 and we wished to exploit these character-
istics to create a new chiral auxiliary 4 for the synthesis of
enantiomerically pure a-amino acids.

Molecular modelling studies6 revealed that enolate 5 derived
by deprotonation of 4 adopts a conformation which enables the
stereochemical information of the (3S)-isopropyl group to be
relayed through space via non-stereogenic benzyl protecting
groups. The ring system of enolate 5 is essentially planar with
its isopropyl group fixing the conformation of the proximal N4
benzyl anti, which in turn directs the distal N1 benzyl group syn
to the isopropyl group. This arrangement effectively blocks the
Si face of enolate 5 towards alkylation at C6 (Fig. 1). We
predicted that the proximity of the N1 benzyl group to C6 would
result in significantly higher alkylation diastereoselectivities for
DKP 4 than would be achieved for either Schöllkopf’s auxiliary
1 or N,NA-dimethylated DKP 2 where, in both cases, the
stereofacial control is only provided by the C3 isopropyl
group.

Highly crystalline (3S)-N,NA-bis(p-methoxybenzyl)-3-iso-
propylpiperazine-2,5-dione 4 ([a]23

D 253.7, c 1.0 in CHCl3)‡
was prepared in 85% yield by dropwise addition of p-methoxy-
benzyl chloride to cyclo-[l-Val-Gly] 34 and sodium hydride in

DMF (Scheme 1). Enantiomerically pure (3S)-N,NA-dimethyl-
3-isopropylpiperazine-2,5-dione 2 ([a]23

D +84.4, c 1.0 in
CHCl3)‡ was prepared in a similar manner using methyl iodide
as the electrophile (Scheme 1). The enantiomeric purities of
both 2 and 4 were confirmed by comparison of their 1H NMR
spectra with authentic racemic materials in the presence of
chiral shift reagent (S)-(+)-2,2,2-trifluoro-1-(9-anthryl)etha-
nol.7

DKP 4 was deprotonated with one equivalent of lithium
hexamethyldisilazide in THF at 278 °C followed by addition of
four equivalents of methyl iodide to afford a mixture of
C6-methylated diastereoisomers 6 and 7 in 93% de (Scheme 2).
The diastereoisomers were separated by chromatography [sil-
ica, diethyl ether–hexane (1 : 1)] and the configuration of the
major diastereoisomer confirmed as trans-7 by direct compar-

Scheme 1 Reagents and conditions: (i) Me3O+BF4
2, CH2Cl2; (ii) NaH,

p-methoxybenzyl chloride, DMF; (iii) NaH, MeI, DMF

Fig. 1 Electrophile attacks anti to both the C3 isopropyl and N1 protecting
group

Scheme 2 Reagents and conditions: (i) LHMDS, THF, 278 °C; 10 equiv.
MeI; (ii) CAN, CH3CN–H2O; (iii) 6 m HCl, Dowex 50-XH
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ison with an authentic sample prepared de novo by N-p-
methoxybenzylation of the piperazine-2,5-dione 8 derived from
l-valine 9 and d-alanine 10.

Deprotection of trans-methylated auxiliary 7 was easily
achieved via oxidative removal of the p-methoxybenzyl groups
using cerium ammonium nitrate in CH3CN–H2O8 followed by
acid catalysed hydrolysis of 8 to afford a mixture of (S)-valine
9 and (R)-alanine 10. This mixture was separated by ion
exchange chromatography9 to afford enantiomerically pure
(R)-alanine, 10 ([a]23

D 214.0, c 0.6 m in 1 m HCl)10‡ in 86%
yield (Scheme 2).

Alkylation of 4 with a range of electrophiles afforded highly
crystalline trans-alkylated products 12 in > 90% de (Table 1).
Simple recrystallisation of the crude reaction product afforded
the major trans-diastereoisomer pure in good yield. The non-
basic character of enolate 5 is particularly noteworthy since
reaction with electrophiles that are prone to b-elimination (ethyl
iodide or isopropyl iodide) occurred in excellent yield.

It is clear that the alkylation diastereoselectivities observed
for the new piperazine-2,5-dione auxiliary 4 compare favour-
ably with those obtained using Schöllkopf’s auxiliary 1 (Table
1). Evidence to suggest that the benzylic N,NA-protecting groups
are directly responsible for the improved performance of 4 was
obtained by methylating N,NA-dimethylated piperazine-
2,5-dione 2 in which the N-methyl groups do not have the
capacity to enhance the stereoselectivity via the proposed relay
mechanism. DKP 2 was methylated under identical conditions

described for 4 to afford trans-(3S,6R)-6-methyl-13 as the
major diastereoisomer in a much reduced 33% de (Scheme
3).

The results obtained for methylation of the enolates of 2 and
4 are clearly consistent with the proposed chiral relay network
operating to enhance the diastereoselectivity observed for
alkylation of enolate 5. Further investigations are currently
underway to apply the proposed chiral relay concept to enhance
stereocontrol in other scenarios.

We thank Zeneca Pharmaceuticals (J. V. A. O.) and Oxford
Asymmetry Ltd (S. D. B.) for financial support, and the DTI and
EPSRC for a LINK award.
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Table 1 Comparison of diastereoselectivity and yield for alkylation of
auxiliaries 1 and 4a

De (%) Yield (%)
[a]23

D 12
Electrophile RX 11 12 11 12 (CHCl3)‡

Methyl iodide 50 93 54 72 +22.5 (c 0.98)
Benzyl bromide 91b 98 81b 88 +58.6 (c 0.99)
Allyl bromide 74 94 83c 63 +25.8 (c 0.99)
Prop-2-ynyl bromide 52c 89 70d 74 +14.6 (c 0.98)
Ethyl iodide d 90 a 78 +46.1 (c 1.00)
Isopropyl iodide d 96 a 90 0 (c 1.00)

a Ref. 13. b Ref. 3. c Ref. 11. d Ref. 12.

Scheme 3 Reagents and conditions: (i) LHMDS, THF, 278 °C; 10 equiv.
MeI.
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Carboxylate and carboxylic acid recognition by tin(iv) porphyrins

Joanne C. Hawley,a Nick Bampos,a Raymond J. Abrahamb and Jeremy K. M. Sanders*a†
a Cambridge Centre for Molecular Recognition, University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW 
b Department of Chemistry, University of Liverpool, Liverpool, UK L69 3BX 

The scope of carboxylate binding by tin(iv) porphyrins and
the solution geometries of the resulting complexes have been
explored using 1H NMR spectroscopy; ring current induced
shifts and competition experiments indicate the operation of
an attractive anthracene–porphyrin interaction; outer
sphere carboxylic acid complexes of dihydroxy tin(iv)
porphyrins have been characterised, apparently for the first
time.

As part of a larger project1,2 aimed at supramolecular catalysis
we have been exploring the ligand recognition properties of
tin(iv) porphyrins. We report here on the scope of carboxylate
recognition and the solution state geometry of the resulting
complexes, demonstrate that anthracene–porphyrin interactions
can overcome the usual geometrical preference, and present
what we believe is the first direct evidence for hydrogen-bonded
carboxylic acid outer sphere complexes.

It has long been known3,4 that the hard metal centre endows
a strongly oxophilic character on tin(iv) porphyrins:‡ carboxy-
late complexes of acids with pKa @ ca. 5 can be prepared
rapidly and effectively quantitatively by mixing a large excess
of the free carboxylic acid with dihydroxy tin(iv) porphyrins in
non-polar solvents. However, by employing low concentrations
of acids, following the reactions by 1H NMR spectroscopy, and
exploiting the fact that the ring currents associated with
porphyrins lead to large upfield shifts for axially bound ligands,
we have uncovered several previously unreported phenom-
ena:

(i) The rate and extent of complex formation increases with
acid strength: using 5 mm porphyrin and 5 mm propionic acid,
complexation is complete in 30 min at room temperature, while
carboxylate complex formation with dichloroacetic acid is
complete within a few seconds.§ Fig. 1 shows the complexation

shifts observed in several dicarboxylate complexes of
SnIV(tpp).¶ The carboxylate complexes are in slow exchange on
the NMR chemical shift timescale with any excess carboxylic
acid that is present.

(ii) With weaker acids or in the presence of < 2 equiv. of
stronger acids the monohydroxymonocarboxylate complex is
readily observed as the major complex.

(iii) Stronger acids generally displace the carboxylates of
weaker acids. However, in such competition experiments,
anthracene-9-carboxylic acid (pKa ≈ 3.6) behaves as if it were
intermediate in strength between monochloroacetic acid (pKa ≈
2.9) and dichloroacetic acid (pKa ≈ 1.5). This unusual result is
discussed below.

(iv) ‘Free’ carboxylic acid resonances are broadened and
shifted upfield unexpectedly: immediately after addition of 1
equiv. of propionic acid to a CDCl3 solution of SnIV(tpp)(OH)2,
the methylene resonance of the added acid was upfield shifted
by 1.02 ppm, but as carboxylate complex formation took place
over a period of minutes the residual ‘free’ carboxylic acid
signals shifted back towards their normal positions. This
observation is consistent with the formation, in fast exchange on
the chemical shift timescale, of a weak outer sphere complex
between the Sn–OH and carboxylic acid. Such a complex is the
first intermediate in the likely mechanism of formation of the
final covalent complex (Fig. 2).∑ As the reaction proceeds the
concentrations of Sn–OH sites and free carboxylic acids
decrease, so the fraction of outer-sphere bound acid molecules
also decreases. At low temperatures the formation of the
covalent carboxylate complex of adamantane-1-carboxylic acid
is slowed sufficiently that it does not interfere with observation
of essentially complete formation of the hydrogen-bonded
complex (Fig. 3). From analysis of the concentration depend-
ence of shifts we estimate the apparent association constant for
this hydrogen-bonded species to be ca. 104 dm3 mol21, while
analysis of the ring current-induced shift of HA indicates a
distance of ca. 5 Å from the carboxylate oxygen to the Sn
centre. To our knowledge, such complexes have never been
directly observed previously, although their existence has been

Fig. 1 Porphyrin-induced shifts (Dd/ppm) for some SnIV(tpp) dicarboxylate
complexes. In each case Dd = d (complex) 2 d (free acid). Fig. 2 Presumed mechanism of formation for tin–carboxylate complexes
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postulated in connection with tin(iv) porphyrin electrochem-
istry.5

Since the porphyrin ring current is quite well characterised
geometrically and has been applied to a range of metallo-
porphyrin complexes,6 we elected to apply the same approach to
the tin(iv) systems. In the first instance, the known X-ray7

structure for the dibenzoate complex was used to parametrise
the ring current for our observed solution state NMR shifts in
the same complex. With the ring current thus calibrated, the
observed Dd were fitted to give best-fit geometries. While it is
not possible to obtain great precision it is clear that simple
aromatic carboxylates are bound with their aryl rings effectively
perpendicular to the porphyrin plane, with the dihedral angle
Sn–O–C–C of ca. 180° and with an Sn–O bond length of ca. 2.1
Å.

However, the shifts observed in the anthracene complex do
not match this geometry: they are consistent only with an
arrangement where the Sn–O–C–C angle is reduced to ca. 100°,
bringing the anthracene ring almost coplanar with the porphyrin
as shown in Fig. 1. We attribute this geometry to an attractive

p–p or donor–acceptor interaction with the porphyrin ring; this
additional interaction also explains the unexpectedly strong
binding described above. Naphthoic-1-carboxylic acid, perhaps
unsurprisingly, displays a shift (and therefore spatial) behaviour
that is intermediate between its anthracene and benzoic
homologues (Fig. 1), but we cannot distinguish rapid exchange
between ‘vertical’ and ‘horizontal’ conformations from a static
conformation that is intermediate in geometry.

The exclusive oxophilicity of tin(iv) porphyrins comple-
ments perfectly the strong preference of zinc and ruthenium(ii)
porphyrins for nitrogen ligands. Pyridines do indeed bind to
zinc or ruthenium(ii) porphyrins in the same solution as
carboxylic acids bind to SnIV porphyrins without mutual
interference, so it is possible to construct mixed metal dimers
and trimers with completely independent ligand specificities at
each site.9 This greatly expands the repertoire of recognition
and catalytic processes that are now available. At a simpler
level, SnIV(tpp)(OH)2 may prove useful as a diamagnetic NMR
shift reagent for carboxylates.

We thank Simon Webb for helpful discussions and advice,
and the EPSRC and Unilever Research for financial support.
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† E-mail: jkms@cam.ac.uk
‡ Tin(ii) porphyrins bind soft ligands such as S and Se, but their sensitivity
to air and moisture renders them unsuitable for routine molecular
recognition studies.8
§ Detailed analysis of NMR shifts and couplings, and of X-ray structures,
reveals that the Sn–O bond length increases slightly but systematically as
the pKa of the carboxylic acid decreases. Details will be discussed in a full
paper, but the trends are broadly in line with those expected.4,7

¶ H2tpp = 5,10,15,20-tetraphenylporphyrin.
∑ It is possible that the hydrogen bonding pattern is actually Sn–O–H···ONC
rather than as shown. The pKa dependent behaviour described above is also
consistent with the suggested mechanism.
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Amsterdam, 1996, vol. 9, pp. 131–164.

2 Z. Clyde-Watson, A. Vidal-Ferran, L. J. Twyman, C. J. Walter,
D. W. J. McCallien, S. Fanni, N. Bampos, R. S. Wylie and J. K. M.
Sanders, New J. Chem., 1998, in press.

3 J. W. Buchler and L. Puppe, Liebigs Ann. Chem., 1974, 1046.
4 D. P. Arnold, E. A. Morrison and J. V. Hanna, Polyhedron, 1990, 9,

1331.
5 C. E. Kibbey, S. B. Park, G. Deadwyler and M. E. Meyerhoff,

J. Electroanal. Chem., 1992, 335C, 135.
6 P. Leighton, J. A. Cowan, R. J. Abraham and J. K. M. Sanders, J. Org.

Chem., 1988, 53, 733; R. J. Abraham and C. J. Medforth, Magn. Reson.
Chem., 1990, 28, 343; R. J. Abraham and I. Marsden, Tetrahedron, 1992,
48, 7489.

7 G. Smith, D. P. Arnold, C. H. L. Kennard and T. C. W. Mak, Polyhedron,
1991, 10, 509.

8 J.-M. Barbe, C. Ratti, P. Richard, C. Lecomte, R. Gerardin and
R. Guilard, Inorg. Chem., 1990, 29, 4126.

9 S. J. Webb and J. C. Hawley, unpublished work.

Received in Cambridge, UK, 18th December 1997; 7/09069B

Fig. 3 Partial 1H NMR spectra of adamantane acid (a) free, (b) hydrogen-
bonded to SnIV(tpp)(OH)2 and (c) as dicarboxylate complex. Traces (a) and
(c) were obtained at 250 MHz, 20 °C, and trace (b) at 400 MHz,
253 °C.
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Electrophilic functionalization of a cyclometallated ruthenium complex, an
easy entry to new organometallic synthons

Christophe Coudret,*† Sandrine Fraysse and Jean-Pierre Launay

Molecular Electronics Group, Centre d’Elaboration des Matériaux et d’Etudes Structurales, CNRS UPR 8011, BP 4347, 29 rue
Jeanne Marvig, 31055 Toulouse Cedex, France

With the regiospecific halogenation of the complex [Ru-
(bpy)2L1]+ (bpy = 2,2A-bipyridine, HL1 = 2-phenylpyridine)
new organometallic starting materials are now available.

Our long lasting interest into dinuclear mixed valence com-
plexes originates from the fact that they are the best chemical
models of molecular wires, the basic function of molecular
electronics. Indeed, a simple spectroscopic study of the
intervalence transition gives directly the ability of the bridging
ligand to couple the two metallic centers.1 Since it is usually
achieved by a redox titration, the various species (reduced,
mixed valence or oxidized) have to be stable for a long period
of time, typically up to 1 h. Ruthenium cyclometallated
complexes with a N5C donor set were found to be among the
best metallics ends for such purpose.2

In a recent report, the synthesis of such polynuclear
complexes involved as ‘building block’ a brominated cyclo-
metallated RuN5C complex, which was prepared from a
bromine containing ligand.3 Such a synthesis could be ad-
vantageously shortened by a direct and regioselective halogen-
ation of the metallated ligand i.e. after the complex is
prepared.

Apart from the typical cathodic shifts of all the redox
potentials compared to the RuN6 family,4,5 few chemical
properties of RuN5C cyclometallated complexes have been
reported. The presence of the C–Ru bond promotes oxidative
dimerization,5,6 but also nitration3 or chlorination (albeit in low
yield).7 Since the cyclometallated analogue of [Ru(bpy)3]2+, i.e.
[Ru(bpy)2L1]+, was readily accessible from commercially
available chemicals,4 a systematic study of the electrophilic

bromination and iodination of the complex [Ru(bpy)2L1]PF6 1
was undertaken on a preparative scale and the reactivity of the
resulting complexes under Sonogashira alkynylation reaction
was studied. We would like to report here our findings on these
points.

Theoretical calculations using extended Hückel theory were
first performed in an analogous manner as for [Ru(terpy)(dpb)]+

[dpb = 1,3-bis(2-pyridyl)benzene].8 As for this complex the
HOMO was found to be not only mostly located on the
metallated phenyl ring but also having an important coefficient
on the C5A.‡ Owing to its low oxidation potential (0.5 V vs. SCE)
and rather high sensitivity to acidic medium, buffered, mildly
oxidizing electrophilic conditions were selected.

Upon treatment of the complex with 1.1 equiv. of N-bromo-
succinimide in MeCN at room temperature9 and after a
hydrazine quench, a single compound was isolated as a PF6 salt
by column chromatography (SiO2/CH2Cl2). It was identified by
FABMS as the expected bromo-substituted complex [Ru-
(bpy)2L2]PF6 2a. Eventually the regioselectivity of the substitu-
tion was recognised by 1H NMR spectroscopy since the pattern
associated with the very shielded core hydrogen H3A was clearly
simplifed. The bromination, easily scaled up, did not require
anhydrous or anaerobic conditions to proceed and occurred
within 4 to 6 h (Scheme 1).§

This result prompted us to prepare the iodo analogue, more
interesting from a synthetic point of view. Surprisingly NIS10

was found to be unreactive or lead to complex degradation in
MeCN respectively at room or reflux temperature. We found
that complex oxidation could be limited by using CH2Cl2 as
solvent, the best iodinating agent being I2/PhI(OAc)2, at room
temperature for 4 h.11 Finally, column chromatography purifi-
cation (SiO2) after anion exchange using a ‘basic eluent’
CHCl3–Et3N–EtOH gave a reproducible isolated yield of ca.
50% of [Ru(bpy)2L3]PF6 3a.

As expected, the electron-withdrawing nature of the sub-
stituent induced an anodic shift with respect to parent complex
1 for the RuIII–RuII redox couple of complexes 2a and 2b (Table
1). Reactivity of complexes 2a and 2b towards Sonogashira’s
alkynylation [Pd(PPh3)4, CuI, Et3N, DMF] was then investi-
gated with protected acetylene, i.e. trimethylsilylacetylene and
3-methylbut-3-yn-2-ol, as substrates (Scheme 2). In all cases,
compounds were isolated as PF6 salts by column chromatog-
raphy. A marked difference between 2a and 2b was observed

Scheme 1 Reagents and conditions: X = Br: NBS, MeCN, room temp., 6 h, 95%, 2a; X = I: PhI(OAc)2, I2, CH2Cl2, room temp., 6 h, 50%, 2b
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since the iodo complex reacted at room temperature with both
alkynes, while the bromo complex required at least heating to
80 °C. Furthermore 2a did not react with silylated acetylene
(SiMe3 or SiEt3). These results, in sharp contrast with a RuN6
analogue developed by Tzalis and Tor,12 might indicate that the
limiting step is the oxidative addition of the C–Br bond on the
Pd0 complex.

Hence we have shown that, despite the possibility of over-
oxidation of the metal center, the presence of the C–Ru bond not
only activates the metallated aromatic ring towards electrophilic
substitution but also controls its regioselectivity. This a
posteriori functionalization provides a simple and unique entry
to synthetically interesting synthons which would have been
difficult to prepare otherwise, especially for the iodo complex
2b. We are currently studying their reactivity as building blocks
in the preparation of more sophisticated architectures such as
molecular wires or switches.

We thank the CNRS and EEC (CHRXCT-94-0538) for
financial support, Dr G. Balacco for a free copy of Swan-MR,13

and Drs J.-P. Collin and E. Ishow for fruitful discussions.
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‡ Since the HOMO is very close in energy to the two other orbitals
belonging to the t2g set of low-spin d6 RuII, more complete information is
given by the examination of net charges borne by carbon atoms, because
they are determined by all occupied orbitals. Thus for carbon atoms para to
pyridine nitrogens, values near +0.06 are found, while the carbon atom para
to the C–Ru bond exhibits a 20.09 charge, confirming its better reactivity
towards electrophiles. Calculations were performed with the CACAO

program (CACAO PC Version 4.0, July 1994. C. Mealli and D. M.
Proserpio, J. Chem. Educ., 1990, 67, 399 using 212.0 eV for Ru 4d energy).
A related calculation by the Fenske Hall method has been reported (E. C.
Constable and C. E. Housecroft, Polyhedron, 1990, 9, 1939).
§ Selected analytical data for 2a: 1H NMR (CD3CN, 250 MHz, SiMe4): d
6.36 (d, 1 H, 8.0 Hz), 6.93 (dd, 1 H, 8.0, 2.1 Hz), 6.97 (td, 1 H, 6.5, 1.4 Hz),
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8.66%. FABMS (NBA matrix) m/z: 648 (M 2 PF6)+, calc. 646.5.
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Scheme 2 Reagents and conditions: i, 2a, DMF, Et3N, CuI, Pd(PPh3)4, 80 °C, 18 h, 80%; ii, 2b, DMF, Et3N, CuI, Pd(PPh3)4, 20 °C, 18 h, 80%

Table 1 RuIII–RuII redox couples vs. SCE (MeCN, 0.1 m NBun
4PF6, Pt)

Complex E0 (RuIII–RuII)/mV

[Ru(bpy)2(L1)]PF6 1 464
[Ru(bpy)2(L2)]PF6 2a 520
[Ru(bpy)2(L3)]PF6 2b 498
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Solid state and solution behaviour of novel transition metal containing
surfactants

Ian A. Fallis,*† Peter C. Griffiths,* Paul M. Griffiths, David E. Hibbs, Michael B. Hursthouse and Angie L.
Winnington

Department of Chemistry, University of Wales Cardiff, PO Box 912, Cardiff, UK CF1 3TB

The micellation properties of first row transition metal
containing surfactants derived from aza-macrocyclic ligands
is described; the structure of one of the surfactants in the
solid state has been determined by X-ray crystallography;
the dimensions and morphology of micelles formed by a
nickel(II) surfactant have been investigated by small-angle
neutron scattering (SANS).

Surfactants containing transition metal ions have only recently
begun to be investigated, and to date no attempt has been made
at the rigorous determination of their structure–property
relationships. Typical cationic amphiphiles, such as
cetyltrimethylammonium bromide (CTAB), display surface
activity but are essentially ‘innocent’ in their chemical re-
activity. Our interest in this area is ultimately directed towards
the preparation and application of surfactants which contain
‘non-innocent’ transition metal complexes as the head-
group. The use of a transition metal ion in the head-group not
only imparts charge, but also permits the incorporation of useful
properties such as colour (i.e. a chromophore), paramagnetism,
variable charge and pH sensitivity. However, most importantly,
transition metal complexes possess a wide range of reactivity,
such as redox behaviour and catalytic activity. Thus transition
metal containing surfactants provide a method for localising
redox or catalytic activity at an interface.

Here, we report our preliminary results on the synthesis and
characterisation of a range of nickel(ii) and copper(ii) based
surfactants. For the purposes of this paper we define the systems
under investigation as cationic metallo-surfactants in which a
(transition) metal ion forms an integral part of the head-
group. Earlier work by other groups on metallo-surfactants has
tended to concentrate on the lyotropic phase behaviour of non-
labile metal complexes for example a [RuII(terpy)2]2+ system.1
An example of micellation in a [CoII(polyamine)]3+ system has
been reported,2 but again the metal centre is non-labile. Of
systems with kinetically labile metal ions, there has also been an
elegant investigation into the micellation of a diaza-18-crown-6
based surfactant (an annelide) in the presence of s-block cations
by a range of techniques,3 and a recent report of a copper(ii)
cryptand which forms unilamellar vesicles.4 The work pre-
sented here describes the solution and solid state behaviour of a
ligand system which produces surface active complexes from
non-surface active ligands upon coordination of a labile metal
centre.

Initially we sought simple ligand systems in which the
various components of the resulting complex amphiphile could
easily be modified to accommodate different alkyl chain lengths
and numbers, variable head-group size and a range of d- and
f-block metal ions. Also we required a ligand system which
formed stable complexes in which the metal ion remained
strongly bound to the head-group of the amphiphile. This
prevents the complication of metal–ligand dissociation affect-
ing the composition of the system. Metal–ligand dissociation
would not only increase the ionic strength of the solution but
would also lower c.m.c. values by the introduction of the largely
hydrophobic free ligand. We therefore prepared the range of

ligands L1R based upon 1,4,7-triazacyclononane ([9]aneN3).
The synthesis of these ligands was achieved in gram quantitites

by reacting 20 equiv. of 1,4,7-triazacyclononane with
1,2-epoxyalkanes in ethanol solution. The free ligands were
isolated in quantitative yield after removing the excess
1,4,7-triazacyclononane by distillation. To date these ligands
represent the first reported examples of aza-macrocycles
bearing a single pendant alcohol donor.

The ligands L1R are poorly soluble in water, but readily
dissolve upon the addition of nickel(ii) salts to afford blue/
purple solutions. The electronic spectra of these solutions
indicate that the coordination geometry at the metal centre is
octahedral and it is probable that an N3O3 (i.e. L1R and two
molecules of water) donor atom set is present. The single crystal
structure of [NiII(L1R)(H2O)2]Cl2 (R = C10H21) was deter-
mined.‡ The structure of the cation is illustrated in Fig. 1. This
confirms the N3O3 coordination sphere at a slightly distorted
octahedral metal centre, with the macrocycle in its typical face
capping mode and the pendant-arm alcohol also coordinated to
the metal centre. The alkyl chain is found to be in the fully
extended conformation. The packing diagram (Fig. 2) indicates
that a lamellar structure is formed with an antiparallel
arrangement of the cations. We have prepared ligands L1R in
both racemic and optically active forms. The structure presented
here was prepared with racemic material and the crystal
structure contains alternating layers of (R) and (S) material. It is
worth noting that single crystals of the complexes [NiII(L1R)-
(H2O)2]Cl2 were found to be remarkably easy to obtain by
cooling or concentrating stock solutions containing an excess of
NiCl2(aq). The facile nature of the crystallisation process is
attributed to a Krafft point effect, with the approximate Krafft
temperatures for the complex [NiII(L1R)(H2O)2]Cl2 being 35 °C
(R = C10H21) and 65 °C (R = C16H33).

Characterisation of the interfacial behaviour of [NiII(L1-
R)(H2O)2]Cl2 (R = C,nH2n + 1, n = 6, 8, 10, 12, 14, 16) has been
undertaken to determine its critical micelle concentration,
c.m.c. Surface tension measurements were determined by the
Du Noüy platinum ring method. A typical plot of surface
tension vs. concentration is illustrated in Fig. 3 for [MII(L1R)-
(H2O)2]Cl2 (R = C10H21), (M = NiII, CuII). Using this method,

Fig. 1 Structure of the cation in [NiII(L1R)(H2O)2]Cl2 (R = C10H21). H-
atoms are omitted. Ellipsoids are drawn at 50% probability.
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the c.m.c.s of the surfactants are 1.5 ± 0.2 mm (M = NiII) and
0.8 ± 0.1 mm (M = CuII). The adsorbed amount and hence, area
per molecule at the surface, calculated via the Gibbs equation,
dg/d ln c = 2G/RT is the same for both surfactants; 50 ± 5 Å2.
The c.m.c. values are lower than expected for a doubly charged
amphiphile, which may be explained by noting that the head-
group itself contains eight additional carbon centres, and hence
reducing the overall hydrophilicity. The lower c.m.c. value of
the copper complex is attributed to the tendency for CuII to
adopt five-coordinate geometries. This would result in a
marginally smaller head-group. Furthermore, it has been
shown5 that CuII can increase the acidity of a bound alcohol
group so as to permit deprotonation. This process, even if
occurring to a limited extent, would reduce the charge on the
head-group and permit alkoxide to alcohol hydrogen bonding to
occur between head-groups. This interaction between head-
groups would reduce the effect of electrostatic repulsion of the
head-groups, further lowering the c.m.c. value. Thus it can be
seen that a very subtle change in the metal centre from NiII to
CuII has a significant effect on the micellation properties of
these surfactants.

The structures formed in the bulk solution slightly above the
c.m.c. have been investigated by small-angle neutron scattering
(SANS). The scattering from surfactant systems contains three
important terms; the form factor, the structure factor and a
constant term, essentially the intensity per micelle. The form
factor describes the size and shape of the scattering body. The
structure factor describes the spatial distribution of the scatter-
ing bodies and is determined by their interaction potential. For
dilute cases, the structure factor may be neglected. A full
analysis of the comprehensive SANS study will be presented
shortly, but some data referring to the [NiII(L1R)(H2O)2]Cl2
(R = C10H21) surfactant are presented here.§ A typical set of
scattering data and a fit to a spherical micelle model are shown

in Fig. 4. Given the resolution of the data, we have made no
attempt to break the scattering down into its component ‘core’
(alkyl tails) and ‘shell’ (head-group) contributions. The radius
of the micelle is found to be 34 ± 3 Å with an aggregation
number of 50 ± 10. This radius is somewhat larger than might
be expected from a surfactant which has an all-trans length of
ca. 20 Å and it therefore appears that the micelles are either very
diffuse in nature or display a degree of non-sphericity. This
anomaly is currently the subject of further SANS experi-
ments.
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also acknowledge the Engineering and Physical Sciences
Research Council (P. M. G.) and the Nuffield Foundation
(A. L. W.) for financial support.

Notes and References
† E-mail: fallis@cf.ac.uk
‡ Crystal data for C18H43Cl2N3NiO3, M = 479.16, triclinic, space group
P1̄, a = 7.0430(6), b = 7.4080(8), c = 23.795(3) Å, a = 98.660(14)°,
b = 90.670(14)°, g = 106.010(5) (by least squares refinement of the setting
angles for 250 reflections within q = 2.60–25.13°). U = 1177.9(2) Å3,
Z = 2, Dc = 1.351 g cm23, T = 150 K, m(Mo-Ka) = 10.72 cm21,
F(000) = 516, crystal size = 0.24 3 0.18 3 0.16 mm. Data were collected
on a FAST TV Area detector diffractometer following previously described
methods.6 From the ranges scanned, 5038 data were recorded (2.60 < q <
25.13°; index ranges 27 < h < 7, 26 < k < 8, 226 < l < 26) and merged
to give 3244 unique (Rint) = 0.0726). The structure was solved via direct
methods7 and refined on Fo

2 by full matrix least squares8 using all unique
data corrected for Lorentz and polarisation factors. All non-hydrogen atoms
were anisotropic. The hydrogen atoms were inserted in idealised position
with Uiso set at 1.5 Ueq of the parent. The weighting scheme used was
w = 1/[s2(Fo)2 + (0.0219P)2], where P = [Max.(Fo)2 + 2(Fc)2]/3; this gave
satisfactory agreement analyses. Final R1 (F) and wR2 (Fo

2) values were
0.0671 and 0.1016 for all 3244 data and 245 parameters. The corresponding
R-values were 0.0419 and 0.0978 for 2038 data with I > 2s(I). Sources of
scattering factors as in ref. 8. CCDC 182/756.
§ SANS measurements were performed on the LOQ diffractometer at the
ISIS Spallation Source, Oxfordshire, UK.
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Fig. 2 Packing diagram in [NiII(L1R)(H2O)2]Cl2 (R = C10H21). View is
along the b axis. Ellipsoids are drawn at 50% probability.

Fig. 3 Surface tension vs. concentration for [M1(L1R)(H2O)2]Cl2(aq)
(R = C10H21) where M = NiII (2) or CuII (“)

Fig. 4 SANS data for [NiII(L1R)(H2O)2]Cl2 (in D2O) and the fit to a
spherical micelle model. Concentration of [NiII(L1R)(H2O)2]Cl2 = 10 mm.
(The quantity Q is given by Q = (4p/l) sin(q/2), and is the modulus of the
scattering vector, the resultant between the incident and scattered
wavevectors.)
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Synthesis and characterisation of microporous titano-borosilicate ETBS-10

João Rocha,*a Paula Brandão,a Michael W. Anderson,b Tetsu Ohsunac and Osamu Terasakid

a Department of Chemistry, University of Aveiro, 3810 Aveiro, Portugal 
b Department of Chemistry, UMIST, PO Box 88, Manchester, UK M60 1QD 
c Institute for Materials Research, Tohoku University, Sendai 980, Japan 
d Department of Physics, Tohoku University, Aramaki Aoba, Sendai 980, Japan 

The synthesis and structural characterisation of micro-
porous titanosilicate ETS-10 containing boron in the frame-
work (ETBS-10) are reported.

Microporous titanosilicates known as ETS contain six-coordi-
nate framework titanium atoms and are, thus, fundamentally
different from other zeolite-type solids. The framework of ETS-
10, the most prominent member of this new family, consists of
‘TiO2’ rods, which run in two orthogonal directions, surrounded
by tetrahedral silicate units.1–3 The pore structure consists of
12-rings, 7-rings, 5-rings and 3-rings and has a three-dimen-
sional wide-pore channel system whose minimum diameter is
defined by 12-ring apertures. In an attempt to improve the acid
characteristics of ETS-10, silicon has been isomorphously
substituted by aluminium and gallium on sites which avoid Ti–
O–Al(Ga) linkages.4–6 We now wish to report the synthesis of
boron-substituted ETS-10. Establishing the insertion of a light
element, such as boron, in the framework of a zeolite-type
material is, by no means, a trivial task. In order to gather as
much evidence as possible for the substitution of silicon by
boron in the framework of ETS-10 we have used a multi-
technique approach.

ETBS-10 materials were prepared using a modification of the
ETS-10 synthesis.‡ The samples were characterised by bulk
chemical analysis (ICP), powder X-ray diffraction (XRD),
high-resolution and scanning electron microscopies (HREM
and SEM, respectively), FTIR and Raman spectroscopies, 29Si
and 11B solid state NMR.

All ETBS-10 samples studied contain a single phase. The
HREM images of this phase (not shown) are very similar to
those previously reported for ETS-10.2,3 The powder XRD
patterns of ETS-10 and ETBS-10 samples (not shown) are
almost identical, the only difference being a slight shift of the
ETS-10 reflection at 2q 24.63° to lower d-values when the
boron content increases (2q 24.72° for Si/B = 32). This is a first
indication that the smaller boron atom replaces silicon in the
structure of ETS-10.

The Raman spectrum of ETS-10 [Fig. 1(a)] contains a strong
and sharp band at ca. 730 cm21 associated with the TiO6
octahedra. ETBS-10 samples display similar spectra
[Fig. 1(b,c)] but this band broadens and shifts to higher
frequency as the boron content increases. Similar effects have
been observed with aluminium [Fig. 1(d)] and gallium (not
shown) substituted ETS-10 samples. Hence, Raman spectros-
copy provides further indication of the framework boron
insertion.

Fig. 2 shows the 29Si magic-angle spinning (MAS) NMR
spectra of ETS-10 and ETBS-10 samples with different boron
contents. In ETS-10 there are two types of silicon chemical
environments, Si(3Si, 1Ti) and Si(4Si, 0Ti), which give the two
groups of resonances at d 294 to 297 and d ca. 2103.7,
respectively.3 The spectrum reveals a further crystallographic
splitting of the Si(3Si, 1Ti) site. As the amount of boron in
ETBS-10 increases, a new peak grows at d ca. 299 and all the
resonances broaden considerably. Owing to this broadening, the
ETS-10 line splitting at d ca. 296.5 is no longer resolved. This

further suggests that boron has been incorporated into the
framework of ETS-10. Indeed, detailed studies on aluminium-
substituted ETS-10 have shown that the broadening of the 29Si
MAS NMR resonances (and concomitant loss of the d ca.
296.5 line splitting) is due to lattice distortion upon Al
incorporation.3 At present we cannot give a detailed assignment
of the ETBS-10 peak at d ca. 299. However, since (i) it
becomes stronger as the boron content increases and (ii) we
have found no evidence for the presence in our samples of any
other (siliceous) phase, we believe that this resonance is given
by Si–O–B environments.

Fig. 1 Stokes shifted Raman spectra of (a) ETS-10, (b) ETBS-10 (Si/
B = 45), (c) ETBS-10 (Si/B = 32) and (d) Al-substituted ETS-10 (Si/
Al = 20). The spectra were measured using a Renishaw Raman imaging
microscope model 2000.

Fig. 2 29Si MAS NMR spectra of (a) ETS-10, (b) ETBS-10 (Si/B = 45) and
(c) ETBS-10 (Si/B = 32). The spectra were recorded at 79.5 MHz on a
Bruker MSL 400P spectrometer using 3.0 ms radio-frequency pulses, 40 s
recycle delays and spinning rates of 5 kHz.
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The 11B MAS NMR spectra [Fig. 3(b)] of ETBS-10 samples
with different boron contents are similar and contain two groups
of very sharp peaks (full width at half maximum, FWHM, ca. 78
Hz) at d ca. 21.4 and 22.9. This implies that any electric field
gradients created by the electronic cloud at the 11B nuclei are
very small and shows that boron is in tetrahedral, rather than
trigonal, coordination7,8 and, most likely, residing in the
framework. Indeed, it has been reported that hydrated boron-
substituted H-ZSM-5 zeolite gives a single sharp 11B NMR
peak at d 23.7 On the other hand, the local environment of any
extraframework boron would, in principle, be more distorted or,
at least, a dispersion of boron sites would occur leading to
significantly broader 11B NMR resonances. As prepared
hydrated ETBS-10 and dehydrated ETBS-10 (500 °C for 2 h in
air) display almost identical 11B and 29Si MAS NMR spectra.
The parent gel gives a much broader (FWHM 360 Hz) 11B
resonance at d ca. 1.1 (not shown). A second faint and broad
peak is seen at d ca. 3.2. The 1H–11B cross-polarization (CP)
MAS NMR signal is very weak and the spectrum shown in
Fig. 3(a) required the accumulation of 30 000 transients (500 for
the MAS spectrum). We tentatively assign the two resonances at
d 21.4 and 20.5 to symmetric B–OH environments pre-
sumably associated with defect sites or on the surface of the
crystallites. Since the former is broader than the d 21.5 MAS
NMR peak it is probably not given by the same boron site.

In order to be absolutely sure that the 11B NMR spectrum of
ETBS-10 does contain two separate resonances and that the
peaks seen are not part of a second-order quadrupole powder
pattern we have further recorded quadrupole nutation (QN)8 and
triple-quantum (3Q)9 MAS NMR spectra. The latter (not
shown) contains two 11B resonances confirming the presence of
two main boron sites (the peaks revealed by CP MAS are too
faint to be detected). The QN spectrum (not shown) recorded
with a radiofrequency, B1, field of 28 kHz (non-selective
excitation) again shows that two resonances are present. A
second spectrum, recorded with B1 = 10 kHz (small deviation
from non-selective excitation) suggests that the d 21.4
resonance has a larger quadrupole coupling constant (CQ) and,
hence, is given by a slightly more distorted boron site. However,

both CQS are estimated to be very small (40–80 kHz) confirming
that boron is in tetrahedral coordination.

Since ETS-10 contains corner-sharing TiO6 octahedra and
corner-sharing SiO4 tetrahedra for every framework titanium
there is an associated 22 charge. In an analogous way, when
SiO4 is replaced by AlO4 a 21 charge is introduced. The
preferred framework site for silicon substitution by aluminium
in ETS-10 has been recently modelled by lattice energy
minimisation and semi-empirical quantum chemical calcula-
tions on model clusters.10 The latter technique indicates that,
compared to Al–O–Si–O–Ti linkages, Al–O–Ti direct linkages
result in enhanced electronic repulsion between neighbouring
negative charges associated with the AlO4 and TiO6 sites and
higher lattice strains. Thus, both electronic and strain factors
influence the observed preferential aluminium siting and it is
difficult to decide which one plays a more important role. At
present, we are performing similar calculations to ascertain
whether it is possible to decide or not which one these two
factors plays a more important role in the location of boron in
ETBS-10.

J. R. and P. B. acknowledge Junta Nacional de Investigação
Cientı́fica e Tecnológica, PRAXIS XXI and FEDER for
funding. O. T. and T. O. thank CREST, Japan for financial
support.

Notes and References

† E-mail: ROCHA@DQ.UA.PT
‡ Synthesis of ETBS-10 with Si/B = 45: an alkaline solution was made by
mixing 11.32 g sodium silicate (Na2O 8 mass%, SiO2 27 mass%, Merck),
4.25 g H2O, 1.62 g NaOH (Merck), 0.17 g KOH (Carlo Erba), 0.93 KF
(Aldrich), 0.34 g KCl (Panreac), 8.96 g TiCl3 (15 mass% solution of TiCl3
in 10 mass% HCl, Merck) and 0.84 g Na2B2O4·10H2O (Panreac). 0.10 g
seed of ETS-10 was added to the resulting gel. This gel, with a composition
2.41 Na2O : 2.18 K2O : 5.86 SiO2 : TiO2 : 0.51 B2O3 : 27.1 H2O, was auto-
claved under autogeneous pressure for 2 days at 230 °C. The crystalline
product was filtered, washed with distilled water and dried at ambient
temperature, the final product being an off-white microcrystalline (2–5 mm)
powder. Chemical analysis by ICP of the two samples reported here yielded
Si/Ti and Si/B molar ratios of 5.0, 5.2 and 32, 45, respectively, while TG
revealed a mass loss from 50 to 350 °C of 13 ± 1%. FTIR spectra of ETBS-
10 samples display a shoulder at 990 cm21, not seen in the spectrum of ETS-
10, ascribed to tetrahedrally coordinated boron.
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Fig. 3 (a) 1H–11B CP MAS and (b) 11B MAS NMR spectra of ETBS-10 (Si/
B = 32), recorded at 128.4 MHz, using 2 s recycle delays, a contact time of
1 ms and spinning rates of 7 kHz
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Isolation, structure and iridium-mediated decarbonylation of a sodium
fluorenone dianion complex
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Reaction of fluorenone with 2 equiv. of Na in THF at room
temp. gave the polymeric Na–fluorenone dianion complex 1
in 79% isolated yield, which upon reaction with 0.5 equiv. of
[(C5Me5)IrCl(m-Cl)]2 afforded the decarbonylation product
2; both 1 and 2 have been structurally characterized.

The formation of ketone dianions by two-electron reduction of
aromatic ketones with reducing metals such as alkali,1 low-
valent titanium,2 and lanthanide metals3 has been known for a
long time. These dianionic species as unique nucleophiles have
been extensively studied in the area of organic chemistry.1–3

However, owing to their extreme air- and moisture-sensitivity,
which makes them difficult to isolate, structurally characterized
examples of this important class of compounds remain very
scarce. To date, only two ketone dianion complexes, both of
which are limited to those of benzophenone and adopt a dimeric
structure, have been isolated and structurally characterized. One
is the lithium complex [Li2(OCPh2)(thf)(tmen)]2 (thf = tetra-
hydrofuran, tmen = tetramethylethylenediamine),4 and the
other is the ytterbium(ii) complex [Yb(m-h1 :h2-OCPh2)-
(hmpa)2]2 (hmpa = hexamethylphosphoric triamide).5 Here,
we wish to report the isolation and structural characterization of
a polymeric sodium fluorenone dianion complex, which
constitutes the first example of a structurally characterized
fluorenone dianion complex, as well as the first example of a
structurally characterized sodium ketone dianion complex. Its
reaction with [(C5Me5)IrCl(m-Cl)]2 to cause unprecedented
decarbonylation of the fluorenone unit is also described.

Reaction of fluorenone with 2 equiv. of fresh sodium chips in
thf at room temp. yielded a green precipitate, which upon
dissolving in dimethoxyethane (DME) gave a green solution.
Evaporation of DME under reduced pressure yielded a green
oily residue, which after addition of thf and standing at room
temp. for several days afforded green blocks of 1 in 79% yield
(Scheme 1).‡ An X-ray analysis has revealed that 1 is a thf-
coordinated fluorenonedisodium complex in which one sodium
atom [Na(1)] is bonded to the oxygen atom O(1), while the other
sodium atom [Na(2)] is bonded to the O(1), C(1) and C(2) atoms
of the fluorenone unit (Fig. 1).§ The bond distance of the Na(1)–
O(1) bond [2.168(6) Å] is in the 2.14–2.39 Å range of the Na–
OR bond distances found in [NaOBut]6,6 [NaOBut]9,6 [Na{m-
OC6H2(CF3)3-2,4,6}(thf)2]2

7 and [Na(m-OR)(hmpa)2]2 (OR =
fluorenone ketyl),8 while the bond distances of the Na(2)–C(1)
[2.644(7) Å] and Na(2)–C(2) [2.921(7) Å] bonds can be
compared with those of the Na–h3–5-Cp bonds (2.620–3.044 Å)
found in the sodium fluorenide complexes Na(fluorenide)-
[Me2N(CH2)2N(Me)(CH2)2NMe2],9 [Na(fluorenide){Me2N-
(CH2)3NMe2}]4,9 and [Na(fluorenide){Me2N(CH2)2-
NMe2}]H.9 These bond distances are consistent with the fact
that 1 is a sodium fluorenone dianion species. The inter-
molecular interactions between the sodium atoms and part of
the fluorenyl ring, the carbonyl unit, and the thf ligands in 1
constitute a unique polymeric structure, in which the fluorenone
unit is bonded on one side to a Na atom via the Na(2)–
h3-O(1)C(1)C(2) (2.348–2.921 Å) interactions and on the other
side to two Na atoms via the Na(1A)–h6-C(8–13) (2.725–2.888
Å) and Na(2A)–h3-O(1)C(1)C(13) (2.340–3.083 Å) interactions

(Fig. 1). The carbonyl moiety interacts with the Na(2) and
Na(2A) atoms in a m-h2-fashion on two opposite sides (dihedral
angle between the Na(2)O(1)C(1) and Na(2A)O(1)C(1) planes =
173°), while the C(13) atom is bonded to both Na(1A) and Na(2A)
on the same side [Na(1A)–C(13)–Na(2A) 72.2(2)°]. These
structural features are in sharp contrast with those observed in
the dimeric benzophenone dianion complexes [Li2(OCPh2)-
(thf)(tmen)]2

4 and [Yb(m-h1 :h2-OCPh2)(hmpa)2]2,5 and appar-
ently result from the planar configuration of the fluorenone unit.
The formation of thf bridges in 1 is also noteworthy, since only
very few precedents, such as {Na(m-thf)[(C5Me5)Gd(thf)]2(m-
Cl)(m3-Cl)2}2

10 and [K{m-OC6H2(CF3)3-2,4,6}(thf)2(m-thf)]2,7
could be found in the literature. The Na(1)–O(2) [2.371(6) Å]
and Na(1)–O(3) [2.391(7) Å] bonds are respectively sig-
nificantly shorter than the Na(2A)–O(2) [2.440(6) Å] and
Na(2A)–O(3) [2.606(6) Å] bonds, showing that the thf bridges in
the polymeric structure are unsymmetric, and the intramolecular
interactions are stronger than the intermolecular ones. Sim-
ilarly, the intramolecular Na(2)–C(1) [2.644(7) Å] and Na(2)–
C(2) [2.921(7) Å] bonds are respectively much shorter than the
intermolecular Na(2A)–C(1) [2.775(7) Å] and Na(2A)–C(13)
[3.083(7) Å] bonds, though the Na(2)–O(1) bond distance
[2.348(6) Å] is similar to that of the Na(2A)–O(1) bond [2.340(6)
Å] (Fig. 1). The bond distance of the C–O bond of the
fluorenone unit in 1 [1.379(8) Å] is comparable with those of
the benzophenone dianion units found in [Li2(OCPh2)(thf)(t-
men)]2 (1.406 Å)4 and [Yb(m-h1 :h2-OCPh2)(hmpa)2]2 [1.39(6)
Å],5 and significantly longer than those of free fluorenone
[1.220(4) Å]11 and fluorenone ketyl (1.27–1.32 Å).8,12

Scheme 1
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Reflecting the reactivity of a fluorenone dianion species,1–3

hydrolysis of 1 yielded fluorenol, while air oxidation of 1
afforded fluorenone almost quantitatively. Moreover, when 1
was allowed to react with 0.5 equiv. of [(C5Me5)IrCl(m-Cl)]2 at
room temp. in DME, the decarbonylation product 2 was
obtained as colorless crystals in 68% isolated yield (Scheme 1,
Fig. 2).§¶ In contrast, the similar reaction of sodium benzo-
phenone dianion with [(C5Me5)IrCl(m-Cl)]2 did not give any
C–C bond cleavage product, but instead afforded benzophenone
and several unidentified iridium hydride species. These results
again demonstrated the difference in behavior between fluor-
enone dianion and benzophenone dianion. Further studies on
the decarbonylation reaction are in progress.

This work was partly supported by a grant-in-aid from the
Ministry of Education, Science, Sports, and Culture of Japan.

Notes and References

† E-mail: houz@postman.riken.go.jp
‡ A typical procedure for the synthesis of 1 is as follows. In a glove box,
addition of a thf solution (5 ml) of fluorenone (180 mg, 1 mmol) to freshly-
cut sodium chips (48 mg, 2.1 mmol) gave immediately a brown solution,
which after being stirred at room temperature for ca. 1 h, changed to dark
green and yielded gradually thf-insoluble green precipitates. The green
mixture was further stirred at room temperature for 5 h. The thf was pumped
off and DME (5 ml) was added to give a green solution. Evaporation of
DME yielded a green oily residue, which after addition of thf and standing
at room temperature for several days afforded thf-insoluble green blocks of
1 (292 mg, 0.79 mmol, 79% yield). Anal. Calc. for C21H24Na2O3: C, 68.10;
H, 6.53. Found. C, 67.80, H, 6.44%.
§ Crystal data: for 1: C21H24Na2O3, M = 370.40, monoclinic, space group
P21/n (no. 15), a = 12.6600(9), b = 8.5523(5), c = 17.8251(11) Å, b =
98.942(6)°, U = 1906.5(2) Å3, Z = 4, Dc = 1.25 g cm23, m(Cu-Ka) =
10.440 cm21, 3120 measured reflections, 2892 independent, R = 0.0847
(Rw = 0.0830) for 2387 data with I > 3s(I) and 301 variables. For 2 (two
independent molecules in the unit cell): C46H46Ir2O2, M = 1015.32,
orthorhombic, space group Pcab (no. 61), a = 16.476(5), b = 31.468(8), c
= 14.645(4) Å, U = 7593(3) Å3, Z = 8, Dc = 1.78 g cm23, m(Mo-Ka) =
70.131 cm21, 9831 measured reflections, 7404 independent, R = 0.0580
(Rw = 0.0638) for 4071 data with I > 3s(I) and 451 variables. CCDC
182/761.
¶ 1H NMR for 2 (CD2Cl2, 22 °C): d 7.47 (d of d, J1 7.26, J2 1.32 Hz, 2 H,
C12H8), 7.46 (d of d, J1 7.26, J2 1.32 Hz, 2 H, C12H8), 7.06 (d of t, J1 7.26,
J2 1.32 Hz, 2 H, C12H8), 6.90 (d of t, J1 7.26, J2 1.32 Hz, 2 H, C12H8), 1.87
(s, 15 H, C5Me5). 13C NMR (CD2Cl2, 22 °C): d 169.3, 154.5, 141.1, 137.2,
125.8, 123.6, 120.3, 99.1, 8.8. IR (in thf): n(CO) 1996.9 cm21. Anal. Calc.
for C23H23IrO: C, 54.42; H, 4.57. Found. C, 54.24, H, 4.49%.
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Fig. 1 Extended structure of 1. Selected bond lengths (Å) angles (°) (A = 1.5
2 x, 0.5 + y, 1.5 2 z): Na(1)–O(1) 2.168(6), Na(1)–O(2) 2.371(6), Na(1)–
O(3) 2.391(7), Na(2)–O(1) 2.348(6), Na(2)–C(1) 2.644(7), Na(2)–C(2)
2.921(7), Na(2A)–O(1) 2.340(6), Na(2A)–C(1) 2.775(7), Na(2A)–C(13)
3.083(7), Na(2A)–O(2) 2.440(6), Na(2A)–O(3) 2.606(6), Na(1A)–C(8)
2.733(7), Na(1A)–C(9) 2.822(8), Na(1A)–C(10) 2.888(8), Na(1A)–C(11)
2.881(8), Na(1A)–C(12) 2.805(8), Na(1A)–C(13) 2.725(7), O(1)–C(1)
1.379(8); O(1)–Na(1)–O(2) 91.2(2), O(1)–Na(1)–O(3) 86.2(2),
O(2)–Na(1)–O(3) 84.5(3), Na(1)–O(1)–C(1) 164.1(5), Na(2)–O(1)–C(1)
86.3(4), Na(1)–O(1)–Na(2) 98.9(2), Na(1)–O(1)–Na(2A) 83.6(2), Na(2A)–
O(1)–C(1) 92.9(4), Na(2)–O(1)–Na(2A) 173.4(3), Na(1A)–C(13)–Na(2A)
72.2(2).

Fig. 2 ORTEP drawing of 2 (only one of the two independent molecules is
shown for clarity). Selected bond lengths (Å) and angles (°): Ir(1)–C(1)
2.07(2), Ir(1)–C(12) 2.05(2), Ir(1)–C(13) 2.25(3), Ir(1)–C(14) 2.27(3),
Ir(1)–C(15) 2.27(3), Ir(1)–C(16) 2.27(2), Ir(1)–C(17) 2.28(2), Ir(1)–C(23)
1.83(1), O(1)–C(23) 1.14(3); Ir(1)–C(23)–O(1) 179(2).
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Biosynthesis of phytyl side-chain of chlorophyll a: apparent reutilization of
carbon dioxide evolved during acetate assimilation in biosynthesis of
chloroplastidic isoprenoid

Kensuke Nabeta,*† Tatsuto Saitoh, Kadzuya Adachi and Kaori Komuro

Department of Bioresource Science, Obihiro University of Agriculture and Veterinary Medicine, Obihiro 080, Japan 

Equal incorporation of either acetyl methyl or carboxy
carbons into all carbon atoms of the phytyl side-chain of
chlorophyll via doubly labelled acetyl CoA, with complete
loss of methyl hydrogens, indicated that CO2 evolved from
the carboxy carbon during acetate assimilation through the
TCA cycle may be reutilized via the reductive pentose
phosphate cycle followed by the glycolic pathway, while
incorporation of [2-13C]glycerol and [6,6-2H2]glucose into
the phytyl chain demonstrated the simultaneous operation
of two distinct pathways, both the mevalonate pathway and
the 1-deoxy-D-xylulose mediating pathways (non-mevalo-
nate pathway) in isopentenyl diphosphate formation within
liverwort chloroplasts.

The labelling pattern of the phytyl side-chain of chlorophyll was
determined by incorporation studies using 2H- or 13C-labelled
acetates, glycerol and glucose into cultured cells of liverwort,
Heteroscyphus planus. The most unexpected feature of the
labelling pattern was that either acetyl methyl or carboxy
carbons were equally incorporated into all carbon atoms of the
phytyl side-chain via doubly labelled acetyl CoA with complete
loss of methyl hydrogens. The labelling pattern of the phytyl
side-chain incorporating [2-13C]glycerol and [6,6-2H2]glucose

together with 2H- and 13C-labelled mevalonate (MVA)1,2

revealed the simultaneous operation of two distinct pathways,
the classical acetate/MVA (mevalonate) pathway3 and the novel
1-deoxy-d-xylulose (non-mevalonate) pathway,4 in isopentenyl
diphosphate (IPP) formation within liverwort chloroplasts.

Cell cultures of Heteroscyphus planus were grown in MSK-4
medium5 (6–8 3 75 ml), and fed with sodium [1-13C]-, [2-13C]-,
[1,2-13C2]-, [2,2,2-2H3, 1-13C]- and [2,2,2-2H3, 2-13C]-acetate,
( > 99 atom%, 0.5 mmol), [2-13C]glycerol (60 atom%, 0.5 mmol
in 1 ml of 10% aq. EtOH) and [6,6-2H2]glucose (20 atom%,
11.1 mmol) under continuous light at 25 °C.6 Chlorophyll a was
isolated and hydrolyzed, and the isolated phytol was acetylated
by the procedure reported previously.

The 13C enrichment [sixteen 13C-enriched peaks with
doublets due to 13C–13C coupling (C-1–C-2, C-3–C-20, C-5–C-
6, C-7–C-19, C- 9–C-10, C-11–C-18, C-13–C-14 and C-15–C-
17) and four intense singlet peaks (C-4, C-8, C-12 and C-16) as
shown in Fig. 1 and Table 1] in the phytols incorporating
[1-13C]-, [2-13C]- and [1,2-13C2]-acetates was identical, indicat-
ing that the doubly 13C-labeled acetyl CoA was formed from
either two carboxy carbons of [1-13C]acetate or two methyl
carbons of [2-13C]acetate. Transposition of 13C label between
the C-4 and C-5 carbons in IPP was also observed. The average
intensity of the 13C–13C coupled peaks relative to the intense
center peak in phytol incorporating [1,2-13C2]acetate (observed

Fig. 1 Labelling patterns of the phytyl side-chain of chlorophyll a and
sesquiterpenes incorporating 13C labelled acetates, [2-13C]glycerol and
[6,6-2H2]glucose in cultured cells of H. planus

Table 1 13C enrichment of phytyl side-chain of chlorophyll a incorporating
13C-labelled acetates

Enrichment (atom% excess)

[1-13C]acetic [2-13C]acetic [1,2-13C]acetic
Carbon acid acid acida

C-1 1.87 1.18 0.34
C-2 1.61 0.83 0.69
C-3 1.47 0.77 0.44
C-4 3.14 1.94 1.31
C-5 1.94 1.10 0.53
C-6 1.64 1.67 0.67
C-7 2.94 2.15 1.32
C-8 2.77 2.37 0.85
C-9 1.87 1.58 0.67
C-10 1.74 1.45 0.20
C-11 1.80 1.50 0.66
C-12 2.40 1.84 0.41
C-13 1.89 1.39 0.77
C-14 2.91 2.83 1.09
C-15 2.93 2.45 1.45
C-16 3.18 3.30 1.80
C-17 2.41 2.52 1.03
C-18 2.45 2.96 1.32
C-19 3.12 2.96 1.36
C-20 1.49 1.14 0.59

Average 2.28 1.90 0.89

a J13C–13C/Hz: C-1–C-2, C-3–C-20, C-5–C-6, C-7–C-19, C-9–C-19,
C-11–C-18, C-13–C-14, C-15–C-17 have been previously reported. C-3–C-
4 = 34.2, C-7–C-8 = 34.2, C-11–C-12 = 35.4 and C-15–C-16 = 35.4.
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relative intensity: 0.185) was much lower (3 4.5) than that
estimated (0.82) on the basis of the natural abundance of 13C
(1.08%) and 13C enrichment (0.89 atom% excess) indicating
that reformed acetate, rather than intact acetate, was incorpo-
rated into MVA. The a-2H and b-2H isotopic peaks6 were not
observed in phytol incorporating [2,2,2-2H3, 2-13C]- and
[2,2,2-2H3, 1-13C]-acetates, respectively, indicating the com-
plete loss of 2H of the acetate during formation of
[1,2-13C2]acetate.

The pathway leading to two contiguously labelled acetate (or
three contiguously labelled propionate) molecules from
[2-13C]acetate, which was detected in a rare actinomycetes,
Actinomadura azurea,7 and cell cultures of the vascular plants
Zea mays8 and Morus alba9 was reasonably explained by the
participation of the tricarboxylic acid cycle (TCA cycle).
Formation of doubly labeled acetate from [1-13C]acetate,
however, has not yet been reported. The results of this as well as
earlier studies in which we examined the incorporation of
[2-13C]glycine into the phytyl moiety of chlorophyll a1,2

suggest that the 13C-labelled carbon dioxide evolved during
[1-13C]acetate assimilation through the TCA cycle is reutilized
via the reductive pentose phosphate cycle. Carbon-13 labelled
CO2 was incorporated into ribulose 1,5-bisphosphate at C-1 by
the mechanism shown in Fig. 2. The 13C label at C-1 in ribulose
1,5-bisphosphate was further translocated into the methylene
carbon (C-2) of glycine via the glycolic pathway. The doubly
labelled acetyl-CoA was formed from two C-2 carbons of the
endogenously formed [2-13C]glycine via the glycolic pathway.
There is indirect evidence that reassimilation of CO2 liberated
during acetate photoassimilation could be reutilized in glycolate
production in Chlorella10 other eukarytic algae and vascular
plants.11

Label was detected at C-2, C-3, C-6, C-7, C-10, C-11, C-14
and C-15 of the phytyl side-chain incorporating [2-13C]glyce-
rol, all of which showed J13C–13C

coupling (J2,3 = 73.2,
J6,7 = 34.8, J10,11 = 34.8 and J14,15 = 34.2 Hz). When
[6,6-2H2]glucose was added, the label was incorporated into
C-1 (dD 4.15) and C-20 (dD 1.66) together with three methylene
carbons (C-5, C-9 and C-13, dD 1.35–1.55, unresolved) and
three methyl carbons (C-17, C-18, C-19, dD 0.8–0.9, unresol-
ved). The labelling pattern indeed confirmed the operation of
the non-mevalonate pathway in biosynthesis of the phytyl side-
chain. We found that the phytyl side-chain was also formed
from MVA.1,2 Thus, it is suggested that biosynthesis of all
compounds derived from geranylgeranyl diphosphate within

liverwort chloroplasts proceeds via both the classical mevalo-
nate pathway1,2,12 and the novel non-mevalonate pathway. The
simultaneous operation of the mevalonate and the non-
mevalonate pathways has also been detected in microorganisms
without organelles.13The labelling pattern of b-barbatene, a
predominant sesquiterpene hydrocarbon in H. planus,14 incor-
porating labelled glycerol and glucose revealed that bio-
synthesis of the cytoplasmic terpenoids proceeds via the
mevalonate pathway but not via the non-mevalonate pathway.

We present here evidence that CO2 evolved from acetate
assimilation is reutilized to biosynthesize isoprenoids in
chloroplasts. The enzymes involved in the TCA cycle, the
reductive pentose cycle and the glycolic acid pathway are
separately localized in mitochondria, chloroplasts and peroxi-
somes, respectively. Thus reconstruction of acetate in chloro-
plasts requires consideration of the flux of CO2 and the
intermediates through the TCA cycle in mitochondria.

We are grateful to Dr H. Koshino (The Institute of Physical
and Chemical Research) for 2H NMR analyses and to Professors
H. Seto (Tokyo University) and K. Kakinuma (Tokyo Institute
of Technology) for a generous gift of [6,6-2H2]glucose. These
investigations were supported by the Suhara Memorial Founda-
tion and Grants-in-aid for Scientific Research (A. No. 08306021
and C. No. 08660125) from the Ministry of Education, Science
and Culture, Japan.
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Synthesis and X-ray crystal structure of a hexanuclear silver(i) complex with
non-chelating tri- and tetra-dentate bridging o-(diphenylphosphino)benzoate
ligands

Wai-Kwok Wong,*a† Lilu Zhanga and Wing-Tak Wongb

a Department of Chemistry, Hong Kong Baptist University, Kowloon, Hong Kong, P.R. China
b Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, P.R. China

Single crystal X-ray analysis of the hexanuclear silver(I)
complex Ag6[o-Ph2P(C6H4CO2)-O,P]6, synthesized by treat-
ment of Ag(CF3SO3) with N(CH2CH2NH2)3, 1,3-dicy-
clohexylcarbodiimide (DCC) and o-Ph2PC6H4(CO2H) in
1:1:3:3 molar ratio in ethanol, shows that the complex is
centrosymmetric and consists of three independent silver(I)
centres linking together via non-chelating tri- and tetra-
dentate bridging o-(diphenylphosphino)benzoate groups.

We have been interested in the preparation of diimino-,
diamino- and diamido-diphosphine ligands and demonstrated
that these ligands do indeed exhibit a very rich coordination
chemistry.1,2 Recently, we have extended our study to the
preparation of polydentate ligands containing three imino-
phosphino groups and show that the heptadentate ligand
{(o-Ph2PC6H4)CHNNCH2CH2}3N can be prepared via template
synthesis.3 Here we report the result of our attempt to extend the
template synthetic route for the preparation of the amidophos-
phino heptadentate ligand.

Treatment of Ag(CF3SO3) with N(CH2CH2NH2)3, 1,3-dicy-
clohexylcarbodiimide (DCC) and o-Ph2PC6H4CO2H in
1 : 1 : 3 : 3 molar ratio in refluxing ethanol affords, after work up,
white crystals of stoichiometry [Ag(o-Ph2PC6H4CO2)]6 1‡ in
10% yield. However, compound 1 could not be isolated from
the reaction of Ag(CF3SO3) with o-Ph2PC6H4CO2H and
4-dimethylamino-pyridine (DMAP) in 1 : 1 : 1 molar ratio in the
absence of DCC. The structure of 1 was established by X-ray
crystallography. Crystals of 1.2C4H8O.C6H14 suitable for X-ray
diffraction study§ were grown by slow diffusion of hexane into
a tetrahydrofuran solution of 1. The molecular structure of 1
[Fig. 1(a)] shows that the hexameric system is embedded within
an outer shell of aromatic rings formed by the phenyl rings of
the phosphine and benzoate. The molecule is a centrosymmetric
hexanuclear silver(i) complex with three independent Ag atoms
linking together via the o-(diphenylphosphino)benzoate groups
forming a Ag6[o-Ph2P(C6H4CO2)-O,P]6 cluster as shown in
Fig. 2. The three independent Ag atoms in the asymmetric unit
are four-coordinate and their coordination geometries can be
described as highly distorted tetrahedra. The coordination
environment of Ag(2) and Ag(3) are very similar. Both silver(i)
centres are surrounded by two O atoms and one P atom from
three different o-(diphenylphosphino)benzoate ligands and
have a very long metal–metal distance [Ag(2)–Ag(3) 3.244(2)
Å which is significantly shorter than the other two inter-silver
distances; Ag(1)···Ag(2) 3.805, Ag(1)···Ag(3) 3.756 Å] between
each other. The Ag(2)···Ag(3) distance is much longer than that
(2.89 Å) found in metallic silver and is comparable to the long
Ag–Ag distance [3.090(4) Å] in [Ag6L2(HL)2(H2O)4]
(L = pyridine-2,3-dicarboxylate),4 [3.194(2) Å] in [Ag(h2-
O2CMe)(m-dppm)]2 (dppm = Ph2PCH2PPh2),5 and the inter-
chain Ag–Ag distances [3.269(2) and 3.346(2) Å] in [Ag2LA2-
(H2O)]n[ClO4]2n (LA = trimethylammoniopropionate)6 indicat-
ing a very weak metal–metal interaction. Ag(2) is approx-
imately coplanar with O(1), O(6*) and P(2) [Ag(2)–O(1)
2.185(7), Ag(2)–O(6*) 2.411(8), Ag(2)–P(2) 2.376(4) Å] with a

Fig. 1 (a) Overall molecular geometry of compound 1. For clarity, the
hydrogen atoms are omitted. (b) A perspective drawing of 1 with the phenyl
rings of the PPh2 groups each represented by a circle with broken outline.
Selected bond lengths (Å) and angles(°): Ag(2)–Ag(3) 3.244(2), Ag(1)–
P(1*) 2.381(4), Ag(2)–P(2) 2.376(4), Ag(3)–P(3) 2.378(4), Ag(1)–O(4)
2.598(9), Ag(1)–O(5) 2.261(9), Ag(1*)–O(6) 2.394(9), Ag(2)–O(1)
2.185(9), Ag(2*)–O(6) 2.411(9), Ag(3)–O(2) 2.619(9), Ag(3)–O(3)
2.176(9), P(1*)–Ag(1)–O(4) 108.8(2), P(1*)–Ag(1)–O(5) 129.5(2),
P(1*)–Ag(1)–O(6*) 130.5(2), O(4)–Ag(1)–O(5) 100.4(3), O(4)–Ag(1)–
O(6*) 87.9(3), O(5)–Ag(1)–O(6*) 89.9(3), O(1)–Ag(2)–O(6*) 98.6(3),
P(2)–Ag(2)–O(6*) 108.0(2), Ag(3)–Ag(2)–P(2) 106.0(1), P(2)–Ag(2)–
O(1) 152.8(2), O(2)–Ag(3)–P(3) 93.1(2), O(2)–Ag(3)–O(3) 105.4(3),
O(3)–Ag(3)–P(3) 161.2(3), Ag(2)–Ag(3)–P(3), 134.6(1). 
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deviation of 0.108 Å and equatorial bond angles [O(1)–Ag(2)–
O(6*) 98.6(3), P(2)–Ag(2)–O(6*) 108.0(2), and P(2)–Ag(2)–
O(1) 152.8(2)°] summing to ca. 360°. Ag(3) is ca. 0.250 Å
above the least-squares plane formed by O(2), O(3) and P(3)
[Ag(3)–O(2) 2.619(9), Ag(3)–O(3) 2.176(9), Ag(3)–P(3)
2.378(4) Å] with equatorial bond angles [O(2)–Ag(3)–P(3)
93.1(2), O(2)–Ag(3)–O(3) 105.4(3), O(3)–Ag(3)–P(3)
161.2(3)°] summing to ca. 360°. However, if one considers the
long Ag–O [Ag(2)–O(6*) 2.411(8), Ag(3)–O(2) 2.619(9)] and
Ag(2)–Ag(3) distances as insignificant and non-interacting,
with the large P(2)–Ag(2)–O(1) [152.8(2)°] and P(3)–Ag(3)–
O(3) [161.2(3)°] angles, Ag(2) and Ag(3) may be described as
two-coordinate. Ag(1) is surrounded by three carboxylato-O
atoms and a P atom from four different
o-(diphenylphosphino)benzoate ligands [Ag(1)–O(4) 2.598(9),
Ag(1)–O(5) 2.261(9), Ag(1)–O(6*) 2.394(9), Ag(1)–P(1*)
2.381(4) Å]. The coordination geometry of Ag(1) is highly
distorted from tetrahedral with the Ag atom lying only 0.418 Å
above the least-squares plane of O(5), O(6*) and P(1*) and the
bond angles ranging from 89.9(3) to 130.5(2)°. The Ag–P
distances are normal and comparable to the Ag–P distances
[2.363(4), 2.390(4) Å] in [Ag2(m-O2CMe-O,OA)(m-O2CMe-
O)(dppm)]2

5 and [2.342(4)–2.378(5) Å] in [(C12H6O4)2(Ph3-
PAg)4] (C12H6O4 = 1,8-naphthalenedicarboxylate).7

Of the three independent carboxylate groups, two behave as
bidentate and one as tridentate ligands. The coordination modes
of the two bidentate carboxylate ligands are very similar. Both
of them coordinate unsymmetrically to two different silver
atoms with a short and a long Ag–O bond in a syn–syn bridging
mode. For the carboxylato group C(2)C(1)O(1)O(2), the Ag(2)–
O(1) distance [2.185(9) Å] is significantly shorter than that of
Ag(3)–O(2) [2.619(9) Å] with comparable C–O distances
[C(1)–O(2) 1.24(1), C(1)–O(1) 1.28(1) Å]. Similarly, for the
carboxylato group C(21)C(20)O(3)O(4), the Ag(3)–O(3) dis-
tance [2.176(9) Å] is significantly shorter than that of Ag(1)–
O(4) [2.598(9) Å] with similar C–O distances [C(20)–O(3)
1.26(1), C(20)–O(4) 1.24(1) Å]. The carboxylato group
C(40)C(39)O(5)O(6) coordinates to three different Ag atoms
with Ag–O [Ag(1)–O(5) 2.261(9), Ag(2*)–O(6) 2.411(9),
Ag(1*)–O(6) 2.394(9) Å] and C–O [C(39)–O(5) 1.22(1),
C(39)–O(6) 1.27(1) Å] distances comparable to those observed
in [Ag2(m-O2CMe-O,OA)(m-O2CMe-O)(dppm)]2 [Ag–O,
2.232(11)–2.485(10), C–O 1.238(21)–1.278(19) Å],5 resulting
a tridentate carboxylato-m-O,OA;m-O,O mode.

Unlike previous reported o-(diphenylphosphino)benzoate
metal complexes in which the ligand behaves as a bidentate
chelating ligand,8,9 the o-(diphenylphosphino)benzoate-O,P
ligands in 1 do not exhibit chelation with any Ag atom, neither
do the carboxylato-O,OA groups, instead, both groups connect
with different Ag atoms at different coordinating sites.

Thanks are due to the Hong Kong Baptist University, the
University of Hong Kong and the Hong Kong Research Grants
Council (HKBU 131/94P) for financial support.
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† E-mail: wkwong@sci.hkbu.edu.hk
‡ [Ag(o-Ph2PC6H4CO2)]6

.2C4H8O.C6H14 (1.2C4H8O.C6H14): white crys-
tals, mp > 300 °C. Found: C, 56.6; H, 4.3. Calc. for C128H114P6O14Ag6: C,
56.7; H, 4.2%. IR (cm21, in KBr): 3058w, 2976w, 2932w, 2854w, 2128w,
1597vs, 1577vs, 1556vs, 1481m, 1360vs, 1287m, 1260m, 1097m, 1061m,
1028w, 841m, 757vs, 696vs, 535m, 510m. 31P{1H} NMR (CDCl3): d 10.6
(br) and 15.0 (br). 1H NMR (CDCl3): d 7.25–7.69 (br, m).
§ Crystal data: 1.2C4H8O.C6H14: C114H84P6O12Ag6

.2C4H8O.C6H14,
Mw = 2709.35, triclinic, space group P1̄ (no. 2), a = 14.973(2),
b = 15.635(3), c = 14.740(3) Å, a = 116.77(1)°, b = 107.71(1)°,
g = 71.87(1)°, U = 2872(1) Å3, Z = 1, F(000) = 1366, Dc = 1.566 g
cm23, m = 11.46 cm21. Crystal dimensions: 0.10 3 0.20 3 0.27 mm.
Intensity data were collected on a Rigaku AFC7R diffractometer with
graphite monochromated Mo-Ka radiation (l = 0.710 73 Å) using w–2q
scans (2qmax @ 45°) at room temperature. The data were corrected for
Lorentz, polarization effects and absorption correction using y-scan method
resulting in transmission factors ranging from 0.8482 to 1.0000. A total of
7503 (Rint = 0.066) unique reflections were measured; 3183 of these had I
! 3s(I) and were considered to be observed. The structure was solved by
direct methods (SIR92)10 and refined by full matrix least-squares analysis to
give R = 0.047, wR = 0.047. Silver and phosphorus atoms were refined
anisotropically and the rest of the non-hydrogen atoms were refined
isotropically. Hydrogen atoms were generated in their idealized positions
(C–H bond fixed at 0.95 Å) and allowed to ride on their respective parent
carbon atoms. These hydrogen atoms were assigned appropriate isotropic
thermal parameters and included in the structure factor calculations but not
in the refinement. All calculations were performed on a Silicon-Graphics
computer using program package Texsan from MSC.11 CCDC 182/774.
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Fig. 2 Ag6[o-Ph2P(C6H4CO2)-O,P]6 cluster
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Electrochemical dehydrodimerisation of a vinylenylamide ligand: formation of
the binuclear group {Mo·N+CHNCHCHNCHCHNCHN+·Mo} which displays
very strong electronic coupling in the {(MoIII)–(MoIV)} mixed-valence state

Yatimah Alias,a Marie-Laurence Abasq,a,b Frédéric Barrière,a,b Sian C. Davies,a Shirley A. Fairhurst,a David
L. Hughes,a Saad K. Ibrahim,a Jean Talarminb and Christopher J. Pickett*a†
a The Nitrogen Fixation Laboratory, John Innes Centre, Norwich Research Park, Colney, Norwich, UK NR4 7UH
b UMR CNRS 6521, Faculté des Sciences, Université de Bretagne Occidentale, BP 809, 29285 Brest, France

Electrochemical dehydrodimerisation of an {Mo–
NNCHCHNCH2} group gives an all-trans-
{·N+CHNCHCHNCHCHNCHN+·} ligand, bridging two
MoIV centres; the {(MoIII)–bridge–(MoIV)} mixed-valence
state is accessible by electrochemical reduction and exhibits
very strong electronic coupling over the 11.7 Å which
separates the two metal centres; this accords with EHMO
calculations which show that the SOMO has substantial
(30%) bridging-ligand character; in its capacity to function
as a molecular wire linking two metal centres, the eight-atom
hexatriene di(imide) chain {N(CH)6N} compares favourably
with C8 chains of acetylenic carbons bridging other metal
centres.

An extensive and diverse chemistry of enylamide ligands
(–NNCR2; R = H or organic group) is developing, particularly
at molybdenum(ii) centres.1 For example, recently it has been
shown that incipient carbanionic character at the g-carbon atom
within the {Mo–NNCHCHNCH2} group allows regio- and
stereo-specific addition of carbon electrophiles.2 We now report
a new reaction of this vinylenylamide group: anodic dehy-
drodimerisation to give the hitherto unknown
{·N+CHNCHCHNCHCHNCHN+·} bridging ligand.

Controlled potential oxidation of trans-[MoCl(NNCHCHN
CH2)(dppe)2] 1 {dppe = Ph2PCH2CH2PPh2; vitreous carbon;
20.55 V vs. ferrocenium–ferrocene (Fc+–Fc); 0.2 m [NBu4]-
[BF4] in tetrahydrofuran(thf)–KOBut (2 equiv.)} gives
all-trans-[Cl(dppe)2Mo·NCHNCHCHNCHCHNCHN·MoCl-
(dppe)2]2+ 22+ in an overall two-electron process, Scheme 1.

Cation 22+ is formed in ca. 70% yield and was isolated from
the anolyte as the tetrafluoroborate salt. Recrystallisation from
CH2Cl2–EtO2 gave 2[BF4]2·solvent as dark-orange plates and
the structure was determined by X-ray crystallography.‡ This

established that the alternate-hydrocarbon bridge has the all-
trans arrangement as shown in Fig. 1. The trans-Cl–Mo–N
arrangement at each Mo atom, and the dimensions about the
metal atoms, are similar to those found in the molybdenum(iv)
methylimide cation trans-[MoCl(NMe)(dppe)2]+ 3+.3

The bridging ligand, which places the two Mo atoms 11.7 Å
apart, is unique in that a polyene unit is linked to the metal
centres by multiply bonding imide groups. The electronic
consequences of this arrangement are considerable. EHMO
calcualtions4 indicate that the LUMO of 22+ has both metal
(30%, 30%) and bridging-ligand p*-character (30%).§ Popu-
lating this delocalised orbital by one-electron reduction leads to
strong electronic coupling between the metal centres in the
mixed-valence ion 2+ (Robin and Day, Class III behaviour5) as
is borne out by the following experimental evidence.

Cyclic voltammetry {vitreous carbon; 0.2 m [NBu4][BF4]–
CH2Cl2} shows that 22+ undergoes two successive reversible
one-electron reductions with DE° = 320 mV (Kcom = 2.6 3
105) which is indicative of Class II or Class III behaviour,
Fig. 2.

Controlled potential electrolysis {vitreous carbon; 21.35 V
vs. Fc+–Fc; 0.2 m [NBu4][BF4]–CH2Cl2} cleanly generates 2+

as a stable, paramagnetic solution species (S = 1/2; g4 = 1.998,
g∑ = 1.960; frozen glass, 77 K). The electronic spectrum of
electrogenerated 2+ shows an intense symmetric intervalence
charge-transfer (IT) band in the near-IR at 12 820 cm21 which
is absent in 22+.

The IT band-width at half-peak intensity (Dn1/2) can be
calculated for Class II systems from nmax using the Hush
equation.6 This gives Dn1/2 (calc.) = 5442 cm21 whereas Dn1/2
(exptl.) = 702 cm21: IT bands which are considerably sharper
than predicted typify Class III character. The intensity of IT
bands in Class II complexes are weak with emax typically in the
order of 102 dm3 mol21 cm21; in addition nmax is solvent
dependent. In contrast, Class III complexes display intense
solvent-independent IT bands. 2+ has emax = 9.5 3 104

Scheme 1

Fig. 1 View of cation [{MoCl(dppe)2}2{m-N(CHNCH–)3N}]2+; the two
halves are related by a centre of symmetry. Selected molecular dimensions:
Mo–Cl 2.521(4), Mo–N 1.752(11), mean Mo–P 2.551(7) Å; Mo–N–C
178.0(10)°.
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dm3 mol21 cm21 and nmax is solvent independent, again
consistent with Class III assignment.

The crystallographic distance between the metal centres, nmax
and Dn1/2 can be used to estimate the degree of delocalisation
(a2) in the ground state of a mixed-valence system.6 For 2+, a2

is 0.25 which compares favourably with a2 = 0.26 for the Class
III system [(h5-C5Me5)(dppe)Fe–C·CC·CC·CC·C–Fe(h5-
C5Me5)(dppe)]+; this cation also has eight atoms separating the
metal centres which are described as functioning as a ‘molec-
ular wire’.7

We thank the University of Malaya for providing a
scholarship (to Y. A.); the Ministère de l’Enseignement
Supérieur et de la Recherche for providing scholarships (to
M. L. A. and F. B.); and the BBSRC for support of this work.

Notes and References

† Pickett@bbsrc.ac.uk
‡ Crystal structure analysis of [{MoCl(dppe)2}2{m-N(CHNCH–)3N}]-
[BF4]2·nCH2Cl2·mEt2O.
Crystal data: C110H102B2Cl2F8Mo2N2P8·CH2Cl2·C4H10O, assuming n and
m are each 1.0, M = 2295.3, triclinic, space group B1̄ (equiv. to no. 2),
a = 12.533(1), b = 14.733(2), c = 30.206(3) Å, a = 83.818(8),
b = 94.801(8), g = 83.150(8)°, U = 5479.0(9) Å3. Z = 2, Dc = 1.391
g cm23, F(000) = 2360, T = 293 K, m(Mo-Ka) = 5.1 cm21, l(Mo-
Ka) = 0.71069 Å.

Air-sensitive, thin, deep orange plate crystals. Preliminary photographic
examination, then Enraf-Nonius CAD4 diffractometer (with monochro-
mated radiation) for accurate cell parameters (25 reflections, q = 10–11°)
and diffraction intensities (5094 unique intensities (5094 unique reflections
to qmax = 20°; 2643 ‘observed’ with I > 2sl).

Corrections applied for Lorentz-polarisation effects, crystal deterioration
(ca. 14.3% overall), absorption (by semi-empirical y-scan methods) and to
eliminate negative net intensities (by Bayesian statistical methods).
Structure determined by automated Patterson routines; refinement by full-
matrix least-squares methods, on F2 values, in SHELXL.8 In the cation,
non-hydrogen atoms refined anisotropically, hydrogen atoms included with
all parameters riding. Anion and solvent regions show disorder and not fully
resolved. At conclusion of refinement, wR2 = 0.182 and R1 = 0.1018 for
3881 reflections (with I > sl) weighted w = [s2(Fo

2) + (0.0964P)2]21 with
P = (Fo

2 + 2Fc
2)/3; for the ‘observed’ data, Rl = 0.068. In the final

difference map, the highest peaks (ca. 0.67 e Å23) were close to the Mo
centres. CCDC 182/766.
§ EHMO calculations4 reveal that in 22+ a degenerate pair of occupied
orbitals constitute two metal-based HOMOs each with 93% Mo character.
Consistent with this, cyclic voltammetry (vitreous carbon; 0.2 m
[NBu4][BF4]–CH2Cl2) shows that 22+ undergoes two successive and closely
spaced (DE° = 100 mV) reversible one-electron oxidations indicative of a
valence-trapped {MoV(bridge)MoIV} system.
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Fig. 2 Cyclic voltammogram at 293 K of 22+ at vitreous carbon electrode in
0.2 m [NBu4][BF4]–CH2Cl2 at a scan rate of 30 mV s21 showing two
successive reversible one-electron reductions. Electrode area = 0.0707
cm2; concentration of complex = 0.26 mm.
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Selective electrochemical magnesium and calcium sensors based on
non-macrocyclic nitrogen-containing ferrocene ligands

Antony Chesney, Martin R. Bryce,* Andrei S. Batsanov, Judith A. K. Howard and Leonid M. Goldenberg

Department of Chemistry, University of Durham, South Road, Durham, UK DH1 3LE

Ferrocene derivatives 1, 2a, 2b and 5 act as electrochemical
sensors of Mg2+ and Ca2+ ions in acetonitrile solution in
concentrations as low as 10 mol%: a new redox peak appears
in the cyclic voltammogram, anodically shifted by 160–360
mV, with no interference from a large excess of several other
metal salts; the single crystal X-ray structure of ligand 5 is
reported.

The study of redox-active ligands in which a change in
electrochemical behaviour can be used to monitor complexation
of guest species is an increasingly important area of molecular
recognition.1 Ferrocene derivatives, most of which are substi-
tuted with macrocyclic ligands, have proved successful as ion
sensors.2 However, no selectivity towards magnesium or
calcium ions has been reported for these systems: representative
derivatives3,4 show strong affinities for group 1 metals in
solution (typically Li, Na or K) and selectivity for Li+ has been
observed for systems which are insensitive to Na+ or K+.5 The
electrochemical sensing of Mg2+ has been demonstrated in
molten alloys6 and in ferret ventricular muscle tissue,7 and both
fluorescent8 and fibre-optical9 devices have proved useful.
However, no solution studies on efficient redox-active Mg2+ or
Ca2+ sensors have been reported.

We now report the metal-binding properties of nitrogen-
containing, non-macrocyclic derivatives of ferrocene. Commer-
cially available (dimethylamino)methylferrocene 1 was em-
ployed initially. Titration studies using cyclic voltammetry
(CV)† in acetonitrile indicated that compound 1 could detect the
presence of Mg2+ and Ca2+ ions in concentrations as low as 10
mol%: on addition of Mg(ClO4)2 or Mg(CF3SO3)2 a second
redox peak appeared in the CV, anodically shifted by ca. 230
mV. The observation of approximately equal peak currents for
the two redox waves after addition of 0.2 equiv. of Mg(ClO4)2
(Fig. 1) or Mg(CF3SO3)2 suggests the formation of a complex

with a ligand : metal ratio of ca. 2 : 1. Addition of Ca(ClO4)2,
instead of Mg(ClO4)2, led to an anodic drift in the redox wave
with no clearly defined new peak. Remarkably, the presence of
a range of other metal ions in solution [LiClO4, NaClO4,
KClO4, CsClO4, Ba(ClO4)2 and AgClO4] had no effect on the
CV, even in concentrations as high as 2500 mol%.‡

We next studied the known oxazolines 2a and 2b.10 The
oxygen atom of 2a and 2b could act as an alternative chelation
site, and 2b also possesses a potentially sterically demanding
isopropyl group a to the nitrogen. Additionally, to assess the
importance of the proximity of the binding site to the ferrocene
core on the selectivity and strength of binding, the extended
oxazoline ligand 5 was prepared from aldehyde 3 according to
Scheme 1, utilising reagent 4, prepared by analogy with the
literature procedure.11 X-Ray crystal structure analysis§ of 5
confirmed the expected trans configuration of the alkene bridge
(in agreement with 1H NMR data) and the (S)-configuration of
the chiral centre at C(4) (Fig. 2).

Ligands 2a, 2b and 5 all demonstrated a selectivity towards
Mg2+ and Ca2+ over other metal ions, similar to that observed
for amine 1 and Mg2+ with a second redox peak emerging in the
CV arising from ligand–metal complexation. This ‘two-wave’
behaviour is diagnostic of a large value ( > 104) for the
equilibrium constant for cation binding by the neutral (electro-
chemically unaltered) ligand.12 Data comparing the redox
behaviour of these systems in the presence of Mg2+ and Ca2+

ions are collated in Table 1. These ligands showed a significant
binding enhancement12 in the presence of Mg2+ and Ca2+ ions‡
and these data are quantitatively similar to those reported by
Beer for the interaction of cations (Na+, Li+) with a macrocycle,

Fig. 1 Cyclic voltammogram of 1 in MeCN (———) and after the addition
of Mg(ClO4)2 (0.2 equiv.) (- - - -)

Scheme 1

Fig. 2 X-Ray molecular structure of 5
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monitored by changes in the cathodic electrochemistry of an
appended anthraquinone substituent, although such systems do
not often exhibit significant selectivity in the presence of other
metals.2a Notably, compounds 1 and 2a showed an identical
affinity for Mg2+, whereas only 2a showed a strong affinity for
Ca2+. The presence of the isopropyl group in 2b slightly
increased the strength of binding of both Mg2+ and Ca2+ still
further, presumably for electronic rather than steric reasons,
whilst the amount of Mg2+ required to achieve a response was
increased by a factor of 10 over that observed for 2a:
recognition of Ca2+, however, suffered no such problem. For
compound 5, there was a considerably reduced anodic shift in
the new redox peak and a lowering of the binding enhancement.
The observed shift (160–190 mV) is consistent with the
transmission of cation binding through a conjugated alkene link,
with no contribution from a through-space effect.3 System 5
required a considerably higher concentration of Mg2+ (15
equiv.) than the other ligands before the original ferrocene
redox peak was lost.

Cation binding by systems 2a, 2b and 5 was also detected by
changes in the UV–VIS spectra: on addition of Mg2+ or Ca2+ a
new absorption peak appeared at lower energy. This was most
striking for compound 5 which possesses an extended chromo-
phore. Upon addition of Mg(ClO4)2 (1 equiv.) to a solution of
compound 5 (1023 m) in acetonitrile, the solution changed from
pale yellow to purple, and the absorption peak of 5 at lmax 449
nm entirely disappeared and was replaced by a new peak at lmax
528 nm. For compounds 2a and 2b the colour change was less
striking. For example, the absorption peak of 2b at lmax 446 nm
in acetonitrile shifts to lmax 472 nm on addition of MgClO4 (1
equiv.): addition of more Mg(ClO4)2 gives no significant
change in the spectra. A UV titration experiment suggested the
formation of a complex of stoichiometry ligand : cation = 2 : 1.
We presume that the electrochemical and spectrophotometric
response observed for systems 2a, 2b and 5 arises from Mg2+ or
Ca2+ coordination to the nitrogen atom of the substituent. The
ligands can be recovered unchanged in ca. 60% yield from
solutions containing the metal salts by aqueous workup.

We have discounted the fact that the electrochemical and
spectrophotometric response is due to adventitious protonation
or hydration of the ligands. The CV and UV–VIS spectra of
ligands 2a and 2b in MeCN were unchanged by the addition of
water to the solution. Protonation of the ligands (achieved by
the addition of perchloric acid to the solution) was monitored by
the appearance of a new redox wave at E1

2 +680 mV (compound
2a) and +980 mV (compound 2b) which are decisively different
potentials from those assigned to the metal complexes (Table 1).

Moreover, 1H NMR spectroscopic data supported these con-
clusions.¶

Oxazoline derivatives 2b and 5 are chiral which may enable
chiral recognition of magnesium-containing species, and may
also offer a method for electrochemically modifying asym-
metric reactions in which magnesium coordination plays a
pivotal rôle.13

This work was funded by EPSRC (A. C.), Royal Society
(L. M. G.) and the Leverhulme Trust (A. S. B.). We thank Dr
C. J. Richards for details of the synthesis of 2a and 2b prior to
publication of ref. 10(c).

Notes and References

* E-mail: m.r.bryce@durham.ac.uk
† Experiments used the ligand (1023 m) and NBun

4ClO4 (0.1 m) in HPLC
grade MeCN, vs. Ag/AgCl with a platinum working electrode. Sequential
additions of aliquots of 0.1 or 0.5 equiv. of 1022 m solutions of the
appropriate metal salt in MeCN were monitored by CV.
‡ In the presence of 1–4 equiv. of Zn2+ [Zn(ClO4)2 or ZnCl2] an anodic drift
(maximum 60 mV) in the redox potential for compounds 1, 2 and 5 was
observed. Addition of traces of Mg2+ ions to these mixtures resulted in the
immediate appearance of the second redox peak listed in Table 1.
§ Crystal data: C18H21FeNO, M = 323.21, orthorhombic, space group
P212121 (no. 19), a = 5.8828(4), b = 10.948(1), c = 24.274(2) Å,
U = 1563.4(3) Å3, Z = 4, T = 150 K, m = 9.6 cm21, 2q@ 55.8°, 8017 total
data, 2840 unique, 2569 observed [I ! 2s(I)]; Rint = 0.052 before, 0.038
after numerical absorption correction (seven faces, Tmin = 0.81,
Tmax = 0.93); wR(F2) = 0.061; R(F, obs. data) = 0.028; residual
Drmax = 0.18, Drmin = 20.25 e Å23; absolute configuration was
determined by Flack parameter, x = 20.01(2). CCDC 182/757.
¶ The data for ligand 2b are representative; the most diagnostic protons are
those at the chiral centre (Ha), the methylene group adjacent to oxygen (Hb)
and the unsubtituted Cp ring (Hc). For the free ligand in CD3CN these
protons appear at d 3.97, 4.08 and 4.24, respectively. Addition of KClO4 to
this solution led to no change in the spectrum, whereas on addition of
Mg(ClO4)2 (2 equiv.) the peaks shifted to d 4.38, 4.81 and 4.46. 1H NMR
titration curves, monitoring the shifts of Ha, Hb and Hc upon addition of
Mg(ClO4)2 support the UV–VIS and CV data in suggesting a stoichiometry
of 2 : 1. The spectrum in the presence of Mg2+ was different from that of
protonated 2b.
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Table 1 Cyclic voltammetric data

min. max.
Ligand/ E1

2free/ E1
2complex/ DE/ equiv. equiv.

M mV mV mV M2+ a M2+ b K1/K2
c

1/Ca 490 —d 0.1 0.5
1/Mg 490 720 230 0.1 3 3.8 3 105

2a/Ca 670 980 310 0.1 1 1.7 3 105

2a/Mg 670 1000 330 0.1 3 3.8 3 105

2b/Ca 680 1040 360 0.1 3 1.2 3 106

2b/Mg 680 1040 360 1 5 1.2 3 106

5/Ca 650 810 160 0.1 3 5.0 3 103

5/Mg 650 840 190 1 15 1.6 3 103

a Minimum equiv. of metal ClO4
2 salt required to produce a detectable

second redox peak. b Equiv. of metal salt required for complete
disappearance of original ligand redox peak (E free). c Binding enhance-
ment for the complexation of a metal cation calculated using the equation in
12(b). The equilibrium constants K1 and K2 correspond to the complexation
processes by the neutral and oxidised forms of the ligand. d A second redox
peak was not observed; instead, an anodic drift occurred upon addition of
Ca2+ which ceased when ca. 0.5 equiv. had been added. This behaviour is
diagnostic of weak binding of the metal and the neutral ligand12 and
prevented the calculation of a binding enhancement.
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2,2A-Dimethylbiphenyl-6,6A-dicarboxylic acid enforces two attached valine
molecules to form up a chiral host lattice

Claus Weiganda Martin Feigel*a† and Claudia Landgrafeb

a Institut für Organische Chemie and b Institut für Analytische Chemie, Ruhr-Universität Bochum, Universitätsstr. 150, D-44780
Bochum, Germany

Crystals of (R)-valyl 2,2A-dimethylbiphenyl-6,6A-dicar-
boxylate 3 and (S)-valyl 2,2A-dimethylbiphenyl-6,6A-dicar-
boxylate 4 are stabilised by a network of inter- and intra-
molecular hydrogen bonds; together with the space
requirement of the biphenyl core, structures result which
contain cavities filled by THF (3) or EtOH molecules
engaged in hydrogen bridging (4).

The regular structural motifs of proteins, b-strands and
a-helices have been imitated using artificial amino acids.
b-Sheets, b-turns or unusual helices have been targets of recent
research.1 Other examples are cyclic peptides of alternating
chirality which aggregate to dimers in the form of antiparallel or
parallel b-sheets.2 We used an organic dicarboxylic acid as
spacer to provide the optimal geometry for a parallel b-sheet.3
However, the active centers of natural peptide oligomers as the
enzymes or catalytic antibodies4 are often located in regions of
irregular peptide conformations. While it may be very difficult
to design such active centers from scratch it is promising to
study organic spacer units which hold attached peptide chains in
divergent directions so that regular sheets or helices cannot be
formed by self-association. Here, we report the synthesis and
the solid state structure of two small peptides where biphenyldi-
carboxylic acid 2 is used as nucleation point of an irregular
peptide structure.

Methyl 2-iodo-3-methylbenzoate 1 was prepared from
m-toluic acid.5 The biaryl coupling forming the dimethyl ester
of 2 was achieved in high yields using a specially activated
copper catalyst (Scheme 1). (S)-2 was isolated from the brucine
salt of the carboxylic acid. The peptide coupling of (S)-2 with 2
equiv. of (R) or (S)-valine methyl ester yields 3 and 4 (after
hydrolysis of the valine ester groups) in almost quantitative
yield. Diethyl cyanophosphonate was used for the sterically
demanding peptide coupling.6

Crystals of 3 and 4 were grown from THF–EtOH and from
EtOH. They contain THF and EtOH guest molecules. The X-ray
determined solid state structures‡ of 3 and 4 shows that the
attachment of four substituents in the o,oA-positions of the
biphenyl core results in a divergence of the two peptide chains
by almost 90° (Fig. 1).

The unit cell of 4 contains two different molecules with
slightly different orientation of the valine side-chains. The
dihedral angles f in the peptide chains A and B of 3 and 4 [A(3):
f = 112.2°, B(3): f = 121.7°, A(4)/AA(4): f = 267.3/293.4°,

B(4)/BA(4): f = 2116.8/2137.4°] belong to regions of the
Ramachandran diagram were extended and helical peptide
structures have been located6 (note the change in sign with the
chirality of the amino acid). The biphenyl core obviously does
not enforce energetically disfavoured geometries in attached
peptides. 

In both structures, an intramolecular hydrogen bond is
formed between the Val-NH proton of one peptide chain (A)
and the biphenylic-carbonyl oxygen of the other chain B. The
chains A and B are however identical in the NMR spectra of 3
and 4 in DMSO at 30 °C. Even low temperature spectra of the
corresponding dimethyl esters in CDCl3 (240 °C) contain only
one set of signals for both peptide chains. So it can be assumed

Scheme 1 Reagents and conditions: (a) 1 (10 g), dendritic copper (Aldrich, 3 m, 6 g), DMF (20 ml), 150 °C; distill. 92%: (b) KOH, EtOH, H2O (60 °C) then
HCl, quant.: (c) acetone, MeOH, brucine, 40% (S)-2, see ref. 5: (d) d (or l)-valine methyl ester, diethyl cyanophosphonate, triethylamine, DMF,
90–92%

Fig. 1 ORTEP plot of the molecules 3 and 4 in the solid state. Both
compounds develop the same intramolecular hydrogen bond, but the
orientation of the valine side-chains is different.

Chem. Commun., 1998 679



MeMe

N

O

H

O
O

H

N
O

O H

H
O

O

H
O

O

MeMe

N
H

O
O

H

N
O

O H

H
O

O

H
O

O

MeMe

N
H

N
O

O H

H

O

O

MeMe

N
H

N
O

O H

H

O

MeMe

N

O

H

O

N
O

O H

H
O

O

H
O

O

MeMe

N
H

O

N
O

O H

H
O

O

H
O

O

MeMe

N
H

N
O

O H

H
O

O

O

MeMe

N
H

N
O

O H

H
O

O

O

H

H
O

O

H

O
H

H
O

O

H

H

H

A

B

A

A

A

A

A

B A

B

B

B

A

B

A

A

A

B A′

B′

B′

A′
B′

B
B′

B′

A

3

4

B

B
B

A

that the chains A and B interconvert rapidly on the NMR
timescale if the solid state conformation persists in solution.

The crystal lattice of 3 encapsulates THF molecules at two
different positions. The THF guests are surrounded by a
lipophilic environment of aromatic CH groups and CH3 groups

of valine and of the biphenyl unit (Fig. 2) One of the THF
molecules is disordered (site occupation factor = 0.5) and fills
only every second position available. 

Whereas the conformations of the peptide chains differ in 3
and 4 (see above and Fig. 1), both molecules have an almost
identical network of intermolecular hydrogen bonds (see Fig.
3). The carboxylic groups do not form carboxylic acid dimers
but are engaged in hydrogen bonding to the amide groups. The
carboxylic OH group of chain B is in contact with the CO group
at the biphenyl core of chain A building an infinite structure of
hydrogen bonded molecules (in 3 and 4). The carboxylic group
of chain A uses the HN–Ca–CO unit of chain B to build up
another strand of hydrogen bonds almost orthogonal to the first
one. Compound 4 uses EtOH molecules to complete this second
strand of hydrogen bonds.

The biphenyl core 2 serves as a molecular cross for attached
peptides. The intra- and inter-molecular hydrogen bonds found
in the solid state structure of 3 and 4 do not resemble the
common b-sheets or helical structures of peptides. Biaryl
diacids are known to form inclusion complexes with several
organic guests.8 The peptides in 3 and 4 obviously do not reduce
this tendency and may be ideal tools to alter the properties of
these cavities. We are looking forward to synthesising host–
guest lattices of biphenyl peptides containing longer peptide
chains.

Notes and References

† E-mail: feigel@indi-f.orch.ruhr-uni-bochum.de
‡ Crystal data for C26H32N2O6·2C4H8O (3): Siemens P4 diffractometer,
Mo-Ka radiation, M = 612.74, 0.68 3 0.52 3 0.48 mm, orthorhombic,
space group P212121, a = 11.107(5), b = 15.013(6), c = 20.813(7) Å, U
= 3471(2) Å3, F(000) = 1320, Z = 4, Dc = 1.173 g cm23, R = 0.086 [for
data with I > 2s(I)], wR2 = 0.269 for 5958 reflections (Qmax = 25.14°). The
asymmetric unit contains an THF molecule disordered over two sites (site
occupation factors = 0.5). The structure was resolved with SHELXS and
refined with SHELXL.

Crystal data for C26H32N2O6·0.5 C2H5OH (4): Siemens P4 dif-
fractometer, Mo-Ka radiation, M = 983.14, 0.68 3 0.36 3 0.10 mm,
monoclinic, space group P21, a = 11.480(8), b = 10.186(4), c = 25.274(9)
Å, b = 100.18(5)°, U = 2909 Å3, F(000) = 1052, Z = 4, Dc = 1.122
g cm23, R = 0.083 [for data with I > 2s(I)], wR2 = 0.272 for 4012 unique
reflections (Qmax = 25.51°).The asymmetric unit contains an EtOH
molecule disordered over two sites (site occupation factors = 0.5). The
structure was resolved with SHELXS and refined with SHELXL. CCDC
182/748.
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Fig. 2 Coordination of THF (drawn as CPK model) in the solid state
structure of 3 (drawn as tubes). A second disordered THF molecule can be
seen behind the THF in front.

Fig. 3 Schematic two dimensional drawing of the hydrogen bond network
in the solid state structure of 3 and 4. The structure of 4 contains an EtOH
molecule disordered over two sites.
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Single-feed one-step block copolymerization of n-octyloxyallene with
phenylallene using p-allylnickel as initiator

Koji Takagi,a Ikuyoshi Tomitab† and Takeshi Endo*a

a Research Laboratory of Resources Utilization, Tokyo Institute of Technology, Nagatsuta 4259, Midori-ku, Yokohama, 226-8502
Japan
b Department of Electronic Chemistry, Interdisciplinary Graudate School of Science and Engineering, Tokyo Institute of
Technology, Nagatsuta 4259, Midori-ku, Yokohama, 226-8503 Japan

The p-allylnickel initiated block copolymerization of
n-octyloxyallene and phenylallene takes place in one step
from a single-feed mixture of the two monomers.

The living polymerization technique is the most prominent
method to obtain well-defined block copolymers.1 Generally,
two monomers are fed stepwise as the polymerization pro-
gresses, except in a few examples. Saegusa et al. reported the
‘one-shot block copolymerization’ of 2-alkyl-2-oxazoline with
2-perfluoroalkyl-2-oxazoline,2 which involves the change of
the propagating species from the ionic to the covalent form.
Feast et al. also reported the successful one-shot block
copolymerization of syn- and anti-7-methylnorbornene using a
Schrock molybdenum alkylidene initiator,3 where the large
difference in polymerizability of the two monomers assisted the
block copolymerization.

Herein, we describe the p-allylnickel complex initiated block
copolymerization of n-octyloxyallene 2 with phenylallene 3 in
one step from a single-feed mixture of the two monomers4,5

(Scheme 1).
A mixture of 2 and 3 (50 equiv. each) was added to a toluene

solution of [(p-allyl)NiOCOCF3]2 1 and the polymerization was
performed for 12 h. As a result, a copolymer (Mn = 20 100, Mw/
Mn = 1.15) was obtained in 94% yield, whose composition was
poly(2):poly(3) = 49 : 51 (determined by 1H NMR spectros-
copy) in good accordance with the monomer feed ratio. The
monomer conversion, determined by GC, gave interesting
information on the copolymerization process (Fig. 1).†

The specific consumption of 2 took place at the initial stage
of the polymerization, meanwhile 3 was not converted at all.
However, when 2 had been consumed completely, the slow
polymerization of 3 started to give a copolymer with a high
block sequence. By quenching the copolymerization of 2 with 3
(50 equiv. each) in the initial stages (i.e. at 0 °C for 10 min) by
pouring the reaction mixture into large amount of MeOH–H2O
(1 : 1), a polymer (Mn = 9450, Mw/Mn = 1.15) was obtained in
54% yield, which was composed solely of a poly (2) segment
(determined by 1H NMR spectroscopy).6 This experiment also
supports the efficient formation of a block copolymer.

The unexpected formation of the block copolymer cannot be
explained fully by the difference in polymerization rate of the
two monomers [kobs (2) = 9.94 3 103 and kobs (3) = 0.14 3 103

l mol21 h21; kobs (2)/kobs (3 = ca. 70]. The observed kinetic
coefficient of 2 is not influenced by 3, because kobs (2) in the
early stage of the copolymerization (9.94 3 103 l mol21 h21) is

comparable to that in the homopolymerization of 2. The result
clearly indicates that the concentration of the active species
(most probably the nickel complex coordinated with 2) is not
affected by 3. Namely, it can be taken to mean that the
coordination equilibrium of the nickel complex with the
monomers is shifted considerably to coordinated with 2 in the
copolymerization, which promotes the specific polymerization
of 2 in the initial stages. Further work on the copolymerization
of various monomer combinations and a mechanistic investi-
gation are in progress.

Notes and References

† E-mail: itomita@res.titech.ac.jp
‡ Estimation of the kinetic coefficients (typical procedure): The copoly-
merization of 2 with 3 ([2]0/[Ni] = [3]0/[Ni] = 50, [Ni] = 1.0 3 1023 m)
by 1 was performed at 0 °C in toluene containing n- tetradecane (2.0 3 1023

m) as an internal standard. After designated reaction periods, a small portion
of the reaction mixture was sampled with the syringe (ca. 10 ml) and the
monomer conversions were estimated by GC analysis.

1 See, for example: A. S. Hoffmann and R. Bacckai, in Highpolymers, Vol.
XVIII, Copolymerization, ed. G. E. Ham, Wiley, New York, 1964, ch. 6,
p. 135; I. Goodman, in Development in Block Copolymer I, ed. I.
Goodman, Elsevier, Essex, 1982, ch. 5, p. 127; D. B. Johns, R. W. Lenz,
and A. Luick, in Ring-Opening Polymerization, Vol. I, ed. K. J. Ivin and
T. Saegusa, Elsevier, London, 1984, ch. 5, p. 218; R. N. Young, Trends
Polym. Sci., 1993, 1, 149.

Scheme 1

Fig. 1 Time vs. conversion curves for (5) 2 and (2) 3 in the
copolymerization by 1 at 0 °C ([2]0 = [3]0 = 5.0 3 1022 m, [Ni] = 1.0 3
1023 m)
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2 T. Saegusa, Y. Chujo, K. Aoi, and M. Miyamoto, Makromol. Chem.,
Macromol. Symp., 1990, 32, 1.

3 W. J. Feast, V. C. Gibson, K. J. Ivin, E. Khosravi, A. M. Kenwright,
E. L. Marshall and J. P. Mitchell, Makromol. Chem., 1992, 193, 2103.

4 For the living polymerization of allene derivatives, see: I. Tomita,
Y. Kondo, K. Takagi and T. Endo, Macromolecules, 1994, 27, 4413;
K. Takagi, I. Tomita and T. Endo, Maclomolecules, 1997, 30, 7386.

5 We have recently reported the two-feed block polymerization of
alkoxyallenes with phenylallene by a p-allylnickel catalyst, in which

block copolymers with controlled segment lengths could be successfully
obtained by using additives (PPh3 or CuI) over the course of the
polymerization. See: K. Takagi, I. Tomita and T. Endo, Polym. Bull., in
the press.

6 The yield of 54% corresponds to 91 wt% of 2. Namely, 3 was untouched
at least until the conversion of 2 reached to 91%.
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Dioxygenase-catalysed cis-dihydrodiol formation in the carbo- and
hetero-cyclic rings of quinolines

D. R. Boyd,*a† N. D. Sharma,a J. G. Carroll,a J. F. Malone,a D. G. Mackerrachera and C. C. R. Allenb

a The School of Chemistry, The Queen’s University of Belfast, Belfast, UK BT9 5AG 
b The QUESTOR Centre, The Queen’s University of Belfast, Belfast, UK BT9 5AG 

Evidence of enzyme-catalysed cis-dihydroxylation in the
pyridine (3,4-bond) and benzene rings (5,6- and 7,8-bonds)
of quinoline and 2-substituted quinolines is examined in light
of the isolation of a heterocyclic cis-diol derivative of
2-quinolone, as a single enantiomer of opposite absolute
configuration to that found for the enantiopure carbocyclic
cis-diol metabolites from quinolines.

Dioxygenase-catalysed cis-dihydroxylation of arenes to yield
the corresponding carbocyclic cis-dihydrodiol metabolites is
well-established in the mono- and poly-cyclic aromatic hydro-
carbon series.1 Recently the first cis,trans-dihydrodiol metab-
olites from a heterocyclic aromatic ring, e.g. thiophene,
benzothiophene and benzofuran, were isolated using the
toluene-dioxygenase (TDO) system present in a mutant strain of
the bacterium Pseudomonas putida UV4.2,3 To date, however,
no direct evidence for the formation of a cis-dihydrodiol
metabolite from a pyridine ring has been reported. Indeed, the
mechanism of bacterial metabolism of pyridine rings is not
clearly understood.4

As part of an earlier study of the bacterial metabolism of
bicyclic azaarenes using P. putida UV4, cis-dihydroxylation of
the carcinogen quinoline 1 was observed to occur at the
carbocyclic ring to yield cis-dihydrodiols 2 and 3 in very low
yields (Scheme 1).5 The major metabolites formed in the
pyridine ring of 1 were 3-hydroxyquinoline and anthranilic
acid. The phenolic metabolite was postulated to be derived from
the initially formed unstable cis-dihydrodiol 5 of unknown
absolute configuration,5 while anthranilic acid could have been
derived from either 5 or 4. Previous studies6 of the metabolism
of 1 with different strains of P. putida, P. fluorescens and a
Rhodococcus species did not indicate the formation of any cis-
dihydrodiols, e.g. 2 or 3, but reported oxidation of the pyridine
ring to yield 4.

Encouraged by the recent isolation of cis-dihydrodiol
metabolites of five-membered aromatic heterocycles2,3 and of

3-hydroxyquinoline (from bacterial metabolism of 1),5 a new
approach to obtain direct evidence of cis-diol formation in a
pyridine ring was sought. It was assumed that our earlier,
unsuccessful, efforts to isolate the cis-diol 5 from 1 was due to
its instability, and to competition from oxidation at position 2 in
the pyridine ring yielding 4 and anthranilic acid. To test this
assumption the alternative approach of using 2-substituted
quinolines 7 and 10 as substrates was adopted. It was hoped that
the chloro and methoxy groups present at the 2-position might
be readily replaced by OH groups as a result of spontaneous
hydrolysis of the initial unstable cis-dihydrodiol metabolites 13
and 14, respectively, to yield the more stable cis-diol 6 (Scheme
1). Furthermore it was anticipated that substitution would block
oxidation at the 2-position and formation of 4, thus increasing
the yields of other metabolites. Oxidation at C-2 is a common
initial step in the bacterial metabolism of quinoline via either the
‘coumarin’ or ‘meta-cleavage’ pathways.4,6

Addition of 7 to growing cultures of P. putida UV4 yielded
two carbocyclic cis-dihydrodiols 8 (Rf 0.3, 8%) and 9 (Rf 0.45,
30%) as major metabolites (Scheme 1) which were separated
using PLC (MeOH–CHCl3, 7 : 93). Formation of the cyclic
boronate derivatives using (S)-(2)- and (R)-(+)-2-(1-ethoxy-
ethyl)phenylboronic acid (MPBA)7 and their 1H NMR analysis
proved that cis-dihydrodiols 8 and 9 were both enantiopure, i.e.
!98% ee. The absolute configurations of the cis-dihydrodiols 8
(5R,6S) and 9 (7S,8R) were established by comparison of CD
spectra and by stereochemical correlation with the correspond-
ing cis-dihydrodiols 2 and 3 of known configuration5

(Table 1).
On the basis of NMR, mass and IR spectroscopy and

elemental microanalysis, the least abundant (2%) and most
polar metabolite 6 (Rf 0.14) proved to be a cis-diol (J3,4 = 3.7
Hz) within a d-lactam ring. The enantiopurity (!98% ee) of diol
6 was determined by formation of a monocamphanate deriva-
tive from esterification of the hydroxy group at C-4. The
structure, relative configuration and absolute configuration of

Scheme 1 Reagents and conditions: i, P. putida UV4, O2; ii, TBDMS OTf; iii, LiAlH4; iv, Ac2O, AgOAc; v, NaOH, MeOH
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cis-diol 6 was established by X-ray crystal structure analysis.‡
The preferred conformation of 6 in the crystalline state (Fig. 1)
contains the OH groups at C-3 and C-4 in pseudo-equatorial and
-axial positions, respectively. The (3S,4S) absolute configura-
tion deduced from the X-ray study was confirmed by ster-
eochemical correlation with 15 (Scheme 1) which, in turn, has
been correlated to the known configuration of the 2-methoxy-
2-trifluoromethyl-2-phenylacetate (MTPA) ester derivative
16.8 In solution the OH group at C-3 could not be readily
converted to a TBDMS ether or camphanate ester derivative,
suggesting that intramolecular H-bonding to the amide CNO
might be present. In the solid state, however, only intra-
molecular H-bonding was observed, each molecule being
involved in a total of six H-bonding interactions to three
different neighbours. Diol 6 proved to be remarkably stable
compared with cis-dihydrodiols 2, 3, 8 and 9. Thus while the
latter compounds were found to aromatise under acidic
conditions (dilute HCl), 6 remained unchanged. An earlier
report on the bacterial metabolism of 7 described only the
formation of a single cis-dihydrodiol 9 in the carbocyclic ring of
unspecified ee and absolute configuration.9

Addition of 10 as substrate to P. putida UV4 also yielded two
carbocyclic cis-dihydrodiols, 11 (Rf 0.30, 2%) and 12 (Rf 0.4,
7%) (Scheme 1). Similar stereochemical analysis methods to
those used for 8 and 9 (NMR and CD spectroscopy) again
showed that single enantiomers of configuration indicated in
Table 1 [(5R,6S) and (8R,7S), respectively] had been formed.
The more abundant (13%) and more polar cis-diol metabolite
from 10 was found to be of identical structure, ee and absolute
configuration [(3S,4S)] to 6 derived from 7. The optical
rotations and absolute configurations of 6, 8, 9, 11 and 12, and
the derived monol 15, are shown in Table 1.

The formation of the stable (3S,4S) enantiomer of cis-diol 6
as a bacterial metabolite from both 7 and 10 may be explained
by a metabolic sequence involving (i) stereoselective cis-
dihydroxylation to yield the unstable diols 13 and 14,
respectively, and (ii) hydrolysis to yield the stable diol 6
[Scheme 1, path (a)]. However, past work on the dioxygenase-
catalysed cis-dihydroxylations of a range of carbocyclic and
five-membered heterocyclic arenes had shown an exclusive or
marked preference for the opposite absolute configuration (e.g.
cis-diols 8, 9, 11 and 12), which could be considered as the
normal absolute configuration for arene cis-diols.

Based on several additional observations an alternative
sequence involving partial hydrolysis of substrates 7 and 10 to

yield 4, followed by dioxygenase-catalysed cis-dihydroxylation
to yield cis-diol 6, appears to be more plausible [Scheme 1,
path(b)]. Thus, traces of 4 were detected (using GC–MS and 1H
NMR analysis) during the biotransformation of 10, and when 4
was added to P. putida UV4 under the normal biotransformation
conditions, cis-diol 6 (10% isolated yield) of identical ee and
absolute configuration to that obtained from 7 and 10 was
isolated as a metabolite.

The (3S,4S) absolute configuration of cis-diol 6 derived from
the TDO-catalysed dihydroxylation of the pyridine ring in 4, 7
and 10 seems to be abnormal when compared with that found
during TDO-catalysed cis-dihydroxylation of arenes in general.
The opposite absolute configuration had been observed for the
cis-diol metabolites of a series of benzocycloalkenes, e.g.
1,2-dihydronaphthalene, and the heterocyclic analogues, e.g.
chromene and thiochromene, using the TDO biocatalyst.1 The
(3S,4S) configuration of cis-diol 6 would be expected if the
substrates 7 and 10 were to undergo partial hydrolysis to yield
4, and if it were to be accepted as a benzocycloalkene-type
substrate by the TDO system.

Enzyme-catalysed oxidation of pyridine rings containing
alkyl,4 aryl8 and thioalkyl substituents10 has generally been
found to occur at the exocyclic substituents, indicating that cis-
dihydroxylation of a pyridine ring is not a preferred metabolic
step, and hence the formation of the cis-diol 6 appears to be
unusual. Although the formation of compound 6 is still
consistent with either TDO-catalysed cis-dihydroxylation of the
2-substituted quinoline substrates 7 and 10 [Scheme 1, path (a)]
or the derived 2-quinolone 4 [Scheme 1, path (b)], the currently
available evidence is strongly in favour of the latter pathway.

We thank the BBSRC (N. D. S.) and the Queen’s University
Environmental Science and Technology Research (QUESTOR)
Centre (C. C. R. A., J. C.) for financial support, and Eric Becker
(Mannheim) and David Clarke (QUESTOR) for valuable
assistance with the biotransformations.
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Table 1 Data for cis-diol metabolites and derivatives from 7 and 10

[a]D (MeOH)/
Compound 1021 deg cm2 g21 Configuration

8 +140 5R,6S
9 +148 8R,7S

11 +8 5R,6S
12 +20 8R,7S
6 +6a 3S,4S

15 +39 3S

a Pyridine solvent

Fig. 1 Crystal structure of metabolite 6
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Synthesis of pentaarabinofuranosyl structure motif A of Mycobacterium
tuberculosis

Hari Babu Mereyala, Srinivas Hotha and Mukund K. Gurjar

Indian Institute of Chemical Technology, Hyderabad 500 007, India 

The first synthesis of motif A, the branched chain arabino-
furanosyl pentasaccharide [t-b-Araf-(1 ? 2)-a-D-Araf]2-
3,5-a-D-Araf-(1 ? 5) which constitutes the major humoral
immunological epitope in the arabinogalactan cell wall of
Mycobacterium tuberculosis is described.

Tuberculosis (TB) continues to affect developing countries as
8 000 000 new cases and 3 000 000 deaths occur every year.1 As
a consequence of the HIV epidemic, the occurrence of TB
particularly in developed countries has risen sharply. The
etiological agent, Mycobacterium (M.) tuberculosis has been
extensively investigated and Fig. 1 represents a schematic
diagram of macro structural motifs (A–E) of cell wall
arabinogalactan.2a The fine structure of the cell wall of
mycobacteria allows us to understand drug and solute impene-
trability, antigen processing and presentation by accessory cells,
and aspects of immunopathogenesis. The structurally unusual
and biologically significant arabinofuranosyl residue of motif A
(1, Fig. 1) is responsible for the antigenicity of arabinoga-
lactan.2a It is speculated that, in part or complete, structural

motif A is the major humoral immunological epitope of
arabinogalactan vis a vis whole mycobacteria.2d Our interest in
the chemistry of compounds derived from M. tuberculosis has
previously resulted in the synthesis3 of oligosaccharide frag-
ments of glycolipids and glycopeptide cell wall segments. In
this report, we communicate the first synthesis of the branched
chain arabinofuranosyl pentasaccharide [t-b-Araf-(1? 2)-a-d-
Araf]2-3,5-a-d-Araf-(1? 5) which forms the crucial part of
structural motif A of the M. tuberculosis cell wall.

Synthesis of 1a was initiated from d-arabinose which was
transformed into 5-O-tert-butyldiphenylsilyl-1,2-O-(propane-
2,2-diyl)-b-d-arabinofuranose (2) in two steps.4 Subsequent
desilylation using Bun

4NF in THF at ambient temperature gave
1,2-O-(propane-2,2-diyl)-b-d-arabinofuranose (3).5 Reaction
of 3 with NaH–BnBr in DMF protected both the hydroxy groups
to afford the 3,5-di-O-benzyl derivative 4. Conversion of 4 into
the n-pentenyl glycoside was effected with pent-4-en-1-ol in the
presence of TsOH to obtain a 1 : 1 anomeric mixture of a,b-
n-pentenyl glycosides (5 and 6) which were separated by silica
gel column chromatography (Scheme 1). In another sequence,

Fig. 1 Schematic diagram of the proposed illustration of the macro structural motifs of the cell wall arabinogalactan. My, Mycolic acid; (!) t-b-d-Araf; (8)
2-a-d-Araf; (.) 3, 5-a-d-Araf; (~ ) t-b-d-Galf; (-) 6-b-d-Galf; (5) 5-b-d-Galf; (/) 5,6-b-d-Galf; GlcNAc, N-acetylglucosamine; Rha, rhamnose;
MurNGl, N-glycolylmuramic acid.
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2,3,5-tri-O-benzyl-a,b-d-arabinofuranose (7)6 was transformed
into the corresponding S-(2-pyridyl)-1-thiofuranoside 8 by
reacting with 2,2A-dithiodipyridyl and Bun

3P in CH2Cl2.7
The coupling reaction of 5 with 8 was promoted8 by the

protocol developed in our laboratory, according to which 5%
MeI in dry CH2Cl2 was used as an activator to give the
b-disaccharide 9. Its structure was confirmed by 1H and 13C
NMR spectroscopy (Scheme 2).

The O-glycosylation of 24 with the above formed n-pentenyl
disaccharide 9 was induced in the presence of iodonium
dicollidine perchlorate (IDCP)9 in CH2Cl2, followed by desilyl-
ation of the coupled product with Bun

4NF in THF, resulted in
the isolation of the trisaccharide 10 whose newly formed
glycosidic linkage was confirmed as having an a-configuration
by the 1H NMR spectrum. For example, the characteristic
resonances due to H-1A was located at d 5.05 as a singlet,
whereas H-1 and H-1B protons appeared as doublets at d 4.90
and 5.75, respectively, as expected for b-anomeric configura-

tions. In addition, the 13C NMR spectrum of 10 showed
resonances due to anomeric carbons at dC-1 100.1, dC-1A 105.3
and dC-1B 105.5.

The OH group at C-5 of compound 10 was glycosylated again
with donor 9 under the conditions reported above. However, in
this reaction, a 3 : 2 mixture of a- and b-pentasaccharides (11a
and 11b) was formed. The major a-anomeric product (11a) was
isolated by silica gel column chromatography, hydrogenolysis
of which over Pd(OH)2/C at normal temperature and pressure
for 12 h gave the required pentasaccharide 1a. The structure of
1a was fully characterised by 1H, 13C NMR and FABMS
analysis.9

In conclusion it is pertinent to mention that resistance to the
current regime of anti-TB drugs is developing rapidly and
therefore there is a constant need to discover new drugs. It is
reported that (S,S)-ethambutol inhibits arabinan biosynthesis
and therefore the arabinan segment of the cell wall provides an
attractive target for development of new drugs because of the
xenobiotic status of the human host. The present synthesis of the
pentaarabinofuranoside of structure motif A of M. tuberculosis
cell wall opens a new vista in this direction.

S. H. thanks CSIR, New Delhi, for a Junior Research
Fellowship.
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Scheme 1 Reagents and conditons: (a) Bun
4NF, THF, room temp., 2 h,

96%; (b) NaH,BnBr, DMF, 0 °C–room temp., 83%; (c) Pent-4-en-1-ol,
TsOH, CH2Cl2, 60 °C, 2 h, 85%; (d) PySSPy, Bun

3P, CH2Cl2, room temp.,
30 min, 98%

Scheme 2 Reagents and conditions: (a) 5% MeI in CH2Cl2, 57 °C, 4 Å MS
powder, 15 h, 69%; (b) IDCP CH2Cl2, 4 Å MS powder, 24 h, 62%; (c)
Bun

4NF, THF, room temp., 3 h, 95%; (d) I(s-Collidine)2ClO4, CH2Cl2, 4 Å
MS powder, 12 h, 70%; (e) Pd(OH)2/C, MeOH,H2, room temp., 12 h,
97%
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Catalytic selective cleavage of a strong C–C single bond by rhodium in solution

Shyh-Yeon Liou, Milko E. van der Boom and David Milstein*†

Department of Organic Chemistry, The Weizmann Institute of Science, Rehovot 76100, Israel 

Reaction of [RhCl(C8H14)2]2 with an excess of the diphos-
phine 1,3-bis(diisopropylphosphinomethylene)mesitylene 1
in dioxane under mild H2 pressure (25 psi) or with an excess
of HSi(OEt)3 results in catalytic selective cleavage of a strong
C–C single bond.

Activation and functionalization of strong C–C single bonds by
soluble transition metal complexes is of considerable current
interest.1–6 Most challenging is the search for the underlying
mechanisms and homogeneous catalysis based on such rela-
tively inert bonds. While several examples of homogeneous
catalytic activation of C–H bonds of hydrocarbons are known,2
the few reports of catalytic C–C bond activation in solution are
limited to weak C–C bonds a to a carbonyl group,3 strained
systems,4 or a combination of both.5 Selective transition metal
insertion into a strong, unstrained C–C single bond in solution
and details related to the mechanism were reported by us only
recently.6 We report here on the catalytic hydrogenolysis and
hydrosilylation of a strong sp2–sp3 C–C bond. This rhodium
catalyzed process is unprecedented, occurs under homogeneous
reaction conditions and is highly selective.

Reaction of [RhCl(C8H14)2]2 (C8H14 = cyclooctene) with 50
equiv. of the phosphine substrate 1 under mild H2 pressure (25
psi; 1 psi ≈ 6.894757 3 103 Pa) in dioxane at 180 °C for one
day leads to catalytic formation of the demethylated phosphine
2 and CH4 (Scheme 1; 16 turnovers based on rhodium and 32%
yield). The CH4 was collected by standard vacuum line
techniques and was identified and quantified by GC. Compound
2 was identified spectroscopically by various NMR and MS
techniques and by comparison with an added authentic
sample.6b Reactions were also performed in [2H8]dioxane to
record 1H, 13C{1H}, 13C-DEPT-135 and 31P{1H} NMR spectra.
Formation of product 2 is highly selective, the other two aryl-
methyl groups remaining unaffected and no other organic
products were formed. Addition of another 50 equiv. of 1 to the
reaction mixture and applying the same reaction conditions
resulted in another 15 turnovers, demonstrating that the catalyst
remains active. Similar results were obtained by performing the
reaction for two days with 100 equiv. of 1 (31 turnovers and
31% yield). Using 500 equiv. of substrate 1 leads to 106
turnovers after three days. The hydrogenolysis proceeds also at
lower temperatures (150 °C), but it is much slower, leading to
only 15 turnovers after one week.

To probe the possibility of catalytic hydrosilylation of a C–C
single bond, we used an excess of HSi(OEt)3 instead of H2.
Reaction of [RhCl(C8H14)2]2 with 50 equiv. of 1 and an excess
of HSi(OEt)3 in dioxane (or toluene) at 150 °C for two days
resulted in 10 turnovers to form 2 and MeSi(OEt)3 (Scheme 1),
which were unambiguously characterized by 1H, 13C{1H},
13C-DEPT, 29Si{1H} NMR and by GC–MS.6b Thus, catalytic

transfer of a CH2 group from an arene to a silane was observed.
Again the reaction is completely selective.

Reaction of 50 equiv. of the ethyl aromatic phosphine 3 with
[RhCl(C8H14)2]2 at 180 °C under mild H2 pressure in dioxane
for 3 days resulted in formation of compound 4 and C2H6,
although only 4 turnovers were obtained (Scheme 2). Com-
pound 4 was fully identified by comparison with an authentic
sample. The expected amount of C2H6 was observed by GC
analysis of the gas phase. Control reactions showed that 1 and 3
were stable under the same reaction conditions in the absence of
rhodium.

A postulated catalytic cycle is outlined in Scheme 3. The high
selectivity of the catalytic processes, only one alkyl group being
affected, provides strong evidence that both phosphines are
coordinated to the metal centre prior to the C–C bond activation.
Intermediates such as A have been observed with platinum and
ruthenium.7 At this stage competitive C–H and C–C oxidative
addition might occur.6f C–H activation would result in the
reversible formation of a benzylic rhodium species.6 Metal
insertion into the strong Ar–C bond was observed in a
stoichiometric reaction of 1 (0.031 mmol) with 0.5 equiv. of
[RhCl(C8H14)2]2 in [2H6]benzene (2 ml) in a sealed tube for 2 h

Scheme 1

Scheme 2

Scheme 3 Proposed catalytic hydrogenolysis cycle for 1 with rhodium
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at room temperature. 1H, 31P{1H} and 13C{1H} NMR analysis
of the reaction solution showed the formation of 5 in 75% yield.
The Rh–Me group is clearly observed in the 13C{1H} NMR at
d24.3 [dt, 1J(RhC) 30.2, 2J(PC) 6.4 Hz] and the ipso carbon at
d 166.7 [dt, 1J(Rh, C) 33.6, 2J(PC) ≈ 1.0 Hz]. An isostructural
rhodium(iii) complex was recently fully characterized by X-ray
analysis.6f

Subsequently, complex 5 reacts with H2 to yield complex 6.
Indeed, reaction of 5 with H2 (25 psi) at 80 °C for 1 day and
analysis by 1H, 31P{1H}, 13C{1H} NMR, IR and GC analysis
showed the quantitative formation of complex 6 and CH4.§ This
reaction may proceed through a rhodium(v) intermediate or via
s-bond metathesis. Complex 6 can also be used as catalyst
under the same reaction conditions. Release of the aryl
phosphine 2 from 6 probably proceeds via B, which undergoes
phosphine exchange with substrate 1 giving back A. This is
likely to be the rate-determining step. Such a process was
demonstrated by treating a dioxane solution of complex 6 with
20 equiv. of PEt3 at 80 °C overnight, which resulted in
formation of the PCP ligand 2 and RhCl(PEt3)3 by phosphine
exchange. Replacement of a cyclometalated terdentate diamino
ligand of a ruthenium(ii) complex by a phosphorus analogue
was reported very recently.7b The liberated arene 2 most
probably strongly competes with substrate 1, slowing down the
catalytic process. It is well known that a,aA-diphosphine-
m-xylenes such as 2 and 4 undergo readily Ar–H oxidative
addition with rhodium forming thermally stable, isolable
complexes such as 6.6c,8

In summary, a novel catalytic process has been presented
using simple diphosphine substrates. For the first time, an
unstrained, strong Ar–C bond is selectively activated by a metal
centre in solution in a catalytic fashion. Moreover, catalytic
transfer of a methylene group to a primary silane has been
observed using a rhodium complex. Stoichiometric reactions
involved in the catalysis were directly demonstrated. Although
the catalytic reactions were not optimized and the reactions are
at present slow, more than one hundred turnovers were
observed.

The research was supported by the US-Israel Binational
Science Foundation, Jerusalem, Israel. D. M. is the holder of the
Israel Matz Professorial Chair of Organic Chemistry.
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† E-mail: comilst@wiccmail.weizmann.ac.il
‡ Catalytic hydrogenolysis of an unstrained C–C single bond. A
[2H8]dioxane solution (1.5 ml) of substrate 1 (106 mg, 0.278 mmol) was
added dropwise to a [2H8]dioxane solution (1.5 ml) of [RhCl(C8H14)2]2 (2
mg, 0.00278 mmol), loaded into a 90 ml Fischer porter pressure bottle
equipped with a stirring bar and pressurized with H2 (20–25 psi) (toluene
can be used as well). After heating the reaction solution at 180 °C for 1 day,
the gas phase was collected by standard vacuum line techniques and
analyzed by GC using a molecular sieve column. The formed CH4 was
identified and quantified using authentic samples (13.6 turnovers). 31P{1H}
NMR of the reaction mixture shows two signals at d 5.6 (s, 2 P, 1) and 3.20
(s, 2 P, 2). The ratio of the signals (100 : 54) indicated 17.5 turnovers and a

yield of 35%. Addition of trioctylphosphine oxide to the reaction mixture as
an internal standard indicated 15.3 turnovers and a yield of 31%. The
addition of authentic samples 1, 2 to the reaction mixture resulted in overlap
of resonances in 31P{1H} and 13C{1H} NMR.6b The same reaction
conditions and analysis of the reaction mixture were used for substrate 3.
Similar reaction conditions were applied for the catalytic hydrosilylation,
only an excess of HSi(OEt)3 (91 mg, 0.556 mmol) was used instead of
H2.
§ Spectral data for 6. 1H NMR (C6D6, 400.1 MHz): d 6.56 (s, 1 H, p-H of
C6HRh), 3.24 [m, 3J(HH) 7.2 Hz, 2 H, CHMe2], 3.14 [dvt, left part of ABq,
2J(HH) 15.7 Hz, 2J(HP) not resolved, 2 H, CH2P], 2.95 [dvt, right part of
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Design, synthesis and structural studies on polynucleating ligands based on
atropoisomerism of catechol bearing porphyrins

Cathy Drexler,a Mir Wais Hosseini,*a† Jean-Marc Planeix,a Gilles Stupka,a André De Cianb and Jean Fischerb

a Laboratoire de Chimie de Coordination Organique (UMR 7513 CNRS), Université Louis Pasteur, F-67000 Strasbourg, France
b Laboratoire de Cristallochimie et Chimie Structural (UMR 7513), Université Louis Pasteur, F-67000 Strasbourg, France

High yield syntheses of all four atropoisomers of the meso-
tetrakis(o-catecholamidophenyl)porphyrin has been
achieved; all four atropoisomers were isolated and charac-
terised by NMR spectroscopy; for the methyl protected 2abab
and 2a4 atropoisomers obtained as water and chloroform
solvates respectively, X-ray analysis was used to assign their
structure.

Porphyrins, used in chemistry, biology, medicine and material
science, are among the most fascinating organic molecules.
These tetradentate macrocycles bind a large variety of metal
cations and exhibit interesting redox as well as photochemical
properties. Furthermore their functionalisation either at the
b-pyrrolic or meso positions has been well established. The
porphyrin backbone may be used as a preorganised complexing
core for the elaboration of di- and poly-nucleating ligands.
Examples of porphyrins bearing neutral bidentate ligands such
as bipyridine and phenanthroline have been reported.1 So far,
two examples of porphyrins bearing dianionic bidentate
catecholate units have been published.2,3 Whereas in the first
case, two catechols were directly incorporated at the meso
positions,2 in the second example, the porphyrin was function-
alised by one to four m-catecholamidophenyl units at the meso
positions.3 On the other hand, diaza-,4 triaza- and tetraaza-
macrocycles5 as well as a calix[4]arene derivative6 bearing
pendant catechol units have been also reported.

In our search for polynuclear complexes, we thought that one
could take advantage of atropoisomerism,7 previously elegantly
used for the preparation of picket fence porphyrins,8 for the
design of new polynucleating ligands. Thus, the meso-tetra-
kis(o-catecholamidophenyl)porphyrin atropoisomers appeared
to be interesting targets. Indeed, owing to high rotational
barriers, one would expect four atropoisomers designated as

1a4, 1a3b, 1a2b2 and 1abab for the meso-tetraphenylporphyrin
bearing bulky catecholamido groups at the ortho position on the
phenyl groups (Fig. 1).

Whereas the 1a4 atropoisomer may lead to heterodinuclear
complexes by simultaneous binding of transition and lanthanide
cations, the 1a2b2 and 1abab isomers may form homo- or hetero-
trinuclear species with transition metals. Furthermore, for the

1abab atropoisomer, the formation of infinite coordination
polymers with metals adopting octa-coordination around cubic
arrangements may also be envisaged. Here, we report the
synthesis and structural analysis of the above mentioned
ligands.

The synthesis of all four protected atropoisomers 2a4, 2a3b,
2a2b2 and 2abab was first achieved by condensation of a
statistical mixture of the meso-tetrakis(o-aminophenyl)-
porphyrin 3 isomers with the acyl chloride derivative of the
methyl protected catechol9 in THF in the presence of NEt3. 3
was obtained as a statistical mixture by reduction of the nitro
compound 4 prepared from ortho-nitrobenzaldehyde and pyr-
role.8 Although the condensation reaction proceeded quantita-
tively, the separation of the mixture appeared to be extremely
tedious. Indeed, whereas based on TLC analysis [SiO2, CCl4–
ethyl acetate (1/1)], the separation of atropoisomers could have
been straightforward, because of their low solubility, the
purification on a preparative silica column yielded, after at least
three passages, only small quantities of the pure isomers. The
separation of the zinc complexes, obtained by treatment of the
mixture by zinc acetate, was as difficult as for the free prophyrin
derivatives. Attempts to reach better results using chromatotron
or preparative HPLC also failed. An alternative strategy,
consisting of the separation of all four atropoisomers of 38 and
then condensation with the acyl chloride derivative of the
methyl protected catechol, was followed to avoid the purifica-
tion difficulties mentioned above. In order to minimise the
atropoisomerisation, the reactions were carried out at 215 °C in
THF and in the presence of NEt3. Again, the condensation
reaction proceeded with almost quantitative yields. After
chromatography on silica and crystallisation from CHCl3–ethyl
acetate mixtures, the protected atropoisomers 2abab [CH2Cl2;
CH2Cl2–AcOEt (96 : 4); CHCl3], 2a2b2 [CH2Cl2; CH2Cl2–
AcOEt (96 : 4); CHCl3], 2a3b [toluene–CHCl3–MeOH
(25 : 5 : 5)] and 2a4 [toluene–CHCl3–AcOEt (25 : 5 : 5)–

Fig. 1 Schematic representations of a4 (a), a3b (b), a2b2 (c) and abab (d)
atropoisomers of the porphyrins 1–4
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(25 : 10 : 5)] could be obtained in 57, 63, 70 and 60% isolated
yields, respectively.

Based on symmetry, the 1H NMR signals for 2a3b (Cs) could
be unambiguously assigned. For the other three 2a4 (C4v), 2abab
(D2d) and 2a2b2 (C2h) atropoisomers, only the latter could be
identified by the observation of two singlets for the b-pyrrolic
protons, whereas for the remaining atropoisomers the assign-
ments could not be achieved without taking into account their
polarity. In order to confirm the structural assignment, both 2a4
and 2abab atropoisomers were studied by X-ray diffraction
(Fig. 2).‡ In both cases, suitable monocrystals were obtained as
water and chloroform solvates respectively upon slow liquid–
liquid diffusion of MeOH into a chloroform solution of either
2a4 or 2abab. The X-ray analysis revealed the following
common features: (i) the core of the porphyrin was almost
planar, however, owing to steric reasons, the deformation was
slightly greater for 2a4; (ii) the amide groups were in trans
configuration with NH hydrogen atoms inwardly oriented
towards oxygen atoms belonging to the catechol units and the
CO groups oriented in divergent fashion towards the periphery
of the porphyrin backbone; (iii) both in the case of 2a4 for which
all four protected catechol units were localised on the same face
of the molecule [Fig. 2(top)] and of 2abab for which the two sets
of two protected catechols were localised below and above the
mean plane of the porphyrin [Fig. 2(bottom)], the catechol units
were found to be oriented in a convergent manner. Dealing with
the 2a3b isomer, although its structure was also established by
X-ray analysis which revealed the same common features as for
the above two isomers, the data are not reported because of
rather low resolution.

The deprotection of 2a4, 2a3b, 2a2b2 and 2abab atropoisomers
at 278 °C using the classical BBr3–CH2Cl2 method10 afforded
the desired compounds 1a4, 1a3b, 1a2b2 and 1abab as the
hydrobromide salts after several precipitations from MeOH–
ethyl–ether mixtures. Whereas in the solid state all four
atropoisomers were stable, in solution the protonated 1a4, 1a3b
and 1a2b2 isomers were found to undergo atropoisomerisation.
Interestingly, probably due to steric reasons, all three isomers
were converted into the lowest energy atropoisomer 1abab
under heating at 50 °C for 48 h. This observation is not
unprecedented since it has been previously reported for another
porphyrin derivative11 that the protonation of the porphyrin core
induces considerable deformation12 leading to thermal atro-
poisomerisation.

In summary, high yield syntheses of all four atropoisomers
1a4, 1a3b, 1a2b2 and 1abab of meso-tetrakis(o-catecholamido-
phenyl)porphyrin was achieved and their structures assigned
based on X-ray and NMR analysis. Furthermore, it has been
established that all three protonated 1a4, 1a3b, 1a2b2 atropo-
isomers may be converted into the most stable 1abab isomer
upon heating. The formation of the bi- and tri-nuclear
complexes using different atropoisomers of 1 with a variety of
transition metal cations as well as the formation of coordination
polymers are under current investigation.

We thank Dr. R. Ruppert for the initial preparation of the
mixture of protected atropoisomers, Dr. I. Huc for his help with
the HPLC separation, the Institut Universitaire de France (IUF),
and the CNRS for financial support.
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‡ Crystallographic data: for 2a4 (dark red crystals, 294 K):
C80H66N8O12·2H2O, M = 1367.5, monolcinic, space group C2/c,
a = 29.447(2), b = 10.672(1) c = 27.067(3) Å, b = 123.449(6),
U = 7096(2) Å3, Z = 4, Dc = 1.28 g cm23, T = 294 K, m = 0.083 mm21,
Mo-Ka graphite monochromated radiation, 3111 data with I > 3s(I),
R = 0.087, Rw = 0.129. For 2abab (red crystals, 173 K):
C80H66N8O12·2CHCl3, M = 1570.2, triclinic, space group P1̄,
a = 16.305(5), b = 17.578(5), c = 13.881(4) Å, a = 105.29(2),
b = 100.09(2), g = 98.28(2), U = 3701.7 Å3, Z = 2, Dc = 1.409 g cm23,
T = 173 K, m = 2.72 mm21, Cu-Ka, graphite monochromated radiation,
6342 data with I > 3s(I), R = 0.063, Rw = 0.099. Both structures were
solved using OpenMoleN 2.2. CCDC 182/775.
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Fig. 2 X-Ray crystal structures of 2a4 (top) and 2abab (bottom); solvent
molecules as well as H atoms are not shown for clarity. In both cases, the
core of the porphyrin was almost planar, the amide groups were in trans
configuration and the catechol units were found to be oriented in a
convergent manner.
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Reaction of ketones with the organotitanium oxide [{TiCp*(m-O)}3(m3-CMe)]
via the hydride–vinylidene [{TiCp*(m-O)}3(m-CNCH2)(H)] intermediate‡

Mikhail Galakhov, Miguel Mena*† and Cristina Santamarı́a

Departamento de Quı́mica Inorgánica de la Universidad de Alcalá, E-22871 Alcalá de Henares, Madrid, Spain

Thermal and/or photochemical treatment of [{TiCp*(m-
O)}3(m3-CMe)] 1 (Cp* · h5-C5Me5) with organic ketones
affords the new oxo derivatives [{TiCp*(m-O)}3(m-
CNCH2)(OCHRRA)] (R = RA = Me 2, Ph 3; R = Ph, RA = Me
4, Et 5); these reactions take place by insertion of the ketones
CO group into the Ti–H bond of the in situ formed
[{TiCp*(m-O)}3(m-CCH2)(H)] intermediate.

We have reported the unprecedented oxotitanium complexes,
[{TiCp*(m-O)}3(m3-CR)] (R = H, Me),1 possessing a m3-
alkylidyne sp3-carbon similar to that found for the early-
transition-metal clusters [M3(m3-CRA)(OR)9] (M = Mo, W)2

and in contrast with the sp-hybridized alkylidyne carbon of the
species as [Co3(m3-CR)(CO)9].3 The chemistry of these
m3-alkylidynetrimetal clusters have been extensively explor-
ed.3a,4 Meanwhile, to our knowledge, the [{CrCp(m-Cl)}3(m3-
CH)],5 [{TiCp*(m-O)}3(m3-CR)]1 and [{TiCp*}4(m3-CH)4]6

complexes are the only reported examples of m3-alkylidyne
units supported on trinuclear cores without metal–metal bonds
and their reactivity is, as yet, practically unknown.7 This
chemistry might be of great current interest, imitating the
behaviour of the alkylidyne groups attached to metal or metal
oxide surfaces and establishing a clear connection between
organometallic and solid surface systems.8 Here, we report the
surprising reactivity of diverse ketones and the m3-ethylidyne
group on an organotitanium oxide.

Treatment of [{TiCp*(m-O)}3(m3-CMe)] 1 with 1 equiv. of
RCORA (R = RA = Me, Ph; R = Ph, RA = Me, Et) in toluene
or hexane, heating at temperatures between 100 and 120 °C or
irradiating with a sunlamp for several days, leads to the
formation (46–77% yield) of blue–violet complexes charac-
terised as [{TiCp*(m-O)}3(m-CCH2)(OCHRRA)] (R = RA = Me
2, Ph 3; R = Ph, RA = Me 4, Et 5 (Scheme 1).§

The IR spectra of these complexes show a weak band at 1580
(2) and 1598 cm21 (3, 4, 5) assigned to the n(CNC) of the
m-vinylidene moiety, as in the case of the bimetallic systems
[Ru2(CO)3Cp2(m-CNCH2)] (1586 cm21)9 and [ClNi(m-
dppm)2(m-CNCH2)NiCl] (1580 cm21).10 The NMR spectra
(Table 1) are consistent with the proposed structure and reveal

the presence of the characteristic signals for m-vinylidene,
alkoxide and Cp* ligands.

The 13C NMR spectra of 2–5 reveal triplets at dav 317.5 (2J 5
Hz) attributed to the Ca resonance of the bridging vinylidene
fragment >CaNCbH2, which are very similar to those found for
other known vinylidene complexes.11 The terminal moiety
(NCbH2) of this fragment appear, in both 1H and 13C NMR
spectra, in the typical range for organic alkenes. The NMR
spectra also display the clear presence of the OCHRRA signals
whose chemical shifts and multiplicity depend on the nature of
the ketone substituents (Table 1) and the values of 1JCH ≈ 142
Hz are according to the proximity of the oxygen atom.
Additionally, the NMR spectra of 4 and 5 show signals for three
different Cp* ligands in 1 : 1 : 1 ratio and AB spin systems for
the vinylidene protons due to the chiral carbon atoms of the
alkoxy groups.

A plausible pathway for these reactions involves initial
b-hydrogen elimination in the m3-ethylidyne ligand to generate
the intermediate [{TiCp*(m-O)}3(m-CCH2)(H)]. Similar con-
version of m3-alkylidyne complexes to vinylidenes has been
found for many trinuclear clusters11a and may be responsible of
the H/D exchange reactions in ethylidynes on metal surfaces.8a,c

Interestingly, we have also observed that the complex 1
incorporate deuterium in the m3-ethylidyne group when a C6D6
solution of 1 is heated above 200 °C,¶ and this H/D exchange is
easy to explain if we assume the participation of the above
mentioned hydride intermediate.12 Finally the insertion of the
ketones into the Ti–H bond of [{TiCp*(m-O)}3(m-CCH2)(H)]
takes place (Scheme 2).13

Table 1 Selected NMR data (d, J/Hz) for complexes [{TiCp*(m-O)}3(m-CCH2)(OCHRRA)] (R = RA = Me 2, Ph 3; R = Ph, RA = Me 4, Et 5)a

1H 13C

Assignment 2 3 4 5 2 3 4 5

C5Me5 2.11 (s, 15 H) 2.03 (s, 15 H) 2.07 (s, 15 H), 2.05 (s, 15 H), 11.7, 11.4 11.9, 11.7 11.6, 11.7, 11.6, 11.7,
1.99 (s, 30 H) 1.97 (s, 30 H) 2.03 (s, 15 H), 2.04 (s, 15 H), 11.9 11.8

1.97 (s, 15 H) 1.97 (s, 15 H)
C5Me5 120.4, 122.3 120.7, 123.1 120.6, 122.6 120.5, 122.6,

125.7 126.0
m-CNCH2 6.04 (s, 2 H) 5.78 (s, 2 H) 5.93av (2 H, 5.97av (2 H, 120.9 (t, 1J 122.0 (t, 1J 121.6 (t, 1J 121.1 (t, 1J

2J 4.5) 2J 4.8) 154.9) 155.6) 155.4) 154.8)
m-CNCH2 317.3 (t, 2J 317.2 (t, 2J 317.5 (t, 2J 318.0 (t, 2J

5.2) 5.7) 4.8) 4.9)
–OCHRRA 4.80 (spt, 6.80 (s, 1 H) 5.78 (q, 1 H, 5.46 (dd, 1 H, 74.9 (dm, 1J 85.3 (dm, 1J 79.5 (dm, 1J 85.5 (dm, 1J

1 H, 3J 6.0) 3J 6.6) 3J 4.5, 8.4) 140.9) 141.4) 144.2) 140.2)

a Recorded on Varian Unity 300 or 500 Plus in C6D6 at 20 °C.

Scheme 1
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Thus the incorporation of the ketones onto the organometallic
titanium oxide [{TiCp*(m-O)}3(m3-CMe)] can be best inter-
preted in terms of an insertion process of the carbonyl groups
into a Ti–H bond of the hydride–vinylidene species [{TiCp*(m-
O)}3(m-CCH2)(H)]. Further studies are required in order to
determine the behaviour of other carbonyl derivatives and
unsaturated molecules against these m3-alkylidyne complexes.

We wish to thank the DGICYT (project PB93-0476) and the
Universidad de Alcalá for financial support of this research. C.
Santamarı́a also thanks the MEC for a Predoctoral Fellow-
ship.

Notes and References

† E-mail: mmena@inorg.alcala.es
‡ Dedicated to Professor Pascual Royo on the occasion of his 60th
birthday.
§ Preparations: 2: a solution of 1 (0.50 g, 0.80 mmol) and acetone (0.06 ml,
2.40 mmol) in toluene (50 ml) were transferred by cannula to a Carius tube
(volume 100 ml), cooled to 278 °C, and flame-sealed. This tube was heated
at 100 °C for 12 h to obtain a blue–violet lather (0.42 g, 77%). EI mass
spectrum: m/z 624 (M+ 2 MeCOMe, 9%), 613 (M+ 2 MeCHMe 2 C2H2,
25%). 3: this derivative was obtained analogously to 2 from 0.80 g (1.28
mmol) of 1 and 0.23 g (1.28 mmol) of benzophenone heating at 125 °C for
24 h to obtain a blue–violet crystalline solid (0.73 g, 71%). EI mass
spectrum: m/z 624 (M+ 2 PhCOPh, 6%), 613 (M+ 2 PhCHPh 2 C2H2,
28%). 4: acetophenone (0.16 ml, 1.33 mmol) diluted in 15 ml of hexane was
added to a solution of 1 (0.80 g, 1.28 mmol) in hexane (100 ml). The
reaction mixture was irradiated at room temp. for 45 h with a sunlamp. The
solution was concentrated and a crystalline blue solid was obtained at room
temp. (0.50 g, 52%). EI mass spectrum: m/z 624 (M+ 2 PhCOMe, < 1%),
613 (M+ 2 PhCHMe 2 C2H2, 3%). 5: the preparation of this complex is
similar to 4 from 0.80 g (1.28 mmol) of 1 and 0.17 ml (1.33 mmol) of ethyl
phenyl ketone irradiating for 68 h with a sunlamp; 0.44 g (46%) of a blue
solid was obtained. EI mass spectrum: m/z 624 (M+ 2 PhCOEt, 5%), 613
(M+ 2 PhCHEt 2 C2H2, < 1%).

Full NMR and analytical data for the new compounds 2–5 can be
acquired as supplementary material upon request from the authors.
¶ In the 1H NMR spectra we have detected the presence of m3-CCH2D
and m3-CCHD2 isotopomers.
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Direct conversion of perfluoroalkanes and perfluoroarenes to perfluoro
Grignard reagents

Christopher M. Beck, You-Jung Park and Robert H. Crabtree*†

Yale University, Department of Chemistry, 225 Prospect Street, New Haven, CT 06511, USA

Magnesium anthracene selectively reduces C6F12 or C6F6
and CF3C6F11 or CF3C6F5 to C6F5MgF and CF3C6F4MgF,
respectively

Magnesium anthracene1 MgC14H10 1, has found a wealth of
applications in organic chemistry.2 This compound is believed
to act as a soluble, activated form of magnesium metal,2a,b and
is often the compound of choice for the preparation of Grignard
reagents that are difficult or impossible to obtain directly from
magnesium metal.2 Here, we describe the use of 1 in new
synthetic routes to perfluoroaromatic Grignard reagents from
both perfluoroaromatic compounds as well as from the less
costly analogous saturated fluorocarbons.

Rare cases are known in which perfluoro Grignard reagents
have been synthesized from perfluoroaromatic compounds (but
not from perfluoroalkanes) and magnesium by entrainment with
a more reactive organic bromide, with3 or without4 transition
metal catalysis. Important work by Richmond and Pez and their
coworkers has shown that transition metal compounds5 and
arene anions6 can reduce saturated perfluorocarbons in solution
but never previously to give such useful species as Grignard
reagents.

We now find that hexafluorobenzene 2a reacts cleanly with
1 equiv. of the orange species 1 in THF solution at 241 °C to
afford a solution, the blue color of which is believed to be
associated with the anthracene monoanion. Treatment of this
solution with CO2 followed by acid work-up, yielded penta-
fluorobenzoic acid 5a in moderate yield (34%), along with
unreacted 2a. The reaction appears to proceed via net insertion
of a Mg atom into the aromatic C–F bond, forming a Grignard
reagent which subsequently reacts with CO2 to form the
carboxylic acid (Scheme 1). Since 1 exists in a temperature
dependent equilibrium with anthracene and magnesium met-
al,1b it is unclear if the formation of the Grignard reagent occurs
directly or by prior production of a highly active form of
magnesium metal.

The reaction of perfluorotoluene 2b with 1 equiv. of 1 at
241 °C produced perfluorotoluic acid 5b‡ exclusively as the
para isomer but in low yield (8.5%). The yields did not change
significantly between 278 and 0 °C or in the presence of an
excess of 1. Perfluoronaphthalene gave no identifiable organic
products in the presence of 1 at 278 °C. For comparison, Mg
powder (Aldrich Co., 50 mesh) was exposed to 2a or 2b under
analogous conditions. In this case, no reaction was observed
between the perfluoroarene and magnesium, further illustrating
the necessity for using 1 in Grignard synthesis.

Our success with these perfluoroarenes led us to look at the
corresponding perfluoroalkanes. When a THF solution of
4 equiv. of 1 at 0 °C was treated with perfluorocyclohexane 3a,
the initial orange solution rapidly turned dark brown. Sub-
sequent work-up with CO2, then acid, followed by extraction
with dilute base afforded dark brown solids after removal of the
solvent. Direct sublimation of these solids at 115 °C in vacuo
afforded white crystals which proved to be an inseparable
mixture of C6F5CO2H and 2,3,5,6-C6HF4CO2H§ by 19F NMR
spectroscopy in 14 and 4% overall chemical yield based on
fluorocarbon. This result is consistent with initial reduction of
perfluorocyclohexane to hexafluorobenzene which would then
be expected to react with an additional equivalent of 1 to yield
the corresponding Grignard reagent. Similarly, perfluoro-
methylcyclohexane 3b upon treatment with 4 equiv. of 1
yielded 5b in 5.7% yield, exclusively as the para isomer. As in
the case of the perfluoroarenes, no products were observed
when commercial Mg powder was treated with 3a or 3b in an
analogous manner. These transformations constitute, to our
knowledge, the only known conversions of perfluoroalkanes
directly to Grignard reagents. CAUTION: Fluorinated
Grignards can spontaneously explode;8 appropriate care must
therefore be exercised.

The authors are grateful to the Department of Energy and the
3M corporation for financial support.

Scheme 1

Table 1 Yields of 5 and reaction temperature for the reactions of 2 and 3
with 1a

Fluorocarbon T/°C Yield (%)

2a 241 34.3
2b 241 8.5
3a 0 14.0b

3b 0 5.7

a Fluorocarbon was added to a pre-cooled THF solution of 1 and allowed to
stir for 15–40 min. Dry CO2 was introduced for ca. 40 min at the reaction
temperature and allowed to warm to room temperature under a CO2 flow.
The mixture was then quenched with dilute H2SO4 and the THF removed in
vacuo. The product was extracted with Et2O, and then extracted by shaking
with 1 m (aq) KOH. The basic extracts were acidified with dilute H2SO4 and
extracted with Et2O to yield the product. Yields reported here are for the
doubly sublimed, analytically pure solids. b Isolated as a mixture which also
contained 2,3,5,6-C6HF4CO2H in 4% yield based on fluorocarbon.
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C, 36.62; H, 0.36; F, 50.74%.
§ This compound was identified by 19F NMR in comparison with an
authentic sample. Occasionally, traces of this species could be distinguished
in the crude solids obtained from the reaction of 2a with 1, but was absent
after purification.
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Photochemistry and magnetic resonance spectroscopy as probes of
supramolecular structures and migration pathways of organic molecules and
radicals adsorbed on zeolites

Nicholas J. Turro,*a† Xuegong Lei,a Wei Li,a Ann McDermott,a Lloyd Abrams,b M. Francesca Ottavianaic and
Hege Støgård Beardd

a Chemistry Department, Columbia University, New York, NY 10027, USA
b E. I. duPont de Nemours and Co., Central Research Department, Experimental Station, Wilmington, DE 19880, USA
c University of Florence, Department of Physical Chemistry, Via Gino Capponi, 9, 50121 Florence, Italy
d Chemistry Department, University of Oslo, Oslo, Norway

Magnetic resonance, surface area measurements and
computational techniques have been integrated to elucidate
the supramolecular photochemistry of two isomeric ketones
adsorbed on two MFI zeolites (silicalite and ZSM-5) and to
demonstrate that common factors proportional to the
available external surface area operate to determine the
measured parameters in each case.

We report here examples of supramolecular photochemistry1,2

of ketones adsorbed on molecular sieve zeolites (possessing
MFI topology). The systems employed are two isomeric
ketones, oACOB and pACOB, whose molecular photochemis-
tries are essentially identical,3 but whose supramolecular
photochemistries4 (Scheme 1) are a strong function of supramo-
lecular composition, structure and dynamics.

As shown in Scheme 1, the external surface of ZSF-5
zeolites5 possesses two sites for binding of oACOB molecules:
(i) the holes on the external surface (ca. 30% of the external

surface area) and (ii) the remaining ‘solid framework’ of the
external surface (ca. 70% of the external surface area). As
ketone is loaded, a monolayer of ketone will form at some point
and loading of ketone beyond this point will cause the formation
of multilayers.

According to the paradigm4 of Scheme 1, the products of the
photochemistry of oACOB adsorbed on MFI zeolites will
depend both on the initial siting of the ketone and on the
dynamics of the radicals produced by photolysis of oACOB
adsorbed at these sitings.

The photolyses of oACOB and pACOB adsorbed on two MFI
zeolites,5 silicalite (surface area = 5 m2 g21)6 and ZSM-5
(surface area = 16 m2 g21),6 were investigated as a function of
loading of ketone in the range ca. 0.1 to ca. 5% w/w. Fig. 1
summarizes the results of the ‘cage effect’7 as a function of
loading. The product mixture from the photolysis of the
pACOB/zeolite sysem was found to exhibit a strong positive
cage effect (CE)7 over the entire loading range investigated for
both silicalite and ZSM-5. In contrast, the product mixture from
the photolysis of the oACOB/zeolite system depends strongly
on the loading, exhibiting a strong negative cage effect7 at low
loadings, and an increasingly positive cage effect7 reaching a

Scheme 1 Schematic description of the supramolecular photochemistry of
oMeDBK/MFI complexes and pMeDBK/MFI complexes at loadings
corresponding to less than a monolayer. The holes are filled first (left) and
then the solid framework.

Fig. 1 (a) Loading and (b) normalized loading dependence of the cage effect
for the photolysis of oMeDBK on (2) 25M-5 and (/) silicalite zeolites
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maximum and progressing towards a limiting cage effect of
zero at the highest loadings [Fig. 1(a)].

For low loadings (conditions for which the surface area and
number of holes determine the CE), a linear fit of the data in
Fig. 1 yields values of 0.49 and 1.92% for the loadings at which
a CE of ca. 0% is achieved (assumed to correspond approx-
imately to the formation of the monolayer). The ratio of these
loadings is 3.9 and is strikingly similar to the observed ratio
(3 : 2) of the experimentally measured surface areas of the two
zeolite samples.6 These results demonstrate that the external
surface area is a key parameter in understanding the results.

The reciprocal of the half width of the signal (HA = 1/DH1/2)
in the solid state 2H NMR of [2H5]-oACOB was determined as
a function of loading (Fig. 2). The values of HA are related to the
motion8 of ring B. If the ring is plugged in a hole on the external
surface, its motion is expected to be more constrained than when
it is adsorbed on the solid external surface.8 Finally, if the ring
is in a liquid-like multilayer, the motion is expected to be
effectively isotropic and unconstrained.

For the lowest loadings, the values of HA for both zeolite
samples are small (motion constrained) and constant, as
expected if the ketones first occupy the holes on the external
surface. The value of HA begins to increase, and then plateau as
expected if the ketones begin to occupy a liquid-like environ-
ment.

The form of the graph of the 2H NMR data in Fig. 2 may be
described by a Langmuir expression such as eqn. (1), where Y is

Y = M(k)x/(1 + kx) (1)

the value of a parameter proportional to coverage, x is the
loading of oACOB (w/w), M is the maximum value of Y
[computed from fitting the data to eqn. (1)], and k is related to
the equilibrium constant for adsorption of the ketone on the
external surface.

If we assume that the motion of the adsorbed oMeDBK
molecules is directly related to the external surface coverage,
then the reciprocal of the half-widths8 of the 2H NMR data
serves as parameter Y in eqn. (1). At loadings below 0.3% the 2H
NMR signal is relatively broad and constant, implying that the
first oACOB molecules adsorbed are more tightly bound to the

holes than subsequently adsorbed molecules which bind to the
solid external surface.9 However, for values of HA plotted as a
function of loadings greater than ca. 1%, the data fit eqn. (1)
within experimental error (solid curves in Fig. 2). Values of
k = 0.041 ± 0.010 and 0.56 ± 0.50 for ZSM-5 and silicalite,
respectively, are evaluated from the fit to eqn. (1). The data for
both zeolite samples overlap within experimental error if the
data for silicalite are scaled by a factor of ca. 5, which is of the
order of the ratio of the measured external surface area of the
two zeolites and the ratio of the linear portions of the slopes of
the photochemical data in Fig. 1(a).

A second experiment employing EPR spectroscopy confirms
indirectly the results of the photochemical and 2H NMR
experiments. In these experiments 4-oxo-TEMPO (T) was
employed as an EPR probe of binding of oACOB to the external
surface. A small amount (0.1%) of T was added to the zeolite
samples and the influence of the addition of oACOB on the EPR
signal of the probe was observed. In the absence of oACOB, the
EPR spectrum consists of only a broad signal characteristic
peak, a strongly motion-constrained (slow component) probe
bound to the external surface. Addition of ketone causes the
conversion of the broad signal to a sharp, three line signal (fast
component) characteristic of a mobile probe displaced by the
ketone to a weaker binding region of the external surface. The
resulting spectra could be simulated10 as the sum of a fast and
slow component. Under the assumption that the ketone is
displacing the constrained probe, the percent of fast component
is proportional to the adsorbed ketone. Fig. 2 shows a plot of the
percent of fast component as a function of loading for the two
zeolites examined.

A plot of the percent of fast component as a function of
loading fits eqn. (1) within the experimental error [Fig. 2(a)].
Values of k = 0.048 ± 0.010 and 0.76 ± 0.11 for ZSM-5 and
silicalite, respectively, are evaluated from the fit to eqn. (1).
Strikingly, these values are experimentally indistinguishable
from the k values evaluated from the 2H NMR data (k = 0.041
± 0.010 and 0.56 ± 0.50 for ZSM-5 and silicalite, respectively).
Furthermore, the EPR data in Fig. 2 for the two zeolites overlap
the data for the 2H NMR data of Fig. 2 when the data for
silicalite are scaled by the same factor (ca. 5) which corrects for
the different surface areas of the two zeolites.

The authors at Columbia thank the National Science
Foundation for its generous support of this research and Dr Zhi
Liu for performing preliminary 2H NMR experiments. X. G. L.
and W. L. thank the Kanagawa Academy of Science and
Technology for funding.
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of HA from 2H NMR spectra and (:) the fast motion component extracted
from EPR spectra, as a function of loading of oACOB
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2H NMR, EPR, computational and product analyses of the
photolysis of 2,4-diphenylpentan-3-one (DPP) adsorbed on
MFI size/shape selective zeolites are consistent with supra-
molecular structural changes as a function of surface
coverage that provide a novel method for the generation of
persistent diffusing organic free radicals.

The MFI topology zeolites (e.g. silicalite and ZSM-5) are of
technical significance in both size/shape selective catalysis and
in molecular sieve separations.1 The technically attractive
properties of MFI zeolites originate from supramolecular,
structural (substrates as guests, zeolite crystal as host) and
dynamic (shape/size dependent supramolecular molecular dif-
fusion) characteristics, i.e. substrates possess ‘effective’ molec-
ular diameters comparable to the size/shape of the holes on the
external surface of the zeolite crystal and/or the channels and
intersections on the internal surface.2 The siting and diffusion of
a substrate are vital in determining the product selectivity in
catalysis and the resolution efficiency in separations.3

Understanding the role of diffusion and siting requires the
uncoupling of both supramolecular, structural and dynamic
features from the effects of activation at active sites and
rearrangements of reactive intermediates. The effects of
activation are pronounced at high temperatures with zeolites
possessing strongly acidic sites (e.g. HZSM-5).

We report a supramolecular photochemical investigation4 at
room temperature in which the activation and diffusional/siting
effects of zeolite catalysis are uncoupled. Activation of the
substrate towards reaction is provided by photochemical
methods which (i) excite adsorbed substrates whose sitings and
reaction products are directly determined by 2H NMR analysis
and (ii) produce persistent5,6 adsorbed carbon-centred radical
intermediates whose structure and mobility are directly deter-
mined by EPR spectroscopy. Computational methods are
employed for (i) analysis of the plausibility of the siting and
diffusional processes on the external and internal surfaces, (ii)
rationalization of the variation of product distribution as a
function of supramolecular structure, and (iii) simulation of the
EPR spectra of the persistent supramolecular radical species
formed upon photoexcitation of the adsorbed substrates.

In the molecular (solution) photochemistry [eqns. (1)–(3)] of
2,4-diphenylpentan-3-one (DPP) a-cleavage from T1 produces,

after rapid loss of CO, a-methylbenzyl radicals (MB·) [eqn.
(1)], which undergo random radical combination to produce
2,3-diphenylbutane (DPB) (ca. 95%) and disproportionates to
styrene (S) and ethylbenzene (EB) (ca. 5%). The rates of the
radical–radical reactions in eqns. (2) and (3) are close to
diffusion controlled5,8 and, in the absence of radical scavengers,
determine the lifetime of the ‘molecular’ radicals MB·.

Results of product analysis and EPR measurements as a
function of coverage [DPP/(Na)ZSM-5 (w/w), Si/Al = 80,
average particle size ca. 0.1 m] showed that (i) the dominant
products depend on the coverage, with disproportionation to
form S and EB being favored by low coverage ( < 0.3%) and
combination to form DPB being increasingly favored as the
coverage increases,9 and (ii) the maximum EPR intensity of the
signal of the persistent MB· radicals is insensitive to loading.
For example, the ratio of disproportionation to combination of
MB· radicals in solution is typically of the order of 0.1; at 0.3%
loading of DPP the ratio is 3.1.

The values of the half-widths (DH1/2) of the 2H NMR spectra
of C6D5CHMeCOCHMeC6D5 ([2H10]-DPP) as a function of
coverage are shown in Fig. 1. These provide information10

concerning both the supramolecular structure and dynamics of
the [2H10]-DPP/ZSM-5 system as a function of coverage: (i) a
‘sharp’ signal ( < 1 kHz) indicates rapid, isotropic motion and
the lack of constraints of the molecular structure of [2H10]-DPP
by the host ZSM-5 structure, i.e. the system is essentially
molecular (very weak intermolecular bonds between guest and
host); (ii) a ‘relatively broad’ signal (ca. 40 kHz) indicates an
anisotropic and partial constraint of a weakly bonded supramo-
lecular structure of a DPP/ZSM-5 system; (iii) a ‘limiting
broad’ signal (ca. 130 kHz) indicates relatively strong inter-
molecular bonds which result in inhibition of motion of a
supramolecular [2H10]-DPP/ZSM-5 system. If the ketone were
located on the flat part of the external surface, its motion would
be essentially isotropic, and DH1⁄2 would be expected to be of the

Fig. 1 (a) 2H NMR spectra of ([2H10]-DPP) at (i) 0.3, (ii) 1, (iii), 2, (iv) 5
and (v) 10 wt% loading on zeolite. (b) Result of 1% loading sample (i)
before and (ii) after photolysis.
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order of 1 kHz. If the ketone were located on the inside of the
zeolite DH1⁄2 would be of the order of 130 kHz. The observed
value of 40 kHz is consistent with the ketone being moderately
constrained in the holes on the external surface.

Before photolysis (Fig. 1), the 2H NMR spectrum of the DPP/
ZSM-5 system at low loading ( < 1% loading) exhibits a half
width of ca. 40 kHz, characteristic of a moderately constrained
[2H10]-DPP molecule. Thus, we conclude that the DPP
molecules at low coverage are adsorbed in the holes at the
interface of the external and internal surfaces of the ZSM-5
crystal. Photolysis of [2H10]-DPP at room temperature results in
a change in the 2H NMR spectrum and the appearance of a new
broad feature (ca. 130 kHz) which grows as the extent of
photolysis increases (Fig. 2).

For high coverage before photolysis the spectrum shows
mainly a sharp peak (DH1/2 < 1 kHz), with the broad peak
being buried in the base line due to the [2H10]-DPP molecules in
the holes. We conclude that photolysis of [2H10]-DPP at high
coverage does not lead to a significant increase of the broad
peak because most of the photolyzed [2H10]-DPP molecules
occur in multilayers at high coverage, and the radicals produced
in these fluid multilayers are very mobile and undergo random
radical–radical combination [eqn. (2)]. This view is supported
by the fact that the major product of photolysis at high coverage
is that expected from ‘molecular’ or solution conditions, i.e.
DPB (ca. 95%); most of the absorbed light excites the large
excess of ketones in the multilayers rather than the relatively
smaller number adsorbed in the holes at the interface.

The steady state photolysis of DPP adsorbed on ZSM-5
produced intense, long lived (many hours) EPR signals at all
coverages studied. The observed spectrum fits a simulation12 of
a powder spectrum of MB· as expected from the restricted
mobility of MB· adsorption on the internal surface. Computa-
tional analysis indicates that the lowest energy supramolecular
structure of MB· has the Ph group placed in an intersection
between the channels, and the alkyl radical moiety placed in a
channel between the intersections. This supramolecular geome-
try possesses a substantial barrier to motion, but allows the
achievement of a roughly planar structure at the radical center.
The hyperfine coupling constants computed and determined
experimentally,11,12 taking into account anisotropies due to
restricted motion, are sufficient for the simulation. Finally,
computations were made of the external surface area available
for adsorption of DPP in order to estimate the relationship
between the macroscopic composition (loading w/w) and the
surface coverage. The measured external surface area of the
ZSM-5 sample9 is of the order of 16 m2 g21, which, when
compared to the computations, implies that a monolayer of DPP
will be formed when the coverage is ca. 0.4%, the coverage at
which the experimentally observed salient effects on products
and spectroscopic properties begin to change. As the coverage
increases to values of ca. 1% and greater, the results become
characteristic of a molecular, two dimensional film rather than
of an adsorbed layer, because the bulk of the ketone molecules
are in the multilayer and not adsorbed on the zeolite external
surface. As the coverage increases, the lifetime of the radicals
decreases and the ratio of disproportionation to combination
decreases, i.e. the product distribution becomes more like that in
homogeneous solution. These results are also consistent with
the formation of multilayers of ketones on the external surface,
so that ketone molecules finds themselves increasingly in a
‘two-dimensional’ liquid as the loading increases, and the
results tend toward those for homogeneous solutions.

The persistence,6,7 or lifetime, of MB· is limited by either (i)
the diffusion of two MB· radicals into the vicinity of an
intersection, or (ii) disproportionation, the lowest energy
supramolecular reaction of the system within the intersection.
Thus, as a consequence of their supramolecular structure, two
encountering MB· radicals to not undergo the ‘molecularly
favored’ radical–radical combination, but instead undergo
disproportionation to S and EB [eqn. (3)]. The structural basis

for this selectivity may be either a supramolecular ‘steric’ or
‘dynamic’ effect. The steric effect would result from the high
energy required for a C–C bond to form DPB at an intersection,
as indicated by computation, and resulting from the supramol-
ecular steric effects associated with the compression of a DPB
molecule into the limited space available in the vicinity of the
intersections and channels. The less sterically demanding
radical–radical disproportionation in the vicinity of the inter-
sections becomes the default supramolecularly-allowed radi-
cal–radical reaction, but even this reaction is still remarkably
slow and allows the supramolecular MB·/ZSM-5 radicals to
become persistent for hours at room temperature. A dynamic
mechanism, termed a diffusional ‘maze’ effect, could also cause
the persistence of otherwise reactive radicals. In the maze
effect, the molecular traffic patterns of the radicals lead to rate
limiting infrequent encounters in the vicinity of the intersection.
In the extreme form of the maze effect an encounter leads to a
‘diffusion controlled’ reaction.

The 2H NMR, EPR, computational and photochemical
product analyses are all supported by the same supramolecular
structural and dynamic interpretation of the results at high and
low coverages. The supramolecular photochemistry of DPP
adsorbed on ZSM-5 molecular sieve zeolites depends dramat-
ically on the composition of the DPP/ZSM-5 system, because
the supramolecular constitutional structure (connectivity rela-
tionship of the guest and host structures) depends on the
system’s composition. At low loading ( < 0.3%) DPP is mainly
adsorbed in the holes on the external surfaces that provide
access to the internal surface. At intermediate loadings (ca. 1%),
when the limited amount of holes is plugged with DPP
molecules, as the coverage increases, the external framework
surface between the holes becomes covered with DPP mole-
cules until a monolayer is formed. At ‘high’ loadings ( > 1%),
both the holes and the framework’s external surface are covered
(a monolayer is formed) so that, as the coverage increases,
multilayers or two dimensional films of DPP are formed on the
external surface.

The authors thank Dr Paul Krusic (DuPont), Professors Hans
Fischer and Henning Paul for enlightening discussions, and the
NSF for financial support. X. G. L. and W. L. thank the
Kanagawa Academy of Science and Technology for funding.
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Ruthenium-catalyzed ring-closing reaction of a,w-bis(vinylsilyl) compounds via
a silyl transfer mechanism
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Compounds having a vinyldimethylsilyl group at both
terminals have been successfully cyclized by ruthenium
hydride catalysts to give selectively disilacycles of various
ring sizes via a metathetical reaction, i.e. ethene elimination
from the two terminal vinyl groups, not involving metallo-
carbene–metallacyclobutane type intermediates.

In 1991 we reported ruthenium hydride catalyzed homo- and
cross-disproportionation reactions between CH2NCH-SiR3 and
CH2NCHRA (RA = SiR3, Me, Ph, CO2Me, OBun) to yield
CH2NCH2 and RACHNCHSiR3.1 When R = Me and RA = SiMe3
(homo-disproportionation), one of the disubstituted products
originally assigned as the (Z)-isomer was subsequently identi-
fied by Marciniec and Pietrasuk as 1,1-bis(silyl)ethene.2 We
have also confirmed by NMR studies that in the case of cross
disproportionations, e.g. R = RA = Me, a minor product
originally referred to as the (Z)-isomer is actually the 1,1-iso-
mer. As a result, the catalytic sequence is now written as
outlined in Scheme 1.

The reaction mechanism involving b-silyl elimination and
insertion of a CNC double bond into the resulting Ru–Si bond
was established in the original report based on isolation of the
ruthenium–silyl intermediate [RuCl(CO)(PPh3)2(SiMe3)] and
its reaction with ethene.1 This mechanism has been re-
confirmed by a series of elaborate experiments by Marciniec

and co-workers, who pointed out the possibility of involvement
of metallocarbene and metallacyclobutane intermediates.2–5 A
remaining problem is that the regioselectivity of this reaction is
poor in some cases, particularly for self-disproportionation-type
reactions, where almost equal amounts of (E)-R3SiCHNCHSiR3
and CH2NC(SiR3)2 are formed.1 Apparently, the regioselection
is controlled simply by the direction of insertion of the second
olefin molecule into the Ru–Si bond.

Our efforts to improve the regioselectivity of the self-
disproportionation of vinyltrimethylsilane, by modifying the
electronic character and bulkiness of the ligands or by using
coordinating additives, met with only partial success, yielding
the (E)-1,2- and 1,1-isomers in an 88 : 12 ratio in one case and
a 15 : 85 ratio at the other extreme (Scheme 2). The catalyst
precursor used in the former was [RuCl(CNC6H4-
NO2)(PPh3)3(H)] while in the latter case, a small amount of
MeCN was added to the initial reaction mixture containing
[RuCl(CO)(PPh3)3(H)]: without MeCN, the isomer ratio was
44 : 56.

Scheme 1

Scheme 2 Reagents and conditions: i, [RuCl(PPh3)3(CNC6H4-4-NO2)(H)]
(20 mg), vinylsilane (0.2 ml), toluene (2 ml), 100 °C, 20 h; ii,
[RuCl(PPh3)3(CO)(H)] (20 mg), MeCN (0.1 ml), vinylsilane (0.2 ml),
toluene (2 ml), 100 °C, 20 h. GLC yields in parentheses.

Table 1 Disproportionation of a,w-bis(vinylsilyl) compounds

Entry,
Catalysta Substrate Product Yield (%)

a A: [RuCl(CO)(PPh3)3(H)], B: [RuCl(CO)(PPri
3)2(H)]. b 80 °C, 24 h,

toluene. c GLC yield. d 100 °C, 15 h, THF. e Isolated yield. f 60 °C, 24 h,
THF. g 80 °C, 25 h, toluene. h 110 °C, 42 h, toluene.
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Application of this catalytic system for intramolecular
disproportionation of a,w-bis(vinylsilyl) compounds was found
to be more successful, giving disilacycles of various ring sizes:
in particular, the regioselectivity was almost perfect (Table 1).‡
Only very small amounts of intermolecular reaction products
was formed at normal concentrations of the reaction mixture, as
detected by GC–MS, and they could be easily separated. By
using either [RuCl(CO)(PPh3)3(H)] or Werner’s hydride [RuCl-
(CO)(PPri

3)2(H)] as the catalyst precursor,6 the cyclic com-
pounds with an exo-methylene unit were obtained as the sole
cyclization products (Table 1, entries 1–4); the existence of the
methylene unit in the products was confirmed by NMR DEPT
studies. In contrast, a product which corresponds to the
(E)-isomer, i.e. a 14-membered disilacycloolefin, was obtained
selectively when the substrate had a longer aliphatic chain
spacer (entry 5).§ In all of the cases examined, no isomeric
material could be detected. Werner’s hydride is in general more
active as catalyst than the PPh3 analog, but separation of the
product from the catalyst and its residues is easier for the latter
due to its low solubility.

The products in entries 1–4 correspond to the 1,1-isomer
depicted in Scheme 2 and should not be formed in principle by
the Grubbs type ring-closing metathesis using ruthenium–
carbene initiators.7 Obviously, the insertion–b-elimination
mechanism shown in Scheme 1, is operating in an intramole-
cular fashion.

Further application of this novel ring-closing reaction to the
synthesis of mono- and di-silamacrocycles, as well as to
silicone-containing polymers, is now under investigation.
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Highly enantioselective synthesis of dialkyl and alkyl aryl N-tosylsulfimides
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Enantiomerically pure S-alkyl-S-[(4S)-4-benzyl-2-oxo-
1,3-oxazolidin-3-yl]-N-tosylsulfimides react with Grignard
reagents affording dialkyl and alkyl aryl sulfimides in high
chemical yield and enantiomeric excess.

Sulfimides are a class of compounds potentially of interest in
the field of medicine,1 because of their different pharmacolog-
ical properties: several families of structurally related sulfi-
mides have shown antimicrobial, diuretic and hypotensive
properties, inhibitor effects on tumor growth and activity as
antidepressants and stimulants of the central nervous system. 

In organic synthesis sulfimides are versatile reagents due to
the presence of an SIVNN moiety which provides two reaction
sites susceptible to attack by both nucleophilic and electrophilic
reagents. Moreover, like sulfoxides, sulfimides form stable
a-carbanions. This property has recently been exploited in
asymmetric methylidene transfer from the sodium salt of (S)-S-
methyl-S-p-tolyl-N-tosylsulfimide to prochiral carbonyl groups
yielding epoxides with ees of up to 70%.2 Wider applications of
sulfimides are limited, however, because of the dearth of
general synthetic methodologies affording high ees. The first
procedure for the preparation of optically active sulfimides took
advantage of the stereospecific reaction of chiral sulfoxides
with various iminating species, such as bis(N-tosylsulfur
diimine), N-sulfinyltoluene-p-sulfonamide and toluene-
p-sulfinyl nitrene.3 More recently Uemura4 reported the
asymmetric synthesis of alkyl aryl sulfimides by imidation of
the corresponding prochiral sulfides with [N-(toluene-
p-sulfonyl)imino]phenyliodinane (PhINNTs) in the presence of
a catalytic amount of CuI salts and chiral 4,4A-disubstituted
bis(oxazoline) ligands, the ee being in the range 10–71%.

N-Functionalized chiral oxazolidinones are commonly em-
ployed auxiliaries which afford excellent degrees of asymmetric
induction in reactions ranging from alkylations to aldol
condensations and Diels–Alder additions.5 Their use has been
highly successful in the stereoselective construction of a
number of natural products, antibiotics, macrolides and other
pharmacologically important compounds. Recently chiral
N-sulfinyloxazolidinones were used by Evans6 as sulfinylating
agents of a series of organometallic nucleophiles for the
synthesis of sulfoxides, sulfinate esters and sulfinamides with
up to 100% ee.

Now we report a new enantioselective synthesis of dialkyl
and alkyl aryl N-tosyl sulfimides via S-alkyl-S-[(4S)-4-benzyl-
2-oxo-1,3-oxazolidin-3-yl]-N-tosylsulfimides 3 and 4 prepared
from the corresponding N-(alkylthio)oxazolidinones6 by reac-
tion with chloramine T (Scheme 1).

Reagents 3 and 4, separated by flash chromatography, reacted
with a series of Grignard reagents to give the corresponding
sulfimides (Tables 1 and 2).‡ The displacement reaction
occurred with good chemical yields even with bulky organome-
tallic reagents such as cyclohexylmagnesium bromide (Table 1,
entry 7; Table 2, entry 7) and 2-naphthylmagnesium bromide
(Table 1, entry 4; Table 2, entry 4). However, tert-butylmagne-
sium bromide did not react, even when used in a large excess
(four-fold excess) and for longer reaction time. In all the cases
examined, no racemization of the recovered chiral auxiliary was
observed.

The enantioselectivity in the formation of sulfimides was
almost unaffected by the reaction temperature, indeed the ee of
S-methyl-S-phenyl-N-tosylsulfimides obtained from dia-
stereoisomers 3a and 4a with phenylmagnesium bromide was
unchanged at both 278 and 0 °C. Therefore, intermediates 3a
and 4a did not undergo epimerization, unlike N-sulfinyloxaz-

Scheme 1 Reagents and conditions: i, BunLi (1 equiv.), THF, 0 °C, 0.5 h;
ii, RAS–SO2Me (1.2 equiv.), room temp., 1 h; iii, Chloramine T (1.1 equiv.),
toluene, C16H33Bu3PBr (0.05 equiv.), room temp., 4 h; iv, R2MgBr (2
equiv.), THF, 278 °C, 1 h

Table 1 Chemical yields and ees for nucleophilic displacement reactions on
diastereoisomers 3a and 3b

Entry R1 R2 Yield (%) Ee (%)a

1 Me Ph 91 94
2b Me Ph 72 81
3 Me p-tolyl 89 87 (R)
4 Me 2-naphthyl 75 > 98
5 Me Bn 86 84
6 Me vinyl 89 98
7 Me Cy 85 98
8 Me Pri 80 85
9c Me But — —

10c Pri Ph 39 96

a Determined by HPLC using a Chiralcel OD (entries 5, 6, 7, 8), Chiralcel
OJ (entries 1, 2, 10) or Chiralpack AS column (entry 3) with different
mixtures of n-hexane–EtOH as the mobile phase. The optical purity of
S-methyl-S-naphthyl-N-tosylsulfimide (entry 4) was obtained by 1H NMR
analysis using Eu(tfc)3. b For 1 h at 0 °C. c For 8 h at 25 °C.
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olidinones, which are configurationally unstable at the sulfur
atom.6 This could explain the high imidation stereoselectivity
with respect to overall chemical yield. 

Increasing the steric hindrance at the sulfur atom in
diastereoisomers 3b and 4b affected the yield but not the ee of
the sulfimides formed (Table 1, entries 1, 10; Table 2, entries 1,
10), thus extending this methodology to S-alkyl-S-[(4S)-
4-benzyl-2-oxo-1,3-oxazolidin-3-yl]-N-tosylsulfimides having
S-alkyl substituents other than methyl. 

Diastereoisomer 3a yielded S-methyl-S-p-tolyl-N-tosylsulfi-
mide (Table 1, entry 2) with 87% ee and (R) absolute
configuration according to the literature,3 the opposite enan-
tiomer [94% ee, (S)] being obtained from diastereoisomer 4a. If

we assume that the nucleophilic displacement occurred with
inversion of configuration, as in the case of the N-sulfinyloxaz-
olidinones,6 the absolute configuration at the sulfur atom should
be (R) for the diastereoisomer 3a and (S) for the diastereoisomer
4a.

In summary, this study represents a further example of the
synthetic versatility of chiral oxazolidinones and describes a
new approach to optically active sulfimides with good chemical
yields and high ees.

Notes and References

† E-mail: colonna@imiucca.csi.unimi.it
‡ Experimental procedure: S-Methyl-S-[(4S)-4-benzyl-2-oxo-1,3-oxaz-
olidin-3-yl]-N-tosylsulfimides 3a and 4a were prepared by adding chlor-
amine T (1.1 equiv.) to N-(methylthio)oxazolidinone (ref. 6) (1 equiv.) and
hexadecyltributylphosphonium bromide (0.05 equiv.) in toluene as solvent.
After 4 h at room temperature, normal work-up afforded the diastereo-
isomers 3a and 4a. Purification by flash silica gel column chromatography
(hexane–ethyl acetate 3 : 7) gave pure 3a and 4a in the ratio 2.3 : 1 (yield
80%.) Sulfimides were obtained by reacting diastereoisomers 3a and 4a (1
equiv.) with the Grignard reagents (2 equiv.) at 278 °C for 1 h in THF as
solvent (ref. 6) and purification by flash silica gel column chromatography
(Et2O–MeOH 9 : 1). Diastereoisomers 3b and 4b were prepared in an
analogous way and obtained in the ratio 1.3 : 1 (yield 72%). MeS–SO2Me
was purchased from Aldrich, and PriS–SO2Me was prepared according to
the literature (ref. 7).
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Table 2 Chemical yields and ees for nucleophilic displacement reactions on
diastereoisomers 4a and 4b

Entry R1 R2 Yield (%) Ee (%)a

1 Me Ph 88 85
2b Me Ph 69 83
3 Me p-tolyl 91 94 (S)
4 Me 2-naphthyl 72 > 98
5 Me Bn 87 92
6 Me vinyl 92 98
7 Me Cy 84 96
8 Me Pri 84 88
9c Me But — —

10c Pri Ph 40 78

a Determined by HPLC using a Chiralcel OD (entries 5, 6, 7, 8), Chiralcel
OJ (entries 1, 2, 10) or Chiralpack AS columns (entry 3) with different
mixtures of n-hexane–EtOH as the mobile phase. The optical purity of
S-methyl-S-naphthyl-N-tosylsulfimide (entry 4) was obtained by 1H NMR
analysis using Eu(tfc)3. b For 1 h at 0 °C. c For 8 h at 25 °C.
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Chlorine abstraction by laser pyrolysis of W(CO)6; a mild route to gas-phase
organic radical chemistry

Grant R. Allen, Noel D. Renner and Douglas K. Russell*†

Department of Chemistry, University of Auckland, Private Bag 92019, Auckland, New Zealand 

SF6-photosensitised IR laser pyrolysis of W(CO)6 in the gas
phase at moderate temperatures leads to unsaturated
W(CO)n species; these prove to be very effective and
selective abstractors of Cl atoms from a wide range of
organic substrates, and offer a low energy and clean route
into gas phase organic radical chemistry.

IR laser powered homogeneous pyrolysis (LPHP)1,2 has been
successfully exploited for over 20 years in the investigation of
the mechanisms of thermal decomposition of volatile organo-
metallic3 and organic compounds.4 In IR LPHP, the vapour of
the target species is mixed with SF6, and the mixture exposed to
the output of a CO2 IR laser. The SF6 strongly absorbs the laser
energy, which is rapidly converted to heat via efficient intra-
and inter-molecular relaxation.2 The advantages of this tech-
nique are well documented; very small quantities of material are
required, initiation of reaction is unambiguously homogeneous
and short-lived intermediates are readily trapped (physically or
chemically). Progress of reaction may be monitored by
conventional analytical techniques, in the present work FTIR
spectroscopy or GC–MS. The pyrolysis of many organo-
chlorine compounds has been studied using IR LPHP, princi-
pally by Pola.5 As in conventional pyrolysis, the chemistry of
these compounds is dominated by the themes of HCl elimina-
tion (where available) and C–Cl bond homolysis.

LPHP of W(CO)6 at much lower laser powers (i.e.,
temperatures) than those required for the organochlorine
compounds described below leads to copious amounts of CO
and a grey deposit, shown elsewhere to be more or less pure
tungsten.6 It is usually assumed that these products result from
the successive homolytic loss of carbonyl groups. In the
presence of vapours of chlorinated organic compounds, the
deposits also contain chlorine, XPES and reflectance IR
spectroscopy indicating a composition approximating to
W(CO)4Cl2. It appears, therefore, that unsaturated W(CO)n (n <
6) species are highly efficient abstractors of Cl from such
compounds. Where the target compound contains both Cl and F,
abstraction of Cl occurs preferentially, in accord with the
relative strengths of W–X and C–X bonds.7 Moreover, the
secondary product of the W(CO)6 (namely CO) is chemically
inert, and highly reactive Cl atoms are effectively removed from
the system. These factors lead to end products that may be
ascribed unambiguously to subsequent reactions of the resultant
organic radicals. Here, we report preliminary results using
simple and familiar systems which confirm this point of view,
and which illustrate the potential of this route into gas phase
organic radical chemistry.

The thermal decomposition of the refrigerant CF2HCl (Freon
22) has been extensively studied by both conventional methods
and IR LPHP in the light of its role in destruction of
stratospheric ozone.1,8 In all cases, the observed products were
HCl and C2F4, with further breakdown of the latter at higher
temperatures. This has been ascribed to unimolecular elimina-
tion of HCl followed by recombination of the resultant
difluorocarbene :CF2. In the present work, the :CF2 inter-
mediate was detected directly by IR spectroscopy in an Ar
matrix (dilution 100 : 1). At 15 K, a strong peak at 1220 cm21

attributable to CF2 was observed; on annealing to 40 K, this

peak decayed, to be replaced by two assignable to C2F4 at 1178
and 1328 cm21. On co-pyrolysis with W(CO)6 at much lower
laser power (i.e., temperature), the major products were SiF4
and 1,1,2,2-tetrafluoroethane; no traces of HCl or C2F4 (or its
breakdown products) were detected. These results are consistent
with the selective abstraction of Cl to yield the ·CF2H radical;
this either recombines or migrates to the cell wall, where
reaction with silica results in the observed SiF4. The decomposi-
tion of CF2Cl2 (Freon 12) and CH2Cl2 led to corresponding
results, in particular the production of 1,2-dichlorotetrafluoro-
ethane in copyrolysis of the former, and of 1,2-dichloroethane
in the latter. Neither of these compounds is a major product in
conventional pyrolysis, as a result of competing elimination
processes and extensive secondary reactions.

The series of halogenated acetic acids provides an interesting
example of a change in pyrolysis mechanism down a series.9
Decarbonylation of the intermediate oxiranone formed by
elimination of HCl from CH2ClCO2H yields formaldehyde, CO
and HCl as the observed end products. On the other hand, C–I
homolysis in CH2ICO2H, followed by a hydrogen shift and
decarboxylation, results in CH4 and CO2 as the stable products;
CH2BrCO2H follows both routes concurrently. On co-pyrolysis
with W(CO)6 at very low temperatures, CH2ClCO2H also yields
the radical abstraction end-products CH4 and CO2. Similarly, IR
LPHP of CH3COCl alone largely follows the HCl elimination
pathway, yielding the ketene observed in conventional pyr-
olysis.10 Low temperature co-pyrolysis with W(CO)6 com-
pletely suppresses formation of ketene, resulting instead in the
CH4 and CO characteristic of the radical route. These results are
illustrated in Fig. 1.

The IR LPHP of 1,2-dichloroethene has been studied by
Kubat and Pola,11 with the conclusion that pyrolysis at low
temperature leads to Z–E isomerisation; at higher laser power,
this is followed by elimination of HCl yielding chloroacetylene
(and, to a small extent, of Cl2 to yield acetylene). In the present
work, a sample of the slightly less stable E-1,2-C2H2Cl2 alone
was initially exposed to low laser power to yield an approx-
imately equimolar mixture of the Z and E isomers. W(CO)6 was
then admitted to the cell, and further IR LPHP at powers
insufficient to lead to further isomerisation led to decay of IR
features of the two isomers at different rates. The first-order
kinetic plots of Fig. 2 are consistent with reactions whose

Fig. 1 Partial FTIR spectra of the products of laser pyrolysis of CH3COCl
in the absence (upper) and presence (lower) of W(CO)6; the small amount
of HCl evident in the lower trace was present in the original sample
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activation energies differ by the known zero point energy
difference12 of 1840 J mol21, and an effective temperature of
650 ± 150 K. This ‘kinetic isomer effect’ suggests that loss
reactions of the two isomers involve Cl abstraction pathways
whose transition states differ little in energy.

The above preliminary results confirm that W(CO)n species
do indeed act as efficient and selective abstractors of Cl from a
range of organochlorine compounds under comparatively mild
conditions, and that the subsequent chemistry is dominated by
the resulting organic radical species. In this sense, this system
may serve as a gas phase analogue of well known solution
abstractors such as tri-n-butyltin13 and tris(trimethyl-
silyl)silyl.14 In future work, we shall investigate more complex
systems; preliminary results on chlorinated xylenes, for exam-
ple, have already indicated that substantially new reaction
routes are opened in such species.15

We thank the University of Auckland for assistance with the
purchase of equipment and a doctoral scholarship to G. R. A.
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Fig. 2 First-order kinetic plots for the decay of E-1,2-C2H2Cl2 (2) and
Z-1,2-C2H2Cl2 (8) on laser pyrolysis in the presence of W(CO)6
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Two-step phosphorus-mediated substitution of hydroxy groups in selected
primary alcohols for fluorinated alkyl or aryl substituents: the molecular
structure of 1,1-bis(fluorosulfonyl)-1-fluoro-2-phenylethane
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In an Arbuzov type reaction, amido phosphites (Et2N)2-
POR1 and a broad range of halofluoro organic halides
(X = Cl, Br) formed the corresponding alkylated derivatives
R1–R2 [R1 = Bn, R2 = C(SO2F)3, CCl2F, CCl2CF3, CBr2F,
C(CF3)3, C6F5; R1 = Et, CH2CF3, Me, R2 = CCl2CF3],
whereas with FC(SO2F)3 and loss of SO2, BnCF(SO2F)2 was
obtained, as shown by X-ray crystallography.

Owing to the chemical and biological properties of organoflu-
orine compounds,1 considerable efforts have been made to find
new reagents and methods for the fluorination of alcohols, oxy
acids and glucosides. Nucleophilic fluoroalkylation is one of the
most attractive routes for introducing fluorinated moieties.2
However, to the best of our knowledge, there are no methods for
substituting oxy groups in alcohols (directly or using their
corresponding tosylates or triflates) for fluorinated carbon-
centered anions. Phosphorus-containing reagents, e.g. the three
component system CF3Br/P(NEt)3/electrophile or trifluoro-
methyl tris(dialkylamino)phosphonium salts,3 have proven to
be versatile reactants for trifluoromethylation of a variety of
organic and organoelement compounds, e.g. Me3SiCF3, in its
turn a powerful CF3 transfer agent, too.3,4 As we have recently
shown, the phosphitylation of alcohols and oxy acid esters with
(Et2N)2PCl, followed by the low temperature reaction of
(CF3S)2 with the diamido phosphites formed, is an effective
route for addition of the lipophilic SCF3 moiety to sp3-
hybridized carbon atoms under mild reaction conditions;5 in the
case of CCl4 and some Cl3C group-containing species,
trichloromethylated alkanes, 1,1-dichloromethyl esters and
1,1-dichloroethyl substituted phosphines were obtained.6–8 Our
preliminary results show that the reaction of (Et2N)2POR1

(R1 = Bn) with XC(SO2F)3 (X = F, Cl), X3CF (X = Cl, Br),
Cl3CCF3 and BrC(CF3)3, BrC6F5, and of (Et2N)2POR1

(R1 = Et, CH2CF3, Me) with Cl3CCF3 is a novel, convenient
and generally applicable method for a two step substitution of
hydroxy groups in primary alcohols for wide range of different
fluorinated species; respective literature syntheses give fairly
different and preparatively demanding approaches with low
yields, e.g. MeC(SO2F)3 has been synthesized from MeI and
AgC(SO2F)3,9 BnCCl2CF3 by electrochemical cross-cou-
pling,10 MeCCl2CF3 from 2,2-dichloropropionic acid and
SF4,11 EtCCl2CF3 and CF3CH2CCl2CF3 have been prepared
photolytically,12,13 and BnC(CF3)3 has been prepared from
1,1,3,3,3-pentafluoro-2-trifluoromethylpropene, CsF and
PhCHCl2.14 For BnC6F5, BnCl and pentafluorobenzoyl chloride
were required.15

In a superior general alternative to the already known
methods, mentioned above, bis(diethylamido) phosphites,
(Et2N)2POR1, 1 (R1 = Bn)5 and the fluoro species ClC(SO2F)3
2a,9 CCl3F 2b, CCl3CF3 2c, CBr3F 2d, BrC(CF3)3 2e and
BrC6F5 2f underwent an Arbuzov type reaction to give in good
yields R1–R2 4a–f [R1 = Bn, R2 = C(SO2F)3 (4a), CCl2F (4b)
CCl2CF3 (4c), CBr2F (4d), C(CF3)3 (4e), C6F5 (4f)] and the
corresponding halogeno amidates, (Et2N)2P(O)X (X = Cl,

Br),‡ (see Table 1). Gaseous SO2 was formed when FC(SO2F)3
3 was allowed to interact with 1 yielding BnCF(SO2F)2 5§ and
(Et2N)2P(O)F. (Scheme 1) Reacting (Et2N)2POR1 (R1 = Et (6),

CH2CF3 (8),16 Me (10)] with 2c gave the corresponding alkanes
R1–CCl2CF3 [R1 = Et (7c),12 CH2CF3 (9c),13 Me (11c)11]. The
products, either colorless liquids or low melting point solids,
were easily separated from the phosphorus-containing sub-
stances by distillation or column chromatography on silica. The
fluoro species R1–C(SO2F)3 4a, R1–CCl2F 4b, R1–CBr2F 4d
and R1–CF(SO2F)2 5 (R1 = Bn) have not been described
previously.¶ THF or triglyme were required as solvent;
however, in the case of XC(SO2F)3 (X = F, Cl)9 the reaction
exclusively proceeds in aprotic, non-polar media, such as
pentane. If no solvent is used, either no reaction occurs or
products with P–C bond formation were obtained.17

It is possible that, in a two step Arbuzov reaction via
halogenophilic attack of phosphorus at R2–-X (X = Cl, Br),

Scheme 1

Table 1 Preparation of R1–R2

Reactants
Product

R1OP(NEt2)2/R2–Xa R1–R2 Yield (%)

1/2a 4ab,c 80
1/2b 4bb,d 40
1/2c 4cb,d 90
1/2d 4db,d 40
1/2e 4eb,e 81
1/2f 4fd,f 80
1/3 5b,d 86
6/2c 7cb,d 80
8/2c 9cb,d 70

10/2c 11cb,e 85

a R1OP(NEt2)2 (10 mmol) in 10 ml solvent was added to a 10 ml solution
of R2–X (10 mmol), cooled to 250 to 278 °C within 5 min. b Reaction time:
15–30 min at 250 to 278 °C. c In pentane. d In THF. e In triglyme.
f Reaction time: 90 min at 250 to 278 °C.
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unstable quasi-phosphonium intermediates [(Et2N)2P(OR1)X]+

[R2]2 A are formed, which in turn yield R1–R2 and (Et2N)2P-
(NO)X. For the reaction of 3 with 1, a halogenophilic pathway
seemed unlikely. However, the l3,s3 phosphorus nucleophile
might attack sulfur (intermediate B) displacing a fluoride anion,
which induced loss of SO2 (intermediate C) and the proposed
formation of [CF(SO2F)2]2 (Scheme 1). Despite being the
conjugated base of super acid (pKa 212),18 the tris(fluoro-
sulfonyl)methanide anion19 was able to be alkylated under mild
conditions in pentane. Attempts to react this anion, as
tetrabutylammonium tris(fluorosulfonyl)methanide, with alkyl
tosylates and BnBr failed, even at elevated temperature.18 The
intermediate A probably exists as a tight ion pair, which
facilitates the trapping of the incipient [C(SO2F)3]2 anion via an
intramolecular Arbuzov rearrangement. In THF or triglyme no
methanide alkylation could be observed. In the case of
BrC(CF3)3 2e, no perfluorobutene or its reaction products were
found. No substitution of fluorine in the C6F5 moiety occurred.
With C6F5Br 2f the reaction was slower and accompanied by
C6F5H formation, originating from the interaction of the
corresponding anion with the solvent.17 A concerted mecha-
nism with l5,s5 phosphorane intermediates or a radical pathway
could not be ruled out.20

The single crystal X-ray structure determination§ of 5
(Fig. 1), the first carried out on an alkyl derivative of
HCF(SO2F)2, showed a slightly distorted tetrahedral geometry
at C(1) bearing the SO2F groups and C(2). The bond length of
C(1)–S(1) corresponds to a single bond,9 and the bond lengths
C(1)–F(3), C(1)–C(2), C(2)–C(3), C(3)–C(4), S(1)–O(1) and
S(1)–F(1) are all in the expected ranges.21

The outlined synthetic approach for introducing carbon-
centered anions with a broad range of nucleophilicity to the sp3-
hybridized carbon of BnOH can be considered a simple
alternative, superior to already known procedures. Preliminary
positive results for EtOH, CF3CH2OH and MeOH promise
extension of the procedure to various alkanes
RFCCl2(Br2)CH2R, which, when successively dehydrohal-
ogenated, offer an easy access to fluoroalkylated alkenes
RFCCl(Br)NCHR and alkynes RFC·CR, which are in turn
building blocks for fluoro heterocycles and other versatile
precursors.22
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and G.-V. Röschenthaler, J. Fluorine Chem., 1995, 70, 271.

5 A. A. Kolomeitsev, K. Y. Chabanenko, G.-V. Röschenthaler and
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Fig. 1 Crystal structure of 5 with thermal ellipsoids. Selected bond distances
(pm) and angles (°): C(1)–S(1) 183.8(3), C(1)–S(2) 183.3(3), C(1)–C(2)
151.5(4), C(2)–C(3) 151.7(4), C(3)–C(4) 138.3(4), S(1)–O(1) 140.5(1),
S(2)–O(3) 141.8(2), S(1)–F(1) 154.7(2), S(2)–F(2) 152.0(2), C(1)–F(3)
137.3(3); C(2)–C(1)–S(1) 110.7(2), C(2)–C(1)–S(2) 111.8(2), F(3)–C(1)–
C(2) 112.1(2), C(1)–C(2)–C(3) 114.3(2), F(3)–C(1)–S(1) 105.7(2),
F(3)–C(1)–S(2) 106.2(2), S(2)–C(1)–S(1) 110.1(2), O(1)–S(1)–F(1)
107.02(12), O(3)–S(2)–F(2) 106.9(2), O(1)–S(1)–O(2) 122.36(14),
O(4)–S(2)–O(3) 121.0(2), F(1)–S(1)–C(1) 100.51(12), F(2)–S(2)–C(1)
98.49(12).
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Synthesis and crystal structure determination of sodium ozonide

Wilhelm Klein, Klaus Armbruster and Martin Jansen*†

Institut für Anorganische Chemie der Rheinischen Friedrich-Wilhelms-Universität Bonn, Gerhard-Domagk-Straße 1, 53121 Bonn,
Germany 

So-far-unknown ionic ozonides are accessible by a new
method of synthesis; the new binary compound NaO3
crystallizes isostructural to NaNO2.

Recently, the alkali metal ozonides KO3,1 RbO3
2 and CsO3

3

have become available as bulk and pure materials, and a
generally applicable route for the syntheses of ionic ozonides
with relatively bulky organic group-15-‘onium’ cations has
been developed.4 All ozonides known so far are metastable and
decompose via exothermal reactions.5 Within the group of the
alkali metal ozonides the stability decreases with decreasing
diameter of the respective cation. As a consequence, unlike
KO3, RbO3 and CsO3, the lithium and sodium ozonides are not
accessible via direct ozonisation of their peroxides or hyper-
oxides. However, solutions of LiO3 and NaO3 in liquid
ammonia can be obtained by ion exchange. From these
solutions the solid ozonides Li[2.2.1]O3 and Na[2.2.2]O3
precipitate after complexation of the cations by the appropriate
cryptands.6 In the absence of a cryptand, NaO3 decomposes into
a mixture of solid NaOH and NaO2 upon removing the solvent.
Presumably, in an initial step a proton is transferred to the
ozonide anion from ammonia, which shows an increased acidity
because of its coordination to the smaller and thus more strongly
polarizing sodium cation, compared to K+, Rb+ and Cs+. In
order to circumvent this complication, we have added methyl-
amine, which, being a stronger base than ammonia, would be
the preferred ligand for the coordination of sodium, and at the
same time, is less proton acidic. When evaporating the solvent
mixture at 278 °C, first ammonia is removed, and upon
increasing the temperature slowly up to 220 °C, pure sodium
ozonide precipitates. The intensively red, air sensitive poly-
crystalline samples decompose slowly at room temperature into
solid NaO2 and oxygen. However, at a temperature of 218 °C,
NaO3 can be stored undecomposed for months. Surprisingly,
the temperature at which rapid spontaneous decomposition
starts is slightly higher for NaO3 (37 °C) than for KO3
(35 °C).1

According to a crystal structure determination by Rietveld’s
technique of refinement of X-ray powder data7 (Fig. 1), NaO3 is
isostructural to sodium nitrite.‡ Thus, sodium ozonide is the
first alkali metal ozonide exhibiting a ferroelectric arrangement
of the anions. Generally, the crystal structure of NaO3 can be
related to the rock salt type of structure (cf. Fig. 2), each sodium
being surrounded octahedrally by six ozonide groups. However,
six negatively polarized terminal oxygen atoms belonging to
only five complex anions coordinate sodium at a distance
(242–244 pm) as would be expected for the first coordination
sphere8–10 (cf. Fig. 3). The ozonide ion exhibits the longest O–O
bonds and the smallest O–O–O angle that have been seen so far.
The newly determined data confirm the trend that with
decreasing ionic radius of the cation the bond lengths increase
and the bond angles decrease within the ozonide ion (see Table
1). Note that the differences among these values are rather close
to the limits of experimental error. However, they are consistent
with considerations based on Walsh’s rules.11 As in KO3 (300.5

Fig. 1 Measured and calculated powder diffraction pattern of sodium
ozonide and difference plot

Fig. 2 Perspective view of the crystal structure of NaO3. Bold lines:
conventional unit cell, dashed lines emphasize the relation to the rock salt
type of structure.

Fig. 3 Trigonal prismatic coordination of the sodium cation by six terminal
oxygen atoms (bold lines), octahedral surrounding by six ozonide anions
(dashed lines)
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pm),12 the shortest distances between different anions in NaO3
are 301.5 pm. In contrast, for the first time the nearest oxygen
atoms of different ozonide groups are terminal and negatively
polarized,13 instead of one terminal and one less negatively
polarized bridging atom like in the other alkali ozonides.

Somewhat unexpectedly, the difficulties in preparing pure
NaO3 are not caused by its supposed higher intrinsic instability
as compared with, e.g. KO3, but probably by a stronger
activation of ammonia with respect to a proton transfer when
coordinated to sodium instead of potassium. Thus the synthesis
method employed here might represent a general procedure for
the synthesis of so far unknown ozonides. According to
preliminary results Ba(O3)2 seems to be accessible via this
novel route.

Notes and References

† E-mail: mjansen@snchemie2.chemie.uni-bonn.de
‡ X-Ray structure determination of NaO3: space group Im2m (no. 44),
a = 3.5070(2), b = 5.7703(3), c = 5.2701(3) Å, U = 106.777(1) Å3,
Z = 2, Dc = 2.2078 g cm23, X-ray scattering experiments were carried out
on a Stoe Stadi P diffractometer with germanium monochromated Cu-Ka1

radiation, small PSD, 2q = 5–70°, T = 260 °C. The crystal structure was
refined supposing the structure model of NaNO2 with the CSD program

package7 by application of Rietveld method: no. of observed reflections 19,
no. of parameters 8, Na, O(1) on 2a, O(2) on 4d, Rint = 0.0371,
Rprof = 0.0922. Atomic parameters are listed in Table 2.
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Table 1 Selected bond lengths and angles for ionic ozonides

O–O/Å O–O–O/°

NaO3 135.3(3) 113.0(2)
KO3

a 134.6(2) 113.5(1)
RbO3

a 134.3(7) 113.7(5)
CsO3

b 133.3(9) 114.6(6)

a Ref. 2. b Ref. 13.

Table 2 Atomic parameters for NaO3

x y z Beq/Å2

Na 0 0.5074(3) 0 2.20(5)
O(1) 0 0.0106(6) 0 4.97(8)
O(2) 0 20.1189(3) 0.2139(4) 2.87(6)
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Response to steric constraint by d10 cations: an ‘A-frame’ disilver cryptate

Joanne L. Coyle,a,b Vickie McKee*a† and Jane Nelson*a,b†
a School of Chemistry, Queens University, Belfast, UK BT9 5AG 
b Chemistry Department, Open University, Milton Keynes, UK MK7 6AA 

A pair of silver(I) cations is accommodated within a small
azacryptand which adopts an A-frame conformation, allow-
ing both intra- and inter-cryptate bonding of silver cations.

In recent years we have successfully used the strategy of
constraining copper ions within small azacryptand hosts in
coordination geometry appropriate to overlap of dz2 bonding
orbitals, to generate, via one-electron oxidation of the di-
copper(i) cryptates, metal–metal bonded dicopper cryptates of
average-valence Cu1.5 redox state.1 This unprecedented cop-
per–copper bond has unusual and possibly applicable spectro-
scopic and electrochemical properties.1,2 The isomorphism
observed between copper(i) and silver(i) cryptates elsewhere in
our azacryptate series3 encouraged us to examine the silver(i)
analogues of the dicopper(i) precursors to see if similarly
enforced proximity would generate delocalized metal–metal
bonding in the disilver(i) pair on oxidation. This is of interest
not just from the point of view of metal–metal bonding theory,
but because higher redox states of silver may be of interest
as replacements for chlorine-based oxidants for some
specialist purposes. However, as the coordination geometry
preferences of silver and copper are known to be different, a
necessary first step was the structural characterisation of any
disilver(i) cryptate isolated. Treatment of the free ligand imBT
with silver perchlorate in either 1 : 2 or 1 : 1 stoichiometry
resulted in the isolation of a pale yellow microcrystalline
product [Ag2(imBT)][ClO4]2 2 which could be recrystallised
from acetonitrile to generate X-ray quality crystals.

When copper(i) cations coordinate the tren-derived N4 caps
within the small azacryptand host imBT, steric constraint brings
this pair of cations to within 2.45 Å1 of each other, within the
internuclear distance of ca. 2.56 Å in elemental copper. In the
average-valence dicopper(1.5) state, this distance reduces only
slightly, to 2.38 Å,4 whereas within the larger (trispropylene
capped) cryptate host, imbistrpn, the contraction in going from
the dicopper(i) state to the average-valence Cu1.5

2 state is
sizeable ( > 0.5 Å).4 The lack of significant increase of
internuclear distance on going to the dicopper(i) state within the
imBT host suggests that the 2.45 Å separation is near the
maximum achievable when the cryptand caps are used as
coordination sites. As 2.45 Å would represent an improbably
short AgI–AgI internuclear distance, isomorphism of poly-
crystalline [Cu2(imBT)][ClO4]2 1 and [Ag2(imBT)][ClO4]2 2
did not appear likely and was not, indeed, observed. Although,
unexpectedly, CD3CN solution 1H NMR spectra of 1 and 2
show a good deal of similarity,5 their solid state MAS NMR
spectra6 are quite different. The 13C solid state NMR for 1 is
simple, consistent with high symmetry of the cryptand con-
formation while for the disilver(i) analogue 2 it is complex,

indicating lower symmetry for the cryptand host. The structure
obtained by X-ray crystallography reveals the reason for these
differences; the silver(i) cations have not chosen the ‘pre-
organised’ N4 site used by copper in its imBT, amBT and
imbistrpn cryptates and adopted also in other, less constrained,
disilver(i) cryptates.7

Fig. 1 illustrates the alternative site selected by AgI. The
asymmetric unit contains two independent cations and four
perchlorate anions. The cations are very similar to one another,
differing only in the minor details of conformation in the
cryptand strands. The Ag–Ag distances are 2.8314(8) and
2.8545(8) for Ag(1a)–Ag(2a) and Ag(1d)–Ag(2d) respectively.
Two of the three strands act as bidentate diimine donors to a
silver ion, while the third strand bridges the two silver ions. The
bridgehead nitrogen atoms are not coordinated (Fig. 2) and the
overall Nbr···Nbr distance is 6.05 Å, vs. 5.88 Å in 1. The three

Fig. 1 View of the disilver(i) cryptate looking down the Nbridgehead axis

Fig. 2 View of the disilver cryptate looking sideways on to the Nbridgehead

axis. (One of the two very similar cations existing independently in the unit
cell.)
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imine donors take up an irregular trigonal geometry with the
silver ion close to the mean plane of the nitrogen donors. The
chelating diimine groups are necessarily restricted to a bite
angle of ca. 72°. They are also asymmetric: one of the Ag–N
distances is long (mean 2.405 Å) and the second is considerably
shorter (mean 2.283 Å). The more tightly bound imine of the
chelating imine group makes a large N–Ag–N angle [mean
158.6(2)°] with the third nitrogen donor, reflecting the prefer-
ence of silver(i) for linear-based coordination.

The exposed position of the silver ions: on the outer surface
of the ligand cage rather than cryptated along the main axis,
allows interaction with the perchlorate anions. Ag(2a) and
Ag(2d) form Ag–OClO3 bonds of 2.681(6) and 2.731(5) Å,
respectively while there are longer interactions with the
remaining silver ions [Ag(1a)–O(22) 3.335, Ag(1d)–O(34)
3.087, Ag(2a)–O(33) 3.319 Å]. These interactions link the
disilver cations in zigzag perchlorate-bridged chains, using two
of the four independent perchlorate anions.

Viewed along the bridgehead–bridgehead vector the cations
show A-frame geometry (Fig. 1). The top (hinge) angle is
provided by the bridging diimine strand and requires a large
torsion angle [46(1)° for N(3c)–C(3c)–C(4c)–N(4c) and 45(1)°
for N(3f)–C(3f)–C(4f)–N(4f)]. The equivalent torsion angles
for the bidentate diimine strands are in the range 28–31°.

Whether some degree of metal–metal bonding is to be
implied from the observation of Ag–Ag internuclear distances
shorter than those (2.89 Å) in elemental silver is a matter of
debate. The rationale for the close approach of d10 ions observed
in many systems8 has remained a longstanding puzzle in
bonding theory. To quote Hoffman9 ‘One has difficulty in
seeing why two or more d10 ions should come near each other;
after all they are filled shells’. His explanation of this behaviour
relies on hybridisation of 4d with higher energy 5s and 5p
orbitals which converts the closed shell repulsions into weak
attractive interactions. In the case of AuI, relativistic effects
reduce the d–s energy gap to allow Au–Au interaction10 of
around 6–8 kcal mol21 (cal = 4.184 J), but this mechanism
cannot be invoked for AgI. Oxidation of the d10 cation should
however allow stronger interaction, of the order of a one-
electron bond. Preliminary electrochemical study11 of 2 reveals
a pair of overlapped and poorly reversible waves in the range
1.0–1.5 V vs. Ag/AgCl indicating that this disilver cryptate can
be oxidised at accessible potential, apparently generating
AgIAgII and AgIIAgII products, at least in solution. Should
cryptates of these redox states be isolable, the comparison of the
weak d10d10 interaction with that existing in d9d10, or d9d9

where formal metal–metal bonding is theoretically possible,
will assist understanding of the d10d10 situation.

The significance of the novel and unusual conformation
adopted in this cryptate is that linkage of metal–metal intra-
cryptate bonded entities becomes possible, via bridging donors
coordinated at the vacant axial positions on the face of the A.
Such a possibility, illustrated by the perchlorate bridging of
Fig. 3, could be exploited by the use of efficient bridging
ligands. In this way, cryptand-enforced metal–metal bonds
could be linked together via unsaturated bridging groups such as
CN2 to generate potentially exploitable oligomeric or con-
tinuous solid materials. These would still incorporate the
valuable properties of the cryptand host such as steric constraint
and cryptand cavity protection, while enabling propagation of
bulk electronic properties such as conductivity or magnetism
through the extended structure.

We thank EPSRC for support (to J. C.) and also for access to
facilities: FABMS at Swansea and solid state NMR at
Durham.

Notes and References

† E-mail: v.mckee@qub.ac.uk, m.j.nelson@open.ac.uk
‡ Crystal data: [Ag2(imBT)][ClO4]2, C18H30Ag2Cl2N8O8, pale yellow lath,
dimensions 0.80 3 0.37 3 0.17 mm, monoclinic, space group P21/n, a =
14.467(2), b = 11.194(1), c = 16.555(2) Å, b = 91.29(1)°, U = 2682.0(5)
Å23, space group P21, Z = 4, m = 1.718 mm21, F(000) = 1544. Using Mo-
Ka radiation, (l = 0.71073 Å) at 153(2) K, a total of 7680 reflections was
collected in the range 4 < 2q < 52°. Data were corrected for a 2% drop in
intensity as well as for Lorentz and polarisation effects and an empirical
absorption correction was applied. The structure was solved by direct
methods (TREF12) and refined by full-matrix least squares on F2, using all
5608 independent reflections (Rint = 0.0365). All the non-hydrogen atoms
were refined with anisotropic atomic displacement parameters and
hydrogen atoms were inserted at calculated positions. Refinement of 685
parameters, converged with wR2 = 0.0706, GOF = 1.065 (all data) and
conventional R1 = 0.0300 (2s data). There were no significant residual
peaks in the electron density map. All programs used in the structure
refinement are contained in the SHELXL-97 package.13 CCDC 182/780.
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The reductive coupling of tertiary amides to give enediamines using PhMe2SiLi

Ian Fleming,*a† Usha Ghosh,a Stephen R. Macka and Barry P. Clarkb

a Department of Chemistry, Lensfield Road, Cambridge, UK CB2 1EW 
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PhMe2SiLi reacts with tertiary amides to give enediamines,
which can be isolated in good yield when the a-carbon is
branched; the enediamines can be hydrolysed more or less
easily to a-amino ketones, isomerised from Z to E, oxidised
to dienediamines and isomerised to amino enamines.

We have been studying the reactions of PhMe2SiLi1 with a
variety of substrates, including carbon electrophiles at the
oxidation state of a carboxylic acid. One goal in this work had
been to find a synthesis of acylsilanes that might be even easier
than the reaction between an acid chloride and a silyl cuprate.2
We reported almost no success, and several surprises, in the
reaction between the silyllithium reagent and nitriles,3 some
success in the reaction with esters,4 and some success with
tertiary amides 1a?2, provided that the reaction is carried out
and quenched at dri ice–acetone temperatures.4 To avoid this
delicate operation, the standard device when synthesising
aldehydes or ketones from amides is to use a Weinreb amide,5
but we find that this does not work for the synthesis of
acylsilanes, because the Weinreb amide 1b gives N–O cleavage
instead (Scheme 1), presumably by elimination of methoxide
from the tetrahedral intermediate 3 giving the secondary amide
4.6 Among the variety of unexpected reactions of the silyl-
lithium reagent that we have already reported, none has been as
surprising as the reactions with tertiary amides carried out at
higher temperatures, which we report here and in the following
two papers.

When we treated the same N,N-dimethylamide 1a with a little
over 1 equiv. of the silyllithium reagent at 220 °C, and
quenched the mixture with aq. NaHCO3 at that temperature, we
obtained a good yield of the crystalline enediamine 5 (Scheme
2). Although there is one precedent for this type of reaction,
where a 14% yield of an enediamine was obtained from N,N-
diethylbenzamide with Et3SiLi,7 we were at first uneasy about
the structure of this compound, since it had survived dissolution
in dilute hydrochloric acid overnight at room temperature—
conditions that are far more vigorous than those usually needed
for the hydrolysis of an enamine. An X-ray crystal structure

(Fig. 1) confirmed that it was the enediamine and showed also
that it was the Z isomer.8‡

The stability in acid was now convincingly explained—the
lone pairs on both nitrogen atoms are in the plane of the double
bond, and not conjugated to it as they are in a typical enamine.
Hydrolysis of the enediamine 5 required heating to 70 °C in
dilute hydrochloric acid for 18 h in order to obtain the a-amino
ketone 6. Clearly, in contrast to the one precedent, the reductive
coupling of amides can be a high-yielding reaction. We find that
the amides 7a–k undergo reductive coupling followed by
hydrolysis to give the a-amino ketones 9a–k, but the enedia-
mines 8a–k, although detectably intermediates, were only
easily isolated when they carry branched substituents, as with
8a, to confer on them this remarkable hydrolytic stability.

The enediamines 5 and 8a showed a number of unexpected
reactions (Scheme 3). When we treated the enediamine 5 with
methyl acrylate, attempting to induce a cycloaddition charac-
teristic of enamines,9 it isomerised to the E isomer 11a, which
was remarkable for the substantial difference in its properties
from the Z isomer: the Rf value on silica gel eluting with hexane
changed from 0.1 to 0.7 and the mp changed from 89–90 °C to
175–176 °C. The isomerisation from the Z isomers 5 and 8a to

Scheme 1 Reagents and conditions: i, PhMe2SiLi (1.2 equiv.) THF,
278 °C, 1.5 h; ii, NH4Cl, H2O, 278 °C ? room temp.

Scheme 2 Reagents and conditions: i, PhMe2SiLi (1.1 equiv.) THF, 278 ?
220 °C, 1 h; ii, 3 m HCl, 70 °C, 18 h; iii, 3 m HCl, various times and
temperatures

Fig. 1 Stereoview of the enediamine 5
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the E isomers 11a, b, respectively, is actually better carried out
using a short treatment with Adams’ catalyst. The enediamines,
both the Z and E isomers, gave oxalate salts, but simple
recrystallisation of these salts, followed by basification, gave
the isomers 10a and 10b of the enediamines in which the double
bond had moved. All of the enediamines could be hydrolysed to
the a-amino ketones 6 and 9a, but all attempts to reduce any of
them to the saturated vicinal diamine failed. Most remarkable
amongst our attempts was the oxidation of the enediamines 5 or
11a using hydrogen and palladium on charcoal, which gave the
dienediamine 12a. Needless to say, this oxidation was better
performed without the hydrogen, and the first step, when carried
out on the Z isomers, appears to be isomerisation to the E
isomers. Hydrolysis of the dienediamines 12 gave the
a-diketones 13.

The reductive coupling of the amide carbonyls resembles the
McMurry coupling of aldehydes and ketones, and even more
closely the reductive coupling of amides using samarium and its
iodide,10 and other lanthanides and their salts.11 While an
electron transfer mechanism might be operating in our reaction,
the very different reagent that we have used led us to suspect
otherwise. We describe our investigations into the mechanism
of the coupling in the following paper.

We thank Dr P. R. Raithby, Dr H. R. Powell and C. Wilson
for carrying out the X-ray structure determination, the EPSRC
and Lilly Industries for a CASE studentship for S. R. M., and
Duckhee Lee for the experiment with the Weinreb amide.
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PhMe2SiLi reacts with tertiary amides, RCONMe2, to give a
carbene, RCNMe2, or an equivalent carbenoid, which gives
enediamines, R(Me2N)CNC(NMe2)R, in the absence of a
strong nucleophile, but is attacked by strong nucleophiles,
NuLi, to give lithium reagents R(Me2N)CLiNu.

In the preceding paper1 and its predecessor,2 we described the
reaction between 1 equiv. of PhMe2SiLi and the amide 1 giving
the acylsilane 6 when the mixture was quenched at 278 °C, but
giving the enediamine 2 when the mixture was warmed to
220 °C before quenching. Neither in those papers, nor in the
paper describing the one precedent for this type of reaction,3 has
there been any discussion of the mechanism of the formation of
the enediamine.

Among other possibilities, such reductive coupling implies
that a species electrophilic at the carbonyl carbon has been
attacked by an umpolung species nucleophilic at the carbonyl
carbon. The latter is easily identified as the consequence of a
Brook rearrangement,4 which can be formulated as an equilib-
rium between an a-silyl alkoxide 3 and the a-silyloxy anion 5,5
with the latter the umpolung species (Scheme 1). Alternatively,
it can be formulated as a single hypervalent species 4,6 which
can react as an oxygen or a carbon (4 arrow) nucleophile,
depending upon the circumstances. It is, however, much less
easy to identify the electrophilic species. Several candidates
present themselves: the amide 1, the acylsilane 6, an iminium
ion 7, and a carbene 8. We now report that all the evidence
suggests that the carbene is the electrophile.

The amide itself cannot have been the electrophile—if we
simply warmed the solution of the tetrahedral intermediate 3
from 278 to 220 °C, and then quenched the mixture, we
obtained the enediamine 2 in good yield. The tetrahedral
intermediate 3 was fully formed at the lower temperature, since
on quenching it, the acylsilane 6 was obtained in reasonably
good yield. It does not revert to amide and the silyllithium

reagent, since adding N,N-dimethylcyclohexanecarboxamide
before warming up from 278 °C gave only the homo-coupled
product 2.7 The tetrahedral intermediate must have provided
both the nucleophilic and the electrophilic species for the
coupling reaction.

To trap the electrophile, we carried out the same reaction as
before but with rather more than 2 equiv. of the silyllithium
reagent, in the hope that the intermediate would be trapped by
the second equivalent of nucleophile. The product was the
a-silyl amine 9 (Scheme 2), analogous to a minor product in the
Russian work.3 If the iminium ion 7 had been an intermediate,
it ought to have led to a product with two silyl groups, not just
one, and the easy loss of one seems unlikely. We showed that
this was not the case, by treating the tetrahedral intermediate 3
with Ph2MeSiLi, and obtained this time only the a-silyl amine
11 having the Ph2MeSi group rather than the original PhMe2Si
group. We also carried out the experiment the other way round,
adding Ph2MeSiLi to the amide 1 at 2100 °C to give the
tetrahedral intermediate 10. This then reacted with PhMe2SiLi
on warming to 220 °C to give the a-silyl amine 9, showing that
neither an a,a-disilyl amine nor the iminium ion 7 could have
been intermediates—only the silyl group from the second
silyllithium reagent delivered was incorporated into the prod-
uct.

The formation of the products 9 and 11 was, however,
compatible with the carbene 8 being an intermediate—it could
be expected to insert into the Si–Li bond of the second lithium
reagent to give an intermediate lithium reagent 12, which would
be protonated before or during the workup. Our attempts to
detect the intermediate 12a were thwarted by its evident strong
basicity—it did not incorporate a deuterium label when
quenched with D2O, having already found a proton somewhere
else. Nor were we at first successful in finding where that proton
came from, but eventually we showed that an organolithium
intermediate had been involved by trapping the corresponding
Ph2MeSi intermediate 12b at 278 °C (Scheme 3). It is known
that the more phenyl groups there are on a silyl group,
effectively the faster the Brook rearrangement takes place.8 In
consequence, the intermediate 12b was formed between 2100

Scheme 1 Reagents and conditions: i, PhMe2SiLi (1.2 equiv.) THF,
278 °C, 1.5 h; ii, 220 °C, then NaHCO3, H2O; iii, NH4Cl, H2O, 278 °C
? room temp.

Scheme 2 Reagents and conditions: i, PhMe2SiLi (1.2 equiv.) THF,
278 °C, 1.5 h; ii, Ph2MeSiLi (1.2 equiv.) THF, 2100 °C, 1.5 h; iii, 220 °C,
then NaHCO3, H2O
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and 278 °C, at which temperature it survived long enough to be
quenched with D2O to give the deuterated a-silyl amine [2H]11.
The PhMe2Si intermediate 12a, having been formed at higher
temperature, somewhere between 278 and 220 °C, evidently
found a proton before it could be quenched with D2O. The
source of that proton appears to be, at least in part, THF, which
is known to react with strong bases like BuLi, losing the proton
on C-2 and undergoing a retro-cycloaddition to give the enolate
of acetaldehyde.9 We detected a low level of deuterium
incorporation when the reaction was carried out in [2H8]THF,
and, expecting to trap the enolate of acetaldehyde, we added
3,5-dinitrobenzoyl chloride, and obtained instead the 3,5-dini-
trobenzoate 13 in yields of 40–55%, with no trace of the
expected product. As far as we are aware, the apparently simple
E2 elimination from THF losing the proton from C-3 has not
been seen before in solution chemistry, although it is thoroughly
established with hydroxide ion and amide ion as bases in the gas
phase,10 and the formation of but-3-enol from the reaction
between sodium and 3-chlorotetrahydrofuran is also known.11 It
is presumably unfavourable because the elimination is a retro-
5-endo-trig reaction.

We also found that the presence of a phenyl group in the N,N-
dimethylbenzamide 14 stabilised the corresponding inter-
mediate 15, which survived even at 220 °C, and gave a
deuterated a-silyl amine 16 on quenching with D2O (Scheme
4). The intermediate 15 also reacted with alkyl halides giving
the amines 17a and 17b, and with isobutyraldehyde giving,
initially, an alkoxide 18 that undergoes a Peterson elimination
giving the enamine 19, which is easily hydrolysed to the ketone

20. These reactions illustrate an umpolung of reactivity in the
amide 14.

The carbene intermediate 8 could be formed by Brook
rearrangement, followed by or concerted with the elimination of
silane oxide (Scheme 1). This pathway is, as far as we are aware,
a new one for reactions taking place within the Brook
rearrangement manifold, and is a new route to carbene or
carbene-like intermediates. The nearest analogy is the formation
of an oxygen-stabilised carbene when the acetals of acylsilanes
are heated to 190 °C.12 Our reaction takes place, presumably,
because of the extra electronic push (5, arrows) from the Me2N
lone pair. It could equally be derived by cheletropic extrusion of
PhMe2SiO2 directly from the intermediate 4. It is not clear what
the structure of the carbene is in detail—it could be the carbene
itself 8, as we have drawn it here for simplicity, or it could be an
equivalent species such as an a-lithio iminium ion. A carbene
was also invoked by Ogawa and Sonoda in their work using
samarium iodide induced coupling of amides.13 Whatever its
nature, our carbene was not trapped by a silicon hydride—only
the enediamine 2 was formed, and not the silyl amine 9, when
the tetrahedral intermediate 3 was warmed to 220 °C in the
presence of PhMe2SiH, nor have we found at any stage products
that might have been derived by insertion of the carbene into the
neighbouring C–H bond, nor into a well-placed CNC bond, as
described in the following paper. The enediamine could be
produced from the carbene or carbenoid by dimerisation, or,
more likely in view of the probable low concentration of such a
species, by attack upon it by the C-nucleophilic intermediate 4
or 5 of the Brook rearrangement, followed by b-elimination of
a second silyloxy anion.

The following paper describes some other remarkable
reactions that can be ascribed to the presence of intermediate
lithium reagents like 12 and 15. They add further support to this
being the correct mechanism, at least in outline.

We thank the EPSRC and Lilly Industries for a CASE
studentship for S. R. M.
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Scheme 3 Reagents and conditions: i, 3,5-(O2N)2C6H3COCl; ii, D2O

Scheme 4 Reagents and conditions: i, PhMe2SiLi (2.4 equiv.) THF, 278 ?
220 °C, 1.5 h; ii, D2O; iii, MeI; iv, allylBr; v, PriCHO; vi, HCl, H2O
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Formation of a-dialkylamino alkyllithium intermediates in the reaction of
N,N-dialkylamides with PhMe2SiLi followed by a second lithium reagent, and
their alkylation, fragmentation, cyclisation and rearrangement by proton
transfer
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Tertiary amides (RCONMe2) react with PhMe2SiLi, fol-
lowed by a second lithium reagent NuLi, to give
a-dialkylamino alkyllithium intermediates R(Me2N)CLiNu
that undergo protonation 2 ? 3, alkylation 2a ? 3ab,
b-elimination 5 ? 6, intramolecular attack on an isolated
double bond 9 ? 10, intramolecular proton transfer 12, 17
and 22 (arrows), and fragmentation 28 and 34 (arrows),
depending upon the structures of the various components R
and Nu.

In the preceding paper1 we described how an intermediate
carbene 1 derived from the remarkable reaction between 1
equiv. of PhMe2SiLi and N,N-dimethylisobutyramide could be
trapped by a second equivalent of the silyllithium reagent. We
now report that when we prepared the tetrahedral intermediate
from the amide with 1 equiv. of PhMe2SiLi at 278 °C as usual,
and then added PhLi, BunLi or Bu3SnLi, before warming the
mixture to 220 °C, we obtained the amines 3aa, 3ba and 3ca,
presumably by way of the intermediate lithium reagents 2a–c.
We also quenched the phenyl-stabilised lithium reagent 2a with
allyl bromide to give the amine 3ab (Scheme 1). These reactions
establish a new way of assembling secondary alkyl and, more
remarkably, tertiary alkyl tertiary amines, and an a-stannyl
tertiary amine.

We achieved umpolung in another way, by building a leaving
group into the nucleophile (Scheme 2). We treated N,N-
dimethylcyclohexanecarboxamide with 1 equiv. of the silyl-

lithium reagent, followed by 1 equiv. of PhSCH2Li, and then
warmed to 220 °C to give the lithium reagent 5, drawn here and
from now on as an anion, in order to allow us to use
uncomplicated curly arrows. b-Elimination gave the enamine 6,
and hence the ketone 7 on hydrolysis. We also intercepted the
intermediate anion 9, setting it up with 2 equiv. of the
silyllithium reagent, and found that nucleophilic attack by the
anion (arrows) is possible on the isolated double bond built in to
be at the appropriate distance for a known2 type of 5-exo-trig
reaction of a-amino alkyllithium reagents (Scheme 2). The
isolated cyclopentane product 10 was a single diastereoisomer,
but we do not know which one. These simple extensions of the
pathways recorded in the preceding paper confirm the inter-
mediacy of a-amino alkyllithium intermediates 2, 5 and 9.

We also report that the generality of these routes is
compromised by the ease with which the intermediate anion,
suitably constituted, undergoes proton transfer to give better
stabilised anions, and how other similarly constituted anions
suffer extraordinary elimination reactions with a benzyl anion
leaving group. The intermediate lithium reagents are evidently
unstable, and find a disconcerting variety of ways to decom-
pose.

Thus, the phenylacetamide 11 gave, as well as the normal
product 13, small amounts of a cyclic product 15 (Scheme 3).
This appears to be a result of a proton transfer 12? 14, to give
a phenyl anion, followed by displacement of the phenyl group
from silicon (14? 15). Displacement of a phenyl group from
silicon with an oxy anion nucleophile is well established,3 and
there are a few examples of the displacement of a phenyl or
vinyl group by a carbon–lithium reagent.4

Similarly, the bis-homologue 16 gave the normal product 18
together with a product of proton transfer (20) in this case with
a benzyl anion displacing the phenyl group (19? 20) (Scheme
4).

Scheme 1 Reagents and conditions: i, PhLi; ii, BunLi; iii, Bu3SnLi; iv,
NaHCO3, H2O; v, allylBr

Scheme 2 Reagents and conditions: i, PhSCH2Li, 220 °C; ii, HCl, H2O; iii,
PhMe2SiLi (2.4 equiv.) THF, 278 ? 220 °C, 1.5 h; iv, NaHCO3, H2O

Scheme 3 Reagents and conditions: i, PhMe2SiLi (2.4 equiv.), THF, 278
? 220 °C, 1.5 h

Chem. Commun., 1998 715



NMe2

O

NMe2

SiMe2Ph

H

NMe2

Si
Me2

H Ph

NMe2

SiMe2

NMe2

SiMe2Ph

Ph

Ph Ph

Ph

Ph

19

1716

20

i

5%

18 16%

+H+

arrows

MeN

O

MeN

H

SiMe2Ph

MeN

H
SiMe2Ph

MeN

SiMe2Ph

MeN

SiMe2Ph

2321

21%   3:1

22

i

+

(E)-24(Z)-24

+H+

28

MeN

O

MeN

SiMe2Ph

Ph

Ph

MeN

SiMe2Ph

MeN Ph

30

2726 29%25

i
MeN Ph

arrows

Ph

Ph

29

Ph O

NMe2

Ph

NMe2

Li
NMe2

SiMe2Ph

Ph
Ph

NMe2

Li

NMe2

SiMe2Ph

O

SiMe2PhMe2N SiMe2Ph

35

31

34

36

3332 73%

i

38

+

i

47%

arrows

6%37

+H+

Proton transfer within a five-membered ring also took place
from the pentenyl substituent in the amide 21, where the minor,
but the only recognisable, basic products were the pent-
3-enylamines (Z)-24 and (E)-24, similar to what we might call
the normal product, except that the double bond had moved
(Scheme 5). Proton transfer 22 ? 23, with the formation, as
usual,5 of more of the sickle-shaped allylic anion than of the
W-shaped anion, accounts for this curious reaction.

We saw yet another pathway in the reaction with N-benzyl-
N-methylamide 25 (Scheme 6), where the only basic product
that we were able to identify from the reaction with 2 equiv. of
PhMe2SiLi was the tertiary amine 27. This can be accounted for
by elimination 28? 30 to release a benzyl anion 29, followed
by the attack of the benzyl anion on the carbene intermediate 26
and subsequent protonation.

Elimination to give a benzyllithium intermediate also
explains what is perhaps the most remarkable reaction in the

cornucopia of remarkable reactions, both those described in this
series of papers and those for which we have no room here.
When we treated the amide 31, intermediate between the amides
11 and 16, with 2 equiv. of PhMe2SiLi, the major basic product
was the amine 33 (Scheme 7). Elimination from the usual
intermediate 34 would give the enamine 36. The elimination is
drawn here (34 arrows) as a retro metalla-ene reaction, and the
elimination product is drawn as the ‘allylic’ isomer 35 of
benzyllithium, to illustrate an alternative perception to that
drawn for the related elimination 28 ? 29 + 30 in Scheme 6.
The benzyllithium or its allylic isomer 35 might then trap the
carbene 32 to give, after protonation, the major product 33. In
support of this sequence, we also isolated the acylsilane 38 from
the basic fraction, into which, presumably, it had been extracted
as the enamine 36. We are not aware of any precedent for
carbon–carbon bond cleavage with a benzyllithium leaving
group.
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studentship for S. R. M.
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Scheme 4 Reagents and conditions: i, PhMe2SiLi (2.4 equiv.), THF, 278
? 220 °C, 1.5 h

Scheme 5 Reagents and conditions: i, PhMe2SiLi (2.4 equiv.), THF, 278
? 220 °C, 1.5 h

Scheme 6 Reagents and conditions: i, PhMe2SiLi (2.4 equiv.), THF, 278
? 220 °C, 1.5 h

Scheme 7 Reagents and conditions: i, PhMe2SiLi (2.4 equiv.), THF, 278
? 220 °C, 1.5 h
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Hybridization properties of nucleic acid analogs containing b-aminoalanine
modified with nucleobases
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Oligopeptides containing Nb-(thymin-1-ylacetyl)-b-amino-
alanine and Nb-(cytosin-1-ylacetyl)-b-aminoalanine moie-
ties synthesized on a solid phase using standard Boc
chemistry showed hybridization properties with single
stranded DNA and RNA, and also with double stranded
DNA, at pH 7.0.

The development of artificial regulatory molecules for specific
gene expression is of special interest from the medicinal and
biological points of view.1 In particular, nucleic acids and their
analogs, such as antisense or triple-helix forming oligonucleo-
tides, ribozymes and decoy RNAs, are promising reagents as
genetic medicines. In spite of intensive efforts to improve their
chemical and biological properties, several problems still
remain to be solved, which include degradability by cellular
nucleases, impermeability through cell membranes and low
hybridization affinity caused by electrostatic repulsion between
phosphate backbones.2

Among various chemical modifications that could be perfor-
med on such synthetic DNAs and RNAs, introduction of a
peptide backbone into such molecules seems to be attractive
because peptide compounds can be expected to have such
preferable properties as nuclease resistance, membrane per-
meability and a good affinity and specificity to nucleic acids, as
can be seen in a number of DNA binding proteins.

In this study, oligopeptides 1 containing b-aminoalanine
bearing a nucleobase were synthesized and their hybridization
properties with ssDNA, ssRNA and dsDNA were examined via
Tm measurement.

Syntheses of N-tert-butoxycarbonylglycyl-Nb-(thymin-
1-ylacetyl)-l-b-aminoalanine 7 (T*) and N-tert-butoxycar-
bonylglycyl-Nb-(cytosin-1-ylacetyl)-l-b-aminoalanine 8 (zC*)
were achieved as shown in Scheme 1.3 These protected amino
acids 7 and 8 were readily applicable to solid-phase peptide
synthesis using standard Boc chemistry on methylbenzhy-
drylamine (MBHA) resin.4 The obtained 20-mer peptide T*10
(P) and 30-mer peptide T*5(C*T*)5 (Q) were purified by RP

HPLC and confirmed by FAB mass spectrometry {P:
C122H154N52O51 calc. 3164.9, found 3165.9 [(M + H)+]; Q:
C177H224N82O71 calc. 4636.2, found 4637.2 [(M + H)+]}.

As shown in Table 1, formation of a hybrid double strand by
P and dA10 was confirmed by observing a hypochromic effect
at pH 7.0. It should be noted that the melting temperature (Tm)
was higher than that for the natural DNA double strand by 13.5
°C (1.35 °C base21).5 The stability of the hybrid was not
affected by salt concentration. The peptide P also formed a
double strand with rA10, and the Tm was 21 °C. Moreover, it was
shown that P could bind to double stranded DNA by triple helix

Scheme 1 Reagents and conditions; i, Ph3P, NaN3, CBr4, DMF, room
temp., 24 h; ii, Pd/C, H2, MeOH, room temp., 20 h; iii, 5 or 6, HOBt, DCC,
CH2Cl2, 0 °C to room temp., 5 h; iv, 1 m NaOH, room temp., 12 h
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formation with comparable affinity (Tm = 19.3 °C, DTm =
20.7 °C).

Oligopeptide Q containing mixed pyrimidine bases was also
shown to form a triple helix with double stranded DNA (Tm =
22.8 °C, DTm = +1.5 °C).6

Studies on the pH dependence of these hybridization
properties revealed that the peptide P, which contains only
thymine bases, binds to ssDNA and dsDNA with an affinity
independent of pH, whereas the peptide Q, which contains
thymine and cytosine bases, binds to dsDNA with less affinity
as the pH value increased (Fig. 1). This pH dependency was
interpreted to mean that triple helix formation by Q with
dsDNA required protonation of the cytidine bases in Q. These
results strongly suggested that P and Q are binding to dsDNA in
the major groove by Hoogsteen hydrogen bonding.

The oligopeptides P and Q were designed to have nucleobase
moieties at an interval of six atoms on the backbone, which was
previously demonstrated to be critical for hybrid formation with
DNA or RNA by Nielsen.7 The linkage between the nucleobase
and the backbone in P and Q is longer than that in DNA or PNA
by two atoms. It was also pointed out by Nielsen’s group that the
linkage is slightly flexible. It can be postulated that Watson–
Crick base pairing in the duplex and Hoogsteen base pairing in
triplex by P and Q is made possible because of the favorable
orientation of the base moieties caused by intramolecular
hydrogen bond, as shown in Fig. 2.8

The present study demonstrates that these novel peptide DNA
analogs are promising candidates for antisense and triple helix
forming molecules. Further studies to reveal the chemical and
biological properties of the peptide DNA analogs are now in
progress in our laboratory.

The authors are grateful for financial support from the Chugai
Pharmaceuticals Award in Synthetic Organic Chemistry, Japan
and from the Fukuoka Industry, Science and Technology
Foundation (IST).
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Table 1 Double and triple helix formation by peptide DNA analogs P
and Q

Strand Target Tm
a/°C D Tm/°C

dT10 dA10 23 —
PNA dA10 73b +50
P dA10 36.5 +13.5
P dA10 36.2c +13.2
P dA10 36.4d +13.4

P rA10 21.4 —

dT10 5A-GCTA10TCG-3A/3A-CGAT10AGC-5A 20.9 —
P 5A-GCTA10TCG-3A/3A-GCAT10AGC-5A 19.3 20.4

5A-T5-(CT)5-3A 5A-GCTA5(GA)5TCG-3A/3A-CGAT5

(CT)5AGC-5A 21.3
Q 5A-GCTA5(GA)5TCG-3A/3A-CGAT5

(CT)5AGC-5A 22.8 +1.5

a Measured in a buffer containing 50 mm Tris, pH 7.0, 20 mm MgCl2, 100
mm NaCl, [Strand] = [Target] = 0.5 mm. b 140 mm NaCl, 10 mm sodium
phosphate, pH 7.2. c 20 mm MgCl2, 1.0 m NaCl, pH 7.0. d 0 m MgCl2, 0 m
NaCl, pH 7.0.

Fig. 1 pH dependence of hybridization: (8) dsDNA, (/) P/ssDNA, (.)
Q/dsDNA and (-) P/dsDNA

Fig. 2 Intramolecular hydrogen bonding in 1 [(a) and (b)] and PNA [(c) and
(d)]
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Efficient near IR sensitization of nanocrystalline TiO2 films by ruthenium
phthalocyanines

Md. K. Nazeeruddin,†a R. Humphry-Baker,a M. Grätzel*a and Barry A. Murrerb
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Bis(3,4-dicarboxypyridine)(1,4,8,11,15,18,22,25-octamethyl-
phthalocyaninato)ruthenium(II) (JM3306) anchored to
nanocrystalline TiO2 films through the axial pyridine
3,4-dicarboxylic acid ligands is an efficient near IR sensitizer
for photovoltaic injection cells based on nanocrystalline
TiO2 films.

Nanocrystalline solar cells have attracted significant attention
as low cost alternatives to conventional solid state photovoltaic
devices.1 The most successful charge transfer sensitizers
employed so far in these cells are polypyridyl-type complexes
of ruthenium2,3 yielding overall AM 1.5 solar to electric power
conversion efficiencies of up to 10–11% and stable operation
for millions of turnovers.4 In order to improve further the
performance of these devices it is imperative to enhance their
near IR response which is weak owing to the small absorption
coefficient of such ruthenium complexes above 650 nm.
Phthalocyanines possess intense absorption bands in the near IR
region and are known for their excellent stability rendering
them attractive for photovoltaic applications.5 They have been
repeatedly tested in the past as sensitizers of wide band gap
oxide semiconductors.6,7 However, poor incident photon to
electric current conversion yields were obtained remaining
under 1% with these systems which is insufficient for solar cell
applications. Here we report on the use of ruthenium phthalo-
cyanines (RuPC) as a charge transfer sensitizer. While RuPC
derivatives have been tested as agents for photodynamic cancer
therapy8,9 they have not been employed as redox sensitizers so
far. The choice of Ru as a central metal offers the advantage to
attach the chromophore through axial ligands to the surface of
the oxide semiconductor. Using 3,4-dicarboxypyridine to
anchor the dye to mesoscopic TiO2 films we have achieved for
the first time strikingly high photocurrent yields with phthalo-
cyanines exceeding 60% in the near-IR region.

Bis(3,4-dicarboxypyridine)(1,4,8,11,15,18,22,25-octamethyl-
phthalocyaninato)ruthenium(ii) (JM3306) was synthesized ac-
cording to literature procedure10 and isolated as
[(PCMe8)Ru{3,4-py(CO2)2H}2]·3THF. Elemental analysis
(calculated mass% in parentheses): C, 62.05 (62.11); H, 4.86
(4.86); N, 10.79 (10.98). The absorption and emission spectra of
an ethanol solution of this dye are shown in Fig. 1. The
absorption band in the visible [Fig. 1(a)] has a maximum at 650
nm (e = 49 000 dm3 mol21 cm21) and that of the phosphores-
cence [Fig. 1(b)] is located at 895 nm the triplet state lifetime
being 474 ± 5 ns under anaerobic conditions. The emission is
entirely quenched [Fig. 1(c)] when JM3306 is adsorbed onto a
nanocrystalline TiO2 film. The dye was deposited by dipping a
mesoscopic anatase film (thickness ca. 10 mm, coated onto
conducting glass, LOF TEC 10, fluorine doped SnO2 sheet
resistance 10 W821) as previously described2 for several hours
in a 2 3 1025 m solution in ethanol containing 40 mm 3a,7a-
dihydroxy-5b-cholic acid (Cheno) and 2.5% Me2SO. The
presence of Cheno is necessary to avoid surface aggregation of
the sensitizer. The vibible band in the absorption spectrum of
JM3306 is red shifted by 10 nm upon adsorption.

The very efficient quenching of the emission of JM3306 was
found to be due to electron injection from the excited triplet
state of the phthalocyanine into the conduction band of the
TiO2. The photocurrent action spectrum is shown in Fig. 2
where the incident photon to current conversion efficiency
(IPCE) is plotted as a function of wavelength. The feature is
extending well into the near IR region displaying a maximum

Fig. 1 Absorption (a) and emission (b) spectra of JM3306 in ethanol,
concentration = 9 3 1026 m; (c) quenched emission of JM3306 adsorbed
onto the nanocrystalline TiO2 film

Fig. 2 Photocurrent action spectrum obtained with a nanocrystalline TiO2

film supported onto a conducting glass sheet and derivatized with a
monolayer of JM3306 and coadsorbed with Cheno. The incident photon to
current conversion efficiency is plotted as a function of wavelength. A
sandwich type cell configuration was used to measure this spectrum. The
redox electrolyte was 0.5 m LiI–0.05 m LiI3 in propylene carbonate solvent.
Insert shows the transient spectra of JM3306 on a TiO2 film, at time slices
of 8 and 32 ms after the 532 nm (0.3 mJ) exciting pulse from a Nd-YAG
laser.
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around 660 nm where the IPCE exceeds 60%. Despite the fact
that the pyridyl orbitals do not participate in the p–p*-
excitation which is responsible for the 650 nm absorption band
of JM3306, electronic coupling of its excited state to the Ti 3d
conduction band manifold is strong enough through this mode
of attachment to render charge injection very efficient. Bignozzi
and coworkers11 achieved very recently sensitization of TiO2
with ruthenium polypyridyl type complexes where the coupling
of the MLCT excited state to the conduction band manifold was
through space and did not involve the anchoring group.

The occurrence of electron transfer was further confirmed by
time resolved nanosecond laser experiments shown in the inset
of Fig. 2. The end of the pulse transient spectrum indicates
bleaching of the ground state absorption of JM3306 and the
appearance of new features in the wavelength range 700–800
and 480–580 nm. These bands are attributed to the formation of
the cation radical of the phthalocyanine.9 The recovery of the
ground state specrum due to charge recombination occurs on a
time scale of several hundred microseconds indicating that
recapture of the conduction band electron by the oxidized dye is
a relatively slow process.

Our results establish a new pathway for grafting phthalo-
cyanines to oxide surfaces through axially attached pyridine
ligands. Using such a film in a sandwich type cell configuration2

in conjunction with a 1 m LiI–0.05 m LiI3 redox electrolyte
photocurrents close to 10 mA cm22 were readily obtained under
simulated AM 1.5 solar radiation. These are by far the highest
conversion efficiencies obtained with phthalocyanine type
sensitizers. These findings open up new avenues for improving
the near IR response of our nanocrystalline injection solar cell.
In addition, important applications can be foreseen for the
development of photovoltaic windows transmitting part of the

visible light. Such devices would remain transparent to the eye,
while absorbing enough solar photons in the near IR to render
efficiencies acceptable for practical applications.

Partial financial support of this work by the Swiss Federal
Institute for Energy is gratefully acknowledged.
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5 D. Wöhrle and D. Meissner, Adv. Mater., 1991, 3, 129.
6 A. Giraudeau, Fu-Ren F. Fan and A. J. Bard, J. Am. Chem. Soc., 1980,

102, 5137.
7 H. Yanagi, S. Chen, P. A. Lee, K. W. Nebesny, N. R. Armstrong and

A. Fujishima, J. Phys. Chem., 1996, 100, 5447.
8 M. J. Abrams, Platinum Met. Rev., 1995, 39, 14.
9 P. Charlesworth, T. G. Truscott, R. C. Brooks and B. C. Wilson,

J. Photochem. Photobiol. B: Biol., 1994, 26, 277.
10 Johnson Matthey, Int. Pat. Appl., PCT/GB-92/02061.
11 R. Argazzi, A. R. Chiarati, M. T. Indelli, F. Scandola and C. A.

Bignozzi, Book of Abstracts L-09, Eleventh International Conference
on Photochemical Conversion and Storage of Solar Energy, Bangalore,
India, 1996.

Received in Basel, Switzerland, 8th December 1997; 7/08834E

720 Chem. Commun., 1998



V
OO

V

VV

1 2 3 4 5

0.000

0.004

0.008

0.012

0.016

1

2

3

4

5

T / K

1.00 kHz
0.50 kHz
0.25 kHz

1.00 kHz
0.50 kHz
0.25 kHz

c M
″ 

/ c
m

3  
m

ol
–1

c M
′T

 / 
cm

3  
K

 m
ol

–1

Single-molecule magnets: out-of-phase ac susceptibility signals from
tetranuclear vanadium(iii) complexes with an S = 3 ground state

Ziming Sun,a Craig M. Grant,b Stephanie L. Castro,b David N. Hendrickson*a and George Christou*b†
a Department of Chemistry-0358, University of California at San Diego, La Jolla, CA 92093-0358, USA
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The salts of the tetranuclear vanadium(III) ions [V4O2(O2-
CEt)7(L–L)2]z (L–L = bpy, z = +1; L–L = pic2, z = 21)
with a V4 butterfly topology and a S = 3 ground state have
been found to exhibit out-of-phase ac susceptibility signals, a
signature of single-molecule magnets.

The study of molecules possessing unusually large spin values
in their ground state is an area of intense current research,
particularly since the realisation in recent years that some
species with this property exhibit the new phenomenon of
single-molecule magnetism.1–4 Such molecules provide a new
approach to nanoscale magnets, and one with the major
advantage that it provides ‘magnetic particles’ that are both
soluble and are composed of a single, sharply defined size. As
such, they hold the promise of numerous technological
applications, including access to the ultimate high-density
memory device.

The first single-molecule magnet (SMM) to be discovered
was [Mn12O12(O2CMe)16(H2O)4]·2MeCO2H·4H2O with S =
10.1–6 The related complexes [Mn12O12(O2CR)16(H2O)x] (R =
Et, x = 3;2 R = Ph, x = 42) with S = 9 or 10 also show SMM
properties, as does [PPh4][Mn12O12(O2CEt)16(H2O)4], the first
ionic SMM.2 More recently, a second class of SMM has been
discovered, the family of Mn molecules of formulation
[Mn4O3X(O2CMe)3(dbm)3] (X = various; dbm = anion of
dibenzoylmethane) with a [Mn4(m3-O)3(m3-X)]6+ highly dis-
torted cubane core and an S = 9/2 ground state.7 Additionally,
[Fe8O2(OH)12(tacn)6]8+ (tacn = 1,4,7-triazacyclononane) has
been reported to exhibit SMM behaviour.8 We recently reported
the synthesis of [V4O2(O2CEt)7(bpy)2][ClO4] 1 (bpy =
2,2A-bipyridine)9 with a [V4O2]8+ butterfly core and a S = 3

ground state, and we have now discovered that 1 and the related
complex [NEt4][V4O2(O2CEt)7(pic)2] 2 (pic = 2-picolinate)
are new additions to this small family of SMMs.

Ac magnetic susceptibility studies, which monitor the
response of a material’s magnetic moment to an applied
oscillating magnetic field, are an excellent way to detect the
slow relaxation of magnetisation characteristic of a SMM. Ac
susceptibility data were collected on 1 and 2 in a 1.0 G ac field
oscillating at 250, 500 or 1000 Hz with a dc field of zero. In the
range 10–30 K, the value of cAmT (cAm is the in-phase ac
susceptibility) for 1 is constant at ~ 4.8 cm3 K mol21 (meff =
6.20 mb) consistent with an S = 3 ground state and g ≈ 1.8.
Below 4.0 K, cAmT decreases from 4.13 cm3 K mol21 at 4.0 K to
3.47 cm3 K mol21 at 1.7 K [Fig. 1(top)] suggesting that at these
temperatures the magnetisation of the complex cannot reverse
its direction fast enough to keep in phase with the oscillating ac
field. If this is the case, an out-of-phase magnetic susceptibility
(cBm) signal should be seen; indeed, a cBm signal is observed
[Fig. 1(bottom)] and found to be frequency dependent. Such
behaviour is characteristic of single-molecule magnets, corre-
sponding to superparamagnet-like behaviour normally asso-

ciated with large, but single-domain collections of interacting
spin carriers. However, the cBm signal for 1 is quite weak at the
lowest temperature attainable with present instrumentation, the
cBm value at 1.7 K being only ca. 1–2% of the cAm signal.
Complex 2 gives similar results but a stronger cBm signal of ca.
0.05 cm3 K mol21 at 1.7 K and a 1000 Hz ac field oscillation
frequency.

As was the case for the [Mn12O12] and [Mn4O3X] complexes,
the slow relaxation of 1 and 2 can be rationalized as due to a
barrier to magnetisation reversal arising from a sufficiently
large S coupled with negative magnetic anisotropy (D < 0,
where D is the zero-field splitting (ZFS) parameter). For 1 and
2, the potential energy plot of Fig. 2 then applies and indicates
that the barrier to magnetisation reversal from, say, ‘up’ (Ms =
23) to down (Ms = +3) is |9D|. Fitting of dc magnetisation vs.
field data (not shown) collected in the 0.500–50.0 kG and
2.00–30.0 K ranges gave S = 3, g = 1.93 and D = 21.52 cm21

for 1, and S = 3, g = 2.00 and D = 21.50 cm21 for 2. Thus,
the barrier to magnetisation reversal in the ac experiments is
|9D| ≈ 13.5 cm21, a relatively small number that rationalises
only a weak cBm signal at 1.7 K. In contrast, the S = 10 and D ≈
20.5 cm21 values for certain [Mn12O12] complexes give a
barrier of |100D| ≈ 50 cm21 and cBm signals in the range 6–8 K
under comparable conditions.1–6

Fig. 1 Plots of cAmT vs. T (top) and cBm vs. T (bottom) for [V4O2(O2-
CEt)7(bpy)2][ClO4] 1 in a 1.0 G ac field oscillating at the indicated
frequencies (and with no applied dc field)
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To better observe the cBm signals at !1.7 K, an external dc
field was applied: this makes the double-well potential energy
diagram of Fig. 2 asymmetric and slows down the relaxation
rate by (i) increasing the barrier to (thermally activated)
relaxation (originally |9D|), and (ii) making the energy levels on
one side of the double-well no longer equienergetic to those on
the other side, thus decreasing the rate of resonant quantum
tunneling of magnetisation through the barrier. As a result, the
cBm signal should move to higher temperatures. This is indeed
observed for 1 and 2. The data for 2 at different dc fields are
shown in Fig. 3 and it can be seen that the cBm signal at 1.7 K
increases in strength with increasing dc field, presumably as a
cBm peak moves closer to the observable temperature range.

Eventually, a peak does become visible at 1.8 K at 2.0 kG dc
field, moving to 2.2 K at 8.0 kG field. The peak position
represents the temperature at which the relaxation rate equals
the ac field frequency.

To probe the stability of complex 1 in solution, 1H NMR
spectra were recorded in CD2Cl2. A total of 20 peaks were
observed in the range d +90 to 250 assignable to the
[V4O2(O2CEt)7(bpy)2]+ cation. This is exactly the number
expected for effective C2 solution symmetry: eight bpy
resonances, four CH3 resonances in a 2 : 2 : 2 : 1 relative
integration ratio, and eight CH2 resonances in a
2 : 2 : 2 : 2 : 2 : 2 : 1 : 1 relative ratio resulting from the diaster-
eotopic nature of the CH2 hydrogen atoms. The resonances were
fully assigned by 2D COSY and T1 studies, together with Me-
substitution on the bpy rings: full details will be provided
elsewhere.10 Similar results were obtained for 2. The 1H NMR
studies thus show that these cations retain their structures on
dissolution.

The combined data described above establish that the
[V4O2]8+ complexes are new examples of single-molecule
magnets and that they retain their structural and therefore
magnetic integrity in solution. The latter is noteworthy, given
that, in addition to a small, sharply defined size, solubility is one
of the greatest advantages of SMMs over conventional magnetic
particles of nanoscale dimensions.

This work was supported by the US National Science
Foundation.
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Fig. 2 Double-well potential energy vs. magnetisation direction diagram for
an S = 3 system with a negative ZFS parameter D

Fig. 3 Plots of cBm vs. T for [NEt4][V4O2(O2CEt)7(pic)2] 2 in a 1.0 G ac field
oscillating at 1000 Hz and applied dc fields of 0–2.0 kG (top) and
3.0–8.0 kG (bottom)
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Reversible five-component assembly of a [2]catenane from a chiral
metallomacrocycle and a dinaphtho-crown ether

Andrew C. Try,a Margaret M. Harding,*a† Darren G. Hamiltonb and Jeremy K. M. Sanders*b†
a School of Chemistry, University of Sydney, Sydney, NSW 2006, Australia 
b Cambridge Centre for Molecular Recognition, University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW 

Addition of a dinaphtho-crown ether to the components of a
chiral metallomacrocycle affords a [2]catenane as the
exclusive thermodynamic product; the reversible assembly
process is driven by a combination of zinc(II)–bipyridyl
ligation and p-donor/p-acceptor interactions between the
electronically complementary aromatic components.

In recent years a range of non-covalent interactions have been
employed in the template directed kinetically controlled
syntheses of wholly organic catenated structures, including
p-association of aromatic rings,1 metal–ligand coordination2

and hydrogen-bonding interactions.3–5 The application of these
strategies results in mechanically interlocked ring systems,
whose separation would require the cleavage of a covalent
bond.6 Catenanes incorporating an organic ring and a magne-
sium metallomacrocycle,7 as well as interlocked metallo-
macrocyclic structures,8,9 have also been reported: incorpora-
tion of labile metal coordination sites into the ring introduces
the possibility of reversibility into the threading process,
although this feature has not hitherto been fully explored.10 We
now report the use of both metal ligation and donor–acceptor
interactions to achieve quantitative catenane synthesis under
reversible, thermodynamically controlled conditions.

We reported the design and synthesis of ligand L which
assembles exclusively into a helical [2 + 2] metallomacrocycle
in the presence of zinc(ii) ions and a complementary aromatic
substrate.11,12 The p-electron rich aromatic guest plays a crucial
role in the assembly process, effecting the selection of its
optimal metallomacrocycle host from the range of geometries
and oligomers present in solutions containing only L and ZnII.
The driving force for the formation of the supramolecular
complex is provided by the p-donor/p-acceptor stacking
interactions present in the final complex. Similar programmed
recognition features between p-electron deficient aromatic
diimides and the p-electron rich dinaphtho-crown ether 1 have
been used to prepare neutral [2]catenanes in good yield via
irreversible acetylenic couplings.13–15 In light of these results
we have utilised the electron-deficient diimide present in L and
the electron-rich diethers of crown 1 to promote the assembly of
a chiral [2]catenane in a thermodynamically controlled associa-
tion process.

Titration of a solution of 1 into a CD3CN solution of
L2Zn2OTf4 (in equilibrium with other oligomers)11,12 resulted
in a change from pale yellow to purple–maroon, indicative of
the formation of a p-donor/p-acceptor complex (Scheme 1).
Electrospray mass spectrometry of the complex was consistent
with formation of the catenane, with peaks at m/z 530.8
[L2Zn2·1]4+, 757.8 [L2Zn2OTf·1]3+ and 1210.8
[L2Zn2OTf2·1]2+; no peaks corresponding to the individual
components were detected.

Unambiguous evidence for formation of the catenane‡ was
obtained by analysis of the 1H NMR spectra obtained on
titration of 1 into a solution of L and zinc(ii) triflate. The
resulting spectrum exhibits a new set of sharp signals
[Fig. 1(b)]; an identical spectrum was also obtained upon
dissolution of equimolar amounts of L, zinc(ii) triflate and 0.5
equiv. of 1 in CD3CN. Two distinct environments for the ‘inner’

and ‘outer’ naphthyl protons of 1 were detected,‡ both sets of
signals resonating at higher field to those of ‘free’ 1, an
observation consistent with slow exchange of the crown
naphthyl rings on the NMR chemical shift timescale. In the
methylene region of the spectrum the predominant AB system
of the L2Zn2OTf4 host [Fig. 1(a)] is split into two AB systems
upon interlocking with 1 [Fig. 1(b)], consistent with the helical
catenated structure§ being templated out of the equilibrating
mixture of complexes. Similar distinct changes were observed
in the aromatic region of the spectrum where the protons of the
naphthalenediimide spacer evolved from a singlet in the
equilibrating pre-complexation mixture [Fig. 1(a)] to four
doublets in the interlocked complex [Fig. 1(b)]. These observa-
tions taken in isolation suggest that the two diimide units of
L2Zn2OTf4·1, like the crown naphthyl rings, exist in ‘inner’ and

Scheme 1 Reagents and conditions: i, Zn(OTf)2, acetonitrile
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‘outer’ environments (with respect to 1). However, the
appearance of similar splitting patterns in the complex formed
between L2Zn2OTf4 host and 1,5-dimethoxynaphthalene 2 at
235 K [Fig. 1(c)] indicates that the two diimide units of
L2Zn2OTf4·1 are in the same environment (assigned as shown in
Scheme 1).¶∑ This observation is consistent with an exchange
process in which the ‘outer’ naphthyl ring of 1 is able to sweep
around the periphery of L2Zn2OTf4, rendering the two diimide
components equivalent. This behaviour parallels that displayed
by our recently reported neutral [2]catenanes.13,14

The catenane is remarkably stable: up to 350 K the maroon
colour of the interlocked complex is retained and no signal
coalescence is observed in the NMR spectrum. For comparison,
the analogous complex formed with 2 contained exchange
broadened resonances at room temperature; these coalesce on
heating to 350 K to give two methylene doublets and a broad
signal for the diimide protons, while at 235 K sharp, slowly-
exchanging multiple resonances are observed [Fig. 1(c)].
Although the exact orientation of the bound naphthyl rings
between the two aromatic diimide spacers is unknown, the
optimal stacking of 1, and also 2 (at 235 K), with L2Zn2OTf4
results in overall asymmetry in this system.

We have shown that a stable [2]catenane can be non-
covalently assembled from five components using pre-pro-
grammed recognition sites. The lability of the zinc(ii)–bipyridyl
coordination complex is an important feature of this system as
it facilitates opening of the [2 + 2] metallomacrocycle to allow
the thermodynamically favourable interlocking process in the
presence of the crown. The access to a range of coordination
geometries for zinc(ii) is probably also important in optimising
the electrostatic interactions between the p-complementary
components. The principles embodied in the reversible nature
of this assembly process should facilitate template-directed
syntheses of more complex organic and supramolecular struc-
tures that would otherwise be difficult to obtain, and dynamic

combinatorial libraries of mechanically interlocked struc-
tures.16

We acknowledge financial support from the Australian
Research Council (M. M. H.) and EPSRC (J. K. M. S.).
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resonances, d 2.51 (6 H, s, 2 3 CH3), 2.63 (6 H, s, 2 3 CH3), 3.82 and 4.62
(4 H, AB system, J 17.3 Hz, Ha and Hb), 3.87 and 4.79 (4 H, AB system, J
17.2 Hz, Hc and Hd), 7.37 (2 H, d, J 7.6 Hz, Hf), 7.40 (2 H, d, J 7.6 Hz, Hh),
7.96 (2 H, d, J 7.8 Hz, 2 3 H5B), 7.97 (2 H, d, J 7.6 Hz, Hg), 8.02 (2 H, d,
J 7.6 Hz, He), 8.03 (2 H, d, J 7.8 Hz, 2 3 H5B), 8.19 (2 H, d, J 8.1 Hz, 2 3
H5A), 8.42 (2 H, d, J 8.1 Hz, 2 3 H5A), 8.52 (2 H, app t, 2 3 H4B), 8.62 (2
H, app t, 2 3 H4B), 8.76 (2 H, d, J 7.9 Hz, 2 3 H3B), 8.81–8.85 (4 H, m, 2
3 H3B and 2 3 H4A), 8.98–9.04 (4 H, app t, 4 3 H3A), 9.14 (2 H, app t, 2 3
H4A). 1, d 3.54–3.60 (2 H, m, CH2), 3.63–3.70 (2 H, m, CH2), 3.80–4.18 (26
H, m, 13 3 CH2), 5.29 [2 H, dd, J 2.3, 6.1 Hz, H2 and H6 (inner)], 5.68–5.73
[4 H, m, H3, H4, H7 and H8 (inner)], 5.94 [2 H, d, J 7.6 Hz, H2 and H6

(outer)], 6.42 [2 H, app t, H3 and H7 (outer)], 6.52 [2 H, d, J 8.4 Hz, H4 and
H8 (outer)]; m/z 530.8 (L2Zn2·1, C120H96N12O18Zn2, M4+), 758.7
(L2Zn2OTf·1, C121H96F3N12O21SZn2, M3+) 1210.8 (L2Zn2OTf2·1,
C122H96F6N12O24S2Zn2, M2+).
§ The helical configuration was assigned by comparison with our previous
studies in which the metallomacrocycle host was characterised in both
solution and the solid state.11,12

¶ The labelling of spin systems in Scheme 1 is arbitrary; unequivocal
assignment of Ha,b and Hc,d was not possible as NOE crosspeaks to He,f,g,h

were not detected.
∑ Two-dimensional NOESY spectra of the catenane complex revealed the
expected proton connectivities and additional cross-peaks from the inner
naphthyl protons to the two bipyridyl H5A environments as well as to some
of the naphthalene diimide protons.
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Fig. 1 1H NMR spectra (400 MHz, CD3CN) of the methylene and aromatic
regions of (a) L2Zn2OTf4 (in equilibrium with oligomers) at 300 K, (b)
L2Zn2OTf4·1 at 300 K and (c) L2Zn2OTf4·2 at 235 K; * impurity
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Rb2Au6Sb4S10: a novel sulfosalt with two different interpenetrating anionic
frameworks: [Au3Sb4S8]2 and [Au3S2]2
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The layered compound Rb2Au6Sb4S10 consisting of two
interpenetrating [Au3Sb4S8]2 and [Au3S2]2 frameworks was
prepared from the reaction of Au with a polythioantimonate
flux.

Polychalcoantimonate fluxes can be used for the synthesis of
new ternary and quaternary thioantimonate and selenoanti-
monate compounds.1–4 This method is complementary to
conventional direct combination of the binary sulfides5 or
hydro(solvento)thermal synthesis.6 The polychalcoantimonate
fluxes are formed by the in situ fusion of A2Q/Sb/Q and contain
[SbxQy]n2 ligands (A = Na, K, Rb, Cs; Q = S, Se) as well as
polychalcogenide ligands. The key feature of this method is that
the polychalcoantimonate units form and coordinate to metal
ions to build up extended lattices. Examples include A2AgSbS4
(A = K, Rb, Cs),3,4 Cs3Ag2Sb3Q8 (Q = S, Se),3,4 KThSb2Se6,2
A2AuSbS4 (A = Rb, Cs)3b and KHgSbS3.7 Continuing our
investigations of the coinage metals, particularly Au, we report
here, the synthesis, structural characterization, and physical
properties of a novel quaternary gold thioantimonate com-
pound, Rb2Au6Sb4S10.‡ The novelty in this two-dimensional
compound derives from the fact that its layers are comprised of
two different and independent interwoven frameworks. The
only other structurally characterized example of two inter-
penetrating frameworks is K2PdSe10.8

The strikingly complex structure of Rb2Au6Sb4S10§ is
composed of two different interpenetrating layered frameworks,
[Au3Sb4S8]2 and [Au3S2]2, Fig. 1. As a result, Rb2[Au3Sb4-
S8][Au3S2] is a more descriptive formula, and to the best of our
knowledge, represents the first reported example of a compound
in which a binary framework is interpenetrating with a ternary
one. The [Au3Sb4S8]2 layer is strongly undulating and consists
of infinite [Sb4S7]22 one-dimensional chains bound to [Au3S]+

units. The [Sb4S7]22 chain [Fig. 2(a)] is comprised of four
condensed SbS3 pyramids forming a twelve membered Sb–S
ring. Two of the SbS3 units share two corners leaving one
terminal sulfide while the other two SbS3 units share all three
corners. The dimensions of the ring are 6.49(3) Å [Sb(4)–Sb(2)]
by 7.83(3) Å [Sb(1)–Sb(3)]. The chains alternate above and
below the layer in a staggered fashion [Fig. 2(b)]. The Sb atoms
are in pyramidal coordination with Sb–S distances in the range
from 2.21(6) to 2.65(6) Å [mean 2.46(3) Å] and compare well
with those reported for Cs2Sb4S8

1 and Cs3Ag2Sb3S8.3,4 The
discrete [Au3S]+ unit has a pyramidal sulfide linked to three
linear Au+ cations. The Au–S distances range from 2.28(4) to
2.46(5) Å and compare well with those found in CsAu3S2,9a

AAuS9b (A = Na, K, Rb, Cs), KAuS5
10 and AAuSbS4

3

(A = Rb, Cs). The S–Au–S angles range from 170 to 174°.
The second framework, which is interwoven with the one

described above is a [Au3S2]2 layer. The [Au3S2]2 layer is
puckered with twelve-membered Au–S rings in an anti-B2O3
motif {ring dimensions: 6.91(2) Å [Au(4)···Au(4)] by 7.19(3) Å
[Au(3)···Au(3)]}. Fig. 3(a) highlights the pyramidal sulfide and
the puckered nature of the layer and Fig. 3(b) shows a
perpendicular view. The Au–S distances are in the range from
2.25(4) to 2.46(5) Å and the S–Au–S angles range from 165 to

178°. The [Au3S2]2 layered structure is similar but not identical
to that observed in CsAu3S2.9a

Upon further inspection, it was observed that the Au+ centers
in Rb2Au6Sb4S10 aggregate to form a column that runs along the
c-axis. There are two types of Au···Au interactions: those at
@3.25 Å and those between 3.25 and 3.6 Å. Fig. 3(c) shows a
view perpendicular to these Au-based columns. In Fig. 3(c) the
interactions @3.25 Å are represented as solid lines while the
Au···Au interactions between 3.25 and 3.60 Å are represented as
dashed lines. The layers are separated by ten-coordinate Rb(1)+

[Rb(1)–S (mean) 3.59(3) Å] and eight-coordinate Rb(2) [Rb(2)+

[Rb(2)–S (mean) 3.50(3) Å].
The optical spectrum of Rb2Au6Sb4S10 reveals the presence

of a sharp optical gap of 1.37 eV, suggesting the material is a
semiconductor.

The far-IR spectrum¶ of Rb2Au6Sb4S10 displays absorptions
at ca. 377 and 350 cm21 which can be tentatively assigned to
Sb–S stretching modes in the ‘Sb2S4’-like backbone of the
[Au3Sb4S8]2 framework.1,3 Absorptions in the range 381–347
cm21 are tentatively assigned to the Sb–S vibrational stretching
modes by analogy with the Cs2Sb4S8

1 and Cs3Ag2Sb3S8.3
Absorptions below 347 cm21 are assigned to Au–S vibrations
as compared to Rb2AuSbS4.3 By comparison with KAuS5 the
absorption at ca. 323 cm21 is assigned as an Au–S stretching
vibration.10 The Raman spectrum¶ of Rb2Au6Sb4S10 displays
absorptions in the range 377–350 cm21 which are assigned to

Fig. 1 Structure of Rb2Au6Sb4S10 viewed down the c-axis. Selected
distances (Å) and angles (°) with esds in parentheses: Au(1)–S(3) 2.32(1),
Sb(1)–S(6) 2.43(2), Au(1)–S(5) 2.30(1), Sb(1)–S(8) 2.47(1) (32), Au(2)–
S(2) 2.28(2), Sb(2)–S(5) 2.54(2), Au(2)–S(4) 2.30(2), Sb(2)–S(1) 2.48(1)
(32), Au(3)–S(3) 2.32(1), Sb(3)–S(6) 2.58(2), Au(3)–S(7) 2.31(1), Sb(3)–
S(1) 2.48(1) (32), Au(4)–S(3) 2.29(2), Sb(4)–S(4) 2.40(2), Au(4)–S(7)
2.30(2), Sb(4)–S(8) 2.47(1) (32), Au(1)–Au(3) 3.192(3), Au(1)–Sb(1)
3.393(5), Au(1)–Au(4) 3.060(4), Au(1)–Sb(3) 3.233(5), Au(2)–Au(4)
3.593(1), Au(2)–Sb(2) 3.091(6), Au(1)–Au(1A) 3.588(4), Au(2)–Au(3)
3.389(4), Au(3)–Au(3A) 3.461(5), Au(3)–Au(4) 3.558(3); S(2)–Au(1)–S(5)
170.9(7), S(1)–Sb(3)–S(1A) 89.4(7), S(2)–Au(2)–S(4) 173.9(8),
S(1)–Sb(3)–S(6) 95.6(5), S(3)–Au(3)–S(7) 178.4(7), S(1A)–Sb(3)–S(6)
95.6(5), S(3)–Au(4)–S(7) 170.0(8).
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Sb–S modes and the absorptions below 350 cm21 are assigned
to Au–S stretching vibrations.

DTA data, followed by careful XRD analysis of the residues,
show that Rb2Au6Sb4S10 melts incongruently at ca. 442 °C.
Examination of the residue by powder XRD revealed that the
compound decomposes to an amorphous material and Au
metal.

In conclusion, Rb2Au6Sb4S10 represents the first example of
a sulfosalt with two different interpenetrating anionic frame-

works. Although one of the frameworks [Au3S2]2 can exist by
itself, efforts to isolate the second framework alone are in
progress.
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Fig. 2 (a) ORTEP view of the [Sb4S7]22 chain with labelling; (b) ORTEP
view of the complete [Au3Sb4S8]2 framework with labelling

Fig. 3 (a) ORTEP view of the [Au3S2]2 layer highlighting the pyramidal
sulfides in the undulating layer; (b) perpendicular view of the [Au3S2]2
layer with labelling; (c) Au···Au interactions of the Au column
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Inclusion processes based on molecular recognition proc-
esses may be used as a design principle for the generation of
molecular networks in the solid state. Hollow tuneable
molecular modules (koilands) based on fusion of pre-
organised cavities were shown to be assembled in the solid
state into one-dimensional molecular arrays (koilates) either
by self-inclusion or by interconnection using connector
molecules. The formation of the molecular networks in the
crystalline phase was established by X-ray studies.

Introduction

Molecular solids are defined by the chemical nature of their
molecular components and by their interactions with respect to
each other in the crystalline phase. With our present level of
knowledge, the complete understanding and therefore predic-
tion of all intermolecular interactions in the crystalline phase
seems unreachable. Therefore, it appears that crystal structures
are not predictable.1 However, following the statement by Jack
Dunitz:2 ‘A crystal is, in a sense, the supramolecule par
excellence’, using appropriate molecular modules, one may
predict some of the intermotive interactions. Molecular net-
works are defined as supramolecular structures, theoretically
composed of infinite number of molecules, possessing transla-
tional symmetry.3 Whereas molecules are described as assem-
blies of atoms interconnected by covalent bonds, by analogy,
one may describe molecular networks as hypermolecules in
which the connectivity between the elementary components
(molecular modules) is ensured by non-covalent intermotive
interactions.

The construction of large molecular networks (1026–1023 m
scale) with predicted and programmed structure may hardly be
envisaged through step by step type strategy. However, the
preparation of such higher-order materials may be reached
through iterative self-assembling processes engaging individual
modules. This strategy relies on a double analysis. One is at the
molecular level, dealing with the individual modules compos-
ing the solid, and the other is at the supramolecular level,
dealing with the intermotive or intermolecular interactions.4,5

Obviously the latter type of analysis is more subtle. For the
design and synthesis of molecular networks, the approach called
molecular tectonics,6 which is based on the self-assembly7 of
structurally defined and energetically programmed complemen-
tary tectons8 (from Greek tekton: builder), seems to be the most
viable one. The synthesis of solids based on iterative assembling
of individual complementary tectons still remains a challenge.
A strict control of the self-assembly of molecular modules in the
solid state should lead to structurally strictly controlled
molecular networks (one-, two- and three-dimensional solids).

Dealing with design, whereas an endo molecular receptor
forms discrete molecular complexes with a selected exo-
substrate, an exo-receptor may form either discrete species with
substrates acting as stoppers or molecular networks in the
presence of appropriate connectors (Fig. 1). Thus, in order to
achieve an iterative assembling process, the building blocks or

tectons must fulfil both structural and energy criteria. In
particular, the complementary tectons must recognise each
other (molecular recognition) and furthermore should allow the
repetition of the recognition patterns which may be designed as
assembling cores. These two requirements lead to molecular
modules possessing connecting points or interaction sites
located in a divergent fashion. We have previously reported
exo-ligands based on mercaptocalix[4]arenes,9a calix-
[4]arene,9b tetraarylporphyrin9c bearing bidentate catechol units
and macrocyclic frameworks containing bipyridine units.9d

Thus, the most important operational concepts in molecular
tectonics are molecular recognition between tectons and
geometrical features, encoded within their frameworks, allow-
ing the iteration of the recognition processes. Molecular
networks may be obtained by an iterative assembling process of
either self-complementary, or of several complementary tec-
tons.

In terms of interaction energy between molecular modules
governing the recognition and assembling processes, hydro-
gen10 and coordination11 bonds have been almost exclusively
used for the formation of molecular networks. However, some
time ago, we proposed the use of rather weak van der Waals
interactions responsible for the inclusion processes between
concave and convex molecules.12,13 Although, based on the
above mentioned approach, molecular networks were obtained
using all three types of interactions, i.e. hydrogen bond,14

coordination bond15 and van der Waals interactions12,13 the
present article shall be mainly devoted to molecular networks
based on inclusion phenomena in the solid state.

Fig. 1 Schematic representation of the formation of discrete molecular
complexes by an endo-receptor and a substrate (top), by an exo-receptor and
two stoppers (middle) or of a linear molecular network by an exo-receptor
and a connector (bottom)
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Design of koilands

The chemistry of inclusion complexes based on concave and
convex molecules, i.e. the inclusion of a substrate within the
cavity of a receptor molecule, is an established area. One may
extend the concept of inclusion in solution to the construction of
new networks in the solid state. Koilands12,13 (from Greek
koilos: hollow) were defined as multicavity receptor molecules
composed of at least two cavities arranged in a divergent
fashion. Since each individual cavity offers the possibility of
forming inclusion complexes with a convex molecules, fusing,
in a rigid framework, two or more of such cavities may lead in
the presence of an appropriate connector to a non-covalently
assembled polymeric species which may be called a koilate. For
example, linear koilates (one dimensional linear molecular
arrays or a-networks) may be assembled in the solid state using
non-covalent van der Waals interactions between a rigid and
compact direceptor possessing two divergent cavities with an
angle of 180° between them (linear koiland) and a linear
connector, possessing two extremities each capable of being
included within the cavities of the direceptor (Fig. 2).

For the design of koilands, calix[4]arene derivatives16

appeared to be candidates of choice (Fig. 3). Indeed, these
compounds offer a preorganised and tuneable hydrophobic
pocket surrounded by four aryl moieties as well as four hydroxy
groups for further functionalisation. Furthermore, both the
entrance and the depth of the preorganised cavity of calixarenes
may be controlled by the nature of the substituent R at the para
position (Fig. 4), i.e. But (1), H (2), Me (3), Ph (4). Whereas for
the parent compounds 1, 2 and 4 the cone conformation was
established in the solid state by X-ray studies, to our knowledge,
for compound 3 no X-ray data are available so far. The basket-
type cavity of calix[4]arene derivatives such as 1 resulting from
the cone conformation has been shown to accommodate in the
solid state a variety of neutral guests.17

The design of koilands was based on the fusion of two
calix[4]arenes derivatives in the cone conformation by two
silicon atoms (Fig. 4).12 Examples of fused calix[4]arenes using
titanium(iv), niobium(v), aluminium(iv) and more recently zinc
have been reported.18 Two calix[4]arenes have also been
interconnected by organic19 and organometallic bridges.20

Tuning the cavity

The general strategy for the synthesis of koilands was based on
treatment of the calix derivatives by NaH in dry THF followed
by addition of SiCl4. The desired compounds were usually
obtained after chromatography on silica or by crystallisation.
The starting material for the synthesis of all koilands reported

was the p-tert-butylcalix[4]arene 1 prepared according to the
published procedure.21 The calix[4]arene 2 was obtained by
aluminium chloride de-tert-butylation of 1.22 The latter was the
common starting material for the synthesis of both
p-methylcalix[4]arene 3 and p-phenylcalix[4]arene 4. Although
the syntheses of 323 and 424 were first reported by Gutsche et al.,
the procedures by Ungaro and coworkers25 and by Atwood and
coworkers26 respectively were found to be more convenient.
The koilands 927 (42%), 1212 (60%) and 1427 (17%) based on
the double fusion of two p-methylcalix[4]arenes 3, p-tert-
butylcalix[4]arene 1 and p-phenylcalix[4]arenes 4, respectively

Fig. 2 Schematic representation of the formation of centrosymmetric (top) and directional (bottom) koilates (linear molecular network) by centrosymmetric
(top) or non-centrosymmetric (bottom) linear koilands and connectors

Fig. 3 Calix[4]arene derivatives (top left) and schematic representations of
its cone conformation (top right) and of linear koilands obtained by fusion
of two such units by two silicon atoms (bottom)
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with two silicon atoms were obtained as colourless stable
crystalline solids.

The solid state structures of 927 and 1212 were confirmed by
X-ray studies which revealed that both compounds were indeed
centrosymmetric aryloxy dimers consisting of two Si and two
calixarenes. Both calixarene units were in cone conformation,
thus presenting two divergent cavities (Fig. 5).

Formation of discrete binuclear inclusion complexes

In order to ascertain the possibility of double inclusion, discrete
binuclear complexes composed of koiland 12 and CHCl3,12

anisol28 and p-xylene28 were prepared (Fig. 6). The crystal
study showed that in all three cases, each cavity accommodates,

in a inclusive fashion, a solvent molecule. For the anisol co-
crystals, amongst the four anisol molecules present in the
lattice, only two of them, one at each side, were deeply inserted
through their Me groups into the cavities of the hollow module
[Fig. 6(a)]. In the case of p-xylene, although a sandwich
complex composed of the parent compound 1 and the solvent
with a 1 : 1 ratio was reported in the solid state,29 with the
koiland 12, again a discrete binuclear inclusion complex in the
solid state was obtained [Fig. 6(b)]. Again, amongst the three
p-xylene molecules present, two of them penetrate deeply into
the cavities of 12 through one of their Me groups. Whereas the
formation of discrete binuclear complexes with CHCl3 and
anisol may be explained by their restricted dimension and
unfavourable geometry, in the case of p-xylene possessing the
right topology, one could, a priori, expect the formation of a
koilate. However, it appeared from the X-ray study that the
distance between the two Me groups (dC–C = 5.83 Å) was too
short to allow the interconnection of two consecutive units and
thus the formation of the koilate.

Formation of koilates

Hexadiyne, a rod type molecule, possessing both the requested
linear geometry and distance between its two terminal Me
groups (dC–C = 6.65 Å) leads indeed to the formation of the
desired koilate (Fig. 7). The latter crystallises out from either

CHCl3–MeOH or CHCl3–hexane mixtures of koiland 12 and
hexadiyne in large excess.28 The X-ray analysis revealed that in
the crystal, in addition to 12 and hexadiyne present in 1 : 1 ratio,
two CHCl3 molecules were also present. The lattice is indeed
composed of molecular linear arrays of koilates formed between

Fig. 4 Schematic representation of parent calix[4]arene derivatives 1–4 used
as preorganised cavities and of centro-symmetric (5, 9, 12, 14) and non-
centrosymmetric (6–8, 10, 11, 13) koilands formed by fusion of two calix
units by two silicon atoms

Fig. 5 X-Ray structures of linear koilands 9 (a) and 12 (b) showing the
interconnection of two cavities in a linear fashion. For the sake of clarity,
solvent molecules and hydrogen atoms are not presented.

Fig. 6 X-Ray structures of discrete binuclear inclusion complexes formed
by the linear koiland 12 and anisol (a) and p-xylene (b). For the sake of
clarity, the carbon atoms of the substrate are coloured in green and the
hydrogen atoms are not presented.

Fig. 7 A portion of the X-ray structure of the koilate formed between the
koiland 12 and hexadiyne as the connector. The one-dimensional network is
obtained by a single translation of the assembling core defined by the
inclusion of the connector into the cavity of the receptor. For the sake of
clarity, the carbon atoms of the connector are coloured in green and the
hydrogen atoms are not presented.
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koilands 12 and hexadiyne as connectors. Each connector
bridges two consecutive hollow bricks by penetrating their
cavities through its terminal Me groups. The methyl groups of
hexadiyne are deeply inserted into the cavity of the koiland.
Indeed, the shortest distance between the Me group of the
connector and the aromatic carbon atom (CO) of the koiland is
3.64 Å. It is worth noting that the hexadiyne molecules are
extremely well encapsulated by two consecutive koilands 12
forming a sandwich, the shortest distance between the Me
groups of the tert-butyl moieties of 12 being 3.51 Å.

Functionalisation of koilands

Calix[4]arene, in addition to the features stated above, presents
further advantages by being readily modified at the para
position by a large variety of substituents bearing functional-
ities. In particular, one may introduce at the para position
functional groups such as allyl moieties.30 It has been shown
previously that although the compound 15 shows temperature-
dependent conformational mobility, below room temperature it
adopts a cone conformation.30 The design of the new koiland 16
[Fig. 8(a)] possessing functional groups at both faces of the

molecule was based on the double fusion of the parent
compound 15 with two silicon atoms.31 Compound 15 was
prepared according to published procedures30 starting from
compound 121 which was dealkylated leading thus to the
compound 2 and the latter was first converted into the allyl ether
and then, by a Claisen rearrangement, to the desired compound
15. The doubly fused compound 16 was obtained after column
chromatography in 53% yield upon treatment of compound 15
in dry THF by NaH followed by addition of SiCl4.31

Since it has been previously observed that p-xylene, a rigid,
compact and ditopic molecule, forms in the solid mononuclear
and binuclear inclusion complexes with p-tert-butylcalix-
[4]arene17,29 1 and with the koiland 1228 respectively, the
formation of a one-dimensional network using compound 16 as
the koiland and p-xylene as the connector was investigated [Fig.
8(b)]. Suitable crystals were obtained from a mixture of
compound 16 and p-xylene in excess and PriOH at room
temperature. The X-ray analysis31 showed the following
features (Fig. 9). The crystals were composed exclusively of 16
and p-xylene disposed in an alternate fashion. Both the
connector and the koiland were centrosymmetric, the latter
offering two divergent cavities. The coordination geometry
around the silicon atoms was tetrahedral. As predicted, a linear
koilate was formed through the interconnection of two cavities
belonging to consecutive koilands 16 with the p-xylene
molecule. In the crystal one could identify an assembling core
which could be defined as the inclusion of a Me group of the
connector within a cavity of 16. The shortest C–C distance of
3.63 Å between the Me groups of the connector and one of the
carbon atoms belonging to one of the phenolic group at the
bottom of the cavity indicated a high degree of inclusion. The
formation of the a-network resulted from a single translation of
the assembling core.

Although the formation of the a-network was predicted, the
X-ray analysis revealed another unexpected feature. Due to the
large number of rotations available for the allyl moieties, one
cannot in fact predict their conformations in the crystal lattice.
Interestingly, when looking at lateral packing of consecutive
linear koilates, it was observed that among the eight allyl groups
present in each koiland 16, two of them were oriented
centrosymmetrically in a peculiar manner (Fig. 10). Indeed, two

alkene moieties belonging to two consecutive koilands were
located perfectly parallel to each other with a alkene-to-alkene
distance of 4.52 Å between them. Although the observed
distance seems slightly too long, the proximity of the two
double bonds suggests the possibility to interconnect covalently
the koilates by performing a [2 + 2] cycloaddition reaction in the
solid state.

It is interesting to notice that although, using compound 12
and hexadiyne, the first fully characterised linear koilate was
obtained in the solid state,28 one could nevertheless argue that,
owing to the presence of CHCl3 molecules in the lattice, the
formation of the koilate was governed by solvent molecules.
The formation of the koilate with compound 16 and p-xylene
precludes this objection since in that case the linear koilate was
formed in the solid without the presence of any solvent
molecules in the lattice.

Formation of koilates by self-inclusion

As demonstrated above, koilands may lead in the solid state
either to discrete molecular complexes in the presence of
molecules acting as stoppers [Fig. 11(a)] or to linear molecular
networks in the presence of appropriate connectors [Fig. 11(b)].
Another alternative route to the formation of linear koilate may
be based on the use of self-complementary koilands possessing
simultaneously two divergent cavities and connecting moieties
[Fig. 11(c)]. Compound 16 fulfils these requirements. Indeed,
the latter possesses two preorganised cavities resulting from the
fusion of two calix units in cone conformation, as well as allyl
groups at both faces of the molecule which may act as
connectors.32

Fig. 8 Schematic representations of the doubly fused tetraallylcalix[4]arene
16 (a) and of the linear koilate formed in the presence of connector
molecules (b)

Fig. 9 A portion of the X-ray structure of the koilate formed between the
koiland 16 and p-xylene as the connector. The one-dimensional network is
obtained by a single translation of the assembling core defined by the
inclusion of the connector into the cavity of the receptor. For the sake of
clarity, the carbon atoms of the connector are coloured in green and the
hydrogen atoms are not presented.

Fig. 10 A portion of the X-ray structure of the koilate formed between the
koiland 16 and p-xylene as the connector showing the lateral packing of
linear koilates leading to parallel disposition of the allyl moieties
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A study based on X-ray diffraction on single crystals
obtained under various conditions for the compound 16
revealed indeed the formation of an a-network in the solid state.
Upon slow liquid–liquid diffusion at room temperature of EtOH
into a CHCl3 solution of compound 16, suitable large,
colourless, air stable at room temperature, mono-crystals of the
same morphology (rhombic) were obtained. The X-ray analysis
revealed that the crystal was exclusively composed of com-
pound 16. The latter, offering two divergent cavities, was
centrosymmetric. As in the case of other koilands presented
above, the coordination geometry around the silicon atoms was
tetrahedral. In the crystalline phase, the self-complementary
koiland 16 formed a linear koilate (Fig. 12) through the

interconnection of two cavities belonging to consecutive
koilands 16 by van der Waals interactions. The assembling core
leading by a single translation to the a-network, could be
identified as the inclusion of one of the four allyl groups located
at one of the two faces of the molecule 16 by one of the two
cavities of the consecutive self-complementary compound 16.
The shortest C–C distance between the terminal CH2 of the allyl
group acting as connector and carbon atoms of one of the
aromatic moieties of the cavity belonging to the next unit varied
from 3.63 to 3.92 Å, including a rather high degree of inclusion.
Interestingly, when crystals of compound 16 were grown from
other solvent systems such as toluene–EtOH, CHCl3–PriOH
and toluene–PriOH, in all cases, crystals of the same morphol-
ogy and stability were obtained and their investigation by X-ray
(lattice parameters) confirmed that they were the same.
However, when crystals of 16 were grown by the same
technique from a CH2Cl2–EtOH mixture, two types of crystals,

one with a rod-type morphology and the other with rhombic
shape, were observed. Whereas the crystals with rhombic
morphology were stable at room temperature and proved by
X-ray analysis to be of the same type as those mentioned above,
the rod-shape crystals were unstable outside the solution. Their
analysis by X-ray diffraction revealed the presence of 16 and
three molecules of CH2Cl2. In the lattice two types of discrete
inclusion complexes were present and therefore no network
based on inclusion processes could be identified (Fig. 13). The

two types of units were a binuclear [Fig. 13(a)] and a
tetranuclear [Fig. 13(b)] CH2Cl2 inclusion complex. For the
binuclear complex, both cavities of compound 16 were
occupied by a CH2Cl2 molecule. For the tetranuclear species,
among the four CH2Cl2 present, as in the case of the binuclear
complex, two of them occupied the two preorganised cavities,
whereas the remaining solvent molecules were located within
the two ‘pockets’ resulting from the positioning of the allyl
groups. The difference between the two discrete complexes
observed in the lattice may be assigned to two different
conformations adopted by the allyl groups.

It is worth noting that in the case of the self-complementary
compound 16 depending on composition of the solution, all
three situations (Fig. 11), i.e. discrete inclusion complexes and
one-dimensional networks formed either by interconnection of
consecutive units by connectors or by self-interconnection,
were obtained.

Towards directional koilates

In dealing with one-dimensional networks, the control of the
directionality of the assembly remains an important and

Fig. 11 Schematic representation of discrete binuclear inclusion complexes
formed between koilands and stopper molecules (a) or of infinite linear
molecular networks formed by koilands in the presence (b) and absence (c)
of connector molecules

Fig. 12 A portion of the X-ray structure of the koilate formed by self-
inclusion of the koiland 16. The one-dimensional network is obtained by a
single translation of the assembling core defined by the inclusion of the allyl
moieties acting as internal connector into the cavity of the consecutive
koiland 16. For the sake of clarity, the carbon atoms of the consecutive
koilands are differentiated by colour and the hydrogen atoms are not
presented.

Fig. 13 X-Ray structures of the discrete bi- (a) and tetra-nuclear (b)
inclusion complexes formed by the linear koiland 16 and CH2Cl2. For the
sake of clarity, the hydrogen atoms are not presented.
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challenging issue. In all cases of koilates mentioned above,
although the dimensionality of the molecular assembly could be
controlled (a-network) by the geometrical features of the
building blocks, due to their centrosymmetric nature, no
particular directionality could be obtained (Fig. 1). In order to
control both the dimensionality and the directionality of
koilates, one may use non-symmetric koilands (Fig. 14). The
design of non-centrosymmetric koilands may be based either on
electronic or on geometric differentiation.

Electronic differentiation [Fig. 14(a)] may be achieved by
using two different fusing atoms with the same oxidation state
iv such as Si and Ti or with different oxidation states iii and iv
such as B and Si. The non-symmetric nature of the Si–Ti
heterobinuclear koiland is based on the induced difference
between the two calix units by their coordination to two
different metals with different electronegativity. Indeed, one of
the calixes is triply coordinated to a Si atom whereas the other
unit is triply coordinated to a Ti atom. The synthesis of the Si–Ti
heterobinuclear koiland 17 [Fig. 15(a)] was achieved.33 The
stepwise strategy used was based on the preparation of the
mono-fused compound 18 [Fig. 15(b)] which was shown by
NMR ROESY experiments to adopt a face to face ‘syn’
conformation. Upon treatment of the latter by TiCl4 the desired
compound 17 was obtained in high yield.

Geometric differentiation [Fig. 14(b)] may be accomplished,
while keeping the same fusing element such as Si, by
connecting two different calix units. Mixed compounds based
on the double fusion of two different calix units by two Si atoms
have been prepared. The general strategy for the preparation of
non-symmetric koilands 6–8, 10, 11 and 13 (Fig. 4) was based
on a combinatorial approach. Upon treatment of a combination
of two different calix[4]arenes [X,Y] (X = Y = 1–4) with base,
followed by reaction with SiCl4, as expected, three different
koilands [X–X], [Y–Y] of the homo type (centrosymmetric) and
[X–Y] of the hetero type (non-centrosymmetric) were ob-
tained.34

In solution, as expected, 29Si NMR studies revealed the
presence of two signals for the non-centrosymmetric hetero-
dimers, whereas for the centrosymmetric koilands a unique
signal was observed. In the solid state structures of compounds
6 and 7 were confirmed by X-ray analysis (Fig. 16). For both

compounds, the coordination geometry around the silicon
atoms was tetrahedral. The Si–Si distance varied only slightly
from 3.84 Å for 6 to 3.77 Å for 7. These values are similar to
those previously observed for compounds 9 and 12.

Formation of directional koilates using the non-centrosym-
metric koilands mentioned above is under current investiga-
tion.

Conclusions

In conclusion, it has been demonstrated that hollow molecular
modules may be assembled in the solid state into one-
dimensional molecular arrays either by self inclusion or by
interconnection using connector molecules. Thus, inclusion
processes based on van der Waals interactions may be used as
a design principle for the generation of molecular networks in
the solid state. Although at the present state of affairs, this
approach remains essentailly structural, by using molecular
building blocks possessing specific magnetic, photonic or
electric properties, one may extend this strategy to the
preparation of functional solids. Work along these lines is in
progress.
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M. A. McKervey, V. Böhmer and D. N. Reinhoudt, Tetrahedron Lett.,
1990, 31, 4941; J.-D. van Loon, D. Kraft, M. J. K. Ankoné,
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Novel ferrocene-based chiral Schiff’s base derivative with a twist-grain
boundary phase (TGBA) and a blue phase

Tarimala Seshadri*† and Hans-Jürgen Haupt

Department of Inorganic and Analytical Chemistry, University of Paderborn, Warburger Straße 100, 33098 Paderborn, Germany 

Synthesis of a monosubstituted ferrocene-based chiral
Schiff’s base derivative with unusual mesomorphic behavior
is reported namely the first metallomesogen which exhibits
TGBA and blue phases apart from SC*, SA and N* phase
transformations.

Chirality in ordered fluids has become one of the most
fascinating and innovative fields of current research in liquid
crystals. The quest to develop new chiral mesomorphic
compounds led to the serendipitous discovery of new types of
physical behavior namely the twist grain boundary (TGB)1 and
the blue phases2 apart from the ferri- and antiferro-electric2,3

liquid crystalline phases. The TGBA phase first discovered by
Goodby et al.,4 in 1989 was initially predicted by Gennes5 in
1972. The appearance of the TGB phase6 has induced enormous
interest due to the formal analogy of its Landau free energy to
that of the Shubnikov phase occurring in the type II super-
conductors.5,7 Renn and Lubensky7 in 1988 described this phase
as a frustrated intermediate between N* and SA phases. Since
then, several new organic compounds showing such a phase
were synthesized by different workers and their phase se-
quences were identified.6

Both the TGB and the blue phases are two kinds of frustrated
phases which are found exclusively in chiral organic com-
pounds. None of the chiral metallomesogens reported until now
exhibited such phase formation, although several of their Pd, Cu
and V complexes bearing one or more stereocenters were
synthesized.8 Nevertheless, incorporation of metals into the

structures of low molar mass chiral liquid crystals to attain such
phases must be a very challenging and attractive subject for
study from both the academic and the applications point of
view. Especially, introduction of ferrocene units as components
of chiral liquid-crystalline materials may bring about high
thermal stability and other additional properties among which
its ability to undergo reversible one-electron transfer processes
is one of the most important.9

However, studies on the synthesis of chiral smectic C
mesophases comprising monosubstituted ferrocenyl group are
scanty except the one reported by Imrie and Loubser.10 The
limited studies in this direction are attributed to the fact that
monosubstituted ferrocenes, because of their unfavourable
molecular shape (L-shape) and also due to repulsive steric
effects of the ferrocene unit which hinders the ability of the
molecules to pack in layers thus favouring mostly the formation
of nemetic phases.11–13

We therefore attempted to prepare several ferrocene based
chiral mesophases and surprisingly synthesized a compound
that exhibits enantiotropic SC*, SA, a twist grain boundary phase
(TGBA), a cholesteric as well as a blue phase. This is the first
chiral metallomesogen which exhibits a TGBA and a blue
phase.

The synthesis of the chiral Schiff’s base derivative 8 is
described in Scheme 1. To start with, we used the readily
available (S)-(2)-2-methylbutan-1-ol for this purpose. In 8 the
chiral centre with a small terminal chain is located adjacent to
the rigid molecular core in order to couple strongly with the

Scheme 1
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dipolar regions of the core. The phase assignments and
transition temperatures (°C) of 8 shown below were determined
by polarized optical microscopy using clean, untreated glass
microscopic slides and cover slips as well as by differential
scanning calorimetry (DSC) measurements.

C 116 SC* 136 SA 143.8 TGBA 144.9 N* 158 BP 159.2 I
I 157.2 BP 154.6 N* 143.1 TGBA 141.2 SA 132.6 SC* 77.9 C

At the SA–SC* transition, a dramatic textural change was
observed whereby the dark homeotropic texture of the SA phase
gives rise to a schlieren texture characteristic of the SC phase.
The thermogram indicates that owing to the small enthalpy
associated with these transitions, some of the peaks could not be
detected. The calculated enthalpies (kJ mol21) are as follows.
SC*–SA, 0.28; SA–TGBA–N*, 0.55 and BP–I, 0.81.

When heating slowly (0.2° min21), the filament structure of
the TGBA phase shown in Fig. 1, grows slowly in the
homeotropic regions of the smectic A phase and ends up in a fire
ball which coalesces into a cholesteric phase with a fan-shaped
texture. Also oily streaks are seen upon subjecting the
preparation to mechanical stress.

Both during heating and cooling cycles (0.2° min21), the
formation of the blue phase is clearly seen as a platelet texture
which is shown in Fig. 2.

The influence of orientation of ester linkages which directs
the electron delocalization and the coplanarity of the two
aromatic rings of benzylideneaniline (the angle between the two
planes of these rings deduced from X-ray14 and UV data15 was
found to be 66°) probably enhances the polarisability of the
rigid core due to extended conjugation. This in turn enhances
the preponderance of smectic phases and also creates favourable
packing conditions. Furthermore, the presence of the flexible
spacer between the phenyl ring and the ferrocenyl unit in 8 is
primarily responsible for the formation of highly ordered
phases, in the absence of which only a cholesteric phase was
observed.

Compound 8 is very stable and no decomposition was seen
during repeated heating and cooling cycles. Furthermore, a free-
standing film can be prepared by heating the compound into its
smectic state (130 °C) without any decomposition.

In conclusion, we report here a monosubstituted ferrocene-
based metallomesogen with a chiral Schiff’s base which shows
for the first time a relatively long SC* domain, a TGBA phase
which mediates between SA and N* and a blue phase just before
the clearing point, in spite of a bulky pendant ferrocene unit on

the one side and a relatively small terminal group appended to
the chiral centre on the other side. This ferrocene derivative and
derivatives thereof should be interesting candidates for prepar-
ing ferroelectric smectic C* materials useful in fast switching
electro-optic devices.

Notes and References
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Fig.  1 Polarized optical micrograph of the TGBA phase on heating to
143.8 °C; magnification 3 100

Fig.  2 Polarized optical micrograph of the blue phase platelet texture on
cooling from the isotropic liquid to 156.1 °C; magnification 3 100.
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Surprises in enolate binding at high valent molybdenum

Paul A. Cameron, George J. P. Britovsek, Vernon C. Gibson,*† David J. Williams and Andrew J. P. White

Department of Chemistry, Imperial College of Science, Technology and Medicine, Exhibition Road, London, UK SW7 2AY

Treatment of [Mo(NAr)2Cl2(DME)] (Ar = 2,6-diisopropyl-
phenyl; DME = 1,2-dimethoxyethane) with LiOC(O-
But)CMe2 at low temperature affords the unexpected
carbon-bound molybdenum(VI) enolate complex [Mo(N-
Ar)2Cl{h2-C(Me2)CO2But}] 1; the novel a-aminoenolate
derivative [Mo(NAr)2Cl{h2-CH(NMe2)CO2Et}] 2 is obtained
under analogous conditions using LiNPri

2/Me2NCH2CO2Et;
the structures of 1 and 2 confirm the carbophilic nature of
the [Mo(NAr)2] core.

Transition metal enolate chemistry nowadays features pro-
minently in organic synthetic methodology. The enolate ligand,
an intermediate between an allyl and an acetate unit, has two
different binding modes. Depending on the oxophilicity/
carbophilicity of the metal centre, the enolato functionality can
bind either via the ‘CH2’ unit or via its oxygen atom [Scheme
1(a)], giving rise to different reactivity in further transforma-
tions. In general, the oxygen binding mode I predominates for
early transition metals, whereas M–C bonding III is favoured
by the softer late transition metals. A number of oxygen bound
enolate complexes of early transition metals have been isolated
and structurally characterised.1–4 For molybdenum, only low
valent molybdenum enolate complexes as in [MoCp(CO)3R]
(R = enolate ligand) have been made and these are exclusively
carbon bound.5–9

With a view to exploiting the isolobal relationship between
the Cp2MIV and the (RN)2MVI cores,10,11 we became interested
in establishing whether or not the relatively ‘hard’ high valent
molybdenum centre would promote a switch from a carbon-
bound to an oxygen-bound enolate binding mode, since oxygen-
bound enolate complexes of early transition metal12,13 and rare
earth metallocenes14,15 are implicated as the active species in
the polymerisation of methyl methacrylate (MMA). Here, we
describe the first examples of high valent molybdenum enolate
complexes and their unusual and unanticipated structures.

Complex 1 was prepared according to Scheme 1(b), from
[Mo(NAr)2Cl2(DME)] and [LiOC(OBut)CMe2]16 at 278 °C.
Recrystallisation from pentane at 230 °C afforded 1 as an

orange crystalline product.‡ A second recrystallisation from
heptane gave X-ray quality crystals of 1 and the molecular
structure is shown in Fig. 1.§ Compound 1 decomposes slowly
in solution (t1/2 ca. 1 week) but can be stored for weeks in the
solid state at 220 °C.

The X-ray analysis of 1 reveals the unexpected bidentate
coordination of the enolate ligand via the carbonyl oxygen atom
O(2) and the a-carbon atom C(1). The geometry at Mo,
although five-coordinate, is probably best described as distorted
tetrahedral with the chelating enolate ligand occupying one of
the tetrahedral sites; the angles subtended at Mo by the two
imido N atoms and the Cl atom range between 105.4(4) and
111.3(3)°. The Mo–N distances are typical of ‘linear’ imido
ligands, the angles at the N atoms being 157.6(8) [N(10)] and
158.5(8)° [N(23)].17,18 The feature of most interest is the pattern
of bonding to, and within, the enolate ligand. The ‘stronger’
coordination is to the a-C atom [Mo–C(1) 2.208(11) Å]
whereas that to the carbonyl O atom is 2.370(6) Å. The
C(1)–C(2) linkage [1.50(2) Å] has lost all its double bond
character, though there is not a full pyramidalisation at C(1), the
sum of the C–C(1)–C angles being ca. 342°. There is evidence
for delocalisation between the two O atoms of the ester, the
C(2)–O(2) and C(2)–O(3) distances being 1.24(2) and 1.29(2)
Å, respectively.

Interestingly, complex 1 unveils a fundamental difference
between the isolobal Cp2MIV and the (ArN)2MVI cores.
Whereas the analogous Cp2MIV complex [Cp2Ti{O-
C(OMe)CMe2}Cl] was found to be an O-bound enolate
complex,4 complex 1 does not bind similarly via the O atom as
in complex A, but clearly establishes the carbophilic nature of
the (ArN)2MoVI core.

Scheme 1 (a) Potential binding modes of the ester enolate ligand. (b)
Reagents and conditions: i, LiOC(OBut)CMe2 (1 equiv.), Et2O, 278 °C ?
room temp.; ii, LDA, Me2NCH2CO2Et, THF, 278 °C ? room temp.

Fig. 1 Molecular structure of 1. Selected bond lengths (Å) and angles (°);
Mo–C(1) 2.208(11), Mo–C(2) 2.579(12), Mo–N(10) 1.754(9), Mo–N(23)
1.730(9), Mo–Cl 2.362(3), C(1)–C(2) 1.50(2), C(2)–O(2) 1.24(2),
C(2)–O(3) 1.29(2); C(1)–Mo–O(2) 60.6(4), C(1)–Mo–Cl 128.1(3),
C(1)–Mo–N(10) 101.4(4), C(1)–Mo–N(23) 105.4(5), O(2)–Mo–Cl 82.4(2),
O(2)–Mo–N(10) 158.2(4), O(2)–Mo–N(23) 92.0(4), Cl–Mo–N(10)
102.6(3), Cl–Mo–N(23) 111.3(3), N(10)–Mo–N(23) 105.4(4), Mo–
C(1)–C(2) 85.9(7), C(1)–C(2)–O(2) 115.1(11), C(2)–O(2)–Mo 85.1(6),
C(11)–N(10)–Mo 157.6(8), C(24)–N(23)–Mo 158.5(8).
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Subsequently, an attempt was made to force the enolate
ligand into an O-bound coordination mode, by using an
a-aminoester enolate ligand [Scheme 1(b)]. It was anticipated
that this ligand should produce a five-membered chelate, bound
via the N and the carbonyl O donor to the metal centre as in
complex B [Scheme 1(b)]. However, the strong carbophilic
nature of the (ArN)2MoVI fragment again became apparent,
resulting in the C-bound enolate complex 2. Moreover, a three-
membered chelate with an intramolecular coordination of the
amine donor is formed. Thus, chelation of the carbonyl O to
give a four-membered ring as in complex C is not observed
[Scheme 1(b)]. Similar preferred arrangements have been
reported previously for low valent Mo complexes.19,20

The preparation of complex 2 involved the in situ formation
of the lithium enolate from LDA and Me2NCH2CO2Et in THF
at 278 °C. Addition to [Mo(NAr)2Cl2(DME)] at this tem-
perature and extraction of the product with pentane at room
temp. gave complex [Mo(NAr)2{CH(NMe2)CO2Et}Cl] 2 as a
dark red crystalline solid.‡ Suitable crystals for X-ray analysis
were obtained from pentane, and the molecular structure is
given in Fig. 2.§

The X-ray structure of 2 again reveals an unexpected
coordination of the a-aminoenolate ligand, with chelation via
the amino atom N(1) and the a-C atom C(1) [with consequent
loss of double bond character for C(1)–C(2)], rather than the
carbonyl O atom O(2). As in 1, the coordination at Mo can be
considered as distorted tetrahedral, the enolate occupying a
single coordination site [the N–Mo–N and N–Mo–Cl angles are
in the range 106.9(1)–113.2(2)°]. The Mo–N(imido) distances
are again typical of ‘linear’ species, with angles at N of 161.0(4)
and 171.1(4)° for N(2) and N(3) respectively. As in 1, the
‘strong’ bond to the a-aminoenolate ligand is to the a-C atom
[2.149(6) Å] whereas that to N(1) is 2.198(4) Å. This contrasts
with the pattern observed for related chelation to a MoII centre
where the Mo–C bond is noticeably longer than that to N.20 In
the absence of coordination to the ester carbonyl O atom there
is no delocalisation between the two O atoms.

In conclusion, we have shown that enolate complexes of the
bis(imido)MoVI core are readily accessible and that the metal–
carbon bonded form is favoured over the oxygen-bonded
arrangement, confirming the surprisingly carbophilic nature of
the MoVI centres in these complexes.

ICI Acrylics (CASE Award to P. A. C.) and EPSRC are
gratefully acknowledged for financial support.
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† E-mail: V.gibson@ic.ac.uk
‡ Satisfactory microanalyses and MS data were obtained for complexes 1
and 2. Selected spectroscopic data: for 1: IR (CsI, Nujol, cm21): 1567
[n(CNO)]; 1H NMR (C6D6, 250 MHz, 298 K), d 6.99–6.91 (m, 6 H, m- and
p-C6H3Pri

2-2,6), 3.92 [spt, 4 H, 3JHH 6.8 Hz, CH(CH3)2], 1.73 [s, 6 H,
C(CH3)2], 1.34 [s, 9 H, C(CH3)3], 1.20 [d, 12 H, 3JHH 6.8 Hz, CH(CH3)2],
1.13 [d, 12 H, 3JHH 6.8 Hz, CH(CH3)2]; 13C NMR (C6D6, 62.5 MHz, 298
K), d 185.7 (s, O–CNO), 153.3 (s, ipso-C6H3Pri

2-2,6), 143.5 (s, o-C6H3Pri
2-

2,6), 127.0 (d, p-C6H3Pri
2-2,6), 123.1 (d, m-C6H3Pri

2-2,6), 86.4 [s, Mo–
C(CH3)2], 56.7 [s, C(CH3)3], 28.8, 28.0, 24.6, 24.0 (4s, 2Pri Me, But Me,
Mo–C(Me)2, 23.0 [d, CH(CH3)2]. For 2: IR: 1718m [n (CNO)]; 1H NMR
(C6D6, 250 MHz, 298 K), d 7.1–6.8 (m, 6 H, Ar-H), 4.0–3.8 [4 spt., 4 H,
3JHH 6.8 Hz, CH(CH3)2], 3.85–3.57 (q, 2 H, 3JHH 7.1 Hz, OCH2CH3), 3.73
[s, 1 H, (CH3)2NCH], 3.12, 2.33 [2s, 6 H, (CH3)2NCH], 1.37, 1.24, 1.20,
1.14 [4d, 24 H, 3JHH 6.8 Hz, CH(CH3)2], 0.75 (t, 3 H, 3JHH 7.1 Hz,
OCH2CH3). 13C NMR (C6D6, 62.5 MHz, 298 K), d 170.0 (s, CNO), 154.2,
153.0, 146.6, 140.9, 128.3, 127.6, 125.3, 122.5 (8s, ArC), 60.2 (s,
OCH2CH3), 58.8 (s, NCH), 51.0, 42.8 [2s, (CH3)2N], 28.9, 28.5 [2s,
CH(CH3)2], 24.4, 23.9, 23.4, 23.2 [4s, CH(CH3)2], 14.1 (s, OCH2CH3).
§ Crystal data: for 1: C32H49ClMoN2O2, M = 625.1, monoclinic, space
group P21 (no. 4), a = 9.376(2), b = 11.061(4), c = 16.496(3) Å,
b = 103.18(2)°, U = 1665.8(7) Å3, Z = 2, Dc = 1.25 g cm23, m(Mo-
Ka) = 5.0 cm21, F(000) = 660. An orange plate of dimensions 0.33 3 0.32
3 0.07 mm was used. For 2: C30H46ClMoN3O2, M = 612.1, monoclinic,
space group C2/c (no. 15), a = 22.823(1), b = 8.981(1), c = 30.877(4) Å,
b = 90.34(1)°, U = 6329(1) Å3, Z = 8, Dc = 1.29 g cm23, m(Cu-
Ka) = 43.9 cm21, F(000) = 2576. An orange–red prism of dimensions
0.18 3 0.10 3 0.07 mm was used. 2661 (4325) Independent reflections
were measured at 203 K on Siemens P4 diffractometers with graphite
monochromated Mo-Ka and Cu-Ka (rotating anode source) radiation for 1
and 2 respectively using w-scans. The structures were solved by direct
methods and all the non-hydrogen atoms were refined anisotropically (with
absorption corrected data for 2) using full-matrix least squares based on F2

to give R1 = 0.057 (0.046), wR2 = 0.097 (0.098) for 2088 (3430)
independent observed reflections [ıFoı > 4s)ıFoı), 2q! 47° (115°)] and
343 (339) parameters for 1 and 2 respectively. The absolute chirality of 1
could not be unambiguously determined. CCDC 182/776.
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Fig. 2 Molecular structure of 2. Selected bond lengths (Å) and angles (°);
Mo–C(1) 1.149(6), Mo–N(1) 2.198(4), Mo–N(2) 1.753(4), Mo–N(3)
1.746(4), Mo–Cl 2.336(1), C(1)–N(1) 1.452(7), C(1)–C(2) 1.477(7),
C(2)–O(2) 1.219(7), C(2)–O(3) 1.337(7), C(1)–Mo–N(1) 39.0(2),
C(1)–Mo–N(2) 103.8(2), C(1)–Mo–N(3) 101.4(2), C(1)–Mo–Cl 124.3(2),
N(1)–Mo–N(2) 125.8(2), N(1)–Mo–N(3) 112.4(2), N(1)–Mo–Cl 85.8(1),
N(2)–Mo–N(3) 113.2(2), N(2)–Mo–Cl 105.9(1), N(3)–Mo–Cl 108.3(2),
Mo–C(1)–N(1) 72.3(3), Mo–N(1)–C(1) 68.7(3), C(8)–N(2)–Mo 171.1(4).
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A method for obtaining stable, high activity for NOx reduction at low
temperatures

Robert Burch,*† Paolo Fornasiero and Barry W. L. Southward

Catalysis Research Centre, Department of Chemistry, University of Reading, Whiteknights, Reading, UK RG6 6AD 

Very high and stable low temperature activity for the
reduction of NO by n-octane on a 0.3 mass% Pt/Al2O3
catalyst operating under lean burn conditions may be
achieved by secondary injection of micropulses of clean-
burning thermal promoters into the gas stream.

Oxides of nitrogen (NOx) formed in the combustion of diesel
fuel are recognised as severe atmospheric pollutants and are the
subject of increasingly stringent emissions control legislation1,2

and so diesel engines will soon require comparable exhaust
emissions technology to that used for petrol engines. However,
although there has been much research on NOx removal in fuel-
lean exhaust streams,3–6 to date no suitable material has been
developed which will attain the levels of activity required under
diesel operating conditions. Of the various materials examined,
supported Pt catalysts appear to offer the best low temperature
activity, are resistant to poisoning by SOx, and are hydro-
thermally stable.1,2,4,5 However, the goal of obtaining high
activity at low temperatures, without rapid deactivation, has yet
to be realised. Here, we address this problem and present
preliminary data concerning the use of microinjection tech-
niques to achieve highly active low temperature DeNOx

catalysts.
The catalyst used in this study was the commercial catalyst

CK303, ex Akzo (0.3 mass% Pt on Al2O3, pre-reaction surface
area 226 m2 g21, metal surface area 0.48 m2 g21, Pt particle
diameter 1.7 nm). It was chosen primarily as a low cost material
having modest low temperature activity.3,4 All catalyst testing
was performed in a standard microreactor system described
elsewhere.3 Prior to testing, all samples were aged overnight in
a standard reaction mixture (100 mg catalyst, 500 ppm NO, 500
ppm n-octane, 5% O2, balance He, total flow 200 ml min21) at
500 °C and then ‘cleaned’ (550 °C in 5% O2 in He for 1 h).
n-Octane was chosen as a reductant to simulate a real fuel. NOx

conversions were determined by on-line analysis using a
standard chemiluminescence detector (Signal series 4000), with
samples logged onto a PC at 6 s intervals. CO2 analysis was
performed using a Signal series 2000 IR analyser. No reaction
was observed in the absence of a catalyst.

The profile for the DeNOx reaction over a range of
temperatures was analysed and gave results typical of those
found in the literature with the conversion to N2 rising to a
maximum at ca. 220 °C3,4–8 (results not shown). However we
have previously shown that temperature programming studies
may not be a reliable measure of catalyst activity7 because of
deactivation as the catalysts is heated up from lower temperat-
ures. Therefore we have examined the lifetime of clean catalysts
under isothermal conditions at temperatures close to the
n-octane light-off point (ca. 220 °C when using CK303 as the
catalyst, defined as the temperature required for > 20%
conversion of n-octane). The activity was clearly sensitive to
temperature (Fig. 1). Indeed, only at 220 °C was the activity
stable, whilst at lower temperatures the timescale for steady
activity became increasingly small. Hence at 170 °C catalyst
deactivation occurred so rapidly that reactor response lag and
NOx adsorption mask any NOx reduction. This was reflected in
the low amount of CO2 produced, and the absence of an in-bed
exotherm.3,7 In contrast, reaction at 185 °C [steady activity for

ca. 65 min, see Fig. 1(c) and Fig. 2(a)] was ascribed to catalytic
reaction only. The decline in activity is ascribed to surface
deposition of unreacted (carbonaceous) intermediates.

To circumvent this process of deposition leading to deacti-
vation the method of micropulse injection was devised. This
entailed injection of minute quantities of ‘thermal promoters’,
i.e. readily combustible molecules, into the standard reaction
mixture. It was envisioned that the combustion of these
molecules would create an exotherm within the catalyst bed,
and more specifically at the reaction centres. The ensuing
temperature rise would promote reaction/desorption of any
deposits located thereon.

The injection of small quantities of H2 [Fig. 2(b)], gave no
significant improvement in lifetime. However a bed exotherm
of ca. 20 °C was recorded some 10 s after the injection, although
it is clear that the temperature rise at any active site would be
significantly larger, with associated desorption of surface NOx

as evidenced by the sharp (negative) peaks. However, the use of

Fig. 1 Effect of temperature on the activity of CK303 (0.3 mass% Pt on
Al2O3) under standard reaction conditions (100 mg catalyst, 500 ppm NO,
500 ppm n-octane, 5% O2–He, balance He, total flow 200 ml min21). (a)
170 °C (5), (b) 180 °C (:), (c) 185 °C (-), (d) 200 °C (“), (e) 220 °C
(8)

Fig. 2 Effect of microinjection on the activity of CK303 under standard
reaction conditions, at 185 °C. (a) No injection (“), (b) 0.5 ml H2 every 10
min (:), (c) 2 ml of H2 every 5 min (-), (d) 1 ml of MeOH every 5 min-
(5)
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larger, more regular pulses of H2 was found to be beneficial
[Fig. 2(c)], and increased catalyst lifetime by ca. 30 min. This
was consistent with the increased and more regular exotherm
(bed temperature increase of ca. 30 °C) and associated
desorption/reaction of NOx and other adsorbates.

The use of pulses of methanol was even more successful
[Fig. 2(d)] with no deactivation being observed for > 4 h on line
(associated bed exotherm 40–45 °C). This is clearly a very
significant result and suggested a means for obtaining high
activity with no deactivation at low temperatures.

Given the successful application of methanol micropulsing at
185 °C its use at 180 °C was attempted. Previously, complete
deactivation of CK303 had been observed in ca. 6 min
[Fig. 3(a)] but by pulse injection (2 ml every 4 min, bed

exotherm ca. 45 °C) deactivation was circumvented [Fig. 3(b)].
Injection was ceased after 160 min and deactivation occurred
within 6 min in exactly the same manner as observed earlier
with the clean catalyst [Fig. 3(a)]. Injection of MeOH at 169
min however, resulted in complete recovery of activity. These
data confirm that the methanol effectively cleans the Pt surface
to enable DeNOx to occur.

The methanol pulse itself is not the primary reductant as can
be seen from the reaction of MeOH pulses in the absence of the
n-octane feed [Fig. 3(c)]. In this case there is some DeNOx

activity but this decreases rapidly to a low value. Thus it is clear
that the very high activity obtained when MeOH is injected into
a gas stream containing n-octane is due to the micropulsing in
conjunction with the n-octane feed.

These results provide a novel, practical method for obtaining
high activity for DeNOx reactions under diesel exhaust
conditions at low temperatures.

We are pleased to acknowledge the financial support for this
work through EU grant EV5V-CT94-0535.
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Fig. 3 Effect of microinjection on the activity of CK303 under standard
reaction conditions at 180 °C. (a) No injection (“), (b) pulse feed of 2 ml
MeOH only every 4 min (-), (c) 2 ml MeOH every 4 min (5). Note after
160 min injections stopped and then recommenced at 169 min.
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Solvolysis of 1-oxo-2,8-diphenyl-2,5,8-triaza-1l5-phosphabicyclo[3.3.0]octane:
new rearrangement of an eight- to a five-membered phosphodiamidate system

Xavier Y. Mbianda, Tomasz A. Modro*† and Petrus H. Van Rooyen

Centre for Heteroatom Chemistry and Department of Chemistry, University of Pretoria, Pretoria 0002, South Africa 

The alcoholysis of the title compound with RO2/ROH gives
the 1,3,2-diazaphospholidine derivative via the cleavage of
the P–N(2) bond, while under acidic catalysis the P–N(5)
bond is broken leading to the eight-membered monocyclic
product, which can isomerize via a new type of rearrange-
ment to the former five-membered system.

We have recently reported the preparation of the bicyclic
phosphoric triamides 1 via the base-promoted cyclization of the
corresponding 3-(2-chloroethyl)-2-oxo-1-aryl-2-arylamino-
1,3,2-diazaphospholidines.1 Nucleophilic cleavage of one of the
P–N bonds in 1 can lead to another 1,3,2-diazaphospholidine
derivative [‘exo’ departure of N(2)], or to a novel, eight-
membered heterocyclic system 2 [‘endo’ departure of N(5)]
(Scheme 1). We present here the results of the acid-catalyzed or
base-promoted alcoholysis of 1a (Ar = Ph). It was expected
that under acidic conditions the regioselectivity governed by the
first protonation site of the substrate2 should involve the
departure of the more basic N(5) atom. Our recent 15N NMR
spectroscopic studies3 indicated a high degree of ‘p3’ character,
hence high basicity, of N(5) in 1. Alcoholysis of 1a carried out
in an alcohol containing 1 equiv. of dry HCl led, as expected, to
the exclusive cleavage of the P–N(5) bond, yielding the
corresponding 1-oxo-1-alkoxy-2,8-diphenyl-2,5,8-triaza-
1l5-phosphacyclooctane 2a (Ar = Ph; Nu = OMe) or 2b
(Ar = Ph; Nu = OEt).‡ Amido esters 2 are, however, rather
unstable compounds and undergo further changes upon purifi-
cation (vide infra); they could be converted into stable
derivatives via acylation of the N(5) atom.§ Unambiguous
evidence for the structure of the primary product of the
solvolysis was obtained from the crystal structure of the N5-Bz
derivative of 2b (Fig. 1).¶ Structural parameters of the
phosphodiamidate function in N5-Bz2b are similar to those
reported for related structures, except for two points. First, we
observe the short P···N(2) non-bonded distance of 3.242 Å,
which should be even shorter in free, nonbenzoylated 2b.
Second, the two P–N bonds are non-equivalent: while one
(1.651 Å) lies well within a typical bond distance for
phosphoramidates,4 the other (1.688 Å) indicates a significantly
lower bond order.

When free cyclic diamido phosphates 2 were stored as neat
substances, or as solutions in aprotic solvents, they underwent
slow change yielding another phosphorus-containing product.
Full conversion could be achieved by refluxing 2 in benzene or
THF and, for 2b, the product, after isolation and purification,
was identified as the isomeric 3-[2-(phenylamino)ethyl]-2-oxo-
2-ethoxy-1-phenyl-1,3,2l5-diazaphospholidine 3b.∑ The struc-
ture of this product was determined by X-ray diffraction
(Fig. 2),** demonstrating unambigously the 8 ? 5 ring
contraction nature of the rearrangement. The only reported
structure closely related to 3b is that of Jones et al.,5 the
molecular parameters of both compounds correspond well to
each other.

This new ring contraction 2b ? 3b can be conveniently
followed via 31P NMR spectroscopy (DdP = 6.4 ppm).
Reactions carried out in refluxing THF with variable initial
concentrations of 2b showed clearly the first order kinetics, with
k1 = (4.1 ± 0.1) 3 1025 s21. The rearrangement can be
explained in terms of intramolecular 1,5-nucleophilic attack of
the amine nitrogen at the phosphoryl centre, followed by proton
transfer and P–N bond cleavage (Scheme 2); this mechanism is
also supported by the structural characteristics of N5-Bz2a
discussed above. Similar transannular N–P interaction in an
eight-membered heterocyclic system was postulated for the

Scheme 1

Fig. 1 ORTEP plot of the structure of the N-benzoyl derivative of 2b

Fig. 2 ORTEP plot of the structure of 3b
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mechanism of the hydrolysis of medium-ring phosphate esters.6
In that case, however, as well as in other cases of transannular
interactions involving nitrogen and a carbonyl group,7 the ring
structure of the substrate remains intact, while for 2 we observe
a change in the cyclic skeleton of the molecule. To the best of
our knowledge, this is the first reported case of a rearrangement
of this type.

Methanolysis of 1a in MeO2/MeOH led directly to the
formation of 3a (Ar = Ph; Nu = OMe) as a result of
nucleophilic cleavage of the P–N(Ph) bond. In the absence of
the activation of the N(5) atom in 1 via protonation, it is the
leaving ability of the departing nitrogen (NPh) that determines
the regioselectivity of the P–N bond cleavage. In the presence of
an excess of MeO2 ions, 3a undergoes the opening of the
second 1,3,2l5-diazaphospholidine ring, yielding dimethyl
di(2-phenylaminoethyl)phosphoramidate 4a.††

The 2 ? 3 rearrangement reported here indicates greater
thermodynamic stability of the latter heterocyclic system. The
structure and conformational behaviour of 2, as well as the
mechanism of its rearrangement to 3, is currently being studied
in this laboratory.

Notes and References

† E-mail: tamodro@scientia.up.ac.za
‡ Acid-catalysed alcoholysis of 1a: a solution of 1a (0.50 g, 1.67 mmol) in
anhydrous alcohol (15 ml) containing dry HCl (1.67 mmol) was kept at
room temperature for 16 h, diluted with water (10 ml) and neutralised with
aq. Na2CO3. The solution was extracted with CHCl3 (3 3 10 ml), dried
(Na2SO4) and evaporated under reduced pressure yielding 2 as a solid (2a)
or a viscous oil (2b). Data for 2a (0.55 g, 100%): mp 91.5–92.7 °C; dH (300
MHz, CDCl3) 2.04 (1 H, br s), 2.87 (4 H, ddd, J 14.6, 6.7, 3.1), 3.50 (3 H,
d, J 5.6), 3.60–3.85 (4 H, m), 7.08–7.50 (10 H, m); dC 47.4 (s), 51.8 (s), 53.2
(d, J 5.7 Hz), 123.5 (s), 124.1 (s), 129.2 (s), 143.3 (d, J 4.2); dP 13.6. For 2b
(0.58 g, 100%): oil; dH 0.99 (3 H, t, J 7.1), 2.06 (1 H, br s), 2.87 (4 H, ddd,
J 14.6, 6.7, 3.1), 3.55–3.80 (4 H, m), 3.87 (2 H, dt, J 7.1), 7.08–7.50 (10 H,
m); dC 15.6 (d, J 6.7), 47.3 (s), 51.5 (s), 62.9 (d, J 5.4), 123.4 (s), 123.9 (s),
129.1 (s), 143.2 (d, J 4.2); dP 12.1.
§ Selected data for N5-Bz2a: (66%), mp 148.2–149.7 °C (from MeCN–
hexane, 1 : 1); dP 12.0; Found: C, 66.22; H, 6.17; N, 9.50; C24H26N3O3P
requires: C, 66.19; H, 6.01; N, 9.64%. For N5-Bz2b: (74%), mp
144.2–145.6 °C (from MeCN); dP 10.6; Found: C, 67.07; H, 6.29; N, 9.34.
C25H28N3O3P requires: C, 66.80; H, 6.27; N, 9.34%.
¶ Crystal data for N5-Bz2b: C25H28N3O3P, M = 449.49, monoclinic, space
group P21/n (No. 14), a = 9.743(1), b = 12.443 (2), c = 19.334(2) Å,
b = 104.34(1)°, U = 2271(1) Å3, F(000) = 952, l(Mo-Ka) = 0.7107

Å, m(Mo-Ka) = 1.13 cm21, T = 295(1) K, Z = 4, Dc = 1.30 g cm23. Data
were collected on an Enraf Nonius CAD4 diffractometer in the range 3 @
q@ 30° (7072 reflections). The structure was solved by direct methods (ref.
8) and refinement, based on F, was by full-matrix least-squares methods
(ref. 9) to R = 0.057, Rw = 0.065 {weighting scheme [s22(Fo) + 0.000699
F2]} for 293 parameters using 4047 unique reflections with I > 3s(I).
∑ Rearrangement of 2b to 3b: 2a (0.345 g, 1 mmol) in dry benzene (15 ml)
was heated under reflux for 18 h. After concentrating to ca. 1/4 volume, the
solution was poured into dry Et2O (20 ml) with vigorous stirring. The
precipitate (0.318 g, 92%) was filtered off and crystallized from MeCN.
1-Phenyl-2-ethoxy-2-oxo-3-[2-(phenylamino)ethyl]-1,2,3l5-diaza-
phospholidine 3b, mp 129.4–130.1 °C; dH 1.17 (3 H, t, J 7.1), 3.24–3.46 (6
H, m), 3.57–3.70 (2 H, m), 3.97 (2 H, dt, J 7.1), 6.60–7.30 (10 H, m); dC 16.2
(d, J 7.2), 41.6 (d, J 2.4), 43.1 (s), 43.3 (s), 44.4 (d, J 4.9), 63.6 (d, J 7.2),
112.5 (s), 115.9 (s), 122.9 (s), 129.2 (s), 129.3 (s), 141.3 (d, J 6.3), 148.0 (s);
dP 18.5; Found: C, 62.18; H, 7.16; N, 12.08; C18H24N3O2P requires: C,
62.59; H, 7.00; N, 12.16%.
** Crystal data for 3b: C18H24N3O2P, M = 345.38, monoclinic, space
group P21/n (No. 14), a = 13.902(2), b = 6.046(5), c = 22.110(5) Å, b
= 94.59(3)°, U = 1852(1) Å3, F(000) = 736, l(Mo-Ka) = 0.7107 Å,
m(Mo-Ka) = 1.24 cm21, T = 295(1) K, Z = 4, Dc = 1.22 g cm23. Data
were collected on an Enraf Nonius CAD4 diffractometer in the range 3 @
q@ 30° (6077 reflections). The structure was solved by direct methods (ref.
8) and refinement, based on F2, was by full-matrix least-squares methods
(ref. 9) to R = 0.063, Rw = 0.040 {weighting scheme [s2(fo)]} for 221
parameters using 2522 unique reflections with I > 3s(I). An intermolecular
bond O(1)···H–N(3) of 2.042 Å is observed. Perspective drawings were
prepared using ORTEP (ref. 10). CCDC 182/772.
†† Base-promoted alcoholysis of 1a: a solution of 1a (0.300 g, 1 mmol) and
MeONa (3 mmol) in MeOH (20 ml) was kept at room temperature for 28
days (full conversion, as shown by 31P NMR spectroscopy), neutralised
with methanolic HCl, filtered and evaporated under reduced pressure. The
crude product (0.336 g, oil) consisted of two phosphorus-containing
compounds (dP 19.9, 55%; dP 14.4, 45%) which were separated by column
chromatography (SiO2, Et2O). Selected data for 3a, oil; dH 3.39 (6 H, m),
3.61 (3 H, d, J 12.3), 3.63 (2 H, m), 4.42 (1 H, br s), 6.63 (2 H, d, J 7.6), 6.68
(1 H, t, J 7.5), 6.98 (1 H, t, J 7.3), 7.15 (4 H, m), 7.29 (2 H, t, J 7.9); dC 41.7
(s), 43.2 (d, J 7.7), 43.4 (d, J 6.5), 44.5 (s), 54.3 (d, J 7.8), 112.8 (s), 115.7
(s), 117.4 (s), 121.7 (s), 129.3 (s), 129.4 (s), 137.6 (d, J 5.2), 147.8 (s); dP

19.9; Found: C, 63.20; H, 7.48; N, 11.45. C19H26N3O2P requires: C, 63.50;
H, 7.29; N, 11.69%. For 4a: oil; dH 3.28 (8 H, m), 3.69 (6 H, d, J 11.2), 6.56
(4 H, d, J 7.7), 6.68 (2 H, t, J 7.4), 7.15 (4 H, m); dC 41.5 (s), 45.8 (d, J 4.4),
53.5 (d, J 6.2), 112.7 (s), 117.9 (s), 129.3 (s), 147.8 (s); dP 14.2.
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Dicephalic surfactants

Nico A. J. M. Sommerdijk,† Theo L. Hoeks, Kees Jan Booy, Martinus C. Feiters, Roeland J. M. Nolte* and
Binne Zwanenburg*

Department of Organic Chemistry, NSR-Institute for Molecular Structure, Design and Synthesis, University of Nijmegen,
Toernooiveld, 6525 ED Nijmegen, The Netherlands 

Two examples of dicephalic surfactants, a new class of two-
headed amphiphiles, were prepared and demonstrated to
exhibit unexpected aggregation behaviour.

Recently several research groups have studied the aggregation
behaviour of surfactants with unusual structural features in
order to further understand the relationship between the
structure of the amphiphile and the type of aggregates it forms.
Examples include surfactants with hyperextended1 and spiro2

hydrocarbon chains, gemini surfactants3 and super surfactants,
e.g. block copolymers of polystyrene and poly(propyleneimine)
dendrimers.4 Gemini surfactants, a new class of amphiphilic
molecules with two hydrocarbon chains and two polar head
groups connected by a linker, display aggregation behaviour
that is distinctly different from that of the constituting ‘parent’
surfactants.5 The interesting properties of gemini surfactants
prompted us to design and synthesise another type of amphi-
philic molecule for which we propose the name dicephalic (two-
headed) surfactant. Molecules of this type consist of a single
hydrocarbon chain and two polar head groups (1 and 2).‡ Both
compounds can complex metal ions: the former binds transition
metals to its imidazole groups, the latter calcium ions to its
phosphate functions.6 Here we report on the unusual self-
assembling properties of the dicephalic surfactants.

The synthesis of compound 1 was initially tried by treating
1,3-dibromopropan-2-yl stearate 3§ with imidazole in MeCN.
Instead of the desired product 1 a mixture of compounds 4 and
6 was isolated. A mechanistic explanation is presented in
Scheme 1A. Direct nucleophilic replacement of the second
halogen atom in 3 by imidazole is difficult due to considerable

steric hindrance as was evident from examination of CPK
models.¶ During aqueous work-up a hydroxy group is probably
introduced which gives 5 and after acyl migration7 the
a-hydroxystearate 6. Compound 1 could, however, be syn-
thesised via a double nucleophilic attack of sodium imidazolide
on epibromohydrin, followed by acylation of the alkoxide
intermediate (Scheme 1B).

Reaction of 3 with tetraalkylammonium salts of mono- and
di-benzyl phosphate, for similar steric reasons as mentioned
above, did not lead to satisfactory yields of the respective
desired bis-phosphates.∑ Compound 2 was prepared therefore
by phosphorylation of the diiodide 7§ with silver dibenzyl
phosphate8 followed by catalytic hydrogenation over Pd/C and
subsequent cation exchange (Scheme 1C). This indirect dis-
placement of the halogen atoms by the dibenzyl phosphate ions
is promoted by the formation of an AgI complex and the
neighbouring group participation of the ester carbonyl func-
tion.

Inspection of CPK models of 1 and 2 revealed that both
compounds have a very large head group section compared to
their lipophilic part. According to the structure–shape concept,9
the formation of micelles may therefore be expected when these
compounds are dispersed in water. Dispersion of 1 in water at
pH 7.0 (0.1%, w/w) did not, however, lead to the formation of
micelles, but to well defined multilayered platelets of micro-
meter size [Fig. 1(a)]. Powder diffraction experiments revealed
a repetitive distance of 31 Å, indicating a structure in which the
hydrocarbon chains are interdigitated. Electron diffraction
showed several bands, indicative of the polycrystalline nature of
the sample, and a strong phase transition at 58 °C (DH = 60 J
g21) was observed by DSC. The pKa values of 1 (3.6 and ca. 7),
make it likely that the platelets consist of a mixture of
protonated and deprotonated surfactant molecules. The possi-
bility of intermolecular hydrogen bond formation over long
distances, may account for the remarkable stability of these
lamellar structures.

When 0.25 equiv. of CuSO4 were added to a dispersion of 1
in water, vesicles with diameters of 50–250 nm were formed
[Fig. 1(b)]. EPR and FTIR titration experiments showed that a
complex of the type Cu(Imidazole)4

2+ had been formed,** but
it was not possible to differentiate between a monomeric CuII 12

Scheme 1 (i) Imidazole–CH3CN; (ii) aqueous work-up; (iii) NaH–
imidazole–DMF; (iv) C17H35COCl; (v) AgOP(O)(OBn)2–toluene, reflux;
vi H2/Pd/C; (vii) Dowex-Na+

Fig. 1 Electron micrographs of (a) 1 (negative staining, inset Pt shadowing
technique) and (b) a 2 : 1 complex of 1 and CuSO4 (freeze fracture
technique) in water. Bars represent 250 nm.
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complex and a polymeric coordination network. According to
powder X-ray diffraction these vesicles had an interdigitated
bilayer with a thickness of 32 Å. DSC revealed a phase
transition at 15 °C (DH = 15 J g21), indicating that copper
complex formation caused a dramatic change in the molecular
packing.

For 0.1% (w/w) dispersions of 2 in an aqueous buffer of pH
7.0, electron microscopy [Fig. 2(a),(b)] revealed the formation
of bundles of fibres each with a diameter of 65 Å, (approxi-
mately twice the molecular length) and lengths up to 15 mm
(aspect ratio > 2000). These fibres showed a faint phase
transition at 23 °C (DH = 1.5 J g21) in DSC. The formation of
very long structures suggests that intermolecular interactions
must also play an important role in stabilising these aggregates.
Since at pH 7.0 the phosphate groups will be in their
monoprotonated form,10 a network of hydrogen bonds can be
formed between protonated and unprotonated P–OH groups of
neighbouring molecules (Fig. 3), which could account for the
observed stability of these large structures.

Compound 2 is expected to form a 1 : 1 complex with
calcium, either intramolecularly by chelation or intermolecul-
arly by formation of a linear polymeric complex.11 Addition of
calcium chloride ([Ca2+] = 0.5 mm) to aqueous dispersions of
2 led to the formation of a precipitate consisting of small
(200–500 nm) and irregularly shaped multilayered platelets
[Fig. 2(c)]. These platelets were shown to be polycrystalline by
electron diffraction and displayed a sharp phase transition at
148 °C (DH = 17 J g21) in DSC. Considering the relative
volumes of the hydrophilic and hydrophobic parts of 2 it is

reasonable to assume that the lamellar structures formed upon
complexation of calcium ions consist of intercalated bilayers.

In summary, 1 and 2 are examples of a new class of
amphiphiles whose aggregation behaviour in water does not
follow the structure–shape concept.9 The extended intermole-
cular interactions which are possible because of the dicephalic
character of the molecules lead to the formation of lamellar
platelets in the case of 1 and fibres in the case of 2.
Complexation of metal ions, i.e. CuII ions to 1 and Ca2+ ions to
2, gives rise to a change in molecular organisation resulting in
the generation of lamellar structures in both cases. Further
studies are underway and will be presented elsewhere.

Notes and References

† E-mail: tijdink@sci.kun.nl
‡ Physical data for 1: mp 88 °C (Calc. for C27H46N4O2: C, 70.70; H, 10.11;
N, 12.21. Found: C, 70.67; H, 10.20; N, 11.99%.); m/z (EI) 458 (M+);
dH(CDCl3) 0.88 (t, J 6.7, 3 H, CH3), 1.25 [m, 28 H CH2(CH2)14CH3], 1.56
[m, 3 H, C(O)CH2CH2], 2.31 [t, J 7.5, 2 H, C(O)CH2], 4.07 (ABX, 4 H,
CH2N), 5.33 (ABX, 1 H, CH–O), 6.92 (s, 1 H, 5-ImH), 7.11 (s, 1 H, 4-ImH),
7.47 (s, 1 H, 2-ImH); n(KBr)/cm21 3100 (C–HIm), 2910, 2840 (C–H), 1740
(CNO), 1530–1490 (Im).

Physical data for 2: Rf 0.17 (silica, BuOH–AcOH–H2O 4 : 1 : 1) (Calc. for
C21H40P2O10Na4·H2O: C, 39.2; H, 6.84; Na, 14.3. Found: C, 39.0; H, 6.74;
Na, 14.0%.); m/z (FB+, free acid) 541 (M + Na+); d31P(D2O) 22.27; n(KBr)/
cm21 2910, 2860 (C–H), 1740 (CNO), 1200 (PNO).
§ 3 and 7 were prepared by acylation of the corresponding alcohols using
stearoyl chloride and a catalytic amount of AlCl3 (ref 12). The alcohols were
prepared according to literature procedures (refs. 13, 14).
¶ The molecular structure of 3 is such that one of the bulky groups on the
C(2) atom, i.e. the stearoyloxy group or the methylene imidazole group,
blocks the incoming second imidazole group.
∑ Tetra-n-butylammonium dibenzyl phosphate (ref. 15) and
tetraethylammonium (ref. 16) monobenzyl phosphate were used, re-
spectively, following modified literature procedures.
** The stoichiometry of the complex was determined by monitoring the
intensity of a new imidazole vibration at 1521 cm21 in the FTIR spectrum
upon addition of CuII ions. In addition a signal attributed to free CuSO4 was
observed in the EPR spectrum when the CuII : 2 ratio exceeded 0.5.

1 F. M. Menger and Y. Yamasaki, J. Am. Chem. Soc., 1993, 115, 3840.
2 F. M. Menger and J. Ding, Angew. Chem., Int. Ed. Engl., 1996, 35,

2137.
3 F. M. Menger and C. A. Littau, J. Am. Chem. Soc., 1991, 113, 1451; R.

Zana, M. Benrraou and R. Rueff, Langmuir, 1991, 7, 1072; R. Zana and
Y. Talmon, Nature, 1993, 362, 228.

4 J. C. M. van Hest, M. W. P. L. Baars, D. A. P. Delnoye, M. H. P. van
Genderen and E. W. Meyer, Science, 1995, 268, 1592.

5 S. Karaborni, K. Esselink, P. A. J. Hilbers, B. Smit, J. Karthauser, N. M.
van Os and R. Zana, Science, 1994, 266, 5183; Q. Hue, R. Leon, P. M.
Petroff and G. D. Stucky, Science, 1995, 268, 5215; L. Perez, J. L.
Torres, A. Manresa, C. Solans and M. R. Infante, Langmuir, 1996, 12,
5296.

6 J. M. P. M. Borggreven, T. H. L. Hoeks, F. C. M. Driessens and B.
Zwanenburg, Caries Res., 1992, 26, 84.

7 O. E. van Lohuizen and P. E. Verkade, Recl. Trav. Chim. Pays-Bas,
1960, 79, 133; E. S. Lutton, J. Am. Oil Chem. Soc., 1967, 44, 1.

8 L. Zervas, Naturwissenschaften, 1939, 27, 317.
9 J. N. Israelachvilli, S. Marcelja and R. G. Horn, Quart. Rev. Biophys.,

1980, 13, 2.
10 N. A. J. M. Sommerdijk, M. C. Feiters, R. J. M. Nolte and B.

Zwanenburg, Rec. Trav. Chem. Pays-Bas, 1994, 113, 194.
11 N. A. J. M. Sommerdijk, T. H. L. Hoeks, M. Synak, M. C. Feiters,

R. J. M. Nolte and B. Zwanenburg, J. Am. Chem. Soc., 1997, 119,
4338.

12 M. E. Hill, J. Am. Chem. Soc., 1953, 75, 3020.
13 A. R. Jones and G. Fakhouri, Xenobiotica, 1979, 9, 595.
14 A. Fairbourne and D. W. Stephens, J. Chem. Soc., 1932, 1972.
15 (a) A. Zwierzak and M. Kluba, Synthesis, 1978, 770; (b) F. R. Atherton,

H. T. Howard and A. R. Todd, J. Chem. Soc., 1948, 1106.
16 F. Kramer and G. Weiman, Chem. Ber., 1964, 94, 126; R. A. Bauman,

Synthesis, 1974, 870.

Received in Cambridge, UK, 14th January 1998; 8/00395E

Fig. 2 Electron micrographs of 2 in (a, b) aqueous 2 mm PIPES buffer (pH
7.0, freeze fracture technique) and (c) aqueous 2 mm PIPES buffer
containing 0.5 mm CaCl2 (pH 7.0, Pt shadowing technique). Bars represent
100 nm.

Fig. 3 Schematic representation of the possible hydrogen bonding
arrangement of molecules of 2 in the fibers presented in Fig. 2(a,b). The
dashed lines represent the lipophilic parts of the molecules, pointing
towards the interior of the fiber.
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Promiscuous recognition of the hexapyranose epimers a,b-d-glucuronic and
a,b-d-galacturonic acids between corrugated brucine sheets

Fokke J. J. Dijksma,a Robert O. Gould,*a† Simon Parsons,a Paul Taylorb and Malcolm D. Walkinshawb

a Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, Scotland, UK EH9 3JJ 
b Department of Biochemistry, University of Edinburgh, Michael Swann Building, Edinburgh, Scotland, UK EH9 3JR 

The crystal structures of brucinium glucuronate and
galacturonate are reported, both of which show layers of
uronate between identical corrugated brucine sheets; the
change of configuration at C(4) of the acid engineers a
reversal in the packing mode of these sheets, while differ-
ences at C(1) appear to be relatively unimportant.

For many years the alkaloid brucine 1 has been used to separate
racemic mixtures by co-crystallisation, generally with mole-

cules containing acidic functional groups. We have previously
reported a motif common to many brucine co-crystals;1,2 this
feature makes it attractive to examine the possibilities of using
brucine as a co-crystallising agent for determining the structures
of molecules which crystallise on their own with difficulty or
not at all. Carbohydrates provide many examples of this type,
and in a preliminary study, we have crystallised glucuronic 2
and galacturonic 3 acids with brucine to examine the specific
interactions made. The acids 2 and 3 differ only in the
configuration of the OH group at C(4). In addition, both exist in
aqueous solution as an equilibrium of anomers [opposite
configuration at C(1)] with the approximate anomeric ratio3

a :b = 3 : 2. Advances in methods of crystal structure
determination, particularly as applied to those structures
containing substantial fragments of fixed and known stereo-
chemistry,4 make the use of brucine as a co-crystallising agent
particularly attractive.

Crystals of brucinium d-glucuronate 4 and brucinium
d-galacturonate 5 were obtained from an aqueous solution of an
equimolar mixture of 1 and 2 or 1 and 3. Crystals of 5 were
readily obtained within two days as well-formed colourless
blocks. Crystals of 4 were only obtained with much greater
difficulty as colourless laths after acetonitrile was added to the
solution. Both give monoclinic crystals, space group P21, with
unit cell dimensions for 4: a = 7.946(1), b = 12.660(1),
c = 14.814(2) Å, b = 93.676(9)°; and for 5: a = 7.958(4),
b = 12.366(5), c = 27.639(10) Å, g = 93.57(3)° (in order to

emphasise the relationship of the two structures, 5 has been
referred to a cell with c as the unique axis).‡

Fig. 1 A view parallel to a brucinium layer (along the a-axis) of the major
components of 4 and 5 showing the relative polarities of the brucine sheets,
the interstices between them and significant hydrogen bonds. (a) 4:
N(2)···O(6G): 2.851(4), N(2)···O(4G): 3.065(4), O(3W)···O(1) [1 2 x, 12 + y,
2 z]: 2.812(4),a O(1G)···O(6G) [1 2 x, 1

2 + y, 1 2 z]: 2.794(4)
O(4G)···O(3W) [x 2 1, y, z]: 2.796(4)a. (b) 5: N(2)···O(6GA): 2.719(5),
N(2)···O(5GA): 2.976(5), N(2A)···O(6G) [2 2 x, 1 2 y, 1

2 + z]: 2.781(5),
N(2A)···O(7G) [2 2 x, 1 2 y, 1

2 + z]: 3.184(5), O(1GA)···O(7G): 2.656(5),
O(4GA)···O(1A) [x, y2 1, z]: 3.035(5), O(1G)···O(3GA) [x, 1 + y, z]: 2.731(5),
O(4G)···O(1) [1 2 x, 1 2 y, z 2 1

2]: 2.832(5), O(1W)···O(1) [2x, 1 2 y,
z 2 1

2]: 3.169(5)a.
a Not shown in figure.
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Both structures show layers of brucinium ions reported
previously,1,2 with anions and solvent between the layers as
shown in Fig. 1. While the uronates give many opportunities for
donation and acceptance of hydrogen bonds, the brucinium ions
are limited to two: donation by N(2) and acceptance by O(1)
(see Fig. 1). In both structures, O(1) in brucine accepts from
water, and in 5 additionally from the hydroxy group (axial) at
C(4) of both independent galacturonates, which do not accept
hydrogen bonds. In 4 these hydroxy groups (equatorial) donate
to water and accept bifurcated bonds from N(2) of a brucinium.
This proton is shared in both structures by the O(6) of a uronate;
it is shared in 5 with O(5) or O(7) of a uronate. The only disorder
in the crystal structures is in the region of the anomeric carbon
atoms. In 4 the glucuronate ion is 82.7(8)% in the a-anomeric
form. In 5 one of the galacturonate ions is essentially all in the
a-anomer, while the other exists as 89.3(8)% b-anomer. These
hydroxy groups show hydrogen bonding only with neighbour-
ing uronate ions or water molecules. The water molecules are
present mainly as a connecting medium for the uronates. In 5
there are three molecules of water for every one in 4, and they
partially compensate for the poorer fit of glucuronate to
brucinium layers. Their requirement may explain the much
slower formation of 5.

In 4, with one brucinium ion per asymmetric unit, the layers
simply repeat along the c-axis, giving parallel sheets of
brucinium ions and an interstice of roughly uniform thickness
[Fig. 1(a)]. In 5, with the unit cell nearly twice as large, there are
two bruciniums in the asymmetric unit, the layers being related
by the 21 axis parallel to the c-axis, while the two crystallo-
graphically independent ions in each layer are related by an
approximate screw axis parallel to the b-axis. This antiparallel
packing of layers results in the division of the interstices into
channels [Fig. 1(b)].

The crystal structures are remarkable in showing a conserved
packing of brucine moieties, although the packing and the
hydrogen bonding of the sheets of water and uronate ions is very
different. The configuration at C(4), which distinguishes the

two ions, is crucial while the configuration at C(1) is practically
irrelevant.

Notes and References

† E-mail: gould@ed.ac.uk
‡ Crystal data for C23H26N2O4 + C6H10O7 + H2O 5: V = 2714.6(9) Å3 [cell
dimensions from 31 reflections with 40 @ 2q/° @ 44 and l = 1.54184 Å],
Z = 4, Dc = 1.484 Mg m23, T = 220(2) K, colourless block, m = 0.976
mm21.

Crystal data for C23H26N2O4 + C6H10O7 + 3 H2O 4: V = 1487.8(5) Å3

[cell dimensions from 56 reflections with 40 @ 2q/° @ 44 and l = 1.54184
Å], Z = 2, Dc = 1.435 Mg m23, T = 220(2) K, colourless lath, m = 0.973
mm21.

Data collection and processing: Stoë STADI-4 four circle diffractometer,
graphite-monochromated Cu-Ka X-radiation, w-q scans, 6.0 < 2q <
120.0°. 4 gave 4246 independent data, including 1929 Friedel pairs (28 @
h @ 8, 214 @ k @ 13, 0 @ l @ 16) and 5 4171 (155 Friedel pairs), (28 @
h@ 8, 21 @ k@ 13, 0 @ l@ 31). Both structures were solved by DIRDIF-
964 and refined anisotropically to give: 4: R1 = 0.0465 for 3977 data (1785
Friedel pairs), F > 4s(F), wR2 = 0.1261 for all data; 5: R1 = 0.0306 for
4037 data (133 Friedel pairs), F > 4s(F), wR2 = 0.0801 for all data. All
calculations used SHELXL-97.5 All hydrogen atoms were placed in
calculated positions except those in water molecules, which were placed,
and then constrained to give normal geometry. CCDC 182/771.
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Sect. C, 1985, 41, 990.
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3 L. W. Jaques, J. Burns Macaskill and W. Weltner, Jr., J. Phys. Chem.,
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R. O. Gould, R. Israel and J. M. M. Smits, the DIRDIF-96 program
system, Crystallography Laboratory, University of Nijmegen, The
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5 G. M. Sheldrick, SHELXL-97, University of Göttingen, Germany,
1997.
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Reaction of phosphinoyl-activated imines: stereocontrolled synthesis of either
trans- or cis-vinylaziridines

Xue-Long Hou,*† Xiao-Fang Yang, Li-Xin Dai and Xian-Feng Chen

Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Lu,
Shanghai 200032, PR China 

Phosphinoyl imines react with allylsulfonium ylide to
provide trans-aziridines at room temperature and cis-
aziridines at low temperature, in high yields and good to
excellent stereoselectivities.

Aziridines are versatile building blocks that have found many
uses in organic synthesis.1 They are also an important subunit in
many natural products.2 All these factors make the synthesis of
aziridines an active field of research, and recently, a number of
methods have appeared in the literature for the preparation of
these useful compounds. Among them the direct approach to
ring formation via a carbene or nitrene route is more attractive
because of its efficiency.3 Similar to the carbene approach, ylide
attack at a CNN bond is another useful possibility,1b however,
the synthesis of substituted aziridines via an ylide route is less
well explored. For example, only a few procedures have been
reported for the synthesis of vinyl-substituted aziridines,4
although the versatility in synthesis of this kind of aziridine is
well documented.5 As part of a programme aimed at the
application of imines to organic synthesis, we studied the
aziridination reaction using normal and N-tosyl-activated
imines as starting materials and semi-stabilized and stabilized
sulfonium ylides as reagents,3a,b,6 and found that the ylide route
is a convenient way to prepare aziridine derivatives.

In the presence of Lewis acids, aldimines reacted with allyl-
and prop-2-ynyl-sulfonium ylides to deliver the corresponding
cis-aziridines as the sole products when the substituent at
nitrogen was an aryl group.6 On the other hand, the reaction of
N-tosyl imines with allyl- and prop-2-ynyl-sulfonium ylides
also provided the corresponding aziridines, but high stereo-
selectivities were obtained only in the case of prop-2-ynylsul-
fonium ylides;3b cis- and trans-aziridines were afforded with
lower selectivity when trimethylsilylallylsulfonium ylide was
used as the starting material.3a Unlike the ylide epoxidation
reaction, where the trans isomer is usually the preferred
configuration, the former reaction afforded the cis-isomer
exclusively. In order to improve the stereoselectivity of the
latter reaction another imine activation group was sought. It was

found that when phosphinoyl-activated imines reacted with
allylsulfonium ylides, both cis- and trans-aziridines were
formed with high stereoselectivity. Here we disclose the results
of our studies on the stereocontrolled aziridination of phosphi-
noyl-activated imines via the ylide route.

N-Phosphinoyl imines 17 reacted with [3-(trimethylsilyl)-
allyl]dimethylsulfonium bromide 2 in the presence of base at
room temperature to provide trans-vinylaziridines 3 predomi-
nantly. On the other hand, cis-vinylaziridines 4 were the main
products when the preformed ylide prepared from [3-(tri-
methylsilyl)allyl]diphenylsulfonium perchlorate 5 reacted with
the same imines 1 (Scheme 1, Table 1). The operation was
simple and the yields of both reactions were excellent.‡

From Table 1, it can be seen that all reactions furnished the
desired aziridines in satisfactory yields. Stereocontrol is
realized via simply changing the ligands on the sulfur atom (that
is, Ph or Me) and the reaction conditions. Reaction at room

Table 1 Stereoselective preparation of aziridines

Entry Ar Ylide Base T/°C Yield (%)a cis : transb

1 Ph 2 NaH room temp. 92 10 : 90
2 Ph 2 KOH room temp. 78 24 : 76
3 p-ClC6H4 2 NaH room temp. 93 12 : 88
4 p-MeOC6H4 2 NaH room temp. 95 20 : 80
5 1-Naphthyl 2 NaH room temp. 86 22 : 78
6 Ph 5 NaHMDSc 2100 93 91 : 9
7 p-MeOC6H4 5 NaHMDSc 2100 90 99 : < 1
8 p-MeC6H4 5 NaHMDSc 2100 94 99 : < 1
9 p-ClC6H4 5 NaHMDSc 2100 84 85 : 15

10 2-Furyl 5 NaHMDSc 2100 90 99 : < 1
11 p-CF3C6H4 5 NaHMDSc 2100 72 85 : 15
12 Ph 5 NaHMDSc 278 91 87 : 13
13 Ph 5 NaHMDS 278 93 85 : 15

a Isolated yield. b Determined by 300 MHz 1H NMR spectroscopy. c 1 equiv. of LiBr was added.

Scheme 1 Reagents and conditions: i, base, CH2Cl2, room temp.; ii, base,
THF, the 1, 2100 °C
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temperature with the dimethylsulfonium salt provided trans-
aziridines 3 (trans : cis = 78 : 22 to 90 : 10), even though cis-
aziridines are considered thermodynamically more stable.8 In
this reaction, the selection of base is important. High stereo-
selectivity is obtained when NaH is used (entry 1), but it is
lowered if KOH is used (entry 2). This might be because the use
of NaH avoids the formation of water in the reaction. It was also
observed that the stereoselectivity of the reaction in CH2Cl2 was
better than that in MeCN or benzene. At low temperature,
reaction of the ylide preformed from diphenyl sulfide with
imines 1 gave rise to cis-aziridines with high stereoselectivity.
Lower temperatures favored the cis-isomers (entries 6 and 12).
In some cases the reaction furnished the cis-products almost
exclusively (entries 7, 8 and 10). Unlike epoxidation and
cyclopropanation reactions,9 the presence of LiBr is not crucial
and the stereochemistry of this reaction does not depend on
whether LiBr is present or not (entries 12 and 13).

The improvement of stereoselectivity in the case of the
N-diphenylphosphinoyl imines as compared with the N-tosyl
imines is probably due to their different reactivity toward the
attack of the allylsulfonium ylide. A competition reaction
involving phosphinoylimine, tosylimine and allylsulfonium
ylide shows that phosphinoylimine is less reactive than
tosylimine (Scheme 2).

In summary, the Ph2P(O) moiety is a good activating group of
imines for the reaction with sulfonium ylides. The advantages
are (i) the stereochemistry can be greatly improved and tuned to
either the cis- or trans-isomer, (ii) the cis- and trans-aziridines
are easily separated by simple chromatography and (iii) the
Ph2P(O) group is easily removed using acid.10 Further in-
vestigations on the reaction mechanism and asymmetric
synthesis of aziridines using N-phosphinoyl imines are under-
way.

Financial support from the National Sciences Foundation of
China (Project 29790127) and Chinese Academy of Sciences is
gratefully acknowledged. Dedicated to Professor Dr Emanuel
Vogel on the occasion of his 70th Birthday.

Notes and References

† E-mail: xlhou@pub.sioc.ac.cn
‡ General experimental procedure for room temperature reaction: To a
solution of sulfonium salt 2 (0.44 mmol) and phosphinoyl imine 1 (0.4

mmol) in CH2Cl2 (4 ml) was added NaH (15 mg, 0.6 mmol) at room
temp. The resulting mixture was stirred at room temp. until the starting
material 1 disappeared (monitored by TLC). Water (10 ml) was added and
the mixture was extracted with CH2Cl2 (15 ml 3 3). The organic solutions
were combined and dried (MgSO4). Removal of solvent under reduced
pressure and chromatography (silica gel, light petroleum–EtOAc 5 : 1)
afforded pure trans-aziridine 3 and cis-aziridine 4.

General procedure for low temperature reaction: To a solution of
sulfonium salt 5 (0.48 mmol) in THF (6 ml) under argon at 2100 °C was
added NaHMDS (2 m in THF, 0.24 ml, 0.48 mmol). The resulting mixture
was stirred for 10 min. A solution of imine 1 (0.4 mmol) in THF (2 ml) was
added and the stirring continued for another 1 h. The reaction temperature
was then allowed to rise to room temp. Work up as above and
chromatography provided pure trans-aziridine 3 and cis-aziridine 4.
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Highly efficient photometathesis in a proximate, synperiplanar diazene-diazene
oxide substrate: retention of optical purity, mechanistic implications

Kai Exner and Horst Prinzbach*†

Institut für Organische Chemie und Biochemie, Universität Freiburg, Albertstr. 21, D-79104 Freiburg, Germany

In a specifically designed proximate and almost perfectly
synperiplanar diazene–diazene oxide substrate, metathesis
is the exclusive photoreaction and occurs with retention of
optical purity, providing support for the [p2 + p2]photocy-
cloaddition pathway (tetrazetidine oxide intermediate). 

An intriguing discrepancy between rigid, proximate (d), syn-
periplanar (w) dienes A (X = CR) and bisdiazenes A (X = N)
is the contrasting propensity for [p2 + p2] photocycloaddition
(A? B).1 The ease of N2 extrusion is the main reason for the
repeated failure to achieve diazene + diazene ? tetrazetidine
photocycloaddition [reaction (1)].2,3

We have recently reported that in the specifically designed
very proximate and nearly synperiplanar bisdiazene 1 with its
very favourable stereoelectronic prerequisites (d = 2.822 Å, w
= 174.2°, X-ray), N2 elimination still precludes the [p2 + p2]
photocycloaddition, but that some photometathesis of its oxide
2 (? 3) does occur (2%) [reaction (2)], most probably through
the tetrazetidine oxide.4 Given the quantum yields F-N2

of 1.00
and 0.02, respectively, for the N2 elimination from the parent
2,3-diazabicyclohept-2-ene (DBH) and 2,3-diazabicyclooct-
2-ene (DBO),5 the cycloaddition (metathesis) of the isomeric
oxide 4 with its oxidized DBH- and ‘reluctant’ DBO-subunits
was expected to be more successful [reaction (3)]. The synthesis
of 4 as a racemate and as the (+)-enantiomer and the
experimental verification of the above hypotheses are the
subjects of this communication.6

Since monooxidation of bisdiazene 1 had exclusively
occurred in the DBO section to give 2, the isomer 4 was
prepared starting with 64 (Scheme 1). The quantitatively

obtained oxide rac-7 [lmax (CH3CN)/nm 230 (e/dm3 mol21

cm21 5980)] was then transformed into the diazene-diazene
oxide 10 (mixture of diastereomers [lmax (CH3CN)/nm 236 (e
3340), 387 (82)] via dialdehyde 8 and dihydropyridazine 9
(mixture of trimers) following the procedure for the preparation
of 1. Yet, hydrogenation (catalytic, N2H2) of the cyclopentene
ring in 10 could not be effected without partial deoxygenation
(? 1). Typical for the rigid, colourless, crystalline rac-4,
obtained in ca. 50% yield after chromatography and crystallisa-
tion (CHCl3–n-hexane), are inter alia the small H,H coupling
constants (J1,2 (1,13) = J7,8 (8,9) = 1.6 Hz) and the m/z = 141
fragment in the EIMS spectrum (3,4,4,5-tetramethyl-
4H-pyrazole 1-oxide + H+, 100%). In the UV spectra (CH3CN)
of 10 (4) the distinct NNNO p,p* maxima at 237(236) nm [e
3780(2340)] and the NNN n,p* maxima at 387(387) nm [e
82(81)], when compared with the NNNO absorption of 7 and the
n,p* maximum for the parent DBO [lmax(n-hexane)/nm 378 (e
182)], can be taken as evidence for a weak transannular NNN/
NNNO interaction. Note that 2 and 4, upon heating to their
melting temperature (260/264 °C), remained unchanged; there
was no indication for their interconversion or for their common
[4 + 2] oxazolidine cycloadduct;7 at even higher temperatures
neat N2 elimination (2) or oligomerization (4) occurred.

In line with expectation n,p* excitation (solidex vessel,
CH3OH, 150 W Hg high pressure lamp, 25 °C) for several hours
left 4 unchanged; denitrogenation was obviously very much
slower than in isomer 2. Monochromatic p,p* excitation (254
nm, quartz vessel, CH3OH, Hanau TNN 15 lamp, 25 °C)

Scheme 1 Reagents and conditions: i, (±)-7: DMDO, CH2Cl2–Me2CO, rt,
quant.; (+)-7: (+)-11, 14 kbar, 65 °C, 12 d, ethyl acetate, 75%, 92–95% ee;
ii, 1 m H2SO4, reflux, used as CH2Cl2 solution of the hydrate; N2H4, 10
equiv., K2CO3, 100 equiv. CH2Cl2, 0 °C; iii, TFA (1 equiv.), cyclopenta-
diene (ca. 500 equiv.), CH2Cl2, 4 °C, 62%; iv, H2/MeOH/Pd/C (10%), rt,
66%
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generated, in up to ca. 10% conversion exclusively, the
metathesis isomer 5 (TLC, NMR) which was chromato-
graphically isolated as colourless crystals [lmax (CH3CN)/nm
239 (e 5510, p,p* NNNO), 346 (e 172, n,p* NNN)]. With
increasing conversion, denitrogenation of 5 to give 15 (70–75%
was isolated in the crystalline form) and oligomers (25–30%)
became important (Scheme 2). By separate irradiation of 5 it
was ascertained that 15 indeed was a secondary photoproduct.
The skeletal changes in going from 4 to the more mobile 5 with
the most stable calculated (B3LYP/6-31G*) conformation at
d1 = 3.142 and d2 = 2.950 Å (w = 161.4°) are manifested inter
alia by the relatively large H,H coupling constants J4,5 = 5.9,
J4,15 = 6.4, J9,10 = 9.2, J10,14 = 7.0 Hz and the hypsochromic
displacement of the NNN n,p* absorption.8

Of the two pathways shown in Scheme 2 for the metathesis 4
? 5, the route featuring the Cs symmetrical 12 and 13 as
intermediates could be put to experimental test with optically
active 4. After futile attempts to oxidize 6 enantioselectively
using Sharpless9 and Jacobsen10 methods, with percamphanic
acid11 or the chiral oxaziridine 11,12 the application of high
pressure to the reaction of 6 with 11 brought the solution: chiral
oxide 7 was isolated with 92–95% ee (Chiralcel AD, propan-
2-ol–n-hexane 1 : 3). After standard synthesis of (+)-4 and
photolysis, the retention of the optical purity was established for
(2)-15 (89–92% ee, Chiralcel AD, the enantiomers of 4 and 5
could not be sufficiently separated). Experiments for the low-
temperature (matrix) characterisation of the tetrazetidine oxide
14 as the most plausible intermediate are in progress.13
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The synthesis and structure of {[h4-Me8taa]Sn(m-O)}2: a bridging oxo complex
in a system that yields terminal sulfido and selenido counterparts
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Oxo transfer from N2O to divalent [h4-Me8taa]Sn (Me8taaH2
= octamethyldibenzotetraaza[14]annulene) yields the oxo
complex, {[h4-Me8taa]Sn(m-O)}2; the bridging nature of the
oxo ligand provides a marked contrast with the terminal
sulfido and selenido counterparts, [h4-Me8taa]SnE (E = S,
Se).

Terminal chalcogenido complexes of the transition1 and main
group2 elements are presently a major focus of our research. For
example, with respect to the main group elements, we have
employed (i) the sterically demanding tris(3,5-di-tert-butyl)pyr-
azolylhydroborato ligand to enable the isolation of terminal
chalcogenido complexes of gallium and indium, i.e. [TpBut

2]-
GaE (E = S, Se, Te),3 and [TpBut

2]InSe,4 and (ii) the
macrocyclic octamethyldibenzotetraaza[4]annulene ligand to
support terminal chalcogenido complexes of germanium and
tin, i.e. [h4-Me8taa]GeE (E = S, Se, Te)5 and [h4-Me8taa]SnE
(E = S, Se).6,7 In this paper, we report the synthesis of the tin
oxo counterpart, and describe X-ray diffraction studies which
demonstrate that, unlike the [SnNS] and [SnNSe] functionalities,
the corresponding terminal [SnNO] moiety is unstable with
respect to bridging.

Considering that the terminal sulfido and selenido com-
plexes, [h4-Me8taa]SnE (E = S, Se) are readily obtained by
reaction of [h4-Me8taa]Sn with the elemental chalcogens,6 it
was anticipated that the related oxo species could be generated
by the reaction of [h4-Me8taa]Sn with an appropriate oxo
transfer reagent. Indeed, [h4-Me8taa]Sn was found to react
cleanly with N2O to give the orange oxo complex,
{[h4-Me8taa]Sn(m-O)}2 (Scheme 1).8 However, in contrast to
the monomeric terminal sulfido and selenido complexes, X-ray
diffraction studies revealed that the oxo counterpart is dimeric,
with bridging oxo ligands (Fig. 1).9,10 Tin complexes with
bridging oxo ligands are common, as illustrated by the cyclic
‘stannoxanes’, [R2Sn(m-O)]n, but are typically obtained by
hydrolysis of tetravalent halide precursors, R2SnX2,11 rather
than by reactions of divalent precursors with oxo transfer
reagents. A notable exception, however, is Lappert’s synthesis
of {[(Me3Si)2CH]2Sn(m-O)}2 by reaction of [(Me3Si)2CH]2Sn
with Me3NO.12,13 In addition to the similar method of synthesis,
another feature that is common to both {[h4-Me8taa]Sn(m-O)}2
and {[(Me3Si)2CH]2Sn(m-O)}2 is the presence of a four-
membered [Sn2O2] ring. More typically, stannoxanes exist as
cyclic trimers with six-membered [Sn3O3] rings, as exemplified
by [Mes2Sn(m-O)]3,14 [R2Sn(m-O)]3 (R = But, Me2EtC),15

[(Me3Si)3C(Me)Sn(m-O)]3,16 [{2,4,6-(CF3)3C6H2}2Sn(m-
O)]3,17 and [(2,6-Et2C6H3)Sn(m-O)]3.18,19

The observation that the oxo ligand in the {[h4-Me8taa]SnE}
system bridges more readily than does either the sulfido or
selenido ligands is particularly interesting, especially in view of
the notion embodied by the so-called ‘classical double bond
rule’, one version of which cites: ‘elements having a principal
quantum number greater than 2 should not be able to form
(p–p)p bonds to themselves or with other elements.20 Further-
more, it is noteworthy that all other structurally characterized
multiply bonded terminal chalcogenido complexes of tin are
restricted to the heavier congeners,21 with no examples of
terminal oxo derivatives; as noted above, however, bridging oxo
complexes of tin are well precedented. Regardless of whether or
not monomeric {[h4-Me8taa]SnO} is an intermediate in the
reaction of [h4-Me8taa]Sn with N2O, the structures of
{[h4-Me8taa]SnE}n suggest that the terminal [SnNO] moiety is
significantly more prone to participate in bridging than is either
the [SnNS] or [SnNSe] functionalities. Albeit limited, there are
other observations which also suggest that the oxo ligand shows
a greater propensity to act as a bridging functionality in main
group chemistry than do the heavier chalcogenido ligands. For
example, the germanium sulfido complex [h3-{(m-ButN)2(Si-
MeNBut)2}]GeS exists as a monomer, whereas the oxygen
analogue is dinuclear with oxo bridges.22 Likewise, the sulfido
and selenido complexes Ph(h2-C10H6NMe2)SiE (E = S, Se) are
monomeric, while the oxygen counterpart is trinuclear with a
six-membered Si3O3 ring.23 Such behaviour is completely
counter to that observed in transition metal systems, where the
oxo ligand shows the least tendency to bridge,24 with terminal
oxo complexes being considerably more abundant than terminal
sulfido, selenido, and tellurido derivatives.1 A possible explana-
tion for this difference between oxo complexes of the main
group and transition elements is associated with the polarity of

Scheme 1

Fig. 1 Molecular structure of {[h4-Me8taa]Sn(m-O)}2. Selected bond
lengths (Å) and angles (°): Sn–O 2.001(5), Sn–OA 1.987(5), Sn–N1
2.220(6), Sn–N2 2.142(7), Sn–N3 2.256(7), Sn–N4 2.169(7); O–Sn–OA
80.1(2), Sn–O–SnA 99.8(2).
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the M–O bonds. Specifically, oxo ligands bound to electroposi-
tive main group elements may be expected to bear a substantial
negative charge,25,26 especially if the metal center has a
coordination number greater than three, such that pp–pp overlap
is unfavourable. For such a situation, the resonance structure
[M

+
–O
2

] is an appropriate description of the bonding, and the
existence of this dipole would be expected to promote oxo
bridging. Transition metal oxo complexes, however, do not
normally exhibit such a high degree of polarity due to
favourable dp–pp overlap (i.e. a contribution from the resonance

structure [M
2

·O
+

]) which serves to reduce the [M
d+

~ 
d2

O] polarity
of the bond.27,28 Since the [M

+
–E
2

] resonance structure for main
group chalcogenido complexes would be expected to be most
significant for oxo derivatives,29 the propensity for bridging is
likewise expected to be greater for oxo complexes than for the
heavier chalcogenido counterparts.

Finally, it is noteworthy that the bridging oxo ligand of
{[h4-Me8taa]Sn(m-O)}2 is readily abstracted by treatment with
excess Me3SiI to give [h4-Me8taa]SnI2 (Scheme 1), a complex
that has previously been synthesized by oxidative addition of I2
to [h4-Me8taa]Sn.30

In summary, oxo transfer from N2O to divalent
[h4-Me8taa]Sn yields the bridging oxo complex,
{[h4-Me8taa]Sn(m-O)}2. Since the sulfido and selenido counter-
parts are mononuclear, it is evident that the oxo ligand in this
system shows the greatest propensity to bridge. Such behavior
is in marked contrast to that typically observed in transition
metal systems.
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A Ga4N8 cage structure formed by reaction of trimethylgallium with
phenylhydrazine
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Methane elimination during thermolysis of GaMe3 with
PhHNNH2 yields sequentially dimeric [Me2Ga{m-
N(H)N(H)Ph}]2, tetrameric [MeGa{m-N(H)NPh}]4 and, ulti-
mately, GaN; the X-ray structure of the tetramer shows a
novel Ga4N8 cage.

A number of research groups have investigated the chemistry of
molecules containing Ga–N bonds,1–5 with most of the recent
emphasis directed at using these compounds as single-source
precursors to the wide bandgap semiconductor GaN.6–13 Here
we describe some new results on the use of hydrazines as a
source of nitrogen including the formation of two intermediates
formed on elimination of 1, then 2 equiv. of methane during the
thermolysis reaction between GaMe3 and PhHNNH2. Both
complexes have been isolated and fully characterized and the
latter is shown to have an unusual structure featuring a cage with
a Ga4N8 core;14 this species eliminates a final equivalent of
methane to form GaN at higher temperatures.

As shown in Scheme 1, 1 equiv. of methane is eliminated in
the reaction of GaMe3 and PhHNNH2 at room temperature in
toluene. We saw no evidence for the presumed monomeric
intermediate ‘Me2Ga–N(H)N(H)Ph’, instead the colorless di-
meric product was isolated in 88% yield.15

The solid-state structure of the dimer is very similar to that of
the closely related species [Et2Ga{m-N(H)NPh2}]2, prepared by
the metathesis reaction between Et2GaCl and LiN(H)NPh2,11

with both compounds crystallizing as anti conformers.16

Upon further heating, the dimer undergoes a second methane
elimination reaction as shown in Scheme 2.

As monitored by 1H NMR spectroscopy, the reaction
proceeds in a quantitative fashion and microcrystalline product,
which is much less soluble than the starting material, precip-
itates from the reaction solvent in 84% yield.15 The 1H NMR
spectrum shows a simple pattern consistent with only single
methyl, N–H and phenyl environments15 and we saw no
evidence of fluxional behavior between 280 and 110 °C. Since
these data were insufficient to unambiguously determine the
structure of the molecule, an X-ray study was carried out.

Crystals of [MeGaN(H)NPh]4 were grown by thermolysis of
[Me2GaN(H)N(H)Ph]2 in toluene at 105 °C.17 The solid state

structure, shown in Fig.1, consists of a tetrameric unit that
resides on the intersection of three mutually perpendicular
mirror planes. The geometry about gallium is distorted
tetrahedral, with angles ranging from 121.3(1) [N(1)–Ga(1)–
C(1)] to 94.4(1) [N(2*)–Ga(1)–N(2*)]. The bond length of Ga
to the four-coordinate N(2*) [1.993 (3) Å] is longer than that to
the three-coordinate N(1) [1.914(2) Å], although the mean Ga–
N distance of 1.966(3) Å falls within the reported range for
gallium amido complexes.1–5 The N–N bond length of 1.489(3)
Å is longer than in the only other crystallographically
characterized Ga hydrazide complex [Et2Ga{m-N(H)NPh2}]2,
[1.457(8) and 1.446(8) Å]11 and is somewhat longer than
predicted for a N–N single bond (1.454 Å), a result that may be
attributed to the bridging nature of the hydrazine ligand18 in the
cage species. Owing to the high quality of the data obtained, the
hydrazine hydrogen was located in the Fourier difference map
and refined isotropically. Fig. 2 shows a view of the unit cell
which highlights the rather large open core of the structure (ca.
4.5 Å) and the fact that there are no unusually short
intermolecular contacts. We are unaware of previous reports of
such a cage structure for Ga, although we note that a related
boron compound [ButBN(H)N(H)]4 was characterized some
time ago.19

Thermolysis of the cage complex at 700 °C under a hydrogen
atmosphere leads to the formation of hexagonal GaN (identified

Scheme 1

Scheme 2

Fig. 1 X-Ray crystal structure of [MeGaN(H)NPh]4
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by powder X-ray diffraction by comparison to a standard
sample in the JCPDS database) along with a mixture of
unidentified volatile organic fragments. Further studies are in
progress and will be described in a more detailed account.

We thank the donors of the Petroleum Research Fund
(administered by the American Chemical Society) for partial
support of this work.
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Fig. 2 Unit cell of [MeGaN(H)NPh]4
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Side-chain hydrophobicity controls the activity of proton channel forming rigid
rod-shaped polyols

Chiyou Ni and Stefan Matile*†

Department of Chemistry, Georgetown University, Washington, D.C. 20057-1227, USA

Increased activity, facile incorporation into lipid bilayers
and intact active structure and transport selectivity are the
consequences of modifications of the side-chain hydro-
phobicity of a proton channel-forming octa(p-phenylene).

Rigid-rod molecule 11,2 represents a promising new class of
non-peptide ion channel models3–5 with unique properties, but
unfortunately it does not incorporate well into lipid bilayers
(Fig. 1). Although the incorporation of artificial ion channels
into lipid bilayers is a general problem, it is often bypassed by
using high temperatures or constructing the entire supramo-
lecular assay system in the presence of the test sample for every
new experiment. Rational design strategies to tune partition
without changing desired properties of a parent model have not
been established so far, in spite of the fact that poor
incorporation may prevent potential biological studies and
pharmaceutical applications. Here we present our efforts to
solve this problem by increasing the hydrophobicity of lateral
side-chains attached to oligo(p-phenylene)s without destructive
effects on active structure or transport selectivity.

In addition to the general aim to increase the lipophilicity of
octamer 1, the following considerations were taken into account
for the design of the new side-chains in 2 and 3 (Fig. 1). We
anticipated that length and flexibility of the propylene spacer in
polyol 2 could facilitate the arrangement of the diols to form the
transmembrane hydrogen-bonded chain6 essential for proton

selectivity.2 It further may enlarge the ionophoric tube between
the rigid-rod scaffold and ‘proton wire’. The additional propyl
group at the terminus of each side-chain in 3 possibly covers the
hydrophilic ‘proton wire’ with an external lipophilic layer.

Syntheses of the octamers 2 and 3 are shown in Scheme 1. For
2, bromide 4 was subjected to Sharpless asymmetric dihydrox-
ylation,7‡ and the resulting diol 5 was converted to acetonide 6.
For 3, the diastereomeric mixture of triol 7 was selectively
tosylated, and protection of the resulting diol 8 afforded 9.
Williamson ether synthesis using 6/9 and the crude octaphenol
prepared by treatment of 10 with BBr3,1 followed by deprotec-
tion of 11/12, yielded the polyols 2/3, respectively. The
corresponding hexamers 13 and 14 were prepared identically
from hexaanisole 15.§

The interaction of the fluorophores 1–3 with lipid bilayers
was examiend using uniformly sized (68 ± 3 nm) EYPC-SUVs
labeled with either 2 mol% 5- or 12-DOXYL-PC.8,2¶ Quench-
ing of ca. 60% of the red-shifted emission of 2 and 3 by
5-DOXYL-PC labeled EYPC-SUVs proved facile incorpora-
tion compared to 1 (Fig. 2). Nearly identical quenching of 1–3
by 5-DOXYL-PC and 12-DOXYL-PC (not shown) confirmed
that variation of side-chain hydrophobicity does not disturb the
preferred transmembrane orientation of 1–3.

In sharp contrast to the membrane-spanning octamers 1–3 (34
Å), the side-chain structure governs the organization of the
corresponding hexamers (26 Å) in EYPC-bilayers. Namely, 16
was found at the membrane/water interface (quenching by
12-DOXYL-PC < 5-DOXYL-PC),2 13 in transmembrane
orientation [12-DOXYL-PC (67%) ≈ 5-DOXYL-PC (69%)],
and 14 between the two leaflets of the lipid bilayer
[12-DOXYL-PC (49%) > 5-DOXYL-PC (26%)].

Fig. 1 In-scale planar structures of membrane-bound octa(p-phenylene)s
1–3. Structural modifications of the side-chains are emphasized with bold
lines.

Scheme 1 Reagents and conditions: (a) AD-mix-a, 71%; (b)
2,2-dimethoxypropane, H2SO4, 80%; (c) (1) BBr3; (2) 6, Cs2CO3, 66%; (d)
TFA (quant.); (e) TsCl, pyridine, 65%; (f) 2,2-dimethoxypropane, H2SO4,
83%; (g) (1) BBr3; (2) 9, Cs2CO3, 27%; (h) see (c), 15%; (i) see (g),
27%
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The ion transport activity of polyol 1 was originally assessed
in comparison with the structurally related antifungal polyol
amphotericin B (AmB).1 Both mediated intravesicular pH
changes with comparable exchange rates (1 > AmB) when
added to EYPC-SUVs having entrapped pH sensitive fluoro-
phore HPTS and a transmembrane pH gradient.1 The K+/Na+ >
H+ selectivity of AmB was shown by accelerated internal pH
changes in the presence of a selective H+ carrier,9,1 while
similar enhancements induced by the presence of the K+ carrier
valinomycin demonstrated proton selectivity for 1.2

For direct comparison with incorporation efficiencies of
polyols 1–3 (Fig. 2), we conducted the activity measurements
summarized above under the conditions used for fluorescence
quenching, i.e. reduced polyol and increased lipid concentra-
tions compared to previous reports.1,2 Under these conditions,
the transport activity of 1 without additional valinomycin is
nearly identical with the negative control (k = 9.0 3 1026 s21,
Fig. 3).∑ Improved incorporation (Fig. 2) resulted in sig-
nificantly increased ion flux rates for octamer 2 (k = 2.2 3
1024 s21) and 3 (k = 2.4 3 1024 s21, Fig. 3). For all octamers

(1–3), accelerated internal pH changes in the presence of 12 nm
valinomycin were observed as reported before for polyol 1 (not
shown).2 Thus, the difference in side-chain lipophilicity of 2
and 3 does not significantly alter the proton selectivity
previously observed for 1.∑

These results demonstrate that the incorporation of proton
channel forming rigid-rod octa(p-phenylene)s into lipid bilayers
can be precisely tuned without significant disturbance of active
structure and transport selectivity. The erratic interactions of
identically modified hexa(p-phenylene)s with lipid bilayers
further corroborate the importance of the length of the rigid-rod
scaffold for controlled, transmembrane binding of substituted
oligo(p-phenylene)s. Ion channel formation of octamers 1–3,
but not hexamer 16 in planar lipid bilayers supports these
conclusions and will be reported in due course.

We thank NIH (GM56147-01), the donors of the Petroleum
Research Fund, administered by the American Chemical
Society, Suntory Institute for Bioorganic Research (SUNBOR
Grant), and Georgetown University for support of this work.
Both authors thank Dr Naomi Sakai for invaluable discussions
and experimental advise.
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Fig. 2 Relative emission intensities [I/I (le
max) 3 100%, lex = 328 nm) of

5 mm solutions of 1 (a), 2 (b), and 3 (c) with 0.5 mm of unlabeled EYPC-
SUVs, and of 1 (d), 2 (e) and 3 (f) with 5-DOXYL-PC labeled EYPC-SUVs
(100 mm KCl, 100 mm HEPES, pH 7.1)

Fig. 3 Change in fluorescent intensity {[(It–I0)/(IH–I0)] 3 100%, lex = 460
nm, lem = 510 nm} of EYPC-SUV-entrapped HPTS (100 mm KCl, 100 mm
HEPES, pHin = 7.0, pHout = 7.6) as a function of time after the addition of
10 nmoles of octa(p-phenylene)s 1 (c), 2 (b) and 3 (a) in 20 ml MeOH
followed by 40 ml of 1.2% triton X-100¶
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Novel synthesis and new chemistry of naphthochlorins

Bénédicte Krattinger, Daniel J. Nurco and Kevin M. Smith*†

Department of Chemistry, University of California, Davis, CA 95616, USA 

Reactions of 2-nitro-5,10,15,20-tetraphenylporphyrin with
alkyl a-isocyanoacetates afford naphthochlorins (in addi-
tion to the expected pyrroloporphyrins) which undergo free
radical dimerization; the X-ray structure of one such
naphthochlorin dimer is reported.

Tetrapyrrole macrocycles bearing fused aromatic rings have
attracted considerable attention, with examples including
benzoporphyrins,1 benzochlorins,2 pyrroloporphyrins,3a,b naph-
thoporphyrins,4 naphthochlorins5 and others.6 Many of these
possess long wavelength absorptions and are therefore potential
candidates as second generation photodynamic therapy photo-
sensitizers.7 The approaches to naphthochlorins described to
date have involved acid-catalyzed intramolecular cyclizations.
Thus, naphthochlorins were prepared from NiII and CuII

2-formyl-TPPs5b–d and from NiII 2-vinyl-TPPs.5a Herein we
report a novel base-promoted reaction which affords naphtho-
chlorins; we also show that naphthochlorins possess novel free-
radical chemistry wherein, in the presence of oxygen, a unique
covalently linked naphthochlorin dimer is obtained. This
naphthochlorin dimer represents the first example of a b–bA
linked bis(chlorin).

Nitroalkenes have been shown to react with a-isocyanoacet-
ates to give pyrroles.3c Treatment of nitroporphyrin 1 with
methyl or ethyl a-isocyanoacetate has been shown to afford
pyrroloporphyrins 2 and 3.3a,b Under similar reaction conditions
we have now discovered that reaction of 1 with tert-butyl
a-isocyanoacetate affords the expected pyrroloporphyrin 4‡ in
32% yield and an additional porphyrinic product, the naph-
thochlorin 5,‡ in 19% yield. Since our reaction conditions
involved basic rather than acidic conditions it is necessary to
postulate a new mechanistic route for naphthochlorin formation
(Scheme 1). We propose that addition of the tert-butyl a-
isocyanoacetate anion to nitroporphyrin 1 gives nitrochlorin 6
which eliminates HNO2 to afford porphyrin 7. Further reaction
of DBU with porphyrin 7 yields chlorin 8 which subsequently
undergoes two electrocyclic rearrangements (Scheme 1) to
afford naphthochlorin 5. Test reactions confirmed that naphtho-
chlorin 5 did not arise from pyrroloporphyrin 4. Further reaction
of nitroporphyrin 1 [refluxing 10 : 1 THF–EtOH, DBU (4
equiv.)] with ethyl a-isocyanoacetate (2 equiv.) yielded a
mixture of naphthochlorin 10 and pyrroloporphyrin 3; when
EtOH was replaced with BnOH a mixture of naphthochlorin 11
and pyrroloporphyrin 12 was obtained. A test reaction to
prepare naphthochlorin free of pyrroloporphyrin was under-
taken; isopropyl cyanoacetate (2 equiv.) was used instead of an
alkyl a-isocyanoacetate [refluxing 10 : 1 THF–PriOH, ni-
troporphyrin 1, DBU (4 equiv.)] and formation of naphtho-
chlorin 13 was observed. Although we were able to isolate
naphthochlorins 10, 11 and 13, yields for each were < 1% [lmax/
nm (rel. int.) (CH2Cl2); 10: 440 (1), 604 (0.08), 662 (0.15); 11:
444 (1), 606 (0.08), 662 (0.18); 13: 440 (1), 604 (0.08), 668
(0.16); these optical data agree well with those of naphtho-
chlorin 5 (the structure of which has been confirmed by the
crystal structure of naphthochlorin dimer 14) and with those of
previously reported naphthochlorins5]. Full characterization of
naphthochlorins 10, 11 and 13 was not possible owing to the
scarcity and instability of these compounds.

Attempted crystallization of naphthochlorin 5 from CDCl3–
MeOH afforded crystals of naphthochlorin dimer 14.‡ We were

able to reproduce the dimerization via the following methods. A
solution of naphthochlorin 5 in 1 : 1 CH2Cl2–MeOH (MeOH
optional) was stirred while exposed to the air. After 5 days the
presence of 5 was no longer detectable and naphthochlorin
dimer 14 was isolated in 37% yield. Alternatively, refluxing 5 in
dry benzene under argon with benzoyl peroxide (0.5 equiv.)
afforded 14 in 53% yield. The reaction presumably proceeds by
way of a p-stabilized radical on the non-aromatic b-carbon,
followed by a radical dimerization. There is ample precedent for
this type of reaction in the porphyrin literature; p-stabilized
radicals have been obtained from oxophlorins8 and some of
them dimerize9 by a mechanism similar to those involved in
phenolic chemistry.10

The identity of naphthochlorin dimer 14‡ was confirmed by
a crystal structure, as shown in Fig. 1. This structure is unique
among porphyrinoid crystal structures in that the dimeric
linkage features a direct Cb–CbA bond. The macrocycles are both
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significantly ruffled11 with 0.33 and 0.36 Å mean deviations of
the macrocyclic atoms from their least-squares planes (calcu-
lated based upon the 24 core carbon and nitrogen atoms); the
average Ni–N bond length was 1.914(6) Å. The two macro-
cycles were nearly coplanar and exhibited an interplanar angle
of 30.1°, a mean plane separation of 3.70(14) Å, and a metal to
metal distance of 5.68 Å. Macrocyclic overlap was limited to
one pyrrolic subunit of each naphthochlorin monomer. A lateral
shift of 4.54 Å and a slip angle of 53(13)° were observed; in this
regard this structure bears a marked similarity to the bacterial
PRC ‘special pair’ which exhibits an overall geometry which is
generally similar and a lateral shift of ca. 6.6 Å.12

This work was supported by grants from the National Science
Foundation (CHE-96-23117) and the National Institutes of
Health (HL-22252). We thank Dr Timothy P. Forsyth for
carrying out the cyclic voltammetry experiments.

Notes and References

† E-mail: kmsmith@ucdavis.edu
‡ Selected data for 4: lmax(CH2Cl2)/nm 444 (e 182 000), 538 (9400), 558
(9800), 606 (14 200); m/z (LSIMS) 809.3 (M+ 100%). C,H,N combustion
analysis satisfactory.

For 5: lmax(CH2Cl2)/nm 444 (e 153 000), 614 (11 000), 662 (29 000);
dH(CDCl3) 5.19 (s, 2 H, reduced pyrrole ring H); m/z (LSIMS) 782.3 (M+

100). C,H,N combustion analysis satisfactory. Cyclic voltammetric meas-
urements were carried out with a Cypress Systems CS-1087 computer
controlled potentiostat. Naphthochlorin 5 undergoes two one electron
oxidations at E1/2 = 21.14 and 0.74 V; a single compartment cell was used
with a platinum disk working electrode, Ag/AgCl reference electrode, and
silver wire auxiliary electrode. Measurements (scan rate 110 mV s21) were
made in CH2Cl2, with Bu4NPF6 as supporting electrolyte. Ferrocene was
added as an internal reference.

For 14: lmax(CH2Cl2)/nm 440 (e 109 000), 668 (16 500), 712 (6800).
Crystals of meso-14 (C100H70N8O4Ni2·3.4CHCl3·0.5MeOH) were grown
by the slow diffusion of MeOH into a CHCl3 solution of 5. The selected
crystal (0.20 3 0.25 3 0.50 mm) had a triclinic unit cell, space group P1̄ and
cell dimensions a = 14.925(3), b = 17.025(3), c = 18.395(3) Å,
a = 90.896(12), b = 99.902(13), g = 105.083(13)°, V = 4436.9(12) Å3

and Z = 2 (FW = 1987.0). Data were collected on a Siemens P4
diffractometer with a rotating anode [l(Cu-Ka) = 1.54178 Å] at 130(2) K
in q/2q scan mode to 2qmax = 112°. Of 12 130 reflections measured
(+h,±k,±l) 11 578 were independent (Rint = 0.090) and 8509 had I > 2s
(Tmin = 0.50, Tmax = 0.56, rcalc = 1.487 g cm23, m = 3.85 mm21). The
structure was solved by direct methods and refined (based on F2 using all
independent data except for two suppressed reflections) by full-matrix least-
squares methods with 1038 parameters (Siemens SHELXTL V. 5.03).
Hydrogen atom positions were generated by their idealized geometry and
refined using a riding model. An empirical absorption correction was
applied (ref. 13). All of the solvate molecules were disordered; further
description of the solvate disorder and how it was treated is given in the
supplementary material. Final R factors were R1 = 0.092 (observed data)
and wR2 = 0.25 (all data). CCDC 182/768.
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Scheme 1

Fig. 1 Molecular structure of naphthochlorin dimer 14;‡ esters, non-fused
phenyl rings and hydrogen atoms (with the exception of those associated
with the direct dimer link) have been omitted for clarity
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Dodecasubstituted metallochlorins (metallodihydroporphyrins)

Kalyn M. Shea, Laurent Jaquinod, Richard G. Khoury and Kevin M. Smith*†

Department of Chemistry, University of California, Davis, CA 95616, USA 

Regioselective bromination of 2-nitro-5,10,15,20-tetra-
phenylporphyrin, cyclopropa[b]chlorins, or trans-bis-
(dicyanomethyl)chlorins occurs in the pyrrole subunit oppo-
site the substituted ring; exhaustive bromination of
functionalized tetraphenylchlorins provides a route to dode-
casubstitued dihydroporphyrins for the first time.

The existence of nonplanar hydroporphyrins in photosynthetic
chromophores is increasingly evident in X-ray structures of
protein complexes.1 A series of synthetic nonplanar porphyrin
models, obtained by steric crowding of b- and meso-positions,
has established that such conformational variations can have
significant effects on the physical and chemical properties of
nonplanar porphyrins.2,3 Results show that the excited state
properties of some of these chromophores are exquisitely
sensitive to structural and vibrational variations.4 The synthesis
of such model systems often requires the relatively inaccessible
3,4-disubstituted pyrrole for condensation with aldehydes.5
Nonplanar b-brominated porphyrins, on the other hand, are
easily accessed via controlled bromination of porphyrins6 or
metalloporphyrins,7 and have since provided intermediates for a
range of nonplanar b-arylporphyrin syntheses.8 Extension of
these synthetic efforts to hydroporphyrin systems will allow
facile entry into highly nonplanar dihydroporphyrins (chlorins)
and thus provide a means to more effectively test the theoretical
predictions9 of the consequences of nonplanar distortions in this
biologically important class of compounds.

2-Nitro-5,10,15,20-tetraphenylporphyrins have been shown
to undergo nucleophilic attack at the b–bA bond bearing the nitro
group leading to a range of b-substituted porphyrins,10 and
more recently, work completed in our laboratory has provided
new methodology for the preparation of a wide range of highly
substituted dihydroporphyrin systems by way of nucleophilic
attack of 2-nitro-5,10,15,20-tetraphenylporphyrin 1 (2-ni-
troTPP), with ‘active’ methylene compounds.11 It has also been
shown that regiospecific functionalization of pyrrolic positions
on the porphyrin periphery occurs via fixation of the delocaliza-
tion pathway.12

Here we show that either a nitro group or a reduced pyrrole
substituents directs the bromination to the antipodal pyrrolic
ring, leading to 12,13-dibromoporphyrin products. We also
demonstrate that, via hexabromination of metallated dihy-
droporphyrins, highly nonplanar dodecasubstitued dihydropor-
phyrins can be prepared for the first time.

Treatment of 2-nitroTPP 1 (2 g scale) with 2.5 equiv. of NBS
in refluxing CHCl3 afforded 2-nitro-12,13-dibromoTPP 3 in
good yield (82%). Reaction of 3 (100 mg scale) with
malononitrile (10 equiv.) and K2CO3 in THF afforded the
cyclopropyl derivative 7 in 65% yield. The 1H NMR spectrum
of 7 displayed a singlet at d 5.08, characteristic of the reduced
pyrrole protons, and two doublets at d 8.43 and 8.71. Similar
treatment of 3 at 60 °C led to a second chlorin compound, 6, in
62% yield. This set of reactions reveals the bimodal reactivity of
2-nitroTPP: (i) nucleophilic attack at the double bond bearing
the nitro group and (ii) electrophilic regiospecific attack at the
antipodal double bond (Fig. 1). The molecular structure of
compound 6 was further confirmed by X-ray crystallography
[Fig. 2(a)].‡

Fig. 1 Regioselective reactivity in 2-nitroTPP
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A second route leading to dibromochlorin compounds
involves initial formation of the chlorin chromophore.11 In this
case, the reduced pyrrole functionality induces a favored
delocalization pathway, via thermodynamically more stable
N(22)H–N(24)H tautomerism, allowing regiospecific bromi-
nation to take place. Treatment of 5 (200 mg scale) with 2.5
equiv. of NBS in CHCl3 at 65 °C afforded 7 quantitatively.
Dropwise addition of bromine (2.5 equiv. in CHCl3) to 4
afforded the desired brominated product 6 in 91% yield. A
characteristic 10 nm red shift of the Soret band was observed
(lmax 408 to 418 nm) as a result of this reaction. As expected,
reaction of a Ni–chlorin 7 with 2.5 equiv. of bromine led to a
mixture of brominated products.12

Reaction of the metal-free nitroporphyrin 1 with excess NBS
(or chlorin 4, with excess bromine, 10 equiv.) afforded only
dibrominated products 3 (or 6). In contrast, subjecting metal-
lated 2-nitroTPP and metallated dihydroporphyrins to excessive
bromination conditions produced the desired hexabrominated
products. When Cu-nitroTPP 2 was allowed to react with 16
equiv. of NBS in refluxing 1,2-dichloroethane, hexabromo-
2-nitroTPP 8 was produced in 70% yield.

Initial preparation of NiII–chlorins 9 and 10,11 followed by
excessive bromination, afforded the desired hexabromo-

chlorins, providing the first route to dodecasubstituted dihydro-
porphyrins. Dropwise addition of bromine (10 equiv.) in CHCl3
to 9 and 10 (100 mg scale) produced 11 and 12 in 88 and 84%
yields, respectively. Hexabromination of 11 resulted in a 26 nm
red shift of the Soret band (lmax 414 to 440 nm) and a 56 nm
shift for the Q band (lmax 604 to 660 nm). The 1H NMR
spectrum of 11 displayed two doublets at d 3.52 and 4.83,
characteristic of the trans chlorin functionality, and no peaks in
the aromatic b proton region. The molecular structure of
compound 11 was further confirmed by X-ray crystallography
(Fig. 2).‡ The macrocycle exhibits a ruffled-type conformation
with a mean deviation of 0.536 Å for the 24 core atoms from
their least-squares plane, and is significantly more nonplanar
than dibromochlorin 6 [Fig. 2(a)].

This work was supported by grants from the National Science
Foundation (CHE-96-23117) and the National Institutes of
Health (HL-22252).
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† E-mail: kmsmith@ucdavis.edu
‡ Crystal data for 6: C50H30Br2N8·(CHCl3·0.25MeOH), MW = 1030.0,
monoclinic, a = 33.329(5), b = 10.193(3), c = 27.787(4) Å, b
= 103.28(3)°, V = 9187(3) Å3 (by least-square refinement on dif-
fractometer angles for 40 centered reflections), l = 1.54178 Å, space group
C2/c, Z = 8, Dc = 1.489 g cm23, F(000) = 4148. The single, purple
parallelipiped crystal with cell dimensions 0.36 3 0.04 3 0.02, m = 4.215
mm21, was collected on a Siemens P4 rotating anode diffractometer, scan
type 2q–q, T = 130(2) K, 2qmax = 112°, 10 227 data, 6074 unique
[R(int) = 0.079], 4030 > 2s(I). The number of parameters was 529. Final
R factors were wR (all data) = 0.2206 and R (obs. data) = 0.085; the
maximum residual electron density was 0.883 e Å23.

For 11: C50H24Br6N8Ni.2(CHCl3), MW = 1513.68, triclinic,
a = 12.911(3), b = 13.085(3), c = 18.383(4) Å, a = 75.47(3)°,
b = 71.60(3)°, g = 65.27(3)°, V = 2651.03(1) Å3 (by least-squares
refinement on diffractometer angles for 29 centered reflections),
l = 0.71073 Å, space group P1̄, Z = 2, Dc = 1.896 g cm23,
F(000) = 1468. The single, purple parallelipiped crystal with cell
dimensions 0.50 3 0.30 3 0.20, m = 5.236 mm21, was collected on a
Siemens R3m/V diffractometer, scan type w, T = 130(2) K, 2qmax = 55°,
12 887 data, 12 269 unique [R(int) = 0.039], 9104 > 2s(I). The number of
parameters was 658. Final R factors were wR (all data) = 0.1939 and R (obs.
data) = 0.067; the maximum residual electron density was 1.358 e Å23.
Both structures 6 and 11 were solved by direct methods and refined (based
on F2 using all independent data) by full-matrix least-squares methods
(Siemens SHELXTL ver. 5.03). Hydrogen atom positions were located by
their idealized geometry and refined using a riding model. An absorption
correction was applied using XABS2 (ref. 13). CCDC 182/769.
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Fig. 2 Molecular structure of (a) 6 (below: from top; above: edge-on view)
and (b) 11 (below: from top; above: edge-on view). Hydrogen atoms have
been omitted for clarity.
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Total synthesis of (+)-furanomycin

Sung Ho Kang*† and Sung Bae Lee

Department of Chemistry, Korea Advanced Institute of Science and Technology, Taejon 305-701, Korea 

A highly enantioselective total synthesis of (+)-furanomycin
24 has been achieved via the mercury cation-mediated
cyclizations of g-hydroxy alkene 4 and homoallylic
trichloroacetimidate 11 to install the trans-2,5-disubstituted
tetrahydrofuran and the (aS)-amino acid side chain, re-
spectively.

In 1967 Katagiri et al. discovered a novel antibiotic (+)-fur-
anomycin from a culture filtrate of Streptomyces threomy-
ceticus (ATCC 15795),1 which binds to E. coli isoleucyl-tRNA
synthetase, to be charged to E. coli isoleucine tRNA and
subsequently incorporated into protein.2 Biosynthetically it is
believed to be derived from two acetetes and one propionate.3
The antibiotic also functions as a competitive antagonist of
isoleucine and suppresses the growth of T-even coliphage more
effectively than T-odd.1 Originally its molecular structure was
assigned as (+)-(2R)-2-amino-2-[(2R,5R)-2,5-dihydro-
5-methyl-2-furyl]acetic acid by spectroscopic data and chem-
ical degradation experiments,1 but later revised as
(+)-(2S)-2-amino-2-[(2R,5S)-2,5-dihydro-5-methyl-2-furyl]-
acetic acid by X-ray crystallography4 and a stereodefined
synthesis.5 Although (+)-furanomycin 24 has a seemingly
simple structure, its highly enantiospecific synthesis has not
been established, in part due to the difficulties in assembling the
trans-2,5-dihyrofuran and (S)-amino carboxylic acid units.
Here we describe a highly enantiocontrolled total synthesis of
(+)-furanomycin 24 employing mercury cation-promoted cycli-
zations of g-hydroxy alkene 4 and homoallylic trichlo-
roacetimidate 11 to construct the aforementioned functional-
ities.

The known silyl ether 1, prepared from dimethyl l-tartrate in
83% overall yield,6 was desilylated using TBAF, and the
resulting alcohol 2, [a]D

23
23.1 (c 1.01, CHCl3), was treated with

I2, PPh3 and imidazole in THF7 to yield the corresponding
iodide 3, [a]D

22
210.1 (c 1.01, CHCl3), quantitatively from 1

(Scheme 1). The substitution reaction of 3 was conducted with
vinylmagnesium bromide, which should be generated freshly,
in the presence of CuBr·SMe2 and HMPA in THF at 250 °C.8
The somewhat volatile diene acetonide, without purification,
was hydrolyzed with methanolic HCl to give diene diol 4, [a]D

23

211.6 (c 1.01, CHCl3), in 75% overall yield. For the
stereoselective formation of trans-2,5-disubstituted tetra-
hydrofuran, the cyclization9 of 4 was attempted using I2, IBr or
N-iodosuccinimide (NIS) under various reaction conditions to
provide a 1–3 : 1 mixture of trans- and cis-isomers. However,
when Hg(OCOCF3)2 was employed as an electrophile, the
stereoselectivity was improved significantly. Accordingly, 4
was treated with Hg(OCOCF3)2 in the presence of K2CO3 in
THF at 278 °C to afford a mixture of trans- and cis-
2,5-disubstituted tetrahydrofurans 5 and 6, which was found to
revert to the starting material 4 during work-up with brine or aq.
KBr and chromatographic purification. In order to elude the
reversion, the in situ demercuration of the crude organomercur-
ials 5 and 6 was attempted with various reducing reagents10 in
the absence or presence of phase transfer catalyst, NaOAc,
NaOH or AcOH to furnish the expected trans- and cis-
tetrahydrofurans 7 and 8, accompanied by variable amounts of
the starting diol 4 and alcohols 9 and 10. After intensive
experimentation, reproducible demercuration conditions were

established, involving treating the cyclization reaction mixture
in situ with BEt3 and LiBH4 at 278 °C to produce an
inseparable 8.5–9 : 1 mixture of 7, [a]D

22 +57.0 (c 1.00, CHCl3),
and 8 in 83% overall yield from 4 without appreciable formation
of side products.

The mixture of 7 and 8 was converted into the readily
separable trichloroacetimidates 11 and 12, which provided after
chromatographic purification the requisite imidate 11, [a]D

22

+47.0 (c 1.00, CHCl3), in 83% yield. While the proposed
cyclization11 of 11 hardly proceeded with I2 or NIS, the use of
IBr resulted in poor stereoselectivity,12 yielding a 2.5 : 1 mixture
of iodides 13 and 14, of which the relative stereochemistries
were determined by NOE difference experiments, i.e. irradia-
tion at H–C(6) showed enhancements at H–C(4) for the former
and at H2–C(10) for the latter (Scheme 2). On the other hand,
when the intramolecular amination of 11 was performed with
Hg(OCOCF3)2 in the presence of K2CO3 in THF at 0 °C, only
the desired organomercury bromide 15 could be isolated in
higher than 95% yield after work-up with aq. KBr. Its
stereochemistry was corroborated by converting it into iodide
13 with I2 in THF. For the oxidation of 15 to alcohol 16, oxygen
was bubbled vigorously through a solution of 15 and NaBH4 in
DMF,13 but only the reductive demercuration product 17 was
generated. Alternatively exposure of 15 to TEMPO and LiBH4
in the presence of BEt3 in THF provided the oxidized product
18, mp 134.5–135.5 °C, [a]D

23
232.0 (c 0.99, CHCl3), in 76%

yield. It is noted that without BEt3 the chemical yield decreased
to 50–55%. The dihydro-1,3-oxazine heterocycle of 18 was
hydrolyzed with HCl and then the unmasked amino alcohol was

Scheme 1 Reagents and conditions: i, Bu4NF, H2O, THF, 20 °C; ii, I2, PPh3,
imidazole, THF, 20 °C; iii, CH2NCHMgBr, CuBr·SMe2, HMPA, THF,
250 °C; iv, 6 m HCl, MeOH, 20 °C; v, Hg(OCOCF3)2, K2CO3, THF,
278 °C, then Et3B, LiBH4, 278 °C; vi, Cl3CCN, DBU, MeCN, 230 °C
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protected with benzyl chloroformate to afford carbamate 19,
[a]D

25
212.0 (c 1.00, CHCl3), in 95% overall yield.

The dihydrofuryl ring could not be formed by the basic or
pyrolytic elimination reaction of the mesylate, triflate or
xanthate derivatives of 19. In addition their substitution reaction
with iodide or phenylselenide anion did not yield the expected
product. Various experimental attempts revealed that iodide 20,
[a]D

25
265.2 (c 0.99, CHCl3) could be prepared in 76% yield by

treating 19 with I2 and PPh3 in the presence of DMAP in a
mixture of benzene and CH2Cl2, while the reaction using
imidazole7 instead of DMAP resulted in a poor chemical yield
of 35%. The ensuing elimination reaction was effected by

heating 20 with DBU in DMF to provide dihydrofuran 21, [a]D
27

+105.3 (c 1.02, CHCl3), regioselectively in 89% yield. The
TEMP group of 21 was reductively removed with zinc dust in
methanolic NH4Cl to afford the primary alcohol 22, [a]D

28

+195.8 (c 0.99, CHCl3), in 92% yield. Since Jones oxidation of
22 proceeded inefficiently, it was oxidized using Swern
conditions14 followed by sodium chlorite15 to give carboxylic
acid 23, [a]D

27 +175.4 (c 0.57, MeOH), in 89% yield. Finally
removal of the BnOCO group of 23 with thioanisole in TFA
produced (+)-furanomycin 24, mp 222–224 °C, [a]D

26 +136.0 (c
0.4, H2O), in 97% yield, the physical and spectroscopic data of
which were identical with those previously reported.

Financial support from the Korea Science and Engineering
Foundation (971-0302-010-2) is gratefully acknowledged.
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Scheme 2 Reagents and conditions: i, Hg(OCOCF3)2, K2CO3, THF, 0 °C,
then aq. KBr; ii, TEMPO, Et3B, LiBH4, THF, 20 °C; iii, 6 m HCl, MeOH,
THF, reflux; iv, BnOCOCl, K2CO3, MeOH, 20 °C; v, I2, PPh3, DMAP,
PhH, CH2Cl2, 0 °C, then 60 °C; vi, DBU, DMF, 80 °C; vii, Zn, NH4Cl, H2O,
MeOH, 80 °C; viii, (COCl)2, DMSO; ix, NaClO2, NaH2PO4, 2-methylbut-
2-ene, ButOH, H2O, 20 °C; x, PhSMe, TFA, 50 °C
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ESIPT-Induced photocyclization of
N,NA-diphenyl-1,5-dihydroxy-9,10-anthraquinone diimine

Keiji Kobayashi,*a† Mayumi Iguchi,a Tatsuro Imakubo,a Koichi Iwatab and Hiro-o Hamaguchib

a Department of Chemistry, Graduate School of Arts and Sciences, The University of Tokyo, Komaba, Meguro-ku, Tokyo 153
Japan
b Department of Chemistry, Graduate School of Sciences, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113 Japan 

Photolysis of N,NA-diphenyl-1,5-dihydroxy-9,10-anthraqui-
none diimine affords acridine-condensed aromatic com-
pounds via excited-state intramolecular proton-transfer, as
revealed by time-resolved IR spectroscopy.

Excited-state intramolecular proton-transfer (ESIPT) has been
extensively investigated in relation with photochromic materi-
als and UV stabilizers.1 In ESIPT phenomena, mostly observed
in salicylates2 and salicylideneanilines,3 the photoexcited keto
form is produced by rapid proton transfer from the photoexcited
enol form and undergoes deactivation nonradiatively and/or
radiatively to the ground-state keto form, which regenerates
thermally the original enol. In such a reversible phototautomeric
cycle, the ESIPT-induced excited enol is fated to follow the
tautomeric pathway and other relaxation processes have rarely
been encountered. We report herein a novel photochemical
reaction which is, to the best of our knowledge, the first
irreversible transformation via ESIPT in a phototautomeric
system.

N,NA-diphenyl-1,5-dihydroxy-9,10-anthraquinone diimine 1a
in benzene was irradiated at room temperature, using a 100 W
high pressure Hg lamp through a Pyrex filter, under argon for 48
h (Scheme 1). The photoproducts were chromatographed on
silica gel and acridine-condensed compounds 2a and 3 were
obtained in 64 and 14% yields, respectively. Irradiation of 2a
under the same conditions as used for 1a gave rise to 3,
indicating that 3 is a secondary photoproduct of 1a. The
photocyclization was also accomplished in monohydroxy
derivative 1b; irradiation of 1b in benzene for 54 h led to the
formation of 2b (18%). The structure of 2a was deduced from
an X-ray crystallographic analysis‡ and that of 2b was proved
on the basis of its spectral properties. The formation of 2a and
2b is ascribed to aromatic cyclization at C(4) accompanied by
enol-to-keto tautomerization of the hydroxy group at C(1).
These common characteristics of the photoproducts indicate
that the same type of the photoreaction occurred in 1a and
1b.

The irradiation of 1c and 1d, which have no hydroxy groups
at the peri positions, caused no photoreactions even after
irradiation for 60 h. The absence of photoreactivity in 1c and 1d
clearly shows that the hydroxy group at the peri position plays
an essential role in promoting the photocyclization. Fur-
thermore, the role of the hydroxy group cannot be ascribed to its
electron-donating nature, since the methoxy derivative was not
photoreactive. The above results provide chemical evidence for
the involvement of ESIPT in the photocyclization. It should also
be noted here that compound 1a exists almost completely in the
enol form (96%) under the fast equilibrium with the keto form
in the ground state, as monitored by temperature dependent 1H
and 13C NMR spectroscopy.

The intervention of the ESIPT in the photocyclization was
probed by means of sub-microsecond time-resolved IR spec-
troscopy,4 which can detect the increase in the ground-state keto
form upon irradiation. Fig. 1 shows the transient IR spectra of
1a in CCl4 following excitation at 262 nm with 5 ns pulses.§
Several new positive absorption bands appear following
excitation, in addition to negative peaks due to the ground-state
depletion. Those are ascribed to two transient species; one (A:
~ 1550 cm21) decays rapidly and almost disappears after
200–300 ms, while the other (B: 1630 and 1240 cm21) decays
very slowly and still remains after 800 ms. The lifetimes of
transient species A and B were estimated to be 80–90 ms and 1.3
ms, respectively, by the curve fitting of Fig. 2, assuming a
simple exponential decay.

Transient species B could be assigned to the keto imine
tautomer in the ground-state, since its absorptions 1630 and
1240 cm21 are attributed to vibration of the hydrogen bonded
CNO group and the C–N stretching, respectively. With respect
to transient species A, we postulate an intramolecular cyclo-
adduct as the most plausible candidate based on its IR
absorption at ca. 1550 cm21, corresponding to the absorption

Scheme 1

Fig. 1 Time-resolved IR spectra of 1a after (a) 0–20 and (b) 200–800 ms of
excitation. The figure is represented as a difference spectrum. Negative
peaks represent a decrease in the infrared absorption due to the depletion of
the ground state and positive peaks correspond to an increase in the
absorption by the photogenerated transient species.
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band of a CNN bond incorporated in the cyclic framework. Thus
we can depict the fate of the ESIPT as shown in Scheme 2.

No photoproduct 2a could be detected after the time-resolved
measurements. The bubbling of argon through the reaction is
considered to work effectively to prevent oxidation of transient
species A to give 2a. Thus, all the spectral changes were
reversible. However, when argon was not bubbled through the
reaction, the formation of 2a was confirmed by its UV
absorption at 530 and 460 nm; the formation of 2a upon
photolysis of 1a on a preparative scale is ascribed to inefficient
argon bubbling. Irradiation of a cautiously degassed sample of
1a in an NMR sample tube suppressed the formation of 2a down
to a few percent.

The formation of polycyclic systems by intramolecular
photocyclization is a common process for several types of
aromatic compound. However, benzilideneanilines and azo-

benzenes fail to undergo aromatic photocyclization under the
usual conditions; it has been reported that addition of sulfuric
acid or Lewis acids promotes the heteroaromatic cyclization.5
Thus this work demonstrates a novel photocyclization promoted
by ESIPT and hence provides an example of deactivation other
than phototautomerization that is possible for the ESIPT of a
tautomeric system.

Notes and References

† E-mail: ckobak@komaba.ecc.u-tokyo.ac.jp
‡ Crystal data for 2a: Rigaku AFC-5S diffractometer, Mo-Ka radiation, l
= 0.71073 Å, graphite monochrometer, T = 295 K. Data collection,
solution and refinement: w–2q, direct methods using the SIR 88 program,
followed by Fourier synthesis, TEXSAN computer program. C26H16N2O2,
Mw = 388.43, triclinic, space group P1̄, a = 11.0202(14), b = 11.3768(14),
c = 8.7455(10) Å, a = 110.652(9), b = 94.004(11), g = 113.733(9)°, U
= 910.0(2) Å3, Z = 2, Dc = 1.417 g cm23, crystal size 0.40 3 0.15 3 0.10
mm. 4399 reflections measured in the range 4 < 2q < 55°, 1436 unique
reflections with ıFoı > 3sıFoı. 335 parameters. R = 0.045 and Rw =
0.026. CCDC 182/764.
§ We also carried out time-resolved experiments at 349 nm, despite some
experimental difficulties associated with low absorbance at this wavelength,
and confirmed the formation of 2a when argon was not bubbled. Thus we
observe the same photoexcited process in the time-resolved experiments
and in the preparative-scale experiments.

1 For reviews, see special issues: Chem. Phys., 1989, 136; J. Phys. Chem.,
1991, 95; W. Klopffer, in Advances in Photochemistry, ed. J. N. Pitts, Jr.,
G. S. Hammond and K. Gollnick, Wiley, New York, 1997, vol. 10,
p. 311.

2 D. Le Gourrierec, S. M. Ormson and R. G. Brown, Prog. React. Kinet.,
1994, 19, 211.

3 S. M. Ormson and R. G. Brown, Prog. React. Kinet., 1994, 19, 45.
4 T. Yuzawa, C. Kato, M. W. George and H. Hamaguchi, Appl. Spectrosc.,

1994, 48, 684; K. Iwata and H. Hamaguchi, Appl. Spectrosc., 1990, 44,
1431.

5 G. Zimmerman, L. Chow and U. Paik, J. Am. Chem. Soc., 1958, 80, 3528;
F. B. Mallory and C. S. Wood, Tetrahedron Lett., 1965, 2643; G. M.
Badger, C. P. Joshua and G. E. Lewis, Tetrahedron Lett., 1964, 3711;
H. H. Perkampus and B. Behjati, J. Heterocycl. Chem., 1974, 11, 511;
G. M. Thompson and S. Docter, Tetrahedron Lett., 1988, 29, 5213;
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Fig. 2 Decay curves of the absorption bands at (a) 1550 (A) and (b) 1630
cm21 (B), and (c) recovery curve of the absorption band at 1584 cm21

(1a)

Scheme 2
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The Fe–halide bonds in Cp*Fe(dppe)X (X = F, Cl, Br, I)
complexes are weakened as a consequence of one and two-
electron oxidations; the bond weakening decreases in the
order F < < Cl < Br < I and is much less pronounced for
F than the other halides, indicating a pronounced effect of
apparent fluoride-to-metal backbonding as a consequence of
the removal of electrons.

Knowledge of the nature and energetics of metal–ligand
bonding in organotransition-metal complexes is crucial to the
understanding of organometallic reactions and catalysis.1
Recently, the nature of the bonding between organotransition-
metal centers and electronegative s-bonded ligands such as
halide, alkoxide, and amido groups has received considerable
attention.2 In addition to forming covalent M–X bonds, these
ligands are capable of acting as p donors towards the metal. A
ligand pp to metal dp electron-pair donation generally serves to
destabilize electronically saturated complexes via filled–filled
repulsive interactions, whereas coordinatively unsaturated spe-
cies may achieve considerable stabilization through partial p
bond formation.3–9 A substantial line of evidence,2 including IR
nCO spectroscopy data,4,5 electrode potentials,6,10 chemical
reactivity,4,7 and theoretical calculations,3,4,8 suggests that
among the halides, it is the fluoride ligand that is the most
efficient electron-pair donor towards the metal.‡

The presence of significant p bonding from halide to metal
should be reflected in bond dissociation energy (BDE) changes
when this bonding is ‘switched on’3a by the generation of
coordinative unsaturation. To the best of our knowledge, there
exist no quantitative data on the homolytic M–X BDEs of
metal–halide bonds in closely related pairs of coordinatively
saturated (18 electron) and unsaturated (16 electron) species.
Here we present the first data concerning the relative M–X bond
strengths in 18-, 17- and 16-electron complexes which differ
only in their number of valence electrons and thence charge of
the central atom. The data establish a pronounced ‘fluorine
effect’, and suggest that a specific electronic or ionic effect of
the fluorine is evident already in the 17-electron systems.

Thermochemical cycles that incorporate electrode potential
data, introduced by Breslow and Chu,11 have been frequently
used in organic12 and organometallic13–15 chemistry to obtain
bond-energy data that are not available by direct methods. We
have employed this technique to establish a bond-weakening
effect of ca. 25–33 kJ mol21 when 18-electron metal hydrides
were oxidized to their 17-electron cation radicals.13c,d Eqn. (1)
derived from the thermochemical cycle in Scheme 1, was used
to quantify this effect for X = H.

BDE(MX) 2 BDE(MX+) = F[Eox(MX) 2 Eox(M)] (1)

Scheme 1 is quite general and eqn. (1) can therefore be applied
for any other X, and also to evaluate relative BDEs between
multiply oxidized species.§ The pertinent 16- and 17-electron
species M+ amd MX+ are usually so short-lived that electrode
potential data, and thereby BDE data, are inaccessible.
However, it has been recently demonstrated that the sterically
crowded and electron-rich Cp*Fe(dppe) moiety¶ supports metal
complexes in a great number of oxidation states, and com-
pounds have been isolated with electron counts ranging from 16
to 19.16 The persistent 15-electron Cp*Fe(dppe)2+ has even
been generated in solution.16d The Cp*Fe(dppe) derivatives
therefore are particularly well suited for the application of
thermochemical cycles.

Table 1 summarizes electrochemical data obtained by cyclic
voltammetry for the Cp*Fe(dppe)X–Cp*Fe(dppe)X+ and
Cp*Fe(dppe)X+–Cp*Fe(dppe)X2+ couples for X = H, F, Cl,
Br, I. All neutral–monocation redox couples in Table 1 were
chemically reversible, near-Nernstian processes (DEp = 67–75
mV). Remarkably, except for X = H, the cation–dication
couples were also reversible.

The electrochemical data for these halides constitute the first
example of reversible electrode potentials for a complete
organometallic LnMX series (X = F, Cl, Br, I). Interestingly,
the reversible oxidation to monocation occurs most readily for
the most electronegative halide and becomes progressively
more difficult in the series F < Cl < Br < I.17,18 The trend is
the opposite of that predicted on the basis of halide electro-
negativities alone, and most likely is a manifestation of the
importance of apparent p donation from halide to metal. The
particularly large jump, > 0.2 V, in the E° value for F relative
to Cl and the other halides support the idea that F acts as an
exceptionally good donor.‡

The electrochemical data are used in conjunction with eqn.
(1) to give the differences in M–X BDEs between Cp*Fe(dp-
pe)Xn+ complexes when n changes from 0 to 1 to 2. The results
are summarized in Table 2. It is important to keep in mind that
the data show only the net change in the bond energies caused
by oxidation state changes. The data carry no information about

Scheme 1

Table 1 Cyclic voltammetry data for the oxidation of Cp*Fe(dppe)
derivativesa

Compound M E1 (M/M+)b E2 (M+/M2+)b

Cp*Fe(dppe)c 21.272 20.290
Cp*Fe(dppe)H 20.747 0.75d

Cp*Fe(dppe)Fe 20.824 0.688
Cp*Fe(dppe)Cl 20.618 0.823
Cp*Fe(dppe)Br 20.582 0.811
Cp*Fe(dppe)I 20.540 0.780

a THF–0.2 m NBu4
+PF6

2, T = 20 °C, Pt disk electrode (d = 0.4 mm),
voltage sweep rate v = 1.0 s21. b Oxidation potential, V vs. Cp2Fe–Cp2Fe+.
The voltammograms were reversible unless otherwise stated. c Measure-
ments were done on Cp*Fe(dppe)+PF6

2 which, contrary to Cp*Fe(dppe)·,
is stable in THF at room temperature. d Peak potential for irreversible
process. e Measurements were performed on Cp*Fe(dppe)F·+PF6 (ref.
19).
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absolute BDEs. The observed bond energy changes result from
the combined s and p effects.‡ For all X, overall bond
weakening occurs as a consequence of oxidation of the neutral
Cp*Fe(dppe)X to their monocations. A further bond weaken-
ing, almost twice as large, results when the monocations are
oxidized to dications. Thus, the data unambiguously demon-
strate that for all X studied, Fe–X bond energies decrease in the
order Fe–X > Fe–X·+ > Fe–X2+.

For both oxidation processes, there is a very interesting and
obvious trend in the bond activation for the halides. The
oxidatively induced bond weakening decreases in the order I >
Br > Cl > F and is particularly less pronounced for F than for
the other halides. In particular, for the overall two-electron
oxidation (which in principle corresponds to the generation of a
vacant coordination site) the difference between F and the other
halides is > 30 kJ mol21. It is tempting to attribute this
phenomenon to a more efficient donation from F to the metal.
This quantity may be viewed as an extra stabilization of the
unsaturated 16-electron complex Cp*Fe(dppe)X2+ that is
provided by F, relative to the other halides.

Interestingly, whereas the bond weakening is less pro-
nounced for X = F than for H, a pure s donor, the opposite is
true when Cl, Br and I are compared to H. For a pure s donor,
Eox(MX) should be more positive than for Eox(M) when X is
more electronegative than M, and eqn. (1) shows that an
oxidation in this case should lead to a weakening of the s bond.
In particular, this situation applies to X = H. For X = F, p
donation to the metal is enhanced by the oxidation, and this in
part compensates for the s bond weakening. On the other hand,
for X = Cl, Br, and I, a combination of a greater s bond
weakening and a poorer p donation to the metal leads to an
overall bond weakening that exceeds even that found for
X = H. As noted in the introduction, metal–halide bonding can
be rather complex, and we plan to further develop these issues
in an extended study that includes theoretical aspects of the Fe–
X bonding.**
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† E-mail: mats.tilset@kjemi.uio.no
‡ The theoretical results3b,4,8 imply that p-effects, s-effects and the ionicity
of the M–X bond must all be taken into account when trends in nCO and
other observable parameters are to be explained.
§ The DBDE data obtained from eqn. (1) are in reality free energy based.
However, the enthalpic DBDE values will be identical to the free-energy
ones if DS for the top and bottom homolytic processes in Scheme 1 cancel.
This will be the case here since M and MX have the same charges and the
different X groups are small in comparison to the M fragment. Thus, one

might anticipate MX and M to have nearly identical solvation properties.
The same applies to MX+ vs. M+.
¶ Abbreviations: Cp* = h5-C5Me5; dppe = h2-Ph2PCH2CH2PPh2.
∑ The X-ray crystal structures of Cp*Fe(dppe)n+ (n = 0, 1) have been
reported. The cation does not bind THF or counter anion. There was no
indication of stabilization by agostic interactions with ligand C–H
bonds.16d

** Preliminary DFT calculations on the halide series indicate that the MX
and MX+ BDEs defined in Scheme 1 include, in addition to the energy
necessary to break the M–X bond, a significant component associated with
electronic reorganization of the LnM fragment. However, the reorganization
energy barely varies in the halogen series, so that the big jump observed in
the DBDE values from F to the other halogens is essentially associated with
variations on the M–X bond.
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Table 2 Relative bond dissociation energies for Cp*Fe(dppe)Xn+ com-
plexes (kJ mol21)a

DBDE DBDE DBDE
Compound M–X (MX–MX+) (MX+–MX2+) (MX–MX2+)

Cp*Fe(dppe)H 51 100b 151b

Cp*Fe(dppe)F 43 94 138
Cp*Fe(dppe)Cl 63 107 171
Cp*Fe(dppe)Br 67 106 173
Cp*Fe(dppe)I 71 103 174

a Obtained using the data in Table 1 and eqn. (1). b Minimum value. The
corresponding value for Eox(MX+–MX2+) is a minimum value due to the
unknown kinetic potential shift that is imposed by the irreversible nature of
this electrode process for X = H.

766 Chem. Commun., 1998



RBr RSnH
Bun Bun

M
R

Sn R
Bun Bun

21

i, ii

iii (for 4)
iv (for 5)

 v (for 6)
vi (for 9)

4 M = BCl
5 M = BPh
6 M = SbCl
7 M = SbMe
8 M = SbPh
9 M = TeCl2

3a R = But

b R = Bun

c R = Me
d R = Prn

e R = C6H13

f R = C8H17
g R = Cy

vii
viii

1-Benzostannepines: first synthesis and novel conversion into
1-benzo-borepines, -stibepines and -tellurepines1

Haruki Sashida,*† Atsuhiro Kuroda and Takashi Tsuchiya

Faculty of Pharmaceutical Sciences, Hokuriku University, Kanagawa-machi, Kanazawa 920-11, Japan 

2-Alkyl-1-benzostannepines 3 were prepared in one pot from
(Z)-1-(o-bromophenyl)but-1-en-3-ynes 1 via tin hydride
intermediates 2 and easily converted into 1-benzo-borepines
4 and 5, -stibepines 6, 7 and 8, and -tellurepines 9 by tin–
metal exchange reaction in moderate to good yields.

3-Benzostannepines,2 fully unsaturated seven-membered tin-
containing heterocycles, were synthesized by hydrostannation
of o-diethynylbenzenes more than 30 years ago. Monocyclic,3
thiophene ring-,4 pyrrole ring-5 and cyclopentane ring-fused6

stannepines have also been prepared by extension of this
reaction. It is well-known that these parent stannepines can be
converted into the corresponding derivatives of borepine2b,3b,4–7

and stibepine.8 However, no 1-benzostannepines 3, a theoret-
ically possible structural isomer, have been prepared until now,
in spite of much synthetic effort. Recently, we reported the
synthesis of 1-benzotellurepines 9,9 novel tellurium-containing
seven-membered heterocycles, via the successive intramo-
lecular addition of telluroles to a triple bond. In our continuing
studies10 on the synthesis of new heterocyclic ring systems
using efficient intramolecular cyclization reactions with a
participating acetylenic group, we herein describe the prepara-
tion of novel stable 1-benzostannepines 3 and the transforma-
tion of 3 into 1-benzoborepines 4 and 5, 1-benzostibepines 6, 7
and 8, and also 1-benzotellurepines 9; the former compounds
are new heterocyclic ring systems.

(Z)-1-(o-Bromophenyl)but-1-en-3-ynes 111 were lithiated
with ButLi in the presence of tetramethylethylenediamine in
n-hexane, followed by hydrostannation with Bun

2ClSnH12 to
give the desired 2-alkyl-1-benzostannepines 3‡ as a sole
product in 30–40% yield. The intermolecular hydrostannation
of acetylene compounds induced by radical initiators,13 transi-

tion metal catalysts,14 base catalysts2 or Lewis acid catalysts15

to form vinylstannanes has been given extensive attention, and
this hydrostannation frequently proceeds in the absence of a
catalyst.16 Therefore, the stannepines 3 may probably be
obtained by the intramolecular endo-mode ring closure of
stannyl hydride intermediates 2 at the sp carbon of the ethynyl
moiety, as shown in Scheme 1. These compounds are quite
stable and are not sensitive to air, light or even moisture.

The reaction of the 1-stannepine 3a with 1.0 equiv. of BCl3 in
n-hexane at room temperature afforded 2-tert-butyl-1-chloro-
1-benzoborepine 4a,§ which could be purified by distillation
under reduced pressure in spite of being air- and moisture-
sensitive. A 1-phenyl derivative 5a was similarly obtained.

The stannepines 3a,b also reacted readily with 1.0 equiv. of
SbCl3 in CHCl3 at 0 °C to give the corresponding 1-chloro-
stibepines 6a,b¶ almost quantitatively, but these compounds
were too unstable to be isolated. Thus, we have examined the
conversion of 6 to the Sb-alkyl or -phenyl substituted deriva-
tives. Treatment of the 1-chlorostibepines 6, which were freshly
prepared without purification after removal of the solvent and
Bun

2SnCl2 under reduced pressure, with a small excess of MeLi
in Et2O at 220 °C gave the 1-methylstibepines 7. The phenyl
derivative 8 was prepared in a similar manner. Compounds 7
and 8∑ were more stable than the 1-chloro derivatives 6, and
could be chromatographed on silica gel, contrary to our
expectation. However, the 3-alkyl-3-benzostibepines are ther-
mally labile. The structure of 6 was determined by comparison
of its NMR spectra with those of 7 and 8.

1,1-Dichlorotellurepines 9a,b were formed from the parent
stannepines 3 by tin–tellurium replacement reaction in 77–82%
yield and were identical with authentic samples.11 To the best of
our knowledge, this tin–tellurium exchange reaction, accom-
panied by fission of a tin–carbon single bond and the
simultaneous formation of a tellurium–carbon bond, is a new
discovery.

Monocyclic fully unsaturated borepines, 3-benzoborepines
and other ring-fused derivatives have now been recognized and
established as aromatic compounds4–7,17 by 1H and 13C NMR
spectropic studies, molecular orbital calculations and X-ray
crystal analyses. The 1H NMR chemical shift values of the
borepine ring protons in 4 and 5 appear rather lower than those
of the other seven-membered heterocycles obtained in this
work; in particular, the proton signals of 4-H of 4 and 5 are
shifted 0.34–0.64 ppm downfield. These results suggest that the
1-borepines 4 and 5 are aromatic.

Further detailed studies on the ring transformation and
reactivities of these novel 1-benzostannepines and its anal-
ogues, and on the aromaticity of the 1-benzoborepines, are in
progress.

Notes and References

† Fax: +81-76-229-29810
‡ All new compounds exhibited satisfactory spectroscopic data. Selected
data for 3a: 39%, colorless oil; dH(400 MHz, CDCl3) 0.97, 1.21–1.48 and
1.59–1.68 (6 H, t, J 7.3, 8 H, m, 4 H, Bun 3 2), 1.14 (9 H, s, But), 6.25 (1
H, dd, J 5.9 and 13.6, 4-H), 6.53 (1 H, d, J 5.9, 3-H), 6.84 (1 H, d, J 13.6,
5-H), 7.31–7.37 and 7.51–7.53 (3 H, m, and 1 H, m, Ar-H); dC(100 MHz,

Scheme 1 Reagents and conditions: i, ButLi (2.2 equiv.), Me2NC2H4NMe2,
hexane, 280 °C, then room temp., 3 h; ii, Bun

2SnHCl, room temp., 1 h; iii,
BCl3 (1 equiv.), hexane, room temp., 1 h; iv, PhBCl2 (1 equiv.), hexane,
room temp., 1 h; v, SbCl3 (1 equiv.), CHCl3, room temp., 30 min; vi, TeCl4
(1 equiv.), PhH, room temp., 1 h; vii, MeLi (1.2 equiv.), Et2O, 220 °C, 30
min; PhLi (1.2 equiv.), Et2O, 220 °C, 30 min
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CDCl3) 10.55 (t), 13.64 (q), 27.36 (t), 29.43 (t), 30.59 (q), 38.37 (s), 127.03
(d), 127.81 (d), 128.32 (d), 128.40 (d), 130.24 (d), 134.45 (d), 134.49 (d),
142.81 (s), 143.85 (s), 163.29 (s); HRMS: Calc. for C22H34Sn (M+)
418.1682. Found 418.1775. For 3b: 33%. For 3c: 24%. For 3d: 23%. For 3e
37%. For 3f: 35%. For 3g: 36%. Compounds 3b–g are also colorless oils.
§ Selected data for 4a: 44%, pale yellow oil, bp 90–100 °C (2 mmHg);
dH(400 MHz, CDCl3) 1.43 (9 H, s, But), 6.75 (1 H, dd, J 8.4 and 11.0, 4-H),
7.25 (1 H, d, J 8.4, 5-H), 7.49 (1 H, d, J 11.0, 3-H), 7.40–7.60 and 8.30–8.40
(3 H, m and 1 H, m, Ar–H); HRMS: Calc. for C14H16BCl (M+) 230.1034,
232.1004. Found 230.1031, 232.1011. For 5a: 54%, colorless oil, bp
80–100 °C (4 3 1026 mmHg); dH(400 MHz, CDCl3) 1.19 (9 H, s, But), 6.50
(1 H, dd, J 7.0 and 11.7, 4-H), 6.75 (1 H, d, J 7.0, 3-H), 6.88 (1 H, d, J 11.7,
5-H), 7.17–7.52 and 7.71–7.80 (6 H, m and 3 H, m, Ar-H); HRMS: Calc. for
C20H21B (M+) 272.1736. Found 272.1734.
¶ The reaction of 3a with SbCl3 was carried out in CDCl3, and the formation
of 6a was characterized by 1H NMR spectroscopy. Selected data for 6a:
dH(400 MHz, CDCl3) 1.25 (9 H, s, But), 6.41 (1 H, dd, J 5.5 and 13.0, 4-H),
6.68 (1 H, d, J 5.5, 3-H), 7.07 (1 H, d, J 13.0, 5-H), 7.25–7.54 and 7.92 (3
H, m and 1 H, d, J 6.4, Ar–H).
∑ Selected data for 7a: 57% from 3a, colorless oil; dH(400 MHz, CDCl3)
0.95 (3 H, s, Sb–Me), 1.18 (9 H, s, But), 6.28 (1 H, dd, J 6.0 and 13.2, 4-H),
6.69 (1 H, d, J 6.0, 3-H), 6.82 (1 H, d, J 13.2, 5-H), 7.29–7.49 and 7.61–7.71
(3 H, m and 1 H, m, Ar-H); dC(100 MHz, CDCl3) 26.18 (q), 30.59 (q),
39.36 (s), 127.43 (d), 127.86 (d), 128.14 (d), 129.43 (d), 129.57 (d), 132.62
(d), 133.81 (s), 137.05 (d), 142.80 (s), 157.20 (s); HRMS: Calc. for
C15H19Sb (M+) 320.0525. Found 320.0533. For 7b: 41% from 3b, colorless
oil. For 8a: 36% from 3a, colorless oil. For 8b: 41% from 3b, colorless
oil.
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Tetraphenyldihydrocyclobutaarenes—what causes the extremely long 1.72 Å
C–C single bond?

Holger F. Bettinger,a,b Paul v. R. Schleyer*a† and Henry F. Schaefer IIIb

a Computer Chemie Center, Institut für Organische Chemie, Universität Erlangen-Nürnberg, Henkestr. 42, D-91054 Erlangen,
Germany
b Center for Computational Quantum Chemistry, The University of Georgia, Athens, GA, 30602, USA

The exceptional 0.19 Å lengthening (to 1.720 vs. 1.53 Å in
ethane) of the Csp3–Csp3 bond in tetraphenyl-
dihydrocyclobutaarenes is attributed to a combination of
cyclobutene ring strain (0.04 Å), through-bond coupling
(0.08 Å) and steric repulsion (0.07 Å) by comparison with
model systems.

The 1.720(4) Å Csp3–Csp3 distance in 3,8-dichloro-1,1,2,2-tetra-
phenylcyclobuta[b]naphthalene 1 is currently the longest

known single bond length in hydrocarbons.1–3 Since semiem-
pirical methods (PM3 and MNDO) underestimate the Csp3–Csp3

bond length in 1 by as much as 0.05 Å,3 it was suggested that
‘special bonding effects exist’2 in 1. Moreover, recent studies
concluded that through-bond coupling ‘never has more than a
2–3 pm effect’4 on the length of the mediating single bond.4,5

Hence, we agree that the extremely long C–C single bonds in
1,1,2,2-tetraphenyldihydrocyclobutaarenes3 ‘are of utmost im-
portance for our understanding of chemical bonding.’2 Choi and
Kertesz recently showed that electron correlation effects have to
be included in order to give agreement between quantum
mechanical calculations and experiment.6

We computed the geometry of C2 symmetric 1 at various
levels of theory.‡ Since B3LYP/6-31G** gives the best
agreement with the X-ray data of 1 (Fig. 1), all subsequent

calculations on model systems 2–6 were carried out with this
hybrid functional.9,12 Note that at HF/6-31G** the Csp3–Csp3

bond length of 1 is underestimated by 0.06 Å. The C2v
symmetric form of 1 is a transition state at HF/STO-3G (81i
cm21) and 9.4 kcal mol21 higher in energy at B3LYP/6-31G**
than the C2 ground state.

Which effects cause the extremely long bond in 1? A very
similar Csp3–Csp3 distance (1.718 Å) as for 1 (1.731 Å) is
computed for 1,1,2,2-tetraphenylbenzocyclobutene 2 (Fig. 2).
Obviously, the two chlorine atoms and the presence of the
annelated naphthalene (instead of benzene) ring have only a
small influence on the Csp3–Csp3 bond length. Ring strain in the
cyclobutane moiety engenders elongated Csp3–Csp3 bonds in
cyclobutane 3 (1.555 Å),13 in cyclobutene 4 (1.566 Å, via
microwave analysis)14 and in benzocyclobutene 5 (1.580 Å, via
X-ray analysis)15 with respect to ethane (1.535 Å; 1.530 Å at
B3LYP/6-31G**).16 the Csp3–Csp3 bonds in 1 and 2 are
0.14–0.15 Å longer than in the parent compound 5. However,
abnormally long C–C single bonds in the 1.64–1.66 Å range
have been observed previously for cyclobutane derivatives with
vicinal phenyl groups.1,2

The lengthening of a mediating C–C single bond by vicinal
phenyl groups has been attributed to through-bond interac-
tions17 of the favorably aligned p-oribtals of the benzene rings.1
The benzene rings in 1, trans-1,2-diphenylbenzocyclobutene 6
and 2 are orientated ideally, and due to the low lying s*(Csp3–
Csp3) orbital of the cyclobutane ring, the through-bond inter-
action is expected to be enhanced.1

A distance of 1.622 Å between the Csp3 centers is obtained for
6. Inspection of the MOs reveals an orbital ordering similar to
the one reported for anti-1,2-diphenylethane.4 Through-bond
coupling is indicated by the reversal of the conventional out-of-
phase above in-phase MO ordering,5 and through-space cou-
pling is not observed due to the 3.72 Å separation of the benzene
rings. Thus, the bond elongation of 0.042 Å in 6 with respect to
5 can only be ascribed to through-bond interaction, and is
significantly larger than the 0.02–0.03 Å limit of Baldridge
et al.4

Assuming that the elongation effect is additive, a Csp3–Csp3

bond length of 1.58 + 2 3 0.04 = 1.66 Å, based on through-

Fig. 1 The structure of 3,8-dichloro-1,1,2,2-tetraphenylcyclobuta[b]-
naphthalene 1 optimized at the B3LYP/6-31G** level of theory. Bond
lengths are in Å, experimental bond lengths are given in brackets.

Fig. 2 Calculated (B3LYP/6-31G**) and experimental [in brackets, where
available] bond lengths (Å) in molecules 2 to 6
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bond interaction, is expected for 2. The difference of 0.07 Å
with the calculated 1.73 Å length can be ascribed to repulsive
steric interactions (and perhaps to through-space interactions)
among the phenyl groups.

Indeed, the MM218 value for the Csp3–Csp3 bond length in 2
is 1.651 Å, 0.08 Å shorter than the B3LYP/6-31G** result. As
MM2 includes ring strain effects and steric congestion, but not
through-bond interactions, our estimate of 0.08 Å as the
contribution of the latter effect seems to be reasonable. The
Csp3–Csp3 bond in 1 is 0.18 Å longer than in cyclobutane 3. Of
this, the benzoannelation strain (i.e. in 5) contributes 0.03 Å.
Through-bond interaction elongates the bond by an additional
0.08 Å, and repulsion and possible through-space interaction of
the phenyl groups contributes another 0.07 Å.

The elongation of a bond is in general associated with the
decrease of the corresponding force constant. Thus, a perturba-
tion’s effect on the bond length is larger for an already elongated
bond than for a ‘normal’ bond. We conclude that bonds which
are weakened (elongated) by other influences are more prone to
further bond lengthening by through-bond coupling than
concluded recently.4

The work in Erlangen was supported by the Deutsche
Forschungsgemeinschaft, the Stiftung Volkswagenwerk, and
the Fonds der Chemischen Industrie. The work in Georgia was
supported by the National Science Foundation, Grant CHE-
9527468. H. F. B. thanks the Freistaat Bayern and the Deutsche
Akademische Austauschdienst (DAAD) for fellowships.

Notes and References

† E-mail: pvrs@organik.uni-erlangen.de
‡ The Csp3–Csp3 bond lengths of 1 are 1.658 Å at AM1 (ref. 7), 1.686 Å at
HF/6-31G**, 1.788 Å at BLYP/6-31G** (refs. 8(a), 9], 1.757 Å at BP86/
6-31G** [refs. 8(a), 10], 1.692 Å at BHLYP [ref. 8(b)] and 1.731 Å at
B3LYP/6-31G** [refs. 8(c), 9]. All computations employed GAUSSIAN
94 (ref. 11).
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Versatile pentadentate 1,5-bis(salicylideneamino)pentan-3-ol type ligands yield
novel tri- and tetra-manganese(ii) complexes: structure and properties

Lutz Stelzig,a Alexander Steiner,b Benoı̂t Chansoua and Jean-Pierre Tuchagues*a†
a Laboratoire de Chimie de Coordination du CNRS, UP 8241, 205 route de Narbonne, 31077 Toulouse Cedex, France
b Department of Chemistry, University of Liverpool, Crown Street, Liverpool, UK L69 7ZD

Novel manganese–oxygen cores observed in trinuclear
[MnII3(L3)2(m2-OAc)]Na and tetranuclear [MnII

2L3(m3-
OMe)(MeOH)]2 complexes [H3L3 = 1,5-bis(3-Cl,5-NO2-
salicylideneamino)pentan-3-ol] illustrate the coordination
versatility of the 1,5-bis(salicylideneamino)pentan-3-ol type
of trianionic pentadentate Schiff bases.

The coordination versatility of 1,3-bis(salicy-
lideneamino)propan-2-ol type ligands towards transition metal
ions, particularly manganese,1 has prompted us to further
explore the possible coordination modes of the related 1,5-bis-
(salicylideneamino)pentan-3-ol Schiff bases. The ligands in
both series are potentially dinucleating pentadentate with two
imine nitrogen, two phenolate and one alcoholate oxygen
donors. Owing to the difference in aliphatic chain-length
between their imine nitrogens, their dinucleating coordination
mode results in five- and six-membered central chelate rings in
the first and second series, respectively. As illustrated by work
of Mikuryia et al.2 with 1,5-bis(salicylideneamino)pentan-3-ol,
H3L1, and manganese(iii), the resulting increased flexibility
allows formation of approximately planar dinuclear M2L
species which may be stabilized either with two additional
bridges (one in-plane monoatomic and one out-of-plane
triatomic), or through dimerization when two monoatomic m3-
oxo and two triatomic bridges are provided. From the 3,5-NO2-
salicylidene substituted ligand H3L2, we have recently obtained
a bis-dinuclear manganese(ii) structure where two approx-
imately planar dinuclear M2L units are bridged by two m3-
hydroxy anions.3 Our efforts are directed towards exploration of
the different types of manganese polynuclear structures obtain-
able from these flexible dinucleating pentadentate ligands,
depending upon the electronic influence of the salicylaldimine-
ring substituents, manganese oxidation state, and nature of the
ancillary ligands.

As part of this project, we report here the first data concerning
the novel bis-dinuclear [MnII

2L3(m3-OMe)(MeOH)]2 1 and
trinuclear Na [MnII

3(L3)2(m2-OAc)]·H2O·0.25thf 2 complexes
based on the same 1,5-bis(3-Cl,5-NO2-salicylideneamino)pen-
tan-3-ol pentadentate ligand, H3L3. Reaction of Mn(OAc)2·
2H2O with H3L3 and NaOH (2 : 1 : 3 molar ratio) in methanol
yields a very air-sensitive orange precipitate within hours.
Isolation and subsequent crystallisation from dmf–MeOH
yields 1 as well shaped orange–red crystals. Treatment of the
initial mother-liquor with water induces precipitation of a
second compound. Crystallisation of this complex from thf–
pentane gives red crystals of 2.

The X-ray crystallographic study of 1‡ revealed a bis-
dinuclear structure related to that of [MnII

2L2(m3-OH)-
(thf)]2·2thf 3:3 two layered M2L3 dinuclear units bridged by
two m3-methoxo anions and two L3-phenolato oxygen atoms are
related by a crystallographic inversion centre (Fig. 1). The
significant differences between 1 and 3 are the presence of
m3-methoxo (1) instead of m3-hydroxo (3) bridges, and of a
Mn(2)-bonded methanol molecule (1) instead of thf (3). The
two manganese atoms within the M2L3 unit have different
coordination spheres: Mn(1) is in a square pyramidal NO4
ligand environment while the NO5 environment of Mn(2) is

distorted octahedral. The Mn–L bond lengths and angles, and
the intra- and inter-dinuclear Mn···Mn separations (Fig. 1) differ
significantly from those in related MnIII

4 and MnII
2MnIII

2
species,2,4 but are similar to those reported for 3 and
characteristic of the +2 oxidation state of the Mn ions.3 Two
strong hydrogen bonds (Fig. 1) involving the coordinated
MeOH molecules and NO2 substituents of L3 link each
dinuclear unit to its nearest neighbour, thus generating infinite
1D chains of bis-dinuclear molecules.

The X-ray crystallographic study of 2‡ reveals an un-
precedented surpamolecular array of trinuclear [MnII

3(L3)2(m2-
OAc)]2 anions bonded to Na+ cations (Fig. 2 and 3). The core
of the complex anion, a triangle of MnII cations bridged by the
alkoxo m3-O atoms of both L3 ligands, is reminiscent of a [1.1.1]-

Fig. 1 Molecular structure of [MnII
2(L3)(m3-OMe)(MeOH)]2 1. Selected

distances (Å): Mn(1)–O(1) 2.080(3), Mn(1)–O(2) 2.032(3), Mn(1)–O(3A)
2.200(3), Mn(1)–O(4) 2.131(3), Mn(1)–N(1) 2.206(3), Mn(2)–O(2)
2.077(3), Mn(2)–O(3) 2.157(3), Mn(2)–O(4) 2.162(3), Mn(2)–O(4A)
2.237(3), Mn(2)–O(5) 2.271(3), Mn(2)–N(2) 2.216(4), Mn(1)···Mn(2)
3.154(1), Mn(1)···Mn(2A) 3.240(1), Mn(2)···Mn(2A) 3.372(1),
Mn(1)···Mn(1A) 5.432(1) (A = 2x, 2y, 2z).

Fig. 2 Molecular structure of the trinuclear [MnII
3(L3)2(m2-OAc)]2 complex

anion of 2. Selected distances (Å): Mn(1)–O(10) 2.285(8), Mn(1)–O(11)
2.064(10), Mn(1)–O(20) 2.254(9), Mn(1)–O(22) 2.166(19), Mn(1)–N(11)
2.287(11), Mn(1)–N(22) 2.17(2), Mn(2)–O(10) 2.164(8), Mn(2)–O(12)
2.030(8), Mn(2)–O(20) 2.181(8), Mn(2)–O(32) 2.094(10), Mn(2)–N(12)
2.181(11), Mn(3)–O(10) 2.112(8), Mn(3)–O(20) 2.129(7), Mn(3)–O(21)
2.083(8), Mn(3)–O(31) 2.084(9), Mn(3)–N(21) 2.172(11), Mn(1)···Mn(2)
3.174(3), Mn(1)···Mn(3) 3.121(2), Mn(2)···Mn(3) 3.067(3).
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propellane. The +2 oxidation state of the Mn ions is deduced
from stoichiometric and structural considerations, further
confirmed by the EPR and magnetic studies. In addition to the
two alkoxo m3-oxygens, the trigonal prismatic Mn(1) coordina-
tion sphere includes one imine-N and one phenolate-O from
each L3 ligand. The basal plane of the square pyramidal ligand
environment of Mn(2) and Mn(3) includes one imine-N, one
phenolate-O and the alkoxo m3-O atoms from one L3 ligand, in
addition to the alkoxo m3-O atom from the second L3 ligand. The
apical position of each square pyramid is occupied by one
oxygen atom of the bridging acetate. As a result, Mn(1) is
doubly bridged to Mn(2) and Mn(3) while Mn(2) and Mn(3) are
triply bridged, which is reflected in the 3.067(3) Å
Mn(2)···Mn(3) distance compared to the 3.174(3)
[Mn(1)···Mn(2)] and 3.121(2) Å [Mn(1)···Mn(3)] separations.
Both L3 ligands are helically arranged around the trinuclear
metal core, and show p-stacking interactions between their
aromatic rings (Fig. 2). Interestingly, additional aromatic-ring
interactions operate between adjacent trinuclear units through-
out the crystal lattice, resulting in a 1D supramolecular array of
alternating pairs of [MnII

3(L3)2(m2-OAc)]2 anions and Na+

cations (Fig. 3). Sodium cations interact with terminal 5-nitro
and central alkoxo functions of L3 and bridging acetate anions
of the anionic trinuclear units. In addition each Na cation also
interacts with one water molecule.

The structure of 2 is unique among the trinuclear manganese
complexes reported: those including three MnII ions are linear5

or triangular,6 MnIIMnIII
2 complexes include the extensively

studied oxo-centred carboxylato compounds,7 and linear spe-
cies;8 MnIII

3 complexes include oxo-centred carboxylato com-
pounds,9 and a triangular species including a double methoxo m-
oxygen bridge and two single alkoxo m-oxygen bridges;10

MnIV
3 complexes include the [Mn3O4]4+ core with a double m-

oxo and two single m-oxo bridges.11

The 300–80 K X-band powder spectra of complex 1 exhibit
an extremely broad (ca. 3500 G) and featureless g ≈ 2 centred
resonance. At variance with the reasonably broad absorption
typical of tetranuclear MnII complexes,3 the broadness of this
EPR absorption indicates the presence of weak extended
interactions in the solid state.12 This agrees with the crystallo-
graphic observation of 1D chains of tetramanganese(ii) units.
The 100 K dmf–toluene X-band glass spectrum of 1 exhibits a
reasonably broad (ca. 700 G) g ≈ 2 centred isotropic resonance
devoid of any fine or hyperfine structure. This indicates that, (i)
the tetranuclear structure is retained in solution, and (ii) the
weak extended interactions are not operating in solution, i.e. the
1D chains of hydrogen-bonded tetranuclear molecules are
broken. The 300–80 K X-band powder spectra of 2 are similar
to those reported for 3,3 and typical of magnetically interacting
MnII ions. On the other hand, the 100 K dmf–toluene glass

X-band EPR spectrum of 2 indicates dissociation, not only of its
supramolecular architecture, but also of the trinuclear MnII

complex anions. Two resulting MnII species are clearly
identified: (i) a mononuclear one showing the usual 55Mn six-
line hyperfine pattern at g ≈ 2, and (ii) a dinuclear one showing
the typical 11-line hyperfine pattern superimposed on several
fine structure absorptions (0–5000 G).13 The magnetic suscepti-
bilities of complexes 1 and 2 have been measured in the 300–2
K temperature range. For both complexes, meff mol21 at 300 K
is lower than the spin-only value for non-interacting spin
systems (11.83 mB for four S = 5/2 spins and 10.25 mB for three
S = 5/2 spins) and decreases from 10.50 to 4.89 mB (1) and 9.00
to 4.91 mB (2) at 2 K, indicating overall antiferromagnetic
coupling of the S = 5/2 spins of the MnII ions in both
complexes.

Owing to the possible role of the vacant coordination sites at
the MnII centres of both novel complexes, their redox behaviour
and reactivity are currently under study.

This work was supported by a postdoctoral grant from the
European community to L. S. (Human Capital and Mobility
Programme, Contract No ERBCHBGCT 93-0417).
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Fig. 3 View of four [MnII
3(L3)2(m2-OAc)]2, Na+·H2O ion pairs 2

emphasizing the infinite p-stackings perpendicular to [001]. The intra-
molecular p-stacking distances are 3.4 and 3.5 Å. The two crystallo-
graphically independent intermolecular p-stacking distances are 3.3 and 3.4
Å.
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Effects of the arrangement of a distal histidine on regioselectivity of the
coupled oxidation of sperm whale myoglobin mutants

Tatsuya Murakami,a Isao Morishima,*a† Toshitaka Matsui,b Shin-ichi Ozakic and Yoshihito Watanabe*c‡
a Department of Molecular Engineering, Graduate School of Engineering, Kyoto University, Kyoto 606-01, Japan 
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c Institute for Molecular Science, Okazaki, Myodaiji, 444, Japan 

The arrangement of a distal histidine of sperm whale
myoglobin alters the regioselectivity of the heme degrada-
tion by coupled oxidation.

Heme oxygenase (HO), a monooxygenase of the heme
catabolism,1 utilizes electrons from NADPH and molecular
oxygen to transform heme into biliverdin (Scheme 1). The
formation of an oxy complex2 is followed by the hydroxylation
of the a-meso-carbon presumably via a ferric hydroperoxide
intermediate.3 The release of carbon monoxide from hydroxy-
heme and subsequent ring opening affords biliverdin.1 There-
fore, a-meso-hydroxyheme formation from the oxy complex is
a key step for the regiospecific opening of the tetrapyrrole
macrocycle. Recently, Torpey and co-workers reported that the
regiochemistry of the reaction is primarily controlled by the
electronic effect of the heme.4 However, resonance Raman
studies suggested that an oxygen molecule of the O2-bound
heme–HO complex had a bent structure and that the terminal
oxygen atom was in van der Waals contact with the a-meso-
carbon of the porphyrin ring.5 These results might imply that
orientation of the bound oxygen also affects the regioselective
heme degradation by HO.

Myoglobin (Mb), normally an oxygen storage protein, is also
known to transform its prosthetic heme into mainly biliverdin
IXa in the presence of ascorbate under aerobic conditions, the
so-called coupled oxidation of Mb.6 Although the coupled
oxidation of Mb is much slower than the heme degradation
catalyzed by HO, Mb and heme–HO complex both have a
histidine residue as a ligand of the heme iron.7 Furthermore, the
crystal structure of oxyMb indicates that the molecular oxygen
bound to the heme is restricted by the distal histidine (His-64)
toward the a-meso-position, and the oxy complex is stabilized
by a hydrogen bond with His-64 (Fig. 1). In order to examine
whether or not the reorientation of the bound oxygen caused by
removal or relocation of the distal histidine affects the
regiospecific degradation of heme in Mb, we have constructed
H64L, L29H/H64L, F43H/H64L and I107H/H64L Mb and

analyzed the biliverdin regioisomers generated by the coupled
oxidation of the MBs.§

The high-pressure liquid chromatograph (HPLC) trace of the
biliverdin regioisomers prepared from protoheme IX [Fig. 2(a)]
exhibits four separate peaks. Comparison of the elution profiles
of authentic biliverdins allows us to identify the peaks at 8.4,
9.8, 10.4, and 13.6 min as the a-, b-, d- and g-isomers,
respectively. Wild type Mb affords mainly biliverdin IXa with
a trace amount of the b-isomer, as reported previously
[Fig. 2(b)].8 Elimination of the distal histidine does not alter the
major product [Fig. 2(c)]; however, a small amount of the
g-isomer, which is absent in the case of wild type Mb, is
observed presumably because the replacement of His-64 with a
smaller residue such as Leu allows the bound oxygen to be
directed toward the g-meso position (Fig. 1). Interestingly, the
His-64 ? Leu/Phe-43 ? His double mutation significantly
alters the product distribution [Fig. 2(d)]. Although one of the
major degradation products for F43H/H64L Mb is still
biliverdin IXa (40%) as observed for the wild type and H64L
mutant, a significant amount of the b- (16%) and g-isomers
(44%) are accumulated (Table 1). More importantly, the L29H/
H64L mutant is almost regiospecifically oxidized to biliverdin
IXg [Fig. 2(e)]. Finally, the substitution of Ile-107 of the H64L
mutant with a histidine residue does not change the re-
gioselectivity with respect to H64L Mb [Fig. 2(f) and (d)].

We have for the first time observed changes in the
regioselectivity of the coupled oxidation process of Mb by
relocating the distal His.¶ In particular, L29H/H64L Mb is
almost regiospecifically oxidized to biliverdin IXg, although
the distal His at position 29 is located too far from the heme iron
(6.6 Å)9 to directly interact with the bound oxygen. The
increased amount of the g-isomer for H64L Mb can be
explained by elimination of His-64, which sterically blocked the
g-meso-position.10 Introduction of the His at various positions
in H64L Mb tends to further enhance g-isomer formation.
Although the mechanism is not clear at this moment, these
observations could imply that the distal His, except for His-64

Scheme 1
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in the wild type, enhances orientation of the bound oxygen
toward the g-meso-position by an indirect effect, e.g. a biased
polarity in the distal site. As discussed before, His-64 in wild
type Mb forces the oxygen toward the a-position, thus
preventing g-isomer formation.

Very recently, we have shown that F43H/H64L Mb reacts
with H2O2 much faster than wild type Mb to form compound I
as an observable species.11 Detailed kinetic studies support the
participation of His-43 in F43H/H64L Mb as a general acid/
base catalyst, i.e. the hydrogen peroxide bound to heme
interacts with His-43 via a hydrogen bond. In fact, the distance
between the terminal oxygen atom and the Ne atom of His-43 is
estimated to be approximately 3 Å, within the range of normal
hydrogen bond distances, based on calculations using DIS-
COVER.12 Thus, the increase in the ratio of the b-isomer for the
oxidation of F43H/H64L Mb would be due to a hydrogen bond

between the terminal oxygen atom and the His-43 near the
b-meso-position in the oxy complex.

In summary, the arrangement of a distal histidine of Mb alters
the regioselectivity of the heme degradation even without direct
interaction of histidine with the peroxide bound to heme. This
type of effect on the regioselectivity in HO reaction has never
been considered. Introduction of a more polar or even charged
residue in the active site to study the basis for regioselectivity of
the coupled oxidation of Mb is now under way.

The authors thank Dr Satoshi Takahashi for his helpful
discussions. This study was supported by a Grant-in-Aid for
Scientific Research on Priority Areas, Molecular Biometallics,
by the Ministry of Education, Science, Sports and Culture (I. M.
and Y. W.).
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Fig. 1 Heme environmental structure of myoglobin. Heme and some
selected residues are shown. (a) Side view. (b) Top view.

Fig. 2 HPLC analysis of the biliverdin regioisomers isolated from the
coupled oxidation of Mbs with ascorbate at 37 °C for 3 h: (a) hemin, (b) wild
type Mb, (c) H64L Mb, (d) L29H/H64L Mb, (e) F43H/H64L Mb and (f)
I107H/H64L Mb

Table 1 Ratio of four biliverdin isomers produced by the coupled oxidation
of Mbsa

Ratio (%)

Mb a : b : g : d

Wild-type 95 : 5 : 0 : 0
H64L 94 : 0 : 6 : 0
L29H/H64L 3 : 0 : 97 : 0
F43H/H64L 40 : 16 : 44 : 0
I107H/H64L 72 : 6 : 22 : 0

a Ratio of the peak area.
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Structure–activity relationship for quantifying aromatic interactions†
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The magnitudes of a range of intermolecular edge-to-face
aromatic interactions are measured using chemical double
mutant cycles in synthetic H-bonded molecular zipper
complexes, and good correlations are obtained with the
Hammett substituent constants, suggesting that the results
can be extrapolated to other functional group combina-
tions.

Molecular recognition events are complex processes which are
influenced by a large number of different factors that make it
difficult to quantify the thermodynamic properties of the basic
functional group interactions involved.1–10 We have adapted the
double mutant cycle approach developed to quantify side chain–
side chain interactions in proteins5 to quantify functional group
interactions in a synthetic supramolecular system. Here we
apply this method to derive a quantitative structure–activity
relationship for aromatic interactions.2,8,11,12 The results not
only yield a molecular explanation for the properties of these
interactions, they also allow us to make quantitative predictions
about the influence of chemical structure on the magnitudes of
aromatic interactions.

The chemical version of the double mutant cycle which
enables us to dissect out and isolate the contribution of the
terminal aromatic interaction to the overall free energy of
binding for zipper complex A is shown in Scheme 1.13,14

Chemical mutation of one aromatic ring to a But group (A? B)
removes the aromatic interaction of interest, but this change also
removes secondary interactions between the aromatic ring and
the core of the complex. In addition, the mutation alters the
strength of the neighbouring H-bond. However, the magnitude

of the secondary interactions and the change in H-bond strength
can be measured directly by carrying out the same chemical
mutation in complex C (C ? D). Thus by determining
association constants for all four complexes and constructing
the cycle in Scheme 1, we can quantify the aromatic interaction
of interest. The advantages offered by this synthetic system are
that the two interacting groups are attached to a relatively rigid
framework which determines the geometry of the interaction,
and that a wide range of different functional groups can be
studied. The geometry of interaction is probably not the
optimum orientation for all combinations of functional group,
but it will be essentially identical in each case. This means that
electronic structure–activity relationships are not buried by
differences in conformation. A limitation of the approach is that
we assume that the magnitudes of the core interactions in all
four complexes in a cycle are insensitive to changes in the
overall binding energy.1,6 The magnitude of entropy–enthalpy
compensation effects in such systems has not yet been
established, but even if they are large enough to affect our
measurements, they will not alter the trends in the magnitudes
of the functional group interaction energies.

Using the system in Scheme 1, we have carried out a
quantitative study of substituent effects on the magnitudes of
edge-to-face aromatic interactions. The required compounds
were synthesised using standard protocols and characterised by
a range of spectroscopic and analytical techniques. The
complexes were characterised using 1H NMR spectroscopy in
CDCl3. 1H NMR titrations were used to determine the
association constants and hence free energies of complexation
for use in the thermodynamic cycles. The final results are

Scheme 1 Chemical double mutant cycles used to measure the magnitude of edge-to-face aromatic interactions, DDG(p–p). X, Y = NO2, H, NMe2
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summarised in Table 1. Intermolecular NOEs from ROESY
experiments and the magnitudes of the complexation-induced
changes in chemical shift from the titrations show that all four
complexes in each of the nine double mutant cycles adopt
essentially the same conformation in solution, i.e. the chemical
mutations do not grossly alter the three-dimensional structure of
the core of the complex. More detailed information about the
geometry of the edge-to-face aromatic interactions under
investigation was obtained from X-ray structures of model
compounds such as 1 which corresponds to half of the zipper
complex and crystallises with the same H-bonds and edge-to-
face aromatic interactions inferred from our solution stud-
ies.13,14

The magnitude of the aromatic interaction, DDG(p–p), is
clearly sensitive to the nature of the substituents and varies from
+1.0 kJ mol21 repulsive to 24.9 kJ mol21 attractive (more than
an order of magnitude in binding strength). The ability to
measure both repulsive and attractive interactions allows us to
properly characterise the potential energy surface in this system.
The trends in Table 1 are difficult to interpret, and so we have
analysed the results using the Hammett substituent parameters
(s) which quantify the electronic effects of the substituents on
the aromatic ring.15 The correlation is remarkable and allows us
to describe the experimental results using eqn. (1) (Fig. 1).

DDG(p–p) = 5.2 sX sY 2 1.9 sX + 1.4 sY 2 1.5 (1)

This equation gives some insight into the molecular basis for
the variations in interaction energy in Table 1. The last three
terms in eqn. (1) are interpreted as an electrostatic interaction
between the positively-charged CH groups on the edge ring and
the negatively charged p-electron density on the face ring
[Fig. 2(a)].16 This part of the interaction is sensitive to changes
in the local charge distributions on the two rings. The first term
in eqn. (1) is attractive when the two groups X and Y exert
opposite effects which reflects an interaction between the global
charge distributions across the two aromatic rings, i.e. an
electrostatic interaction between the overall dipoles caused by
the polarising effects of the substitutents [Fig. 2(b)].

Eqn. (1) implies that although we have only studied nine
interactions, the results can be extrapolated to a wide range of
functional group combinations provided the Hammett parame-
ters are available from the literature. It is unlikely that eqn. (1)
will accurately predict DG values for aromatic interactions in

other systems, but we expect it to provide a reasonable estimate
of the magnitudes of substituent effects, e.g. if an edge-to-face
aromatic interaction is implicated in a drug-receptor complex,17

there is no point looking at lots of different Y groups if X is
electron donating (NMe2), because the magnitude of the
interaction is relatively insensitive to Y. However if X is
electron withdrawing (NO2), the nature of Y is likely to have a
dramatic effect on the interaction energy.

The generality of these results remains to be tested in
different contexts, using alternative molecular frameworks and
solvents, but the approach is clearly a promising method for
dissecting out individual contributions to the overall thermody-
namic stability of a particular molecular recognition event. By
studying different interaction geometries and types, we hope to
develop a database of thermodynamic measurements that can be
used alongside the structural data from crystallography for
understanding the chemical basis of complex molecular recog-
nition phenomena and ultimately for rational design.
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Table 1 Magnitudes of edge-to-face aromatic interactions [DDG(p–p) in
kJ mol21] measured in CDCl3 at 295 K using the chemical double mutant
cycles shown in Fig. 1. Errors are ± 0.5–0.8 kJ mol21

Y X = NO2 X = H X = NMe2

NO2 +1.2 20.2 21.4
H 23.4 21.4 21.1
NMe2 24.6 21.8 20.9

Fig. 1 Correlation of the experimental measurements of the aromatic
interaction energies from Table 1 with the interaction energies calculated
using eqn. (1) and the Hammett substituent parameters

Fig. 2 Molecular interpretation of eqn. (1). (a) Electrostatic interactions
between the CH groups of the edge ring and the p-electron density of the
face ring are sensitive to changes in the local charge distributions on the two
aromatic rings. (b) Electrostatic interactions between the overall dipoles of
the p-systems are sensitive to changes in the global charge distributions on
the two aromatic rings.
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Synthesis, luminescence and electrochemistry of novel pentanuclear
rhenium(i)–copper(i) mixed-metal acetylide complexes. X-Ray crystal structure
of [Cu3(m-dppm)3{m3-h1-C·CC6H4C·C-p–Re(bpy)(CO)3}2]+

Vivian Wing-Wah Yam,*† Wendy Kit-Mai Fung, Keith Man-Chung Wong, Victor Chor-Yue Lau and
Kung-Kai Cheung

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, PR China 

A series of luminescent mixed-metal acetylide complexes
[Cu3(m-LL)3{m3-h1-C·C–C6H2R2-2,5–C·C-p–Re(NN)-
(CO)3}2]+, (LL = dppm, PrnPNP; NN = bpy, But

2bpy;
R = H, Me) have been synthesized and their electrochemical
properties studied; the X-ray crystal structure of [Cu3(m-
dppm)3{m3-h1-C·C–C6H4C·C-p–Re(bpy)(CO)3}2]+ has also
been determined.

The highly conjugated polyynes and their transition metal
complexes have attracted enormous attention in recent years
owing to their potential technological applications as precursors
for non-linear optical materials and rigid-rod molecular wires.1
With our recent interest in the design and synthesis of
luminescent ReI 2 and CuI acetylide complexes,3 it would be
interesting to extend our studies to mixed-metal acetylide
complexes using the ‘metal complex as ligand’ or metalloligand
approach.1c,4 Here, we report the synthesis of a series of ReICuI

mixed-metal acetylide complexes (1–5), [Cu3(m-LL)3{m3-
h1-C·C–C6H2R2-2,5–C·C-p–Re(NN)(CO)3}2]+, {LL = bis-
(diphenylphosphino)methane (dppm), bis(diphenylphosphino)-
n-propylamine (PrnPNP); NN = 2,2A-bipyridine (bpy),
4,4A-di-tert-butyl-2,2A-bipyridine (But

2bpy); R = H, Me} with a
rigid-rod acetylide backbone employing ReI acetylide as the
metalloligand. We believe that these mixed-metal acetylide
complexes would be ideal building blocks for the design of
luminescent rigid-rod oligomers.

[Cu3(m-LL)3{m3-h1-C·C–C6H2R2-2,5–C·C-p-Re(NN)-
(CO)3}2]+ {LL = dppm, NN = bpy, R = H (1); LL = dppm,
NN = bpy, R = Me (2); LL = dppm, NN = But

2bpy, R = H
(3); LL = PrnPNP, NN = bpy, R = H (4); LL = PrnPNP,
NN = bpy, R = Me (5)} were prepared by reaction of the
corresponding [Cu2(m-LL)2(MeCN)2]X2 (X = BF4, PF6)3c,5

with [Re(NN)(CO)3(C·C–C6H2R2-2,5–C·CH-p)6 in a 3 : 4
molar ratio in the presence of an excess of KOH in CH2Cl2–
MeOH at room temp. Recrystallization from CH2Cl2–Et2O
gave orange crystals of 1–5. Complexes 1–5 have been
characterized by elemental analyses, 1H NMR, IR and Raman
spectroscopy. The X-ray crystal structure of 1 has been
determined.‡

Fig. 1 shows a perspective drawing of the complex cation of
1. It consists of an isosceles triangular array of Cu atoms with a
dppm ligand bridging each edge to form a roughly planar Cu3P6
core, with two Re acetylide metalloligands capping the
triangular CuI in a m3-h1 fashion. The bridging mode of the
alkynyl group is asymmetric with Cu–C bond distances in the
range 2.10(1)–2.34(2) Å. The C·C bond distances are
1.17(2)–1.23(2) Å, typical of metal–acetylide s bond.7 The
Cu···Cu separations in the range 2.556(2)–2.674(3) Å, which are
shorter than the sum of van der Waals radii for Cu are
suggestive of the presence of weak Cu···Cu interactions.

The electronic absorption spectra of 1–5 in CH2Cl2 show
high-energy absorption bands at ca. 250–300 nm, tentatively
assigned as ligand-localized transitions. Absorptions at ca.
348–378 nm appear as vibronically structured bands with

vibrational progressional spacings of ca. 1350–1500 cm21,
typical of n(CÌC) stretching modes of the aromatic ring in the
excited state. In addition, a low-energy absorption is observed at
ca. 440 nm, which is likely to arise from a [dp(Re) ? p*(NN)]
MLCT transition,8 since the mononuclear ReI diimine acetylide
complexes HC·C–C6H2R2-2,5–C·C-p-Re(NN)(CO)3
(NN = bpy, But

2bpy; R = H, Me) absorb in a similar
region.2,6

Excitation of 1–5 in the solid state and in fluid solutions
resulted in strong orange luminescence. The photophysical data
are summarized in Table 1. All spectra showed a low-energy
emission band at ca. 600–660 nm. With reference to previous
spectroscopic studies on ReI diimine acetylide systems,2,6 the
low-lying emission band in 1–5, which resembles that of the
corresponding mononuclear ReI diimine acetylide, is assigned
as derived from an emissive state of [dp(Re) ?p*(NN)] MLCT
character. The shift in emission energy upon changing the
bipyridine and the acetylide ligands lends further support to the
MLCT assignment. A blue shift in energy of the lowest lying
emission band of 0.09 eV from 1 to 3 in CH2Cl2 is in accord
with the higher p* orbital energy of But

2bpy than bpy. A similar
blue shift in emission energy (0.11 eV) has also been observed

Fig. 1 Perspective drawing of the complex cation of 1 with the atomic
numbering scheme. Hydrogen atoms and phenyl rings have been omitted for
clarity. Thermal ellipsoids are shown at the 40% probability level. Selected
bond lengths (Å) and angles (°): C(1)–C(2) 1.20(2), C(11)–C(12) 1.21(2),
Cu(1)···Cu(2) 2.556(2), Cu(2)···Cu(3) 2.674(3), Cu(1)···Cu(3) 2.674(3);
Cu(1)–Cu(2)–Cu(3) 61.44(7), Cu(2)–Cu(1)–Cu(3) 61.47(7), Cu(1)–Cu(3)–
Cu(2) 57.09(6).
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on going from [Re(bpy)(CO)3Cl]8b to [Re(But
2bpy)(CO)3Cl].2a

A comparison of the emission energies for the complexes with
the same Re acetylide but different bidentate phosphine ligands,
that is, between 1 and 4 and 2 and 5, showed that a slight red
shift in energy occurred on going from 1 to 4 and 2 to 5. Such
a trend may be rationalized by the fact that the PrnPNP ligand is
more electron rich than dppm, which upon coordination to CuI

would render the CuI-coordinated acetylide more electron rich,
which in turn raises the energy of the Re d orbitals, causing a
lower energy 3MLCT emission. Similar findings have been
reported in ReI-acetylide and ReI-alkyl systems.2,9 On the
contrary, an acetylide-to-Cu LMCT origin would predict an
opposite trend since a more electron rich diphosphine on CuI

would lower the electron-accepting ability of Cu, raising its
acceptor orbital energy, leading to a higher emission energy.
Furthermore, the lifetime in the range of submicroseconds is
typical of 3MLCT emission.

The electrochemistry of complexes 1–5 has been studied by
cyclic voltammetry and the electrochemical data are listed in
Table 1. Complexes 1–5 in MeCN (0.1 m NBun

4PF6) show both
a quasi-reversible oxidation couple and a quasi-reversible
reduction couple. In general, complexes with electron rich
ligand are found to be more easily oxidized, with the potential
values decreasing for the series with dppm as bridging ligand: 1
> 3 > 2 and the series with PrnPNP as bridging ligand: 4 > 5.
These trends are consistent with the greater electron richness of
the 2,5-dimethyl-1,4-diethynylbenzene than the unsubstituted
1,4-diethynylbenzene and But

2bpy than bpy. The oxidation
couples are tentatively assigned as the one-electron oxidation of
the CuI center, with the more electron rich ligands preferentially
stabilizing the CuII center to a larger extent. Oxidation couples
at similar potential values have also been observed in the
trinuclear CuI acetylide systems.3a–c

The quasi-reversible reduction couple for 1–5 has been
assigned as the one-electron reduction couple of bpy ligands10

on the basis of the similarity of their reduction potential. The
greater ease of reduction in 1 and 2 than 3 is in line with the
greater p-acceptor ability of bpy than But

2bpy.
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2}; Mw = 2589.92,
triclinic, space group P1̄ (no. 2), a = 19.635(3), b = 22.083(4),
c = 14.703(3) Å, a = 92.82(2), b = 102.04(2), g = 89.06(2)°,
U = 6227(2) Å3, Z = 4, m(Mo-Ka) = 25.91 cm21, F(000) = 1352,
T = 301 K. Convergence for 1040 variable parameters by least-squares
refinement on F with w = 4 Fo

2/s2(Fo
2), where s2(Fo

2) = [s2(I) +
(0.040Fo

2)2] for 10 336 reflections with I > 3s(I) was reached at R = 0.067
and wR = 0.103 with a goodness-of-fit of 2.88. CCDC 182/784.
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Table 1 Photophysical and electrochemical data for complexes 1–5

Complex Medium (T/K) labs/nm (emax/dm3 mol21 cm21) lem
a/nm (to/ms) E1/2

ox,c E1/2
red,c

1 CH2Cl2 (298) 262sh (102 600), 300sh (78 400), 354sh 642 ( < 0.1) +0.39 21.82
(69 300), 372 (77 400), 440sh (5110)

Solid (298) 616 ( < 0.1)
Solid (77) 605

2 CH2Cl2 (298) 298 (51 800), 360sh (50 700), 378 (53 000), 440sh (4920) 650 ( < 0.1) +0.31 21.83
Solid (298) 615 (0.14)
Solid (77) 608

3 CH2Cl2 (298) 296 (103 100), 356sh (101 200), 374 (117 000), 440sh (9230) 615 ( < 0.1) +0.33 21.91
Solid (298) 613 (0.1)
Solid (77) 605

4 CH2Cl2 (298) 276sh (91 800), 292 (94 300), 348sh (95 400), 660 ( < 0.1) +0.34 21.90
370 (145 100), 440sh (5310)

Solid (298) 616 (0.12)
Solid (77) 623b

5 CH2Cl2 (298) 244sh (23 400), 278sh (41 600), 294 (16 100), 650 ( < 0.1) +0.30 21.93
350sh (15 500), 372 (22 100), 440sh (950)

Solid (298) 618 (0.13)
Solid (77) 615

a Excitation at 400 nm. b Excitation at 510 nm. c In MeCN (0.1 m NBun
4PF6), glassy carbon electrode, scan rate 100 mV s21, 298 K. E1/2 (V vs. Fc–Fc+)

is taken to be the average of Epa and Epc.
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Synthesis of silica-pillared layered titanium niobium oxide

Wenfeng Shangguan, Kozo Inoue and Akira Yoshida*†

Inorganic Materials Department, National Industrial Research Institute, Shuku-machi, Tosu-shi, Saga-ken, 841, Japan

A silica-pillared layered titanium niobium oxide with high
thermal stability has been synthesized and characterized for
the first time.

The successful methods for preparation of pillared materials
that were first developed from pillaring clays and clay
minerals,1–3 led to many attempts to prepare new classes of
porous materials, which can be used as shape-selective catalysts
and molecular sieves.4,5 There are also a wide variety of layered
metal oxides that have the potential to undergo ion-exchange
reactions similarly to clays, but the pillaring procedures
developed for smectite clays are not generally applicable to
these laminar metal oxides that do not spontaneously delami-
nate in aqueous media owing to their high charge densities on
the frameworks. Recently, the preparation of alumina-pillared
layered sodium trititanate, Na2Ti3O7

6 and silica-pillared layered
tetratitanate K2Ti4O9

7 have been reproted. Silica is one of the
most commonly used pillars. Silica-pillared layered lanthanum–
niobium oxides were also prepared and investigated as
catalysts.8,9 As for titanium–niobium oxides, Wadsley10 first
prepared potassium titanoniobate KTiNbO5 and found that it
had a layered structure. Raveau and coworkers11–13 studied the
ion-exchange properties of potassium titanoniobate KTiNbO5
and the intercalation of organic materials into titanoniobic acid.
Nakato et al.14 reported the preparation of a methyl viologen–
HTiNbO5 intercalation compound. We report here the prepara-
tion of silica-pillared layered titanoniobate with high porosity
and good thermal stability by a novel pillaring method, in which
n-hexylamine and tetraethylorthosilicate [Si(OEt)4] are em-
ployed as an interlayer exchange guest and a pillar precursor,
respectively.

The starting material, layered potassium titanoniobate
KTiNbO5 was prepared by heating a mixture of K2CO3
(Katayama), TiO2 (Katayama) and Nb2O5 (Wako) (molar ratio
= 1 : 2 : 1) at 1060 °C in air. Ion exchange of KTiNbO5 was
carried out with 6 m HNO3 at room temperature for 72 h to
afford HTiNbO5. Since HTiNbO5 cannot react directly with
tetraethylorthosilicate to form an intercalate, the n-hexylamine–
HTiNbO5 intercalation compound was prepared first in order to
increase the interlayer distance and lower the charge density.

n-Hexylamine-intercalated titanoniobate was obtained by
adding HTiNbO5 to a 50% n-hexylamine (Wako)–ethanol
(Wako) solution and stirring at room temperature for one week,
followed by filtering off the product and washing successively
with ethanol–water (1 : 1) and distilled water. The obtained
n-hexylamine-intercalated titanoniobate (3.0 g) was then added
to 120 ml of tetraethylorthosilicate (Wako). Having failed to
obtain a silica-pillared titanoniobate by reaction between
n-hexylamine-intercalated titanoniobate and tetraethylorthosili-
cate at room temperature, the present operation was performed
by stirring for one week at ca. 65 °C with two additions of
tetraethylorthosilicate (40 ml) during this period. After the
reaction, the product was separated and washed as above and
finally dried at room temperature. Obtained products were
studied by X-ray diffraction (Gigaku Geigerflex, Cu-Ka
radiation). In KTiNbO5, units consisting of two MO6 (M = Ti,
Nb) octahedra are linked in the b-direction to form layers with
the potassium ions in the interlayer spaces. XRD analysis shows
[Fig. 1(a), 2(b)] that obtained KTiNbO5 has an interlayer

distance of 9.01 Å by measuring the first diffraction peak (2q =
9.82°) which decreases to 8.28 Å (2q = 10.69°) upon
exchanging K+ with H+ in HNO3 solution, which is comparable
to the value of 8.35 Å11 but is smaller than 8.5 Å4 published
previously. These differences may be due to the differential
preparation conditions. As shown in Fig. 1(c), n-hexylamine
readily intercalates layered titanoniobate and leads to an
extremely strong peak at 2q = 4.08 Å. This interlayer distance
is 21.7 Å, which is more than twice that of HTiNbO5. The
n-hexylamine intercalated titanoniobate had rather low thermal
stability, and collapses after calcination at 400 °C [Fig. 1(d)].
However, the opened layers can facilitate the reaction of
layered-hexylamine intercalated titanoniobate with tetraethyl-
orthosilicate, which gives rise to a lower 2q (3.68°) and a larger
layer distance [24.01 Å, Fig. 1(e)]. Fig. 1(f) shows that the
interlayer distance of the product calcined at 400 °C decreases
remarkably to 15.61 Å (2q = 5.66°) as a result of decomposi-
tion of organic matter. The peak is still retained upon heat
treatment at 600 °C with only slightly increased 2q and lower
intensity [Fig. 1(h)]. TG–DTA analysis at a heating rate of
5 °C min21 for the product intercalated with tetraethylorthosili-
cate indicated that the interlayer organic matter was decom-
posed between 300 and 440 °C, and no mass loss was observed
at higher temperatures. From these results, it is concluded that
silica-like clusters are formed in the interlayer, which act as
pilalrs to prop up the titanoniobate layers after interlayer

Fig. 1 Cu-Ka X-ray diffraction patterns of (a) KTiNbO5 synthesized at
1060 °C; (b) as (a), proton-exchanged by 6 m HNO3 at room temperature
for 72 h; (c) reaction product of HTiNbO5 with n-hexylamine solution; (d)
as (c), calcined in air at 400 °C for 2 h; (e) reaction product of n-hexylamine-
intercalated titanoniobate with tetraethylorthosilicate; (f) as (e), calcined in
air at 400 °C for 2 h; (g) as (f), calcined in air at 500 °C for 2 h; (h) as (g),
calcined in air at 600 °C for 2 h.
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organic matter is removed. The interlayer spacing of the product
calcined at 500 °C is found to be 14.05 Å [2q = 6.29°,
Fig. 1(g)], which is nearly twice that of HTiNbO5. Fig. 2 shows
transmission electron microscopy (TEM, recorded with a JEOL
JEM-200CX microscope) images of untreated silica-pillared
layered titanoniobate [Fig. 2(a)] and a sample calcined at
500 °C [Fig. 2(b)]. The layer structures are clearly visible, and
the interlayer separations observed by TEM are consistent with
those obtained from XRD. While the interlayer spacing of the

material increases, the BET surface area of the titanoniobates
increases from 1.8 m2 g21 for the original KTiNbO5 to
20.0 m2 g21 for pillared SiO2–TiNbO5 calcined at 500 °C, and
decreases to 11.3 m2 g21 at 600 °C. Elemental analysis results
showed that the SiO2 content in this silica-pillared material is
ca. 56 mass%. The BET surface area is perhaps lower than
expected due to a large amount of SiO2 incorporated into the
interlayers and the weak Bronsted acidity of HTiNbO5 as
compared to some layered compounds.15

The UV–VIS spectra of SiO2–TiNbO5 shifted into the visible
region as compared to those of KTiNbO5 and HTiNbO5.
Hydrogen evolution from the photocatalytic decomposition of
water on the pillared layered titanoniobate was observed under
a mercury lamp and sunlight. Thus, the new material is expected
to show photocatalytic activity. Future investigation on its
systematic characterization and catalytic properties is being
undertaken.
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Fig. 2 TEM image of layered silica-pillared titanium niobium oxide with no
calcination (a) and calcined at 500 °C for 2 h (b)
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and NMR and electron diffraction data for Pri
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Roland Boese,*a† Dieter Bläser,a Mikhail Y. Antipin,*a,b Vladimir Chaplinskic and Armin de Meijerec

a Institut für Anorganische Chemie, Universität Essen, Universitätsstraße 3-5, D-45117, Essen, Germany 
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The crystal structures of Et3N and Pri
3N were determined by

X-ray analysis using the in situ crystallization technique for
single crystal growth on the diffractometer; both have a
pyramidal configuration of the nitrogen atom, even Pri

3N,
which was considered to be planar in accord with electron
diffraction and NMR data.

Aliphatic amines represent an important class of compounds
widely used in organic chemistry. One of the dominant
characteristics of saturated amines is that in the absence of steric
congestion their ground state is pyramidal, whereas the exited
state is planar. Sterically hindered tertiary amines are partic-
ularly interesting in this respect because strong steric effects of
substituents can be used to change the geometry around the
nitrogen atom. The stereodynamics of simple tertiary amines
has been the subject of a few reviews1 and original publica-
tions.2–9 Most of these studies dealt with investigations into the
dynamics of the inversion-rotation processes in amines and/or
energetic molecular mechanics and quantum calculations.9b

The molecular structures of MeNH2, Me2NH, Me3N and
Me2EtN were studied by the gas electron diffraction (GED) and
microwave techniques,10 Me3N was also studied in the solid
state.11 All compounds have pyramidal configuration around
the nitrogen, with C–N–C angles of 110.4–111.8° and C–N
lengths of 1.451–1.471 Å (CF3)3N.12 has a larger C–N–C angle
[117.9(4)°] and a shorter C–N length [1.426(6) Å]. The GED
and theoretical studies of Et3N showed13 that it exists as a
mixture of three conformers with C3, Cs and C1 symmetry
having very similar energies [angle around N = 112.6(26)°,
N–C = 1.466(1) Å]. The structure of the partially fluorinated
analogue, (CH2CF3)3N, was studied via GED and X-ray
analysis.14 The GED investigation15 of (CF2CF3)3N detected
only one conformer having C3 symmetry with almost planar
configuration around the nitrogen atom (C–N–C = 119.3°) and
rather a long C–N bond length [1.482(7) Å].

Amongst all known structures of noncyclic trialkylamines
there is only one other example where a planar configuration
around nitrogen was assumed. This is a GED study of Pri

3N by
Bock et al.16 [C–N–C = 119.2(3)°, C–N = 1.460(5) Å, C3
symmetry with C–N–CA–HA = 5.0(18)°.] Although these data
are mostly in line with NMR studies of this compound in
solution and in the solid state,2,7 there are some contradictions
with the results of quantum chemical calculations of its
molecular structure.9 Thus, AM1 and PM3 methods predict a
nonplanar structure (C–N–C = ca. 116.3°) with rather small
inversion barriers. In contrast, STO-3G, 3-21G and 6-31G
calculations predict a planar structure, while a 6-31G**
calculation yields a nearly planar structure (bond angle at N =
119.01°).

Here we compare the X-ray crystal structure of Me3N 111

with those of Et3N 2 and Pri
3N 3, the latter two being reported

here for the first time; for 1 we present a redetermination based
on data which covers a wider 2q range and twice as many
unique reflections.§

In the crystal structure of 1, the pyramidal molecules have
effective C3v symmetry.11 Those C–H bonds which have an anti

orientation with respect to the N atom lone pair have a slightly
longer bond length [0.997(10) Å] in comparison with the two
others [0.959(18) and 0.957(11) Å], which may be attributed to
the hyperconjugation effect. Geometrical parameters around the
N atom in the crystal [C–N–C = 110.7(1)°, height of N
pyramid = 0.450 Å and C–N = 1.448(1) Å] almost coincide
with those in the gas phase (110.6° and 1.451 Å)9 and the
previous X-ray determination (110.4° and 1.454 Å). The charge
density distribution (Fig. 1), using a quasi-high-order refine-
ment with the Seiler and Dunitz weight scheme,17 contains the
DED maximum at the nitrogen lone pair position at a distance
about 0.58 Å from its nuclei, as well as DED peaks at the N–C
and C–H bonds. The DED maximum at the N–C bond is slightly
shifted from the N–C line inside the NC3 tetrahedron, which
may reflect bending of this bond due to repulsion between the
electron density of the lone pair and the covalent N–C bond.
Very similar bond bending was found in crystals of NH3.18

The crystal structure of Et3N 2 is characterized by a rather
complicated disorder phenomenon related with the crystallo-
graphic m-plane passing through the nitrogen and Me C(1)
atoms, such that each CH2 group has two distinguishable
orientations in the crystal, while the carbon atoms of the Me
groups have only one position with differing orientations of
their hydrogens. The nitrogen has the usual pyramidal config-
uration [C–N–C = 107.9–112.1(1)°, height of N
pyramid = 0.467 Å, and C–N = 1.422–1.497(2) Å; their
relatively large scatter is related to the disordering]. As
expected, the orientation of all Me groups with respect to the N
atom lone pair was found to be gauche. We cannot exclude,
however, the possibility that the complicated crystal disordering
in 2 may be a result of some crystal twinning that was not
resolved.

X-Ray diffraction data for Pri
3N 3 were collected at 203, 168,

118 and 84 K in order to reveal the nature of the structural
disordering. The crystals are hexagonal, space group P63/m,
Z = 3, and no indication of a phase transition was found in the
temperature interval studied. The structure was solved and
refined first at 203 K in this space group with the strictly planar

Fig. 1 Deformation electron density in the plane of the three-fold axis and
N–C bond. Positive and negative contours are given through 0.025 and
20.05 e Å23, negative contours dashed.
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configuration around the N atom in the special position 6̄ (2/3,
1/3, 1/4). In accord with this symmetry, the central C and
methine H atoms of the Pri groups must be in the crystallo-
graphic m-plane together with nitrogen, while two Me groups of
each Pri substituent are above and below this plane and
perpendicular to it. The refinement of this model, however,
resulted in an unreasonably large U33 component of the nitrogen
thermal ellipsoid, indicating some kind of disordering, therefore
its position was split into two ‘halves’ below and above the
m-plane with a distance of 0.529(8) Å between them. This
model was found to be more significant than the previous one
and resulted in ‘normal’ thermal ellipsoids of all atoms and a
nonplanar geometry around nitrogen (Table 1). Because these
data alone could not give an answer about the nature of the
crystal disordering (whether it is dynamic and related to the
inversion of the N atom in the crystal, or it is static and the
crystal structure represents a superposition of two pyramidal
molecules having so-called ‘crystal-imposed’ symmetry), addi-
tional diffraction data at 168, 118 and 84 K were analyzed. We
expected that in the case of a dynamic disorder a lowering of the
temperature would result in a proportional decrease of the
nitrogen thermal ellipsoid (mostly of its U33 component), but
even at 84 K this ellipsoid still was very large (Fig. 2) and the
split model with two ‘halves’ of the nitrogen atom was found to
be significant. These additional data therefore give a definite
proof of the pyramidal structure of Pri

3N in the crystal and the
static nature of the disordering.

Our X-ray data for Pri
3N to a certain extent contradict earlier

GED and NMR measurements2,7,16 but they agree well with
AM1, PM3 and ab initio calculations9 giving a nonplanar
structure for this molecule. However, we cannot totally exclude
the possibility that the nonplanar structure of 3 may be enhanced
by the crystal field effect. On the other hand, for tricyclopropyl-
amine19 which has the same spatial requirements as Pri

3N,
effective Cs symmetry was found, it was not planar (height of N
pyramid = 0.467 Å with C–N–C = 110°) and it is not
disordered,20 thus being very similar to Me3N. In all three
structures the intermolecular contacts are significantly larger
than the sum of van der Waals radii (H···H > 2.75 Å). In
comparison with the structures of 1 and 2, the height of the N

atom pyramid in 3 is the smallest (0.27–0.29 Å) and the
inversion barrier is probably not very high.

Notes and References
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with Fo > 4.0 s(F), 25 parameters, R = 0.0454, Rw = 0.0687.

For 2: C6H15N, orthorhombic, space group Pnma (Pna21 was excluded
by parallel refinements, giving the same type of disorder) T = 138 K,
a = 7.337(1), b = 11.797(2), c = 8.470(2) Å, V = 733.1(3) Å3, Z = 4,
1958 measured reflections 2qmax = 60°, 757 observed unique reflections
with Fo > 4.0 s(F), 56 parameters, R = 0.0506, Rw = 0.0534.

For 3 (ref. 19): C9H21N, hexagonal, space group P63/m (removing the
mirror plane and refinement at all temperatures with a fully occupied N
atom in P63, starting at a position of the split atoms, resulted in the same
picture as for P63/m), Z = 3, data collection at T = 203 K, 168, 118 and 84
K with the total number of the collected reflections = 1786, 2253, 4217 and
3269, respectively, up to 2qmax = 50, 60 and 80° (at 118 and 84 K), the
number of unique observable reflections with Fo > 4.0 s(F) = 270, 422,
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R = 0.037 and 0.042, Rw = 0.087 and 0.060. At 203 and 84 K,
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and 501.5(2) Å3. All single crystals were grown in situ on the diffractometer
using a zone-melting crystallization technique (ref. 21). Measurements were
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graphite monochromator and the Wyckoff scan method. All calculations
were made with the SHELX program package. CCDC 182/762.

1 Review: C. H. Bushweller, in Acyclic Organonitrogen Stereodynamics,
ed. J. B. Lambert and Y. Takeuchi, VCH, New York, 1992.

2 J. E. Anderson, D. Casarini and L. Lunazzi, J. Org. Chem., 1996, 61,
1290.

3 J. H. Brown and C. H. Bushweller, J. Am. Chem. Soc., 1992, 114,
8153.

4 J. H. Brown and C. H. Bushweller, J. Am. Chem. Soc., 1995, 117,
12 567.

5 J. H. Brown and C. H. Bushweller, J. Phys. Chem., 1994, 98, 11 411.
6 J. H. Brown and C. H. Bushweller, J. Phys. Chem., 1997, 101, 5700.
7 T. C. Wong, L. R. Colazzo and F. S. Guziec, Jr., Tetrahedron, 1995, 51,

649.
8 A. M. Belostotskii, P. Aped and A. Hassner, J. Mol. Struct.

(THEOCHEM), 1997, 398, 427.
9 (a) A. M. Halpern and R. R. Ramachandran, J. Phys. Chem., 1992, 96,

9832; (b) C. Kölmel, C. Ochsenfeld and R. Ahlrichs, Theor. Chim. Acta,
1991, 82, 271.

10 For details, see L. V. Vilkov and N. I. Sadova, in Stereochemical
Applications of Gas-Phase Electron Diffraction, Part 2, ed. I. Hargittai
and M. Hargittai, VCH Weinheim, 1988, pp. 35–92.

11 A. J. Blake, E. A. V. Ebsworth and A. J. Welch, Acta Crystallogr., Sect.
C., 1984, 40, 413.

12 H. Bürger, H. Niepel, G. Pawelke and H. Oberhammer, J. Mol. Struct.,
1979, 54, 159.

13 H. Takeuchi, T. Kojima, T. Egawa and S. Konaka, J. Phys. Chem., 1992,
96, 4389.
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Table 1 Geometry of Pri
3N in the crystal at different temperatures

Parameter 203 K 168 K 118 K 84 K

Bond length/Å
N–C(1) 1.461(2) 1.468(1) 1.469(1) 1.469(1)
C(1)–C(2) 1.511(2) 1.519(1) 1.520(1) 1.522(1)
N–NA 0.529(8) 0.543(4) 0.564(3) 0.583(3)

Bond angle (°)
C(1)–N–C(1A) 116.8(1) 116.7(1) 116.4(1) 116.2(1)
N–C(1)–C(2) 122.3(2) 122.5(1) 122.8(1) 123.0(1)
N–C(1)–C(2A) 103.8(2) 103.6(1) 103.2(1) 102.7(1)
C(2)–C(1)–C(2A) 109.8(2) 109.8(1) 109.7(1) 109.8(1)

Fig. 2 View of Pri
3N in the crystal at 84 K (H atoms are not shown): (a) N

atom in the special position 6̄ (2/3, 1/3, 1/4) and (b) split model with two
‘halves’ of the pyramidal N below and above the m-plane
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First enantiocontrolled synthesis of sceletium alkaloid A-4: determination of
the absolute configuration

Takashi Kamikubo and Kunio Ogasawara*†

Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980-8578, Japan 

Sceletium A-4, a pyridine alkaloid isolated from the
Sceletium species, has been synthesized for the first time in
an enantiocontrolled manner along with (2)-mesembrine,
an alkaloid isolated from the same plant, starting from a
chiral cyclohexadienone synthon to determine the absolute
configuration.

The alkaloid (+)-sceletium A-41,2 1 is a minor constituent of
various Sceletium species of the family Aizonaceae and was

isolated with congeners such as (2)-tortuosamine2b,d 2a,
(2)-N-formyltortuosamine2d 2b and (2)-mesembrine1 3.
(+)-Sceletium A-4 1 afforded (2)-tortuosamine 2a on hydroge-
nolysis2b,d while the latter afforded (2)-N-formyltortuosamine
2b on formylation, indicating that they possess the same
absolute configuration at the benzylic quaternary centers. The
structure determination, both by a single-crystal X-ray analy-
sis2c and by racemic syntheses,3 revealed that (+)-sceletium A-4
1 possesses the same relative stereochemistry as (2)-mesembr-
ine 3 with respect to two stereogenic centers. However, the
absolute configuration of the former alkaloid has not been
correlated to the latter, whose absolute configuration has been
determined both by X-ray analysis4 and by enantioselective
syntheses.5

In order to determine the absolute configuration of (+)-scele-
tium A-4 1 as well as of the two congeners 2 by correlation to
the stereochemistry of (2)-mesembrine 3, we examined
enantiocontrolled synthesis of Sceletium A-4 1 along with
(2)-mesembrine 3 using the common tricyclic chiral building
block (+)-4, serving as a chiral cyclohexadienone.6,7 We report
here the first enantiocontrolled synthesis of (+)-sceletium A-4 1
and a new synthesis of (2)-mesembrine 3 leading to the
unambiguous determination of the absolute configuration of
(+)-sceletium A-4 1 and its two congeners, (2)-tortuosamine 2a
and (2)-N-formyltortuosamine 2b.

We have recently demonstrated8 that the tricyclic enone 4
may be b-alkylated to furnish the b-substituted enone 7 by a
single-flask sequential Michael–Wittig process9 via the phosp-
honium trifrate 5 and the 1,3-diene 6 (Scheme 1). Employing
this procedure, we prepared the b-substituted enone‡ 7
(R = CH2OBn), [a]D

28 +164.3 (c 1.13, CHCl3), in 71% yield
from (+)-4 and 2-benzyloxyacetaldehyde. Reaction of 7 with
3,4-dimethoxyphenylmagnesium bromide in the presence of
copper(i) bromide–dimethyl sulfide complex10 proceeded from
the convex face to give the b,b-disubstituted ketone 8 after acid

workup, which on thermolysis afforded the cyclohexenone 9,
[a]D

28 +64.2 (c 1.38, CHCl3). To transpose its 5,5-disubstituted
cyclohex-2-enone structure to the 4,4-disubstituted cyclohex-
2-enone structure 14, 9 was first transformed into the
a-diketone monothioketal 11 via the cyclohexanone 10, by
sequential 1,4-reduction,11 debenzylation, silylation and a,a-
thioketalization.12 On reduction of the ketone functionality,
followed by the thioketal–methyl ketal exchange reaction,13 11
furnished the secondary alcohol 12 which was then transformed
to the methyl xanthate 13 after acid hydrolysis. Finally, 13 was
heated to give the 4,4-disubstituted cyclohex-2-enone 14, [a]D

29

221.7 (c 0.62, CHCl3).
To produce (2)-mesembrine 3, 14 was first transformed into

the ketal alcohol 16 via 15. Employing the Mitsunobu
reaction,14 16 was next converted to the secondary amine 19, via
the imide 17, and the carbamate 18. Finally, 18 was treated with
perchloric acid in THF to give (2)-mesembrine 3, [a]D

29
255.4

(c 1.16, MeOH) [lit.,5b [a]D
30
257.5 (c 0.146, MeOH) (Scheme

2).
Having obtained (2)-mesembrine 3, we investigated the

transformation of the same enone 14 into (+)-sceletium A-4 1 to
correlate the stereochemistry (Scheme 3). The enenone 14 was
exposed to I2 in CH2Cl2 containing pyridine15 to furnish the
a-iodo ketone 21. Palladium-mediated cross-coupling reac-
tion16 between the iodo ketone 21 and N-tert-butylcarbamoyl-
prop-1-yne yielded the enyne 22 which was converted into the
ketal 24 via 23 by sequential ketalization and desilylation.
Employing a five-step sequence including the Mitsunobu
reaction,14 24 was transformed into the bis-carbamate 27 via the
imide enyne 25 and the imide diene 26. On standing in diluted
hydrochloric acid in THF at room temperature, 27 collapsed
gradually to the pyridine 30 through a concurrent deketaliza-
tion, chemoselective decarbamoylation, double cyclization and
dehydrogenation, presumably through the allyl amine 28 and
the dihydropyridine 29. The pyridine 30 was exposed to TFA to
give the secondary amine 31, which was immediately subjected

Scheme 1 Reagents and conditions: i, PPh3, TBDMSOTf, THF, 278 °C,
then BunLi, 278 °C, then RCHO, 10% HCl
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to the Eschweiler–Clarke reaction17 to afford (+)-Sceletium A-4
1, mp 153.5–154.5 °C, [a]27

D + 120.5 (c 1.10, MeOH) (lit.,2a mp
153.5–154.5; lit.,2b 132–134 °C, lit.,2c [a]D +131 (MeOH);
lit.,2d [a]D +131 (EtOH)). The synthetic material had a circular
dichroism (CD) spectrum (in 95% EtOH) showing the first
cotton effect (positive) at 278 nm, the second (positive) at 274
nm and the third (negative) at 247 nm which was identical to
that reported2d for (+)-sceletium A-4 1 (positive at 278 nm,
positive at 274 nm and negative at 247 nm in 95% EtOH). Since
(+)-1 thus obtained has the same CD spectrum as the natural
product, the absolute configuration of natural (+)-Sceletium
A-4 1 as well as its two natural congeners, (+)-tortuosamine 2a
and (2)-N-formyltortuosamine 2b, has now been established as
that shown by correlation to (2)-mesembrine 3.
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Scheme 2 Reagents and conditions: i, 3,4-(MeO)2C6H3MgBr, CuBr·SMe2,
Me3SiCl, HMPA, THF; ii, Ph2O, ca. 260 °C (77% from 7); iii, DIBAL-H,
CuI, HMPA, THF; iv, H2, 10% Pd–C; v, ButPh2SiCl, imidazole, DMF (72%
from 9); vi, TsS(CH2)3STs, ButOK, THF–ButOH (70%); vii, NaBH4,
CeCl3·7H2O; viii, (CF3CO2)IPh, MeOH (87% from 11); ix, NaH, CS2, MeI,
THF; x, 70% HClO4–THF (1 : 20); xi, o-C6H4Cl2, ca. 180 °C (77% from
12); xii, (CH2OH)2, TsOH, C6H6, (100%); xiii, Bu4NF, THF (94%); xiv,
phthalimide, PPh3, PriO2CNNNCO2Pri (DIPAD), THF (94%); xv, hydrazi-
ne·H2O, EtOH, reflux; xvi, ClCO2Me, Et3N, CH2Cl2 (79% from 17); xvii,
LiAlH4, THF, reflux; xviii, aq. HClO4, THF (66% from 18)

Scheme 3 Reagents and conditions: i, I2, Py, CH2Cl2 (97%); ii,
HC·CCH2NHBoc, PdCl2(PPh3)2 (cat), CuI, Et3N (91%); iii, (CH2OH)2,
TsOH, C6H6 (71%); iv, Bu4NF, THF (100%); v, phthalimide, PPh3,
DIPAD, THF (90%); vi, H2, Lindlar catalyst, MeOH (86%); vii,
hydrazine·H2O, EtOH, reflux; viii, Boc2O, Et3N, CH2Cl2 (85% from 26); ix,
10% HCl–THF (1 : 4) (42%); x, TFA, CHCl3; xi, 35% HCHO, HCO2H
(67%)
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Solution-phase combinatorial synthesis of 4-hydroxyquinolin-2(1H)-ones

Bheemashankar A. Kulkarni and A. Ganesan*†

Institute of Molecular and Cell Biology, National University of Singapore, 30 Medical Drive, Singapore 117609

Ion-exchange resins catalyse an intramolecular Claisen-type
condensation leading to the title compounds, and also serve
to purify the products.

In recent years, much effort has been devoted to the synthesis of
chemical libraries, particularly for the generation and optimisa-
tion of biologically active compounds.1 High-throughput syn-
thesis by traditional solution-phase chemistry (as opposed to
solid-phase techniques) is gaining in popularity with the advent
of efficient methods for compound purification. One approach
employs polymer-supported reagents2 that can be readily
removed by filtration. Recent examples include immobilized
ScIII,3 hydroxybenzotriazole,4 carbodiimides5 and guanidines.6
Another application5,7 of polymer-supported functional groups
is to scavenge unreacted or excess starting materials in solution.
Conventional ion exchange resins have been used both as a
reagent8 as well as a purification aid,9 and we have recently
reported10 a synthesis of tetramic acids in which the resin
performs both functions. Here, we demonstrate the application
of this technique to the preparation of a pharmacologically
important heterocyclic ring system.

4-Hydroxyquinolin-2(1H)-ones have attracted considerable
attention for various therapeutic areas including antimicrobial
and antitumour activity,11 local anaesthetics12 and antiin-
flammatory agents,13 as well as being antagonists of thyroid
hormone,14 N-methyl-d-aspartate15 and serotonin.16 A common
route to these compounds is the intramolecular Claisen-type
condensation of N-acylated anthranilate esters. Various bases
were used17 for the cyclization (e.g. NaOH, alkoxides, lithium
amides, TBAF), but removing these and other impurities is
relatively tedious in the context of parallel synthesis. We
envisioned that an insoluble quaternary ammonium resin would
be more suitable, as in our tetramic acid synthesis.

We prepared a set of Claisen-type condensation precursors
from methyl anthranilate by Schotten–Baumann two-phase
acylation to give primary amides 1a–d (Scheme 1). For
increased diversity, additional examples were first reductively
alkylated18 before acylation to afford secondary amides 1e–j.
Treatment of compounds 1 with Amberlyst A-26 resin (OH2
form) uniformly resulted in cyclization. As expected, the
4-hydroxyquinolin-2(1H)-ones 2 remain tightly bound to the
quaternary ammonium resin, enabling impurities to be removed
by simple filtration. Subsequent acidification then releases the

product in high yield and purity (Table 1). These cyclizations
proceed more readily than with the tetramic acids, as shown by
the ability of R2 = Ph and SPh to be sufficiently activating.

We have further extended this procedure to substituted
anthranilic acids (for examples, see Table 2, entries 1k–p).
Finally, the selectivity of product sequestration by the resin after
the Claisen-type condensation enables the use of crude
precursors 1 (Table 2, entries 1q–t). These were obtained
without purification after the reductive alkylation or acylation
steps, the workup consisting of only aqueous washing. The
ability to carry forward intermediates without full purification
facilitates the overall sequence for high-throughput synthesis.

In summary, this protocol is suitable for the preparation of
diverse 4-hydroxyquinolin-2(1H)-ones from commercially
available building blocks, while permitting wide variations in
the substitution pattern.

Table 1 Yield and purity of 4-hydroxyquinolin-2(1H)-ones prepared by the intramolecular Claisen-type condensation

Precursor R1 R2 Product Yield (%) Puritya (%)

1a H CN 2a 82 98
1b H 3-pyridyl–S 2b 78 97
1c H SPh 2c 80 99
1d H Ph 2d 86 85
1e 4-MeOC6H4 SPh 2e 94 94
1f 4-MeOC6H4 2-NO2C6H4 2f 96 95
1g 4-MeOC6H4 CO2Me 2g 89 95
1h CH2CHMe2 2-NO2C6H4 2h 96 94
1i 4-MeOC6H4 Ph 2i 89 95
1j Ph SPh 2l 91 99

a Assessed by HPLC analysis with UV detection (254 nm). All compounds were characterised spectroscopically (NMR, MS).

Scheme 1 Reagents and conditions: i, R2CH2COCl, 10% aq. Na2CO3–
CH2Cl2, room temp., 30 min; ii, Amberlyst A-26 (OH2 form), MeOH,
room temp., 16 h; iii, TFA, MeOH, room temp., 30 min; iv, R1CHO,
NaBH(OAc)3, CH2Cl2, room temp., 18 h
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Table 2 Yield and purity of additional 4-hydroxyquinolin-2(1H)-ones prepared

Precursor R1 R2 R3 R4 Product Yield (%) Puritya (%)

1k H H Me Ph 2k 86 98
1l H H Ph SPh 2l 91 97
1m H Cl Bn CO2Me 2m 89 79
1n F F Bn CO2Me 2n 90 95
1o H CO2Me Bn Ph 2o 88a 97
1p OMe OMe 4-MeOC6H4CH2 CO2Me 2p 72 91
1qb H H H CO2Me 2q 84 90
1rb H H Me CO2Me 2r 97 97
1sb H H 4-MeOC6H4CH2 SPh 2s 83 91
1tb H H Bn SPh 2t 92 95

a Two products were isolated (ca. 1 : 1 ratio), due to the partial hydrolysis of the ester (R2 = CO2Me to CO2H). b Crude material used without
chromatographic purification after either the reductive alkylation or acylation.
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Polymer induced multiphase generation in water/organic solvent mixtures.
Strategies towards the design of triphasic and tetraphasic liquid systems

Luis H. M. da Silva† and Watson Loh*‡

Instituto de Quı́mica, Universidade Estadual de Campinas, Campinas, SP 13083-970, Brazil 

The addition of polyethylene oxide to mixtures of CH2Cl2
and heptane caused the formation of a biphase liquid system,
allowing the attainment of triphase and tetraphase liquid
systems upon addition of aqueous salt solutions.

It has been known since the beginning of this century,1 that
ternary mixtures of water and certain pairs of polymers, such as
polyethylene oxide (PEO) and Dextran, may form aqueous two-
phase systems, each phase being rich in one of the polymers.
The same phenomenon has been observed when some inorganic
salts, like alkaline sulfates, carbonates or phosphates, are added
to aqueous solutions of polymers like PEO.2 Again, one of the
phases is rich in the polymer and the other in the salt. Many
theoretical models have been proposed to account for such
phenomena,3 but a comprehensive explanation is not yet
available. In general, the current view assumes mutual segrega-
tion between the two polymers or the polymer and the inorganic
anion, associated with their competition for the water mole-
cules, leading to the exclusion of one of the components to
another aqueous phase. Owing to the biocompatibility of their
components and to the predominance of water as solvent, these
systems have been extensively studied in bioseparation proc-
esses involving proteins, nucleic acids and even whole cells.4

CH2Cl2 and heptane are miscible over their whole composi-
tion range. However, upon addition of small amounts of
polyethylene oxide (PEO 3350, Sigma) to a mixture of these
solvents (CH2Cl2: Merck, p.a., previously distilled over CaH2
and stored over molecular sieves; n-heptane: Merck, extra
pure), we observed the formation of a stable two-phase liquid
system. PEO is almost insoluble in alkanes,5 but it is very
soluble in polar organic solvents like CH2Cl2. Therefore, adding
heptane to a CH2Cl2 solution of PEO should lead to polymer
precipitation, as commonly performed in polymer fractionation.
The occurrence of liquid–liquid demixing might be explained
by the exclusion of PEO from the alkane solution associated
with the carrying of CH2Cl2 molecules due to their strong
interaction with the polymer, similar to what is observed for the
aqueous two-phase systems. This view is in accordance with
literature reports on solvent preferential adsorption onto
polymers in ternary mixture.6–9 The phase diagram for PEO,
CH2Cl2 and heptane at 298 K is shown in Fig. 1.

Fig. 1 reveals that the biphase system forms even at low
polymer fractions and is favoured by the addition of heptane,
whereas an excess of CH2Cl2 (more than 60 mol%) leads to a
homogeneous system. As PEO is strongly solvated by CH2Cl2,
the bottom phase is expected to contain solvent molecules
which are somewhat bound to the polymer, as they would
otherwise mix with heptane. In fact, analysis of the phases’
composition,§ performed for the systems represented in Fig. 1
as A and B, supported this view and the segregation between
PEO and heptane. The upper phases of systems A and B were
composed of 59.7 and 56.3% heptane, 40.3 and 43.7% CH2Cl2
and negligible amounts of PEO, respectively. The bottom
phases contained 38.2 and 36.1% CH2Cl2, 61.8 and 63.9% PEO
and no detectable heptane. As more polymer was added, more
CH2Cl2 was extracted into the bottom phase. In addition, the
volume of the bottom phase was observed to increase with the

polymer content, agreeing with the proposed polymer solvation
role of CH2Cl2.

Other polymers were investigated in order to verify the
generality of this phenomenon. This behaviour was not
observed with polypropylene oxide (1000, Aldrich), poly-
(tetrahydrofuran) (Terathane 1000, Aldrich) or poly(vinyl
alcohol) PVA (13 000–23 000, 98% hydrolysed, Aldrich). For
the first two only homogeneous systems were observed,
probably because the polymers are less polar than PEO and do
not interact so strongly with CH2Cl2, or are not so strongly
segregated by heptane. For PVA, the addition of heptane led to
polymer precipitation, probably due to its higher polarity. For
poly(N-vinyl-2-pyrrolidone) (PVP, 10000, Aldrich), however,
liquid–liquid demixing was observed, but the volume of the
bottom phase (which contained PVP and CH2Cl2) was much
smaller than the one formed with PEO. This suggests that,
although PVP interacts sufficiently strongly with CH2Cl2 to
carry some solvent molecules to another phase, these solvation
molecules are fewer in number than those of PEO. Preliminary
studies with PEO 10000 produced a phase diagram very similar
to that of PEO 3350.

In addition to the water/organic solvent systems widely used
for liquid extraction, these organic biphase systems provide two
phases without the use of water, which might be harmful to
some chemical compounds, and which do not have such
extreme polarity differences and thus might overcome solubility
problems for some extracts. Furthermore, the strong interaction
between the polymer and CH2Cl2 could be used to extract this
chlorinated solvent from mixtures with other less polar organic
solvents, without the need for distillation.

This phenomenon also allows the generation of other
multiphase systems. Addition of small amounts of water to this
biphase system causes the appearance of a third phase,
containing water and PEO. For this system, 77.0% of the

Fig. 1 Phase diagram for mixtures of PEO, CH2Cl2 and heptane; the
polymer fraction is expressed in terms of monomer units. The two-phase
region is the area containing points A and B (see text for the phase
compositions).
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polymer is in the aqueous phase. As more water is added, more
PEO is transferred from the CH2Cl2 phase to the aqueous phase.
At higher water contents (more than 74.0%), the system
becomes biphasic again. 

To avoid the destruction of the three-phase system due to
polymer extraction, a salt solution may be used, taking
advantage of its incompatibility with PEO. This has been
observed for a three-phase system with an overall composition
of 9.5% PEO, 21.7% CH2Cl2, 16.3% heptane, 0.1% sodium
sulfate and 51.5% water. The upper phase contained heptane
(58.5%) and CH2Cl2. The middle phase contained PEO (43%)
and CH2Cl2. The bottom phase is constituted by the aqueous salt
solution containing small amounts of CH2Cl2. No polymer was
detected in this phase, confirming its segregation from the salt
solution.

Other three-phase systems can be obtained by adding an
organic solvent such as heptane to an aqueous biphase system,
and might be useful in extracting apolar components in
bioseparation processes designed for aqueous biphasic sys-
tems.

With the addition of larger amounts of salt, it is possible to
obtain a four-phase liquid system, with an overall composition
of 7.1% PEO, 15.5% CH2Cl2, 10.9% heptane and 66.5%
sodium sulfate and water. In general, this system may be
rationalised as a mixture of aqueous and organic biphasic
systems. In fact, the upper phase of the above system contains
only heptane (50.2%) and CH2Cl2. The second upper phase is
composed predominantly of an aqueous solution of PEO
(containing 66.3% of the total polymer). The third phase occurs
as a sphere and contains PEO and CH2Cl2, with a little water.
Addition of more salt turns this phase turbid and, by optical
microscopy and addition of Methylene Blue, it was verified to
consist of a water-in-oil emulsion, probably stabilised by PEO
molecules. The spherical shape of this phase is determined by
the attainment of the smallest area to volume ratio, in order to
minimise the unfavourable interfacial energy due to the contact
with the aqueous phase. Finally, the bottom phase of this four-
phase system contains an aqueous salt solution, with no polymer
due to its mutual incompatibility with sulfate.

These multiphasic liquid systems allow much higher selectiv-
ities than the usual water/oil or aqueous biphasic systems,
providing phases with a wide range of polarities and chemical
properties to suit different purposes. Furthermore, the presented
general procedure may be extended to include other polymers or
organic solvents and opens a variety of possibilities for
improvement of liquid extraction processes.
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for financial support. L. H. M. S. thanks CAPES/PICDT for a
scholarship and the Universidade Federal de Viçosa for a leave
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NMR evidence for the nucleation of a b-hairpin peptide conformation in water
by an Asn-Gly type IA b-turn sequence

Samuel R. Griffiths-Jones, Allister J. Maynard, Gary J. Sharman and Mark S. Searle*†

Department of Chemistry, University of Nottingham, University Park, Nottingham, UK NG7 2RD 

The contribution of the b-turn sequence to the folding and
stability of a peptide b-hairpin in water has been analysed
from studies of a truncated peptide lacking one b-strand and
hence the majority of the interstrand hydrophobic interac-
tions; NMR analysis shows that the Asn-Gly type IA b-turn
conformation is significantly populated, suggesting that the
intrinsic conformation preference of the turn sequence may
play an important role in nucleating hairpin folding.

Hydrogen bonding,1 hydrophobic interactions2,3 and confor-
mational preferences4,5 (largely associated with the b-turn
sequence) have been variously proposed to play key roles in the
folding of peptide and protein fragments into b-hairpin
structures. Given the prominent position of anti-parallel
b-sheets in the architecture of globular proteins, autonomously
folding b-hairpin peptides provide useful model systems for
probing b-sheet stabilisation in solution, for assessing their
possible role in nucleating protein folding and as novel motifs in
molecular recognition.6–8

We have recently described a 16-residue model peptide that
folds into a b-hairpin in water (50% populated at 303 K) without
the need for cross-links or incorporation of non-natural amino
acids [Fig. 1(a)].8 Our sequence was designed, and subse-
quently shown, to adopt a b-hairpin with a type IA two-residue
b-turn forming at the Asn-Gly sequence. This choice of b-turn
sequence was based upon statistical analyses of two-residue
turns in the Protein Data Bank which are predominantly of the
type IA variety (and to a lesser extent type IIA variety) with the

Asn-Gly sequence having a high abundance.3,9,10 To understand
further the origin of the stability of the hairpin in water we have
investigated the conformational properties of several shorter
peptide fragments to assess the role of the turn sequence in
nucleating the folding and in stabilising the b-hairpin conforma-
tion. Thermodynamic analysis of the intact b-hairpin has shown
that the folded conformation in water is stabilised by cross-
strand hydrophobic interactions between the residue side chains
of the two b-strands.8 Such interactions give rise to an entropy-
driven folding process which is associated with a large negative
change in the heat capacity (DCp

o) between the folded and
unfolded states. Both of these features are hallmarks of the
hydrophobic effect playing a key role in the self-assembly
process.11 Here we assess whether these hydrophobic contacts
are pivotal to the formation of the adopted conformation or
whether they act to stabilise an intrinsic conformational
preference nucleated by the residues in the turn sequence.

In the peptide shown in Fig. 1(b), residues 1–5 of the
N-terminal b-stand have been deleted leaving only residues
immediately adjacent to the turn sequence on the N-terminal
strand and all residues of the C-terminal strand. The majority of
interstrand hydrophobic contacts previously identified8 (involv-
ing Y3, T4 and V5) have now been removed such that any
tendency for the b-turn to form must now reflect, in large part,
the intrinsic conformational preference of the turn sequence and
the immediately flanking residues. The residues flanking the
Asn-Gly turn sequence on the N-terminal strand (namely S6 and
I7) were retained in the sequence of the truncated peptide (1b)
to provide convenient NMR ‘handles’ for detecting turn
formation. In the hairpin (1a), cross-strand Ha–Ha (S6–K11)
and NH–NH (I7–K10) medium range NOEs are detected that are
consistent with this conformation.8

Analysis of the 200 ms ROESY spectrum of 1b at 278 K
reveals the presence of both of these cross-strand interactions
[S6 Ha–K11 Ha, Fig. 2(a); I7 NH–K10 NH, Fig. 2(b)], providing
convincing evidence that the two-residue turn conformation is
populated in water in the absence of the interstrand hydrophobic
interactions that appear to stabilise the intact hairpin. While
these medium range ROEs provide evidence for secondary
structure formation, the intensity of the ROEs between protons

Fig. 1 Amino acid sequences (one letter code, numbering from the
N-terminus) and the proposed folded conformations. Side chains are
excluded for clarity.

Fig. 2 Portions of the 200 ms ROESY spectrum of peptide 1b at 278 K
recorded at 500 MHz on a Bruker DRX500 spectrometer: (a) Ha–Ha and
(b) NH–NH cross-strand interactions are highlighted that are consistent with
the folded conformation shown in Fig. 1(b)
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of neighbouring residues provide additional support for local
order in the peptide backbone, consistent with the population of
a type IA turn conformation. For example, a significant NH–NH
interaction is detected for I7–N8, while all other sequential NH–
NH ROEs are too weak to observe [Fig. 2(b)]. In general,
sequential Ha–NH ROEs are stronger than the equivalent
intraresidue Ha–NH interaction (ratio of intensities > 4),12 but
for N8 and G9 the ratio of intensities is very close to 1, again
characteristic of the reverse turn conformation found for the
hairpin (1a).8

To what extent is the turn formed under these conditions?
Perturbations to the Ha and NH chemical shifts are charac-
teristic of secondary structure formation and can provide a
method of estimating the population of folded structures.8 To
this end we have examined perturbations to the chemical shifts
of residues on the C-terminal strand of the hairpin and peptide
1b to estimate relative populations. As a reference state we have
used the corresponding Ha and NH chemical shifts of the
isolated C-terminal strand (1c) to fully account for any
sequence-dependent effects on chemical shifts. Thus, differ-
ences in chemical shifts between 1a and 1c, and between 1b and
1c, are expected, in large part, to reflect perturbations due to
secondary structure formation. The data in Fig. 3 show the
difference in NH chemical shifts (DdNH) at 278 K for residues
9–16 of the hairpin (1a) and truncated peptide (1b) with respect
to the reference state 1c, and illustrate convincingly the folding
pattern of the two peptides. The NH of K10 shifts upfield for
both peptides reflecting the anisotropic effect from the carbonyl
group of G9 in the folded structure. T12, V14 and I16 of the
hairpin are proposed to form hydrogen bonds to the opposite
strand and significant downfield shifts are observed for the NHs
of these residues that are consistent with this model. In contrast,
only the NH of I12 of the truncated peptide (1b) has the
opportunity to form a hydrogen bond, but no significant
perturbation is observed suggesting a very weak interaction that
probably reflects the more dynamic nature of its hydrogen
bonding partner, the N-acetyl carbonyl of S6 at the N-terminus.

Since both peptides are able to form the same b-turn
conformation, as is evident from the ROE data described above,
we interpret the larger change in shift for K10 NH of the hairpin
(1a) as reflecting a greater population of the folded conforma-
tion than is present for the truncated peptide (1b). We estimate
the population of turn conformation of 1b to be ca. 70% of that
of the hairpin under the same conditions (278 K). We have
previously estimated the folded population of the hairpin at this
temperature to be ca. 32% versus 68% ‘random coil’;8 on this
basis the population of the folded conformation of 1b is ca.
22%. Quantitative estimates of the intensity of the cross-strand
ROEs shown in Fig. 2 similarly suggest a folded population in
the range 20–30%, indicating some agreement between the
different methods of estimation.

The data show convincingly that the sequence INGK at the
core of the b-hairpin peptide used in these studies has a natural
propensity to form a two-residue b-turn conformation in water
alone, in the absence of significant structure stabilising
hydrophobic interactions or a conformationally restricted
proline residue. The INGK turn sequence is likely to play an
important role in nucleating hairpin formation through associa-
tion of the two b-strands.

We thank the EPSRC, BBSRC, Roche Ltd, the Nuffield
Foundation and the Department of Chemistry for financial
support. We are grateful to John Keyte in the Department of
Biochemistry for peptide synthesis.
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Fig. 3 Plot of difference in NH chemical shift (DdNH) for residues 9–16 of
the folded hairpin peptide 1a and the truncated analogue 1b with respect to
reference peptide 1c
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A new feature in the chemistry of nitrobenzofuroxans: ambident reactivity in
Diels–Alder condensations

Dominique Vichard,a† Jean-Claude Hallé,*a‡ Boris Huguet,a Marie-José Pouet,a Didier Rioub and François
Terrier*a§
a Laboratoire SIRCOB, CNRS EP 102, Université de Versailles-Saint Quentin, Bâtiment Lavoisier, 45 Avenue des Etats-Unis,
78035 Versailles Cedex, France
b Laboratorie IREM, CNRS CO173, Université de Versailles-Saint Quentin, Bâtiment Lavoisier, 45 Avenue des Etats-Unis, 78035
Versailles Cedex, France

The 4,6-dinitrobenzofuroxan (DNBF) structure is shown to
act both as a dienophile and a heterodiene upon treatment
with 1-trimethylsilyloxybuta-1,3-diene and vinyl ethyl ether,
providing in two steps a highly functionalised stereoselective
compound.

In recent years, a large body of evidence has been accumulated
showing that 4,6-dinitro-2,1,3-benzoxadiazole 1-oxide, com-
monly known as 4,6-dinitrobenzofuroxan (DNBF), is a neutral
10p-electron heteroaromatic substrate which, in many proc-
esses, exhibits extremely high electrophilic character.1–5 In fact,
recent studies have shown that DNBF is a stronger electrophile
than the 4-nitrobenzenediazonium cation.2 This makes DNBF a
remarkable probe to assess the reactivity of such weak carbon
nucleophiles as benzenoid aromatics or p-excessive hetero-
aromatics with large negative pKa

CH values, e.g.
1,3-dimethoxybenzene (pKa

CH = 29) or 3-methoxythiophene
(pKa

CH = 26.5).6,7 In all of the above processes, covalent
addition of the carbon nucleophile takes place at C(7) of the
carbocyclic ring of DNBF to give stable anionic s-complexes,
e.g. 1.6 The same principle applies in all reported interactions of
DNBF with oxygen, nitrogen or sulfur nucleophiles.1,3,4,8–10

Interestingly it has been argued that the low aromatic
character of the benzofuroxan system should be one of the
major factors responsible for the exceptional electrophilic
reactivity of DNBF and nitrobenzofuroxans in general.1,2,9

Should this be true, the idea that these compounds might be
involved in Diels–Alder type reactions under some experi-
mental conditions could not be excluded. In 1973, Kresze and
Bathelt reported the very slow formation of the diadduct 2 upon
reaction of DNBF with butadiene.11 Although the most
reasonable explanation for the formation of this adduct was in
terms of a Normal Electron Demand Diels–Alder (NEDDA)
mechanism, this finding did not lead to further investigation and
the stereochemistry was not investigated. Here we present the
first evidence that the DNBF structure can in fact exhibit an
ambident Diels–Alder reactivity, acting as a dienophile in
NEDDA reactions or as a heterodiene in Inverse Electron
Demand Diels–Alder (IEDDA) reactions, depending upon the
experimental conditions and the reaction partners employed.

Treatment of DNBF with 1-trimethylsilyloxybuta-1,3-diene
3 (used as the solvent at room temperature) (Scheme 1) results
in the rapid and nearly quantitative formation of a product
which we readily isolated as a pale yellow solid. Based on 1H
NMR and electrospray mass spectroscopy data,¶ this product
can be formulated as the cycloadduct 4 in racemic form,
resulting from a regioselective NEDDA process involving the
C(6)NC(7) double bond of DNBF as the dienophile contributor.
Strong support for the regioselectivity of the condensation
comes from 15N labelling of the 4- and 6-NO2 groups in 4. In
this instance, only the H(5) proton appears to be coupled with
both 15N atoms [JN(4)H(5) = 3.1 and JN(6)H(5) = 0.7 Hz].
Interestingly, the 1H NMR spectra of 4, recorded in CDCl3,
consisted of only one set of signals, indicating that the reaction
is also diastereoselective and affords only the cycloadduct
resulting from an endo condensation, as will be confirmed in the
second step. In contrast with Kresze and Bathelt’s finding that
the addition of butadiene to DNBF eventually afforded the
diadduct 2 within a few weeks at low temperature,11 further
reaction of 3 with 4 to give the related bis-NEDDA adduct did
not occur in our case.

Most interestingly, we found that a second cycloaddition
process takes place readily on treatment of 4 with vinyl ethyl
ether 5 (Scheme 1). In this cycloaddition process, the DNBF
moiety does not act as a dienophile but clearly as a heterodiene,
according to an IEDDA process, to give the dihydrooxazine
N-oxide 6∑ in 92% yield. As found for the formation of 4, the
reaction is highly stereoselective, affording only the diaster-
eomer 6, shown in Scheme 1, whose stereochemistry could be
safely attributed via 1H NMR and NOE experiments in solution.
A determination of the crystallographic structure of 6 by X-ray
analysis** confirmed the consecutive NEDDA and the IEDDA

Scheme 1 Reagents and conditions: i, 1-trimethylsilyloxybuta-1,3-diene 3
(50 equiv., no solvent), 84%; ii, vinyl ethyl ether 5 (50 equiv., no solvent),
92%
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additions as well as the stereochemistry assignment in the solid
state (Fig. 1). This ORTEP view shows that H(7), the 6-NO2
group and the OSiMe3 substituent are located on the same side
of the molecule, trans to both H(5) and H(15). This clearly
indicates that both Diels–Alder condensations proceed through
endo processes which take place via consecutive trans addi-
tion.

Such nitro group participation has previously been observed
in the reaction of DNBF with indene.12 Recently, we found that
direct treatment of DNBF with 5 affords the bis(dihydrooxazine
N-oxide) adduct 7.13 In this instance, both experimental and

theoretical studies indicated that 7 was the result of two
consecutive IEDDA processes involving the 4-NO2 and 6-NO2
heterodienyl moieties of DNBF, respectively.13,14 In the present
work we extend considerably the scope of the reactivity of
DNBF by showing that this compound may also be consec-
utively involved in NEDDA and IEDDA cycloadditions to give
a functionalised diadduct which is formed with high stereo-
selectivity. Interestingly, this ambident reactivity of DNBF in
Diels–Alder condensations is a feature of general significance,
being a promising new approach to synthesis in heterocyclic
chemistry. Also such behaviour is in itself evidence that DNBF
has a low resonance energy, a feature which has been commonly
accepted but has not yet been specifically addressed.1

Further experimental and theoretical work towards a better
understanding of how one can modulate the dienophile or
heterodiene behaviour of DNBF with respect to the structure of
the opposed electron-rich substrate is currently underway.

Notes and References
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¶ Synthetic procedure for 4: 2 ml of 1-trimethylsilyloxybuta-1,3-diene (11.4
mmol) were added to 48 mg of DNBF (0.212 mmol) charged in a tube. The
mixture was maintained under stirring at room temperature for 30 mn. A
pale yellow precipitate rapidly appeared. The precipitation was complete
after addition of a large excess of pentane. The precipitate was isolated by
centrifugation, washed with pentane and dried in vacuo (84%). For 6: A
similar procedure was applied, under 4 h stirring in the presence of vinyl
ether ether (92%). A single crystal was obtained by slow diffusion of
pentane into a THF solution of 6.
∑ Selected data for 4: dH(300 MHz, CDCl3) 0.13 [s, 9 H, OSi(CH3)3], 1.93
(ddt, 1 H, H-13b, J11–13b 2.3, J12–13b 3.2, J13a–13b 19.2, J7–13b 9.2), 3.03
(dddd, 1 H, H-13a, J11–13a 1.7, J12–13a 3.7, J7–13a 8.0), 4.40 (dt, 1 H, H-7, J5–7

1.0), 4.88 (d, 1 H, H-10, J10–11 5.4), 5.99 (ddt, 1 H, H-11, J11–12 9.9), 6.07
(dt, 1 H, H-12), 7.33 (d, 1 H, H-5); mp 148 °C (decomp.); m/z (electrospray)
391.1 (M + Na)+. For 6: (Found C, 46.58; H, 5.36; N, 12.73. C17H24SiN4O8

requires C, 46.36; H, 5.45; N, 12.73%) dH(300 MHz, CDCl3) 0.11 [s, 9 H,
OSi(CH3)3], 1.28 (t, 3 H, CH3, JH17–H18 7.2), 2.19 (m, 1 H, H-13b, J13a–13b

19.8, J7–13b 9.9), 2.41 (ddd, 1 H, H-16b, J16a–16b 13.4, J5–16b 7.5, J15–16b

3.0), 2.80 (ddd, 1 H, H-16a, J5–16a 10.3, J15–16a 7.4), 3.10 (ddd, 1 H, H-13a,
J12–13a 2.3, J13a–7 8.1), 3.35 (dd, 1 H, H-5), 3.76 (dq, 1 H, H-17a-b, JH17a,b

9.5), 4.06 (dq, 1 H, H-17a-b), 4.18 (dd, 1 H, H-7), 4.71 (m, 1 H, H-10), 5.56
(dd, 1 H, H-15), 5.95 (m, 2 H, H-11 and -12); mp 187 °C (decomp.); m/z
(electrospray) 441.3 (M + H)+, 463.0 (M + Na)+, 479.0 (M + K)+.
** Crystal data for 6: C17H24SiN4O8, M = 440.5, monoclinic, space group
P21/c (no. 14), a = 12.2186(3), b = 7.1267(1), c = 24.5675(2) Å,
b = 98.979(1)°, U = 2113.08(6) Å3, Z = 4, Dc = 1.385 g.cm23, m(Mo-
Ka) = 1.63 cm21, l = 0.71073 Å, graphite monochromator, crystal
dimensions: 0.3 3 0.12 3 0.04 mm. The data were collected up to 2q = 62°
on a Siemens SMART three-circle diffractometer equipped with a
bidimensional CCD detector. The exposure time was 60 s by frame. A total
of 15 314 reflections corresponding to the whole reciprocal space were
collected of which 6197 were unique (Rint = 0.0546) with I ! 2s(I). The
data were corrected for absorption effects by the SADABS program (G.
Sheldrick, unpublished) specific to the CCD detector. The structure was
solved by direct methods using SHELX-TL and the hydrogen atoms were
located using geometrical constraints. Refinement (276 parameters) was
performed by full-matrix least-squares analysis of SHELX-TL up to
R1(Fo) = 0.0554 and wR2(Fo

2) = 0.1334. CCDC 182/777.
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B. Göhrmann and E. Gründemann, ibid, 1991, 333, 909.

6 F. Terrier, E. Kizilian, J. C. Hallé, M. J. Pouet and E. Buncel, J. Phys.
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Fig. 1 ORTEP view of 6 (only one enantiomer is represented). Bond lengths
(Å): C(4)–N(3) 1.321(3), C(6)–N(4) 1.544(3), C(15)–O(3) 1.476(3),
C(15)–O(8) 1.360(3), N(3)–O(2) 1.245(2), N(3)–O(3) 1.404(3), N(4)–O(4)
1.215(3), N(4)–O(5) 1.208(3).
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Palladium-catalyzed allylic substitution on solid support

Lutz F. Tietze,*† Thomas Hippe and Adrian Steinmetz

Institut für Organische Chemie, Georg-August-Universität, Tammannstr. 2, D-37077 Göttingen, Germany 

Different polymer-bound 1,3-dicarbonyl compounds react
as nucleophiles in Pd-catalyzed allylic substitutions on solid
support with a variety of allylic acetates, chlorides and
carbonates.

Combinatorial chemistry is regarded as a powerful tool to
improve the search for new pharmacologically interesting
compounds.1 In most of the cases solid phase synthesis is used
to generate combinatorial libraries, which are subsequently
tested for their biological activity. Therefore, the development
of basic carbon–carbon bound-forming reactions on the solid
phase is an important task, especially in combinatorial synthesis
of organic compounds of low molecular weight.

In the course of our studies on the use of resin-linked
1,3-dicarbonyl compounds to build up combinatorial libraries,
we have previously reported on a two-component domino–
Knoevenagel–ene reaction2 and a three-component domino–
Knoevenagel-hetero-Diels–Alder reaction3 to afford structu-
rally diverse cycloalkanes and 3,4-dihydro-2H-pyrans,
respectively. Furthermore, we established an efficient method
to synthesise highly diverse pyrazolones by treatment of a
variety of polymer-bound b-keto esters with hydrazine deriva-
tives, resulting in concomitant release of the final products from
the support.4

Herein, we report on the use of polymer-bound 1,3-dicarb-
onyl compounds in Pd0-catalyzed allylic substitution reactions
with a variety of allylic substrates 1a–g, 5 and 8a,b. The Pd-
catalyzed allylation5 is well known for its high control of
stereoselectivity and functional group tolerance, as well as good
yields, and is therefore of great interest for combinatorial
chemistry.6

Polymer-bound malonate 2a and acetoacetates2,3 2b and 2c
reacted with a variety of aliphatic and aromatic allylic acetates
1a–f (5 equiv., Scheme 1) in the presence of 20 mol% of
tetrakis(triphenylphosphine)palladium as a catalyst and bis-
(trimethylsilyl)acetamide (BSA)7 as a base (5 equiv.) in THF at
reflux temperature for 6–15 h. The resin-bound products 3 were
cleaved under reductive conditions with DIBAL-H (10 equiv.,
toluene, 0 °C, 12 h) to afford the desired diols 4a–h in 20–57%
overall yield based on the concentration of free hydroxy groups

in the spacer-modified polystyrene-resin (0.75 mmol per gram
resin)2 (Table 1). Using the sterically less hindered allylic
acetates 1a–f dialkylation was observed in all cases, showing
the expected high reactivity of the polymer-bound b-keto esters
2a,b towards allylic substitution.

In addition to the allylic acetates, allylic chlorides and
carbonates were also used. Employing allylic carbonates, no
addition of base is required since the carbonate moiety reacts as
a leaving group and simultaneously forms an alkoxide as a base
after loss of carbon dioxide.5 Thus, reaction of diallyl carbonate
1g (3 equiv.) with the polymer-bound benzyl-substituted
acetoacetate4 2c was performed at room temperature in THF for
1 h using 10 mol% Pd catalyst. After cleavage from the resin the
dialkylated product 4i was obtained in 76% yield, showing the
very high reactivity of allylic carbonates (Table 1). In the case
of b-methallyl chloride 5, BunLi (1 equiv.) was used as base and
the reaction was performed at room temperature for 21 h. In this

Scheme 1

Table 1 Synthesised 1,3-diols 4

Substrates Products
Overall

1 2 4 R1 R2 R3 yield (%)a

a a a OMe H H 30
b a b OMe Ph H 57
b b c Me Ph Me 40
c b d Me 3-MeOC6H4 Me 23
d b e OMe 4-Me2NC6H4 Me 34
e a f OMe 3-Furyl H 20
e b g Me 3-Furyl Me 23
f b h Me 2-Thienyl Me 20
g c i Bn H Bn 76b

a The products were purified by flash chromatography. The yields are based
on the concentration of free hydroxy groups in the spacer-modified
polystyrene-resin (0.75 mmol per gram resin) (ref. 2). b No base was used.
The reaction was performed at room temperature.
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reaction only monoalkylation was observed. Thus, after re-
ductive cleavage product 7 was obtained in 28% yield (Scheme
2).

Selective monoalkylation could also be achieved using
sterically more hindered cyclic allylic acetates (Scheme 3).
Under the conditions described for 1a–f [20 mol% Pd(PPh3)4,
BSA, KOAc, THF, reflux, 10 h] the reaction of the cyclic
acetates 8a,b and 2a,b gave after reductive cleavage the desired
diols 10a–c, respectively, in 40–59% yield (Table 2). The
formation of the dialkylated products was not observed.

A further possibility to increase diversity in a one-pot
procedure is shown in Scheme 4. As previously described by
our group,4 g-alkylation of polymer-bound acetoacetate 2b can
be achieved by generating the dianion 11 with LDA at 0 °C and
subsequent treatment with an alkylating reagent in THF at 0 °C,
e.g. iodoethane 12. The resulting monoanion 13 can now react
as a nucleophile in an allylic substitution with 8b to give the

resin-bound product 14, which was reductively cleaved as
described above to afford the diol 15 in 51% overall yield.

In conclusion, we have shown that the Pd-catalyzed allylic
substitution of allylic substrates such as acetates, chlorides and
carbonates with different polymer-bound 1,3-dicarbonyl com-
pounds is a very efficient C–C bond-forming reaction. Since
allylic substrates are readily available building blocks, the solid
phase reaction presented above should be amenable for
combinatorial synthesis. Furthermore, the development of a
one-pot protocol consisting of g-alkylation and a-allylation of
solid supported acetoacetate provides an even greater diversity
of the desired products. We are currently investigating the
possibility of using vinylic epoxides and bisallylic templates as
substrates and resin-bound allylated 1,3-dicarbonyl compounds
for further transformations.

This work was supported by BASF AG, the Fonds der
Chemischen Industrie and the Bundesministerium für Bildung,
Wissenschaft, Forschung und Technologie (Grants No. 03
D0056 2).
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Scheme 2

Scheme 3

Table 2 Synthesis of the 1,3-diols 10

Substrates Products
Overall

2 8 10 n R1 R3 yield (%)a

a a a 1 OMe H 53
a b b 2 OMe H 40
b b c 2 Me Me 59

a The products were purified by flash chromatography. The yields are based
on the concentration of free hydroxy groups in the spacer-modified
polystyrene-resin (0.75 mmol per gram) (ref. 2).

Scheme 4
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Linked arene clusters: the interaction of tetracobalt nonacarbonyl with
[2.2.2]paracyclophane

Paul Schooler,a Brian F. G. Johnson,*a† Caroline M. Martin,a Paul J. Dysonb and Simon Parsonsc

a University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW
b Department of Chemistry, Imperial College of Science, Technology and Medicine, South Kensington, London, UK SW7 2AY
c Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, UK EH9 3JJ

The thermolysis of [2.2.2]paracyclophane in the presence of
an excess of [Co4(CO)12] yields three new arene clusters
[{Co4(CO)9}n(C24H24)] (n = 1, 2 and 3): the molecular
structures of the mono- and bis-cluster complexes have been
established by single crystal X-ray diffraction while the tris-
complex has been characterised by spectroscopy.

The interaction of the [2n]cyclophanes with transition and main
group metals has received much attention since their conception
by Cram several decades ago.1 These complexes were initially
used to probe the unusual electronic properties of the [2n]cyclo-
phane ligands, which stem from the interpenetration of arene p
molecular orbitals, giving rise to unusual and unique effects.2
More recently, interest has been stimulated by the potential for
the [2n]cyclophane ligands to serve as bridging units between
metal centres in organometallic polymers and networks which
should have interesting electrical and non-linear optical prop-
erties.3

Metal atoms and ions may bond to [2.2.2]paracyclophane by
either endo- or exo-coordination. In the former the metal atom
resides in or near the ligand cavity such as in the p cryptates
formed with gallium(i) and silver(i) salts4 while in the latter the
metal atom interacts with the external face of the aromatic rings
as in the piano-stool complexes formed with [M(CO)3]
(M = Cr, Mo or W) fragments.5 There are few reports
concerning the coordination of more than one metal atom to
[2.2.2]paracyclophane; only recently has diffraction data be-
come available for the mono- and bis-[Cr(CO)3] complexes,6
and structural data for the tris-chromium tricarbonyl has not yet
been obtained. Here, we report the molecular structure of the
complexes [Co4(CO)9(h-C24H24)] 1 and [{Co4(CO)9}2(h :h-
C24H24)] 2 in which one and two of the C6-rings of
[2.2.2]paracyclophane are coordinated to [Co4(CO)9] cluster
units respectively. Spectroscopic characterisation of the tris-
[Co4(CO)9] complex, [{Co4(CO)9}3(h :h :h-C24H24)] 3, is also
reported. These latter two compounds represent the first
examples of clusters linked via a cyclophane ligand.

The thermolysis of [2.2.2]paracyclophane with 10 molar
equiv. of [Co4(CO)12] in hexane under reflux over 5 h affords
three new complexes [Co4(CO)9(h-C24H24)] 1 (20%), [{Co4-

(CO)9}2(h :h-C24H24)] 2 (2%) and [{Co4(CO)9}3(h :h :h-
C24H24)] 3 (ca. 0.1%) which were separated by thin layer
chromatography on silica using dichloromethane–hexane (1 : 3
v/v) as the eluent. These complexes can be conveniently
interconverted (Scheme 1) by either adding cluster units to
compounds 1 and 2 by thermolysis with [Co4(CO)12] in hexane
or by the thermolysis of compounds 2 and 3 in toluene whereby
cluster units are removed from the cyclophane ligand via arene
exchange. The molecular structures of compounds 1 and 2 are
shown in Figs. 1 and 2, respectively. In both molecules the
coordinated rings of the cyclophane ligands lie parallel to, and
staggered with respect to, the metal triangle defined by
Co(2)Co(3)Co(4). The cobalt–ring carbon distances indicate
that the coordinated rings are not planar as the average distances
involving the bridgehead carbon atoms are slightly longer than
the remaining four carbon atoms [cf. 2.174(6) and 2.107(8) Å in
1 and 2.174(5) and 2.120(12) Å in 2]. Although the coordinated
rings of the cyclophane in both compounds are expanded owing

Scheme 1 The interconversion of compounds 1, 2 and 3. Reagents and
Conditions i, [Co4(CO)12], heat in hexane; ii, heat in toluene.

Fig. 1 The molecular structure of [Co4(CO)9(h-C24H24)] 1. Important bond
lengths (/Å): Co(1)–Co(2) 2.4614(13), Co(1)–Co(3) 2.4823(11), Co(1)–
Co(4) 2.4626(10), Co(2)–Co(3) 2.4823(11), Co(2)–Co(4) 2.4740(12),
Co(3)–Co(4) 2.4552(11), Co(1)–C(1) 2.175(4), Co(1)–C(2) 2.131(4),
Co(1)–C(3) 2.103(4), Co(1)–C(4) 2.172(4), Co(1)–C(5) 2.115(4), Co(1)–
C(6) 2.095(4), C(1)–C(2) 1.402(6), C(1)–C(6) 1.408(5), C(2)–C(3)
1.397(6), C(3)–C(4) 1.397(5), C(4)–C(5) 1.400(5), C(5)–C(6) 1.405(5),
C(9)–C(10) 1.363(7), C(9)–C(14) 1.362(6), C(10)–C(11) 1.376(7),
C(11)–C(12) 1.367(7), C(12)–C(13) 1.371(7), C(13)–C(14) 1.367(7),
C(17)–C(18) 1.369(7), C(17)–C(22) 1.366(7), C(18)–C(19) 1.394(7),
C(19)–C(20) 1.390(7), C(20)–C(21) 1.359(7), C(21)–C(22) 1.341(7),
average C–O (terminal) 1.133(12) and average C–O (bridging) 1.164(8).
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to the electron-withdrawing nature of the cluster [cf. average
C–C distances of 1.401(13) and 1.37(2) Å in 1 and 1.40(2) and
1.36(3) Å in 2], little significance can be placed upon this
observation owing to the magnitude of the electron shift
densities. It should be noted that the cyclophane ligand in
compound 1 is much less symmetrically coordinated than in 2;
this is reflected in the dihedral angles made between the bow
and stern of the C6 rings of 5.9° (coordinated), 2.8 and 0.9°
while the ethano bridge C(15)–C(16) lies some 2.17 Å out of the
plane defined by Co(1)C(1)C(4)C(7)C(24).

The average Co–Co bond distances in the base of the clusters
are short compared to the sides owing to the contracting action
of the bridging CO groups [2.459(2), 2.469(2) Å in 1 and
2.452(2), 2.483(2) Å in 2, respectively]. Both bridging and
equatorial terminal carbonyl ligands point upwards toward the
cyclophane.

Compounds 2 and 3 are of particular interest as precursors to
organometallic one and two-dimensional networks and poly-
mers since the [2.2.2]paracyclophane ligands in these com-
plexes bridge cluster units. However, it should be noted that we
have been unable to introduce a second cyclophane ligand to a
Co4 cluster in order to sustain chain growth: the weakness of the
metal–arene interaction (as demonstrated by arene exchange
reactions with toluene) permits multiple complexation of
clusters by a single ligand but is too weak to allow the
substitution of further carbonyl ligands with poorer p-acceptors
upon the arene cluster. We have also found that, for example in
compound 1, the cobalt cluster is unwilling to share the
cyclophane ligand with more electronically demanding subunits

such as [Ru6C(CO)14], GaI or AgI. Although the linkage of
cobalt clusters through arene systems in itself is not novel (this
has been previously achieved using diphenylmethane),7 the
combination of the unique electronic properties of clusters and
cyclophanes may allow novel types of electronic communica-
tion. Our preliminary electrochemical analyses, although com-
plex, indicate this and our investigation is ongoing.

We wish to thank the EPSRC, Cambridge University, and the
Newton Trust (P. S.) for financial support. P. J. D. would like to
thank the Royal Society for a University fellowship.
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‡ Spectroscopic data: 1, IR (CH2Cl2) nCO/cm21 2072s, 2046w, 2028vs,
2009s, 1995w (sh) and 1814m (br). FABMS: m/z 800 (calc. 800) with the
loss of all nine CO ligands observed. 1H NMR (CDCl3): d 6.53 (d, 4 H, J 7.2
Hz, free aromatic), 6.45 (d, 4 H, J 7.2 Hz, free aromatic), 5.66 (s, 4 H, bound
aromatic), 3.28 (m, 4 H), 2.90 (m, 4 H) and 2.81 (s, 4 H).

2, IR (CH2Cl2) nCO/cm21 2069s, 2026vs, 2007s, 1992w (sh) and 1815m
(br). FABMS: m/z 1290 (calc. 1288) with the loss of all eighteen CO ligands
and four cobalt atoms observed. 1H NMR (CDCl3): d 6.28 (s, 4 H, free
aromatic), 5.48 (d, 4 H, J 7.0 Hz, bound aromatic), 5.38 (d, 4 H, J 7.0 Hz,
bound aromatic), 3.20 (s, 4 H), 3.12 (m, 4 H) and 2.75 (s, 4 H).

3, IR (CH2Cl2) nCO/cm21 2072s, 2028vs, 2008s, 1996w (sh) and 1837m
(br). FABMS: m/z 1778 (calc. 1777) with the loss of eight CO ligands
observed.
§ Crystal data: Structures solved by direct methods (SIR92) and refined by
full-matrix least squares on F2 (SHELXTL version 5).

1, C33H24Co4O9, M = 800.24, triclinic, space group P1̄, a = 10.594(4),
b = 12.060(5), c = 14.506(6) Å, a = 110.37(2), b = 111.20(2),
g = 93.78(2), U = 1580.4(11) Å3, Z = 2, Dc = 1.682 Mg m23, T = 250(2)
K, F(000) = 804, R1 = 0.0371 [3977 reflections with F0 > 4s(Fo)],
wR2 = 0.0800 for 5576 independent reflections corrected for adsorption
[m(Mo-Ka) = 2.177 mm21] and 416 parameters 0.39 3 0.38 3 0.29 mm
black block obtained from dichloromethane at 220 °C. The crystal lattice
contained no solvent. The final difference map extrema were +0.67 and
20.40 e Å23.

2, C42H24Co8O18·0.43CH2Cl2, M = 1324.57, trigonal, space group
P3121, a = 15.4261(12), c = 18.282(3), U = 3767.7(8) Å3, Z = 3 (the
molecule lies on a two-fold axis), Dc = 1.751 Mg m23, T = 220(2) K,
F(000) = 1962, R1 = 0.0460 [3598 reflections with Fo > 4s(Fo)], wR2

= 0.1069 for 4358 independent reflections corrected for adsorption [m(Mo-
Ka) = 2.687 mm21] and 308 parameters. The Flack absolute structure
parameter was 0.01(3). 0.39 3 0.38 3 0.29 mm dark green block obtained
from dichloromethane at 220 °C. The crystal lattice contained disordered
solvent molecules which were treated in the manner described by van der
Sluis and Spek.8 This amounted to 36 e per cell or 0.43 CH2Cl2 per formula
unit. The final difference map extrema were +0.05 and 20.62 e Å23. CCDC
182/783.
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Fig. 2 The molecular structure of [{Co4(CO)9}2(h-C24H24)] 2. Important
bond lengths (/Å): Co(1)–Co(2) 2.5078(12), Co(1)–Co(3) 2.4646(12),
Co(1)–Co(4) 2.4758(12), Co(2)–Co(3) 2.4628(13), Co(2)–Co(4)
2.4413(14), Co(3)–Co(4) 2.4513(13), Co(1)–C(1) 2.166(7), Co(1)–C(2)
2.104(6), Co(1)–C(3) 2.141(6), Co(1)–C(4) 2.179(6), Co(1)–C(5) 2.111(6),
Co(1)–C(6) 2.122(6), C(1)–C(2) 1.396(10), C(1)–C(6) 1.398(10),
C(2)–C(3) 1.409(10), C(3)–C(4) 1.408(11), C(4)–C(5) 1.429(11),
C(5)–C(6) 1.387(10), C(9)–C(10) 1.346(11), C(10)–C(11) 1.389(11),
average C–O (terminal) 1.13(2) and average C–O (bridging) 1.173(16).
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The first stable scandocene: synthesis and characterisation of
bis(h-2,4,5-tri-tert-butyl-1,3-diphosphacyclopentadienyl)scandium(ii)

Polly L. Arnold, F. Geoffrey N. Cloke*† and John F. Nixon*

School of Chemistry, Physics and Environmental Sciences, University of Sussex, Brighton, UK BN1 9QJ 

The first isolable example of a molecular scandium(II)
complex, the dark purple scandocene [Sc(h5-P2C3But

3)] 1,
has been isolated from the cocondensation of scandium
vapour with tert-butylphosphaalkyne, ButCP at 77 K.

To date the only stable divalent lanthanoid metallocenes are
those of the elements Sm, Eu and Yb for reasons which have
been well documented.1 These metallocenes are all highly
reactive, showing strong reducing properties and consequent
unusual reaction chemistry.2 Very recently, two lanthanum
species that are intermediates in the potassium reduction of
[La(CpB)3] {CpB = h-C5H3(SiMe3)2} have been observed and
characterised, by EPR spectroscopy, as containing a LaII centre;
one of the latter has been shown to be a dme solvated
metallocene, La(CpB)2(dme).3

In recent years metal vapour synthetic techniques have
afforded a variety of novel and reactive low valent organome-
tallic complexes of group 3 and the lanthanides directly from the
elements; the technique remains the only route to zero-valent
molecular lanthanide complexes.4 Cyclisation reactions under-
gone by 2,2-dimethylpropylidynephosphine (tert-butylphos-
phaalkyne, ButCP) at metal atoms during cocondensation
reactions are of considerable current interest since the choice of
metal clearly dictates the nature of ring or rings formed.5 The
most common cyclisation observed to date is the combination of
five phosphaalkyne units resulting in the isolation of sandwich
complexes such as [(V(h5-P3C2But

2)(h5-P2C3But
3)].6 Here, we

report the synthesis of [Sc(h5-P2C3But
3)2] 1, which represents

only the second reported scandium(ii) complex. The first
example, also described by our laboratory, resulted from ligand
metallation during the cocondensation of scandium vapour with
tri-tert-butylbenzene; this product was unfortunately not sepa-
rable from the admixture with [Sc(h-C6H3But

3-1,3,5)2].7 The
present work is thus the first instance in which we have been
able to isolate, and thus fully characterise, a complex of
scandium in this oxidation state.

Cocondensation of electron beam vaporised scandium with
an excess of ButCP at 77 K affords a dark brown matrix which
is soluble in hexanes. Two products are separable from the dark
solution by flash sublimation (220 °C, 1025 mbar), Scheme 1.‡
The dark purple microcrystalline [Sc(h5-P2C3But

3)2] 1 may be
obtained from the sublimate by repeated sublimation and
removal of by-product volatile oils. The forest-green triple-
decker complex [(h5-P3C2But

2)Sc(m-h6 :h6-P3C3But
3)Sc(h5-

P3C2But
2)], can be extracted from the sublimant and has been

the subject of a recent communication.8
The 1,2,4-triphospha-3,5-di-tert-butylcyclopentadienyl ring

is regularly formed in conjunction with the 1,3-diphospha-
2,4,5-di-tert-butylcyclopentadienyl ring in cyclisation reactions
at a number of both transition elements and main group metal
centres.5b Since the yield of 1 is approximately the same as that
of the scandium(i) triple-decker complex [(h5-P3C2But

2)Sc(m-
h6 :h6-P3C3But

3)Sc(h5-P3C2But
2)], which contains a greater

proportion of ligated phosphorus, the number of phosphaalkyne
monomers is preserved between the two complexes. This leads
us to believe, at least in this case, that the fusion of a number of
ButCP molecules around the metal does not simply involve one
metal centre.

Complex 1 is extremely air- and moisture-sensitive and is
soluble in pentane and other non-polar solvents; a solution in thf
decomposes immediately giving no tractable products, preclud-
ing electrochemical studies. Unfortunately, single crystals of 1
suitable for X-ray structural determination could not be
obtained owing to its extreme solubility in solvents with which
it does not react. The intense purple colour of 1, due to an
absorption maximum observed at 571 nm in the UV–VIS
spectrum, is characteristic of a charge transfer band and appears
to be a common feature in low- and zero-valent group 3 and
lanthanide complexes.4a

Magnetic and EPR studies have been employed to study the
d1 electronic configuration of 1. The EPR spectrum of 1 in
toluene at 295 K is broad and shows coupling only to the 45Sc
nucleus, presumably due to rapid relaxation at this temperature,
characterised by giso 1.9823 and Aiso(45Sc) 3.757 mT (I = 7/2,
100%). Upon cooling the sample to a glass at 120 K, well
resolved coupling to scandium is observed, accompanied by
further hyperfine coupling to the four phosphorus nuclei (I = 1

2,
100%) which are equivalent on the EPR timescale at this
temperature, Fig. 1. The resonance is characterised by g4
2.0098 with a calculated value of g∑ 1.9273 and is well
simulated using values of A4(45Sc) 2.99 mT, A∑(45Sc) 5.29 mT
and A(31P) 0.72 mT. The solution magnetic moment is found to
be 1.70 mB at room temperature,9 showing no evidence for any
orbital contribution to the spin only value (meff = 1.73 mB).

Scheme 1 Synthesis of 1 Fig. 1 EPR spectrum of 1 (toluene glass, 120 K)
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Warren has suggested,10 in a review of the ligand field theory
for pseudo-axially symmetric metallocenes that a distortion and
subsequent lowering to C2v symmetry occurs since the
degenerate ground state is necessarily Jahn–Teller unstable. The
majority of d1 metallocene systems extant in the literature are
bent from pseudo-axial symmetry and the resulting quenching
of any orbital contribution results in isotropic g values close to
2.00 and near spin-only values of the magnetic moment.11 A
similar argument is appropriate here since 1 is not modelled
well as axial, owing to the unsymmetric substitution of the
cyclopentadienyl rings.12 The phosphorus atom in the diphos-
phatri-tert-butylcyclopentadienyl ligands provides a second
magnetic nucleus, thus the resolution of coupling to the ligand
nuclei by the electron, particularly at lower temperatures when
the relaxation processes are slowed, strongly suggests that the
single electron resides in the degenerate dxy or dx2

2y2 orbitals
(rather than the dz2 orbital), as predicted.

The existence and stability of 1, which thus completes the
series of divalent metallocenes for the 3d elements, presumably
result from a combination of steric shielding of the diphospha-
tri-tert-butylcyclopentadienyl rings and the increased
p-electron accepting properties of the rings induced by
phosphorus incorporation.

The authors are grateful to Dr A. Abdul-Sada for determina-
tion of the mass spectrum of 1, to Mr C. Dadswell for recording
of the EPR spectrum of 1 and to the EPSRC (ROPA) for
funding.
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brown matrix formed over a period of 2.5 h persisted on warming to room
temperature under an inert atmosphere. The product was washed from the
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yield, ca. 30 mg (based on scandium) after resublimation. UV–VIS for 1:
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Catalytic deoxygenation of epoxides with (Cp*ReO)2(m-O)2 and catalyst
deactivation

Kevin P. Gable,*† Fedor A. Zhuravlev and Alexandre F. T. Yokochi

Department of Chemistry, Orgeon State University, Corvallis, OR 97331-4003, USA 

In situ reduction of Cp*ReO3 by PPh3 to form (Cp*ReO)2(m-
O)2 allows catalytic deoxygenation of epoxides, however,
conproportionation between the ReV and ReVII species to
form clusters of {(Cp*Re)3(m-O)6}2+(ReO4

2)2 and new com-
pound {(Cp*Re)3(m2-O)3(m3-O)3ReO3}+(ReO4

2) leads to re-
moval of rhenium from the catalytic cycle and loss of
activity.

A primary focus of recent work with metal oxo systems has
been formation of new C–O bonds.1 However, cleavage of C–O
bonds with concomitant formation of one or more new MNO
bonds is also a useful transformation. One example of this is
deoxygenation of epoxides, wherein removal of an oxygen atom
generates a new CNC p bond. Given that most methodology for
making epoxides begins with the alkene, the combination
epoxidation/deoxygenation would provide a useful protection/
deprotection sequence for the multiple bond. Few such
sequences now exist,2 and many of these risk loss of
stereochemical integrity or remain incompatible with other
functional groups in the organic substrate. 

We recently observed that (Cp*ReO)2(m-O)2 reacted ster-
eospecifically with epoxides to form alkene plus Cp*ReO3,
presumably via the monomeric form Cp*ReO2.3 Cook and
Andrews recently reported catalytic deoxygenation of vicinal
diols with this rhenium system,4 so we decided to explore the
catalytic deoxygenation of epoxides.

Conditions similar to stoichiometric deoxygenation reactions
were used: toluene solvent, sealed under vacuum, heated to
90–120 °C. An initial study of deoxygenation of 1,2-epoxy-
dodecane using 5 mol% Re gave only traces of alkene after
extensive reaction times. As seen in Table 1, increasing the
porportion of rhenium led to improved yields, but very little
turnover. However, catalytic turnover could be achieved if the
electronic properties of the epoxide were properly tuned.‡ The
optimum turnover was seen in the case of electron-withdrawing
substituents (Table 1).

It was evident from these experiments that catalyst turnover
was being impeded by an interfering reaction. Further, in cases
where poor turnover was observed (Table 1, entries 1, 2, 7), a
green solid was seen to precipitate. The rapid reduction of
Cp*ReO3 to (Cp*ReO)2(m-O)2 at room temperature5a implied
the two compounds did not react with each other, but this might

not be true under the fairly severe reaction conditions of the
deoxygenation ( > 100 °C). Indeed, heating equimolar amounts
of the two at 110 °C for 14 h formed a precipitate (sealed tube;
isolated yield 5% from CHCl3). This green solid was isolated by
filtration and washing with benzene, and was identified as
{(Cp*Re)3(m-O)6}2+(ReO4

2)2 1, first characterized by Herr-
mann et al.5 The IR spectrum (908s cm21, 609, 650w cm21) and
1H NMR spectrum (d 2.22, s; CD3CN) were identical to
reported values. As expected, this salt was unreactive toward
epoxides at elevated temperatures. Anion exchange with NaI in
water gave the iodide salt; the perrhenate band disappeared
from the IR spectrum, though the weak m-O bands remained.
Oxidation of the iodide salt with aqueous H2CrO4 (Jones’
reagent) gave a 37% yield of Cp*ReO3 [based on formulating
the salt as {(Cp*Re)3(m-O)6}I2].

In epoxide reductions and in conproportionation of Cp*ReO3
with (Cp*ReO)2(m-O)2, this compound was accompanied by
formation of an air-stable purple compound 2 that was insoluble
in benzene. This second compound became predominant at
relatively high rhenium concentrations (Table 1, entries 4, 5);
and it was isolated from the conproportionation reaction by
precipitation from benzene in 28% yield. Aside from the
dramatically different visible spectrum, the only other sig-
nificant spectroscopic difference from 1 was a new IR peak at
736 cm21 and weak shoulder on the very strong perrhenate Re–
O stretch at 908 cm21. A single sharp peak appeared in the 1H
NMR (d 2.23 in CD2Cl2). We obtained high quality crystals of
this compound for X-ray diffraction analysis;6§ the structure of
the cation is shown in Fig. 1.

This compound is formulated as {(Cp*Re)3(m2-O)3(m3-
O)3ReO3}+(ReO4

2), a monoperrhenate salt of a cluster. For-
mally, it can be represented by the coordination of ReO3

2 to 1,
although a more useful interpretation is to view it as the neutral
(Cp*Re)3(m-O)6 coordinated to ReO3

+. (The latter is consistent
with the theoretical prediction that compound 1 should be a
ground-state triplet,7 and similar to other reported structures.8)
The ReO3 unit is a slightly distorted octahedral rhenium in a
typical LReO3 environment: the terminal oxo bond lengths are
normal [1.668(10), 1.685(13), 1.707(12) Å] as are the O–Re–O
angles [103.2(6)°, 105.9(6), 104.1(6)°]. The Re3(m-O)6 core is
similar to the trinuclear dication; the Re–Re distances are
2.750(1) and 2.759(1) Å. There is significant distortion of the

Table 1 Reaction of epoxides with catalytic Cp*ReO3 + excess PPh3
a

Conversion
Epoxide c/m [Cp*ReO3]/m t/h T/°C (%) Turnover

1 1,2-Epoxydecane 0.16 0.007 20 116 5% 1.1
2 1,2-Epoxydodecane 0.14 0.007 18 112 < 5% —
3 1,2-Epoxydodecane 0.14 0.029 13 112 20% 0.9
4 1,2-Epoxydodecane 0.14 0.056 13 112 70% 1.6
5 1,2-Epoxydodecane 0.14 0.14 13 112 > 90% 0.9
6 1,2-Epoxydodecane 0.14 0.007† 13 112 50% 10
7 2,3-Epoxynorbornane 0.23 0.009 6 116 < 5% —
8 p-Bromostyrene Oxide 0.12 0.007 16 90 20% 3.4
9 3-Fluoropropylene Oxide 0.28 0.005 3 116 23% 12.9

a [PPh3] = 0.17 m except entry 6, [PPh3] = 0.35 m.
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two sets of bridging oxo ligands compared to compound 1, with
bond lengths averaging to 1.94 Å (m2) and 2.02 Å (m3). The
O–(ReO3) distances are long at an average of 2.18 Å.

Compound 2 is a precursor to the trinuclear cluster 1. Heating
a Me2SO solution of 2 in air to 100 °C for 2 h results in
quantitative conversion. (Under conditions of the conpropor-
tionation or epoxide deoxygenation, Cp*ReO3 can play the
same chemical role as Me2SO in converting the ReO3 unit to
perrhenate.)9 It is still not clear what the origin of the trinuclear
core is, nor the fate of the Cp* ligands lost in formation of 1 and
2. We have seen NMR evidence for monomeric Cp*ReO2,3 but
do not see evidence for a trimeric species. It is possible that
Cp*ReO2 can condense with Cp*ReO3, and that this dimeric
species initiates a cascade resulting in 2. Alternatively, if indeed
the trinuclear ReV cluster forms as an equilibrium aggregate of
Cp*ReO2 units, it may attack Cp*ReO3 irreversibly.

Clearly, the success of the catalytic cycle for epoxide
deoxygenation (or any other system involving this chemistry)
depends on a careful balance of reaction rates (Scheme 1).
Cp*ReO2 must react with the epoxide substrate rapidly, or else
conproportionation will lead to inactivation. The rate of O-atom
transfer from epoxide is controlled by the reactivity of the
substrate, as seen by the impact of substituent on turnover
number. Likewise, Cp*ReO3 must be rapidly reduced to
Cp*ReO2; there is again a competition between reduction and
cluster formation. We tested this by increasing the concen-
tration of PPh3; a 2.4-fold excess led to an increase in
conversion from < 5% to 50% (Table 1, Entry 6)! It must be
noted that this required an almost saturated solution of PPh3.
Although this modification interferes with the practicality of
this catalytic cycle, it shows that the key to an improved system
is to design a kinetically more reactive stoichiometric reductant
that does not interact with the epoxide.

We wish to thank the donors to the Petroleum Research Fund,
administered by the American Chemical Society, and the

National Science Foundation (CHE-9619296, CHE-9015466)
for support of this work. A. F. T. Y. thanks the National Science
Foundation (grant CHE-9711187) for support.
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Triamidoamine complexes of scandium, yttrium and the lanthanides

Paul Roussel, Nathaniel W. Alcock and Peter Scott*†

Department of Chemistry, University of Warwick, Coventry, UK CV4 7AL 

Synthesis of the simple triamidoamine complexes of the
group 3 and lanthanide elements is achieved for the first
time by reaction of [Li3(NNA3)(thf)3] [NNA3 =
N(CH2CH2NSiMe3)3] with the metal trichlorides; the ‘ate’
complexes [M(NNA3)ClLi(thf)3] (M = Sc, Y, La) thus
produced are converted smoothly to [M(NNA3)] on sublima-
tion in vacuo.

The quadridentate triamidoamines [N(CH2CH2NR)3]32 are
established as an important class of ligand for the main group,
transition and actinide elements. The complexes formed have
unique properties as a result, for example, of the formation of a
single, sterically protected fifth coordination site.1 Most
recently we have reported the complexation of dinitrogen to a
(triamidoamine)uranium centre; an unprecedented feat for an
actinide element.2

Reported attempts to synthesise the group 3 and lanthanide
triamidoamines have thus far led to isolation of a novel trigonal
monopyramidal lithium compound,3 or the formation of the
unusual product I below.4

The triamidoamine ligand [N(CH2CH2NR)3] (R = SiMe3)
would be expected to have a lower steric demand than the
closely related fragment {N(SiMe3)2}3 because of the con-
straints of the tripodal chelate structure. The actinide complexes
[U{N(CH2CH2NSiMe3)3}X] for example tend to have dimeric
or distorted structures unless strong p-donor ligands X are used5

while the compounds [U{N(SiMe3)2}3X] are monomeric.6 The
more sterically demanding triamidoamines R = SiPri

3 and
SiMePh2 form complexes which, in our experience, are difficult
to isolate and unreactive. The ligand R = SiMe2But7 (hence-
forth NNA3) however represents a suitable compromise between
steric demand and synthetic utility. In its complexes with the
actinides, three tert-butyl groups are oriented such that they
encircle the equatorial plane in three-fold symmetric (trigonal
pyramidal) structures and thus stabilise this geometry while
allowing reactivity at the remaining axial site.8 The complexes
are crystalline, soluble and volatile. Using this type of ligand we
have synthesised for the first time the simple group 3 and
lanthanide triamidoamines.

Reaction of pure [Li3(NNA3)(thf)3] 1 with anhydrous
[MCl3(thf)n] (M = Sc, Y, La) in thf leads to rapid dissolution of
the metal halide and formation of the analytically pure,
colourless ‘ate’ complexes [M(NNA3)ClLi(thf)3] (M = Sc 2, Y
3, La 4) in near quantitative yields (Scheme 1).‡

Single crystals of the yttrium compound 3 were grown by
slow cooling of a concentrated solution in pentane. The

molecular structure shown in Fig. 1 was determined by X-ray
diffraction.§ The crystallographically threefold symmetric
(triamidoamine)yttrium fragment is distorted from trigonal
monopyramidal geometry by the displacement of the yttrium
atom 0.67 Å out of the plane defined by the three amido nitrogen
atoms. In the related triamides [M{N(SiMe3)2}3] (M = Sc, Eu9

Y,10 Nd,11 Yb12) the metal atoms all lie 0.4 Å above the plane
regardless of the ionic radius of the metal.13 The apical amino
N(1)–Y bond length in 3 is 2.588(4) Å. The amido N(1)–Y bond
length of 2.231(2) Å is comparable to 2.226(6) Å found in
[Y{N(SiMe3)2}3]. The Y–Cl bond of 2.6526(16) Å is slightly
longer than 2.55 and 2.598(2) Å observed in the ‘ate’ complexes
[Y{N(SiMe3)2}3Cl][Li(thf)4] and [YR3ClLi(Et2O)3] [R =
CH(SiMe3)2], respectively,10 presumably as a result of the trans
effect of the amino N(1).

Heating compounds 2–4 to 140 °C and 1026 mbar led to the
distillation of pure colourless [M(NNA3)] (M = Sc 5, Y 6, La 7)
which solidified on cooling.‡ Trigonal monopyramidal triami-
doamine complexes of the first row transition metals have been

Scheme 1 Synthesis of complexes 2–7

Fig. 1 Thermal ellipsoid plot of the molecular structure of 3; hydrogen
atoms omitted
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synthesised,7,14 but similar complexes of the second and third
row have not been detected despite their implication in
dinitrogen activation processes.15 We cannot at present exclude
the possibility of an agostic C–H–Y interaction in the apical
coordination site, although no unusual NMR or IR shifts were
observed.

Variable temperature NMR spectra of 2 in [2H8]toluene
solution show that an equilibrium is established between the
‘ate’ complex [Sc(NNA3)ClLi(thf)3] 2 and [Sc(NNA3)] 5 with the
ratio [5] : [2] = 1 : 2.0 at 293 K. For the yttrium compounds, the
ratio [6] : [3] is 1 : 22 while for lanthanum the base-free
compound [La(NNA3)] is not observed up to ca. 373 K. Thus the
increase in atomic radius from ScIII (0.89 Å) to LnIII (1.17 Å) is
accompanied by increased stability of the ‘ate’ complex; a good
example of the prevalence of steric over electronic effects in
lanthanide chemistry.

Complexes analogous to 2–7 are readily prepared for all of
the stable lanthanides; we will report the trends in magnetic and
spectroscopic properties of these compounds in due course.
They have potential applications as regioselective Lewis acid
catalysts by virtue of their single, sterically protected coordina-
tion site; related chiral titanatranes are effective enantio-
selective catalysts.16 For the moment, we have shown that with
suitable choice of ligand substituent, the elusive triamidoamine
complexes of scandium and the rare earth elements can be
synthesised.

P. S. wishes to thank the EPSRC for a Project Studentship,
BNFL for a CASE award (to P. R.), and Pfizer Ltd. and
SmithKline Beecham for support.
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Resonant magnetization tunnelling in the half-integer-spin single-molecule
magnet [PPh4][Mn12O12(O2CEt)16(H2O)4]

Sheila M. J. Aubin,a Stefano Spagna,b Hilary J. Eppley,c Ronald E. Sager,b George Christou*c and David N.
Hendrickson*a

a Department of Chemistry and Biochemistry-0358, University of California at San Diego, La Jolla, CA 92093, USA
b Quantum Design, 11578 Sorrento Valley Road, Suite 30, San Diego, CA 92121, USA
c Department of Chemistry, Indiana University, Bloomington, IN 47405-4001, USA

Steps are observed on the magnetization hysteresis loop for
an oriented crystal sample of [PPh4][Mn12O12(O2CEt)16-
(H2O)4] and these are taken as evidence for field-tuned
resonant magnetization tunnelling between quantum levels
of the S = 19/2 ground state.

The interest in single-molecule magnets (SMM) is growing.1,2

A SMM has a large spin ground state with such a large magnetic
anisotropy that an individual molecule exhibits hysteresis in its
magnetization vs. external field response. The first SMM
reported3–5 is neutral [Mn12O12(O2CMe)16-
(H2O)4]·2(HO2CMe)·4H2O 1 (denoted Mn12-acetate), which
has an S = 10 ground state. Molecules possessing Mn12,6 Mn4,7
Fe8,8 and V4

9 metal contents have been found to function as
SMM. Recently, Friedman et al.10 reported the initial observa-
tion of resonant magnetization tunnelling for Mn12-acetate;
steps were observed at regular intervals of magnetic field in the
magnetization hysteresis loop for oriented crystals. Here, we
report the observation of steps in the hysteresis loop for oriented
crystals of the salt [PPh4][Mn12O12(O2CEt)16(H2O)4] 2. In
previous work we have shown11 the [Mn12]2 anions in 2 have
an S = 19/2 ground state. The observation of resonant quantum
tunnelling in this salt is of considerable interest since a half-
integer-spin system should not tunnel coherently in the absence
of a magnetic field.12,13

In solution, it is possible to add a single electron to a Mn12
molecule, and the X-ray crystal structure11 for complex 2 shows
that the added electron is localized on an outer (originally Mn3+)
ion rather than an inner (cubane) Mn4+ ion, producing a trapped-
valence Mn2+, Mn3+

7, Mn4+
4 anion in the crystal. The [Mn12]2

anion has an S = 19/2 ground state with the double-well
potential energy diagram shown in Fig. 1. There are 20 different

states with ms = ±19/2, ±17/2 . . ., ± 1/2. The double well
represents the change in potential energy of one [Mn12]2 anion
in zero field as the anion changes the direction of its magnetic
moment from ‘spin up’ (parallel to z-axis) where ms = +19/2 to
‘spin down’ (antiparallel to z-axis) where ms = 219/2. The
barrier height U is 90ıDı, where D is the parameter character-
izing the axial zero-field splitting (DSz

2) in the S = 19/2 ground
state.

The rate of relaxation of the magnetization was measured for
a polycrystalline sample of 2 equilibrated at one of five
temperatures in the range 1.8–2.5 K in an external magnetic
field of 3.5 T; the latter was then quenched to zero. The decrease
in the magnetization measured at each temperature was fitted to
a distribution of single exponentials to give the relaxation rate.
Relaxation rates were also determined in the range 3.2–7.2 K by
means of ac magnetic susceptibility measurements in zero dc
field. At a fixed temperature, the in-phase (cMA) and out-of-
phase (cMB) components of magnetic susceptibility were
measured as the frequency of the ac field (0.05 Oe) was varied
from 0.01 to 1500 Hz. The relaxation time (t) at a given
temperature was determined by fitting the data to eqn. (1),14

where w is the angular frequency (2pn), cS is the adiabatic
susceptibility (i.e. w ? H) and cT is the isothermal

cMA = cS + (cT 2 cS)/(1 + w2t2) (1)

susceptibility (i.e. w? 0). The relaxation rates vary from 3.94
3 104 s21 at 7.2 K to 6.19 3 1026 s21 at 1.8 K. Fig. 2 shows
an Arrhenius plot of ln(1/t) vs. 1/T. These data were fit to the
Arrhenius law to give a barrier height, U, of 60.2 K with a pre-
exponential (1/t0) of 1.31 3 108 s21. This compares with
U = 61–67 K and 1/t0 ~ 107 s21 found4,5 for the S = 10
molecule, Mn12-acetate.

Fig. 1 Plot of potential energy vs. the magnetization direction for a single
molecule with an S = 19/2 ground state in zero magnetic field. Axial zero-
field interactions split the S = 19/2 state into m = ±19/2, ±17/2, . . ., ±1/2
levels.

Fig. 2 Plot of the logarithm of the rate of relaxation vs. the inverse absolute
temperature for [PPh4][Mn12O12(O2CEt)16(H2O)4] 2
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Five small crystals (3 3 0.1 3 0.1 mm) of 2, grown from
CH2Cl2–hexanes, were suspended in eicosane held at 40 °C and
the suspension introduced into a 5.5 T field, whereupon the five
crystals were oriented each with its easy axis parallel to the
field. The eicosane was then cooled to room temperature, to
give a solid wax cube with the five crystals oriented with
parallel easy axes. Fig. 3 shows the hysteresis loop taken at 1.85
K with the magnetic field applied along the easy axes of the
crystals. The sample was first saturated in a field of +2.0 T, and
the field then swept down to 22.0 T, and cycled back to +2.0 T.
The rate of change of the field was 25 Oe s21 and each data
point was measured within a few milliseconds. The whole
hysteresis loop was collected in 1 h. Steps can clearly be seen on
the hysteresis loop, as was reported10 for the neutral molecule,
Mn12-acetate. In the lower part of Fig. 3 is shown the first
derivative of the hysteresis plot. As the field is decreased from
+2.0 T, the first step is seen at zero field, followed by steps at
20.4686, 20.9022 and 21.262 T. The steps correspond to
increases in the rate of change of the magnetization, and are
attributable to resonant tunnelling between quantum spin states.
With reference to Fig. 1, a +2.0 T field leads to a stabilization in
energy of the ms = 219/2 and a destabilization of the
ms = +19/2 state. When there is saturation, all of the molecules
are in the ms = 219/2 state. As the field is decreased, the first
step in the hysteresis loop is seen at zero field. Resonant
tunneling occurs because the ms levels on the right-hand side of
the double well have the same energies as the ms levels on the
left.

The simplest Hamiltonian for [PPh4][Mn12O12(O2CEt)16-
(H2O)4] 2 is given by eqn. (2).

Ĥ = 2DŜz
2 2 gmBŜ·Ĥ (2)

If the field is applied along the easy axis, then the eigenstates are
IS, ms > . The first term in the Hamiltonian gauges the axial zero-
field splitting of the S = 19/2 ground state. Physically, this zero-

field splitting of the ground state is largely due to the single-ion
zero-field splitting at the Mn3+ ions in the [Mn12]2 anion. With
the above Hamiltonian, it can be shown that the spacings
between the steps in the hysteresis loop are given as
DH = 2Dn/gmB, where n = 0, 1, 2, 3, . . . . From Fig. 3, we
calculate the average step size to be DH = 0.42 T, which gives
a value of D/g of 0.20 cm21, identical to the value obtained for
2 by fitting variable-field magnetization data,11 and high-field
EPR data more recently.

Friedman et al.10 observed six steps for the neutral Mn12-
acetate, including the step at zero field, as the field was swept
from zero to 23 T after saturation in a +3 T field. We have
observed only four steps for the salt 2, presumably due to the
faster relaxation rate of the latter complex. At lower tem-
peratures, more steps should be seen since the relaxation rate
will decrease. For both molecular systems, each successive step
is seen. This is interesting because the Mn12-acetate molecule
has an integer spin ground state with S = 10, whereas the
[Mn12]2 anion has a half-integer-spin ground state with S
= 19/2. There have been several papers12,13 addressing the fact
that a molecule with an odd number of unpaired electrons (such
as S = 19/2) should not exhibit resonant tunnelling in the
absence of a magnetic field. For such a molecule, each pair of
±ms levels in zero-field exhibits Kramers degeneracy. An
S = 19/2 molecule should not be able to tunnel coherently
between the ms = 219/2 and ms = +19/2 levels, or for that
matter, between any ms and 2ms pair in the absence of a
magnetic field. However, clearly the salt of [Mn12]2 shows
steps on the hysteresis loop. A possible mechanism for resonant
tunneling in this S = 19/2 molecule centers around the nuclear
spins in the molecule. The 55Mn and 1H nuclei have spins of
I = 5/2 and I = 1/2, respectively, and this will give rise to a
small internal magnetic field (10–200 G) in the molecule. A
transverse component of this internal magnetic field may lead to
resonant tunnelling for an oriented collection of [Mn12]2
molecules in zero external field.

This work was supported by the National Science Founda-
tion. The W. M. Keck Foundation provided funds for the
SQUID magnetometer used in the ac susceptibility experi-
ments.
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Fig. 3 The top plot shows the magnetization hysteresis loop measured at
1.85 K for five crystals of [PPh4][Mn12O12(O2CEt)16(H2O)4] 2 oriented in
an eicosane wax matrix. In the lower plot is shown a plot of the first
derivative of the magnetization hysteresis loop.
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Solar light induced carbon–carbon bond formation via TiO2 photocatalysis

Laura Cermenati,a Christoph Richterb and Angelo Albinia†
a Department of Organic Chemistry, University of Pavia, via. Taramelli 10, 27100 Pavia, Italy
b Plataforma Solar de Almeria, PO Box, 22, 04200 Tabernas, Almeria, Spain

Solar light irradiation of a TiO2 suspension in MeCN
containing maleic anhydride and 4-methoxybenzyl(trime-
thyl)silane gives benzylated succinic acid (or anhydride) on
a gram scale.

Irradiation of a semiconductor (l ! DEbg = Ecb 2 Evb, see
Scheme 1) causes charge separation. If a significant part of the
solar emission is absorbed, methods for solar energy conversion
based on this principle can be devised. Most of the research in
this field makes use of titanium dioxide, an inexpensive,
chemically stable and atoxic semiconductor which absorbs all
of the UV component of the solar spectrum.1–4 Photo-
electrochemical solar cells have been devised and their
efficiencies have been considerably improved over the years.
However, solar light is diffuse, and electrical power produced in
this way remains expensive.5 The same holds for the production
of fuels, e.g. hydrogen, which is also feasible using this
principle.5 On the other hand, the production of fine chemicals
may be rewarding. We report here an example of the use of solar
light for the most typical reaction of organic synthesis, carbon–
carbon bond formation, via TiO2 photocatalysis. The reaction
considered is the radical alkylation of electron-withdrawing
substituted olefins.

When planning a synthesis based on TiO2 photocatalysis, the
problem is to translate a transient charge separation (electron-
hole recombination on the semiconductor surface takes place in
ca. 30 ps)6 into an irreversible and selective reaction. The
system we used is outlined in eqns. (1)–(4). The solution

TiO2(h+, e2) + R1X + R2Z ? TiO2 + R1X+· + R2Z2· (1)

R1X+· + TiO2(e2) ? TiO2 + R1X (2)

R1X+· + R2Z2· ? R1X + R2Z (3)

R1X+·? R· ? Products (4)

must contain both a donor and an acceptor with the suitable
redox potential [see eqn. (1)] since return electron transfer to the
surface [e.g. eqn. (2)] would otherwise immediately quench the
key intermediate. One of the radical ions should react rapidly in
order to prevent back electron transfer after diffusion [eqn. (3)]
from quenching the reaction. In our case, the reaction is
cleavage of the radical cation leading to a radical, which is then
trapped in the desired chemical reaction [eqn. (4)]. This implies
that the radical anion should not fragment, because otherwise
statistical radical coupling (R1· + R2·) would result, and that
efficient trapping prevents dimerisation of R1·.

In the present case, 4-methoxybenzyl(trimethyl)silane (see
Scheme 1, Eox 1.31 V vs. SCE in MeCN, cf. Evb 2.2 V for TiO2)
functions as the fragmentable donor and either maleic acid or
maleic anhydride (Ered20.84 V, cf. Ecb20.8 V) has the double
role of electron acceptor and radical trap.

Thus, an MeCN solution (1 l) of the silane (3.88 g, 0.02 m)
and maleic anhydride (2.16 g, 0.022 m) containing TiO2 (1.4 g)
(untreated Degussa P25 pigment) was pumped by means of a
peristaltic pump through a refrigerated tube sitting in the focus
of a parabolic mirror (surface exposed to the sun 0.2 m2), while
maintaining a slow flux of nitrogen and keeping the temperature
at 15 °C. This arrangement was sufficient for maintaining a
uniform suspension of TiO2 in the tube. After 10 h (July,
Almeria, sunny day) of exposure to solar light, the suspension
was filtered, the solvent evaporated and the residue recrystal-
lized to give 2.86 g (65%) of 2-(4-methoxybenzyl)succinic
anhydride. Minor products were 4,4A-bis(4-methoxy)bibenzyl
and 2,3-bis(4-methoxybenzyl)succinic anhydride.

Monitoring the reaction by GC showed that it followed the
expected zero-order kinetics, and reagent consumption and

Scheme 1
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product formation were proportional to the integrated incident
flux‡ (Fig. 1). A similar reaction course and a similar yield of
the benzylated succinic acid was obtained when maleic acid was
used in the place of the anhydride, although this required 22 h
exposure overall. Furthermore, the alkylation could be effected
with other donors, e.g. 4-methoxyphenylacetic acid.

These reactions are initiated by hole/electron transfer to
produce a pair of radical ions (see Scheme 1). The alkene radical
anion is stable, while the silane radical cation fragments and
gives the 4-methoxybenzyl radical. Under the present condi-
tions this is mainly trapped by maleic anhydride (or acid), rather
than coupling. The adduct radical is reduced by the persistent
radical anion of the acceptor or by electron transfer at the
semiconductor surface, and protonated by water present in
MeCN to give the final products. Operation of a similar
mechanism for photoinduced electron transfer initiated alkyla-
tion of unsatured acid derivatives had been previously demon-
strated to occur when a soluble sensitizer was used (although in
that case no benzylation was observed),7 but has no precedent in
photocatalysis.§ The change to a heterogeneous sensitiser
simplifies the method, since introduction of other species into
the solution is avoided, work-up is simpler and the semi-
conductor can be recovered.

Exploitation of solar light in this way is not efficient (at the
present stage ‘apparent’¶ quantum yields are ca. 3% for the
anhydride and 1% for the acid, see Fig. 1, and the literature
shows that in general this quantity does not exceed 10% with
TiO2 sensitised reactions,9 in part due to reflection). However,

a good yield of alkylated products is obtained on a reasonable
scale by this simple method, both solvent and semiconductor are
easily recovered and reused, and little excess reagents or by-
products remain. This may induce further exploration of
heterogeneous photocatalysis for organic synthesis beyond the
few cases that are known to date,8,10 and lead to its use, along
with homogeneous photoreactions,11 for the exploitation of
solar light.

Support of this work by the EC under the TMR program is
gratefully acknowledged.
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Fig. 1 Formation of (-) 4-Methoxybenzylsuccinic anhydride or (<) acid vs.
incident UV photons
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New type formation of 1,3-enynes (or internal alkynes) via coupling of
organoboranes with alkynylcopper compounds mediated by copper(ii)

Yuzuru Masuda,*† Miki Murata, Kaname Sato and Shinji Watanabe

Department of Materials Science, Kitami Institute of Technology, Kitami 090-8507, Japan 

The copper(II)—mediated coupling reaction of alkenyl-
dialkyl- or trialkyl-boranes with alkynylcopper compounds
(generated in situ), in the presence of appropriate solvents
and a small amount of water, gives (E)-1,3-enynes (or
disubstituted alkynes) with various functional groups in
reasonable yields.

Conjugated enynes are attractive organic compounds,1,2 and in
recent years3 have been mainly constructed via coupling
reactions4 of organometallic compounds (alkynyl5 or alke-
nyl6,7) with organic halides (alkenyl5 or alkynyl6,7) respec-
tively. They can also be synthesized via the internal coupling of
lithium (dialkyl) (alkenyl)(alkynyl)borates by I2

8a or of (alkyl)-
(alkenyl) (alkynyl)boranes by I2 and MeOK.8b Internal alkynes
can also be formed in a similar manner.4,8c

Previously we found a synthesis of alkenyl9a or alkyl9b

cyanides via copper(ii) acetate—mediated reactions of alkenyl-
or alkyl-boranes10 with copper(i) cyanide. This observation led
us to investigate a synthetic approach to 1,3-enynes (or
substituted alkynes) via a similar reaction employing copper(i)
acetylides, regarding them simply as copper(i) cyanide ana-
logues.

Thus, although the reaction of (E)-hex-1-enylbis(1,2-dime-
thylpropyl)borane11 1a with neat hexynylcopper (prepared and
isolated via the generally known method), in the presence of
copper(ii) acetate, HMPT and a small amount of water,
generated (E)-dodec-5-en-7-yne 2a in unsatisfactory yield
(35%), accompanied with dodeca-5,7-diyne (10%), the in-
troduction of copper(ii) nitrate trihydrate to the reaction mixture
provided the enyne 2a in 77% yield (GC) and the diyne in 3%
yield. In a similar reaction employing hexyldicy-
clohexylborane11 1aA, the introduction of Cu(acac)2

9b along
with Cu(OAc)·H2O afforded dodec-5-yne 2aA in 70% yield [in
the absence of Cu(acac)2, the yield was 25%].

In order to obtain more practical synthesis, further improve-
ments of the reaction procedures were attempted. Consequently,
the sequence shown in Scheme 1, which probably proceeds via
in situ generation12 of the alkynylcopper species [from alk-
1-ynes with copper(i) iodide], was used instead of that
previously described which utilised neat reactants prepared
separately. DMA–pyridine was the solvent system of choice for
enynes 2 (or DMA alone for internal alkynes 2A).

For the synthesis of internal alkynes 2A, the participation of
CuI was not always essential (suggesting that copper acetate
might take the place of the copper iodide).13 However, for the
syntheses of enynes 2, its absence always led to poor results. In
this manner, conjugated (E)-alkenynes 2 or disubstituted
alkynes 2A were produced easily‡ and isolated§ with high
selectivities [E-isomers > 99%; the diynes (by-product) were
present in trace amounts] and in reasonable yields as shown in
Table 1 (entries 1–3 and 13–14).

The present reaction tolerates various functional groups on
the alkyne moiety (R2) to afford 2d (entry 4), 2e (entry 5), 2f
(entry 6), 2g¶ (entry 7), 2h∑ (entry 8), 2l (entry 12), 2dA (entry
15) and 2mA (entry 16), in a similar manner to that for the
reaction using alkynylcopper.5a In contrast, the reaction using
lithium alkynylborate8a would have some problems in this
aspect. Also, the toleration of functional groups on the boron

reagent (R1)15 was confirmed by the reactions which gave 2i
(entry 9), 2j (entry 10), 2k (entry 11), 2l (entry 12) and 2nA
(entry 17).

We feel that the organocopper species (i.e. alkenyl- or alkyl-
copper) is probably generated via a transmetalation of the
organoborane. However, the detailed mechanism of the present
reaction is unclear due to the absence of direct or obvious
evidence, like many organocopper reactions to date.

In summary, the present reaction is not only interesting as a
new method for formation of (E)-1,3-enynes (or disubstituted
alkynes), but is also remarkably useful for the synthesis of such

Scheme 1 Reagents and conditions: i, RA2BH (1 equiv.), THF, 215 °C, then
0 °C, 3 h; ii, R2C·CH (1 equiv.), CuI (1.1 equiv.), pyridine (2 equiv.), DMA,
0 °C, then 20 °C, 3 h; iii, Cu(OAc)2 (2 equiv.), Cu(NO3)2·3H2O (2 equiv.),
THF, 0 °C, then 20 °C, 18 h; iv, RB2BH (1 equiv.), THF, 0 °C, 2 h; v,
R2C·CH (1 equiv.), Cu(OAc)2·H2O (2 equiv.), Cu(acac)2 (0.25 equiv.),
DMA–THF, 0 °C, then 20 °C, 18 h

Table 1 Products and their yields

Product (enyne) 2 or (alkyne) 2A
Yield

Entry R1 R2 (%)a

1 2a Bu Bu 85 (90)b

2 2b Bu Ph 70
3 2c But But 76
4 2d Bu (CH2)2COMe 84
5 2e Bu (CH2)2CN 87
6 2f Bu (CH2)2CO2Et 79
7 2g Bu (CH2)4OH 86
8 2h Ph C(Me)2OH 72
9 2i (CH2)2CN Bu 80

10 2j (CH2)2CO2Et Bu 75
11 2k (CH2)2OH Bu 86c

12 2l (CH2)2COMe CH2OH 72
13 2aA Bu Bu 76 (83)b

14 2bA Bu Ph 72
15 2dA Bu (CH2)2COMe 77
16 2mA Bu CH2OH 75
17 2nA (CH2)2COMe Bu 73

a Isolated, based on 1 or 1A employed: E-isomers > 99%. b By GC. c Using
2 equiv. of RA2BH.
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compounds having a variety of functional group. Further
investigations are underway.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Japan (No.
04650763).
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Total syntheses of palmarumycins CP1 and CP2 and CJ-12,371: novel
spiro-ketal fungal metabolites

Anthony G. M. Barrett,*† Dieter Hamprecht and Thorsten Meyer

Department of Chemistry, Imperial College of Science, Technology and Medicine, London, UK SW7 2AY 

Total syntheses of palmarumycins CP1 1 and CP2 9 and the
structurally related CJ-12,371 11 are reported, thereby
establishing a strategy for the synthesis of further natural
products in the palmarumycins, diepoxines and preussomer-
ines family.

The palmarumycins,1 diepoxines2 and preussomerines3 are a
structurally remarkable class of natural products isolated from
various fungi cultures. They all are graced with a spiro-ketal
entity formally derived from naphthalene-1,8-diol 6 and
1,4-naphthoquinone, yet at rich and varied oxidation levels. All
three classes of fungal metabolites are undoubtedly closely
interrelated biosynthetically and may well be derived from a
naphthalene-1,8-diol spiro-ketal with late introduction of the
unusual oxygenation patterns. These secondary metabolites are

exemplified by palmarumycin CP1 1, palmarumycin CP3 2,
diepoxine s 3 and preussomerine E 4, which show diverse
biological effects including selective antifungal and antibac-
terial activities.4 Although Wipf and Jung have reported studies
towards the synthesis of diepoxine s 35 and Krohn et al. have
reported an elegant biomimetic cyclisation approach to a model
spiro-ketal array,6 there have been no reports on the total
synthesis of any natural product in this intriguing series. Herein
we now report the total syntheses of three natural products
palmarumycins CP1 1 and CP2 9 and CJ-12,371 11.

Condensation of 5-methoxytetralone 5 and diol 67 under acid
catalysis gave spiro-ketal 7‡ in an 86% yield (Scheme 1).
Subsequent benzylic oxidation using bipyridinium chlorochro-
mate8 and a 30-fold excess of tert-butyl hydroperoxide gave the
corresponding ketone 8 in 61% yield. Alternative oxidants
including Jones’ Reagent or potassium permanganate were
much less efficient for the preparation of ketone 8. Reaction of

the methyl ether 8 with a freshly prepared solution of
magnesium iodide9 in benzene gave palmarumycin CP2 9
(84%). Deprotection using magnesium iodide was found to be
far superior to trimethylsilyl iodide (32%) or sodium ethane-
thiolate (63%).10 Oxidation of ketone 8 with DDQ11 followed
by deprotection of the methyl ether with B-bromocatechol-
borane12 gave palmarumycin CP1 1, the dehydro analogue of 9,
in 33% yield over two steps.

Finally, palmarumycin CP2 9 was converted into its corre-
sponding dihydro derivative 11 (60% yield, 93% ee)§ by
asymmetric reduction using (+)-B-chlorodiisopinocampheyl-
borane 1213 (Scheme 2). It is germane to mention that reduction
presumably takes place via intramolecular hydride delivery
thereby reversing the absolute stereochemistry of reaction seen

Scheme 1 Reagents and conditions: i, TsOH (cat), PhH, Dean–Stark, 48 h,
reflux, 86%; ii, CrO3·HCl·bipy, ButOOH, Celite, PhH, 10 h, room temp.,
61%; iii, MgI2, PhH, 1.5 h, reflux, 84%; iv, DDQ, PhH, 10 h, reflux, 65%;
v, B-bromocatecholborane, DBU, CH2Cl2, 10 min, 5 °C, 50%

Scheme 2 Reagents and conditions: i, (+)-12, THF, room temp., 18 h, then
H2O2, KOH
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with simple alkyl aryl ketones.13 The product of reduction,
alcohol 11, is a natural product in its own right named CJ-
12,371 11,14 a DNA-gyrase inhibitor isolated from an uni-
dentified fungus (N983-46). The authenticity of both palmar-
umycins CP1 1 and CP2 9 were established by comparison of the
synthetic compounds with authentic samples (1H and 13C NMR
spectroscopy). Unfortunately, we have been unable to obtain an
authentic sample of CJ-12,371 11 and the characterisation of
our synthetic material rests on comparison of our data with
those published for the natural product.14

It is clear that the spiro-ketal 7 is a useful intermediate for
further redox manipulations and the synthesis of simple
palmarumycins. Further studies towards the total synthesis of
the more challenging and higher oxidation level diepoxines and
preussomerines are currently under investigation and will be
reported in due course.

We thank SmithKline Beecham for support of our
research, Glaxo Wellcome Research Ltd. for an endowment (to
A. G. M. B.), the Wolfson Foundation for establishing the
Wolfson Centre for Organic Chemistry in Medical Science at
Imperial College and Professor Karsten Krohn for authentic
samples of palmarumycins CP1 1 and CP2 9.
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Laser-induced molecular mixing of electron donor and acceptor in poly(ethyl
methacrylate)

Guillaume Gery, Hiroshi Fukumura*† and Hiroshi Masuhara

Department of Applied Physics, Osaka University, Suita, Osaka 565, Japan 

Dicyanoanthracene molecules are ejected from a polymer
film by pulsed UV laser irradiation and are transferred into
another polymer film containing hexamethylbenzene, result-
ing in the formation of the charge-transfer complex in a
polymer solid.

Intense irradiation with UV laser pulses has been considered to
decompose organic molecules in polymer solids by multi-
photonic chemical reactions.1 However, we have recently
shown that aromatic molecules dispersed in polymers hardly
decompose by nanosecond laser irradiation and can be ejected
from the polymer surfaces without decomposition.2–4 The
evidence that a large thermal jump dominates in laser ablation
of doped polymers has been provided by transient thermal
expansion of the polymer surfaces.5 Based on these mechanistic
studies of dopant-sensitized laser ablation, we have developed
laser molecular implantation (LMI) as an innovative method to
generate patterns of intact molecules on polymer surfaces.6–8

The process involves the overlay of two polymer films: the
source film, which contains dopant molecules absorbing the
laser light, and the target film, which may be a neat polymer
film. Molecules embedded in the source film are excited by a
pulsed excimer laser and implanted into the target film in
contact. From fluorescence measurements under total internal
reflection conditions, the thickness of the implanted layer is
estimated to be of a few tens of nanometers.7 Our attention is
now focused on space-selective chemical reactions in a
controlled volume beneath a polymer surface by transferring
reactants by LMI. This method can be applied for the fabrication
of devices using a variety of organic functional molecules. The
successful attempt described in this report is opening new
prospects for nano-scale chemistry in solid macromolecular
structures.

Poly(ethyl methacrylate) (PEMA, Mw = 3.4 3 105, Aldrich)
films were prepared by spin coating on glass plates from
chloroform (Nacalai Tesque Inc. HPLC grade) solutions. The
typical thickness of the films was 3 mm when the concentration
of PEMA in chloroform was 6 wt% and the spin speed was 1000
rpm. Source films were prepared from a saturated solution of
9,10-dicyanoanthracene (DCNA, Kodak) in PEMA–chloro-
form. Micro-crystals were removed by syringe filters (PTFE 0.2
mm, DISMIC-25 JP, Advantec Toyo). The concentration of
hexamethylbenzene (HMB, Nacalai Tesque Inc.) in target films
was 0.4 m. For each measurement a neat PEMA target film was
irradiated under the same conditions and used as a reference.
Only DCNA exhibited an absorption band in the spectral region
above 320 nm and a XeF excimer laser pulse (351 nm, fwhm ≈
30 ns) allowed the selective excitation of DCNA molecules.
After irradiation, the fluorescence spectrum of the target film
was recorded on a conventional spectrofluorometer (Hitachi
F-4500) and the surface was observed by both a fluorescence
microscope (Olympus BX 50) with a U-MWU filter unit (lex <
400 nm; observation: 400–700 nm) and a scanning electron
microscope (SEM) (JEOL JXA-8600X). In the case of
repetitive irradiation, it was carried out at 1 Hz or less in order
to avoid any cumulative heating effect.

DCNA and HMB are known to form exciplexes in solution
and in the gas phase.9–12 Fluorescence spectra of polymer films

doped with DCNA and of films doped with both DCNA and
HMB were recorded and used as standards. DCNA films
emitted blue fluorescence with a maximum at 430 nm when
excited at 380 nm. When HMB was introduced, the monomer
fluorescence was quenched, and a broad and structureless band
appeared at ca. 500 nm (green emission). The excitation
spectrum of this compound corresponded to the superposition of
the vibrational structure of DCNA monomer fluorescence and a
broad charge-transfer band indicating complex formation in
ground state between DCNA and HMB.

Laser-implanted area was first examined by fluorescence
microscopy. With the first laser shot, the surface was implanted
with a gold–yellow emissive compound. This compound was

Fig. 1 Fluorescence (––––, excited at 380 nm) and their excitation (- - -,
observed at 550 nm) spectra of the target films after laser irradiation (laser
fluence, 200 mJ cm22; source film ablation threshold, 400 mJ cm22). (a)
The emission band of the yellow compound formed by the first laser shot
appeared at ca. 560 nm. The excitation spectrum was shifted to longer
wavelengths compared to monomeric DCNA. (b) After 10 shots irradiation,
the emission spectrum of the implanted area almost corresponded to the
monomer emission and the excitation spectrum was identical to the DCNA
monomer absorption spectrum. (c) When HMB was involved in the target
film a clear charge transfer band of the DCNA–HMB complex appeared at
ca. 500 nm.
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always formed with the first laser shots irrespective of the
existence of HMB in the target film. By increasing the number
of laser shots, the yellow fluorescence disappeared and instead
blue monomer fluorescence was observed for the target film not
including HMB. When the target film contained HMB, the color
of the implanted pattern turned to green fluorescence suggesting
the formation of the charge transfer complex.

In order to confirm the complex formation in the polymer
matrix, we also measured fluorescence spectra of those
implanted polymer films (Fig. 1). After the first laser shot, the
emission spectrum of the target film exhibited a broad band
centered at ca. 560 nm and the excitation spectrum was shifted
to a longer wavelength region compared to the DCNA monomer
absorption band [Fig. 1(a)]. The emission changed to that of the
DCNA monomer after 10 laser shots and then its excitation
spectrum was almost coincident with the DCNA absorption
spectrum [Fig. 1(b)]. When the target film was doped with
HMB, an emission band centered around 500 nm clearly
ascribed to the charge transfer emission emerged [Fig. 1(c)].

The origin of the yellow emissive compound should be solely
ascribed to DCNA as it was found to be independent of HMB.
Scanning electron microscope images of the surface revealed
the presence of aggregates of a few hundreds of nanometers
after the first laser shot [Fig. 2(a)]. The amount of those
aggregates decreased with increasing the laser shot number
[Fig. 2(b)]. This suggests that upon repetitive irradiation the
nano-aggregates absorbed light, reached a high temperature,

melted a thin layer of the polymer surface and were dispersed
into deeper layers of the surface, which resulted in the recovery
of a smooth surface of the polymer. Changes in the fluorescence
spectra of the target film also supports the aggregate dispersion
by repetitive irradiation.

The yellow emissive aggregates formed by the first laser shot
may be attributed to a specific crystal form of DCNA. Meso-
substituted anthracene derivatives generally have two crystal
forms, a and b, depending on the overlapping of aromatic
rings13,14 and some spectral changes have been reported in the
case of thermal treatment of DCNA15 The a-form is produced
by recrystallization from solution while the b-form is obtained
either by sublimation or by heating the a-form at temperatures
above 453 K for 24 h. A similarity in the fluorescence spectra of
the aggregates and the b-form crystal suggests that DCNA in the
source film was sublimated by a high transient temperature rise
and condensed on the surface of the target film to crystallize as
the yellow emissive b-form.

Since the two films in contact were irradiated from the
backside of the target film, the crystals formed on the surface of
the target film absorb light efficiently, transform it into thermal
energy by non-radiative processes and diffuse into a deeper
layer of the film. The curve of the fluorescence intensity of the
target films as a function of the shots number reached a constant
value after a few laser shots indicating that most of the
molecules are transferred by the first laser shots. The following
shots provide the energy required to dissociate molecular
aggregates and release the monomer into deeper layers of the
target film where complex formation occur.

In this paper, light has been used for the first time to transfer
molecules from one film to another and to mix two components
in a polymer matrix without the transfer of the source film
polymer matrix itself. LMI appears as a promising tool to
induce a chemical reaction in a limited volume of macro-
molecular solids leading to a wide range of applications, from
the manufacturing of biochemical sensors to that of optical and
electronic circuits by using organic functional molecules.
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Fig. 2 SEM micrographs of the target film surfaces. (a) With the first laser
pulse nano-crystals were formed on the surface of the target film. (b) By
repetitive irradiation (10 shots), the nano-crystals almost disappeared and
the surface recovered the original flatness.
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Poly(alkylbenzyls), a promising new polymeric material
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The reaction of mesitylene substituted by alkyl or alkoxy
chains of various lengths and a,aA-dichloro-p-xylene with
K10 Montmorillonite as catalyst affords a new class of
poly(alkylbenzyls) soluble in common organic solvents.

The synthesis of thermostable and water resistant polymers has
been widely investigated, but remains even today an important
economical challenge. For this purpose, polybenzyls, first
reported in 1885,1 were reinvestigated in the 1970s by several
groups.2–5 These polymers obtained in Friedel–Crafts type
polyalkylation reactions6–8 were found to be thermally stable up
to 400 °C,5,9 but the molecular weights were often very low5

and little information about their nature and their properties was
available. All these materials were described as insoluble in
organic solvents, this insolubility preventing any possibility of
industrial use. Moreover, it was noted that although para
substitution in the main chain was predominant,5,9 the possibil-
ity of lateral substitution on the polybenzyl skeleton leading to
branched polymers is not excluded.10 Then, it was interesting to
synthesize non-crosslinked, linear polybenzyls, with a high
solubility in usual organic solvents.

To obtain a linear and defined material, the polycondensation
of a,aA-dichloro-p-xylene on 1,2,4,5-tetramethylbenzene has
been performed using K10 Montmorillonite as catalyst. This
acidic clay is widely used as a Friedel–Crafts alkylation and
acylation supported catalyst.11–13 The alkylation is then ex-
pected to occur preferentially at the two para positions of
durene14 rather than on the disubstituted ring. A linear polymer
(P1) was effectively obtained: the 1H NMR spectrum showed
only one singlet due to the four protons of the methylene groups
and only one sharp signal due to the four protons of the
equivalent aromatic protons. But the solubility was low in usual
solvents (CHCl3 THF, toluene, CH2Cl2, etc.). The molecular
weight of the THF soluble fraction ranged from 7000 to
10 000.

The solubility may be increased by replacing one of the
methyl groups by a long aliphatic chain to obtain a polymer
containing flexible segments after condensation. Moreover both
the interactions between side-chains and the free volume
created by the side-chains in the material influence the physical
properties. Two alkyl and three alkoxy side-chains were chosen
and the starting materials were synthesized from mesitylene by
a Friedel–Crafts reaction (2 and 2A) or from sodium
2,4,6,trimethylphenolate and the appropriate alkyl bromide by a
Williamson (3,3A and 3B) reaction. These substrates were
characterized by elemental analysis, mass, IR, 1H and 13C NMR
spectroscopy.

The stoichiometric (1 : 1) reaction between the substrate (2,
2A, 3, 3A or 3B) and a,aA-dichloro-p-xylene was performed in
refluxing decane (174 °C) during 24 h in the presence of K10
Montmorillonite. After usual work up, removal of the catalyst
and of the solvent, dissolution in the appropriate solvent and
precipitation by MeOH, the polymers P2, P2A, P3, P3A and P3B

were obtained respectively as white powders in ca. 60% yield.
The solubility of these compounds increases with the length of
the chain:

P3B (THF, moderately) < P2A (Et2O, moderately) <
P3A, P2 (Et2O) < P3 (heptane)

Elemental analyses and the IR, 1H and 13C NMR spectra of
the crude materials are in agreement with the proposed
formulae.‡ Note that these compounds contain a small amount
of chlorine (ca. 0.1%), which could be due to terminal –CH2Cl
groups of the macromolecular chains which were not quenched.
The signal at 4.5 ppm due to a terminal –CH2Cl group is either
extremely weak or not depicted. Consequently, the small
amount of chlorine implies that most of the terminal groups are
substituted phenyl groups.

The apparent volume of these polymers is strongly dependent
on the length and the spatial position of the side-chains. It was
thus very difficult to establish their molecular weight (Mw) by
steric exclusion chromatography (SEC) using polystyrene
samples as calibration standards. The polydispersity index (Ip)
of the soluble fraction ranged from 1.3 to 2. Therefore, Mw
values were estimated from the NMR data: to each signal of the
substituted phenyl group are joined signals of ca. 10 times lower
intensity whereas the signal of the C6H4 protons is virtually
unique: only a shoulder and two extremely weak signals (nearly
1% of the total integral value) were observed. The molecule is
therefore linear, with a level of branching which does not
exceed a few percent. The weak signals of the substituted
phenyl group are due to the terminal groups (traces of residual
polyalkylbenzene might also give such signals) and the minimal
chain length and indeed the minimal averaged molecular weight
can be deduced from the signals rate: ca. 20 units and 7000,
respectively, for P3A. These results are also in good accordance
with the molecular weight of P1 (7000–10 000) determinated by
SEC.

In conclusion, soluble polybenzyls can be synthesized by
Friedel–Crafts polycondensation, using a non-toxic, mineral
and removable catalyst. Their solubility should permit easy
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casting of thin films or coatings. Further experiments are in
progress to enhance the macromolecular chain length of these
polymers.
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Radical reaction of S-phenyl chlorothioformate with alkyl iodides: free
radical-mediated carboxylation approach

Sunggak Kim*† and Sang Yong Jon

Department of Chemistry, Korea Advanced Institute of Science and Technology, Taejon 305-701, Korea 

Free radical-mediated carboxylation is achieved by treat-
ment of alkyl iodides with S-phenyl chlorothioformate and
bis(tributyltin) with irradiation at 300 nm.

Since a free radical-mediated carboxylation reaction was
reported by Kharasch and co-workers in the 1940s,1 no further
developments in this area have been noted during the last 50
years, although a free radical carboxylation approach involving
carbonylation and iodine atom transfer has recently been
reported.2 This could be due to the fact that alkyl radical
additions to CNO bonds are inefficient due to the reversibility of
the addition step and the high p-bond strengths of CNO bonds.3
Thus, intermolecular addition of alkyl radicals to CNO and CNN
bonds4,5 is relatively rare, as compared to CNC bonds. Recently,
we have shown that alkyl radical additions to phenylsulfonyl
oxime ethers are highly efficient, suggesting the importance of
the substituent at the CNN bond.6 We conceived that the success
of alkyl radical additions to CNO bonds would depend very
much on the nature of the substituent, which would be closely
related to the LUMO energy of carbonyl derivative 1. We have
studied the possibility of developing a free radical carboxylation
reaction utilizing carbonyl derivative 1 as a carboxyl equivalent
radical acceptor [eqn. (1)].

Before we began our studies with carbonyl derivatives, AM1
calculations for several carbonyl derivatives were performed, as
nucleophilic alkyl radicals would react more rapidly with
radical acceptors having lower LUMO energy.7 According to
the computational studies, S-phenyl chlorothioformate ex-
hibited the lowest LUMO energy among carbonyl derivatives
tested in this study. To see whether the computational results are
in accordance with experimental results, free radical carboxyla-
tion reactions were carried out with 4-phenoxybutyl iodide,
carbonyl derivative 1 and bis(tributyltin) using irradiation at
300 nm.8 As shown in Table 1, dimethylcarbamoyl chloride,
methyl chlorofomate and phosgene were totally ineffective.

S-Phenyl chlorothioformate 1f gave the best result, although
bis(thiophenyl) carbonate 1d and S-methyl chlorothioformate
1e were effective to some extent. Furthermore, it is noteworthy

Table 1 LUMO energy of 1 and chemical yields of 2

Carbonyl LUMO
derivative 1 energya/eV Product 2 Yield (%)

1a ClC(O)NMe2 0.1377 RCONMe2 0
1b ClCO2Me 0.0039 RCOOMe 0
1c C(O)Cl2 20.7740 RCOCl 0
1d C(O)(SPh)2 21.0911 RCOSPh 31
1e ClC(O)SMe 21.1810 RCOSMe 32
1f ClC(O)SPh 21.3863 RCOSPh 60
1g NCC(O)SPh 21.2635 RCOCN 0b

a The LUMO energy was calculated using MOPAC. b 4-Phenoxybutyl
cyanide (75%) was obtained.

Table 2 Preparation of S-phenyl thioates from alkyl iodides with S-phenyl
chlorothioformate

Substrate Product Yield (%)

a Sulfide product. b Direct reduction product.
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that the radical reaction with S-phenyl cyanothioformate 1g
afforded 4-phenoxybutyl cyanide 10 [eqn. (2)]. Apparently, the
4-phenoxybutyl radical attacked the cyano group rather than the
carbonyl group. The present result clearly indicates that the
LUMO energy is a very important factor in predicting and
designing the radical reactions. Treatment of 4-phenoxybutyl
iodide with 1f and bis(tributyltin) in benzene with irradiation at
300 nm for 10 h afforded S-phenyl thioate 7 in 60% yield. In
addition, 4-phenoxybutane 9 was obtained in 15% yield along
with 4-phenoxybutyl phenyl sulfide 8 (8%) due to homolytic
substitution by the alkyl radical at the sulfur atom.9 When the
same reaction was carried out in the presence of an equimolar
amount of isobutyryl chloride, a mixture of 7 (26%) and
S-phenyl thioisobutyrate (52%) was obtained.

According to our experimental results, the present approach
involves an alkyl radical addition to the CNO bond to generate
alkoxy radical 5, which undergoes b-fragmentation to afford
acid chloride 6 (Scheme 1). Reaction of acid chloride 6 with tri-
n-butyltin phenylthiolate would provide S-phenyl thioate 7.10

Table 2 summarizes the experimental results and illustrates
the efficiency of the present method. For most of the cases
observed, the reaction required 10 h for completion of the
reaction and afforded the S-phenyl thioates in reasonably good
yield. Sterically hindered tertiary alkyl iodides gave similar
results. We also studied sequential radical reactions involving
cyclization and carboxylation. Radical reaction of olefinic
iodide 11 under similar conditions afforded the desired product
12 in 53% yield along with 13 (9%) and 14 (30%) [eqn. (3)].
When a similar reaction was carried out with 15, cyclopenta-
none 16 was obtained in 40% yield along with S-phenyl thioate
17 (27%) [eqn. (4)]. Further studies on free radical carboxyla-
tion related reactions are underway.11

We thank The Korea Research Foundation for financial
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Synthesis of a novel pseudodisaccharide glycoside as a potential glycosidase
inhibitor

Alan H. Haines*† and Ivone Carvalho‡

School of Chemical Sciences, University of East Anglia, Norwich, UK NR4 7TJ

An N-linked pseudodisaccharide 2 containing an inositol
moiety in place of a glycopyranosyl residue has been
synthesised to mimic the disaccharide unit, 3-O-(a-
D-glucopyranosyl)-d-glucopyranose, cleaved by Glucosidase
II during glycoprotein processing; an attempt to prepare the
analogous 2-N-linked compound 1 as an inhibitor of
Glucosidase I led to the novel N-phenyl derivative 10 of
2-amino-2-deoxy-D-glucopyranose.

Glycoprotein processing, a key step in the formation of cell
surface oligosaccharides, initially involves the action of Gluco-
sidase I and II on the N-linked oligosaccharide Glc3Man9Glc-
NAc2 for sequential removal of the a(1 ? 2)- and a(1 ?
3)-linked glucose residues.1 Inhibition of either of these two key
enzymes leads to incorrect modification of nascent oligo-
saccharides.2 Malformation of gp 120 on the surface of the
AIDS virus is the likely reason why glycosidase inhibitors such
as 1-deoxynojirimycin (DNJ) or castanospermine exhibit anti-
HIV activity.3

We wished to design potential glycosidase inhibitors which
mimic the disaccharide units which form the substrates for
Glucosidase I and II, 2-O-(a-d-glucopyranosyl)-d-gluco-
pyranose and 3-O-(a-d-glucopyranosyl)-d-glucopyranose, re-
spectively. There are clear advantages in introducing nitrogen
into such structures at strategic points4 but in view of the likely
hydrolytic instability of simple N-linked mimics, which are
glycosylamines, and the efficacy of N-linked monocarba-
oligosaccharide inhibitors such as acarbose5 and oligostatin,6
we decided to prepare the corresponding N-linked pseudo-
disaccharides 1 and 2 in which the non-reducing glycosyl
moiety is imitated by an inositol unit, which only fails in its
ability to mimic the a-d-glucopyranose unit in having an OH in
place of the usual 5-CH2OH group and a –CH(OH)– group in
place of the ring oxygen atom. We report an unexpected result
in our attempt to synthesise 1,§ the synthesis of 2, and a

preliminary result on inhibition studies with 2 on yeast
a-glucosidase.

Our proposed syntheses were based on the reaction between
the chiral penta-O-benzylinosose 37 and either methyl 2-amino-
3,4,6-tri-O-benzyl-2-deoxy-a-d-glucopyranoside 4 or methyl
3-amino-2,4,6-tri-O-benzyl-3-deoxy-a-d-glucopyranoside 5 to

afford corresponding imines, which we aimed to reduce
stereoselectively, creating a chiral centre which, in the final
product 1 and 2, mimics the a-anomeric link in the oligo-
saccharide.

To prepare amine 4, 2-amino-2-deoxy-d-glucopyranose 6
was N-protected by reaction with 2,2,2-trichloroethoxycarbonyl
chloride, and the resultant amide 7 was converted by reflux in
MeOH containing HCl into the corresponding methyl a-d-
glycoside 8 (Scheme 1). Attempted O-benzylation of the latter
compound using NaH–BnBr led to extensive decomposition,
but treatment with benzyl trichloroacetimidate8 under acidic
catalysis gave the required protected benzyl ether 9 which was
de-N-protected by treatment9 with Zn/Cu couple in KH2PO4–
THF–H2O to give 4.

Storage of 4 with an equimolar quantity of inosose 3 in
benzene over molecular sieves at 20 °C for several days gave no
reaction, but repeated evaporation of benzene from the mixture
at 60 °C under reduced pressure afforded a new product with a
characteristic single at d 6.25 in its 1H NMR spectrum. NMR
spectral data and elemental analysis indicated the compound to
be methyl 3,4,6-tri-O-benzyl-2-(2,4,6-tribenzyloxyphenyla-
mino)-2-deoxy-a-d-glucopyranoside 10 which can arise from
an initially formed imine by elimination of two molecules of
benzyl alcohol followed by aromatisation of the imino quinone
so formed.¶ Subjecting 10 to catalytic transfer hydrogenation
conditions without careful exclusion of air led to the initial
formation of a purple solution followed by extensive decom-
position as evidence by TLC, presumably because of oxidation
of the initially formed aminophloroglucinol derivative. Hydro-
genation with subsequent manipulations under an atmosphere
of argon gave material with the expected 1H and 13C NMR
spectra of methyl 2-deoxy-2-(2,4,6-trihydroxyphenylamino)-
a-d-glucopyranoside 11.

In contrast, our related strategy for the preparation of 2 was
successful. Amine 5 was prepared in three steps from methyl
2,3-anhydro-a-d-allopyranoside 12 by reaction with azide ion,
followed by conventional benzylation (NaH–BnBr in DME) of
the 3-azido-gluco product 13, chromatographically isolated
from the simultaneously formed 2-azido-altro isomer, and then

Scheme 1 Reagents and conditions: i, CCl3CH2OCOCl, aq. NaHCO3, 10 °C
for 2 h, then 20 °C for 19 h, 72%; ii, 2.5% w/v HCl in MeOH, reflux 8.5 h,
96%; iii, CCl3C(NH)OBn, CH2Cl2–cyclohexane (1 : 2), TFA, 20 °C, 2.5 h,
78%; iv, Zn/Cu, THF–1 m aq. KH2PO4 (5 : 1), 20 °C, 8.5 h, 51%; v, 3, C6H6

(addition and evaporation, 35), 60 °C, 79%; vi, EtOH–cyclohexene (2 : 1),
Pd black, reflux under Ar, 38 h, yield not determined (air-unstable
product)
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reduction (Ph3P–THF–H2O) of the so-produced azido benzyl
ether 14 (Scheme 2). Condensation of 5 with the protected chiral
inosose 3 to give imine 15 occurred on storage of a mixture of
the two reactants in a 1.2 : 1 molar ratio in benzene solution over
molecular sieves at 20 °C for 70 h. Surprisingly, attempted
formation of the imine 15 by an aza-Wittig reaction of 3 with the
iminophosphorane obtained by treatment of azide 13 with PPh3
under anhydrous conditions proved unsuccessful.

Reduction of imine 15 with sodium cyanoborohydride in
DMF occurred with the required stereoselectivity, the major
product being shown by 1H NMR spectroscopy at 600 MHz to
be the amine 16. Thus, on the reasonable assumption that the
inositol ring in 16 adopts a chair conformation with four
equatorial substituents, an assumption supported by the vicinal
coupling constants, the signal for the proton (1A-H) on the
inositol carbon carrying the nitrogen substituent would be
expected to be an overlapping doublet of doublets, each with J
~ 3 Hz, resulting in an apparent triplet with ~ 3 Hz splitting.
The alternative stereoisomer would be expected to show for the
same proton a true doublet of doublets with component
splittings of ~ 9 and 3 Hz. The observed apparent triplet with a
J value of 4.4 Hz confirmed structure 16. Signal allocation for
1A-H on the inositol ring was confirmed by measurement of the
1H NMR spectrum of the analogous deuterated compound
obtained by reduction of imine 15 with sodium borodeuteride.

De-O-benzylation was achieved by catalytic transfer hydro-
genation (cyclohexene–Pd black–EtOH) at reflux temperature
for 24 h. Purification of the product by chromatography on silica
gel with 1 : 1 EtOAc–MeOH gave the required pseudo-
disaccharide 2 as a foam. Inspection of the 1H NMR spectrum
of the crude hydrogenolysis product indicated a ‘satellite’
doublet at d 4.64 to that of the anomeric proton at d 4.67, with
an integrated intensity @5% of the major signal, but no other
difference from the spectrum of 2 could be observed. That the

benzyl ether 16 appeared ‘anomerically pure’ results from the
very small amount of the diastereoisomer present and extensive
overlap of the absorption region for anomeric protons with that
of the benzylic CH2 resonances.

Preliminary inhibition studies on yeast a-glucosidase indi-
cate that 2 is a much poorer inhibitor of the enzyme than
DNJ. Thus, under identical conditions (30 °C, pH 6.5, PIPES
buffer), an approximately 100-fold greater molar concentration
of 2 was required compared to that for DNJ to bring about a 20%
reduction in the rate of enzyme-catalysed release of 4-nitro-
phenol from 4-nitrophenyl a-d-glucopyranoside. This result
reflects, most likely, a different inhibitory mechanism for 2
compared to that of DNJ;5 the latter carries an endocyclic
N-atom in contrast to 2, in which the N-atom replaces the usual
glycosidic O-atom.

We thank C. MacDonald for expert help in obtaining 1H
NMR spectra at 600 MHz, A. W. R. Saunders for microanalysis,
and the Mass Spectrometry Service Centre at Swansea for high
resolution mass spectra.
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§ All new compounds, except for the unstable imine 15, gave satisfactory
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¶ Although the isomeric 3,4,5-tribenzyloxy isomer cannot be ruled out, the
structural allocation is based on the combined considerations of: (i) a
comparison of the observed 13C NMR chemical shifts for Ar-C in the tetra-
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a comparison of the observed 1H NMR chemical shift for Ar-H at d 6.25
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(d 6.05), all measured in CDCl3; (iii) the likely mechanism of elimination
from the supposed intermediate imine.
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Scheme 2 Reagents and conditions: i, NaN3, (NH4)2SO4, DMF, 110 °C, 3
h, 47%; ii, NaH, BnBr, DMF, 20 °C, 1 h, 91%; iii, Ph3P, THF–H2O (10 : 1),
80 °C, 7 h, 70%; iv, 3, C6H6, 4 Å molecular sieves under N2, 20 °C, 70 h;
v, NaBH3CN, DMF, 20 °C, 70 h and 100 °C, 1 h, 61%; vi, EtOH–
cyclohexene (2 : 1), Pd black, reflux 24 h, 67%
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Fluorene acceptors with intramolecular charge-transfer from 1,3-dithiole
donor moieties: novel electron transport materials

Igor F. Perepichka,*a Dmitrii F. Perepichka,a Martin R. Bryce,*b† Leonid M. Goldenberg,b Lyudmila G.
Kuz’mina,c Anatolii F. Popov,a Antony Chesney,b Adrian J. Moore,b Judith A. K. Howardb and Nikolai I.
Sokolovd

a L. M. Litvinenko Institute of Physical Organic and Coal Chemistry, National Academy of Sciences of Ukraine, Donetsk 340114,
Ukraine 
b Department of Chemistry, University of Durham, Durham, UK DH1 3LE 
c Institute of General and Inorganic Chemistry, Russian Academy of Sciences, Moscow 117907, GSP-1, Russian Federation 
d Laboratory of Holography, Natural Faculty, University ‘Kievo-Mogilyanskaya Academy’, Kiev 254145, Ukraine 

The synthesis, solution redox behaviour and intramolecular
charge transfer properties of novel D(NCH–CH)nNA com-
pounds (n = 0, 1, 3; D and A are 1,3-dithiole and
nitrofluorene moieties, respectively) are reported.

Organic compounds with asymmetric p-electron delocalization
exhibit properties such as non-linear optical effects (NLO),
photoconductivity and electron transport properties.1 Electron
acceptors of the fluorene series are widely used for optical
information recording.2 It has been shown that fluorene
acceptors substituted with a donor moiety can efficiently
sensitise the photoconductivity of carbazole-containing poly-
mers in the spectral region of intramolecular charge transfer
(ICT) of the acceptors.3 Although 1,3-dithiole electron donor
are well-known building blocks in conductive charge transfer
salts,4 there are few reports of 1,3-dithioles as components of
p-conjugated push-pull compounds.5 Herein we report a new
series of D(NCH–CH)nNA compounds containing 1,3-dithioles
and nitrosubstituted fluorenes as D and A moieties, re-
spectively.

Compounds 2–9 were synthesised (Scheme 1) by condensa-
tion of the substituted fluorenes 1 with the appropriate
dithiolium salts (for 2–5) or aldehydes (for 6–9) in DMF,

(20–70 °C, 0.5–50 h; 30–90%). The intramolecular charge
transfer (ICT) in these compounds is manifested in the
appearance of long-wavelength absorbance bands in their
electronic spectra (Fig. 1, Table 1). Increasing the acceptor
character of the fluorene fragment with electron withdrawing
substituents results in a bathochromic shift of the ICT band that
can be described quantitatively by eqn. (1), where hnICT is the

hnICT = hn0
ICT + r2ICT Ss2p (1)

ICT energy defined by the maxima of the ICT band (lICT),
hn0

ICT is hnICT for the reference compound (unsubstituted
benzene rings in fluorenes, Ss2p = 0), r2 is a parameter
showing ICT energy sensitivity to substituents, and Ss2p is a
sum of s2p (nucleophilic constants of the substituents in the
fluorene nucleus).

The sensitivity parameter r2ICT shows only minor changes
with changing the substituents in the 1,3-dithiole ring (2? 3?
4) or with lengthening the CNC chain between the D and A
moieties (2 ? 6 ? 7) (Table 1). The values of r2ICT ≈
0.14–0.17 eV are higher than that reported for 9-(4-phenyl-
1,2-dithiol-3-ylidene)fluorenes (0.12 ± 0.01 eV).6

The structure of 3g was determined by X-ray analysis (Fig.
2).§ As a result of ICT, the exocyclic C(9)NC(14) double bond
is lengthened [1.395(5) Å] and is close to that observed
in another ICT compound of the fluorene series, i.e. 9-(a-
cyano-a-dimethylaminomethylene)-2,4,5,7-tetranitrofluorene
[1.388(4) Å].3b The distortions of the substituents in the
fluorene ring are a result of the close contact between the nitro
groups in positions 4 and 5. The dihedral angle between the
planes of the fluorene five-membered ring and the 1,3-dithiole
ring is 21.3°. Fig. 2 shows that the acceptor moieties in the
molecules related by symmetry centres form stacks (interplanar
distance 3.58 Å). Interstack interactions occur through weak
contacts of the donor fragments; S(2b)···S(3a) and S(2a)···S(3b)
distances are slightly shortened (3.543 Å) compared to double

Scheme 1

Fig. 1 Electron absorption spectra for (a) 3g and (b) 8g in acetone, (25 °C)
and spectral distribution of SDV for PEPC films sensitized by 5 mass% of
electron acceptors (c) 5g and (d) TNF
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the van der Waals radius of sulfur (3.6–3.7 Å).7 There are also
weak intermolecular S···O contacts (3.25–3.42 Å).

The electrochemical redox properties of the compounds 2–4
and 6 have been studied by cyclic voltammetry (Table 1).¶
Compounds 2–4 display two reversible single-electron reduc-
tion waves (E

1
2

1red = 21.44 ? 20.81 V, E
1
2

2red = 21.60 ?
21.02 V in the sequence a ? g). Third quasi-reversible or
irreversible single-electron reduction [E

1
2

3red = 2(1.88–2.15) V]
and oxidation (E

1
2

ox = +0.63–0.70 V) processes were observed in
some, but not all, cases. Insertion of an additional double bond
between the A and D moieties (6) leads to a shift of both E

1
2

1red
and E

1
2

2red by ca . 0.3 V to more cathodic potentials. Correlation
analyses of E

1
2

1red and E
1
2

2red for compounds 2–4 by eqn. (2),
where E

1
2 is the half-wave potential of reduction or

E1
2 = E

1
2

0 + r2CV Ss2p (2)

oxidation of a compound, E
1
2

0 is E1
2 for the reference compound

(unsubstituted benzene rings in fluorenes, Ss2p = 0), and r2 is
a parameter showing electrochemical potential sensitivity to
substituents, gave good linear relationships (r = 0.98–0.999);
sensitivity parameters r2CV for the first and second reduction
steps of compounds 2–4 were close and lay in the region of
0.20–0.24 V, which is slightly higher compared to r2CV for
nitrosubstituted 9-aminomethylenefluorenes.3b The electron
affinities obtained for compounds 2–4 from their E

1
2

1red poten-
tials8 are ca. 0.2 eV lower than for the corresponding 4,5-X,Y-
2,7-dinitrofluoren-9-ones, and for tetranitro substituted deriva-
tives 2g–4g are ca. 2 eV. This characterises compounds 2–4 as
moderate acceptors.

Due to the low solubility of compound 3g we tested the more
soluble long-chain homologue 5g as a sensitiser in photo-
thermoplastic storage media (PTSM) based on poly[N-
(2,3-epoxypropyl)carbazole] (PEPC).∑ Fig. 1 shows the spectral
distribution of the electrophotographic sensitivity (SDV) of
PTSM on the basis of PEPC films sensitized by 5g and by
2,4,7-trinitrofluoren-9-one (TNF) which is widely used for
these purposes.2b In contrast to TNF, for which SDV decreases
with increasing wavelength in the visible region, 5g displays

increased sensitivity in its ICT region. Excellent rheological
properties of PTSM sensitised with 5g (diffraction efficiency
for plane lightwave holograms hmax = 25%) allowed the
attainment of extremely high values of holographic sensitivity,
Sh = 250–300 m2 J21 at the level of h = 1% (He-Ne laser, l
= 632.9 nm),** suggesting that this type of acceptor is
extremely promising as sensitisers for hologram recording.

We thank the EPSRC the Royal Society for funding (I. F. P.,
L. M. G. and L. G. K.), and the Royal Society for a Leverhulme
Senior Research Fellowship (to J. A. K. H.).

Notes and References
† E-mail: m.r.bryce@durham.ac.uk
‡ All new compounds gave satisfactory mass spectra, 1H NMR spectra and
elemental analysis.
§ Crystal data for 3g: C18H10N4O8S4, M = 538.54, triclinic, P1̄, a =
9.079(1), b = 10.014(1), c = 12.806(2) Å, a = 108.61(1), b = 102.30(1),
g = 103.06(1)° , V = 1022.4(4) Å3, Z = 2, Dc = 1.749 g cm23, F(000) =
548, l = 0.71073 Å, T = 150.0(2) K, R = 0.0580, wR = 0.1345 and
goodness-of-fit 1.096, Drmax = 0.665 e Å23, Drmin = 20.588 e Å23.
CCDC 182/778.
¶ ca. 1024 mol dm23 compound in dry DMA (2–4) or CH2Cl2 (6), Pt
working electrode, 0.2 mol dm23 Bu4N+PF6

2; all potentials were measured
vs. Fc0/Fc+ couple as internal reference.
∑ Details are the same as described in refs. 2(c) and 3(b).
** PTSM with 5 mass% TNF gave hmax = 15% and Sh = 20 m2 J21 under
the same conditions [ref. 2(b)].
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Table 1 Correlationsa of ICT energies of acceptors 2–4, 6 and 7 using eqn. (1), spectral data for 2g–4g and 6g–9g and CV data for 2g–4g and 6g

Compound hn0
ICT/eVb r2ICT/eVb lICT/nm

b,c lICT/nm
c,d

2 3.00 ± 0.05 20.138 ± 0.012 544 535
3 2.88 ± 0.02 20.153 ± 0.008 592 578
4 2.81 ± 0.02 20.150 ± 0.011 611 595
6 2.98 ± 0.02 20.169 ± 0.006 587.5 572
7 2.79 ± 0.02 20.164 ± 0.011 636 590
8 707 650
9 753 700

eICT/dm3 mol21 cm21 E
1
2

1red/Ve E
1
2

2red/Ve

9800 20.80 21.02
9700 20.81 21.04
8600 20.83 21.05

21 000 21.11 21.32
39 000
40 000

a r ! 0.985. b In 1,2-dichloroethane. c Spectral data for compounds 2g–4g and 6g–9g. d In acetone. e CV data for 2g–4g and 6g (see footnote ¶).

Fig. 2 Crystal packing of compound 3g; short intermolecular S···S and S···O
contacts are shown by dashed lines
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On the mechanism of the synergistic oxidation of saturated hydrocarbons and
hydrogen sulfide under Gif conditions

Derek H. R. Barton*† and Tingsheng Li*

Department of Chemistry, Texas A & M University, PO Box 300012, College Station, TX 77842, USA

It is demonstrated by a study of cyclohexane phenyl-
selenation that the synergistic oxidation of cyclohexane with
H2S and O2 does not involve carbon or oxygen radicals.

Recently we reported a new reaction in which saturated
hydrocarbons were oxidized synergistically with H2S and O2.1
This unusual reaction is an extension of Gif chemistry that
should be of industrial importance. We now present further
evidence on the mechanism of this reaction.

The bond strength2 in the H–SH bond is 90.5 (±1.1) kcal
mol21. Thus any secondary or primary carbon radical would be
immediately reduced by H-atom transfer. When we photolyzed
the Barton ester of adamantane-1-carboxylic acid in the
presence of H2S it was converted quantitatively into ada-
mantane. Similarly, oxidation of adamantane in the presence of
H2S gave a normalized secondary/tertiary ratio of about 1. This
is three times as great as normal and corresponds to the
reduction of tertiary radicals back to hydrocarbon.3 Since there
are no secondary radicals, secondary position oxidation pro-
ceeded normally.

Cyclohexane gave a mixture of cyclohexanone and cyclohex-
anol. The latter was produced by reduction of the intermediary
hydroperoxide4 by H2S.

The formation of alcohol and ketone at the same time enabled
us to determine the kinetic isotope effect (KIE) for alcohol
formation. It was of the order 1.1–1.2.

Recently5 we showed that phenylselenation of saturated
hydrocarbons6a involves PhSeH, an excellent trap for radi-
cals.6b In fact the earlier work6a involved reduction with Zn0–
FeII catalyst. Methylation showed that all the PhSeSePh had
been reduced to PhSeH.7 This was, in fact, a proof of the non-
involvement of carbon radicals. Our recent work5 has shown
that selenide anion is not involved.8 Another factor to consider
is the relative rates of reaction (3 3 109 and 2.3 3 107 m21 s21)
for radicals with PhSeH and PhSeSePh, respectively.6b

In the present study, PhSeSePh was added to a system where
H2S and O2 were being passed through a mixture of cyclohex-
ane and picolinic acid (Table 1). This afforded ketone, alcohol
and a very high yield of phenylselenocyclohexane with respect
to the amount of PhSeSePh added (entries 1 and 2). Unlike in
the earlier study5 using H2O2, when H2S was used the picolinic

acid was no longer needed. The phenylselenocyclohexane was
then produced in quantitative yield (entries 3, 4 and 5).

We consider that phenyselenocyclohexane must be produced
by the same type of mechanism that we proposed before5

(Scheme 1).
In our first publication on the H2S–O2 reaction1 we did not

comment on the mechanism except to classify it as ‘Gif
chemistry’. We suggested that the oxidant was superoxide and
that this reacted with FeII to furnish the species FeIII–OOH. The
species can also be produced by displacement on FeIII with
H2O2. Without hydrocarbon this has t1

2
ca. 45 min. Upon

addition of hydrocarbon it is rapidly inserted into the Fe–C
bond, which slowly (t1

2
ca. 45 min) affords ketone or, with

iodide, rapidly gives the iodide of the hydrocarbon.9 In order to
explain why the selective functionalization of saturated hydro-
carbons takes place in the presence of H2S, Ph2S, Ph3P,
(MeO)3P, PhSH and even PhSeH, we proposed in 1992 that it
was the contact of a relatively inert iron species with the
hydrocarbon which created the active iron species, which then
reacted immediately with the hydrocarbon. We cited the agostic
effect10 as an explanation. It is the reactivity of PhSeH,
produced by5 PhSeSePh and Bu3P, that gives real substance to
our proposal. We now suggest that FeIV and FeV are only
produced at the moment of contact with the hydrocarbon and
that these species react instantly with their hydrocarbon
activator. We offer the same explanation for the KIE of close to
1 (see above).

Thus the FeIII–FeV manifold can be modified according to
Scheme 2. The H2S–O2 chemistry then takes place by H2S
reduction of FeV to FeIV.

The alternative route for phenylselenation is from FeII and
H2O2, which we have used in our work with PhSeSePh and
Bu3P already cited. We modify our concept of the FeII–FeIV

manifold as shown in Scheme 3. Normally, the FeIV–CHR2
species can fragment into FeIII and a carbon radical. This,
however, does not happen when PhSe2 is one of the ligands.

In our recent work on the phenylselenation reaction we
showed by 77Se NMR spectroscopy that the reaction of
PhSeSePh and Bu3P (50% excess) with a drop of water was an
excellent method for quantitative synthesis of PhSeH in situ.
The presence of the excess Bu3P guaranteed that there was no

Table 1 Effect of selenide on Gif oxidationa

Ligand Selenide FeCl2·4H2O/ Cyclohexane/ Ketone/ Alcohol/ PhSeC6H11/ Conversionb Yieldc

Entry (mmol) (mmol) (mmol) (mmol) (mmol) (mmol) (mmol) (%) (%)

1 Picolinic acid (3) PhSeSePh (1) 1 20 0.75 2.31 1.81 24.35 90.5
2 Picolinic acid (3) PhSeH (1.5) 1 20 0.15 0.51 1.46 10.6 97.3
3 — PhSeH (2.5) 1 20 0.74 1.32 2.51 22.85 100
4 — PhSeSePh (1.5) 1 20 1.28 2.50 3.03 30.85 100
5 — PhSeSePh (1) 1 20 1.00 2.19 1.98 25.85 99
6 — PhSeSePh (1) 1 5 0.19 0.40 0.95 30.8 47.5
7 — PhSeSePh (1) 1 2 0.10 0.15 0.75 50 37.5

a Ligand (0–3 mmol), FeCl2·4H2O (0.3–1 mmol), cyclohexane (2–20 mmol), selenide (1–2.5 mmol), 4-tert-butylpyridine (2 ml), MeCN (31 ml). O2 (g) and
H2S (g) were passed at atmospheric pressure through the reaction mixture at room temperature for 3–4 h. The products were analyzed by GC, naphthalene
was used as internal standard. b Conversion based on cyclohexane. c Yield based on selenide.
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adventitious oxidation of PhSeH back to PhSeSePh. We studied
this reaction by 31P NMR spectroscopy and showed that the
reduction was complete in 2 min (experiment by Dr J. A.
Smith). Before adding H2O2 we waited for 10–20 min to make
sure that the reduction was complete.

Table 2 shows further experiments in which Bu3P is used in
the presence of PhSeSePh. Entries 1 and 2 used the H2S–O2
system as studied in Table 1. For entry 1 the yield of
phenylselenocyclohexane was 92%, whilst the total activation
including ketone and alcohol was 4.56 mmol. This is a good
conversion as judged by past experiments.1 All the selenium
was present as PhSeH prior to reaction with the hydrocarbon yet
the ketone and alcohol were formed in significant amounts. So
not only are no radicals present but also the Bu3P does not react
with the iron species prior to activation by the hydrocarbon.

Using H2O2 as a minor component in the presence of an
excess of PhSeH, the yield of the phenylselenocyclohexane (the
only product) was 74 and 85% for entries 3 and 5, respectively
(for 1 mmol of H2O2), and 65 and 77% for entries 4 and 6,
respectively (for 2 mmol of H2O2). The increased yields in
entries 5 and 6 were due to an increase in the available PhSeH.
A further increase in the amount of H2O2 (entries 7 and 8)
reduced the yield with respect to H2O2 to 64%.

The formation of cyclohexyl chloride in the FeII–FeIV

manifold is usually accepted11 to imply the reaction of a carbon
radical with an FeIII–Cl bond. The reaction can also be
considered as a ligand-coupling reaction with an FeIV–C bond
as in formation of the selenide (Scheme 1). The formation of
cyclohexyl chloride using H2O2, like the phenylselenation
reaction, requires the presence of the right carboxylic acid (here

picolinic acid) and the correct amount of a suitable pyridine
base (here 4-tert-butylpyridine). If the formation of the chloride
can only take place via radical formation then the presence of
PhSeH would remove the radical and no chloride would be
formed. In fact entries 9 and 10 show that chloride formation is
in competition with the phenylselenation reaction.

Finally we examined an oxidant, tert-butyl hydroperoxide
(TBHP), that always reacts with FeII to make tert-butoxy
radicals.12–14 When TBHP (3 mmol) was added to cyclohexane
(20 mmol) in MeCN (31 ml) and 4-tert-butylpyridine (2 ml)
containing FeCl2·4H2O (1 mmol) and picolinic acid (3 mmol)
with passage of H2S, only traces of oxidation (0.05 mmol) were
seen. From workup, 3 mmol of tert-butyl alcohol were
recovered. This result is in keeping with the reduction of tert-
butoxy radicals by H2S. We conclude that carbon and oxygen
radicals do not play a role in the synergistic oxidation of
saturated hydrocarbons.

We thank Unilever, for support of this work. We thank Dr
J. A. Smith for the 31P NMR experiment.
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Table 2 Phenyselenation in the presence of Bu3Pa

PhSeSePh/ Bu3P/ LiCl/ Chloride/ Ketone/ Alcohol/ PhSeC6H11/
Entry mmol mmol mmol Conditions mmol mmol mmol mmol

1b 1 8 — H2S–O2 — 0.73 1.98 1.85
2b 2 60 — H2S–O2 — 0.39 1.07 0.83
3c 2 3 — H2S–H2O2 (1) — — — 0.74
4c 2 3 — H2S–H2O2 (2) — — — 1.30
5c 4 6 — H2S–H2O2 (1) — — — 0.85
6c 4 6 — H2S–H2O2 (2) — — — 1.54
7c 4 6 — H2S–H2O2 (3) — — — 1.92
8c 4 6 — H2S–H2O2 (4) — — — 2.55
9d 1 2 20 H2O2 (1) 0.23 — — 0.69

10d 1 2 20 H2O2 (2) 0.34 — — 1.05

a Picoline acid (3 mmol), FeCl2·4H2O (1 mmol), cyclohexane (20 mmol), PhSeH (0.5–4 mmol), 4-tert-butylpyridine (2 ml), MeCN (31 ml). The products
were analyzed by GC, naphthalene was used as internal standard. b O2 (g) and H2O (g) were passed through the reaction mixture at room temperature for
3–4 h. c H2S (g) was passed through the reaction mixture at 0 °C when H2O2 (1–4 mmol) was added. d H2O2 (1–2 mmol) was added at 0 °C.

Scheme 1

Scheme 2

Scheme 3
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Porous copper(i) coordination polymers containing both the cyclic ion ligating
agent methylcycloarsoxane (MeAsO)4 and rigid aromatic heterocycles as
spacers

Iris M. Müller, Thomas Röttgers and William S. Sheldrick*†

Lehrstuhl für Analytische Chemie, Ruhr-Universität Bochum, D-44780 Bochum, Germany 

Porous lamellar networks with flexible [CuxIy{cyclo-
(MeAsO)4}] ribbons bridged by either p–p stacked terminal
benzonitrile ligands (x = y = 2), rigid p-diaminobenzene
spacers (x = y = 2) or ionic [Cs{cyclo-(MeAsO)4}2]+

sandwiches (x = 3, y = 4) may be constructed by self-
assembly from CuI and (MeAsO)n in the presence of the
respective structure-directing agents.

The rational design of porous solid-state coordination networks
with potential ion exchange or molecular sieving properties has
aroused considerable current interest.1 Although the majority of
known examples involve AgI or CuI centres separated by rigid
organic spacers (e.g. piperazine, pyrazine, 4,4A-bipyridine and
4,4A-biphenyldicarbonitrile), a few encouraging reports of the
employment of more flexible connecting ligands such as
methylene bridged dichalcogeno ethers,2 thioether macro-
cycles3 or alkylcycloarsoxanes (RAsO)n (R = Me, Et; n = 4,
5)4 have recently appeared. In analogy both to zeolites5 and
porous group 14 or 15 chalcogenidometalates,6 such layers or
frameworks might be expected to be capable of undergoing
elastic deformations in response to different structure-directing
agents or imbibed molecular guests. Our current extension of
this line of coordination polymer design to networks containing
both ion ligating alkylcycloarsoxanes and aromatic hetero-
cycles has been motivated by the desire to construct multi-
functional materials. To our knowledge, only one previous
report of the self-assembly of an extended solid-state structure
with both flexible and rigid spacers has appeared, namely that of
2
H

[{Cu2(C3H2O4)2(4,4A-bipy)(H2O)2}·H2O], in which small cy-
clic [Cu(C3H2O4)]4 tetramers (C3H2O4

22 = malonate) are
linked through 4,4A-bpy ligands into a 44 net.7

We have recently demonstrated that ribbons of the type
1
H

[Cu2X2{cyclo-(MeAsO)4}] (X = Cl, Br, I) can be joined into
comparable square networks by employment of additional
bridging (MeAsO)4 ligands.4c When the self-assembly reac-
tion‡ between CuI and (MeAsO)n is performed in PhCN instead
of MeCN, the connectivity role of these linking cyclic tetramers
is taken over by terminally coordinated solvent molecules,
whose aromatic p-systems stack to generate the large channels
depicted in Fig. 1.§ The pore size increases significantly from
0.41 3 0.72 nm (shortest transannular H···H contacts) in
2
H

[Cu2I2{cyclo-(MeAsO)4}2]4c to 0.82 3 0.82 nm in
1
H

[{Cu2I2(PhCN)2[cyclo-(MeAsO)4]}·PhCN] 1, with the result
that relatively large guest PhCN molecules can now be
accommodated in the extended structure. In a second 44 net
shown in Fig. 2, this design principle has been extended to
bridging 1,4-diaminobenzene spacers. Deep-red crystals of the
layered structure 2

H
[Cu2I2(p-H2NC6H4NH2){cyclo-(MeAsO)4}]

2 may be grown by carefully underlayering a p-H2NC6H4NH2–
(MeAsO)n solution in MeCN with a CuI solution in the same
solvent at 0 °C. Optical properties of zeolites with analogous
imbibed parallel chromophore molecules such as p-nitroaniline
are of considerable current interest.8 The identical building
principles of the triclinic lattices of 1 and 2 suggest that the
construction of larger pores should be possible by employing
longer rigid bidentate aromatic spacer molecules.

Alkylcycloarsoxanes (RAsO)n coordinate alkali metal ions M
in sandwich complexes of the type [M{cyclo-(RAsO)n}2], that
are reminiscent of those formed by macrocyclic polyethers. The
ring size of the crown-shaped (RAsO)n ligands is controlled by
the volume of the central cation (M = Na, n = 4; M = NH4, K,
Cs, n = 5).4b,9 Attachment of crown polyethers to solid supports
such as silica gel has successfully been employed in commer-

Fig. 1 Packing diagram for the p–p stacked 1
H

[Cu2I2(PhCN)2{cyclo-
(MeAsO)4}] chains of 1. Methyl groups have been omitted for clarity.

Fig. 2 Packing diagram for the lamellar 2
H

[Cu2I2(p-H2NC6H4NH2){cyclo-
(MeAsO)4}] 44 net of 2. Methyl groups have been omitted for clarity.
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cially available solid-phase extraction systems (SPE).10 De-
signed incorporation of such ion ligating agents into ordered
solid-state networks offers, therefore, an attractive assignment
for crystal engineering, that has been realized in the anionic
1
H

[Cu3I4{cyclo-(MeAsO)4}2] chains depicted in Fig. 3. Two
water ligands were found to be necessary to complete the
tenfold k10O coordination spheres of the Cs+ cations, which
were used to direct the self-assembly of this structure,
[Cs(H2O)2][Cu3I4{cyclo-(MeAsO)4}2] 3, from CuI and
(MeAsO)n in MeCN–MeOH–H2O. The presence of these H2O
molecules lends the larger cavities a degree of polar character
and these contain disordered methanol molecules.

A DTA trace for 3 reveals initial endothermic loss of
methanol and water (35–120 °C) followed by exothermic
collapse of the solid-state network in the temperature range
122–149 °C. This indicates that the flexible sheet structure of 3,
whose individual (MeAsO)4 and [Cu6I8]22 building blocks are
illustrated in a schematic manner in Fig. 4, could be capable of
imbibing a range of small polar molecules whilst retaining its
integrity. We are currently studying whether this and similar
anionic networks could be suitable for selective cation ex-
change.

Notes and References

† E-mail: shel@anachem.ruhr-uni-bochum.de
‡ 1
H

[{Cu2I2(PhCN)2[cyclo-(MeAsO)4]}·PhCN] 1: CuI (285.2 mg, 1.50
mmol) and (MeAsO)n (53.5 mg, 0.51 mmol for n = 1) were heated in 1.5
ml PhCN for 16 h in a sealed glass tube at 100 °C. The resulting yellow
solution was left to stand at 4 °C to afford colourless crystals (81.2 mg,
64.3% yield).

2
H

[Cu2I2(p-H2NC6H4NH2){cyclo-(MeAsO)4}] 2: 1,4-diaminobenzene
(21.6 mg, 0.2 mmol) and (MeAsO)n (84.7 mg, 0.8 mmol for n = 1) were
dissolved in 10 ml MeCN and the solution cooled to 0 °C. An acetonitrile
solution (5 ml) of CuI (38.1 mg, 0.2 mmol) was layered under this solution
leading to the formation of deep-red crystals (39.8 mg, 43% yield).

[Cs(H2O)2][Cu3I4{cyclo-(MeAsO)4}2]·0.5MeOH 3. A solution of CsI
(95.2 mg, 0.5 mmol) in 1 ml H2O–MeOH (1 : 4) was unified with 5 ml of an
acetonitrile solution of CuI (65.0 mg, 0.25 mmol) and (MeAsO)n (211.9 mg,
2.0 mmol for n = 1) and left to stand at 20 °C to afford colourless crystals
(130.0 mg, 46.5% yield). Satisfactory elemental analyses (C, H, As) were
obtained for all compounds.
§ Siemens P4 diffractometer, graphite-monochromated Mo-Ka radiation, w
scans. The structures were solved using direct methods11 and refined against
Fo

2 by full-matrix least squares.12 Hydrogen atoms were placed at
calculated positions and allowed to ride on their parent atoms.

Crystal data: 1: C25H27As4Cu2I2N3O4, M = 1114.06, triclinic, space
group P1̄ (no. 2), a = 8.740(2), b = 9.254(2), c = 11.732(2) Å,
a = 101.84(3), b = 101.24(3), g = 105.54(3)°, U = 862.8(3) Å3, Z = 1,
F(000) = 526, Dc = 2.145 g cm21, m(Mo-Ka) = 6.86 mm21. Colourless
tablet (0.37 3 0.39 3 0.54 mm), y-scan absorption corrections
(Tmin = 0.30, Tmax = 0.49), 4603 unique reflectiions (2qmax = 60°) of
which 3442 had I ! 2s(I). Terminal reliability indices were R1 = 0.061 [I
! 2s(I)], wR2 = 0.202 for 207 refined parameters, S = 1.12, Drmax = 2.65
e Å23, Drmin = 21.89 e Å23.

2: C10H20As4Cu2I2N2O4, M = 912.84, triclinic, space group P1̄ (no. 2),
a = 7.861(2), b = 9.021(2), c = 9.199(2) Å, a = 63.19(3), b = 84.64(3),
g = 69.99(3)°, U = 545.7(2) Å3, Z = 1, F(000) = 422, Dc = 2.778 g
cm21, m(Mo-Ka) = 10.81 mm21. Deep-red plate (0.12 3 0.17 3 0.32
mm), y-scan absorption corrections (Tmin = 0.27, Tmax = 0.67), 1840
unique reflections (2qmax = 50°) of which 1362 had I ! 2s(I). Terminal
reliability indices were R1 = 0.048 [I! 2s(I)], wR2 = 0.114 for 111 refined
parameters, S = 1.02, Drmax = 3.11 e Å23, Drmin = 21.30 e Å23.

3: C8.5H30As8CsCu3I4O10.5, M = 1730.31, triclinic, space group P1̄ (no.
2), a = 8.992(2), b = 13.685(3), c = 17.129(3) Å, a = 104.48(3), b
= 91.43(3), g = 107.21(3)°, U = 1938.3(7) Å3, Z = 2, F(000) = 1565,
Dc = 2.965 g cm21, m(Mo-Ka) = 12.55 mm21. Colourless prism (0.39 3
0.49 3 0.60 mm), y-scan absorption corrections (Tmin = 0.080, Tmax

= 0.160), 8768 unique reflections (2qmax = 55°) of which 5341 had I !
2s(I). Terminal reliability indices were R1 = 0.069 [I ! 2s(I)],
wR2 = 0.203 for 302 refined parameters, S = 1.03, Drmax = 1.95 e Å23,
Drmin = 22.05 e Å23. CCDC 182/793.
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Fig. 3 Packing diagram for anionic 1
H

[Cu3I4{cyclo-(MeAsO)4}2] chains that
are linked together through [Cs{cyclo-(MeAsO)4}2]+ sandwiches into the
porous sheet of 3. Methyl groups have been omitted for clarity.

Fig. 4 A schematic diagram of the building principle of 3, showing the
m-1 kAs1 : 2kAs2 and m-1kAs1 : 2kAs3 bridging of [Cu6I8]22 units by
different crown-shaped (MeAsO)4 ligands which also simultaneously
coordinate Cs+ cations in a k4O fashion. Two water ligands complete the
tenfold coordination sphere to the Cs+ cations in the actual structure
(Fig. 3).
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Potassium cation induced switch in anion selectivity exhibited by heteroditopic
ruthenium(ii) and rhenium(i) bipyridyl bis(benzo-15-crown-5) ion pair
receptors

Paul D. Beer*† and Simon W. Dent

Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QR

Cl2 and H2PO4
2 anion selectivity properties of new

heteroditopic RuII and ReI bipyridyl bis(benzo-15-crown-5)
receptors are remarkably dependent upon the presence of
co-bound intramolecular sandwich crown ether complexed
K+.

The design of new multisite ion pair receptors that contain
covalently linked binding sites for both cations and anions is a
new topical area of coordination chemistry.1–6 In addition to
being potential selective extraction/membrane transportation
reagents for metal salts these ditopic ligand systems can be
tailored to exhibit novel cooperative and allosteric behaviour
whereby the complexation of one charged guest can influence,
through electrostatic and conformational effects, the subsequent
coordination of the pairing ion. We report here the synthesis of
new heteroditopic RuII and ReI bipyridyl bis(benzo-15-crown-
5) receptors whose selectivity towards Cl2 and H2PO4

2 anionic
guest species is remarkably dependent upon allosteric con-
formational and electrostatic effects of co-bound intramolecular
sandwich crown ether complexed K+ cations.

The synthetic routes to preparing the bipyridyl amide
functionalised mono- and bis(benzo-15-crown-5) ligands and
3,4A-dimethoxyphenyl appended analogues are shown in
Scheme 1. Reaction with [RuCl2(bipy)2] followed by NH4PF6
and with [Re(CO)5Br], respectively, afforded the new receptors
L1–L4 in good yields (Scheme 2). The K+ cation and both Cl2
and H2PO4

2 anion coordination properties of the receptors were
investigated by 1H and in some instances by 13C NMR titration
experiments in (CD3)2SO solution. The addition of KPF6 to
solutions of L1 and L3 caused the crown ether methylene
carbons of the 13C NMR spectra to significantly shift upfield by
up to 0.6 ppm. Analysis of the resulting titration curves using
the computer program EQNMR7 suggested both receptors were
forming 1 : 1 stoichiometric intramolecular sandwich bis crown
ether complexes with K+ with respective stability constant
values of 350 and 540 m21 for L1 and L3. The relatively smaller
value of stability constant for L1 may reflect the positively
charged RuII centre electrostatically destabilising the crown
ether bound K+. Negligible shifts were observed with L2 and L4

suggesting K+ complexation only takes place at the crown ether
binding sites. Significant downfield perturbations of the
respective receptor’s amide and H3-bipyridyl protons were
observed on the addition of NBu4Cl and H2PO4

2 salts to
(CD3)2SO solutions of L1–L4 indicating the amide-bipyridyl
vicinity of the receptor is the site of anion binding. In all cases
with Cl2 the titration curves suggested 1 : 1 complex stoichio-
metry which was also observed with H2PO4

2 and L1, L3.
Precipitation problems unfortunately prevented complete
H2PO4

2 titration curves from being obtained with receptors L2

and L4. Where possible titrations with both anions were
repeated in the presence of 2 equiv. of KPF6 and EQNMR
determined stability constant values for all these titration
experiments are presented in Tables 1 and 2. As found
previously with related simple acyclic transition metal bipyridyl
amide derivatives8 a comparison of Tables 1 and 2 reveals L1

and L3 exhibit a pronounced selectivity preference for H2PO4
2

over Cl2. It is noteworthy that Table 1 explicitly shows that the
bis crown ether containing receptors L1 and L3 exhibit
substantial increases in the magnitudes of stability constant for
Cl2 binding on addition of KPF6 by nearly sixfold for L3.
Interestingly no such increase in stability constant value is
displayed by receptors L2 and L4 which do not contain crown
ether binding sites. In contrast Table 2 displays a dramatic
decrease in the stability constant values for H2PO4

2 binding for
L1 and L3 on addition of KPF6. The important consequence of
which is the presence of K+ can in principle induce a novel
switch in the anion selectivity properties of both receptors.
Tables 1 and 2 clearly illustrate the free receptors L1, L3 are
H2PO4

2 selective whereas initial coordination of K+ changes
their anion selectivity preference to Cl2. Repeating the
titrations in the presence of tenfold excess of NBu4PF6 resulted
in virtually no change in the determined stability constant
values which negates simple ion pairing as a possible explana-
tion for these positive and negative cooperative binding
effects.

Scheme 1
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M = (bipy)2Ru2+, Re(CO)3Br

K+

The K+ induced positive cooperativity of Cl2 binding may be
a consequence of favourable electrostatic attraction between the
crown ether bound K+ and bipyridyl amide complexed anion,
and, in addition be due to a favourable allosteric K+ induced
conformational effect. Solution formation of the 1 : 1 bis-benzo-
15-crown-5 potassium cation intramolecular sandwich complex
results in L1 and L3 forming a pseudo-macrocyclic preorganised
structure which enhances Cl2 recognition but disfavours the
binding of H2PO4

2 (Fig. 1). Of particular note is the structurally
related macrocyclic receptor L5 which exhibits remarkable
thermodynamic stability and selectivity for Cl2 and does not
bind H2PO4

2 phosphate at all in (CD3)2SO solutions.9
Preliminary fluorescence emission spectroscopic measure-

ments corroborate the NMR binding studies. The addition of
Cl2 and H2PO4

2 to MeCN solutions of L1 caused significant
increases of up to 140% in luminescence intensity of the MLCT
emission band (lmax = 640 nm) with a concomitant hypso-

chromic shift of 7 nm. However in the presence of 1 equiv. of
KPF6 the subsequent addition of H2PO4

2 had very little effect
on either the emission intensity or lmax. In contrast with Cl2 a
significant enhancement of intensity was observed.

In summary the anion selectivity properties of new RuII and
ReI bipyridyl bis(benzo-15-crown-5) receptors can be dramat-
ically switched via the binding of K+ cations. In the absence of
K+ the receptors are selective for H2PO4

2 over Cl2, whereas
following the formation of the intramolecular K+ bis crown
sandwich complex the reverse selectivity Cl2 over H2PO4

2 is
exhibited.
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Scheme 2

Table 1 Stability constants for Cl2 binding in the presence and absence of
K+ in (CD3)2SO

Receptor Ka/m21

L1 190
L1 + 2 equiv. KPF6 660
L2 195
L2 + 2 equiv. KPF6 165
L3 55
L3 + 2 equiv. KPF6 300
L4 46
L4 + 2 equiv. KPF6 55

a Errors estimated to be @10%.

Table 2 Stability constants for H2PO4
2 binding in the presence and absence

of K+ in (CD3)2SO

Receptora Kb/m21

L1 900
L1 + 2 equiv. KPF6 60
L3 205
L3 + 2 equiv. KPF6 35

a Precipitation problems prevented complete titration curves from being
obtained with L2 and L4 in presence and absence of KPF6. b Errors estimated
to be @10%.

Fig. 1 Proposed solution structure of K+Cl2 ion pair complex of L1 and L3.
M = Ru(bipy)2

2+ or Re(CO)3Br
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Formation of 1,11-bis(pendant donor)-cyclam derivatives via the
formamidinium salt (cyclam = 1,4,8,11-tetraazacyclotetradecane)

Philip J. Davies, Max R. Taylor and Kevin P. Wainwright*†

Department of Chemistry, The Flinders University of South Australia, GPO Box 2100, Adelaide, South Australia 5001, Australia

When reacted in chloroform, the dimethyl acetal of dmf and
cyclam (1,4,8,11-tetraazacyclotetradecane) forms a stable
formamidinium salt which can be used as an intermediate
for very simple formation of 1,11-bis(pendant donor)-cyclam
derivatives.

Some years ago we reported that reaction of the dimethyl acetal
of dmf, dmfdma, with 1,4,8,11-tetraazacyclotetradecane (cy-
clam) in ethanol generates the electron rich alkene 1 which can
subsequently undergo atmospheric oxidation to the
bis(urea) derivative of cyclam 2.1 In a recent adaptation of that
work we had cause to change the solvent from ethanol to
chloroform and found that the outcome of the reaction is totally
changed. The serendipitous result of this is that we have now
found a simple means for producing 1,11-dialkylated deriva-
tives of cyclam which upon deprotection can be used to afford
mixed pendant donor ligands.

Reaction of cyclam with an equimolar amount of dmfdma in
refluxing chloroform (instead of ethanol) for a period of 18 h
gives a 75% yield, after crystallisation from aqueous acetoni-
trile, of the previously unreported formamidinium salt, 3.‡ The
formation of stable formamidinium salts from triaza macro-
cycles having secondary amines separated by trimethylene units
(1,5,8-triazacyclododecane and some derivatives) has been
reported,2 but those derived from tetraaza macrocycles have
only been invoked as reactive intermediates formed along the
hydrolysis pathways between the orthoamide and formyl
structures.3 In the case of the triaza ligands the formamidinium
salt forms upon treatment of the similarly stable orthoamide
with HCl, but in the case of cyclam we did not observe the
orthoamide, despite vigorous attempts to dehydrate 3.

Formation of 3 affords protection of one pair of 1,11-related
amine sites on the cyclam moiety whilst allowing alkylation at
the other two. Thus, in reaction with ethylene oxide the
substituted salt 4 was generated quantitatively and then
converted to the free base, 5, in 79% yield, by reaction with
10 m sodium hydroxide for 6 h.

As an illustration of the utility of this sequence, 5 was
quantitatively derivatised by reaction with acrylonitrile giving
the bis(cyanoethyl) ligand, 6. The zinc(ii) complex of 6 was
formed through the reaction of 6 with Zn(ClO4)2·6H2O in
ethanol. Recrystallisation of the crude complex from hot water
gave crystals of sufficiently high quality for structure determi-
nation by X-ray diffraction.§ This revealed that the complex is
a rare example of a macrocyclic complex in which a pendant
hydroxyethyl group coordinated to a divalent metal ion has
undergone deprotonation at neutral pH.4 The complex has the
trigonal bipyramidal structure, shown in Fig. 1, in which the
four nitrogen atoms of the macrocycle and one deprotonated
pendant hydroxyl group coordinate. The macrocycle is in the
trans-I configuration (the four pendant arms project in the same
direction). The axial sites are occupied by a nitrogen atom
[N(4)] carrying a pendant 2-cyanoethyl group and by the
nitrogen atom [N(11)] carrying the pendant alkoxide. The
N(4)–Zn–N(11) angle is 169.8(2)° and the equatorial angle,
N(1)–Zn–N(8), internal to the macrocycle, is 138.7(2)°. The
Zn–O2 bond length is 1.923(4) Å which is significantly shorter
than the 1.994 Å separation seen for a Zn–neutral pendant
alcohol bond in the zinc(ii) complex of

Fig. 1 Molecular structure of the cation in [Zn(6 2 H)]ClO4·H2O.
Displacement ellipsoids are drawn at the 50% probability level. Important
bond distances (Å) and angles (°): Zn–N(1) 2.155(5), Zn–N(4) 2.200(4),
Zn–N(8) 2.204(5), Zn–N(11) 2.187(4), Zn–O(28) 1.923(4); N(1)–Zn–N(4)
85.0(2), N(1)–Zn–N(8) 138.7(2), N(1)–Zn–N(11) 93.4(2), N(1)–Zn–O(28)
110.0(2), N(4)–Zn–N(8) 91.6(2), N(4)–Zn–N(11) 169.8(2), N(4)–Zn–
O(28) 104.3(2), N(8)–Zn–N(11) 83.0(2), N(8)–Zn–O(28) 110.7(2),
N(11)–Zn–O(28) 85.7(2).
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N-(2-hydroxyethyl)cyclen (cyclen = 1,4,7,10-tetraazacyclo-
dodecane).5

Notes and References

† E-mail: chkpw@flinders.edu.au
‡ IR (Nujol) 1650 cm21 [amidinium n(C–N)]; 13C (D2O), d 155.8
(amidinium C), 51.8, 47.0, 45.5, 42.3, 26.2, 18.8; 1H NMR (D2O), d 7.96 (s,
amidinium H), 3.60 (t, 4 H), 3.37 (t, 4 H), 2.95 (t, 4 H), 2.69 (t, 4 H), 2.15
(qnt., 2 H), 1.71 (qnt., 2 H).
§ Crystal data for [Zn(6 2H)]ClO4·H2O: C20H39ClN6O7Zn, M = 576.4,
orthorhombic, space group P212121, a = 8.409(1), b = 16.180(1), c =
18.886(1) Å, U = 2569.6(4) Å3, Z = 4, F(000) = 1216, T = 293(1) K, Dc

= 1.490 Mg m23, m(Mo-Ka) = 1.11 mm21, l(Mo-Ka) = 0.71069 Å.
Data were measured on an Enraf-Nonius CAD/PC diffractometer using
graphite-monochromated Mo-Ka X-radiation, qmax = 27.5°. Absorption
corrections were calculated by Gaussian integration, crystal size 0.10 3
0.13 3 0.41 mm, Tmin, Tmax = 0.710, 0.906. Reflections measured; 6468
(w–2q scans), unique 3347, Rint = 0.039. The structure was solved by direct
methods and refined using XTAL 3.5 (ref. 6). Hydrogen atoms were placed
at geometrically calculated positions, but the hydroxyl and the water
molecule hydrogen atoms were not included. The perchlorate ion was found
to be disordered in two orientations and was modelled as two rigid groups.

Refinement of a group population parameter indicated equal occupancy of
the two orientations. Refinement on F2, with individual anisotropic
displacement parameters for all atoms except hydrogen, which were held
fixed, converged at R(F) = 0.069, wR(F2) = 0.093, S = 1.063 for 3100
reflections with F2 > 0 and 345 variable parameters. Final shift/s(max.) =
0.001 and Dr(min., max.) = 20.62, +0.62 e Å23.
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Schröder, J. Chem. Soc., Chem. Commun., 1994, 2467.

5 T. Koike, S. Kajitani, I. Nakamura, E. Kimura and M. Shiro, J. Am.
Chem. Soc., 1995, 117, 1210.

6 XTAL User’s manual, ed. S. R. Hall, G. S. D. King and J. M. Stewart,
University of Western Australia, Lamb, Perth, 1995.
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X-Ray reflection studies on the monolayer-mediated growth of mesostructured
MCM-41 silica at the air/water interface

Stephen J. Roser, Harish M. Patel, Michael R. Lovell, Jane E. Muir and Stephen Mann*†

Department of Chemistry, University of Bath, Bath, UK BA2 7AY

X-Ray reflection has been used to study the nucleation and
growth of thin films of a silica–surfactant mesophase (MCM-
41) at the air/water interface in the presence and absence of
an insoluble lipid monolayer of phosphatidylcholine; the
rate of self-assembly and structural order of films compris-
ing up to four micellar layers were enhanced under the lipid
monolayer.

One of the most promising routes to new silica-based meso-
structured materials with pore diameters greater than those of
conventional materials such as zeolites involves the co-
operative assembly of inorganic precursors with supra-
molecular organic templates.1–7 The resulting silica–surfactant
liquid crystalline mesophases can have a range of symmetries,
including hexagonal (MCM-41) or cubic (MCM-48), and can
be processed to produce mesoporous replicas consisting of an
ordered array of channels with 1 nm thick silica walls. Several
studies have recently shown that thin films of MCM-41
materials can be formed under acidic conditions at the air/
water,8 mica/water,9 or graphite/water interface,10 as well as on
Au substrates that had been chemically patterned.11 In a recent
study,12 X-ray reflection (XRR) was used to investigate the
time-dependent growth of MCM-41 under acidic conditions at
the air/water interface. In this report we use X-ray reflectivity to
probe the nucleation and growth of thin films of MCM-41 under
alkaline conditions at the air/water interface in the presence of
an insoluble lipid monolayer that acts as a secondary template in
the self-assembly process.

MCM-41 silica was synthesised at room temperature from a
dilute basic solution via condensation of tetraethoxysilane
(TEOS) in the presence of hexadecyltrimethylammonium
bromide (C16TMABr).‡ The films were grown slowly at the air/
water interface from a quiescent solution contained within a
Teflon trough which was sealed in a Perspex box with thin
Mylar windows for X-ray transmission. In experiments involv-
ing phosphatidylcholine (PC) monolayers, a known volume of
PC in chloroform was spread onto the air/water interface prior
to recording of the XRR data.§ Analysis of X-ray reflection data
was performed according to established procedures.¶

Fig. 1 shows the fitted reflectivity profile and calculated
scattering density (inset) for the initial measurements for MCM-
41 films grown from alkaline solutions under a PC monolayer.
The zero-time fit has a fringe periodicity which corresponds to
a thickness of 4 nm and demonstrates that the electron density
profile perpendicular to the surface has two maxima, both of
which have similar electron density values. The presence of the
fringes indicates that a single micellar layer of a silicate–
surfactant film is nucleated under the lipid monolayer. Similar
data were obtained for the zero-time measurements for MCM-
41 grown at an unmodified air/water interface, except that the
peak values of the scattering length density profiles were
slightly lower, suggesting that the presence of the PC monolayer
induced the nucleation of a more densely packed arrangement
of silicated rod-like micelles. In both cases, the model used to fit
the data was based on a layer of amorphous silica-coated
cylindrical micelles with an overall diameter of 4 nm.
Interestingly, the data could not be fitted with a model
corresponding to a primary surface layer of hemispherical

micelles, as has been recently proposed as the initial stage in the
nucleation of MCM-41 films from acidic solutions.8 Thus,
under alkaline conditions, mineralized micellar cylinders are
considered to constitute the first layer of MCM-41 nuclei
formed at the air/water or monolayer/solution interfaces.

Significant differences were observed in the XRR scattering
length density profiles for thin films grown for 3 days under a
PC monolayer (Fig. 2). The complex profile shows five distinct
peaks with a repeat spacing of 3.9 nm in the density plot, leading
to a broad Bragg peak centred at Q ca. 0.16 Å21. If the cylinders
are hexagonally close packed, this corresponds to a film
consisting of four silica–surfactant micellar layers, but with the
scattering length density less than that expected from a perfectly
ordered structure. The Bragg peak was consistent with small
angle powder XRD and electron diffraction data of the retrieved
thin films which confirmed the formation of the hexagonal
mesophase.∑ In contrast, the MCM-41 silica prepared at the
unmodified air/water interface showed a less well developed

Fig. 1 Fitted reflectivity profile and calculated scattering length density (Nb,
inset) for MCM-41 films grown for 1 h under a PC monolayer

Fig. 2 Fitted reflectivity profile and calculated scattering density (inset) for
MCM-41 films grown for 3 days under a PC monolayer
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fringe structure, and no Bragg peak after 48 h (data not shown).
This indicates that under these conditions the silica–surfactant
mesophase was significantly less ordered perpendicular to the
air/water interface than the thin film nucleated under the lipid
monolayer.

We also undertook preliminary studies on the time-depen-
dence of the Bragg peak and scattering length profiles. In the
presence of the PC monolayer, a Bragg peak at 0.16 Å21 was
discernible after 4 h and clearly visible after 1 day. After this
time, the peak did not change in position, width or intensity,
indicating that the ordered internal structure was stable at the
monolayer/solution interface. The scattering length profiles
were used to determine the rate of growth in thickness of the
MCM-41 films and clearly indicated that the presence of the PC
monolayer results in faster growth and a more ordered
mesophase (Fig. 3).

In conclusion, we have demonstrated that it is possible to
obtain detailed information on the growth and structure of
mesostructured MCM-41 silica films at the air/water interface
using X-ray reflection. Spreading of a PC monolayer at the air/
water interface enhances the rate of formation and quality of the
thin films, suggesting that interactions between the lipid
headgroups and molecular or supramolecular silica/surfactant
species facilitate the assembly of the first layer of the nucleus.
Further work using a range of lipids and their associated phase
behaviour is underway to elucidate these interfacial processes.

Notes and References

† E-mail: s.mann@bath.ac.uk
‡ In a typical experiment, 0.16 g of C16TMABr was dissolved in 318.0 g of
H2O and stirred continuously. 2.0 g of 1 m NaOH were added, followed by
0.828 cm3 of TEOS, (molar composition = 0.001 C16TMABr : 0.11
NaOH : 0.009 TEOS : 40.2 H2O). The solution was left to stir for 3 min
before being placed in the Teflon trough of the X-ray reflectometer. Growth
of the MCM-41 film was extremely slow because of the constant vapour
pressure of ethanol in the sealed environment which arose from the initial
condensation reactions. In contrast, the results of ref. 12 were obtained from
an evaporative environment. Measurements were made using an in-house
energy-dispersive X-ray reflectometer, and typically consisted of three

separate runs at different angles, lasting in total for 1 h. Measurements of
MCM-41 growth were taken over a period of several days.
§ 124 ml of a chloroform solution of PC (100 mg cm23) were spread at the
air/water interface using a micro-syringe. The volume added was calculated
to produce a solid phase monolayer after solvent evaporation.
¶ In general, each discontinuity in scattering length density (Nb/Å22)
between thin layers lying parallel to the interface under investigation
contributes to the X-ray reflectivity, given by the well known Fresnel
coefficient. This is modified by a factor, which allows for the roughness of
the interface. The contributions from each layer are then combined using a
matrix method. The usual procedure in fitting a reflectivity profile is to
assume a model profile, and allow variation of numerous parameters, until
the best fit between the model and the real R(Q) is found. The layer electron
density in Å23 can be determined by dividing Nb by the scattering length of
a single electron (2.8 3 1025 Å). Thus, the experiment measures the change
in electron density perpendicular to the air/water interface, but averages
information in the plane of the surface. Further details can be found in ref.
13.
∑ Samples for SAXRD, electron diffraction, 13C and 29Si solid state NMR,
FTIR and TGA were collected from the air/water or monolayer/water
interfaces after growth for 3 days in an unsealed environment. Data for
monolayer-mediated synthesis; SAXRD d spacings, 4.0, 2.31, 1.99, 1.51 nm
(as-synthesized), 3.16, 1.97, 1.75 nm (calcined); 29Si NMR, d 289.7 (Q2),
299.6 (Q3), 2109.4 (Q4) (as-synthesized); 13C NMR, d 14.46, 23.25,
26.99, 30.68, 32.62, 54.04, 66.91 (as-synthesized); FTIR, n(Si–O–Si)
1000–1200 cm21, n(CH2) 1460–1490, 2850–2950 cm21; CHN analysis, 32
mass% C (as-synthesized). Hexagonal arrays of 4 nm spaced lattice fringes
were observed by TEM.
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Fig. 3 Plot of film thickness vs. time for MCM-41 deposition from
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In situ synthesis and the catalytic properties of platinum colloids on
polystyrene microspheres with surface-grafted poly(N-isopropylacrylamide)‡

Chun-Wei Chen, Ming-Qing Chen, Takeshi Serizawa and Mitsuru Akashi*†

Department of Applied Chemistry and Chemical Engineering, Faculty of Engineering, Kagoshima University, 1-21-40 Korimoto,
Kagoshima 890-0065, Japan

Well dispersed platinum colloids were synthesized in situ on
polystyrene microspheres with surface-grafted poly(N-iso-
propylacrylamide) via the reduction of PtCl622 by ethanol,
and found to be active and stable heterogeneous catalysts for
the hydrogenation of allyl alcohol in water.

There is currently much interest in the preparation of colloidal
noble-metal particles with a diameter of a few nanometers or
less, not only owing to their unique physical and chemical
properties, but for widespread applications such as in cataly-
sis.1,2 The synthesis of catalytically active metal colloids by
aqueous alcohol reduction of metal salts in the presence of a
protective polymer was firstly reported by Hirai and cowork-
ers.3,4 In a proportion of cases the polymer-protected metal
colloids have been immobilized on a support,5–7 thus giving the
advantages of a truly heterogeneous catalytic system. These
synthesis routes are based on a two-step process involving
synthesis of colloidal nanoparticles and immobilization via
covalent interaction or ligand coordination between the pro-
tective polymers and supports. These methods obviously suffer
from special design of the protective copolymer and/or complex
steps for the immobilization. Here, we report an alternative
approach involving the synthesis in situ of the platinum colloids
on polystyrene microspheres with surface-grafted poly(N-
isopropylacrylamide) (PS-PNIPAAm). The catalyst, separated
from the reaction mixture by centrifugation, retains high
activity on recycling in the aqueous hydrogenation of allyl
alcohol.

A range of monodispersed microspheres have been prepared
by emulsifier-free dispersion copolymerization of styrene with
a PNIPAAm macromonomer of molecular mass 3600. The
average diameter and polydispersity index of the microspheres
showed here, as determined from TEM image, are 500 nm and
1.01, respectively. The PNIPAAm branches covalently attached
on the surface of microspheres provide a steric stabilization for
the long-term water dispersibility of microspheres. The details
concerning the synthesis and characterization of such micro-
spheres have been given elsewhere.8 We have already reported
the formation of platinum colloids with an average diameter of
20.9 Å by ethanol reduction of PtCl622 in the presence of
PNIPAAm with a mean molecular mass of 4000.9 By using the
PNIPAAm branch on the surface of the microspheres as the
capping polymer, we have firstly synthesized in situ the well
dispersed platinum colloids on the surfaces of polystyrene
microspheres.

The synthesis in situ of platinum colloids on polystyrene
microspheres by alcohol reduction of PtCl622 is similar to that
of PNIPAAm-protected colloidal Pt sol.9 For example,
H2PtCl6·6H2O (0.01 mmol Pt) and PS-PNIPAAm (45.2 mg, 0.4
mmol as PNIPAAm monomeric unit) were added in an ethanol–
water mixed solvent (6/4, v/v, 38 ml), and the solution was then
refluxed at 90 °C for 1.5 h. After separating the dark brown
microspheres from the reaction mixture by centrifugation (7000
rpm, 10 min) and redispersing them in water, we studied the
activity and stability of the Pt colloids on the microspheres for
the aqueous hydrogenation of allyl alcohol.

The ESCA data for the Pt colloids on PS-PNIPAAm showed
that the platinum appears to be in a zero-valent state after the
recycling processes and a coordination interaction exists
between the platinum colloid and the nitrogen atoms in
PNIPAAm. Therefore, PNIPAAm branches of a polystyrene
microsphere are adsorbed on the surface of the Pt colloids by
both the hydrophobic interaction of the main chain and the
coordination interaction of the amide group in the side chain. As
a consequence, the strong interaction of PNIPAAm branches
with Pt particles prevents or slows the migration and agglom-
eration of the metal particles by steric stabilization.

Fig. 1 TEM images of the platinum colloids on (a) PS-PNIPAAm after
seven recycles and (b) commercial polystyrene beads
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The PNIPAAm branches not only stabilize the platinum
colloids by steric repulsion, but also immobilize them on
polystyrene microspheres. TEM images of the platinum col-
loids on polystyrene microspheres showed that the particles
have been immobilized in a well dispersed manner on the
polymeric supports. The average particle size (diameter) and
size distribution (standard deviation) of the fresh catalyst were
15.0 and 5.6 Å, respectively, which are smaller than those of the
platinum colloids protected by free PNIPAAm (20.9 and 6.3 Å,
respectively).9 This may suggest that the migration and
agglomeration of the metal colloids can be further prevented by
covalently bonding the protective polymer to the surface of the
polystyrene microspheres. The immobilized Pt colloids on the
surfaces of the microspheres were in a very stable state and little
change in the measured size distributions after seven recycling
times was observed. Fig. 1(a) shows that the immobilized
colloids are located at the surface of microspheres, and the vast
majority of particles are isolated from each other after seven
catalytic runs. Here, the average diameter and standard
deviation of the Pt colloids are 15.2 and 5.7 Å, respectively.
However, the TEM image of platinum colloids on the
commercial PS beads shows that most of the Pt particles
agglomerated together owing to the total lack of steric
stabilization of the polymer [Fig. 1(b)].

The platinum colloid on the commercial PS beads or
synthesized PS-PNIPAAm was employed as a heterogeneous
catalyst for the hydrogenation of allyl alcohol in water. The data

in Fig. 2 show the initial hydrogenation rate, with the same
sample of catalyst recycled seven times. It can be seen that a PS-
PNIPAAm-Pt catalyst showed higher activity than the catalysts
of commercial platinum-activated carbon and Pt colloids on PS
beads, and retained high activity in the hydrogenation on
recycling seven times. We have previously seen the unusual
temperature dependence of activity of the PNIPAAm-protected
Pt sol for the same reaction.9 The reported catalytic properties of
the platinum colloids on PS-PNIPAAm in the hydrogenation are
therefore most encouraging. We have evaluated thermosensi-
tive properties of the microspheres,8 and suggest that the
activity of the catalyst must be moderated through a temperature
change.
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Fig. 2 Recycling of platinum colloids on PS-PNIPAAm and commercial PS
beads in the hydrogenation of allyl alcohol (recovered by centrifugation).
Conditions: Pt, 0.004 mmol (PS-Pt, 0.005 mmol); allyl alcohol, 2 mmol;
solvent, water, 20 ml; 25 °C; H2, 1 atm.

832 Chem. Commun., 1998



Se
Et2NCSe2Zn

Se
NH

Et

EtSe2Et

Se2Et

Se2

Se

CH2CH2

β elimination

Se

M+ 549

521

Et2NCSe2ZnSeCN(H)Et+ 441

CH3CH3

Et2NCSe2ZnSeCN+ 411

Se

Et2NCSe2ZnSe+ 387

ZnSe

Et2NCSe2
+

243

Et2NCSe2Zn+ 307

Et2NCSe+ 164

M+

(C6H13)(Me)NCSe2ZnSe2CN(Me)Prn +

(C6H13)(Me)NCSe2ZnSeCN(Me)Prn +

–CH3CHCH2

–Se

594

514

(C6H13)(Me)NCSe2ZnSeCN +

–CH3CHCH2
–CH4

–CN

(C6H13)(Me)NCSe2ZnSe+

–Se

(C6H13)(Me)NCSe2Zn+ (C6H13)(Me)NCSe2
+

286

–ZnSe

350 –Se–ZnSe

(C6H13)(Me)NCSe+ 206

CN

ZnSe

634

456

430

Deposition of thin films of CdSe or ZnSe by MOCVD using simple air stable
precursors

M. Chunggaze, J. McAleese, P. O’Brien*† and D. J. Otway

Department of Chemistry, Imperial College of Science Technology and Medicine, South Kensington, London, UK SW7 2AY

The air-stable bis-complexes of methyl (n-hexyl)diselenocar-
bamate with cadmium or zinc have been shown to be
effective precursors for the deposition of the metal chalcoge-
nides by MOCVD; studies of their thermal decomposition
mechanism provide possible explanations as to why these
complexes are effective whilst simpler ones are not.

Cadmium and zinc selenide are compound semiconductors with
optoelectronic and/or photovoltaic applications.1 There are
many reports in the literature of attempts to develop effective
single-source precursors for the deposition of such materials by
MOCVD (metal organic chemical vapour deposition).1,2 We

have developed one such approach using dithio-3,4 monothio-5

and diseleno-carbamates.6,7 One striking observation has con-
cerned differences between the behavior of the simple bis-
diethyldithio- and bis-diethyldiseleno-carbamates of zinc and
cadmium. The bis-diethyldithiocarbamates are effective pre-
cursors for materials such as CdS and films of good quality can
be deposited.4,8 However, attempts to use the related selenium
compounds lead to films of elemental selenium or metal
selenide films heavily contaminated with elemental selenium.9
In efforts to increase the volatility of this family of precursors
we have used bulkier substituents on the amine parent of the
carbamate.4 Here, we report that we have now discovered that
some of these air stable compounds are effective precursors for
the deposition of the metal selenides. This unexpected result can
be understood in terms of quite subtle changes in the mechanism
of thermal decomposition of the complexes.

The complexes used as precursors, bis[methyl(n-hexyl)-
diselenocarbamato]-zinc 1 or -cadmium 2, are air stable solids
melting at 151–152 and 130–132 °C respectively.‡ Thin films
of CdSe and ZnSe were deposited by low pressure (LP)–
MOCVD as described previously.10 Films were deposited on
glass microscope slides and growth runs were typically for
times between 30 min and 2 h. After 2 h, thick, ca. 3 mm films
were deposited (Tsource = 200–250 °C, Tgrowth = 400–450 °C).
Growth rates were ca. 1 mh21 for ZnSe and 1.5 mh21 for CdSe.
The films formed were all of substantial thickness, adherent and
fully dense; Fig. 1 shows a typical electron micrograph. The
surface of all these films tended to be featureless. Cross-
sectional microscopy of thicker samples revealed a columnar
structure.§ EDAX analysis results of the selenide films gave a
metal : chalcogenide ratio approximating 1 : 1; in the case of
zinc there appeared to be a significant, but small, oxygen
content (ca. 3% of total). The optical band gaps of the as-

Fig. 1 Typical thin film of CdSe on glass from [Cd{Se2CNMe(C6H13)}2],
Tsource = 250 °C, Tgrowth = 450 °C, 2 h growth run; bar is 10 mm

Scheme 1 Plausible decomposition mechanism for [Zn(Se2CNEt2)2] and [Zn{Se2CNMe(C6H13)}2] combining the steps observed from GC–MS and EI+

studies of the precursors

Chem. Commun., 1998 833



deposited films were estimated by using the direct band gap
method (from plots of absorbance2 vs. energy) as 1.70 eV for
CdSe and 2.58 eV for ZnSe (literature 1.74 and 2.58 eV). The
films were further characterized by X-ray diffraction.¶

Compounds 1, 2 and the analogous bis-diethyldiselenocar-
bamate were studied by pyrolysis GC–MS (pyrolysis temper-
ature of 370 °C) and EIMS to develop plausible decomposition
pathways/mechanisms for both sets of precursors.∑ These
methods give valuable information concerning probable stable
decomposition products and the results of these studies are
summarized in Scheme 1. The gas chromatogram of the bis-
diethyldiselenocarbamates for both cadmium and zinc shows
the formation of a number of organoselenide products of which
the most abundant is diethyl diselenide, EtSe2Et. At the higher
GC-column temperature (ca. 240 °C) elemental selenium
fragments Sen (n = 1–7) are observed which indicates that
clusters of selenium are being formed on the pyrolysis of the
precursor. These species may be responsible for the formation
of selenium films during MOCVD. The selenium clusters were
probably formed via an intermediate organoselenium complex
on the column, EtSe2Et is a likely candidate as the mass
spectrum of EtSe2Et shows it to dissociate to elemental
selenium. In contrast to the diethyl derivative, the GC–MS
traces of 1 and 2 show no evidence for the formation of
selenium clusters, or the volatile organoselenium compound
EtSe2Et.11

We believe that by changing the alkyl groups on the parent
amine of the diselenocarbamates from the symmetric diethyl to
the asymmetric methyl(n-hexyl) derivative, the formation of
diethyl diselenide is hindered and thus the deposition of
selenium during film growth is inhibited. This subtle change
results in the successful deposition of the ZnSe and CdSe from
1 and 2.

Paul O’Brien is the Royal Society Amersham International
Research Fellow and the Sumitomo/STS Professor of Materials
Chemistry. We thank the EPSRC and the Leverhulme founda-
tion for grants supporting work on single molecule precursors.
M. C. thanks the EPSRC for a studentship. We thank the ULIRS
mass spectrometry service at Kings College for pyrolysis GC–
MS studies and J. Barton for other mass spectra. We would also
like to thank Dr J. R. Walsh for earlier studies on the
precursors.
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¶ X-Ray diffraction of the films gave intense peaks with d values (% relative
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for ZnSe (corresponding to cubic zinc selenide with a preferred orientation
of 111; 3.27 (100), 2.00 (70), 1.71 Å (44) {ASTMS}) and 3.72 Å (21, 100),
3.51 Å (100, 002), 3.28 Å (18, 101), 2.54 Å (14, 102) 2.15 Å (15, 110), 1.98
Å (36, 103), 1.83 Å (11, 112), 1.45 (4, 203) Å for CdSe (corresponding to
hexagonal CdSe with a preferred orientation of 001; 3.72 (100), 3.51 (70),
3.29 (75), 2.55 (36), 2.15 (85), 1.98 (70), 1.83 (51), 1.45 Å (20)
{ASTMS}).
∑ EI-MS: a micromass AutoSpec-Q, using Micromass OPUS software was
used. An electron impact energy of 70 eV at 1027 Torr was used to initiate
mass fragmentation. GC-MS: analysis of the samples was carried out using
a Hewlett Packard Series II Gas/Liquid chromatograph linked to a JEOL
JMS AX505W mass spectrometer. The chromatography conditions were as
follows: column BP1 (supplied by SGE). Bonded phase methyl siloxane,
length of 25 m, inner diameter of 0.22 mm, Phase thickness 0.25 mm. The
temperature program employed for analysis was, initial temperature 30 °C,
initial time 2 min, 8 °C min21 to 100 °C (first ramp rate), 12 °C min21

(second ramp rate), final temperature 280 °C. The pyrolysis injector
temperature was 370 °C. Carrier gas helium pressure of 12 psi, flow 1 cm3

min21. MS settings were a 3 kV accelerating voltage, 100 mA beam current
and a detector voltage of 2 kV. Mass spectra were recorded between 10 and
600 u with a scan speed of 0.9 s. The precursor was dissolved in chloroform
and 1 ml aliquots were injected onto the heated injector with a 30 : 1 split
where pyrolysis occurred. Mass spectra of the volatile pyrolyzates were
recorded as described above.
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Magnetic communication in acyclic mixed-valence trimolybdenum complexes
mediated by redox switching
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Reversible one-electron reduction converts the ‘V-shaped’
[Mo(NO)[HB(dmpz)3]{OC6H4XpyMo(NO)[HB(dmpz)3]-
Cl}2] (dmpz = 3,5-dimethylpyrazolyl; X = nothing,
CHNCH or CH2CH2; py = pyridyl) with two unpaired
electrons on the peripheral metals, whose magnetic ex-
change properties depend on X, into a monoanion having
three unpaired paired spins on each metal centre which
engage in magnetic exchange in solution irrespective of X.

Molecular magnets are materials which may be derived either
from organic radicals or from oligonuclear metal complexes
containing at least one paramagnetic transition metal centre.1
The construction of stable multicentre high-spin organic
molecules remains a difficult synthetic challenge and the
confirmation of interesting magnetic behaviour has been
elusive.2 However, the assembly of two or more transition metal
components of differing spin, whose ‘magnetic’ orbitals are
orthogonal and which are embedded in chain-like structures
incorporating relatively short rigid organic bridges, has been
more successful leading, for example, to solids exhibiting bulk
ferromagnetic behaviour.3

The identification of paramagnetic transition metal com-
ponents which can be easily linked within a rigid carbon-based
architectural framework and which may couple magnetically is
an important objective in the design and assembly of ‘molecular
magnets’. Central to this type of work is the control of the sign
and magnitude of the magnetic exchange interaction J which
depends critically on the nature of the pathway linking the
interacting spins. We have recently shown that in paramagnetic
isovalent dinuclear molybdenum nitrosyl complexes containing
bipyridyl ligands (metal configuration 17 valence electrons), the
sign of J can be predicted using a spin-polarisation mechanism,4
and ferromagnetic behaviour has been detected in [{Mo(NO)-
[HB(dmpz)3]Cl}2(3,4A-bpe)] (bpe = bipyridylethene; J = +2.4
cm21).5 Furthermore, we have demonstrated that antiferromag-
netic coupling can occur over surprisingly long distances, as in
the isovalent [{Mo(NO)[HB(dmpz)3]Cl}2{py(CHNCH)4py}]
(ca. 20 Å; J ca. 26.6 cm21).6‡ We have also shown that spin
correlation, a manifestation in solution of magnetic coupling
detected by EPR spectroscopy, occurs in the trinuclear species
[1,3,5-{Mo(NO)[HB(dmpz)3]Cl(pyCHNCH)}3C6H3] and
[1,3,5-{Mo(NO)[HB(dmpz)3]Cl(pyC·C)}3C6H3] although we
have not yet determined the relative signs of J.7

The mixed-valence/mixed donor atom species [{Mo(NO)-
[HB(dmpz)3]Cl}2(OC6H4CHNCHpy)] which we prepared ear-
lier contains a diamagnetic 16e2 and a paramagnetic 17e2
metal centre. The solution EPR spectrum shows AMo = 5.0 mT,
consistent with valence-trapped behaviour, but on reduction to
the isovalent monoanion, the EPR spectrum revealed that the
two unpaired spins correlate strongly (AMo = 2.5 mT). The
reduced species is isoelectronic and probably ‘isomagnetic’
with [{Mo(NO)[HB(dmpz)3]Cl}2(4,4A-bpe)] (AMo = 2.5 mT,
J = 218 cm21),5 the magnetic interaction between the two
molybdenum centres being ‘switched on’ by reversible reduc-
tion of the molybdenum phenolate terminus from a 16e2 to a
17e2 configuration.

By substitution of both chlorides in
[Mo(NO){HB(dmpz)3}Cl2] by the appropriate pyridine–phenol

the diamagnetic bis-phenoxides [Mo(NO){HB(dmpz)3}(4-
OC6H4py)2] 1, [Mo(NO){HB(dmpz)3}(4-OC6H4CHNCHpy)2]
2 and [Mo(NO){HB(dmpz)3}(4-OC6H4CH2CH2py)2] 3, have
been obtained. Further reaction of these with
[Mo(NO){HB(dmpz)3}Cl2] in the presence of NEt3 afforded a
mixture of di- and tri-metallic species which were separated by
chromatography. The trimetallic species, [Mo(NO){HB-
(dmpz)3}{4-OC6H4pyMo(NO)[HB(dmpz)3]Cl}2] 4, [Mo(NO)-
[HB(dmpz)3]{4-OC6H4CHNCHpyMo(NO)[HB(dmpz)3]Cl}2]
5 and [Mo(NO)[HB(dmpz)3]{4-OC6H4CH2CH2pyMo(NO)-
[HB(dmpz)3]Cl}2] 6, contain a mixed-valence 17 : 16 : 17e2
trimetal core in a ‘V-shaped’ array because of the cis-
disposition of the phenoxide groups at the central molybdenum
atom.§ Cyclic voltammetry¶ of 4, 5 and 6 in dichloromethane
revealed two synchronous one-electron oxidations of the
molybdenum–pyridyl terminal groups and two reduction proc-
esses, one one-electron process associated with the central bis-
phenolato molybdenum group and two synchronous one-
electron reductions of the molybdenum–pyridyl termini. The
formation potentials for the generation of the monoanion fall in
the range 21.05 to 21.29 V vs. ferrocene–ferrocenium couple,
entirely consistent with the reduction of {Mo(OC6H4–)2} cores
and with the cyclic voltammetric behaviour of 1, 2 and 3,8 and
are well-separated from the reduction processes of the terminal
molybdenum–pyridyl groups.

The EPR spectrum (room temp., CH2Cl2 solution) of 5 is
typical of significant spin exchange coupling in dinuclear
molybdenum nitrosyl systems (giso = 1.977, AMo = 2.4 mT),
i.e. strong spin correlation with ıJı 9 AMo.5 The spectrum of 4
is different from that of 5 (Fig. 1), being probably second order
and characteristic of significant reduction in the exchange
interaction, ıJı ≈ AMo, perhaps brought about by twisting of
the rings within the bipyridyl fragments.∑ We have observed
similar effects in related molecules.9 However, the EPR
spectrum of 6 reveals no spin correlation and therefore
negligible magnetic interaction between the paramagnetic
termini, i.e. ıJı 8 AMo; AMo = 4.9 mT. This is probably a
consequence of the insertion of saturated hydrocarbon links in
the bridging ligands, of the number of bonds between the
peripheral Mo centres (in ligands with extensive delocalisation,

Fig. 1
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strong correlation seems to persist up to about 20 atoms), and of
possible twisting which degrades p-delocalisation.10

Reduction of the monometallic precursors 1, 2 and 3 gave
EPR spectra entirely similar to that of 6, namely characteristic
of one unpaired electron on an isolated 17-valence electron
molybdenum nitrosyl group. However, the EPR spectra of 42
and 52, produced by chemical or electrochemical reduction of
4 and 5, provided EPR spectra revealing strong correlation
between all three 17-electron metal centres, giso = 1.976, AMo
= 1.7 mT, very similar to the data obtained from the
symmetrical [1,3,5-{Mo(NO)[HB(dmpz)3]Cl(pyCHNCH)}3-
C6H3]. Even more remarkably, the EPR spectrum of 62 also
revealed strong spin correlation (large ıJı) between all three
metal centres (giso = 1.973, AMo = 1.7 mT).

It appears, therefore, that reduction of the central molybde-
num bis(phenoxy) moiety from a 16- to a 17-valence electron
unit is essential to facilitate strong spin-correlation and so
strong magnetic interaction between all three 17-electron metal
centres. The EPR spectral consequences of the correlation in
these ‘V-shaped’ molecules appear to be broadly similar to
those in the more symmetrical [1,3,5-{Mo(NO)-
[HB(dmpz)3]Cl(pyCHNCH)}3C6H3] and its analogues. Thus
the reversible conversion of 6 to 62 can be interpreted as an
example of a simple molecular magnetic or ‘J switch’ in that
changing the redox level of the central atom increases spin
correlation (i.e. magnetic exchange) between the terminal
groups.

While the molecular components and the effects described
here are of themselves small by molecular electronic standards,
by elaboration of the design of these mixed phenoxy–pyridine
complexes into oligomeric and polymeric species, it should be
possible to build up an extended array of mixed-oxidation state
metal systems which may be switched to isovalent species
whose magnetic properties may be sufficiently strong to
constitute useful devices.
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Selective electrochemical recognition of mercury in water by a
redox-functionalised aza-oxa crown derivative

José M. Lloris, Ramón Martı́nez-Máñez,*† Teresa Pardo, Juan Soto and Miguel E. Padilla-Tosta

Departamento de Quı́mica, Universidad Politécnica de Valencia, Camino de Vera s/n, 46071 Valencia, Spain 

The ability of the new cyclic aza-oxa redox-active receptor
N-ferrocenylmethyl-1,4,7-trioxa-10-azacyclododecane to
selectively and electrochemically recognize Hg2+ in water
over other commonly water-present metal ions is reported.

The design and synthesis of promising new materials from
supramolecular chemistry for the development of novel chem-
ical sensors is a field of current interest. Of special interest are
novel functionalised molecules which are able to change an
easily measurable physical property by coordination with a
target substrate. Among these new molecules are redox-
functionalised receptors able to display a shift of the redox
potential upon addition of particular substrates.1 We have
recently been involved in the synthesis of electroactive water
soluble receptors for the electrochemical recognition of toxic
heavy metal cations. A combination of well known molecular
properties and suitable redox groups could prove to be a good
method to strategically design new molecules for the selective
electrochemical recognition of target substrates. The design
strategy was inspired by two well known properties; (i)
macrocyclic receptors compared to acyclic structures generally
provide more selective complexation, and (ii) the presence of
central oxygen donors in macrocycles has been used to control
the selectivity for large metal ions over small ones.2,3 Taking
these two principles into account the aza-oxa crown derivative
1,4,7-trioxa-10-azacyclododecane ([12]-aneNO3),4 which has
been reported to display higher stability constants with mercury
than with other common metal ions, was chosen and function-
alised with ferrocenyl groups. Synthesis of L1 was carried out
by reaction of [12]-aneNO3 with (ferrocenylmethyl)-
trimethylammonium iodide in acetonitrile (Scheme 1).

L1 is an oil but can be obtained as a solid by adding
[NH4][PF6] to a solution of L1 in ethanol and further addition of
water to give [HL1][PF6]. Crystals‡ were obtained by slow
diffusion of hexane into dichloromethane solutions of
[HL1][PF6]. Fig. 1 shows the molecular structure of the [HL1]+

cation. The protonation constants of the free ligand and the
stability constants for the formation of the Cu2+, Zn2+, Cd2+,
Pb2+ and Hg2+ complexes of L1 have been determined using
potentiometric methods (25 °C, 0.1 mol dm23 KClO4; titration
was carried out with KOH from previously acidified solutions
with HClO4 of L1 and the corresponding metal ion).6 Stability
constants are gathered in Table 1. The formation of the
[ML1(OH)]+ and [ML1(OH)2] complexes has been observed for
all the metal ions. Additionally, for Pb2+ and Hg2+, [ML1]2+

species have also been found to exist. Functionalisation with the
ferrocenyl group does not basically appear to modify the
coordination behaviour of the cyclic oxa-aza cavity. Fig. 2
displays the distribution diagrams of the L1–H+–Cu2+ and
L1–H+–Hg2+ systems. Hg2+ shows a quite different diagram
and, when the [HgL1]2+ complex is predominant (near pH 5),
there is not interaction between the receptor and Cu2+, Zn2+,
Cd2+ and Pb2+ ions. This can be explained taking into account

Table 1 Stability constants (log K) for the formation of Cu2+, Zn2+, Cd2+, Pb2+ and Hg2+ complexes of L1 in H2O at 25 °C in 0.1 mol dm23 KClO4
a

M

Reaction Cu2+ Zn2+ Cd2+ Pb2+ Hg2+

M2+ + L1" [ML1]2+ — — — 5.29(5)b 10.03(4)
M2+ + L1 + H2O" [ML1(OH)]+ + H+ 20.72(2) 23.49(3) 26.19(2) 23.47(7) 3.0(1)
M2+ + L1 + 2H2O" [ML1(OH)2] + 2H+ 210.10(4) 213.10(4) 216.52(2) 213.23(6) 24.08(7)

a The titration curves were merged and treated simultaneously to give the stability constants: L1–H+–Hg2+, three titration curves, pH 3–8; L1–H+–M2+

(M = Cu2+, Zn2+, Cd2+, Pb2+), three titration cures, pH 3–9. b Values in parentheses are standard deviations on the last significant figure.

Scheme 1

Fig. 1 Molecular structure of the [HL1]+ cation
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the larger affinity of Hg2+ for L1, which is able to produce the
reaction Hg2+ + HL1+ " [HgL1]2+ + H+ at a lower pH value
than the remaining metal ions. To determine if the ferrocenyl
group is able to amplify the selective mercury-binding behav-
iour found at molecular level into a macroscopic signal using
electrochemical methods, the oxidation potential of the free
receptor and the oxidation potential of L1–M2+ systems
(M = Cu2+, Zn2+, Cd2+, Pb2+, Hg2+) has been monitored as a
function of the pH in water. E1/2 of the free receptor is pH-
dependent. E1/2 is ca. 175 mV at pH = 10. When the pH
decreases there is an anodic shift until pH = 8 (E1/2 = 375). In
the pH range 8–3 the potential remains constant with a total shift
between basic and acid pH of near 200 mV. Fig. 3 shows DE1/2
found in the presence of metal ions [M = Cu2+, Zn2+, Cd2+,
Pb2+, Hg2+; DE1/2 is defined for a particular pH as E1/2(L1–
H+–M2+) 2 E1/2(L1–H+), studies have been carried out using
1 : 1 metal-to-ligand molar ratios; typical metal concentrations
were 3–4 3 1024 mol dm23]. It can be observed that there is a
selective electrochemical recognition of Hg2+ over other
common typically water-present metal ions as was predicted
from the potentiometric results. At pH 6 there is no interaction
between L1 and Cu2+, Zn2+, Cd2+ or Pb2+, and the addition of
these metal ions (ca. 3 3 1024 mol dm23) to solutions of L1 and
Hg2+ ([Hg2+] ca. 3 3 1024 mol dm23) does not shift E1/2.
Additionaly L1–M2+–H+ curves in Fig. 3 are transformed into
the L1–Hg2+–H+ curve by adding equimolecular amounts of
mercury to L1–M2+ solutions (M2+ = Cu2+, Zn2+, Cd2+ or
Pb2+), indicating that Hg2+ is able to displace other metal ions in
pre-formed [ML1]2+ complexes. L1 behaves as a selective
sensing molecule for Hg2+.

To study the role played by the cyclic nature of L1 similar
experiments have been carried out using L2 as receptor, which

has been isolated after condensation of 2,2A-(ethylenedioxy)-
bis(ethylamine) and (ferrocenylmethyl)trimethylammonium io-
dide. Electrochemical data showed, in contrast with L1, that the
values of E1/2 vs. pH found for the free receptor and E1/2 vs. pH
obtained in the presence of metal ions (M2+ = Cu2+, Zn2+, Cd2+,
Pb2+ and Hg2+; 1 : 1 metal-to-ligand molar ratios) were the same
within the experimental error, pointing out the importance of the
molecular architecture in L1.

We should like to thank the DGICYT (proyecto PB95-
1121-C02-02) for support.

Notes and References

† E-mail: rmaez@qim.upv.es
‡ C19H28F6FeNO3P, M = 512.24, monoclinic, space group P21,
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Fig. 2 Distribution diagram for the systems (a) L1–H+–Hg2+ and (b) L1–H+–
Cu2+

Fig. 3 Plot of DE1/2 vs. pH as a function of the pH for L1–H+–M2+

(M2+ = Cu2+, Zn2+, Cd2+, Pb2+ and Hg2+)
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Amplified microgravimetric quartz-crystal-microbalance analyses of
oligonucleotide complexes: a route to a Tay–Sachs biosensor device

Amos Bardea,a Arie Dagan,a Iddo Ben-Dov,a Boaz Amitb and Itamar Willner*a†
a Institute of Chemistry, The Hebrew University of Jerusalem, Jerusalem, 91904, Israel
b General Biotechnology, Kiryat Weizmann, Rehovot, Israel

An oligonucleotide monolayer acts as an active interface for
the microgravimetric, quartz-crystal-microbalance analysis
of the complementary oligonucleotide.

The formation of specific double-stranded (ds)-oligonucleotide
complexes on solid supports has evoked substantial recent
research activities directed to the nanoscale architecture of
metal-colloid arrays by means of oligonucleotide bridges1 and
to the tailoring of functionalized surfaces for gene detection.2,3

Electrochemical DNA-sensors based on the intercalation or
interaction of redox-active transition metal complexes,4,5 e.g.
Co(bpy)3

3+, or dyes6 such as acridine or Hoechst 33258, were
reported. Microgravimetric quartz-crystal-microbalance
(QCM) analyses, that use oligonucleotide sensing interfaces,
were recently initiated to identify oligonucleotide–protein7 or
oligonucleotide–DNA complexes.8 Although oligonucleotide–
protein interactions were reported to reveal specificity,7 the
sensitivity of the oligonucleotide–oligonucleotide or DNA
sensors is low and the specificity of these devices needs to be
established. Recently, we applied antigen or antibody mono-
layer-functionalized Au–quartz crystals for the microgravi-
metric analyses of the complementary antibodies9 or anti-
gens.10

The assembly of biologically active monolayers on Au-
supports via thiol bridging units has been extensively developed
by our laboratory.11 Enzyme-electrodes,12 photoactive enzyme-
electrodes,13 immunosensors9,10 and reversible immunosen-
sors14 were developed by this method. Here we wish to report
on the development of an active oligonucleotide interface for
the microgravimetric, piezoelectrical analysis of the com-
plementary oligonucleotide. The method is exemplified for the
analysis of the oligonucleotide residue characterizing the Tay–
Sachs genetic disorder.15 We demonstrate means to confirm and
amplify the formation of the oligonucleotide–oligonucleotide
complex at the crystal interface.

The 41-mer oligodeoxynucleotide 1 includes ten successive
thiophosphate thymine residues linked to the 5A-terminus and
acts as thiol-tag for attachment to the Au surface.16 The
remaining 31-mer oligonucleotide includes the complementary
characteristic base-order of the normal Tay–Sachs gene. The
31-mer oligodeoxynucleotide 2 includes the base sequence of
TS 4I-N in the gene in which mutations lead to the Tay–Sachs
genetic disorder.15 The thiol-tagged oligonucleotide 1 was
assembled on a Au–quartz crystal (AT-cut, 9 MHz, EG&G) by
interaction of the crystal with a phosphate buffer (0.01 m, pH
7.3) solution of 1, 50 mg ml for 12 h at 4 °C.

Fig. 1(b)–(e) show the frequency changes of different crystals
exposed to different concentrations of the complementary
oligonucleotide 2. Interaction of the monolayer-functionalized
crystal with 2 yields a frequency decrease, implying a mass
increase on the crystal surface as a result of the formation of the
ds-oligonucleotide between 1 and 2, Scheme 1. The extent of
the crystal frequency decrease is enhanced as the bulk
concentration of 2 increases, consistent with the increased
surface coverage of the sensing interface by 2. At a bulk
concentration of 2 corresponding to 11.5 mg ml21 [Fig. 1(e)],
the crystal frequency decreases by 11 Hz and it levels-off to a

constant value after ca. 200 s. Exposure of the monolayer-
functionalized crystal to higher concentrations of 2 does not
enhance the crystal frequency change, and the value of Df =
2(11 ± 1) Hz is preserved. This implies that the 1–monolayer
interface is saturated by 2 as a result of the formation of the ds-
oligonucleotide. Using the observed frequency change, we
estimate the surface coverage of the ds-oligonucleotide or the
surface density of the base monolayer of 1 to be ca. 4.4 3 10212

Fig. 1 Time-dependent frequency changes of a 1-functionalized Au–quartz
crystal upon addition of: (a) SSC buffer solution, pH = 7.0; (b) 2, 0.6
mg ml21; (c) 2, 2.4 mg ml21; (d) 2, 3.5 mg ml21; (e) 2, 11.5 mg ml21; (f) 3,
11.5 mg ml21, (g) 2a 2.4 mg ml21. Oligonucleotides are dissolved in SSC
buffer, pH = 7.0, SSC = 30 mm Na–citrate and 300 mm NaCl.

Scheme 1 Schematic amplified microgravimetric analysis of an oligonu-
cleotide
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mol cm22. This corresponds to ca. 50% of a densely packed
monolayer of the ds-oligonucleotide. Control experiments
reveal that the frequency of a bare Au–quartz crystal is
unaffected upon interaction with 2, (0.6 mg ml21), Df = 2(1 ±
1) Hz. Also, treatment of the 1-functionalized crystal with a
pure buffer solution [Fig. 1(a)] or with the 31-mer oligonucleo-
tide solution 3, (11.5 mg ml21), [Fig. 1(f)], does not yield any
significant change in the crystal frequency. Note that the
oligonucleotide 3 is essentially complementary to 2. Thus, the
lack of frequency changes upon interaction of the 1-function-
alized crystal with 3 indicates that non-specific oligonucleotide
binding interactions are not operative on the interface. The
frequency change observed upon interactions of the 1-modified
crystal with 2 originates from specific complementary inter-
actions that generate the ds-assembly. A major concern in the
development of the microgravimetric DNA-sensor relates to the
specificity of interactions of the sensing interface with oligonu-
cleotide mutants. Accordingly the quartz-crystal functionalized
with the oligonucleotide 1 was interacted with the 31-mer
oligonucleotide 2a. The latter oligonucleotide includes the
characteristic mutation differentiating the normal gene and 75%
of the Tay–Sachs genetic disorder carriers. Note, that a seven-
base mutation occurs in 2 as compared to 2a. Fig. 1(g) shows the
crystal frequency response upon interaction of the sensing
interface with 2a (2.4 mg ml21). No detectable crystal frequency
decrease is observed, indicating that the removal of the seven-
base pair recognition between the sensing interface and 2a is
sufficient to eliminate significant binding interactions. Thus, the
sensing interface reveals sufficient specificity to distinguish
between the normal and mutated DNA-sequences involved with
Tay–Sachs genetic disorder.

At a bulk concentration of 2 corresponding to 0.6 mg ml21, a
frequency change of only 2 Hz is observed after 500 s. This
seems to be the sensitivity limit. In order to confirm that the
frequency change observed in Fig. 1(b) originates from specific
complementary interactions, and to amplify the transduced
sensing signal, the resulting ds-assembly was interacted with a
mouse anti-ds-DNA antibody (Ab). Fig. 2(a) shows the crystal
frequency changes upon the interaction of 1-functionalized
crystal with 2 (0.6 mg ml21). A frequency change of Df = 2(2
± 1) Hz is observed. Fig. 2(b) shows the crystal frequency
changes upon interaction of the ds-assembly with the anti-ds-
DNA antibody. Note that although the coupling of 2 results in
a frequency change of only Df = 2(2 ± 1) Hz, the association
of the Ab results in a frequency change of Df = 2(14 ± 1)Hz.
This is consistent with the fact that the mass ratio of 2 : Ab is
1 : 15. Challenging of the supramolecular ds-oligonucleotide/

anti-ds-DNA antibody with the goat anti-mouse Fc-antibody
results in a further decrease in the crystal frequency of Df =
2(8 ± 1) Hz, Fig. 2(c). This originates from the association of
the secondary antibody to the Fc-part of the anti-ds-DNA
antibody, Scheme 1. The frequency decrease in the presence of
the secondary antibody is only half of the frequency decrease
observed with the primary anti-ds-DNA antibody. This origi-
nates from the fact that the secondary antibody includes two
binding sites for the primary antibody. Control experiments
reveal that the anti-ds-DNA antibody or the anti-mouse-Fc-
antibody do not bind to the 1-functionalized interface [Df =
2(2 ± 1) Hz]. Thus, the ds-assembly formed by the interaction
between the functionalized crystal and 2 specifically associates
the anti-ds-DNA antibody. The latter complex with the mouse
antibody binds the secondary goat anti-mouse antibody.

Thus, we have developed a novel means to assemble an
interface for the specific microgravimetric analysis of com-
plementary oligonucleotides. The interaction of the resulting
surface-bound ds-oligonucleotide assembly with the anti-ds-
DNA antibody and with the respective anti-antibody provides
means to confirm and amplify the primary formation of the
complementary oligonucleotide complexes. Further attempts to
regenerate the sensing interface by unfolding of the ds-
oligonucleotide complex by thermal or chemical treatments are
underway in our laboratory.

Parts of this research were supported by the Bundesministe-
rium für Bildung Wissenschaft, Forschung und Technologie,
Germany, (BMBF) The Israel Ministry of Science, MOS, and
The Szold Foundation, The Hebrew University of Jerusalem.
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Fig. 2 Time-dependent frequency changes of the 1-functionalized Au–
quartz crystal upon addition of: (a) 2, 0.6 mg ml21; (b) addition of anti-ds-
DNA-Ab, 1.2 mg ml21, to the 1 and 2 double stranded complex on the
surface; (c) addition of anti-Fc-Ab, 21 ng ml21 to the 1 and 2 ds-complex
with linked anti-ds-DNA-Ab. Arrow indicates the time of anti-Fc-Ab
addition. Prior to addition of the anti-Fc-Ab, the cell was rinsed with PBS
buffer.
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Dissolve commercial enzymea

in aqueous buffer,b 2–4 mg ml–1

Add silica gel,c 50 mg ml–1

Gently agitate for 1–4 h

Decant off aqueous solutiond

Add dry n-propanol, 20 ml g–1,

rinse and decant 6 timesd

Rinse PREP with reaction solvent,d

add reaction mixture

Practical route to high activity enzyme preparations for synthesis in organic
media

Johann Partridge,*† Peter J. Halling and Barry D. Moore*
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A single pot method to rapidly prepare immobilised
subtilisin Carlsberg and a-chymotrypsin gives 1000-fold
greater catalytic activities in polar organic solvents than
freeze-dried powders. 

The application and utility of enzymes such as serine proteases
and esterases in organic synthesis is well established. This has
led to increased demand for enzyme preparations which exhibit
high activity and reproducible selectivity, particularly in
organic solvents.124 The commonly used freeze-dried powders
are known to exhibit low activity,5,6 but are often used because
they can be obtained in one step from commercially supplied
enzymes. Enzymes immobilised onto a support often show
higher activity in organic media but the types of support
material reported may not always be readily available and well
controlled immoblisation procedures are often required.7211

Recently, commercial cross-linked enzyme crystals (CLECs)
have been introduced and these exhibit high activity, good
stability and excellent reproducibility but are only currently
available for certain enzymes.12‡ Here we demonstrate how
enzyme preparations of very high activity can be rapidly and
economically produced in a normal chemistry laboratory
utilising a novel dehydration process.

The procedure employed is summarised in Fig. 1. The
enzyme is first immobilised onto a support and for convenience
we have used adsorption onto a standard silica chromatography
gel.13,14§ For the enzymes tested the adsorption takes place
quantitatively on stirring the protein with the silica in aqueous
buffer solution at pH 7.8.¶ The immobilisation process
disperses the biocatalyst over a large surface area and ensures
good active site accessibility is obtained when the preparation is
transferred to an organic solvent.∑ Following adsorption most of

the aqueous solution is decanted from the silica–enzyme
preparation ensuring the solid remains wetted. The key
dehydration step is then achieved simply by rinsing the silica–
enzyme preparation with successive aliquots of dry n-propanol,
again keeping the solid wetted with solvent at all times. Where
required, a final rinse with the reaction solvent of choice can be
used to remove the propanol before the reactants are added. The
propanol rinse rapidly removes water associated with the
protein by a mechanism which minimises denaturation and
appears to leave the majority of enzyme molecules in an active
conformation. Ethanol and longer chain alcohols can also be
used for the rinse, but methanol produces a much less active
preparation.

The propanol rinsed enzyme preparations (PREPs) of
subtilisin Carlsberg and a-chymotrypsin are found to exhibit
very high activities in synthetically useful polar organic
solvents such as acetonitrile (ACN) and THF.** Table 1 shows
a comparison of the initial reaction rates obtained for a standard
transesterification reaction in ACN using subtilisin Carlsberg
prepared in different forms. At water levels of 1% (v/v) and
above, the rates for the PREP are found to be comparable to the
CLEC, and over 1000 times greater than the commonly used
freeze-dried powders. Cross-linked enzyme crystals of chymo-
trypsin are not commercially available but under the same
reaction conditions described in Table 1 the PREP of this
enzyme exhibited transesterification activities of 21 and 131
nmol mg21 min21 in ACN, containing 1 and 4.5% v/v water,
respectively. Again this is two orders of magnitude better than
the freeze-dried powder.

If the PREP is removed from propanol and dried in air prior
to assaying in the organic solvent most of the activity is lost and
the residual level approaches that obtained for the lyophilised
powder (see Table 1). However, aqueous suspensions of the
silica adsorbed enzymes can be stored in the fridge for at least

Fig. 1 Typical preparation of enzyme for use in organic solvent. a Highest
purity available. b pH of maximum activity. c No special treatment required.
d Ensure silica remains immersed.

Table 1 Effect of preparation type on subtilisin Carlsberg activity. Reaction
conditions: 10 mm N-acetyl-l-tyrosine ethyl ester, 1 m propan-1-ol, in ACN
containing water added as shown (% v/v). The mixture was incubated at
24 °C with constant reciprocal shaking (150 min21). Samples were analysed
by HPLC on a Gilson 715 equipped with an ODS2 reversed phase column
(Hichrom)

Ratea/nmol mg21 min21

0% H2O v/v 1% H2O v/v 4.5% H2O v/v
in ACNb in ACN in ACN

Enzyme form (aw < 0.01) (aw = 0.22) (aw = 0.55)

Freeze-dried powder < 0.01 0.13 0.28
Cross-linked crystal (CLEC) 226 172 105
Propanol rinsed (PREP) 0.82 142 124
Propanol rinsed, air driedc — 0.60 —

a mg refers to weight of enzyme in preparation. b Water content of dry ACN
was < 0.007% v/v. c Sample prepared as in Fig. 1, placed in sealed jar over
molecular sieves for 3 days, then equilibrated for a further 3 days over H2O-
saturated potassium acetate (aw = 0.22).
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3 weeks with negligible loss of activity and converted to the
PREP as required.

It is perhaps surprising the method described here for
preparing biocatalysts for reactions in low water media has not
been reported previously. However, until recently the large
hydration hysteresis effects obtainable with enzymes had not
been fully recognised.15,16 This work and that previously with
CLECs15 has shown that different methods of water removal
can dramatically affect the enzyme activity obtained. Two
possible explanations are (i) different dehydration protocols
effect the amount of water left bound to the enzyme, or (ii) the
conformation of the dried enzyme is very sensitive to the
method of water removal. Most probably these two effects are
intimately related.

According to previous studies the amount of water bound to
a protein in solvent would be expected to be controlled by the
thermodynamic water activity, aw.17,18 We therefore compared
the catalytic activities of a freeze-dried powder and a PREP of
subtilisin as a function of this parameter. Under these conditions
differences in the amount of residual bound water should be
eliminated and hence similar rate vs. aw profiles might be
expected for the PREP and powder. As can be seen in Fig. 2 this
is not the case. The activity of the lyophilised powder continues
to increase even up to aw 0.76 while a maximal but much higher
rate is obtained with the subtilisin PREP at aw 0.44.†† Note that
since the activity per unit weight of enzyme is much lower in the
lyophilised powder (see Table 1), the rate profiles for the two
preparations compared in Fig. 2 are relative rates normalised to
the maximum value.

The different rate profiles could arise because the two forms
of the enzyme differ in either water binding or the water
required for catalytic activity. A large difference in water
binding isotherms is unlikely, but kinetic factors may be
significant. The water content of the lyophilised powder will be
determined by its adsorption isotherm. In contrast, the treatment
of the PREP imposes a water desorption process, for which the
isotherm will be different due to hysteresis, and even the
apparent equilibrium value may not be reached in the time
allowed. An alternative hypothesis is that the PREP requires
less water because the propanol dehydration process leaves a
large proportion of the enzyme molecules in a conformation
close to the active form. Only low levels of water may then be
needed to promote catalysis and further increases in water
availability provide no beneficial effect. With the dry freeze-
dried powder the very low rates suggest most of the enzyme is
initially inactive. In this case a water catalysed reorganisation
process is probably required to convert the enzyme back to an
active state since much greater water levels are needed to obtain
high activity. The difference in profiles in Fig. 2 therefore
reflects the fact that water plays different roles in promoting

enzyme catalysis depending on the hydration history of the
system.

We have shown here that very high activity propanol rinsed
enzyme preparations (PREPs) can be obtained with both
subtilisin Carlsberg and a-chymotrypsin, enzymes with very
different secondary and tertiary protein structures. This suggests
the procedure may find widespread application as a simple and
economical way of preparing biocatalysts for reactions in
organic media.

We would like to thank the BBSRC for funding this work.
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† E-mail: j.partridge@strath.ac.uk
‡ Other enzyme forms recently reported to exhibit high activity in organic
media include enzymes entrapped in sol-gels19 and dissolved enzymes.20

§ Silica gel was Sigma S-0507, 230–400 mesh, 60 Å pores.
¶ The adsorption pH used corresponds to the optimum activity of the
enzymes in aqueous solution. Typical adsorption conditions used; 20 ml of
subtilisin Carlsberg (2 mg ml21) in 20 mm sodium phosphate buffer, pH 7.8,
was mixed with 1 g of silica gel and the mixture shaken for 1 h at 25 °C. 20
ml of a-chymotrypsin (4 mg ml21) in 25 mm tris buffer, pH 7.8, containing
10 mm calcium chloride (to minimise autolysis) was shaken for 4 h at 25 °C.
After mixing the adsorbed enzymes were stored in aqueous buffer at
4 °C.
∑ Since enzymes are generally insoluble in most organic solvents a
heterogeneous reaction mixture is obtained and diffusion limitations can
become important.
** It is often useful to carry out reactions at known thermodynamic water
activity, aw.18 In polar solvents, in order to achieve a fixed aw, a known
concentration of water can be conveniently added to the system.21 For ACN,
aw values of 0.11, 0.22, 0.44, 0.55 and 0.76 can be achieved by adding 0.5,
1.0, 2.7, 4.5 and 13% water (v/v) to the solvent.
†† Similarly, for freeze-dried chymotrypsin the rate increases with aw,
whereas an optimum rate is achieved at aw of 0.55 for the PREP of this
enzyme. The shift in rate vs. aw for the chymotrypsin PREP in comparison
to subtilisin PREP is interesting. This is also apparent when comparing
profiles for the lyophilised powders of the two enzymes.
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Fig. 2 Relative rate as a function of aw for the transesterification reaction
catalysed by subtilisin PREP (4) and freeze dried subtilisin Carlsberg (0).
Rates for each preparation were normalised relative to the maximum value.
These were 159.7 nmol mg21 min21 at aw of 0.44 for the PREP and 3.3
nmol mg21 min21 at aw of 0.76 for the freeze-dried powder. Reaction
conditions as for Table 1.
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Solid state polymerization of the unsymmetrical [1]ferrocenophane
Fe(h-C5H4)2SiMePh; synthesis of the first stereoregular organometallic
polymer

John Rasburn, Daniel A. Foucher, William F. Reynolds, Ian Manners*† and G. Julius Vancso*‡

Department of Chemistry, University of Toronto, 80 St. George St., Toronto, Ontario M5S 3H6, Canada 

Solid state polymerization of the [1]ferrocenophane Fe(h-
C5H4)2SiMePh yields a stereoregular poly-
(ferrocenylmethylphenylsilane), the first example of a ster-
eoregular organometallic polymer.

Although stereoregular organic polymers (e.g. isotactic or
syndiotactic polypropylene) are well studied materials of
considerable industrial importance, stereoregular inorganic
polymers are virtually unknown.1 A rare recent report describes
the preparation of poly(methylphenylsilane) [SiMePh]n using a
chiral dehydrocoupling catalyst.2 In this case the tacticity was
not deduced unequivocally, but a syndiotactic microstructure
was tentatively proposed on the basis of NMR data. Here, we
report the first synthesis of a stereoregular organometallic
polymer using the technique of solid-state polymerisation.

Owing to the possibility of accessing processable materials
with novel electronic and optical properties, the synthesis and
study of inorganic and organometallic polymers has attracted
increasing recent interest.3 Significant among these are the
poly(ferrocenylsilanes), unusual polymers with a main-chain
comprising alternating ferrocene and organosilane units.4 A
common method of polymerisation involves thermal ring-
opening polymerization (ROP) of strained, silicon-bridged
[1]ferrocenophanes to give high molecular mass materials
(Mw = 105–106 Da).5–10 More recently, anionic and transition
metal catalyzed ROP has also been reported.11 However, by
analogy with the well known case of the topotactic polymer-
isation of trioxane and tetroxane to produce polyoxymethyl-
ene,12–14 strained [1]ferrocenophanes would also seem to be
excellent candidates for topotactic or solid-state polymerisation.
Indeed, recently we showed that the symmetrically substituted
[1]ferrocenophane Fe(h-C5H4)2SiMe2 yielded a high-molec-
ular-weight poly(ferrocenyldimethylsilane) [Fe(h-C5H4)2Si-
Me2]n with properties similar to the thermally ring-opened
materials on 60Co g-irradiation of symmetrically-substituted
monomer crystals.15 Nevertheless, important issues such as
whether the reaction was topotactic remained open.

To gain further insight, we have investigated the use of an
unsymmetrically-substituted [1]ferrocenophane monomer,
Fe(h-C5H4)2SiMePh 1.16 The resulting microstructure can be
examined by solution NMR and hence represents an alternative
approach to reliance on X-ray scattering methods, although not
as detailed. In the reaction scheme (Scheme 1) 2a refers to the
solid-state polymerised polymer, to be compared with 2b, the
thermally ring-opened material.

For our study, large maroon single-crystals of 1 were
synthesised as described previously,10 purified by repeated
high-vacuum sublimations, and then sealed (0.65 g) in a Pyrex
tube. The crystal structure of this monomer is well establi-
shed.16 The tube was then irradiated via placement close to a
60C g-ray source at 25 °C at 0.71 MRad for 24 h (for a total
dosage of 17 MRad). On removal from the source, the
temperature was measured to be 38 °C, well below the melting
temperature of the crystals.10,16 Any post-irradiation heat-
treatment was avoided. The tube was then returned to the N2
atmosphere and the contents extracted with an excess of

hexanes to remove unreacted monomer and oligomeric species.
The product 2a was obtained as 0.30 g (46%) of yellow–orange
platelets on which the original superstructure of the monomer
crystals could be vaguely discerned. The platelets could be
teased apart into fibrils. For solution NMR analysis, the product
was purified by reprecipitation from THF into chilled
n-propanol to give a pale yellow powder (Mw was determined to
be 90 000 Da with a polydispersity of 1.4 by gel permeation
chromatography vs. polystyrene standards). The thermally ring-
opened polymer 2b was synthesised as described previ-
ously.10

Wide-angle X-ray analysis of 2a revealed three main
scattering peaks at d = 7.81, 5.69 and 4.26 Å, all rather broad
and suggestive of small and imperfect crystallites. By contrast,
samples of 2b give broad and featureless amorphous halos
characteristic for this amorphous polymer. This suggested a
different and more regular stereochemistry for 2a compared to
2b. Moreover, conspicuous differences in the 1H and 13C NMR
spectra were evident when the solid state polymerized material
2a was compared with the thermally generated product 2b. In
both the 1H and the 13C NMR spectra the methyl resonance of
2a was a singlet. This implies stereoregularity when compared
to the three observed resonances for 2b where the approximate
1 : 2 : 1 intensity ratio can be assigned to mm (or rr), mr/rm, and
rr (or mm) triads for an atactic polymer [see Fig. 1(b) cf. 1(d)
and 2(c) cf. 2(f), respectively].17 Similarly, the observed 1H
NMR resonances for the cyclopentadienyl group for 2a [shown
in Fig. 1(a)] constitute a subspectrum of that of 2b [Fig. 1(c)].
Interestingly, the ipso-carbon atoms in the cyclopentadienyl
groups show tetrad resolution with six 13C NMR resonances in
Fig. 2(e). In striking contrast, only one of the tetrad sequences
is present in 2a [Fig. 2(b)].17,18

The actual tacticity of 2a (syndiotactic or isotactic) has not
yet been definitively elucidated. The assignment is not
straightforward, particularly as there is negligible J-coupling
across the iron centres, and therefore some interpretation of the
chemical shifts or dipolar couplings in terms of likely rotational
isomeric states is required.17,18 However, we tentatively assign

Scheme 1
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a syndiotactic architecture. Thus, for the melt polymerized
polymer 2b although atactic triads (mr/rm) clearly predominate,
syndiotactic triads (mm§) would be expected to be slightly more
favoured than isotactic triads (rr§) based on steric arguments.
This suggests the assignment of the 1H NMR resonances at d
0.772 in Fig. 1(d) and the 13C NMR resonance at d 23.17 in
Fig. 2(f) to syndiotactic (mm) triads. Consideration of Fig. 1(b)
cf. 1(d) and 2(c) cf. 2(f) shows that the 1H and 13C NMR
resonances assigned to the methyl groups of 2a correspond to

these resonances of 2b which we tentatively assign to
syndiotactic triads.

Further work is aimed at definitively determining the
stereochemistry of 2a (isotactic or syndiotactic) as well as
obtaining further insight into the kinetics and topotaxis of this
novel solid-state reaction.
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McLean Fellowship (1997–2003).

Notes and References

† E-mail: imanners@alchemy.chem.utoronto.ca
‡ Present address: University of Twente, Department of Chemical
Technology, Drienerlo Laan 5, NL 7522 NB Enschede, The Netherlands.
§ For an isotactic poly(ferrocenylsilane) (i.e. a chain comprising repeat units
of identical stereochemistry) inspection of the asymmetic center by
Newman projections from within a given dyad indicates that both have the
same handedness and hence isotactic dyads are r and syndiotactic dyads are
m, in contrast to the situation with vinyl and silane polymers.
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Fig. 1 1H NMR spectra (300 MHz, C6D6, 20 °C) of 2a [(a), (b)] and 2b [(c),
(d)]. Spectra (a) and (c) compare cyclopentadienyl resonances, and (b) and
(d) methyl resonances.

Fig. 2 Quantitative 13C NMR spectra (75 MHz, C6D6, 20 °C) of 2a [(a)–(c)]
and 2b [(d)–(f)]. Spectra (a) and (d) show resonances for cyclopentadienyl
carbons, (b) and (e) show resonances for ipso cyclopentadienyl carbons, and
(c) and (f) show resonances for methyl carbons.
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[NBun
4]4[(Re6S5OCl7)2O], an oxo-bridged siamese twin cluster of two

hexanuclear oxochalcohalide rhenium clusters

Falk Simon, Kamal Boubekeur, Jean-Christophe P. Gabriel and Patrick Batail*†

Institut des Matériaux de Nantes, UMR 6502 CNRS-Université de Nantes, 2, rue de la Houssinière, 44322 Nantes, France 

A report of the solid state synthesis and X-ray crystal
structure analysis of [NBun

4]4[(Re6S5OCl7)2O], the first oxo-
bridged, tetravalent hexanuclear oxochalcohalide rhenium
cluster.

The potassium and rubidium salts of hexanuclear chalcohalide
rhenium clusters, M[Re6(Q5Cl3)Cl6] (M = Rb, Q = S; M = K,
Q = Se), obtained from high temperature solid state reactions,
are soluble in a variety of organic solvents,1 and have been
shown to be splendid starting materials for a variety of
heterosubstituted or functionalized rhenium clusters.2–5 These
reactions, performed at room temperature and in organic
solvents, always lead to the cluster dianions, [NBun

4]2[Re6-
(Qi

5EiCli2)Cla6]22 (E = O, S, Se, Te, NH, NMe, NBz), and
involve the substitution of one of the m3-face-capping chloride
ligand of the Re6L8 cluster core in [NBun

4][Re6(Q5Cl3)Cl6]
(Q = S, Se), with a divalent anion or its synthetic equivalent, for
example the silylated main group reagents E(SiMe3)2.4,5 We
now report a novel high temperature solid state reaction, in the
presence of minute amounts of water which (i) achieves the
concomitant solid state synthesis and former transformation of
the cluster monoanion form into the corresponding dianion
upon a single core ligand substitution, and (ii) involves a single
apical-chloride displacement and a subsequent linkage of two
clusters across an oxo-bridge, both unprecedented in this
chemistry.

The compound [NBun
4]4[(Re6S5OCl7)2O] was synthesized

by mixing Re (206 mg, 1.11 mmol), ReCl5 (200 mg, 0.55
mmol), KCl (30 mg, 0.40 mmol) and S (35 mg, 1.09 mmol) in
an inert gas atmosphere. The powder was then pressed into a
pellet and placed in a silica tube (inner diameter 10 mm,
external diameter 12 mm; ca. 105 mm long), into which H2O
(0.014 ml, 0.78 mmol) was carefully condensed (the hydrolysis
of ReCl5 leads to the formation of HReO4, ReO2 and HCl).6
After 10 min the system was evacuated to 1022 Torr, sealed and
heated for 4 days at 850 °C in a furnace, using a 30 °C h21 rate
for heating and cooling ramps. The crude material was washed
with water and dissolved in ethanol. An ethanolic solution of
NBun

4Cl was then added, forming rapidly an orange precipitate,
which was recrystallized from acetone to give 470 mg of dark
red crystals [Yield = 42% (based on Re). Anal. for
C64H144Cl14N4O3S10Re12. Calc. C, 18.89; H, 3.57; N, 1.38; Cl,
12.20; S, 7.88. Found: C, 16.95; H, 3.10; N, 1.33; Cl, 12.21; S,
8.13%].

The structure was solved by single crystal X-ray diffraction.‡
The asymmetric unit contains one cluster tetra-anion and four
tetrabutylammonium cations. The cluster anion (Fig. 1) consists
of two identical [Re6(S5OCl2)]4+ cores linked by an apical
oxygen ligand [O(2)], the ten other apical positions being
occupied by chlorine atoms. Thus, the charge of each cluster
moiety is 22. The average rhenium to apical chloride bond
length (Re–Cla, where Cla denotes such a chlorine atom in
Schäfer’s notation)7 is 2.380(4) Å [range 2.367(4)–2.389(3) Å],
as expected for a cluster dianion.3,4 The Re–Q distances
observed for the m3-bridging, disordered Cl and S inner atoms
(Q = Si, Cli) are in the range of 2.385(3)–2.450(3) Å, whereas
the m3-bridging oxo ligands are much closer to the Re atoms
[2.090(7)–2.105(8) Å]. This distance is similar to that found in

the oxygen substituted cluster, [NBun
4]2[Re6S5OCl8] [average

Re–(Si, Cli) 2.415(11) Å, Re–O 2.087(6) Å].4 It is important to
note that there is no evidence for disorder in the position of the
oxo ligands, a rare event in this type of chemistry.4,5 Finally, the
rhenium octahedra are slightly distorted, a manifestation of the
closer approach of the face capping oxo ligand, consistent with
the shortening of the Re–Re bond lengths observed for rhenium
octahedra when one goes from the Re–Se–Cl to Re–S–Cl
system.3,8,9 In the structure of [NBun

4]4[(Re6S5OCl7)2O], the
three rhenium atoms capped by the m3-oxo ligands have regular
Re–Re distances [ < dRe–Re > = 2.530(6) Å], whereas the
opposing triangular Re3 face is also regular,
< dRe–Re > = 2.595(8) Å, but with Re–Re distances similar to
those observed in all hexanuclear clusters in the Re–S–Cl
system.3,9 The remaining Re–Re bond lengths, that connect
these two Re3 triangles, are intermediate to the two former,
< d[Re3(O)–Re3(S)] > = 2.585(8) Å, very close to the bary-
centre calculated as [(2.530 3 1 + 2.595 3 7)/8] = 2.587 Å.

The present oxo-bridged siamese twin cluster compound
differs from [Re12Se16(PEt3)10][SbF6]4, which was recently
reported by Zheng et al.,10 since, in the latter case, the two
rhenium clusters are connected via two bonds, one Re–Sea–i and
the other Re–Sei–a, in a similar fashion to the Chevrel phases.11

The novel class of solid state reaction disclosed in this work
opens the way for an infinite oxo-bridged cluster polymer.

F. S. thanks the Région Pays de Loire for a Post-Doctoral
fellowship.
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4]4[(Re6S5OCl7)2O]: A dark red
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X-ray diffraction analysis and mounted on a Stoe IPDS single f-axis
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crystal-to-plate distance of 60 mm (program EXPOSE).12 The images were
processed with the suite of programs provided by Stoe (DISPLAY, INDEX,
PROFILE, INTEGRATE).12 Crystal data for C64H144Cl14N4O3Re12S10,
M = 4069.13, F(000) = 7512, monoclinic, space group P21/c (no. 14),

Fig. 1 ORTEP drawing and numbering scheme for the cluster [(Re6-
S5OCl7)2O]42 in [NBun

4]4[(Re6S5OCl7)2O]. The thermal ellipsoids are
drawn at the 50% probability level. Face-capping ligands S are composite
S/Cl atoms (ratio: 5/2), the two face-capping O ligands are located. The
cluster molecule is totally asymmetric. The relevant bond lengths are
described in the text.
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a = 24.378(3), b = 18.025(2), c = 24.044(3) Å, b = 93.69(1)°,
U = 10544(2) Å3, Z = 4, graphite monochromated Mo-Ka radiation
(l = 0.710 73 Å), T = 150 K, Dc = 2.563 Mg m23; 132 608 reflections
measured (3.8 @ 2q @ 56.3°; 232 @ h @ 31, 223 @ k @ 23, 231 @ l @
31), 25 138 were unique (Rint = 0.093) and 13 071 have I > 2s(I), no decay
was observed. Corrections were made for absorption [m(Mo-Ka) = 14.3
mm21] by empirical methods (max. and min. transmission 0.2033 and
0.0690). The structure was solved by direct methods (SHELXS-86)13 and
subsequent Fourier difference techniques and refined by full-matrix least
squares, on F2 (program SHELXL-93).14 All non-hydrogen atoms were
refined anisotropically except for a few carbon atoms for which thermal
motion precluded such refinement. The positions of the H atoms were
calculated for idealized positions. The final wR(F2) was 0.0777, with
conventional R(F) = 0.0373 (R factors defined in ref. 14), for 909
parameters, GOF = 0.629, w21 = s2(Fo

2) + (0.0001 p),2 where p = [max
(Fo

2, 0) + 2 Fc
2)/3], (D/s)max = 0.000. Minimum and maximum Dr were

24.047 and 3.285 e Å23, respectively, in the vicinity of Re atoms. The
cluster core face-capping chlorine and sulfur atoms were disordered and
were refined as sulfur atoms. CCDC 182/790.

1 P. Batail, L. Ouahab, A. Pénicaud, C. Lenoir and A. Perrin, C. R. Acad.
Sci., Ser. 2, 1987, 304, 1111.

2 O. M. Yaghi, M. J. Scott and R. H. Holm, Inorg. Chem., 1992, 31,
4778.

3 J.-C. Gabriel, K. Boubekeur and P. Batail, Inorg. Chem., 1993, 32,
2894.

4 S. Uriel, K. Boubekeur, P. Batail, J. Orduna and E. Canadell, Inorg.
Chem., 1995, 34, 5307.

5 S. Uriel, K. Boubekeur, P. Batail and J. Orduna, Angew. Chem., Int. Ed.
Engl., 1996, 35, 1544.

6 F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, Wiley,
New York, 5th edn., 1988.
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A unique and highly facile method for synthesising disulfide linked
neoglycoconjugates: a new approach for remodelling of peptides and proteins

Wallace M. Macindoe, Anita H. van Oijen and Geert-Jan Boons*

School of Chemistry, The University of Birmingham, Edgbaston, Birmingham, UK B15 2TT 

An asymmetric disulfide linkage, formed by conjugation of a
5-nitropyridine-2-sulfenyl activated thioglycoside and a
protein or pre-assembled peptide sequence, represents a
good structural mimic of natural asparagine glycosylation.

Most eukaryotic cellular proteins with the exception of some
hormones and enzymes are reliant on the sugar units bound to
them to confer a broad range of important biological functions,
including immunogenicity, solubility, recognition, protection
from proteolytic attack, and induction and maintenance of the
protein conformation in a biologically active form.1 The
biosynthesis of N-linked glycoproteins is complex and results in
micro-heterogeneity in the carbohydrate structure (formation of
glycoforms).2 Several studies have highlighted that each
glycoform should be seen as a unique population of molecular
species with particular biological properties.3

Much effort has been directed to alter the constitution of the
carbohydrate protion of particular glycoproteins.4 Saccharide
glycoprotein remodelling (GPR) originally relied on cumber-
some and inefficient means of adding carbohydrate structures,
either by chemical or enzymatic methods, to proteins.5 This
approach has been supplanted by a technique using recombinant
proteins to alter the intrinsic glycosylation pattern of cells.6
However, the drawback of this technology is that it has the
propensity to produce either inactive, undesired or missing
glycoforms as part of the protein product.7

We report here an approach to the GPR problem which is
based on asymmetric disulfide conjugation (an S–S glycosidic
linkage) between a 5-nitropyridine-2-sulfenyl activated
thioglycoside (e.g. 3, Scheme 1) and a protein or pre-assembled
peptide sequence having its natural asparagine glycosylation
site replaced with a cysteine residue (RASH). The merit of such
an asymmetric disulfide linkage is that it represents a good
structural mimic for natural N-linked glycoproteins9 since the
disulfide linkage is flexible enough to adopt conformations
imposed by natural amide linkages at glycosylation sites.10

The synthesis of compound 3 was executed in five steps (25%
yield overall) from commercially available N-acetylglucos-
amine via a modified procedure precedent for preparing
2-acetamido-2-deoxy-1-thio-b-d-glucose 2.11 Compound 1 de-
composed during both Zemplén and KOBut mediated deacetyl-
ation conditions, but quantitatively gave thiol sugar 2 by a mild

saponification procedure (Et3N–MeOH–H2O). The 5-nitropyr-
idine-2-sulfenyl (pNpys) function was easily introduced onto
mercapto-sugar 2 by treating the latter with 2,2A-dithiobis(5-
nitropyridine) (DTNP) in AcOH–water12 to yield compound 3
in a satisfactory yield of 58%. We anticipate the synthesis to be
amenable for preparing oligosaccharide analogues thereof as
judged by the mildness of the procedure.

The activated thio-N-acetylglucosamine 3 under mild buf-
fered conditions (1 m NH4OAc, pH 5) is able to form
asymmetric disulfide conjugates with a variety of free thiol-
containing substrates. Reaction times are in the range of 2–15
min and yields are quantitative with excesses of 3 (e.g. product
7). The generality thus far encompasses peptide, protein and
polymer substrates, as shown in Table 1. Certainly, model
conjugate 6 is of high immunological importance, in that the
pentapeptide moiety represents that of a human IgG2 se-
quence13 with Cys in place of Asn-297. Unfortunately, the 1H
NOESY spectra of both conjugate 6 and the natural glycopenta-
peptide equivalent (in this case Cys is replaced by Asn and thus
becomes a structural motif for the natural N-glucoasparagine
linkage found in wild-type human IgG2) did not reveal any
cross peaks between sugar-peptide protons. Therefore the
structural similarities between the disulfide and natural amide
glycopeptide linkages of the neoglycotripeptide AcPhe(1-thio-
b-GlcNAc-1?S)CysSerNHCH3 8 were examined by molecular
modelling. Thus, a starting structure of compound 8 was built
based on the tripeptide moiety of the same IgG2 sequence13

(vide supra) with Cys in place of Asn-297 [AcPhe(b-GlcNAc-
1?N)AsnSerNHCH3 9] and subjected to Monte Carlo multi-

Scheme 1 Reagents and conditions: i, Et3N–MeOH–H2O (2 : 5 : 5), 0.5 h,
quant.; ii, DTNP, AcOH–water (12 : 1), 6 h, 58%; iii, RASH, NH4OAc (1 m)
pH 5, 2–15 min

Table 1 Generality of synthesis of disulfide linked neoglycoconjugates

Mole ratio
3/RASH Product RA Yield (%)

a Yields are representative for two different N-acylated cysteine derivatives
prepared, X = Ac (65%) and X = Palmitoyl (53%). b Determined by the
amount of 1 cleaved from the support (1,2-dithioerythritol–CH2Cl2) after
treatment with Ac2O–pyridine. c Absolute yield determined by HPAEC-
PAD analysis of thio-N-acetylglucosamine 2 deconjugated from 7 using
1,2-dithioerythritol–water.
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conformer analysis in combination with molecular mechanics
calculations.14 The global minimum of neoglycotripeptide 8 as
well as all conformations lying within a 50 kJ mol21 energy
window were investigated using both filtering and clustering
analysis resulting in families of conformers. Overlays of the
resulting families of these conformations with glycopeptide 9
demonstrate that a similar spatial orientation as present at the
glycosylation site of human IgG215 can be adopted by disulfide
analogue 8 (see Fig. 1).

Bovine serum albumin (BSA) was chosen as a model protein
on the merit of its availability and the convenience of having a
single cysteinyl function at Cys-58 of its protein sequence. After
15 min of reacting 3 with BSA, the BSA-containing fractions
were quickly isolated free from the excess amount of 3 and other
low molecular weight thiol by-products (Sephadex G-15;
eluent, water). Ellman analysis16 of the isolated conjugate 7
against a blank sample of non-reacted BSA gave a zero
absorbance reading at 412 nm, showing the conjugation to be
complete. Further spectroscopic corroboration of conjugate 7
came from electrospray mass spectrometry. The mass increase
for conjugate 7 over the BSA sample was 160 ± 100 while the
theoretical difference is 235.17

The conjugate 7 was treated with a 50-fold excess of
glutathione. After 7 days, the MALDI-TOF spectra of test
sample aliquots showed only molecular ion peaks of the
conjugate and no exchange products, which supports the idea
that the disulfide bond contained in the conjugates are of
considerable stability.

Currently, we are involved in the construction of an
aglycosylated IgG recombinant antibody by site-directed muta-
genesis which bears a cysteine residue in lieu of Asn-297.
Covalent introduction of defined and activated oligosaccharide
thiol derivatives will provide neoglycoconjugates that will
enable us to study in detail the relationship between carbohy-
drate microstructure and biological properties of IgG mole-
cules.

Financial support for this project was provided by the
Engineering and Physical Sciences Research Council.
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Fig. 1 Stereoviews showing superimposition of neoglycotripeptide 8 and neoglycotripeptide 9 as present in human IgG2
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Novel olefin polymerization catalysts based on iron and cobalt

George J. P. Britovsek,a Vernon C. Gibson,*a† Brian S. Kimberley,b Peter J. Maddox,b Stuart J. McTavish,a
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A new family of olefin polymerization catalysts, derived
from iron and cobalt complexes bearing 2,6-bis(imino)py-
ridyl ligands, is described.

Metallocene catalyst technology has made a dramatic impact on
the polyolefins industry, providing access to polyolefinic
materials with new or improved performance parameters.1–7

There is thus great interest in the discovery and development of
new families of catalysts for a-olefin polymerisation with a
view to obtaining ever greater control over the properties of the
resultant polymers and to extending the family of products to
new monomer combinations. Late transition metal catalysts are
particularly attractive because of their potential for tolerating
heteroatom functionalities, which may open up the possibility
for copolymerizations of polar comonomers. A significant
development in late transition metal polymerization technology
was reported by Brookhart and co-workers who showed that
catalysts based on nickel and palladium could be used to access
a range of linear and branched polyethylenes.8–11

Here we describe a new, strikingly active family of ethylene
polymerization catalysts based on iron and cobalt bearing
2,6-bis(imino)pyridyl ligands. To the best of our knowledge

these are the first iron based catalysts to show significant
activities for the polymerization of ethylene. The precursor
complexes are prepared by treatment of FeCl2 or CoCl2 with the
2,6-bis(imino)pyridines in excellent yields according to Scheme
1.‡ Derivatives containing a variety of bulky aryl substituents
are accessible, the iron compounds 1a–d being blue, while the
aldimine complex 1e and the cobalt compound 2 are green; all
are paramagnetic. The magnetic moment of 5.34 mB (Evans
balance) of complex 1a indicates a high spin electronic
configuration with four unpaired electrons for the d6 iron(ii)
centres in these complexes.

Crystals of 1a suitable for an X-ray structure determination§
were grown from a layered CH2Cl2–pentane (1 : 1) solution; the
molecular structure is shown in Fig. 1. The complex has
molecular CS symmetry about a plane containing the iron, the
two chlorides and the pyridyl nitrogen atom. The geometry at
the FeII centre can probably be best described as distorted
square pyramidal, with Cl(1) occupying the apical position. The
four basal atoms are co-planar to within 0.02 Å, the iron atom
lying 0.59 Å out of this plane. The Fe–Cl bonds are noticeably
asymmetric, with that to the apical chloride being significantly
longer [at 2.311(2) Å] than that to its basal counterpart [2.266(2)
Å]. The Fe–N(imino) distances [av. 2.244(4) Å] are noticeably
longer than the Fe–N(pyridyl) bond length [2.088(4) Å],
probably as a consequence of satisfying the tridentate chelating
constraints of the ligand. The bis(imino)pyridine unit is co-
planar to within 0.19 Å, the plane extending to include the basal
chloride Cl(2) with the 2,6-diisopropylphenyl rings each being
inclined by 79° to this plane. There is no apparent delocalisation
of the imino double bonds into the pyridyl ring system, the
C(7)–N(7) and C(9)–N(9) bond lengths being 1.285(6) and
1.280(6) Å, respectively.

Scheme 1 Reagents and conditions: i, EtOH, AcOH; ii, MCl2, BunOH, 80
°C, 10 min

Fig. 1 The molecular structure of 1a. Selected bond lengths (Å) and angles
(°): Fe–Cl(1) 2.311(2), Fe–Cl(2) 2.266(2), Fe–N(1) 2.088(4), Fe–N(7)
2.238(4), Fe–N(9) 2.250(4), C(7)–N(7) 1.285(6), C(9)–N(9) 1.280(6);
N(1)–Fe–N(7) 73.2(1), N(1)–Fe–N(9) 72.9(1), N(7)–Fe–Cl(2) 98.6(1),
N(9)–Fe–Cl(2) 98.9(1), N(1)–Fe–Cl(2) 147.9(1), N(7)–Fe–N(9) 140.1(1) 
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The results of ethylene polymerization tests are collected in
Table 1. Several features are noteworthy. In general, the
activities of the iron catalysts are exceptionally high, in many
cases comparable or even higher than those seen by metal-
locenes under analogous conditions. All of the catalysts produce
essentially linear polyethylene with molecular weights that are
dependent upon the aryl substitution pattern. Most notable is a
dramatic fall-off in molecular weight to a-olefin oligomers for
derivatives with one o-methyl substituent (runs 7,8) compared
with derivatives that contain methyl substituents in both ortho
positions. Clearly steric protection of the active site is a crucial
factor in controlling molecular weight. 

There is also a marked dependence of the polymer molecular
weight on ethylene pressure for the iron catalyst system, an
effect that is not seen for the cobalt catalyst 2 (runs 10, 11); the
cobalt catalyst also displays a considerably lower activity than
its iron analogue. 13C NMR end-group analysis of the polymers
generated by 1a–c (runs 2, 4, 6) reveals isopropyl end-groups in
addition to low levels of vinyl unsaturation. This is consistent
with a termination mechanism involving alkyl group transfer
from the AlBui

3 scavenger in addition to b-H transfer. The
polymers formed from 1d and the aldimine catalyst 1e contain
a larger proportion of vinyl end-groups ( > 4 per 1000 carbons)
indicating that b-H transfer plays a more dominant role in chain
termination for these catalysts.

The new catalyst family described herein represents a
significant addition to the growing armoury of technologically
important olefin polymerization catalysts. 

BP Chemicals Ltd is thanked for financial support. Dr J.
Boyle and Dr G. Audley are thanked for NMR and GPC
measurements, respectively.
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Table 1 Results of ethylene polymerisation runs using procatalysts 1 and 2a

Activity/
Procatalyst Activator Pressure Yield g mmol21

Run (mmol) (mmol/equiv) T/°C Solvent C2H4/bar PE/g h21 bar21 Mw

1 1a MAO 25 toluene 1 5.8 1170 203 000
(10) (1.0/100)

2 1a MAO 50 isobutane 10 26.9 5430 611 000
(0.5) (0.5/1000)

3 1b MAO 25 toluene 1 5.7 570 29 000
(20) (8.0/400)

4 1b MAO 50 isobutane 10 56.5 9340 242 000
(0.6) (0.6/1000)

5 1c MAO 25 toluene 1 6.2 1230 52 000
(10) (1.0/100)

6 1c MAO 50 isobutane 10 63.1 11 020 562 000
(0.6) (0.6/1000)

7 1d MAO 25 toluene 1 1.2 120 260
(20) (8.0/400)

8 1d MAO 50 isobutane 10 7.8 1280 470
(0.6) (0.6/1000)

9 1e MAO 25 toluene 1 3.7 740 15 000
(10) (1.0/100)

10 2 MAO 25 toluene 1 2.3 460 26 000
(10) (1.0/100)

11 2 MAO 50 isobutane 10 3.7 450 14 000
(0.5) (0.5/1000)

a General conditions: 1 atm Schlenk tests carried out in toluene over 30 min, reaction quenched with dil. HCl and the solid PE washed with MeOH (50 cm3)
and dried in a vacuum oven at 50 °C. 10 atm tests performed in 1 l autoclave, procatalyst dissolved in toluene, isobutane solvent, triisobutylaluminium
scavenger, runs carried out over 60 min.
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Catalysis of liquid phase organic reactions using chemically
modified mesoporous inorganic solids

James H. Clark* and Duncan J. Macquarrie

Department of Chemistry, University of York, Heslington, York, UK YO1 5DD 

The modification of silicas and related materials by attach-
ment of organic functionalities to their surface is an
important area of research in heterogeneous catalysis and
green chemistry. The methods available for the preparation
of these hybrid organic–inorganic materials are reviewed, as
are their applications as catalysts in a range of reactions.

Catalysts played a major role in establishing the economic
strength of the chemical industry in the first half of the 20th
century. As we approach the first half of the 21st century
increasingly demanding environmental legislation, public and
corporate pressure and the resulting drive towards clean
technology in the industry will provide new opportunities for
catalysis and catalytic processes. Some of the major goals of
‘Green Chemistry’ are to increase process selectivity, to
maximise the use of starting materials (aiming for 100% atom
efficiency), to replace stoichiometric reagents with catalysts and
to facilitate easy separation of the final reaction mixture
including the efficient recovery of the catalyst.1 The use of
efficient solid catalysts can go a long way towards achieving
these goals.2 Polymer-supported catalysts have been widely
used.3 Their popularity comes mainly from the fact that product
isolation is simplified and that milder conditions and higher
selectivity can be attained although they can suffer from limited
thermo-oxidative stability. Catalysts based on high surface area
inorganic support materials should have better thermal stability
and have also attracted a lot of interest as solid catalysts and
reagents in liquid phase organic reactions. They form the basis
of some new industrial catalysts which are used as replacements
for toxic and corrosive traditional reagents.4 The mesoporous
nature of silicas and acid-treated clays for example, allows
reasonably good molecular diffusion rates and can lead to
activity enhancement through the concentration of active
centres.5 These first generation supported reagent catalysts are,
however, based on physisorbed reagents, are frequently unsta-
ble in polar media and, consequently, often cannot be reused.
An emerging area of research which seeks to retain the ‘green
benefits’ of heterogenisation and enhanced activity and/or
product selectivity while avoiding the drawbacks of catalyst
instability and limited reusability is the development and use as
catalysts of mesoporous inorganic support materials with
chemically bound active centres.

Preparative methodology

A range of possible methodologies exists for attaching organic
functionality to the surface of a support. We will concern
ourselves primarily with those methods which result in covalent
attachment to a silica surface. Thus, purely electrostatic
methods, such as those used to attach porphyrins to supports
(via e.g. sulfonate-supported pyridinium ion pairs) will not be
described. Nor will concepts such as the supported aqueous
phase catalysts pioneered by Davis amongst others.

Several routes exist for the covalent attachment of organic
functionality to the surface of a silica. These include grafting of
functional organosilanes, surface chlorination and subsequent
displacement, direct sol–gel preparation of organomodified

silicas (especially micelle templated versions) and post-
functionalisation of existing organic groups at the surface.

Grafting
This remains the most popular method, mostly due to its
simplicity, at least in terms of experimental procedures. The
silica is reacted with an appropriate organosilane in a suitable
solvent, typically toluene at reflux, although ethanol at room
temperature is also effective in some cases. The resulting solid
is collected and washed (Scheme 1).

This method is versatile and relatively rapid, with many
silanes being commercially available. Loadings of organic
groups on the surface vary from ca. 0.3 mmol g21 for
cyanoethyl groups to ca. 1 mmol g21 for amine-containing
silanes. Loadings for the more recent controlled porosity MCM-
based materials† can be significantly higher (1–1.7 mmol g21).
Pore size distributions vary little from the original silica used,
although surface areas can drop by a significant amount.6 While
this is a good method for initial studies, drawbacks can include
the formation of several surface species resulting from binding
via one, two or three Si–O–Si groups, attachment of oligomeric
silanes, and the presence of physisorbed material, which must
be thoroughly washed off before the catalyst can be used in
reactions. Loading can often be low, resulting in the need for
relatively large amounts of catalyst. Nonetheless, many cata-
lysts have been successfully prepared by this method, and it
remains the most commonly used route to new catalysts. The
catalytically active group can be present in the silane which is
attached to the surface, or can be introduced by subsequent post-
modification reactions.

Surface chlorination and subsequent displacement
This is a much less frequently used method, although it has
advantages of forming a direct Si–C bond at the surface and
precludes the formation of surface bound oligomers and

Scheme 1 Simplified grafting reaction at a silica surface
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variable modes of attachment. Groups are robustly bound, and
are typically less prone to leaching than those attached via
grafting. The technique is less easy to use, requiring the reaction
of silica with the chlorinating agent, converting surface
hydroxyls to Si–Cl bonds, and is typically achieved using
thionyl chloride at reflux,7 or with CCl4 in a fluidised bed
reactor8 at 400–450 °C. The Si–Cl material thus produced is
reacted with a solution of a Grignard reagent or an organo-
lithium species, leading to displacement of the Cl and the
formation of a Si–C surface bond. The main drawback in this
method is that the requirement for strongly nucleophilic
reagents limits the functionality which can be successfully
attached. This approach has been used for silicas8,9 and
clays.7,10 One article describes the exchange of Si–Cl for Si–
Li,10 rather than the normal Si–R, although no reason for this
inverted reactivity was given.

Templated sol–gel techniques
This methodology is essentially the co-polymerisation of a
silica precursor (typically a tetraalkylorthosilicate) with an
organosilicate precursor [typically a trialkoxy(organo)silane]
(Scheme 2).

The most important impetus for this approach has come from
the discovery of the MCMs, which has allowed the predictable
formation of very regular mesoporous materials, which show a
great deal of promise as highly selective catalysts. This
technique, which was initially used for the preparation of purely
inorganic materials, has been successfully extended to include
organomodified materials.11–13

Reaction conditions are very mild and the procedure is
remarkably simple. The materials produced are very thermally
stable; organic groups do not detach from the surface at
temperatures lower than ca. 450 °C, and, as the groups are
intimately bound into the surface, they are also solvolytically
stable. Loadings can be very high, and are essentially indepen-
dent of the silane used. We have recently prepared a material
with a loading of 3.0 mmol g21, much higher than those
obtainable by grafting. Loading is controlled by the ratio of
silanes in the preparation. The surface areas reported are very
high, ranging from 700 to ca. 1600 m2 g21. Typical silica
supported reagents have surface areas of ca. 75–300 m2 g21.

Post modification
This is often a necessary step in the synthesis of chemically
modified surfaces, since the range of silanes available is limited
(they are also moisture sensitive and can be difficult to work
with) and the use of Grignard or organolithium reagents means
that the chlorination methodology can only be used with a few
functional groups. One of the commonest grafted functions is
the primary amine, usually via the cheap 3-aminopropyl-
(trimethoxy)silane. This group behaves like a typical amine
function, and can thus be derivatised by formation of amides or
imines, and by alkylation. Nucleophilic aromatic substitution of
suitable activated rings is also possible (Scheme 3).

The formation of amides can be carried out with anhydrides,
acids or acid chlorides. Esters will also form amides, although
slowly.14 A particularly attractive option is to use acids without
solvent in a vapour phase reaction at 150–170 °C. For example,
4-aminobenzoic acid can be reacted to form the silica-bound
amide by mixing with the amine-functionalised silica in the
absence of solvent and heating to 170 °C under vacuum.15 This
allows the vapour to enter the pores of the catalyst and react.
Water and excess acid are removed under the reaction
conditions, leaving the surface bound amide. The supported
aniline thus formed can be further functionalised via diazonium

chemistry, and forms the basis for an effective base catalyst.16

The attachment of a silane to a surface often allows the selective
monofunctionalisation of a doubly functional molecule. This
approach has been used in the synthesis of the supported metal
salt depicted in Scheme 6, a very versatile and active oxidation
catalyst (see following section).17

Newer methods for the functionalisation of surface bound
alkenes (from chlorination/displacement routes) include the
Heck reaction.18 This methodology allows the attachment of
a variety of aryl groups to the surface under solvent
free conditions at temperatures between 130 and 150 °C
(Scheme 4).

The use of the resulting materials in catalysis is currently
under study.

Catalysis of oxidation reactions

Oxidation is the area where chemically modified surfaces have
found most use. A wide variety of materials have been prepared,
using several methods for attaching the organics to the surface,
with many areas of oxidation chemistry benefiting from the
materials thus derived.

We recently reported a simple immobilised form of
Co(OAc)2 which is capable of the epoxidation of alkenes.19

This material was prepared according to Scheme 5.
This is a remarkable result, since the organo-functionalised

silica is shown to survive the harsh conditions required to

Scheme 2 Templated sol–gel synthesis of organofunctionalised silicas

Scheme 3 Reactions of aminopropyl-functionalised silica

Scheme 4 The functionalisation of surface alkenes via the Heck reaction:
X = H, CHO, CO2H, CN; Y = Br, I

Scheme 5 Preparation of supported Co(OAc)2
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hydrolyse the nitrile group (50% H2SO4 at reflux, 24 h). The
materials was found to efficiently catalyse the epoxidation of
alkenes using sacrificial aldehydes and oxygen (Table 1).

A related catalyst type has been recently reported,17 where
the metal centre is supported by a longer spacer chain (Scheme
6). This material was prepared from aminopropyl-silica by
reaction with terephthalaldehyde to form the monoimine
(attachment of the amine to the surface precludes reaction at
both ends of the dialdehyde), followed by formation of a second
imine with p-aminobenzoic acid. The supported acid was then
treated with metal acetates to generate the active catalyst.

The catalyst is active in the same epoxidation reaction as the
supported Co acetate above. Interestingly, the Ni version is
most active, followed closely by Cr and Cu, with Mn and Co
being distinctly poorer. Of particular interest is the ability of this
catalyst to carry out the oxidation of alkyl aromatics. In this case
the Cr version is the best, and allows a conversion rate of 370
turnovers h21 to be achieved.

Kurusu and Neckers have also prepared simple complexed
metal species on silica, based on the salicylimine species I:

The metals complexes show some activity in the oxidation of
cyclohexane20,21 and in alkylaromatics.21

Jacobs and coworkers have prepared an active epoxidation
catalyst based on supported metal complexes with the triaza-
cyclononane ligand system.22 Both silicas and MCMs were
used as supports. The catalysts were prepared by the reaction of
the cyclic ligand with a supported glycidyl material, in the case
of the MCM, and with both glycidyl and chloropropyl in the
case of the silica. The ligand system was then modified by
reacting the two free amines with propylene oxide, and
subsequent metal complexation. The epoxidation of styrene was
used as a test reaction. Selectivities and turnover numbers (mol
h21) were higher in the case of the MCM-derived materials than
the silicas, regardless of the nature of the supported ligand.

Metalloporphyrins have also been the subject of much work,
and several routes have been developed to attach them to

heterogeneous supports. Porphyrins are expensive, and thus
recovery becomes economically important. It is also possible
that attachment to a surface may hinder destructive oxidation of
the electron rich ring system, a factor which traditionally limits
their useful lifetime. The use of charged groups, typically
ammonium or sulfonate attached to the periphery has been used
to enhance adsorption to polar supports such as silica and
magnesium oxide.23,24 Direct covalent binding to silica surfaces
has been achieved by coordinative binding of the metal centre to
supported imidazoles, pyridines, etc.25,26 The second mode of
attachment is via aryl groups attached to the periphery of the
ring system. Thus, Mansuy and coworkers have used aminopro-
pyl silica to tether a perfluorophenyl-substituted porphyrin.27

These approaches are summarised in Fig. 1.

A second approach is the nucleophilic displacement of
chloride from chloropropylsilica with a pyridine-substituted
porphyrin.28 These materials are active in the epoxidation of
alkenes, where iodosylbenzene is the preferred oxidant, and in
the oxidation of alkanes to alchols and ketones.

A further example of this approach is the copolymerisation of
a porphyrin containing four attached trimethoxysilane groups
with tetraethoxysilane, leading to an active hybrid silica–
porphyrin.29

Finally, one problem relating to the oxidation of hydrocar-
bons with hydrogen peroxide is the difficulty of having
appreciable concentrations of the non-polar substrate and the
polar oxidant together at the catalytic centre. One elegant
solution has recently been published by Neumann and Wange.30

They have shown that attachment of a mixture of poly(ethylene
oxide) and poly(propylene oxide) to a silica, followed by the
physisorption of methylrhenium trioxide allows the efficient
mixing of both reaction partners (Fig. 2). The catalyst allows the
efficient epoxidation of alkenes with hydrogen peroxide.

A mix of the two polymeric chains was shown to be better
than a single type of chain. This is attributed to a combination

Table 1 Epoxidation of alkenes using supported cobalt acetate

Yield of
Alkene t/h epoxidea

Cyclohexene 5 85
Oct-1-ene 5 45
Octa-1,7-diene 24 48b

2,4,4-Trimethylpentene 5 95
Hex-1-ene 24 30
Styrene 3 32c

All reactions were carried out at 19 °C in dichloromethane with
isobutyraldehyde as sacrificial aldehyde. a GC yield with internal standard.
b Monoepoxide; 7% of diepoxide was also formed. c 5% PhCHO and 21%
polymer also formed.

Scheme 6 Reactions catalysed by supported metal acetates

Fig. 1 Examples of covalently bound porphyrins

Fig. 2 Polyether modified supported methylrhenium oxide
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of the relatively hydrophilic poly(ethylene oxide) and the more
hydrophobic poly(propylene oxide) giving the right balance of
properties, and allowing optimum mixing of the two reagents.

Solid acid catalysts

Solid acids are the most widely studied and commonly used
heterogeneous catalysts. Their use however, is heavily biased
towards large-scale continuous vapour phase processes such as
catalytic cracking and alkane isomerisations. There is also a
great need for solid acid catalysts which are effective in liquid
phase organic reactions such as those employed in many batch-
type reactors by fine, speciality and pharmaceutical inter-
mediate chemical manufacturers. These include Friedel–Crafts
alkylations, acylations and sulfonylations, isomerisations, de-
hydrations, oligomerisations and aromatic halogenations and
nitrations. At present these reactions are commonly catalysed
by mineral acids such as H2SO4 and HF and by Lewis acids such
as AlCl3 and BF3. These traditional reagents suffer from many
drawbacks including hazards in handling, corrosiveness, and
difficulty in separation along with the inevitable production of
often large volumes of toxic and/or corrosive waste. Solid acids
based on organic polymers such as ion-exchange resins and
Nafion are available but suffer from poor stability or high cost
whereas supported reagents such as ‘clayzic’ (acid-treated clay
supported zinc chloride)31 have a limited range of applications
and their weak support–reagent interaction may result in
leaching of metal ions into polar media. The development of
active and truly catalytic, heterogeneous alternatives to tradi-
tional soluble or liquid acids is a very important goal in green
chemistry and while solid acids based on organically modified
supports are relatively uncommon, significant progress using
supports which have been chemically modified by reaction with
Lewis acids has recently been made in our laboratory and
elsewhere.

Aluminium chloride is one of the most widely used inorganic
reagents in organic chemistry, being highly soluble and very
active. However, its many drawbacks, such as its corrosive
nature, difficulties in separation and recovery, and the large
volumes of environmentally hazardous waste associated with its
use, make it a prime target for heterogenisation.4,32 We have
reported an active heterogeneous form of aluminium chloride
which is highly effective at least in Friedel–Crafts alkylation
reactions.33 The material II, which is believed to contain a
mixture of OAlCl2 and O2AlCl sites, is prepared by reaction of
a surface-hydroxylated high surface area mesoporous inorganic
solid such as silica gel or acid-treated montmorillonite with
aluminium chloride in a low-polarity aprotic organic solvent
(Scheme 7).

The optimum loading is support dependent with the higher
surface area mesoporous silica gel having an optimum loading
(1.5 mmol g21) twice as high as that of K10 montmorillonite.
The former catalyst is also a little more active and selective
towards monoalkylation although K10 is a less expensive
support material.

Previous attempts at preparing immobilised aluminium
chloride have met with limited success. Catalysts prepared in
the vapour phase or from a CCl4 solution have proved to be
active in the gas phase (e.g. in cracking reactions) but their
activity in liquid phase reactions has generally been poor.34

Catalysts of this type should be differentiated from those which
undergo a final high temperature calcination stage after
treatment with a soluble aluminium salt. Thus various mesopor-

ous materials such as MCM-41, MCM-48, SBA-1 and KIT-1
have been treated with reagents including ethanolic solutions of
AlCl3 and Al(NO3)3 and slurries of Al(OPri)3 in non-polar
solvent (e.g. hexane) followed by calcination of the resulting
solid at temperatures of > 800 K to give solid acids.35,36 This
typically results in the formation of tetrahedral (framework) and
octahedral (non-framework) Al. Such materials are more
commonly associated with vapour phase reactions such as
cracking.36

The catalyst represented by II shows excellent activity in the
room temperature alkylation of benzene with alkenes.33 Its
activity is comparable to that of aluminium chloride but it shows
improved selectivity towards monoalkylation compared to
AlCl3 itself and is readily recoverable and reusable (unlike
AlCl3 which need to be removed from the reaction after one use,
typically by a water quench). The reaction can be extended to
alkylbenzenes but halobenzenes are considerably less reactive
presumably because of complexation of the polarisable halogen
centre to active catalyst centres (Table 2).

It is interesting that reaction of mesoporous silica gel with
MeAlCl2 under similar conditions gives a catalyst with
comparable activity to that prepared using AlCl3. In contrast,
reaction of MeAlCl2 with K10 gives an appreciably less active
catalyst, an observation that is consistent with the theory that the
HCl released during the reaction of AlCl3 with the clay helps to
convert the more microporous clay structure into a more
mesoporous silica structure37 (MeAlCl2 reacts with the surface
hydroxyls by elimination of CH4). Remarkably, MeAlCl2 itself
is less active again33 suggesting that the methyl group is more
deactivating than the support surface although the presence of
isolated Lewis acid sites on the surface, rather than dimers in
solution, may be a more important factor.

We have shown that it is possible to extend the methodology
for supported aluminium chloride for liquid phase applications
to the relatively new hexagonal mesporous silicas as supports
(HMSs).38,39† Activity in the alkene alkylation of alkylaro-
matics is again comparable to that of AlCl3 itself, and the solid
acids are also easily recovered and can be reused. Most
significantly, the increase in selectivity towards monoalkylation
through the use of the heterogenised Lewis acid is further
enhanced (Fig. 3). By using external site poisons such as Ph3N
(to block external acid sites through complexation) or Ph3SiCl
(to destroy external hydroxyl groups), there is a still greater
increase in selectivity with close to 100% monoalkylation being
achievable with hexadec-1-ene. This may be the first significant
illustration of zeolitic like effects (in-pore selectivity) in
catalysts based on these structured mesoporous materials
operating in the liquid phase. The extension of this phenomenon
from the small molecules transformed by zeolites to large
molecules is clearly very important. It promises significant
improvements in product selectivity, while maintaining the

Scheme 7 Preparation of supported aluminium chloride

Table 2 Activity of (optimised) supported aluminium chloride solid acids in
the alkylation of aromatic substrates [2 : 1 mol ratio of ArH to alkene; 10 g
catalyst (mol ArH)21]

Reaction Monoalkyl-
conditions aromatic

Substrates Catalyst t/h (T/°C) yield (GC%)

PhH + oct-1-ene AlCl3 2(20) 61.6
PhH + oct-1-ene SiO2(70 Å)-AlCl3 1.25(20) 78.3
PhH + oct-1-ene K10-AlCl3 2(20) 76.3
PhH + hex-1-ene K10-AlCl3 2(20) 69.2
PhH + dodec-1-ene K10-AlCl3 2(20) 77.3
PhH + hexadec-1-ene K10-AlCl3 2(20) 71.0
PhMe + oct-1-ene K10-AlCl3 1.5(20) 80.9
PhEt + oct-1-ene K10-AlCl3 3.5(20) 74.3
PhF + oct-1-ene K10-AlCl3 4(20) 29.6
PhCl + oct-1-ene K10-AlCl3 4.5(20) 14.2
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relatively fast reaction rates that mesoporous catalysts can give
in liquid phase organic reactions.

It seems likely that heterogeneous versions of other very
active Lewis acids can be prepared by similar methods although
there are few other references to this in the existing literature.
Iron(iii) chloride should be reactive enough to form surface
OFeCl2 bonds for example and a stable form of supported FeCl3
has been recently reported.40 The material has been used to
catalyse liquid phase Friedel–Crafts benzoylations40 reminis-
cent of a commercial catalyst41 although the surface structure
and activity on reuse of the catalyst have not been described.

Brønsted acids can also be fixed to the hydroxylated surfaces
of support materials. Most spectacularly surface attached
perfluorosulfonic acids have been reported42 which supercede
the perfluorinated sulfonic acid resin (Nafion)-silica composites
reported a year earlier.43 The route to these requires the
preparation of the new reagent (OH)3Si(CH2)3(CF2)2O-
(CF2)2SO3

2M+ which is then bonded to an existing support or
incorporated in an in situ sol–gel technique to give the novel
silica based solid acid III.

The materials are catalytically active for a number of
typically acid-catalysed liquid phase organic reactions such as
alkene alkylations of aromatics (although they are considerably
less active than the supported aluminium chloride described
above) and the benzoylation of activated aromatics such as
m-xylene. They are orders of magnitute more active than
conventional acidic ion exchange resins.

On a somewhat more mundane level, there are various reports
of solid Brønsted acids derived from reaction of support
materials with conventional liquid acids although the nature of
the support–acid interaction and catalyst stability are generally
not well understood. Thus simple treatment of silica gel with
sulfuric acid followed by mild drying gives a solid acid that is
active in various aromatic nitrations (nitric acid or isopropyl
nitrate as nitrating agent).44 Activity of the solid acid is
comparable to the more expensive Nafion-H.

Heterogeneous versions of heteropoly acids have also been
prepared. Apart from direct deposition into support materials,
they can be more firmly bonded to the surface through chemical
surface modification. Acids such as 12-tungstophosphate
(PW12) will react with silica gels which have been treated with
aminoalkylsilanes.45 The acidic site of PW12 reacts with the
surface-bound amino group. The activities of such catalysts are
generally higher than those of supported reagents prepared by
direct deposition45 and it is likely that further improvements are

achievable by using the structured hexagonal mesoporous
materials.46

Base catalysis
The use of supported basic groups as heterogeneous catalysts
has been researched by a few groups over the last decade. The
majority of work has been carried out on the simple 3-amino-
propyl-derivatised silica. A variety of papers has been published
describing the use of this material as an efficient catalyst for the
Knoevenagel reaction.47–49 Most of the papers deal with the
relatively facile reaction of benzaldehyde with nucleophiles
such as ethyl cyanoacetate and malononitrile. We have carried
out an indepth study of this reaction system with a variety of
aldehydes and ketones, and have shown that this simple material
is indeed a versatile and active catalyst.14 Several important
features have emerged. One of the most important parameters is
the solvent, a recurrent theme in heterogeneous liquid phase
catalysis. In this case the solvent must play two roles. Firstly it
must remove water from the system. The reaction is reversible,
and the rates of all but the simplest reactions are significantly
reduced by the presence of water. Secondly, the partitioning of
reactants between the solvent phase and the catalyst surface is
important. Since the catalyst surface is probably the most polar
phase in the system, the use of non-polar solvents will allow the
reagent to preferentially adsorb onto the catalyst surface (polar
solvents will compete for the surface). Both these criteria are
met by hydrocarbon solvents such as alkanes. Indeed it was
found that the rates of reaction varied with solvent according to
the following order: cyclohexane > toluene > 1,2-dichloro-
ethane > chlorobenzene when the reaction was performed at
the boiling point of each solvent. Even the higher temperature
used with toluene and chlorobenzene did not bring about a rate
close to that of cyclohexane (Fig. 4).

Interestingly, the much more polar50 catalysts based on
aminopropyl groups incorporated into hexagonal mesoporous
silicates (HMS)51,† show essentially the same trend, although

Fig. 3 Selectivity vs. chain length for a series of alkenes with HMS catalysts.
(8) AlCl3, (/) AlCl3/K10, (5) AlCl3/HMS24, (:) AlCl3/HMS24-TPS,
(-) AlCl3/HMS24-Ph3N; TPS = triphenylsilyl. HMS24 refers to a parent
HMS with av. pore diameter 24 Å.

Fig. 4 Solvent effects in the Knoevenagel reaction using aminopropyl silica
(a) and aminopropyl HMS catalysts (b); (-) cyclohexane, (5) toluene, (/)
hexane, (:) 1,2-dichloroethane, (8) chloroform, (2) chlorobenzene, («)
ethyl acetate
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the more polar surfaces of the HMS materials mean that toluene
is the optimum solvent, with partition onto the catalyst surface
still being favourable even with the more polar solvent.
Increasing the solvent polarity further again reduces the rate
dramatically.

Reaction studies on both sets of catalysts showed that both
materials were active for a variety of reactions (Table 3).

Aldehydes and ketones (aliphatic and aromatic) both react
readily, as had been shown by previous authors and turnover
numbers are generally good (200–600). The poisoning mecha-
nism was also shown to be due to amide formation by reaction
of the amine with the ester group of ethyl cyanoacetate. The
HMS catalysts are generally slightly less active when compared
directly, but their ability to function well in toluene, and the
much higher loadings achievable (2.5 cf. 1.0 mmol g21) means
that under optimum conditions they can match the silica
catalysts in terms of rate. Their turnover numbers are typically
higher by a factor of 4–5, and the poisoning mechanism is
different. These materials thus display a great deal of promise as
novel catalysts. Rates, selectivity and conversion were found to
be much higher than for typical homogeneous conditions
(piperidine as base).

Brunel and coworkers52 have studied aminopropyl-grafted
MCMs as catalysts for this reaction. They used Me2SO as
solvent, and achieved complete conversion of reactants (benzal-
dehyde and ethyl cyanoacetate) after 100 min. They also found
that a supported piperidine catalyst (prepared by reaction of
piperidine with chloropropyl-MCM) was significantly less
active as a catalyst. Unfortunately, the different conditions used
preclude meaningful comparison with the materials mentioned
above at this time.

We have recently described the preparation and use of two
novel base catalysts (Fig. 5) which have phenolates as the basic
centre.16 One was prepared using the amidation/diazonium
chemistry described above, the other using alkylation of surface
bound amine groups with a polyether tosylate. The catalysts are
active in the Michael addition, and extension of the method-
ology to enantioselective catalysis is currently underway.

Solid catalysts for other applications
The concept of triphase catalysis, whereby a phase transfer
catalyst (PTC) is immobilised onto a support material and the

resulting supported PTC is then used in a biphasic aqueous–
organic solvent reaction mixture is well established. We have
recently reported a series of supported tetraarylphosphonium
PTCs which show particularly high thermal stabilities and
useful activities in nucleophilic substitution reactions and
aromatic oxidative brominations.9,53,54 The catalysts are often
reusable and are effective in non-polar solvents such as
hydrocarbons even when the unsupported phosphonium salt is
inactive (owing to poor solubility, the supported catalysts are
believed to operate at the aqueous–organic interface). The
catalysts can be prepared by a variety of methods as shown in
Scheme 8.

The most remarkable of these catalysts is the mesoporous
silica based material which contains two adjacent phosphonium
centres referred to as a ‘bicipital supported phosphonium phase
transfer catalyst’ IV.9

This catalyst is considerably more active than other supported
phosphonium salts in the model nucleophilic substitution
reaction of 1-bromooctane with potassium iodide. It is also very
dependent on the pore size of the silica with an average pore
diameter of ca. 100 Å giving the highest activity; this is
consistent with more simple physisorbed silica-based supported
reagents and seems to support the view that for liquid phase
reactions catalysed by porous solids, a reasonably large pore is
required to give a good molecular diffusion rate.2,5 Most
significantly, the analogous material with only one of the
aromatic rings substituted with a phosphonium group is
significantly less active per phosphonium centre than the
bicipital material. It is likely that the neighbouring centres can

Table 3 Knoevenagel reactions catalysed by aminopropyl substituted
catalysts

R, RA Catalyst T/°C t/h Yielda (%) TONb

Ph, H 1 82 0.1 99 —
Ph, H 2 82 36 94 —
n-C5H11, H 1 82 0.2 97 —
n-C5H11, H 2 82 0.1 99 > 6000
n-C7H15, H 1 82 0.2 98a —
n-C7H15, H 2 82 0.15 98 > 6000
c-C5H10 1 82 1 98 650
c-C5H10 2 110 2 92 2450
Et, Et 1 82 2 97 265
Et, Et 2 82 4 97 1127
n-C4H10, Me 1 82 4 98 350
n-C4H10, Me 2 110 4 95 1244
t-C4H10, Me 1 82 24 22 —
Me, Ph 1 82 24 68 250
Me, Ph 2 110 36 48 47
Ph, Ph 1 82 72 8 —

a GC yields with n-dodecane as internal standard. Isolated yields are 5–10%
lower. b Number of mol product per mol of NH2 groups. Catalyst 1 is
aminopropyl-silica; catalyst 2 is aminopropyl-HMS.

Fig. 5 Supported phenolates derived from diazotisation of surface bound
aniline and from alkylation of surface bound amine

Scheme 8 Preparation of heterogeneous phase transfer catalysts
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produce a synergistic effect through simultaneous polarisation
of the C–Br bond by one phosphonium centre and attack by the
I2 delivered by the other cation (Scheme 9).

This is supported by the unusually low activation enthalpy
and entropy found for reactions catalysed by the bicipital
material, which are consistent with a lower energy pathway and
a more ordered transition state.9

Chemically modified solid supports can also make very
effective ligands for metal ions enabling heterogenisation of
many valuable catalyst structures. These are to be distinguished
from the very many examples of supported metals and metal
oxides which are often prepared via metal complexes which are
then decomposed in a final, typically high temperature stage.55

The immobilisation of palladium and applications of the
resulting solid catalysts in important reactions such as carbonyl-
ation, amidation and carbon–carbon forming coupling reactions
are good examples of this.56–58 Apart from organic polymer
based materials, catalytically active clay and silica supported
palladium complexes are known. These include a silica-
supported sulfur palladium complex which can be used to
catalyse the arylation of styrene and acrylic acid at 100 °C57

(Scheme 10).

Other metals can be similarly immobilised. Remarkably, the
heterogenisation process can confer dramatically enhanced
activity on the metal complex. Thus, the dimolybdenum
complex [Mo2(MeCN)8]BF4-SiO2 prepared by direct reaction
of the silica with the metal complex is unusual in its ability to
catalyse the polymerisation of norbornene in the absence of an
aluminium co-catalyst and at moderate temperatures.59 Cata-
lysts can be made directly by sol–gel methods. Thus sol–gel
processing of the ruthenium complex cis-[RuCl(H)(CO)(P)3]
(where P is a coordinated ether–phosphine) with tetraethoxy-
silane and [Al(OPri)3] gives a stable material with moderate
surface area which is active in the hydrogenation of trans-
crotylaldehyde with reasonable chemoselectivity to the car-
bonyl reduced products, cis- and trans-crotyl alcohol.60

Non-metallic chemically modified solids have also been
developed for liquid phase catalytic applications. Silica-
supported guanidinium chloride for example, has been shown to
have high efficiency in the decomposition of methyl chlorofor-
mate (into MeCl + CO2) and electrophilic reactions of
carboxylic acids and epoxides.61

Recent advances in solid state synthesis offer some interest-
ing possibilities for the future. Thus the preparation of a
biomolecular tether device based on a silica support chemically
modified with 4,4A-azodianiline units and its successful use in
binding a peptide residue62 suggests potential for biocatalysis.
Covalently bound calixarenes63 help demonstrate complex
surface structures which could be used to bind catalytically
active metal ions. Our recently reported highly fluorinated
materials derived from the reaction of perfluorocarboxylic acids
with aminopropyltrimethoxysilated silica may also point the
way forwards.64 These materials are capable of reversibly
binding perfluorocarboxylates to the exclusion of other salts.
Clearly the improved selectivity that could result from adding

molecular recognition to the already impressive list of attributes
of chemically modified mesoporous solids will further enhance
their growing popularity.
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Highly stereoselective indium trichloride-catalysed asymmetric aldol reaction
of formaldehyde and a glucose-derived silyl enol ether in water

Teck-Peng Loh,*† Guan-Leong Chua, Jagadese J. Vittal and Meng-Wah Wong

Department of Chemistry, National University of Singapore, 10 Kent Ridge Crescent, Singapore 119260

The yield and stereochemical outcome of the reaction
between D-glucose-derived silyl enol ether 1 (Z and E
isomers) and commercial formaldehyde in water catalysed
by indium(III) choride was studied.

The many possible advantages of performing carbon–carbon
bond formation in aqueous media has resulted in studies by
several groups. This relatively unfamiliar territory, especially
reactions that are done without organic solvents, lends itself to
exploration in terms of reaction characteristics and stereo-
chemical behaviour.1

Here we report an efficient and highly stereoselective aldol
reaction between commercially available aqueous formal-
dehyde (37% in water) and silyl enol ether 1, which can be
easily obtained using glucose as starting material (Scheme 1).
The reaction conditions chosen have allowed for formaldehyde
to be used without prior dissolution or in situ generation in
highly basic or acidic conditions from paraformaldehyde, as
compared to reactions in organic solvents.

The use of 1 has allowed for the study of asymmetric
induction via the chiral centers and steric bulk of the various
groups. In addition, we aim to provide a stereoselective one-
carbon extension of glucose under mild conditions employing
readily available starting materials, in contrast to existing
methodologies.2 Previously reported use of commercial formal-
dehyde solution for Mukaiyama aldol reactions using lantha-
nide triflates was unable to be carried out efficiently in the
absence of organic solvents.3 Our aim in completely excluding
organic solvents had led us to our choice of InCl3 as a water-
stable Lewis acid from our earlier work.4 We had also studied
the characteristics of the unexplored In(OTf)3 and did a
comparative study with the lanthanide triflate Yb(OTf)3. Our
study demonstrated the superiority of InCl3 in terms of yield and
selectivity.

Ketone 5, precursor of silyl enol ether 1, was derived from
diacetone d-glucose in two steps (Scheme 2). Deprotonation of
C-6 using LDA and subsequent trapping of the enolate with
trimethylsilyl chloride gave (Z)-1 and (E)-1 in an approximate
ratio of 80 : 20 [Scheme 3, reaction conditions (i)]. The ratio of
the isomers was determined via 1H NMR spectroscopy, through
integration of the a-vinylic proton resonances, with the
Z-isomer at a lower field than the E-isomer.5‡

The aqueous Mukaiyama aldol-type reaction was performed
by first activating the formaldehyde (commercial solution, 37%
in water, 2 equiv.) using Lewis acid (0.4 equiv. InCl3, 0.02
equiv. In(OTf)3 or 0.4 equiv. Yb(OTf)3) and then adding this

solution to the silyl enol ether. The reaction mixture was then
stirred vigorously§ at room temperature and monitored by TLC
for complete consumption of 1. Aqueous workup followed by
flash chromatography gave the desired products. The results are
shown in Table 1 (entries 1 to 3). The low yield observed for the
reaction catalysed by triflates was due to the significant
conversion of 1 to the ketone, particularly with 0.4 equiv. of
In(OTf)3, and deprotection of C-6 hydroxy group from the
product 2. Diastereoselectivities obtained were good, with
catalysis by InCl3 proceeding with excellent selectivity.¶ The
stereochemistry about C-6 of product (R)-2 was determined by
X-ray crystallographic analysis of (R)-6 obtained from depro-
tection of the C-6 hydroxy group (Scheme 4).∑

The lack of correlation between the isomer ratio of 1 and the
diastereoselectivities of the products suggests that both isomers
gave the same major product via conformational preference

Scheme 1 Reagents and conditions: i, CH2O (37% in H2O), Lewis acid,
room temp.

Scheme 2 Reagents and conditions: i, NaH, BnBr, Bu4NI, THF, room
temp., 48 h; ii, 0.06 m HCl, MeOH, room temp., 3 days; iii, TBDMSCl,
Et3N, DMAP, CH2Cl2, room temp., 18 h; iv, DMSO, (COCl)2

Scheme 3 Reagents and conditions: i, LDA, SiMe3Cl, THF, 278 °C to
room temp.; ii, Et3N, SiMe3Cl, DMF, 70 °C, 2 days

Table 1 Yields and diastereoselectivities for reactions described in
Scheme 1

Yielda

Entry E : Z Lewis acid (equiv.) t (%) R : S

1 80 : 20 InCl3 (0.4) 4–7 d 73 96 : 4
2 80 : 20 In(OTf)3 (0.4) 30 min 0b —
3 80 : 20 In(OTf)3 (0.02) 0.5–1 d 38 93 : 7
4 80 : 20 Yb(OTf)3 (0.4) 2–3 d 40 88 : 12
5 0 : 100 InCl3 (0.4) 4–7 d 68 82 : 18
6 0 : 100 In(OTf)3 (0.02) 0.5–1 d 37 70 : 30
7 0 : 100 Yb(OTf)3 (0.4) 2–3 d 35 54 : 46

a Purified yield. b Extensive decomposition occurs.

Chem. Commun., 1998 861



O

OBn

HO

O

O
O

OHH

6

R

(R)-2
i

95%

R S

(6) (20)

(3)(0)

O
TMSO

TBDMSO

O

O O

O
O

O O

TBDMSO
OTMS

O
O

O O

O

HO
H
OTBDMS

O
O

O O

O

HO
OTBDMS
H

O
O

O O

OTMS

TBDMSO O
O

O O

OTBDMS

TMSO

governed by thermodynamic factors. To further investigate this,
we managed to obtain exclusively (Z)-1 by use of Et3N as base
instead of LDA [Scheme 3, reaction conditions (ii)].6 Reaction
of (Z)-1 with formaldehyde using InCl3 as catalyst results in a
(R)-2 : (S)-2 ratio of 82 : 18 (Table 1, entry 5), a lower
diastereoselection from that previously obtained. Similar trends
were also observed with the triflates as Lewis acids (Table 1,
entries 6 and 7). 

To rationalise our results, we propose the existence of a
preferred path of approach of the formaldehyde nucleophile
owing to the steric requirements imposed by the rigid silyl enol
ether. Hence, diastereofacial selection would depend on the
favoured conformation of the silyl enol ether. Standard ab

initio7,8 studies carried out for the four possible conformers of
silyl enol ether 4 are in good accord with the experimental
finding that the R-isomer is the preferred observed product
(Fig. 1).

In effect, this methodology exploits the structure provided by
the glucose derivative to achieve a highly stereoselective means
of one carbon extension under mild and readily accessible
reaction conditions. This, together with the well-established
chemistry of the carbohydrates, would provide for its adaptation
to natural product syntheses.

We acknowledge financial support for this project from the
National University of Singapore (Grant RP 9300657, RP
940633 and RP 950609).
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Scheme 4 Reagents and conditions: i, TBAF, THF, 0 °C, 1 h

Fig. 1 Numbers in parentheses denote the calculated relative energies in
kJ mol21
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Biogenesis of sex pheromones in the female olive fruit-fly
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A likely pathway to the sex pheromones of Bactrocera oleae
(olive fruit-fly) is presented, based mainly on feeding
experiments with deuterium labelled precursors.

There is little knowledge of the chemistry, enzymology or
molecular biology of the biosynthesis of fruit-fly pheromones
which could be linked with the known chemistry1,2 of these
species to facilitate species-specific monitoring and control. We
now describe experiments with the pestilent species, Bactrocera
oleae (olive fruit-fly),1,3 that permit a proposal for the
biogenesis of the (female) pheromone, which is essentially one
component.4 This suggests the operation of a single, major
biosynthetic pathway for study, and possible disruption.

The major component of the pheromone is racemic 1,7-diox-
aspiro[5.5]undecane 15 which is accompanied by low levels (ca.

3%) of hydroxy derivatives 2–4.6 We selected 6-n-butyl-
3,4-dihydro-2H-pyran 57 for investigation as an advanced
precursor of 18 for the following reasons. Although 5 has not
been identified in the olive fruit-fly, it co-occurs with 1 in B.
cacuminata,9 in which keto alcohol 6a also occurs; dehydration
of the corresponding hemiketal 6b would afford 5. Secondly,
2-methyl-6-n-pentyl-3,4-dihydro-2H-pyran 810 and keto alco-
hol 9 accompany isomers of 2,8-dimethy-1,7-dioxa-
spiro[5.5]undecane 10 in B. halfordiae and B. kraussii,2 so that
the nexus that applies to 5 and 1 also applies to 8 and 10.
Appropriate side-chain hydroxylation of these dihydropyrans (5
and 8) followed by cyclisation would yield the corresponding
spiroacetals 1 and 10.

A [2H3]-labelled analogue of 5, viz 11, was prepared from
[2H6]-propanone,11 and essentially complete deuteration at the
indicated positions in 11 was confirmed by 1H and 13C NMR
and mass spectral analyses.‡ Examination by GC–MS of the

rectal glandular contents of female olive flies, subsequent to the
receipt of diet-administered 11, established that 1 was now
significantly 2H-enriched, as were the accompanying hydroxy-
spiroacetals 2–4, and the fragmentation patterns confirmed that
deuterium was located at the anticipated positions a to the spiro
centre. In this and in other cases described here, variation is
isotopic composition for 1 was observed by progressive mass
spectral examination from the foreside to the centre of the GC
peak. More highly deuterated species elute earlier.11 These
examinations showed at least 40% of 1 incorporated deuterium.
It is possible that in vivo hydration of 5 to form the hydroxy
ketone 6a (or the corresponding cyclic hemiketal 6b) provided
the real substrate for methyl oxidation. Thus, 7 (a deuterium
analogue of 6) was synthesised and administered and resulted in
efficient formation of labelled 1, indicating that 6 is also a
possible penultimate precursor of 1.

To explore the nature and specificity of the presumed side-
chain oxidation, dihydropyrans 12 and 14 were also admin-
istered to female olive flies and inefficient oxidation (compared
with 11) occurred, to provide low levels of the known
spiroacetals 13 and 15,2 respectively (Scheme 1). To the best of
our knowledge these have never been detected in olive fruit-
flies under natural conditions. Labelled alkenes 16 and 17,
which correspond to possible precursors of the hydroxyspiro-
acetals 2 and 3, were also administered to whole female B.
oleae. Analyses confirmed that deuterium from 16 or, more
effectively, 17 was specifically incorporated into 2 and 3, but
not 4 or the parent spiroacetal 1. This outcome is shown in
Scheme 2.

The proportion of labelled 2 and 3 relative to 1 and 4
increased to a level twenty times higher when 17, but not 16,
was administered. This supports the view that the penultimate
step in the biosynthesis of 1 in B. oleae is w-oxidation of 6,
followed by cyclisation. Significantly, the results for 12, 14, 16
and 17 demonstrate that exogenous compounds can access the
enzymes of the biosynthetic sequence, a crucial feature if
enzyme inhibitors12 are to be devised for pest control.

With respect to the origin of the minor co-occurring
hydroxyspiroacetals 2–4, we considered these might arise from
hydroxylation of intact, initially formed spiroacetal 1. To test
this proposal, [5,5,11,11-2H4]-1 was synthesised13 and admin-
istered, and GC–MS analysis confirmed the efficient formation

Scheme 1
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of labelled 2–4. The enantiomeric compositions of the hydroxy
spiroacetals from this trial group closely matched those from the
control group.13,14 In contrast to this, the enantiomeric profile of
the hydroxy derivatives resulting from administration of 16 or
17 was quite different. For example, 3 from the control group
was predominantly (2R,5R) and (2R,5S) (20% ee), but was
predominantly (2S,5S) and (2S,5R) (60% ee) for those derived
from 17.13 This indicates that epoxidation of an unsaturated
precursor is an unlikely natural route to 2 and 3. We believe that
2–4 are hydroxylation products of intact 1 (or a chemically
equivalent species).15

In summary, the above results are consistent with
w-hydroxylation of 6 (or possibly 5) followed by dehydrative
spirocyclisation to yield 1. The remarkable, highly regioselec-
tive oxidation (compare results from 5, 12 and 14) of a remote
Me or CH2 group is reminiscent of similar oxidations mediated
by cytochrome P450s in other eucaryotic systems.16 This class
of enzymes is known to occur in insects, mediating important
transformations such as pesticide detoxification.17

With this framework established (Scheme 3), we are now
directing attention to the origin of 6, the likely precursor of 1,
and to establishing the generality of the biosynthetic relation-
ship between keto alcohols and the corresponding spiro acetals,
e.g. 9 and 10. Keto alcohols 6 and 9 could conceivably arise by
either a fatty acid or polyketide pathway and experiments to
differentiate these are being conducted. In this context, it is of
interest that labelled nonanoic acid and 5-oxononanoic acid
were not incorporated into 1 in B. oleae. The isolation and
characterisation of the likely P450 enzyme in B. oleae and B.
cacuminata are also being pursued.

We are grateful to the Australian Research Council for
financial support.
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Use of antibodies to dissect the components of a catalytic event. The
cyclopropenone hapten
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Antibodies elicited against the planar cyclopropenone hap-
ten 1 efficiently catalyze ester hydrolysis, highlighting the
importance of charge rather than shape complementarity as
a design element of hydrolytic antibodies.

In the most common approach to the design of antibody
catalysts the experimenter simultaneously incorporates a series
of parameters that will operate in concert to achieve a catalytic
event. A less frequently discussed but equally important
approach is to apply special hapten design to induce only
selected parameters and thereby assess their role in catalysis.
Here we take the less common approach in order to examine the
relative importance of two key parameters—charge vs. shape
complementarity in the antibody active site. The relative im-
portance of these parameters is of central significance not only
in hapten design but also in immunochemistry in general.

Mechanistic and X-ray crystallographic studies of both
esterolytic enzymes1 and catalytic antibodies highlight the
importance of three design elements when planning inhibitors
and haptens. I. Tetrahedral geometry, needed to mimic the
rehybridization of the carbonyl carbon in the transition state. II.
Negative charge, needed to create a stabilizing environment for
the developing oxyanion. III. Positive charge, needed to
generate a general base residue in the active site. Haptens with
design elements I and II, e.g. phosphonates, amidophosphon-
ates, phosphates, have been extensively used to elicit antibodies
that catalyze various interconversion reactions of carboxylic
acid derivatives.2 Design elements I and III were also used to
generate hydrolytic antibodies.3 Few attempts to simultan-
eously employ all design elements, I, II and III, in order to
achieve polyfunctional catalytic antibodies have been re-
ported.4,5

A common assumption that lies at the basis of all of the above
mentioned studies is that the shape complementarity element I
is an indispensable feature to be considered in the design of
hydrolytic antibodies. Here we report on esterolytic antibodies
that were raised against the cyclopropenone functionality.
Hapten 1 reflects the electrostatic design elements II and III but
lacks the geometrical design element I, thereby allowing us to
examine the importance of charge complementarity alone.

Hapten 1 presents a cyclopropenone ring as well as two
aromatic recognition elements. Diphenylcyclopropenone, 2,6
may be described by two canonical resonance forms 2a and 2b.
The solid state structure of 2 indicates that its carbonyl bond is
highly polarized, suggesting a significant contribution of the
aromatic (2p electrons) zwitterionic structure 2b. This polariza-

tion may be enhanced by the formation of hydrogen bonds.7 The
physical properties of 2 (17O NMR, IR and dipole moment)
provide supporting evidence for the existence of a negative
charge on the oxygen atom.5 The remarkable chemical stability
of 2 under acidic conditions is also attributed to the aromatic
nature of the cyclopropenium moiety.

The synthesis of 1 was achieved in four steps starting with
mono-nitration of 2 (Aldrich) to give 2-(3-nitrophenyl)-
3-phenylcyclopropenone 3.8 The nitro group was reduced with
TiIII to the corresponding amine, 4. Reaction with glutaric
anhydride to produce the monoamide 5 (3–5 not shown),9
followed by nitration of the unsubstituted phenyl ring, afforded
hapten 1.10

The five substrate esters 6–8 were prepared by acid catalyzed
esterification of the substituted phenylacetic acid with the
appropriate phenol.

Following immunization of 129IX+ mice with the Keyhole
Limpet Hemocyanin (KLH) conjugate of 1, 15 hybridoma cells
producing anti-1 antibodies were selected for further studies.
Antibodies from each cell-line were purified by ammonium
sulfate precipitation, anion exchange, and protein-G affinity
chromatography. The antibodies were screened for catalytic
activity by monitoring the release of m-nitrophenol (lmax = 330
nm) in the hydrolysis of 6b and 7b using a microplate reader.
Antibodies 10E8, 11G4, 12G2, 13B6 and 15D3 were found to
be catalytic and antibody 12G2 was selected for this study.

The antibody catalyzed reactions were carried out by mixing
a phosphate-buffered saline (PBS) solution (50 mm phosphate,
100 mM NaCl, at different pHs) of antibody 12G2 (12 mm,
0.045 ml) with MeCN solutions (0.005 ml) of the substrate 6b
at different concentrations (0.04–0.6 mm) and monitoring them
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by HPLC. The background (uncatalyzed) reaction rate constants
(kun) were determined in the presence of 12G2 and 1 (0.001 ml,
EtOH solution, equimolar to the substrate).11 The catalyzed
reaction rate constants (kcat) were obtained from Lineweaver–
Burk plots of the kinetic data.

The pH rate profiles (log k vs. pH) of the catalyzed and
uncatalyzed hydrolysis of 6b between pH 5.5 and 8 (Fig. 1)
show that both reactions have the same linear dependence on
pH. The fact that both lines in Fig. 1 exhibit the same slope
suggests that catalysis does not involve any strain/rehybridiza-
tion effect and both reactions proceed along the same mecha-
nism, namely, general base catalysis.

A comparative study of the substrate range was carried out at
pH 6.5. The kinetic parameters for three different substrates,
derived from the corresponding Lineweaver–Burk plots are
given in Table 1. While rate enhancement of 2–3 orders of
magnitude is achieved with substrates 6b, 7b and 8, no catalysis
is observed with 6a and 7a, a fact that highlights the importance
of the nitro group as a substrate recognition element. Compar-
ison of the kinetic data of 6b and 7b indicates that the presence
of an acetamido group in the substrate decreases both substrate
binding and catalytic efficiency. This observation supports the
above-mentioned conclusion that the antibody cannot distort the
substrate to fit the binding pocket of 12G2. Ester 8 binds to
12G2 as well as 6b does but its catalyzed hydrolysis is one order
of magnitude slower.

Interestingly, very little is known about natural products
containing a cyclopropenone fragment.12 A papain inhibitor
possessing a cyclopropenone moiety exhibits a Ki in the
submicromolar level. The mechanism for the action of this
unique protease inhibitor still remains unclear.13

Catalytic antibodies offer unique opportunities to examine
mechanistic hypotheses and the relative importance of indivi-
dual design elements in catalysis. We have shown here that
antibodies elicited against hapten 1 catalyze ester hydrolysis
with a 1000-fold rate enhancement. As hapten 1 does not mimic

the shape of the transition state, yet elicits efficient catalysts, it
is likely to generate the necessary charge complementarity in
the active site. Thus, haptenic tetrahedral geometry is a
desirable feature but not a prerequisite to generating hydrolytic
antibodies. This study, together with the information reported
about a cyclopropenone-containing protease inhibitor, high-
lights the potential applications of the rarely used cycloprop-
enone functionality in the future design of both haptens and
enzyme inhibitors.
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thank Pharmore Therapeutics and The Skaggs Institute for
Chemical Biology for financial support. F. G. thanks the Lady
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Fig. 1 pH–rate profile of 12G2-catalyzed hydrolysis of 6b

Table 1 Kinetic parameters 1025 for the 12G2 catalyzed hydrolysis of the
studied substrates

kun/1025 kcat/1022

Substrate min21 Km/mm min21 kcat/kun

6b 3.6 100 3.5 970
7b 7.0 480 1.4 200
8 2.7 90 0.3 110
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Synthesis and crystal structure of a bis(phosphiren-1-yl)–iron complex1

J. Simon, U. Bergsträßer and M. Regitz*†

Fachbereich Chemie der Universität Kaiserslautern, Erwin-Schrödinger-Straße, D-67663 Kaiserslautern, Germany 

1-Chloro-1H-phosphirenes 5 react with disodium tetracar-
bonylferrate to furnish the novel mono-complexed
bis(phosphirenyl)s 7 which, in turn, are converted to the
doubly-complexed species 8 by treatment with nonacarbo-
nyldiiron.

Investigations on the synthesis and reactivity of l3-phosphi-
nines 1 in the 1960s played a major role in the development of

the chemistry of low-coordinated phosphorus.2,3 Somewhat
later, their classical valence isomers such as, for example, l3,s2-
Dewar-benzenes 2,4 phosphaprismanes 35 and l3,s3-benzva-
lenes 45 were also prepared.

The Dewar-benzene derived from 2,4,6-tri-tert-butyl-
1,3,5-triphosphinine was recently added to this list.6 In contrast,
very little information about the diphosphinines is available,7
and the valence isomers derived from them are still unknown.
We now report the first synthesis of a complexed bis(phosp-
hirenyl), representing a new type of phosphinine valence
isomer.

The starting materials for the syntheses of the bis(phosp-
hirenyl)s 7a,b were the 1-chloro-1H-phosphirenes 5a,b
(Scheme 1).8 Reactions of the latter with disodium tetracar-
bonylferrate (0.5 equiv.) furnished the mono-complexed bis-
(phosphirenyl)s 7a,b in good yields (60%). The composition
and constitution of the products were elucidated with the help of
NMR and mass spectroscopy.‡ Because of the presence of
centres of chirality at the two phosphorus atoms and their
configurational stability, these reactions give rise to two
diastereomers which, however, cannot be separated by column
chromatography. One of the diastereomers in each case can be
enriched up to a ratio of 8:1 (7a) or 4 : 1 (7b) (as determined
from their 1H NMR spectra) by crystallization.

The formation of 7 is reflected in the 31P NMR spectra by a
significant 1JP,P coupling constant of 427 Hz. The complexed
ring phosphorus atom gives rise to a signal at considerably
lower field than that of the uncomplexed ring (d 288, as

compared to 2132). Complexation with the tetracarbonyliron
fragment is also apparent in the 13C NMR spectra from a drastic
reduction in the intracyclic 1JC,P coupling constant of the
complexed phosphirene to 22–27 Hz, in comparison to 50–57
Hz for the uncomplexed ring. A similar phenonemon has also
been reported for complexation reactions of other
1H-phosphirenes.9c The signals for the ring carbon atoms of
7a,b occur in the typical region for 1H- phosphirenes.9

The initial reductive substitution of the chlorine atom of 5 by
the tetracarbonyliron fragment results in the anionic phosphir-
ene complex 6 which participates in an immediate nucleophilic
substitution with a second molecule of 5 to afford 7.

Treatment of the compounds 7a,b with nonacarbonyldiiron
results in the formation of the symmetrical, doubly-complexed
bis(phosphirenyl)s 8a,b in yields of 63% (8a) and 54% (8b).§
As a consequence of the high symmetry of compounds 8 their
31P NMR spectra each contain only one singlet signal.
Complexation of the additional tetracarbonyliron fragments
effects further shifts to lower field [d 269.3 (8a) and 270.5
(8b)].

The 13C NMR spectra of 8 do not show any significant
changes in chemical shifts due to the additional complex
fragments in comparison to those of 7.

An X-ray crystallographic analysis of the complex 8a
confirmed the proposed structure (Fig. 1).¶ In the crystal the two
tetracarbonyliron fragments and, respectively, the two phos-
phirene rings have syn orientations to each other. Because of the
extreme steric situation, the two phosphirene rings are some-
what twisted, as reflected in torsional angles of 39.4° [Fe(1)–

Scheme 1

Fig. 1 Crystal structure of 8a. Selected bond lengths (Å) and angles (°):
Fe(1)–P(1) 2.2311(7), Fe(2)–P(2) 2.2185(7), P(1)–P(2) 2.2516(10),
P(1)–C(1) 1.793(2), P(1)–C(2) 1.796(2), P(2)–C(3) 1.793(2), P(2)–C(4)
1.797(2), C(1)–C(2) 1.317(3), C(3)–C(4) 1.319(3); C(1)–P(1)–C(2)
43.05(11), C(1)–P(1)–P(2) 108.23(8), C(2)–P(1)–P(2) 108.97(8),
C(3)–P(2)–C(4) 43.11(11), C(3)–P(2)–P(1) 108.55(8), C(4)–P(2)–P(1)
109.05(8), C(2)–C(1)–P(1) 68.60(14), C(1)–C(2)–P(1) 68.3(2), C(3)–C(4)–
P(2) 68.3(2), C(4)–C(3)–P(2) 68.58(14).
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P(1)–P(2)–Fe(2)] and 33.9° [C(1)–P(1)–P(2)–C(4)]. The
P(1)–P(2) bond length amounts to 2.2516(10) Å and is thus
somewhat lengthened as a result of the spatially demanding
substitution pattern. The intracyclic P–C bond lengths of 1.793
to 1.797 Å, as well as the carbon–carbon double bond length of
1.317 Å, are of the expected sizes for a complexed 1H-
phosphirene.9c Similary, the C–P–C bond angles of 43.05(11)
and 43.11(11)° are comparable with those of other
1H-phosphirenes.9
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1JP,P 427.3 P-2); dH(200 MHz, CDCl3) 1.44 [br s, 18 H, C(CH3)3],
7.40–7.51 (m, 6 H, m/p-Ph), 7.57–7.65 (m, 4 H, o-Ph); dC (50 MHz, CDCl3)
29.22 [d, 3JC,P 1.7, C(CH3)3], 29.53 [s, C(CH3)3], 33.86 [dd, 2JC,P 6.4, 3JC,P

3.0, C(CH3)3], 34.24 [d, 2JC,P 6.8, C(CH3)3], 120.33 (d, 1JC,P 50.8, C-5),
124.80 (dd, 1JC,P 22.0, 2JC,P 4.2, C-3), 127.30 (d, JC,P 7.6, Ph), 128.62 (s,
Ph), 128.87 (s, Ph), 129.73 (d, JC,P 5.1, Ph), 130.41 (d, JC,P 4.2, Ph), 131.33
(s, Ph), 138.50 (d, 1JC,P 57.7, C-6), 140.51 (dd, 1JC,P 27.1, 2JC,P 5.1, C-4),
213.94 [d, 2JC,P 19.5, Fe(CO)4]; m/z (EI, 70 eV) 546 (8) [M+], 276 (100)
[M+2 4CO 2 C12H14] (Calc. for C28H28FeP2O4: C, 61.56; H, 5.17. Found:
C, 60.90; H, 5.07%) (HR-MS: calc. for M+: 546.0813. Found: 546.0813).
For 7b: dP (81 MHz, CDCl3) 290.6 (d, 1JP,P 427.6, P-1), 2132.2 (d, 1JP,P

427.6, P-2); dH (200 MHz, CDCl3) 0.96 (t, 3 H, 3JH,H 7.6, CH2CH3), 1.12
(t, 3 H, 3JH,H 7.0, CH2CH3), 1.42 [s, 3 H, C(CH3)2], 1.43 [s, 3 H, C(CH3)2],
1.46 [s, 3 H, C(CH3)2], 1.47 [s, 3 H, C(CH3)2], 1.63–1.92 (m, 4 H,
CH2CH3), 7.37–7.53 (m, 6 H, Ph), 7.57–7.77 (m, 4 H, Ph); dC (100 MHz,
CDCl3) 8.67 (d, 4JC,P 6.3, CH2CH3), 9.13 (d, 4JC,P 4.5, CH2CH3), 25.66 [s,
C(CH3)2], 26.28 [d, 3JC,P 5.4, C(CH3)2], 26.45 [s, C(CH3)2], 26.88 [s,
C(CH3)2], 34.36 (d, 3JC,P 5.4, CH2CH3), 34.39 (s, CH2CH3), 37.01 [s,
C(CH3)2Et], 37.65 [d, 2JC,P 5.4, C(CH3)2Et], 120.89 (d, 1JC,P 51.2, C-5),
125.12 (d, 1JC,P 22.4, C-3), 127.03 (d, 3JC,P 8.3, o-Ph), 127.16 (d, 3JC,P 7.2,
o-Ph), 128.32 (s, Ph), 128.58 (s, Ph), 129.41 (d, 2JC,P 16.2, i-Ph), 129.48 (d,
2JC,P 14.4, i-Ph), 130.12 (s, Ph), 131.18 (s, Ph), 138.25 (d, 1JC,P 57.5, C-6),
141.38 (dd, 1JC,P 28.3, 2JC,P 4.0, C-4), 213.73 [d, 2JC,P 18.0, Fe(CO)4]; m/z
(EI, 70 eV): 574 (1) [M+], 143 (100) [C11H11

+] (HR-MS: calc. for M+:
574.1135. Found 574.1130).
§ Selected data for 8a (only values for the major diastereomer are given):
mp 135 °C (decomp.); dP (81 MHz, CDCl3) 269.3 (s); dH (200 MHz,
CDCl3) 1.52 [s, 18 H, C(CH3)3], 7.41–7.54 (m, 6 H, m/p-Ph), 7.55–7.61 (m,
4 H, o-Ph); dC (50 MHz, CDCl3) 29.27 [pseudo t, 3JC,P + 4JC,P 4.2,
C(CH3)3], 34.82 [pseudo t, 2JC,P + 3JC,P 3.4, C(CH3)3], 126.07 (pseudo t,
3JC,P + 4JC,P 3.4, o-Ph), 128.52 (pseudo t, 1JC,P + 2JC,P 15.2, C-2/C-2A),
128.93 (s, m-Ph), 130.38 (pseudo t, 2JC,P + 3JC,P 5.9, i-Ph), 130.55 (d, 5JC,P

1.7, p-Ph), 142.20 (pseudo t, 1JC,P + 2JC,P 22.0, C-3/C-3A), 213.11 [pseudo
t, 2JC,P + 3JC,P 17.0, Fe(CO)4]; m/z (EI, 70 eV): 714 (0.02) [M+], 332 (100)
[M+ 2 8CO 2 C12H14] (Calc. for C32H28Fe2P2O8: C, 53.82; H, 3.95.
Found: C, 53.12; H, 4.20%). For 8b: dP (81 MHz, CDCl3) 270.5 (s); dH

(400 MHz, CDCl3) 0.90 (t, 6 H, CH2CH3), 1.42 [s, 6 H, C(CH3)2Et], 1.45
[s, 6 H, C(CH3)2Et], 1.80 (q, 4 H, CH2CH3), 7.34–7.46 (m, 6 H, m/p-Ph),
7.67–7.73 (m, 4 H, o-Ph); dC (100 MHz, CDCl3) 8.79 (d, 4JC,P 8.8,
CH2CH3), 26.00 [s, C(CH3)2Et], 26.21 [s, C(CH3)2Et], 34.24 (d, 3JC,P 10.4,
CH2CH3), 38.28 [d, 2JC,P 14.5, C(CH3)2Et], 126.32 (d, 1JC,P 20.0, C-2/C-
2A), 128.93 (s, m-Ph), 129.87 (pseudo t, 2JC,P + 3JC,P 7.2, i-Ph), 130.38 (d,
3JC,P 6.4, o-Ph), 130.54 (d, 5JC,P 3.2, p-Ph), 141.61 (pseudo t, 1JC,P + 2JC,P

12.0, C-3/C-3A), 213.74 [d, 2JC,P 4.8, Fe(CO)4]; m/z (EI, 70 eV) 742 (0.04)
[M+], 143 (100) [C11H11

+]. (Calc. for C32H28Fe2P2O8: C, 55.02; H, 4.35.
Found: C, 53.95; H, 4.10%).
¶ Crystal data for 8a: C32H28Fe2O8P2, M = 714.18 g mol21, monoclinic,
space group P21/n, a = 10.102(2), b = 18.273(4), c = 18.775(4) Å,
b = 99.86(3)°, V = 3414.7(12) Å3, Z = 4, Dc = 1.389 Mg m23, m = 0.989
mm21, F(000) = 1464. Crystal dimensions 0.35 3 0.20 3 0.15 mm3,
26 734 reflections collected, 6321 independent reflections (Rint = 0.0382),
4511 reflections with I > 2s(I), goodness-of-fit on F2 = 1.205, R [I >
2s(I)] = 0.0370, wR2 = 0.0896; R (all data) = 0.0534, wR2 = 0.0945;
maximum residual density 0.420 e Å23. Data were collected on a STOE
Imaging Plate Diffraction System at room temperature with Mo-Ka
radiation (l = 0.71073 Å). The structure was solved with SHELXS-86 [ref.
10(a)] and refined with SHELXL-93 [ref. 10(b)]. CCDC 182/787.

1 Part 128 of the series of papers on Organophosphorus Compounds. For
part 127, see: T. W. Mackewitz and M. Regitz, Synthesis, 1998, in the
press.

2 O. J. Scherer and M. Regitz, in Multiple Bonds and Low Coordination
in Phosphorus Chemistry, ed. M. Regitz and O. J. Scherer, Thieme,
Stuttgart, 1990, p. 1.
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p. 220.
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Chem., 1987, 99, 67; Angew. Chem., Int. Ed. Engl., 1987, 26, 85.
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Oxford, 1996, p. 277; (b) H. Memmesheimer and M. Regitz, Rev.
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10 (a) G. M. Sheldrick, SHELXS-86, a program for the solution of crystal
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93, a program for structure refinement, Göttingen, Germany 1993.
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Synthesis, crystal and molecular structure of the first indium trihydride
complex, [InH3{CN(Pri)C2Me2N(Pri)}]

David E. Hibbs,a Michael B. Hursthouse,a Cameron Jones*b and Neil A. Smithiesb

a EPSRC X-ray Crystallography Service, Department of Chemistry, University of Wales, Cardiff, PO Box 912, Park Place,
Cardiff, UK CF1 3TB 
b Department of Chemistry, University of Wales, Swansea, Singleton Park, Swansea, UK SA2 8PP 

The reaction of either [InH3(NMe3)] or LiInH4 with an
excess of the imidazol-2-ylidene carbene, :CN(Pri)C2Me2N-
(Pri), affords the first example of an indium trihydride
complex, [InH3{CN(Pri)C2Me2N(Pri)}], the X-ray crystal
structure of which is described.

The chemistry of the binary hydrides of aluminium and gallium,
[(MH3)n] (M = Al, Ga), and their Lewis base adducts is now a
well established field that derives its current importance from
the application such compounds have in areas ranging from
organic synthesis to chemical vapour deposition.1 Despite early
claims,2 it seems unlikely that the corresponding indium
trihydride [(InH3)n] has yet been synthesised although mono-
meric InH3 has been isolated and studied in a solid argon
matrix.3 In fact, the weakness of the In–H bond has meant that
to date only five indium hydride compounds have been
structurally characterised (viz. [Li(thf)2][{(Me3Si)3C}2In2H5]
1,4 K[H{In(CH2CMe3)3}2] 2,5 K3[K(Me2SiO)7] [In-
H(CH2CMe3)3]4 3,6 [InH{2-Me2NCH2(C6H4)}2] 47 and
[Me2InB3H8] 58). In our laboratory we have become interested
in extending this field to the stabilisation of indium trihydride
complexes, which are as yet unknown. With this goal in mind
we saw imidazol-2-ylidene carbenes as potentially useful
ligands, primarily because their AlH3 complexes (e.g.
[AlH3{CN(Mes)C2H2N(Mes)}] 6, Mes = C6H2Me3-2,4,6, mp
246 °C9) are known to be considerably more stable than
normal AlH3 adducts (e.g. [AlH3(NMe3)] decomp. at
100 °C10). This stability stems from the high
nucleophilicity of such carbenes which we have previously
exploited in the preparation of a series of complexes
between :CN(Pri)C2Me2N(Pri) 7 and indium trihalides, viz.
[InX3{CN(Pri)C2Me2N(Pri)}n] (n = 1, 8; 2, 9) and
[HCN(Pri)C2Me2N(Pri)]+[InX4{CN(Pri)C2Me2N(Pri)}]2 10
(X = Cl, Br).11 We now wish to report the use of 7 in the
synthesis of the first structurally authenticated indium trihy-
dride complex.

Treatment of an ethereal solution of [InH3(NMe3)]12 (gen-
erated in situ from LiInH4

2 and NMe3·HCl at 230 °C) with 2
equiv. of 7 at 240 °C led to a moderate yield (42%)
of [InH3{CN(Pri)C2Me2N(Pri)}] 11 after recrystallisation from
diethyl ether (Scheme 1). Complex 11 is an extremely air
sensitive, colourless material that decomposes, depositing
indium metal and generating hydrogen gas, at temperatures

greater than 220 °C in solution and 25 °C in the solid state.
Interestingly, treatment of LiInH4 with 2 equiv. of 7 also gave
11 in a moderate yield (38%). This is not surprising and has a
precedent in aluminium chemistry with the reaction of LiAlH4
with tertiary amines which can yield alane adducts,
[AlH3(NR3)], and Li3AlH6.13 It seems likely that in the present
reaction a related complex indium hydride is being generated as
a by-product in the formation of 11. Unfortunately attempts to
characterise this by-product have so far proved fruitless owing
to its thermal instability. It is noteworthy that the aluminium
analogue of 11, viz. [AlH3{CN(Pri)C2Me2N(Pri)}] 12, can also
be prepared in high yield by the reaction of 7 with either
[AlH3(NMe3)] or LiAlH4.12

It is interesting that only a 1 : 1 complex is formed in the
reaction of an excess of 7 with [InH3(NMe3)] despite the fact
that 2 : 1 complexes of the same carbene with indium halides,
e.g. 9, are readily formed.11 This is presumably because the
InH3 unit is less Lewis acidic than InX3 (X = Cl, Br), and
therefore more easily electronically satisfied. Indeed, treatment
of 11 with tertiary amines did not lead to the formation of five-
coordinate complexes and no other reaction occurred.

The molecular structure of 11 is depicted in Fig. 1. During the
course of refinement it was found that the methyl groups
attached to C(6) were disordered over two sites, each having a
50% occupancy (only one disordered set is depicted in Fig. 1).
The molecule is monomeric, sits on a mirror plane and does not
display any intermolecular interactions. Unfortunately the
hydride ligands attached to In could not be located from
difference maps but their presence can be assumed from
spectroscopic evidence (vide infra). By contrast the hydride
ligands were located in the crystal structure of the isostructural

Scheme 1 Reagents and conditions: i, [InH3(NMe3)], Et2O, 230 °C, 2 h; ii,
LiInH4, Et2O, 230 °C, 5 h

Fig. 1 Molecular structure of [InH3{CN(Pri)C2Me2N(Pri)}] 11. Selected
bond lengths (Å) and angles (°): In–C(1) 2.260(6), N(1)–C(1) 1.354(9),
N(1)–C(2) 1.402(8), N(2)–C(1) 1.331(9), N(2)–C(3) 1.413(9), C(2)–C(3)
1.340(11); N(2)–C(1)–N(1) 105.8(6), N(2)–C(1)–In 125.6(5), N(1)–C(1)–
In 128.6(5), C(1)–N(1)–C(2) 110.2(6), C(1)–N(2)–C(3) 110.9(6),
C(3)–C(2)–N(1) 106.9(7), C(2)–C(3)–N(2) 106.2(6).
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compound 12, the aluminium centre of which was found to have
a distorted tetrahedral environment.12 The In–C(1) distance in
11 is longer than is normally seen for In–C bonds [e.g. 2.174 Å
av. in trimethyl(quinuclidine)indium].14 Similar trends in M–C
(carbene) bond lengths have been observed in other group
13–carbene complexes.9,11 In addition, the bond lengths and
angles within the carbene heterocycle are close to those in 8 and
suggest a degree of delocalisation within the ring. Of particular
note is the N–C(carbene)–N angle of 105.8(6)° which lies
between the normal value for free imadazolylidene carbenes
(ca. 102°) and imadazolium cations (ca. 108°).9

The solution NMR data for 11 support its proposed structure.
Its 1H NMR spectrum is similar to that of 8 but also displays a
very broad resonance at d 5.58 which integrates for three
hydrogens and has been assigned as the hydride resonance. The
broadness of this peak is due to the high quadrupole moment of
the indium centre (115In 95%, I = 9/2, 113In 5%, I = 9/2) to
which the hydrides are attached. This also accounts for the fact
that no resonance was observed for the indium coordinated
carbene centre, C(1), in the 13C NMR spectrum of 11, as was the
case in the 13C NMR spectrum of 8.11 Additionally, no signal
was seen in its 115In NMR spectrum which is not surprising
considering the lack of spherical symmetry about In. The IR
spectrum of 11 (Nujol mull) displays a strong, broad absorbance
centred at 1640 cm21 which has been attributed to its In–H
stretching modes. This is at a significantly lower frequency than
in free InH3 (1754.5 cm21),3 presumably because the nucleo-
philic carbene donor is weakening the In–H bonds in 11 relative
to those in InH3. Moreover, the In–H stretching absorbance for
11 is at a lower wavenumber than the corresponding Al–H
stretching regions for its aluminium counterparts 6 (1743
cm21)9 and 11 (1730 cm21).12 A similar trend is seen for the
uncoordinated, monomeric hydrides, InH3 (1754.5 cm21) and
AlH3 (1882.9 cm21).3

The indium trihydride complex 11 represents the first
example of a new class of compound, the chemistry of which
should prove fruitful. To establish this we are currently
examining its further reactivity and the preparation of a series of
related indium trihydride complexes. The results of these
studies will be presented in a later publication.

We gratefully acknowledge financial support from the
EPSRC (studentship for N. A. S.).

Notes and References

† E-mail: c.a.jones@swansea.ac.uk
‡ Spectroscopic data for 11: 1H NMR (250 MHz, C6D5CD3, SiMe4, 243 K)
d 1.04 [d, 12 H, CH(CH3)2, 3JHH 6 Hz], 1.54 (s, 6 H, Me), 5.05 [br, 2 H,
CH(CH3)2], 5.58 (br s, 3 H, In–H), 13C NMR (100.6 MHz, C6D5CD3, 243

K) d 10.0 (Me), 20.7 [CH(CH3)2], 46.3 [CH(CH3)2], 121.0 (CNC); IR n
1640 cm21 (s, br, In–H str.).
§ Crystal data for 11: C11H23InN2, M = 298.13, orthorhombic, space group
Pnma, a = 15.1920(10), b = 9.5780(9), c = 9.7010(9) Å, U = 1411.6(2)
Å3, Z = 4, Dc = 1.403 g cm23, F(000) = 608, m = 16.46 cm21, crystal
0.15 3 0.25 3 0.20 mm, Mo-Ka radiation (l = 0.710 69 Å), 150(2) K.

All crystallographic measurements were made using a FAST area
detector diffractometer following previously described procedures.15 The
structure was solved by direct methods (SHELXS86)16 and refined on F2 by
full matrix least squares (SHELX93)17 using all unique data. All non-
hydrogen atoms are anisotropic with H-atoms [except those attached to In]
included in calculated positions (riding model). Neutral-atom complex
scattering factors were employed.18 Empirical absorption corrections were
carried out by the DIFABS method.19 Final R (on F) and wR (on F2) were
0.0425 and 0.1004 for I > 2s(I), and 0.0752 and 0.1074 for all data. CCDC
182/799.
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Stereoselective synthesis of O,O-dimethylkorupensamine A via
palladium(0)-mediated cross-coupling of a planar chiral (arene)Cr(CO)3

complex with naphthylboronic acid

Takashi Watanabe and Motokazu Uemura*†

Department of Chemistry, Faculty of Integrated Arts and Sciences, Osaka Prefecture University, Sakai, Osaka 599-8531, Japan

O,O-Dimethylkorupensamine A was stereoselectively syn-
thesized by using the palladium(0)-mediated cross-coupling
of the enantiomerically pure tricarbonylchromium complex
of 3,5-dimethoxy-2-bromobenzene having a functional
group at C-1 position with naphthylboronic acid as a key
step.

Korupensamines and michellamines have been isolated from
the tropical liana Ancistrocladus korupensis in Cameroon and
some of these alkaloids possess significant pharmacological
activities such as antimalarial properties,1 and remarkable
antiviral activity against human immunodeficiency virus strains
HIV-1 and HIV-2.2 Structurally, the korupensamines have a
naphthyltetrahydroisoquinoline skeleton with an axial chirality
between the naphthalene and tetrahydroisoquinoline rings, and
the michellamines are atropisomerically dimeric alkaloids of
the korupensamines. These alkaloids have been previously
synthesized via construction of the axial bond between the
naphthalene and tetrahydroisoquinoline rings as a key step.3,4

However, the palladium(0)-catalyzed cross-coupling3 of two
arene rings or nucleophilic addition4 of aryl Grignards to the
o-methoxyaryl oxazoline compounds for the central bond
formation of the naphthalene and tetrahydroisoquinoline rings
gave unfortunately various ratios of the atropisomeric mixture
in the previous reports. In continuation of our studies on
development of the planar chiral (arene)chromium complexes
in the asymmetric reactions, we have recently reported5,6 that
both enantiomers of the axial biaryls could be stereoselectively
prepared from a single planar chiral (arene) chromium complex
by the palladium(0)-mediated cross-coupling of (2,6-disub-
stituted 1-bromobenzene)chromium complexes with aryl-
boronic acids and following axial isomerization of the cross-
coupling products under thermal conditions. This paper
describes the asymmetric synthesis of (2)-O,O-dimethyl-
korupensamine A (1, R = Me) utilizing the stereoselective
palladium(0)-catalyzed cross-coupling of the planar chiral
(arylhalide)Cr(CO)3 with napthylboronic acid as the key step.

The planar chiral tricarbonylchromium complex of 3,5-dime-
thoxyphenylbromide having a functional group at C-1 position
as a coupling partner was initially prepared as follows (Scheme
1). An asymmetric catalytic dihydroxylation of
(E)-(3,5-dimethoxyphenyl)propene 2 was treated with AD-mix-

a,7 and the resulting diol was subsequently protected with
acetone dimethylacetal to give the acetonide 4 ([a]27

D +23.8)‡ in
96% yield with > 98% ee. Tricarbonylchromium complexation
of 4 with Cr(CO)6 in dibutyl ether and THF (10 : 1) at reflux
gave the corresponding (arene)chromium complex 5 ([a]26

D
24.0) in 89% yield. In order to introduce the bromine atom at
either ortho-position of the C-1 side-chain group regio-
selectively, the C-4 position was initially protected by the
introduction of the easily removable Me3Si group. Thus, the
lithiation of 5 with BunLi followed by treatment with trime-
thylsilylchloride afforded the trimethylsilylated complex 6
([a]27

D 236.0) in 97% yield. Subsequent lithiation§ of 6
followed by quenching with 1,2-dibromo-1,1,2,2-tetrafluoro-
ethane gave the bromination complex 8 ([a]26

D 293.0) at the Ha-
position without the regioisomeric complex after detrimethylsi-
lylation in 95% overall yield. The planar chirality of 8 was
determined by X-ray crystallography.¶

The palladium(0)-catalyzed cross-coupling of the planar
chiral (arene)Cr(CO)3 complex 8 with 4-benzyloxy-5-methoxy-
6-methylnaphthylboronic acid 98 in the presence of sodium
carbonate in aqueous MeOH at reflux for 30 min produced a
single atropisomeric coupling product 10 ([a]28

D 2142.9) in
90% yield without any formation of the atropisomers (Scheme
2). The axial stereochemistry of the coupling product 10 was
assigned to be the (S)-configuration by 1H NMR spectra, in
which the peri-proton of the naphthalene ring appeared at lower
field (d 8.62) due to the anisotropic effect of the syn-Cr(CO)3
fragment.5 An oxidative demetallation of 10 and subsequent
treatment with dilute HCl afforded the dihydroxyl compound 12
([a]27

D +3.5). Selective protection of the hydroxyl at the
homobenzylic position of 12 with tert-butyltrimethylsilyl
chloride gave the monosilylated compound 13 ([a]25

D +35.8) in

Scheme 1 Reagents and conditions: i, AD-mix-a, CH3SO2NH2, ButOH,
H2O, 99%, > 98% ee; ii, Me2C(OMe)2, TsOH, 97%; iii, Cr(CO)6, dibutyl
ether, THF, reflux, 20 h, 89%, > 99% ee; iv, BunLi, THF, TMEDA,
278 °C, then Me3SiCl, THF, 278 °C, 97%; v, BunLi, THF, TMEDA,
278 °C, then BrCF2CF2Br, THF, 278 °C, 98%; vi, Bun

4NF, THF, AcOH,
97%
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84% yield. The benzylic hydroxyl of 13 was removed by the
Barton method9 to give the deoxygenation compound 15 ([a]26

D
+11.9) in 62% yield. The substitution of the hydroxyl to
nitrogen atom with stereochemical inversion was achieved
under Mitsunobu conditions.10 Thus, deprotection of the silyl
ether 15 and subsequent treatment with (PhO)2PON3 in the
presence of DEAD and PPh3 produced the azide compound 17
which was reduced with SnCl2 followed by acetylation to give
the amide compound 19 ([a]26

D +8.1) in 66% overall yield.
Bischler–Napieralski cyclization of 19 with POCl3 in acetoni-
trile gave the naphthyldihydroisoquinoline compound 20.
Reduction11 of the imine double bond of 20 with LiAlH4 in the
presence of Me3Al afforded trans-dimethyl compound 21

([a]23
D 220.6) along with a small amount of the corresponding

cis-isomer (ratio, 93 : 7) in 70% overall yield. Finally, debenzyl-
ation with Pd-black in a solution of 8.8% formic acid in MeOH
gave O,O-dimethylkorupensamine A 22 (R = H) ([a]22

D 229.1)
in 91% yield.

In conclusion, we have demonstrated the asymmetric synthe-
sis of O,O-dimethylkorupensamine A via a stereoselective Pd0-
mediated cross-coupling method for the construction of the
highly hindered biaryl bond as the key bond forming reaction.
This procedure should have broad utility for the stereoselective
synthesis of structural analogs of the atropisomeric naphthyl-
tetrahydroisoquinoline alkaloids.

Partial financial support for this work was provided by a
Grant-in-Aid for Scientific Research from the Ministry of
Education, Science, Sports and Culture of Japan. We acknowl-
edge the financial support by the Ciba-Geigy Foundation (for
Japan) and The Asahi Glass Foundation.

Notes and References

† E-mail: uemura@ms.cias.osakafu-u.ac.jp
‡ All optical rotation values were measured in CHCl3 solution.
§ The corresponding di-MOM ether chromium complex analog instead of
the dimethoxy ether complex 6 resulted in a regioisomeric mixture of the
bromination compounds in a 85 : 15 ratio by the ortho-lithiation with BunLi
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Cragg, D. W. Thomas and J. G. Jato, J. Med. Chem., 1994, 37, 1740;
J. B. McMahon, M. J. Currens, R. J. Gulakowski, R. W. Buckheit, Jr.,
C. Lackman-Smith, Y. F. Hallock and M. R. Boyd, Antimicrob. Agents
Chemother., 1995, 39, 484.

3 T. R. Hoye, M. Chen, L. Mi and O. P. Priest, Tetrahedron Lett., 1994,
35, 8747; T. R. Hoye and L. Mi, Tetrahedron Lett., 1996, 37, 3097; T. R.
Hoye and M. Chen, Tetrahedron Lett., 1996, 37, 3099; T. R. Hoye and
M. Chen, J. Org. Chem., 1996, 61, 7940; G. Brignmann, R. Götz, P. A.
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Synthesis of poly(anthra-9,10-quinone-2,6-diyl)

Gerald Power, Philip Hodge,*† Ian D. Clarke, Michael A. Rabjohns and Ian Goodbody

Chemistry Department, University of Manchester, Oxford Road, Manchester, UK M13 9PL 

The synthesis, via a precursor polymer, of poly(anthra-
9,10-quinone-2,6-diyl) 1 is described and some of its
properties are reported.

Poly(anthra-9,10-quinone-2,6-diyl) 1 is of interest for several
reasons. For example, it is expected to have novel redox
properties and these might lead to applications of the polymer in
electrochromic displays and/or as charge injection layers in
electroluminescent displays. A previous attempt1,2 to synthesise
polymer 1 directly from 2,6-dichloroanthraquinone 2, by
nickel(0)-mediated couplings, led only to very small oligomers
because of the extremely low solubilities of compounds of this
general type in all common organic solvents. Even the dimer 3
has very low solubilities.3 We now report a synthesis of polymer
1, via the soluble precursor polymer 4, which produces a
product with a number average molecular weight corresponding
to an average degree of polymerisation, DP, of 13.

Quinone-containing polymers have been described be-
fore,1,2,4 but most are electron-transfer polymers.4 The latter are
usually crosslinked polymers with quinone-containing pendant
groups.5 Very few quinone-containing polymers that have been
described actually have the quinone moiety in the main chain
and conjugated with the p-electron systems of the neighbouring
units. The work most relevant to the present is the synthesis of
poly(2-methylanthra-9,10-quinone-1,4-diyl) 5 and several very
closely related polymers by nickel(0)-mediated couplings of
dichloroquinones.1,2 For steric reasons, the neighbouring an-
thraquinone moieties in these polymers are essentially orthogo-
nal to each other.

The basic strategy of the present synthesis was to prepare
Diels–Alder adduct 6, carry out a nickel(0)-mediated coupling
to give the soluble precursor polymer 4, then, after characteri-

sation of the latter, convert it into polymer 1. Thus, commercial
2,6-diaminoanthraquinone 7 was converted into 2,6-dibro-
moanthraquinone 8, mp 282–283 °C (lit.,6 289–290 °C) (60%
yield) using a Sandmeyer reaction.7,8 Reductive acetylation of
quinone 8 by treatment with zinc dust, Ac2O and NaOAc at
reflux temperature gave the anthracene 9, mp 310 °C (de-
comp.)‡ (81% yield), and treatment of this with an excess of
maleic anhydride in xylene at reflux temperature for 18 h gave
the Diels–Alder adduct. The latter was treated with MeOH at
reflux temperature to give the half esters. These reacted
smoothly with ethereal CH2N2 to give compound 6, mp
195–200 °C (decomp.)‡, (35% overall yield of recrystallised
product from compound 9).

Treatment of compound 6 in DMA at 80 °C with 1.2 equiv.
of Ni0[cod]2 in the presence of cod (1.0 equiv.) and
2,2A-bipyridyl (1.2 equiv.)2,8–11gave precursor polymer 4‡ in
82% yield. The polymer was highly soluble in many organic
solvents including CHCl3 and THF. The infrared and 1H NMR
spectra of the product were consistent with structure 4. By gel
permeation chromatography polymer 4 had, relative to polysty-
rene standards, a number average molecular weight Mn, of
5690, a weight average molecular weight Mw, of 8980 and a
peak molecular weight Mp, of 6830. The Mn value corresponds
to a DP of 13.

Heating polymer 4 to 240 °C did not bring about a clean retro-
Diels–Alder reaction to give polymer 10 even though analogous
reactions in syntheses of related polymers proceed cleanly.8,12

However, model studies showed that the dimethyl maleate-
9,10-diacetoxyanthracene Diels–Alder adduct 11‡ reacts read-
ily with 5 equiv. of NaOEt and EtOH in NMP at 20 °C under
nitrogen to give a deep red solution of the disodium salt of
9,10-dihydroxyanthracene, and that exposure of this to air
rapidly gives anthra-9,10-quinone in essentially 100% yield.
We suggest that the key steps in this overall conversion are,
successively, (i) a retro-aldol reaction, (ii) a retro-Michael
reaction and (iii) an esterolysis (see Scheme 1). Treatment of
polymer 4 with NaOEt under similar conditions to those used
above gave a very dark green solution which we attribute to the
formation of polymer 12. Passage of air through the green
solution precipitated polymer 1, as a pale brown solid, in 95%
overall yield from the precursor polymer 4.
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Polymer 1, like most anthraquinones, is soluble in concen-
trated sulfuric acid and trifluoromethanesulfonic acid but it is
insoluble in all common organic solvents. The product had an
elemental analysis consistent with structure 1. The FT-IR
spectrum of polymer 1 displayed the expected bands at 1679
and at 1592 cm21: there were no bands which could be
attributed to the presence of either maleate or aryl acetate
groups. Thermogravimetric analysis of the polymer in air
showed no significant weight loss up to 175 °C, then a steady
weight loss up to 480 °C by which temperature 35% of the
weight had been lost. There was no further significant loss up to

600 °C, the temperature limit of the instrument. A very similar
pattern of weight loss was observed when the polymer was
heated under nitrogen.

These results demonstrate a practical synthesis of polymer 1.
They also indicate how closely related polymers with these or
other anthraquinone moieties might be prepared. Optimisation
of the synthesis to obtain a higher DP and a more detailed study
of the properties of polymer 1, including its redox properties,
are currently under investigation.

We thank the EPSRC for financial support.
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Cp2TiPh-coordinated cyano and ester groups as efficient ketyl radical
acceptors in the reductive radical cyclization of g- and d-cyano ketones and
d-keto esters

Yoshihiko Yamamoto, Daisuke Matsumi and Kenji Itoh*†

Department of Applied Chemistry, Graduate School of Engineering, Nagoya University, Chikusa, Nagoya 464-8603, Japan 

Cp2TiPh promotes the reductive radical cyclization of g-
and d-cyano ketones and d-keto esters to give
a-hydroxycycloalkanones in moderate to good yields; the
titanium reagent coordinates to both the ketone and the
cyano or ester terminus, the LUMO of the cyano or ester
group is thus lowered, and cyclization proceeds irreversibly
without formation of the unstable iminyl or alkoxy radical
intermediates.

Radical cyclizations have been extensively utilized as powerful
tools for the construction of carbocyclic skeletons, especially
five-membered ring systems.1 In these processes, C–C bonds
are generally formed by the addition of a carbon-centered
radical to a non-polar carbon–carbon multiple bond. On the
other hand, radical additions to a carbonyl or cyano group are
generally not efficient because they generate highly unstable
alkoxy or iminyl radicals.1 However, radical addition to these
polar multiple bonds might be successful if the resulting
unstable radical intermediates are effectively scavenged and
converted into the desired products. With this in mind, we have
developed a TiIII-mediated reductive coupling of g- and
d-cyano ketones leading to a-hydroxycycloalkanones, in which
the TiIII complex Cp2TiPh coordinates to the cyano group so
that the ketyl radical efficiently cyclizes to the coordinated
cyano group without formation of the undesired iminyl radical
intermediate (Scheme 1).2 In addition, coordination of the TiIII
species lowers the LUMO of the cyano group and increases its
ketyl trapping ability.3

Cp2TiPh was prepared according to the reported procedures4

and used for further reactions without isolation. Typically,
commercial Cp2TiCl2 (3 mmol) was treated sequentially with
dry, degassed Et2O solutions of PriMgCl (3.3 mmol) and
PhMgBr (3.3 mmol) in dry, degassed toluene (10 ml) under Ar
at ambient temperature.5 To the resultant dark green solution of
Cp2TiPh was added dropwise a 0.1 m toluene solution of
2-cyanoethylcyclopentanone 1a (1 mmol) and the reaction
mixture was stirred for 1 h at ambient temperature. Acid
hydrolysis followed by silica gel chromatography afforded the
5-exo cyclization product 2a6 in 77% yield. The phenyl–
titanium bond is essential, since analogous TiIII species
generated by the reduction of Cp2TiCl2 by PriMgCl did not
promote the cyclization under the same conditions. Similarly,
intramolecular coupling product 2b6 was obtained from cy-
cloalkanones 1b in 70% yield. Acyclic ketone 1c also gave 2c,6
but the yield was lower than those of the above cyclic precursors
due to conformational flexibility around the carbonyl
group. High dilution (0.04 m) and prolonged reaction time (2 h)
was required to increase the yield to 50%. In contrast, the
inverse addition of the TiIII reagent to 1c decreased the yield
(17%). Thus the concentration of the TiIII reagent is critical for
the present cyclization. It is noteworthy that the present method
is applicable to aryl-substituted ketone 1d to afford tricyclic
a-hydroxy ketone 2d6 in 58% yield, whereas the reported
electrochemical reduction gave cyano alcohol due to simple
reduction of the carbonyl group.7,8 In the same manner, 6-exo
cyclization of d-cyano ketones 1e,f and acyclic d-cyano ketones

1g gave the desired a-hydoroxycyclohexanones 2e–g6 in 45, 69
and 42% yields, respectively. It is interesting that the trans-
fused product was selectively obtained from 1f, whereas the cis-
fused isomer was obtained for 2a,b,d and e.

In addition to the cyano group, the ester group is an effective
ketyl radical accepting group when coordinated by Cp2TiPh.2
Aromatic keto esters 3a and 3b were treated with the TiIII
reagent under high dilution conditions to afford 5-exo cycliza-
tion products 2d and 2h in 49 and 38% yields, respectively.

Recently, Molander and Kenny reported the SmI2-promoted
reductive cyclization of d,e-unsaturated keto esters, demon-
strating that the ketyl-trapping ability of nitriles is lower than
those of alkenes, alkynes, ketones and aldehydes.9 In our hands,
the double coordination to both carbonyl and cyano or ester
groups by the TiIII complex resulted in efficient reductive
cyclization of a variety of keto nitriles and keto esters under
mild conditions. In this context, alkenyl groups are no longer
superior to the cyano group as a ketyl radical acceptor. In fact,

Scheme 1
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a-butenyl ketone 4 did not give the expected cyclization
product after treatment for 24 h with the TiIII reagent, and the
starting material was recovered with the carbonyl group intact
(75% recovery).10 This result shows that ketyl radical formation
is reversible and this reversibility combined with the steric
hindrance of the Cp2TiPh-coordinated ketyl moiety makes the
5-exo-trig cyclization of 4 ineffective.

In conclusion, the Cp2TiPh-mediated reductive radical
cyclization of cyano ketones in both 5- and 6-exo modes was
successful to provide an easy entry to 5- and 6-membered
a-hydroxycycloalkanones. The coordination to the cyano group
plays a key role in the present cyclization, i.e. the titanium
reagent coordinates to both carbonyl and cyano moieties, and
therefore, a low concentration of the TiIII reagent is unfavorable.
As a result, the LUMO of the cyano group is lowered and
cyclization proceeds irreversibly without formation of the
unstable iminyl radical intermediates. To the best of our
knowledge, the intramolecular reductive coupling of keto
nitriles is quite rare, and thus far only a few examples using one-
electron reducing agents such as Zn11 and SmI2

9 have been
reported in addition to the electroreductive method.7 In our
hands, intramolecular reductive radical cyclization of aromatic
keto esters also gave the corresponding a- hydroxycycloalk-
anones, in which the Cp2TiPh-coordinated ester group functions
as a ketyl radical acceptor. Such an effect did not operate for the
a-butenyl ketone, producing no reductive cyclization product.
The synthetic utility of the cyano ketone cyclization was also
demonstrated in the double cyclization of dicyano diketone 5,

giving rise to an interesting angular triquinane derivative 66 in
75% yield (Scheme 2).

We gratefully acknowledge financial support (09750947 and
09305059) from the Ministry of Education, Science Sports and
Culture, Japan.
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Efficient aerobic epoxidation of alkenes in perfluorinated solvents catalysed by
chiral (salen) Mn complexes

Gianluca Pozzi,*† Flavio Cinato, Fernando Montanari and Silvio Quici

Centro CNR and Dipartimento di Chimica Organica e Industriale dell’Università, Via Golgi 19, I-20133 Milano, Italy 

Chiral complexes selectively soluble in perfluorocarbons
have been synthesized for the first time and tested as
catalysts for the epoxidation of alkenes under fluorous
biphasic conditions.

The use of perfluorocarbons as reaction media in preparative
organic chemistry and homogeneous catalysis is a topic of
growing interest.1 In particular, the value of a new phase-
separation and immobilization technique known as FBS
(Fluorous Biphase Systems), developed by Horváth and Rábai,2
is now becoming evident to both academic and industrial
researchers. Principles and current achievements of this tech-
nique have been recently reviewed.3 The introduction of FBS
raises a number of questions, among them the possible
application to enantioselective reactions. Besides helping
recovery and reuse of precious chiral reagents or catalysts, it has
been repeatedly proposed that the unique solvation environment
provided by perfluorocarbons might have unforeseen beneficial
effects on the selectivity of the reactions.4 However, neither
examples of enantioselective FBS reactions nor feasibility
studies have been reported so far. Metal complexes of salen
ligands are able to catalyse the epoxidation of unfunctionalized
alkenes.5 The synthetic route to salen ligands is straightforward
and can be adapted to the preparation of many different
compounds, including chiral ones.6 This offers the opportunity
to increase the very limited number of known catalysts for FBS
oxidations,7,8 and also to begin assessing the true potential of
FBS in enantioselective catalysis. For these reasons we have
synthesized two optically active (salen)MnIII complexes (Ja-
cobsen–Katsuki catalysts) selectively soluble in fluorocarbons
(Scheme 1). They were tested as catalysts in the epoxidation of
alkenes under FBS conditions, in the presence of various
oxygen donors.

Both C2 symmetric salen ligands 1 and 2 were obtained in
good yields (75 and 82%, respectively) by the condensation of
2 equiv. of the perfluoroalkylated salicylaldehyde 3 with the

proper chiral 1,2-diamine (Scheme 1).‡ The synthesis of the key
compound 3 was easily achieved following the pathway
reported in the same scheme. The free OH groups of
3,5-diiodosalicyclic acid were protected by methylation with
Me2SO4 (quantitative yield) before the coupling reaction with 2
equiv. of C8F17I mediated by Cu powder (65% yield).9 The ester
4 was converted into 3 by reduction to benzylic alcohol (70%
yield) followed by oxidation (85% yield) and demethylation
(88% yield). The use of trifluoromethylbenzene as solvent
greatly improved the yield of the oxidative step,10 which was
conveniently carried out under aqueous-organic two-phase
conditions according to a procedure already reported by us.11

The free salen ligands were soluble in cold perfluorocarbons,§
CCl2FCF2Cl and Et2O, soluble in hot EtOH and only sparingly
soluble in cold halogenated solvents. The corresponding
manganese complexes (Mn–1 and Mn–2), obtained in quantita-
tive yield by refluxing an ethanolic solution of ligand with an
excess of Mn(OAc)2·4H2O, were soluble in cold perfluor-
ocarbons and CCl2FCF2Cl, but completely insoluble in com-
mon organic solvents.

Mukaiyama and co-workers have shown that optically active
(salen)Mn complexes catalyse the enantioselective epoxidation
of alkenes in the presence of molecular oxygen and a sacrificial
aldehyde.12 Fluorocarbons dissolve large quantities of molec-
ular oxygen and this property has been exploited in oxidation
reactions, including the epoxidation of alkenes under FBS
conditions in the presence of aliphatic aldehydes.7a,8b Com-
plexes Mn–1 and Mn–2 were thus first tested adapting
Mukaiyama conditions to a typical FBS procedure (see Table 1
for results and conditions). Reactions were carried out in the
dark at 20 °C under atmospheric pressure of O2, with Mn–1 and
Mn–2 immobilized in the fluorinated phase. In the absence of
the catalyst, conversions were negligible. As already reported in

Scheme 1 Reagents and conditions: i, Me2SO4, K2CO3, acetone, reflux;
ii, C8F17I, Cu, DMF, 125 °C; iii, LAH, Et2O, 0 °C; iv, aq. NaOCl, KBr (10
mol%), TEMPO, PhCF3, 5 °C; v, BBr3, CH2Cl2 278 °C, then toom temp.;
vi, EtOH, reflux

Table 1 Expoxidation of alkenes with O2–pivalaldehyde catalysed by chiral
(salen)Mn complexes under FBS conditionsa

Conversion Yield Ee
Catalyst Substrate t/h (%)b (%)c (%)

Mn–1d Indene 2 100 83 92e

Mn–1d 1,2-Dihydronaphthalene 8 85 70 10e

Mn–1d Styrene 5 100 86 n.d.e

Mn–1 f 3-Nitrostyrene 12 70 36 n.d.e

Mn–1d trans-b-Methylstyrene 5 100 75 n.d.g

Mn–1d trans-Stilbene 12 80 78 n.d.g

Mn–1d cis-Stilbene 12 88 85h —
Mn–2d Indene 3 100 77 90e

Mn–2d 1,2-Dihydronaphthalene 8 95 73 13e

Mn–2d Styrene 5 100 81 n.d.e

a Conditions: [catalyst] = 0.005 m in D-100; [substrate] = 0.33 m in
CH2Cl2; [pivalaldehyde] = 1 m in CH2Cl2; [N-hexylimidazole] = 0.033 m
in CH2Cl2; volume of D-100 = 3 ml; volume of CH2Cl2 = 3 ml. T = 20 °C.
Stirring rate = 1300 rpm. b Determined by capillary GC integration against
an external standard (dichlorobenzene). c Isolated epoxide. d A second run
with the recovered perfluorocarbon layer gave almost the same results.
e Determined by capillary GC using a Cyclodex-B chiral column. n.d. = not
detected. f The catalyst bleached in the first run. g Determined by 1H NMR
spectroscopy in the presence of Eu(hfc)3. h cis : trans epoxide = 3 : 1.
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the case of the cobalt complex of a perfluoroalkylated
tetraarylporphyrin, the presence of two distinct phases did not
preclude the oxidation of the substrate dissolved in the organic
solvent.7a Both complexes were found to be active catalysts,
affording epoxides in isolated yields up to 85%. Moreover we
were able to use the catalysts in substantially lower amounts
than those required under homogenous conditions
(catalyst = 1.5% with respect to the alkene, instead of 12%).12

The brown perfluorocarbon layer recovered by simple decanta-
tion could be generally recycled in a second run without
appreciable decrease of activity. Rather surprisingly, only
indene was epoxidized with high enantioselectivity ( > 90%).
All the other alkenes that we tested gave low (15%) or even 0%
ee. The same trend was observed when reactions were carried
out in the presence of other oxygen donors more commonly
used in combination with chiral (salen)Mn. Results are
exemplified in Table 2 for the epoxidation of 1,2-dihydro-
naphthalene and indene catalysed by Mn–1. Epoxidations with
the couple m-chloroperbenzoic acid–N-methylmorpholine
N-oxide (MCPBA–NMO) were very slow at 278 °C, probably
because of hindered mass-transfer between the two liquid
phases. Although still lower than in the case of homogeneous
systems,13 reaction rates in the FBS became reasonable at
250 °C. Catalyst Mn–2 gave lower ee (58%) and conversion
(50%) with respect to Mn–1 in the MCPBA–NMO epoxidation
of indene. In the case of 1,2-dihydronaphthalene ee was
improved (15 vs. 7%), but conversion of the substrate was not
satisfactory (45% after 5 h).

Despite the low enantioselectivities generally observed with
our prototype catalysts, the FBS approach described here offers
distinct advantages over other reported methods of immobiliza-
tion of salen complexes. Note that in just one case the reported
activities, chemoselectivities and ees of heterogenized
Jacobsen–Katsuki catalysts were as high as those obtained with
one of the best homogeneous chiral (salen)Mn complexes.14

Stability of the catalyst immobilized in the fluorocarbon layer
toward bleaching is increased and its activity remains high. The
easy separation of the products from the catalyst which can be
readily reused is another considerable benefit that was not
given, for instance, by embedding salen complexes into the
pores of zeolites.15 The present results show that an improve-
ment in enantioselectivity does not necessarily follow from the
use of FBS versions of chiral catalysts. In this context, the
behaviour of Mn–1 and Mn–2 is coherent with a strong
electron-withdrawing effect exerted by the four perfluoroalkyl

chains on the Mn–oxo intermediate responsible for the oxygen
transfer.16,17 Further synthetic efforts are required in order to
improve enantiofacial discrimination, still maintaining the
peculiar solubility of the catalysts in fluorocarbons.

We thank Ausimont S.p.A. (Milano) for a kind gift of
Galden®-D100 and the Progetto Strategico per la Difesa dai
Rischi Chimico-Industriali ed Ecologici, CNR (Rome) for
financial support.
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Table 2 Epoxidation of 1,2-dihydronaphthalene catalysed by Mn–1 under
FBS conditionsa

Conver-
sion

Yield Ee

Oxidant Solvent t/h T/°C (%)b (%)b (%)c

30% H2O2
d MeCN 0.5 20 — — —

PhIO MeCN 24 20 85 65 6
Bu4NHSO5 CH2Cl2 10 20 95 89 8
MCPBA–NMOe CH2Cl2 4 278 10 9 5
MCPBA–NMOe CH2Cl2 6 250 70 56 7
MCPBA–NMOe CH2Cl2 6 220 98 86 5
MCPBA–NMOe,f CH2Cl2 4 250 90 85 71

a Conditions: [catalyst] = 0.005 m in D-100; [substrate] = 0.1 m in CH2Cl2;
volume of D-100 = 1 ml; volume of CH2Cl2 = 1 ml; oxidant: 0.2 mmol.
Stirring rate = 1300 rpm. b Determined by capillary GC integration against
an internal standard (dichlorobenzene). c Determined by capillary GC using
a Cyclodex-B chiral column. d The catalyst bleached in 30 min.
e NMO = N-methylmorpholine N-oxide (0.5 mmol). Addition of the
oxidant was carried out according to the procedure described in ref. 13.
f Substrate = indene.
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Recognition-induced control of a Diels–Alder reaction

Douglas Philp*† and Andrew Robertson

School of Chemistry, University of Birmingham, Edgbaston, Birmingham, UK B15 2TT

The rational design of a system which is capable of
controlling the stereochemical outcome of a Diels–Alder
reaction between a maleimide and a furan is presented.

The acceleration of chemical reactions and the control of their
regio- and/or stereo-chemical outcome by the intervention of
recognition processes in solution—achieved so elegantly by
enzymes—has prompted synthetic chemists to design a variety1

of unnatural systems which are capable of performing similar
tasks. We are interested in achieving acceleration and control in
solution phase reaction processes via the use of molecular
recognition. In particular, we wished to investigate the accelera-
tion and control of the Diels–Alder reaction2 between a
maleimide and a furan. In principle, this reaction can give rise
to two products—the endo and the exo adducts—depending on
the orientation of the approach of the diene to the dienophile.
Normally, the endo adduct is the kinetic product and the exo
adduct is the thermodynamic product of this reaction. In
principle, rate acceleration3‡ can be achieved by transforming
the bimolecular reaction between the diene and dienophile in
solution into a unimolecular reaction within a non-covalently
bound complex.

The objective can be accomplished most readily by locating
complementary recognition sites on the diene and dienophile.
Accordingly, we designed (Fig. 1) the maleimide 1, which bears
an amidopicoline moiety, and the furan 2, which bears a
carboxylic acid. These two species would be expected to bind to
each other through the mutual recognition between the
amidopicoline and the carboxylic acid. Molecular mechanics
calculations§ suggested that we could expect the furan and
maleimide rings to be positioned (Fig. 1) in an orientation which
should accelerate the rate of the Diels–Alder cycloaddition and/
or control its stereochemical outcome. The benzene ring used as
a rigid spacer between the recognition site and the maleimide
ring in 1 might be expected to function in a manner which would
permit discrimination between the endo and exo transition
states, hence generating stereoselectivity. Here, we report the
observation of the control of the Diels–Alder reaction between
1 and 2 and the rationalisation and analysis of this control by
kinetic simulation.

Maleimide 1 was synthesised¶ by standard methods in five
steps from 4-(aminomethyl)benzoic acid in an overall yield of
32%. Furan 2 was synthesised in 88% yield by catalytic
hydrogenation of commercially-available 3-furylacrylic acid.

In order to assess the efficiency of the rate acceleration and
control induced by the formation of a complex betwen 1 and 2,
we followed the course of the reaction between these compo-
nents in CDCl3 at 30 °C. The initial concentrations of the
reactants were 5 mm and the emergence of the resonances
arising from 3 and 4 were monitored by 400 MHz 1H NMR
spectroscopy over a period of 60 h. The reaction between 2 and
benzyl maleimide was chosen as the control reaction and was
performed and monitored under identical conditions. The data
obtained (Fig. 2) indicates that the recognition-mediated (RM)
reaction proceeds significantly faster than the control reaction at
this concentration and with high stereoselectivity.

Kinetic simulation and optimisation4 of the model parameters
(Fig. 1) afforded best fit values for the rate constants (Table 1)
for the control reaction which, in turn, were used in the kinetic
model for the RM reaction. The ratio k7/k3 for the endo product
gives an estimate of 64 mm for the effective molarity (EM)
achieved within the [1·2] complex. The corresponding value for
the exo isomer (k5/k1) is only 6 mm. The endo reverse reaction
is significantly slower (k4/k8 = 170) in the RM system. This
observation is consistent with stabilisation of the endo product
by a strong intramolecular hydrogen bond. The value of k5/k6
suggests that there is little or no net product of the exo product
via the recognition mediated pathway.

The kinetic data shown in Table 1 can be converted into an
energy profile for the recognition mediated reaction (Fig. 3) by
application of standard thermodynamic relationships. In the
absence of any stabilising or destabilising effect on the
transition states induced by complexation, the activation barrier
for the reaction within the complex [1·2] should simply be the
sum of the bimolecular activation barrier and the free energy of
binding. For the exo isomer, this relationship holds suggesting
that the formation of the [1·2] complex has no net effect on the
reaction leading to the exo isomer. By contrast, the transition
state leading to the endo isomer is stabilised by 6.1 kJ mol21.
This stabilisation is not enough to offset the increase (13.1

Fig. 1 The design and kinetic scheme for the recognition-mediated Diels–Alder cycloaddition between 1 and 2. Rate constants are given in Table 1.
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kJ mol21) in activation barrier brought about by complexation
(thus reflecting the fact that EM < 1 m), however, it does ensure
that the endo product is produced at a faster rate than the exo
product within the [1·2] complex. A more profound effect is
observed on the stabilities of the products themselves. Molec-
ular mechanics calculations indicate that the most stable
conformation of the endo isomer contains an intramolecular
hydrogen bond. The exo product is incapable of forming an
intramolecular hydrogen bond—mechanics calculations in-
dicate that the closest approach of the acid to the amidopyridine
is 6.9 Å. This intramolecular interaction is the source of the
large discrimination (12.1 kJ mol21) between the product

ground states and, hence, in conjunction with the difference in
activation barriers, the selectivity expressed by the reaction for
the endo isomer.

In conclusion, we have demonstrated that by attaching
appropriate recognition sites to a diene and a dienophile, it is
possible to exert a high degree of stereocontrol on a Diels–Alder
cycloaddition reaction between maleimide and a furan. This
control is achieved through the intermediacy of the mutual
recognition between reactive partners and by ensuring that only
one product—in this case, the endo product—is capable of
forming stabilising intramolecular hydrogen bonds. The reac-
tion reported here is accelerated only modestly (EM = 64 mm
for the endo isomer). We are currently addressing this matter
and exploring the use of the methodology reported here in the
regio- and stereo-control of other [4 + 2] and [3 + 2]
cycloaddition reactions.

This research was supported by the University of Birming-
ham and the EPSRC (Quota Award to A. R.). We thank
Professor G. von Kiedrowski for providing us with a copy of his
SimFit program. We thank Mr P. Ashton for performing mass
spectrometric analyses and Dr Neil Spencer and Mr Malcolm
Tolley for the acquisition of the NMR data.
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Fig. 2 Concentration–time profiles for (a) the reaction between 1 and 2 in
CDCl3 at 30 °C and (b) the reaction between benzyl maleimide and 2 in
CDCl3 at 30 °C. In both cases, the starting concentrations of the reactants
were 5 mm. In both plots, the open squares represent the concentration of the
endo product and the filled squares represent the concentration of the exo
product. The solid lines represent the best fit of the appropriate kinetic
model to the experimental data. For clarity, error bars are omitted from the
graphs (errors in concentration are ±3%).

Table 1 Kinetic parameters for the recognition-mediated reaction obtained
from the simulation and fitting of the experimental data to the kinetic
scheme shown in Fig. 1

k1/1025 m21 s21 160 ± 3
k2/1025 s21 1.68 ± 0.13
k3/1025 m21 s21 209 ± 4
k4/1025 s21 0.34 ± 0.03
k5/1025 s21 0.99 ± 0.06
k6/1025 s21 0.89 ± 0.04
k7/1025 s21 13.3 ± 0.11
k8/1025 s21 0.002

Fig. 3 Thermodynamic profile for the recognition-mediated reaction
obtained by the simulation and fitting of the experimental data. The zero
point for energy comparisons is set at the energy of the uncomplexed
reactants 1 and 2. All energy values are in kJ mol21. Data shown to the left
of the zero energy point refer to the bimolecular reaction (k1 to k4). Data
shown to the right of the zero energy point refer to the recognition-mediated
reaction (k5 to k8).
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New approach to the solution chemistry of bismuth citrate antiulcer complexes

John A. Parkinson,* Hongzhe Sun and Peter J. Sadler*†

Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, UK EH9 3JJ 

The use of 13C-labelled citrate together with diffusion-
ordered 2D [1H,13C] HSQC NMR spectroscopy has allowed
the detection of cluster complexes formed by a bismuth(III)
antiulcer complex in aqueous solution at pH 7.4.

Citrate is an important biological ligand for metal ions. It is
present at high concentration (ca. 200 mm) in blood plasma and
forms strong complexes not only with natural metal ions such as
CaII, MgII and FeIII, but also with ions of toxic (e.g. AlIII),1
therapeutic (e.g. BiIII) and diagnostic (e.g. 67GaIII)2 importance.
Notable features of the chemistry of citrate are the low pKa
values of its three carboxyl groups (3.13, 4.76 and 5.40 at 25 °C,
I = 0.1 m),3 and, consequently, its existence as a trianion at
biological pH (7.4), and the ability of the more highly charged
metal ions to deprotonate the hydroxyl group (pKa ca. 11.0)4

giving rise to very strong metal–alkoxide bonds. Since citrate is
a dendritic ligand with seven potential oxygen donors, it is
perhaps not surprising that both solution equilibria and solid-
state structures of metal citrate complexes are complicated, and
often dominated by oligomer formation.

For example, X-ray crystallography has demonstrated the
existence of an iron(iii) citrate dimer,5 an aluminium(iii) citrate
trimer6 and a wide variety of structures (dimers, cubes, chains,
sheets) for bismuth(iii) citrate containing additional hydroxide
and oxide ligands.7 These form the basis of antiulcer drugs such
as Colloidal Bismuth Subcitrate (CBS) and Ranitidine Bismuth
Citrate (RBC).8 Equilibria between different types of bismuth
citrate complexes in aqueous solution are poorly understood and
difficult to study. We show here that the combined use of
13C-labelled citrate and a novel 2D diffusion-ordered [1H,13C]
HSQC NMR method provides new insights into the structures
and dynamics of bismuth(iii) citrate complexes in aqueous
solution and can readily be applied to studies of a wide range of
other metal citrate complexes.

The normal 1D 1H NMR spectrum of ranitidine bismuth
citrate in the region d 2.0–3.4 is characterized by a combination
of sharp intense resonances from ranitidine (which is not bound
directly to BiIII),9 some relatively intense AB quartets and some
very broad peaks close to the baseline assignable to citrate. In
order to investigate the types of Bi-bound citrate present in
ranitidine bismuth citrate solutions at pH* 7 (pH meter reading
for D2O solution), we prepared the complex using citrate
labelled at C2 and C4 with > 95% 13C.‡ As can be seen in
Fig. 1, the peaks in the 2D [1H,13C] HSQC NMR spectrum
cover a remarkably large chemical shift range in both the 1H (d
2.3–3.4) and 13C (d 47–57) dimensions. The appearance of the
spectrum was the same at ranitidine bismuth citrate concentra-
tions of 2 and 5 mm. At a given 13C shift, the 1H peaks appear
as doublets of doublets due to the presence of 13CXHAHB spin
systems, and the two CH2 groups within one citrate ligand can
be non-equivalent, as has been observed for Na2[Bi2(cit)2] by
solid-state 13C CP MAS NMR spectroscopy.7e The peaks in

region 1 of the 2D [1H,13C] HSQC NMR spectrum (Fig. 1) have
shifts close to those of free (unbound) citrate, whereas the
marked high frequency 13C shifts and pronounced separation of
HA and HB peaks in region 3 suggest that these cross-peaks arise
from rigidly-bound citrate ligands which place HA and HB in
markedly different environments (e.g. bridging ligands in
clusters). To investigate the dynamic properties of these
bismuth(iii) citrate species we measured their self-diffusion
coefficients using 2D diffusion-edited heteronuclear single
quantum coherence NMR spectroscopy (DOSY-HSQC).

Although DOSY-HSQC has been alluded to in the literat-
ure,10 the present use appears to be the first direct application.
One-dimensional homonuclear and heteronuclear diffusion-
ordered NMR methods have been used recently to correlate
chemical shifts and molecular self-diffusion coefficients. In
view of the limitation of peak overlap in 1D 1H NMR spectra,
techniques have been developed which combine diffusion
methods with standard 2D homonuclear techniques e.g. DOSY-
COSY,11 DOSY-NOESY12 and diffusion-ordered TOCSY.13

These depend on the existence of either scalar or dipolar
coupling between spins and are useful only if cross-peaks from
different species are not degenerate. The heteronuclear DOSY-
HSQC method in combination with specific 13C labelling can
overcome the problem of overlap of 1H resonances, and also
provides greatly increased sensitivity in the 13C dimension
compared to direct heteronuclear observation.

Self-diffusion coefficients (D) were evaluated from measure-
ments of volume integrals [A(gd)] of peaks in 2D [1H,13C]
DOSY-HSQC NMR spectra acquired using the pulse sequence

Fig. 1 2D [1H,13C] HSQC NMR spectrum of 5 mm ranitidine bismuth citrate
(pH* 7.4) with diffusion weighting at a bipolar gradient strength of 25.05
mT m21 acquired using the scheme in Fig. 2. The volume integrals of peaks
in areas labelled 1–3 were used to measure self-diffusion coefficients. The
total areas of each region were determined but the behaviour of the
individual peaks in each region appear to be similar.
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shown in Fig. 2. This uses gradients to select for the correct
quantum transitions. The peak volumes vary with the applied
gradient strength (gd) according to eqn. (1):13c

A(gd) = exp[2D(2ggdd)2(Td + t/2 + 4d/3)] (1)

where g is the gyromagnetic ratio of the observed nucleus, Td
the diffusion time, t the time interval between bipolar gradients,
and d the gradient duration.

As can be seen from Fig. 3, the diffusion coefficients
associated with peaks in regions 2 and 3 are less than half that
associated with region 1, which in turn is less than half of the
value measured for citrate itself. If we make the assumption that
the molecules concerned are approximately spherical (with
radius, r) then, according to the Stokes–Einstein equation, the
diffusion coefficient is proportional to r21. If free citrate is
assumed to have a diameter of ca. 4 Å then the bismuth(iii)
citrate complexes giving rise to the peaks in regions 2 and 3
have diameters of ca. 20 Å. This is close to the size of the
dodecanuclear cluster [Bi12O8(cit)8]122 in the crystalline
state.7d In this structure some of the citrate ligands form bridges
between three BiIII ions and such a coordination mode might

give rise to the unusual shifts we observe, although several types
of cluster species appear to be present in solution.

In conclusion we have shown that the use of diffusion-
ordered 2D [1H,13C] HSQC NMR spectroscopy, together with
13C-enriched citrate, allows the sensitive detection of a wide
range of types of bound citrate in aqueous solutions of the
antiulcer drug ranitidine bismuth citrate at pH* 7.4. The unusual
1H,13C shifts and slow diffusional behaviour of some of these
species provide a new method of characterising citrate cluster
complexes. The identification of cluster species in solution is
particularly important since they may be taken up by cells by a
different mechanism compared to low molecular mass com-
plexes. We are applying similar methods to the study of a range
of biologically important citrate complexes.

We thank GlaxoWellcome for their support of this work, the
EPSRC for access to the 600 MHz NMR Service Instrument in
Edinburgh and Professor John Lindon (Birkbeck College) for
helpful discussions.
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(0.076 mmol, Sigma) in 2 ml water and heating at 80 °C for 1 h, followed
by filtering and washing three times with water, and drying in a desiccator.
Ranitidine bismuth [13C]citrate was prepared by dissolving 8 mg of bismuth
[13C]citrate and 1.6 mol equiv. of ranitidine in 1 ml D2O and adjusting the
pH* to 7.4 by addition of ranitidine. NMR experiments were performed on
a Varian UnityINOVA 600 NMR spectrometer operating at a 1H resonance
frequency of 599.613 MHz using a triple resonance [1H,13C,15N] probe
equipped with a z-field gradient capability. The z-field gradients were
accurately calibrated with a sample of doped water at 25 °C using a 1D
diffusion experiment. 2D [1H,13C] DOSY-HSQC data were typically
acquired with 16 transients into 512 complex data points over a 1H
frequency width of 1 kHz for each of 2 3 64 t1 increments over a 13C
frequency width of 2.5 kHz using an XY32 decoupling scheme during t2.
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Fig. 2 Pulse sequence used for 2D [1H,13C] DOSY-HSQC experiments.
Along the 1H and 13C schemes, narrow and wide vertical bars represent 90°
and 180° pulses, respectively. Phase cycling: f1 = f2 = f5

= f6 = f8 = f10 = x; f3 = y; f4 = x, x, 2x, 2x; f7 = 4(y), 24(y); f11 = x,
2x; fr = x, 2x, x, 2x, 2x, x, 2x, x. An XY32 composite pulse (CPD)
decoupling scheme was applied during acquisition. Diffusion period
Td = 120 ms; settling period prior to the start of the HSQC section of the
experiment Te = 30 ms; gradient duration d = 2 ms; gradient recovery
period t = 100 ms; D = 1/4JHC = 1.84 ms; gradients g1, g2 and g3 were set
in the ratio 80 : 30 : 20 with gradient strengths of 60.7, 24.1 and 15.17 mT
m21, respectively. Rectangular gradients were used throughout.

Fig. 3 Plots of ln[A(gd)] vs. B = q2(Td + t/2 + 4d/3) where A(gd) is the
(arbitrary) volume integral at a diffusion gradient strength gd, and
q = (2ggdd), and gd varies from 8.35 to 125.25 mT m21 in increments of
16.7 mT m21, for peaks in region 1 (5), region 2 (!) and region 3 (-) of
Fig. 1. The slope is proportional to D, the self-diffusion coefficient, giving
the values: 4.3, 1.9, 1.7 and 10.2 3 10210 m2 s21 for regions 1, 2, 3 and free
citrate, respectively.
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Production and isolation of the C80-based group 2 incar-fullerenes: iCaC80,
iSrC80 and iBaC80

T. John S. Dennis and Hisanori Shinohara*†

Department of Chemistry, Nagoya University, Nagoya 464-8602, Japan 

We report the first production and isolation of mono-incar-
fullerenes based on the missing fullerene C80, and their
characterisation by UV–VIS–NIR absorption spectros-
copy.

Mass spectroscopic measurements of solvent-extracted ful-
lerenes obtained from arc-processed carbon reveal good signals
from C76, C78, C82, C84, C86 etc., but the signal from C80 is
meagre. Small quantities of C80 were isolated only recently by
Hennrich et al.1 Thus at first sight, it seems surprising that
C80-based incar-fullerenes are isolated in yields similar to other
incar-fullerenes. The dilanthanum incar-fullerene, iLa2C80,
was first produced and solvent extracted by Whetten and
coworkers.2 Isolation of iLa2C80

3,4 and iCe2C80
5 has recently

been achieved, and their UV–VIS–NIR absorption spectra,3,5

and their 139La and 13C NMR4 spectra were reported.
In our continuing efforts to elucidate structures and electronic

properties of group 2 element-based incar-fullerenes,6–13 we
have fortuitously found C80-based incar-fullerenes in arc-
processed soot. Here we present the first successful production,
isolation, and characterisation of mono incar-fullerenes based
on C80: namely iMC80 (M = Ca, Sr, Ba). The yields of these
materials are relatively high; comparable to those of iMC82 and
iMC84.6–9

Fullerene-soot containing group 2 element-based incar-
fullerenes is produced by the direct-current contact-arc method
using graphite–metal carbide composite rods.9,12 The fullerenes
are extracted using ultrasonication and CS2 solvent. Although
the extracted incar-fullerenes are air stable, they are air
sensitive prior to extraction, and are collected and extracted
under totally anaerobic conditions.12

Isolation schemes for all three incar-fullerenes are very
similar, being achieved by our three stage HPLC treatment.
Stage 1 is a rough separation step used primarily to remove C60
and C70. A Cosmosil Buckyprep column (28 mm 3 250 mm) is
used with a high injection volume (100 ml; 30 ml min21 flow
rate, toluene eluent). LD-TOF mass spectroscopy reveals that
for each case iMC80 elutes from the column with the
C86-containing fraction. Following concentration, the iMC80-
containing fraction is subjected to further HPLC treatment. In
stage 2, recycling HPLC, a Cosmosil 5PYE column (20 3 250
mm; 10 ml injections, 18 ml min21 flow rate, toluene eluent) is
used as retention times on this column are approximately half
those on the buckyprep, yet its resolution is similar. After
typically four cycles separation into several subfractions is
complete. The final eluting sub-fraction contains C86, iMC84,7–9

and iMC80; all other sub-fractions contain minor isomers of C84.
In stage 3, again recycling HPLC, a Regis Buckyclutcher
column (20 3 300 mm) is used to separate the materials that
cannot be resolved on either Buckyprep or 5PYE columns (5 ml
injections; 9.3 ml min21 flow rate, toluene eluent). After 9
recycles three fractions are observed to be completely sepa-
rated. These contain, in order of increasing retention time,
empty C86, iMC84,7–9 and iMC80. To ensure the purity of the
sample, stage 3 HPLC was repeated on the iMC80 fractions. The
result was fine black powders of mass 0.60, 0.30 and 0.10 mg
for iCaC80, iSrC80 and iBaC80, respectively. Complete isolation
is confirmed by HPLC analysis and laser-desorption time-of-

flight mass spectrometry. Fig. 1 shows a stage 3 recycling-
HPLC chromatogram for iBaC80.

Fig. 2 shows the UV–VIS–NIR absorption spectra of iCaC80,
iSrC80 and iBaC80, recorded between 400 and 2000 nm in CS2
solution. All three spectra are remarkably similar, being
characterised by onsets near 1400 nm, three characteristic and
sharp absorption bands at ca. 500, 600 and 700 nm, and a broad
feature around 1050 nm. These particularly sharp absorption
bands may arise from electron transfers from the encased metals
to the C80 cages. They have not been observed in any absorption
spectrum of any previous incar-fullerene,12 suggesting unique
electronic and structural properties for these C80-based mono
incar-fullerenes. These spectra differ considerably from the
UV–VIS–NIR spectrum of empty C80.1 That spectrum has an
onset near 900 nm, and contains weak broad absorption bands
near 600, 800 and 880 nm. The present spectra can also be
contrasted with those of other C80-based incar-fullerenes. For
iCe2C80

5 and iLa2C80,3 both spectra have onsets near 600 nm,
but are otherwise practically featureless.

There are seven structural isomers (D2, D5d, C2v, C2vA, D3,
D5h and Ih) for the empty C80 fullerene that satisfy the isolated
pentagon rule (IPR).14 A 13C NMR study on C80 indicates the
most abundant isomer has D2 symmetry.1 However, ab initio
calculations15 predict encapsulation of two La atoms in the Ih
isomer is much more stable than the D2 or other isomers.
Confirmation of Ih symmetry for iLa2C80 has come from recent
13C NMR measurements.4 [80-Ih]Fullerene has two electrons in
a fourfold degenerate HOMO. Accommodation of six further
electrons forms a closed shell electronic state, iLa2

6+C80
62

{Ih}.15,16 The late onsets and featureless nature of the UV–VIS–
NIR absorption spectra of iLa2C80 and iCe2C80 have been
attributed to the closed-shell nature of the icosahedral incar-
fullerene cage.3,5

Our studies suggest two electrons are transferred to the cage
of group 2 element-based incar-fullerenes.6–11 If iCa/Sr/BaC80

Fig. 1 Stage 3 recycling HPLC chromatogram for the purification of iBaC80.
The three peaks, in order of increasing retention time, are C86, iBaC84 and
iBaC80 (highlighted) (the changing relative intensities after the third cycle
is due to peak cutting by the experimenter). Inset, the third-cycle
chromatogram for iBaC80 from the repeat stage 3 separation, indicates the
high sample purity.
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also has Ih symmetry, these materials may possess novel solid
state properties, high-Tc superconductors, for example, because
the transfer of two electrons to the fullerene cage would result
in forming a half-filled degenerate HOMO: a situation strik-
ingly similar to the half-filled threefold degenerate HOMO of
superconducting A3C60 (A = K, Rb).

The great similarity between the UV–VIS–NIR absorption
spectra of the present samples (Fig. 2), coupled with their near
identical HPLC retention times, strongly suggests that all three
incar-fullerenes share the same C80 isomer.

T. J. S. D. thanks the Japan Society for the Promotion of
Science, and H. S. thanks the Japanese Ministry of Education,
Science, Sports and Culture for Grants-in-Aid for Scientific
Research on Scientific Research (A)(2) (No. 08554020), for
financial support of the present study.
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Fig. 2 The UV–VIS–NIR absorption spectra of iCa/Sr/BaC80. The
absorption dips at ca. 500 and 700 nm account for three CS2 solutions being
greenish brown. The three sharp peaks appearing between 500 and 700 nm
are particularly salient (see text). The LD-TOF mass spectrum (inset) of
isolated iBaC80 confirms sample purity.
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The rigid, aromatic bis-tridentate bridging ligand tetrapyri-
do[2,3-a : 3A,2A-c : 2B,3B-h : 3BA,2BA-j]phenazine (tpp) allowed
the preparation of linear, stable bi- and tri-nuclear com-
plexes of ruthenium(ii) exhibiting low energy Ru ? tpp
MLCT absorptions and a strong electronic coupling in the
mixed-valence state.

Following the pioneering work of Creutz and Taube,1 much
interest has been devoted to the bridged bi- and poly-nuclear
ruthenium complexes, particularly in their mixed valence
state.2,3 The short bridging ligands such as pyrazine,1 tert-
butylmalonitrile, dinitrogen, cyanogen2 or 4,4-dithiodipyridine4

provide often a strong enough coupling between ruthenium–
amine centers to allow complete electronic delocalization in the
mixed-valence (MV) state (class III MV complexes). On the
other hand, polynuclear ruthenium–polypyridine complexes
usually show weaker electronic coupling and are valence-
trapped (class II).5 Tetrakis(2-pyridyl)pyrazine (tppz) was up to
now the only polyazine bridging ligand allowing a Ru–Ru
coupling of a similar intensity as in the Creutz–Taube ion.5–8

Polynuclear complexes of ruthenium(ii) are valuable sensitizers
for the conversion of light into chemical or electrical energy9 as
they are efficient MLCT chromophores in which the absorption
maximum can be tuned to almost any wavelength of the visible
spectrum.10 In order to ensure a potentially good charge
separation from an excited state in a donor–chromophore–
acceptor triad, it is suitable to aim at linear, rigid assembly.11 It
is thus obvious that the most promising bridging ligands are the
bis-tridentate ones, like tppz. In that class of polyazines,
tetrapyrido[2,3-a : 3A,2A-c : 2B,3B-h : 3BA,2BA-j]phenazine (tpp), is
the representative which is at the same time the most rigid and
the shortest intermetallic spacer. We have developed a straight-
forward synthesis of this compound12 and report here on its
outstanding properties as a bridging ligand between ruthenium–
terpyridine units.

Attempts to react directly a blue solution of ruthenium(ii)
chloro complexes with tpp in various ratios in refluxing
ethylene glycol led only to the mononuclear complex
[Ru(tpp)2]Cl2 1. For the elaboration of polynuclear Ru–tpp
complexes, we used RuCl3(ttp) (ttp = 4A-p-tolyl-2,2A-6A,2B-
terpyridine) as a starting ruthenium containing unit.5,7,8,11,13

The advantage of ttp14 over terpyridine is the availability of a
methyl group for further linkage with electron donors or
acceptors11 and as a useful internal standard for NMR
integration. Reaction of RuCl3(ttp) with an excess of tpp in
refluxing ethanol–water–triethylamine, followed by precipita-
tion by NH4PF6 afforded the orange [Ru(tpp)(ttp)][PF6]2 2 in
52% yield (Scheme 1). This complex reacted under the same
conditions with RuCl3(ttp) to give, after chromatography over
SiO2, the green binuclear complex [(ttp)Ru(ttp)Ru(ttp)][PF6]4 3
in 39% yield. The same product was obtained by reacting tpp
with RuCl3(ttp) (28% yield). In the reductive solvents men-
tioned above, the main product obtained by reaction of 1 with 3
equiv. of RuCl3(ttp) was surprisingly the binuclear complex 3,
and not the expected trinuclear species [(ttp)Ru(tpp)Ru(tpp)-
Ru(ttp)][PF6]6 4. Similarly, the reaction of RuCl3(ttp) with a

slight excess of 1 afforded 2 only instead of the expected
[(ttp)Ru(tpp)Ru(tpp)][PF6]4. The use of a less reducing mixture
[water–methanol (3 : 1)] allowed finally the synthesis of 4 in
16% yield by reaction of 1 with RuCl3(ttp). Even in this case, a
small amount of the binuclear complex was formed. It appears
thus that RuCl3(ttp) is able to abstract a tpp ligand from
[Ru(tpp)2]2+ under reducing conditions.§

For all the investigated compounds, the first one-electron
cathodic wave observed by cyclic voltammetry¶ was attributed
to the tpp-centered reduction. It shifts from 21.23 V vs. SCE in
the free ligand to 20.80 V in 2 and further to 20.38 V in 3. The
oxidation waves corresponding to the Ru2+/3+ couple appeared
at 1.52 V in 2 but at 1.32 and 1.71 V in 3. This splitting DE of
0.39 V between the (Ru–Ru)4+/5+ and the (Ru–Ru)5+/6+ redox
potentials, symmetrically above and below the potential of 2,
indicates a strong degree of interaction between the two metallic
centers. It corresponds to a comproportionation constant
Kc = [(Ru–Ru)5+]2/{[(Ru–Ru)6+][(Ru–Ru)4+]} = exp(DEF/
RT) = 4 3 106 which is identical to the value reported for the
Creutz–Taube ion1 and higher than the value obtained for
[(ttp)Ru(tppz)Ru(ttp)]5+ (Kc = 105).5 The insolubility of 1 and
4 in the presence of supporting electrolytes prevented any
determination of their electrochemical properties.

Scheme 1
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The visible absorption spectra of 1, 2, 3 and 4 as well as the
emission spectrum of 2 are shown in Fig. 1 and the
corresponding parameters are given in Table 1. The monome-
tallic complexes show a sharp Ru?tpp MLCT band around 520
nm. In 2, an additional Ru?ttp MLCT band appears at 450 nm
and the complex emits at room temperature at 738 nm, with a
yield of 1.2 ± 0.2 3 1024 and a lifetime t = 60 ns. No emission
was detected from 1. In 3 and 4, the low-energy absorption band
is attributed to the Ru?tpp MLCT. It is strongly red-shifted
compared to those of the monometallic species, while the
Ru?ttp band is only slightly affected. This shift is attributed
both to the strong stabilization of the p* orbital of the tpp ligand
by the chelation of the second RuII, as shown by the associated
low reduction potential, and to the splitting of the t2g orbitals,
the dxy set engaged in the bonds with the p* orbital on the
pyrazine ring of tpp being destabilized by the metal–metal
interaction, while the other sets linked to ttp are less (dyz) or not
at all (dxz) affected. From 3 to 4, the Ru?tpp MLCT band only
red-shifts by 14 nm but grows by 70%, which means that the set
of t2g orbitals does not undergo a significant additional splitting
by addition of a third RuII center, certainly because the
environment is different for the central and for the two terminal
metals. While solutions of 3 in acetonitrile could be stored for
weeks at room temperature without degradation, 4 was
observed to break down quite rapidly, its solution showing after
7 days essentially the spectrum of 2. No emission was detected
below 900 nm for 3 and 4 which could emit further in the IR.
The photophysical study of these complexes will be published
elsewhere. Oxidation of 3 by Ce4+ in acetonitrile acidified by
0.5 m CF3CO2H led to the disappearance of the Ru?tpp MLCT
band accompanied by the rise of a new absorption at 592 nm,
attributed to a tpp?Ru ligand-to-metal charge transfer. Con-
comitantly, an ‘intervalence’ absorption band appeared at 1388

nm (7206 cm21). Its width at half-intensity Dn1/2 is only 2000
cm21, half the value calculated by the Hush model for a class II
complex (4080 cm21).2,15 This discrepancy indicates that 3 is a
class III complex. In such a case, the electron coupling matrix
element Vab is half the energy of the band maximum, i.e. 0.447
eV.

In conclusion, tpp appears to form stable mono- and bi-
nuclear ruthenium complexes and to mediate a strong inter-
action between the metallic centers. The intense low-energy
Ru?tpp MLCT absorption could prove useful for the develop-
ment of supramolecular systems and for the photochemical
conversion of solar energy.
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Fig. 1 Visible absorption spectra of 1, 2, 3 and 4 as well as emission
spectrum of 2 (arbitrary units), in acetonitrile

Table 1 UV–VIS spectral data in MeCN and attribution

lmax/nm (1023 e/dm3 mol21 cm21)

Complex LC Ru?ttp Ru?tpp

1a 254(92.0) 508(22.6)
276(87.4)
316(82.3)
364(48.1)

2 251(61.0) 450(15.1) 522(22.2)
280(79.4)
306(75.3)
366(40.2)

3 282(103.2) 470(20.7) 644(29.9)
309(112.1)
371(33.8)

4 230(110.0) 470(29.5) 658(50.7)
276(148.0)
310(156.0)
376(58.4)

a As hexafluorophosphate.
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Hydrogen evolution and oxygen reduction at a titanium sonotrode

H. N. McMurray, D. A. Worsley*† and B. P. Wilson

The Department of Materials Engineering, University of Wales Swansea, Singleton Park, Swansea, UK SA2 8PP 

A titanium sonotrode is used to demonstrate that ultrasonic
irradiation significantly enhances the rate of electrochemical
oxygen reduction and hydrogen evolution reactions in
neutral aqueous electrolyte.

The effect of ultrasound in the 15–40 kHz frequency range on
the kinetics and mechanism of electrochemical reactions is a
topic of rapidly growing interest. Power ultrasound produces
cavitation in solution which may influence electrode processes
through four distinct modes of interaction: (i) mass transport
enhancement owing to turbulence and microstreaming,1–4 (ii)
continuous activation of the electrode surface,5 (iii) the
formation of ions, radicals and other high energy interme-
diates,1 (iv) the mediation of chemical processes associated with
heterogeneous electron transfer steps6 and (v) product deso-
rption.7 Ultrasound baths or probes may be used to irradiate
electrodes indirectly.8 However, recent studies have demon-
strated greater rate enhancement using directly stimulated
‘sonotrodes’ in which the solution contacting end of a ultrasonic
transducer horn acts as the electrode surface.9,10 In the work
described here a titanium sonotrode was used to investigate the
effect of ultrasound on electrochemical hydrogen evolution
[reaction (1)] and oxygen reduction [reaction (2)] in aqueous
electrolyte.

2H+
(aq) + 2e2?H2(g) (1)

O2(aq) + 2H2O + 4e2? 4OH2(aq) (2)

Reactions (1) and (2) are the cathodic reactions most
commonly associated with metallic corrosion in aqueous
systems and acceleration of corrosion rates in the presence of
cavitation is a significant technological problem.11 Both
reactions have complex multistep mechanisms involving chem-
isorbed intermediates,12,13 and reaction rates could potentially
be influenced through any one of modes (i)–(v) above. In the
current study we aim to determine the extent to which the
cathodic processes associated with metallic corrosion are
influenced by the presence of intense cavitation.

The titanium (Ti) tip sonotrode and sono-electrochemical cell
arrangement, used in this work is illustrated in Fig. 1. A 20 kHz
ultrasound generator (Branson Ultrasonics Sonifier 250) was
used with a standard flat 10 mm titanium tip. The ultrasonic

power level used throughout was 26 W cm22, as determined
using calorimetry.4 The circulation of water from a thermo-
stated bath through a stainless steel cooling coil,9 allowed the
electrolyte temperature to be kept constant to within 1 °C during
all experiments. All voltammetric measurements were carried
out at 30 °C using a Solartron 1280 potentiostat under computer
control. The electrolyte used was a 0.7 mol dm23 aqueous
Na2SO4 adjusted to pH 7 using 0.1 m NaOH. All chemicals were
obtained from BDH at Analar grade purity and doubly distilled
water was used throughout. Prior to measurement under
deaerated conditions the electrolyte was purged with pre-
purified argon (BOC) for 30 min. Linear sweep voltammograms
were recorded by sweeping the sonotrode potential from 22.5
to 0 V vs. SCE at 0.014 V s21. Prior to recording voltammetric
data the sonotrode potential was cycled between 22.5 and 0 V
at ±0.014 V s21 in the absence of ultrasound until the
voltammogram became reproducible ( < three cycles).

The voltammetric response of the Ti sonotrode in deaerated
and aerated electrolyte is shown as a series of Tafel plots in Fig.
2(a) and (b) respectively; H2 evolution occurred visibly at
potentials < 21.6 V. It may be seen from Fig. 2 that the
characteristic shapes of the Tafel plots remained similar under
silent and sonicated conditions but that current density values
were higher at all potentials in the presence of ultrasound. The
magnitude of the sono-electrochemical effect, its reproduci-
bility and reversible nature are highlighted in Fig. 3(a) and (b)
for the deaerated and aerated solutions, respectively which
illustrates the transient (time dependent) current responses of
the sonotrode when subject to short (1–5 s) pulses of sonication
at constant potential. Fig. 3(a) shows the response at 21.3 V in
deaerated electrolyte and Fig. 3(b) shows the response at 21.25
V in aerated electrolyte. In both cases it can be seen that the

Fig. 1 Schematic diagram of sonotrode and electrochemical cell arrange-
ment

Fig. 2 Tafel plots of titanium sonotrode voltammetric response under silent
(—) and sonicated (---) conditions in (a) deaerated and (b) aerated neutral
0.7 m aqueous Na2SO4 at 30 °C. Potential sweep rate = 0.014 V s21.
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changes in current density resulting from sonication are
instantaneous and reversible. This finding rules out the
possibility that bulk heating by ultrasound contributes sig-
nificantly to the observed current density increases. The n-type
semiconducting TiO2/Ti2O3 layer, which rapidly forms on Ti
exposed to air, can limit the rate of electrochemical reactions
(especially anodic reactions) at Ti sonotrodes.9 However, Figs.
2 and 3 suggest that the Ti sonotrode is an adequate cathode for
reactions (1) and (2) at the potentials indicated and that reaction
rates are significantly enhanced by sonication.

Considering the deaerated case first, it is assumed that the
cathodic currents in Fig. 2(a) are entirely due to reaction (1).
Under silent conditions the Tafel plot is approximately linear
over the range 21.25 to 21.6 V which is consistent with
reaction (1) being activation controlled; the Tafel slope is 190
mV decade21. At potentials cathodic of 21.7 V the Tafel plots
curve in a manner suggestive of current limiting. Under
sonicated conditions the Tafel plot is shifted anodically by
approximately 500 mV and the Tafel slope in the linear region
increases to 280 mV decade21. The change in Tafel slope is
consistent with ultrasound producing a change in mechanism or
rate determining step for reaction (1). Ultrasonic current density
enhancement at constant potential is greatest in the linear,
activation controlled region (a factor of ca. five) and smaller in
the current limiting region (a factor of ca. two). Since the effect
of ultrasound is greatest when reaction (1) is activation
controlled it is probable that interaction with the electro-
chemical process occurs primarily through modes (ii)–(v)
above.

Considering the aerated case, under silent conditions the
Tafel plot in Fig. 2(b) shows a well developed current plateau
between 20.9 and 21.4 V due to reaction (2) becoming limited
by mass transport of O2 to the sonotrode surface.15 It is therefore
assumed that the cathodic currents in Fig. 2(b) result predom-
inantly from reaction (2) at potentials cathodic of 21.4 V, and

from a combination of reactions (1) and (2) at potentials anodic
of 21.4 V. Ultrasonic current density enhancement at constant
potential is greatest (more than one order of magnitude) at
potentials anodic of 21.4 V and the diffusion limited current
plateau becomes indistinct in the sonicated Tafel plot. The
current density increase between 20.9 and 21.4 V must arise
primarily through mode (i) above and implies a decrease of at
least tenfold in the effective thickness of the Nernst diffusion
layer under sonicated conditions. Modes (ii)–(v) may be
significant at potentials anodic of 20.9 V where reaction (2) is
not mass transport limited, but mode (i) probably remains an
important contribution to the current increase observed on
sonication.

These preliminary results show that the rates of electro-
chemical O2 reduction and H2 evolution at a titanium surface are
significantly increased by power ultrasound. Ultrasonically
enhanced mass transport appears to be the principle cause of
rate increase in the case of O2 reduction but significant rate
increase also occurs in the case of activation controlled H2
evolution. The acceleration of both these cathodic processes
may contribute to the increased rates of metallic corrosion
observed in the presence of intense cavitation. Furthermore, the
finding that activation overpotentials for H2 evolution may be
reduced by ultrasound suggests that electrocatalytic sonotrodes
might usefully be investigated as a means of increasing the
efficiency of technologically important gas evolving elec-
trolyses.

We thank Maysonic Ultrasonics Ltd, Briton Ferry, West
Glamorgan for supporting this work and Duncan McDonald
(M. D.) for permission to publish.
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Fig. 3 Transient (time dependent) current response of titanium sonotrode in
neutral 0.7 m aqueous Na2SO4 at 30 °C. (a) Deaerated, 5 s ultrasound pulses
at 21.3 V vs. SCE. (b) Aerated, 1 s ultrasound pulses at 21.25 V vs.
SCE.
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Evidence for the presence of dual emission in a ruthenium(ii) polypyridyl
mixed ligand complex

Tia E. Keyes, Christine O’Connor and Johannes G. Vos*†

Inorganic Chemistry Research Centre, School of Chemical Sciences, Dublin City University, Dublin 9, Ireland 

The complex [Ru(bpy)2(pztr)]+ 1 [bpy = 2,2A-bipyridyl,
Hpztr = 3-(pyrazin-2-yl)-1,2,4-triazole] exhibits two emis-
sion maxima in fluid solution [ethanol–methanol (4 : 1)] over
the temperature range 120–260 K; from fluorometric studies
two well resolved emission maxima are observed at 590 and
700 nm, accompanied by two different lifetimes; the
observations suggest the presence of two emitting states in
this compound, one bpy and one pyrazine based.

The photophysical properties of ruthenium(ii) polypyridyl
complexes make them attractive building blocks for supra-
molecular assemblies and as a result several thousands of homo-
and hetero-leptic compounds have been reported in the
literature.1 It is generally accepted that emission in ruthenium
polypyridyl complexes originates from a triplet metal-to-ligand
charge-transfer (3MLCT) state.1 In the case of a mixed ligand
complex this excited state can in principle be located on any of
the ligands. Many detailed studies have therefore been carried
out to determine the location of the emitting state in such
compounds. From theoretical considerations one would predict
that emission will occur from the lowest triplet state only2 and
indeed this is observed in almost all cases. In rigid media a
number of dual emissions have been documented.3 However, in
solution such reports are rare,4 and to our knowledge no clear-
cut cases have been reported in solution for ruthenium
polypyridyl type compounds.

In this contribution, we wish to present direct evidence for
dual emission in solution over a wide temperature range for the
mononuclear mixed ligand ruthenium(ii) polypyridyl complex
[Ru(bpy)2(pztr)]PF6, 1 [bpy = 2,2A-bipyridyl, Hpztr = 3-(pyr-
azin-2-yl)-1,2,4-triazole].

The compound under investigation was synthesised as
described previously.5 The N2 and N4 isomers were separated by
semi-preparative HPLC and characterized by 1H NMR spec-
troscopy, analytical diode array HPLC, and elemental analysis.
These techniques confirm that the purity of 1 is > 99%. In this
study only the N2 isomer, shown above, was investigated.

Earlier work on these compounds has shown that isomerisa-
tion, photoinduced or otherwise, of the deprotonated N2 and N4

isomers does not occur,5c,d while pKa values obtained for the
ground state and excited state for the N2 isomer are between 3.5
and 4 and as a result, protonation of 1 under the experimental
conditions discussed here is unlikely.5a

One can therefore be confident that in the experiments carried
out in this contribution only one species will be present. It is
furthermore important to note that pKa values, electrochemical
experiments and resonance Raman data have shown that bpy
and pyrazine based excited states are similar in energy. In 1 the
bpy state is lower in energy, while in the complex containing a
protonated triazole the emitting state is pyrazine based.5b,d

Finally, emission and absorption maxima of 1 in its protonated
and deprotonated states are very similar.5a

Selected temperature dependent luminescence spectra for 1
[ethanol–methanol (4 : 1), containing 1% diethylamine or
ammonia to assure deprotonation of the triazole ring] are shown
in Fig. 1. At 90 K, the spectrum obtained [Fig. 1(a)] is typical
for compounds of this type with a single emission being
observed at 617 nm. After laser excitation at 355 nm the
luminescence decays according to a single exponential with a
lifetime of 3200 ns (all lifetimes ±10%). On increasing the
temperature to 145 K, [Fig. 1(b)] the emission spectrum of 1 is
resolved into two distinct bands; one, as expected, at 710 nm
and an additional feature at 590 nm. The luminescent signal
obtained at this temperature monitored at 650 nm cannot be
fitted as a single exponential. Normal curve fitting procedures
yield lifetimes of 2400 and 800 ns with ratios of 60 and 40%,
respectively. Measurements monitored out at 700 and 590 nm
yield single exponential decays and identify the long lifetime as
belonging to the 700 nm signal. At higher temperatures the
contribution from the higher energy component decreases. The
temperature dependence of the emission decay for the two
signals is therefore different. Excitation spectra obtained at both
emission maxima are sufficiently similar to suggest that both
emissions are based on MLCT emissions. The excitation
spectrum of the 590 nm emission shows an absorption
maximum at 440 nm, while for the 700 nm band a maximum is
observed at 465 nm.

In cases where a dual emission is observed, the contribution
from impurities is always a concern. However, we do not
believe that the data above can be attributed to the presence of
an impurity. First of all, the lifetimes and intensities observed
for the two emission components (see above) suggest that the
concentration of an impurity would have to be high and this is
not observed. Also, the same results were obtained for various
samples of 1. Finally, when the triazole is protonated a normal
single exponential behavior is obtained over the entire tem-
perature range [77 K (2200 ns), 175 K (800 ns) and room
temperature (230 ns)].

Fig. 1 Temperature dependent luminescent spectra of 1 in ethanol–methanol
(4 : 1) and 1% diethylamine, at (a) 90, (b) 145, (c) 220 and (d) 298 K
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On the basis of these considerations we are confident that the
results obtained are best explained by the presence in the title
compound of two weakly coupled emitting states. As pointed
out above, earlier work has shown that bpy and pyrazine based
MLCT states are similar in energy. For example, the energy
separation between these two emitting states of 2400 cm21

which at 145 K is consistent with the electrochemistry of this
complex which shows a potential difference of 0.33 eV between
the first two bpy and pyrazine based reductive steps of 1. We
therefore propose, based on our earlier results,5 that the highest
energy emitting state observed between 120 and 260 K, is
pyrazine based. After excitation to the 1MLCT level, efficient
intersystem crossing to the lowest, strongly coupled bpy based
triplet state is observed. Up to 260 K it is the lowest energy
manifold of the bpy triplet that is populated. Population of the
pyrazine based triplet state can in this model only occur by
thermal means. The lower energy components of this manifold
are weakly coupled to a pyrazine state, and population of the
pyrazine state occurs thermally between ca. 120 and 260 K.
Above this temperature the upper, fourth 3MLCT of the bpy
triplet manifold is thermally populated,6 such population is
observed in the temperature dependent luminescent lifetimes of
related5c complexes, where population of this state was
observed to occur from around 240 K. This upper state, which
contains more singlet character, is not coupled to the pyrazine,
and therefore a single emission primarily based on the fourth
3MLCT is observed. Further investigations are at present in
progress to further develop this picture.
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Distinction between the weak hydrogen bond and the van der Waals
interaction
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The angular distributions of C–H···O interactions for differ-
ent types of C–H groups show that the directionality
decreases with decreasing C–H polarisation, but that it is
still clearly recognisable for methyl groups; for C–H···H–C
van der Waals contacts, in contrast, isotropic angular
characteristics are observed.

It is by now well-recognised that C–H groups can act as weak
hydrogen bond donors.1,2 While vibrational spectroscopy
shows that the C–H donor strength depends on the carbon
hybridisation as C(sp)–H > C(sp2)–H > C(sp3)–H,3 early
crystallographic data suggests some donor potential even for the
weakly polarised methyl groups.4 Statistical database surveys
demonstrate that mean C···O distances in C–H···O contacts
correlate convincingly with conventional C–H acidities,5 and
even for methyl groups R–CH3, mean H···O distances have been
found to depend on the nature of the R group.6 All these
experimental studies indicate that most kinds of C–H groups
can donate weak hydrogen bonds. While the bonds formed by
acidic C–H groups (alkynes, haloforms) are moderately strong,
those that involve weakly polarised C–H groups are much
weaker. Many studies have concentrated on the stronger of the
C–H···O hydrogen bonds, possibly because they are associated
with more dramatic structural and spectroscopic effects, and
this has meant that experimental information on weakly
polarised C–H donors is relatively scarce. Still, theoretical
calculations have been published for weakly polarised C–H
groups,7 estimating C–H···O hydrogen bond energies to be
around 0.5 to 1 kcal mol21.

Despite this wealth of experimental and theoretical work, the
concept of the C–H···O hydrogen bond, and that of the weak
hydrogen bond in general, has been persistently questioned. The
strong disapproval that was published8 in the 1960s has, over
the years,been steadily diluted into oral objections that may best
be described as stationary. It is therefore of some interest that a
recent paper in this journal states that the typical C–H···O/N
hydrogen bond represents ‘nothing more than a classical van der
Waals interaction.9 Here this claim will be directly falsified.

A fundamental difference between hydrogen bonds and the
van der Waals interaction lies in their different directionality
characteristics. Hydrogen bonds are inherently directional, with
linear or close to linear geometries favoured energetically over
bent ones. In contrast, van der Waals contacts are isotropic, with
interaction energies independent of the contact angle q. This
difference allows one, in principle, to distinguish between
hydrogen bonds and the van der Waals interaction. However,
hydrogen bond directionality is soft,10 and even for moderately
strong bonds it cannot be characterised from single examples or
small data samples. A proper description of angular preferences,
or lack thereof, requires statistical analysis of large quantities of
structural data, such as may be retrieved from the Cambridge
Structural Database (CSD).11 Database analysis is complicated
by factors such as steric hindrance and chemical inhomogene-
ity, which in adverse situations can completely smear structural
trends.‡ However, one can plan and perform CSD analyses so as
to minimise these complicating factors.

The angular characteristics of the weakest kinds of C–H···O
hydrogen bonds have not yet been described. Therefore, we
report here a CSD study of these characteristics in conjunction
with those for van der Waals contacts of the type C–H···H–C.
Structural data were retrieved§ for C–H···O contacts involving
the prototypes of the C(sp)–H, C(sp2)–H and C(sp3)–H groups,
that is ethynyl, vinyl and ethyl groups. For comparison, data for
conventional hydrogen bonds from hydroxy donors is also
presented. To reduce chemical inhomogeneity, only organic
carbonyl acceptors were considered. For the H···O distance
cutoff, a long value of 3.0 Å was selected; this is greater than the
van der Waals sum by 0.3 Å.12 Initial tests showed that this
cutoff value is not critical for the subsequent analysis. Data for
C–H···H–C van der Waals contacts were also retrieved to the
distance limit of the van der Waals sum plus 0.3 Å ( = 2.7 Å).
Numerical data giving mean hydrogen bond distances and
angles are listed in Table 1. To examine the degree to which
linear contact geometries are preferred, histograms of angular
C–H···O distributions were generated (Fig. 1). Since the solid
angle covered by an angular interval Dq is smaller for nearly
linear angles q than for bent ones (Fig. 2), the angular
distribution must be weighted by a correction factor of 1/sinq to
properly reflect angular preferences. This is termed the ‘cone
correction’.13

The histogram for hydroxy donors shows the well-known
directional behaviour of conventional hydrogen bonds [mean
q = 154.0(4)°].10,13 For the acidic ethynyl donors C·C–H, the
mean C–H···O angle q is only slightly smaller, 152(2)°, and the
angular distribution is only slightly broader. For vinyl donors,
the mean angle q falls to 143(1)° and the angular distribution
widens considerably. For the very weakly polarised methyl
donor of the ethyl group, the mean angle q falls further to
137.1(7)° and the angular distribution is correspondingly
softened, but it still shows directional behaviour with linear
contact geometries being favoured. Finally, the mean C–H···H
angle for C–H···H–C contacts of methyl groups is 128.6(3)°.
Here, however, the angular distribution is almost ideally
isotropic in the range 120 to 180°, while for q < 120°, the
frequencies fall because side-on contacts are sterically disfav-
oured [Fig. 1(e)]. This is exactly the picture that is expected for
the non-directional van der Waals interaction.

The sequence of histograms in Fig. 1 clearly shows a gradual
decrease of directionality for C–H···O interactions with decreas-
ing C–H polarisation. For alkyne donors, the directionality

Table 1 Numerical data for X–H···Y contacts with H···Y < 3.0 Å (2.7 Å for
H···H contacts). Data for normalised H-atom positions

Mean Mean Mean
Contact type Number H···Y (Å) X···Y (Å) X–H···Y (°)

C(sp3)–O–H···ONC 3330 1.974(6) 2.837(4) 154.0(4)
C·C–H···ONC 44 2.36(4) 3.31(2) 152(2)
CNCH2···ONC 124 2.67(1) 3.56(2) 143(1)
CH2–CH3···ONC 767 2.761(6) 3.590(7) 137.1(7)
CH2–CH3···H–C 3975 2.500(2) 3.246(4) 128.6(3)
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behaviour is that of conventional hydrogen bonds such as those
formed by hydroxy groups. For vinyl donors, the directionality
is weaker, but is still clearly pronounced. For methyl groups, the
directionality is the weakest, but is still clearly different from
the perfectly isotropic behaviour for C–H···H–C contacts. Since
C–H···O interactions of alkyl groups are not isotropic (even at
the long distance cutoff of 3.0 Å), they should definitely not be
classified as mere van der Waals contacts. The observed
differences in directionality behaviour between any kind of
C–H···O hydrogen bond and the van der Waals interaction is a
consequence of the fundamentally different distance and angle
fall-off characteristics of these interactions.

It is important to note that weak hydrogen bonds encompass
a wide scale of strengths just as do carbon acidities. It is
therefore misleading to consider all kinds of C–H···O hydrogen
bonds as being exactly alike, even as it is misleading to assign
hydrogen bond character only to a certain class of C–H···O
contacts and consider the rest as nothing more than classical van
der Waals interactions. A C–H···O hydrogen bond does not
become a van der Waals contact just because the H···O distance

crosses an arbitrary threshold. It is pointed out, however, that
this does not mean that every C–H···O contact of a methyl group
is ‘automatically’ a hydrogen bond: it has been shown
theoretically and also experimentally that some C–H···O
geometries formed by methyl groups have zero or possibly even
positive interaction energies.7,14

In this light, the more interesting question is the nature of the
interface between the weak hydrogen bond and the van der
Waals interaction. Recent experiments indicate that this grey
area is shrinking.15 Investigating such matters will undoubtedly
be difficult, but given the continuous spectrum of these
structural phenomena, it is not hard to conceive of a domain
wherein the distance falloff characteristics of an interaction
X–H···A varies between those expected for a hydrogen bond
and for a van der Waals interaction. Exploration of this region
will surely yield new insights.
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opportunity to carry out a part of this work in his laboratory. G.
R. D. acknowledges financial support from the Department of
Science and Technology, Government of India (SP/S1/G-
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Fig. 1 CSD results. Histograms with angular frequencies of X–H···ONC
contacts for different donor types, and of C–H···H–C van der Waals
contacts: (a) hydroxy, (b) ethynyl, (c) vinyl and (d) ethyl donors and (e) van
der Waals contacts. The distributions are ‘cone-corrected’ (ref. 13) (i.e.
weighted by 1/sinq) and scaled in such a way that they cover the same
area.

Fig. 2
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Triple fluorescence of 4-(1,4,8,11-tetraazacyclotetradecyl)benzonitrile

Ling-Siu Choi and Greg E. Collins*†

Naval Research Laboratory, Chemistry Division, Washington, DC 20375-5000, USA 

Triple fluorescence is observed for DMABN-cyclam in
EtOH, corresponding to a locally excited (LE) singlet state, a
twisted intramolecular charge transfer (TICT) state, and an
intramolecular exciplex (E).

More than 30 years ago, Lippert investigated the dual
fluorescence of 4-(dimethylamino)benzonitrile (DMABN) in
polar solvent.1 Several models have been proposed to address
the cause of the anomalous long-wavelength fluorescence,
including bending of the cyano group,2 solute–solvent exciplex
formation,3 and twisted intramolecular charge transfer (TICT).4
The concept put forward by Grabowski of a TICT state, or
charge transfer reaction which is accompanied by a twisting
motion and orbital decoupling of the phenyl acceptor ring from
the dimethylamino donor group, is generally favored.4 In
addition to TICT state formation, benzonitriles bearing flexible,
alkylamino chains, e.g. 3-(4-cyanophenyl)-1-dimethylamino-
propane (CNP3NM), can form intramolecular exciplexes which
arise due to the conformational flexibility of the alkylamino
chain, and its ability to form a sandwich configuration
promoting excited state, charge transfer.5 Van der Auweraer et
al.6 observed a correlation between intramolecular exciplex
formation and Hirayama’s rule,7 which states that the most
stable sandwich conformation will arise when n = 3 for a
Ph(CH2)nNMe2 system. We report here the triple fluorescence
of 4-(1,4,8,11-tetraazacyclotetradecyl)benzonitrile (DMABN-
cyclam), corresponding to the LE state, a TICT state, and an
intramolecular exciplex (E) (Fig. 1).

The UV spectrum for DMABN-cyclam in EtOH shows a
single absorption peak at 295 nm. Excitation at this wavelength
leads to three emission peaks: 352 (LE state), 421 and 473 nm
(Fig. 2). Intensity contributions from the three individual
excited states were estimated using the Voigt Amplitude
function of Jandel’s PEAKFIT 4.0. Recently, Létard et al.
reported the dual fluorescence of two compounds structurally
similar to DMABN-cyclam, 4-(1-aza-4,7,10-trioxa-
cyclododecyl)benzonitrile (DMABN-crown4) and 4-(1-aza-
4,7,10,13-tetraoxacyclopentadecyl)benzonitrile (DMABN-
crown5).8 DMABN-crown5 exhibited a TICT emission that
red-shifted and increased in intensity as the solvent polarity
increased from hexane (where the emission band was too weak

to be measured accurately) to toluene (lmax = 406 nm), to
acetonitrile (lmax = 466 nm). Similarly, DMABN-cyclam,
which differs from DMABN-crown4 primarily in the replace-
ment of nitrogen binding sites for the oxygen atoms of the
crown ether, reports a similar trend in the emission spectra
(Fig. 2): hexane (lmax = 390 nm), toluene (lmax = 413 nm) and
EtOH (lmax = 473 nm). We, therefore, attribute the third
emission band in EtOH at 473 nm to a TICT state. Unlike
DMABN-crown4, however, DMABN-cyclam has two pendant
amine groups linked by a short chain (n = 3 and 4) to the
benzonitrile acceptor. Despite the cyclic nature of cyclam, this
molecule exhibits sufficient flexibility to form a sandwich
complex in the excited state that gives rise to an intramolecular
exciplex peak (E) (Fig. 1). The peak position identified for the
exciplex peak of DMABN-cyclam in hexane (lmax = 392 nm)
compares favorably with that found for CNP3NM in isopentane
(lmax = 390 nm).9

Several trends are evident from Fig. 2 with regards to the
effect of solvent polarity on the triple fluorescence of DMABN-
cyclam. The TICT emission band red-shifts by more than 80 nm
and increases in intensity relative to the LE emission as solvent
polarity is increased. The relative intensity of the TICT band
increases with solvent polarity due to a stabilization of the
charge separation. The exciplex emission does not red-shift
quite as severely (34 nm), due to a smaller dipole moment
compared with the TICT configuration, and reflects a maxima
in the solvent, toluene. Apparently, a ground state sandwich
configuration is promoted for DMABN-cyclam in toluene,
fostering enhanced intramolecular exciplex formation despite

Fig. 1 Proposed structures and equilibria existing between the three excited
state species, LE, TICT and E, generating the observed triple fluores-
cence

Fig. 2 Solvent effect on the triple fluorescence of DMABN-cyclam: (a)
water, (b) EtOH, (c) toluene and (d) hexane
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the lower polarity of this solvent. The LE band exhibits an
intensity minimum in water because of the high polarity of this
solvent, and its capability for stabilizing the two charge transfer
complexes.

Temperature studies of the fluorescence arising from thin
films of DMABN-cyclam in poly(vinyl alcohol) (PVA) indicate
the dependence of the two excited-state charge-transfer emis-
sion peaks (E and TICT) on the conformational mobility of the
molecule.9 PVA was chosen as a support material for DMABN-
cyclam because it provides a solid matrix with similar polarity
to EtOH. PVA is hydrophilic and absorbs moisture from the air,
decreasing the glass transition temperature (Tg) and facilitating
the conformational transitions in the excited state at higher
temperatures. At room temperature, DMABN-cyclam in PVA
shows only a single peak at 357 nm, with a slight shoulder
evident at 421 nm (Fig. 3). As the temperature increases, the
overall fluorescence intensity correspondingly decreases. How-

ever, as the temperature approaches 80 °C (above the Tg for
PVA), the exciplex shoulder at 421 nm becomes a more
prominent peak, and there is evidence for the formation of the
TICT state at 467 nm. This result verifies the dependence of
these excited-state charge transfer bands on the conformational
mobility of DMABN-cyclam in PVA as it transitions from a
glass to a rubbery state.

In conclusion, DMABN-cyclam is a unique molecule which
exhibits triple fluorescence arising from the LE state and two
excited state complexes, a TICT state and an intramolecular
exciplex (E). All three emission bands are strongly perturbed by
solvent polarity and conformational mobility.

The authors gratefully acknowledge J. H. Callahan and M.
Shahgholi for the mass spectroscopic identification of
DMABN-cyclam, and the Office of Naval Research for funding
this study.
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Fig. 3 Emission spectra of DMABN-cyclam in poly(vinyl alcohol) at (a) 20,
(b) 40, (c) 60 and (d) 80 °C
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Hexahomooxacalix[3]arenes 1–5, which possess a variety of
substituents on their upper rim, have captured fullerene C60
in  toluene  with  association  constants  of  Ka =  9.1–35.6
dm3 mol21; X-ray analysis of the complex of C60 and 4
indicated that a van der Waals attractive interaction is the
dominant driving force which brings the hexagonal faces of
the C60 close to both the aromatic rings and the dibenzyl
ether oxygen of 4.

Supramolecular complexes with C60 as the guest molecule have
provoked a great deal of interest in the field of host–guest
chemistry.1–8 Recent studies on this complexation have focused
on the inclusion phenomena of C60 with so-called ‘dish-shaped’
hosts in solution.9–15 Among these studies, X-ray analyses of
the complexes of C60 with calix[5]arenes14,16,17 and with
cyclotriveratrylene (CTV)12,15 have been reported. Quite re-
cently, Shinkai reported the inclusion complex of C60 and tert-
butylhexahomooxacalix[3]arene 2 in organic solution.11 How-
ever, the precise details of the structural features of the inclusion
complex are still ambiguous. Here we report the first X-ray
analyses of the complexes of C60 with hexahomooxacalix[3]ar-
enes 2 and 4, and the formation of supramolecular complexes of
C60 with hexahomooxacalix[3]arenes possessing different sub-
stituents on their upper rims.

We have developed a stepwise synthesis for a variety of
hexahomooxacalix[3]arenes having different substituents on
their upper rim portion, revealing that some hexahomooxacal-
ix[3]arenes adopt a cone conformation owing to an intramole-
cular hydrogen-bonding network in the solid state.18 The
interaction between hexahomooxacalix[3]arenes 1–5‡ and C60
was examined using UV–VIS spectroscopy. Thus, upon
addition of hexahomooxacalix[3]arenes to a solution of C60 in
toluene, a slight change in color (from purple to pale brown),
based on an increase in the absorption band at ca. 430 nm, was
observed. The UV–VIS titration method allowed us to deter-
mine the association constants, which were determined by the
Rose–Drago method19 to be those of a 1 : 1 complex (l = 425
or 430 nm, 298 K, toluene solution, [C60]0 = 5.1 3 1024 m).
The composition ratio of C60 and 2 has been reported,11 and that
of C60 and 5 was determined by Job plot, but this was not
effective for the determination of the composition ratios of C60
and 1, 3 and 4 due to both the very small Ka and the change in
absorption. These results are shown in Table 1. Generally,
neither the magnitude of nor the difference between association

constants for the five hosts 1–5 is particularly large. Conse-
quently, it might be concluded that the strength of complexation
is not affected by the electron density of the aromatic rings of
the host compounds.

The inclusion complexes were obtained as dark brown
crystals by allowing a toluene solution of C60 and the
corresponding hexahomooxacalix[3]arenes 2–5 in a molar ratio
of 1 : 10–20 to stand for a couple of weeks. The crystal structure
of the complex of C60 and 4 was clarified by X-ray analysis and
is shown in Fig. 1.§ As a result of the suppression of the
rotational disorder of C60 in the solid state, all the atoms of the
inclusion complex can be identified. The inclusion complex has
a C3d symmetric structure in the solid state, in which a six-
membered ring of C60 is disposed parallel to the mean plane
composed of the three phenolic oxygens of 4. In addition, three
six-membered rings around the above-mentioned six-mem-
bered ring at the bottom position of C60 are approximately
parallel to three six-membered rings of 4, where the closest
distance [3.615 (6) Å] between two sp2 carbons is very close to
those reported for related complexes (3.51 Å15 and 3.60–3.62
Å16). The inclination angle (q) of the three phenol rings from the
mean plane composed of three phenol oxygens in 4 is 147°,
which is consistent with the dihedral angle between the six-
membered ring at the bottom and the neighboring five- and six-
membered rings of C60 (average angle of 145°). The additional
striking feature of this complex is that the closest distance from
the dibenzyl ether oxygens of 4 to the six-membered ring at the
bottom of C60 is only 3.290 (5) Å. Taking into account these
close contacts, as well as the weak electrostatic effect
mentioned above, it can be suggested that van der Waals forces
are the predominant attractive forces for complexation. The
packing arrangement of C60 and 4 is shown in Fig. 2. The closest
intermolecular distance of 3.51 (3) Å between carbons of C60
suggests some attractive interactions between C60 molecules,
which is comparable to that observed in graphite (3.35 Å).

Similarly, X-ray analysis of the crystals of the complex of C60
with 2 indicated a complexation pattern with a 1 : 1 ratio, in
which 2 is ordered, whereas the packing of the guest C60
molecules is rotationally disordered in the solid state. This
packing arrangement is shown in Fig. 3.¶

The authors are grateful to Professor Y. Tobe and Dr K.
Hirose (Osaka University) and Dr T. Hayashi (Kyoto Uni-
versity) for their useful suggestions.

Table 1 Association constants for hexahomooxacalixarene–C60 com-
plexation in toluene at 298 Ka

Compound Ka/dm3 mol21

1 9.1 ± 1.0
2 35.6 ± 0.3
3 20.7 ± 0.9
4 14.9 ± 2.0
5 13.3 ± 0.4

a Association constants were determined by the Rose–Drago method (ref.
19) for a 1 : 1 complex at 425 or 430 nm.
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Notes and References

† E-mail: fuji@scl.kyoto-u.ac.jp
‡ Syntheses of hexahomooxacalix[3]arenes 1–4 have been reported (ref.
18). The hexahomooxacalix[3]arene 5 was prepared by cyclotrimerization
according to the procedure of Gutsche (ref. 20).
§ Crystal data for 4·C60; C28H7O2Br, M = 455.27, trigonal,
a = b = 18.104(1), c = 26.624(2) Å, V = 7556.8(9) Å3, space group R3

(#148), Z = 18, Dc = 1.801 g cm23, m(Cu-Ka) = 35.59 cm21, l(Cu-
Ka) = 1.54178 Å, T = 293 K, R = 0.105, Rw = 0.163 for 3088
reflections.
¶ Crystal data for 2·C60; C96H48O6, M = 1297.43, triclinic, a = 14.316(4),
b = 16.88(1), c = 14.292(6) Å, a = 108.23(5)° b = 111.90(2),
g = 90.62(5)°, V = 3010(3) Å3, space group P1̄ (#2), Z = 2, Dc = 1.431
g cm23, m(Cu-Ka) = 6.97 cm21, l(Cu-Ka) = 1.54178 Å, T = 293 K,
R = 0.205, Rw = 0.198 for 6473 reflections.
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Fig. 1 Crystal structure of C60 and 4 generated by CHEM3D; (a) side view
and (b) top view. Hydrogen atoms are excluded for clarity.

Fig. 2 Packing arrangement for the complex of C60 and 4

Fig. 3 Packing arrangement for the complex of C60 and 2; the illustrated
orientation of C60 has been optimized using the information obtained from
the X-ray analysis of the complex of C60 and 4
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Recognition of 1,2-diazines by a bidentate Lewis acid

François P. Gabbaı̈,*a† Annette Schier,a Jürgen Riedea and Michael J. Hynesb

a Anorganisch-chemisches Institut der Technischen Universität München, Lichtenbergstrasse 4, D-85747 Garching, Germany 
b Department of Chemistry, National University of Ireland, Galway, Ireland 

Dimeric ortho-phenyleneindium bromide 1 shows a higher
affinity for 1,2-diazines than for 1,3- and 1,4-diazines; as
shown by the X-ray crystal structure analysis of the host–
guest complex 3 the observed selectivity results from subtle
structural variation which can bring the indium p orbitals to
converge.

The chemistry of group 13-based bidentate Lewis acids, while
still in its infancy, appears to have a promising future. Research
activity in this area has mainly focussed on the use of these
compounds as anion receptors.1,2 More scarcely, those com-
pounds have been used as catalysts3,4 or as selective receptors
for neutral nucleophiles.5,6 We have recently reported the
synthesis of dimeric ortho-phenyleneindium bromide 1.7 The
specific arrangement of the two indium centers of this
derivative indicates that selectivity in the binding of bifunc-
tional bases might be attainable. In order to verify this
assumption, we have investigated the ligative behavior of 1
toward the different diazine structural isomers and report that 1
is a selective 1,2-diazine receptor.

Compound 1 was isolated as a tetrakis(tetrahydrofuran)
adduct 2, which dissolves only in polar solvents. Addition of 1
or 2 equiv. of pyrazine (1,4-diazine) or pyrimidine (1,3-diazine)
to a [2H8]THF solution of 2 at 25 °C did not result in any
detectable changes of the 1H NMR features of 2 thus indicating
weak association between 1 and pyrazine or pyrimidine under
those conditions.‡ In contrast, incremental addition of pyr-
idazine (1,2-diazine) or phthalazine (2,3-benzodiazine) to a
[2H8]THF solution of 2 at 25 °C resulted in an up-field shift of
the H2,3,6,7 NMR resonances of the diindacycle 1 (Fig. 1).‡

These observations reflect the formation of complexes
between 1 and the 1,2-diazines (pyridazine or phthalazine).
Moreover, the inflection observed in the titration curve of 1 by
phthalazine occurs at an added amount of base of one
equivalent, thus suggesting the formation of a 1 : 1 host–guest
complex, possibly 1·phthalazine·2THF. Based on this hypoth-
esis, the stability constants of the 1 : 1 complexes 1·pyr-
idazine·2THF and 1·phthalazine·2THF can be derived and are
respectively equal to 80 ± 10 and 1000 ± 150 m21 (Scheme 1).8
These data as a whole indicate that 1 is a selective receptor for
1,2-diazines.9,10

While the 1 : 1 complex 1·phthalazine·2THF seems to be the
preferred species in solution, colorless pale yellow crystals of
the less soluble 1 : 2 complex 1·2(phthalazine)·THF 3 spon-
taneously formed in a saturated THF solution containing
equimolar amounts of 2 and phthalazine.‡§ Compound 3
crystallizes in the monoclinic space group P21/n with one
solvate THF.¶ As shown in Fig. 2, the diindacycle acts as a
ditopic receptor for one phthalazine molecule. Each indium

atom adopts a trigonal bipyramidal coordination geometry. As
in the parent compound,7 the equatorial sites are occupied by the
two phenylene rings and the bromine atoms. The two nitrogen
atoms of the chelated phthalazine molecule [N(21) and N(22)]
occupy one of the axial sites of each indium center [In(2) and
In(1), respectively]. The coordination sphere of each indium
atom is completed by axial ligation of one THF molecule [In(2)]
and one phthalazine [In(1)]. The chelation of one phthalazine
molecule by the diindacycle has some noteworthy structural
consequences. The two indium atoms are displaced towards
their respective coordinated nitrogen atoms N(21) and N(22),
respectively. As a result, the six-membered ring containing the
two indium atoms has a boat-like conformation rather than
being planar as in 2.7 The two phenylene rings of 3 are not
coplanar (dihedral angle of 16.5°) and the dimeric ortho-
phenylene indium moiety adopts a saddle shape. There is one
metrical parameter, which merits comment. The N(22)–In(1)
distance [2.824(5) Å] is significantly longer than the other In–N
bond lengths observed in 3 [2.398(5) and 2.446(5) Å]. While
one could question the existence of a N(22)–In(1) interaction,
examination of the bond angles at In(1) and N(22) indicates

Fig. 1 1H chemical shift of H2,3,6,7 of 1 vs. the concentration of 1,2-diazines;
[1] = 0.044 mol dm23

Scheme 1

Chem. Commun., 1998 897



N(12)

N(11)O(2)

Br(2)
In(2)

N(21) N(22)

Br(1)

In(1)

clearly that N(22) is positioned at an axial site of the indium
coordination sphere. Moreover, the N(22)–In(1) distance is
much shorter than the sum of the van der Waals radii
[rvdw(N) = 1.5 Å,11 rvdw(In) = 1.9 Å]12 and just slightly longer
than the previously reported longest In–N bond of 2.776 Å.13

Altogether, these observations suggest the presence of a weak
N(22)–In(1) dative bond.

In conclusion, as a result of subtle structural variations, the
indium p orbitals of 1 can be brought to converge thus allowing
chelation of bifunctional bases with adjacent electrophilic
centers. The observed selectivity (phthalazine > pyridazine >
pyrimidine  pyrazine) follows the basicity order phthalazine
(pKa 3.5) > pyridazine (pKa 2.3) > pyrimidine (pKa 1.23) >
pyrazine (pKa 0.6).14 It has however been noted previously that
pKa values are poor indicator of the donor ability of nitrogen
ligands.15 Hence, the ability of 1 to chelate 1,2-diazines can be
taken as an alternative explanation for the observed selectiv-
ity.

We thank Professor H. Schmidbaur who made this work
possible. Financial support from the European Commission
(Training and Mobility of Researcher Program), the Deutsche
Forschungsgemeinschaft and the Fonds der Chemischen In-
dustrie is thankfully acknowledged.
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† E-mail: F.Gabbai@lrz.tu-muenchen.de
‡ 1H NMR titration experiment: incremental addition of pyrazine or
pyrimidine (2 3 4 mg, 2 3 50 mmol) to a [2H8]THF solution (0.5 ml) of 1
(34 mg of 1·2THF,7 50 mmol) did not result in any change of the chemical

shift of the aromatic proton signals of either 2 and pyrazine or pyrimidine.
The titration curves of 1 by pyridazine and phthalazine were obtained by
adding incremental amounts of the 1,2-diazines to a [2H8]THF (0.45 ml)
solution of 1 (14 mg, 20 mmol). After each addition, all solids were brought
into solution by gentle heating. Following cooling and before formation of
any precipitate, the 1H NMR spectrum of the resulting solution was
measured. The stability constant K is defined by K = [Host–Guest]/
{[2][1,2-diazine]}. The THF concentration is considered as constant and it
is therefore not taken into account in the expression of K. 1H NMR data for
3: 1H NMR (400 MHz, [2H8]THF): d 1.77 (br, 8 H, OCH2CH2), 3.61 (br, 8
H, OCH2), 7.00 (m, 4 H, H2,3,6,7), 7.49 (m, 4 H, H1,4,5,8), 7.97 (m, 4 H, H5,6,
phtha), 8.08 (m, 4 H, H8,5, phtha), 9.64 (m, 4 H, H1,4, phtha).
§ Synthesis of 3: compound 1·2THF7 (34 mg, 50 mmol) was dissolved in
THF (1 ml) and added to a THF (0.5 ml) solution of phthalazine (6.5 mg,
50 mmol). Crystals of 3 spontaneously precipitated in a 63% yield (15 mg)
based on phthalazine [mp 215–255, (decomp)]. Elemental analysis. Calc.
for C36H36Br2In2N4O2: C, 45.66; H, 3.80; N, 5.91. Found: C, 45.71; H,
3.83; N, 6.04%.
¶ Crystal and structure determination data for 3: C36H36Br2In2N4O2, M
= 946.15, monoclinic, space group P21/n, a = 10.252(1), b = 18.535(1),
c = 19.140(2) Å, b = 99.76(1)°, U = 3584.4(5) Å3, Z = 4, Dc = 1.753 g
cm23, F(000) = 1856, Enraf-Nonius CAD4 diffractometer, Mo-Ka
radiation (l = 0.710 69 Å), T = 21 °C. Data were corrected for Lorentz,
polarization, and absorption effects (y-scans, Tmin/max = 83/99%). The
structure was solved by direct methods and refined by full-matrix least
squares against F2 (SHELXTL-PLUS, SHELXL-93). Of 6980 measured
reflections [(sinq/l)max = 0.62 Å21], 6902 were used for refinement. The
thermal motion of all non-hydrogen atoms was treated anisotropically. All
H atoms were calculated in idealized geometry and allowed to ride on their
corresponding C atom with Uiso = 1.5Ueq of the attached C-atom. The
structure converged for 415 refined parameters to R1 = 0.0498 and
wR2 = 0.0930. Residual electron densities: +1.607 and 20.463 e Å23.
CCDC 182/800.
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Fig. 2 Structure of 3. ORTEP drawing with 50% probability ellipsoids; H
atoms omitted for clarity. Selected bond lengths (Å) and angles (°): In(2)–
O(2) 2.480(4), In(2)–N(21) 2.446(5), In(1)–N(11) 2.398(5), In(1)–N(22)
2.824(5); N(21)–In(2)–O(2) 179.5(2), N(11)–In(1)–N(22) 173.3(2).
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On the origin of 1,5-induction in tin(iv) halide-promoted reactions of
4-alkoxyalk-2-enylstannanes with aldehydes

Lindsay A. Hobson, Mark A. Vincent, Eric J. Thomas*† and Ian H. Hillier*

The Department of Chemistry, The University of Manchester, Manchester, UK M13 9PL 

A combination of experiment and theory has identified both
the allyltin trichlorides 3 (R2 = Bn, H) as key intermediates
in tin(IV) chloride-promoted reactions of allylstannanes 1
(R2 = Bn, H) and the transition structures that are involved
in their reactions with aldehydes.

Useful levels of 1,5-, 1,6- and 1,7-asymmetric induction are
obtained in tin(iv) halide-promoted reactions of 4-, 5- and
6-alkoxyalk-2-enylstannanes and aldehydes.1 For example,
tin(iv) chloride-promoted reactions betweeen aldehydes and the
(4-benzyloxypent-2-enyl)stannane 1 (R2 = Bn) (Scheme 1)
give the 1,5-syn(Z)-alkenols 2 with excellent stereoselectivity
(syn : anti ! 97 : 3).2 Similar results are obtained using the
4-hydroxypent-2-enylstannane 1 (R2 = H).3

This stereoselectivity is consistent with generation of the
allyltin trichlorides 3, which react with the aldehydes via the
chair-like transition structures 4.2 However, alternative expla-
nations are possible, notwithstanding the results from trapping
the allyltin trichlorides generated from the 5-alkoxypent-
2-enylstannanes 5.4,5 For example, participation of the
C(3)-epimers of the allyltin trichlorides 3 and boat-like
transition structures for the reactions with aldehydes, would
account for the overall 1,5-syn (Z)-stereoselectivity. We now
report confirmation of the involvement of the allyltin trichlor-
ides 3 in these reactions, together with high level modelling of
the transition structure 4.

Tin(iv) chloride was added to a solution of the 4-benzyloxy-
pent-2-enylstannane 1 (R2 = Bn) at 278 °C followed by an
excess of PhLi. From this mixture the syn-4-benzyloxypent-
1-en-3-yl(triphenyl)stannane 6, containing less than 5% of its
anti diastereoisomer, was isolated (see Scheme 2.) To avoid
1,3-migration of the triphenyltin moiety,6 the alkenylstannane 6
was reduced using diimide to give (2S,3S)-2-benzyloxypent-
3-yl(triphenyl)stannane 7. The same sequence of reactions

starting with the 4-hydroxypent-2-enylstannane 1 (R2 = H)
gave the 3-triphenylstannylpentan-2-ol 9 which was benzylated
to give the syn-benzyl ether 7.

The hydroxyalkylstannane 9 could not be converted into a
crystalline material suitable for X-ray diffraction and so its
structure was confirmed by comparison with an authentic
sample (see Scheme 3.) The racemic (E)- and (Z)-epoxides 10
and 14 were obtained from the corresponding alkenes using
NBS and KOH.7 Ring-opening using triphenylstannyllithium
then gave the regioisomeric hydroxystannanes 11/12 and 15/9
which were separated and characterised spectroscopically. The
configurations of these products were assigned on the basis that
analogous epoxide ring-openings are known to proceed with
inversion of configuration.8 The syn-hydroxyalkylstannane 9
obtained from the cis-epoxide 14 was spectroscopically and
chromatographically identical to that obtained from the trapping
reaction of the hydroxystannane 1 (R2 = H). Moreover,
O-benzylation gave a benzyl ether which was identical to that
prepared by reduction of the alkenylstannane 6. The anti-
hydroxyalkylstannane 12 obtained from the trans-epoxide 10
was distinctly different from that obtained from the trapping
reaction of the hydroxystannane 1 (R2 = H), and benzylation
gave the anti-benzyloxystannane 13 which was clearly dis-
tinguishable from its syn-diastereoisomer 7 by 1H and 13C NMR
spectroscopy.

Scheme 1

Scheme 2 Reagents and conditions: i, SnCl4, 278 °C, 5 min, then PhLi (6,
54%; 8, 35%); ii, diimide (7, 68%; 9, 69%); iii, NaH, BnBr (68%)

Scheme 3 Reagents and conditions: i, Ph3SnLi (11, 30%; 12, 20%; 15, 20%;
9, 20%); ii, NaH, BnBr (13, 61%; 7, 72%)
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It would appear that transmetallation of the 4-benzyloxy- and
4-hydroxy-pent-2-enylstannanes 1 (R2 = Bn, H) with tin(iv)
chloride gives the (3S,4S)-4-benzyloxy- and (3S,4S)-4-
hydroxy-pent-1-en-3-yl)tin trichlorides 3 (R2 = Bn, H) as
originally postulated. By analogy with the transmetallation of
the 5-alkoxypent-2-enylstannanes 5,5 it is likely that this
transmetallation is due to kinetic control. However only low
yields of products were obtained on attempted transmetallation
of the pent-1-en-3-ylstannane 6 using either tin(iv) chloride or
bromide, and so the interconversion of regioisomeric allyltin
trihalides could not be investigated in this case.

The formation of the 1,5-syn (Z)-products from the reactions
between the tin trichlorides 3 and aldehydes is consistent with
participation of chair-like transition structures akin to 4.
However, why does the C(3)–C(4) bond prefer to be axial rather
than equatorial, i.e. why are (Z)-alkenes obtained as the
dominant products from these reactions rather than their
(E)-isomers? To probe the factors involved in this ster-
eoselectivity, high level electronic structure calculations have
been carried out on the allyltin trichloride 16 and the transition
structures for its reactions with formaldehyde which would lead
to (E)- and (Z)-alkenols. A split valence basis was employed,9
with electron correlation included at the density functional
theory level (B3LYP), using GAUSSIAN94.10 Stationary
structures were identified as minima or saddle points by the
calculation of harmonic frequencies.

We find two conformations of the allyltin trichloride 16,
corresponding to rotamers about the C(2)–C(3) bond, to be
energy minima with Sn–O bond lengths of 2.457 and 2.531 A.
Transition states for reactions of 16 with formaldehyde leading

to both cis- and trans-double-bonded products have been
located and identified as saddle points on the potential energy
surfaces. These are summarised in Fig. 1.

There are considerable differences in the transition state
structures and energy barriers leading to the two different
stereoisomers. The transition structure leading to the cis-
double-bonded product [Fig. 1(a)] has a considerably lower
barrier (1.9 kcal mol21) and different structure, particularly
about the tin atom, than the transition structure leading to the

trans-isomer [Fig. 1(b)], which has a barrier of 12.0 kcal mol21.
The favoured structure has a six-coordinated tin atom, with Sn–
C and Sn–O bond lengths in the range 2.2–2.4 Å. The transition
structure leading to the unfavoured trans-isomer has one of its
Sn–O bond lengths considerably longer than normal (3.3 Å), so
that the tin is effectively five-coordinated.

Two factors favour the transition structure shown in Fig. 1(a).
Firstly, there is greater steric repulsion between the C(3)–C(4)–
OMe entity and the chlorine atoms in the transition structure for
formation of the unfavoured trans-isomer. Secondly, the
different orientations of the C(3)–C(4) bond in the two
transition structures leads to the long Sn–O bond in the
disfavoured transition structure.

This work confirms the participation of the allyltin trich-
lorides 3 in tin(iv) chloride-promoted reactions of the allylstan-
nanes 1. The theoretical studies provide an insight into the
factors which favour the formation of cis-alkenes in reactions of
these allyltin trichlorides with aldehydes and complement
recently reported computational studies into reactions between
allylsilanes and aldehydes.11,12
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Fig. 1 Transition structures leading to (a) cis and (b) trans products. Bond
lengths are in Å.
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Synthesis and X-ray crystal structure of the first tetrathiafulvalene-based
acceptor–donor–acceptor sandwich
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The synthesis and characterization of the bis-macrocyclic
A–D–A sandwich 4·4PF6 produced in a simple one-pot
reaction is reported; only one acceptor unit participates in
charge-transfer interactions with the TTF unit in the solid
state of 4·4PF6.

Since Stoddart reported the self-assembly of cyclobis(paraquat-
p-phenylene) in the presence of electron-donating systems1 and
demonstrated the strong effect of noncovalent interactions, a
remarkable number of related catenanes and rotaxanes have
been prepared and studied.2 These assemblies rely upon
molecular recognition based on hydrogen bonding, donor–
acceptor and p–p stacking interactions.3 It is known that TTF
forms a 1 : 1 electron-transfer complex with the p-electron
deficient, tetracationic cyclobis(paraquat-p- phenylene).4

We were therefore interested in exploring the possibility of
synthesizing a related acceptor–donor–acceptor (A–D–A) sys-
tem in which the electroactive moieties were covalently fixed
within the same molecule. Although, Staab and co-workers
have reported a large series of elegant donor–acceptor cyclo-
phanes, and modelled the orientation and distance dependence
of charge-transfer (CT) interactions,5 the alternative bis-
macrocyclic A–D–A systems with TTF have not been reported.
We have recently demonstrated the facile preparation of
macrocyclic donor–acceptor systems based on TTF and the
bipyridinium acceptor.6 The relatively simple synthesis of this
macrocycle may rely upon a templating effect due to the
formation of a CT complex, which appears to be optimal when
butane-1,4-diyl linkers were employed. Here we describe the
efficient preparation of the first TTF-containing bis-macro-
cyclic A–D–A complex 4·4PF6, in which the p-electron donor
TTF is sandwiched between two moderate p-electron acceptors.
This unique structure was characterized via X-ray structure
analysis.

The TTF thiolate protection protocol7 developed in our group
has made it possible to construct a variety of TTF-containing
macrocycles7b,8 and TTF-based catenanes.9 Compound 4·4PF6
was prepared by treatment of 3 [prepared in two steps from
tetrakis(2-cyanoethylthio)-TTF7a as outlined in Scheme 1] with
2 equiv. of 4,4A-bipyridine in refluxing MeCN. The macrocycle
4·4PF6 was isolated in 32% yield as the trans isomer, as a
crystalline green solid, after chromatography10 and anion
exchange (NH4PF6).‡ This yield is quite acceptable, consider-
ing the formation of two macrocyclic rings in a one-pot reaction.
The formation of a donor–acceptor complex during the reaction
probably assists the ring-forming processes.6

The crystal structure of 4·4PF6MeCN was determined by
X-ray diffraction,§ and the structure of the tetracation with
atomic numbering is shown in Fig. 1 (anions and solvent
molecules have been omitted for clarity). The unit cell contains
two formula units, i.e., two complex cations, eight PF6 anions
and six molecules of MeCN. The TTF part of the complex has
a boat-like conformation. The dihedral angles between the least-
squares planes A [S(1), S(2), C(3), C(42)] and B [S(1), S(2),
S(3), S(4), C(1), C(2)] and between B and C [S(3), S(4), C(22),
C(23)] are 6.5(1) and 21.3(1)°, respectively. Somewhat similar

Scheme 1 Reagents and conditions: i, N2, CsOH·H2O (6 equiv.), MeOH,
DMF, room temp., N2, 1 h, 79%; ii, 1-bromo-4-chlorobutane (6 equiv.),
DMF, room temp., N2 2 h, 89%; iii, NaI (40 equiv.), acetone, reflux, N2, 48
h; iv, 4,4A-bipyridine (2 equiv.), MeCN, reflux, N2, 4 d; v, NH4PF6, 32%

Fig. 1 Structure of 4·4PF6·3MeCN
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distortions have been observed in other TTF systems.11 The
bipyridinium units differ in conformation. The dihedral angle
between the pyridine rings D(N1) and E(N2) is 7.3(2)°, whereas
the angle between F(N4) and G(N3) is 39.3(2)°. The four
pyridine rings D, E, F and G make angles of 25.1(1), 17.8(1),
24.1(2) and 55.0(2)° with the central part of TTF (plane B).
Thus, the corresponding interplanar distances are not well
defined. However, inspection of 4·4PF6 in Fig. 1 suggests a
stronger interaction between the TTF part and the bipyridine
part involving N(1) and N(2) than between TTF and the other
bipyridine part, although no short S···N contacts are observed.
The displacement parameters for the F atoms of the anions are
rather high, indicating orientational disorder. Likewise, the
solvent molecules appear to be somewhat disordered. Com-
pound 4·4PF6 is prevented from stacking in homologous
columnar stacks.12 The shortest intermolecular S···S distance is
3.744(3) Å [between S(5) and S(7) (x 2 1, y, z)], likewise
indicating a weak interaction. Several C–H···F hydrogen bonds
appears to be present, but the disorder of the F positions
prevents a detailed description.

The simple 1H NMR spectrum of 4·4PF6 indicates that the
system must be flexible in solution as, due to high symmetry, all
the butane-1,4-diyl linkers are equivalent in solution. Fur-
thermore the 1H NMR spectrum of 4·4PF6 is independent of
temperature in the range 238–303 K.

The redox behavior of the precursors 2 and 3 and the donor
acceptor complex 4·4PF6 were investigated by cyclic voltam-
metry (CV) (Table 1). The positive changes in the redox pattern
are significant when going from the isolated TTF systems (2 and
3) to 4·4PF6. The change for the first potential (DE1 = 70 mV)
are a consequence of two factors. First, the charge transfer
interactions are comparable with systems containing only one
acceptor unit,6 as evidenced by the UV–VIS (MeCN) spectrum,
where 4·4PF6 showed a broad charge-transfer absorption band
centered at 645 nm (470 m21 cm21), similar to the one reported
for the simpler systems.6 Because of conformational restrictions
the TTF unit is unable to interact with both of the acceptor units
at the same time and therefore only a part of the change (ca.
30–40 mV) can be attributed to the charge transfer interactions.
The rest is due to electrostatic repulsion, because the proximity
of four positive charges on nitrogen makes it less favorable for
the TTF moiety to generate the radical cation. The significant
positive change for the second potential (DE2 = 90 mV) can
only be explained by electrostatic repulsion from the four
pyridinium cations and the TTF radical cation, making the
second oxidation less favorable, as no effect was observed in the
parent system.6

The template-directed synthesis of the bismacrocyclic A–D–
A sandwich 4·4PF6 shows the effect of charge-transfer
interaction upon macrocyclization. The crystal structure of
4·4PF6 revealed two different bipyridinium units in the solid
state, while NMR, UV–VIS and CV analyses illustrate that the
system is very flexible in solution.

Notes and References
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CV: counter and working electrode, platinum; reference electrode, Ag/
AgCl; supporting electrolyte, Bu4NPF6. Measurement carried out in MeCN
at room temperature with scan speed = 100 mV s21. Selected data for
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2), 1010 (M 2 3PF6
2) (Calc. for C42H48F24N4P4S8: C, 34.91; H,

3.35; N, 3.88. Found: C, 34.91; H, 3.55; N, 3.98%.
§ Crystal data for 4·4PF6

2: the growth of single crystals of 4·4PF6·3MeCN
was achieved by solvent diffusion of Et2O into a solution of 4·4PF6 in
MeCN: C48H57F24N7P4S8, M = 1568.37, triclinic, a = 13.1042(5),
b = 16.2627(6), c = 17.1183(7) Å, a = 72.114(1), b = 81.395(1),
g = 73.180(1)°, V = 3315.8(2) Å3, space group P1̄, Z = 2, Dc = 1.571
g cm23, F(000) = 1596, graphite monochromated Mo-Ka radiation,
l = 0.71073 Å, m = 0.47 mm21, T = 294(1) K. Crystal size: 0.50 3 0.50
3 0.20 mm. The intensities of 28 724 reflections were measured on a
Siemens SMART CCD diffractometer covering 99.3% of a complete
hemisphere with qmax = 26.37°, Rint = 0.0247. Structure solution,
refinement of the structure and production of crystallographic illustrations
were carried out using the Siemens SHELXTL package (ref. 13) and
SHELX-97 (ref. 14). The refinement of 821 parameters on F2 using all
12 477 unique reflections converged at R1 = 0.0757 [for Fo > 4s(Fo)] and
wR2 = 0.21 for all reflections. CCDC 182/797.
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Table 1 Cyclic voltammetry data: oxidation peak potentials

Compound E1/2
1/V E1/2

2/V

2 0.58 0.86
3 0.57 0.85
4 0.64 0.94

902 Chem. Commun., 1998



O
N

Cl
H

MeO2C

N
O

N
O

CO2MeCO2MeH

N O Cl

Cl

MeO2C

n

6  n = 0 
7  n = 1

+

8  n = 0   (70%)
9  n = 1   (73%)

1  n = 0
2  n = 1

3 4  n = 0   (64%)
5  n = 1   (70%)

+

–

n

nn

iv

i

iiiii

C(1)

C(2)

C(3)

C(4)
C(5)

C(6)

C(7)

C(8)

C(9)

C(10)

N(1)

O(1)

O(3)

O(2)

A new cascade ring enlargement of isoxazolidines formed from
2-chloro-2-cyclopropylideneacetates

Chiara Zorn,a Andrea Goti,a Alberto Brandi,*a† Keyji Johnsen,b Sergei I. Kozhushkovc and Armin de
Meijere*c‡
a Dipartimento di Chimica Organica ‘U. Schiff’, and Centro di Studio sulla Chimica e la Struttura dei Composti Eterociclici e
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2-Chloro-2-cyclopropylideneacetate 1 and spiropentane an-
alog 2 cycloadd pyrroline N-oxide 3 to give spiro[cyclopro-
pane-1,5A-isoxazolidine]s 4 and 5 in good yields; due to the
presence of a chlorine substituent on the carbon a to the
spirocyclopropane ring, which facilitates a cyclopropyl to
cyclobutyl ring enlargement, these compounds undergo a
cascade rearrangement to yield indolizinone derivatives 8
and 9 cleanly (70–73% yield), offering a new method for the
synthesis of the indolizine skeleton.

The strain energy incorporated in a cyclopropane ring is an
extremely useful handle for molecular transformations in
organic synthesis.1 The selectivity of such a transformation and
the operational conditions strongly depend on the molecular
surroundings of the cyclopropane ring in a given skeleton.

It has already been demonstrated that isoxazolidines or
isoxazolines with a spirocyclopropane ring at the 5-position are
capable of undergoing a selective rearrangement affording
2-substituted tetrahydro- or dihydro-4-pyridones, respectively.2
This process has been applied to the synthesis of natural and
non-natural heterocyclic compounds and it has proved partic-
ularly useful for the synthesis of heterocycles with nitrogen at
the bridgehead.3 We now report a new selective thermal cascade
ring enlargement process of 4-chloro substituted spiro[cyclo-
propane-1,5A-isoxazolidine]s, obtained by nitrone cycloaddition
to methyl 2-chloro-2-cyclopropylideneacetate 14,5 and to
methyl (Z)-2-chloro-2-spiropentanylideneacetate 26 which fur-
ther expands the synthetic utility of this class of compounds.

Compounds 1 and 2 smoothly react with pyrroline N-oxide 3
at room temperature to give cycloadducts 4 and 5, respectively,
as single regioisomers (Scheme 1).

The regioselectivity of these cycloadditions is in accord with
the one previously observed for electron-acceptor substituted
methylenecyclopropanes.3b,7 Compounds 4 and 5 are obtained
as single diastereoisomers, the configuration of which has
tentatively been assigned on the basis of the known preference
of the methoxycarbonyl group to be placed endo with respect to
the nitrone in the cycloaddition process.7,8

When the isoxazolidines 4 and 5 were submitted to the usual
conditions for thermal rearrangement (toluene, 110 °C),2 a
complex mixture of products was obtained. However, by
replacing toluene with the more polar DMSO a clean reaction
occurred at 100 °C to give the hexahydroindolizin-5-ones 89

and 9 in 70 and 73% yield, respectively (Scheme 1). These
compounds were present only in minute amounts in the heated
toluene solution. Spectroscopic data were consistent with the
proposed structures 8 and 9. The regioselective formation of
compound 9, the structure of which was assigned on the basis of
the long-range coupling (5J = 1.8 Hz) between the two groups
of allylic protons observed in the 1H NMR spectrum, is quite
remarkable. This unexpected result was finally confirmed by an
X-ray crystal structure analysis of compound 8 (Fig. 1).§

The fact that a polar solvent is essential for the success of this
rearrangement suggests that it occurs via a highly polar
transition structure. The polar solvent would certainly favour
the cyclopropyl to cyclobutyl ring enlargement leading from 4/5
to 6/7.10 This might occur as an intramolecular SN2 displace-
ment or via tight ion-pair intermediates. The further ring-
enlargement could be initiated by abstraction of the bridgehead
proton in 6/7, followed by N–O bond cleavage and reclosure to
the indolizidin-5-ones 8/9.

Scheme 1 Reagents and conditions: i, CH2Cl2, room temp., 5 d; ii, Al2O3,
CH2Cl2, room temp.; iii, DMSO, 100 °C, 3 h; iv, DMSO, 100 °C

Fig. 1 Structure of 8-methoxycarbonyl-5-oxo-2,3,6,7-tetrahydro-
1H-indolizine 8 in the crystal.
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The intermediacy of the cyclobutyl derivatives 6/7 is
probable, since these compounds could actually be isolated after
stirring the isoxazolidines 4 and 5 in CH2Cl2 in the presence of
Al2O3 at room temperature. Isoxazolidine 5 rearranged com-
pletely to 7 in 4 h, whereas 4 under the same conditions
remained as a 6 : 1 mixture of 6 and 4 after 3 days.

The structural assignment of 6 and 7 was based on the
presence of chlorine as proved by the mass spectrum, and the
observation of diagnostic signals for the cyclobutane ring in the
13C NMR spectrum (dC 102.1, 72.9, 27.7 and 25.8 in 6; 107.5,
70.5, 28.5 and 25.5 in 7). The cis relationship of the
methoxycarbonyl group and the chlorine in 6/7 was tentatively
assigned on the assumption that the displacement of chloride in
4 and 5 occurs via an SN2 process, which fixes the relative
configuration of the bridgehead proton and the CO2Me group in
any potential intermediate en route to 6/7. The chloride then can
enter only from the convex face of the molecule. When heated
to 100 °C in DMSO, compounds 6 and 7 gave the same
indolizidinones 8 and 9 as obtained directly from 4 and 5.

In conclusion, a new domino rearrangement of spiro[cy-
clopropane-1,5A-isoxazolidine]s has been discovered. This
process is made possible by the presence of a chlorine
substituent on the carbon a to the spirocyclopropane ring, which
facilitates a cyclopropyl to cyclobutyl ring enlargement medi-
ated by a polar solvent. At higher temperature a further ring
enlargement ensues with elimination of hydrogen chloride to
produce hexahydroindolizidin-5-ones.

The generalization of this new process and its synthetic
application are now being studied in our laboratories.
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Ylide-like addition complexes in insertion reactions of CH with PH3 and H2S
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The intermediate addition complexes HC–PH3 and HC–SH2
formed in the CH insertion reactions with PH3 and H2S have
large binding energies and short central bond lengths,
exhibiting ‘ylidic’ features in their molecular and electronic
structures.

We previously studied the CH insertion reactions with NH3,
H2O and HF by means of ab initio calculations1 and found
intermediate addition complexes existing prior to the transition
states in the reaction paths. The reaction paths for these
reactions are illustrated by eqns. (4)–(6) where the reactants,

intermediate complexes (HC–XHn), transition states (TS), and
insertion products (H2CXHn21) are denoted as ma, mb, mc and
md (m = 4, 5 or 6), respectively, and the energy profiles have
the following skeletons: E (ma) > E (mb) < E (mc) 9 E
(md).

Recently we performed ab initio calculations for the CH
insertion reactions with PH3, H2S and HCl. These reactions
have similar reaction paths [illustrated by eqns. (1)–(3),
respectively] and similar skeletons of the energy profiles to
those for reactions (4)–(6). However, we have found that the
intermediate addition complexes HC–PH3 1b and HC–SH2 2b

initially formed in reactions (1) and (2) are not the simple
complexes,1 but are similar in nature to the phosphonium and
sulfonium ylides (P- and S-ylides).

Standard ab initio molecular calculations were performed by
using the Gaussian 94 W suite of programs.2 The structures of
reactants, intermediate complexes, transition states, and prod-
ucts were optimized at the (U)MP2(FC)/6-31G(d) and
(U)MP2(FC)/6-311++G(d,p) levels. Frequency calculations
were carried out at the (U)MP2(FC)/6-31G(d) level to charac-
terize stationary points and to evaluate zero-point energies
(ZPEs). Finally single-point (U)MP4SDTQ(FC)/
6-311++G(2d,p)//(U)MP2(FC)/6-311++G(d,p) calculations
were performed. For open-shell systems the < S2 > values are
all < 0.8. We recalculated the insertion paths for reactions
(4)–(6) at these levels and obtained similar results to those
reported in ref. 1. The MP4SDTQ/6-311++G(2d,p)//MP2/
6-311++G(d,p) energetic results (the spin-projected ones for the
open-shell systems) corrected with the (MP2/6-31G(d)) ZPEs
and the MP2/6-311++G(d,p) geometrical results are used unless
otherwise noted.

The potential energy curves in Fig. 1 represent the calculated
insertion reaction paths for reactions (1)–(3). The relative
energies of mb, mc and md and the structures of mb (m = 1–3)
are shown in Fig. 1. The term ‘relative energy’ (of a species) in
the present article means the energy of a species relative to the
reactants in the same reaction.

The binding energies of the intermediate addition complexes
1b, 2b and 3b in reactions (1)–(3) are 43.4, 22.1 and 3.8 kcal
mol21 (1 cal = 4.184 J) respectively. The negative relative

Fig. 1 A schematic diagram of the potential energy curves of the CH insertion reactions with PH3 (1), H2S (2) and HCl (3) with the MP4SDTQ/
6-311++G(2d,p)//MP2/6-311++G(d,p) relative energies in kcal mol21 [corrected with the MP2/6-31G(d) ZPEs] in parentheses. In the lower part of the figure
are the MP2/6-311++G(d,p) structures of the intermediate addition complexes mb (m = 1–3) formed in the three insertion reactions (bond lengths in Å and
angles in °).
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energy values of the transition states 1c, 2c and 3c (212.4, 28.6
and 22.6 kcal mol21, respectively) and the large negative
relative energy values of the insertion products 1d, 2d and 3d
(295.7, 292.7 and 290.4 kcal mol21, respectively) indicate
that the CH insertion reactions with PH3, H2S and HCl are all
feasible and strongly exothermic.

In the following we focus on the addition complexes. Table 1
lists the binding energies and the C–X bond distances of the
intermediate addition complexes mb (m = 1–6), together with
the C–X bond lengths of the insertion products (md). As shown
in Table 1, 1b (HC–PH3) and 2b (HC–SH2) have very large
binding energies and very short C–X bond distances (1.723 and
1.751 Å, respectively) which are shorter than or comparable
with the C–X bond lengths (1.787 and 1.724 Å) in 1d and 2d,
respectively. The binding energies for 3b, 5b and 6b are all very
small ( < 10 kcal mol21), and they all have very long C–X bond
distances compared with those in their respective insertion
products. Although the binding energy for 4b is quite large
(about half the value for its analogue 1b), the C–N bond
distance (1.588 Å) in 4b is significantly longer than that (1.398
Å) in 4d. It is also noted that the HCX angles in 1b and 2b
(115.0 and 103.3°, respectively) are significantly larger than 90°
while the HCX angles in the other complexes (also see ref. 1)
are close to 90°. It is concluded that 1b and 2b are different from
the other complexes which are the loosely bound lone-pair (of
the X-atom) donor–acceptor complexes.1

The P- and S-ylides (H2CPH3 and H2CSH2) are important
reactants in synthetic organic chemistry. In our previous
studies,1,3 we already noticed that the 1CH2 insertion reactions
into hydrides have similar reaction paths and similar energy
profile skeletons to those for the CH insertion reactions. The P-
and S-ylides could be considered as the intermediate addition
complexes in the 1CH2 insertion reactions with PH3 and H2S,
respectively (see ref. 7), and it is natural to infer that the CH
addition complexes 1b and 2b are similar to the P- and S-ylides
(although 1b and 2b are radicals). As a prototype of ylides the
P-ylide has been extensively investigated by quantum chem-
ists4–8 (its bonding nature is still being explored4), and the
following features are known. The P-ylide has a short C–P bond
length4–6 (shorter than the length in H3C–PH2) and very large
binding energy towards 1CH2 + PH3. There is a large charge
separation at its C2P+ bond4,6,8 and the rotational barrier about
this bond is extremely low.4,5,8 These features are considered as
general features in the molecular and electronic structures of
ylides.

Table 2 lists the calculated properties of 1b and 2b. The
proton-transfer energy8 (Ept) is defined as a criterion of

‘hypervalency’ in ylides, and we have defined the Ept values for
mb as the energy differences between mb and md. The binding
energies and Ept values for the P- and S-ylides can be evaluated
based on the energetic results reported in ref. 7 which were
calculated at the MP levels comparable to those in the present
study. The large binding energies for 1b and 2b (43.4 and 22.1
kcal mol21, respectively) are somewhat smaller than those for
the P- and S-ylides (54–74 and 27–48 kcal mol21, respectively).
The Ept values for 1b and 2b are 52.3 and 70.6 kcal mol21,
respectively, which are comparable with those for the P- and
S-ylides (53–59 and 73–81 kcal mol21, respectively). The C–P
bond length in 1b is only 0.046 Å longer than the length of 1.677
Å4,5 [at the MP2/6-311+G(d,p) level] in the P-ylide, and the
C–S bond length in 2b is about 0.1 Å longer than the length
[1.635 Å7 at the MP2/6-31G(d) level] in the S-ylide. The MP2
Mulliken charges on the C and P atoms in 1b are 20.620 and
+0.691, respectively (the MP2 charges of 20.76 and +0.55 for
the P-ylide were reported in ref. 4) and the charges on the C and
S atoms in 2b are 20.660 and +0.513, respectively, which
implies considerable charge separations in 1b and 2b. The
rotational barrier in 1b is extremely low (0.2 kcal mol21) as in
the P-ylide (ca. 1 kcal mol21 or less4,5), and the barrier in 2b is
7.1 kcal mol21 (no reported post-SCF results for the barrier in
the S-ylide are available).

1b and 2b are not loosely bound complexes and they have
ylidic features in their molecular and electronic structures.
Since 1b and 2b exist in deep minima in the potential energy
surfaces (Fig. 1), they might be observed in some experiments
(spectroscopy, EPR, etc). We would expect the ylide-like
radicals 1b and 2b to be useful in synthetic chemistry as are the
P- and S-ylides.
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Table 1 Binding energies (Eb) and the C–X bond distances (R) of the addition complexes HC–XHn

HC–PH3 HC–SH2 HC–ClH HC–NH3 HC–OH2 HC–FH
1b 2b 3b 4b 5b 6b

Eb
a/kcal mol21 43.4b 22.1b 3.8 24.9 7.9 1.5

R(C–X)c/Å 1.723 1.751 2.249 1.588 1.801 2.173
(1.787)d (1.724) (1.700) (1.398) (1.368) (1.344)

a The MP4SDTQ/6-311++G(2d,p)//MP2/6-311++G(d,p) + ZPE energetic results. b After the (MP4) BSSE corrections, these two values (the Eb values for
1b and 2b) are reduced by 3.4 and 3.4 kcal mol21, respectively. c Optimized at the MP2/6-311++G(d,p) level. d Values in parentheses are the C–X bond
lengths in the respective insertion products.

Table 2 Calculated properties of HC–PH3 and HC–SH2

Ept
a/ DEa/

kcal mol21 kcal mol21 H–C–Xb/° Q(C)b/e Q(X)b/e

HC–PH3 1b 52.3 0.2 115.0 20.620 0.691
HC–SH2 2b 70.6 7.1 103.3 20.660 0.513

a Ept and DE denote the proton-transfer energy and internal rotation barrier,
respectively, calculated at the MP4SDTQ/6-311++G(2d,p)//MP2/
6-311++G(d,p) + ZPE level. b H–C–X and Q (the charge on atomic centers)
are predicted at the MP2/6-311++G(d,p) level.
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Three 1-O-methyl-4, 6-O-benzylidene derivatives of mono-
saccharides (D-glucose, D-galactose and D-mannose) were
synthesised: they acted as versatile gelators of various
organic fluids, indicating that saccharides are useful as
potential building-blocks for molecular design of chiral
gelators.

The development of new gelators of organic fluids has recently
received much attention. They not only gelatinise various
organic fluids but also create novel networks with fibrous
superstructures which can be characterised by SEM pictures of
the xerogels.1–11 The gelators can be classified into two
categories according to the difference in the driving force for the
molecular aggregation, viz. hydrogen-bond-based gelators and
nonhydrogen-bond-based gelators. Typical examples of the
former group are the aliphatic amide derivatives,1–4 whereas
those of the latter group are cholesterol derivatives.6–9 The
superstructures of the organic gels of aliphatic amide deriva-
tives show that they satisfy the complementarity of the
intermolecular hydrogen-bonding interactions.5–9 This obser-
vation stimulated us to use saccharides as a hydrogen-bond-
forming segment in the gelators, because one can easily
introduce a variety of hydrogen-bond-forming, chiral segments
into gelators by selection from a saccharide library. In the
literature examples of saccharide-containing gelators are very
limited in spite of their high potential.8,12 We synthesised
glucose-based 1, galactose-based 2 and mannose-based 3 and
studied their gelation abilities. We found that the gelation
properties, such as gel stability, superstructure and solvent-
dependence, were profoundly related to the saccharide struc-
ture.

The synthesis of 1 has already been reported.13 Gelators 2 and
3 were synthesised in a similar manner by treatment of the
saccharide with benzaldehyde and ZnCl2. The products were
identified by 1H NMR and IR spectroscopy and elemental
analyses.

The gelation test was carried out as follows: the gelator (1–3:
3.0 mg) was mixed with solvent (0.10 ml) in a septum-capped
test tube and the mixture was heated until the solid dissolved.
The solution was cooled to room temperature and left for 1 h (G

in Table 1 denotes that a gel was formed at this stage). Some
solutions gelatinised at a gelator concentration below 1.0 wt%
(SG or super-gelator; Table 1). Solvents in Table 1 are those
which were gelatinised by either 1, 2 or 3.14 Table 1 reveals that,
in general, 2 acts as an excellent gelator of many organic fluids.
In contrast, comparison of the gelation ability for n-heptane and
cyclohexane reveals that 1 is more cohesive and tends to form
a precipitate, whereas 3 is more soluble than the other two
gelators and is frequently unable to coagulate in solution.

What is the origin of the difference in their gelation ability?
The sole structural difference among 1, 2 and 3 is the absolute
configuration of C-2 and C-4. It is reasonable to assume that 1,
2 and 3 show a different ability to form a gel network because
of the different intermolecular hydrogen-bonding interactions.
In the FT-IR spectra, the gel solutions gave two peaks
(3473–3240 and 3576–3659 cm21) in the nOH region which
could be assigned to hydrogen-bonded OH and free OH groups,
respectively. As shown in Fig. 1, the peak intensity ratio (R) of
hydrogen-bonded OH vs. free OH abruptly increased at the sol-
gel phase-transition concentration. Furthermore, the largest R
value was observed for 2, which also features the greatest
gelation ability. In contrast, the peak arising from hydrogen-
bonded OH groups was hardly observed for 3 up to 0.5 wt%,
indicating that 3 is too soluble to use as a good gelator. These
FT-IR spectral data consistently indicate that the gel network in
the present system is primarily constructed by intermolecular
hydrogen-bonding interactions. A computational study
(MOPAC 93 included in CS CHEM3D) indicated that the

Table 1 Organic fluids tested for gelation by 1–3a

Organic fluid 1 2 3

n-Hexane SG SG SG
n-Heptane P SG SG
n-Octane SG SG SG
Cyclohexane P SG SG
Methylcyclohexane SG SG SG
Benzene G SG P
Toluene SG SG SG
p-Xylene SG SG SG
CCl4 SG SG P
CS2 P SG SG
Et2O G SG P
Ph2O SG SG G
n-Octanol S G S
Et3N S G S
Et3SiH P Gp SG
(EtO)4Si P SG P
H2O P S G

a G = gel; SG = supergel; Gp = partial gel; P = precipitation;
S = solution.
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intramolecular hydrogen-bonding distance (H···O) between
3-OH and 4-OR of the saccharides is not significantly different
(e.g. 2.5 Å for 1 and 2.38 Å for 2). This suggests that the
differences in gelation ability are not due to the presence of a
special OH group useful for intermolecular hydrogen-bonding,
but rather is due to a structural preference in the molecular
aggregation. We now consider that 2, which has the benzylidene
group and the pyranose ring arranged at almost a right angle, is
able to enjoy both a benzene–benzene p–p stacking interaction
and an OH–OH intermolecular hydrogen bonding interaction,
whereas 1 and 3, which are flatter than 2, cannot enjoy both
interactions simultaneously.

To obtain visual insights into the aggregation mode, we
prepared a dry sample for SEM studies.15 Fig. 2(a) shows a
typical picture obtained from the xerogels of 1 or 2. It is clear
that the gelator forms a three-dimensional network with 50–200
nm frizzled fibrils. On the other hand, the fibrils obtained from
the toluene gel of 3 are more linear (the picture is not shown
here). Very interestingly, the fibrils obtained from the aqueous
gel of 3 show a regular left-handed helical structure [Fig. 2(b)].
Presumably, in an aqueous system the balance between the
hydrogen-bonding interaction and the hydrophobic interaction
is different from that in other, organic media.

In conclusion, the present study has demonstrated for the first
time that saccharides are promising building-blocks for new
gelators with different gelation abilities and different three-
dimensional network structures. We believe that such versatility
of synthesis and diversity of products (including the creation of
the helical structure) cannot be attained in a more simple fashion
than with saccharides as building-blocks.
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Fig. 1 Plot of the peak intensity ratio (R) of hydrogen-bonded OH groups vs.
free OH groups as a function of [gelator] in toluene at 20 °C. There are two
major peaks for hydrogen-bonded OH groups: the filled points were
obtained from the intensities at nOH 3312–3240 cm21, whereas the open
points are obtained from those at nOH 3473–3350 cm21; (2,5) 1, (8,-) 2
and (.,/) 3. The arrows indicate the sol-gel transition temperatures of (i)
1, (ii), 2 and (iii) 3.

Fig. 2 SEM pictures of (a) the 1/CCl4 system and (b) the 3/water system
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Conjugated porphyrin oligomers from monomer to hexamer
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Anderson*a
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A series of conjugated porphyrin oligomers have been
prepared and the evolution in their electronic properties is
discussed; the crystal structure of the dimer is presented, as
well as the MALDI TOF mass spectrum of the hexamer.

Conjugated organic polymers are interesting because of their
versatile opto-electronic properties and processability.1 Re-
cently many groups have focused on the synthesis of homolo-
gous series of precisely defined conjugated oligomers because
the evolution in electronic properties with chain-length reveals
the extent of p-conjugation.2 Pure monodisperse oligomers also
have the advantage that they can be characterised more fully,
e.g. by single crystal X-ray diffraction, than polydisperse
materials. Here we present the synthesis and electronic spectra
of a series of conjugated porphyrin oligomers from monomer to
hexamer, as well as the crystal structure of the dimer.

Many types of aromatic units have been used to synthesise
conjugated polymers. The polarisability, optical oscillator
strength and extensive coordination chemistry of the porphyrin
macrocycle make it an ideal unit from which to build low band-
gap materials. Most porphyrin oligomers are not conjugated
because non-planarity leads to poor p-overlap, for example in
meso-aryl porphyrins there is generally a twist of about 70°
between the plane of the aryl ring and that of the porphyrin. Two
strategies have been devised to overcome this problem:
conjugated porphyrin oligomers have been synthesised by
linking porphyrins with edge-fused aromatic units3 or by
linking them with acetylenes4–7 (as the acetylene is linear it
cannot twist out of conjugation with the porphyrin). The first
soluble conjugated porphyrin polymer to be prepared had
isodecylpropanoate sidechains5b which provide excellent solu-
bility, but make short oligomers difficult to purify and have
undesirable reactivity towards nucleophiles. In this work we
chose to study oligomers derived from 5,15-bis(3,5-di-tert-
butylphenyl)-10,20-bis(trihexylsilylethynyl)porphyrin 1a be-
cause of their greater accessibility, stability and crystallinity.8

A stepwise approach was used to synthesise oligomers 1b–f
from the monomer 1a, using just two reactions: (i) protode-
silylation with TBAF and (ii) Glaser–Hay coupling with
CuCl·TMEDA in CH2Cl2 under air.5 The trihexylsilyl end-
group was chosen because it facilitates chromatographic
separation of unprotected, mono-protected and bis-protected
oligomers generated by partial protodesilylation. Like all other
types of conjugated oligomers, the solubility of these com-
pounds decreases with increasing chain length; all the oligomers
were characterised by 1H NMR spectroscopy, but only the
monomer, dimer, trimer and tetramer are soluble enough for 13C
NMR analysis. Attempts to prepare the octamer of this series,
by coupling mono-protected tetramers, gave a totally insoluble
material. FAB mass spectrometry does not work well with these
compounds; a weak molecular ion peak was observed for the
monomer, but no signals could be obtained for any of the
oligomers. Fortunately, reflectron MALDI TOF MS using a
anthracene-1,8,9-triol matrix, gave excellent spectra for all five
oligomers, with the expected M+· signals as the dominant
species in each spectrum. Isotope resolved spectra were

obtained for 1b–f by tuning the time-lag focusing pulse voltage
for each sample.9 The observed and calculated isotopomer
patterns for the hexamer 1f are shown in Fig. 1. The crystal
structure of the dimer 1b,‡ illustrated in Fig. 2, shows that the
entire 56-atom p-system is remarkably planar (to ±0.391 Å).
The torsional angle between the porphyrins is zero in the solid

Fig. 1 Reflectron MALDI TOF mass spectrum of 1f, using an anthracane-
1,8,9-triol matrix. The calculated isotopomer pattern for
C348H378N24Si2Zn6 is marked by circles.
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state, due to a crystallographic inversion centre at the centre of
the molecule, although rotation about the butadiyne link may
occur freely in solution. The crystal structures of several meso-
ethynyl porphyrins have been reported,4b,10 but this is the first
structure of a meso-butadiyne-linked porphyrin dimer.

The electronic absorption spectra of 1a–f in 1% pyridine–
CH2Cl2 are shown in Fig. 3. As expected, the Q-band is red-
shifted and intensified with increasing chain-length. A similar
trend is seen in the fluorescence spectra; compounds 1a–f each
give a single emission peak at 650, 749, 810, 830, 850 and 858
nm respectively.§ Estimates for the optical HOMO–LUMO
energy gap Eg were obtained from these fluorescence maxima,
and also from the centres of gravity of the Q absorption bands.
The values of Eg are plotted against reciprocal chain-length
(1/L, where L is the length of the p-system in Å) in Fig. 4. The
curves are linear, particularly for the longer oligomers, with no
sign of saturation. The intercept at L = H gives a predicted band
gap for the polymer of 1.55 eV from absorption and 1.34 eV
from emission; the absorption maximum of the isodecylpropa-
noate-substituted polymer in the same solvent is at 1.42 eV.5b

We chose to plot reciprocal chain length, 1/L, rather than 1/N,
where N is the degree of polymerisation, to facilitate compar-
ison with other conjugated polymers. Fig. 4 includes data for
oligomers of poly(p-phenyleneethynylene) 2a–d,2b poly(p-
phenylenevinylene) 3a– e2c and poly(a-thiophene) 4a–d.2d The
gradient of these curves is a measure of the p-conjugation
efficiency between neighbouring units. We conclude that the
poly(porphyrinbutadiynylene) system (1a–f) has a similar
conjugation efficiency to other, more conventional, conjugated
polymers and yet it reaches a lower limiting p–p* gap because
the porphyrin monomer unit starts at a lower HOMO–LUMO
separation.

We thank the EPSRC (Polymer Synthesis Initiative), the
Finnish Academy and the Emil Aaltonen Foundation for
financial support, and the EPSRC mass spectrometry service
(Swansea) for FAB mass spectra. Crystallographic work was
done at Chemical Crystallography, University of Oxford, with
generous assistance from Dr D. J. Watkin. We are grateful to
Julia A. Elliott and Philip D. Siverns (Imperial College,
London) for recording emission spectra.
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† E-mail: harry.anderson@chem.ox.ac.uk
‡ Crystal data for 1b·2C5H5N: monoclinic, space group P21/n (no. 14),
a = 14.299(3), b = 29.955(8), c = 16.232(4) Å, b = 105.07(2)°,
U = 6714(3) Å3, Z = 2, m = 1.009 mm21, Dc = 1.147 g cm23 , T = 180(2)
K, R(F2) = 0.0617, Rw (F2) = 0.1784 for 11662 reflections with I > 2s(I).
CCDC 182/798.
§ Near-IR emission spectra were measured both using a CCD camera and an
S1-photocathode photomultiplier tube.
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Fig. 2 Molecular structure of the dimer 1b (pyridine ligands omitted for
clarity). The bond lengths in the central butadiyne unit are 1.429(4) (meso-
C–C), 1.210(4) (C·C) and 1.368(5) Å (central C–C).

Fig. 3 Electronic absorption spectra of 1a–f in 1% C5H5N–CH2Cl2: (a) 1a,
(b) 1b, (c) 1c, (d) 1d, (e) 1e and (f) 1f

Fig. 4 Plot of optical band gap energy Eg against reciprocal chain length 1/L
for (5) 1a–f (absorption), (2) 1a–f (emission), (-) 2a–d (absorption), (8)
2a–d (emission), (Ω) 3a–e (absorption) and (:) 4a–e (absorption)
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Driving crystal construction via stoichiometry: p–p stacks in squaric acid
organometallic salts

Dario Braga*† and Fabrizia Grepioni*‡
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Depending on the stoichiometric ratio, squaric acid (H2SQA)
reacts with [Co(h5-C5H5)2][OH] to form crystalline materi-
als based on anion–cation p–p stacks and/or squarate ion
ribbons held together by O–H···O hydrogen bonds between
squarate anions and by charge-assisted C–Hd+···Od2 hydro-
gen bonds between organometallic and organic compo-
nents.

Organometallic crystal engineering is an almost uncharted
territory. Work in this field promises a great deal of new
discoveries because of the possibility of combining physical and
chemical features of organic and organometallic molecules and
ions in the solid state.1 This may lead to the isolation of
materials with novel conducting, magnetic or optoelectronic
properties.

We have demonstrated that a great variety of new archi-
tectures can be obtained by combining organic moieties held
together by strong O–H···O hydrogen bonds with non coordinat-
ing organometallic cations, such as [Co(h5-C5H5)2]+ and
[Cr(h6-C6H6)2]+.2 Chiral organic frameworks have also been
obtained when enantiomerically pure chiral acids, such as
l-tartaric and l-bisbenzoyltartaric acids have been used.3

We are now able to report that the reaction of the hydroxide
[Co(h5-C5H5)2][OH] with squaric acid (3,4-dihydroxy cyclo-
but-3-ene-1,2-dione, H2SQA) in water (or THF) yields two
different crystalline materials, namely [Co(h5-C5H5)2]+-
[(HSQA)]2 1 and [Co(h5-C5H5)2]+[(HSQA)(H2SQA)]2 2,
depending on the stoichiometric ratio between cobaltocenium
hydroxide and squaric acid.§ The different stoichiometry is
associated with a dramatic change in crystal structure, which is
also reflected in a different colour of the crystalline materials.
Squaric acid has been widely investigated for its electronic and
physical properties.4

When the stoichiometric ratio between cobaltocenium hy-
droxide and squaric acid is 1 : 1, crystalline 1 is obtained.
Contrary to what is usually observed with cobaltocenium salts,
which are yellow, crystals of 1 are orange. Indeed, the structure
of 1 presents some unique features that may account for this
physical difference. The crystal is constituted of ribbons of
[(HSQA)]2 monoanions (Scheme 1) bonded via negatively
charged O–H···O hydrogen bonds [O···O 2.446 Å] and of

ribbons of cobaltocenium cations, Fig. 1. The 1 : 1 stoichio-
metry, combined with a good matching in size and shape
between the cyclopentadienyl ligands and the [(HSQA)]2 ions,
leads to a superstructure in which the hydrogen bonded squarate
ribbons intercalate between cobaltocenium cations (Fig. 1). The
p–p distance is ca. 3.35 Å. The oxygen atoms form the outer
rims of the {[(HSQA)]2}n ribbons and interact with the [Co(h5-
C5H5)2]+ cations on both sides via charge assisted C–Hd+···Od2
hydrogen bonds (five H···O distances in the range 2.272–2.500
Å). What is more, the packing arrangement is chiral in space
group P21. The unusual orange colour suggests formation of a
charge transfer complex and prompts for further investigations
in due course.5

On changing the stoichiometry to 1 : 2, the yellow crystalline
2 is obtained. It is constituted of supramolecular monoanions
[(HSQA)(H2SQA)]2 resulting from the loss of one proton every
two squaric acid molecules and arranged in ribbons bonded via
negatively charged O–H···O hydrogen bonds (O···O 2.440,
2.436 Å).6 The bonding within the superanions is provided by

Scheme 1 (a) The {[(HSQA)]2}n ribbon in crystalline 1 and (b) the
{[(HSQA)(H2SQA)]2}n ribbon in crystalline 2

Fig. 1 ‘Dissection’ of the packing arrangement in crystalline 1: space filling
representation of the {[(HSQA)]2}n ribbon encapsulated within four (a),
three (b) and two (c) rows of [Co(h5-C5H5)2]+ cations. Note the good match
in size and shape of the squaric acid moieties and of the cyclopentadienyl
ligands (d). H atoms of the cations omitted for clarity. Relevant hydrogen
bonding parameters (in Å, C–H···O < 2.5 Å): O2···OOH 2.446; C–HCp···O
2.272, 2.339, 2.455, 2.455, 2.467.¶
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O–H···O hydrogen bonds, with formation of ten-membered ring
systems (O···O distances in the range 2.539–2.574 Å) reminis-
cent of the carboxylic rings (Scheme 1). The ribbons are stacked
in such a way that squarate moieties overlap hydrogen bonded
rings, resulting in layers with oxygen atoms protruding above
and below the layer surface. The cobaltocenium cations lie side-
on the layer and interact via charge-assisted C–Hd+···Od2
hydrogen bonds (14 distances in the range 2.191–2.500 Å).
Hence crystalline 2 can be described as a stacking sequence
{[Co(h5-C5H5)2]+}n/{[(HSQA)(H2SQA)]2}n along the c-axis
in the P1̄ crystal (Fig. 2).

C–Hd+···Od distances in both 1 and 2 fall towards the lower
limit for interactions of this type, clearly indicating that the
electrostatic interaction is reinforced by the difference in charge
between organic anionic ribbons and organometallic cations.7

We have previously shown that self-aggregation of organic
molecules into robust supramolecular frameworks can be
controlled by reacting common organic acids with metallocene
or metalloarene hydroxides. Since the organometallic cations
possess only C–H donors they do not compete in the formation
of strong hydrogen bonds. We have now shown that the same
strategy can be used to obtain different structures starting from
the same acid by changing the stoichiometry ratio. Though
simple it may appear, this allows us to control the number of
strong hydrogen bonding donor and acceptor sites, therefore the
resulting crystal architectures. Analogous reactions involving
the bis-benzene chromium cation are under investigation.

The help of Elise Champeil (visiting Erasmus student) and of
the students attending the 1997/98 Inorganic Chemistry Labo-
ratory Course is gratefully acknowledged. Financial support by
MURST and by the University of Bologna (projects: Intelligent
Molecules and Molecular Aggregates 1995–1997, and In-
novative Materials, 1997–1999) is acknowledged.
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† E-mail: dbraga@ciam.unibo.it
‡ E-mail: grepioni@ciam.unibo.it
§ Brown powder of [Co(C5H5)2] (4.73 mg, 0.025 mmol) was added to 10 ml
of bidistilled water at room temperature. Oxygen was bubbled to completely

oxidize cobaltocene to bright yellow [Co(C5H5)2]+. The resulting solution
of [Co(C5H5)2][OH] is strongly basic (pH > 10). White powder of squaric
acid (2.8 mg, 0.025 mmol for 1, 5.6 mg, 0.050 mmol for 2) was then added.
1 and 2 were crystallized by evaporation at room temperature in the air. The
same materials can be obtained by oxidizing cobaltocene in THF at room
temperature in the presence of the appropriate stoichiometric amount of
solid squaric acid. The reaction in THF very likely proceeds via formation
of the peroxide anion (CoCp2 + O2? CoCp2

+ + O2·2) which deprotonates
the acid as in the case of the reaction between [Cr(C6H6)2] and cyclohexane-
1,3-dione.2 Compounds 1 and 2 separate out as orange and yellow solids,
respectively, which are filtered and dissolved in a minimum quantity of
water for recrystallization.
¶ Crystal data: [Co(h5-C5H5)2]+[HSQA]2 1: C14H11CoO4, T = 150(2) K,
M = 302.16, monoclinic, space group P21, a = 7.368(3), b = 11.017(6),
c = 7.368(2) Å, b = 94.66(2), U = 596.1(4) Å3, Z = 2, Dc = 1.683 g
cm23, F(000) = 308, m = 1.445 mm21, q-range 3.0–28°, 1626 reflections
measured, 1512 of which independent, refinement on F2 for 154 parameters,
wR (F2, all reflections) = 0.1624, R1 [1196 reflections with I >
2s(I)] = 0.0402. [Co(h5-C5H5)2]+[(HSQA)(H2SQA)]2 2: C18H13CoO8,
T = 223(2) K, M = 416.21, triclinic, space group P1̄, a = 6.732(3),
b = 11.582(11), c = 21.033(7) Å, a = 92.99(6), b = 92.43(3),
g = 96.34(6)°, U = 1626(2) Å3, Z = 4, Dc = 1.700 g cm23,
F(000) = 848, m = 1.103 mm21, q-range 3.0–25°, 6315 reflections
measured, 4984 of which independent, refinement on F2 for 454 parameters,
wR (F2, all reflections) = 0.2092, R1 [3229 reflections with I >
2s(I)] = 0.0662. Three cobaltocenium cations were found, one in general
position and two lying on two independent inversion centres, while two
squaric acid and two squarate moieties were found in general positions.
Common to both compounds: Mo-Ka radiation, l = 0.710 69 Å,
monochromator graphite, y-scan absorption correction. All non-H atoms
were refined anisotropically. (O)H atoms directly located from Fourier
maps and not refined. H atoms bound to C atoms were added in calculated
positions. The computer programs SHELX868a and SHELXL928b were
used for structure solution and refinement. The computer program
SCHAKAL92 was used for all graphical representations.8c In order to
evaluate the C–H···O bonds the C–H distances were normalized to the
neutron derived value of 1.08 Å and the program PLATON was used.8d
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Fig. 2 Space filling representation of the stacking sequence of {[Co(h5-
C5H5)2]+}n/{[(HSQA)(H2SQA)]2}n in crystalline 2. H atoms of the cations
omitted for clarity. Relevant hydrogen bonding parameters (in Å, C–H···O
< 2.5 Å): OOH···OCO 2.550, 2.550, 2.574, 2.539; O2···OOH 2.436, 2.440;
C–HCp···O 2.192, 2.213, 2.314, 2.328, 2.343, 2.401, 2.407, 2.408, 2.414,
2.437, 2.453, 2.465, 2.499, 2.500.¶
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New cluster condensation modes in early transition metal thiophosphates:
synthesis, structure and properties of CsTa4P3S19, a novel layered material

Volkmar Derstroff and Wolfgang Tremel*†

Institut für Anorganische Chemie und Analytische Chemie, Universität Mainz, Becherweg 24, D-55099 Mainz, Germany

The new layer compound CsTa4S5(S2)(PS4)3 was synthe-
sized by the reaction of Ta metal in polythiophosphate melts.
Its structure is based on Ta4S5(S2) clusters which are
condensed by PS4

32 groups.

In the past 20 years, lamellar transition metal chalcogeno-
phosphates have been studied extensively because of their
potential as cathodic materials and their intriguing structural,
chemical and physical properties.1–3 Among the group 5
derivatives, the structural dimensionality can vary from one- to
three-dimensional as exemplified by V2PS10,4 Nb2PS10

5 and
Ta4P4S29.6 This can be attributed to the variability in the metal
coordination for the group 5 metals as well as the fascinating
flexibility in the coordination of the chalcogen ligands.7 The
structures of typical group 5 thiophosphates are based on
bicapped M2S12 biprismatic units with a metal–metal bond
inside. These biprisms are bonded together to form infinite
M2S9 chains. In contrast to the 3d transition metal thiophos-
phates of the MPS3 series, no intercalation behavior has been
reported for group 5 thiophosphates.8 This is surprising in view
of their low-dimensional structures, but may be due to the fact
that the complex host structures are not stable during the
intercalation process.

In the quest for new intercalated early transition metal
thiophosphates we have investigated reactions in M–P2Q5–
A2Q–Q melts (M = Nb, Ta; Q = S, Se; A = alkali metal). The
most significant results of these studies are that (i) a ‘quasi-
topotactic’ cation insertion in porous host structures may be
achieved9 and (ii) that low-dimensional compounds with
structures that exhibit novel unexpected cluster condensation
modes can be obtained from reactions in thiophosphate melts as
demonstrated by the first quaternary tantalum thiophosphate
CsTa4(S2)S5(PS4)3 whose synthesis, structure, and properties
are reported here.

Single phase samples of the title compound were prepared by
reacting the starting materials Ta, P2S5, Cs2S and S in a
8 : 3 : 1 : 11 ratio at 600 °C.‡ The product was isolated in yields
> 85% based on Ta. The crystal structure§ of this compound
was determined by single-crystal X-ray diffraction. A view of a
single anionic layer and the unit cell of CsTa4P3S19 is given in
Fig. 1(a). The Cs+ cations are situated between the layers. The
characteristic structural feature is a (S4P)2TaS2(S4P)-
TaS(S2)Ta(PS4)2S2Ta(PS4)2 fragment with a Ta4S5(S2) core,
which is shown in Fig. 1(b). The central Ta2S11 unit is located
on a crystallographic mirror plane; it is derived from the
distorted bicapped biprismatic M2Q12 units encountered in the
structures of group 5 thiophosphates by replacing a bridging
S2

22 disulfide group by a S22 anion. This leads to a seven-fold
coordination for the central Ta atoms. The S–S distance of the
S2

22 pair is 2.046(10) Å, whereas the remaining S···S
separations span the range from ca. 3.2 to 3.8 Å and must be
considered non-bonding. Similarly, the Ta···Ta distance of
3.386(1) Å within the Ta2S11 units is outside the metal–metal
bonding range. The Ta2S11 groups are not tied to each other
through their own edges as is observed for Nb2PS10,5 but are
interconnected by two each of their surrounding sulfur atoms
through phosphorus atoms which are located at the center of
adjacent tetrahedral PS4 units and octahedrally coordinated

tantalum atoms which share the remaining four S atoms of their
coordination sphere with two adjacent PS4 groups. Thus, each
Ta2S11 unit is fused in a cis-orientation with two PS4 and two
TaS6 groups and may be viewed as a four-fold connecting
element of the Ta–P–S network. The PS4 groups act as chelating
ligands for two adjacent tantalum atoms and serve as linear
spacer units. The TaS6 groups in turn are linked with two PS4
groups and one Ta2S11 unit. Thus, they act as centers with
threefold connectivity. Combining these three structure ele-
ments in a 1 : 3 : 2 ratio {as indicated by the formulation
Cs[Ta2S5(S2)Ta2(PS4)3]} leads to a network with two different
hollows; the larger one (smallest diameter ca. 7 Å) takes up the

Fig. 1(a) Structure of the unit cell and a single Ta4P4S19 layer (P, small
black circles; Ta, large gray circles; S, large open circles) with Cs+ cations
above and below. (b) View of the central (S4P)2TaS2(S4P)-
TaS(S2)Ta(PS4)2S2Ta(PS4)2 unit with atomic labeling scheme. Selected
distances (Å): Ta(1)–Ta(2) 3.371(1), Ta(2)–Ta(2) 3.386(1), S(2)–S(3)
2.045(10), Ta(1)–S(4) 2.317(5), Ta(1)–S(5) 2.274(5), Ta(1)–S(6) 2.497(4),
Ta(1)–S(7) 2.548(5), Ta(1)–S(8) 2.460(4), Ta(1)–S(11) 2.626(5), Ta(2)–
S(1) 2.373(5), Ta(2)–S(3) 2.556(5), Ta(2)–S(4) 2.459(4), Ta(2)–S(5)
2.534(5), Ta(2)–S(9) 2.474(5), Ta(2)–S(10) 2.495(4), P(1)–S(7) 2.020(6),
P(1)–S(6) 2.034(6), P(2)–S(11) 2.014(6), P(2)–S(10) 2.053(7), P(2)–S(8)
2.044(7), P(2)–S(9) 2.023(7).
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Cs+ cations whereas the smaller one (smallest diameter ca. 3 Å)
remains empty.

The most significant structural feature of CsTa4P3S19 that
makes it unique compared to the known ternary group 5
thiophosphates is that the familiar bonding mode of a M2Q11 or
M2Q12 cluster which is linked through its four outer coordina-
tion sites to four neighboring PS4 groups is not observed and an
additional structural motif, the TaS6 group, is found instead.
This may be caused by the size requirements of the counter
cations which are located between layers or in channels of the
anion framework. Since the TaS6 fragment has a connectivity of
three in these network structures, a more versatile structural
chemistry may be envisaged.

The electronic structure of CsTa4P3S19 may be approached in
a zeroth order approximation by assigning formal charges
according to [Cs+][(Ta5+)4(S22)5(S2

22)(PS4
32)3]; the oxidation

state of 5+ has been observed in other thiophosphates such as
Ta4P4S29;6 this is in harmony with the observed non-bonding
Ta···Ta distances; thus diamagnetic and semiconducting be-
havior are expected. Consequently, the optical spectrum of
CsTa4P3S19 (diffuse reflectance measurement) exhibits a sharp
optical gap which is consistent with semiconducting behavior.
The experimentally determined value is Eg = 1.65 eV.

From a synthetic point of view, CsTa4P3S19 is the first group
5 compound that has been synthesized from a reactive
chalcogenophosphate flux system.11 Finally, the alkali ion-
filled tunnels in the two-dimensional structure of CsTa4P3S19,
the three-dimensional structure of CsNb2P2S12,9 in which Cs+

cations replace an isolated S10 ring from the Ta4P4S29
structure,6 as well as the observed ion conductivity in
LiTi2(PS4)3

12 suggest the possibility of ion exchange reac-
tions.

This work was supported by the Deutsche Forschungs-
gemeinschaft and the Fonds der Chemischen Industrie. We are
indebted to Heraeus Quarzschmelze Hanau (Dr. Höfer) for a
generous gift of silica tubes.
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g, 1.5 mmol), Cs2S (0.149 g, 0.125 mmol) and S (Aldrich, 99.99%, 0.176 g,
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by washing with ethanol in ca. 85% yield. Sample homogeneity was
checked by X-ray powder diffraction and electron microprobe analysis.
§ Crystal data for CsTa4P3S19 at 25 °C: orthorhombic, space group Pbcm
(no. 57), a = 8.637(2), b = 11.940(2), c = 27.202(5) Å, U = 2805.2(10)
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134. Structure solved and refined using SHELXS86 and SHELXL93, An
empirical absorption correction based on y scans was applied to the data.
Final R, Rw = 0.062, 0.134 (0.093, 0.147 for all data). CCDC 182/786.
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CH4 → C(ads)  +  2H2 (1)

CH4  +  H2O →  CO  +  3H2 (2)

CO  +  H2O → CO2  +  H2 (3)

2CO → C(ads)  +  CO2 (4)

Anode cell reactions H2  +  O2– → H2O  +  2e– (5)

CO  +  O2– → CO2  +  2e– (6)

O2  +  4e– → 2O2– (7)Cathode cell reactions

A novel test system for in situ catalytic and electrochemical measurements on
fuel processing anodes in working solid oxide fuel cells

Caine M. Finnerty, Robert H. Cunningham, Kevin Kendall and R. Mark Ormerod*†

Birchall Centre for Inorganic Chemistry and Materials Science, Department of Chemistry, Keele University, Keele, Staffordshire,
UK ST5 5BG 

A novel test system based around an extruded solid
electrolyte tube enables the study of both the catalytic
chemistry of fuel processing anodes in working solid oxide
fuel cells and the electrochemical performance of the cell
under the same conditions, allowing a direct correlation to be
made between the fuel cell performance and the reforming
characteristics of the anode.

Fuel cells are currently attracting a great deal of interest because
they offer the possibility of more efficient and cleaner power
generation. Solid oxide fuel cells (SOFCs) offer potential
advantages over other fuel cell types because the high operating
temperatures allow the possibility of running the cell directly on
natural gas and other hydrocarbon fuels, internally reforming
the fuel.1–3 When a natural gas/steam mixture is passed over an
SOFC anode at operating temperature, steam reforming (2)
occurs, in addition to the methane decomposition (1) which
results in carbon deposition. The CO produced by steam
reforming may then undergo further reaction via the Water Gas
shift reaction (3) and the Boudouard reaction (4).

The CO and H2 produced at the anode via internal reforming
can then react with the oxygen ions [reactions (5) and (6)] that
are formed at the cathode [reaction (7)] and pass through the
solid electrolyte to the anode.

However, several major problems of internal reforming
remain to be solved, including the problem of carbon deposition
on the anode and its subsequent deactivation which leads to
poor durability,3 obtaining the optimum anode formulation and
the design of a suitable test system. Consequently, many SOFC
studies use hydrogen as a fuel, and there is a lack of studies
using hydrocarbons, whilst other studies have focused on
important aspects of materials development.

In terms of obtaining the optimum anode formulation and cell
operating conditions, one of the key problems is the design of a
suitable test system to study the catalytic chemistry occurring at
the anode and to evaluate the cell performance. The design and
construction of such a system is not straightforward. In
particular the problems of rapid heating of the cell to operating
temperature, thermal cycling, sealing, obtaining gas tight
connections and being able to make both electrochemical and
gas analysis measurements all have to be overcome; a particular
difficulty with planar-type devices.

Nickel/zirconia cermet anodes can be considered to be
somewhat analogous to supported nickel steam reforming
catalysts, which have been studied extensively.4–6 It is therefore
possible to study the catalytic behaviour of nickel-based anodes
in powder form inside a conventional catalytic reactor; this
approach has been demonstrated by several research groups.2,7

In many other studies the primary focus is the electrochemical
performance of the cell, and the influence of electrode
composition or structure and other experimental parameters are
monitored by measuring current or power densities.8–10 There
are a lack of studies in which the catalytic chemistry of the fuel
reforming anode is studied when the anode is part of an actual
SOFC.

Here, we report the development of a test system based on a
small diameter, thin-walled extruded yttria-stabilised zirconia
tubular reactor which can be used to study the catalytic activity
of the fuel reforming anode, the chemistry occurring at the
anode surface and the electrochemical performance of the fuel
cell. This allows a direct correlation between the cell perform-
ance and the reforming characteristics of the anode. In addition
the test cell can be readily used to study the problems of carbon
deposition and poor durability in operation. The particular
benefits of this test cell are that it can be rapidly assembled,
heated and cooled, and it has no sealing or leakage problems,
which many test devices suffer from. The zirconia reactor is
housed in a furnace operated by a temperature controller which
allows linear control up to 1373 K. As yttria-stabilised zirconia
is a good thermal insulator, the ends of the electrolyte tube
which project beyond the outer walls of the furnace remain
sufficiently cool for a gas tight seal to be made, even when the
furnace is at 1373 K. The test cell inlet is linked to a stainless-
steel gas manifold which allows complete flexibility in the
choice of fuel and fuel/steam ratio. The gas feed can be instantly
switched between H2, O2, inert gas and fuel and gas mixtures of
any combination can be achieved, enabling evaluation over a
wide range of operating conditions and fuel compositions. The
reactor outlet is linked to an on-line mass spectrometer which
permits the fuel processing reactions at the anode to be directly
studied in the actual SOFC under operating conditions, and
allows the chemistry occurring at the anode surface to be
investigated using temperature programmed measurements.

The anodes were prepared from a slurry of nickel oxide and
8 mol% yttria-stabilised zirconia which was milled for 3 h, with
a small quantity of binding agent added at the end of the milling
period. The anode can then be studied as a powder in a
conventional reactor following firing. However, in this case the
anode slurry is applied to the inside of the electrolyte tube prior
to firing as in an actual SOFC. Following drying, the coated
zirconia tubes were fired to 1573 K. Strontium-doped lantha-
num manganite was used as the cathode. Nickel wire was used
for current collection from the anode and silver wire from the
cathode. A specially designed potentiostat was used for the
electrochemical measurements. Following firing the anodes
were reduced in the reactor at 1173 K for 30 min in H2.
Reforming reactions were carried out by passing the fuel
mixture over the reduced anode at reaction temperature.
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Thus the system allows the catalytic performance of the fuel
reforming anode of an SOFC to be continuously monitored and
can be used to study the reforming characteristics of different
anode formulations over the full range of fuel cell operating
conditions of temperature, gas flow rate and fuel composition.
Importantly the anode is tested in an identical form and under
the same conditions as in a working SOFC. The continuous real-
time sampling of the on-line mass spectrometer enables any
transient phenomena to be observed; such phenomena cannot be
detected using a gas chromatograph. In combination with the
linear temperature controller this also permits temperature
programmed measurements to be carried out on the cells;
temperature programmed reduction (TPR), oxidation (TPO)
and reaction spectroscopy (TPRS). These have been used to
study the firing and reduction characteristics (TPR, TPO),
methane activation, methane steam reforming and the reaction
pathways occurring at the anode surface (TPRS) and the nature
and extent of carbon deposition following reforming (TPO).
The detailed interpretation of these results will be reported
elsewhere.11 The same system and identical experimental
arrangement can be used to carry out electrochemical measure-
ments on the same cell, allowing a direct correlation to be made
between the reforming characteristics of the anode and the fuel
cell performance.

Furthermore, the system allows the chemistry occurring at
the fuel reforming anode and the electrochemical performance
of the SOFC to be simultaneously monitored under actual
operating conditions. Fig. 1 shows the effect of drawing current
from an SOFC with a nickel/zirconia anode, operating at 1123
K in a 19 : 1 methane–steam mixture, on the reforming reaction.
It can clearly be seen that as the current drawn increases, i.e. as
the cell potential decreases, there is increased methane
conversion, stepwise increased production of hydrogen, and
significantly increased formation of CO and C2 species which

parallel the increase in H2 formation. Table 1 shows the
corresponding cell performance. This demonstrates that we can
directly correlate changes in the catalytic behaviour of the
anode with the fuel cell performance.

In summary, we have developed an SOFC test system, based
on an extruded zirconia tubular reactor, which can be used to
investigate the catalytic behaviour of the fuel reforming anode,
the anode surface chemistry and the electrochemical perform-
ance of the fuel cell, under genuine operating conditions.
Catalytic measurements can be made on a working SOFC.
Temperature programmed measurements can be carried out on
anodes in an actual SOFC, and have been used to characterise
different anode formulations, to study methane activation and
reforming, and to evaluate the nature and level of carbon
deposition on the anode during operation.
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and the award of a studentship to C. M. F.
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Fig. 1 The effect of drawing current on the reforming activity of a tubular
SOFC with a nickel/zirconia anode running on a 19 : 1 methane–steam
mixture at 1123 K

Table 1 Electrochemical performance of a tubular SOFC running on a 19 : 1
methane/steam mixture at 1123 K

Current density/
Cell potential/V mA cm22

1.0 93
0.9 117
0.8 146
0.7 160
0.6 197
0.5 232
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Cleavage of an aryl–CF3 C–C bond with a transition metal in solution

Milko E. van der Boom, Yehoshoa Ben-David and David Milstein*†

The Weizmann Institute of Science, Department of Organic Chemistry, Rehovot 76100, Israel 

Unprecedented oxidative addition of a strong, unstrained
Ar–CF3 bond to a metal complex in solution yields the new
aryl–RhIII–CF3 complex 2.

Activation of strong C–C and C–F bonds by soluble metal
complexes are topics of much current interest.1–5 Recently, we
reported homogeneous cleavage of a strong C–C bond and
catalytic C–F activation by transition metal complexes.2,5 Here
we report the first metal insertion into an unstrained C–C single
bond of a fluorocarbon in solution. The Ar–CF3 bond cleaved is
among the strongest known C–C bonds.

The new phosphine C6H3CF3-1-(CH2PBut)2-2,6 1 was
prepared from 2-bromo-m-xylene by trifluoromethylation,6
bromination and phosphination with HPBut

2.7a Compound 1
was obtained as a white powder and fully characterized by
various NMR techniques and MS.‡ Reaction of [RhCl(L)2]2 (L
= C2H4 or C8H14) with 2 equiv. of 1 (0.040 mmol) in a dioxane
or toluene solution (10 ml) at 180 °C for 9 h in a sealed vessel
affords exclusively the new rhodium complex
[Rh(CF3)Cl{C6H3(CH2PBut)2-2,6}] 2,§ which was charac-
terized by 1H, 31P{1H}, 19F{1H} NMR and FDMS (Scheme 1).‡
The reaction can be run at lower temperatures when an excess
of 1 is used, leading to quantitative formation of 2 after heating
at 120 °C overnight. No other complexes were found. It is
noteworthy that the cleaved bond is among the strongest C–C
bonds known (compare BDE: Ph–CF3 = 108.9 kcal
mol21).8a,b

In order to confirm the identity of complex 2, we prepared the
iodide analog [Rh(CF3)I{C6H3(CH2PBut)2-2,6}] 3 by dehydro-
chlorination of the known rhodium complex
[Rh(H)Cl{C6H3(CH2PBut)-2,6}]7 (4; 0.080 mmol) with excess
KH (40 equiv.) in THF (5 ml) followed by oxidative addition of
CF3I (5 psi) in a pressure vessel at room temperature (Scheme
2).¶

Complexes 2 and 3 exhibit similar spectroscopic properties.‡
The 31P{1H} NMR spectrum of 2 displayed a doublet of
quartets at d 62.6 (1JRhP 116.7 Hz, 3JPF 16.3 Hz) for the two

magnetically equivalent phosphorus nuclei which are coupled
to rhodium and to three fluoride nuclei. The Rh–CF3 moiety is
clearly observed by 19F{1H} NMR as a doublet of triplets at d
9.0 (2JRhF 21.3 Hz, 3JPF 16.5 Hz). The 1H NMR shows two
1 : 2 :1 triplets for the inequivalent But groups at d 1.42 and 1.05
(3JPH 7.0, 6.0 Hz), respectively, which collapse to singlets upon
phosphorus decoupling. The four benzylic protons (CH2P)
appear as a typical AB pattern at d 3.10 (DABq = 138 Hz, 2JHH
17.0, 2JPH 4.4 Hz), confirming the C1 symmetry. The FDMS
spectrum shows the M+ (600) and a correct isotope pattern.
Recently, two isostructural pentacoordinated rhodium-methyl
complexes have been fully characterized by X-ray analy-
sis.2f,g

Mechanistically, coordination of 1 to the metal centre is
likely to precede the C–C bond activation step (Scheme 1).
Coordination of both phosphine arms to the metal centre was
postulated for the Me (instead of CF3) analog of 1 with rhodium
and iridium and was observed for similar substrates with
platinum and ruthenium.2,9 Performing the reaction at room
temperature results in the formation of oligomers as indicated
by NMR spectroscopy, which probably collapse to monomeric
species upon heating. Formation of the oligomeric species is
retarded when excess of 1 is used, enabling the C–C activation
reaction at lower temperatures.

Interestingly, the expected product of ArCF2–F bond cleav-
age A was not observed during the reactions, indicating a
significantly lower activation barrier of the C–C vs. C–F
oxidative addition. While the C–F bond is slightly stronger than
C–CF3 (BDE: PhCF2–F = 112 kcal mol21),8c three C–F bonds
are accessible for activation vs. one C–C bond. The formation of
two strong aryl– and fluoroalkyl–M s bonds and two five-
membered rings at the expense of an unstrained sp2–sp3 C–C
bond provides a substantial thermodynamic driving force for the
oxidative addition process. There is an increased thermody-
namic stability of M–C s bonds with increasing fluorination of
the alkyl group.10

This unique bond activation process may proceed via a
concerted three-centered transition state B as recently eluci-
dated for oxidative addition of rhodium and iridium to an Ar–
CH3 bond,2f which can be thermodynamically and even
kinetically more favorable than the competing C–H activation
process. However, the strongly electron withdrawing nature of
the CF3 group may make a nucleophilic attack on the arene by
the electron-rich metal centre possible. Formation of an
intermediate hexadienyl anion C followed by a 1,2-migration of
the trifluoroalkyl group would give complex 2. Further studies
are required in order to clarify the mechanism of this unique
oxidative addition process.

Scheme 1

Scheme 2
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In conclusion, an unprecedented activation of a strong C–C
single bond of a fluorinated organic substrate was achieved
using a soluble transition metal complex. No ArCF2–F bond
cleavage was observed in parallel to the Ar–CF3 oxidative
addition process, although low-valent metal complexes are
capable of activating C–F bonds,3–5 indicating that nucleophilic
rhodium complexes might be designed to selectively activate
C–C bonds of fluorocarbons.

This research was supported by the US–Israel Binational
Science Foundation, Jerusalem, Israel and by the MINERVA
Foundation, Munich, Germany. D. M. is the holder of the Israel
Matz Professorial Chair of Organic Chemistry.
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7.20 (t, 1 H, 3JHH 7.8 Hz, ArH), 3.01 (s, 4 H, CH2P), 1.02 [d, 36 H, 3JPH 10.9
Hz, C(CH3)3]. 31P{1H} NMR (CDCl3) d 38.9 (q, 5JPF 7.3 Hz). 19F{1H}
NMR (CDCl3) d 249.8 (t, 5JPF 7.4 Hz, ArCF3). MS: 463 (M+ + 1).

For 2: 1H NMR (C6D6) d 7.0 (m, 3 H, ArH), 3.37 (dvt, 2 H left part of
ABq, 2JHH 17.0, 2JPH 4.2 Hz, CH2P), 2.82 (dvt, 2 H right part of ABq, 2JHH

17.0, 2JPH 4.4 Hz, CH2P), 1.42 [vt, 18 H, 3JPH 7.0 Hz, C(CH3)3], 1.05 [vt,
18 H, 3JPH 6.0 Hz, C(CH3)3]. 31P{1H} NMR (C6D6) d 62.6 (dq, 1JRhP 116.7,
3JPF 16.3 Hz). 19F{1H} NMR (C6D6) d 9.0 (dt, 2JRhF 21.3, 3JPF 16.5 Hz,
RhCF3). FDMS: M+ 600 (correct isotope pattern).

For 3: 1H NMR (C6D6) d 7.0 (m, 3 H, ArH), 3.42 (dvt, 2 H left part of
ABq, 2JHH 17.0, 2JPH 4.8 Hz, CH2P), 2.99 (dvt, 2 H right part of ABq, 2JHH

17.0, 2JPH 4.4 Hz, CH2P), 1.49 [vt, 18 H, 3JPH 6.9 Hz, C(CH3)3], 1.03 [vt,
18 H, 3JPH 6.1 Hz, C(CH3)3]. 31P{1H} NMR (C6D6) d 62.4 (dq, 1JRhP 115.6,
3JPF 15.7 Hz). 19F{1H} NMR (C6D6) d 10.9 (dt, 2JRhF 21.5, 3JPF 15.6 Hz,
RhCF3).
§ Reaction of [{IrCl(C8H14)2}2] with 2 equiv. of 1, applying similar reaction
conditions, resulted in a mixture of unidentified products. No C–C or C–F
activation was indicated by NMR spectroscopy.
¶ 80% yield by 31P{1H} NMR, the other only product formed was the iodide
analog of complex 4.
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1H NMR study of the hydrolysis of N-acylhydroxy[2H]methylpyrroles

Andrew D. Abell,*† J. Christopher Litten‡ and Brent K. Nabbs

Department of Chemistry, University of Canterbury, Christchurch, New Zealand

KOH catalysed hydrolysis of the (S)- and (R)-N-
(N-phthalylleucinyl)hydroxy[2H]methylpyrroles 6b and 6c,
in CD3CN containing 1 equiv. of (+)-sec-butylamine, pro-
ceeds by an initial N- to O-acyl transfer with retention of
configuration at the labelled centre, followed by trapping of
an azafulvene to give (S)- and (R)-sec-butylamino[2H]me-
thylpyrroles 9b.

An electron-withdrawing group (EWG) on the nitrogen of a
pyrrole of the type 5 is thought to suppress the formation of a
highly electrophilic azafulvenium species 4 in nucleophilic
substitution reactions (Scheme 1). In the absence of such
deactivation, the analogous pyrroles 1 readily react with a
nucleophile, via the postulated azafulvene intermediate 2, to
give products of the type 3a.1,2 Such a sequence is thought to be
involved in the biosynthesis of uroporphyrinogen III, an
important intermediate in the biosynthesis of vitamin B12 and
related pigments.3

Pyrroles substituted with an EWG are found in natural
products,4 and they are also useful intermediates in organic
synthesis2,5 (e.g. in the synthesis deuterium-labelled porpho-
bilinogen2,6—an important probe for studying the biosynthesis
of vitamin B12). The idea of suppressing azafulvene formation,
with the introduction of an EWG on nitrogen, has also been used
to develop latent reactive inhibitors of serine proteases.7 Here,
a hydroxymethylpyrrole derivative such as 6a (a peptidic
example of the general compound 5) is stabilised by N-acylation
with an amino acid—chosen to be recognised by the target
enzyme. Enzyme catalysed deacylation yields a reactive
azafulvene 2 which is then thought to lead to covalent
inactivation of the enzyme by alkylation (see Scheme 1 where
Nu2 is an amino acid in the enzyme’s active site).

Removal of an EWG from a pyrrole nitrogen, by chemical or
enzymatic hydrolysis, represents a key step in all the above
applications of compounds of the type 5. Here we report the
stereochemical fate of the deuterium label of (S)- and (R)-N-
(N-phthalylleucinyl)hydroxy[2H]methylpyrroles 6b and 6c
upon KOH catalysed hydrolysis in the presence of an external
nucleophile [(+)-sec-butylamine]. This study provides evidence

for (i) an intramolecular acyl transfer to give an O-acylpyrrole
8 [pathway (a), Scheme 2] as an intermediate in the deacylation
sequence, and (ii) the facile formation of an azafulvene 2 on
deacylation as evidenced by its trapping with an external
nucleophile to give equal amounts of the (S)- and (R)-
amino[2H]methylpyrroles 9. This sequence also serves to model
the proposed mechanism of action of 6a as a latent reactive
inhibitor of serine proteases—the KOH mimics the protease
catalysed deacylation and the external nucleophile mimics the
final inactivation step. It should also be noted that the O-acyl
intermediate 8 bears a strong resemblence to 10 which is also an
inhibitor of serine proteases.7

The key deuterium labelled hydroxymethylpyroles 6b and 6c
were prepared from pyrrole-2-[2H]carbaldehyde2 by acylation
with N-phthalylleucine acid fluoride according to the literature
method,8 followed by reduction with R- and S- Alpine-borane®,
respectively.2 The unlabelled analogue 6a was similarly
prepared by acylation of pyrrole-2-carbaldehyde followed by
Zn(BH4)2 reduction of the formyl group. The epimeric purity at
the deuterated centres of 6b and 6c was determined to be > 9 : 1
(see first column, Table 1) by integration of the pyrrole–CHD

Scheme 1 Scheme 2
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singlet resonances at d 4.21 and 4.24 respectively. The assigned
configurations were consistent with related examples in which
the absolute configuration has been determined by chemical
conversion to the O-camphanate of [2-2H] glycolic acid, a
known literature reference compound.2

The mechanism of hydrolysis of compounds 6 was then
studied.7 In a typical experiment, an equivalent of KOH in D2O
(approx 10 ml) was added to a solution of either 6a,b or c (3 mg)
in CD3CN (150 ml) containing CHCl3 as an internal standard,
and 1 equiv. of (+)-sec-butylamine (external nucleophile). The
ratio of 6, 8 and 9 was then monitored by 1H NMR spectroscopy
(the exo-methylene proton resonances of these compounds are
shown in Table 1). The spectum taken immediately after mixing
contained starting material 6, O-acyl intermediate 8 and pyrrole
amine 9 in a typical ratio of 1 : 1 : 1. 1H NMR spectra of the
mixtures after 18 h revealed that 6 and 8 had been completely
converted to the pyrrole amine 9. 

The key points to note from the results shown in Table 1 are
that the configurational purity ( > 9 : 1) and absolute configura-
tions§ of the starting materials 6b and c are retained in the
corresponding O- acyl intermediates 8b and c (rows 2 and 3,
Table 1). In theory, the formation of the O-acylpyrrole 8 could
occur by either an intramolecular acyl transfer via the
tetrahedral intermediate 7 [Scheme 2, pathway (a), retention of

configuration], trapping of the azafulvene 2 with released
N-phthalylleucine [Scheme 2, pathway (b), epimerisation at the
methylene] or by an SN2 like displacement [Scheme 2, pathway
(c), inversion of configuration). The fact that the configurational
purity at the [2H]methylene centre of 8b and c is intact, and also
did not change with time, implies that these species are not in
equlibrium with the azafulvene 2b, hence pathway (b) is not
operating. In addition, an SN2 displacement at the methylene
position of a hydroxymethylpyrrole has only been reported in
extreme examples using a combination of Mitsunobu reaction
conditions and an N-triflyl substituent to strongly deactivate the
pyrrole ring and hence suppress azafulvene formation.2 An
N-acyl group is not sufficiently deactivating to promote SN2 like
displacement,2 and hence a reaction of the type shown in
pathway (c) is chemically unlikely under the conditions of the
hydrolysis experiment. Pathway (a) is, however, consistent with
both the literature and the observed results, i.e. the formation of
8 occurs with retention of configuration at the deuterated
methylene centre. A second point to note is that equal mixtures
of the (S) and (R) deuterium-labelled amines 9b were produced
as the end product in the reactions of 6b and c, a result clearly
consistent with the intermediacy of the azafulvene 2 [Scheme 2,
pathway (d)]. Finally, as expected, the two oppositely labelled
series 6b and c gave complimentary results (rows 2 and 3,
Table 1).

In summary, the above observations suggest that the
O-acylpyrrole 8 is most likely formed via an intramolecular acyl
transfer on hydrolysis of the N-(N-phthalylleucinyl)hy-
droxymethylpyrroles 6. Evidence for the subsequent release of
an azafulvene 2 is gained from the observed scrambling of the
deuterium label at the [2H]methylene position of 9 on trapping
with (+)-sec-butylamine. Ongoing work is centred on the
further development of these compounds as useful synthetic
intermediates and inhibitors of serine proteases.
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Table 1 1H NMR resonances§ [CD3CN, CHCl3 internal standard (d 7.25)]
for the pyrrolemethylene group of 6 and the hydrolysis products 8 and 9
[KOH and (S)-(+)-sec-butylamine added]. In the spectra of 6a–c, coupling
of the signals with the OH proton were removed by homonuclear
decoupling

6a 8a 9a

6c : 6b 8b : 8c 9b
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Structural dependence of the reagent Ph3PCl2 on the nature of the solvent,
both in the solid state and in solution; X-ray crystal structure of trigonal
bipyramidal Ph3PCl2, the first structurally characterised five-coordinate
R3PCl2 compound

Stephen M. Godfrey,† Charles A. McAuliffe, Robin G. Pritchard and Joanne M. Sheffield

Department of Chemistry, University of Manchester Institute of Science and Technology, Manchester, UK M60 1QD 

The very delicate structural balance of Ph3PCl2 when
prepared in diethyl ether solution is illustrated by its X-ray
crystallographic study; unlike the ionic species,
[Ph3PCl+···Cl2···+ClPPh3]Cl, which prevails in dichlorome-
thane solution, the non-solvated molecular species Ph3PCl2
is formed in diethyl ether which is the first example of a
trigonal bipyramidal R3PCl2 compound to be structurally
characterised, and this may have an effect on the chlorinat-
ing ability of the reagent.

Although there are a number of previous reports concerning
compounds of stoichiometry R3PCl2, which are mainly focused
on Ph3PCl2, they are predominantly concerned with the nature
of such species in solution, using 31P NMR spectroscopy.1–9 All
such studies, performed in acetonitrile or dichloromethane
solution, concluded that the compounds are ionic, [R3PCl]Cl.
Similarly, conductivity studies of Ph3PCl2 in acetonitrile
solution led Harris and coworkers10,11 to conclude that the
compound is ionic, [Ph3PCl]Cl, since values close to those
expected for a 1 : 1 electrolyte were recorded. However,
Arzoumandis13 investigated the structural nature of Ph3PCl2 in
haloform solvents and concluded, from cryostatic and vibra-
tional spectroscopic studies, that 1 : 1 Ph3PCl2·YCX3 (Y = H,
D; X = Cl, Br) adducts were formed. It was reasoned that these
species were molecular dimeric entities which contain six-
coordinate phosphorus atoms.

Studies concerning the solid-state structure of R3PCl2
compounds are rare, and studies concerning R3PCl2 (R = Me,
Ph) again concluded an ionic structure, [R3PCl]Cl.13–15

There is renewed interest in the structural nature of
compounds of stoichiometry, R3EX2 (E = P, As, Sb). We have
established the solid-state molecular charge transfer ‘spoke’
structure for Ph3PX2, viz. Ph3P–X–X, (X2 = Br2,16 I2,17–19

IBr20), whereas other workers have shown that Ph3PF2 is
trigonal bipyramidal21,22 A Raman spectroscopic study23 of
Ph3PCl2 prepared in toluene solution suggested that two
structural modifications could exist, an ionic form, [Ph3PCl]Cl,
prepared by bubbling dichlorine gas through a toluene solution
of PPh3 and, possibly, a trigonal bipyramidal form, prepared by
passing a stream of dichlorine over the surface of a toluene
solution of PPh3.

Until very recently, no single crystal X-ray crystallographic
data was available for any compound of stoichiometry R3PCl2.
However, a crystallographic study24 of the compound prepared
from the reaction of PPh3 and dichlorine in dichloromethane
solution revealed an unusual dinuclear ionic compound,
[Ph3PCl···Cl···ClPPh3]Cl·CH2Cl2. The long Cl···Cl contacts are
3.279(6) Å (van der Waals radius for dichlorine is 3.6 Å). The
solution 31P{H} NMR of this species, recorded in CDCl3 and
CD3CN gave single resonances at d 65.5 and 66.5, respectively,
these values being very similar to the values quoted by previous
workers and indicating that the simple ionic species [Ph3PCl]Cl
prevails in solution for these solvents, and the long range Cl···Cl
contacts are broken, as expected.

It therefore occurred to us that a different structural
modification of Ph3PCl2 could be exhibited in solvents of low
relative permittivity (low polarity). One reason for this was the
fact that [Ph3PCl···Cl···ClPPh3]Cl·2CH2Cl2 contains a dichloro-
methane solvent molecule in the structure,24 suggesting non-
innocent behaviour, and although no bonding interactions
between the solvent and the compound are observed, there
nevertheless remains the fact that d+ hydrogens on the
dichloromethane point towards the Cl2 ions giving a suspicion
of long range electrostatic interaction, and, therefore, an implied
influence on the structure adopted. Considering the widespread
use of Ph3PCl2 as a chlorinating agent, the structural nature of
the reagent is of great importance since the structure may
influence its efficacy as a chlorinating agent and, possibly, the
mechanism of chlorination. Consequently, the choice of solvent
employed for a given chlorination reaction utilising Ph3PCl2
may be of fundamental importance.

Triphenylphosphine dichloride was prepared by us from the
direct reaction of triphenylphosphine with dichlorine in diethyl
ether in a 1 : 1 stoichiometric ratio [eqn. (1)].

PPh Cl
N Et O

Ph PCl3 2
room temp

2 2
3 2+  →.

,
(1)

The resultant white powder, which formed almost imme-
diately upon addition of the dichlorine, was recrystallised from
diethyl ether solution to produce a large quantity of colourless
crystals on standing at room temperature for ca. 1 week. The
melting point of the crystals was determined to be 118–119 °C
{cf. 160–161 °C for [Ph3PCl···Cl···ClPPh3]Cl·2CH2Cl2}. A
crystal was chosen for analysis by single crystal X-ray
diffraction. Interestingly, the structure‡ of Ph3PCl2 is shown to
be the sole example of a molecular trigonal bipyramidal R3PCl2
compound, Fig. 1, and not the ionic structure,
[Ph3PCl···Cl···ClPPh3]Cl·2CH2Cl2 which prevails in dichloro-
methane solution. This result is important for two reasons:
firstly, the very delicate balance between ionic and covalent
forms for Ph3PCl2 is clearly illustrated, in the more polar
CH2Cl2 an ionic structure is adopted whereas in diethyl ether a
molecular form is revealed. Secondly, the acute solvent
dependency of the structure of this reagent is clearly shown, and
other workers utilising the reagent for chlorination reactions
may find different rates and/or products which are dependent
solely on the polarity of the solvent chosen. The structure of
Ph3PCl2 contains two crystallographically independent mole-
cules in the asymmetric unit which exhibit quite different P–Cl
bond lengths. In one molecule, d(P–Cl) are quite similar, being
2.252(2) and 2.262(2) Å, however differences are observed in
the other, 2.280(2) and 2.225(1) Å. Both molecules also exhibit
slight distortions from regular trigonal bipyramidal geometry.
These distortions and the asymmetry of the d(P–Cl) may arise
from the ease of ionisation of the molecule. However,
asymmetric bonds in multiple halide systems are not un-
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common. The classic example is I3
2, where asymmetric I–I

bonds are ascribed to the influence of surrounding molecules or
ions. Our recent work has shown even more dramatic examples
of autosolvation in R3PCl2 systems.25 In the case of Ph3PCl2
described here, comparison of the four Cl environments shows
that the closest approaches between Cl and H in adjacent
molecules are 2.92, 3.05, 2.83 and 2.82 for Cl(1), Cl(2), Cl(3)
and Cl(4), respectively. As P–Cl(4) is the shortest P–Cl bond, it
would appear that phenyl rings are exerting their influence on
d(P–Cl). We have previously observed this phenomenon with
interaction of Cl with d+ hydrogens on propyl chains.25 Caution
must be exercised when discussing E–X (E = P, As, Sb, Bi;
X = Br, Cl) bond lengths however, since considerable
asymmetry has already been illustrated from crystallographic
studies e.g. Ph3BiCl226 [d(Bi–Cl) 2.529–2.615 Å], [Me3CH-
CH2]3AsBr2,27 [d(As–Br) 2.530–2.596 Å], Ph3SbCl2 [d(Sb–Cl)
2.382–2.490 Å].28

The solution structure of Ph3PCl2 in low-polarity solvents is
also of importance since the trigonal bipyramidal structure of
Ph3PCl2 could simply be a solid-state phenomenon, i.e. the
molecule could auto-ionise in any given solvent, which has
already been illustrated25 when Ph3PCl2 is dissolved in CH2Cl2.
Deuterated ether, C2D6O is not really available; however, we
dissolved a sample of crystalline Ph3PCl2 prepared in Et2O in
deuterated benzene, C6D6, i.e. a non-polar solvent. A single
resonance was observed in the NMR spectrum at d 247, very
different to that observed for the ionic
[Ph3PCl···Cl···ClPPh3]Cl·CH2Cl2 which exhibited resonances
at d 65.5 or 66.5 (recorded in CH2Cl2 and CH3CN, re-
spectively). This value of d 247 is also completely different to
any previously reported value for a sample of Ph3PCl2 which,
prior to this work, has only been studied by 31P{H} NMR
spectroscopy in solvents of quite high polarity. This value of
d 247 is however comparable to analogous difluorophosphor-
anes, R3PF2, which are known to retain a molecular five-
coordinate geometry in solution, e.g. MePh2PF2 (d 243.2) and
Ph3PF2 (d 258.1).

The only 31P{H} NMR study of a compound of stoichiometry
R3PCl2,27 which was claimed to be trigonal bipyramidal is
(C6F5)3PCl2, which gave a single resonance at d 2110.29

Clearly, therefore, Ph3PCl2 retains a molecular trigonal
bipyramidal structure in solvents of low polarity. Addition of
CH2Cl2 to the C6D6 solution of Ph3PCl2 ionises the molecule to
produce [Ph3PCl···Cl···ClPPh3]Cl·2CH2Cl2, since a resonance

at d 65.5 is observed and the former resonance at d 247.0
disappears.

In conclusion, the solvent of preparation is critical in
determining the structure of Ph3PCl2. A molecular form persists
in solvents of low polarity which is converted into an ionic form
in solvents of higher polarity. Which structure is adopted will
almost certainly have an effect on the chlorinating ability of the
reagent, and, possibly, the nature of any products formed.

We are grateful to the EPSRC for a research studentship (to
J. M. S.).
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Fig. 1 X-Ray crystal structure of trigonal bipyramidal Ph3PCl2 (two
crystallographically independent molecules are present in the asymmetric
unit). Selected bond lengths (Å) and angles (°): P(1)–Cl(1) 2.280(2),
P(1)–Cl(2) 2.225(1), P(2)–Cl(3) 2.262(2), P(2)–Cl(4) 2.252(2), C(7)–P(1)–
C(1) 123.5(2), C(7)–P(1)–C(13) 118.2(2), C(1)–P(1)–C(13) 118.2(2)
Cl(2)1–P(1)–Cl(1) 176.09(6), C(19)–C(25) 120.0(2), C(19)–P(1)–C(31)
123.6(2), C(25)–P(2)–C(31) 116.42, CI(4)–P(2)–Cl(3) 176.20(6).
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Parahydrogen enhanced NMR studies on thermally and photochemically
generated products from [IrH3(CO)(PPh3)2]

Sarah Hasnip,a Simon B. Duckett,*a† Diana R. Taylorb and Mike J. Taylorb

a Department of Chemistry, University of York, Heslington, York, YO1 5DD
b BP Chemicals, BP Chemicals Limited, Saltend, Hull, UK HU12 8DS

Parahydrogen induced polarisation is used to enable the
rapid NMR characterisation of thermally and photo-
chemically generated complexes of general formula [IrH3-
(CO)32x(PPh3) x] (x = 1–3).

It has been shown that parahydrogen (p-H2) increases the size of
detectable signals in NMR spectroscopy by enabling access to
non-Boltzmann spin populations.1,2 This phenomenon has
facilitated the observation of materials found in low concen-
trations, such as intermediates in catalytic hydrogenation
reactions, species in minor reaction pathways such as
[RhH2(PPh3)2Cl2Rh(PPh3)(CO)] and minor constituents in
equilibria, for example all-cis-[Ru(PMe3)2(CO)2(H)2].3

The reaction chemistry presented here relates primarily to
hydrogen exchange reactions of [IrH3(CO)(PPh3)2]. This com-
plex has been shown by Harrod and Yorke4 to exist in solution
in two isomeric forms, 1a with trans phosphines and mer-
hydrides and 1b with cis phosphines and fac-hydrides (Scheme
1). We describe how the sensitivity gain provided by p-H2
allows the rapid characterisation of these, and related trihydride
complexes of iridium, and enables the examination of their
thermal and photochemical reactivity. We use pulsed field
gradient-assisted 2D homo- and hetero-nuclear NMR methods
to monitor these reactions.

When a 0.1 mm solution containing equal amounts of 1a and
1b, in [2H6]benzene under 3 atm of p-H2, is monitored between
303 K and 343 K by 1H NMR spectroscopy, enhanced
resonances are detected in the hydride region of the spectrum.
The 1H{31P} NMR spectrum shown in Fig. 1(a) was recorded at
343 K and shows two pairs of anti-phase multiplets that can be
assigned to the hydride ligands of 1a and 1b.‡ These results
confirm that the hydride ligands in 1a and 1b undergo exchange
with free H2. We note that under these conditions, even with the
p-H2 derived signal amplification, no resonances are detected
that can be attributed to isomer 1c (Scheme 1). The spectral
features of the p-H2 enhanced trihydrides, illustrated in Fig. 1,
are surprising.5 The two polarised hydride resonances at
d29.29 and 210.02 are assigned to the hydride ligands Ha and
Hb of 1a, respectively.4 In a regular 1H{31P} spectrum these
signals would appear as doublets and triplets respectively with
peak separation JHH. The observed signals have relative
intensities of 2 : 1 and their anti-phase line separation (4.4 and
8.8 Hz) indicates that the central feature of the triplet is no

longer visible. This can be understood by examining the p-H2
controlled populations of the eight spin wavefunctions of the
trihydride (AX2). While four wavefunctions are simple products
of the form aaa, abb, baa and bbb, four belong to
combinations of the form a(ab2 ba), a(ab + ba), b(ab2 ba)
and b(ab + ba). Exchange with p-H2 (ab2 ba spin state) at 1a
involves the A and one X nucleus, with the result that the six
product states indicated, in bold, become equally populated
while the aaa and bbb states are unpopulated. Consequently,
the only visible transitions for nucleus A, spin flips aaaÔbaa
and abbÔbbb, correspond to the outer lines of the triplet and
are seen in emission and absorption. The emission–absorption
phase profile reveals that JHH is negative.2 The central line,
corresponding to spin flips a(ab2 ba)Ôb(ab2 ba) and a(ab
+ ba)Ôb(ab + ba), vanishes because the associated levels have
identical populations. In a similar way, examination of the
symmetry allowed transitions for Ha (X2) reveals that observ-
able spin flips connect aaaÔa(ab + ba), and b(ab +
ba)Ôbbb. These transitions are separated by JAX (JHH) and are

Scheme 1 Structural isomers of the trihydrides [IrH3(CO)(PPh3)2] and
[IrH3(CO)2(PPh3)]

Fig. 1 NMR spectra (400 MHz) of [IrH3(CO)32x(PPh3)x] (x = 1–3)
obtained with p-H2 in C6D6 showing the hydride region only. The anti-
phase components arise in transitions involving protons that originate from
p-H2. (a) 1H{31P} spectrum of 1a and 1b at 343 K; (b) 1H spectrum of 1a
1b and 3a generated in situ from [IrH(CO)2(PPh3)2]; (c) 1H{31P} spectrum
of a 13CO labeled sample of 1a, 1b and 3a; (d) 1H{31P} spectrum recorded
at 313 K immediately after UV photolysis of a sample of 1a and 1b.
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visible as emission and absorption signals, with twice the
overall intensity seen for signal A (Hb).

Interestingly, isomer 1b reveals a different pattern; the two
hydride resonances at d2 9.53 and 210.48, assigned to Hc and
Hd respectively, appear as absorption and emission signals
because JHH is now positive. Because both hydride resonances
are enhanced we can confirm that the dominant dihydrogen
exchange pathway involves reductive elimination of HcHd
rather than HdHd in 1b. At 333 K the hydride resonance
enhancements, 30-fold for 1a and 5-fold for 1b, are consistent
with faster dihydrogen exchange at 1a.

A modified heteronuclear multiple quantum correlation
experiment (HMQC) using gradients and 31P decoupling was
used to measure the chemical shifts of the phosphorus nuclei of
1a and 1b.6 In the two-dimensional map cross-peaks connect
the hydrides to the corresponding phosphorus nuclei; Pa [d(31P)
18.0] connects to Ha and Hb whilst Pb [d(31P) 8.8] connects to Hc
and Hd. Spectra recorded on this sample at 333 K using a 31P
decoupled gradient-assisted EXSY sequence (mixing time of
300 ms) contain cross-peaks that connect the two hydride
resonances of 1a. This indicates that the hydride ligands of 1a
are able to interchange identities via a process which is
intramolecular with respect to the hydrides. This spectrum also
contains nOe-derived cross-peaks that connect the hydrides to
the ortho-phenyl protons of the phosphine ligand.7 Under these
conditions no cross-peaks connect the hydride resonances of 1a
to those of 1b. However, with a mixing time of 500 ms cross-
peaks connect the hydrides resonances of 1a to free H2.

When a frozen C6D6 solution of [IrH(CO)2(PPh3)2] 2, under
an atmosphere of p-H2, is thawed and rapidly introduced into
the NMR spectrometer for monitoring by 1H spectroscopy at
between 313 and 333 K, three hydride containing species are
detectable [Fig. 1(b)]. Two of these species can be assigned to
the previously described 1a and 1b, produced by CO loss from
2 and subsequent H2 addition. The two new sets of anti-phase
multiplets at d 29.86 and 210.54, are assigned to the hydride
ligands He and Hf of the new product 3a (Scheme 1) with
JHH = 21.8 Hz.‡ The He resonance of 3a shows one additional
cis phosphorus splitting [J(PcH) 17.24 Hz] while the resonance
due to Hf shows a larger trans phosphorus splitting [J(PcH)
121.6 Hz]. Interestingly, if the sample is monitored after
degassing and refilling with fresh p-H2 then the observed
resonances for 3a are weaker than those seen initially.
Repeating this process reduces their signal intensity still further,
until eventually they are no longer visible.8 The 1H NMR
spectrum of this sample, collected 48 h after filling the NMR
tube with 50 Torr of 13CO, revealed that [IrH(13CO)2(PPh3)2]
was formed, as evidence by the 13C coupled hydride resonance
at d 210.3 (JCH 6.4 Hz). This sample was then refilled with
p-H2 and monitored by NMR spectroscopy as before. The fully
carbon decoupled 1H–13C HMQC spectrum of this sample
located a single carbonyl resonance for 3a, while the corre-
sponding 1H–31P spectrum reveals that the hydride resonance
for He possesses additional 13C couplings which are indicative
of a planar (H)2Ir(13CO)2 core [Fig. 1(c)]. These additional data
indicate that 3a has fac-hydrogen atoms (Scheme 1).9 When a
sample of the related complex [IrH(CO)(PPh3)3] was examined
with p-H2 only 1a and 1b were detectable as p-H2 enhanced
products. These reactions are illustrated in Scheme 2.

1H{31P} NMR spectra were obtained for C6D6 solutions
under 3 atm of p-H2 containing < 1 mg of [IrH3(CO)(PPh3)2],

with normal and enriched levels of 13CO, after 5 min UV
irradiation.10 These spectra contain enhanced hydride reso-
nances for several new species in addition to those already
described for 1a, 1b and 3a. In order to characterise these new
species gradient-assisted COSY{31P} and HMQC experiments
were recorded. Signals due to the remaining isomer of the bis-
phosphine trihydride 1c were assigned. Additional resonances
assigned to the mono-triphenylphosphine complex 3b are also
present. For example, the hydride Hh at d 29.08 [J(HH) 24.6,
J(PH) 136.4, J(PH) 17.6 Hz] seen in Fig. 1(d) connects with a
hydride resonance at d 210.10 in the COSY spectrum and to
two phosphorus nuclei [d(31P) 5.1 and 20.5] in the HMQC.
These new isomers have short lifetimes with the result that after
several minutes at 313 K the only species seen are 1a and 1b.
They can be regenerated by repeating the photolysis step,
however, when the sample is irradiated in the presence of
benzaldehyde, a good CO source, resonances for 3a are visible
for much longer.

Here, we have shown that p-H2 derived spectral amplification
can be used to examine trihydride systems, and view species
that are normally only readily visible under high pressures of
H2.11 In situ 13CO labelling of 1 mg samples proved to be a
viable and cost-effective way of fully characterising the ligand
sphere of these species. In addition, we have demonstrated that
UV irradiation may be employed to generate normally unstable
structural isomers for characterisation with p-H2.12
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Notes and References
† E-mail: sbd3@york.ac.uk
‡ Selected spectroscopic data at 333 K in C6D6 at 400.13 MHz (1H), 161.45
MHz (31P) and 100.2 MHz (13C). 1a: 1H d, 7.91 (o-phenyl H of Pa), 29.29
[Ha, J(HH) 24.4, J(PaH) 16.9 Hz], 210.02 [Hb, J(PaH) 19.7, J(HH) 24.4,
J(H13CO) 236 Hz], 31P, d 18.0 (Pa, s), 13C d 179.6 [CO, t, J(PC) 10.3 Hz].
1b: 1H, d 7.9 (o-phenyl H of Pb), 29.51 [Hc, J(PbH) 17.1, J(13COH) 37.7,
J(HH) + 2.4 Hz], 210.47 [Hd, J(PbH) + J(PbAH) 122, J(HH) + 2.4 Hz], 31P,
d 8.8 (Pb, s), 13C, d 179.3 [CO, t J(PC) 10.8]. 1c: 1H, d 29.08 [Hl, J(PfH)
136.4, J(PgH) 17.6, J(HH) 24.6 Hz], 210.10 [Hk, J(PfH) = J(PgH) =
J(HH) 24.4, Hz], 31P, d 20.5 (Pf), 5.1 (Pg). 3a: 1H, d 7.9 (o-phenyl H or Pc),
29.86 [He, J(PcH) 17.2, J(H13COtrans) + J(H13COcis) 40.6, J(HH) 22.4
Hz], 210.54 [Hf, J(PbH) 121.6, J(13COH) 4.7, J(HH) 22 Hz]. 31P, d 3.29
(Pc, s). 13C, d 172.15 [CO, d, J(PC) 6 Hz]. 3b: 1H, d28.8 [Hh, J(PhH) 136.9,
J(HH) 22.7 Hz], 29.7 [Hg, J(PhH) 121.6, J(HH) 22.4 Hz], 31P, d 43.2
(Ph, s).
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Carbohydrates to carbocycles: an expedient synthesis of pseudo-sugars

A. V. R. L. Sudha and M. Nagarajan*†
a School of Chemistry, University of Hyderabad, Hyderabad-500 046, India

A short and versatile synthesis of pseudo-sugars from sugars
utilizing the Claisen rearrangement as the key step is
described.

Conversion of sugars into carbocycles is an area which has
attracted considerable attention in recent times.1 Some im-
portant methodologies for achieving this are (i) Ferrier’s
mercuric ion mediated conversion of 6-deoxyhex-5-enopyran-
osyl compounds to deoxyinosose derivatives,2 (ii) the radical
cyclization approach of RajanBabu3 and (iii) the zirconium
mediated ring contraction of carbohydrate derivates to carbo-
cycles by Taguchi.4

Pseudo-sugars are 2,3,4,5-tetrahydroxy-1-(hydroxy-
methyl)cyclohexanes, in which the ring oxygen atom of a sugar
has been replaced by a methylene group. Pseudo-d-glucose,
pseudo-d-galactose and pseudo-d-fructose have been suggested
as replacements for their sugar counterparts as non-nutritive
sweeteners.5 Amino pseudo-sugars, which form the aglycon
part of many aminoglycoside antibiotics, have chemo-
therapeutic potential as glycosidase inhibitors.6 Pseudo-sugars
and some related carbocyclic compounds are components of
some antibiotics (validamycins) and enzyme inhibitors (adi-
posins).7

The biological significance of pseudo-sugars has led to the
development of several approaches for their synthesis in
optically pure form from various chiral sources. A comprehen-
sive review on pseudo-sugars has been published.8 Pseudo-b-d-
altro-, pseudo-a-l-manno- and pseudo-b-d-gluco-pyranoses
have been synthesized by Hudlicky9 from homochiral microbial
metabolites. Vandewalle10 prepared eight pseudo-sugars be-
longing to the allo, gulo, manno and talo series which possess
2,3-cis-diol units from (1R,2S,3R,4S)-4-butyryloxy-2,3-(pro-
pane-2,2-diyldioxy)cyclohex-5-en-1-ol. The synthetic versatil-
ity of quinic acid was demonstrated by Shing in his synthesis of
pseudo-b-d-manno-,11 pseudo-b-d-fructo-,11 pseudo-a-d-
gluco-12 and pseudo-a-d-manno-pyranoses.12 Ferrier prepared
crystalline pseudo-a-d-glucopyranose13 from 2-deoxyinosose.

It occurred to us (as shown in the retrosynthesis in Scheme 1),
that controlled hydroxylation of cyclohexene 1 should lead to
the four pseudo-sugars, pseudo-a-d-glucopyranose, pseudo-
a-d-mannopyranose, pseudo-b-d-glucopyranose and pseudo-
b-d-mannopyranose. The conversion of 2 to 1 involves
transformation of a glycal derivative into a cyclohexene,
prototypes of which have been reported earlier by Büchi.14

Compound 1 in turn can be readily derived from d-glucose via
2 and 3. We describe here the successful realization of this
strategy.

The primary hydroxy group in 4 was oxidized using
pyridinium dichromate (PDC) to the aldehyde 5, which was

used without purification.15 In order to introduce the C6–C7
double bond in 2, methylenation of 5 was investigated under
various conditions. Treatment of 5 with methyltriphenyl-
phosphonium iodide and BunLi led to a complex mixture.
Wittig olefination of 5 with formylmethylene(triphenyl)-
phosphorane and decarbonylation of the resultant unsaturated
aldehyde with Wilkinson’s catalyst gave 2 in very low yield.
Finally, a combination of methyltriphenylphosphonium iodide
and sodamide gave 2 in 40% overall yield from 4.

Heating 2 in a sealed tube in o-dichlorobenzene at 240 °C
afforded the rearranged chiral carbocycle 6 in 84% yield, based
on recovered starting material (4%). The product 6, being
unstable, was subjected to NaBH4 reduction without purifica-
tion to give 1.‡ The IR spectrum of 1 showed an olefin band at
1643 cm21 and the presence of a hydroxy absorption at 3445
cm21. Unlike 2,§ which showed the presence of five olefinic
protons in its 1H NMR spectrum, the rearranged carbocycle 1
exhibited only two olefinic protons as a multiplet at d 5.74–5.78.
The presence of the double bond in 1 was further confirmed
from its 13C NMR spectrum, which displayed resonances at d
125.95 and 138.42 (Scheme 2).

Having synthesized the highly functionalized chiral synthon
1, attempts were made to prepare the four pseudo-sugars,
namely, pseudo-a-d-glucopyranose, pseudo-a-d-manno-
pyranose, pseudo-b-d-glucopyranose and pseudo-b-d-manno-
pyranose.

Catalytic OsO4 dihydroxylation16 of the double bond in 1
from the less hindered b-face gave the triol 7 in quantitative
yield, which on debenzylation with 20% Pd(OH)2/C/H2 yielded
pseudo-a-d-glucopyranose 8, [a]D +57.0 (c 0.65, H2O) [lit.,12 +
63.0 (c 0.6, H2O)].

The primary hydroxy group in 1 was protected as the benzyl
ether to yield 9.¶ A mixture of partially benzylated pseudo-a-d-
mannopyranose 10 and pseudo-b-d-glucopyranose 11 was
obtained in one step from 9 involving a sequence of epoxidation
and ring opening using MCPBA, water and 10% H2SO4.17

Purification and separation by preparative TLC of the partially
benzylated mixture gave 10 and 11 in 34 and 26% yields,
respectively. Deprotection under similar conditions as those for

Scheme 1

Scheme 2 Reagents and conditions: i, PDC, 4 Å molecular sieves, CH2Cl2,
room temp., 10 h; ii, Ph3MePI, NaNH2, Et2O, room temp., 30 min; iii,
o-dichlorobenzene, 240 °C (sealed tube), 1 h; iv, NaBH4, THF, room temp.,
10 min
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7 gave pseudo-a-mannopyranose 12, [a]D +1.5 (c 0.4, MeOH)
[lit.,12 [a]D +1.9 (c 1.0, MeOH)], and pseudo-b-d-glucopyr-
anose 13, [a]D +10.0 (c 0.3, H2O) [lit.,18 [a]D +10.9 (c 0.83,
H2O)], from 10 and 11, respectively, in quantitative yields
(Scheme 3).

cis-Hydroxylation19 of the alkene 9 under Woodward’s
conditions gave in 66% yield the tribenzyl diol 14 which on
debenzylation afforded only pseudo-a-d-glucopyranose instead
of the anticipated pseudo-b-d-mannopyranose, in quantitative
yield. This is surprising as Woodward’s hydroxylation is
expected to give overall syn-hydroxylation from the more
hindered face, in contrast to the osmium tetroxide hydroxyla-
tion.

The 1H NMR spectra of all the pseudo-sugars were in
consonance with the data reported in the literature. The
structures of all new compounds were unambiguously establi-
shed from their spectral and analytical data wherever approp-
riate.

A. V. R. L. thanks the CSIR (New Delhi) for providing
financial assistance in the form of a research fellowship. We
acknowledge the COSIST programme in chemistry for in-
strumental facilities.
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† E-mail: mnsc@uohyd.ernet.in
‡ Selected data for 1: nmax(neat)/cm21 3445, 2924, 1454, 1093, 1028, 698;
dH(CDCl3) (200 MHz) 1.81–2.21 (m, 3 H), 2.52–2.66 (br s, 1 H), 3.57–3.71
(m, 3 H), 4.20–4.27 (m, 1 H), 4.67–5.03 (m, 4 H), 5.74–5.78 (m, 2 H),
7.30–7.48 (m, 10 H); dC(CDCl3; 50 MHz) 138.42, 128.57, 128.48, 128.21,
127.87, 127.72, 125.95, 82.00, 81.15, 74.30, 71.30, 65.53, 40.62, 28.05
(Found: C, 77.80; H, 7.46. Calc. for C21H24O3. C, 77.74; H, 7.46%).
§ Selected data for 2: nmax(neat)/cm21 3065, 2862, 1643, 1238, 1095, 696;
dH(CDCl3; 200 MHz) 3.58–3.65 (dd, 1 H), 4.21–4.26 (dd, 1 H), 4.30–4.40
(t, 1 H), 4.61–4.92 (m, 4 H), 5.29–5.48 (m, 3 H), 5.94–6.14 (m, 1 H),
6.40–6.45 (d, 1 H), 7.20–7.33 (m, 10 H); dC(CDCl3; 50 MHz) 144.63,
139.90, 139.82, 134.54, 128.47, 128.02, 127.81, 127.71, 118.23, 100.48,
78.50, 78.11, 75.63, 73.87, 70.74 (Found: C, 78.28; H, 6.85. Calc. for
C21H22O3; C, 78.23; H, 6.88%).
¶ Selected data for 9: nmax(neat)/cm21 3030, 1496, 1454, 1155, 1097, 696;
dH(CDCl3; 200 MHz) 2.02–2.30 (m, 3 H), 3.54–3.75 (m, 3 H), 4.12–4.24
(m, 1 H), 4.50–4.92 (m, 6 H), 5.66–5.85 (m, 2 H), 7.24–7.40 (m, 15 H);
dC(CDCl3; 50 MHz) 139.14, 138.76, 128.52, 128.34, 127.91, 127.78,
127.51, 126.17, 81.11, 79.62, 74.29, 73.17, 71.44, 70.64, 39.47, 28.80
(Found: C, 81.18; H, 7.31. Calc. for C28H30O3: C, 81.12; H, 7.29%).
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Scheme 3 Reagents and conditions: i, OsO4, K3Fe(CN)6, K2CO3, ButOH,
H2O, 24 h; ii, 20% Pd(OH)2/C/H2, 55 psi, 2 h; iii, NaH, DMF, BnBr, room
temp., 10 h; iv, MCPBA, H2O, 10% H2SO4, 48 h; v, aq. AcOH, AgOAc, I2,
Na (cat.), MeOH, 15 h
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X-Ray structure of bridged 2,2A-bi(adamant-2-ylidene) chloronium cation and
comparison of its reactivity with a singly-bonded chloroarenium cation

T. Mori, R. Rathore, S. V. Lindeman and J. K. Kochi†

Department of Chemistry, University of Houston, Houston, Texas 77204-5641, USA 

The unsymmetrically bridged 2,2A-bi(adamant-2-ylidene)
chloronium hexachloroantimonate shows distinctive elec-
trophilic (transfer) chlorination reactivity in comparison
with the singly-bonded chloroarenium cation.

We recently reported1 the isolation and structural characteri-
zation of a novel cationic chlorine–aromatic complex in which
the chlorine atom is directly bonded to a single aromatic carbon
atom in a manner similar to that qualitatively described for
Wheland intermediates in electrophilic aromatic chlorinations.2
The lability of the C–Cl bond in the highly colored (red)
chloroarenium cation (1–Cl+) is demonstrated by its ready

ability to transfer the positive chlorine (Cl+) to a variety of
aromatic and olefinic donors.1 For example, an ice-cold solution
of 2,2A-bi(adamant-2-ylidene)3 (2) reacts with an equimolar
amount of 1–Cl+ SbCl62 in CH2Cl2 and immediately leads to
the bleaching of the red color. The addition of cold hexane
affords a colorless microcrystalline precipitate of 2–Cl+ SbCl62
in quantitative yield [eqn. (1)]. The identity of 2–Cl+ SbCl62 is

confirmed by spectral (IR and NMR) comparison with an
authentic sample prepared from olefin 2 and SbCl5 according to
the procedure of Nugent.4 Note that the chloronium salt 2–Cl+
SbCl62 is extremely robust (if protected from moisture), and it
may be stored at room temperature for several days without any
decomposition. However despite its remarkable stability,4 the
structural proof for the nature of bonding in the olefin–
chloronium complex 2–Cl+ has not been forthcoming. Accord-
ingly, we now report (a) the single-crystal structure analysis of
2–Cl+ SbCl62 and (b) its reactivity with various aromatic and
olefinic donors in comparison with that of the chloroarenium
cation 1–Cl+ SbCl62.

A colorless crystal suitable for X-ray crystallography was
grown by slow diffusion of hexane into a CH2Cl2 solution of
2–Cl+ SbCl62 at 223 °C. Single crystal analysis‡ by X-ray
crystallography established its molecular structure, and the
ORTEP diagram in Fig. 1 shows that the chlorine atom is
bonded to both olefinic carbon atoms, resulting in a bridged
structure akin to that of the corresponding bromonium cation
reported previously by Brown and co-workers.5 The attachment
of a positive chlorine (Cl+) to the olefinic bond [C(1)–C(11)] in

2 generates an unsymmetrical cyclopropane ring system in
which the C(1)–C(11) bond (2.08 Å) is significantly longer than
the C(1)–C(17) bond (1.92 Å); the C(1)–C(11) bond (1.49 Å) is
close to a normal single C–C bond. [Note that the
hexachloroantimonate anion is only weakly coordinated to
C(l7).]6

We ascribe the unique features of 2–Cl+ to an unsymmetrical
structure in which chlorine is s bonded to a single carbon center
[C(11)], and the cationic charge on the adjacent center (C1) is
stabilized (solvated) by the chlorine lone pair (acting as an
n-donor). The bridged structure of 2–Cl+ is reminiscent of that
described for the stabilization of carbocations by neighboring
group participation.7 Such a ‘non-classical’ structure of 2–Cl+
leads to a highly stabilized chloronium cation in comparison to
the singly-bonded chloroarenium cation 1–Cl+ that readily
transfers its positive chlorine to a variety of aromatic and
olefinic donors [eqn. (1) and Table 1].

The electrophilic (transfer) chlorination of various aromatic
donors with 2–Cl+ SbCl62 was carried out as follows. A
solution of 2–Cl+ SbCl62 (0.02 m) in CH2Cl2 was treated with
pentamethylbenzene (3 equiv.) at room temperature under an
argon atmosphere. The colorless reaction mixture was stirred
for 3 h, during which the solution took on a pale brown
coloration. Aqueous workup of the reaction mixture and GC and
GC–MS analysis indicated that only a trace amount of
chloropentamethylbenzene ( < 1%) was formed. The decom-

Fig. 1 ORTEP diagram of chloronium cation 2–Cl+ SbCl62
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position products of 2–Cl+ SbCl62 were identified as the
recovered olefin 2 (27%), the rearranged spiroketone (58%) and
several unidentified products.8 Similarly, the reaction of 2–Cl+
SbCl62 with various other aromatic donors listed in Table 1
yielded mainly the decomposition products of 2–Cl+.8 Fur-
thermore, the treatment of excess cyclohexene (3 equiv.) with
2–Cl+ SbCl62 in CH2Cl2 afforded only the decomposition
products of 2–Cl+, and no chlorinated product derived form
cyclohexene was detected. This remarkable absence of transfer
chlorination toward various aromatic and olefinic donors by
2–Cl+ is in sharp contrast to the corresponding bromonium (or
iodonium) cation which readily transfers its positive halogen
(Br+ or I+) to a variety of olefinic donors.9 The insufficient
reactivity of 2–Cl+ towards various electron donors is consistent
with our proposal of rather tight s-bonded character to the
bridged chloronium cation (vide supra). On the other hand, the
enhanced reactivity of the corresponding 2–Br+ (or 2–I+) may
be attributed to a more loose bromonium–olefin complex with
predominant p-character.10

Although 2–Cl+ is an ineffective Cl+-transfer agent, it readily
oxidizes electron-rich aromatic donors to the corresponding
cation radicals in its capacity as a one-electron oxidant. For
example, treatment of a hexasubstituted aromatic donor
(CRET)11 with a solution of 2–Cl+ in CH2Cl2 at 25 °C yields the
orange cation radical [CRET·+, lmax = 518, 486 (sh) nm]11 in
close to quantitative yield during the course of a 3 h period.

To further examine the differences in reactivities of 2–Cl+
and 2–Br+, we carried out the reaction of olefin 2 with
dichlorine in CH2Cl2.12 Thus, the addition of a cooled (230 °C)
solution of 2 to a yellow solution of chlorine in CH2Cl2 rapidly
led to bleaching; and the careful subsequent addition of hexane
led to colorless crystals during the course of a three day period.
The crystalline material was filtered, and X-ray structure
determination§ of a colorless single crystal revealed the
molecular structure of the chlorinated product to be
2,2A,4,4A,9,9A-hexachloro-2,2A-biadamantane 3 as illustrated in
Fig. 2. Removal of solvent from the filtrate revealed the
presence of several other unidentified (chlorinated) products.
The irreversible reaction of gaseous chlorine with 2 is to be
constrasted with the corresponding reaction with bromine, in
which 2 reacts reversibly with Br2 resulting in a variety of
intermediates together with 2–Br+. However, removal of the
solvent and gaseous bromine in vacuo led to the quantitative
recovery of olefin 2.13

Further experiments are underway to determine the electron-
density distribution in various aromatic and olefinic halonium
complexes,10 in order to more precisely characterize the nature
of the bonding in these complexes.

We thank the National Science Foundation, Robert A. Welch
Foundation for financial support and S. H. Loyd for preliminary
experiments and T. Mori thanks the Japan Society for the
Promotion of Science for a fellowship (No. 5026).

Notes and References

† E-mail: cjulian@popiuh.edu
‡ Crystal data for 2,2A-bi(adamant-2-ylidene) chloronium hexachloro-
antimonate [(C20H28Cl)+ SbCl62·CH2Cl2]. X-Ray quality crystal (0.40 3
0.15 3 0.04 mm) was obtained from a CH2Cl2–C6H14 mixture at 223 °C.
M = 723.25, orthorhombic, space group P212121, a = 10.3394(1), b =
16.0104(1) and c = 16.0930(1) Å, Dc = 1.803 mg m23, V = 2664 Å3, Z
= 4. Data collection was carried out on a Siemens SMART diffractometer
equipped with a CCD detector, using Mo-Ka radiation (l = 0.71073 Å), at
2150 °C. The total number of reflections measured was 34 182, of which
12 224 reflections were symmetrically non-equivalent. The structure was
solved by direct methods and refined by full-matrix least-squares procedure.
Final residuals were R1 = 0.054 and wR2 = 0.103 for 8640 reflections with
I > 2s (I).
§ Crystal data for 2,2A,4,4A,9,9A-hexachloro-2,2A-biadamantane
[(C20H24Cl6)]. Bi(adamantylidene)  was added to a solution of chlorine in
CH2Cl2 at 230 °C and the resulting pale yellow solution was layered with
prechilled (230 °C) hexane. A well-formed crop of crystals was obtained
after a three day period at 223 °C. A colorless crystal with dimensions (0.1
3 0.1 3 0.15 mm) was used for X-ray structural study. M = 477.09,
monoclinic, space group C2/c, a = 14.116(2), b = 6.8734(8) and c =
19.537(3) Å, Dc = 1.686 mg m23, V = 1879.4 Å3, Z = 4. Data collection
was carried out as described above and the total number of reflections
measured was 4085, of which 2679 reflections were symmetrically non-
equivalent. The structure was solved by direct methods and refined by full-
matrix least-squares procedure. Final residuals were R1 = 0.074 and wR2
= 0.136 for 1727 reflections with I > 2s (I). (Note that this crystal also
contained ~ 8% of 2,2A,9,9A,10,10A-hexachloro-2,2A-biadamantane as an
isomeric impurity.)
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Fig. 2 ORTEP diagram of 2,2A,4,4A,9,9A-hexachloro-2,2A-biadamantane
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Asymmetric intercalation of N1-(acridin-9-ylcarbonyl)spermine at homopurine
sites of duplex DNA

Ian S. Blagbrough,a Steven Taylor,a Mark L. Carpenter,b Vyacheslav Novoselskiy,c Tatyana Shammac and
Ian S. Haworth*c†
a Department of Pharmacy and Pharmacology, University of Bath, Claverton Down, Bath, UK BA2 7AY
b Sir William Dunn School of Pathology, Oxford University, South Parks Road, Oxford, UK OX1 3RE
c Department of Pharmaceutical Sciences, University of Southern California, 1985Zonal Avenue, Los Angeles, CA 90033, USA

N1-(Acridin-9-ylcarbonyl)spermine binds at 5A-pu-p-pu..5A-
py-p-py sites of DNA with the acridine moiety asymmet-
rically intercalated, stacked between the two purine bases;
the spermine moiety interacts with the homopyrimidine
phosphodiester backbone of the intercalation site and
protects against DNase I cleavage of this backbone, but does
not protect against cleavage of the homopurine backbone at
the same intercalation site.

Acridine, a common DNA intercalator, has been used ex-
tensively to modulate the DNA binding properties of many
ligands through covalent attachment of the acridine moiety.
Examples include acridine conjugates with peptides,1 oli-
godeoxynucleotides,2 minor-groove DNA binders such as
netropsin and distamycin3 and the DNA alkylating agent
cisplatin.4,5 The binding selectivity of these conjugates gener-
ally reflects that of the non-acridine part of the molecule,
although acridine conjugation seems to redirect the alkylation
selectivity of some aniline mustards.6 The site-specific photo-
cleavage of DNA by acridine- 9-carboxamide–imidazole con-
jugates, in association with CoIII, may be a result of an acridine
preference for intercalation at a 5A-GpG..5A-CpC site.7

Polyamines, such as spermine and spermidine, are poly-
cationic molecules that have limited DNA-sequence selectivity,
but may preferentially bind to GC-rich major grooves,8 and AT-
rich minor grooves.9 Amongst many examples of polyamine
conjugates10 are those having polyamines covalently bound to
long-chain lipids,11 anthracene12 and mustard alkylating agents
such as chlorambucil.13 There is no apparent evidence of the
polyamine introducing a sequence-selective binding effect into
any of these molecules, but in each it is believed that the
polyamine enhances the binding affinity through electrostatic
interactions with DNA.

To combine the intercalating effects of acridine and the high
affinity polyamine binding to DNA, we have synthesized
N1-(acridin-9-ylcarbonyl)spermine 1.‡ To investigate any pos-

sible sequence selectivity of 1, we then used a DNase I
protection assay with the Hind III/Nhe I restriction fragment of
pBR322 plasmid duplex DNA.§ The protection from DNase I
cleavage by 1 was pronounced at eight sites within the readable
window of the gel (approximately from base-pair 81 to 150,
Fig. 1). Of these, seven are homopyrimidine tracts of two or
more bases. The remaining site corresponds to a 5A-CpG..5A-
CpG sequence (site 5) and was only weakly protected. Of the
pyrimidine tract sites, five span only two pyrimidine bases, with
both 5A-CpC (sites 1 and 3, with weak protection at site 4) and

5A-TpT (sites 6 and 7) equally protected. Sites 2 and 8 contain
longer 5A-CpCpT and 5A-CpTpTpT tracts, respectively, both of
which are fully protected. Hence, the nature of the pyrimidine
(C or T) seems to be unimportant in establishing protection
against DNase I by polyamine amide 1. In addition to the
pyrimidine protection sites, some enhancement of cleavage is
observed adjacent to several protection sites (for example, to the
3A side of site 7). Such enhancement has been observed
previously in this assay,3 and could be the result of a DNA
conformational change brought about by the binding of 1.

In the DNase I assay we found no protection of purine tracts
on the bottom strand (italicised in Fig. 1). This is an interesting
result, given that such tracts have corresponding complemen-
tary pyrimidine tracts in the top strand. One might anticipate
that the ligand binding causing the protection described above
would also occur in these regions of the DNA, and would offer
similar protection to the homopurine regions of the bottom
strand. We conclude from this that there is an asymmetric
binding of polyamine amide 1 to the homopurine..homopyri-
midine DNA, such that only the pyrimidine backbone is
protected from DNase I.

To investigate further this unusual experimental result,
computer simulations were performed using 18-mer duplexes
containing intercalation sites12 corresponding to two protection
sites. These were site 3 (intercalation site between base pairs

Fig. 1 Sites of DNase I protection by N1-(acridin-9-ylcarbonyl) spermine 1
in a 3A-end [32P]-bottom strand labelled Hind III/Nhe I restriction fragment
of pBR322. (a) Autoradiogram showing Maxam–Gilbert dimethyl sulfate–
piperidine mediated guanine specific cleavage (lane G), and DNase I
cleavage in the presence of no polyamine amide 1 (lane 1), 0.2 mm 1 (lane
2), 1.0 mm 1 (lane 3) and 5.0 mm 1 (lane 4). Protection sites are numbered 1
to 8 in the 5A to 3A direction of the bottom strand. (b) Sequence of restriction
fragment corresponding to the autoradiogram. Numbered and underlined
sequences show protection sites; note that no protection was observed at
italicised sequences.
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133 and 134, 5A-GpG..5A-CpC in a sequence corresponding to
base pairs 125 to 142) and site 2 (intercalation site between base
pairs 142 and 143, 5A-ApG..5A-CpT, in a sequence correspond-
ing to base pairs 134 to 151). Molecular dynamics simulations
of the interactions of 1 with each site were performed in the
AMBER4.1 forcefield using similar conditions to those de-
scribed elsewhere.12 Simulations were performed for 800 ps and
the DNA motion was frozen throughout the calculations.12 The
ligand was initially positioned about 20 Å from the DNA,
allowing it to move to the DNA, bind and then intercalate from
either groove with a random orientation of the polyamine
moiety.12

In Fig. 2 we show the results of these simulations. The data
shown in the upper panels of Fig. 2(a) and (b) are the distances
of the polyamine moiety to the phosphodiesters of each
intercalation site, using, at each time point, the phosphate in
each strand closest to the ‘centre’ of the polyamine (defined as
the midpoint of the two secondary amines). In the lower panels,
the distance from the centre of the acridine (pyridine) ring to the
C1A atoms of the deoxyriboses of each intercalation site, using,
at each time point, the C1A atom of each strand closest to the
acridine centre. Following intercalation (after 300 ps for site 3
and 100 ps for site 2, from the major groove for each site), the
acridine moiety remains closer to the homopurine strand for
both sites. Conversely, whilst the acridine moiety is interca-
lated, the polyamine interacts only with the homopyrimidine
strand for both sites.

This asymmetric intercalation binding geometry of the
acridine moiety, stacked between two purine bases, and the

concurrent polyamine location on the homopyrimidine phosp-
hodiester backbone, provides a clear explanation of our DNase
I protection data. Acridine and spermine show but small DNA
sequence selective binding (see above), and neither molecule
alone apparently exhibits the kind of sequence specificity
shown by polyamine amide 1. Based on computer simulation,
this specificity seems to arise from acridine binding, and the
polyamine plays the role of ‘reporting’ the specificity by
binding to the homopyrimidine backbone and blocking DNase
I cleavage. However, it is possible that the polyamine moiety
plays a more direct role in determining the sequence selectivity
of 1, and we are currently synthesizing analogues of 1 to
investigate this possibility further.
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Notes and References

† E-mail: ihaworth@hsc.usc.edu
‡ Polyamine amide 1 was synthesized using N1-mono-Boc-spermine14

starting with spermine (free base) and Boc2O (THF, 0–25 °C, 14 h, 54%
after flash silica gel chromatography). Acylation with acridine-9-carboxylic
acid [DCC (1.5 equiv.), cat. HOBt (0.05 equiv.), 48 h, DMF, 25 °C] afforded
the desired mono-Boc protected conjugate as a viscous yellow oil (48%
after flash silica gel chromatography). Deportection (TFA, 0 °C, 1 h) of the
primary amine gave 1 as its poly-TFA salt, a yellow solid (100%) after
lyophilisation.
§ The 197 base pair Hind III / Nhe I restriction fragment of pBR322 was
labelled on the 3A-end of the bottom strand at the Hind III site (making base
34 the 3A-end of the bottom strand) with a-[32P]dATP and reverse
transcriptase (ref. 15). The labelled fragment was isolated, purified (PAGE,
6% non-denaturing gel), eluted from the gel with Tris–EDTA (TE) buffer
(10 mm Tris, 0.1 mm EDTA, pH 8.0), precipitated with EtOH and
redissolved in TE buffer. DNA footprinting with polyamine amide 1
(0.2–25.0 mm) was performed using DNase I (0.01 units ml21) at 25 °C (4
min, 2 mm MgCl2, 2 mm MnCl2, 20 mm NaCl, pH 7.5). The reaction was
stopped using 80% formamide (5 ml) and cleavage products identified by
co-electrophoresis with Maxam–Gilbert G-specific cleavage products on a
denaturing gel (6% acrylamide, 8 m urea, 1500 V, 2 h).
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Fig. 2 Simulations of polyamine amide 1 with 18-mer DNA molecules
having (a) a central 5A-GpG..5A-CpC intercalation site (site 3) and (b) a
central 5A-ApG..5A-CpT intercalation site (site 2), showing in the upper
panels of (a) and (b) the polyamine contact distances to the phosphates of
the respective homopyrimidine and homopurine backbones, and in the
lower panels the acridine contact distances to the C1A atoms of the same
backbones
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Routine determination of molecular crystal structures from powder diffraction
data

William I. F. David,*a† Kenneth Shanklanda and Norman Shanklandb

a ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, UK OX11 0QX 
b Department of Pharmaceutical Sciences, University of Strathclyde, Glasgow, UK G1 1XW 

The state of the art in determining molecular crystal
structures from powder diffraction data using a global
optimisation method is illustrated with a fast, automated
simulated annealing approach to solving the previously
unknown crystal structures of capsaicin, thiothixene and
promazine hydrochloride.

The routine structure determination of molecular materials from
single-crystal diffraction data is one of the principal triumphs of
crystallography. In contrast, structure determination from
powder diffraction data is problematic, hampered as it is by the
severe loss of information arising from Bragg peak
overlap. Here, we present a fast, automated, simulated anneal-
ing approach to the problem that provides a significant
alternative to direct methods usually employed in attempts to
solve structures from powder diffraction data.1

X-Ray diffraction data were collected for the compounds
illustrated in Fig. 1 at 100 K on BM16 of the European
Synchrotron Radiation Facility2 (l = 0.6528 Å), and the
structures solved as follows. The position, orientation and
conformation of an entire molecule in the refined unit cell were
postulated and the level of agreement between the trial structure
and the experimental diffraction data quantified by:3

c2 = S
h
S
k
[(Ih2 cıFhı

2)(V21)hk(Ik2 cıFkı
2)]

where Ih and Ik are Lorentz-polarisation corrected, extracted
integrated intensities from a Pawley refinement4 of the
diffraction pattern, Vhk is the covariance matrix from the Pawley

refinement, c is a scale factor, and ıFhı and ıFkı are the
structure factor magnitudes calculated from the trial structure.

The trial structure was subjected to a global optimisation in
which torsion angles were the only internal degrees of freedom
(Fig. 1) and bounds on the external degrees of freedom (three
fractional coordinates for position and four quaternions for
orientation5) were derived from the Euclidean normalisers of
the relevant space groups.6 Finally, the structure solutions
obtained at the end of the simulated annealing runs were
verified by Rietveld refinements7 in which only scale and
overall temperature factors were refined.

The method presented here has two distinctive elements.
Firstly, the correlated integrated intensities figure-of-merit is
formally equivalent to, but calculated typically two orders of
magnitude faster than, the agreement factors used by others8–10

that operate via a point-by-point comparison with the measured
diffraction pattern. Secondly, the simulated annealing protocol
contains a novel combination of elements that facilitate global
searching of the complex multi-dimensional parameter space.
These include a temperature reduction that cools more slowly if
the c2 fluctuations (cf. heat capacity) are large, the capacity to
generate random mutations (cf. a genetic algorithm approach3)
and an algorithm to generate new parameter sets that samples
the neighbouring parameter space efficiently whilst allowing
large perturbations with an exponentially decreasing probabil-
ity.

High quality solutions were obtained with ease for all three
structures (Table 1), with remarkably good agreement between
the observed and calculated diffraction patterns (Fig. 2). This
close agreement arises from the ability of the simulated
annealing algorithm to ‘fine tune’ both the internal and external

Fig. 1 Capsaicin I is the ‘hot’ component of chilli peppers. Promazine
hydrochloride II and thiothixene III are tranquillisers. Internal degrees of
freedom (indicated by the arrows) are 0–360° in every case, except for
H–N–CNO in capsaicin, where the range 160–200° was sampled. The
configurations around the CNC bonds in capsaicin and thiothixene were
fixed as shown, in accordance with prior chemical knowledge, and the
piperazine ring fixed in a chair conformation. The molecules have six, nine
and five external degrees of freedom respectively.

Table 1 Refined unit cells, extracted intensity information and final c2 for
the compounds shown in Fig. 1a

Compound

Capsaicin I Promazine HCl II Thiothixene III

Space group P21/c P21/c P21

a/Å 12.2234(1) 11.8081(2) 10.1471(4)
b/Å 14.7900(1) 11.4895(3) 8.6883(1)
c/Å 9.4691(1) 13.4270(2) 13.6806(3)
b/° 93.9754(3) 111.722(1) 110.650(1)
2q Data/° 2.7–22.5 3.0–20.0 2.5–20.4
Res./Å 1.67 1.88 1.84
Nref 379 271 216
td/min 40 8 9
c2

Paw 13.05 3.70 9.43
c2

Riet 51.19 5.03 63.74
ts/min 1860 112 205

a Nref = Number of reflections in the data range shown. c2
Paw = Chi-

squared for the Pawley type fit to the data range shown. c2
Riet = Chi-

squared for the Rietveld fit of the output simulated annealing model to the
data range shown, with only scale and overall temperature factor refined.
Res = Maximum spatial resolution of data. td = Data collection time over
the specified range. ts = Time to simulated annealing solution (DEC
Alphastation 500/500).
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degrees of freedom. Equally remarkable, given the limited
spatial resolution of the data, is the agreement between the
simulated annealing solution for capsaicin and a 0.7 Å
resolution single-crystal structure determined subsequently in
order to validate the simulated annealing approach (Fig. 3).

A combination of factors make the simulated annealing
approach attractive as a method for structure determination: (a)
the method works well on relatively low spatial resolution data,
opening the way to rapid data collections (Table 1), (b) input
models are easily constructed in internal coordinates using
standard bond lengths and angles, (c) the process is entirely
structure factor driven and thus no intra- or inter-molecular
distance or energy checks are needed, and (d) the agreement
factor is quick to calculate, leading to the rapid evaluation of the
correct solution. In the case of capsaicin, structures were
evaluated at a rate of ca. 150 per second. On smaller molecules,
rates in excess of 1000 structure evaluations per second have
been achieved. Ongoing optimisation of the goodness-of-fit c2

evaluation code promises to increase this rate still further.
In conclusion, we have demonstrated a very powerful method

for solving molecular crystal structures from powder diffraction
data. Although the experimental data were collected at a
synchrotron source, the ability to solve structures reliably with
data extending to resolutions of only ≈ 1.8 Å means that the
approach will also be applicable to data collected on laboratory-
based X-ray diffractometers. Approximately 77% of organic
structures reported in the Cambridge Structural Database11 have
fewer atoms than thiothixene. It follows that the approach
should have broad applicability in molecular crystal structure
analysis.

We thank Dr Andy Fitch of the ESRF for setting up BM16,
Dr Chris Frampton of Roche Drug Discovery for determining
the single-crystal structure of capsaicin, and Dr Joel Oliver of
Procter and Gamble for helpful discussions regarding the
structure of capsaicin.
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Fig. 2 Calculated (—) and observed (·) diffraction data for promazine
hydrochloride II, with the crucial higher angle (i.e. higher spatial resolution)
region shown. The calculated pattern is the result of a Rietveld refinement
of the simulated annealing solution in which only the scale factor and
overall temperature factor were refined. The atomic coordinates obtained
from the simulated annealing algorithm were not refined.

Fig. 3 The solved crystal structure of capsaicin I output directly from the
simulated annealing algorithm, with the single-crystal solution shown
overlaid in bold. The minimum, maximum and mean distances between
pairs of corresponding capsaicin atoms are 0.045, 0.418 and 0.150 Å,
respectively.
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Diastereoselective intramolecular nitroaldol entry to lycoricidine alkaloids

James McNulty*† and Ruowei Mo

Department of Chemistry, Brock University, St. Catharines, Ontario, Canada L2S 3A1

The alumina promoted 6-exo-trig intramolecular nitroaldol
cyclization described proceeds in a highly diastereoselective
manner via a proposed chelation controlled chair-like
transition state, the major diastereomer having the correct
relative configuration at three stereocentres as observed in
the pancratistatin series of antitumor agents, in contrast to
prior literature cyclization methods.

Nitroalkenes are valuable synthetic intermediates by virtue of
their high reactivity and umpolung nature compared to carbonyl
and amino substrates, to which they may be subsequently
converted. They are highly reactive as Michael acceptors in
conjugate addition processes1 and dienophiles in Diels–Alder
cycloadditions,2 in addition to undergoing other valuable
transformations.3 Nitroalkenes are therefore valuable inter-
mediates for the preparation of compounds of biological
interest. Seebach has made extensive use of their high reactivity
as Michael acceptors1 and described applications towards the
synthesis of alkaloids.4 One attractive annulation strategy
(Scheme 1) involves a combination Michael addition of a
dianion onto the nitroalkene followed by subsequent intra-
molecular nitroaldol cyclization onto an appropriately function-
alized carbonyl-containing side chain. This methodology has
been applied towards the preparation of deoxylycorinone
derivatives.4 Other routes to lycoricidine-type alkaloids utiliz-
ing nitroalkenes have also been reported.5

In consideration of the structure of the valuable anticancer
alkaloids pancratistatin 4 and trans-dihydrolycoricidine 5,6 the
development of an intramolecular nitroaldol cyclization ex-
hibiting alternative diastereoselectivity to that of the base
promoted example described above would be of great value. We

are currently addressing the issue of the nature of the C-ring
hydroxy substituents of compounds 4 and 5 with respect to the
anticancer pharmacophore and require a means of access to
deoxy derivatives of 5. The observation that the three
substituents on the cyclohexane C-ring at positions 4, 4a and
10b‡ in the desired natural diastereomeric series lie in
equatorial positions led us to consider the possibility of a
chelation controlled intramolecular nitroaldol cyclization as a
means of controlling the relative stereochemistry. We now
report a neutral alumina promoted nitroaldol cyclization that
provides the desired diastereoselectivity.

Michael addition of the copper–zinc reagent7 derived from
ethyl 4-bromobutyrate 6 (Scheme 2) to the piperonal derived
nitroalkene 1 proceeded cleanly to give the ester 7. Selective
reduction of the ester with DIBAL-H gave aldehyde 8, the key
substrate for the intramolecular nitroaldol. Our analysis of the
possibility of a chelation controlled chair-like transition state

Scheme 1

Scheme 2 Reagents and conditions: i, Zn, LiI (0.25 equiv.), DMF, 75 °C, 5
h; then CuCN (1 equiv.), LiCl (2 equiv.), THF, 0 °C, 5 min; cool to 278 °C,
then 1, 278 to 0 °C, 5 h, 81%; ii, DIBAL-H (1.3 equiv.), CH2Cl2, 278 °C,
5 h; iii, Activity 1 (Brockmann) alumina, 20 °C, 48 h, 71% from 7; iv,
TBDMSCl (1.3 equiv.), imidazole (2.5 equiv.), DMF, 20 °C, 24 h, 96%; v,
Raney Ni, 650 psi H2, MeOH, 20 °C, 4 h, 100%; vi, ClCO2Me (1.5 equiv.),
0 °C, CH2Cl2, Et3N, 5 h, 96%; vii, Ac2O, FeCl3 (0.2 equiv.), 0 °C , 10 min,
85%; viii, Tf2O (5.0 equiv.), DMAP (3.0 equiv.), CH2Cl2, 0–15 °C, 15 h;
then 2 m HCl (aq.), THF, 18 °C, 14 h, then Ac2O, DMAP, Et3N, 0–18 °C,
12 h, 85%; ix, NaOMe (1.1 equiv.), THF–MeOH, 0–18 °C, 12 h, 96%
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(Fig. 1) for the intramolecular cyclization in conjunction with
earlier reports8a,b on basic alumina promoted intermolecular
nitroaldol reactions led to the following procedure. Aldehyde 8
was dissolved in CH2Cl2 and treated with neutral alumina at
ambient temperature while solvent was removed under a
nitrogen flow. Clean cyclization slowly occurred giving two
diastereomers, 9 and 10, in the ratio of 95 : 5. Importantly, no
dehydration is observed when neutral alumina is employed at
room temperature; however simply warming to 40 °C can result
in the formation of nitroalkenes.8a Separation of the compounds
was readily achieved (neutral alumina, CH2Cl2–MeOH, 95 : 5)
and to our delight the major isomer proved to be 9, as evidenced
by 1H NMR analysis (H-4a d 4.45, dd, J = 11.2, 9.8 Hz). The
high diastereoselectivity observed is consistent with the transi-
tion state model we propose in which an alumina–nitronate
bischelated intermediate undergoes intramolecular cyclization
via a late, chair-like transition state in which all developing
substituents occupy equatorial-like positions. This model
should prove useful in the prediction of diastereoselectivity in
related 6-exo-trig nitroaldol reactions.

The utility of this diastereoselective cyclization was demon-
strated by elaboration of the nitroaldol product 9 (Scheme 2) to
lycoricidine analogue 15 retaining the desired natural ster-
eochemistry. The alcohol of 9 was first protected§ to give the
silyl ether 11, which was quantitatively reduced over Raney Ni
and protected to give the carbamate 12. Attempts to cyclize this
silyl protected carbamate by the method of Banwell9 failed due
to the instability of the TBDMS group under the cyclization
conditions. The protecting group was therefore changed using
the one-pot procedure of Ganem10 providing the acetate 13,
which was cyclized9 to give the tetracycle 14. The yield on the
Bischler–Napieralski cyclization was optimized by extending
the hydrolysis time to 14 h, and employing an aqueous HCl–
THF mixture instead of the reported aqueous AcOH. This also
resulted in a small amount of acetate hydrolysis, as was
observed under Banwell’s conditions.9 An overall yield of 85%
of 14 could be realized from 13 when a final re-acetylation step
was employed. Banwell’s cyclization protocol is clearly more
efficient than earlier methods in effecting this key transforma-
tion.9 Finally, clean removal of the acetate protecting group
provided us with the desired analogue 2,3-dideoxy-trans-
dihydrolycoricidine 15.

The diastereoselective nitroaldol cyclization described above
provides a valuable access to deoxy derivatives of alkaloids 4
and 5, both of which exhibit a high degree of anticancer
activity,6 having the correct relative stereochemistry at key
positions C-4, C-4a and C-10b. Alkaloid 5 is currently the
simplest known derivative that exhibits the full spectrum of
anticancer activity.6 The chemistry reported allows access to the
simplified C-ring analogue 15, lacking two hydroxy groups
from 5, which will provide valuable information concerning the
pharmacophore of these alkaloids.

Further modifications of the C-ring based on the proposed
transition state model and anticancer evaluation is currently in
progress and will be reported shortly.

Financial support of this work by the National Science and
Engineering Research Council of Canada, by a Cottrell Scholar
award from Research Corporation (to J. McN) and by a Brock
University SEED grant is gratefully acknowledged. We thank
Mr Tim Jones for conducting mass spectral and 2D NMR
analyses and the referees for valuable comments.
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Chiral diiminophosphoranes: a new class of ligands for enantioselective
transition metal catalysis

Manfred T. Reetz,*† Edward Bohres and Richard Goddard

Max-Planck-Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Mülheim/Ruhr, Germany 

Chiral diamines such as (1R,2R)-1,2-diaminocyclohexane or
R-2,2A-diamino-1,1A-binaphthalene can be converted into the
corresponding diimino(triphenyl)phosphoranes, which
serve as C2-symmetric ligands for enantioselective transition
metal catalyzed reactions such as copper-mediated
cyclopropanations.

Chiral nitrogen-containing compounds are gaining increasing
importance as ligands in enantioselective transition metal
catalyzed reactions.1 Although iminophosphoranes2 of the
general structure R3PNNRA possess a donor position at the
nitrogen function capable of metal complexation,3 chiral
versions have not been prepared to date. Since iminophos-
phoranes are readily available from the corresponding primary
amines RANH2, we envisioned a simple route to chiral chelating
diiminophosphoranes and their possible use as ligands in
enantioselective transition metal catalyzed reactions. Here we
report the first examples of this concept.

Upon reacting the commercially available diamines 1 and 3
with Ph3PBr2 followed by base treatment according to a
literature procedure (modified by working in the presence of
molecular sieves),4 compounds 2 and 4 were obtained in yields
of 82 and 75%, respectively.

Ligands 2 and 4 are crystalline compounds, which were
characterized by standard methods, including 31P NMR spec-
troscopy (d20.5 and 24.6, respectively, in CD2Cl2) and X-ray
crystallography‡ (Fig. 1). The effect of the crystal environment
appears to have a more significant effect on 2 than 4, since
whereas 4 exhibits exact C2 symmetry in the crystal [N···N*
3.617(8) Å], even in spite of the presence of solvent of
crystallization, in 2 the local C2 symmetry is restricted to the
cyclohexane ring and the two nitrogen atoms [N(1)···N(2)
3.770(2) Å].

These two chiral ligands are suitable for preparing a wide
variety of new types of transition metal complexes. Indeed, the
complexes 2·Rh(cod)BF4, 2·CoCl2 and 4·CuOTf were readily
synthesized in yields of ca. 80% by reacting the corresponding
ligands with [RhCl2(cod)]2 (followed by NaBF4), CoCl2(thf)x or
CuOTf, as appropriate. The crystal structures of 2·Rh(cod)BF4
and 2·CoCl2 confirm the flexibility of the diimino(triphenyl)-
phosphorane ligand (Fig. 2). Thus, whereas the iminophosphor-

ane groups in the free ligand (2) occupy diaxial positions, in the
complexed ligand both groups are equatorial, presumably
enabling the N atoms to accommodate the metals
[2·Rh(cod)BF4 N···N 2.665(6) Å, N–Rh–N 77.3(3)°; 2·CoCl2
N···N 2.75(2) Å, N–Co–N 85.6(6)°]. In addition, the extent of
the C2 symmetry induced by the ligand strongly depends on the
coordination sphere of the metal. In 2·Rh(cod)BF4 the approx-
imately square-planar coordinated Rh atom deviates strongly
(2.818 Å) from the local C2 symmetry of the iminocyclohexane
ring (dashed line, Fig. 2, left). In 2·CoCl2, on the other hand, the
loss of symmetry is much smaller and distorted tetrahedral Co
lies approximately (±0.2 Å) on the local C2 axis of symmetry
(dashed line, Fig. 2, right).

Preliminary studies using these chiral metal complexes for
enantioselective catalysis have also been undertaken. Particul-
arly worthy of note is the copper catalyzed cyclopropanation5 of
styrene 5 by ethyl diazoacetate 6 using the complex 4·CuOTf
(1.5 mol%) as the catalyst (Scheme 2). Adducts 7 and 8 were

Scheme 1

Fig. 1 Molecular structures of 2 (left) and 4 (in 4 the CD2Cl2 solvent of
crystallization has been removed for clarity)

Fig. 2 Molecular structures of the [2·Rh(cod)]+ cation in 2·Rh(cod)BF4

(left) and 2·CoCl2. Dashed lines indicate local C2 symmetry.
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formed in equal amounts, each having an enantiomeric excess
(ee) of 90 and 74% in favour of the absolute configurations
(S,R) and (R,R), respectively.§

In summary, we have developed a new and readily accessible
class of chiral nitrogen containing ligands for asymmetric
transition metal catalysis. The possibility of varying the
substituents of phosphorus and/or utilizing other chiral dia-
mines or functionalized amines is currently being explored.
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‡ Crystal data: 2: C42H40N2P2, Mr = 634.7, colourless plate, crystal size
0.32 3 0.60 3 0.88 mm, a = 11.3778(2), b = 8.7847(2), c = 17.5062(3)
Å, b = 103.296(1)°, U = 1702.85(6) Å3, T = 100 K, monoclinic, space
group P21 (no. 4), Z = 2, Dc = 1.24 g cm23, m = 0.16 mm21. Siemens
SMART diffractometer, Mo-Ka X-radiation, l = 0.710 73 Å. 19 124
measured reflections, 9573 unique, 9288 observed [I > 2.0s(Fo

2)]. The
structure was solved by direct methods (SHELXS-86) and refined by full-
matrix least squares (SHELXL-97) on F2 for all data with Chebyshev
weights to R = 0.059 (obs.), wR = 0.160 (all data), S = 1.05, H atoms
riding, max. shift/error 0.001, residual rmax = 0.968 e Å23.

4·CD2Cl2: C57H42Cl2D2N2P2: Mr = 889.8, yellow prism, crystal size
0.28 3 0.39 3 0.46 mm, a = 10.703(1), b = 18.868(2), c = 22.522(2) Å,
U = 4547.9(8) Å3, T = 100 K, orthorhombic, space group C2221 (no. 20),
Z = 4, Dc = 1.30 g cm23, m = 0.26 mm21. Enraf-Nonius CAD4
diffractometer, Mo-Ka X-radiation, l = 0.710 69 Å. 2568 measured
reflections, 2051 observed [I > 2.0s(Fo

2)]. The structure was solved by
direct methods (SHELXS-86) and refined by full-matrix least squares
(SHELXL-97) on F2 for all data with Chebyshev weights to R = 0.074
(obs.), wR = 0.231 (all data), S = 1.04, H atoms riding, solvent CD2Cl2
disordered over two positions, max. shift/error 0.001, residual rmax = 0.633
e Å23.

2·Rh(cod)BF4: C50H52BF4N2P2Rh, Mr = 932.6, orange prism, crystal
size 0.35 3 0.52 3 0.59 mm, a = 13.732(2), b = 16.915(2), c = 19.222(3)

Å, U = 4465(1) Å3, T = 293 K, orthorhombic, space group P212121 (no.
19), Z = 4, Dc = 1.39 g cm23, m = 0.51 mm21. Enraf-Nonius CAD4
diffractometer, Mo-Ka X-radiation, l = 0.710 69 Å. 5746 measured
reflections, 5619 unique, 5114 observed [I > 2.0s(Fo

2)]. Analytical
absorption correction (Tmin 0.7769, Tmax 0.9805). The structure was solved
by direct methods (SHELXS-86) and refined by full-matrix least squares
(SHELXL-97) on F2 for all data with Chebyshev weights to R = 0.059
(obs.), wR = 0.151 (all data), S = 1.03, H atoms riding, max shift/error
0.001, residual rmax = 1.681 e Å23.

2·CoCl2·3CH2Cl2: C45H46Cl8CoN2P2, Mr = 1019.3, blue prism, crystal
size 0.35 3 0.42 3 0.62 mm, a = 24.447(1), b = 9.8142(4), c = 40.257(2)
Å, b = 99.710(2)°, U = 9520.1(8) Å3, T = 100 K, monoclinic, space group
C2 (no. 5), Z = 8, Dc = 1.42 g cm23, m = 0.91 mm21. Siemens SMART
diffractometer, Mo-Ka X-radiation, l = 0.710 73 Å. 48 840 measured
reflections, spherical absorption correction, 20 400 unique, 13 253 observed
[I > 2.0s(Fo

2)]. The structure was solved by direct methods (SHELXS-86)
and refined by full-matrix least squares (SHELXL-97) on F2 for all data
(Co, Cl, P anisotropic) with Chebyshev weights to R = 0.086 (obs.),
wR = 0.199 (all data), S = 1.07, H atoms riding, max. shift/error 0.001,
residual rmax = 0.998 e Å23. CCDC 182/796.
§ Procedure: a catalyst solution of 4·CuOTf was prepared by mixing 1
equiv. of a copper(i) triflate benzene complex with 1.2 equiv. of ligand 4 in
dry CH2Cl2 under an atmosphere of argon. A Schlenk tube was charged with
1.0 ml of a 0.015 m catalyst solution, freed from the solvent in vacuo and
charged with styrene (1.0 ml of a 1.0 m solution in 1,2-dichloroethane). The
mixture was cooled to 220 °C and treated with 6 (3 mmol in 3 ml of
1,2-dichloroethane) within 3 h using a syringe pump. The mixture was
analyzed by GC (80% conversion).

1 A. Togni and L. M. Venanzi, Angew. Chem., 1994, 106, 517; Angew.
Chem., Int. Ed. Engl., 1994, 33, 497; A. Pfaltz, Acc. Chem. Res., 1993, 26,
339.

2 A. W. Johnson and W. C. Kaska, Ylides and Imines of Phosphorus,
Wiley, New York, 1993.

3 E. W. Abel and S. A. Mucklejohn, Inorg. Chim. Acta, 1979, 37, 107;
P. Imhoff, C. J. Elsevier and C. H. Stam, Inorg. Chim. Acta, 1990, 175,
209; R. W. Reed, B. Santarsiero and R. G. Cavell, Inorg. Chem., 1996,
35, 4292; R. Appel and P. Volz, Z. Anorg. Allg. Chem., 1975, 413, 45.

4 K.-W. Lee and L. A. Singer, J. Org. Chem., 1974, 39, 3780.
5 Recent review: V. K. Singh, A. DattaGupta and G. Sekar, Synthesis,

1997, 137.
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Synthesis of characteristic lipopeptides of lipid modified proteins employing
the allyl ester as protecting group

Thierry Schmittberger, Alain Cotté and Herbert Waldmann*†

Universität Karlsruhe, Institut für Organische Chemie, Richard-Willstätter-Allee 2, D-76128 Karlsruhe, Germany 

Lipidated peptides which represent characteristic lipid
modified substructures of lipidated human GaO protein and
the human N- and R-Ras proteins were built up efficiently
by employing the selective Pd0-mediated removal of allyl
esters under very mild conditions as the key step.

Lipid modified proteins are critically involved in biological
signal transduction.1 Thus, the transmembrane G protein
coupled receptors are S-palmitoylated, their downstream effec-
tors, the heterotrimeric G proteins are N-myristoylated,
S-palmitoylated and S-farnesylated, the H- and the N-Ras
proteins carry palmitoyl and farnesyl groups and the R-Ras
protein is palmitoylated and geranylgeranylated. For the proper
execution of their biological functions the correct lipidation of
these classes of proteins is paramount.2–4

For the study of the biological significance of lipidated
proteins, in particular their possible roles in signal transduction
processes, lipidated peptides that contain the characteristic
structural elements of their parent proteins are very useful
reagents.5,6 Therefore, the development of efficient methods for
the construction of lipidated peptides is of particular interest.
However, the thioesters present in these peptide conjugates are
readily hydrolyzed at pH > 7 and may be lost via base-mediated
b-elimination; also the double bonds present in farnesyl and
geranylgeranyl groups are attacked under acidic conditions.7,8

Consequently, protecting groups have to be employed that can
be removed under neutral conditions.5,8 We now report that
characteristic lipidated peptides which represent lipid modified
substructures of lipidated proteins can efficiently be built up by
employing the allyl ester9 as a protecting group.

In order to construct the N-myristoylated and S-palmitoylated
N-terminus 7 of a human GaO protein which embodies the
characteristic Myr-Gly-Cys(Pal)-AA-AA-Ser/Thr-AA motif
found in many G proteins,10 cystine bisallyl ester 1 was coupled
with N-myristoylglycine and after reductive cleavage of the
disulfide bond the liberated mercapto groups were
S-palmitoylated to give the protected thioester 2 (Scheme 1).
From 2 the allyl ester was removed with complete selectivity in
high yield by Pd0-mediated transfer of the allyl group to
morpholine as the accepting nucleophile. Subsequent elonga-
tion of the peptide chain by the dipeptide 4 yielded a lipidated
tetrapeptide allyl ester from which the allyl group was also
cleaved to give the selectively unmasked lipotetrapeptide 5 in
high yield.‡ Further extension of the peptide chain by the
dipeptide allyl ester 6 and final Pd0-mediated removal of the
allyl group delivered the desired myristoylated and palmitoyl-
ated N-terminal G protein fragment 7. The three allyl ester
cleavages performed in this sequence proceeded with complete
selectivity and without any undesired side reactions. The
conditions of the noble-metal complex mediated allyl transfer
are so mild that neither an attack on the base-sensitive thioester
nor a base-induced b-elimination of the palmitoyl group
occurred.

By means of this advantageous technique also the S-palmi-
toylated and S-geranylgeranylated C-terminus 14 of the human
R-Ras protein11 was efficiently built up (Scheme 2). To this end,
the S-palmitoylated cysteinyl tripeptide allyl ester 8 was
synthesized from (BocGlyGlyCysOAll-S)2 by reductive cleav-

age of the disulfide and S-acylation, as described for 2 in
Scheme 1 [the cystinyl precursor was built up from BocGly-
GlyOH and cystine bis(allyl ester) by peptide coupling]. In this
case 1,3-dimethylpyrimidine-2,4,6-trione (N,NA-dimethylbar-
bituric acid) 912 was employed as accepting C-nucleophile in
the Pd0-mediated reaction. The C-terminal deprotection pro-
ceeded smoothly to give the desired carboxylic acid 10 in high
yield. Elongation of the peptide chain by proline allyl ester 11
and a further Pd0-mediated allyl ester cleavage in the presence
of 9 delivered the S-palmitoylated tetrapeptide carboxylic acid
12 in high yield.‡ Finally, the synthesis was completed by
coupling of 12 with S-geranylgeranylated cysteine methyl ester
13 to give the desired R-Ras peptide 14.

Scheme 1 Reagents and conditions: i, Myr-Gly-OH, EEDQ, NEt3, CH2Cl2,
PriOH; ii, DTT, NEt3, CH2Cl2; iii, palmitoyl chloride, DMAP, NEt3,
CH2Cl2; iv, Pd(PPh3)4, morpholine, THF; v, H-Thr-Leu-OAll 4, EDC,
HOBt, CH2Cl2; vi, H-Ser-Ala-OAll 6, EDC, HOBt, CH2Cl2

Scheme 2 Reagents and conditions: i, Pd(PPh3)4, 9, THF; ii, ProOAll 11,
EDC, HOBt, CH2Cl2; iii, Cys(GerGer)OMe 13, EDC, HOBt, CH2Cl2
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In a third application the S-palmitoylated and S-farnesylated
C-terminus 20 of the human N-Ras protein11 was built up by
employing the Pd0 mediated cleavage of allyl esters as the key
step (Scheme 3). In order to construct this molecule, the
S-palmitoylated allyl ester 15 was deprotected in high yield to
give the selectively unmasked S-palmitoylated dipeptide 16.
Coupling with the tripeptide 17 and subsequent allyl transfer to
9 yielded the pentapeptide carboxylic acid 18 in an efficient
manner.‡ A chain elongation with proline allyl ester 11, a
further allyl removal and subsequent coupling with S-farnesyl-
ated cysteine methyl ester 19 delivered the N-Ras peptide 20.

All Pd0-catalyzed allyl ester cleavage reactions proceeded
without any undesired side reaction. In no case could a
b-elimination or a nucleophilic attack on the activated thioesters
be observed.

The use of the allyl ester blocking function thus makes
sensitive lipidated peptides available in an efficient manner
which up to now has only been matched by enzymatic
protecting techniques proceeding under extremely mild condi-
tions.8 This useful strategy readily gives access to further
functionalized lipidated peptides.

This work was supported by the Deutsche Forscungs-
gemeinschaft and the Fonds der Chemischen Industrie.

Notes and References

† E-mail: waldmann@ochhades.chemie.uni-karlsruhe.de
‡ General procedure. To a solution of the peptide allyl ester (1 mmol) in
THF or CH2Cl2 (30 ml) under Ar was added Pd(PPh3)4 (0.01 equiv.) and
morpholine or 9 (1.2 equiv.). The solution was stirred at room temperature
for 30–60 min. If morpholine was used as the nucleophile the solution was
extracted with 10 ml of 1 m HCl and 10 ml of brine. The organic layer was
dried with MgSO4, the solvent was evaporated in vacuo and the product was
isolated from the residue by flash chromatography on silica gel.

According to this procedure 5, 12 and 18 were obtained.
Selected data for 5: 84%; mp 127–131 °C; Rf 0.56 [CH2Cl2–MeOH–

AcOH 90 : 10 : 1 (v/v/v)]; [a]D
25
26 (c 0.5, DMF); dH(400 MHz, CD3OD)

0.86 (t, J 7, 6 H, Me Pal, Me Myr), 0.90 (d, J 5.5, 3 H, Me Leu), 0.94 (d, J
5.5, 3 H, Me Leu), 1.17 (d, J 6.3, 3 H, Me Thr), 1.23 (s, 44 H, 12 CH2 Pal,
10 CH2 Myr), 1.40–1.51 (m, 7 H, b-CH2 Pal, b-CH2 Myr, b-CH2 Leu, g-CH
Leu), 2.27 (t, J 8, 2 H, a-CH2 Myr), 2.55 (t, J 8, 2 H, a-CH2 Pal), 3.13 (dd,
J 14, J 8, 1 H, a-CH Cys), 3.23 (dd, J 14, 4, 1 H, b-CH Cys), 3.75 (d, J 17,
1 H, a-CH Gly), 3.95 (d, J 17, 1 H, b-CH Gly), 4.21 (t, J 5.8, 1 H, a-CH
Leu), 4.33 (d, J 3.5, a-CH Thr), 4.40 (dd, J 8, 4, 1 H, a-CH Cys), 4.40–4.47

(m, 1 H, b-CH Thr); dC(100.6 MHz, CD3OD) 14.15 (Me Pal, Me Myr),
18.79 (Me Thr), 21.65 (Me Leu), 22.79 (CH2 Pal, CH2 Myr), 23.00 (Me
Leu), 24.97 (g-CH Leu), 25.61 (CH2 Cys), 29.00–30.00 (12 CH2 Pal, 10
CH2 Myr), 32.04 (a-CH2 Pal), 36.22 (a-CH2 Myr), 40.71 (CH2 Leu), 44.10
(CH2 Cly), 51.67 (a-CH Leu), 54.45 (a-CH Cys), 58.53 (a-CH Thr), 67.25
(b-CH Thr), 170.53 (CNO), 170.79 (CNO), 175.41 (3 CNO), 201.22 (CNO,
thioester); m/z [FABMS (glycerol)] 842.1 [M + H]+. For 12: 70%; Rf 0.20
[EtOAc–MeOH: 7 : 3 (v/v)]; [a]D

25
229 (c 1.65, MeOH), mp 110–113 °C;

dH(400 MHz, CDCl3) 0.84 (t, J 6.7, 3 H, Me Pal), 1.19 (s, 24 H, 12 CH2 Pal),
1.41 (s, 9 H, 3 CH3 Boc), 1.52–1.64 (m, 3 H, b-CH2 Pal), 1.89–2.23 (m, 2
H, 2 CH2 Pro, CH2Me Pal), 2.51 (t, J 7.1, 2 H, a-CH2 Pal), 2.71–2.84 (m,
1 H, b-CH2 Cys), 3.32–3.48 (m, 1 H, b-CH2 Cys), 3.57–3.72 (m, 2 H, CH2N
Pro), 3.78–4.04 (m, 4 H, 2 CH2 Gly), 4.30–4.40 (m, 1 H, a-CH Cys),
5.05–5.12 (m, 2 H, NH urethane, a-CH Pro), 8.35–8.46 (m, 2 H, 2 NH). For
18: 79%; Rf 0.18 [EtOAc–MeOH 7 : 3 (v/v)]; [a]D

25
233 (c 1.25, CH3OH);

dH(400 MHz, CD3OD) 0.86 (t, J 6.6, 3 H, Me Pal), 0.94 (d, J 4.9, 6 H, Me
Leu), 1.23 (s, 24 H, 12 CH2 Pal), 1.44 (s, 9 H, 3 Me Boc), 1.51–1.76 (m, 3
H, b-CH2 Pal, g-CH Leu), 2.00–2.12 (m, 2 H, CH2Me Pal), 2.08 (s, 3 H, Me
Met), 2.17–2.25 (m, 2 H, g-CH2 Met), 2.50–2.57 (m, 4 H, a-CH2 Pal, b-CH2

Met), 3.25–3.34 (m, 2 H, b-CH2 Cys), 3.85–3.98 (m, 2 H, CH2 Gly),
4.05–4.22 (m, 2 H, CH2 Gly), 4.62–4.74 (m, 3 H, a-CH Cys, a-CH Leu,
a-CH Met); dC(100.6 MHz, CD3OD) 14.13 (Me Pal), 15.24 (Me Met),
21.89 (Me Leu), 22.69 (CH2 Pal), 22.90 (Me Leu), 24.80 (g-CH Leu), 25.60
(CH2 Pal), 28.42 (Me Boc), 29.29–31.40 (12 CH2 Pal), 31.91 (b-CH2 Cys),
41.21 (b-CH2 Leu), 43.15 (b-CH2 Cys), 44.04 (CH2 Gly), 44.32 (CH2 Gly),
79.99 (Cq Boc), 156.45 (CNO, urethane), 168.80 (CNO), 169.77 (CNO),
170.41 (CNO), 171.26 (CNO), 172.71 (CNO), 199.57 (CNO, thioester) (Calc.
for C39H71N5O9S2: C, 57.25; H, 8.75; N, 8.56. Found: C, 57.28; H, 8.97; N,
8.79%.)

1 P. J. Casey, Science, 1995, 268, 221; G. Milligan, M. Parenti and
A. J. Magee, TIBS, 1995, 181.

2 The H-, R- and K-Ras proteins can only transduce signals being passed
on to them from growth factor receptors when they are lipid modified:
S. E. Egan, R. A. Weinberg, Nature, 1993, 365, 781; M. S. Boguski and
F. McCormick, Nature, 1993, 366, 643.

3 The signalling via GPCRs (S. Moffet, B. Mouillac, H. Bonin and
M. Bouvier, EMBO J., 1993, 12, 349) and their corresponding
downstream G proteins (P. B. Wedegaertner and H. R. Bourne, Cell,
1994, 77, 1063) may be accompanied by the dynamic modification of
their palmitoyl thioesters.

4 The lipidated C-terminus of R-Ras was shown to associate with the
apoptosis suppressing proto-oncogene product Bcl-2, suggesting a role
for R-Ras in the regulation of programmed cell death (apoptosis):
M. J. Fernandez-Sarabia and J. P. Bischoff, Nature, 1993, 366, 274.

5 For a review, see K. Hingerding, D. Alonso-Dı́az and H. Waldmann,
Angew. Chem., 1998, 110, 716; Angew. Chem., Int. Ed. Engl., 1998, 37,
688.

6 H. Waldmann, M. Schelhaas, E. Nägele, J. Kuhlmann, A. Wittinghofer
and H. Schroeder, Angew. Chem., 1997, 109, 2334; Angew. Chem., Int.
Ed. Engl., 1997, 36, 2238.

7 P. Stöber, M. Schelhaas, E. Nägele, P. Hagenbuch, J. Retey and
H. Waldmann, Bioorg. Med. Chem., 1997, 5, 75.

8 For the synthesis of N-Ras lipopeptides by means of enzymatic
protecting group techniques, see M. Schelhaas, S. Glomsda, M. Hänsler,
H.-D. Jakubke and H. Waldmann, Angew. Chem., 1996, 108, 82;
Angew. Chem., Int. Ed. Engl., 1996, 25, 106; H. Waldmann and
E. Nägele, Angew. Chem., 1995, 107, 2425; Angew. Chem., Int. Ed.
Engl., 1995, 34, 2259.

9 S. Friedrich-Bochnitschek, H. Waldmann and H. Kunz, J. Org. Chem.,
1989, 54, 751.

10 S. M. Mumby, C. Kleuss and A. G. Gilman, Proc. Natl. Acad. Sci. USA,
1994, 91, 2800.

11 J. F. Hancock, A. I. Magee, J. E. Childs and C. J. Marshall, Cell., 1989,
57, 1167.

12 H. Kunz and J. März, Angew. Chem., 1988, 100, 1424; Angew. Chem.,
Int. Ed. Engl., 1988, 27, 1375.

Received in Glasgow, UK, 4th December 1997; 7/08749G

Scheme 3 Reagents and conditions: i, [Pd(PPh3)4, 9, THF; ii, MetGly-
LeuOAll 17, EDC, HOBt, CH2Cl2; iii, 11, EDC, HOBt, CH2Cl2; iv,
Cys(Far)OMe 19, EDC, HOBt, CH2Cl2
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Synthesis and crystal structures of low-valent binuclear vanadium complexes
using the tethering ligand m-xylylenebis(acetylacetonate) (m-xba22)

Peter J. Bonitatebus, Jr., Sanjay K. Mandal and William H. Armstrong*†

Department of Chemistry, Eugene F. Merkert Chemistry Center, Boston College, Chestnut Hill, MA 02167-3860, USA 

An intriguing structural type new to low-valent vanadium
chemistry and the binucleating ligand m-H2xba is exhibited
by the reported VIII dimers and the first structurally
characterized bis(acetylacetonate) ligated complex of VII.

Our interest in small molecule and organic functional group
reduction using low-valent vanadium species featured in an
anionic oxygen donor environment, as in the cases of carbox-
ylate1a and aryloxide,1b,c has prompted us to investigate
bis(acetylacetonates) as ligands in an attempt to synthesize
binuclear complexes capable of intramolecular substrate bind-
ing and activation. Di- and tri-valent vanadium acetylacetonates
are involved as undefined in situ intermediates in reactions
ranging from epoxide deoxygenations2 to dinitrogen uptake,3
yet curiously very few structurally defined examples of
bis(acetylacetonate) ligated VIII species have been reported.4
Structurally characterized complexes with acetylacetonate
bonded exclusively to VII remain unknown,4e although they
have been studied spectroscopically in solution.5 The flexible
m-xba22 limits intermetallic distances acting as a tether, and
should allow for a face-to-face approach of vanadia as observed
in the chemistry of CuII where a discrete cofacial binuclear
complex has been synthesized providing a cavity of well
defined size and shape [Cu···Cu, 4.908(2) Å]6 appropriate for
diatomic guest molecule incorporation (Fig. 1). Complexes of
this type potentially will serve to promote and catalyze
multielectron redox reactions, a strategy conceptually reminis-
cent of Collman’s cofacial dimetalloporphyrin approach.7

We sought to prepare binuclear vanadium assemblies
envisioning a target structure analogous to the CuII example,
whereby reducible small molecules could be intramolecularly
bound and activated. One obstacle in discrete dimer synthesis
expected was oligomerization for these six-coordinate metal
centers, yet here we report on the self-assembly and structures
of novel discrete binuclear paramagnetic VII and VIII complexes
exhibiting an intriguing ‘cage-like’ structural type new to low-
valent vanadium chemistry and the m-xba22 ligand system.
These compounds represent an important advance toward our
target structure.

The reaction of [VX3(thf)3]8 (X = Cl, Br) with 1 equiv. of the
disodium salt of m-H2xba,9 generated in thf using 2 equiv. of
NaH, proceeds at room temperature to produce complexes of
the general formula [V2X2(thf)2(m-xba)2] (X = Cl, 1, Br 2) in
65% yield for both cases.‡ These compounds do not oligo-
merize upon standing in dichloromethane or thf solution over
time, yet in the preparation of 1 and 2 insoluble precipitates

thought to be oligomeric in nature along with NaX are removed
by filtration. Complexes 1 and 2 were isolated as golden
yellow–brown crystalline materials from concentrated thf
solutions stored at 0 °C and were characterized by X-ray
crystallography. The IR spectra§ of 1 and 2 show a strong band
at 1559 cm21 indicative of b-diketonate moieties chelated to the
vanadia, along with two sets of doublets positioned at 867, 1020
and 918, 1065 cm21, assignable to nC–O–C stretching modes of
coordinated and free thf molecules respectively.10 The structure
of 1 is shown in Fig. 2.¶

The crystal structures of 1 and 2 revealed binuclear molecules
with crystallographically imposed inversion symmetry. Com-
pounds 1 and 2 are structurally analogous. The average
V–O(acac) bond length of 1 [1.961(3) Å] is in good agreement
with corresponding lengths of other rare acetylacetonates of VIII

[av. 1.964(3) Å4a and 1.989(4) Å4e]. Considering the conforma-
tion of m-xba22 in this structure, spanning the two vanadium
atoms with a V···V distance of just over 11.66 Å and an aromatic
ring-plane (centroids) separation of 5.366 Å, a structural
rearrangement will be required to obtain the optimal distance
for dual binding and activation of a small molecule. It is
anticipated that dimers 1 and 2 will serve as useful precursors in
establishing the desired strati conformation (see Fig. 1). Upon
reduction of 1 or 2 in solution to reactive (ii,ii) species a
structural change will be permitted to occur owing to rotational
freedom about the Cphenyl–Cbenzyl bond of the xylylene unit.

Our success with the synthesis of a discrete VII,II
2 dimer

compound [V2(tmeda)2(m-xba)2] 3 is very encouraging consid-
ering the intention of generating a lower-valent species from a
tethered VIII,III

2 assembly (1 or 2). Compound 3 was prepared in
a similar manner (53% yield) to 1 and 2 using instead
[VCl2(tmeda)2]11 as a starting material.‡ Intensely colored
midnight-blue X-ray quality crystals were isolated from
concentrated thf solutions after removal of insoluble precipi-
tates and NaCl by filtration, and cooling to 0 °C. The molecular
structure and selected dimensions for 3 are shown in Fig. 3.¶ A
structure similar to 1 and 2 was revealed with a V···V distance
of 11.444(1) Å and an aromatic ring-plane (centroids) separa-
tion of 5.426 Å, as dictated by the m-xba22 ligand orientation
which again is in an extended conformation. The remaining
sites are occupied by tmeda molecules. In comparing the
changes in the vanadium coordination sphere, a subtle lengthen-

Fig. 1. Structure of [Cu2(m-xba)2]6

Fig. 2. Structure of 1 showing 30% probability thermal ellipsoids and atom-
labeling scheme (hydrogen atoms are omitted for clarity). Selected bond
distances (Å) and angles (°): V(1)–O(1) 1.941(2), V(1)–O(2) 1.962(2),
V(1)–O(3) 1.985(2), V(1)–O(4) 1.955(2), V(1)–O(5) 2.097(2), V(1)–Cl(1)
2.366(1); O(1)–V(1)–O(2) 87.1(1), O(3)–V(1)–O(4) 85.4(1).
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ing of the V–O(acac) bonds is observed [V–Oav.: 1 1.961(3) Å,
3 2.033(9) Å] consistent with a decrease in oxidation state.
Compound 3 is, to our knowledge, the first example of a
structurally characterized bis(acetylacetonate) ligated complex
of VII. An X-band EPR spectrum§ in frozen (77 K) thf solution
displays an intense broad signal at g = 4 with no higher-field
absorbances detected under these conditions. The successful
preparation of a (ii,ii) dimer is of great interest considering the
application of precursors 1 and 2 toward strati target structure
synthesis via reduction and terminal halide removal.

Ongoing studies focus on testing the rearrangement propo-
sition described above in working toward a cofacial conforma-
tion. We are also interested in extending our investigations to
include bis(b-diketonates) with bridging groups other than the
m-xylylene framework.

Notes and References
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¶ Crystal data: 1·thf; C44H56Cl2O11V2, M = 989.763, monoclinic, space
group C2/c, a = 20.2285(4), b = 13.0235(2), c = 20.2383(4) Å,
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F(000) = 2240, m = 0.515 mm21, T = 183 K, l = 0.710 73 Å,
2qmax = 56.58°, 15 553 measured reflections on a Siemens SMART CCD
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correction). The structure was solved by direct methods and refined by
FMLS methods on F2 with statistical weighting, anisotropic displacement
parameters for all non-hydrogen atoms (except those of the disordered thf
solvent molecule), constrained isotropic H atoms to give RA = {S[w(Fo

22

Fc
2)2]/S[w(Fo

2)2]}1/2 = 0.0771 on all data, conventional R1 = 0.0604 on F
values of 4997 reflections having Fo

2 > 4s Fo
2, goodness of fit S = 1.087

for all F2 values and 300 refined parameters. Final difference map features
were within ±0.920 e Å23. Programs: Siemens SMART and SAINT control
and integration software, Siemens SHELXTL Version 5.

2·thf; C44H56Br2O11V2, M = 1078.675, monoclinic, space group C2/c,
a = 20.081(6), b = 13.264(6), c = 20.670(4) Å, b = 95.75(2)°, U

= 5478.0(3) Å3, Z = 4, Dc = 1.395 g cm23, F(000) = 2384, m = 1.857
mm21, l = 0.71073 Å, T = 183 K. 6944 reflections measured, 3894 unique
data (2qmax = 56.44°, Rint = 0.0917, no absorption correction). Structure
solution and refinement were as for 1 including a disordered thf molecule to
give 2698 reflections having Fo

2 > 4sFo
2 with conventional R1 = 0.0968

(wR2 = 0.1709) and goodness of fit S = 1.260 (307 parameters). Final
difference map features were within 0.680 and 20.780 e Å23.

3·2thf; C52H80N4O10V2, M = 934.943, monoclinic, space group Pn,
a = 13.7459(8), b = 11.1388(6), c = 18.6718(5) Å, b = 90.816(2)°, U
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mm21, l = 0.710 73 Å, T = 183 K. 7530 reflections measured,
6244 unique data (2qmax = 56.42°, Rint = 0.0658, semi-empirical
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above including a partially disordered thf molecule to give 4173 reflections
having Fo

2 > 4sFo
2 with conventional R1 = 0.0655 (wR2 = 0.1223) and

goodness of fit S = 1.092 (644 parameters). Final difference map features
were within 0.309 and 20.283 e Å23. CCDC 182/763.
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Fig. 3. Structure of 3 showing 30% probability thermal ellipsoids and atom-
labeling scheme (hydrogen atoms are omitted for clarity). Selected bond
distances (Å) and angles (°): V(1)–O(2) 2.035(9), V(1)–N(1) 2.23(1),
V(1)–O(4) 2.04(1), V(1)–N(2) 2.26(1), V(1)–O(1) 2.03(1), V(1)–O(3)
2.00(1), V(2)–O(6) 2.020(9), V(2)–N(3) 2.20(2), V(2)–O(5) 2.06(1),
V(2)–N(4) 2.22(1), V(2)–O(7) 2.02(1), V(2)–O(8) 2.05(1); O(5)–V(2)–
O(6) 85.9(4), O(7)–V(2)–O(8) 86.8(5), O(1)–V(1)–O(2) 87.0(4),
O(3)–V(1)–O(4) 86.8(5).
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Synthesis and characterization of poly(butyl acrylate-co-styrene)–silver
nanocomposites by g radiation in W/O microemulsions

Yadong Yin, Xiangling Xu,*† Chuanjun Xia, Xuewu Ge and Zhicheng Zhang

Department of Applied Chemistry, University of Science and Technology of China, Hefei 230026, PR China 

Poly(butyl acrylate-co-styrene)–silver nanocomposites were
prepared by g-irradiation of microemulsions and metallic
silver nanoparticles of near uniform size were found to be
well dispersed in the polymer matrix.

Much attention has been paid to the synthesis and characteri-
zation of nanometer metal particle–organic polymer compo-
sites, owing to their intriguing optical, electrical and mechanical
properties.1–3 These composites are considered to be highly
functional materials, with wide potential application in electro-
magnetic inference shielding films, non-linear optical materials
and the like.

Several methods have been developed to synthesis the
composites.4–6 In general, two steps were needed: firstly,
monomer was polymerized in the solutions, with metal ions
introduced before or after the polymerization. Secondly, metal
ions in the polymer matrix were reduced by a reducing agent or
by calcining. Since polymerization and reduction were perfor-
med separately metal nanoparticles were not well dispersed in
the polymer matrix.

Recently, Zhu et al.7 developed a g radiation method to
prepare polyacrylamide–silver nanocomposites at room tem-
perature. In this method, aqueous soluble monomer and metal
salt were mixed homogeneously in aqueous solution. When the
system was g-irradiated, polymerization and reduction took
place simultaneously, leading to a homogeneous dispersion of
nanocrystalline metal particles in a polymer matrix.

However, in the above method, the compatibility of monomer
and metal salt or metal salt aqueous solution was of importance.
The application of the method was restricted when the metal salt
was insoluble in the monomer or monomer solutions. In
addition, the dimension of the metallic nanoparticles was not
uniform, and size control was difficult. Furthermore, the
polymer–metal nanocomposites were water absorptive, limiting
their practical applications.

Here we report a novel method for preparing polymer–metal
nanocomposites in microemulsions using g radiation at room
temperature. It was found that products formed by this method
contained not only well dispersed but also monodisperse metal
nanoparticles.

A W/O microemulsion was produced with Span 80 (sorbi-
tanol monooleate) and SDS (sodium dodecyl sulfate) as
emulsifier. The metal salt was dissolved in water before
producing the microemulsion, and monomers (styrene or butyl
acrylate) were dissolved in toluene. In order to reduce the
emulsifier content in the microemulsion, 2-hydroxy-
a-methacrylate (HEMA) was used as coemulsifier and como-
nomer simultaneously.

An aqueous solution containing 8.5 mass% AgNO3 was
prepared in advance. 10 g of the solution was then added to a
mixture of 48 g toluene, 19 g butylacrylate (BA), 10 g styrene
(St), 3 g SDS and 5 g HEMA. Span 80 was titrated into the
mixture under stirring until a transparent microemulsion
suddenly formed. After bubbling with N2, the microemulsion
was irradiated in the field of a 60Co g-ray source for 6 h with a
radiation dosage of 1.8 3 104 Gy. After irradiation, the brown,
semi-transparent microemulsion was de-emulsified by acetone

and distilled water. The products were washed with distilled
water, dried and ground into powder for further analysis.

The size and morphology of the P(BA-co-St)–silver nano-
composites were investigated by transmission electron micro-
scopy (TEM) (Fig. 1) and X-ray diffraction (XRD) analysis.
TEM images were conducted using a Hitachi Model H-800
transmission electron microscope and XRD patterns were
recorded by a Dmax gA X-ray diffractometer with graphite-
monochromated Cu-Ka radiation (l = 0.154 178 nm), using an
accelerating voltage of 200 kV.

Fig. 2 shows the XRD pattern of the same sample as Fig. 1.
The broad peak at 2q ≈ 19.8° is attributed to the diffraction of
non-crystalline co-polymer. The other three peaks with 2q
values of 38, 44.5 and 64° correspond to three crystal faces of
111, 200 and 220 of metallic crystalline silver, respectively
(cubic system, a = 4.101 Å). The broadening in diffraction
peaks shows that the product consisted of small metallic
particles. The average size of silver particles estimated by
Scherrer’s equation8 is 8.5 nm, which is in good agreement with
the TEM result.

Fig. 1 TEM image of a poly(BA-co-St)–silver nanocomposite prepared by
g-irradiation of a microemulsion. Details in text.

Fig. 2 XRD pattern of the same sample as in Fig. 1
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In the conventional microemulsion method,9,10 the metal salt
was dissolved in one microemulsion system, and the reducing
agent dissolved in another, in advance. When these two
microemulsions were mixed together, only through interaction
of two types of droplets could the metal ions be reduced to form
metal clusters. However, control of particle size and distribution
was difficult.

Another advantage of the new method is that polymerization
of monomer and reduction of metal ions are both achieved by
g-irradiation. Radiolysis of the microemulsion system may
produce radicals in the oil and aqueous phase. These radicals
may effectively initiate the monomer in oil polymerization.
Since the polymerization is a chain process it will be faster than
the reduction process. With polymerization, the microemulsion
system changes from liquid to viscous liquid, rubber or solid
material, depending on the monomer type and the monomer
content in the oil phase. The increase of the system’s viscosity
will certainly restrict water droplet aggregation and favour the
synthesis of well-dispersed polymer–metal nanocomposites.

In summary, this novel method not only has all the
advantages of the microemulsion and irradiation methods to
produce metal nanoparticles, but also makes the process easier
to control and gives near monodispersed nanoparticles. Fur-
thermore, it makes it possible to synthesize versatile metal

particles–polymer nanocomposites. It has advantages over the
method developed in ref. 7, in which the monomer has to be
soluble in water, because many more monomers are oil soluble
than are water soluble. Moreover the composites prepared using
oil soluble monomers have wider application.
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STM observation of N-octadecylacrylamide and N-octadecylcinnamoylamide
monolayers self-assembled on a graphite surface
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The STM observation of self-assembled N-octadecylacryl-
amide (ODA) and N-octadecylcinnamoylamide (ODC) on a
graphite substrate clarified the head to tail alignment of the
molecules and s-trans geometry of the alkene double bond
and carbonyl group.

We have attempted to fabricate uniform Langmuir–Blodgett
(LB) films having a well defined molecular orientation. In our
previous study, we found that N-octadecylacrylamide (ODA)
can form stable Langmuir monolayer and LB films on a solid
substrate.1–4 The X-ray diffraction study revealed that ODA
forms two dimensional crystals in LB films.5,6 Recently, we
have observed the molecular arrangement of an ODA based LB
film on a mica surface by atomic force microscopy (AFM) and
obtained a molecular resolution image in which N-octyl chains
are highly ordered to form two dimensional crystals.7 The
analysis of the AFM image and linear dichroism in polarized
FTIR of the LB film5,6 suggested that N-alkyl chains are tilted
by ca. 28° against the film plane. Hydrogen bonding between
ODA molecules was considered to be very important to
stabilize the monolayer and the LB film. However direct
evidence of intermolecular interaction between ODA molecules
has not been clarified.

The scanning tunneling microscope (STM) is a powerful tool
to image molecules at atomic resolution. Monolayers of
physisorbed n-alkane and substituted alkanes on a flat substrate
have been observed and the topological features of self-
assembled two dimensional crystals discussed.8–11 Different
from LB films on mica, the molecules are aligned parallel to the
graphite surface. This allows one to directly observe the
molecular orientation and geometrical arrangement of mono-
layer. In the present study we applied the STM method to
observe the molecular alignment of ODA molecules on the
basal plane surface of highly oriented pyrolytic graphite
(HOPG) to study their ordered structure and intermolecular
interaction in situ. In addition, the molecular alignment of an
ODA analogue N-octadecylcinnamoylamide (ODC) was also
imaged. 

ODA or ODC was dissolved in phenyloctane to near
saturation and a drop of the solution was applied on the surface
of freshly cleaved HOPG. The STM images were obtained in
both constant current mode and constant height mode using
Nano-Scope IIIa STM (Digital Instruments). The tunneling tip
was a Pt–Ir tip purchased from Digital Instruments or a tungsten
wire which was sharpened by electrolytical etching prior to
use.

Fig. 1 shows the STM image of monolayer of ODA
physisorbed on the HOPG surface (constant height mode). The
two dimensional array of ODA molecules is clearly visible as
stripes. The size of two dimensional crystals varies from a few
100 nm2 to > 10 000 nm2. Domain boundaries of adjacent
crystals are observed with a rotation angle of 60°. This result
suggests that ODA molecules are aligned by the influence of the
graphite surface where the C–C–C atomic angle is 60°. Well
ordered ODA molecules form stripe shaped lamella bands of ca.
2.7 nm width. A high resolution image of the monolayer is
shown in Fig. 2 over a scan area of 8 3 8 nm (constant height

mode). Increased brightness of the image corresponds to areas
of higher electric conductance. Therefore the brighter parts can
be attributed to the head groups containing conjugated
p-electron systems and darker moieties to the alkyl chains. The
molecular alignment is obviously in the head to tail structure.
The alkene double bond appears to be downward to the
molecular axis of ODA. The length of ODA observed along the
molecular axis is roughly 2.7 nm which is consistent with that
estimated by a CPK model. The separation of alkyl chains is ca.
0.47 nm. This value is slightly longer than that of two
dimensional crystals of n-alkanes8,9 presumably due to the
presence of the bulky head group. The molecular axis of ODA

Fig. 1 STM image of a monolayer of ODA molecules self-assembled on a
graphite surface. Image was taken in constant height mode. The area is 50
3 50 nm. Bias voltage is 1.1 V (tip positive) and current is 72 pA.

Fig. 2 STM image of a monolayer of ODA molecules self-assembled on a
graphite surface. Image was taken in constant height mode. The scan area is
8 3 8 nm. Bias voltage is 1.0 V (tip positive) and current is 292 pA.
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appears to be inclined with an angle of ca. 70° vs. the orientation
of the lamella band. 

Possible molecular alignments of ODA on the graphite
surface are schematically represented in Fig. 3(a) and 3(b) by
which the observed inclination between the molecular axis of
ODA and lamella band can be reproduced. Those two models
are rotational isomers of ODA with respect to the amide
group. The s-trans geometry [Fig. 3(a)] can consistently explain
the observed alignment of ODA molecules where the inter-
molecular hydrogen bonds effectively link ODA molecules to
form a molecular network. Such hydrogen bonds are unlikely to
take place in s-cis geometry because the amide proton is then
spatially remote from the carbonyl oxygen of an adjacent ODA
molecule. The imaged morphology of the monolayer provides
structural information of the constituent molecule and the
observed inclination is very similar to that of the LB film
deduced by FTIR and X-ray diffraction studies.5,6

Fig. 4 shows the high resolution STM image of ODC (scan
area 8 3 8 nm, constant current mode) where a phenyl group is
attached to an alkenic terminal of ODA. We can clearly
distinguish the benzene rings and alkyl chains. The molecular
ordering is again of head to tail structure as found in ODA. The
head to tail distance is ca. 3.1 nm which agrees with the

molecular length of ODC. Here also an inclination of ODA is
observed against the lamella bands and the s-trans geometry
around the amide group can explain the observed molecular
arrangement.

The present STM observations have clarified the geometrical
configuration of self-assembled ODA and ODC molecules
where the intermolecular hydrogen bond in the amide group
plays an important role in controlling the morphology of the
molecular alignment.
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Fig. 3 Possible molecular arrangements of ODA with (a) an s-trans
geometry and (b) an s-cis geometry, on a graphite surface. There are 18
carbon atoms in the alkyl chain of an ODA molecule. 

Fig. 4 STM image of a monolayer of ODC molecules self-assembled on a
graphite surface. Image was taken in constant current mode. The scan area
is 8 3 8 nm. Bias voltage is 0.85 V (tip positive) and current is 340 pA. 
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Macromolecular tetrathiafulvalene chemistry

Martin R. Bryce,*† Wayne Devonport, Leonid M. Goldenberg and Changsheng Wang

Department of Chemistry, University of Durham, Durham, UK DH1 3LE

Recent developments in the functionalisation of tetra-
thiafulvalene (TTF) have enabled TTF units to be covalently
linked into macromolecular systems. Convergent syntheses
of dendrimers containing TTF units are presented, including
a (TTF)13 system in which TTF units are emplaced at all
layers of the structural hierarchy. Thin layer cyclic voltam-
metry has established that the redox activity of TTF is
retained in these macromolecules: sequential oxidation to
the radical cation and dication occurs for all the TTF units,
yielding highly-charged species in solution. Macromolecules
comprising four and eight TTF units built around a
phthalocyanine core are also described. These materials
present novel architectures with the key property of multi-
electron redox activity.

Tetrathiafulvalene—its molecular properties and
functionalisation

Tetrathiafulvalene (TTF)1,2 is famous as a p-electron donor in
the field of organic molecular metals,3 e.g. the complex TTF–
TCNQ (TCNQ = 7,7,8,8-tetracyano-p-quinodimethane),4
where the delocalised electrons responsible for conduction are
derived from intermolecular charge transfer from TTF to the
acceptor species. A few derivatives of TTF, notably bis(ethyle-
nedithio)TTF (BEDT-TTF) form superconducting radical cat-
ion salts with closed shell anions,5 e.g. the salt k-(BEDT-
TTF)2Cu[N(CN)2]Br which superconducts at temperatures
below a Tc value of 11.5 K.6 BEDT-TTF is also a component of
interesting magnetic materials.7

In view of the unabated interest during the past 25 years in the
molecular chemistry of TTF derivatives,2,5 it is striking that
TTF has rarely been incorporated into polymeric systems.8 In
this context, the key properties of TTF which make it an
interesting building block are these: (i) oxidation of the TTF
ring system to the radical cation and dication species occurs
sequentially and reversibly at a very accessible potential
window in a range of organic solvents (for unsubstituted TTF,
E1

1
2 = +0.34 and E2

1
2 = +0.78 V vs. Ag/AgCl in MeCN); (ii) the

oxidation potentials can be finely tuned by the attachment of
appropriate substituents; (iii) the TTF radical cation is thermo-
dynamically very stable (due to 6p-electron heteroaromaticity
of the 1,3-dithiolium cation); (iv) TTF derivatives and their
derived cation radicals readily form dimers, highly-ordered
stacks, or two-dimensional sheets, which are stabilised by
intermolecular p–p interactions and non-bonded sulfur ··· sulfur
interactions; and (v) TTF is stable to many synthetic trans-
formations, although it is important to avoid strongly acidic
conditions and oxidising agents.

Macromolecular aspects of TTF chemistry have been
neglected primarily because of the synthetic challenge of
obtaining suitably functionalised TTF derivatives in reasonable
quantities. This barrier has recently been overcome with major
progress in three important branches of synthetic TTF chem-
istry: (i) TTF can now be readily synthesised in 20 g batches;9
(ii) methodology involving electrophilic substitution of lithiated
TTF has been optimised to afford facile entry into a wide range
of mono-substituted derivatives in high yield;10 and (iii)
selective protection/deprotection chemistry of the thiolate

groups of the 1,3-dithiole-2-thione-4,5-dithiolate (dmit) system
(and derived TTFs) has been developed, primarily by Becher
and co-workers,11 to provide multi-gram quantities of versatile
building blocks for highly-functionalised TTF systems, includ-
ing supramolecular architectures.12

Our work breaks new ground in the synthesis and redox
properties of monodisperse macromolecules containing multi-
TTF functionality, and this short review article will highlight
progress in this area. At the outset our aim was to synthesise
structurally well-defined multi-electron redox systems, exploit-
ing the known solubility enhancement in highly-branched
macromolecules (compared to their linear counterparts). A
longer term aim is to combine the properties of TTF, which have
been stated above, with the beneficial properties of polymers,
such as film formation and processability. It should be noted
that from a similar viewpoint other polymeric TTFs have been
synthesised.8 In earlier work, disubstituted TTFs were con-
densed to form polyamides,8a polyesters8b and polyurethanes,8c

some of which were oxidised to radical cation systems. More
recently, some well-defined main chain and side chain poly-
meric TTFs have been obtained,8d–g including some electro-
chemically polymerised systems.8g

Constructing TTF dendrimers

The study of dendrimers, cascade molecules and related hyper-
branched systems is a rapidly-expanding topic in macro-
molecular science.13 These materials comprise a multifunction-
alised core, from which radiate repeating layers of monomers
with a branch occurring at each monomer unit. They possess
well-defined, three-dimensional structural order, and their size
and architecture is precisely regulated in their synthesis,
providing unique molecular frameworks for the disposition of
functional groups in predetermined spatial arrangements. Initial
research into dendrimers focused on obtaining higher genera-
tion systems with large molecular weights, whereas nowadays
the emphasis is mainly on systems which incorporate functional
groups at the exterior surface of, or embedded within, the
dendrimer framework.14 In the context of functional den-
drimers, a variety of redox-active substituents have been built
into the structures.15,16 These materials are relevant to the
development of: (i) new electron-transfer catalysts; (ii) studies
on the dynamics of electron transport at surfaces and within
restricted reaction spaces; (iii) new materials for energy
conversion (iv) electronic and photo-optical materials; (v)
organic magnets; and (vi) mimics of biological redox processes.
The redox groups may behave independently in multi-electron
processes (n identical non-interacting electroactive centres
giving rise to a single n-electron wave) or they may interact
intra- or inter-molecularly, in which case overlapping or
closely-spaced redox waves are observed at different poten-
tials.

Synthesis of arylester TTF dendrimers

In the first phase of our work on multi-TTF macromolecules, we
synthesised aryl ester dendrimers functionalised with peripheral
TTF groups.17 4-(Hydroxymethyl)-TTF 1, which is readily
available in multi-gram quantities,10a served as a convenient
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starting material. A convergent strategy, based on a repetitive
coupling/deprotection sequence, furnished dendrimer 8 com-
prising a 1,3,5-benzene triester core (derived from reagent 2)
and surface-functionalised with 12 TTF units. (In a convergent
synthesis,18 dendrimer construction begins at what will become
the surface of the molecule, and progresses inwards via a series
of dendron wedges of increasing size, several of which are
attached to the core unit in the final step.) We used 5-(tert-
butyldimethylsiloxy)isophthaloyl chloride 319 as the function-
alised reagent for the esterification reactions to build up
successive generations.

The synthesis of the (TTF)12 dendrimer 8 is shown in Scheme
1. The reaction of 1 with reagent 3 gave compound 4 (83%
yield), deprotection of which (TBAF in THF at room tem-
perature) afforded the bis(TTF) derivative 5 (85% yield) as a
dendron wedge carrying the phenolic group as a reactive handle
for further reactions. Following the same procedures that gave
compounds 4 and 5, reaction of 2 equiv. of alcohol 5 with
reagent 3 yielded 6 (76% yield) and then (TTF)4 dendron wedge
7 in 95% yield. Compound 7 reacted with the core reagent 2 to
give the target dendrimer 8 in 48% yield.

Within this series of macromolecules, stability decreased
with increasing generation, so no attempts were made to
assemble molecules of higher molecular weight than 8.
Macromolecule 8 is an oil which is readily soluble in polar
organic solvents. It is reasonably stable to storage at < 0 °C;
however, when stored at room temperature, even in the dark and
under an argon atmosphere, it decomposed after a few days. 1H
NMR spectroscopy and plasma desorption mass spectra
(PDMS) were entirely consistent with structure 8. The energy-

minimised conformation of compound 8 is shown in Fig. 1: it is
notable that all the TTF groups are exposed and, therefore, are
available to participate in redox processes. (The proviso must be
made that the conformation may be very solvent dependent.)
The instability of 8 is possibly due to the high density of ester
groups in the interior of the molecule.

With a view to improving the stability of the (TTF)x aryl ester
dendrimers, we changed from trifunctional to bifunctional core
units, to obtain more ‘open’ structures. Thus, using tere-
phthaloyl chloride, biphenyl-4,4A-dicarbonyl dichloride and
4,4A-oxydibenzoyl dichloride as core reagents, the series of
(TTF)8 systems 9a–c was constructed.17b,20 These three com-
pounds were all stable upon storage at room temperature in air
and daylight for at least one year. However, the compounds
containing the benzene and biphenyl cores, viz. 9a and 9b, were
only sparingly soluble in organic solvents, whereas analogue 9c,
with the more flexible biphenyl ether core unit, showed good
solubility in polar organic solvents (e.g. acetone and CH2Cl2).

Synthesis of p-xylyl TTF dendrimers

The use of entirely different building blocks afforded a second
genre of TTF dendrimers, culminating in the synthesis of the
macromolecule 21 comprising thirteen TTF units.21 The special
features of this work are that: (i) TTF units are emplaced at all
layers of the structural hierarchy (unlike compounds 8 and 9);
and (ii) compound 14 was introduced as a new, readily-
accessible (in multi-gram quantities) building block for TTF
chemistry. The synthesis of 14 is shown in Scheme 3.

Zincate salt 10,22 which is a well-known precursor to the
1,3-dithiole-4,5-dithiolate dianion,11b reacted with a,aA-di-
chloro-p-xylene 11 to yield 4,5-disubstituted 1,3-dithiole-
2-thione derivative 12 (60% yield) which was converted into the
ketone 13 (84% yield) using mercuric acetate. Compound 14
was then synthesised in 78% yield by self-coupling of 13 in the
presence of P(OEt)3 under standard conditions,23 and isolated as
orange crystals. Compound 14 is our four-directional core
reagent, and displacement of the benzylic chlorines of 14 by
thiolate anions proved to be a facile process. For this purpose,
we identified 20 as a suitable wedge from which a reactive
thiolate anion could be generated, following the protocol
developed by Becher et al. for related cyanoethyl-protected
TTF-thiolate systems.11

Compound 16 was prepared in high yield by the literature
route from 15,11a and converted into ketone 17 (98% yield)
using Hg(OAc)2 (Scheme 4). Cross-coupling of equimolar

Scheme 1 Reagents and conditions: i, NEt3, 3, CH2Cl2, 20 °C; ii, TBAF,
THF, 20 °C; iii, DMAP, 3, CH2Cl2, 20 °C; iv, TBAF, THF, 20 °C; v,
DMAP–PhNMe2, 2, CH2Cl2, 35 °C

Fig. 1 Energy minimised conformation of 8. Green = carbon; white =
hydrogen; red = oxygen; yellow = sulfur.
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amounts of thione 12 and ketone 17, in the presence of P(OEt)3,
gave compound 18 in an optimised yield of 45%. The benzylic
chlorides of compound 18 were then displaced by the thiolate
derived from compound 19 (prepared by direct analogy with 18)
to afford 20 in 74% yield. The caesium thiolate salt of 20
(4 equiv.) reacted cleanly with compound 14 to furnish the
(TTF)13 macromolecule 21 in 66% yield, as an air-stable
yellow–brown solid, which was soluble in polar organic
solvents. Compound 21 was characterised unambiguously by a
combination of elemental analysis, MALDI TOF mass spec-
trometry [which showed the parent ion peak at m/z 7377 (M+:
calc. for C314H276S104 = 7372)] and 1H NMR spectroscopy.

Redox properties of (TTF)x dendrimers

An important aspect of this work was to evaluate the solution
redox properties of these macromolecules, for which we have
used a variety of electrochemical techniques, viz. cyclic
voltammetry (CV) using conventional disc platinum electrodes,
CV using platinum ultra-microelectrodes (UME CV), chron-
oamperometry (CA) and thin layer cyclic voltammetry (TLCV).
CV data are collated in Table 1 for a selection of the new
compounds, together with TTF and the model TTF phenyl ester
derivative 22 for comparison.

These experiments established that all the compounds
exhibited two redox couples typical of the TTF system (i.e. the
sequential formation of the TTF radical cation and the
dication).24 The direct attachment of an ester substituent to TTF
(i.e. TTF-CO2R) is known to raise both the first and second
oxidation potentials:10c,25 surprisingly, a quantitatively similar
effect is observed for compound 22. This substituent effect
accounts for the increased oxidation potentials of multi-TTF
systems 5, 7, 8 and 9c, compared to TTF. The attachment of
alkylsulfanyl substituents to TTF also raises the oxidation
potential24 (an additive effect has been noted for one, two and
four alkylsulfanyl substituents)26 and this gives rise to the
consistent anodic shift in the values of E1 and E2 for compounds
14, 20, 21, in which each TTF unit contains four alkylsulfanyl
groups, relative to TTF under the same conditions. For the
p-xylyl TTF systems 14, 20 and 21, the redox waves were
reversible. Within the aryl ester series, reversibility was
observed only with the mono- and bis-(TTF) derivatives 22 and
5, respectively: for the higher oligomers 7, 8 and 9c, slightly
increased peak separations at higher scan rates were observed,
consistent with quasi-reversible behaviour.

A general trend with our aryl ester TTF macromolecules is
that as the number of TTF units increases, the first redox wave
broadens slightly and the second wave sharpens.17b Similar
behaviour has been reported previously for TTF amides
immobilised on RuO2 or PtO2 surfaces,27 and the data can be
explained by adsorption or precipitation on the electrode
surface. The CV and UME CV of (TTF)12 system 8, which are
representative, are shown in Figs. 2(a) and (b), respectively.

The electrochemistry of the stable macromolecules 9c and 21
has been studied using TLCV techniques.28 In contrast to
conventional CV, in TLCV the current is not limited by the
mass transport to the electrode. Integrating the voltammetric
waves against the one-electron reduction peak of the internal
standard 2,3-dichloronaphthoquinone (DCNQ) provides con-
vincing evidence that complete oxidation occurs for all the TTF
units in these compounds. We note that the second TTF
oxidation wave is slightly narrower than the first wave, which
could be due to adsorption phenomena. Fig. 2(c) shows the
TLCV of compound 9c in the presence of DCNQ. We have
established that TLCV is the most reliable method for assessing
the extent of oxidation of multi-TTF derivatives in sol-
ution.17b,21 These macromolecules provide some of the first all-
organic dendritic poly(radical cations) and poly(dications).
Almost all other workers in the field decided to include metal
centres as redox active species,15 although naphthalene dii-
mides have been attached to PAMAM dendrimers to form
poly(radical anions),29 and interior anthraquinone units have
been studied.30

We have also studied the chemical oxidation of the stable
(TTF)8 macromolecule 9c.17b UV–VIS Spectroscopy is a
convenient method for monitoring the formation of TTF radical

Scheme 2 Reagents and conditions: i, DMAP–PhNMe2, 3, CH2Cl2,
35 °C

Scheme 3 Reagents and conditions: i, acetone reflux; ii, Hg(OAc)2, CHCl3–
AcOH, 20 °C; iii, P(OEt)3, 120 °C

Table 1 Solution electrochemical data obtained by CVa

Compound Solvent E1
1
2/V E2

1
2/V

TTF MeCN–CH2Cl2 (1 : 1) 0.34 0.71
TTF PhCN 0.34 0.78

5 MeCN–CH2Cl2 (1 : 1) 0.42 0.81
7 MeCN–CH2Cl2 (1 : 1) 0.42 0.81
8 MeCN–CH2Cl2 (1 : 1) 0.43 0.86
9c MeCN–CH2Cl2 (1 : 1) 0.41 0.83

14 PhCN 0.58 0.92
20 PhCN 0.57 0.90
21 PhCN 0.57 0.90
22 MeCN–CH2Cl2 (1 : 1) 0.41 0.83

a Data were obtained at 20 °C under argon using a platinum working
electrode (1.6 mm diameter) and a platinum wire counter electrode,
compound (ca. 5 3 1024 m), electrolyte = Bu4N+ PF6

2 (0.1 m); scan rate
= 100 mV s21 vs. Ag/AgCl.
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cations, which have a characteristic absorption band at lmax
580 nm for unsubstituted TTF.31 As mentioned earlier, oxidised
TTF units can form dimers or stacks, and they display lower
energy absorptions, e.g. 830 nm for (TTF+·)2 dimers.31b The
UV–VIS spectrum for 9c in CH2Cl2 showed significant changes
upon addition of I2 to the solution: new broad absorption bands
appeared at lmax 525 and 830 nm. The higher energy band is
consistent with the formation of isolated (non-interacting) TTF
radical cations, while the lower energy band suggests the
existence of interacting dimers. Dilution studies established that
the absorption coefficient of the latter band decreased with
increasing dilution; it is, therefore, assigned to an inter-
molecular dimer band. These data provide evidence that the
oxidised macromolecules self-associate in solution, by virtue of

intermolecular interactions of their peripheral TTF radical
cations. The relatively rigid and short aryl ester branching units
in 9c presumably disfavour intramolecular dimerisation.32

Intermolecular self-association of dendrimers by hydrogen-
bonding33 or coordinative bonds34 has also been reported
recently.

A phthalocyanine core with pendant multi-TTF
functionality

Prompted by our increasing knowledge of the synthesis and
redox properties of TTF dendrimers possessing aryl ester and
TTF cores, reported above, we have investigated closely related
macromolecules with core units of increased complexity, e.g.

Scheme 4 Reagents and conditions: i, CsOH.H2O (1 equiv.), DMF–MeOH, 20 °C, followed by MeI; ii, Hg(OAc)2, CHCl3–AcOH, 20 °C; iii, 12, P(OEt)3,
125 °C; iv, 19, CsOH·H2O (1 equiv.), DMF–MeOH, then 18, 20 °C; v, CsOH·H2O, DMF–MeOH, then 14, 20–80 °C
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phthalocyanines. It is envisaged that combining the versatile
electrochemical, optical and coordination properties of phthalo-
cyanines,35 with the redox properties of pendant multi-TTF
functionality should provide novel optoelectronic materials. In
the longer term, the tendency of both phthalocyanines and TTFs
to self-assemble by face-to-face p–p stacking, and the potential
for coordinatively linking metallophthalocyanines to form
stable polymers, might be harnessed to afford nanometer-sized
molecular wires and cables, which could be electronically and/
or ionically conducting.36

Synthesis of prototype Pc-(TTF)8 and Pc-(TTF)4 systems

The simplest methodology to symmetrically substituted phtha-
locyanines involves tetramerisation of a phthalonitrile pre-
cursor.37 We, therefore, targeted compound 28, with peripheral
hexylsulfanyl substituents to impart solubility.38 The synthesis
is shown in Scheme 5.39 TTF derivative 23 was obtained in 63%
yield from readily available 1,3-dithiole half-units by cross-
coupling methodology. One of the ester substituents on 23 was
removed by treatment with LiBr in HMPA at 80 °C,40 to afford
monoester derivative 24 (88% yield) which was reduced with
DIBAL-H to yield the alcohol derivative 25 (86% yield). The
alkoxide ion of 25 (2 equiv.) reacted with 2,3-dibromo-
4,5-di(bromomethyl)benzene 26 to yield the bis(TTF) system
27 (64% yield) which upon reaction with CuCN in DMF at
140 °C produced phthalonitrile derivative 28 (28% yield), this
being the most problematical step in the whole Scheme.
Tetramerisation of 28 to furnish the Pc-(TTF)8 derivative 29
(56% yield) was achieved upon reaction with lithium pentano-
late in pentanol at 125 °C. Analogous chemistry gave the Pc-
(TTF)4 system 30.39

Compounds 29 and 30 were both isolated as dark green
solids, which were soluble in a range of organic solvents (e.g.
CHCl3, CS2, CH2Cl2 and toluene) but insoluble in alcohols,
MeCN and DMF. Spectroscopic data, elemental analysis and
MALDI TOF mass spectra were entirely consistent with the
proposed structures.

Spectroscopic and electrochemical studies

Evidence for supramolecular aggregation of 29 and 30 was
obtained from 1H NMR and UV–VIS spectroscopic studies.39

The 1H NMR spectra of 29 and 30 at 20 °C in CDCl3 gave broad

signals with no fine structure: 13C NMR spectra were obtained
at 50 °C in CDCl3 and the signals for compound 29 were much
sharper than those for compound 30, suggesting that the latter
compound is more aggregated in this solvent at the relatively
high concentration of the NMR sample. No ESR signals were
observed for either compound, suggesting that the broad NMR
spectra were not due to radical impurities.

UV–VIS spectra of compounds 29 and 30 dissolved in a
mixture of toluene and pyridine (99 : 1 v/v) at 20 °C are shown
in Fig. 3. The split Q-band, which is characteristic of a metal-
free phthalocyanine, is observed at lmax 665 and 700 nm (for
compound 29) and at lmax 674 and 709 nm (for compound 30).
The additional broader hypsochromically-shifted band at lmax
636 (for 29) and 648 (for 30) is indicative of aggregated
species.36a

The luminescence emission from compounds 29 and 30 was
found to be of very low intensity and fell in the same spectral
region as that of unsubstituted metal-free phthalocyanines.

Fig. 2 Solution electrochemistry: (a) CV of 8 (solvent = MeCN, electrolyte
= Bu4N+PF6

2, Pt electrode, vs. Ag/AgCl, scan rate = 100 mV s21);
(b) UME CV of 8 [solvent = MeCN–CH2Cl2 (1 : 1 v/v) electrolyte =
Bu4N+PF6

2, Pt electrode, vs. Ag/AgCl, scan rate = 20 mV s21]; (c) TLCV
of 9c (0.5 3 1024 m) and 2,3-dichloronaphthoquinone (4.0 3 1024 m) as
internal reference (which gives rise to the wave at negative potential) in 1 m
Bu4N+PF6

2, solvent = CH2Cl2, vs. Ag/Ag+, scan rate = 10 mV s21

Scheme 5 Reagents and conditions: i, LiBr, HMPA, 80 °C; ii, DIBAL-H,
THF, 278 to 20 °C; iii, NaH, THF, 40 °C, then 26, 20 °C; iv, CuCN, DMF,
140 °C; v, lithium pentanolate, pentanol, 125 °C
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Fluorescence quantum yields were < 1024 and 1.7 ± 0.3 3 1024

for 29 and 30, respectively. These values are very much lower
than that obtained for a metal-free Pc lacking the TTF moieties,
cf. Bu4PcH2 (F = 0.50). We demonstrated that the fluorescence
from Bu4PcH2 is efficiently quenched by the addition of TTF to
the solution: in toluene the rate constant for this process was
found to be diffusion controlled, kQ(1.1 ± 0.1) 3 1010

dm3 mol21 s21. Quenching in the tethered compounds 29 and
30 is, therefore, ascribed to rapid intramolecular electron
transfer between the excited singlet state of the Pc core and a
peripheral (neutral) TTF acting as an electron donor group. It
will be interesting to explore if the fluorescence can be switched
on when the TTF units are oxidised.

Solvent-dependent CV data were obtained for systems 29 and
30. In PhCN, compound 29 exhibits the expected two TTF
redox waves at E1

1
2 +0.50 and E2

1
2 +0.87 V (vs. Ag/AgCl)

together with a third irreversible oxidation peak at +1.18 V (the
corresponding reduction is not seen on the reverse sweep), and
on the cathodic sweep a reduction peak is observed at E1

2

20.51 V. Based on literature precedents,41 we assign these
additional redox waves to a single-electron oxidation and
reduction, respectively, of the phthalocyanine core unit. The
electrochemistry of 30 was qualitatively similar to 29, although
the redox waves of the Pc unit were more discernable in CH2Cl2
than in PhCN, and they are clearly seen in the differential pulse
voltammogram (DPV). The CV and DPV for 30 in CH2Cl2 are
shown in Figs. 4(a) and (b), respectively.

Based on the CV peak current for compounds 29 and 30, we
suggest that all the TTF units are oxidised, although for

compound 29 especially, the second TTF wave was less intense
than the first wave. The solvent dependency of the electro-
chemistry and the UV–VIS spectra of these compounds
suggests that the conformation and/or extent of aggregation
vary considerably with the solvent. We have obtained qual-
itatively similar data for a pyrazinoporphyrazine system with
eight appended TTF groups.42

Conclusions and future prospects

It is intended that this article will reinforce the fact that TTF is
an interesting building block for covalent attachment into a
variety of macromolecular assemblies. The synthesis of these
multi-TTF systems would have been virtually impossible prior
to the recent developments in synthetic methodology which
have made available the functionalised TTF starting materials in
multi-gram quantities. The materials described herein are
tractable and amenable to unambiguous characterisation by
standard spectroscopic, mass spectrometric and analytical
techniques: they also possess aesthetically pleasing structures.
If insolubility of the TTF system is a problem, this can be
readily overcome by attachment of alkylsulfanyl chains (e.g.
compound 29). This substitution slightly raises the oxidation
potential, which for our compounds generally has the added
benefit of increased stability to acids and oxidising agents.

These materials present novel macromolecular architectures,
with controlled emplacement of TTF groups, and our attention
has focused on establishing their multi-electron redox activity.
This work paves the way for combining the unique properties of
the TTF molecule, which have fascinated scientists in the field
of molecular solid state chemistry for over 25 years, with the
beneficial properties of polymers, such as film formation and
processability, to provide new optoelectronic materials.

Our results suggest interesting targets for future synthetic
studies. Unsymmetrical systems, i.e. macromolecules con-
structed by the attachment of different wedges to the core units,
are unexplored: in particular, combinations of different substi-
tuted TTF units with a strong gradient of redox properties, or
p-donor and p-acceptor wedges within the same dendrimer
structure, could lead to vectoral electron transport. The study of
intra- and inter-dendrimer p–p stacking interactions of oxidised
TTF units also promises to be a fruitful line of research.
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Macromolecules, ed. G. R. Newkome, JAI Press, London, 1996, vol. 2,
p. 41.

15 For a review of redox-active dendrimers, see: M. R. Bryce and W.
Devonport, in Advances in Dendritic Macromolecules, ed. G. R.
Newkome, JAI Press, London, 1996, vol. 3, p. 115.

16 C. B. Gorman, B. L. Parkhurst, K.-Y. Chen and W. Y. Shu, J. Am.
Chem. Soc., 1997, 119, 1141.

17 (a) M. R. Bryce, W. Devonport and A. J. Moore, Angew. Chem., Int. Ed.
Engl., 1994, 33, 1761; (b) W. Devonport, M. R. Bryce, G. J.
Marshallsay, A. J. Moore and L. M. Goldenberg, J. Mater. Chem., 1998,
accepted for publication.
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Crystal structure, ferromagnetic ordering and magnetic anisotropy for two
cyano-bridged bimetallic compounds of formula Mn2(H2O)5Mo(CN)7·nH2O
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b Laboratoire de Chimie du Solide et Inorganique Moléculaire, UMR CNRS no 6511, Université de Rennes 1, 35042 Rennes,
France

Slow diffusion of aqueous solutions containing
K4[MoIII(CN)7]·2H2O and a MnII salt, respectively, affords
well shaped  single crystals of two cyano-bridged bimetallic
phases ordering ferromagnetically with a pronounced mag-
netic anisotropy in the magnetically-ordered phase.

Bimetallic hexacyanometallate compounds involving 3d metal
ions, of the Prussian Blue type, are interesting materials at the
frontier between solid state and molecular chemistry.1–6 As a
matter of fact, all their magnetic characteristics (nature of the
interaction between nearest neighbors, saturation magnetiza-
tion, coercivity) are nicely in line with the theoretical models
developed in molecular magnetism,7,8 in particular as far as the
symmetry rules involving the magnetic orbitals are concerned.9
However, these compounds have some drawbacks. First,
nobody, as yet, has succeeded in growing single crystals
suitable for thorough physical measurements; secondly, their
crystal structure as deduced from X-ray powder patterns is
cubic, so that they exhibit no magnetic anisotropy. Here, we
report on two new cyano-bridged bimetallic species obtained as

well shaped single crystals, exhibiting long-range ferromag-
netic ordering along with pronounced magnetic anisotropy.

Slow diffusion in a H-shaped tube under nitrogen of two
deoxygenated aqueous solutions containing
K4[Mo(CN)7]·2H2O10 and Mn(NO3)2·6H2O, respectively, af-
forded two kinds of single crystals, with elongated plate (a
phase) and prism (b phase) shapes, respectively. Both phases
are air sensitive, and all the magnetic investigations were
carried out with either single crystals protected by a grease
envelop or powder samples placed in quartz tubes sealed under
vacuum.

The crystal structures of both phases were solved.‡ The local
environments of the metal sites are similar, but the three-
dimensional organizations are different. There is one molybde-
num and two manganese sites. The molybdenum atom is
surrounded by seven C–N–Mn linkages. All the cyano groups
are bridging. The coordination polyhedron may be viewed as a
distorted pentagonal bipyramid.11,12 The two manganese sites
are in distorted octahedral surroundings. The manganese atom
Mn1 is surrounded by four N–C–Mo linkages and two water

Fig. 1 Crystal structure of Mn(H2O)5Mo(CN)7·4H2O (a phase). The manganese atoms are in red, the molybdenum atoms in blue, the oxygen atoms in white,
the nitrogen atoms in green, and the carbon atoms in black. The non-coordinated water molecules are omitted for clarity. The Mo–C bond lengths range from
2.127(4) to 2.174(4) Å, the Mn–N bond lengths from 2.181(4) to 2.242(3) Å and the Mn–O bond lengths from 2.195(4) to 2.308(4) Å.
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molecules, and the manganese atom Mn2 is surrounded by three
N–C–Mo linkages and three water molecules. The structural
arrangements may be described as cyano-bridged Mo12Mn12
lozenge motifs linked to each other through two cyano bridges
along the a axis direction to form a sort of accordion. The Mn2
atoms, located between the accordions, are linked to two
molybdenum atoms of one of the accordions and one molybde-
num atom of an adjacent accordion. In the a phase each lozenge
is linked to four other lozenges through a cyano bridge in the bc
plane along the [011] and [011̄] directions (Fig. 1). In the b
phase each lozenge is linked to only two other lozenges through
two cyano bridges in the bc plane along the [011] direction
(Fig. 2).

Both phases exhibit a long-range magnetic ordering at Tc =
51 K. The field-cooled magnetization curves obtained in
cooling a single crystal of the a phase within a magnetic field of
100 Oe aligned along the a, b and c* axis directions,
successively, are shown in Fig. 3. These curves display a
characteristic break at Tc, then the magnetization remains
constant as the temperature is lowered further. The strong
magnetic anisotropy which is observed is probably of dipolar
origin,13 and reflects the low crystal symmetry which contrasts
with the perovskite-like structure of the Prussian Blue phases.
The field dependences of the magnetization below Tc reveal a
saturation magnetization very close to 11 mB. This value
corresponds to what is expected for a ferromagnetic state in
which the SMo = 1/2 and SMn = 5/2 local spins are aligned
along the field direction. The overall ferromagnetic nature of the
interactions between the spin carriers is supported further by the
profile of the cMT vs. T curves of polycrystalline samples, cM
being the magnetic susceptibility per repeat unit and T the
temperature. At room temperature, cMT is equal to 9.1(1) emu
K mol21 for both phases, which corresponds to what is expected
for non-interacting Mo3+ and Mn2+ ions, and increases
continuously and more and more rapidly as T is lowered.

Several factors confer a great interest on the compounds
described in this paper, namely: (i) the beauty of the crystal

structures; (ii) the possibility of growing rather large single
crystals suitable for anisotropy measurements; (iii) the presence
of high-spin 3d and low-spin 4d spin carriers;14 (iv) finally, the
originality of the physical properties in the magnetically ordered
state. These properties will be detailed in a subsequent paper.

Notes and References
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‡ Crystal data: a phase: C7H18N7O9Mn2Mo, M = 550.10, monoclinic,
space group P21/c (no. 14), a = 7.951(5), b = 16.819(3), c = 15.189(6) Å,
b = 104.29(2),̊ U = 1969(2) Å3; Z = 4, Dc = 1.856, 3292 observations [I
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P21/c (no. 14), a = 7.885(3), b = 10.406(7), c = 25.233(11) Å, b =
98.11(2),̊ U = 2050(2) Å3, Z = 4, Dc = 1.826, 2923 observations [I !
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Fig. 2 Crystal structure of Mn(H2O)5Mo(CN)7·4.75H2O (b phase). The
color codes are the same as in Fig. 1. The non-coordinated water molecules
are omitted for clarity. The Mo–C bond lengths range from 2.110(7) to
2.191(7) Å, the Mn–N bond lengths from 2.158(5) to 2.190(6) Å and the
Mn–O bond lengths from 2.223(6) to 2.350(5) Å.

Fig 3 Field-cooled magnetization curves along the a, b and c* axis
directions of a single crystal of the a phase. The applied magnetic field is
100 Oe.

954 Chem. Commun., 1998



                

O

HO OH

X
AcHN

HO

O

BnO OBn

Sml2
AcHN

BnO

N
H

O
H
N

O

H O

OR3
O

HR1R2N

1
+

Tn antigen (GalNAcα1→O-Ser) X = O
C-Glycoside analogue X = CH2

L-Aspartic acid
i, ii

O

MeO
OMe

O

NHCO2Et

O

O
N

OTBDMS

O
HN

O

HO

3

42

v–vii

iii, iv

First synthesis of a C-glycoside anologue of a tumor-associated carbohydrate
antigen employing samarium diiodide promoted C-glycosylation
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A hydrolytically stable analogue of the Tn antigen has been
efficiently synthesized for the first time employing a SmI2-
promoted coupling of the pyridyl sulfone of N-acetylgalacto-
samine with an aldehydoamino acid derivative.

The Tn (GalNAca1?O-Ser/Thr) and sialyl Tn (NeuAca-
2?6GalNAca1?O-Ser/Thr) epitopes are major tumor-asso-
ciated O-linked glycopeptide motifs of cell surface glycopro-
teins which are expressed in over 70% of human epithelial
cancers such as lung, colon, stomach and breast carcinomas.1 In
normal cells, however, the Tn antigen is cryptic, where it is
further glycosylated giving rise to complex carbohydrates of the
mucin-type glycoproteins.2 This antigen has also been identi-
fied as a partial structure of the HIV envelope glycoprotein
gp120.3 We are particularly interested in preparing analogues of
these epitopes as molecular components of potential small
molecular weight synthetic vaccines,4 with high immunoge-
nicity and in vivo stability against various carcinoma. A
C-glycoside analogue in which the interglycosidic oxygen is
replaced with a methylene group5 may well conform to such
desired properties. Here we present for the first time the
synthesis of one such mimic of these tumor-associated antigens,
namely that of O-(2-acetamido-2-deoxy-a-d-galactopyrano-
syl)-l-serine (Scheme 1).

Several recent syntheses of C-glycosidic amino acids have
now appeared in the literature, although only one has been
directly applied to 2-hexosamine derivatives. In this approach,
Kessler reported the stereoselective synthesis of a C-glycoside
mimic of N4-(2-acetamido-2-deoxy-b-d-glucopyranosyl)-
l-asparagine, an important constituent of N-glycopeptides, via
the coupling of a glycosyl dianion with a modified asparatic
acid derivative as the key step.6,7

We have recently shown that reductive samariation of
glycosyl pyridyl sulfones in the presence of carbonyl substrates
leads to a viable and rapid route to C-glycosides.8 In particular,
we have demonstrated that the anomeric organosamarium of
N-acetylgalactosamine affords predominantly a-C-glycosides
upon condensation with simple aldehydes and ketones.8c,f We
hypothesized that with a suitable aldehyde precursor of an
amino acid derivative, its coupling with 1 could lead to the

required C-glycosidic amino acid after a subsequent deoxy-
genation step (Scheme 1). Preliminary results in this direction
showed that the carbon chain of the aldehyde precursor was of
ideal length for the coupled product to undergo in situ
lactonization upon addition of the C1-glycosyl anion to the
aldehyde CNO bond, thus complicating the following deoxy-
genation.8f To prevent this event, we decided to employ the
cyclic carbamate derivates of the type 2, the synthesis of which
is outlined in Scheme 2.

l-Aspartic acid was easily converted to alcohol 4 in four steps
adopting the protocol described by McKillop for the conversion
of amino acids to their corresponding cyclic carbamates.9
Hence, esterification in acidic MeOH and treatment with
ClCO2Et led to the dimethyl ester 3. Subsequent reduction to the
diol and cyclisation upon treatment with 2 equiv. of NaH
afforded the cyclic carbamate 4 in an overall yield of 81%.
Bis(silylation) was accomplished upon treatment of 4 with
TBDMSOTf in collidine, after which the primary alcohol could
be selectively liberated with HF in MeCN.10 Oxidation
employing the Swern conditions then gave crystalline aldehyde
2 in high yield.

The key coupling step, outlined in Scheme 3, was performed
by adding a THF solution of SmI2 (2 equiv.) to the previously
described glycosyl pyridyl sulfone 58c,f and aldehyde (1.2
equiv.) at room temperature. An immediate reaction ensued, as
monitored by the instantaneous consumption of the one-
electron reducing agent, leading after work up to the isolation of
the desired C-glycosides in high yield (82%) in favor of the
a-anomers 6‡ (a :b, 3.3 : 1). We note again the success of this
anionic C-glycosylation reaction even though pyridyl sulfone 5
possesses an acidic NH proton. It was necessary to install a
protecting group at the carbamate nitrogen in 2 for the coupling
reaction to succeed. In its absence (e.g. replacing the TBDMS
group by H), protonation at C1 of the sugar unit was the sole
product observed.§

Whereas treatment of 6 (major isomer) with thiocarbonyl
diimidazole¶ surprisingly led to the formation of a cyclic
oxazoline involving the C2 acetamido group, use of the
traditional Barton deoxygenation method proved effective for
the removal of the newly created C7 hydroxy group. Thus

Scheme 1

Scheme 2 Reagents and conditions: i, AcCl, MeOH; ii, ClCO2Et, NaHCO3,
93% (2 steps); iii, NaBH4, CaCl2, EtOH–THF (2 : 1); iv, NaH, THF, 87% (2
steps); v, TBDMSOTf, collidine; vi, HF, MeCN, 71% (2 steps); vii,
(COCl)2, Et3N, DMSO, 99%
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formation of the methyl xanthate from alcohol 6, followed by
tin hydride promoted radical deoxygenation, afforded 7 after
desilylation in 79% (three steps). A three-step procedure
involving introduction of a Boc group, selective hydrolysis of
the cyclic carbamate11 and oxidation of the primary alcohol to
its corresponding carboxylic acid 8 then completed the
synthesis of the desired C-glycosyl amino acid.∑

In conclusion, we have successfully prepared a hydrolytically
stable Tn antigen mimic via a SmI2-promoted C-glycosylation
protocol. This important amino acid building block is now ready
to be incorporated into small peptide chains in order to test them
as potentially viable synthetic peptide vaccines against various
human epithelial cancers, the results of which will be reported
in due course.

Notes and References

† E-mail: ts@kemi.aau.dk
‡ Selected data: for 6 dH(250 MHz, CDCl3) (major isomer) 6.18 (d, 1 H, J
8.4, NH), 4.37 (ddd, 1 H, J 9.4, 6.5, 2.9, H5), 4.18 (dd, 1 H, J 11.2, 9.4, H6a),
4.16 (ddd, 1 H, J 8.4, 3.1, 2.2, H2), 3.88 (dd, 1 H, J 3.1, 3.1, H3), 3.76 (dd,
1 H, J 6.5, 3.1, H4), 3.74 (dd, 1 H, J 3.5, 2.2, H1), 3.69 (dd, 1 H, J 11.2, 2.9,
H6b).
§ The protecting group on the carbamate nitrogen also plays a pivotal role
for obtaining high coupling yields of the C-glycoside as exemplified by the
use of the Boc group, where the C-glycosylation yield was reduced by one
half. Another advantage is that it provides easily separable isomers.

¶ We have recently applied this reagent successfully for the deoxygenation
of a C-disaccharide prepared via the SmI2 route [see ref. 8(b)].
∑ It is interesting to note that C-glycoside 8 does not occupy the normally
expected 4C1 chair conformation, as is seen from the coupling constants
(J2,3 = 4.0, J3,4 = 2.9, J4,5 = 5.6 Hz). This has also been observed for other
N-acetyl-a-C-galactosamines (ref. 12) and monosaccharides (ref. 13)
derivatives possessing benzyl protecting groups at the C3, C4 and C6
hydroxy groups. However, the corresponding deprotected or peracetylated
C-glycosides were found to possess the normal chair conformation.
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Scheme 3 Reagents and conditions: i, 2 (1.2 equiv.), SmI2 (2.2 equiv.) THF,
20 °C, 82%; ii, NaH, CS2, MeI, THF, 83%; iii, HSnBu3 (1.5 equiv.), AIBN
(0.05 equiv.), toluene, 110 °C; iv, TBAF (3.5 equiv.), THF, 95% (2 steps);
v, (Boc)2O (1.5 equiv.), Et3N (2.0 equiv.), DMAP (cat.), THF; vi, Cs2CO3

(cat.), MeOH, 83% (2 steps); vii, Jones oxidation, 70%
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Induced separation of a binate vesicle into two independent entities

Fredric M. Menger,*† Stephen J. Lee and Jason S. Keiper

Department of Chemistry, Emory University, Atlanta, Georgia 30322, USA

Two lipid vesicles, one residing in the aqueous interior of the
other, separate into independent vesicles upon increasing
the temperature or osmotic pressure; phase-contrast micros-
copy provides the details of the process.

Giant vesicles are spherical lamellar structures having diamet-
ers greater than one micrometer. Single giant vesicles can be
isolated, manipulated and observed in real time by light
microscopy. By contrast, small vesicles (so-called ‘SUVs’),
used conventionally in most vesicle research, are sub-micro-
scopic and thus evaluatable in solution only by indirect
spectroscopic means. Capitalizing upon this size advantage of
giant vesicles, researchers have recently reported diverse
membrane events ranging from cytomimetic phenomena1 to
surface reactions.2

Giant vesicles undergo a variety of morphological changes
brought about by mechanical,1 thermal,3–5 chemical,6–8 elec-
trical9 and pressure10 alterations in the environment. Thermally-
induced shape changes have, perhaps, garnered the most
attention from the scientific community. For example, it was
shown5 that temperature affects the vesicle area-to-volume
ratio, leading to budding and other shape transitions. Mathemat-
ical models explaining the various membrane phenomena are
also available.11,12

Both natural phospholipids and synthetic lipids can self-
asemble into giant vesicles. Didodecyldimethylammonium
bromide (DDAB) is a good example of the latter. Use of
‘unnatural’ lipids is important because it provides a large array
of compounds with which to relate membrane properties to
molecular structure. We ourselves have employed DDAB,
among various synthetic lipids, to observe vesicle aggregation,
fusion, endocytosis and birthing.1

On occasion, a population of DDAB giant vesicles will
contain a ‘binate’ vesicle that consists of one sphere within
another of slighly larger size. Usually the components of the
binate vesicle have a common area of contact as portrayed in
Fig. 1.

When the system is subjected to heat or osmotic pressure, the
binate vesicle separates into two independent vesicles. Since the
initial and final surface areas and volumes of the vesicles can be
quantified, one has a prime opportunity to monitor the
translocation of lipid and vesicular water during the morpho-
logical change. Tracking the fate of components in model
membrane systems is relevant to cell biology where membrane
reorganization occurs in a controlled but poorly understood
manner.

A few experimental details will clarify the procedure. DDAB
and cholesterol were mixed by dissolving the solids in CHCl3–
MeOH and removing the solvent under reduced pressure. The
resulting film was sonicated in deionized water and lyophilized
to yield a white powder of intimately mixed lipids. Less than 0.1

mg of lipid mixture was smeared onto a glass microscope slide
within the confines of a cemented 14 mm i.d. O-ring.
Approximately 0.5 ml of deionized water was added to the
sample, a glass coverslip applied, and the excess water drained.
About 3 h of incubation at 20 °C produced a colony of giant
vesicles.

For heating experiments, the microscope slide was mounted
on a hollow brass plate through which flowed water from a
constant temperature bath. Temperatures were read from a
thermocouple residing directly in the vesicle medium. Dilution
experiments, in which the osmotic pressure was altered, were
performed by taking up to 25–75 ml of vesicle suspension into
a micropipet and gently releasing it into 0.5 ml of deionized
water.

Vesicle transformations were observed with phase-contrast
optics using a Nikon Diaphot-TMD inverted microscope.
Images were recorded with the aid of a Dage-MTI CCD-72
solid-state camera connected in series to a Panasonic AG-1960
SVHS, a Hamamatsu Argus-10 image procesor, and a Sony
black and white monitor. Image processing and radii determi-
nation from calibrated distances were accomplished using
Image-Pro Plus software on a Micron Millenia workstation,
while images were printed using a Tektronix Phaser 440 dye
sublimation printer.

Fig. 2 shows the effect of heating a 95% DDAB–5%
cholesterol vesicle from 20 to 29 °C. In Fig. 2(A), one sees a
binate vesicle (adhered to a smaller single vesicle) with
considerable apparent contact between the inner and outer
bilayers (arrows). The outer vesicle seemingly ‘peels’ away
from the inner vesicle [Fig. 2(B)–(E)] while assuming various
non-spherical shapes in the process. In less than 1 min, two
unattached spherical vesicles are formed [Fig. 2(F)].

Table 1 records the volumes and surface areas for vesicles in
Figs. 2(A) and 2(F). Since the total volume of the two vesicles
in Fig. 2(F) is 15.3 pl [compared to only 13.9 pl for the outer
vesicle in Fig. 2(A)], 1.4 pl of water were incorporated into the
system during the separation process. External water must have

Fig. 1 Schematic representation of a binate vesicle

Fig. 2 Progressive separation of the outer shell of a binate vesicle induced
by a temperature increase. Arrows in micrograph (A) define the region of
membrane contact between the inner and outer vesicle before separation
became evident. T = 29 °C raised from 20 °C; time from (A) to (F) = 1 min;
bar = 25 mm.
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entered the ‘active’ vesicle-2 exclusively because the volume of
the ‘static’ vesicle-1 remained constant at 10.7 pl. Since the
permeation rate of water through bilayers is generally much too
slow to explain the observed influx,13 it is likely that water
enters vesicle-2 via an intervesicular gap as was observed
previously in a laser-induced vesicle expulsion.14

Vesicle separation in Fig. 2 also led to a sizable decrease in
the total surface area (from 5150 to 3690 mm2 based on the
assumption that the ‘active’ vesicle was originally an intact
sphere). Even if the ‘active’ vesicle is taken to be an incomplete
sphere [terminating at the arrows in Fig. 2(A)], there is a net
decrease in lipid surface area of about 570 mm2 as the new
vesicle in Fig. 2(F) (of area 1330 mm2) is formed. One possible
explanation is that lipid is deposited upon the ‘static’ inner
vesicle by the ‘active’ outer vesicle. If this is true, then the
deposited lipid must exist as a ‘patch’ on the surface of the
‘static’ vesicle because insufficient lipid was made available to
coat the receptor vesicle entirely. Formation of bilayer patches
residing on intact vesicles has been observed previously.15

Lipid material could also have been lost to the bulk medium as
sub-microscopic vesicles.14

An osmotic pressure change at constant temperature, created
by dilution with deionized water, also induces vesicle separa-
tion (Fig. 3). Once again Table 1 reveals a volume increase
requiring the input of external water. Thus, the total volume in
Fig. 3(F) (112.9 pl) exceeds that of the outer periphery in
Fig. 3(A) (90.0 pl). The need to supply external water is evident
in Fig. 3(D) showing a flaccid and strongly undulating
intermediate. Entry of water at narrow juncture gaps must be
osmotically driven by monomeric DDAB and impurities that
invariably exist in the inner vesicular regions.

Within the limits of uncertainty in the measurements, it
appears that the surface area data are adequately explained by
the two vesicles in Fig. 3 sharing a common membrane (i.e. the
‘active’ vesicle consisting of an incomplete sphere attached to
an intact inner vesicle). Two-thirds of 9680 mm2 plus a small
osmotic swelling gives a value close of 7300 mm2, the surface
area found for the newly formed vesicle. The 7% volume
decrease seen with the ‘static’ vesicle may reflect a compaction
of bilayer lipid upon departure of the attached membrane.

Control experiments showed that vesicles composed of
DDAB without cholesterol also manifested the separation
phenomenon upon exposure to elevated temperatures and
osmotic pressures. Thus, cholesterol-rich domains, if they exist
at all, do not seem to play a role here in the observed membrane
reorganization.

We thank the National Institutes of Health for supporting this
work.
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Table 1 Vesicle radii, internal volumes and surface areas in Figs. 2 and
3a

Before separation After separation

Vesicle-1 Vesicle-2 Vesicle-1 Vesicle-2

Fig. 2
Radius/mm 13.7 14.9 13.7 10.3
Volume/pl 10.7 13.9 10.7 4.6
Surface area/mm2 2360 2790 2360 1330

Fig. 3
Radius/mm 24.4 27.8 23.5 24.1
Volume/pl 60.8 90.0 54.3 58.6
Surface Area/mm2 7450 9680 6940 7300

a Vesicle-1 represents the inner ‘static’ vesicle and vesicle-2 represents the
outer ‘active’ vesicle.

Fig. 3 Separation of a binate vesicle caused by dilution. Note the extreme
undulation depicted in micrograph (D). T = 20 °C; time from (A) to (F) = 3
min; bar = 50 mm.
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Synthesis and characterization of Co3(O2CCH2CH2PO3)2·6H2O, a metal
carboxylate–phosphonate with a framework structure

Anne Distler and Slavi C. Sevov*†

Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, IN 46556, USA

The title compound is the first carboxylate–phosphonate
with an extended three-dimensional structure, a framework
of trimers of edge-sharing CoO6-octahedra and organic
species with two different functional groups, carboxylic and
phosphonic, both coordinated to the metal atoms.

The use of multifunctional ligands for building infinite
frameworks by coordination to metal centers has become an
area gaining much interest in recent years.1 Many such
crystalline coordination polymers with two- and three-dimen-
sional structures are already known for polynitrilies and
polyamines coordinated to noble metals.2 Similarly, poly-
carboxylic acids,3 polyalcohols and polyethers,4 and poly-
phosphonic acids,5 have been used for the construction of such
solid-state architectures through coordination to a variety of
transition metals. Compounds utilizing organic species with
two different functional groups, both coordinated to metal
atoms, are very rare. Known are an aminophosphonate with an
open-framework type structure,6 and two layered compounds
based on carboxylate–phosphonates.7 Owing to the direction-
ality of the coordination bond, most of these structures have
relatively large voids, and are of potential interest for a variety
of guest–host interactions and molecular recognition. A com-
mon problem for many of them, especially those with long
bridging ligands, is the interpenetration of the frameworks
which essentially results in blocking the otherwise available
large openings. As far as thermal stability is concerned the
phosphonates tend to be the more stable group. We are
interested in combining two or more different functionalities in
a single compound with a three-dimensional open-framework
structure. Here we report on a carboxylate–phosphonate
compound with such an extended framework built of transition
metals coordinated by a bridging ligand with two different
functional groups.

The title compound was initially made in an autoclave at
110 °C from CoCO3 and 2-carboxyethylphosphonic acid,
HO2CCH2CH2P(O)(OH)2, mixed in a molar ratio of 2 : 1. The
synthesis can be also carried out in an open system as low as
80 °C. The compound crystallizes as spherical aggregates of
red-purple crystals. A single crystal structure determination‡
revealed a three-dimensional network of linear trimers of edge-
sharing CoO6-octahedra with the organic molecules coordi-
nated to the cobalt atoms by both functional ends (Fig. 1). The
cobalt atoms are of two types, Co2 at an inversion center at the
center of the trimer, and Co1 inside the other two octahedra
(Fig. 2). The Co2-octahedron shares the two opposite parallel
edges, O1 and O6, with the Co1-octahedra. The latter are rotated
in opposite directions around the common edges keeping the
three cobalt atoms in a straight line. This leads to shorter
distances between some of the apical oxygen atoms, O2 and O3.
These and one of the shared oxygens, O1 from an adjacent
trimer, are bonded to a single phosphorus atom.

The acidic oxygens of both functional groups are fully
deprotonated. The carboxy group is coordinated to Co1 as a
monodentate ligand through its deprotonated oxygen atom
leaving the ‘double’-bonded oxygen, O5, as non-bonding
(Fig. 2). Thus an extended structure of covalently bonded
network –Co–O–P–C–C–C–O–Co– is formed. This network

has one-dimensional, S-shaped voids filled with the water
molecules, O6, 7 and 8 (Figs. 1 and 3). The latter complete the
octahedral coordination sphere around the cobalt atoms by

Fig. 1 A general view of Co3(O2CCH2CH2PO3)2·6H2O along the a axis (c
is horizontal) drawn with thermal ellipsoids with 50% probability. The
atoms are shown with ellipsoids that are: open for C, cross- hatched for O,
and shaded for Co and P. The water oxygens (O6, 7 and 8), the double
bonded oxygen (O5), and cobalt and phosphorus of one trimer are
labeled.

Fig. 2 A closer view of the bonding within and between the trimers of edge-
sharing octahedra. Selected distances (Å): Co1–O1 2.066(4), Co1–O3
2.057(3), Co1–O4 2.105(4), Co1–O6 2.215(4), Co1–O7 2.098(4), Co1–O8
2.052(5), Co2–O1 2.098(3), Co2–O2 2.059(3), Co2–O6 2.168(4), P–O1
1.545(4), P–O2 1.517(4), P–O3 1.525(4), P–C2 1.807(6), C1–C2 1.509(8),
C2–C3 1.516(9), C1–O5 1.260(7), C1–O4 1.267(7).
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coordinating to either one (O7 and O8 to Co1) or two (O6 to
both Co1 and Co2) of them.

The IR spectrum of the compound shows the asymmetric and
symmetric vibrations of the carboxy group at 1541 and 1419
cm21, respectively, the vibrations of the phosphonic group in
the region 900–1100 cm21, and the typical bands of the
coordinated water (broad at 3369 and sharp at 1646 cm21). The
absence of a band in the region 1690–1730 cm21 (the O–H
vibration of a CO2H group) is in agreement with a deprotonated
carboxy group. Magnetic susceptibility measurements in the
range 10–300 K show a Curie-type paramagnetism consistent
with the structure of ‘isolated’ islands of cobalt trimers
(m = 9 mB). A mass loss of 17.5% was measured by TG at ca.
150 °C, and this is consistent with six molecules of water (also
confirmed by IR after the dehydration). At that temperature the
sample changes color from purple to an intense blue, and this
confirms the lowering of the cobalt coordination number. Fig. 3
depicts the structure of the compound without the water
molecules. Based on the van der Waals radii, the calculated free
volume per unit cell of the treated compound is ca. 190 Å3, or
23% of the total volume.§

This new compound provides potential for further explora-
tions. For example, it may be possible to replace the water
molecules with different amines. Also, the fact that the CNO part
of the carboxylic acid is ‘intact’ can eventually be used for
reactions with different organic molecules with catalytic,
photoelectric, or other useful properties in order to ‘anchor’
them to the solid.

We thank the National Science Foundation (DMR-9701550)
for the financial support.
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‡ Crystal data for Co3(O2CCH2CH2PO3)2·6H2O: Mw = 586.95, mono-
clinic, space group P21/c, Z = 2, a = 4.6086(9), b = 10.278(3), c

= 17.504(3) Å, b = 95.74(1)°, U = 825.0(3) Å3, m = 32.61 cm21. A
hemisphere of data was collected on a CAD4 single crystal diffractometer
with graphite-monochromated Mo-Ka radiation at room temperature
(crystal size 0.04 3 0.08 3 0.10 mm, w–2q scans, 2998 and 1455 collected
and independent reflections (Rint = 7.87%), respectively). The structure
was solved by direct methods and refined with the aid of the SHELXTL-
V5.0 package. All lighter atoms, including hydrogen, were located from
difference Fourier maps, and refined without constraints. XABS empirical
absorption correction was applied to the data after the structure was refined
with isotropic thermal parameters. Final residual values: R1/wR2 = 0.0498/
0.1036 for 1185 observed reflections (I ! 2sI) and 163 refined parameters
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§ While the manuscript was being reviewed we made and characterized two
more metal carboxylate–phosphonates, an isostructural magnesium analog
[a = 4.598(2), b = 10.278(4), c = 17.628(7) Å, b = 96.28(3)°, U
= 828.1(4) Å3] and a calcium carboxylate–phosphonate with a different
structure. According to the structure determined from single crystal X-ray
diffraction and IR spectra of the latter, the calcium is seven-coordinate, and
the carboxylic group is not deprotonated but rather coordinated to the
calcium via the carbonyl oxygen.
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Fig. 3 A view along a (as in Fig. 1) of the compound with the water
molecules omitted for clarity. The S-shaped one-dimensional openings are
easier to see. This is what the dehydrated compound may look like.
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Remarkable helix stabilization via edge-to-face tryptophan–porphyrin
interactions in a peptide-sandwiched mesoheme

David A. Williamson and David R. Benson*†

Department of Chemistry, University of Kansas, Lawrence, KS 66045-0046, USA

Tryptophan residues in a peptide-sandwiched mesoheme
provide helix stabilization via edge-to-face interactions
between the Trp indole side-chains and the porphyrin
ring.

Binding of heme by apomyoglobin and cytochrome b5 is driven
to a large extent by interactions between apolar amino acid side-
chains and the porphyrin ring. This was convincingly demon-
strated by an experiment in which the proximal histidine (His)
ligand of myoglobin (Mb) was mutated to glycine without
greatly diminishing the apoprotein’s affinity for heme.1 Fur-
thermore, removal of heme from Mb2 and from cytochrome b5

3

leads to reduced protein helix content and decreased protein
stability as interactions between the heme and amino acid side-
chains in the heme binding pocket are lost.

The F-helix of Aplysia limacina Mb provides the proximal
ligand (His-95) to the heme iron (Fig. 1).4 A phenylalanine
residue (Phe-91), which is also within the F-helix, is located at
position i 2 4 relative to His-95 (in mammalian Mbs, this
position is usually occupied by leucine). The phenyl ring of
Phe-91 is nearly perpendicular to the heme plane, and the
hydrogen atoms in the 3- and 4-positions of the phenyl side-
chain make van der Waals contact with the heme.4 Similar
interactions between heme and Phe residues are observed in
cytochrome b5.5 An edge-to-face orientation between two
aromatic groups is energetically favorable.6 Stabilization arises
from electrostatic interactions between hydrogen atoms on one
ring, which bear a partial positive charge, and the p-electrons of
the second ring.7

We have developed a class of hemoprotein models that we
call peptide-sandwiched mesohemes (e.g. 1).8–11 His-to-iron

coordination in 1 induces the covalently attached peptides to
adopt conformations with ca. 50% helix content, in aqueous
solution at 8 °C.10 Helix content can be increased to > 90% by
addition of propan-1-ol (PrOH). From molecular modelling
studies we have predicted that in 1 the angle between the peptide
helix axis and the porphyrin plane will be about 30°.12 When
His ligands to heme iron in natural hemoproteins reside within
helices, this angle is usually closer to 0°. The different

orientations result from alternate combinations of His side-
chain torsional angles c1 and c2. In 1 we predict that c1/c2 ≈
180°/290°,9,12 whereas in most hemoproteins utilizing His
residues that reside in a-helices (including Aplysia limacina
Mb), these values are closer to 260°/90°.8

In 1, Ala-4 is at position i2 4 relative to the His ligand (His-
8). Using the structure of 1 predicted from molecular modeling
studies,12 we replaced Ala-4 by Phe and by tryptophan (Trp) to
investigate whether edge-to-face interactions between either
aromatic amino acid side-chain and the heme was possible.
From these studies we found that the indole side-chain of Trp
can make such interactions if its side-chain torsional angles c1
and c2 are limited to ca. 180 and 90°, respectively. An energy
minimized structure predicted for 3 is shown in Fig. 2. In
contrast, the side-chain of Phe appears to be too small to permit
contact with the heme in 2.

We have prepared 2 and 3 using our previously reported
synthetic method.8,9 CD spectra of 1 and 3 in neutral aqueous
solution at 8 °C are shown in Fig. 3. The spectrum of 2 (not
shown) is nearly identical to that of 1. Using the mean residue
ellipticity at 220 nm (q220) as a measure of peptide helix
content,8 we estimate that changing Ala-4 to Trp increases
peptide helix content from ca. 50 to ca. 90% (maximum q220 for
1–3 is calculated to be 227 700 deg cm2 dmol21). In contrast,
changing Ala-4 to Phe leaves the peptide conformation
unaltered. Both results are consistent with predictions from
molecular modelling.

Aromatic amino acid side-chains,13 as well as heme itself,8,14

can contribute to CD spectra in the wavelength range normally

Fig. 1 Heme and F-helix of Aplysia Limocina Mb.4 Atom colors: carbon
(black); nitrogen (grey); oxygen (white).

Fig. 2 Structure of 3 predicted by molecular modelling. Only one peptide is
shown. Atom colors as in Fig. 1.
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employed to determine peptide helix content. In fact, we
observe a positive contribution in the CD spectrum of 3 near 250
nm that is absent in the spectra of 1 and 2 (Fig. 3, inset). This
positive ellipticity probably arises via exciton coupling of the
Trp side-chain with the peptide backbone amides and/or with
the heme. Such contributions can lead to errors in peptide helix
content determined by CD.13 The amount of organic solvent
required to achieve the maximum value of q220 provides
additional information about relative helix content in pure
aqueous solution when comparing similar systems such as 1–3.
Fig. 4 shows q220 plotted vs. volume percent of PrOH for 1 and
3 (the plot for 2 is identical to that for 1, and thus is not shown).
Whereas 1 and 2 require more than 30% (v/v) PrOH to reach
maximal helix content, 3 reaches maximal helix content with
only about 5% PrOH. This is consistent with 3 having much
higher helix content than 1 and 2 in aqueous solution.

Aromatic amino acids are considered to be helix breakers15

because their side-chain torsional angle c1 is restricted to the g+

(300°) and t (180°) regions when they are forced to reside within
a helix.16 However, when the amino acid is within the first
(N-terminal) turn of a helix, c1 = g2 (60°) is also accessible.16

Because Phe-4 is within the first helical turn of 2, it is not
surprising that 1 and 2 exhibit similar conformational proper-
ties. In order for Trp to make edge-to-face contact with the heme
in 3, however, we predict that its side-chain must be restricted
to c1 ≈ 180° and c2 ≈ 90°. Our CD data indicate that the
indole–heme interactions are sufficiently stabilizing to over-
come the large entropy loss associated with such confor-
mational restrictions. This is in keeping with the importance of
such interactions in maintaining the structural integrity of
natural hemoproteins.2,3

This work was supported by National Institutes of Health
grant R29-GM52431-01A1.
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Fig. 3 CD spectra of 1 (- - -) and 3 (——) in 2 mm pH 7 potassium phosphate
buffer at 8 °C

Fig. 4 q220 as a function of PrOH concentration for 1 (8) and 3 (2). The plot
for 2 is identical to that for 1.
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Unsaturated polymers containing boron and thiophene units in the backbone

Robert J.-P. Corriu,*a Thomas Deforth,a William E. Douglas,*a† Gilles Guerreroa and Walter S. Siebert*b

a CNRS UMR 5637, Université Montpellier II, 34095 Montpellier cedex 5, France
b Anorganisch-Chemisches Institut der Universität, 69120 Heidelberg, Germany

2,5-Dialkynylthiophenes (RC·C)2C4H2S (R = Ph, Me3Si or
But) treated successively with HBCl2 and Et3SiH in CH2Cl2
undergo hydroboration polymerization to give intensely-
coloured polymers of general structure –[CHNCR–BCl–
CRNCH–C4H2S]n– for which the 11B NMR resonances occur
ca. 50 ppm upfield of those for analogous monomers.

Polythiophenes are important conjugated electroactive poly-
mers. They possess interesting optical and electrical properties,
and have many potential applications, for example in energy
storage, electrochromic devices and electrochemical sensors.1
Several of these effects depend on the nature and extent of
doping of the polythiophene, usually with electron acceptors.
We report here the synthesis by hydroboration polymerization
of unsaturated polymers containing both thiophene and boron
units. It was expected that such polymers possessing both
electron-donor (sulfur) and electron-acceptor (boron) sites
would show interesting properties, the boron with a vacant 2p
orbital being available to act as an in situ electron-acceptor
dopant.

Hydroboration polymerization has been previously described
for polyaddition betwen thexylborane–dimethyl sulfide com-
plex and either dienes2 (affording saturated organoboron
polymers) or diynes3 (giving unconjugated unsaturated organo-
boron polymers). The hydroboration polymerization of dienes
has also been performed with monobromoborane–dimethyl
sulfide complex to give functional organoboron polymers.4
However, for all these polymers the boron 2p orbitals are
occupied because of the presence of the dimethyl sulfide donor
ligand. We describe here the preparation of analogous polymers
containing thiophene and alkene units in which the boron 2p
orbital remains vacant.

The starting diynes 1a,5 1b6[n (C·C) 2146 cm21 (CCl4)] and
1c [n (C·C) 2220 cm21 (CCl4)], which were synthesized from
2,5-dibromothiophene and the corresponding alkynylzinc rea-
gent RC·CZnCl, undergo hydroboration with HBCl2 (formed in
situ from BCl3 and Et3SiH7) at 280 °C to give the bis(di-
chloroborane) derivatives 2 in 60–70% yield (Scheme 1).
Subsequent reduction of 2 with Et3SiH in the presence of
additional diyne 1 gives the corresponding polymers 4, most
probably by hydroboration polymerization of intermediate
bis(monochloroborane) derivatives 3 (Scheme 1).‡ The poly-
mers are highly sensitive to oxygen and water and so far it has
not been possible to obtain either satisfactory UV–VIS spectra
or consistent molecular weight data by size exclusion chroma-
tography (SEC) because of the very dilute nature of the
solutions required in both cases. However, the SEC chromato-
grams show a component of molecular weight in excess of
100 000, which is possibly an overestimate since it was
determined using polystyrene calibrants. The polymer colour is
strongly dependent on the substituent R groups, being turquoise
in the case of phenyl substituents (4a), red for trimethylsilyl
groups (4b), and green for the homologue containing both
phenyl and trimethylsilyl substituents.

The 11B NMR resonance for the polymers in CDCl3 solution
occurs at dB 6–7 (e.g. 4a: dB 6.5), about 50 ppm upfield of the
resonance for 2 (dB 53) or chlorodivinylborane (dB 56).8 These
remarkable properties suggest the existence of electronic

interactions between the boron and thiophene groups along the
polymer chain. Further support for this interpretation is
provided by the contrasting properties of model monomers 5a
and 5b prepared by hydroboration of 1a and 1b, respectively,
with 9-borabicyclo[3.3.1]nonane (9-BBN) in THF solution
(Scheme 1). The model monomers are pale-coloured solids
exhibiting 11B NMR resonances around dB 58 as expected.8 The
formation of all three structural isomers for each model
monomer 5 is to be expected since the reaction of 9-BBN with
alkynes is known to be of low regioselectivity.9

The polymers 4 can be stabilized by transformation of the
boron chloro functional group. Thus, treatment of 4b with
3-dimethylaminopropan-1-ol in toluene under reflux afforded 6
as a red paste in 80% yield. SEC indicates that 6 is an oligomer
of about 8 units and therefore polymer degradation has occurred
during the synthesis. The 11B NMR resonance at dB 2.8 lies in
the region expected for amine adducts,8 the boron 2p orbital
being occupied.

Treatment of 1a–c with thexylborane–dimethyl sulfide
complex in CH2Cl2 in the presence of (PPh3)2PdCl2 affords,
respectively, polymers 7a–c (Scheme 1), this borane reagent
being known to give linear polymers with internal diynes.3 The
11B NMR resonances (dB 18–19) lie in the region expected for
dimethyl sulfide adducts.8 The boron 2p orbital is occupied and
the colours are less intense than those of 4. SEC showed that 7b
is an oligomer of 25 units with a polydispersity index of 3.7
(polystyrene calibrants). For comparison, the analogous model

Scheme 1 Reagents and conditions: i, BCl3, Et3SiH, CH2Cl2, 278 to
240 °C; ii, 1, Et3SiH, 250 °C to room temp.; iii, 9-BBN, Pt(PPh3)4, THF,
278 to 65 °C; iv, Me2N(CH2)3OH, PhMe, 110 °C; v, thexylborane–Me2S,
(PPh3)2PdCl2, CH2Cl2, 278 °C to room temp. Only one of the various
possible structural isomers is shown in each case.
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monomers 8a–c were made starting from the corresponding
monoalkynylthiophene (Scheme 2). The change in colour,
corresponding to an absorption red-shift, on going from the
model monomers 8a and 8b to the polymers 7a and 7b indicates
the presence of some additional electron delocalization in the
polymers. However, the extent must be slight since the 11B
NMR chemical shifts for the model monomers are essentially
the same as those for the polymers. This is in contrast to the case
of the intensely-coloured polymers 4 with an empty boron 2p
orbital, for which an 11B NMR upfield shift of ca. 50 ppm is
observed (vide supra). Work is in progress on the synthesis by
hydroboration polymerization of more stable analogues of 4.
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‡ Polymers 4a–c were prepared using the following one-pot procedure. A
solution of BCl3 in CH2Cl2 at 278 °C was treated dropwise with a CH2Cl2
solution containing Et3SiH (2 equiv.) and the starting diyne 1 (0.5 equiv.).
Addition of 50% of the latter Et3SiH/diyne solution resulted in formation of
the bis(dichloroborane) intermediate 2. At this stage excess BCl3 was
removed from the reaction mixture in vacuo (5 min at 278 °C followed by
5 min at 240 °C) and addition of the Et3SiH/diyne solution was then
resumed at 250 °C. After addition was complete the reaction mixture was
allowed to warm to room temperature overnight, becoming intensely
coloured, and the polymers were isolated by removal of the solvent.
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Scheme 2 Reagents and conditions: i, thexylborane–Me2S, CH2Cl2,
278 °C to room temp. Only one of the three possible structural isomers is
shown.
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Stereo- and regio-selective addition of iodotoluene difluoride to alk-1-ynes.
Selective synthesis of 2-fluoro-1-iodoalk-1-enes

Shoji Hara,*† Masaki Yoshida, Tsuyoshi Fukuhara and Norihiko Yoneda*

Division of Molecular Chemistry, Graduate School of Engineering, Hokkaido University, Sapporo 060, Japan 

p-Iodotoluene difluoride reacted with 1-alkynes to give trans
adducts which could be converted to 2-fluoro-1-iodoalk-
1-enes without isolation.

The introduction of a fluorine atom into the double bond of
natural products, such as terpenes,1 nucleosides,2 retinal,3 fatty
acids,4 prostaglandins5 and peptides6 has been of great interest
because the fluorinated analogues of natural compounds are
expected to have different pharmacological properties from the
original ones. The fluoroalkenyl parts of such compounds have
been synthesized by the condensation of a-fluorocarbanions
with carbonyl compounds3,5,6a,b,7 or the b-elimination reaction
from fluorohaloalkanes2,4b,6c but the stereoselectivities are
generally low. A cross-coupling reaction using fluoroalkenyl
halides or fluoroalkenylmetals would be a versatile method for
the stereoselective synthesis of fluoroalkenes.8 However, the
cross-coupling method has not been adequately developed for
fluoroalkene synthesis because stereoselective synthesis of the
fluoroalkenyl halides is difficult. Recently, we reported that
p-iodotoluene difluoride (1) can be directly prepared from
p-iodotoluene by an electrochemical method and used for the
fluorination of b-dicarbonyl compounds.9 During our continu-
ing study of the organic synthesis using 1, we found that 1 adds
to alk-1-ynes to give (E)-(2-fluoroalk-1-enyl)(4-methyl-
phenyl)iodonium fluorides (2)10,11 which could be converted to
(E)-2-fluoro-1-iodoalk-1-enes stereo- and regio-selectively
(Scheme 1).

p-Iodotoluene difluoride 1 was electrochemically prepared
from p-iodototoluene in Et3N–5HF9 and used for further
reaction without isolation. (E)-(2-Fluoroalk-1-enyl)(4-methyl-
phenyl)iodonium fluoride (2), which was stable and could be
isolated and characterized, was used for the further trans-
formation without isolation. The iodonation of 2 by modifica-
tion of the reported procedure12 provided (E)-2-fluoro-1-io-
doalk-1-enes (3) in good yields (Table 1).‡ The reaction can be
carried out without the protection of functionalities such as
ketones, esters, and even hydroxy groups in alkynes. Further
application of this method to the stereoselective synthesis of
fluoroalkenes is under investigation.

Notes and References

† E-mail: Hara@org-mc.eng.hokudai.ac.jp
‡ Typical experimental procedure: p-iodotoluene difluoride was electro-
chemically prepared in a divided cell made of TeflonTM PFA with a
NafionTM 117 film using two smooth Pt Sheets (20 3 20 mm) for the anode
and cathode. p-Iodotoluene (3 mmol) and Et3N–5HF (22 ml) were
introduced into the anodic cell and Et3N–5HF (22 ml) was introduced into
the cathodic cell. The electrolysis was carried out under constant electricity
(50 mA h21) until 2 F mol21 of electricity was passed. The resulting Et3N–
5HF solution of p-iodotoluene difluoride in the anodic cell was used for
further reaction. Methyl undec-10-ynoate (293 mg, 2 mmol) and CH2Cl2 (6

ml) were introduced into a reaction vessel made of TeflonTM PFA and
p-iodotoluene difluoride (3 mmol) in Et3N–5HF (22 ml) was added at 0 °C.
After stirring for 1 h, the mixture was extracted with CH2Cl2, dried over
MgSO4, and concentrated under reduced pressure. The residue was
dissolved in CH2Cl2 (5 ml) and added to CuI (3.8 g, 20 mmol) and KI (3.32
g, 20 mmol) in CH2Cl2 (25 ml). The reaction mixture was stirred at room
temperature for 3 h and extracted with CH2Cl2. The product was isolated by
column chromatography (silica gel/hexane–diethyl ether) in 80% yield.
CNC Stereochemistry of 3a–g was determined from 3JH–F data. Stereo-
specificities of > 98% are indicated by GC, and 1H and 19F NMR
spectroscopy. Spectral data for 2a: dH(400 MHz, CDCl3) 7.866 (d, J 8.3, 2
H), 7.2015 (d, J 8.3, 2 H), 6.725 (d, J 15.125, 1 H), 2.662–2.754 (m, 2 H),
2.361 (s, 3 H). 1.167–1.576 (m, 14 H), 0.881 (t, 7.1, 3 H); dF(84.67 MHz,
CDCl3)(C6F6 as an internal standard) 269.131 to 269.834 (m, 1 F). For 3d:
dH(400 MHz, CDCl3) 5.67 (d, J 17.81, 1 H), 3.67 (s, 3 H), 2.50 (dt, J 7.32,
22.4 Hz, 2 H), 2.31 (t, J 7.56, 2 H), 1.64–1.51 (m, 4 H), 1.35–1.31 (m, 8 H);
dF(84.67 MHz, CDCl3)(C6F6 as an internal standard) 281.969 to 282.721
(m, 1 F); n(neat)/cm21 1735 and 1650.
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Synthesis of (±)-2A,3A-dideoxy-3A-fluoroapiosylpyrimidine nucleosides

Soon Kil Ahn,*a,b† Deukjoon Kim,a Hoe Joo Son,b Byeong Seon Jeong,b Ryung Kee Hong,b Bok Young Kim,b

Eung Nam Kim,b Ku Hun Chungb and Jung Woo Kimb

a College of Pharmacy, Seoul National University, San 56-1, Shinrim-dong, Kwanak-gu, Seoul,  South Korea
a Chong Kun Dang Research Institute, 410 Shindorim-dong, Guro-gu, Seoul, South Korea 

Various (±)-2A,3A-dideoxy-3A-fluoroapiosylpyrimidine nu-
cleoside analogs have been prepared.

Since the discovery and synthesis of nucleocidin,1 which has a
unique 4A-fluorosugar, a number of 4A-substituted nucleosides2

and 4A-substituted carbocyclic nucleosides3 have been synthe-
sized and their biological activities evaluated. Among them,
4A-azidothymidine exhibited potent anti-HIV activity.

In our effort to synthesize novel 4A-substituted nucleoside
derivatives with biological activity, we envisioned 2A,3A-
dideoxy-3A-substituted apiosyl nucleosides to be one of these
4A-substituted nucleosides. While the synthesis and biological
activities of a great many structurally modified nucleoside
analogs have been reported, relatively little work has been done
on the synthesis and biological activities of nucleoside analogs
which contain apiose as the sugar moiety.4 Here we report on
the synthesis of (±)-2A,3A-dideoxy-3A-fluoroapiosylpyrimidine
nucleosides.

The synthesis of the key intermediate, 2,3-dideoxy-3-fluor-
oapiofuranosyl acetate 6, is shown in Scheme 1. Reformatsky

reaction5 of bis-silyl protected dihydroxyacetone 16 with ethyl
bromoacetate in the presence of activated zinc gave a b-hydroxy
ester 2. This was then treated with a 12% methanolic HCl
solution at room temperature to afford hydroxy lactone 3 in 77%
yield over two steps. The primary hydroxy group of 3 was
selectively protected with a tert-butyldiphenylsilyl group to
give 4 in 93% yield.7 Fluorination of the tertiary alcohol of 4
with DAST in CH2Cl2 at room temperature gave fluoro lactone
5 in 32% yield. In this reaction the a,b-unsaturated lactone was
obtained by elimination reaction in 27% yield. Reduction of
fluoro lactone 5 to lactol with DIBAL-H at 278 °C followed by
acetylation with Ac2O gave the key intermediate, 2,3-dideoxy-
3-fluoroapiofuranosyl acetate 6, in 70% yield over two steps.

Scheme 1 Reagents and conditions: i, BrCH2CO2Et, activated Zn, benzene–
toluene (2 : 1), reflux, 4 h; ii, 12% HCl in MeOH, room temp., 20 h, 77% (2
steps); iii, TBDPSCl, DMAP, Et3N, CH2Cl2, room temp. overnight, 93%;
iv, DAST, CH2Cl2, room temp. 1 h, 32%; v, DIBAL-H, CH2Cl2, 278 °C,
0.5 h; vi, Ac2O, Et3N, DMAP, CH2Cl2, room temp. 0.5 h, 70% (2 steps)

Scheme 2 Reagents and conditions: i, bis-silylated base, TMSOTf,
ClCH2CH2Cl, 0 °C, 0.5 h; ii, TBAF, THF, room temp.; iii, methanolic NH3,
room temp. then TBAF, THF, room temp.
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The coupling of acetate 6 with bis-silylated pyrimidine
derivatives under Vorbrüggen conditions is depicted in Scheme
2.8 Bis-silylated pyrimidine derivatives were condensed with
fluorosugar 6 in the presence of TMSOTf in 1,2-dichloroethane
to give an a :b mixture of 7 and 8 in moderate yield. The
mixtures were separated by silica gel column chromatography
to give the individual isomers 7 and 8. Deprotection of 7 and 8
afforded the pyrimidine nucleosides 9 and 10, respectively.‡

The structural assignment of the uracil and cytosine analogs
was made on the basis of 1H NMR studies. For example, upon
irradiation of the H-3B protons in compound 9g, nuclear
Overhauser effects (NOEs) were observed for the H-2Ab (4.5%)
and H-4Ab (4.3%) protons, while no NOEs were detected for the
H-2Aa and H-4Aa protons. Irradiation of the H-6 proton resulted in
an NOE for the H-2Ab (3.3%) proton, while no NOE was
observed for the H-2Aa proton. In compound 10g, upon
irradiation of the H-3B proton, NOEs were detected for the H-2Ab
(1.5%) and H-4Ab (4.1%) protons, while no NOEs were observed
for the H-2Aa and H-4Aa protons. Irradiation of the H-6 proton
resulted in an NOE for the H-4Aa (1.9%) proton, while no NOE
was detected for the H-4Ab proton (Fig. 1). The above results
showed 9g was the b-isomer and 10g was the a-isomer. The
relative configuration of the rest of the compounds in this report
was assigned using the results of the same NOE experiments.
The b-configuration of cytosine analog 9g was determined

conclusively on the basis of X-ray crystallography (Fig. 2).§
Compound 9g assumes the 4A-endo conformation, in which the
fluorine at C-4A is approximately in a gauche disposition relative
to the furan oxygen.

Evaluation of antiviral activities and asymmetric synthesis of
2A,3A-dideoxy-3A-fluoroapiosyl nucleosides are in progress.

We are grateful to Drs C. I. Hong and S. J. Lee for helpful
discussions. Special thanks are due to Mr W. K. Choi for 1H
NMR studies and Dr S. H. Kim for X-ray crystallography. One
of us (D. Kim) acknowledges financial support from the
KOSEF and Ministry of Health and Welfare (HMP-
96-D-1017).

Notes and References

† E-mail: hck@bora.dacom.co.kr
‡ All new compounds gave satisfactory analytical and spectral data.
Selected data for 9g: mp 179–181 °C; dH([2H6]DMSO)2.21 (ddd, J2Ab,F 35.5
J2Ab,2Aa 14.6, J2Ab,1A 7.7, 1 H, Hb-2A), 2.44 (m, 1 H, Ha-2A), 3.66 (m, 2 H, H-3B),
3.94 (dd, J4Aa,F 21.5, J4Aa,4Ab10.8, 1 H, Ha-4A), 4.19 (dd, J4Ab,F 35.1, J4Ab,4Aa
10.8, 1 H, Hb-4A), 6.10 (dd, J1A,2Ab 7.7, J1A,2Aa 6.6, 1 H, H-1A);dc(CD3OD)
166.78, 157.14, 141.54, 105.40, 103.62, 95.14, 88.68, 75.33, 75.07, 63.00,
62.73, 40.67, 40.44; lmax(H2O)/nm 269.4, 229.0 (sh) (pH 7), 278.0, 209.3
(sh) (pH 2), 268.0 (pH 11) (Calc. for C9H12N3O3F; C, 47.16; H, 5.28; N,
18.33. Found: C, 47.21; H, 5.36; N, 18.22%). For 10g: mp 219–220 °C;
dH([2H6]DMSO) 2.08 (dddd, J2Aa,F 21.9, J2Aa,2Ab 15.2, J2Aa,1 2.5, J2Aa,4Ab 1.5, 1
H, Ha-2A), 2.56 (ddd, J2Ab,F 35.7, J2Ab,2Aa 15.2, J2Ab,1A 7.6,1 H, Hb-2A), 3.59 (dd,
J3B,F 20.7, J3B,3B 12.1, 1 H, H-3B), 3.65(dd, J3B,F 16.7, J3B,3B 12.1, 1 H, H-3B),
3.96 (dd, J4Ab,F 34.5, J4Ab,4Aa 10.9, 1 H, Hb-4A), 4.26 (ddd, J4Aa,F 20.5, J4Aa4Ab
10.9, J4Aa,2Aa 1.5, 1 H, Ha-4A), 6.02 (dd, J1A,2Ab 7.6, J1A,2Aa 2.5, 1 H, H-1A), 7.54
(d, J6,5 7.4, 1 H, H-6); dC(CD3OD) 166.81, 157.20, 141.15, 141.10, 104.64,
102.87, 94.45, 87.87, 76.15, 75.91, 62.81, 62.53, 40.93, 40.71; lmax(H2O)/
nm 269.8, 229.2 (sh) (pH 7), 278.6, 219.6 (sh) (pH 2), 270.2 (pH 11) (Calc.
for C9H12N3O3F; C, 47.16; H, 5.28; N, 18.33. Found: C, 47.09; H, 5.18; N,
18.48%).
§ Crystal data for 9g: C9H12FN3O3, M = 229.22, monoclinic, space group
P21/c (No. 14), unit cell dimensions a = 5.1519 (10), b = 10.7326 (13), c
= 17.756 (2) Å, b = 92.39 (2)°, V 981.0 (3) Å3, T = 293 (2) K, Z = 4, m
= 0.130 mm21, F(000) = 480, 1580 reflections were measured and 1409
independent reflections were used for the structure solution. Final R values
are as follows: wR2 = 0.0970 {R1 = 0.0373 [I = 2s(I)]}. CCDC
182/821.
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Fig. 1 NOE experiments of compounds (a) 9g and (b) 10g

Fig. 2 ORTEP drawing of (±)-1-(2,3-dideoxy-3-fluoroapio-
b-furanosyl)cytosine 9g

968 Chem. Commun., 1998



O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

N H

N

N

N

NH

N

NN
R

R

R R

O

R R

[G-X]

7 X = 1, R = O(CH2CH2O)2Me
8 X = 2, R = O(CH2CH2O)2Me
9 X = 3, R = O(CH2CH2O)2Me

N H

N

N

N

NH

N

NN
O [G-X]

O

[G-X]

O
[G-X]

O
[G-X]

4 X = 1
5 X = 2
6 X = 3

1 X = 1
2 X = 2
3 X = 3

O2N

CN

CN

 [G-X]-OH
i ii, iii

O

CN

CN[G-X]

+

[G-1]

[G-2]

[G-3]

iv, iii

Phthalocyanines substituted with dendritic wedges: glass-forming columnar
mesogens

Matthew Brewis, Guy J. Clarkson, Andrea M. Holder and Neil B. McKeown*†

Department of Chemistry, University of Manchester, Manchester, UK M13 9PL   

Peripheral substitution of the phthalocyanine macrocycle
with poly(aryl ether) dendritic wedges produces materials
whose properties are dominated both by the columnar self-
association of the phthalocyanine core and by the glass-
forming character of the dendritic substituents.

Dendrimers are currently the focus of much attention due to
their compact hierarchical structures. Although research into the
synthesis of novel dendrimers continues at a rapid pace,1 there
is also considerable interest in the functionalisation of existing
systems. For example, the versatile, convergent synthetic route
to the poly(aryl ether) dendrimers of Fréchet2 has allowed the
incorporation of functional groups based on fullerene,3 pro-
phyrin4 and ferrocene5 moieties.

Our interests lie in the preparation of novel phthalocyanine
(Pc) derivatives in which control over the structure of the bulk
material is achieved by the attachment of suitable substituents to

the Pc core.6 This will help exploit the exciting electro-optical
properties displayed by Pcs, e.g. photoconductivity and third-
order harmonic generation. We describe here the synthesis of
some phthalocyanine (Pc) derivatives which are substituted by
poly(aryl ether) wedges and reveal the interesting properties of
these novel materials which are dominated both by the self-
association of the Pc subunit and by the glass forming character
of the dendritic substituents. The preparation of these phthalo-
cyanine-centred dendrimers involves a novel modification of
the convergent route to dendrimer synthesis in which the
formation of the core is used for dendrimer assembly, rather
than the attachment of the dendritic wedges to a pre-existing
core.

Phthalocyanine derivatives are best prepared from substi-
tuted phthalonitrile precursors. The aromatic nucleophilic
substitution reaction between 4-nitrophthalonitrile and the
benzylic alcohol group of the first, second and third generation

Scheme 1 Reagents and conditions: i, anhydrous K2CO3, DMF, 50 °C; ii, C5H11OLi, C5H11OH, 135 °C; iii, AcOH; iv, 4,5-bis(1,4,7-trioxaoctyl)-
phthalonitrile, C5H11OLi, C5H11OH, 135 °C
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poly(aryl ether) wedges ([G-1]-OH, [G-2]-OH, [G-3]-OH)2

gives the required phthalonitriles 1–3, respectively, in 75–90%
yield (Scheme 1). Cyclotetramerisation of 1–3 using lithium
pentanolate in refluxing pentanol gives 4–6 in 10–20% yield,
respectively, as a mixture of four inseparable isomers. Alter-
natively, a mixed cyclotetramerisation between each of the
phthalonitriles 1–3 and a ten-fold excess of 4,5-bis(1,4,7-
trioxaoctyl)phthalonitrile7 produces unsymmetrical Pcs 7–9,
respectively. Each of these compounds is readily separated from
octakis(1,4,7-trioxaoctyl)phthalocyanine and other Pc by-prod-
ucts by column chromatography. The structures of 1–9 were
confirmed by 1H NMR, UV–VIS absorption and IR spectros-
copy.‡ All compounds gave satisfactory elemental analyses and
all, except Pc 6, exhibited a parent mass ion using fast atom
bombardment (FAB) mass spectrometry. 

Despite the steric bulk of the dendritic substituents, there is
evidence of self-association of the Pc cores of 4, 5 and 6 in dilute
solution. For example, the 1H NMR resonances corresponding
to the twelve protons attached to the Pc core of 4–6 are
broadened considerably even at a concentration of 1 3 1024

mol dm23 in CDCl3. Aggregation is also apparent in the UV–
VIS spectra of 4–6 in chloroform solution (1 3 1025 mol dm23)
by the presence of a broad peak centred at 630 nm. Aggregation
is more evident in toluene at similar concentrations. The
solution behaviour of these materials is analogous to that of
1,3,4-oxadiazole-based dendrimers which were specifically
designed to produce columnar supramolecular structures.8
There is much less evidence of broadening due to aggregation in
the 1H NMR spectra of 7–9.

The thermal behaviour of 4–9, as measured by optical
polarising microscopy and differential scanning calorimetry
(DSC), is reported in Table 1. On cooling from the isotropic
melt, 4, 7, 8 and 9 display optical textures characteristic of a
hexagonal columnar mesophase, although the initially observed
‘sandy texture’ exhibited by 9 requires annealing at 105 °C for
several hours in order to obtain a recognisable texture. The
hexagonal columnar mesophase is commonly encountered in Pc
derivatives.9 It is remarkable that the presence of the large
dendritic wedge on Pc 9 does not prohibit columnar mesophase
formation but merely limits the thermal range over which the
mesophase is stable. A small angle X-ray diffraction analysis
(powder) of the mesophase of 4 and 7–9 reveals in each case a
single strong, sharp band which we believe originates from the
(1, 0) plane of the hexagonal lattice. Based on this assumption,
the calculated intercolumnar spacings are given in Table 1.

A potentially useful aspect of the thermal behaviour of these
materials is their tendency to form a glassy rather than a
crystalline solid phase, as indicated by DSC studies which show
distinct second-order glass transitions both on heating and
cooling. Thus, the non-mesogenic 5 and 6 produce clear, crack-
free solid films by cooling from the melt or by spin-coating onto
a glass substrate. UV–VIS absorption spectra of these non-
birefringent films (lmax = 620 nm) indicates strong cofacial
interactions of the Pc cores. The absence of light scattering from
domain boundaries is an attractive feature for optical stud-
ies.10

DSC analysis of 8 and 9 also shows a distinct reversible glass
transition. No change in the optical texture is observed on
cooling the mesophase below the glass transition temperature
and it is concluded that an anisotropic glassy state is obtained in
which the columnar structure is ‘frozen’.11 Small angle X-ray
diffraction studies of the resulting brittle solids are also
consistent with the retention of the columnar structure.
Materials such as 8 and 9 which display both an anisotropic
glassy phase and a readily aligned mesophase could be used to
fabricate monodomainal films suitable for optical or electronic
studies.

Notes and References

† E-mail: neil.mckeown@man.ac.uk
‡ Selected data for 1: n(KBr)/cm21 2229 (CN); dH(CDCl3, 500 MHz) 5.05
(4 H, s), 5.10 (2 H, s), 6.58 (1 H, t), 6.60 (2 H, d), 7.15 (1 H, dd), 7.25 (1 H,
d), 7.29–7.45 (10 H, m), 7.65 (1 H, d); m/z (EI) 446 (M+). For 2: n(KBr)/
cm21 2230 (CN); dH(CDCl3, 500 MHz) 4.97 (4 H, s), 5.02 (8 H, s), 5.08 (2
H, s), 6.52 (1 H, t), 6.57 (2 H, t), 6.59 (2 H, d), 6.67 (4 H, d), 7.14 (1 H, dd),
7.23 (1 H, d), 7.29–7.42 (20 H, m), 7.65 (1 H, d); m/z (EI) 871 (M+. For 3:
n(KBr)/cm21 2232 (CN);  dH(CDCl3, 500 MHz) 4.97 (8 H, s), 5.03 (16 H,
s), 5.05 (2 H, s), 6.60–6.63 (7 H, m), 6.69–6.74 (14 H, m), 7.10 (1 H, dd),
7.23 (1 H, d), 7.29–7.46 (40 H, m), 7.64 (1 H, d); m/z (EI) 871 (M+). For 4:
l(CH2Cl2)/nm 718, 682, 654, 620, 422, 346; n(KBr)/cm21 3275 (NH);
dH(CDCl3, 500 MHz, 50 °C) 23.2 (2 H, br s), 5.06 (16 H, br s), 5.26 (8 H,
br s), 6.65 (4 H, br s), 6.80 (8 H, brs), 7.29–7.45 (40 H, m), 7.7–9.1 (12 H,
br M); m/z (FAB) 1788, (M+). For 5: l(CH2Cl2/nm 716, 680, 654, 620, 422,
346; n(KBr)/cm21 3276 (NH); dH(CDCl3, 500 MHz, 50 °C) 23.5 (2 H, br
s), 4.75–5.05 (48 H, br m), 5.26 (8 H, br s), 6.40–6.75 (28 H, br m), 6.90 (8
H, br s), 7.29–7.45 (80 H, m), 7.7–9.1 (12 H, br m); m/z (FAB) 3488, (M+).
For 6: l(CH2Cl2)/nm 715, 680, 654, 620, 422, 346; n(KBr)/cm21 3277
(NH); dH(CDCl3, 500 MHz, 50 °C 23.4 (2 H, br s), 4.66–5.05 (96 H, br m),
5.28 (8 H, br s), 6.30–6.70 (76 H, br m), 6.90 (8 H, br s), 7.29–7.45 (160 H,
m), 7.7–9.1 (12 H, br m). For 7: l(CH2Cl2)/nm 700, 664, 646, 398, 342;
n(KBr)/cm21 3433 (NH); dH(CDCl3, 500 MHz, 50 °C) 22.14 (2 H, br s),
3.47 (18 H, s), 3.70 (12 H, t), 3.95 (12 H, t), 4.20 (12 H, t), 4.74 (12 H, t),
5.18 (4 H, s), 5.33 (2 H, s), 6.69 (1 H, t), 7.05 (2 H, d), 7.22–7.50 (10 H, br
m), 8.55–8.70 (8 H, brm), 9.05 (1 H, d); m/z (FAB) 1542 (M+). For 8:
l(CH2Cl2)/nm 700, 664, 646, 398, 342; n(KBr)/cm21 3422 (NH);
dH(CDCl3, 500 MHz, 50 °C) 22.00 (2 H, br s), 3.46 (18 H, s), 3.70 (12 H,
t), 3.95 (12 H, t), 4.20 (12 H, t), 4.74 (12 H, t), 4.98 (8 H, s), 5.10 (4 H, s),
5.53 (2 H, s), 6.52 (2 H, t), 6.65 (1 H, t),  6.73 (4 H, d), 7.03 (2 H, d),
7.18–7.32 (20 H, br m), 8.52–8.70 (8 H, br m), 9.02 (1 H, d); m/z (FAB)
1989 (M+ + Na+). For 9: l(CH2Cl2)/nm 702, 664, 640, 400, 340; n(KBr)/
cm21 3429 (NH); dH(CDCl3, 500 MHz, 50 °C) 21.70 (2 H, br s), 3.42 (18
H, s), 3.70 (12 H, t), 3.95 (12 H, t), 4.20 (12 H, t), 4.74 (12 H, t), 4.88 (16
H, s), 4.98 (8 H, s), 5.06 (4 H, s), 5.50 (2 H, s), 6.48 (2 H, t), 6.49 (1 H, t),
6.52 (4 H, t), 6.69 (8 H, d), 6.72 (4 H, d), 7.00 (2 H, d), 7.15–7.35 (40 H, br
m), 8.62–8.75 (8 H, br m), 9.10 (1 H, d); m/z (FAB) 1989 (M+ + Na+).

1 For a recent review see: G. R. Newcombe, C. N. Moorefield and F.
Vögtle, Dendritic Molecules: Concepts, Syntheses and Perspectives,
VCH, Weinheim, 1996.

2 C. J. Hawker and J. M. J. Fréchet, J. Am. Chem. Soc., 1990, 112, 7638;
K. L. Wooley, C. J. Hawker and J. M. J. Fréchet, J. Am. Chem. Soc.,
1991, 113, 4252.

3 K. L. Wooley, C. J. Hawker, J. M. J. Fréchet, F. Wudl, G. Srdanov, S.
Shi, C. Li and M. Kao, J. Am. Chem. Soc., 1993, 115, 9836.

4 R.-H. Jin, T. Aida and S. Inoue, J. Chem. Soc., Chem. Commun., 1993,
1260.

5 C.-F. Shu and H.-M. Shen, J. Mater. Chem., 1997, 7, 47.
6 N. B. McKeown, Phthalocyanine Materials: Synthesis, Structure and

Function, Cambridge University Press, Cambridge, 1998.
7 G. J. Clarkson, N. B. McKeown and K. E. Treacher, J. Chem. Soc.,

Perkin Trans. 1, 1995, 1817.
8 A. Kraft Chem. Commun., 1996, 77.
9 J. Simon and C. Piechocki,  J. Am. Chem. Soc., 1982, 104, 5245; K.

Ohta, L. Jacquemin, C. Sirlin, L. Bosio and J. Simon, New J. Chem.,
1988, 12, 751.

10 R. D. George and A. W. Snow, Chem. Mater., 1994, 4, 209; M. Brewis,
G. J. Clarkson, V. Goddard, M. Helliwell, A. M. Holder and N. B.
McKeown, Angew. Chem., Int. Ed. Engl., in the press.

11 K. E. Treacher, G. J. Clarkson and N. B. McKeown, Liq. Cryst., 1995,
19, 887.
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Table 1 Transition temperatures of dendrimer-substituted Pcsa

Transition/°C

Compound Glass ? I Glass ? oh oh? I D/Å

4 — 115b 270b 31.2
5 112 — — — 
6 71 — — 
7 — <220b > 320b 28.9
8 — 115 250–255 30.0
9 — 94 108–112 35.0

a I = isotropic liquid, oh = hexagonal columnar mesophase, D =
intercolumnar distance calculated from 1,0 diffraction ring. b Transition not
observed by DSC.
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A fluorescent cage for anion sensing in aqueous solution

Luigi Fabbrizzi,*† Ilaria Faravelli, Giancarlo Francese, Maurizio Licchelli, Angelo Perotti and Angelo
Taglietti

Dipartimento di Chimica Generale, Università di Pavia, I-27100 Pavia, Italy 

The dizinc(II) complex of the bistren cage 2 selectively
includes the isostructural N3

2 and NCO2 ions in aqueous
solution, but only N3

2 inclusion is signalled through the
quenching of the fluorescent emission of the anthracene
spacer.

Molecular recognition of anions is in most cases based on
electrostatic interactions (which include hydrogen bonding).
Typically, the receptor offers a concave array of sites suitable
for anion binding: ammonium or guanidium groups, amide
hydrogen atoms.1 In general, the intrinsically low energy of the
electrostatic interaction does not compete successfully with the
anion hydration energy and recognition studies have to be
carried out in non-aqueous and poorly polar solvents. Efficient
binding of anions in water would require the use of stronger
host–guest interactions. This may be the case of the metal–
ligand interactions. In fact, metal containing receptors perform
efficient anion recognition in aqueous solution. As an example,
the dicopper(ii) complex of the bistren cage 1 selectively
includes polyatomic anions, e.g. N3

2, NCO2, HCO3
2. While

anion inclusion is demonstrated by X-ray diffraction studies on
the solid complexes,2 recognition in aqueous solution can be
monitored spectrophotometrically and is characterised by
values of the association constant, Kassn, as high as 105 dm3

mol21.3 Each of the two donor atoms of the included
ambidentate anion occupies a vacant coordination site of each
CuII centre (the axial position of a trigonal bipyramid) and
selectivity derives from the matching between the anion ‘bite’
(i.e. the distance between the two donor atoms) and the distance
between the two vacant axial positions.

The function of recognition can be implemented to sensing if
the receptor system contains a reporter subunit capable of
signalling substrate binding through the variation of a chosen
well detectable property. Fluorescence seems a particularly
convenient property since it can be monitored in real time, even
at very low concentration levels, by using a rather simple
instrumentation. Fluorosensors for a large number of biotic and
abiotic analytes have been designed during the past decade by
appending a fluorescent fragment to the envisaged receptor
framework:4 in all cases, an efficient mechanism has to be
provided for either quenching or reviving fluorescence, follow-
ing substrate recognition. In contrast to the many efficient
fluorosensors reported for cations to date, fluorescent sensors
for anions are still rare.4

We have now synthesised the cage 2, in which one of the
spacers connecting the two tren compartments is the strongly

fluorescent 9,10-anthracenyl fragment. The synthetic proce-
dure, first involved the appending of two tren subunits to a
9,10-anthracenyl fragment; then, the terminal amine groups of
each subunit were connected by 1,4-xylyl spacers.‡ Cage 2
incorporates pairs of metal ions, e.g. two CuII, and, following a
cascade mechanism, can include ambidentate anions like N3

2

and NCO2. However, we could not use the dicopper(ii)
complex as a fluorosensor, since CuII itself quenches the
fluorescence of any proximate fluorophore through either an
electron transfer (eT) or an energy transfer (ET) mechanism.5
Therefore, we switched to ZnII, which still forms stable
complexes with amine ligands and, being redox inactive and
having a filled 3d level, cannot be involved in either an eT or an
ET process. Polyamine systems containing two ZnII ions have
been used to sense the imidazolate anion.6

The emitting behaviour of 2 ( = L) in the pH range 2–12 was
investigated by titrating with standard base a solution contain-
ing its octahydrochloride, [H8L]Cl8, plus excess acid, in the
spectrofluorimetric cuvette. The corresponding fluorescence
intensity, IF, vs. pH profile, is shown in Fig. 1 (circles). At low
pH values full anthracene fluorescence is observed. Then, IF
decreases in the pH range 4–6 following a sigmoidal pattern.
Noticeably, the plot of IF vs. the equiv. of added OH2 shows
that fluorescence quenching takes place during the addition of
the third equivalent of base (after that the excess acid had been
neutralised). Amine groups display reducing properties and can
transfer an electron to the proximate excited anthracenyl
fragment, *An, quenching its fluorescence. It is possible that,
after the neutralisation of the two protons released from the
apical ammonium groups, the third proton leaves one of the
ammonium groups adjacent to the An fragment allowing an eT
process to take place. Then, a similar titration experiment was
carried out on a solution containing also 2 equiv. of ZnII. The
corresponding IF vs. pH profile (triangles) superimposes well on
that observed for the titration of the cage alone until pH = 7.
Here, IF stops decreasing and increases again to reach a
maximum at pH = 8.5. We ascribe this behaviour to the fact
that from pH = 7 ZnII ions enter the two tren compartments
engaging all the amine nitrogen atoms in the coordinative bonds
and preventing the electron transfer to *An. The maximum

Fig. 1 pH dependence of the fluorescence intensity (IF) for aqueous
solutions containing: (2) 2 (1024 m) plus excess acid; (“) 2, 2 equiv. of
ZnII, plus excess acid; (.) 2, 2 equiv. of ZnII, 1 equiv. of N3

2, plus excess
acid.
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fluorescence should correspond to the maximum concentration
of the [ZnII

2L2]4+ complex. A further pH increase makes IF
decrease again. This may be due to the formation of a species in
which an OH2 ion is coordinated to each metal centre. In
particular, in the [ZnII

2L2]4+ complex a water molecule is
expected to occupy the axial position of each metal centre,
completing five-coordination. Therefore, hydroxide containing
species result from the deprotonation of the ZnII bound water
molecules.§ The OH2 anion can undergo an eT process and
quench the proximate *An fragment. Intramolecular fluores-
cence quenching by coordinated OH2 ions is typically observed
in ZnII anthrylpolyamine complexes. Finally, in order to test the
sensing behaviour of the dizinc(ii) cage towards polyatomic
anions, a titration with standard NaOH was carried out on a
solution containing 2, 2 equiv. of ZnII, 1 equiv. of N3

2, plus
excess acid. In the corresponding profile (diamonds in Fig. 1) no
fluorescence revival is observed above pH = 7, but IF keeps
decreasing until complete quenching. We ascribe this behaviour
to the formation of a [ZnII

2L(N3)]3+ inclusion complex.¶
Quenching may be due to an eT process from the electron rich
N3
2 ion to the close *An fragment.
From molecular modelling, distances as short as 3 Å can be

calculated between the closest nitrogen atoms of N3
2 and

carbon atoms of the anthracene fragment, which may allow a
fast through-space eT process to occur. Intermolecular quench-
ing of anthracene by the N3

2 ion has been previously observed
in aqueous ethanol and has been ascribed to an eT mechanism.7
Comparison of the IF vs. pH profiles of Figs. 1 and 2 indicates
that at pH ≈ 8 the dizinc(ii) cage could behave as a fluorescent
sensor for the N3

2 ion: in particular, azide inclusion should be
signalled through a substantial quenching of the anthracene
fluorescence. Indeed, by titrating with a standard N3

2 solution
an aqueous solution 1024 m in 2, containing 2 equiv. of ZnII and
buffered to pH = 8.0, a linear decrease of fluorescence was
observed until the addition of 1 equiv. of azide (Fig. 2).

Least-squares analysis of the titration profile gave a value of
logKassn of 5.8 ± 0.1. Then, the receptor solution (1 equiv. of 2,
2 equiv. of ZnII, adjusted to pH = 8) was titrated with a series
of anions: NO3

2, HCO3
2, SO4

22, Cl2, Br2. In all cases, no IF
decrease was observed even after the addition of 10 equiv.
Moreover, the N3

2 titration profile as shown in Fig. 2 was not
altered when the receptor solution contained also 10 equiv. of
each one of the above anions. This indicates that these anions do
not compete with N3

2 for inclusion: in particular, the
corresponding Kassn values should be lower than 103.6. The case
of NCO2 is unique. On addition of NCO2 to the receptor
solution, no IF decrease was observed. However, the titration
profile of N3

2 was remarkably affected by the presence of
NCO2: the greater the NCO2 concentration, the less steep the
IF decrease, indicating severe competition for inclusion within
the cage. The profile reported in Fig. 2 refers to a solution

containing 5 equiv. of NCO2. From this a logKassn of 6.5 can be
calculated for NCO2. Thus, NCO2 has a slightly greater
affinity for 2 than N3

2, but, due to its less pronounced reducing
tendencies, when included in the cage, it is unable transfer an
electron to the nearby *An fragment. N3

2 and NCO2 anions
have a similar bite length (2.34 and 2.42 Å, respectively) and the
rather high values of Kassn should reflect the favourable
matching with the distance between the two vacant axial
positions of the two ZnII centres. The other linear triatomic
anion, NCS2, quenches fluorescence, but according to a much
less steep profile, to which a much lower value of logKassn
corresponds: 2.45 ± 0.05. NCS2 is a one-electron reducing
agent of strength comparable to that of N3

2 (NCS·/NCS2
potential: 1.62 V vs. NHE; N3·/N3

2: 1.33),8 which accounts for
the occurrence of an intracomplex photoinduced eT process and
fluorescence quenching. However, the much greater bite length
(2.75 Å) should induce an endothermic rearrangement of the
cage framework, making inclusion 2200 times much less
favourable than for N3

2.
This study demonstrates that the zinc(ii) containing cage 2 is

an efficient and selective receptor for ambidentate anions. First,
it discriminates polyatomic anions from monoatomic anions,
which have a less pronounced tendency to bridge two metal
centres and whose inclusion is then disfavoured. Then, it
recognises polyatomic anions on the basis of their bite length.
Finally, the presence of the 9,10-anthracenyl spacer permits the
inclusion of anions prone to a photo-induced eT process being
signalled through fluorescence quenching.

Notes and References

† E-mail: fabbrizz@ipv36.unipv.it
‡ A solution of terephthalaldehyde (4.0 mmol in 250 ml of MeOH) was
added dropwise over 2 h under magnetic stirring to a solution of the bistren
derivative of the 9,10-anthracenyl fragment6 (2.0 mmol in 750 ml of
MeOH). The stirred solution was then heated to 50 °C and 2.5 g of NaBH4

were added in small portions over 3 h. The solution was then stirred
overnight at room temperature. MeOH was distilled off under reduced
pressure, and the residue was dissolved in 100 ml of water. The aqueous
solution was extracted with CH2Cl2 (3 3 50 ml). The organic phase was
dried over Na2SO4 and the solvent was removed under reduced pressure to
give a gold–yellow solid (yield: 55%). FAB MS m/z (%): 699 (100) M 2
H+. 2 was used in solution studies as its hydrochloride, 2·8HCl, which was
satisfactorily analysed.
§ The following species were found to be present at equilibrium, in the 2–12
pH range, in a dioxane–water mixture (4 : 1, v/v), as ascertained through
non-linear least-squares analysis of potentiometric titration data:
[ZnII(H3L)]5+, [ZnII

2L]4+, [ZnII
2L(OH)]3+, [ZnII2L(OH)2]2+. The dioxane–

water medium was used to ensure a concentration of 2 ! 1023 m, as
required, for potentiometric studies. A potentiometric titration study in pure
water could not be carried out owing to the poor solubility of 2
( ≈ 1024 m).
¶ Potentiometric titration experiments in dioxane–water (4 : 1 v/v) indicated
that the [ZnII

2L(N3)]3+ complex is present as a major species in the pH range
6.5–9.0.
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Fig. 2 Spectrofluorimetric titrations of aqueous solutions containing
[ZnII(2)]2+ (1024 m) and buffered to pH = 8.5: (“) addition of N3

2; (.)
addition of NO3

2 (no modification of IF was observed also on addition of
HCO3

2, SO4
22, Cl2, Br2, NCO2); (2) addition of N3

2 to a solution
containing also 5 equiv. of NCO2. n = Number of added equivalents of
anion.
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14e h1-Hydrocarbyliron complexes supported by hydrotris(3,5-diisopropyl-
pyrazolyl)borate: the allyl complex prefers a highly coordinatively unsaturated
14e h1-structure to a 16e h3-structure‡

Munetaka Akita,*† Nobuhiko Shirasawa, Shiro Hikichi and Yoshihiko Moro-oka*

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503,
Japan 

Coordinatively unsaturated allyl and benzyl complexes with
the hydrotris(3,5-diisopropylpyrazolyl)borate ligand (TpiPr),
TpiPrM–allyl (M = Ni, Co, Fe) and TpiPrFe–p-methylbenzyl,
are prepared and characterized by X-ray crystallography,
and the allyl ligand is coordinated to the Fe center in a
h1-fashion to form a 14e species in contrast to the
h3-coordination found for the Ni and Co complexes.

Coordinatively unsaturated organo-transition metal species
have attracted much attention, in particular, in connection with
catalytic transformations, which require open coordination sites
for substrates (e.g. 14e species as polymerization catalysts),1
and electron transfer processes.2 Although many coordinatively
unsaturated early transition metal complexes have been studied,
few isolated examples of late transition metal complexes are
known.3 During the course of our study on organometallic
complexes supported by the hydrotris(3,5-diisopropylpyrazo-
lyl)borate ligand (TpiPr),4‡ we have found that coordinatively
unsaturated hydrocarbyl complexes of the first row, late
transition metals are obtained by using the TpiPr auxiliary.
Herein we wish to report synthesis and structural character-
ization of coordinatively unsaturated hydrocarbyl complexes
including a series of allyl complexes, TpiPrM(allyl) (M = Ni,
Co, Fe), and a h1-p-methylbenzyliron complex, TpiPrFe–
CH2C6H4Me-p.5

As the first attempts, we examined syntheses of complexes
with the allyl ligand, which might stabilize a coordinatively
unsaturated species through h3-coordination. Treatment of the
chloride precursors, TpiPrMCl (M = Ni, Co, Fe), with
allylmagnesium chloride in THF afforded the allyl complexes,
TpiPrM(allyl) (M = Ni 1, Co 2, Fe 3), after extraction with
pentane followed by crystallization (Scheme 1). The diamag-
netic Ni complex 1 was stable in the air, whereas the other
paramagnetic complexes 2 and 3 should be kept under an inert
atmosphere.

The deep red Ni complex 1 was readily assigned to the
structure with a h3-allyl ligand on the basis of its 1H NMR data
similar to that of the structurally characterized analogue with
the non-substituted Tp ligand,6‡ which also indicated occur-
rence of a dynamic process averaging the three pyrazolyl rings.
X-Ray crystallography of 1§¶ revealed the apparently Cs-
symmetrical, square-pyramidal structure with the apical N(31)

atom. The structure is similar to those of the Tp derivative6 and
the Co complex (Fig. 1), and distortion toward a square-planar
structure is evident from the dissimilar Ni–N distances [Ni–
N(11) 1.962(6), Ni–N(21) 1.962(5), Ni–N(31) 2.220(6) Å
(difference: 0.26 Å)]. The allyl ligand is coordinated to the Ni
center in a h3-fashion as indicated by the very similar Ni–C
distances [Ni–C(1) 1.991(9), Ni–C(2) 2.032(6), Ni(1)–C(3)
2.00(1) Å (difference: 0.04 Å)]. The deep green Co complex 2§
with similar Co–h3-allyl-carbon distances [Co–C(1) 2.066(6),
Co–C(2) 2.056(4), Co–C(3) 2.077(8) Å] is isostructural with 1
(Fig. 1), though the square-pyramidal character is more evident
compared to 1 judging from the smaller difference in the Co–N
distances [Co–N(11) 1.983(4), Co–N(21) 1.995(4), Co–N(31)
2.153(4) Å (difference: 0.17 Å)]. Thus the Ni and Co allyl
complexes are characterized as square-pyramidal h3-allyl
complexes with 18e- and 17e-configuration, respectively.

Scheme 1

Fig. 1 Molecular structure of 2 drawn at the 30% probability level
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The structure of the yellow Fe complex 3 (Fig. 2: two
independent molecules)§ is in sharp contrast to those of the Ni
and Co complexes. The Fe(1)–C(2a) [2.87(1) Å] and Fe(1)–
C(3a) distances [3.75(2) Å] are non-bonding [cf. Fe–C(1a)
2.04(1) Å] and, therefore, the allyl ligand is coordinated to the
iron center in a h1-fashion. The iron center adopts a tetrahedral
coordination geometry [Fe(1)–N(11a) 2.069(7), Fe(1)–N(21a)
2.071(8), Fe(1)–N(31a) 2.099(9) Å (difference: 0.03 Å)],
although a slight deviation from an ideal C3-symmetrical
structure is indicated by the N–Fe(1)–C(1) angles [C(1a)–
Fe(1)–N(11a) 119.2(4), C(1a)–Fe(1)–N(21a) 126.5(5); C(1a)–
Fe(1)–N(31a) 130.8(6)°]. These structural features lead to the
characterization of 3 as a 14e tetrahedral h1-allyliron complex.
Let us point out the curious electronic structure of 3. If the allyl
ligand is coordinated to the iron center in a h3-fashion
(4e-donor), the iron center can receive two more electrons to
attain a 16e-configuration closer to coordinative saturation.
Such structures are observed for the Ni (1) and Co complexes
(2) with more metal d electrons as mentioned above. Despite
this advantage of a h3-structure, the iron complex with a lower
number of d electrons does not adopt the h3-structure (16e) but
the h1-structure (14e). According to our previous results, the
monomeric TpRM–X type complexes‡ favor a tetrahedral
structure,7 although X is coordinated through a heteroatom (e.g.
O, S) with lone-pair electrons, which may stabilize the
coordinatively unsaturated metal center through p donation. For
3, however, such stabilization is not available, and some
intrinsic property of the TpRM-system may contribute to
stabilization of the tetrahedral structures.

The successful isolation of the coordinatively unsaturated
hydrocarbyl complex 3 prompted us to examine syntheses of
other h1-hydrocarbyl complexes.5 As a typical example, the
p-methylbenzyliron complex, TpiPrFe–CH2C6H4Me-p 4, was
prepared by the Grignard method analogous to Scheme 1, and
X-ray crystallography§ revealed a tetrahedral coordination
geometry of iron. The structural parameters around the iron
center are essentially the same as those of the allyl complex 3
{Fe–C(1) 2.05(1) Å [C(1) is the a-carbon atom of the
p-methylbenzyl group]; N–Fe–C(1) 116.9(4), 122.7(4),
136.5(4)°}, and slight distortion from a C3-symmetrical struc-
ture is also noted.

In conclusion, coordinatively unsaturated 14e-organoiron
complexes including allyl- (3) and benzyl-type complexes (4)
have been synthesized and characterized. Further studies on
molecular orbital analysis of the allyl complexes 1–3, synthesis
of other hydrocarbyl complexes and reactivity of the obtained
hydrocarbyl complexes are now in progress. Preliminary

experiments revealed that the h1-hydrocarbyl complex 4 was
readily carbonylated under a CO atmosphere (1 atm) to give the
coordinatively saturated dicarbonyl–acyl complex, TpiPr-
Fe(CO)2C(NO)CH2C6H4Me-p 5. It is also found that 4 shows
reactivity toward unsaturated hydrocarbons, and the results will
be reported in due course.

We are grateful to the Ministry of Education, Science, Sports,
and Culture of the Japanese Government for financial support of
this research (Grant-in-Aid for Specially Promoted Research:
08102006).

Notes and References

† E-mail: makita@res.titech.ac.jp
‡ Abbreviations used: TpiPr = hydrotris(3,5-diisopropylpyrazolyl)borate;
Tp = hydrotrispyrazolylborate; TpR = substituted Tp derivatives.
§ X-Ray diffraction measurements were made on a Rigaku RAXIS IV
imaging plate area detector with graphite-monochromated Mo-Ka radia-
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Crystal data: 1: C30H51BN6Ni, Mw = 565.3, T = 260 °C, triclinic, space
group P1̄, a = 9.778(3), b = 16.76(1), c = 9.720(8) Å, a = 90.348(4),
b = 102.87(7), g = 90.96(7)°, U = 1552(1) Å3, Z = 2, Dc = 1.21 g
cm23, m = 6.54 cm21, R(Rw) = 0.099 (0.121) for the 3648 unique data [I
> 3s(I)] and 355 parameters. 2: C30H51BCoN6, Mw = 565.5, T = 260 °C,
triclinic, space group P1̄, a = 9.733(8), b = 16.818(8), c = 9.718(9) Å,
a = 90.88(6), b = 101.59(5), g = 92.20(5)°, U = 1557(2) Å3, Z = 2,
Dc = 1.21 g cm23, m = 5.80 cm21, R(Rw) = 0.089 (0.107) for the 4644
unique data [I > 3s(I)] and 343 parameters. 3 (two independent molecules):
C30H51BFeN6, Mw = 562.4, T = 260 °C, orthorhombic, space group
P212121, a = 18.796(2), b = 16.319(2), c = 21.653(4) Å, U = 6642(1) Å3,
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Mw = 626.5, T = 260 °C, triclinic, space group P1̄, a = 11.818(9),
b = 16.39(1), c = 9.408(4) Å, a = 90.56(4), b = 101.29(4), g = 91.46(5)°,
U = 1786(2) Å3, Z = 2, Dc = 1.17 g cm23, m = 4.53 cm21, R(Rw) = 0.108
(0.117) for the 2812 unique data [I > 3s(I)] and 401 parameters. ORTEP
drawings of 1 and 4 are included in supplementary material available upon
request from the authors. CCDC 182/804.
¶ The atomic numbering scheme for 1 is the same as that for 2 (Fig. 1) except
the metal center.
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Fig. 2 Molecular structure of 3 drawn at the 30% probability level
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Face selectivity in electrophilic additions to methylenenorsnoutanes: relative
importance of through-space, through-bond and electrostatic interactions
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4-Substituted 9-methylenenorsnoutanes undergo a variety of
electrophilic additions with a small but consistent syn
preference; ab initio MESP maps indicate that electrostatic
factors and through-space interaction between the double
bond and cyclopropane Walsh orbitals are unimportant in
determining the face selectivity, while AM1 transition state
energetics suggest that the observed preferences are deter-
mined primarily by through-bond interactions.

The origin of p-face selectivity in sterically unbiased substrates
continues to be a challenging problem in spite of many
innovative experimental1a–d and theoretical investigations.1c–e

While the importance of hyperconjugative interactions has been
clearly demonstrated in electrophilic additions in several
olefinic substrates,2a–c the competing role of electrostatic
effects has been equally well established in nucleophilic
additions to related carbonyl derivatives.1d–e,2d However, the
mode by which some substituents, like the vinyl and aryl
groups, induce face selectivity is often complex.1a,2d Recently,
the cyclopropyl ring has also been shown to exhibit unusual
trends in selectivity. Three-membered ring fusion causes anti
selectivity in electrophilic additions to 7-methylenenorbor-
nanes, but a syn preference in isomeric bicyclo[2.2.2]octenes.3
This reversal is especially surprising because through-space
interaction between the olefinic bond and a cyclopropane Walsh
orbital is strong in both substrates on the basis of photoelectron
spectral studies.4 In order to critically evaluate the relevance of
such orbital interactions in the context of alternative models, we
now report the results of a combined experimental and
computational examination of face selectivity in electrophilic
additions to 4-substituted 9-methylenenorsnoutanes 1. These
substrates enable a comparison of the effect of two subtly
different cyclopropyl units in a truly sterically unbiased
environment. This study complements our earlier investigation
of nucleophilic additions to the corresponding ketones,5 in
which significant face selectivity was observed and attributed to
effective transmittal of orbital and electrostatic effects through
three-membered rings.

The 9-methylenenorsnoutanes 1b–d, readily synthesized
from the corresponding ketones5 via Wittig olefination
(Ph3P+MeBr2, ButOK, 80%), were subjected to dichlorocar-
bene addition, oxymercuration, epoxidation and hydroboration
reactions (Scheme 1). The structures of the E,Z-diastereomers
were deduced on the basis of 1H and 13C NMR data, but more
specifically from (i) the greater deshielding of H-5 in the
E-series compared to Z-series, (ii) the relative deshielding of
H-2 and H-3 in the Z-series compared to the E- series and (iii)
the deshielding of the quaternary C-4 carbon resonances in the
Z-series compared to E-series. These observations could be
further confirmed through selected lanthanide-induced shift
(LIS) studies.

All the derivatives 1b–d show a consistent preference for syn
face addition. As noted in earlier studies1,2 on remotely
substituted 7-methylenenorbornanes and 2-methyleneada-

mantanes, oxymercuration shows the highest facial preference.
Neutral electrophiles exhibit modest selectivity.

In order to interpret the above results, the topographical
features of the molecular electrostatic potentials (MESP) of
methylenenorsnoutane 1a and its cyano analog 1b were
examined at the ab initio HF/6-31G(d,p)//HF/3-21G level using
the program INDMOL.6 Typically, a R2CNCH2 unit has MESP
minima above and below the p cloud, shifted towards the
methylene group, while a cyclopropyl ring has three minima in
the CCC plane about 1.4 Å away from each C–C bond.7 In 1a,

Scheme 1 Reagents and conditions: i, CHCl3, 50% aq. NaOH, Et3BnNCl,
room temp., 75–80%; ii, Hg(OAc)2, aq. THF, NaBH4–NaOH, 80%; iii,
MCPBA, CH2Cl2, Na2CO3, 5–10 °C, 75%; iv, B2H6–THF, H2O2–aq.
NaOH, 80%. a Ratios based on 1H NMR integration of crude reaction
mixture (±5%). b E : Z mixture could not be separated. However, 1H NMR
data enabled identification of each isomer.
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all the (3, +3) critical points (CPs at which the gradient of the
potential vanishes and all the three eigen values of the Hessian
are positive)8 expected for the double bond and cyclopropyl
rings are found. The pairs of CPs which share large negative
regions [and are linked through (3, +1) saddle points] offer
graphic proof of strong interactions between each of the
cyclopropyl units and the olefinic p-bond as well as between the
two cyclopropyl rings (see Fig. 1). These interactions were
quantified earlier using photoelectron (PE) spectroscopy. In
particular, s–p interactions raise the p MO energy to 9.0 eV,
compared to the value of 9.4 eV found in 7-methylene-
norbornane.4a

The above interactions are substantially reduced by the
introduction of a cyano group. The MESP minima due to the
p-bond become shallow (20.029 au compared to 20.047 au in
the parent), while the CPs due to the cyclopropyl bonds are all
virtually eliminated. There are no common negative regions
indicative of s–p interactions (see Fig. 1). These results are
consistent with the PE spectrum of 1b.9 The first ionization
potential, assigned to the p-bond, corresponds to 9.53 eV, fairly
close to that of 7-methylenenorbornane.4a In the absence of
electrostatic bias as well as through-space s–p interactions in
the substrate, the observed face-selectivities must have a
different origin.

The activation energies for singlet : CCl2 addition to sub-
strates 1b–d computed at the AM1 level with a modified version
of MOPAC10 provide further insights. As pointed out earlier,2a,b

transition state geometries for carbene addition to olefins are
unsymmetrical, with one C–C bond being formed to a greater
extent. Hence, four sets of transition states were computed for
each substrate, with facial approach being syn or anti, and the
initial site of attack being C-9 or C-10.

As expected, no facial preference is computed for the
transition states corresponding to initial approach towards the
distal carbon (Table 1). However, in the higher energy
structures in which the carbene attacks at the C-9 center, the
substituents are computed to exert a small face selectivity.
Consistent with the experimental data, both cyano and ester
groups lead to a syn preference. The prediction for the
methoxymethyl derivative is ambiguous since the relative
activation energies are sensitive to the conformation of the

substituent. These results, especially the absence of selectivity
for initial approach at C-10 and syn selectivity for approach at
C-9 for strongly electron-withdrawing groups, suggest the
operation of a relay of hyperconjugative interactions, which
makes the syn face C–C bonds relatively electron deficient.
Stabilization due to interactions between electron-rich C–C
bonds and the s*-orbital of the newly formed bond with the
electrophile is greater for syn face approach.11

In summary, 4-substituted 9-methylenenorsnoutanes show
syn selectivity in a variety of electrophilic additions. Electros-
tatic effects and through-space s-pmixing are both unimportant
in these substrates, as confirmed through MESP topographical
analyses. The observed selectivities are primarily due to
Cieplak-type hyperconjugative interactions11 in the transition
states, whose energetics are fairly correctly reproduced using
AM1 calculations.
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Fig. 1 MESP isopotential surfaces (contour level = 20.024 au) of (a) 1a
and (b) the cyano analogue 1b

Table 1 AM1 activation energies for :CCl2 addition to 1b–d

Activation energy/kcal mol21

1b 1c 1d (Cs) 1d (C1)
Site of
attack syn anti syn anti syn anti syn anti

C-9 13.59 13.90 13.55 13.85 13.61 13.22 13.19 13.48
C-10 7.02 7.02 6.92 6.92 6.56 6.39 6.41 6.52
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Synthesis and dioxygenation of [5,10,15,20-tetrakis(a,a,a,a-o-pivaloyloxy-
naphthyl)porphinato]iron(ii) with a covalently bound imidazolylalkyl group

Teruyuki Komatsu, Kaoru Sano and Eishun Tsuchida*†‡

Department of Polymer Chemistry, Advanced Research Institute for Science and Engineering, Waseda University, Tokyo
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Intramolecular N-imidazole coordinated [5,10,15,20-tetra-
kis(a,a,a,a-o-pivaloyloxynaphthyl)porphinato]iron(II)
forms a stable dioxygen adduct in toluene at 25 °C; the
sterically regulated coordination of the axial base leads to
the low electron donation from the central iron to the bound
O2.

Synthetic tetraphenylporphinatoiron (FeTPP) derivatives have
been extensively used for the study of hemoprotein analogs,
because of their stability and advantage of covalent modifica-
tion.1 In particular, the design of both-faces encumbered models
has been a topic of great interest for the preparation of stable O2
carrying hemes.2–5 The double-sided hindered porphyrins have
actually prevented the undesired m-oxo dimer formation.
Symmetric 2,6-disubstituted TPPs are useful precursors, but the
total synthetic yields to construct different structures on each
side of the porphyrin plane are rather low.6,7 In order to simply
provide a second cavity under the porphyrin macrocycle, we
have introduced o-substituted a-naphthyl groups to the four
meso-positions. Non-substituted (tetranaphthylporphinato)-
iron(ii) or (tetraanthracenylporphinato)iron(ii) itself, however,
cannot form a stable O2 adduct at ambient temperature.8,9

Basolo and coworkers only reported the dioxygenation of the
single-face capped (naphthylporphinato)iron(ii) at 0 °C.10

Herein, we report for the first time, the synthesis, character-
ization and reversible O2 coordination of [tetrakis(a,a,a,a-
o-substituted-naphthyl)porphinato]iron(ii) with covalently
bound imidazolylalkyl chains at 25 °C.

The precursor porphyrin, tetrakis(b-naphthol)porphine, was
prepared by Lindsey’s procedure from pyrrole and 2-methoxy-
1-naphthaldehyde followed by removal of the methyl groups
with BBr3.11,12 The a,a,a,a-isomer separated by column
chromatography was condensed with pivaloyl chloride in THF
at 65 °C, giving 5,10,15,20-tetrakis(a,a,a,a-o-pivaloyl-
oxynaphthyl)porphine 1a (71%). Introduction of imidazolyl-
alkyl chains to the b-pyrrolic position of the porphyrin was

performed according to our previously reported procedure with
8-imidazolyl-1-yl-octanoic acid.13 For initial formylation, the
copper(ii) complex 1b gave a high yield in the Vilsmeir reaction
(97%). The obtained 2-formyl–1b was, however, rapidly
decomposed in H2SO4/CH2Cl2, which is a typical copper
removal condition. All attempts for demetallation of the
2-formyl-1b failed. These are in sharp contrast to the 2-formyl–
[tetrakis(pivalamidophenyl)porphinato]copper(ii) result.13 For-
tunately, we found that the direct Vilsmeir reaction with free
base 1a yielded 2-formyl–1a in 21% yield. Iron insertion was
carried out using FeBr2 in dry THF affording 2cA, which is now
available in gram quantities. The analytical data of all
compounds described above were satisfactory obtained.

2cA was converted to the iron(ii) complex 2c by reduction in
a heterogeneous two-phase system (toluene/aqueous Na2S2O4)
under an N2 atmosphere.7 The UV–VIS absorption spectrum of
the orange solution showed five-N-coordinated iron(ii) species
(lmax = 439, 541, 562 nm, Fig. 1), which was constant in the
range of 10 mmol dm23–3 mmol dm23 at 10–70 °C. The
paramagnetic S = 2 state of 2c was evidenced by the b-pyrrolic
proton signals at d 46.8–59.4 downfield to TMS (25 °C).14 No
peaks were seen between d25 and 215, showing that a square
planar iron(ii) porphyrin (S = 1) did not exist. Consequently,
we can conclude that 2c is a five-coordinated complex via
intramolecular imidazole binding under an N2 atmosphere.

When O2 or CO binds to 2c, the resulting complexes are
diamagnetic and the 1H NMR spectra represented characteris-
tics of S = 0. Its UV–VIS absorption also changed to those of
the O2 or CO adduct immediately upon exposure to O2 or CO
(Fig. 1). The dioxygenation was kinetically sufficiently stable
and reversible at 25 °C depending on the O2 partial pressure.
Oxidation to iron(iii) porphyrin, however, took place slowly
(half-life ≈ 22 h at 25 °C). The final product was the FeIII(OH)

Fig. 1 Visible absorption spectral changes of 2c in toluene at 25 °C
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complex with lmax at 420 and 567 nm.15 The a-naphthalene
rings obviously prevent m-oxo porphyrin dimer formation. The
rates of oxidation are strongly sensitive to water content, which
is present in organic solvents when the two-phase preparation is
used. From the results of the molecular simulation, the total
energy of the 2c m-oxo-dimer was also extremely high and
unlikely to be produced.

The O2 and CO binding affinities [P1/2(O2), P1/2(CO)] were
determined based on the UV–VIS absorption spectral changes
(Table 1). The P1/2(O2) value was 18 Torr at 25 °C, which is 60
times larger than that of [2-imidazolyloctanoyloxymethyl-
5,10,15,20-tetrakis(a,a,a,a-o-pivalamidophenyl)porphinato]-
iron(ii) [FeII(TpivPPIm), P1/2(O2) = 0.29 Torr].13 The ther-
modynamic parameters of the dioxygenation of 2c were also
measured; DH° = 268 kJ mol21 and DS° = 2136 J K21

mol21. Laser flash photolysis gave the association and
dissociation rate constants (kon, koff) of these gaseous mole-
cules.13,16c,17 We considered that the low O2 and CO binding
affinities are mainly caused by two reasons, (i) the sterically
regulated imidazole coordination by a-naphthyl groups and (ii)
the relatively crowded pivaloyloxy cavity around the O2
binding site. The following results clearly support these
assumptions. (i) The equilibrium constant for 1,2-dimethylimi-
dazole binding to 1c (3 3 103 dm3 mol21) was sterically
hindered and one order of magnitude lower than those of the
non-substituted FeII(TPP) or FeII(TpivPP).10,16a (ii) In the IR
spectra, the coordinated CO or O2 to 2c showed a nCO at 1976
cm21 (Dn1/2 = 12 cm21) and a n16O2

at 1169 cm21 (Dn1/2 = 11
cm21); the shifts in the stretching frequencies of 16O2 and 18O2
adducts (70 cm21) were in good agreement with Hooke’s law.
These values are significantly higher than other model he-
mes.16b The differences are probably due to the low p-back
donation from the central iron, indicating weak coordination of
the trans imidazole in 2c. (iii) Kinetically, the low kon(O2) leads
to the low binding affinities of O2. Based on the earlier
important studies,16c,17 the distal steric hindrance only reduces
the association constant for O2. The pivaloyloxy groups of 2c
are therefore more tilted in comparison to the pivalamide
residues of FeII(TpivPPIm).

The structure of the dioxygenated 2c complex was then
simulated.18 The dihedral angles of the four a-naphthyl groups
with respect to the porphyrin plane are 75–83°, indicating the

presence of an apolar space with a depth of ca. 4.5 Å under the
porphyrin macrocycle. The imidazole coordination to the
central iron is definitely oriented to avoid the four bulky
naphthalene walls. It is also remarkable that the imidazole plane
is unusually tilted from the Fe–N(Im) vector (y) with an angle
of ca. 150°, which can not be seen in the same calculation of any
other dioxygenated FeII(TPP) compounds [e.g. FeII(Tpiv-
PPIm)]. We considered that the unique tilting geometry of the
imidazole ring may be related to the low electron donation from
the central iron to the bound O2 or CO.
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Table 1 O2 and CO binding parameters for 2c in toluene at 25 °C

O2 CO

1027kon/ 1026kon/
P1/2/ dm3 mol21 1023koff/ 104P1/2/ dm3 mol21

Torr s21 s21 Torr s21

2c 18 2.4 5.0 1.5 3.3
FeII(TpivPPIm)a 0.29 64 1.4 — 31

a Ref. 13.
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Shish kebab-like chirality

Hans Engelkamp,a Cornelis F. van Nostrum,a Stephen J. Pickenb and Roeland J. M. Nolte*a†
a Department of Organic Chemistry, NSR Center, University of Nijmegen, 6525 ED Nijmegen, The Netherlands 
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The phthalocyanine units in a new optically active phthaloc-
yaninatopolysiloxane are arranged in a rigid helical struc-
ture, providing a new kind of main-chain chirality in
polymers.

In an earlier paper, we reported on the structure and properties
of a chiral phthalocyanine with branched aliphatic tails derived
from (S)-citronellol 1a. This compound was shown to form a
novel chiral columnar mesophase at room temperature, and an
achiral Dr mesophase at elevated temperatures.1 The helical
structure that was proposed for the chiral mesophase is shown in
Fig. 1(c). It represents one of the three possible arrangements of
the phthalocyanine rings. In the first, these rings are arranged in
a ‘spiral staircase-like’ manner [Fig. 1(a)]. In the second
[Fig. 1(b)], the rings are positioned on top of each other, but the
staggering angle between neighbouring phthalocyanines is
nearly constant and always in the same direction. In the third,

the normal of the plane of each phthalocyanine ring is tilted and
gradually rotating along the stacking axis. The latter case was
more fully in agreement with our X-ray diffraction and circular
dichroism results. We denoted this new mesophase by Dh*. The
second arrangement, however, could not be completely ruled
out. To resolve this problem we recently synthesised a
phthalocyaninatopolysiloxane 2a with the same chiral side
chains as 1a. We present evidence here that in this polymer the
phthalocyanine rings are arranged as depicted in Fig. 1(b),
which confirms that in the mesophase of 1a the rings have the
previously proposed arrangement [Fig. 1(c)]. To the best of our
knowledge, polymer 2a is the first example of an optically
active phthalocyaninatopolysiloxane. It displays what we would
like to call ‘Shish kebab-like chirality’2 which is a new type of
main chain chirality in polymers.

Dihydroxy(phthalocyaninato)silicon 1b was synthesised fol-
lowing procedures previously developed for other octaalk-
oxyphthalocyanines.3 This monomer was polymerised by
heating in vacuo at 200 °C to give polymer 2a as a dark blue
solid, which was soluble in organic solvents.‡ From the exciton
shift of the Q-band, from 680 nm in monomer 1b to 550 nm in
the polymer, the degree of polymerisation (DP) was roughly
estimated to be 27.4 In order to increase the molecular weight of
polymer 2a, we tried to polymerise dimers of the type
HO(SiPC)O(SiPC)OH which were synthesised and purified
separately. This method has been successfully used by Wegner
to prepare high molecular weight phthalocyaninatopolysilox-
anes.3b We were not able, however, to increase the molecular
weight of 2a by this procedure. We believe that the bulkiness of
the aliphatic tails is the reason for this behaviour. In order to be
able to compare the optical properties of 2a with those of a
reference compound we synthesised dimer 2b from hydroxy-
(methyl)phthalocyaninatosilicon 1c, which was prepared in an
analogous manner to 1b.‡

The circular dichroism and electronic absorption spectra of
1a, 1b, 2a and 2b in CHCl3 are presented in Fig. 2. As can be
seen, monomer 1b [Fig. 2(d)] does not display any CD effect,

Fig. 1 Schematic representation of three possible helical arrangements of
phthalocyanine molecules. The phthalocyanine rings are represented as
discs in (a) and (c) and as squares in (b) to show more clearly the helical
packing arrangement of the building blocks.
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indicating that its tails do not have a chiral influence on the
electronic transitions of the aromatic core of this compound.
The polymer 2a [Fig. 2(a)] however, is strongly CD active. The
negative couplet at 550 nm corresponds to the Q-band of the
polymerised species, suggesting that its phthalocyanine rings
are arranged in a left-handed helix.5 This helicity is caused by
the chiral side chains. Again, one could propose for the helical
structure the three arrangements that are shown in Fig. 1.
However, the silicon–silicon distance in phthalocyaninato-
polysiloxanes is 3.3 Å (vide infra),3 which is too short for the
structures in Fig. 1(a) and 1(c) to be formed. This leaves only
the structure of Fig. 1(b) as the possible helical arrangement for
polymer 2a. In the spectrum of 2a recorded in dodecane at
120 °C (not shown), the intensity of the CD effect was only
slightly decreased (by about 25%) suggesting that even at high
temperatures the helical structure of 2a is retained. The CD
spectrum of dimer 2b [Fig. 2(b)] shows the same features as that
of polymer 2a, but the couplet corresponding to the Q-band in
the dimer is red-shifted with respect to the polymer. In the 1H
NMR spectrum of dimer 2b, two resonances were present for
the phthalocyanine protons (shown as H1 and H2 in the structure
of 2, confirming the asymmetry of the molecule. Increasing the
temperature caused broadening of these resonances, but no
coalescence could be observed below 120 °C. This result shows
that the structure is very rigid. The CD spectrum of the
mesophase of 1a is also presented in Fig. 2(c). This spectrum is
completely different from that of the polymer, eliminating the
structure in Fig. 1(b) and therefore confirming the previous
structural model for this mesophase [Fig. 1(c)]. If the polymer
and the columnar mesophase had the same helical arrangement
of molecular units, the CD spectra should be similar. The
spectrum of an LB multilayer of 2a (not shown) was very
similar to the solution spectrum, which implies that effects due
to orientational order or intercolumnar effects cannot explain
the differences between the spectra of 1a and 2a.

X-Ray diffraction experiments were carried out, but did not
provide any information about the periodicity or the pitch of the
helix in 2a. This negative result may be due to the rather low
degree of polymerisation of 2a. For such a pitch to be visible by
X-ray, it should persist over extended length, i.e. several helical
turns. This is easily accomplished in a liquid crystalline phase,
e.g. in that of 1a,1 but probably not in a polymer with a degree
of polymerisation of 25–30. In the X-ray diffraction pattern, the
reflection corresponding to the intracolumnar Pc–Pc spacing
was rather broad, probably as a result of the limited degree of
polymerisation. A value of 3.3 Å could be calculated, which is
in line with literature values.3

In summary, we have provided evidence that the stacked
phthalocyanine molecules in the mesophase of 1a and in
polymer 2a have a different helical arrangement. Current
studies are aimed at the use of polymers of type 2a as nonlinear
optical materials and as optical switches.

Notes and References

† E-mail: tijdink@sci.kun.nl
‡ Polymer 2a was synthesised starting from (S,S)-1,2-dicyano-4,5-bis(3,7-
dimethyloctoxy)benzene (ref. 1). The latter compound was converted
quantitatively into the diiminoisoindoline derivative with NH3 and NaOMe
in MeOH [ref. 3(a)]. After subsequent reaction with SiCl4 in quinoline at
190 °C, followed by hydrolysis with water, a dark green crude product was
formed. After repeated precipitation in MeOH and acetone, the dihydroxy-
(phthalocyaninato)silicon 1b was obtained (40%), which was polymerised
in vacuo at 200 °C to give the violet–blue polymer 2a. Selected data for 1b:
dH(CDCl3, 300 MHz) 0.7–2.8 (br, 152 H, aliph. H), 3.8–5.0 (m, 16 H,
OCH2), 6.5–9.0 (br, 8 H, ArH) (C112H176N8O9Si): Found (%) (Calc.): C,
74.45 (74.46). H, 9.86 (9.82); N, 6.16 (6.20).

Dimer 2b was synthesised from hydroxy(methyl)phthalocyaninatosilicon
1c, which was synthesised in a similar manner to 1b using MeSiCl3 instead
of SiCl4 as the silylating agent (yield 60%). Dimerisation with TlOTf in
pyridine gave 2b in 75% yield. Selected data for 1c: dH(CDCl3, 300 MHz)
26.3 (s, 3 H, SiCH3), 0.7–2.5 (m, 152 H, aliph. H), 4.0–4.8 (br, 16 H,
OCH2), 9.0 (s, 8 H, ArH). For 2b: dH(CDCl3, 300 MHz) 28.35 (s, 6 H,
SiCH3) 0.8–2.5 (m, 304 H, aliph. H), 4.1–4.9 (br, 32 H, OCH2), 8.26 (s, 8
H, ArH), 8.64 (s, 8 H, ArH).
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Fig. 2 Circular dichroism spectra of (a) 2a, (b) 2b, (c) 1a and (d) 1b, and
electronic absorption spectra of (e) 2a, (f) 2b and (g) 1b. All spectra are in
CHCl3 (10 mm) except for the mesophase of 1a. In the latter case, the
spectrum is of a film of 20 bilayers on a quartz plate; the scale is
arbitrary.
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Scandium triflate-catalyzed Strecker-type reactions of aldehydes, amines and
tributyltin cyanide in both organic and aqueous solutions. Achievement of
complete recovery of the tin compounds toward environmentally-friendly
chemical processes

Shū Kobayashi,* Tsuyoshi Busujima and Satoshi Nagayama

Department of Applied Chemistry, Faculty of Science, Science University of Tokyo (SUT), and CREST, Japan Science and
Technology Corporation (JST), Kagurazaka, Shinjuku-ku, Tokyo 162-0825, Japan 

Scandium triflate (CF3SO3
2)-catalyzed Strecker-type reac-

tions were successfully carried out by simply mixing
aldehydes, amines and tributyltin cyanide at room tem-
perature, to afford a-amino nitriles in high yields. The
reactions proceeded smoothly in both organic and aqueous
solutions, and complete recovery of the tin materials has
been achieved.

The Strecker reaction provides one of the most efficient
methods for the synthesis of a-amino nitriles, which are useful
intermediates in the synthesis of amino acids1 and nitrogen-
containing heterocycles such as thiadiazoles, imidazoles, etc.2
Although classical Strecker reactions have some limitations,
use of trimethylsilylcyanide (TMSCN) as a cyano anion source
provides promising and safer routes to these compounds.1b,3

However, TMSCN is easily hydrolyzed in the presence of
water, and it is necessary to perform the reactions under strict
anhydrous conditions. In the course of our program to develop
new synthetic reactions in aqueous media,4 we have focused on
tributyltin cyanide (Bu3SnCN).5 Bu3SnCN is stable in water
and a potential cyanate source, albeit there have been no reports
of Strecker-type reactons using Bu3SnCN to the best of our
knowledge. Here we report scandium triflate (CF3SO3

2)-
catalyzed Strecker-type reactions of aldehydes, amines and
Bu3SnCN in both organic and aqueous solutions. Complete
recovery of the toxic tin compounds is also described.

We chose valeraldehyde, diphenylmethylamine and
Bu3SnCN as models, and the Strecker-type reaction was first
performed in the presence of 10 mol% of Sc(OTf)3 in organic
solvents. The reactions proceeded smoothly at room temper-
ature in acetonitrile, benzene, dichloromethane and toluene to
afford the corresponding a-amino nitrile in high yields. Among
these solvents tested, acetonitrile–toluene (1 : 1) gave the best
yield (84%). It was found that no dehydration reagents such as
molecular sieves, MgSO4, drierite, etc. were needed in these
reactions. We then performed the reaction in water. It was found
that the model Strecker-type reaction also proceeded smoothly
in the presence of a catalytic amount of Sc(OTf)3‡ to give the
corresponding a-amino nitrile in a 94% yield. No surfactant was
needed in this reaction.4a–c The reaction is assumed to proceed
via imine formation and successive cyanation,§ and it is noted
that the dehydration process (imine formation) proceeded
smoothly in water. Moreover, it was found that the reaction rate
in water was almost the same as those in organic solvents.

While the desired reaction proceeded smoothly, it was
thought that use of the toxic tin reagent might restrict the
application of the reaction.6 We then tried to recover the tin
materials after the reaction (Scheme 1). The Strecker-type
reaction was performed using an equimolar amount of an
aldehyde and an amine, and a slight excess of Bu3SnCN. After
the reaction was completed, excess Bu3SnCN was treated with
a weak acid to form bis(tributyltin) oxide.7 On the other hand,
the adduct, a-(tributylstannylamino) amino nitrile (1), was

hydrolyzed by adding water to produce a-amino nitrile 2 and
tributyltin hydroxide, which was readily converted to bis-
(tributyltin) oxide.7 Thus, all tin sources were converted to
bis(tributyltin) oxide, which could be recovered quantitatively
(vide infra). It has already been reported that bis(tributyltin)
oxide can be converted to tributyltin chloride8 and then to
Bu3SnCN.5 Since the catalyst, Sc(OTf)3, is also recoverable and
reusable,9 the present Strecker-type reactions represent a
completely recyclable system.

Several examples of the Strecker-type reaction are shown in
Table 1. In all cases, including aromatic, aliphatic, heterocyclic,
as well as a,b-unsaturated aldehydes, the reactions proceeded
smoothly to afford the corresponding a-amino nitriles in high
yields. While the adducts, a-(N-benzhydryl)amino nitriles,
were readily converted to a-amino acids,10 the present Strecker-
type reactions using other amines such as aniline and benzyl-
amine also proceeded smoothly to afford the corresponding
adducts in high yields.

A typical experimental procedure is as follows. To a solution
(3 ml) of aq. Sc(OTf)3 (0.05 mmol, 10 mol%) were added an
amine (0.5 mmol), Bu3SnCN (0.75 mmol) and an aldehyde (0.5

Scheme 1 Recycle system of the novel Strecker-type reactions

Table 1 Sc(OTf)3-catalyzed Strecker-type reactions

Yield (%)
[in MeCN–toluene Yield (%)

R (1 : 1)] (in H2O)

Ph 88 88
PhCHNCH 83 84
2-Furyl 88 89
Ph(CH2)2 94 79
Bu 84 94
c-C6H11 86 94
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mmol) successively, and the mixture was stirred at room
temperature. After 20 h, the mixture was diluted with water, and
the aqueous layer was extracted with ethyl acetate. Sc(OTf)3
was recovered from the aqueous layer quantitatively and
reused.9 The combined organic layers were dried, filtered, and
concentrated. The crude materials were treated with THF–1 m
HCl (4 : 1, 3 ml) at room temperature for 1 h. Hexane and aq.
saturated NaHCO3 were added and the aqueous layers were
extracted with ethyl acetate. The combined organic layers were
dried, filtered and concentrated. The adduct was purified by
column chromatography on alumina to afford the pure desired
a-amino nitrile. Bis(tributyltin) oxide was recovered quantita-
tively ( > 98%) by eluting with MeOH.

In summary, we have developed Strecker-type reactions of
aldehydes, amines and Bu3SnCN using Sc(OTf)3 as a catalyst.
The reactions proceeded smoothly in both organic and aqueous
solutions to afford a-amino nitriles in high yields. Note that the
experimental procedure is very simple; just mixing the three
components and Sc(OTf)3 in an appropriate solvent at room
temperature. Moreover, complete recovery of the tin materials
in these reactions has been achieved. While many useful tin
reagents have been developed, their toxicity has sometimes
limited their use in organic synthesis. This report provides a
solution to this problem, and moves us further toward
environmentally-friendly chemical processes.

This work was partially supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports, and Culture, Japan, and an SUT Special Grant for
Research Promotion. S. N. thanks the JSPS fellowship for
Japanese Junior Scientists.

Notes and References

† E-mail: skobayas@ch.kagu.sut.ac.jp

‡ We found that rare earth triflates are stable Lewis acids in water.9 Other
rare earth triflates are also available in the present Strecker-type reac-
tions.
§ It was confirmed that imine formation was much faster than cyanohydrin
ether formation under these reaction conditions.

1 (a) A. Strecker, Ann. Chem. Pharm., 1850, 75, 27; (b) Y. M. Shafran,
V. A. Bakulev and V. S. Mokrushin, Russ. Chem. Rev., 1989, 58,
148.

2 L. M. Weinstock, P. Davis, B. Handelsman and R. Tull, J. Org. Chem.,
1967, 32, 2823; W. L. Matier, D. A. Owens, W. T. Comer,
D. Deitchman, H. C. Ferguson, R. J. Seidehamel and J. R. Young,
J. Med. Chem., 1973, 16, 901.

3 I. Ojima, S. Inaba and K. Nakatsugawa, Chem. Lett., 1975, 331; K. Mai
and G. Patil, Tetrahedron Lett., 1984, 25, 4583; S. Kobayashi,
H. Ishitani and M. Ueno, Synlett, 1997, 115.

4 (a) S. Kobayashi, T. Wakabayashi, S. Nagayama and H. Oyamada,
Tetrahedron Lett., 1997, 38, 4559; (b) S. Kobayashi, T. Wakabayashi
and H. Oyamada, Chem. Lett., 1997, 831; (c) S. Kobayashi, T. Busujima
and S. Nagayama, Chem. Commun., 1998, 19; (d) S. Kobayashi, in
Organic Reactions in Water, ed. P. Grieco, Chapman and Hall, London,
1997.

5 J. G. A. Luijten and G. J. M. van der Kerk, Investigations in the Field
of Organotin Chemistry, Tin Research Institute, Greenford, 1955,
p. 106; M. Tanaka, Tetrahedron Lett., 1980, 21, 2959; S. Harusawa,
R. Yoneda, Y. Omori and T. Kurihara, Tetrahedron Lett., 1987, 28,
4189.

6 A. G. Davies, Organotin Chemistry, VCH, Weinheim, 1997.
7 J. M. Brown, A. C. Chapman, R. Harper, D. J. Mowthorpe, A. G. Davies

and P. J. Smith, J. Chem. Soc., Dalton Trans., 1972, 338.
8 A. G. Davies, D. C. Kleinschmidt, P. R. Palan and S. C. Vasishtha,

J. Chem. Soc. (C), 1971, 3972.
9 S. Kobayashi, Synlett, 1994, 689; S. Kobayashi, I. Hachiya, M. Araki

and H. Ishitani, Tetrahedron Lett., 1993, 34, 3755.
10 M. S. Iyer, K. M. Gigstad, N. D. Namdev and M. Lipton, J. Am. Chem.

Soc., 1996, 118, 4910.

Received in Cambridge, UK, 20th February 1998; 8/01464G

982 Chem. Commun., 1998



N

N

N

CO2Et N

N

Boc

N

CO2Et

N
Boc

N

N

N

CO2Et

N

N

Boc

N

N

N

CO2Et

N

N

Boc

N

H
NN

N

N

EtO2C
N

H
NN

N
H

O

EtO2C

+

+

_

_

+

CHCl3,

H2O

Diels-Alder
reaction

3 2

Boc

5 6

room temp.

Boc

74

1

O(3)

N(1)

O(2)

O(1)
N(4)

N(2)

N(3)

O(5)

O(4)

An unusual by-product from a non-synchronous reaction between ethyl
1,2,4-triazine-3-carboxylate and an enamine

John E. Macor,*a†‡ William Kuipersa and Rene J. Lachicotteb

a Department of Medicinal Chemistry, Astra Arcus USA, PO Box 20890, Rochester, NY 14602, USA
b Department of Chemistry, University of Rochester, Rochester NA 14627, USA

The main product from the reaction of ethyl 1,2,4-triazine-
3-carboxylate 3 and the pyrrolidine enamine of N-tert-
butoxycarbonylpiperidone 2 was an azabicyclo[3.2.1]octane
4 which resulted not from a Diels–Alder reaction, but from a
series of non-synchronous steps, demonstrating a heretofore
unknown reaction pathway for the electron-deficient diene 3
and electron-rich dienophile 2.

Utilization of 1,2,4-triazines as electron-deficient dienes in
inverse electron demand Diels–Alder reactions with enamines
has found extensive use for the synthesis of substituted pyridine
derivatives. The work of Boger,1 Taylor,2 Snyder3 and others
have demonstrated the generality and utility of this approach to
functionalized pyridines. 

In a series of studies,4 Boger and Panek examined the
reaction of ethyl 1,2,4-triazine-3-carboxylate 35 with a variety
of enamines, and found those reactions to be relatively low
yielding and complicated by uncharacterized side products.
However, we desired the tetrahydronaphthyridine 1 (Scheme 1)
for a medicinal chemistry study and believed that the inverse
electron demand Diels–Alder reaction between 35 and the

enamine derived from N-tert-butoxycarbonyl-4-piperidone 2
would provide rapid access to the desired heterocycle 1
(Scheme 1). The necessary enamine 2 was directly available
from the reaction of pyrrolidine and N-tert-butoxycarbonyl-
4-piperidone in anhydrous Et2O in the presence of anhydrous
MgSO4, and the 1,2,4-triazine 3 was available from previous
studies.5 Reaction of 2 and 3 in CHCl3 at room temperature
provided only a trace (8%) of the desired tetrahydronaphthy-
ridine 1 (Scheme 1).6 The major component of the reaction
mixture (26%) was an unidentified product whose preliminary
spectral data suggested the incorporation of both components 2
and 3 from the reaction without the elimination of nitrogen as
would be seen in a Diels–Alder adduct. Extensive NMR studies
and mass spectral data suggested that the compound was a
tetrahydro-1,2,4-triazine fused to an azabicyclo[3.2.1]octane
core (4, Scheme 1).7 Crystals were prepared of this compound
(ethyl acetate–benzene) of sufficient quality that X-ray diffrac-
tion studies could be performed, and this experiment confirmed
the structure of the by-product as that depicted by 4 (Fig. 1).8

The azabicyclo[3.2.1]octane clearly was not the result of a
Diels–Alder reaction. A likely mechanism for its formation is
shown in Scheme 1. The electron-rich b-position on enamine 2
attacked the electron-deficient C6 position of 1,2,4-triazine 3 in
a vinylogous Michael reaction fashion. The negative charge
introduced into the 1,2,4-triazine ring was stabilized by the
electron-delocalizing carboxylate located at C3 of the hetero-
cycle. Probably because of this stabilized zwitterionic species 5,
the ammonium moiety that resulted from the vinylogous
Michael attack of the enamine underwent a proton transfer
reaction which protonated the enolate and reformed the
enamine, leading to 6. The enamine 6 then attacked the
proximate imine (Scheme 1) forming intermediate ammonium
species 7 which yielded 4 upon hydrolysis. 

These results, coupled with evidence from the literature,4,9,10

suggest that the presence of an electron-delocalizing substituent
at C3 of the 1,2,4-triazine can shift the balance of reactivity
from a concerted Diels–Alder reaction to a stepwise, non-
synchronous reaction which gives rise to the observed by-

Scheme 1 Fig. 1 Crystal structure of 4
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product 4, especially if the C6 position is unsubstituted. The
presence of the ethoxycarbonyl group provided resonance
stabilization of the negative charge introduced into the
1,2,4-triazine ring from the attack of the enamine. This and
possibly the steric hindrance of the ethoxycarbonyl group
discouraged further reaction of C3 of the 1,2,4-triazine with the
electrophilic iminium species in 5, leading to the creation of the
second enamine moiety. This newly formed enamine could then
react in a relatively unhindered fashion, leading to the
7-azabicyclo[3.2.1]octane moiety found in 4.

The result of this reaction might have general implications for
the reactions of enamines (and other electron-rich dienophiles)
with 1,2,4-triazines (or other electron-poor dienes) in attempted
inverse electron demand Diels–Alder reactions. Previous exam-
ples of enamines reacting with azadienes with electron-
delocalizing substituents on both carbon atoms involved with
the Diels–Alder reaction (i.e. diethyl 1,2,4,5-tetrazine-3,6-di-
carboxylate9 and triethyl 1,2,4-triazine-3,5,6-tricarboxylate4b)
are generally high yielding, suggesting that non-synchronous
side reactions are either minimal or nonexistent. For example,
triethyl 1,2,4-triazine- 3,5,6-tricarboxylate reacted with the
pyrrolidine enamine derived from phenyl n-propyl ketone to
afford the expected pyridine in 73% yield, whereas ethyl
1,2,4-triazine-3-carboxylate afforded only 10% of its expected
pyridine when reacted with the same enamine.4b Also, when
3-(dimethoxymethyl)-1,2,4-triazine was used in place of ethyl
1,2,4-triazine-3-carboxylate, the Diels–Alder reactions of the
acetal with enamines proceeded in higher yield.4a Therefore, it
would appear that only in those cases where a resonance
delocalizing group exists on one of the carbon atoms involved
with the Diels–Alder reaction and the other, para carbon atom
on the azadiene is unsubstituted, the balance of reactivity may
be sufficiently altered to allow for, or favor, non-synchronous
reactions such as vinylogous Michael reactions which would
limit the amount of Diels–Alder product seen from these
reactions. The result of these reactions would be products
analogous to 4. We are presently attempting to examine the
generality of this hypothesis, and the implications for inverse
electron demand Diels–Alder reactions.
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Regioselectivity in nucleophilic ring-opening of aziridinones

Erach R. Talaty*† and Mashitah M. Yusoff

Department of Chemistry, Wichita State University, Wichita, Kansas 67260-0051, USA

The proportions of products derived from competing modes
of ring-opening of 1,3-di-tert-butylaziridinone and similar
aziridinones by a variety of nitrogen, oxygen, sulfur and
halogen nucleophiles do not agree with simple guidelines
postulated in the literature for these types of aziridinones.

An important aspect of the chemistry of aziridinones is their
mode of ring-opening by nucleophiles and the factors that

govern the outcome. It has been reported1,2 that ionic, aprotic
nucleophiles (Z2) cause rupture exclusively of the acyl–
nitrogen bond (1,2-bond), whereas non-ionic protic nucleo-
philes (HZ) afford products derived solely or mainly from
scission of the alkyl–nitrogen bond (1,3-bond). Our previous
publications3,4 clearly contradict this sample rule, albeit with a
limited set of nucleophiles. We have embarked on a broader
study of nucleophilic ring-opening of aziridinones.

An examination of the nitrogen nucleophiles (aprotic) in
Table 1 reveals immediately that all of them do not cleave solely
the alkyl–nitrogen bond of 1 as alleged in the literature.1,2 In
fact, the only ones that exhibit this pattern are all of the aromatic
amines (entries 10–17), none of which was used previously in
conjunction with aziridinones 1–4. On the other hand, the
simple aliphatic primary amines rupture exclusively the acyl–
nitrogen bond of 1. The secondary amines exhibit varying
degrees of ring-opening (entries 3 and 5 giving exactly opposite
results) that also seem to depend on the nature of the aziridinone
(e.g. compare entries 2 and 32), indicating a subtle dependence
on steric factors. Roughly speaking, stronger, unhindered
nitrogen nucleophiles tend to cleave the acyl–nitrogen bond,
whereas sterically hindered, weaker ones favor scission of the

alkyl–nitrogen bond. However, there are exceptions to even this
rough rule (entries 5, 18 and 19). The aprotic oxygen and sulfur
nucleophiles also exhibit considerable variation in their se-
lectivity, the alcohols being most consistent in favoring
cleavage of the alkyl–nitrogen bond. The protic ionic nucleo-
philes also do not all afford products derived from acyl–
nitrogen cleavage, as suggested in the literature.1,2 In fact, the
sharp difference between bromides and iodides on one hand and
alkoxides on the other hand suggests the intervention of yet
another factor, namely, hardness or softness of the nucleophile.
Iodide, a soft nucleophile, attacks the soft alkyl carbon of 1,
whereas alkoxide, a hard nucleophile, prefers to attack the
harder acyl carbon.

A priori, one can envisage the following two schemes that
may determine the selectivity in ring-opening of the azir-
idinones. Scheme 1 resembles the SN1/SN2 type dichotomy
encountered in nucleophilic aliphatic substitution [path (a)
being unimolecular and path (b) being bimolecular], whereas
Scheme 2 (competing bimolecular pathways) was apparently
the basis of the guidelines given in the literature.1,2 If Scheme 1
were to be the exclusive one prevailing, then the selectivity
could be altered proportionately by changing the concentration
of a nucleophile that tends to give both types of products. In our
case, no such alteration or, at best, minor alterations could be
effected in some cases that we examined. Scheme 1 would also
indicate a strong dependence on nucleophilicity, path (b) being
favored by powerful nucleophiles. However, as observed above,
an excellent nucleophile such as iodide affords just the opposite
type of product. It thus appears that, at least in the case of
aziridinones 1–4, no one scheme can satisfactorily explain the
competing modes of ring-opening by nucleophiles, a conclusion
that does not follow from a study of other types of azir-
idinones.9

We have extended the study of nitrogen nucleophiles to
include those that might be synthetically useful as a route to
larger heterocycles, as illustrated by the three new examples
shown in Scheme 3.10

Note that (i) these are the only heterocyclic products isolated
in each case; (ii) PhNHCN and PhNH2 (mentioned in Table 1)
give products derived from opposite modes of cleavage; (iii)
specificity in the substitution pattern of these five-membered
heterocyclic compounds can be controlled by the method of
synthesis; and (iv) the structures of these three heterocyclic
compounds could not have been predicted by previous guide-
lines.

Scheme 1 Scheme 2
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Table 1 Relative modes of ring opening of aziridinones by various nucleophiles (0.06 mm each) in boiling toluene

Major product

dH(CDCl3)
1,2 : 1,3

Entry Nucleophile Aziridinone Yielda (%) cleavage (%) Mp/°C C-But N-But a-CH

1 PrNH2 1 88 100 : 0 76–77 0.97 1.04 2.89
2 BnNH2 1 92 100 : 0 81.5–82.5 0.97 0.99 2.92
3 Et2NH 1 32 14 : 86 oil 1.02 1.35 2.51
4 Bu2NH 1 54 < 22 : > 78 58–59 1.03 1.35 2.51
5 BnNHMe 1 54 86 : 14 oil 0.95 0.99 3.27
6 Pyrrolidine 1 65 6 : 94 106–107 1.02 1.33 2.36
7 Morpholine 1 48 < 2 : > 98 129–131 1.03 1.37 2.27
8 Piperidine 1 52 16 : 84 94–95 1.03 1.36 2.34
9 Piperazine 1 42 9 : 91 227 1.02 1.35 2.32

10 PhNH2
b 1 95 0 : 100 172–173 1.09 1.29 3.22

11 p-MeC6H4NH2 1 94 0 : 100 157–157.5 1.08 1.29 3.17
12 p-BrC6H4NH2 1 90 0 : 100 191–192 1.08 1.29 3.18
13 p-MeOC6H4NH2 1 96 0 : 100 146–147 1.09 1.29 3.15
14 1-Aminonaphthalene 1 74 0 : 100 105–106 0.98 1.28 2.74
15 4-Aminoazobenzene 1 85 0 : 100 212–214 1.12 1.31 3.40
16 4-Aminobiphenyl 1 89 0 : 100 229–230 1.11 1.31 3.28
17 Ph2NH 1 12 0 : 100 oil 1.10 1.24 4.23
18 H2NCNc 1 94 100 : 0 258 (decomp.) 1.03 1.41 3.54
19 BnNHCNc 1 65 100 : 0 85–86 0.95 1.26 3.48
20 MeOH 1 84 < 7 : > 93 57–58 0.96 1.37 3.08
21 MeONad 1 80 100 : 0 oil 0.89 1.00 2.80
22 PhOH 1 62 71 : 29 oil 1.04 1.12 3.17
23 ButCH2OH 1 71 5 : 95 oil 0.96 1.36 3.13
24 PhSH 1 72 55 : 45 52–53 1.02 1.13 3.20
25 PhSLi 1 80 86 : 14 52–53 1.02 1.13 3.20
26 HSCH2CO2Et 1 68 > 93 : < 7 52–53 0.98 1.06 3.12
27 H2NCSNH2

e 1 93 55 : 45 258 (decomp.) 1.03 1.41 3.54
28 NaI/acetone 1 86 0 : 100 168–169 1.17 1.35 4.05
29 MgI2 (anhydrous)f 1 86 0 : 100 168–169 1.17 1.35 4.05
30 MgBr2

.OEt2 1 87 0 : 100 157–158 1.14 1.36 4.00
31 Mg(OEt)2 1 87 100 : 0 oil 0.91 1.01 2.90
32 BnNH2 3 89 83 : 17 120–121 — 0.99 2.80
33 Morpholine 3 42 8 : 92 171–172 — 1.37 2.05
34 1-Aminonaphthalene 3 68 12 : 88 204–205 — 1.26 3.37
35 Morpholine 2 40 11 : 89 215–216
36 1-Aminonaphthalene 2 70 7 : 93 121–122

a Combined yield of the two cleavage products after purification. b Structure confirmed by using 15N-labelled aniline, which exhibited a doublet (J = 8.05
Hz) at d 69.22 in its 13C (proton-decoupled) NMR spectrum (Ph15NHCHButCO). c The products are imidazolidinones, obtained by initial acyl–nitrogen
cleavage followed by cyclization involving intramolecular nucleophilic attack on the nitrile (ref. 5). d See also ref. 6, where reaction was conducted in
methanolic solution. e The major product is identical with that from entry 18 (net loss of H2S) (ref. 7). f Ref. 8.

Scheme 3
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Magnetoresistance in high oxidation state iron oxides

P. D. Battle,*a† M. A. Green,a J. Lago.a A. Mihut,b M. J. Rosseinsky,*a† L. E. Spring,a,b J. Singleton*b and
J. F. Ventea

aInorganic Chemistry Laboratory, Department of Chemistry, University of Oxford, South Parks Road, Oxford , UK OX1 3QR
bClarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford, UK OX1 3PU

Magnetoresistance is observed in non-ferromagnetic oxides
containing FeIV which have magnetic behaviour character-
istic of small magnetic clusters.

Much attention has recently been focused on the observation of
colossal magnetoresistance (CMR, i.e. almost 100% suppres-
sion of the zero-field resistance upon application of a magnetic
field) near the coincident Curie and metal–insulator transition
temperatures of ferromagnetic manganese oxides.1 Investiga-
tion of oxides of metals other than manganese has shown CMR
{Dr/r = [r(0) 2 r(B)]/r(0) < 72% in 10 T} in ferromagnetic
La12xSrxCoO3

2 with a similar mechanism to that of the
manganites being invoked, and Dr/r = 4% in a 7 T field at 150
K in the metallic ferromagnet SrRuO3.3 Dr/r = 20% at 6 T in
Cr-based chalcogenide spinels has recently been reported.4 We
have been engaged in a search for magnetoresistance in first-
row transition metal oxides,5,6 and report here the first
observation of significant magnetoresistance (Dr/r @ 19% in
12 T at 4.2 K) in iron-based oxides with significant cooperative
magnetic interactions but no long-range ferromagnetic order.
The systems were chosen as dilute solid solutions between the
itinerant helical antiferromagnet SrFeO3, the ferromagnetic
metal SrCoO3 and the valence-unstable CaFeO3, which under-
goes disproportionation into FeIII and FeV.7

Perovskite oxides of composition SrFe0.9Co0.1O3 and
Sr0.9Ca0.1FeO3 were prepared by solid state reaction of the
starting oxides plus strontium carbonate in air at 1100 °C
followed by annealing under 800 bar O2 at 400 °C for three days
to maximise the metal oxidation states.‡ Rietveld refinement of
powder neutron and X-ray (from both laboratory and high
resolution synchrotron sources) diffraction data showed that
both products were undistorted pure cubic perovskites, with an
oxygen content corresponding to a mean cation oxidation state
of +IV. This was confirmed by TGA reduction under hydrogen.
Magnetic measurements over a range of fields and temperatures
indicate the presence of strong and competing exchange
interactions, consistent with the strong covalency produced by
the high metal oxidation states. The Curie–Weiss law is obeyed
above 260 K with moments of 7.9 (Ca) and 9(Co) mB,
significantly enhanced over the high-spin FeIV spin-only value
of 4.9 mB in both cases, in agreement with previous work on
SrFeO3.00

8 and SrFe0.9Co0.1O3.9 The Weiss constant was
significantly more positive for the Co doped phase (210 K cf. 10
K).

History-dependent measurements on SrFe0.9Co0.1O3 at 100 G
show a maximum in both field-cooled (FC) and zero-field
cooled (ZFC) magnetisations at 85 K (Fig. 1). M(H) is linear at
300 K but becomes sigmoidal in shape (without hysteresis)
below 170 K and shows no sign of saturation in a 50 kG
measuring field (Fig. 1 inset). These observations are consistent
with the existence of cooperative magnetic interactions without
long-range magnetic order, resulting in the formation of small
magnetic domains often characterised as cluster glass behav-
iour.10 Mössbauer spectroscopy has previously suggested that
the distribution of Co at low ( < 0.2) doping levels in
SrFe12xCoxO3 is inhomogeneous, with Co-rich regions being
ferromagnetic in a non-ferromagnetic matrix.11,12

The magnetic behaviour of Sr0.9Ca0.1FeO3 differs. The
magnetisation is smaller than that of the Co-doped sample and
decreases after a sharp maximum at 120 K. Neutron powder
diffraction measurements (Fig. 2 inset) show that this coincides
with the onset of antiferromagnetic long-range order with the

Fig. 1 Temperature dependence of M/H for SrFe0.9Co0.1O3.00 in a
measuring field of 100 G. Field-cooled (FC) data are shown as filled circles,
zero-field-cooled (ZFC) as empty circles. Inset: ZFC M(H) isotherm of
SrFe0.9Co0.1O3.00 at 45 K (filled circles) and 170 K. The sigmoidal shape
indicates the existent of magnetic domains within the sample. M(H)
isotherms at different temperatures do not fall on a universal curve when
plotted as a function of H/T, indicating the compound is not a classical
superparamagnet.

Fig. 2 Temperature dependence of M/H for Sr0.9Ca0.1FeO3.00 in a 100 G
measuring field. Field-cooled (FC) data are shown as filled circles, zero-
field-cooled (ZFC) as empty circles. Inset: incommensurate magnetic Bragg
peaks for the helical magnetic structure observed at 5 K (the nuclear (1 0 0)
reflection is also shown.)
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helical antiferromagnetic structure found for SrFeO3.13 There
is, however, significant divergence between FC and ZFC data
below 100 K (Fig. 2) suggesting the development of magnetic
disorder at low temperatures. The adoption of a helical magnetic
structure by SrFeO3 in preference to one of the collinear
structures common amongst perovskites,14 demonstrates that
the competing interactions necessary to cause spin-glass
behaviour are present in this system. Furthermore, the presence
of a disordered Ca/Sr distribution will introduce an element of
randomness into the superexchange interactions; this effect is
likely to be relatively large, given the sharp contrast in the
properties of SrFeO3 and CaFeO3.

Despite the clear absence of a transition to a three-
dimensionally ordered ferromagnetic state in the magnetisation
measurements on either compound, significant magne-
toresistance is observed for temperatures below 250K (Fig. 3),
with values of the conservative figure-of-merit [r(B = 12 T) 2
r(B = 0)]/r(B = 0) of 9% at 50 K for Sr0.9Ca0.1FeO3 and 18%
at 4 K for SrFe0.9Co0.1O3 (11% at 100 K).

Powder neutron diffraction indicates a smooth structural
evolution with temperature. The absence of a localised to
itinerant electron transition signalled by ferromagnetism pro-
duced by double exchange and of structural features associated
with strong Jahn–Teller electron–phonon coupling provides a
clear distinction from the behaviour of mixed-valence man-
ganates. The observation of both magnetic behaviour suggestive
of ferromagnetically correlated inhomogeneities and magne-
toresistance appears to be analogous to the behaviour of the
heterogeneous, ferromagnetic Cu–Co and Ag–Co alloys which
are some of the best ‘giant’ magnetoresistance (GMR) materi-
als.15 In the alloys, the scattering of electrons at the grain
boundaries between the ferromagnetic regions embedded in a
conducting matrix is strongly reduced by the application of a
magnetic field, which reduces the angle between the moments
of the magnetic regions and suppresses spin-dependent scatter-
ing. The presence of ferromagnetic regions in the Co-doped
system, seen by magnetisation isotherms to be present at
temperatures where significant magnetoresistance is observed,
may indicate that a similar mechanism operates in the present
materials.

The magnetisation of both phases reported here suggests the
presence of competing interactions and non-equilibrium behav-
iour due to cluster formation and blocking. The presence of

competing ferro- and antiferro-magnetic interactions is a
common feature of the two ternary iron oxides presented here,
and suggests that this recipe for significant, albeit not colossal,
magnetoresistance in oxides deserves further exploration, a
suitable starting point being the optimisation of the effect in the
current system.
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Co0.1O3.00(1) [a = 3.846 25(6) Å] and Sr0.9Ca0.1FeO2.99(1) (a = 3.846 21(5)
Å], consistent with the observation that the cubic perovskite is only stable
for oxygen content 2.97 @ y@ 3.0016 and TG estimates of y = 3.00 ± 0.05.
Our synthetic method for SrFeO3 gives a = 3.85097(3) Å. Magnetic
measurements were made with a Quantum Design MPMS5 SQUID
magnetometer. Magnetoresistance measurements were made using stan-
dard, low-frequency (31 Hz), four-wire ac techniques in fields of up to 14
T with the current (0.2 mA) perpendicular to the magnetic field.
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Fig. 3 Magnetoresistance isotherms of (i) SrFe0.9Co0.1O3 and (ii) Sr0.9-
Ca0.1FeO3
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Manganese(iv) oxamato-catalyzed oxidation of secondary alcohols to ketones
by dioxygen and pivalaldehyde
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A new manganese(IV) oxamato complex possessing a bis(m-
oxo)dimanganese core has been synthesized, magnetically
and structurally characterized, and found to catalyze the
aerobic oxidation of secondary alcohols to ketones with co-
oxidation of pivalaldehyde to pivalic acid with good yields
and high selectivities.

Interest in high valent manganese coordination chemistry stems
largely from the fundamental role that manganese ion in
relatively high oxidation states plays in biological dioxygen
activation.1 Manganese interacts with dioxygen and its reduced
derivatives in a variety of enzymes from mononuclear (man-
ganese superoxide dismutase) and dinuclear (manganese cata-
lase or manganese ribonucleotide reductase) to tetranuclear
(water-oxidizing complex in photosystem II), making use of the
MnII, MnIII, MnIV and, probably, MnV oxidation states. Once it
was recognized that the active site in catalase and the water-
oxidizing complex contains oxo-bridged dimanganese cores,
considerable effort was devoted to obtaining dimeric man-
ganese complexes which could be structural as well as
functional models for this class of metalloproteins.2 During the
last two decades several bis(m-oxo)dimanganese complexes
with different ligand types have been reported, but compar-
atively scarce are the studies concerning their reactivities and,
particularly, their use as oxidation catalysts.3,4 In fact, the
manganese complex in the water-oxidizing center also exhibits
oxidation chemistry in its lower oxidation states.5 Here we
report the synthesis and physical characterization,‡ and the
crystal and molecular structure§ of the manganese complex
[PPh4]4[Mn(opba)(O)]2·4H2O 1, where opba =
o-phenylenebis(oxamato) ligand, as well as a preliminary
investigation of its catalytic oxidation properties with dioxy-
gen.

The structure of 1 consists of centrosymmetric bis(m-
oxo)dimanganese(iv) complex anions, [Mn2(opba)2(O)2]42

(Fig. 1), tetraphenylphosphonium cations and crystallization
water molecules. The two crystallographically equivalent
manganese atoms adopt a distorted octahedral geometry formed
by two amide nitrogen and two carboxylate oxygen atoms from
two symmetric related opba ligands (I = 2x, 2y, 2z), each
donating one of its NO donor set from oxamato to each of the
manganese atom at cis sites; the coordination sphere of the
manganese atoms being completed by two oxygen atoms from
the two cis-bridging oxo groups. The short Mn–O(1) and Mn–
O(1I) bonds of 1.799(4) and 1.797(4) Å, respectively, and the
acute O(1)–Mn–O(1I) angle of 85.9(2)°, are entirely consistent
with a di(m-oxo)-bridged manganese(iv) complex.2b Within the
planar Mn2O2 rhomb, the Mn···MnI and O···OI distances are
equal to 2.631(2) and 2.453(3) Å, respectively. The most
interesting structural feature of 1 is, however, the bis-bidentate
dinucleating coordination mode of the opba ligand. In fact, the
oxamato groups of each opba ligand clamp the two manganese
atoms, which are in turn tethered by the phenylene backbone

between the amide nitrogen donor set. The phenylene linker
forces a twist of the N(1)–C(5) and N(2)–C(10) bonds by
125.1(5) and 127.0(5)°, respectively, resulting in a dihedral
angle between the mean planes of the oxamato groups of the
opba ligand of 71.7(2)°. This distortion is also reflected in the
Mn–N(amide) bond distances [1.986(5) and 2.006(5) Å] which
are slightly longer than the Mn–O(carboxylate) ones [1.970(4)
and 1.965(4) Å]. This unprecedent situation contrasts with that
found for the related mononuclear manganese(iii) complex with
the 4,5-dichloro-opba derivative where the Mn–N(amide) and
Mn–O(carboxylate) bond distances average 1.95 and 1.98 Å,
respectively.6 Within this complex the oxamato ligand adopts
an almost planar configuration, and the coordination scheme is
the familiar tetradentate N2O2 one with the ligand occupying the
equatorial plane about the manganese atom (trans isomer).

We have investigated the capability of this novel dinuclear
manganese(iv) complex towards oxidative catalytic trans-
formations of various organic substrates by the combined use of
dioxygen and an aldehyde as oxidant.7 The results obtained for
some representative primary and secondary alcohols, both
aromatic and aliphatics, are detailed in Table 1. Complex 1
selectively catalyzes the oxidation of 1-phenylethanol to the
corresponding ketone, acetophenone, by dioxygen plus piva-
laldehyde in dichloromethane solution with good yields, i.e.

Fig. 1 Perspective view of the anionic dinuclear unit of 1 with the atom-
numbering scheme (thermal ellipsoids are at the 30% probability level and
hydrogen atoms have been omitted for clarity). Selected bond distances (Å)
and angles (°) with standard deviations in parentheses: Mn–O(1) 1.799(4),
Mn–O(1I) 1.797(4), Mn–O(2) 1.970(4), Mn–O(5I) 1.965(4), Mn–N(1)
1.986(5), Mn–N(2I) 2.006(5), Mn–MnI 2.631(2); O(1)–Mn–O(1I) 85.9(2),
O(1)–Mn–O(2) 173.0(2), O(1)–Mn–O(5I) 93.6(2), O(1)–Mn–N(1) 91.1(2),
O(1)–Mn–N(2I) 94.9(2), O(1I)–Mn–O(2) 93.8(2), O(1I)–Mn–O(5I)
172.8(2), O(1I)–Mn–N(1) 94.5(2), O(1I)–Mn–N(2I) 91.1(2), O(2)–Mn–
O(5I) 87.6(2), O(2)–Mn–N(1) 81.9(2), O(2)–Mn–N(2I) 92.2(2), O(5I)–Mn–
N(1) 92.7(2), O(5I)–Mn–N(2I) 81.8(2), N(1)–Mn–N(2I) 172.1(2), Mn–
O(1)–MnI 94.1(2) (symmetry code: I = 2x, 2y, 2z).
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70% after 24 h (entry 1), with formation of pivalic acid as a
coproduct. Moreover, for the series of para-substituted phenyl
derivatives a small but non-negligible electronic effect is
observed, as the substrate with the electron-donating methoxy
substituent gives a somewhat higher yield of ketone than that
with electron-withdrawing substituents such as trifluoromethyl
or nitro groups, e.g. 75 vs. 60% after 24 h (entries 2 and 5,
respectively). For all secondary benzyl alcohols, however,
ketones were the only oxidation products as confirmed by 1H
NMR spectroscopy. Notably, for the oxidation of 4-(tert-
butyl)cyclohexanol only 4-(tert-butyl)cyclohexanone was ob-
tained, and no traces were detected of the corresponding
Baeyer–Villiger oxidation product, 4-(tert-butyl)caprolactone
(entry 6).8 This observation suggests that the acylperoxy
radicals generated in situ from the auto-oxidation of the
aldehyde are not directly involved as potential oxidizing agents.
As expected, under the same reaction conditions used for the
oxidation of secondary alcohols to ketones, the primary
alcohols give mixtures of both the aldehyde and the acid
oxidation products in variable amounts depending on the
reaction time, as exemplified by p-methoxybenzyl alcohol
which leads to almost quantitative formation of
p-methoxybenzoic acid, i.e. 95% after 12 h (entry 7).

Although it is premature to discuss the precise role of the
metal complex in the catalytic mechanism at the present stage,
it is noteworthy that 1 alone does not lead to alcohol oxidation
under stoichiometric conditions and, consequently, involve-
ment of a bis(m-oxo)dimanganese(iv) species as the active
oxidizing agent can also be ruled out. In a typical experiment,
complex 1 (0.11 mmol) in dichloromethane (20 cm3) does
not react with the more reactive substrate
1-(p-methoxyphenyl)ethanol (0.11 mmol) even after a period of
three days under stirring at room temperature with or without
oxygen atmosphere conditions. That being so, manganese(iv)–
acylperoxo or higher valent metal intermediate species, such as
manganese(v)–oxo, derived from the oxidation of the bis(m-
oxo)manganese(iv) dimer by the combination of dioxygen and
pivalaldehyde, are considered more likely to be responsible for
the oxidation in our system. More interestingly, stable man-
ganese(v)–oxo monomeric complexes with amido-containing
ligands analogous to that used herein have been isolated and
structurally characterized.9 Attempts to isolate these reactive
intermediate species using transition metal ions with more
accessible high-valent oxidation states such as chromium are in
progress.
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Educación y Ciencia (Spain) through projects PB94-0985 and
PB94-1002. R. R. and B. C. thank the Ministerio de Educación
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Notes and References

† E-mail: jour@icmo.u-psud.fr
‡ Synthesis and selected data for 1: the diethyl ester derivative of the opba
ligand (1.54 g, 5 mmol) was dissolved in deoxygenated MeOH (100 cm3),
NMe4OH at 25% in MeOH (8 cm3, 20 mmol) was added to the solution and
the resulting mixture was stirred at 60 °C for 15 min under N2. A
deoxygenated MeOH solution (50 cm3) of Mn(ClO4)2·6H2O (1.79 g, 5
mmol) was then added dropwise via a dropping funnel under N2, and a
gelatinous light yellow precipitate [presumably a MnII complex] rapidly
formed, together with the crystalline white precipitate of NMe4ClO4.
Addition of 33% aq. H2O2 (1 cm3, 10 mmol) caused immediate darkening
of the solution with concomitant disappearance of the yellow precipitate.
The reaction mixture was further stirred at 60 °C for 30 min under N2. The
dark-brown solution was filtered to eliminate the solid NMe4ClO4, and
reduced to a final volume of 10 cm3 on a rotatory evaporator. The
concentrated solution was treated successively with diethyl ether and
acetone to give a black solid which was recuperated in warm water (50 cm3).
The resulting mixture was filtered to eliminate solid particles (mainly
MnO2), and an excess of PPh4Cl (3.75 g, 10 mmol) dissolved in the
minimum amount of water was then added dropwise to the dark-brown
solution under gentle warming. Slow evaporation of the filtered solution in
air afforded, after a few days, well shaped large prismatic dark-brown
crystals of 1 suitable for X-ray analysis which were filtered on paper and air-
dried (60%). Satisfactory chemical analyses obtained (C, H, N, P, Mn).
nmax/cm21 (KBr) 3477vs (O–H) from H2O, 1672 (sh), 1647vs, 1617vs
(CNO) and 1403s, 1306s (C–O) from opba ligand, and 643m (Mn–O) from
Mn2O2 ring. lmax/nm 390 (e/dm3 mol21 cm21 10800), 440 (sh) (7080) and
605 (1170) (MeCN). Variable-temperature magnetic susceptibility (Fara-
day balance, 80–300 K): J = 2158.0 cm21 (H = 2J S1·S2, S1 = S2 =
3/2).
§ X-Ray crystal structure analysis: Enraf-Nonius CAD-4 diffractometer,
Mo-Ka, l = 0.710 73 Å, graphite monochromator, 293 K. Lorentz and
polarization effects but not absorption correction (m = 3.78 cm21). Data
collection, solution and refinement: w–q, standard Patterson methods with
subsequent full-matrix least-squares refinement. SHELX86, SHELX93.10

C116H96Mn2N4O18P4, triclinic, space group P1̄, a = 13.245(3),
b = 13.964(3), c = 14.835(3) Å, a = 73.59(2), b = 77.98(2),
g = 84.60(2)°, U = 2572.6(10) Å3, Z = 2, Dc = 1.33 g cm23, 1 @ q@ 25°,
crystal 0.15 3 0.15 3 0.10 mm. 6681 reflections measured, 4485 assumed
as observed with I ! 2s(I). Refinement on F2 of 651 variables with
anisotropic thermal parameters for all non-H atoms gave R = 0.060 and
Rw = 0.150 with S = 0.936 (obs. data). CCDC 182/809.
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Table 1 Results for the oxidation of alcohols by dioxygen and piv-
alaldehyde catalyzed by 1a

Entry Alcohol t/h Yield (%)b,c

1 1-Phenylethanol 24 70
2 1-(p-Methoxyphenyl)ethanol 24 75
3 1-(p-Bromophenyl)ethanol 24 68
4 1-(p-Trifluoromethylphenyl)ethanol 24 65
5 1-(p-Nitrophenyl)ethanol 24 60
6 4-(tert-Butyl)cyclohexanol 48 50
7 p-Methoxybenzyl alcohol 12 95d

a Reactions were carried out at room temp. by adding a CH2Cl2 solution (0.2
cm3) of alcohol (0.11 mmol) to a stirred mixture of metal catalyst (6.5 3
1023 mmol) and pivalaldehyde (0.33 mmol) in CH2Cl2 (0.2 cm3) under O2

atmosphere. Consumption of alcohol and formation of ketone during the
reaction were monitored by TLC. Obtained ketone and unreacted alcohol
were separated by flash column chromatography on silica gel. b Yields refer
to isolated and pure compounds (column chromatography on silica gel). All
compounds exhibited spectral data consistent with their structures. c In the
absence of metal catalyst some extension of oxidation was observed.
d Reaction product was exclusively p-methoxybenzoic acid.
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Arylsulfurdiimides: a new class of sulfur–nitrogen anion
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N-Aryl-NA-trimethylsulfurdiimides (aryl = 2,6-F2C6H3,
2-FC6H4) react with TASF to give quantitatively the
corresponding TAS salts with the ArNSN2 anions (2a, 2b),
isoelectronic with arylthionylimides 3; because of the short
terminal SN bond the anions should be regarded as
thiazylamide rather than sulfurdiimide anions.

Sulfurdiimide salts K+RNSN2 [R = Me3C,1 Me3Si,1
(Me3C)2P,2 (Me3C)2As,2 PhSO2

3] have been prepared from the
appropriate silyl derivatives RNSNSiMe3 and KNH2 or
KOCMe3 while Li+Me3NSN2 was obtained from
Me3SnNSNSnMe3 and LiMe.4 The reaction of Me3SiNSN-
SiMe3 and KOCMe3 under more drastic conditions leads to the
cleavage of the second Si–N bond with formation of K2N2S,5
which has been used, particularly by the research groups of
Herberhold and Chivers as reagents in the chemistries of groups
14 and 15.6 Protonation with CF3CO2H leads to unstable
RNSNH (R = Me3C, Me3Si) and HNSNH, respectively.7
Titanosulfurdiimides are obtained from K+Me3CNSN2 and
Cp2TiCl2.8 Strong covalent metal–nitrogen interaction is ex-
pected for these complexes as Woollins and coworkers have
shown for cis-[Pt(NSNSiMe3)2(PPh3)2]9 and [Pt(NSNS-
C6H4NO2-4)2(Ph2PCH2CH2PPh2)].10

Arylsulfurdiimide anions are unknown, fluoroarylsulfur
diimide anions are likely intermediates in the CsF promoted
cyclisation of N-fluoroaryl-NA-silylsulfurdiimides ArFNSN-
SiMe3 under elimination of Me3SiF to give benzothiadia-
zoles.11,12 Even spectroscopic evidence for these intermediates
is lacking.

Upon cleavage of the SiN bond in ArFNSNSiMe3 with TASF
{[(Me2N)3S]+[Me3SiF2]2}13 the sulfurdiimide salts 2 are
readily available (Scheme 1).

After removal of all volatiles at 230 to 220 °C, salts 2 are
isolated in quantitative yield as orange–yellow solids.‡ On
warming to room temperature these highly reactive salts
decompose immediately to give brown tars. With MeI they react
even at 235 °C to give ArFNSNMe.

Single crystals of salts 2 were obtained from MeCN–diethyl
ether solutions at 240 °C and X-ray data were collected at

2110 °C. Figs. 1 and 2 show the anions of salts 2a and 2b; for
comparison the structure of 2,6-difluorophenylthionylimide
C6H3F2NSO 3a (Fig. 3), isoelectronic with 2a, was also
determined.§ All three compounds adopt the Z-conformation
and the torsion angle between the aryl plane and the NSA group

Scheme 1

Fig. 1 Structure of the anion of 2a with selected bond distances (pm) and
angles (°) (average of three independent anions): S(1)–N(1) 144.2,
S(1)–N(2)  158.9, N(2)–C(1) 140.7; N(1)–S(1)–N(2) 122.3, S(1)–N(2)–
C(1) 119.0; t = 77.7

Fig. 2 Structure of the anion of 2b with selected bond distances (pm) and
angles (°): S(1)–N(1) 145.8(4), S(1)–N(2) 159.9(4), N(2)–C(1) 139.0(6),
N(1)–S(1)–N(2) 124.8(2), C(1)–N(2)–S(1) 126.5(3); t = 6.8(5)

Fig. 3 Structure of 3a with selected bond distances (pm) and  angles (°): S–O
144.8(1), S–N 151.5(1), N–C 140.4(2), N–S–O 120.7(1), C–N–S 130.1(1);
t = 43.6(1)
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(A = O,N) seems to be determined by the electronic repulsion
between the ortho substituents and these groups. In the
thionylimide 3a this angle is 43.6°, in the corresponding
negatively charged sulfurdiimide anions these angles are
between 75.6 and 79.0° (three independent molecules). In 2b
this repulsion forces the NSN group almost into the aryl plane
(t = 6.8°).

According to the bond lengths in the –NSN– fragment the
anions of salts 2 should be regarded as thiazylamides A rather
than sulfurdiimides B (Scheme 2).

The terminal SN bond distances in 2a (144.2 pm) and 2b
(145.8 pm) correspond to the SIV·N triple bond in thiazyl-
halides (NSF 144.6 pm,14 NSCl 145.0 pm15) and (CF3)2
NO(SN) (142.3 pm)16 and also agree well with the SO bond in
the isoelectronic thionylimide 2,6-C6H3F2NSO 3a (144.8 pm).
In thiazyl derivatives the XSN angle is 117–119°, in 3a 120.7°
and in the anions of 2 122–125°. For the bridging SN bonds of
2 the distances 158.9 pm for 2a and 159.9 pm for 2b are between
double and single bond lengths.

A. Z. is grateful to Deutsche Forschungsgemeinschaft and to
Russian Foundation for Basic Research (project 96-03-33276)
for financial support.

Notes and References

† E-mail: mews@chemie.uni-bremen.de 
‡ Preparation of 2: TASF13 (1.37 g, 5 mmol) was placed into one side of a
two-armed lambda-shaped glass vessel fitted with a Teflon valve, 5 mmol
of the corresponding ArNSNSiMe3 117 was placed into the other side. In a
vacuum line 20 ml of MeCN was distilled onto TASF, this solution was
mixed with 1 at 240 °C and stirred at this temperature for 2 h. Then 30 ml
of Et2O was condensed onto the reaction mixture at 2196 °C, the l-tube
was placed into a cryostat at 240 °C for crystal growth and 2a and 2b were
obtained as orange–yellow crystalline solids after removal of the solvents.
Because of their thermal instability the compounds were characterised only
by low temperature X-ray crystallography.
§ Crystal data: C12H21F2N5S2 2a, monoclinic, space group P21/c,
a = 1666.7(6), b = 1159.4(4), c = 2549.0(11) pm; b = 92.42(3)°,
U = 4.921(3) nm3, Z = 12, Dc = 1.366 g cm23 , m = 0.345 mm21, F(000)
2136, crystal dimensions 1.1 3 0.4 3 0.2 mm, 12 180 reflections collected
with 2.64 < q < 27.52°, 9824 used in structural analysis. The data for 2a, 2b
and 3a were collected on a Siemens P4 diffractometer using Mo-Ka
radiation (l = 71.073 pm) at 173 K. The structures were solved by direct
methods.18 All non-hydrogen atoms were refined anisotropically. The

refinement (597 parameters) converged with wR2 = 0.2521 (R1 = 0.0867)
and final difference electron density maxima and minima of 1510 and 2840
e nm23. 

C12H22FN5S2 2b: monoclinic, space group C2/c, a = 2685.2(6),
b = 898.8(2), c = 1505.1(5) pm, b = 115.54(2)°, U = 3.278(2) nm3,
Z = 8, Dc = 1.295 g cm23, m = 0.333 mm21, F(000) 1360, crystal
dimensions 0.5 3 0.4 3 0.1 mm. 4477 reflections collected with 2.65 < q
< 22.50°, 2147 used in structural analysis. The refinement (189 parameters)
converged with wR2 = 0.1381 (R1 =  0.0555) and final difference electron
maxima and minima of 493  and 2383 e nm23.

C6H3F2NOS 3a: monoclinic, space group C21/c, a = 374.37(4),
b = 2106.4(3), c = 873.7(2) pm, b = 100.95(1)°, U = 0.6765(2) nm3,
Z = 4, Dc = 1.720 g cm23, m = 0.448 mm21, F(000) 352, crystal
dimensions 0.830.630.5 mm. 2041 reflections collected with 2.56 < q <
27.49°, 1402 used in structural analysis. The refinement (102 parameters)
converged with wR2 = 0.0809 (R1 =  0.0297) and final difference electron
maxima and minima of 337 and 2229 e nm23. CCDC 182/817.
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Stereoselective synthesis of linear bipyridyl–phenylene based ruthenium rods
from enantiopure building blocks

Kenneth Wärnmark,a Paul N. W. Baxterb and Jean-Marie Lehn*b†
a Organic Chemistry 1, Department of Chemistry, Lund University, PO Box 124, SE-221 00 Lund, Sweden 
b Laboratoire de Chimie Supramoléculaire, ISIS, Institut Le Bel, Université Louis Pasteur, 4 rue Blaise Pascal, F-67000
Strasbourg, France 

Extended stereochemically pure C2-symmetric diruthenium
rods, L,L-1, D,D-1, L,L-2 and D,D-2, have been synthe-
sized from enantiomerically pure building blocks.

The synthesis of nanosize-components for potential applica-
tions in electronic or optical systems is a central theme in
current material science.1 The design of molecular counterparts
to macroscopic electronic components has largely focussed on
molecular wires.2

In a molecular approach to microscopic semiconductor
technology, we are interested in finding molecular counterparts
to doped material. Conjugated p-systems such as rods consist-
ing of linear phenylene chains could function as molecular
wires. In principle, electronic conductivity along the axis of the
rods in the form of photo- or electro-chemically generated
positive hole doping may be achieved by incorporation of
photo- and redox-active metal centres, such as RuII, into the
periphery of the rods. The ruthenium doping would be expected
to change the conductivity and optical properties of the
phenylene chain and add signal reading abilities to it.

Directly connected or phenylene bridged 2,2A-bipyridyl (bpy)
units may be regarded as phenylene chains that contain sites for
metal coordination. The 4A,4B-linkage between two
2,2A-bipyridyl (bpy) units in [{(bpy)2Ru}2(LL)][PF6]4
(LL = 2,2A : 4,A4B : 2B,2AAA-quaterpyridine) gives the complex a
transoid overall conformation and mediates a weak metal-to-
metal interaction.3 However, to construct a linear molecular
wire containing ruthenium centres, the bpy units must be linked
in the 5-position either directly or by a linker such as phenylene.
In addition, the electronic transitions that are the most intense in
the bpy and phen (phen = 1,10-phenanthroline) rings take place
along the longer axis of these ligands making linkages of bpy or
phen units in the 5,5A- and 3,8-positions, respectively, attrac-
tive.4

We herein present the synthesis of the shortest constituents of
a series of linear p-conjugated phenylene type ruthenium rods 1
and 2 (Fig. 1) in which bpy units are linked directly, dmqtby‡
(3), or via a para-phenylene bridge, bmbpyb‡ (4), to each other
in the 5-position.§

The incorporation of more than one [(phen)2Ru]2+ unit into
the molecular wire of bpy-type will give rise to diastereoisom-
ers since each unit may have L- or D-configuration at the
ruthenium centre. Enantiomerically pure (ep) and dias-
tereomerically pure (dp) syntheses of various polypyridine
ruthenium complexes using the appealing concept of ep
building blocks have been successfully pursued by several
groups.5

Ligands 3 and 4, respectively, were reacted with 2.2 equiv. of
ep L-5 and D-5,¶ respectively, giving L,L-1, D,D-1, L,L-2
and D,D-2, respectively [58% yield of 1 and 49% yield of 2
after purification on a Bio-Beads S-X1 (Bio-Rad laboratories)
size-exclusion column, MeCN–toluene (1 : 1)].∑ Ligands 3 and
4, respectively, were also reacted with 2.2 equiv. of racemic 5,
giving the mixture of all stereoisomers L,L-1, D,D-1, D,L-1
(mix-1) and L,L-2, D,D-2, D,L-2 (mix-2), respectively.

The ligand 3 and the phenylene-bridged homologue 4 were
synthesized by a Pd(PPh3)4 catalysed Stille cross-coupling
protocol6 between respectively, the dibrominated bridging units
6,6A-dibromo-3,3A-bipyridyl and 1,4-bis[5-(2-bromo-
pyridyl)]benzene and two equiv. each of 2-trimethylstannyl-
5-methylpyridine.

The 1H NMR spectrum of L,L-1 (and D,D-1) is much less
complicated than the 1H NMR spectrum of mix-1. Obviously,
the short distance between the asymmetric ruthenium centres in
1 leads to large enough differences in 1H NMR shifts for the
diastereoisomers L,L-1 (D,D-1) and D,L-1 to be observable.
For 2 in contrast, where the asymmetric ruthenium centres are
further apart (by a para-phenylene unit), the 1H NMR spectrum
of L,L-2 (and D,D-2) is identical to the 1H NMR spectrum of
mix-2.

That L,L-1, D,D-1, L,L-2 and D,D-2 are essentially ep and
dp as demonstrated by the fact that in the circular dichroism
spectra, L,L-1 and D,D-1 as well as L,L-2 and D,D-2,
respectively, are almost perfect mirror images (Fig. 2). For
L,L-1 and D,D-1 the diastereomeric excess could be deter-
mined to > 98.5% by 1H NMR spectroscopy because of the
differences in 1H NMR chemical shifts between L,L-1 (D,D-1)
and mix-1.

One measure of the degree of electronic communication
between metal centres in symmetrical dimers is the separation
of the oxidation potential between the two centres. The results
from cyclic voltammetry (CV) of the linear complexes 1 show
only one reversible oxidative wave at 1.31 V vs. SCE in MeCN,
indicating no communication between the ruthenium centres.**
Furthermore, one reversible reductive wave at 21.11 V vs. SCE
in DMF and two reductive cathodic waves at 21.32 and 21.49
V appeared (the corresponding anodic waves could not be
detected because of extensive adsorption). The first reductive
wave is assigned to ligand 3 and the two others most likely to the
phenanthroline ligand in analogy with the assignments of the

Fig. 1
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CV of the analogue [{(bpy)2Ru}2(LL)][PF6]4, bridged in the
4A,4B-position (reversible reductive waves at 21.10, 21.44,
21.57 V vs. SCE in MeCN).3 The CV of the phenylene-bridged
linear complexes 2 shows also only one reversible 2e oxidative
wave at 1.29 V vs. SCE in MeCN, one reversible reductive wave
at 21.19 and one reductive cathodic wave at 21.36 V vs. SCE
in DMF (a third reductive wave could not be observed). The
reductive waves in complex 2 are assigned in analogy with
complex 1 to ligands 4 and phen, respectively.

The complexes 1 and 2 have almost identical electronic
spectra in MeCN. Only one flat MLCT band could be detected
[l = 450 (e = 2.54 3 104), 448 nm (2.98 3 104 dm3 mol21

cm21), respectively] demonstrating that the Ru–dmqtpy and
Ru–bmbpyb transitions are of similar energy as for Ru–phen
and being almost identical to the monoruthenium complex
[Ru(bpy)3]2+ [l = 452 nm (e = 1.45 3 104 dm3 mol21

cm21)].7 Thus the red-shift for the Ru–(bridging ligand) MLCT
band, observed in the analogue [{(bpy)2Ru}2(LL)][PF6]4 and
indicating a weak metal–metal interaction,3 seems to be absent
in complexes 1 and 2. The p–p* transitions for compounds 1
[l = 265 (e = 1.52 3 105), 224 nm, (1.13 3 105 dm3 mol21

cm21)] and 2 [l = 263 (e = 1.69 3 105), 223 nm, (1.22 3 105

dm3 mol21 cm21)] are located almost at the same wavelength as
for [Ru(phen)3]2+ [l = 263 (e = 1.13 3 105), 224 nm (8.03 3
104 dm3 mol21 cm21)].8 The values of the absorption
coefficients indicate that these p–p* transitions in complexes 1
and 2 are phenanthroline based. More difficult is the assignment
of Ru–(bridging ligand) p–p* transitions.

The excitations of compounds 1 and 2 in the MLCT band
resulted in intense emission at 639 and 613 nm, respectively,
being somewhat red-shifted compared to [{(bpy)2Ru}2-
(LL)][PF6]4. Excitation in the phenanthroline p–p* bands leads
to an intense emission at 735 and 417 nm for each of the two
complexes 1 and 2.

In conclusion stereoisomerically pure linear bipyridyl–
phenylene based ruthenium rods, 1 and 2, have been synthe-
sized from ep building blocks. By the methods used in this work

no electronic communication between the two halves of the rods
could be detected. Oxidation or reduction at a given centre may
however be expected to delocalize over the whole system and
provides means for p and n doping of such types of inorganic
molecular rods.

We thank Emmanuelle Leize and Alain Van Dorsselaer,
Laboratoire de Spectrométrie de Masse Bio-Organique, for
electrospray-MS measurements as well as the University of
Lund and the Collège de France (P. N. W. B.) for financial
support.

Notes and References

† E-mail: lehn@chimie.u-strasbg.fr
‡ dmqtpy = 5,5AAA-dimethyl-2,2A : 5A,5B : 2B,2AAA-quaterpyridine and
bmbpyb = 1,4-bis[5-(5A-methyl)-2,2A-bipyridyl)]benzene.
§ Linear oligoruthenium rods have also been constructed with ethynyl
linkers between phen or bpy.5h,9

¶ Prepared by several resolutions following a literature procedure;10 ep 5
reacts with bidentate ligands with retention of configuration.5a,b

∑ Complexes 1 and 2 were characterised by 1H NMR spectroscopy,
elemental analysis and electrospray MS {1: m/z 315.9 [1 2 4PF6]4+, 469.5
[1 2 3PF6]3+, 776.4 [1 2 2PF6]2+ and 1696.1 [1 2 PF6]+ and 2: m/z 333.9
[2 2 4PF6]4+, 493.9 [2 2 3PF6]3+ and 813.7 [2 2 2PF6]2+}.
** Cyclic voltammetry was performed with 0.1 m Bu4PF6 as electrolyte and
Ag/AgCl as reference electrode. The Ag/AgCl electrode is 250 mV vs.
SCE.
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Fig. 2 Circular dichroism spectra of L,L-1, D,D-1, L,L-2 and D,D-2 in
MeCN
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Ruthenium-catalysed synthesis of indoles from anilines and trialkanolamines in
the presence of tin(ii) chloride dihydrate

Chan Sik Cho, Hyo Kyun Lim, Sang Chul Shim,*† Tae Jeong Kim and Heung-Jin Choi

Department of Industrial Chemistry, College of Engineering, Kyungpook National University, Taegu 702-701, Korea

Anilines react with trialkanolamines in dioxane in the
presence of a catalytic amount of a ruthenium catalyst
together with tin(II) chloride dihydrate to give the
corresponding indoles in moderate to good yields.

Transition metal-catalysed cyclisation reactions have been a
useful and convenient method for the formation of a wide
variety of heterocycles. Thus, the formation of the structural
core of indoles has also been attempted using transition metal
catalysts1 since several naturally occurring indoles exert a broad
spectrum of physiological activities.2 As part of our continuing
studies on transition metal-catalysed synthesis of
N-heterocyclic compounds,3 we have recently developed and
reported a novel ruthenium-catalysed synthesis of N-alkyl-
indoles from N-alkylated anilines and triethanolamine as the
C2-fragment.4 However, aniline did not act as a cyclisation
counterpart in the formation of indole itself under the ruthe-
nium-catalysed system. After numerous attempts were made to
achieve the formation of indoles from the primary aromatic
amines under the reaction system used, eventually, it was found
that the addition of tin(ii) chloride dihydrate allows the
formation of indoles. We now report a facile synthesis of
indoles from readily available primary aromatic amines and
triethanolamine in the presence of a ruthenium catalyst together
with SnCl2·2H2O.

We examined the cyclisation between aniline (1) and
triethanolamine (2) in the presence of SnCl2·2H2O to optimise
the reaction conditions using similar catalytic systems which we
employed for the synthesis of N-alkylindoles. The yield of
indole (3) was considerably affected by the molar ratio of 1 to
2 as has been observed in our recent report (Scheme 1).4 Table
1 shows that the highest yield of 3 was obtained at the molar
ratio of 10. The reaction was also affected by the amount of
SnCl2·2H2O. The use of equimolar amounts of 2 and
SnCl2·2H2O resulted in the best yield of 3. A decrease in the
amount of SnCl2·2H2O afforded 3 in a lower yield, but the yield
of 3 did not change with an increase in the amount of
SnCl2·2H2O employed. However, the reaction did not proceed
at all without SnCl2·2H2O. The effect of several metallic halides
other than SnCl2·2H2O upon this cyclisation was examined. As
shown in Table 1, all the salts except for iron(iii) chloride
examined were moderately effective in the formation of 3, but
FeCl3 exhibited nearly the same activity as SnCl2·H2O under the
reaction conditions employed.

The present cyclisation could also be applied to many
primary aromatic amines, several representative results being
summarised in Table 2.‡ The product yield was dependent on
the electronic nature of the substituent on anilines. With anilines
such as toluidine and anisidine, having electron-donating

character, the product yield was generally higher than that when
chloroanilines having electron-withdrawing Cl substituent were
used (runs 2–8). In the cases of meta-substituted anilines such as
m-toluidine and m-anisidine, the corresponding indoles were
obtained as a regioisomeric mixture in good yields (runs 3 and
5). The enhancement of reactivity of the two-methyl substituted
anilines is interesting when compared to the reactivity of the
mono-substituted anilines (runs 10–12). However, in the case of
2,5-dimethoxyaniline, the corresponding indole was obtained
only in 15% yield (run 13).

Similar treatment of anilines 4 with tri(propan-2-ol)amine (5)
under the above reaction system afforded two regioisomeric

Scheme 1 Reagents and conditions: i, RuCl3·nH2O, PPh3, SnCl2·2H2O,
dioxane, 180 °C, 20 h

Table 1 Ruthenium-catalysed synthesis of indole (3) under various
conditionsa

Molar GLC yield
ratio (1 : 2) Metallic halides (mmol) (%)b

4 SnCl·2H2O (1) 30
6 SnCl·2H2O (1) 29
8 SnCl·2H2O (1) 30

10 SnCl·2H2O (1) 52
10 SnCl·2H2O (0.5) 25
10 SnCl·2H2O (2.0) 51
10 — Trace
10 AlCl3 (1) 20
10 SbCl3 (1) 16
10 BiCl3 (1) 7
10 LaCl3 (1) 7
10 FeCl3 (1) 52
10 ZnCl2 (1) 15

a All reactions were carried out with 2 (1 mmol), RuCl3·nH2O (7 mol%
based on 2), and PPh3 (2 mol% based on 2) in dioxane (10 ml) at 180 °C for
20 h. b Based on 2.

Table 2 Ruthenium-catalysed synthesis of various indolesa

Isolated
Run Anilines Indoles yield (%)b

1 Aniline Indole 46
2 o-Toluidine 7-Methylindole 66
3 m-Toluidine 4- and 6-Methylindole 65c

4 p-Toluidine 5-Methylindole 38
5 m-Anisidine 4- and 6-Methoxyindole 47c

6 p-Anisidine 5-Methoxyindole 33
7 o-Chloroaniline 7-Chloroindole 9
8 p-Chloroaniline 5-Chloroindole 21
9 p-Isopropylaniline 5-Isopropylindole 56

10 2,3-Dimethylaniline 6,7-Dimethylindole 99
11 2,5-Dimethylaniline 4,7-Dimethylindole 86
12 3,5-Dimethylaniline 4,6-Dimethylindole 90
13 2,5-Dimethoxyaniline 4,7-Dimethoxyindole 15

a All reactions were carried out with anilines (10 mmol), 2 (1 mmol),
RuCl3·nH2O (7 mol% based on 2), PPh3 (2 mol% based on 2), and
SnCl2·2H2O (1 mmol) in dioxane (10 ml) at 180 °C for 20 h. b Based on 2.
c Isomeric molar distributions were determined by 1H NMR spectroscopy
(300 MHz): 4-methylindole : 6-methylindole = 1 : 1; 4-methoxyindole : 6-
methoxyindole = 1 : 2.8.
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indoles, 6 and 7, in quantitative isolated yields, favoring the
formation of 2-methylindoles 6 (Scheme 2). In a separate
experiment, we observed that a similar reaction of p-toluidine
with 5 gave two isomeric indoles in 118% GLC yield based on
5. This result indicates that at least two propan-2-ol groups out
of three in 5 are available for the C2-fragment counterpart.

Although the exact role of SnCl2·2H2O in the present reaction
is still obscure, the reaction pathway seems to be the initial
formation of 2-anilinoethanols§ by amine exchange reac-
tions4b,5 between anilines and trialkanolamines followed by a
similar catalytic cycle to that which has already been proposed
in ruthenium-catalysed synthesis of indoles from anilines and
ethylene glycols.6

The authors are grateful to KOSEF
(97-05-01-05-01-3)-OCRC and the Non-directed Research
Fund of Korea Research Foundation (1997-001-D00294) for
financial support of this work.

Notes and References

† E-mail: scshim@kyungpook.ac.kr
‡ General experimental procedure: a mixture of aniline (10 mmol),
alkanolamine (1 mmol), RuCl3·nH2O (0.07 mmol), SnCl2·2H2O (1 mmol)
and PPh3 (0.21 mmol) in dioxane (10 ml) was placed in a stainless steel
autoclave. After the system was flushed with nitrogen gas, the mixture was
stirred at 180 °C for 20 h. The reaction mixture was filtered through a short
column (silica gel, CH2Cl2) and evaporated under reduced pressure. To the
residual oily material was added 30 ml of CH2Cl2 and the mixture was
washed twice with 50 ml of aq. 5% HCl solution to remove excess aniline.
The organic layer was dried over anhydrous NA2SO4. Removal of the
solvent left an oil which was separated by column chromatography (ethyl
acetate–hexane) to give indoles.
§ In a separate experiment, we observed that a similar ruthenium-catalysed
reaction between N-benzyl-p-toluidine and triethanolamine resulted in the
formation of a small amount of 2-(N-benzyl-p-tolylamino)ethanol by GC–
MS analysis.
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Unexpected enhancement of the photonuclease activity of Ru(bpz)3
2+ by Cu/Zn

superoxide dismutase

Etienne Gicquel, Nicole Paillous*† and Patricia Vicendo

Laboratoire IMRCP, UMR 5623, Université Paul Sabatier, 118 route de Narbonne, 31062 Toulouse Cedex 4, France 

Cu/Zn SOD led to an unexpected enhancement of the
photonuclease activity of Ru(bpz)3

2+ via an increase in the
production of singlet oxygen.

The ruthenium complexes possess versatile photoredox proper-
ties, which are exploited in a wide variety of applications
including the photolysis of water,1–3 development of novel
photonucleases4–8 and more recently for modelling chemical
photolyases.9 The photonuclease4 activity of these complexes
stems in part from their redox potential in the excited state. If
this is above that of guanine,10 the nucleobase with the lowest
oxidation potential, under irradiation the polypyridyl ruthenium
complexes may induce an electron transfer from DNA to the
dye in the excited state, giving rise to single strand breaks in the
double helix of DNA.11,12 The efficiency of this type I
mechanism for producing single strand breaks is higher than
that of the type II mechanism.13 Furthermore, it has been shown
that electron transfer leads to formation of covalent photo-
adducts between ruthenium complexes such as tris(1,4,5,8-
tetraazaphenanthrene)ruthenium(ii) [Ru(tap)3

2+]14 and tris(2,2A-
bipyrazyl)ruthenium(ii) [Ru(bpz)3

2+]15 and DNA.
In the case of Ru(bpz)3

2+, the mechanism of single strand
breaking is complex, involving electron transfer, formation of
singlet oxygen and radical species.15 In order to identify the
various oxygenated species involved in the photonuclease
activity of Ru(bpz)3

2+, and the superoxide anion in particular,
we used the Cu/Zn superoxide dismutase (Cu/Zn SOD). While
this enzyme should give rise to a reduction in efficiency of the
DNA cleavage by Ru(bpz)3

2+, via a dismutation of O2·2, an
unexpected increase in photonuclease activity of this complex
was observed. Here, we report the main characteristics of this
unexpected effect.

As shown in a previous study,15 Ru(bpz)3
2+ (1.8 mm) in

solution [5 mm phosphate buffer (pH 7.4), 10 mm NaCl] and
irradiated at 436 nm in the presence of supercoiled phage
fX174 DNA (18 mm) induced single strand breaks with a
quantum yield of 1025 (Fig. 1). In the presence of Cu/Zn SOD

(Cu/Zn SOD from human erythrocytes, 22 U ml21, 0.299 mm),
the number of single strand breaks was 2.4-fold higher at 60 s.
This enzyme is not able to induce alone DNA breakage upon
irradiation at 436 nm. The same finding was obtained, under
similar experimental conditions, with Cu/Zn from bovine
erythrocytes. Furthermore, the plot of the number of photo-
induced DNA single strand breaks against time in the presence
of SOD was not linear. There was an increase in rate with
duration of irradiation. After 90 s irradiation, nearly all the
supercoiled form of the plasmid had been transformed into the
relaxed circular form. This was not observed in the absence of
SOD even after 30 min of irradiation.

In the absence of oxygen, SOD had no significant effect on
the DNA single strand breaks induced by Ru(bpz)3

2+ (Fig. 1).
This indicated that the action of SOD depended on the presence
of oxygen, and was mediated by the production of oxygenated
species. Catalase (22 U ml21) and desferioxamine (17 mm)
were not found to modify the number of DNA single strand
breaks induced by Ru(bpz)3

2+ in the presence of Cu/Zn SOD.
This observation indicates that the effect of Cu/Zn SOD did not
result from the formation of OH· via a Fenton reaction.
Furthermore, the photonuclease activity of Ru(bpz)3

2+ was not
augmented in the presence of iron SOD (from Escherichia coli).
It thus appeared that the action of Cu/Zn SOD was specific to
this particular enzyme.

In order to better understand the function of oxygenated
radical species in the photoactivation of Ru(bpz)3

2+ by Cu/Zn
SOD, EPR studies have been performed. EPR studies on
Ru(bpz)3

2+ (1023 m) irradiated (l > 400 nm) in the presence of
5,5-dimethyl-2-pyrolidine 1-oxide (DMPO) (150 mm) failed to
detect OH· radicals, and indicated the presence of 5,5-dimethyl-
2-pyrolidone 1-oxyl radicals (DMPOX) (aN = 4.1, aH = 7.2)
derived from the oxidation of DMPO by singlet oxygen16

Fig. 1 Plot of number of DNA single strand breaks per molecule of fX174
plasmid DNA photoinduced by Ru(bpz)3

2+ at 436 nm against irradiation
time: (8) Ru(bpz)3

2+, (-) Ru(bpz)3
2+ in the absence of oxygen, (Ω)

Ru(bpz)3
2+ with Cu/Zn SOD and (:) Ru(bpz)3

2+ with Cu/Zn SOD in the
absence of oxygen

Fig. 2 EPR spectra of UV irradiated (l > 400 nm) solutions containing
DMPO and ruthenium complexes: (a) Ru(bpz)3

2+ and (b) Ru(bpz)3
2+ with

Cu/Zn SOD

Chem. Commun., 1998 997



0 50 100 150
0

1

2

3

B
re

ak
s 

pe
r 

m
ol

ec
ul

e 
D

N
A

t / s

0.8

0.7

0.6

0.5

0.4

0.3
0 20 40 60 80 100

t / min

A
bs

or
ba

nc
e 

at
 4

42
 n

m

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
ba

nc
e

300 400 500 600
l / nm

(a) (b)(Fig. 2). The formation of this radical was increased almost
three-fold by addition of Cu/Zn SOD (22 U ml21) (Fig. 2). EPR
studies of irradiated Cu/Zn SOD in the presence of DMPO did
not show the formation of radicals. It thus appeared that the
action of Cu/Zn SOD on Ru(bpz)3

2+ was mediated by an
increase in the production of singlet oxygen, which is
responsible for the enhanced photonuclease activity of this
complex. This hypothesis was supported by the results obtained
on addition of N-acetylhistidine (50 mm) and DABCO (20 mm),
singlet oxygen scavengers. They led to a 100% inhibition in
production of DMPOX radicals in the presence or absence of
Cu/Zn SOD. Moreover, N-acetylhistidine abolished totally the
increase in DNA single strand breaks obtained after photo-
sensitization of DNA by Ru(bpz)3

2+ in the presence of this
enzyme (Fig. 3).

The action of Cu/Zn SOD (22 U ml21) on the electron
transfer process was investigated by determining the efficiency
of Ru(bpz)3

2+ (1.5 3 1024 m) covalent addition to calf thymus
DNA (1.5 3 1023 m in nucleotides) upon irradiation at 436 nm
in the presence or absence of this enzyme. Quantification of
ruthenium bound to DNA by ICP15 analysis failed to identify
any difference in the kinetics or equilibrium of the addition of
Ru(bpz)3

2+ to DNA. After 2 h of irradiation at 436 nm in the
presence or absence of SOD, the photoadditions reached a
plateau corresponding to 1.4 3 1027 mol of Ru(bpz)3

2+ per mg
of calf thymus DNA or one molecule of complex for 11 ± 1
nucleotides. SOD thus did not appear to alter the photoreactivity
of Ru(bpz)3

2+ mediated by electron transfer.
Analysis by UV–VIS spectroscopy of the photochemical

behavior of Ru(bpz)3
2+ (1025 m) in 5 mm phosphate buffer (pH

7.4) and 10 mm NaCl irradiated at 436 nm showed that SOD did
not affect the rate of photodecomposition of Ru(bpz)3

2+ (Fig. 4).
This observation suggested that the increase in production of
singlet oxygen by Ru(bpz)3

2+ in the presence of SOD was not
due to enhanced photostability of the complex. EPR studies on
solutions of complexes of ruthenium of various redox potentials
such as tris(2,2A-bipyridyl)ruthenium(ii) [Ru(bipy)3

2+]
[E(Ru2+*/Ru+) = 0.77 V vs. SCE in MeCN]17 (1023 m) and
tris(2,2A-bipyrazyl)(dipyrido[3,2-a : 2A3A-c]phenazine-N4,N5)ru-
thenium(ii) [Ru(bpz)2dppz2+] [E(Ru2+*/Ru+) = 1.21 V vs. SCE
in MeCN13 (1023 m) revealed that, in the absence of SOD, these
two compounds generated under irradiation the same radical
DMPOX as Ru(bpz)3

2+ [E(Ru2+*/Ru+) = 1.45 V vs. SCE in
MeCN].17 In the presence of Cu/ZnSOD, the increase in
production of this radical was, with Ru(bipy)3

2+ and
Ru(bpz)2dppz2+, 1.4- and 2.6-fold higher, respectively, than in
the absence of Cu/Zn SOD. These results show that the increase
in production of the DMPOX radical generated by these

ruthenium complexes in the presence of Cu/Zn SOD partly
depends on the redox potential of their excited state.

In conclusion, Cu/Zn SOD led to an unexpected enhancement
of the photonuclease activity of Ru(bpz)3

2+, which may result
from an increase in singlet oxygen production. This unusual
phenomenon may be correlated to the strongly oxidizing nature
of this dye.

We thank Mr Alain Mari for his technical assistance with the
EPR studies.
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Fig. 3 Plot of number of DNA single strand breaks per molecule of fX174
plasmid DNA photoinduced by Ru(bpz)3

2+ at 436 nm against irradiation
time: (Ω) Ru(bpz)3

2+, (:) Ru(bpz)3
2+ with N-acetylhistidine, (2)

Ru(bpz)3
2+ with Cu/Zn SOD and (5) Ru(bpz)3

2+ with Cu/Zn SOD and
N-acetylhistidine

Fig. 4 (a) Absorbance at 442 nm of UV irradiated (l = 436 nm) solutions
of Ru(bpz)3

2+ (8) without additive and (-) with SOD. (b) Variation in
absorption spectra of Ru(bpz)3

2+ in 5 mm phosphate buffer (pH 7.4) and 10
mm NaCl upon irradiation at 436 nm.
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Novel mechanistic proposal for the Dötz reaction derived from a density
functional study: the chromahexatriene route

Maricel Torrent, Miquel Duran and Miquel Solà*

Department of Chemistry and Institute of Computational Chemistry, University of Girona, E-17071 Girona, Spain

A new mechanism for the Dötz reaction of vinylcarbene
complexes with ethyne proceeds through a chromahexa-
triene intermediate instead of a vinylketene with smooth
energy changes and low energy barriers.

One of the most important synthetic transformations leading to
C–C bond formation involves the reaction of chromium
carbenes with alkynes. This process, a formal [3 + 2 + 1]
cycloaddition known as the benzannulation or Dötz reaction,1
generates substituted phenols by sequential coupling of the
alkyne, the carbene and one carbonyl ligand at a [Cr(CO)3]
template. The major interest in this reaction is its utility in
organic and organometallic synthesis.

The most widely accepted mechanism2 assumes that the
reaction starts with a reversible decarbonylation followed by
alkyne coordination, yielding h3-vinylallylidene complexes 1
(Scheme 1). Two diverging routes have been postulated from
this point. According to Dötz,2 complexes 1 form
h4-vinylketenes 2 by CO insertion into the chromium–carbene
bond, followed by electrocyclic ring closure to yield

h4-cyclohexadienones 3, which can finally turn into the direct
precursor of the phenol derivative 4 after enolization and
aromatization. As suggested by Casey,3 an alternative possibil-
ity is that metallation of the arene ring occurs in complex 1 to
form 5, which subsequently undergoes carbonylation to yield 6.
Reductive elimination from 6 gives intermediate 3, where both
scenarios merge again.

It has proven difficult to validate these mechanistic sugges-
tions since the rate-limiting step typically involves CO ligand
loss to open a coordination site for the alkyne to bind. Once
bound, rapid ring closure occurs to give the observed products.
No single reaction has been followed completely through the
individual steps illustrated in Scheme 1, although there are now
several examples of isolation and structural characterization of
presumed intermediates relevant to h3-allylidene complexes4

and h4-vinylketene complexes.5 Additional support for the Dötz
route has also been provided by extended Hückel molecular
orbital6 and recent quantum chemical calculations.7 However,
most steps are still only postulated. Thus, although kinetic
investigations8 strongly support the assumption for the CO loss
as one of the first reaction steps, most of the subsequent
intermediates have so far escaped experimental observation.

According to our calculations,9–14‡ vinylallylidene complex
1 is a branching point from which the reaction may go on
through a third energy path, different from the ones mentioned
above. The new proposed pathway also leads to
h4-cyclohexadienone 3, but, instead of inserting a CO ligand
into the Cr–carbene bond, complex 1 can better create first a
p-interaction with the terminal C–C double bond yielding a
chromahexatriene complex, which undergoes CO insertion in
the next step.

The advantage of such a structural arrangement taking place
before CO insertion can be seen from Fig. 1. Complex 1 (usually
described as an h3-vinylallylidene2) is found to be more
favorable in an h1-coordination (as depicted in Fig. 1) by 11.8
kcal mol21. The most outstanding feature of h1-vinylallylidene
complex 1 is the agostic interaction between chromium and one
of the C5–H bonds of the terminal alkenyl ligand. The length of
the C5–H bond is ca. 0.05 Å larger than the usual distance for a
C(sp2)–H bond, and clearly corresponds to the ones observed
for this kind of interactions.15 The vacant coordination site in
complex 1 created after release of a CO ligand cis to the carbene
fragment remains temporarily blocked by the C5–H group, and
the reaction is prevented from going backwards to the reactants.
Once 1 is formed, the ring chain evolves to a more stable
conformation through a dp interaction between chromium and
the C4–C5 olefinic bond, the release of energy being 11.2 kcal
mol21 (Fig. 1). An early, small energy barrier in the path from
1 to 7 (1.8 kcal mol21) arises from the loss of the agostic
interaction while C4 has not approached the metal center enough
(Cr–C4 = 3.248 Å in 1, 3.055 Å in TS1, and 2.272 Å in 7). A
crucial feature of complex 7 as compared to complex 1 is the
shortening of the distance between C5 and the CO ligand to be
transferred to the Cr–C5 bond (C5–CO = 3.517 Å in 1, and
2.559 Å in 7), which facilitates CO insertion in the subsequent
step (C5–CO = 2.262 Å in TS2, and 1.533 Å in 3). Intermediate
7 is directly comparable to h2-alkenylamino(aryl)carbene
complexes of W16 and Mn,17 as well as to the more recentlyScheme 1 Postulated routes for the benzannulation reaction
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reported structure of an alkynylarylcarbene complex of tung-
sten.18 In the field of organochromium chemistry, a similar
olefin coordination has been also observed for an alkene-19 and
some alkyne-carbenechromium20 complexes. The strongest
support for the existence of 7, however, probably comes from a
recent investigation by Barluenga et al.,4 where a chromahexa-
triene similar to 7 has been isolated and characterised by 1H and
13C NMR spectroscopy. Experimental data from this study

demonstrate that the alkenyl ligand is attached to the metal
center through the C4–C5 double bond.

Interestingly, chromahexatriene 7 is not an endpoint of the
reaction because it connects to a more stable intermediate, as
shown in Fig. 1. Distortion of the Cr(CO)4 umbrella mainly
accounts for the energy required to reach TS2 (12.9
kcal mol21). This is largely compensated by the formation of an
agostic interaction in 3, together with the new Cr–C coordinated
bonds in the formed ring. Species 3 with such an agostic
interaction has a known precedent in related cationic manganese
cyclohexenyl complexes.21 The fact that the reaction does not
end at 7 is consistent again with the experimental results
reported by Barluenga et al.4 These authors found that the
synthesised chromahexatriene was not stable in solution at room
temperature, and decomposed to yield the most common final
product in the Dötz reaction with aminocarbenes.4

Additional theoretical work on the routes proposed by Dötz
and Casey is presently in progress in our laboratory. Preliminary
results indicate that the chromahexatriene mechanism presented
here seems to be the most favorable of the three proposed
routes. Whether this conclusion can be generalised to substrates
other than vinyl carbene complexes is the subject of further
research.§
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programs9 using the DFT methodology with the non-local BP86 func-
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§ Financial support is acknowledged from the Spanish DGES under project
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1 K. H. Dötz, Angew. Chem., Int. Ed. Engl., 1975, 14, 644.
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Fig. 1 Geometries of all stationary points and energies relative to complex
1. Selected bond distances are given in Å, and energies (in square brackets)
in kcal mol21. Compounds 1, 7 and 3 correspond to minimum energy
structures; their absolute energies are 21767.313742, 21767.331596 and
21767.362571 au, respectively. TS1 (21767.310883 au) and TS2
(21767.310945 au) are first-order saddle points.

1000 Chem. Commun., 1998



ERxFe

1

Fe

ERx

n

2

ROP

Fe

3

Fe

CH2Li

Fe

n
4

Me

Me

Me
CH2

Me
S

Me
Me

CH2

S

Me

Me

Me

Me

Me

Li

•pmdeta
S(SO2Ph)2

MeSO3CF3
or BF3•OEt2 CH2Cl2

Me

Fe

C(15)

S

Synthesis, structure and cationic ring-opening polymerization (ROP) of a
strained [2]carbathioferrocenophane

Rui Resendes, Paul Nguyen, Alan J. Lough and Ian Manners*†

Department of Chemistry, University of Toronto, 80 St. George Street, Toronto, Ontario, Canada M5S 3H6 

The synthesis and cationic ring-opening polymerization of a
novel [2]carbothiaferrocenophane is reported; the poly-
merization represents the first cationic ring-opening poly-
merization of a metal-containing ring.

Macromolecules containing transition metal atoms in the main
chain are attracting growing attention as a result of their
combination of processability and interesting physical proper-
ties.1–3 Until recently, the development of this area has been
hindered by the lack of viable synthetic routes to these
materials.2 The recent discovery of a thermal ring-opening
polymerization (ROP) route to poly(ferrocenes) from strained
[1]- and [2]-metallocenophanes 1 provided facile access to high
molecular mass metallocene-based polymers 2 with interacting
metal atoms.4–6 Subsequently, examples of anionic and transi-
tion metal-catalyzed ROP of [1]ferrocenophanes have also been
reported which afford routes to polymers with controlled
architectures including block and graft copolymers.7–10 Recent
attention has focused on detailed studies of the interesting
properties of the resulting poly(metallocenes) including their
electrochemical, charge transport, electrochromic and morpho-
logical (e.g. liquid crystalline) properties and their potential
function as precursors to spin-aligned magnetic materials via
oxidation or pyrolysis.5,11–15

Cationic polymerization provides an important, well estab-
lished methodology for the preparation of organic polymers
which complements other synthetic routes.16,17 However, to
date, cationic ROP of a metal-containing ring has not been
reported. In this paper we report the synthesis of a novel
[2]ferrocenophane which undergoes the first example of such a
cationic ROP process.

Few examples of unsymmetrically bridged [2]ferroceno-
phanes have been reported.18 We found that the reaction of the
pmdeta (pmdeta = 1,1,4,7,7-pentamethyldiethylenetriamine)
adduct of (C5Me4CH2Li)(C5H4Li)Fe in Et2O at 278 °C with 1
equiv. of S(SO2Ph)2 afforded 3 in 30% yield as deep red crystals
after purification by vacuum sublimation. The identity of 3 was
confirmed by 1H and 13C NMR and GC–MS.19 The 1H NMR
spectrum revealed the a and b protons of the Cp ring at d 4.69
and 3.64, respectively. The large separation of the Cp proton
resonances is indicative of the ring strain present in 3. Of note,
is the bridging CH2 resonance which occurs quite downfield at
d 4.17, indicating a deshielded environment. The 13C NMR
shows the Cipso resonances of the CpA (tetramethyl-Cp) and Cp
rings occurring at d 83.8 and 93.7, respectively. This is, again,
consistent with the proposed structure of 3. An X-ray diffraction
analysis of a suitable single crystal was also performed.20 The
molecular structure of 3 is shown in Fig. 1; of note is the
18.5(1)° angle between the planes of the CpA and Cp rings. This

suggests that 3 possesses significant ring strain and may be a
suitable candidate for ROP.

DSC analysis of 3 revealed an endotherm associated with the
melting point at 68 °C and an exotherm due to ROP at 210 °C.
When a sample of 3 was heated at 215 °C in a sealed, evacuated
Pyrex tube, a yellow fibrous material which was insoluble in
common organic solvents was obtained. A small fraction, which
was soluble in C6D6, was shown to be the ring-opened
poly(carbothiaferrocene) 4 by 1H NMR (see below). GPC
analysis of this soluble fraction (in THF) revealed a Mw of ca.
6000 with a PDI value of 1.1.

Samples of 3 in C6D6 did not undergo ROP under the
influence of anionic initiators such as BunLi. However,
treatment of both CH2Cl2 and C6D6 solutions of 3 with methyl
triflate, MeSO3CF3, resulted in a color change from bright red
to light orange, followed by the precipitation of a fine yellow
powder. 1H NMR analysis of the soluble fraction demonstrated

Scheme 1

Fig. 1 X-Ray crystal structure of 3, showing 30% thermal ellipsoids.
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å)
and angles (°): Fe–Cpcentroid 1.82(2), C(15)–S 1.844(2), Cpipso–S 1.783(2),
CpAipso–C(15) 1.513(3); a (angle between Cp planes) 18.51(14), b1 [angle
between Cp plane and Cpipso–S bond) 10.9(2), b2 [angle between CpA plane
and CpAipso–C(15) bond] 9.5(2).
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that ROP to yield 4 had indeed occurred (Fig. 2).21 Of note in the
1H NMR spectrum of 4 is the broad multiplet centered at d 3.65
which arises from both the Cp and bridging methylene protons
as well as the broad resonance centered at d 1.61 corresponding
to the CpA methyl protons.

A side reaction of the MeOTf initiated polymerization
involved oxidation of the resulting material. In an attempt to
circumvent this, initiation of ROP was attempted with the
alternative Lewis acid, BF3·OEt2. Indeed, when a toluene
solution of 3 was treated with 0.02 equiv. of BF3·OEt2, ROP did
occur, as evidenced by 1H NMR, the immediate color change of
the solution, and the precipitation of 4. However, unlike the
MeOTf initiated polymerization, no oxidation of the polymer
was apparent. 1H NMR analysis of the soluble fraction and CP
MAS 13C NMR22 analysis of the bulk material confirmed the
presence of 4 and is consistent with the proposed structure. In
addition, analysis by mass spectrometry revealed peaks which
could be assigned to species possessing oligomeric
[(h-C5Me4)Fe(h-C5H4)CH2S]x units where x = 1–3. This again
is consistent with the proposed polymeric structure of 4.

In summary, we have shown that the novel [2]ferroceno-
phane 3 successfully undergoes both thermal and cationic
initiated ROP to afford the polymer 4, the high molecular mass
fraction of which is insoluble in common organic solvents.
Future work in this area will involve studies of the ROP
mechanism and copolymerization of 4 with other heterocycles
in an effort to obtain soluble, high molecular mass materials.
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Fig. 2 400 MHz 1H NMR (C6D6) of 4 (soluble fraction)
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Sulfur dioxide gas detection by reversible h1-SO2–Pt bond formation as a novel
application for periphery functionalised metallo-dendrimers‡

Martin Albrecht,a Robert A. Gossage,a Anthony L. Spekb and Gerard van Koten*a†
a Debye Institute, Department of Metal-Mediated Synthesis, Utrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands
b Bijvoet Centre for Biomolecular Research, Crystal and Structural Chemistry, Utrecht University, Padualaan 8, 3584 CH
Utrecht, The Netherlands

Multimetallics such as dendrimer 3 which are functionalised
at their periphery with platinum(II) metal centres reversibly
absorb SO2 to yield macromolecules with significantly
enhanced solubility characteristics and drastic colour
changes; properties which make these compounds highly
active sensors for milligram quantities of toxic SO2 gas.

Since the first reports of synthetic dendrimers in the late 1970s,
these compounds have been of widespread interest.1 Several
applications for this type of macromolecule have been realised
owing to their unique properties, e.g. homogeneous catalysis,2
as receptors for bioactive molecules3 or in photophysical
applications.4 Herein we report the first example of transition-
metal modified dendrimers which reversibly bind SO2 and
therefore have potential for use as molecular sensors for this
toxic gas.

Platinum(ii) complexes of type 1 (Scheme 1) have been
shown to be suitable precursors for the synthesis of multime-
tallic systems. Using the methodology developed by Miller
et al.5 trimetallic compound 2 and dendrimer 3 containing
platinum(ii) functional units have been prepared from 1
(Scheme 1).6,7 The characterisation of these materials, however,
is hampered by their low solubility properties. In contrast to

their carbosilane analogues,2 dendrimers which contain aryl-
ester core units have been calculated to be planar molecules.6
This molecular geometry may be the reason for the low
solubility of 2 and 3 in common organic solvents. From earlier
experiments however, it has been shown that mononuclear
platinum and nickel complexes containing the terdentate
monoanionic diaminoaryl ligand [NCN2 = {C6H2-
(CH2NMe2)2-2,6-R-4}2] reversibly bind SO2

8–10 and coordina-
tion of this ligand is known to greatly increase the solubility of
the resulting five-coordinate platinum(ii) compounds.11 All
these SO2 adducts possess a generalised square pyramidal
geometry around the metal centre.12 A crystal structure
determination of the SO2 adduct of 1c (4; Fig. 1) confirms that
SO2 is bound to Pt in a h1-binding mode through sulfur and is
positioned at the apex of a distorted square-pyramid, which best
describes the geometry around the metal centre.§ No disorder
arising from interactions with iodide have been found. It is
noteworthy that in earlier studies,13 SO2 has been found to be
bound to iodide, which is competitive to platinum in size and
electronegativity.

Thus, we have studied the effect of the presence of SO2 on
dendrimers which are functionalised with square planar
platinum(ii) metal centres. Compounds 2 and 3 react instan-
taneously when exposed to SO2 (g) to form the corresponding
SO2 adducts 5 and 6,¶ respectively (Scheme 2), both in the solid
state and in solution (e.g. CHCl3, toluene; max. solubility of 6
in CHCl3: 2.5 mass%). Adduct formation is suggested by 1H
NMR spectroscopy, since the resonance signals of protons in
close proximity to Pt undergo a characteristic down field shift
[0.23 ppm for the CH2N methylene protons and 0.16 ppm for
the N(CH3)2 groups].8 Owing to the change of the coordination
number around the metal centre, the electronic spectrum shows
two new absorption bands at ca. 350 and 400 nm (CH2Cl2
solution). The exact wavelengths of these bands depend on the
metal-bound halogen atom, but are not significantly changed by
different substituents on the aryl ring of the NCN ligand.14 The
band at higher frequency is quite strong with absorption
coefficients > 20 000 dm3 mol21 cm21. In an atmosphere of
SO2, adduct formation of these new materials occurs quantita-

Scheme 1 Mono- and multi-metallic platinum(ii) complexes containing
aryldiamine ligands

Fig. 1 ORTEP plot (50% probability level) of 4. Hydrogen atoms have been
omitted for clarity. Selected bond lengths (Å) and angles (°), Pt–I 2.7175(7),
Pt–N(1) 2.112(4), Pt–N(2) 2.113(5), Pt–C(1) 1.946(6), Pt–S 2.4792(15),
S–O(1) 1.443(4), S–O(2) 1.433(6); I–Pt–S 94.14(4), C(1)–Pt–S
91.44(18).

Chem. Commun., 1998 1003



Pt ClO

O

Pt

Cl

O
O

NMe2

NMe2

NMe2

Me2N

Pt

Cl

O
O

Pt

Cl

O
O

Me2N

NMe2

Me2N

N
Me2

Pt

Cl

O
O

Pt ClO

O

N
Me2

Me2N

NMe2

NMe2

O

O
O

O
O

O

O2S

O2S

SO2

SO2

O2S

O2S

5

6

3
SO2

2 {2•[SO2]3}
SO2

tively both when the compounds are in the solid state or in
solution. The reaction process can be followed visually and/or
by UV–VIS spectroscopy, as a characteristic change from
colourless to bright orange is noted. Traces of SO2 are sufficient
to observe this change. For example, with a CH2Cl2 solution
of 2 which is exposed to SO2, concentrations as low as
10 mg dm23 (at a platinum/SO2 molar ratio of 0.2) can be
detected using UV–VIS spectroscopy. Similarly, when the
atmosphere contains SO2 (3 ± 0.5%), coating of a filter paper
with 2 by 10 nmol mm22 is already sufficient to detect a
significant colour change. Obviously, higher sensitivity towards
SO2 can be achieved by increasing the concentration of the
adsorbed dendrimer.∑

Desorption of SO2 from adducts 5 and 6 can be achieved by
a number of mild procedures, such as heating to 40 °C for
several minutes or reducing the pressure to ca. 2.7 kPa (20 mm
Hg). Both methods quantitatively regenerate 2 or 3, respec-
tively. Repetitive adsorption/desorption cycles have been
performed without significant loss of material or activity.

In contrast to monomeric analogues or dendrimers containing
flexible cores (e.g. carbosilanes or aminoalkanes), the organo-
metallic trimer and dendrimer presented here possess a rigid
disc-like molecular structure and therefore are probably better
candidates for recovery via ultrafiltration technology.15,**
Owing to the electronic characteristics of the NCN–metal
unit,16 the Pt–C bond in monomeric and dendritic compounds is
resistant to insertion reactions of SO2. In addition, this stability
allows the construction of macromolecules starting from simple
organometallic building blocks rather than from metal-free
ligand precursors.1,2 Such a methodology reduces the difficul-
ties associated with quantitative end-group substitution.6

The organometallic compounds presented here are charac-
terised by their high reactivity towards sulfur dioxide and even
submillimolar quantities of this gas are indicated by a drastic
colour change. Moreover, mild and selective methods are
available to recycle the adducts to the SO2 free compounds in
order to regenerate the ‘detector’. In addition, these materials
can be used in the solid state (pure or adsorbed onto an inert
surface) or in dilute solution, a property which greatly broadens
their potential application. An increase in sensitivity and/or
efficiency may be possible with dendrimers of higher genera-
tion or by adjustment of the ligand array around the Pt metal
centre, e.g. by changing the metal-bound halogen atom.

Optimization of the properties of these dendrimers is a subject
of current investigation in our laboratories.

We thank Huub Kooijman for crystal data collection and
Utrecht University for financial assistance. This work was
supported in part (A. L. S.) by the Netherlands Foundation for
Chemical Research (S. O. N.) with financial aid from the
Netherlands Organisation for Scientific Research (N. W. O.).
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Scheme 2 Formation of the SO2 adducts 5 and 6 from the corresponding
multimetallic precursors upon addition of sulfur dioxide
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Systematic synthesis of a series of hydroperoxo-, alkylperoxo- and
m-peroxo-palladium complexes supported by the
hydrotris(3,5-diisopropylpyrazolyl)borate ligand (TpiPr), TpiPrPd(py)–OOX
[X = PdTpiPr(py), H, But], via dehydrative condensation of a hydroxo
complex, TpiPrPd(py)–OH

Munetaka Akita,*† Taichi Miyaji, Shiro Hikichi and Yoshihiko Moro-oka*

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503,
Japan 

A series of hydroperoxo, tert-butylperoxo and m-peroxo
complexes of palladium, TpiPrPd(py)(OOX) [X = H, But,
PdTpiPr(py); TpiPr: hydrotris(3,5-diisopropylpyrazolyl)bor-
ate] is prepared by dehydrative condensation of a hydroxo
complex, TpiPrPd(py)(OH), with HOOX.

Transition metal peroxo, hydroperoxo and alkylperoxo species
are postulated as key intermediates of catalytic oxygenations
such as transition metal catalyzed oxidation of organic com-
pounds and physiological metabolic reactions.1 For inves-
tigation of the reaction mechanisms it is essential to characterize
the structure and chemical properties of possible intermediates
but well-characterized examples of peroxo complexes‡ are still
rare. In our laboratory first row transition metal peroxo
complexes supported by hydrotris(pyrazolyl)borate ligands
(TpR) have been studied from the bioinorganic viewpoint.2 As
for their synthetic methods, we have established that transition
metal hydroxo complexes are versatile precursors for peroxo
complexes via dehydrative condensation with ROOH. Recently
our research target is extended to peroxo complexes not related
to metalloproteins (Co, Ni, and the second row metals)3 for
comprehensive understanding of chemistry of transition metal
dioxygen complexes based on the TpR ligand system. Herein we
report synthesis and characterization of a series of peroxo
palladium complexes, TpiPrPd(py)–OO–X [X = H, But,
PdTpiPr(py); TpiPr: hydrotris(3,5-diisopropylpyrazolyl)bor-
ate].§

The starting hydroxo complex, (k2-TpiPr)Pd(py)–OH 1,¶ was
prepared by hydrolysis of the corresponding chloro complex,
(k2-TpiPr)Pd(py)–Cl,∑with aqueous NaOH solution. Complex 1
turned out to be basic enough to be condensed with various
protic substrates including acetic acid, phenol, methanol and
hydroperoxides (Scheme 1). Reaction with a slight excess
amount of H2O2 (30% aqueous solution) in THF gave the
hydroperoxo complex 2 as yellow solids, and the yellow tert-
butylperoxo complex 3 was obtained via condensation with tert-
butylhydroperoxide (70%; the remaining part was But–OO–
But) in benzene. The condensation products 2 and 3 were
characterized as square-planar 16e PdII-complexes on the basis
of their spectroscopic features [(i) the three non-equivalent
pyrazolyl rings; (ii) the incorporation of py; (iii) the B–H
stretching vibration appearing below 2500 cm21 indicating
k2-coordination of the TpiPr ligand3b]. Characterization of the
hydroperoxo complex 2 was based on the OOH signal (1H
NMR) observed at d 6.86 (cf. the OH signal of 1: d 21.79),
which disappeared upon addition of a drop of D2O, but neither
n(O–O) nor n(O–H) stretching vibration was detected. The
molecular structure of tert-butylperoxo complex 3 was con-
firmed by X-ray crystallography** (Fig. 1.)

The successful condensation reactions of 1 prompted us to
examine synthesis of a dinuclear m-peroxo complex via reaction

Scheme 1

Fig. 1 Molecular structure of the tert-butylperoxo complex 3. Selected
interatomic distances (Å) and angles (°): O(1)–O(2) 1.440(5), O(2)–C(1)
1.439(6), Pd(1)–O(1) 1.981(4), Pd–N(11) 1.983(4), Pd–N(21) 2.021(4),
Pd(1)···N(31) 3.582(5), Pd–N(41) 2.010(4); Pd–O(1)–O(2) 114.2(3),
O(1)–O(2)–C(1) 109.5(4), N(21)–Pd–O(1) 174.4(1).
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with the hydroperoxo complex 2. As was expected, stirring a
mixture of 1 and 2 in toluene in the presence of MgSO4 (a
dehydrating reagent) gave the m-peroxodipalladium complex 4
after crystallization from pentane–ether (Scheme 1). Because 4
was sensitive to moisture, addition of MgSO4 was essential to
remove water formed by the condensation. Otherwise the
condensation was reversed and an equilibrated mixture of 1, 2
and 4 was obtained. The m-peroxo complex 4 could be also
formed by condensation of 1 with 0.5 equiv. of H2O2, but a
mixture of products containing 4 was obtained. The spectro-
scopic features of 4 were similar to those of 1–3 mentioned
above, and its molecular structure was determined by X-ray
crystallography** (Fig. 2).

According to the CSD database, 3 and 4 are the first examples
of structurally characterized h1-alkylperoxo and m-peroxo
complexes of palladium, respectively.5 The four-coordinated
square-planar geometry around the palladium centers is evident
from the interligand N–Pd–N (or O) angles close to right angles
[87.2–96.0(2)° 3, 85.0–96.9(1)° 4] as well as the Pd(1)···N(31)
separations [3.582(5) Å 3, 3.486(3) Å 4] non-bonding inter-
action. The lone pair electrons of the N(31) atoms do not project
toward the vacant axial site of the palladium centers. The O–O
distances of 3 [1.440(5) Å] and 4 [1.445(5) Å] fall in the typical
range of the O–O distances of organic and inorganic peroxo
compounds.1,4 Because no interaction is observed between
Pd(1) and O(1*) [2.845(3) Å] in 4, the bridging O2 part is
described as a m-h1 :h1-peroxo ligand. It is notable that the Pd–
O distances of the peroxo complexes 3 [1.981(4) Å] and 4
[1.971(3) Å] are slightly shorter than that of the hydroxo
complex 1A [2.021(7) Å]. Although two diastereomeric struc-
tures are possible for the dinuclear complex 4 due to the
(k2-TpiPr)Pd(py) fragment being chiral, only one isomerically
pure species (X-ray structure: meso form lying on a crystallo-
graphic inversion center) is present as indicated by the
observation of only one set of the three CH signals for the three
pyrazolyl rings in TpiPr.∑

The stability and reactivity of the square-planar peroxo
complexes were considerably different from those of the first
row metal complexes with tetrahedral or trigonal-bipyramidal
geometry.2–4 The peroxopalladium complexes 2–4 were ther-
mally stable. The tert-butylperoxo complex 3 decomposed
when heated at 85 °C for 3 h (in C6D6) in the absence of an
external substrate, and the hydroperoxo (2) and m-peroxo
complexes (4) slowly (1–3 days) decomposed at ambient
temperature. Addition of PPh3, however, caused their decom-
position giving the phosphine oxide (ONPPh3) in 43% (from 2),

71% (from 3) and 45% yields (from 4), although the fate of the
TpiPrPd-moieties was not clear. A complicated mixture of
coordination products was merely obtained as observed by 1H
NMR monitoring of reaction mixtures. Preliminary experiments
on reactivity of the peroxo complexes 2–4 toward hydrocarbons
revealed that vinyl ethyl ether was converted to ethyl acetate by
the action of 2–4 but no reaction was observed with simple
alkene such as hex-1-ene.

We are grateful to the Ministry of Education, Science, Sports,
and Culture of the Japanese Government for financial support of
this research (Grant-in-Aid for Specially Promoted Research:
08102006).
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Fig. 2 Molecular structure of the m-peroxo complex 4 drawn at the 30%
probability level. Selected interatomic distances (Å) and bond angles (°).
O(1)–O(1*) 1.445(5), Pd(1)–O(1) 1.971(3), Pd(1)–N(11) 2.056(3), Pd(1)–
N(21) 2.020(3), Pd(1)···N(31) 3.486(3), Pd(1)–N(41) 2.035(3); Pd(1)–
O(1)–O(1*) 111.8(2), N(11)–Pd(1)–O(1) 174.2(1).
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Syntheses and structures of a new class of aza- and thio-ether macrocyclic d0

imido complexes

Paul J. Wilson, Alexander J. Blake, Philip Mountford*† and Martin Schröder*†

Department of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD 

The synthesis and structures of a family of macrocyclic, d0

titanium imido complexes [Ti(NBut)(L)Cl2] (L = [9]aneN3,
Me3[9]aneN3, [9]aneS3 or Me2[9]aneN2S) are reported; the
new compounds are isolobal analogues of group 4 metal-
locene dichlorides.

The triaza macrocycle R3[9]aneN3 (R = H or alkyl) and its
thioether analogue, [9]aneS3, are effective six-electron capping
ligands for a range of transition metal centres.1 As part of a
study of early transition metal imido chemistry,2 we were
interested to determine whether these ligands might support
imido chemistry at d0 centres. No R3[9]aneN3- or [9]aneS3-
supported imido complexes have been reported previously,3 and
none of [9]aneS3 with any group 4 element. Indeed, previous

examples of [9]aneS3 transition metal complexes have been
almost entirely restricted to later, low to mid-oxidation state
transition metals,1b presumably due to hard–soft acid–base
considerations;4 the two exceptions are the d1 VIV vanadyl
complex [V(O)([9]aneS3)Cl2]5a and the trioxorhenium species
[R(O)3([9]aneS3)]+.5b The [9]aneN3 or [9]aneS3 macrocycle–
metal–imide fragment (Scheme 1) is isolobal and valence
isoelectronic6 with the ubiquitous bis(h5-cyclopentadienyl)me-
tal moiety. Consequently complexes containing this ligand set
would clearly promise an interesting and extensive reaction
chemistry that may have applications in alkene polymerisation
and related catalysis.7 Additionally, both the ring and/or the
imido ligand N-substituents in such complexes may be readily
varied so as to control solubility and electronic and steric
properties. We report herein a new class of macrocyclic, d0

imido complexes containing [9]aneN3, [9]aneS3, Me3[9]aneN3,
and Me2[9]aneN2S.

The syntheses and structures of the new compounds are
shown in Scheme 2.‡ Addition of [9]aneN3 or [9]aneS3 to a
dichloromethane solution of [Ti(NBut)Cl2(py)3]2d results in
displacement of the pyridine ligands and formation of
[Ti(NBut)([9]aneN3)Cl2] 1 and [Ti(NBut)([9]aneS3)Cl2] 2,
respectively. For comparative purposes and to establish the
scope of the reactions, we also prepared the related complex
[Ti(NBut)(Me3[9]aneN3)Cl2] 3 and its mixed N2S-donor homo-
logue [Ti(NBut)(Me2[9]aneN2S)Cl2] 4 in an analogous fashion.

Compound 4 crystallises exclusively as the isomer shown in
Scheme 2 (i.e. with S cis to the tert-butylimido group). The
yellow–orange compounds 1–4 are all mildly air- and moisture-
sensitive.

Recrystallisation from cold dichloromethane solutions yield-
ed crystals suitable for X-ray diffraction analysis.§ The
molecular structures of 1 and 2 are shown in Figs. 1 and 2
respectively, and selected bond lengths and angles for all four
compounds 1–4 are summarised in Table 1 for ease of
comparison. The solid state structures are fully consistent with
solution 1H and 13C NMR data in CDCl3.

All four monomeric complexes feature an approximately
octahedral titanium(iv) coordination sphere that is comprised of
a fac-coordinated macrocycle, a multiply-bonded tert-butyl-
imido ligand and two mutually cis chloride ligands. The Ti–
Nmacrocycle or Ti–S bonds trans to NBut are significantly
lengthened relative to their cis Ti–Nmacrocycle or Ti–S counter-
parts, reflecting the well known trans influence of the imido
ligand.3b The angles subtended at the imido nitrogen lie in the

Scheme 1

Scheme 2 Reagents and conditions: i, R3[9]aneN3, CH2Cl2, room temp., 2
h, 71% (for 1) or 92% (for 3); ii, [9]aneS3, CH2Cl2, room temp., 2 h, 21%;
iii, Me2[9]aneN2S, CH2Cl2, room temp., 24 h, 68%

Fig. 1 Displacement ellipsoid (40% probability) plot for [Ti(NBut)-
([9]aneN3)Cl2] 1. Hydrogen atoms are excluded except for those bonded to
N; these are drawn as spheres of arbitrary radius. The CH2Cl2 solvent
molecule is also excluded.
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range 166.4(6)–178.3(3)°, consistent with the NBut ligand
acting as four-electron donor to TiIV and forming a Ti·Nimide
triple bond (pseudo-s2p4 configuration).3a Table 1 shows that
the Ti–Cl bond lengths in 1 and 3 (i.e. both trans to N) are
significantly longer than those in 2 (i.e. trans to S). Consistent
with these observations, compound 4 has a Ti–Cl bond trans to
N [2.397(4) Å] that is significantly longer than that trans to S
[2.379(4) Å]. In addition, the ligand R3[9]aneN3 in 1 and 3
produces Cl–Ti–Cl angles of 97.23(4) and 95.75(4)°, respec-
tively, while [9]aneS3 gives a substantially increased angle of
103.02(4)° in 2. These data demonstrate clearly the importance
of the different macrocycles in tuning and varying structural
parameters of 1–4, which, in other systems, have been shown7

to be important features in catalyst design.
The complexes [Ti(NBut)([9]aneS3)Cl2] 2 and [Ti(N-

But)(Me2[9]aneN2S)Cl2] 4 are the first group 4 derivatives of
[9]aneS3 or R2[9]aneN2S.8 Furthermore, the four complexes
1–4 represent the first such macrocycle–imido derivatives, and
are related to oxo complexes of Me3[9]aneN3.9 Preliminary
studies have demonstrated that the chloride ligands in 3 may
be substituted to give [Ti(NBut)(Me3[9]aneN3)(R)2]
(R = CH2SiMe3 or CH2Ph), and we have also prepared the
cationic group 5 complexes [Nb(NBut)(Me3[9]aneN3)Cl2]X
(X = Cl or PF6) which are valence isoelectronic with 1–4.
Reactivity studies of all the new complexes are underway.

We thank the EPSRC, Leverhulme Trust, Royal Society and
University of Nottingham for support. P. M. is the Royal
Society of Chemistry Sir Edward Frankland Fellow.
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‡ Satisfactory spectroscopic and analytical data for 1–4 have been
obtained.
§ Crystal data for 1–4. Crystals were mounted in a film of RS3000
perfluoropolyether oil (Hoechst) on a glass fibre and transferred to a Stoë
Stadi-4 four-circle diffractometer and data were collected at 150(2) [220(2)
for 4] K. 1: C10H24Cl2N4Ti·CH2Cl2, M = 404.07, monoclinic, space group
P21/c, a = 10.677(3), b = 11.371(3), c = 15.752(3) Å, b = 104.20(3)°,
U = 1854.1(7) Å3, Z = 4, m = 1.04 mm21, all 3096 independent reflections
(Rmerge = 0.03) used in refinement, no. of parameters refined 182, final R
indices: R = 0.039, wR2 = 0.059. 2: C10H21Cl2NS3Ti·CH2Cl2,
M = 455.20, monoclinic, space group P21/n, a = 12.035(3), b = 12.368(3),
c = 13.925(3) Å; b = 108.47(2)°, U = 1965.9(6) Å3, Z = 4, m = 1.28
mm21, 3471 independent reflections (Rmerge = 0.03), no. of parameters
refined 182, final R indices: R = 0.039, Rw = 0.040. 3:
C13H30Cl2N4Ti·CH2Cl2, M = 446.15, orthorhombic, space group Pbca,
a = 15.104(6), b = 14.515(6), c = 19.933(7) Å, U = 4370(3) Å3,
Z = 8, m = 0.88 mm21, 3597 independent reflections (Rmerge = 0.02) used
in refinement, no. of parameters refined 209, final R indices: R = 0.047,
wR2 = 0.0584. 4: C12H27Cl2N3STi·CH2Cl2, M = 449.17, monoclinic,
space group P21/n, a = 10.114(3), b = 14.445(6), c = 15.207(4) Å,
b = 107.24(3)°, U = 2121.8(10) Å3, Z = 4, m = 1.00 mm21, 2759
independent reflections (Rmerge = 0.12), 2152 reflections with I > 0 used
in refinement, no. of parameters refined 200, final R indices: R = 0.102,
wR2 = 0.130. CCDC 182/820.
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J. P. Danks and M. Schröder, Coord. Chem. Rev., 1998, in press.

2 (a) P. Mountford, Chem. Commun., 1997, 2127 (Feature Article); (b)
G. I. Nikonov, A. J. Blake and P. Mountford, Inorg. Chem., 1997, 36,
1107; (c) P. J. Stewart, A. J. Blake and P. Mountford, Inorg. Chem.,
1997, 36, 1982; (d) A. J. Blake, P. E. Collier, S. C. Dunn, W.-S. Li,
P. Mountford and O. V. Shishkin, J. Chem. Soc., Dalton Trans., 1997,
1549.

3 See the following and references therein: (a) D. E. Wigley, Prog. Inorg.
Chem., 1994, 42, 239; (b) W. A. Nugent and J. M. Mayer, Metal–Ligand
Multiple Bonds, Wiley-Interscience, New York, 1988.

4 For a discussion and leading references see S. J. A. Pope, N. R.
Champness and G. Reid, J. Chem. Soc., Dalton Trans., 1997, 1639.

5 (a) G. R. Willey, M. T. Lakin and N. W. Alcock, J. Chem. Soc., Chem.
Commun., 1991, 1414; (b) H.-J. Kuppers, B. Nuber, J. Weiss and
S. R. Cooper, J. Chem. Soc., Chem. Commun., 1990, 979.

6 D. N. Williams, J. P. Mitchell, A. D. Poole, U. Siemeling, W. Clegg,
D. C. R. Hockless, P. A. O’Neil and V. C. Gibson, J. Chem. Soc., Dalton
Trans., 1992, 739; T. A. Albright, J. K. Burdett and M.-H. Whangbo,
Orbital Interactions in Chemistry, Wiley-Interscience, New York,
1985.

7 Applied Homogeneous Catalysis with Organometallic Compounds, ed.
B. Cornils and W. A. Herrmann, VCH, Weinheim, 1996.

8 For recent examples see: V. A. Grillo, G. R. Hanson, T. W. Hambley,
L. R. Gahan, K. S. Murray and B. Moubaraki, J. Chem. Soc., Dalton
Trans., 1997, 305; U. Heinzel, A. Henke and R. Mattes, J. Chem. Soc.,
Dalton Trans., 1997, 501 and references therein.

9 P. Jeske, G. Haselhorst, T. Weyhermüller, K. Wieghardt and B. Nuber,
Inorg. Chem., 1994, 33, 2462.

Received in Cambridge, UK, 3rd March 1998; 8/01753K

Table 1 Comparison of selected distances (Å) and angles (°) for 1–4; cis and trans refer to coordination sites with respect to NBut

Compound Ti–Ncis Ti–Ntrans Ti–Scis Ti–Strans Ti–Cl Ti–Nimide Cl–Ti–Cl C–Nimide–Ti

1 2.213(3) 2.359(3) — — 2.407(1) 1.703(3) 97.23(4) 174.3(2)
2.227(3) 2.403(1)

2 — — 2.575(1) 2.750(1) 2.370(1) 1.694(3) 103.02(4) 178.3(3)
2.591(1) 2.379(1)

3 2.265(3) 2.437(3) — — 2.394(1) 1.694(2) 95.75(4) 171.0(2)
2.270(3) 2.392(1)

4 2.285(9) 2.498(8) 2.561(4) — 2.379(4)a 1.708(8) 98.0(2) 166.4(6)
2.397(4)b

a Trans to Scis. b Trans to Ncis.

Fig. 2 Displacement ellipsoid (40% probability) plot for [Ti(NBut)-
([9]aneS3)Cl2] 2. Hydrogen atoms and the CH2Cl2 solvent molecule are
excluded.
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Electrochemical–hydrothermal synthesis and structure determination of a
novel layered mixed-valence oxide: BaV7O16·nH2O

Xiqu Wang, Lumei Liu, Ranko Bontchev and Allan J. Jacobson*†

Department of Chemistry, University of Houston, Houston, Texas 77204, USA 

The electrochemical–hydrothermal synthesis of a new
mixed-valence oxide BaV7O16·nH2O (n ≈ 4.4) with [V7O16]
layers containing both vanadium oxygen tetrahedra and
distorted octahedra is reported.

Vanadium oxide bronzes have been the focus of many studies
because of their complex structural, physical and chemical
properties. Compounds formed by high temperature synthesis
and by intercalation reactions of V2O5 have been reported.1–3

Most recently, hydrothermal methods have been shown to be an
effective approach for the synthesis of new layered vanadium
oxide bronzes containing either inorganic or organic interlayer
cations.3–12 Such materials have been of interest because of
their potential application as cathode materials in secondary
lithium batteries.12 The structures of the vanadium bronzes are
based on distorted vanadium–oxygen octahedra or square
pyramids and VO4 tetrahedra. The layered structures contain
either single layers of corner and edge-shared polyhedra3–8 or
double layers that also contain face-shared units.9–12 Examples
of single layer structures recently reported are
(C3N2H12)0.5V2O5

3 and (C6H14N2)V6O14·H2O5,6 while the
compounds d-M0.25V2O5·H2O (M = Ni, Ca)10 and
NMe4V8O20

12 have double layers.
Hydrothermal reactions can lead to high yields of well

developed single crystal products but are known to be very
sensitive to the specific reaction conditions used. For example,
the pH has been shown to play a critical role in determining the
final products of hydrothermal synthesis of vanadium oxides in
reactions containing tetramethylammonium cations.13 At pre-
sent, we are investigating whether a modification of conven-
tional hydrothermal synthesis in which one of the metal ion
reactants is electrochemically introduced can provide better
control over product formation. Previous studies of the
hydrothermal electrosynthesis of thin films of BaTiO3 and
SrTiO3 have been reported but the technique has not been used
specifically for the synthesis of new compounds.14 Here, we
report the synthesis and structure of the new layered vanadium
oxide bronze BaV7O16·nH2O using the electrochemical–hydro-
thermal method. Other barium vanadium oxide bronzes have
been synthesized hydrothermally.15–17

The synthesis experiments were performed using a Teflon-
lined autoclave fitted with feedthroughs for electrical connec-
tions between the electrodes inside the reaction chamber and the
external circuit. In a typical experiment, 40 ml of 0.01 m
Ba(NO3)2 solution (pH = 1.2) was sealed in the autoclave. The
anode (working electrode) was a vanadium metal plate (20 3 10
3 0.254 mm). A gold foil was used as cathode (counter
electrode) and a Pt wire as a pseudo-reference electrode. The
experiment was conducted with current densities in the range
0.1–1 mA generated by a commercial power source (MacPile,
Biologic Scientific Instruments) at 170 ± 2 °C for 100 h. Black
shiny plates of BaV7O16·nH2O coprecipitated together with
black needles of the known compound BaV3O8

15 and an
unidentified minor phase.

The tetragonal structure of BaV7O16·nH2O is a new structure
type in which [V7O16] double layers are stacked along the [001]
unit cell direction with Ba2+ ions and H2O molecules located
between the layers (Figs. 1 and 2).‡ There are three different

vanadium atom positions in the layers. V(1) and V(2) atoms are
coordinated by oxygen atoms to form distorted octahedra while
V(3) has tetrahedral coordination. The V(2)O6 distorted
octahedra share trans edges with two V(1)O6 units to form
trimers which in turn are connected by edge sharing V(1)O6
octahedra to form zigzag chains. The chains are interconnected
into single layers by sharing one oxygen atom. The layers are
stacked along [001] with all of the short VNO oxygen atoms on
the same side of the layer. The two octahedral layers are directly
connected by sharing common edges to form a double layer of
composition [V7O16]. The tetrahedra are located between the
distinctive 1 3 2 windows of both octahedral layers.

The V(1)O6 and V(2)O6 octahedra show distortions typical of
V2O5 related oxides. The vanadium atoms are displaced from
the center of each octahedron along a local [001] direction to
give short ‘vanadyl’ distances of 1.600 and 1.611 Å for V(1) and
V(2), respectively. The corresponding distances trans to the
vanadyl oxygen atoms are 2.390 and 2.273 Å. The V(1)O6
V(2)O6 octahedra are comparably distorted with O···O distances
in the range 2.57–2.95 Å [V(1)] and 2.58–2.91 Å [V(2)]. The
V(2)O6 octahedron is noticeably elongated in the basal plane
along the axis of the trimeric edge-shared unit (2.91 cf. 2.58 Å).
Bond valence sums were calculated using the parameters for
VIV–O.18 The values calculated are 4.42, 4.18 and 3.94 v.u. for
V(1), V(2) and V(3) respectively and are consistent with mixed
valence vanadium ions with an average oxidation state of 4.29.
The bond valence sums suggest that V(3) which is tetrahedrally
coordinated by oxygen atoms [d(V–O) = 1.790 Å] is
tetravalent. This unusual VIV–O coordination is found only in
rare cases such as in the structure of Ba2VO4 [average d(V–
O) = 1.76 Å].19 The V(1) and V(2) positions are occupied both

Fig. 1 Coordination environments of the vanadium atoms. Thermal
ellipsoids are drawn with 50% probability. Bond lengths (Å): V(1)–O(2)
1.600(5); V(1)–O(5) 1.843(2), V(1)–O(1a) 1.941(4), V(1)–O(1b) 2.006(4),
V(1)–O(3) 2.020(4), V(1)–O(1) 2.390(4), V(2)–O(4) 1.611(7), V(2)–O(1)
(32) 1.976(4), V(2)–O(3) (32) 1.995(4), V(2)–O(5) 2.273(6), V(3)–O(3)
(34), 1.790(4).
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by VIV and VV, with some preference for VV at the V(1)
position where symmetry is lower.

The barium cations occupy two different interlayer positions
both with an occupancy of about one third. The two Ba positions
are only 2.61 Å apart and cannot be occupied simultaneously.
Both barium atoms are coordinated by vanadyl oxygen atoms
from the layers above and below and by interlayer H2O
molecules. One water molecule is located between the Ba cation
layer and the vanadate layer and is well ordered. The water
molecules located in the same layer as the barium cations are
highly disordered. Four distinct partially occupied sites were
located and refined to give a total water content n ≈ 4.4 in
BaV7O16·nH2O. Refinement of the barium occupancies gave a
Ba : V atomic ratio of 1.04(1) : 7, in good agreement with a ratio
of 0.98 : 7 determined by electron microprobe analysis.§

The structure of the BaV7O16·nH2O layers is an example of a
new layer topology but is related to other double layer vanadate
structures, for example, d-Ca0.25V2O5·H2O10 and
s-Zn0.25V2O5·H2O.11 In the d phase, all of the vanadium atoms
have distorted octahedral environments. In the layer structure of
the s phase the vanadium atoms are found in distorted
octahedral, square pyramidal and tetrahedral coordinations.
One of the oxygen atoms in the tetrahedron is not coordinated to
other vanadium atoms in the layer, an arrangement observed in
several single layer structures.3–6 In contrast, in the title
compound all oxygen atoms in the V(3)O4 tetrahedra are shared
with V(1) and V(2) atoms.

In summary, a new layered mixed-valence barium vanadium
oxide BaV7O16·nH2O with vanadium ions present in both
distorted octahedral and tetrahedral coordination environments
was synthesized by electrochemical–hydrothermal synthesis.
This result together with preliminary data on other vanadium
systems suggest that the combination of electrocrystallization
under hydrothermal conditions is a generally useful synthetic
method.

This work was supported in part by the National Science
Foundation under Grant DMR-9214804 and by the Robert A.
Welch Foundation.

Notes and References

† E-mail: ajjacob@uh.edu
‡ Crystal data for BaV7O16·nH2O, M = 829.1, space group P42/m,
a = 6.1598(4), c = 21.522(2) Å, Z = 4, Dc = 3.38 g cm23, black thin plate,
crystal size 0.15 3 0.15 3 0.01 mm, Mo-Ka radiation (l = 0.710 73 Å),
m = 6.30 mm21, 2qmax = 57°, R(F) = 0.0517, wR(F2) = 0.112,
GOF = 1.245 for 89 parameters and 819 unique reflections with I >
2s(I).

Intensities were measured on a SMART platform diffractometer
equipped with a 1 K CCD area detector using graphite-monochromatized
Mo-Ka radiation at 250 °C. A hemisphere of data (1271 frames at 5 cm
detector distance) was collected using a narrow-frame method with scan
widths of 0.30° in w and an exposure time of 30 s per frame. The first 50
frames were remeasured at the end of data collection to monitor instrument
and crystal stability, and the maximum correction applied on the intensities
was ca. 1%. The data were integrated using the Siemens SAINT program,
with the intensities corrected for Lorentz factor, polarization, air absorption,
and absorption due to variation in the path length through the detector
faceplate. Final cell constants were refined using 2547 reflections having I
> 10s(I). An absorption correction was first made using the program
SADABS based on equivalent reflections. The structure was solved with
direct methods and refined using SHELXTL. All atom positions except the
disordered water oxygen atoms were derived by direct methods and refined
anisotropically in the final refinements. The disordered water oxygen atoms
were located from difference maps and refined isotropically with the same
thermal parameter and free occupancies. CCDC 182/816.
§ Electron microprobe analysis was carried out with a JEOL JXA-8600
instrument operating at 15 keV with a 10 mm beam diameter and a beam
current of 30 nA. Counting times in the range of 40–100 s were used for both
peaks and background.
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Fig. 2 Projections of the [V7O16] layer along (a) [010] and (b) along
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First structurally characterised lithium hexafluorophosphate complexes with
acyclic Lewis bases: ion-separated [Li2(hmpa)5]2+·2(PF6

2) and ion-contacted
[(pmdeta)LiPF6]2 [hmpa = (Me2N)3PO; pmdeta = MeN(CH2CH2NMe2)2]

David R. Armstrong,a Amit H. Khandelwal,b Lesley C. Kerr,c Sonja Peasey,c Paul R. Raithby,c Gregory P.
Shields,c Ronald Snaith*c† and Dominic S. Wrightc
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Reactions of NH4PF6 with BunLi in toluene containing
hmpa or pmdeta afford the complexes [Li2-
(hmpa)5]2+·2(PF6)2 1, an ion-separated species containing
an unusual dinuclear dication, and [(pmdeta)LiPF6]2 2 in
which PF6

2 anions bridge (pmdeta)Li+ units via Li···F
interactions, this being the first observation of a bridging
mode for this anion; ab initio MO calculations help explain
the very different structures of 1 and 2.

Lithium salts are favoured electrolytes in medium-sized
rechargeable batteries1 which have military use as well as use in
laptops/personal computers and mobile phones. Anions stable
at the voltages generated (typically, 4.2 V) are required for these
applications. Hence, LiPF6 dissolved in organic carbonates such
as ethylene or dimethyl carbonate has attracted much interest.
However, there are practical problems: commercially supplied
LiPF6 is expensive and often impure, it is difficult to handle
owing to its sensitivity to air, moisture and light, and it releases
toxic hydrogen fluoride upon hydrolysis. Further, and surpris-
ingly, there are no published structural data on complexes of
LiPF6 with other than macrocyclic ligands (which lead to ion-
separated species).2 Given these deficiencies, we have investi-
gated and now report a synthetic method for assembling LiPF6
complexes in situ and the solid-state structures of two of them:
[Li2(hmpa)5]2+·2(PF6

2) 1 an ion-separated species containing a
previously unknown dinuclear dication, and [(pmdeta)LiPF6]2 2
an ion-contacted species in which PF6

2 anions bond in an
unprecedented way, bridging metal centres via Li···F contacts.
We report also the results of ab initio MO calculations on LiPF6
and its complexes with selected acyclic Lewis bases.

Complexes 1 and 2 were synthesised by the ‘ammonium salt’
route whereby ammonium salts are reacted with metal sources
in toluene containing stoichiometric amounts of a Lewis base.3
Here, NH4PF6 suspended in toluene containing hmpa or pmdeta
was treated with BunLi solution, cooling of the resulting
solutions affording high yields of crystalline materials, identi-
fied as 1 and 2. The advantages of this in situ route are clear:
LiPF6 units are assembled from very pure precursors prior to
being captured by Lewis bases present, and these steps occur
quickly and under mild and anhydrous conditions. In contrast,
the direct route to these complexes is ineffective: solid (LiPF6)H
dissolves in hmpa or pmdeta (neat or with non-polar solvents
present also) to give oils, from which crystalline materials are
unobtainable.

The solid-state structures of 1 and 2 have been determined by
X-ray crystallography.‡ Complex 1 crystallises in the trigonal
space group P63/m and consists of dications [Li2(hmpa)5]2+ and
separate PF6

2 anions. The former (Fig. 1) are each made up of
two terminal (hmpa)Li+ units [Li(1)–O(1) 1.83(2) Å] linked by
three m-hmpa molecules [Li(1)–O(2) 1.992(12) Å]. Such triple
m-O bridges are extremely rare although they occur in the
acetamide complex (LiClO4)2·(m-MeCONH2)3·(MeCONH-
COMe)2

4 and, in the closest analogy, in [BrLi(m-hmpa)3LiBr].5

Rarity notwithstanding, the dication of 1 appears to represent
something of a ‘thermodynamic sink’. It forms irrespective of
the stoichiometric amounts of hmpa provided during the
synthesis of 1. Further we have observed the same dication in
the structures of [Li2(hmpa)5]2+·(GeBr3

2)2 and [Li2(hm-
pa)5]2+·(SnPh3

2)2.6
The solid-state structure of 2 also contains dinuclear units

although here the ions are contacted (Fig. 2). Two (pmdeta)Li+
units [Li–N 2.181(6), 2.189(6), 2.207(6) Å; mean 2.192 Å] are
joined via two PF6

2 anions each of which provides two bridging
fluorine atoms, one to each cation [Li(1)–F(1) 2.140(5), Li(1)–
F(3A) 1.914(6) Å]. These bridges, which are almost linear
(mean Li–F–P, 175.5°), result in formation of a central (LiFPF)2
eight-membered ring. So far as we can ascertain, 2 is the first
ion-contacted LiPF6 complex. More widely, a bridging mode
for the PF6

2 anion is seemingly unprecedented. Hitherto,
whenever this anion has been found coordinating (in itself, a
rare occurrence) it has done so to just one metal centre using
one, two or three of its F atoms, e.g. h1 in (Me3P)(NO)-
(CO)3W(F)PF5,7a h2 in F4P(F)2Na·dibenzo-36-crown-

Fig. 1 Molecular structure of the cation of [Li2(hmpa)5]2+·2(PF6
2) 1;

hydrogen atoms omitted for clarity

Fig. 2 Molecular structure of [(pmdeta)LiPF6]2 2
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(a) (b)

(c) (d)

(e) (f )

12·Na(F)2PF4,7b and h3 in F3P(F)3Na·ferrocene benzo-
15-crown-5.7c

Finally, we have employed ab initio MO calculations
(6-31G** basis set8 and using the program GAMESS9) to probe
the reasons behind the very different molecular structures of 1
and 2 and to examine the energetics of LiPF6 complexation.
Species were optimised without constraint and confirmed as
true minima by positive frequency tests. Monomeric, un-
complexed LiPF6 itself favours an h3-structure F3P(F)3Li; an h2

arrangement is almost as stable (relative energy, +0.7
kcal mol21) but an h1 one is of much higher energy (+13.2
kcal mol21). Calculations on pmdeta and hmpa show that the
charges on the N centres of the former are 20.59 (two NMe2)
and 20.62 (NMe), and that the charge on the O centre of the
latter is 20.75. In purely electrostatic terms, both of these
molecules are more attractive to Li+ than is anionic PF6

2, for
which the charge on each F centre is 20.49. This is especially
so for hmpa, a point borne out by the complexation energy of
Li+ by a single hmpa ligand [Fig. 3(a)] being a massive 269.3
kcal mol21; the enthalpy of formation of Li+·pmdeta, with all
three N atoms coordinated [Fig. 3(b)] is 294.5 kcal mol21.
From such data one can see why highly polar hmpa ligands will
likely exclude PF6

2 anions from Li+ coordination spheres,
especially so since it is feasible stereochemically to place four
hmpa ligands around each Li+, in a Li(hmpa)4

+ cation or in a
dinuclear species [Li2(hmpa)5]2+, as found in 1. In contrast, the
optimised structure of Li+·pmdeta shows clearly that it would
not be possible to place even two (less polar) pmdeta ligands

around a Li+ cation; hence the appearance of Li–F contacts in
2.

The monomeric complexes LiPF6·hmpa and LiPF6·pmdeta
were also calculated. The lowest energy structure of the former
[Fig. 3(c)] shows the PF6

2 anion h3-bonded to Li+ [Li–F
distances, 1.983 Å (twice) and 1.938 Å] and the complexation
energy of LiPF6 by hmpa is 239.7 kcal mol21. For the latter
[Fig. 3(d)], the asymmetry imposed by the pmdeta ligand (and
seen in the structure of 2) is reflected in two different Li–F bond
lengths (1.917, 1.988 Å) and in three different Li–N bond
lengths (2.142, 2.194, 2.251 Å); the complexation energy is
249.0 kcal mol21. Finally, we optimised the structures of some
dimeric species. For (LiPF6)2 itself [Fig. 3(e)], each Li+ has
three Li–F contacts, two provided by one PF6

2 anion (Li–F
1.877 Å) and one by the other (1.663 Å). This basic structure is
retained when each Li+ is complexed by a single monodentate
Lewis base, as in the structure found for (LiPF6·NH3)2.
However, bis(complexation), as in (LiPF6·2NH3)2 [Fig. 3(f)],
reproduces the key structural features found in 2, each Li+
centre now contacting two F atoms (Li–F, 1.972, 1.973 Å)
provided by two PF6

2 anions.

Notes and References

† E-mail: rs10003@cus.cam.ac.uk
‡ Crystal structure determinations: 1: C30H90F12Li2N15O5P7, Mr = 1199.4,
trigonal, space group P63/m, a = 12.931(7), c = 20.62(2) Å, U = 2986(4)
Å3, T = 150(2) K, Z = 2, Dc = 1.335 g cm23, m(Mo-Ka) = 2.91 cm21,
F(000) = 1268, l = 0.710 73 Å, 4253 reflections, 1338 unique. Final
R(F) = 0.0798 for 712 reflections with [I > 2s(I)] and wR(F2) = 0.203 on
all data, 138 parameters, GOF = 1.059. 2: C9H23F6LiN3P, Mr = 325.21,
monoclinic, space group P21/c, a = 9.025(6), b = 9.829(9), c = 18.199(6)
Å, b = 103.92(4)°, U = 1567(2) Å3, T = 150(2) K, Z = 4, Dc = 1.379 g
cm23, m(Mo-Ka) = 2.29 cm21, F(000) = 680, l = 0.710 69 Å, 2941
reflections, 2757 unique. Final R(F) = 0.0466 for 1769 reflections with [I
> 2s(I)] and wR(F2) = 0.258 on all data, 186 parameters, GOF = 1.056;
CCDC 182/791.
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Fig. 3 Optimised structures (6-31G** basis set) of (a) Li+·hmpa, (b)
Li+·pmdeta, (c) LiPF6·hmpa, (d) LiPF6·pmdeta, (e) (LiPF6)2, (f)
(LiPF6·2NH3)2
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Dendritic rods with a poly(triacetylene) backbone: insulated molecular wires
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Multinanometer long phenylacetylene-end-capped poly-
(triacetylene) (PTA) oligomers with dendritic side chains of
generation one to three have been prepared; UV–VIS
measurements indicate that there is no loss of p-electron
conjugation along the PTA backbone in the higher genera-
tion compounds despite distortion from planarity due to the
bulky dendritic wedges.

Rigid, linearly-conjugated rod-like oligomers and polymers
with the poly(triacetylene) (PTA) backbone feature interesting
electronic, nonlinear optical and mesomorphic properties.1,2 We
now describe the merger of dendrimer chemistry3 with our
ongoing development of functionalized PTAs to generate
insulated molecular wires. Encapsulation of the linear
p-conjugated backbone by laterally attached, sterically shield-
ing dendritic wedges should enhance the processability and
stability of PTA oligomers and polymers. At the same time,
steric hindrance between adjacent dendritic wedges of higher
generation could possibly cause nonplanarity and deconjuga-
tion of the backbone. Here, we report the synthesis of
monodisperse multinanometer long dendritic PTA rods of first,
second and third generation and show that p-electron conjuga-
tion in these tubular macromolecules is fully maintained at all
generation levels. Previously, Schlüter and co-workers had
described the preparation of cylindrical dendrimers with a
poly(p-phenylene) backbone as the core.4

The convergent synthesis of the different dendritic rods is
described in Scheme 1. Different generations (G1, G2 and G3)
of Fréchet-type dendrons5 were attached to (E)-2,3-bis[(tri-
isopropylsilyl)ethynyl]but-2-ene-1,4-diol 11a using the Mitsu-
nobu reaction6 to give the dendritic silyl-protected monomers
2–4. The yield of the third generation compound 4 was very low
(4%), possibly due to steric shielding of the carboxylic acid
reaction centres by the bulky dendritic wedges in the molecule.
After deprotection with TBAF in wet THF, the free trans-
enediynes 5–7 were obtained. The dendritic wedges sub-
stantially stabilise the usually rather unstable free trans-
enediynes, and compounds 5–7 can be stored in the air at
ambient temperature for months without decomposition. Oxida-
tive Hay coupling7 of 5–7 in the presence of phenylacetylene as
an end-capping reagent1a provided the oligomeric PTAs as
solids. The first generation compound 5 afforded separable
oligomers up to the pentamer (8a–e) which were isolated by
size-exclusion chromatography (SEC), whereas, for steric
reasons, the second generation derivative 6 only yielded
isolable oligomers up to the trimer (9a–c).‡ Finally, due to
severe steric overcrowding, conversion of the third generation
enediyne 7 only gave end-capped monomer and dimer (10a,b)
in pure form and sufficient yields.§

In the 1H NMR spectra of the different generation oligomers,
with averaged C2h-symmetry, the number of tert-butyl reso-
nances is equal to the number of monomeric sub-units. The 13C
NMR spectra did not display a significant difference in
chemical shift between the clearly discernible acetylenic
C-atom resonances in oligomers of same length but different
dendritic generation. Force-field calculations of the third

generation dimer 10b showed clearly that the conformation of
the PTA backbone, including the two end-capping phenyl
groups, is not planar due to the steric hindrance of the bulky
dendritic wedges. On the other hand, the first generation
derivatives 8a–e, similar to previous PTA oligomers,1 should
have a planar conjugated backbone. Such nonplanarity may be
achieved by rotating around C(sp)–C(sp2) and C(sp)–C(sp)
single bonds in the backbone. This, in return, suggested that a
decrease or even complete loss of the p-electron conjugation
along the PTA backbone could occur in the higher generation
compounds, which should be observable by means of spectro-
scopic measurements.8

In the electronic absorption spectra of all three oligomeric
series (CHCl3, Fig. 1), the longest-wavelength absorption
maximum (lmax) is bathochromically shifted with increasing
rod length and evidently no saturation in either case was
observed, confirming recent findings.1b,2 A comparison of the
spectra of dimers 8b, 9b and 10b revealed that, independent of
the dendritic generation number, the longer-wavelength absorp-
tions, which originate from electronic transitions within the
conjugated PTA backbone, appear at almost the same positions
(around l = 400 nm) with nearly identical fine structure and
molar extinction coefficients [Fig. 1(a)]. Similarly, position,
fine structure and molar extinction coefficients of the longer
wavelength absorption bands in the spectra of trimers 8c (first
generation) and 9c (second generation) are nearly identical
[Fig. 1(b)]. A precise determination of lmax required deconvolu-
tion of the UV–VIS spectra.¶ The obtained values for the dimers
[Fig. 1(a)] showed a minimal bathochromic shift in changing
from generation one to three: lmax = 428.0 ± 0.2 (8b), 430.0 ±
0.3 (9b) and 431.1 ± 0.2 nm (10b). For all dendritic rods, the
lmax values were converted into energies (Emax/eV) which were
then plotted against the reciprocal number of monomer units
(1/n). These plots revealed for all three oligomeric series
straight lines intersecting the ordinate at nearly identical Emax
(2.57 ± 0.06 eV).1b,2 All these data provide impressive support
that p-electron delocalisation and effective conjugation length1b

of the PTA backbone are not affected by distortions out of
planarity due to steric compression of the bulky dendritic
wedges at higher generations. Apparently, p-electron conjuga-
tion involving the acetylenic fragments in the PTA backbone is
best described as being cylindrical rather than resulting from
orbital overlap within a distinct plane and is therefore fully
maintained upon rotation about C(sp)–C(sp2) and C(sp)–C(sp)
single bonds.8–10

The electrochemical properties of the dendritic rods 8a–e and
9a–c were studied by steady-state voltammetry and cyclic
voltammetry in CH2Cl2 (+0.1 m Bu4NPF6).∑ All oligomers
could not be oxidised in the accessible potential range but were
reduced in several irreversible steps, with the electrons being
transferred to the conjugated PTA backbone.1a,b The irreversi-
bility increases with the dendritic generation due probably to
steric hindrance.11 As the oligomeric length increased, the first
reduction step occurred at increasingly less negative potential.
Plots of E1/2 vs. 1/n (n = oligomeric length) gave a straight line
in both series.
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In the dendritic PTA rods described here, the insulating layer
created by the dendritic wedges protects and stabilises the
central conjugated backbone but does not alter its electronic
characteristics. Efforts are now under way to prepare insulated
molecular wires with the novel poly(pentaacetylene) backbone

[–(C·C–C·C–CRNCR–C·C–C·C)n–] which, thus far, has
proven quite unstable in the absence of dendritic encapsula-
tion.12
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† E-mail: diederich@org.chem.ethz.ch
‡ The dendritic rods extend in length from 19.4 (monomer) to 49.4 Å
(pentamer).1a

§ The separation of the oligomers was achieved by preparative size-
exclusion chromatography (SEC) on Bio-Beads S-X1 (Bio-Rad) with
CH2Cl2 as eluent, and the purity of the fractions was checked by analytical
SEC. All new compounds were fully characterised by 1H and 13C NMR, FT-
IR, UV–VIS and elemental analyses (except 10b) and MALDI-TOF-MS
(matrix: 9-nitroanthracene), which depicted either the [M + Na]+ or [M +
K]+ ions as base peaks.
¶ The UV–VIS spectra were deconvoluted using software programme PRO
FIT, ver. 5.0.0 for Power Macintosh, Quantum Soft, Zürich, 1990–1996,
with a self-written plug-in module.
∑ Electrochemical data in CH2Cl2 (+0.1 m Bu4NPF6, glassy carbon
electrode). Half-wave potentials E1/2 (V vs. Fc/Fc+) and slopes (mV) in
parenthesis: 8a: 21.79 (98), 22.30 (120). 8b: 21.60 (90), 21.76 (90). 8c:
21.54 (140), 21.76 (110), 22.21 (100). 9a: 21.84 (135), 22.35 (114). 9b:
21.62 (105), 21.82 (110), 22.30 (75). 9c: 21.56 (145), 21.78 (100),
22.22 (105).
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Scheme 1 Reagents and conditions: i, G1, G2 or G3, N,N,NA,NA-
tetramethylazodicarboxamide (TMAD), PBu3, THF, 60 °C, 24 h, 81% (2),
61% (3), 4% (4); ii, TBAF, wet THF, 1 h, 99% (5), 99% (6), 99% (7); iii,
5, 6 or 7, CuCl, TMEDA, PhC·CH, CH2Cl2, air, 25 °C, 2 h, 17% (8a,
MW = 1193 D), 6% (8b, MW = 2185 D), 3% (8c, MW = 3176 D), 1%
(8d, MW = 4167 D), 0.4% (8e, MW = 5159 D), or 9% (9a, MW = 2267
D), 6% (9b, MW = 4332 D), 2% (9c, MW = 6396 D), or 13% (10a,
MW = 4414 D), 3% (10b, MW = 8626 D)

Fig. 1 Electronic absorption spectra of (a) (i) 8b, (ii) 9b and (iii) 10b and (b)
(i) 8c and (ii) 9c in CHCl3 at 298 K
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Selective epoxidation in dense phase carbon dioxide

David R. Pesiri,a David K. Morita,b William Glazec and William Tumas*b†
a Department of Environmental Sciences and Engineering, University of North Carolina, Chapel Hill, NC 27599, USA
b Chemical Science and Technology Division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
c Carolina Environmental Program, University of North Carolina, Chapel Hill,  NC 27599, USA

Selective epoxidations with transition metal catalysts (V, Ti,
Mo) and ButOOH proceed with high conversions and high
selectivity in dense phase carbon dioxide.

The selective catalytic oxidation of olefins  constitutes one of
the most fundamentally important classes of synthetically
useful reactions and is typically carried out in aromatic or
chlorinated hydrocarbon solvents.1,2 We report here the first
demonstration that dense phase carbon dioxide‡ is an effective
solvent for the selective oxidation of activated alkenes using
ButOOH and a number of transition metal catalysts. High valent
oxovanadium(v) tri(isopropoxide) [VO(OPri)3] with ButOOH
catalyzes the epoxidation of a wide range of allylic and
homoallylic alcohols with high selectivities and catalytic
turnovers in CO2. We have also investigated other known
catalysts such as VO(acac)2 and Mo(CO)6 for oxidations in
dense phase CO2. In the presence of chiral ancillary tartrate
ligands, titanium isopropoxide catalysts lead to epoxides with
high enantioselectivity in this medium in what is believed to be
the first example of stereoselective oxidation in a supercritical
fluid. We have found that the VO(OPri)3-catalyzed epoxidation
of allylic and homoallylic alcohols proceeds three times faster
in CO2 than in hexane, a solvent to which CO2 solubility and
reactivity have been compared.3

Several recent publications have demonstrated the potential
of supercritical CO2 as an alternative reaction medium for
synthetic transformations.4 Although there are several descrip-
tions of mostly non-selective, low conversion, heterogeneous
oxidations,5 there have been no reports on selective homo-
geneous metal-catalyzed oxidations in dense phase carbon
dioxide despite the fact that CO2 is oxidatively stable and
therefore should be an ideal solvent for this chemistry. Table 1
contains our results from a wide range of allylic and homoallylic
alcohols which were oxidized with high conversions and
selectivities to the corresponding epoxides using VO(OPri)3 and
ButOOH in liquid CO2 at 25 °C. We could find no inherent
advantage of operating above the critical point of CO2 since
these reactions are often carried out at or below room
temperature in conventional solvents. Therefore, the majority of
our studies focused on liquid carbon dioxide. Under the

anhydrous conditions of our experiments the reactions were
visibly homogeneous and the product epoxides were found to be
stable and could be isolated in high yields as their acetate
derivatives (up to 91%).6

We have found that the reactivity of olefins with ButOOH
and VO(OPri)3 as a catalyst parallels that reported in conven-
tional solvents; activated olefins react faster than simple
olefins7 and allylic alcohols react faster than homoallylics.8 At
25 °C most homoallylic and allylic alcohols reacted completely
within 24 h with VO(OPri)3, while no detectable reaction was
observed for oct-1-ene and cyclohexene under the same reaction
conditions. Allylic alcohols were found to react about four times
faster than homoallylics.

We studied the kinetics of the VO(OPri)3-catalyzed epoxida-
tion of olefins to benchmark the reactivity in CO2 relative to that
in organic solvents since no rate data in any solvent have been
reported for epoxidation reactions with this catalyst to date. The
rate law was found to be first order in olefin, oxidant and
catalyst with an inverse, non-integral dependence on ButOH.
Table 2 summarizes our kinetic data and shows the overall
solvent effect on the epoxidation reaction is not great, as
expected for such a non-polar (and non-ionic) reaction. At low
constant catalyst concentrations, and during initial conditions
(low [ButOH]), we can consider the observed rate constant to be
pseudo-second order. The rate constant, kA, for (Z)-non-3-en-
1-ol in CO2 was determined to be 9 m21 s21 at 25 °C. Rates for
epoxidations using VO(OPri)3 are slower than those observed in
CH2Cl2 by a third and are roughly equal to those observed in
toluene and acetonitrile. The rate constant is about three times
larger in CO2 than in hexane, suggesting that aromatic solvents
may be better models than alkanes for solubility in dense phase
carbon dioxide.§ The rate of the epoxidation reaction using
VO(OPri)3 was found to be at least 20-fold slower when run
with 90% ButOOH in water rather than anhydrous ButOOH–
decane.¶ VO(OPri)3 is a moisture sensitive catalyst and is
subject to hydrolysis of the V–OR bonds to form stable, and
apparently CO2-insoluble, complexes in the presence of H2O
thus limiting its activity.

VO(acac)2 is an effective epoxidation catalyst in organic
solvents but we have been unable to obtain significant

Table 1 Epoxidation of allylic and homoallylic alcohols with VO(OPri)3 in liquid CO2
a

Me H 1 > 99 85 15
Me(CH2)2 H 1 > 99 > 99 —
Me Me 1 > 96 86 —
Me2CNCH(CH2)2 Me 1 > 99 > 95 —
Me Me2CNCH(CH2)2 1 > 99 > 99 —
H Et 2 > 99 89 —
Et H 2 > 99 89 —
H Me(CH2)4 2 > 99 99 —

a 24 h reaction in liquid CO2 (10.3 bar), 1.47 mm VO(OPri)3 (3.5 mol%), 0.42 mm substrate, 100 mm ROOH, magnetically stirred and analyzed by GC.
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conversions in dense phase CO2 under similar conditions,
presumably due to the limited solubility of VO(acac)2 in CO2.
We are in the process of examining other, more ‘CO2-philic’,
acetylacetonate-based ligands including highly fluorinated
systems. We have also examined the Mo(CO)–ButOOH
oxidation system and found that unactivated alkenes such as
cyclohexene can be oxidized to their corresponding diols in CO2
at elevated temperatures [95 °C, eqn. (1)].9 We were surprised

to find that oxidations utilizing aqueous ButOOH (e.g. 90%
ButOOH–H2O) gave significantly higher conversions than
those run with dry ButOOH (e.g. ButOOH–decane) for the
Mo(CO)6 system suggesting an interesting effect of water.∑
High concentrations of Mo catalysts (200 mg, 12.5 mol%) were
necessary for this reaction. The oxidation of cyclohexene
resulted in a 73% selectivity to cyclohexene-1,2-diol at 74%
conversion (presumably from the hydrolysis of cyclohexene
oxide) during a 12 h reaction using aqueous ButOOH with
additional products derived from allylic oxidation [eqn. (1)].
Using anhydrous ButOOH resulted in only 15% conversion of
cyclohexene to oxidized products.

We have found that Ti(OPri)4, in the presence of chiral
tartrate ligands, results in enantioselective epoxidation catalysis
in CO2 [eqn. (2)]. Although the limited solubility of diethyl

tartrate in liquid CO2 limits the activity of this system, the use
of diisopropyl tartrate in its place resulted in high conversions to
epoxide. Only 16% enantiomeric excess (ee) was obtained for
the epoxidation of(E)-hex-2-en-1-ol with the titanium–diisopro-
pyl tartrate (0.322 mmol Ti(OPri)4, 0.389 mmol diisopropyl
tartrate) catalyst at 25 °C (93% conversion). At 0 °C the
enantioselectivity increased to 87% with the same substrate
during a 72 h reaction ( > 99% conversion). This unoptimized
result approaches the 94% ee reported by Katsuki and
Sharpless.10

It is clear that dense phase CO2 is an effective solvent for
these olefin epoxidation reactions, with rates and selectivities
similar to those observed in organic solvents. Given its
oxidative stability, CO2 shows promise as an environmentally
benign solvent alternative for chemical oxidation. We are
currently exploring a number of other catalytic reactions,
including heterogeneous catalytic oxidation, in this important
medium.**

This work was supported as part of the Los Alamos Catalysis
Initiative by The Department of Energy through a Laboratory

Directed Research and Development (LDRD) grant. We would
like to acknowledge many helpful discussions with Dr Tom
Baker and Dr Steve Buelow.
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† E-mail: tumas@lanl.gov
‡ Dense phase fluids refer to systems that would be considered gases at their
temperature of use, but are compressed to the point that they have liquid-like
densities (r = 0.3 - 1.0 g cm23) including systems above their critical point
(e.g. supercritical fluids).
§ The solubility and reactivity of dense phase CO2 has been compared to
hydrocarbons, aromatics and fluorocarbons.
¶ It is important to note that the use of decane to introduce the alkyl
hydroperoxide to sc CO2 reactions constituted less than 1% of the solvent
volume (600 ml of 5.6 m ButOOH in decane, or 265 ml decane in 33 ml of
solvent).
∑ Preliminary results on the Mo(CO)6-catalyzed oxidation of cyclic olefins
with ButOOH (aqueous and anhydrous in decane) yielded kA = 5 3 1025

s21 for anhydrous ROOH, k A = 131023 s21 for aqueous ROOH.
** The overall experimental setup and the general experimental procedures
including sampling and product recovery have been described in detail
elsewhere.4,11 All high pressure reactions were carried out in custom-built
stainless steel high pressure cells (33 ml volume) with sapphire view
windows which enabled the direct visual observation of reactions. Proper
safety precautions were taken for these high pressure reactions. An
homogeneous solution was observable and complete conversion to the
corresponding epoxide was detected, usually within 2 h. Yields were
determined by gas chromatography of letdown solutions using authentic
standards when available. GC–MS and 1H NMR analysis were also used to
confirm product identification.

1 Organic Syntheses by Oxidation with Metal compounds, ed. W. J. Mijs,
and C. R. H. I. de Jonge, Plenum Press, New York, 1986; R. A. Sheldon
and J. K. Kochi, Metal Catalyzed Oxidation of Organic Compounds,
Academic Press, New York, 1981.

2 K. B. Sharpless, Chemtech., 1985, 692; E. D. Mihelich, K. Daniels and
D. J. Eickhoff, J. Am. Chem. Soc., 1981, 103, 7690; D. J.  Berrisford, C.
Bolm and K. B. Sharpless, Angew. Chem., Int. Ed. Engl.,1995, 34, 1059;
K. A. Jorgensen, Chem Rev., 1989, 89, 431.

3 J. A. Hyatt, J. Org. Chem., 1984, 49, 5097.
4 A number of reactions have been carried out in dense phase CO2, for

example see: P. G. Jessop, T. Ikariya and R. Noyori, Science, 1995, 269,
1065;  D. A. Morgenstern, R. M. LeLacheur, D. K. Morita, S. L.
Borkowski, S. Feng, G. H. Brown, L. Luan, M. F. Burk and W. Tumas,
in Green Chemistry, Designing Chemistry for the Environment, ed. P. T.
Anastas and T. C. Williamson, American Chemical Society Sympo-
sium, 1996, No. 626, p. 132; P. G. Jessop, T. Ikariya, and R. Noyori,
Chem. Rev., 1995, 95, 259; J. W. Rathke, R. J. Klingler and T. B.
Krause, Organometallics, 1991, 10, 1350; J. B. McClain, D. E. Betts,
D. A. Canelas, E. T. Samulski, J.M. DeSimone, J. D. London, H. D.
Cochran, G. D. Wignall, D. Chillura-Martino and R. Triolo, Science,
1996, 274, 2049.

5 L. Zhou and A. Akgerman, Ind. Eng. Chem. Res., 1995, 34, 1588; L.
Zhou, C. Erkey and A. Akgerman, Ind. Eng. Chem. Res., 1995, 41,
2122; K. M. Dooley and F. C. Knopf, Ind. Eng. Chem. Res., 1987, 26,
1910; P. Srinivas and M. Mukhopadhyay, Ind. Eng. Chem. Res., 1997,
36, 2066; R. N. Occhiogrosso and M. A. McHugh, Chem. Eng. Sci.,
1987, 42, 2481; G. Suppes, R. N. Occhiogrosso and M. A. McHugh, Ind.
Eng. Chem. Res., 1997, 36, 2066.

6 T. Itoh, K. Jitsukawa, K. Kaneda and S. Teranishi, J. Am. Chem. Soc.,
1979, 101, 159.

7 K. Takai, K. Oshima and H. Nozaki, Bull. Chem. Soc. Jpn., 1983, 56,
3791.

8 R. B. Dehnel and G. H. Whitman, J. Chem. Soc., Perkin Trans. 1, 1979,
4, 953.

9 J. Kolis, et al., Mo catalyzed oxidations in dense phase CO2 (personal
communication).

10 T. Katsuki and K. B. Sharpless, J. Am. Chem. Soc., 1980, 102, 5976.
11 S. Buelow, P. Dell’Orco, D. K. Morita, D. R. Pesiri, E. Birnbaum, S.

Borkowski, G. Brown, S. Feng, L. Luan, D. A. Morgenstern and W.
Tumas, in Frontiers in Benign Chemical Synthesis and Processing, ed.
P. T. Anastas and T. C. Williamson, Oxford University Press, in the
press.

Received in Cambridge, UK, 27th February 1998; 8/01655K

Table 2 Rate of epoxidation of (Z)-non-3-en-1-ol with VO(OPri)3 in
serveral solventsa

Solvent kA/m21 s21 Relative rate

CH2Cl2 30 3.3
MeCN 18 2.0
PhMe 17 1.9
CO2 9 1.0
CCl4 5 0.6
n-C6H14 3 0.3

a [VO(OPri)3] = 1.47 mm (3.5 mol%), [ButOOH] = 100 mm, [olefin] = 42
mm, T = 24 °C, CO2 reactions run at 29 bar. kA = kinitial,pseudo second order

[VO(OPri)3]. Rates reported in this work are accurate to within 10%.
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Novel change in rate-determining step within an E1cB mechanism during
aminolysis of a sulfamate ester in acetonitrile

William J. Spillane,*† Paul McGrath, Chris Brack and Keith Barry (in part)

Chemistry Department, National University of Ireland, Galway, Ireland

The observation of biphasic Brønsted plots (b1 ca. 0.7 and b2
ca. 0) in the aminolysis (alicyclic amines, pyridines) of
4-nitrophenyl N-benzylsulfamate 1a in MeCN is interpreted
as being due to a mechanistic change from (ElcB)irrev to
(ElcB)rev; the change in rate-determining step occurs at
approximately the pKa of 1a and other more basic substrates
give straight line plots; an entropy study supports the change
from a bimolecular to a unimolecular mechanism. 

Recently in our laboratory we have been studying the
elimination-addition reactions of sulfamoyl chlorides with
anilines1 and of sulfamate esters with a series of amines2

(pyridines, alicyclic amines and quinuclidines) in CHCl3 and
MeCN. The mechanism was seen as being E2 with ElcB-like
character. UV kinetics fitted the rate law kRRANH[RRANH]-
[ester], and good straight line Brønsted type plots were obtained
in this work. In particular, the aminolysis of the 4-nitrophenyl
N-benzyl ester 1a in CHCl3 at 37 °C gave straight line Brønsted
plots.2 However, we have now found that this ester in MeCN at
37 °C gives curved plots with similar series of amines (Fig. 1).
These plots are essentially biphasic with slopes b1 ca. 0.7 at
lower pKas and b2 ca. 0 at higher pKas and are best interpreted
in terms of a mechanistic change within the ElcB mechanism
from (ElcB)irrev (amines of lower pKa) to (ElcB)rev (amines of
higher pKa). The change from general to specific base catalysis
expected for such a mechanistic change3 is clearly evident in
Fig. 1. The situation may be represented by Scheme 1. At lower
amine pKas the rate-determining step is the bimolecular
formation of the conjugate base of the substrate 2 and the second
step is relatively rapid departure of the leaving groups and
formation of products p-nitrophenol and sulfamide
(k2 > > k21[RRANH2

+]). The reaction path from 2 to products
may involve an N-sulfonylamine (BnNNSO2)1,2,4

Further support for this mechanistic change comes from an
activation study using morpholine, 1-(2-aminoethyl)piperazine
and piperazine [Fig. 1(a)] and DMAP and 4-pyrrolylpyridine
[Fig. 1(b)] with the ester 1a in MeCN. The observed entropy
changes (DS±, J K21 mol21) are (temperature range in
parenthesis): morpholine 2262 (17–47 °C), 1-(2-amino-
ethyl)piperazine 259 (17–47 °C), piperazine 211 (17–47 °C),
DMAP 2124 (15–43 °C) and 4-pyrrolylpyridine 232
(15–46 °C). These entropy changes support the onset of a
unimolecular (ElcB)rev mechanism as the basicity of the
catalytic amine is increased, and with piperazine and 4-pyrro-
lylpyridine the reaction should proceed substantially via this
mechanism. Typical values of DS± for the (ElcB)rev mechanism
lie5 in the range of ca. +150 to 2 40 J K21 mol21 and these
authors also report much more negative entropies (255 to 2170
J K21 mol21) for studies on related substrates undergoing
BAC2, SN2 and E2 mechanisms. DS± values of 2163 to 2130
J K21 mol21 have been reported for the (ElcB)irrev mecha-
nism.6

When the substrate was 1b using the same set of alicyclic
amines in MeCN, surprisingly a straight line Brønsted plot was
obtained (b = 0.19) [Fig. 2(b)]. Again with a slightly less basic
ester 1c no curvature was seen in the Brønsted plot (b = 0.35)
using a set of pyridine bases [Fig. 2(a)]. The reason for
this behaviour became apparent when we measured7 and
calculated8 pKas in MeCN for the esters 1. The values obtained
(calculated in parenthesis) were: 1a 17.68 ± 0.5 ( ~ 16.5 ± 0.5),9
1b 19.1 ± 0.1 (19.5 ± 0.5) and 1c 18.56 ± 0.3 ( ~ 18.87 ± 0.5).9
The ester 1a showed curvature because the catalytic bases used
are sufficiently strong to remove the substrate proton, the k1 step
becomes unimportant kinetically and k2 dominates giving the
observed (ElcB)rev mechanism. A referee has pointed out that
the plots in Fig.1 are analogous to classical Eigen plots, and in
keeping with this the changeover in rate-determining step
occurs at about the pKa of 1a, i.e. DpK = 0; in the case of the
other two esters studied the available amines are all less basic
than the substrate, and the NH proton is not extensively
removed and a change in rate determining step is therefore not
observed with these esters.

Fig. 1 Biphasic Brønsted plots for the aminolysis of 1a in MeCN 37 °C: (a)
alicyclic amines from left to right: morpholine, 1-formylpiperazine,
1-(2-hydroxyethyl)piperazine, 1-(2-aminoethyl)piperazine and piperazine;
(b) pyridines from left to right: 2-aminopyridine, 2-amino-4-methylpyr-
idine, 4-aminopyridine, DMAP and 4-pyrrolylpyridine Scheme 1
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In CHCl3 we have never observed curvature in Brønsted plots
with 1a, 1b or with 4-nitrophenylsulfamate 1d and various
series of amines. This may be due to a more substantial
difference in basicity between the substrates and the catalytic
amines in this medium compared to MeCN. This view can be at
least qualitatively supported by considering the Gibbs energy
differences (DDG) for the ionization of the substrates and the
conjugate bases RRANH2

+ in solvents of differing relative
permittivity.10

Change in rate-determining step within an ElcB reaction path
involving carbanions has been demonstrated by a number of
groups.11–15 However such a change involving nitrogen acids
has not been clearly demonstrated previously; Caplow16 has
obtained a very similar plot (b1 ca. 0.77 and b2 ca. 0) to those
in Fig.1 for the decomposition of carbamates in water in the
presence of various amines, but has interpreted it differently.
Hence the present work is the first clear-cut example of this
ElcB mechanistic change not involving a carbon acid. 
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Fig. 2 Brønsted plots for the aminolysis of sulfamate esters in MeCN at
37 °C: (a) pyridines from left to right: 2-aminopyridine, 2,4,6-trimethylpyr-
idine, 2-amino-4-methylpyridine, 4-aminopyridine, DMAP and
4-pyrrolylpyridine using 1c; (b) alicyclic amines from left to right:
morpholine, thiomorpholine, 1-(2-hydroxyethyl)piperazine,
1-(2-aminoethyl)piperazine and piperazine using 1b
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Facial selectivity in the cycloaddition of heterodienes to carbohydrate cyclic
ketene acetals. A novel synthesis of disaccharide derivatives

Stephen C. Johnson, Curtis Crasto and Sidney M. Hecht*

Departments of Chemistry and Biology, University of Virginia, Charlottesville, Virginia 22901, USA

Carbohydrate ketene acetals derived from mannopyranose
and glucopyranose are shown to serve as electron-rich
dienophiles in facially selective, Lewis acid-catalyzed inverse
electron demand hetero-Diels–Alder reactions.

The inverse electron demand hetero-Diels–Alder reaction of
electron-rich dienophiles with electron-poor enones and enals
has been established as a useful method for the stereospecific
construction of 3,4-dihydro-2H-pyran analogues.1,2 These in-
termediates have been transformed easily into synthetically
useful carbohydrates, and their structural components have been
found to be present in a host of natural products.2–4

We recently reported the synthesis of carbohydrate cyclic
ketene acetals.5 Herein, we describe studies that demonstrate
the ability of this intrinsically asymmetric class of compounds
to serve as electron-rich dienophiles in facially selective, Lewis
acid-catalyzed inverse electron demand hetero-Diels–Alder
reactions.

To establish the use of carbohydrate cyclic ketene acetals as
dienophiles in hetero-Diels–Alder reactions, the mannopyran-
ose (1) and glucopyranose (2) derivatives5 were each treated
with acrolein (1.2 equiv.) in CH2Cl2 at ambient temperature. No
reaction occurred in the absence of a Lewis acid, even at 220 °C.
However, after 19 h in the presence of Yb(fod)3

6 (0.05 equiv.),
the crude product derived from 1 was obtained as a ca. 5 : 1
mixture of diastereomers (3a and 3b), as judged by integration
of the vinylic proton resonances (Scheme 1). The cycloadduct
3a was isolated after silica gel chromatography as a single
regio- and stereo-isomer in ca. 80–85% yield.‡ Analogously,
after 72 h the cycloadduct 4 was isolated as a single regio- and
stereo-isomer (4a or 4b), albeit in much lower yield (24%),
from the glucopyranose derivative 2. The specific orthoester
isomer obtained must reflect both the intrinsic endo : exo Diels–
Alder selectivity, with the obvious exception of products
derived from acrolein, as well as the facial selectivity of
addition to the asymmetric dienophile.7

Extensive studies have been conducted to demonstrate the
high degree of asymmetric induction in Diels–Alder reactions
of 1-oxabuta-1,3-diene analogues with electron-rich dieno-

philes.8,9 Boger and Robarge have reported on the pressure-
promoted reaction of methyl (E)-4-phenyl-2-oxobut-3-enoate
(5a, Table 1) with a wide range of electron-rich dienophiles to
provide cycloadducts that exhibit endo : exo Diels–Alder
selectivities of 4–9 : 1.8 Similarly, Tietze has recently utilized
several asymmetric 1-oxabuta-1,3-dienes derived from chiral
oxazolidinones in which large endo Diels–Alder selectivities
have been obtained.9 exo Diels–Alder selectivities can be
achieved by a judicious choice of Lewis acid catalyst.

In an attempt to provide insight into the stereoselectivity of
[4+2] cycloadditions with carbohydrate cyclic ketene acetals,
mannopyranose derivative 1 was treated with 1-oxabuta-
1,3-diene analogues 5a–5d in the presence of Yb(fod)3 (Table
1).§ Achiral heterodienes 5a and 5b exhibited excellent
reactivity with 1 in CH2Cl2 at ambient temperature, cleanly
providing the [4 + 2] cycloadducts 6a/7a and 6b/7b in 97 and
80% yields, respectively.¶ Each analogue was isolated as an ca.
1 : 1 mixture of diastereomers; similar results were obtained
with Eu(hfc)3. Compounds 6a/7a (as a 1.2 : 1 mixture; cf. Table
1) were converted to (R)-phenylsuccinic acid via a two step
procedure to establish the (S)-phenyl configuration of the
cycloadduct.∑ Therefore, 6a/7a, being a diastereomeric mixture
of cyclic endo- and exo-orthoesters, but having the phenyl
substituents with the same absolute configuration, must be
derived from a facially controlled orientation of the diene 5a.
Specifically, the cycloaddition of a 5a with 1 proceeds via an
exo Diels–Alder selective process with attack of the diene onto
the back face of the dienophile and an endo Diels–Alder
selective process with attack onto the front face (cf.
Table 1).13

To further enhance the stereoselectivity of the cycloaddition,
1 was treated with 5c and 5d in the presence of Yb(fod)3. The
use of asymmetric dienes 5c and 5d did provide a more
diastereoselective route to [4 + 2] cycloadducts (Table 1). The
crude cycloadducts 6c/7c were obtained in 81% yield as a 5.3 : 1
mixture of diastereomers. Likewise, cycloadducts 6d/7d were
obtained as a 32 : 1 mixture of diastereomers. Cycloadducts
6c/7c and 6d/7d were determined to be cyclic endo-orthoesters
by NOESY experiments, thereby establishing the
(R)-orientation of the spiro-linkage (i.e. the same as in 3a).
Presumably this reflects addition of the heterodienes to the
ketene acetal from the more hindered face.

The ability of [4 + 2] cycloadducts derived from carbohydrate
cyclic ketene acetals to provide uniquely substituted
O-glycosides was assessed using cycloadducts 6a/7a and
6d/7d. Treatment with BF3·OEt2 (1.0 equiv.) and Et3SiH (1.0
equiv.) in dry benzene provided the corresponding b-d-
mannopyranosides 9/10 and 11, respectively. Compounds 9/10
derived from a 1 : 1 mixture of cyclic endo- and exo-orthoesters,
were also obtained as a diastereomeric mixture of acetals in
54% yield. Compound 11 was obtained as a pure regio- and
stereo-isomer in 40% yield; the absolute stereochemistry of the
stereocenter produced in the Et3SiH reduction was defined by
the known14 stereoselective hydride transfer.

The facially and exo selective hetero-Diels–Alder reaction
described herein constitutes the novel use of a carbohydrate as
a scaffold to direct the stereochemistry of formation of a second
carbohydrate (precursor).Scheme 1
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Table 1 Results of Diels–Alder reactions

a Determined by 1H NMR spectroscopy by integration of the vinyl proton resonances. The absolute stereochemistry at the allylic carbon was established
explicitly for 6a/7a and 6c/7c. b Isolated yields of purified cycloadduct after chromatography on SiO2. c After extensive chromatography on SiO2, the product
was obtained as an almost pure compound, albeit in low yield (13%) from 1. d The endo-orthoester is the major product.
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[1]3 a X = H
b X = NO2

[2]3 a X = H
b X = NO2

Libraries of non-covalent hydrogen-bonded assemblies; combinatorial
synthesis of supramolecular systems
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David N. Reinhoudt*a†
a Laboratory of Supramolecular Chemistry and Technology, University of Twente, PO Box 217, 7500 AE, Enschede, The
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Libraries of hydrogen-bonded assemblies formed by mixing
the individual components under thermodynamically con-
trolled conditions are characterized by 1H NMR spectros-
copy and Ag+ assisted MALDI-TOF mass spectrometry.

The combinatorial strategy to create structural diversity has
revolutionized the field of chemistry over the past decade.1
Instead of synthesizing a single molecule, combinatorial
chemistry allows the simultaneous synthesis of large libraries of
structurally well-defined molecules.2 For this purpose combina-
torial methodologies have been developed for a variety of
synthetic transformations (e.g. peptide,3 oligonucleotide,4 het-
erocycle5 and carbohydrate6 synthesis) either on solid sup-
ports7,8 or in solution.9,10 Recently, libraries of synthetic
receptor molecules, e.g. for sequence-selective peptide binding,
were reported using a similar combinatorial strategy.11,12

Libraries of organic molecules are prepared by statistical
combination of reactive molecular fragments via the irrevers-
ible formation of covalent bonds. In principle, one could also
use non-covalent interactions, like hydrogen bonding, to build
in a reversible way libraries of assemblies of small complemen-
tary molecules. Non-covalent synthesis is a valuable alternative
to the classical covalent synthesis of complex supramolecular
systems.13 Recently, Lehn,14 Sanders15 and others16 reported
libraries that were obtained via reversible formation of covalent
(imines, esters) or coordinative (Zn- or Fe-complexes) bonds
under conditions of thermodynamic equilibrium.

Here we describe the first example of a non-covalent
synthesis of combinatorial libraries of hydrogen bonded
assemblies under thermodynamically controlled conditions. N
different assemblies [1x]3 (x = a,b,c, . . .,N; Fig. 1) were mixed
in solution under conditions that allow the reversible exchange
of the components 1x to give M heteromeric assemblies in
addition to the N homomeric assemblies (see Fig. 2). The total
number of assemblies P (i.e. N + M) present in such a library
rapidly increases with increasing N [eqn. (1)].

P = N + N(N2 1) + [N(N2 1)(N2 2)]/6 (1)

For the smallest possible library (N = 2, P = 4) we have
studied the combination of calix[4]arene bismelamines 1a,b
with 5,5-diethyl barbiturate. The individual homomeric assem-
blies [1a]3 and [1b]3 form spontaneously in apolar solvents by
mixing 3 equiv. of 1a (or 1b) with 6 equiv. of 5,5-diethyl
barbiturate and are stable down to submillimolar concentra-
tions.17 The assembly process is driven by the formation of 36
cooperative hydrogen bonds, resulting in significant downfield
shifts for the various NH protons [Fig. 3(a) and (b)].

Mixing of 5 mm solutions of [1a]3 and [1b]3 at 0 °C (ratio
2 : 1) in [2H8]toluene gave only a mixture of the two separate
homomeric assemblies [Fig. 3(c)]. Exchange of the components
1a and 1b between the two assemblies is extremely slow at this
temperature and, as a consequence, formation of the hetero-
meric assemblies [1a]2[1b] and [1a][1b]2 is not observed.‡

Only at !15 °C do the heteromeric assemblies start to form
slowly. This reflects the relatively high kinetic stability of the
separate assemblies in this apolar solvent. After 2.5 h at 25 °C
the system has reached the thermodynamic equilibrium
[Fig. 3(d)]. In the more polar solvent CDCl3 the exchange of
components 1a and 1b is much faster. The [1a]3 and [1b]3
mixture equilibrates within seconds at 25 °C. Only below
250 °C are the homomeric assemblies [1a]3 and [1b]3 kinet-
ically inert.

The low-field region of the 1H NMR spectrum is particularly
diagnostic as it exclusively displays the hydrogen bonded
NHbarb protons (d 13–15) and NHarom protons (d 8–9). The
[2H8]toluene 1H NMR spectrum of the four component library
shows 12 of the 16 NHbarb proton signals as separate peaks and
7 of the 8 NHarom proton signals [Fig. 3(d)]. The four different
assemblies were identified by means of 2D NOESY, ROESY,
COSY and TOCSY analysis.§ The relative concentration of the
four different assemblies in the mixture was subsequently
determined as 1.0 ([1a]3) : 3.0 ([1a]2[1b]) : 3.0 ([1a][1b]2) : 1.0
([1b]3) (±10%), in agreement with the statistical distribution of

Fig. 1 Schematic representation of hydrogen bonded assemblies [1]3 and [2]3
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components 1a and 1b over the various assemblies. Un-
fortunately, the CDCl3 spectrum displayed insufficient resolu-
tion to determine the relative composition of the mixture.

Characterization of the library was also performed by mass
spectrometry using Ag+ assisted MALDI-TOF MS technique.18

For this purpose we studied the assemblies [2a]3 and [2b]3,
which contain cyano substituents to coordinate to the Ag+ labels
(Fig. 1). Individual solutions of the assemblies, pretreated with
1.5–2.0 equiv. of CF3CO2Ag in CHCl3 for at least 24 h, give
intense signals in the MALDI-TOF spectra at m/z 4348.1 (calc.
for C222H252N60O30·107Ag+: 4347.9) and 4620.4 (calc. for
C222H246N66O42·107Ag+: 4618.8), respectively, for the mono-
valent Ag+ complexes. As expected the MALDI-TOF spectrum
of a mixture of the CF3CO2Ag pretreated CHCl3 solutions (5
mm each) of assemblies [2a]3 and [2b]3 clearly shows two
additional signals for both the monovalent Ag+ complexes of
the heteromeric assemblies [2a]2[2b] and [2a][2b]2 at m/z
4438.3 (calc. for C222H250N62O34·107Ag+: 4437.9) and 4527.7

(calc. for C222H248N64O38·107Ag+: 4528.9), respectively.¶
Especially for the characterization of libraries with more
components, mass spectrometry will be an important tool.

The reversible library concept presented here can in principle
be extended to libraries of any desirable size. For example, by
mixing 10 different assemblies [1x]3 a library of 220 different
hydrogen-bonded assemblies is created. Subsequently, the
information in the different assemblies can be stored by a
covalent post-modification step, e.g. via a metathesis reaction.19

Covalent post-modification of hydrogen-bonded assemblies is
currently under active investigation in our group.

Notes and References

† E-mail: p.timmerman@ct.utwente.nl; d.n.reinhoudt@ct.utwente.nl
‡ Two different types of kinetic processes characterize the hydrogen bonded
assemblies, i.e. (i) exchange of 5,5-diethyl barbiturate and (ii) exchange of
components 1. The rate constant for the former process is in the order of
0.5–3.0 s21 in [2H8]toluene at 303 K as determined by 2D EXSY NMR. The
latter process is much slower and can only be measured at the ‘laboratory
timescale’.
§ The chemical shifts of the NH protons are strongly influenced (Ddmax =
0.15) by the starting concentrations of 1a and 1b.
¶ The peak intensity of assembly [2b]3 in the MALDI-TOF spectrum of the
mixture is significantly lower than that for assembly [2a]3 most probably
due to the strongly decreased affinity of this assembly for Ag+ ions as a
result of the electron-withdrawing effect of the six NO2 groups. Evidence
comes from the low mass region of the spectrum, which exclusively
displays a signal for the [2a]·107Ag+ complex and not the [2b]·107Ag+

complex even when [2b] is present in four-fold excess.
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Fig. 2 Non-covalent synthesis of library of assemblies [1a]3, [1a]2[1b],
[1a][1b]2, and [1b]3; experimentally determined ratio is given with
statistical ratio in parentheses

Fig. 3 Low field regions of the 1H NMR spectra of (a) homomeric assembly
[1a]3; (b) homomeric assembly [1b]3; (c) 2 : 1 mixture of homomeric
assemblies [1a]3 (-) and [1b]3 (8) at 0 °C; (d) library of assemblies [1a]3

(-), [1a]2[1b] (2), [1a][1b]2 («), [1b]3 (8) 2.5 h after mixing homomeric
assemblies [1a]3 and [1b]3 at 25 °C (ratio 6 : 4). All spectra were recorded
at 400 MHz in [2H8]toluene.
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Spectroscopic identification and reactivity of [Ir(CO)3I2Me], a key reactive
intermediate in iridium catalysed methanol carbonylation

Talit Ghaffar,a Harry Adams,a Peter M. Maitlis,a Glenn J. Sunley,b Michael J. Bakerb and Anthony Haynes*a

a Department of Chemistry, University of Sheffield, Sheffield, UK S3 7HF
b BP Chemicals Ltd, Hull Research and Technology Centre, Saltend, Hull, UK HU12 8DS

The dimer [Ir(CO)2I(m-I)Me]2 2 reacts with CO to give the
tricarbonyl [Ir(CO)3I2Me] 3 identified by high pressure IR
and NMR spectroscopy and isotopic labelling; kinetic data
for the migratory CO insertion reaction of 3 support its role
as a key intermediate in iridium catalysed methanol
carbonylation.

A new homogeneous catalytic process for the carbonylation of
methanol to acetic acid has recently been commercialised by BP
Chemicals.1,2 The Cativa process is based on a promoted
iridium/iodide catalyst system, and shows enhancements in rate,
selectivity and stability compared with the established rhodium-
based technology. The catalytic cycles for the two metals are
similar, but show some important differences.3–6 Forster’s
original kinetic and spectroscopic studies of the iridium system
led to the proposal of catalytic cycles involving both anionic and
neutral complexes. At moderate iodide concentrations, the
resting state of the catalyst is the anionic methyl complex,
[Ir(CO)2I3Me]2 1 and the rate determining step is thought to be
carbonylation of this species [eqn. (1)]

[Ir(CO)2I3Me]2 + CO ? [Ir(CO)2I3(COMe)]2 (1)
1

Both the catalytic reaction and the carbonylation of 1 were
found to be inhibited at high [I–], suggesting a mechanism
involving neutral intermediates formed by iodide dissociation
from 1.6 We recently reported that the carbonylation of 1 is
promoted substantially by protic solvents which can aid the
dissociation of an iodide ligand.7 Here, we report the synthesis
and characterisation of [Ir(CO)2I(m-I)Me]2 and its reaction with
carbon monoxide to give [Ir(CO)3I2Me]. This tricarbonyl
species, a key intermediate in the proposed carbonylation
mechanism, was never detected in Forster’s original studies. Its
observation has now allowed us to compare the rate of
migratory CO insertion in neutral and anionic species.

In our initial attempts to synthesise and isolate a neutral
iridium methyl complex we used silver salts (e.g. AgBF4) to
abstract iodide from the anionic precursor, 1. Although IR
spectroscopy indicated the formation of a product with n(CO)
bands (2119 and 2074 cm21) similar to those reported by
Forster for [Ir(CO)2I2Me]n, we were not able to isolate a pure
product from these reactions. Treatment of 1 with indium
triiodide in CH2Cl2 gave a species with identical IR absorptions
to those found in the reactions with silver salts. In this case the
product was isolated in good yield by extraction into hot
cyclohexane and characterised as an iodide-bridged dimer,
[Ir(CO)2I(m-I)Me]2 2 [eqn. (2)], by spectroscopy‡ and X-ray
crystallography.§ Addition of 2 equiv. of I2 to 2 quickly
regenerates the anion, 1, indicating that the iodide bridges are
broken quite easily. 

NBu4[Ir(CO)2I3Me] + InI3? 0.5 [Ir(CO)2I2Me]2 + NBu4[InI4]
(2)2

Isolation of 2 has allowed us to investigate its reaction with CO.
Brief bubbling of CO through a solution of 2 in CH2Cl2 resulted
in the formation of small amounts of a species, 3, with n(CO)
bands at 2156 and 2096 cm21. A third absorption, at 2116 cm21

of similar intensity to the other two, was revealed by computer
subtraction of the bands of unreacted 2. The number and relative
intensities of these bands are consistent with a fac-tricarbonyl
complex [symmetry Cs, n(CO) modes 2AA + AB].9 Under an
inert atmosphere, 3 was found to revert to 2 over several
minutes.

The reaction stereochemistry was probed by using isotopic
labelling. The IR spectrum of the product obtained from the
reaction of 2 with 13CO (1 atm) in CH2Cl2 displayed three
n(CO) bands, one of which (2096 cm21) was at identical
frequency to a band of unlabelled 3, whereas the other two
absorptions (2142 and 2081 cm21) were shifted to low
frequency. This behaviour is exactly as expected if the incoming
13CO ligand coordinates trans to the methyl group to give 3*
(Scheme 1), which retains Cs symmetry. The two AA n(CO)
modes of 3* involve vibration of all three carbonyl ligands,
explaining the observed shift of two of the n(CO) bands. The AB
mode involves only the two equivalent carbonyls, and is
unaffected by labelling of the CO trans to methyl. All the
observed n(CO) frequencies for 3 and 3* can be modelled
accurately by a CO factored force field.¶ When the 13CO
atmosphere was removed, 3* was found to revert cleanly to 2,
with no detectable retention of isotopic label. The reversible
reaction of 2 with CO is therefore stereospecific, with the ligand
entering and leaving from the site trans to methyl. The C–O
stretching force constant for the carbonyl ligand trans to methyl
is calculated to be ca. 30 N m21 larger than that for the two
carbonyls trans to iodides. The unique carbonyl therefore
experiences less p back donation from the iridium centre,
consistent with the higher lability at this site.

Less than 10% conversion of 2 into 3 was achieved using CO
at atmospheric pressure. Larger quantities of 3 were observed
using a high pressure infrared cell to monitor the reaction in
situ.5 At 400 psi, essentially complete conversion of 2 into 3 was
achieved, using CH2Cl2 or chlorobenzene as solvent. By
contrast, in acetonitrile formation of 3 was suppressed even at
high CO pressures, presumably due to cleavage of the dimer and
occupation of the vacant site by a solvent molecule. This was
confirmed by the observation of n(CN) for [Ir(CO)2(NC-
Me)I2Me] at 2341 cm21 and osmometry measurements (ob-
served molecular weight 538) for solutions of 2 in MeCN.

Evidence for 3 was also obtained by high pressure NMR
spectroscopy using a sample of 2 isotopically enriched with 13C

Scheme 1
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in both methyl ( > 99%) and carbonyl (70–80%) positions.
When a solution of this sample in CD2Cl2 was placed under 415
psi 13CO ( > 99% enriched), new doublets were observed in the
13C NMR spectrum at d 221.7 and 148.7 (2JCC 27 Hz) which
are assigned to mutually trans methyl and carbonyl ligands in 3.
The carbonyls trans to iodide gave a singlet at d 146.1 with no
coupling to the cis ligands resolved. The methyl group of 3 was
also detected by 1H NMR spectroscopy at d 2.14 (d, JCH 139
Hz).

It has been proposed previously by Forster6 and ourselves7

that 3 is a reactive intermediate in the carbonylation of 1, and
that the tricarbonyl is activated towards migratory CO insertion
compared with the anionic precursor. We have therefore studied
the reaction of 3 with CO to investigate the validity of this
proposal. Below 40 °C, complex 3 was found to be stable
indefinitely in chlorobenzene under 400 psi CO. Above this
temperature, a reaction was observed in which the n(CO) bands
of 3 were replaced by new absorptions at 2176w, 2115s and
1708m cm21. These bands correspond well with those assigned
by Forster6 to a neutral acetyl complex, [Ir(CO)3I2(COMe)], the
relative intensities suggesting a mer-tricarbonyl configuration,
4 (Scheme 2). An iridium acetyl species was also observed in
the high-pressure NMR experiment after heating to 70 °C [13C,
d 52.4 (CH3CO), 186.4 (CH3CO), 1JCC 35 Hz; 1H, d 3.04, 1JCH
131, 2JCH 5.5 Hz].

Pseudo-first order rate constants, kobs, for this reaction were
obtained by monitoring the exponential decay of the high
frequency n(CO) band of 3 at 2156 cm21. Values of kobs
measured in chlorobenzene over the temperature range
44–85 °C are shown in Table 1. An Eyring plot of these data
yields activation parameters DH‡ 89±3 kJ mol21 and DS‡236
±8 J mol21 K21. Carbonylation of complex 3 is more than 800
times faster than for the anion, 1 at 85 °C in chlorobenzene,7
representing a lowering of the observed DG‡ by 20 kJ mol21 on
replacing an iodide ligand by CO. Extrapolation to higher
temperatures reduces the difference in rates, but even at 180 °C,
the neutral complex is predicted to react ca. 9 times faster than
the anion. These new kinetic data validate the proposal that
migratory insertion occurs in a neutral complex after dissocia-
tion of iodide from 1. Addition of small amounts of methanol
was found to accelerate the carbonylation of 3 (see Table 1) but
not to the dramatic extent found previously for 1.7 Activation
parameters calculated for the reaction in 1% methanol–
chlorobenzene are DH‡ 73±2 kJ mol21 and DS‡279±6 J mol21

K21.
An explanation for the acceleration of migratory insertion in

3 relative to 1 may reside in the increased competition for p-
backbonding in the tricarbonyl complex, 3. Theoretical calcula-
tions on similar systems have suggested that increasing the
number of p acceptor ligands lowers the energy of the LUMO
(an out of phase combination of p*CO with dp) and facilitates
methyl migration.10 Acceleration of migratory CO insertion by
coordination of a p acceptor ligand has also been reported for
[Ir(CO)(PPh3)2Cl(Me)]+.11

To summarise we have confirmed Forster’s original sugges-
tion that neutral intermediates play a key role in the migratory
insertion step for the iridium catalysed carbonylation of
methanol. We have obtained spectroscopic evidence for the
previously undetected species, [Ir(CO)3I2Me] 3 which under-
goes CO insertion at a rate substantially faster than its anionic
precursor, 1.

We thank BP Chemicals, The Royal Society, and the
University of Sheffield for supporting this research. We thank
Cambridge Isotope Laboratories for an award of 13C labelled
carbon monoxide, Dr Mike Taylor (BP, Sunbury, UK) for
carrying out high pressure NMR experiments and Dr George
Morris for helpful discussions.
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Scheme 2

Table 1 First order rate constants for the carbonylation of 3 in
chlorobenzene and in chlorobenzene containing 1% (v/v) methanol (pCO =
400 psi).

104 kobs/s21 104 kobs/s21

T/ °C (PhCl) T/ °C (PhCl–1% MeOH)

44 1.64 44 5.10
47 6.75

52 3.73 52 10.6
59 9.47 59 17.6
67 19.7 68 39.5
76 41.1
85 87.6
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Dehydrogenation of ethane over gallium oxide in the presence of carbon
dioxide

Kiyoharu Nakagawa,a,b Masato Okamura,a Naoki Ikenaga,a Toshimitsu Suzuki*a,b† and Tetsuhiko Kobayashic

a Department of Chemical Engineering, Faculty of Engineering, and
b High Technology Research Center, Kansai University, Suita, Osaka, 564-8680, Japan
c Osaka National Research Institute, AIST, MITI, Ikeda, Osaka 563-8577, Japan

Gallium oxide is found to be an effective catalyst for the
dehydrogenation of ethane to ethene in the presence of
carbon dioxide at 650 °C, giving 18.6% ethene yield with a
selectivity of 94.5%.

Ethene is predominantly produced by steam cracking of
naphtha, ethane or liquid petroleum gas at high temperatures at
short residence time.

In order to reduce energy consumption of ethene production,
oxidative dehydrogenation of ethane is proposed [eqn. (1)].

C2H6 + 1/2O2? C2H4 + H2O (1)
The reaction becomes exothermic and thermodynamically
could be possible at relatively low temperatures. However, it is
necessary to remove heat from the reaction and to avoid over
oxidation to CO2 to give high selectivity towards ethene.
Recently, a great variety of catalysts have been developed and
tested for this reaction.1–3 In the oxidative dehydrogenation of
propane, Burch and Crabb4 pointed out that thermal non-
catalytic oxidative cracking of propane proceeded to give
propene in the same yield as compared to catalyzed runs which
were operated about 50 °C lower than that of non-catalyzed
runs. This suggests that catalyzed oxidative dehydrogenation of
lower alkanes is not highly superior to thermal oxidative
pyrolysis.

Recently, several attempts have been made to use carbon
dioxide as an oxidant for coupling of methane,5 dehydrogena-
tion of ethylbenzene6 or propane.7 However, the role of CO2 in
these reactions is still not clear. In addition, the effects of CO2
on the conversion and yield of the product are not significant.

Here, we study the dehydrogenation of ethane to ethene over
several metal oxide catalysts, and we have found that CO2
markedly promoted dehydrogenation of ethane over Ga2O3
catalyst.

The catalysts used were commercially available MgO, Al2O3,
SiO2, CaO, TiO2, V2O5, Cr2O3, Mn3O4, Fe3O4, ZnO, Ga2O3,
Y2O3, ZrO2, Nb2O5, MoO3, In2O3, SnO2, La2O3, CeO2, Ta2O5
and Tl2O3. The reaction was carried out with a fixed-bed flow
type quartz reactor (i.d. 10 3 350 mm) at atmospheric pressure.
Using 200 mg of a catalyst, 5 ml min21 of C2H6 and 25 ml
min21 of CO2 were introduced. The runs were conducted for 30
min and products were analyzed by gas chromatography.

Fig. 1 shows ethene yields on the various metal oxide
catalysts. Thermal dehydrogenation occurred to give only 2.3%
of ethene yield. Equilibrium conversion of ethane to ethene is
ca. 50% at 650 °C at a C2H6–Ar (or CO2) ratio of 1 : 5. MgO,
CaO, SiO2, Ta2O5, Al2O3, SnO2, MoO3, and Tl2O3 did not show
any catalytic activity while CeO2, Nb2O5, Fe3O4, and ZrO2
exhibited only slight catalytic activity. The order of the activity
of oxides at the reaction temperature of 650  °C was as follows:
Ga2O3 > Cr2O3 > V2O5 > TiO2 > Mn3O4 > In2O3 > ZnO
> La2O3. The C2H4 selectivities in all the metal oxide catalysts
were > 85% in the dehydrogenation of ethane in the presence of
CO2. As expected, Cr2O3 and V2O5 exhibited high activities.
These catalysts are known to be active catalysts for dehydroge-
nation of alkanes. Ga2O3 afforded the highest yield of ethene

(18.6%) amongst the various metal oxide catalysts. However,
little work has dealt with Ga2O3 catalyst in the dehydrogenation
of propane.8

Table 1 lists ethene yields on Ga2O3, Cr2O3, and V2O5
catalysts in the presence and absence of CO2. The activity of the
Ga2O3 catalyst in the presence of CO2 was twice that in the
absence of CO2. Dehydrogenation of C2H6 in the presence of
CO2 over Ga2O3 catalyst produced mainly C2H4, CO, H2 and
H2O. The yield of ethene with the Cr2O3 catalyst in the presence
of CO2 was slightly higher as compared to the run in Ar. The
promoting effect of CO2 in the dehydrogenation of C3H8 on
Cr2O3/SiO2 has been reported,5 but the increase in the propene
yield was only 2.6% at 550 °C. On the other hand, the effect of

Fig. 1 Dehydrogenation of C2H6 in the presence of CO2. Catalyst 200 mg;
temperature: 650 °C; C2H6 : CO2 = 5 : 25 ml min21; SV = 9000 h21 ml
(g cat)21.

Table 1 Dehydrogenation of ethane in the presence of carbon dioxidea

Surface Conv. Yield Selectivity (%)
area/ (%) (%)

Catalyst m2 g21 C2H6 C2H4 C2H4 CH4 C3H8

Ga2O3(CO2) 9.8 19.6 18.6 95.0 3.8 1.0
Ga2O3(Ar) 9.8 9.6 9.0 94.0 5.0 0.7
Cr2O3(CO2) 2.8 12.1 11.4 93.8 5.8 0.4
Cr2O3(Ar) 2.8 10.4 10.2 97.6 1.8 0.6
V2O5(CO2) 3.5 9.8 9.5 97.1 2.9 —
V2O5(Ar) 3.5 12.5 11.5 91.7 7.4 0.9

a Reaction conditions: 650 °C, SV = 9000 h21 ml (g cat)21. Composition
of the feed gas; C2H6 : CO2(Ar) = 5 : 25 ml min21.
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CO2 on the yield of ethane with V2O5 in the presence of CO2
was slightly detrimental. CO2 promoted dehydrogenation of
ethane exclusively over Ga2O3 catalyst. To our knowledge,
such a marked promotion effect of CO2 in a hydrocarbon
conversion process has never been previously observed. The
role of CO2 in dehydrogenation of C2H6 over Ga2O3 catalyst is,
as yet, unclear. With CO2 considerable amounts of CO and H2O
were formed during the reaction, indicating reaction of CO2
with H2. The amount of H2O was 1.09 mmol and that of CO was
1.07 mmol at 650 °C after 0.5 h. Dehydrogenation of C2H6 was
strongly inhibited when Ga2O3 was impregnated onto a basic
oxide such as MgO or La2O3. Another characteristic feature in
the reaction in CO2 is the increase in the yield of CH4. From
these findings the role of CO2 may be as follows: slightly acidic
CO2 may strongly adsorb onto basic sites of gallium oxide, and
as a result, the acidity of Ga2O3 would be enhanced. This
possibility is reinforced by the fact that after dehydrogenation a
certain amount of carbon was formed on the catalyst (Ga2O3,
Cr2O3, and V2O5). Dehydrogenation of ethane would be
catalyzed by acid sites on Ga2O3.

This work was supported by the Grant-in Aid for Scientific
Research (C) No.09650864 from the Ministry of Education,
Science and Culture Japan. K. N. is grateful for his research
assistantship from the High Technology Research Center,
Kansai University.
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Four-electron electrocatalytic reduction of dioxygen to water by an ion-pair
cobalt porphyrin dimer adsorbed on a glassy carbon electrode

Francis D’Souza,*† Yi-Ying Hsieh and Gollapalli R. Deviprasad

Department of Chemistry, Wichita State Unviersity, Wichita, KS 6720-0051, USA

An ion-pair porphyrin dimer, formed by reacting the
tetrachloro salt of [tetrakis(N-methylpyridyl)porphyrinato]-
cobalt and the tetrasodium salt of [tetrakis(4-
sulfonatophenyl)porphyrinato]cobalt, adsorbed electro-
chemically on a glassy carbon electrode is shown to
catalytically reduce O2 to water by four electrons.

Mimicking enzymatic catalytic reactions using metalloporphy-
rin dimers is an area of active research. Towards this, covalently
linked porphyrin dimers are most widely used and by employ-
ing such dimers, four-electron reduction of O2 to H2O has been
demonstrated.1,2 That is, either Co or Fe porphyrin dimers, with
closely spaced porphyrin rings (inter-ring distance ca. 3.5 Å),
adsorbed on a glassy carbon (GC) electrode, catalyze the
reduction of O2 to H2O at low pH. The postulated mechanism
involves formation of a m-ligated O2 complex, followed by
electrochemical reduction and protonation to produce H2O. The
inter-ring distance and the rigidity of the dimer are believed to
be important factors governing the formation of the m-ligated O2
complex for the overall catalytic process.1a

Water soluble monomeric Co porphyrins, bearing either
positive charges on the ring periphery, such as the tetrachloro
salt of [tetrakis(N-methylpyridyl)porphyrinato]cobalt, [Co(TM-
PyP)]Cl4 or negative charges on the ring periphery, such as the
tetrasodium salt of [tetrakis(4-sulfonatophenyl)-
porphyrinato]cobalt, Na4[Co(TPPS)] (Fig. 1), are known to
adsorb irreversibly on a GC electrode and catalytically reduce
O2 by two electrons to produce H2O2.3 It is also known that
these oppositely charged porphyrins form stable face-to-face
bound porphyrin dimers with 1 : 1 molecular stoichiometry
when they are mixed together in solution.3,4 Spectroscopic
investigations have shown4 that the inter-ring distance between
the porphyrin rings of these dimers is ca. 3.1 Å. This distance is
shorter by 0.4 Å than that of a closely spaced covalently linked
porphyrin dimer known to reduce O2 directly to water.1a These
results suggest that the ion-pair dimers should also be utilized as
electrode materials for catalytic reduction of O2. Sawaguchi et
al.1i initially examined the catalytic behaviour for O2 reduction
by using electrodes coated with ion-pair Fe–Fe porphyrin dimer
and reported a 12% catalytic efficiency towards four-electron
reduction of O2 to H2O. In the present study, we have observed
a catlaytic efficiency up to 98% when an ion-pair Co–Co
porphyrin dimer, adsorbed electrochemically on a glassy carbon
electrode, under elevated pH conditions is used.

Fig. 2 shows the cyclic voltammograms‡ (CVs) for O2
reduction on the dimer, [Co(TMPyP)][Co(TPPS)]§ adsorbed
GC electrode¶ (curve 1), a monomer, Co(TMPyP)Cl4 adsorbed
GC electrode (curve 2) and a bare GC (curve 3) in O2 saturated
0.05 m NH4Cl.∑ Curve 4 shows the CV for the dimer adsorbed
electrode in the absence of O2. Two irreversible peaks located at
Epc = 20.49 V and Epc = 20.76 V vs. Ag/AgCl, are observed
for the dimer adsorbed electrode. There is a positive shift of
peak potential by 360 mV for O2 reduction for the monomer
adsorbed GC electrode as compared to that observed for the
bare GC electrode (Curves 2 and 3). Similar voltammetric
behavior is also seen for the monomer, Co(TPPS) adsorbed
electrode and a dimer, [Co(TMPyP)][(H2TPPS)], in which only
one of the porphyrins has a Co metal ion and the other is a free-
base porphyrin, adsorbed electrode. These results are similar to
that reported for the catalytic two-electron reduction of O2 to
peroxide.5

The peak potential for O2 reduction on the dimer adsorbed
electrode is located at Epc = 20.22 V vs. Ag/AgCl (curve 1).
This peak potential is positively shifted by 120 mV when
compared to the peak potential for O2 reduction on the
monomer adsorbed electrode (curve 2). Additionally, larger,
peak currents, proportional to (scan rate)1/2, are obtained for the
dimer adsorbed electrode. The positive shift of the peak
potential and the larger catalytic currents for O2 reduction on the
dimer adsorbed electrode suggest the occurrence of four-
electron reduction of O2 to H2O.1a In order to quantify these
results, voltammetry at a rotating disk-ring electrode has been
performed.

Fig. 3(a) shows voltammetric curves, recorded with the use
of a rotating (Pt ring)–(GC disk) electrode,** for O2 reduction
at various rotation rates. The catalyst was adsorbed on the disk.¶
Disk potential was scanned from 0.1 to 20.5 V while ring

Fig. 1 The structural formulae of the water-soluble Co porphyrins used to
form ion-pair dimer

Fig. 2 Cyclic voltammograms for dioxygen reduction at [Co(TPP-
S)][Co(TMPyP)]/GC electrode (curve 1), Co(TMPyP)/GC electrode (curve
2) and bare glassy carbon electrode (curve 3) in O2 saturated 0.05 m NH4Cl.
Curve 4 represents the CV of [Co(TPPS)][Co(TMPyP)] adsorbed electrode
in the absence of O2. Scan rate = 100 mV s21.
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potential was kept at ER = 1.0 V in order to detect any H2O2
generated by a two-electron reduction process of O2 at the
disk.1a Larger disk currents have been obtained for the dimer
than for the monomer adsorbed on the graphite electrodes.
Levich and Koutecky–Levich plots6 of the plateau currents
from Fig. 3(a) are shown in Fig. 3(b) and (c). The calculated
number of electrons involved in the reduction of O2 from the
slope of Fig. 3(c) is found to be 3.8 ± 0.2 electrons per O2
molecule while this value for Co(TMPyP), Co(TPPS) and the
Co–H2 dimer adsorbed electrodes is found to be 2.0 ± 0.2
electrons. It is observed that the occurrence of four-electron
reduction for the dimer adsorbed electrode is dependent on the
positive switching potential, El during the adsorption of the
dimer onto the electrode surface. When El was < 1.2 V, the
number of electrons in the process was between 3 and 4.

As expected, negligent amounts of ring currents are observed
for the Co–Co dimer adsorbed electrode when the ring potential
is held at +1.0 V, i.e., a potential where oxidation of H2O2, a
two-electron reduction product of O2 generated at the disk
occurs. The ratio of the ring to disk current, iR/iD, is 0.01 for the
adsorbed dimer which is much smaller than the collection
efficiency of 0.36 determined with the use of the [Fe(CN)6]3–/22

redox couple under the same solution conditions. The iR/iD ratio
for the adsorbed dimer does not change appreciably with the
rotation rate and amounts to 98% of the disk current resulting
from four-electron reduction of O2 to H2O.7

For the electrode coated with the covalently linked Co
porphyrin dimer, the catalytic activity towards four-electron
reduction of O2 depends strongly on pH.1a For pH > 4.5, only
H2O2, i.e., a two-electron product is formed.1a For the presently
investigated ion-pair Co–Co dimer, the calculated 3.8 ± 0.2
number of electrons, at a relatively high pH (5.3) and low ionic
strength (0.05 m), indicates its greater ability to catalyze
reduction of O2 by four electrons. This ability of the easy to
prepare ‘ion-pair’ dimer to catalyze, by four-electron reduction
of O2 to H2O at elevated solution pH is commendable. Further
studies to understand the role of El during the process of surface
adsorption and the mechanistic details of four-electron reduc-
tion of O2 using different ion-pair porphyrin dimers are in
progress.

The authors are thankful to Professor W. Kutner for helpful
discussions. This work is supported by NSF (Grant No. EPS-
9550487) and matching support from the State of Kansas. The

authors are also thankful to the donors of the Petroleum
Research Fund, administered by the American Chemical
Society for support of this work.

Notes and References

† E-mail: dsouza@wsuhub.uc.twsu.edu
‡ Cyclic voltammetry was performed on a model 263 A potentiostat/
galvanostat of EG & G (Princeton, NJ) by using a typical three-electrode
cell arrangement. A glassy carbon electrode (0.3 cm diameter) of BAS was
used as the working electrode. A Pt wire served as the counter electrode and
an Ag/AgCl electrode was used as the reference one.
§ The dimer, [Co(TMPyP)][Co(TPPS)], was synthesized by a stoichio-
metric reaction of [Co(TMPyP)]Cl4 (100 mg) (Mid-Century Chemicals Co.,
Posen, IL) in 20 ml of MeOH–EtOH (1 : 1 v/v) and Na4[Co(TPPS)] (117
mg) (Mid-Century Chemicals Co.) in 10 ml of MeOH–EtOH (1 : 1 v/v) at
room temp. The resulting solid which precipitated was centrifuged, filtered,
washed repeatedly with MeOH to yield (71%) pure dimer. UV–VIS in
water, lmax (log e), 322 (4.52), 427 (5.16), 543 (0.16). Elemental analysis of
the synthesized dimer revealed the presence of a large number (12 to 16) of
water molecules.
¶ The GC working electrode prior to the experiments was initially cleaned
with alumina powder and was further treated with 2 m H2SO4. The surface
of the electrode was roughened by using fine quality sand paper. The
porphyrin (dimer or monomer) was adsorbed on the glassy carbon electrode
under multicyclic voltammetry conditions. For this, a slurry of porphyrin
(ca. 1 mm) in 0.025 m NaCl solution was used. The potential was scanned
for the range 1.2 to 20.1 V (nearly 30 cycles), until a scan-number-
independent voltammogram was obtained. The electrode was then removed
from the solution, rinsed thoroughly with distilled water and then immersed
in the blank supporting electrolyte solution. The electrochemical measure-
ments were performed at room temperature in 0.05 m NH4Cl (pH 5.3).
∑ A 0.05 m NH4Cl solution of low ionic strength (m = 0.05) was used to
avoid possible decomposition of the adsorbed ion-pair porphyrin dimer on
the electrode surface.
** The rotating ring-disk electrode (RRDE) voltammetry, was performed
by using a Model AFCB1 bipotentiostat, MSRX Speed Control Unit and
AFMSRX Modulated Speed Rotator of Pine Instrument Co. (Grove City,
PA). A model BD-95 dual channel recorder of Kipp and Zonen (Bohemia,
NY) was used to record the voltammograms. Radius of the disk, gap and
ring of the platinum-(glassy carbon) ring-disk electrode was 0.23, 0.25 and
0.27 cm, respectively. an Ag/AgCl and Pt wire served as the reference and
auxiliary electrodes, respectively.
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Fig. 3 (a) Rotating (platinum ring)–(glassy carbon disk) electrode
voltammetry for the [Co(TMPyP)][Co(TPPS)] adsorbed on the disk and the
O2 saturated 0.05 m NH4Cl aqueous solution. Ring potential, ER = 1.0 V.
Disk potential scan rate, 20 mV s21. (b) and (c) are the Levich and
Koutecky–Levich plots for the plateau currents from Fig. 3(a). Dashed lines
are calculated for the O2 reduction by two and four electrons. Area of the
electrode = 0.164 cm2, concentration of O2 = 0.5 mm, diffusion coefficient
of O2 = 2.6 3 1025 cm2 s21, kinematic viscosity = 0.01 cm s21.
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Lithium fluoride formed in situ is trapped by [TiF3(C5Me5)]2: an equilibrium
with cleavage of a Ti–F–Ti bond and a model compound for molecular lithium
fluoride

Alojz Demsar,*a† Andrej Pevec,a Ljubo Goliĉ,a Saŝa Petriĉek,a Andrej Petriĉa and Herbert W. Roesky*b

a Faculty of Chemistry and Chemical Technology, University of Ljubljana, Âs̆kerĉeva 5, SLO-1000, Ljubljana, Slovenia
b Institut für Anorganische Chemie der Universität,  Tammannstrasse 4, D-37077 Göttingen, Germany

Synthesis and structure of [{(C5Me5)TiF3}4(LiF)] and its
solution equilibrium involving cleavage of a titanium–
fluorine–titanium bond is reported.

Fluorine bridging accounts for structural diversity of fluorides
of main group elements and transition metals and for formation
of reaction intermediates.1 The reactivity of a Ti–F–Ti unit in
fluorotitanium compounds is of particular interest since the
cleavage of this unit would leave the titanium centre with high
electrophilicity due to polar Ti–F bonds.2 The catalytic activity
of the fluorotitanium binaphthol complex used in the enantio-
selective addition of allylsilanes to aldehydes3 was explained by
cleavage of two Ti–F–Ti bonds during the catalytic cycle.2
Here, we report on the equilibrium of cleavage and reformation
of two Ti–F–Ti bonds in a solution of [{(C5Me5)TiF3}4(LiF)] 1
observed by 19F NMR spectroscopy.

The high lattice energy of lithium fluoride explains the
absence of its solid complexes.4 Lithium fluoride, prepared in
situ from lithium chloride and trimethyltin fluoride, has now
been successfully trapped by [TiF3(C5Me5)]2 to yield 1. The
reaction of [TiF3(C5Me5)]2, Me3SnF and LiCl in a molar ratio of
2 : 1 : 1 in THF followed by evaporation of Me3SnCl and solvent
and recrystallization from pentane afforded red crystals of 1.‡
The molecule of 1 in the solid state§ consists of two
[Ti2F6(C5Me5)2] units connected by a lithium atom and a

bridging fluorine atom (Fig. 1). Each titanium atom is
coordinated by five fluorines and a C5Me5 ligand. The lithium
atom is coordinated by four fluorines arranged in a distorted
tetrahedron. The Li–F distances are similar to those in
Li[{(Me3Si)3C}AlF3]·THF5 with fourfold coordinated lithium,
however shorter than those in lithium fluoride (2.009 Å).6
Bonding to lithium as well as trans-positioned C5Me5 ligand
causes elongation of the Ti–F bonds. The Ti–F–Ti bonds not
affected by the trans-C5Me5 ligand are on average 10% longer
than the terminal Ti–F bonds.

A color change from orange to red is observed when cooling
toluene or chloroform solutions of 1 from 322 to 272 K. Two
temperature dependent sets of resonances are found in variable
temperature (VT) 19F NMR spectra of CDCl3 or [2H8]toluene
solutions of 1. The high temperature set of five resonances
reversibly converts to a low temperature set of seven resonances
on cooling as shown in Fig. 2 in [2H8]toluene solution. The
changes in spectra are in agreement with the equilibrium shown
in Scheme 1. Four sharp resonances in the high temperature set
(intensity ratio of 2 : 2 : 1 : 2) are assigned to [{(C5Me5)2Ti2-
F7}Li] 1a by comparison with the 19F NMR spectrum of
[{(C5Me5)2Ti2F7}2Ca].7 The assignment is consistent with

Fig. 1 Crystal structure of 1. Hydrogen atoms are not shown. Selected bond
lengths (Å) and angles (°): Ti(1)–F(1) 1.873(4), Ti(1)–F(2) 1.822(6), Ti(1)–
F(3) 1.978(4), Ti(1)–F(4) 1.999(4), Ti(1)–F(5) 2.421(5), Ti(2)–F(6)
1.826(5), Ti(2)–F(5) 1.966(4), Ti(2)–F(7) 2.007(3), Ti(2)–F(4) 2.024(4),
Ti(2)–F(3) 2.136(5), Li–F(1) 1.864(13), Li–F(5) 1.926(13), Li–F(8)
1.932(12), Li–F(12) 1.866(12); F(1)–Ti(1)–F(2) 93.0(2), F(1)–Ti(1)–F(5)
75.3(2), F(1)–Ti(1)–F(3) 85.0(2), F(1)–Ti(1)–F(4) 142.9(2), Ti(2)–
F(8)–Ti(3) 161.1(2), F(1)–Li–F(12) 110.1(7), F(1)–Li–F(5) 89.1(4),
F(5)–Li–F(8) 121.0(7).

Fig. 2 19F NMR spectra of 1 ([2H8]toluene solution) at 332, 302 and 272 K.
See Scheme 1 for labels. The area of the signal at d 238.8 (F6) in 272 K
trace is one half of the respective areas of the other signals.
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lithium symmetrically bonded to two terminal and to two
bridging fluorines from the [Ti2F7(C5Me5)2]2 moiety. The
bonding of fluorines to quadrupolar lithium causes decoupling
of fluorine resonances and a high field shift as already observed
in the calcium compound.7 The resonance of terminal fluorines
appears as a quintet due to coupling to four fluorine atoms. The
remaining, fifth, broad line of the high temperature set is
attributed to the resonance of [(C5Me5)TiF3]2.¶ The low
temperature set has six resonances of equal intensities and one
with half of the intensity that could be assigned to 1 having six
pairs of equivalent fluorine atoms and a single fluorine atom
bridging two [Ti2F6(C5Me5)2] units. The 7Li NMR signal of 1
appears as a singlet at 302 K, and as a quintet at 272 K, showing
coupling to four fluorine atoms.

The equilibrium shown in Scheme 1 was studied by VT 19F
NMR of a [2H8]toluene solution of 1 in the temperature range
272–312 K, and resulted in DH = 75 ± 3 kJ mol21 and DS =
197 ± 2 J mol21 K21.∑ The large positive DS value supports an
entropy driven dissociation equilibrium. Moreover, a shift of the
equilibrium to dissociation was observed in 19F NMR spectra
after diluting the solution of 1. The dissociation involves
cleavage of two titanium–fluorine–titanium bonds and changes
in the lithium coordination sphere. The determined enthalpy
could be therefore only a crude estimate of the binding energy
of the titanium–fluorine bond.

In conclusion, in situ prepared lithium fluoride was trapped
with [TiF3(C5Me5)]2 giving 1. Dissociation of 1 to 1a and
[TiF3(C5Me5)]2 is accompanied by a cleavage of Ti–F–Ti
bonds. In solution observed 1a could serve as a model
compound for studying the reactivity of ‘lithium fluoride’ since
the lithium atom is in a rather distorted coordination sphere. Its
reactivity is already demonstrated by reforming 1 at low
temperatures.

This work was supported by the Ministry of Science and
Technology of the Republic of Slovenia and the Deutsche
Forschungsgemeinschaft.

Notes and References

† E-mail: alojz.demsar@uni-lj.si
‡ Lithium fluoride in bulk is unreactive towards [TiF3(C5Me5)]2.8 Data for
1. Decomposition 100–110 °C. Anal. Calc. for C40H60F13LiTi4: C, 48.71;
H, 6.13. Found: C, 47.86; H, 6.22%. 1H NMR (300 MHz, CDCl3, 302 K) d
2.10 (s) and 2.14 (s). 19F NMR (282 MHz, CDCl3, 302 K), resonances of 1a:
d 148.4 (qnt, 2 F, 2 JFF 40 Hz), 25.0 (s, 2 F), 232.4 (m, 1 F), 262.1 (s, 2 F);
resonances of 1: d 183.6 (s, 2 F), 149.5 (s, 2 F), 32.0 (s, 2 F), 210.4 (s, 2 F),
230.8 (s, 2 F), 236.8 (s, 1 F), 243.2 (s, 2 F); resonance of 2: d 121 (br s).
7Li NMR (116 MHz, CDCl3, 302 K): d21.64 (s); 272 K: d21.63 (qnt, 1JLiF

49 Hz). IR (Nujol) (cm21): 630s, 615vs, 522m, 494s.
§ X-Ray crystallography. Crystal data for 1: C40H60F13LiTi4, M = 986.36,
red parallelepiped crystal of dimensions 0.4 3 0.4 3 0.2 mm, triclinic,
space group P1̄, a = 11.144(2), b = 11.660(1), c = 20.730(3) Å, a =
96.609(9), b = 99.970(9), g = 112.746(8)°, U = 2397.0(6) Å3, Z = 2, Dc

= 1.367 g cm23, T = 293 K, Enraf-Nonius CAD-4 diffractometer using
Mo-Ka radiation (l = 0.710 73 Å) in the 2q range 2–56°, 12 080
reflections total, 11 483 unique. The structure was solved by direct methods
and refined using Xtal 3.2.9 Full matrix, least squares refinement on F of
523 parameters converged at R = 0.065 and wR = 0.059 using 3867
reflections with I > 2.5s(I). CCDC 182/814.
¶ Dimeric [TiF3(C5Me5)]2 exists in the solid state.10 The 19F NMR spectrum
of [TiF3(C5Me5)]2 at 248 K in CDCl3 has resonances of terminal (d 158.7,
s, 4 F) and bridging (d 240.6, s, 2 F) fluorine atoms that coalesce at 273 K
to a broad singlet (d 114).
∑ By integrating the 19F NMR resonances of terminal fluorines bound to
lithium (F2) in 1 and 1a, respectively, (0.02 M [2H8]toluene solution) the
following C1/C1a concentration ratios were found: 1.54 (312 K), 2.18 (302
K), 3.38 (297 K), 4.62 (292 K), 6.26 (287 K), 7.87 (282 K), 15.04 (272 K).).
The equilibrium constants were calculated using equation: K = C1aC2/C1 =
C2

1a/C1.
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Scheme 1 Equilibrium in solution of 1
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Elucidation of the mechanism of alkene epoxidation by hydrogen peroxide
catalysed by titanosilicates: a computational study

Duangkamol Tantanak, Mark A. Vincent and Ian H. Hillier*†

Department of Chemistry, University of Manchester, Manchester, UK M13 9PL

Calculated transition states for alkene epoxidation by
hydrogen peroxide, catalysed by titanosilicates, predict that
it is the oxygen atom of the titanium(IV)–hydroperoxide
intermediate closer to the metal centre which attacks the
alkene.

Zeolite-based metal oxide systems are effective catalysts for a
variety of oxidation reactions, many of considerable industrial
importance.1 Of particular interest are titanium containing
zeolites such as TS-1, TS-2 and Ti-MCM-41, which involve
framework TiIV species, and which catalyse, under mild
conditions, many useful oxidations with hydrogen peroxide,
such as alkene epoxidation.2 EXAFS studies3 suggest that in
these catalysts the titanium is 4-coordinate, but may expand its
coordination sphere on interaction with adsorbates. The active
species for oxidation via hydrogen peroxide is generally
considered to be a hydroperoxide species accommodated in the
titanium coordination sphere, and possibly hydrogen bonded to
a water or alcohol molecule, as in structure I.1

The mechanism of the subsequent epoxidation reaction
involving structure I is far from clear at present, particularly
with regards to which oxygen atom [O(1) or O(2)] attacks the
carbon–carbon double bond of the alkene. On the basis of
stereoselectivity Adam et al.4 propose a mechanism for the
epoxidation of chiral allylic alcohols involving attack of O(2),
the oxygen atom closer to the hydrogen atom. Using steric
arguments, Clerici and Ingallina5 also suggest that it is this
oxygen atom [O(2)] that attacks the alkene. However, there is
no real evidence that rules out attack of the oxygen atom [O(1)]
directly bonded to the titanium centre. There is thus a need for
a more complete understanding of the catalytic mechanism,
which will be aided by an investigation of the potential energy
surface, particularly of the structure and energetics of the
transition states corresponding to attack by either O(1) or O(2).
We here describe high level ab initio calculations which address
this question.

As is common practice,6 we have used a finite molecular
cluster to model the active site of I, in which the silicon atoms
are terminated by hydrogen atoms. A more complete treatment
would naturally take proper account of the effect of the infinite
lattice,7 but finite clusters are taken to be a good initial
approximation. Stationary structures on the potential energy
surface involving the interaction of the cluster with ethene were
located using a 3-21G* basis, electron correlation being
included using density functional theory employing a B3LYP
functional. The calculations were carried out using GAUS-
SIAN94.8

The minimum energy structures of the cluster with ethene
close by are shown in Fig. 1. The structures shown in Fig. 1(a)
and (b), which are close in energy, are on the reaction pathway
leading to the two transition states involving attack on ethene by
O(1) and O(2), respectively. Of particular note is the sideways
coordination of the peroxy group, with both Ti–O distances
[1.95 and 2.23 Å in the lowest energy structure, Fig. 1(a)] being
significantly longer compared to the three Ti–O(Si) distances.
Of these two distances, one is considerably shorter, implying
preferential interaction of O(1) with the TiIV centre, and a
corresponding weaker interaction of O(2). A previous calcula-
tion9 of the related system, Ti(OH)3OOH, gave one longer (2.59
Å) and one shorter (1.87 Å) Ti–O length, compared to our
structure, suggesting a somewhat different coordination mode.
Our reactant structures are however similar to that found in the
crystal structure of {[(h2-tert-butylperoxo)titanatrane]2·3 di-
chloromethane},10 when Ti–O lengths of 1.91 and 2.27 Å were
found, although the O–O distance (1.47 Å) is a little shorter than
our calculated value (1.54 Å). We have located a third minimum
energy structure [Fig. 1(c)] with a considerably longer Ti–O(2)
length, which is best described as having the O2H group bonded
end-on. We find this structure, which resembles the one
calculated by Neurock and Manzer,11 to be 2.6 kcal mol21

higher in energy than our lower energy structure.
Two transition structures, both leading to the formation of the

epoxide, were located (Fig. 2). The lower energy one involves
attack on the ethene p-bond by the oxygen atom, O(1)
[Fig. 2(a)], closest to the titanium centre, with a lengthening of
the Ti–O(1) bond compared to the reactant, and an associated
shortening of the Ti–O(2) bond. The developing negative
charge on the O(2)–H group leads to the formation of a Ti–OH

Fig. 1 Structures of ethene-cluster reactants
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bond in the product. When compared to this transition state, the
second one involving the attack by O(2) [Fig. 2(b)] is of higher
energy and has both O–C distances shorter and the O–O
distance longer, so that the second mechanism, attack by O(2),
proceeds via a later transition state. This second mechanism is
significantly different from the first, involving a developing Ti–
O double bond [Fig. 2(b)] (of length 1.76 Å in the transition
state) and proton transfer to a siloxy group. Such a product
involving a Ti–O double bond has been found to be less stable
than the corresponding species with Ti–O single bonds.12

The two transition states that we have identified correspond
to barriers that differ in energy by 20.1 kcal mol21. The relative
ordering of these barriers is unlikely to change if more accurate
calculations employing a larger basis and a better treatment of
electron correlation were to be carried out. We have also used a
continuum treatment13 to estimate the effect of a polar solvent
on the calculated barriers. We find that using a relative
permittivity of 78.3 to model solvation by water, the barrier for

attack of O(1) is unaltered, whilst the barrier for attack of O(2)
is reduced to 25.8 kcal mol21. We are thus confident that the
preferred route for attack involves O(1), and that inclusion of
solvent does not affect this conclusion.

We have thus identified the mechanism of the epoxidation
reaction, and obtained a transition state structure that may be of
value in designing related enantioselective catalysts.14

This work was supported by the EPSRC and by a Royal Thai
Government Scholarship to Duangkamol Tantanak.
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Fig. 2 Transition structures for attack of each hydroperoxide oxygen atom
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Aldol and Knoevenagel condensations catalysed by modified Mg–Al
hydrotalcite: a solid base as catalyst useful in synthetic organic chemistry

M. Lakshmi Kantam,*a B. M. Choudary,*a† Ch. Venkat Reddy,a K. Koteswara Raoa and F. Figuerasb

a Indian Institute of Chemical Technology, Hyderabad  500007 India   
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Aldol and Knoevenagel condensations were performed with
suitably activated Mg–Al hydrotalcite as catalyst in quanti-
tative yields in the liquid phase under mild reaction
conditions at a faster rate for the first time.

In recent years, there has been increasing emphasis on the use
and design of environment-friendly solid acid–base catalysts to
reduce the amount of toxic waste and by-products arising from
the chemical processes prompted by stringent environment
protection laws. The challenge is to perform heterogeneous
catalysis reactions leading to C–C bond formation which are
widely employed in organic synthesis.1 The versatile Knoeve-
nagel and aldol condensations have numerous applications in
the elegant synthesis of fine chemicals2 and are classically
catalysed by bases3,4 in the liquid phase system. On the
laboratory scale, many catalysts have been known to effect the
Knoevenagel and aldol condensations and include alumina,5
sepeolite,6 zeolites,7 clays,8 hydrotalcites9–11 and anionic
resins.12

Layered double hydroxides (LDHs) or hydrotalcite-like
compounds (HTLCs) have recently received much attention13

in view of their potential usefulness as adsorbents, anion
exchangers and most importantly as basic catalysts.14 LDHs
upon thermal decomposition at about 450 °C give a highly
active homogeneous mixed oxide which is a potential basic
catalyst used for a variety of organic transformations such as
aldol condensation,15 nucleophilic halide exchange,16 alkyla-
tion of diketones,17 epoxidation of activated olefins with
hydrogen peroxide18 or Claisen–Schmidt condensation.19

The previous work10,15,17,19 on aldolisations using HTLCs
was performed generally at higher temperatures. Recently, we
reported20 a modified method for the activation of the
hydrotalcite catalyst whose basicity was tuned for base
catalysed condensation reactions in the liquid phase under very
mild reaction conditions. Herein, we report Knoevenagel and
aldol condensations catalysed by this modified hydrotalcite
(MHT) with quantitative yields at a faster rate of reaction under
very mild liquid phase conditions (Tables 1 and 2) for the first
time as part of our investigation into the scope and applicability
of MHT for a variety of organic reactions.

In the case of aldol reactions, the aldol was the major product
when the reaction was conducted at room temperature but the
yields were poor except in the case of benzaldehyde.20 When
the reaction was conducted at 60 °C, yields were improved
drastically but the reaction proceeded to give the dehydrated
product (entries 2–6) predominantly except in the case of
p-nitrobenzaldehyde (entry 1) where the ratio of aldol to a,b-
unsaturated product was 1 : 1. In the case of
o-hydroxybenzaldehyde (entry 8) there was no reaction, while
the p-hydroxybenzaldehyde (entry 7) showed little activity
( < 10%) with the formation of both the aldol and the dehydrated
product (1 : 1) (Scheme 1). The inactivity of these compounds
may be attributed to the fact that the basic sites present on the

Table 1 Aldol condensation between acetone and substituted benzalde-
hydes catalysed by MHT catalyst at 60 °Ca

Entry R1 t/h Yields (%)b

a All reactions were performed on 2 mmol substrate in 10.3 ml (140 mmol)
acetone using 0.2 g of MHT. b 1H NMR yields based on aldehyde. c Aldol
to dehydrated product (1 : 1). d Isolated yield.

Table 2 Knoevenagel condensation catalysed by MHTa

Yields
Entry R1 R2 Y Solvent t/h (%)b

1 Ph H CN Toluene 1 100
2 Ph H CO2Et Toluene 2 50
3 PhCHNCH H CN Toluene 2 87
4 PhCHNCH H CO2Et DMF 1 61
5 3-MeOC6H4 Me CN Toluene 1 100
6 3-MeOC6H4 Me CO2Et Toluene 4 61
7 2-Furyl H CN Toluene 0.5 100
8 2-Furyl H CO2Et Toluene 2 100
9 4-NO2C6H4 H CN Toluene 1 100

10 4-NO2C6H4 H CO2Et Toluene 2 100
11 2-MeOC6H4 H CN Toluene 1 96.0c

12 2-MeOC6H4 H CO2Et Toluene 4 83.0
13 –cC5H10– CN Toluene 0.5 100
14 –cC5H10– CO2Et DMF 1 33.3

a All reactions were performed on 2 mmol substrate and 2 mmol active
methylene compound using 0.05 g of MHT in 10 ml dry toluene at room
temperature. b 1H NMR yields based on aldehyde. c Isolated yield.
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catalyst surface were neutralised by the adsorption of the
phenolic moiety which is acidic in nature. All other substrates
irrespective of the nature of the substituent present on the
phenyl ring shown in Table 1 resulted in good yields in shorter
reaction times.

Knoevenagel condensations (Scheme 2) involving various
aromatic carbonyl compounds and aliphatic ketone, cyclohex-
anone with (a) malononitrile and (b) ethyl cyanoacetate as the
active methylene compounds were carried out with MHT at
room temperature (Table 2). The results are quite impressive,
when compared with results reported for solid catalysts
requiring vapour phase conditions and longer reaction times,
and this present modified hydrotalcite is the first heterogeneous
catalyst reported in the literature which perform the reactions at
room temperatures in excellent yields. All the reactions
proceeded smoothly in toluene with the exception of cinna-
maldehyde and cyclohexanone with ethyl cyanoacetate. How-
ever, when DMF was used as the solvent, cinnamaldehyde and
cyclohexanone condensed affording the corresponding product.
The solvent effect established here is in consonance with the
results reported by others.21

Thus, good yields of aldol and Knoevenagel products can be
obtained in heterogeneous catalysis using hydrotalcites pro-
vided that the solid is suitably activated. This new solid base
catalyst is a practical alternative to soluble bases both in
Knoevenagel and aldol reactions in view of the following
advantages: (a) high catalytic activity under very mild liquid
phase conditions in general for both the reactions described
above and specifically at room temperature for the accomplish-
ment of Knoevenagel reactions, (b) easy separation of the

catalyst by simple filtration, (c) waste minimisation and (d)
possibility of reuse.

This work was realised in the frame of an Indo-French co-
operative programme, funded by IFCPAR (project No. IFC/
1106-2/96/2460).

Notes and References

† E-mail: iict@ap.nic.in

1 Comprehensive Organic Synthesis, ed. B. M. Trost, Pergamon Press,
Oxford, 1991, vol. 2, p. 133–340.

2 G. Marciniak, A. Delgado, G. Leelere, J. Velly, N. Decken and J.
Schwartz, J. Med. Chem., 1989, 32, 1402; D. Enders, S. Muller, A. S.
Demir, Tetrahedron Lett., 1988, 29, 6437.

3 E. Knoevenagel, Chem. Ber., 1894, 27, 2345; G. Jones, Org. React.,
1967, 15, 204.

4 J. March, Advanced Organic Chemistry, Wiley, 4th edn., 1992; C. H.
Heathcock, In Comprehensive Organic Synthesis, ed. B. M. Trost,
Pergamon Press, Oxford, 1991, vol. 2, pp. 341–394.

5 J. Muzart, Synth. Commun., 1985, 15, 285; J. Muzart, Synthesis, 1982,
60, 1.

6 A. Corma and R. M. Martin-Aranda, J. Catal., 1991, 130, 130.
7 A. Corma, V. Fornes, R. M. Martin-Aranda, H. Garcia and J. Primo,

Appl. Catal., 1990, 59, 237.
8 Y. V. Subba Rao and B. M. Choudary, Synth. Commun., 1991, 21,

1163.
9 M. J. Climent, A. Corma, S. Iborra and J. Primo, J. Catal., 1995, 151,

60.
10 D. Tichit, M. H. Lhouty, A. Guida, B. H. Chiche, F. Figueras, A.

Auroux, D. Bartalini and E. Garronne, J. Catal., 1995, 151, 50.
11 A. Corma, V. Fornes, R. M. Martin-Aranda and F. Rey, J. Catal., 1992,

134, 58.
12 W. Richardhein and J. Melvin, J. Org. Chem., 1961, 26, 4874.
13 F. Cavani, F. Trifiro and A. Vaccari, Catal. Today, 1991, 11, 173.
14 W. T. Reichle, J. Catal., 1985, 94, 547; J. G. Nunan, P. B. Himelfarb,

R. G. Herman, K. Klier, C. E. Bogdan and G. W. Simmons, Inorg.
Chem., 1989, 28, 3868; C. Busetto, G. Delpiero, G. Manara, F. Trifiro
and A. Vaccari, J. Catal., 1984, 85, 260.

15 E. Suzuki and Y. Ono, Bull. Chem. Soc. Jpn., 1988, 61, 1008.
16 E. Suzuki, M. Okamoto and Y. Ono, J. Mol. Catal., 1990, 61, 283.
17 C. Cativiela, F. Figueras, J. I. Garcia, J. A. Mayoral and M. Zurbano,

Synth. Commun., 1995, 25, 1745.
18 C. Cativiela, F. Figueras, J. M. Fraile, J. I. Garcia and J. A. Mayoral,

Tetrahedron Lett., 1995, 36, 4125.
19 W. T. Reichle, USP 4, 458, 026, 1984 to Union Carbide.
20 K. Koteswara Rao, M. Gravelle, J. Sanchez and F. Figueras, J. Catal.,

1998, 173, 115; Mg–Al hydrotalcite synthesised with Mg : Al in a ratio
of 2.5 was first calcined at 450 °C in a flow of air at the rate of 10 °C
min21 to reach 450 °C and maintained for 8 h. The solid was then
rehydrated at room temperature under flow of nitrogen gas (6 l h21),
saturated with water vapour for about 6 h and used for the reactions.
Reusability of the catalyst: after completion of the reaction, the catalyst
was filtered off and then activated in a similar way as fresh catalyst and
found to be active for both aldol and Knoevenagel reactions.

21 P. Laszlo, Acc. Chem. Res., 1986, 19, 121; P. W. Lednor and R.
deRuiter, J. Chem. Soc., Chem. Commun., 1991, 1625.

Received in Cambridge, UK, 3rd November 1997; 7/07874I

Scheme 1 Aldol condensation between acetone and substituted benzalde-
hydes

Scheme 2 Knoevenagel condensation of different carbonyl compounds with
malononitrile or ethyl cyano acetate
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Synthesis of double-mesopore silica using aqueous ammonia as catalyst

Xiaozhong Wang,*† Tao Dou and Yongzhuang Xiao
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Double-mesopore silica with a characteristic N2 adsorption
isotherm and narrow bimodal mesopore distribution is
synthesized rapidly at room temperature by using aqueous
ammonia as the catalyst.

The synthesis of inorganic frameworks with specific and
organized pore networks is of potential importance in cataly-
sis,1,2 separation technology3 and biomaterials engineering.4,5

Since the first synthesis of mesoporous MCM-41 materials,6,7

there has been intense activity in the design and synthesis of a
variety of mesoporous solids. Generally, the typical N2
adsorption isotherm, which plays a significant role in character-
ization of the new mesoporous materials, of MCM-41 materials
shows type IV behavior with a sharp inflection characteristic of
capillary condensation within uniform mesopores at P/P0 ca.
0.3–0.48 and with an additional hysteresis loop following in the
P/P0 region of 0.8–1.0.1,7 The hysteresis loop at P/P0 > 0.8 is
now acknowledged to arise from interparticle capillary con-
densation1,9 or from the structure collapse of portions of the
MCM-41 structure during the hydrothermal treatment or
calcination.10,11 However, if this hysteresis loop lifts up sharply,
this may imply that a change in the texture has occurred on the
mesoporous frameworks of the product. Pang and coworkers12

recently presented a report on the synthesis of bimodal
mesopore distribution silica with a sharp lefting-up hysteresis
loop at P/P0 > 0.8 on its N2 adsorption isotherm by calcining a
wet surfactant-containing silicate gel. However, there is no
discernable inflection in the vicinity of P/P0 = 0.35 on the N2
adsorption–desorption isotherms to indicate the existence of
smaller mesopores. Kloetstra et al.13 also succeeded in
synthesizing a bimodal pore size distribution molecular sieve by
overgrowing mesoporous MCM-41 on a faujasite. Unfortu-
nately, they have not provided any information on the detailed
analysis of the N2 adsorption isotherm and the corresponding
pore size distribution curve. Double-mesopore molecular sieves
of narrow pore distribution may find broad potential applica-
tions in electronic, optical or sensing devices.14,15 Here, we
present a synthesis of a double-mesopore silica mesostructure
which has a typical mesopore X-ray diffraction pattern but
narrow bimodal mesopore distribution. In the synthesis the
process was completed in a relatively short time at room
temperature by using aqueous ammonia as the catalyst.

The preparation procedure is as follows: stoichiometric
surfactant cetyltrimethylammonium bromide (CTAB) was
added to deionized water with stirring at room temperature until
the solution became clear. The silica source tetraethylor-
thosilicate (TEOS) was then added to the solution with stirring.
Finally, aqueous ammonia was slowly added until the pH of the
solution was ca. 9.5. The molar composition of final gel
mixtures was 2.0TEOS : 0.68–2.0NH3·H2O : 0.4CTAB :
230H2O. The mixtures were stirred continuously for ca. 7 min.
During this short time the fluid mixture became progressively
more viscous, and eventually set into jelly-like monoliths that
assumed the shape of the container. Then the jelly-like solid
product was washed repeatedly with distilled water in a
centrifuge, dried in air at 353 K and finally calcined in air at 2
K min21 to 823 K for 6 h to remove the template.

Powder X-ray diffraction (XRD) patterns (recorded on a
D/max-rA diffractometer with Cu-Ka radiation, 40 kV, 20 mA)

of the as-synthesized and calcined silica products are shown in
Fig. 1. Different from the results of Pang and coworkers12 that
the gel precursor dried at room temperature is amorphous
according to XRD, the pattern for the as-synthesized silica
product exhibits a broad, yet clear, diffraction peak with a
d-spacing of 5.2 nm. The appearance of a diffraction peak at this
low angle suggests that after a short time of stirring meso-
structure has been formed in the jelly-like solid product with a
pore system lacking long-range order. Upon removal of the
template by calcination, the basal spacing decreases to 4.4 nm
and the scattering intensity increases substantially, suggesting
that the calcination process may promote siloxane cross-linking
and thereby improve the ordering of the oxide framework. The
XRD patterns are reminiscent of HMS11 and MSU9 mesoporous
materials.

Important trends are revealed in Fig. 2 by the N2 adsorption–
desorption isotherms and the corresponding BJH16 pore size
distribution based on the desorption branch (obtained on an
ASAP 2000 analyser) for the calcined product. This is a typical
irreversible type IV adsorption isotherm with two separate, well
expressed H1 hysteresis loops as defined by IUPAC17 at relative
pressures P/P0 of 0.24–0.45 and 0.8–1.0. Nevertheless, the pore
size distribution reveals that there are two mesopore sizes in the
material, i.e. a bimodal distribution. The first condensation step
on the isotherm at P/P0 = 0.24–0.45 is similar to that for usual
MCM-41 materials with markedly higher saturation sorption
capacity, though not very steep. This was attributed to a slight
pore size heterogeneity of the sample with a pore size of ca.
2.6–3.0 nm as seen in Fig. 2(b), but an exceptionally high
mesopore surface area of 1064.6 m2 g21, corresponding to a
total pore volume of 0.66 cm3 g21. This is in agreement with the
XRD results, i.e. broad lines are observed. However, the second
condensation step on the isotherm at P/P0 > 0.8 is much steeper
than the first. This indicates the presence of a significant amount
of secondary mesopores with a remarkably narrow pore size
distribution centred at ca. 19 nm. The total pore volume for the
larger mesopores is 1.18 cm3 g21 with a total surface area of
243.1 m2 g21. This inflection at higher relative pressures differs
completely from that of previously-synthesized mesoporous
materials. In addition, the broad hysteresis loops in the
isotherms reflect its long mesopores with no pore-blocking
effects, which limit the emptying and filling of the accessible

Fig. 1 Powder X-ray diffraction patterns of (a) as-synthesized sample and
(b) calcined sample
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volume. Fig. 3 is a TEM image of the calcined sample (recorded
on a JEOL 200CX microscope). It is evident that, different from
most crystalline mesoporous sieves such as MCM-41 which has
a well organized hexagonal pore structure, the present material
contains a large number of randomly distributed channels with
both smaller cylindrical- to hexagonal-shaped channels and
larger stripe-like channels lacking long-range packing order. As
can be seen from the TEM image, both sets of mesopores are
present as a ‘homogeneous’ mixture throughout the entire
sample. The formation of larger stripe-like mesopores may be
due to the incomplete condensation of SiO2 species between
adjacent surfactant micelles.

In summary, we have discovered a simple and novel
synthesis of a double-mesopore silica with a characteristic N2

adsorption isotherm and narrow bimodal mesopore distribution.
The synthesis process is completed in a relatively short time at
room temperature by using aqueous ammonia as the catalyst.
This may imply that surfactant micelles in the initial reaction
mixtures are of different size or shape, and the hydrolysis of
TEOS and the following cooperative condensation of SiO2
species with surfactant micelles was incomplete over the short
time of reaction. Further experimental results show that the
similar double-mesopore silicas can also be synthesized by
substituting tetraethylammonium hydroxide or NaOH for
aqueous ammonia as the catalyst and that pH adjustment of the
reaction mixtures plays a critical role in the synthesis. However,
if the pH in the reaction mixtures increases beyond a certain
degree, the double-mesopore silica will change into con-
siderably ordered single-peaked mesoporous silica. These
results provide us with a new angle for a further understanding
of the formation mechanism of mesoporous silica materials.
More detailed synthetic investigations and studies of the
mechanism of formation of double-mesopore silica are in
progress.
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Fig. 2 (a) N2 adsorption (I)–desorption (II) isotherms on the calcined sample
and (b) the pore size distribution of the material

Fig. 3 Transmission electron micrograph of the calcined sample
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An intramolecular H3O2 bridge as the resting form of an active metal-bound
hydroxide in a dinuclear zinc(ii) complex

Franc Meyer*† and Peter Rutsch

Anorganisch-Chemisches Institut der Universität Heidelberg, Im Neuenheimer Feld 270, D-69120 Heidelberg, Germany 

An intramolecular Zn–O2H3–Zn bridge as a complexed form
of metal-bound hydroxide exhibits enhanced reactivity
compared to the related Zn–OH–Zn unit, illustrated by the
reaction with CO2.

Various hydrolytic metalloenzymes are known to contain two or
more divalent metal ions in close proximity within their active
site,1 and in particular the coordinatively flexible ZnII is found
in several native systems like alkaline phosphatase (AP),2a P1
nuclease2b and phospholipase C (PLC).2c Although different
and specific mechanisms for the individual catalytic processes
are most probably involved, it is believed to be a dominant
feature that a metal hydroxide intermediate produced by the
deprotonation of zinc-bound water hydrolytically attacks the
substrate which itself might be activated by coordination to an
adjacent metal ion.1 Consequently there is considerable interest
in the design of polynuclear metal complexes containing Zn–
OH2 or Zn–OH functions to serve as models for these hydrolytic
zinc enzymes,3,4 however hydrolytically active systems with a
di- or tri-nuclear zinc core have still remained rare.5 Recently a
combination of both Zn–OH2 and Zn–OH has been reported in
the form of an intermolecular Zn–O2H3–Zn bridge and
suggested to represent a new structural and possibly functional
motif in oligozinc enzyme chemistry.6 Here we report the
synthesis and structural characterisation of a discrete dinuclear
zinc(ii) complex incorporating an intramolecular H3O2

2 bridge
as well as evidence for its enhanced reactivity compared to the
frequently observed Zn–OH–Zn function.4

Ligands L1 and L2 are employed, which have been shown to
predominantly form dinuclear complexes with five-coordinate
N4X ligation for divalent 3d transition metal ions.7–9 Thereby
the range of accessible metal–metal separations can be
selectively tuned by altering the chain length of the chelating
side arms attached to the pyrazolate heterocycle,9 i.e. the choice
of either L1 or L2. Deprotonation of HL1 by means of BuLi and
subsequent reaction with 2 equiv. of Zn(ClO4)2·6H2O and
NaBPh4 affords the dinuclear zinc(ii) complex 1‡ whose
molecular structure has been determined by X-ray diffraction§
(Fig. 1), thereby confirming that a monoatomic oxygen bridge
spans two five-coordinate zinc atoms with a metal–metal
separation of d(Zn···Zn) = 3.613 Å. Although its proton could
not be located in the crystallographic analysis, a sharp IR
absorption at 3618 cm21 clearly identifies this secondary bridge
as a discrete metal-bound hydroxide.

In contrast, a similar synthetic procedure starting from HL2

yields a bimetallic complex 2 with an intramolecular H3O2
2

bridging moiety as revealed by a single crystal X-ray crystallo-

graphic analysis (Fig. 2). Obviously the shorter side arms of L2

pull the two metal centres back and apart [d(Zn···Zn) = 4.374
Å] and thus prevent a bridging position for the small hydroxide
ion. Incorporation of an additional water molecule then
establishes the H3O2

2 unit with a very strong intramolecular
hydrogen bridge {d[O(1)···O(2)] = 2.462 Å},10 where the
remaining H atoms are involved in weak hydrogen bonding to
two acetone solvent molecules incorporated in the crystal lattice
{d[O(1)···O(4)] = 2.875 Å; d[O(1)···O(5)] = 3.050 Å}. The
H3O2

2 entity in 2 might be viewed as a hydrated and thereby
protected form of a Zn-bound OH2. For a related FHO(H)-
bridged dicobalt complex9 evidence could be obtained for the
reversible extrusion of the incorporated water molecule, which
in 2 would generate an active Zn–OH function in close vicinity

Fig. 1 Molecular structure of the cation of 1. Selected atomic distances (Å)
and bond angles (°): Zn(1)–O(1) 2.132(2), Zn(1)–N(1) 1.969(3), Zn(1)–
N(3) 2.480(3), Zn(1)–N(4) 2.089(3), Zn(1)–N(5) 2.101(3), Zn(2)–O(1)
2.149(2), Zn(2)–N(2) 1.959(3), Zn(2)–N(6) 2.437(3), Zn(2)–N(7) 2.099(3),
Zn(2)–N(8) 2.101(3), Zn(1)···Zn(2) 3.613; O(1)–Zn(1)–N(3) 159.2(1),
O(2)–Zn(2)–N(6) 160.7(1), Zn(1)–O(1)–Zn(2) 115.1(1).

Fig. 2 Molecular structure of the cation of 2. Selected atomic distances (Å)
and bond angles (°): Zn(1)–O(1) 1.961(5), Zn(1)–N(1) 2.057(6), Zn(1)–
N(3) 2.231(6), Zn(1)–N(4) 2.224(6), Zn(1)–N(5) 2.199(6), Zn(2)–O(2)
1.969(5), Zn(2)–N(2) 2.070(6), Zn(2)–N(6) 2.248(6), Zn(2)–N(7) 2.208(7),
Zn(2)–N(8) 2.199(7), Zn(1)···Zn(2) 4.374, O(1)···O(2) 2.462, O(1)···O(4)
2.875, O(2)···O(5) 3.050; O(1)–Zn(1)–N(3) 171.1(2), O(2)–Zn(2)–N(6)
174.3(3).
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to a second Lewis-acidic Zn centre. In order to test the expected
higher reactivity of 2 compared to 1, CO2 was bubbled into
solutions of the complexes in acetone. While no reaction was
detected for 1, the appearance of strong IR bands at 1618 and
1401 cm21 for 2 indicates the readily occurring absorption of
CO2 with formation of the bicarbonate complex 3, whose
crystal structure is presented in Fig. 3.

In conclusion the reactivity of these dinuclear complexes is
drastically varied by appropriate changes of the ligand matrix,
i.e. of the chelating side arms attached to the pyrazolate. The
intramolecular Zn–O2H3–Zn bridge as characterised structu-
rally for 2 can be viewed as a hydrated and thus resting form of
an active Zn–OH function in close proximity to a second zinc
ion capable of binding potential substrate molecules. It thus
resembles the oligonuclear array of zinc ions with intermetallic
distances larger than 4 Å found in the active sites of
metalloenzymes like PLC and P1 nuclease. As evidenced by the
reaction with CO2, 2 exhibits enhanced reactivity compared to
the corresponding OH-bridged complex and should thus be a
promising candidate for inducing the hydrolytic cleavage of
various substrates, which is presently under investigation.

Acknowledgement is made to Professor Dr G. Huttner for his
generous and continuous support of our work as well as to the
Deutsche Forschungsgemeinschaft (Habilitandenstipendium
for F. M.) and the Fonds der Chemischen Industrie. We thank
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X-ray data of complex 3.
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§ Crystal data: for 1: C73H94B2N8OZn2, M = 1252.0, triclinic, space group
P1̄, a = 11.793(2), b = 14.705(3), c = 20.064(4) Å, a = 100.29(2),
b = 99.64(1), g = 101.06°, U = 3286(1) Å3, Z = 2, Dc = 1.264 g
cm23, m(Mo-Ka) = 0.780 mm21, 8905 reflections observed [I > 2s(I)],
828 parameters, largest difference peak 1.010 e Å23, final R, Rw on [I >
2s(I)] data were 0.049, 0.1140, goodness of fit on F2 = 1.111. For 2:
C77H104B2N8O2Zn2·2.5C3H6O, M = 1471.3, monoclinic, space group
P21/c, a = 17.974(5), b = 26.809(6), c = 17.543(4) Å, b = 92.11(1)°,
U = 8448(4) Å3, Z = 4, Dc = 1.183 g cm23, m(Mo-Ka) = 0.621 mm21,
6527 reflections observed [I > 2s(I)], 831 parameters, largest difference
peak 1.008 e Å23, final R, Rw on [I > 2s(I)] data were 0.078, 0.1816,
goodness of fit on F2 = 1.036. For 3: C78H102B2N8O3Zn2·C3H6O,
M = 1410.2, monoclinic, space group P21/c, a = 17.5944(2),
b = 12.9761(2), c = 48.2254(1) Å, b = 90.530(1)°, U = 7880.1(2) Å3,
Z = 4, Dc = 1.188 g cm23, m(Mo-Ka) = 0.661 mm21, 8889 reflections
observed [I > 2s(I)], 801 parameters, largest difference peak 1.501 e Å23,
final R, Rw on [I > 2s(I)] data were 0.115, 0.322, goodness of fit on
F2 = 1.061. All structures were solved by direct methods with the
SHELXS-97 and refined with the SHELXL-97 programs.11 CCDC
182/815.
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Fig. 3 Molecular structure of the cation of 3. Selected atomic distances (Å)
and bond angles (°): Zn(1)–O(30) 2.009(5), Zn(1)–N(1) 2.028(8), Zn(1)–
N(3) 2.255(7), Zn(1)–N(4) 2.155(6), Zn(1)–N(5) 2.113(9), Zn(2)–O(31)
2.027(5), Zn(2)–N(2) 1.987(7), Zn(2)–N(6) 2.253(8), Zn(2)–N(7) 2.153(8),
Zn(2)–N(8) 2.185(7), Zn(1)···Zn(2) 4.180; O(30)–Zn(1)–N(3) 177.1(3),
O(31)–Zn(2)–N(6) 171.4(3), O(30)–C(31)–O(31) 132.5(8).
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1,1A,2,2A,3,3A-Tetrathiadiazafulvalenes; preparation and characterisation of
trans-[ClCNS2CNCS2NCCl]

Tosha M. Barclay,a A. Wallace Cordes,a Richard T. Oakley,*b† Kathryn E. Preussb and Robert W. Reedb

a Department of Chemistry and Biochemsitry, University of Arkansas, Fayetteville, Arkansas 72071, USA
b Department of Chemistry and Biochemistry, University of Guelph, Guelph, Ontario N1G 2W1, Canada

Reduction of 4,5-dichloro-1,2,3-dithiazolylium chloride with
two equivalents of triphenylantimony in liquid SO2 affords
the 1,1A,2,2A,3,3A-tetrathiadiazafulvalene trans-
[ClCNS2CNCS2NCCl]; the structural features and redox
chemistry of this novel ring system are described.

A wide range of 1,2,3-dithiazolyl radicals 1 have been
characterized in solution by EPR spectroscopy.1,2 Little,
however, is known of the structural fate of such species. Do they
associate weakly into S-bonded dimers, as do many 1,2,3,5-di-
thiadiazolyls 23 and 1,3,2-dithiazolyls 3,4–6 or might they bond

through carbon, thereby giving access to fulvalene derivatives?
In order to investigate this possibility, we have examined the
redox chemistry of 4,5-dichloro-1,2,3-dithiazolylium chloride 4
(Appel’s salt7), and have discovered that double reduction of
this material affords 5 [eqn. (1)], the first example of a
1,1A,2,2A,3,3A-tetrathiadiazafulvalene.

The yield of 5 from 4 is very sensitive to the reaction
conditions. We have explored the use of a variety of reducing
agents and solvents, and to date the most effective combination
utilizes triphenylantimony in liquid sulfur dioxide. Accord-
ingly, when 50 ml of SO2 was condensed at 77 K onto solid 4
(2.08 g, 10.0 mmol) and triphenylantimony (3.88 g, 11.0 mmol)
in an H-cell, and the mixture allowed to warm slowly (2 h) to
room temperature, a dark brown precipitate was produced. This
solid was filtered off and back-washed twice with liquid SO2.
The solvent was removed from the reactor, and the residual
solid washed sequentially with 50 ml MeCN, 50 ml aq. EtOH
and 50 ml CH2Cl2. The solid was then extracted with 4 3 80 ml
hot carbon disulfide, the deep purple extracts combined and the
solvent removed to leave crude 5, which was recrystallized from
toluene as dark black–purple needles (0.42 g, 1.5 mmol, 30%),
mp 120–121 °C, lmax (CH2Cl2) 565 nm (e = 1.3 3 104 l mol21

cm21).‡
The crystal stucture§ of 5 consists of discrete molecular units.

The molecules, which lie on a crystallographic inversion centre,
are planar to within 0.011 Å, and adopt a slipped p-stack
structure running along the x direction. Fig. 1 illustrates the
packing of a coplanar array of molecules, and provides a
summary of both inter- and intra-molecular contacts. The
pattern of intramolecular distances is consistent with the
valence bond representation shown. Taken collectively, the
S–S, S–N and S–C distances are all slightly longer than those

observed in 1,2,3-dithiazolylium salts,8 as expected from the
lower oxidation state.

Previous investigations of the chemistry of Appel’s salt have
focussed on its reactions with nucleophiles.9 Its reduction, as
described here, parallels the behavior of 3-chloro-1,2-dithioly-
lium salts, which can be reduced to 1,1A,2,2A-tetrathiaful-
valenes.10 In the present case we have no evidence for a cis-
isomer, presumably because of prohibitive steric interactions
between the two chlorines. We have been unable to detect (by
EPR spectroscopy) any signal attributable to 1 (R = Cl), a
presumed intermediate in the reaction; its association (and
subsequent reduction) are extremely rapid. Cyclic voltammetry
on solutions of 5 in CH2Cl2 (NBun

4PF6 supporting electrolyte,
ref. SCE) reveals a reversible oxidation wave to the radical
cation [5]+ at E1

2
= 0.80 V, with a second reversible oxidation

wave at E1
2

= 1.25 V, corresponding to formation of the closed
shell dication [5]2+. There is also an irreversible reduction
process near 21.10 V. Similar behaviour has been observed for
benzo-bis-1,2,3-dithiazoles.11 Chemical oxidation to the radical
cation can be effected by bromine. When dissolved in liquid
SO2 in the presence of AlCl3, the radical cation salt [5]Br
exhibits a strong and persistent EPR signal (g = 2.015)
consisting of a 1 : 2 : 3 : 2 : 1 quintet arising from hyperfine
coupling (aN = 0.096 mT) to two equivalent nitrogen nuclei.
Given the many advances in molecular conductor design that
have arisen from the classical tetrathiafulvalene framework,12

we believe this new system also holds rich potential as a
molecular building block. To this end we are currently
investigating the charge transfer chemistry of 5 and related
compounds.

We thank the NSERC, the NSF/EPSCOR program and the
State of Arkansas for financial support. We also acknowledge
the NSERC for a post-graduate scholarship to K. E. P. and the
US Department of Education for a doctoral fellowship to
T. M. B.

Fig. 1 Crystal packing in 5. Selected bond lengths (Å): S–S 2.0759(15), S–N
1.657(4), S–C 1.768(4), N–C 1.276(6), N(C–C) 1.458(5), C–C 1.383(7),
C–Cl 1.719(4). The intermolecular S···S distance (dashed line) is
3.4929(16) Å.
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† E-mail: oakley@chembio.uoguelph.ca
‡ Satisfactory elemental (C and N) analyses have been obtained for 5.
§ Crystal data for 5: data were collected (at 293 K) on an Enraf-Nonius
CAD-4 automated diffractometer with graphite-monochromated Mo-Ka
radiation (l = 0.710 73 Å) using q–2q scans to 2qmax = 52°. The structure
was solved by direct methods and refined by full-matrix least-squares
analysis which minimized Sw(DF)2. C4Cl2N2S4, M = 275.20, monoclinic,
space group P21/c, a = 3.9795(10), b = 8.9447(14), c = 11.973(2) Å, b =
92.537(17)°, U = 425.76(14) Å3, Z = 2, Dc = 2.15 g cm23, m = 1.64
mm21. 55 Parameters were refined using 827 unique observed reflections [I
> 1.0s (I)] to give R = 0.046 and Rw = 0.048. CCDC 182/838.
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Convergent synthesis of the trans-fused 6-n-6-6 (n = 7–10) tetracyclic ether
system based on a ring-closing metathesis reaction

Tohru Oishi,a,b Yoko Nagumoa and Masahiro Hirama*a,b†
a Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan
b CREST, Japan Science and Technology Corporation (JST), Japan 

A convergent synthesis of the trans-fused 6-n-6-6 (n = 7–10)
tetracyclic ether system was achieved via stereoselective
alkylation and ring-closing metathesis reaction. 

The synthesis of ciguatoxin1 has received considerable attention
because of its striking structure and biological activity.
Although numerous techniques have been developed for the
synthesis of medium ring ethers,2 efficient methods for
assembling fragments are still needed. In the course of our
synthetic study of ciguatoxin,3 we developed a convergent route
to the trans-fused 6-7-6 tricyclic ether system via formation of
the central oxepene ring by alkene metathesis.4–6 Here we
describe a new technique for synthesizing trans-fused 6-n-6-6
(n = 7–10) tetracyclic polyether systems (1a–e) from glycolate
3 (Scheme 1). The central n-6 bicyclic rings of these systems are
efficiently constructed by stereoselective alkylation and the
subsequent ring-closing metathesis reaction of dienes (2). 

Syntheses of the dienes 2a and 2b, precursors for 6-7-6-6
systems (1a and 1b), are shown in Scheme 2. Coupling of tert-
butyl ester 3 with iodide 4‡ using LDA in the presence of
HMPA gave 5 and the diastereomer 6 in a 3 : 1 ratio. These
compounds were separated using silica gel column chromato-
graphy. Removal of the TIPS group of 5 using TBAF followed
by treatment with TsOH·H2O in toluene at 90 °C gave lactone
7. The addition of vinylmagnesium bromide to 7 gave
hemiacetal 8, and reduction of 8 with Et3SiH in the presence of
BF3·OEt27 proceeded stereoselectively, giving 10 as a single
isomer. Methylation of the hemiacetal 8 using Me3Al and
BF3·OEt28 gave 11 only in low yield ( ~ 4%); however, the
alkylation of the corresponding methyl acetal 9 under the same
reaction conditions gave 11 in good yield (72%) as a single
isomer. Reductive removal of the benzyl groups of 10 and 11
using lithium naphthalenide9 followed by Swern oxidation and
subsequent Wittig olefination gave dienes 2a and 2b, respec-
tively. 

Syntheses of dienes 2c–e, precursors for 1c–e, respectively,
are also shown in Scheme 2. Treatment of 7 with allylmagne-
sium bromide followed by reduction of the resulting hemiacetal
(Et3SiH, BF3·OEt2) gave 12 as a single isomer. The olefin 12

was converted to 2c in the same manner as 2a and 2b. Syntheses
of 2d and 2e were performed using triflate chemistry.10

Treatment of the triflate derived from alcohol 13 using lithium
acetylide in the presence of 1,3-dimethyl-3,4,5,6-tetrahydro-
2(1H)-pyrimidone (DMPU) followed by partial hydrogenation
gave 2d, whereas treatment of the same triflate using allylmag-
nesium bromide in the presence of CuBr gave 2e. 

Ring-closing metathesis reactions of dienes 2a–e using
Grubbs’ catalyst (PCy3)2Cl2RuNCHPh (14) were examined
(Table 1). The reactions of 2a and 2b in benzene gave 6-7-6-6
tetracyclic ethers 1a, and 1b having an angular methyl group in

Scheme 1

Table 1 Ring-closing metathesis reaction of 2a–ea

Diene Product J/Hzb Yield (%)

a Reactions were carried out in the presence of 12–21 mol% of catalyst 14.
b Coupling constants between the olefin protons. c The value at 240 °C.
d In benzene at 50–60 °C for 5–7 days (0.04 m). e In CH2Cl2 at 35 °C for 1–2
days (0.004–0.04 m).
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81 and 94% yield, respectively. These reactions required five to
seven days. However, we found a remarkable solvent effect

because the reaction of 2b in CH2Cl2 proceeded smoothly and
was completed within two days. This method was also quite
effective in the construction of the larger rings. Cyclic
polyethers 1c (6-8-6-6), 1d (6-9-6-6) and 1e (6-10-6-6 system)
were synthesized from 2c–e, respectively, in good yields. The
structures of these products were unambiguously determined by
NMR and mass spectroscopy. 

The present technique will serve as a versatile synthetic tool
for the synthesis of polyether marine toxins. Further synthetic
studies of ciguatoxin are presently being conducted in our
laboratory.

This work was supported in part by a Grant-in-aid for
Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan, the Naito Foundation and the
Uehara Memorial Foundation. We also wish to thank Dr M.
Ueno and Mr T. Sato, Instrumental Analysis Center for
Chemistry, Faculty of Science, Tohoku University for the
measurement of NMR and mass spectra. 
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Scheme 2 Reagents and conditions: i, LDA, HMPA, THF, 278 to 0 °C,
61%; ii, Bu4NF, THF, TsOH·H2O (cat.), toluene, 90 °C, 84%; iii,
H2CNCHMgBr, THF, 278 °C, 80%; iv, CH(OMe)3, CSA, CH2Cl2, 80; v,
Et3SiH, BF3·OEt2, MeCN, 220 °C, 71%; vi, Me3Al, BF3·OEt2, CH2Cl2,
0 °C to room temp., 72%; vii, Li, C10H8, THF; (COCl)2, Et3N, DMSO,
CH2Cl2, 278 to 240 °C; Ph3P+MeBr2 NaN(SiMe3)2, THF, 0 °C to room
temp., 72% (for 2a), 64% (for 2b); viii, H2CNCHCH2MgBr, THF, Et2O,
278 °C; Et3SiH, BF3·OEt2, MeCN, 220 °C to room temp., 90%; ix, Li,
C10H8, THF, 91%; x, (COCl)2, Et3N, DMSO, CH2Cl2, 278 to 0 °C;
Ph3P+MeBr2, NaN(SiMe3)2, THF, 0 °C to room temp., 83%; xi, Tf2O, Py,
CH2Cl2, 215 °C; LiC·CH, DMPU, THF, 278 to 0 °C; H2, Lindlar cat.
AcOEt, 47%; xii, Tf2O, Py, CH2Cl2, 215 °C; H2CNCHCH2MgBr, CuBr,
Et2O, 0 to 10 °C, 84%
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Probabilities of formation of bimolecular cyclic hydrogen-bonded motifs in
organic crystal structures: a systematic database analysis

Frank H. Allen,*a Paul R. Raithby,*b Gregory P. Shieldsa,b and Robin Taylora

a Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK CB2 1EZ 
b Department of Chemistry, Lensfield Road, Cambridge, UK CB2 1EW

A database methodology has been developed to locate all
possible occurrences of bimolecular cyclic hydrogen-bonded
motifs in the Cambridge Structural Database and to
calculate their probabilities of formation; the top 24 motifs
involving D–H···A (D, A = N or O) are identified.

The design process in crystal engineering depends crucially on
the high probabilities of formation of a limited number of strong
intermolecular interactions.1,2 These non-covalent motifs,
termed bimolecular couplings3 or supramolecular synthons2 by
analogy with molecular synthesis, often involve strong hydro-
gen bonds. Despite their successes1,2 crystal structure prediction
and retrosynthesis depend heavily on evidence gleaned from
visual surveys of limited subsets of existing crystal structures.4
To extend the list of potential H–bonded synthons, we must
identify and categorise the diversity of motifs that occurs, e.g. in
the > 170 000 crystal structures recorded in the Cambridge
Structural Database (CSD).5 This data driven approach estab-
lishes the topologies, chemical constitutions and probabilities of
formation of all H-bonded motifs in an objective manner.

Here we report probabilities of formation for cyclic bimo-
lecular motifs that incorporate D–H···A (D, A = N or O) bonds.
Our procedure identifies the important structure-determining
H-bonded motifs that link pairs of molecules in crystal
structures, i.e. we are interested in the immediate non-
covalently bonded environment(s) of the molecule(s) that
comprise the crystal chemical unit (CCU)‡. Once identified, we
envisage that extension of a structure using each of these
primary links can be visualised in a manner that mimics crystal
growth, and that we can then generate and describe complete
networks for structure classification and comparison pur-
poses.6

The CSD System program Quest3D,5 which can locate
general non-bonded contacts according to pre-defined geomet-
rical criteria, has been modified to investigate H–bonded motifs.
For each target molecule in the CCU, the modifications are (a)
identify potential donors (D–H) and acceptors (A), (b) locate
bonds D–H···A involving the target molecule according to pre-
set geometrical constraints, (c) establish whether pairs of
H-bonds between the target and a neighbouring molecule form
a cyclic motif, classify other H-bonds as isolated, (d) establish
motif ring sizes (using shortest intramolecular bond paths), their
symmetry (both topological and crystallographic), and their
chemical constitutions and (e) provide interactive graphical
display of each cyclic motif.

Despite the generality of our modifications to Quest3D, the
initial analysis specifically addresses cyclic systems: it provides
probability statistics for bimolecular cyclic motifs involving
N–H or O–H donors and N or O acceptors, i.e. motifs that
incorporate the strongest H-bonds and, hence, can be regarded
as structure determining. In our automated procedure, all D–H
bond lengths were normalised to mean values from neutron
diffraction,7 and H···A distance limits were established from
histograms generated using the October 1996 release of the
CSD: 2.30 Å in N–H···N, 2.25 Å in N–H···O, and 2.20 Å in
O–H···N and O–H···O. Additionally, the D–H···A angle was

required to be > 90°. CSD entries were accepted for analysis if
they were classified as error-free, organic, and had R < 0.10.

The size, symmetries and chemical constitution of each
cyclic motif were combined into a chemical topology record
and these were sorted to yield raw occurrence values (Nocc).
While these figures are interesting, their interpretation is
complicated by the fact that they depend on the number of times
that the various donor and acceptor groups occur in the CSD.
For example, the carboxylic acid ring motif might have a high
Nocc value simply because carboxylic acids are common in the
CSD. To correct for this effect, we determined a probability of
occurrence (expressed as a percentage), Prob = 100 Nocc/Nposs,
for each of the 75 most common motifs. Here, Nposs is the
number of times that the motif could possibly occur, given: (a)
the number of structures in the CSD that contain the required
functional group(s), and (b) the number of times that the
groups(s) occur in the CCU of each structure. The automatic
generation of Nposs is complicated, inter alia, by the need to
consider: (a) the presence or absence of topological symmetry,
(b) which overlapping fragments can be used simultaneously in
forming motifs, (c) the three-dimensional geometry of certain
fragments, (d) the effects of bifurcation and other multi-centre
bonds and (e) the sharing of H-bonds between two rings. We
have generated a set of logical rules§ which take account of
these considerations; the effects of (c) are not straightforward to
assess, and no account has been taken of competition for donor-

Table 1 Probability-ordered statistics for the 24 motifs in the CSD having
Nocc > 25 and Prob > 20%

Motif No. Nocc Nposs Prob (%) Symma (%)

1 93 96 97 —
2 199 218 91 —
3 36 40 90 —
4 36 44 82 —
5 62 82 76 —
6 206 354 58 —
7 158 290 55 —
8 79 154 51 —
9 86 192 45 —

10 38 92 41 68
11 45 114 40 —
12 47 120 39 —
13 44 118 37 —
14 204 556 37 75
15 58 159 37 62
16 39 111 35 64
17 29 83 35 79
18 847 2541 33 65
19 99 306 32 —
20 93 341 27 76
21 172 660 26 64
22 50 206 24 —
23 876 3687 24 62
24 84 404 21 64

a Motif possess crystallographic symmetry; other motifs are topologically
(hence crystallographically) asymmetric.
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H between different acceptors or vice versa. Although the rules
are capable of further refinement, principally for rarer situa-
tions, we believe that the relative probabilities for the most
common motifs presented in Table 1 are reliable.

The probability-ordered Fig. 1 and Table 1 include the 24
motifs that have Nocc > 25 and Prob > 20%. Motifs 1 and 2 are
part of the triply H-bonded motif 25 (1 is the envelope ring),
having some analogies with nucleotide recognition in DNA, and
a potent supramolecular synthon.2,8 The other very high
probability motifs, 3–5, all occur in relatively few individual
structures (12, 17 and 20 respectively), but 5 is noted by
Desiraju.2 Motif 6 represents a portion of an 18-crown-6 ether–
ammonium complex. Here, three N-H donors from [RNH3]+

normally lie above the ring and the complete pattern, 26, is best
regarded as the recognition motif. Analogous complexes of
18-crown-6 with water (9) or RNH2 (19) have lower but still
appreciable probabilities.

The low probabilities of formation of the carboxylic acid 18
and cyclic amide 23 motifs might be considered surprising.
However, they reflect chemical environments that contain many
competing acceptors and donors, together with steric influ-
ences, particularly in the amide case. If the analysis is restricted
to mono- and di-carboxylic acids without other functional
groups, then Prob for motifs 18 and 23 rises to 95.5 and 84.8%
respectively. The cyclic amides of motif 23 have their H-donors
constrained to be cis to the NO acceptor. In flexible acyclic
amides, which are usually anti, the overall probability of
forming a cyclic motif is only 8.4%. However, if the analysis is
restricted to structures having only primary or secondary amide
functions, then the probability rises to 44.1% for the cyclic case
and to 15.7% for the acyclic case. Using these statistics we are

now analysing why particular motifs do not occur with greater
frequency, and what alternative interactions are possible.

Notes and References
† E-mail: allen@ccdc.cam.ac.uk
‡ The crystal chemical unit (CCU) contains the complete unique
molecule(s) that comprise the crystal structure. Where molecular and
crystallographic symmetry coincide the fractional molecules are expanded
by symmetry to form the CCU prior to the investigation of H-bonded
motifs.
§ A brief description of these rules is provided as Supplementary material
which is available on the World Wide Web: http://www.rsc.org/suppdata/
cc/1998/1043.
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Fig. 1 Probability-ordered H-bonded motifs 1–24 and recognition motifs 25 and 26 (see text)
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Tropic acid biosynthesis: the incorporation of (RS)-phenyl[2-18O,2-2H]lactate
into littorine and hyoscyamine in Datura stramonium

Chi W. Wong,a John T. G. Hamilton,b David O’Hagan*a† and Richard J. Robinsc

a Department of Chemistry, University of Durham, Science Laboratories, South Road, Durham, UK DH1 3LE
b Microbial Biochemistry Section, Department of Food Science, The Queen’s University of Belfast, Newforge Lane, Belfast, UK
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c Laboratoire d’Analyse Isotopique et Electrochimique de Metabolismes, CNRS UPRES-A 6006, Université de Nantes,
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The incorporation of oxygen-18 from (RS)-phenyl-
[2-18O,2-2H]lactate into the tropane alkaloids littorine 1 and
hyoscyamine 2 in Datura stramonium reveals that up to 29%
of the oxygen-18 is lost during the transformation of 1 to
2.

The biosynthetic origin of the tropate ester moiety of the
alkaloid hyoscyamine 2 has been the subject of attention for
many years.1,2 It was shown in 1972 that this ester arises as a
consequence of a carbon skeleton rearrangement of a phenyl-
propanoid metabolite derived from l-phenylalanine.3

We were able to show in 19954 that (R)-phenyllactate was the
relevant phenylpropanoid metabolite, and in a notable develop-
ment Robins et al. demonstrated5 that the tropate ester moiety is
derived after a direct isomerisation of littorine 1, the
(R)-phenyllactate ester of tropine, to hyoscyamine 2, the tropine
ester of (S)-tropic acid, as represented in Scheme 1. Although
the substrate for the isomerisation is now established, the nature

of the enzyme and the mechanism of the process remains
unknown. There is a superficial similarity of the rearrangement
to some coenzyme-B12 mediated isomerisations which has led
to speculation that this is a coenzyme-B12 process,6,7 however
the characteristic vicinal interchange process common to carbon
skeleton coenzyme-B12 mediated isomerisations8 does not
occur9 in the littorine 1 to hyoscyamine 2 rearrangement.

In order to explore this process further we have studied the
incorporation of sodium (RS)-phenyl[2-18O,2-2H]lactate into
both of the alkaloids 1 and 2 in transformed root cultures of
Datura stamonium.10 The requisite (RS)-phenyl[2-
18O,2-2H]lactate was prepared as shown in Scheme 2. In the
event only ca. 50% of the oxygen-18 isotope from H2

18O was
introduced by exchange into phenyl[1-2H]acetaldehyde, pre-
sumably as the hydrate is stable to dehydration under the
reaction conditions. This route provided a sample of (RS)-
phenyl[2-18O,2-2H]lactate which had an M + 1/M + 3 ratio of
1.10 as determined by GC–MS analysis. The material was pulse
fed (days 5, 7 and 9) to transformed root cultures10 of D.
stramonium at a final concentration of 0.64 mm, and the
alkaloids were extracted from the root tissue on days 11, 13, 15
and 17 as previously described. GC–MS analysis of the alkaloid
extracts allowed determination of isotope content from the
relative abundances of the M + 1 (2H only) and M + 3 (2H + 18O)

Scheme 1

Table 1 GC–MS derived data for the alkaloids 1 and 2 on four different days after supplementation of D. stammonium root cultures with (RS)-phenyl[2-
18O,2-2H]lactate. For these studies the mass spectrometer was operated in the selected ion monitoring mode (SIM) measuring ion currents at m/z 289 (M),
290 (M + 1), 291 (M + 2) and 292 (M + 3). The data are presented after natural abundance levels have been subtracted. The corrections made to each of the
ion peak areas for natural isotope abundances were determined experimentally using authentic standard compounds

Day 11 Day 13 Day 15 Day 17

1 2 1 2 1 2 1 2

M 83.39 90.58 86.49 90.73 84.39 89.00 87.93 90.01
M + 1 9.19 6.48 7.48 6.53 8.50 7.58 6.74 6.78
M + 3 7.24 3.15 5.88 2.95 6.92 3.61 5.24 3.35
M + 1/M + 3 ratio 1.27 2.06 1.27 2.21 1.23 2.10 1.29 2.02
18O loss from 1 to 2 (%) 25 29 28 25

Scheme 2 Reagents and conditions: i, LiAlD4, Et2O, 2 h, 73%; ii, PCC,
CH2Cl2, 2 h, 83%; iii, H2

18O (97 atom%), THF, HCl, 120 °C, 5 h; iv,
TMSCN, Et3N, CH2Cl2, 2 h, then aq. HCl, 24 h, 69%; v, aq. NaOH, 46%
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ions. The levels of incorporation were determined by selective
ion monitoring (SIM) and the values in Table 1 are corrected for
natural isotope abundances. There was no significant incorpora-
tion (M + 2 = 0 ± 0.3) into the M + 2 ions and these are not
included in Table 1. Of particular significance for this study is
the M + 1/M + 3 ratio in the molecular ions of both 1 and 2,
which is independent of total incorporation (12–17%). The
extracted littorine 1 on each of the four days had an M + 1/M +
3 = 1.26 ± 0.02, whereas the hyoscyamine had a value of M +
1/M + 3 = 2.1 ± 0.07. This change of ratio represents a loss of
ca. 25–29% of the M + 3 abundance in hyoscyamine relative to
littorine 1 and a corresponding enrichment of the M + 1
abundance of hyoscyamine 2 relative to littorine in going from
1 to 2. Thus there is an exchange of ca. 25–29% of oxygen-18
for oxygen-16 in going from littorine 1 to hyoscyamine 2.

Our working hypothesis for the rearrangement of 1 and 2
involves two enzymatic activities, an iron–oxo isomerase and a
dehydrogenase, as illustrated in Scheme 3. This hypothesis
developed from ideas of Sankawa,11,12 who rationalised a
number of isomerisation reactions in terms of iron–oxo enzyme
processes. Three mechanistic scenarios emerge in the light of
this result. In general, iron–oxo processes are considered to
involve radicals and it can be envisaged that a FeIV–O· species
abstracts hydrogen (the 3A-pro-R hydrogen)9 to generate a
substrate radical 3. After rearrangement, the product radical 4 is
quenched in a classical manner by delivery of an hydroxyl
radical from FeIV–OH (oxygen rebound) to generate hydrate 5
followed by collapse of the hydrate to give aldehyde 6. The high
retention of oxygen-18 found experimentally is compatible with
this process if (i), a partially stereospecific collapse of the
hydrate occurs under enzymatic control, or (ii) a fully
stereospecific process removes the unlabelled oxygen, but there
is some exchange at the aldehyde prior to reduction by a
dehydrogenase. A non-stereospecific process would of course
result in 50% loss of oxygen-18 and this is not observed.

A similarly high retention of oxygen (80%) was observed
previously13 in the oxidation of 7 to 8 in a P-450 mediated
process operating during oestrogen biosynthesis. It was con-
cluded13,14 in that case that the observation is most consistent
with a disproportionation process [Scheme 4(a)] involving
FeIVOH and the product radical, rather than the more common
oxygen rebound [Scheme 4(b)] process. It is poignant that a
similar level of oxygen-18 retention is found in this study and
such a disproportionation must remain under consideration. The
partial loss of isotope can then be attributed to some exchange
of the carbonyl oxygen of aldehyde 6 with the aqueous medium

prior to reduction by a dehydrogenase. Finally, an additional
mechanism would involve a two-electron oxidation of 1 to
generate carbocation 3, as illustrated in the brackets in Scheme
3. Such a process has some precedent with the accepted
mechanisms of thromboxane and prostacyclin synthases,15

where carbocation intermediates are implied, and in some
recent mechanistic studies16 on P-450 systems, where carboca-
tions gave rise to side products during the hydroxylation of
cyclopropane substrates. As illustrated in Scheme 3, rearrange-
ment to carbocation 4 followed by a direct collapse to aldehyde
6 prior to reduction would not require any loss of oxygen-18.
Some exchange then at the aldehyde level is also consistent with
the experimental result. A fuller discussion of the various
mechanistic possibilities is given elsewhere.17
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Regioselective introduction of two boronic acid groups into [60]fullerene using
saccharides as imprinting templates

Tsutomu Ishi-i, Kazuaki Nakashima and Seiji Shinkai*†

Chemotransfiguration Project, Japan Science and Technology Corporation (JST), 2432 Aikawa, Kurume, Fukuoka 839, Japan 

Two boronic acid groups were introduced into [60]fullerene
using saccharides as template molecules: it was found that
the regioselectivity changes depending on the saccharide
structure.

The molecular imprinting technique attracted considerable
attention in the 1970s, but recently has been revived as an active
research area.1–3 The principle involves copolymerisation of
vinyl monomers with divinyl monomers in the presence of guest
metals or molecules to produce three-dimensional network
polymers.1–3 Although this technique has achieved some degree
of success, two complex problems have been left unresolved,
i.e. the evaluation of the imprinting effect is difficult because it
can be performed only in a heterogeneous system, and the
storage capacity is small because only the particle surface is
useful for the re-binding of guests. Is there an alternate method
in which both the imprinting process and the estimation process
can be carried out in a more reliable homogeneous system?
[60]Fullerene and its homologues are moderately soluble in
organic solvents and have plenty of reactive CNC double bonds
which are useful for the immobilisation of functional groups. It
thus occurred to us that they would be useful as a base for the
imprinting of functional groups and for use in a homogeneous
system. There are a limited number of precedents for re-
gioselective introduction of substituents into [60]fullerene.4–6

In order to apply [60]fullerene to the memory storage, we here
chose saccharides as the template and guest molecules and
boronic acids as the functional groups. Saccharides have several
specific advantages for the present purpose which other
template molecules do not have, i.e. (i) they can arrange two
boronic acid groups in a variety of spatial positions, (ii) removal
and re-binding can occur reversibly, and (iii) because of their
inherent chirality, chiroselective introduction of two boronic
acid groups is possible.7 We here report the fact that, using
saccharides as template molecules, two boronic acid groups can
be regioselectively introduced into [60]fullerene; the regio-
spectrum is closely related to the structure of saccharides used
as template molecules.

In order to access saccharide–boronic acid 1 : 2 complexes
6–9, we first synthesised 5 from 4-bromo-o-xylene 1 (Scheme
1). Compound 5, which was isolated as a cyclic trimer,7,8 was
identified by 1H NMR, IR (KBr) and mass (negative SIMS)
spectral evidence and elemental analysis. Complexes 6–9 were
synthesised from 5 and the corresponding saccharides in
refluxing toluene with azeotropic removal of water under a
nitrogen atmosphere. The products were identified by 1H and
11B NMR and IR (KBr) spectral evidence and elemental
analyses.9 The reaction of 6–9 with [60]fullerene was carried
out in refluxing toluene for 40 h in the presence of 18-crown-6
and KI under a nitrogen atmosphere. To simplify the product
analysis, the saccharides were removed by the treatment with
aqueous 1.2 mol dm23 HCl solution and then the boronic acid
groups in the product 11 were protected using 2,2-dimethyl-
propane-1,3-diol10 (Scheme 2). The product was purified by
column chromatography. We thus isolated a regioisomeric
mixture of 12 in 49–58% yield. This mixture was subjected to
HPLC analysis [COSMOSIL 5 PBB, n-hexane–toluene (3 : 7
v/v)]. The results are summarised in Table 1.

In the HPLC analysis, 7–8 peaks were always observable and
the relative intensity changed depending on the saccharide used
as the template molecule. Compounds 6, 7 and 8 with d-threitol,
d-mannito 3,4-carbonate and 3-O-methyl-d-glucofuranose as
template molecules, respectively, afforded major peaks for Peak
7 (47.3%), Peak 8 (55.7%) and Peak 6 (72.5%), respectively,
whereas compound 9 with 1-O-methyl-a-d-mannopyranoside
as a template molecule featured a rather nonselective product
distribution. The results imply that the saccharide changes the
distance between two o-xylenyl dibromide groups in 6–9 and
the addition reaction occurs at different CNC double bonds on
the [60]fullerene surface.

It is difficult to isolate the eight different isomers of
disubstituted 12 and thus identify the structure of each isomer.
We decided to attempt the isolation of Peak 6 [with the highest
(72.5%) yield] in the mixture obtained from 8 and [60]fullerene.
Through trial and error it was found that Peak 6 can be isolated
by recrystallisation from n-hexane–CH2Cl2: the HPLC analysis
showed a single peak for Peak 6. In the 1H NMR spectrum (300
MHz, [2H8]toluene, 90 °C) of this compound (12a) one could
observe one CH3 proton peak (d 0.71, 12 H) and one CH2 proton
peak (d 3.50, 8 H) for the protective groups and four CH2 proton
peaks (d 4.04, 4.04, 4.12 and 4.19, 2 H each) and three ArH
proton peaks (d 7.42, 8.13 and 8.17, 2 H each) for the o-xylenyl
groups. This splitting pattern is commensurate with either C2
symmetry (cis-3, trans-2 or trans-3) or Cs symmetry (cis-1, cis-2,

Scheme 1 Reagent and conditions: i, Mg, THF; ii, B(OMe)3, 260 °C; iii,
H2SO4, 69% from 1; iv, propane-1,3-diol, toluene, reflux, 71%; v, NBS,
CCl4, reflux, 50%; vi, HCl, THF, 90%; vii, saccharide, toluene, reflux, 82%
for 6, 95% for 7, 76% for 8 and 60% for 9
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trans-1 or trans-4).4–6,11 Among them, the size of the saccharide
used as the template molecule is too small or too large to give

cis-1, trans-1, trans-2 and trans-3: therefore, these isomers can
be excluded. The residual, possible isomers are cis-2, cis-3 and
trans-4.

In absorption spectroscopy (CH2Cl2, 25 °C) compound 12a
gave two absorption maxima at 643 and 708 nm. Since these
absorption maxima are observable only for cis-3 and trans-
4,11,12 cis-2 can be excluded. The solubility of 12a into
deuterated NMR solvents was not high enough to obtain a
satisfactory 13C NMR spectrum, so we converted 12a to 13a
(Nishimura’s phenol adduct6) via treatment with H2O2 (56%
yield). Compound 13a did not coincide either with cis-2 or with
cis-3, as reported by Nishimura.6 Furthermore, the 13C NMR
spectrum (75.5 MHz, [2H6]DMSO, 120 °C) gave 30 sp2 carbon
peaks and 2 sp3 carbon peaks for the [60]fullerene moiety. This
splitting pattern is commensurate with Cs-symmetrical cis-2 and
trans-4.11,12 Thus 12a can be identified as trans-4.13

As a preliminary study to test whether 11a retains the
memory for 3-O-methyl-d-glucose, we carried out solid (excess
3-O-methyl-d-glucose)–liquid ([2H8]THF) extraction with 11a.
Judging from the fact that the ratio of the integral intensity
between 1-H in the complexed 3-O-methyl-d-glucose and ArH
in the complexed 11a is 1 : 6, one can conclude that 11a can
quantitatively bind the templated saccharide.

In conclusion, the present study has demonstrated that
saccharides are useful as potential templates to regioselectively
introduce two boronic acid groups into [60]fullerene.
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Scheme 2 Reagent and conditions: i, 6–9, KI, 18-crown-6, toluene, reflux;
ii, HCl, THF: iii, 2,2-dimethylpropane-1,3-diol, toluene, reflux, 49% from
6, 53% from 7, 58% from 8 and 52% from 9; iv, 30% H2O2, AcOH, THF,
56%

Table 1 Results of HPLC analysis of 12

Product (%)a

Peak Retention
number time/min 6 7 8 9

1 39.6 1.5 4.2 0.2 5.6
2 41.5 2.3 4.3 1.5 7.5
3 43.0 5.4 3.4 3.0 11.4
4 46.5 7.8 10.5 3.7 15.2
5 49.7 12.3 7.7 3.6 23.7
6 51.2 11.3 14.2 72.5 15.6
7 52.9 47.3 0 0 0
8 54.1 12.1 55.7 15.5 21.0

a Computed from the peak area obtained by the chromatogram followed at
350 nm.
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Circular polarization of photochemiluminescence from the photoisomer of a
conformationally fixed 2,11-diaza[3.3](9,10)anthracenoparacyclophane
derivative‡

Hideki Okamoto,*a† Harry P. J. M. Dekkers,b Kyosuke Satakea and Masaru Kimuraa

a Department of Chemistry, Faculty of Science, Okayama University, Tsushima-Naka 3-1-1, Okayama, 700-8530, Japan    
b Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, PO Box 9502, 2300, RA Leiden, The Netherlands  

The conformation of 2,11-diaza[3.3](9,10)anthracenopara-
cyclophane 1, which underwent photointerconversion with
isomer 2, was fixed with the aid of a chiral camphanic
auxiliary to have molecular chirality, and the photo-
chemiluminescence from the modified 2a was circularly
polarized reflecting the chirality of the emitting state.

2,11-Diaza[3.3](9,10)anthracenoparacyclophane 1 has been
developed as a photochromic material which undergoes photo-
interconversion with isomer 2.1 In the photochromic reaction,
we recently found that photocycloreversion of 2 to 1 was
chemiluminescent, attributable to the formation of excited 1* as
in the case of non-bridged cycloadducts between benzene and
anthracene (Scheme 1).2,3 Such chemiluminescent photoreac-
tions are attractive as a probe to analyze the potential surface of
excited states and as an optical data storage system of read-out
by fluorescence.2–4 We have attempted to introduce a chiral
source into the cyclophane system since the chirality may cause
circular polarization of both the fluorescence of 1 and the
photochemiluminescence of 2 as well as photocontrol of
chiroptical properties. Circular polarization of luminescence
(CPL) is a useful probe to obtain structural and electronic
information in an excited state,5 and steric and electronic
features of the emitting state of the photochemiluminescence
may be analyzed by CPL. Here, we report a simple method to
introduce molecular chirality into the cyclophane system 1 by
modification with a chiral auxiliary, and CPL from the modified
1a and 2a.

The cyclophanes 1a and 1b were prepared by acylation of the
amino derivative 1d with commercially available (1S)-
(2)-camphanic chloride and (1S)-(+)-10-camphorsulfonyl
chloride, respectively. The modified cyclophane 1a showed
circular dichromism (CD) in its absorption bands suggesting the
side-chains were fixed in a special conformation inducing
molecular chirality (Fig.  1) while 1b indicated CD only arising
from the carbonyl chromophore in the auxiliary camphorsulfo-
nyl groups. As the chiral center in 1b was separated by one extra
methylene group than in 1a, the camphorsulfonyl group may not
restrict the side-chain conformation in 1b. The conformation of
1a was analyzed by NOESY spectroscopy. Fig. 2 shows the

NOESY spectrum of 1a in which four cross-peaks important in
determining the conformation of 1a appeared and are correlated
by dotted lines. From the spectrum, it is evident that the 7A-Me1

proton was located close to aromatic protons He, Hg and Hj, and

Scheme 1

Fig. 1 CD spectra of (a) 1a and (b) 2a in CH2Cl2

Fig. 2 NOESY spectrum of 1a in CDCl3 (500 MHz)
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that 6A-Hendo was fixed near by one of the bridge methylene
protons Hb. Empirical force field (MM2)6 calculation showed
that 1a adopted the most stable C2-symmetrical conformer
consistent with the NOESY results .

The cyclophane 1a underwent photointerconversion with 2a
and a change in CD was detected (Fig. 1). Cyclophane 1a
showed a positive Cotton effect in the longer wavelength
absorption band, while 2a showed a negative Cotton effect in its
absorption band centered at 280 nm. The specific rotation of 1a
was [a]23

D (CHCl3) +192° and that of 2a was [a]23
D (CHCl3)

21.4°.
Compound 2a underwent chemiluminescent photocyclore-

version providing excited 1a* as in the case of 2 which
underwent no conformational restriction such as 2c.2 The
photochemiluminescence spectrum was the same in profile with
that of fluorescence of 1a (Fig. 3). Fluorescence assignable to
2a itself was not detected.3 The action spectrum for the emission
of 2a was identical with the absorption of 2a showing no
contamination with 1a during the measurement. The quantum
yields of fluorescence of 1a and the photochemiluminescence of
2a were 0.33 and 0.23, respectively. The decay of both
emissions was analyzed as a dual exponential curve and the
lifetimes were 7.8 ns (26%) and 18.4 ns (74%) for 1a, and 6.9
ns (28%) and 16.6 ns (72%) for 2a.

The fluorescence of 1a was circular polarized as expected
from its structural features. The dissymmetry factor for the
fluorescence [glum = 2(IL2 IR)/(IL + IR); IL and IR are intensity
of left and right circularly polarized emission, respectively] of
1a was glum (+8.0 ± 0.5) 3 1024 (lem = 460 nm, lex = 375 nm,
in CH2Cl2). The CPL for the photochemiluminescence of 2a
was also detected and its glum value was the same as that of
fluorescence of 1a within experimental error, glum = (+8.6 ±
1.0) 3 1024(lem = 460 nm, lex = 280 nm in CH2Cl2).§ This
is the first observation of circular polarization of photo-
chemiluminescence which may enable examination of struc-
tural change in an excited state during an adiabatic reaction. The

dissymmetry factor for the absorption [gabs = 2(eL2 eR)/(eL +
eR); eL and eR are molar absorptivity for left and right circular
polarized light, respectively] of 1a was +6.43 1024 at 375 nm
(in CH2Cl2). In the case of 1a, overlap between fluorescence
and long wavelength absorption bands suggested that the
fluorescent process was the reverse transition of the absorption
[cf. Fig. 3, curves (a) and (b)], and the gabs was almost same as
glum. These suggest that the structure of 1a did not differ largely
between the ground and the emitting states. Differently, for 2a,
gabs was 26.3 3 1024 at 280 nm (in CH2Cl2) showing opposite
sign compared with the glum of the photochemiluminescence. In
the case of 2a, as the structures of the light absorbing and the
emitting species were quite different from each other, the
changes of electronic and steric properties during the photoreac-
tion caused inversion of sign between gabs and glum.

In summary, modification with a chiral camphanic auxiliary
induced molecular chirality of the cyclophane 1a and the
photoisomer 2a. The photoexcited 2a* rapidly reverted to 1a*
and recalled the electronic and steric features of 1a* which was
the same as those generated on excitation of 1a.
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ported by the Okayama Foundation for Science and Technol-
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Fig. 3. Fluorescence spectra of 1a and 2a (in CH2Cl2); (a) Emission  and (b)
the excitation spectra of 1a; (c) Photochemiluminescence  and (d) the action
spectra of 2a. The observed glum values are shown  at the detection
wavelength (460 nm).
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Reaction behaviour of a complex containing a tungsten phosphorus triple bond
with s-acceptor compounds of group 13
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[LW·P?GaCl3] 5 [L = N(CH2CH2NSiMe3)3] is prepared
by treatment of [LW·P] with (GaCl3)2; decomposition of 5 in
CH2Cl2 affords dimerisation under Me3SiCl elimination to
give a cationic W2P2 tetrahedral complex 6; both complexes
are structurally characterised. 

In 1995 Cummins1 and Schrock2 and their coworkers succeeded
in the synthesis and the first structural characterisation of
complexes 1 and 2, respectively, containing a metal phosphorus
triple bond. Our synthetic goal, however, has been directed
towards the alkoxide substituted complexes 3 where the
phosphido ligand coordinates additionally to a metal penta-
carbonyl fragment.3 The 1JWP coupling constant was observed
to be 554 (3a) and 536 Hz (3b) for the triple bond and appeared
to be in contradiction with the 138 Hz found for the W complex
2a. To shed light onto this problem we decided to synthesise 2a
(MA = W) via the reaction of [WCl(L)] [L =
N(CH2CH2NSiMe3)3] with Li[P(SiMe3)2]. Subsequent reaction
with [MA(CO)5(thf)] leads to the trans-substituted complexes 4.4
31P NMR data (4a: d 679.8, 1JWP 426 Hz; 4b: d 728.1, 1JWP 413
Hz) combined with theoretical calculations reveal that the linear
coordination of a complex fragment to the phosphido atom is
responsible for a dramatic increase of the s character of the triple
bond and consequently for the increase of the coupling constant.
In further studies it was of interest how coupling constant and
triple bond length behave by coordination of a simple
s-acceptor group. Herein we report our results of the reaction of
2a with group 13 Lewis acids. 

The reaction of 2a with BH3·SMe2 only led to an insoluble
solid. Elemental analysis did not indicate the formation of the
expected adduct [LW·P?BH3]. Even following the reaction by
31P NMR only showed that the starting material disappeared but
no new signal could be detected. In the reaction of 2a with
BF3·OEt2 in CH2Cl2, however, a 31P NMR signal at d 607 (1JWP
478 Hz) could be observed for a short time. Then the reaction
mixture became black and insoluble black material precipi-
tated.

Reaction of 2a with the dimer [GaCl3]2 in a 2 : 1 ratio in
toluene led to the isolation of a yellow crystalline compound 5,

which is sparingly soluble in toluene, thf and CH2Cl2.‡ The
31P{1H} NMR spectrum of 5 reveals one signal at d 366 bearing
one pair of satellites with 1JWP = 712 Hz. The high field shift
as well as the considerable increase of the coupling constant is
consistent with those found in 4. However, the observed
coupling constant is one of the largest for these triple bond
systems. Almost identical NMR data were detected in the
structurally uncharacterised complex [LWNPMe]+-[OTf]2 (d
339, 1JWP = 748 Hz) synthesised by Schrock and cowork-
ers.5

The molecular structure of 5 was established by a single-
crystal X-ray diffraction study.§ The main feature of the
molecular structure of 5 is the entirely linear arrangement of the
Nax–W–P–Ga axis (Fig. 1). The Cl atoms of the GaCl3 group are
slightly disordered. The orientations of the Cl atoms are slightly
eclipsed to the W–N(2) bonds, but staggered to the N(1)–C(1)
bond. The W·P bonding distance is 2.168(4) Å which is only
slightly longer than the bond length found in 2a (2.162 Å). This
indicates the replacement of almost the same amount of
phosphorus 3p s-contribution to the W·P bond in 2a by
3s-orbital contribution of the former lone pair of the phospho-
rus, produced through the coordination to a s-acceptor such as
GaCl3. This finds further support from the dramatic increase of
1JWP. Owing to the remarkable backbonding ability of the W·P
moiety to the W0 centre the triple bond length increases from
2.162(4) in 2a to 2.202(2) Å in 4a.4 The most significant
difference in bonding distances in comparison to 2a occurs for
the Nax–W bond which is shortened by 0.10 Å. This is probably

Fig. 1 Molecular structure of 5 (only one position of the Cl atoms is drawn
for clarity). Selected bond lengths (Å) and angles (°): W–P 2.168(4), P–Ga
2.335(4), W–N(1) 2.248(10), W–N(2) 1.967(3), Ga–Cl(1) 2.159(11), Ga–
Cl(2) 2.186(12), N(1)–W–P 180.0, W–P–Ga 180.0, N(1)–W–N(2)
77.52(8).
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due to a reduced electron density at the metal core which results
in a higher acceptor ability of the W atom. The Ga–P distance
is 2.335(4) Å. This is consistent for Ga–P single bonds as found
in e.g. GaCl3(PMe3) (2.353 Å).6

The structural features of 5 were modelled using the B-P86/
SVP density functional approximation.7 The structural optimi-
sation resulted in a molecular shape best described in terms of
C3 symmetry. There is good agreement between the calculated
and experimentally observed structural parameters [calc.:
d(W·P) = 2.186 Å, d(W–Neq) = 2.007 Å; exptl.: d(P–
Ga) = 2.335(4) Å, d(W·P) = 2.168(4) Å, d(W–
Neq) = 1.967(3) Å]. The only exceptions are the calculated
distances for P–Ga and W–Nax, which are longer by 0.1 and 0.2
Å, respectively. For the latter bond, the same effect was found
in the calculated and experimental structures of 2a and 4a.4

Electronic energies, calculated with the B-P86/SVP
(B3-LYP/ SVP) approximation, show reaction of 2a with 0.5
(GaCl3)2 to be exothermic at 268 (261) kJ mol21. The same
methods calculated the energies for the reaction of 2a with
BH3·thf to be 222 (22) kJ mol21.4 In accordance with the
experimental observation the formation of a BH3 adduct seems
to be less favoured in comparison with the preferred formation
of the GaCl3 adduct 5.¶

However, a solution of 5 in CH2Cl2 appears to be unstable.
After a few days the yellow–brown colour of the solution
disappears. Red, star shaped crystals of 6 and an amorphous
solid precipitated. According to a 31P{1H} NMR study the
CH2Cl2 solution contains no detectable amounts of phosphorus.
The red crystalline compound was examined by X-ray diffrac-
tion,§ but only a weak data set was obtained. However, it was
possible to solve the structure to a reasonable degree. The
structure revealed a tetrahedral [W2P2]+ moiety, where the W
atoms are coordinated by two tren type ligands (Fig. 2). These
are linked together by two GaCl2 groups which are in the former
position of the SiMe3 moieties. Furthermore, all SiMe3 groups
are removed and [GaCl4]2 and Cl2 occur as counter ions. The
W–P bonds are now 2.462(12) and 2.473(10) Å and the W–W
bond is 2.585(2) Å. A related nitrido bridged tungsten dimer is
[W2(h5-C5H4Pri)Cl2(m-NR)(m-C2Et2)] with an analogous W–W
distance of 2.5923(5) Å.8 Obviously, in the first step of the
conversion of 5 the Si–N bond is cleaved to form the
thermodynamically stable SiClMe3. The replacement by GaCl2
moieties leads to a rearrangement resulting in the formation of
the W2P2 complex 6. 

The transformation of 5 into 6 could explain the instability of
complexes of the type [LW·P?EX3] (E = B, Ga; X = H, F,
Cl). Loss of SiClMe3 or SiHMe3 decreases the steric protection
of the W·P triple bond which results in arbitrary formation of
higher aggregates of unknown composition. Deliberate attempts
to remove SiMe3 groups may activate the [LW·P] complex with
their preferred end-on reactivity to undergo side-on reactions.
This is a goal for further investigations. 

The authors thank the Deutsche Forschungsgemeinschaft and
the Fonds der Chemischen Industrie for financial support.
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‡ Spectroscopic data for 5 ([2H8]thf): 31P{1H} NMR, d 366, JWP 712; 1H
NMR, d 3.91 (t, 6 H, CH2), 2.46 (t, 6 H, CH2), 0.45 (s, 27 H, CH3); 13C{1H}
NMR, d 55.16 (s, CH2), 52.36 (s, CH2), 5.38 (s, CH3); correct elemental
analysis. 
§ Crystal structure analysis: 5: C15H39Cl3GaN4PSi3W, M = 750.66,
trigonal, space group P31c, a = b = 11.867(2), c = 12.207(2) Å, Z = 2,
U = 1488.7(4) Å3, Dc = 1.675 Mg m23, m(Mo-Ka) = 52.9 cm21,
F(000) = 740, T = 200(2) K. A total of 4631 reflections with 7.76 @ 2q@
51.42° were collected on a STOE IPDS (image plate detector system) with
Mo-Ka radiation (0.710 69 Å), of which 1811 were independent
(Rint = 0.0364). The 1749 reflections with I ! 2s(I) were used in the full
least squares refinement. The structure was solved by direct methods
(SHELXS-86) and standard Fourier techniques (SHELXL-93). Full matrix
least squares refinement of the thermal parameters (anisotropic for all atoms
except hydrogen) led to convergence with final residuals of R1 = 0.0189
and wR2 = 0.0461 and GOF = 1.078 for 110 variables. Residual electron
density was found to be between 0.925 and 20.441 e Å23. 6:
4[C45H95Cl5Ga2N8P2W2][GaCl4]Cl3·3CH2Cl2, M = 4681.56, tetragonal,
space group I4̄, a = b = 22.059(3), c = 13.185(3) Å, U = 6416(2) Å3,
Z = 2 (for four molecules of the W2P2 complex), Dc = 2.421 Mg m23,
F(000) = 4364, m(Mo-Ka) = 98.24 cm21, 225 parameters, crystal size
0.0830.0430.02 mm, T = 200(2) K. A total of 6756 reflections with 3.7 <
q < 45° were collected on a STOE IPDS with Mo-Ka radiation (0.710 69
Å), 3757 of them were independent (Rint = 0.1825). 2867 reflections with
I ! 2s(I) were used in the full least squares refinement. The structure was
solved as above. Full matrix least squares refinement of the thermal
parameters (anisotropic for all W, Ga, P and Cl atoms except those of the
solvent CH2Cl2) led to convergence with final residuals of wR2 = 0.2245
for all reflections, corresponding to a conventional R1 = 0.0952 for the
observed Fo data. Residual electron density was found to be between 2.839
and 21.718 e Å23. CCDC 182/813.
¶ The reaction between 2a and BH3·thf presumably leads to elimination of
HSiMe3.
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4 M. Scheer, J. Müller and M. Häser, Angew. Chem., 1996, 108, 2637;
Angew. Chem., Int. Ed. Engl., 1996, 35, 2492.
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Fig. 2 Molecular structure of 6. Selected bond lengths (Å): P(1)–P(2)
2.07(2), W(1)–P(1) 2.461(12), W(1)–P(2) 2.473(10), W(2)–P(1) 2.483(11),
W(2)–P(2) 2.498(9); Cl(1)–W(2) 2.464(12), W(1)–W(2) 2.585(2),
W(1)–N(6) 1.97(3), W(2)–N(6) 2.00(3). 
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Hydrogenation of butane-2,3-dione with heterogeneous cinchona modified
platinum catalysts: a combination of an enantioselective reaction and kinetic
resolution
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(R)-3-Hydroxybutan-2-one was obtained with 85–90% ee
albeit in low yield by the Pt/Al2O3 cinchona catalyzed
hydrogenation of butane-2,3-dione by a combination of
enantioselective hydrogenation and kinetic resolution.

Modified heterogeneous catalysts for enantioselective hydro-
genation are of interest, both from a theoretical and practical
point of view.1 Up to now only two efficient catalyst systems
are known and only a few substrate types can be hydrogenated
with enantioselectivities of 90% or higher. Most notable is the
tartrate modified Raney-nickel catalyst with an ee of up to 98%
for b-keto esters and b-diketones,2–4 and the cinchona modified
Pt catalysts for the hydrogenation of a-keto esters with 95% ee.5
Even though some progress in expanding the scope of the latter
was reported recently,6–8 none of the new systems had an ee >
60%. Here we describe the enantioselective hydrogenation of
butane-2,3-dione 1, where we obtained (R)-3-hydroxybutan-
2-one (R)-2 in up to 90% ee by a combination of enantiose-
lective hydrogenation and kinetic resolution using a Pt/Al2O3
catalyst modified with 10,11-dihydrocinchonidine (HCd).

Vermeer et al.6 investigated the enantioselective hydrogen-
ation of 1 to 2 and found an ee of 38% when using a 6.3% Pt/
silica catalyst modified with cinchonidine in CH2Cl2 at 0 °C.
We decided to re-investigate this substrate using a catalyst that
gave the highest enantioselectivities so far reported for several
a-keto esters (5% Pt/Al2O3, JMC type 94, pretreated for 2 h at
400 °C with H2).5 First, we investigated the effect of several
reaction parameters.9 Modifier type and concentration, as well
as the solvent, had a very strong effect on the enantioselectivity,
while the influence of H2 pressure (25–135 bar) and temperature
(0–25 °C) were found to be negligible. The best results were
obtained with HCd in toluene (ee ≈ 50%). During the course of
this investigation we noticed that at conversions > 80% the ee
started to rise and the reaction did not stop at 2 but slowly
continued to give the corresponding diols 3 (Scheme 1), a fact
not described by Vermeer et al.6

These findings prompted us to investigate the two consecu-
tive hydrogenation steps in more detail. The first step was
carried out by hydrogenating 5 ml 1 with 50 mg catalyst, 10 mg
HCd and 20 ml toluene in a 50 ml autoclave at 107 bar, stopping
the reaction at the time given in Table 1. Because the reaction of
2 to 3 was considerably slower, the second step was carried out
by hydrogenating the filtrate of the above described reaction
mixture (after 15 min reaction time) with 125 mg catalyst and 25
mg HCd at 107 bar. Again, the reaction was stopped after the
time given in Table 2, Figs. 1 and 2.

These results show that as the concentration of 2 declined, the
ee of 2 increased from 50 to 85–90%, albeit with a rather low
chemical yield of < 30%. We analyzed our data on the basis of
the reaction network shown in Scheme 1. For the calculations
we assumed that the reactions of 1 or 2 were first order in
substrate and in catalyst, leading to equations of the type d[(R)-
2]/dt = [cat]{kRA[1] 2 (kRRA + kRSA)[(R)-2]} at constant
hydrogen pressure. The time dependent concentration of all
species was calculated by numerically integrating these equa-

tions. The apparent rate constants kiA at 107 bar H2 were
obtained by minimizing the difference between measured and
calculated data points (least-squares, MS EXCEL 7.0 Solver
subroutine). The reported ki values are ki = kiA/[cat]. In the
absence of modifier, the following values were found:
kR = kS = 17 h21 g21, kSR = kRS = 3 h21 g21, kRR = kSS = 4

Scheme 1 Reaction scheme, modifier structure and calculated apparent rate
constants

Table 1 Analytical results of the first step (1? 2) [GLC area%, b-Dex 100
(Supelco 2-4301), 1 = 30 m, ø = 0.25 mm, 50 °C]

Ee of
t/min [1] (%) [2] (%) [2] (%) [3]a (%)

1 85 13 44 0
2 69 29 47 0
3 19 75 46 1

10 3 85 47 7
15 3 81 50 10

a All isomers.

Table 2 Analytical results of the second step (2? 3) (GLC, as above)

t/ [2] Ee of (Chiral)- Ee [3] (meso)- [3] total (chiral)-3 :
min (%) 2 (%) [3] (%) (%) [3] (%) (%) (meso)-3

0 82 50 3 29 6 9 0.5
30 45 74 16 43 31 47 0.5
60 27 85 23 54 41 64 0.6
75 20 85 28 63 44 71 0.6
90 13 86 30 60 49 79 0.6

100 9 90 33 65 50 83 0.7
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h21 g21. For the modified system, we obtained: kR = 270 h21

g21, kS = 110 h21 g21, kSR = 15 h21 g21, kRS = kRR = kSS = 4
h21 g21. Three points are important. First, our model describes
the measured data well. Secondly, we confirmed the observa-
tion of Vermeer et al.6 that the hydrogenation of 1 is a ‘ligand
accelerated’ reaction as observed for several a-keto acid
derivatives.1 Unfortunately, the enantiodiscrimination is mod-
est, leading to only 50% ee. Thirdly, the increase in the ee of 2
during the second step is due to kinetic resolution because kRS is
significantly larger for the modified than for unmodified
catalyst, while kRS, kRR and kSS remain virtually unchanged. This
leads to a fast disappearance of (S)-2, and to a predominance of
the meso-diol 3. Another consequence is a gradual increase in
the ee of the two chiral 3 molecules in favor of the (R,R)-3.

To the best of our knowledge, only two analogous investiga-
tions of the enantioselective reduction of diketones were
reported. Kitamura et al.10 and Fan et al.11 investigated the

hydrogenation of 1 using a homogeneous RuII–(S)-BINAP
catalyst. Tai et al.3 and Brunner et al.12 reported results on the
hydrogenation of acetylacetone, a 1,3-dione, with a heteroge-
neous tartrate modified nickel catalyst. The results for both
systems are quite different from ours: in both cases, enrichment
was found for the diols but not for the intermediate hydroxy
ketone. Unfortunately, no enantioselectivities were reported for
2 in refs. 10 and 11. For (R,R)- and (S,S)-3, both found an ee
approaching 100% in favor of (S,S)-3, but a rather high
meso : chiral ratio of 3. This can be explained assuming a very
high enantioselectivity for the first step (kS 9 kR), and kSR 

3kSS. Similar to our results, Tai et al. found a modest ee of 74%
in the first step with acetylacetone as substrate.3 However, when
70% of the corresponding hydroxy ketone was converted, they
obtained an ee of 98% for the chiral diols with the (R,R)-diol in
excess (and only 8% of the meso form). They showed that this
was due to a high kRR value. The major difference between the
two heterogeneous systems is that in the case of the 1,3-dione,
the diastereoselective reaction of the major intermediate is
faster, leading to enriched diol, whereas in our case the minor
intermediate reacts preferentially, leading to an enriched
hydroxyketone.

V. O. thanks the Foundation for Research Development,
South Africa, and Andrew W. Mellon Foundation, USA, for
financial support.

Notes and References

† E-mail: martin.studer@sn.novartis.com

1 H. U. Blaser, H. P. Jalett, M. Müller and M. Studer, Catal. Today, 1997,
37, 441.

2 S. Nakagawa, T. Sugimura and A. Tai, Chem. Lett., 1997, 589.
3 A. Tai, K. Ito and T. Harada, Bull. Chem. Soc. Jpn., 1981, 54, 223.
4 A. Tai, T. Kikukawa, T. Sugimura, Y. Inoue, S. Abe, T. Osawa, S. Fujii

and T. Harada, Bull. Chem. Soc. Jpn., 1994, 67, 2473.
5 H. U. Blaser, H. P. Jalett and J. Wiehl, J. Mol. Catal., 1991, 68, 215.
6 W. A. H. Vermeer, A. Fulford, P. Johnston and P. B. Wells, J. Chem.

Soc., Chem. Commun., 1993, 1053.
7 T. Mallat, M. Bodmer and A. Baiker, Catal. Lett., 1997, 44, 95.
8 G. Z. Wang, T. Mallat and A. Baiker, Tetrahedron: Asymmetry, 1997,

8, 2133.
9 V. Okafor, H.-U. Blaser and M. Studer, unpublished results.

10 M. Kitamura, T. Ohkuma, S.Inoue, N. Sayo, H. Kumobayashi,
S. Akutagawa, T. Ohta, H. Takaya and R. Noyori, J. Am. Chem. Soc.,
1988, 110, 629.

11 Q.-h. Fan, C.-h. Yeung and A. S. C. Chan, Tetrahedron: Asymmetry,
1997, 8, 4041.

12 H. Brunner, T. Amberger and J. Wiehl, Bull. Soc. Chem. Belg., 1991,
100, 571.

Received in Cambridge, UK, 18th February 1998; 8/01390J

Fig. 1 Concentration and ee of 2 during step 2. (/) ee 2 measured; (—) ee
2 calc.; (-) [2] measured; [2] calc.

Fig. 2 Concentration and ee of 3 during step 2. (/) ee chiral 3 measured;
(—) ee chiral 3 calc.; (5) [meso-3] measured; (—) [meso-3] calc.; (-)
[chiral 3] measured; (—) [chiral 3] calc.
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Precious metal polymers: platinum or gold atoms in the
backbone

R. J. Puddephatt
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The synthesis and characterisation of oligomers and poly-
mers containing gold or platinum atoms in the backbone are
reported. The polymers range in structure from the conju-
gated, rigid-rod type containing linear gold(I) centres to
hyperbranched or dendrimeric materials containing
octahedral platinum(IV) centres.

Introduction
This article gives a personal account of the synthesis and
characterization of some new types of oligomers and polymers
with either platinum or gold atoms in the chain backbone. These
form a small part of the more general field of metal-containing
polymers, which are of interest since they might have unusual
optical or electrical properties or they might be useful as
precursors to other materials or as catalyst precursors. There are
several known types of linear-chain polynuclear coordination
complexes containing platinum or gold, including the stacked,
one dimensional conductors or semiconductors
K2Pt(CN)4Br0.30·3H2O,1 [Pt(NH2Et)4][PtCl2(NH2Et)4]Cl4·
4H2O and K4[Pt2(P2O5H2)4X]·nH2O (X = Cl, Br, I),2 and the
simple halogen-bridged gold(i) halides.3 More recently, rigid
rod polymers such as [Pt(PBu3)2(m-C·C–R–C·C–]n 1 (R = aryl
spacer group) have been reported.4 The dialkynyl ligands,
and related but neutral diisocyanide ligands, are particularly
well suited to the design of rigid-rod polymers and examples are
now known with Pt–Pt bonds and even Pt3 cluster units in the
backbone as illustrated by 2 and 3, PP = Ph2PCH2PPh2.5,6 The
first part of this article will describe the further development of
this field to include gold-containing rigid-rod polymers.

Gold-containing oligomers and polymers
Gold(i) tends to have a coordination number of two with linear
stereochemistry,3 so it is well suited to form linear rigid-rod
polymers. If neutral polymers are to be formed, one neutral
ligand L and one anionic ligand X2 are required for each gold(i)
centre. Suitable ligands might then include L–R–X2, where R is
a linear spacer group, and L might be an isocyanide and X2 an
acetylide. Alternatively, one ligand L–R–L and 2X–R–X2
could be used for each two gold(i) centres. The general types of
polymers targetted are then shown as 4–6. Since many of these
polymers proved to be insoluble, it has been important to
prepare model compounds containing only two gold(i) atoms,
by using capping monodentate ligands in combination with one

bridging ligand, in order to optimise the synthetic methods and
to facilitate characterization of the polymers.

Diisocyanides, diacetylides and isocyanoacetylides
Since the isocyanide functionality is sensitive to bases, the most
successful synthetic route to isocyanide(alkynyl)gold(i) com-
plexes is by reaction of oligomeric or polymeric compounds
(AuC·CR)n, in which the alkynyl ligand bridges by bonding to
one gold atom through the s donor and to a second gold atom
using its p electrons,7 with an isocyanide ligand. Although the
explosive Au2C2 has been known for many years, the more
stable (CAUTION: but still potentially explosive) digold
diacetylides (AuC·C–Ar–C·CAu)n 7 needed for this work were
unknown and were prepared according to eqn. (1), B = base, in
which the aryl spacer group Ar = 1,4-C6H4, 4,4A-C6H4C6H4 or
1,4-(2,5-Me2C6H2).8

Suitable binuclear gold(i) model compounds [RN·CAuC·C–
Ar–C·CAuC·NR] 8 (R = But or Xy = 2,6-dimethylphenyl)
and [RC·CAuC·N–Ar–N·CAuC·CR] 9 [R = But or Ph,
Ar = 1,4-C6H4, 1,4-(2-MeC6H3), 1,4-(2,6-But

2C6H2),
1,4-(C6Me4), 1,4A-(2,6-Me2C6H2)2], were then prepared as
shown in eqns. (2) and (3).8

While eqns. (2) and (3) indicate that the products are
molecular in nature, and this is the case in solution, the
compounds associate in the solid state either through p stacking
between aryl groups of neighbouring molecules9 or, more
commonly, through intermolecular Au···Au bonding.8 These
weak Au···Au interactions, which are known in several other
classes of gold(i) complexes, are thought to have strengths of
5–10 kcal mol21, similar to the strength of hydrogen bonds, and
are thought to arise from relativistic London forces.10 The
association present in crystals of [PhC·C–Au–
C·NBut

2C6H2N·C–Au–C·CPh] comprises both aryl p stack-
ing and Au···Au bonding and is shown in Fig. 1.

It was then possible to prepare polymers 10 containing
alternating diacetylide and diisocyanide ligands according to
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eqn. (4) (Ar and ArA are as defined earlier). The polymers are

insoluble, which might have been predicted since intermole-
cular association through p stacking and/or Au···Au bonding
will lead to effective crosslinking of the linear rigid-rods into a
three-dimensional network. Though each individual interaction
is likely to be weak, the combination of many interactions for
each polymer chain is likely to give strong crosslinking leading
to insolubility. The polymers are therefore characterised only in
the solid state by elemental analysis and by comparison of
spectroscopic data with those of the well characterised model
compounds.8

One interesting property of these gold(i) complexes is that
they are emissive at room temperature either in the solid state or
in solution.9,11 The emission is strongly red shifted in the solid
compared to solution state as illustrated in Fig. 2, particularly

when Au···Au bonding or p stacking is present in the solid state
structures. In addition, there is a red shift in the emission and a
decrease in emission intensity as the molecules increase in size,
as illustrated for the solid state spectra shown in Fig. 3, and this

provides evidence for at least some p conjugation in the rigid-
rod chains.9

The new ligands 4-HC·CC6H4N·C and 4-HC·C–
2-MeC6H3N·C bind readily to gold(i) in forming the complexes

such as [4-HC·CC6H4N·C–Au–Cl] 11 and [4-HC·C–
2-MeC6H3N·C–Au–C·CBut] 12. The acetylide derivatives
such as 12 give weak Au···Au bonded association in the solid
state [Au···Au 3.479(2) Å] and form oligomeric complexes
H–(C·C–Ar–N·C–Au–)n–C·CBut 13 by elimination of
ButCCH on heating as illustrated in Scheme 1.12 The oligomers
tend to precipitate from solution when n = 4–6 and then no
further chain growth occurs.

Diphosphines, diacetylides and phosphinoacetylides
Diphosphines cannot give strictly linear rigid-rod compounds
since there will be a tetrahedral angle at each phosphorus atom.
The question then arises as to whether these ligands will give
polymers at all, since ring formation is also possible.

The digold(i) diacetylides described above can be capped
with monodentate phosphine ligands such as PMe3 to give
binuclear model complexes such as [(Me3P)Au–C·C–
C6H2Me2–C·C–Au(PMe3)] 14 and this forms loose polymers
in the solid state by intermolecular Au···Au bonding (Fig. 4).9,13

The diphosphines Ph2PC6H4PPh2 or Pri
2PC6H4C6H4PPri

2 can
also give binuclear model complexes such as PhC·C–Au-
Pri

2PC6H4C6H4PPri
2–Au–C·CPh 15 which has the anti con-

formation with respect to the two P–Au vectors as shown in
Fig. 5; the bulky Pri groups prevent the formation of

intermolecular Au···Au bonding in 15. It is then straightforward
to prepare polymers (Au–C·C–Ar–C·C–Au–PR2–ArA–PR2–)n

16 incorporating both diphosphine and diacetylide bridges. It is
likely that the anti conformation of the P–Au vectors in 15 is

Fig. 1 The intermolecular association present in the solid state structure of
[PhC·CAuC·NBut

2C6H2N·CAuC·CPh] due to (a) p-stacking and (b)
Au···Au bonding. The Au···Au distance is 3.174(1) Å.

Fig. 2 The emission spectra of XyNC–Au–CCC6H4NO2-4, (a) in solution in
CH2Cl2 and (b) in the solid state, showing the red shift in the solid state. In
this case the association in the solid state is due to p-stacking.

Fig. 3 The solidstate emission spectra of gold(i) complexes showing the red
shift with increasing molecular size: (a) [ButN·C–Au–C·CPh], (b)
XyN·C–Au–CCC6H4–C6H4CC–Au–C·NXy] and (c) {Au–C·C–
C6H2Me2C·C–Au–C·NC6H2But

2)N·C}n

Scheme 1

Fig. 4 The intermolecular association through Au···Au bonding in the
complex [(Me3P)Au–C·C–C6H2Me2–C·C–Au(PMe3)]

Fig. 5 The anti conformation of the two P–Au vectors in [PhC·C–Au-
Pri

2PC6H4C6H4PPri
2–Au–C·CPh] 15
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maintained in these polymers, which are sufficiently soluble
when R = Pri to allow molecular mass determination by GPC.
The improved solubility probably arises because the bulky Pri

groups prevent crosslinking by intermolecular Au···Au bond-
ing.

It is possible to tailor the system to give rings instead of
polymers. Thus, ligands R2PCH2PR2 give digold complexes in
which the syn conformation of the two P–Au vectors is
preferred so as to allow intramolecular Au···Au bonding, as for
example in CH2(PCy2–Au–O2CCF3)2 17 or CH2(PPh2–Au–
C·CBut)2 18 shown in Fig. 6.14,15 This conformation is

maintained on reaction of 17 with rigid-rod bridging ligands and
so large rings are formed in [CH2(PR2–Au–C·C–Ar–C·C–Au–
PR2)2CH2] 19 or [CH2(PR2–Au–C·N–Ar–N·C–Au–
PR2)2CH2]4+ 20. The structure of the complex 20 with
R = cyclohexyl and the bridging ligand 1,4-C·NC6H4N·C is
shown in Fig. 7.

It is also possible to use mixed phosphine–acetylide donors in
forming polymers of gold(i). Thus the ligands Ph2PC·CH and
Pri

2PC·CH form model complexes HC·CPR2–Au–Cl which,
on treatment with base, can eliminate HCl to give the polymers
{R2PC·C–Au–}n 21.16

Angular diacetylides and triacetylides
In the complexes with diphosphines or phosphinoacetylides, the
chains are not strictly linear because of the tetrahedral angle at
phosphorus, yet polymers can still be formed in preference to
the alternative ring structures. What will happen if an angle is
introduced in the diacetylide bridge? The dialkyne
1,3-(HC·C)2C6H3Me-5 yields digold(i) model complexes
1,3-(L–Au–C·C)2C6H3Me-5 22 (L = phosphine, phosphite or
isocyanide ligand) which form ribbon structures in the solid
state through Au···Au bonding as seen in Fig. 8.17

Kinked polymers such as 23 are formed when linear
diisocyanide ligands are used but, if the neutral bridging ligand

is also non-linear, then ring structures such as 24 are formed
instead (Scheme 2).17

If a third acetylide link is added as in 1,3,5-(HC·C)3C6H3, the
gold derivatives can in principle form more complex network
polymers either through intermolecular Au···Au bonding or
through the use of bridging ligands. The capped complexes
1,3,5-(L–Au–C·C)3C6H3 25 are found to form one-dimensional
ribbon structures in the solid state with one gold atom not taking
part in Au···Au bonding (Fig. 9). With all bridging ligands,

whether the strictly linear diisocyanides or angular diph-
osphines, insoluble polymers 26 are formed (Scheme 3).18

Fig. 6 The syn conformation of the two P–Au vectors in [CH2(PCy2–Au–
O2CCF3)2] 17 and [CH2(PPh2–Au–C·CBut)2] 18

Fig. 7 The structure of the cationic ring complex 20 (R = Cy and Ar = 1,4-
C6H4)

Fig. 8 The intermolecular association through Au···Au bonding in the
complex [1,3-(L–Au–C·C)2C6H3Me-5] [L = P(OMe)3]

Scheme 2 Reagents: i, C6H4(CN)2; ii, Ph2PCH2PPh2

Fig. 9 The intermolecular association through Au···Au bonding in the
complex [1,3,5-(L–Au–C·C)3C6H3] (L = ButN·C)

Scheme 3 Reagents: i, [AuCl(SMe2)], NaOAc; ii, 3L; iii, 1.5 L–L
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Rings and polymers with diphosphine and bis(pyridyl) ligands
The principles determining if rings or polymers would be
formed were now understood in general terms but the detailed
structures of the polymers could not be determined since they
could not be crystallised. A series of experiments was carried
out next using flexible diphosphine ligands (CH2)n(PPh2)2 and
a more labile linear bridging ligand trans-1,4-bis(pyridyl)-
ethene. It was argued that the intramolecular Au···Au bonding
interactions would decrease progressively with increasing n and
so the preferred structure would switch from the large rings to
polymers at some point in the series (Scheme 4). Further, the
polymers could reversibly cleave to smaller fragments in
solution owing the lability of the pyridine donors and this might
allow crystallisation and so to full structural characterisation of
the polymers.19

With (CH2)2(PPh2)2, the ring structure [Au4(m-
Ph2PCH2CH2PPh2)2(m-NC5H4CHNCHC5H4N)2]4+ 27 is pre-
ferred as shown in Fig. 10 but the Au···Au distance of 3.625(3)
Å indicates very weak Au···Au bonding and no significant
Au···Au attraction is expected for higher values of n.19

The switch to a polymeric structure [{Au2[m-
Ph2P(CH2)nPPh2](m-NC5H4CHNCHC5H4N)}n]2n+ 28 occurs
when n = 3 and the polymer 28a has an interesting sinusoidal
conformation as shown in Fig. 11(a), since the conformation of
adjacent P–Au vectors is syn. There is then a switch to the anti
conformation of P–Au vectors when n = 4, such that a more
stretched polymer chain is formed in 28b [Fig. 11(b)].19

An interesting case occurs when n = 5, since three different
structural forms have been crystallised (Fig. 12). Two of these

are polymers 28c, one of which has the sinusoidal conformation
as in 28a but the other has a conformation intermediate between
syn and anti and the resulting chain adopts a helical structure
[Fig. 12(a)]. In most of the structurally characterised polymers,
the chains pack parallel to one another but the helical polymer
has chains that cross over one another while running in mutually
perpendicular directions. The third structural form with n = 5
proved to be a novel ring structure with a central cyclobutane
ring formed by a 2 + 2 cycloaddition reaction of two
bis(pyridyl)ethylene ligands [Fig. 12(b)]. Further study showed

Scheme 4 X = CF3CO2, P = PPh2

Fig. 10 The structure of the cationic ring complex [Au4(m-
Ph2PCH2CH2PPh2)2(m-NC5H4CHNCHC5H4N)2]4+

Fig. 11 The structures of the cationic polymer chains [{Au2[m-
Ph2P(CH2)nPPh2](m-NC5H4CHNCHC5H4N)}n]2n+; (a) n = 3; (b) n = 4

Fig. 12 The structures of the helical (a) cationic polymer chains [{Au2[m-
Ph2P(CH2)5PPh2](m-NC5H4CHNCHC5H4N)}n]2n+, and of the cyclobutane
ring form (b)
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that this form was only obtained when crystallisation was
carried out in the open laboratory and it is thought to be formed
by a photochemical cyclisation of small amounts of ring
structure present in equilibrium with the chain forms as shown
in Scheme 5.16

The complex with n = 6 proved to be a stretched polymer
28d (Fig. 13) whose structure is similar to that of 28b, having
anti conformation of adjacent P–Au vectors but with the long
(CH2)6 chain partly folded back on itself.16

The polymers 28 are not conjugated since there is a saturated
carbon chain in the diphosphine ligands. However, conjugated
polymers can be prepared by using the diphosphine ligands
trans-Ph2PCHNCHPPh2 or [Fe(h5-C5H4PPh2)2]; the structure
of the polymer 29 prepared from the latter ligand is shown in
Fig. 14 and has the stretched polymer form with anti

conformation of adjacent P–Au vectors. This polymer, as a
pressed disc, converts from being an insulator to a semi-
conductor when doped with iodine, partial oxidation of
ferrocene to ferricenium centres is thought to be a likely
rationalisation of this observation.16

In conclusion, it is now possible to tailor the structures of
gold(i) compounds with bridging ligands to give either rings or
polymers. The polymers have interesting structures and prelimi-
nary studies indicate the possibility of optical and electronic
properties based on the conjugation along the chains.

Platinum-containing oligomers and polymers

The synthesis of oligomers or polymers with platinum atoms in
the backbone is based on the two simple reactions shown in
eqns. (5) and (6). The first is a ligand substitution of a diimine

ligand such as 4,4A-di-tert-butyl-2,2A-bipyridine onto a dime-
thylplatinum(ii) centre by displacement of weakly bound Me2S
ligands from [Pt2Me4(m-SMe2)2] 30 to give 31,20 while the
second involves oxidative addition of an alkyl halide to the
platinum(ii) centre of 31, a reaction which occurs easily for
primary alkyl halides and is tolerant to a wide range of
functional groups.21 Both reactions occur in almost quantitative
yield and so are ideal for multistep syntheses as described
below.

Linear chain platinum polymers
The oxidative addition to platinum(ii) of alkyl halides contain-
ing polymerisable substituents can lead to polymers with
organoplatinum(iv) substituents as side chains,22 but the key to
making polymers with platinum atoms in the backbone is to use
alkyl halides with a bipyridine substituent. Thus, the oxidative
addition of a bromomethyl derivative of 2,2A-bipyridine,
4-BrCH2-4A-Me-2,2A-(C5H4N)2 32, to 31 gives a platinum(iv)
complex with a free bipyridine group, which can then
coordinate to a second dimethylplatinum unit, and repetition of
the sequence can give oligomers with platinum atoms in the
backbone as shown in Scheme 6.23

A simple self-assembly of a platinum containing polymer
occurs on reaction of 32 with 30 as shown in Scheme 7.
Displacement of the Me2S ligands from 30 gives the platinu-
m(ii) monomer 33 which undergoes polymerisation by inter-
molecular oxidative addition.23

Dendrimeric platinum polymers
To make a dendrimer, it is necessary to introduce a branch in
each generational growth step.24 This requires at least a
trifunctional reagent having two alkyl halide and one bipyridine
or one alkyl halide and two bipyridine units as present in 34 and
35 respectively. The first successful synthesis is a convergent

method based on the reagent 34 (Scheme 8). Reagent 34 can add
to 2 equiv. of 31 to give the diplatinum(iv) complex 36, which

Scheme 5 P = PPh2

Fig. 13 The structure of the cationic polymer chain [{Au2[m-
Ph2P(CH2)6PPh2](m-NC5H4CHNCHC5H4N)}n]2n+

Fig. 14 The structure of the cationic polymer chain [{Au2[m-
Fe(C5H4PPh2)2](m-NC5H4CHNCHC5H4N)}n]2n+
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can then add a dimethylplatinum(ii) group to the free bipyridine
to regenerate a reactive platinum(ii) centre in 37, whose
structure is shown in Fig. 15.25

Now repetition of the cycle using 37 and 34 gives a Pt7
dendrimer 38 (Scheme 9). One more generation can be grown,
but the reactive platinum(ii) centre, which is formed at the
centre of the molecule in a convergent synthesis, becomes
increasingly sterically congested with each generation and
eventually the oxidative addition step fails.25

The self-assembly of a hyperbranched polymer with platinum
atoms in the backbone is readily achieved by reaction of 34 with
30. The first step is ligand substitution to give the platinum(ii)
complex, which then undergoes polymerisation by inter-
molecular oxidative addition (Scheme 10).25

A divergent method for dendrimer growth is based on the
reagent 35, which contains one bromomethyl group and two
bipyridine groups. With this system, the reactive platinum(ii)

Scheme 6

Scheme 7

Scheme 8

Fig. 15 The structure of the PtIV2PtII complex 37

Scheme 9
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centres are formed at the periphery of the dendrimer and it is
easy to introduce a different metal in the outer generation as
shown in Scheme 11, using as a source of dimethylpalladium
units the complex [Pd2Me4(m-pyridazine)2] 39.26

Stars and exotic molecules based on polyfunctional cores
Polyfunctional cores are useful for facilitating the rapid growth
of complex molecules. Two useful core molecules for platinum
oligomers are 40 and 41. The synthesis of a Pt9 dendrimer by

use of the core reagent 40 and the dendrimer reagent 34 is
shown in Scheme 12.26

The core reagent 41 is useful for assembling four molecules
which contain one platinum(ii) centre each, including simple
molecules like 31 or the more complex linear or dendrimeric
molecules prepared in Schemes 6, 8 and 9.23,25,27 An example is
shown in Scheme 13 and the most complex example so far
prepared is the Pt28 dendrimer shown in Fig. 16 and formed by
coupling four Pt7 dendrimer units 38 to the tetrafunctional
core.

Scheme 10

Scheme 11

Scheme 12

Scheme 13
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The X-ray crystal structures of perdeuteriated and protiated enzyme
elongation factor Tu are very similar

Serena J. Cooper,a David Brockwell,b James Raftery,a David Attwood,b Jill Barberb and John R. Helliwell*a†
a Department of Chemistry, University of Manchester, Manchester, UK M13 9PL 
b School of Pharmacy and Pharmaceutical Science, University of Manchester, Manchester, UK M13 9PL

X-Ray structural comparisons show that perdeuteriation
does not affect the overall fold or domain arrangement of
elongation factor Tu.

Perdeuteriation involves replacing all the non-exchangeable
hydrogens in a molecule with deuterium. For proteins this can
be achieved by growing a bacterial expression system on a fully
deuteriated medium, which is a technique used for protein
NMR1 and has potential for protein neutron scattering stud-
ies.2,3 Whilst the effects of D2O on proteins are well
documented and indeed is a method used in the study of enzyme
mechanisms,4 there is a paucity of structural information on the
impact of perdeuteriation. Most of the published information on
perdeuteriation derives from the elegant work of the groups of
Crespi and Berns in the 1960s.5,6 Their experiments, as well as
more recent data, indicate that perdeuteriation has a destabilis-
ing effect on proteins. Conversely biological properties such as
ligand binding do not appear to be drastically changed.7–9 This
leads to the possibility of preparing perdeuteriated proteins with
similar activities but with modified physical properties relative
to the parent protiated protein. As part of a larger study on the
effects of perdeuteriation on proteins we compare the X-ray
crystal structure of perdeuteriated with that of native i.e.
protiated, elongation factor Tu (EFTu) from Escherichia coli.

Both forms of the enzyme were prepared using an E. coli
over-expression system, with the perdeuteriated form utilising a
deuterium adapted E. coli strain, MRE600D.10 Once cells were
grown all further processes were carried out in an aqueous
(H2O) environment, so only the deuterons unable to exchange
with the solvent remained attached to the protein. The native
and perdeuteriated enzymes were purified identically. Analysis
by electrospray mass spectrometry showed that the protein was
95% deuteriated on carbon, and that 78 of the 668 non carbon
bound deuterons did not exchange with protium during isolation
(ca. 24 h).

Crystals of both native and perdeuteriated EFTu were
obtained by utilising conditions similar to those of Kjeldgaard
and Nyborg.11‡ Both forms of the enzyme were subjected to
limited cleavage with 1% trypsin for 1 h on ice. In this period a
14 peptide fragment, between Ala45 and Arg58, is excised and
no further proteolysis occurs. Cleavage does not affect enzyme
activity, as assessed by GDP binding assays. Crystals grew
within a few days, to a typical size of 0.3 3 0.3 3 0.5 mm but
deteriorated after approximately one week, as determined by
visual examination. Within each droplet the crystals displayed a
range of (roughly) bipyramidal habits. Protiated crystals were
found to diffract to ca. 3.5 Å using Cu-Ka radiation from a
rotating anode with an R-AXIS IIc area detector. The diffraction
resolution was extended to 2.5 Å at station PX7.2 SRS
Daresbury.§ Many of the crystals were found to diffract poorly
or were twinned. A 4.0 Å data set of a perdeuteriated EFTu
crystal was measured on the R-AXIS IIc area detector using
rotating anode Cu-Ka radiation.¶ A second perdeuteriated
crystal was measured at station PX7.2 SRS Daresbury and
although it diffracted to 2.8 Å was subsequently found to be
adversely affected by twinning. All the crystals were of space
group P43212 with small but significant variation in the unit cell

dimensions. We are not certain whether this variation is the
result of perdeuteriation, but it is most probably simply due
to the variety of crystal morphologies, as also observed
previously.11

We have solved both the 2.5 Å protiated and 4.0 Å
perdeuteriated structures by molecular replacement using GDP-
EFTu coordinates based on a 2.6 Å analysis, kindly given to us
by Professor M. Kjeldgaard of Aarhus University.11∑ The native
and perdeuteriated models have been refined to R factors of
0.230 and 0.217 respectively.** The lower resolution of the
perdeuteriated structure deems it unrealistic to draw any very
detailed comparisons between the two structures, i.e. partic-
ularly with reference to differences in bonding distances.
However it does readily allow a comparison between the overall
domain to domain arrangement, as well as secondary structure.
EFTu is an ideal candidate to examine the importance of
perdeuteriation on proteins as it is a large (393 amino acid)
multiple domain protein, the only other perdeuteriated X-ray
structure available to date being a small (149 amino acids)
single domain protein.3 EFTu comprises three domains, and
therefore has a large potential for conformational flexibility.
The two refined X-ray models were aligned with respect to each
other and also to the original Aarhus model,11 using the program
LSQMAN.12 The rms distance deviations between protein Ca
atoms of these alignments are, in ascending order of disagree-
ment: 0.56 Å Aarhus protiated to our protiated; 0.79 Å Aarhus
protiated to perdeuteriated and 0.83 Å perdeuteriated to our
protiated. The protiated to protiated value of 0.56 Å represents
the ‘control’ rms against which the other two should be
compared. The rms overlap value of 0.56 Å between protiated
and protiated EFTu models corresponds well with the Luzzati
(0.55 Å) and Cruickshank (0.29 Å) estimates for the errors in
our protiated model.†† Thus subtle structural differences
between perdeuteriated and protiated EFTu cannot be ruled out
yet and clearly requires confirmation.

To examine possible structural differences in more detail we
also aligned each domain individually, i.e. our protiated EFTu
domains 1, 2 and 3 with perdeuteriated EFTu domains 1, 2 and
3 in turn, and thereby accentuate any domain shifts. The rms
distance deviations (for only the Ca atoms within the relevant
domains) are; domain 1, 0.76 Å; domain 2, 0.99 Å and domain
3, 0.80 Å. The rms distance deviations for all Ca atoms in the
above alignments are; 0.96 Å based on domain 1; 1.15 Å based
on domain 2 and 0.99 Å based on domain 3. The greatest
deviation is within the loop or turn regions, as can be seen in
Fig. 1. However, considering typical temperature factors of
!40 for these regions, a coordinate displacement of ca. 0.7 Å2

would be expected in any case. Overall it appears that there are
no major domain shifts (i.e. none > 1.5 Å) and both structures
have the same fold and global arrangement of domains. Thus the
X-ray crystal structure analyses clearly show that perdeuteria-
tion has no effect on the tertiary structure of EFTu. This is a
significant finding for structural techniques that utilise perdeu-
teriated proteins such as NMR and neutron diffraction. It
appears that the observed physiochemical differences7 between
protiated and perdeuteriated EFTu are not of an overall
structural nature. X-Ray studies are underway on a number of
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other proteins and will allow further analysis of the potential
structural changes due to perdeuteriation to compare with the
EFTu results presented here.
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were collected on the Manchester R-AXIS IIc, which yielded an Rmerge of
0.22 for 5230 reflections, 60% of which have I ! 3s (I), for the strong
reflections the merging R is 0.05 and the overall Rmerge only increases above
0.25 for data higher than 4.2 Å resolution. The data are 97% complete. The
unit cell dimensions are a = b = 69.8 c = 160.5 Å.
∑Molecular replacements were carried out using AMORE.14 Both using the
2.6 Å resolution Aarhus coordinates with our X-ray data to 4 Å. The R
factors at this stage for the protiated and perdeuteriated are 0.345 and 0.348
respectively.
** Subsequent to molecular replacement both structures were subjected to
further rigid body refinement and simulated annealing followed by
positional and B-factor refinement using XPLOR.15 After inspection on the
graphics and insertion of the Mg2++ and GDP co-factors into the protiated
model it was put through further rounds of positional and B-factor
refinement using the maximum likelihood method in REFMAC.14 A round
of refinement is defined as positional and B-factor refinement followed by
model inspection/rebuilding. The perdeuteriated model was also further
refined using REFMAC.14 A bulk solvent correction was applied. The GDP
and Mg2++ co-factors were added in the second round of refinement. Rfree

15

was used as a guide for both protiated and perdeuteriated refinements, final
values are 0.341 and 0.335, respectively.
†† The precision of protein model coordinates can be estimated using the
Luzzati approach16–18 and more recently that of Cruickshank,19 who has
considered the various protein cases in detail, including a medium
resolution refined model based on initial better resolution coordinates. The
Luzzati coordinate error estimates for the protiated and perdeuteriated EFTu
models are 0.55 Å (5–2.45 Å) and 0.51 Å (8–4 Å) respectively. Likewise the
Cruickshank estimates are 0.29 and 0.72 Å, respectively, with due account
taken of the use of restraints in these refinements.
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Fig. 1 Overlay of perdeuteriated and protiated EFTus indicating the
similarity of the domain domain arrangements. Key: yellow, our protiated
structure; magenta, Aarhus protiated structure, reproduced with permis-
sion;11 cyan, perdeuteriated structure. Figure created using MOL-
SCRIPT.13
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Expected and unexpected outcomes of a heteroborane isomerisation

Shirley Dunn, Georgina M. Rosair, Andrew S. Weller and Alan J. Welch*

Department of Chemistry, Heriot-Watt University, Edinburgh, UK EH14 4AS

Gentle thermolysis of compound 1, an intermediate in the
isomerisation of an overcrowded icosahedral carbametalla-
borane, surprisingly yields two rearranged products, com-
pound 2 (expected from theory) and compound 3 (unex-
pected).

There is a substantial and continuing interest in the isomerisa-
tions of heteroboranes and the mechanisms by which such
isomerisations occur.1 Recently2 we reported the first experi-
mental isolation of an intermediate in the isomerisation of an
overcrowded, notional Ccage-adjacent icosahedral metalla-
carborane. We showed that this species has a closed, non-
icosahedral structure which previously had been recognised
only theoretically,3 and we demonstrated that it was a true
intermediate by effecting its conversion to a Ccage-separated
icosahedron on gentle warming.

We now report the results of initial experiments with a system
where one boron vertex is tagged with an SMe2 group, which
allows significant new insight into the precise isomerisation
mechanism.

Deprotonation of the recently reported carbaborane 7,8-Ph2-
9-SMe2-7,8-nido-C2B9H9

4,5 with NaH in thf, followed by
reaction with [MoBr(MeCN)2(h3-C3H5)(CO)2] at 0 °C, yields
the neutral, charge-compensated species 1 in good yield.‡
Compound 1 displays carbonyl stretching bands in the IR
spectrum at relatively high frequency (1971 and 1917 cm21,
CH2Cl2) which identify it as a potential non-icosahedron. This
was confirmed by a crystallographic study§ which revealed the
structure shown in Fig. 1. Thus compound 1 constitutes only the
second example of a derivative of Wales’ hypothetical ‘1,2-C2’
intermediate3 in the isomerisation of 1,2-closo-C2B10H12 to
1,7-closo-C2B10H12. However, the presence of the SMe2
function attached to B(3) affords the possibility of mapping the
movement of that boron atom when 1 is converted to the
appropriate analogue of 1,7-closo-C2B10H12, thus yielding
valuable additional mechanistic information.

To our considerable surprise, gentle thermolysis (thf reflux)
of 1 affords two new carbametallaboranes, compounds 2 and 3,
isolated by thin layer chromatography in reasonable yields.‡
Both display carbonyl stretching IR bands at low frequencies
relative to those in 1 (1936 and 1853 cm21 in 2; 1931 and 1840
cm21 in 3) as expected for icosahedral compounds. Structural
study of 2 and of 3§ confirmed this prediction. Compound 2
(Fig. 2) has a 1,8-Ph2-2-(h3-C3H5)-2,2-(CO)2-6-SMe2-
2,1,8-closo-MoC2B9H8 architecture whereas in compound 3
(Fig. 3) the SMe2 group is bound to B(7), i.e. 3 is 1,8-Ph2-
2-(h3-C3H5)-2,2-(CO)2-7-SMe2-2,1,8-closo-MoC2B9H8. The
overall reaction scheme is shown in Scheme 1, compound 4

Fig. 1 Perspective view of 1 (numbered as in ref. 3). Selected bond distances
(Å) and angles (°): Mo(5)–C(51) 1.973(4), Mo(5)–C(52) 1.989(4), Mo(5)–
C(53) 2.374(4), Mo(5)–C(54) 2.243(4), Mo(5)–C(55) 2.362(4),
C(51)–O(51) 1.152(4), C(52)–O(52) 1.153(4), C(1)–C(11) 1.506(4),
C(2)–C(21) 1.493(3), B(3)–S(1) 1.934(3); C(51)–Mo(5)–C(52) 76.57(14).

Fig. 2 Perspective view of 2. Selected bond distances (Å) and angles (°):
Mo(2)–C(01) 1.947(3), Mo(2)–C(02) 1.931(3), Mo(2)–C(21) 2.360(3),
Mo(2)–C(22) 2.236(3), Mo(2)–C(23) 2.355(3), C(01)–O(01) 1.159(4),
C(02)–O(02) 1.155(3), C(1)–C(101) 1.521(3), C(8)–C(801) 1.512(4),
B(6)–S(1) 1.937(3); C(01)–Mo(2)–C(02) 77.73(13).

Fig. 3 Perspective view of 3. Selected bond distances (Å) and angles (°):
Mo(2)–C(01) 1.974(8), Mo(2)–C(02) 1.929(9), Mo(2)–C(21) 2.368(9),
Mo(2)–C(22) 2.201(9), Mo(2)–C(23) 2.370(9), C(01)–O(01) 1.152(10),
C(02)–O(02) 1.170(10), C(1)–C(101) 1.513(9), C(8)–C(801) 1.509(9),
B(7)–S(1) 1.936(7); C(01)–Mo(2)–C(02) 85.1(3).
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representing the likely non-isolable (overcrowded) initial
reaction product. To support the assumption that the B–S bond
remains intact under the conditions of gentle thermolysis
employed, a sample of 7,8-Ph2-9-SMe2-7,8-nido-C2B9H9 was
heated to reflux in thf for 1 h and was recovered unchanged (1H
NMR spectroscopy).

As far as the relative positions of the cage carbon atoms is
concerned both 2 and 3 are examples of ‘1,7-Ih’ species.
According to Wales3 1,2-Ih C2B10H12 is predicted to transform
to the 1,2-C2 C2B10H12 intermediate via a single route, whereas
1,2-C2 C2B10H12 can rearrange to 1,7-Ih C2B10H12 via two
possible routes, all pathways involving low symmetry transition
states. We have successfully tracked the transformation of 4 into
the isolated intermediate 1, and one pathway for the subsequent
transformation of 1 into 2, thus providing experimental support
for these theoretical predictions. However, the conversion of 1
into the unexpected product 3 must occur via a pathway not
currently articulated, and clearly demonstrates that further
experimental and theoretical work in this fascinating area is
warranted.

We thank the EPSRC and the Callery Chemical Co. for
support.
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‡ Syntheses and selected data: 1: 7,8-Ph2-9-SMe2-7,8-nido-C2B9H9

4,5 (1.73
mmol) in thf (30 ml) was deprotonated with an excess of NaH, then added
to a stirring solution of [MoBr(MeCN)2(h3-C3H5)(CO)2] (1.73 mmol) in thf
(10 ml) at 0 °C. The solution was allowed to warm to room temp. and stirred
for a total of 2 h. Removal of solvent in vacuo and work up by column
chromatography [silica, CH2Cl2–light petroleum (7 : 3)] afforded a single
orange band. Recrystallisation from CH2Cl2–light petroleum at 4 °C
afforded diffraction-quality crystals of compound 1 (65% yield). IR
(CH2Cl2) n/cm21: 2554 (br, B–H), 1971 (vs, CO), 1917 (m, CO). 1H NMR
(200 MHz, CDCl3), d 7.85 (m, 2 H, Ph), 7.72 (m, 2 H, Ph), 7.38–7.19 (m,

6 H, Ph), 3.81 (m, 1 H, allylcentre), 2.68 (dd, 1 H, allylsyn), 2.55 (s, 3 H, SMe),
2.46 (dd, 1 H, allylsyn), 2.15 (s, 3 H, SMe), 1.90 (d, 1 H, allylanti), 1.18 (d br,
1 H, allylanti); 11B{1H} NMR (124.8 MHz, CDCl3), d 15.1 (1 B), 6.8 (2 B),
1.9 (2 B), 23.8 (1 B), 215.0 (1 B), 224.1 (2 B).

2 and 3: compound 1 (0.41 mmol) was dissolved in thf (15 ml) and heated
to reflux for 1 h. Solvent was removed in vacuo and the residue applied as
a concentrated CH2Cl2 solution to a TLC plate. Elution with CH2Cl2–light
petroleum (2 : 3) (under a nitrogen atmosphere) afforded two mobile bands,
compounds 2 (Rf ca. 0.30) and 3 (Rf ca. 0.35). Both bands were recovered
and recrystallised from CH2Cl2–light petroleum at 4 °C to afford
diffraction-quality crystals in 54 and 31% yield, respectively. 2: IR
(CH2Cl2) n/cm21: 2569 (br, B–H), 1936 (vs, CO), 1853: (s, CO). 1H NMR
(200 MHz, CDCl3), d 7.43 (m, 2 H, Ph), 7.29–7.10 (m, 8 H, Ph), 4.19 (m,
1 H, allylcentre), 3.32 (dd, 1 H, allylsyn), 2.93 (s, SMe), 2.21 (s, SMe), 2.39
(dd, 1 H, allylsyn), 1.42 (d, 1 H, allylanti), 1.32 (d, 1 H, allylanti); 11B{1H}
NMR (128.4 MHz, CDCl3), d 2.7 (1 B), 21.4 (1 B), 23.4 (1 B), 24.3 (1 B),
27.4 (2 B), 212.1 (2 B), 214.5 (1 B). 3: IR (CH2Cl2) n/cm21: 2559 (m br,
B–H), 1931 (vs, CO), 1840 (vs, CO). 1H NMR (200 MHz, CDCl3), d 7.57
(m, 2 H, Ph), 7.38–6.87 (m, 8 H, Ph), 3.71 (dd, 1 H, allylsyn), 3.18 (m, 1 H,
allylcentre), 2.59 (apparent s, 6 H, 2 3 SMe), 1.80 (d, 1 H, allylsyn), 1.62 (dd,
1 H, allylanti), 1.22 (d, 1 H, allylanti); 11B{1H} NMR (128.4 MHz, CDCl3),
d 4.4 (1 B), 0.8 (1 B), 25.5 (3 B), 29.2 (1 B), 211.1 (sh, 1 B), 211.6 (1
B), 213.2 (1 B).
§ Crystallographic data: 1: C21H29B9MoO2S, Mr = 538.7, crystal size 0.4
3 0.4 3 0.8 mm, monoclinic, space group P21/n, a = 13.4348(9), b
= 10.7968(8), c = 19.0756(13) Å, b = 110.320(7)°, U = 2594.8(3) Å3, Z
= 4, Dc = 1.379 g cm23, F(000) = 1096, m = 0.60 mm21. Siemens P4
diffractometer, 293(2) K, Mo-Ka radiation, l = 0.710 73 Å, 2qmax = 50 °,
4567 unique reflections, 3456 observed [Fo > 4s(Fo)], corrections for
absorption (y-scans), Lorentz and polarisation effects. Structure solved by
direct methods and refined (on F2) by full-matrix least squares (339
variables) to R1 = 0.0337, wR2 = 0.0680 (for observed data), S = 1063.
Max., min. residual electron density 0.25, 20.30 e Å23.

2: C21H29B9MoO2S, Mr = 538.7, crystal size 0.4 3 0.4 3 0.8 mm,
monoclinic, space group P21/n, a = 11.8254(10), b = 11.5468(7),
c = 19.7695(11) Å, b = 107.277(5)°, U = 2577.6(3) Å3, Z = 4,
Dc = 1.388 g cm23, F(000) = 1096, m = 0.61 mm21. Siemens P4
diffractometer, 293(2) K, Mo-Ka radiation, l = 0.710 73 Å, 2qmax = 50 °,
4539 unique reflections, 3639 observed [Fo > 4s(Fo)], corrections for
absorption (y-scans), Lorentz and polarisation effects. Structure solved by
direct methods and refined (on F2) by full-matrix least squares (307
variables) to R1 = 0.0298, wR2 = 0.0666 (for observed data), S = 1094.
Max., min. residual electron density 0.29, 20.40 e Å23.

3: C21H29B9MoO2S, Mr = 538.7, crystal size 0.1 3 0.3 3 0.4 mm,
monoclinic, space group P21/n, a = 12.8226(12), b = 13.840(2),
c = 15.3573(14) Å, b = 109.733(7)°, U = 2565.4(5) Å3, Z = 4,
Dc = 1.395 g cm23, F(000) = 1096, m = 0.61 mm21. Siemens P4
diffractometer, 293(2) K, Mo-Ka radiation, l = 0.710 73 Å, 2qmax = 50°,
4475 unique reflections, 2881 observed [Fo > 4s(Fo)], corrections for
absorption (y-scans), Lorentz and polarisation effects. Structure solved by
direct methods and refined (on F2) by full-matrix least squares (307
variables) to R1 = 0.0622, wR2 = 0.1420 (for observed data), S = 1.047.
Max., min. residual electron density 1.78, 20.75 e Å23. CCDC 182/819.

1 A. J. Welch and A. S. Weller, J. Chem. Soc., Dalton Trans., 1997, 1205
and references therein.

2 S. Dunn, G. M. Rosair, Rh. Ll. Thomas, A. S. Weller and A. J. Welch,
Angew. Chem., Int. Ed. Engl., 1997, 36, 645.

3 D. J. Wales, J. Am. Chem. Soc., 1993, 115, 1557. A most helpful
animation of the isomerisation processes considered in this paper is
available on the World Wide Web (http://brian.ch.cam.ac.uk/
publications.html).

4 G. M. Rosair, A. J. Welch, A. S. Weller and S. K. Zahn, J. Organomet.
Chem., 1997, 536, 299.

5 G. M. Rosair, A. J. Welch and A. S. Weller, Organometallics 1998, in
press.
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Scheme 1 Reaction scheme for formation of compound 1 from the notional
overcrowded precursor 4, and subsequent tranformation of 1 into both 2 and
3. The pathways identified as ‘predicted’ are those which are in agreement
with the predictions of ref. 3. [Mo] = Mo(h3-C3H5)(CO)2.
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Supramolecular assembly of low-dimensional silver(i) architectures via
amide–amide hydrogen bonds

Christer B. Aakeröy*† and Alicia M. Beatty

Department of Chemistry, Kansas State University, Manhattan, Kansas, 66506, USA

The ligand nicotinamide (L) is used to propagate the linear
coordination geometry of AgL2 into 1-D and 2-D assemblies
via a combination of coordinate covalent bonds and specific
intermolecular hydrogen-bond interactions; the precise nat-
ure of the resulting lamellar structures are also influenced by
the nature of the counterion.

Some recent efforts in the field of crystal engineering have
focused on the predictable assembly of organic molecular solids
via intermolecular interactions,1 and it has become clear that
certain functional groups e.g. carboxylic acids and amides, are
reliable, robust connectors for the formation of hydrogen-
bonded organic networks.2 However, relatively little work has
been done in constructing predictable assemblies of coordina-
tion compounds via directional intermolecular interactions.3
Ordered assemblies of transition metal complexes (e.g. ‘coor-
dination polymers’4) are being studied for their potential as
useful conductive, porous and magnetic materials.5 From a
crystal engineering standpoint, the advantage of using transition
metals is that the shape of the main building unit can be
controlled by using a metal–ligand system that is known to
exhibit a desired coordination geometry. A specific geometry
can then be propagated throughout the crystal structure by
attaching substituents (intermolecular connectors) to the li-
gands. In order to probe the strength and reliability of various
intermolecular connectors, a low-dimensional metal–ligand
system is a convenient starting point, as this may allow us to
drive the assembly of linear coordination complexes into one or
two dimensions in the crystal lattice via specific intermolecular
interactions. Silver(i) is one of the few metal ions that
commonly displays linear coordination, thus AgL2 complexes
of silver(i) with pyridine derivatives provide the required low-
dimensional building blocks.6 The amide functionality is an
appropriate intermolecular connector for this study,7 in part due
to its well known ability to form hydrogen-bonding networks in
organic molecular solids,8 and also because it is unlikely that
silver(i) ions will coordinate to either the amide carbonyl
oxygen or amine nitrogen atoms in the presence of a pyridine
nitrogen. In order to also investigate the influence of the steric
requirements and hydrogen-bonding ability of the counter ion
on the supramolecular assembly, we have initiated a systematic
structural study of a family of silver complexes. We now report
the X-ray single crystal structures of three new compounds,9
[Ag(C5H4NCONH2)2][O3SCF3] 1, [Ag(C5H4NCONH2)2]-
[BF4] 2 and [Ag(C5H4NCONH2)2][PF6] 3, which contain
infinite low-dimensional architectures, assembled through
intermolecular hydrogen bonds.‡

The reaction of silver(i) triflate with nicotinamide leads to the
formation of dinicotinamidesilver(i) triflate 1 (mp 183–185 °C),
where the cationic complex contains a silver ion coordination to
two nicotinamide ligands in a near-linear fashion, L–Ag–L
174.29(8)°. As expected, the coordination to the silver ion is
through the ring nitrogen atoms. The 1-D geometry of the
complex cation is propagated in the solid state through amide–
amide hydrogen bonds [N···O 2.920(3) Å], leading to infinite
C1

1(12) chains.10 Neighbouring chains are linked through
symmetry related hydrogen bonds, r(N···O) = 2.898(3) Å,
forming a ‘head-to-head’ R2

2(8) motif. These two intermolecular

interactions create an infinite ladder-like arrangement (Fig. 1).
There are no further hydrogen-bond interactions between
adjacent cationic ladders. The anion acts as a cross-link between
two cationic ladders via weak hydrogen bonds to the two
remaining amide hydrogen atoms, r(N···O) = 3.094(3) and
3.179(3) Å. Thus the presence of a triflate ion, which has
oxygen atoms readily available as hydrogen-bond acceptors,
does not disrupt the formation of the intended ligand–ligand
hydrogen bonds, and the amide functionalities propagate a
linear assembly of the silver complexes.

Reaction of silver(i) tetrafluoroborate with nicotinamide
yields the linear complex, dinicotinamidesilver(i) tetrafluoro-
borate 2 (mp 217–220 °C), where again the silver ion is
coordinated to two ligands in a linear fashion, N–Ag–N
[177.3(2)°]. However, in this structure, two unique amide–
amide hydrogen bonds, r(N···O) = 2.966(7) and 2.863(7) Å,
form two C1

1(4) chains, which generate infinite two-dimensional
sheets (Fig. 2). The anions are sandwiched between cationic
sheets, held there by two N–H···F; r(N···F) = 2.979(7) and
3.082(8) Å, and one C–H···F; r(C···F) = 3.138(7) Å, hydrogen
bonds. The overall crystal packing displays an ...ABAABA...

Fig. 1 Infinite 1D ladder motif in 1, constructed via C1
1(12) and R2

2(8)
hydrogen bonds between linear cationic moieties

Fig. 2 2D cationic network in 2, formed by C1
1(4) hydrogen bonds (the same

2D motif is found in the crystal structure of 3
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arrangement, where A is a cationic sheet and B is an anionic
layer (Fig. 3). Within ABA units the distance between cationic
sheets is ca. 3.6 Å, while the separation between ABA units is
ca. 3.2 Å, with no hydrogen bonds between cationic layers.

The reaction of silver(i) hexafluorophosphate with nicoti-
namide yields dinicotinamidesilver(i) hexafluorophosphate 3
(mp 234–238 °C), which again contains the expected linear
cationic complex, N–Ag–N 173.4(1)°. Neighboring cations are
linked via two unique amide–amide hydrogen bonds, r(N···O) =
2.943(4) and 2.870(4) Å, leading to a 2D network that is
virtually identical to the cationic sheet observed in 2 (Fig. 2).
The anions are positioned between sheets through two N–H···F
hydrogen bonding interactions, r(N···F) = 3.033(4) and
3.058(4) Å. The crystal structure displays an ...ABAABA...
packing (Fig. 3), with cationic sheets separated by ca. 3.8 Å
within ABA units and ca. 3.4 Å between ABA units.

The structures of 1, 2 and 3 demonstrate that the silver ion
provides the desired linear AgL2 building unit, and neighboring
amide functionalities assemble these complexes into either 1-D
or 2-D supramolecular architectures via intermolecular hydro-
gen bonds. Although the precise geometries of the hydrogen-
bond networks change in this series, amide–amide interactions
persist in the presence of anions with widely differing
geometries and coordinating abilities. Consequently, we have
gained a level of control over the way in which adjacent linear
silver(i) complexes are arranged within the 3-D lattice.
However, a detailed comparison of the crystal structures of 1 vs.
2 and 3 indicates that the counter ion does play an important role
in the assembly of these complexes, resulting in the formation
of either 1-D or 2-D cationic motifs based on prevailing amide–
amide interactions. For example, 2-D cationic sheets are
observed in structures where the anion is approximately
spherical and with relatively low-coordinating ability ([BF4]2
and [PF6]2), whereas cationic ladders arise in the presence of a
more anisotropic counter ion with stronger hydrogen-bond
acceptors. In the case of the lamellar 2-D assemblies displayed
by 2 and 3, we hope to specifically control inter-layer
separations by altering the characteristics of the counterion.
Moreover, we are also examining how changes to the position of
the amide functionality (e.g. 4-carboxamidepyridine vs. 3-car-
boxamidepyridine) and the presence of other substituents on the
ligand, influence the nature of the hydrogen-bond networks and
the resulting 3-D packing.

The work presented here illustrates that directional hydrogen
bonds can be used in assembly of transition-metal complexes
even in competition with potentially disruptive counterion
interactions. Consequently, we can expect that many principles
of crystal engineering that have been developed and tested in
organic solid-state chemistry will assume further relevance in
supramolecular aspects of coordination chemistry.

We acknowledge financial support from Kansas State
University, NSF-EPSCoR (OSR-9550487) and DuPont.

Notes and References

† E-mail: aakeroy@ksu.edu
‡ Crystal data: 1: C13H12AgF3N4O5S, triclinic, space group P1, a =
7.4761(5), b = 108812(7), c = 11.1832(9) Å, a = 98.898(6), b =
106.639(6), g = 99.406(5)°, U = 845.2(1) Å3, Z = 2, Dc = 1.969 g cm23,
m = 1.383 mm21, R1 (all data) = 0.0191, R2 (all data) = 0.0460.

2: C12H12AgBF4N4O2, monoclinic, space group P21/c, a = 9.9693(7), b
= 9.7488(6), c = 15.5105(10) Å, b = 97.971(4)°, U = 1492.9(2) Å3, Z =
4, Dc = 1.953 g cm23, m = 1.410 mm21, R1 (all data) = 0.0591, R2 (all
data) = 0.1185.

3: C12H12AgF6N4O2P monoclinic, space group P21/c, a = 8.1458(7), b
= 9.9241(10), c = 20.000(2) Å, b = 98.387(7)°, U = 1559.5(3) Å3, Z =
4, Dc = 2.064 g cm23, m = 1.442 mm21, R1 (all data) = 0.0346, R2 (all
data) = 0.0566. CCDC 182/831.
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Fig. 3 Edge-on view of the lamellar crystal packing in 3; hexafluoro-
phosphate counter ions are positioned between silver-containing cationic
sheets
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NH4V3O8: a novel sinusoidal layered compound formed by the cation
templating effect

Songping D. Huang*† and Yongkui Shan

Department of Chemistry and Center for Materials Research and Characterization, PO Box 23346, University of Puerto Rico,
San Juan, PR 00931, USA

V2O5 reacts with aqueous NH3 under hydrothermal condi-
tions to give a novel sinusoidal layered compound NH4V3O8;
the structure features weak hydrogen bonds between the
V3O8

2 layers and the NH4
+ cations that occupy the

interlayer space.

There has been renewed interest in alkali-metal vanadium oxide
bronzes owing to their applications as cathode materials in
rechargeable high-energy-density lithium batteries1 and to their
diverse structural chemistry.2 The common synthetic schemes
to produce such compounds include high temperature solid state
reactions,3 redox intercalations4 or electrochemical methods.5
Recently, hydrothermal techniques have been demonstrated to
facilitate the synthesis and crystal growth of organic-based
vanadium oxide bronzes such as a-, b-(H2en)0.5V2O5 (en =
ethylenediamine)6 and (DABCOH2)V6O14 (DABCO = 1,4-di-
azabicyclo[2.2.2]octane),7 to name but a few. To a lesser extent,
hydrothermal methods are used in the synthesis of alkali-metal
vanadium oxide bronzes.8 We are interested in the chemistry of
metastable layered alkali-metal vanadates that can be used as
suitable starting materials for in situ hydrothermal intercalation/
liquid crystal templating reactions that may produce micro-
porous–mesoporous composite materials.9 Our entry to this
chemistry capitalizes on both the unique chemical properties of
V2O5 and the hydrothermal method. Vanadium pentoxide is
slightly soluble in water and forms a pale yellow solution
containing dispersed V2O5 layers. Such exfoliated layers can
react with acids to give the discrete cationic VO2

+ species as
well as react with bases to give a variety of mono-, di- and poly-
oxometallate anions.10 By controlling the basicity of the
reaction media and by judicious selection of suitable template
cations, we have been able to direct the reaction of V2O5 with
inorganic bases to form new solid state vanadate compounds
rather than discrete isopolyvanadate anions. In this report, we
wish to describe the synthesis and structural characterization of
a novel layered vanadium oxide compound, NH4V3O8 1,
formed by a mild hydrothermal reaction. Compound 1 is distinct
from the many layered compounds in the alkali-metal vanadium
oxide family in that it contains highly corrugated layers, and all
the vanadium ions in the structure are in the +5 oxidation
state.

Pure NH4V3O8 can be conveniently prepared from the base-
induced polymerization/condensation reaction of V2O5 with
aqueous NH3 under hydrothermal conditions. Thus, when a
sealed thick-walled Pyrex tube containing 100 mg (0.55 mmol)
V2O5, 30 mg (0.56 mmol) NH4Cl, 0.1 ml (0.37 mmol) 28%
aqueous NH3 and 0.5 ml of a mixed solvent composed of H2O–
MeOH (1 : 1, v/v) was heated at 110 °C for 4 days, analytically
pure orange–brown single crystals of NH4V3O8 were obtained
in ca. 52% yield.‡ It is important to control the molar ratio of
V2O5 : NH3 to ca. 3 : 2 as excess NH3 will lead to the formation
of NH4VO3 as a by-product. However, addition of NH4Cl to the
reaction can increase the yield while suppressing the formation
of the by-product. Eqn. (1) is the mass-balanced reaction that
describes the formation of 1:

hydrothermal
reaction

3V2O5 + 2NH3(aq) + H2O –––––––––? 2NH4V3O8 (1)

The structure of 1 was determined by X-ray single crystal
analysis.§¶ The asymmetric unit contains one N, three H, two V
and five O atoms. Six atoms, including N, H(1), H(2), V(2),
O(2) and O(5), are situated on the crystallographic mirror planes
perpendicular to the [010] direction. The V3O8

2 layer is formed
parallel to the ab plane, consisting of highly distorted VO5
square pyramids around V(1) and VO6 octahedra around V(2).
First, every two square pyramids share a common edge. Such
two edge-sharing square pyramid units are then linked with one
another to form one-dimensional chains along the b-direction.
Between these chains reside the VO6 octahedra which share two
edges with two neighboring, edge-sharing square-pyramidal
units from one chain and two corners with two different square-
pyramidal units from the adjacent chain in an alternating
fashion. Fig. 1 shows the interconnection of the VO5 square
pyramids and VO6 octahedra within one V3O8

2 layer. Five
oxygen atoms are engaged in terminal, i.e. O(1) and O(2),
doubly bridging, i.e. O(3) and triply bridging, i.e. O(4) and O(5)
coordination, respectively. The layers are stacked along the
c-direction with the NH4

+ cations occupying the interlayer
space. Because of the weak hydrogen bonding between the
terminal oxygen atoms in the vanadium oxide layers and the H
atoms from the NH4

+ cations [i.e. O(1)–N 3.16 and O(2)–N 2.92
Å], the structure consists of highly corrugated V3O8

2 sheets
arranged as if the layers intended to bend over in order to
maximize the hydrogen bonding. As a result, each individual
layer appears to have the sinusoid shape, shown in Fig. 2, so that
two protons from a NH4

+ cation can each form hydrogen bonds
with two terminal O atoms on the same layer. Otherwise, a flat
layer can only allow for a single hydrogen bond between the
tetrahedral NH4

+ ion and a terminal O atom from one layer.

Fig. 1 The structure of one V3O8
2 layer, showing the interconnection of the

VO5 square pyramids and VO6 octahedra
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Both vanadium ions are in the +5 formal oxidation state as
confirmed by the ESCA study.∑ The V–O bond distances within
the layer range from 1.605(4) Å, involving the terminal oxygen
atoms, to 2.281(6) Å, involving the triply bridging oxygen
atoms.

In conclusion, a novel sinusoidal layered compound
NH4V3O8 has been synthesized and structurally characterized.
Recently, Whittingham and coworkers showed that
(NMe4)V3O8 can be obtained by heating (NMe4)V3O7 in air to
ca. 200 °C.11 However, the structure of (NMe4)V3O8 has
remained unknown, and is possibly related to 1. In the current
synthesis, 1 can best be thought of as being formed by
reconstructing V2O5 layers through a base-induced poly-
merization/condensation reaction in the presence of the NH4

+

cation template. To the best of our knowledge, 1 is the first
example of a ternary layered vanadium oxide obtained by such
a route. This method may open up a new avenue to a potentially
large number of novel layered or open-framework materials
with the use of other suitable templates.

This work was supported by the US National Science
Foundation and the Department of Energy Through the
EPSCoR Programs (OSR-9452893 and DE-FC02-
91ER75674). We thank the National Institutes of Health for a
grant in support of the purchase of a Siemens CCD SMART
diffractometer (3S06GM08102-25S1/M1HREV).
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† E-mail: huang@zintl.chem.uprr.pr
‡ The product was isolated by water and acetone washing and separated by
hand from a small amount of colorless NH4VO3 (ca. 5–10%) crystals and
black V3O7+d (ca. 2%) crystals. The unit cell parameters for V3O7+d are:
tetragonal, space group P4/mbm (no. 127), a = 8.9065(6), c = 5.5823(1) Å,

U = 442.82(3) Å3, Z = 2. We have not been able to refine the structure
satisfactorily because of severe disorder at two oxygen sites.
§ Crystallographic data for 1: V3O8H4N, monoclinic, space group P21/m
(no. 11), a = 4.993(7), b = 8.423(1), c = 7.849(1) Å, b = 96.426(3)°, U
= 328.45(7) Å3, Z = 2, Dc = 3.022 g cm23, m = 4.189 mm21, T = 295
K, structure solution and refinement based on 480 reflections with Io !

3.0s(I0) converged at R = 0.036, Rw = 0.044 and goodness-of-fit = 1.15.
Data were collected on a Siemens SMART diffractometer using Mo-Ka
radiation (l = 0.710 73 Å). An empirical absorption correction based on
simulated y-scans was applied to the data set. All hydrogen atoms were
located from the difference Fourier maps, and were included in the structure
but not refined. Further details of the crystal structure investigations of 1 are
available from the Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen (Germany), on quoting the depository number CSD-
407899. CCDC 182/829.
¶ The phase identity and homogeneity of 1 were confirmed by comparing
the experimental X-ray powder diffrction patterns of the bulk material with
those calculated from the single crystal X-ray data.
∑ Electron spectroscopy chemical analysis (ESCA) gave two overlapping
peaks for V2p3/2 at 515.37 and 516.68 eV, which is consistent with V5+ ions
in two different coordination environments. In addition, the binding
energies for O 1s are 533.77, 531.95 and 530.21 eV, confirming three
different bonding modes of the oxygen atoms in NH4V3O8.
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Fig. 2 The structure of layered NH4V3O8, viewed down the a-direction
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A cyano bridged iron(iii) linear chain with alternating Fe(CN)6–Fe(cyclam)
(cyclam = 1,4,8,11-tetraazacyclodecane) units and unexpected ferromagnetic
behaviour

Enrique Colacio,*† José M. Domı́nguez-Vera,a Mustapha Ghazi,a Raikko Kivekäs,b Martti Klingab and José
M. Morenoa

a Departamento de Quı́mica Inorgánica de la Universidad de Granada, Facultad de Ciencias, Universidad de Granada, 18071
Granada, Spain
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The X-ray crystal structure and magnetic properties of a
cyano-bridged iron(III) linear chain containing alternating
iron sites and unexpected ferromagnetic behaviour, justified
on the basis of the axial distortion from regular octahedral
geometry of one of the iron(III) ions, are reported.

The design and elaboration of new systems with original
magnetic, optical and/or electrical properties is at the heart of
molecular magnetism.1 In the last few years, there has been a
considerable interest in the preparation and properties of
molecular magnets.2 One potential general route to the
synthesis of molecular magnets is to make analogues of
Prussian blue, in which all the centres are paramagnetic.3
Following this route, several Prussian analogues have been
prepared with the aim of enhancing the ordering temperature by
changing the nature of the interaction between the paramagnetic
ions through the cyanide bridge. Recently, the room tem-
perature barrier was overcome at 315 K with a CrIII/[VII–VIII]
compound.4 Even though these materials can be synthesized by
applying the techniques of molecular chemistry and then
considered as molecular-based magnets, however, because their
magnetic properties can only be tuned by changing the pair of
interacting paramagnetic ions, they are close to the ionic
magnets. Lately, a hybrid approach has been used in order to
obtain molecular-based magnets. It consists of combining
[M(CN)6]n2 building blocks with transition metal ion com-
plexes. Following this approach several cyano-bridged bime-
tallic complexes with 2D5 and 3D6 structures have been
prepared, which undergo magnetic phase transitions at lower
temperature than the Prussian blue analogues. Because they are
molecular systems their magnetic properties can be chemically
tuned by not only varying the metal ions but also the ligands. By
using the same synthetic strategy it is possible to design MMA6
cyano bridged heptanuclear entities (M = FeIII or CrIII; MA =
CuII or NiII and MnII, respectively).7 Among them, the CrNi6
and CrMn6 species exhibit high-spin ground states of S = 15/2
and 27/2, respectively. We have now found that from the
building blocks [Ni(cyclam)]2+ and [Fe(CN)6]32, two different
cyano-bridged complexes can be obtained, depending on the
stoichiometric ratio of the reactants. Thus, by dropwise addition
of an aqueous solution of K3[Fe(CN)6] (1 mmol, 20 ml) to an
aqueous solution of [Ni(cyclam)][ClO4]2 (1 mmol, 50 ml) a
brown precipitate is immediately obtained, whose analytical
data point to the formula [Ni(cyclam)]3[Fe(CN)6]2·6H2O.
Preliminary magnetic measurements suggest that this com-
pound orders ferromagnetically below 8 K. It is noteworthy that
the precipitate dissolves upon addition of a large excess of
[Fe(CN)6]32 (10 : 1 molar ratio), leading to a dark green
solution, from which prismatic dark brown crystals of [Fe(cy-
clam)][Fe(CN)6]·6H2O 1 appear within one week.‡ It is
noteworthy that the presence of a large excess of [Fe(CN)6]32

promotes the substitution of NiII from [Ni(cyclam)]2+ by FeIII.
Consequently, complex 1 can also be prepared from cyclam and

K3[Fe(CN)6]. The structure§ of 1 was determined by X-ray
analysis (Fig. 1) and it consists of polymeric chains of
alternating [Fe(CN)6]32 and [Fe(cyclam)]3+ ions running along
the a axis, and crystal water molecules. In the chain two CN2
groups of each [Fe(CN)6]32 unit bridge two iron(iii) atoms with
Fe···Fe distances of 5.129(1) Å. Both types of iron atoms are
located on symmetry elements 2/m, and the bridging CN2 ions
as well as the C(6) atom of the cyclam ligand lie on the mirror
plane. The chains are almost linear as the bond angles for the
bridging CN2 group are ca. 175°. The Fe–C–N angles for
terminal CN2 groups in [Fe(CN)6]32 do not deviate sig-
nificantly from linearity. The iron centre in the [Fe(CN)6]32

unit adopts a minimally distorted octahedral environment,
where the cis-C–Fe–C angles are close to 90° and Fe–C
distances equal for bridging [1.925(8) Å] and terminal [1.936(6)
Å] CN2 groups. Owing to coordination of the CN2 groups, the
iron centre of the [Fe(cyclam)]3+ unit assumes an axially
distorted octahedral FeN6 chromophore. The two axial positions
are occupied by the nitrogen atoms of the bridging CN2 groups
with Fe–N distances of 2.069(6) Å and the equatorial positions
by the N4 set of donor atoms from the cyclam ligand with Fe–N
distances of 1.963(5) Å. The equatorial coordination planes of
Fe(1) and Fe(2) are not parallel but form a dihedral angle of
10.7(1)°. In the crystal, the chains are linked by hydrogen bonds
involving the lattice water molecules and the N(2) and N(4)
nitrogen atoms of the [Fe(CN)6]32 and [Fe(cyclam)]3+ units,
respectively, thus leading to a two dimensional layer structure.
The donor–acceptor distances range from 2.738(8) to 2.836(7)
Å, whereas the nearest Fe···Fe interchain separation is 8.101(1)

Fig. 1 A perspective view of the chain complex 1
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Å. It should be noted that, among FeIII polymers, structurally
characterized chain complexes are rare and those with alternat-
ing iron sites are rarer still,8 compound 1 being the first example
of an iron(iii) chain containing alternating iron sites but not
alternating bridging ligands.

The temperature dependence of the cMT product per Fe2 unit
in the range 2–295 K is shown in Fig. 2. The cMT product at
room temperature, 1.06 cm3 mol21 K, is significantly larger
than the spin-only value of 0.75 cm3 mol21 K expected for two
isolated low spin iron(iii) ions (S = 1

2), assuming g = 2.00,
probably because of an orbital contribution to the magnetic
moment of the low-spin FeIII ions. As the temperature is
lowered, cMT remains almost constant until around 100 K, then
increases smoothly to reach a maximum of 2.41 cm3 mol21 K at
6 K and finally decreases sharply to 0.45 cm3 mol21 K upon
cooling to 2 K. Such magnetic behaviour is characteristic of a
dominant ferromagnetic coupling within the chain and inter-
chain antiferromagnetic interactions, which are responsible for
the decrease of cMT at very low temperature. The experimental
magnetization values per Fe2 unit as a function of the applied
field at 5 K (Fig. 2) are greater than those predicted by the
Brillouin function for two magnetically isolated iron(iii) with
S = 1

2, thus confirming the existence of a ferromagnetic
interaction between iron(iii) ions. Apparently, 1 is the first
example of an iron(iii) chain exhibiting ferromagnetic intra-
chain exchange interactions. For estimating the magnitude of
the ferromagnetic coupling, first, the magnetic susceptibility
data (T > 6 K) were fitted to the Baker’s expression9 for
a S = 1

2 uniformly spaced ferromagnetic chain with the

Hamiltonian in the form H = 2J S
n21

i
Si·Si + 1.

The best fit parameters were J = 8.6 cm21 and g = 2.27. The
polycrystalline powder EPR spectrum at 100 K seems to be
axial with g4 = 2.21 and g∑ = 2.03. At first glance, the
ferromagnetic behaviour observed for 1 is rather unexpected
taking into account the magnetic orbitals involved in the
exchange interaction. Low-spin iron(iii) ion in octahedral
surroundings (t2g

5) has the unpaired electron density on xy, xz
and yz d orbitals, which are degenerate. If the Fe(1)–CN–Fe(2)
bond is considered to lie along the z axis, with the x and y axes
pointing toward the equatorial CN2 groups for Fe(1) and
toward the nitrogen atoms of the macrocycle for Fe(2), the xz
and yz orbitals on both iron(iii) ions would overlap through the
p orbitals of the CN2 group to give rise to antiferromagnetic
contributions. A closer examination of the structure of 1,

however, reveals that while the coordination polyhedron of
Fe(1) is almost perfectly octahedral (Oh point symmetry), that
of Fe(2) is axially elongated along the CN–Fe(2)–NC direction
(D4h). For this tetragonal distortion the ground state configura-
tion becomes (xz, yz)4(xy)1. Then, the ferromagnetic interaction
might be the result of the orthogonality between the (xy)1 orbital
(b2g) on Fe(2) and the xz and yz (t2g) orbitals on Fe(1). It is of
note that a similar unexpected ferromagnetic coupling has been
also observed between two cyano-bridged CrIII[d3, (t2g)3], in the
compound catena-cyano(phthalocyaninato)chromium(iii).10

Even though no crystal structure determination has been
reported for this compound, the CrIII ions in the chain should be
in a distorted octahedral surrounding. If so, a similar orbital
explanation to that for 1 can be applied to the CrIII compound in
order to justify the observed ferromagnetic interaction. In view
of these results, more examples are needed of cyano-bridged
chain CrIII and FeIII complexes in order to definitively clarify
the origin of the ferromagnetic exchange interaction. In this
sense, the reaction of [M(CN)6]32 (M = CrIII and FeIII) toward
metal–macrocycle complexes is currently under examination.

This work was supported by the Dirección General de
Investigación Cientı́fica y Técnica (project PB94-0764) and by
the Junta of Andalucı́a.
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Fig. 2 Magnetic data (cMT vs. T) of 1. Inset: magnetization data (Nb vs. H/T)
of 1 (solid line represents the theoretical value of the Brillouin function for
S = 1

2).

1072 Chem. Commun., 1998



(a)

(b)

[q
] 

/ 
10

4  
de

g 
cm

2  
dm

ol
–1

F
ra

ct
io

n 
fo

ld
ed

l / nm

T / °C

(a) (b)

(i)

(ii)

(iii)

Molecular assembly of two-a-helix peptide induced by haem binding
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A designed two-a-helix peptide H2a-17 bound effectively
FeIII–mesoporphyrin (haem), and the haem binding simul-
taneously induced the molecular assembly of the peptide
from a monomeric to a tetrameric form.

The self-assembly of polypeptides and functional chromo-
phores, such as chlorophyll and haem, has a significant role in
nature, the assembled species displaying highly efficient
functions. For example, in the bacterial light-harvesting com-
plex LH2, nine identical units, each consisting of two kinds of
a-helical polypeptides and three bacteriochlorophyll a (Bchla)
units, are combined into a ring-shaped assembly.1 In the LH2
protein, the orientation and assembly of a large number of Bchla
units are regulated by the polypeptide three-dimensional
structure in membranes and effective energy-transfer is accom-
plished. So far, in the field of de novo protein design,
considerable effort has been devoted to construction of
polypeptide three-dimensional structure and conjugation of
porphyrin molecules via chelation2–4 or covalent linkage5–8

with peptides. However, to develop a larger supramolecular
system, such as LH2, it will be necessary to construct and
regulate self-assembling systems composed of multiple poly-
peptide units and porphyrin molecules. In line with this aim, we
have designed and synthesized a two-a-helix peptide which
binds FeIII–mesoporphyrin (haem). Furthermore, we found that
the haem-binding simultaneously induced the self-association
of the peptide, and that the haem groups were highly oriented in
the self-assembled peptides.

17-peptide segment was designed to take an amphiphilic
a-helix structure, which was stabilized by two sets of E–K salt
bridges (Fig. 1). The two segments were dimerized via the
disulfide linkage of the Cys21 residues. As axial ligands of
haem, His was introduced at the ninth position to deploy a haem
parallel to the helix. Four Leu residues per helix were arranged
around the His to construct a hydrophobic haem-binding site.
Even though the hydrophobicity of the sequence may be low, it
is expected that the haem binding increases the overall
hydrophobicity of the peptide and induces molecular associa-

tion through hydrophobic interactions. The peptide was synthe-
sized via solid-phase methodology using the Fmoc strategy and
purified with HPLC to high purity ( > 98%). The peptide gave a
molecular ion peak at m/z 4012.2 [(M + H)+] (calc. 4011.7) via
matrix assisted laser desorption ionization time-of-flight mass
spectrometry.

Circular dichroism (CD) studies revealed that the peptide
H2a-17 showed a typical a-helical pattern in buffer (pH 7.4)
[Fig. 2(a)]. From the ellipticity at 222 nm ([q]222 = 217 100
deg cm2 dmol21), the a-helicity was estimated as 54%.9 Since
the monomeric peptide (H1a-17) showed a lower a-helix
content ([q]222 = 26800 deg cm2 dmol21, 20%), the two
a-helix segments in H2a-17 gathered together by orienting the
hydrophobic side-chains inside, resulting in stabilization of the
three-dimensional structure. Interestingly, the a-helicity of
H2a-17 was increased by the addition of haem ([q]222 =
226 800 deg cm2 dmol21, 85%) [Fig. 2(a)]. The addition of an
excess amount of cyanide ion (2.5 3 1022 mol dm23, 2.5 3 103

equiv.) inhibited the coordination of H2a-17, resulting in a
decrease in the a-helicity to the level observed without the
haem. Additionally, there was no significant change in the CD
spectra by the addition of haem at acidic pH (2.0–6.0). Because
the pKa of imidazole is ca. 6.0, the pH effect is attributed to the
protonation of the His side chains such that they cannot act as a
ligand. Therefore, we concluded that the increase in a-helicity
of H2a-17 took place via the haem-binding by ligation with His
residues. The thermal stability of the peptide in the presence or
absence of haem was also examined by CD measurements.
H2a-17 showed a midpoint of thermal transition (Tm) at 35 °C
[Fig. 2(b)]. Similar to the a-helicity, haem binding increased
remarkably the Tm value of the peptide to 62 °C. This result
indicates that the haem binding increases the stability of the
2a-helix structure.

To further characterize the haem-binding with the peptide,
UV–VIS titration of the haem with H2a-17 was carried out in
buffer. With increasing peptide concentration, an increase of the
Soret band at 405 nm and a decrease of the band at 355 nm of
haem were observed (Fig. 3). That is, the UV–VIS spectrum of
haem was converted from that of the high spin to the low spin
form with an isosbestic point at 390 nm.8 The UV–VIS
spectrum of the haem in the presence of peptide resembles those

Fig. 1 Structure of the designed peptide, H2a-17. (a) Amino acid sequence
of H2a-17; (b) illustration of the two-a-helix peptide structure bound to the
haem, and helix wheel and net drawings of the 17-peptide.

Fig. 2 (a) CD spectra of (i) H1a-17 and H2a-17 in the (ii) absence and (iii)
presence of haem (1.0 equiv.) in 2.0 3 1022 mol dm23 Tris·HCl buffer (pH
7.4) at 25 °C. [H2a-17] = 1.0 3 1025 mol dm23 and [H1a-17] = 2.0 3
1025 mol dm23. (b) Temperature denaturation profiles of H2a-17 in the (2)
absence and (5) presence of haem (1.0 equiv.) in the buffer.
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of natural cytochromes with six-coordinate iron. The binding
constant (Ka) determined from the absorbance change at the
Soret band using a single site binding equation,4 was 1.1 3 107

mol21 dm3 (Fig. 3, inset). On the other hand, addition of H1a-
17 caused little increase of the Soret band, suggesting that the
monomeric peptide could not bind the haem effectively in this
concentration range. This result implies that the 2a-helix
structure and the consequent formation of the hydrophobic
pocket are essential for the haem-binding.4

To examine the molecular assembly of the peptide in aqueous
solution, the peptide samples were passed through a size-
exclusion column. In the absence of haem, the peptide showed
a sharp single peak [Fig. 4(a)]. It is reasonable to conclude that
the peptide is in the monomeric form in the buffer, because
sedimentation equilibrium studies demonstrated that the peptide
existed as the monomeric form [MWobs = 3600 (MWcalc =
4010)] under the same conditions. Furthermore, the peptide did
not show any concentration dependence of the a-helicity at
(0.1–2.0) 3 1025 mol dm23. When the peptide solution
containing the haem (1.0 equiv.) was chromatographed, the
haem was co-eluted with the peptide in a sharp peak at a higher
molecular weight, suggesting that the haem was tightly bound to
the peptide and that the haem-binding gave rise to the formation
of a higher self-association state of the peptide [Fig. 4(b),(c)].
The sedimentation equilibrium studies revealed that the peptide
was in a tetrameric form (MWobs = 19 300, 4.2-mer) after

haem-binding [Fig. 4(d)]. As further evidence supporting the
self-association of peptide–haem conjugates, the haem bound to
the peptide showed a strong induced CD peak in the Soret
region, which was split into a negative peak at a longer
wavelength and a positive peak at a shorter wavelength (Fig. 5).
The split Cotton effect, i.e. exciton-coupling, indicates that the
haem groups are highly oriented with respect to each other in
close positions in the self-assembled peptides. With increasing
percentage volume of trifluoroethanol (TFE), the ellipticity
gradually decreased [Fig. 5(b)]. Dissociation of the haem from
the peptide cannot explain the reduced Soret CD, because the
UV–VIS study indicated that the peptide bound the haem with
the six-coordinate form below 25% TFE (Ka = ca. x 107 mol21

dm3). Thus, the decrease of the Soret CD seems to be attributed
to a change of association state of the peptide–haem conjugate
from a tetrameric to a monomeric form. This TFE titration study
implies that the hydrophobic interaction is important for the
self-association of the peptide–haem conjugates. That is, the
haem-binding increases the overall hydrophobicity of the
amphiphilic 2a-helix peptide and induces the molecular
assembly of the peptide–haem conjugates.

In conclusion, the association and orientation of functional
chromophores can be accomplished using an artificially
designed polypeptide. These findings could lead to studies
applicable to the regulation of haem functions by polypeptide
three-dimensional structures and to the development of peptidyl
devices with haem functions.

We are grateful to Professor F. Arisaka, Tokyo Institute of
Technology, for ultracentrifugation analyses.
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Fig. 3 UV–VIS spectra of haem with increasing H2a-17 concentration in
the buffer (pH 7.4) at 25 °C. [haem] = 1.0 3 1025 mol dm23. Inset: plots
of absorbance at the Soret band of haem as a function of concentration.

Fig. 4 Size-exclusion chromatograms of H2a-17 (a)–(c) and the schematic
representation of self-assembly of two-a-helix peptide induced by the haem
binding (d). (a) H2a-17 (1.0 3 1025 mol dm23) in the absence of haem,
detection at 220 nm. (b) H2a-17 (1.0 3 1025 mol dm23) in the presence of
haem 1.0 equiv.), detection at 220 nm. (c) H2a-17 (1.0 3 1025 mol dm23)
in the presence of haem (1.0 equiv.), detection at 405 nm. Column,
Superdex 75 HR 10/30 (10 3 300 mm), 0.1 mol dm23 NaCl/5.0 3 1022 mol
dm23 Tris·HCl buffer (pH 7.4) at 25  °C; flow rate, 0.5 ml min21.

Fig. 5 (a) CD spectra of haem with increasing H2a-17 concentration in the
buffer (pH 7.4) at 25 °C. [haem] = 1.0 3 1025 mol dm23. (b) Effect of TFE
content on the Soret CD intensity of haem bound to the peptide. D[q] =
[q]max 2 [q]min.
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An antibody transesterase derived from reactive immunization that utilizes a
wide variety of alcohol substrates

Chao-Hsiung Lin, Timothy Z. Hoffman, Yiling Xie, Peter Wirsching* and Kim D. Janda*†

Departments of Chemistry and Molecular Biology, The Scripps Research Institute and the Skaggs Institute for Chemical Biology,
10550 N. Torrey Pines Road, La Jolla, California 92037, USA

A monoclonal antibody obtained from reactive immuniza-
tion catalyzes transesterifications of alcohol substrates with
both broad and unusual specificity.

Reactive immunization has emerged as a new tool for the study
of catalysis at the interface of chemistry and biology.1 Unlike
traditional immunization methods that invoke noncovalent
interactions to elicit an antibody repertoire, reactive immuniza-
tion makes use of a chemical reaction to direct the course of the
immune response. Powerful applications have resulted in
catalytic antibodies that use an enamine mechanism for myriad
aldol reactions,2,3 an alternative pathway for the allylic
rearrangement exemplified by D5-3-ketosteroid isomerase,4
and the enantioselective hydrolysis of a naproxen ester.5 A tenet
which has emerged is that broad substrate specificities, ascribed
to the special ontogeny of antibodies induced by immunogens
that form covalent bonds within the binding pocket during
induction, may be a feature in catalysts derived from reactive
immunization.

We discovered that one of our earlier antibodies1 SPO50C1,
derived from immunization with a reactive bis(4-methylsul-
fonylphenyl) phosphonate, catalyzed the transesterification of
p-sulfonylphenyl ester 1 by a large number of different alcohols
2 under aqueous conditions (Fig. 1). Therein, our results
required the elaboration of the above hypothesis to include not
only broad specificity, but also unanticipated or unusual
characteristics with regard to substrate tolerance. Notably, alkyl
alcohols as substrates in antibody catalysis have not been
previously reported. The binding of these alcohols was
unexpected, in light of the aromatic and immunogenic nature of
the phenolic leaving group, as was their associated re-
activities.

The mechanism of the SPO50C1 reaction to yield esters 3
proceeded by way of a covalent acyl–antibody intermediate
(species F in the ping-pong notation of Cleland6) as substan-

tiated quantitatively by pre-steady-state kinetic analysis of the
observed stoichiometric ‘burst’ formation of phenol 4 upon
antibody acylation (kobs = 1.8 s21).‡ Therefore, as judged from
rates of product ester formation (second product Q), deacylation
was entirely the rate-determining step. In that SPO50C1 was
also a relatively fast esterase with 1 (kcat = 0.56 min21),
alcohols competed effectively with water to partition the acyl
intermediate.

All alcohols were true substrates for the antibody and
afforded observed saturation kinetics (Table 1). Significantly, it
was shown that even at very high concentrations of some
alcohols (i.e. 2.43 m for MeOH) the plateau in maximum rates
resulted from saturation and not a detrimental ‘organic solvent
effect’ on antibody activity.§ The trend in kinetic data cannot be
explained merely in terms of the chemical reactivity of the
alcohols, but most likely by a subtle interplay of nucleophilicity,
hydrophobic effects and steric interactions.

Correlation analyses7 of catalysis with Hansch hydrophobic-
ity constants (p), Taft steric constants (Es) or a multiparameter
equation were nonlinear. While decreased Km values roughly
paralleled increased hydrophobicity [Dlog(1/Km)/Dp ~ 1], kcat
showed the opposite bias together with breaks and plateaus. The
specificity (kcat/Km) across the entire series of primary alcohols
was remarkably similar with Km becoming dominant and
elevating kcat/Km about 10-fold only at high p values (p = 3.0,
3.5) (entries 10, 11) or with aromatic structures (entries 12, 13).
MeOH, as might be predicted due to a low p (0.5), had the
highest Km, and perhaps because of its high nucleophilicity also
gave the best turnover. The secondary alcohols were expectedly
slower substrates than their primary congeners, however the
differences did not reflect the solution reactivities of these
alcohols (compare ratios of entries 3 and 4; kcat = 4.4, kuncat =
78.6). Although BunOH (entry 5) and the other primary alcohols
could be considered more efficient substrates (kcat/Km) than
PriOH, the latter was comparable or faster under saturating
conditions [i.e. kcat (entry 4)/kcat (entry 5) = 5.6]. The kcat for
PriOH even approached that of BnOH which was 128 times
more reactive in solution. Furthermore, PriOH was 10-fold and
100-fold faster than the other secondary alcohols (entries 7, 14),
respectively; in addition cyclohexanol (not depicted) showed no
detectable activity. Clearly, there was unique behavior asso-
ciated with PriOH as a substrate for SPO50C1.

The catalysis by SPO50C1 contrasts with the transesterifica-
tion of some acyl trypsins8 and esterases9 where the more
hydrophobic alcohols are often better substrates than lower
homologs, except MeOH, and secondary alcohols show little or
no activity. Also, BunOH (entry 5) was particularly unusual and
showed a tangible downward break in both kcat and Km. It is
possible that nonproductive binding modes, as proposed for
special substrates of chymotrypsin,10 were operative. Aromat-
icity and steric constraints were contributing factors in the
SPO50C1 reactions evidenced by the surprising lack of
reactivity of cyclohexylmethanol (not depicted) (compare
entries 6, 12). Interestingly, phenethyl alcohol was the most
specific substrate which might reflect a favorable combination
of hydrophobic and/or aromatic interactions and flexibility of
the side-chain hydroxy functionality.Fig. 1 Reaction catalyzed by SPO50C1
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The parameter of ‘effective molarity’11 was used as a
measure of the catalytic power of SPO50C1. Although the
mechanisms of the antibody-catalyzed and the one-step, base-
catalyzed background transesterifications are different, an
operational estimate can be made by comparing kcat (min21)
(kcat represents the number of moles of ester product produced
per mole of antibody per minute) to kuncat (m21 min21), the
second-order rate constant for alcoholysis. Thus, for example,
to achieve the same rate of product synthesis in the uncatalyzed
transesterification of 1 by PriOH, the concentration of PriOH
must approach 3600 m (0.050 min21/1.4 3 1025 m21 min21)
(Table 1, entry 4). While our previous antibody transesterase,
PCP21H3, derived from a transition-state analogue, attained
rate enhancements of > 106 m, the alcohol acceptors were
restricted to a class structurally congruent to the hapten wherein
small changes in binding energy were important.12

Our findings here indicated that the influence of structural
and electronic factors upon catalysis were not overwhelming.
The results refine our view that traditional, inert haptens
program complementary binding pockets of somewhat limited
scope, whereas reactive immunogens lead to active sites that are
more unusual in their substrate tolerance and reactivity. This
approach potentially allows one to procure antibodies with the
intricate mechanisms of enzymes along with other features
useful for biologcal and chemical applications.

This research was supported by NIH Grant GM43858 and
The Skaggs Institute for Chemical Biology.
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filter time. The conditions were as described in Table 1 using 1.0 mm
antibody.
§ None of the alcohols had any detrimental effect on activity as judged from
time-dependent assays of free antibody incubated with alcohols at
concentrations above the observed saturation limit.
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Table 1 Kinetic constantsa for catalytic antibody SPO50Cl transesterification experiments

(kcat/Km)/ kuncat/ Effective
Entry Substrate kcat/min21 Km/mm m21 min21 m21 min21 molarity/m

1 MeOH 1.4 8.7 3 102 1.7 2.9 3 1023 4.8 3 102

2 EtOH 0.19 3.1 3 102 0.60 2.8 3 1024 6.8 3 102

3 PrnOH 0.22 1.2 3 102 1.8 1.1 3 1023 2.0 3 102

4 PriOH 0.050 5.1 3 102 0.090 1.4 3 1025 3.6 3 103

5 BunOH 9.0 3 1023 19 0.48 1.5 3 1024 60
6 BuiOH 0.050 48 1.1 2.8 3 1025 1.8 3 103

7 BusOH 1.4 3 1023 65 0.022 nd nd
8 C5H11OH 0.020 7.3 2.9 3.7 3 1025 5.4 3 102

9 PrCH(Me)OH 2.0 3 1023 9.1 0.22 1.9 3 1025 1.1 3 102

10 C6H13OH 0.020 1.1 19 nd nd
11 C7H15OH 0.020 1.2 17 nd nd
12 BnOH 0.060 3.9 15 1.8 3 1023 33
13 PhCH2CH2OH 0.13 5.0 26 2.0 3 1023 65
14 MeCH(Ph)OH 4.0 3 1024 18 0.023 3.7 3 1026 1.1 3 102

a Determined at 22 °C in 100 mm bicine, pH 8.0 with 2% MeCN as cosolvent in the presence or absence of antibody. Antibody-catalyzed reactions used 10
mm SPO50Cl and varying concentrations of alcohol in the presence of substrate 1 fixed at 200 mm (close to both the solubility limit and saturation). The mAb
has one functional active site (ref. 1). Assays were conducted using reverse-phase (C-18) HPLC (MeCN–H2O–0.1% TFA eluent) by observing the formation
of the ester product at 254 nm. The background rates for entries 4, 6, 8, 9 and 14 were determined at 60 °C and extrapolated to 22 °C by assuming an activation
energy of 25 kcal mol21. The half-life for the spontaneous hydrolysis of 1 at 22 °C under the reaction conditions was 99 min. nd = Not determined (no ester
formation was observed at 60 °C). All values have an estimated experimental error of ±10%.
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Precise control of RNA cleavage by ribozyme mimics

Andrew T. Daniher and James K. Bashkin*†

Department of Chemistry, Washington University, St. Louis, MO 63130-4899, USA 

A highly-modified DNA building block, lacking both sugar
and base moieties, is synthesized and incorporated into
oligonucleotides to form functional mimics of ribozymes.

We demonstrate here that second-generation ribozyme mimics
based on a serinol–terpyridine reagent, when incorporated into
a DNA oligonucleotide, cleave their target RNA in a sequence-
specific manner. Furthermore, the position of cleavage within
the target sequence was precisely controlled by the location of
the terpyridine within the oligonucleotide. These second-
generation mimics function with greatly improved efficiency
over our previous terpyridine reagents.1,2 We attribute the
improved cleavage to increased flexibility of the target RNA
strand that results when serinol replaces a nucleotide in the
DNA sequence: this eliminates a DNA/RNA base-pair near the
cleavage site and may lower the barrier for phosphorane
formation.

Functional ribozyme mimics consist of an oligonucleotide for
molecular recognition and an attached RNA cleavage (trans-
esterification) agent.3,4 These ribozyme mimics are designed to
extend the antisense approach to translation arrest by creating a
catalytic cycle independent of any enzyme-mediated RNA
cleavage. The antisense method is a gene-specific technique for
blocking protein synthesis that inhibits the translation of mRNA
into proteins.5

Our group previously reported the first wholly synthetic
ribozyme mimic,1 which was comprised of a 17-mer DNA
probe with a pendant terpyridyl (terpy) complex of CuII

incorporated in DNA via a thymidine derivative.2 Aqueous
(terpy)CuII is a known RNA transesterification and hydrolysis
agent.6–8

We wished to improve cleavage efficiency and the ease of
preparation of ribozyme mimics. Here we report greatly
improved RNA cleavage and much simpler synthetic routes.
The new reagents (Scheme 1) are conjugates of serinol and
terpyridine. Serinol, a reduced form of serine, mimics the
spacing of the sugar backbone of DNA; it and related com-
pounds have previously been used as building blocks for abasic
DNA sites.9,10 An abasic DNA site eliminates one Watson–
Crick base pair in a duplex and increases the conformational
flexibility of the double-stranded region. The RNA in an RNA/

DNA duplex is relatively inert towards cleavage when com-
pared to its single-stranded form, perhaps because the duplex is
a more conformationally rigid structure than the single
strand.11,12 Incorporation of the serinol residue into a DNA
sequence allows formation of a duplex with the complementary
RNA strand, and increases the flexibility of the RNA in the
region opposite the serinol. This flexible RNA region should
more readily form the pentacoordinate phosphorane required
for transesterification, and should therefore undergo enhanced
cleavage compared to a perfectly base-paired sequence.9

Derivatizing serinol in an unsymmetrical fashion gave
stereoisomers A and B. Fukui suggested that related com-

pounds, derivatives of the 2R,3R isomer of l-threoninol,
preferentially target the major groove upon incorporation into
DNA.13 Since free rotation can occur in the serinol backbone,
both A and B should be able to reach either groove. This paper
describes work on a mixture of stereoisomers A and B.

The synthesis of 3 is shown in Scheme 1. Serinol, a meso
compound, possesses the same spacing between alcohols (three
carbons) as a normal deoxynucleoside. Serinol 4 was coupled to
the terpyridine (terpy) acid 5 with 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC), giving 1 (45.5%).
Subsequent 4,4A-dimethoxytrilyl (DMT) protection of one of the
primary alcohols of 1 gave 2 in 30% yield. Phosphitylation of 2
resulted in the desired phosphoramidite 3 as a mixture of
stereoisomers (47%).

Several 17-mer probes designed to target a 159-mer fragment
of the HIV gag gene mRNA were prepared via automated DNA
synthesis, using 3 and/or standard nucleoside phosphor-
amidites. The RNA sequence is shown below, with the 17-mer
recognition region underlined.
5A-1(775)GGAGAA6 AUUUAUAAAA16 GAUGGAUAAU26 CCUGGGAUUA36

AAUAAAAUAG46 UAAGAAUGUA56 UAGCCCUACC66 CAGCAUUCUG76

GACAUAAGAC86 AAGGACCAAA96 GGAACCUUUA106 GAGACUAUGU116

AGACCGGUUC126 UAUAAAACUC136 UAAGAGCCGA146 GCAAGCUUCA156

CAG159(933)-3A

The 17-mer DNA probe sequences, in 5A to 3A orientations with
X indicating the serinol–terpy residue, are:
1a 5A-CTACATAGTCTCTAAAG-3A 1b XTACATAGTCTCTAAAG
1c CTACAXAGTCTCTAAAG 1d CTACATAGXCTCTAAAG
1e CTACATAGTCXCTAAAG

Derivatives 1b–e of probe 1 differ in the location of the serinol–
terpy residue, but all bind to the same region of the RNA target.
Control probes for 1b–e [named 1(b–e)-ctrl] were also prepared
using 6 (Glen Research) in place of serinol–terpy reagent 3.

These probes explicitly test for any enhanced cleavage activity
that flexible, abasic reagents might confer on the target RNA.

Scheme 1 Reagents and conditions: i, EDC, DMF, room temp., 30 h,
45.5%; ii, Py, Et3N, DMT-Cl, 30%; iii, Et3N, CH2Cl2, 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite, room temp. 20 min, 47%
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Having prepared the serinol–terpy probes and appropriate
controls, we investigated their inherent RNA cleavage abilities.
Fig. 1 shows representative results from one set of experiments
in which the cleavage of the target RNA was carried out by
1b–e. To perform these reactions, a solution of a probe (5 mm)
was combined with 5A-end labelled RNA (ca. 1023 mm) in 10
mm HEPES buffer (pH 7.5), with 0.1 m NaClO4 to control ionic
strength. As indicated in Fig. 1, each experiment was done both
with and without added 10 mm CuCl2. Reactions were incubated
at 45 °C and analyzed by electrophoresis on a denaturing 6%
polyacrylamide gel.

Cleavage resulting from the various serinol–terpy-containing
probes occurred at the RNA nucleotides opposite the serinol–
terpy groups. As the terpy was moved from one internal position
to the next, the cleavage followed in a precise manner (Fig. 1).
Cleavage occurred whether the terpy was at an internal or
external position of the RNA/DNA duplex. No specific
cleavage occurred for the unmodified DNA control probe 1a or
the controls 1(b–e)-ctrl (data not shown). Thus, the flexible,
abasic site generated by 6 did not promote cleavage of the RNA
target.

The amount and the location of cleavage depended on the
serinol–terpy probe used and the temperature. However, the
major determining factor was the primary sequence and location
of the catalyst. Cleavage sites were identified by comparison
with RNase Tl and base hydrolysis lanes (Fig. 1 and Table 1).
Generally, cleavage occurred to the 3A- and 5A-sides of the RNA
nucleotide opposite serinol, and spanned from one to three
positions. Apparent background cleavage is seen in Fig. 1 in
those lanes (1,3,5 and 7) corresponding to reactions with no
added CuII. Additional experiments showed that this back-
ground cleavage derives from CuII ion that is scavenged by the

terpy-containing DNA probes during synthesis and purification
(data not shown). Treating the probes with EDTA prior to
reaction eliminated the background cleavage. Adding CuII (but
not divalent Fe, Mg, Pb or Zn) recovered the cleavage activity
of the EDTA-treated ribozyme mimics (data not shown).

The synthesis of the serinol–terpyridine building block
allows the introduction of cleaving agents anywhere within a
DNA probe. This approach provides a much more efficient
synthetic means of incorporating terpy into oligonucleotides
than the preparation of intact nucleoside derivatives. We
observed a marked increase in cleavage efficiency compared to
our first-generation ribozyme mimics. Our first mimic cleaved
28% of its target after 3 days at 45 °C. Our best second-
generation mimic cleaved 84% of its target after 3 days at 45 °C.
The serinol backbone may enhance transesterification because
it creates an artificial abasic site when incorporated into an
oligonucleotide and duplexed to RNA. The RNA site opposite
this modified monomer is not base-paired, so it has greater
flexibility. This flexibility should allow the terpy ligand to span
both the major and minor grooves in the RNA/DNA duplex, and
should allow the RNA to adopt reactive conformations. The
serinol–terpyridine ribozyme mimics are consistent with our
belief that cleavage must occur within the duplex region in order
to free the mimic for catalytic turnover.

This work was supported in part by NSF Grant CHE-
9318581. Acknowledgment is also made to the donors of The
Petroleum Research Fund, administered by the ACS, for partial
support of this research.
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Fig. 1 Site-specific RNA cleavage with serinol–terpyridine probes. Lane 1:
1b. Lane 2: 1b + CuCl2. Lane 3: 1c. Lane 4: 1c + CuCl2. Lane 5: 1d. Lane
6: 1d + CuCl2. Lane 7: 1e. Lane 8: 1e + CuCl2. Lane 9: base. Lane 10:
RNase T1. Reactions were carried out at 45 °C in a total volume of 10 ml
containing the following: 0.1 m NaClO4, 10 mm HEPES (pH 7.5), ca 1029

m RNA target, 5 mm probe and 10 mm CuCl2. The probes and CuCl2 were
premixed. The reactions were stopped after 24 h with EDTA.

Table 1 Cleavage results from sequence-specific reactions of ribozyme
mimics with the 159-mer target RNA, in the presence of CuII ion

% Total cleavage

Probe Cleavage Sites 24 h 72 h

1b G118, A117, U116 18 48
1c A113, U112 10 35
1d A110 10 40
1e A108 48 84
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A pyridazine Schiff-base macrocycle hosts a dicobalt centre in five different
redox states: evidence for a mixed valent CoICoII species

Sally Brooker,*† Robert J. Kelly and Paul G. Plieger

Department of Chemistry, University of Otago, PO Box 56, Dunedin, New Zealand

Electrochemical studies of [CoII
2L(MeCN)4][ClO4]4 1, the

first structurally characterised dicobalt complex to be
bridged by pyridazine units, reveal two one-electron reduc-
tions as well as two one-electron oxidations at high
potentials; one-electron reduction generates a mixed valent
CoICoII species which exhibits an intervalence charge
transfer band at 965 nm.

Despite intense interest in cobalt(i) complexes as reactive
centres for catalytic processes, such as CO2 fixation and the
reduction of water to dihydrogen or as models for vitamin B12,
there are relatively few examples of the isolation of such
complexes in the absence of the stabilising effects of phos-
phines or phosphites.1–4 Notable exceptions to this generalisa-
tion include structurally characterised complexes by Creutz
et al.3 and by Floriani and coworkers.4

We are studying complexes of chelating ligands based on
3,6-diformylpyridazine5–8 and have found that the resulting
dicopper(ii) complexes exhibit positive reduction potentials
(two well separated one-electron reductions),7,8 and that
dimanganese(ii) complexes can be formed and are air stable.6
These observations clearly indicate that our pyridazine-con-
taining ligands are, as one might expect on the basis of their
p-acceptor properties, good at stabilising low oxidation states of
transition metal ions. Of these ligands, the macrocyclic ligands
are expected to be particularly effective because strong
chelation to the metal centres should hinder any subsequent
decomposition reactions. Hence we have extended our studies
to include a wide range of transition metal ions, with a view to
stabilising and isolating unusually low oxidation state com-
plexes.6–8 Pyridazine- or phthalazine-bridged dicobalt(ii) com-
plexes are rare and, to our knowledge, no electrochemical
studies have been reported for such complexes.9 To date, there
are no known examples with pyridazine-containing macro-
cyclic ligands. We report here on an air stable dicobalt(ii)
complex of the Schiff-base macrocyclic ligand L.

Transmetallation of the macrocyclic complex [Pb2LA][ClO4]4
{LA is the (4 + 4) analogue of L}5,6 with cobalt(ii) perchlorate in
MeCN yields, after vapour diffusion of diethyl ether into the air
stable solution, dark red crystals of [Co2L(MeCN)4][ClO4]4 1,
in 57% yield.‡ The IR spectrum of 1 shows the presence of an
imine absorption and the absence of absorptions due to either
amine or carbonyl bonds. The FAB mass spectrum has a cluster
of peaks consistent with the presence of [Co2L(ClO4)3]+, thus
indicating that the original (4 + 4) Schiff-base macrocycle LA
had ring contracted to the (2 + 2) macrocycle L. This ring
contraction, also observed in the case of the dicopper(ii) and
dimanganese(ii) complexes,6–8 was subsequently confirmed by
single crystal X-ray structure analysis of a crystal obtained by

slow evaporation of an acetonitrile solution of 1 to which an
excess of sodium perchlorate had been added (Fig. 1).§

Cyclic voltammetry was carried out on [Co2L][ClO4]4 in dry
MeCN and revealed two one-electron reduction waves at
remarkably high potentials (E1

2
= 20.11 V and E1

2
= 20.33 V,

vs. Ag/0.01 m AgNO3, Fig. 2) plus two one-electron oxidation
waves at positive potentials (E1

2
= +0.87 V and E1

2
= +1.06 V,

vs Ag/0.01 m AgNO3, Fig. 2). The two reduction waves are
tentatively assigned to CoIICoII ? CoIICoI and CoIICoI ?

Fig. 1 Perspective view of one of the two independent cations of 1,
[Co2L(MeCN)4]4+. Selected interatomic distances (Å) and angles (°):
Co(1)–N(3) 1.984(4), Co(1)–N(4) 1.964(4), Co(1)–N(2a) 2.005(4), Co(1)–
N(1) 2.013(4), Co(1)–N(30) 2.127(4), Co(1)–N(20) 2.135(4),
Co(1)···Co(1a) 3.809(1); N(3)–Co(1)–N(4) 94.3(2), N(3)–Co(1)–N(2a)
175.5(2), N(4)–Co(1)–N(2a) 81.2(2), N(3)–Co(1)–N(1) 80.8(2),
N(4)–Co(1)–N(1) 174.7(2), N(2a)–Co(1)–N(1) 103.7(2), N(3)–Co(1)–
N(30) 92.8(2), N(4)–Co(1)–N(30) 88.8(2), N(2a)–Co(1)–N(30) 87.6(2),
N(1)–Co(1)–N(30) 89.4(2), N(3)–Co(1)–N(20) 93.7(2), N(4)–Co(1)–N(20)
90.3(2), N(2a)–C0(1)–N(20) 85.9(2), N(1)–Co(1)–N(20) 92.1(2),
N(30)–Co(1)–N(20) 173.5(2).

Fig. 2 Cyclic voltammogram of 1 in MeCN (1 3 1023 m, 0.1 m NEt4ClO4,
platinum counter electrode vs. Ag/0.01 m AgNO3, 200 mV s21, in this
system Fc–Fc+ = +0.09 V).
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CoICoI reductions and the two oxidation waves to be CoIICoII

? CoIICoIII and CoIICoIII? CoIIICoIII oxidations.¶
As no electrochemical studies have been reported on the

handful of other known 1,2-diazine bridged cobalt complexes, it
is not possible to make comparisons with these.9 However,
comparison with the redox properties of other related cobalt
complexes, such as those provided by the systematic study of
monocobalt complexes of a series of N4-macrocycles by Busch
and coworkers [22.21 < E1

2
(CoII ? CoI) < 20.72 V vs. Ag/

Ag+ (0.1 m) in MeCN],10 confirms that the reductions of 1 are,
indeed, occurring at relatively high potentials. In that study the
presence of an N3 pyridine diimine or of two N2 conjugated
diimine groups in the N4-macrocycle was found to greatly
stabilise CoI [E1

2
(CoII? CoI) = 2 0.72 V and 20.86 V vs. Ag/

Ag+ (0.1 m) in MeCN, respectively].10 Similarly, as the
pyridazine macrocycle L incorporates imine bonds conjugated
with pyridazine units an even greater enhancement of stability
of CoI results. In fact the observed potentials for 1 fall close to
the range normally observed for oxidation of CoII to CoIII.11 For
example, in the Busch complexes mentioned earlier the
potentials for this oxidation process fall in the range 20.09 to
+0.17 V vs. Ag/Ag+ (0.1 m).10 Again this is in clear contrast
with the substantially more positive potentials observed for the
oxidation processes of 1, which presumably result from the
build up of positive charge on the complex (+6 on the fully
oxidised complex).

It is important to note that in our dicobalt(ii) complex the two
reductions and the two oxidations all occur in separate one
electron steps: in the case of the reductions they are separated by
220 mV (Kc = 5.24 3 103) whereas the oxidations are separated
by 190 mV (Kc = 1.63 3 103). Hence the mixed valent redox
products are moderately stable. Preliminary spectroelectro-
chemical studies of the reduction processes indicate the
existence of an intervalence charge transfer band in the mixed
valent CoICoII complex, with the growth of a broad band
centred at 965 nm (2790 dm3 mol21 cm21) as the first electron
is added to 1, followed by bleaching of this band as the second
electron is added (Fig. 3).∑ Further work, including solvent and
temperature dependence studies, is necessary to confirm this. In
contrast, oxidation of 1 does not result in a long wavelength
absorption so in this case the mixed valent state appears to be
valence localised.

The redox chemistry of the complexes derived from the
macrocyclic ligand L is clearly rich: the ability of this ligand to
stabilise dinuclear complexes in low oxidation states is very

exciting and the reactivity of these complexes is being explored.
Further characterisation of all of the redox states by, as
appropriate, EPR or NMR spectroscopy, is underway, along
with attempts to isolate each species. Finally, these ligands
allow us to systematically study the magnetic exchange
properties of unique pyridazine-bridged complexes and this
feature of 1 is also under investigation.8
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∑ The cyclic voltammogram is unchanged after the two-electron reduction of
1 is complete.
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Fig. 3 Spectral changes during two step bulk electrolysis of 1 in MeCN.
Top: first one-electron reduction (E = 20.29 V, 0.92 electron equivalents
transferred). Bottom: second one-electron reduction (E = 20.60 V, 0.94
electron equivalents transferred).
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[{(dppe)Pt}2B7H11]: An arachno-bimetallanonaborane based on the uncommon
n-B9H15 cluster framework

Ramón Macı́as, Nigam P. Rath and Lawrence Barton*†

Department of Chemistry, University of Missouri-St. Louis, St. Louis, MO 63121, USA 

The first bimetallanonaborane, [{(dppe)Pt}2B7B11], based on
the uncommon n-B9H15 cluster framework, is prepared and
characterized as a final product from the reaction of
pentaborane (9) with [PtCl2(dppe)].

The coordination number pattern recognition theory for boranes
and carbaboranes, as described by Williams in 1976,1 requires
that in order to generate arachno-clusters from nido systems, a
highest connectivity vertex, adjacent to the open face, is
removed. The predicted cluster framework for an arachno
9-vertex system is illustrated by structure I and recognized as

n-arachno B9H15. In contrast, the more commonly encountered
9-vertex arachno-species are derived by removal of a low
connectivity vertex from nido-B10H14 to generate derivatives of
what are referred to as i-B9H15 (structure II) and i-C2B7H13.2
With the exception of the ruthenanonaborane, [2-(h6-C6Me6)-
2-RuB8H14], (structure III)3 reported in trace yields in a
preliminary communication in 1986, all the known nine-vertex
arachno-metallaboranes have structures based on the i-B9H15
framework.4 This article describes the synthesis and complete
characterization of a diplatinanonaborane whose structure is
based on a polyhedral nine-vertex n-B9H15 arachno-cluster type
and for which the application of electron-counting rules suggest
that the species is another example of the growing list of ‘rule-
breakers’.

Derivatives of B5H9, in which an electrophilic group has
replaced a bridging H atom, are well known.5 Group 10
derivatives, [2,3-m-{MLn(X)}B5H8], where M = Ni, Pd, Pt, Ln

= (PR3)2, dppe [dppe = (Ph2PCH2)2], X = Cl, Br, are isolated
if the reaction between [B5H8]2 and MLnX2 is carried out and
worked up at low temperatures.6 Such species are generally
unstable at room temperature in solution, usually resulting in
decomposition involving reduction of the metal moiety to
elemental metal by the borane moiety. Herein, we describe the
results when the reaction mixture, Li[B5H8] and PtCl2(dppe), is
allowed to warm to room temperature, dried in vacuo for 2 days,
exposed to air and separated using TLC on silica gel following
filtration through silica gel.8 Thus [{(dppe)Pt}2B7H11] is
prepared from [2,3-m-{(dppe)Pt(Cl)}B5H8], in ca. 10% yield as
a yellow air-stable crystalline solid, along with
[(dppe)PtB3H7],8a [(dppe)(BH3)2],8b and what appear to be Pt
chloride salts. NMR and mass spectral data identified the yellow
solid as [{(dppe)Pt}2B7H11].9 This was confirmed by a single
crystal structure determination of the diethyl ether sequi-
solvate.10

The structure of [{(dppe)Pt}2B7H11], given in Fig. 1, consists
of a nine-vertex n-arachno framework, obtained by removal of
two adjacent vertices of connectivity six and four respectively,
from an 11-vertex closo-octadecahedron. The {(dppe)Pt}
moieties are located at the 6 and 8 positions in the n-arachno
B9H15 framework, each replacing a BH group and a bridging H
atom. There are bridging H atoms at the B(4)–B(5) and
B(3)–B(9) edges and endo-H atoms on B(3) and B(7). Only the
latter endo-H atom is observed from the X-ray structure
determination but the presence is clearly confirmed from NMR
spectral data. [{(dppe)Pt}2B7H11] is shown as structure IV and
a topological representation, showing the numbering scheme
and the endo-hydrogens, is given as structure V. Bond distances
are within the normal ranges for Pt–B, Pt–P and B–B bonding
connections. The B(4)–B(9) edge bridged by a BH2 group, at
1.739(13) Å, is similar to that observed for the same cluster
interboron connection in n-B9H15

2,11 and in the ruthenaborane,3
but it is much shorter than the corresponding B–B interaction in
the recently discovered azaplatinaborane, [3,3-(PMe2Ph)2-
3-PtB7H10-m-5,6-(NHR)], 1.92(2) Å,12 in which the B–B edge
is bridged by a NHEt group (structure VI). NMR data conform
to the observed molecular structure for this new biplatinabor-
ane. The 11B spectrum exhibits four resonances of relative

Fig. 1 (a) Projection of [{(dppe)Pt}2B7H11]], showing only the P atoms of
the chelating ligand on Pt. Ellipsoids are drawn at the 50% probability level.
In addition to a terminal H atom on each B there is an exo-terminal H at
position 3, indicated by 1H NMR spectra. (b) Alternative representation
with the ligands omitted for clarity. Selected interatomic distances (Å): from
Pt(6) to P(3) 2.285(2), to P(4) 2.278(2), to B(2) 2.190(9), to B(5) 2.192(0),
to B(7) 2.208(9); from Pt(8) to P(1) 2.289(2), to P(2) 2.295(2), to B(1)
2.227(9), to B(2) 2.267(9), to B(7) 2.328(9), to B(9) 2.302(9); interboron
values: B(4)–B(9) 1.739(13), B(3)–B(9) 1.80(2), B(3)–B(4) 1.82(2), the
other B–B distances are in the range 1.765(13)–1.883(13). Selected angles
(°) P(3)–Pt(6)–P(4) 85.83(8), P(1)–Pt(8)–P(2) 84.97(7), P(3)–Pt(6)–B(5)
174.5(2), P(4)–Pt(6)–B(7) 167.6(3), P(1)–Pt(8)–B(9) 170.3(2), P(2)–Pt(8)–
B(7) 152.1(2), B(4)–B(3)–B(9) 57.5(5).
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intensity 1 : 4 : 1 : 1 and 1H-{11B(selective)} experiments reveal
eleven different cage H atoms of which two are bridging and
two are endo-hydrogen atoms. In addition, 31P NMR spectra
exhibit four different resonances of equal intensity; two
doublets, an overlapped doublet of doublets that is seen as an
apparent triplet, and a singlet. Each signal shows additional
coupling to 195Pt. Since P atoms in the same chelating dppe
ligand effectively do not couple, we must be observing four-
bond 4J(31P–31P) coupling constants. From Fig. 1(a), it appears
that P(3) and P(4) are effectively trans to P(2) whereas P(1) is
directed towards the cluster B(1)–B(9) connection. This
conformation suggests that the P atoms involved in 31P–31P
coupling are P(3), P(4) and P(2). Thus we assign P(2) to the
observed apparent triplet, P(3) and P(4) to the doublets and P(1)
to the singlet. The cage connectivities of the Pt atoms are
different; that for Pt(6) is three whereas that for Pt(8) is four and
this appears to be reflected in the differences in 195Pt–31P
coupling constants listed in ref. 9. Characterization of
[{(dppe)Pt}2B7H11] is completed by mass spectral data. The
most intense envelope is that for the [M 2 BH3]+ ion,
suggesting that the connection of the m-H-BH2 group is quite
fragile, perhaps accounting for the preference of i-B9H15
isomers for nonaboranes and their derivatives.

A final point of note concerning [{(dppe)Pt}2B7H11] is that it
appears not to conform to the polyhedral skeletal electron pair
theory (PSEPT) counting rules.13 An arachno nine-vertex
cluster requires n + 3 skeletal electron pairs, which for this
cluster would be 12 electron pairs. Using the conventional
electron-counting methods devised by Wade,14

[{(dppe)Pt}2B7H11] possesses 11 skeletal electron pairs. Such
ambiguity has been observed for essentially all clusters
containing three-connectivity group 10 metal moieties.15 Some
examples of such systems include [(PPh3)2(CO)Os(PPh-
Me2)Cl(m-H)PtB5H7],15a [(PEt3)2Pt(CMe)2B4H4]15b and
[(PPhMe2)2PtB8H12].15c In these systems, the organometallic Pt
fragment is best regarded as a square planar 16-electron center
that contributes two orbitals and two electrons to the cluster
framework. Under this scenario, the metal moiety is not isolobal
with a conventional three orbital, two electron conical vertex
and the skeletal electron count is two electrons short of the
number required for compliance with the PSEPT. In
[{(dppe)Pt}2B7H11] this feature may be ascribed to the vertex
unit [(dppe)Pt] at the 6-position. Apparently in
[{(dppe)Pt}2B7H11], the two Pt vertices, with different con-
nectivity, contribute differently to the total skeletal electron
count for the cluster. The vertex Pt(8), which has connectivity 4
may be considered to be a ‘normal’ conical vertex conforming
to the PSEPT, although in a formal sense each [(dppe)Pt] vertex
subrogates a BH(m-H) moiety. This appears to represent a new
example of the so-called rule breakers, and such phenomena
warrant further investigation.
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Synthesis of verdinochlorins: a new class of long-wavelength absorbing
photosensitizers

Andrei N. Kozyrev,a James L. Alderfer,b Thomas J. Doughertya and Ravindra K. Pandey*a

a Chemistry Section, Department of Radiation Biology, Division of Radiation Medicine, Roswell Park Cancer Institute, Buffalo,
NY 14263, USA
b The Department of Biophysics, Roswell Park Cancer Institute, Buffalo, NY 14263, USA

Reaction of 132-oxopyropheophorbide a with CH2N2 pro-
duced three isomeric methoxyverdinochlorins via expansion
of the cyclopentanedione ring E; these long-wavelength
absorbing verdinochlorins represent the first example of
verdins with a reduced pyrrolic ring system, and their
structural assignments have been made on the basis of 1H
NMR studies; a mechanism of verdinochlorin formation is
discussed.

Verdins are a special class of green porphyrins 1 with a fused

cyclohexenone ring system, which are obtained by the oxidation
of the cyclohexanoneporphyrins or rhodins 2 under acidic
reaction conditions.1 Verdin's conjugated exocyclic ring has a
strong electron-withdrawing effect and causes a dramatic
change in the electronic spectrum, with a prominent absorption
near 690 nm.2 Due to their intense green color, Fischer named
this class of compounds as ‘verdins’ (from Latin verdo =
green).1 The chemistry of rhodins and verdins was further
explored by Clezy, who prepared a variety of porphyrins with
fused exocyclic rings.3 The utility of this class of compounds as
photosensitizers for the treatment of cancer by photodynamic
therapy (PDT) was demonstrated by Morgan et al.4

Recently, we have discovered a new and simple method for
the preparation of 132-oxopyropheophorbide a 3 by LiOH-
promoted allomerization of pyropheophorbide a.5 The oxopyro-
pheophorbide a initially obtained as the carboxylic acid was
readily converted into the corresponding methyl ester 3 by
treating briefly with CH2N2. However, if a large excess of
CH2N2 was used and the reaction mixture was left at room
temperature for 4–6 h, a mixture of three main compounds was
obtained. These were separated into individual components by
preparative TLC. The most mobile orange band had a long-
wavelength absorption at lmax 777 nm (29% yield), the second
band was red in color (lmax 747 nm, yield: 26%) and the most
polar compound was isolated as a green band with lmax 739 nm
(yield: 15%) (Scheme 1). Significant bathochromic shifts in the
electronic absorption spectra indicated the presence of a
conjugated electron-withdrawing exocyclic ring system. Mass
spectral analyses of all three products gave the same molecular
ion at m/z 590. Thus, compared to chlorin 3 an increase in mass
by 28 daltons is observed.

It has been shown that CH2N2 reacts with cyclic
a-diketones,6 e.g. croconic acid, to produce trimethoxy-
p-benzoquinone by an unusual ring expansion. Under these

reaction conditions, we anticipated the possibility of CH2
insertion into the diketocyclopentane ring of chlorin 3, which
would yield the product(s) with fused cyclohexenone rings,
named here as verdinochlorins (i.e. verdin with a reduced
pyrrole ring).

The structural assignments of the predicted reaction products
were confirmed by extensive 1H NMR studies (Fig. 1). The 1H
NMR spectra revealed that, compared to starting diketochlorin
3, all these compounds had an additional signal at d 4.2,
integrating for three protons, along with an additional singlet at
d 6.1 (for the chlorins having absorptions at 738 and 747 nm),
and d 6.85 (for the chlorin absorbing at lmax 777 nm) for the
olefinic proton of the cyclohexenone ring, suggesting that all
three products were structural isomers. The 2D ROESY NMR
data further provided valuable information for the final
structural identification. In the NMR spectrum, the orange band
(lmax 777 nm) showed the most lowfield shifted signal of the
proton at position 131 of the cyclohexenone ring, suggesting a
closer proximity to the chlorin macrocycle. This was further
confirmed by ROESY experiments which clearly showed the
through-space interaction of the 131-olefinic proton with the
resonances of the 132-methoxy group and the 12-methyl
substituent. Upfield shifted resonances for the 17-H proton (d
5.1) indicated the presence of the neighboring keto group at the
133-position.7 Based on these results, the structure for the fast
moving band (lmax 777 nm) was assigned as 132-methoxy-
133-oxoverdinochlorin 9.

Both the red (lmax 747 nm) and green (lmax 739 nm)
verdinochlorin isomers had resonances at d 6.1 for the protons
at the 132-position. On the basis of the chemical shift of the
17-H, observed at d 5.3 (similar to 9), the structure of the red
verdinochlorin was assigned as the 131-methoxy-133-keto-
isomer 10. However, for the green isomer, the 17-H resonance
was observed at d 4.7, which suggested the structure to be that
of 133-methoxy-131-ketochlorin 11. In contrast to chlorins 9
and 10, compound 11 is not a ‘true’ verdinochlorin, based on the
position of the oxo group, and is named as ‘isoverdino-
chlorin’.

The mechanism of the formation of the verdinochlorin
isomers seems to be similar to that of the ring enlarged diketone
obtained by CH2N2 treatment of croconic acid.8 The insertion of
the CH2 fragment into the cyclopentane dione ring (between the
13/131 and 131/132 carbon atoms) will produce diketocyclohex-
ane intermediates 4 and 5 (Scheme 1). The enolization of the
acidic hydrogens adjacent to the keto function will generate the
isomeric hydroxyverdinochlorins 6–8. The hydroxy functions
can then react with a second molecule of CH2N2 to give the
resulting methoxyverdinochlorions 9–11. From the reaction
mixture, we did not isolate the cyclohexanone analog in which
the keto groups were present at positions 132 and 133. This
indicates that the reactivity of the 132-keto group in diketo-
chlorin 3 is diminished due to the steric hindrance caused by the
substituents attached to the adjacent reduced pyrrolic ring.
Thus, CH2N2 as nucleophile preferentially attacks the keto
group present at the 131-position. 
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Compared to most of the chlorins, all verdinochlorin isomers
9–11 showed a significant red shift of the long-wavelength
absorption (Qy-band) in their UV–VIS spectra, which makes
them attractive candidates as photosensitizers for photodynamic
therapy. It was interesting to observe that the position of the
methoxy group in the cyclohexenone ring of verdinochlorins 9
and 10 plays an important role in the shift of the Qy-band. Thus,
compared to chlorin 3, 133-methoxyverdinochlorin 10 gave a
red shift of 69 nm, while an even greater shift (99 nm) was
observed for the 132-methoxy isomer 9. Both verdinochlorins 9
and 10 had Qx-bands around 560 nm, while isoverdinochlorin
11 on the other hand showed Qx-absorption at 600 nm. These
absorptions are obviously responsible for their red and green
color respectively.

In order to achieve a further bathochromic shift, the vinyl
group in chlorin 9 (lmax 777 nm) was replaced with a formyl
substituent. The corresponding formyl analog 12 showed an
unusually large red-shifted long-wavelength Qy-band in the
near-IR region (lmax 798 nm). Owing to their long wavelength

absorptions in the red region, these compounds will have
definite advantages over Photofrin® (a porphyrin derivative) for
treating tumors which are deeply seated.

In conclusion, the new class of chlorins discussed here are the
first examples of chlorins with a fused cyclohexenone rings.
These compounds are obtained by the ring expansion of the
fused cyclopetanedione ring attached to the chlorin system. This
methodology has great potential in designing long-wavelength
absorbing photosensitizers for PDT, and is currently being
explored in our laboratory. The reactions discussed above might
also be useful for the preparation of petroporphyrins with
cyclohexane/phenyl ring systems. Biological in vivo PDT
experiments with these compounds are currently in progress and
will be published elsewhere.

We thank Professor Kevin M. Smith, University of
California, Davis for helpful discussions. This work was
supported by grants from Mallinckrodt Medical Inc., St. Louis,
the National Institutes of Health (CA 55791), and the Oncologic
Foundation of Buffalo. Partial support of the NMR facility by
an RPCI Center Support Grant (CA 16056) is also acknowl-
edged.
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Scheme 1

Fig. 1 1H NMR spectra (400 MHz) of (a) verdinochlorin 9, (b)
verdinochlorin 10 and (c) verdinochlorin 11
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Star-branched non-covalent complexes between carboxylic acids and a
tris(imidazoline) base

Arno Kraft*a† and Roland Fröhlichb
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Simple dissolution of 3 : 1 mixtures of aromatic carboxylic
acids  with  suitable  solubilising  groups  and  tris(4,5-
dihydroimidazol-2-yl)benzene 6 gave branched hydrogen-
bonded assemblies 7 that were soluble in chlorinated and
aromatic solvents.

Although Nature has perfected the controlled formation of
stable hydrogen-bonded aggregates in water, self-assembly of
well-defined, non-covalently bonded, high-molar-mass com-
plexes in solution still remains a challenge for chemists.1 Self-
assembly by non-covalent interactions is an elegant approach to
many kinds of large defined molecules, circumventing time-
consuming chemical syntheses that are often accompanied by
enormous purification problems. This can also become crucial
in the design of new materials. For example, diaryl-substituted
1,3,4-oxadiazoles have lately received considerable interest as
potential electron-transporting materials in electroluminescent
devices based on fluorescent dyes and polymers.2,3 Amongst
these, branched structures such as 1 and dendrimers with !3
oxadiazoles per molecule have the particular attraction of being
highly soluble in organic solvents and of forming stable,
amorphous, thin films.3,4 It would be much simpler if such
compounds were obtained through an assembly process from
smaller components. For this, the non-covalent interaction
between carboxylic acids and amidine bases looked very
attractive.5 We decided to use cyclic amidine derivatives which
are easier to prepare than unsubstituted amidines and which
were already the subject of X-ray crystal structure studies by
Hosseini and co-workers who showed that dicarboxylic acids
and bis(tetrahydropyrimidine)s or bis(imidazoline)s self-as-
semble to hydrogen-bonded sheets and networks in the solid
state.6

A three-star branched structure would result when acids such
as 2 or 3 (readily obtained by palladium-catalysed carbonylation
of the corresponding aryl iodides)4 were combined with, e.g. a
1,3,5-trisubstituted benzene containing three amidine sub-
stituents such as tris(imidazoline) 6. Although melt condensa-
tion of benzene-1,3,5-tricarboxylic acid (4) and imidazolidin-
2-one was reported to give 6 in modest yield,7 a modified
imidazoline synthesis8 in solution proved to be more reliable.
Hydrochloride 5 was prepared analogously in a single step from
4 and ethylenediamine in boiling ethylene glycol under acid
catalysis (Scheme 1). Treatment with aqueous NaOH and
sublimation gave the free base 6 in high purity.‡

Salt formation resulted from simple dissolution of a 1 : 3
mixture of 6 and various carboxylic acids in warm CHCl3–
EtOH.9 Upon standing, the salts 7 crystallised from concen-
trated solutions (usually after evaporation of some of the
CHCl3), and one recrystallisation provided analytically pure
samples.‡ It was surprising to note that salts obtained from acids
with solubilising groups (such as tert-butyl derivatives of
benzoic acid, 2 or 3, but not benzoic acid or acetic acid) and 6
are remarkably soluble in non-polar organic solvents, viz CHCl3
(7b: 40–50 mg cm23, 7a,c: > 100 mg cm23) or toluene,
although 6 is insoluble in all common non-acidic organic

solvents and, for example, acid 2 dissolves only sparingly in
CHCl3 ( < 1 mg cm23) or EtOH.

Scheme 1 Reagents and conditions: i, H2NCH2CH2NH2,
H2NCH2CH2NH2·2HCl, TsOH, ethylene glycol, reflux, 3 h; ii, HCl; iii,
NaOH, 64%; iv, RCO2H (3 equiv.), EtOH–CHCl3, reflux, 56–87%
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The 1H NMR spectra of 7a–c in CDCl3 show a broad singlet
for the hydrogen-bonded imidazoline NH at d ca. 13. The core’s
aromatic protons HA give rise to a diagnostic singlet at an
unusual chemical shift of d ca. 10.1. Addition of a polar
cosolvent shifts the HA signal up-field, and in neat [2H6]DMSO
the corresponding resonance is observed at d ca. 8.5. Such a
difference of Dd ca. 1.6 for an aromatic proton signal cannot be
explained by protonation of 6 alone or simple solvent effects,
and must be attributed to the fact that, in the complex, HA
experiences considerable steric pressure. Polar solvents
(DMSO, MeOH) cause the complexes to dissociate, whereas in
a non-polar solvent each carboxylate forms hydrogen-bonds to
two imidazoline NH units, with all non-polar groups facing the
outside, probably similar to Hosseini’s self-assembled struc-
tures.6 This is further illustrated by the crystal structure of
model complex 7d for which the deviation from C3-symmetry
may be either a consequence of crystal packing effects or an
indication that the third carboxylate is less strongly bound than
the remaining two (Fig. 1).§

A 1 : 3 stoichiometry of the 6–carboxylic acid complexes was
supported by Job’s method of continuous variation. Dilution
experiments showed that the 1H NMR chemical shifts of
complexes 7a–c in CDCl3 remain unchanged over a concentra-
tion range of 1021 to 3 3 1025 mol dm23 (Dd < 0.1) although
the core signals show some line-broadening below 1023

mol dm23. 1H NMR dilution studies of 8 and tetrabutyl-
ammonium benzoate in CDCl3–CD3OD (97 : 3) gave an
association constant of 990 ± 230 dm3 mol21 for the formation
of a simple 1 : 1 complex. Self-association can be excluded
unless, as initial experiments have shown, the acid component
contains additional functional groups capable of hydrogen
bonding, e.g. amide groups. Although complexes 7a–c dis-
sociated during column or gel-permeation chromatography
(with CH2Cl2 as eluent) and mass spectrometry (chemical
ionization, fast atom bombardment or matrix-assisted laser
desorption/ionisation), vapour-pressure osmometry allowed us
to determine the number-average molar mass Mn in solution at
concentrations > 5 mmol dm23: 830 g mol21 (against benzil or
1 as standard) for 7a, 1810 g mol21 for 7b, both in CHCl3 at
30 °C, and 2400 g mol21 (against benzil or polystyrene 2000 as
standard) for 7c in toluene at 50 °C. All Mn values are close to
the calculated values of 817, 1850 and 2187 g mol21,
respectively, and provide evidence that the complexes are not
dissociated under these conditions.

Further investigations towards the use of this simple self-
assembly process for the preparation of larger assemblies and

ordered supramolecular stacks, and their applicability in
electroluminescent devices are in progress.

The Fonds der Chemischen Industrie, the Deutsche For-
schungsgemeinschaft and Professor G. Wulff are gratefully
acknowledged for financial support as well as Ms H. Fürtges for
assistance in the preparation of starting materials.
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Fig. 1 Crystal structure of 7d
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Synthesis of a potent inhibitor of HIV reverse transcriptase

Chris J. Hamilton,a Stanley M. Robertsb† and Alexander Shipitsinc

a Department of Chemistry, Exeter University, Stocker Road, Exeter, Devon, UK EX4 4QD 
b Robert Robinson Laboratories, Department of Chemistry, Liverpool University, Liverpool, UK L69 3BX 
c Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, 32 Vavilov Street, Moscow 117984, Russia 

The newly synthesised Pb,–Pg-difluoromethylenebisphos-
phonate analogue 2 of nor-carbovir triphosphate is a potent
inhibitor of HIV reverse transcriptase; it also exhibits a
greatly enhanced stability to dephosphorylation, in foetal
blood serum, relative to AZTTP and other nucleoside
triphosphates.

The in vivo lability of the P–O–P phosphate ester bonds in
nucleoside triphosphates (NTPs) possessing interesting biol-
ogical activity in vitro has prompted the search for more stable
analogues. A great deal of effort has centred on the substitution
of the phosphate ester oxygen atoms with carbon to give the
corresponding phosphonates. These phosphonates are generally
more stable to hydrolytic cleavage whilst being isosteric with
their parent phosphates. The lower electronegativity of the
methylene group, compared to oxygen, leads to a significant
decrease in the acid dissociation constants of these phosphonic
acids, which is often reflected in a reduction of biological
activity. Through the seminal work of Blackburn and co-
workers, halogenoalkylphosphonates have been shown to have
improved potential as phosphate mimetics, as they more closely
resemble the steric and electronic features of their parent
units.1

We have previously shown that the pyrophosphoryl phos-
phonate 1 shows potent inhibition of HIV reverse transcriptase
(HIV-rt), comparable to that of both AZT and carbovir
triphosphates.2 It is noteworthy that the active compound 1 has
an absolute configuration that is the mirror image of that
expected for a natural nucleotide.3 Previous assessments of
other such ‘unnatural’ nucleosides have shown them to exhibit
reduced cytoxicity relative to their natural enantiomers.4

Further progress in this area would result from structural
modifications of the diphosphate unit in 1 to further enhance its
stability in vivo whilst still retaining good biological activity. To
these ends we have prepared a series of bisphosphonates 2–4
with progressive fluoro-substitution within the Pb,Pg-methylene
linker group, as described in Scheme 1.

Noteworthy features of the chemical syntheses include the
preparation of the tetraethyl difluoromethylenebisphosphonate
5 by coupling diethyl difluoromethylphosphonate with diethyl
chlorophosphate,5 and the preparation of tetraethyl fluor-
omethylenebisphosphonate 7 using the easy to handle and
readily available fluorinating reagent N-fluorodibenzene-
sulfonimide.6 The tetraesters were hydrolysed using bromo-
trimethylsilane and subsequently converted into their respective
tributylammonium salts 6, 8 and 9. The bisphosphonates were
coupled to the nucleoside monophosphonate 10 via the
activated morpholidate 11.2,7 Products were purified by anion

exchange, followed by reverse phase chromatography, and
isolated as their ammonium salts.8

The efficacies of 2–4 as inhibitors of recombinant HIV-1-rt
(Du Pont cat. No. NEI-490) were examined using the Du Pont
RT-DetectTM Reverse Transcriptase Assay (cat. No. NEK-070)
and the results are shown in Table 1.

Compounds 2–4 showed an expected correlation of increased
activity with an increase in fluoro-substitution, culminating in
the CF2 analogue 2 being just an order of magnitude less active
than the parent compound 1.

The stability of the CF2 compound 2 in human foetal blood
serum was assessed and compared with AZTTP, some natural
nucleoside triphosphates, and the pyrophosphoryl phospho-
nates’ natural enantiomer, 1-ent (Table 2). Blood serum is an
appropriate medium in which to perform this assay as it contains
numerous dephosphorylating enzymes and so provides a good
model system of the extracellular environment in vivo. The half-

Scheme 1 Reagents and conditions: i, LDA, THF, 270 °C, 1 h, then
ClP(O)(OEt)2, 270 °C, 1 h (34%); ii, Me3SiBr, room temp., 18 h (83%); iii,
NBu3, EtOH, H2O, room temp., 90 min; iv, KHMDS, THF, 278 °C, 1 h,
then N-fluorodibenzenesulfonimide, THF–toluene, 278 °C, 90 min (26%);
v, Me3SiBr, room temp., 72 h (98%); vi, morpholine, DCC, ButOH, H2O,
reflux, 5 h; vii, DMSO, room temp., 0.5–7 days (24–32%)

Table 1 Relative efficacy of substrates 1–4 as inhibitors of HIV-rta

Compound IC50
b/mm

1 0.5
2 5.8
3 34.8
4 > 100
AZTTP 1.0

a The IC50 values shown are the results from enzyme assays carried out in
reaction mixtures containing 0.1 units ml21 of HIV-rt, which were
incubated at 37 °C for 110 min. b IC50 = substrate concentration required
to inhibit to HIV-rt by 50%.
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life of compound 2 was found to be 90 times greater than those
of the natural purine NTPs, dGTP and dATP and also
significantly greater than that of the pyrophosphoryl phospho-
nate 1-ent. Evidently, the Pb,Pg-difluoromethylene group
greatly enhances the stability of compound 2 towards enzymatic
dephosphorylation of the terminal phosphate group. Cleavage
of the phosphate ester linkage at the Pa,Pb position could also be
reduced as a result of the CF2 analogue 2 being a poorer
substrate for those dephosphorylating enzymes which function
to hydrolyse NTPs at this position.

In conclusion, we have shown that it is possible to
incorporate two stabilising phosphonate linkages in the 5A-side
chain of the ‘unnatural’ enantiomer of carbovir triphosphate
with only a modest compromise in biological activity whilst
significantly enhancing biological stability. The use of more
lipophilic derivatives of compound 2, in order to facilitate drug
delivery into whole cells, is currently under investigation and
will be reported in due course.

We thank the MRC for a research studentship (to C. J. H.) and
Wellcome Research Laboratories for the generous donation of
AZT, made available through the MRC AIDS Reagent
Project.
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Table 2 Half-life time in fetal blood serum at 37 °C

Compound t1/2

1-ent 65 mina

2 45 ha

dGTP < 30 minb

dATP < 30 minb

AZTTP 5 minb

a As determined by the appearance of the phosphonate 10. b As determined
by the disappearance of the nucleoside triphosphate.
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Synthesis and structural characterization of Cp2Ti(SiH3)(PMe3)

Leijun Hao, Anne-Marie Lebuis and John F. Harrod*†

Department of Chemistry, McGill University, Montreal, Canada H3A 2K6

The title compound, the first example of a structurally fully
characterized, unsubstituted silyl complex of a group 4
element, has been synthesized and showed unusual thermal
stability compared to its analog Cp2Ti(SiH2Me)(PMe3).

Very few reports of reactions of SiH4 with transition metal
compounds have appeared, presumably because of the hazards
associated with its use.1‡ There are also very few examples of
structurally well characterised transition metal complexes with
SiH3 ligands.2 We recently reported the synthesis of compounds
1 and 2 by reaction of SiH4 with Cp2TiMe2.3 This reaction can

be carried out either with SiH4 from a cylinder, or with SiH4
generated in situ by catalytic redistribution of SiH(EtO)3. The
latter reaction is a convenient procedure for the safe generation
of small amounts of SiH4.3 Although the structures of 1 and 2
were confidently assigned on the basis of their NMR spectra, we
have not been able to obtain either of them in the form of
crystals suitable for structure determination by X-ray diffrac-
tion. We now report the preparation and structure determination
of the related phosphine complex, Cp2Ti(SiH3)(PMe3) 3, an
analog of the organosilyl complexes reported earlier,4,5 and the
first structurally fully characterized, unsubstituted silyl complex
of a group 4 metal.

Reaction of Cp2TiMe2 with SiH4 in the presence of PMe3 in
diethyl ether–toluene solution proceeds smoothly to give 3 in
76% yield as square purple plates. Solutions of 3 in toluene or
benzene are relatively thermally stable and so could be fully
characterized both in solution and in solid state. The structure of
3, together with some bond parameters, is shown in Fig. 1.§ Of
the bond parameters, only the Ti–Si bond length falls outside
the range previously determined for Cp2Ti(SiHRRA)(PMe3)

complexes (R = H, RA = Ph 4; R = Ph, RA = Ph 5 or Me 6).4
The relevant values are: 2.594(2) 3, 2.650(1) 4, 2.652(1) 5 and
2.646(2) Å 6, indicative of a stronger Ti–Si bond in 3. The Ti–Si
bond distance in 3 is essentially identical to those observed in
the phenylsilyl analogue of 1 and in (ButCH2)3TiSi(SiMe3)3.¶
The perspective of 3 shown in Fig. 1 is chosen to show the
perfect gauche arrangements of the SiH3 and PMe3 ligands with
respect to the Cp2Ti unit and the mirror plane symmetry of the
molecule. These features are not exhibited by the other
organosilyl complexes where the local symmetry of the silyl
ligand is lower than C3v.

The spectroscopic data are consistent with the structure
revealed by the X-ray analysis. The 1H NMR spectrum of 1 is
consistent with it being a paramagnetic species since only broad
resonances were observed and no resonance was observed in the
31P{1H} spectrum. Solutions of 3 in toluene give the character-
istic EPR spectrum shown in Fig. 2. The doublet of quartets (g
= 1.9956) is accounted for by the coupling of the single
unpaired electron of TiIII to a single 31P nucleus (aP = 28.6 G)
and to the three Si–H protons (aH = 4.3 G). Satellites due to
coupling to the Ti isotopes [I = 7/2, 49Ti (5.5%); I = 5/2, 47Ti
(7.75%)] with aTi = 7.8 G are also observable. The values for
aP and aTi are in, or very close to, the ranges observed for 4, 5
and 6 (28.8–29.9 G and 7.7 to 8.7 G respectively), as is the g
value (1.9944–1.9976).4,5 The value for aH is somewhat larger
than the values for the organosilyl complexes (2.6–3.2 G) which
may be a result of the slightly shorter Ti–Si bond in 3.4,5

Solutions of 3 in toluene are stable for several days at room
temperature in an argon atmosphere. This stability is unusual
and unexpected, given the fact that the compound is a primary
silane.4–6 The closest analog Cp2Ti(SiH2Me)(PMe3) 7, synthe-
sized from the reaction of Cp2TiMe2 and SiH3Me, generated in
situ by catalytic redistribution of SiHMe(EtO)2,3 in the presence
of PMe3 in hexane solution, was stable only for several hours
and decomposed to the titanocene(iii) hydride 8 and the
titanocene(iii) silyl compound 9, as shown in Scheme 1.∑
Similar dehydrocoupling reactions were also observed for other
analogous Cp2Ti(SiHRRA)(PMe3) compounds.5 We attribute
the greater stability of 3 to stronger Ti–Si and Ti–P bonds and
a resulting high formation constant for the phosphine complex.

Fig. 1 A view of the structure of 3 down the Si–Ti bond (30% probability
ellipsoids). Selected bond lengths (Å) and bond angles (°): Ti–P 2.559(2),
Ti–Si 2.594(2), Si–H(av.) 1.53(7); P–Ti–Si 83.91(6), Cp(cent)–Ti =
2.031(3), Cp(cent)–Ti–Cp(cent) 134.2(4). Fig. 2 EPR spectrum of 3 in toluene at room temperature
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The consequent suppression of phosphine dissociation to give
the coordinatively unsaturated intermediate necessary for
reaction of the titanium with Si–H bonds prevents the hydrogen
transfer reaction depicted in Scheme 1. In the absence of PMe3,
Cp2TiMe2 catalyses the rapid dehydrocoupling of SiH4 to an
insoluble, pyrophoric polymer.

Studies of reactions of SiH4 with other group 4 compounds
are in progress.

We thank NSERC (Canada) and the Fonds FCAR de Québec
for financial support, Professor Don Berry for useful discus-
sions, and the Laboratoire de Crystallographie par Rayons X de
l’Université de Montréal for access to a diffractometer.
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Modified Mg–Al hydrotalcite: a highly active heterogeneous base catalyst for
cyanoethylation of alcohols
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Modified Mg–Al hydrotalcite (Mg : Al = 3 : 1) prepared by
thermal decarbonation followed by rehydration of a conven-
tional Mg–Al hydrotalcite is found to be a highly active,
reusable and air stable catalyst for cyanoethylation of
alcohols.

Cyanoethylation of alcohols is a widely used reaction for the
synthesis of drug intermediates and organic compounds of
industrial interest.1 Acrylonitrile undergoes cyanoethylation
with a number of monohydric alcohols to give alkoxypropio-
nitriles which, after hydrogenation, give industrially important
amines. The reaction is catalysed by homogeneous base
catalysts such as alkali hydroxides2 and alkoxides3 and
tetraalkyl ammonium hydroxide. However, these catalysts need
to be neutralised before purification of the product, resulting in
the generation of waste, loss of catalyst and reduced product
yields. Alternatively, use of anion exchange resins as heteroge-
neous catalyst have also been reported.4,5 Recently, Hattori and
Kabashima6 reported use of alkaline earth oxides, hydroxides
and alumina supported KF and potassium hydroxide supported
on alumina as heterogeneous catalysts for this reaction. High
activities were reported for high temperature activated MgO
catalyst (800 °C in vacuo). The general reaction scheme for
cyanoethylation of alcohols is shown in Scheme 1.

Previously we had reported that modified hydrotalcite,
prepared by thermally decarbonating the conventional Mg–Al
hydrotalcite followed by controlled rehydration, is highly active
for aldol and Knoevenagel condensation reactions.7,8 The high
activity of this catalyst is attributed to the presence of a large
number of OH2 groups, generated during rehydration of the
thermally activated hydrotalcite, which act as Brönsted basic
sites. The use of modified hydrotalcites as heterogeneous
Brönsted basic catalysts instead of homogeneous catalysts such
as alkali hydroxides and alkoxides has a number of advantages,
viz. ease of separation, reusability, no waste, and higher
activities and selectivities (depending on the reaction).

In continuation of our above mentioned work here we report
that the modified hydrotalcites having formula [Mg(12x)Alx-
(OH)2](OH)x·yH2O show unprecedented high activity for the
cyanoethylation of alcohols with acrylonitrile. The activity of
this catalyst is the highest so far reported in the literature for any
heterogeneous catalyst. The catalysts were found to be reusable
without significant loss in activity. The other interesting aspect
of this work is that these catalysts were found to be active even
after exposure to air in this reaction, a rare phenomena for a
solid basic catalyst.

Mg–Al hydrotalcites having Mg : Al = 3 : 1 was synthesised
using the procedure reported by Miyata et al.9 The presence of
pure hydrotalcite structure was confirmed by powder X-ray
diffraction. The preparation of modified hydrotalcite includes
activation of the hydrotalcite in carbon dioxide free N2 at
450 °C, followed by cooling and hydrating the material in a

flow of nitrogen saturated with water at room temperature in a
controlled fashion.

The catalytic reactions were carried out using 10 ml of
alcohol and 4 mmol of acrylonitrile. The catalyst after
rehydration was transferred to the reactor containing the alcohol
followed by addition of acrylonitrile. The samples were
analysed by gas-liquid chromatography.

Table 1 shows a comparison of the modified hydrotalcites
rehydrated for different periods of time with fresh and calcined
hydrotalcites and MgO (from the results of Hattori6) for the
reaction of acrylonitrile with MeOH in which methoxypropio-
nitrile is the only product. The modified hydrotalcites are much
more active than MgO, which also needs a very high activation
temperature (800 °C in vacuo). The hydrotalcite as such shows
only marginal activity as it contains very few basic sites. It is
interesting to note that even though the calcined hydrotalcite has
a high Lewis basicity, it is only marginally active. This shows
that this reaction is catalysed by weak Brönsted basic sites
(OH2 sites).

Similar to our earlier results for the aldol condensation
reaction,7 for cyanoethylation the catalytic activity also depends
upon the rehydration time. In the present case optimum activity
is observed for the catalyst rehydrated for 6 h (catalyst = 0.1 g,
water saturated N2 flow = 80 ml min21).

The reusability of the catalyst was studied by using the same
catalyst after allowing the catalyst to settle, decanting the
supernatanat reaction mixture and continuing the reaction by
introducing fresh reactants (acrylonitrile and MeOH). The
results are sumarised in Table 2. The catalyst was found to be
reusable without appreciable loss in activity.

The study was further extended to other monohydric alcohols
such as EtOH, PriOH, BuOH and ButOH. The results are
summarised in Table 3. Except for ButOH, the catalysts are
found to be highly active for all the alcohols, which is in
agreement with the results for the homogeneous catalyst. The
selectivity for the corresponding alkoxypropionitrile was 100%,

Scheme 1

Table 1 Comparison of various catalysts for cyanoethylation of acrylonitrile
with MeOHa

Conditions for Conversion of
activation of the acrylonitrile

Catalyst catalyst t/min (%)

Mg–Al Hydrotalcite used as was 120 2.5
Mg–Al Hydrotalcite N2 flow at 450 °C 120 20
Modified Mg–Al

Hydrotalcite
N2 at 450 °C rehydration

for 3 h in wet N2 at room
temp.

90 98

Modified Mg–Al
Hydrotalcite

N2 at 450 °C rehydration
for 6 h in wet N2 at room
temp.

45 99.8

Modified Mg–Al
Hydrotalcite

N2 at 450 °C rehydration
for 12 h in wet N2 at
room temp.

45 100

MgOb 800 °C in vacuo 120 98.7

a Reaction conditions: acrylonitrile (0.04 mol), MeOH (10 ml), 50 °C,
Catalyst (0.1 g). b Results from ref. 6.
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except for PriOH, in which case the selectivity for
b-isopropoxypropionitrile was 80%.

Normally, solid basic catalysts are highly sensitive to air and
loose their activity due to carbonation when exposed, prevent-
ing them from being used industrially. To check this an
experiment was carried out to see if the catalyst remained active
when exposed to air. To our surprise we found that the modified

hydrotalcite catalyst, even after exposure to air (1 h), showed
the same activity as a sample not exposed (100% conversion in
45 min). This result makes this catalyst attractive for practical
use.

In summary we have shown that modified Mg–Al hydro-
talcite is a highly active, reusable and air stable catalyst for
cyanoethylation of monohydric alcohols.

We thank the Indo-French Centre for Promotion of Advanced
Research (IFCPAR project no. IFC/1106-2696-2460) for finan-
cial support. J. S. V. thanks Conacyt de Mexico for a PhD
grant.
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Table 2 Reusability of modified Mg Al hydrotalcite catalyst (rehydrated
for 6 h) for cyanoethylation of acrylonitrile with MeOHa

Cycle Conversion (%)

1 99.8
2 98.0
3 96.0

a Reaction conditions as in Table 1.

Table 3 Cyanoethylation of various monohydric alcohols with acrylonitrile
over modified Mg–Al hydrotalcite (rehydrated for 6 h)a

Conversion of
Alcohol t/min acrylonitrile (%)

EtOH 25 100
PriOH 90 95.6
BuOH 20 100
ButOH 120 10

a Reaction conditions as in Table 1.
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Germyl anion species-promoted formation of cyanofluoromethylene
compounds: first and efficient synthesis of fluorinated homoallylic and
homoprop-2-ynylic cyanides

Yasuo Yokoyama*† and Kunio Mochida‡

Department of Chemistry, Faculty of Science, Gakushuin University, 1-5-1 Mejiro, Toshima-ku, Tokyo 171-8588, Japan

Various fluorinated homoallylic and homoprop-2-ynylic
cyanides could be synthesized from 2-fluoro-2-phenylthio-
2-phenylacetonitrile and some allylic or prop-2-ynylic chlo-
rides in excellent yields by use of a germyl anion species.

Recently, fluorine-contained organic compounds have attracted
wide attention among scientists in the fields of agrochemicals,
pharmaceuticals and material sciences. Various antiviral, anti-
tumor and antifungal agents and advanced materials have been
synthesized in which fluorine substitution plays a significant
role in their biological activities and physical properties.1 Thus,
the formation of an organofluorine compound is a most
important reaction in organic synthesis. Particularly, synthetic
methodology for a monofluorinated compound (R1R2R3CF)2 is
a very attractive target of study, because it is difficult due to the
chemical lability of the foregoing compound in some cases.
Concerning this problem, we focused on the synthesis of the
cyanofluoromethylene compound [R1R2C(CN)F] as an easy
and effective formation of a monofluorinated product. This
compound has cyano and fluoro substituents on the same
carbon, and could be employed as a useful fluorine-containing
building block, because the cyano group is easily transformed to
other substituents.3 Moreover, this molecule is important from
the viewpoint of the multifunctional carbon structure.4 There
are two strategies which give the foregoing molecule. One is a
stepwise introduction of cyano and fluoro groups,5 and the other
is introduction of a cyanofluoromethylene unit to a substrate. In
particular, the latter method is suitable for the synthesis of
cyanofluoromethylene compounds because the target molecule
can be formed more straightforwardly. However, only a few
synthetic examples have been reported at the present time.6 In
this regard, we have developed the germyl anion species-
promoted synthesis of a cyanofluoromethylene compound by
use of 2-fluoro-2-phenylthio-2-phenylacetonitrile as the cyano-
fluoromethylene source. Herein we report the first and efficient
syntheses of fluorinated homoallylic and homoprop-2-ynylic
cyanides.

Some selected data of reactions of 2-fluoro-2-phenylthio-
2-phenylacetonitrile with (E)-3-chloro-1-phenylprop-1-ene
(cinnamyl chloride) in the presence of various activators are
summarized in Table 1.

As expected, some germyl anion species were found to give
fluorinated homoallylic cyanides (entries 1–3). The yield of the
desired compound was affected by the nature of the counter
cation. When germyl anions having Li+ and K+ were used, the
yield of the target product was low. Many unidentified by-
products were obtained, whereas the starting cyanide was
consumed completely (entries 1 and 3). On the other hand,
2-fluoro-2-phenylthio-2-phenylacetonitrile could be activated
effectively by Et3GeNa to give the active intermediate. This
species reacted with cinnamyl chloride to give the correspond-
ing compound quantitatively (entry 2). Other group 14 element-
containing anions, such as Me3SiNa,7 Et3SnNa§ and BunLi
were not useful for this type of reaction (entries 4–6). In
addition, the starting cyanide was transformed to the desired
homoallylic cyanide in low yield when lithium naphthalenide

(LN), which is well known as a strong one-electron reducing
agent,9 was applied (entry 7). These facts suggested that only
Et3GeNa was suitable for the synthesis of the fluorinated
homoallylic cyanide. The reason why Et3GeNa was favorable
for the activation and the cleavage of a sulfur–carbon bond¶ is
unclear, but this phenomenon is probably due to the thiophi-
licity of the germanium atom and the stability of the active
intermediate.

Various allylic and prop-2-ynylic chlorides could be also
used as substrates instead of cinnamyl chloride under the same
reaction conditions (Table 1, entry 2). In Table 2, the results of
application of this reaction for some substrates are presented.
When 3-chloroprop-1-ene was used as an electrophile, the
desired simple homoallylic cyanide was obtained in excellent
yield (entry 1). When 1-chlorobut-2-ene (E : Z = 73 : 27) was
employed, the E-isomer of the target compound was obtained
predominantly (entry 2, E : Z = 73 : 27). Some E-allylic
chlorides, such as (E)-1-chlorohex-2-ene, (E)-1-chlorooct-
2-ene, (E)-1-chloronon-2-ene and (E)-1-chloro-3,5-dimethyl-
octa-2,6-diene could be transformed to the desired products
having E-configuration in excellent yields (entries 3–6). These
results suggested that no isomerization of the olefin occurred
under these reaction conditions. Other primary allylic chlorides
were also employed as electrophiles (entries 7 and 8). On the
other hand, when secondary allylic chloride (3-chlorobut-1-ene)
was used, the desired compound was obtained in moderate yield
(76%, syn : anti = 64 : 36, entry 9). An E-isomer of entry 2 was
obtained which was formed by the attack of a nucleophile at the
g-carbon as a by-product (24%), because the intermediate was
sterically hindered. Furthermore, 1-chlorohexa-2,4-diene and
some prop-2-ynylic chlorides could react with the active
intermediate to give the corresponding fluorinated cyanides in
excellent yields without decomposition of the starting chlorides
(entries 10–12). In these cases, products formed by attack of the
nucleophile to the g-position (or e-position) of chlorides could
not be detected at all, except in the case of entry 9. These results
revealed that the presented method was applicable to the

Table 1 Synthesis of fluorinated cyanides by use of various activators

Entry Activator Yielda (%)

1 Et3GeLi 35
2 Et3GeNa 98
3 Et3GeK 5.6
4 Me3SiNa NRb

5 Et3SnNa 2.8
6 BunLi 36
7 LNc 36

a Isolated yield. Identified by 1H, 19F and 13C NMR analysis. b Starting
cyanide was recovered (98%). c Lithium naphthalenide.
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synthesis of many types of fluorinated homoallylic and
homoprop-2-ynylic cyanides.

A typical procedure is as follows. To a THF solution (20 ml)
of 2-fluoro-2-phenylthio-2-phenylacetonitrile (377 mg, 1.55
mmol) was added an HMPA solution of Et3GeNa11 (4 ml, 0.42
m) slowly at 260 °C. After stirring for 0.25 h at 260 °C, the
temperature was lowered to 280 °C, and cinnamyl chloride
(355 mg, 2.32 mmol) was added. The mixture was stirred for 0.5
h at 280 °C and then was passed through a short column of
silica gel and eluted with Et2O. Concentration of this eluate
followed by column chromatographic purification afforded 380
mg (98%) of the corresponding compound (Table 1, entry 2).

In conclusion, we have developed the first syntheses of
fluorinated homoallylic and homoprop-2-ynylic cyanides. This
reaction proceeded smoothly to give the corresponding product
in excellent yield under mild reaction conditions. The efficient
synthesis presented here can presumably be employed in
fluorine chemistry as a useful method for monofluorinated
compounds. Further investigation of applications of this
reaction and a mechanistic study are now in progress.
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Table 2 Synthesis of various fluorinated homoallylic and homoprop-
2-ynylic cyanides

Entry Producta Yieldb (%)

a All compounds were identified by 1H, 19F and 13C NMR analysis.
b Isolated yield. c The second operation was carried out for 3 h.
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Stereoselective Michael/aldol tandem reaction triggered by thiolate anion or
analogues
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A combination of a tert-butyl a,b-unsaturated ester, an
aldehyde and lithium thiophenolate in CH2Cl2 undergoes a
one-pot Michael/aldol tandem reaction to give a condensa-
tion adduct of the three components, an a-phenyl-
thiomethyl-b-hydroxy ester, in good yield with high syn-
selectivity.

The Michael addition is one of the most powerful methodolo-
gies in organic synthesis.1 Thiols are frequently used as good
nucleophiles for the reaction with a,b-unsaturated esters,
ketones or nitriles to give the corresponding Michael adducts
quantitatively. The reaction is regarded as generating a
b-thioenolate intermediate as a result of nucleophilic attack of
the thiolate at the b-carbon of the Michael acceptor;2 the
intermediate is then protonated to give the Michael adduct. If
the b-thioenolate intermediate was able to be used for the aldol
reaction, a new Michael/aldol tandem reaction3 could be
developed and might provide a useful methodology for the
construction of carbon skeleton since sulfur functionality is
convenient for further transformation to other functional
groups. There have been several similar examples of this type of
reaction with carbon,4 nitrogen5 and silicon nucleophiles.6
Although thiolate and its analogues have also been used in a
similar way, good examples are limited to a,b-unsaturated
ketones,7 and the same sequence for a,b-unsaturated esters
contains many problems.7a,d,8 Additionally, the stereochemical
outcome of the reaction with esters has not been clear so far.
Here, we report a novel one-pot three-component condensation
of thiolate, an a,b-unsaturated ester and an aldehyde with high
syn-stereoselectivity.

The reaction procedure was quite simple; lithium thiophe-
nolate was generated from thiophenol on treatment with
butyllithium at 278 °C in CH2Cl2 to give a white precipitate,
most of which remained undissolved following addition of
acryrate esters at 278 °C. To the heterogeneous mixture,
aldehyde was added at the same temperature; the reaction
mixture then became a homogeneous pale yellow solution. The
solution was maintained at 250 °C for 7 h and the three-
component condensation adducts 3 were obtained (Scheme 1).
To our surprise, no SN2 product from CH2Cl2 and lithium
thiolate was observed. The results are summarised in Table
1.‡

The reaction exhibited several interesting features. Firstly,
choice of reaction solvent was quite important; CH2Cl2 or Et2O
were the only suitable solvents to perform the reaction. Other

coordinative solvents such as THF or propiononitrile were not
useful; only the simple Michael adduct of thiol and acrylate was
formed. The counter cation was also important; use of lithium
thiophenolate was essential. The reaction of methyl or ethyl
acrylate gave the three component adducts 3a or 3b in 62 or
64% yield, respectively, but neither of their diastereomeric
ratios were satisfactory (entries 1 and 2). The stereoselectivity
was significantly improved when tert-butyl acrylate was used
instead; the tandem adduct 3c was obtained in 80% with 92 : 8
syn-selectivity (entry 3). The present stereoselectivity is much
higher than the analogous aldol reaction of ester enolates
generated from tert-butyl propionate with LDA, in which the
reported syn : anti ratio was almost 1 : 1.9 The tandem adducts 3,
starting from other aromatic and a,b-unsaturated aldehydes,
were prepared in similar yields with high syn-selectivity (entries
4–6). Aliphatic aldehydes also gave the adduct in moderate
yield, along with formation of the self-aldol product of the
aldehyde (entry 7).

We also examined analogues of thiolate for the reaction.
Lithium phenylselenolate,10 which was generated from diph-
enyl diselenide and methyllithium,§ was found to be effective
for the reaction; again the syn-enriched adduct 4a was isolated
in 63% (entry 8). The diastereoselectivity and yield of 4 for the
reaction with aromatic aldehydes were slightly less than those
for the reactions promoted by thiolate in CH2Cl2 (entries 8–10).
The reaction with an aliphatic aldehyde, however, gave 4d in
only poor yield (entry 11). Phenoxide was too unreactive to
promote the reaction (entry 12). We also tried to apply the
present sequence to methyl vinyl ketone with thiolate and
benzaldehyde, but only trace amounts of the corresponding
tandem adduct were formed.

The stereochemistries of 3 and 4 were determined in the
following way (Scheme 2); the phenylseleno group in com-
pound 4a was replaced by hydrogen on treatment with Bu3SnH.
Diastereomeric ratios of 4a (85 : 15) and 6 (82 : 18) were almost
the same within experimental error. The NMR spectrum of the

Scheme 1 Reagents and conditions: i, PhSLi, CH2Cl2, 278 °C, then 250
°C; ii, PhSeSePh, MeLi·LiBr, Et2O, 278 °C, then room temp.

Table 1 The three-component condensation of thiolate, acrylate and
aldehyde

Yield
Entry R1 R2 X Product (%)a syn : antib

1 Me Ph S 3a 62 71 : 29
2 Et Ph S 3b 64 66 : 34
3 But Ph S 3c 80 92 : 8
4 But p-ClC6H4 S 3d 71 89 : 11
5 But 1-naphthyl S 3e 92 88 : 12
6 But PhCHNCH S 3f 52 81 : 19
7 But C5H11 S 3g 65 73 : 27
8 But Ph Se 4a 63 85 : 15
9 But p-ClC6H4 Se 4b 52 81 : 19

10 But 2-naphthyl Se 4c 64 84 : 16
11 But C9H19 Se 4d 23 ndc

12 But Ph O 5a 0 —

a Isolated yield. b Determined by reversed phase HPLC analyses. a nd = not
determined.
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minor isomer of 6 was found to be identical to the known anti-
diastereomer,11 and we concluded that the major isomers of 4a
and 6 had syn-configuration. The stereochemistries of the other
thio analogues 3 were determined on the basis of comparison of
their 1H NMR spectra and HPLC patterns.

The present methodology is useful for the preparation of
g-butyrolactone from lithium thiophenolate, fumarate ester and
aldehyde. For example, reaction of the three components in
CH2Cl2 at 250 °C for 5 h resulted in the formation of
g-butyrolactone 7 along with the b-hydroxy ester. The mixture
was then treated with PPTS in refluxing toluene to give lactone
7 in 64% yield (Scheme 3). NOE measurements and HPLC
analysis revealed that the 4,5-cis isomer was formed as the
major isomer in an 80 : 20 ratio.

Due to the heterogeneity of the mixture of acryrate and
thiolate, the mechanism of the reaction and origin of the
stereoselectivity are not clear; attempts to trap the b-thioenolate
intermediate have so far been unsuccessful. Indeed, since most
of the white precipitate of lithium thiophenolate in CH2Cl2 is
undissolved in the presence of the acrylate esters, the concentra-
tion of the b-thioenolate intermediate in the absence of aldehyde
should be very low. We assume that the active intermediate is
formed with assistance due to coordination of the aldehyde to
the lithium cation. Further investigation and application of the
reaction will be reported in due course. 

We thank Ube Industries Ltd. and Sumitomo Chemical
Industry Ltd. for their financial support. 
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Scheme 2 Reagents and conditions: i, Bu3SnH, AlBN, toluene, 110 °C
(75%)

Scheme 3 Reagents and conditions: i, PhSLi, CH2Cl2, 278 °C, then
250 °C, 7 h; ii, PPTS, toluene, 110 °C, 2 h
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Total synthesis of (±)-aglaiastatin, a novel bioactive alkaloid
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The first total synthesis of aglaiastatin has been accom-
plished using pyrrolopyrimidinone construction by simulta-
neous nucleophilic attack of a nitrogen unit at the carbonyl
group and the acyl iminium ion.

We recently isolated aglaiastatin 1, a novel alkaloid, from the
leaves of the tropical plant Aglaia odorata; it acts as an agent
that induces normal morphology in K-ras-transformed fibrob-
lasts.1 It was shown to be a specific inhibitor of protein
synthesis, and the alkaloid displayed potent growth inhibition
against various tumor cell lines (e.g. IC50 value for K-ras-NRK
cells: 1.67 ng ml21).

Aglaiastatin consists of five fused rings (indicated as A, B, C,
D, and E rings for convenience). Related benzofurocy-
clopentane systems (rings ABC) can be seen in the structures of
other natural products such as rocaglamide,2 and rocaglaol,3
however, the five-ring system in 1 is rare and has not been
reported, except in the case of an unnamed alkaloid.4 Rocagla-
mide has been synthesized,5 but aglaiastatin and the unnamed
compound containing the pyrrolopyrimidinone system have
never been synthesized. 

Since construction of the ABC ring system had already been
reported by several groups, development of methodology to
construct the CDE ring system was the most challenging task.
For the synthesis of aglaiastatin, an ABC ring system with a side
chain at the C-5a position as a DE ring precursor was expected
to be a promising intermediate for this synthesis. Starting from
this substance, E ring formation and subsequent closure of the D
ring could afford aglaiastatin. We anticipated that these reaction
steps to form the DE ring system could be performed in one
synthetic operation. Scheme 1 shows our strategy for the
synthesis. At first, we planned to introduce a protected
aminobutyraldehyde into the ABC ring prepared according to
the reported procedure.5b Hydrolysis of the acetal should cause
nucleophilic addition of the amide nitrogen to the aldehyde to
afford the desired five-membered ring corresponding to the E
ring. We anticipated that an acyl iminium ion should be
generated by dehydration under acidic conditions. With this
compound thus accessible, simultaneous nucleophilic addition
of one nitrogen unit to two electrophilic groups, the ketone on
the C ring and the acyl iminium moiety on the E ring, would
form the D ring. Use of an ammonium salt as the one nitrogen

unit for double nucleophilic reaction has been reported in some
synthetic studies.6

Scheme 2 shows the protocol for the synthesis, which was
begun by a coupling between commercially available 4-amino-
butyraldehyde diethyl acetal and carboxylic acid 2 by use of the
BOP [benzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate] reagent7 to give amide 3 in excellent
yield. Starting material 2 (racemic form) is an intermediate
formed in Taylor’s procedure for the total synthesis of
rocaglamide5b and was prepared as an epimeric mixture at the
C-2 carboxy group (a :b = 55 : 45). The subsequent oxidation
step was unexpectedly problematic. Swern oxidation and Dess–
Martin oxidation of 3 could not afford the desired ketone 4
reproducibly. Then, we turned our attention to SO3·pyridine
oxidation.8 However, the reaction rate under the standard
procedure was very sluggish. After optimization of the reaction

Scheme 1
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conditions, the use of a large excess of reagent finally gave
satisfactory results. When the reaction was conducted for 1 h
using 30 equiv. of SO3·pyridine, the required ketone 4 was
obtained in 97% yield. Prolonged reaction time or heating
resulted in contaminating by-products. Although the a :b
distribution about the amide group at C-2 varied in every trial,
the b isomer was obtained predominantly. For the final
pyrrolopyrimidinone formation, hydrolysis of the acetal with
HCl and concomitant cyclization would have given the N-acyl
hydroxypyrrolidine intermediate (not isolated) depicted in
Scheme 1. After the usual workup, the crude material was
treated with 99% formic acid in the presence of a large excess
of ammonium formate (ca. 100 equiv.) in MeOH for 4 days. As
a consequence, the desired (±)-aglaiastatin was obtained as a
mixture of diastereomers at C-12a in high combined yield
(70%). Fortunately, aglaiastatin was the predominant product
[aglaiastatin (1) : diastereomer (5) = 2 : 1 determined by 1H
NMR]. Selectivity in the formation of 1 versus 5 would be
explained by nucleophilic attack of the NH2 group in the convex
structure of ABC ring at the downward facing surface of the E
ring. The iminium ion would probably be facing upwards due to
steric hindrance. These stereoisomers could be easily separated
by silica gel column chromatography to give pure 1 and 5 in 40
and 19% yield, respectively. Thus, we accomplished the first
total synthesis of (±)-aglaiastatin.

The spectral properties (1H and 13C NMR, FABMS, IR) of
the synthetic aglaiastatin, were indistinguishable from those of
the natural aglaiastatin, except for optical rotation. Further,
optically active aglaiastatin was obtained by separation with
semi-preparative scale chiral HPLC (Daicel Chiralpak AD).
One of the separated samples of synthetic aglaiastatin showed
nearly the same value {[a]23

D + 148.1 (c 0.1, MeOH)} as natural
aglaiastatin [+151.2 (c 0.1, MeOH)]. It also displayed identical
growth-inhibitory activity toward K-ras-NRK cells (IC50 value:
1.49 ng ml21) to that of the authentic sample (IC50 value: 1.67
ng ml21).

In conclusion, we have accomplished the first total synthesis
of the novel protein synthesis inhibitor aglaiastatin. In the

process, we developed a new methodology for pyrrolopyrimi-
dinone construction using one nitrogen unit for the ring closure.
Attempts to utilize this synthetic scheme for the synthesis of
structurally related analogs and enantiomeric synthesis of
aglaiastatin are under way. 

The authors thank Dr Y. Nishimura and Mr N. Matsumoto,
Institute of Microbial Chemistry, for valuable suggestions, and
Dr H. Naganawa, Dr R. Sawa and Mr I. Momose, Institute of
Microbial Chemistry, for spectroscopic analysis.
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97%; iii, 1 m HCl, THF, then HCO2H, HCO2NH4, room temp., MeOH, 70% for two steps (1 : 5 = 2 : 1). The yield of 1 and 5 after chromatographic separation
was 40 and 19%, respectively.
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Heats of Lewis base complexation, deaggregation and stabilization by a-silicon
in a family of primary alkyllithiums

Robert F. Schmitz, Marius Schakel, Marcel Vos and Gerhard W. Klumpp*†

Scheikundig Laboratorium Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

For primary alkyllithiums, enthalpies of Lewis base induced
tetramer ? dimer and dimer ? monomer conversion,
intramolecular Li–NMe2R complexation and stabilization
by a-SiMe2R are given.

Any understanding and control of s-organolithium (RLi)
reactivity requires extensive knowledge of each of the various
forms in which RLis occur: aggregates RmLim (m = 2,4,6),
complexes of aggregates with Lewis bases [LB (R2O, R3N)]
RmLim·nLB (m, n = 2,4; 4, 1–4) and, in relatively rare cases,
monomer complexes RLi·nLB (n = 2,3).1 Nevertheless,
fundamental data, such as enthalpies of transfer of RLi from one
aggregation state into another, are scarce: BuLi/THF, DH(com-
plexed tetramer ? complexed dimer) ≈ 22 kJ (mol RLi)21;2
ButLi/cyclopentane–Et2O, DH(uncomplexed tetramer ? com-
plexed dimer) ≈ 238 kJ (mol RLi)21;3 neopentyllithium/Et2O,
DH(complexed dimer ? complexed monomer) ≈ 23 kJ (mol
RLi)21.1 For a family of intramolecularly amine-complexed
(trimethylsilyl)methyllithium derivatives LiCH2Si(Me)2CH2–Z
(1–3, Z = N(CH2X)CH2Y, see Fig. 1)4 and for the parent
(trimethylsilyl)methyllithium (4, Z = H),5 we now present
relative stabilities of exhaustively complexed monomer, dimer
and tetramer, respectively, as well as uncomplexed tetramer.
Inclusion in our study of 3-(dimethylamino)propyllithium (5),6
the analogue of 3 in which SiMe2 is replaced by CH2, provided
a measure of RLi stabilization by a-silicon.

In Fig. 1, heats of protonation of 1–5 by BusOH [DH, kJ (mol
RLi)21, benzene, 25 °C]‡ are given together with the monomer

(1), dimer (22) and tetramer [34, 44, 54 (a : b = 6 : 4)] structures
in which 1–5 prevail under the conditions of experiment.

The protonation products (H–R, Fig. 1) of 1–5 are assigned
equal relative enthalpies since they are devoid of special
interactions.§ On this basis, negative differences of heats of
protonation equal differences of relative enthalpies (stabilities)
of RLi species. We also assume that in 1–4, variation of Z is of
minor influence, if at all, on the nature of C–Li.¶ Thus, DH(34)
2DH(22) ≈ 219 kJ (mol RLi)21 indicates that for type-4 RLi
species, amine complexation induced deaggregation of com-
plexed tetramer into dimer is of considerable exothermicity.
Further deaggregation of complexed dimer into monomer is
nearly thermoneutral: DH(22) 2 DH(1) ≈ 22 kJ (mol RLi)21.
DH(44) 2 DH(34) ≈ 240 kJ (mol RLi)21 gives the average
strength of an N–Li bond in a tetrameric type-4 RLi complexed
by four NMe3-type nitrogens.∑ DH(54) 2 DH(34) ≈ 257 kJ
(mol RLi)21 provides an experimental measure of the prac-
tically8 and theoretically9 important carbanion stabilization by
silicon. Parenthetically, the close similarity of DH(54), 2193 kJ
(mol RLi)21, and DH of tetrameric 3-methoxypropyllithium
under the same conditions [2190 kJ (mol RLi)21]10 testifies to
the very similar lithium complexation propensities of –OMe and
–NMe2.

The energetics found in this study for LB induced tetramer ?
dimer and dimer ? monomer conversion, respectively, are in
accord with the results of quantum mechanical calculations on
MeLi which indicate the latter to be rather more difficult,11

although, as the present and the previous experiments show,
actual values depend on the nature of R and LB (cf. ref. 1).
Likewise, as expected,9 the value found for the energy of
stabilization of tetrameric primary RLi by a-SiMe2R [57 kJ
(mol RLi)21] is in between those calculated9 for LiCH2SiH3
(39 kJ mol21) and for 2CH2SiH3 (104 kJ mol21). The similarity
found for –OMe and –NMe2 as complexing groups of RLi
agrees with the very similar capacities of R2O and R3N for
acceleration of RLi reactions12 and suggests that the above
amine data also approximate those for ethers.
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Preparation of vicinal diimines: a new dehydrogenative coupling reaction of
aldimines mediated by ytterbium metal

Wu-Song Jin, Yoshikazu Makioka, Yuki Taniguchi, Tsugio Kitamura and Yuzo Fujiwara*†

Department of Chemistry and Biochemistry, Graduate School of Engineering, Kyushu University, 6-10-1 Hakozaki, Higashiku,
Fukuoka 812-8581, Japan

Dehydrogenative coupling takes place to give vicinal di-
imine compounds in the reaction of aromatic aldimines with
ytterbium metal followed by treatment with aromatic
aldehydes such as 1-naphthaldehyde (1-NpCHO) as a
hydrogen acceptor.

Lanthanide metals have been utilized for various trans-
formations of organic functional groups or C–C bond forma-
tions via coupling reactions.1 Previously, we have demonstrated
that ytterbium metal causes the coupling reaction of carbonyl
and thiocarbonyl compounds,2 and that imines undergo a
similar reaction to give 1,2-diamines or a-amino acids.3
Imamoto and Nishimura and others reported that samarium(ii)
compounds are also capable of the coupling of imines to give
1,2-diamines.4 Recently, a triphenylimine dianion complex
[Yb(h2-Ph2CNPh)(HMPA)3] has been successfully isolated
from the direct reaction of ytterbium metal and triphenylimine
and characterized by X-ray analysis.5 In a continuing study of
the reactions of aldimines and ytterbium metal, we have found
that the reaction of aromatic aldimines and ytterbium metal
followed by addition of oxidants produces the corresponding
vicinal diimine compounds [eqn. (1)]. Here we report these new
results.

First, N-benzylideneaniline (1a) was reacted with 0.5 equiv.
of ytterbium metal at room temperature then an oxidant was
added and the mixture was stirred for 2 h to give the
dehydrogenative coupling product, N,NA-diphenyl-1,2-diphen-
ylethane-1,2-diimine (2a) in 81% yield [eqn. (2)].‡ The effects

of various oxidants toward the dehydrogenative coupling
reaction of 1a are summarized in Table 1. From the data in
Table 1 one can see that aromatic aldehydes (entries 1–4) are the
best compared with others. In particular when 1-NpCHO is
used, the best result is obtained, whereas the yield of the product
is only 7% when an aliphatic aldehyde is used (entry 5). In
addition, it is apparent that CuCl2, peroxides and ButNO2 give
inferior results (entries 6–9) and that only 17% yield is obtained
in the case of O2 (entry 10). The presence of HMPA as an
additive is necessary in this reaction since the reaction of 1a and
ytterbium metal cannot proceed in THF alone.

The reaction also occurred with various aromatic aldimines
as well as 1a. The representative results for the dehydrogenative

coupling reaction of other aldimines 1 are listed in Table 2.
When the substrates are non-substituted, p-methyl- and
p-methoxy-substituted aromatic aldimines 1a–d,f,g, the reac-
tions proceed smoothly to afford 2a–d,f,g (entries 1–4 and 6, 7)
in good to high yields. On the other hand, the yields of 2 were
low in the reactions of p-cyano- and p-chloro-substituted
aldimines 1e and 1h (entries 5 and 8). Thus, the electron-
donating substituent on the benzene ring is profitable to the
reaction. In the reaction of the o-methyl-substituted aldimine 1i
at room temperature, only small amounts of 2i were formed, and
the hydrogenation product (o-MeC6H4CHNHPh)2 was formed
as the main product. This is due to the steric hinderence of the
diazametallacyclopentane intermediate toward dehydrogena-
tion with 1-NpCHO (vide infra). However, 2i could be obtained
in a moderate yield at reflux temperature (entry 9). The reaction
did not occur in the case of C6H5CHNNCMe3 (1j), and 1j was
recovered (entry 10), due to it’s lower reactivity towards
ytterbium metal.

Table 1 Effect of various oxidants on the dehydrogenative coupling
reaction of aldimine 1aa

Yield of 2ab

Entry Oxidant mmol (%)

1 1-NpCHO 2 60
2 1-NpCHO 1 81
3 o-MeOC6H4CHO 2 49
4 p-MeC6H4CHO 2 31
5 PriCHO 2 7
6 CuCl2 2 —
7 m-ClC6H4CO3H 2 6
8 K2S2O8 2 —
9 ButONO 2 1

10 O2
c 2 17

a Reaction conditions: 1.0 mmol 1a, 0.5 mmol Yb, 2 ml THF, 0.5 ml HMPA,
2 ml MeI. b GC yield based on 1a. c One atm., 24 h.

Table 2 Dehydrogenative coupling reaction of aldimines 1 mediated by
ytterbium metala

Yield
Entry Substrate R1 R2 Product (%)b

1 1a Ph Ph 2a 81
2 1b p-MeC6H4 Ph 2b 90
3 1c p-MeOC6H4 Ph 2c 86
4 1d p-MeOC6H4 p-MeC6H4 2d 58c

5 1e p-NCC6H4 Ph 2e 5c

6 1f Ph p-MeC6H4 2f 74
7 1g Ph p-MeOC6H4 2g 73
8 1h Ph p-ClC6H4 2h 55
9 1i o-MeC6H4 Ph 2i 50d

10 1j Ph But No reaction

a See footnote ‡ for the reaction conditions. b GC yield based on 1.
Considerable amounts of 1-NpCH2OH were also formed. c Isolated yield.
d At reflux temperature.
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Although the reaction mechanism is not yet clear, a possible
reaction mechanism is shown in Scheme 1. First, one atom of
ytterbium metal reacts with two molecules of aldimine 1 via
two-electron transfer from ytterbium to give a diazametalla-
cyclopentane intermediate B, probably via formation of an
intermediate A.6 Subsequent treatment with an aldehyde would
cause the coordination and double hydrogen transfer, as in a
similar manner to the Meerwin–Pondorf–Varley reduction/
Oppenauer oxidation,7 to give 2 and ytterbium alkoxides, which
gives an alcohol R3CH2OH after hydrolysis.

In summary, ethane-1,2-diimines 2 can be prepared from the
reaction of aromatic aldimines 1 with ytterbium metal followed
by treatment with aromatic aldehydes. To the best of our
knowledge, this is the first example of metal mediated
dehydrogenative coupling of aldimines. Further mechanistic
investigation and extension of this reaction are in progress.
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Discovery that quinoline and triphenylphosphine alter the electronic properties
of hydrogenation catalysts

Jinquan Yu and Jonathan B. Spencer*†
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Quinoline and triphenylphosphine are found to influence the
polarisation of the palladium–hydrogen bond in hetero-
geneous hydrogenation; this provides a possible explanation
for why the addition of these compounds increases the
selectivity of the semi- reduction of alkynes.

The selective reduction of alkynes to cis-alkenes using
heterogeneous catalysts, such as palladium on carbon, is a key
reaction in organic chemistry.1,2 Quinoline and triphenyl-
phosphine have been widely used as additives in heterogeneous
hydrogenation to improve the selectivity of this reaction.3 There
has been great interest in rationalising how these compounds
alter the properties of the palladium to achieve superior
selectivity. Several theories have been put forward, including
the selective blocking of sites that cause the side reactions and
promoting the rearrangement of the surface structure.4–6 It has
not been possible, however, to probe whether quinoline and
triphenylphosphine, both potentially strong ligands, could alter
the electronic properties of the metal catalyst. Recently we have
devised an approach to achieve this by determining which
electronic mode [mode (a) Md+–Hd2 or (b) Md2–Hd+, Scheme
1] of hydrometalation is promoted by the catalyst.7,8

When cis-enol ether 1 is isomerised to the trans-isomer 2
using deuterium and palladium on carbon the location of the
deuterium on the double bond reports which mode of hydro-
metalation takes place (Scheme 2). The result with unmodified
palladium on carbon (Fig. 1) is that the deuterium is incorpo-
rated almost entirely at position I, which shows that mode (b)
(Md2–Hd+) is dominant; this is a consequence of the polarisa-
tion of the palladium–hydrogen bond being induced by the

electronic dipole of the substrate.7,8 Remarkably, when this
reaction is carried out in the presence of quinoline, mode (a)
(Md+–Hd2) is significantly enhanced (Fig. 1). This suggests that
the quinoline, being a strong electron-donating ligand, is
capable of stabilising the electron-deficient metal centre in
mode (a) (Md+–Hd2). The enhancement of mode (a) is found to
be dependent on the concentration of quinoline (Table 1). No
further enhancement of mode (a) occurs when the quinoline
concentration is increased above 100 mm, suggesting saturation
of the surface by quinoline at this concentration. 

The same experiment has been carried out with triphenyl-
phosphine, another electron-donating ligand, and this is found
also to promote mode (a) (Md+–Hd2) to a similar extent (Table
1). These results prompted us to propose an explanation for
origin of the selectivity of these catalysts for triple bonds over

Scheme 1

Scheme 2

Fig. 1 Part of the 1H NMR spectrum (250 MHz) (double bond region) for
compound 2 (in CDCl3) formed by the isomerization of the corresponding
cis-isomer using D2 and (a) Pd/C or (b) Pd/C with 50 mm quinoline. The
triplets observed inside the doublets arise from deuterium hydrogen
coupling in the labelled compound.
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double bonds. The main side reactions in the reduction of
alkynes to cis-alkenes are the further reduction and isomerisa-
tion of this product. It is well-documented that a triple bond is
more vulnerable to nucleophillic attack than a double bond,9
therefore, an increase in nucleophility of the metal hydrogen
species should improve the selectivity for reduction of the triple
bond. The shift from purely mode (b) (Md2–Hd+) towards mode
(a) (Md+–Hd2), brought about by the modification of the
catalyst with electron-rich ligands, clearly indicates that the
metal hydrogen species is made more nucleophilic and hence
provides a clue to the origin of the improved selectivity. 

Interestingly, promotion of mode (a) (Md+–Hd2) was
previously found for the Lindlar catalyst (palladium modified
with lead acetate) when it was compared to palladium on
carbon.8 The Lindlar catalyst also gives better selectivity for the
reduction of alkynes to cis-alkenes, again suggesting that it is
the change in the electronic properties of the palladium that is
responsible for its improved reactivity.

This study establishes that quinoline and triphenylphosphine
act as ligands for heterogeneous palladium and alter the
electronic properties of the metal. This provides a new insight
into how quinoline and triphenylphosphine may improve the
selectivity of palladium catalysts for the semi-reduction of
alkynes. 

We thank the Royal Society for the award of a Royal Society
University Research Fellowship (J.B.S.) and the British Council
and the Chinese Government for the award of Sino-British
Friendship Scholarship (J. Y.). 
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Table 1 Dependance of reaction mode on liganda

Deuterium Relative ratio of
Concen- distributionb (%) deuterium (%)
tration

Ligand (mm) I II I II

Quinoline 0 56 1 98 2
Quinoline 50 50 19 72 28
Quinoline 100 36 27 57 43
Quinoline 150 36 27 57 43
PPh3 25 30 22 58 42

a A typical example of the procedure: to a solution of cis-b-methoxystyrene
(134 mg, 1 mmol) in 3 ml of benzene was added 20 mg 10% Pd/C and 39
mg of quinoline (0.3 mmol). The mixture was degassed and refilled with D2

through a balloon. The reaction mixture was stirred for 2 h at room
temperature under 1 atm of D2 followed by removal of the catalyst by
filtration. The filtrate was evaporated to give a mixture of quinoline and the
product (162 mg) which was determined by 1H NMR spectroscopy to
consist of 40% reduced product, 48% cis-isomer and 12% trans-isomer. The
pure form of the trans-isomer was obtained by column chromatography
eluting with hexane, and the incorporation of the deuterium at each position
on the double bond was determined by integration of the respective 1H
NMR signals, using the methyl group as an internal standard. For the
experiment performed using 100 mm quinoline samples were taken over the
whole course of the reaction. The deuterium distribution across the double
bond was found not to vary with reaction time. b Errors for the data are
±5%.
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Halogen to metal p-donation in metalloporphyrins

Zeev Gross,* Atif Mahammed and Claudia M. Barzilay

Department of Chemistry, Technion-Israel Institute of Technology, Haifa 32000, Israel

The 1H NMR analysis of the paramagnetic trans-dihalo-
geno-ruthenium(IV) and osmium(IV) porphyrins reveals that
the halides have a pronounced effect on both the magnitude
and the direction of charge transfer between the metal and
the porphyrin, that the degree of covalency of metal–halide
bonds increases in the order of MnIII < RuIV < OsIV, and
that the relative strength of halogen-to-metal p-donation is
Cl < Br < I.

The relative p-donation strength of halides has become a matter
of dispute in recent years. While both early and recent ab initio
calculations suggested that p-donation increases down the
group, F < Cl < Br < I,1 the conclusions from NMR chemical
shift analysis of halomethyl cations (13C) and boron halides
(11B) are opposite.2 A similar conflict seems to exist for
halogeno-coordinated metalloporphyrins. The 1H NMR spectra
of halogeno-coordinated manganese(iii) porphyrins were origi-
nally analyzed in terms of competition for p-donation to the
metal by the halide (X ? M CT) and the porphyrin (P ? M
CT), and the p-donation ability was proposed to decrease in the
order of I < Br < Cl < F.3 But, much more recent
investigations of MnIII and FeIII porphyrins have shown that
their metal–ligand bonds are predominantly charge rather than
orbital controlled.4,5 For (trans-dihalogeno)ruthenium(iv) tetra-
phenylporphyrins, the monotonic trend of decreasing upfield
isotropic shifts of pyrrole-H down the halide group,6 opposite to
that in (halogeno)manganese(iii) porphyrins, led to the conclu-
sion that the order of p-donation ability is Cl < Br < I.7 But,
while Ke et al. analyzed the isotropic shifts in terms of P ?M
CT, M ? P CT was indicated by investigation of a (trans-
dibromo)ruthenium(iv) porphyrin.8 Obviously, without a defi-
nite conclusion about the direction of the CT process in these
complexes, the relative p-donation ability of the halides cannot
be determined.

The contradictory NMR analyses of the trans-dihalogeno-
ruthenium(iv) tetraphenylporphyrins calls for the examination
of a larger range of porphyrin structures, as well as of the
analogous osmium(iv) complexes.9 These tetragonally distor-
ted octahedral complexes are exceptionally well suited for the
current investigation owing to their stability, high symmetry,
well resolved NMR spectra, and because the metal ion is
confined to the porphyrin’s plane and only the dp orbitals are

singly occupied.10 Accordingly, we have prepared a large series
of dihalogeno-ruthenium(iv) and -osmium(iv) complexes with
both pyrrole-unsubstituted and meso-unsubstituted porphyrins
(Scheme 1),11 taking advantage of our recently introduced
synthetic method for their preparation.12 The detailed 1H NMR
analysis leads to the conclusion that the relative p-donation
ability of the halides is Cl < Br < I for all metalloporphyrins,
and that the main difference between the metal complexes is an
icnrease of s-covalency of their bonds with axial ligands in the
order of MnIII < RuIV < OsIV.

The first concern in the NMR analysis is the separation of the
isotropic shifts into contributions from dipolar (pseudocontact,
through field) and contact (through s and/or p orbitals) shifts.3b

Examination of Table 1 clearly shows that the meso-aryls of the
(por)OsIVX2 complexes experience only dipolar shifts, as all
isotropic shifts are shifted downfield and they decrease as a
function of their distance from the metal exactly as predicted by
eqn. (1), which is relevant for purely dipolar shifts.3b

(DH/H)i
dip : (DH/H)j

dip =
[(3cos2q 2 1)/ri

3] : [3cos2q 2 1)/rj
3] (1)

(DH/H)i
iso = (DH/H)i

dip + (DH/H)i
con (2)

The results of eqn. (1) were also used in eqn. (2), which
allows the calculation of the contact shifts at the pyrrole protons,

Table 1 1H NMR isotropic shifts (ppm, CDCl3, 23 °C) of the (por)OsX2 complexes, and their separation into contributions from dipolar and contact
shiftsa

Phenyl Pyrrole

o-H m-H o-Me p-Me H a-CH2 b-Me meso-H
Geometric factorb 10.0 4.63 3.90 3.01 20.10 10.5 6.40 30.00

(DH/H)iso, X = Cl 2.66 0.90 0.79 0.67 213.99 15.18 2.27 11.73
X = Br 2.42 0.90 0.81 0.64 213.30 15.08 2.21 11.22
X = I 2.07 0.94 0.91 0.60 212.02 14.55 2.05 10.40

(DH/H)dip, X = Ic 2.07 20.96 0.81 0.62 4.16 2.17 1.32 6.21
(DH/H)con, X = Id 0.00 20.02 0.10 0.02 216.8 12.38 0.73 4.19

a (DH/H)iso, the difference in chemical shifts between identical protons in the paramagnetic osmium(iv) and diamagnetic trans-dioxo osmium(vi) complexes.
b Calculated from the crystal structure of (tmp)OsI2 and normalized to o-H = 10. c Calculated by eqn. (1), starting with the isotropic shift of o-H in (ttp)OsI2.
d Calculated by eqn. (2). The pyrrole-H contact shifts for X = Cl and X = Br are 219.3 and 218.6 ppm, respectively.

Scheme 1
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and a fair estimate of its contribution to the meso-H and pyrrole-
CH2CH3 isotropic shifts in the (oep)OsIVX2 complexes. Large
and alternating contact shifts of protons (216.18 ppm) and
methylene groups (+12.38 ppm) attached to the b-pyrrole
carbons together with the relatively small downfield shifts at
meso-H (+4.19 ppm) are clearly evident from Table 1. This
pattern is fully consistent with p-contact shifts due to P (3e,
filled) ?M (dp, singly occupied) CT, but not with M ? P (4e,
LUMO) CT.3b We may safely conclude that the decrease of P ?
M CT in the order of I < Br < Cl, as reflected by the pyrrole-H
contact shifts of d 216.8, 218.6, and 219.4, respectively, is a
result of an increase in X ?M CT, i.e. the relative p-donation
ability in the (por)OsIVX2 complexes is I > Br > Cl.

The spectral analysis of the ruthenium(iv) complexes is less
straightforward, since large contact shifts mask any possible
contribution by the dipolar shift, even at the aryl protons. This
is evident from the alternation of the isotropic shifts for the
meso-aryl substituents (ortho- vs. meta- vs. para-H, as well as
ortho-H vs. ortho-Me, and para-H vs. para-Me) and the
exceptionally large pyrrole-H and meso-H shifts (Table 2). The
large upfield shifts of both pyrrole-H and meso-H are consistent
only with a simultaneous action of P ? M (upfield pyrrole-H)
and M ? P (upfield meso-H) p charge transfer mechanisms.
This explains the earlier mentioned contradictory analyses
about the direction of the CT process in the meso-substituted
(tpp)RuIVX2 complexes. The most illuminating observation is
that the relative importance of M ? P CT clearly changes from
very low in the dichloro complexes (small shifts of the meso-H
and meso-aryls) to highly significant in the diiodo complexes
[Dd(meso-H) ≈ Dd(pyrrole-H)]. This phenomenon suggests a
p-donation strength series in the order of I > Br > Cl, since as
more electron density is transferred from the axial ligand to the
metal, M ? P CT should indeed increase at the expense of P ?
M CT.

Finally, we suggest that the relatively small isotropic shifts
and the lack of M ? P CT in the osmium(iv) porphyrins reflect
the well known phenomenon of increased s-covalency of
metal–ligand bonds in post-lanthanide transition metals relative
to their 4d analogs.13 This proposal is supported by the
exceptionally large substitution inertness of the (por)OsX2
complexes.14 An additional consequence is that halogeno–
metal bonds in osmium(iv) porphyrins are not expected to be
unusually short, in contrast to the analogous ruthenium
complexes with their very strong p-bonding component.7
Comparison of the bond lengths in (tmp)OsI2 (Os–I 2.655 Å,
this study)11 and (ttp)Os(Cl2 (Os–Cl 2.294 Å)9c with EXAFS
data for trans-dihalogeno osmium(iv) complexes of a non-
porphyrinic ligand (Os–I 2.627 Å, Os–Cl 2.227 Å),15 clearly
supports this prediction. We conclude that the binding of axial
ligands to d4-metalloporphyrins changes from predominantly
covalent for OsIV through intermediate in RuIV to predomi-
nantly ionic in MnIII.4 In all cases, the extent of P ? M CT is
a sensitive probe of the energy difference between the singly
occupied dp orbitals and the low-energy 3e orbitals of the
porphyrin. In the ionic halogeno–MnIII bonds, the energy of the
dp orbitals is reduced as the bond lengths increase (Mn–I >

Mn–Br > Mn–Cl).16,17 However, the decrease of P ?M CT in
the order of I < Br < Cl for the osmium(iv) and ruthenium(iv)
porphyrin clearly reflects an increase in the energy of the dp
orbitals due to X ?M CT, i.e. the relative p-donation ability is
I > Br > Cl.

We thank Dr S. Cohen from the Hebrew University of
Jerusalem for the determination of the X-ray crystal structure of
(tmp)OsI2. This research was supported by the United States–
Israel Binational Science Foundation.
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Table 2 1H NMR isotropic shifts (ppm, CDCl3, 23 °C) of the (por)RuX2 complexesa

Phenyl Pyrrole

o-H o-Me m-H p-H p-Me H a-CH2 b-Me meso-H

X = Cl 21.6 2.33 5.27 21.5 1.49 263.8 55.46 4.66 22.41
X = Br 23.49 2.74 7.75 22.28 1.61 253.75 55.85 5.05 27.08
X = I 24.06 2.64 10.33 21.96 1.53 232.55 54.12 5.18 228.61

a Referenced against the diamagnetic dioxoruthenium(vi) complexes. An isotropic shift of 20.95 ppm was reported for meso-H of (oep)RuF2: C. Sishta, M.
Ke, B. R. James and D. Dolphin, J. Chem. Soc., Chem. Commun., 1986, 787.
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Formation and X-ray structure of a novel water-soluble tertiary–secondary
phosphine complex of ruthenium(ii): [Ru{P(CH2OH)3}2{P(CH2OH)2H}2Cl2]

Lee Higham, Annie K. Powell, Michael K. Whittlesey,*† Sigrid Wocadlo and Paul T. Wood*

School of Chemical Sciences, University of East Anglia, Norwich, UK NR4 7TJ

The novel secondary–tertiary hydroxymethylphosphine
complex, all-trans [Ru{P(CH2OH)3}2{P(CH2OH)2H}2Cl2], is
formed by the room temperature reaction of excess
tris(hydroxymethyl)phosphine, P(CH2OH)3, with either
RuCl3·H2O or [Ru(PPh3)3Cl2]; the X-ray crystal structure of
the complex shows extensive intra- and inter-molecular
hydrogen bonding consistent with the high water solubility
of the complex.

The need for separation and recovery of expensive transition
metal catalysts from organic products has led to the well known
concept of aqueous/organic biphasic catalysis in which a
catalyst that is selectively soluble in the aqueous phase is used
to effect the transformation of reactants to products that are
themselves selectively soluble in the organic phase.1 Aqueous
transition metal phosphine catalysts have largely been based on
di or tri-sulfonated arylphosphines, such as P(m-C6H4SO3Na)3
(TPPTS). While highly active water-soluble analogues of
triphenylphosphine complexes are known, many useful cata-
lysts incorporate alkylphosphines and hydrophilic analogues of
these are highly sought after. Tris(hydroxymethyl)phosphine
(THMP), P(CH2OH)3, was initially studied by Chatt et al., but
after the disappointing results on the catalytic activity of
rhodium complexes, this ligand was largely ignored.2 There has
recently been an upsurge of interest in THMP3 (and related bi-
and tri-dentate alkyl phosphines4) with the preparation of a
range of complexes with applications in medicinal chemistry as
well as catalysis.5 The report that ruthenium complexes bearing
the related water-soluble 1,3,5-triaza-7-phosphaadamantane
(PTA) derivative6 catalysed the reduction of aldehydes to
alcohols in a biphasic organic/aqueous medium in the presence
of sodium formate prompted us to synthesize tris(hydrox-
ymethyl)phosphine complexes of ruthenium to look for similar
properties. We report here that the reaction of RuCl3 with excess
THMP does not lead to straightforward coordination of the
ligand, but rather results in the formation of a novel tertiary–
secondary hydroxymethylphosphine metal complex resulting
from the elimination of formaldehyde from THMP.

Addition of a fourfold excess of P(CH2OH)3 in ethanol to an
ethanolic solution of RuCl3·H2O at room temperature results in
the immediate formation of a green solution. The 31P{1H} NMR
spectrum shows no remaining free phosphine (d224), but does
show signals corresponding to THMP oxide (d 45)7 and the
cation, [P(CH2OH)4]+, at d 24. There is a single ruthenium
containing compound, 1, which gives rise to two triplets in an
A2B2 pattern at d 13.5 and 9.7. The same products may be
obtained upon stirring an aqueous solution of THMP with a
dichloromethane solution of [Ru(PPh3)3Cl2] in a biphasic
reaction. Removal of the solvent and recrystallisation of the
resulting oil from methanol–hexane yielded yellow crystals of 1
suitable for X-ray crystallography.

The crystal structure shows that 1 is the octahedral ruthenium
complex, [Ru{P(CH2OH)3}2{P(CH2OH)2H}2Cl2], (Fig. 1)‡ in
which two of the tris(hydroxymethyl)phosphine groups have
eliminated formaldehyde to give the secondary phosphine
ligand P(CH2OH)2H. The asymmetric unit of the crystal
structure corresponds to half a complex molecule with the
ruthenium atom positioned on an inversion centre in space

group P21/c. This gives rise to the all-trans stereochemistry for
the three different ligand types. The phosphorus atom of the
tertiary phosphine, P(2), is bonded to ruthenium and the carbon
atoms of three hydroxymethyl groups with bond angles in the
range 99.2(3)–119.2(2)°. The atom P(1) of the secondary
phosphine is bonded to ruthenium, two hydroxymethyl groups
and a hydrogen atom and shows a greater degree of distortion
from tetrahedral geometry with bond angles in the range
105.7(3)–122.0(2)°. There is a significant difference between
the two Ru–P lengths with the distance to the secondary
phosphine being about 0.1 Å longer [2.414(2) cf. 2.318(2) Å].
The X-ray structure also shows the presence of extensive intra-
and inter-molecular hydrogen bonding interactions with a total
of 14 contacts per molecule in the range 2.75–3.25 Å (Fig. 2).
This has also been observed for other crystallographically
characterised complexes containing hydroxymethyl phosphine
ligands, notably [Pd(THMP)4]·MeOH,5a which has a number of
hydrogen bonds shorter than 2.8 Å.

The spectroscopic data for 1 in solution are consistent with
the solid state structure.§ The higher field triplet resonance in
the 31P{1H} NMR spectrum is assigned to the secondary
phosphine ligand because of the large P–H coupling (J = 253
Hz) observed in the proton-coupled spectrum. The 1H NMR
spectrum shows two broad singlet resonances (d 4.53 and 4.48)
in a ratio of 1 : 0.6 due to the methylene groups in the tertiary
and secondary phosphine ligands. The IR spectrum of 1

Fig. 1 View of 1 showing the atom numbering scheme and the intra- and
inter-molecular hydrogen bonds (30% probability ellipsoids). Hydrogen
atoms with the exception of H(6) have been omitted for clarity. Selected
bond distances (Å) and angles (°): Ru–P(1) 2.414(2), Ru–P(2) 2.318(2),
Ru–Cl(1) 2.450(1), P(1)–C(1) 1.813(6), P(1)–C(2) 1.898(7), P(2)–C(3)
1.856(6), P(2)–C(4) 1.890(6), P(2)–C(5) 1.832(6), C(1)–O(1) 1.407(7),
C(2)–O(2) 1.427(7), C(3)–O(3) 1.387(6), C(4)–O(4) 1.389(7), C(5)–O(5)
1.443(8); P(1)–Ru–P(1A) = P(2)–Ru–P(2A) = Cl(1)–Ru–Cl(1A) 180.0,
P(1)–Ru–P(2) 85.58(6), P(1)–Ru–Cl(1) 93.12(5), P(2)–Ru–Cl(1) 86.68(5)°.
Selected hydrogen bonding distances (Å): O(1)···Cl(1) 3.142(8),
O(2)···O(4B) 2.709(8), O(3)···O(5B) 2.777(8), O(5)···Cl(1A) 3.226(7),
O(5)···O(2B) 3.067(8).
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recorded in KBr shows a band at 2374 cm21 which is assigned
to n(P–H).

The mechanism by which 1 is generated is not clear at
present. There is no evidence for formation of the THMP
complex [Ru{P(CH2OH)3}4Cl2] nor for free secondary phos-
phine P(CH2OH)2H, although the elimination of formaldehyde
accounts for the formation of the phosphonium cation observed
by 31P NMR.8 There have been two reports of deprotonation of
THMP to give metal alkoxide complexes,9 but we can find no
precedence for the formation of the secondary phosphine. This
present facile route into water soluble metal complexes
containing a reactive P–H bond offers great scope for further
ligand functionalization.

We thank EPSRC for a studentship (L. H.), Johnson Matthey
plc for the loan of ruthenium trichloride and Albright and
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1996, 20, 175; F. Joó and A. Kathó, J. Mol. Catal., 1997, 116, 3.

2 J. Chatt, G. L. Leigh and R. M. Slade, J. Chem. Soc., Dalton Trans.,
1973, 2021.

3 N. J. Goodwin, W. Henderson and J. K. Sarfo, Chem. Commun., 1996,
1551; N. J. Goodwin, W. Henderson, B. K. Nicholson, J. K. Sarfo, J.
Fawcett and D. R. Russell, J. Chem. Soc., Dalton Trans., 1997, 4377.

4 G. T. Baxley, W. K. Miller, D. K. Lyon, B. E. Miller, G. F. Nieckarz,
T. J. R. Weakley and D. R. Tyler, Inorg. Chem., 1996, 35, 6688; V. S.
Reddy, K. V. Katti and C. L. Barnes, J. Chem. Soc., Dalton Trans.,
1996, 1301; V. S. Reddy, D. E. Berning, K. V. Katti, C. L. Barnes, W. A.
Volkert and A. R. Ketring, Inorg. Chem., 1996, 35, 1753; C. J. Smith,
V. S. Reddy and K. V. Katti, Chem. Commun., 1996, 2557; D. E.
Berning, K. V. Katti, C. L. Barnes and W. A. Volkert, Chem. Ber., 1997,
130, 907.

5 (a) J. W. Ellis, K. N. Harrison, P. A. T. Hoye, A. G. Orpen, P. G. Pringle
and M. B. Smith, Inorg. Chem., 1992, 31, 3026; (b) G. T. Baxley, T. J.
R. Weakley, W. K. Miller, D. K. Lyon and D. R. Tyler, J. Mol. Catal.,
1997, 116, 191; (c) D. E. Berning, K. V. Katti, P. R. Singh, C.
Higginbothom, V. S. Reddy and W. A. Volkert, Nucl. Med. Biol., 1996,
23, 617.
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Fig. 2 View of the packing in 1 down the crystallographic c axis showing the
hydrogen bonding
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Diastereoselective asymmetric cyclopropanation of
(S)-(+)-a-(diethoxyphosphoryl)vinyl p-tolyl sulfoxide
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The title sulfoxide 1 reacts with fully deuterated
dimethylsulfoxonium methylide, diphenylsulfonium isopro-
pylide and diphenyldiazomethane to form the correspond-
ing cyclopropanes 4 as single diastereoisomers; the chirality
of the cyclopropane (+)-4c obtained from 1 and
diphenyldiazomethane is (SS,SC) as determined by X-ray
diffraction analysis; based on experimental data, the steric
course of the asymmetric cyclopropanation is proposed.

a,b-Unsaturated sulfoxides have been widely used in asym-
metric synthesis as versatile chiral reagents with the sulfinyl
group playing the role of a chiral auxiliary.1,2 Since a,b-
unsaturated sulfoxides having no additional electron-with-
drawing substituents on the double bond exhibit low reactivity,
we recently designed a new type of activated chiral vinyl
sulfoxides, namely a-phosphorylvinyl p-tolyl sulfoxide 1 and
its b-substituted (Me, Ph, Bun) analogues.3,4 The phosphoryl
group in 1 activates not only the CNC bond but also makes
possible further reactions such as, for instance, the Horner–
Wittig reaction. The chiral sulfoxides 1 were found to be good
Michael acceptors as well as Diels–Alder dienophiles. They
were also used as key reagents for the construction of
monocyclic- and condensed carbo- and hetero-cycles via
tandem Michael addition/intramolecular Horner–Wittig reac-
tion. However, the asymmetric induction in these reactions was
not very high.

Now we extend our work in this area by reporting a fully
diastereoselective, asymmetric cyclopropanation of the sul-
foxide (S)-(+)-1. The present study on asymmetric cyclopro-

panation was stimulated by the fact that a wide variety of natural
products and currently-used insecticides contain the cyclopro-
pane ring in a chiral environment.5 Moreover, to the best of our
knowledge, there are only two reports describing asymmetric
cyclopropanation using enantiopure vinylic sulfoxides as chiral
reagents.6,7 Thus, Hamdouchi6 reacted the sulfoxide (S)-(+)-2
with dimethyl(oxo)sulfonium methylide and obtained a mixture
of two diastereoisomeric cyclopropanation products in a 5.9 : 1
ratio. On the other hand, the reaction of the cyclic vinylic
sulfoxide 3 with allylmagnesium bromide was found by Iwata7

to give the corresponding cyclopropane as a single diastereo-
isomer, however, accompanied by the side coupling product.

In our preliminary experiment (S)-(+)-a-(diethoxyphosp-
horyl)vinyl p-tolyl sulfoxide 1 was treated with an excess of
dimethyl(oxo)sulfonium methylide in DMSO at room temper-
ature and gave the expected cyclopropane (S)-(+)-4a as the only
product [eqn. (1)], isolated by flash chromatography on silica

gel in 90% yield. The asymmetric version of the reaction was
realized by using fully deuterated dimethyl(oxo)sulfonium
methylide as the CD2 transfer agent (Scheme 1). Although the
chirality at the newly formed quaternary a-carbon atom is due
to isotopic substitution (CH2 vs. CD2), the 31P NMR spectrum
of the crude cyclopropane [2H2]-4a formed revealed only one
sharp signal at dP 22.3, strongly suggesting that only one
diastereoisomer was formed. The deuterium decoupled 1H
NMR spectra (500 MHz) of the pure product isolated in 92%
yield confirmed its full diastereoisomeric purity (the cyclopro-
pane methylene protons appeared in the spectrum as doublets of
doublets at d 1.26 and 1.38 with 2JH–H = 4.8 and 3JH–H = 9.8
and 14.0 Hz).

Similarly, treatment of (S)-(+)-1 with diphenylsulfonium
isopropylide (prepared according to the procedure described by
Corey8) in THF at room temperature yielded the corresponding
cyclopropane (+)-4b which was isolated in a pure state by flash
chromatography in 65% yield. To our delight, also in this case
the cyclopropanation reaction resulted in the formation of a
single diastereoisomer, as evidenced by the 1H and 31P NMR
spectra of the product.

In addition to sulfur ylides, in the course of these studies the
behaviour of the vinylic sulfoxide (S)-(+)-1 towards diazome-
thane and diphenyldiazomethane was investigated. Whereas the
reaction of the former dipole was found to give rise to
3-diethoxyphosphorylpyrazole via transient formation of the
corresponding 1,3-cycloadduct, elimination of toluene-p-sul-
fenic acid and tautomerization,‡ the latter reacted with (S)-(+)-1
affording a single diastereoisomeric cyclopropane (+)-4c as
indicated by the 1H and 31P NMR spectral analysis of the crude
product.§ After flash chromatography, pure (+)-4c (mp 89–91
°C) was obtained in 86% yield. To provide an unequivocal
proof of the full asymmetric induction occuring in this reaction,
the cyclopropane (+)-4c was oxidized by MCPBA to the

Scheme 1 Reagents and conditions: i, (CD3)2S(O)CD2, [2H6]DMSO; ii,
Ph2SCMe2, THF; iii, Ph2CN2, Et2O
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optically active sulfone (+)-5c. Its 1H NMR spectrum recorded
in the absence and in the presence of (R)-(+)-tert-butylphenyl-
phosphinothioic acid as a chiral solvating agent9 showed only
two doublets of doublets for the cyclopropyl methylene protons
(d 2.67 and 2.83; 2JH–H = 6 and 3JP–H = 7.1 and 8.4 Hz,
respectively), while in the spectrum of the racemic sulfone
(±)-5c prepared in an independent way in the presence of a

chiral phosphinothioic acid, all the signals of the appropriate
protons were doubled. In a similar way, the full enantiomeric
purity of the sulfone (+)-5b obtained from (+)-4b was also
confirmed.

In order to rationalize the steric course of the above described
fully diastereoselective cyclopropanations of the sulfoxide
(S)-(+)-1, we determined the crystal and molecular structure of
the cyclopropane (+)-4c by X-ray diffraction (Fig. 1).¶ It turned
out that the absolute configuration of the newly formed chiral
centre at the a-carbon atom is S. Moreover, both polar sulfinyl

and phosphoryl groups in 4c are in anti-like orientation [the
torsional angle S(1)–O(1)···P(1)–O(2) is equal to 93.3 (±0.1)°].
Therefore, it is reasonable to assume that (S)-(+)-1 adopts a
similar conformation, and nucleophilic addition of diph-
enyldiazomethane to the vinylic b-carbon atom of 1 (step 1) and
subsequent ring closure (step 2) occur exclusively from the less-
hindered diastereotopic face occupied by the electron lone pair
at sulfur, as schematically depicted in Fig. 2.

A two-step mechanism for cyclopropanation was supported
by isolation of the intermediate adduct 6 which was formed
together with the cyclopropane (+)-4c when the reaction was
carried out in the presence of LiCl [eqn. (2)]. Its subsequent

cyclization to (+)-4c was found to occur in the presence of
NaH.

In summary, we have described the fully diastereoselective
asymmetric synthesis of a new type of optically active
cyclopropane 4 which is geminally substituted with two
different heteroatoms. The specific reactivity of each hete-
roatomic centre provides interesting possibilities for further
transformations of the cyclopropane 4 into optically active
cyclic and acyclic derivatives.

Notes and References
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Fig. 1 X-Ray structure of (+)-4c. Ellipsoids are shown at the 50%
probability level

Fig. 2 The proposed steric course of the reaction of Ph2CN2 with the
sulfoxide (S)-(+)-1
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Electrochemically active threading intercalator with high double stranded
DNA selectivity

Shigeori Takenaka,*a† Yoshihiro Uto,b‡ Hideki Saita,b Makoto Yokoyama,b Hiroki Kondob and W. David
Wilsonc

a Department of Chemical Systems and Engineering, Kyushu University, Fukuoka, 812-8581, Japan    
b Department of Biochemical Engineering and Science, Kyushu Institute of Technology, Iizuka 820-8502, Japan    
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A naphthalene diimide threading intercalator carrying
ferrocenyl moieties as its termini can discriminate double
stranded DNA from single stranded counterparts owing to a
difference in their dissociation rates.

Discrimination of double stranded nucleic acids from single
stranded ones is of utmost importance in basic and applied
molecular biology. Hybridization of DNA with its com-
plementary DNA or RNA is based on this discrimination and
one has to discriminate single stranded RNA of such viruses as
HIV from double stranded human chromosomal DNA when
targeting the former. Single and double stranded nucleic acids
may be discriminated by intercalators but none is known to
achieve this feat with a high margin. Recently, threading
intercalators were developed in which their substituents can
penetrate between the base pairs of double stranded DNA when
bound to it.1,2 This type of intercalator, e.g. naphthalene
diimides, forms a very stable complex with double stranded
DNA, and they dissociate much more slowly from double
stranded DNA than do classical intercalators.1–3 When electro-
chemically active groups are attached to a threading inter-
calator, the resulting molecule will serve as a double stranded
DNA selective electrochemical probe.4,5 This idea was sub-
stantiated with a naphthalene diimide 1 carrying two ferrocenyl
moieties at its ends.

Naphthalene diimide 1 was prepared by a reaction of the
corresponding amino derivative with N-hydroxysuccinimide
ester of ferrocenecarboxylic acid and purified by silica gel
chromatography (MeOH) followed by recrystallization from
water (yield, 25%).

Compound 1 undergoes hypochromic and bathochromic
shifts of the absorption band of the naphthalene diimide
chromophore upon binding to sonicated calf thymus DNA,
which is indicative of DNA intercalation. Sodium dodecyl
sulfate-driven dissociation experiments3 carried out with the
complex of 1 and intact or denatured calf thymus DNA§ showed
that the dissociation rate constant (kd) of 1 from the intact DNA
was 0.06 s21 at 20 °C, whereas that of 1 from the denatured

DNA was 4.2 s21. These magnitudes of dissociation rate
constant are one of the smallest for synthetic intercalators. The
ratio of 70 in kd suggests that single and double stranded DNA
can be discriminated kinetically by 1. Note that these magni-
tudes are minimal estimates, since ‘the denatured’ DNA is not
necessarily composed of single stranded DNA alone. To test
whether compound 1 can discriminate single and double
stranded DNA on the electrode surface, the following experi-
ments were carried out.

A DNA-immobilized electrode was prepared by a reaction of
mercaptohexyl dT20 oligonucleotide on a gold electrode with an
area of 2.0 mm2.7 HPLC experiments revealed that 64 pmol of
mercaptohexyl oligonucleotide was immobilized on this elec-
trode. Then 2 ml of a solution containing appropriate amounts
(0–70 pmol) of target dA20 oligonucleotide were placed on this
modified electrode and kept at 25 °C for 20 min to allow
hybridization with the immobilized probe dT20. After this
reaction, 2 ml of a 1 mm solution of 1 were placed on the

Fig 1 (A) Differential pulse voltammograms (DPVs) of 1 bound to the dT20-
immobilized electrode before (a) and after hybridization with 60 pmol of
dA20 (b) or dT20 (c). Differential pulse voltammograms were measured in
50 mm AcOK–AcOH buffer (pH 5.2) with Ag–AgCl and Pt wire as
reference and counter electrodes, respectively. Pulse period 200 ms; scan
rate 100 mV s21; pulse amplitude 50 mV; pulse width 50 ms. (B)
Correlation of the current response at 521 mV for 1 with the amount of dA20

(a) and dT20 (b).
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electrode for 5 min. Following washing with 50 mm AcOK–
AcOH buffer (pH 5.2) by vortexing for 5 s at 20 °C, cyclic
voltammograms (CVs) and differential pulse voltammograms
(DPVs) of the complex were measured in the same buffer. Fig.
1(A) shows examples of DPVs for this electrode treated with
dA20 (target DNA) or dT20 (non-target DNA). It is clear that the
electrochemical signal is generated only in the presence of
complementary oligonucleotide dA20 [trace (b)] and the current
response obtained for dT20, non-complementary to the sequence
of dT20, was barely above background [trace (c)]. A current
response due to the ferrocenyl moieties of 1 increased linearly
up to 60 pmol with an increase in the amount of dA20
(correlation coefficient 0.990) and then levelled off as shown in
Fig. 1(B) [trace (a)]. The amount of dA20 at the break point (60
pmol) was in agreement with the amount of the probe dT20
immobilized on the electrode (64 pmol). The estimated
detection limit was 1.0 fmol of target oligonucleotide. This
procedure could be repeated several times and the current
response per immobilized oligonucleotide was reproducible
even with electrodes of different lot samples.

We estimated the amount of the ligand 1 bound on this
electrode to be 13 pmol from the area under the CV peak after
hybridizing with 60 pmol of dA20. This value is about 30 times
smaller than that expected from Scatchard analysis, which
revealed that three base pairs of double stranded DNA are
required to accommodate a single molecule of 1. Therefore, ca.
400 pmol of 1 ought to be bound to 60 pmol of dA20dT20. This
discrepancy can arise from several reasons. First, intercalation
and redox reaction of 1 on the electrode surface could be less
efficient than those in solution. Alternatively, part of 1 could
undergo dissociation from DNA during washing of the
complexed and intercalated electrode. Despite this low effi-
ciency, the electrochemical responses of the active electrode
were stable during the experiment (ca. 2 min).

In conclusion, the electrochemically active threading inter-
calator 1, coupled with a DNA-carrying electrode, enabled the
sensitive detection of target DNA fragments. The whole
manipulation was carried out over a short period of time as long
as the sensor is prepared and yet the sensitivity of detection is
ultra-high, making this sensing system most feasible for
practical use in DNA analysis and gene diagnosis.

This work was supported in part by Grants-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports and Culture, Japan, and from the Japan Society for the
Promotion of Science.
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Quantitative formation of the intermediate of alkene insertion in the
copolymerization of p-methylstyrene and carbon monoxide catalyzed by
[(PriDAB)Pd(Me)(NCMe)]+BAr4

2
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The intermediate after the first CO and p-methylstyrene
insertion in the chain growth process of the copoly-
merization of these monomers has been quantitatively
obtained from [(PriDAB)Pd(Me)(NCMe)]+[{3,5-
(CF3)2C6H3}4B]2 in CHCl3 at 20 °C.

In recent years there has been increasing interest in carbon
monoxide olefin copolymerization.1 We and others have found
that ionic Pd complexes with non-coordinating anions and
chiral nitrogen ligands, such as bioxazolines, are active
precatalysts for the copolymerization of styrene and carbon
monoxide, to yield isotactic optically active polymers.2,3 The
use of achiral nitrogen ligands, however, leads to syndiotactic
copolymers.4

From our recent study, the objective of which was to test the
catalytic properties of various nitrogen ligands with different
p-acceptor capacity,5 the complex [PriDABPd-
(Me)(NCMe)]+[{3,5-(CF3)2C6H3}4B]2 1 (PriDAB = 1,4-di-
isopropyl-1,4-diaza-buta-1,3-diene) proved to be a very active
precatalyst in the copolymerization of styrene and 4-methylstyr-
ene with carbon monoxide, giving alternating syndiotactic
polyketones under very mild conditions (1 bar CO and 0 °C). In
addition, the complex 1 is a convenient starting point for
modelling the first steps of the polymer chain growth, as
described here. 

By exposure of the precatalyst solution 1 to a CO atmosphere,
under conditions used for the copolymerization reaction, the
corresponding acetyl carbonyl complex 2‡ was obtained, which
reversibly releases one CO group; bubbling nitrogen through a
CH2Cl2 solution at 215 °C resulted in the formation of 3, and
exposure of the solution of 3 to CO atmosphere led to the
regeneration of 21j (Scheme 1). The structure of 3§ was
confirmed by the presence, in the 13C NMR spectrum, of the
Pd–CO resonance at d 174.8 and by the absence of the acetyl
signals.

We then focused our attention on the next step, the olefin
insertion, to see whether our catalytic system would allow
quantitative insertion and isolation of the reaction product. We
performed the reaction using directly the more reactive
compound 3 which was isolated as a white powder from 2. By
adding an equimolecular amount of p-methylstyrene at 210 °C
to a slightly yellow CHCl3 solution of 3 and heating gently to
20 °C, a colour change to dark orange occurred. The new
compound formed in 100% yield corresponds to the 5-mem-
bered palladacycle 4, in agreement with the NMR evidence.¶ In
particular, in the carbonyl region of the 13C NMR spectrum, the
resonance of a typical acetyl group at d 224.9 is present, while
the Pd–CO signal has disappeared. This result is confirmed by
the IR spectrum, which shows an absorption at 1721 cm21 for
the acetyl CO coordinated to Pd.1j,6f Moreover, the CH2 and CH
signals are detected in the DEPT 13C NMR spectrum. The CH–
CH2 fragment is confirmed by the corresponding three-spin
pattern observed in the 1H NMR spectrum, where the relatively
high value of the geminal coupling Jab = 219.7 Hz is typical of
a CH2 linked to a CO group, while the values of the two vicinal
couplings, J = 8.3 and 3.5 Hz, are representative of two

substantially different dihedral angles. Evidence for two non-
equivalent isopropyl groups is given by the two different CH
chemical shifts observed in both the 1H and 13C NMR spectra.
Moreover, the two methyl groups, within each isopropyl group,
are non-equivalent due to the dissymmetry introduced by the
styrene monomeric unity. The signals of the two meta aromatic
hydrogens are assigned on the basis of NOEs with the adjacent
methyl, while the remaining ortho aromatic hydrogens show
NOEs with CHx. The ortho hydrogens also show NOEs with
CHd, thus allowing the assignment of the latter. Moreover the
NOE observed between the ortho hydrogens and CHa but not
CHb is in agreement with an orientation of the phenyl group
closer to CHa. Therefore the conformation across the CH–CH2
bond is as depicted in the Newmann projection in Fig. 1, in
agreement also with the values of Jax = 8.3 and Jbx = 3.5 Hz,

Scheme 1

Fig. 1
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due to nearly anti and gauche relationships, respectively. This
suggests that the conformation of the pentatomic ring is slightly
folded. 

Insertions of different alkenes into metal–acyl bonds have
already been reported6,1j but to the best of our knowledge there
are in the literature only two examples of reaction of styrene
with a palladium–acyl complex. After insertion, the reaction
products have been described either as a mixture of allylic and
chelate structures in very rapid equilibrium1c or as an allylic
intermediate.7 Therefore it appears that the quantitative forma-
tion of 5-membered palladacyle 4 as the only observable species
is unprecedented. Compound 4 can be isolated as a relatively
stable dark red oil by removing the solvent under reduced
pressure; in CHCl3 solution it proved to be stable up to
50 °C.

In the next step, CO was bubbled through a solution of 4 in
CHCl3 at 210 °C for 15 min, yielding the six-membered chelate
complex 5 in solution.∑ Evidence for the insertion of CO comes
from the doubling of the CO signals in the 13C NMR spectrum
and in the IR spectrum. The deshielding observed for both the
proton and carbon resonances of the CH group of the CH–CH2
fragment shows that the CO has inserted into the Pd–CH bond,
as expected.1j

In conclusion, the results of this work show that by using the
proper ligand it has been possible for the first time to
quantitatively obtain and determine the conformation of the first
intermediate in the syndiotactic copolymerization of CO and
styrene derivatives, i.e. the 5-membered palladacyle 4; it results
from the insertion of p-methylstyrene into the Pd–acyl bond
formed in 3 as a result of a-methyl migration. Furthermore, it
has been possible to obtain the new complex 5 which represents
the second step of the copolymerization reaction.

We are currently exploring the use of the isolable complex 4,
as a preformed catalyst, for the synthesis of syndiotactic
copolymers.

We thank Professor C. J. Elsevier (University of Amsterdam)
for helpful discussions. This work was supported by Ministero
dell’Università e della Ricerca Scientifica e Tecnologica and
Consiglio Nazionale delle Ricerche.

Notes and References

† E-mail: schim@fis.uniurb.it
‡ Selected data for 2: dH(CD2Cl2, 275 °C) 7.98 and 7.92 (s, 1 H each,
CH = N), 7.65 (s, 8 H, Ar-Ho), 7.47 (s, 4 H, Ar-Hp), 3.72 [m, 2 H,
CH(CH3)2], 2.67 (s, 3 H, COCH3), 1.10 [d, JHH 6.1, 12 H, CH(CH3)2];
dC(CD2Cl2, 275 °C) 214.5 (COCH3), 172.9 (Pd–CO), 164.1 and 160.5
(CNN), 162.1 (q, 1JCB 49.4, Ar-Ci), 134.9 (Ar-Co), 128.9 (q, 2JCF 31.4, Ar-
Cm), 124.7 (q, 1JCF 272.6, CF3), 117.9 (Ar-Cp), 63.8 and 59.5 [CH(CH3)2],
41.6 (COCH3), 23.2 and 22.0 [CH(CH3)2]; nmax(Nujol)/cm21 2137 (Pd–
CO), 1750 (COCH3), 1611 (CNN). Compound 2 can also be synthesized
directly by reaction of PriDABPdMeCl and Na+BAr4

2 in the presence of
CO.
§ Selected data for 3: dH(CDCl3, 220 °C) 7.96 and 7.92 (s, 1 H each,
CHNN), 7.69 (s, 8 H, Ar-Ho), 7.54 (s, 4 H, Ar-Hp), 4.13 and 3.77 [sept, 1 H
each, CH(CH3)2], 1.36 (s, 3 H, Pd–CH3), 1.25 [d, JHH 6.7, 12 H, CH(CH3)2];
dC(CD2Cl2, 0 °C) 174.8 (Pd–CO), 165.8 and 160.1 (CNN), 161.5 (q, 1JCB

49.6, Ar-Ci), 134.6 (Ar-Co), 128.7 (q, 2JCF 30.0, Ar-Cm), 124.3 (q, 1JCF

272.5, CF3), 117.5 (Ar-Cp), 63.4 and 56.3 [CH(Me)2], 22.7 and 21.8
[CH(CH3)2], 5.7 (Pd–CH3); nmax(Nujol)/cm21 2130 (Pd–CO), 1610 (CNN).
Compound 3 was isolated as a white powder.

¶ Selected data for 4: dH(CDCl3, 23 °C) 7.80 and 7.78 (s, 1 H each, CHNN),
7.71 (s, 8 H, Ar-Ho), 7.54 (s, 4 H, Ar-Hp), 7.20 and 7.00 (d, 2 H each, Ph-Ho,
Ph-Hm), 3.88 [sept, 1 H, CHd(CH3)2], 3.68 [sept, 1 H, CHe(CH3)2], 3.76 (dd,
JHH 8.3 and 3.5, 1 H, CHx–CH2), 3.04 (dd, JHH 19.7 and 8.3, 1 H, CH–CHa),
2.70 (dd, JHH 19.4 and 3.5, 1 H, CH–CHb), 2.39 (s, 3 H, CO–CH3), 2.19
(Ph–CH3), 1.29, 1.17 and 1.09 [d, JHH 6.4, 12 H, CH(CH3)2]; dC(CDCl3,
220 °C) 224.9 (COCH3), 161.7 (q, 1JCB 49.2, Ar-Ci), 161.2 and 157.1
(CNN), 139.9 (Ph-Ci), 134.8 (Ar-Co), 132.1 (Ph-Co), 130.8 (Ph-Cp), 128.8
(q, 2JCF 31.5, Ar-Cm), 124.5 (q, 1JCF 272.4, CF3), 119.9 (Ph-Cm), 117.6 (Ar-
Cp), 62.1 and 59.5 [CH(Me)2], 52.0 (CH–CH2), 47.0 (CH–CH2), 29.2
(COCH3), 22.8, 22.0, 21.4 and 21.3 [CH(CH3)2], 21.9 (Ph-CH3);
nmax(film)/cm21 1721 (CO), 1610 (CNN).
∑ Selected data for 5: dH(CDCl3, 220 °C) 7.80 (s, 2 H, CHNN), 7.73 (s, 8 H,
Ar-Ho), 7.58 (s, 4 H, Ar–Hp), 7.22 (s, 4 H, Ph-Ho, Ph-Hm), 4.65 (dd, JHH

10.6 and 2.0, 1 H, CH–CH2), 3.79 [br s, 2 H, CH(CH3)2], 3.60 (dd, JHH 18.7
and 11.3, 1 H, CH–CH2), 2.80 (d, JHH 18.7, 1 H, CH–CH2), 2.33 (s, 3 H, Ph–
CH3), 2.29 (s, 3 H, CO–CH3), 1.21 and 1.10 [d, JHH 6.1, 12 H, CH(CH3)2];
dC(CDCl3, 220 °C) 211.7 and 207.1 (CO–CH3, CO–CH), 161.7 (q, 1JCB

49.6, Ar-Ci), 140.4 (Ph-Ci), 134.8 (Ar-Co), 130.9 (Ph–Co), 129.5 (Ph-Cm),
128.8 (q, 2JCF 30.5, Ar-Cm), 124.5 (q, 1JCF 272.7, CF3), 117.8 (Ar-Cp), 61.9
(CH–CH2), 46.2 (CH–CH2), 30.1 (CO–CH3), 22.5 [CH(CH3)2], 21.2 (Ph-
CH3); nmax(film)/cm21 1722 (br, CO), 1610 (CNN).
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Triplet state photophysics in an aryleneethynylene p-conjugated polymer

Keith A. Walters, Kevin D. Ley and Kirk S. Schanze*†

Department of Chemistry, University of Florida, Gainesville, FL 32611-7200, USA

The triplet state photophysics of a polyaryleneethynylene
p-conjugated polymer and a related model compound are
investigated with various techniques, including laser flash
photolysis and time-resolved thermal lensing (TRTL).

The photophysical and photochemical properties of p-conju-
gated polymers have been of significant recent interest.1
Although most work on the photophysics of p-conjugated
polymers has focused on the 1p,p* manifold, considerable
evidence suggests that 3p,p* excitons are also involved in their
rich photochemistry.2–5 Unfortunately, owing to the absence of
phosphorescence in most p-conjugated polymers2 little is
known about the absolute energies and yields of the triplets
produced by direct excitation.

We recently initiated a photophysical study of ary-
leneethynylene-based p-conjugated polymers that contain a
photoactive transition metal chromophore in the p-conjugated
backbone.6,7 A primary objective of this work is to understand
the interaction between backbone-based 1p,p* and 3p,p*
excited states and metal complex-based d ?p* charge transfer
excitations. However, in order to pursue this line of investiga-
tion in the metal–organic polymers, it is necessary to have a firm
understanding of the properties of the 1p,p* and 3p,p* excited
states of the all-organic polymers. Here, we report the results of
a detailed photophysical study which compares the photo-
physical properties of the singlet and triplet manifolds of
aryleneethynylene polymer P0 and model compound 1 in dilute
THF solution (Scheme 1).‡

Pulsed laser excitation (355 nm, 10 ns FWHM, 4 mJ pulse21)
of 1 and P0 affords a long lived transient [t(1) = 142 ms, t(P0)
= 169 ms§], which is assigned to a 3p,p* state. The triplet state
difference absorption spectra of 1 and P0 (Fig. 1) are
characterized by bleaching of the ground state p,p* absorption
band [lmax(1) = 360 nm, lmax(P0) = 410 nm] and a broad
(triplet–triplet) absorption band that extends to longer wave-
lengths. Interestingly, the difference spectra of 1 and P0 are
remarkably similar, except that the bleach and absorption bands
are red-shifted in the polymer. The qualitative similarity in the
triplet–triplet absorption spectra implies that the electronic
structure of the triplet state is similar in the model and
polymer.

In order to determine the triplet energies of 1 and P0 (ET),
Stern–Volmer quenching studies were carried out with a series

of triplet acceptors of varying energy.8,9¶ Triplet quenching rate
constants (kq) were obtained from Stern–Volmer analysis of the
observed triplet decay lifetimes in vacuum degassed THF
solutions as a function of quencher concentration. The triplet
energies were then estimated by fitting the experimental
Sandros plots (Fig. 2)10 with a Marcus equation that is
appropriate for bimolecular reactions which occur at or near
diffusion control,11,12

k
k

G RT k k Gq =
+ + −

d

d en exp (1 0exp ( / ) ( / ) )‡∆ ∆
(1a)

  
∆ ∆ ∆G G G‡

ln
ln exp[ ( ln )/ ]= + + −{ }l

l
2

1 2 (1b)

where kd and k2d are the rate constants for forward and reverse
diffusion in solution, ken

0 is a pre-exponential factor, l is the
reorganizational energy and DG = (E00

Acceptor2 ET). By using
parameters derived from a previous study13 (kd = 1.0 3 1010

Scheme 1

Fig. 1 Triplet state difference absorption spectra of (solid line) 1 and
(dashed line) P0 in degassed THF solution

Fig. 2 Sandros plots for (a) P0 and (b) 1. Points are experimentally
determined rate constants with various triplet energy acceptors,¶ and fitted
lines are calculated as explained in the text.
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m21 s21, kA2d = 2.0 3 1010 m21 s21, ken
0 = 5 3 1010 s21), best

fits of the Sandros plots for 1 and P0 were attained by varying
l and ET in eqn. (1). These values are listed in Table 1, and plots
of the fitted quenching data are shown in Fig. 2. Surprisingly, ET
for the model compound and the polymer is the same within
experimental error (±5%).

A second objective of the present study was to determine the
triplet yields (FT) for 1 and P0. However, in order to determine
this parameter it is necessary to know the fluorescence quantum
yields (Ffl). Therefore, fluorescence spectra of 1 and P0 were
obtained [lmax(1) = 413 nm, lmax(P0) = 433 nm], and Ffl
values were determined from the integrated fluorescence
spectra (Table 1).14∑ Fluorescence lifetimes (tfl) for 1 and P0 are
also listed in Table 1. Next, the triplet yield (FT) for P0 was
determined by time-resolved thermal lensing (TRTL).15,16 In
this method, FT is derived from the ratio of the ‘slow’ and
‘total’ heat deposition signals (Uslow and Utotal, respectively)
after correcting for the energy of the pump laser (Ehv) and the
fluorescence quantum yield,

Uslow/Utotal = ETFT/(Ehv 2 ESFfl) (2)

where ES is the energy of the singlet state (Table 1). The Uslow/
Utotal ratio of a vacuum degassed THF solution of P0 was
determined to be 0.15, and the triplet yield calculated with eqn.
(2) is listed in Table 1.** Unfortunately, FT for 1 could not be
measured with TRTL owing to strong triplet–triplet absorption
at the thermal lensing probe wavelength (633 nm). However,
the experimentally derived Ffl for 1 (0.90) provides an upper
limit for FT (@0.1).**

The photophysical characterization of the singlet and triplet
states of 1 and P0 allows us to assess the effect that the extended
p-conjugation in the polymer has on its triplet state properties.
It is surprising that ET is the same for the polymer and model
compound. However, the more important parameter is the
singlet–triplet splitting energy (EST), which is defined as ES 2

ET. Interestingly, EST is lower by almost 1000 cm21 in P0
compared to 1 (5600 vs. 6500 cm21). The lower EST indicates
that the electron exchange energy is smaller in the polymer,17

which presumably is due to the fact that the delocalization of the
LUMO (and/or the HOMO) for the p? p* transition is greater
in P0 than in 1. Moreover, it is of interest that the experimen-
tally determined EST for P0 is comparable to values calculated
using semi-empirical MO theory.18,19

The rates of radiative decay, non-radiative decay and
intersystem crossing (kr, knr and kisc, respectively) for the 1p,p*
state of 1 and P0 have been determined by using the
experimental Ffl, tfl and FT values (Table 1). First, note that kr
is comparable in 1 and P0. This is not surprising given that the
orbital basis and transition dipole for radiative transitions are
similar in the model and the polymer. By contrast, knr and kisc
are significantly larger in P0 than in 1. The larger non-radiative
decay rate in the polymer may arise from ‘defect sites’ (e.g.
unreacted end groups and/or defects in the polymer backbone)
that quench the 1p,p* exciton. The larger (effective) inter-
system crossing rate in P0 may arise from the smaller EST
value.

We gratefully acknowledge the National Science Foundation
(Grant No. CHE-9401620) for support of this work.

Notes and References

† E-mail: kschanze@chem.ufl.edu
‡ P0 was synthesized via a Pd-mediated cross-coupling reaction of the
polymer subunits (see ref. 7 for complete synthetic details). Selected
characterization: P0: GPC (CHCl3, polystyrene standards) Mn = 65.2 kD,
Mw = 209.2 kD (PDI = 3.2). 1H NMR (CDCl3) d 0.87 (bt, t), 1.24 (br, s),
1.56 (br, m), 1.84 (br, m), 4.04 (br, t), 6.92 (br, s), 7.0 (br, s), 7.62 (br, s).
13C NMR (CDCl3) d 14.1, 22.7, 26.1, 29.4, 29.7, 32.0, 69.7, 87.0, 94.8,
114.0, 116.9, 122.8, 126.8, 132.1, 140.0, 153.7. 1: 1H NMR (CDCl3) d 3.79
(s, 6 H, OCH3), 3.89 (s, 6 H, OCH3), 6.86 (m, 4 H, phenyl), 7.08 (d, 2 H,
phenyl), 7.63 (d, 8 H, biphenyl). 13C NMR (CDCl3) d 55.8, 56.5, 86.7, 93.2,
112.2, 112.9, 115.8, 118.0, 122.7, 126.7, 132.1, 139.9, 153.2, 154.5.
§ In ref. 6 we reported the triplet lifetime for a sample of P0 in Ar-purged
THF (tT = 4 ms). In that study the lifetime was suppressed due to quenching
by residual oxygen. The triplet lifetimes reported herein are for samples that
were freeze–pump–thaw degassed five times and sealed at 1025 Torr. It is
conceivable that even under these conditions the triplet lifetime is
suppressed by oxygen quenching.
¶ Triplet acceptors (see Fig. 2): 1, anthracene; 2, [4,4A-bis(carboethoxy)-
2,2A-bipyridyl]Re(CO)3Cl; 3, trans-stilbene: 4, (2,2A-bipyridyl)Re(CO)3Cl;
5, biacetyl; 6, p-terphenyl.
∑ In ref. 6 we reported the fluorescence quantum yield for P0 in Ar-purged
THF (Ffl = 0.28). The sample of P0 used in that study was structurally
equivalent to that used in the present study, but it had a substantially lower
molecular weight (Mn = 13.5 kD, Mw = 37.4 kD). The higher molecular
weight of the sample of P0 used in the present study accounts for the larger
fluorescence yield reported herein.
** The FT values for P0 and 1 were confirmed using photoacoustic
calorimetry [FT (P0) = 0.12, FT (1) = 0.05].

1 L. J. Rothberg, M. Yan, F. Papadimitrakopoulos, M. E. Galvin, E. W.
Kwock and T. M. Mille, Synth. Met., 1996, 80, 41 and references
therein.

2 B. Xu and S. Holdcroft, Adv. Mater., 1994, 6, 325.
3 M. S. A. Abdou, F. P. Orfino, Y. Son and S. Holdcroft, J. Am. Chem.

Soc., 1997, 119, 4518.
4 R. D. Scurlock, B. Wang, P. R. Ogilby, J. R. Sheats and R. L. Clough,

J. Am. Chem. Soc., 1995, 117, 10 194.
5 H. F. Wittman, R. H. Friend, M. S. Khan and J. Lewis, J. Chem. Phys.,

1994, 101, 2693.
6 K. D. Ley, C. E. Whittle, M. D. Bartberger and K. S. Schanze, J. Am.

Chem. Soc., 1997, 119, 3423.
7 K. D. Ley and K. S. Schanze, Coord. Chem. Rev., in press.
8 S. L. Murov, I. Carmichael and G. L. Hug, Handbook of Photo-

chemistry, Marcel Dekker, New York, 1993, p. 54.
9 L. A. Worl, R. Duesing, P. Chen, L. D. Ciana and T. J. Meyer, J. Chem.

Soc., Dalton Trans., 1991, 849.
10 K. Sandros, Acta Chem. Scand., 1964, 18, 2355.
11 V. Balzani and F. Bolletta, J. Am. Chem. Soc., 1978, 100, 7404.
12 V. Balzani, F. Bolletta and F. Scandola, J. Am. Chem. Soc., 1980, 102,

2152.
13 Y. Wang and K. S. Schanze, Inorg. Chem., 1994, 33, 1354.
14 G. A. Crosby and J. N. Demas, J. Phys. Chem., 1971, 75, 991.
15 S. E. Braslavsky and G. E. Heibel, Chem. Rev., 1992, 92, 1381.
16 R. T. Cambron and J. M. Harris, J. Phys. Chem., 1993, 97, 13 598.
17 S. P. McGlynn, F. J. Smith and G. Cilento, Photochem. Photobiol.,

1964, 3, 269.
18 J. W. Blatchford, T. L. Gustafson and A. J. Epstein, J. Chem. Phys.,

1996, 105, 9214.
19 D. Beljonne, H. F. Wittmann, A. Köhler, S. Graham, M. Yonnus, J.
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Table 1 Photophysical properties of model compound 1 and polymer P0a

ES/cm21 ET
c/cm21

Compound tfl/ns Ffl
b (kcal mol21) lc/cm21 (kcal mol21) FT 1028 kr/s21 1028 knr/s21 1028 kisc/s21

1 1.15 0.90 24 200 1000 17 700 @0.10d,e 7.8 @0.87 @0.87
(69.2) (50.6)

P0 0.53 0.60f 23 100 1200 17 500 0.12e 11 5.7 2.3
(66.0) (51.2)

a THF solutions at 298 K. b Fluorescence quantum yields determined using 9,10-dicyanoanthracene (DCA) and perylene as actinometers (FDCA
EtOH = 0.89,

FPerylene
EtOH = 0.89). c Values based on a Marcus fit to quenching data as described in text. d Upper limit. e See footnote §. f See foonote **.

1116 Chem. Commun., 1998



base
RO

1

base
RO

2

base
RO

3

base
RO

4

OHHO

HO

OHOH

+

path (a)

path (b)

path (c)

NR1 NR1

AcO

N

N

N

Cl

R2

N

N

N

R2

Cl

Bri

5 R1 = CH2OAc, R2 = NH2 10

6 R1 = CH2OAc, R2 = H 11

7 R1 = CH2OAc, R2 = Cl 12

8 R1 = CH2OCPh3, R2 = NH2 13

9 R1 = CH(OAc)CH2OAc, R2 = NH2 14

Cl(1)

N(3)

N(2)

N(5)
N(4) N(1)

C(1)

Br(1)

O(3)

O(4)
O(1) O(2)

Stereoselective conversion of 2A,3A-dideoxydidehydro carbocyclic nucleosides
into 2A-deoxy carbocyclic nucleosides
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Treatment of 2A,3A-dideoxydidehydro carbocyclic nucleo-
sides 5–9 with N-bromoacetamide in AcOH gives bromoe-
sters 10–14 with good stereocontrol: debromination and
hydrolysis furnishes 2A-deoxy carbocyclic nucleosides, e.g.
22.

The preparation of 2A,3A-dideoxydidehydro carbocyclic nucleo-
sides 1 (Scheme 1) has been the subject of a great deal of
attention, owing to the biological activity of carbovir and related
compounds.1 The conversion of the readily-available alkenes of
general stucture 1 into structurally more complex carbocyclic
nucleosides 2 and 2A-deoxy carbocyclic nucleosides 4 has been
fraught with difficulty. For example, bis-hydroxylation of
compounds 1 tends to give an equimolar mixture of isomers
corresponding to ribo- and lyxo-sugars 2 and 3.2 The preference
for the formation of the carbocyclic ribonucleoside on steric
grounds is countered by a stabilizing Cieplak effect which
favours formation of the lyxo analogues.3

Conversion of ribo-carbocyclic nucleosides 2 into 2A-deoxy
ribo-carbocyclic nucleosides 4 [path (b)] through reaction of the
diol with AcBr in MeCN and subsequent hydrodehalogenation
is marred by the formation of the desired bromohyrins
corresponding to the ara- and isomeric xylo-bromohydrins in an
unfavourable 1 : 5 ratio.4

Direct conversion of carbocyclic nucleosides of type 1 into
deoxy ribo systems of type 4 [path (c)] by hydroboration was
investigated by Deardorff et al.;5 unfortunately the 3A-hydroxy
and the 2A-hydroxy compounds were both obtained, in a 2 : 1
ratio.

Herein we report a novel stereoselective method for the
transformation of alkenes 1 into the corresponding alcohols 4.

Most of the starting materials for this study (5, 6, 8 and 9)
were prepared from (±)-cis-1-acetoxy-2-(acetoxymethyl)-
cyclopent-4-ene; a typical procedure is described below.
Compound 7 was prepared from compound 5.¶

Treatment of the cyclopentene derivative 5 with NBS or
N-bromoacetamide and AgOAc in AcOH afforded bro-
moacetate 10 as the sole product in 68% yield (Scheme 2). This
bromoester was recrystallized and the stereochemistry con-
firmed by X-ray crystallography (Fig. 1).∑

Similarly, compounds 6–8 produced the corresponding
haloesters 11–13 in 47–69% yield.** In the latter case the NMR
spectrum of the crude product, besides the major product 13,
gave evidence of a few percent of an isomeric product, in too
small an amount to isolate. Treatment of the diester 9 under the
standard reaction conditions afforded the expected product 14
(49%) [with spectroscopic properties in accord with the
assignments for compounds 10–13 and an isomeric substance
(13%)]. We tentatively assign a 2A-acetoxy-3A-bromo structure
to the minor product on the basis of NMR spectroscopy.

The conversion of the alkenes 5–9 into the bromoesters
10–14 is reminiscent of the conversion of the cyclopentene

Scheme 1

Scheme 2 Reagents and conditions: i, NBS or N-bromoacetamide, AgOAc,
AcOH, 18 h, room temp.

Fig. 1 X-Ray structure of compound 10
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derivative 15 into the dihalides 16 and 17 (ratio 8 : 1) (Scheme
3), in that in both cases the major product is formed via the
intermediacy of a syn-halonium ion.6 However, the preferential
formation of compound 16 was explained by a proposed
stabilisation of the syn-iodonium ion by the adjacent hydroxy
group, a phenomenon which is clearly impossible in our cases.
Instead we believe that the formation of the syn- and anti-
bromonium ions are reversible processes and only on formation
of the syn-bromonium ion is attack by the nucleophile possible,
from the more exposed face and distant from the heteroatom
bonded to C-1A.

Detritylation of bromoester 13 was accomplished using aq.
AcOH to furnish the alcohol 18 in 66% yield. Treatment of
compounds 10, 14 and 18 with tri-n-butyltin hydride in hot THF
furnished the nucleoside analogues 19–21 (Scheme 4).‡‡
Methanolysis of the diester 19 provided the 2A-deoxycarbo-
cyclic nucleoside in almost quantitative yield.

In summary, the stereocontrolled addition of Br/OAc to
dideoxydidehydro carbocyclic nucleosides give facile access to
2A-bromo-2A-deoxyribo carbocyclic nucleosides.7

Novo-Nordisk A/S provided studentships for A. D., M.-B. N.
and D. V. R. and this financial support is gratefully acknowl-
edged.
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¶ Synthesis of 5. 2-Amino-6-chloro-9H-purine (264 mg, 1.56 mmol) and
NaH (60% dispersed in mineral oil, 68 mg, 1.71 mmol) were dissolved in
anhydrous DMF (7.0 ml) and stirred for 10 min at room temperature and at
50 °C for 10 min. The reaction mixture was added to a suspension of
(±)-(1R,2R)-1-acetoxy-2-(acetoxymethyl)cyclopent-4-ene (339 mg, 1.71
mmol) and tetrakis(triphenylphosphine)palladium (180 mg, 0.156 mmol) in
DMF (7.0 ml) using a cannula, rinsing with anhydrous THF (3 3 2.0 ml).
The reaction was excluded from light and stirred for 3 h at 50 °C. The
reaction mixture was then cooled to room temperature. Water (25 ml) was
added and the mixture was extracted wtih CH2Cl2 (4 3 50 ml). The
combined organic layers were dried with MgSO4 and the solvent was

evaporated in vacuo to give a crude yellow oil. The oil was purified by
column chromatography on silica gel eluting with CH2Cl2–EtOH (19 : 1)
giving 5 (50% yield) as a clear oil.

Synthesis of 7. Compound 5 (224 mg, 0.728 mmol) was dissolved in
CH2Cl2 (8 ml) and the solution was cooled to 0 °C. Me3SiCl (276 ml, 2.184
mmol) was added followed by isopentyl nitrite (292 ml, 2.184 mmol) which
was added slowly to maintain the temperature at 0 °C. The reaction mixture
was stirred for 2 h at 0 °C and for 5 h at room temperature. Water (5 ml) was
added and the mixture was extracted with CH2Cl2 (3 3 10 ml). The
combined organic layers were concentrated in vacuo to give a crude yellow
oil. The oil was purified by column chromatography on silica gel eluting
with EtOAc–light petroleum (2 : 1) giving 7 (60% yield) as a clear oil.
∑ Crystal data for 10: C15H17BrClN5O4, M = 446.69, colourless prism,
monoclinic, P21/n, 0.15 3 0.20 3 0.25 mm, a = 15.597(5), b = 7.077(2),
c = 17.178(2) Å, b = 96.13(2)°, V = 1885.4 Å3, T = 2120 °C,
Z = 4, m(Mo-Ka) = 23.29 cm21; 3769 reflections measured, 3630 unique,
R = 0.055, Rw = 0.080. CCDC 182/834.
** Selected data for 11: dH(300 MHz; CDCl3) 2.08 (s, 3 H, CH3 of Ac), 2.17
(s, 3 H, CH3 of Ac), 2.55 (m, 3 H, 2 3 H-6A and H-4A), 4.35 (m, 2 H, 2 3
H-5A), 4.79 (m, 1 H, H-2A), 5.13 (m, 1 H, H-1A), 5.40 (m, 1 H, H-3A), 8.26 (s,
1 H, H-2), 8.70 (s, 1 H, H-8); dc(75 MHz; CDCl3) 20.8 (CH3, CH3 of Ac),
20.9 (CH3, CH3 of Ac), 30.1 (CH2, C-6A), 42.5 (CH, C-4A), 55.1 (CH, C-2A),
56.2 (CH, C-1A), 64.9 (CH2, C-5A), 80.5 (CH, C-3A), 143.6 (CH), 150.8 (C),
151.6 (C), 152.0 (CH), 169.5 (C, CNO) and 170.7 (C, CNO).
†† Selected data for 19: dH(400 MHz; CDCl3) 1.98 (m, 1 H, H-6A), 2.08 (s,
3 H, CH3 of Ac), 2.09 (s, 3 H, CH3 of Ac), 2.30 (dd, 1 H, J 13 and 8, H-6A),
2.52–2.62 (m, 3 H, H-1A and H-2A), 4.30 (m, 2 H, H-5A), 4.90 (m, 1 H, H-1A),
5.22 (m, 3 H, H-3A and NH2), 7.78 (s, 1 H, H-1A); dc(100 MHz; CDCl3) 20.8
(CH3, CH3 of Ac), 21.1 (CH3, CH3 of Ac), 33.0 (CH2, C-6A), 37.3 (CH,
C-2A), 43.6 (CH, C-4A), 54.1 (CH, C-1A), 64.8 (CH, C-5A), 75.4 (CH, C-4A),
126.0 (CH, C-5), 140.9 (C, C-8), 151.6 (C, C-4), 153.4 (C, C-6), 158.7 (C,
C-2), 170.3 (C, CNO) and 171.0 (C, CNO).
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Trans. 1, 1998, 391 and references therein.
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3A-exonucleases: M. Aoyagi, Y. Ueno, A. Ono and A. Matsuda, Bioorg.
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Scheme 4 Reagents and conditions: i, Bun
3SnH, AIBN, THF, heat, 3–7 h (68–92%); ii, K2CO3, MeOH, 2 h (96%)

Scheme 3 Reagents and conditions: i, N-iodosuccinimide, tetrabutyl-
ammonium dihydrogen trifluoride, CH2Cl2
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Phosphorus complex of corrole

Roberto Paolesse,*a Tristano Boschi,a Silvia Licoccia,a Richard G. Khouryb and Kevin M. Smithb†
a Dipartimento di Scienze e Tecnologie Chimiche, Università di Roma Tor Vergata, Roma, 00133, Italy
b Department of Chemistry, University of California, Davis, CA 95616, USA

Reaction of 8,12-diethyl-2,3,7,13,17,18-hexamethylcorrole
(1) with POCl3 in pyridine affords the first non-metal
derivative of corrole; in this compound, 2, the phosphorus is
in a pentavalent state and is different from analogous
complexes of porphyrins.

Non-porphyrin polypyrrolic macrocycles represent a novel field
of research which has experienced impressive expansion in the
last few years.1 These compounds are particularly intriguing for
both theoretical and experimental reasons. For example, they
can enable studies of the way in which skeletal variations
influence the aromaticity and the chemical properties of the
macrocycles, thereby opening potential applications of these
molecules in different fields, ranging from catalysis to bio-
medical sciences.

Among porphyrin analogues, corrole (e.g. 1) was one of the
first examples to be reported in the literature; it was synthesized

more than 30 years ago by Johnson and Kay during their
attempts to approach the corrin nucleus of vitamin B12.2 But
recent investigations using the corrole macrocycle have re-
vealed interesting differences in its coordination behavior
compared with the analogous porphyrin complexes. Corrole, for
example, is able to stabilize high oxidation states for co-
ordinated metals, and to retain a planar conformation even when
the peripheral positions are fully substituted.1a,b Despite these
interesting properties, the coordination chemistry of corrole is
substantially limited to the first row transition metals; expansion
of the so-called ‘periodic table’ of metallocorrolates should
allow researchers to study, in more detail, the coordination
behavior of this macrocycle. In particular, coordination of
phosphorus can be intriguing due to the non-metal character of
this element and because it is, in its pentavalent state, the
smallest ion so far coordinated to a porphyrin.3 Herein we report
the synthesis and characterization of the first example of a
phosphorus corrole derivative.

Reaction of 8,12-diethyl-2,3,7,13,17,18-hexamethylcorrole
(1; H3EMC)2 with POCl3 in pyridine at room temperature
showed an immediate spectrophotometric change, with the
formation of the spectrum of the characteristic corrole mono-
cation.4 When the mixture was heated at reflux the optical
spectrum quickly changed (indicating the formation of a
complex), with the complete disappearance of the absorbance
characteristic of the corrole; Fig. 1 shows the optical spectra of
the corrole monocation and the phosphorus complex. Evapora-
tion of the solvent and recrystallization from CH2Cl2–hexane

afforded a purple powder. In complexes with porphyrins,
phosphorus has been reported to be hexacoordinated in a +v
oxidation state;3 in the case of octaethylporphyrin a transient
+iii state has been reported to be an intermediate during the
metallation reaction.3 In the present case of corrole, the
electronic absorption spectrum is similar to those of other main
group metallocorrolates.5 By analogy with porphyrins it can be
classified as ‘normal’,6 thereby indicating the presence of the
+v oxidation state for the coordinated phosphorus.

The 1H NMR spectrum of the phosphorus corrole was also
typical of a metallocorrolate, with the absence of internal NH
resonances and the expected pattern for peripheral substituents.
31P NMR spectroscopy showed a resonance for coordinated
phosphorus at 2102.5 ppm (relative to external H3PO4), which
is significantly different from phosphorus complexes of por-
phyrins in which the phosphorus signal is at ca. 2200 ppm.7
This feature indicated that the diamagnetic ring current effect is
less influential in determining the phosphorus resonance in the
corrole derivative compared with porphyrin complexes. This
difference can be attributed to two major factors: (i) the
diminished aromatic character of corrole relative to porphyrin,
and/or (ii) a different coordination geometry of phosphorus in
the corrole complex. Both 1H and 13C NMR spectra ruled out
the first hypothesis because resonances of the corrole derivative
have almost the same chemical shifts as do the analogous
porphyrinates.8 A different coordination geometry seems more
likely because the EI mass spectrum of the corrole complex
showed a molecular peak at m/z 483, indicating the presence of
only one ligand at an axial position. Analogous phosphorus
porphyrinates are hexacoordinated.3

X-Ray characterization‡ performed on a single crystal of the
phosphorus corrolate 2 allowed its unambiguous structural
identification. The molecular structure is shown in Fig. 2. The
phosphorus atom exhibits pentacoordinated geometry, lying
more than 0.4 Å out of the mean corrole plane toward the
oxygen atom of the axial hydroxy group. The P–O bond
distance of 1.531 Å can be attributed to a single bond and is
similar to the observed P–O distance in an analogous porphyrin
complex.3 The P–N bond lengths average 1.80 Å. These lengths

Fig. 1 Optical spectra, in CH2Cl2, of [H4EMC]+ (– – –), and [(EMC)-
P(OH)]Cl (2), (––––)
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are shorter than those measured in any other metal complexes of
this macrocycle1a,b and are not equivalent, as usual for
metallocorrolates. Contrary to the situation in porphyrin
derivatives the phosphorus corrolate macrocycle is almost
planar, the mean plane deviation of the 23 core atoms being
0.0245 Å. The cationic nature of the macrocycle is confirmed by
the presence of a chloride counterion.

The phosphorus complex reported herein is the first non-
metal derivative of corrole; moreover, it represents a further
example of different coordinative behavior of this macrocycle
compared with the analogous and more ubiquitous porphyrin
macrocycle. We are presently investigating the axial chemistry

of this complex, and these studies will be the subject of a full
paper.

This work was supported by Murst and CNR (Italy/USA
Bilateral Project No. 95.01178) and by the National Science
Foundation (CHE-96-23117).
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‡ Crystal Data for 2 (C29H32N4PO)(H2O)(Cl): Crystals of 2 were grown
from a mixture of CH2Cl2 and c-C6H6. A single parallel-piped crystal was
selected with dimensions 0.20 3 0.14 3 0.10 mm. The unit cell was
triclinic, space group P1̄ with cell dimensions a = 11.038(3), b =
11.749(3), c = 12.031(3) Å, a = 96.50(2), b = 101.77(2), g = 116.40(2)°,
V = 1330.7(6) Å3 and Z = 2 (M = 537.02, rcalc = 1.340 g cm23, m =
2.112 mm21). Of 3778 reflections measured, 3513 were independent and
3054 had I > 2s (Rint = 0.044); number of parameters = 343. Final R
factors were R1 = 0.0543 (based on observed data) and wR2 = 0.1957
(based on all data). CCDC 182/832.
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Fig. 2 Molecular structure‡ of [(EMC)P(OH)]Cl (2). A, top view; B, edge
on view. The chloride counterion is omitted.

1120 Chem. Commun., 1998



N

N

R1

N

N

R2

NN

N N

R2R1

Hb′

Ha′

Ha

Hb

Hb

Ha

Ha′

Hb′

Ce

N

N

R1

N

N

R2

NN

N N

R2R1

Hb′

Ha′

Ha

Hb

Hc

Hd

Hd′

Hc′

Ce

1a R1 = R2 = Me

2a R1 = R2 =

But

But

1b R1 = Me

2b R1 =

But

But

O
O

O

O

O
O

R2 =

(a)

(b)

Rotational oscillation of two interlocked porphyrins in cerium
bis(5,15-diarylporphyrinate) double-deckers

Kentaro Tashiro, Takashi Fujiwara, Katsuaki Konishi and Takuzo Aida*†

Department of Chemistry and Biotechnology, Graduate School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-8656, Japan

Dynamic NMR coupled with racemization studies on chiral
cerium bis(5,15-diarylporphyrinate) double-deckers demon-
strate that the two interlocked porphyrin ligands oscillate
rotationally around the metal center.

Oscillating molecules are interesting in their potential utilities
for sensors, information transfer/storage devices and molecular
machines, and several examples of molecular and supramo-
lecular oscillating systems have been reported to date.1,2

Particularly interesting are oscillators consisting of chromo-
phoric units because of a possible switching of their oscillation
characteristics by light and/or redox. Metal bis(porphyrinate)s
are double-decker complexes, in which a metal atom is
sandwiched by two chromophoric porphyrin ligands.3 Recently,
we have found that the porphyrin ligands in cerium bis(porphyr-
inate)s rotate thermally around the metal center, through studies
on optical resolution and racemization behavior of a chiral
cerium bis(tetraarylporphyrinate) with a symmetry group D2.4
The chirality of the complex originates from the staggered
geometry of the two facing porphyrin ligands, where the relative
rotation of the ligands leads to racemization. Herein we report
that cerium bis(5,15-diarylporphyrinate)s are potential molec-
ular oscillators, in which the two interlocked porphyrin ligands
rotationally oscillate back and forth around the metal center.

We have already reported that the D2-symmetric, chiral
cerium complex 1a, in contrast to a zirconium analogue of the
same porphyrin ligands, shows no sign of optical resolution in
chiral HPLC, as a result of racemization via a fast rotation of the
porphyrin ligands.4 Our motivation to the present study arose
from a preliminary observation that enantiomeric separation of
2a‡ by chiral HPLC was also unsuccessful in spite of the
presence of interferant bulky meta-substituents (But) on the
meso-phenyl groups perpendicular to the porphyrin plane. In
order to compare the rotatability of the porphyrin ligands in 2a
with that of 1a, temperature-dependent NMR signal coales-
cence profile was investigated for exchangeable proton signals
via ligand rotation. At a low temperature such as 220 °C in
CDCl3, 2a showed four doublet signals at d 8.48 (a), 8.58 (aA),
8.76 (b) and 8.84 (bA) [Scheme 1(a)] owing to nonequivalent
pyrrole-b protons,§ where the exchangeable pairs are signals
a/aA and b/bA. Upon elevating the temperature, the paired signals
a and aA, for example, coalesced completely at 0 °C. From this
coalescence profile, the rate constant for the rotation of the
porphyrin ligands in 2a was evaluated at 0 °C to be 0.52 3 102

s21,¶ which is almost comparable to that of 1a (0.63 3 102 s21)
at 1 °C.4

Here one should note two possible rotating paths, I and II, for
the complex to racemize (Scheme 2), where path II is sterically
more demanding than path I, since the former path must
transiently involve an energetically disfavored ‘eclipsed con-
formation’ with respect to the two facing porphyrin ligands. In
order to evaluate the rotating rate via path II, we synthesized
two new chiral double-decker complexes 1b and 2b, which bear
a flexible oligoether strap between the two porphyrin ligands.‡
Their CPK models suggested that path I is unlikely to occur
even when the oligoether strap adopts the most extended

conformation, thereby allowing selective evaluation of the
rotating rate via path II. Prior to dynamic NMR studies, we
investigated the possibility of optical resolution of these two
strapped complexes by chiral HPLC,∑ where 2b was success-
fully separated into enantiomers. The enantiomers exhibited
clear mirror-image circular dichroism (CD) spectra to each
other (Fig. 1), but the spectral intensity at 10 °C gradually
decreased with time, where the rotating rate constant via path II
was evaluated to be 0.39 3 1023 s21.¶ In sharp contrast,

Scheme 1

Scheme 2

Chem. Commun., 1998 1121



–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

300 400 500 600 700
l / nm

10
5  

q 
/ °

 c
m

2  
m

ol
–1

complex 1b showed no sign of optical resolution, indicating that
1b is more subject than 2b to the ligand rotation via path II.

In order to evaluate the rotation rate of 1b, we conducted 1H
NMR spectroscopy in CDCl3 at varying temperatures. If the
relative rotation of the porphyrin ligands is slower than the
NMR chemical shift timescale, 1b should display eight non-
equivalent pyrrole-b signals because of the low symmetry of the
molecular structure. In fact, we observed at 0 °C eight doublets
at d 8.30 (a), 8.38 (d), 8.54 (dA), 8.60 (aA), 8.68 (b), 8.72 (c), 8.81
(bA) and 8.82 (cA) [Scheme 1(b)]§, where exchangeable pairs via
ligand rotation are a/aA, b/bA, c/cA and d/dA, as determined from
the cross-peaks in the EXSY spectra. However, even upon
elevating the temperature to 55 °C, none of the paired signals
coalesced, indicating that the site exchange in 1b is much slower
than that in the non-strapped analogue 1a. Thus, the saturation
transfer method5,6 was applied, which is informative of
exchange phenomena much slower than the NMR chemical
shift timescale: When the pyrrole-b signal dA was irradiated at,
e.g., 25 °C (d 8.50), the paired signal d (d 8.35) decreased to
one-third in intensity. As the temperature was lowered, the
saturation transfer was less pronounced, and virtually dis-
appeared at 0 °C. From the degree of saturation transfer from the
signals dA to d at 10 °C, the rate constant for the rotation of the
porphyrin ligands (path II) in 1b was evaluated to be 0.37 s21,**
which is almost three orders of magnitude larger than that of
2b.

The observed rotation rates for the strapped complexes (1b
and 2b), compared with those for non-strapped 1a and 2a, allow
us to estimate that the rotation via sterically more demanding
path II takes place much less frequently at every 102 to 105 times
the rotation via path I occurs. Therefore, cerium bis(5,15-
diarylporphyrinate) double-deckers may be regarded as molec-
ular oscillators, where the two facing porphyrin ligands
rotationally oscillate around the metal center, because of the
interlocking by the meso-aryl groups. Studies on stimuli-
responsive oscillations of metal bis(porphyrinate) double-
deckers are the subject worthy of further investigation.

We thank Dr N. Morisaki for HRMS measurement, and K. T.
thanks JSPS Research Fellowships for Young Scientists.
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† E-mail: aida@macro.t.u-tokyo.ac.jp
‡ According to the method reported in ref. 4, 2a was obtained as brown
powder in 11% yield. 1H NMR (270 MHz, CDCl3, 220 °C) d 9.57 (s, 4 H,
o-endo-H), 9.14 (s, 4 H, meso), 8.84, 8.76, 8.58, 8.48 (d 3 4, J 4 Hz, 16 H,
pyrrole-b), 7.78 (s, 4 H, p-H), 6.34 (s, 4 H, o-exo-H), 2.06 (s, 36 H, endo-
But), 1.14 (s, 36 H, exo-But). FAB-HRMS (m/z); calc. for M + H+

(C96H105CeN8): 1509.7517, found: 1509.7510. For the synthesis of 1b and
2b, the ether linkages of 5-(4A-methoxyphenyl)-15-(4A-tolyl)porphine
and 5-(4A-methoxyphenyl)-15-(3A,5A-di-tert-butylphenyl)porphine were
cleaved, respectively, by BR3 and the products were reacted with the
corresponding a,w-tosylated oligoether in the presence of Cs2CO3 to give
bridged free bases, which were metallated with Ce(acac)3·nH2O in refluxing
1,2,4-trichlorobenzene for 3 h under Ar. The crude products were
chromatographed on alumina and recrystallized from CH2Cl2–hexane. The
isolated yields were 5.6 (1b) and 17 (2b) %, respectively. 1b: 1H NMR (270
MHz, CDCl3, 0 °C) d 9.68 (d 3 2, 4 H, o-endo-H in C6H4Me and C6H4O),
9.09, 9.08 (s 3 2, 4 H, meso), 8.82, 8.81, 8.72, 8.68, 8.60, 8.54, 8.38, 8.30
(d 3 8, J 4 Hz, 16 H, pyrrole-b), 8.12 (d, J 7 Hz, 2 H, m-endo-H in C6H4Me),
7.89 (br s, 2 H, m-endo-H in C6H4O), 7.17–7.08 (m, 6 H, m-exo-H in
C6H4Me and C6H4O2), 6.98 (br s, 2 H, m-exo-H in C6H4O), 6.61 (br s, 2 H,
o-exo-H in C6H4O), 6.35 (d, J 7 Hz, 2 H, o-exo-H in C6H4Me), 4.80–4.26
(m, 16 H, CH2), 2.80 (s, 6 H, CH3). FAB-HRMS calc. (m/z): for M+

(C80H62CeN8O6): 1370.3847, found: 1370.3876. 2b: 1H NMR (270 MHz,
CDCl3, 21 °C) d 9.64 (br s, 2 H, o-endo-H in C6H4O), 9.52 (t, J 2 Hz, 2 H,
o-endo-H in C6H3), 9.06, 9.02 (s 3 2, 4 H, meso), 8.81, 8.80, 8.76, 8.65,
8.64, 8.56, 8.51, 8.28 (d 3 8, J 4 Hz, 16 H, pyrrole-b), 7.85 (br s, 2 H,
m-endo-H in C6H4O), 7.76 (t, J 2 Hz, 2 H, p-H in C6H3), 7.14–7.03 (m, 4
H, C6H4O2), 6.95 (br s, 2 H, m-exo-H in C6H4O), 6.59 (br s, 2 H, o-exo-H
in C6H4O), 6.31 (t, J 2 Hz, 2 H, o-exo-H in C6H3), 4.76–4.22 (m, 16 Hz,
CH2), 2.01 (s, 18 H, endo-But), 1.11 (s, 18 H, exo-But). FAB-HRMS (m/z):
calc. for M + H+ (C94H91CeN8O6): 1567.6117, found: 1567.6068.
§ Assignments were made by 1H–1H COSY and EXSY spectroscopies upon
consideration of magnetic effects of proximate meso-aryl substituents.
¶ Calculated by the method reported in ref. 4.
∑ With a Chiralcel OD-H (Daicel) column using hexane–EtOH (1/1) as
eluent at a flow rate of 0.5 ml min21; retention times: 35.9 and 85.8 min.
** According to the method described in ref. 6, the rate constant of
exchange (k) was calculated by the equation: k = (I0 2 Iirrad)/Iirrad T1

21,
where I0 and Iirrad represent intensity of the pyrrole-b signal d and that upon
irradiation to saturate the exchangeable proton singal dA, respectively, and
T1 represents the spin–lattice relaxation time for the signal dA.
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3 J. W. Buchler, K. Elsässer, M. Kihn-Botulinsky and B. Scharbert, Angew.

Chem., Int. Ed. Engl., 1986, 25, 286; J. W. Buchler and B. Scharbert,
J. Am. Chem. Soc., 1988, 110, 4272; G. S. Girolami, S. N. Milam and K.
S. Suslik, J. Am. Chem. Soc., 1988, 110, 2011; K. M. Kadish, G. Moninot,
Y. Hu, D. Dubois, A. Ibnfassi, J.-M. Barbe and R. Guilard, J. Am. Chem.
Soc., 1993, 115, 8153; D. Y. Dawson, H. Brand and J. Arnold, J. Am.
Chem. Soc., 1994, 116, 9797; G. S. Girolami, C. L. Hein and K. S. Suslik,
Angew. Chem., Int. Ed. Engl., 1996, 35, 1223; D. K. P. Ng and J. Jiang,
Chem. Soc. Rev., 1997, 26, 433.

4 K. Tashiro, K. Konishi and T. Aida, Angew. Chem. Int. Ed. Engl., 1997,
36, 856.

5 C. L. Perrin and T. J. Dwyer, Chem. Rev., 1990, 90, 935.
6 J. K. M. Sanders and B. K. Hunter, Modern NMR Spectroscopy, Oxford

University, Oxford, 1987.

Received in Cambridge, UK, 17th February 1998; 8/01350K

Fig. 1 Circular dichroism (CD) spectra of the enantiomers of 2b in hexane–
EtOH (1/1) at 10 °C
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Metal silicates by a molecular route as catalysts for epoxidation of alkenes with
tert-butyl hydroperoxide
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Macroporous, site isolated metal silicates are synthesized by
a molecular route; the molybdenum silicate is especially
active for the selective epoxidation of alkenes with tert-butyl
hydroperoxide.

The epoxidation of alkenes with ‘redox molecular sieves’ has
been studied intensively during the last decade.1 The titanium-
substituted silicalite of the MFI structure, TS-1, has been the
flagship of this effort. The small pored TS-1 is remarkably
effective for epoxidation of small linear olefins due to the
isomorphous distribution of titanium in the silicalite framework
leading to isolated Ti–(OSi)4 active centers held responsible for
its unique activity. In the quest to develop similar catalysts
viable for larger substrates, most attention has been directed
towards mesoporous catalysts such as Ti–MCM-41.2 A much
less studied approach has been to use amorphous metallosilicate
aerogels3 and xerogels4 prepared by sol–gel synthesis. The use
of the sol–gel technique has limited the possibility of obtaining
only M–O–Si connectivities (M = Ti, V, Mo and W) because
the rate of reaction of the metal alkoxides in the sol–gel method
is much faster than that of the silicon alkoxide.5 Reduced metal
site isolation considerably reduces the catalytic effectiveness of
amorphous metallosilicates. Recently, a non-aqueous molecular
route has been described for the preparation of metal silicates6

[eqn. (1)] (M = Ti, Zr, Hf, Cu) which by design leads to metal
site isolation within the silicate.

MCl4 + HOSi(OBut)3 —? M[OSi(OBut)3]4 —?D

M[O(SiO)3]4 + CH2CMe2 + H2O (1)

The molecular route procedure is based on the synthesis of an
alkoxy intermediate which forms a metal silicate polymer by
thermal elimination of isobutene and water rather than by
hydrolysis and condensation as in the sol–gel technique. We
have now utilized this technique to prepare macroporous
titanium, vanadium, molybdenum and tungsten silicate. The
molybdenum analog was especially active towards the selective
epoxidation of bulky alkenes with tert-butyl hydroperoxide
(TBHP).

The metal silicates described in this paper were prepared by
adapting the method reported for the titanium silicate.7 Thus, 40
mmol tri-tert-butoxysilanol7,8 in 100 ml toluene was reacted
with 10 mmol of metal chloride, TiCl4, V(O)Cl3, Mo(O)Cl4 and
W(O)Cl4, respectively, in the presence of 40 mmol Et3N at
room temperature for 2 h. The precipitates were filtered and
then calcinated for 12 h at ~ 250 °C to yield TiO2–4SiO2,
VO2.5–3SiO2, MoO3–4SiO2 and WO3–4SiO2, respectively. The
calcination temperature was chosen after thermogravimetric
measurements showed clean peaks for isobutene and water
elimination at this temperature.‡ N2—physisorption measure-
ments using the BET method showed that the metal silicates
were macroporous with large pore sizes of 130 ± 20 Å and
relatively low surface areas of 25 ± 5 m2 g21. The IR spectra
showed the expected peak9 at 950–960 cm21 attributable to the
Si–O stretching vibration polarized by the metal atom.§

The catalytic activity of the four metallosilicates was first
compared using the reactive but bulky cyclooctene as the model

substrate (Table 1). Using 30% hydrogen peroxide as oxidant,
reactivity was very low and the metal silicate was dissolved into
the homogeneous phase, presumably by aqueous hydrolysis. On
the other hand, using 6 m tert-butyl hydroperoxide in n-decane
as oxidant, a high yield of cyclooctene oxide was observed for
the molybdenum silicate, MoO3–4SiO2. The vanadium silicate
showed intermediate activity, whereas TiO2–4SiO2 and WO3–
4SiO2 were only slightly active. With both oxidants there was
no cyclooctene conversion without metal silicate. The stability
of MoO3–4SiO2 was tested by filtering the reaction mixture at
reaction temperature. There was no discernible loss in activity
when the heterogeneous silicate was recycled in three consec-
utive runs. No metal leaching into the organic phase was
measurable.¶

A more complete examination of the activity of MoO3–4SiO2
was carried out using different alkene substrates. First, the
effect of the TBHP:alkene ratio was studied in the epoxidation
of linear alkenes (Fig. 1). In general, doubling the amount of

Table 1 Epoxidation of cyclooctene catalysed by metal silicatesa

Conversion (mol%) Conversion (mol%)
Metal silicate (Oxidant 30% H2O2) (Oxidant 6 m TBHP)

TiO2–4SiO2 0 5
VO2.5–3SiO2 0 40
MoO3–4SiO2 5 90
WO3–4SiO2 15 7

a Reaction conditions: 1.5 mmol cyclooctene, 1.5 mmol metal silicate
(according to formula in table above), 0.1 ml 30% H2O2 + 1 ml acetone or
0.25 ml 6 m TBHP in n-decane, 60 °C, 12 h. Analysis was carried out by
GLC (HP-5890) using a dimethyl polysiloxane column (RTX-1, 30 m, 0.32
mm id, 0.25 mm coating).

Fig. 1 Epoxidation of linear alkenes catalysed by MoO3–4SiO2 as a function
of the oxidant : substrate ratio. Reaction conditions: 1.5 mmol substrate, 7.5
mmol (0.5 mol%) metal silicate, 1.5 mmol 6 m TBHP in n-decane (left
panel), 3.0 mmol 6 m TBHP in n-decane (right panel), 50 °C, for dec-1-ene
80 °C, 12 h. Analysis was carried out by GLC (HP-5890) using a dimethyl
polysiloxane column (RTX-1, 30 m, 0.32 mm id, 0.25 mm coating).
Unknown products were identified by GC–MSD (HP-GCD) under similar
conditions.
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TBHP increases the conversion and yield to epoxide, but the
selectivity is somewhat lowered due to formation of a,b-
hydroxy tert-butyl ethers by ring opening of the epoxide
formed. In very reactive (nucleophilic) compounds such as
2,3-dimethylbut-2-ene excess oxidant also brought on forma-
tion of allylic oxidation products. An increase in the reaction
temperature was also beneficial for the epoxidation reaction.
For example, in the opoxidation of dec-1-ene, the conversions
under conditions given in Fig. 2 (TBHP:1-decene = 2 : 1) were
37, 72 and 96 mol% for 50, 80 and 110 °C, respectively, with
some decrease in selectivity to epoxide from 93% (50 and
80 °C) to 85% at 110 °C. The reactivity of bulkier cyclic alkenes
has also been investigated (Fig. 2). In contrast to the
microporous TS-1, there was no sieving effect and all substrates
tested were reactive. For the monofunctional cyclic alkenes
moderate selectivity was observed with some epoxide ring
opening to the a,b-hydroxy tert-butyl ethers and the formation
of a mixture of allylic oxidation products. 4-Vinylcyclohexene
reacted quite selectively to form epoxide at the ring double bond
(10 : 1 ratio). In addition, a small amount of diepoxide was
formed (ratio monoepoxides : diepoxide = 13.3). The reaction
of limonene was considerably less selective. Both epoxides

were formed in similar amounts. There was a considerable
amount of diepoxide formed as well (ratio monoepoxides : diep-
oxide = 5.5) as well as a small amount of allylic oxidation
products. It is notable that the decrease in the amount of catalyst
has a positive effect on reaction selectivity coupled with only a
small decrease in conversion. The MoO3–4SiO2 prepared by the
molecular route is a new heterogeneous catalyst for effective
epoxidation of alkenes with anhydrous TBHP and compares
well with ‘redox molecular sieves’1 and amorphous aerogels.3

This research was supported by the United States–Israel
Binational Science Foundation (BSF), Jerusalem, Israel (grant
no. 95–00076).
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† E-mail: ronny@vms.huji.ac.il
‡ The thermogravimetric analysis showed weight loss (sharp peaks) at 250,
260 and 270 °C for TiO2–4SiO2, WO3–4SiO2 and MoO3–4SiO2, re-
spectively, which was ±2% of the loss expected upon elimination of
isobutene and water according to eqn. (1).
§ IR spectra: TiO2–4SiO2 1084, 959, 800 (sh), 461 cm21; V2O2.5–3SiO2

1169, 1080, 990, 804, 749, 675, 505 cm21; MoO3–4SiO2 1092, 951, 903,
855, 588, 465 cm21; WO3–4SiO2 1078, 961, 924, 803, 586, 465 cm21.
¶ Leaching for MoO3–4SiO2 was tested according to the method suggested
by Lempers and Sheldon (ref. 10) by heating 39 mg (0.1 mmol) MoO3–4
SiO2 with 20 mmol 6 m TBHP in n-decane for 24 h at 60 °C, and filtering
the solution while ‘hot’.
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Fig. 2 Epoxidation of cyclic alkenes catalysed by MoO3–4SiO2. Reaction
conditions: 1.5 mmol substrate 7.5 mmol (0.5 mol%) metal silicate, 1.5
mmol 6 m TBHP in n-decane, 50 °C, 12 h. For limonene and 4-vinylcyclo-
hexene 0.15 mmol (0.1 mol%) metal silicate was used. Analysis was as
described for Fig. 1.
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Photocurrent responses associated with heterogeneous electron transfer at
liquid/liquid interfaces

David J. Fermı́n, Zhifeng Ding, H. Dung Duong, Pierre F. Brevet and Hubert H. Girault*†

Laboratoire d’Electrochimie, Departement de Chimie, Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne,
Switzerland

Photocurrent measurements originating from the electron
transfer between photoexcited water soluble porphyrins and
hydrophobic redox species are studied at the polarised
water/1,2-dichloroethane (DCE) interface.

Artifical photosynthesis still remains a formidable technolog-
ical challenge and a focal point for scientists well into the next
century. Apart from solar cells based on dye sensitised colloidal
semiconducting films,1,2 no major breakthrough has been
achieved in the field of solar energy conversion since the solid
state photovoltaic cell.3 A novel approach may rely on
interfaces between two immiscible electrolyte solutions
(ITIES), in which electron exchange involves redox centres
separated by a defect-free junction. Despite recent advances in
photochemistry4 and electrochemistry at ITIES,5,6 very few
works have dealt with photocurrent measurements associated
with heterogeneous electron transfer processes.7–9 The present
report describes photocurrent responses corresponding to the
oxidation/reduction of a photoexcited water soluble porphyrin
by hydrophobic redox centres such as TCNQ and 1,2-diferro-
cenylethane (DFCET) at the water/DCE interface.

One of the major obstacles for studying electron transfer at
ITIES are the interferences introduced by ion transfer reac-
tions.5 Therefore, it is critical that charged species remain in
their respective phases over a certain potential range. This
condition was achieved by cell 1, where Zn(TPPC)42 denotes
zinc tetrakis(carboxyphenyl)porphyrin and BTPPATPBCl is
the organic electrolyte bis(triphenylphosphoranylidene)am-
monium tetrakis(4-chlorophenyl)borate. Under the cell 1 ar-
rangement, a potential window of ca. 0.8 V can be obtained
without any significant faradaic response in the dark. The
polarisation of the liquid/liquid interfaces (1.54 cm2 surface
area) was performed by a custom built four-electrode poten-
tiostat.

Photocurrent measurements were also obtained with low
frequency chopped light and lock-in detection (Stanford
Research SR830).

Photocurrent transient responses associated with the hetero-
geneous quenching of Zn(TPPC)42 by TCNQ and DFCET are
displayed in Fig. 1. The Galvani potential difference was
determined from the formal transfer potential of tetramethyl-
ammonium ion (TMA), Dw

of
0A
TMA = 0.160 V.10 Wavelengths

< 450 nm were cut off by a Schott filter in order to avoid the
absorption region of the ferrocene derivative. By convention, a
positive current corresponds to a negative charge crossing from
the organic to the aqueous phase. It is observed that the current
is positive in the presence of the electron donor, and negative for
the case of the electron acceptor. In the absence of either
quencher or sensitiser, no photocurrent responses are obtained
within the potential window.

The fact that neither reactants nor products transfer across the
interface indicate that photocurrent responses are associated
with heterogeneous electron transfer phenomena. Kotov and
Kuzmin11–13 have studied the case where a homogeneous
photoreaction is followed by transfer of the charge products
across the water/DCE interface. The shapes of the transient
responses reported by these authors are essentially different to
those observed in Fig. 1, and an order of magnitude slower. The
heterogeneous nature of the electron transfer process is further
confirmed by the dependence of the photocurrent sign on
whether the excited state of the porphyrin is reduced or
oxidised.

The transient photocurrent in Fig. 1 depends on the applied
Galvani potential difference across the interface. For TCNQ, the
photocurrent is rather small at positive potentials and increases
toward negative potentials. The photocurrent exhibits an in-
phase response followed by a slow decay upon illumination.
When the illumination is interrupted, a positive overshoot is
observed before the photocurrent relaxes to zero. These

Fig. 1 Photocurrent transient measurements at various Galvani potential
differences obtained from cell 1 and employing as quenchers TCNQ (a) and
DFCET (b). Illumination was provided by a 450 W Arc-Xe lamp. l < 450
nm were cut by a Schott filter. It is observed that the photocurrent is
negative (electron transfer from water to DCE) in the presence of TCNQ and
positive for DFCET.
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transients resemble the behaviour observed for interfacial
electron–hole recombination at p-type semiconductor/electro-
lyte junctions.14 For DFCET, the recombination features are not
so evident, but the photocurrent increases progressively as the
potential is increased.

Photocurrent action spectra obtained at various Galvani
potential differences are contrasted with the transmission
absorption spectrum of the system in Fig. 2. The similar features
in both spectra confirm the relation between electron transfer
and the excited state of the porphyrin. It is observed the onset of
the Soret band, which corresponds to the second singlet excited
state S2 located at ca. 430 nm. The photocurrent spectra also
show three Q band transitions in the region 500–630 nm, which
are associated with the first singlet excited state S1 (560 nm) and
its vibrational overtones. Although the wavelength of the
photocurrent responses coincides with the absorption bands, the
relative intensities are somehow different. The origin of this
effect is still unclear, but it could indicate that the porphyrin
involved in the electron exchange process have a different
environment in comparison to the bulk porphyrin, probably due
to adsorption.

Some of the features observed in the photocurrent transients
in Fig. 1 can be explained in terms of a competition between
product separation following the electron transfer step and the
return electron transfer (recombination). In analogy with
homogeneous photochemistry, the complex formed during the
electron transfer phenomena can be denominated ion pair.4,15 In
the present case, this intermediate has an essentially heteroge-
neous stucture, therefore the forward electron transfer as well as
the recombination reaction involve faradaic responses. In
general, the photoelectrochemical reduction of a sensitiser S by
an electron donor Q can be represented by Scheme 1 where
[S2···Q+] represents the intermediate ion pair, and the sub-
indexes w, o and int stand for aqueous, organic and interfacial
region respectively. According to this mechanism, the initial
photocurrent will be determined by the competition between
electron transfer [eqn. (3)] and the decay of the excited state
[eqn. (2)]. The subsequent decay of the photocurrent will be an
effect of the recombination reaction [eqn. (5)], and the steady
state photocurrent will be a function of the rate constants k1–k4.
A quantitative analysis of the transient responses is currently in
preparation.

Recent results reveal that the photocurrent density is
independent of the angle of illumination and linearly dependent
on the light intensity.16 This behaviour further suggests that the
porphyrin molecules involved in the photocurrent responses are
effectively confined to the liquid/liquid contact surface. It has
also been found that diffusion effects become significant at high
photocurrent levels ( > 1025 A cm2).16

Several other quenchers have been studied, showing different
kinetics of electron transfer and recombination. In general,
recombination features are dependent on the applied potential,
indicating that the competition between recombination and
product separation is affected by the Galvani potential differ-
ence. Moreover, the initial photocurrent is also dependent on the
applied potential, reflecting a change in the electron transfer rate
constant. The fact that the photocurrent increases as the
potential becomes more negative in the case of TCNQ, and with
increasing potentials for DFCET, suggests that these effects are
not related to changes in the interfacial concentration of the
porphyrin.5,17,18 In contrast to the behaviour at semiconductor/
electrolyte interfaces, the experimental evidence indicates that
the activation energy for the electron transfer is affected by the
applied potential.

The results presented in this report indicate that Zn(TPPC)42

is an ideal sensitiser for the study of heterogeneous electron
transfer across the water/DCE interface. Both positive and
negative photocurrents can be obtained upon replacing an
electron donor for an electron acceptor in the organic phase. The
photocurrent responses exhibit the same feature of the absorp-
tion spectra of the porphyrin. Evidence of back electron transfer
appears in a similar fashion to electron–hole interfacial
recombination at the semiconductor/electrolyte junctions.
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Fig. 2 Photocurrent spectra of cell 1 at various potentials in the presence of
DFCET. The transmission absorption spectrum of Zn(TPPC)42 is also
superimposed for qualitative comparison.
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Dinuclear cyclometallated platinum(ii) complex as a sensitive luminescent
probe for SDS micelles

Li-Zhu Wu,a Tsz-Chun Cheung,a,b Chi-Ming Che,a*† Kung-Kai Cheunga and Michael H. W. Lamb

a Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, PR China
b Department of Biology and Chemistry, City University of Hong Kong, Tat Chee Ave., Hong Kong, PR China

The photoluminescent properties of two dinuclear
cyclometallated PtII complexes, [Pt2L1

2(m-dppm)]2+ 1 and
[Pt2L2

2(m-dppm)]2+ 2, in SDS micellar solution are studied
and 1 is found to undergo enhancement of luminescence as
well as switching of emissive states upon incorporation into
SDS micelle.

Metal–metal to ligand charge transfer (MMLCT) emission has
been receiving growing interest in the photophysics and
photochemistry of dinuclear PtII diimine complexes.1 Such
emission depends on the extent of PtII–PtII and/or ligand–ligand
interactions. These interactions are weak under normal circum-
stances, but are sensitive to the surrounding environment. Thus,
with suitable molecular design, such MMLCT emission of
dinuclear PtII systems may serve as a means to probe the
chemical environment in which the PtII complex is presented.
One potentially important application is the probing of
transformations in micellar microheterogenerous environ-
ments.2 Here, we highlight a conformational non-rigid dinu-
clear cyclometallated Pt complex [Pt2L1

2(m-dppm)]2+ 1 (dppm
= Ph2PCH2PPH2) (Fig. 1) as a new spectroscopic probe for
SDS micelles.3 The flexible conformation of the PtII complex
prompts the intramolecular metal–metal and/or ligand–ligand
interactions, and hence its MMLCT emission, to be sensitive to
the microheterogenerous environments of the SDS micelles
(Scheme 1).

The ligand L1 [4-(p-diethylphosphonophenyl)-6-phenyl-
2,2A-bipyridine] was obtained from the reaction between
4-(p-bromophenyl)-6-phenyl-2,2A-bipyridine and diethyl phos-
phite in the presence of a Pd0 catalyst.4 The dinuclear PtII
complex 1 was prepared by stirring [PtL1Cl] and 1,2-bis(di-
phenylphosphino)methane in MeCN–EtOH. It was isolated as a
PF6
2 salt. For comparison, an analogous complex, [Pt2L2

2(m-
dppm)]2+ 2 [L2 = 4-(4-chlorophenyl)-6-phenyl-2,2A-
bipyridine] (Fig. 1), without PO(OC2H5)2 groups was also
prepared.‡ The structure of 2[PF6]2 has been characterized by
X-ray crystallography (Fig. 2).§ The two planar [PtL2] units are
nearly parallel to each other with a dihedral angle of 4.6°, and
staggered with a torsion angle of 27.2°. The configurations of

the two [PtL2] units are identical and are related by a C2 axis
passing through the –CH2– unit of the dppm ligand. The
intramolecular Pt–Pt distance is 3.150(1) Å. This is shorter than
the intramolecular Pt–Pt distance of [Pt2L3

2(m-dppm)]2+ (L3 =
6-phenyl-2,2A-bipyridine) (3.301 Å)5 but is comparable to that
in [Pt2(NH3)4(m-C4H5N2O2)2]2+ (3.131 Å).6 The structure of 1
is expected to resemble that of 2 as the spectroscopic properties
of 1[PF6]2 and 2[PF6]2 are similar,¶ we envisage that there is
also weak metal–metal and/or ligand–ligand interactions in the
former complex.

Emission spectra of 1[PF6]2 in CH2Cl2 and 2[PF6]2 in MeCN
show low energy bands at 648 nm and 661 nm, respectively,
which are both attributable to the MMLCT {3[(ds*)s(p*)]}
transitions.1 However, in MeOH, no emission from 1 can be
observed. This is most probably due to quenching by solvent
molecules at the open coordination sites. As shown in Fig. 3(a),
addition of SDS micelles to an aqueous solution of 1 leads to an
emission with lmax at 530 nm (t = 1.4 ms), which is similar to
the MLCT emissions of related mononuclear cyclometallated
PtII complexes.7 Interestingly, no MMLCT emission can be
observed. We attribute that the SDS micelle creates a protecting
environment for the PtII complex so that enhancement of
emission is recorded upon incorporation of the dinuclear PtII
complex. The fact that the emission of 1–SDS micelle is very
different from those observed in CH2Cl2 solution and solid state
suggests no intramolecular and/or intermolecular PtII–PtII
interaction between the two cyclometallated PtII units upon
incorporation of the complex in the SDS micelle.

It is well established that with increasing ionic strength,
micelles will undergo substantial transformations in size and
shape to create cylindrical micelles with large aggregation
number and SDS head groups will be brought closer in
proximity.8 We found that the emission properties of 1 in the
SDS micelle are dramatically altered by the addition of counter
cations. Fig. 3 shows the emission spectra of 1 in the SDS
micellar solution recorded at different NaCl concentrations.
Initial addition of NaCl slightly enhances the intensity and

Fig. 1 Complexes 1 and 2 Scheme 1
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lifetime of the 530 nm emission. An additional emission
maximum at 650 nm gradually develops as [NaCl] increases.
The 650 nm emission corresponds well to the 3MMLCT
emission of 1 recorded in CH2Cl2 solution and in solid state.
Time resolved emission spectra of 1 in SDS micellar solution
recorded at [NaCl] = 0.5 m show different decay rates for the
530 and 650 nm emission maxima. This indicated that the two
emissions are coming from two different excited states.
Presumably they are the MLCT excited states of the two non-
interacting cyclometallated PtII units and the MMLCT excited
states of two interacting ones (Scheme 1), respectively. The
sensitive responses of the luminescent properties of 1 to [NaCl]
can be rationalized as follows. The cyclometallated PtII
molecules may not reside too deep in the SDS micellar cores
and are still subjected to quenching by the solvent molecules.
Addition of Na+ brings the SDS head groups closer in proximity

through a reduction in electrostatic repulsion. This would
reduce water penetration at the micellar surface and enhance the
hydrophobicity of the medium so that solvent induced non-
radiative decay at the open coordination sites is prohibited.
Thus, the intensity and lifetime of the 530 nm emission are both
enhanced upon initial addition of NaCl. Importantly, the
alignment of the SDS head group with Na+ cations would also
force two cyclometallated PtII units close enough for intra-
molecular metal–metal and/or ligand–ligand interaction
(Scheme 1). This ultimately leads to an accessible MMLCT
excited state and accounts for the 650 nm emission at high NaCl
concentration. The alignment of the SDS head groups in the
micellar solution would be expected to depend on the size of the
counter cations. We found that addition of K+ or NH4

+ gave a
similar effect on the photoluminescence of the micellar solution
of 1. However, the bulky NMe4

+ cation did not give rise to any
low energy emission with lmax ! 600 nm.

The above data show that the emission properties of a
cyclometallated dinuclear PtII complex are sensitive to the
micelle environment. Switching from MLCT to MMLCT
emission is observed upon micellar transformation. This reveals
the potential application of weak metal–metal interaction
present in a conformational non-rigid molecule as a sensitive
probe for micellar microheterogeneous environments.

We acknowledge support from Hong Kong Research Grant
Council and the University of Hong Kong.
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‡ NMR data: 1[PF6]2: 1H NMR (CD3CN, 270 MHz), d 1.40 (t, CH2CH3, 12
H), 4.29 (q, CH2CH3, 8 H), 4.88 [t, PCH2P, 3J(PtPCH2) 13 Hz]. 31P{1H}
NMR (MeCN), d 19.46 [PCH2P, 1J(PtP) 2037 Hz], 16.75 [(EtO)OP].
2[PF6]2: 1H NMR (CD3CN, 270 MHz), d 5.23 [t, PCH2P, 3J(PtPCH2) 13
Hz]. 31P{1H} NMR (MeCN), d 19.16, 1J(PtP) 2060 Hz.
§ Crystal data for 2[PF6]2; C69H52Cl2F12N4Pt2P4·2C3H7NO, M = 1893.33,
monoclinic, space group C2/c (no. 15), T = 301 K, a = 13.099(2), b =
38.901(4), c = 14.259(5) Å, b = 90.98(2)°, U = 7264(2) Å3, Z = 4, Dc =
1.732 g cm23, m(Mo-Ka) = 40.75 cm21, F(000) = 3720, an orange crystal
of dimensions 0.50 3 0.07 3 0.05 mm, data collected by an Enraf-Nonius
CAD4 diffractometer with graphite monochromated Mo-Ka radiation (l =
0.710 73 Å), intensity data were corrected for Lorentz and polarization
effects and empirial absorption corrections based on the y-scan of four
strong reflections. Convergence for 3551 reflections with I > 3s(I) was
reached at R = 0.029, wR = 0.032, goodness-of-fit = 1.48, (D/s)max =
0.03, the final difference Fourier map was featureless with maximum
positive and negative peaks of 0.91 and 0.60 e Å23 respectively. CCDC
182/806.
¶ Spectroscopic data: 1[PF6]2: UV–VIS (CH2Cl2) [l/nm, (e/dm3 mol21

cm21)]: 290 (6.58 3 104), 320 (4.30 3 104). Emission spectrum (CH2Cl2,
298 K) (lmax/nm, t/ms): 648 (2.30). 2[PF6]2: UV–VIS (MeCN) [l/nm,
(e/dm3 mol21 cm21)]: 293 (4.79 3 104), 320 (4.12 3 104), 400–526 (3.90
3 103–1.00 3 103), 532–561 (9.70 3 102–2.00 3 102). Emission spectrum
(MeCN, 298 K) (lmax/nm, t/ms): 661 (0.19).
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Fig. 2 Perspective view of 2. Selected bond lengths (Å) and angles (°): Pt–Pt
3.150(1), Pt(1)–N(1) 2.15(1), Pt(1)–C(29) 2.02(1), P(1)–C(2) 1.84(1),
N(1)–C(14) 1.34(1), N(2)–C(19) 1.35(1), Pt(1)–P(1) 2.25(1), Pt(1)–N(2)
2.00(1), P(1)–C(1) 1.82(1), P(1)–C(8) 1.82(1), N(1)–C(18) 1.37(1),
N(2)–C(23) 1.36(1); P(1)–Pt(1)–N(1) 106.1(2), P(1)–Pt(1)–C(29) 95.5(2),
N(1)–Pt(1)–C(29) 104.0(5), Pt(1)–P(1)–C(1) 115.4(3), Pt(1)–P(1)–C(8)
116.2(3), P(1)–Pt(1)–C(29) 95.5(2), N(1)–Pt(1)–N(2) 77.3(2), N(2)–Pt(1)–
C(29) 80.9(3), Pt(1)–P(1)–C(2) 113.4(3), C(1)–P(1)–C(2) 105.6(4).

Fig. 3 Emission spectra of 1 at various [NaCl] in SDS micellar solution.
[SDS] = 1.52 3 1022 mol dm23, [1] = 3.46 3 1026 mol dm23, [NaCl]
mol dm23: (a) 0, (b) 0.06, (c) 0.2, (d) 0.3, (e) 0.4, (f) 0.5.
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A novel, internally-solvated phosphinomethanide; crystal structure of
Li[C(SiMe3)2{P(C6H4CH2NMe2-2)2}]

William Clegg, Simon Doherty,*† Keith Izod*† and Paul O’Shaughnessy

Department of Chemistry, University of Newcastle upon Tyne, Newcastle upon Tyne, UK NE1 7RU

Metallation of P{CH(SiMe3)2}(C6H4CH2NMe2-2)2 with
BunLi yields a novel lithium phosphinomethanide in which
the ligand exhibits an unprecedented tridentate PN2 coor-
dination mode and in which there are no short contacts
between lithium and the planar carbanion centre.

Over the last decade an extensive chemistry has emerged for
phosphorus-stabilised carbanionic ligands such as the phosphi-
nomethanides, R2PCR2, and diphosphinomethanides,
(R2P)2CR. Interest in these ligands arises from their ability to
bind to metal centres in a variety of coordination modes,
providing varying degrees of steric hindrance and electron
donation. Mono-, di- and tri-phosphinomethanides are known to
coordinate as monodentate C-donors,1 h2-CP-donors,2 bi-
dentate PP-donors,3 heteroallyl ligands,4 and bridging ligands.5
We now describe a unique coordination mode for such a ligand
in a lithium derivative of an amino-functionalised phosphino-
methanide.

Treatment of the tertiary phosphine P{CH(Si-
Me3)2}(C6H4CH2NMe2-2)2 1 with 1 equiv. of BunLi in diethyl
ether yields the novel phosphinomethanide Li[C(Si-
Me3)2{P(C6H4CH2NMe2-2)2}] 2, isolated in high yield as
yellow, air-sensitive plates (Scheme 1).‡ Whilst metallation of
the related ligand HC(PMe2)(SiMe3)2 requires heating under
reflux with BunLi for three weeks in hexane,1 metallation of 1
was complete within 12 h at room temperature. It is reasonable
to attribute the enhanced susceptibility of 1 towards deprotona-
tion to chelation assistance, i.e. the coordination of an amino-
group to lithium prior to the deprotonation step.

The room temperature 1H NMR spectrum of 2 exhibits two
SiMe3 signals, together with extremely broad resonances due to
the benzylic and NMe2 protons. These latter signals sharpen
considerably at 60 °C, which suggests a dynamic process,
possibly involving changes in chelate ring conformation or
dissociation of the NMe2-groups, in solution. In contrast, the 31P
and 7Li NMR spectra of 2 consist of a sharp quartet and doublet
respectively [1J(31P–7Li) 88.9 Hz], suggesting that a Li–P
interaction is maintained in solution.

Since the addition of polydentate amines to lithium phos-
phinomethanides favours the formation of C-bonded species,1
we were interested to observe the influence of intramolecular
coordination of the dimethylamino groups on the structure of 2.
Unexpectedly, an X-ray diffraction study of 2 revealed an
unprecedented tridentate PN2 coordination mode for the
phosphinomethanide ligand (Fig. 1).§ The lithium lies in a
trigonal pyramidal environment (sum of angles at Li = 326.1°),
coordinated solely by the phosphorus and nitrogen atoms of the

ligand, forming two puckered, six-membered chelate rings,
each with a bite angle of ca. 98°. The carbanion centre C(1) is
perfectly planar [sum of angles at C(1) = 359.4°] and has no
significant intra- or inter-molecular contacts to Li. Few
examples of planar, isolated carbanions have been reported and
the majority of these contain highly delocalised polyaryl-
methanide derivatives.6

As is common in phosphinomethanide species, the P–C(1)
distance in 2 [1.735(3) Å] is substantially shorter than that
expected for a P–C single bond, suggesting significant P–C
multiple bond character. Indeed the P–C(1) distance in the
tertiary phosphine {(Me3Si)2CH}P(CH2C6H4-2-NMe2)2 3,
which is isomeric with 1, is 1.865(2) Å.7 The P–C(1) distance in
2 is considerably longer than both the P–CH2 distance of
1.702(2) Å in [(PhCH2)2NLi·CH2PPh3]n, a Li complex of a
neutral PV ylide,8 and the P–C bond length range of 1.64(1) to
1.690(5) Å in a series of lithiated phosphine oxide compounds.9
Such a difference is to be expected since these latter compounds
are PV derivatives with substantial ylidic character. The Si–C(1)
distances of 1.818(3) and 1.826(3) Å are similar to previously
reported Si–C distances in other silicon-stabilised carb-
anions.10

The Li–P distance of 2.427(6) Å is short in comparison to
analogous distances in lithium phosphinomethanides where the
ligand binds in its more usual coordination modes. For example,
the Li–P distances in [Li{C(PMe2)(SiMe3)2}]2

1 and (tmen)-
Li{C(PPh2)2(SiMe3)}3 are 2.519(4) and 2.530(7) Å, respec-
tively. This may reflect the increased ionic contribution to the
Li–P interaction associated with the delocalisation of charge
from the carbanion centre to phosphorus.

Scheme 1

Fig. 1 Molecular structure of 2 (H atoms omitted for clarity). Selected bond
lengths (Å) and angles (°): Li–P 2.427(6), Li–N(1) 2.096(6), Li–N(2)
2.083(6), C(1)–P 1.735(3), C(1)–Si(1) 1.818(3), C(1)–Si(2) 1.826(3), P–Li–
N(1) 98.4(2), P–Li–N(2) 97.4(2), N(1)–Li–N(2) 130.3(3), Li–P–C(1)
126.31(16), P–C(1)–Si(1) 126.26(18), P–C(1)–Si(2) 113.61(17), Si(1)–
C(1)–Si(2) 119.49(16).
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Investigations into the coordination behaviour of this and
related amino-functionalised phosphinomethanides are cur-
rently in progress.

Notes and References

† E-mail: k.j.izod@ncl.ac.uk; simon.doherty@ncl.ac.uk
‡ Characterisation of 2: 1H NMR (C6D6, 343K), d 0.39 (s, SiMe3), 0.62 (s,
SiMe3), 1.75 (br s, NMe2), 3.10 (br s, CH2NMe2), 6.91–7.16 (m, ArH); 31P
NMR (C6D6), d 218.2 [q, 1J(31P–7Li) 88.9 Hz]; 7Li NMR (C6D6), d 1.25
(d).
§ Crystal data for 2: C25H42LiN2PSi2, M = 464.7, triclinic, space group P1̄,
a = 9.1358(12), b = 9.3158(13), c = 17.369(2) Å, a = 86.816(3), b =
98.275(3), g = 68.972(4)°, U = 1378.1(3) Å3, Z = 2, Dc = 1.120 g cm23,
m = 0.20 mm21 (Mo-Ka radiation, l = 0.710 73 Å), T = 160 K, crystal
size 0.28 3 0.18 3 0.02 mm. The structure was solved by direct methods
and refined on F2 values of all 4816 unique data (8451 data measured on
Bruker AXS SMART diffractometer, 2qmax = 50°, Rint = 0.0501) with
anistropic displacement parameters and riding isotropic hydrogen atoms;
wR2 = 0.1161 for all F2 values, conventional R = 0.0539 for F values of
2925 reflections having Fo

2 > 2s(Fo
2), goodness of fit = 0.985, for all F2

values and 291 refined parameters. A final difference map was essentially
featureless. Programs were standard Bruker AXS SMART, SAINT and
SHELXTL together with local programs. CCDC 182/837.
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Synthesis of polystyrene and silica gel polymer hybrids via p–p interactions

Ryo Tamaki, Ken Samura and Yoshiki Chujo*

Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Yoshida, Sakyo-ku,Kyoto, 606-8501, Japan

Homogeneous polystyrene and silica gel polymer hybrids
have been prepared utilizing the sol–gel reaction of phenyl-
trimethoxysilane; p–p interactions between phenyl groups of
the organic polymer and those of silica gel were found to play
a critical role for the homogeneity.

In recent years a large variety of organic and inorganic polymer
hybrids have been synthesized by the sol–gel technique utilizing
alkoxysilanes.1–4 A most noticeable characteristic of these
hybrid materials is the molecular-level integration of organic
and inorganic elements. The interactions that have been utilized
to integrate organic and inorganic phases are generally
classified into two groups; covalent bonding and hydrogen
bonding interactions.2 The former interaction is attained by the
incorporation of silane coupling groups into organic segments.5
The latter interaction is effective when organic segments have
polar functional groups such as amide and urethane groups. The
interaction acts between these functional groups and residual
silanol groups of silica gel.1 On the other hand, p–p interactions
are known as one of the types of attractive non-covalent
bonding interactions which play a critical role in, for example,
the stabilization of the double helical structure of DNA and
complexation in host–guest systems.6 Here we introduce a new
approach to synthesize homogeneous polymer hybrids utilizing
p–p interactions. Homogeneous polymer hybrids of polysty-
rene and silica gel were successfully prepared by this method.

Polystyrene and silica gel polymer hybrids were prepared by
utilizing a sol–gel reaction of phenyltrimethoxysilane
(PhTMOS). The sol–gel reaction proceeds via hydrolysis and
subsequent condensation of alkoxysilanes. When an alkyl-
substituted alkoxysilane is used as a starting material, the alkyl
group is introduced into silica gel since the Si–C bond does not
undergo hydrolysis reaction. Thus, phenyl groups would be
introduced into the silica gel by the sol–gel reaction of
PhTMOS.

As shown in Scheme 1, the alkoxysilane was added to a THF
solution of polystyrene (Mw = 24 500, Mn = 17 700, Mw/Mn =
1.39) followed by an addition of 0.1 m HCl as catalyst. The
mixture was then heated at 30 °C and the temperature was
gradually raised to 80 °C and the sample kept at this
temperature for a week. For comparison, other alkoxysilanes
such as tetramethoxysilane (TMOS) methyltrimethoxysilane
(MTMOS) and isobutyltrimethoxysilane (BuiTMOS) were also
used as starting materials. The mass ratio of alkoxysilane to
polystyrene was 0.1 or 1.0. Homogeneity of the obtained
polymer hybrids was evaluated optically. Transparency of the
polymer hybrids is attained only when silica gel particles
embedded within polystyrene are smaller than the wavelength
of light.2 As shown in Table 1, transparent polymer hybrids
were obtained for both mass contents when PhTMOS was used
as a starting material for the sol–gel reaction. In contrast,
polymer hybrids became translucent or turbid when TMOS,
MTMOS or BuiTMOS were used. Other alkoxysilanes contain-
ing a phenyl ring were also employed for the synthesis of the
polymer hybrids. Mesityltrimethoxysilane (MesTMOS) gave
homogeneous polymer hybrids when the mass ratio was 0.1.
However, the homogeneity deteriorated as the mass ratio was
increased to 1.0. The result might be attributed to methyl groups
on the phenyl ring of MesTMOS, which are suspected to

interrupt the p–p interaction. When phenethyltrimethoxysilane
(PhenethylTMOS) was used as the starting material homoge-
neous polymer hybrids were obtained for both mass contents.
These results demonstrate that a phenyl ring is necessary for the
homogeneous dispersion of polystyrene and silica gel. In
addition, as was observed for MesTMOS, spatial bulkiness on

Scheme 1

Table 1 Effect of alkyl groups on homogeneity of silica gel hybrids

RSi(OMe)3

Run RSi(OMe)3
a /PSa 0.1 m HCl/ml Appearance

1 Ph 0.1 0.045 Transparent
2 Ph 1 0.045 Transparent
3 OMe 0.1 0.059 Turbid
4 OMe 1 0.059 Turbid
5 Me 0.1 0.078 Turbid
6 Me 1 0.078 Turbid
7 Bui 0.1 0.052 Turbid
8 Bui 1 0.052 Turbid
9 Mesityl 0.1 0.037 Transparent

10 Mesityl 1 0.037 Turbid
11 Phenethyl 0.1 0.040 Transparent
12 Phenethyl 1 0.040 Transparent

a 0.5 g of PS was dissolved in 5 ml of THF with RSi(OR)3 and acid catalyst.
The mixture was heated at 30–80 °C in an oven.
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the phenyl rings was found to lead to deterioration of the
homogeneity. Considering these results, it is expected that the

stacking between phenyl rings of polystyrene and silica gel,
rather than hydrophobic interactions, is critical for the homoge-
neous dispersion of the polymer and silica gel. Clear differences
were observed in SEM measurements. As shown in Fig. 1,
phase separation appeared in the polymer hybrid prepared from
MTMOS with a mass ratio of 0.1 and silica gel domains of !5
mm were observed. On the other hand, a polymer hybrid
prepared from PhTMOS showed no recognizable segregation at
this level. As the mass ratio of alkoxysilanes was increased to
1.0, the size of silica gel domains increased to 50 mm in the
polymer hybrid prepared from MTMOS, while the polymer
hybrid prepared from PhTMOS still showed a uniform image.

We also carried out the synthesis of polymer hybrids starting
from poly(diallylphthalate) and polycarbonate as organic com-
ponents which also have phenyl rings as repeating units. As
observed in the case of polystyrene, transparent polymer
hybrids were obtained when PhTMOS or PhenethylTMOS was
used as a starting reagent for the inorganic part, while other
alkoxysilanes such as TMOS, MTMOS or BuiTMOS gave only
inhomogeneous polymer hybrids.7 These results indicate that
p–p interactions are quite effective for the synthesis of
homogeneous polymer hybrids of aromatic polymers and silica
gel.

Notes and References
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Fig. 1 Scanning electron micrographs of (a) a polymer hybrid prepared from
PhTMOS and PS (b) a polymer hybrid prepared from MTMOS and PS
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Reductive elimination of a-alkynyl substituted zirconacyclopentenes: formation
of cyclobutene derivatives

Yuanhong Liu,a Wen-Hua Sun,a Kiyohiko Nakajimab and Tamotsu Takahashi*a†
a Catalysis Research Center and Graduate School of Pharmaceutical Sciences, Hokkaido University, Sapporo 060, Japan
b Department of Chemistry, Aichi University of Education, Igaya, Kariya 448, Japan

Reductive elimination of a-alkynyl substituted zirconacyclo-
pentenes, prepared from diaryldiynes and Cp2ZrEt2, pro-
ceeded upon heating or in the presence of dimethyl
acetylenedicarboxylate to give alkynylcyclobutene deriva-
tives.

Reductive elimination of two organic groups on metals is a
basic reaction step for making new C–C bonds.1 Although this
step has been intensively investigated for late transition metal
compounds, it has not been well studied for early transition
metal compounds such as zirconium. To the best of our
knowledge, only a few reductive couplings of two organic
groups of organozirconium compounds have been reported,
such as photolysis or oxidation of diphenylzirconocene produc-
ing biphenyl,2 CO insertion into organozirconocenes or zircona-
cycles followed by migration giving ketone derivatives,3 or an
alkynyl–phenyl coupling via ate-complexation.4 Here we report
that the reductive coupling of a-alkynyl substituted zirconacy-
clopentenes, prepared by the reaction of diaryldiynes with
Cp2ZrEt2, proceeded upon heating or in the presence of
additives such as dimethyl acetylenedicarboxylate to give
alkynylcyclobutene derivatives.

We have already reported that a reaction of diynes with
Cp2Zr(CH2NCH2) in situ prepared from Cp2ZrEt2 afforded
a-alkynylzirconacyclopentenes (2) which gave a dideuterated
enyne 3 after deuterolysis 5 and a-alkynylcyclopentenones 4 by
treatment with CO/I2 [reaction (1)].6 Here we find that, upon
heating 2a–c in THF at 50 °C for 9 h in the presence of 2 equiv.
of PMe3, a reductive elimination reaction of 2a–c proceeds to
afford the complexes 5a–c in 61–86% NMR yields. Treatment
of 5a–c with an excess of I2 produced alkynylcyclobutenes 6a–c
in 70–84% NMR yields based on diynes [reaction (2)]. This
indicates that reductive elimination of 2a–c took place to give
cyclobutene derivatives. The Cp2ZrII species formed by the
reductive elimination were trapped as alkyne complexes
stabilized by PMe3 and 6a–c to give 5a–c.7‡ This is the first
example of the direct formation of cyclobutene derivatives from
zirconacyclopentenes, to the best of our knowledge.8

In the presence of 1 equiv. of hex-3-yne instead of PMe3,
zirconacyclopentadienes 7a–d were formed.9 After hydrolysis
of 7a–d, cyclobutenyldienes 8a–d were obtained in 74–85%
yields as mixtures of two regioisomers in a ratio of 3 : 1 as
expected (Scheme 1). Deuterolysis of 7a instead of hydrolysis

afforded a dideuterated product with > 98% deuterium in-
corporation. The zirconacyclopentadiene 7a was further con-
verted into benzene derivatives 9 as a mixture of two

Scheme 1
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regioisomers by the reaction with dimethyl acetylenedicarbox-
ylate by our method.10 The structure of minor isomer 9 was
determined by X-ray analysis.§

Addition of dimethyl acetylenedicarboxylate to 2a–d in-
duced the direct formation of free 6a–d in 64, 63, 62 and 69%
NMR yields, respectively [reaction (3)]. Although the zirco-
nium species trapped by dimethyl acetylenedicarboxylate was
not clearly detected in this reaction, NMR study of this reaction
revealed that the cyclobutene formation from 2a at 50 °C obeys
the first order rule and the reaction rate was 1.6 3 1022 min21.
This indicates that the presence of dimethyl acetylenedicarbox-
ylate does not cause the reductive elimination. Dimethyl
acetylenecarboxylate liberates 6 from zirconium.

Note that the cyclobutene formation was also induced by the
reaction of 2a with allyl chloride,11 vinyl butyl ether,12 and a
homoallyl bromide13 as shown in Scheme 2. Hydrolysis of these
reaction mixtures gave the corresponding products 10–12 in 70,
53 and 60% yields, respectively.

Notes and References
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‡ NMR data for 5a: dH(C6D6 1.18 (d, J 6.2, 9 H), 2.65 (br, 2 H), 2.79 (br,
2 H), 5.54 (br, 10 H), 6.92–7.66 (m, 10 H); dC(C6D6) 17.12(d), 25.89, 29.97,
102.91, 124.46, 124.74, 125.83, 126.08, 128.08, 128.50, 129.79, 138.62,
142.68, 154.39, 156.04(d), 178.77(d).
§ Crystal data for 9 (minor isomer): C30H30O4, M = 454.57, monoclinic,
space group P21/n (no. 14), a = 7.0458(3), b = 20.7179(6), c = 17.3291(8)
Å, b = 94.627(6)°, U = 2521.4(2) Å3, Z = 4, Dc = 1.20 g cm23, m(Cu-Ka)
= 5.9 cm21, 5565 measured reflections, 3950 reflections with I > 3s(I), R
= 0.046. CCDC 182/826.
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An efficient chemical method for removing N-terminal extra methionine from
recombinant methionylated human growth hormone

Osamu Nishimura,*a† Masato Suenaga,a Hiroaki Ohmae,a Shinji Tsujia and Masahiko Fujinob

a Biotechnology Laboratories, Pharmaceutical Research Division, Takeda Chemical Industries, Ltd., Yodogawa-ku, Osaka 532,
Japan
b Takeda Chemical Industries, Ltd., Chuou-ku, Osaka 541, Japan

Conversion of recombinant methionylated human growth
hormone (Met-hGH) into its non-methionylated form (hGH)
has been successfully achieved by a chemical process, which
consists of a transamination reaction and phenylene-
1,2-diamine treatment.

Production of recombinant proteins for clinical use has been
increasing with the advent of genetic engineering technology.
However, there are still numerous problems in the production of
recombinant proteins. Typically, difficulties remain in the
addition of methionine at the N-terminus corresponding to the
initiation cordon (ATG),1 refolding from inactive inclusion
bodies,2–4 post-translational modification5–7 and hete-
rogeneity8,9 caused by endogenous proteases. We have encoun-
tered and given some answers to these problems during the
production of various kinds of recombinant proteins in our
laboratories, such as interferon-a,5 interferon-g,6,8 interleukin-
210 and the basic fibroblast growth factor mutein.7

Recombinant proteins are often produced with an additional
methionine at the N-terminus because methionine aminopepti-
dase is strongly influenced by the kind of amino acid residue.11

Thus, the N-terminal methionine is hard to cleave when the side
chain of the adjacent amino acid is bulky or charged.
Recombinant human growth hormone(hGH) produced in Es-
cherichia coli is fully methionylated1 because the N-terminal
amino acid is phenylalanine. The removal of the additional
N-terminal methionine is a great concern in the production of
recombinant hGH for therapeutic applications since physio-
logical features, such as biological activity, stability in vivo and
antigenicity of methionylated derivatives, may be different from
those of the natural species. In this regard, we have previously
reported a procedure for cleavage by aminopeptidase M.12

Dixon and co-workers removed the N-terminal residue of
Pseudomonas cytochrome c-551 after transamination13,14 in
order to study whether the N-terminal residue is essential for the
function of the protein or not. However, this method has never
been used to remove an additional methionine at the N-terminus
of recombinant proteins. We took advantage of this method for
the production of hGH from Met-hGH12 produced in E. coli,
and found it to be of great value as a versatile procedure for the
preparation of non-methionylated hGH, as well as other non-
methionylated recombinant proteins.

Here we describe our chemical procedure for removing extra-
methionine at the N-terminus and show the first example of
removing an additional methionine at the N-terminus of a
recombinant protein using a chemical method.

To obtain hGH, we optimized both the transamination and the
scission reaction and found that the best conditions were: 8 mm
CuSO4, 0.5 m glyoxylic acid and 10% pyridine for the former
and 40 mm phenylene-1,2-diamine, 2 m NaOAc and 2 m AcOH
for the latter. As shown in Scheme 1, Met-hGH12 was converted
into the oxo-acyl form‡ and then passed through a column of
Sephadex G-25.§ The resulting product was cleaved with
phenylene-1,2-diamine¶ to give crude hGH, in ca. 70%
conversion yield, which was then purified by chromatography
on Sephadex G-25, followed by DEAE-5PW.∑ Thus, about 60

mg of the purified hGH was obtained from 100 mg of Met-hGH.
To confirm the structural identity of the purified hGH, protein
chemical analysis was performed. The N-terminal amino acid
sequence, the C-terminal amino acid and the amino acid
analysis were all in good agreement with those predicted from
the corresponding cDNA sequence. The purified hGH was
migrated as a single band on SDS-PAGE and showed the
electrophoretic mobility of a ca. 22 kDa species under reducing
conditions (Fig. 1). Copper ions were not detected in the

Scheme 1
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purified hGH when checked by AAS. To obtain further
structural information, the purified hGH was subjected to
mapping analysis.** As shown in Fig. 2, the peptide map
obtained was identical to that of authentic hGH.†† The purified
hGH also had the same order of activity as that of authentic
hGH,†† when assayed using Nb2 Node lymphoma cells,15

indicating that hGH obtained from Met-hGH has essentially the
same chemical and biological identity as that of authentic
hGH.††

In conclusion, we could obtain hGH from Met-hGH by a
chemical method, and we could also apply the same procedure
to other methionylated recombinant proteins including neu-
rotrophin-3,4 interleukin-210 and betacellulin,16 to give the
corresponding desired proteins having no methionine at the
N-terminus. These results suggest that the present method might
be widely applicable to the preparation of non-methionylated
recombinant proteins for clinical use and show a new way for
the production of recombinant proteins.

We express our appreciation to Dr K. Meguro and Dr Y.
Sumino for their encouragement and helpful discussion
throughout this study. We are also grateful to Dr S. Iwasa and
Dr T. Kurokawa for determining the biological activity and Dr
H. Sawada for culturing the recombinant E. coli. Thanks are
also due to Dr D. G. Cork for proofreading the manuscripts.
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† E-mail: nishimura-osamu@takeda.co.jp
‡ To 3.75 g of glyoxylic acid monohydrate were added 1.2 ml of 0.5 m
CuSO4 and 7.5 ml of pyridine and the total volume was adjusted to 15 ml.
Then 60 ml of Met-hGH (protein content 1.67 mg ml21) solution containing
3 m urea was added and incubated for 1 h at 25 °C.
§ The reaction mixture was applied at a flow rate of 0.5 l h21 to a Sephadex
G-25 (Pharmacia Biotech, Sweden) column (4.6 3 60 cm) equilibrated with
20 mm Tris-HCl buffer (pH 8.0) containing 2.5 m urea, and the sample was
eluted with the same buffer. The main fraction (200 ml) was pooled.
¶ 200 ml of the protein solution, 200 ml of 4 m NaOAc, 4 m AcOH, 3 m urea
and 1.73 g of phenylene-1,2-diamine were mixed and incubated for 3 days
at 4 °C. In order to minimize oxidation, nitrogen was bubbled through the
solutions to remove as much oxygen as possible and the incubations were
carried out under nitrogen.
∑ The reaction mixture was applied at a flow rate of 2 l h21 to a Sephadex
G-25 (Pharmacia Biotech, Sweden) column (11.3 3 80 cm) equilibrated
with 20 mm Tris-HCl buffer (pH 8.0) containing 2.5 m urea and the sample
was eluted with the same buffer. The pooled fraction (1000 ml) was applied
at a flow rate of 1 l h21 to a DEAE-5PW (Tosoh Corporation, Japan) column
(5.53 3 20 cm) equilibrated with 50 mm Tris-HCl buffer (pH 8.0)
containing 2.5 m urea. After adsorption, the protein was eluted with a linear
gradient of pH (8–4) between 50 mm Tris-HCl buffer (pH 8.0) containing
2.5 m urea and 50 mm MES buffer (pH 4.0) containing 2.5 m urea. The main
fraction (150 ml) (protein content 0.4 mg ml21) was pooled.
** hGH was dissolved in 0.2 m Tris-HCl buffer (pH 8.0). The solution was
incubated with TPCK-treated-trypsin (Worthington Biochemical Corp.) at a
substrate-enzyme ratio of 25 : 1 (w/w) at 37 °C for 18 h, followed by a
second enzyme addition to give a final concentration of 12.5 : 1 (w/w). At
the end of the digest (6 h), the pH was lowered to 3 with 1 m HCl. The tryptic
peptides were analyzed by reversed-phase HPLC (RP-HPLC) using a C8P-
50 (Showa Denko, Japan) column (4.6 3 300 mm) and eluted at a flow rate
of 0.8 ml min21 with a linear gradient of 8–56% MeCN in the presence of
0.1% TFA.
†† The hGH standard was obtained from the National Institute of Health
Sciences (Japan).
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Fig. 1 SDS-PAGE of Met-hGH and hGH obtained from Met-hGH after
transamination. Lanes 1 and 2: nonreducing conditions. Lanes 4 and 5:
reducing conditions. Lanes 1 and 4: hGH. Lanes 2 and 5: Met-hGH. Lanes
3 and 6, marker proteins.

Fig. 2 Peptide maps of (a) authentic hGH and (b) hGH obtained from Met-
hGH after transamination
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X-Ray crystal and ab initio structure of 3-ethynylcyclopropene: a curiously
short carbon–carbon double bond

Kim K. Baldridge,a Bluegrass Biggs,b Dieter Bläser,c Roland Boese,*c† Robert D. Gilbertson,b Michael M.
Haley,*b‡ Andreas H. Maulitzc and Jay S. Siegel*d§
a San Diego Supercomputer Center, PO Box 85608, San Diego, CA 92186-9784, USA
b Department of Chemistry, University of Oregon, Eugene, OR 97403-1253, USA
c Institut für Anorganische Chemie, Universität-GH Essen, Universitätsstrasse 5-7, D-45117 Essen, Germany
d Department of Chemistry, University of California, San Diego, La Jolla, CA 92093-0358, USA

The X-ray crystal structure of 3-ethynylcyclopropene shows
that the carbon–carbon double bond of the molecule is
unusually short [1.255(2) Å], whereas theoretical calcula-
tions suggest a relative insensitivity of the bond length to
adjacent orbital interactions.

Recent crystallographic studies of lightly-substituted cyclopro-
penes have illustrated the uncommon bonding modes in these
small-ring hydrocarbons, such as formation of bent, banana-like
bonds.1,2 One of our groups recently reported the preparation of
highly unsaturated analogs, such as 3-ethynylcyclopropene 1,3

and sought to investigate the solid-state structures of these
compounds. In keeping with the extraordinary geometrical
results, we report herein the X-ray crystal structure of 1 as well
as model calculations to explain the experimental atomic
distances for 1.

Molecule 1 was prepared according to the literature method.3
A single crystal (mp 294 °C) was grown using the low-
temperature techniques described previously.4,5 The structure
analysis was performed at 120 K.¶ With intermolecular H···H
separations of 2.73 Å or greater, the crystal packing of 1 is
assumed not to cause significant distortions. The molecular
structure and bond distances and angles are presented in Fig. 1
and Table 1, respectively. As expected, the sp3 bond angle about
C(1)–C(3)–C(2) is highly constrained, being only 49.4°. The
most striking feature of the bond lengths found for 1 is the
amazingly short CNC bond. At 1.255 Å, this value is midway
between the accepted values of a typical double and triple
bond.6 The analogous bond length in structurally related
3-ethenylcyclopropene 2 is somewhat longer at 1.279 Å.2b All
of the other bond lengths and bond angles of 1 are typical of
their respective structural subunits. A systematic error in the
measurement of the C(1)–C(2) bond distance is rather unlikely
since the ellipsoids of the anisotropic displacement parameters

are not elongated in the direction of the double bond.7 In any
case, the C(1)–C(2) bond length in 1 is the shortest crystallo-
graphically observed carbon–carbon double bond known in any
hydrocarbon.8

In order to gain some insight into the nature of the
cyclopropene structural fragment, a series of 3-monosubstituted
cyclopropenes 2–9 was calculated in addition to 1.9 We first
surveyed the variation in length of the CNC bond with regard to
computational method (Table 2). Convergence in RHF methods
is around a value of 1.27 Å; the effects of increasing basis set
size was minimal. The effects of dynamic correlation were
tested using a variety of techniques, including density func-
tional techniques, Moller–Plesset theory of order 2 and the
coupled cluster doubles method. The effect of each technique
can be identified by focusing on the different dynamic
correlation methods using the same basis set [DZ(2df,2p)].
Dynamic correlation of any type tends to increase the predicted
bond length from the restricted Hartree–Fock method. Center-
ing on the hybrid method of including dynamical correlation,
and further increasing basis set size, one arrives at a convergent
value for the double bond length around 1.28 Å, 0.03 Å longer
than experiment. We feel it is unlikely that higher level
calculations will decrease the bond length any nearer to the
experimental value; thus, our best estimate of equilibrium bond
length is 1.28 Å.

Given the result of the basis set analysis on 1, we opted for a
highly polarized basis set available in CADPAC, and performed
computations on 1–9 using RHF/8s6p3d and B3PW91/8s6p3d
methods (Table 3). The range of computed double bond lengths
is only 0.02 Å, indicating a weak sensitivity of C(1)–C(2) length
with regard to the C(3) substituent. The addition of dynamic
electron correlation increases the predicted bond lengths
uniformly by ca. 0.015 Å across the series, and makes no
change in the trend. The experimentally measured value for 2
(1.279 Å) is well-bracketed by the computational predictions,
but the values predicted for 1 are 0.01–0.02 Å longer than thatFig. 1 Molecular structure of 1 with the ellipsoids drawn at the 50% level

Table 1 Interatomic distances and angles for 1

Atoms Distance/Å Atoms Angle (°)

C(1)–C(2) 1.255(2) C(1)–C(2)–C(3) 65.2(1)
C(1)–C(3) 1.500(2) C(2)–C(1)–C(3) 65.4(1)
C(2)–C(3) 1.502(2) C(1)–C(3)–C(2) 49.4(1)
C(3)–C(4) 1.448(2) C(1)–C(3)–C(4) 121.4(1)
C(4)–C(5) 1.184(2) C(2)–C(3)–C(4) 121.4(1)

C(3)–C(4)–C(5) 179.0(1)
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observed experimentally. This deviation could come from
difficulties in approximating the orbital arrangement in 1, even
by the extreme basis sets we are using.

We acknowledge the National Science Foundation (CHE-
9502588, CHE-9628565 and ACS-8902827) and the Fonds der
Chemischen Industrie for support of this research. A grant for
supercomputing time was provided by the San Diego Super-
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Table 2 The double bond length in 1 as a function of computational
method

Bond
Method length/Å

RHF/6-31G(d,p) 1.2722
RHF/6-31GE 1.2749
RHF/DZ(2df,p) 1.2749
RHF/DZ(2df,2p) 1.2740
RHF/DZ(3df,3pd) 1.2704
RHF/8s6p3d 1.2710
BPW91/6-31GE 1.3022
BPW91/DZ(2df,2p) 1.3036
B3PW91/6-31G 1.3015
B3PW91/DZP 1.3003
B3PW91/6-31GE 1.2923
B3PW91/DZ(2df,2p) 1.2930
B3PW91/8s6p3d 1.2838
B3LYP/8s6p3d 1.2833
MP2/6-31G(2d,p) 1.3029
MP2/DZ(2df,2p) 1.3016
CCD/DZ(2df,2p) 1.2951
Experiment 1.2550

Table 3 C(1)–C(2) distance calculated for 1–9

Distance/Å

Compound R RHF/8s6p3d B3PW91/8s6p3d

3 NO2 1.279 1.295
4 CHOa 1.265 1.279

CHOb 1.263 1.278
5 CNN 1.267 1.283
1 CNCH 1.268 1.284
2 CHCH2

a 1.270 1.285
CHCH2

b 1.270 1.286
6 Me 1.273 1.289
7 H 1.271 1.287
8 F 1.283 1.300
9 NH2

c 1.273 1.289
NH2

d 1.274 1.290

average 1.271 1.287
standard deviation 0.006 0.006
range 0.020 0.022

a anti conformer (Cs symmetry). b gauche conformer (C1 symmetry). c Lone
pair syn (Cs symmetry). d Lone pair anti (Cs symmetry).
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Spherical polyphenylene dendrimers via Diels–Alder reactions: the first
example of an A4B building block in dendrimer chemistry

Frank Morgenroth, Alexander J. Berresheim, Manfred Wagner and Klaus Müllen*†

Max-Planck-Institut für Polymerforschung, Ackermannweg 10, 55128 Mainz, Germany

The [2+4]cycloaddition of the novel A4B building block
2,3,4,5-tetrakis(4-triisopropylsilylethynylphenyl)cyclo-
penta-2,4-dienone 3 with 3,3’,5,5’-tetraethynylbiphenyl 1
allows the rapid synthesis of a spherical polyphenylene
nanoparticle with 102 benzene rings.

Dendrimers form highly symmetric layered molecules that
adopt a spherical shape at higher generations.1,2 The three-
dimensional form of dendrimers is determined by the core, the
interior building blocks and the surface groups. Our synthetic
approach towards polyphenylene dendrimers is based on the
selective Diels–Alder cycloaddition of 3,4-bis(4-triisopropyl-

silylethynylphenyl)-2,5-diphenylcyclopenta-2,4-dienone 2 with
the four dienophile functions of 3,3’,5,5’-tetraethynylbiphenyl
1.3,4 Compound 2 reacts only as diene since the triisopropylsilyl
(TIPS) groups make the ethynyl functions inaccessible for
dienophiles (see Scheme 1). The TIPS groups of the first
dendrimer generation 4a can be removed quantitatively using
Bu4NF and the resulting 4b can undergo another [2+4]cycload-
dition with 2. This cycloaddition-deprotection sequence allows
the synthesis of a third generation dendrimer, consisting of
pentaphenylbenzene units, which has a diameter of about 5 nm
according to computer generated ball-and-stick models.4 As
revealed by molecular dynamics simulations on the second

Scheme 1 Reagents and conditions: i, Ph2O–a-methylnaphthalene (1 : 1), 180–200 °C, 14 h, 89%; ii, Bu4NF, THF, 25 °C, 5 h, > 98%; iii, 8, Ph2O–
a-methylnaphthalene (1 : 1), 180–200 °C, 15 h, 86%; iv, Ph2O–a-methylnaphthalene (1 : 1), 180–200 °C, 14 h, 77%; v, Bu4NF, THF, 25 °C, 5 h, 87%; vi,
Ph2O–ButOMe (8 : 11), 190 °C, 44 h, 62%
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generation dendrimer 6, the higher dendrimer generations
represent shape-persistent nanoparticles.

Here we investigate the influence of the branching unit on the
shape of the dendrimer employing 1 as core and a four-
directional A4B building block 3 rather than the A2B building
block 2. Thereby, we introduce 2,3,4,5-tetrakis[4-triisopro-
pylsilylethynylphenyl)cyclopenta-2,4-dienone 3 as a powerful
multifunctional reagent that allows the rapid construction of a
spherical polyphenylene architecture. 

Cyclopentadienone 3 contains four dienophile units and one
diene function and can thus be regarded as an A4B building
block which represents, to the best of our knowledge, the first
example of a dendrimer branching element possessing a
multiplicity higher than 3.5 Compound 3 was prepared by the
base-catalyzed condensation of 4,4’-bis(triisopropylsilyl)benzil
and 1,3-bis(4-triisopropylsilylethynyl)acetone (83%, red crys-
tals).6 The acetone was obtained via the Sonogashira coupling7

of triisopropylsilylacetylene and 1,3-di(4-bromophenyl)acetone
(82%). The latter was synthesized by converting 4-bromobenzyl
bromide with Fe(CO)5 in the presence of NaOH under phase
transfer conditions (CH2Cl2–H2O; 43%).

The four-fold Diels–Alder reaction of the A4B building block
3 with the tetraethynylbiphenyl 1 led to the first dendrimer
generation 5a (77%, white solid). After cleaving the TIPS
groups (5b), further reaction with 3 provided a mixture of
products, determined by mass spectrometry, consisting of the
desired sixteen-fold Diels–Alder product, and mainly of the
fourteen-fold [2+4]cycloaddition product.† In contrast, addition
of tetraphenylcyclopentadienone 8 to 5b led smoothly to the
desired sixteen-fold Diels–Alder product 7 exclusively, which
was isolated as a white solid in 62% yield (see Scheme 1).

The different results obtained by the reaction of 5b with 2 or
3 can be easily rationalized by looking at ball-and-stick models,
which were generated using the MM2 (85) force field with the
CERIUS 2 program package and applying the Conjugate
Gradient 200 algorithm (compare Scheme 1):8 As expected, the
appearances of the corresponding first generations 4 and 5 are
very similar, as both dendrimers contain 22 benzene rings and
differ only in the number of substituents, while having the same
spatial extension. The corresponding second generations al-
ready exhibit clearly dissimilar shapes. The dendrimer 6, with
62 benzene rings, synthesized using the A2B building block 2,
possesses a dumb-bell like structure, whereas the use of the A4B
building block 3 leads to ‘nanoball’ architecture 7, which
possesses 102 benzene rings. As the second generations of both
dendrimers have a maximum extension of about 4 nm, the
density of benzene rings is dramatically increased in 7. In the
case of the more strongly branched dendrimer 7 the space
available for a new dendrimer shell is sufficient to accom-
modate the incoming eighty unsubstituted benzene rings
spherically around the dendrimer core. The fact that the 64
sterically demanding TIPS groups of the A4B building blocks
cannot be accommodated, proves the concept of densest
packing.9,10 The preferred formation of the fourteen-fold
cycloaddition product can be understood according to Tomalia
as a sterically induced stoichiometry.11

The obtained dendrimers exhibit unexpectedly good sol-
ubility in common organic solvents such as toluene and CH2Cl2.
Therefore, they can be fully characterized by matrix-assisted
laser desorption ionization time of flight mass spectrometry
(MALDI-TOF-MS) as well as 1H and 13C NMR spectroscopy.
The perfect agreement between calculated and experimentally
determined m/z ratios for the dendrimers as well as GPC
analysis confirm their monodispersity.§ With respect to the
physical properties of the dendrimers their thermal stability is
noteworthy. The thermogravimetric analysis yielded decom-

position temperatures well above 450 °C for the TIPS
substituted and 580 °C for the unsubstituted dendrimers under
air.

The special features of the results presented above can be
summarized as follows: (i) in contrast to the established concept
based on metallo-organic coupling reactions for the construc-
tion of polyphenylene dendrimers12 (as well as the closely
related hyperbranched polyphenylenes),13 the growth of the
dendrimers presented here is achieved via [2+4]cycloaddition
followed by a desilylation; (ii) using the A4B building block 3
and the core 1 the second dendrimer generation exhibits
properties such as spherical shape in spite of the core’s D2h
symmetry and the densest packing of benzene rings which one
would generally expect only for higher generation numbers; (iii)
using a defined dendrimer core, the shape of the dendrimer
formed depends on the cyclopentadienone used.

Our current investigations involve light scattering experi-
ments on higher dendrimer generations as well as microscopic
visualization after adsorption on substrate surfaces.
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Self-assembly of (P)-heterohelicenediol into a four-leaf clover motif

Kazuhiko Tanaka*† and Yoshinori Kitahara

Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto 606-8224, Japan

(P)-2,13-Bis(hydroxymethyl)heterohelicenediol [(P)-1] self-
assembles through a right-handed helical network of hydro-
gen bonds to form a four-leaf clover motif; a full turn of the
helix comprises four chiral subunits which associate in a left-
handed helical manner with a 43 screw axis.

The construction of highly ordered supramolecular structures
has important implications not only for the developement of
new materials such as nanoscale molecular devices,1–4 but also
for the synthesis of artificial systems that can mimic biological
functions.5 Among the self-assembled supramolecular archi-
tectures, such as tapes,6 capsules,7 spheres,8 squares,9 cylind-
ers5 and helices,10,11 helical arrangements12,13 are characterized
by chirality based on the screw sense [right-handed (P) or left-
handed (M) helicity], and hence the helicoselective (or
enantioselective) synthesis of helical motifs is an active field of
research in supramolecular chemistry.14 Here we report the first
example of construction of a four-leaf clover motif from
optically active (P)-2,13-bis(hydroxymethyl)dithieno[3,2-
e:3A,2A-eA]benzo[1,2-b:4,3-bA]bis[1]benzothiophene [(P)-1]
(Fig. 1).15

Crystals suitable for X-ray crystallographic analysis were
grown from a solution of (P)-1 in CH2Cl2–acetone.‡ The
stereoview of the crystal structure (Fig. 2) clearly shows that
(P)-1 self-assembles through a right-handed helical network of
hydrogen bonds. A full turn of the helix comprises four chiral
helicenediols and the pitch of the helix is 15.49 Å. The most
remarkable feature of (P)-1 is that the right-handed helicene-
diols arrange in a left-handed helical manner and the cloverleaf
motif repeats by the 43 screw axis. In the supramolecular
structure, one of the hydroxy functionalities of (P)-1 forms an
intramolecular bridge to the other hydroxy group of the same
molecule and also forms an intermolecular hydrogen bond to
one of the hydroxy groups of an adjacent molecule (Fig. 3). The

interplanar angle between the terminal thiophene rings of (P)-1
is 33.83° (Table 1). This is in contrast with the guest-free
racemic heterohelicenediol (PM)-1 which self-assembles to
form an alternate-leaf motif (Fig. 4).§ In the crystal of (PM)-1,
the two stacking columns, consisting of helicenediols of the
same helicity, are aligned along the c axis. Since each hydroxy
group of (PM)-1 interacts with one of the hydroxy functions of
an adjacent molecule via an intermolecular hydrogen bond, the
interplanar angle between the terminal thiophene rings in-
creases to 44.70° (Table 1). This represents an increase of

Fig. 1 Numbering scheme of heterohelicenediol

Fig. 2 A stereoview of the four-leaf clover motif of (P)-heterohelicenediol
assembled along the c axis

Fig. 3 Stereoview of (P)-heterohelicenediol from the crystallographic b
axis

Table 1 Interplanar angles between the adjacent rings and the terminal
thiophene rings (°)

(P)-1 (PM)-1 (PM)-1·EtOHa

ring(1)–ring(2) 8.40 5.82 8.29
ring(2)–ring(3) 6.92 7.70 8.29
ring(3)–ring(4) 9.73 10.46 11.63
ring(4)–ring(5) 9.35 12.72 9.33
ring(5)–ring(6) 8.73 9.84 7.10
ring(6)–ring(7) 6.33 6.61 7.30
ring(1)–ring(7) 33.83 44.70 37.96

a Ref. 16.

Fig. 4 Side view of the hydrogen-bonding network showing an alternate-
leaf motif of racemic heterohelicenediol

Chem. Commun., 1998 1141



10.87° or 32.1%. When the racemic heterohelicenediol (PM)-1
forms an inclusion complex with EtOH through helical
hydrogen-bonding, the interplanar angle decreases to 37.96°.16

These results clearly indicate that the helicene framework
exhibits significant elasticity by changing its dihedral angle.
The distortion from planarity locates on the central aromatic
rings of the helical framework, and therefore the dihedral angles
between two adjacent rings range from 8.73 to 9.73 for (P)-1
and from 9.84 to 12.72° for (PM)-1. However, the double bond
character of two helicenediols are unchanged. Thus, the carbon–
carbon bond distances of the outer rings range from 1.33 to 1.36
Å in the case of (P)-1 and from 1.33 to 1.37 Å in (PM)-1, and
the inner carbon–carbon bond distances [C(20)–C(21), C(22)–
C(23) and C(24)–C(25)] are 1.42 Å for (P)-1, and in a range of
1.41 to 1.43 Å for (PM)-1. The inner carbon–carbon bond
lengths in the thiophene rings [C(19)–C(20), C(21)–C(22) and
C(25)–C(26)] range from 1.43 to 1.47 Å for both (P)-1 and
(PM)-1. The common feature of these helical geometry is that
the carbon–sulfur bond distances in the thiophene rings of (P)-1,
(PM)-1 and (PM)- 1·EtOH are uniformly lengthened from 1.71
to 1.73 Å.

The present results reveal for the first time that the helical
conjugated p-electron framework of helicenediol 1 acts as a
helical spring due to the pattern of hydrogen bonds. 

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Areas ‘Organic Nonlinear Optics’ (No.
09222212) from the Japanese Ministry of Education, Science,
Culture and Sports.
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† E-mail: tanaka@kuchem.kyoto-u.ac.jp
‡ Crystal data for (P)-1: C24H14O2S4, M = 462.61, crystal size 0.40 3 0.26
3 0.40 mm, crystal system, tetragonal, space group P43, a = 11.4866(9), c
= 15.493(3) Å, V = 2044.1(4) Å3, Z = 4, Dc = 1.503 g cm23. The final
cycle of full-matrix least-squares refinement was based on 1538 observed
reflections and 271 variable parameters and converged with unweighted and
weighted agreement factors of R = 0.032 and Rw = 0.050, respectively. 

§ Crystal data for (PM)-1: C24H14O2S4, M = 462.61, crystal 0.25 3 0.75
3 0.01 mm, crystal system, orthorhombic, space group Pccn, a =
15.217(6), b = 33.919(9), c = 7.85(1) Å, V = 4051(7) Å3, Z = 8, Dc =
1.517 g cm23. The final cycle of full-matrix least-squares refinement was
based on 1588 observed reflections and 328 variable parameters and
converged with unweighted and weighted agreement factors of R = 0.069
and Rw = 0.077, respectively. The crystal data were collected on a Rigaku
AFC7R diffractometer using Cu-Ka radiation and a 12 kW rotating anode
generator at a temperature of 20 °C using the w–2q scan technique. CCDC
182/860.
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Relative b-elimination rates of heteroatoms from alkyl and aminyl radicals

Sunggak Kim*† and Jae Ho Cheong

Department of Chemistry, Korea Advanced Institute of Science and Technology, Taejon, 305-701, Korea

The relative b-elimination rates of heteroatoms from alkyl
radicals are in the order of Br!PhSe > PhS > PhSO2 > Cl,
whereas the order of PhSe > PhSO2 > PhS ~ Br is observed
for b-eliminations from aminyl radicals, indicating a de-
pendence on the nature of radicals.

The b-elimination reaction of heteroatoms is one of character-
istic properties of radical reactions [eqn. (1)]1 and its driving

force is known to be relief of ring strain,2 the evolution of CO2
and SO2,3 or the generation of a p-bond along with the cleavage
of a weaker s-bond. The ease of b-fragmentation depends on (i)
the strength of the s-bond broken (C–Y) and also (ii) the nature
of p-bonds formed (CNX).4 In the former case, it is expected
that the weaker the breaking bond is, the faster the
b-fragmentation would be. As far as we are aware, there are no
reports of the b-elimination of heteroatoms from aminyl
radicals. We conceived that it could be possible that the relative
b-elimination rates of heteroatoms from alkyl and aminyl
radicals would depend on the nature of p-bonds formed and we
investigated this intriguing possibility.

Although relative b-elimination rates of heteroatoms from
alkyl radicals were reported previously,6 we briefly examined
the b-elimination rates using N-hydroxypyridine-2-thione ester
2 [eqn. (2)]7 and experimental results are shown in Table 1.

Treatment of acid 1 with N-hydroxypyridine-2-thione (1.2
equiv.), DCC (1.2 equiv.) and DMAP (0.1 equiv.) in CH2Cl2 at
room temperature for 2 h afforded the thiohydroxamate 2,
which decomposed to some extent during isolation. Thus, the
reaction was carried out in CH2Cl2 at 50 °C without isolation of
2. To examine the relative b-elimination rates of the bromo and
the phenylthio groups, when 2a was heated at 50 °C for 5 h, the
bromide was preferentially eliminated (entry 1). A same result
was obtained with 2b for the competition between the bromide
and the phenylsulfonyl groups (entry 2). However, the elimina-
tion of the bromide competed more equally with that of the

phenylseleno group, although the former was favored over the
latter to some extent (entry 5). Furthermore, the phenylsulfonyl
group underwent preferential elimination in the presence of the
chloride (entry 4) and the elimination of the phenylthio group
was much faster than that of the phenylsulfonyl group, although
the phenylsulfonyl group underwent elimination to a small
extent (3%) (entry 3).8 When the present reactions were
monitored in CDCl3 by 1H NMR spectroscopy, the allyl species
3 turned out not to be susceptible to radical addition-elimination
by the radical species ejected in the elimination step. Thus, the
relative rates of b-eliminations of heteroatoms from alkyl
radicals are in the order of Br!PhSe > PhS > PhSO2 > Cl.

To study the effect of aminyl radicals on the b-eliminations of
heteroatoms, we utilized the radical reaction of phenylsulfonyl
substituted oxime ethers [eqn. (3)]. Recently, we reported free

radical acylation approaches involving alkyl radical additions to
sulfonyl substituted oxime ethers as acylating agents.9 Phenyl-
sulfonyl bromo oxime ether 4a was prepared by the known
procedure using (phenylsulfonyl)nitromethane 6 by three-step
sequence involving bromination, O-methylation with CH2N2
and the subsequent protection as a THP ether.10 The bromide
group in 4a was further displaced by sodium thiophenoxide,
sodium thiomethoxide and sodium benzeneselenoate in THF to
afford 4b (85%), 4c (78%) and 4d (68%) [eqn. (4)]. As shown

in Table 2, when a solution of 4-phenoxybutyl iodide, 4a and
hexamethylditin in benzene was irradiated at 300 nm for 16 h,
somewhat surprisingly the bromo oxime ether was obtained in
78% yield (entry 1), indicating that the phenylsulfonyl group

Table 1 b-Eliminations of heteroatoms from carbon-centered radicalsa

Substrate 2b Product 3
Yieldc

Entry X Y Z (%)

1 a Br PhS PhS 87
2 b Br PhSO2 PhSO2 79
3 c PhS PhSO2 PhSO2 89

PhS 3
4 d Cl PhSO2 Cl 80
5 e Br PhSe PhSe : Brd 76

a Reaction time: 5–7 h. b E/Z ratio: 2a (1.4 : 1), 2b (5.4 : 1), 2c (10.8 : 1), 2d
(6.7 : 1), 2e (3.1 : 1). c Isolated yield. d Ratio = 76 : 24. The ratio was
determined by 1H NMR spectroscopy.
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was preferentially eliminated over the bromide group. This
result is in sharp contrast with the above results obtained for
alkyl radicals (Table 1). Similar results were also obtained with
4b and 4c (entries 2 and 3), showing the preferential elimination
of the phenylsulfonyl group over the phenylthio and methylthio
groups. However, competition between the phenylsulfonyl and
the phenylseleno groups showed that the phenylseleno group
was eliminated preferentially (entry 4). Attempts to study the
relative b-elimination rate between the phenylthio group and
bromide10,11 were unsuccessful because the intermolecular
addition of an alkyl radical onto the phenylsulfenyl bromo
oxime ether (entry 5) turned out to be inefficient.

The results obtained in this study are rather interesting and
indicate that phenylsulfonyl groups on aminyl radicals undergo
facile elimination relative to the bromide, methylthio, and
phenylthio groups. We have no clear answer why the relative
rates of b-elimination of heteroatoms, particularly the phenyl-
sulfonyl group, from alkyl and aminyl radicals are so different.
When the contributing resonance structures of 7 and 4 were
compared (Fig. 1), we suggest that resonance in 4 is much more

important than resonance in 7, thereby giving unusually strong
carbon–bromine and carbon–sulfur bonds in 4 due to the
contribution of significant double bond character. Apparently,
resonance contribution from the phenylsulfonyl group is not
possible.

We thank the Korea Research Foundation and OCRC for
financial support, and Dr C. Schiesser, University of Mel-
bourne, for helpful suggestions.
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Table 2 b-Eliminations of heteroatoms from nitrogen-centered radicals

Substrate 4b Product 5
Yield

Entry X Y Z (%)

1 a PhSO2 Br Br 78
2 b PhSO2 PhS PhS 58
3 c PhSO2 MeS MeS 74
4 d PhSO2 PhSe PhSO2 65
5 e PhS Br messy

Fig. 1
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Radical-chain racemisation of tetrahydrofurfuryl acetate under conditions of
polarity-reversal catalysis: possible implications for the radical-induced strand
cleavage of DNA

Yudong Cai and Brian P Roberts*†

Christopher Ingold Laboratories, Department of Chemistry, University College London, 20 Gordon Street, London,
UK WC1H 0AJ

Alkanethiols with electron-withdrawing S-alkyl groups and
silanethiols act as polarity-reversal catalysts to promote the
radical-chain racemisation of (R)-tetrahydrofurfuryl acetate
at 60 °C, while simple alkanethiols are ineffective.

There is now good evidence that, at least under anaerobic
conditions, strand cleavage of DNA which involves the
4A-radical 1 proceeds as shown in Scheme 1, via an intermediate
radical cation 2 which can subsequently trap a nucleophile to
give an a- alkoxyalkyl radical of the type 3.1 In principle, if the
radical 3 (or a similar oligonucleotide-derived a-oxyalkyl
radical) were to abstract hydrogen from an undamaged strand to
regenerate the 4A-radical 1, a homolytic chain process for the
cleavage of DNA could be established. If such a radical-chain
mechanism for the destruction of DNA could be promoted when
desirable in a therapeutic context (e.g. to amplify the effects of
radiation damage to a tumour or to increase the effectiveness of
the various antineoplastic agents that operate via radical
pathways2), the biological implications would be of consider-
able importance.

However, hydrogen-atom abstraction by 3 from the 4A-posi-
tion in DNA is an (essentially) thermoneutral process that
involves two radicals of almost identical electronegativity, and
such reactions would be expected to be very slow at moderate
temperatures.3 The radicals 1 and 3 should be nucleophilic
species, with relatively low ionisation energies, and it occurred
to us that the overall transfer of hydrogen from DNA to 3 (or to
another a-oxyalkyl radical) might be promoted by a suitable
polarity-reversal catalyst4,5 of the type El–H, where El. is an
electrophilic radical. Here we report the results of experiments
designed to investigate this general possibility, by examining
the effects of polarity-reversal catalysts on the identity reaction
[eqn. (1)] of tetrahydrofurfuryl acetate 4.

The extent to which the overall reaction [eqn. (1)] takes place
was judged by starting with (R)-tetrahydrofurfuryl acetate6 and
monitoring the enantiomeric excess (ee) of the remaining ester
as a function of time, using chiral-stationary-phase GLC
(Supelco b-DEX 120, 30 m 3 0.25 mm bore capillary column;
0.25 mm coating containing permethylated b-cyclodextrin).
When a benzene solution containing (R)-4 (99.4% ee, 0.50 mol
dm23), tert-butylbenzene or methyl benzoate (0.30 mol dm23,
as an internal concentration standard for GLC analysis) and di-
tert-butyl hyponitrite7 (TBHN, 0.025 mol dm23) was heated at
60 °C under argon for 3 h, ca. 10% of 4 was consumed and the
ee of the remaining (R)-ester was undiminished. The TBHN acts

as a thermal source of tert-butoxyl radicals [eqn. (2)]‡ which, in
the absence of other reagents, will abstract hydrogen from 4 to
give mainly the a-alkoxyalkyl radicals 5 and 6 [eqn. (3)].§ We
conclude that neither 5 nor 6 abstracts hydrogen directly from 4
to give 5 at a significant rate under the reaction conditions. The
experiment was then repeated in the presence of small amounts
(usually 5 mol% based on 4) of various thiols as potential
polarity-reversal catalysts, and the results are presented graph-
ically in Fig. 1. Under these conditions, only a trace of
tetrahydrofurfuryl acetate was consumed during the first 90
min, although a small amount (@5%) of the ester was consumed
subsequently when the thiol concentration had become very
low. It can be seen that while 5 mol% of a simple alkanethiol
such as tert-dodecanethiol (mixture of isomers) or dodecane-
1-thiol causes only a very small amount of racemisation of
(R)-4, thiols with electron-withdrawing groups attached to
sulfur bring about a significant increase in the rate of
racemisation and evidently act as polarity-reversal catalysts for
the overall reaction [eqn. (1)], according to the chain propaga-
tion cycle shown in Scheme 2. Thus, 1-thio-b-d-glucopyranose
tetraacetate, 2,2,2-trifluoroethanethiol¶ and, in particular, tri-
phenylsilanethiol are efficient catalysts. The more sterically-
demanding triisopropylsilanethiol and the less acidic methyl
thioglycolate (MeO2CCH2SH) were less effective while, as
expected, l-cysteine ethyl ester (a model for glutathione) was
totally ineffective. Of course, hydrogen-atom abstraction by
XS. to form 6 followed by ‘repair’ to regenerate 4 is an
unobservable process in the present system.∑ Abstraction of
hydrogen from 4 by XS. is evidently more efficient when the
substituent X is an electron-withdrawing group, probably

Scheme 1

Scheme 2
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because the S–H bond is stronger and the thiyl radical is more
electrophilic when the sulfur atom is relatively electron
deficient.3b,5c The silyl group acts as a p-electron-pair ac-
ceptor.

Triisopropylsilanethiol is a less effective catalyst than
triphenylsilanethiol, which may be a consequence of relatively
slow transfer of a hydrogen atom from and to a tertiary site
when the XS group is bulky. With 5 mol% TBHN and 5 mol%
thiol catalyst, racemisation does not go to completion (see Fig.
1). Apart from depletion of the initiator, this is presumably a
result of removal of thiyl radicals by self-coupling to give
disulfide and, especially in the later stages of the reaction when
the thiol concentration is reduced, by combination of XS. with
the radicals 5 or 6. When the initial amount of Ph3SiSH was
increased to 10 mol%, under otherwise identical conditions, the
rate of racemisation of (R)-4 decreased, while with 2.5 mol%
Ph3SiSH the initial rate of racemisation was slightly greater than
that achieved with 5 mol% catalyst, although the final ee after
3 h (33%) was appreciably larger. We interpret these results as
indicating that at high thiol concentrations rotational exchange
between the enantiomeric conformations of 5 becomes com-
petitive with trapping of this radical by thiol to regenerate 4, so
that 5 begins to retain a memory of the absolute configuration of
the molecule of 4 from which it was derived. It follows that the
rate of racemisation provides a lower limit for the rate of the
overall reaction [eqn. (1)] under conditions of polarity-reversal
catalysis.

We conclude that the thermoneutral reaction shown in eqn.
(1) is subject to polarity-reversal catalysis by appropriately
substituted thiols. Provided that the possible protective effect of
glutathione can be overcome (perhaps by reversible binding of
the polarity-reversal catalyst to DNA), it may be possible to
apply this principle to amplify radical-induced damage to DNA
in vivo, especially in the oxygen-deficient environment present
in many types of tumour cell.9 Encouragingly, racemisation of
(R)-4 still takes place in the presence of both Ph3SiSH (5 mol%)
and tert-dodecanethiol (5 mol%), albeit at an initial rate about
six times slower than that observed in the presence of the
silanethiol alone.

These results will also have implications for the design of
enantioselective radical-chain reactions based on the use of

homochiral thiols as polarity-reversal catalysts,5e when it is
obviously important to suppress racemisation of the product.

We are very grateful to Drs D. J. Madge and A. B. Tabor for
useful discussions and to Dr P. Anastasis (Kiralchem Ltd.) for
all his help in supplying the enantiopure tetrahydrofurfuryl
alcohol from which (R)-4 was prepared.
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Fig. 1 The racemisation of (R)-tetrahydrofurfuryl acetate in benzene at
60 °C in the presence of various thiols (5 mol% based on the acetate): (5)
tert-dodecanethiol, (:) dodecane-1-thiol, (-) methyl thioglycolate, (2)
2,2,2-trifluoroethanethiol, (8) 1-thio-b-d-glucopyranose tetraacetate and
(«) triphenylsilanethiol (in order of increasing efficiency as catalysts)
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X-Ray crystal structure of 1,6-diacetyl-3,4,7,8-tetramethyl-2,5-dithioglycoluril,
a highly twisted acetamide

Christopher N. Cow, James F. Britten and Paul H. M. Harrison*†

Department of Chemistry, McMaster University, 1280 Main Street West, Hamilton, Ontario, Canada L8S 4M1

In the structure of 1,6-diacetyl-3,4,7,8-tetramethyl-2,5-di-
thioglycoluril, as determined by X-ray crystallography, one
acetyl group lies essentially coplanar with the attached
thioureido ring (t = 2.6°), while the plane through the other
acetyl group is highly twisted (t = 55.0°) relative to the
corresponding thiourea moiety to which it is appended.

Twisted amides, in which interaction between the nitrogen lone
pair and the carbonyl p system is diminished or prevented, have
attracted considerable interest, since they display unusually
high reactivity towards nucleophiles, and have thus been
proposed to act as models for the enzymic activation of peptide
units.1,2 In many cases, the amide bond is forced into a twisted
conformation as a result of the covalent chemical bonding
within the molecule,2,3 while in others, the twist results either
from enforced pyramidalization of nitrogen,4 or else from steric
effects.1,5,6 In the latter regard, for example, Yamada6 reported
that 3-pivaloyl-1,3-thiazolidine-2-thione 1 has a twist angle t =

74.3°, where t is defined as 1/2 (w1 + w2), and w1 and w2 are the
ONC–N–C and C–C(O)–N–CA dihedral angles, as defined by
Winkler and Dunitz,7 with the alteration suggested by Yamada.6
The N–C(O) bond in 1 is long (1.448 Å) when compared to
3-acetyl-1,3-thiazolidine-2-thione 2, (1.413 Å), which also
possesses a much smaller twist angle (t = 20.1°). Compound 1
is highly reactive towards nucleophiles, even at neutral pH.1,6,8

In contrast, 3-pivaloyl-1,3-oxazolidine-2-one is unreactive;1 the
presence of the thione moiety thus contributes to the twisting of
the amide bond in 1.

We have shown that glycoluril derivatives can act as
templates to facilitate a rapid, intramolecular Claisen-like
condensation reaction between acyl groups attached to N(1) and
N(6).9 We have proposed that this process is facilitated in part
by the comparatively high electrophilicity of the acyl groups
attached to the glycoluril moiety, as has been observed for
tetraacetylglycoluril by Hase and Kuhling as well as by Tice and
Ganem.10 In view of the steric strain between the two N-acyl
groups attached to the same side of a glycoluril system, and the
close structural relationship between glycolurils and oxazolidi-
nones,9 we reasoned that this electrophilic character might
result from twisting around the bond between the glycoluril and
the attached acyl groups. To test this hypothesis, we examined
the X-ray crystal structures of several acylglycolurils. Herein,
the X-ray crystal structure of 1,6-diacetyl-3,4,7,8-tetramethyl-
2,5-dithioglycoluril‡ 3 is described. The results show that steric
crowding in this derivative enforces a highly twisted conforma-
tion in one of the two acetyl groups in 3.

The preparation of diacetyl dithioglycoluril 3 has been
reported previously.11 Crystals of 3 were obtained by slow
evaporation of a solution in CH2Cl2.§ ORTEP drawings of two
orthogonal views of the molecule are given in Fig. 1, along with
selected bond lengths. In this structure, one acetyl group is held
close to coplanar with the thioureido ring of the glycoluril (t =
2.6°), while the other is twisted significantly out of the ureido
ring plane, with t = 55.0°. This out of plane twist is
accompanied by a significant lengthening of the N–C(O) bond,
from 1.397(3) Å for the coplanar acetyl group [N(1)–C(15)] to
1.447(3) Å for the twisted amide [N(6)–C(18)]. Careful
examination of the crystal packing in 3 showed no close non-
bonded interactions around the twisted acetyl group.¶ Although
the protons of both acetyl groups appeared at the same chemical
shift by NMR analysis, at least down to 260 °C, IR spectros-
copy of 3 confirmed the presence of one twisted amide bond in
solution. Thus, the spectrum∑ exhibits two distinct CNO
stretching absorptions, at 1738 and 1680 cm21. In contrast,
monoacetyl dithioglycoluril11 exhibits a single stretch at 1681

Fig. 1 Two approximately orthogonal ORTEP diagrams of the X-ray
crystallographic structure of glycoluril 3. Selected bond lengths (Å) and
angles (°): N(1)–C(2): 1.394(3), N(1)–C(15) 1.397(3), N(1)–C(7) 1.505(3),
C(2)–S(13) 1.650(2), C(5)–N(6) 1.367(3), C(5)–S(14) 1.660(2), N(6)–
C(18) 1.447(3), N(6)–C(7) 1.461(3), C(15)–O(16) 1.211(3), C(18)–O(19)
1.190(3), C(5)–N(6)–C(18) 122.6(2), C(2)–N(1)–C(15) 129.9(2).
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cm21. This shift to higher frequency with increasing t is
analogous to that reported by Yamada.6 Thus, the twisted and
untwisted acetyl groups apparently interconvert on a time scale
between that of NMR and IR analysis.

The observed twist angle is unique to the best of our
knowledge for any acetamide: 3 is much more twisted than 2,
and approaches the value for the far more hindered pivaloyl
derivative 1, without requiring the presence of the tert-butyl
group for steric interaction. The presence of sulfur plays an
important role in this effect, since the oxygen analog 4 has t =
1.5 and 21.6° for the untwisted and twisted acetyl groups
respectively, but otherwise resembles 3 in geometry.12 The
twist in glycolurils 3 and 4 is probably the result of unfavourable
electrostatic interactions between the two acyl oxygen atoms,
which would be forced into close proximity if both acetyl
groups were to remain coplanar with their respective attached
ureido rings. The larger twist in 3 could result from further steric
interactions between the acyl methyl group and the thione (cf.
2); however, the lack of twisting of one acetyl group in 3
suggests that this effect is not major. Rather, we prefer to
explain the twist as being due to electron density on nitrogen
being pushed into the thione in 3 to a greater extent than into the
corresponding carbonyl group in 4.14 This effect results in less
overlap of the nitrogen lone pairs with the carbonyl groups of
the twisted acetyl moieties. The unfavourable interaction of the
two acyl oxygen atoms can thus more readily be mitigated in 3
by twisting one acetyl group into the observed twisted
conformation. The distances between the two acyl oxygen
atoms are 3.03 Å in 3 and 2.84 Å in 4. One amide resonance
interaction in 3 is thus almost fully maintained, while that in the
twisted acetyl group is severely compromised. This explanation
is consistent with greater electron density on N(6) than on N(1)
which results in an increased bond length for N(1)–C(2)
compared to N(6)–C(5). Also, shortening of the N(6)–C(7) and
concomitant lengthening of the C(7)–N(1) bonds, as well as the
tilt of the C(12) methyl group towards the N(1) side of the
molecule, and other distances and angles on the acyl-substituted
side of 3 are fully in agreement with our interpretation.

Whether activation of the acyl carbon of 3 as a result of this
twist enhances the intramolecular Claisen-like condensation of
diacylglycolurils is under investigation. It is interesting to
speculate that similar unfavourable interactions between a
substrate amide carbonyl oxygen atom and another negatively
polarized oxygen functionality in a protease could provide a
mechanism for twisting of the substrate amide bond prior to
nucleophilic attack by water.

This work was financially supported by the Natural Sciences
and Engineering Research Council of Canada.
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§ Crystal data for 3: C12H18N4O2S2, M = 314.42, T = 300 K, monoclinic,
space group P21/n (no. 14), a = 10.1648(1), b = 14.4512(3), c =
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m23, graphite monochromated Mo-Ka rotating anode radiation, l =
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∑ The FT-IR spectrum of 3 was recorded in CHCl3, on a Bio-Rad SPC 3200
spectrophotometer. 
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Association of two-coordinate copper(i) complexes: switching on and off
Cu···Cu, ligand···ligand and Cu–ligand interactions

Xiang-Yang Liu, Fernando Mota, Pere Alemany, Juan J. Novoa* and Santiago Alvarez*†

Departament de Quı́mica Inorgànica and Departament de Quı́mica Fı́sica Universitat de Barcelona, Diagonal 647, 08028
Barcelona, Spain

A combined theoretical ab initio and structural database
study is presented of the different interactions that allow
two-coordinate copper(I) molecules to associate, from weak
interactions to chemical bonds, giving rise to different
structures.

Copper(i) complexes1,2 with stoichiometry CuXL appear as
bimolecular aggregates with Cu···Cu (1, with the two monomers
in an eclipsed or a rotated conformation) or Cu···X (2) contacts,
or forming dimers with a cyclic Cu2X2 core as in 3, or

intermediate geometries. Also binuclear complexes with bi-
dentate ligands bridging two copper atoms present molecular
structures topologically equivalent to 1. The Cu···Cu distances
in these compounds span a large range (from 2.6 to 3.5 Å),
suggesting the existence of weakly bonding interactions
between the d10 ions, similar to those extensively studied for the
related silver(i) compounds.3–6

The first semiempirical studies of bimolecular copper(i)
aggregates,7 based on extended Hückel calculations, proposed
that mixing of the occupied dz2 with the empty pz atomic orbitals
would convert the repulsion between the closed d shells into a
weak bonding interaction. Ab initio studies have been reported
for copper(i) complexes with monoatomic bridges,8,9 and for
the association between rigid monomers in [Cu(PH3)Cl]2 or in
the interpenetrated networks of Cu2O.10,11 However, the rich
structural chemistry of the [CuLX] groups outlined above has
not been analyzed in detail and an explanation for the factors
that determine the choice between structures 1–3 is still needed.
For this reason, we present here the results of a theoretical ab
initio MP2 (triple-z + polarisation basis set) study of the
intermolecular interactions between two-coordinate copper(i)
complexes in the model compounds [Cu(NH3)Cl]2,
[Cu(N2)Cl]2 and [Cu(PH3)Cl]2, combined with a structural
database analysis.‡ The structural parameters that describe the
geometry of a bimolecular aggregate 4 are the bond angle b, the

intermolecular angles Cu–Cu–Cl (a1) and Cu–Cu–E (a2, E =
N, P), and the torsion angle Cl–Cu–Cu–Cl (t).

The most remarkable features of the optimized structure of
[Cu(NH3)Cl]2 5 are its eclipsed conformation, a relatively long
Cu···Cu distance and the existence of short intermolecular

N–H···Cl contacts. A dimer of type 3 with bridging chloro
ligands was explored for [Cu(NH3)Cl]2, but no minimum was
found for such a structure or for the alternative 2, and the
hydrogen-bonded structure 5 was always obtained in the
optimization procedure. Nevertheless, a strong bonding inter-
action exists between the two bent monomers in a rhombic
structure 3 of [Cu(NH3)Cl]2 [240 kcal mol21] although the
energy required to bend the monomers (17 kcal mol21 per
monomer) makes the bonding energy relatively small (27 kcal
mol21). Hence, the intermolecular aggregate of type 5 with two
hydrogen bonds is more stable (bonding energy 222 kcal
mol21) than the rhombic form at the present level of
computation. The choice of a ligand with weaker or no
hydrogen bonding capabilities, such as PH3 or N2 in [Cu2L2Cl2]
(L = PH3 or N2), makes a structure of type 1 less favorable,
with only a weak Cu···Cu interaction left. Therefore, structure 3
becomes the most stable one in these cases, with dissociation
energies of 17 and 18 kcal mol21 for L = PH3 and N2,
respectively (optimized structural parameters for the latter
shown in 6). Notice that the halophosphine complexes of
stoichiometry Cu(PR3)X crystallize with structure 3 (13
structures) predicted to be more stable by our calculations,
except for those with the bulkiest phosphines which give
isolated monomers (four structures).

We analyzed in some detail the potential energy surface of
[Cu(NH3)Cl] in its staggered conformation (t = 90°), in which
both ligand···ligand and ligand···metal interactions are mini-
mized. The interaction between two linear [Cu(NH3)Cl]
monomers (with a1 = a2 = 90°) is found to be attractive by
1–3 kcal mol21 for all the range of distances between 2.5 and
5.0 Å. The bonding energy presents a maximum (23.2 kcal
mol21) at Cu···Cu 3.004 Å, similar to the values reported by
Pyykkö et al. for [Cu(PH3)Cl]2 with a similar geometry,10 and
to that found for the interaction between rigid networks in
Cu2O.11 They probably indicate the existence of a weakly
bonding Cu···Cu interaction in the staggered form, which should
coexist with the stronger ligand···ligand hydrogen bonding in
the most stable eclipsed structure 5. Bending the monomers
does not improve the intermolecular interaction, although
aggregates in which b is as small as 165° are still stable toward
dissociation into linear monomers. Interestingly, the Cu···Cu
distance is predicted to shorten for smaller bond angles (Fig. 1,
triangles), a behavior that can be also found for the experimental
data (Fig. 1, squares and circles for inter- and intra-molecular
contacts, respectively).The aggregate in the eclipsed conforma-
tion is stabilized by slipping the two monomers (i.e. a1 = 87°,
a2 = 93° and b = 177°), while the Cu···Cu distance (2.694 Å)
is significantly shortened.

Further support for the bonding nature of the Cu···Cu contact
in both its eclipsed and staggered forms has been obtained from
a topological analysis12 of the calculated electron density of
[Cu(NH3)Cl]2. A bond critical point was found between the two
Cu atoms in [Cu(NH3)Cl]2, with electron densities of 0.017 and
0.028 for the eclipsed and staggered structures, respectively,
consistent with a weak bonding interaction. The values found
for all characteristic parameters of the critical points are similar
to those for closed shell interactions such as the O–H···O
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hydrogen bonds (see ref. 12, p. 292). In addition, bond critical
points between the hydrogen and chlorine atoms in the eclipsed
conformer confirm the existence of inter-ligand hydrogen
bonds. A previous study of the electron density in a bridged
silver(i) binuclear complex also showed the bonding nature of
the Ag···Ag interaction.13 It is interesting to stress that in
[Cu(NH3)Cl]2 there is Cu···Cu bonding even if the copper atoms
are 3.174 Å apart. In contrast, a similar analysis of the electron
density of the rhombic structure of [Cu(N2)Cl]2, with a shorter
Cu···Cu distance (2.839 Å), shows no bond critical point
between the copper atoms. These results clearly show that it is
the molecular topology, not the distance, that determines the
existence of a Cu···Cu bonding interaction. Such results are
consistent with the importance of the dz2–pz hybridization4,7 for
the Cu···Cu interaction (possibly a part of the important
correlation effects in post Hartree–Fock calculations5): in the
intermolecular aggregate [Cu(NH3)Cl]2 the empty pz orbital of
Cu can participate in the Cu···Cu interaction, and a bond critical
point is found between the copper atoms. In contrast, in the
optimized structure of [Cu(N2)Cl]2, the pz orbital is involved in
metal–ligand bonding (corresponding to a formal sp2 hybrid-
ization at Cu), the dz2–pz donor–acceptor interaction should be
quenched, and no Cu···Cu bond critical point is found.

The variety of structures found for the bimolecular ag-
gregates of the [CuLX] compounds can be explained taking into
account the reluctance of the monomers to bend, together with
the variety of intermolecular interactions available to them: (i)
weak Cu···Cu bonding interaction, (ii) intermolecular hydrogen
bonds between ligands, (iii) new Cu–X bonds (when the X
ligands have unshared electron pairs), and (iv) steric hindrance
imposed by highly bulky ligands L that may prevent two
monomers from approaching close enough to allow bonding
interactions. For instance, a Cu···Cu contact at 2.810 Å is found
in a staggered conformation with no supporting metal–ligand or
hydrogen-bonding interactions in [Cu(pyFc)2][CuCl2] [pyFc =
1,1A-bis(2-pyridyl)octamethylferrocene].14 On the other hand,
the hydrogen-bonded structure 5 found for our model com-
pound has an experimental counterpart in [Cu(Me4pip)Br]15

(Me4pip = 2,2,6,6-tetramethylpiperidine), which presents a
N–H···Br distance of 2.653 Å and a Cu···Cu distance of
3.362 Å.

The attractive Cu···X interaction predicted in our calculations
for [Cu(L2)Cl]2 (L = PH3, N2) that may result in the formation
of a rhombic dimer of type 3 is in keeping with the coordinative
unsaturation of CuI in two-coordinate complexes, manifested in
their well known tendency to form three- or four-coordinate
compounds.1,2 In fact, one can view the different structures
experimentally found as snapshots along the pathway that takes
one from bimolecular aggregates of type 1 to dimers of type 3,

along which the Cu···X distance and the bond angle b are
expected to decrease in a concerted way. This is precisely what
is found (Fig. 2) for the structurally characterized dimers of type
3 and those weakly bound aggregates of type 1 or 2 (with X =
Cl, Br, I or N). Alternatively, the [CuLX] monomers associate
through Cu···X contacts forming chains of trigonally co-
ordinated Cu atoms, that have been structurally characterized
for X = L = Br.15 When the two ligands have an unshared
electron pair as in the [CuX2]2 monomers, two Cu···X contacts
per molecule can be formed, thus giving chains of tetrahedrally
coordinated Cu atoms, as frequently found in the salts of the
[CuX2]2 anions (X = Cl, Br, or I).

Work supported by DGES, project PB95-0848 and by CIRIT,
grant 1995SGR-00421. The allocation of computing resources
at the Centre de Supercomputació de Catalunya (CESCA) was
funded in part through a grant of Fundació Catalana per a la
Recerca and Universitat de Barcelona.
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3 P. Pyykkö, Chem. Rev., 1997, 97, 597 and references therein.
4 Y. Jiang, S. Alvarez and R. Hoffmann, Inorg. Chem., 1985, 24, 749.
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Fig. 1 Optimized Cu···Cu distance as a function of the bond angle b for the
dimer [Cu(NH3)Cl]2 (triangles). Structural data for intermolecular (squares)
and intramolecular (circles) contacts with flexible bridging ligands in an
eclipsed conformation also plotted for comparison.

Fig. 2 Longest Cu···X distance as a function of the bond angle b for
bimolecular aggregates [CuLX]2 of types 1 and 2, and for dimers 3, where
X = Cl (triangles, 13 structures), Br (squares, 14 structures), I (circles, 21
structures) or N (diamonds, 5 structures)
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Parallel synthesis of alkyl methacrylate latexes for use as catalytic media

Paul D. Miller and Warren T. Ford*†

Department of Chemistry, Oklahoma State University, Stillwater, OK 74078, USA

Among thirty-two anion exchange latexes prepared by
parallel synthesis, those containing 2-ethylhexyl methacry-
late units are the most active as catalytic media for alkaline
hydrolysis of p-nitrophenyl alkanecarboxylates.

Cationic polymers and colloids, such as soluble poly-
electrolytes,1 macroscopic anion exchange resins,2 surfactant
micelles,1,3 and 0.2 mm diameter latex particles4 in aqueous
media catalyze reactions of anions with uncharged organic
compounds. The catalytic activities are due primarily to high
local concentrations of the anionic and uncharged reactants in
the small volume fraction of the polymer or colloid phase or
pseudophase in the aqueous mixture, although enhanced
intrinsic rate constants sometimes contribute. Amounts of less
than 1 mg ml21 of polystyrene latexes containing quaternary
ammonium anion exchange sites increase the rate of
o-iodosobenzoate-catalyzed hydrolysis of p-nitrophenyl diph-
enyl phosphate up to 6300 times faster than in water alone.4
These rate enhancements in anion exchange latexes are as high
or higher than those in cationic micelles,5 and the activity
persists at very low particle concentrations, whereas surfactants
have high catalytic activity only above the critical micelle
concentration.

An important potential application of colloidal catalysts is
hydrolytic decontamination of toxic organophosphates, phos-
phonates and fluorophosphonates which are widely used as
insecticides and are stockpiled as chemical warfare agents.6
However, these polystyrene latex particles failed to promote the
hydolysis of diisopropyl fluorophosphate (DFP) in pH 11
aqueous media,7 probably due to an unfavorable partition
coefficient of the aliphatic DFP into the aromatic polystyrene
latex particles. Reasoning that aliphatic polymers would absorb
larger amounts of aliphatic reactants, we synthesized a family of
cationic latexes from copolymers of alkyl methacrylates and
vinylbenzyl chloride and tested their activities for basic
hydrolysis of active esters.

Diversity strategies for the synthesis of biologically active
compounds are employed at all major pharmaceutical com-
panies, have been used in search of superconductive, magnetic,
and phosphorescent materials,8 and have been used to prepare
polymer catalysts.9 One widespread method is the combinato-
rial synthesis of different compounds in polymer beads that can
be separated and tested individually. Since latex particles are
too small to be separated as single beads, we employed a
parallel method to prepare a diverse series of alkyl methacry-
late-based catalysts.

Twenty-nine latex copolymers of 25 mass% vinylbenzyl
chloride (VBC, 70 : 30 m : p) and 73 mass% aliphatic methacry-
lates were prepared on a 500 mg scale using 1% divinylbenzene
to cross-link the particles, 1% (m,p-vinylbenzyl)-
trimethylammonium chloride to stabilize the particles during
growth, and 2,2A-azobis(N,NA-dimethyleneisobutyramidine) di-
hydrochloride as a water-soluble radical initiator. The latexes
differed in the number and combination of aliphatic monomers
present. Polymerizations were carried out using sets of 12 test
tubes, each containing a different mixture of monomers and a 7
mm stirring bar. The test tubes were supported in a 60 °C water
bath on a multiplate magnetic stirrer. Anion exchange sites in
the form of quaternary ammonium groups were introduced to

six latexes at one time in separate vials in a sealed pressure
reactor by reaction of the vinylbenzyl chloride component with
either trimethylamine (TMA) at 60 °C or tributylamine (TBA)
at 95 °C. Methanol was added to the vials and to the reactor to
promote permeation of the polymers by the amines and to
equalize pressure inside and outside the vials. Each quaternized
latex was purified by repeated washing and ultrafiltration
through a 0.1 mm membrane filter on a syringe. The resulting
anion exchange particles contained 19–20 mol% of quaternary
ammonium units (Fig. 1). Representative samples were
130–140 nm in diameter by TEM measurements.

Table 1 presents the results of screening the catalytic
activities of 0.6 mg ml21 alkyl methacrylate latexes for
hydrolysis of p-nitrophenyl (PNP) hexanoate (Scheme 1) in pH
9.4 borate buffer solution.

Rate enhancements relative to rates in the absence of latex
ranged from 2.3 for the polystyrene–TMA latex (15 in Table 1)

Fig. 1 Structure of TMA-quaternized latexes

Table 1 Observed rate constants for hydrolysis of PNP–hexanoate in latex
dispersions

Latex Methacrylatea,b 103 kobs/s21

1 Butyl 2.0
2 Isobutyl 2.1
3 2-Chloroethyl 1.8
4 Tetrahydrofurfuryl 2.3
5 2-Ethylhexyl 4.1
6 Butoxyethoxyethyl 1.9
7 Ethoxyethoxyethyl 1.8
8 2-Ethylbutyl 2.0
9 n-Hexyl 2.1

10 n-Octyl 3.1
11 n-Decyl 3.3
12 n-Dodecyl 3.5
13 Tetrahydropyranyl 1.8
14 Furfuryl 1.9
15 Polystyrene 0.8
16 Butyl (TBA) 5.1
17 Polystyrene (TBA) 3.9
18 2-Ethylhexyl (TBA) 5.4

a All latexes were quaternized with trimethylamine except 16, 17 and 18
which were quaternized with tributylamine. b Latex concentration was 0.6
mg ml21, quaternary ammonium ion concentration [N+] = 62 mm, and
substrate concentration 2.5 mm in 0.02 m borate buffer (pH 9.4) at 30.0 °C.
Psuedo-first-order rate constants were calculated for formation of
p-nitrophenoxide measured by increase of absorbance at 410 nm over the
first 20% conversion. The kobs values were reproducible to within 5% from
triplicate measurements with each latex, and from triplicate preparations of
latexes 1, 5 and 15–18. kw for the reaction in the absence of latex was 3.26
3 1024 s21.
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O2N O2C(CH2)4Me + 2 OH –

O2N O– +   –O2C(CH2)4Me +   H2O

1/(kobs–kw)=1/(kL–kw)K[N+] + 1/(kL–kw) (1)

to 16.5 for the 2-ethylhexyl methacrylate–TBA latex (18), and
all alkyl methacrylate–TMA latexes were more active than the
polystyrene–TMA latex. There was a sizable increase of
activity on increase of the alkyl chain length from hexyl (9) to
octyl (10) but only smaller increases between other pairs of C2n-
alkyl methacrylate latexes (1, 9–12). The branched 2-ethylhexyl
methacrylate latex (5) was more active than the linear octyl
methacrylate latex (10) having the same number of carbon
atoms. Fourteen more TMA-quaternized latexes (not shown)
containing mixtures of two methacrylate monomers and VBC
gave rate constants between those of the latexes in Table 1
containing the same individual monomers. Finally Table 1
indicates that particles containing TBA sites (16–18) are more
active than those containing TMA sites (1,5,15).

Activities of the styrene, butyl methacrylate and 2-ethylhexyl
methacrylate-based latexes were measured at 5–6 different
particle concentrations. Pseudo-first order intraparticle rate
constants (kL) for the hydrolysis of PNP-acetate, hexanoate, and
octanoate and equilibrium binding constants (K) of the PNP
ester to quaternary ammonium ion sites in the latex were
calculated from double reciprocal plots of duplicate measure-
ments of each rate constant using eqn. (1), where kw is the rate

constant in the absence of latex.10 (A ‘binding constant’ of the
nonionic PNP ester to the ion exchange sites is a misnomer.
‘Partition coefficient’ would be better, but the binding constant
formalism10 is easy to apply.) The results are reported in Table
2.

The major differences in the activities are due to the binding
constants: the longer the aliphatic chain of the PNP ester, and
the more lipophilic the quaternary ammonium ion, the greater

the binding constant. The much larger increases in the binding
constants from polystyrene–TMA to polystyrene–TBA than
with the corresponding methacrylate latexes is due to the TBA
increasing the aliphatic character of aromatic latexes more than
of aliphatic latexes.

Parallel synthesis has enabled rapid evaluation of 32 latex
catalysts and selection of the most informative ones for analysis
of intraparticle rate constants and binding constants. This
diversity approach can be used to identify active polymer
catalysts for many other important chemical reactions.

This research was supported by the U.S. Army Research
Office.
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Table 2 Intraparticle rate constants and equilibrium constants

Styrene Butyl MA 2-Ethylhexyl MA

1023 K/ 1023 K/ 1023 K/
PNP ester 103 kL/s21 dm3 mol21 103 kL/s21 dm3 mol21 103 kL/s21 dm3 mol21

TMA-quaternized
Acetate 1.3 2.0 9.3 2.3 7.4 2.3
Hexanoate 5.7 2.1 5.9 11.8 4.7 21
Octanoate 4.7 12.7 5.3 46 4.9 70
TBA-quaternized
Acetate 11.9 3.1 9.5 4.1 9.0 5.0
Hexanoate 5.8 15.1 5.8 25 5.8 31
Octanoate 5.7 69 5.3 74 5.1 88

Scheme 1
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From helicate to infinite coordination polymer: crystal and molecular
structures of silver(i) complexes of readily prepared di-Schiff bases

Paul K. Bowyer, Keith A. Porter, A. David Rae, Anthony C. Willis and S. Bruce Wild*†

Research School of Chemistry, Institute of Advanced Studies, Australian National University, Canberra, ACT 0200, Australia

The readily prepared di-Schiff base of pyridine-2-aldehyde
and ethane-1,2-diamine 1 reacts with silver(I)
tetrafluoroborate to form by self-assembly the double-
stranded D2-helicate (±)-[Ag212](BF4)2; the corresponding
Schiff base of (1R,2R)-cyclohexane-1,2-diamine [(R,R)-2]
reacts with silver(I) nitrate to produce the homochiral single-
stranded C2-coordination polymer M-{[Ag{(R,R)-
2}]NO3·2H2O}H.

Double- and triple-stranded helicates are generated when metals
combine with ligands containing appropriate metallophilic and
helicating elements. Thus, the bis(methylene)oxy group in-
serted between a pair of semi-rigid 2,2A-bipyridines destabilises
single-stranded mononuclear metal chelates of univalent Group
11 ions, but facilitates the self-assembly of double-stranded
dinuclear metal helicates.1,2 Moreover, a homochiral helicating
element in the ligand can induce considerable stereoselectivity
in the product.3 There is now available a wide variety of
structural motifs for the self-assembly of double- and triple-
stranded helicates, many of which are derived from ligands
having as their metallophilic elements familiar chelating
entities, including 2,2A-bi- and oligo-pyridines and related
compounds,4 and a tetra(tertiary phosphine).5 Herein we report
the syntheses and crystal and molecular structures of silver(i)
complexes of the readily prepared di-Schiff bases 16 and (R,R)-
2,7 viz. the double-stranded helicate (±)-[Ag212](BF4)2 and the

infinite single-stranded coordination polymer M-{[Ag{(R,R)-
2}]NO3·2H2O}H. The crystal and molecular structures of the
related double-stranded helicate (±)-[Ag2{(R,S)-2}2](CF3SO3)2
have been determined previously8 and detailed NMR spectro-
scopic investigations of this compound and the parent
(±)-[Ag212](CF3SO3)2 have indicated that both helicates have
two-fold symmetry in solution.8,9 In other work, it has been
shown that silver(i) combines with a single enantiomer of a
bis(pyridyl) ligand derived from l- or d-tartaric acid to give an
extended single- stranded helicate, whereas the corresponding
racemic form of the ligand produces a disilver(i) complex
incorporating both enantiomers in a meso arrangement.10

The complex (±)-[Ag212](BF4)2 was isolated as pale-yellow
prisms from acetonitrile–diethyl ether, mp 221–221.5 °C
(decomp.).‡ The 1H NMR spectrum of the complex in
[2H3]acetonitrile is consistent with the presence of a pair of
homotopic ligands2 and the electrospray MS of the complex at
a cone potential of 25 V displays a pattern of peaks in the range
m/z 776–783 due to [Ag212·BF4]+. The salt crystallises as a
racemic compound in the orthorhombic space group C2221 (no.
20) with four pseudo inversion related pairs of cations and

associated anions in the unit cell [Fig. 1(a)].§ Each disilver(i)
cation has D2 symmetry with the two homotopic ligands
spanning both silver(i) ions. The Ag···Ag distance in the cation
is 3.024 Å (av.). The overall structure can be described as a
modulation of an idealised Fddd parent structure in which true
inversion relates two substructures of F222 symmetry with
C-centred layers of the different substructures interleaved
perpendicular to c. Within a layer, the dimeric cation occupies
a site of 222 symmetry with the anions located on two-fold
rotation axes parallel to b at 1/2, ± 0.15, 0 from the cation. The
modulation lowers the symmetry of the structure from Fddd to
C2221 (a subgroup of Fddd) and destroys the crystallographic
symmetry relationships between the substructures, which now
also have C2221 symmetry. The modulation displaces layers of
one substructure along a and displaces layers of the other
substructure along b, while retaining a pseudo inversion
between adjacent layers. Layers of the first substructure contain
two-fold rotation axes parallel to a that relate adjacent layers of
the second substructure and layers of the second substructure
contain two-fold rotations parallel to b that relate adjacent
layers of the first substructure. The asymmetric unit for the
space group C2221 contains two quarters of a dimeric cation and
one anion from the first substructure and two quarters of a
dimeric cation and two half anions from the second sub-

Fig. 1 Molecular structures of double-stranded helical cation of
(±)-[Ag212](BF4)2 (a) and of repeating unit of cation of single-stranded
M-{[Ag{(R,R)-2}]NO3·2H2O}H (b)
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structure. It was not necessary to invoke disorder in the
structure. 

The complex M-{[Ag{(R,R)-2}]NO3·2H2O}H crystallises as
amber plates from acetonitrile–diethyl ether in the hexagonal
space group P6522. The polynuclear metal cation of the
complex is an infinite helical polymer of C2 symmetry with
each interlocking Ag2N4 unit completing 0.73 turns of a left-
handed (M) helix [Fig. 1(b)]. The pitch of the single-stranded
palindromic helix is 6.5 Å and the Ag···Ag distances are 5.42 Å
(av.). Each tetrahedral silver ion in the helix has the S
configuration. Parallel helical chains form layers perpendicular
to c with the 65 screw axis of P6522 relating adjacent layers to
give an overall structure of M helicity. The reference layer at
z = 1/4 propogates parallel to a, inducing pseudorotation axes
midway between the real rotation axes (Fig. 2). The pseudosym-
metry of the structure allows the possibility of homometric
solutions, a translation of 1/2 b relating alternative positions for
the polymer chain that produces the same intensities should the
1/2 a translation hold exactly. The ligands enclose N(terminal)–
Ag–Ag–N(terminal) angles of 190.5° (av.), implying an
average pitch of 7.3 Å for the Ag2N4 helical core. Comparative
refinement allowed the absolute structure to be determined. The
1H NMR spectrum in [2H3]acetonitrile and the electrospray MS
of the complex are consistent with disproportionation of the
polymer into dinuclear metal helicates in solution. The
helical displacements in the helicate and the helicalpolymer
are evident in the space-filling diagram given in Fig. 3. Fig. 1
shows the ob and lel arrangements of the central carbon–carbon
bonds in the two structures. The crystal molecular structures of
two other single-stranded helicate polymers derived from

achiral ligands have been described previously.11,12 To
our knowledge, however, the only other homochiral co-
ordination polymer to be structurally characterised is the
complex P-{Ag[(R,R)-DIOP]NO3}n {DIOP = (4R,5R)-trans-
4,5-bis[(diphenylphosphino)methyl]-2,3-dimethyl-1,3-dioxa-
lane} in which each silver ion in the polymer is coordinated by
two phosphorus atoms of adjacent (R,R)-DIOP ligands and a
nitrate-O atom.13

We should like to thank Professor P. A. Williams of the
University of Western Sydney for a sample of (R,R)-2. 

Notes and References

† E-mail: sbw@rsc.anu.edu.au
‡ Satisfactory elemental analyses were obtained.
§ Crystal data for (±)-[Ag212](BF4)2: C28H28Ag2B2F8N8, Mr 865.93, pale
yellow block, space group C2221 (no. 20), a = 10.420(2), b = 25.036(7),
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thin plate. The homometrically related structure refined to an R value of
0.15. Refinement in P6122 gives the incorrect helicity for the ligand and
produces worse refinement statistics. CCDC 182/843.
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Fig. 2 Cation of M-{[Ag{(R,R)-2}]NO3·2H2O}H at z = 1/4

Fig. 3 Space-filling diagram of cation of M-{[Ag{(R,R)-2}]NO3·2H2O}H
with hydrogen atoms omitted
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Michael addition to a,b-unsaturated arene ruthenium(ii) cyclopentadiene
complexes: endo nucleophilic addition

Robert M. Moriarty,*a† Livia A. Enache,a Richard Gilardi,b George L. Goulda and Donald J. Winka

a Department of Chemistry, University of Illinois at Chicago, Chicago, IL 60607-7061, USA
b Laboratory for the Structure of Matter, Naval Research Laboratory, Washington, DC 20375-5341, USA

Certain carbon and sulfur nucleophiles add to the
b-terminus of the styrene system in a,b-unsaturated arene
ruthenium(II) cyclopentadiene complexes, and unexpected
endo addition occurs preferentially in some cases.

Metals in either their neutral (Cr0, Fe0, Mo0) or charged state
(FeII, RuII, PdII, OsII, CoII) activate complexed unsaturated
ligands towards nucleophilic addition.1 This behaviour is due to
net inductive withdrawal of electron density from the ligand and
stabilization of the anionic charge resulting from addition of the
nucleophile. The addition of the nucleophile occurs on the exo
face of the ligand, distal to the metal.2 Within the context of this
direct nucleophilic addition to the complexed ligand, one might
anticipate that conjugate addition could likewise occur in a,b-
unsaturated ligated systems such as styryl or 1,2-dihydrona-
phthalene, and indeed this has been observed; in both cases
h6-chromium(0) complexes of the aromatic ring were used. In
the simplest case, tricarbonyl(h6-styrene)chromium,3 this type
of reaction occurred in 7–30% yield, but with a discouraging
mixture of side-products. Better synthetic results were obtained
by Semmelhack and in the case of addition of LiCMe2CN upon
tricarbonyl(h6-1,2-dihydronaphthalene)chromium.3b,4 The ster-
eochemistry of the product was proposed to correspond to exo
addition, on the basis of a 1H NMR spectrum of the
decomplexed ligand.4a Two other examples of conjugate
addition to arene-Cr(CO)3 complexes were reported.5

Because of our interest in nucleophilic displacement reac-
tions upon (h6-arene)(h5-cyclopentadienyl)ruthenium(ii) com-
plexes,6 we studied the Michael addition in this series with a,b-
unsaturated arene ligands. The objectives were to make the
reaction more synthetically useful, partly as the rate of the
nucleophilic displacement, via addition-elimination, on aryl
halides increases in the order Cr0(CO)3 < Mo0(CO)3 << CpFe+

< Mn+(CO)3,7 and also to establish the stereochemistry of the
addition relative to the result observed with the Cr(CO)3 group.
The substrates and transformations are shown in Scheme 1.8

Pure endo forms of products 2b and 2c, and the exo form of
4 could be separated via fractional recrystallization from
acetone–water and the X-ray structures of the major isomers
could be determined.‡

The X-ray structure of the major product from reaction of 1c
with KCN is in Fig. 1. The Cl Me and C2 CN are syn and on the
same face as the metal. This highly strained array corresponds

to endo addition and exo protonation and differs from the result
observed for conjugate addition in two cases in which the
stereochemistry was determined.3b,5b A similar preference for
the endo addition was determined from combined NMR and
X-ray studies of other products in our study (Scheme 1). An
X-ray of the major component of product 2b also shows endo
selectivity. The major component of product 4 was the
‘expected’ exo.

How is one to explain endo nucleophilic addition? In a direct
displacement upon a metal-complexed aromatic ring, basically
an SN2 type mechanism, the nucleophile attacks at the carbon
atom undergoing displacement forming a new bond to that
center (with inversion) with concomitant cleavage of a bond to
the metal, i.e. the ligated metal is the ‘leaving group’.10 This
description requires exo attack. Conjugate addition of the type
studied here is controlled by the stereoelectronic effects of the
SN2A reaction.11 This process occurs with syn stereochemistry,
although it has not been recognized that the carbon–metal bond
could constitute the leaving group [Fig. 2(a)]. Fig. 2(b) shows
the orbital representation which reveals the LUMO of the
complex and the preference for syn addition.

The reactions were generally slower for 1b as compared to 1a
(rate retarding effect of OMe) and slower still for 1c (steric
effect of Cl methyl group). With KCN (5 equiv.) in DMF–H2O
in the presence of NH4Cl (3 equiv.), the conditions required for
the complete disappearance of the starting material for 70 °C
overnight for 1a? 2a and 90 °C overnight for 1b? 2b and 1c
? 2c. The yields of endo/exo mixtures of isomers after
chromatographic separation on silica gel (acetone–CH2Cl2 1 : 4)
were 86 (endo : exo 1 : 1), 85 (endo : exo 2 : 1) and 82%
(endo : exo 3 : 1) respectively. The reactions with thiophenol

Scheme 1

Fig. 1 X-Ray structure of compound 2c

Fig. 2 (a) The SN2A type mechanism illustrating endo conjugate nucleophilic
addition to styrene-type substrates complexed to RuII. (b) Simple orbital
diagram which represents LUMO calculated from ZINDO for the
CpRu(C10H10)+ model.
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(1.5 equiv.) were carried out in NMR tubes in CD3CN in the
presence of Hunig’s base (Pri

2NEt). Judging by the disappear-
ance of the signals of the starting material in the NMR spectrum,
substrate 1a reacted completely in 30–45 min when 2 equiv. of
base was used at 45 °C, and overnight with only 0.5 equiv. of
Hunig’s base at 25 °C. Substrate 1b reacted completely at 45 °C
overnight in the presence of Hunig’s base (0.5 equiv.), and
substrate 1c reacted in only ca. 80% when treated with Hunig’s
base (0.5 equiv.) at 60 °C for 36 h. The observed endo : exo
ratios were: 3a (3 : 1), 3b (5 : 4) and 3c (endo only).

A more advanced example is the Corey–Chaykovsky cyclo-
propanation in which dimethyloxosulfonium methylide9 is
used in a reaction which occurs at room temp. within minutes
(1b ? 4) (complete disappearance of the starting material,
80% isolated yield after chromatography, endo : exo 1 : 5,
Scheme 2).

How does one reconcile endo addition with the observed exo
addition of Semmelhack and others?3b,5a These workers used Li
carbon anions and the conjugate addition in these cases is
reversible.12 Accordingly, the least hindered exo (cis-1,2)
product perdominates. In contrast, our cyanide addition method
involving in situ NH4Cl/H2O insures formation of the kinetic
product, by immediate protonation at the benzylic position.
Kinetic control is also possible in the addition of PhSH in the
presence of less than 1 equiv. of base. In agreement with the
interpretation, cyclopropanation (1b ? 4) yields the exo
product in 5 : 1 ratio because of the reversibility associated with
carbanion addition in the absence of a protic acid.9,13 Semi-
empirical quantum calculations (ZINDO, INDO1 level basis
set)14 on a (h5-cyclopentadienyl)(h6-1,2-dihydronaphthalene)-
Ru cation model complex, as well as its Fe substituted analog,
indicate that a nucleophilic attack at the endo face of the
conjugated p-system is slightly preferred over the exo face.
Furthermore, the model calculations indicate that an anti
stereochemistry of protonation to the resulting h5-pentadienyl
form of the intermediate [Fig. 2(a)] as the a-styryl C would be
expected, consistent with the major selectivity observed in the
Ru system reported here. Interpreting these predictive models in
the context of the stereochemistries reported for SN2A addition11

indicate that a general model in which attack of the nucleophile
syn to the leaving group (Ru–C bond) in p-complexed styryl or
dihydronaphthyl complexes is reasonable. Further theoretical
and experimental studies are in progress to test this hypoth-
esis.

This work was supported through NSF grant CHE-
9520157.
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The first synthesis of the Streptomyces derived antibiotic U-62162

Lilian Alcaraz and Richard J. K. Taylor†

Department of Chemistry, University of York, Heslington, York, UK YO1 5DD

U-62162, a member of the manumycin family of antibiotics,
has been prepared as a mixture of diastereoisomers and
shown to contain a syn-hydroxy epoxide nucleus and a
1,3-syn-disposed dimethyl unit in the upper side chain; the
cornerstone of the synthetic route utilises organometallic
addition to a monoprotected quinone epoxide—the first time
this approach has been successfully employed to prepare a
manumycin antibiotic.

The manumycin group of natural products, which includes
manumycin A 11 and alisamycin 2,2 have attracted a great deal
of attention due to their antibiotic, antitumour and enzyme
inhibitory properties.1–4 With two exceptions, all members of
this family have a 2-amino-3-hydroxycyclopentenone poly-
enamide lower side chain. The exceptions are nisamycin 3,3
which is the carboxylic acid corresponding to alisamycin, and
U-62162 4.4 U-62162, an antibiotic isolated from Streptomyces
verdensis (UC-8157), was reported by researchers from the
Upjohn Company in 1982, and has a unique five-carbon
saturated lower side chain terminating in a carboxylic acid.
Extensive NMR experiments were carried out to assign
structure 4, but the only stereochemical information revealed
was the E-orientation of the alkene in the top side chain.

We recently reported5 the first total synthesis of alisamycin 2
and nisamycin 3. The initial synthetic approach investigated for
these compounds involved organometallic elaboration of the
monoprotected quinone epoxide 5, as summarised in Scheme 1.

This approach was ultimately unsuccessful because of the
lability of the C-4 hydroxy group, which is tertiary and doubly
allylic in adduct 6 when R1 is an unsaturated lower side chain;
attempted hydrolysis of the acetal moiety to give 7 resulted,
under a wide range of conditions, in the formation of
degradation products, one of which was tentatively identified as
enone 8. A successful alternative approach to alisamycin and
nisamycin was eventually designed,5 but we were intrigued by
the possibility that the original methodology, shown in Scheme
1, might be applicable to the synthesis of related compounds in
which the hydroxy group is less labile, i.e. where R1 is not
alkenyl. Here we describe the successful implementation of this
approach for the synthesis of U-62162.‡

Model studies (Scheme 2) were carried out to assess the
viability of this approach. Compound 9, prepared using similar
procedures to those described later, was treated with TsOH in
aqueous acetone, giving a reasonable yield of the required
alcohols 10 and 11. The fact that the two epimers were formed
during the reaction indicates that some carbocation formation is
still occurring, but as the enamide unit remained intact, and
hydrolysis products of type 8 were not observed, this route was
thus adopted for the synthesis of U-62162. 

The first objective in the natural product synthesis was to
elucidate the relative stereochemistry of the side chain methyl
substituents in the upper side chain (Scheme 3). The readily
available7 syn- and anti-dimethylvalerolactones 12 were there-
fore converted into the isomeric alcohols 13 and on to the acids
14 using the straightforward sequence illustrated. Treatment of
acids 14 with oxalyl chloride in CH2Cl2 gave the corresponding
acid chlorides which were used to acylate amine 15.5 The
resulting adducts 16, as diastereomeric mixtures, were then
converted into quinone epoxides 17 via the three-step sequence
shown. 

The high-field NMR spectra of the syn- and anti-dias-
tereomers of 16, 17 and the other acylated intermediates, were
compared to the data published for U-62162.4 Significant
differences were observed, which indicated that the natural
product contained the syn-dimethyl arrangement [e.g. syn-17:
dH 0.91 (3 H, d, J 6.5, H-11A); anti-17: dH 0.89 (3 H, d, J 6.5,
H-11A); U-62162:4 dH 0.91 (3 H, d, J 6.6, H-11A). We therefore
set out to convert syn-16 into U-62162 (Scheme 4).

5-tert-Butyldimethylsilyloxy-1-iodopentane8 was trans-
metallated (ButLi, Et2O) and then treated with syn-16; as

Scheme 1 Scheme 2 Reagents and conditions: i, TsOH, aq. acetone
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expected,5 addition occurred with total stereoselectivity from
the face opposite the epoxide. The deprotection of adduct 18
could be carried out directly using TsOH in aqueous acetone but
the process was rather slow and inefficient. The preferred
method involved fluoride-induced desilylation followed by
acetal hydrolysis using TsOH. This sequence gave diol 19
(accompanied by a small amount of the anti-hydroxy epoxide§
which was easily removed by chromatography). Oxidation of
19 to an inseparable mixture of the corresponding acids 20/21
was achieved by a two-step procedure (PCC, then sodium
chlorite). Compounds 20/21, although a diastereomeric mix-
ture, showed data consistent with that published for U-62162
[e.g. dH (synthetic) 7.42 (d, J 2.5, H-3) 3.68 (dd, J 4.0, 2.5, H-5),
3.55 (d, J 4.0, H-6); dH (published4) 7.43 (d, J 2.7, H-3) 3.69
(dd, J 4.0, 2.7, H-5), 3.56 (d, J 4.0, H-6); dC (synthetic) 190.2
(C-1), 130.6 (C-2), 130.3 (C-3), 71.2 (C-4), 58.6 (C-5), 53.7,
C-6); dC (published4) 189.6 (C-1), 130.0 (C-2), 129.8 (C-3),
70.6 (C-4), 57.9 (C-5), 53.0, C-6)].§ The syn-hydroxy epoxide
arrangement, now confirmed for U-62162, is in accord with the
biosynthetic rationale recently proposed by Gould and Floss.9

This research establishes an efficient route to the antibiotic
U-62162 and also provides further stereochemical information.
We are now working to assign U-62162 as 20 or 21 and to
complete an enantioselective synthesis.

We thank the European Community for a Marie-Curie
Fellowship (L. A.), and Professor P. Kocienski for helpful
advice concerning the preparation of compounds 12.
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Scheme 3 Reagents and conditions: i, DIBAL-H, THF, 278 °C (ref. 7); ii,
Ph3PNCMe2, THF, 0 °C; iii, DMSO, (COCl)2, 260 °C, then Et3N, CH2Cl2,
room temp.; iv, Ph3PNCHCO2Et, CH2Cl2, room temp.; v, LiOH, aq.
MeOH–THF; vi, acid chloride from 14, LiOBut, THF, 0 °C; vii, LiHBEt3,
THF, 278 °C, then K10, CH2Cl2, room temp., then PDC, CH2Cl2, room
temp.

Scheme 4 Reagents and conditions: i, Li(CH2)5OTBDMS, Et2O, 278 °C;
ii, TBAF, THF, room temp., then TsOH, aq. acetone; iii, PCC, NaOAc,
CH2Cl2, room temp., then NaClO2, KH2PO4, 2-methylbutene, aq. ButOH,
room temp.
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New procedures for the Juliá–Colonna asymmetric epoxidation: synthesis of
(+)-clausenamide

Michael W. Cappi,a Wei-Ping Chen,b† Robert W. Flood,a Yong-Wei Liao,b Stanley M. Roberts,*a‡ John
Skidmore,a John A. Smithc and Natalie M. Williamsona

a Department of Chemistry, Liverpool University, Liverpool, UK L69 7ZD
b College of Pharmacy, Second Military Medical University, Shanghai 200433, PR China
c School of Biological Sciences, Liverpool University, Liverpool, UK L69 7ZB

The oxidation of chalcone 1 to optically active epoxide 2 [a
precursor of (+)-clausenamide (+)-3] may be effected using a
15-mer or 20-mer of L-leucine bound to a PEG based
support; poly-L-leucines of this type may be used as
immobilised catalysts in a fixed-bed reactor.

The polyamino acid catalysed asymmetric epoxidation of a,b-
unsaturated ketones was discovered by Juliá and Colonna.1 The
reaction entailed taking a polyamino acid, such as poly-
l-leucine, and allowing it to swell to form a gel in the presence
of an organic solvent, 4 m aq. NaOH and H2O2. After several
hours, the substrate was added to the three-phase system
(insoluble polyamino acid, organic solvent–substrate, and
water–H2O2–NaOH). This system was used by Lantos2 and
Ferreira3 in the synthesis of selected target molecules.

Recently, it has been shown that the original three-phase
system used by Juliá and Colonna can be replaced by a non-
aqueous two-phase system4 and this modified procedure has
been used to prepare diltiazem, TaxolTM side-chain5 and other
interesting structures.6

These recent advances in the utilisation of the Juliá–Colonna
oxidation focused our attention on three issues: (i) under-
standing the mechanism of the reaction; (ii) finding a suitable
methodology for conducting the reaction on a large scale; and
(iii) broadening the range of target molecules that can be made
by using the Juliá–Colonna technique as the key step. Some
progress has been made in each of these areas, as detailed
below.

Understanding the mechanism of the Juliá–Colonna oxida-
tion is the key to the application of the methodology to a broader
range of substrates. Typically the polyamino acid catalyst is
prepared by synthesis of the appropriate amino acid N-carboxy
anhydride (NCA) and then initiating polymerisation using a
nucleophile (water, an alcohol or an amine). Using l-leucine
and 1,3-diaminopropane this procedure gives a polymer with a
molecular weight range of 1500–3000;7 it was of interest to
determine whether the heterogeneous nature of the polymer
and/or the method of preparation8 were important with regard to
the intriguing catalytic properties of the system.

Thus, l-leucine NCA was polymerised using a polyethylene
glycol polystyrene based9 amino nucleophile as the initiator to
give CAT 1. At the same time a PEG-polystyrene supported
15-mer of l-leucine (CAT 2) and a PEG-polystyrene supported
20-mer of l-leucine (CAT 3) were prepared using a peptide
synthesiser. The effectiveness of these catalysts for the
conversion of chalcone 1 into the corresponding epoxide 2
(Scheme 1) is detailed in Table 1.

It is clear that the homogeneous polymers of leucine behave
in a very similar manner to the material prepared in the usual
way from the N-carboxy anhydride. This is the first time that a
simple polyamino acid, prepared using a peptide synthesiser,
has been shown to catalyse the Juliá–Colonna asymmetric
epoxidation reaction. Variation in the amino acid content of the
homogeneous peptide chain (i.e. ‘point mutation’ of the

‘synthetic enzyme’10) is currently under way to help to elucidate
the mechanism of this fascinating reaction.

Under the biphasic reaction conditions the polypeptide does
not swell to any appreciable extent. This suggested that the
substrate in a suitable solvent might be passed through a column
of the catalyst mixed with the oxidant to furnish a fixed-bed
reactor convenient for a large scale continuous flow synthesis of
optically active epoxides. A miniature system was studied.

Poly-l-leucine, immobilised on cross-linked aminomethyl-
polystyrene11 (CLAMPS), was slurry packed into a Pasteur
pipette together with oxidant. A solution of chalcone 1
dissolved in a solvent containing DBU (0.5% v/v) was passed
through the column. Gratifyingly, good conversions of 1 to
epoxide 2 of good to excellent optical purity was observed. A
comparison of two oxidants and five solvents (Table 2)
suggested that DABCO–H2O2

12 and tert-butyl methyl ether are
the components of choice for further study.

The epoxide 2 was utilised to prepare (+)-clausenamide 3, an
antiamnaesic agent with potent hepatoprotective activity13

(Scheme 2). Oxidation of ketone 2 under the conditions
recommended by Flisak14 afforded the ester 4, which was
converted into the amide 5 using (±)-2-methylamino-1-phenyl-
ethanol. Oxidation of the hydroxy amide 5 and subsequent base-
catalysed cyclisation under prescribed conditions15 furnished a
1 : 1 mixture of diastereomeric lactams (+)-7 and (2)-8
[epimerisation of (2)-8 to provide further quantities of (+)-7
may be effected by base16]. Diastereoselective reduction of
(+)-7 with NaBH4 generated (+)-clausenamide (+)-3 in 89%
yield; the synthetic material had physical properties in accord
with those documented previously.17 This naturally occurring
compound is now available from chalcone 1 in six steps and
40% overall yield.

Scheme 1 Reagents and conditions: i, biphasic conditions: base, oxidant,
e.g. urea–H2O2, solvent, e.g. THF, room temp.

Table 1 Oxidation of chalcone 1 using polyleucine catalystsa

Conversion
Catalyst t/h (%) Eeb (%)

CAT 1 1.5 78 83
CAT 2 1.5 89 87
CAT 3 1.5 66 89

a Typical reaction conditions: chalcone (25 mg) in THF (0.75 cm3) with
catalyst (50 mg), DBU (6 equiv.) and urea–H2O2 (4.8 equiv.). b Ees
determined by chiral HPLC.
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Table 2 Oxidation of chalcone 1 using a fixed-bed of poly-l-leucinea

Residence Conversion
Oxidant Solvent time/min (%) Eeb(%)

Urea–H2O2 THF 15 63 94
Urea–H2O2 EtOAc 20 87 96
Urea–H2O2 ButOMe 20 93 96
DABCO–H2O2 THF 15 80 98
DABCO–H2O2 CH2Cl2 15 74 84
DABCO–H2O2 EtOAc 15 57 92
DABCO–H2O2 ButOMe 20 > 97 > 98
DABCO–H2O2 MeCN 25 87 86

a Reagents and conditions: immobilised poly-l-leucine (300 mg) was
packed in a column with oxidant (30 mg). Chalcone 1 (50 mg) in solvent
(0.5 cm3) was added and the column was eluted with the same solvent. b Ees
determined by chiral HPLC.

Scheme 2 Reagents and conditions: i, MCPBA, CH2Cl2, reflux, 78%; ii,
(±)-2-methylamino-1-phenylethanol, CH2Cl2, 0 °C to room temp., 93%; iii,
KMnO4–CuSO4, CH2Cl2, room temp., 76%; iv, aq. LiOH, Et2O–THF,
room temp., 93%; v, NaBH4, MeOH, 0 °C to room temp., 83%
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Mechanism-based inhibition of carbohydrate-mediated
biological recognitions
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Carbohydrates are often associated with specific biological
recognition, targeting and signalling processes that play
important roles in both normal and disease states. The
efforts of many groups have been directed toward the
synthesis of complex saccharides and saccharide mimics in
the hope of understanding these recognition processes and
developing effective agents for their intervention. As com-
pared to research with other classes of biomolecules,
however, the pace of major advances in glycobiology and
development of carbohydrate-based therapeutics has been
relatively slow, due to a combination of factors including the
complexity of glycans in natural systems and a lack of facile
synthetic techniques and analytical methods available for
carbohydrate-related research. This review discusses some
of the most recent developments in the field, with particular
emphasis on the use of combined chemical and enzymatic
approaches for the synthesis of saccharides and mimetics.
Some of the highlights include the studies of selectin–
carbohydrate and aminoglycoside–RNA interactions, and
the synthesis and evaluation of inhibitors of glycoprocessing
enzymes.

Although ubiquitous in nature, carbohydrates represent one of
the least exploited classes of biomolecules. It is now known that
carbohydrates are key elements in various molecular recogni-
tion processes. Carbohydrates play a role in infection by a
variety of pathogens; they are important for cellular trafficking
in acute and chronic inflammation and metastasis; and they play
key roles in differentiation, development, regulation and many
other intercellular communication and signal transduction
events.1 At the molecular level, carbohydrate-mediated recogni-
tion processes are not well understood, however. Although
several potential targets for therapeutic intervention have been
recognized, the rate of development of saccharide-based
pharmaceuticals has been slower than that of the other classes of

biomolecules. This is due to a number of factors. First, there are
still some extremely difficult technical problems faced by
glycobiologists and glycochemists. There is no replication
system available for the amplification of minute amounts of
carbohydrates to facilitate structure analysis and synthesis, nor
is there a machine available for the solid-phase synthesis of
oligosaccharides to facilitate the study of their functions.
Because cells glycosylate lipids and proteins in a very
heterogeneous fashion, it is not feasible to simply grow cells
and purify the glycoproteins and glycolipids to homogeneity in
large quantity. The heterogeneity of natural glycoconjugates
also makes characterization difficult, although recent advances
in mass spectral analysis have facilitated structural identifica-
tion of oligosaccharides with picomoles of material. In addition,
the synthesis of free oligosaccharides—not to mention glyco-
conjugates—in large quantities for research and therapeutic
purposes is very difficult and expensive. Secondly, carbohy-
drates generally possess poor properties for drug development.
The affinity of carbohydrates for their protein receptors is
almost inevitably weak,2–6 with dissociation constants in the
millimolar range, and carbohydrates are generally orally
inactive and sensitive to glycosidases in vivo. As a result,
carbohydrates may only be used in injectable form for the
treatment of acute symptoms.

It is clear, however, that these recognition processes are of
fundamental importance in organism development, cell–cell
communication, and cell and protein targeting. They are
involved in the progression of a variety of diseases, such as
invasion and metastasis of tumors. Likewise, many disease
states are associated with changes in glycosylation at the
cellular level. Pharmaceutical control of such recognition
processes may therefore be beneficial. Furthermore, under-
standing the mechanism of carbohydrate recognition may lead
to the development of new concepts and new strategies to tackle
the problems of carbohydrate-based drug development. This

Fig. 1 Sialyl Lewis X-mediated cell adhesion in inflammatory reaction
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review focuses on some of the most recent efforts toward the
synthesis of complex carbohydrates, carbohydrate mimetics and
inhibitors of glycoprocessing enzymes. It concentrates on the
development of molecules that inhibit the natural functions of
selectins, RNA, glycosidases and glycosyltransferases.

Cellular trafficking via selectin–carbohydrate interactions

A new class of carbohydrate-binding glycoproteins called
selectins have recently been identified on the surface of specific
cell types. These glycoproteins have been named E-,7 P-8 and
L-selectins9,10 according to the cell type on which each was
initially found (i.e. endothelium, platelets and lymphocytes,
respectively). The selectins are all homologous and have similar
tertiary structures. The N-terminal region is made up of a
calcium-dependent lectin-like domain and an epidermal growth
factor-like (EGF) domain, which are necessary for carbohydrate
binding. Following these are a number of modules ( ~ 60 amino
acids) similar to those found in certain complement binding
proteins. The exact number of modules depends on the selectin,
though their function is, as yet, unknown. The X-ray crystal
structure of the lectin and EGF domains of human E-selectin
was determined11 and its amino acid sequence is homologous to
another mammalian lectin, the mannose binding protein,12 for
which the structure has also been solved. Carbohydrate ligands
that are recognized by the selectins have been identified.
E-Selectin recognizes sialyl Lewis X (SLex) on the surface of
neutrophils.13–15 P-Selectin also binds sialyl Lewis X on
neutrophils or leukocytes with a lower affinity.16,17 L-Selectin
weakly recognizes sialyl Lewis X on endothelial cells but the
affinity is higher with a sulfate group on the 6-position of
Gal18,19 or perhaps more likely on the 6-position of the GlcNAc
residue.17,20 Some sulfated Lex also bind to E- and P-selectin21

and questions regarding the true physiological ligands for these
selectins still exist, particularly since the specificity of the
selectins towards these ligands is by no means absolute.

The selectin–carbohydrate interaction is initiated at an early
stage of the inflammatory reaction22,23 or metastasis.24–26 As
illustrated in Fig. 1, when tissue injury occurs, cytokines are
released to signal endothelial cells to display P- and then
E-selectins to recruit neutrophils to the site of injury. Recruit-
ment is mediated by the adhesion of neutrophils to endothelial
cells through the multivalent interaction of SLex and P- or
E-selectin on the respective cell surfaces, followed by a more
tight interaction between integrins on neutrophils and the
intercellular adhesion molecule (ICAM-1) on endothelial cells,
resulting in the extravasation of neutrophils at the site of injury.
Over recruitment of neutrophils can be deleterious, causing
damage to normal cells and leading to inflammation. Inter-
vention of this process by partially inhibiting the adhesion step
has thus been considered to be a new strategy for creating anti-
inflammatory agents, and it is expected that many acute
symptoms such as reperfusion injury, stroke, asthma and
arthritis may be treated with this approach. In support of this
idea, the carbohydrate ligands of these selectins, especially
those of E- and P-selectin, have been shown to be potentially
useful for the treatment of these acute symptoms.27,28

Chemoenzymatic synthesis of oligosaccharides and
glycoproteins

The syntheses of SLex and related structures29–34 have played a
very important role in defining the structure–function
relationship. Studies with these molecules have not only
provided confirmation of the function of the ligand but have
also unravelled the essential groups involved in ligand recogni-
tion (Fig. 2). For SLex interaction with E- and L-selectins, it has

Fig. 2 Overlay of the conformation of sialyl Lewis X bound to E- or P-Selectin (yellow) with that bound to the L-selectin (white), and the functional groups
essential for selectin recognition
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been shown that the three hydroxy groups of fucose,35,36 the 2-
and 6-hydroxy groups of galactose37 and the carboxylate of
neuraminic acid35 are essential for binding and that the GlcNAc
residue is not critical.38 For P-selectin, the essential functional
groups are generally the same, but the 2- or 4-hydroxy group of
fucose seems not to be critical.35 These discoveries together
with the conformations of SLex determined by NMR spectros-
copy39–43 provide a basis for the design of new structures to
mimic the active conformation of SLex, which may lead to the
discovery of new and better anti-inflammatory agents.

The conformation of SLex in solution39 is different from that
bound to E- and P-selectin,42 especially in the orientation of the
neuraminic acid residue, though similar to that bound to
L-selectin.43 The conformational and structure–function rela-
tionship studies suggest it should be possible to design small
molecules that are constrained to resemble the active form of
SLex and thus improve the inhibition potency (Fig. 2).

Regarding the preparation of SLex, enzymatic techniques
have been developed for its large-scale synthesis,39 and the use
of glycosyltransferases coupled with regeneration of sugar
nucleotide substrates, first illustrated in the synthesis of
N-acetyl lactosamine,44 has proven to be useful for the large-
scale process. SLex has been prepared on kilogram scales based
on this strategy. This multienzyme system not only eliminates
the problem of product inhibition caused by the released
nucleoside (di)phosphates, but also reduces the cost of the
expensive sugar nucleotide. This method has been extended to
the synthesis of hyaluronic acid,45 and we believe that, once the
appropriate glycosyltransferases are available, it should be
possible to produce any biologically known oligosaccharide in
large quantities based on this methodology, since methods for
the regeneration of all sugar nucleotides have been developed.46

To date, a wide variety of glycosyltransferases have been
cloned. An up-to-date listing can be found in our recent
review.47 Many of the enzymes are inactive when produced in
bacterial expression systems, but the development of new high-
level eukaryotic expression systems (especially using yeast,48

baculovirus,39 and Aspergillus49) for the preparation of glyco-
syltransferases has made possible the large-scale enzymatic
synthesis of oligosaccharides.

Sulfation of saccharides, too, can be accomplished enzymat-
ically, and can be coupled with regeneration of PAPS for the
large-scale synthesis of oligosaccharide sulfates.50 N-Acetyl-
lactosamine-6-sulfate, for example, has been prepared from
N-acetyllactosamine, and this disaccharide can be easily
converted to SLex-6-sulfate with commercially available
a-1,3-fucosyltransferase and a-2,3-sialyltransferase.

Glycosyltransferases can be applied to solid-phase synthe-
sis51,52 and coupled with other enzymatic reactions to expand
the scope of their synthetic application. As an alternative
approach, the normally hydrolytic glycosidases can be forced
into the synthetic direction by addition of large amounts of
acceptor, or by sequestering the product. A glycosidase-
catalyzed synthesis of disaccharides, for example, can be
coupled in situ with a glycosyltransferase reaction to improve
the overall yield.53 Complex glycopeptides and glycoproteins,
while not easily accessible by normal solid-phase synthesis, can
be synthesized chemoenzymatically as well. A (short) monogly-
cosylated peptide ester may be ligated to another peptide in
aqueous solution via subtilisin-catalyzed aminolysis, and the
resulting glycopeptide may then be further elaborated with
glycosyltransferases.54–56 Several engineered thermostable
thiosubtilisins have proven to be quite useful for glycopeptide
synthesis, and the mechanisms of increased aminolysis to
hydrolysis and stabilization have been elucidated.54,57,58 Re-
cently, subtilisin has been applied to the synthesis of new
ribonuclease glycoforms, as illustrated in Fig. 3.55 Other
engineered subtilisins useful for peptide ligation have been
developed by Wells and co-workers for the total synthesis of
ribonuclease A and its analogs.59 The enzymatic synthesis of
glycoproteins is useful as currently there is no method available
for the preparation of homogenous glycoproteins. The strategy
illustrated in Fig. 3 may be useful in this regard. Glycoproteins
produced by fermentation, which are inevitably heterogeneous
in their carbohydrate composition, may be remodelled to a
homogeneous species via enzymatic (endoglycosidase) removal
of the heterogeneous saccharide units, followed by addition of
new sugars with glycosyltransferases. The enzymatic method
for glycopeptide synthesis is complementary to the solution-
and solid-phase chemical approaches,60–62 but may be more
suitable for the synthesis of large glycopeptides.

Fig. 3 (a) Strategies for enzymatic synthesis of glycoproteins containing
well-defined oligosaccharides; (b) sialyl Lewis X-Ribonuclease A glyco-
form

Fig. 4 Enzymatic synthesis of the melanoma antigen 9-O-acetyl-GD3 for the
preparation of vaccines
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Enzymatic elaboration can be extended to lipids, as well. The
ganglioside GM3 may be converted to GD3 with
a-2,8-sialyltransferase (GD3 synthase), and the melanoma
antigen 9-O-acetyl-GD3 can be prepared from GD3 via
subtilisin-catalyzed acetylation in DMF using vinyl acetate63

(Fig. 4).

Rational design and synthesis of sialyl Lewis X mimetics

As mentioned previously, complex carbohydrates may not be
ideal candidates for drug development, and so the development
of carbohydrate mimetics which contain additional recognition

groups (hydrophobic or charged) and are simpler, more stable,
more active than the parent structure, and perhaps orally active
has become an interesting subject for research [see Fig. 5(a) for
an overall strategy]. In the case of the SLex–selectin interaction,
the structure–function relationship study and conformational
analysis have led to the rational development of SLex mimetics
which may be comparable to or even better than the natural
ligand as inhibitors of selectins. Several groups have been
actively engaged in this effort, and several SLex mimetics
developed [see Fig. 5(b) and relative activity]64–72 have been
shown to have IC50 values for the selectins decreased from the
millimolar range for SLex to the low micromolar range for the
mimetics.

Fig. 5 (a) Strategy for the development of carbohydrate mimetics. (b) Representative sialyl Lewis X (SLex) mimetics and their relative activities against
selectins as compared to SLex. (For a review on SLex mimetics, see Simanek et al.100).
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Polyvalent inhibitors of receptor–ligand interaction

Cell-surface receptor–ligand interactions, such as selectin–
ligand interaction, are often multivalent, and so the inhibitor
prepared in a multivalent form is expected to increase the
inhibition potency. Indeed, both polymeric and liposome-like
SLex derivatives have been shown to be much more active (by
a factor of ~ 70–5000 depending on the structure and
formulation) than the monomeric species as inhibitors of E- and
P-selectin.73,74 One should be careful, however, in extrapolating
in vitro binding constants to in vivo activities. Polyvalent
structures composed of ligands that are expected to show
moderate non-specific binding in their monomeric form may
show not only an increase in the strength of specific binding, but
an increase in the strength of non-specific binding as well. For
example, a polymer composed of repeating units of a ligand
with a single cationic group will bind strongly to a polyanionic
species, even though the monomer binds the polyanionic
species only weakly. This is the principle of ion exchange

Fig. 6 Representative carbohydrate-based multivalent inhibitors of selectins and influenza haemagglutinin, both (a) liposome-based and (b) polymer-based

Fig. 7 Interactions of hydroxamic acids with nucleic acids, showing the
binding to the phosphodiester backbone as compared to a guanidino group,
and binding to the Hoogsten face of guanine

Fig. 8 Library approach for discovering new aminoglycosides with
antibiotic activity. Synthetic route to 2,6-dideoxy-2,6-diaminoglucose and
neamine-based libraries.
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resins, after all. One should therefore begin with a molecule that
has good specificity for the target of interest. In the future,
perhaps the SLex mimetics described above, which already have
better affinities for the selectins than SLex itself, can be
converted to a multivalent form to increase the activity and
specificity.

Previous work on the inhibition of the influenza virus
haemagglutinin interactions with the host cell-surface sialo-
glycoproteins has also demonstrated the effectiveness of
polyvalent inhibitors, and highly effective inhibitors with IC50
values ranging from 10211–10212 m have been developed.75,76

Some representative carbohydrate-based polyvalent systems are
shown in Fig. 6.

Combinatorial approaches for discovering carbohydrate
mimetics

The combinatorial approach has also been used in finding
peptides that bind to E-selectin.77 In many cases, the carbohy-

drate–receptor interaction is not well understood, so the
aforementioned rational design of carbohydrate mimetics
becomes difficult. In such cases, the combinatorial synthesis
approach is perhaps the most effective way of finding lead
inhibitors. Alternatively, the combinatorial approach can be
useful for lead optimization. For example, the aminoglycoside
antibiotic Neomycin B has recently been found as inhibitor of
the Rev response element (RRE),78 but the inhibition has not
been well studied with regard to the origin of the selectivity.
This is true with respect to the interaction of many other
aminoglycoside antibiotics with certain sequences of RNA,
including ribozymes.79 However, one interesting common
feature of these antibiotics is that most of them contain a trans-
1,3-hydroxylamine or trans-1,3-diamine motif. Our recent
model study also indicates that phosphodiesters complex the
gluco-type 1,3-hydroxylamine more strongly than a bicyclic
guanidine, and may also interact with the Hoogsten face of
guanine80 (see Fig. 7). This finding has led us to use a
combinatorial approach to rapidly synthesize a library of

Fig. 9 (A) Postulated transition-state structure of a-fucosidase and human a-1,3-fucosyltransferase and a designed synergistic inhibitor complex; (B) aldolase
reactions for production of iminocyclitol inhibitors; (following pages) (C) representative inhibitors of glycosidases and glycosyltransferases: a, Heifetz,
et al.;101 b, Palcic, et al.;99 c, Murray, et al.;94 d, Lu, et al.;97 e, Hashimoto, et al.;98 f, Schmidt and Frische;102 g, Tropea, et al.;103 h, Wong, et al.;89 i, Elbein,
et al.;104 j, Pan, et al.;105 k, Dorling, et al.;106 l, Cottaz, et al.;107 m, Tsuji, et al.;108 n, Asano, et al.;109 o, Dong, et al.;110 p, Bernotas, et al.;111 q, Wong,
et al.;112 r, Moris-Varas, et al.;95 s, Jeong, et al.;90 t, Ichikawa and Igarashi;92 u, Schedler, et al.;113 v, Takayama, et al.;114 w, Knapp, et al.;115 x, Sollis,
et al.;116 y, Kim, et al.117
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aminoglycoside mimetics containing either the neamine core or
the 2,6-dideoxy-2,6-diaminoglucose (Fig. 8) and screen the
library for new compounds that bind to RRE81 or other RNA
sequences, especially the bacterial 16S rRNA A site, a useful
target for preventing bacterial infection.82 As a result, several
Neomycin B mimetics have been found to be more active than
Neomycin B itself.81 The combinatorial synthesis is facilitated
by the use of the polyethylene glycol ether as the carrier. The
product can be easily isolated by precipitation with ether, so that
chromatography is not necessary.83 Both rational and library
approaches have also been used to develop new aminoglycoside
antibiotic mimetics to target the bacterial 16S rRNA A site and
some potent new antibiotics have been discovered.82

Inhibition of glycosidases and glycosyltransferases

Another strategy for the intervention of carbohydrate recog-
nition processes is to inhibit the enzymes associated with
oligosaccharide biosynthesis. Both glycosidases and glycosyl-
transferases are important enzymes involved in the processing
and synthesis of oligosaccharides and are therefore obvious
targets for intervention. The mechanisms of glycosidases have
been well studied84–86 and means for inhibition of these
enzymes have been developed.87–92 Glycosyltransferase reac-
tions are thought to proceed through transition states similar to
those of the glycosidase reactions, which are believed to
proceed through a half-chair transition state with a substantial
sp2 character developed at the anomeric center
[Fig. 9(A)].49,93,94 Based on this mechanistic rationale, many
transition-state analog inhibitors of glycosidases, especially
iminocyclitols, have been developed [Fig. 9(B),(C)]. The five-,
six- and seven-membered iminocyclitols have been synthesized

based on the sequence of aldolase reaction and Pd-mediated
reductive amination.89,95 These nitrogen-containing hetero-
cycles have also been used as key components in the synthesis
of glycosyltransferase inhibitors.89 In addition, both bisubstrate
and trisubstrate analogs and fluorinated sugar nucleotides have
been developed as glycosyltransferase inhibitors.94,96–99

Conclusions and future prospects

Molecular recognition of carbohydrates and related structures in
biological systems represents a new frontier of research. Many
of these recognition events occur at the very early stage of
disease development and other signalling processes and new
strategies and techniques are needed to study the recognition
events in detail. Chemistry will continue to play a key role in
uncovering the molecular mechanism of carbohydrate recogni-
tion and in development of novel structures to control the
recognition process and combat disease. As the principles of
carbohydrate recognition become well understood, carbohy-
drate mimetics will be developed to overcome some of the
undesirable properties of parent structures, and additional
groups (such as hydrophobic groups) complementary to the
receptor can be further incorporated to the mimetics to enhance
binding and to improve the activity. Finally, the multivalency
strategy can then be utilized to further increase the activity and
to control in vivo the function of carbohydrates.
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Binding of d-serine-terminating cell-wall analogues to glycopeptide antibiotics

André M. A. van Wageningen, Thomas Staroske and Dudley H. Williams*†

Cambridge Centre for Molecular Recognition, University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW

Binding studies of –L-Lys-D-Ala-D-Ser-terminating ligands,
used as model systems for cell-wall precursors found in
VanC resistant bacteria, with vancomycin, chloroeremomy-
cin and teicoplanin show that they bind to these glycopep-
tides in a similar manner as –L-Lys-D-Ala-D-Ala-terminating
ligands, but that the binding constants are one to two orders
of magnitude lower.

The glycopeptide antibiotics vancomycin and teicoplanin are
well-known for their theurapeutic use as antibiotics of last resort
against methicillin-resistant Staphylococcus aureus (MRSA).1
The antibacterial activity of the glycopeptides results from
interference of the synthesis of the growing bacterial cell wall
by binding to the precursor peptide sequence terminating in
–l-Lys-d-Ala-d-Ala.2,3 The molecular features responsible for
the antibacterial activity of these antibiotics are well under-
stood. Important features promoting activity include dimerisa-
tion of the antibiotics, in the cases of vancomycin and
chloroeremomycin (also known as A82846B and LY264826),
and the presence of a membrane anchor (a C11 alkyl chain) in
the case of teicoplanin.2,3

Recently there has been a rise in the number of cases of
vancomycin-resistant enterococcal infections in hospitals.4 In
most cases this resistance is caused by the presence of
peptidoglycan precursors terminating in –d-Ala-d-Lac rather
than –d-Ala-d-Ala; so-called VanA and VanB resistance.5 It
has been demonstrated that the glycopeptides bind –d-Ala-
d-Lac-terminating cell-wall analogues in a similar way6 to the
corresponding –d-Ala-d-Ala-terminating ones but considerably
weaker.6,7 A different form of vancomycin resistance seems to
be specifically found in E. gallinarum and E. casseliflavus.8–10

In these bacteria cell-wall precursors terminating in –d-Ala-
d-Ser have been found.11 Vancomycin shows reduced activity
against these VanC resistant bacteria (MIC 2–32 mg ml21),
whereas teicoplanin remains more or less active (MIC @ 0.5 mg
ml21).12,13

Although binding constants for N-acetyl-d-Ala-d-Ser to-
wards vancomycin and teicoplanin have been determined,14 no
evidence is provided that these ligands bind in a similar way to
the –d-Ala- and –d-Lac-terminating peptides. Therefore, we
decided to investigate the molecular details of the binding of
–d-Ser-terminating cell-wall analogues using di-N-acetyl-
l-Lys-d-Ala-d-Ser (synthesised in our laboratory by solid phase
peptide synthesis). The tripeptide was used as we believe that
this tripeptide is a better model system for the cell-wall
precursors than the dipeptide. Her we report our initial results on
the binding of –d-Ser-terminating peptides to vancomycin,
chloroeremomycin and teicoplanin.

UV difference spectrophotometry was used to determine the
binding constants of the different antibiotics to di-N-acetyl-
l-Lys-d-Ala-d-Ser.‡ The results are summarised in Table 1.

It is clear that vancomycin and chloroeremomycin show
reduced binding to the –d-Ser-terminating tripeptide compared
to binding the –d-Ala-terminating cell-wall analogue. Sig-
nificantly, vancomycin binds more weakly to the tripeptide
terminating in –d-Ser relative to that terminating in –d-Ala by
a factor of 20; this difference is larger than that between the
corresponding dipeptides (a factor of 7 difference).14 The
decrease is, however, not as dramatic as that observed for the

–d-Lac-terminating cell-wall analogue. This may explain the
increased activity of vancomycin against bacteria showing
VanC resistance compared to bacteria with VanA or VanB
resistance. Furthermore, the results indicate that the difference
in activity of vancomycin and teicoplanin against VanC
resistant bacteria may be caused by the difference in binding
strength to the –d-Ser-terminating peptide, which is about one
order of magnitude greater for teicoplanin. In general, the
results indicate that the introduction of a hydroxymethyl group,
present on the serine residue, compared to the methyl group on
the alanine residue does not result in as large a change in
binding energy as to the change of the amide group to an ester
group (as found in lactate-terminating peptides).

In complexes with ligands terminating in –d-Ala15 and
–D-Lac6 a large downfield shift occurs in NMR spectra of the
signal corresponding to the amide proton of residue 2 (w2), due
to the formation of a hydrogen bond between the ligand
carboxylate and the amide proton. In case of the –d-Ser-
terminating ligand the chemical shift of w2 of chloroeremomy-
cin moves from d 8.48 (free antibiotic) to ca. 11.2 in the fully
bound complex.§ This clearly indicates the formation of
hydrogen bond from the amide hydrogen to the carboxylate of
the d-Ser residue.

To gain evidence that not only was the carboxylate anion of
the –d-Ser tripeptide bound in the manner typical of a cell-wall
analogue to a glycopeptide antibiotic, but also that the whole
peptide was anchored in the usual way, two-dimensional
NOESY and TOCSY spectra were obtained.¶ The experiments
establish that the serine sidechain is buried against ring 4, that
the alanine methyl group points towards proton 7d (see Fig. 1),
that the lysine sidechain is situated over ring 7 of the antibiotic,
and that the lysine backbone Ac group is adjacent to the epi-
vancosamine sugar attached to residue 6 (Table 2). A schematic
representation of the inferred binding of the serine tripeptide to
the glycopeptide antibiotics is represented in Fig. 1.

In conclusion, we have demonstrated that glycopeptides bind
–d-Ala-d-Ser-terminating cell-wall analogues, found in bacte-
ria with VanC resistance, in a similar way as –d-Ala-d-Ala- and
–d-Ala-d-Lac-terminating cell-wall analogues. The binding
strength of the –d-serine-terminating tripeptides is lower than
the corresponding alanine ones, but not as low as the –d-lactate-
terminating peptides, which can account for the less severe
nature of the resistance observed in bacteria exhibiting VanC
resistance.

Table 1 Summary of binding constants (Kass) to glycopeptide antibiotics
with tripeptide cell-wall analogues, di-N-acetyl-l-Lys-d-Ala-X, determined
by UV difference spectrophotometry

Kass/dm3 mol21

Antibiotic X = d-Ala X = d-Lac X = d-Ser

Vancomycin 1.5 3 106 a 410b (7 ± 2) 3 104

Chloroeremomycin 1.3 3 106 c 245,d 1.6 3 103 b (8 ± 1) 3 104

Teicoplanin 1.6 3 106 e n.d.f (5 ± 1) 3 105

a Ref. 17. b Ref. 7. c Ref. 16. d Ref. 6. e Ref. 18. f n.d. = not
determined.
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Notes and References

† E-mail: dhw1@cam.ac.uk
‡ UV spectrophotometry was carried out on a UVIKON 940 dual beam
spectrophotometer. Both the reference and sample cells contained 50 mm
antibiotic in 0.1 mol dm23 phosphate buffer (pH 4.5, 298 K). Aliquots of a
ligand solution containing 50 mm antibiotic were added to the sample cell.
The solution was stirred after each addition, and the absorbance at both ca.
240 and ca. 280 nm was measured repeatedly until stable. The data at ca.
240 nm were subtracted from those at ca. 280 nm and analysed as previously
described (ref. 16).
§ The limiting chemical shift of w2 for the vancomycin complex could not
be determined due to low solubility of the complex.
¶ The spectra were obtained from samples containing chloroeremomycin
(15 mmol dm23) and di-N-acetyl-l-Lys-d-Ala-d-Ser (15 mmol dm23) in
D2O and 10% D2O–H2O at 290 K (pH 4.5). The NOESY and TOCSY
spectra were recorded on a Bruker DRX 500 spectrometer in phase-
sensitive mode using Time Proportional Phase Increment (TPPI) to give
quadrature detection in f1. 2048 complex data points were recorded in f2 and
512 real points in f1 using mixing times of 100–150 ms. Zero filling was
used to give a final transformed matrix of 2048 3 2048 real points.
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Fig. 1 Exploded view of the binding of di-N-acetyl-l-Lys-d-Ala-d-Ser to
chloroeremomycin. Dashed lines indicate hydrogen bonds.

Table 2 Observed NOEs between di-N-acetyl-l-Lys-d-Ala-d-Ser and
chloroeremomycin

Observed
Assignment d (ppm) NOEs

d-Ser-a 4.33, 4.45a 1c, d
d-Ser-b 2.53, 2.54a 2e, 4b

3.38, 3.65a 2e
d-Ala-a 4.84 6b
d-Ala-b 1.15 7d
Lys-a-Ac 2.06 6b, V8, V13

Lys-b 1.66 7f
Lys-g 1.48 7f

a Two chemical shifts observed due to the different environments in each
half of the asymmetric antibiotic dimer.
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Iron(ii)-mediated fragmentation of unsaturated hydroperoxy acetals: a rapid
synthetic route to 13-membered macrolides

Kevin J. McCullough,*a† Yuji Motomura,b Araki Masuyamab and Masatomo Nojima*b

a Department of Chemistry, Heriot-Watt University, Edinburgh, UK EH14 4AS
b Department of Materials Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565-0871, Japan

Treatment of (1-hydroperoxy)cyclohexyloxyethyl acrylate
with either iron(II) sulfate or iron(II) sulfate/copper(II)
chloride affords novel 13-membered macrolides via tandem
radical scission-cyclisation reactions.

The development of synthetic strategies to macrocyclic com-
pounds has attracted considerable attention because many of
them are naturally occurring and several possess important
biological properties.1,2 In this respect, intramolecular radical
addition to a,b-unsaturated ketones has been found to provide
convenient access to a variety of macrocycles.3 This method is
generally based on the intramolecular cyclisation of the long-
chain unsaturated radicals generated by the reaction of the
corresponding iodo enones and their homologues with tri-
butyltin hydride.4 We report herein that the iron(ii)-mediated
fragmentation of the readily prepared 1-(hydroperoxy)-
cycloalkyloxyethyl acrylates provides an alternative approach
to the synthesis of novel macrolides.5,6

The key to our approach is the ease of preparation of the
desired intermediate unsaturated hydroperoxy acetals 4. Thus,
treatment of a solution of vinyl ether 1 and unsaturated alcohol
3 (3 equiv.) in CH2Cl2 with ozone (1 equiv.) at 270 °C resulted
in the selective ozonolysis of the electron rich vinyl ether 1 to
give carbonyl oxide 2 which was subsequently captured by 3
affording the corresponding hydroperoxide 4 in moderate yield
(3a, 27%; 3b, 40%) (Scheme 1).7 Subsequent treatment of a
solution of the hydroperoxide 4a in MeCN with a solution of
iron(ii) sulfate (1 equiv.) and copper(ii) chloride (3 equiv.) in
water at room temperature gave the macrolide 8a (49%) and the
acyclic diketone 9a (17%) (Scheme 2).‡ Compound 8a was
shown to be the structurally novel 13-membered bislactone by
X-ray crystallographic analysis (Fig. 1).§ From hydroperoxide
3b, the corresponding chloro-substituted macrolide 8b was
obtained in 35% yield, along with the unidentified acyclic
products.¶

These results indicate that the acyclic radical 6, generated by
sequential fragmentation of the O–O bond to give oxy radical 5
followed by b-scission of the cyclohexylidene ring, had
undergone a very efficient intramolecular cyclisation to give 7,
which in turn reacted with copper(ii) chloride to provide the
chlorinated macrolide 8.8

In the absence of copper(ii) chloride, the reaction of the
hydroperoxide 4a with iron(ii) sulfate (2 equiv.) yielded three
new crystalline products: the monomeric bislactone 10a (18%)
and two dimeric isomers 11a (Scheme 3). X-Ray crystallo-
graphic analysis of the higher melting dimer (mp 168 °C; 25%)
demonstrated unambiguously that this was the meso-isomer
(Fig. 2).∑ Thus, the other dimeric isomer 11a (mp
140.5–141.5 °C; 25%) was assigned as the dl form. From the
hydroperoxide 4b, the monocyclic macrolide 10b was obtained
in 25% yield along with unidentified acyclic products. Since the
corresponding dimeric compounds were not observed in
significant quantities, it appears that the sterically more
hindered radical 7b does not undergo dimerisation as readily as
7a.

Scheme 1

Scheme 2

Fig. 1 The molecular structure of macrolide 8a as determined by X-ray
crystallography (ORTEP, 50% probability ellipsoids for non-hydrogen
atoms) (ref. 10)
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The iron(ii) catalysed decomposition of the methyl-substi-
tuted hydroperoxide 12 results in the formation of the
monomeric chloromacrolide 15 as the sole isolable product
(54%, a mixture of two isomers in the ratio ca. 2 : 1). Thus,
intermediate 13 had undergone a selective b-scission of the
cyclohexylidene ring via the more highly substituted radical 14
as outlined in Scheme 4. Similar selectivity has been observed
previously in the thermal rearrangements of a-substituted
1,2,4-trioxanes.9

In summary, the readily available unsaturated hydroperoxy
acetals such as 4 offer considerable potential as precursors of
novel macrolides. The fragmentation-cyclisation reactions take
place under relatively mild conditions and do not require high

dilution techniques (0.01–0.05 m). Moreover, the mode of
termination can be controlled by the judicious choice of reaction
conditions.
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Scientific Research on Priority Areas (09270212) from the
Ministry of Education, Science, Culture and Sports of Japan.
We thank the British Council (Tokyo) for the award of travel
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Notes and References

† E-mail: k.j.mccullough@hw.ac.uk
‡ All new compounds gave satisfactory microanalytical and spectroscopic
data.
§ Crystal data for 8a: C11H17ClO4, M = 248.70, colourless needles,
monoclinic, space group P21/c (No. 14), a = 15.1404 (12), b = 5.0426 (4),
c = 16.1490 (11) Å, b = 100.550 (5)°, U = 1212.12 (2) Å3, Z = 4, Dc =
1.363 g cm23, F(000) = 528, m(Mo-Ka) = 0.312 cm21. The intensity data
were collected on a Siemens P4 diffractometer at 160 (2) K using graphite
monochromated Mo-Ka radiation (l = 0.710693 Å). The structure was
solved by direct methods and refined by full-matrix least-squares methods
on F2 using anisotropic temperature factors for the non-hydrogen atoms
(SHELXTL10). At convergence, the discrepancy indices R1 and wR2 were
0.032 [for 1942 data with Fo > 4s(Fo)] and 0.0878 (all 2111 unique data)
respectively. The final difference Fourier map contained no feature greater
than ±0.31 e Å23.
¶ Since the separation of 8b from other acyclic products was difficult, the
reaction mixture was ozonised further to break down the latter. Thus, 8b
could be cleanly isolated by column chromatography on silica gel.
∑ Crystal data for 11a (higher mp dimer): C22H34O8, M = 426.49,
colourless prisms, triclinic, space group P1̄ (No. 2), a = 5.0600 (10), b =
8.512 (2), c = 13.090 (2) Å, a = 88.800 (10), b = 83.78 (2), g = 77.010
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difference Fourier map contained no feature greater than ±0.20 e Å23.
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Scheme 3

Fig. 2 The molecular structure of the dimeric macrolide 11a as determined
by X-ray crystallography (ORTEP, 50% probability ellipsoids for non-
hydrogen atoms) (ref. 10)

Scheme 4
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Merrifield chemistry on electropolymers: protection/(photo)deprotection of
amine functions
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Amine protection/(photo)deprotection strategies allow func-
tionalisation of electrode bound poly(pyrrole) films via
reactions with active esters.

Polymers with substituent groups covalently anchored along the
conjugated backbone of poly(pyrrole) or poly(thiophene)
constitute a class of hybrid materials possessing potentially
interactive electrical and molecular domains. They are conse-
quently receiving considerable attention for sensing, electro-
catalysis and other applications.1–3 For example, a change in the
redox response of an oligonucleotide functionalised pyrrole
occurs upon recognition (binding) of a strand of complementary
DNA.3 The range of materials that can be made, and also
aspects of their microfabrication, have been somewhat circum-
scribed by the need to synthesise and electropolymerise the
appropriately substituted pyrrole or thiophene monomer.4 This
is problematic in cases where the desired substituent group is
sensitive to the oxidative conditions of electropolymerisation or
where the substituent is an inhibitor of this process. We have
shown that one way in which such problems can be overcome is
by post-polymerisational modification of pre-formed electro-
polymers which possess active ester groups.4 The desired
substituent groups are covalently attached to the polymer by
amide or ester bond formation, and this general approach has
been successfully adapted by others.5 The converse derivatisa-
tion, reaction of amine functionalised electropolymers with
active esters, could provide a complementary strategy for
electropolymer functionalisation. This has the attraction that
well-established protocols for solid-phase amine chemistry that
have been developed on Merrifield resins might be adapted to
electropolymers.6 Herein we describe some first steps in this
direction (Scheme 1).

Anodic oxidation of 3-pyrrol-1-ylpropylammonium cation
AH+ (Pt or vitreous carbon, 0.2 m [NBu4][BF4]–MeCN) gives
the electroactive polymeric film poly(AH+). The electro-
polymer can be (reversibly) deprotonated to give the free amine
form, poly(A) but is otherwise quite unreactive: penta-
fluorophenolate active esters fail to modify bulk films of
poly(A). Penetration of the film by the reagent is presumably
prevented by close-packing of the polymer chains.

The problem is overcome by generating amine groups within
the polymer from N-protected precursors. Fluoren-
9-ylmethoxycarbonyl (Fmoc) and 6-nitroveratryloxycarbonyl
(Nvoc) derivatised monomers B and C were synthesised from A
(Scheme 1). Both of the N-protected monomers undergo facile
electropolymerisation, as typified by the potentiodynamic
growth of poly(C) (Fig. 1). Base deprotection of poly(B) or
photodeprotection of poly(C) gives poly(A) (Scheme 1), as
illustrated by the FTIR sprecta shown in Fig. 2.

In contrast with the inertness of poly(A) produced directly by
electrooxidation of A, the amino polymer generated by either
deprotection route readily forms amide derivatives upon
reaction with pentafluorophenolate active esters. For example,
diffuse reflectance FTIR spectroscopy shows that poly(A)
formed by photolysis reacts with Fmoc-glycine pentafluoro-

Scheme 1 Reagents and conditions: i, MeCN, 0.2 m [NBu4][BF4], 5 mm
AH+; ii, FmocCl, Na2CO3, dioxane–water (1 : 1), 12 h, 22 °C; iii, 30%
piperidine–MeCN, 1 h, room temp.; iv, NvocCl, Na2CO3, dioxane–water
(1 : 1), 12 h, 22 °C; v, irradiation of 1 mm film for 4 h in 1% HBF4·2Et2O–
MeCN using 30 W mercury UV/pyrex filter transmitting through 1 cm of
solvent under nitrogen; vi, 25 mm Fmoc-glycine pentafluorophenolate ester
in 12% Et3N–MeCN, room temp., 4 h
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phenolate (Fig. 2). Moreover, this Fmoc-glycine-derivatised
film, poly(D), can in turn be chemically deprotected with
piperidine to unmask the fresh terminal amine groups of
poly(E).

The difference in polymer reactivity clearly lies with access
to the amine groups and is explained by deprotection affording
molecular cavities around these groups and/or the relatively
bulky Fmoc and Nvoc groups producing a more open polymer
network.

Although the deprotection pathways lead to a decrease in
conductivity, as judged from the redox response of the polymer
backbone, optimisation of the deprotection conditions and/or
the use of protected 3-substituted pyrroles may be expected to
lead to enhanced conductivity.

In conclusion, we have shown that an amine-functionalised
electropolymer based on an N-substituted poly(pyrrole) can be
made either directly or by chemical or photochemical deprotec-
tion routes. The deprotection routes afford polymers which
react with active esters to form amides, whereas the directly
synthesised amino polymer is unreactive under the same
conditions. Finally, we note that (i) the chemical and photolytic
deprotection strategies offer a means of patterning electro-
polymers with arrays possessing differing molecular functions,7
(ii) ‘cavity formation’ by amine deprotection/photodeprotection
might provide a means for molecular imprinting of an
electropolymer,8 and (iii) successive protection/deprotection/
peptide bond formation cycles (Merrifield chemistry) can be
performed on electropolymers.
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ship (to T. Le G.), the ‘Comissao INVOTAN’ for providing
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Fig. 1 Potentiodynamic growth of the Nvoc protected polymer, poly (C).
The polymer was grown on a polished Pt disc electrode of radius 0.32 cm
by cycling the potential between 0.0 and 1.20 V vs. SCE at 50 m V s21 in
0.2 m [NBu4][BF4]–MeCN–5 mm C.

Fig. 2 (a) Diffuse reflectance FTIR spectra of (i) the Nvoc protected poly(C)
and (ii) deprotected alkylammonium poly(AH+) produced by photolysis of
poly(C). (b) Diffuse reflectance FTIR spectra of (i) the Fmoc-glycine
derivative, poly(D), formed by treating the poly(A) modified electrode with
Fmoc-glycine pentafluorophenolate ester, (ii) the deprotected poly(D),
which gives the amine film poly(E) by removal of Fmoc with piperidine,
and (iii) the alkylammonium film poly(EH+) formed by protonation of
poly(E) (1% v/v HBF4·2Et2O in MeCN). Modifying the groups within the
polymer changes the diffuse reflectivity characteristics of the film and thus
relative band intensity between spectra.
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One pot synthesis of mono- or bi-cyclic phosphiranes and phosphirenes

Maria Zablocka,b Yannick Miquel,a Alain Igau,a Jean-Pierre Majoral*a† and Aleksandra Skowronska*b
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Treatment of phospholene oxide 1, vinylphosphine oxide 11
or alkynylphosphine oxide 14 with [Cp2Zr] 2 followed by
addition of a chlorophosphine leads to various phosphiranes
and phosphirenes.

The heterocyclic chemistry of phosphorus is underdeveloped in
comparison with its oxygen, nitrogen and sulfur counterparts in
spite of the fact that a number of phosphorus rings appear to be
useful reagents and ligands. Indeed, a recent review covers the
rich and versatile chemistry of three-membered carbon–
phosphorus heterocycles.1 Several routes for the preparation of
these derivatives, namely phosphiranes, phosphirenes, diph-
osphiranes, diphosphirenes and related species, have been
reported. In contrast only a few syntheses of fused ring systems
incorporating at least one phosphirane ring and another
phosphorus containing heterocycle are known.

In the course of our studies devoted to the use of zirconium
derivatives as tools in organic, organometallic and main group
element chemistry,2 we developed a new method for the
preparation of fused ring systems involving phospholene oxide
1, zirconocene [Cp2Zr] 2 and dichlorophosphines RPCl2 3.
Such a methodology can be extended to the synthesis of various
substituted phosphiranes and phosphirenes. We report here the
general one pot preparation of some of these new compounds.

Treatment of phospholene oxide 1 with [Cp2Zr] 23—pre-
pared via the reaction of Cp2ZrCl2 with 2 equiv. of BunLi at
278 °C in THF—leads to the formation of the zirconacyclo-
propaphospholane oxide 4 (Scheme 1). The 31P NMR spectrum
of 4 exhibits a resonance at d 81.5 (compared with 1, d = 62.0).
Such a significant deshielding effect suggests the participation
of the phosphoryl group to the stabilization of the resulting
zirconium complex 4.4 This assumption is corroborated by IR
spectroscopy: the n(PO) band is shifted from 1193 (1) to 1162
cm21 (4).5 Compound 4 is further characterized by 1H NMR as
well as by 13C NMR spectroscopy, which shows, for example,
the expected deshielded signals for the carbon atoms directly
linked to zirconium.6 Addition of phenyl(dichloro)phosphine to
4 in THF at 278 °C proceeds with removal of Cp2ZrCl2 and
formation of the phosphiranophospholane oxide 5a [dP 60.6 and
2177.4 (d, JPP 8.3 Hz)]. The shielded signal at d 2177.4 is
typical for a phosphirane structure,1,7 while the resonance at d
60.6 fits well with the phospholane part of 5a. Such a bicyclic
structure is corroborated by 13C NMR analysis.6

A similar exchange reaction involving 4 and either methyl- or
tert-butyl-(dichloro)phosphine affords the fused bicyclic sys-
tems 5b or 5c, respectively [5b: dP 63.6 and 2191.1 (d, JPP 7.1
Hz); 5c: dP 55.0 and 2174.8 (d, JPP 30.1 Hz)] (Scheme 1).

It should be emphasized that, in marked contrast to the
behaviour of 1 towards 2, the phospholene 6 does not give the

expected zirconacyclopropaphospholane derivative 7, but in-
stead the zirconocene complex 8 (Scheme 2) is characterized.
The structure of 8 can be unambiguously established by NMR
analysis.6 Investigation of the [Cp2ZrCl2 + 2BunLi] reaction has
been found to give Cp2Zr(nBu)2 at 278 °C, which then
decomposes to give Cp2Zr(CH2NCHEt) (the effective source of
2) identified as its PMe3 complex 9.8 Therefore compound 6
plays the role of PMe3 and the olefinic part of 6 is not involved
in the reaction. Addition of phenyl(dichloro)phosphine to 8
gives 6 and the products of the reaction of zirconocene 2 with
phenyl(dichloro)phosphine, i.e. (PhP)4 and (PhP)5.

It should also be noted that the reaction of the phospholene
sulfide 10 with 2 proceeds quite differently: only desulfuriza-
tion occurs with the formation of 69 (Scheme 3).

This demonstrates clearly, for the first time, the key role
played by a phosphoryl group for the stabilization of interme-
diates and for the orientation of reactions involving phosphorus
derivatives and zirconium species. Up to now only the dramatic
influence of the phosphorus lone pair of phosphines has been
pointed out.10

The same remarkable behaviour is found when the linear
vinylphosphine oxide 11 is treated with 2 and then with
phenyl(dichloro)phosphine. The reaction proceeds via the
formation of the zirconium complex 12 (dP 47)4 to give the
phosphirane 13 [dP 31.3 and 2178.3 (d, JPP 30 Hz)]6 (Scheme
4). Such a reaction is not limited to olefinic systems. Indeed
addition of the acetylenic phosphine oxide 14 to a THF solution
of 2 at 278 °C leads to the fully characterized zirconacyclopro-
pene species 15.4,6 Further addition of phenyl- or methyl-
(dichloro)phosphine to 15 gives new phosphirene derivatives
16a or 16b, respectively (Scheme 4). No traces of phosphirane
or phosphirene is detected when the same reactions are
conducted with the corresponding linear vinyl or acetylenic
phosphines instead of the phosphine oxides 11 or 14.

Scheme 1

Scheme 2

Scheme 3
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Mechanistic studies and extension of these reactions to other
substrates are underway.
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Density functional theory (DFT) calculations explain the
short ligand-unsupported CuI–CuI contact recently reported
for the [CuL]+[CuCl2]2 complex [L = 1,1A-bis(2-pyr-
idyl)octamethylferrocene] by a strong electrostatic attrac-
tion (264 kcal mol21) between the two moieties and rule out
the initially suggested metallophilic interaction, but cupro-
philicity might account for the dimerization occurring in a
family of trimetallic complexes.

Weak attraction between transition metal atoms with closed-
shell electronic configuration was first evidenced by Schmid-
baur et al. in the cases of intra- and intermolecular AuI–AuI

contacts.1 The term aurophilicity was coined to describe these
interactions, but it soon became clear that similar aggregation
processes could also involve metal atoms other than gold, such
as TlI or HgII.2 These closed-shell interactions in inorganic
chemistry have been reviewed by Pyykkö.2 The occurrence of
analogous metallophilic3 effects involving lighter metal atoms
and more specifically CuI has been the subject of a long debate
due to the intramolecular character of the reported inter-
actions.2,4 Recently, two examples of unsupported CuI–CuI

contacts with metal–metal distances of 2.905 Å5 and 2.810 Å6

have been tentatively assigned to cuprophilic interactions. On
the theoretical side, recent studies by Pyykkö et al. suggest that
the stabilization of the ClCuPH3 model dimer due to the
metallophilic interaction between the CuI atoms does not
exceed 21.5 kcal mol21 when extrapolated to the best level of
theory, and is associated with a rather long metal–metal distance
of 3.143 Å.7 The goal of this study was to investigate by means
of DFT and extended Hückel calculations other possible origins
for the unsupported CuI–CuI interactions in the two complexes
for which cuprophilicity has been addressed.

Metallophilic interactions are not easy to characterize from
quantum chemical calculations. Pyykkö et al.2,3 have demon-
strated that metallophilicity is due to attractive dispersion forces
that should overcome the Pauli repulsion between the d10 or the
d10 s2 closed shells. For metals of the third transition row, the
attractive forces are greatly enhanced by relativistic effects.2,7

Since neither ab initio Hartree–Fock nor DFT calculations
account for dispersion-type R26 terms these levels of theory
unavoidably predict repulsive behaviour between unsupported
metallophilic fragments.2,3 Conversely, if these methods are
able to account for an attractive interaction, it should be clear
that it is not of the metallophilic type.

This is the principle of the investigations performed on
[CuL]+[CuCl2]2 [L = 1,1A-bis(2-pyridyl)octamethylferrocene]
1 for which a cuprophilic interaction had been tentatively
suggested to explain the short CuI–CuI contact (2.810 Å)
observed between the two copper subsystems.6 Complex 1 has
been slightly modeled by replacing octamethylferrocene with
ferrocene (1A) and by assuming perfect C2v symmetry, which
implies that the coordination axes of the anion and the cation are
perpendicular (Fig. 1). We then carried out a full geometry
optimization of 1A by means of gradient-corrected DFT
calculations.‡ Selected geometrical parameters obtained from
the calculation are reported in the caption of Fig. 1 and
compared to experiment. The observed environment of the

copper atoms is reproduced by the calculation with great
accuracy, including the Cu–Cu bond length (calc. 2.822 Å,
exptl. 2.810 Å). The interaction energy between the two
fragments is calculated to be 264.1 kcal mol21, after BSSE
correction. The presence of a bonding interaction at this level of
theory and its order of magnitude clearly show that the
attraction between the [CuL]+ and the [CuCl2]2 subunits should
not be assigned to cuprophilicity. Since the interaction involves
charged moieties, the bonding may instead be due to Coulombic
forces. Mulliken population analyses, carried out either from the
extended Hückel (EHT) or from the DFT orbitals, indicate that
the charge transfer between the two moieties is negligible
(Table 1). The negative charge in the (CuCl2)2 fragment is
distributed between the chlorine atoms while the Cu atom
remains either neutral (+0.04e, DFT), or significantly positive
(+0,24e, EHT). Even though the point charge distributions in
the cationic fragment is noticeably different for EHT and DFT
(Table 1), the (CuCl2)2/(CuL)+ electrostatic attraction com-
puted from the point charge model are similar (62.0 kcal mol21

with EHT, 267.9 kcal mol21 with DFT) and practically
reproduce the fragment interaction energy obtained from DFT
calculations. Other models of space partitioning8,9 applied to
the DFT wave function, however, predict some charge transfer
toward the (CuL)+ moiety and the fragment electrostatic
energies computed from those models are scaled accordingly
(Table 1).

In order to obtain an estimate of the fragment/fragment
Coulombic interaction independent of space partitioning, we
relied on standard energy decomposition analysis10,11 and
computed the total energy starting from the wave functions
computed for the (CuCl2)2 and (CuL)+ fragments assumed
isolated, but occupying their geometrical positions in the
complex. The interaction energy is now 269.4 kcal mol21. The
difference with respect to the value of 264.1 kcal mol21

reported above corresponds to the fragment relaxation energy.
The fragment interaction energy is made up of: (i) the Pauli

Fig. 1 Molecular structure of 1A optimized from gradient corrected DFT
calculations (C2v symmetry assumed). Selected bond lengths (Å) and angles
(°): Cu–Cu 2.822 (2.810); Cu–Cl 2.119 (2.095); Cu–N 1.895 (1.925);
Cu···Fe 3.74; Fe–W 1.668 (W centroid of a Cp ring); N–Cu–Cu 95.0 (94.3);
Cl–Cu–Cu 88.8 (89.1). Numbers in parentheses are the averaged experi-
mental values.
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repulsion, +38.8 kcal mol21; (ii) the Coulombic attraction,
286.4 kcal mol21, and (iii) the energy associated with electron
reorganization in the complex, which is also attractive and
reaches 221.8 kcal mol21. This latter term includes the
stabilization due to the mutual polarization of the two fragments
which is a purely electrostatic effect that can be distinguished
from charge transfer and orbital interaction.11 This energy
decomposition analysis stresses the importance of the Pauli
repulsion which should not be exclusively assigned to the CuI–
CuI contact, but also to the two short Cu···H1 distances (2.28 Å).
It also proves, without assuming any space partitioning, the
prominent influence of the Coulombic interaction.

Siemeling and colleagues6 noted that a complex closely
related to 1, [Cu(C5H3NMe3-2,4,6)2][CuCl2] 2,12 does not
display a similar Cu–Cu interaction. The structure of 2 is
characterized by the stacking of planar [Cu(C5H3NMe3-
2,4,6)2]+ fragments separated by (CuCl2)2 moieties perpendic-
ular to the N–Cu–N axis, but the Cu···Cu distance is now 3.61
Å.12 This increase of the interfragment separation may be
tentatively assigned to steric crowding induced by the presence
of four Me substituents. However, providing a final answer to
this problem will require the geometry optimization of models
of 2, with and without the Me substituents.

The case of [Cu3LA3]2 {LA = 2-[3(5)-pyrazolyl]pyridine} 35

and related dimers of CuI
3 and AgI

3 complexes13 seems more
relevant to metallophilic interactions. Preliminary calculations
of the extended Hückel type carried out on these molecules
indicate that the Mulliken charge of the copper atoms is close to
zero and confirm that no significant orbital interaction is at work
between the two monomers. However, a conclusive argument
proving the existence of metallophilic interactions on such large
systems is at present impossible to obtain from quantum
chemical calculations. It is however of interest to extrapolate
from Pyykkö’s calculations on [ClMPH3]2

7 the order of
magnitude of the metallophilic stabilization in 3 and in its silver
counterpart.

Pyykkö’s potential energy curves were obtained at the ab
initio MP2 level of calculation with very large basis sets.7 They
display energy minima at 3.208 Å for Au, 3.113 Å for Ag and
3.137 Å for Cu. The curves are however extremely shallow,
especially for copper. The stabilization energy computed at the
minimum is 23.07 kcal mol21 but a separation of 4.5 Å still
provides a favourable interaction which amounts to 21.2 kcal
mol21. The crystal structure of 3 displays two short-range Cu–
Cu interactions (2.905 Å) between the two monomers, but also

six Cu···Cu distances between 4.44 Å and 4.75 Å.5 Most of the
metallophilic stabilization (ca. 60%) might then originate in
these long distance interactions. However, providing a quantita-
tive estimate for the overall stabilization energy requires
caution. A comparison between MP2 calculations and more
elaborate methods carried out for [XAuPH3]2 (X = H, Cl)
indicates that MP2 overestimates the real stabilization energy
by a factor of 2.2,7 Scaling down accordingly the value deduced
from Pyykkö’s potential energy curves provides an overall
stabilization of ca. 26 kcal mol21 due to the cuprophilic effect
between the two monomers, 60% of which is assigned to the
intermediate range Cu···Cu interactions. A similar reasoning
applied to the silver equivalent of 3 yields an estimate of ca.
27.5 kcal mol21 for the metallophilic interaction, but in this
case the intermediate range interactions account for no more
than one third of the global stabilization.

All calculations were carried out on workstations purchased
with funds provided by the DGICYT of the Government of
Spain and by the CIRIT of Generalitat of Catalunya (Grants no.
PB95-0639-C02-02 and SGR95-426). We are pleased to thank
Dr Pierre Braunstein for stimulating discussions.
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† E-mail: benard@quantix.u-strasbg.fr
‡ Computation: gradient-corrected DFT calculations on complex 1 have
been carried out by means of the ADF program.14 We used the local spin
density approximation characterized by the electron gas exchange (Xa with
a = 2/3) together with Vosko–Wilk–Nusair15 parametrization for correla-
tion. Becke’s nonlocal corrections to the exchange energy16 and Perdew’s
nonlocal corrections to the correlation energy17 were added. Slater basis sets
of triple-z+ polarization quality were used to describe the valence electrons
of C, N, O and H. For first-row atoms, a 1s frozen core was described by
means of a single Slater function. For copper, the frozen core composed of
the 1s to 2sp shells was also modelled by a minimal Slater basis; 3sp
electrons were described by double-z Slater functions, 3d and 4s by triple-z
functions and 4p by a single orbital.18
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Table 1 Point charge distributions (electrons) computed for 1A using (i) the
Mulliken space partitioning applied to the EHT and to the DFT wave
functions, and (ii) the Hirshfeld8 and the Voronoi9 space partitionings, both
applied to the DFT wave function. The electrostatic interaction energy
between the two fragments is calculated from those point charges

Mulliken Mulliken Hirshfeld Voronoi
Atoms (EHT) (DFT) (DFT) (DFT)

Fragment (CuL)+:
Cu +0.032 +0.482 +0.247 +0.240
N 20.336 20.461 20.086 20.100
Cl + H1 +0.333 +0.352 +0.058 +0.148
C2 + H2 20.037 +0.005 +0.034 +0.175
C3 + H3 +0.115 +0.034 +0.044 +0.052
C4 + H4 20.038 +0.019 +0.023 20.091
C5 +0.433 +0.178 +0.076 +0.020
Fe 20.243 20.012 +0.048 20.036
Cp +0.134 +0.119 +0.027 +0.060
Total (CuL)+ +0.997 +0.962 +0.647 +0.732

Fragment (CuCl2)2:
Cu +0.239 +0.037 +0.111 +0.088
Cl 20.618 20.499 20.379 20.410
Total (CuCl2)2 20.997 20.961 20.647 20.732
Electrostatic interaction energy/kcal mol21

262.0 267.9 228.9 241.6
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Crystal engineering through charge transfer interactions; assisted formation of
a layered coordination polymer (4-cyanopyridine)cadmium(ii) iodide·diiodine

Rosa D. Bailey, Laura L. Hook and William T. Pennington*†

Department of Chemistry, Clemson University, Clemson, South Carolina 29634-1905, USA

Formation of a layered coordination polymer (4-cyanopyr-
idine)cadmium(II) iodide is assisted by n–s* donor–acceptor
interactions between coordinated iodine atoms of the layers
and iodine molecules which bridge adjacent layers.

We are very interested in the role that (n–s*) charge transfer
interactions might play in the design of functional solids. We
have utilized this interaction to prepare a variety of diazine·I2
complexes in which N···I charge-transfer interactions at either
end of both the donor and acceptor molecules result in the
formation of extended chains.1 More recently we have reported
on the utility of N···I based charge transfer complexes for the
interconversion of polymorphic forms of a donor molecule,
tetrapyridylpyrazine,2,3 and have begun a systematic investiga-
tion of complexes of iodine with a variety of nitrogen-based
donors.4

We are also interested in the role that coordination polymers
might play in structure design. Group 12 (IIB) metal halides are
particularly promising, owing to the variety of coordination
numbers and geometries provided by the d10 configuration of
the metal center. This structural diversity is closely dependent
on factors such as the dimensions of the metal ions and halides,
nature of other ligands, and the availability of other structure
controlling interactions, such as hydrogen-bonding and charge
transfer.5–7 If this diversity can be controlled, group 12 metal
halides offer an ideal system for structural engineering and
design.

We have found that pyrazine forms 1 : 1 complexes with
cadmium(ii) halides, CdX2·pyrazine (X = Cl 1, Br 2, I 3).8 All
of the complexes crystallize as infinite CdX2 chains in which
cadmium atoms are doubly bridged by pairs of halide atoms;
pyrazine ligands complete the pseudo-octahedral coordination
of the cadmium atoms and link the CdX2 chains to form
extended two-dimensional layers. Numerous attempts to form a
similar architecture with the bridging ligand, 4-cyanopyridine,
were unsuccessful; however, an interesting bis-pyridyl com-
plex, bis(4-cyanopyridine)cadmium(ii) iodide 4, was formed.9
This complex crystallizes as infinite CdI2 chains, in which
cadmium atoms are doubly bridged by pairs of iodine atoms;
4-cyanopyridine ligands coordinated through the pyridyl ni-
trogen atom occupy trans positions to complete an octahedral
coordination about the cadmium. The chains are associated into
layers through self-association of the cyano groups. When co-
crystallized with mercury(ii) iodide (1 : 2 ratio) bis(4-cyanopyr-
idine)cadmium(ii) iodide·2HgI2 5 is formed. The layer structure
of 4 is essentially unchanged in 5, as the mercury(ii) iodide
molecules are intercalated between the layers.

Based on the donor–acceptor interactions between co-
ordinated iodine atoms and the mercury center observed in 5, it
was anticipated that a similar interaction might occur with
molecular iodine serving as the acceptor. Here, we report the
construction‡ of a layered structure, (4-cyanopyridine)cad-
mium(ii) iodide which was the unattainable target of our
previous efforts. It is particularly significant that the formation
of this structure is made possible by the assistance of n ? s*
charge transfer interactions between the coordinated iodides
and a complexed neutral iodine molecule.

Similar to the (pyrazine)CdX2 complexes, 4-(cyanopyri-
dine)cadmium(ii) iodide I2 6 (Fig. 1) crystallizes as infinite CdI2
chains in which cadmium atoms are doubly bridged by pairs of
iodide atoms; adjacent cadmium atoms in the chain are related
by mirror symmetry perpendicular to the a-axis at (0 y z).§ The
4-cyanopyridine ligand is bonded through both the pyridyl and
nitrile groups to complete a pseudo-octahedral coordination of
the cadmium atoms and acts as a bridging ligand to link the CdI2
chains related by a 21 operation parallel to b at (1/4 y 1/4), to
form extended two-dimensional layers (Fig. 2). The layers are
bisected by a mirror plane perpendicular to the c-axis at (x y
1/4). The layers are joined in the stacking direction (the c-axis)
through an n ? s* charge transfer interaction from the

Fig. 1 Thermal ellipsoid plot (50% probability) of 6; selected distances (Å)
and angles (°): Cd(1)–I(1) 2.949(1), Cd(1)–I(2) 2.942(1), I(1)–I(3) 3.367(1),
I(2)–I(4e) 3.436(1), I(3)–I(4) 2.757(1), Cd(1)–N(1) 2.391(9), Cd(1)–N(2b)
2.403(10); I(1)–Cd(1)–I(2) 91.2(1), I(1)–Cd(1)–N(1) 90.2()2, I(2)–Cd(1)–
N(1) 90.6(2), I(1)–Cd(1)–I(1a) 88.1(1), I(2)–Cd(1)–I(1a) 179.0(1),
I(2)–Cd(1)–I(2a) 89.4(1), I(1)–Cd(1)–N(2b) 89.6(2), I(2)–Cd(1)–N(2b)
89.7(2), N(1)–Cd(1)–N(2b) 179.7(4), Cd(1)–I(1)–Cd(1c) 91.9(1), Cd(1)–
I(2)–Cd(1d) 90.4(1), Cd(1)–I(1)–I(3) 105.9(1), Cd(1)–I(2)–I(4e) 107.6(1),
I(1)–I(3)–I(4) 178.8(1), I(3)–I(4)–I(2e) 177.8(1). (Atoms labelled with a
lower-case character were generated by the following symmetry operation:
a x, y, 1/2 2 z; b 1/2 2 x, 21/2 + y, 1/2 2 z; c 1 2 x, y, z; d 2 x, y, z; e 1/2
2 x, 1/2 2 y, 1 2 z; f 1/2 2 x, 1/2 2 y, 2z.)
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coordinated iodine atoms as donors to either end of a bridging
I2 molecule.

The Cd–I···I2 donor–acceptor (n ? s* charge transfer)
interactions are present at either end of the I2 molecule and
involve both of the coordinated iodine atoms. The interactions
occur at approximately tetrahedral angles at the coordinated
iodide and are oriented in a linear fashion to the I–I s-bond. The
I···I distances are well within the sum of van der Waals radii for
iodine (1.98 Å),10 and are similar to those seen in the related
compounds, Cd(NH3)4I2·I2 [3.386(2) Å] and Cd(NH3)4(I·I2)2
[3.3780(9) Å].11

That these interactions occur only to the cyano-coordinated
side of the CdI2 plane is a result of the smaller size of the cyano-
group; unfavorable steric interactions involving the pyridine
rings prevent interaction on the other side of the CdI2 plane.¶
When 4-cyanopyridine and cadmium(ii) iodide are combined in
a variety of stoichiometric ratios (1 : 1, 1 : 2, 2 : 1) in the absence
of I2, compound 4 is the only product formed. The considerably
weaker donor strength of the nitrile group relative to the pyridyl
group is presumably the reason for preferred formation of 4.
When I2 is present, however, combination of cadmium(ii)
iodide and 4-cyanopyridine in the same stoichiometric ratios
yields 6 as the only product. Formation of 6 and the fact that
4-cyanopyridine does serve as a bridge in this compound
appears to be a result of the structural support provided by the
charge transfer complexed iodine molecules which link ad-
jacent groups in a zigzag fashion to form a reinforced three-
dimensional network.

Thermal analysis of 6 by TGA∑ showed an initial mass loss of
ca. 42% with an onset temperature of 83 °C. A second mass loss
of 11% occurred at 163 °C, and the remainder of the mass was
lost at 408 °C. These data suggest that 6 thermally decomposes
by initial loss of the bridging I2 molecule (35% by mass)
coupled with a small amount of the ligand, the remainder of the
ligand is lost in the second event, followed by sublimation of
cadmium iodide at high temperature. The initial process is
probably more complicated than simple diffusion of I2 out of the
solid. Powder diffraction on a sample of 6 heated to 120 °C for
approximately 20 h revealed CdI2 as the only crystalline
product. This result coupled with our observation that re-
crystallization of 6 from ethanol gives 4 and CdI2, and that
leaching of 6 with boiling hexane leaves behind only solid CdI2
suggests that the layered structure of 6 is tenuous. Removal of
the supporting I2 molecules leads to total collapse of the two-
dimensional architecture and of the compound itself.

Continuing efforts to find gentler methods to remove or
perhaps to exchange the I2 supports through a diffusion process
are underway. The stabilization of 6 by charge transfer
interactions suggests the utility of these highly directional and
attractive forces for isolating other metastable structures, and
we are actively pursuing additional examples of this interesting
phenomenon.

We thank the National Science Foundation for funds to
purchase the Rigaku and Scintag diffractometers used in this
work. We also thank Dr T. W. Hanks of Furman University for
assistance with thermal analysis and for helpful discussion.
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† E-mail: billp@clemson.edu
‡ Synthesis of (C6H4N2)CdI2·I2 6: 4-Cyanopyridine (0.0618 g, 0.594 mmol)
was dissolved in a solution of cadmium(ii) iodide (0.224 g, 0.613 mmol) and
iodine (0.195 g, 0.770 mmol) in 95% ethanol. Slow evaporation of solvent
yielded 0.279 g of red crystals of 6 (65% yield based on the ligand); mp
154–155 °C. IR(Nujol) (cm21): 2280, 1617, 1413, 1225, 826, 557, 207, 188.
Elemental analyses calc. (obs.): C 9.95 (10.31), H 0.56 (0.58), N 3.87
(3.80)%.
§ Crystal data for (C6H4N2)CdI2·I2 6: orthorhombic, space group Cmcm
(no. 63); a = 8.411(2), b = 20.277(4), c = 15.986(3) Å, U = 2726(1) Å3

(based on 25 reflections; 20.35 < 2q < 39.48°), Z = 8 [atoms Cd(1), N(1),
C(3), C(4) and N(2) lie on mirror perpendicular to c (z = 1/4); atoms I(1)
and I(2) lie on mirrors perpendicular to a (x = 0) and 1/2, respectively)], Dc

= 3.53 g cm23, m(Mo-Ka) = 10.63 mm21, empirical absorption
correction, transmission coefficients: 0.77–1.00, 1370 unique data meas-
ured, 973 observed [I > 2s(I)], R(F) = 0.028, Rw(F) = 0.035. Data were
collected on a reddish-brown platelet (0.02 3 0.15 3 0.15 mm) at 2110 ±
1 °C by using a Rigaku AFC7R (18 kW) diffractometer with graphite-
monochromated Mo-Ka radiation (l = 0.710 73 Å) to 2qmax of 50.0°. Non-
hydrogen atoms were refined anisotropically and hydrogen atoms were
refined isotropically. CCDC 182/863.
¶ All attempts to prepare similar compounds with ligands possessing only
larger pyridyl donors (such as pyrazine and 4,4A-bipyridine) have been
unsuccessful, presumably due to steric protection of the metal halide donor
sites.
∑ Thermal gravimetric analysis of 6 was performed on a Perkin-Elmer Series
7 analyzer with the TGA7 software package (version 2.20). For onset
calculations, the samples were heated at a constant rate of 5 °C min21 from
25 °C until all of the material had evaporated.
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Fig. 2 Crystal packing of 6, viewed down the a-axis, parallel to the CdI2
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Asymmetric Diels–Alder reaction via enzymatic kinetic resolution using
ethoxyvinyl methyl fumarate

Yasuyuki Kita,*† Tadaatsu Naka, Masashi Imanishi, Shuji Akai, Yasushi Takebe and Masato Matsugi

Graduate School of Pharmaceutical Sciences, Osaka University, 1-6, Yamada-oka, Suita, Osaka 565 Japan

A domino-type asymmetric [4 + 2] cycloaddition reaction
following enzymatic kinetic resolution using ethoxyvinyl
methyl fumarate is described.

We have already reported that ethoxyvinyl esters are better
acylating reagents for enzymatic kinetic resolution of alcohols
than the generally used vinyl esters.1 One of the remarkable
features of these acylating reagents is the facile preparation of
esters bearing various acyl moieties.2 Therefore, we planned a
novel reaction system based on the idea that the acyl moiety
inserted by enzymatic kinetic resolution is used in the
subsequent reaction stage. Here we report a convenient
asymmetric one-pot [4 + 2] cycloaddition reaction following an
enzymatic kinetic resolution using readily-prepared ethoxy-
vinyl methyl fumarate.

The enatiomerically pure 7-oxabicyclo[2.2.1]heptene deri-
vative 2 is a useful compound in the syntheses of many natural
products.3 Many synthetic approaches to 2 have been reported
to date,4 and the intramolecular Diels–Alder reaction of the
enantiomerically pure furfuryl fumarate derivative 1 is one of
the most effective methods (Scheme 1).5

We anticipated an easy and highly stereoselective synthesis
of optically active 2 via the enzymatic acylation of (±)-furfuryl
alcohol 4 using ethoxyvinyl methyl fumarate 3, followed by
rapid intramolecular Diels–Alder reaction between the inserted
fumarate moiety and the diene moiety on the furan ring. In the
reactions related to the kinetic resolution by enzymatic
acylation, use of the acylating reagent not only as an acyl donor
but also as a component of the next reaction stage has rarely
been reported.‡ The unknown ethoxyvinyl methyl fumarate 3
was prepared by the reported6 method shown in Scheme 2 and
used as an acetone solution without further purification.§

First, we examined which enzyme was suitable for kinetic
resolution of (±)-4a using 3 as the acylating reagent. We
checked the optical purity of the acylated product 1a prior to the

formation of cycloadduct 2. After screening a number of
enzymes (amano AK, AY, PS, PPL, PLE, A-6, meito-MY, OF,
chirazyme L3, TOYOBO-LIP)¶ we found that only TOYOBO-
LIP gave an optically active furfuryl methyl fumarate (R)-1a
(22% yield, 72% ee) (Scheme 3). The absolute configuration of
the product 1a was determined by converting the unreacted 4a
to the known nitrobenzoate derivative.7

Next, we studied the influence of enzyme TOYOBO-LIP on
the intramolecular Diels–Alder reaction of (±)-1a.8 Conse-
quently, we found that the cycloadduct product, syn-2a (4% ee),
was obtained with 24% de in preference to anti-2a (23% ee).∑
Thus it is apparent that enzyme TOYOBO-LIP played an
important role in the diastereo- and enantio-facial selectivity of
this intramolecular cycloaddition process (Scheme 4).9

Although it can be assumed that the enzymatic hydrolysis,
which utilizes the small amount of water in the solvent, depends
on the asymmetric environment produced by TOYOBO-LIP,10

how the enzyme participates in the face-selectivity of the
cycloaddition remains to be elucidated at the present time. This
result suggests that the possibility exists of increasing the
enantioselectivity observed at the enzymatic kinetic resolution
stage (72% ee) by carrying out the cycloaddition reaction in the
same pot. In practice, we succeeded in the highly stereoselective

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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synthesis of 2 (syn-2: 84–86% ee, anti-2a: 93% ee) as a result of
carrying out the enzymatic kinetic resolution and cycloaddition
in one pot in acetone (Table 1, entry 1). The success of this one-
pot reaction is mainly due to the acylating reagent 3, which
could be used without a work-up procedure, since compound 3
is not stable and cannot usually be isolated.

In conclusion, we developed a novel methodology such that
the acyl moiety inserted during an enzymatic kinetic resolution
was used as part of the constituent structure during the next
reaction stage.** In this one-pot reaction, an interesting
phenomenon was observed, i.e. the optical purity of the
enzymatic acylated product was increased during the cycload-
dition stage. Consequently, we achieved the convenient synthe-
sis of optically active 2. This one-pot asymmetric synthesis
might be applied to the syntheses of other useful biologically-
active compounds, and other applications are now being
developed.

Notes and References

† E-mail: kita@em.phs.osaka-u.ac.jp
‡ Only one example of an enzymatically acrylated product being utilized in
the synthesis of chiral polymers has been reported; A. Ghogana and S.
Kumar, J. Chem. Soc., Chem. Commun., 1990, 134.
§ Ethoxyvinyl methyl fumarate was used as an acetone solution, since it
could not be purified due to its instability. Although the solution contained
a catalytic amount of the ruthenium complex, it has already been confirmed
that enzymatic kinetic resolution of various alcohols is not affected by the
ruthenium complex. Details of these results will be reported in the near
future.
¶ LIP is Pseudomonas aeruginosa on Hyflo Super-Cel and is commercially
available from TOYOBO.
∑ In the absence of an enzyme, the diastereomeric excess was 10% de in this
cycloaddition reaction using (R)-1; B. Thomas and S. Jürgen, Tetrahedron:
Asymmetry, 1997, 8, 703.

** Typical procedure: a mixture of (±)-furfuryl alcohol 4a (0.5 mmol), LIP
(100 mg) and ethoxyvinyl methyl fumarate (0.5 mmol) (see footnote §) was
stirred at 30 °C. After 6 days, the reaction mixture was filtered through a
Celite pad and the filtrate was concentrated in vacuo. The residue was
purified by column chromatography over silica (hexane–EtOAc) to give
cycloadduct 2a (40 mg, 18%), furfuryl methyl fumarate (R)-1a (46 mg,
21%) and furfuryl alcohol (S)-4a (73 mg, 56%).
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Table 1 Asymmetric Diels–Alder reaction following kinetic resolution using enzyme

Recovery
of 4 (%)

Total yield Ee (%)b (absolute
of 2 (%) Recovery config. of

Entry Substrate Solvent t/days (% de)a syn-2 anti-2 of 1 (%) major 4)

1 4a Acetone 6 18 (26) 86 93 21 56 (S)
2 4a Acetone 8 32 (24) 79 81 20 18 (S)
3 4a THF 8 28 (24) 81 48 5 38 (S)
4 4b Acetone 1 43 (100) 84 N.D.c N.D.d 39 (S)
5 4b THF 1 37 (100) 84 N.D.c N.D.d 33 (S)

a Diastereomeric excess was determined via 1H NMR analysis of the crude product. b Enantiomeric excess was determined by HPLC (Chiralcel OJ). c anti-2b
was not detected via 1H NMR analysis. d 1b was not detected by thin layer chromatography.
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Rare earth stabilization of mesoporous alumina molecular sieves assembled
through an N1I1 pathway

Wenzhong Zhang and Thomas J. Pinnavaia*†

Department of Chemistry and Center for Fundamental Materials Research, Michigan State University, East Lansing,
MI 48824-1322, USA

The incorporation of 1.0–5.0 mol% Ce3+ or La3+ ions in
MSU-X alumina molecular sieves, prepared through an
N1I1 assembly pathway, dramatically improves their ther-
mal stability without altering the mesopore size or the
wormhole channel motif.

Following the supramolecular assembly of M41S mesoporous
molecular sieves in 1992,1 there have been relatively few
reports of mesostructured aluminas. Davis and coworkers2 have
prepared porous aluminas (ca. 20 Å pore diameters) by the
hydrolysis of aluminium alkoxides in the presence of a
carboxylate surfactant as the structure director. The assembly
pathway involved S–I complexation reaction between the
surfactant (S) and the inorganic reagent (I), as judged by the
presence of IR bands characteristic of chelating carboxylate
groups. Yada et al.3 reported the preparation of hexagonal
alumina mesostructures by electrostatic S2I+ assembly of
dodecyl sulfate surfactants and aluminium nitrate. However, the
mesostructures were not stable to surfactant removal. In
contrast, we have obtained mesoporous alumina molecular
sieves, denoted MSU-X, by N1I1 assembly of electrically
neutral polyethylene oxide surfactants (N1) and an aluminium
alkoxide as the inorganic precursor (I1).4,5 These materials
exhibited wormhole channel motifs and BJH pore diameters
that can be extended beyond 100 Å, depending on the surfactant
size.

One limitation of MSU-X alumina molecular sieves is the
loss of surface area and porosity when they are heated above
500 °C. The potential applications of these materials in catalysis
and other materials areas could be greatly extended by
improving their thermal stability. One possible approach to
improving the thermal stability of a metastable alumina is to
dope the oxide framework with rare earth cations. For instance,
the incorporation of rare earths into g-alumina (pseudo-
boehmite) and other transition aluminas is known to stabilize
these metastable phases against sintering and conversion to
a-alumina (corundum). Two stabilization mechanisms have
been proposed, namely, the formation of a surface rare earth
aluminate phase6 and the simple replacement of Al3+ by rare
earth ions in the pseudoboemite structure, which reduces the
lability of the oxide matrix.7 Analogous mechanisms might also
be effective in stabilizing the non-crystalline (amorphous)
framework walls of MSU-X alumina molecular sieves against
collapse at elevated temperatures. In the present work, we
demonstrate that MSU-X aluminas indeed are stabilized by
doping with rare earth metal ions.

The incorporation of Ce3+ or La3+ into MSU-X aluminas was
accomplished by first dissolving the corresponding rare earth
nitrate in a solution of the non-ionic surfactant in warm butanol.
The solution was cooled to room temperature and then
aluminium sec-butoxide was added with stirring. After an
additional 1 h of stirring at ambient temperature, a dilute
solution of water in sec-butanol was added dropwise. The
reaction vessel was then placed in a reciprocating shaker bath at
45 °C for a period of 40 h. Recovery of the as-synthesized
reaction products was achieved by filtration and air drying.

The molar compositions of the above reaction mixtures were
as follows:

0.05 Ce3+ (or 0.01 La3+) : 1.0 Al(BusO)3 : 0.40 Tergitol
(or 0.20 Pluronic) : 3.0 H2O : 15.5 BusOH

where the non-ionic surfactants are Tergitol® 15-S-12 (Union
Carbide) with the formula C15H33E12OH (E is a polyethylene
oxide segment) and Pluronic® P65 or P123 (BASF) block
copolymers with the respective compositions E19P30E19 and
E20P69E20 (P is a isopropylene oxide segment).

Essentially all of the N1 surfactant could be removed from
the alumina mesostructures by extraction with hot ethanol. For
convenience, however, the as-synthesized products were freed
of surfactant and prepared directly for N2 adsorption studies in
one step by calcining at 500 °C for 6.0 h. Under the calcination
conditions the pure alumina mesostructures assembled from the
three N1 surfactants begin to collapse, as evidenced by a
broadening of the one-line diffraction pattern and a decrease in
the surface area and pore volume. Upon the introduction of 1–5
mol% rare earth ions, however, the thermal stability of the
framework is greatly improved, as judged by substantial
increases in surface areas and liquid pore volume (see below).

N2 adsorption–desorption isotherms for alumina molecular
sieves doped with 5.0% Ce3+ and 1.0% La3+ are shown in Fig.
1. The positions of the pore filling steps in the adsorption curves
shift to higher P/P0 values with increasing surfactant size, as
expected for pore structures formed by a supramolecular
assembly process. The desorption hystereses signify some

Fig. 1 N2 adsorption–desorption isotherms of rare earth-stabilized MSU-X
alumina molecular sieves assembled in the presence of the non-ionic
surfactants Tergitol 15-S-12, Pluronic P65, and Pluronic P123 as structure
directors and calcined at 500 °C. The BJH pore sizes obtained from the
desorption isotherms are included for comparison.
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degree of pore blocking. These qualitative features of the
isotherms also are observed for the pure alumina meso-
structures. Furthermore, the doped mesostructures exhibit XRD
basal spacings and wormhole TEM images (cf., Fig. 2)
equivalent to those observed for the pure alumina phases.
Therefore, the introduction of the rare earth cations at the
1.0–5.0 mol% level does not alter the N1I1 assembly of MSU-X
aluminas.

As can be seen from the results provided in Table 1, the
incorporation of 5.0 mol% Ce3+ in the alumina framework

assembled from Tergitol® 15-S-12 results in a 35% increase in
the surface area after calcination at 500 or 600 °C. Moreover,
the presence of the rare earth nearly doubles the pore volume
without changing the average BJH pore size. Thus, the thermal
stability of the amorphous framework walls clearly is enhanced
without sacrificing the channel size or packing motif. Improved
thermal stability also is realized for the La3+-doped meso-
structures assembled from Pluronic surfactants, even at the 1
mol% doping levels.

We conclude from the above results that the framework walls
of mesoporous MSU-X molecular sieve aluminas are stabilized
by the incorporation of rare earth cations. This stabilization
effect is general in scope and can be applied over a range of rare
earth metal ion loadings to structures assembled from different
families of non-ionic polyethylene oxide surfactants. Although
the framework walls in MSU-X alumina molecular sieves are
amorphous and lack the quasi-crystalline order of transition
aluminas, the stabilization mechanisms most likely are related.
Thus, rare earth doping also should be effective in stabilizing
the amorphous walls of alumina mesostructures assembled
through S–I and S2I+ pathways.2,3

Based in part on the absence of XRD evidence for the
formation of rare earth aluminates upon calcination, we favor a
stabilization mechanism in which the lability of the oxide
framework is reduced through site substitution of aluminium by
rare earth cations. The incorporation of the rare earth cations
into the oxide framework occurs during the mesostructure
assembly process. We may rule out a doping process in which
the rare earth is first incorporated into the mesostructure by
complexation to the polar ethylene oxide head groups of the
surfactant phase and then subsequently transferred into the
framework upon calcination. Rare earth incorporation into the
framework occurs even when the surfactant is removed from the
mesostructure by solvent extraction under ambient conditions.
Thus, the direct incorporation of the rare earth cations into the
framework structure is a general feature of the assembly
pathway.

The partial support of this research by the National Science
Foundation through CRG grant CHE-9633798 is gratefully
acknowledged.
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Table 1 Physical properties of mesoporous MSU-X alumina molecular sieves prepared by N1I1 assembly

Rare earth Calcination SBET/ BJH pore Liquid pore XRD,
Surfactant (mol%) temp.a/ °C m2 g21 size/Å volume/cm3 g21 d/nm

15-S-12 0 500 391 50 0.48 7.8
15-S-12 0 600 267 55 0.31 8.0
15-S-12 5 (Ce) 500 530 53 0.92 8.0
15-S-12 5 (Ce) 600 357 54 0.65 8.0
P65 1 (La) 500 517 80 1.11 > 8.3
P123 1 (La) 500 487 108 1.31 > 10.0

a All the samples were calcined in air for 6 h.

Fig. 2 TEM images of rare earth-stabilized MSU-X alumina molecular
sieves assembled from non-ionic surfactants and calcined at 500 °C: (A)
5.0% Ce3+, Tergitol 15-S-12; (B) 1.0% La3+, Pluronic P65; (C) 1.0% La3+,
Pluronic P123
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Synthesis of novel monoazo benzotriazole dyes specifically for surface
enhanced resonance Raman scattering‡

Duncan Graham,*† Clare McLaughlin, Gerard McAnally, Joanna C. Jones, Peter C. White and W. Ewen
Smith

Department of Pure and Applied Chemistry, University of Strathclyde, Glasgow, UK G1 1XL

Surface enhanced resonance Raman scattering (SERRS) has
considerable potential as an ultra-sensitive analytical tech-
nique; for the first time the synthesis of specific dye ligands
designed to overcome major problems in obtaining reliable
SERRS is described.

Surface enhanced resonance Raman scattering (SERRS) has
recently proven to be an extremely sensitive and selective
technique for the detection and identification of suitable
molecules.1–4 It has significant advantages, being applicable to
a wide range of chromophores and provides molecularly
informative analysis with minimal separation procedures at
attomolar concentrations or below. The main problem for
analysis by SERRS is that the technique lacks reliability and
reproducibility. We report for the first time the synthesis of four
dyes specifically designed to provide effective and reliable
SERRS. They are based on simple azo structures and utilise a
surface complexing group to release the advantages of SERRS
for accurate and reliable analysis.

The technique requires the adsorption of a suitable analyte
onto an appropriate metal surface, excitation of the surface with
light and collection of the scattered radiation. The Raman
component of scattering, enhanced by contributions from
molecular resonance and surface enhancement can rival
fluorescence in efficiency and provide molecularly specific
signals. In this study silver colloid is used to provide the metal
surface5 and 457.9 nm excitation was provided by an argon ion
laser. The main problem is to produce a chromophore for both
resonance and surface attachment which will withstand changes
in conditions of the analyte solution and will not desorb from the
silver.

The dyes synthesised use benzotriazole as a surface attach-
ment group. Benzotriazole dyes have been synthesised before
but only as dyes and not metal complexing agents for improved
spectroscopy.6 Benzotriazole is commonly used as an anti-
tarnish agent on silver and is believed to adhere by complexing
to more than one silver ion to form a polymeric species coated
on the surface.7–9 Thus covalent attachment to the surface is
possible and the orientation of the dye will be fixed. This
eliminates changes in peak wavenumber owing to orientational
changes or desorption from the surface commonly observed
below monolayer coverage.10 The colloid used is stable for
three to six months due to the high negative charge on the
surface and has been routinely used for analysis previously.3,5

The main advantage of covalent attachment through benzo-
triazole is that the process is essentially irreversible and can
displace surface charged species. Thus, once attached the dye
remains in position over a wide range of experimental
conditions and concentrations to provide reproducible analy-
sis.

Four monoazo dyes containing benzotriazole were synthe-
sised by diazotising 5-aminobenzotriazole§ and coupling¶ to
phenylamine analogues (Fig. 1). The analogues used were
aniline, anisidine, dimethoxyaniline and naphthalamine to
produce the dyes 4-(5A-azobenzotriazolyl)phenylamine 1, 3-me-
thoxy-4-(5A-azobenzotriazolyl)phenylamine 2, 3,5-dimethoxy-

4-(5A-azobenzotriazolyl)phenylamine 3 and 4-(5A-azobenzotri-
azolyl)naphthalen-1-ylamine 4.∑ The amino derivatised
aromatics were chosen for two reasons. Firstly the amine group
provides a suitable point for derivatisation once the dye has
been synthesised and secondly the aromatic ring is highly
activated towards electrophilic attack of the diazonium. The
diazotised aminobenzotriazole is not a strong electrophile and
requires an activated aromatic ring, i.e. aniline and the presence
of a buffer. In this case sodium acetate buffered to a pH of 6.0
by the addition of glacial acetic acid was used. The buffer
ensured the aromatic amine was not protonated thus maintain-
ing the reactivity. Acetone was added to aid solubility and allow
the reaction to proceed smoothly. The products precipitated and
were purified by trituration using methanol and diethyl ether.

Each of the dyes produced distinct, strong SERRS at 1 3
1027 m except 4-(5A-azobenzotriazolyl)phenylamine 1 which
was used at a concentration of 1 3 1025 m (Fig. 2). The
enhancement obtained depends on the separation between the
electronic maximum and the laser frequency. In the case of dye
1, the spectrum is weak because the absorbance maximum is
well away from the excitation frequency and hence from
resonance. Major peaks which appear in all four are the
quadrant stretch of the phenyl ring just above 1600 cm21, the
azo stretch above 1400 cm21, and bands at around 1150 and 950
cm21 which correspond to more complex phenyl and bridge
stretching modes.

Fig. 1 The four benzotriazole dyes synthesised and their corresponding lmax

in methanol
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Three dyes produce similar spectra and exact peak positions
can be used to discriminate between them. However, when a
second methoxy group is added to anisidine analogue, the
resulting dye produces a spectrum which is quite different. The
extra electron donation of the methoxy group has probably
twisted the ring and also created sufficient electron donation to
produce partial bonding to the C–N and NNN bonds.

Surface enhancement of vibrations is dependent upon the
orientation of the molecule on the surface.10 Hence different
vibrations are enhanced as the molecular orientation changes
producing a variation in spectra. Changes in surface orientation
are related to the concentration of the analyte on the surface.
However by making use of the strong complexing nature of
benzotriazole on the silver a structure locked in one conforma-
tion can be obtained. The vibrations enhanced will always be the
same at any concentration therefore increasing reliability. Dye 3
was studied in more detail between 5 3 1029 and 1 3 1026 m
and unlike previous studies the relative intensities and position
of the signals remained constant. The signal intensity obtained
was proportional to concentration which will allow develop-
ment of quantitative analysis by SERRS.

The technique has now been shown to be reliable and since it
is sensitive to changes in the environment and structure of the
chromophore, there is considerable scope for the synthesis of

designed dyes to permit specific analytical procedures to be
developed for ultra-sensitive analysis. For example the ligands
require chemical functionalisation to allow addition of groups
such as metal complexing functions or attachment to target
analyte molecules such as DNA. This is a significant break-
through which demonstrates that with the correct attention to
surface chemistry SERRS can be used as a reliable analytical
method.

Notes and References

† E-mail: duncan.graham@strath.ac.uk
‡ This work arose from initial studies with a different focus by Heather
Wilson, PhD, University of Strathclyde, 1994.
§ Diazotisation: 5-aminobenzotriazole (1.0 g, 1.1 equiv., 7.63 mmol) was
dissolved in HCl (5 ml, 50% v/v) and diazotised by dropwise addition of
sodium nitrite (0.578 g, 1.2 equiv., in 5 ml H2O) at 0 °C. An excess of
sodium nitrite was detected using starch iodide paper. A dark blue colour
indicated excess nitrous acid which inferred the formation of the diazonium
salt.
¶ Coupling: the amine (1 equiv.) was dissolved in sodium acetate buffer (1.0
m, 5 ml, pH 6.0) and acetone (5 ml). Diazotised aminobenzotriazole (1.1
equiv.) was added to this solution dropwise at 0 °C with stirring over 1 h
after which the solution was neutralised by addition of sodium hydroxide
(2 m). The solid produced was isolated by filtration and washed with
saturated KCl (3 3 50 ml) prior to purification by trituration using metahnol
and diethyl ether.
∑ All novel compounds were characterized by UV spectrometry, proton
NMR and FAB mass spectrometry. The purity of the compounds was
confirmed by HPLC [retention time for 2 = 4.9 min at 430 nm from
methanol–water (60 : 40)] owing to the difficulty in crystallisation. 2: 40%,
Rf [CH2Cl2–CH3OH (9/1)] 0.34; dH[400 MHz, (CD3)2SO] 3.96 (3 H, s,
OCH3), 6.46 (1 H, s, H-2), 6.61 (1 H, d, J 8.8, H-5), 7.10 (2 H, br s, NH2),
7.85 (1 H, dd, J 6.0 H-6), 7.98 (2 H, d, J 10.2, H-6A,7A), 8.18 (1 H, s, H-4A);
lmax(MeOH) 392 nm; FAB MS: m/z 269.1144 [C13H12ON6 (M + 1) < 0.1
ppm].
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Fig. 2 SERRS spectra of the dyes at 457.9 nm at 1 3 1027 m except for 1
which was at 1 3 1025 m
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First total synthesis of (+)-3-deoxy-d-glycero-d-galacto-2-nonulosonic acid
(KDN) from a non-carbohydrate source

Martin Banwell,*a† Chris De Savia and Keith Watsonb

a Research School of Chemistry, Institute of Advanced Studies, The Australian National University, Canberra, ACT 0200,
Australia
b Biota Chemistry Laboratory, Chemistry Department, Monash University, Clayton, Victoria 3168, Australia

Enantiopure cis-1,2-dihydrocatechol 2, a product obtained
by microbial oxidation of chlorobenzene, has been converted
into KDN 1 via a ten step reaction sequence. 

In 1986 Inoue isolated the deaminated sialic acid (+)-3-deoxy-
d-glycero-d-galacto-2-nonulosonic acid (KDN, 1) from the

membrane polysialoglycoproteins of rainbow trout eggs.1 Since
KDN is likely responsible for protection of the egg membrane
from attack by bacterial sialidases,2 this compound is of interest
as a sialic acid analogue that could be incorporated into other
biologically relevant glycoproteins in order to protect them
against sialidase activation by certain bacteria.3 Such possibil-
ities have sparked considerable interest in KDN glycoscience
with the result that several syntheses of the title compound have
now been reported.1,4 All of these involve elaboration of
carbohydrate-based starting materials. We now describe the
first total synthesis of KDN from a non-carbohydrate source.
The reaction sequence used will enable the preparation of novel
analogues including those which incorporate 17O-, 13C- and/or
2H-labels in various combinations. Such analogues5 should be
useful for probing the biological role(s) of KDN and related
carbohydrate natural products. 

The reaction sequence leading to compound 1 was inspired
by the seminal work of Hudlicky and co-workers who have
demonstrated the value of cis-1,2-dihydrocatechols as starting
materials for the synthesis of various pentoses and hexoses.6,7 In
the present work (Scheme 1) the cis-1,2-dihydrocatechol 2,
which is obtained in > 99% ee via microbial oxidation of
chlorobenzene, was used. Thus, the acetonide derivative, 3,8 of
compound 2 underwent regioselective and diastereofacially-
selective cis-dihydroxylation on reaction with osmium tetra-
oxide and the resulting diol 48 was reacted with 2,2-dimethox-
ypropane in the presence of toluene-p-sulfonic acid (TsOH) to
give the bis-acetonide 5‡ {99%, [a]D + 68 (c 3.4)§}.
Surprisingly, this last compound failed to react with ozone,
perhaps because both faces of the p-bond are hindered by the
endo-methyl groups associated with the adjacent 1,3-dioxolane
rings. To circumvent such difficulties, diol 4 was converted into
the corresponding bis(tert-butyldimethylsilyl ether) 69 {83%,
mp < 25 °C, [a]D 2 56 (c 6.4)} which underwent smooth
ozonolytic cleavage to give, after a reductive work-up with
NaBH4, the ester alcohol 7 {99%, [a]D + 12 (c 6.8)}. The tert-
butyldimethylsilyl ether derivative, 8 {100%, [a]D + 2 (c 1.5)},
of the latter compound was then prepared in quantitative yield
by standard methods. This compound was converted, over two
conventional steps, into the unstable d-mannose derivative 9

{87% from 8, [a]D + 14 (c 5.8)}. Reaction of compound 9 with
VasellaAs pyruvate anion equivalent 10,10,11 under conditions
we have used previously,12 gave a ca. 2 : 3 mixture of the syn-
and anti-addition products, 11 {37%, [a]D + 10 (c 1.9)} and 12

Scheme 1 Reagents and conditions: i, see ref. 8; ii, see ref. 8; iii,
Me2C(OMe)2, TsOH (cat.), 18 °C, 1.0 h; iv, TBDMSCl (4 equiv.),
imidazole (5 equiv.), DMF, 18  °C, 16 h; v, O3, MeOH, 278 to 0 °C, 0.1 h,
then NaBH4 (4 equiv.), 18 °C, 2 h; vi, TBDMSOTf (1.5 equiv.), 2,6-lutidine
(3 equiv.), CH2Cl2, 0 to 18 °C, 16 h; vii, LAH (1.5 equiv.), THF, 210 °C,
2 h; viii, (COCl)2 (1.2 equiv.), DMSO, CH2Cl2, 278 to 0 °C, 1 h, then Et3N
(2.6 equiv.); ix, Zn dust (4.0 equiv.), sat. aq. NH4Cl, THF, 0 to 18 °C, 1.5
h; x, O3, MeOH, 278 °C, 0.033 h, then Me2S (5 equiv.), 278 to 18 °C, 2
h; xi, 4 : 1 TFA–H2O, 18 °C, 18 h; xii, Dowex 50W resin (H+ form), MeOH,
6 h, 18 °C, then Ac2O (10 equiv.), DMAP (trace), pyridine, 18 °C, 20 h 
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{52%, [a]D + 16 (c 1.6)}, respectively. The components of this
mixture were readily separated from one another by semi-
preparative HPLC and compound 11 was then subjected to
reaction with ozone. In this way the a-keto ester 13 {98%, [a]D
+ 5 (c 2.2)} was obtained. Treatment of compound 13 with 4 : 1
TFA–water at 18 °C for 16 h resulted in deprotection of all the
hydroxy groups as well as cyclisation to give KDN which was
identical, as judged by 1H NMR analysis, with an authentic
sample prepared by enzymatic methods.4g For the purposes of
further spectroscopic characterisation, KDN was esterified
using MeOH and the intermediate methyl ester subjected to
exhaustive acetylation. In this way the KDN derivative 1413

{68% from 13, mp 100–104 °C; lit.,13 104–105 °C; [a]D 2 17
(c 1.9); lit.,132 20 (c 0.7)} was obtained and the structure of this
compound follows from spectroscopic data.¶ In addition, this
material proved identical with a sample {[a]D 2 17 (c 1.2)}
prepared from authentic KDN. Interestingly, while ozonylitic
cleavage of compound 12 gave 4-epi-13 {98%, [a]D + 17 (c
5.0)}, sequential treatment of the latter compound with TFA–
water, acidic MeOH then Ac2O–pyridine only gave a complex
mixture of uncharacterisable products.

We thank the Institute of Advanced Studies for financial
support and the ARC for the provision of an APA (Industry)
Scholarship to C. D. S. Dr Gregg Whited (Genencor Inter-
national Inc.) is thanked for providing generous quantities of
diol 2.
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N-Nitrosated N-hydroxyguanidines are nitric oxide-releasing diazeniumdiolates

Garry J. Southan,*a†‡ Aloka Srinivasan,b Clifford George,c Henry M. Falesd and Larry K. Keeferb

a Intramural Research Support Program, SAIC Frederick, NCI-FCRDC, Frederick, MD 21702, USA
b Chemistry Section, Laboratory of Comparative Carcinogenesis, National Cancer Institute, Frederick Cancer Research and
Development Center, Frederick, MD 21702, USA
c Laboratory for the Structure of Matter, Naval Research Laboratory, Washington, DC 20375, USA
d Laboratory of Chemistry, National Heart, Lung and Blood Institute, Bethesda, MD 20892, USA

N-Hydroxyguanidines can be nitrosatively converted to
zwitterionic diazeniumdiolates of crystallographically-con-
firmed structure H2N+NC[NHR][N(O)NO]2, whose hydro-
lytic dissociation at physiological pH leads to both NO and
N2O; the results appear to account for the formation of the
‘potential intercellular nitric oxide carrier’ produced on
exposing NG- hydroxy-L-arginine (a metabolic intermediate
in mammalian NO biosynthesis) to aerobic NO.

Nitric oxide (NO) is a recently discovered bioeffector molecule
that is critically involved in regulation of blood pressure,
neurotransmission, sexual function, immunity and an array of
other physiological phenomena.1 It is rapidly destroyed by
biochemical oxidants such as oxyhemoglobin, superoxide and
oxygen,2 leading to speculation that its regulatory properties
might depend, in part, on conversion to a biochemical storage
form3 that protects it from oxidation while in transit from the
site of biosynthesis in one cell to the target of its required
signalling action in another.

Recently, the formation of such a ‘potential intercellular
nitric oxide carrier’ was reported to occur on exposing NG-
hydroxy-l-arginine 1a, an intermediate in NO biosynthesis, to
aerobic nitric oxide solutions.4 The product was ultraviolet-
active and longer lived as a vasodilator than molecular NO,5 but
its structure has yet to be elucidated.

We present evidence here based on work with model NA-
substituted N-hydroxyguanidines that this bioactive compound
may be a naturally occurring diazeniumdiolate (Scheme 1,
structure 2a). While there was no observable reaction when NO
was bubbled into degassed solutions of NA-(p-methoxybenzyl)-
N-hydroxyguanidine 1b in water, subsequent introduction of air
led to appearance of an ultraviolet maximum at 322 nm, a result
reminiscent of that seen with both N-hydroxyguanidine 1c5 and
1a itself.6 A similar outcome was observed when NO2 was

introduced instead of air into anaerobic solutions of 1b and NO,
suggesting that N2O3, formed either on autoxidation of NO or
on radical coupling of NO with NO2, had reacted nitrosatively7

with 1b. When alternate nitrosation conditions were effected by
dissolving 0.1 g of 1b·HCl in 2 ml of 0.1 m aqueous AcOH and
adding 1 equiv. of sodium nitrite as a saturated aqueous solution
at 0 °C, a crystalline precipitate began to form that, when
collected after 20 min of total reaction time (yield of 2b 95%,
mp 136–147 °C with gradual decomposition), was suitable for
X-ray diffractometric investigation without further purification.
(Indeed, attempts to recrystallize this relatively unstable
substance have thus far led to partial decomposition.) The
molecular structure,§ refined to an R value of 0.034, is shown in
Fig. 1.

The crystallographic data show that nitrosation of 1b
occurred at the nitrogen bound to the oxygen atom to give a
diazeniumdiolate product 2b, as shown in Scheme 1. Note-
worthy structural features include the cisoid oxygens in the

Fig 1 Molecular structure of the asymmetric unit of 2b summarizing bond lengths within the diazeniumdiolate (ONNO) groups. Dotted atoms are symmetry
related. Dotted bonds are hydrogen bonds.

Scheme 1
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2 group and the presence of two different conformers of

2b along with two water molecules in the asymmetric unit that
forms a hydrogen bonded helix (Fig. 1). Similar results were
obtained on nitrosation of the p-nitrophenyl analogue 1d;
although the structure of the diazeniumdiolate product 2d did
not refine well (R = 0.125), this was due to disorder in the
crystal which could not be modelled in the refinement. The
atomic connectivity and atom assignments are, however, well
defined.¶

Rapid measurement of the ultraviolet spectrum on dissolution
of 2b in water permitted quantitative determination of the
characteristic chromophore’s extinction coefficient (2.5 mm21

cm21 at lmax = 322 nm). The NMR spectrum, run at 250 °C
in CD3OD–tetramethylsilane to minimize the rapid decomposi-
tion observed at room temperature, consisted of singlets for the
CH3O and CH2 protons at d 3.77 and 4.57, respectively, and an
aryl AAABBA pattern with shifts of d 6.93 and 7.30 (ortho and
meta to OCH3, respectively) and J = 8.6, 2.7, and 0.4 Hz for the
ortho, meta and para couplings, respectively. The mass spectra
of 2b and 2d were unusual (but not unprecedented) in their
failure to produce an observable MH+ ion in either the
electrospray or fast atom bombardment modes; strong peaks
due to the respective benzyl cations were seen in both cases, but
15N-labelling indicated that the terminal NO was rapidly lost
even under the mildest possible electrospray conditions.

Compound 2b was found to decompose with gas evolution on
dissolution in aqueous media. At pH 10, N-(p-methoxy-
benzyl)cyanamide 3b and N2O were each produced in !95%
yield in a relatively slow reaction (half-life at 37 °C variable but
estimated as 15–25 min) that is presumably initiated by
deprotonation of the NH2 group followed by loss of cis-
hyponitrite (2O–NNN–O2), a known progenitor of N2O.8
Compound 2b tended to disappear more rapidly as pH was
lowered, with a half-life at pH 3 of about 5 min; some
denitrosation was observed at very low pH, 1b being the most
abundant of the organic products seen in 0.1 m HCl. The major
gaseous product at low pH proved to be NO, reaching yields of
0.9 moles per mole of 2b at pH 3 compared with 0.25 moles of
N2O. While the mechanism of NO formation is not clear at this
time, there can be little doubt about its production; its identity
was confirmed both by the presence of its aqueous autoxidation
product, nitrite ion,9 in the reaction mixture and by a well-
established, highly selective chemiluminescence method.10 In
physiological buffer (10 mm phosphate, pH 7.4), N-(p-
methoxybenzyl)urea 4b was produced in 90% yield, with 8%
conversion to 3b and a small amount of an unidentified product

also detected by HPLC. At pH 7.4, 0.5 moles of N2O were
produced along with 0.3 moles of NO per mole of 2b
dissociated. These reactions are summarized in Scheme 2.
Comparable results were observed on hydrolysis of 2c and
2d.

Since nitrosation of all four N-hydroxyguanidines 1a–d
yields hydrolytically unstable products with ultraviolet maxima
near 320 nm that generate significant quantities of NO in neutral
buffer, the crystallographic data for products 2b and 2d strongly
suggest that the ‘nitric oxide carrier’ seen by Hecker et al.4 on
exposing 1a to aerobic NO was diazeniumdiolate 2a.

We postulate that our data may be of two-fold biological
significance. First, if free 1a can be shown to encounter suitably
nitrosating conditions in vivo, the product 2a would constitute a
naturally occurring diazeniumdiolate that spontaneously re-
leases NO at physiological pH; two other natural products
containing the diazeniumdiolate functional group, dopastin and
alanosine, have been reported to release NO only on one-
electron oxidation.11 Second, the NO-generating properties of
compounds 2 may render them useful as prodrugs for treating
clinical disorders arising from deficiencies of biosynthetic NO.1
The possible medicinal value of 2 and analogous structures will
be investigated.
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Synthesis and application in asymmetric synthesis of azacrown ethers derived
from d-glucose

Péter Bakó,a† Kristóf Vizvárdi,a Zoltán Bajora and László Tõke*b

a Department of Organic Chemical Technology, Technical University of Budapest, H-1521 Budapest, Hungary
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New chiral monoaza-15-crown-5 derivatives and lariat
ethers anellated to phenyl b-D-glucoside have been synthe-
sized which show significant asymmetric induction as phase
transfer catalysts in the Michael addition of 2-nitropropane
to chalcone (84% ee) and in the Darzens condensation of
phenacyl chloride with benzaldehyde (74% ee).

One of the most attractive types of asymmetric synthesis is that
in which chiral products are generated under the influence of
chiral crown ether catalysts. Although many optically active
crown ethers have been prepared, only a few have been used
successfully as catalysts in asymmetric reactions.1 Previously,
we reported the asymmetric Michael addition of phenyl acetate
to acrylate catalyzed by chiral crown ethers composed of two
glucose units (85% ee).1,2 The substituents on the sugar unit of
the macrocycle1,2 and the side arms at the nitrogen atom in the
crown ring3 play an important role in the catalytic activity of the
crown ethers. The latter compounds with heteroatoms in the
side arm, named lariat ethers or armed crown ethers, are known
to display special complexation, high lipophilic character and
unique guest specificity via macroring–side arm cooperativity.4
It is therefore reasonable to study the effect of using different
pendant arms on the chiral crown ether catalyst in asymmetric
reactions.

We now report on the synthesis and application of new
monoaza-15-crown-5 compounds 4–12.

Their synthesis starts from phenyl 4,6-O-benzylidene-b-d-
glucopyranoside 1. The vicinal free hydroxy groups in com-
pound 1 were alkylated using the method of Di Cesare and
Gross,5 with bis(2-chloroethyl) ether acting as solvent and
reagent, under liquid–liquid (LL) two-phase reaction condi-
tions, in the presence of tetrabutylammonium hydrogen sulfate

(as a phase transfer catalyst) and 50% aq. NaOH to give
compound 2 (room temperature, 8 h, column chromatography).
The exchange of chlorine for iodine in 2 was carried out using
NaI in acetone (reflux, 24 h), resulting in the bis(iodide)
derivative 3. Compound 3 was cyclized with various primary
amines: n-butylamine, 2,4-dimethylpentan-3-ylamine, cyclo-
hexylamine, cyclohexylmethylamine, benzylamine, 2-phenyl-
ethylamine, ethanolamine, 2-methoxyethylamine and propa-
nolamine, respectively, according to the method described
previously,6 which requires dry Na2CO3 in MeCN as solvent
(reflux, 32–40 h, column chromatography). We thus obtained
the corresponding 15-membered macrocycles 4–12, the yields
of the ring closure steps after chromatography being in the range
32–54% (Table 1). All structures were ascertained by 1H NMR,
13C NMR, COSY, mass and elemental analysis.‡

Compounds 4–12 were then used as phase transfer catalysts
in different reactions in which enantiomeric mixtures can be
formed. These catalysts proved to be effective in two reactions:
the Michael addition of 2-nitropropane to chalcone (Scheme 1),

Table 1 Yield and characterisation data of compounds 2–12

[a]20

Compound Yield (%)a (c 1, CHCl3) Mp/°C

2 29 235.5 74–75
3 95 228.6 58–59
4 44 243.0 105–106
5 32 235.4 58–60
6 39 239.2 oil
7 32 241.1 107–108
8 42 234.9 oil
9 48 244.3 153–55

10 48 235.2 oil
11 54 240.1 oil
12 45 244.9 oil

a After column chromatography.

Scheme 1
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and the Darzens condensation of phenacyl chloride with
benzaldehyde (Scheme 2).

The Michael addition was carried out in a solid–liquid (SL)
system; in toluene, employing solid NaOBut as base (35 mol%)
and chiral catalyst (7 mol%) at room temperature.§ After the
usual work-up procedure the adduct was isolated by preparative
TLC, and the asymmetric induction, expressed in terms of the
enantiomeric excess (ee), was monitored by measuring the
optical rotation of the product 15 and comparing it with
literature values3 and by 1H NMR analysis using (+)-Eu(hfc)3 as
a chiral shift reagent. The results are shown in Table 2.

As can be seen, the substituents at the N-atom of the catalyst
have a significant influence on both the chemical yield and the
enentioselectivity. In all cases the (S)-(+)-adducts 15 were
found to be in excess. The catalyst having the bulky 2,4-di-
methylpentan-3-yl group at the N-atom gave the lowest
chemical yield and chiral induction (entry 2), and the crown
ether having a phenylethyl group (9) proved to be the best (entry
6). The methyl ether 11 showed a higher ee value than its free
hydroxy analogue 10 (entry 8 and 7). The length of the side arm
is decisive: catalyst 8 having a benzyl group shows poor chiral
induction (6% ee), while compound 9 containing a phenylethyl
group gives high enantioselectivity (84% ee).

The Darzens condensation (Scheme 2) was performed in a
binary LL system, using a toluene–30% aq. NaOH (5 : 1)
mixture.¶ The work-up procedure and determination of ee was
carried out in a similar manner to that mentioned for the Michael
addition. In all cases the epoxy ketone product 18 with a
negative optical rotation was found to be in excess, which on the
basis of the optical rotation of the pure enantiomer, corresponds
to an absolute configuration of (2R,3S).7 Low enantioselectiv-
ities were obtained using catalysts 4–8 (entries 1–5). The
macrocycle 10 [R = (CH2)2OH] having the hydrophilic
hydroxyethyl group at the N-atom gave 52% ee (entry 7) but this
value was dramatically reduced (13% ee) for its methyl ether 11
(entry 8). It is interesting to note that the effect of the compound

containing a free hydroxy group on the magnitude of the
enantioselectivity for the Darzens condensation is the reverse of
that for the Michael reactions (entries 7 and 8). The importance
of the chain-length at the N-atom in the catalytic activity is
reflected particularly in the experiment shown in entry 9:
catalyst 12 [R = (CH2)3OH] proved to be the most effective,
resulting in 74% ee at room temperature. With regard to the
effectiveness of the crown ether structure for enantiomeric
induction, we suppose that the substituent at the nitrogen atom
of the catalyst takes part in the complexation of the salt of the
anion by complexation of the cation in the third dimension,
working as a pseudo-lariat ether, and as a consequence increases
the effectiveness of the phase transfer process. Reactions
running in the absence of chiral catalyst give only racemic
products.

The authors gratefully acknowledge Professor Dr Suzanne
Toppet for NMR spectroscopic identification of the com-
pounds, Dr Erik Van der Eycken and Professor Dr Georges J.
Hoornaert for useful discussions (Laboratorium voor Orga-
nische Synthese, K. U. Leuven). This work was partly
supported by the Hungarian Academy of Sciences and the
National Science Foundation (OTKA T015677) and the Soros
Foundation.
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‡ Selected data for 2: dH(250 MHz, CDCl3, SiMe4) 7.50–7.06 (m, 10 H,
ArH), 5.56 (s, 1 H, Benzylidene-CH), 5.06 (d, J 7.6, 1 H, anomer-H), 4.36
(dd, J 10.5, 4.3, 1 H, H-6), 4.09–3.53 (m, 21 H, 8 CH2O, 5 CH). For 3:
7.50–7.05 (m, 10 H, ArH), 5.56 (s, 1 H, benzylidene-CH), 5.06 (d, J 7.6, 1
H, anomer-H), 4.38–4.36 (dd, J 10.5, 4.3, 1 H, H-6), 4.02–3.52 (m, 18 H, 8
CH2O, 2 CH), 3.21–3.18 (m, 3 H, H-2, H-3, H-5). For 9: 7.37–7.02 (m, 15
H, ArH), 5.54 (s, 1 H, benzylidene-CH), 5.06 (d, J 7.6, 1 H, anomer-H), 4.36
(dd, J 10.5, 4.3, 1 H, H-6), 4.10–3.57 (m, 15 H, 6 CH2O and 3 CH),
3.54–3.47 (m, 2 H, H-2, H-5), 2.89–2.76 (m, 8 H, 3 NCH2, CH2Ph).
§ The Michael addition was performed as follows: 1.44 mmol of chalcone
and 3.36 mmol of 2-nitropropane were dissolved in 3 ml of anhydrous
toluene, and then 0.1 mmol of crown ether and 0.5 mmol of base were
added. The mixture was stirred under an Ar atmosphere. After completing
the reaction (8–40 h) a mixture of 7 ml of toluene and 10 ml of water was
added. The organic phase was processed in the usual manner. The product
was purified on silica gel by preparative TLC with hexane–ethyl acetate
(10 : 1) as eluent; mp 146–148 °C, [a]20

D + 68 (c 1, CH2Cl2) (84% ee) (lit.,3
+80.8, for pure enantiomer), dH 7.85 (m, 2 H, Ph), 7.52 (m, 3 H, Ph), 7.25
(m, 5 H, Ph), 4.18–3.25 (m, 3 H, CH2, CH), 1.62 (s, 3 H, CH3), 1.54 (s, 3
H, CH3).
¶ Typical experimental procedure for the asymmetric Darzens condensa-
tion: a toluene solution of 1.3 mmol of phenacyl chloride (3 ml) was treated
with 1.9 mmol of benzaldehyde and 0.1 mmol of catalyst in 0.6 ml of 30%
NaOH solution. The mixture was stirred under Ar atmosphere. After
completing the reaction 7 ml of toluene were added, the organic phase
washed with water, dried over MgSO4 and the solvent evaporated. The
residue was chromatographed on preparative silica gel of 2 mm thickness
(Kieselgel 60 GF254), using CH2Cl2 as eluent; (a]20

578 2111 (c 1, CH2Cl2)
(52% ee) (lit.,7 2214, for pure enantiomer); dH 8.01 (m, 2 H, Ph), 7.60 (t,
1 H, Ph), 7.48 (t, 2 H, Ph), 7.40–7.30 (m, 5 H, Ph), 4.29 (d, J 2, 1 H), 4.08
(d, J, 1 H).
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Scheme 2

Table 2 Effect of chiral crown catalysts 4–12 on the asymmetric Michael
addition and Darzens condensation

Michael addition Darzens condensation

Entry Catalyst Yield (%)a Ee (%)b Yield (%) Ee (%)b

1 4 61 27 92 4
2 5 15 4 33 3
3 6 50 23 94 4
4 7 53 24 70 8
5 8 56 6 88 4
6 9 78 82 (84)c 72 30
7 10 71 45 86 52 (53)c

8 11 65 60 72 13
9 12 42 6 68 74

a Based on isolation by preparative TLC. b Determined by optical rotation.
c Determined by 1H NMR spectroscopy in the presence of Eu(hfc)3 as chiral
shift reagent.
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Photochemical reduction of nitrite to ammonia at a solid phase photoredox
system

J. Rajan Premkumar and Ramasamy Ramaraj*

School of Chemistry, Madurai Kamaraj University, Madurai-625 021, India

The photoassisted reduction of the nitrite anion to ammonia
in alkaline aqueous solution was achieved by illumination
with visible light in the presence of [Ni(teta)]2+ and
[Ru(bpy)3]2+ adsorbed Nafion membrane.

The reduction of nitrogen oxyanions has been one of the most
interesting aspects in recent chemistry concerned with the
development of new methods for artificial nitrogen fixation and
the conversion of pollutants such as NOx into useful chemicals,
and also in bioinorganic chemistry in comparing enzymatic
reactions with their model ones.1–7 In artificial photosynthesis,
the aim is to mimic the ability of green plants and other
photosynthetic organisms in their use of sunlight to make high
energy chemicals.8 In homogeneous solution, the photoredox
products recombine in the dark to regenerate the starting
materials or undergo side reactions to deplete the concentration
of the high energy products.8 Attempts to construct artificial
solar energy conversion systems have been made in terms of the
use of micro- and macro-heterogeneous reaction environments
such as micelles, bilayers, etc.8–10 However, the utilization of
the solid–solution interface has not been studied extensively
except in the context of photogalavanic cells. Tris(2,2A-
bipyridine)ruthenium(ii), ([Ru(bpy)3]2+) has been established
as the best photosensitizer for photoredox reactions both in
homogeneous and in microheterogeneous media.8,11,12 Here we
describe the utilization of [Ru(bpy)3]2+ and the macrocyclic
nickel(ii) complex [Ni(teta)]2+, (teta = 5,5,7,12,12,14-hexame-
thyl-1,4,8,11,-tetraazacyclotetradecane) in the solid phase
which can be used efficiently to realize a multistep photoreduc-
tion of nitrite to ammonia.

The [Ru(bpy)3]2+ and the macrocyclic [Ni(teta)]2+ complex
ions were prepared according to literature procedures.13,14

[Ni(teta)]2+ was adsorbed into Nafion membrane (1 cm2 area,
Aldrich) by dipping the membrane into an aqueous solution
containing a known concentration of [Ni(teta)]2+. The mem-
brane Nf/[Ni(teta)]2+ was then washed and dipped in distilled
water. The [Ni(teta)]2+ complex was adsorbed irreversibly and
the amount of [Ni(teta)]2+ adsorbed into the Nafion membrane
was determined by measuring the decrease in the absorbance of
[Ni(teta)]2+ (lmax = 460 nm, e460 = 40 dm3 mol21 cm21) in
solution after dipping. The [Ni(teta)]2+ adsorbed Nafion
membrane was then dipped in an aqueous solution containing a
known concentration of [Ru(bpy)3]2+ and then washed with
distilled water to give the membrane Nf/[Ni(teta)]2+/
[Ru(bpy)3]2+. [Ru(bpy)3]2+ was also adsorbed irreversibly and
the amount of [Ru(bpy)3]2+ adsorbed in the Nf/[Ni(teta)]2+/
Ru(bpy)3]2+ membrane was determined by measuring the
decrease in the absorbance of [Ru(bpy)3]2+ (lmax = 452 nm,
e452 = 14 600 dm3 mol21 cm21) in solution after dipping. The
Nf/[Ni(teta)]2+ and Nf/[Ni(teta)]2+/[Ru(bpy)3]2+ membranes
were characterized by absorption and emission spectra. Fig. 1
shows the absorption spectra of [Ni(teta)]2+ in Nafion mem-
brane recorded using JASCO 7800 spectrophotometer. [Ni-
(teta)]2+ adsorbed into Nafion membrane is evident [Fig. 1(b)]
when compared to [Ni(teta)]2+ in water [Fig. 1(a)]. A similar
result was also obtained for the Nf/[Ni(teta)]2+/[Ru(bpy)3]2+

membrane.

The Nf/[Ni(teta)]2+/[Ru(bpy)3]2+ membrane was dipped into
a photolysis cell containing deaerated aqueous 1 mol dm23

sodium nitrite–1 mol dm23 sodium hydroxide and then
irradiated with visible light. A 500 W tungsten–halogen lamp
was used as the light source with a water filter cell (6 cm
pathlength with Pyrex glass windows) and a Pyrex-glass filter to
cut off IR and UV radiations. The distance between the light
source and the Nafion membrane was 40 cm. After 30 min
irradiation, the cell solution was tested for ammonia, hydrox-
ylamine and hydrazine.15 Only ammonia was identified as the
sole nitrite reduction product. The ammonia concentration was
determined using Nessler’s reagent and careful spectroscopic
analysis in the 400–430 nm wavelength range.16 The samples
for analysis were obtained by interrupting the photochemical
process at intervals for several seconds and transferring 1 ml of
the solution to a 5 ml standard measuring flask (smf). Then 0.5
ml of freshly prepared Nessler’s reagent17 was added to the smf
and the solution was made up to a volume of 5 ml with water.
A calibration curve was obtained by dissolving a standard
amount of ammonium chloride in water and using Nessler’s
reagent as described above.16

The yield of NH3(aq) formed after 30 min irradiation using
samples containing different amounts of [Ru(bpy)3]2+ in Nf/
[Ni(teta)]2+ matrix was determined [Fig. 2(b)] and the corre-
sponding turnover numbers (TON) of the adsorbed
[Ru(bpy)3]2+ complex based on yields of NH3(aq) are shown in
Fig. 2(a). The TON for [Ru(bpy)3

2+ was obtained from the
relation: 6 3 mol of NH3(aq) produced/mol of [Ru(bpy)3]2+

adsorbed.
The results were reproducible and the Nafion membrane was

stable over months and could be reused in repeated experiments.
The absence of any one reaction component (visible light,
[Ni(teta)]2+, [Ru(bpy)3]2+ or NaNO2) in the solid–solution
photoredox system led to no formation of NH3(aq). When the
homogeneous solution containing the photoredox system [Ni-
(teta)]2+–[Ru(bpy)3]2+ was irradiated (i.e. in the absence of

Fig. 1 Absorption spectra of (a) [Ni(teta)]2+ in water and (b) [Ni(teta)]2+

adsorbed in Nafion membrane
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Nafion) negligible amounts of NH3(aq) were produced com-
pared with Nf/[Ni(teta)]2+/[Ru)bpy)3]2+.

The amount of [Ru(bpy)3]2+ adsorbed into the Nafion matrix
was found to influence the yield of NH3(aq) produced
[Fig. 2(b)]. An increase of concentration of [Ru(bpy)3]2+ in the
Nafion increased the yield of NH3(aq) and the TON of
[Ru(bpy)3]2+ up to a limiting value, above which a decrease in
the TON was observed [Fig. 2(a)], at higher local concentra-
tions, the self quenching of the excited state [Ru(bpy)3]2+

complex and a light filtering effect were predominent.
In the solid-phase photoredox system, the excited-state

electron-transfer quenching between *[Ru(bpy)3]2+ and [Ni-
(teta)]2+ (NiII) complex produces [Ru(bpy)3]3+ and [Ni(teta)]+

(NiI) complex. The latter (NiI) reacts18 with NO2
2 to produce

[Ni(O2–N2–O2)] (NiIII). This species undergoes successive
reductions and finally produces [Ni(teta)]2+ and NH3(aq)
(Scheme 1). The overall reaction is given by eqn. (1). The role

NO2
2 + 6e2 + 5H2O ? NH3(aq) + 7OH2 (1)

of Nafion matrix in the photo-induced electron transfer reaction
between [Ru(bpy)3]2+ and the [Ni(teta)]2+ complexes is (i)
immobilization of positively charged metal complexes in a
dispersed state and (ii) provision of a microheterogeneous
environment for the reacting molecules.

The present work demonstrates the importance of the
immobilization of photoredox molecules in a solid matrix to
realize the multistep one-electron transfer process by a series of
one-electron transfer reaction (Scheme 1). Investigations into
the role of the [Ru(bpy)3]2+ and [Ni(teta)]2+ catalyst in Nafion
membrane in the production of ammonia by nitrite reduction are
under way.

We acknowledge the Department of Science and Technology
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Fig. 2 (a) Turnover numbers (TONs) of [Ru(bpy)3]2+ and (b) yields of
NH3(aq) observed for the Nf/[Ni(teta)]2+/[Ru(bpy)3]2+ matrix (1 cm2)
dipped in deaerated aqueous 1 mol dm23 NaNO2–1 mol dm23 NaOH.
Irradiation time 30 min; 3.75 3 1026 mol of [Ni(teta)]2+ was adsorbed.

Scheme 1 Schematic illustration of photocatalytic reduction of nitrite at a
Nafion matrix containing [Ni(teta)]2+ and [Ru(bpy)3]2+. [NiII]2+ = [Ni-
(teta)]2+, Ru2+ = [Ru(bpy)3]2+. D = electron donor (H2O), and Dox = oxi-
dized species of electron donor.
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Novel approaches towards the generation of excited triplets of organic guest
molecules with zeolites

Kasi Pitchumani,a Manoj Warrier,a John R. Scheffer*b and V. Ramamurthy*a†
a Department of Chemistry, Tulane University, New Orleans, LA 70118, USA
b Department of Chemistry, University of British Columbia, Vancouver, Canada V6T 1Z1

Alkali metal cation-exchanged zeolites (M+X or M+Y) can be
used as ‘microreactors’ in which to carry out photochemical
rearrangement reactions of organic guests.

Considering that a number of reactions originate from excited
states that are not efficiently reached by direct excitation, it is
important to establish strategies that generate molecules in their
excited triplet states within zeolites.1 We show below that three
approaches can be used to generate triplets of organic molecules
within zeolites. The ‘heavy and light atom effects’ employ the
cations present within zeolites to perturb the excited state
dynamics of the guest molecules; the sensitization technique
utilizes a second guest molecule (a sensitizer) to turn on triplet
reactivity.

Dibenzobarrelene 1a and benzobarrelene 1b and enones 1c
and 1d were chosen as probe molecules for the present study
because their photochemical behavior is known to be multip-
licity-dependent and relatively simple (Scheme 1).2 As shown
in Fig. 1, molecules such as 1a can easily be accommodated
within the supercages of a zeolite.

To conduct cation-dependent photochemistry, 1a–d were
introduced into the cavities of zeolites M+X by adsorption from

hexane solution and irradiated either as powders or as hexane
slurries. Experiments were also carried out with M+Y zeolites.
The approach involving the use of a triplet sensitizer employed
acetophenone, p-methoxyacetophenone, a-aminoacetophenone
hydrochloride and xanthone as the second component. These
were introduced into zeolite K+Y by adsorption from hexane
solution. The resulting vacuum-dried, sensitizer-containing
zeolite complexes were then transferred to hexane solutions of
1a–d to produce a series of ‘double-loaded’ complexes. The
mole ratio of sensitizer to reactant was maintained at 1 : 1 in
every case, but the amount of material loaded onto the zeolite,
the loading level, was varied from 13 to 85, a loading level of 13
referring to an average of one molecule of sensitizer and one
reactant molecule for every 13 zeolite supercages. The double
loaded zeolite complexes were photolyzed as hexane slurries or
as powders at l > 290 nm (Pyrex), where reactants do not
absorb significantly. Following photolysis, the organic materi-
als were extracted from the zeolites with diethyl ether or
tetrahydrofuran and analyzed by capillary gas chromatography.
Mass balances were excellent ( > 85%), indicating that the
photoproduct ratios were not skewed by selective inclusion of
one of the products. The results for cation dependent chemistry
are summarized in Table 1. Results from sensitization studies
(only a few sensitizers) are compiled in Table 2. Since the
behavior of enones 1c and 1d was identical to that of 1a and 1b
upon sensitization results are not shown.

Scheme 1

Fig. 1 Dibenzobarrelene included within a supercage; drawing generated by
Chem X program

Table 1 Photoproduct distribution from irradiation of compounds 1a and 1b
in M+X and M+Y zeolitesa

Slurryb

% COT % SBV
Medium Compound Conv. (%) 2 3

MeCN 1a 77 23
Acetone 1a 0 100
LiX 1a 4 (23)c 33 [80]d 67 [20]
NaX 1a 6 (20) 38 [72] 62 [28]
KX 1a 17 (30) 53 [57] 47 [43]
RbX 1a 16 (26) 25 [31] 75 [69]
CsX 1a 24 (41) 13 [17] 87 [83]
TlX 1a 98 (88) < 1 [+] > 99 [ > 99]
Hexane 1b 96 4
Sens.e 1b 0 100
NaX 1b 77 95 5
KX 1b 59 92 8
RbX 1b 63 86 14
CaX 1b 84 88 12
TlX 1b 90 8 92

a The product ratios were independent of % conversion within the estimated
error limits of ±2% and represent an average of at least 5 independent runs.
b Slurry irradiations were conducted in hexane for 2 h. Solid state
irradiations were carried out for 20 h. Conversions are comparable, since all
irradiations were conducted under identical conditions. c Numbers in
parentheses are for solid state irradiations. d Numbers in brackets are for
zeolites saturated with water. e Acetophenone sensitization in hexane
solution.
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Of the three techniques, the sensitization method was found
to be general. Triplet–triplet energy transfer occurred in every
case (1a–d) in the doubly loaded K+Y zeolites. In the presence
of an equimolar amount of sensitizer, triplet yields of well over
90% are readily attainable. p-Methoxyacetophenone is the
sensitizer of choice among those tested. Sensitization works
well even when there is only one sensitizer and one acceptor
molecule present in 40 or more zeolite cages.

The heavy atom response of compounds 1a and 1b is stronger
than that observed in the oxadi-p-methane rearrangement of 1c
and 1d. Essentially 100% triplet state behavior is observed with
1a and 1b. The triplet state product observed with 1c and 1d
never exceeded more than 30% even with Tl+ as the cation.3,4

Based on the observations made with the above four systems we
conclude that ‘El Sayed’s rule’ holds good within zeolites as
well: the degree of heavy atom effect on mixing the states of
different multiplicity depends on the electronic configuration
(np* and pp*).5

An unusual observation was made with light cations in the
case of 1a. For 1a, the Li+ and Na+ exchanged zeolites lead to
surprisingly large amounts of triplet photoproduct 3a (67 and
62%, respectively), but the reaction is relatively slow. This
‘light atom’ effect disappears, however, when the complexes
are equilibrated with water before use. The exact mechanism by
which Li+ and Na+ bring about triplet chemistry in the case of 1a
is not clear. We speculate that by binding strongly to the guest
molecule, the light atoms perturb its symmetry characteristics
and thus influence the intersystem crossing rates relative to an
unperturbed molecule. Consistent with this suggestion, the
effect falls off with N+ (62%) and K+ (47%), which are expected
to bind less strongly. Further where solvation of the cations by
water disrupts their strong binding to dibenzobarrelene, the
‘light atom’ effect of Li+ is completely eliminated (20% triplet),
and there is a normal progressive increase in perturbing power
for the others (Na+, 28%; K+, 43%; Rb+, 69%; Cs+, 83%; Tl+,
> 99%); the classical heavy atom effect becomes increasingly
important as the atomic number of the perturbing ion increases.

Interactions between light cations and included guest mole-
cules such as benzene and anthracene adsorbed on zeolites were
noted as early as 1963.6 The perturbations of electronic states as
well as the modifications of the vibrational modes are explained
by a lowering of the symmetry of aromatic molecules in the
adsorbed state. Our own observations with pyrene are consistent
with the above suggestions.7 Diffuse reflectance spectra
recorded for pyrene, at a low loading level (Fig. 2), within a
number of cation exchanged X and Y zeolites suggest that the
interaction between the cation and pyrene is strong and that the
strength of interaction depends on the polarizability of the
cation. In Fig. 2, the intensity of the 0–0 transition of the S0 to
S1 band is dependent on the charge density of the cation present
within supercages. Our working model is that the symmetry
reduction of the aromatic molecule occurs due to strong
interaction between the cation and the aromatic along the p face
resulting in slight bending of the aromatic plane. The example
provided here indicates that such symmetry reductions also may
influence the S1 to Tn intersystem crossing process as well.
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Table 2 Photoproduct distribution from irradiation of compounds 1a and 1b
in K+Y zeolite containing various triplet energy sensitizersa

Slurryc Solidc

% % % %
Loading COT SBV COT SBV

Compound (Sensitizer) levelb 2 3 2 3

(4-Methoxyacetophenone)
1a 25 < 1 > 99 < 1 > 99
1a 40 4 96 < 1 > 99
1a 85 13 87 < 1 > 99
(a-Aminoacetophenone HCl)
1a 25 8 92 5 95
1a 40 16 84 10 90
(4-Methoxyacetophenone)
1b 13 10 90 1 99
1b 25 34 66 2 98
1b 40 51 49 20 80
(a-Aminoacetophenone HCld)
1b 13 39 61 18 82
1b 25 54 46 63 37

a The product ratios were independent of % conversion within the estimated
error limits of ±2% and represent an average of at least 5 independent runs.
b Loading level refers to the average number of supercages per guest
molecule. For example, a value of 25 indicates one probe molecule and one
sensitizer molecule per 25 supercages. c Slurry irradiations were conducted
in hexane for 2 h. Solid state irradiations were carried out for 20 h.
Conversions are comparable since all irradiations were conducted under
identical conditions. d In this case, the sensitizer is anchored to the zeolite
via an ionic bond, which allows the photoproducts to be removed selectively
and the complex reused. No decrease in zeolite efficiency was seen after as
many as 6 runs.

Fig. 2 Diffuse reflectance spectra of pyrene within ‘dry’ M+Y zeolites. The
intensity of the S0 to S1 band is dependent on the cation.
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Synthesis of an oxorhenium(v) corrolate from porphyrin with
detrifluoromethylation and ring contraction

Man Kin Tse, Zeying Zhang, Thomas C. W. Mak and Kin Shing Chan*†

Department of Chemistry, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong

Metallation of highly electron deficient 5,10,15,20-tetra-
kis(trifluoromethyl)porphyrin 1 with [Re2(CO)10] in reflux-
ing PhCN resulted in a novel synthesis of oxorhenium(V)
5,10,15-tris(trifluoromethyl)corrolate  2 characterized  by
single crystal X-ray crystallography.

A new family of porphyrins having highly electron deficient
perfluoroalkyl groups in the meso-positions has been efficiently
synthesized recently by the acid-catalyzed condensation of
perfluoro-1-(2A-pyrrolyl)alkan-1-ols.1 Metallo-perfluoroalkyl-
porphyrins have attracted considerable interest owing to their
special non-planar conformation,1 unusual electronic features,2
and catalytic properties.3 In order to explore the chemistry of
these electron deficient metalloporphyrins, we have prepared
the metal complexes of the porphyrin 5,10,15,20-tetrakis(tri-
fluoromethyl)porphyrin (H2TCF3P, 1). In the course of metal-
lation of 1 with [Re2(CO)10], we have discovered a novel oxo-
rhenium(v) corrolate 2, [Re(TCF3C)(O)], with concomitant
detrifluoromethylation and ring contraction of the porphyrin 1
(Scheme 1).

When 1 was refluxed with [Re2(CO)10] in benzonitrile in N2
for 1 h, the brown solution changed to pink. After cooling in air
for 1 h, the solution turned to a muddy green suspension. A
diamagnetic red product 2 was obtained in ca. 9% yield after
chromatographic separation in air, together with other un-
characterized side products. The diamagnetic 1H NMR spec-
trum of 2 showed a doublet at d 9.88 (J 4.8 Hz) and a multiplet
at d 10.09 with integration ratio of 1 to 3, respectively. The
b-pyrrolic protons were therefore non-equivalent. Moreover,
the molecular ion appeared at 702 in the mass spectrum and was
too low for any expected carbonyl or oxorhenium porphyrin.‡

The structure of 2 was obtained from a single crystal X-ray
study.§ The structure was shown to be an oxorhenium corrolate
2 [Fig. 1(a)] with detrifluoromethylation and ring contraction
having taken place at one of the meso-carbons of 1. C(1) and
C(19) of 1 were bonded together with a distance of 1.417(4) Å
to form a corrole skeleton. The distances between the opposite
nitrogens N(1)···N(3) and N(2)···N(4) were 3.751 and 3.754 Å,
respectively, and were shorter than that of the free base
porphyrin 1 by ca. 30%.¶ The central rhenium lay in a square
pyramidal environment in which the corrolate trianion con-
structed the basal square and the oxygen acted as the axial
ligand with ReNO bond length of 1.662(2) Å.4 The characteristic
ReNO stretching frequency appeared at about 994 cm21 in the

IR spectrum.5 Owing to the contraction of the porphyrin to
corrole, the large central rhenium deviated from the mean plane
of the nitrogens by 0.701 Å [Fig. 1(b)] toward the oxygen to
accommodate the typical Re–N bond distance of 2 Å.5 To the
best of our knowledge, it is the first oxorhenium porphyrin like
macrocycle to be characterized by X-ray crystallography.

Scheme 1

Fig. 1 (a) ORTEP view of [Re(TCF3C)(O)] showing the atom labelling. The
thermal ellipsoids are drawn at a 35% probability level and hydrogen atoms
have been omitted for clarity. (b) Simplified diagram of the side view of
[Re(TCF3C)(O)].
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The novel oxorhenium corrolate likely arose from the
reduction of 1 by [Re2(CO)10] via a cyclopropane intermediate.
The formation of cyclopropane product has been reported in the
reaction of octaethylporphyrinogen with transition metals.6 The
driving force for corrole formation is probably due to the release
of steric hindrance in this and other non-planar porphyrin-like
macrocycles.7 However, the mechanism of novel detrifluoro-
methylation and ring contraction to form a corrole from a
porphyrin remains unclear. Further studies of the electron
deficient corrole are in progress.

We thank Direct Grant of the Chinese University of Hong
Kong and Shell Chemical Company of Hong Kong for financial
support.
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Regio- and stereo-specific addition of chlorodibutyltin hydride to prop-2-ynylic
ethers

Terence N. Mitchell*† and Said-Nadjib Moschref

Fachbereich Chemie, Universität Dortmund, D-44221 Dortmund, Germany

A number of prop-2-ynylic ethers smoothly undergo regio-
and stereo-specific hydrostannation with chlorodibutyltin
hydride in good to nearly quantitative yield at room
temperature in benzene.

The importance of vinyltins in cross-couplings of the Stille–
Migita type1 has recently led to efforts to find new approaches
to their preparation. A very useful approach has recently been
designed by Yamamoto and co-workers,2 who used zirconium
and hafnium tetrachlorides as Lewis acid catalysts in the
hydrostannation of alkynes; a refinement of this procedure3

involves the in situ preparation of the tin hydride from the
corresponding chloride and triethylsilane. In all cases reported,
the procedure gave single isomers derived from trans attack of
the tin hydride. 

The disadvantage of this methodology is that the Lewis acid
centre is blocked when the alkyne contains substituents bearing
a lone pair; thus we have found that prop-2-ynylic ethers or
amines, which are synthetically much more important than
simple alkynes, do not react satisfactorily.

In an attempt to circumvent this problem we had recourse to
the long-known but relatively little used chlorodibutyltin
hydride,4 which is readily prepared by mixing the dihydride5

and dichloride. A hint of the potential of this reagent had been
provided relatively recently by Davies,6 who observed a rapid
hydrostannation of a prop-2-ynylic alcohol (2-methylprop-
3-yn-2-ol, 2 h at room temperature in toluene), though with the
formation of a Z/E isomer mixture. An exothermic reaction
occurs when the hydride chloride is mixed with prop-2-ynylic
ethers [reaction (1)], but when the two reagents are mixed
slowly at room temperature and stirred for 4 h in benzene the
hydrostannation occurs in yields which are good to virtually
quantitative (63–99%), only one single isomer being detected.

This is in clear contrast to the behaviour of tributyltin
hydride, which gives product mixtures containing predomi-
nantly either the E- or the Z-isomer (depending on the amount
of tin hydride used) when allowed to react under free radical
conditions with unsubstituted prop-2-ynylic alcohols and
ethers;7 in contrast, a clean reaction does occur (via
regiospecific trans addition) with substituted prop-2-ynylic
residues attached to either oxygen8 or nitrogen,9 though yields
are variable. Table 1 gives details of the ethers used in this work
and the respective yields. The reactions are carried out as
follows: the dialkyltin dihydride5 (2.5 mmol) is added at 0 °C
during 10 min to the dichloride (2.5 mmol) with constant
stirring. The mixture is stirred for 0.5 h at room temperature and
a solution of the prop-2-ynyl ether10 (5 mmol) in benzene (5 ml)
is added during 10 min with stirring. The reaction mixture is
stirred for 4 h at room temperature, the volatiles removed at the
oil pump, and the colourless oil (which solidifies on storing at
5 °C) obtained is characterised by multinuclear NMR spec-
troscopy.

The 1H NMR spectra confirm that the reaction has occurred
in a trans manner with attack of the tin at the terminal carbon
[3J(H,H) = 12–13 Hz]. In a control experiment with hex-1-yne
a mixture of E (3J = 18 Hz) and Z (3J = 12.5 Hz) isomers is
observed, clearly demonstrating that the ether oxygen deter-
mines the reaction course. The tin resonance occurs at relatively
high field [1 to 13 ppm compared with 56 (E) and 67 ppm (Z)
in the isomers derived from hex-1-yne], suggesting intra-
molecular coordination between oxygen and tin in the product.
This is confirmed by the carbon-13 data: one-bond tin–carbon
coupling constants are of a magnitude expected for pentacoordi-
nation at tin (540–664 Hz). Analogous results are obtained
using other compounds R2SnHX (R = Me, Et; X = Cl, Br).
Treatment of the vinyltins (1) with Grignard reagents lead to the
corresponding trialkyltin species: thus, for example, treatment
of (1f) with EtMgBr leads to a product showing the expected
NMR spectroscopic data [d(119Sn) 240.5 ppm, vinyl 1H–1H
coupling constant 10.4 Hz].
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Table 1 Addition of halodialkyltin hydrides to prop-2-ynyl ethers

Halodialkyltin
Prop-2-ynyl ether hydride

R1 R2 R3 R4 X Yield (%)a

1a Allyl Pr H Bu Cl 93
1b 2-Methylallyl H H Bu Cl 71
1c Cyclohex-2-enyl H H Bu Cl > 91
1d But-2-enyl H H Bu Cl 63
1e Et Me Me Bu Cl > 98
1f 2-Furyl H H Bu Br 97
1g 2-Methylallyl H H Bu Br > 98
1h 2-Furyl H H Et Cl > 98
1i 2-Furyl H H Me Cl > 98
1j Et Me Me Me Cl 97

a From integration of 1H NMR spectra.
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An unusual reaction of hexafluoroacetone with methylenediphosphines. Facile
synthesis of carbodiphosphoranes

Igor Shevchenko†

Institute of Bioorganic Chemistry, Murmanskaya Street 1, 252660 Kiev, Ukraine

The oxidation of bis[bis(dialkylamino)phosphinyl]methanes
with hexafluoroacetone does not lead to the expected
dioxaphospholane heterocycles, but yields quantitatively
carbodiphosphoranes.

It is well known that phosphines react with 2 equiv. of
hexafluoroacetone (HFA) to give phosphoranes in which the
phosphorus atom is part of a dioxaphospholane heterocycle.1–4

It turns out that this is not the only possible pathway for this
reaction. Here we report on an unusual reaction of HFA with
bis[bis(dialkylamino)phosphinyl]methanes 1a,b which gives
quantitatively carbodiphosphoranes 3a,b (Scheme 1). Formally
this reaction can be considered to be an addition of the
tautomeric P–H ylide form of 1 to the carbonyl function of
HFA. The presence of a methylene group between the two
phosphorus atoms is thus a necessary condition for this
reaction.

After slow bubbling of gaseous HFA through a solution of 1a
or 1b in hexane at 20 °C, NMR spectra of the reaction mixtures
show the presence of only compound 3a or 3b, respectively; the
31P NMR spectra of the reaction mixtures display one singlet at
d 33–37. Carbodiphosphorane 3a is stable in hexane solution at
room temperature for several hours, whereas 3b containing the
more bulky diethylamino substituents is respectively more
stable and its hexane solution can be stored without decomposi-
tion for two days. Evaporation of the solvent causes decomposi-
tion of the molecule.

The choice of hexane as a solvent is very important for this
reaction. In other solvents carbodiphosphoranes 3a,b are less
stable and their synthesis may be accompanied by the formation
of byproducts. The 1H NMR spectra of 3a and 3b were recorded
immediately after HFA had been added to a solution of 1a or 1b
in [2H8]toluene.‡ They show a characteristic low field septet at
d 6.2, confirming the location of the two equivalent protons a to
the CF3 groups. It is interesting that the dimethylamino groups
of 3a appear in the 1H NMR spectrum, not as a doublet, but as
a pseudo-triplet at d 2.59 with a broadened central line, which is
consistent with the NMR data of known compounds. The
analogous carbodiphosphorane having chlorine atoms instead
of HFA units at the two phosphorus atoms shows the same
pattern for the Me2N groups in its 1H NMR spectrum.5

The mechanism of this reaction probably includes the
intermediate formation of monoylides 2a or 2b. However, we

could not detect these compounds via NMR spectroscopy. Even
if only 1 equiv. of HFA was added to the methylenediphos-
phines 1a,b the 31P NMR spectrum of the reaction mixture
displayed only two equal signals, for the starting compound 1
and the reaction product 3.

The ylidic structure of carbodiphosphoranes 3a,b is con-
firmed by their reaction with HCl, which gives the stable salts
4a,b. As a strong base, 3a,b reacts with ammonium hydro-
chlorides. That is why 4a,b can also be formed in small
quantities together with 3a,b, if starting methylenediphosphines
1a,b are contaminated with dialkylammonium chlorides. How-
ever, 4a,b are not soluble in hexane and can be easily separated.
The structures of 4a,b are entirely consistent with the NMR data
obtained.§ In contrast to most carbodiphosphoranes described
previously,6–10 compounds 3a,b are easily obtainable and can
be used in further reactions without isolation from the reaction
mixture. The possible application of 3a,b in Wittig reactions
and the presence of hydrogen atoms a to the CF3 groups make
these compounds interesting synthons for organic and ele-
mentoorganic synthesis. We are currently investigating their
chemical properties.

Dedicated to Doctor Hans-Martin Schiebel on the occasion of
his 65th birthday.
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CHCF3); dF(188.3 MHz, C6H14) 272.9 (d, 3JHF 6.8, 12F).
§ To a solution of 3a or 3b in hexane, 1 equiv. of HCl in Et2O was added
at 20 °C. The precipitated 4a or 4b was separated and recrystallized from
CH2Cl2–Et2O at 215 °C. Selected data for 4a: 63%, mp 183–185 °C
(decomp.); dP(80 MHz, CDCl3) 58.6; dH(200 MHz, CDCl3) 2.71 (pseudo t,
3JPH 10.7, 24 H, NCH3), 3.67 (t, 2JPH 10.0, 1 H, PCHP), 6.71 (sept, 3JFH 5.9,
2 H, CHCF3); dC(50.3 MHz, CDCl3) 7.4 (t, 1JPC 209, PCP), 37.3 (pseudo t,
2JPC 4.9, 8C, NCH3), 70.3 (sept, 2JFC 34, 2 C, CHCF3), 120.8 (q, 1JFC 285,
4CF3); dF(188.3 MHz, CDCl3) 273.9 (d, 3JHF 5.9, 12F). (Calc. for
C15H27ClF12N4O2P2: C, 29.02; H, 4.38. Found: C, 28.77; H, 4.32%). For
4b: 52%, mp 151–153 °C; dP(80 MHz, CDCl3) 59.1; dH(200 MHz, CDCl3)
1.06 (t, 3JHH 6.8, 24 H,NCH2CH3), 3.05 (m, 16 H, NCH2CH3), 3.23 (t, 2JPH

13.7, 1 H, PCHP), 6.75 (sept, 3JFH 5.9, 2 H, CHCF3); dC(50.3 MHz, CDCl3)
7.3 (t, 1JPC 209, PCP), 13.7 (s, 8C, NCH2CH3), 40.6 (s, 8C, NCH2CH3),
70.4 (spet, 2JFC 34, 2C, CHCF3), 120.8 (q, 1JFC 285, 4CF3); dF(188.3 MHz,
CDCl3) 273.0 (d, 3JHF 5.9, 12F) (Calc. for C23H43ClF12N4O2P2: C, 37.69;
H, 5.91. Found: C, 37.12; H, 5.79%).
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Synthesis of [Ni(NH3)6]C60·6NH3 via ion exchange in liquid ammonia—a new,
versatile access to ionic fullerides

Klaus Himmel and Martin Jansen*†

Institut für Anorganische Chemie der Rheinischen Friedrich-Wilhelms-Universität Bonn, Gerhard-Domagk-Str. 1, 53121 Bonn,
Germany

The ammoniate [Ni(NH3)6]C60·6NH3 is prepared from
K2C60 via cation exchange in liquid ammonia; the structure
of the compound is determined by X-ray crystal structure
analysis.

Since the discovery of superconductivity in K3C60,1 ionic
fullerides have been in the focus of scientific interest. However,
up to now research has been restricted to fullerides of alkali
(including the analogous Tl+), alkaline earth and some rare earth
metals,2 which form directly from the respective metal and
fullerene during solid state reactions. Several attempts have
been made to introduce other metals.3 In most cases, however,
the composition and constitution of the products could not be
determined conclusively. To our knowledge, only the com-
pounds Na2+xHgyC60

4 and [Ni(C5Me5)2]C60·CS2
5 have been

fully characterized.
As the alkali fullerides readily dissolve in liquid ammonia,6,7

ion exchange in this solvent using a thoroughly dried macro-
reticular exchange resin could offer a general approach to the
synthesis of fullerides with any counterion that can be loaded
onto the resin and is soluble in liquid ammonia, at the same
time. Recently, we have shown this route to be suitable for the
synthesis of fullerides with organic cations.8 The preparation of
the novel fulleride [Ni(NH3)6]C60·6NH3 reported here, and of
isostructural [Mn(NH3)6]C60·6NH3 and [Cd(NH3)6]C60·6NH3,9
extends the applicability of the exchange route to transition
metals, and thus broadens its scope significantly.

Reacting a solution of K2C60 in ammonia with an ion
exchange resin loaded with Ni2+ yielded [Ni(NH3)6]C60·6NH3
in black shiny crystals.‡ Suitable crystals were selected in an
inert oil matrix under a microscope and were used for an X-ray
single crystal structure analysis.§

[Ni(NH3)6]C60·6NH3 crystallises in a distorted rock salt type
of structure (Fig. 1). Nickel hexaammine complexes occupy the
octahedral sites in a fcc fulleride sublattice. Each molecule of
ammonia of solvation is coordinated via a hydrogen bond to one

ammonia in the ligand sphere of the ammine complex. This
extended coordination sphere of Ni2+ can fit its shape flexibly to
the needs of the octahedral site of the C60

22 sublattice, at the
same time fixing the fulleride anion orientationally. The thermal
parameters of the fulleride (Fig. 2) are reasonable and do not
indicate any disorder. The shortest intermolecular carbon to
carbon distance is 3.36 Å (3.11 Å in neutral C60). By comparing
the shortest Ni–C distance (4.62 Å) with the distance between
the centre of the octahedral site and the nearest carbon atom in
fcc C60 (3.65 Å) it becomes evident that the accommodation of
the hexaammine complex and the extra six solvent molecules
per formula unit leads to a considerable expansion of the C60
sublattice. The quite strong deviation of the crystal structure
from the ideal cubic symmetry of rock salt indicates that
packing requirements more strongly determine the structure
than do electrostatic interactions. Hydrogen atoms of the
solvent ammonia show the shortest intermolecular distances to
the fulleride. This fact suggests an interaction of N–H dipoles
with electron density on the fulleride surface that could be
responsible for the localisation of the anion in a fixed
orientation. Similar interactions of C–H dipoles have been
discussed previously.10

Dianions C60
22 should be subject to Jahn–Teller distortion

due to the asymmetric occupation of the degenerate t1u orbital of
neutral C60. The nature and the degree of this distortion,
however, have been discussed controversially.11 In particular, it
can be very difficult to separate distortions caused by an
intrinsic Jahn–Teller effect from those due to a low site
symmetry of the unit under discussion. The fulleride dianion in
the present structure is somewhat distorted from the ideal Ih
symmetry. The mean distance of the carbon atoms from the
centre of the fulleride is 3.541(2) Å with a spread from 3.555(2)
Å (C13) to 3.520(3) Å (C16). Though the range is larger than in
neutral C60 (0.012 Å),12 it could well be a result of the
interactions with the low symmetrical environment established
by the hydrogen atoms. Actually, we have shown that in an
environment of higher symmetry the point symmetry Ih of a
divalent fulleride can be retained.13

Fig. 1 Distorted rock salt type arrangement of fulleride dianions and nickel
hexaammine cations (octahedra)

Fig. 2 ORTEP plot15 (50% probability ellipsoids) of the cationic and anionic
units in [Ni(NH3)6]C60·6NH3
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Apart from the Ni compound presented in this paper we have
been able to synthesise (BnNMe3)2C60·3NH3;8
(PhNMe3)2C60·4NH3, [Mn(NH3)6]C60·6NH3 and
[Cd(NH3)6]C60·6NH3

9 via ion exchange in liquid ammonia,
which demonstrates the wide, general applicability of the
procedure developed. As an attractive option, these ammoniates
offer access to fullerides of transition metals by removing
ammonia in vacuo and/or at elevated temperatures.

We wish to thank Hoechst AG, Frankfurt, for providing
C60.

Notes and References

† E-mail: mjansen@snchemie2.chemie.uni-bonn.de
‡ Preparation of nickel hexaammine fulleride ammoniate: 1 g of exchange
resin (Amberlyst 15, Fluka) loaded with Ni2+ was thoroughly dried and
placed on one side of a H-type glass vessel equipped with a glass sieve
(porosity 3). 80 mg (1.0 3 1024 mol) K2C60 were placed on the other side
of the sieve. After cooling (ethanol–dry ice slush) ammonia was condensed
into the vessel until the glass sieve was completely covered. The reaction
mixture was stored at 230 K for about 3 weeks. In this time K2C60 slowly
diffused onto the ion exchange resin where [Ni(NH3)6]C60·6NH3 precipi-
tated as shiny black platelets that are sensitive to air, moisture and elevated
temperature. The crystals were removed from liquid ammonia, transferred
into an inert oil mixture (1 : 1 Perfluorpolyether 216, Riedel-de Haën/
Perfluorpolyether Fomblin Y HVAC 40/11, Aldrich) which was cooled
with a nitrogen stream to 230 K, and picked up on the tip of a glass capillary
mounted on a goniometer head.
§ Crystal data for [Ni(NH3)6]C60·6NH3: C60H36N12Ni, M = 938.72, black
platelets, triclinic, space group P1̄ (no. 2), a = 988.3(2), b = 1021.1(2),
c = 1050.2(2) pm, a = 77.79(2), b = 80.04(2), g = 79.64(2)°,
V = 1.0089(3) nm3, Z = 1, Dc = 1.619 g cm23, m(Mo-Ka) = 0.55 mm21.
4611 reflections measured, 3959 independent, 3653 reflections observed
with I > 2s(I), 361 parameters, no restraints. Diffraction data were
collected with an Enraf-Nonius CAD4 diffractometer (Mo-Ka, l = 71.069
pm) at 113(2) K to qmax = 26°. The structure was solved by the Patterson
method and refined on F2 using all independent reflections.14 Hydrogen
atoms of the ammonia molecules were located by difference Fourier
synthesis. The final wR2 value was 0.099 [corresponding to a conventional
R value of 0.037 by using only reflections with I > 2s(I)]. CCDC
182/844.
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Simultaneous 1,2-, 1,3- and 1,4-addition of trithiazyl trichloride to a
conjugated diene

Charles W. Rees* and Tai-Yuen Yue

Department of Chemistry, Imperial College of Science, Technology and Medicine, London, UK SW7 2AY

1,4-Diphenylbuta-1,3-diene and trithiazyl trichloride 1 react
to give a bi(thiadiazole) 2, an isothiazoloisothiazole 3, a
dithiazolothiazine 4 and the thiazinodithiatriazepines 5 and
6, all of which could arise from initial addition of the trimer
1, or its monomer, to the conjugated diene by 1,2-,1,4- and,
for the first time to an all-carbon diene, 1,3-(‘criss-cross’)
cycloaddition reactions.

We have shown that trithiazyl trichloride (NSCl)3 1, in thermal
equilibrium with its monomer N°SCl,1 converts monoenes and
monoynes directly into 1,2,5-thiadiazoles.2 Furthermore,
1-alkyl-2,5-diphenylpyrroles are similarly converted into the
bi(1,2,5-thiadiazole) 2, thus reacting as masked 1,3-dienes.3 It
would be interesting therefore to explore the reaction of the
reagent 1 with acyclic conjugated dienes where 1,3- and
1,4-cycloaddition, as well as 1,2-cycloaddition, can be envis-
aged, as shown in Scheme 1.

When (E,E)-1,4-diphenylbuta-1,3-diene was treated with a
deficiency of 1 (1 mol) in refluxing CCl4 for 30 min a rapid and
complex reaction ensued, from which five crystalline organic
compounds 2–6 were isolated in low yields† by careful
chromatography and shown to be derivatives of five different,
rare or new heterocyclic ring systems (Scheme 2). The same
five products were obtained in higher yields,† shown in brackets
in Scheme 2, when the diene was treated with 1 (1 mol) in
refluxing toluene for 1 h. With more trimer (3 mol) in refluxing
toluene for 16 h, the reaction was less complex and 2 was the
major product (60%). In spite of their very different structures,
the carbon connectivity of the starting diene is retained in all of
these products.

The bi(1,2,5-thiadiazole) 2 was identical with that formed
from N-alkyl-2,5-diphenylpyrroles.3

The isothiazolo[5,4-d]isothiazole structure 3 was suggested
by its high stability and symmetry (1H and 13C NMR) and its
mass spectrum, which gave fragments for PhCN and C2S2. This
product was synthesised independently from the oxime of
5-benzoyl-3-phenylisothiazole4 and disulfur dichloride in DMF
at 100 °C, providing another approach to this rare ring
system.

The new dithiazolo[4,5-d]thiazine S-oxide structure 4 was
based on its spectroscopic properties and confirmed by X-ray
crystallography.5 The sulfoxide group suggested that formation
of 4 had involved oxidation, possibly during isolation; an
examination of the five products 2–6 showed that all were stable
to air except for the brown compound 5 which was oxidised to
4 when adsorbed on silica. Compound 5 was rapidly and cleanly
converted into 4 by MCPBA in CH2Cl2 at room temperature.
Link scan mass spectrometry showed that 4 and 5 gave the same
pattern of daughter ions, the same species (C16H10N2S3) being

formed from 4 by loss of O and from 5 by loss of N2. This
suggested the new thiazinodithiatriazepine structure 5 for the
brown product, which agreed with all its spectroscopic
properties, including the dominant loss of N2 in the mass
spectrum. Conversion of 5 into 4 could result from oxidation at
the least hindered sulfur atom, to give 7, followed by extrusion
of N2.

The structure of the final product 6, which is isomeric with 5,
was assigned on the basis of spectroscopic properties and a
chemical degradation. Its molecular ion was much stronger than
that of 5 and showed no loss of N2. 

The formation of all five products can be explained by initial
1,2-, 1,3- and 1,4-cycloaddition processes (Scheme 1). The
bi(thiadiazole) 2 is probably formed by addition of the trimer, asScheme 1

Scheme 2
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an N–S–N unit, across C1–C2 and C3–C4, exactly as for
monoenes2 and pyrroles,3 as shown in Scheme 3.

The structure of the isothiazoloisothiazole 3 suggests the
addition of S–N units, possibly the monomeric species N°SCl,
across C1–C3 and C2–C4, as shown in 8. Subsequent elimination
of HCl and oxidation, possibly via chlorination, would give the
stable aromatic system 3. Such ‘criss-cross’ cycloadditions6

have been reported for azabutadienes, particularly for azines
such as 1,4-diphenyl-2,3-diazabuta-1,3-diene 9,7 but the present
reaction is, we believe, the first example of a criss-cross
cycloaddition to an all-carbon diene.

The 1,2-thiazine ring common to the remaining products
suggests the 1,4-addition of an N–S unit, probably the
monomer, to the diene. Since at least four molecules of
monomer are required to form compounds 5 and 6, it is possible
that the Diels–Alder process is followed by reaction with a
molecule of trimer, with overall elimination of 4 HCl units to
give the intermediate 11 (Scheme 4). Initial Diels–Alder
reaction, elimination of HCl and a hydrogen shift would give
3,6-diphenyl-1,2-thiazine 10, which is nucleophilic at C4.
Attack on the trimer 1 at nitrogen, followed by a second
nucleophilic attack by C5 at sulfur and elimination of the
remaining HCl, could give the key intermediate 11. This is
formally a 16p antiaromatic system which could become 14p
by extrusion of any one of the sulfur atoms. Extrusion of S3 or
S1 would then lead to the observed products 5 and 6,
respectively, and 4 has been shown to arise by oxidation and N2
extrusion from 5.

Thus the initially puzzling array of products from this one
diene can be explained by invoking all three cycloaddition
modes of the diene with the reactive trimer 1 and its more
reactive monomer. At present the only product produced in high
yield is the bi(1,2,5-thiadiazole) 2, under more vigorous
conditions; the analogous di-p-tolyl compound was also the
main product from the same reaction of the corresponding
butadiene.

It is hoped that similar reactions of unsymmetrical and
functionalised conjugated dienes will prove to be more selective
and hence of synthetic as well as mechanistic value.

We gratefully acknowledge financial support from the
Commonwealth Scholarship Commission and the British Coun-
cil (T-Y. Y.) and from MDL Information Systems (UK) Ltd,
Professor D. J. Williams for the X-ray structure determination,
the Wolfson Foundation for establishing the Wolfson Centre for
Organic Chemistry in Medical Science at Imperial College, and
a referee for valuable comments.
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† Yields are based on the minimum amount of trimer 1, which is in
deficiency, required to give each product.
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Highly selective coupling of organoboron compounds via
oxovanadium(v)-induced oxidation

Takuji Ishikawa, Suguru Nonaka, Akiya Ogawa and Toshikazu Hirao*†

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamada-oka, Suita, Osaka 565-0871, Japan

Reaction of organoboranes or organoborane ate complexes
(obtained by treatment with BunLi or CsF) with oxovana-
dium(V) compounds results in the intramolecular oxidative
coupling of organic groups on the boranes or borates.

One-electron oxidation of organometallics with metallic oxi-
dants is expected to offer synthetically useful transformations
via intermediates with a higher oxidation state involving
organometallic radical cation species.1 An oxovanadium(v)
compound, VO(OR)X2, has been revealed to be an efficient
one-electron oxidant,1a,2 as exemplified by oxidative desilyla-
tion of organosilicon compounds.3 The reaction path is
explained by the intermediacy of radical cations and radicals via
desilylation, which provides a versatile route to electrophilic
synthetic equivalents. Carbon–carbon bond forming reactions
via oxidation of organoboranes using metallic oxidants have not
been investigated except for a few transformations of functional
groups.4 We herein report a novel ligand coupling of organo-
boron compounds induced by an oxovanadium(v) compound.

When organoborane compound 1a, derived from phenyl-
acetylene and dicyclohexylborane,5 was treated with 3 equiv.6
of VO(OEt)Cl2 at room temperature in CH2Cl2, [(E)-2-phenyl-
ethenyl]cyclohexane 2a was selectively produced without the
formation of bi(cyclohexyl) 3a and 1,4-diphenylbutadiene 4a,
as shown in Scheme 1. It should be noted that the coupling
reaction occurs selectively.

To gain insight into the reaction pathway, the following
crossover reaction was examined (Scheme 2). When an
equimolar mixture of bis(2-methylcyclohexyl)[(E)-2-phenyl-
ethenyl]borane 1b and dicyclohexyl[(E)-2-(4-methylphenyl)-
ethenyl]borane 1c was treated with VO(OEt)Cl2, 1-methyl-
2-(2-phenylethenyl)cyclohexane 2b and [2-(4-methylphenyl)-
ethenyl]cyclohexane 2c were produced, with only trace
amounts of crossover products 2bA and 2cA. Although trace
amounts of crossover products were obtained, the result may
imply that the coupling reaction proceeds intramolecularly.

The corresponding ate complexes of the organoboranes are
expected to undergo more facile oxidation. A higher yield was
attained in the reaction of the borate 5a generated from 1a and
BunLi (Scheme 3).7 No butylated product was detected in the

reaction mixture, indicating that the organic groups are
effectively differentiated in the coupling reaction. The stereo-
isomer was, however, obtained in a small amount. Use of
VO(OPri)2Cl, which has a lower oxidation capability, decreased
the yield. CH2Cl2 was found to be superior to Et2O as a
solvent.

Representative results for the borate 5 are summarized in
Table 1. A distinct substituent effect was observed with R1.
Starting from the 2-(4-methylphenyl)ethenyl- and 2-(ethoxy-
carbonyl)ethenyl-substituted boranes 1c and 1e, highly stereo-
selective coupling reactions were performed, but the organobor-
ate derived from 1f did not couple under the reaction conditions.
These findings suggest that the coupling reaction is controlled
by the electronic nature of the substituents in 5. The reaction of
the ate complex 5d with VO(OEt)Cl2 afforded 1-phenylhex-
1-ene 2g as the main product, in sharp contrast to the above-
mentioned observation. The cyclopentyl group was found to
scarcely participate in the coupling reaction under the condi-
tions described, but oxidation with VO(OPri)2Cl led to the
incorporation of the cyclopentyl group together with 2g.

Use of CsF or TBAF to form organoborate 6a7 improved the
stereoselectivity, giving the E isomer exclusively (Scheme 4).

Although the reaction path is ambiguous, the intramolecular
ligand coupling is achieved via oxidation with the oxo-
vanadium(v) compound. The oxidation of alkenylborates with
iodine is known to give the corresponding coupling products as
a single stereoisomer, in which an ionic mechanism is proposed
generally.5a,8 On the other hand, the present oxovanadium-

Scheme 1 Reagents and conditions: i, VO(OEt)Cl2 (3 equiv.), CH2Cl2,
room temp., 2 h

Scheme 2 Reagents and conditions: i, VO(OEt)Cl2 (3 equiv.), CH2Cl2,
278 °C, 4 h

Scheme 3 Reagents and conditions: i, BunLi (1 equiv.), 278 °C, 1 h; ii,
VO(OEt)Cl2 (3 equiv.)
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induced reaction of 5 provides the coupling products with E
configuration preferentially. Taking this stereochemical ob-
servation into account in the oxidation of 5, a radical-like
species is assumed to be involved as an intermediate in the
intramolecular coupling step, since a radical species is gen-
erated by aerobic oxidation of triethylborane9 and electro-
chemical oxidation of borates.10 Further investigations are now
in progress.
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was partly supported by a Grant-in-Aid for Scientific Research
on Priority Areas from the Ministry of Education, Science, and
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Table 1 Oxidative cross-coupling reaction of borate 5a

1

R1 R2 Oxovanadium Solvent Product Yield (%)b E : Zc

1a Ph cyclohexyl VO(OEt)Cl2 CH2Cl2 2a 82 (70) 92 : 8
1a Ph cyclohexyl VO(OPri)2Cl CH2Cl2 2a 69 92 : 8
1a Ph cyclohexyl VO(OEt)Cl2 Et2O 2a 52 69 : 31
1b Ph 2-methylcyclohexyl VO(OEt)Cl2 CH2Cl2 2b 47 (30)d 92 : 8
1c 4-MeC6H4 cyclohexyl VO(OEt)Cl2 CH2Cl2 2c 65 (55) 96 : 4
1d 4-MeC6H4 cyclopentyl VO(OEt)Cl2 CH2Cl2 2d tracee —
1d 4-MeC6H4 cyclopentyl VO(OPri)2Cl CH2Cl2 2d (21)f 93 : 7
1e EtO2C cyclohexyl VO(OEt)Cl2 CH2Cl2 2e 95 (60) 97 : 3
1f n-hexyl cyclohexyl VO(OEt)Cl2 CH2Cl2 2f not detected

a All reactions were performed at room temperature for 2 h unless otherwise stated. b Determined by 1H NMR spectroscopy based on the alkyne. Isolated
yield is shown in a parentheses. c The olefinic geometry. d Reaction temperature is 278 °C, syn : anti = 50 : 50. PhCHNCHBu 2g was isolated in 10% yield
(E : Z = 93 : 7). e 2g was isolated in 40% yield (E : Z = 85 : 15). f 2g was isolated in 20% yield (E : Z = 95 : 5).

Scheme 4 Reagents and conditions: i, CsF or TBAF (1 equiv.), CH2Cl2,
room temp., 1 h; ii, VO(OEt)Cl2 (3 equiv.), CH2Cl2, room temp., 2 h
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Palladium-mediated intramolecular acylation reaction in the attempted
phosphinylation of a sterically hindered trifluoromethylsulfonyloxybiaryl
carboxylic ester†

Gerhard Bringmann,*a‡ Andreas Wuzik,a Christoph Vedder,a Matthias Pfeifferb and Dietmar Stalkeb

a Institut für Organische Chemie der Universität Würzburg, Am Hubland, 97074 Würzburg, Germany
b Institut für Anorganische Chemie der Universität Würzburg, Am Hubland, 97074 Würzburg, Germany

The unexpected palladium-assisted cyclization reaction of a
sterically hindered o-methoxycarbonyl-oA-trifluoromethyl-
sulfonyloxybiaryl gives fluorenone 4, via intramolecular
acylation instead of the attempted phosphinylation.

Chiral phosphine ligands, mostly bisphosphines, constitute
versatile tools for efficient transition metal catalyzed asym-
metric reactions.1 For some types of reactions, however, the use
of bisphosphine transition metal complexes is hampered by
their lack of reactivity and selectivity towards the desired
reaction pathway. These problems can be overcome by the use
of monodentate phosphine ligands (‘MOP’ ligands) introduced
by Hayashi et al., who have demonstrated the efficiency of such
ligands in enantioselective hydrosilylation and allylic alkyla-
tions.2,3

A promising novel MOP ligand with a biaryl backbone would
be 3, which, in contrast to related axially chiral binaphthyl
derivatives previously prepared,2,3 should exhibit a distinctly
higher steric hindrance—and thus stereo-differentiation—in the
proximity of the phosphorous part. Its O-trifluromethylsulfonyl
activated synthetic precursor 2 should easily be synthesized in
an enantiomerically pure form, with either configuration at the
biaryl axis, by atropisomer-selective ring cleavage4 of the
configuratively unstable5 lactone-bridged biaryl 1. Here we
report on the preparation and attempted phosphinylation of 2
(here still in racemic form), leading to a novel palladium-
mediated ring closure to give fluorenone 4.

Triflate 2§ was synthesized from lactone 1¶ by ring cleavage
with MeOH–K2CO3 and esterification of the resulting free
phenolic oxygen function with Tf2O (Scheme 1). Reaction of 2
with HP(O)Ph2 in the presence of Pd(OAc)2 (10 mol%) and
Hünig’s base (EtNPri

2) according to Hayashi’s method6 gave no
detectable amount of the anticipated phosphine oxide 3, the
most conspicuous product being a yellow nonpolar compound

(28% isolated yield∑), which turned out to be the unexpected
fluorenone 4.**

Its structure was elucidated mainly via NMR, mass and
combustion analytical data and confirmed by an X-ray structure
analysis of single crystals obtained from light petroleum–Et2O
(2 : 1) (see Fig. 1), which unambiguously proves the unexpected
tetracyclic constitution.†† Due to the steric hindrance in the
C(5)–C(4c)– C(4b)–C(4a))–C(4) ‘bay’ with the adjacent methyl
group at C(4), the molecule is not flat, but helically twisted,
giving rise to two enantiomers. These are both found in the
crystal, Fig. 1 arbitrarily showing the M-helical enantiomer. The
overall molecular distortion of the ‘inner spiral loop’,7 i.e. the
sum of the dihedral angles a [C(13)– C(4)–C(4a)–C(4b),
5.6(9)°], b [C(4)–C(4a)–C(4b)–C(4c), 23.7(9)°] and g [C(4a)–
C(4b)–C(4c)–C(5), 10.4(8)°], is distinctly smaller (39.7°) than
for comparably substituted lactones related to 1 ( > 60°).7

The reason why no phosphine oxide 3 was formed must be
seen in the unusually high steric hindrance at the substitution
site, C-2A, which is bounded (as in other cases) by the bulky

Scheme 1 Reagents and conditions: i, MeOH, K2CO3, THF, room temp., 1
h; ii, Tf2O, DABCO, CH2Cl2, 0 °C, 12 h; iii, Pd(OAc)2, dppp, HP(O)Ph2,
EtNPri

2, Me2SO, 100  °C, 6 d

Fig. 1 Molecular structure of fluorenone 4 in the crystal. All hydrogen atoms
are omitted for clarity. Selected bond length (Å) and angles (°): O(1)–C(11)
1.238(6), C(11)–C(11a) 1.470(7), C(10a)–C(4b) 1.390(7), C(10)–C(9)
1.372(6), C(9)–C(8a) 1.410(7), C(4c)–C(4b) 1.431(6), C(11)–C(10a)
1.479(6), C(8a)–C(4c) 1.426(6), C(4b)–C(4a) 1.501(6), C(4a)–C(11a)
1.427(6), C(4)–C(13) 1.514(7), C(1)–C(12) 1.495(7); O(1)–C(11)–C(10a)
124.9(5), O(1)–C(11)–C(11a) 128.2(4), C(4b)–C(10a)–C(10) 123.6(4),
C(9)– C(8a)–C(8) 120.8(5), C(5)–C(4c)–C(4b) 123.8(5), C(4c)–C(4b)–
C(4a) 133.8(5), C(4)–C(4a)–C(4b) 132.5(5), C(4a)–C(4)–C(13) 127.1(4),
C(11a)–C(1)–C(12) 123.0(5), C(4a)–C(11a)–C(11) 107.6(4), C(4b)–
C(10a)–C(11) 109.1(5), C(11a)–C(11)–C(10a) 106.9(5), C(11a)–C(4a)–
C(4b) 107.9(4).
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substituted naphthyl residue at C-1A and by the unprecedented
additional methyl group at C-3A (Scheme 1). That this extra
steric hindrance is responsible for the failure of the introduction
of the sterically demanding phosphorus substituent was demon-
strated by successfully performing the desired substitution on
the regioisomeric compound 5,‡‡ in which the methyl group is
located at C-4A (Scheme 2). Under the same reaction conditions
as applied above, this triflate smoothly gave the desired
phosphine oxide 6,§ in high yields (74% of isolated pure
material) and within the ‘normal’6 reaction time of about 12 h.
The much slower fluorenone formation from the 3A-methyl
isomer 2, apparently by C–C bond formation of the presumed
2A-palladated intermediate§§ with the methoxycarbonyl sub-
stituent on the naphthalene part, took about a week.

To the best of our knowledge, the ring closure reaction of 2
to give 4 is the first intramolecular acylation mediated by
Pd(OAc)2 to give substituted fluorenone systems. Initial
attempts to enhance the yield of 4 and decrease the reaction
times, e.g. by using larger amounts of the palladium catalyst,
gave improved yields of up to 42%, while in the absence of
either Pd(OAc)2, EtNPri

2 or HP(O)Ph2, no reaction took place.
Investigations to further optimize this new reaction, also with
respect to the suppression of the likewise observed deoxygen-
ation, and to investigate its possible application to natural
product synthesis, are in progress. 

This work was supported by the Deutsche Forschungs-
gemeinschaft (SFB 347 ‘Selektive Reaktionen Metall-akti-
vierter Moleküle’) and by the Fonds der Chemischen Indus-
trie.
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Part 68, see W. A. Schenk, J. Kümmel, I. Reuther, N. Burzlaff, A. Wuzik,
O. Schupp, G. Bringmann, submitted for publication in Eur. J. Inorg.
Chem.
‡ E-mail: bringman@chemie.uni-wuerzburg.de
§ All new compounds were fully characterized by spectroscopic and
analytic methods.
¶ Prepared from the corresponding bromonaphthoic aryl ester, in analogy to
ref. 7.
∑ In this reaction, likewise 25% of starting material 2 was recovered, along
with its deoxygenation product (H instead of OTf, 29%).

** Selected data for 4: nmax(KBr)/cm21 1690 (CO); dH(CDCl3, 25 °C) 2.64
(s, 3 H, Me), 2.68 (s, 3 H, Me), 6.99, 7.20 (d 3 2, 2 H, 2-H, 3-H, 2JHH 7.9),
7.47–7.57 (m, 2 H, Ph), 7.70–7.77 (m, 2 H, Ph), 7.81–7.88 (m, 1 H, Ph),
8.31–8.37 (m, 1 H, Ph); dC 194.8 (CNO), 145.5–119.3 (Ph), 23.7, 17.6
(PhMe); m/z 258 (100%) [M]+, 243 (10) [M 2 CH3]+, 230 (15) [M 2 CO]+,
228 (18) [243 2 CH3]+.
†† Crystal data for 4: C19H14O, orange needles, crystal dimensions 0.3 3
0.3 3 0.3, M = 258.30, monoclinic, space group P21/c, a = 11.602(3),
b = 14.641(2), c = 7.7016(14) Å, b = 102.914(8)°, V = 1275.1(4) Å3,
Z = 4, Dc = 1.345 g cm23, m = 0.081 mm21, F(000) = 544, 2810
reflections collected (3 @ q @ 23°) at 173(2) K, 1664 independent
(Rint = 0.1079), 1663 used in the structure refinement, R1 = 0.0652 [I !
2s(I)], wR2 = 0.1665 [all data], gof = 0.974 for 184 parameters, largest
difference peak/hole = 0.233/20.307 e Å23. Data were collected from a
shock-cooled crystal on an Enraf-Nonius CAD4 four circle diffractometer
(graphite-monochromated Mo-Ka radiation, l = 0.71073 Å) equipped
with low temperature devices (ref. 8). The structure was solved by direct
methods (SHELXS-96 (ref. 9) and refined by full-matrix least-squares
methods against F2 (SHELXL-96) (ref. 10). Anisotropic refinement of all
non-H atoms. R values: wR2 = [[w(Fo

22 Fc
2)2]/[w(Fo

2)2]]1/2, R1 = ııFoı

2 ıFcıı/ıFoı. CCDC 182/859.
‡‡ The triflate 5 was synthesized analogously to compound 2, starting from
the corresponding o-methoxycarbonyl-oA-hydroxybiaryl, which had been
prepared earlier (ref. 11).
§§ We suspect that the oxidative addition of the aryl triflate to the Pd
reagent, comparable to the first reaction step of a Heck reaction, is the
initiating step, leading to an Ar–Pd–OTf species, for which the deoxygen-
ation product (see note ∑) constitutes a significant hint. This Pd intermediate
should then further react with the ester functionality.

1 R. Noyori, Chem. Soc. Rev., 1989, 18, 187 and references cited
therein.

2 T. Hayashi, Acta Chem. Scand., 1996, 50, 259.
3 T. Hayashi, M. Kawatsutra and Y. Uozumi, Chem. Commun., 1997,

551.
4 G. Bringmann, R. Walter and R. Weirich, Methods of Organic

Chemistry (Houben Weyl), ed. G. Helmchen, R. W. Hoffmann,
J. Mulzer and E. Schaumann, Thieme, Stuttgart, 1995, vol. E21a,
pp. 567–587; G. Bringmann and T. Hartung, Tetrahedron, 1993, 49,
7891; G. Bringmann, T. Pabst, S. Busemann, K. Peters and E.-M. Peters,
Tetrahedron, 1998, 54, 1425.

5 G. Bringmann, H. Busse, U. Dauer, S. Güssregen and M. Stahl,
Tetrahedron, 1995, 51, 3149; G. Bringmann and O. Schupp, S. Afr.
J. Chem., 1994, 47, 83.

6 Y. Uozumi, N. Suzuki, A. Ogiwara and T. Hayashi, Tetrahedron, 1994,
50, 4293.

7 G. Bringmann, T. Hartung, L. Göbel, O. Schupp, C. L. J. Ewers,
B. Schöner, R. Zagst, K. Peters, H. G. von Schnering and C. Burschka,
Liebigs Ann. Chem., 1992, 225.

8 T. Kottke and D. Stalke, J. Appl. Crystallogr., 1993, 26, 616; T. Kottke,
R. Lagow and D. Stalke, J. Appl. Crystallogr., 1996, 29, 465.

9 G. M. Sheldrick, SHELXS-96, Acta Crystallogr., Sect. A, 1990, 46,
467.

10 G. M. Sheldrick, SHELXL-96, Program for crystal structure refinement,
Universität Göttingen, 1996.

11 G. Bringmann, M. Breuning, A. Wuzik, K. Peters and E.-M. Peters,
Z. Kristallogr., 1998, 213, 339.

Received in Liverpool, UK, 27th February 1998; 8/01674G

Scheme 2 Reagents and conditions: i, Pd(OAc)2, dppp, HP(O)Ph2, EtNPri
2,

Me2SO, 100 °C, 6 d
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Rearrangement of o-(chloromethyldimethylsilyl)phenylmethoxide: evidence for
an apical position of the migrating group in a trigonal bipyramid intermediate

Yousef M. Hijji,† Paul F. Hudrlik*‡ and Anne M. Hudrlik

Department of Chemistry, Howard University, Washington, DC 20059, USA

Chloromethylsilane 5a undergoes a rearrangement reaction
to give oxasilacyclopentane 9 rather than oxasilacyclohex-
ane 10, indicating that the methyl group migrates in
preference to the aryl group.

Rearrangements of a-substituted organosilanes, with migration
of an organic group from silicon to carbon, have been found to
take place under acidic,1 basic1–4 or thermal1 conditions. Little
is known about the stereochemistry of the migration reaction,
although migration from the apical position of a trigonal
bipyramid has been suggested.4 In contrast, the stereochemistry
of nucleophilic substitutions at silicon has been extensively
studied, and is generally interpreted as proceeding through
pentacoordinate trigonal bipyramid intermediates, usually with
entering and leaving groups in the apical positions.5 With the
increasing use of carbon-functional organosilicon compounds
in organic synthesis, it is important to establish the ster-
eochemistry of the fundamental reactions in organosilicon
chemistry.6 We report the first evidence for the stereochemistry
of the base-induced rearrangement.

We have previously found the g-oxidopropyl group on silicon
to be effective as an internal nucleophile, and reported the
cleavage reactions of g-hydroxysilanes 1 (for generation of
benzyl and allyl anion equivalents) (Scheme 1),7 and the
rearrangement reactions of g-hydroxysilanes 2 (forming car-
bon–carbon bonds via a silicon template) (Scheme 2).2

More rigid g-hydroxysilanes would be expected to be more
efficient for this purpose, and we have therefore been studying
the use of o-silylbenzyl alcohols 6 in the cleavage and
rearrangement reactions. In the course of this work, we have
found that o-silyl benzyl alcohols 6 can be easily prepared by
rearrangement of silyl ethers 5 of o-bromobenzyl alcohol with
Li or ButLi in Et2O (Scheme 3).8

Silyl ether 5a provides an opportunity to study the relative
importance of migratory aptitude (aryl vs. methyl) compared to
stereochemical preference of the migrating group (apical vs.
equatorial). Compound 5a§ was prepared in 78% yield by
treatment of o-bromobenzyl alcohol with 1.3 equiv. of ClSi-

Me2CH2Cl in Et2O–NEt3 for 1 h at room temperature. [An
impurity (ca. 6% by GC), believed to be (ClCH2Si)2O was
present: GC–MS m/z 181 (40%, M+ 2 CH2Cl), 153 (100);
additional peaks at d 2.76 (s) and 0.24 (s) in the 1H NMR
spectrum.] Treatment of 5a with ButLi in THF (30 min at
278 °C, then removal of the cold bath for 5 min, and workup by
addition of saturated NaHCO3) led to disappearance of 5a with
appearance of one product, assigned as oxasilacyclopentane 9.
[Some (ClCH2Si)2O (ca. 7% by GC) was also observed in the
GC and GC–MS.] Compound 9 is believed to arise via
rearrangement (see Scheme 3) to g-oxidosilane 7, followed by
methyl migration (presumably via trigonal bipyramid interme-
diate 8, see Scheme 4). Aryl migration would have given
oxasilacyclohexane 10. 

The structure of 9 was supported by the spectra, in particular
the mass spectrum, which showed the base peak at 149 (M+ 2

Et), and the 1H NMR spectrum, which was different from that
reported for oxasilacyclohexane 10.9 The 1H NMR spectrum of
the crude product included d 7.2–7.6 (m, ArH) 5.16 (s, CH2O)
and 0.39 (s, MeSi), as well as peaks due to (ClCH2Si)2O
(singlets at d 2.76 and 0.24) and a small amount of THF.
[Comparison with the reported 1H NMR spectrum of compound
109 suggested that 10, if present, was less than 10%.] The 13C
NMR spectrum showed d 6.30 (SiCH2CH3), 8.83 (SiCH2CH3),
71.72 (CH2O), 121.55, 126.73, 129.49, 131.21, 134.14 (small),
150.07 (small), as well as 30.72 (small, SiCH2Cl), peaks for
THF, and three peaks in the SiMe region. The GC–MS showed
m/z 178 (15%, M+), 163 (8, M+2Me), 149 (100, M+2 Et), 135
(8) and 105 (11). The structure of 9 was further confirmed by

Scheme 1

Scheme 2

Scheme 3

Scheme 4
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treatment (in THF) with excess MeLi (278 °C, 1 h) which gave
a mixture of o-(ethyldimethylsilyl)benzyl alcohol8 (major) and
o-(trimethylsilyl)benzyl alcohol8 (minor).10

Migratory aptitudes in rearrangements of halomethylsilanes
under basic conditions have been correlated with the ability of
the migrating group to stabilize a negative charge.3,4 In our
studies of the rearrangement reactions of g-hydroxysilanes 2,
we found that the phenyl group had a greater migratory aptitude
than the methyl group, as expected.2 Treatment of
g-hydroxysilane 2a with several bases resulted in oxasila-
cyclopentane 3a, the product of phenyl migration; in some
cases, a small amount ( < 5%) of 2-phenyl- 2-ethyl-1-oxa-
2-silacyclopentane, the product of methyl migration, was also
observed. (Treatment of g-hydroxysilane 2a with 2 equiv. of
MeLi in Et2O gave product 4a, presumably by trapping of 3a
with MeLi.)2

The comparison of the migratory aptitudes in the acyclic
system 2a (phenyl migration) with those in the cyclic system 5a
(methyl migration) is very interesting. Perhaps the cyclic
system 8a has geometrical constraints which disfavor aryl
migration. To the extent oxygen would prefer the apical position
in a trigonal bipyramid intermediate (apical entry, electro-
negativity, see 8),11 the Si–Ar bond in the o-benzyl alcohol
system would have to be equatorial. The preference for methyl
migration in 5a suggests that migration is favored by an apical
position of the migrating group in a trigonal bipyramid
intermediate. This work also suggests that o-silylbenzyl alcohol
substrates should be useful for carbon–carbon bond forming
reactions via rearrangements without interference from the aryl
group.

Financial support from the National Science Foundation
(CHE-9505465 and CHE9007879) is gratefully acknow-
ledged.
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see: C. Rücker, Tetrahedron Lett., 1984, 25, 4349; W. Kirmse and
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A new probe of superconductivity: quantitative measurements on defined
electron transfer with solute at the interface between liquid electrolyte and
oxocuprate electrode in the superconducting state

Stephen J. Green,a David R. Rosseinsky,*a† Andrei L. Kharlanovb and J. Paul Attfieldb

a Department of Chemistry, The University, Exeter, UK EX4 4QD
b IRC in Superconductivity, University of Cambridge, Cambridge, UK CB3 0HE

The rate of electron transfer, between dissolved decamethyl-
ferrocene molecules and an oxocuprate high temperature
superconductor [Tl 1223] electrode, represented in imped-
ance spectroscopy by an electrical resistance term RCT, is
shown to be measurable (RCT tending to dip around the
superconducting transition temperature), so opening up the
prospect of a new, controllably variable, probe of super-
conductivity.

There are now oxocuprate high-temperature superconductors
(HTSCs) having superconducting transition temperatures Tc of
135 K.1 Superconductivity at even higher temperatures would
significantly enhance technological applicability. The re-
sistanceless current in a superconductor is carried by paired
charge carriers which form below Tc, usually together with an
energy gap around the Fermi level in the density of states.
Despite protracted efforts, the mechanism of oxocuprate HTSC
superconductivity is not well understood.2 Linking an under-
standing of the pairing mechanism to the oxocuprate structure
clearly presents the most promising route to maximizing Tc by
design; here we suggest a novel probe towards that goal,
monitoring the rates of electron transfer directly to or from the
HTSC at and about its Tc.

A liquid electrolyte (chloroethane with tetrahydrofuran and
2-methyltetrahydrofuran, plus a lithium salt electrolyte) is now
available3–6 in which the electron-transfer reactions of freely
diffusing electroactive species, here ferrocene or decamethyl-
ferrocene, at macrosized Pt electrodes could be followed by
cyclic voltammetry at temperatures as low as 99.5 K.5 Next, at
specially designed cryorobust HTSC electrodes6 (including
leads for the in situ determination, by a four-point resistivity
measurement6 on the electrode in use, of its superconducting
transition temperature), charge transfer between freely diffusing
ferrocene and a demonstrably superconducting HTSC micro-
electrode at 102 K could be clearly detected by cyclic
voltammetry.5 Now we have studied by impedance spectros-
copy the temperature dependence of the charge-transfer rate
(proportional to the charge-transfer conductance RCT

21), and re-
port here our observations on electron transfer between deca-
methylferrocene and the HTSC Tl 1223 electrode comprising
the recently synthesized7 (Tl0.5Pb0.5)(Sr1.6Ca0.4)Ca2Cu3O9.‡

The equipment has been described in detail.6 The precise
value of Tc for the Tl 1223 was determined by magnetic
susceptibility (Fig. 1). The behaviour of an electrode/electrolyte
interface can be represented§ by RCT (inversely proportional to
charge-transfer rate), and (in parallel) the parameter Ceff which
approximates to the double layer capacitance; it can thus be
examined by electrochemical impedance studies together with
standard procedures§ for fitting the equivalent circuit elements.
The variation of RCT and Ceff with temperature, through Tc, is
shown in Fig. 2 (together with a notional time-constant RCT 3

Ceff, and the parameter§ F) where increases or decreases from
otherwise smooth curvature occur when the sample traverses Tc.
Excursions from smooth curves in the temperature range about
Tc have been repeatedly observed8 for these parameters in solid-

state electrochemical reductions of Ag+ with an electrolyte of
solid Rb4AgI5, and also for an oxocuprate electrode immersed
in liquid electrolyte when the solvent itself has been reduced,9
though a decrease rather than an increase in their capacitance
parameters has been observed in these related systems. The
limited amount of experimental data available has left inter-
pretation of the HTSC transitions speculative apart from
Kuznetzov’s theory2,10 and a recent primitive elaboration11 of
the Ginsburg–Landau SC model which effects a decrease in
double-layer capacitance on temperature increase up to Tc.
Gluzman and Kuznetzov2 were able to account for the generally
observed8,9 ‘hump’ in the charge transfer rate around Tc without
the participation of paired carriers (disfavoured by increased
reorganisation energy of electrolyte10),¶ in contradiction of
Lorenz et al.8 who assign the increase in the Faradaic current
around Tc to paired charge carriers. Lorenz et al.8 do point out
that the smaller electrolyte reorganisation energy in solids cf.
liquids makes pair transfer more likely in their systems than in
liquids, with the implication that no excursions from smooth
curvature, or ‘humps’, should occur with liquid electrolytes.
Without inflicting excessive violence on our results, excising
extreme data points could just accommodate nil excursions
from smooth curves (points 3 in Fig. 2), but such a conclusion
can be settled only by further, improved, experiments. How-
ever, the major advance represented by our preliminary
observations lies in demonstrating the accessibility of choice of

Fig. 1 Magnetic susceptibility measurements on Tl 1223 as in-phase and
out-of-phase magnetometer signals showing Tc at 116 K
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solute electroactives, which here is a redox species rather than
the electrolyte itself8 or the actual solvent.9 Neither of the
previous studies8,9 allows of control of the redox potential of the

electroactive species, nor the use of electroactives with two
linked redox sites¶ which offer the prospect of probing the
transfer of paired charge carriers from within the super-
conductor. Such innovations should provide new insights into
the superconductivity mechanism.2 This creation of a new
probe of superconductivity is clearly notable.

We thank the EPSRC for a grant.
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Fig. 2 Top to bottom: charge-transfer resistance RCT, effective double-layer
capacitance Ceff, phase parameter F and (inverse) effective time-constant
1/RCTCeff observed for DMFc/Tl 1223 at the electrolyte/electrode interface
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Unique promotion effect of CO and CO2 on the catalytic stability for benzene
and naphthalene production from methane on Mo/HZSM-5 catalysts

Shetian Liu, Qun Dong, Ryuichiro Ohnishi and Masaru Ichikawa*†

Catalysis Research Center, Hokkaido University, Sapporo 060, Japan

The addition of CO and CO2 to the methane feed results in
a remarkable promotion of catalyst stability for direct
benzene and naphthalene production from methane on Mo/
HZSM-5 and Co modified Mo/HZSM-5 catalysts at 973 K
owing to the efficient suppression of coke formation.

The catalytic conversion of methane to petrochemical feed-
stocks such as ethylene and benzene is of current importance
and industrial interest in the effective utilization of carbon
resources of natural gas. During the past five years, the non-
oxidative conversion of methane to benzene has been studied on
zeolite-supported Mo catalysts in terms of the reaction mecha-
nism and catalyst characterization.1–6 Our recent works demon-
strate the methane is effectively dehydrocondensed into various
aromatics such as benzene and naphthalene on Mo/HZSM-5
and modified Mo/HZSM-5 at high temperatures of 873–1073
K.7 Nevertheless, methane conversion decreased drastically
after a few hours owing to serious coke deposition on the
catalysts. To reduce coke formation, some preliminary efforts
have been reported using selected oxidative reagents such as
oxygen2 and carbon dioxide (10% or higher in the methane gas
feed),6 but aromatic product formation was completely in-
hibited on Mo/HZSM-5 catalysts. Here we describe that the
inclusion of CO and/or CO2 in the methane flow results in the
promotion of aromatic product formation and a remarkable
improvement of the catalyst stability in the prolonged
dehydrocondensation reaction of methane at 973 K on Mo/
HZSM-5 and CoMo/HZSM-5 catalysts owing to the substantial
suppression of coke formation on the catalysts. Furthermore,
13CO isotopic labeling and temperature programmed oxidation
(TPO) experiments demonstrate that the CO added to the
methane feed, as a carbon and oxygen donor when it is
dissociated on the catalysts, not only is efficiently incorporated
into aromatics such as benzene, but also results in removal of
the surface coke.

Mo/HZSM-5 and Co modified Mo/HZSM-5 catalysts with 3
wt.% Mo loading were prepared by impregnation (incipient
wetness) of NH4ZSM-5 (SiO2/Al2O3 = 20–1900; surface area,
780–925 m2 g21, Toso Co. and CRI Zeolyst, Inc.) with
(NH4)6Mo7O24·4H2O and Co(NO3)2 aqueous solutions. After
the impregnated samples were dried at 393 K and calcined at
773 K in air, catalytic tests were carried out under methane (1
atm), both with and without CO or CO2, in a continuous
microreactor system equipped with a quartz tube (8 mm id)
packed with 0.3 g of catalyst pellets of 20–24 mesh, as reported
previoulsy.7 After flushing with He at 973 K, a feed gas mixture
of 98% CH4 with 2% Ar as internal standard for analysis both
with and without CO or CO2 was introduced into the fixed bed
reactor at a flow rate of 7.5 ml min21 [space velocity = 1500 ml
h21 (g cat)21] through a mass flow controller (Brooks 5850E).
Using an internal standard analyzing method, conversion of
methane, CO and CO2, selectivities of hydrocarbon products
and coke formed on the catalyst were evaluated to the mass
balance for carbon and hydrogen.7 The reaction between CO
and CH4 on Mo/HZSM-5 was studied by using the isotopic
labeling (13CO, 99% enriched) technique in a closed circulating
reaction system, and both the gas phase mixture (containing
mainly methane, carbon monoxide, ethane and ethylene) and

the condensed products (mainly benzene collected using an
ethanol–dry ice trap) were analyzed by GC-MS (Perkin-Elmer,
Auto System GC, 910 Q-Mass). The coke deposited on the
catalyst surface after reaction was evaluated by a TPO
technique using 20% O2 + 80% N2 as the oxidant, and the tail
gas was intermittently analyzed by on-line GC.

The addition of CO to the methane feed gas exerts a
significant effect on the catalytic performances of Mo/HZSM-5
and CoMo/HZSM-5 for methane dehydrocondensation to
promote the formation of benzene and naphthalene, and on the
catalyst stability, as shown in Figs. 1 and 2. Using pure methane
as the feed gas the methane conversion and benzene formation
rates decreased greatly (less than 1/4–1/5 of the initial activities
during 24 h reaction time on stream). By contrast, for methane
with 1.8–12% CO in the feed gas, the decrease in methane
conversion was much lower, regardless of the partial pressure of
CO, as shown in Fig. 1. After attaining a moderate increase of
benzene and naphthalene formation rates, compared with those
achieved using pure methane in the early stage of the reaction,
their formation rates were almost constant during prolonged
reaction of more than 50 h. In the steady reaction stage, the
amount of CO is almost constant before and after reaction

Fig. 1 Catalytic performances of 3% Mo/HZSM-5 for methane aromatiza-
tion with the addition of CO and CO2 to the methane feed gas at 973 K
[Open symbols represent methane conversion and solid symbols the
formation rates of benzene (rBz) and naphthalene (rNaph), respectively]
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through the catalyst beds in all cases of CO addition. The results
imply that CO is regenerated, possibly due to the reaction of the
surface carbon with the active oxygen species derived from CO
dissociation as shown in Scheme 1.

These remarkable effects (improved catalytic stability,
increased promotion of benzene formation) caused by the
inclusion of CO have also been observed for modified catalysts
such as CoMo/HZSM-5, as is shown in Fig. 2. The benzene
formation rates are above 100 nmol (g cat)21 s21 even after 100
h on the CoMo/HZSM-5 in the reaction of CH4 + 3.5% CO,
while the activity decreased greatly [less than 10 nmol (g cat)21

s21] using pure methane under the same reaction conditions.
Similarly, the stability of the catalyst was also improved by

adding a few per cent CO2 into the feed gas, as shown in Fig. 1.
The addition of 1.6% CO2 yielded higher methane conversion
and hydrogen formation rate. Benzene formation was sup-
pressed in comparison with that achieved with CO addition, but
it was stable during the prolonged reaction time. Nevertheless,
it was found that the addition of larger amounts of CO2 ( > 10%)
in the methane feed gas largely inhibited the formation of
aromatic products such as benzene. When the partial pressure of
CO2 was low ( < 4%) in the feed gas, twice the amount of CO
was detected compared with when CO2 was added to the feed
gas on the basis of the carbon content, while no CO2 was
observed in the outlet gas of the reaction. It is suggested that
CO2 is converted with CH4 to produce twice the amount of CO
under these reaction conditions by a reforming process (CO2 +
CH4 ? 2CO + 2H2). The formed CO may cause a similar
promotion of product formation and improvement of catalytic
stability.

The different effects of CO and CO2 on methane aromatiza-
tion may be associated with their different chemical properties:
CO is dissociated on the Mo/HZSM-5 catalyst to form the
common active CHx surface species, similar to methane, which
is converted to aromatics, and the dissociated [O] may react
with surface coke to regenerate CO. However, CO2 is more
active towards reaction with surface CHx derived from methane
dissociation, yielding 2 mol of CO and H2. Such effective
consumption of surface intermediates with CO2 causes the
marked suppression of methane aromatization towards benzene.
It is conceivable that benzene formation is a structure sensitive
reaction, which requires a large concentration of active CHx

species on the catalysts. No appreciable differences in product
selectivities for benzene and naphthalene were found, whether
pure methane, or methane plus CO or CO2 on the Mo/HZSM-5
and Co modified Mo/HZSM-5 catalysts, were used.

It was demonstrated by the TPO experiments that the amount
of coke formed on the catalyst surface was greatly reduced by
adding various amounts of CO or CO2 to the methane feed gas.
Increasing the CO concentration from 1.7% to 12.0% resulted in
suppression of coke formation on the catalyst surface, partic-
ularly the irreversible or inert coke which was oxidized to CO2
at temperatures above 773 K. Increasing the CO2 partial
pressure in the methane feed gas decreased the coke formation
to a much lower level; this may be related to its weak oxidizing
property (mentioned above).

To understand the role of CO in the methane aromatization
reaction, the 13CO + CH4 reaction was conducted. The starting
composition of the reactant mixture was 8% 13CO + 92% CH4
with a total pressure around 220 Torr. Even after 5 min at 973
K, the level of 13C incorporation in methane (13CH4) reached
8%. The isotopic abundance of 13C incorporated in the benzene
molecules was detected by GC-MS analysis as a random
distribution (13CC5H6 47.6%, 13C2C4H6 36.7%, 13C3C3H6
13.0%, 13C4C2H6 2.4%, 13C5CH6 0.3%) regardless of the
reaction time of methane on Mo/HZSM-5. These results suggest
that the carbon derived from CO dissociation is efficiently
incorporated into the benzene formation and the isotopic
scrambling reaction between 13CO and 12CH4 proceeds rapidly
under these reaction conditions at 973 K.

Based on the above results we suggest a unique role of CO in
the methane aromatization reaction, resulting in stabilization of
catalyst performance and promotion of benzene formation, as
shown in Scheme 1. Firstly, CO and CH4 may dissociate on the
catalyst surface, mostly on the Mo sites, to form active species
such as [C], [O] and [CHx] through reactions (1) and (2); the
active carbon species [C] from CO is hydrogenated to [CHx]
fragments as illustrated in reaction (3), followed by the
oligomerization with [CHx] derived from CH4 to form higher
hydrocarbons such as benzene and naphthalene in reaction (1)
on the catalyst; the dissociated oxygen species [O] from CO
may react with the surface inert carbon species (coke) to
regenerate CO, resulting in the suppression of coke formation
on the catalyst through reaction (4).
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Fig. 2 Rates of benzene formation in methane aromatization reaction on 3%
Mo/HZSM-5 (“) and 1% Co, 3% Mo/HZSM-5 (2) catalysts using pure
methane and (8) on 3% Mo/HZSM-5 and (Ô) on 1% Co, 3% Mo/HZSM-5
using methane + 4% CO at 973 K and 1 atm

Scheme 1

1218 Chem. Commun., 1998



NN

N

N

N

N

N N
Cu2+OP

O

O

O

Cu2+
O

O

P

P
O

O

O

P O

O
O

Cu2+

O

H

O

O

split

ribose

ribose

γ
β

α

CH2
C
H2

O
C
H2

N

NN

N
H

NH2

H

O

OHOH

HH

H

CH2

H

O N

NN

N
H

NH2

HP–O

–O

O

P–O

–O

O

O

OHOH

HH

H

CH2

H

O N

NN

N
H

HP–O

–O

O

N

H

H

1
5

4

7

5

4
8

7

6

3

2

2'

AMP2–

5'

4'

3'

9

9

3

6
8

1

15

4
8

7

3

6

9

2

2

ε-AMP2–

5'

4'

3'

PMEA2–

2'

1'

1'

Facilitation of the copper(ii)-promoted dephosphorylation of
adenosine 5A-triphosphate (ATP42) by the antiviral nucleotide analogue,
9-[2-(phosphonomethoxy)ethyl]adenine (PMEA)‡

Helmut Sigel,*a† Claudia A. Blindauer,a Antonı́n Holýb and Hana Dvor̂ákováb

a Institute of Inorganic Chemistry, University of Basel, Spitalstrasse 51, CH-4056 Basel, Switzerland
b Institute of Organic Chemistry and Biochemistry, Academy of Sciences, CZ-16610 Prague, Czech Republic

The antiviral PMEA is able to mimic the structuring
adenosine 5A-monophosphate (AMP22) in the reactive inter-
mediate, [Cu3(ATP)(AMP)(OH)]2, and to promote the
dephosphorylation of ATP; PMEA is about twice as effective
as (the ultimate product of this hydrolysis) AMP.

Mechanistic studies on the metal ion-promoted hydrolysis of
nucleoside 5A-triphosphates (NTP42) to nucleoside
5A-diphosphates (NDP32) and inorganic phosphate (Pi) revealed
for this most simple transphosphorylation reaction, which
consists of the transfer of a phosphoryl group to water, that the
most reactive species contain two metal ions per NTP42.1,2 This
reflects the known ‘general need’ for two metal ions in
enzymatic phosphoryl transfer reactions.3 The in vitro dephos-
phorylation of ATP42 in the presence of divalent metal ions
(M2+) proceeds via dimers of composition [M2(ATP)]2.2
Depending on the kind of metal ion involved, hydrolysis occurs
either via intermolecular H2O attack or via intramolecular
hydroxide attack of a phosphate-coordinated M(OH)+ unit,1b as
is the case with Cu2+. Hence, [Cu2(ATP)]2(OH)2 is the most
reactive species for Cu2+-promoted dephosphorylation.1b,2

Such studies with copper are of general interest due to the
evidence that there is an ATP-dependent CuII transporter in the
Golgi apparatus4 and the observation that the Menkes P-type
ATPase is a transmembrane copper-translocating pump, which
is defective in the human disorder called Menkes disease.5
There is also a somewhat older suspicion that Cu(ATP)22 is
involved in the inhibition of human erythrocyte (Ca2+ + Mg2+)-
ATPase.6 Mixed Cu(ATP)(L) complexes (L = tryptophanate,
etc. see also below) protect ATP against hydrolysis.2

In the reactive dimeric [M2(ATP)]2 complexes, which occur
in low concentration and involve purine stacking7 and N7-M2+

coordination, one of the two ATPs takes over a structuring role
and thus acts as its own hydrolytic ‘enzyme’.§ This role cannot
be taken over by adenosine, d-ribose 5-monophosphate or by
tubercidin 5A-monophosphate (TuMP22, 7-deaza-AMP22) be-
cause these ligands are unable to form the required bridge in the
reactive species, but it can be taken over by adenosine
5A-monophosphate (AMP22). In the presence of Cu2+, this then
leads, by promoting further the reactivity of the Cu2+/ATP
system, to the reactive [Cu3(ATP)(AMP)(OH)]2 species shown
in Fig. 1.8a How does the related antiviral PMEA behave in this
reaction? This adenine-nucleotide analogue (see Fig. 2) is active
against various viruses, including hepatitis B (HBV) and human
immunodeficiency viruses (HIV-1 and HIV-2).9,10 After its
twofold phosphorylation by cellular nucleotide kinases,11 the
resulting triphosphate analogue can serve as a substrate for the
viral DNA polymerase or reverse transcriptase and subse-
quently terminates the growing nucleic acid chain.12 Thus it was
interesting to see whether PMEA22 would be able to mimic
AMP22 in the reactive intermediate (Fig. 1) and to facilitate
thus also the Cu2+-promoted dephosphorylation of ATP42.

The results of our experiments¶ are shown in Fig. 3 in parallel
with the data obtained with AMP under identical conditions.

These latter data agree (within the error limits) with those
obtained previously.1b The addition of an approximately
sevenfold excess of AMP to the Cu2+/ATP 2 : 1 system
facilitates the dephosphorylation reaction by a factor of about
three (Fig. 3).∑ Indeed, PMEA22 can take over the structuring
role of AMP22 (or ATP42) in the reactive species (Fig. 1) and,
astonishingly, it is twice as effective!** This is possibly due to
the somewhat increased flexibility of PMEA22 compared with
AMP22 as a result of the replacement of the ribose residue by
the open chain (see Fig. 2).†† To our knowledge, this is the first
example demonstrating in a ‘simple’ reaction a close relation-
ship between PMEA and its parent nucleotide AMP.

Fig. 1 Probable structure of the reactive [Cu3(ATP)(AMP)(OH)]2 species.
The intramolecular attack of OH2 is indicated on the right-hand side, while
the left-hand side shows the metal ion bridging which stabilizes the purine
stack by coordination to the phosphate group of AMP22 and to N7 of
ATP42. In the reactive [M2(ATP)]2(OH)2 dimer the structuring ATP42

occupies formally the left side in the above structure.

Fig. 2 Structure of the dianion of 9-[2-(phosphonomethoxy)-
ethyl]adenine (PMEA22) in comparison with those of adenosine
5A-monophosphate (AMP22) and 1,N6-ethenoadenosine 5A-monophosphate
(e-AMP22)
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These observations initiated further experiments with the
deaza derivatives of PMEA, in which the three aromatic
nitrogens, N1, N3, and N7 (see Fig. 2), are systematically
replaced by a CH unit. Fig. 3 shows that 1-deaza-PMEA22

facilitates the Cu2+-promoted ATP42 dephosphorylation at pH
6.7 about as well as AMP22.‡‡ Unfortunately, addition of
3-deaza-PMEA and 7-deaza-PMEA to a Cu2+/ATP 2 : 1 system
leads, even at relatively low concentrations, to turbidity of the
reaction solution and finally to a precipitate. Nevertheless it is
evident that 3-deaza-PMEA22 can also facilitate the reaction
while some inhibition of the system occurs on addition of
7-deaza-PMEA22. This agrees with previous observations
made with TuMP22 (7-deaza-AMP22)1b which had confirmed
the earlier suggestion1a regarding the importance of N7 for the
structure of the reactive intermediate.2,8a

To demonstrate how delicate the structure of the reactive
intermediate (Fig. 1) is, we repeated a previous Cu2+/ATP 1 : 1
experiment1b with 1,N6-ethenoadenosine 5A-monophosphate
(e-AMP22; Fig. 2) under the present Cu2+/ATP 2 : 1 conditions.
The inhibition of the reaction is dramatic (Fig. 3); a fourfold
excess of e-AMP prevents the dephosphorylation of ATP42

almost completely. The stacking properties of e-AMP22 are
very similar to those of AMP22;13 however, in Cu(e-AMP) the
metal ion is bound to the phosphate group and the ‘1,10-phenan-
throline’-like N6, N7 site13 which leads to a different orientation
of the metal ion in space. Consequently, this AMP derivative
cannot take over the structuring role needed in the reactive
species (Fig. 1), but it strongly inhibits, as is usual for ternary
Cu(ATP)(L) complexes,1b the dephosphorylation reaction of
the Cu2+/ATP system. This inhibition re-emphasizes how well
PMEA22 is suited to mimic AMP22 in certain reactions.

This study was supported by the Swiss National Science
Foundation (H.S.) and within the COST D8 programme by the
Swiss Federal Office for Education and Science (H. S.) and the
Ministry of Education of the Czech Republic (A. H.).
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due to precipitation; the very low solubility of Zn(PMEA) is known.16a

∑ ATP42 hydrolyzes in a 1023 m solution at pHo 9.5 (I = 0.1 m, NaClO4;
50 °C) with vo = 0.015 3 1028 m s21, whereas in a solution of the same
ATP concentration and under the same conditions but in the presence of a
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of ATP42 by a moderate factor of 2000. For solutions with [ATP] = 0.1 m
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** This is despite the higher basicity of the phosphonate group in PMEA22

(pKa = 6.90)15 compared to that of the phosphate group in AMP22

(pKa = 6.21)18 which disfavours Cu2+ binding of PMEA22 (due to the
competition with H+) by a factor of about 0.5.
†† For the M2+-binding properties of PMEA see ref. 16.
‡‡ Hence, N1 has no significant role in the Cu2+-promoted hydrolysis of
ATP which contrasts with a recent claim19 made for the Zn2+/ATP
system.
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Fig. 3 Influence of PMEA (5) and AMP (2) as well as of some related
derivatives (L) on the initial rate vo (m s21) of dephosphorylation of the
Cu2+/ATP 2 : 1 system ([Cu2+]tot = 2 3 1023 m and [ATP]tot = 1023 m) in
aqueous solution at pHo 6.70 (I = 0.1 m, NaClO4; 50 °C).¶ The broken lines
indicate uncertainty due to precipitation.
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Ion flux and deposition rate measurements in the RF continuous wave plasma
polymerisation of acrylic acid

A. J. Beck,a R. M. France,a A. M. Leeson,a R. D. Short,*a† A. Goodyearb and N. St. J. Braithwaiteb

a Department of Engineering Materials, Laboratory for Surface and Interface Analysis, University of Sheffield, Sheffield, UK
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Ion flux and deposition rate measurements made in plasmas
of acrylic acid support the view that at low plasma power
ions are primarily responsible for deposit growth.

In general, the mechanisms that lead to the deposition of plasma
polymers are poorly understood. Yasuda1 has described plasma
polymerisation as proceeding through a rapid step-growth
polymerisation (RSGP) mechanism. The RSGP mechanism is
very general and was probably not intended to cover the entire
range of conditions under which plasma polymer deposits form.
However, in the absence of other schemes, it is widely quoted.2
The nature of the reactive species in the RSGP mechanism is not
made clear, but the orthodox view is that they are radicals. 

This paper is concerned with the plasma polymerisation of
acrylic (propenoic) acid in RF sustained glow-discharges of low
input powers, P. Previously, functional group retention has been
reported in the deposits from plasmas of carboxylic acids3,4 and
unsaturated alcohols.5 Based on plasma-phase mass spectral
measurements of ions and neutrals, we have proposed that
functional group retention arises from oligomerisation (ion–
molecule) reactions in the plasma.3–5 At low P, dimeric3–5 and
trimeric3,4 cations have been detected by mass spectrometry and
under these same conditions functional group retention was
highest.3–5 The degree of dimer and trimer formation and
functional group retention decreased with increased P. Deposi-
tion of polymer has been attributed to the ion flux arriving at a
surface, but this has not been proven.6

Ion flux measurements are particularly difficult to make in
plasmas used for the deposition of polymers. The problem arises
from the build-up of an insulating layer on the active area of the
probe used to measure the ion flux. Braithwaite et al.7 have
described a novel electrostatic probe that allows ion flux
measurements to be made even when the surface of the probe is
coated with an insulating material. The principles of operation
are described in ref. 7. 

To the best of our knowledge, ion flux measurements have
not been made before in plasmas of C-, H- and O-containing
monomers. The plasma polymerisation of these compounds has
received considerable attention, as deposits from these com-
pounds are used to control processes that depend upon surface
chemistry. The effect of P on ion flux and deposition rate has
been investigated. XPS analysis of the solid-phase plasma
polymers is undertaken. We correlate changes in ion flux,
deposition rate and surface chemistry with those previously
reported in the plasma-phase.4

The apparatus (described more fully in ref. 8) consisted of a
tubular glass reactor which was pumped by means of a rotary
pump. The plasma was sustained by an RF generator (13.56
MHz) and amplifier inductively coupled to the plasma reactor.
The P used was in the range 0.5–15 W and flow rate (f) was
fixed at 0.8 cm3 (STP) min21. Acrylic acid (Aldrich > 99%
purity) was pumped through a needle valve at a pressure of 2.5
3 1022 mbar. Deposition rate measurements were made using
a quartz crystal microbalance (Leybold, Manchester, UK),
which was inserted into the plasma region, using a solid support
to ensure consistent positioning of the crystal. In a separate

series of experiments, the ion flux probe was placed in the
plasma, close to where the quartz crystal had been, to determine
the relationship between RF power and ion flux to this region.
The presence of this probe is no more perturbing than the crystal
balance, merely providing a loss surface for ions. The probe is
biased negatively by RF pulses and the transient current used to
determine ion flux. Changes in the probe voltage are limited to
ensure the sheath potential changes at a much slower rate
compared to the transit time of the ions crossing the sheath, this
having a square-root dependence on ion mass and plasma
density. This ensures the measured current is due to the particle
fluxes only and not a redistribution of charge in the sheath.7
This mode of operation makes the probe insensitive to ion
mass.

Fig. 1 shows how the deposition rate varies with P. It clearly
show two regimes: at P of < 4 W, the deposition rate increased
with P; the deposition rate increased three-fold from P = 0.5 ?
3 W. Above P = 4 W, the deposition rate remained essentially
constant. These regimes are consistent with those previously
described in the plasma-phase mass spectrometry of acrylic
acid.4 Over the range P = 1–4 W, the ion signal from the dimer
of acrylic acid, expressed as the ratio of the intensity of the
dimer signal to monomer signal, decreased smoothly by over
90% with P. By P = 5 W, the dimer signal had effectively fallen
to zero. 

Fig. 2 shows that the ion flux increased at a constant rate
between P = 1–3 W (0.1 ± 0.1 3 1018 ions m22 s21). Just
above P = 4 W there was a marked jump in ion flux. Ion flux
then continued to rise steadily with P, up to P = 14 W (1 ± 0.1
3 1018 ions m22 s21). 

It is between P = 0.5–4 W that the most significant change
in the retention of carboxylic acid from the acrylic acid
occurred. At P = 0.5 W, 80.5% retention of carboxylic acid was
achieved, but at P = 1 W this was down to 58% retention.
Retention continued to decline further with increased P, and a
wider range of oxygen–carbon functional groups were incor-
porated into the plasma deposit.

The correlation between ion flux and deposition rate is not a
simple one. In the plasma there is both deposition and ablation

Fig. 1 Measured deposition rates vs. P
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of material. Ablation becomes more important at higher P.
When this is taken into account, the different trends in ion flux
and deposition rate data can be accommodated and fit with our
understanding of plasma polymerisation.

In the acrylic acid system, at low P (0.5 W) there is extensive
oligomerisation in the plasma-gas phase and these oligomers
deposit to give a highly functionalised, low molecular weight
film. These oligomers make up the bulk of the ion flux, which
was too low to measure, with confidence, below P = 1 W. The
deposition rate was correspondingly low. 

The ion flux and deposition rate increased steadily with P, but
at P = 4 W, their behaviour diverges. The deposition rate did
not increase further with P. The constant deposition rate above
P = 4 W represents a balance between deposition and ablation,
with the increased ion flux being responsible for ablation. 

Increased P had a dramatic effect on the extent of gas-phase
oligomerisation. Above P = 4 W, oligomeric species from the
plasma do not appreciably contribute to the deposit growth,
which may now be explained by the flux of smaller ionic

fragments and possibly radical grafting. Incorporation of
carboxylic acid functional groups may have occurred by
reaction of the surface with ‘intact’ monomer in the plasma, or
other fragments containing carboxylic acid. Oxidation of the
surface by the plasma can not be ruled out. At high P, the
surface chemistry becomes closer to that of a plasma oxidised
polymer surface.

This interpretation challenges the more orthodox view that
neutral and free radical chemistry are solely responsible for
deposit growth. The ability to make ion flux measurements in
depositing plasmas is an important advance. The measurements
themselves further point to the importance of the ionic
component of these plasmas. Ion flux measurements help
explain the effect P has upon surface chemistry and deposition
rates. 

We acknowledge the Leverhulme Trust for support of A. J. B.
(Award F118AK). 
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The first enantioselective syntheses of vicinal difluoropyrrolidines and the first
catalytic asymmetric synthesis mediated by the C2 symmetry of a –CHFCHF–
unit

Charles M. Marson*† and Robert C. Melling
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The first enantiopure vicinal difluorides of C2 symmetry
have been prepared by the introduction of fluorine at both
centres in a single operation; the first asymmetric synthesis
using a catalyst whose chirality depends on organofluorine
asymmetry is described.

The stereoselective synthesis of organofluorine compounds1,2 is
of major importance in many fields, including pharmaceutic-
als,1–3 nucleoside and carbohydrate chemistry,1b bioche-
mistry,4,5 liquid crystals6 and polymers.7 Many fluorinated
a-amino acids are potent antitumour and antiviral agents.1a,4a

The importance of monofluoro analogues as antimetabolites is
illustrated by (2R,3R)-fluorocitric acid, an aconitase inhibitor
that blocks the citric acid cycle.2,5 Additionally, organofluoro
ligands can be more powerful than oxygen ligands in coordinat-
ing metals.8

Whereas enantiocontrolled syntheses of monofluoroorganic
compounds are well established, synthesis of an enantiopure
vicinal difluoro compound, especially of C2 symmetry, has not
to the best of our knowledge been reported prior to this
communication.9,10 Generally, molecular fluorine adds to
alkenes with syn-stereoselection, thereby precluding the forma-
tion of C2 symmetric difluorides;11 where trans-addition is
observed yields are usually low.12 For example diethylamino-
sulfur trifluoride (DAST),13 one of the most commonly used
reagents for the conversion of alcohols into fluorides, gives
merely a trace of 1,2-difluorocyclohexanes, and with loss of
stereointegrity compared with the initial cyclohexane-1,2-
diol.14 SF4 acts on (+)- or (2)-tartaric acid, exchanging both
hydroxy groups for fluorine, but with complete loss of optical
activity, by formation of only the meso-difluoroacid.15a With
tartrate esters, XeF2 was similarly unsuccessful.10c Despite
those previous accounts, we here report the enantiocontrolled
introduction of fluorine at two adjacent carbon stereocentres in
a single operation, and describe syntheses of enantiopure vicinal
difluorides 5, and an asymmetric process using some of those
difluorides as catalysts.

In view of reports15 that double vicinal displacements of
tartaric acid derivatives by fluoride do not proceed with
enantiocontrol, displacements on cyclic systems were investi-
gated. (3R,4R)-Diacetoxysuccinic anhydride 116 was reacted
with a primary amine (1 equiv., 12 h, 20 °C), and the
intermediate amido acid treated directly with SOCl2 (2 equiv.,
24 h, 20 °C) to give the diacetoxypyrrolidin-2,5-dione 2 (2a, R
= Ph; 2b, R = n-C8H17; 2c, R = cyclohexyl) (Scheme 1). The
pyrrolidin-2,5-diones 2 were reduced with NaBH4–I2 in THF
(12 h) and the diols 3 liberated by a two-stage work-up
involving stirring with 1 : 1 AcOH–HCl (10 m) for 10 h,
followed by washing with methanolic KOH (2 m). Reaction of
the diols 3 with Tf2O (2 equiv., 4 h, 280 °C) in the presence of
pyridine (2 equiv.) afforded the bis(trifluoromethanesulfonates)
4. These were isolable in the cases of 4a (R = Ph) and 4b
(R = n-octyl) but 4c (R = cyclohexyl) decomposed rapidly
during column chromatography. The bis(trifluoromethanesul-
fonates) 4 were reacted with Bu4NF (3 equiv., 16 h, 280 to
20 °C) in THF, resulting in stereoselective introduction of

fluorine with clean inversion at both centres to give the
difluoropyrrolidines 5a–c, in respective yields of 76, 83 and
40%.‡ To the best of our knowledge, 3,4-difluoropyrrolidines
have not been previously prepared, either in racemic or
enantiopure form.

Catalysis of the epoxidation of allylic alcohols by difluorides
5 was investigated; reactions were conducted in CH2Cl2 using
15 mol% of Ti(OPri)4 and 10 mol% of catalyst (Scheme 2, Table
1, entries 2–7). In the absence of a catalyst, racemic 7 was
obtained in 81% yield. Diol 3a afforded 2,3-epoxygeraniol 7
(97%) in 25% ee in favour of the (2S,3S)-enantiomer (entry 2).

Scheme 1

Scheme 2

Table 1 Asymmetric epoxidation of geraniol (1.6 mmol) with tert-butyl
hydroperoxide, titanium tetraisopropoxide (15 mol%) and the difluorinated
catalyst 5b (10 mol%)

Yield Configura-
Entry Catalyst T/°C t/h (%) Ee (%) tion

1 — 220 to 20 12 81 — racemic
2 3a 220 to 210 0.67 97 25 (S,S)
3 5b 220 to 20 1 68 50 (R,R)
4 5b 0 1 74 51 (R,R)
5 5b 220 to 20 12 90 66 (R,R)
6 5b 280 3 23 27 (R,R)
7 5c 220 to 20 12 87 10 (R,R)
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The use of 5c (220 to 20 °C over 12 h) afforded 2,3-epoxyger-
aniol (87%) in 10% ee in favour of the (2R,3R)-enantiomer
(entry 7). However, 5b afforded a 90% yield of 2,3-epoxyger-
aniol 7 in 66% ee in favour of the (2R,3R)-enantiomer (entry 5).
Entries 3–5 suggest that fluoro groups may provide greater
enantioselection than hydroxy groups (entry 2), at least in the
case of a C2 vicinal unit which is part of a heterocyclic ring. The
reversal of the major enantiomer of 2,3-epoxygeraniol when
using catalyst 3 compared with catalyst 5 would be expected if
the modes of binding of the hydroxy and fluoro catalysts had
important features in common. Samples of alcohol 7 were
converted into the acetate (1 equiv. Ac2O, 1 equiv. pyridine, 10
mol% DMAP in CH2Cl2 at 0 to 20 °C over 2 h), and the ee
determined by observation of 1H NMR peak of the acetate
methyl group upon treatment with Eu(hfc)3;17 the acetate (10
mg in 0.5 ml of C6D6) was treated with consecutive portions of
10–20 ml of a filtered solution of 35 mg of Eu(hfc)3 in 0.5 ml of
C6D6.

The presence of fluorine ligands in organic reactions
mediated by catalysis is an emerging area of importance.18 To
date, however, the chirality has not been a consequence of the
spatial arrangement of the fluorine atoms, but of the asymmetry
of an unrelated organic ligand (e.g. BINOL).18 Consequently,
the present examples are, to the best of our knowledge, the first
examples of asymmetric synthesis catalyzed by a compound
whose chirality depends upon organofluorine asymmetry.

In the catalytic asymmetric Sharpless epoxidation,19 free
hydroxy groups on the catalyst (dialkyl tartrate) are a pre-
requisite for enantioselectivity. In marked contrast to such
Sharpless catalysts, the difluorides 5 lack hydroxy groups and
are incapable of deprotonation that could lead to ligand
exchange, and yet 5a–c are viable catalysts for asymmetric
epoxidation.

Compounds 5a and 5c are particularly suitable substructures
for liquid crystal applications, and difluoropyrrolidines 5 and
their derivatives are currently being evaluated for use as liquid
crystals and other new materials; additional catalytic processes
are also under investigation.
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Transfer of alk-1-enyl group from boron to boron: preparation of
B-[(E)-alk-1-enyl]-9-borabicyclo[3.3.1]nonane

Masayuki Hoshi,*† Kazuya Shirakawa and Akira Arase

Department of Applied and Environmental Chemistry, Kitami Institute of Technology, 165 Koen-cho, Kitami 090-8507, Japan

Treatment of (E)-alk-1-enyldicyclohexylborane 1 with
B-methoxy-9-borabicyclo[3.3.1]nonane (B-MeO-9-BBN) at
0 °C results in transfer of alk-1-enyl group from boron to
boron to give B-[(E)-alk-1-enyl]-9-BBN 2 with retention of
configuration.

Alkenylboranes have been widely used as one of the most
important intermediates in organic synthesis, and generally they
are prepared by hydroboration of alkynes with borane deriva-
tives.1 In some cases, however, hydroboration is not necessarily
the most reliable route. For example, a stoichiometric hydro-
boration of alk-1-yne with 9-BBN is not efficient because it
causes dihydroboration to give a significant amount of 1,1-di-
boryl adduct.2,3 In order to suppress the dihydroboration, the
reaction requires a 100% excess of alk-1-yne and must be
carried out at 0 °C for 18 h.2

We recently reported that hydroboration of alk-1-ynes with
1,3,2-benzodioxaborole (catecholborane) and hydroboration of
1-haloalk-1-ynes with 9-BBN, both of which are sluggish at
room temperature in THF,4 are accelerated by addition of a
catalytic amount (5 mol%) of dicyclohexylborane in THF to
afford B-[(E)-alk-1-enyl]catecholborane and B-[(Z)-1-haloalk-
1-enyl]-9-BBN in high yields, respectively.5 Dicyclohexyl-
borane probably plays a critical role in a catalytic cycle. In the
former reaction, it is presumed that dicyclohexylborane would
hydroborate the alk-1-yne and the resulting (E)-alk-1-enyl-
dicyclohexylborane would undergo exchange of the alk-1-enyl
group for a hydrogen atom of catecholborane to give B-[(E)-alk-
1-enyl]catecholborane with retention of configuration and
regeneration dicyclohexylborane. The latter dicyclohexyl-
borane-promoted hydroboration appears to include a similar
catalytic cycle. These exchange reactions may belong to the
category of not hydroboration but transfer reaction. It seems
probable that such transfer reactions provide a method for the
preparation of some alkyl- or alkenyl-boranes whose formation
is very difficult or inefficient via hydroboration. We report here
an efficient and stereoselective preparation of B-[(E)-alk-
1-enyl]-9-BBN 2 via treatment of (E)-alk-1-enyldicyclohex-
ylborane 1 with a slightly excess of B-MeO-9-BBN at 0 °C [eqn.
(1)].

The reaction of (E)-hex-1-enyldicyclohexylborane 1a in THF
with an equimolar amount of B-MeO-9-BBN in hexanes was
carried out at 0 °C for 1 h, and the reaction mixture, after
removal of solvents, was analysed by 1H NMR spectroscopy. In
the alkenyl region, the two double triplets at d 6.20 and 6.73
arising from 1a decreased considerably while two double
triplets appeared at d 6.23 and 6.83 (J 17.3 Hz, trans alkenyl
protons), indicating that B-[(E)-hex-1-enyl]-9-BBN 2a2,6 had
been formed in a stereoselective manner, the ratio of 1a : 2a
being 20 : 80. In the same spectrum we also observed two
singlets, one at d 3.76 arising from the methyl protons of

unreacted B-MeO-9-BBN and the other at d 3.69 arising from
those of dicyclohexylmethoxyborane. These results suggest that
the (E)-hex-1-enyl group transferred from the boron atom of 1a
to the boron atom of B-MeO-9-BBN with complete retention of
the stereochemistry. The reaction at 0 °C for 2 h improved the
ratio of 1a : 2a to 8 : 92. The reaction with 1.2 equiv. of B-MeO-
9-BBN under otherwise identical conditions resulted in a slight
increase for 2a; the 1a : 2a ratio was 6 : 94 (entry 1, Table 1).
However, no further improvement in the ratio was achieved by
increasing the amount of B-MeO-9-BBN to 1.5 equiv.

The reaction of various compounds 1 with 1.2 equiv. of
B-MeO-9-BBN was carried out at 0 °C for 2 h. These results
including NMR data for 1 are summarised in Table 1. The
reaction of (E)-3,3-dimethylbut-1-enyldicyclohexylborane 1b
proceeded smoothly and stereoselectively to give B-[(E)-
3,3-dimethylbut-1-enyl]-9-BBN 2b; the 1b : 2b ratio was 5 : 95
(entry 2). In the reaction of (E)-2-phenylethenyldicyclohexyl-
borane 1c the reaction mixture was analysed by 11B NMR
spectroscopy, since the alkenyl protons of B-[(E)-2-phenyl-
ethenyl]-9-BBN 2c were indistinguishable from those of 1c.
From the 11B NMR spectrum of the reaction mixture in THF–
hexanes‡ 1c was found to be converted to 2c with a high ratio
(1c : 2c = 1 : 99) (entry 3). 3-Substituted B-[(E)-alk-1-enyl]-
9-BBN, having a functionality at a position very close to the
alkenyl moiety, may be a potential intermediate because of its
poly-functional properties. The present transfer reaction is
applicable to such functionalised (E)-prop-1-enyldicyclo-
hexylboranes without any difficulties. Thus, (E)-3-chloroprop-
1-enyldicyclohexylborane 1d and (E)-3-methoxyprop-1-enyl-
dicyclohexylborane 1e were converted to the corresponding
compounds 2 stereoselectively (entries 4 and 5). 3-Substituted
(E)-prop-1-enyldicyclohexylboranes 1f–h having an oxygen
protected with Ac, THP and TMS groups were also converted to
B-[(E)-3-acetoxyprop-1-enyl]-9-BBN 2f, B-[(E)-3-(tetrahydro-
2H-pyran-2-yloxy)prop-1-enyl]-9-BBN 2g and B-[(E)-3-(tri-
methylsiloxy)prop-1-enyl]-9-BBN 2h, respectively (entries
6–8).

Previously Brown and Gupta reported that boron–carbon
bond formation via redistribution between trialkylborane and
borate required temperatures above 100 °C.7 It should be noted
that the present reaction proceeds smoothly at 0 °C despite the
redistribution reaction involving boron–oxygen bond cleavage,
and thus appears to be applicable to transfer of alkenyl groups
containing a thermally unstable functionality.

One of the characteristic reactions of B-alkenyl-9-BBN is the
1,4-addition reaction with but-3-en-2-one.8 In situ addition of 2
to but-3-en-2-one under conditions identical to those described
in the literature gave the corresponding 4-(alk-1-enyl)butan-
2-one, while the yields were a little lower than those reported.
Thus, the present reaction is expected to be synthetically useful,
although there may still be room for improvement.

In conclusion, B-[(E)-alk-1-enyl]-9-BBN 2 can be produced
efficiently via the reaction of (E)-alk-1-enyldicyclohexylborane
1 with B-MeO-9-BBN. This transfer of an alk-1-enyl group is
performed with complete retention of configuration under very
mild conditions. We note that this study provides, to the best of
our knowledge, the first example of the transfer of an alk-1-enyl
group from boron to boron in stoichiometric amounts. The
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scope and limitations of this reaction are now under in-
vestigation.
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Table 1 Reaction of (E)-alk-1-enyldicyclohexylborane 1 with B-MeO-9-BBNa

Ratioc

Entry R Alkenyl protons (d)b Alkenyl protons (d)b 1 : 2

1 Bun
1a ©6.20 (1-H, dt, J 17.6 and 1.3 Hz) 2a ©6.23 (1-H, dt, J 17.3 and 1.3 Hz)

6 : 94
®6.73 (2-H, dt, J 17.6 and 6.5 Hz) ®6.83 (2-H, dt, J 17.3 and 6.5 Hz)

2 But
1b ©6.11 (1-H, d, J 18.1 Hz) 2b ©6.14 (1-H, d, J 17.6 Hz)

5 : 95
®6.88 (2-H, d, J 18.1 Hz) ®6.79 (2-H, d, J 17.6 Hz)

3 Ph 1c ©7.01 (1-H, d, J 18.3 Hz)d
2c ©7.00 (1-H, d, J 17.8 Hz)d

1 : 99f
®[11B NMR d 72]e ®[11B NMR d 44]e

4 CH2Cl 1d ©6.45 (1-H, d, J 17.6 Hz) 2d ©6.49 (1-H, dt, J 17.1 and 1.1 Hz)
7 : 93

®6.56 (2-H, dt, J 17.6 and 5.6 Hz) ®6.71 (2-H, dt, J 17.1 and 5.9 Hz)
5 CH2OMe 1e ©6.42 (1-H, dt, J 18.1 and 1.2 Hz) 2e ©6.47 (1-H, dt, J 17.8 and 1.5 Hz)

7 : 93
®6.62 (2-H, dt, J 18.1 and 4.6 Hz) ®6.77 (2-H, dt, J 17.8 and 4.5 Hz)

6 CH2OAc 1f ©6.42 (1-H, dt, J 18.1 and 1.2 Hz) 2f ©6.44 (1-H, dt, J 17.6 and 1.5 Hz)
1 : 99

®6.56 (2-H, dt, J 18.1 and 4.6 Hz) ®6.71 (2-H, dt, J 17.6 and 4.5 Hz)
7 CH2OTHP 1g ©6.44 (1-H, dt, J 17.8 and 1.3 Hz) 2g ©6.49 (1-H, dt, J 17.6 and 1.5 Hz)

1 : 99
®6.68 (2-H, dt, J 17.8 and 4.7 Hz) ®6.82 (2-H, dt, J 17.6 and 4.4 Hz)

8 CH2OTMS 1h ©6.42 (1-H, dt, J 17.8 and 1.6 Hz) 2h ©6.47 (1-H, dt, J 17.6 and 1.7 Hz)
5 : 95

®6.68 (2-H, dt, J 17.8 and 4.2 Hz) ®6.81 (2-H, dt, J 17.6 and 4.1 Hz)

a Conditions: 1 (1 equiv.), B-MeO-9-BBN (1.2 equiv.), at 0 °C for 2 h.b 1H NMR spectra, after removal of solvent(s), were obtained in CDCl3 solutions
containing TMS. c Determined by 1H NMR spectroscopy. d The signal of the other alkenyl proton overlapped that of the phenyl protons. e 11B NMR spectra
(d relative to BF3·OEt2) were obtained in THF or THF–hexanes solutions. f Determined by 11B NMR spectroscopy.
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First lanthanide complexes and unusual coordination behavior of
hexakis(3,5-dimethylpyrazolyl)cyclotriphosphazene

Bo Hwan Koo, Younghun Byun, Eunkee Hong, Youngjo Kim and Youngkyu Do*†

Department of Chemistry and Center for Molecular Science, Korea Advanced Institute of Science and Technology, Taejon
305-701, Korea

Reaction of hexakis(3,5-dimethylpyrazolyl)cyclotriphos-
phazene (L) with LnCl3 (Ln = La, Ce, Nd, Sm) affords new
mononuclear lanthanophosphazenes [L·LnCl3] with hende-
cahedral coordination polyhedron in which the ligand L
employs an unprecedented k5N binding core consisting of
one cyclotriphosphazene ring nitrogen atom and four
pyridinic nitrogen atoms of two sets of geminal pyrazolyl
groups.

The use1–6 of exocyclic donor groups attached to phosphazene
skeletal phosphorus appears to be the most versatile method of
preparing metallophosphazene complexes, the chemistry of
which has been the subject of increasing research interest in
conjunction with the potential opportunities for discovering
new materials.7 Successful applications of exocyclic donors
such as pyrazolyl1–4 and cyclopentadienyl5 groups are cases in
point. However, the scope of the coordination chemistry of
hexakis(3,5-dimethylpyrazolyl)cyclotriphosphazene (L), a po-
tential multidentate ligand due to its multiple chelate sites,8 has
only been examined with d10 metal halides1 and d9 CuII ion,2
revealing the limited coordination behavior with the binding
cores of (k3N) for mononuclear species and (k3N–k2N) and
(k3N–k3N) for dinuclear complexes. Here, we present the first
examples of lanthanophosphazenes [L·LnCl3] (Ln = La, Ce,
Nd, Sm) where the ligand L acts as an unprecedented k5N
binding core donor for a metal center to form a hendecahedral
coordination sphere.

A solid mixture of anhydrous LnCl3 (0.3–0.6 mmol) and L
(0.2 mmol) was allowed to react in 20 ml of CH2Cl2 under N2
atmosphere. After being stirred at room temperature for 12 h,
the reaction mixture was filtered. The volume of the filtrate was
reduced in vacuo, and ca. 30 ml of Et2O added. The resulting
crystalline solid‡ was collected and recrystallized from
CH2Cl2–Et2O, affording the extremely air sensitive analytically
pure§ product [L·LnCl3] (Ln = La 1, Ce 2, Nd 3, Sm 4) in a
yield of 50–55%. 

In contrast to the single phosphazene ring P–N stretching
band at 1226 cm21 for free L, the appearance of two nPN peaks
at ca. 1235 and 1210 cm21 for [L·LnCl3] indicates that the
phosphazene ring nitrogen atom is involved in coordination to
the metal center. In addition, the comparison of the IR spectra
suggests that all four lanthanophosphazenes have the same
structural core. Single crystal X-ray analysis,¶ performed on 4,
revealed unprecedented k5N pentadentate coordination be-
havior of L as displayed in Fig. 1. One cyclophosphazene ring
nitrogen atom N(1) and four pyridinic nitrogen atoms N(12),
N(22), N(32) and N(42) from two sets of geminal pyrazole
substituents on P(1) and P(2) constitute the k5N binding core to
coordinate SmCl3, forming an eight-coordinate complex. The
analysis of the shape parameters11 indicates that the coordina-
tion sphere of 4 can be best described as a distorted
hendecahedron illustrated in Fig. 2. The complexation caused
P3N3 ring puckering the extent of which can be measured from
the displacement of the N(1) atom (0.305 Å) from the plane
defined by P(1), P(2), P(3), N(2) and N(3) and the dihedral
angle of 22.1° between the P(1)N(1)P(2) plane and the
P(1)N(3)P(3)N(2)P(2) plane. The overall molecular symmetry

approaches pseudo-Cs. The Sm atom interacts more strongly
with L via the phosphazene ring nitrogen atom N(1) than via the
pyridinic nitrogen atoms: the Sm–Nring bond distance of 2.499
Å is shorter than the average Sm–Npyz distance of 2.832 Å. It is
noteworthy that the reversed pattern in interaction between
metal centers and the ligand L was observed in previously
reported transition metal phosphazene complexes.1,2

In solution at room temperature, the compounds [L·LnCl3]
lose their solid state symmetry and undergo a new type of
fluxional motion (Fig. 3) not seen in d10 metal complexes of L.1

Fig. 1 Molecular structure of 4 showing the atom numbering scheme.
Selected bond distances (Å) and angles (°): Sm–Cl(1) 2.659(3), Sm–Cl(2)
2.632(3), Sm–Cl(3) 2.628(2), Sm–N(1) 2.499(8), Sm–N(12) 2.859(10),
Sm–N(22) 2.771(8), Sm–N(32) 2.860(8), Sm–N(42) 2.839(10), P(1)–N(1)
1.592(9), P(1)–N(3) 1.564(10), P(2)–N(1) 1.593(9), P(2)–N(2) 1.574(9),
P(3)–N(2) 1.577(9); Cl(1)–Sm–N(1) 135.1(2), Cl(1)–Sm–N(12) 78.3(2),
Cl(1)–Sm–N(22) 79.8(2), Cl(1)–Sm–N(32) 126.1(2), Cl(1)–Sm–N(42)
160.2(2), Cl(3)–Sm–N(32) 140.2(2). 

Fig. 2 Hendecahedral coordination geometry of 4
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The 31P{1H} NMR spectra§ of [L·LnCl3] complexes are of A2X
type, invoking only the rotational motion of geminal pyrazolyl
groups at P(3) around P–N bonds. However 1H-NMR spectra§
in CDCl3 show two pyrazolyl ring proton signals of ratio 2 : 4
and four methyl peaks with 12 : 6 : 6 : 12 ratio and thus indicate
the presence of two types of magnetically different pyrazolyl
rings in 1 : 2 ratio. Two pyrazolyl rings at P(3) and four
pyrazolyl rings involved in coordination are respectively
magnetically identical, requiring the presence of a fluxional
motion such as the movement of the N(1)–LnCl3 unit as
illustrated in Fig. 3. The assignment of the most upfield peak as
3-methyl protons of pyrazolyl groups coordinated to metal was
made based on the observation of the upfield shift and
simultaneous broadening of the peak upon cooling to 218 K for
4.

The use of 3,5-dimethyl substituted pyrazole seems critical in
preparing compounds of the type [L·LnCl3] since analogous
reactions with cyclotriphosphazene ligand containing unsub-
stituted or mono 3-methyl substituted pyrazoles do not proceed
as monitored by in situ NMR spectroscopy. Efforts to establish
the reactivity scope of [L·LnCl3] toward various reagents
including d10 metal halides are in progress. 

We gratefully acknowledge financial support provided by the
Korea Science and Engineering Foundation.
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Fig. 3 Solution fluxional motion of [L·LnCl3] in CDCl3

1228 Chem. Commun., 1998



0 200 400 600 800

40

20

6

7

8

9

10

t / s

10
–3

 ∆
F

 / 
H

z

F
ilm

 th
ic

kn
es

s 
/ n

m

PDDA

PDDA

SiO2

SiO2
× 5 and
shifted

High-speed multilayer film assembly by alternate adsorption of silica
nanoparticles and linear polycation

Yuri M. Lvov,a James F. Rusling,*a† D. Laurence Thomsen,a,b Fotios Papadimitrakopoulos,a,b Takeshi
Kawakamic and Toyoki Kunitakec

a Department of Chemistry, U-60, University of Connecticut, Storrs, CT, 06269-4060, USA 
b Institute of Materials Science, U-136, University of Connecticut, Storrs, CT, 06269-4060, USA
c Faculty of Engineering, Kyushu University, Fukuoka 812, Japan

QCM showed that SiO2/poly(diallyldimethylammonium
chloride) (PDDA) film assembly could be achieved in 2 s for
45 nm silica nanoparticle monolayers and 20 s for PDDA
monolayers, with film integrity demonstrated by SEM and
spectroscopic ellipsometry.

Layer-by-layer assembly of films containing nanoparticles and
oppositely charged polyions provides a viable approach to
advanced materials or devices with molecularly engineered
properties.1 Building on pioneering work of Iler,2 who used
oppositely charged colloidal particles to make films, linear
polyions3–6 have permitted materials such as dendrimers,7
proteins,8 latex9 and inorganic nanoparticles to be incorpo-
rated.10–14 For most materials used in layer-by-layer electro-
static film assembly, 6–15 min are required for every step of
monolayer formation.2–14 Here we show that time to assemble
nanoparticle/linear polyion films can be decreased 100-fold.

Films were assembled with colloidal 45 nm diameter SiO2
and linear quaternary ammonium polymer poly(diallyldi-
methyl-ammonium chloride) (PDDA, MW = 70 000) in 0.01 m
NaCl at pH 9.5. Silica is negatively charged and PDDA is
positively charged at this pH.14 We monitored assembly with a
quartz crystal microbalance (QCM, USI System, Japan)14,15 in
two modes. For stepwise measurement, a Ag- or Au-coated
resonator was immersed alternately in polycation or silica
solutions for a given period, dried, and the QCM frequency
change measured. For in situ monitoring, only one side of the
resonator was in permanent contact with the surface of the
solution and the frequency change was recorded continuously.
Films were assembled on electrodes of the QCM resonator by
repeating alternate adsorption of PDDA and silica. From the
Sauerbrey equation, taking into account characteristics of the
quartz resonators (Fo = 9 MHz), the following relation holds
between adsorbed dry mass DM (ng) on the electrode of area S
= 0.16 cm2 and frequency shift DF (Hz):8,15

2DF = 21.83 3 108 DM/S

For scanning electron microscopy (SEM, Hitachi S-900), a
resonator with an assembled film was cross-sectioned and
coated with a 20 Å Pt film. Film thicknesses were measured
from cross-sectional images.14

Spectroscopic ellipsometry16 at incidence angles of 70, 72,
76 and 78° and wavelengths of 300–1000 nm was done on films
deposited on silicon (100) with native oxide to determine
thickness and optical constants using a variable angle spectro-
scopic ellipsometer (Woollman Co.)

Fig. 1 shows in situ QCM of alternate PDDA and SiO2
adsorption without intermediate sample drying. In the first step,
PDDA was adsorbed onto a Ag electrode. QCM frequency
decreased during the first 60 s, after which a slower change was
observed as adsorption saturation set in. Then, the resonator was
immersed in pure water (black dots) for washing. Next, the film
was immersed in a SiO2 dispersion and silica adsorption
saturation occurred in several seconds. After subsequent water

washing, the film was immersed again in PDDA solution, and
so on. Each step was reproducible and the adsorption process
reached 90% saturation in 10 s for SiO2 and 40 s for PDDA.

To find the minimum time for producing good quality films,
we tested adsorption times from 15 min to 2 s, drying the films
after every other deposition step. Linear growth of film mass
and thickness with adsorption cycle number was observed in
most cases. The QCM frequency shift was 2DF = 1200 ± 60
Hz for SiO2 and 100 ± 10 Hz for PDDA for 15 min adsorption.
A minimal time for the process was found for assembled
multilayers by decreasing time and monitoring DF correspond-
ing to each layer. For 15 min, 10 min, 5 min, 1 min and 20 s
PDDA adsorption gave 2DF = 100 Hz. For SiO2 minimal
adsorption time was 2 s, with 2DF = 1200 Hz. SiO2/PDDA
assembly with less than 2 s/20 s adsorption times deteriorated
the film growth process. Sample drying after every PDDA
deposition was necessary for regular multilayer growth.

We also analyzed the structures of (SiO2/PDDA)6–24 films
assembled with 2 s/20 s adsorption times with drying after every
deposition step (Table 1). Fig. 2 gives a typical SEM image of
such a SiO2/PDDA film. The image shows densely packed
silica spheres and its surface is smooth on the level of one silica
sphere (ca. ±40 nm). SiO2/PDDA bilayer thickness was
estimated from total film thickness and number of adsorption
cycles. For six films assembled with 2 s/20 s times < d > = 24.6
± 0.4 nm, the same as for SiO2/PDDA assembled with
‘traditional’ 15 min adsorption steps. This corresponds to mean
thickness of closely packed spheres of 45 nm diameter and
indicates complete surface filling.

Fig. 1 QCM monitoring of PDDA and SiO2 sequential adsorption on a silver
electrode: PDDA (2), intermediate water-washing (5) and SiO2 (8). The
third step PDDA curve drawn with 53 amplification. 45 nm diameter SiO2

was used at 10 mg ml21 (Nissan Kagaku, Japan) and 3 mg ml21 linear
poly(diallyldimethylammonium chloride) (PDDA, MW = 70 000, Aldrich)
were used in 0.01 m NaCl at pH 9.5.
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Ellipsometric data were modeled with a Lorentz oscillator for
an effective medium approximation,16 to take into account the
film’s surface inhomogeneities and voids (cf. Fig. 2). A graph of
y and q values of the seven-bilayer film is given in Fig. 3. The
film refractive index at 633 nm was estimated at 1.25, i.e. < 1.48
for pure silica.

Bilayer thicknesses from QCM, SEM and ellipsometry for
films assembled on different substrates agree very well (Table
1). Average density of SiO2/PDDA multilayers is < r > = 1.43
± 0.05 g cm23. To calculate the silica packing coefficient in the

films, we assumed that the dry film consists of SiO2, PDDA and
air-filled pores. The mass ratio for PDDA to PDDA/SiO2 is 100
Hz/1300 Hz = 0.077. Taking into account component den-
sities14 ( < r > = 1.43, rSiO2 = 2.2 and rPDDA = 1.1 g cm23)
we obtain the volume ratio VPDDA/Vbilayer = 0.1. From the
equation rPDDA VPDDA + rSiO2 VSiO2 + rair Vair = < r > V,
where the air-term is very small, VSiO2/V = 0.6. This is very
close to the theoretical dense-packing coefficient for spheres
(0.63), and corresponds to details in the SEM micrographs.
SiO2/PDDA film volume composition is: 60% SiO2 + 10%
polycation + 30% air-filled pores. These pores are formed by
closely packed 45 nm SiO2 and have a typical dimension of 20
nm. The films have controlled pores which could be varied by
the choice of nanoparticle diameter.

We estimate the diffusion limitation for surface coverage A(t)
by adsorption from solution of particles with diffusion coeffi-
cient D4,17 from A(t) = 2/pC(Dt)1⁄2. For t = 2 s, C = 10 mg
cm23 and assuming for 45 nm silica D = 1.1 3 1027 cm2 s21,18

A ≈ 3 3 1026 g cm22 and the layer thickness L = A(t)/ < r >
≈ 21 nm. This is reasonably close to the experimental silica
layer thickness of 24.6 nm. Thus, 2 s corresponds roughly to the
diffusion limited time for SiO2 monolayer adsorption.

Similar estimates for diffusion limits on PDDA show that in
20 s a hundred monolayers could be delivered to the surface. 20
s does not correspond to diffusion limited adsorption. Hence,
conformational changes upon adsorption probably govern the
time needed to make uniform monolayers. The mechanism of
PDDA relaxation is not clear, but sample drying speeds the
process. Relevant ideas about kinetics of polycation adsorption
on a charged surface have been discussed.19

This work was supported by US PHS grant no. E503154 from
the NIEHS, NIH. Its contents are solely the responsibility of the
authors and do not necessarily represent the official views of
NIEHS, NIH.
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Table 1 Structural parameters of 45 nm SiO2/PDDA films assembled with
2 s/20 s adsorption

Mass
from

No. of Total QCM/ Thickness/nm Film
bilayers/ QCM 106 g density/
substrate DF/Hz cm22 (SEM) Ellipsometry g cm23

4/Si 99
6/Si 149
7/Si or Ag 8 400 23.0 173 1.38
8/Au 11 200 30.6 210 1.45
20/Ag 24 500 67.0 480 1.40
24/Ag 33 000 90.2 610 1.48

Fig. 2 SEM cross-sectional view of {PDDA+ (45 nm SiO2/PDDA)24} film
deposited using the 2 s/20 s monolayer adsorption on silver electrode

Fig. 3 Ellipsometric measurements of {PDDA + (45 nm SiO2/PDDA)7}
film thickness on silicon wafer: y and q values of the film at 72° incidence
and the model fit (see text). Lorentz oscillator constants were determined
simultaneously with thicknesses (Table 1) as Am 1.2 = 240 ± 6, Br1.2 =
1.9 ± 0.2, En1.2 = 20.5 ± 0.3.
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Molecular Prussian Blue analogues: synthesis and structure of cubic
Cr4Co4(CN)12 and Co8(CN)12 clusters

Julie L. Heinrich, Polly A. Berseth and Jeffrey R. Long*†

Department of Chemistry, University of California, Berkeley, CA 94720 USA

Reactions between [M(H2O)3(tacn)]3+ (M = Cr, Co) and
[Co(CN)3(tacn)] are demonstrated to produce the molecular
box clusters [Cr4Co4(CN)12(tacn)8]12+ and [Co8(CN)12-
(tacn)8]12+ with core structures consisting of a single cubic
unit excised from the Prussian Blue type framework.

The venerable solid pigment Prussian Blue, FeIII
4-

[FeII(CN)6]3·zH2O, is readily prepared by addition of iron(iii)
ions to an aqueous ferrocyanide solution. This reaction can be
generalized to include a variety of octahedral hexaaquo and
hexacyano transition metal complexes which combine under
similar conditions to form an extensive family of Prussian Blue
type compounds:1,2

x[M(H2O)6]y+ + y[MA(CN)6]x2 ? Mx[MA(CN)6]y·zH2O (1)
The three-dimensional structures adopted by these compounds
are based on a simple cubic lattice of alternating metal atoms M
and MA connected via linear MA–CN–M linkages. Characteristic
of the framework are the cubic cavities demarcated by
M4MA4(CN)12 cages and capable of lodging small neutral
molecules or charge-compensating monovalent cations. Such
resident species can ordinarily be displaced or exchanged
without disrupting the metal–cyanide host framework, giving
rise to a range of molecular sieve, ion exchange and catalytic
properties.2–5 In addition, the bridging cyanide ligand is capable
of mediating magnetic exchange between neighboring metal
centers, and recognition of how the choice of M and MA can
influence the strength of the exchange has enabled the design of
bulk magnetic materials with increasingly higher ordering
temperatures.6–9 Recent work has shown how the magnetic
properties of these materials can be adjusted electro- and
photochemically.10–11

In an effort to extend this remarkably diverse chemistry to a
molecular level, we have initiated experiments directed toward
the preparation of discrete cluster analogues of the cubic cages
inherent to the Prussian Blue type structure. Our synthetic
approach closely parallels that employed in eqn. (1), relying
upon MA–CN–M bridge formation via displacement of water by
the nitrogen end of cyanide:
4[M(H2O)3(tacn)]y+ + 4[MA(CN)3(tacn)]x2 ?

[M4MA4(CN)12(tacn)8]4(y2x)+ (2)
Now, however, the tridentate ligand 1,4,7-triazacyclononane
(tacn) blocks a single face on each of the transition metal
reactants, preventing growth of the three-dimensional frame-
work. Rather, it is proposed that the molecules will assemble
into a compact cluster, [M4MA4(CN)12(tacn)8]4(y2x)+, consisting
of a cube of metal atoms with each edge spanned by a cyanide
bridge and each corner capped by a tacn ligand. Herein, we
report the initial use of this strategy to construct two such
molecular Prussian Blue analogues.

A pink equimolar solution of [Cr(H2O)3(tacn)][CF3SO3]3
12

and [Co(CN)3(tacn)]13 in water was boiled to dryness to give an
orange residue. The residue was dissolved in a 1 : 1 mixture of
acetonitrile and ethyl acetate; careful addition of diethyl ether
then permitted separation of a pale orange solid suspension
from an orange oil. The solid was collected, washed with ether,
and dried to give [Cr4Co4(CN)12(tacn)8][CF3SO3]12·8H2O 1 in

46% yield.‡ The IR spectrum of 1 exhibits a single sharp
absorption at nCN = 2177 cm21, consistent with the symmetry
(Td, ignoring tacn ligand conformations) of the expected cubic
cluster. Furthermore, the direction and magnitude of the shift in
energy of this absorption relative to that of the [Co(CN)3(tacn)]
precursor (nCN 2129 cm21) is characteristic of MA–CN–M
bridge formation,1 and correlates well with the analogous shift
from K3[Co(CN)6] (nCN 2126 cm21) to Cr[Co(CN)6] (nCN 2186
cm21).14 The positive ion electrospray mass spectrum of 1
confirms the presence of the [Cr4Co4(CN)12(tacn)8]12+ cluster,
which displays a fragmentation pattern attributable to succes-
sive losses of [Cr(tacn)]3+ and/or [Co(CN)3(tacn)] moieties.
Crystals of 1 obtained by numerous different methods invaria-
bly produced only very broad X-ray diffraction peaks at low q
angles, indicative of poor long-range ordering (presumably due
to the many possible similar-energy configurations for packing
twelve triflate anions per cluster cation). In the course of these
experiments, a solitary crystal of superior quality was encoun-
tered and determined by single crystal X-ray analysis to contain
a square cluster of formula [Cr2Co2(CN)6(Me2SO)2-
(tacn)4]6+. Apparently, in this particular preparation, a residual
amount of dimethyl sulfoxide lingering from the synthesis of
[Cr(H2O)3(tacn)][CF3SO3]3 served to block two of the Cr sites
from further reacting to produce a cube.

Cluster preparations involving anions other than triflate were
undertaken in hope that an alternative anion shape might
promote formation of more rigorously ordered crystals. The
compound [Co8(CN)12(tacn)8][OTs]12·14H2O 2 was synthe-
sized in 86% yield§ using a procedure similar to that described
above. Yellow rectangular plate crystals were grown by
allowing a methanol solution of 2 to slowly evaporate. X-Ray
analysis¶ revealed the structure of the anticipated cluster with a
cubic Co8(CN)12 core (Fig. 1). This cluster, with its novel
boxlike geometry,∑ may be regarded as a three-dimensional
extension of the above square cluster, as well as previously
reported square clusters, such as [Au4(CN)4Prn

8]18 and the more
recent ‘supramolecular’ squares constructed using a variety of
neutral bridging ligands.19 On average, the clusters measure
4.937(7) Å on a cube edge, slightly smaller than the correspond-
ing cage dimensions of 5.083 and 5.105 Å observed in Prussian
Blue16 and CoII

3[CoIII(CN)6]2·12H2O17 (to our knowledge,
there is no known Prussian Blue analogue containing ex-
clusively CoIII), respectively, at ambient temperature. The
cyanide ligands spanning each edge deviate slightly (but
irregularly) from linearity, as reflected in the Co–C–N and Co–
N–C angles, which fall within the range 175(1)–180(1)°.
Oxygen atoms from a single tosylate anion are positioned over
each of the six cube faces in the crystal. No appreciable build-up
of electron density was observed inside the cluster cavity;
however, in view of the poor quality of the diffraction data, this
does not exclude the possibility that a solvent molecule is
present. Square openings (Fig. 2) on the cube faces could
potentially permit entry by a guest molecule or ion. Based on the
van der Waals radii of carbon and nitrogen, the minimum width
of these openings is 1.7 Å, and the minimum diameter of the
internal cavity is 3.7 Å. The high positive charge associated
with the cubic cage should impart a strong preference for anion
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incorporation, as opposed to the cation affinity displayed by
Prussian Blue type solids.2–4

By varying the metal atoms M and MA employed in eqn. (2),
we hope to produce an array of cubic cluster magnets with a
variability in properties comparable to that which has evolved in
Prussian Blue type materials.6–11 The [Cr4Co4(CN)12(tacn)8]12+

cluster represents an initial member in this array, possessing
four CrIII ions arranged in a tetrahedron over the cube vertices
[replacing atoms Co(2), Co(4), Co(5) and Co(7) in Fig. 1] and
separated by intervening diamagnetic CoIII ions. The tem-
perature dependence of the magnetic susceptibility of 1 was
measured using a SQUID magnetometer; a fit of the data to the
Curie–Weiss law gives C = 6.78 emu K mol21 and Q = 1.21
K. The effective magnetic moment of 7.5(1) mB and associated
g value of 1.97 are reasonable for four isolated S = 3/2 CrIII ions
per cluster molecule.

Investigations further probing the magnetism, electroche-
mistry, and inclusion properties of these and related molecular
Prussian Blue analogues are in progress.

This research was funded by the University of California and
NSF Grant No. CHE 97-27410. We thank Dr R. Hage and
Unilever for an initial donation of tacn ligand, N. Crawford, M.
Shores, Dr J. P. Kirby, Professor J. Leary, Dr U. Andersen and
Dr S. Koenig for experimental assistance, Professor J.
McCusker for helpful discussions, Professor A. Stacy for use of
the SQUID magnetometer and Professor T. D. Tilley for use of
the IR spectrometer.
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N36O50S12: C, 41.95; H, 5.67; N, 12.23. Found: C, 41.96; H, 5.63; N,
12.05%.
¶ Crystal data: C144H224Co8N36O46S12, M = 4123.82, monoclinic, space
group P21/n, Z = 4, a = 15.1773(2), b = 36.0654(2), c = 34.5918(4) Å,
b = 91.337(1)°, V = 18929.5(3) Å3, m = 0.900 mm21. Data (2 < 2q <
46°) were collected at 135 K using a Siemens SMART diffractometer with
graphite monochromated Mo-Ka radiation. The structure was solved by
direct methods with the aid of successive difference Fourier maps, and was
refined in three overlapping blocks against all data (26910 unique) using
SHELXTL 5.0. The clusters are disordered over two externally indis-
tinguishable orientations (one is shown in Fig. 1), in which only the
positions of the cyanide C and N atoms are reversed; an occupancy factor of
0.5C + 0.5N was assigned to each of the cyanide atom sites. (In view of the
substitutional inertness of CoIII and the sharpness of the nCN peak in the IR
spectrum, it is unlikely that the cyanide bridges have reoriented in the
individual cluster molecules.) Ten of the twelve tosylate anions are
disordered over at least two positions, and were modeled accordingly. The
final agreement factors R1 = 0.1476 and wR2 = 0.3882 are high due to the
extensive anion disorder present in the crystal and the accompanying poor
data quality. CCDC 182/855.
∑ An abstract reporting the synthesis of related M8(CN)12 (M = Co, Rh)
clusters capped by cyclopentadienyl ligands recently appeared.15
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Fig. 1 Structure of the cubic [Co8(CN)12(tacn)8]12+ cluster in 2 showing
30% probability ellipsoids and the core atom labeling scheme. One
orientation of the cyanide ligands is shown;¶ hydrogen atoms are omitted
for clarity. Selected mean interatomic distances (Å) and angles (°) (X is a
cyanide C or N atom): Co–X 1.89(2), Co–N 1.94(2), X–X 1.15(3), Co···Co
4.937(7); X–Co–X 89.9(7), Co–X–X 178(1), N–Co–X 92.0(9), N–Co–N
86.2(8).

Fig. 2 Space filling model of the [Co8(CN)12(tacn)8]12+ cluster (including
hydrogen atoms) viewed down a cube face
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Crystal structures and electrical conducting properties of the first molecular
metals based on a novel electron acceptor,
4-oxo-2,6-bis(dicyanomethylene)-2,6-dihydrocyclopentadithiophene (CPDT)

Kazuko Takahashi*† and Shinji Tarutani

Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

A novel electron acceptor CPDT has been synthesized; the
Fermi surfaces of the metallic anion radical salts of CPDT
are purely one-dimensional, while the acceptor molecules
form rigid and tight two-dimensional networks in the crystal
structures of the salts.

Electron-accepting molecules with three terminal electron-
withdrawing groups appear to be promising components for
organic conductors because they would have high electron
accepting abilities as well as highly rigid and coplanar
conformations, giving stable anion radicals and dianions owing
to the effective conjugation of the three terminal groups.1 We
have now designed and successfully synthesized such a novel
acceptor molecule, 4-oxo-2,6-bis(dicyanomethylene)-2,6-dihy-
drocyclopenta[2,1-b;3,4-bA]dithiophene (CPDT) 1. Further-

more, we have obtained metallic anion radical salts of 1 and
have clarified the conducting properties and crystal structures of
the metallic salts. These are the first examples of molecular
metals of the heterophene–TCNQ family.2

CPDT was synthesized starting from the ketal 23 (Scheme 1).
CPDT‡ is reduced reversibly in three successive one-electron
transfer reactions to give the stable anion radical, dianion and
trianion radical species which demonstrate, by cyclic voltam-
metry, three pairs of single-electron redox waves with good
reversibility at half-wave reduction potentials of +0.04, 20.27
and 21.43 V (vs. SCE in CH2Cl2 at 25 °C). The first reduction
potential is more positive by 0.18 V than that of 4 (20.14 V).
The log Ksem value4 of CPDT (5.26) is larger by 1.36 than that
of 4 (3.90), indicating that the anion radical of CPDT is
thermodynamically stabilized by delocalization of the unpaired
electron over the three terminal electron-accepting groups. 

Interestingly, the crystalline anion radical salts (Me4N)[CPD-
T]2, (Et4N)[CPDT]2, (Me4P)[CPDT]2 and (Me4As)[CPDT]2,
prepared by electrochemical reduction, are metallic at room
temperature and their conductivities reach maximum values
(smax) of 170, 290, 55 and 55 S cm21 at the Tsmax values listed
in Table 1. Tsmax becomes lower as the size of the counter cation
in these four salts is increased. Below Tsmax, the metallic states

gradually become unstable, and drastic decreases in the
conductivities with the transition to the semiconducting phases
occurred at ca. 130 K for the Me4N salt, 150 K for the Et4N salt,
165 K for the Me4P salt and 173–185 K for the Me4As salt
[Table 1 and Fig. 1(a)]. The metallic properties were also
confirmed by the temperature dependence of the magnetic
susceptibility measurement using a SQUID susceptometer [Fig.
1(b)]. The magnetic susceptibilities of the Me4N and Me4As
salts are invariable from room temperature down to TDIA = 135
and 50 K, respectively, which are regarded as Pauli-like, and
decrease drastically at these temperatures with the transition to
the diamagnetic phases. The phase transition mechanisms seem
to be significantly different from each other, although the
crystal structures are isomorphous, as described below. Occur-
rence of the Peierls type transition is suggested in the Me4N salt,
since TMI is almost identical with TDIA. However, in the Me4As
salt, the magnetic susceptibility does not decrease even after the
M–I transition has occurred [Fig. 1(b)], and the magnitude of
the magnetic susceptibility of the Me4As salt (8 3 1024 emu
mol21) is significantly large when compared with those of
ordinal molecular metals. These phenomena suggest the
existence of a 4kF charge density wave (CDW) growing phase5

at the temperature region between 150 (TMI) and 50 K (TDIA) in
the Me4As salt. 

The crystal structures of the metallic salts (Me4N)[CPDT]2,
(Me4P)[CPDT]2 and (Me4As)[CPDT]2, which are isomorphous
with each other, were determined by X-ray analysis.§ The unit
cell contains four crystallographically equivalent acceptor
molecules and two equivalent cations, giving a cation to
acceptor ratio of 1 : 2. The formal charge on CPDT is 20.5. The
unit cell contains two acceptor columns stacking along the
b-axis and each column is separated by a cation layer [Fig. 2(a)].

Scheme 1 Reagents and conditions: i, LiBu, THF, 240 °C, then 0 °C, 30
min; ii, I2, Et2O, 278 °C, then room temp., 30 min, 56%; iii, NaCH(CN)2,
THF, Pd(PPh3)4, THF, reflux, 4 h; iv, Br2, H2O, room temp., 74%; v, 70%
aq. HClO4, CH2Cl2, 0 °C, 3 h, 96%

Table 1 Properties of anion radical salts of CPDT

Cation Ratioa srt
b/S cm21 Tsmax/K TMI/K

Me4N 1 : 2 160 250 130
Et4N 1 : 2 260 220 150
Me4P 1 : 2 47 215 165
Me4As 1 : 2 42 173 173–185

a By elemental analysis. b Measured by four probe method on a single
crystal.

Fig. 1 Temperature dependence of (a) the resistivity and (b) the magnetic
susceptibility of (Me4As)[CPDT]2
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The acceptor column is constituted by weakly dimerised CPDT
molecules with intra-dimer interplanar distances of 3.20–3.21 Å
[c1 in Fig. 2(b)] and inter-dimer interplanar distances of
3.32–3.33 Å [c2 in Fig. 2(b)]. The overlapping mode is the so-
called ‘ring-over-ring’ type in the intra-dimer overlap and the
‘ring-over-bond’ type in the inter-dimer overlap (Fig. 3).
Interestingly, there are two S1–N2 (3.01–2.97 Å) and two
S2–N2 (3.04–2.99 Å) contacts, and there are two short
intermolecular hydrogen bonds between O1···H11 (3.25–3.28
Å) along the acceptor short axis in the crystal structures of these
salts (Fig. 4). Thus rigid and tight two-dimensional layered
intermolecular networks are constructed along the ab-plane.

The intermolecular overlap integrals of the metallic salts are
summarized in Table 2. There is no significant difference
between c1 and c2, which indicates that the degree of the
dimerization is very weak in these salts. On the other hand, the
overlap integrals along the acceptor shot axis are less than 1/300
of c1 or c2 (Table 2), in spite of the existence of the inter-
column S–N and O–H contacts. This is ascribed to the
extremely small p-atomic orbital coefficients of the O and the S

atoms in the LUMO of CPDT. From the tight-binding band
calculations6 using the overlap integrals shown in Table 2, it is
demonstrated that these salts have highly one-dimensional
Fermi surfaces opened along the a*-axis [Fig. 5(a)]. These salts
have a split band structure due to their dimerized crystal
structures and the lower energy band is half filled [Fig. 5(b)].
The calculated band widths are 0.73, 0.67 and 0.68 eV in the
Me4N, Me4P and Me4As salts, respectively. The phase
transition of the Me4N salt at 130 K appears to be caused by a
Peierls transition, since salts with a large band width can obtain
a large energy benefit by forming the band gap. 

This work was supported by the Ministry of Education,
Science and Culture, Japan (Grant-in-Aid for Science Research
on Priority Area of Molecular Conductors No. 06243105).

Notes and References
† E-mail: tkazuko@kiki.chem.tohoku.ac.jp
‡ Selected data for CPDT 1, mp > 300 °C; nmax(KBr)/cm21 3047, 2218,
1732, 1504, 1460, 1325, 1252, 1225, 957, 897, 760; lmax(CH2Cl2)/nm (log
e) 553 (sh, 4.32), 520 (4.93), 489 (4.74), 458 (sh, 4.37), 360 (3.48), 341
(3.62), 323 (sh, 3.75), 314 (sh, 3.89), 297 (4.27), 286 (4.26), 274 (4.16); m/z
(70 eV) 321 (M+ + 3, 2.23%), 320 (M+ + 2, 11.47), 319 (M+ + 1, 19.38) and
318 (M+, 100) [HRMS: 317.9673 (M+]. Calc. 317.9670] (Calc. for
C15H2N4OS2: C, 56.60; H, 0.63; N, 17.60. Found: C, 56.44; H, 0.78; N,
17.39%).
§ Crystal data for (Me4N)[CPDT]2: monoclinic, space group P2/n,
a = 7.4763(7), b = 6.9411(7), c = 30.428(4) Å, b = 91.523(10)°,
V = 1578.5(3) Å3, Z = 4, rcalc. = 1.495 g cm21, m(Cu-Ka) = 31.81 cm21,
R (Rw) = 0.062 (0.067) for independent 2129 reflections [I > 5.00s(I)]. For
(Me4P)[CPDT]2: monoclinic, space group P2/n, a = 7.446(2),
b = 6.984(2), c = 31.596(2) Å, b = 92.33(2)°, V = 1641.7(6) Å3,
Z = 4, rcalc. = 1.472 g cm–1, m(Cu-Ka) = 35.10 cm21, R (Rw) = 0.035
(0.038) for independent 2203 reflections [I > 3.00s(I)]. For
(Me4As)[CPDT]2: monoclinic, space group P2/n, a = 7.430(1),
b = 6.994(2), c = 31.922(2) Å, b = 92.50(1)°, V = 1657.2(5) Å3, Z = 4,
rcalc. = 1.546 g cm21, m(Cu-Ka) = 41.30 cm21, R (Rw) = 0.034 (0.036)
for independent 2446 reflections [I > 3.00s(I)]. The data were collected on
a Rigaku AFC-5R diffractometer with graphite monochromated Cu-Ka
radiation (l = 1.54178 Å, w–2q scan technique). After absorption
correction, the structures were solved by direct methods (SIR92) and
expanded using Fourier techniques. The non-hydrogen atoms were refined
anisotopically. Some hydrogen atoms were refined isotopically, the others
were included in fixed positions. CCDC 182/836.
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Fig. 2 Crystal structure of Me4N[CPDT]2: (a) projection onto the bc-plane
and (b) overlap mode viewed along the acceptor short axis

Fig. 3 Overlaping modes of CPDT molecules in (Me4N)[CPDT]2: (a) intra-
dimer overlap, (b) inter-dimer overlap

Fig. 4 Side-by-side interaction of CPDT in (Me4N)[CPDT]2

Table 2 Intermolecular overlap integrals (S) of the anion radical saltsa

S/1023

Overlap directionb Me4N salt Me4P salt Me4As salt

c1 (intra-dimer) 219.65 218.83 218.83
c2 (intra-dimer) 16.53 14.37 15.14
a (inter-column) 0.0744 0.0559 0.0713
p (S1–N2 contact) 0.00429 0.0913 0.00393
q (O1–H11 contact) 0.00672 0.0104 0.0260

a Calculated with p-atomic orbital coefficients obtained by the extended
Hückel MO method using bond angles and bond lengths obtained from the
X-ray analysis. b The overlap directions are indicated in Fig. 2(b).

Fig. 5 (a) Fermi surface and (b) band structure of (Me4N)[CPDT]2,
calculated by the tight binding approximation method
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Synthesis and molecular and electronic structure of monomeric
[Ti(h8-C8H8)(NBut)]

Alexander J. Blake,a Simon C. Dunn,a Jennifer C. Green,b† Nicholas M. Jones,b Aidan G. Moodya and Philip
Mountforda*†
a Department of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD
b Inorganic Chemistry Laboratory, South Parks Road, Oxford, UK OX1 3QR

Reaction of [Ti(NBut)Cl2(py)3] with K2[C8H8] gave the
monomeric, pseudo-two-coordinate complex [Ti(h8-
C8H8)(NBut)] 1 which has been crystallographically charac-
terised; the electronic structure of 1 has been investigated
using density functional theory calculations and gas phase
photoelectron spectroscopy.

As part of an ongoing programme in titanium–imido chemistry
we found that the compound [Ti(NBut)Cl2(py)3] provides a
useful synthetic entry to a range of sandwich, half-sandwich and
other new titanium imido compounds.1 We noticed that
although cyclopentadienyl and, to a lesser extent, arene
coligands have been widely used in transition metal imido
chemistry,2 there has been only one report of imido complexes
bearing cyclooctatetraenyl coligands, namely the dinuclear m-
arylimido derivatives [M2(h8-C8H8)2(m-NC6H3Pri

2-2,6)2] (M =
Zr, Hf).3 We were therefore interested to see if using the smaller
titanium congener would lead to a mononuclear derivative.
Here we describe the synthesis and molecular and electronic
structure of the cyclooctatetraenyltitanium imido complex
[Ti(h8-C8H8)(NBut)] 1.

Addition of 1 equiv. of K2[C8H8] to [Ti(NBut)Cl2(py)3] in
THF at 250 °C gave a dark red solution. Standard workup and
crystallisation from pentane gave [Ti(h8-C8H8)(NBut)] 1 as a
spectroscopically pure, dark yellow powder in 68% yield.
Compound 1 is highly air- and moisture-sensitive, and its 1H
and 13C NMR spectra contain signals attributable to a tert-
butylimido ligand and an octahapto-coordinated C8H8 ring.
Crystals of 1 suitable for X-ray diffraction analysis could be
obtained by careful tube sublimation at 90–100 °C, 5 3 1026

mbar.‡ The solid state structure of 1 is shown in Fig. 1. The
TiNNBut and Ti···C8H8 (ring centroid) distances of 1.699(6) and
1.369 Å are normal for terminal titanium-tert-butylimido and
titanium(iv)-h8-cyclooctatetraenyl complexes, respectively.4
The near-linearity of the TiNN–But angle [Ti(1)–N(1)–C(1)
177.1(5)°] is consistent with the imido ligand acting as a four-
electron donor to the titanium centre (vide infra), giving an
overall metal valence-electron count of 16.

The pseudo-two-coordinate, ‘one-legged piano stool’ geome-
try for 1 is unique in early transition metal imido and
cyclooctatetraenyl ligand chemistry.2,5 A search of the Cam-
bridge Structural Database4 for complexes of the type [Ti(h8-
C8H8(L)n] showed that the formal value of n is at least three. As
mentioned, there has been only one report of imido complexes
bearing cyclooctatetraenyl coligands, these being dinuclear.3
The molecular structure of [Ti(h8-C8H8)(NBut)] is apparently
related to those of the 18 valence electron, later transition metal
compounds [Os(h6-C6Me6)(NBut)],6a [Ir(h5-C5Me5)(NBut)],6b

and [Ni(h5-C5H5)(NO)].6c The bonding in these compounds is
analagous to that of mixed ring sandwich compounds7 as we8,9

and others10 have previously analysed.
The gas phase He photoelectron (PE) spectrum§ of [Ti(h8-

C8H8)(NBut)] 1 is shown in Fig. 2, and numerical data are
summarised in Table 1. Its assignment is made relatively
straightforward by comparison with related imido and cyclo-

octatetraenyl compounds.7b,8 The apparent paucity of low
ionisation energy (IE) bands for 1 is explained by the fact that
the e2 ionisation of the Ti–C8H8 ring d bonding orbitals overlaps
with the e1 ionisation of the Ti–N p bonds producing a complex
band centred at 8 eV. Band C at 10.91 eV may be assigned to an
e1 ionisation of the C8H8 ring p orbitals. An increase in the
intensity of bands A and B relative to C in the He II spectrum
indicated that the e2 and 2e1 orbitals that give rise to bands A
and B have significant metal character.

An interesting comparison may be made with the 17 valence
electron, d1 compound [Ti(h8-C8H8)(h5-C5Me5)].7b In the PE
spectrum of this compound there is an additional low-lying
ionisation band of the extra d electron at 5.28 eV, but the e2 and
2e1 bands are also found to be coincident with a maximum at

Fig. 1 Displacement ellipsoid plot of [Ti(h8-C8H8)(NBut)] 1. Hydrogen
atoms are drawn as spheres of arbitrary radius. Displacement ellipsoids are
drawn at the 40% probability level. Selected bond lengths (Å) and angles
(°): Ti(1)–N(1) 1.699(6), Ti(1)–Caverage 2.280 [range 2.267(8) to 2.290(8)],
Ti(1)···C8(centroid) 1.369; Ti(1)–N(1)–C(1) 177.1(5), C8(centroid)–Ti(1)–
N(1) 179.3.

Fig. 2 He I full range PE spectrum of 1 [see http://www.rsc.org/suppdata/cc/
1998/1235 for PE spectrum of 1: (a) He I full range, (b) He I short range, (c)
He II short range]
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7.54 eV. Furthermore, the 1e1 band lies at 10.5 eV, which is of
a very similar energy to that for 1. Thus we may conclude that
the cyclopentadienyl–imido analogy8 holds for these com-
pounds and that tert-butylimido is electronically similar to the
pentamethylcyclopentadienyl ligand though it provides one less
electron.

Density functional calculations11 were used to optimise the
geometry of 1.¶ Cs symmetry was assumed but in addition
parameters were fixed so that the Ti-ring fragment had C8v
symmetry and the N–But fragment C3v symmetry. Calculated
bond lengths and angles are compared with the experimental
ones in Table 1 which shows that the agreement is very good.
Calculation of IEs∑ for 1 proved difficult because of the low
symmetry and the proximity of ion states of identical symmetry.
IE calculations were therefore also carried out on [Ti(h8-
C8H8)(NH)] 2 as a model for 1. C8v symmetry was assumed
throughout these calculations. The calculated IEs for both 1 and
2 are given in Table 1 along with experimental values for 1. The
tert-butyl substituent has a bigger effect on the Ze1 IE than the
e2 EI. The closeness of the two ion states means that their exact
assignment is uncertain.

Isosurfaces for these two orbitals (e2 and 2e1) together with
those for the 1e1 and the a1 N–Ti s-bonding orbital are shown
in Fig. 3. Mulliken population analysis of the ground state
structure of 1 gives the Ti contribution to the 2e1 and e2 orbitals
as 26% and 21%, while that of 1e1 is estimated as 8%. This is

consistent with the intensity increase of bands A + B relative to
C as the photon energy is increased. The most striking aspect of
the metal ligand bonding orbitals is that binding to the imido
group is through s and p orbitals whereas that to the C8H8 ring
is virtually exclusively through d symmetry orbitals. This is in
contrast to bis-cyclopentadienyl metal complexes where both
rings compete for the metal p symmetry orbitals.

In conclusion, we have firmly established a new class of early
transition metal cyclooctatetraenyl and imido complexes
through structural, spectroscopic and theoretical studies. Recent
preliminary studies suggest that the TiNNBut linkage in 1 is
reactive towards a range of organic substrates. Our work in this
area and syntheses of other early transition metal cyclooctate-
traenyl–imido complexes are continuing.

This work was supported by grants from the EPSRC,
Leverhulme Trust and Royal Society. We thank Professor
F. G. N. Cloke for valuable advice and discussions, and
CCLRC Daresbury Laboratory for access to CSD.

Notes and References
† E-mail: Philip.Mountford@Nottingham.ac.uk (www:http://www.notting-
ham.ac.uk/ ~ pczwww/Inorganic/PMount.html) or Jennifer.Green@chem.
ox.ac.uk. Philip Mountford is The Royal Society of Chemistry Sir Edward
Frankland Fellow.
‡ Crystal data for 1: C12H17NTi, M = 223.17, triclinic, space group P1̄ (no.
2), a = 6.255(3), b = 8.980(4), c = 11.144(6) Å, a = 82.58(6),
b = 89.74(4), g = 70.51(6)°, U = 584.7(8) Å3, Z = 2, T = 150(2)
K, m = 0.69 mm21, no. of I > 3s(I) data used in refinement 1204, no. of
parameters refined 129, full-matrix least squares on F with Chebychev
polynomial weighting scheme, final R indices: R = 0.094, Rw = 0.097 for
4774 data, GOF = 1.14 (on F), final (D/s)max 0.001, largest residual peaks
1.12 and 21.09 e Å23. CCDC 182/841.
§ PE spectra were measured using a PES Laboratories 0078 spectrometer
and were calibrated with N2, Xe and He.
¶ Calculations were performed using the density functional methods of the
Amsterdam Density Functional (ADF) code Version 2.3.0.11 The basis set
used triple-z accuracy sets of Slater orbitals with a single polarisation
function added to main group atoms, 2p on H, 3p on C and N. Cores of the
atoms were frozen, (C 1s, N 1s and Ti 3p). Vosko, Wilk and Nusair’s local
exchange correlation potential12 was employed with non-local exchange
corrections by Becke13 and non-local correlation corrections by Perdew.14

Vertical ionisation energies were estimated by calculating the energy of the
molecular ion, with identical geometry to the optimised structure for the
molecule, in its ground and low lying excited states and subtracting the
energy of the molecular ground state.
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Table 1 Comparison of calculated ionisation energies (eV) and bond
lengths (Å) for 1 and [Ti(h8-C8H8)(NH)], 2, with experimental values for
1

1 (exptl.) 1 (calc.) 2 (calc.)

Ionisation energies
1e2 7.78 (A) 7.70 8.16
2e1 8.05 (B) 7.88 8.91
1e1 10.91 (C) a 10.83

Bond lengths
Ti–C 2.267(8)–2.290(8) 2.282 2.275
Ti–N 1.699(6) 1.689 1.683
C–C ring 1.37(2)–1.44(2) 1.409 1.408
But 1.51(1)–1.52(1) 1.519

a SCF convergence not achieved for this ion state.

Fig. 3 Isosurfaces for the e2, 2e1, 1e1 and M–N a1 orbitals of 1 (see http:/
/www.rsc.org/suppdata/cc/1998/1235 for a full colour version of this
figure)
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Linked arene clusters

Brian F. G. Johnson,* Caroline M. Martin and Paul Schooler

University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW

The synthesis, isolation and characterisation of a number of
[2n]cyclophane transition metal clusters with nuclearities
ranging from four to twelve atoms is described. The primary
objective of this work has been to prepare molecules
composed of alternating cyclophane and cluster subunits
which may be considered as precursors to novel
organometallic polymer chains and networks. This aim has
been achieved to a certain degree using the [2.2.2]para-
cyclophane ligand, which has been shown to interact with
metal clusters (e.g. tetracobalt nonacarbonyl) via all three of
its aromatic rings. Also, the dimerisation of a hexa-
ruthenium-[2.2.2]paracyclophane complex has yielded a
remarkable dodecanuclear bis-arene cluster which may form
the basis for a novel linear polymeric chain containing only
metal atoms in the backbone. We have also been able to
demonstrate that the coordinated [2.2.2]paracyclophane
unit is able to embrace metal ions such as GaI and AgI giving
rise to a concomitant change in the observed IR spectrum of
the attached cluster. This perspective highlights these areas
of research and also examines the factors controlling
coordination mode preferences of the [2n]cyclophane ligand
and the central cluster nuclearity and geometry.

The interaction between both transition and main group metal
ions with a variety of [2n]cyclophane ligands has been of
considerable interest to chemists for several decades.1 These
complexes were initially prepared in order to explore the
unusual properties exhibited by the [2n]cyclophane ligands
which stem from the overlap of their p molecular orbitals and
give rise to highly unique electronic and structural effects.2
More recently, however, interest has been further stimulated by
the potential for the [2n]cyclophane ligands to serve as bridging
units between redox-active metal centres in organometallic
polymers and networks. Materials of this type are expected to
exhibit a wide range of potentially interesting electrical and
non-linear optical properties.3

The graphitic interaction

Over the past few years we have been actively involved in the
study of organometallic cluster complexes, in particular, those
containing coordinated arene ring systems.4 The work described
in this article was initially stimulated by the trends that emerged
from a detailed examination of the solid-state structures of a
number of bis-arene clusters of the type [Ru6C(CO)11(arene)2].5
These investigations revealed an overwhelming tendency for
the organic rings to become interlocked thus forming layers of
organic substrate interspersed by layers of cluster units. Such
layering was invariably found to be a result of the face-to-face
(although typically off-centred) arrangement of aromatic li-
gands in adjacent molecules at distances comparable to that
obeserved in graphite. It was also discovered that these packing
interactions are propagated throughout the entire solid and
result in the formation of supramolecular chains and stacks.5

This study revealed that it was primarily the difference in
bonding mode adopted by the arene ligands (h6 or m3) combined
with their arrangement around the metallic core (cis or trans)
that determined the packing motif within the crystal structure.

For example, the two isomeric clusters trans-[Ru6C(CO)11(h6-
C6H6)2] 1 and [Ru6C(CO)11(h6-C6H6)(m3-h2 :h2 :h2-C6H6)] 2
adopt different packing regimes in the solid-state (Fig. 1). In 1,
the molecules are arranged in long columnar structures with an
interarene separation of 3.52 Å [Fig. 1(a)].6

Such a macromolecular structure arises from the arrangement
of the arene rings which lie in parallel planes on the central
cluster unit and permit the formation of a linear supramolecular
rod. In 2, however, the arene ligands are carried in planes which
meet at a dihedral angle of 45°. As would be expected, this
results in the introduction of kinks in the columnar structures
producing supramolecular snakes instead [Fig. 1(b)].7 In
compound 2, it should also be noted that the only close
interactions observed between adjacent molecules in the crystal
structure occur between h6–h6 bound rings and m3–m3 bound
rings at distances of 3.29 and 3.56 Å, respectively. Although
h6–m3 interactions are known for other arene clusters, such as in
the crystal structure of [Os3(CO)6(C6H6)2],8 none are observed
in that of compound 2.

The study of these arene–arene interactions is of fundamental
importance. This is because it is through such interactions that
a mechanism in which charge transfer may occur throughout the
crystalline lattice may be envisaged. Furthermore, one could
speculate that it may be possible to create strong chemical
bridges between adjacent arene clusters thus generating novel
two-dimensional polymeric cluster chains and three-dimen-
sional networks. It was with these ideas in mind that the class of
ligands known as the cyclophanes, with their unique combina-

Fig. 1 Solid state packing of (a) [Ru6C(CO)11(h6-C6H6)2] 1 as rods; and of
(b) [Ru6C(CO)11(h6-C6H6)(m3-h2 :h2 :h2-C6H6)] 2 as snakes
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tion of strong chemical bridges linking aromatic rings and
ability to transfer charge through space from one arene ring to
the next within the same molecule, were considered as highly
appropriate cluster linking groups.9

Linking arene clusters: the cyclophanes

There are two fundamentally different approaches which may
be taken in order to produce linked arene clusters. The first
involves the generation and subsequent coupling of activated
arene clusters, while the second involves the addition of clusters
to a pre-linked arene ligand (Scheme 1). The first approach has

proved to be extremely difficult. In this case, the linkage of two
arenes involves the initial preparation of halogenated arene
cluster derivatives which are then coupled by the use of a
reagent such as sodium metal. Such halogenated arene ligands
are known to undergo C–halogen bond cleavage upon heating
with transition metal carbonyls,10 while attempting to halo-
genate the arene whilst coordinated to the cluster is difficult
because transition metal carbonyl clusters are usually in-
sufficiently robust to survive the harsh reaction conditions
required. It should be noted, however, that the coupling of
chromium tricarbonyl arene complexes has been successfully
achieved and therefore the possiblity of linking arene clusters in
an analogous manner cannot be entirely excluded. In these
chromium compounds, the metal may be considered to remove
p electron density from the bonded arene and thereby permit the
face-to-face coupling of the fragments with enhanced yield.11 In
principle, these effects should be even greater if arene clusters
can be coupled in the same way.

The more attractive approach is to use pre-linked arene
ligands. Following a review of the literature, it was decided that
the [2n]cyclophanes would be an ideal class of ligand for our
purpose.12 These are a family of molecules whose structures
generally consist of stacked aromatic rings held in close
proximity by ethano bridges. They are rigid, well defined, and
moderately accessible by relatively simple synthetic proce-
dures. Typically, they possess strained molecular structures due
to the strength of the electronic repulsions between the arene
rings, and they have unusual electronic properties which stem
from an ‘end-on’ overlap of p electron density giving
essentially a single p-electron system. As mentioned earlier,
this overlap should provide the additional possibility of
electronic communication between bridged cluster units. Cyclo-
phane linkages that may act as one, two or three-dimensional
connectors such as [2.2]paracyclophane,13 [2.2.2]paracyclo-
phane,14 and tetramesitylene15 respectively, are currently
available (Fig. 2). An example of how one can envisage such
ligands being used in the construction of supramolecular
networks is illustrated in Fig. 3 for the [2.2.2]paracyclophane

ligand. In this case the triangular ligand can be seen to
participate in the formation of hexagonal arrays in analogy to
graphite with transition metal clusters forming the edges and
cyclophane ligands the nodes.

[2.2]Paracyclophane clusters

Research in this area was initiated using the simplest of the
[2n]cyclophane ligands, [2.2]paracyclophane. The cluster che-
mistry of [2.2]paracyclophane has recently been reviewed,16

and therefore only a short account will appear here. [2.2]Para-
cyclophane carbonyl clusters of ruthenium with nuclearities
between two17 and eight18 have been structurally characterised
and shown to display arene bonding modes ranging from h6, to
m2-h3 :h3 and m3-h2 :h2 :h2.17–19 There is, however, a marked

Scheme 1 The two principal routes to arene cluster linkage: i, cluster
addition before coupling; ii, coupling before cluster addition

Fig. 2 The molecular structures of [2.2]paracyclophane (top left),
[2.2.2]paracyclophane (top right) and tetramesitylene (bottom), respec-
tively

Fig. 3 The construction of a supramolecular hexagonal two-dimensional
network using metal centres linked by the [2.2.2]paracyclophane ligand
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tendency for the [2.2]paracyclophane to adopt the facial m3
coordination mode, and this is particularly apparent in the
hexaruthenium carbido cluster [Ru6C(CO)14(arene)] where the
simpler arenes (benzene, toluene, xylene and mesitylene) tend
to adopt the apical h6 mode.20 This effect is also apparent from
work on the redox coupling reaction of [Ru5C(CO)14]22 and
[(C16H16)Ru(NCMe)3]2+ in which the cyclophane ligand,
initially bound in an h6 manner to a single metal atom, migrates
during the course of the reaction to produce [Ru6C(CO)14(m3-
h2 :h2 :h2-C16H16)] in which the ligand is bound to a triangular
metal face.21

It is evident, however, that none of the [2.2]paracyclophane
compounds observed to date contain separate cluster moieties
linked through a cyclophane unit. The reason for this is believed
to originate from the through-space resonance effect within the
ligand, whereby the electron-withdrawing nature of the cluster
attached to one ring deactivates the second uncoordinated ring
toward further cluster association. This effect appears to be so
large that even single metal fragments such as chromium
tricarbonyl will not coordinate to the second ring, and instead,
complete displacement of the cluster occurs with the formation
of [Cr(CO)3(C16H16)]. Therefore, the aims of more recent work
have been to achieve cluster linkage using substituted or
alternative types of [2n]cyclophane ligand.

Isomerisation and substitution effects

An important aspect of this work is to consider how the nature
of the ligand influences the bonding mode adopted upon
coordination to a metal cluster. Hence, an investigation into
how different bridge substituted [2.2]cyclophanes effect cluster
coordination patterns was undertaken. The molecular structures
of two isomeric cluster species, [Ru6C(CO)14(p-C16H16)] 3 and
[Ru6C(CO)14(m-C16H16)] 4, have been determined by X-ray
diffraction and a third, [Ru6C(CO)14(o-C16H16)] 5, inferred by
spectroscopy (Fig. 4).20,22 The para-substituted ligand is found

to adopt a facial m3 coordination mode upon the hexaruthenium
carbido core, while the meta- and ortho-isomers prefer to adopt
the h6 bonding mode, interacting with a single metal atom only.
There are two possible explanations for this behaviour. Firstly,
it may be due to the superior donor capability of [2.2]para-
cyclophane over [2.2]meta- and [2.2]orthocyclophane, whereby
the extensive overlap of pmolecular orbitals in the para-isomer
allows for sufficient supply of electron density for the three
metal atoms.23 There is little, if any, overlap of p molecular

orbitals in the meta- and ortho-isomers and hence, they can be
envisaged as only being able to support a single metal atom.
This effect has been demonstrated electrochemically for
[Ru6C(CO)14(C16H16)], whereby the para-isomer is far more
difficult to reduce than either the meta- or ortho-isomers
(20.937, 20.893 and 20.890 V, respectively). Alternatively,
the difference in coordination mode may be explained by the
inherent distortion of the aromatic rings within the cyclophanes
themselves (Fig. 5).24 In [2.2]paracyclophane, the aromatic

rings are convex, bulging outwards from the centre of the
molecule due to inter-arene repulsion. Thus, in [2.2]para-
cyclophane the p orbitals are oriented outwards in such a way
that they would be expected to interact more effectively with a
trimetallic face than a single metal atom. However, in the meta-
isomer the aromatic rings are concave, with the p orbitals
oriented towards a focal point and thus the ligand is predisposed
to interact with only a single metal atom. Furthermore, the
distortion of the rings in both [2.2]para- and [2.2]meta-
cyclophanes cause the aromatic C–H bonds to bend out of the
plane. In [2.2]paracyclophane this occurs such that the C–H
bonds point toward the centre of the molecule and in
[2.2]metacyclophane such that they point away. Since the C–H
bonds bend away from the underlying metal triangle in, for
example [Os3(CO)9(m3-C6H6)],25 it is therefore unsurprising
that [2.2]paracyclophane adopts the facial bonding mode on the
hexaruthenium cluster. Similarly, since the C–H bonds point
toward the metal atom in mononuclear arene complexes it is not
surprising either that the [2.2]metacyclophane ligand adopts an
apical bonding mode.26 In [2.2]orthophane the aromatic rings
are planar and therefore presumably the preference of this
ligand for the apical h6 mode is not as strong as that of the meta-
isomer.27

Asymmetry

Since [2.2]paracyclophane interacts with metal clusters differ-
ently to its monoarene analogue, para-xylene,20 it also seemed
important to question whether [2.2]paracyclophane ligands
bearing substituents upon their aromatic rings would interact
differently from their monomeric analogues; and in cases where
this substitution was not symmetrical, it would also be of
interest to establish which ring the cluster unit would prefer to
coordinate. In this regard, an investigation into the interaction of
several ring-substituted [2.2]paracyclophane ligands with ru-
thenium carbonyl clusters has been carried out; the result of
which is illustrated in Fig. 6.28 It has been shown that the cluster
unit always coordinates to the amine substituted ring of the
4-amino[2.2]paracyclophane ligand,29 whereas it coordinates to
the unsubstituted ring of 4-bromo[2.2]paracyclophane.30 This
behaviour may be explained in terms of the relative activating or
deactivating effect of the substituents. The amino substituent is
thought to push electron density onto the ring, thus making it
more activated toward cluster association (as demonstrated by
the planar geometry of the nitrogen). In fact, a closer analysis of
the metal–ligand interface in [Ru6C(CO)14(m3-h1 :h2 :h2-
C16H15NH2)] 6 suggests that the metal triangle interacts with
only five aromatic carbon atoms (Fig. 7); the sixth (that attached
to the nitrogen atom) remaining uncoordinated, possibly
because it possesses insufficient electron density. The octahe-
dral cluster retains the required electron count of 86 if the

Fig. 4 The structures of three isomeric hexaruthenium [2.2]cyclophane
clusters

Fig. 5 The molecular structure of (left) [2.2]paracyclophane compared with
(right) [2.2]metacyclophane.
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7 [HRu3(CO)10(C16H15NH)]
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Ru(2)

Ru(3)
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substituted cyclophane is considered as a six electron donating
dienyl ligand. It should be noted that this complex, to our
knowledge, is the only example of an aniline ring coordinated
to a cluster via its aromatic ring; other aromatic amine
containing compounds such as 2,5-dimethylaniline yield N–H
bond activated species only, e.g. as with the compound [HRu3-
(CO)10(C6H3Me2NH)] 7 (Fig. 8).31 Presumably 4-amino-
[2.2]paracyclophane cannot form such a compound because of
the steric constraints imposed by the second aromatic ring.

In contrast, the bromo substituent in [Ru6C(CO)14(m3-
h2 :h2 :h2-C16H15Br)] 8, is thought to deactivate the ring toward
cluster coordination by pulling electron density away from it,
and hence the cluster coordinates to the unsubstituted ring by
default. Again this compound is unusual because contrary to the
comments made above, the C–Br bond does not undergo
oxidative-cleavage. In this example the resistance to C–Br
cleavage is probably because the cyclophane unit blocks the
path to an aryne or ‘cyclophyne’ type cluster.32

These results suggest that the cluster exerts a significant
directing influence upon the substitution chemistry of a
coordinated cyclophane ligand. From this, it may be further
concluded that the coordinated ring, in for example [Ru6C-

(CO)14(p-C16H16)] 3, should be activated towards nucleophilic
attack in aromatic substitution reactions, whereas the uncoordi-
nated ring should be more susceptible to electrophilic attack by
default. Hence, in aromatic substitution reactions which employ
mild conditions (that is conditions mild enough for the metal
clusters to survive such as in the reaction of [Ru6C-
(CO)14(C6H6)] with phenyllithium33), such clusters could be
used to prepare unusually substituted [2.2]paracyclophane
compounds not easily accessible via alternative routes.

Finally, the interaction of the [2.2]parabenzoindenophane34

and anti-[2.2]paraindenophane35 ligands with transition metal
clusters has been investigated in collaboration with Prof.
Henning Hopf of Braunschweig, Germany (Fig. 6). Although
the former ligand possesses both a benzene and an indene face,
it has been found that cluster coordination occurs only via the
condensed indene face as in, for example, the tetranuclear
cluster [HRu4(CO)9(C19H17)] 9 (Fig. 9). Here the ligand

undergoes C–H bond activation which converts the cyclopenta-
diene ring to a cyclopentadienyl system; as such the cluster
coordinates to the ring that is richest in p electron density via an
h9-(cyclopentadienyl–diene) interaction. Despite this predis-
position of the indene face in [2.2]parabenzoindenophane, anti-
[2.2]paraindenophane has also been shown to bond to only one
cluster unit even though it possesses two indene rings suitable
for cluster coordination (Fig. 6). This again is probably due to
through space deactivation effects. All attempts to add mono-
metallic fragments such as [Mo(CO)4]+ and [FeCp]+ to the
second cyclopentadiene ring, or to link these anti-[2.2]in-
denophane ruthenium carbonyl clusters by reaction with
FeCl2·2thf have so far been unsuccessful.36

The interaction of [2.2.2]paracyclophane with ruthenium
carbonyl clusters

[2.2.2]Paracyclophane does not yield the diverse range of
products observed for [2.2]paracyclophane when reacted with

Fig. 6 The structures of some ring-substituted [2.2]paracyclophane
ruthenium clusters: the 4-amino[2.2]paracyclophane cluster [Ru6C-
(CO)14(m3-h1 :h2 :h2-C16H15NH2)] 6; the 4-bromo[2.2]paracyclophane
cluster [Ru6C(CO)14(m3-h2 :h2 :h2-C16H15Br)] 8; the [2.2]parabenzoinde-
nophane cluster [HRu4(CO)9(m3-h5 :h2 :h2-C19H17)] 9; and the anti-
[2,2]paraindenophane cluster [HRu4(CO)9(m3-h5 :h2 :h2-C22H19)]

Fig. 7 The molecular structure of [Ru6C(CO)14(m3-h1 :h2 :h2-C16H15NH2)]
6

Fig. 8 The structure of the N–H activated cluster [HRu3-
(CO)10(C6H3Me2NH)] 7 formed from 2,5-dimethylaniline. 4-Amino-
[2.2]paracyclophane does not form an analogous compound, probably due
to steric reasons.

Fig. 9 The molecular structure of [HRu4(CO)9(m3-h5 :h2 :h2-C19H17)] 9
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[Ru3(CO)12] under similar reaction conditions.16 Instead, the
thermolysis of [2.2.2]paracyclophane with 3 molar equiv. of
[Ru3(CO)12] in octane under reflux over a 6 h period affords just
three new complexes: [Ru6(CO)15(h6-C24H24)] 10 (5%),
[Ru12(CO)28(h6-C24H24)2] 11 ( ≈ 0.1%) and [Ru6C(CO)14(h6-
C24H24)] 12 (30%) (Scheme 2).37 These may be readily

separated by thin layer chromatography on silica using
dichloromethane–hexane (1 : 2, v/v) as eluent. In each of these
compounds the central cluster unit is based on a hexanuclear
metal framework but of differing geometries. In compound 10,
the metal atoms are arranged as a doubly edge-bridged
tetrahedron (an 88 valence electron cluster). By analogy to the
mesitylene complex, [Ru6(CO)15(h6-C6H3Me3)],38 the arene
ligand in compound 10 is coordinated in an h6 manner to the
apex of the central tetrahedron that is not involved in edge-
bridging, and a dihapto (h2-m4) carbonyl ligand is located in
each of the butterfly sites. This compound may be converted by
heating in octane to the octahedral hexaruthenium carbido
cluster, [Ru6C(CO)14(h6-C24H24)] 12, in which the arene again
coordinates to a single metal atom. An intermediate compound,
[Ru12(CO)28(h6-C24H24)2] 11, is also isolated in trace amounts
during this conversion, and the molecular structure of this
compound 11 is shown in Fig. 10. It is formally a dodeca-
ruthenium bis-arene cluster, which makes it the largest arene
cluster prepared by our group to date. This molecule contains a
fused bis-(doubly edge-bridged tetrahedron) metallic frame-
work in which ten of the metal atoms are essentially coplanar—
all those except the two that carry the cyclophane ligands. It is
easy to envisage the process by which compound 11 may be
derived from 10 by the simple removal of a single carbonyl
ligand from one of the edge-bridging metal atoms and the
dimerisation of the resultant unsaturated species to produce the
174 valence electron cluster. The two hexaruthenium units of
this cluster are related by an inversion centre and the linking
metal–metal bond is located between two edge-bridging metal
atoms. Two of the carbonyl ligands which were terminal at the
edge-bridging metal atom in compound 10 migrate to a bridging
position, possibly in order to stabilise the new linkage in
compound 11. Despite the change of the local arrangement of

carbonyl ligands at the linkage, the h2-m4-CO ligands are
retained in the four butterfly sites of compound 11.

Since compounds 10 and 11 both possess two edge bridging
metal atoms, and compound 10 can dimerise to form compound
11 upon the loss of a carbonyl ligand, it should be possible, at
least in principle, for further oligomerisation to occur such that
a polymeric material based solely on a metal backbone could be
prepared (Scheme 3). However, as yet all attempts to induce
further oligomerisation by thermal, chemical or photolytic
means have resulted in the now well established closure of the
metallic core39 to form the octahedral hexaruthenium carbido
cyclophane cluster [Ru6C(CO)14(h6-C24H24)] 12. It should also
be noted that the loss of a carbonyl ligand from the cluster,
followed by dimerisation of the resulting unsaturated frag-
ments, as observed in the conversion of 10 to 11, also provides
a mechanism to explain the unexpected and generally observed
irreversibility of arene cluster reductions during cyclic vol-
tammetry.

An additional arene ligand may also be introduced onto the
monocyclophane hexaruthenium carbido cluster 12. The reac-
tion of compound 12 with an excess of [2.2.2]paracyclophane in
refluxing nonane yields the trans-bis-arene derivative [Ru6C-
(CO)11(h6-C24H24)2] 13, while a related mixed arene cluster,
[Ru6C(CO)11(h6-C24H24)(m3-h2 :h2 :h2-C6H6)] 14, in which the
cyclophane ligand adopts an apical mode and the benzene
ligand a facial bonding mode (Fig. 11 and Scheme 2), is
obtained from the reaction of 12 with cyclohexadiene and
trimethylamine N-oxide.40 Compounds 13 and 14 are of
particular relevance to our objective of preparing organome-
tallic network precursors since the cluster acts as a bridge
between two arene ligands here.

The [2.2.2]paracyclophane ligand has also been shown to
undergo reaction with [Ru5C(CO)15], and the cluster [Ru5C-
(CO)12(h6-C24H24)] 15 is the sole product formed during
thermolysis in heptane.37 In this compound, the cyclophane
replaces all three carbonyl ligands on one basal metal atom of

Scheme 2 Routes to some [2.2.2]paracyclophane ruthenium clusters.
Reagents and conditions: i, [Ru3(CO)12], heat in octane; ii, C24H24, heat in
nonane; iii, cyclohexa-1,3-diene with 2.2 equiv. Me3NO in CH2Cl2; and iv,
heat in hexane or 1.1 equiv. Me3NO in CH2Cl2.

Fig. 10 The molecular structure of [Ru12(CO)28(h6-C24H24)2] 11, with (a)
and without (b) the [2.2.2]paracyclophane ligands, respectively
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the parent square pyramidal cluster. Under an atmosphere of
carbon monoxide, compound 15 undergoes the reversible
addition of a carbonyl ligand to form the bridged butterfly
complex, [Ru5C(CO)13(h6-C24H24)] 16 (Scheme 4). This is
thought to occur by a mechanism similar to that observed for the
analogous benzene cluster, i.e. by the coordination of a carbonyl
ligand at the metal carrying the arene (formally that richest in
electron density) with the concomitant breakage of a base–apex
metal–metal bond.41 However, the unrivalled degree of isomer-
ism displayed by the benzene analogue is not displayed by the
[2.2.2]paracyclophane complex (benzene can not only adopt the
basal-h6 bonding mode upon the square pyramidal cluster
[Ru5C(CO)12], but also the apical-h6 and facial m3 modes).42

Instead, continuous exposure to a carbon monoxide atmosphere

causes compound 16 to release the cyclophane ligand and form
the binary cluster, [Ru5C(CO)16] 17. Compound 17 possesses
the same bridged butterfly metal geometry as the analogous
osmium cluster.43

A correlation between the chemical shifts of coordinated and
uncoordinated aromatic ring protons in ruthenium–[2.2]para-
cyclophane clusters of differing nuclearities and bonding modes
has been discussed in detail elsewhere.16 This family of
ruthenium–[2.2.2]paracyclophane clusters also show marked
trends in their 1H NMR spectra as illustrated in Table 1. It

appears that the magnitude of the chemical shift of both the
coordinated and free cyclophane rings is somewhat dependent
on both the metal to carbonyl ratio of the cluster and, if present,
the coordination mode of the second arene ligand. For example,
the mean chemical shift of the aromatic protons on the bound
ring of the cyclophane moves to higher field as the metal to
carbonyl ratio falls and the electron-withdrawing power of the
cluster increases. The difference in the chemical shift of the
aromatic protons between [Ru6C(CO)11(h6-C24H24)2] 13 and
[Ru6C(CO)11(h6-C24H24)(h3-h2 :h2 :h2-C6H6)] 14 may be re-
lated to the magnitude of interaction between the cyclophane
and the cluster. This is weaker for compound 14 because of the
influence of the second arene which being in the facial
coordination mode is the more tightly bound of the two arene
ligands.

The [2.2.2]paracyclophane ligand has been observed only in
the apical h6 bonding mode in ruthenium carbonyl clusters. This
is in contrast to [2.2]paracyclophane which tends to adopt the
facial m3-mode, and again this may possibly be attributed to the
observation that the aromatic rings in [2.2.2]paracyclophane
adopt a more planar configuration than those in [2.2]para-
cyclophane.

The interaction of [2.2.2]paracyclophane and cobalt
carbonyl clusters

The reaction of [2.2.2]paracyclophane with an excess of
[Co4(CO)12] in hexane, affords three new cluster complexes:

Scheme 3 The dimerisation of [Ru6(CO)15(h6-C24H24)] 10 to
[Ru12(CO)28(h6-C24H24)2] 11 and the hypothetical metal based polymer
[Ru6(CO)14(h6-C24H24)]n

Fig. 11 The molecular structure of [Ru6C(CO)11(h6-C24H24)(m3-h2 :h2 :h2-
C6H6)] 14

Scheme 4 The reactivity of [Ru5C(CO)12(h6-C24H24)] 15. Reagents and
conditions: i, CO bubble in CH2Cl2 over 5 min; ii, N2 bubble in CH2Cl2; iii,
1 atm CO over CH2Cl2 for 1 day.

Table 1 1H NMR characteristics of several ruthenium [2.2.2)paracy-
clophane clusters

Mean d Mean d
of bound of free

M : CO aromatic aromatic
Compound ratio protons protons

10 [Ru6(CO)15(C24H24)] 2.50 5.82 6.82
15 [Ru5C(CO)12(C24H24)] 2.40 5.54 6.83
12 [Ru6C(CO)14(C24H24)] 2.33 5.25 6.74
14 [Ru6C(CO)11(C24H24)(C6H6)] 1.83 5.26 6.76
13 [Ru6C(CO)11(C24H24)2] 1.83 5.01 6.69
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[Co4(CO)9(h-C24H24)] 18 (20%), [{Co4(CO)9}2(h-C24H24)] 19
(2%) and [{Co4(CO)9}3(h-C24H24)] 20 ( ≈ 0.1%). These may be
readily separated by thin layer chromatography on silica using
dichloromethane–hexane (1 : 3, v/v) as eluent (Scheme 5).44

Complex 18 may be conveniently converted to 19 and in turn 19
to 20 by the progressive addition of [Co4(CO)12] in hexane.
Conversely, compound 20 ejects a cluster unit to form 19 and
then another to form 18 when heated in toluene. This process
occurs via arene exchange whereby the metal clusters are
transferred from the cyclophane ligand to the toluene forming
[Co4(CO)9(h6-C6H5Me)]. The molecular structures of com-
pounds 18 and 19 have been established by single crystal X-ray
diffraction and are shown in Fig. 12(a) and (b), respectively. In

both molecules the coordinated rings of the cyclophane ligands
are bound to a single metal atom in an h6-manner and lie parallel
to, and staggered with respect to, the more distant underlying
metal triangle. Compounds 19 and 20 are the first examples of
metal clusters linked by a cyclophane ligand, and are of
particular interest as potential precursor sub-units for the
construction of one and two-dimensional organometallic net-
works and polymers discussed above. Furthermore, preliminary
electrochemical analyses, although complex, suggest the ex-
istence of electronic communication between the metal clusters
in compounds 19 and 20.44

The binding of soft metal cations

It has been known for some time that metal atoms and ions may
bond to [2.2.2]paracyclophane by endo-coordination as well as
exo-coordination.45 In endo-coordination the metal atom re-

sides in or near the ligand cavity such as in the p cryptates
formed with GaI and AgI salts.46,47 It has also been possible to
demonstrate this effect using the ruthenium [2.2.2]para-
cyclophane clusters described herein.37 For example, the
addition of either GaI or AgI salts brings about a considerable
change in the IR (carbonyl) spectrum of the parent cluster. This
effect may be considered to occur as a consequence of the
reduction in the electron density available for carbonyl p back
donation which in turn causes a shift of the spectrum to higher
wavenumbers. Table 2 illustrates this point for the complexes

[Ru6C(CO)14(h6-C24H24Ag)][BF4] 21 and [Ru6C(CO)14(h6-
C24H24Ga)][GaCl4] 22. A comparison of the IR values of these
two compounds with those of the parent cluster [Ru6C-
(CO)14(h6-C24H24)] 12 indicates a clear shift. The magnitude of
this shift may be rationalised in terms of the strength of the
cation–cyclophane interaction. This is greater for the gallium(i)
ion which is thought to be located at the centre of the
cyclophane cavity than for silver which only remains at the edge
(Fig. 13).14,46 This behaviour does not extend to the [2.2.2]para-
cyclophane complexes of cobalt (and even of chromium
tricarbonyl) which undergo extensive decomposition on treat-
ment with either GaI or AgI salts presumably by some redox
reaction.

Conclusions

Several novel compounds have been described which will,
hopefully, in due course serve as potential building blocks for
one- and two-dimensional cluster polymers and networks.
These include [Ru12(CO)28(h6-C24H24)2] 11, in which there is a
metal containing back-bone; [Ru6C(CO)11(h6-C24H24)2] 13 and
[Ru6C(CO)11(h6-C24H24)(m3-h2 :h2 :h2-C6H6)] 14, in which
hexaruthenium clusters link two arene ligands together; and

Scheme 5 The interconversion of compounds [{Co4(CO)9}n(h-C24H24)] (n
= 1, 2 and 3). Conditions: i, [Co4(CO)12], heat in hexane; ii, heat in toluene
{clusters removed from cyclophane as [Co4(CO)9(toluene)]}.

Fig. 12 The crystal structures of (a) [Co4(CO)9(h-C24H24)] 18; and (b)
[{Co4(CO)9}2(h-C24H24)] 19

Table 2 IR characteristics (carbonyl region) of [Ru6C(CO)14(C24H24)] 12 in
the presence and absence of soft metal cations

Compound Formula nCO/cm21 CH2Cl2

12 [Ru6C(CO)14(C24H24)] 2074, 2023 and 1813
21 [Ru6C(CO)14(C24H24)Ag][BF4] 2084, 2045 and 1878
22 [Ru6C(CO)14(C24H24)Ga][GaCl4] 2089, 2051 and 1894

Fig. 13 The binding of GaI and AgI cations to [Ru6C(CO)14(h6-C24H24)]
12
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[{Co4(CO)9}2(h-C24H24)] 19 and [{Co4(CO)9}3(h-C24H24)] 20,
in which a [2.2.2]paracyclophane bridges two and three
tetracobalt clusters, respectively. It should be noted, however,
that as yet we have been unable to sustain chain growth in any
of these examples. In the case of compound] 11, the induction
of further oligomerisation instead results in conversion to
monomeric closed octahedral hexaruthenium carbido clusters.
Although it has been possible to prepare ruthenium carbonyl
clusters containing two arene ligands it has, so far, proved
difficult to introduce a second ruthenium cluster onto the
cyclophane ligand. This is thought to be due to the interaction
between the cyclophane molecule and the ruthenium cluster
being too strong to permit the addition of further metallic units,
and the cyclophane being unable to supply sufficient electron
density to satisfy two cluster cores. For cobalt, however, each
aromatic ring of the [2.2.2]paracyclophane ligand may be
utilised in cluster coordination. So far, the introduction of a
second cyclophane ligand onto the tetrahedral Co4 core has been
unsuccessful, which is possibly due to the weakness of the
metal–arene interaction (as demonstrated by arene exchange
reactions with toluene) which permits multiple complexation of
clusters by a single ligand, but is too weak to allow the
substitution of further carbonyl ligands by a poorer p-accepting
cyclophane ligand.
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Universality of LNA-mediated high-affinity nucleic acid recognition
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LNA (locked nucleic acid) is a novel class of nucleic acid
mimic structurally closely resembling RNA; incorporation of
three LNA monomers together with six ribonucleotide
monomers afforded the first ribo-LNA sequence; un-
precedented thermal stabilities of duplexes towards com-
plementary DNA and RNA without compromising base-
pairing selectivity were obtained for ribo-LNA, thus
establishing the universality of LNA-mediated efficient
targeting of natural nucleic acids.

LNA (Fig. 1) has been recently introduced as a novel nucleic
acid mimic able to induce unprecedented increases in the
thermal stability of duplexes towards both DNA and RNA in
different 2A-deoxynucleotide sequence contexts.1,2‡ Other ap-
pealing characteristics of LNA include efficient automated
oligomerization, satisfactory aqueous solubility and stability
towards 3A-exonucleolytic degradation.1,2 Further definitions
and details are given in Fig. 1 and Table 1.

In entries 5–8 (Table 1) the hitherto reported LNA hybrid-
ization data (melting temperatures, Tm) for nonamer mixed
sequences are summarized1,2 and compared with the results for
the corresponding unmodified reference duplexes. It should be
noted that DTm in Table 1 and in the text denotes increases in Tm
per LNA monomer incorporated. In this comparative study, the
thymine LNA monomer TL is used as a representative example,
but it is noteworthy that analogous results have been obtained
for other pyrimidine and purine LNA monomers.2 Incorporation
of three TL monomers together with six deoxynucleotides (to
give a nonamer deoxy-LNA) induces remarkable increases in
the thermal affinity towards both DNA and RNA (DTm = +5.3
and +7.3 °C, respectively, entries 5 and 6). The fully modified
LNA displayed yet higher thermal stabilities (entries 7 and 8). It
has been clearly shown that LNA obeys the Watson–Crick base-
pairing rules discriminating with excellent selectivity between
fully matched and singly mis-matched complementary nucleic
acids.1,2

Consequently, fully modified LNA as well as deoxy-LNA are
able to sequence-selectively recognize complementary DNA/
RNA with unprecedented thermal affinities. It is at this point
important to note that comparable DNA and RNA recognition
has so far only been demonstrated for 2A-fluoro N3A-P5A-
phosphoramidates (DTm = +3 to +5 °C).3 We believe that the
explanation offered by these authors, namely a strong pre-
organization of the pentofuranose ring of the modified mono-
mers into an N-type conformation3 (Fig. 1), is viable also for
LNA,1,2 leading eventually to entropically favourable duplex
formation.4

To explore the universality of LNA-mediated nucleic acid
recognition, we decided to examine the properties of the ribo-
LNA 5A-r(GTLGATLATLGC) (LNA-1) consisting of three
thymine LNA monomers TL and six ribonucleotide monomers.
Synthesis of LNA-1 was efficiently performed by the phosphor-

Fig. 1 Structure of the thymine LNA monomer TL used in this study. LNA
is defined as an oligonucleotide containing one or more LNA monomers.
Deoxy-LNA is defined as an LNA consisting of LNA monomers and
2A-deoxynucleotide monomers. Ribo-LNA is defined as an LNA consisting
of LNA monomers and ribonucleotide monomers. Also shown is the
preferred monomer conformation in A-type duplexes (generally RNA/RNA
and DNA/RNA, N-type conformation).

Table 1 Hybridization data of LNA and reference strandsa

Entry Duplex Tm/°C DTm/°C

1 5A-d(GTGATATGC)/3A-d(CACTATACG) 28 —
2 5A-d(GTGATATGC)/3A-r(CACUAUACG) 28 —
3 5A-r(GUGAUAUGC)/3A-d(CACTATACG) 27 —
4 5A-r(GUGAUAUGC)/3A-r(CACUAUACG) 38 —
51 5A-d(GTLGATLATLGC)/3A-d(CACTATACG) 44 +5.3b

61 5A-d(GTLGATLATLGC)/3A-r(CACUAUACG) 50 +7.3c

72 5A-(GLTLGLALTLALTLGL MeCL)/3A-d(CACTATACG) 64 +4.0b/+4.1d

82 5A-(GLTLGLALTLALTLGL MeCL)/3A-r(CACUAUACG) 74 +5.1c/+4.0c

9 5A-r(GTLGATLATLGC)/3A-d(CACTATACG) 55 +9.3d

10 5A-r(GTLGATLATLGC)/3A-d(––––––T––––––) 38 —
11 5A-r(GTLGATLATLGC)/3A-d(––––––G––––––) 37 —
12 5A-r(GTLGATLATLGC)/3A-d(––––––C––––––) 34 —
13 5A-r(GTLGATLATLGC)/3A-r(CACUAUACG) 63 +8.3e

14 5A-r(GTLGATLATLGC)/3A- r(––––––C––––––) 45 —

a A = adenosine monomer, C = cytidine monomer, G = guanosine monomer, U = uridine monomer, T = thymidine monomer, MeC = 5-methylcytidine
monomer, XL = LNA monomer.1,2 Oligo-2A-deoxynucleotide sequences are depicted as d(sequence) and oligoribonucleotide sequences as r(sequence).
5A-r(GTLGATLATLGC) = LNA-1. The melting temperatures (Tm values) were obtained as the maxima of the first derivatives of the melting curves (A260

vs. temperature) recorded as described earlier.1,2 DTm values are the increases in the thermal stability per LNA monomer incorporated compared to the
corresponding reference duplex. b Compared to entry 1. c Compared to entry 2. d Compared to entry 3. e Compared to entry 4.
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amidite approach5 using ribonucleoside 3A-phosphoramidites
and thymine LNA monomer 3A-phosphoramidite.1,2§

The results of thermal melting studies are shown in Table 1
(entries 9–14). Sharp monophasic transitions were obtained in
all experiments. It is convincingly demonstrated that LNA-1
displays hitherto unseen increases in thermal stability (towards
DNA: DTm = +9.3 °C, entry 9, compared to entry 3; towards
RNA: DTm = +8.3  °C, entry 13, compared to entry 4). From
experiments targeting singly mis-matched complements (en-
tries 10–12 and 14) it is revealed that recognition by LNA-1 is
sequence selective. These results indicate that the chimeric ribo-
LNA oligomers (or possibly oligomers consisting of LNA
monomers and 2A-O-alkylribonucleotide monomers6) could
prove very useful, e.g. for optimizing the properties of antisense
oligonucleotides.

Because of the known preference for ribonucleotide mono-
mers in A-type duplexes to adopt an N-type conformation,7 and
the established preorganization of LNA monomers into an
N-type conformation,1,2‡ we had anticipated an additive effect
(though levelling off when increasing the number of LNA
monomers) on the thermal stability of duplexes involving ribo-
LNA. However, comparison of the Tm values obtained for the
fully modified LNA (entries 7 and 8) with the Tm values
obtained for LNA-1 reveals an interesting point. Thus, while
introduction of only three LNA monomers leads to increased Tm
values of +28 °C (towards DNA, entry 9) and +25 °C (towards
RNA, entry 13), the corresponding increases in Tm obtained for
the fully modified LNA were comparatively lower, namely +37
and +36 °C, respectively. In other words, the effect of
introducing six additional LNA monomers in the nonamer
amounts to a total increase in Tm of only +9 and +11 °C,
respectively. It seems from these results that an LNA monomer
profoundly effects the neighbouring ribonucleotide monomers,
probably by inducing an overall preorganization, e.g. through
increased intra-strand base stacking. A similar trend, albeit less
pronounced, can be observed from the data shown in entries 5
and 6 for the deoxy-LNA containing three TL monomers. By
comparing the Tm values of entries 5 and 9 it is revealed that the
thermal affinity towards DNA is larger for LNA-1 than for the
corresponding deoxy-LNA. This fact cannot be explained by
the shift from an RNA- to a DNA-like oligomer as the
corresponding reference Tm values are similar (28 and 27 °C,
entries 1 and 2). Instead, the above suggested effect of the LNA
monomers on the surrounding ribonucleotide monomers could
be an explanation.

Through the results reported herein and the results reported
recently,1,2 the compatibility of LNA monomers with both ribo-
and deoxyribo-nucleotide monomers (as well as the effective-
ness of fully modified LNA) for high-affinity recognition of
both DNA and RNA targets has been established. The structural
variants of LNA evaluated demonstrate the universality of
LNA-mediated nucleic acid targeting and indicate superior
nucleic acid recognition for ribo-LNA. In addition, the pivotal
role of the pentofuranose-phosphate backbone in nucleic acid

recognition processes has been stressed. Further studies on
thermodynamics and the structure of the duplexes have been
initiated in order to fully understand the remarkable properties
of LNA.
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Y. In, T. Ishida and T. Imanishi, Tetrahedron Lett., 1997, 38, 8735).
Oligomerization of these monomers was not reported.
§ LNA-1 was synthesized on a 0.2 mmol scale on a polystyrene solid support
(Pharmacia) derivatized by a cytidine monomer using a Biosearch 8750
DNA Synthesizer. The stepwise coupling yield of the thymine LNA
monomer 3A-phosphoramidite {(1R,3R,4R,7S)-7-[2-cyanoethoxy(diisopro-
pylamino)phosphinoxy]-1-(4,4A-dimethoxytrityloxymethyl)-3-(thymin-
1-yl)-2,5-dioxabicyclo[2.2.1]heptane} was > 99% (20 min couplings)
which was equivalent to the coupling yields obtained (6 min couplings) for
commercial ribonucleoside 3A-phosphoramidites {2A-O-tert-butyldimethyl-
silyl-3A-O-[2-cyanoethoxy(diisopropylamino)phosphino]-5A-O-(4,4A-
dimethoxytrityl)-2-N-(tert-butylphenoxyacetyl)guanosine (Perseptive Bio-
systems) and -6-N-(phenoxyacetyl)adenine (Biogenex)} as determined
spectrophotometrically by the release of the DMT cation after each coupling
step. After detritylation, the oligomer was cleaved from the solid support
and partly deprotected using 40% aqueous methylamine (10 min, 55 °C).
After cooling to 218 °C, the solid support was removed (centrifugation)
and washed [2 3 0.25 cm3; EtOH–MeCN–H2O (3 : 1 : 1, v/v/v)]. The
solvents were evaporated, and the residue was desilylated using a method
described earlier.8 Capillary gel electrophoresis9 was used to document the
purity of LNA-1 ( > 90%). The composition of LNA-1
[5A-r(GTLGATLATLGC)] was verified by MALDI-MS:9 [M 2 H]2 found
2932.9; calculated 2932.9. 
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Fate of the C-1A peroxyl radical in the 2A-deoxyuridine system

Chryssostomos Chatgilialoglu*† and Thanasis Gimisis*‡

I.Co.C.E.A., Consiglio Nazionale delle Ricerche, Via P. Gobetti 101, 1-40129 Bologna, Italy

The mechanism of 2-deoxyribonolactone formation from the
reaction of photogenerated 2A-deoxyuridin-1A-yl radical with
molecular oxygen in water has been investigated.

A number of agents are able to react with DNA to generate
macromolecular radical species.1 These processes are of
considerable importance since they can lead to base modifica-
tion or strand scissions. As research progresses in the area of the
mechanism of attack of oxidative DNA cleavers, it becomes
evident that hydrogen abstraction from the C-1A position is
involved in many cases.2,3 Evidence for the existence of these
radical species is mainly based on product studies,4,5 although
spectroscopic and theoretical studies have been reported.6,7

Furthermore, based on the b-(acyloxy)alkyl radical rearrange-
ment of a C-2A radical, we have suggested that C-1A radicals are
stabilized substantially by the presence of the base and that the
degree of stabilization is similar for purine and pyrimidine
moieties.8 Under aerobic conditions, however, C-1A radicals 1
afford 2-deoxyribonolactone 2 [eqn. (1)] through a number of

currently disputed pathways.1,2,5 We report herein an ex novo
synthesis of tert-butyl ketone 69 and the mechanism of the
formation of 2 [eqn. (1)].

The recently reported synthesis of 6 has two major draw-
backs:9 (i) a known psiconucleoside triol, prepared by a low
yielding, laborious procedure, is used as the precursor,10 and (ii)
a total lack of regioselectivity in the protection step of this triol
is observed. For these reasons, we used as our precursor
compound 3, readily available in diastereomerically pure form
from the corresponding protected 1A,2A-didehydro-
2A-deoxyuridine by a literature procedure.11 When 3 was treated
with (TMS)3SiH12 under normal free radical conditions, the
crystalline cyanide 4 was obtained in excellent yield (94%)
(Scheme 1).13 Short treatment of 4 with excess of ButLi yielded,
after silica gel purification, the protected tert-butyl ketone 5 as
the major product (37% yield, 45% based on recovered starting
material).§ Finally, deprotection (NH4F, MeOH, 60 °C, 24 h,
90%) produced the water soluble adduct 6.

A quartz tube containing ketone 6 (23 mg; 0.073 mmol) in
H2O (200 ml) was photolyzed with a 500 W high pressure
mercury lamp at room temperature. During the photolysis,
continuous bubbling of air through the sample ensured the
presence of O2 in the reaction mixture. After 6 h of photolysis,
1H NMR analysis (CD3CN) of the lyophilized sample indicated
a product ratio of 1 : 0.15 : 0.15 for 6 : 2 : uracil.14 The products
were derivatized with ButMe2SiCl/imidazole/DMF and isolated
by flash chromatography (hexane–ethyl acetate 9:1) to give 714

and 5 in 15 and 85% yield, respectively. GC–MS analysis of
compound 7 showed an isotopic cluster of [M 2 57]+ as
reported in Fig. 1(a). A control experiment showed that
photolysis of the sample under anaerobic conditions gave
neither compound 2 nor uracil among the products.

The oxygen source of the carbonyl in the lactone 2 was
determined by photolysis of 6 in the presence of 16O–16O and

Scheme 1 Reagents and conditions: i, (TMS)3SiH, AIBN, toluene, 80 °C,
2 h, 94%; ii, 3 equiv. ButLi, THF, 278 °C, 5 min, 37%; iii, NH4F, MeOH,
60 °C, 24 h, 90%

Fig. 1 Isotopic clusters of [M 2 57]+ from the electron impact mass spectra
of protected 2-deoxyribonolactone obtained by GC–MS analysis. (a)
Sample isolated from the reaction in H2

16O (of natural isotopic distribution).
(b) Sample isolated from the reaction in H2

18O (95 atom% 18O).
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2-deoxyribonolactone was analyzed by GC–MS. Inspection of
the mass spectrum of the isotopic cluster of [M 2 57]+, shown
in Fig. 1(b), indicates the presence of coeluting isotopomers 7
and 8. Analysis of this isotopic cluster revealed that the product
of interest contains 65 and 35% oxygen-16 and oxygen-18,
respectively. A control experiment showed that the product
lactone 2 does not exchange oxygen with the solvent under the
conditions employed.

The mechanism we envisage for the formation of the
18O-labelled 2-deoxyribonolactone is outlined in Scheme 2.
Reaction of C-1A radical 1 with O2 gives the peroxyl radical 9.
Laser flash photolysis studies showed that rate constant for
oxygen trapping of the C-1A radical is about 1 3 109 m21 s21.7
The peroxyl radical 9 decays either via a bimolecular reaction
with another peroxyl radical to generate the alkoxyl radical 10
or via a unimolecular path (heterolytic cleavage) to generate the
carbocation 11 and superoxide radical anion.15a The heterolytic
cleavage of peroxides or alternatively the reaction of electron-
rich carbon-centered radicals to give superoxide and carboca-
tions is not without precedent.15 The cationic intermediate 11
was trapped by H2

18O, thus demonstrating the partition between
the two channels. 

An important consequence of the mechanism in Scheme 2 is
that the C-1A peroxyl radical generated on DNA, in the absence
of good hydrogen donors, should mainly undergo heterolytic
cleavage since the probability that two macromolecular peroxyl
radicals meet is low. This finding accentuates the different
chemical reactivity exhibited by the C-1A radical species when
compared with the one observed in the more studied C-5A and
C-4A positions,1 a reactivity which is mainly due to the presence
of the two a-heteroatoms present in the anomeric position.
Further work on the reactions of compounds 3 and 4 with a
variety of electrophiles and on the kinetics of radical reactions
associated with the C-1A position is in progress.

We are grateful to the European Commission for a ‘Marie
Curie’ post-doctoral fellowship to T. G., to NATO for a
Collaborative Research Grant, and to Drs C. Ferreri and M.
Lucarini for helpful discussions.
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Scheme 2 Proposed mechanism for the formation of 2-deoxyribonol-
actone
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Coupling of fluoroform with aldehydes using an electrogenerated base

Rachid Barhdadi, Michel Troupel*† and Jacques Périchon

Laboratoire d’Electrochimie, Catalyse et Synthèse Organique, (UMR7582) CNRS-Université Paris 12 Val-de-Marne. 2, rue H.
Dunant, 94 320 Thiais, France

Trifluoromethylated alcohols are easily obtained in a one pot
electroreaction in which cathodic reduction of iodobenzene
generates a strong base which deprotonates fluoroform,
inducing its coupling with aldehydes.

Fluorinated molecules and particularly trifluoromethylated
compounds are widely used in the pharmaceutical or agro-
chemical fields, and much effort has been devoted to establish-
ing improved methods for the introduction into organic
substrates of fluoro or trifluoromethyl groups.

The most common reactants used to achieve trifluromethyl-
ation reactions1 are organometallic compounds, e.g. CF3Cu2

and CF3ZnX3 (X = CF3, Br, I etc.) or the Ruppert reactant
CF3SiMe3.4 These compounds are themselves generally pre-
pared from CF3I or CF3Br. The electroreduction of CF3Br is
also a convenient method to obtain trifluoromethylated deriv-
atives.5

Fluoroform CF3H is a side product of fluoroorganic chem-
istry which is not utilised in organic synthesis. Compared to
halofluorocarbons, this gas has low toxicity and is not an ozone
depleting agent, although it is a powerful greenhouse gas and
thus not a useful refrigerant. The use of CF3H in organic
chemistry is a real challenge which could turn an environmental
liability into a commercial opportunity. One hindrance is the
low reactivity of CF3H, which is a very weak acid; its pKa has
been estimated to be in the range of 25–28.6

Concerning CF3H as a source of trifluoromethyl anion, the
only chemical method reported used strong bases such as
ButOK7 or MeSOCH2K.8 An electrochemical procedure, which
involves an electrogenerated base obtained by electroreduction
of pyrrolidone, has also been described.7 These reactions allow
the synthesis of trifluoromethylated alcohols from aldehydes or
ketones via a low temperature (250 °C) two step procedure.
The solvent DMF seems to play an important role, trapping the
CF3

2 anion and giving a tetrahedral intermediate which is the
actual trifluoromethylating agent.8

We have previously shown that the reduction of aromatic
halides such as PhI or PhBr at a cathode covered with an
electrolytic deposit of cadmium generates a strong base able to
deprotonate weakly acidic molecules, inducing a coupling
reaction with electrophilic compounds.9 The present work is
devoted to the extension of this technique to the case of
fluoroform, which can then be coupled with aromatic aldehydes
under very simple and mild conditions.

The experiments were conducted as a one-step procedure. To
DMF was added Bu4NBF4 (4 3 1022 mol l21) as a supporting

electrolyte, an aromatic aldehyde ArCHO (0.5 mol l21) as the
electrophile and iodobenzene (0.5–1.5 mol l21) as the probase.
The solution, maintained at 5–10 °C, was supplied in CF3H via
slow bubbling at normal pressure.

The undivided electrochemical cell has been described
elsewhere.10 The electrolyses were carried out at constant
current (1 A dm22) using a sacrificial magnesium or aluminium
anode and a nickel grid cathode freshly coated with a small
deposit of cadmium obtained by electroreduction of CdBr2.9

We observed that the reaction required an excess of probase
and electricity to achieve full conversion of ArCHO. For
example, when the electrolysis was conducted in solutions
containing PhCHO and PhI (1 : 1), there was 30–40% residual
benzaldehyde after the iodobenzene had been consumed. This is
probably due to side reactions involving Ph2 and/or CF3

2,
which were not identified. Consequently, all syntheses were
performed in the presence of excess iodobenzene (2–3 equiv.)
allowing complete transformation of the aromatic aldehyde.
Trifluoromethylated alcohols were obtained upon standard
workup (solvent evaporation and acidic hydrolysis) and re-

Scheme 1

Table 1 Electrogenerated base mediated coupling of fluoroform with
aldehydes

Aldehyde Product Yield (%)
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CF3H +
PhI (3 equiv.)

DMF, e–

(60% GC yield)

n-C6H13Br n-C6H13CF3

CHO CH CF2CF3

OH

CF3CF2H  +
PhI (3 equiv.)

DMF, e–

(40% isolated yield)

covered in a pure form by suitable extraction and chromato-
graphy on silica gel, and characterised by mass, 1H NMR and
19F NMR analysis.

The reaction pathway corresponds to that shown in Scheme 1.
Our results, presented in Table 1, show that various aromatic
aldehydes yield the corresponding trifluoromethylated alcohols
in moderate to good yields. A limitation of this one-pot reaction
is that the aldehyde cannot be more easily reduced than the
probase PhI. Indeed, when starting from easily reducible
compounds, e.g. o-, m- or p-(a,a,a-trifluoromethyl)-
benzaldehyde, the sole product recovered is the corresponding
pinacol. This would also explain the low yield obtained from
2-methoxybenzaldehyde (see Table 1), for which a large
amount of pinacol was detected. For aliphatic aldehydes, we
achieved success only with pivalaldehyde, as enolizable
compounds mainly gave aldolisation products.

Our method is also suitable for the trifluoromethylation of
alkyl halides. (Scheme 2). Finally, we have also proved that

fluorocarbons other than fluoroform can be used. One example
is the coupling of pentafluoroethane with benzaldehyde
(Scheme 3).
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Nickel indenyl complexes as precatalysts for dehydropolymerization of
phenylsilane

Frédéric-Georges Fontaine, Talin Kadkhodazadeh and Davit Zargarian*

Département de Chimie, Université de Montréal, Montréal, Québec, Canada H3C 3J7

The complex (1-MeInd)Ni(PPh3)Cl reacts with AgBF4,
AlCl3, methylaluminoxane, or LiAlH4 to produce inter-
mediates which catalyze the dehydropolymerization of
PhSiH3.

Polysilanes have attracted a great deal of interest in recent years
primarily because of their potential applications in optoelectric
devices and as precursors to silicon carbide ceramics.1 The
initial discovery of transition metal-catalyzed dehydropolymer-
ization of silanes2 and the subsequent development of a class of
efficient catalysts for this reaction3 have shown that this
approach holds great promise as a viable method for preparing
high molecular mass polysilanes. Some of the best systems
reported to date are derivatives of group 4 metallocenes which
polymerize primary aromatic silanes to yield linear polysilanes
with Mn on the order of 7000 (about 100 monomers), in addition
to cyclic oligomers.4 Most late metal complexes, on the other
hand, redistribute silanes or couple them to give oligomers only
(dimers, trimers, etc.);5 notable exceptions are some complexes
of platinum metals which polymerize aliphatic silanes6 and
cyclic silanes such as silicon-bridged ferrocenophanes7 and
silafluorene.6 In the course of our studies on the complexes
(Ind)Ni(PPh3)X (Ind = indenyl, 1-methylindenyl; X = Cl, Br,
Me)8 and [(Ind)Ni(PPh3)LA]+ (LA = PPh3, PMe3, MeCN)9 we
have found the first example of a late metal compound capable
of catalysing the polymerization of PhSiH3 to linear chains
containing about 30–80 monomeric units, as described below.

Although PhSiH3 does not react with (1-MeInd)Ni(PPh3)Cl,
1, addition of AgBF4 to their mixture caused an immediate
colour change (wine-red to black) and a vigorous evolution of
gas (presumably H2). The work-up‡ of the reaction mixture
after 24 h gave an oily white solid which showed a 1H NMR
spectrum typical§ of poly(phenylsilylene); GPC¶ analysis
showed that this material contained (PhHSi)n with Mw = 2017
and Mn = 1469 (Table 1, run 1). Using AlCl3 as initiator gave
shorter oligomers∑ (run 2) while methylaluminoxane (MAO)
gave comparable results to AgBF4 (run 3). The higher solubility
of MAO allows the reactions to be carried out at lower

temperatures or in toluene, both of which give improved results
(runs 4 and 5).

The formation of Si–Si bonds is rapid at the outset of the
reaction but slows down considerably after about 30 min, such
that the build-up of higher chains (Mn ca. 2000–3000) takes
several hours. Extending the reaction time to 7 days results in
significantly higher molecular mass polyphenylsilanes for
reactions carried out in CH2Cl2 (run 3 vs. run 6), but is not
advantageous for reactions carried out in toluene (run 5 vs. run
7). This difference may be related to the higher solubility and/or
stability of the catalytically active species (presumably a cation)
in CH2Cl2 as compared to toluene.** This feature differentiates
the present nickel complexes from some of the group 4
metallocene-based catalysts which decompose in chlorinated
solvents.4b

The amount of solvent is also an important factor in the
dehydropolymerization of silanes: the best results are normally
obtained with very little or no solvent at all, which favours
linear chain growth over the formation of cyclic oligomers.3b,4a

We found, however, that very concentrated solutions (about 4 m
in silane) result in the formation of intractable polymers,
implying perhaps a significant degree of cross-linking caused
by the coupling of backbone Si–H groups. It appears, therefore,
that dilute conditions are better for obtaining polysilanes in this
Ni system.

The most likely candidates for the catalytically active species
in our system are cationic Ni–H or Ni–SiR3 species, but we have
not succeeded in detecting or isolating any such intermediates.
We have found, however, that complex 1 reacts with LiAlH4 to
give an intermediate (presumably a neutral Ni–H species)††
which can polymerize PhSiH3 (run 8). These reactions are very
sensitive to solvent polarity (run 9), temperature (run 10), and
reaction time (run 11), probably reflecting the limited solubility
of LiAlH4. Since LiAlH4 can initiate the polymerization of
PhSiH3 and is also used in its preparation from PhSiCl3,10 we
decided to explore the possibility of conducting these two steps
consecutively in one pot. Thus, reacting PhSiCl3 with an excess
of LiAlH4 and adding this mixture to a dilute Et2O solution of

Table 1 Dehydropolymerization of PhSiH3 with (1-MeInd)Ni(PPh3)Cla

Run Initiator Solvent [Ni] : init. : Si t/d 1023 Mw 1023 Mn Mw/Mn

1 AgBF4 CH2Cl2 1 : 10 : 90 1 2.0 1.5 1.37
2 AlCl3 CH2Cl2 1 : 9 : 90 1 1.3 0.6 2.13
3 MAO CH2Cl2 1 : 9 : 100 1 1.8 1.1 1.69
4 MAO CH2Cl2 1 : 9 : 100 1 4.4 2.5 1.80

(240 °C)
5 MAO Toluene 1 : 9 : 100 1 4.8 2.9 1.64
6 MAO CH2Cl2 1 : 9 : 100 7 7.1 5.9 1.20
7 MAO Toluene 1 : 9 : 100 7 5.0 3.2 1.57
8 LiAlH4 CH2Cl2 1 : 4 : 94 1 2.0 1.6 1.21
9 LiAlH4 Toluene 1 : 3 : 100 1 0.6 0.5 1.24

10 LiAlH4 CH2Cl2 1 : 3 : 100 1 0.7 0.5 1.58
(240 °C)

11 LiAlH4 CH2Cl2 1 : 4 : 94 7 3.6 1.6 2.27

a The initial concentration of PhSiH3 was 0.15 m in all experiments; the yields were > 90% in all cases except run 9 for which the yield was 35%.

Chem. Commun., 1998 1253



1 produced the usual colour change accompanied by vigorous
evolution of gas.‡‡ The mixture of (PhHSi)n obtained from this
reaction was shown to have Mw = 7565 and Mn = 1541 (Mw/
Mn = 4.9).

In conclusion, complex 1 reacts with cationic initiators or
LiAlH4 to form species which catalyze the dehydropolymeri-
zation of (PhSiH)n with molecular masses and
polydispersities comparable to those obtained from the best
early metal systems.3,4 Some interesting features of this nickel
system include no introduction period, good activity at ambient
or lower temperatures, tolerance of chlorinated solvents, and
relatively narrow polydispersities (e.g., run 6). Studies aimed at
elucidating the mechanism of this reaction are in progress.

The authors gratefully acknowledge NSERC (Canada) for
financial support of this work, Professors T. D. Tilley and J. F.
Harrod for valuable discussions, and Professor Bruce Arndtsen
and Ngiap Lim for the use of their GPC.

Notes and References

† E-mail: zargarian.davit@umontreal.ca
‡ The work-up procedure consisted of passing a toluene solution of the
reaction mixture, with or without pre-treatment with methanol, through a
short column of Celite, followed by evaporation and analysis by 1H NMR
and GPC.
§ 1H NMR spectra of (PhSiH)n (CDCl3, 300 MHz) contain Si–H resonances
at d ca. 3.7 for cyclic oligomers and broad signals centred around d 5 for the
linear polysilanes. These resonances appear ca. 1 ppm more downfield in
C6D6.11

¶ The molecular masses were determined with a Waters Associates 600E
Chromatograph equipped with a refractive index detector (Waters 410
differential refractometer) and Styragel HR 0.5, HR 2, and HR 4 columns in
THF calibrated against a polystyrene standard. The manipulation of the
peaks was done using the Waters Millennium Chromatography Manager
2010 v2.15 software.
∑ We speculate that the lower molecular masses obtained from the AlCl3-
initiated reactions may be caused by secondary reactions promoted by AlCl3
(e.g., silane redistribution or Cl transfer to silane chains).
** A reviewer has suggested that higher molecular mass values in run 6 may
arise instead from the conversion of some of the Si–H bonds in the
polysilane to Si–Cl as a result of being in contact with CH2Cl2 for a few
days; the Si–Cl bonds would then be converted to siloxanes during the
work-up. Although free radical halogenation of (PhSiH)n has been
observed12 to occur in CCl4 and CBr4, it seems to us that such reactions
should be less likely in CH2Cl2. Nevertheless, this possibility can not be
ruled out, and we caution the reader that the polysilanes obtained in runs 6
may not be pure (PhSiH)n.
†† In our attempts to isolate Ni–H species, we have noted that reacting
complex 1 with H2 sources produces a black compound which shows a

fleeting signal at d ca. 224 in its 1H NMR spectrum; the isolation of this
compound, however, has eluded us so far.
‡‡ The ratio of PhSiCl3 : LiAlH4 was ca. 1 : 1.3, the reaction was run for four
days, and the yield was 80%.
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Crystallographic characterization of the helical diketone, C36H14O2, a new
product from the flash vacuum pyrolysis of decacyclene in the presence of
oxygen

Saeed Attar, David M. Forkey,† Marilyn M. Olmstead and Alan L. Balch*‡

Department of Chemistry, University of California, Davis, California 95616, USA

The helical diketone, C36H14O2, is formed during the flash
vacuum pyrolysis of decacyclene in the presence of oxygen
and has been characterized by X-ray crystallography.

The synthesis and properties of non-planar, polycyclic hydro-
carbons that mimic structural motifs within the fullerenes have
recently received considerable attention.1 While the chemical
reactivity of the fullerenes themselves is so far largely confined
to reactions on the outer surface of the molecule,2 the
availability of fullerene-shaped hydrocarbons allows the ex-
ploration of the chemical behavior of not only the convex
exterior but also the concave interior as well as the edges of
these curved molecules. The high temperature (1250 °C) flash
vacuum pyrolysis (FVP) of deacyclene 1, as described by Scott
and co-workers, produces the fullerene-shaped hydrocarbon
C36H12 2, along with two related products, 3 and 4, as shown in
Scheme 1.3 Crystallographic characterization of 2 reveals that
its structure closely resembles that of C60, with a degree of
pyramidalization of the central carbon atoms at the base of the
bowl that slightly exceeds that of the fullerene but with some
outward splaying at the rim of hydrogenated carbon atoms.4
Here we describe the identification of another product, the
helical diketone 5, that can form in this pyrolytic process
through oxidation.

During several preparations of 2 by flash vacuum pyrolysis of
decacyclene with subsequent chromatographic separation of the
soluble products,3 we noted that the contents of the second
chromatographic band, the one that usually contained the
doubly closed bowl 3, changed when air leaked into the
pyrolysis system. Further examination of this band revealed the
presence of a new compound, the diketone 5, (Chem. Abstr.,
Index Name, cyclopenta[pqr]naphth[2A,1A,8A : 5,6,7]-as-inda-
ceno[1,2,3,4-tuva]picene-15,16-dione) which was produced in
yields of ca. 0.3–0.5%.

The dione 5 has been fully characterized via both spectro-
scopic§ and X-ray crystallographic data. Because of the
similarities in molecular symmetry and structure, the dione 5
and the doubly closed bowl 3 show comparable but different
features in their 1H NMR spectra. Orange crystals of
C36H14O2·1.125 CH2Cl2·0.75 MeOH·0.25 H2O readily form
through the diffusion of MeOH into CH2Cl2 solution of the
compound.¶ Two views of the molecule are shown in Fig. 1.
Bond distances within the molecule are given in Table 1.

Although the molecule has no crystallographically imposed
symmetry, it is divided into two nearly identical halves with an
approximate two-fold axis that passes through the C(13)–C(33)
bond. The two C–O distances are consistent with the diketone

Scheme 1

Fig. 1 A perspective view of an isolated molecule of C36H14O2 with 50%
thermal contours. The top view looks down on the nearly flat surface of the
molecule while the lower view emphasizes the non-planarity and helicity of
the region near the two oxygen atoms.
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formulation, and the four immediately adjacent C–C bonds are
the longest C–C bonds in the molecule. The dione 5 is not planar
but has a slight helical twist, as shown in the lower part of Fig. 1.
This helicity arises from the juxtaposition of the two oxygen
atoms, which bend away from one another to avoid unduly close
contact. The non-bonded O···O distance in 5 is 2.708 (6) Å.
Fig. 2 shows the distances of the various carbon atoms from the
mean plane of the carbon atoms in 5. Although individual
molecules of 5 are chiral, each crystal is a racemate of the two
M and P enantiomers.

In the solid state, the individual molecules of 5 pack in
columns along the b axis as shown in Fig. 3. Within each

column, all molecules have like chirality. However, there are
inversion centers between the columns, so that adjacent
columns have opposite chiralities. The packing conforms to the
b motif, which is one of the four packing arrangements found
for polynuclear aromatic hydrocarbons.5,6 The motif is charac-
terized by a short b screw axis and graphitic planes. The bmotif
is the one utilized by polynuclear aromatic hydrocarbons that
are, like the diketone 5, non-planar.

The formation of the diketone 5 during our flash vacuum
pyrolysis of decacyclene has been traced to a leak in the gas
inlet system that allowed air to enter the gas stream during
pyrolysis. It is likely that 5 formed from oxidation of the doubly
closed bowl 3, since 5 and 3 are related by cleavage of one of the
C–C bonds on the periphery of the corannulene-like portion of
3. However, as indicated by mass spectroscopic and NMR data,
the doubly closed bowl 3 is not converted into 5 during the
general workup of the pyrolysis products, nor does exposure of
a solution of 3 to one atmosphere of O2 in CHCl3 solution for 30
min under room light lead to the formation of the dione 5. Those
pyrolysis reactions that produced 5 yielded little or none of the
doubly closed bowl 3, but did produce 2. The C–C bonds on the
edges of these non-planar hydrocarbons are subject to consider-
able strain, and as the present case reveals, cleavage of just one
such bond in 3 can result in the formation the nearly planar
dione 5, with considerable release of strain. In a related study,
cleavage of a carbon–carbon bond on the periphery of the
semibuckminsterfullerene, C30H12 6, has been observed in its
reaction with (Ph3P)2Pt(C2H4).7 Clearly the chemistry of these
non-planar hydrocarbons that are related to fullerenes deserves
continued attention,8 and reactivity at the edges is likely to be a
prominent feature.

We thank the National Science Foundation (Grant CHE
9610507) for financial support and Professor G. Stanley for a
preprint of ref. 7.

Notes and References

† On leave from the Department of Chemistry, California State University,
Sacramento, CA 95819, USA.
‡ E-mail: albalch@ucdavis.edu
§ Selected data for 5: dH(300 MHz; CDCl3) 7.98 (d, 2 H, J 9.0), 7.93 (d, 2
H, J 7.2), 7.74 (d, 2 H, J 8.7), 7.61 (d, 2 H, J 8.7), 7.59 (d, 2 H, J 8.1), 7.40
(d, 2 H, J 9.0), 7.39 (dd, 2 H, J 8.1 and 7.2); nmax/cm21 1720 (CNO); m/z
478.5 (M+).
¶ Crystal data for 5: Orange needles of C36H14O2·1.125 CH2Cl2·0.75
MeOH·0.25 H2O, clinic, space group P21/c, a = 17.469(4), b = 3.8213(8),
c = 38.627(9) Å, b = 95.18(2)°, T = 130(2) K, Z = 4, Cu-Ka radiation (l
= 1.54178 Å). Refinement of 3372 reflections and 406 parameters yielded
wR2 = 0.2138 for all data and a conventional R1 = 0.071 based on 2120
reflections with I > 2s(I). The largest peak and hole in the final differnece
map are 0.40 and 20.57 e Å23. CCDC 182/865.

In contrast, crystals of the doubly closed bowl, C36H4 3, precipitate as
orange needles with a hexagonal form. A data set was collected with the
crystal indexed in the trigonal R crystal system; a = b = 20.076 (4), c =
4.2691 (8) Å. Attempts to solve the structure failed, probably because of
twinning.
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Table 1 Bond lengths for C36H14O2

Bond Distance/Å Bond Distance/Å

O(1)–C(1) 1.205(7) O–(2)–C(25) 1.204(7)
C(1)–C(2) 1.526(9) C(24)–C(25) 1.528(8)
C(2)–C(3) 1.366(8) C(23)–C(24) 1.354(9)
C(3)–C(4) 1.421(9) C(22)–C(23) 1.422(9)
C(4)–C(5) 1.378(8) C(21)–C(22) 1.371(9)
C(5)–C(6) 1.421(8) C(20)–C(21) 1.419(9)
C(6)–C(7) 1.412(8) C(19)–C(20) 1.428(9)
C(7)–C(8) 1.368(9) C(18)–C(19) 1.363(9)
C(8)–C(9) 1.461(8) C(17)–C(18) 1.452(8)
C(9)–C(10) 1.443(8) C(16)–C(17) 1.441(8)
C(10)–C(11) 1.425(8) C(15)–C(16) 1.441(8)
C(11)–C(12) 1.372(9) C(14)–C(15) 1.366(9)
C(12)–C(13) 1.440(8) C(13)–C(14) 1.436(9)
C(1)–C(29) 1.526(8) C(25)–C(26) 1.516(8)
C(28)–C(29) 1.371(8) C(26)–C(27) 1.375(8)
C(27)–C(28) 1.514(8) C(24)–C(36) 1.396(9)
C(2)–C(30) 1.403(8) C(20)–C(36) 1.411(8)
C(6)–C(30) 1,415(8) C(26)–C(35) 1.436(8)
C(29)–C(31) 1.449(8) C(17)–C(35) 1.399(8)
C(9)–C(31) 1.382(8) C(35)–C(36) 1.406(9)
C(30)–C(31) 1.401(8) C(27)–C(34) 1.460(9)
C(28)–C(32) 1.436(8) C(16)–C(34) 1.385(8)
C(10)–C(32) 1.399(8) C(33)–C(34) 1.392(8)
C(32)–C(33) 1.395(8) C(13)–C(33) 1.390(8)

Fig. 2 Deviations (in 0.01 Å) of the atomic positions from the mean
molecular plane for C36H14O2

Fig. 3 A view of the solid state packing in C36H14O2
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A starburst porphyrin polymer: a first generation dendrimer

Tyler Norsten and Neil Branda*†

Department of Chemistry, University of Alberta, Edmonton, AB, Canada T6G 2E1

Tetra(chlorobenzyl)porphyrin 3b reacts with 4 equiv.
hydroxyphenylporphyrin 2 to give the first example of a
pentaporphyrin that can be considered to be a first
generation dendrimer.

Porphyrins and metalloporphyrins are fascinating chromo-
phores due predominantly to the fact that their photophysical
behaviour is sensitive to the type and position of substitution
within or around the ring, as well as the presence of
neighbouring porphyrins or other chromophore centres. To
better understand the complexity of the electronic or photonic
communication between porphyrins,1 covalently linked conju-
gated2 and non-conjugated3 oligomeric porphyrin assemblies,
as well as non-covalently linked supramolecular chromophoric
assemblies4 have been prepared and studied. These short,
multiply linked chromophoric polymers are successfully paving
the way to a better understanding of the fundamental inter-
actions between neighbouring porphyrin centres.

Dendrimers are a specific class of compounds that comprise
one of the fastest growing areas of polymer research.‡5 These
hyperbranched starburst polymers differ from their traditional
linear counterparts in that the repeating units cascade outwardly
from a central core rather than elongating in a linear fashion.
The attraction here is that as successive generations are iterated,
dendrimers become increasingly globular and exhibit intriguing
structural properties such as internal voids and cavities created
by the multiple branches folding back upon themselves.
Knowing this, we were surprised when we could not find any
examples of a fully porphyrinic dendrimer. There are several
examples of the two extreme cases: (1) multiple porphyrins
covalently linked onto a non-porphyrin core,6 and (2) non-
porphyrin dendrimer branches fused to a singular porphyrin
core.7 Here we report the first example of a dendrimer where the
core and repeating polymeric unit are themselves both por-
phyrins. It is hoped that this new class of branched chromo-
phores will combine the advantages of the hybrid properties of
both porphyrins and dendrimers.

With a divergent§ synthetic approach in mind, the polymeric
cycle leading to dendrimer 1 was designed to consist of ester-
reduction, activation of the resulting alcohol and coupling to
form an ether linkage. The ether linkage was chosen because of
its chemical stability towards a wide range of synthetic
conditions including those required for future iterations.
Another attractive feature of this approach is that both the
precursor to the active core 3b [meso-tetrakis(4-methoxy-
carbonylphenyl)porphyrin 3a] and the repeating unit
[5,10,15-tris(methoxycarbonylphenyl)-20-(4-hydroxyphenyl)-
porphyrin 2] can be prepared in the same one-pot procedure as
previously reported.8 Porphyrins 2 and 3a are easily separated
and purified by trituration with acetone followed by column
chromatography (SiO2). Porphyrin 3a was reduced9 with
LiAlH4 and the resulting tetraalcohol chlorinated10 to give the
core 3b following known procedures. The first generation
dendrimer 1 was prepared from building blocks 2 and 3b in one
step as outlined in Scheme 1, by coupling 4 equiv. 2 to 1 equiv.
3b in the presence of NaOH in DMF at 80–100 °C for 24 h.
Pentaporphyrin 1 was isolated as a purple solid in 48% yield
after purification by column chromatography (SiO2, CHCl3–2%
CH3CN) and by GPC.

Pentaporphyrin 1 was highly soluble in a wide range of
organic solvents such as THF, CHCl3 and CH2Cl2. It is

Scheme 1 Reagents and conditions: i, LiAlH4, THF, reflux; ii, SOCl2; iii,
NaOH, DMF, 80–100 °C; iv, Zn(OAc)2·2H2O, MeOH, CHCl3
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interesting to note that it is in fact significantly more soluble
than either building blocks 2 or 3. The pentaporphyrin 1
displays 12 divergent ester groups suitable for submission to
future dendrimeric cycles.

The first generation dendrimer 1 was characterized by
MALDI-TOF mass spectrometry and 1H NMR and UV–VIS
absorption spectroscopies. The 1H NMR and COSY spectra of
1 in CDCl3 are consistent with the assigned structure. A
significant difference is observed for the resonances of the two
core porphyrin N–H hydrogens (22.61 ppm) and the eight
porphyrin N–H hydrogens located within the peripheral por-
phyrins (22.75 ppm) of the starburst. Molecular modeling
suggests that the radial porphyrin arms are capable of folding
back towards the core of the starburst molecule; however,
ROSEY NMR studies show no long-range communication.
Minimum energy calculations predict that the four radially
linked porphyrins ideally exist in a propeller type arrangement
around the core with an edge-to-edge distance of 61 Å. The
dendrimer exists in the nanoscale range after only one
generation!

The MALDI-TOF mass spectrum of 1 shows a peak at 3883.7
mass units (mu) corresponding to the parent ion [M + H], this is
in accordance with the calculated value of 3883.3 mu for
C248H174N20O28. Also evident are fragmentation peaks sepa-
rated by 804 mu at 3079, 2275 and 1471 mu corresponding to
the consecutive loss of a peripheral porphyrin from the central
core (Fig. 1).

The UV–VIS spectrum of the porphyrin dendrimer in CHCl3
shows absorption maxima at 424 (2 140 000),¶ 517 (74 200),
552 (38 200), 591 (23 700) and 647 (17 400) nm. The
absorption spectrum of 1 appears to resemble the sum of
appropriate model compounds.∑ Studies to quantify any subtle
shifts in absorption and changes in molar extinction coefficients
are currently under way.

The pentametallo zinc derivative 1–Zn5 was cleanly prepared
by treating a CHCl3 solution of the free base dendrimer with an
excess of a saturated MeOH solution of Zn(OAc)2·2H2O. The
MALDI-TOF mass spectrum of 1–Zn5 is consistent with the
replacement of the 10 porphyrin hydrogen atoms by five zinc

atoms, as is the 1H NMR spectrum with the disappearance of the
eight peripheral porphyrin hydrogens at 22.75 ppm and the two
core hydrogens at 22.61 ppm. As expected, the addition of five
metals to the dendrimer greatly decreased its solubility in
chlorinated solvents (CH2Cl2 and CH3Cl), however 1–Zn5
remained highly soluble in THF.

The starbursts 1 and 1–Zn5 represent the birth of a new type
of dendrimeric framework. It will be interesting to see what
electronic or photonic applications the future holds for the next
generation.

We are grateful to Dr David Schriemer for his help with the
MALDI-TOF mass spectrometry studies and to the Natural
Sciences and Engineering Research Council of Canada for
financial support.
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Fig. 1 MALDI-TOF mass spectrum of first generation porphyrin dendrimer
1 showing the parent mass peak [M + H] as well as peaks corresponding to
the sequential loss of one peripheral porphyrin (unshaded polygons) from
the central core porphyrin (shaded polygon). All-trans-retinoic acid was
used as the matrix without added cation.11 Synthetic peptides bracketing the
mass of interest (4000 mu) were used as external standards for calibra-
tion.
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Nucleophilic substitution of optically active 1-alkoxypolyfluoroalkyl sulfonates

Hiroshi Matsutani,a Hervé Poras,a Tetsuo Kusumoto*a† and Tamejiro Hiyamab

a Sagami Chemical Research Center, Nishiohnuma, Sagamihara, Kanagawa 229-0012, Japan
b Department of Material Chemistry, Graduate School of Engineering, Kyoto University, Yoshida, Kyoto 606-8501, Japan

Reaction of 1-alkoxypolyfluoroalkyl sulfonates with lithium
tetraalkylaluminates gives stereospecifically alkylated pro-
ducts with a high degree of inversion of configuration; in
contrast, the ees of the resulting ethers are slightly reduced
in the reaction with trialkylaluminium reagents.

Chiral acetals are versatile building blocks for the synthesis of
biologically active agents and functional materials.1 However,
few optically pure compounds are known whose acetal carbon
only is chiral.2 We have recently reported that the Baeyer–
Villiger reaction of optically active a-alkoxyalkyl ketones
affords optically active 1-alkoxyalkyl carboxylates. The result-
ing acetals undergo the substitution reaction with lithium
dialkylcuprates in the presence of BF3·OEt2 to give optically
active alkoxyalkanes with inversion of configuration.3 We
undertook to expand the concept to trifluoroacetaldehyde
because fluorinated chiral compounds are receiving increasing
attention in view of their remarkable biological and physical
properties.4 Furthermore, the nucleophilic C–C bond-forming
substitution reaction at a carbon bearing a trifluoromethyl group
with inversion of configuration is unprecedented.5,6 We report
herein a nucleophilic substitution of optically active 1-alkoxy-
polyfluoroalkyl sulfonates with an organoaluminium reagent7
to give optically active alkoxypolyfluoroalkanes with a high
degree of inversion of configuration.

Optically active 1-alkoxypolyfluoroalkyl sulfonates were
prepared according to Scheme 1. Trifluoroacetaldehyde or
heptafluorobutanal was liberated in situ from hemiacetal 1a or
hydrate 1b, respectively, and allowed to react with benzyl
alcohol to give racemic hemiacetal 2a or 2b, which was
converted to the corresponding sulfonate with alkane- or arene-
sulfonyl chloride, triethylamine and DMAP.5a,8 The resulting
hemiacetal derivatives were resolved by HPLC (Daicel CHIR-
ALPAK AD or CHIRALCEL OD) to afford (+)- and (2)-3a–d.
Alternatively, (S)-(+)-3a (79% ee‡) was prepared by asym-
metric addition of benzyl alcohol to trifluoroacetaldehyde using
an (R)-binaphthol–titanium(iv) complex9 followed by mesyla-
tion at 0 °C.10

With sulfonates 3a–d in hand, we then studied C–C bond-
forming reactions using various organometallic reagents. In
contrast to the corresponding acetaldehyde acetals,3,11 3a did

not react with Bu2CuLi·LiI/BF3·OEt2. However, treatment of
(R)-(2)-3a (61% ee) with AlEt3 in toluene at 220 °C gave
(2)-2-benzyloxy-1,1,1-trifluorobutane 4a in 66% yield with
46% ee [eqn. (1) and Table 1, entry 1]. Since the absolute

configuration of ether (2)-4a is S and that of mesylate (2)-3a
is R,§ we conclude that the reaction has proceeded with
inversion of configuration. This is the first observation of a
stereospecific nucleophilic substitution reaction giving C–C
bond formation at a CF3-substituted carbon with inversion of
configuration, although the enantiomeric excess (ee) of 3a was
slightly lost in 4a. This observation suggests that Lewis acid
AlEt3 induced the formation of an oxocarbenium ion inter-
mediate, which led to racemization to some extent.3 After some
trials, we were delighted to find that the use of LiAlEt412 instead
of AlEt3 gave (R)-(+)-4a in 59% yield with 83% ee, starting
from (S)-(+)-3a (83% ee).¶ It is noteworthy that the ster-
eochemical integrity of the substrate was completely main-
tained (Table 1, entry 2). Thus, the Lewis acidity of the
organometallic reagent affects significantly the stereochemical
course of the reaction.

To demonstrate the generality of the substitution reaction,
optically active sulfonates 3a–c were allowed to react with
various organoaluminium reagents. The results are summarized
in Table 1. The chirality transfer, i.e. the ratio of (% ee of 4)/(%
ee of 3), is shown also. Using AlEt3, benzenesulfonate
(R)-(2)-3b∑ gave ether (S)-(2)-4a with 76% chirality transfer
(entry 3). On the other hand, the same substrate reacted
stereospecifically with LiAlEt4 with 97% chirality transfer
(entry 4). Similar results were obtained with optically active
tosylate 3c (entry 5 and 6). Reaction of (S)-(+)-3c∑ (100% ee)
with LiAlEt4 gave (R)-(+)-4a with 98% ee. Similarly, AlMe3,
AlBun

3, and AlBui
3 reacted stereospecifically with optically

active tosylate 3c, while the corresponding aluminates
(LiAlMe4, LiAlBun

4 and LiAlBui
4) reacted with higher stereo-

specificity (entries 8, 10 and 12 vs. entries 7, 9 and 11). The low
yield of ether 4b may be attributed to the poor solubility of
LiAlMe4 in toluene (entry 8, Table 1).

Optically active 1-benzyloxy-2,2,3,3,4,4,4-heptafluorobutyl
toluene-p-sulfonate 3d derived from heptafluorobutanal also
reacted with organoaluminium reagents stereospecifically (en-
tries 12 and 13). Treatment of 3d with AlBui

3 afforded optically
active ether 4e with 23% chirality transfer in low yield. In
contrast, 3d reacted with LiAlBui

4 with 84% chirality transfer.
Although the absolute configurations of sulfonate 3d and ether
4e remain to be determined, the reaction may be assumed to
have proceeded with inversion of configuration as in the cases
of 3a–c.Scheme 1
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(R)-(+)-4c (91% ee) (R)-(+)-6

[a]D20 +25 (c 1.4, MeOH)

5% Pd–C / H2

EtOH
65% yield

(2)
BnO Bun

CF3

HO Bun

CF3

The versatility of the present reaction is demonstrated by the
transformation of the products to optically active 1,1,1-tri-
fluoroalkan-2-ols [eqn. (2)]. Hydrogenolysis of benzyl ether

(R)-(+)-4c removed the benzyl moiety to furnish
(R)-(+)-1,1,1-trifluorohexan-2-ol 613 which is a key chiral
building block of antiferroelectric liquid crystalline materi-
als.14
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of 3 (0.25 mmol) in toluene (2.5 ml). The reaction mixture was stirred for
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Table 1 Nucleophilic substitution of optically active 1-alkoxypolyfluoroalkyl sulfonates using organoaluminium reagents

Chirality
Entry Substrate Ee (%) ‘AlR’ T/°C t/h Product Yield (%) Ee (%) transfer (%)a

1 (R)-(2)-3ab 61 AlEt3 220 0.5 (S)-(2)-4ad 66 46 75
2 (S)-(+)-3ab,c 83 LiAlEt4 0 1.5 (R)-(+)-4ad,e 59 83 100
3 (R)-(2)-3bf 93 AlEt3 220 0.5 (S)-(2)-4ad 57 71 76
4 (R)-(2)-3bf 98 LiAlEt4 0 1.5 (S)-(2)-4ad 61 95 97
5 (S)-(+)-3cf 100 AlEt3 220 0.5 (R)-(+)-4ad 75 82 82
6 (S)-(+)-3cf,g 100 LiAlEt4 0 1.5 (R)-(+)-4ad,h 69 98 98
7 (R)-(2)-3cf 91 AlMe3 220 0.5 (S)-(2)-4bi 66 69 76
8 (R)-(2)-3cf 90 LiAlMe4 0–40 2.5 (S)-(2)-4bi,j 26 78 87
9 (R)-(2)-3cf 92 AlBun

3 220 0.5 (S)-(2)-4ck 67 72 78
10 (S)-(+)-3cf 100 LiAlBun

4 r.t. 1.0 (R)-(+)-4ck,l 62 90 90
11 (R)-(2)-3cf 94 AlBui

3 220 0.5 (S)-(2)-4dm 76 61 65
12 (S)-(+)-3cf 100 LiAlBui

4 0 1.5 (R)-(+)-4dm,n 46 93 93
13 (2)-3d 98 AlBui

3 220 0.5 (2)-4e 17 23 23
14 (+)-3do 100 LiAlBui

4 45 2.0 (+)-4ep 43 84 84

a See text. b The absolute configuration was assigned on the basis of the optical rotation of (S)-(+)-3a prepared using an (R)- binaphthol–titanium(iv) complex
(ref. 9 and 10). c [a]20

D +46 (c 1.0, CHCl3). d The (S)-isomer prepared from (S)-3,3,3-trifluoro-1,2-epoxypropane 5 showed [a]20
D 240 (c 1.0, CHCl3). e [a]20

D

+41 (c 1.0, CHCl3). f The absolute configuration was estimated by analogy with entries 1 and 2. g [a]20
D +38 (c 1.0, CHCl3). h [a]20

D +51 (c 1.0, CHCl3). i The
(S)-isomer prepared from 5 showed [a]20

D 215 (c 1.0, CHCl3). j [a]20
D 214 (c 1.0, CHCl3). k The (S)-isomer prepared from 5 showed [a]20

D 237 (c 1.1, CHCl3).
l [a]20

D +43 (c 1.1, CHCl3). m The (S)-isomer prepared from 5 showed [a]20
D 239° (c 1.0, CHCl3). n [a]20

D +49 (c 1.0, CHCl3). o [a]20
D +33 (c 1.1, CHCl3).

p [a]20
D +25 (c 1.0, CHCl3).
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Linear fused oligoporphyrins: potential molecular wires with enhanced
electronic communication between bridged metal ions

Laurent Jaquinod, Olivier Siri, Richard G. Khoury and Kevin M. Smith*†

Department of Chemistry, University of California, Davis, CA 95616, USA

Syntheses of nanometer scale, directly beta-fused oligo-
porphyrins sharing an extended p-system are described.

One-dimensional oligomers containing photoactive and/or
redox-active units allow the possibility of long distance
delocalization of electron density and metal–metal interactions
between multiple metal centres.1 These appealing architectures
may present a range of interesting opportunities based on
energy- and electron-transfer processes involving communica-
tion along and between these units. Such ‘photonic molecular
wires’ based on side-to-side oligomerization of meso-function-
alized porphyrins have been studied and have been shown to
absorb light at one end of an array of porphyrins and then emit
a different photon at the other end.2 Crossley and Burn outlined
criteria which these molecular wires need to meet, and
described a synthetic approach to rigid p conjugated porphyrin-
based molecular wires.3 These oligoporphyrins, in which
individual porphyrin rings are bridged by coplanar aromatic
systems, were synthesized by sequential condensation of
porphyrin-2,3-diones and/or porphyrin-2,3,12,13-tetraones
with aromatic ortho-diamines. The versatility of this method-
ology was further demonstrated in the recent synthesis of
thiophene appended porphyrins4 and donor bridge-acceptor
systems involving porphyrin and phenanthroline.5 However, the
conjugation pathway through bridged oligoporphyrins does not
exhibit a large fully-delocalized aromatic network which could
possibly give rise to metallic type conduction, and could rather
be described as a series of weakly-interacting chromophore
conjugation loops.6 Directly fused oligoporphyrins sharing a
common extended p electron system have not been yet
synthesized. We now describe their synthesis based on pyrrolo-
fused porphyrin building blocks, readily available in three steps
from NiII 5,10,15,20-tetraphenylporphyrin.7

Because of the instability of the metal-free fused pyrrolo-
porphyrins,7b the oligomerization step was carried out on the
more stable nickel or copper complexes, 1 and 2. Under non-
acidic conditions, quaternized 2,5-bis(N,N-dimethylamino-
methyl)-3,4-diethylpyrrole 38 reacted smoothly in refluxing
MeOH–THF (1 : 1) with 1 in the presence of 10 equiv. of
K3Fe(CN)6 to afford, after chromatography, an 18% yield of
porphyrin trimer 4 [lmax 405, 481 (Soret band), 557, 649, 681,
715 nm] (Scheme 1). Pre-quaternisation of the pyrrole with MeI
was found to be necessary in order to enhance its reactivity
toward the nucleophilic, but sterically congested, fused pyrrolo-
porphyrin 1. The formation of a new central free base porphyrin
was revealed by the NH resonances (22.55 ppm) in the 1H
NMR spectrum. The molecular structure of 4·(HCl)2 was
further confirmed by X-ray crystallography. The central
porphyrin appears to possess enhanced basicity since CHCl3
readily caused protonation to give the dication (which was
crystallized). This protonation phenomenon apparently facili-
tated the crystal packing by enabling p–p stacking to occur only
between terminal porphyrins, thus giving rise to independent
linear rods of fused porphyrins (Fig. 1). Attempts to grow
suitable crystals of the non-protonated species failed, which was
most likely caused by a random p–p stacking. The inner
porphyrin dication adopts a saddle conformation with a mean
plane deviation of the 24 core atoms of 0.376 Å. Both of the

terminal nickel porphyrins adopt a ruffled conformation with a
mean plane deviation of the 24 core atoms of 0.411 and 0.428 Å.
The porphyrin trimer has an edge-to-edge span of 27.0 Å and
the intermolecular distance between metals is 16.16 Å.

Mixed condensation of 2, 3 and pyrrole [THF–MeOH/
K3Fe(CN)6/reflux] gave the fused dimer 6 [lmax 397, 468 (Soret
band), 548, 590, 652 nm], as well as some fused trimer 5 in
unoptimized yields of 6 and 5%, respectively (Scheme 1).
MALDI-TOF mass spectroscopy confirmed dimer and trimer
formation, with ions at m/z 1069.5 and 1716.8. Compared with
pyrroloporphyrin 1, the bathochromic shift and hyperchromic
effect displayed by the fused porphyrins reflect their extended
p-conjugation. The Soret bands of 4–6 are significantly red

Scheme 1
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shifted from 430 nm (1) to 484 and 468 nm in 5 and 6,
respectively. The most notable feature in the absorption spectra
is an intense Q band at 652 (dimer 6) or 722 nm (trimer 5),
reminiscent of a chlorin or bacteriochlorin type visible spec-
trum. Metallation of 4 using an excess of Zn(OAc)2 in MeOH–
CHCl3 gave quantitatively the NiII–ZnII–NiII species, 7. The Q
band electronic absorption was found at 742 nm and was shifted
to 752 nm upon addition of pyridine. Addition of TFA to a
brown solution of free base 4 gave a red–pink dication species
displaying three split Soret bands at 414, 455 and 516 nm, and
a broad Q band at 838 nm. Surprisingly, these fused linear
porphyrins are very soluble in a number of organic solvents,

including chlorinated solvents; their protonation even enhances
their solubilty.

Further synthetic work is aimed at the functionalization of
these systems to generate higher fused oligomers, and at
development of the chemistry of the dimer and trimer. 

This work was supported by grants from the National Science
Foundation (CHE-96-23117) and the National Institutes of
Health (HL-22252).

Notes and References

† E-mail: kmsmith@ucdavis.edu
‡ Crystal Data for 4, C112H80N12Ni2·7.33[CHCl3]·[CH3OH]·[2[Cl2]:
X-ray diffraction data were collected on a Siemens P4 rotating anode
diffractometer with a nickel filter monochromator [l(Cu Ka) = 1.54178 Å]
at 130(2) K in q/2q scan mode to 2qmax = 113°. Crystals were grown from
slow diffusion of heptane in a mixture of CHCl3 and MeOH. A single
parallelepiped crystal was selected with dimensions 0.16 3 0.08 3 0.04
mm. The crystal lattice was monoclinic with a space group of P21/c. Cell
dimensions were a = 38.335(7), b = 16.994(3), c = 19.110(4) Å, a, g =
90, b = 100.091(14), V = 12257(4) Å3 and Z = 4 (M = 2689.35, rcalc =
1.456 g cm23, m = 5.628 mm21). Of 17 517 reflections measured, 16 228
were independent and 8884 had I > 2s (Rint = 0.068); number of
parameters = 1455. Final R factors were R1 = 0.1096 (based on observed
data) and wR2 = 0.345 (based on all data). The structure was solved by
direct methods and refined (based on F2 using all independent data) by full
matrix least-squares methods (Siemens SHELXTL V. 5.03). Hydrogen
atom positions were located by their idealized geometry and refined using
a riding model. An absorption correction was applied using XABS2.9
CCDC 184/848.

1 J. M. Tour, Chem. Rev., 1996, 96, 537; M. D. Ward, Chem. Soc. Rev.,
1995, 121. 

2 R. W. Wagner and J. S. Lindsey, J. Am. Chem. Soc., 1994, 116, 9759; H.
L. Anderson, S. J. Martin and D. D. C. Bradley, Angew. Chem., Int. Ed.
Engl., 1994, 33, 655.

3 M. J. Crossley and P. L. Burn, J. Chem. Soc., Chem. Commun., 1991,
1569.

4 M. J. Crossley and J. K. Prashar, Tetrahedron Lett., 1997, 6751.
5 P. T. Gulyas, S. J. Langford, N. R. Lokan, M. G. Ranasinghe and M. N.

Paddon-Row, J. Org. Chem., 1997, 62, 3038.
6 T. X. Lu, J. R. Reimers, M. J. Crossley and N. S. Hush, J. Phys. Chem.

1994, 98, 11 878.
7 (a) L. Jaquinod, C. Gros, M. M. Olmstead and K. M. Smith, Chem.

Commun., 1996, 1475; (b) C. P. Gros, L. Jaquinod, R. G. Khoury, M. M.
Olmstead and K. M. Smith, J. Porphyrins Phthalocyanines, 1997, 1,
201.

8 L. T. Nguyen, M. O. Senge and K. M. Smith, J. Org. Chem., 1996, 61,
998.

9 S. R. Parkin, B. Moezzi and H. Hope, J. Appl. Crystallogr., 1995, 28,
53.

Received in Corvallis, OR, USA, 2nd March 1998; 8/01676C

Fig. 1 Molecular structure of 4. (A) Top view. (B) Side packing view of two
trimer molecules. Hydrogen atoms have been omitted for clarity.
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Total synthesis and absolute configuration of FR65814

Seiji Amano, Noriko Ogawa, Masami Ohtsuka, Seiichiro Ogawa and Noritaka Chida*†

Department of Applied Chemistry, Faculty of Science and Technology, Keio University, Hiyoshi, Kohoku-ku, Yokohama 223-8522,
Japan

The chiral and highly stereoselective synthesis of FR65814 1,
a novel immunosuppressant, starting from D-glucose is
described; this first total synthesis fully confirms the
proposed structure of 1.

FR65814 1 is a sesquiterpene isolated from the culture broth of
Penicillium and is reported to show potent immunosuppressive

activity.1 The structure of 1 was tentatively assigned1 on the
basis of the spectral similarity to fumagillol 2, a hydrolysis
product of fumagillin 3, which showed antiparasitic and
carcinolytic activity.2 The recent discovery of the inhibitory
activity of fumagillin against endothelial cell proliferation and
tumor-induced angiogenesis has attracted much biological
attention,3 and compounds related to fumagillin are expected to
be anti-cancer drug candidates.3 Such interesting biological
activity as well as their challenging structures have stimulated
synthetic efforts and the total syntheses of racemic fumagillin4a

and optically active fumagillol4b have been reported. However,
no report on the synthesis of 1 has appeared. Here, as a part of
our continuous studies on the synthesis of biologically im-
portant compounds containing the cyclohexane unit, starting
from aldohexoses and utilizing Ferrier’s carbocyclization,5,6 we
report the first total synthesis of 1 from d-glucose.

Commercially available methyl 4,6-O-benzylidene-a-d-
glucopyranoside 4 was transformed into 2,3-di-
O-(4-methoxybenzyl)-6-deoxyhex-5-enopyranoside derivative
5 (Scheme 1) by essentially the same procedure as that reported
for the preparation of the corresponding di-O-benzyl deriva-
tive6a (4-methoxybenzyl chloride was employed instead of
benzyl bromide). Catalytic Ferrier’s carbocyclization of 5 with
Hg(OCOCF3)2 in aqueous acetone,7 followed by b-elimination
afforded cyclohexenone 6 in 84% yield. Reduction of the
carbonyl group using Luche’s conditions gave allyl alcohol 7 as
the sole product in 90% yield. After protection of the alcohol
function as a tetrahydropyranyl (THP) ether (99% yield), the
acetoxy function in 8 was removed via a xanthate to provide 9
in 63% yield. Deprotection of the O-THP group afforded 10 in
96% yield. Claisen rearrangement of 10 with triethyl orthopro-
pionate at 140 °C successfully introduced a carbon-side chain
with the correct stereochemistry to provide 11 (74% yield).‡
Saponification of the ester group in 11 with ButOK in DMSO8

followed by iodolactonization gave 12 as the sole product,‡
whose iodo function was cleanly removed with Bun

3SnH to give
13 in 80% yield from 11. DIBAL-H reduction of 13 afforded the

corresponding lactol, whose Wittig reaction with Ph3PNCH2
gave 14 in 90% yield. After protection of the hydroxy group in
14, the alkene portion was converted into primary alcohol by

Scheme 1 Reagents and conditions: i, see ref. 6(a); ii, Hg(OCOCF3)2 (5
mol%), acetone–H2O, then MsCl, Et3N, CH2Cl2; iii, NaBH4, CeCl3·7H2O,
MeOH, 0 °C; iv, 3,4-dihydro-2H-pyran, PPTS, CH2Cl2; v, MeONa, MeOH,
then NaH, imidazole, CS2, MeI, THF; vi, AIBN, Bun

3SnH, toluene, reflux;
vii, PPTS, EtOH, 50 °C; viii, EtC(OEt)3, EtCO2H, 140 °C; ix, ButOK,
DMSO, then I2, KI, aq. NaHCO3–THF; x, DIBAL-H, toluene, 278 °C, then
Ph3PMe3Br, BuLi, THF; xi, TBDMSOTf, 2,6-lutidine, CH2Cl2, 0 °C; xii,
BH3·THF, THF, 0 °C, then H2O2, NaOH; xiii, Prn

4NRuO4, NMO, CH2Cl2;
xiv, KN(SiMe3)2, TMSCl–Et3N, THF, 0 °C, then Pd(OAc)2, MeCN, 0 °C

Chem. Commun., 1998 1263



OH

PMBO

PMBO
CH2OH

O

PMBO

PMBO

OTBDMS

PMBO

PMBO

OTBDMS

O

O

R1

RO

RO
H

H

AcO

AcO

R

O

RO

OR

O

H

H
H

SnBun
3

20  

ix 24  R = Ac
25  R = H

18

i

iv

v,vi

9%

19

21  R = OH
22  R = Cl

FR65814 1

viiR = PMB
R1 = CMe=CHCH2OTBDMS

456

7 8

ii, iii

viii

x

J4,5 = 11.0 Hz, J5,6 = 8.6 Hz
J6,7ax = 13.1 Hz, J7ax,8ax = 13.9 Hz

4% NOE
8%

17

23

hydroboration-oxidation to provide 15 (85% yield). Perruthe-
nate oxidation9 of 15 gave aldehyde 16 in 81% yield, which was
converted into a,b-unsaturated aldehyde with E-geometry§ 17
in 45% yield by silyl enol ether formation followed by treatment
with stoichiometric amount of Pd(OAc)2.10 The Z-isomer of 17
was isolated as the minor product (4% yield).

Having finished the preparation of highly oxygenated
cyclohexane ring with carbon side-chain, elongation of the
carbon chain and introduction of the bis-epoxide functionality
were explored. DIBAL-H reduction of 17 and subsequent
deprotection of the O-silyl group afforded diol 18 (Scheme 2).
Protection of the primary alcohol function followed by
oxidation of the secondary alcohol with Ac2O–DMSO gen-
erated ketone 19 in 82% yield from 17. Reaction of 19 with
stabilized sulfur ylide11 proceeded stereoselectively and af-
forded spiro epoxide 20 as the sole product in 57% yield. The
observed coupling constants and NOE of 20 supported the
assigned structure. Treatment of 20 with DDQ followed by
conventional acetylation afforded diacetate, whose O-silyl
protecting group was removed to provide 21 in 90% yield. The
allyl alcohol 21 was transformed into allylic chloride 22
quantitatively. Stille coupling12 of 22 with isobutenyltribu-

tyltin13 23 in the presence of Pd(PPh3)4 successfully provided
the coupling product, E-diene§ 24, in 72% yield. Removal of
the O-acetyl group gave diol 25 in 95% yield. The final
transformation, introduction of the second epoxide function-
ality, was stereoselectively achieved by vanadium-catalyzed
epoxidation14 to give FR65814 1 in 70% yield.¶ The spectro-
scopic (1H and 13C NMR) data for synthetic 1 were identical
with those of natural FR65814, and the physical properties of 1
{mp 39–40 °C (from Et2O–hexanes); [a]D

21 2 41 (c 0.25,
MeOH)} showed good accord with those of the natural product
{mp 39–40 °C (from Et2O–hexanes); mixed mp, 39–40 °C;
[a]D

23 2 38.41 (c 2.4, MeOH)}. This successful first total
synthesis of 1 confirmed the assigned structure of FR65814, and
provided a novel synthetic pathway from carbohydrates to
highly oxygenated terpenes possessing a cyclohexane unit.

We thank Fujisawa Pharmaceutical Co., Ltd., (Osaka, Japan)
for providing us with natural FR65814. Financial support in the
form of a Grant-in-Aid for Scientific Research on Priority Areas
from the Ministry of Education, Science, Sports and Culture, of
the Japanese Government is gratefully acknowledged.

Notes and References

† E-mail: chida@applc.keio.ac.jp
‡ Compound 11 was obtained as an inseparable diastereomeric mixture at
C-1 (1 : 1). Interestingly, epimerization at C-1 occurred during the
saponification step and compound 12 was obtained as the single product.
The stereochemistry at C-9 in 12 was confirmed by NOE experiments.
§ The NOE experiments clearly showed that the geometry of the double
bond in both 17 and 24 should be E. No isomerization of the double bond
was observed during the coupling reaction between 22 and 23.
¶ A small amount (less than 5%) of diastereomeric epoxide (1A,2A-diepi-
FR65814) was isolated. The chemical shifts and appearance of the hydrogen
attached to the carbon bearing epoxide ring (H-2A) of 1 and its diastereomer
in the 1H NMR spectra (CDCl3) are found to be characteristic: FR65814,
fumagillol, d 2.61 (dd, J 5.9, 7.1); 1A,2A-diepi-FR65814, d 3.14 (br m); cf. d
2.56 (dd, J 5.9, 7.1).
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Scheme 2 Reagents and conditions: i, DIBAL-H, toluene, 278 °C, then
Bun

4NF, THF; ii, TBDMSCl, imidazole, DMF; iii, DMSO, Ac2O; iv,
Me3S(O)I, NaH, DMSO, room temp.; v, DDQ, CH2Cl2–H2O; vi, Ac2O,
pyridine, then Bun

4NF, THF; vii, LiCl, MeSO2Cl, collidine, DMF; viii, 23,
Pd(PPh3)4 (10 mol%), THF, 50 °C; ix, MeONa, MeOH; x, vanadyl
acetylacetonate (5 mol%), ButOOH, CH2Cl2, 218 °C
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Synthesis of chiral carbohydrate-centered dendrimers

Michael Dubber and Thisbe K. Lindhorst*†

Institut für Organische Chemie der Universität Hamburg, Martin-Luther-King-Platz 6, D-20146 Hamburg, Germany 

D-Glucose was converted into its per-O-(2-aminoethyl)-
functionalized derivative 4, which served as initiator core for
the construction of the chiral, monodisperse PAMAM-type
carbohydrate-centered hybrid dendrimer 7.

Dendrimer chemistry is a rapidly developing field of research.1
Dendrimers offer the prospect of novel materials with ad-
vantagous properties, allowing them to serve as soluble
catalysts,2 dendritic boxes3 or other supramolecular dendritic
arrangements. Furthermore, new applications such as enantio-
selective synthesis with chiral dendrimers, or favourable
bioapplications such as in transfection4 and glycobiology, are
currently being explored. Dendrimer chemistry has been
combined with carbohydrate chemistry in order to form
multivalent glycomimetics5 (glycodendrimers) with antiadhe-
sive properties or other carbohydrate containing dendrimers.6
Other than from the point of view of glycobiology, the
combination of carbohydrates and dendrimers is attractive for
the manipulation of dendritic structures leading to modified
properties of, as yet, unestimated value. Carbohydrate cores are
especially appealing for the design of dendrimers due to their
easy availibility from the chiral pool and renewable resources,
biocompatibility, low toxicity and natural polyfunctionality. In
addition, intrinsic chirality may be introduced into dendrimers
by using carbohydrate cores.7 Furthermore, the stereochemical
shape of dendrimers may be easily manipulated by choosing
differently configurated monosaccharides, and the core multi-
plicity may be altered by utilizing mono-, di- or even oligo-
saccharides as carbohydrate cores, such as trehalose or
raffinose. This is of special interest as the shape and composi-
tion of dendrimers may dramatically affect their host–guest
relationships.8

Here we report the first synthesis of a carbohydrate-centered
Starburst® PAMAM dendrimer based on a reaction sequence
which is suited to converting reducing sugars into carbohydrate
derivatives which can serve as initiator cores for the develop-
ment of PAMAM generations. This was exemplified with
d-glucose. First, allyl a-d-glucoside 1, which was obtained by
Fischer glycosylation, was perallylated to 2 under phase transfer
catalysis (Scheme 1). Partially allylated products were not
formed as the allylation rate increases with the extent of
allylation of the starting material under these conditions.9
Ozonolysis of the resulting allyl 2,3,4,6-tetra-O-allyl-a-d-
glucoside (2) was performed in a NaHCO3-buffered CH2Cl2–

MeOH reaction mixture10 to yield the desired penta-hemiacetal
after reduction with PPh3. This was characterized as the
corresponding pentahydrate by NMR spectroscopy in D2O. The
penta-hemiacetal was submitted to a reductive amination
reaction: application of BnNH2 led to nearly inseparable
mixtures comprised of cyclic amines, due to intramolecular
reactions. However, the use of Bn2NH and sodium acetoxybor-
ohydride11 as the reducing agent gave the desired benzyl cluster
3 at 210 °C in high yields without purification problems. Then
3 was converted into the pentaamine 4 by heterogeneous
catalytic transfer hydrogenation reaction12 with ammonium
formate and Pd (10% on charcoal) in MeOH in a clean reaction.
Thus the target compound 4 could be synthesized starting from
allyl glucoside (1) in 43% overall yield.

The glucose derivative 4 represents a stereochemically well-
defined, oligofunctional molecule with five uniformly function-
alized spacers. It may serve as core molecule for the synthesis of
carbohydrate-centered glycoclusters13 or of carbohydrate-cen-
tered dendrimers. It was submitted to the reaction sequence
leading to PAMAM dendrimer generations, consisting of the
exhaustive Michael addition of the polyamine to methyl
acrylate, followed by amidation of the resulting methyl esters
with ethylenediamine.14 Indeed reaction of 4 with methyl
acrylate led to the decaester 5 in quantitative yield, which was
quantitatively converted into the first generation hybrid
PAMAM dendrimer 6 with ethylenediamine (Scheme 2).
Further branching at the amino functions at the periphery of the
molecule led to the eicosaester 7, also in quantitative yield. The
monodisperse structures of 5–7 could unequivocally be con-
firmed by NMR spectroscopy as 1H–13C HMBC NMR allowed
the detection of each individual branch of every molecule.‡ All
synthesized compounds are chiral.§ However, the specific
rotation values of the carbohydrate-centered dendrimers de-
crease with increasing generation, according to observations
made in the literature,15 whereas the molar rotation values
remain in the same range (ca. 400).

In conclusion, a reaction sequence has been elaborated which
is generally applicable for the facile and uniform conversion of
free saccharides into fully O-(2-aminoethyl)-functionalized
derivatives such as 4. These are suited for dendritic expansion,
opening the door into a wide array of structurally diverse, but
well-defined, carbohydrate-centered PAMAM dendrimers. The
new hybrid dendrimers may be custom-designed by choice of
the carbohydrate core giving rise to possible advantageous

Scheme 1 Reagents and conditions: i, allyl chloride (5 equiv.), 40% aq. NaOH, Bu4NBr (1 equiv.), 35 °C, 16 h, 76%; ii, O3, NaHCO3, CH2Cl2–MeOH 6 : 1,
work-up with PPh3; iii, Na(AcO)3BH, AcOH, Bn2NH, THF, work-up with 1 m NaOH, 74% (2 steps); iv, Pd–C (10%), NH4HCO2, MeOH, 76%
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properties compared to classical PAMAMs, such as altered
solubilities and overall shapes, better biodegradibility, lower
toxicity and chirality.

The authors wish to thank Dr V. Sinnwell for NMR
experiments, Professor Dr J. Thiem for his assistance and the
Fonds der Chemischen Industrie (FCI) for financial support.

Notes and References

† E-mail: tklind@chemie.uni-hamburg.de
‡ All compounds showed consistent NMR and mass spectral data. Selected
data for 7: MALDI-TOF (positive) [Calc. for C146H257N25O56: 3258.8.
Found 3261.0 (M + 1)]; dH(500 MHz, CD3OD) 5.02 (d, 1 H, J1,2 3.2, H-1),
4.03–3.93 (m, 2 H, OCH2CH2N), 3.88–3.59 (m, 73 H, H-5, H-6, H-6A, 4
OCH2CH2N, 20 OCH3), 3.54 (dd ≈ t, 1 H, J2,3 9.2, J3,4 9.2, H-3), 3.34–3.27
[m, 21 H, H-2, 10 C(O)NCH2CH2N], 3.26 (dd ≈ t, 1 H, J4,5 9.2, H-4),
3.0–2.89 [m, 20 H, 10 NCH2CH2C(O)N], 2.89–2.76 (dd ≈ t, 50 H, 5
OCH2CH2N, 20 NCH2CH2CO2Me), 2.64–2.57 [dd ≈ t, 20 H, 10
C(O)NCH2CH2N], 2.54–2.49 (dd ≈ t, 40 H, 20 NCH2CH2CO2Me),
2.49–2.41 [dd ≈ t, 20 H, 10 NCH2CH2C(O)N]; dC 175.9 (20 CO2Me),
175.7–175.5 (10 CO2N), 99.2 (C-1), 84.5 (C-3), 83.2 (C-2), 80.9 (C-4), 73.1
(C-5), 73.0, 72.9, 72.5, 71.8, 70.7, 68.3 (C-6, 5 OCH2CH2N), 55.7, 55.6,
55.5, 55.0, 54.7 (5 OCH2CH2N), 55.0 [20 C(O)NCH2CH2N], 53.4 (20
CO2CH3), 52.7, 52.6, 52.6, 52.5, 52.5 [10 NCH2CH2C(O)N], 51.7 (20
NCH2CH2CO2Me), 39.7 [10 C(O)NCH2CH2N], 35.8, 35.7, 35.6, 35.6, 35.5
[10 NCH2CH2C(O)N], 34.8 (20 NCH2CH2 CO2Me).
§ Selected specific optical rotations: 1 [a]20

D +160.5 (c 1.09, MeOH); 3 [a]27
D

+35.2 (c 1.18, CHCl3); 5 [a]27
D +34.6 (c 0.96, MeOH); 7 [a]25

D +13.1 (c 0.38,
MeOH).
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Scheme 2 Reagents and conditions: i, methyl acrylate (22 equivs.), MeOH, 3 d, room temp., quant.; ii, ethylendiamine (600 equivs.), MeOH, 5 d, +5 °C,
quant. iii, methyl acrylate (60 equivs.), MeOH, 3 d, room temp., quant.
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New optically active hexaaza triphenolic macrocycles: synthesis, molecular
structure and crystal packing features

Srinivas R. Korupoju and Panthapally S. Zacharias*†

School of Chemistry, University of Hyderabad, Hyderabad-500 046, India

3 + 3 Condensed optically active hexaaza triphenolic
macrocyles 1 and 2 are synthesised and characterised;
molecular and close packing structures of macrocycle 2 are
discussed.

Synthesis and study of new ligands with phenolic groups is an
area of active research interest because of their use as models for
biological metal-binding sites, their ability to form metal
complexes with interesting magnetic exchange, redox and
catalytic properties.1 2,6-Diformyl-4-methylphenol2 A is a
useful source to synthesise such ligands and oxo-bridged
macrocyclic complexes with diamines in the presence of
template metal salts.1 Although 2 + 2 condensed macrocyclic
dinuclear complexes are the favoured products, a few 3 + 3 and
4 + 4 multinuclear macrocyclic complexes have been reported,3
but the free ligands have not been isolated. Preformed ligands
are required to investigate host–guest interactions, to synthesise
complexes of metals inert to template reactions and complexes
of heteronuclear metals. So far only 2 + 2 condensed metal-free
macrocycles have been isolated (H+ as a template ion) from A.4
For the first time we report the synthesis and structural
characterisation of a new template-free, 3 + 3 condensed and
optically active hexaimine triphenolic Schiff base macrocycle 1
derived from A and trans-(R,R)-1,2-cyclohexyldiamine B,5 and
its reduced analogue hexaamine triphenolic macrocycle 2.
Macrocycles 1 and 2 have the potential to bind three metal ions
through oxo-bridges.

The reaction of A and B in methanol in equimolar ratio using
the high dilution technique affords a 3 + 3 Schiff-base
macrocycle 1 as yellow solid in high yield. The molecular ion
peak at m/z 727 of 1 indicates the condensation of three units of
A and three units of B. The macrocycle 2, the reduced analogue
of macrocycle 1 was obtained by the reduction of 1 with NaBH4
in methanol6 and was identified by its molecular ion peak at m/z
739. Compounds 1 and 2 are also characterised by IR, NMR and
CHN analysis.‡ The molecular structure of 2 was confirmed
from its crystal structure (crystals of 1 were not suitable for
X-ray structure determination).

The X-ray structure of 2§ was performed on single crystals
grown by slow evaporation from benzene. It crystallises in
space group R3 (no.146) wherein the molecular three-fold
symmetry coincides with the crystallographic three-fold axis.
The macrocyclic cavity is defined by 27 atoms in which six
N-atoms and 21 C-atoms are present. The three phenolic-OH
groups projected inside the cavity generate three equivalent
N2O2 sub-cavities. The geometry of these sub-cavities appears
suitable for metal complexation as the two N and two O atoms
provide appropriate coordination sites. The macrocycle is
stabilised by intra-molecular (O–H···N, N–H···O, N–H···N)
hydrogen bonding with H···acceptor distances lying in the range
2.02–2.29 Å. An ORTEP drawing of 2 with intramolecular
hydrogen bonding is shown in Fig. 1.

The macrocycle has an internal hydrophilic cavity capable of
forming hydrogen bonds and has an external hydrophobic
periphery. The molecules are extended in the ab plane with the
mean plane of the molecule perpendicular to the c-axis. It can be
seen from the packing diagram (Fig. 2) that each molecule is
surrounded by six molecules leading to a trigonal network

structure. The organisation of the molecules in the ab plane is
governed by the hydrophobic interaction between the methyl
groups of moiety A and methylene groups of moiety B and is
not assisted by any other observable interactions. The two
CH3···CH3 and cyclohexyl CH2···CH2 close packing C–C
distances are 3.96 and 4.00 Å, respectively. The stacking in the
c-axis is maintained by inter-molecular N–H···N hydrogen
bonding [N(2)–H(2)···N(1): D = 3.22 Å, d = 2.23 Å, q =

Fig. 1 An ORTEP diagram of macrocycle 2; thermal ellipsoids are shown
at the 50% probability level

Fig. 2 Stacks viewed down the c-axis of macrocycle 2
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167.32°) and supported by weak C–H···O interactions (H···O,
2.9 Å) leading to a channel like structure. The aromatic rings of
the moiety A in the stacks are separated by 5.143 Å as shown in
Fig. 3. The three-dimensional trigonal assembly of the macro-
cycle is maintained by hydrophobic interactions in the ab plane
and hydrogen bonding along the c-axis. Although carry-over of
the molecular symmetry into the crystal is not very common, the
non-centrosymmetric trigonal networking of molecules as
shown in Fig. 3 is reported to have important applications in
NLO and an example of such arrangements due to inter-
molecular hydrogen bonding has been reported recently.7

The X-ray structure of macrocycle 2 suggests an analogous
structure for macrocycle 1. The successful synthesis of 1 and 2
results from the stability of the 27-membered macrocycle
possibly due to its optimum ring size and the intramolecular
hydrogen bonding interactions.

Further studies on the host–guest properties of 1 and 2 with
metal ions, solvent molecules, organic guest molecules and
variations in crystal packing pattern by changing the sub-
stituents on the macrocycle in different solvents are in
progress.

S. R. K. gratefully acknowledges the UGC, New Delhi for
financial support and the National Single Crystal Diffract-
ometer Facility of this department (DST) for crystallography.
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(s, Ar-CH3), 1.86–1.46 (m, CH2CH2). 13C NMR (CDCl3) d 19.92, 24.45,
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11.93%. [a]D

27 = 2239 (c 1, CH2Cl2).
2: yield 70%. IR: n/cm21 1612 (NH); 1H NMR (CDCl3) d 6.8 (s, Ar-H),

5.00 (br, NH), 3.6–3.9 (q, HNCH2), 2.1 (s, Ar-CH3), 2.45–1.2 (m,
CH2CH2); 13C NMR (CDCl3) d 20.52, 25.00, 31.24, 47.74, 60.47, 125.17,
127.21, 128.24, 154.18; FABMS: Calc. for C45H66N6O3 m/z 739. Found:
739 (M+). Anal. Calc. C, 73.13; H, 9.00; N, 11.38. Found: C, 73.44; H, 8.99;
N, 11.30%. [a]D

27 = 2189 (c 1, CH2Cl2).
§ Crystal structure determination of 2: C45H66N6O3, M = 739, trigonal,
space group R3 (no.146), a = 26.499(4), b =  26.499(4), c = 5.1433(10)
Å, a = b = 90°, g = 120.0° U =  3127.7(9) Å3, T = 293(2) K,
Z = 3, m = 0.07 mm21; 1367 independent reflections out of 3641 collected
with 1.52 < q < 24.94, 173 parameters one restraint, Rint = 0.0229.
Refinement method: full-matrix least squares on F2, Final R indices [I >
2s(I)]: R1(observed) = 0.0449, wR2 = 0.1073. R(all data): R1 = 0.0535,
wR2 = 0.1211. The absolute configuation of macrocycle 2 could not be
determined from the X-ray data. CCDC 182/867.
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Fig. 3 The intermolecular hydrogen bonds between the molecules viewed
down the Y-axis of macrocycle 2
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Synthesis and characterisation of a microporous zirconium silicate with the
structure of petarasite
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The synthesis and structural characterisation of AV-3, a
microporous sodium zirconium silicate with the structure of
the mineral petarasite, are reported.

Recently, the synthesis of inorganic microporous framework
solids containing metal atoms in different coordination geome-
tries has raised considerable interest. We have been particularly
concerned with the chemistry of microporous titanium silicates
containing tetracoordinated Si4+ and Ti4+ usually in octahedral
coordination.1–3 As a natural extension of this work, we are now
engaged in a systematic study aimed at preparing novel
microporous zirconium silicates. Although several mineral
microporous zirconium silicates are known, so far, little has
been done in order to synthesise such solids in the laboratory.4
Here we wish to report the synthesis and structural character-
isation of a synthetic analogue (denoted AV-3, Aveiro micro-
porous solid no. 3) of the rare mineral petarasite (Mont St-
Hilaire, Québec, Canada), Na5Zr2Si6O18(Cl,OH)·2H2O.5

AV-3 was prepared in Teflon-lined autoclaves under hydro-
thermal conditions. An alkaline solution was made by mixing
5.35 g sodium silicate solution (27% m/m SiO2, 8% m/m Na2O,
Merck), 7.21 g H2O, 1.43 g NaOH (Merck), 2.00 g NaCl
(Aldrich) and 1.00 KCl (Merck). 0.84 ZrCl4 (Aldrich) were
added to this solution and stirred thoroughly. The gel, with a
composition 1.75 Na2O : 0.28 K2O : 1.0 SiO2 : 0.15 ZrO2 : 25
H2O, was autoclaved for 10 days at 230 °C. The crystalline
product was filtered, washed with distilled water and dried at
ambient temperature, the final product being an off-white
microcrystalline powder.

AV-3 samples were characterised by bulk chemical analysis
(ICP), powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), 29Si and 23Na solid state NMR and FTIR
spectroscopies and thermogravimetry (TG).

The crystal structure of petarasite (and AV-3) consists of an
open three-dimensional framework built of corner-sharing six-
membered silicate rings and [ZrO6] octahedra (Fig. 1).5

Elliptical channels (3.5 3 5.5 Å) defined by mixed six-
membered rings, consisting of pairs of [SiO4] tetrahedra linked
by Zr octahedra, run parallel to the b and c axes. Other channels
limited by six-membered silicate rings run parallel to the c axis.
The sodium, chloride and hydroxyl ions and the water
molecules reside within the channels.

Fig. 2 shows the experimental and simulated powder XRD
patterns of AV-3. The unit cell parameters have been calculated
assuming a monoclinic unit cell, space group P21/m, and cell
dimensions a = 10.771, b = 14.505, c = 6.575 Å,
b = 112.664°, and are similar to those reported for petarasite
(a = 10.795, b = 14.493, c = 6.623 Å, b = 113.214°).5

The AV-3 29Si solid-state NMR spectrum with magic-angle
spinning (MAS) (not shown) displays three peaks at d
286.6, 291.9 and 294.3 in 1 : 0.9 : 1 intensity ratio. In accord
with this observation, the crystal structure of petarasite calls for
the presence of three unique Si sites with equal populations.5

The sheared 23Na triple-quantum (3Q) MAS NMR spectrum6

of AV-3 [Fig. 3(a)] contains two resolved peaks at d ca. 5.9 and
2.4 (F1) and, due to a distribution of isotropic chemical shifts,
a relatively broad signal centred at d ca. 9.6. From the centres of
gravity d1 and d2 (F1 and F2 dimensions, respectively) of the
two-dimensional spectrum it is possible to estimate the
(average) isotropic chemical shift, diso, and the second-order
quadrupole effect parameters, SOQE, of the lines:7 S1 (23.9,
2.1 MHz), S2 (21.9, 2.5 MHz) and S3 (21.4, 3.1 MHz).
Petarasite contains three crystallographically independent
seven-coordinated sodium sites.5 Na(1) and Na(2) reside in
channels parallel to b and Na(3) is located in channels parallel
to c. The [Na(1)O5(H2O)Cl] and [Na(2)O5(H2O)Cl] polyhedra
are distorted monocapped octahedra, while the [Na(3)O6Cl]
polyhedron is a distorted hexagonal pyramid. A second Cl atom
may be considered part of the Na(3) coordination and this is,
hence, the most distorted sodium site. Accordingly, peak S3,
which displays the largest SOQE, is attributed to site Na(3).
This assignment is supported by 1H–23Na cross-polarisation
(CP) MAS NMR spectroscopy [Fig. 3(b)]. Indeed, the broad
low-frequency tail seen in the single-quantum 23Na MAS NMR
spectrum, which is due to peak S3 [see F2 projection in
Fig. 3(a)], is hardly seen in the CP MAS NMR spectrum. Such
a behaviour is expected for Na(3) because this site is not
coordinated to any water molecules. The Cl and OH ions are
disordered over the Na(3) sites and only those environments
which contain OH will, in principle, cross-polarise. In contrast,

Fig. 1 Polyhedral representations of the petarasite (and AV-3) structure
viewed along (a) [0 0 1] showing the corner-sharing, six-membered silicate
rings and Zr octahedra; Na(3) and Cl ions reside in the elliptical channels;
(b) [0 1 0] showing the elliptical channels which accommodate the Na(1)
and Na(2) ions Fig. 2 Experimental and simulated powder XRD patterns of AV-3
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sites Na(1) and Na(2), which have water molecules in their
coordination spheres, cross-polarise relatively well. The quanti-
fication of multiple-quantum MAS NMR spectra is not a trivial
problem. Indeed, the intensity of the resonances is not
representative of the actual concentration of species because the
excitation of the multiple-quantum coherences is strongly
dependent on the NMR quadrupole frequency. However, since
we have recorded the 23Na 3Q MAS NMR spectrum of AV-3
with a strong (160 kHz) radiofrequency field we believe the

measured peak intensities are approximately correct. These
have been derived by both volume integration and deconvolu-
tion of the isotropic (F1) sum projection. These methods yield
for S1, S2 and S3 intensity ratios of 1.0 : 1.0 : 0.8–0.9,
respectively, in good agreement with the crystal structure of
petarasite.

TG provides further evidence that the structures of AV-3 and
petarasite8 are very similar. The total AV-3 mass loss between
30 and 830 °C is 5.34% and it is due to the release of molecular
water, structural or adsorbed. This value corresponds to 2.4
water molecules and is in excess of the two water molecules
revealed by the crystal-structure analysis. Thus, as petarasite,8
the solid contains a considerable amount of adsorbed water.
Between ca. 800 and 1100 °C a second stage of dehydration
occurs with a mass loss of 3.14% {3.19% in petarasite
corresponding to [Cl0.67(OH)0.33]}, probably due to the loss of
Cl and OH. The parent AV-3 and the material calcined at 750 °C
and rehydrated in air overnight at room temperature display
similar TGA curves and powder XRD patterns. The fact that the
framework does not collapse until the release of Cl indicates
that this is an essential constituent of the structure.8

The FTIR spectrum of AV-3 (not shown) resembles the
spectrum reported for petarasite,8 and confirms the presence of
strucutral and adsorbed water. In addition, the spectrum
contains a ring-breathing band at ca. 775 cm21 characteristic of
ring silicates.

In conclusion, we report the successful synthesis and
structural characterisation of a microporous framework zirco-
nium silicate, AV-3, possessing the structure of the rare mineral
petarasite.

This work was supported by PRAXIS XXI and FEDER.
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Fig. 3 (a) 3Q 23Na MAS NMR spectrum of AV-3 recorded at 105.85 MHz
on a Bruker MSL 400P with a rf field amplitude of ca. 160 kHz. 210 data
points were acquired in the t1 dimension in increments of 7.0 ms. To produce
pure-absorption lineshapes a simple two-pulse sequence was used.7,9 The
ppm scale was referenced to n0 frequency in the n2 domain and to 3n0 in the
n1 domain (reference 1 m aqueous NaCl). (b) Single-quantum (‘conven-
tional’) 23Na MAS and CP MAS NMR (0.5 ms contact time) spectra of AV-
3.
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An enantioselective Baylis–Hillman reaction catalyzed by chiral phosphines
under atmospheric pressure
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2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) cata-
lyzes the enantioselective Baylis–Hillman reaction between
pyrimidine- 5-carbaldehydes and acrylates to provide chiral
a-methylene b-hydroxy esters in up to 44% ee under
atmospheric pressure.

The condensation of an aldehyde and acrylate is known as the
Baylis–Hillman reaction, and increasing interest has been
focused on this reaction.1 It affords a-methylene b-hydroxy
esters, which are furnished with functional groups for further
transformations.2 Therefore the development of an enantio-
selective Baylis–Hillman reaction would provide a useful
synthetic tool for the preparation of chiral polyfunctionalized
compounds. However, only very limited examples have been
reported, such as an enantioselective Baylis–Hillman reaction
between nitrobenzaldehyde3 or aliphatic aldehydes4 and methyl
vinyl ketone catalyzed by chiral tertiary amines. Moreover, very
high pressure is required to afford adducts with low to moderate
enantiomeric excess (ee). Thus, exploration of enantioselective
Baylis–Hillman reactions is a challenging problem.5

Here we report the first example, to the best of our
knowledge, of a chiral phosphine-catalyzed intermolecular
enantioselective Baylis–Hillman reaction under atmospheric
pressure.6,7

In the presence of a catalytic amount (20 mol%) of various
chiral phosphines, the enantioselective Baylis–Hillman reaction
of pyrimidine-5-carbaldehyde 1a with methyl acrylate was
examined at 20 °C in CHCl3 (Table 1, entries 1–6). By the use
of bidentate chiral phosphines (DIOP, NORPHOS), a chiral
phosphine possessing a hydroxy group (BPPFOH) or an axially
chiral monodentate phosphine (MOP), Baylis–Hillman adduct
2a was obtained; however, almost no or only slight asymmetric
induction was observed (entries 1–4). On the other hand, we

found that (S)-BINAP,8 an axially chiral bidentate phosphine,
catalyzes the enantioselective reaction to give chiral
(2)-a-methylene b-hydroxy ester 2a in 44% ee (entry 5).
Adduct (+)-2a with 43% ee was obtained by the use of (R)-
BINAP. These enantioselectivities are comparable with those of
the reported enantioselective methods using chiral tertiary
amines under high pressures.3,4 (S)-Tol-BINAP is also an
effective asymmetric catalyst and 2a was provided in improved
yield along with slightly decreased ee (entry 6).

Next, the BINAP-catalyzed Baylis–Hillman reaction was
performed at various temperatures (Table 2). In this reaction,
the temperature did not significantly affect the enantioselectiv-
ities, however, 2a was obtained in the highest yield (49%) at
50 °C (entry 3).‡

Various acrylates were submitted to this enantioselective
Baylis–Hillman reaction (Table 3, entries 1–3). The yield and ee
were dependent on the bulk of the acrylate: the less bulky
acrylate gave the higher yield and ee. 2-Methylpyrimidine-
5-carbaldehyde 1b also reacts with methyl acrylate in the
presence of BINAP. The reaction proceeded slowly but adduct

Table 1 Chiral phosphine-catalyzed Baylis–Hillman reaction

Entry Chiral catalyst t/h Yield (%) Ee (%)a

1 (2R,3R)-DIOPb 19 28 < 1
2 (2R,3R)-NORPHOSc 21 32 3
3 (R,S)-BPPFOHd 20 46 2
4 (S)-MOPe 66 53 < 1
5 (S)-BINAP 85 24 44
6 (S)-Tol-BINAPf 89 41 31

a Determined by HPLC analyses using a chiral column. b DIOP =
2,3-O-isopropylidine-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane.
c NORPHOS = 2,3-bis(diphenylphosphino)bicyclo[2.2.1]hept-5-ene.
d BPPFOH = (R)-1-[(S)-1A,2-bis(diphenylphosphino)ferrocenyl]ethanol.
e MOP = 2-(diphenylphosphino)-2A-methoxy-1,1A-binaphthyl. f Tol-
BINAP = 2,2A-bis(di-p-tolylphosphino)-1,1A-binaphthyl.

Table 2 Effect of reaction temperature

Entry T/°C t/h Yield (%) Ee (%)a

1 0 127 18 43
2 20 85 24 44
3 50 38 49 42
4 70 19 38 41

a Determined by HPLC analyses using a chiral column.

Table 3 Reaction of aldehydes 1a,b with various active olefins

Entry R1 R2 t/h Yield (%) Ee (%)a

1 H Pri 95 8 9
2 H Et 62 12 25
3 H Me 85 24 44
4 Me Me 329 18 37
5b Me Me 62 26 30

a Determined by HPLC analyses using a chiral column. b Tol-BINAP was
used as a chiral catalyst.
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2b was obtained in moderate ee (entry 4). Acceleration of the
reaction was observed by the use of Tol-BINAP, and 2b was
provided in higher yield but with lower ee (entry 5).

As described, the present chiral phosphine-catalyzed reaction
would provide a new method for enantioselective Baylis–
Hillman reaction under atmospheric pressure.

Financial support by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science, Sports and Culture,
Japan, is gratefully acknowledged.
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‡ General experimental procedure (Table 2, entry 3): To a CHCl3 solution
(1.0 ml) of (S)-BINAP (62.3 mg) and pyrimidine-5-carbaldehyde 1a (54.4
mg) was added methyl acrylate (0.11 ml) at ambient temperature. The
reaction mixture was stirred for 38 h at 50 °C, then it was evaporated to
dryness under reduced pressure. Purification of the crude product by TLC
gave pure Baylis–Hillman adduct (–)-2a (47.8 mg, 49%). The ee was
determined to be 42% by HPLC analysis (chiral column: Daicel Chiralcel
OD-H, eluent: 3% PriOH in hexane, flow rate: 1.0 ml min21, wavelength for
UV detector: 254 nm, retention time: 36 min for the major isomer and 41
min for the minor isomer).

1 Reviews, see: D. Basavaiah, P. D. Rao and R. S. Hyma, Tetrahedron,
1996, 52, 8001; S. E. Drewes and G. H. P. Roos, ibid., 1988, 44, 4653;

H. M. R. Hoffmann and J. Rabe, Angew. Chem., Int. Ed. Engl., 1985, 24,
4653. 
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Phosphorus–carbon bond activation of PMe3 at a dimolybdenum center:
synthesis and structure of [Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me)

Jun Ho Shin and Gerard Parkin*

Department of Chemistry, Columbia University, New York, New York 10027, USA

The reaction of Mo2(m-O2CMe)4 with KCp* in the presence
of PMe3 yields [Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me) as a
result of cleavage of the P–CH3 bond.

The quadruply bonded dimolybdenum acetato complex Mo2(m-
O2CMe)4 has been shown to exhibit an extensive chemistry,
allowing access to a large variety of mononuclear, dinuclear and
polynuclear complexes.1 In this paper, we report an unusual
reaction of Mo2(m-O2CMe)4 which results in P–C bond
activation of PMe3 at a dimolybdenum center.

As part of an effort to find new methods of synthesis for
permethylcyclopentadienyl molybdenum complexes,2 we have
studied the reaction of Mo2(m-O2CMe)4 with KCp* (Cp* =
h5-C5Me5) in the presence of PMe3. Interestingly, rather than
yielding a ‘molybdenocene’ derivative,3 the bridging dimethyl-
phosphido–methyl complex, [Cp*Mo(m-O2CMe)]2(m-
PMe2)(m-Me), is obtained in ca. 30% isolated yield over a
period of 3 days at room temperature (Scheme 1). The
molecular structure of [Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me)
has been determined by X-ray diffraction (Fig. 1 and Table 1),4
thereby demonstrating that the P–CH3 bond of PMe3 has been
cleaved. 1H and 13C NMR spectroscopic data also provide
decisive evidence in accord with this formulation. For example,
the 1H NMR spectrum exhibits three doublets at d 0.97 (2JPH 10
Hz), 0.91 (2JPH 9 Hz), and 25.25 (3JPH 5 Hz) for the [Mo2(m-
PMe2)(m-Me)] moiety, with the lattermost resonance attributed
to the molybdenum methyl group.

The facile cleavage of the P–CH3 bond in the formation of
[Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me) is of interest not only
because such transformations are rare,5,6 but also because the
P–CH3 bond cleavage in this system takes precedence over the
much more ubiquitous C–H bond cleavage reactions of PMe3.7
Furthermore, the structure of [Cp*Mo(m-O2CMe)]2(m-
PMe2)(m-Me) is noteworthy because both [PMe2] and [Me]
fragments remain coordinated to the metal centers after
cleavage has taken place. We are aware of three other examples
of P–CH3 cleavage reactions of PMe3,8–10 only one of which
yields a product that contains both [PMe2] and [Me] groups
coordinated to a metal, namely the reaction of CpNi(m-H)(m-
CO)WCp2 with PMe3 to give CpNi(m-PMe2)(m-CO)W-
CpMe(PMe3).8

In addition to representing a noteworthy example of P–C
bond cleavage, [Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me) is also of
interest from a structural perspective since there are no
examples of dimolybdenum complexes with bridging methyl
groups listed in the Cambridge Structural Database.11,12

Bridging methyl groups have been proposed to adopt five
different coordination modes (Scheme 2), which may be
classified as (i) symmetric pyramidal,13 (ii) symmetric planar,14

(iii) monohapto agostic,15 (iv) dihapto agostic,16,17 and (v)
trihapto agostic.17,18 Of these modes, the bridging methyl group
in [Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me) is appropriately de-
scribed as symmetric pyramidal, with chemically equivalent
Mo–C bond lengths [2.300(7) and 2.301(7) Å]19 and an acute
Mo–C–Mo bond angle [76.4(2)°].20 The 1JCH coupling constant
associated with this methyl group is 113 Hz, less than that for

Scheme 1

Fig. 1 Molecular structure of [Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me)

Table 1 Selected bond lengths for [Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me)

X d[Mo(1)–X]a/Å d[Mo(2)–X]b/Å

Mo(x) 2.8447(5) 2.8447(5)
C(1) 2.300(7) 2.301(7)
P 2.3883(13) 2.3853(13)
O(1y) 2.179(3) 2.161(3)
O(2y) 2.145(3) 2.152(3)
C(z1) 2.259(4) 2.251(5)
C(z2) 2.241(4) 2.253(4)
C(z3) 2.364(4) 2.371(4)
C(z4) 2.419(4) 2.421(5)
C(z5) 2.352(4) 2.327(5)

a x = 2, y = 1, z = 4. b x = 1, y = 2, z = 5.

Scheme 2
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typical terminal molybdenum methyl groups (ca. 127–136
Hz),21 and possibly reflects a diminished s-contribution to the
C–H bond,22 rather than an agostic interaction.20

The Mo–Mo separation of 2.8447(5) Å in [Cp*Mo(m-
O2CMe)]2(m-PMe2)(m-Me) is consistent with the presence of a
direct Mo–Mo interaction.23 In this regard, the Mo–Mo
separation is longer than the values in complexes with formal
double bonds, e.g. [CpMo]2(m-S)2(m-SPri)(m-PPh2) [2.623(2)
Å]24 and [(C5Me4H)Mo(CO)](m-PPh2)2[Mo(CO)(C5Me4-
P(O)Ph2)] [2.744(1) Å],25 and notably shorter than the values in
other phosphido bridged complexes such as [CpMo(CO)2]2(m-
PMe2)(m-H) [3.262(7) Å],26 [CpMo(CO)2]2(m-PBut

2)(m-H)
[3.247(1) Å],27 and [CpMo(CO)2]2(m-PPh2)(m-H) [3.244(1)
Å].28,29 Furthermore, the length of the Mo–Mo bond in
[Cp*Mo(m-O2CMe)]2(m-PMe2)(m-Me) is marginally longer
than the W–W separation of 2.78 Å in Chisholm’s closely
related tungsten complex, Cp2W2(m-h2-O2CEt)2(m-h1-
O2CEt)(m-NMe2), which has been assigned to a single bond.30

In summary, the reaction of Mo2(m-O2CMe)4 with KCp* in
the presence of PMe3 yields [Cp*Mo(m-O2CMe)]2(m-PMe2)(m-
Me), the formation of which involves a novel P–CH3 cleavage
reaction of PMe3.

We thank the US Department of Energy, Office of Basic
Energy Sciences (#DE-FG02-93ER14339) for support of this
research. G. P. is the recipient of a Presidential Faculty
Fellowship Award (1992–1997).
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Direct synthesis of organochlorosilanes by the reaction of metallic silicon with
hydrogen chloride and alkene/alkyne

Masaki Okamoto, Satoshi Onodera, Yuji Yamamoto, Eiichi Suzuki and Yoshio Ono*†

Department of Chemical Engineering, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152, Japan

Organosilicon compounds were directly synthesized from
metallic silicon, alkene/alkyne and HCl, EtHSiCl2 being
obtained with 47% selectivity from Si, C2H4 and HCl at 513
K, and CH2NCHSiHCl2 and EtHSiCl2 with 39 and 23%
selectivity, respectively, when C2H2 was used in place of
C2H4.

Methylchlorosilanes, especially dimethyldichlorosilane, are
produced industrially by the reaction of metallic silicon with
MeCl using a copper catalyst.1 The direct synthesis of
dimethyldichlorosilane is the key step for synthesizing silicone
polymers. Various mechanisms have been proposed for this
direct synthesis.2 We carried out the reaction in the presence of
butadiene as a silylene trapping agent and found that an
appreciable amount of silacyclopent-3-enes was formed to-
gether with methylchlorosilanes.3 This indicates the inter-
mediacy of silylene-type species in this heterogeneous reaction.
It was presumed that the silylene species are formed on the
surface of a silicon–copper alloy, through which silicon atoms
diffuse out to the surface from the phase of metallic silicon. The
intermediacy of the silylene species has also been proposed for
the selective formation of trialkoxysilanes in the direct reactions
of metallic silicon with alcohols.4

HCl also reacts with metallic silicon to afford chlorosilanes,
mainly trichlorosilane.5 We presume that the surface silylene is
also an intermediate for the selective formation of tri-
chlorosilane.

It is well known that the addition of silylenes to alkenes gives
vinylsilanes via silacyclopropane intermediates.6,7 It is very
plausible that silylene species at the surface also react with
alkenes to form silacyclopropanes. In previous work, we have
reported that ethylmethoxysilanes are obtained by the reaction
of metallic silicon, MeOH and C2H4.8 When allyl propyl ether
was used instead of C2H4, allyldimethoxysilane was obtained in
38% selectivity.9

In this work, we report that alkylsilanes are directly prepared
by the reaction of metallic silicon and HCl in the presence of
C2H4 or propene. Organosilanes are also obtained by the
reaction of metallic silicon, HCl and C2H2.

The reactions were carried out in a fixed-bed flow reactor.
The mixture of metallic silicon (8.9 mmol) and copper(i)
chloride (0.79 mmol) as a catalyst was placed in a quartz tube
reactor (id 10 mm) and preheated at 723 K for 10 min. Then,
HCl (3 mmol h21) and C2H4 (12 mmol h21) was fed to the
reactor at 513 K. The reactor effluents were analyzed every 10
min by GC.

Fig. 1 shows the time courses of the rates of formation of
products and cumulative conversion of silicon. Ethyldichloro-
silane and trichlorosilane were obtained as the main products.
The rates of formation of these products increased to the
maximum with reaction time and then decreased. Small
amounts of dichlorosilane and tetrachlorosilane were also
formed. The cumulative conversion of silicon reached 36% in
12 h. Though the reaction was stopped at 12 h in the experiment
in Fig. 1, further increases in silicon conversion would be
attained on further extending reaction time. The overall
selectivity for ethyldichlorosilane for 12 h was 47%. The

selectivities for dichlorosilane, trichlorosilane and tetrachlor-
osilane were 6, 45 and 2%, respectively.

Note that ethyldichlorosilane was the sole organosilane
produced. To explain this fact, we propose the following
reaction scheme involving surface silylene 1 as shown in
Scheme 1. In the absence of C2H4, the surface silylene reacts
with HCl. The subsequent reactions through surface species 2
and 3 lead to the formation of HSiCl3 as the main product. The
formation of HSiCl3 by the addition of HCl to dichlorosilylene
has been reported.10 The silylene intermediate 1 reacts with
C2H4 to form silacyclopropane species 4. The species 4 is
converted into the surface species 5 by attack of HCl. Finally
attack of HCl on the species 5 leads to the cleavage of the two
Si–Cu bonds to form ethyldichlorosilane.

Use of propene instead of C2H4 under similar conditions
resulted in the formation of propyldichlorosilane and iso-
propyldichlorosilane with the selectivities of 10 and 24%,
respectively, together with chlorosilanes.

When C2H2 was used instead of alkenes, vinyldichlorosilane
and ethyldichlorosilane were produced. After preheating the

Fig. 1 Time courses of formation rates of the products and cumulative
conversion of silicon in the reaction of silicon, HCl and C2H4. Preheating:
723 K for 10 min; reaction: 513 K, Si: 8.9 mmol, CuCl: 0.79 mmol. Feed:
HCl (3 mmol h21) and C2H4 (12 mmol h21). Rates of formation of (a)
ethyldichlorosilane, (b) dichlorosilane, (c) trichlorosilane, (d) tetrachlor-
osilane and (e) conversion of silicon.

Scheme 1
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silicon–CuCl mixture at 723 K, only HCl (15 mmol h21) was
fed at 513 K for 10 min. During this period, 1% of silicon
charged in the reactor was consumed to form chlorosilanes, the
main product being HSiCl3. Then, the feed of HCl was changed
to a mixture of HCl (15 mmol h21) and C2H2 (4 mmol h21).
Vinyldichlorosilane and ethyldichlorosilane were produced
together with chlorosilanes. The overall selectivities in the 5 h
reaction for vinyldichlorosilane and ethyldichlorosilane were
39 and 23%, respectively, these two organosilanes accounting
for 62% of the products. About 13% of silicon charged in the
reactor was consumed in 5 h. A plausible mechanism for the
formation of vinyl- and ethyl-dichlorosilane is shown in
Scheme 2.

The silylene intermediate 1 reacts with C2H2 to form a
silacyclopropene surface species, which is attacked by HCl to
form a surface species containing a vinyl group. Silacyclopro-
pene intermediates are often postulated in the reaction of
silylenes with alkynes, though normally only dimeric products,
1,4-disilacyclohexa-2,5-dienes are obtained.7,11 The exclusive
formation of monomeric products indicates the silylene species
do not exist in the vapor phase, but are located on the surface.
Formation of ethyldichlorosilane indicates that the hydro-
genation of the intermediate(s) occurs on the surface.

Table 1 shows the effect of the C2H2 : HCl molar ratio on the
product distribution. Without C2H2, high conversion of metallic
silicon is attained, giving trichlorosilane as a main product. As

the C2H2 : HCl ratio increases, the reactivity of metallic silicon
decreases. The selectivity for organosilanes was highest at a
C2H2 : HCl ratio of 0.26.

The reactions of silicon, HCl and alkene/alkyne offer a new
method for synthesizing organosilanes directly from metallic
silicon.
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Scheme 2

Table 1 Effect of C2H2 : HCl ratio on the Si–HCl–C2H2 reactiona

Si (C2H3)-
C2H2 : HCl conversion HSiCl2 EtHSiCl2 H2SiCl2 HSiCl3 SiCl4
ratio (%) (%) (%) (%) (%) (%)

0.33 15 27 15 4 53 1
0.26 16 34 21 0 45 0
0.2 31 23 11 4 61 1
0.13 37 22 11 5 62 1
0.07 67 10 3 11 76 1
0 85 — — 6 93 1

a Preheating: 723 K for 10 min; reaction: 513 K for 5 h, Si: 8.9 mmol, Cu:
0.20 mmol, HCl: 15 mmol h21.
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A novel molecular species incorporating a cyclic organolithate anion and a
disiloxane-solvated lithium cation

Colin Eaborn,*† Salima M. El-Hamruni, Peter B. Hitchcock and J. David Smith*†

School of Chemistry, Physics and Environmental Sciences, University of Sussex, Brighton, UK BN1 9QJ

The disiloxane O{SiMe2CH(SiMe3)2}2 is readily metallated
by LiMe in thf (thf = tetrahydrofuran) to give the compound
SiMe2C(SiMe)3LiC(SiMe3)2SiMe2OLi(thf)2, the crystal
structure of which is reported.

In 1983 we reported the first diorganolithate, [Li(thf)4][Li{C-
(SiMe3)3}2] 1 (thf = tetrahydrofuran)1 and more recently we
described the related cyclic species 2.2 We have now obtained
and structurally characterized the somewhat more distantly
related cyclic lithate 3, which has unprecedented features.

We have found that the disiloxane O{SiMe2CH(SiMe3)2}2
3

is metallated by LiMe in thf at room temperature, that is much
more readily than (Me3Si)3CH,4 probably because of initial
interaction of the siloxane oxygen atom with the Li of the
LiMe.‡ Recrystallization of the product, 3, from heptane gave
crystals suitable for an X-ray diffraction study, which yielded
the structure shown in Fig. 1.§

The main novel features of 3 are as follows.
(a) In contrast to 1 and 2, in each of which the lithate anion

and the solvated lithium cation are well separated, compound 3
is a molecular dipolar species, the Li(2)+ centre being attached
to the lithate ion via the oxygen of the siloxane linkage. Both the
O(1) and Li(2) atoms have essentially planar geometries [sum
of angles 358.6(5) and 360.0(6)°, respectively]. The Si–O–Si
angle is 138.5(3)°, a fairly normal value for a siloxane linkage.5
The angle between the bonds to the thf molecules, O(3)–Li(2)–
O(2) 101.2(6)°, is narrow, presumably to minimize steric
interactions.

(b) As far as we can ascertain compound 3 is the first example
of a structurally characterized disiloxane–metal complex in
which the ligand is attached to the metal only through its oxygen
atom. In all other examples of coordination of disiloxane
oxygen to a metal this bonding is supported by bonding through
another atom of the ligand; examples include systems of the
types Me3SiO–Pd–Si,6 Me3SiO–Zr–CH2SiMe2,7 and Me3SiO–
Li–N–Si.8 (A polysiloxane analogue of a crown ether complex,
[K(OSiMe2)7]+,9 and siloxane-solvation of Na and K centres
within complex polysiloxane frameworks10 were recently
reported.) Remarkably, since siloxanes are normally thought to
be much weaker donors than organic ethers,6,7,11 the Li–O bond
to the siloxane oxygen in 3, 1.917(12) Å, is not significantly
longer than those to the thf molecules, mean 1.912(12) Å. [See
also (d) below. In contrast, the O–M bonds in the Pd and Zr
compounds mentioned above are rather long, and this was
attributed to the poor donor ability of siloxanes.6,7] The
interaction of the oxygen lone pair with Li leads to a large
increase in the Si–O(1) bond length to a mean of 1.704(5) Å
from the 1.63–1.64 Å usually found in disiloxanes.5

(c) The mean Li–C bond length in 3, 2.12(2) Å, is not
significantly different from that in 1, 2.18(1) Å, or 2, 2.156(4)
Å. To accommodate the demands of the six-membered ring the
C–Li–C angle is lowered to 144.2(7)°, compared with 180° in 1
and 171.4(7)° in 2. The closest contacts between the Li atom
and the methyl groups are to C(6) and C(18) [Li–C(6) 3.12, Li–
C(18) 3.00 Å], there are corresponding contacts (3.04 Å) in 2.

(d) In contrast to 2, in which the exocyclic C–SiMe3 bonds
and endocyclic C–SiMe2CH2 bonds are all essentially of equal
length, mean 1.829(4)°, in 3 the C–SiMe3 bonds have a mean
length of 1.835(4)°, effectively identical with those in 2, but the
endocyclic C–SiMe2O bonds have a mean length of only
1.806(6)°. This can be attributed to more effective delocaliza-
tion of carbanionic charge by negative hyperconjugation12

directed towards oxygen rather than towards carbon.7 Such
enhancement of the negative charge on the oxygen atom could
strengthen the O(1)–Li(2) interaction. (Or, from an alternative
viewpoint, this interaction could enhance the hyperconjuga-
tion.)

(e) The mean of the Si–C–Si angles in 3 is 117.3°, compared
with 115.9° in 2, but, the separate values, and those of the Li–
C–Si angles, range more widely than in 2. The Me3Si–C–SiMe3
angles, mean 114.0(2)°, are markedly smaller than the Me3Si–
C–SiMe2O angles, mean 119.6°, these latter angles varying

Fig. 1 Selected bond lengths (Å) and angles (°) for 3: C(1)–Si(1) 1.843(7),
C(1)–Si(2) 1.829(7), C(1)–Si(3) 1.809(6), C(2)–Si(4) 1.804(6), C(2)–Si(5)
1.834(7), C(2)–Si(6) 1.836(7), C(1)–Li(1) 2.105(14), C(2)–Li(1) 2.13(2),
O(1)–Si(3) 1.706(5), O(1)–Si(4) 1.702(5), O(1)–Li(2) 1.917(12),
O(2)–Li(2) 1.909(12), O(3)–Li(2) 1.914(13), Si–Me (mean) 1.886(6);
Si(1)–C(1)–Si(2) 113.5(3), Si(1)–C(1)–Si(3) 115.5(3), Si(2)–C(1)–Si(3)
124.4(4), Si(4)–C(2)–Si(5) 117.8(4), Si(4)–C(2)–Si(6) 120.8(4), Si(5)–
C(2)–Si(6) 114.6(3), C(1)–Li(1)–C(2) 144.2(7), Li(1)–C(1)–Si(3) 93.2(4),
Li(1)–C(2)–Si(4) 94.8(4), Li(1)–C(1)–Si(1) 99.6(5), Li(1)–C(2)–Si(5)
104.5(5), Li(1)–C(2)–Si(6) 97.2(5), Si(3)–O(1)–Li(2) 109.1(5), Si(4)–
O(1)–Li(2) 111.0(5) O(1)–Li(2)–O(2) 125.6(7), O(1)–Li(2)–O(3) 133.2(7),
O(2)–Li(2)–O(3) 101.2(6), Si(3)–O(1)–Si(4) 138.5(3), O(1)–Si(3)–C(9)
100.3(3), O(1)–Si(3)–C(10) 104.3(3), O(1)–Si(4)–C(1) 99.4(3),
O(1)–Si(4)–C(12) 106.1(3), Me–Si–Me (mean) 103.9(4).
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from 115.5(3) to 124.4(4)°. As in 2 the two CSi3 systems on
either side of the molecule are distorted and tilted (with respect
to the Li–C bonds) differently; presumably this is predom-
inantly to maximize Me···Me distances, but it also accom-
modates the observed Me···Li interactions. In consequence the
molecule as a whole has no symmetry.

Compound 3 can be expected to serve as a source of the
dicarbanionic ligand (Me3Si)2C̄SiMe2OSiMe2C̄(SiMe3)2. This
ligand should give novel cyclic and linear-polymeric deriva-
tives of a range of metals, and may be especially effective in the
case of cyclic derivatives of elements for which the dialkylme-
tals prefer a bent C–M–C framework, e.g. Ca,13 Yb14,15 and
Eu.15

We thank the EPSRC for financial support and the Libyan
Government for the award of a postgraduate scholarship to
S. M. El-H.
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which was distilled under vacuum then left exposed to the air for 3 days to
give O{SiMe2CH(SiMe3)2}2, with 1H NMR data identical with those
previously reported.3 A solution of LiMe (1.20 mmol) in hexane (0.90 cm3)
was added dropwise at room temperature to a stirred solution of the
O{SiMe2CH(SiMe3)2}2 (0.27 g, 0.60 mmol) in thf (10 cm3). The mixture
was stirred overnight at room temperature and the solvent then removed
under vacuum to leave a sticky solid, which was crystallized from heptane
at room temperature. 1H NMR (C6D6): dH 0.43 (coincident s, 48 H, SiMe3

and SiMe2), 1.30 (s, 8 H, thf) and 3.30 (s, 8 H, thf). dC 7.7 (SiMe3), 8.7
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0.63 and 0.78, overlapping. The yield of 3 as estimated from the 1H NMR
spectrum of the initial product solution was > 90%.
§ Crystal data for 3: M = 607.2; monoclinic, space group P21/n (non-
standard no. 14), a = 9.416(2), b = 16.959(2), c = 23.900(4) Å, b =
93.51(10), U = 3809(1) Å3, Dc = 1.06 Mg m23, Z = 4, F(000) = 1336,
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riding mode with Uiso = 1.5Ueq(C). Final R1 = 0.089 for 4429 reflections
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Practical methods for synthesizing four incompletely condensed silsesquioxanes
from a single R8Si8O12 framework

Frank J. Feher,*† Daravong Soulivong and Frank Nguyen

Department of Chemistry, University of California, Irvine, CA 92697-2025, USA

The reaction of (c-C6H11)8Si8O12 1 with triflic acid (TfOH)
can produce two different ditriflates with the formula
(c-C6H11)8Si8O11(OTf)2, which can be hydrolyzed selectively
to four different incompletely condensed silsesquioxane
frameworks with the formula (c-C6H11)8Si8O11(OH)2 (2, 4, 7
and 8).

Incompletely condensed silsesquioxanes have attracted broad
interest as models for silica surfaces,1–3 ligands for main group,
transition-metal and lanthanide elements,4–6 building blocks for
network solids,7,8 and precursors to new families of silsesquiox-
ane-containing polymers.9,10 Our recent discovery that a single
Si–O–Si linkage in a fully-condensed R8Si8O12 framework (i.e.
1) can be cleaved selectively by strong acids [e.g. HBF4–BF3 or

TfOH (triflic acid)] provides an important new method for
preparing incompletely condensed frameworks (e.g. 2 and 4),11

but there are still strong incentives for devising practical routes
to silsesquioxanes with reactive SiOH groups. Here, we report
an improved method for synthesizing 2, as well as the discovery
of an interesting acid-induced rearrangement reaction of 1 that
provides access to two other incompletely condensed frame-
works (i.e. 7 and 8).

The reaction of 1 with TfOH (5 equiv., 25 °C, C6H6, 30 min)
occurs rapidly upon mixing to afford quantitative NMR yields
of a C2v-symmetric ditriflate derived from cleavage of a single
Si–O–Si linkage (e.g. 3).11 This ditriflate reacts with a variety of
nucleophiles to afford products resulting from substitution of
triflate with complete inversion of stereochemistry at Si.12

When water11 or aniline12 are used as nucleophiles in large
excess, 4 or 5 can be obtained in high yield. Disilanol 4 is
hydrolytically stable, but 5 reacts very slowly with water to
afford several products resulting from hydrolysis of Si–N
bonds, including disilanol 2. Both the rate and selectivity of
hydrolysis can be greatly increased by performing the reaction
with 6 m HCl. Under these conditions, high yields of 2 are
obtained within a few minutes of mixing.‡ This route to 2 is far
superior to our previously reported method11 based on Me3Sn-
OH-mediated hydrolysis of fluoride-substituted frameworks,
and it allows both 2 and 4 to be prepared from a common
intermediate (i.e. 3) which can be obtained in high yield from a
readily available R8Si8O12 framework.

When 1 is reacted with a larger excess of TfOH (10 equiv.,
25 °C, C6H6, 3 h), cleavage of additional Si–O–Si linkages is
observed, but the major product is not a tetratriflate derived
from cleavage of the second Si–O–Si linkage. Instead, this

reaction produces large amounts (ca. 70%) of a new
C2-symmetric framework with two Si–OTf groups. If cleavage
of the second Si–O–Si linkage by TfOH and intramolecular
displacement of a triflate group both occur with complete
inversion of stereochemistry at Si, the mechanism proposed in
Scheme 1 predicts that this new ditriflate is 6.§ This ditriflate
reacts with H2O or aqueous NaHCO3 to afford 7;¶ hydrolysis of
the ditriflate via sequential reaction with excess aniline and 6 m
HCl affords 8. The structures of 7 and 8 were established by
comparison to authentic samples prepared by alternative
methods. Disilanol 8 is available in 15–20% yield via the slow
(3–36 months) hydrolytic condensation of CySiCl3.3 Disilanol 7
can be independently synthesized via sequential reactions of 8
with HBF4–BF3, Me3SnOH and aqueous HCl. The stereo-
chemical consequences of these reactions are well established
and known to invert the stereochemistry of SiOH groups on
silsesquioxane frameworks.11,13,14

The formation of 6 during the reaction of 1 with TfOH is
surprising because it requires formation of an Si5O5 ring under
conditions where Si4O4 rings are cleaved selectively and Si–OH
groups are quickly converted into Si–OTf groups by an excess
of TfOH. It is difficult to rationalize the high selectivities
observed in these reactions. Nevertheless, it is abundantly clear
that Si–O–Si cleavage by strong acids can be extremely
selective and that the formation of new Si–O–Si linkages can be
competitive.

In conclusion, the reaction of 1 with TfOH can produce two
different ditriflates (3 and 6), which can be hydrolyzed
selectively to four different incompletely condensed silses-
quioxane frameworks (2, 4, 7 and 8). These results represent an
important advance in the chemistry of discrete silsesquioxanes

Scheme 1
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because 1 is available in high yield via base-catalyzed
hydrolytic condensation of CySi(OMe)3

15 and catalytic hydro-
genation of readily available Ph8Si8O12.16,17 Our efforts to
expand the generality of these reactions, as well as the reaction
chemistry of 3 and 6 will be reported in due course.

These studies were supported by the National Science
Foundation and Phillips Laboratory (Edwards AFB).
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‡ Disilanol 2 was prepared in quantitative yield by adding an excess of 6 m
HCl to a solution of 5 in THF. The product obtained after evaporation of the
THF and a standard aqueous work-up with Et2O as an extraction solvent
was identical in all respects to an authentic sample of 2 prepared according
to ref. 11.
§ The ditriflate tentatively assigned as 6 was prepared by reacting 1 (102
mg, 0.094 mmol) and TfOH (83 ml, 0.943 mmol) at 25 °C for 3 h according
to the procedure described for the synthesis of 3.11 Repeated attempts to
crystallize the crude product were unsuccessful because the ditriflate is
extremely water sensitive and highly soluble in all solvents with which it
does not react. The crude product obtained after evaporation of the solvent
is ca. 70% pure (by 13C and 29Si NMR spectroscopy) and should be used
immediately to avoid decomposition. Selected characterization data:
13C{1H} NMR (125 MHz, CDCl3, 25 °C), d 27.35–25.26 (CH2), 23.24,
23.00, 22.95, 22.66 (s CH, 1 : 1 : 1 : 1). 29Si{1H} NMR (99 MHz, CDCl3,
25 °C), d 262.82, 264.84, 267.25, 268.02 (1 : 1 : 1 : 1). A C2-symmetric
structure with the opposite orientation of Cy and OTf groups is equally
consistent with all of our spectroscopic and analytical data. Although this
structure it is considered unlikely on the basis of mechanistic considera-
tions, it should not be ruled out until the structure of 6 is confirmed by a
single-crystal X-ray diffraction study.
¶ For 7: 1H NMR (500 MHz, CDCl3, 25 °C), d 2.38 (br s, 2 H), 1.73 (br m,
40 H), 1.24 (br m, 40 H), 0.42 (br m, 8 H). 13C{1H} NMR (125 MHz,
CDCl3, 25 °C), d 27.45, 27.40, 27.37, 26.76, 26.70, 26.60, 26.52, 26.45,
26.42 (for CH2), 23.46, 23.29, 23.27, 22.15 (1 : 1 : 1 : 1 for CH). 29Si{1H}
NMR (99 MHz, CDCl3, 25 °C): d 257.47, 266.18, 267.24, 267.76
(1 : 1 : 1 : 1). MS (70 eV, 200 °C, relative intensity): m/z 1015 ([M 2 Cy]+,

100%), 932 ([M 2 2Cy]+, 15%), 466 ([M 2 2Cy]2+, 35%). Anal. Calc. for
C48H90O13Si8 (found): C, 52.42 (52.40); H, 8.25 (8.05)%. Mp by DSC:
233.5 °C.
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Synthesis, molecular structure, and reactivity of an Li2Br4 octahedrally
stabilized organoaluminium bromide dimer

Xiao-Wang Li, Jianrui Su and Gregory H. Robinson*

Department of Chemistry, The University of Georgia, Athens, GA 30602-2556, USA

The synthesis, molecular structure, and reactivity of an
unusual Li2Br4 octahedrally stabilized organoaluminium
bromide dimer, [(Mes2C6H3)AlBr3Li]2, is described.

Utilization of the sterically demanding 2,6-dimesitylphenyl
ligand, (Mes2C6H3), with group 13 elements has afforded a
number of interesting compounds in recent years. Monomeric
compounds of boron, (Mes2C6H3)BBr2,1 gallium,
(Mes2C6H3)2GaX (X = Cl,2 Br3), and indium (Mes2-
C6H3)2InBr,4 have been reported. Gallium and indium dimers
such as [(Mes2C6H3)GaCl2]2 and [(Mes2C6H3)InCl2]2

5 have
also been prepared. It is particularly significant that this ligand
system has been shown to stabilize cyclogallenes, organome-
tallic 2p-electron aromatic moieties, M2[(Mes2C6H3)Ga]3

6–9

(M = Na, K). In notable contrast, the corresponding organoalu-
minium chemistry of this ligand has proven considerably less
fruitful. Reaction of Me3SiCl with [(Mes2C6H3)AlH3·LiOEt2]n

gives (Mes2C6H3)AlCl2·OEt2.10 Herein we report the synthe-
sis,† molecular structure, and reactivity of the Li2Br4 octahed-
rally stabilized aluminium bromide dimer [(Mes2-
C6H3)AlBr3Li]2 1. Reaction of 1 with lithium 2,6-diisopropyl-
phenylamide, Li[N(H)(Pri

2C6H3)], affords (Mes2C6H3)Al-
[N(H)(Pri

2C6H3)]2, 2.
The structure of 1 (Fig. 1)‡ which resides about a center of

symmetry, may be described as an Li2Br4 octahedrally
stabilized aluminium bromide dimer. The Li2Br4 octahedron is
facilitated by the displacement of the lithium atoms from the
ipso-carbon atoms of the ligands by AlBr3 moieties. 1 is easily
compared with the unsolvated (2,6-dimesitylphenyl)lithium
dimer, [(Mes2C6H3)Li]2.11 Perhaps most interesting is the
differences in lithium coordination of 1 compared to that of
[(Mes2C6H3)Li]2. In [Mes2C6H3)Li]2 the primary interaction
between the lithium and the ligand involves the ipso-carbon

atoms. The Li–Cipso bond distances are 2.17(1) and 2.16(1) Å
while the secondary lithium–carbon interactions (with the ipso-
carbon atoms of the o-mesityl substituents) range from 2.51(1)
to 2.56 Å. In striking contrast from [(Mes2C6H3)Li]2, the
lithium atoms in 1 only interact with the 2,6-dimesitylphenyl
ligand in an h6-aryl ring fashion with lithium–carbon contacts
ranging from 2.38(4) to 2.70(4) Å. In addition to the Li–
(h6-aryl) ring interaction, and quite unlike other reported
lithium aryls, the core 1 is further stabilized by weak lithium–
bromine contacts: 2.52(2), 2.67(3) and 2.80(3) Å. These
distances are considerably longer than the corresponding value
reported for gaseous LiBr (2.35 Å).12 Furthermore, the Li···Li
separation in 1 of 3.45(6) Å is considerably longer than the
values reported for [(Mes2C6H3)Li]2 (2.31, 2.27 Å). The
environment about the aluminium atom may be described as
distorted tetrahedral with bond angles ranging from 99.0(5) to
122.5(5)°. The Al–C bond distance in 1 of 1.96(2) Å compares
well with other four-coordinate aluminium compounds. The
Al–Br bond distances, 2.359(5), 2.285(6) and 2.398(5) Å, for
Al–Br(1), Al–Br(2) and Al–Br(3), respectively, are comparable
to other reported Al–Br distances.13–15

The unusual structure of 1 underscores the often substantial
differences in chemical behavior of organoaluminium moieties
relative to other group 13 congeners. However, it is interesting
that reaction of 1 with Li[N(H)(Pri

2C6H3)] proceeds in an
expected manner affording 2. The aluminium atom in 2 assumes
a trigonal planar geometry [bond angles about Al: 127.3(5),
116.4(2) and 116.4(2)°] (Fig. 2) with generally unremarkable
Al–Cl [1.978(11) Å] and Al–N [1.788(6) Å] bond distances.
The Al–N bond distance in 2 is quite comparable to values
reported for [CpAl–N(Pri

2C6H3)]2 [1.796(2) and 1.811(3) Å]16

while these are much shorter than the distances reported for
[(Me3CCH2)2Al–N(H)(Pri

2C6H3)]2 [2.013(5) and 2.007(5)
Å].17 2 contains a mirror plane which bisects the N–Al–N bond

Fig. 1 Molecular structure of [(Mes2C6H3)AlBr3Li]2 1. Selected bond
distances (Å) and angles (°): Al(1)–C(1) 1.96(2), Al(1)–Br(1) 2.359(5),
Al(1)–Br(2) 2.285(6), Al(1)–Br(3) 2.398(5), Br(1)–Li(1A) 2.67(3), Br(3)–
Li(1) 2.52(3), Br(3)–Li(1A) 2.80(3), Li(1)–Li(1A) 3.41(5), Li(1)–C(7)
2.70(3), Li(1)–C(8) 2.70(3), Li(1)–C(9) 2.51(3), Li(1)–C(10) 2.43(3),
Li(1)–C(11) 2.38(4), Li(1)–C(12) 2.55(4), C(1)–Al(1)–Br(1) 111.1(5),
C(1)–Al(1)–Br(2) 122.2(5), C(1)–Al(1)–Br(3) 115.5(5), Br(2)–Al(1)–Br(1)
106.2(2), Br(2)–Al(1)–Br(3) 99.0(2), Br(1)–Al(1)–Br(3) 100.0(2), Al(1)–
Br(1)–Li(1A) 88.5(7), Al(1)–Br(3)–Li(1) 106,1(8), Al(1)–Br(3)–Li(1A)
84.9(7), Li(1)–Br(3)–Li(1A) 79.6(9).

Fig. 2 Molecular structure of (Mes2C6H3)Al[N(H)(Pri
2C6H3)3 2. Selected

bond distances (Å) and angles (°): Al(1)–C(1) 1.978(11), Al(1)–N(1)
1.788(6), N(1)–C(14) 1.436(10); N(1)–Al(1)–C(1) 116.4(2), N(1)–Al(1)–
N(1A) 127.3(5), C(14)–N–Al(1) 138.1(6).

Chem. Commun., 1998 1281



angle while containing atoms Al, C(1) and C(4). The central
phenyl ring of the ligand resides at an angle of 63.2° relative to
the aluminium trigonal plane [C–Al(N)–N]. Indeed, significant
p-bonding would appear to be precluded in 2 by the fact that
both nitrogen trigonals [C–N(H)–Al] are twisted at an angle of
23.1° relative to the aluminium trigonal plane.

The formation of 2 suggests that 1 may be utilized in a variety
of reactions as a means to approach other interesting deriva-
tives.

Notes and References

† Synthesis: 1 a solution of (Mes2C6H3)Li (0.80 g, 2.5 mmol) in diethyl
ether (40 ml) was added over a period of 10 min to an ether (30 ml) solution
of AlBr3 (0.67 g, 2.5 mmol) at 278 °C. The reaction mixture was stirred for
3 h and allowed to warm to room temp. over a period of 2 h. The resulting
solution became yellow and was stirred for additional 30 h. After filtration,
the solution was concentrated. Cooling this solution to 225 °C for several
days afforded 1 (0.78 g) as colorless crystals. Yield: 53%, mp 67 °C. 1H
NMR (300 MHz, 298 K, [2H8]THF): d 1.92 (s, 12 H, oA-CH3), 1.98, (s, 12
H, oA-CH3), 2.13 (s, 6 H, pA-CH3), 2.17, (s, 6 H, pA-CH3), 6.65–6.73 [m, 6 H,
CH(aromatic)], 6.76 [s, 8 H, mA-CH (aromatic)]. 13C NMR (300 MHz, 298
K, [2H8]THF): d 19.91, 20.06, 20.48, 20.62, 20.81 (methyl C); 125.90,
126.32, 126.68, 126.86–134.02, 139.23, 142.12, 145.98 (aromatic C).

2: an ether (50 ml) solution of Li[N(H)(Pri
2C6H3)] (0.22 g, 1.5 mmol),

prepared from (Pri
2C6H3)NH2 and n-C4H9Li, at 0 °C in ether, was slowly

added to an ether (30 ml) solution of 1 (0.42 g, 0.70 mmol) at 278 °C. The
reaction mixture was stirred for 3 h and allowed to warm to room temp. over
a period of 2 h, and stirred for additional 30 h. After filtration, the solvent
of the yellow solution was evaporated in vacuo. The residue was extracted
with hexane (50 ml). The volume of the solution was reduced in vacuo to ca.
15 ml. Cooling the concentrated solution at 225 °C for a week afforded
colorless needle crystals of 2. X-Ray quality crystals were grown from
diethyl ether–hexane (1 : 1). Yield: 78%. mp. 154 °C. 1H NMR (300 MHz,
298 K, C6D8): d 1.07 [d, 12 H, CH(CH3)2], 1.2 [d, 12 H, CH(CH3)2], 1.90
(s, 6 H, oA-CH3), 1.93 (s, 6 H, oA-CH3), 2.04 (s, 3 H, pA-CH3), 2.08 (s, 3 H,
pA-CH3), 3.24–3.29, [m, 4 H, CH(CH3)2], 4.39 (s, 2 H, NH), 6.63–6.69 [m,
12 H, CH (aromatic)], 6.71–6.73 [m, 4 H, mA-CH (aromatic)]. 13C NMR
(300 MHz, 298 K, C6D8): d 8.18, 8.26, 16.38, 18.10, 18.38, 18.65, 19.91,
20.17 (alkyl C), 123.20, 123.42, 124.09, 124.75, 124.98–141.2, 142.87,
144.50, 145.96 (aromatic C).
‡ Crystallographic data for 1 and 2: colorless cubic crystals of 1 (0.2 3 0.1
3 0.1 mm) and 2 (0.2 3 0.2 3 0.1 mm) were mounted in glass capillaries
under an atmosphere of N2 in a drybox. Single crystal X-ray intensity data
were collected on a Siemens P4 diffractometer (50 kV/40 mA), with
graphite-monochromated Mo-Ka radiation (l = 0.710 73 Å) at 21 °C,
using the w scan technique to a maximum 2q value of 45°. Cell parameters
and an orientation matrix for data collection were obtained from a least-
squares analysis of the setting of up to 30 carefully centered reflections in
the range 15.0° < 2q < 30.0°. Absorption corrections were carried out
using the empirical y-scan method. The structures were solved by direct
methods using the SHELXTL 5.018 software package. All non-hydrogen
atoms were refined using anisotropic thermal parameters. Hydrogen atoms

were placed at ideal positions riding on the attached carbon and nitrogen
atoms without further refinement.

Crystal data: 1: a = 9.982(8), b = 10.179(2), c = 12.948(3) Å, a =
95.30(2), b = 94.90(4), g = 107.70(2)°, V = 1239.0(11) Å3, Dc = 1.574
g cm23, Z = 1 for triclinic space group P1̄. Refinement converged at R1 =
0.070, wR2 = 0.20 using the F2 refinement for 2150 observed reflections.
Data collection and refinement for 2 proceeded in a fashion similar to that
described for 1.

2: a = 24.604(14), b = 10.312(5), c = 18.173(8) Å, b = 115.50(5)°, V
= 4161.8(34) Å3, Dc = 1.106 g cm23, Z = 4 for monoclinic space group
C2/c. Refinement converged at R1 = 0.097, wR2 = 0.23 using the F2

refinement for 1449 observed reflections. CCDC 182/851.
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A two-dimensional network constructed from hexamolybdate, octamolybdate
and [Cu3(4,7-phen)3]3+ clusters: [{Cu3(4,7-phen)3}2{Mo14O45}]

Douglas Hagrman, Pamela J. Zapf and Jon Zubieta*†

Department of Chemistry, Syracuse University, Syracuse, NY 13244, USA

The hydrothermal reaction of Cu(SO4)·H2O, MoO3, 4,7-phe-
nanthroline and water yields [{Cu3(4,7-phen)3}2{Mo14O45}],
a material exhibiting a two-dimensional network con-
structed from (Mo6O19)22 and (Mo8O26)42 clusters linked
through planar cyclic {Cu3(4,7-phen)3

3}+ clusters.

Inorganic oxides are ubiquitous in the geosphere and the
biosphere1,2 and are represented not only by the complex
aluminosilicates which make up vast proportions of igneous
rocks,3 by ores and gems but also by complex oxides fashioned
by biomineralization, such as bones, shells, teeth and spic-
ules.4,5 The intense contemporary interest in solid state oxides
reflects their properties, which endow these materials with
applications ranging from heavy construction to microcircui-
try.5 Consequently, there has evolved a significant effort in the
manipulation of inorganic oxide microstructures.

One synthetic approach is to mimic Nature’s remarkable
mixtures of inorganic oxides coexisting with organic molecules.
In such materials, the inorganic oxide contributes to the
increased complexity and hence functionality through in-
corporation as one component in a multilevel structured
material where there is synergistic interaction between organic
and inorganic components.6 There are now four major classes of
materials in which organic components exert a significant
structural role in controlling the inorganic oxide microstructure:
zeolites,7,8 mesoporous oxides of the MCM-41 class,9 biminer-
alized materials,10 and microporous octahedral–tetrahedral or
square-pyramidal–tetrahedral framework transition metal phos-
phates (TMPO) with entrained organic cations.11,12 We have
recently identified a fifth class of organic–inorganic oxide
hybrid materials: ditopic organonitrogen-templated molybde-
num oxides.13 A common structural motif for this class of
materials consists of a molybdate cluster entrained within a
scaffolding provided by a coordination cation polymer; for
example, [{Cu(4,4A-bpy)4}Mo8O26] and [{Ni(H2O)2(4,4A-
bpy)2}2Mo8O26] exhibit the d- and e- forms of the octamolybate
cluster, respectively. As part of our continuing studies of this
class of materials, we have sought to exploit rigid linkers other
than the linear rod, such as 4,7-phenanthroline which has
resulted in the isolation of an unusual two-dimensional array
of clusters14,15 in the material [{Cu(4,7-phen)3}2-
{Mo14O45]}·0.5H2O (1).

The hydrothermal reaction of Cu(SO4)·H2O, MoO3,
4,7-phenanthroline and water in the mole ratio 1 : 1.8 : 1.7 : 1654
at 200 °C for 99.5 h yielded 1 in 90% yield as brown rhombs.
The IR spectrum exhibited a complex pattern of bands in the
range 700–950 cm21, ascribed to v(MoNO) and v(Mo–
O–Mo).

As shown in Fig. 1(a) and (c), the structure of 1‡ is
constructed from the linking of three independent molecular
clusters: {Cu3(4,7-phen)3}3+, b-(Mo8O26)42 and (Mo6O19)22.
While the hexa- and octa-molybdate clusters are well known
aggregates,16 the trinuclear copper(i) cluster cation provides a
novel twenty-one membered cyclic structure. The extended
structure is generated through the bonding of terminal and
bridging oxo-groups of the clusters to the CuI sites of the rings.
As shown in Fig. 1(a), one motif consists of linear chains of
b-(Mo8O26)42 clusters linked through {Cu3(4,7-phen)3}3+ rings

into a one-dimensional ribbon. Adjacent parallel ribbons are
linked through {Mo6O19}22 clusters into a two-dimensional
sheet structure, as shown in Fig. 1(a). Each hexamolybdate

Fig. 1 (a) A view of the sheet structure of [{Cu3(4,7-phen)3}2-
{Mo14O45}]·0.5H2O 1 along the (112) plane, illustrating the linking of
[{Cu3(4,7-phen)3}2{Mo8O26}]2n+

n chains by (Mo6O19)22 clusters. (b) A
view of the sandwiching of the (Mo6O19)22 cluster between two nearly
coplanar {Cu3(4,7-phen)3}3+ clusters. (c) A view of the crosslinking chain
of alternating hexanuclear and octanuclear molybdate clusters, contrasting
the alignment of the (Mo6O19)22 cluster with the centroids of the {Cu3(4,7-
phen)3}3+ rings and the displacement of the (Mo8O26)42 cluster from the
centroid causing a parallel shearing of the subsequent Cu3 ring.
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cluster is sandwiched between two planar {Cu3(4,7-phen)3}3+

rings as shown in Fig. 1(b). The hexanuclear clusters are aligned
with opposite Mo3 triangular faces of the Mo6 octahedron
parallel to the Cu3 rings. In contrast, the centroid of the
b-(Mo8O26)42 cluster does not align with the centroids of the
sandwiching Cu3 rings, which are displaced ca. 4.5 Å by
parallel shearing with respect to each other. This allows the
approach of two additional Cu3 rings whose interactions with
the oxo-groups of the octanuclear cluster propagate the chain. In
this fashion, each octamolybdate cluster bonds to four Cu3
rings, while each hexamolybdate cluster links only two such
rings. Each Cu3 ring bonds to one hexamolybdate and two
octamolybdate clusters.

A curious feature of the structure is the presence of both
(Mo6O19)22 and b-(Mo8O26)42 clusters as building blocks for
the two-dimensional sheet, as shown in Fig. 2. However, this
observation reflects the synthetic approach of exploiting
hydrothermal conditions which requires a shift from the
thermodynamic to the kinetic domain, such that equilibrium
phases are replaced by structurally more complex metastable
phases.17 The structure-directing role of the copper coordina-
tion complex cluster is manifest in interactions whose geometric
correspondence produces the architecture of the network. While
it remains premature to classify such syntheses in terms of
‘designed’ routes, it should be noted that the very complexity of
the hybrid material produces a limit on the degree of
predictability. Moreover, design may not require total
predictability, but rather a reciprocity of structure–function
relationships for a class of materials which evolve as sufficient
numbers of examples are characterised. Indeed, the chemistry of

the Cu–organodiamine–molybdate system appears to be ex-
traordinarily diverse, encompassing a variety of molybdate
clusters, chains and sheets as building blocks. In the specific
case of 4,7-phenanthroline as ligand, compound 1 was observed
in a fairly narrow pH range (ca. 6–8), outside of which other as
yet unidentified phases were observed.

Upon thermal treatment, 1 exhibits a 0.5 mass% loss at ca.
120 °C owing to the loss of the water of crystallization and a
further 30 mass% loss between 310 and 350 °C, corresponding
to the loss of the organic ligand. When carried out in oxygen, the
product of thermolysis is a pale green material of approximate
composition Cu6Mo14O45, whose powder diffraction pattern is
distinct from that of known copper molybdates. We are
investigating the use of hybrid materials such as 1 in the
preparation of novel heterometallic molybdate phases.

This work was supported by a grant from the National
Science Foundation CHE9617232.

Notes and References

† E-mail: jazubiet@mailbox.syr.edu
‡ Crystal data: C36H25Cu3Mo7N6O23: triclinic, space group P1; a
= 12.7440(1), b = 13.0051(2), c = 14.0194(2) Å, a = 87.304(1),
b = 87.596(1), g = 70.315(1)°, U = 2198.02(5)Å3, Z = 2, Dc =  2.678
g cm23; structure solution and refinement based on 9761 reflections
converged at R1 = 0.0491, wR2 = 0.0952. CCDC 182/852.
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Fig. 2 A polyhedral representation of the cluster stacking parallel to the
planes of the {Cu3(4,7-phen)3}3+ rings
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Synthesis of a highly strained permethylenated cycloocta-1,5-diyne derivative
by acid-catalysed thermal rearrangement

Stefan Kammermeier,a Rik R. Tykwinski,b Peter Siemsen,a Paul Seilera and François Diederich*a†
a Laboratorium für Organische Chemie, ETH-Zentrum, Universitätstrasse 16, CH-8092 Zürich, Switzerland
b Department of Chemistry, University of Alberta, Edmonton, Alberta, T6G 2G2 Canada

Preparation of a dimeric derivative of 1,1,2,2-tetraethynyl-
ethane (3,4-diethynylhexa-1,5-diyne) and its unexpected
rearrangement to a permethylenated cycloocta-1,5-diyne,
the structure of which was confirmed by X-ray crystallog-
raphy, is reported.

Derivatives of tetraethynylethene (3,4-diethynylhex-3-ene-
1,5-diyne) have already been used as building blocks for the
preparation of expanded carbon-rich structures.1 Thus, per-
ethynylated octadehydro[12]annulenes were synthesized by
oxidative Hay coupling2 of cis-bis(trialkysilyl)-protected tetra-
ethynylethenes.3 The same reaction involving their non-planar
analogues—derivatives of 1,1,2,2-tetraethynylethane (3,4-die-
thynylhexa-1,5-diyne)4,5—should lead to macrocyclic dimers
such as isomeric syn-1 and anti-1. Here we report the synthesis
of these compounds as well as their unexpected, acid-catalysed
thermal rearrangement to a permethylenated cycloocta-
1,5-diyne, the structure of which was clarified by X-ray crystal
structure analysis.

Starting from hexa-1,5-diyne-3,4-dione 2,6 the orthoesters 4
and 5 were prepared via the diol meso-3 and isolated, in both
cases, as an inseparable mixture of diastereoisomers. Sub-
sequent oxidative dimerisation of 5 under Hay conditions gave
diastereoisomeric mixtures of syn-1 and anti-1, which could be
separated from each other by column chromatography (Scheme
1). The syn-structure with the larger molecular dipole moment
was assigned to the product with the longer retention time.

Both syn-1 and anti-1 seemed to be promising precursors to
octadehydro[12]annulene 6 (Scheme 2), an interesting, hitherto
scarcely available perethynylated antiaromatic annulene.3 The
essential elimination of the orthoester functionality7 in syn-1 or
anti-1, however, could not be accomplished using the methods
developed in our group for the conversion of orthoester
derivatives of 1,1,2,2-tetraethynylethanes, such as 4, into the
corresponding tetraethynylethenes. Owing to the instability of
syn-1 and anti-1, both vacuum pyrolysis in the presence of
camphorsulfonic acid at 150 °C5 or heating in 1,2-dichloro-
benzene to 170 °C in the presence of catalytic amounts of
hydroiodic acid8 failed to produce 6. Instead, the latter reaction
conditions produced at 120 °C, to our great surprise, exclusively
the rearranged product 7, which was isolated in 41% yield as an
inseparable 2 : 1 mixture of diastereoisomers (NMR) featuring
unexpectedly high kinetic and thermal stability (Scheme 2).‡

The structure of 7 as a highly strained permethylenated
cycloocta-1,5-diyne could only be elucidated by X-ray analysis
(Fig. 1).§ The cycloocta-1,5-diyne unit bearing four exocyclic
double bonds is nearly planar; the C-atoms CH(OR)3 of the two
orthoester moieties are approximately 0.7 Å out of the plane.
Two diastereoisomers of 7 were isolated from the acid-
catalysed thermolysis, owing to the undefined configuration of
these two C-atoms. The analysed crystal, however, contained
only one diastereoisomer bearing an anti arrangement of the
ethoxy groups. In the eight-membered ring, the transannular
distance between the triple bonds is 2.59 Å, which is in good
agreement with similar cycloocta-1,5-diyne derivatives.9 The
internal bond angles at the sp C-atoms (157.4°) differ
considerably from the regular geometry. Furthermore, slight

bending of the Pri
3Si groups at the sp centres is observed. This

is probably a result of crystal packing effects.
The formation of 7 from 1 can be rationalised by assuming a

cascade mechanism consisting of electrocyclic or radical
reactions. In the first step, thermal cleavage of the C–C bonds in
both dioxolane rings occurs by a conrotatory 12p-electrocyclic
ring opening. The presence of HI is clearly important for this
process since heating 1 in the absence of the acid catalyst only
led to extensive decomposition. The formed intermediate
contains two parallel-facing hexa-1,2,3,4,5-pentaene moieties.
A formal intramolecular [4p + 4p]-cycloaddition between the
central butatriene units finally results in the formation of the
strained cycloocta-1,5-diyne system. The parent cycloocta-
1,5-diyne system has also been obtained, but in poor yield only

Scheme 1 Reagents and conditions: i, Me3Si–C·C–MgBr, THF, 20 °C,
48% (meso-3), 25% [(±)-3]; ii, HC(OEt)3, CSA (cat.), CH2Cl2, 20 °C, 89%;
iii, K2CO3, MeOH–THF, 95%; iv, CuCl, TMEDA, O2, CH2Cl2, 20 °C, 27%
(syn-1), 44% (anti-1)
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(2%), by the dimerisation of buta-1,2,3-triene.9 In both cases,
this dimerisation is probably not concerted, but proceeds via a
biradical mechanism. The higher yield in our system can be
explained by the intramolecularity of the reaction in addition to
the steric hindrance of the TIPS groups, which precludes
intermolecular reactions.

The substitution of the orthoester groups in 1 by other
thermally or photochemically removable protecting groups is
now under way in order to prepare 6. Furthermore, experiments
with such compounds could clarify the mechanism of the acid
required for the formation of 7.

This work was supported by the Swiss National Science
Foundation. S. K. thanks the German Fonds der Chemischen
Industrie for a postdoctoral fellowship.
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† E-mail: diederich@org.chem.ethz.ch
‡ Selected data for 7 (2 : 1 mixture of diastereoisomers): mp 188–191 °C
(decomp.) [Found: C, 70.71; H, 9.49. Calc. For C62H96O6Si4 (1049.79): C,
70.94; H, 9.22]; lmax (CHCl3)/nm 321 (e 61 100, sh), 337 (90 100), 351 (88
100), 400 (7500) and 432 (5500); n(CHCl3)/cm21 2944 (s), 2856 (s), 2122
(w), 1550 (m), 1456 (m), 1217 (s), 878 (m), 722 (s) and 678 (s); dH(400
MHz, CDCl3) [5.86 (1.33 H, s), 5.84 (0.67 H, s)], 3.85 (4 H, q, J 7.1), 1.30
(6 H, t, J 7.1) and 1.10 (84 H, s); dC(100.6 MHz, CDCl3) [136.08 major,
135.86 minor (C = C–O)], [112.60 major, 112.53 minor (C = C–O)],
[111.92 minor, 111.43 major (C·C)], [107.53 minor, 107.43 major (CH,
orthoester)], [102.88 major, 102.61 minor (C·C)], 101.12 (C·C), [62.76
major, 62.72 minor (CH2, orthoester)], 18.67 (CH3, Pri) 14.79 (CH3,
orthoester) and 11.29 (CH, Pri); m/z (MALDI-TOF-MS) 1049 (M+,
100%).
§ Crystal data for 7: C62 H96O6Si4, Mr = 1049.75, triclinic, space group P1,
Dc = 1.07 g cm23, Z = 1, a = 9.374(1), b = 11.402(3), c = 15.399(4) Å,
a = 97.42(2), b = 92.19(2), g = 95.00(2)°, V = 1623.8(6) Å3,  T = 223
K, Nonius CAD4 diffractometer, l(CuKa) = 1.5418 Å. Single crystals
were obtained by slow diffusion of pentane into a CHCl3 solution. The
structure was solved by direct methods (SHELXS-86: E. Egert and G. M.
Sheldrick, University of Göttingen) and refined by full-matrix least-squares
analysis (SHELXL-93: G. M. Sheldrick, University of Göttingen), using an
isotropic extinction correction and w = 1/[s2(Fo

2) + (0.1648P)2 + 0.84P],
where P = (Fo

2 + 2Fo
2)/3. The Pri

3Si groups are statically disordered; for
C(16), C(17), C(22) and C(23) two sets of atomic parameters were refined
isotropically with weights of 0.7 and 0.3 respectively; for C(30), C(31),
C(33) and C(34) three sets of atomic parameters were refined with weights
of 0.33. All other heavy atoms were refined anisotropically (H-atoms of the
ordered skeleton isotropically, whereby H-positions are based on stereo-
chemical considerations). Final R(F) = 0.070, wR(F2) = 0.218 for 411
variables and 4514 reflections with I > 2s(I) and q < 65.̊ For clarity, only
one orientation of the disordered Pri

3Si groups is shown in Fig. 1. CCDC
182/874.
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Scheme 2

Fig. 1 Molecular structure of 7 in the crystal. The thermal ellipsoids are
drawn at the 30% probability level. Selected bond lengths [Å] and angles
[°]: C(1)–O(2) 1.420(3), C(1)–O(7) 1.408(3), C(6)–O(7) 1.377(3),
C(5)–C(6) 1.353(4), C(4)–C(5) 1.502(3), C(5)–C(11) 1.423(3),
C(11)–C(12) 1.206(4), C(6)–C(13) 1.419(3), O(8)–C(1)–O(7) 109.0(2),
C(6)–O(7)–C(1) 116.1(2), C(5)–C(6)–C(7) 122.7(2), C(4)–C(5)–C(11)
112.9(2), C(4)–C(5)–C(6) 124.9(2), C(5)–C(11)–C(12) 156.3(2),
C(11)–C(12)–C(4a) 158.6(2).
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Synthesis and biological activity of an optically pure 10-spirocyclopropyl
analog of huperzine A

Alan P. Kozikowski,*a† K. R. C. Prakash,a Ashima Saxenab and Bhupendra P. Doctorb

a Georgetown University Medical Center, Drug Discovery Program, Institute for Cognitive and Computational Sciences, 3970
Reservoir Road, N.W., Washington, DC 20007-2197, USA
b Division of Biochemistry, Walter Reed Army Institute of Research, Washington, DC 20307, USA

The synthesis of a spirocyclic analog of huperzine A that
bears a cyclopropane ring at its 10-position has been carried
out in an enantioselective manner using a diastereoselective
Michael–aldol reaction; in assays of AChE inhibition, this
compound was found to be nearly as active as huperzine A
itself, with comparable on and off rates from the enzyme.

Huperzine A (HA), a potent reversible inhibitor of acetyl-

cholinesterase (AChE), is an important psychotherapeutic agent
for improving cognitive function in Alzheimer’s patients by
enhancement of central cholinergic tone.1 Because of the
tremendous promise this alkaloid holds for the palliative
treatment of a disease that afflicts millions of individuals
worldwide, we and others have been engaged in an intensive
effort to explore the structure–activity relationships of this
alkaloid.2 From biological studies with mammalian AChE,
Torpedo AChE, mammalian BChEs (butyrylcholinesterases)
and mouse AChE mutants, together with molecular modeling
studies, mammalian Tyr337(330) and Trp86(84) have been
implicated in the binding of HA to AChE.3 This particular
interaction is of the cation (NH3

+)–p type,4 while other amino
acid residues appear to participate in hydrogen bonding to the
pyridone NH and the carbonyl group.5 The superior inhibition
properties of HA have been attributed to the very slow
dissociation (t0.5 = 35 min) of the AChE–huperzine A complex
in solution.6 To date, we have identified several analogs of HA
that have comparable or better activity than the parent structure.
In particular, the C-10 axial methyl analog of HA was found to
be about 8-fold more potent than HA, whereas the 10,10-dime-
thyl analog was found to possess comparable activity. In
exploring further modifications to this region of the molecule,
we felt that it would be of interest to examine a spirocyclic
analog bearing a cyclopropyl group at C-10. Such an analog can
be viewed as a ring constrained version of the dimethyl
derivative. The possibility exists, however, that its activity
might be improved due both to the smaller size of the
cyclopropyl group and possible electronic effects which may be
capable of enhancing interactions with the enzyme.

The chemical pathway that was followed to assemble the
cyclopropyl analog 2 is shown in Schemes 1 and 2. The key
intermediate 7b was obtained in good yield through a sequence
of steps starting from the reaction of cyclohexanedione
monoethylene ketal 3 with (2-chloroethyl)dimethylsulfonium
iodide/ButOK in ButOH at room temperature to afford the
spirocyclohexanone 4 in 60% yield (Scheme 1).7 The spiro-

cyclohexanone 4 was transformed to the b-keto ester 7a
employing conditions identical to those reported previously.1,2

Transesterification of 7a with (2)-8-phenylmenthol gave the
desired ester derivative 7b in 75% overall yield.8 Next, a
diastereoselective Michael–aldol reaction of 7b with methacro-
lein was carried out. Under optimal conditions, the reaction was
run at 220 °C over a two day period. The alcohol mixture 8a
that formed was converted to a 12.5 : 1 mixture (ratio from 1H
NMR analysis) of the olefins 9a and 9b, respectively, in 70%
yield by NaOAc–HOAc induced elimination of the derived
mesylate 8b. These olefins were readily separable by column
chromatography on silica gel using 1 : 9 ethyl acetate–hexanes
as eluent. The major isomer 9a was subjected to a Wittig
olefination reaction to afford the Z-isomer 10a. Isomerization of
the double bond using thiophenol–AIBN gave a mixture of the
E- and Z-isomers 10b and 10a in a 6 : 1 ratio, respectively. The
ester group of this mixture was reduced to alcohols 11a and 11b
by treatment with LAH in THF, and these isomers were
separated by column chromatography. The enantiomeric purity
of the major isomer 11b was confirmed at this stage by
transforming it to its Mosher ester derivative. 1H and 19F NMR
spectroscopy revealed the compound to be of at least 98%
optical purity. Jones oxidation of the alcohol 11b afforded the
acid 12, which was converted to urethane 13 by Curtius
rearrangement. Lastly, the required compound 2 was obtained
in 75% yield by the removal of the protecting groups from 13
using TMSI in CHCl3 at reflux. The optical rotation of
crystalline 2 (mp 235 °C) was found to be 273 (c 0.83, CHCl3).
For purposes of biological comparison, we also prepared the
spirocyclopropyl analog in racemic form, using basically the
same approach as above but omitting the transesterification
reaction with 8-phenylmenthol.

The biological activity of the analogs of huperzine A was
evaluated using AChE purified from fetal bovine serum.9 AChE

Scheme 1 Reagents and conditions: i, Me2S+CH2CH2Cl I2, KI, KOBut,
ButOH, room temp.; ii, ethyl propiolate, MeOH–NH3, 100 °C, 300 psi; iii,
MeI, Ag2CO3, CHCl3, reflux; iv, MeOH–HCl, reflux, then (MeO)2CO,
NaH, THF, reflux; v, (2)-8-phenylmenthol, TsOH, benzene, reflux
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activity was measured in 50 mm sodium phosphate, pH 8.0, at
22 °C as described previously using acetylthiocholine as the
substrate.10 The interaction of HA and its analogs with AChE
can be described by eqn. (1):6

  
 E + HUP - A  E HUP - A

onk

koff

æ Ææ ◊¨ ææ

The ratio koff/kon is the dissociation constant (KI). The KI values
for the inhibition of FBS AChE with analogs of HA were
determined by equilibrating a known amount of enzyme (1–2
units ml21) with various concentrations of the analog. Plots of
percent residual activity versus [analog] were used to calculate
KI by the steady state method. The rate constant for the
inhibition of AChE was determined by diluting an appropriate
volume of stock solutions (1–2 mm) of each analog of huperzine
A into the enzyme solution (5–10 units ml21 in 50 mm sodium
phosphate, pH 8.0, containing 0.05% BSA) and measuring the
residual enzyme activity at various time intervals. Plots of
percent residual activity versus time at each concentration were
used to calculate the rate of inhibition (kon). Direct measurement
of the rate constant of regeneration of enzyme activity (koff) was
initiated by > 10 000-fold dilution of HA-inhibited AChE (2–4
mm) to ascertain that the rate of inhibition by residual inhibitor
was negligible in the reactivation medium.

As is apparent from an examination of kon, koff and the KIS

reported in Table 1, the optically pure 10-spirocyclopropyl
analog of HA is comparable in activity to HA itself in both its

inhibition constants and kinetic parameters, and as expected, it
is slightly more active than the 10,10-dimethyl analog (com-
parison of racemic materials). Further studies are now under-
way to examine whether these 10-substituted analogs show
greater elements of neuroprotection from glutamate toxicity
than does HA itself. The neuroprotective aspect of HA
represents a newly discovered property of this molecule.11 This
pharmacological property together with the AChE inhibitory
activity further enhances the value of huperzine A and its
analogs as therapeutic agents for the treatment of Alzheimer’s
disease.11

We are indebted to the Department of Defense (DMAD17-
93-V-3018) for partial support of these studies.
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Scheme 2 Reagents and conditions: i, CH2NCMeCHO, (Me2N)2CNNH,
CH2Cl2, 220 °C; ii, MeSO2Cl, Et3N, DMAP, CH2Cl2, room temp.; iii,
NaOAc, AcOH, reflux; iv, Ph3P+Et Br2, KOBut, THF, room temp.; v,
PhSH, AlBN, toluene, reflux; vi, LAH, THF, reflux; vii, Jones reagent,
acetone, room temp.; viii, (PhO)2PON3, Et3N, toluene, reflux, 2 h, then
MeOH, reflux; ix, TMSI, CHCl3, reflux, 6 h, then MeOH, reflux

Table 1 Kinetic and inhibition parameters for huperzine A, 10,10-dime-
thylhuperzine A and 10-spirocyclopropylhuperzine A

kon/1026

m21 koff/ KI
a/ KI

b/
Inhibitor min21 min21 nm nm

(2)-Huperzine A 4.2 0.016 3.9 5.6
(±)-10,10-Dimethylhuperzine A 0.76 0.01 13.2 17.0
(±)-10-Spirocyclopropylhuperzine A 1.0 0.014 14.0 12.4
(2)-10-Spirocyclopropylhuperzine A 2.4 0.015 6.4 8.8

a KI = Koff/Kon. b Determined by the steady state method.
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Preparation, first X-ray structure analysis and reactivity of hexacoordinate
silicon compounds with a tetradentate azomethine ligand

F. Mucha, U. Böhme and G. Roewer*†

Institut für Anorganische Chemie der Technischen, Universität Bergakademie Freiberg, Leipziger Str. 29, 09596 Freiberg,
Germany 

Hexacoordinate silicon compounds and polymers with the
tetradentate azomethine ligand N,NA-ethylenebis(2-hydrox-
yacetophenoneiminate) (H2salen*) have been prepared and
characterized; the X-ray structure analysis of (salen*)SiF2
clearly demonstrates the octahedral coordination of the
silicon atom.

Hypervalent silicon compounds attract interest from both the
structural and reactivity point of view.1 The isolation of such
compounds allows detailed insight into mechanistic pathways
of nucleophilic substitution at silicon.1e On the other hand
compounds based on such synthons should exhibit interesting
properties as electronic materials. Different types of hyper-
coordinate silicon compounds have so far been reported: (a) the
initial compounds were octahedral fluorosilicate [SiF6]22 and
derivatives thereof,2 (b) derivatives of 2,2A-bipyridyl, (c)
complexes with different bidentate ligands such as 1,3-diketo-
nates, 2-dimethylaminomethylphenyl or 1,2-diolates, (d) phtha-
locyaninato derivatives.1

We set out to synthesize hexacoordinate silicon complexes
containing the salen* ligand. This ligand is able to chelate to
silicon atom through four donor atoms. There are some rare
examples of salen silicon compounds known from the lit-
erature,3 but characterization of these compounds seems
doubtful.4 Structural aspects are uncertain owing to the lack of
crystal structure data.

Transition metal salen complexes have been investigated
extensively.5 Different types of salen ligands have been applied
recently, mainly in transition metal complex catalysts, for the
transformation of organic substrates.6 We used a slightly
modified salen ligand [N,NA-ethylenebis(2-oxyacetophenonei-
minate) = salen*] with methyl groups at the azomethine carbon
instead of hydrogen. This prevents unwanted side reactions
caused by the azomethine protons. The key compound (sal-
en*)SiCl2 1 can be prepared by two different routes (i and ii,
Scheme 1).‡ Elemental analysis indicates the formation of a
complex of the composition (salen*)SiCl2. Preparation of 1 via
reaction of H2salen* with SiCl4 (route i) yields a product with
two 29Si NMR signals and 18 signals in the 13C NMR spectrum.
This points to the formation of two different isomers 1a and 1b
in a ratio of 1 : 1, according to the intensity of the signals. The
same type of isomerism has been observed in tin salen
compounds and confirmed by Mössbauer spectroscopy.7

The extremely high field shift of the 29Si NMR signals for the
isomers of 1 (d 2186.1, 2188.0) indicates the presence of
hexacoordinate silicon atoms. Reaction of Si2Cl6 with H2salen*
(ii in Scheme 1) gives only one isomer with nine signals in the

13C NMR spectrum and one 29Si NMR signal at d 2188.
Hydrogenchloride and hydrogen are evolved in this reaction.

The chlorine atoms in 1 can be substituted for fluorine by
treating 1 with ZnF2 in THF. For the preparation of the fluoro
derivative 2 the mixture of isomers 1a and 1b was used. The
resulting product 2 represents only one isomer as concluded
from NMR data. This information hints to a rearrangement of
the coordination sites of the salen* ligand during nucleophilic
substitution of the chlorine by fluorine. The mechanism of this
reaction as well as the energy differences between the isomers
1a and 1b seem to be quite interesting and will be subject of
further investigation. Complex 2 is more soluble in organic
solvents than the chloro derivative and we were able to obtain
single crystals of 2 by recrystallization from acetonitrile. The
X-ray crystal structure analysis of 2 provides the molecular
structure shown in Fig. 1.§ It was solved and refined in space
group P21/a with four molecules of 2 and four molecules of
acetonitrile per unit cell. There is a distorted octahedral
coordination geometry around silicon. The fluorine atoms are
situated at axial positions (trans isomer), whereas the salen*
ligand occupies the four equatorial positions.

There are a number of crystal structures of bis(chelate)
compounds with hexacoordinate silicon. Most of these have
essentially a tetrahedral arrangement around silicon with the
coordinated nitrogen donor atoms ‘capping’ the tetrahedra at
relatively large distances (N–Si between 2.5 and 3.0 Å).8 The
Si–F distance in 2 corresponds well with bond length found in
other hypervalent silicon compounds (1.60–1.73 Å).1d,9 The Si–
O and Si–N distances are remarkably short compared to other
hexacoordinate silicon compounds.8 The distortion of the
octahedral coordination environment around silicon probably
originates from the conformation of the chelating salen* ligand.

Scheme 1 Reagents and conditions: i and ii, THF, 2 h, reflux, 90%; iii,
ZnF2, THF, 1 h reflux, 20%, extraction with THF; iv, LiCCLi or Br-
MgCCMgBr, THF–n-hexane, 6 h reflux; v, (salen*)SiCl2 and K in ratio
1 : 2, toluene, 6 h reflux; vi, (salen*)SiF2 and Li, THF, 2 h room temp.
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There is a considerable torsion along the atoms N(1)–C(8)–
C(17)–N(2) of ca. 46°. The result of this is that one azomethine
unit is bended under and the other above the plane
N(1)SiN(2).

Experiments to obtain stacked polymers 3 by reaction of 1 or
2 with alkaline metals or magnesium are very promising. These
polymers are poorly soluble in organic solvents and more stable
towards moisture than the monomers. They have been charac-
terized by elemental analysis, IR and NMR spectroscopy.
Furthermore it is possible to react 1 with dilithium acetylide or
the corresponding Grignard reagent to obtain polymers of type
4 which are linked by Si–C·C–Si units (Scheme 1). Polymers
with similar backbone but different chelating ligands have been
described recently.10

Complexes of the type (salen*)Si(Cl)R 5 and 6 are available
by reaction of Na2(salen*) with RSiCl3 [R = Me, Ph; eqn. (1)].
Only one isomer is formed in both cases as revealed by NMR
data. At present it is not possible to decide whether these are the
cis- or trans-isomers. These organosilicon compounds are more
soluble in organic solvents than 1.

Investigations relating to electric conductivity and optical
properties of the new class of silicon polymers 3 and 4 will be
carried out in the future. Further studies to explore the chemistry
of these truly hexacoordinate silicon compounds are under
way.

Notes and References

† E-mail: voewer@orion.hrz.tu-freiberg.de
‡ Selected spectroscopic data: All new compounds gave satisfactory
analytical data.

(salen*)SiCl2 1a/1b: [NMR, (CD3)2SO d] mixture of isomers 13C, C1

157.3/158.1, C2 118.8/119.4, C3 135.1/136.9, C4 120.6/120.7, C5

129.9/131.2, C6 120.2/120.5, C7 176.4/171.6, C8 46.1/46.7, C9 18.6/20.7;
29Si, 2186.1/2188.0; IR n(CNN) 1630 cm21, n(Si–Cl) 521 cm21, d(Si–
O–C) 1104 cm21.

(salen*)SiCl2 1a from Si2Cl6: [NMR, (CD3)2SO d] 13C, C1 157.3, C2

119.4, C3 136.9, C4 120.7, C5 131.2, C6 120.5, C7 176.4, C8 46.7, C9 20.7;
1H, d C2–C5 6.8–8.1, C8 4.2, C9 1.5; 29Si 2188.0.

(salen*)SiF2 2: (NMR, CDCl3 d) 13C, C1 160.3, C6 121.9, C7 170.7, C8

46.4, C9 18.2; 29Si, 187.9 [t 2J(SiF) 179.2 Hz]; IR n(CNN) 1610 cm21, n(Si–
F) 954 cm21.

[(salen*)Si]n 3: (NMR, solid state, d) 29Si, 2130 (br); IR n(CNN) 1613
cm21, d(Si–O–C) 1100 cm21.

[(salen*)SiCC]n 4: [NMR, (CD3)2SO d] 13C, C1 168.4, C6 120.0 C7

169.1, C8 51.4, C9 22.2; 29Si 288 (br); IR n(CNN) 1607 cm21, n(Si–C) 840
cm21, Raman: n(C·C) 2260 cm21.

(salen*)MeSiCl 5: [NMR, (CD3)2SO d] 13C, C1 158.4, C6 120.9, C7

175.9, C8 45.3, C9 19.2, C19 (Si–Me) 5.9; 29Si, 2150.7; IR n(CNN) 1629
cm21, n(Si–Cl) 509 cm21, n(Si–C) 798 cm21.

(salen*)PhSiCl 6: [NMR, (CD3)2SO, d] 13C, C1 159.7, C6 121.1, C7

179.8, C8 46.9, C9 18.2; 29Si, 2173.1; IR n(CNN) 1612 cm21, n(Si–Cl) 488
cm21, n(Si–C) 840 cm21.

§ Crystal data for (salen*)SiF2 2 (white crystals from MeCN):
C20H21F2N3O2Si·CH3CN, monoclinic space group P21/a, a = 12.3826(5),
b = 10.8405(5), c = 13.8507(5) Å, b = 98.800(5); U = 1837.3(1) Å3, Z
= 4, Dc = 1.451 g cm23, m = 1.503 mm21, F(000) = 840. A single crystal
of approximate dimensions 0.2 3 0.5 3 0.6 mm was mounted on a glass
fibre under paraffin oil and transferred to the diffractometer. Data were
collected at 210 °C on an Enraf-Nonius CAD-4 diffractometer using
graphite-monochromated Cu-Ka radiation (l = 1.5418 Å) with w–2q
scans. The structure was solved by direct methods and refined by full matrix
least squares on F2 with anisotropic thermal parameters. Hydrogen atom
positions were located and isotropically refined. R = 0.0431 for 3358
reflections (Fo > 2sFo) and 0.0482 for all 3784 reflections, GOF = S =
1.033. CCDC 182/854.
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Fig. 1 Crystal structure of 2. Selected bond distances (Å) and angles (°): Si–
F(1) 1.677(1), Si–F(2) 1.670(1), Si–O(1) 1.721(1), Si–O(2) 1.724(1), Si–
N(1) 1.931(2), Si–N(2) 1.937(2); F(1)–Si–F(2) 172.40(5), O(1)–Si–N(2)
178.00(6), O(2)–Si–N(1) 1.76.75(6), F(1)–Si–O(1) 91.68(6), F(1)–Si–O(2)
93.85, F(1)–Si–N(1) 86.93(5), F(1)–Si–N(2) 87.36(6), F(2)–Si–O(1)
93.17(6), F(2)–Si–O(2) 92.00(6), F(2)–Si–N(1) 86.96(5), F(2)–Si–N(2)
87.60(6).
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Hepta-1,6-diene and diallyl ether complexes of palladium(0) and platinum(0):
a route to L–M(alkene)2 complexes containing non-activated alkenes

Jochen Krause, Karl-Josef Haack, Günter Cestaric, Richard Goddard and Klaus-Richard Pörschke*†

Max-Planck-Institut für Kohlenforschung, Postfach 10 13 53, D-45466 Mülheim an der Ruhr, Germany

With hepta-1,6-diene and diallyl ether, Pd0 and Pt0 form
highly reactive homoleptic dinuclear M2(1,6-diene)3 com-
plexes, which are cleaved by donors L (e.g. C2H4, phos-
phanes, phosphites, isonitriles) to afford mononuclear
derivatives L–M(1,6-diene); the X-ray structure of
(Me3P)Pd{(h2-CH2NCHCH2)2O} has been determined.

Although d10 L–M(alkene)2 complexes with non-activated
alkenes are well known for M = Ni, Pt, they are scarce for M
= Pd. Indeed, whereas the full series of phosphane derivatives
with R = Me, Et, Pri, Ph, and Cy is known for the parent ethene
complexes (R3P)M(C2H4)2 (M = Ni, Pt), (Cy3P)Pd(C2H4)2

1 is
apparently the only reported Pd derivative. In view of their
potential importance as a source of the [L–Pd0] moiety for
stoichiometric and catalytic reactions in homogeneous solutions
under mild conditions,2 it is clearly highly desirable to have a
convenient route to reactive L–Pd(alkene)2 complexes.

Following on from our synthesis of rac/meso-(m-h2,h2-
C7H12){Ni(h2,h2-C7H12)}2,3 we have reacted (cod)PdCl2 with
Li2cot in hepta-1,6-diene and obtained a colorless precipitate of
the Pd derivative 1 (61%). Analogously, reaction in diallyl ether
yields complex 2 and in tetramethyldivinyldisiloxane complex
3 (Scheme 1). The latter corresponds to the already known
{m-(h2-CH2NCHSiMe2)2O}[M{(h2-CH2NCHSiMe2)2O}]2

(M = Ni, Pt; the Pt rac-derivative is structurally charac-
terized).4 Although complexes 1 and 2 slowly decompose
around 0 °C, they are significantly more stable and easier to
handle than, e.g., the comparable homoleptic Pd(cod)2 or
Pd(C2H4)3.1,5 In the case of Pt0, we have prepared complex 4
(65%; mp 110 °C) by the same route as for 1.

When 1–4 are reacted with p- or s-donor molecules L, such
as C2H4, PR3 and P(OR)3 (R = alkyl, aryl), and isonitriles,‡ the
bridging 1,6-diene ligand is displaced and complexes of the type
L–M(1,6-diene) are obtained in 80–95% yield (Table 1). The
products have been characterized by elemental analyses, mass
spectra, IR and NMR spectra. In addition, the crystal structure
of 15 has been determined (see below). Displacement reactions
show that the hepta-1,6-diene ligands are readily replaced by
diallyl ether or diallylamine and the latter by the divinyldisilox-
ane (Scheme 2). The hepta-1,6-diene complexes are the most
reactive and hence preferential starting materials. However, for
many purposes the diallyl ether complexes are most convenient
because of (i) good stability and easy isolation and handling, (ii)
high reactivity, and (iii) low price of the ligand. A survey of the
literature reveals that 18 has been previously obtained acciden-
tally, but the excellent suitability of this class of complexes as
starting materials for further reactions has apparently not been
recognized.6 ¶ L–Pd(1,6-diene) complexes are generally stable

Table 1 Pd0 and Pt0 1,6-diene complexes§

Complex Formulaa Selected identifying datab,c,d

Pd2(C7H12)3 1 C21H36Pd2 (501.4) Voluminous precipitate, insoluble in thf; slowly decomp. ≈ 0 °C
Pd2(C6H10O)3 2 C18H30O3Pd2 (507.3) Poorly soluble in thf (230 °C); slowly decomp. > 0 °C
Pd2{(CH2NCHSiMe2)2O}3 3 C24H54O3Pd2Si6 (772.0) Off-white crystals; mp 55 °C
(C2H4)Pd(C7H12) 5 C9H16Pd (230.7) Light yellow; extremely soluble; C2H4: d(H) 3.39
(Me3P)Pd(C7H12) 6 C10H21PPd (278.7) Mp ≈ 27 °C; d(P) 222.3
(Pri

3P)Pd(C7H12) 7 C16H33PPd (362.8) Mp 52 °C; M+ 362; d(P) 53.6
(Cy3P)Pd(C7H12) 8 C25H45PPd (483.0) Mp 131 °C; M+ 482; d(P) 40.3
(But

3P)Pd(C7H12) 9 C19H39PPd (404.9) Decomp. at 20 °C to give Pd(PBut
3)2; d(P) 88.4 (280 °C)

(Ph3P)Pd(C7H12) 10 C25H27PPd (464.9) Mp 87 °C decomp.; d(P) 30.6
{(4-MeC6H4)3P}Pd(C7H12) 11 C28H33PPd (507.0) Mp 114 °C; d(P) 28.2
{(PhO)3P}Pd(C7H12) 12 C25H27O3PPd (512.9) Stable at 20 °C for several days; d(P) 150.3
{(2,6-Me2C6H3O)3P}Pd(C7H12) 13 C31H39O3PPd (597.0) Mp 131 °C decomp.; d(P) 156.1
{(2,6-Pri

2C6H3O)3P}Pd(C7H12) 14 C43H63O3PPd (765.4) Mp 142 °C; d(P) 155.9
(Me3P)Pd(C6H10O) 15 C9H19OPPd (280.6) Mp 79 °C decomp.; d(P) 221.8
(Pri

3P)Pd(C6H10O) 16 C15H31OPPd (364.8) Mp 63 °C; d(P) 55.2
(Ph3P)Pd(C6H10O) 17 C24H25OPPd (466.9) Mp 112 °C decomp.; d(P) 31.3
(Cy3P)Pd(C6H10O) 186 C24H43OPPd (485.0) Mp 145 °C; M+ 484; d(P) 41.8
{(PhO)3P}Pd(C6H10O) 19 C24H25O4PPd (514.9) Mp 92 °C decomp.; d(P) 151.4
(ButNC)Pd(C6H10O) 20 C11H19NOPd (287.7) Tan; n(N·C) 2148 cm21

(Pri
3P)Pd(C6H10NH) 21 C15H32NPPd (363.8) M+ 363; d(P) 54.7

(Ph3P)Pd(C6H10NH) 22 C24H26NPPd (465.9) d(P) 31.2
(Pri

3P)Pd{(CH2NCHSiMe2)2O} 23 C17H39OPPdSi2 (453.1) Mp 75 °C decomp.; d(P) 48.6
Pt2(C7H12)3 4 C21H36Pt2 (678.7) Voluminous precipitate, poorly soluble in thf; mp 110 °C decomp.
(C2H4)Pt(C7H12) 24 C9H16Pt (319.3) Light yellow; extremely soluble; C2H4: d(H) 2.91, 2J(PtH) 59 Hz
(Pri

3P)Pt(C7H12) 25 C16H33PPt (451.5) Orange; mp 75 °C; M+ 451; d(P) 46.5, 1J(PtP) 3393 Hz
(Ph3P)Pt(C7H12) 26 C25H27PPt (553.5) Yellow; mp 110 °C decomp.; M+ 553; d(P) 25.8, 1J(PtP) 3513 Hz

a Satisfactory elemental analyses (C, H, P, Pd, Pt) were obtained for all compounds with the exception of non-isolated 5 and 24. b All compounds are colorless,
if not indicated otherwise. c EI mass spectra at 70 eV; the data refer to 106Pd and 195Pt. d 31P NMR shifts (downfield positive) relative to external 85% aqueous
H3PO4; solvent is [2H8]thf.
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and we have found that other 1,6-dienes, such as diallylsilanes,
are equally applicable. In contrast, L–M(1,6-enyne) complexes
(M = Ni, Pd, Pt) are apparently not stable.

The X-ray structure determination of 15 (Fig. 1)∑ reveals a
trigonal-planar (TP-3) coordination of the Pd atom by the
phosphorus atom and the CNC bonds of the diallyl ether ligand.
The geometry indicates that the 1,6-diene moiety is able to
chelate two coordination sites at a d10 TP-3 M0 center with little
strain. Thus, the angles D1–Pd–D2, P–Pd–D1, and P–Pd–D2
(D1, D2 are the mid-points of the CNC bonds) are all very close
to 120°, and the CNC carbon atoms lie exactly in the
coordination plane. Moreover, the Pd0(1,6-diene) moiety adopts
the expected chair-like conformation, and the CNC bonds [mean
1.38(1) Å] are only slightly lengthened as compared with an
uncoordinated CNC bond (1.34 Å), indicating that back-bonding
is rather weak for Pd0.

These complexes find application in homogeneous catalysis
in those cases where an unsaturated complex fragment [L–Pd0]
(L e.g. PPh3), rather than a coordinatively saturated complex
like Pd(PPh3)4, is expected to catalyze the reaction. For
example, we have observed that [L–Pd] complexes (e.g. 7 and
16) catalyze regio- and stereo-selectively the linear trimeriza-
tion of alk-1-ynes to 1,4,6-trisubstituted cis-hexa-1,3-dien-
5-ynes between 230 and 20 °C (Scheme 3).7

Notes and References

† E-mail: poerschke@mpi-muelheim.mpg.de
‡ It is expected that donors such as pyridines, phosphoranes, carbanions and
heterocarbenes will coordinate together with 1,6-diene ligands on the Pd
and Pt centers, as has already been shown for Ni.3,8,9

§ Representative synthesis protocols: 1: a 0.2 m solution of Li2cot (150 ml,
30 mmol) in diethyl ether was slowly added to a suspension of (cod)PdCl2
(8.57 g, 30 mmol) in 40 ml of hepta-1,6-diene at 278 °C. When the
temperature was raised to 240 °C a voluminous precipitate began to form,
consisting of 1 and LiCl. At 220 °C the suspension was so dense that it
could hardly be stirred. When diethyl ether was evaporated under vacuum
at 210 °C, 1 dissolved again. LiCl was removed by filtration, and to the
light green solution 50 ml of pentane was added (230 °C), whereupon pure,
colorless 1 precipitated. The product was isolated by filtration, washed with
cold pentane, and dried under vacuum (230 °C). Yield: 4.59 mg (61%).

7: a colorless solution of 1 (501 mg, 1.00 mmol) in 1 ml of hepta-
1,6-diene was treated with a solution of PPri

3 (320 mg, 2.00 mmol) in 5 ml
of pentane. When the mixture was cooled from 230 to 278 °C colorless
crystals separated. After disposal of the mother liquor the product was
washed with cold pentane and dried under vacuum (20 °C). Yield: 610 mg
(84%).

16: a solution of 7 (363 mg, 1.00 mmol) in 5 ml of diethyl ether was
treated with diallyl ether (0.13 ml, 1.05 mmol). After 1 h the colorless
mixture was cooled to 278 °C, whereupon the crystalline product separated
(isolation as described for 7). Yield: 347 mg (95%). For identifying data see
Table 1.
¶ Other Pd complexes with substituted diallyl ether6 and hepta-1,6-diene-
type ligands10 have been reported previously.
∑ Crystal data for 15: C9H19OPPd, Mr = 280.6, colorless prism, crystal size
0.28 3 0.42 3 0.46 mm, a = 10.050(2), b = 9.194(2), c = 13.053(1) Å,
b = 101.866(10)°, V = 1180.2(4) Å3, T 293 K, monoclinic, space group
P21/n (No. 14), Z = 4, Dc = 1.58 g cm23, m = 1.67 mm21. Enraf-Nonius
CAD4 diffractometer. Mo-KaX-radiation, l = 0.710 69 Å. 5598 measured
reflections, 2688 unique, 2315 observed [I > 2.0s(Fo

2)]. The structure was
solved by direct methods (SHELXS-86) and refined by full-matrix least-
squares on F2 for all data with Chebyshev weights to R = 0.043 (obs.),
wR = 0.118 (all data), S = 1.07, H atoms isotropic, max. shift/error 0.001,
residual rmax = 1.95 e Å23, 0.8 Å from Pd. CCDC 182/845.
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9 C. Pluta, K.-R. Pörschke, B. Gabor and R. Mynott, Chem. Ber., 1994,

127, 489.
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Scheme 1 Reagents and conditions: i, hepta-1,6-diene; ii, diallyl ether; iii,
tetramethyldivinyldisiloxane

Scheme 2 Sequence of increasing stability (decreasing reactivity) of
L–M(1,6-diene) complexes (M = Ni, Pd, Pt)

Fig. 1 Molecular structure of 15. Selected bond lengths (Å): Pd–P 2.303(1),
Pd–C(1) 2.151(5), Pd–C(2) 2.155(5), Pd–C(5) 2.157(5), Pd–C(6) 2.160(5),
C(1)–C(2) 1.364(8), C(5)–C(6) 1.386(9), D1···D2 3.57(1). Selected bond
angles (°): D1–Pd–D2 121.8(6), P–Pd–D1 119.4(3), P–Pd–D2 118.6(3).

Scheme 3 R = Bu, CMe2OH, Ph, But, SiMe3
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Strong influence of the polyanion structure on the secondary structure of solid
heteropolyacids and their catalytic activity; methyl tert-butyl ether synthesis in
the pseudo-liquid phase of heteropolyacids

Sawami Shikata and Makoto Misono*†

Department of Applied Chemistry, Graduate School of Engineering, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8656,
Japan

It has been shown that the high catalytic activity of a
Dawson-type heteropolyacid for gas-phase methyl tert-butyl
ether synthesis at low temperatures is attributable to its
amorphous secondary structure, which brings about a
flexible pseudo-liquid phase and facilitates rapid absorption
and desorption of molecules.

High catalytic activities of Keggin-type heteropolyacids for
gas-phase synthesis of methyl tert-butyl ether (MTBE) have
already been reported.1 We recently found that a Dawson-type
heteropolyacid (H6P2W18O62) was more than ten times more
active than Keggin-type heteropolyacids (HnXW12O40, X = P,
Si, Ge, B, Co) at a low temperature that is favorable for the
equilibrium of this reaction.2,3 In the present study, it has been
deduced that the high catalytic activity of H6P2W18O62 is due to
its amorphous and flexible pseudo-liquid phase that is very
probably brought about by the elliptical shape of the primary
structure (polyanion) of P2W18O62

62. As described below, both
heteropolyacids were nearly anhydrous, so that the water
content was not regarded to be the main factor controlling the
activities.

Pseudo-liquid phase behaviour is a unique phenomenon of
heteropolyacids.4 Polar and basic molecules are rapidly ab-
sorbed into the solid lattice and react there, the solid catalyst
behaving in a sense like a concentrated solution.5 This
behaviour often brings about high catalytic activities and unique
selectivities. MTBE synthesis catalyzed by the heteropolyacids
has already been inferred to take place in the pseudo-liquid
phase based on the following facts;3 (i) the relative catalytic
activities of various heteropolyacids can not be explained by the
acidity, but are well correlated with the absorption behavior, (ii)
the dependence of the rate on methanol pressure was very
similar to that for the pseudo-liquid phase observed previously,
and (iii) the catalytic activity of Cs2.5H0.5PW12O40 for which the
reaction takes place on the surface was lower than that of
H6P2W18O62, although the acid site concentration on the surface
was more than ten times greater for Cs2.5H0.5PW12O40 than for
H6P2W18O62.6

MTBE synthesis was carried out in a flow reactor at
atmospheric pressure at 323 K as reported previously.3 Prior to
the reaction, catalysts were treated in a flow of N2 at 423 or 523
K. In ordinary experiments, the feed gas was a mixture of
methanol, isobutylene and N2 with a volume ratio of 1 : 1 : 3 and
the total flow rate was 90 cm3 min21. In ex situ XRD
measurements, the samples after pretreatment or reaction were
quickly transferred onto a sample holder and sealed by
polyethylene film to avoid contact with moisture. This was
performed in an N2 flow in the case of thermal pretreatment.

Fig. 1 shows the time courses of MTBE synthesis over
H3PW12O40 and H6P2W18O62, after pretreatments at 423 and
523 K. Just after the start of the reaction, rapid increases in the
MTBE yields were observed (0–10 min). These are due to the
rapid absorption of reactants and formation of MTBE in the
solid bulk as discussed previously.3 Here the MTBE yields at
10–15 min are regarded to relate to the initial activities. For

H3PW12O40, the initial activity was strongly influenced by the
pretreatment temperature and the activities at the stationary
stage (after 2 h) were very low because of excessive absorption,
as reported previously.3 On the other hand, for H6P2W18O62,
irrespective of the pretreatment temperature, after the absorp-
tion progressed in the initial stage and MTBE yield increased
rapidly, high stationary catalytic activities were maintained.

Powder XRD patterns for the two kinds of heteropolyacids
just after two different pretreatments and after the stationary
states of reaction are shown in Fig. 2. The peak intensities in
Fig. 2 are normalized on the basis of the peak area of
polyethylene film used to cover the samples (marked by solid
circles). The Keggin-type heteropolyacid after pretreatment at
423 K [Fig. 2(a)(i)] showed an ordinary cubic bcc pattern. It was
noted that the lattice constant was slightly smaller (d = 11.7 Å)
than that of H3PW12O40·6H2O (d = 12.1 Å).7 After reaction
[Fig. 2(a)(ii)], the cubic pattern was essentially retained, while
the lines became broader with a small increase in the lattice
constant (d = 12.1 Å) and additional weak lines appeared. After
the Keggin-type heteropolyacid was treated at 523 K, the lines
were much weaker [Fig. 2(a)(iii)], indicating that the secondary
structure was almost amorphous. It is remarkable that after the
reaction, the XRD pattern which was very like that after the
reaction of the 423 K-treated sample, appeared again
[Fig. 2(a)(iv)]. According to IR spectra, the primary structures
were intact for all of these samples.6,8

Fig. 1 Effects of pretreatment temperature on MTBE synthesis catalyzed by
H3PW12O40 (a) and H6P2W18O62 (b) pretreated at 423 K (5), 523 K (2)
in an N2 flow. Catalyst mass: 0.5 g, reaction temperature: 323 K,
methanol : iso-C4H8 : N2 = 1 : 1 : 3, flow rate: 90 cm3 min21.
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In contrast, for the Dawson-type heteropolyacid, the XRD
lines were weak and broad before and after the reaction for both
treatments [Fig. 2(b)(i)–(iv)], indicating that the secondary
structure was always mostly amorphous. IR spectra showed that
the primary structure (heteropolyanion) was retained. Although
there remain unidentified structures, it is evident that the
samples of Fig. 2(a)(i), (ii) and (iv) are mostly crystalline and
those of Fig. 2(b)(i)–(iv) and Fig. 2(a)(iii) are mostly amor-
phous.

These structural data are compared with the results of
catalytic activity in Table 1. A close correspondence was noted
in Table 1 between the secondary structures and the reaction
rates observed for the eight cases; two heteropolyacids with two
different pretreatments for the initial and stationary states. A
high rate was always observed when the secondary structure
was amorphous, and a low rate was observed for crystalline
cubic structures. For example, H3PW12O40 treated at 523 K
showed high activity at first, but the activity declined to a very
low level at the steady state, accompanying the change of the
secondary structure from amorphous to crystalline (cubic),
while H6P2W18O62 always showed a high activity and amor-
phous XRD pattern. It was confirmed experimentally that
surface areas and pore volumes of the two heteropolyacids little
changed with the change of the pretreatment temperature (423
or 523 K). The acid strength also remains constant.9 According
to the DTA–TG analyses, although the water desorbs more

easily for the Dawson-type at low temperatures, both hetero-
polyacids were nearly anhydrous after treatment at 523 K.
Moreover, the differences in the water content between the
pretreatments at 423 and 523 K were smaller for H3PW12O40
(0.3 H2O/heteropolyanion) than for H6P2W18O62 (ca. 1 H2O/
heteropolyanion). This is in contrast to the fact that the catalytic
behaviour differed more for the Keggin-type [Fig. 1(a)] than the
Dawson-type [Fig. 1(b)] between the 423 and 523 K treatments.
Hence, the water content is not the main factor controlling these
activities.

We previously indicated3 that the high catalytic activity of
H6P2W18O62 is brought about by a high-activity state of the
pseudo-liquid phase in which moderate amounts of molecules
are absorbed and the absorption–desorption is rapid, while the
pseudo-liquid phase of H3PW12O40 is in a low-activity state
where the absorption is excessive and slow. The transformation
between active and less active pseudo-liquid phases with partial
pressure was reported previously.10 If this conclusion is
combined with the present results summarized in Table 1, an
interesting correlation is deduced between the nature of the
pseudo-liquid phase (secondary structure) and the polyanion
structure (primary structure). That is, the elliptical shape of the
Dawson anion is not suitable for the formation of a stable
crystalline structure and leads to an amorphous and flexible
structure, the absorption–desorption being easier and catalytic
activity high, while the spherical shape of the Keggin anion
favors a crystalline cubic structure, where absorption–desorp-
tion is slow and catalytic activity is low.

A part of the present study was presented at the Symposium
of Catalysis Society of Japan.11
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Table 1 The secondary structures and the catalytic activities of MTBE synthesis over H3PW12O40 and H6P2W18O62

Secondary structure Catalytic activitya

Primary Pretreatment Before After
structure temperature/K reaction reaction Initial Stationary

H3PW12O40 423 Cubic Cubic 2 > 0
(Keggin type) 523 Amorphous Cubic 20 < 2

H6P2W18O62 423 ®
Amorphous Amorphous 17 18

(Dawson type) 523 ©

a MTBE yields (%) at the initial (10–15 min) and stationary (after 2 h) stages.

Fig. 2 Powder XRD patterns of H3PW12O40 (a) and of H6P2W18O62 (b),
before and after MTBE synthesis reaction. (i) After pretreatment at 423 K,
(ii) after reaction at 323 K of the sample (i), (iii) after pretreatment at 523
K, and (iv) after reaction of the sample (iii). (5) Peaks of polyethylene film,
(*) peaks due to cubic structure and (8) unknown structures.
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Synthesis, structure and Co–C bond homolysis of an intramolecularly bridged
(tetrahydrofurfuryl)cobalt(salen) complex: a simple model of enzyme-bound
coenzyme B12

Rolf Blaauw,a Juul L. van der Baan,*a† Sijbe Balt,a Martinus W. G. de Bolster,a Gerhard W. Klumpp,a Huub
Kooijmanb and Anthony L. Spekb

a Scheikundig Laboratorium, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands
b Kristal-en Structuurchemie, Universiteit Utrecht, Padualaan 8, 3584 CH Utrecht, The Netherlands

Air oxidation of a CoII(salen) derivative, whose ethanediyl
moiety carries a methylene-linked 4-hydroxypent-1-en-3-yl
substituent, yields an intramolecularly bridged (tetrahy-
drofurfuryl)CoIII(salen) complex of which the crystal struc-
ture has been determined; this B12 model is very resistant to
Co–C bond homolysis, even in the presence of a large excess
of the radical trap TEMPO.

The bond dissociation energy of the Co–C bond of coenzyme
B12 (5A-deoxyadenosylcobalamin) is estimated to be 31 kcal
mol21. Despite the weakness of the Co–C bond, there is a high
efficiency of radical recombination following Co–C bond
homolysis,1 a key step in coenzyme B12-dependent enzymatic
rearrangements. It has been suggested that one of the factors
responsible for this apparent contradiction is the b-oxygen of
the 5A-deoxyadenosyl ligand, which can stabilise the initial
pyramidal geometry at the 5A-C of the adenosyl radical and/or
impose a rotational barrier to the C4A–C5A-bond.2 Radical pair
recombination efficiency is expected to be even higher when the
cofactor is bound to the active site of the enzyme, where the
cobalamin and 5A-deoxyadenosyl moieties are kept close to each
other until the substrate enters. Recently, we found that
(organo)Co(salen) complexes containing a cobalt-to-salen poly-
methylene bridge show a much stronger resistance to thermal
and photochemical decomposition than the non-bridged com-
plex (n-butyl)Co(salen).3 In order to study whether this
resistance would be further enhanced by the introduction of a
b-oxygen substituent, we have synthesised a (tetrahydrofurfur-
yl)Co(salen) complex in which the tetrahydrofurfuryl ligand (as
a deoxyadenosyl mimic) is attached to the equatorial salen
ligand by a methylene link. Here, we report on the synthesis and
structure of this compound and present some preliminary results
concerning the photolytic homolysis of its Co–C bond.

Our synthetic approach was based on our finding that
(tetrahydrofurfuryl)CoIII(salen) 1 is formed in 78% yield when
a ca. 3 3 1022 m solution of CoII(salen) in CH2Cl2 containing
20 equiv. of pent-4-en-1-ol is exposed to air for 20 h (Scheme
1).§ The formation of 1 may proceed by intramolecular
nucleophilic attack by the hydroxy group on an intermediate
cobalt(iii)–alkene p-complex.4,5 The reaction is regiospecific:
(tetrahydropyran-3-yl)Co(salen) is not formed.

In order to prepare an intramolecularly bridged tetra-
hydrofurfurylcobalt complex in a way analogous to 1, we

synthesised CoII(salen) derivative 5 according to Scheme 2.
Bromide 2 (prepared from but-3-yn-1-ol via C-alkylation with
THPOCH2CH2Br, reduction to trans-alkenol with LAH,
O-alkylation with Bu3SnCH2I followed by Wittig–Still re-
arrangement, and bromination with Ph3PBr2) was reacted with
methyl N-benzylideneglycinate to give a monoalkylation prod-
uct which was then treated with tartaric acid in THF–H2O at
0 °C to selectively deprotect the amino ester moiety while
leaving the THP ether intact. Subsequent conversion of amino
ester 3 to 1,2-diamine 4 (isolated as its dihydrochloride) was
straightforward and analogous to our previously published
procedure.5 Addition of NaOAc to a solution of 4 and 2 equiv.
salicylaldehyde in hot EtOH, followed by reaction of the
resulting H2salen ligand with Co(OAc)2 in THF at 60 °C gave
cobalt(ii) complex 5 as an orange microcrystalline product.
From the 1H and 13C NMR spectra of compounds 2–5
[paramagnetic 5 was characterised after oxidation with iodine to
the corresponding iodocobalt(iii) complex] it is evident that the
alkylation step leading to glycine derivative 3 is diaster-
eoselective, 4 being obtained as a mixture of two diastereomers
in a ratio of ca. 3 : 1.

Upon exposure to air, a red solution of 5 in CH2Cl2 turned
green in one day, indicating oxidation to a pentacoordinate
organocobalt(iii) complex. Concentration in vacuo and precip-
itation with Et2O furnished a green solid, which was subjected
to flash column chromatography (aluminium oxide, 10%
MeOH in CH2Cl2) to remove traces of cobalt(ii) material. The
green product (80% yield) was shown by 1H and 13C NMR
spectroscopy to consist of a 3 : 1 mixture of two diastereomers
of 6.¶ Thus, a reaction similar to that of CoII(salen) with pent-
4-en-1-ol had occurred, but now in an intramolecular fashion

Scheme 1 Reagents and conditions: i, pent-4-en-1-ol (20 equiv.), CH2Cl2,
O2

Scheme 2 Reagents and conditions: i, MeO2CCH2NNCHPh, LDA,
DMPU,‡ THF; ii, tartaric acid, THF–H2O, 0 °C; iii, NH3, MeOH; iv,
LiAlH4, THF; v, 1 m HCl; vi, salicylaldehyde, NaOAc·3H2O, EtOH, 60 °C;
vii, Co(OAc)2, THF, 60 °C; viii, CH2Cl2 or MeOH, O2
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(Scheme 2). The reaction was found to be much faster in MeOH
(reaction time ca. 1 h), yet gave the two diastereomers of 6 in the
same yield and ratio as in CH2Cl2.

The major diastereomer of 6 was selectively crystallised from
CH2Cl2 and gave crystals suitable for X-ray structure analysis,
establishing its structure as 6a (Fig. 1).∑ The solid-state structure
of 6a is a centrosymmetric dimer. Hexacoordination of cobalt is
established by the bonding of the cobalt atom of one molecule
to a salen oxygen atom of its enantiomeric partner [Co–O =
2.259(3) Å]. Half of the dimeric structure is shown in Fig. 1,
together with selected bond lengths and angles.** The Co–C
bond length of 1.960(6) Å is comparable with the values found
in related organocobalt Schiff base complexes.6,7 In the crystal
structure, the THF moiety is described with a disorder model
consisting of two alternative positions for atom C(22). The bond
lengths around C(18), the anisotropicity of C(17) and C(18) as
well as the distribution of residual electron density around the
furan moiety indicate the presence of additional, unresolved
disorder, which is most probably conformational in nature. The
twist-chair conformation of the carbon bridge and the anti-
periplanar orientation of cobalt and oxygen in the trans-
annulated THF ring are almost identical with those found in the
crystal structures of other bridged organocobalt(salen) com-
plexes.5,6

Preliminary laser photolysis experiments in toluene show that
6 is very resistant to Co–C bond homolysis. Even in the
presence of a large excess of the radical trap TEMPO, the
quantum yield F is only 0.03 ± 0.005.†† This value is much
lower than the quantum yield determined under similar
conditions for the (alkyl)Co(salen) complex with a cobalt-to-
ligand four-methylene bridge (F = 0.25).3 The quantum yield
as a function of trap concentration has also been determined for
non-bridged complex 1 and compared to that of
(n-butyl)Co(salen).3 The difference in F-values at high trap
concentration is less pronounced than for the bridged com-
plexes, but nevertheless significant; F-values are 0.19 and 0.28
for 1 and (n-butyl)Co(salen), respectively. These results support
the suggestion that the b-oxygen substituent in
(b-alkoxyalkyl)cobalt(iii) complexes facilitates radical recom-
bination of cobalt(ii) and C· following Co–C bond homolysis.2
Recombination efficiency is dramatically enhanced in com-
plexes like 6, whose b-alkoxy substituent is part of an
intramolecular bridge which, like B12-dependent enzymes,
enforces a close proximity of the alkyl radical to cobalt(ii). A

detailed study of the homolysis of the Co–C bond of 6 and
comparable complexes is in progress.

This work was supported in part (A. L. S.) by The
Netherlands Foundation for Chemical Research (SON) with
financial aid from the Netherlands Organisation for Scientific
Research (NWO).
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49.90; H, 4.51; N, 5.75; O, 9.79%).
¶ Analytical data for 6: (Calc. for C22H23N2O3Co·0.25H2O: C, 61.90; H,
5.55; O, 12.18. Found: C, 61.48; H, 5.48; O, 12.05%).
∑ Selected data for 6a: dH(CD3OD, 200 MHz) 8.11, 7.95 (2s, 2 H), 7.18 (m,
4 H), 7.02 (m, 2 H), 6.50 (2dd, 2 H), 4.20–3.95 (m, 3 H), 3.75–3.5 (m, 3 H),
3.40 (m, 1 H), 2.63 (dd, 1 H), 2.25–2.0 (m, 2 H), 1.65 (m, 2 H), 1.51 (m, 1
H); dC (CD3OD, 200 MHz) 166.9 (C-7), 165.5 (C-10), 134.8, 134.5, 134.4,
134.2 (C-3/5/12/14), 123.7, 123.1 (C-2/5), 115.4, 115.0 (C-4/13), 88.5
(C-19), 67.5 (C-9), 66.5 (C-8), 64.5 (C-22), 43.2 (C-17), 42.4 (C-18), 37.0
(C-21). Quaternary carbons and C-20 not observed.
** Crystal data for 6a: C44H46Co2N4O6·4CH2Cl2, Mr = 1184.47, red–
brown, block-shaped crystal (0.1 3 0.2 3 0.2 mm), monoclinic, space
group P21/c (no. 14) with a = 11.0406(19), b = 11.0095(19), c =
20.838(4) Å, b = 103.209(14)°, V = 2465.9(8) Å3, Z = 2, Dc = 1.595 g
cm23, F(000) = 1216, m(Mo-Ka) = 11.6 cm21, 15 569 reflections
measured, 4341 independent, Rint = 0.1097, (1.0 < q ° < 27.5, w scan, T
= 150 K, Mo-Ka radiation, graphite monochromator, l = 0.71073 Å) on
an Enraf–Nonius CAD4 Turbo diffractometer on rotating anode. Data were
corrected for Lp effects and for a linear instability of 3% of the reference
reflections, but not for absorption. The structure was solved by automated
direct methods (SHELXS96). Refinement on F2 was carried out by full-
matrix least-squares techniques (SHELXL96) for 311 parameters; no
observance criterion was applied during refinement. A disorder model was
introduced to describe the conformational disorder of the tetrahydrofuran
moiety. Hydrogen atoms were included in the refinement on calculated
positions riding on their carrier atoms. Refinement converged at a final wR2
value of 0.1796, R1 = 0.0655 [for 2936 reflections with Fo > 4s(Fo)], S =
1.047. A final difference Fourier showed no residual density outside 21.00
and 1.28 e Å23 (near CH2Cl2, indicating a slight disorder). CCDC
182/849.
†† Samples of 6 (1.0 3 1024 m) and TEMPO (0–1.0 m) in toluene were
irradiated with a 337 nm nitrogen laser at 295 ± 0.5 K. Decomposition was
followed at the maximum absorbance of the CoIII–C band at 668 nm.
Detailed experimental set-up and conditions are described in ref. 3.
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Fig. 1 ORTEP diagram drawn at the 30% probability level and atom
numbering scheme of half a dimer of 6a. The minor disorder component and
solvent molecules have been omitted for clarity. Suffix A denotes the major
disorder component. Selected distances (Å) and angles (°): Co–C(20)
1.960(6), Co–O(1) 1.932(3), Co–O(2) 1.882(4), Co–N(1) 1.864(5), Co–
N(2) 1.886(4), C(19)–C(20) 1.476(9), C(18)–C(19) 1.534(10), C(17)–C(18)
1.422(10), N(1)–C(7) 1.276(8), N(2)–C(10) 1.287(8), C(19)–O(3) 1.456(8);
Co–C(20)–C(19) 119.3(4), C(18)–C(19)–C(20) 115.5(6), C(17)–C(18)–
C(19) 122.0(8), C(20)–Co–O(1) 91.8(2), C(20)–Co–O(2) 90.0(2),
C(20)–Co–N(1) 91.5(2), C(20)–Co–N(2) 92.7(2).
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Neutral isonitrile adducts of alkali and alkaline earth metals‡

Catherine F. Caro, Peter B. Hitchcock, Michael F. Lappert*† and Marcus Layh

The Chemistry Laboratory, University of Sussex, Brighton, UK BN1 9QJ

Isonitriles are shown to form stable neutral adducts with
some group 1 and 2 metal complexes; the synthesis and
structures of [Li{N(R)C(Ph)NC(Ph)NCR2}(CNPh)]2,
[LiNR2(CNPh)]2, [Mg(CHR2)2(CNC6H3Me2-2,6)2] and
[Mg(CHR2)(m-Br)(CNBut)]2 are described (R = SiMe3).

Nitriles and isonitriles are important in transition metal
chemistry and nitriles also in the coordination chemistry of
main group elements.1 In contrast, isonitrile adducts of main
group elements are rare. They include early reports on labile
adducts of trialkyl- or triaryl-boranes,2 [AlPh3{CN(c-C6H11)]3

and polyhedral boranes.4 Recently, X-ray structures of
[Al(C5H5)3(CNBut)],5 the labile [BPh3{CNC6H4(OSiMe3)-4}]6

and [B(C6F5)(CNAr){N(But)B(C6F5)N(But)CNNAr}]7 have
been published; and spectroscopic evidence has been provided
for the labile [SiR1R2(CNR3)] [R1 = C6H2{CH(SiMe3)2}3-
2,4,6; R2 = C6H2Me3-2,4,6; and R3 = R2, Pri or C6H2But

3-
2,4,6]8 and the 1 : 1 adducts of LiCH(SiMe3)2 and
[Li{N(But)C(SiMe3)C(H)C(SiMe3)NBut}(CNRA)] (RA = But

or C6H3Me2-2,6).9 Boche and coworkers have described the
anionic isonitrile complex [Li(CNPh2){(2)-sparteine}(thf)2]
(thf = OC4H8).10 We now report the first thermally stable and
structurally authenticated complexes of lithium and magnesium
in which an isonitrile acts as a neutral ligand.

Addition of an isonitrile RANC to Li{N(R)C(Ph)NCR2}(thf)
A11 yielded (Scheme 1, step i) the enamide 1a (RA = c-C6H11)
or 1b (RA = C6H3Me2-2,6), while A with PhCN gave [eqn. (1)]
the 1,3-diazaallyl 2 which with PhNC gave (Scheme 1, step ii)
the dimeric 1 : 1 adduct 3 (R = SiMe3).

Walborsky and Ronman have shown that treatment of an
isonitrile RANC with a lithium alkyl or a Grignard reagent

derived from an alkyl halide RBHal gave the metallo-aldimine,
which was a convenient source of various organic compounds
(e.g. see ref. 12). Surprisingly, we now find that the new
Grignard reagent [Mg(m-Br)(CHR2)(OEt2)]2 4 with an isonitrile
RANC simply gave (Scheme 1, step iii) the 1 : 1 adduct [Mg(m-
Br)(CHR2)(CNRA)]2 (RA = But 5a or C6H3Me2-2,6 5b). Even
when heated, the latter did not undergo an isomerisation to yield
the insertion product, a magnesio-aldimine. Likewise,
Mg(CHR2)2

13 and RANC gave (Scheme 1, step iv) the thermally
stable adduct [Mg(CHR2)2(CNRA)2] (RA = But 6a or C6H3Me2-
2,6 6b). These results are all the more unexpected since LiCHR2
readily underwent insertion reactions with the same isonitriles.9
On the other hand, we now show that the isoelectronic LiNR2
and PhNC gave (Scheme 1, step v) the adduct [LiNR2(CNPh)]2
7, whereas14 LiNR2 + PhCN readily yielded the benzamidinate
insertion product [Li{N(R)C(Ph)NR}]2.

The new, pale yellow (5) or colourless, highly air-sensitive,
readily hydrocarbon-soluble, crystalline solids 1–7 gave satis-
factory analyses and NMR and IR spectra. Their formulation as
isonitrile adducts (rather than insertion products) is consistent
with the low frequency shift (Dd) of the 13C{1H} NMR spectral
signal [d(RANC)] and the increase (Dn) in the NC stretching
mode n(RAN·C) for each of 1–7 compared with the value in the
free ligand RANC, Table 1. The trends in Dd[13C{1H}] and
Dn(NC) for (RANC)MLn (1–7) indicate, in valence bond terms,
that (i) the triply bonded canonical form is more significant in
the complex (RAN+·C2MLn Ô RANNCNMLn) than in the free
ligand (RAN+·C2 Ô RANNC:), and (ii) the largest values for
Dd[13C{1H}] and Dn(NC) are found for the strongest Lewis
acid MLn in accord with the inequality sequence Mg(Br)CHR2
> Mg(CHR2)2 > Li(NR2) > Li[N(R)C(Ph)NCR2]. A cumu-
lene-type canonical form for an isonitrile-transition metal
complex is significant when M can participate in dp ? p*
bonding, as in the d8 [Ni(CNAr)4]2+ [Dn(NC) negative], in
contrast to, e.g. the d2 [Mo[CN)4(CNMe)4], having Dn(NC)
positive.1

The X-ray molecular structures of complexes 3 and 6b are
shown in Figs. 1 and 2; those of 5a and 7 will appear in a full
paper.§ In each, the M–C–NRA and C–N–RA vectors are close to
linear, and the short RAN–C distances are consistent with NC
being a triple bond. The trends in the latter (dNC, Table 1) are
consistent with the above inequality sequence. The centrosym-

Scheme 1 Synthesis of the isonitrile adducts 1–7. Reagents and conditions:
i, A, Et2O; ii, 2, Et2O; iii, [Mg(m-Br){CH(SiMe3)2}(OEt2)]2 4, PhMe; iv,
Mg[CH(SiMe3)2]2, PhMe; v, Li[N(SiMe3)2], C5H12. Reagents were mixed
at 278 °C or 235 °C; the mixture was then brought to ca. 25 °C.

Table 1 Some important structural and spectroscopic data for compounds
1–7 and the isonitriles RANC

Property

nNC/
Compound d(13CNC) Dd(13C) cm21 DnNC dNC/Å

7 156.4 10.7 2170 43 1.148(5) (av.)
3 166.3 0.8 2165 38 1.157(4)
PhNC 167.1 2127 —
5b 135.8 35.0 2191 76 —
6b 156.4 14.4 2173 58 1.14(1) (av.)
1b 163.6 7.2 — — —
2,6-Me2C6H3NC 170.8 2115 —
5a 135.4 20.6 2216 76 1.07(2)
6a 141.8 14.2 2201 58 —
ButNC 154.0 2136 —
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metric dimer 3 (Fig. 1), having a planar [LiN(1)LiAN(1)A] ring,
has a ladder-like structure similar to that of
[Li{N(R)C(C6H4Me-4)NR}(thf)]2.14 The shortest metal contact
is to N(2) [2.035(5) Å] while the distances Li–N(1) 2.174(5),
Li–N(1)A 2.115(5) and Li–C(25) 2.178(6) Å are significantly
longer. Compound 7 is also a dimer, but in contrast to 3, the Li
atoms are only three-coordinate with essentially symmetrical
bridging NR2 groups. The coordination sphere around Li is
completed by the neutral isonitrile ligand with a slightly longer
Li–C bond than in 3. The overall geometry is therefore closely
related to [{Li(m-NR2)L}2] (e.g. L = OEt215a or NCBut 15b).
Compound 6b (Fig. 2) is monomeric with a distorted tetrahedral
environment at Mg and fairly standard Mg–C s-bond dis-
tances13 of 2.148(7) and 2.138(9) Å, while the contacts to the
neutral isonitrile ligands [2.31(1) Å] are much longer. The
Grignard complex 5a is unusual in that while it is a
centrosymmetric dimer in the solid, the two monomeric
MgBr(CHR2) units are only weakly bound, the [Mg(m-Br)]2
moiety being unsymetrical: Mg–Br 2.561(5), Mg···Br 2.927(5)
Å. The former distance is unexceptional, being close to those
found (2.56–2.58 Å) in the symmetrical dimers [Mg(m-
Br)(Et)L]2 (L = OEt216a or NEt316b) B and [Mg(m-
Br)(CHR2)(OEt2)]2 4 (details will be published in the full
paper). This contrast between the structures of 4 and 5a is
consistent with the suggestion that the Mg–CNRA bond is
strong. This is further evident by the exceptionally short Mg–
CHR2 distance of 1.89(1) Å; cf. 2.114(7) and 2.125(6) Å in 4 or
of 2.094(11)–2.18 Å in B,16 which are close to the Mg–CNRA
bond lengths of 2.12(2) Å in 5a. The angles at N [179(2)°] and
C [174(2)°] of 5a are close to linear.

It is noteworthy that in each of 1–7, the isonitrile ligand is
firmly bound to the metal as shown not only by the thermal
stability but also that, in at least some of the cases, RANC

displaces Et2O or thf from a precursor metal substrate (Scheme
1). Such complexes may have opened a new chapter in main
group metal coordination chemistry.

We thank ESPRC and FMC Corporation (Bromsgrove and
Dr F. Reed) for a CASE award for C. F. C. and EPSRC for a
fellowship for M. L.

Notes and References
† E-mail: m.f.lappert@sussex.ac.uk
‡ No reprints available.
§ Crystallographic data for 3/7/6b/5a: C62H84Li2N6Si6/C26H46Li2N4Si4/
C32H56MgN2Si4/C24H56Br2MgN2Si4, M = 1095.8/540.9/605.5/693.5 all
monoclinic, space group P21/n/C2/c/P21/P21/c, a = 11.401(2)/
12.991(7)/10.310(6)/11.053(3), b = 23.979(5)/12.508(4)/11.925(8)/
15.155(4), c = 11.956(2)/21.727(3)/16.316(6)/13.144(5) Å, b =
90.18(1)/106.84(3)/104.25(4)/113.52(2), U = 3269(1)/3379(2)/1944(2)/
2019(1) Å3, Z = 2/4/2/2, Dc = 1.11/1.06/1.03/1.14 Mg m23, F(000) =
1176/1168/660/728, l(Mo-Ka) = 0.710 73 Å, m = 0.17/0.20/0.19/2.17
mm21. Data were collected at 173(2) K on a Enraf Nonius CAD4
diffractometer in the w–2q mode for the range of 2 < q < 25° (3, 6b) or 2
< q < 30° (7, 5a). The structure was solved by direct methods
(SHELXS86) and refined with full matrix least squares on all F2

(SHELXL93). All non-hydrogen atoms were anisotropic, and hydrogen
atoms were included in the riding mode with Uiso(H) = 1.2 Ueq(C) or 1.5
Ueq for Me groups. Final residuals for 5748/5120/3593/3546 independent
reflections were R1 = 0.080/0.079/0.100/0.228, wR2 =
0.142/0.121/0.195/0.289 and for the 4093/3391/2688/1565 with I > 2s(I),
R1 = 0.049/0.046/0.068/0.103, wR2 = 0.116/0.106/0.168/0.226. 7 is
disordered across a crystallographic twofold rotation axis with the N, Si and
Li atoms ordered, but with two alternative positions for the PhNC groups
and two slightly different positions for each of the methyl groups. CCDC
182/862.
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Fig. 1 Molecular structure of 3 with selected bond distances (Å) and angles
(°): Li–N(1) 2.174(5), Li–N(2) 2.035(5), Li–N(1A) 2.115(5), Li–C(25)
2.178(6), N(3)–C(25) 1.157(4); N(3)–C(25)–Li 171.4(3), C(25)–N(3)–
C(26) 176.0(3)

Fig. 2 Molecular structure of 6b with selected bond distances (Å) and angles
(°): Mg–C(1) 2.148(7), Mg–C(8) 2.138(9), Mg–C(15) 2.307(10), Mg–
C(24) 2.306(9), N(1)–C(15) 1.140(10), N(1)–C(15)–Mg 168.02(7),
C(15)–N(1)–C(16) 177.2(8)
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Ln28Ti2O7 (Ln = La, Nd, Sm, Gd): a novel series of defective
Ruddlesden–Popper phases formed by topotactic dehydration of HLnTiO4

+‡

V. Thangadurai,a G. N. Subbannab and J. Gopalakrishnan*a†
a Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, India
b Materials Research Centre, Indian Institute of Science, Bangalore 560 012, India

Topotactic dehydration of HLnTiO4 (Ln = La, Nd, Sm or
Gd) around 480–500 °C yields a new series of metastable
layered perovskite oxides, Ln28Ti2O7, that possess a de-
fective Sr3Ti2O7 structure, where the cubooctahedral sites
within the double-perovskite layers are most likely vacant.

Several layered oxides consisting of metal–oxygen (MO6)
octahedra are regarded as derivatives of the three-dimensional
perovskite (CaTiO3·ABO3) structure.1 Of these, the Rud-
dlesden–Popper (R–P) phases, A2[An21BbO3n+1], originally
discovered in the Sr–Ti–O system,2 are the most widely known,
because members/derivatives of this family exhibit several
important physical properties of current interest. Thus,
La2CuO4, an n = 1 member of this family, is the parent material
for the Bednorz–Müller discovery3 of superconducting layered
cuprates, Sr22xLn1+xMn2O7 (Ln = La or rare earth), n = 2
members of this series, exhibit ferromagnetic and magneto-
resistive properties4 and K2La2Ti3O10, an n = 3 member,5
exhibits ion-exchange and hydration behaviour appropriate for
photocatalytic decomposition of water.6

Oxides of the formula NaLnTiO4 (Ln = La, Nd, Sm, Gd),
originally synthesized by Blasse,7 are novel n = 1 members of
the R–P family exhibiting a unique ordering of Na and La atoms
at the alternate interlayer sites between the single perovskite
sheets in the sequence –Ln2–TiO4/2O2–Na2–TiO4/2O2–Ln2–
along the c-axis.8 Clearly, the ordering seems to be dictated by
the off-centre distortion of 3d0 : TiO6 octahedra9 giving rise to
short and long axial Ti–O bonds, the oxygen to the short Ti–O
bonds pointing towards the Na layer. Recently, protonated
derivatives, HLnTiO4, have been prepared10 from NaLnTiO4 by
Na+/H+ exchange in dilute HNO3.

Considering the topotactic nature of this ion-exchange which
preserves the structural features of the parent NaLnTiO4,
HLnTiO4 would consist of the layer sequence –Ln2–
OTiO4/2(OH)–(OH)TiO4/2O–Ln2– along the c-direction (Fig.
1). Accordingly, we visualized that a topotactic dehydration

would result in a condensation of the adjacent single-perovskite
TiO4/2O(OH) sheets to give double-perovskite Ti2O10/2O2
(·Ti2O7) sheets on elimination of a water molecule (Fig. 1). The
dehydration product, Ln2Ti2O7, would be a novel n = 2
member of the R–P series similar to Sr3Ti2O7,2 where the
interlayer cubooctahedral Sr-sites in the (SrTi2O7) perovskite
sheets would be vacant. Here we show that indeed dehydration
of HLnTiO4 (Ln = La, Nd, Sm, Gd) proceeds by this
mechanism yielding a new series of Ln28Ti2O7 that are related
to Sr3Ti2O7. It must be mentioned that these layered titanates
are truly metastable phases stabilized by the topotactic nature of
the dehydration reaction under the mild conditions; the stable
titanates of this composition adopt either the < 110 > termi-
nated layered perovskite structure11 for La2Ti2O7 and Nd2Ti2O7
or the pyrochlore structure12 for the other titanates.

NaLnTiO4 (Ln = La, Nd, Sm, Gd) were prepared as reported
in the literature8 by reacting Na2CO3, Ln2O3 and TiO2 at 900 °C
for 2 days with intermittent grinding. HLnTiO4 were prepared
by ion-exchange in 0.1 m HNO3 as reported in the literature,10

followed by drying in the air at ambient condition. Powder
X-ray diffraction (XRD) patterns (JEOL JDX-8P X-ray powder
diffractometer using Cu-Ka radiation) (Fig. 2) and the unit cell
parameters (Table 1) obtained by least-squares refinement of
the powder XRD data indicated the formation of HLnTiO4.

We investigated the dehydration of HLnTiO4 by thermogra-
vimetry (TG) in air (Cahn TG-131 system, heating rate 1 °C
min21). All the samples showed a single-step mass loss in the
region 250–500 °C corresponding to the dehydration reaction

2 HLnTiO4? Ln2Ti2O7 + H2O (1)

Fig. 1 Schematic representation of dehydration of (a) HLnTiO4 to give (b)
layered Ln28Ti2O7. The open circles represent Ln atoms and the closed
dots in (a) denote OH.

Fig. 2 Powder XRD patterns (Cu-Ka) of (a) HLaTiO4, (b) La28Ti2O7, (c)
Nd28Ti2O7 and (d) sample (b) heated at 900 °C; stable La2Ti2O7
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The mass% losses observed in this temperature range are in
agreement with the expected mass losses within ±0.1% error.

In an attempt to characterize the dehydration products, we
recorded the powder XRD patterns of the TG residues. The
patterns however did not show the characteristic features
expected for the formation of a layered Ln28Ti2O7; instead the
patterns showed broad features corresponding to the stable
Ln2Ti2O7 phases. Heating HLnTiO4 separately in air around
750 °C and above clearly showed the formation of stable
Ln2Ti2O7 (Fig. 2). We therefore believed that formation of
layered Ln28Ti2O7 would perhaps occur at lower temperatures,
immediately after the dehydration. Accordingly, we investi-
gated the dehydration of HLnTiO4 around 450–500 °C for
various durations, monitoring the samples by both mass loss and
powder XRD. We found that samples (ca. 1 g) heated at
480–500 °C for about 15 min in air showed XRD patterns (Fig.
2) characteristic of the desired layered structure. The reflections
at ca. 10.8, 5.4, 2.6, 1.85 Å (for La28Ti2O7) clearly indicated
the formation of a phase similar to Sr3Ti2O7 with a tetragonal
unit cell, a ≈ 3.725 and c ≈ 21.68 Å. The observation of a strong
reflection at ca. 3.10 Å which could be indexed as (104)
however indicated that the structure would not exactly be the
same as Sr3Ti2O7 with I4/mmm space group. Moreover, many
of the reflections in the pattern are broad, suggesting poor
crystallinity/disorder of the samples. In Fig. 2, we show powder
XRD patterns of two of the members (Ln = La, Nd) and in
Table 1, we list the lattice parameters of the parent (HLnTiO4)
and product (Ln28Ti2O7) phases together with synthesis
conditions.

In order to characterize the layered Ln28Ti2O7 further, we
recorded the electron diffraction (ED) patterns (JEOL JEM
200-CX transmission electron microscope). All the samples are
quite crystalline showing typical perovskite like A2ac3A2ac
patterns in the [001] direction. When the beam direction is along
[010], we see clear evidence for a ca. 21 Å repeat in the c*
direction  which is consistent with the c axis of the tetragonal
cell found from XRD patterns (Table 1). We also see lattice
fringes with a ca. 10 Å repeat (which would correspond to 0.5
c) in the lattice image (Fig. 3) recorded with the same [010]

beam orientation. The ED patterns however show streaking
both in the a*b*-plane as well as along the c*-direction, which
indicate considerable disorder. Disorder in the c* periodicity is
also seen in the lattice images. The disorder could arise from a
turbostratic stacking of the double-perovskite Ti2O7 sheets in
the dehydrated samples. Despite the disorder, the presence of a
tetragonal or pseudotetragonal cell with A2( ≈ 3.7) 3
A2( ≈ 3.7) 3 ≈ 21 Å dimension is clear from the ED patterns
for all the Ln28Ti2O7 members studied, showing that gentle
dehydration of HLnTiO4 indeed yields a layered Ln28Ti2O7
that is related to Sr3Ti2O7.

We believe that the present work has shown for the first time
the possibility of transforming n = 1 R–P members to n = 2
members (albeit defective) of the same series by a topotactic
dehydration reaction. The key to the success of this n = 1 to n
= 2 transformation lies in the 1 : 1 ordering of the Na and Ln
atoms in the precursor NaLnTiO4 oxides, which in turn is
dictated by the distortion of d0 : TiO6 octahedra giving short and
long axial Ti–O bonds.9 We envisage that the method could be
generalized and extended to the synthesis of metastable 2n R–P
phases from appropriately tailored n R–P phases.

We thank the Indo–French Centre for the Promotion of
Advanced Research, New Delhi for financial support. One of us
(V. T.) thanks the Council of Scientific and Industrial Research,
New Delhi for the award of a research fellowship.
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Table 1 Synthesis conditions and lattice parameters of the parent (HLnTiO4) and product (Ln28Ti2O7) oxides

Lattice parameters/Å Lattice parameters/Å
Synthesis

Parent a c conditions Product a c

HLaTiO4 3.722(2) 12.303(6) 500 °C; 15 min La28Ti2O7 3.725(3) 21.68(5)
HNdTiO4 3.694(2) 12.099(6) 500 °C; 15 min Nd28Ti2O7 3.705(6) 21.15(8)
HSmTiO4 3.689(1) 11.995(5) 500 °C; 12 min Sm28Ti2O7 3.679(2) 21.14(6)
HGdTiO4 3.698(3) 11.769(9) 480 °C; 15 min Gd28Ti2O7 3.679(3) 20.81(6)

Fig. 3 Lattice image of La28Ti2O7 corresponding to the electron diffraction
pattern recorded with the [010] beam direction, revealing the presence of ca.
10 Å fringes in the c-direction.
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1,4,7-Triazacyclononane-1-succinic acid-4,7-diacetic acid (NODASA): a new
bifunctional chelator for radio gallium-labelling of biomolecules

João P. André,a,b Helmut R. Maecke,*a Margareta Zehnder,c Ludwig Mackoc and Kayhan G. Akyeld

a Division of Radiological Chemistry, Institute of Nuclear Medicine, University Hospital, Petersgraben 4, 4031 Basel, Switzerland
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A new bifunctional chelator NODASA (1,4,7-triazacyclono-
nane-1-succinic acid-4,7-diacetic acid) has been synthesised,
its kinetically inert gallium(III) complex was crystallo-
graphically characterized and conjugated to a model ami-
noacidamide showing the feasibility of a prelabelling ap-
proach with 68,67Ga.

Over the past ten years a constant interest in the chemistry of
bifunctional chelators useful in biomedical applications has
been evident.1,2 Many were designed for coupling to mono-
clonal antibodies3,4 and other biomolecules.5 Recently bio-
active peptides were successfully introduced into the clinic for
in vivo visualization of tumours.6,7 As these peptides show very
fast blood clearance and diffusion into tissues the use of short
lived metallic positron emitters becomes possible. In this
context 68Ga (t1/2 = 68 min) is of special interest because its
half-life is compatible with the rate of localization of small
targeting molecules. For our purpose a bifunctional chelator is
needed which is comprised of a gallium immobilizing moiety
and a short carboxylate arm for coupling to the N-terminal end
of bioactive peptides. We aim at using this bifunctional chelator
in a preconjugation 67,68Ga-labelling approach of somatostatin
analogues. This preconjugation allows the covalent coupling of
a well defined radiometal complex of high specific activity; this
will be very important with regard to most radiopeptides
because of their potential pharmacological effects.

Therefore we synthesised a new N-functionalised 1,4,7-tria-
zamacrocycle in three steps by alkylation of 1,4,7-triazacyclo-
nonane (Scheme 1): (i) with 1 equiv. of bis(diphenylmethyl)
d,l-bromosuccinate in chloroform; (ii) with 2 equiv. of tert-
butyl bromoacetate in acetonitrile in the presence of K2CO3
followed by deprotection with 6 m HCl (iii). The overall yield of
the synthesis of 1,4,7-triazacyclononane-1-succinic acid-4,7-di-
acetic acid (NODASA) was slightly > 50%.‡

Crystals of Ga(NODASA) were obtained from an aqueous
solution of the ligand and Ga(NO3)3 in equimolar amounts (pH
3, 70 °C, 1 h; Scheme 1 (iv), followed by slow evaporation.
Characterization by X-ray diffraction§ showed that the complex
is electrically neutral and the GaIII ion is fully chelated in a
slightly distorted octahedral environment (Fig. 1). The
b-carboxylate remains protonated and does not participate in the
complexation. The three nitrogen atoms of the triazacyclono-
nane define a plane in a facial arrangement and three of the
pendant carboxylate oxygens constitute another one. These
planes are almost coplanar with a dihedral angle of 1.75°. The
trans N–Ga–O bond angles average 165.4°. This leads to a
relative twist of the N3 and O3 planes by 14.6° away from a
symmetrically staggered conformation, similar to the parent
complex Ga(NOTA)8 and different previously synthesised
nickel(ii) and chromium(iii) NOTA complexes.9 The variation
in the individual Ga–O and Ga–N bond lengths is very small
showing overall high similarity to the parent complex Ga-
(NOTA).10 Ga(NODASA) was also characterized by its 1H, 13C
and 69Ga NMR spectra.¶ A multiplet centered at d 3.75 (Fig. 2)
due to the magnetically non equivalent acetate hydrogens is the

most dramatic effect in the 1H NMR spectrum of the chelate in
relation to the free ligand, which exhibits a singlet at d 3.50. The
sharp multiplets of the ethylenic protons might show the
existence of slow intramolecular processes of interconversion

Scheme 1 Synthesis of the chelate Ga(NODASA) and coupling to
d-phenylalanineamide

Fig. 1 ORTEP drawing of the Ga(NODASA) complex. Ga–N(1) 2.101(3),
Ga–N(2) 2.098(3), Ga–O(1) 1.937(3), Ga–O(3) 1.942(3) Å; O(1)–Ga–O(3)
94.7(1), O(2)–Ga–N(3) 165.6(1), O(2)–Ga–N(2) 82.5(1), N(2)–Ga–N(3)
84.1(1)°.
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between the (lll) and (ddd) conformations11 of the ring
backbone arising from the high rigidity of the system.

Although the structural results give some important indica-
tions about the binding of GaIII to the macrocycle, the stability
of this chelate is very important for successful applications in
vivo. With a complexation competition method using 67Ga as a
radiotracer and NOTA∑ as an auxiliary competing ligand it has
been possible to estimate the conditional stability constant for
the complex at different pH values. The equilibration has been
followed for nine days. The determination of the ligand
protonation constants allows the calculation of the thermody-
namic stability constant of Ga(NODASA) to logKGa(NODASA) =
30.9(0.2) compared to 30.98 of Ga(NOTA).12

An even more important indicator for in vivo applications is
the measurement of the rate of exchange of GaIII in blood serum
under the physiological conditions.14 For this experiment
67GaIII is first incubated with about 50 times excess of
NODASA at pH 6.2 in 0.5 m ammonium acetate buffer (25 min,
90 °C) in order to incorporate the metal ion. Then the complex
is mixed with blood serum and the exchange kinetics with
transferrin are measured at 37 °C. This was done by taking
aliquots of the serum, separating them by gel filtration, which
allows the separation of 67Ga(NODASA) from gallium(iii)–
transferrin (logK = 23.7),13 and measuring the activity in both
fractions with use of radiometric detection. The results clearly
show that 67Ga–NODASA virtually does not transfer any 67Ga
to transferrin over the observed period of 5 days, fulfilling the
criterion of high kinetic stability.

The kinetic stability of Ga(NODASA) with respect to the
acid-catalysed dissociation has been demonstrated with the aid
of the 67Ga complex, kept in 0.1 m glycine–HCl buffer, pH 2, at
37 °C. Aliquots of this solution were analysed by HPLC. After
5 days the complex was still 100% intact.

The fact that the b-carboxylate remains free while the other
three carboxylates are involved in five-membered chelate rings,
upon coordination to the metal ion, offers a very interesting
possibility to couple the chelate to a biomolecule. As a model
peptide we coupled d-phenylalanineamide to Ga(NODASA)
[Scheme 1 (v), in DMSO–DMF (2 : 1)] using HATU** 15 as the
coupling reagent with almost quantitative yield.†† HATU
allows coupling of carboxylate functions to primary amines
within minutes rendering even the coupling of 68Ga(NODASA)
to peptides feasible.

In summary, 67,68Ga(NODASA) can be used in a pre-
labelling approach followed by conjugation to a biomolecule.
This approach is currently being followed using somatostatin
analogues.

This work was supported by the Swiss National Science
Foundation (No. 31-42516/94).

Notes and References

† E-mail: maecke@ubaclu.unibas.ch
‡ The ligand had satisfactory elemental analysis, 1H, 13C NMR and mass
spectra. The pKa values were determined by pH potentiometry: pKHL32 =
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§ Crystal data: C14H20GaN3O8·3H2O, monoclinic, space group P21/n [a =
7.6077(6), b = 20.573(3), c = 12.186(2) Å, b = 97.726(9)°], Z = 4, F(000)
= 1000, m = 2.56 mm21, Cu-Ka = 1.54180 Å, T = 293 K, qmax = 77.50°,
w–2q scan technique, 3561 independent reflections, 3011 used in
refinement, 284 parameters refined, final R = 5.08, final Rw = 0.0626,
Chebychev polynomial weighting. CCDC 182/850.
¶ 13C NMR 100 MHz (D2O), d 31.3 (C12), 44.9 (C2,9, 52.8–53.5
(C3,5,6,8), 61.9 and 62.0 (C10,10A), 65.8 (C11), 174.8 and 175.0
(C13,14,15,16). 69Ga NMR 72.05 MHz (D2O) shows a single resonance at
d + 165 (w1/2 = 1000 Hz).
∑ 1,4,7-Triazacyclononane-1,4,7-triacetic acid.
** O-(7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate.
†† Rf[SiO2, isopropyl alcohol–NH3(aq) (7 : 3)] = 0.40; m/z
(ESI+) : 574.4(MH+, 15), 594.1 (MNa+, 100); 13C NMR 100 MHz (D2O), d
32.0 (C12), 38.3 (C19), 44.0 (C2,9), 52.4–53.0 (C3,5,6,8) 54.4 and 54.8
(C18), 61.5 (C10,10A), 64.5 and 65.0 (C11), 128.4–128.9 (C21–25), 136.8
(C20), 169.4 (C17), 171.5 (C13,14), 172.4 (C15), 174.0 (C16).
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Fig. 2 1H NMR (400 MHz) spectrum of Ga(NODASA) in D2O, 7 mm, pD
= 3.6 and T = 22 °C
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Thermally responsive novel anion exchange membranes for electrodialysis
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Anion exchange membranes containing N-isopropyl-
acrylamide as a component showed a decrease in osmotic
flux through the membrane, and an increase and decrease
respectively in the transport numbers of NO3

2 and SO4
22

relative to Cl2 with increasing temperature.

The concentration of NO3
2 in groundwater has been greatly

increasing because of excessive use of artificial fertilizers. The
EC proposed that the concentration of NO3

2 in drinking water
should be below 25 ppm, however, it exceeds this in many
places in Europe and also in Japan. A high NO3

2 concentration
in drinking water can endanger human health because this can
lead to the formation of nitrosamines and nitriles which cause
cell poisoning. Many methods to remove NO3

2 from ground-
water have been proposed and tried: reverse osmosis, electro-
dialysis, ion exchange, etc. It is important to preserve the
properties of natural water, and electrodialysis is the most
suitable method for this purpose. Although it is desirable to
perform electrodialysis at high temperature to save energy,
using a NO3

2 permselective anion exchange membrane,
osmotic flux of water through the ion exchange membranes
increases with increasing temperature, and the amount of water
processed therefore decreases.

Poly(N-isopropylacrylamide) is a well known heat-sensitive
polymer.1 It is soluble in water at room temperature but
undergoes a phase separation at temperatures higher than its
lower critical solution temperature (LCST, ca. 32 °C). At higher
temperatures, the intrinsic affinity of N-isopropylacrylamide
polymer chains for themselves is enhanced due to thermal
dissociation of hydrating water molecules from the polymer
chains. Hydrophobic interactions between isopropyl groups
drastically increase and the polymers condense with each other,
precipitating rapidly in the solution. Cross-linked copolymers
containing N-isopropylacrylamide as a monomer have been also
extensively studied as hydrogels used in solute separation,2
immobilization of enzymes,3 drug release regulating systems,4
etc. Cross-linked copolymer gels containing ionic monomers
such as acrylic acid, 2-methyl-2-acrylamidopropane sulfonic
acid, etc., were also reported to show similar swelling and
deswelling properties with change in temperature. If ion
exchange membranes contain N-isopropylacrylamide as a
component, it is expected that the membranes will show a
thermal response.

Two types of cross-linked anion exchange membranes
containing N-isopropylacrylamide were prepared: (i) 1 part
(part by mass) of acrylonitrile–butadiene rubber was dissolved
in a mixture of 5 parts of N-isopropylacrylamide (supplied by
Kojin Co., Ltd.), 10 parts of glycidyl methacrylate, 5 parts of
ethylene glycol dimethacrylate and 0.24 parts of benzoyl
peroxide (M-1 membrane), (ii) 1 part of acrylonitrile–butadiene
rubber was dissolved in a mixture of 5 parts of
N-isopropylacrylamide, 10 parts of dimethylaminoethyl metha-
crylate, 5 parts of ethylene glycol dimethacrylate and 0.24 parts
of benzoyl peroxide (M-2 membrane). The two obtained pasty
mixtures were coated on a woven fabric made of poly(vinyl
chloride), and polymerized at 85 °C for 24 h under an N2
atmosphere after covering with a polyester film on both sides.
After polymerization, the copolymer membrane from the M-1

composition was immersed in a 1 m aqueous NMe3 (75 mass%)
and acetone (25 mass%) mixed solution for 48 h at room
temperautre to introduce quaternary ammonium groups on the
glycidyl groups. The M-2 copolymer membrane was immersed
in a methyl iodide (60 mass%)–hexane (40 mass%) mixed
solution for 24 h to quaternize the tertiary amino groups. A
commercial anion exchange membrane, NEOSEPTA AM-1
(Tokuyama Corp.; benzyltrimethylammonium groups; cross-
linkage, 10%) was used as a standard anion exchange
membrane. Before use, the membranes were equilibrated with
1.0 m HCl and 0.5 m NH3 alternately several times, and then
equilibrated with solutions to be used in the measurements.

Reduced osmotic flux through anion exchange membranes
was measured between pure water and 4.0 m NaCl at different
temperatures with stirring according to the reported5 methods.
Transport numbers, calculated from a membrane potential, and
electrical resistance of the membrane were measured at
different temperatures. Water content and ion exchange ca-
pacity of the membranes were determined by conventional
methods.5 Electrodialysis was carried out in a four-compart-
ment cell with Ag–AgCl electrodes (solution in each compart-
ment, 100 cm3; effective membrane area, 2 3 5 cm).6 The two
middle compartments were separated from the anolyte and
catholyte, which consisted of NaCl solution of the same Na+

concentration as that of the solution to be measured, by a cation
exchange membrane (NEOSEPTA CM-2, Tokuyama Corp.;
transport number of Na+ was > 0.99 in the electrodialysis of
0.50 m NaCl solution at a current density of 20 mA cm22). The
anion exchange membrane to be studied was placed at the center
of the cell, and a 1 : 1 mixed salt solution, either 0.02 m NaNO3–
0.02 m NaCl ([Na+] = 0.04 m) or 0.25 m Na2SO4–0.25 m NaCl
([Na+] = 0.50 m) was electrodialyzed at a current density of 1
or 10 mA cm22 for 60 min under vigorous agitation (stirring at
1500 ± 100 rpm). Studied temperatures for electrodialysis were
25.0, 30.0, 32.0, 35.0 and 40.0 °C. All measurements were
performed after the membranes, solutions and the cell had been
equilibrated at the respective temperature (immersed in a
thermostat for > 24 h). After electrodialysis, the change in the
concentrations of the anions in the middle compartments was
determined by the Mohr method, and chelate back titration or
ion chromatography (Hitachi Ion Chromatography L-6000).
Then the transport number of anions A relative to chloride ions
was calculated by following equation: PA

Cl = (tA/tCl)/(CA/CCl),
where tA and tCl are the transport numbers of anions A and Cl2
in the membrane, and CA and CCl are the average concentrations
of anions A and Cl2 ions in the desalting side solution during
electrodialysis, respectively. PA

Cl represents the permeated
equivalent of anions A through the membrane when 1 equiv. of
Cl2 is permeated through. The current efficiency was calculated
from the amount of transported anions and electricity measured
by coulometry.

Table 1 shows the characteristics of the prepared anion
exchange membranes and the commercial membrane. The
electrical resistances of the M-1 and M-2 membranes was high
and their water content was low compared with those of the
commercial membrane because of their low ion exchange
capacity. Although transport numbers of the M-1 and M-2
membranes were lower than that of the commercial membrane
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at 25.0 °C, they increased with increasing temperature and
reached 0.89 (M-1) and 0.94 (M-2) at 35.0 °C (the transport
number of the commercial membrane slightly decreased with
increasing temperature: 0.94 at 25 °C, 0.93 at 35 °C). The
electrical resistances of both M-1 and M-2 membranes were
constant between 32 and 35 °C, while that of the commercial
membrane decreased monotonously with increasing tem-
perature.

Fig. 1 shows the change in the reduced osmotic flux through
M-1 and commercial membrane. In general, the reduced
osmotic flux of water through ion exchange membranes
increases with increasing temperature as found for the commer-
cial membrane. However, the M-1 membrane showed com-
pletely different behavior: the reduced osmotic flux decreased
from 25 °C with increasing temperature and attained a constant
value from 32 °C. This is thought to be due to the decrease in
hydrophilicity of membrane originated from the aggregation of
isopropyl groups in the membranes. In fact, water contents of
both M-1 and M-2 membranes decreased with increasing
temperature and attained a constant value from 32 °C (water
content of the commercial membrane increased: 27% at 25.0
°C; 31% at 40 °C).

Fig. 2 shows the transport number of NO3
2 relative to Cl2.

Although PNO3
Cl of the commercial membrane did not change

with temperature, it should be noted that NO3
2 selectively

permeate through the anion exchange membranes containing
N-isopropylacrylamide with increasing temperature. It was
reported that hydrophilicity of anion exchange membranes
greatly affects the permselectivity between two anions: with
decreasing hydrophilicity of the membranes, less hydrated
anions such as NO3

2 and Br2 selectively permeate through the

membrane, and the permeation of strongly hydrated anions, F2
and SO4

22, decreases.6 Because the aggregation of isopropyl
groups in the M-1 and M-2 membranes makes the membranes
hydrophobic with increasing temperature, the permeation of
NO3

2 is thought to be enhanced. Though the ratio of mobilities
between NO3

2 and Cl2 in the membrane phase did not change
in all membranes with temperature, the ion exchange equilib-
rium constant between NO3

2 and Cl2 of the M-1 membrane
increased with increasing temperature: KNO3

Cl = 1.5 at 25 °C and
2.2 at 35 °C (KCl

NO3 of the commercial membrane was 1.95 and
independent of temperature.) It is apparent that the decrease in
hydrophilicity of the M-1 and M-2 membranes with increasing
temperature caused selective uptake of the less hydrated anions
NO3

2 (Gibbs hydration energies of NO3
2 and Cl2 are 270 and

317 kJ mol21, respectively).7 The decrease in the hydrophilicity
of the membranes also decreased permeation of SO4

22

remarkably since SO4
22 is strongly hydrated.7 This is a

desirable property for anion exchange membranes because
precipitation of CaSO4 in electrodialyzers and in membranes is
a serious problem in electrodialysis. PSO4

Cl of the commercial
membrane increased slightly with increasing temperature.
Finally, the current efficiencies of the M-1 (96%) and M-2
membranes (93%) were slightly lower than that of the
commercial membrane (99%). Anion exchange membranes
containing N-isopropylacrylamide are suitable in electrodialysis
to remove NO3

2 from groundwater with low energy without
precipitation of CaSO4.
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Table 1 Characteristics of anion exchange membranes

NEOSEPTA
AM-1 M-1 M-2

Electric resistancea 1.1 17.8 12.7
Transport numberb 0.94 0.84 0.90
Ion exchange capacityc 2.25 1.18 0.92
Water contentd 0.27 0.12 0.07
Thickness/mm 0.13 0.12 0.10
Reinforcing PVC PVC PVC

a W cm2; measured with 1000 Hz ac at 25.0 °C after equilibration with 0.5
m NaCl. b Calculated from a membrane potential generated from 0.50 m
NaCl ıMembraneı 2.50 m NaCl at 25.0 °C. c Mequiv. per g (Cl2) dry
membrane at 25.0 °C. d g (H2O) per g (Cl2) dry membrane, measured at
25.0 °C after equilibration with pure water.

Fig. 1 Change in reduced osmotic flux with temperature. (5) Commercial
anion exchange membrane (NEOSEPTA AM-1); 2: M-1 membrane.
Measurements in 4.0 m NaClıMembraneıpure water; effective membrane
area = 10 cm2.

Fig. 2 Change in transport number of NO3
2 relative to Cl2 with

temperature. (5) Commercial anion exchange membrane (NEOSEPTA
AM-1); 2: M-1 membrane; 8: M-2 membrane. A 0.02 m NaNO3–0.02 m
NaCl mixed solution was electrodialyzed at different temperatures (current
density = 1 mA cm22).
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Novel palladium complexes of Se,N,Se tridentate ligands derived from
cycloalkeno-1,2,3-selenadiazoles

Susan Ford,a Christopher P. Morley*a and Massimo Di Vairab

a Department of Chemistry, University of Wales Swansea, Singleton Park, Swansea, UK SA2 8PP
b Dipartimento di Chimica, Università degli Studi di Firenze, Via Maragliano 75/77, 50144 Firenze, Italy

The reaction between [Pd2(dba)3] (dba = dibenzylideneace-
tone), a trialkylphosphine, and a cycloalkeno-1,2,3-selena-
diazole in toluene under reflux leads in good yield to the
complexes [PdL(PR3)] [L = SeC(R1)NC(R2)NN
NC(R1)NC(R2)Se; R1–R2 = (CH2)n; R = Et, Bun] containing
a novel Se,N,Se tridentate ligand formed by the coupling of
two 1,2,3-selenadiazole molecules; the structure of the
product with R = Bun and n = 4 has been determined by
X-ray crystallography.

The chemistry of organoselenium ligands has attracted in-
creased attention in the last few years, as a result of both their
greater accessibility, and the realisation that they may display
significantly different properties from their sulfur analogues.1
We have previously demonstrated that 1,2,3-selenadiazoles
may serve as the precursors to a range of selenium-containing
ligands in cyclopentadienylcobalt complexes,2 and recently
reported on their reactions with [Pt(PPh3)4].3 The palladium
compound [Pd(PPh3)4] behaves quite differently from its
platinum analogue, yielding novel dinuclear diselenolenes
(Scheme 1).4 We have now studied the reactivity of a range of
cycloalkeno-1,2,3-selenadiazoles (1a–c) towards other palla-
dium(0) phosphine complexes, generated in situ from
[Pd2(dba)3] 2 (dba = dibenzylideneacetone).

Heating a mixture of 2 equiv. of one of the 1,2,3-selenadia-
zoles 1a–c with 2, in the presence of triethylphosphine or tri-
n-butylphosphine, leads to the formation of a deep purple
solution, from which the product 3a–c or 4a–c may be isolated
in good yield by column chromatography (Scheme 2).‡ These
intensely coloured compounds have the general formula
[PdL(PR3)] and contain the first examples of a new type of
ligand L = SeC(R1)NC(R2)NNNC(R1)NC(R2)Se, which may be
considered as an alicyclic analogue of an azo-dye.

The detailed mechanism of the reaction remains unclear. In
general, 1,2,3-selenadiazoles react via elimination of dinitrogen
to yield a selenaketocarbene, the fate of which determines the
outcome of the reaction.5 Attack on another molecule of intact
1,2,3-selenadiazole is, to our knowledge, unprecedented. We
therefore postulate initial insertion of palladium(0) into the
selenium–nitrogen bond of a 1,2,3-selenadiazole molecule,
followed by carbon–nitrogen bond formation by addition of a
selenaketocarbene to this palladium(ii) intermediate (Scheme

3). It is interesting that behaviour analogous to that of
[Pd(PPh3)4] is not observed. This we ascribe to the greater
basicity of the phosphines used in this study, when compared
with that of triphenylphosphine.

The molecular structure of 4a has been determined by X-ray
crystallography§ and is shown in Fig. 1. The palladium atom is
square-planar coordinated, with the phosphine trans to a
nitrogen atom of the novel tridentate Se,N,Se ligand. The twelve
atoms associated with the p-system of the ligand [Se–
C(C)NC(C)–NNN–C(C)NC(C)–Se] are also coplanar, so that
overall this part of the molecule is virtually flat. Only the three
n-butyl groups on the phosphine protrude significantly from the
coordination plane. There are relatively few examples of Pd–Se
distances in the literature. The bond lengths in 4a [2.370(1),
2.371(1) Å] are comparable with the shortest thus far reported.
In the related complexes [Pd{PhSeNC(4-MeC6H4)NNC(4-

MeC6H4)NSePh}(PPh3)]6 5 and [PdCl{5-MeC6H3-2-(NNN-
4A-MeC6H3-2A-SePh)}]7 6 the Pd–Se distances are 2.375(1) and
2.4495(4) Å, respectively. The Pd–P distance is typical for
PBun

3 derivatives, and similar to that in [Pd{2-OC8H8NNN(-
5A-NO2C6H3-2A-O)}(PBun

3)] 78 [4a, 2.264(2); 7, 2.289(2) Å].
The Pd–N distance of 2.081(8) is rather long [cf. 2.024(2),

Scheme 1

Scheme 2

Scheme 3
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1.989(2) and 1.997(4) Å in 5, 6 and 7, respectively]. There is
also considerable thermal motion associated with the nitrogen
atoms, implying that the N(1)–Pd interaction is rather weak, and
not strongly directional. Detailed discussion of bond angles and
bond lengths in the azo-group is therefore not appropriate. The
molecular formula is confirmed by the mass spectrum, where
there is an intense cluster around m/z = 656 corresponding to
the molecular ion, with the expected isotope distribution.

The NMR spectroscopic data show that this structure is
maintained in solution for 4a, and that the structures of 3a–c and
4b,c are similar. The selenium atoms are inequivalent and give
rise to two signals in the 77Se NMR spectrum, each of which
shows a small splitting (J = 9 Hz) due to coupling to the
phosphorus atom in the cis position. As expected, each atom in
the two alicyclic rings gives a separate 13C resonance.

The complexes 3a–c and 4a–c may be expected to resemble
diselenolenes and dithiolenes in having delocalised metal–
ligand bonding. We therefore anticipate rich and varied
chemical and physical behaviour for these compounds and their
derivatives.

We thank EPSRC for the provision of a studentship (to S. F.),
Johnson Matthey plc for the loan of palladium salts, and the
Ministero dell’Università e della Ricerca Scientifica e Techno-
logica for financial support (to M. di V.).
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† E-mail: c.p.morley@swan.ac.uk
‡ Synthesis of 4b: a mixture of 1b (0.19 g, 1.01 mmol), 2·dba (0.28 g, 0.24
mmol) and PBun

3 (0.10 g, 0.50 mmol) in toluene (100 cm3) was heated
under reflux for 1 h under an N2 atmosphere. The solvent was removed by
evaporation under reduced pressure and the residue chromatographed on
alumina. The product was eluted with a mixture of hexane and toluene (1 : 2)
as a bright purple band. It was purified by recrystallization from hexane.
Yield: 0.17 g (53%). Mp 146 °C. 1H NMR (400 MHz, CDCl3, SiMe4), d
3.13 (m, 2 H), 3.05 (m, 2 H), 2.88 (m, 2 H), 2.71 (m, 2 H), 1.93 (m, 8 H),
1.84 (m, 2 H), 1.72 (m, 4 H), 1.50 (m, 8 H), 1.43 (m, 6 H), 0.91 (t, 9 H); 13C
NMR (100 MHz, CDCl3, SiMe4), d 157.3, 144.1, 141.9, 131.3, 36.9, 35.9,
34.7, 30.4, 26.3, 25.6, 25.2 [J(13C–31P) 29 Hz], 24.8, 24.2 [J(13C–31P) 14
Hz], 24.0, 22.7, 13.7; 31P NMR (101 MHz, CDCl3, external 85% H3PO4),
d 13.70; 77Se NMR (47.7 MHz, CDCl3, external SeMe2), d 548 [J(77Se–31P)
9 Hz], 366 [J(77Se–31P) 9 Hz]; IR (KBr disk), 2929vs, 2857s, 1578m,
1479m, 1450m, 1405m, 1359m, 1307w, 1262m, 1091vs, 1050s, 904m,
802s, 720w cm21; UV–VIS (hexane): lmax/nm (e/dm3 mol21 cm21) 570
(6000), 480 (5000), 295 (13 000), 250 (29 000), 220 (12 000); MS (FAB):
m/z (%) 656 (74) [M+], 203 (100) [PBun

3].
§ Crystal data for 4b: C24H43N2PPdSe2; M = 654.90; crystal size 0.05 3
0.50 3 0.70 mm, triclinic, space group P1̄ (no. 2); a = 9.930(2), b =
12.044(3), c = 13.277(3) Å, a = 63.43(2), b = 83.55(2), g = 81.16(2)°,
U = 1401.6(6) Å3 (by least squares refinement on setting angles of 24
reflections, Z = 2), F(000) = 660, Dc = 1.552 g cm23, m(Mo-Ka) = 3.33
mm21. Data collection (Enraf-Nonius CAD4, graphite-monochromated
Mo-Ka radiation, l = 0.71069 Å, T = 295 K), w–2q scans, 2.5 < q < 25°.
4956 measured reflections (±h, ±k, +l), 4923 unique. Structure solution by
direct methods, with SIR,9 and heavy atom procedures with SHELXL-93.10

Empirical absorption correction (y scan; min., max. correction factors 0.66,
1.00). Final refinement cycles performed against F2 with all non-hydrogen
atoms anisotropic and hydrogen atoms in calculated positions. Refinement
on 274 variables converged at R1 = 0.052 (based on 2936 reflections with
Fo > 4sFo), R1 = 0.110 (on all reflections), wR2 = 0.139, GOF = 1.021.
Max., min. peaks in the final difference map = 0.54, 20.53 e Å23. CCDC
182/872.
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Fig. 1 Structure of 4a with H atoms omitted for clarity. Selected bond
lengths (Å) and angles (°): Pd–N(1) 2.081(8), Pd–P 2.264(2), Pd–Se(1)
2.370(2), Pd–Se(2) 2.371(1); P–Pd–Se(1) 91.72(6), Se(1)–Pd–N(1) 88.0(3),
N(1)–Pd–Se(2) 93.1(3), Se(2)–Pd–P 87.23(6).
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Regiospecific synthesis of 2,3-naphthylenebis(diphenylphosphines) by double
insertion of alkynylphosphines into nickel(0)–benzyne complexes

Martin A. Bennett,*† Christopher J. Cobley, Eric Wenger and Anthony C. Willis

Research School of Chemistry, Australian National University, Canberra, ACT 0200, Australia

The double insertion of diphenylprop-1-ynylphosphine into
the nickel(0)–benzyne bond of the complexes [Ni(1,2-h-
4,5-X2C6H2)(PEt3)2] (X = H, F) forms 2,3-
naphthylenebis(diphenylphosphines) regiospecifically.

Small cycloalkynes or arynes, which are short-lived in the free
state, are stabilised by coordination to d10 transition metal
fragments such as ML2 (M = Ni, L2 = dcpe,‡ 2PEt3; M = Pt,
L2 = dcpe, 2PPh3).1 Unsymmetrical acetylenes (RC·CRA)
undergo double insertion into nickel(0)–benzyne complexes of
type 1 to give a mixture of isomeric naphthalenes (2a, 2b),
whose ratio is determined by the stereoelectronic properties of
the inserted alkyne (Scheme 1).2,3

Recently we have been interested in extending this chemistry
to alkynylphosphines, which could provide a novel route to
functionalised naphthylenebis(tertiary phosphines), potential
ligands that are not readily accessible by conventional synthe-
ses.4 Herein, we report the regiospecific reaction of diph-
enylprop-1-ynylphosphine5 with the Ni0–aryne complexes
[Ni(1,2-h-4,5-X2C6H2)(PEt3)2] (X = H 1a, F 1b) (Scheme
2).

Reduction of the appropriate (2-bromoaryl)nickel(ii) com-
plexes [NiBr(2-Br-4,5-X2C6H2)(PEt3)2] (X = H, F) with
lithium in diethyl ether at 240 °C, followed by evaporation of

ether and extraction with hexane at 260 °C, yielded yellow
solutions of the complexes 1a and 1b that were used in situ for
all subsequent insertion reactions.2,3 The addition of 2.5 equiv.
of diphenylprop-1-ynylphosphine at 278 °C, followed by
warming to room temperature, resulted in a dark red solution
containing a complex mixture as shown by 31P{1H} NMR
spectroscopy. However, by addition of bromine, orange nick-
el(ii) complexes of type 3 were isolated and fully charac-
terised.§¶ The high overall yields of 3a and 3b (up to 97%),
together with the molecular structure determination of the
chelate, planar-coordinated dibromonickel(ii) complex
[NiBr2{C12H8F2(PPh2)}] 3b (Fig. 1), confirmed that the
reaction produced regiospecifically 2,3-naphthylenebis(di-
phenylphosphines) as the only observable insertion products.∑

Treatment of the initial dark red solutions with 1 equiv. of
dcpe greatly simplified the 31P{1H}NMR spectra, which
showed in each case the presence of a single Ni0 complex,
[Ni{C12H8X2(PPh2)2}dcpe)] (X = H 4a, F 4b), together with
free PEt3 and Ph2PC·CMe. On the basis of these results, the
31P{1H}NMR spectrum (202.4 MHz) of the dark red solution
could be assigned to a mixture of unsymmetrical nickel(0)–
tertiary phosphine complexes of type 5, all containing the newly
formed naphthylenebis(diphenylphosphine) with a combination
of PEt3 or Ph2PC·CMe as ancillary ligands (Scheme 2).

Reaction of 3a or 3b over 24 h at 50 °C with a large excess
of NaCN in Me2SO liberated quantitatively the pure 2,3-naph-
thylenebis(diphenylphosphines) 6a and 6b as white solids
{overall yields based on [Ni(cod)2] of up to 78%}.§¶

Exposure of 5a or 5b to air led to nickel–phosphine bond
cleavage and only partial oxidation of the naphthylenebis(di-
phenyl)phosphines, forming the mono(phosphine oxides)
C12H8X2(PPh2){P(O)Ph2 }7a and 7b,6 the structure of 7b being

Scheme 1

Scheme 2

Fig. 1 ORTEP (25% probability) representation of 3b. Hydrogen atoms
have been omitted for clarity.
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confirmed by X-ray diffraction.∑ The stronger oxidising agent,
H2O2, was necessary to accomplish complete oxidation to the
bis(phosphine oxides), C12H8X2{P(O)Ph2}2 8a and 8b.

Theoretical calculations7 suggest that the PPh2 moiety, like
CO2Me, is electron withdrawing. The regiospecificities des-
cribed above are indeed similar to those observed in the
insertion of methyl 2-butynoate, MeC·CCO2Me, into complex
1b, where the direction of insertion was believed to be
electronically controlled and to require p-coordination of the
alkyne.1–3 In agreement, preferential side bonding of the C·C
bond of Ph2PC·CMe to the Ni centre, as opposed to
coordination via the phosphorus lone pair, has been observed.
The reaction between equimolar quantities of [Ni(cod)2], dcpe
and Ph2PC·CMe gave the Ni0–h2-alkyne species, [Ni(h2-
Ph2PC·CMe)(dcpe)] 9a, as the main product; a small amount of
the P-bonded isomer 9b, was also formed (Scheme 3).

This chemistry is currently being investigated as a potential
method for the synthesis of water-soluble diphosphines. We
thank the Royal Society for the award of a Fellowship to
C. J. C.
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† E-mail: bennett@rsc.anu.edu.au
‡ dcpe = bis(dicyclohexylphosphino)ethane, Cy2PCH2CH2PCy2

§ Supplementary data describing full experimental details are available.
(See http://www.rsc.org/suppdata/cc/1998/1307)
¶ Selected NMR data for compounds 3, 4, 6–9: 3a: 31P{1H} NMR (CDCl3,
80.96 MHz) d 65.5 (s). 3b: 31P{1H} NMR (CDCl3, 80.96 MHz) d 65.8 (s);
19F NMR (CDCl3, 188.1 MHz) d 2132.6 [app. t, J(HF) 9.4 Hz]. 4a:
31P{1H} NMR (C6D6, 80.96 MHz) d 47.2 [t, 2J(PP) 26.6 Hz], 52.1 [t, 2J(PP)
26.6 Hz]; 4b: 31P{1H} NMR (C6D6, 80.96 MHz) d 47.4 [t, 2J(PP) 27.4 Hz],
52.3 [t, 2J(PP) 27.4 Hz]; 19F NMR (C6D6, 188.1 MHz) d 2139.6 [app. t,
J(HF) 10.2 Hz]. 6a: 31P{1H́} NMR (C6D6, 80.96 MHz) d 26.2 (s). 6b:
31P{1H} NMR (C6D6, 80.96 MHz) d 25.6 (s); 19F NMR (C6D6, 188.1
MHz) d 2138.5 [app. t, J(HF) 10.3 Hz]. 7a: 31P{1H} NMR [(CD3)2CO,
80.96 MHz] d 26.6 [d, 3J(PP) 37.4 Hz], 31.0 [t, 3J(PP) 37.4 Hz]. 7b:
31P{1H} NMR [(CD3)2CO, 80.96 MHz] d26.3 [d, 3J(PP) 36.7 Hz], 31.0 [t,
3J(PP) 36.7 Hz]; 19F NMR [(CD3)2CO, 188.1 MHz] d2135.3 (m), 2136.0
(m). 8a: 31P{1H} NMR [(CD3)2CO, 80.96 MHz] d 34.3 (br s); 8b: 31P{1H}
NMR [(CD3)2CO, 80.96 MHz] d 33.4 (br s); 19F NMR [(CD3)2CO] 188.1
MHz] d 2133.9 (br). 9a: 31P{1H} NMR (C6D6, 80.96 MHz) d 215.3 [dd,
3J(PP) 24.0, 3J(PP) 37.0 Hz], 67.7 [dd, 2J(PP) 46.4, 3J(PP) 24.0 Hz], 72.9
[dd, 2J(PP) 46.4, 3J(PP) 37.0 Hz].
∑ Crystal data and data collection parameters: 3b: C36H28Br2F2NiP2, M
= 779.07, red–brown rod, crystal size 0.42 3 0.14 3 0.12 mm, monoclinic,
space group P21/c (no. 14), a = 8.633(2), b = 22.707(3), c = 16.237(3) Å,
b = 97.49(2)°, U = 3155.8(9) Å3, Z = 4, Dc = 1.640 g cm23, m(Mo-
Ka) = 32.94 cm21, F(000) = 1560, analytical absorption correction; 7474
unique data (2qmax = 55.1°), 4594 with I > 2s(I); R = 0.046, wR = 0.036,
GOF = 1.40.

7b: C36H28F2OP2, M = 576.56, colourless plates, crystal size 0.44 3
0.19 3 0.06 mm, monoclinic, space group Cc (no. 9), a = 9.541(3), b
= 28.86(1), c = 11.187(4) Å, b = 106.87(3)°, U = 2948(2) Å3, Z = 4,
Dc = 1.229 g cm23, m(Mo-Ka) = 1.88 cm21, F(000) = 1200, analytical
absorption correction; 2667 unique data (2qmax = 50.1°), 1415 with I >
3s(I); R = 0.043, wR = 0.035, GOF = 1.33. CCDC 182/847.

1 M. A. Bennett and E. Wenger, Chem. Ber./Recueil, 1997, 130, 1029 and
references therein.

2 M. A. Bennett and E. Wenger, Organometallics, 1995, 14, 1267.
3 M. A. Bennett and E. Wenger, Organometallics, 1996, 15, 5536.
4 A. J. Carty, N. J. Taylor and D. K. Johnson, J. Am. Chem. Soc., 1979, 101,

5422; D. K. Johnson, T. Rukachaisirikul, Y. Sun, N. J. Taylor, A. J. Canty
and A. J. Carty, Inorg. Chem., 1993, 32, 5544.

5 A. J. Carty, N. K. Hota, T. W. Ng, H. A. Patel and T. J. OAConnor, Can.
J. Chem., 1971, 49, 2706.

6 A. Avey, D. M. Schut, T. J. R. Weakley, and D. R. Tyler, Inorg. Chem.,
1993, 32, 233; M. A. Bakar, A. Hills, D. L. Hughes and G. J. Leigh,
J. Chem. Soc., Dalton Trans., 1989, 1417.

7 E. Louattani, A. Lledós, J. Suades, A. Alvarez-Larena and J. F. Piniella,
Organometallics, 1995, 14, 1053.
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Remarkable effects of side-chain alkyl substituents on thermochromic behavior
of peralkyldecasilanes

Kuninori Obataa and Mitsuo Kira*a,b†
a Photodynamics Research Center, The Institute of Physical and Chemical Research (RIKEN), 19-1399, Koeji, Nagamachi,
Aoba-ku, Sendai 980-0868, Japan
b Department of Chemistry, Graduate School of Science, Tohoku University, Aoba-ku, Sendai 980-8578, Japan

The absorption spectrum of perhexyldecasilane shows
marked temperature dependence; a two-site model, similar
to the transition from a random coil to an all pseudo-trans
rod conformation proposed for poly(dihexylsilylene), is
proposed to explain this effect.

Much attention has been focused on the remarkable thermo-
chromism and unusual emission spectra of linear peralk-
ylpolysilanes.1 Typically, while poly(dihexylsilylene) exhibits
a broad absorption band at ca. 315 nm at room temperature,
upon cooling below ca. 230 °C, the absorption band becomes
much narrower and shifts significantly to higher wavelength;
the difference of lmax between the low and high temperature
regions (Dlmax) amounts 39 nm.2a The origin of the thermo-
chromism is usually ascribed to the transition at low tem-
peratures from a random coil to an all pseudo-trans rod
conformation of the silicon backbone,2 while Miller et al. have
proposed that the red shift at low temperatures is caused by
aggregation of polysilane chains.3 In order to elucidate the
origin of the thermochromism of the polysilanes, it is desirable
to investigate peralkyloligosilanes with uniform Si chain
lengths. However, there has been no study of peralkyloligo-
silanes other than permethyloligosilanes4 reported until now,
while we have recently reported circular dichroism (CD)
spectral features of oligo(dipropylsilylene)s with terminal chiral
aralkyl groups.5 We report here that the absorption spectra of
peralkyloligosilanes with ten or more Si atoms in a chain are
remarkably temperature dependent, a feature which depends
strongly on the side-chain alkyl substituents.

Wurtz coupling of a mixture of a dialkyldichlorosilane and a
trialkylchlorosilane with lithium in THF gave a mixture of the
corresponding peralkyloligosilanes, as shown in Scheme 1.
Oligosilanes having 3–11 Si chains were separated as pure
compounds via recycle HPLC from a mixture of peralk-
yloligosilanes. The structures were characterized by means of
NMR spectroscopy, elemental analyses and mass spectrome-
try.‡

The absorption band maxima at 293 K and their dependence
on the Si chain lengths of perpropyl- 2 and perhexyl-
oligosilanes 3 were similar to those of permethyloligosilanes,6
while small alkyl substituent effects were observed. These
absorption bands are assigned to the s?s* electronic transi-
tions of the Si main chains.4,6

Peralkyloligosilanes having more than five Si atoms in a
chain showed significant red-shifts of the maxima with

lowering temperatures. The most remarkable thermochromism
was observed in perhexyloligosilanes with 10 and 11 Si atoms
in the chain. Fig. 1 shows the temperature dependence of
absorption spectra of peralkyldecasilanes 1a (1, n = 10), 2a (2,
n = 10) and 3a (3, n = 10). With lowering temperatures, the
absorption maxima of these decasilanes shifted to longer
wavelength, but the extent of the red-shift (Dlmax) from 293 to
77 K was markedly dependent on the substituents; Dlmax values
were < 10, 13 and 19 nm for 1a, 2a and 3a, respectively; upon
increasing the chain-length of the alkyl substituents, the
thermochromic behavior of the decasilanes resembles more
closely that of poly(dihexylsilylene). The temperature depend-
ence of the absorption spectrum of 3a was analyzed using a two-
site model similar to the transition from random coil to the all
pseudo-trans rod conformation model for poly(dihexylsilylene)
(Scheme 2). Thus, a linear relationship was observed between
log(A1/A2) and 1/T, where A1 and A2 are the areas of the

Scheme 1

Fig. 1 Temperature dependence of absorption spectra of (a) docosahex-
yldecasilane 3a, (b) docosapropyldecasilane 2a and (c) docosamethyldeca-
silane 1a in 3-methylpentane
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Site 1
(random coil)

Site 2
(all pseudo-trans rod)

K

absorptions bands at 290 and 310 nm for 3a, respectively; the
absorption spectra of 3a were deconvoluted to the two bands by
band-shape analysis. From the slope of the linear relationship,
the enthalpy difference between the two sites was estimated to
be 9 kcal mol21.

The remarkable effect of the substituents on the temperature
dependence of the absorption spectrum of decasilane is ascribed
to the importance of the steric energies between the side-chain
alkyl substituents. MM2 force field calculations using standard
parameters for organosilicon compounds proposed by Allinger7

showed that the most stable conformation of 1a–3a was as loose
helical rods having a dihedral angle of ca. 170° for seven Si
tetrads, irrespective to the alkyl substituents; the all-trans rod
structure (the dihedral angle = 180°) showed much higher
steric energy due to the severe steric repulsion between alkyl
groups in 1,3-positions. The energy differences between the
loose helical rod conformation and the other conformations with
one gauche arrangement in the 7 Si tetrads of a decasilane are
5.3 and 8.9 kcal mol21 for 2a and 3a, respectively; this value is
much smaller for 1a (0.5 kcal mol21). A one-gauche conforma-
tion in 3a or 2a causes severe steric repulsion between alkyl
substituents, while the repulsion is less important in 1a. The
steric energy calculated by the MM2 method is in good
agreement with the experimental DH values for the transition
from Site 1 to Site 2, suggesting that the transition occurs
between an assembly of conformations with one or more
gauche Si tetrads to an assembly of all pseudo-trans rod
conformations including a loose helical conformation.

Notes and References

† E-mail: mkira@kriso1.chem.tohoku.ac.jp
‡ Selected data for 2a: 0.3% yield (based on Pr2SiCl2); a white powder;
dH(300 MHz, C6D6) 0.65–1.05 (m, 44 H), 1.10–1.28 (m, 66 H), 1.60–1.80
(m, 44 H); dC(75 MHz, C6D6) 16.8, 17.4, 17.66, 17.67, 17.8, 18.8, 18.9,
18.97, 19.00, 19.04, 20.9, 21.0; several peaks overlap. The 29Si NMR
spectrum of 2a was not measured due to poor sample solubility. For 3a:
0.5% yield (based on Hex2SiCl2); a colorless viscous oil; dH(CDCl3)
0.63–0.75 (m, 32 H), 0.79–0.94 (m, 78 H), 1.20–1.44 (m, 176 H);
dC(CDCl3) 13.79, 14.13, 14.44, 14.64, 14.91, 14.96, 22.74, 22.83, 22.87,
25.06, 27.16, 27.43, 27.51, 33.98, 34.17, 34.38, 34.40, 31.63, 31.82, 31.86;
dSi(CDCl3) 233.82, 227.92, 226.18, 225.84, 210.12.
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J. Michl, J. W. Downing, T. Karatsu, A. J. McKinley, G. Poggi, G. M.
Wallraff, R. Sooriyakumaran and R. D. Miller, Pure Appl. Chem., 1988,
60, 959; J. M. Zeigler, Synth. Met., 1989, 28, C581; R. West,
J. Organomet. Chem., 1986, 300, 327; R. West, in The Chemistry of
Organosilicon Compounds, ed. S. Patai and Z. Rappoport, Wiley,
Chichester, 1989, ch. 19, p. 1207.
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Miller, Organometallics, 1985, 4, 1318.
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Smith, G. M. Wallraff, M. Baier and P. Thiyagarajan, Macromolecules,
1991, 24, 5606.

4 (a) Y.-P. Sun and J. Michl, J. Am. Chem. Soc., 1992, 114, 8186 and
references cited therein.
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Homogeneous catalysis. Use of a ruthenium(ii) complex for catalysing the ene
reaction

William W. Ellis, W. Odenkirk and B. Bosnich*†

Department of Chemistry, The University of Chicago, 5735 S. Ellis Avenue, Chicago, IL 60637, USA

The complex trans-[Ru(salen)(NO)(H2O)]+ catalyses the ene
reaction between activated enophiles and olefins to give
homoallylic alcohols by a stepwise process. 

The oxo-ene reaction, which usually involves the addition of
alkenes to aldehydes to produce homoallylic alcohols [eqn. (1)],

is potentially a useful method of carbon–carbon bond construc-
tion.1 Its implementation, however, suffers from a number of
difficiencies. Among these is the necessity of employing high
temperatures for most reactions. The obvious method for
promoting the reaction at lower temperatures by using conven-
tional Lewis acids such as AlCl3,2 BF3,3 SnCl44 or TiCl4,5 can
lead to new problems.1 Whereas these Lewis acids do indeed
promote the reaction, they lead to the formation of Lewis acid
alcohol intermediates which can release a proton. The released
acid can itself act as a catalyst (Prins reaction) and can cause
other reactions to occur with the substrates and product.
Snider1,6 has shown that the use of Me2AlCl can promote the
ene reaction without proton interference because the methyl
groups are capable of rapidly scavenging the proton to give
methane. The resultant formation of alkoxide adducts, however,
consumes the Lewis acid promoter and, consequently, the
Lewis acid is used in stoichiometric or greater quantities. In
addition, alkylaluminium halides have been shown to transfer
the alkyl group to the aldehyde7 and to undergo the Oppenauer
oxidation.8 Milder Lewis acids such as those derived from ZnII9

and TiIV10 have been shown to act as true catalysts for a limited
number of intramolecular and intermolecular ene reactions,
respectively.

Here we report the use of a new type of Lewis acid catalyst
for the ene reaction. It is the d6 ruthenium(ii) complex, trans-
[Ru(salen)(NO)(H2O)] SbF6 1, which we have employed for

catalysing the Diels–Alder11 and Mukaiyama reactions.12 The
air and moisture stable catalyst 1 is readily prepared in two steps
from commercially available [Ru(NO)Cl3] and the ligand.11

Although RuII complexes are generally electron-rich and
consequently do not act as Lewis acids, the incorporation of the
electron-withdrawing NO+ ligand, the coordination of hard
ligands, namely N and O, and the presence of a positive charge
all conspire to produce a Lewis acidic ruthenium centre.
Further, because the water ligand trans to the NO+ ligand is very
labile,11 this coordination site is readily available for binding
the enophile (usually an aldehyde) to activate it for reaction and,

after reaction, the homoallylic alcohol product is expected to be
labile for efficient turnover. 

Some of these results are collected in Table 1. As is
commonly observed for Lewis acid promotion, only electron-
difficient carbonyl-containing enophiles engage in the ene
reaction at acceptable rates. Generally, ruthenium(ii) aquo
complexes are weak acids having a pKa similar to AcOH acid
(in water).13 In order to determine the ability of acid to promote
the reactions, 2 mol% TFA was used under the same conditions
to promote the reaction shown in entry 1 (Table 1). It was found
that < 1% conversion to the ene product occurred after 150 h,
indicating that acid is neither responsible for, nor competitive
with, the ruthenium catalysed process.

Although, like other promoters, the ruthenium catalyst has its
limitations for the ene reaction, it serves to demonstrate that
structurally defined transition metal complexes which are not
normally oxophilic can be modified to act as genuine catalysts
for the generally resistant ene reaction. It is probable, however,
that the present catalyst will find practical applications in the
intramolecular ene reaction. The conversion of (+)-citronellal to
l-isopulegol [eqn. (2)] is an important step in the industrial

production of l-menthol14 where ZnBr2 in stoichiometric
amounts at ca. 5 °C is used to give l-isopulegol in 95% yield
over the other isomers. Using 1 mol% of the ruthenium catalyst
in MeNO2 at 25 °C, (+)-citronellal is converted to l-isopulegol
after 6 h. An 80% yield of l-isopulegol was obtained, with the
remaining product consisting of the other (three) isomers.9,14,15

Given this efficient conversion, it is possible to entertain the
prospect of using chiral analogues of the present catalyst for
asymmetric catalytic intramolecular ene reactions.

In order to ascertain if the present catalysed ene reactions are
concerted or stepwise processes we have investigated the
products from a number of 1,3-dienes. A typical transformation
is illustrated in eqn. (3), together with the putative inter-

mediates. The two products are formed in constant kinetic
proportions and are not interconverted in the presence of the
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catalyst. The formation of the two products [eqn. (3)] suggests
that the ene reaction with the 1,3-diene may occur via a non-
concerted process where the carbenium ion has sufficient
lifetime to promote either the ene reaction or the hetero-Diels–
Alder reaction. Although it is recognized that the allylic cation
may have a greater stability than a localized carbenium ion
formed by monoolefins, the formation of the two products when
1,3-dienes are used indicates that in the present systems the
monoolefin ene reactions could proceed by carbenium ion
intermediates.16

This work was supported by grants from the NIH.
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Table 1 Catalytic ene reaction using 1 (2 mol%) in MeNO2 at 50 °C

Olefin Isomer Isolated
Entry Enophile (0.5 m) (conc./m) Product ratioa t/hb yield (%)

a Isomers not assigned. b Time required for > 95% reaction of enophile. c Only the pure product is formed by 1H NMR spectroscopy. d In [2H6]acetone.
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A modular approach to constructing multi-site receptors for isophthalic acid

Christopher Bielawski, Yuan-Shek Chen, Peng Zhang, Peggy-Jean Prest and Jeffrey S. Moore*†

Departments of Chemistry, Materials Science & Engineering, and the the Beckman Institute for Advanced Science and
Technology, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA

New multi-topic receptors which may serve as building
blocks for constructing receptor arrays form highly stable
complexes with isophthalic acid.

We are interested in developing simple, modular systems of
receptor arrays and multi-topic ligands for the purpose of
constructing stable, self-assembled nanostructures through
multiple non-covalent interactions. This requires that the
associating systems be easily synthesized, show strong sup-
ramolecular affinity, and be general for implementation in a
variety of molecular designs. While molecular self-assembly is
recognized as a method to prepare nanostructures,1 there exists
the need for simple building blocks that can be linked to form
arrays of receptors and complementary ligands. Herein we
report the design and synthesis of the primary receptor unit 1a,
its heterocomplexation with isophthalic acid, and demonstration
of its use in modular construction of multi-site receptors.

The primary receptor unit was designed to be incorporated
within oligo(phenyleneethynylene) backbones that have been
extensively employed by our group to construct a variety of
molecular architectures.2 2-Aminopyridines are well-known3 to
associate strongly with carboxylic acids, and a pair of these
groups positioned on alternating sites of a 1,3-connected
phenyleneethynylene backbone provides excellent shape com-
plementarity to isophthalic acid, as shown in eqn. (1). Molecular

modeling‡ indicates that both 1a and isophthalic acid can
maintain favorable planar conformations with typical hydrogen
bond distances, suggesting that tight binding should be realized.
An important feature of this design is the torsional flexibility

that exists between adjacent aromatic residues. The rotational
barrier4 about the sp–sp2 bond is only ca. 600 cal mol21, which
permits accessibility to favorable binding geometries. However,
the most important aspect of 1a is its ease of synthesis§ which
was accomplished by coupling5 2 equiv. of the known6

2-amino-6-ethynylpyridine to 1,3-diiodobenzene in 78%
yield.

Co-crystallization of 1a and isophthalic acid from THF by
slow evaporation resulted in single crystals suitable for X-ray
structure determination.¶ The complex (Fig. 1) packs in 2D
sheets with alternating hydrophobic and hydrophilic layers. All
hydrogen bond donors and acceptors are fully saturated forming
a set of six hydrogen bond interactions for each host and guest
in the solid phase. The average dihedral angle between the
heterocyclic residues and the phenyl ring is 12.5 ± 1.7°. Job’s
method7 confirmed the stoichiometry of 1a and isophthalic acid
to be 1 : 1 in solution.

The binding characteristics of the receptor with 5-tert-
butylisophthalic acid were determined in solvent systems with
varying polarity at 20 °C using 1H NMR titration and dilution
methods.8 As shown in Table 1, the association constant was
found to be greater∑ than 106 m21 in CDCl3, reflecting a tight fit
of the guest with the host. Due to increased solvation, the
association constants in 1 : 9 and 1 : 4 [2H6]DMSO–CDCl3 (v/v)
solution were largely reduced to 320 and 80 m21, re-
spectively.

While probing the potential of 1a as a principle sub-unit in
more complex systems, we anticipated encountering solubility
problems. An obvious and synthetically simple solution was to
transform the amine groups to more soluble derivatives.
Therefore, a pair of analogues 1b and 1c were synthesized§ and
studied. The association constants of receptors 1b and 1c with
5-tert-butylisophthalic acid were similar to that of receptor 1a,
all being greater∑ than 106 m21 in CDCl3. However, as shown in
Table 1, the binding affinity in a 1 : 9 [2H6]DMSO–CDCl3 (v/v)

Fig. 1 ORTEP drawing at the 50% probability level of the complex formed
between 1a and isophthalic acid. Hydrogen bonding is indicated by thin
dashed lines.
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solution showed some noticeable differences. The association
constants of 1b and 1c with 5-tert-butylisophthalic acid were 55
and 50 m21 respectively. The reduction in affinity relative to
receptor 1a is believed to stem both from the increase in the
extent of desolvation upon complexation and the greater
entropic loss in rotational freedom about the aminopyridine
bond. Our results showed that acylation or alkylation are
synthetically simple ways to enhance the solubility of 1a
without significantly reducing the binding strength.

To demonstrate the modularity of this building block set,
receptor 3, which can potentially bind two units of isophthalic
acid, was synthesized§ in a manner similar to that of 1a. After
several attempts at obtaining a crystal structure of receptor 3 and
various derivatives of isophthalic acid, only crystals from a
dioxane solution of 5-hydroxyisophthalic and 3 were suitable
for X-ray diffraction. Although the quality of the crystal¶ was
poor, the data set obtained was sufficient to confirm the dual
binding of 5-hydroxyisophthalic acid (Fig. 2) and reveal the
packing pattern as being similar to complex 2. In solution, the
stoichiometry of the complex was determined to be 2 : 1 by
Job’s method.7

In conclusion, we have shown that receptor 1a possesses a
high affinity towards isophthalic acid and can easily be
modified to alleviate solubility difficulties. The synthesis of 3
demonstrates that 1a can be implemented as a building block for
the construction of arrays of multi-site receptors for isophthalic
acid. By combining multi-topic ligands and multi-site receptors,
it should be possible to form stable, self-assembled nano-
structures. In addition, we are also working on linear (AB) and
2D (AB2) supramolecular polymers based on host : guest
complex 2. Details of these studies will be reported in due
course.

This work was supported by the NSF Young Investigator
program (Grant CHE-94-96105). Additional support from the
Camille Dreyfus Teacher-Scholar Awards Program is acknow-
ledged. C. B. gratefully thanks Pfizer, Inc. for a summer
undergraduate research followship (1996).
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† E-mail: moore@aries.scs.uiuc.edu
‡ Molecular modeling was performed on a Silicon Graphics Indigo
workstation using Cerius2 and MacroModel software packages.
§ All new compounds gave satisfactory analytical and spectral data.
¶ Crystal data for 1a-isophthalic acid: C28H20N4O4, Mr = 476.48 g mol21,
colorless, columnar crystal (0.26 3 0.06 3 0.06 mm), triclinic, space group
P1̄, a = 7.6156(10), b = 11.493(2), c = 14.462(2) Å, a = 108.586(3),
b = 96.039(3), g = 101.298(3)°, V = 1157.3(3) Å3, Z = 2, rcalc = 1.367
g cm23, m = 0.094 mm21. Of 5147 reflections measured, 3165 were
independent, and 1524 were used for refinement; wR2 = 0.1597 and
R1 = 0.1077 for 301 parameters. For 3·[5-hydroxyisophthalic acid]2-
·[dioxane]3: C70H73N7O16, Mr = 1268.35 g mol21, pale yellow, tabular
crystal (0.18 3 0.10 3 0.04 mm), triclinic, space group P1̄,
a = 13.0983(11), b = 14.6384(13), c = 18.0368(15) Å, a = 106.833(2),
b = 93.572(2), g = 93.343 (2)°, V = 3293.2(5) Å3, Z = 2, rcalc = 1.279
g cm23, m = 0.092 mm21. Of 14 147 reflections measured, 8808 were
independent, and 4059 were used for refinement; wR2 = 0.3410 and
R1 = 0.2181 for 823 parameters. Data for both structures were collected on
a Siemans CCD/platform diffractometer using graphite-monochromated
Mo-Ka radiation (l = 0.71073 Å, 0.3° w scans, 2qmax = 46.0°) at 198(2)
K. No absorption corrections were applied. Using SHELXTL, each
structure was solved by direct methods and refined by full-matrix least-
squares techniques on F2 with anisotropic displacement parameters for the
non-hydrogen atoms. Hydrogen atoms were included as fixed contributors
in idealized positions. CCDC 182/866.
∑ Estimated by dilution to 50 mm.
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Table 1 Association constants of receptors 1a–c with 5-tert-butyliso-
phthalic acid at 20 °C in a variety of solvent systemsa

Association constant/m21

in 1 : 9 [2H6]DMSO– in 1 : 4 [2H6]DMSO–
Receptor in CDCl3b CDCl3 (v/v) CDCl3 (v/v)

1a > 106 320 80
1b > 106 55 c

1c > 106 50 c

a Association constants were determined by non-linear least-squares fitting
of the experimental binding isotherm. The error is ±15%. b Estimated lower
limit (see footnote ∑). c No observable binding affinity.

Fig. 2 ORTEP drawing at the 50% probability level of the complex formed
between 3 and 5-hydroxyisophthalic acid. Hydrogen bondiong is indicated
by thin dashed lines. The structure contains solvent molecules (dioxane)
which have been removed for clarity.
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Cationic ruthenium allenylidene complexes as a new class of performing
catalysts for ring closing metathesis

A. Fürstner,*a† M. Picquet,b C. Bruneau,b and P. H. Dixneuf*b‡
a Max-Planck-Institut für Kohlenforschung, D-45470 Mülheim/ Ruhr, Germany
b UMR 6509: CNRS - Université de Rennes, Laboratoire de Chimie de Coordination et Catalyse, Campus de Beaulieu, F-35042,
Rennes, France

Cationic allenylidene ruthenium complexes [RuN
CNCNCR2(L)(Cl)(arene)]PF6 (L = PCy3, PPri

3), easily
prepared from RuCl2(L)(p-cymene), prop-2-yn-1-ol and
NaPF6, are found to be excellent catalyst precursors for ring
closing olefin metathesis.

The recent development of a new generation of well-defined
catalysts precursors for olefin metathesis has had a tremendous
impact on progress in this field.1,2 Most popular among them are
the neutral 16-electron ruthenium carbene complexes
Cl2(PCy3)2RuNCHR (1a: R = Ph, 1b R = 2CHNCPh2)
described by Grubbs3 which are distinguished by excellent
activity as well as good compatibility with various functional
groups in the substrates. Since these catalysts are fairly stable
against oxygen and moisture, they represent a simple yet
efficient tool for advanced organic synthesis and polymer
chemistry. A major drawback, however, resides in the use of
either diazoalkanes or diphenylcyclopropene for the preparation
of these complexes, i.e. reagents which are hazardous or rather
difficult to make, respectively. However, an improvement of the
synthesis of complexes 1 synthesis has just been achieved
starting from Ru(H)(H2)Cl(PCy3)2.4

We now describe a new class of efficient single-component
catalyst for ring closing olefin metathesis: the cationic 18-elec-
tron allenylidene ruthenium complexes [RuNCNCNCR2(PR3)-
(Cl)(arene)]PF6 5, easily available in three steps from
RuCl3.xH2O, which also provide an unprecedented example of
the involvement of metal allenylidene complexes in cataly-
sis.5

The 18-electron complexes of the general formula
(h6-arene)RuCl2(PR3) such as 3, which are readily obtained
from commercially available [(h6-arene)RuCl2]2 2 upon addi-
tion of a phosphine,6 are very active in catalytic transformations
of alkynes,7 but exhibit only very low catalytic activity for ring
opening metathesis polymerization (ROMP) of strained cy-
cloalkenes and ring closing metathesis (RCM). However, they
can be activated either upon addition of diazoalkanes8 or by in

situ irradiation with UV light.9 A route has been designed in
order to straightforwardly introduce around a Ru(+2) site only
one bulky phosphine, one cumulenylidene ligand attached to the
metal via a RuNC bond, and one easy to displace p-cymene
group, three likely conditions to produce an active olefin
metathesis catalyst precursor. As the activation of prop-2-yn-
1-ols with selected ruthenium precursors has been shown to
give the RuNCNCNCR2 moiety,10 complexes 3 were reacted
with a prop-2-ynyl alcohol such as 4 in the presence of NaPF6
in MeOH at ambient temperature and cleanly led to the
formation of the cationic allenylidene complexes 5a-c, isolated
in high yields as violet powders (Scheme 1). It is noteworthy
that the corresponding salts with less bulky R3P groups existed
only as transient allenylidene intermediates in situ adding
methanol to give methoxycarbene [RuNC(OMe)CHNCR2] com-
plexes11 which are inactive as olefin metathesis catalysts.

A preliminary assessment of the performance of these
complexes in ring closing metathesis  revealed a strong
correlation with the nature of the chosen phosphine. In line with

Table 1 Screening of the catalytic activity of the allenylidene  complexes 5a

Entry Catalyst Solvent Additive T/°C t/h Yield (%)b

1 5c toluene — 80 3 2
2 5b toluene — 80 3 66
3 5b CH2Cl2 — 40 26 95 (76)
4 5a toluene — 80 3 79
5 5a toluene — 80 4 100 (83)
6 5a toluene PCy3 (5%)c 80 3 31

a General conditions: diene (1 mmol), catalyst (0.025 mmol), solvent  (5 ml). b GC yield (isolated yield). c Based on the diene.

Scheme 1
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previous observations with ruthenium-based initiators,3,8,9 their
catalytic activity decreases in the order PCy3 > PPri

3 >> PPh3
(Table 1). With 5a (2.5 mol%) as the catalyst, diene 6 is
quantitatively cyclized to dihydropyrrole 7 after 4 h in toluene
at 80 °C (entry 5). Dichloromethane can also be used, although
the turnover frequency of 5 is slightly lower in this particular
reaction medium at 40 °C (cf. entries 2 and 3).

Having established the optimum reaction conditions, we
applied catalyst 5a to RCM of a set of representative diene
substrates. As can be seen from the results compiled in Table 2,
this catalyst nicely applies to the formation of essentially all ring
sizes ! 5, including macrocyclic and medium sized products.
The isolated yields obtained were found to be good to excellent
and are comparable to those previously obtained using the
Grubbs carbenes 1 [9: 75% vs. (68%);12 13: 90% vs. (79%);2c

15: 73% vs. 83%;2a 17: 85% vs. 77%2d]. Only in the case of the
10-membered ring of jasmine ketolactone 11, did the allenyli-
dene complex 5a turn out to be somewhat less efficient [11:
40% vs. (86%)13].

Particularly noteworthy are the smooth cyclizations of the
conformationally flexible dienes 12 and 14 to 16- and
18-membered cycloalkenes 13 and 15, respectively. The
hydrogenation of compound 13 under standard conditions leads
to the macrocyclic musk exaltolide,14 which is used as a
valuable perfume ingredient. Disaccharide 17 is an advanced
intermediate en route to tricolorin A, a carcinostatic resin
glycoside isolated from Ipomoea tricolor.2d The examples
summarized in Table 2 clearly highlight the excellent compati-
bility of the allenylidene catalyst 5a with various functional
groups, including even unprotected secondary hydroxy
groups.

Although the mode of action of these new metathesis
catalysts and the nature of the actual intermediates involved in
the catalytic cycle require further indepth studies, we have
shown that the addition of an excess of PCy3 strongly retards the
metathetic conversion.

Current work in our laboratories is aiming at investigating the
mechanism as well as to further explore the preparative scope of
these readily accessible and highly promising metathesis
catalysts, since they allow substantial possible variations of
their basic structural motive.

The authors are grateful to Deutscher Akademischer Aus-
tauschdienst (DAAD) for a stipend to M. P., covering his stay in
Mülheim for a three month period. We also thank K.
Langemann and T. Müller, Mülheim, for providing various
starting materials.
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Table 2 Ring closing metathesis employing Ru-allenylidene catalyst 5aa

Substrate Product Yield
(%)

a All reactions using 5a were carried out in toluene at 80 °C using  a catalyst
loading of 5 mol%.
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R1Pb(OAc)3 R1–R2

1 2 3

i

1a R1 = Ph

  b R1 = p-MeOC6H4

  c R1 = 2,4-(MeO)2C6H3

  d R1 = 2-thienyl

2a R2 = vinyl

  b R2 = (E)-PhCH=CH

  c R2 = PhC(=CH2)

  d R2 = PhC≡C

e R2 = 2-furyl

f R2 = 3-furyl

g R2 = 2-thienyl

+ R2SnBu3

3a R1 = Ph, R2 = vinyl

b R1 = Ph, R2 = (E)-PhCH=CH

c R1 = Ph, R2 = PhC≡C

d R1 = p-MeOC6H4, R2 = 2-furyl

e R1 = p-MeOC6H4, R2 = 3-furyl

f R1 = p-MeOC6H4, R2 = 2-thienyl

g R1 = 2,4-(MeO)2C6H3, R2 = 2-furyl

h R1 = 2,4-(MeO)2C6H3, R2 = 2-thienyl

i R1 = 2-thienyl R2 = (E)-PhCH=CH

Palladium-catalyzed cross-coupling of organolead compounds with
organostannanes

Suk-Ku Kang,*† Hyung-Chul Ryu and Sang-Chul Choi

Department of Chemistry, Sung Kyun Kwan University, Natural Science Campus, Suwon 400-746, Korea

The palladium-catalyzed cross-coupling of organolead
triacetates with organostannanes has been accomplished in
the presence of Pd2(dba)3·CHCl3 (5 mol%) and NaOMe (5
equiv.) in MeOH–MeCN (1 : 1) under mild conditions.

The palladium-catalyzed cross-coupling of organostannanes
with aryl of vinyl halides and triflates, known as the Stille
reaction,1 has become a versatile tool in organic synthesis. Main
group metals such as lead(iv),2 bismuth3 and thallium4 have
been of limited use in cross-coupling reactions. Recently,
Pinhey2 reported the arylation, alkenylation and alkynylation of
organolead(iv) tricarboxylates with soft carbon nucleophiles.
As an alternative to organic electrophiles, hypervalent iodonium
compounds were employed in the cross-coupling with organo-
stannanes.5 However, the coupling reaction of organolead
compounds as electrophiles with organostannanes is not known.
Here we report the cross-coupling of organostannanes with
organolead(iv) compounds.

Initially, we examined the cross-coupling of phenyllead
triacetate 1a6 with vinyl tributylstannane 2a to determine the
optimum reaction conditions. After series of fruitless experi-
ments, we found that the use of NaOMe as a base was crucial in
this coupling. Of the catalysts Pd2(dba)3·CHCl3, Pd(OAc)2 and
PdCl2 tested, Pd2(dba)3·CHCl3 was the best. Even though
CHCl3 was also effective, the solvent system MeOH–MeCN

(1 : 1) was most suitable. To avoid homocoupling, CuI (10
mol%) was added as a cocatalyst (Scheme 1).7

Phenyllead triacetate 1a was reacted with vinyl tributylstan-
nane 2a in the presence of NaOMe (5 equiv.) using
Pd2(dba)3·CHCl3 (5 mol%) and CuI (10 mol%) as catalysts in
MeOH–MeCN (1 : 1) at room temperature for 2 h to afford
styrene 3a as the sole product in 80% yield (entry 1, Table 1).
Under the same conditions the reaction of 1a with the
b-styrylstannane 2b gave the coupled product (E)-b-stilbene 3b
in 72% yield (entry 2). When phenyllead triacetate 1a was
treated with a-styrylstannane 2c, (E)-b-stilbene 3b was also
obtained as the sole product via the mechanism of cine
substitution8 in 40% yield (entry 3). For the alkynylstannane 2d,
the reaction with 1a gave the coupled product 3c in 79% yield
(entry 4). When the same reaction was conducted in CHCl3 as
the only solvent, the coupled product 3c was obtained in 45%
yield along with the homocoupled product (30%).9 Treatment
of 2-furyl(tributyl)stannane 2e, 3-furyl(tributyl)stannane 2f, and
3-thienyl-substituted stannane 2g with p-methoxyphenyllead
triacetate 1b10 afforded the substituted furans 3d,11 3e12 and
thiophene 3f13 in 73, 70 and 85% yields, respectively (entries
5–7).‡ For the coupling of 1b with 2-furyl stannane 2e under the
same conditions without addition of CuI as catalyst, the coupled
product 3e was obtained in 60% yield after 7 h along with the
homocoupled product (25%). However, the addition of CuI (10

Scheme 1 Reagents and conditions: i, Pd(dba)3·CHCl3 (5 mol%), CuI (10 mol%), NaOMe (5 equiv.), MeOH–MeCN (1 : 1)

Table 1 Palladium-catalyzed cross-coupling of organostannanes with organolead triacetates

Organolead Isolated
Entry compounds Organostannanes T/°C t/h Product yield (%)a

1 1a 2a room temp. 2 3a 80 (trace)
2 1a 2b room temp. 2 3b 72 (trace)
3 1a 2c 60 3 3b 40
4 1a 2d room temp. 2 3c 79 (10)
5 1b 2e room temp. 2 3d 73 (10)
6 1b 2f 60 2 3e 70 (trace)
7 1b 2g 60 2 3f 85 (10)
8 1c 2e room temp. 3 3g 72 (trace)
9 1c 2g room temp. 3 3h 73 (trace)

10 1d 2b 60 2 3i 62 (10)

a The yields in parentheses are the yields of the homocoupling products, which are easily separated by column chromatography.
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mol%) improved the yield to 73% yield with reduced reaction
time (2 h) and reduced homocoupling (10%). The 2,4-dime-
thoxyphenyllead triacetate 1c14 was also coupled with 2-furyl
and 2-thienyl substituted stannanes 2e and 2g at room
temperature for 3 h to afford the coupled products 3g§ and 3h15

in 72 and 73% yields, respectively (entries 8 and 9). Finally,
2-thienyllead triacetate 1d16 was reacted with (E)-b-styryl-
stannane 2b to give the coupled product 3i17 in 62% yield (entry
10). The results are summarized in Scheme 1 and Table 1. 

Although the detailed mechanism for the role of NaOMe
remains to be elucidated, it is presumed that organolead
trimethoxide RPb(OMe)3 is formed18 and drives facile oxida-
tive addition19 with Pd0 to give polar reactive intermediate
RPdPb(OMe)3, which allows the transmetallation and coupling
to proceed under mild conditions

A typical procedure is as follows: To a stirred solution of
p-methoxylphenyllead triacetate 1b (140 mg, 0.28 mmol) and
NaOMe (77 mg, 1.42 mmol) in MeOH–MeCN (1 : 1, 3 ml) was
added Pd2(dba)3·CHCl3 (14 mg, 5 mol%) and CuI (5 mg, 10
mol%), followed by 2-thienyl(tributyl)stannane 2g (100 mg,
0.27 mmol) via syringe at room temperature under N2, and the
reaction mixture was stirred at 60 °C for 2 h and cooled to room
temperature. The reaction mixture was extracted with Et2O (20
ml), washed three times with water, dried over anhydrous
MgSO4 and evaporated in vacuo. The crude product was
separated by SiO2 column chromatography (hexanes,
Rf = 0.28) to afford the coupled product 3f (44 mg, 85%).

In conclusion, the palladium-catalyzed cross-coupling reac-
tion of organolead triacetates with organostannanes was
achieved under mild conditions. 

The authors wish to acknowledge the financial support of the
Korea Research Foundation in the Program Year 1997.
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Tetracyanoethylene-based organic magnets
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Several classes of organic magnets based upon the tetra-
cyanoethenide radical anion, [TCNE].2, either unbound, m,
and m4 bonded to zero, two and four metal sites have been
reported. The putative m4 bonded V(TCNE)x room tem-
perature magnet has been extended to include M(TCNE)x
(M = Mn, Fe, Co, Ni) magnets. M for this class of magnets
is assigned to be in the divalent oxidation state. A
s-[TCNE]2

22 dimer intermediate has been isolated. The
intrachain magnetic coupling for the 1-D coordination
polymers having [TCNE].2 m-bridge bonded to [MnIIIpor-
phyrins]+ is discussed in the context of a structure–function
correlation arising from the dihedral angle between the
[MnIIITPP]+’s MnN4 and [TCNE].2 mean planes and the
magnitude of magnetic coupling. This correlation is ascribed
to the increasing importance of the s-MnIII dz2/[TCNE].2 pz
overlap with decreasing dihedral angle.

From time immemorial magnets comprised a few metals or their
oxides with the key component of all magnets, the unpaired
electron spins, solely residing in d- or f-orbitals. Extension to
organic radicals was first discussed in 1963 from a conceptional
point of view,1 but their experimental realization was not
achieved until 1985. At that time [Fe(C5Me5)2].+[TCNE].2
(TCNE = tetracyanoethylene) with a magnetic ordering
temperature, Tc, of 4.8 K was reported to be the first magnet
with spin residing in a p-orbital2 that (i) required spins in
p-orbitals, (ii) exhibited magnetic hysteresis, (iii) did not have
extended network bonding in 1, 2 or 3 dimensions, (iv) was
soluble in conventional organic solvents, and (v) did not require
metallurgical preparative methods. Today, molecule-based
magnets include many diverse examples of materials exhibiting
magnetic ordering including ferromagnets, ferrimagnets,
canted/weak ferromagnets, metamagnets and spin glasses.
Materials range from p-orbital-based organic nitroxides,3,4 p/d-
orbital-based mixed organic radicals/organometallic or in-
organic coordination systems,4–6 to the more classical d-orbital-
based inorganic coordination compounds (e.g. mixed metal
oxalates and cyanides),4,5 with several classes of the organic/
metal-ion-containing-ones possessing TCNE studied in our
laboratory. As is the intent of feature articles in this journal, we
provide a personal account of the results on two classes of
TCNE-based magnets, namely, M[TCNE]x and [Mn(por-
phyrin)][TCNE] magnets. Broad reviews on molecule-based
magnets, however, are available.3–6

M(TCNE)x Magnets

In 1991 V(TCNE)x·y(CH2Cl2) (x ~ 2; y ~ 1/2) 1a, prepared
from the room temperature reaction of V0(C6H6)2 and TCNE,
was reported to be a magnet below a critical temperature
estimated to be ~ 400 K.4,7 Owing to the structural disorder,
variable composition and extreme oxygen/water sensitivity the
structure and oxidation state assignment of this valence-
ambiguous material has yet to be elucidated. Although the
structure is as yet unknown, based upon the magnetic, IR, and
elemental analyses data, 1a is formulated as VII(TCNE)2·

1/2(CH2Cl2) with S = 3/2 VII and two S = 1/2 [TCNE].2
systems. A 3-D network structure 2, with each vanadium

surrounded by up to six ligands which are primarily nitrogens
from different [TCNE].2 species, and the [TCNE].2 species
binding up to four different vanadiums via s-N bonds, is
proposed.

Compound 1a exhibits a field-dependent magnetization,
M(H), between 1.4 and 350 K (Fig. 1), and saturates to ca. 6 3

103 emu Oe mol21 at 2 K and 19.5 kG. Assuming a Landé g
value of 2, the expected maximum or saturation magnetization,
Ms, for ferromagnetic coupling between S = 3/2 VII and the two
S = 1/2 [TCNE].2 species (ie. Stotal = 5/2) is 28 3 103 emu Oe
mol21. In contrast, antiferromagnetic coupling, leading to
ferrimagnetic behavior as observed for magnetite (Fe3O4), leads
to an Stotal of 1/2 with Ms expected to be 5.6 3 103 emu Oe
mol21. The latter is in good agreement with the observed value.
Hysteresis, characteristic of magnets’ composition and shape,
with a coercive field of 60 G is observed at room temperature
(Fig. 2). The strong magnetic behavior is readily observed by its
being attracted to a permanent magnet at room temperature
(Fig. 3). Thus, 1a is the first example of organic-based material
with a critical temperature exceeding room temperature. The
critical temperature exceeds 350 K, the thermal decomposition
temperature of the sample, and a linear extrapolation to the

Fig. 1 Magnetization as a function of temperature [M(T)] at 1 kG for
V(TCNE)x·y(CH2Cl2) prepared from (2) V(C6H6)2 1a7 and (5) V(CO)6

1b8
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temperature at which the magnetization should vanish leads to
an estimate of Tc ~ 400 K (Fig. 1). Compound 1a is also a
semiconductor with a room temperature conductivity of ~ 1023

S cm21 which decreases with decreasing temperature. At low
temperatures the conductivity becomes frequency dependent,
suggesting a hopping conduction mechanism.7d

Thermal treatment of 1a reduces the magnetization. At room
temperature 1a has a ca. 50 day half-life. Sealed samples heated
for 10 h at 100 °C are significantly less magnetic, while heating
to 160 °C for 48 h destroys magnetic ordering; however, the
number of spins remains essentially unchanged. Concomitantly,
the infrared spectra in the nCN region are altered slightly with
the absorption at 2195 cm21 moving to higher energy at 2206
cm21. Air exposure further alters the infrared spectra, with the
major absorption in the nC·N region shifting to 2220 cm21.
Likewise, 1a rapidly decomposes in air and looses magnetic
ordering. Infrared analysis of the decomposed product has much
weaker absorptions at 2225 cm21 which is in the region
reported for TCNE0 9 as well as TCNE p-bonds to metals atoms
or ions.10

The reaction of V(C6H6)2 and other strong acceptors such as
TCNQ, perfluoro-TCNQ (TCNQF4), C4(CN)6, 2,3,5,6-tetra-
chlorobenzoquinone (chloranil), 2,3-dichloro-5,6-dicyano-
benzoquinone (DDQ) and 2,3,5,6-tetracyanobenzoquinone (cy-
anil)11 led to insoluble precipitates of unknown composition.
These materials do not exhibit field-dependent magnetic
susceptibilities and their high temperature susceptibilities can
be fitted to the Curie–Weiss expression with q < 0 character-
istic of antiferromagnetic, not ferromagnetic, behavior. Hence,
magnets of nominal V(acceptor)x·y(solvent) composition based
on strong acceptors other than TCNE have yet to be prepared.

Compound 1a is a structurally disordered material; hence,
improved preparative routes leading to less disorder as well as
avoiding the difficult-to-obtain V(C6H6)2 were sought. Unlike

V0(C6H6)2, the reaction of isoelectronic V0(C5H5)(C7H7) with
TCNE did not afford a room-temperature magnet.8 This is due
to the greater oxidation potential of V0(C5H5)(C7H7) (0.34 V vs.
SCE) with respect to V0(C6H6)2 (20.28 V). Similarly, the
reactions of [TCNE].2 and [VI(C6H6)2]+ or TCNE and
VII(C5H5)2 did not afford a room-temperature magnet. Since the
reaction of V0(C6H6)2 and TCNE leads to a strongly magnetic
material, but the reaction of [VI(C6H6)2]+ and [TCNE].2 does
not, the mechanism of the reaction is crucial in the formation
of the room-temperature magnet and it is presently being
investigated. In contrast, the room-temperature reactions of
V0(CO)6, [VI(C6H6)2][V2I(CO)6], [VII(NCMe)6][V2I(CO)6]2,
[VII(NCMe)6]2+ and [VII(THF)6][V2I(CO)6]2 with TCNE led to
room-temperature magnets; while the reactions of [Et4N]-
[V2I(CO)6] and Na[V2I(CO)6].2diglyme did not.8 The reaction
of V0(CO)6 with TCNE was studied in detail.8

The elemental composition suggests that the magnets
prepared from V(C6H6)2 or V(CO)6 have similar compositions.
The similarity of the IR spectra for the magnets prepared from
V(C6H6)2 (i.e. 1a) and V(CO)6 (i.e. 1b) and the absence of nC·O
stretches in the 1800 to 2000 cm21 region for the latter magnet
strongly suggest that all the carbonyls are expelled from the
vanadium coordination sphere upon the reaction of V(CO)6
with TCNE.8 This was confirmed from the quantification of
CO-loss via Toepler pump measurements for [eqn. (1)],

V(CO)6 + y TCNE ? V(TCNE)y(CO)62x (1b) + x CO (1)

with x = 5.9 ± 0.1. Thus, all the six carbonyls are lost. Based on
the lack of CO and the similarity between the IR spectra for the
magnets prepared from V(CO)6 (1b) and V(C6H6)2 (1a), both
are assigned the same structural building block 2. Nonetheless,
differences between the nCN absorptions for 1a and 1b indicate
that the two magnets are structurally inequivalent and different
magnetic behavior is observed, although both have a Tc 400 K
(Fig. 1).

The M for 1b (Fig. 1), is 10 300 emu Oe mol21 at 4.2 K and
3600 emu Oe mol21 at room temperature and an applied
magnetic field of 1 kG; an increase of 67 and 133% at these
temperatures, respectively, as compared to 1a. Whereas M
decreases monotonically with increasing T for 1a, this is less
evident at low temperatures for 1b. The unusual linear decrease
of M with increasing T is consistent with extensive disorder in
the sample, and suggests that the 1b is less disordered.
Hysteresis with a coercive field of 15 Oe is observed at room
temperature and at 4.2 K for the 1b. This is significantly lower
than the 60 Oe value observed for 1a (Fig. 2).7 The extrapolated
Tc for 1b is ~ 400 K, comparable to 1a (Fig. 1).7 The results of
the magnetic behavior for 1 give hope that more molecular/
organic/polymeric magnets with higher Tcs will be available in
the future. Already a room temperature a Prussian blue-
structured magnet, also based on vanadium, has been re-
ported.12

In addition to forming 1 via the solution reaction of TCNE
and V(C6H6)2 or V(CO)6, these reactions were also carried out
without solvent. No reaction occurred upon the reaction of
TCNE and V(C6H6)2, while an immediate blue precipitate
occurred with TCNE and V(CO)6 at the surface of the TCNE
crystals or on the walls of the reaction vessel if both TCNE to
V(CO)6 were co-sublimed. For the latter product, the IR
spectrum and magnetic properties were very similar to materials
prepared from solution. However, this material has reduced
oxygen sensitivity. This difference is attributed to its much
lower surface area when compared to the fine ( ~ 100 m2 g21)
powders that are formed from solution.13

Due to Tc exceeding room temperature, applications for this
magnet can be envisioned.14 One application is for magnetic
shielding, the attenuation of magnetic fields found in many
electronic applications, e.g. high voltage lines. The feasibility of
using 1 for this applications has been demonstrated (Fig. 4).15

Synthesis of the V(TCNE)x·y(solvent) magnet using solvents
other than CH2Cl2 results in similar materials with varying

Fig. 2 Hysteresis M(H), of V(TCNE)x·y(CH2Cl2) 1a, at room temperature

Fig. 3 Photograph of a powdered sample of 1a being attracted to a Co5Sm
magnet at room temperature
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degrees of structural order. For example, there is increasing
disorder in the structure as the CH2Cl2 is replaced by THF7b (Tc
~ 210 K) and MeCN7c (Tc ~ 100 K). The exact magnetic
ordering temperature varies with preparation conditions and
resulting structural order. With increasing order these materials
show features of correlated spin glass behavior. Additional
examples of this class of magnets are needed to understand the
chemistry and physics.7,8 To date the reaction of V(C6H6)2 or
V(CO)6 with other strong acceptors does not form magnetically
ordered materials. Attempts to replace V with Cr, i.e. the
reaction of TCNE with Cr(C6H6)2 or Cr(CO)6, lead to
nonmagnetically ordered, but ferromagnetically coupled,
[Cr(C6H6)2][TCNE]16 and a substitution reaction with Cr(CO)6
forming Cr(CO)5(TCNE).17 However, magnets of
M(TCNE)2·y(solvent) stoichiometry have recently been re-
ported.

M(TCNE)2·y(CH2Cl2) (M = Mn, Fe, Co, Ni) have been
prepared via the reaction of MI2·xMeCN in CH2Cl2.18 The nCN
absorption bands for M(TCNE)2·xCH2Cl2 are consistent with
coordinated [TCNE].2 and are similar, albeit sharper and occur
at higher in energy, to that observed for V(TCNE)x·y(CH2Cl2).
In contrast to disordered V(TCNE)x·y(CH2Cl2),
M(TCNE)2·xCH2Cl2 (M = Mn, Fe) give X-ray powder
patterns, which have yet to be indexed.

The spin and oxidation states of Fe(TCNE)2·xCH2Cl2 3 were
determined from 57Fe Mössbauer spectroscopy.18 Above 95 K,
3 has absorptions with large chemical shift [d = 1.23 mm s21]
and quadrupole coupling [DEq = 3.26 mm s21] characteristic
of hexacoordinate, high-spin FeII compounds19 (Fig. 5). Below
95 K, the spectra become more complex due to magnetic

splitting [d = 1.24 mm s21; DEq = 3.31 mm s21, Hint =
229 KOe] (Fig. 5) in agreement with the critical temperature
determined via magnetic studies (vide infra).

Complex 3 has a complex magnetic behavior which is
essentially independent of preparation and amount of solvent.18

The susceptibility cannot be fitted to the Curie–Weiss law, cª
(T 2 q)21, as expected for high-spin d6 FeII in an octahedral
environment with spin-orbit coupling. A spontaneous magneti-
zation occurs below a Tc of 121 K, taken here as the intercept
with the temperature axis of the initial slope of the magnetiza-
tion as a function of temperature (Fig. 6). At 2 K the

magnetization shows a complex, poorly understood response to
the field, reminiscent of metamagnetic behavior. At 5 T and 2 K
the observed magnetization is ca. 16 900 emu Oe mol21;
however, higher fields are necessary to achieve saturation. This
value of saturation magnetization corresponds to three S = 1/2
spins and exceeds the comparable value of 10 300 emu Oe
mol21 for V(TCNE)x·y(CH2Cl2) prepared from V(CO)6

8 by
63%, as well as exceeding the expectation of that from
antiferromagnetically coupling between an S = 2 FeII site and
two S = 1/2 [TCNE].2, i.e. 11 200 emu Oe mol21, but is
substantially less than the expectation from ferromagnetic
coupling, i.e. 33,500 emu Oe mol21. Although the Tc shows
little dependence on the synthetic route, hysteresis loops taken
at 2 K show a strong variation in the coercive field ranging from
300 to 3000 G. Likewise, the detailed field and zero field cooled
curves also have a strong dependency on reaction conditions
and aging.

Fe(TCNE)2·xCH2Cl2 shows remarkable thermal stability.
The IR spectrum and X-ray powder pattern, as well as magnetic
data of a sample heated at 130 °C for 38 h, suggest that the
chemical and structural features of the materials are preserved
after the heat treatment, except for the apparent solvent loss.
Some thermal degradation is observed from magnetic measure-
ments on a sample treated at 180 °C, and massive decomposi-
tion is evident from IR studies when the material is heated to
200 °C. TGA data show that although desolvation starts at
temperatures as low as 40 °C, it does not approach completion
until the sample decomposes. Since CH2Cl2 is a poorly
coordinating solvent, the high desolvation temperature may be
attributed to CH2Cl2 being trapped into a three-dimensional
network, and is only completely released when the structure
collapses. Fe(TCNE)2·xCH2Cl2 is not pyrophoric as is
V(TCNE)x·y(solvent), but it does decompose in air.

Reactions of TCNE and MeCN solvates of MI2 (M = Mn,
Co, Ni) led to M(TCNE)2·xCH2Cl2 species which magnetically
order with Tc values of 44 (M = Ni, Co) and 107 K (M = Mn)8

(Table 1). The nearest neighbor spin coupling energy, J, can be
estimated from the mean-field expression of Tc = JzS(S +
1)/3kB, where kB = Boltzmann’s constant, z = number of
nearest neighbors, i.e. 6, and assuming H = 22JSa·Sb. The

Fig. 4 Illustration of the V(TCNE)x·y(CH2Cl2) magnet being an effective
magnetic shield at room temperature; rods (paper clips) of soft-iron are
attracted to a Co5Sm permanent magnet (a); however, when a 1.7 mm pellet
of V(TCNE)x·y(CH2Cl2) is placed between the Co5Sm magnet and the rods
they hang freely (b) demonstrating magnetic shielding

Fig. 5 57Fe Mössbauer spectra of Fe(TCNE)2·xCH2Cl2 at (a) 50 and (b) 100
K18

Fig. 6 Zero-field cooled magnetization as function of temperature for
Fe(TCNE)2·0.75CH2Cl2
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resulting estimates of J ranges as V >> Ni ~ Fe > Mn ~ Co
(Table 1). Mn(TCNE)2·xCH2Cl2 is isostructural to Fe(TC-
NE)2·xCH2Cl2 based upon powder diffraction data; however,
for M = Ni, Co the solids diffract poorly and do not appear to
be isomorphous to M(TCNE)2·xCH2Cl2 (M = Fe, Mn). Hence,
based upon the composition and the similarity of the nCN
absorptions for M = Mn, Co and Ni, we assign all the metals as
being divalent. Likewise, the elusive oxidation state of V in the
room temperature V(TCNE)x·yCH2Cl2 magnet is again as-
signed the divalent oxidation state.7,8

Hysteresis is observed for all the magnets below Tc, however,
as observed for V(TCNE)x·y(CH2Cl2),7,8 the coercive field
varies from preparation to preparation. Nonetheless, the
observed coercive fields range from 50 (M = Ni) to 6500 Oe (M
= Co). The shape of the hysteresis curves is characteristic of
metamagnetic behavior in some cases, e.g. for Fe(TC-
NE)2·0.75CH2Cl2 at 2 K (Fig. 7) and, along with more detailed
magnetic studies, including ac measurements, is the focus of
future research.

Hence, a new synthetic route enabling the preparation of
several new examples of molecule-based magnets of MII(TC-
NE)2·xCH2Cl2 composition has been identified. These new
magnets have Tc values that exceed 100 K and coercive fields as
great as 6500 Oe.

While preparing the MII(TCNE)2·xCH2Cl2 magnets, crystals
(light yellow for M = Mn; dark brown for M = Fe) which did
not magnetically order were isolated. Single crystal X-ray
diffraction studies revealed the unprecedented octacyano-
butanediide dianion, [C4(CN)8]22 4, bound to four octahedral

MIIs in a plane with the MeCN molecules filling the axial
coordination sites, i.e. Mn[C4(CN)8](NCMe)2·CH2Cl2 5 and
Fe[C4(CN)8](NCMe)2·MeCN 6.20 Compound 4 is disordered
about the midpoint of the central C–C bond for M = Mn, but is
ordered for M = Fe, and has long 1.59 (2) (M = Mn) and 1.627
(14) Å (M = Fe) central C–C bonds suggesting that it is a weak
bond. This is the first example of a s-dimer of [TCNE].2,
however, several examples of a structurally related s-dimer of
[TCNQ].2 (TCNQ = 7,7,8,8-tetracyano-p-quinodimethane)
have been reported.21

Compounds 5 and 6 are paramagnets obeying the Curie–
Weiss law above 5 K. This is consistent with diamagnetic
[C4(CN)8]22 weakly coupling the metal spin sites (S = 5/2
MnII). Upon desolvation of 5 and 6 at 100 °C the nCN IR
absorptions disappear and new nCN bands characteristic of the
M(TCNE)2·xS magnets20 (M = Mn, Fe) appear. Desolvated 5
magnetically orders at a Tc of 95 K,20 in reasonable agreement
with samples prepared from CH2Cl2.18 Compound 6 behaves in
a similar fashion upon desolvation. These observations suggest
that upon desolvation the S = 0 m4-[C4(CN)8]22 reforms two S
= 1/2 [TCNE].2 units which can bind to additional metal
centers, providing stronger spin coupling leading to the
observed magnetic ordering. Evidence for this type of bond
breaking has been reported for s-dimers of [TCNQ].2.21a

Hence, additional members of the M(TCNE)x class of
magnets have been characterized, and in the case of Fe the metal
is assigned to be divalent as previously proposed for
V(TCNE)x·ysolvent.7 Furthermore, an intermediate in the
formation of the M(TCNE)x class of magnets, namely
[C4(CN)8]22 6, has been identified and structurally charac-
terized.

[Mn(porphyrin)][TCNE]-based magnets

Another class of TCNE-based magnets is exemplified by
[MnIIITPP]+[TCNE].2 (TPP = meso-tetraphenylporphinato),
which forms a coordination polymer (1-D) that was charac-
terized to be a ferrimagnet with Tc 14 K.22 With the goal of
identifying the importance of 1-D with respect to 3-D
interactions and developing a structure–function relationship
for this class of magnetic materials, as well as preparing new
molecule-based magnets with enhanced Tcs, we have pursued
the study of this class of compounds.

[MnIIITPP]+[TCNE].2 forms uniform parallel 1-D chains in
the solid state with each S = 2 MnIII bonded to four porphyrin
nitrogens (ca. 2.00 Å) and axially to two [TCNE].2 nitrogens
(ca. 2.30 Å), and each S = 1/2 [TCNE].2 is trans-m-bonded to
two MnIII species, [Fig. 8 (a)]. The magnetic susceptibility of
[MnTPP]+[TCNE].2·2PhMe can be fitted to the Curie–Weiss
expression above 280 K with q ~ 215 K, and between 115 and
250 K with an effective q, q A, of +61 K. A minimum in the value
of cT, characteristic of 1-D ferrimagnetic behavior, is observed
at ~ 310 K and field-dependent susceptibility is observed below
50 K. Magnetic ordering occurs below 13 K (as determined by
scaling analysis22c) and hysteresis with a coercive field of
375 G was obtained at 5 K.22 Thus, [MnTPP][TCNE] is a
representative example of a new structure type of organic-based
magnetic materials, and is an excellent model system for

Table 1 Summary of the infrared nCN absorption bands, saturation
magnetization Ms, ordering temperature Tc and exchange energy J for
M(TCNE)2·xCH2Cl2 (M = V, Mn, Fe, Co, Ni)18

Metal

Saturation
magnetizationa Ms/
emu Oe mol21 Tc/K J/Kb

Vc 10 300 ~ 400 53
Mnd 19 000 107 6.1
Fed 16 900 121 10
Cod 8 000 44 5.9
Nid 15 800 44 11

a 2 K and 5 T. b See text. c Ref. 7. d Ref. 18.

Fig. 7 An example of the observed hysteretic M(H) for Fe(TC-
NE)2·0.75CH2Cl2 at 2 K. The observed coercive field for this sample is
2300 Oe and the sample saturates to 16 900 emu Oe mol21.
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studying a number of unusual magnetic phenomena, for
example, the magnetic behavior of mixed quantum/classical
spin systems.

In addition to modification of the porphyrin ring, the clathrate
nature of this class of metalloporphryins23 enables the introduc-
tion of different solvents into the structure to alter the inter- and
intra-chain couplings and the magnetic properties. In this
review we focus on modification of the [MnTPP][TCNE]
structure type and discuss the consequent magnetic properties.

[MnTPP][TCNE]·2PhMe 622a has been crystallographically
characterized. Likewise, the [TCNE].2 salts of 4-methoxy-
phenyl (7),24 4-chlorophenyl (8)25 and 2-fluorophenyl substi-
tuted [MnTPP]+ (9)24 and meso-tetrakis(3,5-di-tert-butyl-
4-hydroxyphenyl)porphinatomanganese(iii), MnTPAP26 (10),
have been studied by single crystal X-ray diffraction. Fur-
thermore, to extend this system the analogous TCNE electron-
transfer salt was prepared with the easier-to-oxidize MnOEP
(OEP = octaethylporphyrinato).27

[MnOEP][TCNE] has weak ferromagnetic coupling as
evidenced by the fitting of the susceptibility to the Curie–Weiss
expression with a q A of +7 K.27 However, unlike
[MnOEP][TCNE], magnetic ordering is not observed above
2 K. The differences in the magnetic properties are ascribed to
structural differences. Although both [MnTPP][TCNE]·2PhMe
and [MnOEP][TCNE] form parallel 1-D chains (Fig. 8), due to
the differing orientations of [TCNE].2 within a chain they are
alternating chains for [MnOEP][TCNE] instead of being
uniform chains as for [MnTPP][TCNE].2PhMe. Thus, uniform
chains appear to be important to achieve long range magnetic
order.27

A correlation of the dihedral angle, f, between the
[MnIIITPP]+ MnN4 and [TCNE].2 mean planes and the
magnitude of magnetic coupling has been observed for
ditoluene solvates of five [TCNE].2 salts, 6–10.28 The magni-
tude of magnetic coupling is determined from Tmin, the
temperature at which a minimum in cT(T) or m(T) plots occurs,
as expected for antiferromagnetically coupling linear chain
systems,29 and the effective q, q A, obtained from a fit of the data
to the Curie–Weiss expression. A correlation to Tmin is preferred
as it is model independent; however, for strongly coupled
systems Tmin is not observed as it occurs at temperatures
exceeding the measurement range. Tmin, however, can be
estimated from a fit of the data to the Seiden expression for
isolated 1-D chains comprised of alternating quantum (S = 1/2)
and classical (S > 1/2) spins.30

The smaller f the stronger the magnetic coupling, i.e. the
greater Tmin and q A (Fig. 9). Hence to attain strong intrachain
coupling systems with more acute dihedral angles are sought
and, based on 10, 3,5-disubstituted [MnTPP]+s are preferred
over 2- or 4-substituted [MnTPP]+s which from the data
acquired to date have higher f values. To test this postulate
several 3,5-disubstituted systems are being studied. Likewise,
pressure also may force such systems to have reduced angles
and also lead to higher Tc values.

The aforementioned correlation between f and Tmin and q A is
attributed to the overlap between the [TCNE].2 N-bound to
MnIII p* SOMO and the four MnIII SOMO d orbitals. [The
energy of the latter increase as dxy1 (b1) < dxz1, dyz1 (e) < dz21

(a1) < dx2
2y2 (b1).31] From MO considerations (determined

from semi-empirical INDO/SCF calculations) the expected dp–
pz (dp = dxz, dyz) overlap is not as important as the s–dz2/pz

overlap between MnIII and the [TCNE].2 (Fig. 10).28 Fur-
thermore, the smaller f increases the s–dz2/pz overlap between
MnIII and the [TCNE].2 leading to an increased intrachain
coupling, as reflected in Tmin and q A (Fig. 10).

While the s overlap between the [TCNE].2 pz orbital and the
Mn dz2 orbital controls the intrachain magnetic exchange, the
three-dimensional magnetic ordering temperature, Tc, depends
upon this term and the interchain exchange. The later term is
governed by the competition between antiferromagnetic ex-
change due to orbital overlap between porphyrin moieties of
adjacent chains and an effective exchange due to dipolar
interactions between chains. The dipolar term can be ferromag-
netic or antiferromagnetic depending upon the structural order
in the compound and the role of single ion anisotropy.32
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Z. Soos and R. M. Metzger, Mol. Cryst. Liq. Cryst. 1981, 65, 179; (b)
S. K. Hoffman, P. J. Corvan, P. Singh, C. N. Sethuklekshmi, R. M.
Metzger and W. E. Hatfield, J. Am. Chem. Soc., 1983, 105, 4608; (c) V.
Dong, H. Endres, H. J. Keller, W. Moroni and D. Nöthe, Acta
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Synthesis of fully sulfonated polyaniline: a novel approach using oxidative
polymerisation under high pressure in the liquid phase
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a Department of Chemistry, National University of Singapore, Singapore 119260
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The oxidative polymerisation of o- and m-aminobenzenesul-
fonic acid has been achieved for the first time at high
pressures to yield fully sulfonated polyaniline (SPANI)
which is self-doping, water soluble and electrically con-
ducting.

Polyaniline (PANI) has received considerable attention over the
past few decades on account of its high electrical conductivity,
environmental stability and capacity for reversible doping to an
electrically conductive state by external Brønsted acids.1 More
recently, the development of ‘self-doped’ PANI derivatives
incorporating N-alkylsulfonic acid,2 methylphosphonic acid3 or
sulfonic acid4 moieties have been reported, of which the latter
displayed the highest conductivity. This sulfonated polyaniline
(SPANI) was synthesised by post-polymerisation treatment of
PANI emeraldine base or pernigraniline base with fuming
sulfuric acid4a–d to achieve 50% sulfonation, or by treatment of
PANI leucoemeraldine base with fuming sulfuric acid4e to
afford a 75% sulfonated polyaniline with electrical conductivity
of ca. 0.1 and 1 S cm21 respectively. The production of 100%
sulfonated SPANI has hitherto not been reported but would be
predicted to have even greater water solubility and possibly
higher conductivity.4e The oxidative polymerisation of
o-aminobenzenesulfonic acid 1 or m-aminobenzenesulfonic
acid 2 would obviously provide fully sulfonated SPANI but
attempts so far by both chemical or electrochemical methods4b,5

have been unsuccessful, presumably due to steric hindrance and
the strongly deactivating influence of the electron withdrawing
sulfonic acid moiety. Incorporation of an electron donating
methoxy group onto the monomer does, however, allow
oxidative polymerisation and poly(3-amino-4-methoxyben-
zenesulfonic acid) has been prepared in this way5,6 and has
found applications for electron device fabrication5 and in a
novel polymer complex.7 The room temperature conductivity of
this methoxy-SPANI is, however, significantly less than that for
50 or 75% sulfonated SPANI5,6 which has been attributed to the
larger twist of the phenyl rings and increased interchain
separation.6 We now present the first report of a facile
preparation of fully sulfonated SPANI by oxidative polymer-
isation of 1 and 2 under the influence of high pressures in the
liquid phase (Scheme 1).

Monomers 1 and 2 were polymerised at 19 kbar with
Na2S2O8 (1.25 equiv.) in aqueous LiCl (1.0 or 5.0 m) and with
5% FeSO4 for 18 h at 20 °C. The usual requirement for added
HCl to solubilise the monomer was not necessary and so the
conductivity of the resulting polymers was exclusively due to
self doping. After this period, the dark-green solution was
freeze-dried, dissolved in a minimum amount of water and
dialysed through cellulose acetate dialysis tubing with a
molecular weight cut-off of 1000 g mol21. The yield of the
polymers after dialysis and evaporation of the water was 10%.
The addition of a small amount of aniline has been shown to
facilitate the polymerisation of anilines bearing electron
withdrawing nitro8 or cyano9 substituents. In combination with
high pressure, the addition of 10% aniline had a dramatic effect
on yield with essentially quantitative recovery of SPANI
(Table 1) and no noticeable effect on the water solubility of the
resulting polymer.

While the conductivity of polymers 3–8 was less than that
reported for SPANI prepared by post-polymerisation sulfona-
tion, these conductivity values are for ‘as-synthesized’ polymer
(i.e. without addition of external dopant) and are comparable to
externally doped N-alkylsulfonated polyaniline2 and methoxy-
SPANI.5,6 The UV–VIS spectra of 3–8 gave three absorption
bands. The band with lmax at 306–324 nm is attributed to pB?

p* and low lying pB? pQ transitions; the second with lmax at
448–450 nm is consistent with low-lying pB–pS excitation to
the polaron band whilst the third with lmax at 565–624 nm is
attributable to pB–pQ transition.3b Upon dedoping by addition
of base, the absorption band at 448–450 nm was greatly
diminished, showing the decreased contribution of the low-
lying pB ? pS transitions. The FTIR spectra gave the
characteristic absorption bands for quinoidal and benzenoid
stretchings at 1590 and 1500 cm21 respectively, as well as
absorption bands of the sulfonic acid group at 1200 and
1020–1072 cm21.

The bulk S/N ratios (Table 1) indicate 100% sulfonation for
polymers 3, 4, 6 and 7 and a lower degree of sulfonation for
polymers 5 and 8 for which 10 mol% aniline was used to assist
initiation. We ascribe the higher than expected bulk hydrogen
and surface oxygen content to the extremely hygroscopic nature
of these zwitterionic polymers. The C1s XPS signals of the
polymers can be deconvoluted into three components, each with
a FWHM (full width at half maximum) of 1.6 eV; C–C or C–H
at 285 eV, C–N or CNN at 286 eV and C–O at 287 eV. The N1s
signals can be deconvoluted into four environments each with a
FWHM of 1.6 eV; –NH– at 399.7 eV, –+NH– at 401.2 eV,
–+NH2– at 402.5 eV and an unidentified component at 400.7
eV. This last environment was also reported by Yue and
Epstein.4c

In conclusion, we have demonstrated for the first time that
high pressure in the liquid phase facilitates the direct oxidative
polymerisation of 1 and 2 which is otherwise not possible at
ambient pressure. The polymer yield is substantially increased
by the addition of a small amount of aniline. The resulting
SPANI is highly water soluble. Despite a higher degree of
sulfonation than is possible by post-polymerisation sulfonationScheme 1 Reagents and conditions: i, Na2S2O8, high pressure, catalyst
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of PANI,4 the conductivity of the ‘as-synthesised’, high
pressure SPANI is less than that of the latter and suggests the
possibility of pressure induced defects. While these reactions
were conducted at 19 kbar, we have observed that poly-
merisation of 1 will occur at pressures down to ca. 15 kbar,
while 2 polymerises down to ca. 10 kbar. These reactions were
catalysed with 5 mol% Co2+. This difference in the reactivity of
ortho and meta isomers has been reported for the oxidative
polymerisation of cyanoanilines and ascribed to the relative
effect of the electron withdrawing substituent on the spin
densities at N and C4 in the oxidised monomers.9 We are
currently attempting to quantify the effect of pressure on
reaction rate for the polymerisation of anilines. Preliminary rate
measurements at different pressures for the ammonium persul-
fate oxidation of 2-methoxyaniline10 conducted in a high
pressure spectrophotometric cell11 indicate a large, negative
activation volume (DV* of the order of 260 cm3 mol21). Such
a value would be consistent with charge development (and
associated electrostriction of solvent) in the transition state12 for
the rate determining oxidation of aniline13 and equates to a
substantial rate enhancement (by a factor of ca. 12 at 1 kbar and
a factor of ca. 1013 at 10 kbar, assuming a linear dependence of
ln k on pressure14). This large effect suggests that the
polymerisation of other unreactive aniline monomers may be
viable at elevated pressures.

We gratefully acknowledge the National University of
Singapore, Australian Research Council and the Australian
Department of Industry, Science and Tourism for Financial
Support.
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Table 1 Summary of reaction conditions and polymer characterisation data

Bulk atomic ratio
Monomer SPANI Reaction conditions Yield (%) (surface at. ratio) sa/S cm21

1 3 1.0 m LiCl 10 C6.9H8.9N1.0S1.0 1024

0.05 equiv. FeSO4

1 4 5.0 m LiCl 10 C7.1H10.0N1.0S1.1 1023

0.05 equiv. FeSO4 (C18.1N1.0S0.8O6.9)
1 5 5.0 m LiCl 98 C6.3H8.1N1.0S0.8 1023

0.05 equiv. FeSO4 (C8.1N1.0S1.0O17.0)
0.1 equiv. aniline

2 6 1.0 m LiCl 10 C6.8H9.6N1.0S1.0 1025

0.05 equiv. FeSO4

2 7 5.0 m LiCl 10 C6.2H8.6N1.0S1.0 1024

0.05 equiv. FeSO4 (C16.0N1.0S0.9O6.7)
2 8 5.0 m LiCl 100 C6.4H8.4N1.0S0.7 1023

0.05 equiv. FeSO4

0.1 equiv. aniline

a As determined using the four-point probe method.
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4 R1 = OMe, R2 = OCH2C(O)NHSO2C6H4NO2-4
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Calix[4]arenes with hard donor groups as efficient soft cation extractants.
Remarkable extraction selectivity of calix[4]arene N-(X)sulfonylcarboxamides
for HgII

Galina G. Talanova, Hong-Sik Hwang, Valdimir S. Talanov and Richard A. Bartsch*†

Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, Texas 79409-1601, USA

Calix[4]arene N-(X)sulfonylcarboxamides efficiently extract
HgII from acidic aqueous nitrate solutions with excellent
selectivity over alkali, alkaline earth and many transition
metal ions, including PbII, AgI and PdII.

Metal complexes of calixarene-based macrocyclic ligands are
attracting ever-increasing attention,1–3 especially for applica-
tions in metal ion separation processes. During the last decade,
remarkable progress in the transition metal chemistry of
calixarenes has been achieved.3 Recently, several papers have
appeared which report utilization of calixarene derivatives in
separations of soft heavy metal ions, e.g. AgI, AuIII, PdII, PtII
and CdII.4,5 However, only very limited information on HgII

extraction with calixarene-based ligands is available in the
literature.5

Recently we synthesized new calix[4]arenes 1–4 with two

N-(X)sulfonylcarboxamide groups of ‘tunable’ acidity that
exhibit good extraction selectivity for PbII over alkali and
alkaline earth metal cations, as well as CdII, CoII, CuII, NiII and
ZnII.6 However, these ligands failed to extract PbII in the
presence of HgII.6 This unexpected favoring of a soft metal
cation over a harder metal cation by ligands containing hard
donor groups encouraged us to investigate the solvent extraction
of HgII, AgI and PdII by 1–4 and related calix[4]arene
derivatives 5–10 which have different pendant functional
groups [N-(X)sulfonylcarboxamide, carboxylic acid, ester,
ether, phenol]. To the best of our knowledge, this is the first
report in which calixarene-type compounds without soft donor
functions have been employed as HgII extractants.

The complexing abilities of calixarene-based ligands are
known to vary significantly with alterations in their structures
and conformations.2 To study HgII extraction, we used the
previously reported, conformationally mobile calix[4]arene
N-(X)sulfonylcarboxamides 1–4, as well as the related new
compounds 5–7 which are restricted to the cone conformation.
Calix[4]arene N-(X)sulfonylcarboxamide 5‡ was prepared from
the corresponding calixarene dicarboxylic acid 6§ by the
procedure described for the synthesis of 1–4.6 We also utilized
proton-ionizable calixarenes 88 and commercially available 10
which exist in cone conformations in CHCl3 solution due to
intramolecular hydrogen bonding, but may change into other
conformations when converted into metal salts, and the
conformationally flexible, non-ionizable derivative 99 which is
predominantly the partial cone conformer in CHCl3.10

Although all of the calixarenes 1–10 were found to extract
HgII from acidic (pH 2.5) aqueous nitrate solutions into CHCl3¶
to some degree, the metal loadings of the ligands are noted to
vary markedly with their structures and functional group types
(Fig. 1). The calix[4]arene N-(X)sulfonylcarboxamides 1–4
extract HgII most efficiently. Even though the ‘tunable’ acidity
of the calixarene N-(X)sulfonylcarboxamides alters their ex-
traction properties for harder metal cations,6 no significant
difference in HgII loading was observed for 1–4 under the
experimental conditions. For the conformationally flexible
ligand 3, the HgII loading was found to be considerably higher
than that for analogue 5 which has a cone conformation. The
calix[4]arene dicarboxylic acids 6 and 8 are weaker HgII

extractants than the corresponding N-(X)sulfonylcarboxamides.
The somewhat higher HgII loading for dicarboxylic acid 8
compared to 6 is ascribed to a greater conformational flexibility
of the former. Conversion of calix[4]arene dicarboxylic acid 6
into the corresponding diester 7, which also is restricted to the
cone conformation, slightly reduces the level of HgII extraction.
A conformational change from cone to partial cone is thought to
be primarily responsible for the significant increase in HgII

loading when the phenolic group in 10 was replaced with
anisole units in 9.

Fig. 1 HgII loading in extractions of 0.25 mm HgII from aqueous nitrate
solutions at pH 2.5 into CHCl3 with 0.25 mm calixarenes 1–10
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Coordination of HgII alters the UV spectra of calixarenes
1–10 in CHCl3. The absorption bands at 270–279 nm (for the
substituted benzene rings) undergo hypsochromic shifts that are
greatest for 1–4 (17–23 nm). Analogous spectral changes were
not observed when CHCl3 solutions of the ligands were
contacted with 1.0 m NaOH. With Cl2 as the counterion instead
of NO3

2 under otherwise identical conditions, HgII extraction
was found to decrease dramatically for all of the calixarenes
1–10.

Further investigation of the conformationally flexible calix-
arene N-(X)sulfonylcarboxamides 1–4 reveals extraction com-
plex stoichiometries of two metal ions per ligand molecule. The
extraction constants determined for ligands 1–4 vary as X is
changed in the order: CF3 > Me > Ph > 4-O2NC6H4. This
ordering differs from that found for PbII,6 as well as alkali and
alkaline earth metal cations, and indicates that the size rather
than the electron-withdrawing ability of X is important in HgII

extraction.
The results presented above suggest a significant contribution

to the complex stability by p-interactions between HgII and the
electron-rich aromatic rings in the calixarene framework.
Previously, p-complexes of calixarenes with other soft heavy
metal ions, AgI and platinides(ii), have been reported.2,3,11

The calix[4]arene N-(X)sulfonylcarboxamides 1–4 are also
efficient AgI extractants from acidic and neutral solutions.∑
Unlike HgII binding, the propensities of these ligands for AgI

extraction are controlled by their acidities. Only ligand 1
extracts AgI at pH < 3, while a higher pH is required for weaker
NH-acids 2–4 (Fig. 2). A similar trend is noted for extraction of
PdII by 1–4. Therefore, calixarene N-(X)sulfonylcarboxamides
2–4 are remarkably selective in HgII extraction from acidic (pH
2.0–2.5) nitrate solutions, since they efficiently extract HgII

with negligible loadings of alkali, alkaline earth, and many
transition metal cations, including PbII, AgI and PdII. Further
investigation of soft metal ion separations with calix[4]arene
N-(X)sulfonylcarboxamides is in progress.

This research was supported by the Division of Chemical
Sciences of the Office of Basic Energy Sciences of the US
Department of Energy (Grant DE-FGO3-94ER14416).

Notes and References

† E-mail: rabartsch@ttu.edu
‡ Selected data for 5: yield 38%; mp 241–242 °C (Calc. for C68H86N2O10S2:
C, 70.68; H, 7.50; N, 2.42. Found: C, 70.74; H, 7.70; N, 2.28%); dH(200
MHz, CDCl3) 0.85 (s, 18 H), 0.94 (t, J 7.1, 6 H), 1.25–1.44 (s + m, 22 H),

1.60–1.79 (m, 4 H), 3.21 (d, J 12.6, 4 H), 3.82–3.95 (m, 4 H), 4.33 (d, J 12.6,
4 H), 4.68 (s, 4 H), 6.54 (s, 4 H), 7.06 (s, 4 H), 7.42–7.72 (m, 6 H), 8.13–8.21
(m, 4 H), 10.41 (s, 2 H).
§ Synthesis of 6: Calixarene 11, prepared analogously to the dipropyl ether,7
was stirred at 80 °C with ethyl bromoacetate and NaH in dry DMF for 48 h.
After evaporation of the solvent in vacuo, the residue was acidified with 1 m
HCl and CH2Cl2 was added. The CH2Cl2 layer was evaporated in vacuo and
the crude product was chromatographed on alumina with EtOAc–hexanes
as eluent. Recrystallization from CH2Cl2–MeOH gave the cone isomer of 7
as a white solid in 75% yield. Mp 195 °C (Calc. for C60H84O8: C, 77.21; H,
9.01. Found: C, 77.51; H, 9.02%); dH(200 MHz, CDCl3) 0.94–1.04 (s + t,
24 H), 1.17 (s, 18 H), 1.28 (t, J 7.1, 6 H), 1.36–1.55 (m, 4 H), 1.84–2.01 (m,
4 H), 3.17 (d, J 12.8, 4 H), 3.84 (t, J 7.4, 4 H), 4.20 (q, J 7.1, 4 H), 4.63 (d,
J 12.8, 4 H), 4.83 (s, 4 H), 6.63 (s, 4 H), 6.90 (s, 4 H). Diester 7 was
hydrolyzed to 6 by refluxing overnight with excess Me4NOH in aq. THF.
The THF was evaporated in vacuo and the residue was acidified with 6 m
HCl. After extraction with CH2Cl2, the solvent was evaporated in vacuo to
give 6 as a white solid in 97% yield. Mp 243 °C (Calc. for
C56H76O8·0.2CH2Cl2: C, 75.49; H, 8.61. Found: C, 75.33; H, 8.43%);
dH(200 MHz, CDCl3) 0.84 (s, 18 H), 0.94 (t, J 7.2, 6 H), 1.34 (s, 18 H),
1.23–1.42 (m, 4 H), 1.76–1.92 (m, 4 H), 3.29 (d, J 13.0, 4 H), 3.84–3.92 (m,
4 H), 4.24 (d, J 13.0, 4 H), 4.65 (s, 4 H), 6.56 (s, 4 H), 7.18 (s, 4 H), 11.34
(br s, 2 H). The presence of solvent in the analytical sample of 6 was evident
in its 1H NMR spectrum.
¶ Aqueous 0.25 mm HgII nitrate (pH 2.5, HNO3) was extracted with a 0.25
mm calixarene solution in CHCl3. The HgII concentration in the aqueous
phase was determined spectrophotometrically after extraction into CHCl3
containing 14.0 ppm dithizone (lmax 495 nm).
∑ Aqueous 1.0 mm AgI nitrate (pH adjusted with HNO3) was extracted with
a 1.0 mm calixarene solution in CHCl3. The AgI concentration in the
aqueous phase was determined by atomic absorption spectrophotometry.
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Fig. 2 pH profiles for AgI extraction from 1.00 mm aqueous AgNO3 into
CHCl3 with 1.00 mm calix[4]arene N-(X)sulfonylcarboxamides 1–4: (8) 1,
(.) 2, (2) 3 and («) 4
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Biphenyl-type electron acceptors exhibiting dynamic redox properties: a novel
electrochromic system with ‘write protect’ option

Takanori Suzuki,*† Hyou Takahashi, Jun-ichi Nishida and Takashi Tsuji

Division of Chemistry, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan

A novel redox pair undergoing reversible C–C bond making/
breaking has been constructed based on a
bis(dicyanovinyl)biphenyl derivative and a dianion with the
dihydrophenanthrene skeleton; further cyclization of the
latter to an enaminonitrile endows the ‘write protect’ option
to its electrochromic response.

Recently much attention has been focused on molecules whose
geometry and properties can be controlled by the external
stimuli.1 From this point of view redox systems undergoing
reversible C–C bond making/breaking upon electron transfer
(ET) are interesting2 and might be applicable to the construction
of electrochemical switches or molecular devices3 based on
their optical response and bistability. We have designed the
novel redox pair shown in Scheme 1 which has the following
interesting features: (i) 2,2A-bis(dicyanovinyl)biphenyls 1 are
expected to undergo facile ring closure to dihydrophenanthrene-
type dianions 222 upon two-electron reduction; (ii) the resulting
dianions are sterically congested molecules and will regenerate
the starting material 1 by C–C bond cleavage upon oxidation;
(iii) in the case of p-dimethylaminophenyl derivatives 1a and
2a22, a sharp change in color is expected during ET because
only the former shows strong absorption in the visible region
due to the p-(dicyanovinyl)aniline skeleton; (iv) besides the
reversible interconversion between 1 and 222, further cycliza-
tion to 3 induced by protonation of 222 endows the system with
the ‘write protect’ option in its response (Scheme 2). Here, we
report the preparation and unique redox properties of the title
acceptors and their reduction products.

Condensation reaction of 2,2A-diformylbiphenyl with malo-
nonitrile in the presence of TiCl4 and pyridine4 gave 1b‡ (mp
224–226 °C) as colorless crystals in 54% yield. Dye 1a‡ (mp
333–334 °C) was prepared from 2,2A-diiodobiphenyl via its
2,2A-dilithio derivative5 by successive reactions with
p-dimethylaminobenzonitrile and malononitrile,6 and obtained
as orange plates [lmax (MeCN): 455 nm (log e 4.24), 279 (4.02)]
in 7% yield.

Voltammetric analyses have revealed quite different behav-
ior of 1a compared with the m,m-isomer 4.§ The redox
behaviour of 4 is nearly identical to that of reference compound

5,6 which undergoes reversible one-electron reduction to 5·2
(Ered = 21.28 V) and oxidation to 5·+ (Eox = +1.08 V). By
contrast the reduction process of 1a (Ered = 21.29 V) is
irreversible in the sense that the corresponding anodic peak is
absent in its cyclic voltammogram (Fig. 1). Instead, a new peak
appeared in the anodic region (+0.04 V). This was assigned to
the oxidation peak of 2a22 by independent measurement, and a
new cathodic peak corresponding to the reduction of 1a was
observed after the oxidation of 2a22. Such hysteresis in redox
waves is characteristic of ‘dynamic’ redox systems that undergo
reversible and drastic structural change upon ET.1b,2 Electro-
chromic behaviour was shown by spectrophotometric monitor-
ing of the electrochemical reduction of 1a, and the isosbestic
point at 380 nm is indicative of the quantitative conversion to
2a22 (Fig. 2).

The stereospecific nature of the ring closure was evidenced
by product analysis on the mixture obtained by the reaction of
1a with SmI2 then with acid.¶ Thus, trans-H22a‡ (mp 221–223
°C) was formed free from the cis-isomer and isolated in 64%
yield as the sole product. Only by heating in EtOH, does this
material isomerize quantitatively to trans-3a‡ (mp 198–200 °C)
by Thorpe condensation8 which no longer regenerates 1a upon
oxidation, suggesting that ‘write protection’ can be performed
very easily.

Thorpe condensation occurred more rapidly in the absence of
dimethylaminophenyl groups. Thus, the enaminonitrile trans-
3b‡ (mp 276–278 °C; 3JHH 13.2 Hz) was obtained as the majorScheme 1

Scheme 2

Fig. 1 Cyclic voltammogram of dye 1a in MeCN (E/V vs. standard calomel
electrode, 0.1 mol dm23 NEt4ClO4, Pt electrode, scan rate 500 mV s21).
The oxidation peak at +0.04 V is absent when the voltammogram was first
scanned anodically. Another oxidation peak at +1.07 V was also observed
but not shown, which corresponds to the oxidation of dimethylaniline
moieties as in 4 and 5.
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product when 1b [Ered = 20.87 V (irrev.)] was reduced with
SmI2. Although trans-H22b‡ (decomp. 250–270 °C) could be
isolated as a primary product, the ratio of trans-H22b to trans-
3b varied run-by-run depending on the work-up conditions, and
in one case trans-3b free from trans-H22b was obtained in 83%
yield. Careful examination of the mixture showed that cis-3b‡
(mp 281–282 °C; 3JHH 8.3 Hz) was also formed as a minor
component [(trans-H22b + trans-3b): cis-3b = 10 : 1], which
was separated and purified by reverse phase HPLC. These
results indicate that the bulkiness of aryl groups in 1a plays an
important role in confining the stereochemical course of the
reductive cyclization of 1. At the same time, the aryl groups
retard isomerization to 3, thus preventing unintended ‘write
protection’.

This work was supported by the Ministry of Education,
Science, and Culture, Japan (No. 08640664). NMR spectra were

measured by Ms. Kazuyo Nakaoka at the Center for In-
strumental Analysis (Hokkaido University).
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† E-mail: tak@science.hokudai.ac.jp
‡ All new compounds gave satisfactory analytical values.
§ Compound 4‡ (mp 202–204 °C) was also formed in 0.5% yield when the
dilithiobiphenyl was generated from biphenyl and BunLi–TMEDA7 and
used for the preparation of 1a. This result suggests tht the direct lithiation of
biphenyl affords a small amount of 3,3A-dilithio derivative.
¶ Similar reduction of m,m-isomer 4 with SmI2 did not induce cyclization
but instead hydrogenation of two vinyl groups thus giving the tetrahydro
derivative H44‡ (mp 110–112 °C).
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Fig. 2 Changes in UV–VIS spectrum of 1a (3 ml soln., 7.34 3 1025

mol dm23 in MeCN containing 0.05 mol dm23 NEt4ClO4) upon
electrochemical reduction (480 mA) at 1 min intervals
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Nanomolar determination of copper(ii) and zinc(ii) using supramolecular
complexes of meso-tetrakis(4-N-methylpyridyl)porphine on polyglutamate

Emanuele Bellacchio,a Sergio Gurrieri,b Rosaria Lauceri,a Antonio Magrı̀,a Luigi Monsù Scolaro,c Roberto
Purrello*a† and Andrea Romeoc

a Dipartimento di Scienze Chimiche, Università di Catania, Viale A. Doria 6, 95125, Catania, Italy
b Istituto per lo Studio delle Sostanze Naturali di Interesse Alimentare e Chimico-Farmaceutico, CNR, Catania, Italy
c Dipartimento di Chimica Inorganica, Chimica Analitica e Chimica Fisica, Università di Messina, ICTPN CNR Sezione di
Messina, Messina, Italy

The remarkable acceleration of CuII and ZnII insertion in
cationic porphyrins monodispersed on a polyglutamate
anionic surface allows determination of the two metal ions
down to nanomolar concentrations.

In the last few years a large number of fluorescent sensors for
pH or metal ions have been designed and synthesized by means
of a supramolecular ‘covalent’ approach.1 Most of them are
two-component systems in which a ‘receptor’ unit is covalently
linked to a ‘sensing’ one.

Owing to their high absorption coefficients and tunable
fluorescence emission, porphyrins are excellent sensing units.2
The introduction of polar groups at the periphery of the
porphine ring makes them water-soluble and allows the
formation of ‘non-covalent’ supramolecular species on oppo-
sitely charged templates.3 Using this alternative supramolecular
approach, it has been recently shown that the complexes of the
tetraanionic meso-tetrakis(4-sulfonatophenyl)porphine on poly-
lysine can be effective as pH-sensors.3a This ‘non-covalent’
strategy therefore allows one to achieve specific photochemical
sensors‡ by mixing commercially available chemicals. On the
other hand, the formation of these supramolecular complexes
depends upon several factors (such as pH, ionic strength, etc.)
and consequently they are less ‘robust’ than those obtained by
the classical ‘covalent’ approach.

This report deals with supramolecular complexes formed by
the tetracationic meso-tetrakis(4-N-methylpyridyl)porphine
(H2T4) and polyglutamate. As a result of a remarkable increase
of the metallation reaction rate, this complex behaves as
sensitive and specific fluorescent sensor for the determination
of nanomolar concentrations of biologically relevant metal ions
such as ZnII and CuII.

Indeed, porphyrin metallation could be used, in principle, as
a simple tool for analytical determination of trace amount of
metal ions because, in most cases, the absorption and/or the
emission properties of the metallo- and the free-porphyrins are
quite different from each other, so that the two species can be
clearly distinguished.§ Despite this, these reactions have been
rarely used for analytical applications,5 a major limitation being
the slow rate of metal insertion.

Under the experimental conditions used in this work
(succinate buffer 2 mm, pH = 5.6, [H2T4] = 1 mm, [poly-
l-glutamate] = 200 mm in residue) H2T4 is mainly mono-
dispersed on the anionic polypeptide.¶ In fact, only a small red
shift (Dl = 4 nm) and hypochromicity (15%) of the Soret band
was observed, while any characteristic feature of porphyrin
assembly formation (such as resonance light scattering6 or
induced circular dichroism signals in the Soret region) was
absent. Absorption experiments show that the addition of ZnII to
such H2T4–polyglutamate supramolecular complexes leads to a
shift of the Soret band at 440 nm (Fig. 1). Also, the main Q-band
of H2T4 (518 nm) is progressively replaced with that of ZnT4
(562 nm) (Fig. 1). These spectroscopic features are diagnostic

of the formation of ZnT4. Note that the addition of successive
aliquots, each containing a few pmol of ZnII, leads to a linear
increase of the fluorescence intensity at 622 nm∑ (ZnT4
emission maximum), as shown in Fig. 2.

The presence of polyglutamate turns out to be essential to
observe a reasonable time response of the method. In the
presence of the anionic polypeptide, ZnII insertion was
completed in about 10 min whereas in its absence, even after 24
h no evidence of metallation was observed i.e. the formation of
the polyglutamate–H2T4 supramolecular complex ‘catalyzes’
the insertion of ZnII. Preliminary kinetic data show that the
metallation rate under such conditions is about 1000 times
higher compared to the ‘uncatalyzed’ reaction.**

Fig. 1 Absorption spectra (pathlength = 1 cm) of H2T4 (1 mm) in the
presence of polyglutamate (200 mm) at pH 5.6 (succinate buffer 2 mm),
before (—) and after (···) the addition of ZnSO4 (0.05 mm)

Fig. 2 Plot of fluorescence intensity at 622 nm (lex = 445 nm) vs. ZnII

concentration, for a solution of H2T4 (1 mm) in the presence of
polyglutamate (200 mm) at pH 5.6 (succinate buffer 2 mm)
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A similar behaviour was observed for the same system when
CuII was employed in place of ZnII. Here, the formation of the
metalloporphyrin was confirmed by the gradual replacement of
the H2T4 Q-band (518 nm) with that of CuT4 (550 nm), as the
CuII concentration was increased. However, since the CuT4
formed is non-fluorescent, we monitored the disappearance of
H2T4 monodispersed on polyglutamate. Here, as well, a plot of
H2T4 emission fluorescence intensity (lex = 422 nm, lem =
655 nm) vs. CuII concentration (Fig. 3) shows a linear
behavior.

Interestingly, the pH dependence of the metallation rate is
also influenced by the presence of polyglutamate. For example,
it has been reported that, in the presence of nitrate, the
metallation rate is almost unaffected in the pH range 4.4–5.5
and accelerated at higher pH.7 On the contrary, in the presence
of polyglutamate the metallation rate increases with pH (i.e.
with the number of negative charges on the polypeptide) in the
range ca. 4.5–5.5 and then does not increase further at higher
pHs. Also, at pHs lower than ca. 4.5 the insertion reaction is not
catalyzed by polyglutamate. This observation suggests that,
unlike other ligands,** the ‘catalytic’ role of the anionic
template must be related to its electrostatic field by (i)
increasing the ‘local’ concentration of metal ions,8 and (ii)
partially shielding the positive charges of the H2T4 mono-
dispersed on it (thus facilitating the approach of the cationic
metal ions to the cationic porphyrins). As expected according to
this hypothesis, no appreciable increase of metallation rate was
observed when ZnII or CuII were added to the solution
containing the tetraanionic meso-tetrakis(4-sulfonatophenyl)-
porphine monodispersed on the protonated polylysine. Most
likely, the state of the porphyrins also plays a role in the reaction
rate trend observed at pH lower than ca. 4.5. Decreasing the pH,
H2T4 tends to aggregate on polyglutamic acid.¶ In this case, the
porphyrins face-to-face arrangement9 should reduce the acces-
sibility of the metal ions to the porphine ‘core’. This hypothesis
is in good agreement with previous experiments by Pasternack
et al.10 which show that aggregation and/or intercalation of
porphyrins onto or into synthetic DNA have a negative
influence on porphyrin metallation rate. Therefore, the nature of
the matrix and of the supramolecular complex (i.e. of the

molecular recognition processes) is crucial to allow the catalysis
of the metal insertion by an anionic template.

Finally, the addition of other metal ions, such as CoII, FeII,
MgII, MnII and NiII does not cause any of the spectroscopic
variations described above in a time interval comparable to that
observed for ZnII and CuII. A reasonable explanation for this
behavior is that the ‘uncatalyzed’ rate of insertion for CoII, FeII,
MgII, MnII and NiII in H2T4 is much lower than that of ZnII and
CuII.

In conclusion, a selective and very sensitive supramolecular
sensor for metal ions has been obtained by means of extremely
simple routes. To date, the non-covalent nature of these species,
and therefore their relatively low robustness, has hindered their
application for the development of chemical devices. Further
studies are currently in progress in our laboratory to investigate
possible technological applications.
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‡ The term sensor in the following context is not used to indicate a device,
but rather a chemical system able to recognize a species and to report its
recognition (e.g. by spectroscopic variations).
§ For example, absorption and emission maxima for ZnT4 and H2T4 are lex

= 436 nm, lem = 622 nm, and lex = 422 nm, lem = 655 nm, respectively.
On the other hand, the insertion of CuII causes a complete quenching of the
fluorescence of H2T4 (a weak emission, centered at ca. 770 nm, has been
found in water, but only when CuT4 is intercalated into natural or synthetic
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Fig. 3 Plot of fluorescence intensity at 655 nm (lex = 422 nm) vs. CuII

concentration, for a solution of H2T4 (1 mm) in the presence of
polyglutamate (200 mm) at pH 5.6 (succinate buffer 2 mm)
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Synthesis of highly branched block copolymers of enantiomerically pure amino
acids

Andrew C. Birchall and Michael North*†

Department of Chemistry, University of Wales, Bangor, Gwynedd, UK LL57 2UW

The combination of multifunctional initiators and the use of
lysine residues to introduce branch points into poly(amino
acids) allow the synthesis of highly branched poly(amino
acids).

In recent years, there has been considerable interest in the
synthesis of synthetic polymers with non-linear molecular
architectures.1 Much work in this area has concentrated on the
synthesis and investigation of dendrimers,2 polymers which
have precisely controlled molecular weights and geometry.
However, for many applications, the variety of molecular
weights found in conventional synthetic polymers leads to
desirable physical properties. Thus there is a need for
methodology which will allow the synthesis of polydisperse,
highly branched polymers. We have an ongoing interest in the
preparation of synthetic polymers derived from biomonomers,3
and here the synthesis of highly branched, polydisperse
poly(amino acid)s is reported.

The synthesis of the desired polymers is outlined in Scheme
1. An initiator 1a–d containing one to four primary amino

groups was used to polymerize the N-carboxy anhydride 2 of an
amino acid.‡ This is a well known process for the preparation of
poly(amino acid)s,4 however it was anticipated that, provided
termination reactions could be avoided, the addition of N,NA-
di(benzyloxycarbonyl)lysine p-nitrophenyl ester 3 to the po-
lymerization mixture would produce capped polymers 4.
Subsequent hydrogenation of polymers 4 would reveal two
primary amino groups on each chain of the initial polymer
which could be used to initiate the polymerization of a second
N-carboxy anhydride of an amino acid. Capping of this
polymerization by lysine derivative 3 would give the next
generation of the polymer, and the process could be repeated
indefinitely to give highly branched poly(amino acids).

In practice, unfunctionalized amino acid N-carboxy anhy-
drides 2 were employed in order to avoid the undesired
termination reactions which are known to occur with function-
alized amino acids such as g-esters of glutamic acid.5 It was also
found to be advantageous to keep each polymer chain relatively
short (5–10 amino acids) in order to avoid solubility problems,
although even polymers prepared in this way were soluble only

Scheme 1
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in polar aprotic solvents, which restricted the methods which
could be used for their characterization. Initial studies were
carried out using propylamine 1a as a monofunctional initiator,
and the polymerizations were repeated to the third generation.
The structures and molecular weights of the polymers are given
in Table 1. In each case, the polymers were characterized by
solution state 1H NMR spectroscopy, solution or solid state 13C
NMR spectroscopy and GPC. Typical GPC chromatograms are
shown in Fig. 1. It is apparent from Fig. 1 that the molecular
weight of the polymer increases as each amino acid is added to
the polymer, and that the peak corresponding to the precursor
polymer disappears at each stage. In some cases (e.g. entries 4–6
in Table 1), however, the low molecular weights of alanine and
leucine combined with the small number of residues being
introduced meant that GPC was unable to detect the change in
the size of the polymer.

Having shown that branched polymers could be prepared by
this methodology, the use of initiators 1b–d6§ bearing two to
four primary amino groups was investigated. As Table 1 shows,
in each case it was possible to obtain the desired branched
poly(amino acid)s exactly as in the case of initiator 1a.
However, an increasing discrepancy between the calculated and

experimental Mn values is apparent in these polymers (e.g.
entries 7–9 in Table 1). This is probably due to the fact that GPC
separation is based on molecular size rather than molecular
weight, and for branched polymers, the relationshp between
molecular size and molecular weight is non-linear.

In conclusion, we have shown that it is possible to prepare
highly branched polymers derived from amino acids. The
polymers are expected to have a number of applications
including asymmetric catalysts, biomimetic polymers, biode-
gradable polymers and biocompatible polymers. Our work in
this area is continuing.

The authors thank the EPSRC for a studentship (to A. C. B.),
and the EPSRC GPC (RAPRA UK Ltd.), solid state NMR
(Durham) and mass spectrometry (Swansea) services for their
invaluable assistance with this work.
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Table 1 Structures and molecular weight data for polymers 4

Entry Initiator AA1a AA2a AA3a Mn
b Mw

b PDI Mn
c (calc.) Yield (%)

1 1a Leu (8) — — 1100 1230 1.1 1359 58
2 1a Leu (8) Ala (7) — 3220 3720 1.2 2877 70
3 1a Leu (8) Ala (7) Phe (4) 5240 7820 1.5 6277 56
4 1a Phe (10) — — 1800 2000 1.1 1925 71
5 1a Phe (10) Leu (8) — 1700 2000 1.2 4257 61
6 1a Phe (10) Leu (8) Ala (4) 2200 2200 1.0 6441 94
7 1b Ala (5) — — 2400 2900 1.2 1590 96
8 1b Ala (5) Leu (5) — 2200 2700 1.2 4898 57
9 1b Ala (5) Leu (5) Phe (4) 4300 7900 1.8 11798 66

10 1b Leu (4) — — 2300 2640 1.1 1784 71
11 1b Leu (4) Phe (4) — 3870 5300 1.4 5184 64
12 1b Leu (4) Phe (4) Ala (4) 3570 5340 1.5 9552 57
13 1b Phe (4) — — 2200 2680 1.2 2056 65
14 1b Phe (4) Leu (4) — 3810 4890 1.3 4912 86
15 1b Phe (4) Leu (4) Ala (4) 2430 4420 1.8 9280 74
16 1c Phe (5) — — 2910 3740 1.3 3558 78
17 1c Phe (5) Leu (4) — 2800 3600 1.3 7842 54
18 1c Leu (5) — — 3500 4000 1.1 3048 63
19 1c Leu (5) Phe (4) — 4500 5100 1.1 8148 81
20 1d Phe (4) — — 4530 5440 1.2 4280 80
21 1d Phe (4) Leu (3) — 4590 5920 1.3 9088 65
22 1d Leu (4) — — 3070 4100 1.3 3736 60
23 1d Leu (4) Phe (3) — 8270 33600 4.1 9360 77

a The numbers in brackets correspond to the average number of amino acids incorporated into each branch of the polymer as determined by 1H NMR
spectroscopy. b Mn and Mw values were obtained from GPC data calibrated with polystyrene standards. c Calculated from the integration trace of the 1H NMR
spectrum.

Fig. 1 The GPC chromatograms for the polymers corresponding to entries
(a) 1, (b) 2 and (c) 3 in Table 1. Each chromatogram was run in
duplicate.
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A stereoselective isomerization of allyl silyl ethers to (E)- or (Z)-silyl enol
ethers using cationic iridium complexes

Toshimichi Ohmura,Yasuo Shirai, Yasunori Yamamoto and Norio Miyaura*†

Division of Molecular Chemistry, Graduate School of Engineering, Hokkaido University, Sapporo 060-8628, Japan

A cationic iridium complex, prepared via the hydrogenation
of [Ir(cod)2]PF6–2PPr3 is found to be an excellent catalyst
for the stereoselective isomerization of primary allyl silyl
ethers to (E)-enol ethers and secondary allyl ethers to
(Z)-enol ethers.

The transition metal-catalyzed positional isomerization of
double bonds is an excellent method which has been used in a
variety of organic transformations,1 such as the synthesis of
ketones or aldehydes from allylic alcohols, the conversion of
allylic ethers to enol ethers, and the transfer of double bonds to
the carbon adjacent to carbonyl groups. Among them, the
catalytic isomerization of allyl ethers to enol ethers has been
studied quite extensively because the procedure is convenient
and straightforward and uses readily available substrates,
although their stereoselective transformation has not received
much attention. The enol ethers thus obtained are either (Z)- or
(E)-isomers, or a mixture of two in most cases. For example, a
ruthenium complex gives an equilibrium mixture with the
(Z)-enol ether predominating (Z > 55–68%),2 while a cationic
iridium(iii) complex, in contrast, stereoselectively produces
(E)-enol ethers (E > 97%).3

We have recently demonstrated the efficiency of a cationic
iridium catalyst for the stereoselective preparation of (E)-g-
alkoxyallylboronates from (3-alkoxy-1-alkenyl)boronates.4
However, the difficulty in reproducing high stereoselectivities
on various substrates prompted us to re-investigate the reactioin
detail. One of the early, and still one of the most frequently used,
routes to (E)- or (Z)-silyl enol ethers is the trapping of ketone or
aldehyde enolates generated under conditions of either kinetic
or equilibrium control conditions.5 However, the catalytic
isomerization may offer a reliable and economical route from
readily available allylic alcohols (Scheme 1).

The cationic iridium(iii) complex 2 generated in situ by
hydrogenation of [Ir(cod)(PMePh2)2]PF6 in THF, produced a
very active catalyst, reported by Felkin, which isomerizes
primary allyl ethers to (E)-enol ethers, but it was unfortunately

Scheme 1

Table 2 Synthesis of silyl enol ethersa

Acetone CH2Cl2–acetone

Entry Allyl silyl ether 1 Yield (%) E : Z Yield (%) E : Z

1 CH2NCHCH2OTBDMS 74 99 : 1 90 24 : 76
2 MeCHNCHCH2OTBDMS 92 99 : 1b

3 PrCHNCHCH2OTBDMS 97 99 : 1b

4 PrCHNCHCH2OTBDMS 85 99 : 1c

5 PhCHNCHCH2OTBDMS 77 96 : 4
6 CH2NCHCHMeOTMS — 71d 26 : 74
7 CH2NCHCHMeOTBDMS — 89d 28 : 72
8 CH2NCHCHPriOTMS — 89 Z > 99
9 CH2NCHCHCyOTMS — 96 Z > 99

10 CH2NCHCHPhOTMS — 96 18 : 82

a Hydrogen was bubbled into a mixture of [Ir(cod)2]PF6 (0.015 mmol) and PPr3 (0.03 mmol) in acetone (3 ml) or CH2Cl2 (3 ml)–acetone (0.5 mmol) to give
a pale yellow solution of the catalyst 3. The excess hydrogen was then removed by bubbling argon into the solution. An allyl silyl ether (0.5 mmol) was added
and the resulting mixture was then stirred for 30 min at room temperature. b The reaction was carried out for 10 min in the presence of 1 mol% of the catalyst
because the conditions using 3 mol% catalyst for 30 min resulted in lower selectivity (E = 87–93%). c Catecholborane (0.015 mmol) was added to a mixture
of [Ir(cod)(PPh2Me)2]PF6 (0.015 mmol) and allyl silyl ether (0.5 mmol) in acetone. d The reaction accompanied by 5–6% of CH2NCEtOSiR3

3.

Table 1 Effect of catalysts on the isomerization of 1b (R1 = H, R2 =
Ph)a

Entry Catalyst Yield (%) E : Z

1 [Ir(cod)(PPh2Me)2]PF6/H2 trace
2 [Ir(cod)(PPh2Me)2]PF6/catecholborane 12 36 : 64
3 [Ir(cod)(PPh3)2]PF6/catecholborane 10 42 : 58
4 [Ir(cod)2]PF6–2PMe3/H2 0
5 [Ir(cod)2]PF6–2PEt3/H2 76 8 : 92
6 [Ir(cod)2]PF6–2PPr3/H2 92 12 : 88
7 [Ir(cod)2]PF6–2PBu3/H2 96 10 : 90
8 [Ir(cod)2]PF6–2PCy3/H2 0
9 [Ir(cod)2]PF6–dppe/H2 0

a To a solution of catalyst (3 mol%) in CH2Cl2 (3 ml)–acetone (0.5 mmol)
was added 1b (R1 = H, R2 = Ph) (0.5 mmol), and the resulting solution was
then stirred for 30 min at room temperature. The catalysts were prepared in
situ by bubbling hydrogen into a solution of [Ir(cod)(PR3)2]PF6 or into a
mixture of [Ir(cod)2]PF6 (0.015 mmol) and R3P (0.03 mmol) (entries 1 and
4–9). To a solution of [Ir(cod)(PR3)2]PF6 (3 mol%) and 1b (0.5 mmol) was
added catecholborane (3 mol%) at room temperature (entries 2 and 3).
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not effective for secondary allyl ethers such as 1b (R1 = H, R2

= Ph) (entry 1 in Table 1). Similarly to the treatment with
hydrogen, various metal hydrides were found to activate the Ir-
cod complexes, presumably by removing the cod ligand via
hydrometalation. The addition of catecholborane or DIBAL-H
(1 equiv.) generated the more active catalyst solution than
treatment with hydrogen, but the arylphosphine derivatives did
not give good results due to their large steric hindrance (entries
2 and 3). Finally, Ir–trialkylphosphine complexes 3 obtained by
hydrogenation of a mixture of [Ir(cod)2]PF6

6 and R3P (R = Et,
Pr, Bu) (2 equiv.) gave an excellent catalyst for the isomeriza-
tion of secondary allyl ethers with (Z)-4 predominating (Z =
88–92%) (entries 5–7). Trimethylphosphine, tricyclohexyl-
phosphine (PCy3) and bidentate phosphine ligands such as dppe
are not effective (entries 4, 8 and 9). 

The isomerization of the representative allyl silyl ethers with
3 (R = Pr) is summarized in Table 2. In an acetone solution, the
isomerization of primary allyl ethers was completed within 30
min, provided (E)-4 in high yields and with high selectivity,
results which were comparable to those obtained for reactions
catalyzed by 2 (entries 1–5). The reaction was further
accelerated in a mixed solvent of acetone and CH2Cl2 giving
(Z)-4 predominantly (E : Z = 24 : 76) (entry 1), although all
attempts for the stereoselective preparation of (Z)-4 were
unsuccessful. The Z-selectivity further improved for secondary
allyl trimethylsilyl ethers (entries 6–10), especially when R2

was a secondary alkyl unit (entries 8 and 9). Both catalysts
reported by Felkin (2) and 3 worked well for primary allyl ethers
(entry 4), but 3 demonstrated a higher catalytic efficiency for
secondary allyl ethers.

The iridium-catalyzed isomerization of allyl ethers proceeds
through the oxidative addition of an allylic C–H bond to the
iridium(i) metal center giving a syn-p-allyliridium complex 6
which selectively led to (E)-4 (Scheme 2).1–3

The 1H NMR study reveled that the isomerization involves
two process: the first and selective formation of (E)-4
(kinetically controlled process) is followed by equilibration to a
mixture of (E)- and (Z)-4 through the anti-p-allyl intermediate
(thermodynamically controlled process) which is slow in a
solvent coordinating to the iridium metal center such as
acetone.7 Thus, the stereochemistry of 4 is highly dependent on
the solvents and the substrates. When primary allyl ethers were

reacted in acetone, the kinetic products [(E)-4] were obtained
through the syn-p-allyl intermediate [5 ? 6 ? (E)-4]. On the
other hand, high Z-selectivity was achieved for secondary allyl
ethers under conditions leading to equilibration, where the steric
difference between the R2 and R3Si groups controls the
stereochemistry of the products [5 ? 6 ? 8 or 7 ? 8 ?
(Z)-4].

Notes and References

† E-mail: miyaura@organ.hokudai.ac.jp

1 H. M. Colquhoun, J. Holton, D. J. Thompson and M. V. Twigg, New
Pathways for Organic Synthesis—Practical Applications of Transition
Metals, Plenum Press, London, 1984, pp. 173–193.

2 H. Suzuki, Y. Koyama, Y. Moro-oka and T. Ikawa, Tetrahedron Lett.,
1979, 1415. 

3 D. Baudry, M. Ephritikhine and H. Felkin, J. Chem. Soc., Chem.
Commun., 1978, 694.

4 T. Moriya, A. Suzuki and N. Miyaura, Tetrahedron Lett., 1995, 36,
1887.

5 P. L. Hall, J. H. Gilchrist and D. B. Collum, J. Am. Chem. Soc., 1991, 113,
9571.

6 M. Green, T. A. Kuc and S. H. Taylor, J. Chem. Soc. (A), 1971, 2334.
7 R. H. Crabtree, M. F. Mellea, J. M. Mihelcic and J. M. Quirk, J. Am.

Chem. Soc., 1982, 104, 107.

Received in Cambridge, UK, 14th April 1998; 8/02760I

Scheme 2

1338 Chem. Commun., 1998



                

O

O
CO

CO

CO

R1

O
Fe

R2

O

OC
CO

CO
Fe

R2

OHO

Fe(CO)3

O

Nu
R2

R1

OH

Fe(CO)3

Nu
R2

R1

R1

Nu–Nu–

> 95% de > 95% de

(a) (b)

OTMS

O
CO

CO

CO

R1

O
Fe

R2

O

Pri
H

O

Fe(CO)3

O

O

OH

Pri

R2

R1

BF3

1

7endo

exo

94% de when R1 = H, R2 = C5H11

X

Fe(CO)3

O

X

Fe(CO)3

O

O

OH

Ph

R2

R1

R2

R1

OTMS

(1) BF3•OEt2, PhCHO

(2) HF–pyridine

Et2O–CH2Cl2 (4 : 1), –78 °C

Mukaiyama aldol reactions of p-allyltricarbonyliron lactone and lactam
complexes bearing trimethylsilyl enol ether side-chains. Not just formal, but
genuine 1,7 induction of chirality

Steven V. Ley,*† Liam R. Cox, Ben Middleton and Julia M. Worrall

Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW

A comparison of diastereoselectivities in the Mukaiyama
aldol reactions of three types of trimethylsilyl enol ether
substituted iron carbonyl complexes has provided evidence
for the stereodirecting effect of remote substituents in
p-allyltricarbonyliron lactone and lactam complexes.

The complexation of an organic ligand to a metal can influence
the stereoselectivity of its reactions in a variety of ways. We
have previously demonstrated the use of the p-allyltricarbonyl-
iron lactone framework1 as a chiral template to provide
diastereocontrol in the manipulation of a ketone functionality
appended to the allyl unit.2,3 The reactions of such ketones with
nucleophiles proceed with predictable stereochemistry, the
ketone adopting an s-cis conformation and the nucleophile
approaching anti to the bulky Fe(CO)3 moiety. This parallels
the reactivity pattern of the related h4 dienone tricarbonyliron
complexes (Fig. 1).4

More recently, we have shown that trimethylsilyl enol ethers
derived from endo substituted p-allyltricarbonyliron lactone
complexes can undergo highly diastereoselective Mukaiyama
aldol reactions with a variety of aldehydes under BF3·OEt2
activation.5 The selectivity in these reactions is more difficult to
explain, as it is dependent only on the ability of the enol ether
side-chain to distinguish between the prochiral faces of the
Lewis acid–aldehyde complex. Interestingly, the trimethylsilyl
enol ethers of h4 dienone tricarbonyliron complexes have been
reported to show poor diastereoselectivity in their reactions with
aldehydes under BF3·OEt2 activation.6 This apparent difference
in the influence of the structurally similar enol ether substrates
implies that the lactone portion of the p-allyl complexes might
be involved in controlling the delivery of the aldehyde. More
specifically, the endo substituent at the lactone tether, seven
carbon atoms distant from the developing stereocentre, could
interact directly with the incoming Lewis acid–aldehyde
complex (Fig. 2).

This communication reports an investigation of diastereo-
control in the Mukaiyama aldol reactions of p-allyltricarbonyl-

iron lactone and lactam complexes by variation of the
substitution pattern at the tether and a direct comparison with a
representative h4 diene tricarbonyliron complex.

Trimethylsilyl enol ethers were prepared in excellent yields
from the corresponding methyl ketone complexes by reaction
with TMSOTf and Et3N in CH2Cl2 at 0 °C. Treatment with
premixed benzaldehyde and BF3·OEt2 in Et2O–CH2Cl2 at
278 °C afforded mixtures of TMS protected and unprotected
aldol products which were desilylated using HF–pyridine
during the work-up. A comparison of the yields and dias-
tereoselectivities obtained using p-allyltricarbonyliron lactone
and lactam complexes is shown in Table 1.

The endo substituted complexes 1, 2, 3 and 5 showed good to
excellent levels of asymmetric induction in their reactions with
benzaldehyde. The slightly lower diastereomeric excess ob-
tained with the endo phenyl complex 3 may reflect the
contribution of a favourable interaction between the aromatic
rings of the complex and aldehyde. The diastereomeric excesses
obtained when the complex was exo substituted (complexes 4
and 6) were significantly reduced, showing that an important

Fig. 1 Tricarbonyliron-mediated diastereocontrol: reaction of (a) ketone
functionalised p-allyltricarbonyliron lactones and (b) h4-dienone com-
plexes with nucleophiles

Fig. 2 Possible involvement of the endo substituent in directing Mukaiyama
aldol reactions of p-allyltricarbonyliron lactone complexes

Table 1 Mukaiyama aldol reaction of silyl enol ethers derived from
p-allyltricarbonyliron lactone and lactam complexes with benzaldehyde

Complex R1 R2 X Yield (%) De (%)a

1 H C5H11 O 81 86
2 H Me O 81b 87
3 H Ph O 72 67
4 C5H11 H O 53 55
5 H Me NBn 66b 90
6 Me H NBn 62b 57

a Diastereomeric excess determined by comparison of integrals in the 1H
NMR spectrum of the crude reaction mixture. b Reaction carried out in neat
CH2Cl2 due to low Et2O solubility of the substrate; this led to improved
yields but did not affect the de.
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element of the stereocontrol is indeed lost when the endo
substituent R2 is replaced by hydrogen. No significant differ-
ence in selectivity was observed between p-allyltricarbonyliron
lactone and lactam complexes.

The (E,E) h4-diene complex 8 was easily prepared from
lactone complex 7 by treatment with barium hydroxide
solution.2b,7 Formation of the trimethylsilyl enol ether 9 in the
usual way and reaction with benzaldehyde under standard
conditions resulted in the formation of aldol product 10 with
only 25% diastereomeric excess (Scheme 1). The selectivity is
therefore significantly lower than even that achieved with exo
substituted lactone and lactam complexes. The relative stereo-
chemistry of the major diastereoisomer was determined for the
reactions of complexes 1, 6 and 9 by stereospecific reduction of
the b-hydroxy ketone products to 1,3-diols followed by
acetonide formation5 and was found to be the same in each case
as shown.

In summary, the Mukaiyama aldol reactions of a range of
endo substituted p-allyltricarbonyliron lactone and lactam

complexes proceed with high yields and diastereoselectivities.
The lack of an endo substituent results in a significant decrease
in the observed selectivity. A further decrease in selectivity
occurs when the mode of attachment of the iron tricarbonyl unit
is altered by conversion of the p-allyl complex into an h4 diene
complex. It therefore appears that the tricarbonyliron lactone or
lactam unit provides control on a number of different levels
during the reaction. The silyl enol ether functionality is
maintained in a specific orientation and shielded from one face
by the tricarbonyliron group, while on the opposite face a
remote substituent is projected to create a chiral environment,
restricting the possible orientations of the incoming boron
trifluoride–aldehyde complex.
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Scheme 1 Reagents and conditions: i, Ba(OH)2 MeOH, room temp., 15 min,
92%; ii, Et3N, TMSOTf, CH2Cl2, 0 °C, 90 min, 92%; iii, BF3·OEt2, PhCHO,
Et2O–CH2Cl2 (4 : 1), 2 78 °C, 1 h; iv, HF–Py, THF, 30 min, 64% yield over
2 steps, 25% de
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R NH2   +   [E(NMe2)x] [R N{E(NMe2)x–2}]   +   2Me2N

M OH2   +   [E(NMe2)x] [M O{E(NMe2)x–2}]   +   2Me2N
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Synthesis and structure of the heterobimetallic oxo complex
[(thf)(Me2NH)2Cl2CrIII]2{ClSnII(m-O)}2

Michael A. Beswick,a Nick Choi,b Mary McPartlin,b Marta E. G. Mosquera,a Julie S. Palmera and Dominic S.
Wright*a†
a Chemistry Department, University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW
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The reaction of [Sn(NMe2)2] with a suspension of CrCl3 and
H2O in thf gives the molecular CrIIISnII oxo complex
[(thf)(Me2NH)2Cl2Cr]2{ClSn(m-O)}2 1, in which the O atoms
of a central Sn2O2 ring coordinate two CrIII cations.

Oxo complexes of Sn are an extensive and highly structurally
varied class of compounds. Organotin(iv) oxo complexes are
commonly prepared by hydrolysis of organotin(iv) halides or
carboxylates or by the oxidation of organotin(ii) complexes.1
The functionality and steric bulk of the organic groups is crucial
in dictating the geometries of the metal cores in these species
and the nuclearity of the resulting cage arrangements. In
contrast, structurally characterised tin(ii) oxo complexes are
rare and there are no general methods for their preparation.2 The
trapping of SnO fragments into molecular arrangements has
been achieved by their incorporation into the frameworks of
tin(ii)/(iv) host complexes,2a,c,e by the formation of Lewis acid/
base adducts with tin(ii) complexes,2b,d or by coordination of
transition metal carbonyls to the Sn lone pairs.2f,g In previous
studies we showed that the low-temperature reactions of
primary amines with dimethylamido p block metal reagents
{[E(NMe2)x]; E = Sn (x = 2), Sb (x = 3)} furnishes a simple
route to imido and phosphinidene cage compounds [Scheme
1(a)].3 We describe here the discovery that the analogous
reactions of metal aqua complexes with dimethylamido p block
reagents provide a new route to heterometallic oxo-complexes
[Scheme 1(b)].

The reaction of [Sn(NMe2)2] with ButNH2–NH3–1,4-dioxane
in thf followed by addition of CrCl3 was initially undertaken
with a view to preparing a heterometallic SnII/CrIII imido/
nitrido complex. However, the product is a mixture of SnII/CrIII

oxo complexes [(Me2NH)2(thf)CrCl2]2{ClSn(m-O)}2·L (L =
1,4-dioxane or ButNH2), the oxo ligand arising as a result of
partial hydrolysis of the precursor CrCl3. Further studies
revealed that basic conditions catalyse this reaction and the
stoichiometric reaction of a mixture of CrCl3 and H2O (1 : 1
equiv.) in thf–ButNH2 (1 equiv.) with [Sn(NMe2)2] (1 equiv.)
affords [(Me2NH)2(thf)CrCl2]2{ClSn(m-O)}2·ButNH2
(1·ButNH2) as the sole product (Scheme 2).‡

An X-ray crystallographic study of 1§ as the 1,4-dioxane
solvate reveals that the complex is composed of bimetallic
molecules [(Me2NH)2(thf)CrCl2]2{ClSn(m-O)}2 (Fig. 1) which
are loosely associated by lattice-bound 1,4-dioxane molecules
into a hydrogen-bonded network via C–H···O hydrogen bonds

to the terminal thf ligands. Although a few examples of mixed
transition metal–p block metal oxo complexes have been
structurally characterised, all of these have relied on alkoxide
functionalities to support the association of the metals, e.g. in
[Pb2Ti2(m4-O)(m3-OPri)2(m-OPri)4(OPri)4].4 The molecular ar-
rangement of 1, effectively resulting from the trapping of a
central [ClSn(m-O)]2 fragment by the coordination of the O
centres to two CrIII cations, is unique among main group oxo
compounds. The closest analogy is found in the tin(ii) complex
[{Me3Si(NBut)2Sn2O}SnCl2] in which a SnCl2 molecule is
coordinated by the O atom of a [Me3Si(NBut)2{Sn2(m-O)}]
ligand.2b

Despite the planarity of the O centres of 1 and the possibility
of a degree of multiple bond character in the Cr–O bonds, the
pattern of bond lengths and angles found in the [Sn(m-O)]2Cr2
portion of 1 is consistent with its formulation as a coordination
complex between a [ClSn(m-O)]2

22 dianion and two Lewis base
solvated CrCl2+ cations {rather than the alternative resonance
extreme involving [Cl2CrNO]2}. The central, planar [Sn(m-O)]2
ring of 1 is rhombic shaped, with the internal angles at Sn and
O [Sn–O–Sn 104.2(2), O–Sn–O 75.8(2)°] being similar to those
present in the dimeric units of more elaborate tin(ii) oxo
compounds.2e In addition, the Sn–O bonds fall in the expected
range (Sn–O av. 2.11 Å in 1; cf. ca. 2.05–2.10 Å2).
Significantly, the Cr–O bonds [1.893(4) Å] are only marginally
below the value expected for single Cr–O bonds (ca. 1.93 Å)5

and noticeably longer than those found for Sn–O–Cr linkages in
organotin(iv) chromates.6 In addition to their coordination by
the O centres of the [Sn(m-O)]2 ring, each of the CrIII ions is also
coordinated by two trans-Me2NH ligands, by two trans-Cl2
ions and by one thf ligand, giving an octahedral geometry which
is typical of CrIII. The orientation of the Me2NH groups, whoseScheme 1

Scheme 2

Fig. 1 ORTEP drawing of centrosymmetric molecular structure of
1·1,4-dioxane. Thermal ellipsoids are at the 40% probability level. Selected
bond lengths (Å) and angles (°); Sn(1)–Cl(1) 2.541(2), Sn(1)–O(1)
2.108(4), Sn(1)–O(1a) 2.103(4), Cr(1)–O(1) 1.893(4), Cr(1)–N(1) 2.140(5),
Cr(1)–N(2) 2.135(5), Cr(1)–Cl(2) 2.327(2), Cr(1)–Cl(3) 2.334(2), Cr(1)–
O(2) 2.108(4), H(2)···Cl(1) 2.59, H(1)···Cl(1a) 2.77, O(1)–Sn(1)–O(1a)
75.8(2), Sn(1)–O(1)–Sn(1a) 104.2(2), Cr(1)–O(1)–Sn(1, 1a) mean 127.9,
O(1)–Cr–O(2) 178.4(2), N(1)–Cr(1)–N(2) 176.9(2), Cl(2)–Cr(1)–Cl(3)
177.94(8). Symmetry transformations used to generate equivalent atoms, a
2x + 1, 2y 21, 2z + 1.
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H atoms are directed toward the Sn-bonded Cl2 ligands, and the
presence of relatively short H···Cl contacts [H(2)···Cl(1) 2.59,
H(1)···Cl(1a) 2.77 Å] indicates that the molecular arrangement
of 1 is partially supported by hydrogen bonding. Further
evidence for hydrogen bonding is the slight axial distortion of
the Me2NH groups towards the Cl atoms [N(2)–Cr(1)–N(3)
176.9(2)°]. These interactions give a reason for the trans
coordination of the CrIII cations by the Me2NH and Cl2 ligands
(as opposed to the alternative cis isomer).

Further studies are in hand to determine the generality of
similar deprotonation reactions in the synthesis of hetero-
metallic oxo and nitrido complexes containing a variety of
mixed-metal compositions.

We gratefully acknowledge the EPSRC (M. A. B., J. S. P.,
M. McP.), the Royal Society (D. S. W.) and the Spanish
Government (M. E. G. M.) for financial support.
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‡ Synthesis of 1·ButNH2: to a suspension of anhydrous CrCl3 [0.31 g, 2.5
mmol, (Aldrich 99.9%)] in thf (20 ml) was added degassed H2O (0.05 ml,
2.5 mmol). The mixture was stirred for 24 h at 25 °C. ButNH2 (0.26 ml, 2.5
mmol) was added and after stirring at 25 °C (20 min) the temperature was
lowered to 278 °C and [Sn(NMe2)2] (0.52 g, 2.5 mmol) in thf (10 ml) was
added slowly. The mixture was allowed to warm to room temperature and
the green solution produced was filtered to remove a white precipitate. The
filtrate was reduced to ca. 20 ml under vacuum and storage at 5 °C (48 h)
gave light brown crystals of 1·ButNH2. Yield 0.38 g, 31%. decomp.
> 255 °C to black solid. IR (Nujol), nmax/cm21 3352w, 3166w (N–H str),
other bands at 1288w, 1256m, 1118s, 1080m, 1018s, 922m, 871m, 800m,
721w. 1H NMR [(CD3)2SO, +25 °C, 250 MHz], 5.80 (br s, Me2NH), 3.59
(s), 1.76 (s, thf), 2.32 (s, Me2NH), 1.21 (s, ButNH2), overlapping of the
resonances due to paramagnetic broadening made accurate integration
impossible. Anal. calc. for 1·ButNH2, C, 24.5; H, 5.2; N, 7.2; Cl, 21.8.
Found; C, 23.8; H, 5.3; N, 7.2; Cl, 20.4%.

The reaction of [Sn(NMe2)2] (0.53 g, 2.5 mmol) in thf (20 ml) with NH3

(1.27 ml solution of 0.5 mol dm23 in dioxane, 0.64 mmol) and ButNH2

(0.20 ml, 1.91 mmol) was aimed at the formation of the cubane
[Sn4(NBut)3NH]. A red–brown solid formed after a few minutes. To this
was added CrCl3 (0.10 g, 0.81 mmol, ‘anhydrous’). The mixture was stirred
(1 h) giving a dark green solution. The insoluble material was filtered off
and the filtrate concentrated to ca. 10 ml. Et2O (3 ml) was added and storage
at 5 °C (48 h) gave 1·1,4-dioxane and 1·ButNH2 as a mixture in low yield.
The 1H NMR spectrum is identical to that obtained separately for 1·ButNH2

(d 1.19, But) but with a dioxane resonance at d 3.60. Only 1·1,4-dioxane
could be obtained as crystals from the mixture and repeated attempts to
obtain single crystals of 1·ButNH2 have so far failed.
§ Crystal data for 1: C10H26Cl3CrN2O3Sn, M = 998.74, monoclinic, space
group P21/n, a = 8.002(1), b = 14.956(2), c = 15.855(2) Å, b = 99.81(1)°,
U = 1869.9(5) Å3, Z = 2, Dc = 1.77 Mg m23, l = 0.710 73 Å, T = 223(2)
K, m(Mo-Ka) = 2.351 mm21, F(000) = 996. Data were collected on a
Siemens P4 diffractometer using an oil-coated rapidly-cooled crystal of
dimensions 0.30 3 0.30 3 0.30 mm by the w–2q method (1.88 @ q @
25.00°). Empirical absorption corrections were applied after initial
refinement with isotropic displacement parameters.7 Of a total of 4391
collected reflections, 3295 were independent (Rint = 0.027). The structure

was solved by direct methods and refined by full-matrix least squares on F2

to final values of R1[F > 4s(F)] = 0.040 and wR2 = 0.114 (all data) [R1
= S(|Fo| 2 |Fc|)/S|Fo| and wR2 = [Sw(Fo

2 2 Fc
2)2/Sw(Fo

2)2]0.5, w =
1/[s2(Fo

2) + (0.0535P)2 + 2.9000P], P = Fo
2 + (2Fc

2/3)];8 largest peak and
hole in the final difference map 0.60 and 20.58 e Å23. Two of the C atoms
of the Cr-bonded thf ligands are disordered. These were modelled with 1 : 1
occupancy. CCDC 182/869.
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Design, synthesis and cleaving activity of an abiotic nuclease based on a
manganese(iii) porphyrin complex bearing two acridine moieties

Cathy Drexler,a Mir Wais Hosseini,*a† Geneviève Pratvielb and Bernard Meunierb

a Laboratoire de Chimie de Coordination Organique, Université Louis Pasteur, F-67000 Strasbourg, France
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The synthesis of meso-5,15-bis(m-aminophenyl)porphyrin
bearing two acridine derivatives and of its manganese(III)
complex was achieved; in the presence of oxygen atom
donors, the metalloporphyrin was shown to cleave double-
stranded DNA.

Although the development of abiotic or biomimetic systems
capable of probing1 and/or cleaving2 DNA has been a topic of
active research over the last two decades, the design and
synthesis of topo- and regio-selective artificial nucleases is still
a current challenge.

The cleavage of DNA may either occur under hydrolytic or
oxidative conditions. Dealing with the latter case, transition
metal complexes,3 in particular metalloporphyrins4 have been
shown to act, in the presence of oxygen donor reagents, by
oxidation of the sugar units. The interactions between the
tetracationic manganese porphyrins complexes such as meso-
tetrakis(4-N-methylpyridiniumyl)porphyrinatomanganese(iii)
pentaacetate Mn–TMPyP4 and DNA is believed to occur within
the minor groove rich in A–T sequences by electrostatic charge/
charge interactions with the negatively charged phosphodiester
groups. Since the initial observation of interactions between
acridine derivatives and double-stranded DNA (mainly by
intercalation) by Lerman in 1961,5 this mode of interaction
between a large variety of intercalators such as acridine6 and
methidium7 derivatives with nucleic acid oligomers has been
well studied.

Our approach to the design of artificial nucleases was based
on the positioning, by double intercalation using two acridine
moieties, of oxidative cleaving centres such as metallopor-
phyrin complexes. In this vein, a class of abiotic DNA cleaving
agent combining a metalloporphyrin core, two spacers and two
9-aminoacridine moieties was designed and prepared (Fig. 1).
The spacer connecting the reactive centre to the intercalators
may be amino acids of variable length such as aminobutyric,
aminovaleric or aminocaproic acids allowing to control the
distance between the porphyrin and the acridine centres.
Dealing with geometrical features, i.e. the positioning of the

acridines with respect to the porphyrin core, based on molecular
models, the meso-5,15-diarylporphyrin bearing an amino func-
tion at the meta position of each phenyl group appeared to be the
most appropriate choice. Analogues of bleomycin based on a
porphyrin core functionalised at b-pyrrolic positions by two
acridine derivatives have been reported.8

Here, we report the synthesis of compound 1 (Scheme 1) and
the DNase activity of its manganese complex.

The synthetic strategy employed to prepare the compound 1
was based on the synthesis of bis(m-aminophenyl)porphyrin 2
followed by introduction of the spacer groups affording
compound 3 and finally the introduction of acridine moieties.
Whereas the synthesis of meso-arylporphyrins bearing amino
groups at the ortho or para positions of the phenyl groups is
well documented,9 only few reports dealing with the prepara-
tion of the meso-meta-aminophenylporphyrins have been
reported.10,11 Compound 2 was prepared in two steps by
modification of the described procedure for the bis(o-amino-
phenyl)porphyrin.12 The condensation of 2,2-dipyrrylmethane,

Fig. 1 Schematic representation of an abiotic nuclease based on a
metalloporphyrin core functionalised by two acridine intercalators using
amino acids as spacers Scheme 1

Chem. Commun., 1998 1343



prepared following reported procedures,13 with 3-nitrobenzal-
dehyde (ca. 5 mm) in CH2Cl2 in the presence of catalytic
amounts of CF3CO2H (TFA) afforded the nitroporphyrinogen
which was oxidised by p-chloranil affording the nitroporphyrin
5. The latter, owing to its rather poor solubility, was not isolated
but directly reduced at 70 °C to the amino compound 2 by
treatment with SnCl2/HCl.14 Since the overall yield was rather
low (2%), in order to optimise it, both the nature of the acid and
the ratio of reactants were varied. The use of a Lewis acid such
as BF3·OEt2 instead of the protonic acid TFA increased the
yield to 7%. However the highest yield of 12% was reached by
increasing the concentration of reactants to the 20 mm range.
The rather poor yield may be related to the low reactivity of the
aldehyde used.

On the other hand, starting with aminobutyric acid
[H2N(CH2)3CO2H] the NH2 group was protected using the Boc
group [HNBoc(CH2)3CO2H]15 and then the carboxylic acid
moiety was activated by treatment with ethyl chloroformate
[BocHN(CH2)3CO2COEt].16 The condensation of the latter in
the presence of Et3N with compound 2 in a mixture of THF and
toluene afforded the protected compound 4 in 60% yield. The
deprotection of the Boc group was achieved in quantitative
yield by treatment with AcOH–HCl16 affording 4·2HCl. The
condensation of the latter with 9-phenoxyacridine17 in phenol at
120 °C gave, after recrystallisation from Et2O–MeOH, the final
compound 1 in 56% yield.

The 1–MnIII complex was prepared at 120 °C by reacting
ligand 1 with Mn(OAc)2·4H2O in DMF in the presence of
2,4,6-trimethylpyridine for 2 h. The metallation was followed in
DMF by UV-VIS spectroscopy which revealed a bathochromic
shift of the Soret band from 408 to 458 nm and a reduction of the
number of Q bands from four to two. After precipitation by
adding diethyl ether and washing the solid with water, the
complex was purified by column chromatography [basic
alumina, CH2Cl2–MeOH (9/1)] and characterised by MS (FAB
positive mode: M+ = 1070).

The nuclease activity of the 1–Mn complex was tested at
room temperature on the supercoiled double-stranded FX174
DNA (form I) at various concentrations and pH values using
phosphate buffer in the presence of either KHSO5

18 or
magnesium monoperphthalate (MMPP),19 two oxidants able to
generate high-valent manganese–oxo species.20 The addition of
the oxidant initiated the DNA cleavage reaction. The cleavage
products were analysed on agarose gel by electrophoresis as
previously reported.18,19

As expected, no degradation of DNA was observed under the
same conditions in the absence of 1–Mn or in the presence of
free ligand 1. The cleaving activity of 1–Mn was observed at 1
mm and 500 nm concentrations in the presence of 1 or 10 mm
KHSO5, respectively. Although the cleavage of supercoiled
DNA in the presence of 10 mm KHSO5 appeared to be more
spectacular since 90% of form I was transformed into forms II
and III, the efficiency of the 1–Mn complex was found to be
below that observed with Mn–TMPyP for which DNA cleavage
was detected at 5 nm in the presence of 10 mm KHSO5.18

However, in marked contrast with the tetracationic Mn–TMPyP
complex for which a strong salt effect due to electrostatic
interactions with DNA was observed,18 the DNA cleavage
activity of 1–Mn was not affected by modification of the ionic
strength of the reaction mixture by addition of NaCl. This
absence of a salt effect is in agreement with the possible
intercalation of the acridine moieties of the complex between
DNA base pairs.

The nuclease activity of 1–Mn with MMPP was one order of
magnitude higher than with KHSO5 (the same cleavage

efficiency was observed at 0.1 mm with MMPP and at 1 mm
with KHSO5). A similar difference has been previously found
with Mn–TMPyP as cleaver.19

Finally, the appearance of the linear DNA form III before the
complete conversion of form I indicated that 1–Mn is probably
able to perform some direct double-strand breaks (see ref. 18 for
a discussion of double-strand breaks resulting from the
accumulation of single-strand breaks in opposition to direct
double-strand breaks). This observation is in favour of a strong
interaction, probably by intercalation of the acridine moieties,
between the metalloporphyrin and DNA.

In conclusion, a new porphyrin bearing two acridine
intercalators was designed and prepared. Its manganese com-
plex was shown to cleave double-stranded DNA in the presence
of different oxygen atom donors involving mainly single-strand
breaks with a participation of direct double-strand breaks. Work
is in progress to demonstrate the role of the spacer amino acid
moieties and to investigate the physico-chemical aspects of the
cleaving process and the possible bis-intercalation behaviour of
this DNA cleaver.
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Sulfone-calixarenes: a new class of molecular building block
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France

The synthesis of a new calix[4]arene derivative based on the
linkage of the phenolic rings by four sulfone groups was
achieved and its 1,3-alternate conformation in the crystal-
line phase, resulting from both inter- and intra-molecular
H-bonding, was established by crystallography.

Over the past two decades, the calixarene framework has been
the most used macrocyclic structure.1,2 The increasing interest
in these compounds seems to be due to their versatility. Indeed,
a variety of calixarene based molecules displaying a wide range
of properties ranging from molecular receptors and enzyme
mimics as well as extractants to liquid crystals and conducting
polymers have been reported. In our own hands, calix[4]arene
derivatives have been used either for the design of hollow
molecular modules3,4 and their assembly into inclusion mole-
cular networks in the crystalline phase,5 or as backbones for the
design of exo-ligands.6–8

In dealing with calix[4]arene 1, its structural and functional
tunings at various positions have been extensively studied.
Whereas partial or complete substitution of the p-tert-butyl
moieties by a variety of groups leads to the modification of the
upper rim, the functionalisation of the hydroxyl moieties affords
modified calixarenes at the lower rim. On the other hand,
examples of partial7 or complete8,9 replacement of the OH by
SH groups have been also reported. However, dealing with the
linkage of the aromatic rings, only recently few examples of
substitution of CH2 groups by Me2Si10 or S11,12 have been
reported. An example of tetrathiacalix[4]arene based on four
thiophene moieties has been also published.13

Here we report the first synthesis as well the solid state
structural analysis of a new class of calix[4]arene analogues
based on the linking of four phenolic rings by sulfone groups.
These compounds may be of interest for the design of new
receptors and backbones.

The synthetic strategy for the preparation of the tetrasulfone
6 was based on the complete oxidation of the thiacalix 3
(Scheme 1). The latter was obtained following the reported

procedure.11a In a first attempt, all four OH moieties of 3 were
protected as methoxy groups prior to the oxidation of the sulfide
linkages to sulfones. The treatment of 3 under reflux with MeI
in the presence of NaH in dry THF–DMF (1 : 9) for two days
afforded, after recrystallisation from CHCl3–MeOH, the desired
compound 4 in 73% yield. The complete oxidation of 4 to the
tetrasulfone 5 was first attempted by refluxing the compound 4
in a 30% H2O2–glacial AcOH mixture for eight days. Probably
owing to the low solubility of 4, the reaction isolated yield was
only ca. 10%. The latter was increased to 88% when performing
the oxidation with m-chloroperbenzoic acid in CHCl3 at room
temp. for 4 days. The pure compound 5 was isolated by
recrystallisation from CH2Cl2–MeOH. Since the removal of the
protecting groups by treatment with a large excess of BBr3 in
CH2Cl2 afforded the final compound 6 in only ca. 30% yield,
the direct oxidation of the tetrasulfide 3 was carried out in 59%
yield using 30% H2O2–glacial AcOH. The pure compound 6
was obtained after crystallisation from THF–hexane.

In solution, for all compounds 4–6, both the 1H and 13C NMR
spectra were extremely simple and in agreement with the
proposed structure. In marked contrast with calix 1 derivatives
for which both the 1H and 13C NMR signals corresponding to
the methylene groups are usually used for conformational
assignment in solution, due to the absence of such NMR probes
for the thia- and sulfone-calix[4]arenes 2–6 their conformation
could not be established unambiguously. For both compounds 4
and 5, no changes in the proton spectra could be detected
between 285 and 125 °C. However, bidimensional (1H,1H)
ROESY experiments at room temp. showed correlations
between the methoxy groups and both the CH3 and CH aromatic
proton indicating thus a rapid conformational interconversion.
For the final compound 6 the dramatic changes observed upon
cooling from 25 to 2100 °C indicated temperature dependent
conformational dynamics.

In the solid state, all compounds 4–6 were studied by X-ray
diffraction methods on monocrystals. Suitable monocrystals‡
were obtained by slow diffusion of MeOH into a CH2Cl2
solution of either compound 4 or 5, or by slow evaporation of a
chlorobenzene solution of the compound 6. In marked contrast
with the tetramethoxy derivative of 1 which was shown to adopt
a partial cone conformation,14 and with the tetrathiacalix[4]-

Scheme 1

Fig. 1 X-Ray structure of the tetrasulfide 4 demonstrating the adopted
1,3-alternate conformation in the crystalline phase; for clarity H atoms are
not presented
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arene 2 and the parent compound 3 which were present in cone
conformation,12 the thia analogue 4 was found to be in the
1,3-alternate conformation (Fig. 1).

For the two sulfone derivatives 5 (Fig. 2) and 6 (Fig. 3), again
the conformation was found to be 1,3-alternate with oxygen
atoms of the sulfones pointing outward. The average SO bond
distance was ca. 1.43 and 1.44 Å for 5 and 6, respectively. The
average CS bond distance was ca. 1.77 Å for both cases. The
average distance between two adjacent sulfur atoms was ca.
5.52 Å.

Based on the observed average O···O distance between two
adjacent oxygen atoms of ca. 2.70, 2.85 and 2.64 Å for 1, 2 and
3 respectively, as previously proposed in the case of 1,1 for both
compounds 212 and 312 the cone conformation was, at least
partially stabilised, by an array of intramolecular H-bonds.
Interestingly, the 1,3-alternate conformation for compound 6
may be also rationalised in terms of H-bonding between the OH
and SO2 groups (Fig. 3). Indeed, O···OS distances varying from
2.81 to 3.02 Å were observed. Furthermore, compound 6 was
found to form a 3-D network through intermolecular H-bonding

between the OH and SO2 groups belonging to adjacent units
with an average O···OS distance of ca. 2.87 Å (Fig. 4).

In conclusion, the synthesis of new calix[4]arene derivatives
based on sulfone linkages between the phenolic rings was
achieved. All compounds were shown to adopt the 1,3-alternate
conformation in the solid state. In the case of p-tert-butyl-
tetrasulfonecalix[4]arene 6, due to inter- and intra-molecular
H-bonds, a 3-D network was observed in the solid state. The use
of sulfonecalix derivatives for the design of receptors and
building blocks is under current investigation.

We thank H. Akdas and L. Bringle for their help with the
preparation of some of the reported compounds and the CNRS
and the Institut Universitaire de France (IUF) for financial
support.
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‡ Crystallograpic data: 4 (colorless, 173 K): C44H56O4S4·CH2Cl2, M =
862.12, orthorhombic, a = 15.210(1), b = 12.747(1), c = 12.220(1) Å, U
= 2369.2(5) Å3, space group P212121, Z = 2, Dc = 1.21 g cm23, Nonius
CCD, Mo-Ka, m/mm21 = 0.343, 1523 data with I > 3s(I), R = 0.047, Rw

= 0.054.
5 (colorless, 294 K): C44H56O12S4, M = 905.19, monoclinic, a =

10.9822(5), b = 18.567(2), c = 11.8055(6) Å, b = 101.941(4), U =
2355.1(5) Å3, space group P1211, Z = 2, Dc = 1.28 g cm23, MACH3
Nonius, Mo-Ka, m/mm21 = 0.248, 3435 data with I > 3s(I), R = 0.037,
Rw = 0.047.

6 (colorless, 173 K): C40H48O12S4, M = 849.08, tetragonal, a =
15.992(1), b = 15.992(1), c = 17.712(1) Å, U = 4529.7(8) Å3, space group
I41, Z = 4, Dc = 1.24 g cm23, Nonius CCD, Mo-Ka, m/mm21 = 0.254,
1615 data with I > 3s(I), R = 0.055, Rw = 0.082. CCDC 182/856.
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Fig. 2 X-Ray structure of the tetrasulfone 5 demonstrating the adopted
1,3-alternate conformation in the crystalline phase; for clarity H atoms are
not presented

Fig. 3 X-Ray structure of the tetrasulfone 6 demonstrating the adopted
1,3-alternate conformation in the crystalline phase. The bold lines represent
the intramolecular H-bonding pattern; for clarity H atoms are not
presented.

Fig. 4 A portion of the X-ray structure of the 3-D network formed between
consecutive compounds 6. The 3-D network is obtained by intermolecular
H-bonding between OH and SO groups; for clarity H atoms are not
presented.
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Comments on the elusive crystal structure of 4-iodo-4A-nitrobiphenyl
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The recently proposed crystal structure of 4-iodo-
4A-nitrobiphenyl is here confirmed on the basis of experi-
mental diffraction data on single crystals and powders of
high crystallinity; a reinterpretation of the nature of the
(faulted) material studied in the original paper is also
presented.

In a recent issue of Chemical Communications, Sarma et al.
(hereafter, Sarma) reported1 the design, based on the strength of
Ar–NO2···I–Ar interactions, of a new crystal phase, possessing
second harmonic generation (SHG) properties. It was reported
therein that single-crystal X-ray diffraction (XRD) on two
crystals of 4-iodo-4A-nitrobiphenyl (INB) with different mor-
phology (obtained by recrystallization from benzene or nitro-
methane) afforded, in both cases, an F-centered orthorhombic
lattice, but no reliable structural model; accordingly, it was
suggested that all samples chosen for single-crystal analysis
were flawed, since the ordered structural model, obtained by the
combination of XRD (cell/space group), semiempirical quan-
tum chemistry calculations (molecular conformation), crys-
tallochemical considerations (approximate location) and con-
strained lattice energy minimisation (final coordinates), did not
match the observed intensity data.1

Sarma found that INB molecules form polar ribbons running
along [001] through robust Ar–NO2···I–Ar interactions (a well
defined2 supramolecular synthon3); however, in contrast with
such robustness, the features observed in the XRPD pattern
were modelled by a significant small-particle-size broadening
effect along [001] (with an average coherent domain of 50 Å,
accounting for three INB molecules only!). Suspecting a two-
dimensional polytypic behaviour like that found in
(C5Me5)ReO3,4 we decided to reconsider the INB problem by
coupling XRPD, computer simulation of faulted crystals and
conventional ‘single-crystal’ X-ray diffraction.

We have synthesized INB as described in refs. 1 and 5, and
found that the reaction product is, according to GC–MS, a
mixture of INB and of the symmetrically substituted dinitro-
(DNB) and diiodo-biphenyls (DIB), in an approximate 90 : 9 : 1
ratio, while in the XRPD pattern only the two major phases
(INB and DNB) could be recognized. Recrystallization from
benzene, nitromethane or hexane eventually afforded only one
crystal phase (INB, although, according to GC–MS, traces of
DNB were still present), whose XRPD pattern revealed a well
crystallized system with no anisotropic broadening (FWHM
< 0.2° 2q). It was of note that our XRPD data (Fig. 1) can be

indexed with the published INB cell parameters but show an
intensity distribution different from that reported in Fig. 2 of ref.
1; in particular, two, previously unobserved, intense low angle
peaks are now present.

Recrystallization from nitromethane spontaneously afforded
light yellow INB crystals of very good quality, whose structure
was easily solved and successfully refined in space group Fdd2
on data from two different crystals (which were found to differ
only in the amount of racemic twinning present: none for crystal
1 and [73 : 27] for crystal 2).‡ The derived structural model is
very similar to that proposed in ref. 1 and, allowing a rather
good match (Rp = 0.10) between observed and calculated
XRPD data (see Fig. 1), it correctly describes also the bulk.
Accordingly, INB can afford highly crystalline samples.

In spite of our efforts, we were unable to prepare the poorly
crystalline phase originally reported as INB. Nevertheless, we
would like to tentatively propose, in the absence of direct
experimental data, two possible explanations for Sarma’s
observations.

The substitution of one INB molecule by DNB generates an
unstrained faulted ribbon, as schematically shown in Fig. 2,
which, despite the inversion of the NO2···I link, possesses fully
ordered C and H atoms (note that DIB could act in the same
manner while the copresence of DIB and DNB allows for any
number of faults). The insertion of a single DNB molecule per

Fig. 2 Schematic drawing of the polarity inversion of one INB chain in the presence of a single DNB molecule per chain (conditioned disorder). Note that
at most one DNB molecule can fit in an INB chain; DIB would act in the same manner, while the simultaneous presence of DIB and DNB allows for any
number of faults (up to a random disorder).

Fig. 1 Rietveld refinement plot of the INB phase with peak markers and
difference plot at the bottom. Note that the first two log-angle peaks are
consistent with the structural model and do not require any anisotropic
broadening correction in order to spread their intensity into the back-
ground.
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chain behaves similarly to a single error in the stacking
sequence of pure INB which, however, would induce some
strain. This kind of fault, as shown by Hulliger et al. for the
1,4-nitrophenylpiperazine–perhydrotriphenylene inclusion
compound,6 may evolve into a 180° [001] twinned macrostate
with a fuzzy interface whose size depends on their intrinsic
probability. However, since high error frequencies imply small
interfaces, sharp XRPD peaks and possible SHG effects (while,
low, non-zero probabilities lead to large ‘interfaces’, broad
XRPD peaks§ and no SHG), the presence of DNB (or of less
likely INB inversion faults) can be taken as responsible for all
experimental evidences only if crystals of intermediate nature
occur.

Alternatively, since inversion of the polarity of a whole
(ordered) chain marginally affects the overall packing (more or
less like an inversion fault, which inverts only ‘half’ a chain),
Sarma’s specimen may consist of a two-dimensional polytypic
phase with (randomly distributed) microdomains of inverse
polarity, large enough to guarantee SHG properties, but
‘flawing’ the original X-ray analysis, much like what is found
for solid (C5Me5)ReO3.4 Indeed, juxtaposition of antiparallel
domains in the ab plane can afford, on lowering the size of the
homopolar regions, (a) untwinned Fdd2 single crystals (our
crystal 1); (b) racemic (macro)twins (crystal 2); (c) two
dimensional polytypes (Sarma’s specimen); (d) disordered (i.e.
microtwinned) Fddd ‘single’ crystals (Fig. 3). Since cases (a)
and (b) would lead to sharp XRPD features and case (d) cannot
be SHG active, only case (c) fits Sarma’s experimental
observations. That 2D polytypic crystals from different prepara-
tions may have different ‘structures’ should not surprise,
particularly after it has been shown that crystals from the same
batch and even different portions of the same good looking
‘single’ crystal may possess different peak intensities, reflecting
the different ratio of ordered vs. disordered (i.e. boundary)
regions.4

Summarizing, single-crystal and powder diffraction analyses
of INB afforded an unambiguous crystal structure with long
polar ribbons of INB molecules packed, in Fdd2, in a head-to-
tail fashion, as originally inferred in ref. 1. This agrees well with
the proposed robustness of the NO2···I synthon, which has been

extensively used in devising supramolecular assemblies of
organic molecules.7 Unfortunately, even if the outcome of the
work reported by Sarma et al. happens to match the true INB
crystal structure, the nature of their material (single crystals and
bulk) remains obscure.

We acknowledge the Italian MURST and CNR (CSSMTBO)
for funding. The courtesy of Dr G. A. Ardizzoia, who run the
GC–MS measurements, is also acknowledged. We also thank
Professor A. Gavezzotti for helpful discussions.
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(022) peaks; all these features are consistent with the broadening and
lowering of peak intensity observed in Sarma’s powder pattern.
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Fig. 3 Schematic drawing of the tiling of the ab plane of INB crystals with
black and white dots (for up and down polar INB chains, respectively),
showing a polar single crystal (a), a racemic (macro)twin (b), a faulted
paracrystal with many twin boundaries (c) and a fully disordered Fddd
(microtwinned) phase (d)
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5-Acceptor-substituted 4-amino-2-arylazothiazoles. A unique black monoazo
chromophoric system

John Griffiths*† and Conrad J. Riepl

Department of Colour Chemistry, The University of Leeds, Leeds, UK LS2 9JT

Replacement of the chlorine substituent in blue dyes of the
5-acceptor-4-chloro-2-(4-N,N-dialkylaminophenylazo)thia-
zole type by a tertiary amino group produces a black
monoazo chromophoric system with three p ? p* bands
spanning the whole of the visible spectrum.

Black dyes, i.e. those with two or more absorption bands
extending across the whole of the visible spectrum, are rare, and
known examples invariably have a large molecular size in order
to provide the requisite conjugation and number of chromo-
phoric sub-units for multiple p ? p* transitions in the visible
range. The most commonly encountered examples are bis-azo
or higher poly-azo dyes; their large size can lead to problems
associated with aggregation or low solubility and this can limit
their technical application. The traditional alternative is to use
mixtures of dyes, even though these may introduce dye
compatibility and shade reproducibility problems. Given the
currently increasing importance of soluble black colorants in
areas such as ink-jet and other digital printing systems, liquid
crystal displays and optical filters, there is a growing need for
the development of new, relatively low molecular weight black
chromophores which can overcome these difficulties. We now
describe the synthesis of a unique 2-arylazothiazole chromo-
phoric system, whereby simple replacement of a chlorine
substituent by an amino group causes a dramatic change in the
light absorption properties of the molecule, and the single
visible p ? p* absorption band is replaced by three intense p
? p* bands more or less equally spaced across the visible
spectrum.

The 5-acceptor-4-chloro-2-(4-N,N-dialkylaminophenylazo)-
thiazole dyes, as exemplified by 1 and 2a,1 are highly polarised
molecules that show a single intense p ? p* absorption band in
the range ca. 550–800 nm,2 which can be considered to involve
electron density migration from the amino group into the azo
group, thiazole ring and the 5-acceptor substituents on the latter
ring. Whilst normally violet to blue–green in colour, the use of
multiple donor groups in the donor ring and powerful acceptor
groups R in 1 (e.g. 3a) can displace the band into the near IR
region, leading to useful near-IR dyes.2 The 4-chloro substituent
in molecules such as 1, 2a and 3a should be capable of
nucleophilic replacement, particularly if the 5-substituent is
strongly electron withdrawing, and this was investigated in the
case of the indane-1,3-dione derivative 2a.

A solution of the blue dye 2a and piperidine (2 equiv.) in THF
was heated under reflux, when the colour of the solution became
black, and after 6 h the reaction was judged to be complete by
TLC analysis. After filtration to remove piperidine hydro-
chloride, the solution was evaporated and the product re-
crystallised from a mixture of CH2Cl2 and EtOH to afford 2b as
black crystals in 65% yield. The structure was confirmed by
microanalysis, mass spectrometry and NMR spectroscopy. The
dye was readily soluble in solvents such as toluene and CH2Cl2,
giving black solutions which showed three absorption bands in
the visible region. The absorption spectra of 2a and 2b in
cyclohexane are compared in Fig. 1(a) and (b). The second band
of 2b shows vibrational structure, which is most evident in non-
polar solvents such as cyclohexane [Fig. 1(b)]. In CH2Cl2 the
absorption maxima occurred at 437, 528 (shoulder at 500 nm)

and 665 nm (emax 19 900, 26 500 and 29 400 l mol21 cm21,
respectively). Thus, introduction of the piperidino group into
the thiazole ring generates three visible p ? p* absorption

Fig. 1 Absorption spectra of (a) 2a, and (b) 2b in cyclohexane. Vertical
broken lines represent the PPP-MO predicted absorption band lmax values
and relative intensities.
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bands in place of the original single band. Such a dramatic
change in the characteristics of a dye chromophore induced by
a single substituent appears to be without precedent.

The electronic origin of the three bands was examined by
application of PPP-MO theory to the p-chromophores of 2a and
2b.3 Using standard parameters3,4 the method predicted cor-
rectly that replacing the chlorine atom in 2a by an amino group
produces three visible absorption bands (Fig. 1).

The absorption bands, in order of increasing transition
energy, approximate to the one electron excitation processes:
HOMO ? LUMO, HOMO ? (LUMO + 1) and (HOMO-1) ?
(LUMO), although there is extensive configuration interaction
between the three excited states. From the wavefunctions for
these various orbitals one can deduce that the longest wave-
length band involves the whole of the conjugated p system, the
second band is associated predominantly with the 4-amino-
5-acceptor-thiazole residue, and the shortest wavelength band is
confined predominantly to the arylazo residue and the thiazole
ring. All three bands show positive solvatochromism, shifting
respectively from 608, 493 and 424 nm in cyclohexane to 677,
532 and 433 nm in DMF.

Replacement of the chlorine atom in the thiazole ring could
also be effected with a variety of secondary amines, and with
other 5-acceptor substituted analogues of 2a. Thus the deeply

coloured dyes 2c, 3b,c and 4‡ were prepared in 50–95% yields
by heating the appropriate chlorine-substituted dye and amine in
solvents such as THF, EtOH and CH2Cl2. All showed the
characteristic three visible absorption bands of this type of
chromophore, their solutions ranging from dark blue, through
greenish black to neutral black in colour. In general the rate of
the replacement reaction and product yields were enhanced
when the arylamine group had an acylamino substituent capable
of hydrogen bonding to the azo group (e.g. 3, 4b,c,e).

The success of the chlorine replacement reaction is critically
dependent on the nature of both the reacting amine and the
thiazole 5-acceptor group. Weakly nucleophilic amines, e.g.
primary and secondary arylamines, do not react, whereas
primary alkylamines cause extensive decomposition of the
chromophore, leading to (among other products) the parent
aldehyde dye (e.g. formation of 1b from 2a). If the 5-acceptor
group is particularly electron withdrawing then it undergoes
preferential attack by the amine, leading to degradation of the
chromophore and formation of red products. For example 1a
gave only decomposition products on reacting with a range of
secondary amines. In the case of the aldehyde derivative 1b
reversible addition of the amine to the formyl group occurred,
giving the unstable magenta aminohydroxy derivative.

The dyes 2b,c, 3b,c and 4 represent a new class of black
chromophore that is capable of considerable structural diversity.
Preliminary investigations have shown that hydrolytic, thermal
and photochemical stability properties are typical for azo dyes
of this general type and thus these systems offer considerable
potential for the development of novel black colorants for many
technical applications.

We thank the EPSRC National Mass Spectrometry Service
Centre for provision of mass spectrometry services.
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‡ Structures of new compounds were consistent with FAB-MS, 300 MHz
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In aqua synthesis of a high molecular weight arylethynylene polymer with
reversible hydrogel properties
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Palladium catalyzed copolymerization of 3,5-diiodobenzoic
acid with acetylene gas in a basic aqueous medium provides
a high molecular weight (~60 000), zig-zag phenylethynylene
polymer; the polymer has been characterized by a variety of
methods and has a high thermostability, is soluble in basic
solutions and is reversibly switchable from soluble to
hydrogel states in water by changing the pH of the
solvent.

Poly(arylethynylene)1 is an important class of conjugated
polymer exhibiting properties such as photoluminescence,2
electronic conductivity3 and non-linear optical properties.4
These polymers also exhibit exceptionally high quantum yields
of fluorescence in comparison to other conjugated polymers.5
Such properties render the polymer useful for applications in
constructing polymer light emitting diodes (polymer LEDs),6
organic magnetic materials,7 molecular wires and antennas8 and
fluorescence sensors.9 Recently, Nelson et al. have also shown
that an arylethynylene-based oligomer mimics protein folding,
which has exciting potential for biological applications.10

However, the potential applications of these materials for
electronic and optical purposes are often limited by their low
solubility and low degree of the polymerization. The increased
interest in the properties of polyarylethynylene-type materials
has led to the attachment of various bulky substituents by
various groups to increase their solubility in organic solvent.1
Alternatively, Kondo et al. introduced irregularity in the
polymer chain to increase their solubility and degree of
polymerization.11 However, the structural irregularity may also
change its electronic and optical properties. During our studies
of aqueous organic reactions,12 and as part of our continuing
interests in synthesizing arylethynylene-type polymers and
oligomers,13 we recently reported an efficient synthesis of
arylethynylene polymer and oligomers through polymerization
of aryl halides with acetylene gas in an aqueous medium.14

However, the polymers that we generated had the same
limitation of insolubility and low molecular weight. In an
attempt to overcome these difficulties, we decided to explore
the synthesis of water-soluble polyarylethynylenes. Here we
report that the palladium catalyzed copolymerization of
3,5-diiodobenzoic acid with acetylene gas in a basic aqueous
medium provides a high molecular weight, zig-zag arylethyny-
lene polymer [eqn. (1)] which can be processed readily.

Previously, there has been a very limited study of the
synthesis of water-soluble rigid-chain polyelectrolytes in the
literature. The more noticeable advance in this area was the
synthesis of a water-soluble poly(p-phenylene) reported by
Wallow and Novak through the Suzuki reaction,15 and a water-
soluble poly(thiophene) sensor material reported by McCul-
lough et al.16 In the present investigation, the polymerization
was carried out by reacting 3,5-diiodobenzoic acid with
acetylene gas in the presence of a water-soluble palladium
catalyst, cuprous iodide as a co-catalyst, 1 equiv. NaOH and 3
equiv. Et3N in water. The water-soluble palladium catalyst was
generated in situ from palladium acetate and tris(m-sulfophen-
yl)phosphine trisodium salt, as used by Casalnuovo and
others.17 The monomer used in the present study was prepared
according to literature procedure.18 After stirring the reaction
mixture for three days at room temperature, the polymer was
readily isolated by addition of dilute HCl, giving a dark brown
solid in its free acid form. The polymer thus generated has no
substantial solubility in all other solvents tested except in dilute
aqueous NaOH solution. On the other hand, the polymer is
readily soluble in dilute NaOH. Under neutral or slightly acidic
conditions, the polymer becomes a hydrogel which holds water
about eight times of its original weight after centrifuging. It can
be reversibly transformed into the water-soluble and hydrogel
states by changing the pH of the medium [eqn. (2)], which has

potential biomedical and environmental applications.19 It
should be noted that throughout the polymerization process, the
polymer remained soluble in the reaction medium, which is
essential for the formation of high molecular weight poly-
mers.

The polymer thus generated has been characterized by a
number of methods. The two potential types of aromatic
hydrogens exhibited a broad resonance around 8.2–8.4 ppm in
the 1H NMR spectrum (D2O–NaOD). The IR (KBr pellet)
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spectrum displays typical absorption peaks corresponding to
free carboxylic acid (3700–3100 and 1772 cm21) and aromatic
functionality.20 Absorption due to the acetylene stretch vibra-
tion (2100–2210 cm21) is insignificant. Raman spectroscopy of
the aqueous solution of the corresponding sodium carboxylate
salt showed several absorption peaks in the acetylene region,
indicating the presence of polymers with different lengths.21

The UV–VIS spectrum shows two major bands with absorption
maxima at 210 and 288 nm respectively. The molecular weight
(Mw = 66 000 g mol21) of the polymer was determined by
agarose gel electrophoreses relative to double-stranded DNA
markers.22 Trace amounts of even higher molecular weight
polymers were also observed. Thermogravimetric analysis
(TGA) of the polymer showed the expected high thermal
stability of common poly(arylethylene)s.1 The polymer is stable
up to 300 °C. It exhibited a one stage degradation with an onset
decomposition at ca. 400 °C. Differential scanning calorimetry
(DSC) measurements show an endotherm at 100 °C which may
be due to removal of adsorbed water.

In conclusion, we have developed a simple process for
obtaining high molecular mass poly(arylethylene)s. The poly-
mer shows hydrogel properties in its carboxylic form and is
reversibly switchable from water-soluble to hydrogel states.
Presently, we are evaluating the potential applications of such
water-soluble arylethynylene polymers.

Support of this research was provided in part by the Center of
Bioenvironmental Research (DOD) and the Center for Photo-
induced Processes (NSF-LEQSF). We thank the reviewers for
their valuable comments. C. J. L. is an NSF CAREER Awardee
(98-02).
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Total syntheses of (+)-castanospermine and (+)-6-epicastanospermine

Sung Ho Kang*† and Joon Seop Kim

Department of Chemistry, Korea Advanced Institute of Science and Technology, Taejon 305-701, Korea

A divergent synthetic route to (+)-castanospermine 1 and
(+)-6-epicastanospermine 2 has been developed via phenyl-
selenoamidation of trichloroacetimidate derived from allylic
alcohol 7, and dihydroxylations of trans-olefins 14 and 18 to
dispose the three contiguous asymmetric centers, one amino
group and two hydroxy groups.

The naturally occurring hydroxylated indolizidine alkaloids
such as (2)-swainsonine, (+)-castanospermine 1 and (+)-6-epi-
castanospermine 2 continue to enjoy considerable attention
from synthetic and medicinal chemists due to their pronounced
biological activities. Their inhibition of enzymatic glycosidic
hydrolysis is closely related with the potential chemother-
apeutic utility for the treatment of diabetes,1 cancer,2 viral
diseases3 and AIDS.4 Their intriguing molecular structures and
promising medicinal value led us to explore their efficient
synthetic routes. Here we describe total syntheses5 of (+)-casta-
nospermine 1 and (+)-6-epicastanospermine 2, which have been
isolated from Castanospermum australe6 and Alexa leiope-
tala.7

Based on our retrosynthetic analysis toward 1 and 2, a crucial
synthetic step was a stereoselective dihydroxylation of trans-
olefin 3 (Scheme 1). While the effect of the allylic amino group
in 3 on the stereochemical outcome was in question,8 its allylic
alkoxy group was properly disposed for the desired
a-dihydroxylation according to Kishi’s empirical rule.9 An-
other key step was to produce a syn-amino alcohol as a
prospective precursor to 3 via intramolecular phenylselenoami-
dation of trichloroacetimidate derived from cis-olefinic allylic
alcohol 4.10

(S)-Butane-1,2,4-triol reacted with p-anisaldehyde in the
presence of PPTS in benzene using a Dean–Stark trap to give a
7.5–8 : 1 mixture of 6- and 5-membered benzylidenes (Scheme
2). After Swern oxidation11 of the inseparable mixture, the
resulting aldehydes were olefinated with phosphonium salt 5
prepared from (S)-butane-1,2,4-triol12 to afford a 19 : 1 mixture
of cis-olefin 6, [a]D

28 +110.8 (c 1.5, CHCl3), and the correspond-
ing trans-olefin in 69% combined overall yield, along with 7%
of the isomeric olefins generated from the 5-membered
benzylidenes. Hydrolysis of 6 with PPTS in MeOH at 0 °C
removed its p-methoxybenzylidene group chemoselectively to
provide diol 4, [a]D

27 +9.9 (c 1.3, CHCl3), in 86% yield. The
primary hydroxy group of 4 was regioselectively silylated with
TBDPSCl in the presence of imidazole at 260 °C to furnish
silyl ether 7, [a]D

22
22.6 (c 2.2, CHCl3), in 92% yield. For the

unprecedent phenylselenoamidation, 7 was treated with

Cl3CCN in the presence of DBU in MeCN at 0 °C, and
subsequently cyclized using phenylselenyl chloride in the
presence of methyl 2,2,2-trichloroacetimidate and Et3N in
MeCN at 220 °C to produce an inseparable 15 : 1 mixture of
trans-oxazoline 8 and the isomeric cis-oxazoline in 63%
combined yield. In this cyclization, the addition of methyl
2,2,2-trichloroacetimidate was essential to suppress the forma-
tion of the corresponding trichloroacetate from trichloroaceti-
midate. Subjection of the mixture to PPTS in aqueous MeOH
induced partial hydrolysis of the oxazoline groups to give
hydroxy trichloroacetamides, of which the desired syn-stereoi-
somer, [a]D

22
26.8 (c 2.0, CHCl3), was readily separated in 87%

yield from the anti-stereoisomer. Oxidative elimination of the
syn-stereoisomer with H2O2 in THF afforded trans-olefin 9,
[a]D

24 +15.8 (c 3.7, CHCl3), in 84% yield contaminated with less
than 3% of cis-isomer.

The next event was a stereoselective dihydroxylation of the
introduced trans-olefinic double bond. In order to attain better
stereoselectivity, 9 was variously functionalized by changing
the protecting groups and the molecular structural shapes. It was
found that the most promising outcomes could be obtained with
benzyloxycarbonyl (Z)-protected pyrrolidine derivatives. Ac-
cordingly, 9 was desilylated in 92% yield and then the resultant
alcohol 10, [a]D

21 +34.9 (c 0.7, CHCl3), was cyclized under
Mitsunobu conditions13 using diisopropyl azodicarboxylate
(DIAD) and PPh3 in THF at 0 °C to provide pyrrolidine 11,
[a]D

24 +58.6 (c 1.0, CHCl3), in 88% yield. Treatment of 11 with
BnONa in THF resulted in the formation of Z-protected
pyrrolidine 12, [a]D

26 +54.9 (c 1.1, CHCl3), in 90% yield. After
removal of the acetonide group under acidic conditions, the
obtained triol 13, [a]D

25 +17.0 (c 3.0, MeOH), was re-
gioselectively sulfonated with 2,4,6-triisopropylbenzenesulfo-
nyl chloride (TIPBSCl) in pyridine to furnish monosulfonate
14, [a]D

25 +18.9 (c 1.2, CHCl3), in 83% overall yield based on
15% of the recovered 13. Dihydroxylation of 14 with a catalytic
amount of OsO4 in the presence of NMO in aqueous acetone14

at 0 °C produced the requisite tetraol 15, [a]D
23 +9.2 (c 1.1,

CHCl3), in 88% yield along with less than 8% of 17, which was
undoubtedly formed by the spontaneous intramolecular ether-
ification of the isomeric tetraol 16. Subjection of 15 to
hydrogenolysis followed by in situ cyclization in the presence
of Et3N gave (+)-6-epicastanospermine 2, [a]D

23 +2.8 (c 0.6,
MeOH), in 66% yield.15

For the synthesis of (+)-castanospermine, 12 was converted
into silyl ether 18, [a]D

25
212.6 (c 1.7, CHCl3), in 88% overall

yield by protection of the secondary hydroxy group with
MeOCH2Cl (MOMCl), hydrolysis of the acetonide group and
monosilylation of the primary hydroxy group with TBDPSCl in
sequence (Scheme 3). Osmylation of 18 gave triol 19, [a]D

24

24.9 (c 0.7, CHCl3), in 91% yield along with 6% of the
isomeric b-dihydroxylated triol. When 19 was exposed to
acetone in the presence of TsOH, the desired dioxolane 20,
[a]D

23
27.1 (c 1.5, CHCl3), was prepared in 92% yield by

ketalization of the two syn-hydroxy groups, accompanied by
2% of the regioisomeric dioxolane. In order to secure the correct
stereochemistry at 6-position of (+)-castanospermine, the
remaining hydroxy group of 20 was inverted by mesylation
followed by desilylation to afford epoxide 21, [a]D

21
219.7 (c

1.2, CHCl3), in 87% overall yield. Removal of the Z group in 21Scheme 1
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was anticipated to induce 6-endo cyclization rather than 5-exo
cyclization due to the anti arrangement of the dioxolane ring.
Indeed heating 21 under catalytic transfer hydrogenation
conditions16 provided only indolizidine 22, [a]D

22 +39.5 (c 0.8,
CHCl3), in 76% yield. Finally methanolysis of 22 with
methanolic HCl furnished (+)-castanospermine 1, mp
205–207 °C (decomp.), [a]D

22 +79.7 (c 1.0, MeOH), in 96%
yield.15

In summary, we have accomplished total syntheses of
(+)-castanospermine 1 and (+)-6-epicastanospermine 2, which
culminated in the stereoselective phenylselenoamidation of
trichloroacetimidate (from 7) and the asymmetric dihydroxyla-
tion of 14 and 18 to establish the four contiguous chiral
centers.

This work was supported by the Korea Advanced Institute of
Science and Technology and the Organic Chemistry Research
Center sponsored by the Korea Science and Engineering
Foundation. Dedicated to Professor Yoshito Kishi on the
occasion of his 60th birthday.
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Scheme 2 Reagents and conditions: i, p-anisaldehyde, PPTS, PhH, Dean–
Stark trap; ii, (COCl)2, DMSO, Et3N, then 5, BunLi, HMPA, THF, 278 to
0 °C; iii, PPTS, MeOH, 0 °C; iv, TBDPSCl, imidazole, DMF, CH2Cl2,
260 °C; v, Cl3CCN, DBU, MeCN, 0 °C, then PhSeCl, MeOC(NNH)CCl3,
Et3N, MeCN, 220 to 215 °C; vi, PPTS, H2O, MeOH, 20 °C; vii, 30%
H2O2, THF, 0 to 20 °C; viii, Bu4NF, THF, 25 to 0 °C, then aq. NaH2PO4;
ix, DIAD, Ph3P, THF, 0 °C; x, NaOBn, THF, 20 °C; xi, TsOH, MeOH,
20 °C; xii, TIPBSCl, pyridine, 20 °C; xiii, OsO4, NMO, acetone, 0 °C; xiv,
H2, 10% Pd/C, MeOH, 20 °C, then Et3N, reflux

Scheme 3 Reagents and conditions: i, MOMCl, Et3N, CH2Cl2, reflux; ii,
TsOH, MeOH, 20 °C; iii, TBDPSCl, imidazole, DMF, CH2Cl2, 260 °C; iv,
OsO4, NMO, H2O, acetone, 0 °C; v, TsOH, acetone, 20 °C; vi, MsCl,
DMAP, Et3N, CH2Cl2, 20 °C; vii, Bu4NF, THF, 20 °C, then 5 m NaOH; viii,
5% Pd/C, cyclohexene, EtOH, reflux; ix, conc. HCl, MeOH, reflux, then
Dowex 50WX8-100 ion-exchange resin
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The 18O/16O induced proton isotope shift in water

Natalia D. Sergeyeva,a J. P. Jacobsen*b† and N. M. Sergeyevc

a Russian Peoples’ Friendship University, 117198, Moscow, Russia
b Department of Chemistry, Odense University, 5230 Odense M, Denmark
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Measurements of proton NMR spectra at 750 MHz of dilute
solutions of water in nitromethane reveals a small proton
isotope shift due to 16O/18O substitution equal to about 1
ppb.

There has been much recent interest in the isotope shifts induced
by the substitution of 18O for 16O. In the extensive review of
Risley and van Etten1 proton isotope shifts in water induced by
18O/16O substitution are reported as covering the very wide
range from 270 to +300 ppb. In early work Pinchas and co-
workers2–4 used separate samples of the pure isotopomers in
order to prevent proton exchange. The strong dependence of the
water shielding upon concentration, temperature and certain
uncontrolled impurities makes these results questionable.

Recently, we performed measurements of the 18O/16O
induced proton isotope shift using dilute solutions of an H2

16O
and H2

18O mixture in nitromethane.5 At a proton NMR
frequency of 300 MHz we found no splitting of the H2O singlet.
This suggested that the H2

18O/H2
16O isotope shift is less than

0.5 Hz (about 2–3 ppb). The availability of NMR spectrometers
with higher magnetic fields makes it possible to measure an
isotope effect of this size. Here we describe a successful attempt
to measure this isotope shift on a 750 MHz NMR spectrome-
ter.

The crucial requirement in obtaining the NMR parameters of
individual water molecules is to stop the proton (or proton–
deuteron) exchange in order to prevent the collapse of spin
multiplets and to exclude any effect on the NMR line shape. To
obtain reliable results it is necessary to use dilute solutions of
water in organic solvents.6 The solvent has to be carefully dried
to eliminate the residual water.

We used [2H3]nitromethane purchased from Merck with the
deuteration levels of 99.44% (±0.01%) according to our
estimates. The proton signal of the residual CHD2NO2 was used
to determine the water content in the solvent. [2H3]Nitro-
methane was dried by several freezing–thaw–pumping cycles
using P2O5 as a drying agent in vacuo and passed through a
series of traps to eliminate traces of the drying agent. The final
water content never exceeded 0.01 mol%. We used double
distilled H2

16O, 99.1% H2
18O and 30% H2

17O enriched water
purchased from Isotech and 99.96% D2O purchased from
Merck. Small amounts of D2O were added to the solutions of
water to control the rate of exchange by monitoring of the HDO
lines. A small amount of dried TMS was added to control the
resolution and the water line shape. We used a Young sample
tube for mixing the components to control via 1H NMR spectra
the water content at all stages of the sample preparation. The
dosages of TMS and water mixtures were done by vaporization
into the precalibrated volumes. The final solution was distilled
in a 5 mm sample tube and sealed under vacuum. All bulbs and
sample tubes used were treated according to the procedure
described earlier7 and kept under vacuum.

A 750 MHz Varian INOVA NMR spectrometer was used to
obtain the 1H NMR spectra. Typical proton NMR spectra of a
0.25 mol% solution of a 20 : 10 : 1 H2

16O–H2
18O–D2O mixture

in [2H3]nitromethane taken in the temperature range from 30 to
80 °C are shown in Fig. 1. Fig. 1(a) contains lines from H2

16O–

H2
18O, while Fig. 1(b) contains lines from H16OD–H18OD.

Values of the 18O/16O induced proton isotope shifts were
measured to be the following: 30 °C: 0.79 ± 0.05; 45 °C: 0.93 ±
0.05; 60 °C: 1.04 ± 0.05; 80 °C: 1.08 ± 0.05 (all values are in
ppb).

It is worth noting that the water linewidth is about 0.3 Hz,
revealing a decrease with temperature. In all cases the H2

18O
signal appears at higher field in accord with a very well known
trend8 that heavier isotopic substitution produces high fields
displacements.

In Fig. 1(b) the multiplet for HDO is shifted to high field by
about 23 Hz (ca. 30.6 ppb), in exact agreement with the
previously found H/D induced proton isotope shift for water.5,9

The HDO signal shows a superimposition of the triplet of
HD16O and that of HD18O, with the two low field components
of the HD18O triplet almost overlapping the two high field
components of the HD16O signal. It is of interest that the
18O/16O induced proton isotope shift for HDO estimated from
spectra at 80 °C is equal to 1.1 Hz (1.4 ± 0.1 ppb). Comparing
this value with the 16O/18O induced proton isotope shift for H2O
equal to 0.86 Hz (1.08 ± 0.05 ppb at 80 °C) we can suggest an
anomalously strong (0.32 ± 0.15 ppb) nonadditivity effect.10

We also performed measurements of the proton NMR of
water 30% enriched by 17O. According to mass spectral analysis
it contains 16O, 17O and 18O in percentages of 25.5, 30.7 and
43.7%, respectively. The 1H NMR spectrum of a 0.5% solution
of this water in [2H3]nitromethane is shown in Fig. 2. Fig. 2(b)

Fig. 1 Two different regions of the 1H NMR spectrum of a 0.25 mol%
solution of a H2

16O–H2
18O–D2O mixture in [2H3]nitromethane at (i) 30, (ii)

45, (iii) 60 and (iv) 80 °C. The intensity of the signals in (b) has been
multiplied by 25 compared to (a). In all four spectra the signal for H2

16O is
referenced to d 1.959 to reset the temperature effect on this signal. The
spectrum was recorded at 750 MHz with a sweep width of 5000 Hz, an
aquisition time of 8.0 s and 1 transient. The FID was processed using slight
resolution enhancement and Fourier transformed in 128 K. (a) The signal
from H2

16O–H2
18O showing the increasing values of the isotope effect. (b)

The signal from HD16O–HD18O confirming the 16O/18O isotope effect.
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shows the central strong signal due to H2
16O and H2

18O with the
16O/18O induced proton isotope shift equal to (1.1 ± 0.1 ppb), in
accord with the spectrum of pure 18O water (Fig. 1).

The sextet of H2
17O caused by the coupling of protons in H2O

with 17O (spin 5/2) is shown in Fig. 2(a). The small signal of
HDO seen to the right of the H2

16O/H2
18O signal is due to traces

of heavy water in the solvent. All components of the sextet
contain additional selective broadening due to the relatively
slow 17O relaxation.11,12 The three low field components of the
17O multiplet (less distorted by the central signal) have
linewidths equal to ca. 20, 33 and 26 Hz, respectively, in full
accord with theory.11 It is interesting to note that, for a similar
solution, we found in the 17O NMR spectra at a similar
temperature (ca. 60 °C) line widths of ca. 10 Hz.5 This indicates
that the measurement of 17O–H coupling constants is best
performed using 17O rather than 1H NMR spectroscopy. We
intend to obtain accurate data on 17O–1H coupling constants and

T1 data for 17O relaxation using iterative calculations with the
QUADR program.13 Also of interest is the possibility of
checking the additivity of isotope shifts, as the H2

16O/H2
17O

isotope effect should be close to half of the 16O/18O induced
proton isotope shift.

We can now state that disagreements with the old data are due
to the inconsistent methods of measuring small isotope effects
used in the early work.2–4 The data now obtained are in good
agreement with other data on proton isotope shifts due to
heavier isotope substitution, e.g. of 12C/13C substitution.8

In parallel with this experimental study, the 18O/17O/16O
induced proton isotope shifts were studied theoretically14 and
the calculated values are in good agreement with the experi-
mental ones.
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calculations.

Notes and References

† E-mail: jpj@oukemi.ou.dk

1 J. M. Risley and R. L. Van Etten, in NMR: Basic Principles and
Progress, ed. P. Diehl, E. Fluck, H. Günther, R. Kosfeld and J. Seelig,
Springer Verlag, Berlin, 1990, vol. 22, p. 81.

2 H. Pikman and S. Pinchas, J. Inorg. Nucl. Chem., 1970, 32, 2441.
3 S. Pinchas and E. Meshulam, J. Chem. Soc., Chem. Commun., 1970,

1147.
4 B. Sredni and S. Pinchas, J. Magn. Reson., 1972, 7, 289.
5 N. M. Sergeyev, N. D. Sergeyeva, Yu. A. Strelenko and W. T. Raynes,

Chem. Phys. Lett., 1997, 227, 142.
6 J. P. Kintzinger, in NMR: Basic Principles and Progress, ed. P. Diehl,

E. Fluck, R. Kosfeld and J. Seelig, Springer Verlag, Berlin, 1981, vol.
17, p. 1.

7 D. Lankhors, J. Schriever and J. C. Leyte, Ber. Bunsenges. Phys. Chem.,
1982, 86, 215.

8 P. E. Hansen, Ann. Rep. NMR Spectrosc., 1983, 15, 103.
9 J. R. Holmes, D. Kivelson and W. C. Drinkard, J. Chem. Phys., 1962,

37, 150.
10 N. M. Sergeyev, N. D. Sergeyeva and W. T. Raynes, Chem. Phys. Lett.,

1994, 221, 385.
11 A. Abragam, Principles of Nuclear Magnetism, Clarendon Press,

Oxford, 1961.
12 B. Halle and G. Karlstrøm, J. Chem. Soc., Faraday Trans. 2, 1983, 79,

1031.
13 I. F. Leshcheva, V. N. Torocheshnikov, N. M. Sergeyev, V. A. Chertkov

and V. N. Khlopkov, J. Magn. Reson., 1991, 94, 9.
14 J. Oddershedde, W. T. Raynes and R. D. Wigglesworth, personal

communication.

Received in Cambridge, UK, 5th March 1998; 8/01819G

Fig. 2 The 750 MHz 1H NMR spectrum of a 0.5 mol% solution of H2
16O–

H2
17O–H2

18O in [2H3]nitromethane. The spectrum was recorded at 750
MHz with a sweep width of 5000 Hz, an aquisition time of 8.0 s and 1
transient. (a) The sextet of H2

17O; the intensity of the signals has been
multiplied by 100 compared to the upper trace. The signal due to HDO is
marked by an asterisk (*). The FID was processed using exponential
apodization and Fourier transformed in 128 K. (b) The signals correspond-
ing to H2

16O and H2
18O are separated by an isotope shift equal to 1.1 ppb.

The FID was processed using slight resolution enhancement and Fourier
transformed in 128 K.
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Synthesis and optical resolution of a fluorescent chiral calix[4]arene with two
pyrene moieties forming an intramolecular excimer

Takashi Jin*a† and Kenji Mondeb
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Japan
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An inherently fluorescent chiral calix[4]arene 2 with two
pyrene moieties forming an intramolecular pyrene excimer
has been synthesized and optically resolved by an HPLC
method using a chiral-packed column.

Calixarenes are unique host molecules which have complexing
abilities toward ions and/or organic molecules.1 Recent interest
in the synthesis of calixarenes has focused on chiral species,
since such a chiral host has potential as an enantioselective
artificial receptor of chiral or racemic ligands.2 Chiral calix-
[4]arenes have been produced by the addition of chiral residues
to calix[4]arene skeletons,3 or by the introduction of asym-
metric substituent patterns into the lower rim4 or the phenolic
rings.5 Although more than twenty studies of the synthesis of
chiral calix[4]arenes have been reported, there are only a few
examples of fluorescent chiral calix[4]arenes.4b,5g Fluorescent-
detectable chiral calixarenes have a great advantage in their
high sensitivity as enantioselective sensors of biologically
important organic molecules. Herein we describe a simple
method for the synthesis of a tri-O-alkyated fluorescent chiral
calix[4]arene (ABBH-type) that has two pyrene moieties via a
two-step alkylation of the parent calix[4]arene.

The fluorescent calix[4]arene 2 was synthesised by the
reaction of 1‡ (92 mg) with 2 equiv. (100 mg) of pyren-
1-ylmethyl iodoacetate (Molecular Prob. Inc.) in the presence of
K2CO3 (103 mg) in anhydrous THF (Scheme 1). Racemic
compound 2 was obtained as a white powder (55% yield) after
a simple chromatographic purification. The structure of 2 was
identified by 1H NMR and FD mass spectroscopy.§

The 1H NMR spectrum of 2 showed four singlets for the tert-
butyl groups and four pairs of doublets from the bridging CH2
groups, suggesting that the pyrene moieties were introduced to
the proximal positions of the lower rim and that 2 adopted a
cone conformation. Considering the intensity of the pyrene
protons in the NMR spectrum and the results of the FD mass
spectrum, calix[4]arene 2 should have an ABBH configuration
with two pyrene moieties. To clarify the substituted pattern, a
1H NMR spectrum of 2 in the presence of a chiral shift reagent
was measured. The addition of Pirkle’s reagent
[(S)-(+)-1-(9-anthryl)-2,2,2-trifluoroethanol] to a CDCl3-
solution of 2 caused doubling of the methylene signals of the
OCH2CO groups (d 4.56 and 4.69). This result confirmed that
the substituted pattern of calix[4]arene 2 was of the ABBH type,
not the ABHB type.

Optical resolution of 2 was performed via an HPLC method
using a chiral-packed column (Chiracel OD, Daicel, 0.46 3 25
cm). Fig. 1(a) shows an HPLC chromatogram for the optical
resolution of 2. Up to 1 mg of 2 per injection could be separated
completely in two fractions. To check the enantiomeric
resolution, the first and second fractions were subjected to
circular dichroism (CD) measurements. The CD spectra [Fig
1(b)] were mirror images of each other, indicating that the
compounds from the first and second fractions were optical
isomers.

The fluorescence spectrum of the first fraction was identical
with that of the second fraction. Fig. 2(a) shows the fluores-

cence spectrum of the isomer from the first HPLC fraction. It
shows a dual emission resulting from a pyrene monomer (ca.
390 nm) and excimer (480 nm),6 while the fluorescence
spectrum of pyrene at the same concentration as 2 afforded only
monomer emissions [Fig. 2(b)]. The intensity ratio of the
monomer/excimer emission 2 was less affected by the concen-
tration in the range from 1024 to 1027 mol dm23. This indicates
that the excimer emission results from an intramolecular
excimer, not from an intermolecular excimer.

We examined the fluorescence properties of two enantiomers
(the first and second fractions of 2) toward three chiral guests in
the CHCl3–EtOH (30 : 1) at 25 °C. We found that the intensity
of the excimer emission of 2 (3.9 mmol dm23) increased up to
2-fold by addition of l-phenylalanine methyl ester, l-alanine
methyl ester or l-phenylglycinol in the presence of Na+

(76 mmol dm23). However, differences in the fluorescence
intensities between the two isomers of 2 in the presence of the

Scheme 1 Reagents and conditions: i, pyren-1-ylmethyl iodoacetate,
K2CO3, THF, 15 h
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chiral guests were too small to evaluate the chiral discriminating
ability of 2.

To the best of our knowledge, compound 2 is the first
example of a tri-O-alkylated fluorescent chiral calix[4]arene
(ABBH type). So far, Ba(OH)2 and BaO have been the only
bases that stop the O-alkylation reaction at the tri-O-substituted
stage.7 Shinkai and co-workers have reported an inherently
chiral calix[4]arene of the ABBH type via tri-O-alkylation of
calix[4]arenes using Ba(OH)2, where an excess amount of alkyl
halide (ca. 10 equiv.) was used to accomplish alkylation.4a,c We
found that a tri-O-alkylated chiral calix[4]arene 2 with a cone
conformation could be easily prepared by a stoichiometric
reaction with 1 and pyren-1-ylmethyl iodoacetate in the

presence of K2CO3. Since chiral calix[4]arene 2 has a phenolic
OH group, further modifications of 2 can be easily carried out.
Applications for chiral calix[4]arene 2 are the subject of
ongoing investigation in our laboratory.

This work was supported in part by a Grant-in-Aid from the
Ministry of Education, Culture, and Science, Japan. We thank
Professor M. Takasugi for his kind offer of the chiral-packed
column.
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ArCH2Ar), 4.43, 4.69 (dd, 2 H, OCH2CO), 4.49, 4.56 (dd, 2 H, OCH2CO),
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Tabatabai, F. Ugozzoli, W. Vogt and A. Wolff, J. Org. Chem., 1993, 58,
4023; (f) W. Verboom, P. J. Bodewes, G. van Essen, P. Timmerman, G.
J. Van Hummel, S. Harkema and D. N. Reinhouldt, Tetrahedron, 1995,
51, 499; (g) A. Ikeda, M. Yoshimura, P. Lhotak and S. Shinkai, J. Chem.
Soc., Perkin Trans. 1, 1996, 1945.

6 W. R. Ware, Time-Resolved Fluorescence Spectroscopy in Biochemistry,
ed. R. B. Cundall and R. E. Dale, Plenum, New York, 1983, p. 341; T. Jin,
K. Ichikawa and T. Koyama, J. Chem. Soc., Chem, Commun., 1992,
499.

7 C. D. Gutsche, B Dhawam, J. A. Levine, K. Hyun and L. J. Bauer,
Tetrahedron, 1983, 39, 409; K. Iwamoto, K. Araki and S. Shinkai,
Terahedron, 1991, 47, 4325.

Received in Cambridge, UK, 12th March 1998; 8/01995I

Fig. 1 (a) An HPLC chromatogram for optical resolution of racemic 2.
Column: Chiracel OD (0.46 3 25 cm); eluent: hexane–PrIOH (95 : 5); flow
rate: 0.2 ml min21; T = 40 °C. (b) CD spectra of the enatiometric pair of 2
(CHCl3, 25 °C): (i) first fraction, (ii) second fraction.

Fig. 2 Fluorescence spectra of the isomer (first fraction) of 2 and pyrene in
CHCl3 at 25 °C: (a) [2] = 3.9 mmol dm23, (b) [pyrene] = 3.9
mmol dm23
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Reaction of triphenylbismuthonium 2-oxoalkylides with benzils. A novel
one-pot conversion of symmetrical 1,2-diketones into O-aroyl enolates of
unsymmetrical 1,3-diketones

M. Mizanur Rahman, Yoshihiro Matano and Hitomi Suzuki*†

Department of Chemistry, Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8224, Japan

Triphenylbismuthonium 2-oxoalkylide 1, generated in situ
from the corresponding onium salt 2 and base in THF at low
temperatures, reacts with benzils 3 to give O-aroyl enolates
of unsymmetrical 1,3-diketones 4 in moderate to good
yields.

Ylide chemistry in carbon–carbon bond forming reactions has
long been an active area of organic synthesis. However, in
contrast to the extensive studies and general utility of phosphon-
ium, arsonium and stibonium ylides,1 little attention has been
paid to the bismuthonium ylides.2,3 Recently, we have found
that triphenylbismuthonium 2-oxoalkylides 1 easily couple with
aldehydes and N-sulfonylaldimines to give a,b-epoxy ketones
and a,b-aziridino ketones, respectively.4,5 This reaction mode is
only observed for bismuth among all the group 15 elements;
phosphonium, arsonium and stibonium 2-oxoalkylides are
known to undergo Wittig-type reactions with these substrates.1
Although ylides 1 do not react with simple ketones or esters,
they readily couple with a-dicarbonyl compounds such as ethyl
pyruvate and ortho-quinones, giving the epoxides or tropones
depending on the structure of the substrates employed.6 Here we
report an unexpected result from the reaction of triphenylbismu-
thonium 2-oxoalkylides 1 with benzils 3, where O-aroyl
enolates of unsymmetrical 1,3-diketones 4 are formed via the
carbon-to-oxygen migration of the aroyl moiety.

Treatment of benzil 3 with 1 equiv. of triphenylbismuth-
onium 2-oxoalkylide 1, generated in situ from the correspond-
ing onium salt 2 and a base in THF at low temperatures, readily
gave an intimate E/Z-mixture of O-aroyl enolates 4 and
triphenylbismuthane 5 (Scheme 1).‡ The reaction conditions
were optimized using onium salt 2a and 4,4A-dimethylbenzil 3a
(Table 1). Regardless of the order of adding the base and the
substrate, enolates 4a were obtained in similar yield (entries 1
and 2). Among several bases examined, KOBut gave the best
results (entries 1–6). As for the solvent, a mixed solvent system
THF–CH2Cl2 (1 : 1) gave better yields than THF alone,

probably because of the improved solubility of 2a in the former
solvent (entries 1, 3, 8 versus 5, 6, 9). The stereoselectivity of
the reaction was low, the E/Z isomeric ratio being around 4 : 6.
Benzil 3b, 4,4A-difluorobenzil 3c and 4,4A-dichlorobenzil 3d all
underwent similar coupling reactions to yield the corresponding
enolates 4b–d and bismuthane 5, respectively (entries 7–10). In
contrast, 4,4A-dimethoxybenzil 3e reacted with 2a in the
presence of KOBut to give enolate 4e and triketone 6 in 12 and
10% yields, respectively (entry 11). The reaction between 3c
and ylide 1b, generated in situ from 2b and KOBut, afforded the
corresponding enolate 4f (entry 12).

O-Aroyl enolates 4 obtained were characterized by NMR, IR
and mass spectroscopy as well as by elemental analysis.§ The
1H NMR spectra of 4a–d showed the olefinic protons of the E-
and Z-isomers at around d 6.7–6.9 (in CDCl3) as two singlet
peaks. In the IR spectra of 4a–d, two strong carbonyl

Table 1 Reaction of bismuthonium salts 1 with benzils 3 in the presence of a basea

Entry Salt Benzil Base Solvent Enolate Yield (%)b E : Z ratio

1 2a 3a KOBut THF 4a 53 (86) 42 : 58
2c 2a 3a KOBut THF 4a 55 (85) 42 : 58
3 2a 3a NaN(SiMe3)2 THF 4a 43 (67) 41 : 59
4 2a 3a KN(SiMe3)2 THF 4a 44 (69) 40 : 60
5 2a 3a KOBut THF–CH2Cl2 4a 65 (90) 42 : 58
6 2a 3a NaN(SiMe3)2 THF–CH2Cl2 4a 47 (72) 41 : 59
7 2a 3b KOBut THF 4b 58 (88) 39 : 61
8 2a 3c KOBut THF 4c 55 (78) 50 : 50
9 2a 3c KOBut THF–CH2Cl2 4c 67 (91) 51 : 49

10 2a 3d KOBut THF 4d 63 (88) 45 : 55
11 2a 3e KOBut THF 4e 12 (42)d 40 : 60
12 2b 3c KOBut THF 4f 20 (80) N.d.e

a All reactions were carried out using an equimolar amount of reagents. A 1 : 1 mixture of THF–CH2Cl2 was used in entries 5, 6 and 9. In every case,
bismuthane 5 was recovered in good yield. b Isolated compounds. Numerals in parentheses refer to the conversion yields based on unrecovered benzil.
c KOBut was added to a solution of 2a and 3a in THF at 278 °C. d Triketone 6 was obtained in 10% isolated yield. e Not determined.

Scheme 1
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absorptions were observed at 1746–1760 and 1672–1684 cm21;
the former was assigned to the ester carbonyl and the latter to
the keto carbonyl stretching bands, respectively. These struc-
tural assignments were further confirmed by an X-ray diffrac-
tion analysis of the Z isomer of 4a.¶

In order to shed light on the reaction pathway, competitive
reactions were carried out for the pairs 3a/3b and 3b/3d
(Scheme 2). As expected, the more electron-deficient benzil
was more reactive toward ylide 1a, suggesting that the
nucleophilic attack of the ylide carbanion on the carbonyl
function in 3 is the rate-determining stage of the present
coupling reaction.

The 1,2-diketone structure seems to be indispensable for the
present new type of 1,2-carbonyl transposition; ethyl benzoyl-
formate 7, which is an a-keto ester, reacted with ylide 1a to give
an epoxide 8 (Scheme 3). A plausible reaction mechanism is
depicted in Scheme 4, where the negatively charged oxygen
atom of the initial adduct 9 attacks the neighboring carbonyl
carbon atom to form intermediate 10, in which the carbon-to-
oxygen migration of the aroyl group takes place under
simultaneous elimination of the triphenylbismuthonio group as
bismuthane 5.∑ This interpretation is supported by the following
findings. The Darzen reaction between a-bromopinacolone and
benzil resulted in the formation of a mixture of cis/trans-
2-aroyl-2-aryl-3-pivaloyl oxiranes 11, which did not isomerize
to enolate 4 under the present conditions. Moreover, on
treatment with KOBut, triketone 6 derived from the reaction of
1a and 3e could not be converted to 4e. Therefore, the reactivity
inherent in 1 stands in marked contrast to that of its phosphorus
counterpart, which is shown to undergo the Wittig reaction with
benzil to afford a,b-unsaturated ketones.7

Homologation of 1,2-diketones to 1,3-diketones usually
requires a multistep sequence. However, 1,2-diketones 3 can be

directly transformed into unsymmetrical 1,3-diketones in the
form of enolates 4 using triphenylbismuthonium 2-oxoalkylides
1 as the in situ reagent. This type of carbon–carbon bond
construction based on 1,2-carbonyl migration is unprecedented
in ylide chemistry8 and is a potential new method in organic
synthesis. Further investigation of this aspect of the chemistry
of bismuthonium ylides is now in progress. 
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Evaporation of the solvent under reduced pressure gave an oily residue,
which was chromatographed on silica gel (hexane–EtOAc) triphenylbismu-
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(d, 2 H, J 8); nmax (KBr)/cm21 1746 (CNO), 1684 (CNO); m/z (EI) 279 (M+
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Scheme 2 Reagents and conditions: 2a (1.0 mmol), 3a,b,d (1.0 mmol),
KOBut (1.0 mmol), THF (15 cm3), 278 °C to room temp.

Scheme 3

Scheme 4
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Highly active, stable, catalysts for the Heck reaction; further suggestions on
the mechanism

Bernard L. Shaw,*† Sarath D. Perera and Elaine A. Staley

School of Chemistry, University of Leeds, Leeds, UK LS2 9JT 

Tri(1-naphthyl)phosphine gives palladacycles which are
very active catalysts for Heck reactions; mechanisms based
on a PdII–PdIV cycle are proposed and a new, very efficient
method of separating the product from the catalyst has been
devised, which involves treatment with cyanide ion.

The Heck alkenation reaction [eqn. (1)] is very important in

organic synthesis with many applications. Frequently, a Heck
catalyst has been generated in situ from Pd(OAc)2 and a tertiary
phosphine, L = PPh3 or P(C6H4Me-o)3. This is assumed to give
some PdL2, which forms part of a catalytic cycle involving Pd0–
PdII. Recently, highly efficient catalysts using cyclopalladated
P(C6H4Me-o)3 have been reported.1a,b One of us has suggested
a quite new mechanism for such catalyses with reversible
nucleophilic attack on PdII-coordinated alkene being a key step
in the promotion of oxidative addition of ArX, in a PdII–
PdIV catalytic cycle.2 Previously, as part of an extensive study
on the effects of steric compression, we found that 1-naph-
thylphosphines could give particularly stable metallacycles,3
with metallation in the 8- or peri-position. We have now found
tri(1-naphthyl)phosphine (PNp3) cyclopalladates to give very
stable palladacycles, which are excellent catalysts for Heck
reactions.

On heating PNp3 with Pd(OAc)2 in toluene the metallacycle
1a was obtained. 1a showed broad NMR spectra at 25 °C,
probably due to exchange at the bridging acetates; the spectra
sharpened at 260 °C. Broad NMR spectra were similarly found
for the palladacycles prepared from Pd(OAc)2 and P(C6H4Me-
o)3.1a We treated 1a with acetylacetone and converted it into the
mononuclear acetylacetonate 2a which showed sharp NMR
spectra at 25 °C. 2a can be more conveniently made by treating
[Pd(acac)2] with PNp3 in hot benzene. 2b was similarly
prepared from PNp3 and [Pd(hfacac)2]. We have similarly
cyclopalladated P(C6H4Me-o)3 to give 3a and 3b. All these new
palladacycles have been fully characterised.

The palladacycles 1a, 2a and 2b are excellent catalysts for
Heck reactions. Some of our catalytic results are summarised in
Table 1. Thus treatment of iodobenzene with styrene at 120 °C
for 5 days using 1024 mol% catalyst 2b gave stilbene in 65%
isolated yield, i.e. a turn over number (TON) of 650 000. No
palladium metal was formed and the final reaction solution was
extremely pale yellow. Treatment of iodobenzene with methyl
acrylate at 95 °C for 13 days using 5 3 1025 mol% of catalyst
2b gave methyl cinnamate with a TON of 1 120 000, the highest
turnover number yet reported for a Heck reaction; with 1023

mol% catalyst reacting at 95 °C for 5 d we isolated methyl
cinnamate in 88% yield with a TON of 88 000. Herrmann and
Beller’s catalysts gave TONs of up to 100 000, or in the
presence of much NBu4Br as promoter, 1 000 000; NBu4Br is
expensive and we tried to achieve high TONs without it.
4-Bromoacetophenone reacted with styrene at 125 °C over 7 h
to give 4-acetylstilbene in 94% isolated yield using catalyst 1a
(entry 5); similarly with 4-bromocyanobenzene (entry 6).

Bromobenzene, a relatively inactive bromide, gave a 77% yield
of stilbene after reacting with styrene at 115 °C for 30 h using
catalyst 2b (entry 7). In entry 8 we used sodium acetate as the
base and the acetylacetonate catalyst 2a. Examples of catalyses
using 3a and 3b are also given. The entries given in Table 1 all
refer to isolated yields of crystalline products. Apart from entry
3, where column chromatography was used, and entry 1, the
products were separated from the palladium catalyst using an
extraction process that we have devised. This depends on the
enormous affinity of palladium for cyanide ion: the formation
constant for [Pd(CN)4]22 is ca. 1052.4 The extraction process
works very well for the examples given in Table 1.‡

We suggest a mechanism for the Heck reactions catalysed by
1a, 2a or 2b which is analogous to that proposed by one of us2

for Heck reactions. The mechanism involves PdII–PdIV, with
the alkene coordinating to the PdII being reversibly attacked by
a nucleophile, such as OAc2, acac2, OH2, Br2 or I2, to give a
negatively charged alkyl species 5 in which the PdII is electron
rich and oxidatively adds ArX. Loss of nucleophile regenerates
the coordinated alkene and migration of Ar from PdIV to
coordinated alkene followed by b-hydrogen migration, gives
the product ArCHNCHY and removal of HBr by the base
regenerates the PdII catalyst of type 1, (see Scheme 1).
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In the so-called exceptionally mild ‘Jeffrey’ conditions for
effecting a Heck reaction, viz [Pd(OAc)2], an aryl iodide and an
alkene such as CH2NCHY reacting in dmf at ca. 30 °C in the
presence of sodium hydrogen carbonate or potassium carbonate,
with much added NBu4Cl as phase-transfer catalyst, very good
yields are obtained. One of us suggested that the remarkable
ability of aryl iodide to oxidatively add to PdII at such as low
temperature arises because HCO3

2 or CO3
22 attacks two

coordinated alkenes to give chelated dialkyl species 10a and
11a, X = CO3.2 11a is an ‘ate’ complex with an extremely
electron-rich palladium. We now suggest that under these
conditions the bridging group X could be an oxygen atom,
formed from water + base attacking two coordinated alkenes,
i.e. 10b and 11b. Water is known to promote Heck reactions
including under Jeffrey conditions.5 We suggest that one
function of the large cations such as NBu4

+ is to help stabilise
in solution large anions such as of type 10 or 11 and analogous

species from palladacycles. Because of the beneficial effect of
water we deliberately did not dry our reagents nor the dmf
solvent (!0.1% water). Electron rich ‘ate’ complexes of iron(ii)
or cobalt(ii) e.g. [FeMe4]22 or [CoMe4]22, react with a series of
vinyl bromides, such as b-bromostyrene, even at 278 °C,
undergoing oxidative addition/reductive elimination:6 ‘ate’
complexes of PdII, NiII and PtIV are known. We also suggest that
attack on two-coordinated alkenes by H2O + base could give 12,
as an electron rich PdII complex which oxidatively adds ArX
and which could participate in a catalytic cycle similar to that
shown in Scheme 1. Recently, the very stable and sterically
hindered chelates of type 13 have been shown to be very stable
catalysts for Heck reactions giving very high TON but requiring
high reaction temperatures (140 °C) even with iodides.7 We
suggest a mechanism similar to that shown in Scheme 1 for
catalyses by 13.

Notes and References

† E-mail: b.l.shaw@chem.leeds.ac.uk
‡ For entry 5 the reaction mixture was dissolved in CH2Cl2 (10 cm3) and the
organic layer washed successively with water, with a solution of NaCN (2
mg) in water (5 cm3), with 2 m HCl, and finally with water; evaporation and
crystallisation from MeOH gave the product;. similarly for the other entries.
For syntheses involving methyl acrylate, diethyl ether was used in the work
up. Preliminary work suggests that the treatment with NaCN gives a little
PNp3 but the main product seems to be a rapidly interconverting mixture of
sodium salts of type [Na+]n[Np2PC10H6Pd(CN)n + 1]n2 which is not soluble
in CH2Cl2 or Et2O, is very soluble in MeOH and presumbably sufficiently
soluble in dilute aqueous NaCN; very small quantities are involved,
typically mg of Pd.
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Table 1 Selected results of the Heck reactions catalysed by palladium chelatesa

Entry Aryl halideb Alkene
ArX/alkene
mmol/mmol Catalyst/mmol Time (T/°C) Yield (%) (TON)

1 PhI sty 10/12.5 2b (1025) 5 d (120) 65 (650 000)
2 PhI sty 10/12.5 2b (1023) 17 h (95) 78 (7800)
3 PhI mac 10/10 2b (5 3 1026) 13 d (95) 56 (1 120 000)
4 PhI mac 10/10 2b (1024) 5 d (95) 88 (88 000)
5 bab sty 2/2.6 1a (5.2 3 1023) 7 h (125) 94 (180)
6 bcb sty 2/3 1a (5.2 3 1023) 7 h (125) 85 (165)
7 PhBr sty 10/12.5 2b (1022) 30 h (115) 77 (770)
8 PhI sty 2/2.2 2a (1022) 24 h (95) 56 (115)
9 PhI sty 2/3 3a (7 3 1023) 8 h (95) 83 (240)

10 PhI sty 10/12.5 3b (1022) 4 h (95) 90 (900)
11 PhI mac 2/2.2 2a (1.9 3 1023) 24 h (95) 72 (760)

a Except for entry 8, an equivalent amount of tri-(n-butyl)amine to the aryl halide was used as base; in entry 8, 4 mmol of sodium acetate was used. The catalyst
was dissolved in dmf, e.g. 1 cm3 in entry 1. Experimental details available upon request from the authors. b bab = 4-bromoacetylbenzene, bcb =
4-bromocyanobenzene, sty = styrene, mac = methyl acrylate.

Scheme 1 Proposed mechanism for the Alkenation reaction using a
palladacycle of type 1 or 2 and an aryl bromide. After several cycles the
bromide 1c will be formed and is used in the Scheme. i, CH2NCHY; ii,
reversible attack by nucleophile (OAc2, Br2, acac2 or OH2); attack is
shown on the terminal carbon atom but it could be on the internal carbon;
iii, oxidative addition of ArBr; iv, loss of nucleophile; v, migration of Ar to
terminal carbon; vi, b-hydrogen elimination; vii, removal of HBr by base.
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Synthesis and solid-state structure of [K3(thf)2{PH(Mes)}3]∞ (Mes =
2,4,6-Me3C6H2): the first potassium phosphanide with a polyhedral
arrangement of K and P atoms

Christoph Frenzel, Peter Jörchel and Evamarie Hey-Hawkins*†

Institut für Anorganische Chemie der Universität Leipzig, Talstrasse 35, D-04103, Leipzig, Germany

KPH(Mes) (Mes = 2,4,6-Me3C6H2), prepared from po-
tassium and PH2(Mes) in refluxing toluene, crystallises from
thf–pentane as [K3(thf)2{PH(Mes)}3]∞ 1, in which the basic
structural feature is a chain of tetragonal pyramids of KP5
units, which share common edges, and two additional K
atoms located over two adjacent edges of one trigonal face of
the pyramid.

While lithium phosphanides have been widely employed as
phosphanide-transfer reagents,1 their heavier congeners have
remained largely unexplored. Furthermore, most structural
studies have focused on the solid-state structures of lithium
phosphanides,2,3 and little is known about the structures of the
heavier alkali metal analogues. A few examples of sodium,3,4

potassium,3a,5 and caesium phosphanides4 have been reported,
most of which, like the majority of lithium derivatives, exhibit
dimeric M2P2 arrangements or polymeric one-dimensional
ladders5 consisting of alternating M–P and P–M steps. Lithium
phosphanides also form one-dimensional polymeric zigzag or
helical –M–P–M–P– chains.

In our studies on potential phosphinidene (PR) precursors, we
are interested in the synthesis and solid-state structures of P–H
functionalised alkali metal phosphanides, MPHR. We now
report the synthesis and solid-state structure of
[K3(thf)2{PH(Mes)}3]∞ 1.

When KPH(Mes)‡ is extracted with thf and the solution (10
ml) layered with pentane (10 ml), yellow crystals of
[K3(thf)2{PH(Mes)}3]∞ 1 are obtained on standing for two
weeks at room temperature (yield of isolated product: 80%). 1
is insoluble in toluene or pentane and sparingly soluble in ether,
but dissolves rapidly in thf. The proton-coupled 31P NMR
spectrum§ in thf exhibits a doublet a d2141.6, which is shifted
to low field relative to PH2(Mes) (d 2153.9)6 and
Li(thf)2{PH(Mes)} (d 2163.4).7¶ The 1JPH coupling constant
of 156 Hz is lower than those of PH2(Mes) (207.3 Hz)6 and
Li(thf)2{PH(Mes)} (187 Hz).7

1 crystallises in the centrosymmetric monoclinic space group
P21/n.∑ The asymmetric unit contains three types of potassium
and phosphorus atoms. Potassium atom K(1) is surrounded in a
tetragonal-pyramidal fashion by five P atoms, two of which
[P(1A) and P(2A)] are generated by the 21 axis. Furthermore,
the 21 axis generates a polymeric chain of edge-sharing
tetragonal pyramids in which the apical P atoms alternately
point upwards and downwards (Fig. 1). Potassium atom K(1) is
almost coplanar with P(1), P(2), P(1A), P(2A) (deviation 0.08
Å), and the pyramidal structure is only slightly distorted, the
P–K–P angles ranging from 88.28(4) to 92.32(4)°. The K–P
distances range from 3.306(2) to 3.451(1) Å and are comparable
to those in KPH(Mes*) [Mes* = 2,4,6-But

3C6H2, K–P
3.271(2), 3.181(2), 3.357(2) Å],5 which, however, has an
infinitely extended, centrosymmetric ladder structure, and the
related compound [K(thf)2{P(Mes)(SiFBut

2)}]2 [K–P 3.230(1)
Å].3a Similar K–P distances are also found in
[Cp*2ZrP3K(thf)1.5] [Cp* = C5Me5, K–P 3.37(1)–3.61(1)
Å],8,9 [Cp2ZrH{P(Mes*)}K(thf)2]2 [K–P 3.497(9), 3.67(1) Å],9
a potassium phospholide [K–P 3.264(1), 3.256(1) Å],10 and a

phospholylsamarium complex [(PC4Me4)6Sm2(KCl)2-
(C6H5Me)3]∞ [K–P 3.263(5), 3.383(5) Å].11 In the solid-state
compound KP, a polymeric helical chain of P atoms [1∞ (P2)] is
surrounded by K atoms with short distances of 3.08–3.39 Å, and
longer distances of 3.62–3.86 Å.12

The two remaining potassium atoms of 1, K(2) and K(3), are
located above the adjacent edges, P(3)–P(2A) and P(3)–P(1A),
respectively, of a P3 face of the tetragonal pyramid, with K–P
distances in the expected range of 3.29–3.35 Å (Fig. 1). Both K
atoms interact weakly with a third P atom [K(2)–P(1) 3.669(1),
K(3)–P(2) 3.936(2) Å]. The coordination environment around
the K(2) and K(3) atoms (Figs. 2 and 3) is completed by a
disordered thf molecule and K–aryl interaction [h3 and h1

Fig. 1 Arrangement of the KP5 fragment of 1 (SHELXTL PLUS; XP).15

Only the K, P and H atoms (of P–H) are shown. Selected bond lengths (Å)
and angles (°): K(1)–P(1) 3.368(1), K(1)–P(2) 3.397(1), K(1)–P(1A)
3.364(1), K(1)–P(2A) 3.451(1), K(1)–P(3) 3.306(2); P(1)–K(1)–P(2)
90.88(3), P(2)–K(1)–P(1A) 89.25(4), P(1A)–K(1)–P(2A) 91.46(3), P(2A)–
K(1)–P(1) 88.28(4), P(1)–K(1)–P(1A) 177.25(3), P(2)–K(1)–P(2A)
177.23(3), P(1)–K(1)–P(3) 91.52(4), P(2)–K(1)–P(3) 90.34(4), P(1A)–
K(1)–P(3) 91.23(4), P(2A)–K(1)–P(3) 92.32(4).

Fig. 2 Environment around K(2) (ORTEP, 50% probability, SHELXTL
PLUS; XP).15 Only one position of the disordered thf and the P–H hydrogen
atoms are shown. Selected bond lengths (Å): K(2)–O(1) 2.654(3),
K(2)–P(1) 3.669(1), K(2)–P(2A) 3.354(2), K(2)–P(3) 3.323(2), K(2)–C(31)
3.329(4), K(2)–C(12) 3.199(4), K(2)–C(11) 2.991(3), K(2)–C(16)
3.238(4).
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coordination of the mesityl rings of P(1) and P(3) to K(2), and
h6 coordination of the mesityl ring of P(2) to K(3)] with K–C
distances of 2.991(3)–3.344(4) Å. Similarly, K–aryl interaction
was observed in KPH(Mes*) [h3 coordination of Mes*, K–C
2.884(4)–3.197(4)], which is obtained solvent-free even on
crystallisation from thf–toluene.5

In 1, which was crystallised from thf–pentane, p interaction
with the aryl rings is apparently preferred to coordination of
additional thf molecules. Similarly, p coordination of arene
ligands to potassium11,13 and the heavier alkali metals14 has
often been reported in the literature. The caesium phosphanide
[Cs(thf)0.5P(SiPri

3){Si(F)(Is)2}]∞ (Is = 2,4,6-Pri
3C6H2) also

exhibits h3 and h6 coordination of the aryl rings of the Is
substituents to Cs.4

The alkali metal phosphanide presented here is the first
example of a potassium phosphanide with a polyhedral
arrangement of K and P atoms, in contrast to the corresponding
lithium phosphanide, [Li(thf)2{PH(Mes)}]∞ ,7 which has a
helical one-dimensional Li–P–Li–P arrangement. More in-
formation on the structural diversity of alkali metal phospha-
nides will be needed before the factors that determine the
structural arrangement in the solid state are fully understood.

We gratefully acknowledge support from the Deutsche
Forschungsgemeinschaft and the Fonds der Chemischen In-
dustrie; the company Chemetall provided a generous donation
of potassium metal.
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† E-mail: hey@server1.rz.uni-leipzig.de
‡ The preparations were carried out under argon by Schlenk techniques.
KPH(Mes) was prepared from K (1.00 g, 25.5 mmol) and excess PH2(Mes)6

(4.00 ml) in refluxing toluene (50 ml) (2 days), yield: quantitative.
§ In thf, one drop C6D6 for lock, 25 °C, Bruker DRX Avance 400, 161.9
MHz. 1H NMR (400 MHz, [2H8]thf, 25 °C): d 6.38 (s, 2 H, 2,4,6-Me3C6H2),
2.11 (s, 6 H, o-Me in 2,4,6-Me3C6H2), 2.01 (s, 3 H, p-Me in
2,4,6-Me3C6H2), 1.88 (d, 1 H, P–H, 1JPH 156 Hz). 13C NMR (100.6 MHz,
[2H8]thf, 25 °C): d 20.8 (p-CH3 in 2,4,6-Me3C6H2), 24.9 (o-CH3 in
2,4,6-Me3C6H2), 122.26 (p-C in 2,4,6-Me3C6H2), 127.00 (m-C in
2,4,6-Me3C6H2), 134.22 (o-C in 2,4,6-Me3C6H2), 155.8 (br, ipso-C in
2,4,6-Me3C6H2, no P–C coupling observed). IR for 1 (KBr) cm21: 2316,
2293m (P–H). Mp 189–207 °C.

∑ Crystal data for [K3(thf)2{PH(Mes)}3]∞ : C35H52K3P3, M = 714.98,
yellow crystals, 0.45 3 0.20 3 0.15 mm, monoclinic, space group P21/n
(no. 14), T = 213(2) K, a = 16.511(3), b = 9.692(2), c = 25.337(5) Å, b
= 97.72(3), U = 4017.9(14) Å3, Z = 4, Dc = 1.182 Mg m23, F(000) =
1520, m(Mo-Ka) = 0.486 mm21, 16 463 reflections collected with 1.4 < q
< 26.2°; of these 6909 were independent; 483 parameters, refinements
converge to R1 = 0.0611, wR2 = 0.1175 [for reflections with I > 2s(I)],
R1 = 0.0818, wR2 = 0.1275 (all data). Data (Mo-Ka = 0.710 73 Å) were
collected with a Siemens CCD (SMART). All observed reflections (2q
range: 2.8–52.4°) were used for determination of the unit cell parameters.
The structure was solved by direct methods (SHELXTL PLUS15) and
subsequent difference Fourier syntheses and refined by full-matrix least
squares on F2 (SHELXTL PLUS15); thf treated as disordered groups in two
positions [C(42), C(44), A : B = 43 : 57; C(53), A : B = 73 : 27%]. K, P, O
and C atoms anisotropic, H atoms of CH3 groups and thf in idealized
positions and refined isotropically, H atoms of P–H and C6H2 groups
located and refined isotropically. Empirical absorption correction with
SADABS.16 CCDC 182/876.
¶ As the chemical shifts in the 31P NMR spectra of alkali metal
phosphanides are dependent on concentration, saturated solutions were
always used for NMR spectroscopy. Apparently, the solid-state structure is
not retained in solution, but discrete anions (and, by inference, cations) are
formed.
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Fig. 3 Environment around K(3) (ORTEP, 50% probability, SHELXTL
PLUS; XP).15 Only one position of the disordered thf and the P–H hydrogen
atoms are shown. Selected bond lengths (Å): K(3)–O(2) 2.666(3),
K(3)–P(1A) 3.324(2), K(3)–P(2) 3.936(2), K(3)–P(3) 3.291(2), K(3)–C(21)
3.013(3), K(3)–C(22) 3.076(4), K(3)–C(23) 3.226(4), K(3)–C(24) 3.344(4),
K(3)–C(25) 3.269(4), K(3)–C(26) 3.125(4).
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Selective fluorescence detection of fluoride using boronic acids

Christopher R. Cooper, Neil Spencer and Tony D. James*†

School of Chemistry, The University of Birmingham, Edgbaston, Birmingham, UK B15 2TT

Fluorescent PET (photoinduced electron transfer) sensors
1,2 and 3 with boronic acid receptor units show F2 selective
fluorescent quenching in aqueous solution at pH 5.5.

Neutral and ionic synthetic molecular receptors for anions are
the focus of many research groups. Anion receptors can consist
of protonated nitrogens, metal ions, hydrogen bonding sites and
Lewis acid receptors.1–6 The conversion of binding information
between ions and synthetic molecular receptors into readable
fluorescent outputs has attracted the attention of many research
groups.7–12 There is interest in following the uptake and
metabolism of F2 in both plants and animals and in the analysis
of drinking water. Fluoride concentrations are currently deter-
mined using electrodes prepared from LaF3.13 Electrodes for
determining F2 concentrations are sensitive and selective, but,
under certain circumstances a method for the direct visual-
isation of intracellular F2 would be of great advantage,
especially to analytical biochemists.

The system presented here is based on the Lewis acid–base
interaction between boron and anions. When boron binds with
certain anions the hybridisation changes from sp2 to sp3.14,15

Boron centred fluoride receptors were first studied by Katz, who
trapped fluoride ions between two electron accepting boron
atoms in 1,8-naphthalendiylbis(dimethylborane).16,17 More re-
cently Reetz combined a Lewis acid boron and crown ether to
create a ditopic host for F2 and metal ions.18 Paugam and Smith
have used the tetrahedral fluoride adduct of phenyl boronic acid
with fluoride to accelerate saccharide transport at neutral pH.19

Shinkai and coworkers have recently developed a F2 receptor
based on ferrocene boronic acids, the binding is measured
electrochemically20 or by the colour change of a redox coupled
dye molecule.21

Work by the groups of Czarnik and Shinkai on saccharide
sensors has shown that boronic acids exist as tetrahedral
boronate anions at pH values above their pKa, and that the
tetrahedral boronate anion can quench the fluorescence of
directly attached fluorophores by the mechanism of photo-
induced electron transfer (PET).22,23 With this work we decided
to investigate whether F2 can also quench fluorescence on
formation of a tetrahedral fluoride adduct.

When phenylboronic acid 1‡ and 2-naphthylboronic acid 2‡

are titrated with KF in a 50% (w/w) methanol–water buffer at
pH 5.524 the fluorescence of the phenyl and naphthyl fluoro-
phores decreases with added KF. (lex = 265 nm, lem = 295 nm
and lex = 268 nm, lem = 344 nm, respectively) (Fig. 1). The
experimental curves are fitted best using eqn. (1) assuming
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the formation of a trifluoro tetrahedral boronate (n = 3)25

(Scheme 1). The stability constants K3 determined from the best
fit of these curves are 1.04 3 104 and 1.08 3 104 dm9 mol23

respectively. Compounds 1 and 2 can effectively detect
concentrations of F2 in the range 50–70 mm. Compound 3 was
prepared by alkylating 2-bromomethylphenylboronic acid with
methyl aminomethylbenzene, an analytically pure sample was
obtained by precipitation from CHCl3 by hexane to give a 13%
yield. Compound 3 was specifically designed to increase the
strength of F2 binding relative to compound 1 by virtue of an
additional hydrogen bonding site, which is available when the
amine is protonated. The pKa of the tertiary amine of compound
3 is 5.5, determined from a fluorescence pH titration. At a pH of
5.5 the amine is half protonated and can participate in hydrogen
bonding with F2.8,10 Also at pH 5.5, 3 has a high fluorescence
because PET from the nitrogen is reduced on protonation. When
3 is titrated with KF in a 50% (w/w) methanol–water buffer at
pH 5.524 the fluorescence of the phenyl fluorophore decreases
with added F2. (lex = 270 nm, lem = 309 nm) (Fig. 1). The
experimental curve is fitted best using eqn. (1) and assuming the
formation of monofluoro boronic acid derivative (n = 1)25

(Scheme 1). The F2 stability constant K1 determined from the
best fit of this curve is 101 dm3 mol21. Compound 3 can
effectively detect concentrations of F2 in the range 5–30 mm.
The single fluoride adduct of compound 1 is selectively
stabilised by the additional hydrogen bonding from the
protonated amine of compound 3 (Fig. 2). Titrations were also
carried out using 1, 2 and 3 with KCl and KBr but no change in
fluorescence was observed until very high concentrations of

Fig. 1 Fluorescence intensity log [KF] profile of (8) 1, (Ω) 2 and (2) 3 at
25 °C; 1.63 3 1024 m 1 in 50% MeOH–H2O, pH 5.5, lex = 265 nm, lem

= 295 nm; 1.16 3 1024 m 2 in 50% MeOH–H2O, pH 5.5, lex = 268 nm,
lem = 344 nm; 8.30 3 1025 m 3 in 50% MeOH–H2O, pH 5.5, lex = 270
nm, lem = 309 nm

Scheme 1
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these salts. A similar exclusive selectivity for F2 was observed
by Shinkai and coworkers with ferrocene boronic acid.20

Both 11B (128 MHz) and 19F (376 MHz) NMR experiments
were perfomed to confirm the presence of the F2 adducts
depicted in Scheme 1. The 11B NMR of compound 1 (0.205 m)
in 33% (v/v) methanol-D2O§ at 31 °C shows one boron signal
at d 13.2 relative to an external capillary of BMe3 as reference.
This signal shifted to d 12.0 on addition of 1 equiv. of KF and
to d 7.4 on addition of 5 equiv. of KF. The 11B NMR of 3 (0.137
m) in 70% (v/v) methanol–D2O§ at 31 °C shows two boron
signals at d 14.5 and 2.5 corresponding to free boronic acid (sp2)
and nitrogen coordinated boronic acid (sp3) respectively (At a
pH of 5.5 the nitrogen atom of 3 is not fully protonated). On
addition of 1 equiv. of KF the signal at high frequency moved
to d 13.5 while the other at low frequency remained at d 2.5. On
addition of 5 equiv. of KF only one signal at d 2.5 was observed.
The observed shifts from high to low frequency in the 11B NMR
are consistent with a shift from sp2 to sp3 boron on F2
binding.26

The 19F NMR of compound 1 (0.205 m) in 33% (v/v)
methanol–D2O§ at 0 °C on the addition of 3 equiv. of KF shows
signals at d 2126.9 [KF and RB(OH)2F2], 2137.1
[RB(OH)F2

2] and 2147.5 [RBF3
2] all relative to an external

capillary of CFCl3 as reference. The 19F NMR of 3 (15.7 mm) in
50% (v/v) methanol–D2O§ at 0 °C on addition of 3 equiv. of KF
shows a signal at d 131.6 [KF and RB(OH)2F]. The species
detected by 19F NMR27 are consistent with the F2 adducts
depicted in Scheme 1 and the observed fluorescence behaviour.
This work represents the first example where fluorescence has
been used to detect F2 binding events. The use of these simple
molecules has resulted in high F2 selectivity. We believe that
with appropriate modifications of the Lewis acid and hydrogen
bond donor, F2 selectivity can be fine tuned to any desired F2
concentration range. It is hoped that this work will lead to the
development of fluorescent F2 sensors for a variety of industrial
and medicinal applications.

T. D. J. wishes to acknowledge the Royal Society for support
through the award of a University Fellowship. C. R. C. wishes
to acknowledge the School of Chemistry for support through the
award of a School Studentship.
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§ The pH was adjusted to 5.5 by the addition of HCl.
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Homogeneous ruthenium catalyzed hydrogenation of esters to alcohols‡

Herman T. Teunissen and Cornelis J. Elsevier*†

Institute of Molecular Chemistry, Universiteit van Amsterdam, Nieuwe Achtergracht 166, NL-1018 WV Amsterdam, The
Netherlands

The homogeneous catalytic hydrogenation of aromatic and
aliphatic esters to the corresponding alcohols, by a catalyst
generated in situ from [Ru(acac)3] and MeC(CH2PPh2)3 in
an alcoholic solvent under H2 pressure of 85 bar at
100–120 °C, is described.

The reduction of esters to the corresponding alcohols is an
important reaction which is usually achieved by a stoichio-
metric reaction using lithium aluminium hydride,1 whereas
homogeneous catalytic routes have been scarcely explored.2–4

For aromatic esters, the only example is concerned with the
hydrogenation of dimethyl phthalate (DMP) to phthalide (PHT)

using a ruthenium hydride complex [eqn. (1)];3a PHT was
obtained in a yield of 11.5% after 144 h at 180 °C under a
hydrogen pressure of 130 bar.

Hydrogenation of PHT to 1,2-bis(hydroxymethyl)benzene
(BHB) did not occur due to the absence of electron withdrawing
substituents which enabled the conversion of DMP to PHT.
Therefore, the hydrogenation of unactivated esters to the
corresponding alcohols is one of the most intriguing challenges
in contemporary hydrogenation catalysis. We have recently
reported an important improvement using a catalyst based on
[Ru(acac)3] and MeC(CH2PPh2)3 in methanol,4b for the homo-
geneous hydrogenation of dimethyl oxalate. Now, we wish to
report a catalytic system which is able to catalyse the
hydrogenation of unactivated aromatic and aliphatic esters with
very high turnover numbers.§

From Table 1 it is evident that the hydrogenation of DMP to
give mainly PHT is feasible under relatively mild conditions
(entry 1) employing a system consisting of [Ru(acac)3] and
MeC(CH2PPh2)3 in methanol. The catalytic activity (expressed
as turnover number, TON) appeared to be strongly influenced
by additives. Compared to entry 1, a negative effect is observed
with Zn as an additive (entry 2) while positive effects are
observed with NEt3 (entry 3) and HBF4 (entry 4). A further

improvement is observed when the solvent MeOH is replaced
by propan-2-ol (IPA). The combination IPA–HBF4 shows the
highest catalytic activity and gives rise to formation of BHB in
high yield (entry 5) which was not observed in any previous
experiment. Comparing our system with that of Matteoli et al.3a

(entry 6) shows that we have achieved a considerable improve-
ment with respect to turnover numbers and turnover frequencies
under relatively mild conditions.

Next, we applied our system to the hydrogenation of benzyl
benzoate (BZB, an unactivated ester) which is difficult to
hydrogenate to benzyl alcohol (BZOH) (Table 2). In the
presence of HBF4 or NEt3, we could achieve a TON of 33 (entry
1) and 105 (entry 2), respectively at 120 °C for this conversion.
Furthermore, we investigated the influence of fluorinated
alcohols on the hydrogenation of benzyl benzoate. These
investigations were based on the results of Grey et al.,2 who
found that an ester is more easily hydrogenated when electron
withdrawing substituents are present. Therefore, we postulated
that an integration of transesterification (using e.g. 2,2,2-tri-
fluoroethanol) and hydrogenation would lead to a substantial
increase in catalytic activity due to substrate activation [eqn.
(2)].

The hydrogenation of BZB to BZOH in 2,2,2-trifluoro-
ethanol (TFE) at 120 °C turned out to be very successful (Table
2) and seems to confirm our hypothesis. Compared to the
experiments in propan-2-ol (entry 2) the catalytic activity in
TFE has drastically increased reaching a turnover number of
nearly 900 in the presence of NEt3 (entry 3). At 100 °C the
catalytic activity was significantly lower, as expected (entry 4).
Hydrogenation of BZB does not occur in the presence of HBF4
(entry 5). Instead, three other products are formed: 2,2,2-tri-
fluoroethyl benzoate, benzoic acid and a polymeric material.
The formation of benzoic acid (82% isolated yield, TON 1412)
was unexpected and is not readily explained. Hydrogenolysis of
benzyl esters using heterogeneous palladium catalysts is
common5 but unprecedented for ruthenium complexes. Subse-
quently, the hydrogenation of BZB was carried out in
1,1,1,3,3,3-hexafluoropropan-2-ol (FIPA) which gave even

Table 1 Hydrogenation of DMP with the [Ru(acac)3]–MeC(CH2PPh2)3 systema

Entry DMP/mmol [Ru(acac)3]/mmol Additive/mmol Conv. (%) Yield PHTb (%) Yield BHBb (%) TON TOF/h21

1 1.16 19.1 — 31 30 1 19 1.2
2 1.00 18.3 Zn (0.82) 25 18 0 10 0.6
3 1.05 15.3 NEt3 (22.70) 87 82 0 56 3.5
4 1.14 17.1 HBF4 (0.82) 91 79 0 53 3.4
5 1.17 18.1 IPAc + HBF4 (0.27) 100 18 78 103 5.6
6 30.9 [Ru4H4(CO)8(PBu3)4]d 21 12 0 51 0.4

a Conditions: 100 °C; 85 bar H2; 16 h; 1.15–1.65 equiv. MeC(CH2PPh2)3 in MeOH (12 ml). b Yield determined by GC or NMR (entry 5). c Propan-2-ol (12
ml, instead of MeOH). d From ref. 3(a); T = 180 °C; p(H2) = 130 bar, 144 h.
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d – d +better results. Hydrogenation of BZB in FIPA occurs with a
turnover number of > 2000 (entry 6), which is an enormous step
forward in the homogeneous catalytic hydrogenation of un-
activated esters. This result was completely unexpected and
contradicts the hypothesis of transesterification prior to hydro-
genation. In principle, a primary alcohol such as TFE should
give rise to transesterification more easily than a secondary
alcohol like FIPA.6 In view of these facts we suggest that the
high catalytic activity in FIPA is due to ionic hydrogenation
(vide infra) rather than to an integration of transesterification
and hydrogenation. Compared to the experiment in FIPA, a
mixture of TFE and FIPA exhibited a slightly lower activity
(entry 8), which also raises objection to our initial hypothesis.
Finally, we investigated the possibility of transfer hydro-
genation (entry 7). The low catalytic activity in this case
emphasizes that a substantial hydrogen pressure is necessary for
successful catalysis. Possibly, the ruthenium catalyzed oxida-
tive transformation of BZOH to BZB7 becomes feasible in the
absence of hydrogen pressure thus obstructing a successful
transfer hydrogenation.

Using the optimized catalytic system for the conversion of
BZB (FIPA, entry 6), we explored the scope of this system using
dimethyl maleate (DMM) [eqn. (3)] and methyl palmitate (MP)
[eqn. (4)] as substrates. The results show that our system is able

to catalyze the hydrogenation of these substrates to the
corresponding alcohols with, compared to BZB, a high activity
for DMM (entry 9) and a slightly smaller activity for MP (entry
10). Altogether we can conclude that efficient hydrogenation of
unactivated aromatic and aliphatic esters is possible using
[Ru(acac)3] and MeC(CH2PPh2)3 in FIPA at 120 °C. Possibly,
the remarkable activity in TFE and FIPA compared to IPA is
related to the pKa of the alcohols and not to transesterification.
Berke and Burger showed that phenol8a and FIPA8b drastically
influence the rate of insertion of aldehydes into the W–H bond
in tungsten nitrosyl complexes. This influence was explained by
ionic hydrogenation (via A).

A comparable complex has been reported recently for a
ruthenium hydride complex and FIPA.8c The unique features of
our catalytic system are ascribed to ionic hydrogenation of the
ester. Investigations pertaining to the mechanism of the
hydrogenation of esters are currently in progress in our
laboratory.

We gratefully acknowledge stimulating discussions with Dr
J. G. de Vries (DSM, Geleen, NL) and Dr M. J. Doyle (SRTCA,
Amsterdam, NL).
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Table 2 Hydrogenation of esters in fluorinated alcoholsa

Entry Substrate/mmol [Ru(acac)3]/mmol Additive/mmol Solvent Conv. (%) Productb Yieldc (%) TON

1 BZB (1.3) 21.3 HBF4 (0.42) IPA 63 BZOH 56 33
2 BZB (4.2) 18.3 NEt3 (0.34) IPA 87 BZOH 82 105
3 BZB (30.5) 18.1 NEt3 (2.60) TFE 65 BZOH 53 896
4d BZB (17.3) 18.1 NEt3 (2.46) TFE 43 BZOH 23 219
5 BZB (29.5) 17.1 HBF4 (0.47) TFE 87 BZA 82e 1412
6 BZB (28.4) 13.1 NEt3 (2.58) FIPA 97 BZOH 95 2071
7f BZB (25.9) 20.1 NEt3 (2.55) FIPA 7 BZOH 1 12
8 BZB (31.0) 10.8 NEt3 (2.72) FIPA–TFE 75 BZOH 67 1909
9 DMM (14.2) 14.1 NEt3 (2.76) FIPA 100 BDO 100 2019g

10 MP (8.3) 13.1 NEt3 (2.66) FIPA 94 HDO 94 596

a Conditions: 120 °C; 85 bar H2; 16 h; [Ru(acac)3]; 1.15–1.65 equiv. MeC(CH2PPh2)3. b Apart from the alcohol, significant formation of transesterification
product was observed: entry 3 (8%); entry 4 (16%); entry 5 not determined; entry 7 (1%); entry 8 (4%). c Yield determined by 1H NMR. d T = 100 °C.
e Isolated yield. f p(H2) = 0 bar. g The hydrogenation of the CNC bond is not included in the turnover number.
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Scanning tunnelling microscopy investigation of sintering in a model supported
catalyst: nanoscale Pd on TiO2(110)

Peter Stone, Stephen Poulston, Roger A. Bennett and Michael Bowker*†

Catalysis Research Centre, Department of Chemistry, University of Reading, Whiteknights Park, Reading, UK RG6 6AD

Vacuum annealing of metal vapour deposited Pd on
TiO2(110) results in particle formation and sintering with an
increase in both the diameter and height of the particles
measured using STM.

Metal vapour deposition on oxide single crystals provides a
methodology for generating model catalysts which can be
studied using conventional surface science techniques.1,2 Of the
wide range of techniques available scanning probe microscopy
(SPM) is particularly valuable in that it allows the morphology
and size distribution of metal particles on single crystal surfaces
to be measured directly. The nucleation and growth of
palladium on titania has previously been studied using STM by
Goodman and coworkers3 and Thornton and coworkers.4 Here,
we report the application of scanning tunnelling microscopy
(STM) to the investigation of the sintering of Pd particles on
TiO2(110) upon heating in vacuum. STM is particularly
advantageous compared to TEM as it measures the height of
every particle in the scanned area. The magnitude of the
reactivity relates to the area of supported particles which is
available for reaction, and in this case particle–particle
interactions in which size and shape distributions change will
crucially affect the total reactivity. For example, sintering of
small particles to form larger particles reduces the total surface
area of the supported metal and results in a concomitant loss in
catalytic activity. We present STM observations of the variation
in particle size and height distributions and relate the observa-
tions to sintering. Annealing temperatures of 473 and 973 K
correspond to the Hüttig and Tamman temperatures for Pd and
roughly correspond to the expected onset of metal adatom and
metal nanoparticle mobility respectively.5 These observations
represent the first analysis of the sintering process in this system
by STM and the results are expected to be general for a wide
variety of other systems.

Pd overlayers were prepared by Pd vapour deposition onto
the TiO2 surface at ca. 300 K. The Pd source consisted of a Pd
wire wound tightly around a W filament. The TiO2(110) surface
was prepared by repeated sputter-anneal ( > 973 K) cycles to
produce a slightly streaky (in the < 110 > direction) (1 3 1)
LEED pattern indicating the surface was slightly reduced. Pd
deposition was monitored using Auger electron spectroscopy
with the amount of Pd estimated from a calibration experiment
of Pd deposition on Cu(110). The rate was estimated to be 2 3
1023 ML s21 where 1 ML is 1.1 3 1015 atoms cm22. The
growth mode of Pd on TiO2(110) at 300 K has been established
to be of the classical nucleation type where Pd monomers are
mobile while dimers form stable nuclei for subsequent growth
in the Volmer–Weber mode (3D-islanding).3

Deposition of > 1.5 ML Pd produced continuous, though
rough Pd films which could be imaged in the STM. Annealing
to 473 K produced particulate films, which is consistent with
surface Pd mobility (Hüttig temperature) as small particles have
been formed from a thin film. Deposition of < 1.5 ML produces
particles in the as-deposited overlayer. Fig. 1 shows STM
images of 1.7 ML Pd on TiO2 which has been vacuum annealed
to (a) 473 K for 15 min and then (b) 973 K for a further 15 min.
The Pd particles in Fig. 1(a) form a fairly homogeneous
overlayer with some variation in particle size and height. This

can be seen more quantitatively in Fig. 2 which shows (a) the
particle size and (b) height distributions for this overlayer at this
and two higher annealing temperatures (773 and 973 K). The
same surface annealed to 973 K, Fig. 1(b), displays a
significantly changed particulate array. The Pd particles show a
reduction in particle number density from 7.5 3 1022 to 6 3
1023 nm22 and display a much greater variety in size and height
(Fig. 2). This change is characteristic of particle sintering as a
result of mass transport of Pd particles on the surface (Tamman
temperature). We believe that the mechanism of sintering in this
system is by coalescence, that is, two or more particles join
together to form the larger particles. Fig. 1(b) shows evidence of
coalescence of the particles, in this image it is clear to see that
some of the particles have merged together (see regions 1 and 2
on the image). In addition, if Ostwald ripening was the
mechanism, we would expect to see smaller particles at some
stage during the sintering process, which is not observed. The
mean (s.d.) particle diameter varies between 42 (10 Å) after
annealing at 473 K to 56 (11 Å) at 773 K and 87 (15 Å) at 973

Fig. 1 STM images of 1.7 ML Pd on TiO2(110) after annealing for 15 min
at (a) 473 K (sample bias 0.5 V, tunnelling current 1 nA) and (b) 973 K
(sample bias 2 V, tunnelling current 1 nA). The scan area of each image is
998 3 998 Å.
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K. The corresponding mean particle heights are 7.3 (2.7 Å), 6.8
(2.4 Å) and 16.6 (6.2 Å). The standard error for the mean
particle diameter and height is (±1 Å) and (±0.5 Å) re-
spectively.

At Pd coverages of 5 ML the same analysis of particle size
with annealing temperature was not possible as well defined
particulate arrays were not formed until the surface was
annealed to 973 K. Other Pd coverages between 0.6 and 3 ML
display the same trend on annealing as that shown above for the
case of 1.7 ML though the measured particle densities after
annealing to 973 K decrease with decreasing Pd coverage. After
annealing at 973 K for lower Pd coverages it is possible to
image the clean (1 3 1) surface between the particles.

In summary, we have investigated the sintering of particles in
a model catalyst system, Pd on TiO2. The as-deposited film
displays little structure but annealing to 473 K produces distinct
clusters, while further annealing at 973 K results in the sintering

of these particles which we believe to be by the mechanism of
coalescence.
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Fig. 2 Particle size distributions for 1.7 ML Pd on TiO2(110) annealed to three different temperatures; 473, 773 and 973 K. (a) Size (diameter) and (b) height
of particles.
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Cationic amphitropic gemini surfactants with hydrophilic oligo(oxyethylene)
spacer chains

Michael Dreja,† Susanne Gramberg and Bernd Tieke*‡

Institut für Physikalische Chemie der Universität zu Köln, Luxemburger Straße 116, D-50939 Köln, Germany
New gemini diammonium surfactants have been synthesized

in which the spacer chain consists of oligo(oxyethylene) units
and which exhibit thermotropic liquid crystalline lamellar a
and b as well as lyotropic mesophases.

Surfactant molecules usually consist of a hydrophilic headgroup
attached to a hydrophobic alkyl chain. They self-assemble into
micellar and lyotropic liquid crystalline mesophases when
mixed with water. If the self-organization process occurs on
heating, thermotropic liquid crystalline phases are often ob-
served. Many amphiphilic compounds can form thermotropic as
well as lyotropic mesophases, and therefore they are labelled as
amphitropic.1 Recently, bis(quaternary ammonium) surfactants
(‘gemini surfactants’) have been prepared, in which two
hydrophilic headgroups are linked via a hydrophobic alkylene
or heteroatom-modified spacer chain.2,3 Here we report on a
new series of amphitropic gemini surfactants (12-EOx-12) in
which hydrophilic headgroups as well as hydrophilic spacer
chains are simultaneously present for the first time. A study of
the effect of the hydrophilic oligo(oxyethylene) spacer length
on the amphitropic aggregation is presented.

Gemini surfactants 12-EOx-12 with x = 2–5 were obtained in

two steps via bromination of the corresponding oligo(oxy-
ethylene)glycols HO–(CH2)2–(EO)x–OH (0.1 mol) with PBr3
(0.15 mol) in dry dioxane.4 The resulting dibromides (0.06 mol)
were quaternized with N,N-dimethyldodecylamine (0.13 mol)
under reflux in anhydrous EtOH for two days. Evaporation
yielded white solids which were recrystallized at least three
times from ethyl acetate to give the desired products in good
yields (50–70%). For comparison, 12-EOx-12 with x = 0 or 1
were also prepared.2,3a The purity of all compounds was
confirmed by elemental analysis and 1H NMR spectroscopy.§

The thermotropic behaviour of the surfactants was charac-
terized using polarized optical microscopy (POM), differential
scanning calorimetry (DSC) and X-ray diffraction (XRD). The
surfactants with x @4 form one or two mesophases on heating,
either an Lb (viscous neat) or an La (smectic A) phase. The
transition temperatures as well as the transition enthalpies are
compiled in Table 1. The results were taken from the first DSC
heating runs because the compounds are thermally unstable at
high temperatures and partially decompose. Subsequent DSC
scans are therefore significantly changed, as similarly observed
by Fuller et al. for a series of conventional gemini surfactants.5a

The first heating scans were always reproducible. For 12-EO0-
12, two mesophases were observed, while 12-EO1-12 shows
only one mesophase. For 12-EO2-12, again two mesophases
occur. 12-EO3-12 and 12-EO4-12 show a single mesophase
each and clearing temperatures much lower than those of the
compounds with shorter spacer chains. For 12-EO5-12, no
thermotropic mesophase was observed. This may be due to the
higher flexibility of the spacer chains introduced by the

additional oxygen atoms.
In Fig. 1, the first DSC heating run for 12-EO2-12 is shown

as a typical example. The four phase transitions are clearly
recognizable. The occurrence of the mesophases was further
identifed by the characteristic textures to be seen in the POM. In
the case of 12-EO0-12 and 12-EO1-12, the optical textures are
not easily discernable, since the materials exhibit a very high
viscosity. Only after long thermal or mechanical treatment,
birefringent cloudy textures occurred resembling that of a
viscous neat phase. This effect was also reported for gemini
surfactants with hydrophobic spacer chains.5a In contrast, the
textures formed immediately for the compounds with x being
2–4. In Fig. 2(a) and (b), the fan-like textures of the viscous neat
phase of 12-EO2-12 at 120 °C and the mosaic texture of its
smectic A phase at 180 °C are shown. Upon shearing, the
mosaic texture at 180 °C is converted into oily streak
textures.

The assignment of the mesophases was confirmed using
XRD. The XRD spectrum of Fig. 3 indicates that the crystalline
phase of 12-EO2-12 has a layered structure with a period of 24.8

Table 1 Transition temperaturesa (°C) of compounds 12-EOx-12 and DH
(kJ mol21) in parentheses determined by DSC at heating rate 10 °C
min21

x K1 K2 Lb La I

0 4 88.7 (64.8) 4 97.4 (19.2) 4 151.5 (9.3) 4 204.0 (nd) 4
1 4 31.3 (70.9) 4 > 230 (nd) 4
2 4 33.1 (1.0) 4 82.7 (104.9) 4 150.5 (13.0) 4 196.7 (5.2) 4
3 4 31.3 (1.1) 55.4 (67.2) 4 79.4 (1.0) 4
4 4 34.2 (1.7) 4 83.0 (26.5) 4 120.8 (73.3) 4
5 4 32.9 (1.1) 4 81.9 (64.4) 4

a K = crystal; Lb, La = lamellar mesophases; I = isotropic liquid; nd = not
determined.

Fig. 1 First DSC heating scan of 12-EO2-12 at 10 °C min21
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phase of 12-EO2-12 has a layered structure with a period of 24.8
Å. The splitting of the low angle peak may indicate the presence
of two coexisting crystalline modifications. At 120 °C, the
typical diffraction pattern of an Lb phase is apparent,6 indicating
that the alkyl chains attain a hexagonal packing with fully
extended chain conformation. The layer period is increased to
26.7 Å. At 180 °C, 12-EO2-12 adopts a smectic A structure6

indicating a disordered, liquid-like conformation of the alkyl
chains and a layer period of 28.6 Å. Compared with a fully
extended molecule (45.4 Å) or two extended C12 chains (33.4
Å), the repeat distance is much smaller. Therefore, we assume
an interpenetrating bilayer structure, as similarly proposed for
conventional gemini surfactants5 and U-shaped benzimidazo-
lium salts reported recently.7 For the La-phase of 12-EO3-12, a
period of 29 Å was found, while 12-EO4-12 has a layer spacing
of 25.2 Å in the viscous neat phase. Both values are very similar
to that of 12-EO2-12 and indicate the same structural arrange-
ments in the mesophases.

For all compounds, hexagonal (H1), cubic (V1) and lamellar
(La) lyotropic mesophases were observed in water at certain
concentration intervals in the temperature range from 25 to
100 °C using the contact preparation technique. Lyotropic phase
behaviour sets in at concentrations above 36 (x = 0) to 66 wt%
(x = 5). The hexagonal phase is stable in the whole temperature
range for all surfactants except for x = 0, where it disappears
above 50 °C. The bicontinuous cubic phase is formed for
12-EOx-12 with x = 2–4 between 25 and 100 °C, for x = 0 only
above 35 °C, and for x = 1, 4 above 50 °C. For x = 0, the
lamellar phase occurs above 65 °C, for x = 1 above 50 °C and
for x = 2 above 40 °C. For x = 4 it is stable during the whole
temperature range and for x = 3, 5, only until the transition to
the isotropic melt occurs (see Table 1).

In summary, the mesophase behaviour of the 12-EOx-12
compounds is rather complex. Compared to geminis with short
and hydrophobic spacer units, the 12-EOx-12 compounds with x
! 2 form thermotropic liquid crystalline phases quite readily,
which can be easily identified. Therefore, such compounds may
be useful as solvents for chemical reactions or as templating
agents in the synthesis of inorganic materials. The lyotropic
mesophase behaviour of the surfactants is also of considerable
interest, since gemini surfactants with a hydrophobic spacer
chain have been found to form ternary polymerizable micro-
emulsions with styrene in water.8 Gemini surfactants with
hydrophilic oligo(oxyethylene) spacer are expected to exhibit
similar or even improved properties due to a higher flex-
ibility.

Financial support by the Deutsche Forschungsgemeinschaft
(project Ti219/5-1) is gratefully acknowledged.
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§ Selected data for 12-EO2-12: C34H74N2O2Br2 (702.28) (Calc. C, 58.11; H,
10.61; N, 3.99. Found C, 57.97; H, 10.75; N, 4.13); dH(300 MHz, CDCl3)
0.85 (t, 6 H), 1.22, 1.32 (s, m 36 H), 1.7 (m, 4 H), 3.40 (s, 12 H), 3.54 (m,
4 H), 3.75 (s, 4 H), 3.90 (m, 4 H), 4.10 (m, 4 H); 12-EO3-12:
C36H78N2O3Br2 (746.84) (Calc. C, 57.90; H, 10.53; N, 3.75. Found C,
57.48; H, 10.54; N, 3.76); dH(300 MHz, CDCl3) 0.85 (t, 6 H), 1.22, 1.32 (s,
m 36 H), 1.70 (m, 4 H), 3.41 (s, 12 H), 3.54 (m, 4 H), 3.61 (m, 4 H), 3.72
(m, 4 H), 3.90 (m, 4 H), 4.08 (m, 4 H). 12-EO4-12: C38H82N2O4Br2 (790.89)
(Calc. 57.71; H, 10.45; N, 3.54. Found C, 57.81; H, 10.60; N, 3.67); dH(300
MHz, CDCl3) 0.85 (t, 6 H), 1.22, 1.32 (s, m 36 H), 1.70 (m, 4 H), 3.42 (s,
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C40H86N2O5Br2 (834.94) (Calc. C, 57.54; H, 10.40; N, 3.36. Found C,
57.37; H, 10.59; N, 3.44) dH(300 MHz, CDCl3) 0.85 (t, 6 H), 1.22, 1.32 (s,
m 36 H), 1.70 (m, 4 H), 3.42 (s 12 H), 3.6 (m, 16 H), 3.72 (m, 4 H), 3.88 (m,
4 H), 4.08 (m, 4 H).
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Fig. 2 Polarizing micrographs of the fan-like texture of 12-EO2-12 at 120 °C
(a) and of the mosaic textures at 180 °C (b)

Fig. 3 XRD spectra of 12-EO2-12 at 25, 120 and 180 °C
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The uranium(IV) triflates [U(Cp*)2(OTf)2], [U(Cp)2-
(OTf)2(py)], [U(Cp)3(OTf)], [U(cot)(OTf)2(py)] and
[U(OTf)4(py)] have been synthesized by protonation of
amide or alkyl precursors with pyridinium triflate; the
crystal structures of [U(Cp*)2(OTf)2(OH2)] and [U(Cp)3-
(OTf)(CNBut)] have been determined.

Transition metal triflates (trifluoromethanesulfonates) are much
considered as Lewis acid catalysts in a variety of organic
reactions, as well as precursors in inorganic and organometallic
synthesis.1 While the utility of lanthanide triflates has been
clearly recognized in recent years,2 scant attention has been paid
to the actinide counterparts; a few thorium(iv) triflates have
been reported3,4 and the only uranium triflates are uranyl
derivatives.5 Here, we present the first uranium(iv) triflates,
[U(OTf)4(py)], and a series of cyclopentadienyl and cycloocta-
tetraene derivatives; these were conveniently synthesized by
using the pyridinium triflate as a novel reagent for the
protonolysis of U–C and U–N bonds. We also describe the
crystal structures of [U(Cp*)2(OTf)2(OH2)] and [U(Cp)3-
(OTf)(CNBut)].

We first tried to prepare the cyclopentadienyl complexes
[U(Cp*)2(OTf)2] 1 and [U(Cp)3(OTf)] 2 since [U(Cp*)2X2] and
[U(Cp)3X] compounds are regarded, for most X groups, as
models in organouranium chemistry. In an NMR test experi-
ment, [U(Cp*)2Me2] was treated at 20 °C in toluene with 2
equiv. of HOTf; immediate evolution of gas was observed and
the spectrum showed a new single signal at d 20.1, correspond-
ing to the Cp* groups. The solution was evaporated and
crystallization of the red–brown powder from thf–pentane gave
a few crystals of [U(Cp*)2(OTf)2(OH2)]; these were charac-
terized by X-ray crystallography (vide infra). Difficulties were
encountered when the above reaction was performed in a
preparative scale; products resulting from protonation of Cp*
ligands were also formed in variable yields. Other attempts to
prepare 1 by treating the complexes [U(Cp*)2X2] (X = Me,
NMe2, Cl) with AgOTf in thf or benzene were unsuccessful;
complicated mixtures were obtained and thf was quickly
polymerized. We found that the best way to obtain complex 1
was the reaction of [U(Cp*)2Me2] with PyHOTf, which could
be easily reproduced, and gave 1 in satisfactory yield. A
solution of the pyridinium salt (219 mg) in thf (25 cm3) was
slowly added to the bis(alkyl) complex (215 mg) in thf (20 cm3)
at 270 °C; the mixture was stirred for 1 h at 20 °C and after
evaporation to dryness, the red–brown powder was extracted in
toluene and washed with pentane (78% yield). Similar treatment
of [U(Cp*)2(NMe2)2] also gave 1 in good yield. By following
the same procedure, the organouranium compounds [U(Cp)3X]
(X = NEt2, Bun), [U(Cp)2(NEt2)2] and [U(cot){N(SiMe3)2}2]
were transformed into [U(Cp)3(OTf)] 2 (brown, 93%), [U(C-
p)2(OTf)2(py)] 3 (orange, 60%) and [U(cot)(OTf)2(py)] 4
(brown, 92%), respectively. It is noteworthy that 3 was stable
towards ligand exchange reactions, whereas [U(Cp)2Cl2] and its
Lewis base adducts could not be isolated.6 In the presence of an
excess of ButNC in thf–pentane, 2 was converted into
[U(Cp)3(OTf)(CNBut)], the crystal structure of which was

determined (vide infra); interestingly, the triflate group of 2 was
not displaced by the isocyanide molecule.

The pyridinium triflate proved thus to be very efficient in the
protonolysis reactions of U–C and U–N bonds. In contrast to
triflic acid, this commercial powder is not hygroscopic, does not
polymerize thf, can be stored for a long time and is easy to
handle. This reagent was also useful to prepare a pyridine
adduct of the homoleptic uranium(iv) triflate [U(OTf)4] while
more classical routes, by reacting UCl4 with HOTf or AgOTf,
were not straightforward. The complex [U(OTf)4(py)] 5 was
synthesized in 76% yield by treating the metallacycle [U{N-
(SiMe3)(SiMe2CH2)}{N(SiMe3)2}2] (250 mg) with PyHOTf
(319 mg) in pyridine (20 cm3). The solution was heated at
110 °C for 20 h and after partial evaporation and addition of
diethyl ether, deposited a green microcrystalline powder.
Complex 5 would be a useful precursor for the synthesis of
organometallic derivatives. For example, its reactions with
K2cot or [U(cot)2] in thf afforded 4 in almost quantitative yield
(NMR experiments), providing a new access to monocycloocta-
tetraene uranium compounds; it is noteworthy that the chloride
analogue [U(cot)Cl2(thf)2] could not be obtained by similar
treatment of UCl4.7

Complexes 1–5 were characterized by elemental analyses (C,
H, N or S) and 1H NMR spectroscopy.‡ Besides a dimeric
triflate bridged thorium compound,3 [U(Cp*)2(OTf)2(OH2)]
and [U(Cp)3(OTf)(CNBut)] are the only actinide(iv) triflates to
have been crystallographically characterized; the bis(triflate)
derivative is also, from the data of the CCDC, the first
structurally characterized organouranium compound with a
coordinated H2O molecule. The structures are shown in Fig. 1
and 2 together with selected data.§ The monomeric complexes
adopt, respectively, a bent-sandwich configuration with an
unsymmetrical arrangement of OTf and H2O ligands in the

Fig. 1 X-Ray crystal structure of [U(Cp*)2(OTf)2(OH2)]. Displacement
ellipsoids are shown at the 33% probability level. Selected bond distances
(Å) and angles (°): U–O(1) 2.36(1), U–O(4) 2.40(1), U–O(7) 2.57(2),
O(1)–S(1) 1.48(1), O(4)–S(2) 1.45(1); O(1)–U–O(4) 74.8(6), O(1)–U–O(7)
70.2(6), O(4)–U–O(7) 145.0(6), U–O(1)–S(1) 154.3(9), U–O(4)–S(2)
173.7(9).
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equatorial girdle,8 and a nearly ideal trigonal bipyramidal
structure with the Cp groups occupying the equatorial vertices.9
Coordination of H2O and ButNC to the UIV centre is
unexceptional, with U–O(7) and U–C(21) bond distances of
2.57(2) and 2.59(2) Å. In both compounds, the triflate ligands
are monodentate and, as expected for this weakly nucleophilic
group, the U–O bond lengths which average 2.42(6) Å are
longer than usual U–O s bond distances (2.0–2.2 Å). In the
bis(triflate) compound, the U–O–S angles are inequivalent and
rather obtuse, with U–O(1)–S(1) and U–O(4)–S(2) equal to
154.3(9) and 173.7(9)°, respectively; similar structural features
were previously noted in the yttrium complex
[Y{C6H12N3(CH2CONH2)3}(OTf)2(H2O)][OTf].10

In conclusion, the first uranium(iv) triflates were prepared by
protonolysis of alkyl and amide precursors with pyridinium
triflate; this convenient and efficient reaction should be of
general interest for the synthesis of metal triflates. By
comparison with their chloride analogues, uranium triflates
should exhibit distinct structure and reactivity patterns, and
open new perspectives in actinide chemistry.
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‡ Characterising data: 1H NMR (200 MHz, 30 °C, [2H8]thf). 1, d 20.1 (s,
Cp*); 2, d 22.45 (s, Cp); 3, d 11.2 (10 H, Cp), 8.85, 8.8 and 6.9 (5 H, py);
4, d 7.6, 7.4 and 6.9 (5 H, py), 237.5 (8 H, s, cot); 5, d 8.8, 7.85 and 7.3 (py).
Elemental analyses (%) (calculated values in parentheses). 1: C, 32.8
(32.75); H, 3.75 (3.75); S, 7.85 (7.95). 2: C, 32.85 (33.0); H, 2.7 (2.6). 3: C,
26.65 (27.4); H, 2.0 (2.0); N, 2.05 (1.9), 4: C, 25.0 (25.0); H, 1.9 (1.8); N,
2.1 (1.95). 5: C, 12.05 (11.85), H, 0.7 (0.55); N, 1.6 (1.55).
§ Crystal data for [U(Cp*)2(OTf)2(OH2)]: C22H32F6O7S2U, M = 824.64,
crystal dimensions: 0.5 3 0.25 3 0.15 mm, monoclinic, space group Cc, a
= 18.464(3), b = 10.847(3), c = 17.323(4) Å, b = 126.57(2)°, U =
2787(3) Å3, Z = 4, Dc = 1.965 g cm23, 2 < 2q < 44°, w–2q scan mode,

m = 57.44 cm21, F(000) = 1592, T = 230 °C. 1988 reflections collected,
1787 unique, 1680 reflections with I > 3s(I). Data were corrected for
absorption (Tmin = 0.571, Tmax = 0.999),11 Lorentz polarization effects and
decay (10% in 30 h, linearly corrected). The structure was solved by the
heavy-atom method and refined by full-matrix least squares (F) with
anisotropic thermal parameters for all non-C atoms. H atoms were not
introduced. The final R values were R = 0.030 and Rw = 0.047 {w =
1/(sF)2 = 4F2/[sI2 + (pF2)2]1/2, p = 0.04}. The absolute structure was
determined (R = 0.038 and Rw = 0.053). For [U(Cp)3(OTf)(CNBut)],
C21H24NF3O3SU, M = 665.52, crystal dimensions: 0.4 3 0.35 3 0.15 mm,
monoclinic, space group P21/n, a = 8.533(1), b = 19.545(4), c =
13.890(3) Å, b = 90.65(2)°, U = 2316(1) Å3, Z = 4, Dc = 1.908 g cm23,
2 < 2q < 44°, w–2q scan mode, m = 67.75 cm21, F(000) = 1264, T =
22 °C. 3195 reflections collected, 2961 unique, 2018 reflections with I >
3s(I). Data were corrected for absorption (Tmin = 0.452, Tmax = 0.999),11

Lorentz polarization effects and decay (19% in 39 h, linearly corrected). The
structure was solved by the heavy-atom method and refined by full-matrix
least squares (F) with anisotropic thermal parameters. H atoms were not
introduced. The final R values were R = 0.031 and Rw = 0.042 {w =
1/(sF)2 = 4F2/[sI2 + (pF2)2]1/2, p = 0.04}. For both compounds,
diffraction data were recorded on an Enraf-Nonius CAD4 diffractometer
using graphite-monochromatized Mo-Ka radiation (l = 0.710 73 Å). All
calculations were performed on a VAX 4000-200 computer with the Enraf-
Nonius MolEN package.12 CCDC 182/879.
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Fig. 2 X-Ray crystal structure of [U(Cp)3(OTf)(CNBut)]. Displacement
ellipsoids are shown at the 40% probability level. Selected bond distances
(Å) and angles (°): U–O(1) 2.485(9), U–C(21) 2.59(2), O(1)–S 1.456(9),
C(21)–N 1.13(2); O(1)–U–C(21) 179.3(4), U–O(1)–S 157.7(6), U–C(21)–
N 175(1).
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A remarkable example of co-crystallisation: the crystal structure of the
mononuclear and dinuclear diphenyl[2.2]paracyclophanylphosphine
palladium(ii) chloride complexes
trans-[Pd{PPh2(C16H15)}2Cl2]·[Pd{PPh2(C16H15)}Cl2]2·0.6CH2Cl2

Philip W. Dyer,a Paul J. Dyson,*a† Stuart L. James,a Priya Suman,a John E. Daviesb and Caroline M. Martinb

a Centre for Chemical Synthesis, Department of Chemistry, Imperial College of Science, Technology and Medicine, South
Kensington, London, UK SW7 2AY
b Department of Chemistry, The University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW

The reaction of [Pd(cod)Cl2] (cod = cycloocta-1,5-diene)
with rac-diphenyl[2.2]paracyclophanylphosphine
PPh2(C16H15) affords trans-[Pd{PPh2(C16H15)}2Cl2] and
[Pd{PPh2(C16H15)}Cl2]2 in approximately equal yield which
co-crystallise to form an unusual solid-state material.

Crystallisation of organic compounds is a common phenome-
non and often of commercial value.1 In inorganic/organome-
tallic chemistry many anion–cation pairs2 and to a lesser extent
conformational isomers and polymorphs3 have been recog-
nised. However, co-crystals composed of two different neutral
molecules are very rare and most can be classified as those
which have two or more very similar molecules, often differing
in a substituent on a ligand4 or by the presence of slightly
different ligand such as replacement of one halide for another.5
Some co-crystals contain an inorganic/organometallic species
in which a small or cylindrical ‘solvent-like’ molecule has been
co-crystallised, for example, HgX2 (X = I, Cl, F) and
metallocenes.6 We have also found one example of a co-crystal
containing a neutral mononuclear and dinuclear complex7 and
one example involving clusters8 in the literature.

We have been investigating the synthesis of [2.2]paracyclo-
phanyl–phosphine ligands and studying their coordination
chemistry.9 This substituent was chosen as [2.2]paracyclophane
has unusual nucleophilic behaviour with respect to its coordina-
tion chemistry.10 Another group have also recently reported the
synthesis of a chiral diphosphine with a [2.2]paracyclophane

backbone which has some very impressive applications in
catalysis.11 We report here the synthesis of a new [2.2]para-
cyclophane containing phosphine and the discovery that it
reacts with [Pd(cod)Cl2] to afford two PdIICl2 complexes which
form a co-crystalline material in the solid-state.

The reaction of C16H15Li,12 with PPh2Cl, added dropwise in
diethyl ether, affords diphenyl[2.2]paracyclophanylphosphine
PPh2(C16H15) in 62% yield after recrystallisation from ethanol.
Reaction of this phosphine with [Pd(cod)Cl2] in dichloro-
methane at room temperature for 1 h affords an orange solution
which exhibits two singlets of approximately equal intensity at
d 33.93 and 33.53 in its 31P NMR spectrum. From later
observations we assume these to be due to the two complexes
trans-[Pd{PPh2(C16H15)}2Cl2] 1 and [Pd{PPh2(C16H15)}Cl2]2
2 and not from diastereomers of the same complex. The cis- and
trans-platinum(ii) chloride complexes of rac-PPh2(C16H15)
also show only one main resonance in their 31P NMR spectra
excluding the 195Pt satellites.13 Crystals were grown by
removing the solvent and redissolving the solid in dichloro-
methane–diethyl ether. After allowing the solution to evaporate
at room temperature for several days orange crystals formed
which were suitable for single crystal X-ray diffraction
analysis.‡ This reveals the remarkable co-crystalline structure
described below.

The structures of 1 and 2 are shown in Figs. 1 and 2,

Fig. 1 Molecular geometry of 1; selected bond lengths (Å) and angles (°):
Pd(2)–P(2) 2.355(2), Pd(2)–Cl(3) 2.301(2), P(2)–C(30) 1.826(7),
Pd(2)···H(41) 2.853, Cl(3)–Pd(2)–P(2) 88.07(7)

Fig. 2 Molecular geometry of 2; selected bond lengths (Å) and angles (°):
Pd(1)–P(1) 2.229(2), Pd(1)–Cl(1) 2.280(2), Pd(1)–Cl(2) 2.332(2), Pd(1)–
Cl(2a) 2.429(2), P(1)–C(2) 1.816(7), Pd(1)···H(13) 2.933, P(1)–Pd(1)–
Cl(2a) 177.29(8), Cl(1)–Pd(1)–Cl(2) 177.29(8)
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respectively, together with principal bond parameters. In both 1
and 2 one of each enantiomer of PPh2(C16H15) is present. The
phosphines adopt a trans-conformation in 1 presumably due to
the steric bulk of the [2.2]paracyclophanyl-substituent. The
axial sites above and below the square plane are occupied by
intramolecular interactions involving a proton on the [2.2]para-
cyclophane rings of each phosphine ligand (Pd···H 2.85 Å). The
structure of 2 comprises a chloro-bridged dimer in which each
palladium centre is approximately square planar. As in 1 and
other similar square planar complexes14 the axial sites form
weak intra- or inter-molecular interactions in the solid state. In
2 the [2.2]paracyclophanyl group of each phosphine occupies
one site on each of the palladium(ii) centres (Pd···H 2.93 Å).
The other site is occupied via an intermolecular interaction and
it is this that possibly gives rise to the formation of the co-crystal
(see below).

The crystal is composed of alternating layers of 1 and 2
intercalated with dichloromethane solvent molecules. There is
one direct, albeit weak, hydrogen bond between 1 and 2
involving the Cl atoms on 1 with a phenyl ring proton on 2
(Cl···H 2.83 Å), shown in Fig. 3. Perhaps more importantly,
compounds 1 and 2 are linked indirectly via one of the two
CH2Cl2 solvent molecules as shown in Fig. 4. There is a
bifurcated hydrogen bonding interaction between the H atom on

the solvent with one terminal Cl (H···Cl 2.83 Å) and one
bridging Cl (H···Cl 2.80 Å) of 2. A Cl atom of this same solvent
molecule also interacts with the H atom of a cyclophane
attached to the phosphine in 1 (Cl···H 2.86 Å) thereby forming
a 1···Cl–C–H···2 linkage (see Fig. 4). The second CH2Cl2
connects molecules of 1 via two interactions involving the H
and Cl atoms of both the solvent and the complex. At this stage
we can only speculate as to the precise role of the solvent but
since it links 1 and 2 it may play a part in the co-crystallisation
process. In this material partial desolvation has taken place but
the co-crystal still retains its structure. We intend to examine the
influence of solvents with various hydrogen bonding capabil-
ities as well as the influence of the halide coordinated to the PdII

centre.
We would like to thank the Royal Society for a University

Research Fellowship (P. J. D.) and the EPSRC (P. S.) for
financial support.

Notes and References

† E-mail: p.dyson@ic.ac.uk
‡ Structural characterisation of 1 and 2: orange crystal,
C112.6H101.2Cl17.2P4Pd3, [C56H50Cl4P2Pd2·C56H50Cl2P2Pd·0.6CH2Cl2],
M = 2152.66, 0.20 3 0.20 3 0.20 mm, T = 180(2) K, triclinic, P1̄,
a = 12.033(3), b = 18.673(2), c = 11.871(2) Å, a = 95.20(1),
b = 94.73(1), g = 100.04(1)°, U = 2602.5(8) Å3, Z = 1, F(000) = 1097,
Dc = 1.374 Mg m23, l = 0.71069 Å, R1 = 0.0555 [9152 intensity data
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Fig. 3 The direct interaction, 1···2

Fig. 4 The indirect solvent bridging interaction, 1···Cl–C–H···2
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Enantioselective hydrogenation of a cyclic imidoketone over chirally modified
Pt/Al2O3

Niklaus Künzle, Andras Szabo, Markus Schürch, Guozhi Wang, Tamas Mallat and Alfons Baiker*†

Laboratory of Technical Chemistry, Swiss Federal Institute of Technology, ETH-Zentrum, CH-8092 Zürich, Switzerland

1-Ethyl-4,4-dimethylpyrrolidine-2,3,5-trione 1 has been
synthesized, and hydrogenated with 91% ee to (R)-1-ethyl-
3-hydroxy-4,4-dimethylpyrrolidine-2,5-dione (2) using a 5
mass% Pt/Al2O3 catalyst modified by cinchonidine

In the past decade the enantioselective hydrogenation of
carbonyl compounds has been one of the most intensively
studied areas in asymmetric catalysis.1 An efficient strategy for
achieving reasonable enantioselectivity over solid catalysts is
the modification of an active metal by adsorbed auxiliaries from
the chiral pool.2 Since the first application of cinchona-
modified Pt,3 considerable effort has been made to broaden the
application range of this catalyst system. Good to high ee values
were obtained in the hydrogenation of a-ketoesters4 and acids,5
and ketopantolactone.6 The hydrogenation of other types of
activated carbonyl compounds, such as a-diketones,7 tri-
fluoracetophenone8 and pyruvamides,9 was less successful
affording only 60% ee or less. It seems that the Pt-cinchona
system possesses unusually high substrate specificity.

In a systematic study, intended to reveal the nature of
enantioselective hydrogenation of ketoimides over chirally
modified Pt metals, a remarkable ee was obtained in the
reduction of 1-ethyl-4,4-dimethylpyrrolidine-2,3,5-trione 1.
The starting material 1 was synthesized from racemic pan-
tolactone [(R,S)-2-hydroxy-3,3-dimethyl-g-butyrolactone] in
two steps. The lactone ring was cleaved by ethylamine and
oxidation of the resulting amide with pyridinium dichromate
gave 1.‡

The hydrogenation of the cyclic imidoketone 1 (Scheme 1)
was carried out in a magnetically stirred (frequency: 1000
min21) 100 ml stainless steel Baskerville autoclave equipped
with a glass liner and PTFE cover. 60 mg of a 5 mass% Pt/Al2O3
(Engelhard 4759) catalyst was pretreated for 90 min in a
hydrogen stream at 400 °C, as described earlier.6 Under
standard conditions the reaction was carried out using 3.2 mmol
1 and 10 mmol cinchonidine in 5 ml toluene, at 15 °C and 70 bar
hydrogen pressure. The reaction was stopped when hydrogen
consumption ceased. No other product besides 2 could be
detected by gas chromatography.

For the determination of the absolute configuration of the
product, the pure (R)-enantiomer of 2 has been synthesized
starting from (R)-pantolactone. The hydroxyl function of
(R)-pantolactone was protected by a tetrahydropyranyl
group. After treatment with ethylamine, the resulting hydroxy-

amide was oxidized by pyridinium dichromate in DMF.
Deprotection in the presence of TsOH gave (R)-2 in optically
pure form. Gas chromatographic analysis using a chiral column
(WCOT Cyclodextrin-b-2,3,6-M-19, Chrompack) proved that
(R)-2 was identical with the major enantiomer obtained in the
hydrogenation.

Preliminary studies revealed that the enantiodifferentiation in
the hydrogenation of 1 over the Pt–cinchonidine catalyst system
was rather sensitive to the reaction medium. Good ee could be
obtained only in weakly polar solvents, such as toluene. In polar
and protic polar solvents (e.g. DMF, EtOH) the ee dropped to
20% or below. The only exception was acetic acid. The polarity
of this solvent characterized by the empirical solvent parame-
ter,10 ET

N, is about the same as that of EtOH, but the ee was
remarkably higher (ca. 70 % instead of 20%, respectively, under
standard conditions). Previously, the outstanding ee in acetic
acid in the enantioselective hydrogenation of ethyl pyruvate was
attributed to the protonation of the quinuclidine N atom of
cinchonidine in acetic acid.11 We assume that, similarly to the
hydrogenation of ethyl pyruvate and ketopantolactone,6 in the
transition complex the quinuclidine N atom of cinchonidine
interacts with the O atom of the activated carbonyl group via
hydrogen bonding. Catalytic studies and molecular modeling
are presently being carried out to confirm this assumption and
uncover the role of acid in the enantiodifferentiation.

High hydrogen concentration on the Pt surface favoured the
enantiodifferentiation, as illustrated in Fig. 1. This condition
can be achieved by applying at least 30 bar hydrogen pressure
and efficient stirring.

A reliable kinetic analysis based on the rate of hydrogen
consumption could not be carried out owing to the small amount
of substrate. In order to check the possible influence of mass
transport limitation on the enantioselectivity, the stirring
frequency was varied between 250 and 1000 min21. No
significant change in ee was observed in this range of stirring
frequency.

The influence of modifier concentration is illustrated in
Fig. 2. A maximum of 91% ee was achieved at 9 mmol l21

cinchonidine concentration in toluene; this value corresponds to
a substrate : modifier molar ratio of 70 000. It should be

Scheme 1 Hydrogenation of 1. Conditions: 5 mass% Pt/Al2O3, 9 mmol l21

cinchonidine, 70 bar H2, toluene, 15 °C.
Fig. 1 Influence of hydrogen pressure on the enantiomeric excess (standard
conditions except the pressure)
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emphasized that no special pretreatment is required for
establishing the ‘chiral environment’ on the Pt surface; the
surface cinchonidine concentration is controlled by its bulk
concentration and by the competitive adsorption of hydrogen,
substrate and solvent.

The ee decreased with increasing temperature but the change
(only 5% under standard conditions) was minor between +15
and 220 °C.

The influence of the above discussed reaction parameters is
rather similar to those reported for the enantioselective
hydrogenation of a-ketoesters4 and ketopantolactone6 over the
same catalyst system, but distinctly different from that observed
in the hydrogenation of trifluoracetophenone.8

Finally it should be mentioned that so far, there was no other
substrate besides ethyl pyruvate3 which could be hydrogenated
with an ee exceeding 90% using the Pt–cinchona system. The
chiral tertiary alcohol 2 can be used as an auxiliary in
enantioselective Diels–Alder reactions. Promising results have
already been reported for a similar application of

(R)-pantolactone and an (S)-N-methyl-2-hydroxysuccini-
mide.12

Financial support by the Swiss National Science Foundation
(Chiral 2) is kindly acknowledged.
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‡ A detailed description of the synthesis of 1 and (R)-2 is available from the
authors on request.
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Fig. 2 Influence of modifier concentration on the enantiomeric excess
(under otherwise standard conditions)
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Enantioselective photoelectrocyclization within zeolites: tropolone methyl ether
in chirally modified NaY
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Tropolone methyl ether, included within chirally modified Y
zeolite, upon irradiation yields a product of 4e
electrocyclization in ca. 40% ee.

During the past decade, many elegant and efficient chiral
induction strategies have been developed for a variety of
thermal reactions.1 There are, however, considerably fewer
examples of asymmetric induction in photochemical trans-
formations.2 A recent successful approach in this latter context
has been to make use of confined media such as inclusion
complexes and crystals.3–5 Zeolites offer advantages over other
confined media in that they can be used for catalysis,6 and our
long range objective is to prepare reusable zeolite-based
materials for asymmetric catalysis of photochemical processes.
First, however, we must establish the feasibility of employing
zeolite matrices for non-catalytic asymmetric induction, and
here we illustrate our strategy with the well known photo-
cyclization of a-tropolone methyl ether 1 as an example.7,8

Upon exposure to UV light, a-tropolone methyl ether
undergoes 4p-electron disrotatory electrocyclic ring closure to
yield the bicyclic photoisomer 2 (Scheme 1).7 Irradiation in
solution results in a racemic mixture as the result of an equal
probability of ‘in’ and ‘out’ rotation as illustrated in Scheme 1.
An obvious approach to control the mode of cyclization is to
adsorb compound 1 on a surface, since under these conditions,
it is possible that the surface could interfere with one of the two
modes of disrotation. Even then racemic products would be
expected because compound 1 should not show any preference
for adsorption from either enantiotopic face. On the other hand,
when the surface is chiral, preferential adsorption from one of
the two enantiotopic faces is likely, and under such conditions,
one might anticipate enantioselectivity in the formation of
photoproduct 2. This is illustrated in Fig. 1. Enantioselectivity
has indeed been achieved in this system by this strategy and the
results are presented below. The medium we have used to
achieve the desired goal is a zeolite. In the absence of readily
available chiral zeolites, we have created an asymmetric
environment within a zeolite by the adsorption of chiral organic
molecules.9

A typical experimental procedure consisted of stirring
tropolone methyl ether (0.01 m) and a chiral inductor (0.1 m)
with activated NaY (300 mg) in dichloromethane–hexane (1 : 4)

for 12 h at room temperature. The zeolite containing both the
reactant and a chiral inductor was collected by filtration, washed
with an excess of hexane and irradiated (450 W medium
pressure mercury lamp, Pyrex filter) as a hexane slurry for 2 h.
Sample handling was carried out under laboratory conditions
(temperature = 20 °C, humidity 55%). The product was
extracted with dichloromethane and analyzed by chiral
GC (Supelco b-DEX column). The results are presented in
Table 1.

Independent control experiments established that the num-
bers reported here are not skewed due to preferential adsorption
of one enantiomer of the product within the chirally modified
zeolite. The system is well behaved in the sense that, as
expected, the optical antipode of the chiral inductor always gave
the opposite enantiomer of the product (compare entries 2 and
7; 8 and 9; and 10 and 11 in Table 1). The need for a chiral
inductor was clear, since irradiation of compound 1 in
unmodified NaY gave racemic 2. The zeolite is also essential as
shown by the fact that none of the chiral inductors listed in
Table 1 led to any enantioselectivity when photolyzed with
compound 1 in solution (dichloromethane–hexane).

Examination of Table 1 reveals that not all chiral inductors
are equally effective. Those that contain only one functional
group (entries 15–18, Table 1) gave low or negligible chiral
induction; more effective were those that contain both an amine
and an alcohol functionality, and of these, norephedrine
consistently gave good results. As a result, several additional
experiments were carried out with norephedrine as the chiral
inductor. In one set of experiments (entries 1, 2, 5–7, Table 1),
the effect of changing the nature the alkali metal cation present
within the zeolite was explored. While no clear trend was
evident, this did indicate that NaY and RbY give the best results.
In a second set of experiments (entries 2–4), the effect of
temperature was briefly examined, which showed that 220 °C
is optimum; above room temperature the enantiomeric excess
(ee) also decreases and becomes zero at 60 °C.

At low conversions ( < 10%, NaY, room temp.), the ee was
relatively low (ca. 20%), which may be the result of reaction
occurring faster at unencumbered sites with no chiral inductor

Scheme 1

Fig. 1 Influence of a chiral agent on the mode of adsorption of tropolone
methyl ether on a surface. On the top surface interactions are between
methoxy and dark grey substituent, and carbonyl and light grey substituent.
On the bottom surface they are reversed. Assuming one pair of interactions
is preferred over the other, tropolone methyl ether will prefer to adsorb in
this mode over the other.
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nearby. Beyond this point, the ee increased and reached a
plateau of ca. 35% ee at 30% conversion; conversions beyond
50% were not attempted owing to secondary photoreactions of
product 2.7 Values reported in Table 1 correspond to conver-
sions in the range 35–50%.

From the results presented in Table 1, we tentatively
conclude that a three point interaction between the reactant
molecule, the chiral inductor and the zeolite interior is necessary
to induce preferential adsorption of 1 from a single prochiral
face. The fact that monofunctional chiral inductors fail to yield
significant enantioselectivity supports this idea. The recognition
points in the case of norephedrine are most likely the hydroxyl,
amino and aryl groups of the inductor, the cations of the zeolite
and the carbonyl and methoxy groups of tropolone methyl ether.
The cations present in the zeolite help to anchor the chiral
inductor to the interior surface. The overall arrangement as we
visualize it is illustrated in Fig. 2,10 which shows the hydrogen
bonding between norephedrine and tropolone methyl ether as
well as the electrostatic interaction between the cation on the
zeolite and the phenyl group of norephedrine. This view reveals
that one of the faces of tropolone methyl ether is fairly open
while the other is encumbered by the zeolite surface. Such an
arrangement is expected to favor one of the two modes of
disrotatory cyclization. The fact that 100% enantioselectivity is
not observed suggests that not all molecules are present in this
idealized arrangement.

The results presented here provide encouragement for further
exploration of chiral induction within modified zeolites.11 For
the first time, the phenomenon of asymmetric induction within
a zeolite appears to be amenable to a simple model, a model that
can be used to plan future experiments exploring the utility of
zeolites as media for enantioselective photoreactions. Such
research is under way in our laboratories.
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Table 1 Dependence of enantiomeric excess on chiral inductor, zeolite and
temperaturea–c

Favored
Entry Chiral auxiliary/zeolite/temp.d ee (%) isomere

1 (2)-Norephedrine/LiY 15 A
2 (2)-Norephedrine/NaY 35 A
3 (2)-Norephedrine/NaY/220 °C 50 A
4 (2)-Norephedrine/NaY/240 °C 31 A
5 (2)-Norephedrine/KY 31 A
6 (2)-Norephedrine/RbY 40 A
7 (2)-Norephedrine/CsY 20 A
8 (+)-Norephedrine/NaY 34 B
9 (2)-Ephedrine (anhydrous)/NaY 7 B

10 (+)-Ephedrine (hemihydrate)/NaY 5 A
11 (2)-Ephedrine hydrochloride/NaY 5 B
12 (+)-Ephedrine hydrochloride/NaY 5 A
13 (+)-Prolinol/NaY 6 B
14 L-Proline tert-butyl ester/NaY 7 B
15 (+)-Bornylamine/NaY 2 B
16 (2)-Camphorquinone-3-oxime/NaY 2 B
17 (2)-Menthol/NaY < 1 —
18 (2)-Borneol/NaY < 1 —

a All irradiations were done on samples that contained 1 mg of tropolone
methyl ether and 25 mg of the chiral inductor in 200 mg of dry NaY.
b Samples were irradiated for 2 h and conversions were within 50%.
c Tropolone methyl ether and the chiral inductor were co-induced within
NaY by three methods. In the first tropolone methyl ether and the chiral
inductor were added simultaneously to a suspension of NaY and stirred, in
the second the tropolone methyl ether was included into NaY and to the
dried sample of tropolone methyl ether-NaY, the chiral inductor was added
and stirred. In the third method the sequence in the second approach was
reversed. d Unless indicated otherwise, the temperature of the reaction was
22 °C. e The peak with shorter retention time is arbitrarily assigned to be
isomer A.

Fig. 2 Tropolone methyl ether and norephedrine included within a
supercage of a NaY zeolite. The model shows hydrogen bonding
interactions between the reactant and the chiral inductor and electrostatic
interaction between the zeolitic cation and the chiral inductor. The cations
help to anchor the chiral inductor and the chiral inductor helps to adsorb
tropolone methyl ether preferentially from one enantiotopic face.
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Structure and dynamics of all of the stereoisomers of europium complexes of
tetra(carboxyethyl) derivatives of dota: ring inversion is decoupled from
cooperative arm rotation in the RRRR and RRRS isomers
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The absolute configuration of the four stereoisomeric
a-substituted derivatives of dota has been defined; in their
Eu complexes, 2D-NMR methods have revealed that in
solution ring inversion is independent of pendant arm
rotation and the (RRRR)-[EuL1a] complex which in the solid
state crystallises as a square antiprismatic structure.

The octadentate ligands derived from 1,4,7,10-tetraazacyclodo-
decane (cyclen) by tetra-N-substitution define an important sub-
group of modern lanthanide complexation chemistry.1 Eight-
coordinate tetraacetate (‘dota’), phosphinate and carboxamide
derivatives form kinetically robust complexes in aqueous
solution, permitting their use in targeted radiotherapy,2 as
contrast agents in magnetic resonance imaging (MRI)3 and as
single-component luminescent probes in biochemical analy-
ses.4 In the lanthanide complexes of dota, or its achiral
carboxamide derivatives, there are two independent elements of
chirality, associated with the ring N–C–C–N and side-arm
N–C–C–O torsion angles (i.e. each five-ring chelate is d or l).
Accordingly there are four stereoisomers, related as two pairs of
enantiomers, which may interconvert in solution via ring
inversion (dddd ? llll) or concerted arm rotation (D ? L).
Either motion, in isolation, will exchange the coordination
geometry between a square-antiprismatic arrangement, [D
(llll)/L (dddd)], with an N4/O4 twist angle of ca. 40°, and a
more open twisted square antiprism [D(dddd)/L(llll)] with a
twist angle of ca. 29°. Introduction of a stereogenic centre b or
g to the ring nitrogen has been shown to impart considerable
rigidity into the complex, inhibiting arm rotation in particular,
as shown with the tetraphosphinoxymethyl complexes, and
leading to preferential formation of one major stereoisomer in
solution.1,5,6 The effect of introducing a substituent a to each
ring nitrogen on the structure and solution dynamics of the
derived europium complexes is now described.5b Such a
substitution gives rise to 6 ligand stereoisomers L1 defined by
the absolute configuration at carbon: RRRR (SSSS), RSSS
(SRRR), RSRS and RRSS. In the corresponding lanthanide
complexes, for a given ligand configuration, there are theoret-
ically four stereoisomeric complexes (Fig. 1), which in principle
may exchange by sequential arm rotation and/or ring inver-
sion.

Alkylation of cyclen with racemic dimethyl-2-bromoglutar-
ate (K2CO3–MeCN) led to formation of a mixture‡ of the
expected diastereoisomeric esters. Base hydrolysis (6 m NaOH,
80 °C) afforded a mixture of ligands L1a–L1d which was
separated by factional crystallisation and analysed by reverse-
phase HPLC. The absolute configuration of each ligand was
established by an X-ray structural analysis. Europium com-
plexes of each ligand were formed by heating with Eu(NO3)3 at
pH 5.5 (18 h, 90 °C). The complexes were purified by
crystallisation from water. Proton NMR spectra for each
complex were recorded (Fig. 2), highlighting the symmetry of
the complex in solution. Thus in the high frequency region of
the shifted spectrum, the C4-symmetric complex [EuL1a] gave

rise to only two signals (dH 24.2 and 44.0) in ratio 4 : 1. 1H–1H
COSY NMR showed that these resonances correspond to an
axial ring proton in each of the isomeric species, consistent with
earlier NMR analyses of such systems.7,8 With the
‘C2-symmetric’ complex [EuL1c], two pairs of axial ring
protons were observed also in a ratio of 4 : 1; with both [EuL1b]
and [EuL1d] which lack any rotational symmetry, each of the
four ‘axial’ ring hydrogens gave rise to a separate resonance and
the observed ratio of stereoisomers was ca. 2 : 1 and ! 12 : 1
respectively.

A concerted arm rotation will interconvert the axial protons
of the major isomer with the axial protons of the minor isomer.
However, a ring inversion interconverts the axial protons of the
major isomer with equatorial protons of the minor (Fig. 1). Such
processes have been observed with [Eu(dota)]2 at room
temperature.8,9 Two-dimensional exchange spectroscopy (1H

Fig. 1 Stereoisomerism in chiral eight- or nine-coordinate lanthanide
complexes of a-alkylated derivatives of dota: ring inversion interconverts
(dddd) and (llll) isomers, and concerted arm rotation allows D and L
isomers to exchange. The shaded square represents an alkyl group.
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EXSY) was used to probe these processes in the complexes
[EuL1a], [EuL1b] and [EuL1c] (293 K, pD 6). The 2-D EXSY
spectra of [EuL1a] and [EuL1b] showed cross-correlations
between related axial and equatorial protons, indicating that
ring inversion is occurring at room temperature. No cross-peaks
were observed arising from the interconversion of axial protons
in the major and minor isomers. This is consistent with fast ring
inversion but slow arm rotation, on the NMR timescale. Thus,
major/minor isomer interconversion occurs primarily through
ring inversion, rendering two of the four possible diaster-
eoisomeric structures less accessible. This accounts for the
observation of just two species in solution in the 1H NMR
spectrum (Fig. 2). On warming the sample, the two high
frequency axial protons began to broaden and the minor
resonance moved towards the major, with coalescence not
observed but likely to be not much above 60 °C. The rate of
exchange between the two isomers through ring inversion (llll
to dddd), was measured by selective pulse inversion methods,
examining the axial proton (Hax, d 44) to equatorial (Heq, d28)
exchange process. The measured rate was 45 ± 15 s21, very
similar to that found for [Eu(dota)]2,8 indicating clearly that the
process of ring inversion is independent of arm rotation. The
situation with [EuL1c] was quite different: at room temperature,
cross-peaks associated with both arm rotation and ring inversion
were observed indicating that both processes were occurring at
comparable rates. Indeed the EXSY spectra were very similar to
those defined for [Eu(dota)]2.8

The structure of the neutral complex [Eu(H5L1a)] was
determined by X-ray crystallography§ and both the (RRRR) and
(SSSS) complexes crystallised together (in P1̄) (Fig. 3). The Eu
ion is nine-coordinate with Eu–O and Eu–N distances averaging
2.38 and 2.68 Å and the Eu–water oxygen bond distance was
2.445(7) Å. For the (RRRR)-enantiomer, the ring adopted a
square [3333] conformation with each five-ring (N–C–C–N)
chelate in a d configuration (N–C–C–N torsion angle averaging
+59.4°) and the N–C–C–O torsion angles were all negative
(averaging 234.1°) consistent with a L configuration. For the
(SSSS)-enantiomer, both sets of torsion angles were of opposite
sign. Thus the configuration of the stereogenic centre at carbon
in the ligand determines both the overall helicity of the complex
and its ‘macrocyclic’ ring configuration, in the solid-state
structures. In solution (Fig. 2), comparison of the 1H NMR
spectrum of [EuL1a] with those of its three diastereoisomers and
[Eu(dota)]2,9 suggests that the minor isomer also possesses the

L(dddd) configuration (specifying R configuration). The major
isomer in solution must then adopt the L(llll) configuration.
In the complexes of [EuL1b], [EuL1c] and [EuL1d], it follows
that the major isomer must adopt a square antiprismatic
geometry. Thus it is the minor isomer of [EuL1a] that has
crystallised preferentially.

We thank EPSRC for support.

Notes and References

† E-mail: david.parker@durham.ac.uk
‡ Statistically, this reaction leads to 50% of the RRRS/SSSR L1b, 25% of the
RRSS L1d and 12.5% of each of L1a and L1c.
§ Crystal data for C28H49EuN4O20.25, M = 917.67, triclinic, space group
P1̄, a = 9.637(2), b = 12.690(4), c = 16.186(5), a = 102.47(2), b =
101.28(3), g = 110.42(3)°, U = 1729.8(1) Å3, Dc = 1.762 g cm23, l(Mo-
Ka) 0.710 73 Å, Z = 2, m = 1.906 mm21. Data were collected on a
SMART at 150(2) K. Refinement of 627 parameters by full matrix least
squares on F2 (SHELX 93) converged at R = 0.031, wR2 = 0.067 for 7242
reflections with I > 2s(I). CCDC 182/875.

1 D. Parker and J. A. G. Williams, J. Chem. Soc., Dalton Trans., 1996,
3613.

2 D. Parker, in Comprehensive Supramolecular Chemistry, ed. D. N.
Reinhoudt, J. E. Atwood, F. Vogtle, D. D. MacNicol and J.-M. Lehn,
Pergamon, Oxford, 1996, vol. 10. ch. 17.

3 S. Aime, M. Botta, M. Fasano and E. Terreno, Chem. Soc. Rev., 1998, 27,
19; K. Kumar and M. F. Tweedle, Pure Appl. Chem., 1993, 65, 515; J. A.
Peters, J. Huskens and D. J. Raber, Prog. NMR Spectrosc., 1996, 28,
283.

4 D. Parker, K. Senanayake and J. A. G. Williams, Chem. Commun., 1997,
1777; D. Parker and J. A. G. Williams, Chem. Commun., 1998, 245; D.
Parker and T. Gunnlaugsson, Chem. Commun., 1998, 511; D. Parker and
J. A. G. Williams, J. Chem. Soc., Perkin Trans. 2, 1998, in press.

5 (a) S. Amin, J. R. Morrow, C. H. Lake and M. R. Churchill, Angew.
Chem., Int. Ed. Engl., 1994, 33, 773; (b) M. Spirlet, J. Rebizant, J. F.
Desreux and M.-F. Loncin, Inorg. Chem., 1984, 23, 359.

6 R. S. Dickins, J. A. K. Howard, C. W. Lehmann, J. M. Moloney, D.
Parker and R. D. Peacock, Angew. Chem., Int. Ed. Engl., 1997, 36,
521.

7 S. Aime, M. Botta, M. Fasano, M. P. M. Harques, C. F. G. C. Geraldes,
D. Pubanz and A. E. Merbach, Inorg. Chem., 1997, 36, 2059 and
references therein.

8 S. Hoeft and K. Roth, Chem. Ber., 1993, 126, 869; V. Jacques and J. F.
Desreux, Inorg. Chem., 1994, 33, 4048.

9 S. Aime, M. Botta and G. Ermondi, Inorg. Chem., 1992, 31, 4291.

Received in Cambridge, UK, 16th April 1998; 8/02847H

Fig. 2 1H NMR spectra (pD 6, D2O, 293 K) of the europium complexes of
(from top to bottom), (a) L1a, (b) L1c, (c) L1b, (d) L1d showing the shifted
axial ring proton resonances which define the nature and relative proportion
of complex stereoisomers

Fig. 3 Structure of (RRRR)-[Eu(H5L1a)(H2O)] in the crystal showing the
mono-capped square antiprismatic geometry about the Eu ion, and the left-
handed lay-out of the pendant arms
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[(DippNH)2Al(m-NHDipp)2Li·thf] and
[thf·Li(m-NHCy)3Sn(m-NHCy)3Li·thf]·C6H5Me, potential building blocks for
heterometallic imido compounds (Dipp = 2,6-Pri
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[(DippNH)2Al(m-NHDipp)2Li·thf] 1 and [thf·Li(m-
NHCy)3Sn(m-NHCy)3Li·thf]·C6H5Me 2 are produced from
the reactions of AlCl3 and SnCl4 or MeAlCl2 and
MeSn(NMe2)3 with the apporopriate primary amido lithium
precursors [RNHLi; R = 2,6-Pri

2C6H3 (Dipp), C6H11 (Cy)];
both complexes have ion-paired structures in the solid state
with the retention of potentially reactive N–H functionality
providing precursors for heterometallic species containing
[M(NR)x(NHR)n2 x](1 + x)2 anions (M = Al, n = 4; M = Sn,
n = 6).

One area of current interest to us is the investigation of the
metallation reactions of primary amido and phosphido p block
and transition metal complexes [of the type M(NHR)n

x2] with
a series of main group metal reagents (such as dimethylamido
complexes).1 Some indication of the scope of this approach to
the synthesis of heterometallic arrangements is provided by the
reaction of the [Sb(NHCy)4]2 (Cy = C6H11) with Sb(NMe2)3
which gives the spiro anion [(Me2N)Sb(m-NCy)2Sb]2.2 How-
ever, further in-roads in this area have been hampered by the
surprising lack of well defined homoleptic primary amido and
phosphido metal complexes which we sought as precursors for
metallation. In some cases this situation reflects the ease of
formation of imido complexes in the reactions of REHLi with
metal halides.3 We report here the syntheses and X-ray crystal
structures of [(DippNH)2Al(m-NHDipp)2Li·thf] 1 (Dipp = 2,6-
Pri

2C6H3) and [thf·Li(m-NHCy)3Sn(m-NHCy)3Li·thf]·C6H5Me
2.

Compounds 1 and 2 can be prepared directly by the reactions
of AlCl3 with DippNHLi (1 : 4 equiv., respectively) and SnCl4
with CyNHLi (1 : 6 equiv., respectively) (Scheme 1). The same
complexes are also formed in the reactions of MeAlCl2 with
DippNHLi (1 : 3 equiv., respectively) and MeSn(NMe2)3 with
CyNHLi (1 : 3 equiv., respectively). These reactions pre-
sumably involve intra- or inter-molecular deprotonation of
RNH– groups by the Me groups of MeAlCl2 and
MeSn(NMe2)3.‡

The X-ray study of 1§ reveals that it exists as an ion-paired
complex in the solid state in which an [Al(NHDipp)4]2 anion is
attached through two m-NDipp groups of a thf solvated Li+
cation (Fig. 1). The effect of the bridging of two of the DippNH
groups to the Li+ cation is to elongate the associated Al–N
bonds (av. 1.95 Å) compared to those made with the terminal
DippNH ligands (av. 1.85 Å). The coordination to the Li+ cation
also has a large affect on the geometry of the [Al(NHDipp)4]2

anion, with the N–Al–N angle within the Al(m-N)2Li rings
being compressed (av. 93.6°) and the N–Al–N angle between
the terminal ligands being expanded (av. 117.7°) as a result.
Similar structural variations are found in the related amido
complexes [(pyrN)2Al(m-Npyr)2Li·L2] (pyr = pyrrolidinido;
L = pyrNH, thf),4 although the mono- rather than bis-solvation
of the Li+ cation in 1 leads to slightly longer Al–(m-N) bonds
and slightly shorter Li–N bonds. In addition, the resulting
planar, three-coordinate geometry of the Li+ cation of 1 gives
rise to further a-C–H···Li interactions (range Li···H av. 2.30 Å)
with a Pri group of each of the bridging DippNH ligands. These

Scheme 1

Fig. 1 Crystal structure of [(DippNH)2Al(m-NHDipp)2Li·thf] 1. Only one of
the independent molecules is shown. H atoms, except those attached to N,
have been omitted for clarity. Key bond lengths (Å) and angles (°); molecule
A: Al(1)–N(1) 1.846(9), Al(1)–N(2) 1.898(9), Al(1)–N(3) 1.844(9), Al(1)–
N(4) 1.91(1), Li(1)–N(2) 2.03(2), Li(1)–N(4) 2.04(2), Li(1)–O(1) 1.81(2),
Li(1)···H av. 2.39; N(1)–Al(1)–N(2) 119.5(5), N(1)–Al(1)–N(3) 121.3(5),
N(1)–Al(1)–N(4) 98.9(5), N(2)–Al(1)–N(3) 100.6(5), N(2)–Al(1)–N(4)
95.5(5), N(3)–Al(1)–N(4) 119.2(5), Al(1)–N(2)–Li(1) 88.4(6), Al(1)–
N(4)–Li(1) 88.4(6), N(2)–Li(1)–N(4) 87.7(8); molecule B: Al(2)–N(5)
1.907(9) Al(2)–N(6) 1.82(1), Al(2)–N(7) 1.830(9), Al(2)–N(8) 1.938(9),
Li(2)–N(5) 2.03(2), Li(2)–N(8) 2.04(2), Li(2)–O(2) 1.83(2), Li(2)···H av.
2.36; N(5)–Al(2)–N(6) 99.4(4), N(5)–Al(2)–N(7) 121.4(4), N(5)–Al(2)–
N(8) 95.8(4), N(6)–Al(2)–N(7) 121.7(5), N(6)–Al(2)–N(8) 119.0(5),
N(7)–Al(1)–N(8) 97.9(4) Al(2)–N(5)–Li(2) 88.1(6), Al(1)–N(8)–Li(2)
87.0(6), N(5)–Li(2)–N(8), 89.1(8).
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interactions appear to be relatively weak and have no apparent
effect on the geometry of the Al(m-N)2Li rings. Similar
interactions are now commonplace in organolithium chemistry5

and are also found in other lithium aluminate complexes in
which the alkali metal cation has a low coordination number.6

Although an extensive range of primary amido Al complexes
have been reported previously, the vast majority of these have
been neutral oligomers of the type [RA2Al(m-NHRA)]n prepared
by metallation of RNH2 with AlRA3.7 Complexes containing
primary amido Al anions are far rarer and, to our knowledge, the
only compounds of this type to be structurally elucidated are the
heteroleptic organo-primary amido complexes [(Ph3CNH)2Al-
But

2]Li,8 [(Mes)2Al(NHBut)2Li·n(thf)] (Mes = 2,4,6-
Me3C6H2; n = 1, 2),9 [Li(thf)4] [(DippNH)AlBui

2But],9 and
[(DippNH)AlButMe2]Li·3thf.9,10 Although several tetrakis-
(amido) complexes adopt similar structures to 1,4,11 this
complex is the first example containing a primary amido anion
of the type [Al(NHR)4]2. The formation of this unit in the
reaction of MeAlCl2 with DippNHLi is of particular interest
bearing in mind the apparently low basicity of the Me groups in
[(DippNH)AlButMe2]Li·3thf,9,10 which even when subjected to
prolonged reflux fails to eliminate methane.

The X-ray structure of 2§ shows that the complex is the ion-
paired species [thf·Li(m-NHCy)3Sn(m-NHCy)3Li·thf]·C6H5Me,
composed of a central [Sn(NHCy)6]22 dianion which uses all
six of its NHCy groups to bond to two thf solvated Li+ cations
(Fig. 2). There is one lattice-bound molecule of toluene per
formula unit. The coordination of the two Li+ cations gives rise
to a contraction in the skeletal N–Sn–N angles of the resulting
Sn(m-N)3Li units (av. 82.3°) and introduces considerable
distortion in the geometry of the SnIV centre away from pure
octahedral. Despite the apparent similarity of the geometries of
two Li+ cations of 2, they are crystallographically different. The
large variation in the Sn–N bond lengths within the
[Sn(NHCy)6]22 dianion [range 2.06(2)–2.27(2) Å] roughly
mirrors the different degrees of interaction of the bridging
NHCy groups with each Li+ cation, the longest Sn–N bonds
being associated with the shortest Li–N interactions and the
shortest Sn–N bonds with longer Li–N contacts. The distortions
within the framework of 2 suggest that this arrangement is
highly strained. Although the structure of 2 is comparatively
simple, few related Sn–N bonded compounds appear to have
been structurally characterised. The closest relatives to 2 are

ion-separated species containing inorganic EX6
22 anions

(E = Si–Pb; X = N3
2, SCN2, SeCN2, CN2).12 Complex 2

contains the first example of a hexa(amido) group 14 dianion to
be characterised in the solid state.

Our studies of the reactions of homoleptic complexes of
groups 13 and 14 with a range of metallating reagents [such as
E(NMe2)x (E = Sb, x = 3; E = Sn, x = 2)] are still at an early
stage. However, there are good reasons for thinking that
complexes like 1 and 2 (containing reactive N–H functionali-
ties) will be of value as precursors in the synthesis of
heterometallic species containing [M(NR)x(NHR)n2 x](1 + x)2

anions (M = Al, n = 4; M = Sn, n = 6). Recent work by
Rutherford and Atwood has shown that deprotonation of species
of the type [R2AlNHRA] can be easily accomplished with
organolithium reagents9,10 and our own studies have revealed
that various p block metal bases readily deprotonate primary
amido metal complexes.1,2 Further studies will be aimed at the
synthesis of such ‘multianion’ species and the applications of
these as new ligands to a range of main group and transition
metals.

We gratefully acknowledge the EPSRC (C. N. H., M. McP.),
The Leverhulme Trust (M. A. B.), The Turkish Government
(M. T.) and The Spanish Government (M. E. G. M.) for
financial support.

Note added at proof. During the proof stage another example
of a primary amido AlIII complex was reported (J. S. Silverman,
C. J. Carmalt, D. A. Neumayer, A. H. Cowley, B. G. Burnett and
A. Decken, Polyhedron, 1998, 17, 977).
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Fig. 2 Crystal structure of [thf·Li(m-NHCy)3Sn(m-NHCy)3Li·thf]·C6H5Me
2. H atoms and the lattice-bond toluene molecule have been omitted for
clarity. Key bond lengths (Å) and angles (°); range Sn–N 2.06(2)–2.27(2),
range Li–N 1.98(4)–2.17(4), range N–Sn–N [Sn(m-N)3Li] 81.0(7)–83.6(7),
Sn(1)···Li(1) 2.71(4), Sn(1)···Li(2) 2.67(4); N(1)–Sn(1)–N(4) 177(1),
N(2)–Sn(1)–N(5) 178.1(9), N(3)–Sn(1)–N(6) 176.4(9), range N–Li–N
81(2)–92(2).
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Isolation and structural determination of octacyanobutanediide, [C4(CN)8]22;
precursors to M(TCNE)x magnets‡

Jie Zhang,a Louise M. Liable-Sands,b Arnold L. Rheingold,*b Rico E. Del Sesto,a Douglas C. Gordon,a

Brian M. Burkhartc and Joel S. Miller*a†
a Department of Chemistry, University of Utah, Salt Lake City, UT 84112-0850, USA
b Department of Chemistry, University of Delaware, Newark, DE 19716, USA
c Hauptman-Woodward Medical Research Institute, Buffalo, NY 14203, USA

The reaction of MI2·xMe3CN (M = Mn, Fe) and TCNE
(tetracyanoethylene) leads to unprecedented [C4(CN)8]22

m4-metal complexes which have been crystallographically
characterized and are precursors to M(TCNE)x·yS mag-
nets.

The study of cyanocarbons has led to the discovery of both
molecule-based conductors1 and magnets2 as well as several
new classes of compounds based upon reduction of the nitrile
triple bond.3,4 While generalizing the room-temperature mole-
cule-based magnet V(TCNE)x·yCH2Cl25 to magnetic systems
based upon other metals, we discovered several new magnets in
this class: M(TCNE)2·xS (M = Mn, Fe, Co, Ni; S = MeCN,
CH2Cl2).6 In contrast to the V magnet, the Fe and Mn magnets
exhibit X-ray powder diffraction. Therefore, we attempted to
grow single crystals of these magnets via slow diffusion of
MI2·xMeCN (M = Mn, Fe) and TCNE in a H-tube using either
MeCN–CH2Cl2 (M = Mn) or pure MeCN (M = Fe). Crystals
of new compounds (light yellow for M = Mn; dark brown for
M = Fe) were isolated with nCN IR absorptions at 2304m,
2275m, 2212s, 2205s, 2153s, and 2096m (sh) cm21 for M =
Mn and 2307m, 2280m, 2213s, 2154s, and 2108w cm21 for M
= Fe. These nCN absorptions are similar to, but distinguishable
from, those observed for the M(TCNE)2·xCH2Cl2.6 magnets.
The absorptions above 2230 cm21 are assigned to coordinated
MeCN, while the latter are assigned to reduced nitriles and were
initially thought to be associated with a metal-bound reduced
form of TCNE.

Single crystal X-ray diffraction studies‡ of
Mn[C4(CN)8](NCMe)2·CH2Cl2 1 and Fe[C4(CN)8](NCMe)2·
MeCN 2 each revealed the unprecedented octacyanobutane-
diide dianion, [C4(CN)8]22 3. This dianion is bound to four

octahedral MII centres (M = Mn, Fe) in a plane with the MeCN
molecules filling the axial coordination sites, and the non-
coordinated CH2Cl2 (1) and MeCN (2) lying in diamond-shaped
holes in the structure, Figs. 1 and 2. Adjacent planes are
eclipsed. The interlayer M···M separaions are 7.626(2) and
9.356(4) Å, respectively, for 1, and 2, while the intralayer M···M
separations are 7.581(2) and 9.344(2) Å for 1, 7.562(4) and
9.368(4) for 2.

Compound 3 is disordered about the midpoint of the
C(5)–C(5A) bond for M = Mn and ordered for M = Fe. The
chemically equivalent M–N, C·N, NC–C and (MNC)2C–C
distances average 2.218(4), 1.151(6), 1.389(7) and 1.615(10) Å,
respectively, for Me = Mn, and average 2.221(7), 1.151(10),

1.398(11) and 1.508(9) Å, respectively, for M = Fe. The central
C–C bond is 1.59(2) (M = Mn) and 1.627(14) Å (M = Fe). The
terminal C4-backbone carbon atoms are sp2 hybridized as
indicated by the average angle of 119.0° (M = Mn) and 119.8°
(M = Fe) while the central carbon atoms are sp3 hybridized
[average angles are 109.5° (M = Mn) and 109.4° (M = Fe)].

This is the first example of a s-dimer of [TCNE]·2, however,
several examples of a structurally related s-dimer of [TCNQ]·2
(TCNQ = 7,7,8,8-tetracyano-p-quinodimethane) have been
reported.7 The backbone C–C bonds are significantly longer8

than the conventionally accepted value of 1.54 Å for an sp3–sp3

C–C bond length and are comparable to the central C–C bond
for the s-dimers of [TCNQ]·2 (1.630–1.659 Å).

For 1 thermogravimetric analysis–mass spectrometry (TGA–
MS) reveals a one-step mass loss between 100 and 120 °C,
during which both MeCN and CH2Cl2 are simultaneously
observed in the effluent gas. The 34.3% mass loss is in good
agreement with the formula Mn[C4(CN)8](NCME)2·CH2Cl2
(34.9%). At ca. 250 °C a second mass loss occurs which is
accompanied by the generation of C2N2 and HCN. An
exothermic event is also observed in the DSC data at this
temperature. This mass loss is only 4%, corresponding to ca. 0.7
CN per Mn. The observation of C2N2 and HCN is consistent
with the formation of CN· radicals which either combine or

Fig. 1 Structure and labeling diagram of Mn[C4(CN)8](NCMe)2·CH2Cl2.
Selected bond lengths (Å) and angles (°): Mn(1)–N(2) 2.206(3) Å,
N(2)–C(3) 1.154(5), C(3)–C(2) 1.389(7), C(2)–C(1) 1.389(7), C(1)–N(1)
1.148(6), N(1)–Mn(1a) 2.230(4), C(2)–C(5) 1.615(10), C(5)–C(5b) 1.59(2);
N(2)–Mn(1)–(N1a) 86.08(13), Mn(1)–N(1a)–C(1a) 154.4(4), N(1)–C(1)–
C(2) 179.0(5), C(1)–C(2)–C(3) 118.7(4), C(2)–C(3)–N(2) 178.0(5),
C(3)–N(2)–Mn(1) 165.7(3), N(1b)–Mn(1)–N(2) 93.92(13), C(3)–C(2)–
C(5) 116.6(4), C(2)–C(5)–C(5b) 105.2(7), C(5b):C(2b)–C(1b) 121.8(4).
a 2x, 2y, 2z; b x 2 1, y, z.
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abstract hydrogen. Despite the lower volatility of MeCN as
compared to CH2Cl2, 2 loses solvent very rapidly when
removed from the mother-liquor and cannot be isolated with all
three MeCN molecules present. A sample with 1.7 MeCN per
Fe was obtained after drying in vacuo at room temperature.
TGA–MS on this material shows that it loses the remaining
solvent at 100 °C and formation of C2N2 begins at ca. 150 °C
and peaks at 320 °C. We have observed similar thermal
decomposition processes in other compounds containing
[TCNE]·2 such as [NBu4][TCNE] and K[TCNE]. Thus, we
believed that desolvation leads to cleavage of the long central
C–C bond of [C4(CN)8]22 to reform [TCNE]·2 which subse-
quently decomposes to form the observed byproducts, HCN and
C2N2.

Compound 1 is a paramagnet with a room temperature
effective moment of 6.7 mB and obeys the Curie–Weiss law
above 5 K. This is consistent with a diamagnetic [C4(CN)8]22

which weakly couples the metal spin sites (S = 5/2 MnII), albeit
with a larger than expected room temperature moment. The
magnetic properties of 2 are as yet undetermined since it cannot
be isolated without loss of solvent.

Upon desolvation of 1 at 100 °C the nCN absorptions
disappear and new nCN bands characteristic of the
Mn(TCNE)2·xCH2Cl2 magnet (2225, 2182, and 2170 cm21)6

appear. In addition the room temperature moment increases.
The desolvated sample magnetically orders at a Tc of 95 K, in
reasonable agreement with the value previously reported (107
K) for Mn(TCNE)2·xCH2Cl2 prepared directly in CH2Cl2.6 2
behaves in a similar fashion upon desolvation. The desolvated
material has nCN IR absorptions characteristic of the Fe(TC-

NE)2·xMeCN (x = 1.7) magnet (2280, 2220, 2164 and 2117
cm21) and orders magnetically at ca. 6 K [Fe(TCNE)2·xMeCN
orders at ca. 8 K].6 These observations are consistent with the
TGA–MS data and indicate that desolvation leads to formation
of S = 1/2 [TCNE]·2which can bind to additional metal centers
and provide strong spin coupling leading to the observed
magnetic ordering. Evidence for this bond breaking has been
reported for s-dimers of [TCNQ]·2.7a

The authors gratefully acknowledge discussions with D. K.
Rittenberg and the support of the Department of Energy (Grant
Nos. DE-FG03-93ER45504 and DEFG-0296ER12198).
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§ Crystal data: Mn[C4(CN)8](NCMe)2·CH2Cl2, 1: C17H8C12MnN10, tri-
clinic, space group P1, a = 7.5805(6), b = 7.6259(6), c = 9.3443(7) Å, a
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2q @ 58°). Further details of either crystal structure investigation may be
obtained from the Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen (Germany), on quoting depository number CSD-
407730 and 407731, respectively. CCDC 182/887.
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Fig. 2 Structure and labeling diagram of Fe[C4(CN)8](NCMe)2·MeCN.
Selected bond lengths (Å) and angles (°): Fe(1)–N(1) 2.218(7), N(1)–C(1)
1.147(10), C(1)–C(2) 1.395(12), C(2)–C(3) 1.401(11), C(3)–N(2) 1.144(9),
N(2)–Fe(1c) 2.224(6), C(2)–C(5) 1.508(9), C(2b)–C(5b) 1.508(9), C(5b)–
C(5b)–C(5a) 1.627(14); N(1)–Fe(1)–N(2d) 86.4(2), C(1d)–N(1d)–Fe(1c)
163.0(6), Fe(1c)–N(2)–C(3) 165.3(6), N(2)–C(3)–C(2) 177.4(7),
C(3)–C(2)–C(1) 118.2(6), N(2a)–Fe(1)–N(1) 93.6(2), Fe(1)–N(1)–C(1)
163.0(6), N(1)–C(1)–C(2) 177.9(7), C(1)–C(2)–C(5) 120.3(6), C(2b)–
(C5b)–C(5a) 113.2(7), C(5a)–C(2a)–C(3a) 120.9(6). a x 2 1, y, z; b 2x + 1,
2y + 1, 2z + 1; c x + 1, y, z; d 2x + 1, 2y + 1, 2z + 2.
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Si(OH)4 + H3O+ + ∆E → Si(OH)3(H2O)+ + H2O

without hydration ∆E = –18.8
with hydration ∆E =   +7.4

Si2O(OH)6 + H3O+ + ∆E → Si2OH(OH)6
+ + H2O

without hydration ∆E = –22.3
with hydration ∆E = +12.9

Protonated species formation

Si(OH)4 + Si(OH)3(H2O)+ + ∆E → Si2OH(OH)6
+ + H2O

without hydration ∆E = –6.3
with hydration ∆E = +5.1

Protonated species reactions

Silica condensation reaction: an ab initio study

J. C. G. Pereira,a,b C. R. A. Catlow*a† and G. D. Priceb

a Davy Faraday Research Laboratory, The Royal Institution of Great Britain, 21 Albermarle Street, London, UK W1X 4BS
b University College London, Department of Geological Sciences, Gower Street, London, UK WC1E 6BT

Ab initio techniques are used to investigate the mechanisms
and energetics of condensation of two Si(OH)4 monomers in
a simulated hydrated environment; the calculated activation
energies accord well with those measured for silica con-
densation in sol–gel systems.

The kinetics of the silica-based condensation reaction have been
widely investigated, using a variety of spectroscopies and
scattering techniques.1 Silicate clusters in solution have also
been identified2,3 using NMR and gas chromatographic tech-
niques. However, because of the multitude of simultaneous
reactions in solution, it is difficult to extract information about
individual events using only experimental data.

The chemistry of silica has also been studied extensively
using theoretical techniques.4 A simple mechanism for the silica
hydrolysis reaction was suggested,5 with an activation energy of
21.9 kcal mol21, close to the experimental energy barrier for
silicate and quartz dissolution. All these calculations were
carried out in the gas phase, ignoring hydration effects.
Moreover, no systematic ab initio studies of the silica
condensation reaction have been reported to date, even for gas
phase systems.

We have therefore studied the simplest condensation reac-
tion, 2Si(OH)4? Si2O(OH)6 + H2O, using DF theory coupled
with a continuum dielectric model, COSMO,6,7 to describe the
electrostatic conditions found in real silica solutions. This
conductor-like screening model is a continuum dielectric
model, where a solute molecule is embedded in a dielectric
continuum of permittivity e. The interface between the cavity
formed by the solute and the dielectric, the solvent accessible
surface, has thus a surface charge distribution, arising from the
polarisation of the dielectric medium in response to the charge
distribution of the solute. The COSMO model calculates the
screening charges in a conductor (e = H), for arbitrarily shaped
cavities, using a non-iterative procedure, and then the dielectric
screening energy and its gradient are scaled by (e 2 1)/(e + 1

2),
to take into account the effect of the dielectric.

All calculations used the DMOL code8 with the local BLYP
functional9,10 and a DNP double numerical basis set.11 All
atomic arrangements were first optimised in vacuo and
subsequently recalculated including hydration effects, as a
single energy point, without reoptimisation. We considered
mechanisms effected by acid catalysis (corresponding to pH <
3) as in most experimental work.12,13 A methanol environment
was chosen for the COSMO calculations, to fit better the
electrostatic conditions found in real sol–gel solutions, where
the alcohol is usually the main component. Typical composi-
tions are water/alkoxide = 2–4 and alcohol/alkoxide = 4–10.

Acid catalysed condensation reactions are effected by the
attack of a neutral monomer on a protonated monomer resulting
in a protonated dimer and a water molecule; Si(OH)4H+ and
Si2OH(OH)6

+ are therefore key species in the condensation
reaction. The protonation energy for both clusters, presented in
Table 1, shows that this process is exothermic in the gas phase
and endothermic in the methanol environment. In addition, we
find that it is more energetically favourable to protonate the
cluster rather than the monomer. In gas phase calculations, the
key factor is always the additional charge, which may generally

be delocalised more effectively in larger systems; consequently,
the side of the equilibrium where the charge is hosted by a larger
species tends to have a lower energy. In the solvated medium,
simulated by the COSMO methodology, this charge stabilisa-
tion effect is drastically reduced: it now requires more energy to
protonate the Si2O(OH)2 dimer than the Si(OH)4 monomer. As
the electron-withdrawing effect of OSi groups is greater than
that of OH groups,1 the bridging O in Si2O(OH)6 is less basic
than the four terminal O in Si(OH)4. The general implication of
this effect is that in acid conditions, larger neutral species attack
the smaller, protonated monomers, as observed.12

The energy for the condensation reaction, from the proto-
nated reactants to the protonated products, is presented in Table
2. The results for the reaction in the gas phase are again
dominated by the effects of charge distribution. The energy of
the condensation reaction is negative, because the dimer is
larger than the monomer. In the solvated environment, where
these charge effects are relatively unimportant, the reaction is
endothermic, essentially because the products have groups that
are more electron withdrawing than those of the reactants. The
results for the calculations with a solvated environment agree
with the trends predicted experimentally for these clusters in
solution.12

We now study two detailed mechanisms of condensation: the
SN2 attack (illustrated in Fig. 1) in which the attack occurs from
the opposite side to the leaving group and the lateral attack (Fig.
2) in which the attack occurs sideways. To ensure that the
energy surface for the reaction was adequately searched we
performed, in each case, two sets of calculations. In the first, we
started from the reactants, with the protonated monomer having
its equilibrium Si–O+ distance of 1.88 Å. During the course of
the reaction, the distance, d, between the oxygen of the attacking
monomer and the Si of the protonated monomer was reduced in
a succession of steps from ca. 8 Å to the equilibrium value (for
the protonated dimer) of 1.83 Å; at each step along the path, d
was held fixed and all other parameters were optimised. In the
second set of calculations, we started from the products, with
the protonated dimer having its equilibrium O+–Si distance of
1.83 Å. We successively decreased the distance, dA, between the
oxygen of the leaving water molecule and the Si of the

Table 1 Formation energies, in vacuo and methanol environments

Table 2 Condensation energy, in vacuo and methanol environments
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protonated dimer, from a value of ca. 8 Å to the equilibrium
value (for the protonated monomer) of 1.88 Å. Again dA was
fixed in the individual calculations, with all other parameters
being optimised. The two sets of calculations, denoted ‘before’
and ‘after’, result in similar energy profiles in the intermediate
region where they overlap. We note that this step-by-step
analysis gives valuable information about the evolution of the
charge distribution, which is fundamental in understanding the
full transformation from the reactants to the products.

The SN2 and lateral attack reaction paths, optimised in the gas
phase, are very different. While the SN2 path is composed of
two almost straight lines, suggesting a negligible activation
energy, the lateral attack path exhibits a small energy barrier.

In the solvated environment, simulated by the COSMO
methodology, the energy evolution along the SN2 reaction path
shows first a small energy barrier of 2.5 kcal mol21 before
decreasing to a five-silicon intermediate, which is 3.4 kcal
mol21 more stable than the reactants, with O–Si 1.91 Å and Si–
O 1.98 Å. A second energy barrier of 11.3 kcal mol21, the
largest in the whole reaction process, occurs later, when the Si–
O distance is already 4.08 Å.

In the lateral attack mechanism in the solvated environment,
after the first 2.5 kcal mol21 energy barrier, a five-coordinate
silicon intermediate occurs at O–Si 2.83 Å and Si–O 1.86 (1.9
kcal mol21 less stable than the other reactants). As in the gas
phase, a pronounced peak occurs at Si–O 2.48 Å, forming the
largest energy barrier in the overall mechanism: 17.3 kcal
mol21 (6 kcal mol21 larger than in the SN2 mechanism). The
SN2 mechanism seems therefore to be an easier route for the
conversion of the reactants into the products. However, as the
study for the lateral attack shows, several other mechanisms that

are energetically and statistically less favourable, should still be
possible and may occur simultaneously in the solution.

The global energy evolution from the neutral reactants to the
neutral products is depicted in Fig. 3. The difference in energy
between reactants and products is small: only 20.4 kcal mol21.
On fully optimising both reactants and products in the COSMO
environment, this difference increases to 23.2 kcal mol21,
which is still relatively small. Most significant, however, is the
fact that our calculated activation energies are within the range
of those measured experimentally for silica condensation
reactions in sol–gel systems, in the range 12–15 kcal mol21.14,15

We may be confident therefore that we have identified the main
mechanisms for this crucially important process. Further
calculations will explore stabilities and condensation mecha-
nisms for larger clusters.
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indebted to Instituto Superior Técnico, Dept. Eng. Materials,
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XXI, Lisboa, for financial support.
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Fig. 1 SN2 mechanism for the condensation reaction Si(OH)4 + Si(OH)4H+

? Si2OH(OH)6
+ + H2O. The y axis represents the oxygen–silicon distance,

(O–Si), between the attacking monomer and the protonated monomer; the x
axis represents the silicon–oxygen distance, (Si–O), between the protonated
dimer and the departing water molecule.

Fig. 2 Lateral attack mechanism for the condensation reaction Si(OH)4 +
Si(OH)4H+? Si2O(OH)6H+ + H2O. The x and y axes are as in Fig. 1.

Fig. 3 Energy evolution (kcal mol21) during the Si(OH)4 condensation
reaction, for both SN2 and lateral attack mechanisms
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8n[NEt4][AgCl2]  +  8nHSC2H4NH2•HCl

[{Ag8(µ4–SC2H4NH3)6Cl6}Cl2]n  +  8n[NEt4]Cl  +  2nHSC2H4NH2•HCl (1)

1

Assembly based on m4-bridging thiolate: a new type of polymeric silver(i)
complex having a one dimensional chain structure

Weipin Su, Rong Cao, Maochun Hong,*† Jiutong Chen and Jiaxi Lu

State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, Fuzhou, Fujian 350002,
PR China

The polymeric silver(I)–thiolate complex [{Ag8(m4-SC2H4-
NH3)6Cl6}Cl2]n has been prepared from the assembling
reaction of silver chloride and 2-mercaptoethylamine hydro-
chloride in DMF; X-ray diffraction analysis shows the
complex has a one dimensional chain structure and all the
sulfur atoms of the thiolates exhibit m4 bonding bridging four
silver(I) centers.

Thiolates are a subject of great interest in the chemistry of
transition-metal complexes.1–4 Dithiolates acting as m2 or m3
bridging ligands have been used to link metal ions such as CuI

or AgI giving rise to complexes with infinite-chain struc-
tures.5–8 Simple monothiolate ligands acting as m2 or m3 bridges
are very common in transition metal chemistry,8,9 however,
those acting as m4 bridges and linking metal atoms to form
polymeric complexes in one infinite chain or in network
structures are unknown.10 Recently, we have explored ways to
design syntheses of polymeric complexes with chain structures
by using coinage metal ions and dithiolate ligands.11 By
changing from dithiolate to monothiolate bridging ligands, we
obtained a new type of polymeric silver(i) complex having a one
dimensional chain structure and metal–metal interactions in
which the thiolates show m4 bridging linking four AgI centers.

We have found that it is possible to use this simple
monothiolate ligand to generate an unusual one dimensional
molecular component of ligand bridged AgI ions.

By very slowly mixing a DMF solution of AgCl and NEt4Cl
and a DMF solution of 2-mercaptoethylamine hydrogen
chloride in an H-tube at room temperature, a large quantity of
colorless prismatic crystals deposited.‡ Clearly, the synthesis of
the polymeric silver(i) 2-mercaptoethylamine complex can be
approached from the controlled assembling reaction of
[AgCl2]2 and HSC2H4NH2·HCl in DMF [eqn. (1)]. In this

reaction, one mole of HCl is liberated for each Ag+ added and
shows the zwitterion 2SC2H4NH3

+ acts as a ligand to form the
complex. A crystallographic analysis reveals that the complex is
a polymer and the octanuclear cation [Ag8(SC2H4NH3)6Cl6]2+

constitutes the building-block unit. The octanuclear units,
possessing a crystallographic mirror plane through Ag(1),
Ag(3) and S(2) (Fig. 1), are bound by Ag–S and Ag–Ag
interactions to form a one dimensional chain structure along the
b axis and the chains are linked by hydrogen bonds in the crystal
(Fig. 2). Two types of coordination environments for AgI ions
are present: six AgI ions have a distorted tetrahedral S3Cl
coordination environment, generated by the sulfur atoms of the
zwitterions and terminal chloride; the other two are trigonal
planar with an S3 coordination environment from the sulfur
atoms of the zwitterion. All six zwitterions 2SC2H4NH3

+

exhibit m4 bridge linking four metal centers. The occurrence of
m4 bridging coordination of thiolate ligands in transition metal

chemistry is very limited.10 This is the first example of an
Ag4(m4-S) bridge coordination mode for thiolate found in
silver(i) chemistry and the third example of a M4(m4-S) bridge
coordination mode of the zwitterion found in transition metal
thiolate chemistry (the other examples being
[Cu13Cl13(SC2H4NH3)6]10a and [{Cu8Cl6(SC2H4NH3)6}-
Cl2]n

10b). The coordination geometry of all the sulfur atoms is a
highly distorted square pyramidal CSAg4 unit with one carbon
atom at the apex and four silver atoms in the equatorial plane.
The four Ag–S bonds in the m4-S(1)Ag4 unit are all similar in
length [2.577(5), 2.583(5), 2.611(5), 2.690(5) Å], while those in
the m4-S(2)Ag4 unit are non-equivalent, one shorter at 2.440(7)
Å, two at 2.626(4) Å and one longer at 2.917(7) Å. The average
Ag–S bond distance [2.634(7) Å] is much longer than that
[2.248 Å] in [Cu13Cl13(SC2H4NH3)6]10a and slightly longer
than those for AgI–SR involving three- or four-coordinate silver
(2.40–2.55 Å).3,4 The Ag–Ag separations range from 2.976(2)
to 3.046(3) Å with an average value of 3.003 Å. All are best
considered as non-bonding,3 although the values are very
similar to those present in metallic silver (2.88 Å).12 The
average Ag–Cl bond distance [2.489(5) Å] is slightly longer
than that (2.448 Å) in [Cu13Cl13(SC2H4NH3)6]10a and lies in the
normal range for AgI–Cl bonds.4 Two Cl2 are not coordinated
to silver atoms, but are bonded to NH3

+ via a strong hydrogen
bond N–H···Cl (N···Cl = 3.20 Å) in the crystal.

Fig. 1 Perspective view of an octanuclear unit in the polymeric chain in
[{Ag8(m4-SC2H4NH3)6Cl6}Cl2]n. Selected bond lengths (Å) and angles (°):
Ag(1)–Ag(2) 2.976(3), Ag(1)–Ag(3a) 2.994(3), Ag(1)–Ag(2a) 2.976(3),
Ag(2)–Ag(3) 3.046(3), Ag(3)–Ag(1a) 2.994(3), Ag(3)–Ag(2a) 3.046(3),
Ag(1)–S(1) 2.577(5), Ag(1)–S(2) 2.917(7), Ag(1)–Cl(1) 2.464(7), Ag(1)–
S(1a) 2.577(5), Ag(2)–S(1) 2.611(5), Ag(2)–S(2) 2.626(4), Ag(2)–Cl(2)
2.514(5), Ag(2)–S(1b) 2.583(5), Ag(3)–S(1b) 2.690(5), Ag(3)–S(1c)
2.690(5), Ag(3)–S(2a) 2.440(7); C(11)–S(1)–Ag(1) 104.1(6), C(11)–S(1)–
Ag(2) 103.8(7), C(11)–S(1)–Ag(2b) 119.5(6), C(11)–S(1)–Ag(3a)
110.3(6), Ag(1)–S(1)–Ag(2) 70.0(1), Ag(1)–S(1)–Ag(3a) 69.2(1), Ag(2)–
S(1)–Ag(2b) 119.7(1), Ag(2b)–S(1)–Ag(3a) 70.5(1), C(21)–S(2)–Ag(1)
94.1(13), C(21)–S(2)–Ag(2) 114.6(6); C(21)–S(2)–Ag(2a) 114.6(6),
C(21)–S(2)–Ag(3d) 101.3(13), Ag(1)–S(2)–Ag(2) 64.7(1), Ag(1)–
S(2)–Ag(2a) 64.7(1), Ag(2)–S(2)–Ag(3d) 108.1(2), Ag(2a)–S(2)–Ag(3d)
108.1(2).
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The IR spectrum of the complex exhibit a shift of the C–S
stretching band from 659 cm21 for the free mercaptoethylamine
to 644 cm21 upon coordination. The C–H and N–H stretching
bands are complicated and occur between 2798 and 3162 cm21

for the complex.
The authors acknowledge NNSF of China for financial

support.
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‡ Crystal data: crystal dimensions 0.12 3 0.15 3 0.30 mm,
C12H42N6Ag8S6Cl8, M = 1609.4, orthorhombic, space group Pnma, a =

7.831(1), b = 15.180(1), c = 16.410(1) Å, U = 1951.1(4) Å3, Z = 2. Dc

= 2.743 g cm23. 5955 intensity data were collected on a Siemens SMART
CCD diffractometer with graphite-monochromated Mo-Ka radiation at
room temperature, of which 1471 (Rint = 0.0492) are independent. R(Rw) =
0.082 (0.090) for 1178 reflections with I ! 2.0s(Fo) and 103 refined
parameters. Drmax = 1.44 e Å23 near the silver atoms. CCDC 182/871.
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Fig. 2 View of the one dimensional chains and hydrogen bonds between the
chains running along the b axis in [{Ag8(m4-SC2H4NH3)6Cl6}Cl2]n
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Photopromoted oxidative cyclization of an o-phenylene-bridged Schiff base via
a manganese(iii) complex, leading to a fluorescent compound,
2-(2-hydroxyphenyl)benzimidazole

Takashi Fukuda,a Fuminori Sakamoto,a Minoru Sato,b Yoshiharu Nakano,a Xiang Shi Tana and Yuki Fujii*a†
a Department of Chemistry, Faculty of Science, Ibaraki University, Mito, 310-8512, Japan
b Department of Chemistry and Engineering, Ibaraki National College of Technology, Hitachinaka 344-1200, Japan

Visible light photolysis of [N,NA-o-phenylenebis-
(salicylideneaminato)]diaquamanganese(III) resulted in the
fluorescent compound 2-(2-hydroxyphenyl)benzimidazole
by a one electron redox reaction between MnIII and the
Schiff base ligand, followed by the base-hydrolysis of the
oxidized Schiff base, and then the cyclization of the base-
hydrolyzed product.

The photoactivation of manganese complexes is an attractive
theme both in the modeling of PSII and in the development of
a new photoreaction.1–4 It has been known that, upon visible
light irradiation, in the presence of p-quinone, manganese(iii)
complexes with tetradentate Schiff base ligands having the
salen-type skeleton generate molecular oxygen;5–7 in the
absence of p-quinone, rearrangement of the coordinated Schiff
base ligand occurs.8 Recently, we examined the photolysis of
[N,NA-o-phenylenebis(salicylideneaminato]diaquamanganese-
(iii) 1 and observed a photopromoted oxidative cyclization of
the coordinated Schiff base ligand, and the effective formation
of the fluorescent compound 2-(2-hydroxyphenyl)benzimida-
zole 2, which is useful as a laser dye, high-energy radiation
detector, molecular energy storage system, and fluorescent
probe.9–11 2 is usually prepared from salicylic acid and
o-phenylenediamine in polyphospholic acid at 190 °C in 14%
yield.12 This photoreaction thus provides a new and effective
synthetic method for the fluorescent compound 2 and its
derivatives.‡

Cation 1 was prepared by a literature method,13 and isolated
as its perchlorate salt.§ Absence of MnII was confirmed by EPR
spectroscopy. Slow evaporation of methanol solution of the
complex produced crystals suitable for single crystal X-ray
structure analysis.¶ An ORTEP drawing of 1 is shown in Fig. 1.
The structure of the complex cation comprises a planar
tetradentate Schiff base ligand tightly bound to the MnIII center
via two Mn–N bonds [1.981(2), 1.978(2) Å] and two Mn–O
bonds [1.859(1), 1.875(1) Å], and by axial methanol and water
molecules which complete an octahedron around the MnIII ion.
Longer Mn–O distances to the apical ligands [2.272(2) Å for
Mn–H2O and 2.291(2) Å for MeOH] may be partly attributed to
the Jahn–Tellar effect for the d4 ion, although it is common for

solvated Mn–O distances to be longer than chelated ones.14 No
hydrogen bond between the phenolic oxygen atoms of the
Schiff base ligand and apical water or methanol was ob-
served.6

Fig. 2 shows the time courses of UV–VIS (320 nm),
fluorescence (432 nm), and EPR spectra of 1 in water at initial
pH = 6.4 under irradiation with visible light (150 W tungsten
halogen lamp with UV cut filter L-39). The UV–VIS spectral
change exhibited an isosbestic point at 223 nm, and the half life
(t1/2) of 1 was 11–15 h at pH 6.4.∑A similar spectral change also
occurred in the dark but was very slow (t1/2 ≈ 55 h). Our
preliminary experiments revealed that the photopromotion
occurs by the irradiation into the CT band (400 ± 20 nm), but
hardly for the p ? p* (335 ± 20 nm) and d ? d (540 ± 20 nm)
bands. Further, the reaction becomes faster with increase of
solution pH (t1/2 ≈ 9 h at pH 7.5, ≈ 5 h at pH 8.6).

On the other hand, the fluorescence and EPR intensities of the
photoreaction solution increased with the decay of 1, indicating
that the fluorescent compound, assigned as 2-(2-hydroxy-
phenyl)benzimidazole 2, was formed at early stages of the
reaction. The EPR spectra show typical six-line MnII signals (g
= 2.013), which proves that the MnIII was reduced to MnII

during this reaction. Since neither molecular oxygen nor
hydrogen peroxide were detected in the photoreaction solution,
it is strongly suggested that intramolecular one electron redox
occurred between MnIII and the coordinated Schiff base ligand.
A similar photoreaction also occurred under vacuum, however,
no EPR signal corresponding to an organic radical was
observed.

From the photoreaction solution, 2 and salicylaldehyde 3
could be separated both in about 40% yield by extraction with
ethyl acetate, followed by silica-gel column separation using
ethyl acetate–n-hexane (1 : 2) as eluent (Rf = 0.6 for 2, Rf = 0.8
for 3).** In addition to 2 and 3, under argon, N,NA-

Fig. 1 An ORTEP drawing of cation 1 with thermal ellipsoids at 50%
probability. Hydrogen atoms are omitted for clarify.

Fig. 2 Time courses of UV–VIS, fluorescence and X-band EPR spectra of
the photolysis solution of 1 at pH = 6.4 and 25 °C. The complex
concentration is 2.0 3 1025 mol dm23 for UV–VIS (5) and fluorescence
(2) and 1.0 3 1023 mol dm23 for EPR (8). Fluorescence: lex = 325 nm,
lem = 432 nm, EPR: microwave power = 5 mW, microwave frequency =
9.238 GHz, 0.5 mT modulation amplitude, 25 °C.
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o-phenylenebis(salicylideneamine) 4 was isolated in ca. 10%
yield as a photoreaction product of 1.

On the basis of these facts, the reaction mechanism (Scheme
1) is suggested as follows: (i) MnIII–Schiff base complex A is
reduced to MnII complex B with partially oxidized Schiff base
ligand, for which visible light promotes the reaction (the
reaction has been shown to be enhanced by excitation at the CT
band of 1, probably by LMCT). B is thought to be a transient
radical and a similar radical has been proposed by Floriani and
coworkers.15 (ii) B is base-hydrolyzed to form radical C,
followed by cyclization of the partially oxidized Schiff base
ligand to produce radical D and MnII complex E, D is oxidized
by O2 to produce F. These processes are very fast, since final
products F and MnII appear from the start of the reaction with no
organic radical being detected in the timescale of EPR
measurement. No detection of radical D under vacuum may be
due to a redox reaction between A and D, which results in the
formation of the corresponding MnII–Schiff base complex and
F. This is partly supported by the fact that the Schiff base ligand
4 is detected under argon but not under air. Evidence for base-

hydrolysis of B is the formation of salicylaldehyde G and rate
enhancement with increase of solution pH. A study of the
detailed reaction mechanism is under way.

This work was partly supported by a Grant-in-Aid for
Science Research (No. 09440224 and No. 97370) from the
Ministry of Education, Science and Culture of Japan.
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† E-mail: yuki@mito.ipc.ibaraki.ac.jp
‡ This method is also applicable for the preparation of the cationic
fluorescent compound 2-(2-hydroxy-5-trimethylammoniomethylphenyl)-
benzimidazole chloride.
§ This complex contains methanol as apical ligand in the crystal state,
however the methanol is thought to be substituted by water in aqueous
solution.
¶ Crystal data: C21H20N2O8MNCl, M = 518.79, monoclinic, space group
P21/c, Z = 4, a = 11.804(2), b = 13.435(2), c = 14.358(2) Å, b =
109.108(9)°, U = 2151.5(5) Å3, Dc = 1.601 g cm23, Mo-Ka radiation (l
= 0.710 73 Å), R = 0.033 and Rw = 0.032 for 3585 observed reflections
with I > 3s(I). CCDC 182/878.
∑ Since the reaction occurs with irregular induction time, t1/2 is variable.
** 2: 1H NMR [(CD3)2SO, TMS standard], d 13.18 (br, 1 H), 8.057 (d, 1 H),
7.664 (d, 2 H), 7.400 (t, 1 H), 7.303 (br, 2 H), 7.074–7.019 (m, 2 H). 13C
NMR [(CD3)2SO], d 158.07, 151.68, 140.93, 133.14, 126.19, 123.27,
122.38, 119.11, 117.93, 112.58, 111.51. EI-MS: m/z 210 (M+)
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Three-dimensional redox-active layered composites of Au–Au, Ag–Ag and
Au–Ag colloids

Ron Blonder, Laila Sheeney and Itamar Willner*†

Institute of Chemistry and The Farkas Center for Light-Induced Processes, The Hebrew University of Jerusalem,
Jerusalem 91904, Israel

Ordered layered three-dimensional networks of Au, Ag and
Au/Ag colloids are assembled in a stepwise synthesis using
N,NA-bis(2-aminoethyl)-4,4A-bipyridinium as a redox-active
crosslinker.

The ordered assembly of metal particles on solid supports, i.e.
glass or conductive ITO-glass attracts substantial research effort
due to the unique electronic and optical properties of nanoscale
metal colloid particles.1,2 Surface-enhanced Raman spectros-
copy (SERS) of adsorbate monolayers on Au-colloids,3,4

electrochemistry of redox-active monolayers associated with
rough Au-colloid monolayers,5 conductivity of three-dimen-
sional Au-colloid assemblies,6 and second-harmonic generation
at layered Au-colloids,7 were examined. Nanometer-size organ-
ization of the metal colloids is of importance to tailor
microelectronic nano-devices. Indeed, it was shown that two
Au55 clusters could act as a tunnel resonance resistor.8 The
assembly of metal colloid monolayers was accomplished by the
functionalization of glass or conductive glass supports with
surface thiolate or surface amino groups, acting as a ligation
monolayer for the association of the colloids.3,4 Alternatively,
functionalized capped-metal colloids were reacted with mod-
ified surfaces to yield the respective monolayers. Colloid arrays
were deposited on solid supports using dithiolate crosslinkers10

or thiol-tagged oligonucleotides.11 The bridging units separat-
ing the dithiol or the double-stranded oligonucleotide units
control the inter-particle distances and the resulting con-
ductivity features of the colloid arrays. The optical and
electronic properties of metal colloids can be tuned by the
preparation of bimetallic particles. Specifically, gold/silver
composites or alloys have received interest with respect to their
optical and electronic features.4–6 Layered and ordered colloidal
Au/Ag composites have been studied to date only to the extent
that Ag-clad Au layers are generated by the electrochemical
deposition of Ag on Au nanoparticles.12

In the present study, we describe the novel assembly of
ordered three-dimensional metal colloids composed of Au
colloids, Ag colloids and composite Au and Ag colloids. The

colloids are crosslinked by a redox-active molecular bridging
unit. We find that the molecular redox-active unit is electro-
active in the three-dimensional colloid array, implying that
electron transport through the colloid particles is feasible. To
our knowledge, we present for the first time a synthetic method
to assemble mixed composites of Au and Ag in an ordered
way.

Au colloids were prepared by citrate reduction of an HAuCl4
solution to yield Au particles of 12 ± 2 nm size.13 Ag colloids
were similarly prepared by citrate reduction of AgNO3 solution
[in the presence of iron(ii) sulfate] to generate particles
exhibiting a diameter corresponding to 31 ± 2 nm.14 Glass slides
or indium tin oxide (ITO) conductive glass were functionalized
with triethoxy aminopropylsilane to yield an amino-function-
alized surface. Interaction of the functionalized surface with the
Au or the Ag colloid for 1.5 h yields the primary metal colloid
monolayer, Scheme 1. These monolayers were subsequently
reacted with N,NA-bis(2-aminoethyl)-4,4A-bipyridinium 1, as the
crosslinking reagent of the colloid monolayers. Further inter-
action of the surfaces with the Au colloid or the Ag colloid yield
the respective two-layer Au/Au, Ag/Ag or Au/Ag assemblies,
Scheme 1. By the additional interaction of the layered colloid
assemblies with the crosslinking unit 1 and the respective metal
colloid, a controlled number of metal particles with the
respective ordering of the metal colloid layers, could be
deposited onto the glass supports. Fig. 1(A) shows the absorp-
tion spectra changes upon assembly of a four-layer assembly of
Au colloids. The absorption band, lmax = 522 nm, increases
almost linearly upon increasing the number of colloid layers
associated with the surface. At high surface coverages, an
additional absorbance at ca. 640 nm is observed. This band was
attributed to a collective interparticle clustered plasmon.3
Similarly, Fig. 1(B) shows the absorbance changes upon the
assembly of a four-layer structure of Ag colloids. The
absorbance of the Ag colloid, lmax = 430 nm, increases as the
number of layers is increased. Fig. 1(C) shows the absorbance
spectra of a composite monolayer composed of one Au and one
Ag layer. The composite assembly consists of two absorbance

Scheme 1 Stepwise assembly of metal particle multilayer arrays

Chem. Commun., 1998 1393



0.15

0.10

0.05

0.00
350 445 530 615 700

(b)

(a)

350 400 450 500 550
l / nm

0.0

0.1

0.2

0.3

0.4

(a)

(b)

(c)

(d)

0.00

0.10

0.15

0.30

A
bs

or
ba

nc
e

340 450 570 800690

(a)

(b)

(d)

(c)

A

B

C

600 400 200 0 –200 –600 –800 –1000–400
E / mV

–7

–5

–3

–1

1

3

5

7

9

11

I /
 µ

A

3

2

1

0
0 1 2 3 4

Layer no.

G
 / 

10
–1

0  
m

ol
 c

m
–2

(a)

(b)

(c)

(d)

maxima at 520 and 430 nm, characteristic of the Au and Ag
colloids, respectively.

Fig. 2 shows the cyclic voltammograms of the N,NA-bis(2-
aminoethyl)-4,4A-bipyridinium redox-active crosslinking units
upon the assembly of the four-layered Au colloid. The
electrochemical response of the bipyridinium units is enhanced
as the number of layers is increased. Coulometric analysis of the
bipyridinium relay units associated with the first Au colloid
layer, reveals a surface coverage of 7.3 3 10211 mol cm22

(geometrical area). As the surface coverage of Au colloids on
glass was estimated by electromicroscopy measurements4,5 to
be ca. 1 3 1011 particles cm22, it suggests that ca. 450
bipyridinium bridging units are associated with each Au
particle. Coulometric analysis indicates that the surface cov-
erage of the bipyridinium units associated with the four-layer
Au colloid assembly increases almost linearly upon the
formation of the three-dimensional network (Fig. 2, inset).

In conclusion, we have demonstrated a novel method to
assemble three-dimensional metal colloid networks consisting
of Au, Ag or composite Au/Ag colloids and an amino-
bifunctional redox-active briding unit as crosslinker. Electro-
static attraction between the crosslinker and the citrate-
protected metal particles presumably leads to the assembly of

the systems. The results demonstrate the formation of ordered
composite layered assemblies of Au and Ag particles and reveal
a means for the pre-planned structuring of composite multilayer
assemblies. The electrochemical characterization of the bridged
colloid assembly reveals that the redox-active molecular
components are electrically contacted in the colloid lattice. This
supports the suggestion that the Au particles act as nanoparticle
conductive layers for electron transport through the network.

This study is supported by the Israel Ministry of Science as an
Infrastructure Project on Material Science.
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Fig. 1 (A) Absorbance spectra of an ITO glass upon the stepwise assembly of Au colloid (12 ± 2 nm, diameter layers); (a) 1, (b) 2, (c) 3, (d) 4 layers. (B)
Absorbance spectra of an ITO glass upon the stepwise assembly of Ag colloid (31 ± 2 nm, diameter); (a) 1, (b) 2, (c) 3, (d) 4 layers. (C) Absorbance spectra
of a composite Au/Ag metal colloid array; (a) one Au colloid layer assembled on an aminopropyl siloxane functionalized monolayer, (b) Ag colloid deposited
onto the Au monolayer using 1 as crosslinker. All multilayers were assembled by functionalization of the respective colloid layer with the crosslinker 1 by
the interaction of the colloid with a 50 mm solution of 1 for 0.5 h.

Fig. 2 Cyclic voltammograms of the Au-colloid layers functionalized by
N,NA-bis(2-aminoethyl)-4,4A-bipyridinium 1; (a) 1, (b) 2, (c) 3, (d) 4 layers.
All measurements were recorded in phosphate buffer, pH = 7.0, scan rate
100 mV s21. Inset: Surface coverage of 1 vs. number of Au colloid
layers.
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Palladium-catalysed carbon–carbon bond formation in supercritical carbon
dioxide

Michael A. Carroll and Andrew B. Holmes*†

Melville Laboratory for Polymer Synthesis, Department of Chemistry, University of Cambridge, Pembroke Street, Cambridge,
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Novel fluorinated phosphine palladium complexes are
prepared and employed in the first examples of palladium-
catalysed carbon–carbon bond formation in supercritical
carbon dioxide.

Supercritical carbon dioxide (scCO2) has recently emerged as
an environmentally benign substitute for volatile organic
solvents.1 Above the critical temperature (31.1 °C) and pressure
(73.8 bar) carbon dioxide possesses hybrid properties of both a
liquid and a gas. Control of the solvent density by variation of
the temperature and pressure enables the solvent properties to
be ‘tuned’ to substrates and reactants. These aspects have been
used to advantage in polymer synthesis2–4 and more recently in
the preparation of ‘small molecules’.4,5 The particular attraction
of scCO2 must reside in the ‘added value’ as has been
recognised in its application to heterogeneous catalytic proc-
esses and in asymmetric catalytic hydrogenation/hydroformyla-
tion.6,7 In this respect synthetic transformations on small
molecules could be coupled with the advantages of processing
(separation/purification) technologies8 to provide significant
benefits over the use of conventional solvents. 

We have chosen to study metal-catalysed bond forming
reactions, but the majority of the commercially available metal-
based catalysts, typically those bearing phosphine or amine
ligands, are unsuitable for use in CO2 owing to their low
solubility.9 Here we describe the synthesis of a range of
fluorinated phosphines which enable various palladium-medi-
ated reactions to be conducted in scCO2. 

Highly fluorinated compounds have been shown to have
unusually high solubility in scCO2, and their incorporation into
phosphine-based ligands was expected to improve the solubility
of the corresponding metal complexes. Such compounds can be
prepared by adding the Grignard reagent C6F13CH2CH2MgI to
chlorophosphines to give a range of potential ligands for the
solubilisation of palladium complexes in carbon dioxide
(Scheme 1). Similar work has recently been reported regarding
the preparation of these and other, similar ligands for applica-
tions in the ‘fluorous’ phase.10 A simple but indirect means of
purification of the required phosphines was achieved by
temporary conversion to the corresponding oxide. Regeneration
of the phosphine was achieved in excellent yield by treatment
with Cl3SiH and Et3N. 

The effect of the fluorinated phosphines 1 and 2 on the
solubility of palladium complexes in scCO2 was then examined,
and the results are summarised in Table 1. It is evident that the
solubility of the palladium complexes was dramatically im-
proved. However, the degree of ‘fluorination’ required to confer
solubility is dependent on the particular complex, those species

having a higher degree of ionic character requiring an increased
level of fluorination (Table 1, entries 4 and 7).‡

The soluble palladium complexes§ (Table 1, entries 5 and 8)
were then used to catalyse three important carbon–carbon bond
forming reactions, namely the Heck, Suzuki and Sonogashira
couplings. The Heck reaction has emerged as one of the most
versatile members of this group.11 Table 2 (entry 1) illustrates
that the reaction in scCO2 with electron deficient alkenes occurs
in a superior yield to that reported for conventional solvents;
intramolecular processes are also possible (entry 2). The
palladium-catalysed coupling of boronic acids with aryl or vinyl
halides, the Suzuki reaction, has certain advantages for the
coupling of two sp2 centres.12 This too can be conducted in
scCO2 (entries 3 and 4) in yields that are comparable to those
achieved in conventional solvents. Finally, the Sonogashira
coupling reaction13 affords functionalised acetylenic com-
pounds also in satisfactory yield.¶ The use of a more basic
(secondary rather than tertiary) amine in palladium-mediated
transformations typically leads to an improvement in yield.
However, in scCO2 very little difference is observed between
the two. It is not yet clear whether this is due to carbamic acid
formation.14 Electron deficient amines, such as
perfluorotrihexylamine, despite having improved solubility,
exhibit a detrimental effect. 

It is of note that the work-up procedures are significantly
easier than those associated with standard reaction conditions.
Typically the use of a polar solvent such as DMF and a water
soluble base (carbonate or alkoxide) requires extraction of the
product with an organic solvent according to conventional
isolation techniques. By contrast, a simple pressure change in
the scCO2 reactor allows the gaseous/liquid reaction medium to
be vented (possibly through a conventional solvent) thus
eliminating liquid/liquid partition.

In summary, new fluorinated phosphine palladium com-
plexes have been prepared and used as homogeneous catalysts
in supercritical carbon dioxide. Important palladium-mediated
carbon–carbon bond forming processes are now accessible and
are expected to lead to considerable advances in synthetic
methodology in due course.15

Scheme 1 Reagents and conditions: i, Mg, Et2O, room temp., 12 h; ii,
ClnPPh(32n), Et2O, room temp., 3 h; iii, NaIO4, acetone, room temp., 12 h;
iv, Et3N, Cl3SiH, toluene, 100 °C, 12 h

Table 1 Solubility of phosphine palladium complexes in scCO2

Entry Complex L Solubility

1 PdL2Cl2 PPh3 Insoluble
2 PdL2Cl2 PCy3 Insoluble
3 PdL2Cl2 dppfa Insoluble
4 PdL2Cl2 1b Partialc
5 PdL2Cl2 2b Soluble
6 PdL2(OAc)2 PPh3 Insoluble
7 PdL2(OAc)2 1d Solublee

8 PdL2(OAc)2 2d Soluble

a 1,1A-Bis(diphenylphosphino)ferrocene. b Prepared in CH2Cl2 by the
reaction (25 °C) of the phosphine (2 equiv.) and (MeCN)2PdCl2 (1 equiv.).
c Incomplete disappearance of solid coupled with an increase in colour
intensity on warming. d Prepared in situ from the phosphine (2 equiv.) and
Pd(OAc)2 (1 equiv.). e Decomposes at T > 45 °C.
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‡ Typical procedure for determining solubility in supercritical carbon
dioxide: Pd(PPh3)2Cl2 (7 mg, 0.01 mmol) was placed in a 10 ml stainless
steel cell. The cell was sealed and completely filled with liquid carbon
dioxide (ca. 1000 psi). The cell was then heated to 70 °C and the state of the
solid was monitored by viewing through a sapphire observation window.
After 10 min at the final temperature the cell was allowed to cool. When the
pressure had dropped below 2000 psi the cell was vented into CH2Cl2 (100
ml), the cell was opened once atmospheric pressure was reached and was
washed out with a further quantity of CH2Cl2 (20 ml). 
§The determination of the crystal structure of PdL2Cl2 (L = 2) is currently
under investigation. 
¶ Typical procedure for the Sonogashira reaction using the catalyst PdL2Cl2
(L = 2) in scCO2: Bis[bis(1H, 1H, 2H, 2H-perfluorooctyl)-
phenylphosphino]palladium dichloride∑ (89 mg, 0.05 mmol), copper(i)
iodide (9 mg, 0.05 mmol), iodobenzene (0.11 ml, 1 mmol), phenylacetylene
(0.11 ml, 1 mmol) and triethylamine (0.15 ml, 1.1 mmol) were placed in a
10 ml stainless steel cell. The cell was sealed and pressurised to
approximately 1000 psi (full of carbon dioxide). The suspended reagents
were magnetically stirred and afforded a dark red-coloured medium as the
cell was heated to 60 °C. The reagents were stirred at this temperature for
64 h when a crystalline deposit formed on the sapphire window. The cell
was then cooled, and when the pressure had dropped below 2000 psi the cell
was vented into Et2O (100 ml). The cell was opened once atmospheric
pressure was reached and washed out with a quantity of CH2Cl2 (10 ml).
The organic fractions were combined and concentrated in vacuo to give the
crude product. The product was purified by flash column chromatography
on silica gel, eluting with hexane to give diphenylacetylene as a white
crystalline solid (110 mg, 0.62 mmol, 62%), mp 58–60 °C; dH(250 MHz;
CDCl3) 7.56–7.61 (4 H, m, o-Ph), 7.33–7.43 (6 H, m, m/p-Ph); dC 131.7
(o-C), 128.5 (m-Ph), 128.4 (p-Ph), 123.4 (quaternary Ph), 89.5 (alkyne). A
similar procedure (excluding CuI) was used for the Suzuki reaction. The

Heck procedure employed the in situ generated palladium acetate complex.
All reactions showed similar colour and physical behaviour. 
∑ All new compounds gave spectroscopic (NMR, IR, HRMS) data in
accordance with their proposed structure. 
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Table 2 Palladium-catalysed carbon–carbon bond formation in scCO2

Entry Substrate 1 Substrate 2 Product Catalysta T/°C Yield (%)b

a L = 2 (5 mol%) for 64 h with Et3N (1.1 equiv.) added. b Isolated yield, not optimised. c Prepared in situ from the phosphine 2 (2 equiv.) and Pd(OAc)2

(1 equiv.). d 5 mol% CuI added.
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Palladium-catalyzed cross-coupling reactions in supercritical carbon dioxide
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Palladium-catalyzed carbon–carbon bond coupling reac-
tions, the Heck and Stille reactions, proceed in supercritical
carbon dioxide with a number of phosphine ligands includ-
ing  tris[3,5-bis(trifluoromethyl)phenyl]phosphine,  which
affords high conversions and selectivities.

Elevated pressures1 have been reported to offer benefits for
homogeneous catalyst lifetime2 and selectivity.3 Such pressure-
related advantages, in combination with the properties of
supercritical carbon dioxide (scCO2), led us to explore homoge-
neous catalytic reactions in this medium. A number of recent
reports describe examples of homogeneous catalytic reactions
in scCO2 including hydrogenations,4 hydroformylations,5 epox-
idations6 and polymerizations.7 We report the first demonstra-
tion that palladium-catalyzed carbon–carbon coupling reactions
can be carried out in supercritical CO2. We have examined
catalyst activity, selectivity and ligand effects in scCO2 in a first
step toward capitalizing on the benefits of high pressures for
homogeneous palladium-catalyzed reactions. The reactivity and
selectivity of Heck8 and Stille9 reactions using several different
phosphine ligands in scCO2

10 were compared to those in
organic solvents (THF and toluene).

All reactions in scCO2 were carried out batchwise in
magnetically stirred, custom built 316 stainless steel reactors
with sapphire windows to allow viewing of the contents at high
pressure.11 Stille cross-coupling reactions of PhI and vinyl-
(tributyl)tin in CO2 (345 bar) were run at 90 °C for 5 h using a
number of different ligands (Table 1). The highest conversion in
scCO2 was achieved with the tris[3,5-bis(trifluoro-
methyl)phenyl]phosphine ligand 4 ( > 99%) which was compa-
rable to the results using tri-2-furylphosphine 3 (86%), a ligand
noted for high palladium-coupling activity.9c PPh3 2 and tri-

o-tolylphosphine 1 were characterized by significantly lower
turnover numbers, with PPh3 2 resulting in conversions only
slightly higher than the reaction in the absence of added ligand.
We also ran the Stille coupling reaction of PhI with vinyl-
(tributyl)tin with the same ligands in CO2 and THF at 50 °C and
found that the conversions were considerably higher in THF.
For example, in THF at 50 °C the tri-2-furylphosphine and
tris[3,5-bis(trifluoromethyl)phenyl]phosphine ligands both re-
sulted in conversions above 95% while slightly lower conver-
sions (81%) were measured with PPh3. The conversion in
scCO2 at 50 °C for the Stille reaction was only 28% after 5 h
using the tri-2-furylphosphine ligand.

The much higher conversions in scCO2 for tris[3,5-
bis(trifluoromethyl)phenyl] phosphine appear to arise from the
enhanced solubilization of the catalytically active palladium–
phosphine complexes. A number of reports have demonstrated
the ability of fluorine substitution on organic polymers and
ligands to enhance solubility in scCO2.7a,7b,12,13 In particular,
Leitner has recently reported catalytic activity in scCO2 for
rhodium catalysts containing perfluoroalkyl-substituted
arylphosphines.12 Although we have not carried out any
quantitative solubility studies, we observed no visible precipita-
tion for the Stille coupling reactions in CO2 using the tris[3,5-
bis(trifluoromethyl)phenyl]phosphine ligand. We did, however,
observe significant precipitation in CO2 (presumably pallad-
ium–phosphine complexes) under identical conditions with
PPh3. The perfluorinated ligand, tris(pentafluorophenyl)-
phosphine, also conferred solubility indicated by no observed
precipitation, although lower conversions (@ 75%) were
obtained.

In order to further probe these ligand effects, and to
benchmark the chemical reactivity in CO2 with organic
solvents, we carried out preliminary kinetic studies of the Stille
coupling of PhI and vinyl(tributyl)tin at 75 °C in scCO2 and
toluene. Reaction rates were determined as initial rates14 using
a high pressure reactor with a six-port sampling valve for CO2,
which has been described previously,11 and standard Schlenk-
ware for toluene. As shown in Table 2, the initial rate of reaction
using tris[3,5-bis(trifluoromethyl)phenyl]phosphine 4 was
twice that of PPh3 2 in both CO2 and toluene. Moreover, the

Table 1 Stille cross-coupling of PhI with vinyl(tributyl)tin using Pd2(dba)3

in supercritical CO2
a

Conversion Selectivityc

Ligand (%) (%) TONd/h21

Tri-o-tolylphosphine 1 9 99 0.5
No ligand 38 96 1.9
PPh3 2 49 96 2.5
Tri-2-furylphosphine 3 86 97 4.3
P[3,5-(CF3)2C6H3]3 4 > 99 99 > 5

a 90 °C, 5 h, 345 bar CO2, 2 equiv. of phosphine ligand for each equiv. of
palladium(0) in all coupling reactions, [2.7 mmol (0.790 ml) vinyl-
(tributyl)tin, 2.7 mmol (0.3 ml) PhI, 0.054 mmol (0.048 g) Pd2(dba)3, 0.216
mmol phosphine ligand], reactions were quenched in acetone and analyzed
by GC using known standards and confirmed by GC–MS and/or 1H NMR
spectroscopy. b Conversion = iodobenzene reacted (%). c Selectivity =
styrene (%) with respect to all products formed. d TON/h21 = [(moles of
iodobenzene) 3 (% conversion)]/[(moles of catalyst added) 3 (hours of
reaction)].

Table 2 Rates of Stille coupling reactions in supercritical CO2 and
toluenea

k/min21

Ligand CO2 Toluene

PPh3 2 0.016 0.034
P[3,5-(CF3)2C6H3]3 4 0.036 0.057

a 75 °C, 0.024 mmol (0.022 g) Pd2(dba)3, 2.4 mmol vinyl(tributyl)tin, 2.4
mmol PhI, 33 ml toluene or 33 ml CO2 at 310 bar used. Initial rates
measured by GC with internal standard (octafluoronaphthalene). Initial
rates (30 min) were obtained from a ln [c/co] vs. time plot and are accurate
to within 10%.
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R

observed rates in scCO2 were within a factor of two of those
observed in toluene for both phosphine ligands (Table 2). The
initial rates of the PPh3 2 and tris[3,5-bis(trifluoromethyl)phe-
nyl]phosphine 4 ligands are similar but the conversions are so
different, suggesting that the enhanced solubility of the
trifluoromethyl substituted system is probably more important
than any increased activity through electronic effects. We found
that the much less basic fluorinated ligand, tris(pentafluoro-
phenyl)phosphine 5, also enhanced solubility relative to PPh3 2
but the initial rate was two orders of magnitude less than the
other ligands, presumably due to electronic effects.

We have also examined the palladium-catalyzed Heck
coupling of PhI with simple olefins using several phosphines in
scCO2 at 90 °C. As Table 3 illustrates, we observe that the
fluorinated phosphines result in high conversions for both
styrene and methyl acrylate ( > 94%), similar to the proven tri-
2-furylphosphine ligand. The non-fluorinated triarylphosphines
led to lower conversions (20–35%), which were comparable to
reactions run in the absence of added ligand. Unlike the Stille
couplings, the reaction solution for all the Heck couplings was
dark and opaque and prevented even qualitative observation of
precipitation; however, we believe the higher turnovers for the
fluorinated phosphines probably arise from enhanced sol-
ubilization of the palladium complexes. 

In summary, we have observed that both Heck and Stille
couplings can proceed in supercritical CO2 with rates and
selectivites comparable to those in toluene. Of particular note,
we find that fluorinated phosphines, particularly tris[3,5-
bis(trifluoromethyl)phenyl]phosphine, result in high conver-
sions due to the ability of these ligands to enhance the solubility
of the metal complexes in scCO2. ‘CO2-philic’ ligands such as
fluorinated phosphines should expand the utility of scCO2 for
homogeneous catalysis. Another logical extension of our work
would be to explore supercritical fluids at pressures reported2 to
be high enough ( > 1 kbar) to enhance some catalytic reactions.

This work was supported as part of the Los Alamos Catalysis
Initiative by The Department of Energy through Laboratory
Directed Research and Development (LDRD) funding, and a
grant from the US EPA, Office of Pollution Prevention and
Toxics (Grant Number 1877-97-1). We would like to acknowl-
edge many helpful discussions with Dr Tom Baker and Dr Steve
Buelow.
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Table 3 Heck cross-coupling reaction in supercritical CO2
a

R = CO2Me R = Ph

Conversion Selectivity Conversion Selectivity
L (%) (%) TON/h21 (%) (%) TON/h21

Tri-o-tolylphosphine 1 35 80 1 — — —
No ligand 17 82 0.5 37 99 1
PPh3 2 — — — 20 99 0.6
Tri-2-furylphosphine 3 96 78 2.7 — — —
P[3,5-(CF3)2C6H3]3 4 94 91 2.6 99 99 2.8
P(C6F5)3 5 — — — 99 99 2.8

a 90 °C, 24 h (R = CO2Me), 12 h, 0.3 mmol ligand, 0.15 mmol (0.034 g) Pd(OAc)2, 15 mmol (2.25 ml) Et3N, 5 mmol (0.560 ml) PhI, 25 mmol (2.25 ml)
methyl acrylate, octafluoronaphthalene internal standard. Reactions were analyzed as in Table 1.

1398 Chem. Commun., 1998



NHR

X

NHR

X

+ HC CH

NHR NHR

+ HC CH

X X

NRCOCF3

X

i, ii iii

R = Me X = H 77%
X = Me 78%
X = Bu 81%
X = Pri 80%
X = But 79%
X = OMe 60%
X = Cl 59%

X = H 83%
X = Me 90%
X = Bu 85%
X = Pri 90%
X = But 89%
X = OMe 93%
X = Cl 88%

R = Bn
X = Me 65%

X = H 77%
X = H 80%R = Bu

NHMe NMeCOCF3

+ HC CH

NMeCOCF3

i, ii
+

X X X

X = Me 84% (2:1)
X = OMe 71% (3:2)
X = Cl 67% (2:1)
X = F 92% (6:1)

X = Me 52% and 28%
X = OMe 38% and 26%
X = Cl 42% and 19%
X = F 73% and 9%

NHMeNHMe

+

X X

NHMe

Me

+ PhCH2CH2C≡CH

NMeCOCF3

PhCH2CH2

Me

i, ii

71%

NHMe

+ PhC≡CH

NMeCOCF3

Phi, ii

79%

X = F 53% X = F 94%

iii

Overall yield from N-methylalanine

ortho-Vinylation reaction of anilines
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N-Alkylanilines and anilines are vinylated at the ortho-
position with ethyne in the presence of SnCl4–Bu3N.

Vinylanilines are versatile intermediates for the synthesis of
heterocyclic compounds and functionalized polymers, and the
elimination reaction of (aminophenyl)ethanol derivatives is the
most common method used to prepare these compounds.1 The
Wittig reaction has also been used for the formation of aryl
olefins.2 The vinyl group can be introduced to haloanilines
employing either the Heck reaction or the Stille coupling
reaction.3 Cleavage of heterocyclic compounds has also been
examined.4 In some cases, such sequences of reactions were
conducted via vinylated nitroarenes.5 All these methods,
however, required stepwise transformations, and direct in-
troduction of the vinyl group to the aniline nucleus was desired.
In this context, the vinylation of cyclopalladated acetanilide
reported by Horino is interesting, although the use of a
stoichiometric amount of the palladium compound is inconven-
ient from a synthetic point of view.6 Previously, we reported the
direct ortho-vinylation of phenols with ethyne,7 and the
methodology is extended here to the direct ortho-vinylation of
anilines (Scheme 1).

Ethyne was bubbled into a chlorobenzene solution of
N-methylaniline and SnCl4–Bu3N (4 equiv.) at 250 °C for 30
min. Then, the mixture was heated at 80 °C for 40 min, during
which time ethyne was continuously introduced. The reaction
was quenched by treating with 2 m KOH and THF at reflux for
1 h. After aqueous workup, the crude products were tri-
fluoroacetylated with TFAA and Et3N giving N-methyl-2A-vinyl
trifluoroacetanilide in 77% yield. In contrast to the vinylation of
phenol, the aniline reaction required the continuous introduc-
tion of ethyne during heating to obtain satisfactory results.

Several para- and meta-substituted N-methylanilines were
treated with ethyne under the above conditions, and the results
are summarized in Scheme 2. The vinylation was applicable to
various substituted N-alkylanilines including halogen and
methoxy derivatives. N-Benzyl- and N-butyl-aniline could also
be vinylated. In the case of meta-substituted derivatives, the
reaction took place at the less hindered site predominantly. It
may be interesting to note that 3-fluoroaniline showed higher
selectivity than the chloro derivative, and electronic effect also
appeared to affect the selectivity. ortho-Substituted anilines
such as 2-methyl-N-methylaniline did not give the expected
product. This may be due to steric reasons, since ortho-
substituted anilines lacking the nitrogen substituent gave the
vinylated products (vide infra). Absence of the divinylated
product in the reaction of N-methylanilines could be ascribed to
the same reason.8 The trifluoroacetyl group could readily be
removed by treatment with KOH and MeOH at reflux for 10

min. The present methodology was also used to alkenylate
N-methylanilines with aromatic and aliphatic alk-1-ynes.

The vinylation of anilines lacking the nitrogen substituent
required modification of the workup procedures. para-Methyl-
aniline was treated with ethyne at 80 °C for 2 h, and worked up
in 2 m KOH and THF in the presence of excess ethylenediamine
at reflux for 5–8 h to give a mixture of 2-vinylaniline,

Scheme 1

Scheme 2 Reagents and conditions: i, SnCl4–Bu3N; ii, TFAA, Et3N; iii,
KOH, MeOH
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2,6-divinylaniline and the starting material in yields of 46, 5 and
23%, respectively. The chelating reagent was required in the
workup for the effective protonation of vinylstannane, which is
an intermediate of the present vinylation reaction.7,8 The
protonation of the organotin compound appeared to be slower
for vinylanilines than for N-methylvinylanilines and vinylphe-
nols. The considerable amount of starting material recovered is
not due to nitrogen protonation, since aniline hydrochloride
could be converted to the vinylaniline. N-Vinylation was also
excluded since reactions of alk-1-ynes with para-methylaniline
gave no trace of the corresponding methyl ketones. When
4-methylaniline was treated with the SnCl4–Bu3N in C6D5Cl, at
least two species were detected by 1H NMR spectroscopy.
Probably only a part of the stannylated aniline could participate
in the vinylation. The secondary trifluoroacetamide moiety of
these products hydrolyzed more slowly than the N-methyl
derivatives, and harsh conditions were required: heating with
KOH in MeOH–H2O (96 : 4) for 35–48 h. Based on these
experiments a method to convert anilines to ortho-vinylanilines
was established which involved vinylation, trifluoroacetylation
and deprotection (Scheme 3). The synthesis gave the vinylated
products in moderate overall yields.

Vinylaniline derivatives are one of the most attractive
precursors for the synthesis of indoles. While sulfonylated
anilines are known to cyclize effectively,9 the reaction of
unprotected aniline is rare. Although Hegedus reported the
palladium-catalyzed reaction of ortho-vinylaniline,9 their appli-
cability remained unexplored. When 2-vinyl-N-methylanilines
prepared in the present study were treated with PdCl2(MeCN)2
at THF reflux for 18 h in the presence of quinone and LiCl,
N-methylindoles were obtained in high yields (Scheme 4). A
shorter reaction time of 10 h was employed for 2-vinylanilines
to avoid decomposition. Thus, the applicability of the Hegedus
method turned out to be broad.

Typical procedures are as follows. Ethyne was bubbled into
a solution of Bu3N (24.0 mmol, 5.76 ml), SnCl4 (24.0 mmol,
2.76 ml) and N-methylaniline (6.0 mmol, 642.6 mg) in
chlorobenzene (60 ml) at 250 °C for 1 h. The reaction mixture
was heated at 80 °C for 1.5 h, during which bubbling was
continued. 2 m KOH (240 ml) and THF (40 ml) were added, and
the mixture was heated at reflux for another 1 h. On cooling the
organic materials were extracted with Et2O, washed with brine,
dried over MgSO4 and filtered. After removal of Et2O under
reduced pressure, Et3N (8.4 ml) and TFAA (8.5 ml) were added
to the resultant chlorobenzene solution, and the mixture was
stirred at 210 °C for 12 h. An aqueous workup followed by
flash chromatography (hexane–EtOAc, 30 : 1) over silica gel
gave N-methyl-2A-vinyl trifluoroacetanilide (72%, 990 mg).

This work was supported by grants from the Japan Society of
Promotion of Science (RFTF 97P00302) and the Ministry of
Education, Science and Culture, Japan (No. 08404050).
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Scheme 3 Reagents and conditions: i, SnCl4–Bu3N, HC·CH; ii, TFAA,
Et3N; iii, KOH, MeOH, H2O. Yields shown in parentheses are based on
consumed aniline.

Scheme 4 Reagents and conditions: i, PdCl2(MeCN)2, THF, reflux, 18 h;
ii, PdCl2(MeCN)2, THF, reflux, 10 h
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Pyrrole-embedded [60]fullerenes
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The treatment of the monoarylated azafullerenes ArC59N
with iodine monochloride in carbon disulfide leads to the
exclusive formation of the tetrachlorinated heterofullerenes
Cl4ArC59N which contain a pyrrole moiety in the fullerene
cage.

Recently, we reported on the synthesis of arylated heteroful-
lerenes ArC59N.1 These systems are suitable compounds for the
investigation of the chemistry of azafullerenes, because they are
stable and more soluble than the parent dimer (C59N)2.

Here, we report on the facile chlorination of azafullerenes
ArC59N with ICl. The reaction of C60 with ICl was previously
described by Birkett et al.2 and leads to the quantitative
formation of C60Cl6. This Cs symmetrical compound exhibits an
addition pattern with five Cl atoms attached in 1,4 positions at
the outer and one at the inner perimeter of a corannulene
substructure, leaving a cyclopentadiene moiety within the
fullerene framework. Consequently, the reaction with azaful-
lerene derivatives ArC59N should yield the related tetrachlori-
nated species Cl4ArC59N containing an integral pyrrole moiety
decoupled from the conjugated p-system of the fullerene
cage.

For the synthesis of the pyrrole-embedded fullerenes 4–6 a
freshly prepared solution of 25 equiv. of ICl in CS2 was added
to a solution of 1 equiv. of the azafullerene derivatives 1–3 in
CS2 at room temperature (Scheme 1). This mixture was stirred
for 10 min and then allowed to stand in the dark for three days
for the decomposition of the excess ICl. Subsequently, the
solvent and most of the iodine were removed in vacuo. After
chromatography on silical gel (toluene) the chlorinated com-
pounds 4–6 were isolated in 50–60% yield as orange powders (6
had to be further purified by HPLC on a semipreparative
Cosmosil column). The reaction can easily be monitored by

HPLC using a Cosmosil column and toluene as eluent, since
compounds 4–6 show a significantly longer retention time than
the corresponding educts. Compounds 4 and 5 are only
sparingly soluble in CS2. This turned out to be a serious
problem, as no 13C NMR spectra of sufficient intensity could be
obtained. Compound 6 however is soluble enough (about 3
mg ml21 in CS2) to obtain a well-resolved 13C NMR spectrum
corroborating the depicted structure.‡ The spectrum shows 26
resolved of the 28 expected signals for the sp2 C-atoms of the
fullerene cage between d 160 and 128. The eight different
carbon atoms of the isopentoxyphenyl moiety resonate at d
22.54, 25.15, 37.93, 66.25, 115.19, 126.35, 128.78 and 159.95.
Because of the long relaxation times of the sp3 C-atoms of the
fullerene cage their signals do not show up using a delay time of
6 s. To detect these signals longer pulse delay times, e.g. 16 s,
are required.3 In order to avoid very long measurements, we
decided to use undeuterated 1,2-dichlorobenzene as solvent
making use of the solvent heteronuclear NOE.4 The two
expected sp3 signals appear at d 57.31 and 58.42‡ In C60Cl6, the
corresponding C-atoms resonate at d 54.93 and 55.42.2 The
signal for Cl (Fig. 1) appears at d 70.19. The 1H NMR spectra
of 4–6 resemble those of the educts 1–3.‡ All signals show an
upfield shift which is stronger for those hydrogens closer to the
fullerene cage. The resonances are centred at d 2.52, 7.42 and
8.06 for 4, 3.91, 7.16 and 8.11 for 5 and 1.01, 1.73, 1.87, 4.05,
7.05 and 8.06 for 6. The UV–VIS spectrum of 6 is very similar
to that of C60Cl6,2 with the lmax values‡ located at 237, 283,
345, 394, 434, 475 and 518 nm. The FTIR spectrum of 6
displays intense bands‡ for the C–Cl vibrations at 846 and 817
cm21. The FTIR and UV–VIS spectra of 4 and 5 are basically
identical to those of 6.‡ In the mass spectra (FAB, MALDI-
TOF, EI) of 4–6 no M+ peak could be detected due to facile loss
of the Cl addends.5

An AM1 calculation (SPARTAN 4.0) on 4 (Fig. 1) reveals a
geometry of the integral pyrrole moiety which is very similar to

Scheme 1

Fig. 1 AMl calculated structure of 4. Selected bond lengths (pm): N–C2
140.8, C2–C11 140.7, C10–C11 143.4, C1–N 148.0, C2–C3 149.8,
C11–C12 148.4, C1–C5 155.1, C4–C5 136.7, C3–C4 152.9, C3–C14 153.9,
C13–C14 136.9, C12–C13 153.5, C12–C29 153.7, C28–C29 137.0,
C29–C30 145.0, C30–C45 138.8, C44–C45 145.4.
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the parent pyrrole. For example, the bond distances between
C2–N, C2–C11 and C10–C11 are 140.8, 140.7 and 143.4 pm.
Those of the parent compound are 139.2, 140.2 and 142.5 pm
(AM1) or 137.0, 138.2 and 141.7 pm (exp.).6 The pyrrole
moiety is not completely planar; the dihedral angle between
N–C2–C11–C10 is about 4°. The cage-centred HOMO of 4 has
its coefficients exclusively on the [6,6]-bonds forming the
equatorial belt of 4, e.g. between C30 and C45. The shortest
remaining double bonds are those located at the outer perimeter
of the corannulene subunit. For example, the bond length
between C4 and C5 is 136.7 pm. The highest Mulliken charges
are also found at these C-atoms, whereas the charges at the
C-atoms of the southern hemisphere are zero. These factors
could be relevant for the regioselectivity of further addition
reactions to systems like 4–6.

The chlorine addends can be easily removed from the cage by
treatment of 4–6 in 1,2-dichlorobenzene with an excess of PPh3
at room temperature. The parent compounds 1–3 were obtained
in good yield.5,7

Investigations on the chemistry of fulleropyrroles like 4–6,
and especially on their use as potential precursors for C58N2
derivatives formed by an azide addition/dechlorination se-
quence, are currently underway.

We thank the Deutsche Forschungsgemeinschaft (DFG) for
financial support.

Notes and References

† E-mail: hirsch@organik.uni-erlangen.de
‡ Selected data for 3: n(KBr)/cm21 2953, 2924, 2867, 1734, 1606, 1580,
1509, 1462, 1418, 1384, 1366, 1308, 1251, 1222, 1178, 1114, 1058, 1012,
838, 555 and 525; lmax(cyclohexane)/nm 256, 315, 355 and 441; dH(400
MHz, CS2–20% CDCl3) 8.67 (ddd, JAB 8.6, 2 H), 7.30 (ddd, JAB 8.6, 2 H),
4.18 (t, J 6.35, 2 H), 1.95 (m, 1 H), 1.81 (m, 2 H) and 1.07 (d, J 6.8, 6 H);
dC(100.5 MHz, CS2–20% CDCl3) 159.97 (C-OR, 1 C), 154.16 (2 C), 148.72
(2 C), 147.62 (1 C), 147.49 (2 C), 147.42 (2 C), 147.09 (2 C), 146.98 (2 C),
146.43 (2 C), 146.23 (2 C), 146.05 (2 C), 145.70 (2 C), 145.67 (1 C), 145.50
(2 C), 144.88 (4 C), 144.41 (2 C), 144.13 (2 C), 143.84 (2 C), 142.96 (2 C),
142.58 (2 C), 141.92 (2 C), 141.63 (2 C), 141.39 (2 C), 141.26 (2C), 140.82
(2 C), 140.72 (2 C), 139.64 (2 C), 137.35 (2 C), 132.75 (4 C), 128.47
(phenyl, 2 C), 123.94 (q, 1 C), 115.52 (phenyl, 2 C), 82.39 (q, 1 C), 66.35

(C-CH2CHMe2, 1 C), 38.03 (C-CHMe2, 1 C), 25.22 (C-Me2, 1 C) and 22.60
(Me, 2 C); m/z (EI) 885 (M+) and 722 (C59N+).

For 4: n(KBr)/cm21 3027, 2919, 2854, 1735, 1626, 1511, 1462, 1443,
1420, 1377, 1341, 1316, 1265, 1239, 1189, 1104, 1073, 1054, 1021, 966,
945, 904, 845, 824, 779, 761, 709, 670, 625, 576, 563, 547, 513, 496, 452
and 434; lmax(cyclohexane)/nm 239, 284, 337, 393, 433 and 470; dH(400
MHz, CS2–20% CDCl3) 8.06 (ddd, JAB 8.3, 2 H), 7.42 (ddd, JAB 8.3, 2 H)
and 2.52 (s, 3 H).

For 5: n(KBr)/cm21 3000, 2953, 2927, 2901, 2833, 1640, 1606, 1511,
1461, 1439, 1420, 1340, 1302, 1257, 1181, 1103, 1073, 1033, 967, 945, 905,
846, 820, 779, 760, 709, 671, 649, 625, 577, 563, 546, 512, 454 and 433;
lmax(cyclohexane)/nm 239, 283, 337, 393, 435 and 477; dH(400 MHz, CS2–
20% CDCl3) 8.11 (ddd, JAB 8.8, 2 H), ca. 7.25 (ddd, covered by CHCl3) and
3.91 (s, 3 H).

For 6: n(KBr)/cm21 2951, 2921, 2868, 2850, 1608, 1578, 1511, 1463,
1421, 1384, 1301, 1254, 1219, 1181, 1103, 1073, 1054, 1021, 967, 945, 905,
846, 817, 760, 709, 671, 624, 578, 563, 547, 512 and 434; lmax(cyclohex-
ane)/nm 237, 283, 345, 394, 434 and 475; dH(400 MHz, CS2–20% CDCl3)
8.06 (ddd, JAB 8.8, 2 H), 7.05 (ddd, JAB 8.8, 2 H), 4.05 (t, J 6.59, 2 H), 1.86
(m, 1 H), 1.72 (m, 2 H) and 1.01 (d, J 6.26, 6 H); dC(100.5 MHz, CS2–20%
CDCl3) 160.06 (C-OR, 1 C), 150.10, 149.64, 149.27, 148.90, 148.78,
147.29, 147.24, 147.20, 147.05, 147.00, 146.85, 146.13, 146.00, 145.62,
145.01, 144.37, 144.29, 143.75, 143.67, 143.44, 143.18, 143.13, 140.68,
136.18, 129.04, 128.84 (phenyl, 2 C), 128.07, 126.41 (q, 1 C), 115.25
(phenyl, 2 C), 66.24 (C-CH2-CHMe2, 1 C), 37.88 (C-CHMe2, 1 C), 25.10
(C-Me2, 1 C) and 22.48 (Me, 2 C); dC(125.65 MHz, 1,2-dichlorobenzene–
20% CDCl3) 70.19 (q), 58.42 (C-Cl) and 57.31 (C-Cl).
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Synthesis of cholesterol-polyamine carbamates: pKa studies and condensation
of calf thymus DNA

Andrew J. Geall,a Richard J. Taylor,b Mark E. Earll,b Michael A. W. Eatonb and Ian S. Blagbrougha*†
a Department of Pharmacy and Pharmacology, University of Bath, Claverton Down, Bath, UK BA2 7AY
b Celltech Therapeutics Ltd., Bath Road, Slough, UK SL1 4EN

Novel cholesterol-polyamine carbamates have been pre-
pared and their pKas determined potentiometrically for
conjugates substituted with up to five amino functional
groups and the binding affinity for calf thymus DNA has
also been determined; these polyamine carbamates are
models for lipoplex formation with respect to gene delivery
(lipofection), a key first step in gene therapy.

Polyamines such as tetra-amine spermine 1 are widely distrib-
uted in nature and display a variety of important biological
activities.1,2 Polyamines affect DNA replication and translation,
protein synthesis, membrane stabilization and the activity of
certain kinases and topoisomerases. Stabilization of specific
DNA conformations and charge neutralisation of intracellular
polyanions (e.g. DNA and RNA) may be among the most
important physiological roles of polyamines. Their binding has
a profound effect on DNA structure, causing transitions from B
to both A and Z forms, and at higher concentrations conforma-
tional changes, e.g. aggregation and condensation.2,3 Condensa-
tion is caused by alleviation of charge repulsion between
neighbouring phosphates on the DNA helix allowing collapse
into a more compact structure.3 Polyamine mediated condensa-
tion is a rapidly expanding area of research for non-viral vectors
in gene therapy (lipoplexes in lipofection).4

The application of synthetic lipo-polyamines constitutes a
safer and more efficient gene transfer strategy which, unlike the
use of viral vectors, does not elicit immune responses.5 Within
the prerequisites for delivery of DNA across an intact
cytoplasmic membrane are condensation and masking the
negative charge of the phosphate backbone; polyammonium
ions are therefore suitable for use as gene delivery systems.6,7

Covalent attachment of a lipid moiety,8 such as an aliphatic
chain2,7,9 or a steroid,6,10,11 further enhances polyamine-
mediated DNA condensation.12 The mechanism by which these
compounds cause lipofection is poorly understood. Knowledge
about the pKas, especially accurate prediction along a poly-
amine (polyammonium) chain, will allow protonation states at
physiological pH to be determined and therefore DNA binding
affinities can be predicted with greater confidence. Such
physicochemical properties are important in the design of
lipoplexes for efficient lipofection.

Herein we report the design and synthesis of polyamine
carbamates of cholesterol (at position 3), using our orthogonal
protection stragegy for efficient syntheses of unsymmetrical
polyamine amides.13 Six compounds have been made using
polyamines: 1,12-diamino-4,9-diazadodecane 1 (spermine,
3.4.3), 1,11-diamino-4,8-diazaundecane (thermine, norsper-
mine, 3.3.3), 1,10-diamino-4,7-diazadecane (3.2.3), 1,9-diam-
ino-3,7-diazanonane (2.3.2), tetraethylenepentamine 2 (2.2.2.2)
and pentaethylenehexamine (2.2.2.2.2) affording 6–11 re-
spectively. Our protocol for the synthesis of carbamate 10 is
outlined.‡ The pKa values of these compounds were then
measured using a Sirius PCA101 automated pKa titrator, in 0.15
m KCl ionic strength adjusted water; values obtained for
spermine (3.4.3) 1 are comparable with literature values
determined both potentiometrically and spectroscopi-
cally.14–16

The DNA binding affinities for this series of polyamine
conjugates 6–11 were determined using calf thymus DNA (6
mg, [DNA base-pair] = 3.0 mm),§ and a fluorescence quenching
assay based upon exclusion of ethidium bromide which is
effectively present in excess (1.3 mm).11,12 The binding
affinities are critically compared as both the charge ratio4 and
concentration at which 50% of the ethidium bromide fluores-
cence was quenched (in 20 mm NaCl, see Table 1). These data
give support to our hypothesis that binding is a function of
charge and that the regiochemical distribution of such charges is
also significant for DNA affinity; conjugates 3.4.3 6, 3.3.3 7,
3.2.3 8 and 2.3.2 9 show this trend. Likewise, polyethylene
imine conjugates 10 and 11 were (respectively) weaker with
only 2.0 charges at pH 7.4 and stronger wtih 2.3 charges
distributed along the polyamine. Carbamates 7 and 11 have
comparable pKas across the first three protonation sites, but
their structural differences are reflected in their DNA binding
affinities (Table 1). These subtle differences in DNA conden-
sation as a function of charge distribution are clearly important
for lipoplex formation when compared with the higher charge
on unconjugated spermine (3.8 at pH 7.4).

In a recent, comprehensive paper on the role of charge in
polyamine analogue recognition, Bergeron et al. demonstrated
that small structural alterations resulted in substantial differ-
ences in biological activities.15 pKas are a function of the inter-
amine distance as well as their substituents. It is important to
recognise that any charge is shared across several of the basic
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centres and that it cannot be attributed to a single point. Even
when the first charge is introduced principally on the primary
amine, it is also distributed on to the secondary amines. This has
been shown using unsymmetrical triamine, spermidine.17

The four methylene central spacer found in spermine 1 has
also been shown to be important for binding affinity, confirming
that both the number of positive charges and their distribution
has a profound effect on the polyamine’s ability to induce DNA
conformational changes.18 The measured pKas for polyamines
containing aminopropyl16 and aminoethyl10 units and Trans-
fectam (DOGS)7,19 add further weight to this hypothesis. These
results will be of use in gene therapy studies and should find
ready application in the design of lipoplexes with particular
reference to spermidine and spermine class alkaloids. This
evaluation of pKa data, the number and regiochemical distribu-
tion of charges along the polyamine backbone, may lead to a
clearer understanding of lipoplex modes of action.

We thank the EPSRC and Celltech Therapeutics Ltd, for a
CASE studentship (to A. J. G.). We acknowledge some
preliminary experimental work of Ms Dima Al-Hadithi (Uni-
versity of Bath) and useful discussions with Dr Ian S. Haworth
(University of Southern California). I. S. B. and I. S. H. are
recipients of a NATO grant (CRG 970290).
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group by reaction with ethyl trifluoroacetate (1.0 equiv., MeOH, 278 °C for
1 h then to 0 °C over 1 h) to form trifluoroacetamide 3. Immediately, in this
solution, the remaining four amino functional groups were Boc protected
with di-tert-butyl dicarbonate (5 equiv., 0–25 °C over 1 h then 14 h) to
afford fully protected polyamine 4. The trifluoroacetyl protecting group was

then cleaved by increasing the pH to 11 with conc. aq. ammonia, stirring
(25 °C, 15 h) to afford, after flash chromatography over silica gel (CH2Cl2–
MeOH–conc. aq. NH4OH 200 : 10 : 1 to 150 : 10 : 1 v/v/v), tetra-Boc
protected polyamine 5 (19%). Reaction of the free primary amine of 5 with
3-cholesteryl chloroformate (1.2 equiv., 3.0 equiv. TEA, CH2Cl2, 0 °C for
10 min then to 25 °C for 12 h) afforded, after purification over silica gel
(EtOAc–hexane 8 : 2 to 6 : 4 v/v) fully protected carbamate 10 (81%).
Deprotection (CH2Cl2–TFA 10 : 90 v/v, 0 °C, 2 h) and purification by RP-
HPLC over ABZ + Plus (5 mm, Supelcosil) (MeCN–0.1% aq. TFA 1 : 1 v/v,
l = 220 nm) afforded the polytrifluoroacetate salt of polyamine carbamate
10 (50%) HR-FABMS (+ve ion in m-NBA) [Found 602.5380 (M + 1).
C36H68N5O2 requires 602.5380].
§ Using the literature average weight per nucleotide of 330 Da.4
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Table 1 Polyamine pKas and ethidium bromide exclusion data

Polyamine Measured pKas Net chargea Charge ratiob Conc./mmc

1 10.9 ± 0.01 3.8 > 4.0 > 17.0
10.1 ± 0.01

8.9 ± 0.01
8.1 ± 0.01

6 10.1 ± 0.06 2.4 0.62 1.3
8.6 ± 0.06
7.3 ± 0.05

7 10.7 ± 0.04 2.3 0.76 1.6
8.8 ± 0.02
7.2 ± 0.02

8 10.0 ± 0.02 1.8 0.80 1.7
8.0 ± 0.02
5.5 ± 0.02

9 9.3 ± 0.01 1.6 0.88 2.4
7.6 ± 0.01
5.7 ± 0.01

10 9.9 ± 0.20 2.0 0.92 2.7
8.4 ± 0.20
6.3 ± 0.21
3.9 ± 0.21

11 10.2 ± 0.10 2.3 0.66 1.3
8.6 ± 0.08
7.2 ± 0.09
4.4 ± 0.09
2.5 ± 0.28

a Net positive charge calculated from the Henderson–Hasselbach equation
at pH 7.4. b Charge ratio4 at which 50% exclusion of ethidium bromide is
effected using calf thymus DNA at pH 7.4. c Concentration of polyamine
conjugate at which 50% exclusion of ethidium bromide (1.3 mm) is effected
using calf thymus DNA (3.0 mm) at pH 7.4.
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Chelation-assisted alkylation of benzylamine derivatives by Ru0 catalyst

Chul-Ho Jun,*† Duck-Chul Hwang and Sang-Jin Na

Department of Chemistry, Yonsei University, Seoul 120-749, Korea

N-Benzyl-N-(3-methyl-2-pyridyl)amine 1 reacts with vari-
ous alkenes via sp3 C–H bond cleavage by catalytic
Ru3(CO)12 to give the corresponding alkylated products.

C–H bond activation is currently of interest in organometallic
chemistry.1 In particular, its application to organic synthesis has
been under intensive development in recent years.2 One useful
method by which to achieve C–H bond activation by transition
metal complexes is cyclometallation utilizing nearby heteroa-
toms.3 Stoichiometric cleavage of a C–H bond of a methyl
group through cyclopalladation has been applied to func-
tionalization of organic molecules.4 Vinyl,5 imine,6 aldehyde7

and aromatic groups8 were catalytically alkylated through
chelation-assisted C–H bond cleavage by a transition metal
catalyst and subsequent cross coupling with an alkene. Many
chelation-assisted alkylations are centered on the sp2 C–H bond,
and not on the sp3 C–H bond, probably due to the better
thermodynamic stability of the metal–sp2 carbon bond com-
pared to that of the metal–sp3 carbon bond.9 Here we report the
catalytic addition of a benzylic sp3 C–H bond to an alkene to
give alkylated products.

N-Benzyl-N-(3-methyl-2-pyridyl)amine 1 reacted with 500
mol% of hex-1-ene 2a in toluene at 130 °C for 6 h under 10
mol% of Ru3(CO)12 3 based on 1. After the reaction, the
corresponding alkylated product 4a was isolated in 95% yield
by column chromatography (Scheme 1). The reaction mecha-
nism is shown in Scheme 2. The first step is likely to be the
oxidative addition of a Ru0 catalyst to the benzylic C–H bond in
1 to generate 5, a stable 5-membered ring metallacycle
complex. The coordination of 2a to 5, hydride-insertion into 2a
and the subsequent reductive elimination of the resulting metal–
hexyl complex 7 produces 4a with the regeneration of catalyst
3. Alkylations of various amine substrates with 2a were carried
out. In this reaction, it was found that the geometrical structure
of 1, in which the methyl group is placed in the 3-position of the
pyridyl group, is prerequisite. When 8–10, in which the methyl

group is either placed in the 4- or 6-position or is replaced by
hydrogen, trace amounts of alkylated products were obtained
under identical reaction conditions (1–2% GC yield). These

results demonstrate that the 3-methyl group in 1 may retard the
free rotation of the benzyl group around the amine group, and
help the benzylic C–H bond to approach the Ru catalyst after the
coordination of the nitrogen atom in the pyridyl group to the Ru
catalyst. Also, precoordination of the metal complex is a very
important requirement for cleaving the C–H bond since 11
bearing no coordination site gave no alkylated product and was
fully recovered. The reactions between 1 and various alkenes
were examined, and the results are shown in Table 1. For
terminal olefins (entries 1–6), linear alkylated products were
obtained. Sterically hindered alkenes such as 2c and 2d reacted
with 1 to give the alkylated products 4c and 4d in a lower yield
(72 and 75%) than unhindered alkenes such as 2a and 2b.
Styrene 2e was also formed in a low yield (70%) due to a side
reaction, polymerization (entry 5). When internal olefins such
as 2i and 2j were used, the linear alkylated product 4a was
isolated in 85 and 81% yield respectively (Scheme 3). No
branched alkylated product was detected. The reason must be
that the 2- or 3-hexyl–metal complex initially generated from
hydride insertion into 2i or 2j, may isomerize to the 1-hexyl–
metal complex due to the steric congestion of the secondary
alkyl group. This type of isomerization has already been
studied.10 However, for cyclic alkenes such as 2g and 2h, the
corresponding cycloalkyl compounds, 4g and 4h, were isolated
in 70 and 60% yield, respectively. To examine the effect of
phenyl substituents, competitive alkylation between benzyl-

Scheme 1

Scheme 2

Scheme 3
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amines bearing electron-donating and electron-withdrawing
groups was carried out. When a mixture of 12 and 13 was

allowed to react with 2a under 20 mol% of catalyst 3 at 130 °C
for 1.2 h, 39 and 70% yield of 15 and 16 (15 : 16 = 1 : 1.8) were
determined by GC, indicating that the electron-donating group
activates benzylic C–H bond cleavage better than the electron-
withdrawing group. For the competitive reaction of 12 and 14
with 2a, a mixture of 15 and 17 was obtained in 26 and 60%
yield (15 : 17 = 1 : 2.3). The higher ratio of 1 : 2.3 for 15 : 17
compared with that of 1 : 1.8 for 15 : 16 can be rationalised by a
more electron-donating substituent such as the methoxy group

in 14 showing higher activity for C–H bond activation than the
moderately electron-donating methyl group in 13.

In conclusion, the sp3 C–H bond of benzylamine bearing the
3-methyl-2-pyridyl group was readily alkylated with various
alkenes via cyclometallation by a Ru3(CO)12 catalyst.
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Table 1 Alkylation of 1 with various alkenes 2a in the presence of 3

Isolated
Entry Alkene R1 R2 Product yield (%)

1 2a Bu H 4a 95
2 2b C8H17 H 4b 93
3 2c But H 4c 72
4 2d Cyclohexyl H 4d 75
5 2e Ph H 4e 70
6 2f Bn H 4f 85
7 2g –(CH2)3– 4g 70
8 2h –(CH2)4 4h 60

a 500 mol% based on 1.
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Supercritical fluid extraction of surfactant template from MCM-41

Sibudjing Kawi*† and Man Wai Lai

Department of Chemical Engineering, National University of Singapore, Kent Ridge Crescent, Republic of Singapore 119260

Supercritical fluid extraction was used to extract and recover
> 90% of the surfactant template from the pores of as-
synthesized pure siliceous MCM-41 and the MCM-41 after
supercritical fluid extraction shows more uniform pore size
distribution than the calcined MCM-41.

Since the discovery of the M41S family of mesoporous
materials by Mobil scientists in 1992,1,2 intensive research has
been undertaken by various researchers on the synthesis
mechanism and applications of these new materials. Current
synthesis involves the use of liquid surfactant as the liquid-
crystal templates and these templates are normally removed by
calcination to yield the porous materials.

Removal of the template by calcination destroys the template
which constitutes ca. 50 mass% of the as-synthesized material.3
Recently, the use of liquid extraction to remove the templates
has been reported.4–6

The present work describes a new and alternative method of
recovering the surfactant templates from as-synthesized materi-
als using supercritical fluid extraction (SFE). This should result
in significant savings as the recovered templates can be reused
in future synthesis. The MCM-41 materials and the extracted
templates were shown to have retained their structures and
properties after SFE. In addition, SFE may be used to remove
surfactant templates at much lower temperatures from new
mesoporous materials, which mesopores could easily collapse
under high temperature calcination.

The pure siliceous MCM-41 material were synthesized using
cetyltrimethylammonium hydroxide (CTMAOH) and fumed
silica. A gel with a molar composition of 1 CTMAOH : 1.04
SiO2 : 62.50 H2O was prepared and loaded into polypropylene
bottles. The gel was heated at 96 °C for 48 h after which the as-
synthesized materials were washed by centrifugation and
recovered by filtration. A small part of the as-synthesized
sample was calcined in air at 550 °C for 15 h in order to serve
as a comparison to samples that underwent SFE. SFE was
performed on the remaining samples under different extraction
conditions. Supercritical CO2 modified with MeOH (which was
used to increase the solvating power of the supercritical fluid)
was used for extraction. The range of pressures and tem-
peratures investigated in this study span from 150 to 350 bar and
from 35 to 125 °C, respectively.

The SFE experiments were carried out using a Jasco SFE
system consisting of a HPLC pump for carbon dioxide, a
syringe pump for the modifier, a chiller for cooling the pump
head, an oven for controlling the extraction temperature, an
extraction vessel for holding the sample during extraction and a
back pressure regulator for controlling the extraction pressure.
Powder X-ray diffraction (XRD), which was performed using a
Shimadzu XRD-6000 Spectrometer, and N2 absorption and
desorption, which was performed using Quantachrome Auto-
sorb-1 at 77 K, were used to characterize the MCM-41 materials
after calcination and after SFE. FTIR (Shimadzu DR-8001) and
GC–MS (Hewlett Packard Model 6890) were used to identify
the chemical structures and composition of the extracted
surfactants. Using TGA (Shimadzu DTG-50), extraction effi-
ciencies of the SFE process were determined by comparing the
mass loss between the as-synthesized sample and the samples
after SFE.

Table 1 shows the extraction efficiencies under different
conditions. The results show that no surfactant template was
extracted when pure CO2 was used as the supercritical fluid
since it does not have sufficient solvating strength at the typical
working pressures to quantitatively extract surfactants that are
quite polar.7 However, by adding a small amount of methanol
into the supercritical CO2, substantial extraction of the template
was achieved. In fact, the highest extraction efficiency (i.e.
93.2%) was achieved using a methanol flow rate of 0.2
ml min21. The addition of methanol as a modifier dramatically
increases the bulk solubility of the analytes (extracted surfac-
tants). The enhanced bulk solubility properties of the super-
critical fluid cause a shift in the matrix/fluid distribution of the
analyte, resulting in favorable partitioning to the supercritical
fluid.8 Using the methanol-modified supercritical CO2 an
increase in the extraction pressure increases the extraction
efficiency due to the increase in the solvating power of the
supercritical fluid.9,10

The results in Table 1 also indicate that there exists an
optimum temperature for maximum extraction efficiency since
the extraction efficiency achieved at 85 °C is much higher than
that at 45 or 125 °C. It has also been shown that, by increasing
the extraction temperatures, the energy barrier of desorption can
be overcome, resulting in higher extraction efficiencies.11,12

Hence, the extraction of the surfactant template from MCM-41
is facilitated by the higher temperature at 85 °C. However, at
125 °C, the increase in temperature results in a lower density of
the supercritical fluid, thereby lowering the solvating power of
the fluid and hence the extraction efficiency.

Fig. 1 shows the powder X-ray diffraction patterns of the
calcined MCM-41 and the MCM-41 after SFE (with extraction
efficiency of 93.2%). The results show that both the XRD
patterns correspond well with those reported for pure siliceous
MCM-41. The 2q position for the MCM-41 after SFE is lower
than that of the calcined MCM-41, indicating a larger unit cell
size for the MCM-41 after SFE. In fact, the 2q position for the
MCM-41 after SFE is similar to the as-synthesized sample,
indicating that pore contraction did not occur during the
removal of the surfactant template by SFE. The narrower XRD
pattern for the sample after SFE may also indicate that the
sample after SFE possesses better crystallinity than the calcined

Table 1 Extraction efficiencies under various conditions for a CO2 flow rate
of 1 ml min21 for 3 ha

Methanol
Extraction Extraction flow rate/ Extraction
temperature/°C pressure/bar ml min21 efficiency (%)

85 350 0.0 0.0
45 350 0.1 55.6
85 350 0.1 81.0

125 350 0.1 61.7
85 250 0.1 57.3
85 150 0.1 41.5
85 350 0.2 93.2

a Flow rate of CO2 measured at the pump head cooled to 25 °C. Using Peng
Robinson equation of state, the variation in the density of CO2 at 25 °C
between 150 and 350 bar is only 3%.
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sample. Assuming hexagonal symmetry, the unit cell sizes of
the materials are calculated and tabulated in Table 2.

The N2 isotherms (not shown) also show no hysteresis in both
the calcined and SFE samples. The surface areas were
calculated using BET analysis while the pore diameters were
calculated from the desorption branch of the isotherms using
BJH analysis. The results of these calculations are also collected
in Table 2. The surface areas of both the calcined and SFE
samples are comparable. In agreement with the XRD results, the
pore size of the calcined sample is lower than the SFE sample,
indicating again that SFE is able to remove the surfactant
template without affecting the pore size and the pore structure of
MCM-41. Also, the pore size distribution of the SFE sample is
sharper than the calcined sample, indicating that the samples
after SFE have slightly more uniform pores than the calcined
samples.

GC–MS was performed to identify the constituents of the
extracted surfactant and the MS results of the extracted
surfactant were compared with the MS results of CTMAOH
dissolved in methanol (used as a standard). Fig. 2 shows the MS
results obtained and both Fig. 2(a) and (b) have peaks at the
same m/z values, indicating that the extracted material is
CTMAOH.

FTIR (results not shown) was also used to identify the
extracted surfactant. The absorbance spectrum of the extracted
organic template is similar to that of pure CTMAOH, indicating
again that no changes to the structure of the CTMAOH were
detected after SFE. The GC–MS and FTIR results show that as
the chemical structure and composition of the extracted
surfactant remain the same as those of the fresh surfactant, the

extracted surfactant could be recycled and reused as a template
in the synthesis of MCM-41 materials.

In conclusion, supercritical fluid extraction is effective in
extracting the organic template from the pores of as-synthesized
MCM-41. The MCM-41 materials after SFE retained their
uniform pore size distribution and high surface areas and in fact
have a larger pore size than the calcined MCM-41. The structure
of the surfactant extracted by SFE was also unmodified and may
be reused in the future synthesis of MCM-41.
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Fig. 1 X-Ray diffraction patterns of the calcined MCM-41 and MCM-41
after SFE

Table 2 Properties of as-synthesized, calcined and SFE samples

Pore diameter, ABET/ Pore volume/
Sample ao/Å dp/Å m2 g21 cm3 g21

As-synthesized 44.7 — — —
Calcined 41.5 26.4 1031 0.95
SFE 44.7 29.4 1007 1.08

Fig. 2 The mass spectra of (a) a standard solution of methanol and
CTMAOH and (b) extracted surfactant in methanol
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C–H···p hydrogen bonding vs. anion complexation in rhodium(i) complexes of
cyclotriveratrylene

Kirsty S. B. Hancock and Jonathan W. Steed*†

Department of Chemistry, King’s College London, Strand, London, UK WC2R 2LS

The bimetallic rhodium(I) complex [{Rh(nbd)}2(CTV)]-
[BF4]2 exists as an infinite self-included chain in the solid
state with intracavity CH···p interactions linking the inclu-
sion polymer together; the analogous monometallic complex
co-crystallises with the dinuclear species as an inclusion
compound with acetone as the guest.

In the past decade the topic of supramolecular anion complexa-
tion has received ever increasing attention as a consequence of
the relatively challenging and hitherto unexplored nature of the
field.1–5 This culminated last year in the publication of the first
book dealing solely with the area.6 The key to the production of
useful anion hosts for applications in areas such as environ-
mental and biochemical sensors, and in bulk waste remediation
is the selectivity of the host for a given anionic guest (e.g. in vivo
sensing of Cl2 3 or monitoring the environmental levels of
nutrients such as phosphates and nitrate2,6). Our initial approach
to this problem has been based upon a simple consideration of
electrostatic attraction of the anion to the site of greatest positive
charge density on a host mediated by the steric requirements of
this cationic binding pocket. The host is thus selective for
anions possessing the most complementary size and symmetry
match to the host binding pocket since it is these anions which
are able to make the closest approach to the host positive charge.
This simple concept has been demonstrated by the synthesis of
organometallic hosts 17,8 and 29,10 in which the calix[4]arene11

or cyclotriveratrylene (CTV)12 cavities have been shown by
X-ray crystallography to be occupied by tightly fitting anionic
guests. In the case of host 1 the crystallographically demon-
strated poor fit of I2 is borne out by 1H NMR titration results in

solution which give binding constants in aqueous solution
decreasing in the order Cl2 > Br2 > I2.7 The selectivity of
hosts such as 1 and 2 is reduced however, as a consequence of
their multiply charged nature in as much as the host cavity is not
the only site available for anion binding. Host 1 in particular
binds up to five additional anions outside the host cavity. We
now report preliminary results in a programme of research
designed to reduce the overall host charge, in the anticipation of
thus increasing host selectivity.

The synthesis of monocationic complexes of type ‘(arene)-
Rh(diene)’ [arene = benzene, xylenes, hexamethyl benzene
etc., diene = norbornadiene (nbd) or cyclooctadiene] was
reported by Green and Kue in 197213 starting from the
[Rh(diene)2]+ 3 cations. Complexes of type 3 are relatively
tedious to prepare, however, and we accordingly adopted the
simpler procedure of direct reaction of [{Rh(nbd)Cl}2] 414 with
CTV in CH2Cl2–acetone in the presence of 2 equiv. of Ag[BF4].
After removal of precipitated AgCl this resulted in a clear
yellow solution from which the complexes [Rh(h4-nbd)(h6-
CTV)][BF4] 5 and [{Rh(h4-nbd)}2(h6 :h6-CTV)][BF4]2 6 were
obtained upon evaporation of the bulk of the solvent. Com-
pounds were characterised by FABMS and 1H NMR spec-
troscopy.

Crystals suitable for X-ray crystallography were prepared
by slow diffusion of diethyl ether into an acetone solution
of complex 6 over a period of ca. three weeks. Surprisingly,
during the course of the crystal growth, partial solvolysis
of 6 to give 5 occurred such that a co-crystallised product
of formula [Rh(h4-nbd)(h6-CTV)][BF4]·[{Rh(h4-nbd)}2-
(h6 :h6-CTV)][BF4]2·0.5 Me2CO was eventually isolated. This
fortuitous circumstance resulted in structure determinations (at
2150 °C) for both 5 and 6 in the same experiment, Fig. 1.‡
Strikingly, the structure reveals that for 6, in contrast to a wide
range of bimetallic complexes related to the tetracation 2,10 the
CTV cavity in 6 is not occupied by one of the BF4

2 anions.
Instead 6 forms an inclusion polymer in which the norborna-
diene ligand of one dicationic molecule engages in two short
chelating, C–H···p hydrogen bonding interactions with the CTV
carbon atoms C(3A) and C(4A) of the ring attached to Rh(1A);
distances C(13A)···C(3A) 3.431(14), C(10A)···C(4A)
3.451(14), H(13A)···C(3A), 2.99, H(10A)···C(4A) 3.00 Å (C–H
bond lengths normalised to 0.95 Å), Fig. 2. This may be
compared to H···C distances in the range 2.73–3.05 Å recently
reported for the organic system 2,3,7,8-tetraphenyl-1,9,10-an-
thyridine·toluene15 in which there is much less steric hindrance
at the arene (enabling a short C–H···p-centroid interaction), and
falls well within the range associated with carbon acid hydrogen
bonding interactions.16,17 The observation of short inter-
molecular contacts alone does not however, necessarily mean
an attractive intermolecular interaction. However, in this case
the hydrogen bond acid–base complementarity between the
donor and acceptor is clearly evident. Increased acidity of
alkenes upon coordination to a metal centre arises from
delocalisation of the metal positive charge, while it is the carbon
atoms adjacent to the electron donating methoxy substituents
which are the most electron rich on the CTV framework.

This result may be compared to the inclusion of iron(ii)
cations of type [Fe(arene)(Cp)]21 by free CTV recently
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reported by us,18 in which shortest cyclopentadiene to CTV
C···C contacts range from 3.44 to 3.59 Å depending on the
identity of the arene. Curiously, however, in 6 it is the
metallated ring attached to Rh(1A) which interacts with the
C-acid guest. In contrast to compounds such as 2, back bonding
from the RhI centre will render the metalated CTV rings
relatively electron rich, and it is presumably for this reason that
intracavity anion binding is not observed in this case, in contrast
to all other such systems with more than one metal cen-
tre.2,7–10,19 However, the metallated ring should not be as
electron rich as the free ring C(1C)–C(6C) and it seems that
stacking of the anions external to the cavity around the two
stacked Rh centres is maximised by the observed inclusion
arrangement. This results in a short C(2A)–H···F(1A) contact;
C(2A)···F(1A) 3.148(12) Å. Hence, it is clear that the electro-
static forces between cations and anions and the chelating
C–H···p hydrogen bonding interactions act synergically.

The structure of the co-crystallised molecule of 5 is of the
solvent-inclusion type, with the CTV cavity being occupied by
a partial molecule of acetone, the crystals apparently having
undergone some desolvation even at the very low temperature
of the experiment. The acetone is approximately parallel with
the metallated ring C(1D)–C(6D) with guest–host contacts in
the range 3.4–4.0 Å.

The fact that no intracavity anion inclusion by even the
bimetallic host 6 is observed in the solid state correlates with its
anion binding ability in solution. Addition of 10 mol equiv. of
[NBun

4]I to a sample of 6 in (CD3)2CO resulted in no change
whatsoever in its 1H NMR spectrum. This contrasts to the
tetracationic ruthenium species 2 in which a similar experiment
results in chemical shift changes of 0.89 ppm for the protons of
the CTV rings.20 In an attempt to estimate the strength of the
double C–H···p interaction in solution, the 1H NMR spectrum of
6 was monitored at a variety of concentrations from 0.02 to
0.002 m. This did result in slight downfield shifts (ca. 0.1 ppm)
for the resonances assigned to the protons of the CTV rings,
suggesting some degree of self-association. However, similar
changes were also noted upon addition of excess [NBun

4][BF4]
and hence this is probably not representative of significant
C–H···p interactions in solution.
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computing equipment. We thank King’s College London and
the EPSRC for provision of the diffractometer system and the
EPSRC for a studentship (to K. S. B. H.).
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Fig. 1 (a) The monometallic and (b) bimetallic CTV based host complexes
found in the structure of [Rh(h4-nbd)(h6-CTV)][BF4]·[{Rh(h4-
nbd)}2(h6 :h6-CTV)][BF4]2·0.5Me2CO

Fig. 2 C–H···p hydrogen bonding in the bimetallic complex 6

1410 Chem. Commun., 1998



0c

b

(b)

(a)

400 600 800 1000 1200 1400 1600
n / cm–1

A
bs

or
ba

nc
e 

/ a
rb

.u
ni

ts

(a)

(b)

(c)

(d)

(e)

High yield selective synthesis of C60 dimers
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Squeezing the organic molecular crystal (ET)2C60 at 5 GPa
and 200 °C followed by removing unreacted ET molecules
produces C60 dimers, with a yield of ca. 80%.

Polymeric fullerenes have attracted considerable interest be-
cause of their various structures and properties.1 Both neutral
and doped polymers have been synthesized by various tech-
niques. While doped polymers are found to be formed
spontaneously by slow cooling to room temperature,2 polymeri-
zation in the neutral state requires activation of C60 via light
irradiation3 or application of external pressure at high tem-
perature.4,5 An advantage of high pressure synthesis is that by
tuning the temperature and pressure, one can selectively
synthesize one- and two-dimensional polymers in bulk. Re-
cently, a new technique, called the mechanochemical method,
produced a bulk amount of C60 dimers in 25–30% yield.6 X-Ray
crystallographic analysis of the dimer revealed that the dimer is
formed via a 2 + 2 cycloaddition [Fig. 1 (b)].

To control the dimensionality and the degree of polymeriza-
tion, here we report a novel method of squeezing the crystals of
a molecular compound of C60 and ET [ET = bis(ethylene-
dithio)tetrathiafulvalene].7 In the (ET)2C60 crystal, a novel
arrangement of C60 is achieved by covering a part of the C60
molecules with ET molecules. Fig. 1(a) shows the arrangement
of C60 in a crystal of (ET)2C60, where C60 molecules form a one-
dimensional closest packing arrangement with a regular triangle
lattice framework along the c-axis.7 Interfullerene distances
parallel and diagonal to the c-axis are 9.923(2) and 9.919(3) Å,
respectively. Since they are very close to that of the face-centred
cubic lattice of neat C60 (10.02 Å), pressure-induced cross-
linking of C60 molecules in the (ET)2C60 crystals is highly
promising. Incidentally, the charge transfer interaction between

ET and C60 in this crystal is estimated to be small, as judged by
the difference between redox potentials of each element.

The starting (ET)2C60 crystals were obtained by slow evap-
oration of a CS2 solution of a stoichiometric amount of C60 and
ET. High pressure treatment was performed following pre-
viously described procedures.4 Polycrystalline (ET)2C60
(50–100 mg) loaded in a gold capsule was reacted at 5 GPa and
200 °C using a wedge-type cubic anvil high pressure apparatus.
After squeezing, the sample was recovered from the reaction
capsule, and subjected to characterization under at ambient
conditions.

Raman spectra of the pentagonal pinch mode Ag(2) for the Ih

of C60, which is a sensitive probe for the occurrence of
interfullerene bonds, were obtained.3 Reflecting the almost
neutral nature of the (ET)2C60 complex, the Ag(2) mode was
observed at 1469.3 cm21, which is identical to the position for
pure C60. In the as-pressurized (ET)2C60, the corresponding
mode appeared at 1462.9 cm21, displaying a 6.4 cm21 red-shift.
This result indicates that interfullerene bonds are formed in the
pressurized sample.

Earlier work has proved that infrared spectroscopy is a useful
tool to identify the C60 polymer phases.8,9 Fig. 2 shows the
infrared absorption spectra of several samples dispersed in KBr
pellets. The spectrum of starting (ET)2C60 is shown in Fig. 2(c).
This spectrum is approximately explained as the sum of those
for the constituent molecules, C60 [Fig. 2(a)] and ET [Fig. 2(b)],
this being consistent with the absence of charge transfer
suggested by the structural analysis. The spectrum of the as-

Fig. 1 (a) Arrangement of C60 in (ET)2C60 crystal; (b) C60 dimer

Fig. 2 Infrared absorption spectra for (a) C60, (b) ET, (c) pristine (ET)2C60,
(d) as-pressurized (ET)2C60, and (e) (ET)2C60 washed by CH2Cl2. ET
molecules were removed in the final product.
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pressurized sample is displayed in Fig. 2(d), which is re-
markably different from the spectrum of the starting (ET)2C60.
By a careful comparison between the two spectra, we found that
the peaks attributable to ET were not changed by pressurization,
while those from C60 exhibited notable changes. In order to
confirm the change more precisely, the unreacted ET molecules
were removed by sonication in CH2Cl2. The infrared spectrum
[Fig. 2(e)] of the washed sample shows no trance of ET and can
be ascribed to reacted C60. Since this substance was soluble to
o-dichlorobenzene, the degree of polymerization is expected to
be substantially smaller than those for the one- and two-
dimensional polymers, which are insoluble to
o-dichlorobenzene.

The infrared spectrum [Fig. 2 (e)] of the obtained sample
differs significantly from those for the polymers reported in
previous papers, but is very similar to that for photodimerized
C60.10 Furthermore, the spectrum of the mechanochemically
synthesized dimer6 turned out to be almost identical to Fig. 2(e),
including the peak positions and intensity distributions. These
spectral results strongly indicate that the dominant product of
high pressure treatment of (ET)2C60 is the C60 dimer
[Fig. 1(b)].

High performance liquid chromatographic analysis of the
obtained sample was performed on a Cosmosil Buckyprep
column with toluene as the eluent. The retention volume (14.5
ml) of the main peak was exactly the same as that for the
mechanochemically obtained dimer.6 Although several weak
peaks are observed in the chromatogram, no signal derived from
unreacted monomer C60 was found. The purity of C60 dimer was
estimated to be about 79% based on the peak area of the
chromatogram, detected by monitoring UV light at 326 nm.
Since the weight-loss during the pressure treatment and
purification is negligible, we can conclude that roughly 80% of
the C60 monomer is converted to the dimer. This yield is
considerably higher than that of the mechanochemical
method.

Although most of the product of the above method is soluble
in o-dichlorobenzene, there remains a small amount of insoluble
material. Thus a substantial amount of one-dimensional oligo-
mers or ladder polymers might be synthesized according to the

current method by optimizing the reaction conditions. The
reaction mechanism in the restricted spaces in such types of
molecular compounds could be an interesting issue to be
explored in the future.

Authors are grateful to Professor K. Komatsu and Dr Y.
Murata, Kyoto University, for their help in sample character-
ization, and to Mr. T. Uchida, University of Tokyo, for his help
in high pressure synthesis. This work was supported by a Grant
from the Japan Society for Promotion of Science (JSPS-
RFTF96P00l04 and NPCR-36396-0326), from the Ministry of
Education, Science, Sports, and Culture, and from Yamada
Science Foundation.
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Radical-chain reductive carboxyalkylation of electron-rich alkenes:
carbon–carbon bond formation mediated by silanes in the presence of thiols as
polarity-reversal catalysts

Hai-Shan Dang, Kyoung-Mahn Kim and Brian P. Roberts*†

Christopher Ingold Laboratories, Department of Chemistry, University College London, 20 Gordon Street, London, UK WC1H 0AJ

The reductive carboxyalkylation of electron-rich alkenes by
a-halogenoesters in the presence of triphenylsilane under
free-radical conditions is catalysed by thiols: prochiral
alkenes give optically-active adducts when the thiol catalyst
is homochiral.

The reductive alkylation of electron-poor alkenes, using alkyl
halides or psuedohalides in the presence of tributyltin hydride,
is a radical-chain reaction of considerable importance for
intermolecular C–C bond formation.1 The propagation stage of
this process, which is sometimes referred to as the ‘tin method’
or the ‘Giese reaction’, is illustrated in Scheme 1.

This reaction suffers from certain limitations, notably the use
of toxic organotin compounds and the need to keep the tin
hydride concentration low in order to avoid trapping the radical
R. to form RH before it has time to add to the alkene. The latter
problem is more severe when the alkene is electron-rich,
because simple alkyl radicals are nucleophilic, and the reaction
is not then a practical method for C–C bond formation.
Trialkylgermanes2 and tris(trimethylsilyl)silane3 have been
employed in place of the tin hydride as they are less toxic and
also less efficient hydrogen-atom donors. There are also a few
examples of the successful use of a-halogenoesters, which yield
relatively electrophilic a-alkoxycarbonylalkyl radicals, in con-
junction with tributyltin hydride to bring about reductive
alkylation of electron-rich alkenes.4

We have reported that the principle of polarity-reversal
catalysis,5 in this instance by thiols, may be applied to promote
the overall abstraction of electron-rich hydrogen by nucleoph-
ilic alkyl radicals from silicon in simple triorganosilanes,
through the catalytic cycle of reactions (1) and (2), and we have
described how this silane–thiol couple can serve as an effective
replacement for trialkyltin hydrides in many radical-chain
processes.6

R. + XSH ? RH + XS. (1)

XS. + R3SiH ? XSH + R3Si. (2)

ButONNNOBut? 2ButO. + N2 (3)

The SH group of a thiol provides electron-deficient hydro-
gen, which favours hydrogen-atom transfer to the nucleophilic
alkyl radicals that are formed by addition to electron-rich

alkenes, while polar effects will discriminate against the
abstraction of hydrogen from thiols by electrophilic radicals.7
With these considerations in mind, we reasoned that reductive
alkylation of electron-rich alkenes, mediated by the silane–thiol
couple, could be a viable method for C–C bond formation when
the alkyl halide provides an electrophilic alkyl radical. In this
communication we report the translation of these ideas into
practice, along with the results of preliminary attempts to
develop asymmetric syntheses based on this new method-
ology.

Scheme 1

Table 1 Reductive carboxyalkylation of alkenes using organic halides in the
presence of triphenylsilane, catalysed by thiol and initiated by TBHN in
dioxane at 60 °C

Adduct
Entry Alkene R3Hal Thiol Adduct yield (%)a

1 1a 2a MTG 3aa 78
2 1a 2a TPST 3aa 88b

3 1a 2b MTG 3ab 75
4 1a 2b TPST 3ab 72
5 1a 2c TPST 3ac 78
6 1b 2a TPST 3ba 86
7 1b 2b TPST 3bb 75
8 1c 2a TPST 3ca 85
9 1d 2a TPST 3da 78

10 1e 2a TPST 3ea 60
11 1f 2a TPST 3fa 63
12 5 2a TPST 6 76
13 7 2a TPST 8 63b

14 7 2a 10 8 63 (24% ee)c

15 7 2a 11 8 64 (27% ee)c

16 7 2b 10 9 72 (19% ee)d,e

a Isolated yields based on alkene; satisfactory spectroscopic and analytical
data were obtained for all new compounds. b The yield was similar in
benzene solvent. Only a trace of adduct was formed in the absence of thiol.
c The ee was determined by chiral-stationary-phase HPLC analysis
(Chiralcel-OD column, eluent: hexane–isopropyl alcohol 99 : 1); the
enantiomer in excess was eluted second. d The ee was determined by 1H
NMR analysis using a homochiral shift reagent [Eu(hfc)3]. e The ee was the
same when 11 was used as catalyst.

Scheme 2
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All reactions were carried out at 60 °C and were initiated by
thermal decomposition of di-tert-butyl hyponitrite (TBHN, t1

2

= ca. 55 min),8 which produces tert-butoxyl radicals [eqn. (3)]
that go on to abstract hydrogen from the silane and/or the thiol
to afford chain-carrying silyl or thiyl radicals. When a dioxane
solution containing isopropenyl acetate 1a (2.50 mmol),
triphenylsilane (3.25 mmol), dimethyl chloromalonate 2a (3.75
mmol) and TBHN (0.125 mmol) was heated under argon for 2
h, examination of the reaction mixture by 1H NMR spectros-
copy showed that < 1% of the adduct 3aa‡ had been formed.
However, when the experiment was repeated in the presence of
methyl thioglycolate (MeO2CCH2SH, MTG, 0.125 mmol, 5
mol% based on alkene) under otherwise identical conditions,
the adduct 3aa was isolated in 78% yield. A somewhat higher
yield was obtained in the presence of triphenylsilanethiol
(TPST, 5 mol%) as catalyst (Table 1, entries 1 and 2). The
reductive carboxyalkylation of 1a [eqn. (4)] evidently proceeds

by a radical-chain mechanism, the propagation stage of which is
shown in Scheme 2. A similarly high yield of the adduct 3ab
was obtained when dimethyl chloromalonate was replaced with
methyl bromoacetate 2b in the presence of either MTG or TPST
(entries 3 and 4), but with methyl chloroacetate under the same
conditions the yield of 3ab was reduced to 40% and a large
amount (50%) of the adduct 4 was also isolated. Evidently, the

triphenylsilyl radical adds to the CNC bond6d,e in 1a at about the
same rate as it abstracts halogen from the chloroacetate, while
with the more reactive bromoacetate halogen-atom abstraction
is much faster than addition to the alkene. A good yield of the
adduct 3ac was obtained from the reductive carboxyalkylation
of isopropenyl acetate with diethyl 2-bromo-2-methylmalonate
(entry 5).§

Similar addition reactions were carried out with the alkenes
1b–f and the results are summarised in Table 1:¶ essentially no
adduct formation occurred in the absence of thiol catalyst. The
methylenelactones 5 and 7 also functioned well as acceptors
(entries 12 and 13).∑

The stereogenic centres in the adducts 8 and 9 are formed
when the prochiral chain-carrying radicals, produced by
addition to these alkenes, abstract hydrogen from the thiol
catalyst (Scheme 2). If the thiol is homochiral then the
hydrogen-atom transfer will be enantioselective and optically-
active adducts should result. Reductive carboxyalkylation of the
methylenelactone 7 using the carbohydrate-derived thiols 10
and 11 as catalysts gave the adducts 8 and 9 with an
enantiomeric excess (ee) up to 27% (entries 14–16).**
Although the optical purities obtained so far are low, the results

are encouraging because the transfer of chirality is catalytic and
the reactions are carried out at relatively high temperatures.
Efforts to design more effective homochiral thiol catalysts are
underway.

Financial support for this work was provided by the
EPSRC.
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† E-mail: b.p.roberts@ucl.ac.uk
‡ The adduct 3aa arises from 1a and 2a, the adduct 3ab arises from 1a and
2b and so on.
§ Triphenylbromosilane is formed in reactions involving bromides. This
bromosilane is a Lewis acid and is also very sensitive to hydrolysis, so that
care must be taken if the reactants or adduct are sensitive to acid.
¶ No adducts could be obtained from the enol acetate PhC(OAc)NCH2. It is
likely that the oxygen-conjugated benzylic radicals formed by addition to
this alkene do not abstract hydrogen from the thiol catalyst at a sufficient
rate to maintain a chain reaction.
∑ Typical procedure. A solution in dry dioxane (4 cm3) containing
isopropenyl acetate 1a (0.250 g, 2.50 mmol), triphenylsilane (0.846 g, 3.25
mmol), dimethyl chloromalonate (0.625 g, 3.75 mmol), TBHN (22 mg) and
triphenylsilanethiol (37 mg) was stirred and heated at 60 °C under an
atmosphere of dry argon for 2 h. The solvent was removed by evaporation
under reduced pressure, the residue was dissolved in Et2O (10 cm3) and the
solution was washed with 5% aqueous NaHCO3, then with saturated brine
and then dried (MgSO4). After evaporation of the ether, light petroleum (bp
40–60 °C) (5 cm3) was added and the slurry was filtered to remove most of
the triphenylsilanol, which was washed on the sinter with a little petroleum.
After evaporation of the solvent from the filtrate, the residue was purified by
flash-chromatography (eluent: petroleum–Et2O 95 : 5 to 5 : 1) to give the
adduct 3aa as a clear oil (0.511 g, 88%). dH 1.24 (3 H, d, J 6.2, Me), 2.00
(3 H, s, Ac), 2.35 (2 H, m, CH2CH), 3.46 [1 H, dd, J 8.6 and 6.1
(MeO2C)2CH], 3.72(7) (3 H, s, OMeA), 3.73(2) (3 H, s, OMeB), 4.89 (1 H,
m, CHOAc); dC 20.1, 21.1, 34.7, 48.4, 52.7 (2C), 68.7, 169.3, 169.5,
170.4.
** Enantioselective reductive carboxylkylation of 7 could also be mediated
by tributyltin hydride. When triphenylsilane was replaced by tin hydride
(1.3 equiv.), added slowly during 2 h as a dioxane solution also containing
TBHN, but otherwise essentially under the conditions of entry 14, the
adduct 8 was isolated in 80% yield and showed an ee of 25%. This result
also demonstrates that thiols can act as polarity-reversal catalysts for the
abstraction of hydrogen from tin hydrides by alkyl radicals.
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Amphiphilic core–shell nanospheres obtained by intramicellar shell
crosslinking of polymer micelles with poly(ethylene oxide) linkers
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b Monsanto Company, 800 N. Lindbergh Blvd., St. Louis, MO 63167, USA

Intramicellar crosslinking of the polymer chains within the
shells of polystyrene-b-poly(acrylic acid) micelles by reac-
tion with difunctional poly(ethylene oxide) afforded uni-
molecular amphiphilic core–shell nanospheres (50 nm hy-
drodynamic radius); the resulting surface hydrogel layer
gives an approximate fivefold increase of particle volume
from the dry state to aqueous solution.

The concept of shell crosslinked knedel-like structures (SCKs)1

has been applied to synthesize nanoparticles with core–shell
structures, composed of poly(ethylene oxide) (PEO) chains as
covalent crosslinks binding together the peripheral layer of
polymer micelles. The unique combination of size, structure,
stability and composition of these nanospheres renders them
great potential for drug delivery systems. Extensive efforts have
been undertaken by other researchers to understand the
structurally related drug delivery properties of the sub-
micrometer-sized polymeric particles.2–6 For example, the sub-
100 nm diameter of PEO-adsorbed polystyrene nanoparticles
allowed for evasion of sequestration by the phagocytosis
process,2 and the hydrophilicity of PEO facilitated the trans-
portation of these particles through the interstitum by aqueous
channels.7 Moreover, the surface PEO blocks of polymer
micelles sterically stabilized the nanospheres and prolonged the
circulation lifetime in the blood.3

The shell-crosslinked nanospheres in this study offer some
advantageous features, such as the ability to maintain structural
integrity upon infinite dilution and mechanical stresses, the
stability of covalently bound PEO within the surface domain,
and the potential to attach receptor-recognizing ligands to the
residual carboxylate side groups on the PAA block. SCKs have
previously been prepared with coupling via short difunctional
oligomeric crosslinkers,8 in which the chemical composition of
the crosslinkers resulted in differences in the nature of the shell.
This report demonstrates that PEO can be incorporated into the
SCK shell as a polymeric crosslinker to greatly increase the
shell thickness and to modify the surface properties9 of the
SCKs (e.g. permeability and flexibility), without the evidence
of intermicellar reactions occurring.

SCKs are essentially unimolecular polymer micelles, which
are prepared by stabilization of the basic structure of the
spherical micellar assembly through linking together of the
hydrophilic portions of the chains within the micelle shell.
Therefore, the synthesis of the SCKs involves only three steps:
(i) preparation of an amphiphilic block copolymer; (ii) self-
assembly of the amphiphilic block copolymer into polymer
micelles; (iii) crosslinking through side groups along the blocks
occupying the shell of the polymer micelles.

The preparation of the SCKs began from the diblock
copolymer, polystyrene-b-poly(acrylic acid) (PS-b-PAA),
which was conveniently synthesized by living free radical
polymerization.10 The living free radical polymerization was
accomplished by a stepwise atom transfer radical polymeriza-
tion technique, similar to the procedures reported by Maty-
jaszewski and coworkers.11 Micelles composed of PS-b-PAA
were formed by addition of water to a solution of the polymer in
THF,12 and an aqueous solution of micelles was obtained by

dialyzing against distilled water. The crosslinking was accom-
plished by condensation reactions of diamino linkers with PAA,
facilitated by a carbodiimide coupling agent (Scheme 1).

The carboxylic acid groups on the PAA block were first
activated by reaction with the water soluble carbodiimide,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide methiodide (1
equiv. based upon the acrylic acid groups). The crosslinker,
poly(ethylene glycol) diamine (Mw = 3400 Da, 0.5 equiv.
based upon the acrylic acid groups), was then added to crosslink
the PAA domain by formation of amide bonds13 and yield SCK
1. For evaluation of the effects of the crosslinker length, SCK 2
was crosslinked via a short tri(ethylene oxide) linker in a similar
fashion using 2,2A-(ethylenedioxy)bis(ethylamine).8 In both
cases, the urea by-product was removed by dialysis against
distilled water.

1H NMR resonance signals could not be detected in D2O
solutions, due to the colloidal nature of 1 and 2. Therefore, solid
samples of the SCKs were obtained by lyophilization, and the
compositions of 1 and 2 were characterized by IR spectroscopy.
Upon formation of 1, absorption bands corresponding to free
carboxylic acid groups (3600–2500 and 1710 cm21) of the
polymer micelles attenuated to 10–30% of their original
intensity, as amide I and II bands appeared at 1650 and 1540
cm21. Solid-state NMR experiments are in progress to
determine the extent of amidation and the effects on the shell
permeability. In contrast, upon formation of 2, the carbonyl
stretch of the carboxylic acid band disappeared in the IR
spectrum, and only the amide carbonyl bands were observed.
Strong absorption from C–O stretching of the ethylene oxide
linkers was observed at 1108 cm21 for both 1 and 2. The
compositions of the SCKs were quantitatively confirmed by
elemental analysis.

Transmission electron microscopy (TEM) provided further
evidence for structural differences between 1 and 2 (Fig. 1). The
cores of 1 and 2 appear to be approximately the same diameter,
however, the shell thicknesses are very different. SCK 1 has a
distinct corona owing to the poly(ethylene oxide) linker [Fig.
1(a), the PEO coronas are the gray areas surrounding the
brighter center cores], whereas SCK 2 has a sharp edge [Fig.
1(b)]. The average diameters of the nanospheres were deter-
mined in aqueous solution by dynamic light scattering (DLS)8

Scheme 1 Amidation chemistry used for crosslinking of poly(acrylic acid)
groups located in the shell of Ps-b-PAA polymer micelles to form the SCK
nanospheres. 1, CH3CH2NNCNN(CH2)3N(CH3)3I; 2, H2N(CH2CH2O)n-
CH2CH2NH2.
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to be 100 ± 3 nm for 1 and 37 ± 2 nm for 2. Based on the size
of the precursor polymer micelles in the dry state (average
diameter is 26 nm, core diameter is 22 nm and shell thickness is
2 nm, determined by TEM and AFM)8 and the increment of
volume added from the linkers, the theoretical14 diameters of
SCKs 1 and 2 in the compact dry state were calculated to be 56
and 29 nm, respectively. Because both 1 and 2 result from the
same polymer micelle, with an average core diameter of 22 nm,
the shell thicknesses in the compact dry state are calculated as
17 and 3.5 nm, respectively. The extent of swelling of the
crosslinked hydrogel peripheral layer when placed within water
was determined to be about twofold in thickness, corresponding
to an approximate eightfold increase in shell volume. Consider-
ing the differences in shell thickness 1 experiences a fivefold
increase in overall SCK volume, whereas only a twofold total
volume increase occurs for 2.

Differential scanning calorimetry (DSC) experiments were
performed to deduce structural information for the dried
samples of 1 and 2. SCK 1 exhibits a melting transition (Tm) at
45 °C, which corresponds to the Tm of PEO,15 however no Tg is
observable for the PS core. This indicates that PEO in the shell
exists as a phase separated crystalline domain, and that the PS
content may be too low for detection by our DSC instrumenta-
tion. In contrast, a glass transition (Tg) for the PS core at 105 °C
is evident for SCK 2, but no detectable Tm or Tg corresponding
to PEO is observed. These results support the compositional and
structural differences between 1 and 2.

The ethylene oxide surface layer covalently attached
throughout the SCK shell provides a stable, steric barrier
between the hydrophobic core and aqueous media. Poly(ethyl-
ene glycol)diamine incorporates a higher degree of ethylene
oxide units than 2,2A-(ethylenedioxy)bis(ethylamine), which
allows phase separation of the PEO, demonstration of behavior
characteristic of pure PEO, formation of a thicker hydrogel-like
exterior layer, and greater extents of overall nanoparticle
swelling in water. The SCKs thus prepared have many enhanced
features that should serve well when applied as artificial drug
carriers. Investigations into protein binding for early in vitro
screening of potential biocompatibility are in progress.
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Fig. 1 Negatively stained transmission electron microscopy (TEM) images
at 300 K magnification of the SCKs crosslinked by (a) PEO linkers to yield
a thick hydrogel-like crosslinked shell surrounding and covalently bound to
the PS core, and (b) tri(ethylene oxide) linkers to yield SCKs possessing a
relatively thin shell of oligo(ethylene oxide)-crosslinked polyacrylamide.
The TEM samples were prepared by dropping 1 : 1 mixtures of aqueous
solutions of the SCK sample and uranyl acetate (2.5% solution), upon a
carbon-coated copper grid and allowing to dry.
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The domino cycloaddition/N-acyliminium ion cyclization
cascade

Albert Padwa

Department of Chemistry, Emory University, Atlanta, GA 30322, USA

Various applications of the domino cycloaddition/
N-acyliminium ion cyclization cascade are reported. The
key step in the process involves the generation of a reactive
N-acyliminium ion by fragmentation of an amino substi-
tuted [4 + 2]-cycloadduct. The successful synthesis of a
number of alkaloids by this sequence of reactions reveals the
usefulness and importance of this unique domino cascade.

Introduction
Domino processes belong to a growing family of reactions
which allow for the regio- and stereo-controlled formation of
several carbon–carbon bonds and/or ring systems in a single
operation.1 Cationic reactions that proceed in a domino fashion
are featured in the biosynthesis of important natural products,
and synthetic applications of both biomimetic and non-
biomimetic cationic cyclizations have been widely developed.2
Important contributions to this area have also been realized
utilizing a combination of anionic, radical, carbenoid and
transition metal-catalyzed processes.3 The combination of a
sequence of individually powerful methods often has a value
significantly greater than the sum of the individual reactions and
has become of great interest to the synthetic community. Corey
has termed such a sequence as a tactical combination.4

In recent years, consecutive pericyclic reactions involving at
least one cycloaddition have also been utilized for the synthesis
of complex polycyclic ring systems.5 In the realm of synthesis,
in which a premium is put on the rapid construction of
polyfunctional, highly bridged carbon and heteroatom net-
works, the [4 + 2]-cycloaddition has emerged as one of the
foremost synthetic methods.6 Well known and extensively
studied for many decades, the Diels–Alder reaction is fre-
quently employed for the construction of six-membered ring
systems. The high regio- and stereo-selectivity typically
displayed by this pericyclic process and the ease of execution
have contributed toward its popularity. Carbon–carbon bond-
forming reactions involving N-acyliminium ions play an
extremely important role in the synthesis of nitrogen heterocy-
cles. Speckamp7 and Hart,8 in particular, were the pioneers in
this area, showing that N-acyliminium ions are valuable
intermediates in the synthesis of a broad range of alkaloids. A
combination of these two powerful synthetic methods would
allow for the rapid, stereocontrolled synthesis of a variety of
azapolycyclic products. This feature article describes some of
our recent work in this area.

Cycloaddition of 1,3-oxazolium 4-oxides
In 1994 we started work in our laboratory to synthesize ring-
fused polyheterocycles based on a sequential cycloaddition/
N-acyliminium ion cyclization process.9 These two types of
reaction provide an opportunity for linking two disparate ring-
forming reactions in a novel sequential manner. We believed
that such a protocol would provide one-pot access to target
molecules possessing a high degree of complexity which would
otherwise require technically demanding multi-step syntheses.
Our early studies showed that 1,3-oxazolium 4-oxides (iso-
münchnones) 2 can be generated by the rhodium(ii)-catalyzed
cyclization of a suitable diazo imide 1 (Scheme 1).10 This type

of mesoionic ylide corresponds to the cyclic equivalent of a
carbonyl ylide and was found to readily undergo [4 + 2]-
cycloaddition with suitable dipolarophiles.10 Construction of
the prerequisite diazo imides necessary for betaine generation
was accomplished by the transformation of the corresponding
carboxylic acids to their respective amides. Conversion to the
diazo imides was straightforward using established mal-
onylacylation and diazotization procedures.11 Formation of the
isomünchnone ring proceeds by initial generation of a rhodium
carbenoid species, followed by an intramolecular cyclization
onto the neighboring carbonyl oxygen to form the mesoionic
ylide 2.10 The resultant isomünchnone may be trapped with
electron-rich or electron-deficient dipolarophiles to give the
cycloadducts in high yield. These uniquely functionalized
cycloadducts (i.e. 5) contain a ‘masked’ N-acyliminium ion
which is generated by its treatment with a Lewis acid.12 By
incorporating an internal nucleophile on the tether, annulation
of the original cycloadduct 5 allows for the construction of a
more complex nitrogen heterocyclic system, particularly
B-ring homologues of the erythrinane family of alkaloids.
Starting from simple acyclic diazo imides 3, we established a
domino carbenoid cyclization/[4 + 2]-cycloaddition/cationic
p-cyclization protocol as a method for the construction of
complex nitrogen polyheterocycles of type 6 (Scheme 2). This

sequence represents the first example where a [4 + 2]-cyclo-
addition and N-acyliminium ion cyclization are coupled
in a one-pot sequence. The novelty of the process lies in the
method of N-acyliminium ion generation, which to the best of
our knowledge is unprecedented. N-Acyliminium ions are
traditionally generated from the N-acylation of imines,13

Scheme 1

Scheme 2
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N-protonation14 and oxidation of amides,15 electrophilic addi-
tions to enamides,16 and the heterolysis of amides bearing a
leaving group adjacent to nitrogen.7 These reactive inter-
mediates readily react with a wide assortment of nucleophiles to
effect an overall a-amido alkylation.

An early application of the domino cascade process toward
the construction of alkaloids involved the synthesis of (±)-lyco-
podine 11 (Scheme 3).17 The isomünchnone cycloadduct 8 was

formed from the RhII-catalyzed reaction of diazo imide 7 and
was found to be the precursor of the key Stork intermediate 10
(via 9).18 Our plan involved formation of 9 by a Pictet–Spengler
cyclization of the N-acyliminium ion derived from 8. Central to
this strategy was the expectation that the bicyclic iminium ion
originating from 8 would exist in a chair-like conformation.18,19

Indeed, cyclization of the aromatic ring onto the N-acyliminium
ion center readily occurred from the axial position.20 The
rearranged product 9 was then converted into the key inter-
mediate previously used by Stork for the synthesis of (±)-lyco-
podine 11.18

Application of the domino cyclization/cycloaddition
sequence to the pentacyclic skeleton of the aspidosperma
ring system
Prompted by our work dealing with the internal [4 +
2]-cycloaddition reaction of mesoionic oxazolium ylides,10 we
became interested in the rhodium(ii)-catalyzed reactions of
diazo ketoamides such as 12. Attack of the amido oxygen at the
rhodium carbenoid produced a carbonyl ylide dipole (i.e. 13)
that is isomeric with the isomünchnone class of mesoionic
betaines 4. We found that the rhodium(ii)-catalyzed formation
of carbonyl ylide intermediates derived from cyclic diazo
amides furnished tetracycles such as 14b in good yield,
provided that the tether engaged in ring formation carried a
carbonyl group (i.e. 12b, X = O) (Scheme 4).21

Without the C = O functionality (i.e. 12a, X = H), only
decomposition products were observed. By performing ab initio
transition state geometry optimizations, we learned that a severe

cross-ring 1,3-diaxial interaction caused by the bridgehead
methyl group promoted a boat or twist-boat conformation in the
piperidine ring fused to the newly forming one.21 The presence
of a carbonyl group on the tether apparently helps to relieve the
steric congestion by favoring a second boat conformation in the
latter ring. When the side chain is devoid of a carbonyl group,
the calculated reaction barrier is much larger, thereby permit-
ting competing processes to intervene. Thus, the reactivity
discrepancy between diazo amido esters 12a and 12b can be
attributed to steric effects in the transition states.21

As an extension of these studies, we have developed a
fundamentally new approach to the construction of the
pentacyclic skeleton of the aspidosperma ring system which
involves a related domino cascade sequence.22 This strategy
was successfully applied to the synthesis of desacetoxy-4-oxo-
6,7-dihydrovindorosine 15. The approach used is outlined in
Scheme 5 and is centered on the construction of the key
oxabicyclic intermediate 16. We reasoned that 15 should be
accessible by reduction of the N-acyliminium ion derived from
16, which, by analogy with our previous work, should be
available by the tandem rhodium(ii)-catalyzed cyclization/
cycloaddition of a-diazoimide 17. Cycloaddition of the initially
formed dipole across the pendant indole p-system23 would be
expected to result in the simultaneous generation of the CD-
rings of the aspidosperma skeleton.24 The stereospecific nature
of the internal cycloaddition reaction should also lead to the
correct relative stereochemistry of the four chiral centers about
the C-ring. In a recent publication, we described our results
which verified the underlying viability of this approach to the
aspidosperma skeleton (Scheme 5).22

Scheme 3

Scheme 4

Scheme 5
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The 2-aminofuran Diels–Alder strategy
In the next phase of our work, we decided to reconsider some
aspects of our domino cascade strategy. It occurred to us that we
could also utilize a series of 2-amino-substituted furans for the
critical [4 + 2]-cycloaddition step rather than the highly reactive
1,3-dipole, which on occasion was prone to undergo hydrolytic
decomposition.10 Our long-range goal involved using 2-amino-
substituted furans such as 20 that contain both a suitable leaving
group (LG) and an olefinic tether to allow for an intramolecular
Diels–Alder reaction (Scheme 6). The resultant cycloadduct

was expected to undergo ring opening to generate a vinylogous
C-acyliminium ion of type 22. Our intention was to use this
sequence of reactions for a rapid entry into the erythrinane
family of alkaloids. With this goal in mind, some model studies
were undertaken to determine the facility with which 2-amino-
furans would undergo Diels–Alder cycloadditions.25

Heterocycles such as furan, thiophene and pyrrole undergo
Diels–Alder reactions despite their stabilized 6p-aromatic
electronic configuration.26 By far the most extensively studied
heteroaromatic system for Diels–Alder cycloaddition is furan
and its substituted derivatives.26 The resultant 7-oxabicy-
clo[2.2.1]heptanes are valuable synthetic intermediates that
have been further elaborated to substituted arenes, carbohydrate
derivatives and various natural products.26 A crucial synthetic
transformation employing these intermediates involves the
cleavage of the oxygen bridge to produce functionalized
cyclohexene derivatives.27 In many cases, however, this
strategy is not feasible because of the low reactivity of furan
toward monoactivated dienophiles. Lewis acid catalysis, inter-
action with metals, or use of high pressure helps to overcome
the sluggishness of furan toward Diels–Alder cycloaddition.26

MO calculations show that the presence of an electron-donating
substituent such as an amino group in the 2-position of the furan
nucleus increases its HOMO energy relative to that of furan.28

A significant increase in the HOMO coefficient at the C-5
position compared to that at the C-2 position also occurs,
consistent with an increase in electron density at that position
due to resonance interaction with the amino substituent. In this
regard, we have recently demonstrated that simple 2-aminofu-
rans such as 24 react with various dienophiles in an intermole-
cular fashion with high regioselectivity.28 The initial cycload-
ducts were not isolated, as they readily undergo ring opening to
cyclohexadienols 26, assisted by the lone pair of electrons on
the adjacent nitrogen atom (Scheme 7). The influence of the
amino group is evident by the extremely facile cleavage of the
oxybridge intermediates under the thermal conditions used in
the reaction. This behavior stands in contrast to the related
oxabicyclic system 28, which was reported to undergo ring

cleavage only when treated with acetic acid at elevated
temperatures (125 °C) (Scheme 8).29

IMDAF Cycloaddition as a method for the preparation of
pyrrolophenanthridine alkaloids
The intramolecular Diels–Alder reaction of furans, often
designated as IMDAF, helps to overcome the sluggishness of
this heteroaromatic ring system toward [4 + 2]-cycloaddition.26

Not only do IMDAF reactions allow for the preparation of
complex oxygenated polycyclic compounds, they often proceed
at lower temperatures than their intermolecular counterparts.30

Even more significantly, unactivated p-bonds are often suitable
dienophiles for the internal cycloaddition. While the carbo-
cyclic IMDAF reaction has been the subject of many reports in
the literature, much less is known regarding the cycloaddition
behavior of furan Diels–Alder systems that contain heteroa-
toms. Even more rare are examples in which the heteroatom is
directly attached to the furan ring.25 In an effort to investigate
the scope of these reactions, a number of new furan substrates
were prepared in our laboratory and tested for the cycloaddition/
cyclization cascade. Tethered amidofurans 30 and 31 were
easily synthesized starting from aminofuran 24 and pent-
4-enoyl chloride. The thermal reaction of 30 at 200 °C for 24 h
afforded tetrahydroquinolinone 32 in 66% yield. Likewise,
heating a sample of the N-methylated analog 31 at 160 °C
furnished a 6 : 1-mixture of cyclohexadienol 33 (77%) and
tetrahydroquinoline 34 (13%), the former being easily con-
verted to 34 by treatment with BF3·OEt2. In both cases, the
initial cycloadducts were not isolated, as they readily underwent
ring opening, assisted by the lone pair of electrons on the
adjacent nitrogen (Scheme 9).

During the course of our studies we have found that the
IMDAF cycloadditions of furanamides such as 35 can also be
performed by using 4 m ethereal LiClO4 as solvent.31 Under
these conditions, furanamide 35 underwent cycloaddition at a
much lower temperature and in higher yield than under strictly
thermal conditions. The major product formed corresponded to
cyclohexenone 38. This reaction presumably involves an initial
[4 + 2]-cycloaddition to give 36 followed by a rapid ring
opening to afford iminium ion 37 which is subsequently
converted to 38 upon reaction with water (Scheme 10). The
Grieco conditions31 were also successfully employed using the
unactivated four-carbon tethered furanamide 39 which gave
dihydroindole 40 in 73% isolated yield.

Scheme 6

Scheme 7

Scheme 8
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Having established the suitability of 2-amidofurans to
generate dihydroindoles, we turned our attention to the
application of the method toward the synthesis of oxoassoan-
ine32 42 and anhydrolycorin-7-one 43.33 These compounds are

members of the pyrrolophenanthridine class of alkaloids which
have been isolated from various species of amaryllidaceae.34

The 1H-pyrrolo[3,2,1-de]phenanthridine ring system 41 con-
stitutes the core structural framework of the pyrrolophenan-
thridine alkaloids. Although a number of synthetic routes are
available for this ring system, many of these suffer from low
yields and lack generality.35 A short synthesis of 42 and 43 was
carried out as depicted in Scheme 11. This approach is centered

on the construction of the key dihydroindoles 48 and 49 which
are formed by a IMDAF cycloaddition followed by subsequent
nitrogen atom lone pair assisted ring opening of the initially
formed oxa-bridged cycloadducts. After some experimentation,
it was found that using bis(tributyltin) under photochemical
conditions afforded the aryl-coupled products 50 and 51 in high
yield from the corresponding dihydroindoles 48 and 49. Both
compounds were converted to the natural products by a
saponification-decarboxylation protocol.

The domino Pummerer Diels–Alder sequence
Much of the chemistry utilized in the two preceding sections
relied on our ability to synthesize the requisite 2-aminofurans.
One limitation of the method is that sometimes the 2-aminofu-
ran system is not easily accessible. In the context of our studies
dealing with domino cycloaddition/Mannich cyclizations, we
discovered that the Pummerer reaction can be effectively
utilized to prepare the required furans.36 a-Acyl thionium ions
generated from a-acyl sulfoxides under Pummerer conditions
are powerful electrophiles, reacting efficiently with nucleoph-
ilic carbon species.37 Bimolecular addition of the cation to
various carbon–carbon double bonds is well known.38 In the
realm of natural product synthesis, most success has been
achieved using intramolecular Friedel–Crafts cyclization of the
Pummerer thionium ion intermediate.39 Far fewer examples
exist for heteroatom interception of the Pummerer inter-
mediate.40 De Groot and co-workers recently developed an
efficient procedure for butenolide formation in which the key
step involves a Pummerer induced cyclization of aldehydic
sulfoxides of type 52 into butenolides 54 (Scheme 12).41 It was
assumed that the neighboring carbonyl group attacks the
initially formed thionium ion to give an oxy-stabilized cation 53
which loses a proton to generate a 2-thio-substituted furan

Scheme 9

Scheme 10

Scheme 11
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which is subsequently converted to the butenolide upon
hydrolysis. On the basis of this transformation we decided to
explore the internal trapping of the Pummerer cation with
adjacent carbonyl groups as a method to prepare a variety of
substituted furans. The strategy was first tested on keto
sulfoxide 55 (Scheme 13). The a-thiocarbocation derived from

the Pummerer reaction of 55 was readily intercepted by the
adjacent keto group to produce isobenzofuran 56 as a transient
intermediate which underwent a subsequent Diels–Alder cy-
cloaddition with an added dienophile. The resulting cycload-
duct 57 was readily converted to representatives of several types
of arylnaphthalene lignans.42

As heteroaromatic isobenzofuran analogs have not been
extensively studied in the literature, we focused our attention on
the Pummerer reaction of several o-heteroaroyl substituted
sulfoxides as a method to generate reactive heteroaromatic
o-xylylenes. Most notable among the heteroaromatic isoben-
zofurans 60 reported in recent years are the furo[3,4-b]furans,

thieno[2,3-c]furans, furo[3,4-d]isoxazoles and furo[3,4-b]in-
doles.43 These 10p-systems are isoelectronic with the pentalene
dianion and have been of some theoretical interest.43 MO
calculations on these heteroisobenzofurans indicate that they
possess little or no aromatic character, and this is reflected in
their high chemical reactivity.43 Using the domino Pummerer/
Diels–Alder sequence we were able to synthesize several
thieno[2,3-c]furans and furo[3,4-b]indoles.44 In the presence of
a suitable dienophile, the reactive o-xylylene underwent [4 +
2]-cycloaddition followed by an acid-catalyzed ring-opening
and aromatization to give heteroaromatic naphthalene deriva-
tives (Scheme 14). The domino Pummerer cyclization/cycload-
dition sequence also occurred intramolecularly using un-
activated alkenyl tethers of variable length. The results clearly
indicate that the domino cascade process is a powerful method

for the construction of complex heteroaromatic o-quino-
dimethanes.

Cycloaddition/ring opening/elimination sequence of
2-amino substituted isobenzofurans
Prompted by the above results, we became interested in
extending the Pummerer-promoted cyclization reaction to
o-amido-substituted sulfoxides since this would allow for the
rapid stereocontrolled synthesis of a variety of azapolycyclic
products. Indeed, the domino Pummerer/Diels–Alder sequence
readily afforded 2-amino-substituted isobenzofurans as tran-
sient species which were too labile to isolate but underwent
rapid [4 + 2]-cycloaddition with added dienophiles.45 When
dimethyl acetylenedicarboxylate (DMAD) was used as the
trapping agent, the initially formed iminium ion 68 could not
undergo proton loss (Scheme 15). Instead, 68 rearranged by
means of a 1,2-ethylthio shift to afford the tetralone derivative
69. Compound 69 was converted to naphthol 70 in high yield
upon further heating. This process presumably proceeds by
elimination of thioacetaldehyde in a hetero-retro-ene fashion,
for which there is ample precedence in the literature.46

In order to access synthetically more valuable targets, we
focused our attention on an intramolecular variation of the
domino amido-Pummerer/Diels–Alder reaction sequence. The
one-pot intramolecular cascade process occurred smoothly
when the olefin tether was activated by an ester or when a
carbonyl group was located adjacent to the nitrogen atom of the
2-amino-substituted isobenzofuran (Scheme 16).45 The intra-
molecular cycloaddition behavior of the incipient isoben-
zofurans in response to the presence of a CNO group is striking.
Five- and six-membered ring precursors 71a and 71b delivered
cyclized products bearing a carbonyl within the newly formed
rings in good to excellent yields. Externalization of the CNO as
in 73 likewise led to a facile internal cyclization. Removal of the
CNO functionality, however, suppressed intramolecular cy-
cloaddition in favor of the traditional Pummerer reaction. The
amine-amide effect is not limited to isobenzofurans. In our
previous study of the intramolecular cycloaddition of carbonyl
ylide dipoles and tethered alkenyl p-bonds, a similar phenome-
non was observed (i.e. 12? 14).21 Intermediates with carbonyl
groups in the tether provided cycloaddition products; those
lacking the CNO group failed to cyclize. The reactivity
discrepancy in both cases can be traced to steric effects in the
transition states. The incorporation of an amido group is clearly
of synthetic advantage as it offers the opportunity to accelerate
intramolecular cycloaddition by steric adjustment of ground
state and transition state energies either separately or simultane-
ously. Both examples underscore the unexpected complexity of
intramolecular cycloaddition processes that create several fused
rings in a domino cascade and simultaneously induce steric
effects remote from the reacting centers. Amide tethers have

Scheme 12
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emerged as remote-site promoters of intramolecular cycloaddi-
tion for tandem processes yielding products containing multiple
fused rings.

Triple cascade sequence for construction of the
erythrinane alkaloid skeleton
Having established the facility with which N-acyliminium ions
can be formed from the Pummerer reaction of o-amido-
substituted sulfoxides, we next focused our attention on the final
cyclization step of the proposed cascade process (i.e. 22? 23
in Scheme 6).47 In order to avoid the deprotonation (aromatiza-
tion) step, we prepared sulfoxides 75 and 76, each possessing a

methoxycarbonyl group attached to the olefin tether. This
substituent was selected not only to prevent deprotonation, but
also because the presence of an electron-withdrawing group on
the double bond enhances [4 + 2]-cycloaddition based on FMO
considerations. N-Acyliminium ion 78 derived from the internal
cycloadduct 77 underwent stereoselective spirocyclization to
furnish the cis-3,4-benzoerythrinane 79 or homoerythrinane
derivative 80 in good yield (Scheme 17). The overall triple
cascade sequence represents an efficient one-pot approach
towards the erythrinane alkaloid skeleton34 in which the
spirocyclic ABC skeleton is assembled in a single operation.

At this point, we decided to undertake a synthesis of
(±)-erysotramidine 90 in order to further test the viability of the
triple cascade process as an entry into the erythrinane
skeleton.34 The requisite starting imido sulfoxide 81, possessing
both a dienophilic and diactivated aromatic p-tether, was
efficiently synthesized from known starting materials. Subjec-
tion of 81 to the Pummerer conditions gave compound 87 as a
single diastereomer in 83% yield. The cis A/B ring fusion
present in 87 was unequivocally established by an X-ray
crystallographic analysis and is identical to the stereochemical
relationship found in the naturally occurring erythrina alkaloids.
The conversion of 81 into 87 is believed to follow the pathway

Scheme 15

Scheme 17

Scheme 16
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outlined below (Scheme 18). The initially formed
a-thiocarbocation intermediate generated from the Pummerer
reaction of 81 is intercepted by the adjacent imido carbonyl to
produce the a-amido substituted furan 82. This transient
intermediate undergoes a subsequent intramolecular Diels–
Alder cycloaddition across the tethered p-bond to furnish
cycloadduct 83. Nitrogen-assisted ring opening of the ox-
abicyclic bridge results in the formation of zwitterionic
intermediate 84 which undergoes a 1,2-thioethyl shift followed
by methoxide ion ejection. Cyclization of the diactivated
aromatic tether onto N-acyliminium ion 86 ultimately provides
the tetracyclic amide 87.

With a supply of 87 in hand, this enone was converted into the
corresponding vinyl triflate which, in turn, was subjected to a
palladium-catalyzed formate reduction to give 88. The resulting
thio-substituted diene was subsequently transformed into ke-
tone 89 via a titanium mediated hydrolysis.48 The present
sequence constitutes a formal synthesis of (±)-erysotramidine
90 based on the successful conversion of 89 into 90 by
Tsuda.49

Concluding remarks
Over the past four years we have shown that many structurally
diverse heterocyclic compounds can be readily accessed via the
domino cycloaddition/N-acyliminium ion cyclization cascade.
The key step in this process involves the generation of a reactive
N-acyliminium ion by fragmentation of an amino substituted [4
+ 2]-cycloadduct. This triple cascade is applicable toward the
preparation of a broad range of alkaloids. It is a reasonable
expectation that future years will see a continued evolution of
this unique domino cascade toward other synthetic targets.
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Nanosized rhodium oxide-containing MCM-41 (Rh-MCM-
41) mesoporous molecular sieves are synthesized and
characterized by XRD, TEM, N2 adsorption, NMR, XPS and
EXAFS.

The discovery1,2 of the novel mesoporous silicate based MCM-
41 molecular sieve has generated much interest to design hybrid
atom-containing MCM-41 by isomorphous substitution of
transition metals into the framework or by functionalisation of
the silanols in the pore channels for their applications to
catalysis and advanced materials.3–5 Noble metals such as Pt,6,7

Pd,8,9 and Ru10 were supported on MCM-41, and Ag/Ru
bimetallic nanoparticles11 were supported inside the MCM-41
channels and found to be active compared with the correspond-
ing conventional supported catalysts. However there is no study
related to the synthesis of noble metal-containing MCM-41 by
addition of noble metals to mixed silicate surfactant gels prior to
the hydrothermal synthesis. We have systematically studied the
formation of hexagonal structure of MCM-41 and the formation
of rhodium oxide nanoparticles, while changing the tem-
perature, aging time and Si/Rh ratio during the hydrothermal
synthesis. We report here the first synthesis and characterization
of Rh-MCM-41.

The synthesis‡ of Rh-MCM-41 was achieved by modifying
the recently reported procedure.12 The Si/Rh ratio in the
synthesis was varied in the range 200–70, and the hydrothermal
synthesis was carried out via two different pathways [route A:
373 K for 10 days (Rh-MCM-41-A) and route B: 423 K for 48
h (Rh-MCM-41-B)] to study the formation of rhodium oxide
particles and also the MCM-41 framework. Supporting Rh on
MCM-41 (Rh-su-MCM-41) by an impregnated method was
also conducted§ for comparison with Rh-MCM-41. The powder
XRD patterns of the calcined forms of Rh-MCM-41 are shown
and indexed in Fig. 1. The d100 spacings and the unit cell
parameters (a0) are listed in Table 1. A highly ordered
hexagonal structure was identified for the Rh-MCM-41-A,
which resembled pure Si-MCM-41 reported in the literature.1,12

A shift of the d100 peak was noticed for the Rh-MCM-41-B,
indicating that the a0 (5.47–5.71 nm) became larger. The
increase in the a0 implies the promotion of polymerization of
the silica precursor by the presence of Rh ions in the gel, and
eventually thicker pore walls were produced as compared to the

pure Si-MCM-41 (a0 = 5.00 nm, pore wall thickness: 1.69 nm)
prepared under the similar conditions. The increase of a0 may be
due to a catalytic role of rhodium during the construction of the
mesoporous framework at 423 K.

The (114) XRD peak of Rh2O3 at 2q = 34.3° was not
detected for the Rh-MCM-41-B, indicating that rhodium oxides
are highly dispersed and/or amorphous. Rh K-edge EXAFS
spectra for Rh-MCM-41-A and Rh-MCM-41-B were measured
at 20 K using synchrotron radiation at Photon factory (proposal
No. 97G002). The curve fitting analysis using the empirical
parameters derived from Rh2O3 (Rh–O 0.211 nm, coordination
number six), revealed the Rh–O bond distance at 0.205 nm with
the coordination number of 4.3–4.5. Preliminary analysis for the
second shell also indicated the presence of Rh–Rh bonds at
0.299 nm for Rh-MCM-41-A and at 0.307 nm for Rh-MCM-
41-B, the distance being > 0.292 nm for Rh2O3. Hence the
rhodium oxide particles in the Rh-MCM-41 seem to have
different structures from Rh2O3.

Table 1 Properties of the Rh-MCM-41 molecular sieves

Sample Si/Rh ratioa d100
b/nm a0

c/nm
Pore
diameterd/nm SBET/m2 g21

Pore volume/
cm3 g21 PWTe/nm XPS Si/Rh ratio

Rh-MCM-41-A 200 4.01 4.63 3.02 1016 0.96 1.61 907
Rh-MCM-41-A 70 4.01 4.63 3.02 1028 1.06 1.61 554
Rh-MCM-41-B 200 4.95 5.71 3.40 623 0.80 2.31 415
Rh-MCM-41-B 104 4.74 5.47 3.26 464 0.55 2.21 355
Rh-su-MCM-41 104 4.57 5.27 3.40 1175 0.88 1.87 91

a At the synthesis stage. b Spacing after calcination. c Calculated a0 = 2d100A3. d Dollimore–Heal method. e PWT (pore wall thickness) = a0 2 pore
diameter.

Fig. 1 Powder X-ray diffraction patterns of the calcined forms of Rh-MCM-
41; (a) Rh-MCM-41-A, (Si/Rh = 200); (b) Rh-MCM-41-A(104); (c) Rh-
MCM-41-B (200)
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The TEM image of calcined Rh-MCM-41-A is shown in
Fig. 2, where the hexagonally packed MCM-41 with dispersed
rhodium oxide particles with an average particle size of 6 nm is
observed. Fig. 3 is the TEM image viewed perpendicular to the
pore axis of the calcined Rh-MCM-41-B, which depicts the
uniformly packed channels containing dispersed rhodium oxide
nanoparticles ( < 3 nm), and the d100 value calculated from the
TEM image is in agreement with the value from XRD. The
thickness of pore walls in TEM is also in agreement with that
calculated from XRD in Table 1.

The adsorption–desorption isotherms of N2 at 77 K were of
type IV for Rh-MCM-41 samples which is typical of mesopor-
ous solids and has a narrow pore size distribution. The surface
area, pore diameter and pore wall thickness are listed in Table 1.
Further characterization of the calcined Rh-MCM-41 samples
was performed by 29Si solid state MAS NMR using cross
polarization (CP) technique to examine the formation of thicker
pore walls in case of Rh-MCM-41-B. The intensity ratio of the
two NMR peaks Q3 : Q4 for Rh-MCM-41-B was 66 : 34, while
that for pure Si-MCM-41 was 76 : 24, and this Q3 : Q4 ratio
obtained by CP technique for the Si-MCM-41 is in agreement
with that reported by Zhao et al.13 The large increase in the
intensity of the Q4 silicon peak at d 2122 for Rh-MCM-41-B

indicates the enhancement of cross-linking by rhodium. The
Q3 : Q4 ratio for Rh-MCM-41-A was identical with that for Si-
MCM-41.

The location of rhodium oxide particles in Rh-MCM-41 may
be deduced by the Si/Rh ratio in XPS spectra. The Si/Rh XPS
ratio for Rh-su-MCM-41 with the Si/Rh bulk ratio of 104 was
91, whereas that for Rh-MCM-41-B with the Si/Rh bulk ratio of
104 was 355. All the Rh-MCM-41 samples in Table 1 showed
much larger Si/Rh XPS ratios than the values expected from the
bulk composition. These results demonstrate that most of
rhodium oxide particles in the Rh-MCM-41-A and Rh-MCM-
41-B samples are located in the bulk or the mesopore channel,
as imaged in Fig. 2 and 3, respectively, whereas rhodium oxides
in Rh-su-MCM-41 are thought to be supported at the external
surfaces and near the surfaces.

The comprehensive characterization data demonstrate that
the growth of nanosized rhodium oxide particles < 3 nm in the
mesopore channel of MCM-41 can be controlled with the
appropriate selection of synthesis conditions, and that rhodium
plays a catalytic role in the polymeric formation of silica walls
of the MCM-41 framework. The application of Rh-MCM-41 to
catalysis is in progress.

This work has been supported by CREST (Core Research for
Evolutionary Science and Technology) of the Japan Science and
Technology Corporation (JST). We thank Dr T. Kogure for
assistance with some of the TEM observations which were
completed in the Electron Microbeam Analysis Facility of the
Mineralogical Institute, The University of Tokyo.
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‡ Tetramethylammonium hydroxide pentahydrate (TMAOH) was added to
distilled water followed by addition of cetyltrimethylammonium bromide
(CTABr) at 303 K. RhCl3·3H2O (Wako Chemicals) was added to the
solution and stirred for 10 min until the solution became clear, then fumed
silica obtained from Sigma was slowly added to the solution. The gel
composition was 1.0 SiO2 : 0.19 TMAOH : 0.27 CTABr : 40 H2O : 0.0049–
0.14 RhCl3 ·3H2O. The gel was aged for 24 h at room temperature and aged
at 373 K for 10 days or at 423 K for 48 h. It was filtered, washed with
distilled water and dried at 373 K for 12 h, followed by calcination in air at
823 K for 8 h.
§ A methanol solution of RhCl3·3H2O was added to the calcined pure Si-
MCM-41 and the methanol was evaporated with rotary pump and the
resultant solid was dried at 373 K for 12 h, followed by calcination at 823 K
for 8 h.
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Fig. 2 TEM micrograph (200 kV; 380 000) of the calcined form of Rh-
MCM-41-A with Si/Rh ratio of 200

Fig. 3 TEM micrograph viewed perpendicular to the pore axis (200 kV;
3100 000) of the calcined form of Rh-MCM-41-B with Si/Rh ratio of
200
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Novel unsymmetrical triphenylene discotic liquid crystals: first synthesis of
1,2,3,6,7,10,11-heptaalkoxytriphenylenes

Sandeep Kumar*† and M. Manickam

Centre for Liquid Crystal Research, PO Box 1329, Jalahalli, Bangalore-560 013, India

Oxidation of 2-hydroxy-3,6,7,10,11-pentaalkoxytriphenyl-
ene yields the pentaalkoxytriphenylene-1,2-quinone; re-
ductive acetylation of this o-quinone furnishes the diacetate
that can be directly alkylated to 1,2,3,6,7,10,11-hepta-
alkoxytriphenylene derivatives showing columnar Dh
phases.

Mesophases formed by discotic liquid crystals (LCs) are now
well-recognised to be suitable for many device applications.1,2

Most of the discogens reported to date consist of a flat, or nearly
flat, rigid core surrounded by a number of aliphatic side chains
having binary, trigonal, tetragonal or hexagonal symmetries.
Symmetrically substituted hexethers of triphenylene are the
most widely synthesised and studied discotic mesogens. The
potential uses of these materials as one-dimensional con-
ductors,2,3 photoconductors4 and light emitting diodes5 are
attracting considerable attention. Several research groups are
currently working on the synthesis of symmetrical, un-
symmetrical and functionalized triphenylene discotic liquid
crystals.6–14

Triphenylene derivatives show mesomorphism only when
the six peripheral positions are substituted with aliphatic chains.
Whereas the synthesis of symmetrical hexalkoxytriphenylenes
by oxidative trimerisation of 1,2-dialkoxybenzenes is quite
easy, the synthesis of well-defined unsymmetrically substituted
derivatives is more complicated. Breaking of symmetry in a
hexaalkoxytriphenylene can be achieved by different ways, e.g.
by changing the chain length of some of the side chains, by
changing the nature of one or more side chain or by using lower
or higher degrees of substitution. Tinh et al. reported the
synthesis of several dissymmetrical hexasubstituted tripheny-
lenes by incorporating different alkyl chains into the periphery
using a statistical approach and found that introduction of
dissymmetric side-chains does not affect the nature of the Dh
phase but does result in the reduction of the mesophase
stability.15 An easy route to unsymmetrically-substituted triphe-
nylenes was recently reported using the so-called biphenyl
route.6e,7e A well-defined synthesis of unsymmetrical and low
degree substituted triphenylenes has also been reported recently
using organometallic chemistry.10 When one out of the six ether
side chains in hexaalkoxytriphenylenes was replaced by an ester
group, the stability of the mesophase was enhanced signifi-
cantly.16 A plastic columnar discotic phase is reported in this
type of unsymmetric triphenylene derivatives.17 In an another
approach to the preparation of unsymmetrical triphenylenes and
to the induction of molecular dipole, colour, etc., nitration and
halogenation of hexaalkoxytriphenylenes has been inves-
tigated.6a–d,9 While the nitro or halogen group in these
triphenylene derivatives could not be replaced by an alkylthio
group by nucleophilic aromatic substitution,9 reduction of the
nitro group followed by acylation with various acid chlorides
yielded ‘seven tail’ triphenylene discotics.6a However, because
of the presence of the amide group, the clearing temperature of
these derivatives are rather high.

We have very recently reported a highly improved synthesis
of symmetrical, unsymmetrical and mono-functionalized tri-
phenylene derivatives using MoCl5.8c We have also reported the
synthesis of various functionalized triphenylene,7f,8d mixed tail

triphenylene,7b low symmetry fluorescent triphenylene7a and
core functionalized triphenylene discotic LCs.8b,c

All the triphenylene derivatives hitherto known have six or
less alkoxy chains. While triphenylene derivatives with six
alkoxy chains are mesomorphic, triphenylenes having less than
six alkoxy chains are nonmesomorphic but can be made
mesomorphic by putting other substituents onto the periph-
ery.7a,b To the best of our knowledge, there are no examples of
triphenylene discotic species having more than six alkoxy
chains. Here we report on a novel approach to the synthesis of
triphenylene-based discotic liquid crystals containing seven
alkoxy chains in the periphery. The synthesis of these novel
heptaalkoxytriphenylenes is outlined in Scheme 1.

During the nitration 2-hydroxy-3,6,7,10,11-pentabutoxytri-
phenylene, we always found a black product in addition to the
nitrated and some unreacted starting material.8e If the reaction is
not monitored carefully, this black material becomes the major
product. We suspected that the formation of this black material
was due to ring oxidation to an o-quinone. Oxidation of
2-hydroxy-3,6,7,10,11-pentabutoxytriphenylene 1a with other
known oxidising agents such as chromium trioxide and
cerium(iv) ammonium nitrate yielded the same product. The
structure of this compound was assigned as 3,6,7,10,11-petabu-
tyloxytriphenylene-1,2-dione 2a on the bases of its 1H NMR
and mass spectral data. Reductive acetylation of this o-quinone
resulted in the formation of diacetate 3a. The diacetate was
directly alkylated8a with alkyl halide to heptabutoxytriphenyl-
ene 4a in very high yield. Heptapentoxytriphenylene was
prepared in the same manner. The 1H NMR data of the products
were found to be in perfect agreement with the structure.‡

Scheme 1 Reagents and conditions: i, CAN, MeCN, room temp., 2 min,
94%; ii, Ac2O, Zn, NEt3, reflux, 0.5 h, 92%; iii, DMSO, KOH, RBr, 60 °C,
1 h, 95%
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Both heptaalkoxytriphenylenes 4a and 4b are mesogenic.
While compound 4a melted at 65.7 °C and clears at 70.1 °C,
compound 4b exhibited a very broad mesophase from
room temperature to 65 °C. The mesophase–isotropic
transition temperatures of both heptaalkoxytriphenylenes are
very low compared to their hexasubstituted analogues (ca.
145 °C for hexabutoxy- and 122 °C for hexapentoxy-
triphenylene). This could be due to the presence of the extra
alkoxy chain and the steric hindrance caused by this chain.

This methodology provides an easy, high-yielding process
for the preparation of various unsymmetrical, low clearing
temperature, broad mesophase triphenylene discotics. It can
also be extended to other discotic cores. The potential of this
new method is currently under investigation for the synthesis of
various hepta-, octa-, nona- and per-alkoxytriphenylene deriv-
atives.

We are very grateful to Professor S. Chandrasekhar for many
helpful discussions. The authors also gratefully acknowledge
the technical assistance of Mr Sanjay K. Varshney.
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† E-mail: uclcr@giasbg01.vsnl.net.in
‡ Selected data for 2a: m/z (FAB) 620.2 (M+ + 2 H); dH(CDCl3) 8.91 (s, 1
H), 7.64 (s, 1 H), 7.61 (s, 1 H), 7.35 (s, 1 H), 6.98 (s, 1 H), 4.20 (m, 10 H),
1.89 (m, 10 H), 1.55 (m, 10 H) and 1.05 (m, 15 H). For 2b: dH(CDCl3) 8.98
(s, 1 H), 7.72 (s, 1 H), 7.68 (s, 1 H), 7.45 (s, 1 H), 7.08 (s, 1 H), 4.20 (m, 10
H), 1.95 (m, 10 H), 1.48 (m, 20 H) and 0.98 (m, 15 H). 3a: dH(CDCl3) 8.48
(s, 1 H), 7.84 (s, 1 H), 7.83 (s, 1 H), 7.81 (s, 1 H), 7.78 (s, 1 H), 4.19 (m, 10
H), 2.44 (s, 3 H), 2.38 (s, 3 H), 1.92 (m, 10 H), 1.60 (m, 10 H) and 1.03 (m,
15 H). For 3b: dH(CDCl3) 8.48 (s, 1 H), 7.84 (s, 1 H), 7.83 (s, 1 H), 7.81 (s,
1 H), 7.78 (s, 1 H), 4.18 (m, 10 H), 2.44 (s, 3 H), 2.38 (s, 3 H), 1.88 (m, 10
H), 1.47 (m, 20 H) and 0.97 (m, 15 H). For 4a: dH(CDCl3) 9.22 (s, 1 H), 7.83
(s, 2 H), 7.81 (s, 1 H), 7.66 (s, 1 H), 4.20 (m, 12 H), 4.01 (t, J 7.1, 2 H), 1.88
(m, 14 H), 1.56 (m, 14 H) and 0.99 (m, 21 H). For 4b: dH(CDCl3) 9.21 (s,
1 H), 7.83 (s, 2 H), 7.81 (s, 1 H), 7.66 (s, 1 H), 4.20 (m, 12 H), 4.01 (t, J 7.1,
2 H), 1.83 (m, 14 H), 1.49 (m, 28 H) and 1.02 (m, 21 H).
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A highly coupled RuIII–RuII system incorporating sulfur donor ligands

Sue Roche,a Lesley J. Yellowleesb and Jim A. Thomas*a†
a Department of Chemistry, University of Sheffield, Sheffield, UK S3 7HF
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Bimetallic complex 1, which is based on a RuII metal centre
incorporating sulfur donor ligands, shows strong inter-
metallic coupling in its mixed valence state comparable to
those observed in complexes incorporating conventional
nitrogen donors.

Mixed valence coordination chemistry has been dominated for
some time by ruthenium(iii/ii) complexes,1 most of them being
modelled on the Creutz–Taube ion.2 Theoretical models3 have
been used to understand their spectral properties, especially of
the characteristic metal-to-metal charge transfer or intervalence
transitions.

Previous research has revealed that the electron transfer
properties of such systems are highly dependent on the nature of
the metal centres and ligand bridge. Such systems have also
played an important part in the development of devices for
molecular electronics,4 where they have formed the basic
components of molecular wires and molecular switches. The
goal of such research is to develop systems displaying
electronic communication between metal centres and thus long
range electron transfer and photoinduced charge separation.5 So
far, research has involved changing the bridging ligands6 and
the metal ion.7 However, all of the metal centres in these
complexes contain nitrogen based ligands, such as NH3 and
2,2A-bipyridine (bpy), coordinated to the metal ion. Our attempt
has been to broaden the experimental basis of mixed valence
chemistry, by introducing new metal organic fragments incor-
porating sulfur donor ligands such as the crown ether
1,4,7-trithiacyclononane.

An ideal starting material for these complexes is the
previously reported [Ru(Me2SO)Cl2([9]aneS3)].8 When ref-
luxed overnight with the ligand 3,6-bis(2-pyridyl)-1,2,4,5-tetra-
zine9 (bptz) in ethanol–water (1 : 1), a crude product is isolated
on the addition of ammonium hexafluorophosphate. After
alumina column chromatography, the bimetallic complex cation
12+ was isolated as its PF6 salt as a blue powder in 48% yield.
This compound is air and moisture stable and has been
characterised by 1H NMR, UV–VIS and FAB mass spectros-
copy.‡

The UV–VIS spectrum of 12+ shows two bands (Table 1).
The first at 302 nm has a large absorption coefficient (e = 3497
dm3 mol21 cm21) and has been assigned to a p–p* transition.
The second intense band has e = 2281 dm3 mol21 cm21 and
occurs at 751 nm. A comparison with structurally similar
complexes allows this band to be to assigned metal-to-ligand
charge transfer (MLCT).1b

In an attempt to quantify the ligand bridge mediated
intermetallic interaction, cyclic voltammetry was used. This
was carried out in acetonitrile (Table 2). Complex 12+ displays
a first oxidation at E1/2 1.36 V. The first oxidations for the
related complexes [{Ru(NH3)4}2(bptz)]4+ (24+) and [{Ru-
(bpy)2}2(bptz)]4+ (34+) occur at 0.72 and 1.52 V respectively.
The difference in these values can be explained by considering
the nature of the coordination bonding in these complexes.
While NH3 is a purely s-donor ligand, bpy ligands are also
p-acceptors and as such stabilise the RuII oxidation state
producing the observed anodic potential shifts. The electro-
chemical behaviour of 12+ indicates that the [RuCl([9]aneS3)]+

metal centre is also appreciably stabilised by p back-donation
interactions. Such an observation is consistent with, and
confirms, recent findings on the coordination chemistry of
thioether ligands.10

Complex 13+ displays a strong intermetallic interaction with
DE1/2 = 0.48 V resulting in a comproportionation constant (Kc)
of 1.48 3 108, suggesting that it is a Robin and Day class III
system.12 This value is greater than the previously reported
value of DE1/2 = 0.39 V for the Creutz–Taube ion,13 and is
similar to complex 35+ (DE1/2 = 0.5 V) but less than the value
for complex 25+ (DE1/2 = 0.84 V). On this evidence, it would
appear that 12+ is a less strongly interacting system than 24+.
However, a comparison of the optical properties of the mixed
valence complexes is more informative.

The intermetallic interaction in 13+ was further investigated
using spectroelectrochemistry. The formation of several isos-
betic points after the oxidation of 12+ shows a clean conversion
taking place, with the MLCT band showing a hypsochromic
shift (Table 1). A significant observation is the formation of an
new band at 1852 nm (5375 cm21). This band, which has been
assigned to an intervalence charge transfer (IVCT), has an
absorption coefficient of e = 519 dm3 mol21 cm21. By

Table 1 UV–VIS spectra data for complex 1 in acetonitrile

e/
Complex lmax/nm dm3 mol21 cm21 Assignment

12+ 302 3497 p–p*
751 2281 MLCT

13+ 310 3158 p–p*
678 2312 MLCT

1852 519 IVCT

Table 2 Electrochemical dataa for some ruthenium complexes

Complex E1/2(1)/V E1/2(2)/V DE1/2/V Kc
b Ref.

12+ 1.36 1.84 0.48 1.4 3 108 This work
24+ 0.72 1.56 0.84 1 3 1015 1(a)
34+ 1.52 2.02 0.5 3 3 108 11

a Cyclic voltammogram of complex cation 12+ was carried out at a scan rate
of 200 mV s21 in acetonitrile containing tetrabutylammonium hexa-
fluorophosphate as supporting electrolyte (0.1 m). Potentials were measured
vs. SCE. All couples were reversible with Ipc and Ipa equal and DEp < 100
mV. b Kc values calculated using log Kc = DE1/2/0.059.
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comparison, the IVCT band found for 25+ is observed at 1453
nm with e = 500 dm3 mol21 cm21.1a

Application of Hush theory3b,c to the IVCT spectral data of
13+ yields a bandwidth at half-height, Dn1/2, which is much
higher than the experimental value: Dn1/2 = (2310n)1/2 cm21,
Dn1/2 (13+, calc.) = 3524 cm21, Dn1/2 (13+, exptl.) ≈ 1375
cm21.

This discrepancy indicates that, like 25+, 13+ is a delocalised
(class III) system, to which the above treatment is not
applicable. Accordingly, the degree of electronic coupling,
HAB, can be estimated to approximately 1/2n = 2687.5
cm21.3c

Concluding, not only is this a new structural motif for such
studies, it also seems effective in facilitating bridge mediated
intermetallic interactions. With an aim to designing functional
molecular devices, future studies will concentrate on variations
in the metal ion, co-ordination sphere of the metal centre, and
the bridging ligand.

We gratefully acknowledge the support of The Royal Society
(J. A. T.) and the EPSRC.
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Diastereoselective hydrogenation of o-toluic acid derivatives over supported
rhodium and ruthenium heterogeneous catalysts

Michèle Besson,*† Pierre Gallezot, Samuel Neto and Catherine Pinel

Institut de Recherches sur la Catalyse-CNRS, 2 avenue Albert Einstein, 69626 Villeurbanne Cedex, France

Asymmetric hydrogenation of an o-toluic acid derivative to
2-methylcyclohexanoic acid with high optical selectivity (up
to 95%) was performed by using (S)-pyroglutamic acid
methyl ester as a chiral auxiliary and Rh–Al2O3 as the
catalyst.

Diastereoselective catalytic hydrogenation with heterogeneous
metal catalysts has been applied for the reduction of CNC, CNO
or CNN bonds.1,2 Modest to high diastereoselectivities were
obtained, depending on the chiral auxiliary used and the nature
of the heterogeneous catalyst. Recently, this method was
proposed to hydrogenate aromatic rings.3,4 Thus, (S)-N-
(2-methylbenzoyl)proline methyl ester was hydrogenated quan-
titatively on pretreated Rh–Al2O3 in the presence of a bulky
amine (ethyldicyclohexylamine = EDCA); the cis isomer was
obtained preferentially (yield > 97%) with diastereoisomeric
excess (de) values reaching 67%.5 We now report on the use of
a pyroglutamic acid derivative as a chiral auxiliary which
permits the diastereoselective reduction of aromatic moities
with higher than 90% de.

Substrate 1 was synthesized with a 82% yield, after
purification, by coupling under mild conditions o-toluoyl
chloride with pyroglutamic acid methyl ester (Scheme 1).6‡ The
hydrogenation was carried out in a stirred autoclave at a
hydrogen pressure of 5 MPa at room temperature. The substrate
was dissolved in EtOH and supported rhodium or ruthenium
catalysts (2–5 mol%) were added. EDCA (2–3 equiv. with
respect to metal) was optionally added. The typical product
distribution as a function of time (entry 5) is given in Fig. 1 for
a hydrogenation performed over Ru–C catalyst. The aromatic
substrate was hydrogenated to 3a and b with a constant de; some

cyclohexenic compound 2 was formed transiently and consec-
utively hydrogenated to 3. An overview of the most significant
catalytic results is summarized in Table 1.

In all reactions, only small amounts of trans-cyclohexane
derivative were found ( < 3%) and the absolute configuration of
the major cis product was (1S,2R,2AS). Hydrogenation of (S)-N-
(2-methylbenzoyl) pyroglutamic acid methyl ester 1 in the
presence of Rh–C catalyst resulted in 35% de, whereas on Rh–
Al2O3 the conversion was slightly lower, although the diaster-
eoselectivity was 90%. Addition of a bulky amine (EDCA) to
the reaction medium lowered the reaction rate in both cases, but
excellent diastereoisomeric excesses were observed, both on
carbon (90% de) and on alumina (95% de). Compound 2 was
detected in significant amounts only in the case of Rh–C; its
hydrogenation gave preferentially 3b and lowered the de.

In the case of the ruthenium catalyst, high diastereoselectiv-
ities were achieved without amine, irrrespective of the support
(74 and 85% de on carbon and alumina, respectively). However,
it was found that the reaction was slower on the alumina-
supported catalyst. The semi-hydrogenated compound 2 was

Scheme 1 Reagents and conditions: i, (S)-pyroglutamic acid methyl ester,
toluene, 80 °C, N2

Fig. 1 Distribution of products versus time for hydrogenation of 1 over Ru–
C (entry 5, Table 1). Reaction conditions: 2.26 mmol 1, 0.063 mmol Ru, 130
ml EtOH, room temp., 5 MPa H2. Less than 3% of the trans compound was
detected. (5) 1, (/) 2, (-) 3a and (:) 3b.

Table 1 Results for hydrogenation of o-toluic acid derivatives 1

Entry Metal–support
EDCA :
metala

Conversion
(%)b after
24 h

Yield 2
(%)b

De
(%)b,c

1 Rh–C (Aldrich, 3.6%) — 100d 13 35
2 Rh–Al2O3 (Degussa, 3.7%) — 89 5 90
3 Rh–C (Aldrich, 3.6%) 2 49 3.5 90
4 Rh–Al2O3 (Degussa, 3.7%) 3 49 2 95
5 Ru–C (Aldrich, 5%)e — 99 19 74
6 Ru–Al2O3 (Degussa, 3.7%)e — 61 11 85
7 Ru–C (Aldrich, 5%)e 3 61 10 83

a Molar ratio. b Determined by GC analysis (DB 1701). c The determination
of the major configuration (1S,2R,2AS) was carried out by measuring the
optical purity of the hydrolyzed product. d The conversion was complete
after 100 min reaction. e Pretreated under H2 at 300 °C for 2 h.
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present in up to 19%, and due to steric constraints, it was
hydrogenated with reduced de. The diastereoselectivity was
increased from 74 to 83% when EDCA was added to the Ru–C
catalyst.

These results clearly show that (S)-pyroglutamic acid methyl
ester exerts much stronger chiral induction than (S)-proline
derivatives since the de increased to 95% from 67%. This is
probably due to the presence of the ketone group in the
auxiliary, which plays a crucial role by interacting with the
catalyst surface and blocking one of the faces of the aromatic
ring.

Notes and References

† E-mail : mbesson@catalyse.univ-lyon1.fr
‡ Selected data for 1 : white crystals; mp 108 °C; [a]25
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(C), 135.0 (C), 130.4 (CH), 130.2 (CH), 126.9 (CH), 125.3 (CH), 57.9 (CH),

52.8 (CH3), 31.7 (CH2), 21.6 (CH2), 19.2 (CH3); n (KBr) cm21 2928, 1751,
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24.07% (24.50)].
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Single stranded DNA-poly(N-isopropylacrylamide) conjugate for affinity
precipitation separation of oligonucleotides

Daisuke Umeno, Takeshi Mori and Mizuo Maeda*†

Department of Materials Physics and Chemistry, Graduate School of Engineering, Kyushu University, 6-10-1, Hakozaki,
Higashi-ku, Fukuoka 812-8581, Japan

The conjugate between single-stranded DNA and the
temperature-responsive polymer poly(N-isopropylacryl-
amide) was synthesized, and was demonstrated to
distinguish its target sequence from mismatch DNAs and
separate it from aqueous solution when heated.

Single stranded (ss) DNA has been widely used as an affinity
ligand for detection1 and separation2 of DNA and RNA having
specific sequences because of its high precision in molecular
recognition. For affinity separation of a specific sequence, ss
DNA-carrying materials such as silica gel,3 cellulose,4 and latex
particles5 have been widely applied in the field of molecular and
cellular biology. Especially, affinity columns immobilized with
poly(dT) or poly(U) are invariably used for the purification of
mRNAs from the crude cell extracts.6 However, the affinity
interaction between target sequences and ligand DNA im-
mobilized on the solid materials has been indicated to be weaker
and slower than that in homogeneous conditions.7 Here we
describe an alternative system using a conjugate between
oligonucleotides and poly(N-isopropylacrylamide) (polyNI-
PAAm) which is known to undergo temperature-directed phase-
transition between soluble ( < 31 °C) and insoluble ( > 31 °C)
forms.8 This conjugate hybridizes with the target sequence in
homogeneous solution, and precipitates with the target by the
slight change in solution temperature (Fig. 1). The concept of
‘thermally-induced affinity precipitation separation’ was first
proposed by Chen and Hoffman for the separation of IgG using
a polyNIPAAm–protein A conjugate.9

The vinyl derivative of (dT)8 (1) was synthesized by the
coupling of 5A-amino-terminated (dT)8 with methacryloyloxy
succinimide according to the previous report.10 1 (75 mm) and
NIPAAm (150 mm) were copolymerized in buffer solution (10
mm Tris–HCl, pH 7.4) at 20 °C using ammonium persulfate (1.3
mm) and N,N,NA,NA-tetramethylethylenediamine (86 mm) as a
redox initiator couple in nitrogen atmosphere to give a
polyNIPAAm-(dT)8 conjugate with the structure illustrated in
Scheme 1. By monitoring the peak area of the monomers on a
reversed phase-HPLC, conversions of 1 and NIPAAm were
determined to be 71 and 75%, respectively, indicating that the

amount of (dT)8 incorporated in the resulting copolymer is
almost the same as the feed ratio of 1 to NIPAAm (0.05 mol%)
at the polymerization step. The reaction mixture was dialyzed
against 10 l of deionized water for a day, followed by
lyophilization. The white powder obtained was dissolved in
water to 1.0 m/v %. The aqueous solution was then centrifuged
at 40 °C. After removal of the supernatant, the precipitated
fraction was re-dissolved in water to give a stock solution which
was stored at 4 °C. Removal of the unpolymerized constituents
(1 and NIPAAm) was confirmed by disappearance of their
peaks on HPLC.

The resultant conjugate between polyNIPAAm and (dT)8
was applied to the one-pot separation of its complementary
sequence (dA)8. The conjugate [0.45 m/v %; 20 mm of (dT)8 in
strand] was mixed with the target DNA [(dA)8; 10 mm in strand].
Then 1.0 m/v % of polyNIPAAm was added to the mixture
because we found that a certain concentration ( > 1 m/v %) of
homopolymer was required for the reproducible precipitation of
polyNIPAAm-(dT)8 conjugate. The concentration of NaCl and
MgCl2 was adjusted to be 1.5 and 0.1 m, respectively. The
melting curve of the duplex between (dT)8 and (dA)8 and
transmittance curve of polyNIPAAm conjugated with (dT)8
under these solution conditions is shown in Fig. 2. From the
curves, melting temperature of the duplex between (dT)8 and
(dA)8 was determined to be 16.2 °C, while the transition
temperature of the conjugate was ca. 14 °C.‡ The mixture (150
ml) was incubated at 0 °C for 6 h for hybridization and then
heated to 15 °C for desolubilization of the conjugate. The
resulting turbid mixture was centrifuged at the temperature, and
the supernatant was collected. The amount of (dA)8 in the
supernatant was evaluated by the peak area on HPLC. The
precipitate fractions were dissolved in 150 ml of water and
analyzed similarly.

As is shown in Table 1, 84% of (dA)8 in the system was
concentrated into the precipitate fraction in the presence of
conjugate. On the other hand, only a small amount of (dA)8 (ca.
6%) was distributed to the precipitate when the separation
experiment was performed in the absence of the conjugate. The
precipitation % of (dT)8 did not depend on the presence of the
conjugate, being a small value of ca. 5% which should be
ascribed to the incompleteness in the collection of the aqueous
phase.

Fig. 1 Schematic illustration of the temperature-directed precipitation of
oligonucleotides using polyNIPAAm–(dT)8 conjugate. (a) At the tem-
perature below the phase transition point (Tc) of polyNIPAAm, the
conjugate is soluble in water and captures its complementary sequence in
homogeneous condition. (b) At temperatures above Tc, the target sequence
is separated to the precipitate with the conjugate. This process is fully
reversible. Scheme 1 Chemical structure of the polyNIPAAm–(dT)8 conjugate
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The applicability of this separation system was further
examined for a mixture of (dA)8 and (dA)3dT(dA)4 (10 mm
each). A typical example is shown in Fig. 3: 84.0 ± 1.4 (n = 3)
% of (dA)8 was concentrated into the precipitate by the
procedure, while 91.7 ± 0.8 (n = 3) % of (dA)3dT(dA)4
remained in the supernatant. This result clearly indicates that the
polyNIPAAm–(dT)8 conjugate distinguished (dA)8 from
(dA)3dT(dA)4, and isolated the complementary DNA se-
lectively from the aqueous solution. In fact, 99% of the
precipitated (dA)8 was recovered when the precipitate was re-
suspended in deionized water and centrifuged at 40 °C.‡

Here we have proposed a simple method for the one-pot
separation of ss DNAs with a unique sequence. We have
described the separation of (dA)8 using polyNIPAAm–(dT)8
conjugate, because the conjugate having poly(dT) will be useful
for the separation of polyadenylated mRNAs which are of great
importance in cDNA cloning.

Wolf et al. reported that ss DNA attached to latex particles
hybridized, in certain conditions, with its complementary
oligonucleotide at a comparable rate with free DNA, while it

hybridized much slower with the larger DNAs,11 probably
because of the steric repulsion due to the latex surface. In this
sense, the soluble conjugate described here would be advanta-
geous especially for the larger target molecules such as mRNAs.
In addition, this property would be also advantageous even in
the post-separation stages. For instance, we hypothesize that
cDNA synthesis of the separated mRNA on the polyNIPAAm–
poly(dT) conjugate would be much more efficient than that on
solid materials such as poly(dT)–silica.12 These conjectures are
under further investigation.

This work was partly supported by a Grant-in-Aid for
Scientific Research from Ministry of Education, Science, Sports
and Culture of Japan. Financial support by the General Sekiyu
Research and Development Encouragement and Assistance
Foundation is also acknowledged.
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‡ PolyNIPAAm undergoes dehydration (and precipitation) at ca. 31 °C in
deionized water, as was also the case for the polyNIPAAm–(dT)8 conjugate.
However, the addition of salt lowers the transition temperature of
polyNIPAAm,8 which was found to be 14 °C in the present solution
conditions for the one-pot separation.
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Fig. 2 Melting curve of the (dA)8·(dT)8 duplex and transmittance (at 500
nm) curve of the polyNIPAAm–(dT)8 conjugate under the following
solution conditions: 1.5 m NaCl, 0.1 m MgCl2 and 10 mm Tris–HCl (pH
7.4). The (dA)8·(dT)8 concentration was 3 mm in the strand in the melting
temperature measurement, and the concentration of polyNIPAAm–(dT)8

conjugate was 0.068 m/v % [(dT)8 unit, 3 mM in strand] at the transition
temperature measurement. Heating rate at both measurements was 0.25 °C
min21.

Table 1 Precipitation efficiency (%) of the oligonucleotides by heating and
centrifugation in the presence of the polyNIPAAm–(dT)8 conjugate

Precipitation %

Target DNA + Conjugate 2 Conjugate

(dA)8 83.6 ± 0.8 5.5 ± 0.3
(dT)8 5.3 4.6

An aqueous solution of polyNIPAAm (1 m/v %) and target DNA (10 mm in
strand) was heated and centrifuged at 40 °C in the presence (+) or absence
(2) of polyNIPAAm–(dT)8 conjugate. Precipitation % was calculated as
follows; % = 100 3 [DNA found in precipitate fraction]/{[DNA in
supernatant] + [DNA in precipitate fraction]}. The precipitation % of (dA)8

is given as mean ± standard error (n = 3).

Fig. 3 HPLC chromatograms of (dA)8 and (dA)3dT(dA)4 before and after
the precipitation separation using polyNIPAAm–(dT)8 conjugate. The
equimolar mixture of (dA)8 and (dA)3dT(dA)4 was heated in the presence of
polyNIPAAm–(dT)8 conjugate and centrifuged. (a) HPLC chromatogram
before the process. (b) HPLC chromatogram of the supernatant fraction
after the process. (c) HPLC chromatogram of the precipitated fraction after
the process.
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Crystal engineering with tetraarylporphyrins, an exceptionally versatile
building block for the design of multidimensional supramolecular structures

R. Krishna Kumar, S. Balasubramanian and Israel Goldberg*†

School of Chemistry, Sackler Faculty of Exact Sciences, Tel-Aviv University, 69978 Ramat-Aviv, Tel-Aviv, Israel

Zinc meso-tetra(4-amidophenyl)porphyrin assembles into
open two-dimensional arrays parallel to the porphyrin plane
by self-complementary hydrogen bonding between the
–CONH2 recognition sites of adjacent molecules; manganese
meso-tetraphenylporphyrin perchlorate and the bidentate
4,4A-bipyridyl ligand afford one-dimensional coordination
polymers, which propagate in a direction perpendicular to
the porphyrin plane; simultaneous application of these two
modules of supramolecular design may lead to porous
porphyrin-based materials with enhanced structural in-
tegrity.

The design of multiporphyrin architectures has drawn consider-
able attention in recent years, as such materials have diverse
potential for scientific and technological applications as
biomimetic models of photosynthetic systems or as functional
molecular devices.1,2 Tetraarylporphyrin molecules have a
number of features that make them attractive building blocks for
crystal engineering. These molecules are quite rigid, highly
symmetric, and easily synthesized, and they exhibit a high
degree of thermal and oxidative stability. The porphyrins can be
easily ‘programmed’ by addition of various substituents and
recognition sites to either the pyrrole or aryl groups, as well as
by varying the nature of the metal atom inserted into the
porphyrin core. Several successful attempts to assemble
supramolecular porphyrin aggregates, in solution as well as in
the solid state, have been reported recently.3 In this context we
have previously described formation of one-, two- and three-
dimensional coordination polymers of zinc tetra(4-pyridyl)por-
phyrin and of zinc tetra(4-cyanophenyl)porphyrin.4 We have
also demonstrated, along with others, the utilization of hydro-
gen-bonding as an effective means of structural control in the
design of homogeneous multiporphyrin architectures.5,6 As part
of this ongoing investigation we now report the structures of
new materials based on controlled multiporphyrin aggregation
which demonstrate two of the most plausible modes of
supramolecular design, utilizing effective synthons for hydro-
gen-bonding and coordination polymerization.

Zinc meso-tetra(4-amidophenyl)porphyrin 1a is representa-
tive of building blocks containing self-complementary recogni-
tion sites at the peripheral 4-position of the phenyl rings. The
square-shaped tetraamide functionality and its hydrogen bond-
ing capacity can dictate the formation of planar and rigid hollow
networks sustained by hydrogen bonds.7 On the other hand, the
use of manganese meso-tetraphenylporphyrin 1b should facili-
tate the construction of coordination polymers with suitable
multidentate ligands, as MnIII reveals high affinity for a six-
coordinate environment. In view of the paramagnetic properties
of the latter, these materials may also have significant potential
as molecular magnets.8a Literature survey shows, however, that
only a very small number of coordination polymers with
metalloporphyrin frameworks have been successfully prepared
thus far,8 while the occurrence of monomeric MnIII complexes
is considerably more common. Compounds 1a and 1b were
prepared by standard procedures of porphyrin synthesis. Single
crystals of zinc tetra(4-amidophenyl)porphyrin·4Me2SO·H2O 2
suitable for X-ray diffraction analysis were grown by very slow
cooling of the solution of 1a in Me2SO. Similarly, single

crystals of the 1 : 1 complex of MnTPP·ClO4 with neutral
4,4A-bipyridyl (3; crystallizing as a nitrobenzene solvate) were
grown from a slowly cooled stoichiometric mixture of these two
components in nitrobenzene. The structure and composition of
these crystals were determined unequivocally by X-ray diffrac-
tion analysis.‡

Fig. 1 illustrates the interporphyrin arrangement in the crystal
structure of 2. As anticipated, the self-assembly process utilizes
cooperatively the hydrogen-bonding potential of the amide
functions,7 affording open two-dimensional networks with no
inter-penetration between them. Each porphyrin unit is involved
in eight hydrogen-bonding interactions at NH···OC distances
within 2.984–3.068 Å. The interporphyrin cavities in each layer
are ca. 5.9–6.8 Å wide and ca. 10 Å long (estimated distances
between the van der Waals surfaces of the surrounding
environment). They are accommodated by two guest molecules
of Me2SO at each of the two crystallographically independent
sites. One of the four species axially ligates to the metal center
of a porphyrin unit in an adjacent layer at a Zn···ONS
coordination distance of 2.151(7) Å. The five-coordinate Zn ion
deviates by 0.28 Å from its porphyrin plane towards the axial
ligand. The two-dimensional networks relate to each other by
crystallographic inversion. They stack in the crystal in an offset
manner with a characteristic average spacing of 4.6 Å4a to
optimize van der Waals stabilization and the fit of the axial
ligands from one layer into the interporphyrin cavities of the
next layer. As shown earlier, the cavity size characteristics in
such layered multiporphyrin motifs depend directly on the
functional substituents attached to the porphyrin framework,
which allows one to control to a considerable extent the porosity

Fig. 1 Assembly of zinc tetra(4-amidophenyl)porphyrin building blocks in
the form of two-dimensional open networks sustained by N–H···ONC
hydrogen bonds. Each of the oval shaped interporphyrin cavities is occupied
by two molecules of Me2SO. For clarity, the positions of the latter are
indicated by large darkened circles. The stick-only frameworks illustrate
porphyrin molecules in a neighboring network and indicate the layered
nature of the crystal structure.
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of the porphyrin layers thus formed. In relation to the present
observation, the interporphyrin cavity dimensions found in
homogeneous layered networks composed of tetra(4-hydroxy-
phenyl)porphyrin and of tetra(4-carboxyphenyl)porphyrin are
3.5 3 9.5 and 16 3 21 Å, respectively.5

The molecular structure of the coordination polymer units
which compose 3 is displayed in Fig. 2(left). The linear
polymeric strands consist of alternating metalloporphyrin and
bipyridyl building blocks linked to each other from both ends by
metal–ligand coordination, at Mn···Npy distances ranging from
2.321(7) Å to 2.409(7) Å. Along the chains the Mn···Mn
separation is 11.79 Å, while between the chains the shortest
Mn···Mn distance is 11.05 Å. The polymers are located on axes
of twofold rotation at (1

4, 0, z), and extend along the c-axis [Fig.
2(right)]. Their side packing in the ab plane is stabilized by
dispersive interactions between the TPP frameworks (deformed
from planarity to adopt a saddle conformation) as well as by
coulombic forces through the anions located in between. The
parallel alignment of the polymeric chains in the crystal leads to
a nanoporous architecture of the three-dimensional assembly,
with tubular shaped voids between the thinner bipyridyl
sections of the polymers along the a and b crystal axes
(directions parallel to the porphyrin planes), that are occupied
by molecules of the nitrobenzene solvent (near 0.2, 14, 14 and 0.8,
1
4, 1

4) and the perchlorate counter ions (centered at 0.50, 0.08,
0.24). The smallest cross-section distance between the van der
Waals surfaces of the channel walls is ca. 5 Å.

The structural integrity of the multiporphyrin architectures in
2 and 3 can be in principle increased by combination of the
coordination polymerization and the lateral hydrogen-bonding
features in the same material. Thus, cooperative hydrogen
bonding between neighboring polymeric entities in 3 (which in
that structure are displaced along the a and b crystal axes) can
be introduced by substituting the TPP building block with
suitable recognition groups on the porphyrin periphery (e.g. as
observed in 2). The structure of such a designed lattice can be
fine-tuned by changing the size and shape of the bridging ligand
as well as of the hydrogen-bonding sites on the porphyrin
periphery. We are currently exploiting this promising method-
ology in an effort to construct a new series of structurally robust

porous organic crystals and evaluate the potential applications
of such molecular-sieve materials in molecular separation,
transport and controlled release.
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Israel Binational Science Foundation (BSF-grant No.
94-00344), Jerusalem, Israel. The assistance of Dr Leo Straver
and Nonius B.V. with diffraction measurements on the
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= 1.026 for all 6188 data. Two out of the four Me2SO molecules in the
asymmetric unit were found disordered; for one of them a twofold
orientational disorder could be recognized and modeled accordingly.

3: C44H28ClMnN4O4·C10H8N2·C6H5NO2, Mr = 1046.4, orthorhombic,
space group Pnna, a = 20.489(1), b = 20.611(1), c = 23.653(1) Å, U =
9988.6 Å3, Z = 8, Dc = 1.392 g cm23, F(000) = 4320, m(Mo-Ka) = 3.80
cm21, crystal size ≈ 0.30 3 0.25 3 0.10 mm, 2qmax = 52.7°, 9896 unique
reflections, final R1 = 0.099 for 4823 reflections with F > 4s(F), R1 =
0.175, wR2 = 0.40 and GOF = 0.961 for all 9896 data. The nitrobenzene
solvent molecule was found translationally as well as orientationally
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structure factors was substracted by the ‘Bypass’ procedure,9 R1 = 0.084
for 4754 reflections with F > 4s(F), R1 = 0.144 and wR2 = 0.315 for all
9896 data. The large atomic displacement parameters of the perchlorate
oxygens are also indicative of wide-amplitude rotational motion of this ion.
The diffraction data of the poorly diffracting crystals were collected at
293(2) K on a KappaCCD diffractometer system, using Mo-Ka (l =
0.7107 Å) radiation and 0.6° f scans. CCDC 182/886.
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Fig. 2 (Left) Molecular structure of the coordination polymer composed of
MnIII–TPP and 4,4A-bipyridyl components. (Right) Perspective view of the
crystal structure of this compound down the b-axis, showing the ‘hollow’
lattice of the crystal-packed polymers. The cavities are occupied by the
perchlorate counter ions and by disordered solvent (not shown for
clarity).
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Molecular riveting: high yield preparation of a [3]-rotaxane

Alexander G. Kolchinski,a Nathaniel W. Alcock,b Rebecca A. Roesnera and Daryle H. Busch*a†
a Department of Chemistry, University of Kansas, Lawrence, Kansas 66045, USA
b Department of Chemistry, University of Warwick, Coventry, UK CV4 7AL

An aminothiol axle molecule is so efficient at threading
through the macrocycle 24-crown-8 that iodine oxidation
produces a [3]-rotaxane in record yield (84%) by literally
riveting two rings together.

Molecular motifs incorporating mechanically interlocked mole-
cules, such as rotaxanes, catenanes and knots, are harbingers to
a virtual molecular macrame of orderly molecular entangle-
ments that will constitute new materials for the 21st century.1
But the preparation of mechanically interlocked molecules
presents a significant challenge,2 and the probability of success
decreases as the number of interlocked molecules increases. For
example, only a few [3]- and higher rotaxanes3 have been
prepared and their yields are often low, with the highest reported
yield for a [3]-rotaxane being 55%.3 Reaping the potential of the
field will depend on the detailed understanding of template
reactions, including such elementary processes as molecular
threading, which underlies the work reported here. In on-going
studies of the relationships that favor the threading of linear
molecules through cyclic molecules, we have found a method-
ology that produces a [3]-rotaxane in record yield (84%) by
literally riveting two rings together. Such high yields open the
way to molecularly interlocked polymers based on rotaxane
formation. 

Having learned from the threading of rings onto polymers4

that closely positioned coordination sites strongly favor rotax-
ane formation, we first applied a new methodology to
[2]-rotaxane formation.5 Interaction between a functional group
at the terminus of the linear component and its cyclic partner
positions the tip of the linear molecule for penetration into the
ring and prepays the entropic price of threading. Relaying of the
binding site for the cyclic molecule from the terminal to the
internal functional group completes the threading process.
Closely related syntheses, based on the coordination of
secondary ammonium groups to crown ethers were described
shortly thereafter.3b,e,6

The success of our relay threading and the ease with which
secondary amines form pseudo rotaxanes led to the hypothesis
that, for maximum threading, the internal function of the axle
molecule should bind the cyclic component substantially more
strongly than does the terminal function. Further guidance,
specifically applicable to [3]-rotaxanes, is provided by the
recent work of Stoddart and co-workers,3e which relies solely
on the crown ether–secondary ammonium ion interaction. For
closely related structures, the yields of two [2]-rotaxanes were
found to be 24 and 31%, while that for the [3]-rotaxane was only
10%. It may be significant that the fractional yield of the
[3]-rotaxane is approximately the square of that for a [2]-rotax-
ane [0.1 ≈ (0.31)2]. These admittedly very limited data
correspond to a simple model in which the yield of the blocking
reaction may be largely controlled by the preequilibrium
concentration of pseudo rotaxane. In such a case, the yield of the
[3]-rotaxane is likely to be limited by the product of the yields
(preequilibrium concentrations) of the two required threading
processes. Therefore we suggest that the preparation of a
[3]-rotaxane constitutes a powerful test for the efficiency of a
given methodology for molecular threading.

A secondary ammonium group provides the primary binding
site in our new axle molecule and the thiol group was selected
as the terminal function because (a) it should not compete
significantly with the secondary ammonium group for coordina-
tion to the crown ether, (b) it should, however, exert a relatively
weak, reversible attraction for the crown ether and (c) it is well
suited for a number of blocking reactions. To the best of our
knowledge, the formation of strong crown ether–thiol com-
plexes has not been reported, while, on the other hand, thiols do
form easily detectable hydrogen bonds with a variety of
nitrogen and oxygen containing functional groups.7 The
thioammonium salt, IBr, was synthesized by Schiff base
condensation of 9-anthraldehyde with 2-aminoethanethiol,
followed by borohydride reduction. 

The oxidative coupling of the thiol groups of two pseudo
rotaxane molecules provided a very convenient route for
[3]-rotaxane formation (Scheme 1). Complexation of I with
excess crown ether II and subsequent oxidation of the resulting
complex with a small excess of iodine gave the [3]-rotaxane
triiodide, III(I3)2, in remarkably high yield (84%) (Scheme 1).
The high yield synthesis proceeds as follows: 9-anthryl-
methyl(2-mercaptoethyl)ammonium bromide (I) (0.347 g, 1
mmol) and dibenzo-24-crown-8 (II) (1.344 g, 3 mmol) were
dissolved at room temperature in the presence of air in a mixture
of MeOH (7 ml) and CHCl3 (10 ml). I2 (0.381 g, 1.5 mmol) in
CHCl3 (10 ml) was slowly added over 10 min. Crystallization
began after standing for 30 min. After 12 h the reaction mixture
was refrigerated for 1 h and then filtered. The resulting brown
crystalline product was washed with MeOH and dried in air.
Larger iodine concentrations resulted in the formation of a
highly crystalline adduct, III(I3)2·11

2I2·2MeOH. The mechanics
of this molecular riveting reaction are closely analogous to the
familar macroscopic riveting process, i.e. the rivet is inserted in

Scheme 1
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holes in two parts that are subsequently joined together when
the rivet is made complete with massive heads at each end.
Referring back to the model described above, if the yield of this
reaction were determined by the pseudo rotaxane preequilib-
rium, the pseudo rotaxane must be present in an equilibrium
concentration exceeding 90%. 

The crystal structure‡ of the [3]-rotaxane (Fig. 1) confirms
the threading of the crown ether and clearly shows the axle–
torus interactions. These include H-bonds between the amine
nitrogen and the oxygen atoms of the crown, as well as [N+–C–
H···O] interactions between the methylene group adjacent to the
anthryl unit and the crown ether oxygens.

The substantially higher yield obtained for III compared to
all other rotaxanes based on secondary ammonium salt–crown
ether partners, as well as the data obtained for polymeric
rotaxanes,4 strongly supports the relay threading hypothesis.
Clearly, the close proximity of two binding sites on the axle
molecule and the relative coordinating abilities of those two
sites play important roles in facilitating these threading
reactions. Further, this process of linking two molecules
together by a highly efficient reaction gives promise of much
new chemistry. For example, we suggest that molecular riveting
will ultimately be used to produce new families of polymers and
films.

This research was supported in part by the US National
Science Foundation under grant number 9550487 and matching
support from the state of Kansas. We thank the EPSRC and
Siemens Analytical Instruments for grants in support of the
diffractometer. We also thank Professor J. Fraser Stoddart for
providing preprints of his publications.
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‡ Crystal data for 3: 2[C82H98N2O16S2]4[I3]3[I2]4MeOH, M = 5204.0,
triclinic, space group P1̄, a = 15.805(1), b = 16.0197(5), c = 19.7166(5)
Å, a = 95.999(5), b = 102.880(5), g = 94.478(5)°, U = 4813.23(7) Å3. T
= 180(2) K, Mo-Ka radiation, l = 0.71073 Å, Z = 1, D(cal) = 1.679 mg
m23 m(Mo-Ka) = 3.283 mm21. Siemens SMART three-circle system with
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0.0414]. Absorption correction by psi-scan. The crystals are weakly
diffracting; one anthracene unit is disordered between two positions; three
of the iodine positions in the polyiodide anion are incompletely occupied;
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disordered oxygen position. Refinement on F2 was accomplished using
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reflections with I > 2s(I)] = 0.0980, wR2 (all reflections) = 0.3091.
Goodness-of-fit on F2 = 0.943. CCDC 182/873.
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Bêlohradsky, M. T. Gandolfi, O. Kocian, L. Prodi, F. M. Raymo, J. F.
Stoddart and M. Venturi, J. Am. Chem. Soc., 1997, 119, 302; (d) D. B.
Amabilino, P. R. Ashton, V. Balzani, C. L. Brown, A. Credi, J. M. J.
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Fig. 1 Structure of the cationic [3]-rotaxane
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Immobilization of semiconductor nanoparticles formed in reverse micelles into
polyurea via in situ polymerization of diisocyanates
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Nanoparticles of CdS, ZnS, TiO2 or AgI, formed in reverse
micelles, have been immobilized into polyurea via in situ
polymerization of hexamethylene diisocyanate; the CdS– or
ZnS–polyurea composites obtained were utilized as
photocatalysts.

There has been much recent interest in the preparation and
processing methods for nanoparticles formed from various
materials, including metals,1,2 metal selenides,3 sulfides1,3–8

and oxides,9 using reverse micellar systems. One of the most
powerful methods for recovering the metal sulfide particles is
that of particle surface modification using thiols.3,6–8 The
binding of the thiols, however, passivates the surface sulfur
vacancies of the sulfide particles, and may substantially change
the particle surface characteristics. Moreover, thiol modifica-
tion cannot be applied to metal oxides; some of which are no
less important than sulfides as catalysts and photocatalysts. The
present study describes a novel immobilization method for
nanoparticles formed in reverse micelles into polymer particles
synthesized in situ. Addition of a diisocyanate, which reacts
with water to form polyurea,10 to the reverse micellar solution
leads to the formation of polyurea fine particles. This polymeri-
zation in the presence of nanoparticles formed in situ brings
about the encapsulation of the nanoparticles into the formed
polyurea particles.

A reverse micellar system consisting of sodium bis(2-
ethylhexyl) sulfosuccinate (AOT, 0.1 mol l21), water and
isooctane (2,2,4-trimethylpentane) was used for the nanopar-
ticle preparation. CdS or ZnS nanoparticles were prepared by
the rapid addition of an AOT–isooctane micellar solution {100
ml, W0 ( = [H2O]/[AOT]) = 6} containing Cd(NO3)2 or
Zn(NO3)2 to another micellar solution (100 ml, W0 = 6)
containing Na2S and stirring vigorously with a magnetic stirrer
at 298 K. A glass vessel covered with aluminium film and a final
composition of [S22] = [Cd2+] or [Zn2+] = 6.0 3 1024 mol l21

was used. Hexamethylene diisocyanate [HDI, 0.385 ml (0.0024
mol)] was added rapidly to the nanoparticle-containing reverse
micellar solution 2 min after nanoparticle formation.

The broken lines in Fig. 1 represent the absorption spectra for
(a) CdS and (b) ZnS nanoparticles, 1 min after their formation
in the reverse micellar systems. The absorption spectra after the
HDI addition gradually increased owing to the turbidity of the
polyurea (PUA) formation in the solutions. After stirring for 18
h for CdS (19.5 h for ZnS) the nanoparticles were collected
together with the formed polymer powder by centrifugation.
The precipitate was washed with n-hexane and diethyl ether and
dried in vacuo overnight. The CdS or ZnS nanoparticle–
polyurea composites are denoted CdS–PUA or ZnS–PUA, and
were yellow and white, respectively, reflecting the colour of the
corresponding metal sulfide particles.

Polymerization in a water–acetone homogeneous system
produced irregularly shaped PUA particles of ca. 1 mm in
diameter. Fig. 2(a) shows an FE-SEM image for metal sulfide-
free PUA particles formed in the reverse micellar system and in
which the PUA has led to a rather ordered morphology
consisting of twisted rods. Polymerization in the presence of

CdS nanoparticles, however, produced fused rod-like ag-
gregates [Fig. 2(b)]. The presence of nanoparticles or NO3

2

may also influence polymer morphology. The PUA particles
showed IR absorption peaks (1260, 1570, 1650 and 3300 cm21)
attributable to urea bonds. Elemental analysis for the CdS-free
PUA gave: C, 58.5; H, 10.5; N, 17.5 (calc. C, 59.1; H, 9.92; N
19.7%). The polyurea and PUA composites were slightly
soluble in m-cresol but insoluble in most organic solvents.

The solid lines in Fig. 1 represent the absorption spectra for
CdS (c) and ZnS (d) nanoparticles in PUA composites
(measurement was by diffuse reflectance, owing to the turbid
disperison of PUA composites in the photoreaction solution, as
described below). The red shifts of the absorption onset
compared with spectra (a) and (b) of Fig. 1 are due to particle
growth following HDI addition. The values of the band gap for
immobilized CdS and ZnS, as calculated in a previous report5
were 2.75 and 3.92 eV, respectively, which are larger than the
bulk values for CdS (2.5 eV11) and ZnS (3.7 eV11) owing to the
quantum size effect.12 The diameter of the immobilized CdS
and ZnS nanoparticles was estimated using the above obtained
values and the Brus’ equation,12 as also in the previous report,5
to be 4.70 and 4.37 nm, respectively.

The metal content of the PUA composites (total analysis) was
determined8 by decomposing a given quantity of a PUA
composite in concentrated H2SO4 and measuring the eluted
metal ions, using an inductively coupled argon plasma atomic
emission spectrophotometer. Since the PUA was not decom-
posed in HCl (6 mol l21), only the exposed sulfide particles
from the PUA composite were dissolved in the acid and this was
also measured. The ratio of the partial dissolved quantity,
obtained via contact with 6 mol l21 HCl, to that of the total
quantity obtained via H2SO4 decomposition is denoted as
particle exposed fraction F.8 Table 1 lists the total metal content
and the particle exposed fraction for CdS–PUA and ZnS–PUA.

Fig. 1 Broken lines: absorption spectra of metal sulfide nanoparticles in
reverse micellar systems 1 min after formation [(a) CdS; (b) ZnS]. (c)–(f):
absorption spectra of metal sulfide nanoparticles immobilized in PUA
composites [(c) and (e) CdS; (d) and (f) ZnS] before [solid lines, (c) and (d)]
and after [dotted lines, (e) and (f)] photoirradiation for 18 h (diffuse
reflectance spectra, scattering was subtracted).
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The values of F obtained for both approach unity, thus
indicating almost all sulfide nanoparticles are more or less
exposed to the external solution.

Photocatalytic generation of hydrogen on the CdS–PUA or
ZnS–PUA composites in a 10 vol% propan-2-ol aqueous
solution was demonstrated. Such experiments, ca. 4 mg of PUA
composite was dispersed in 25 ml of a 10 vol% propan-2-ol
aqueous solution by ultrasonication with sodium hexameta-
phosphate (0.0125 g). 20 ml of this mixture was purged with
argon for 1 h, sealed with a septum and photo-irradiated with a
2 kW xenon lamp. Irradiation light with wavelength < 300 nm
and light in the IR range was cut off by the Pyrex glass of the
tube and by the water filter, respectively. The quantity of H2
formed in the gas phase in the tube was measured by gas
chromatography.

The quantities of H2 formed during the photo-irradiation of
CdS–PUA or ZnS–PUA are also listed in Table 1. The H2
generation with the PUA composites, probably via the reduction

of water with propan-2-ol as the sacrificial agent, is very
prominent as compared with the results of control experiments.
ZnS–PUA is superior to CdS–PUA under the present experi-
mental conditions, owing to the greater reducing ability of the
conduction band electrons in ZnS than in CdS.

The dotted lines in Fig. 1 show the absorption spectra (diffuse
reflectance spectra) for CdS–PUA (e) and ZnS–PUA (f) after
photo-irradiation. The absorption onset for CdS–PUA shifts
towards a longer wavelength and appears to reach that of bulk
CdS, thus indicating photo-induced CdS growth via the fusion
of CdS particles adjacent to each other in the PUA composites.
The band gap for the CdS particles, after photo-irradiation, was
calculated to be 2.5 eV, the same as that for bulk CdS. On the
other hand, a relatively small red shift is seen for ZnS–PUA,
with the band gap for the ZnS particles in ZnS–PUA after the
photo-irradiation being calculated as 3.86 eV, which is larger
than the bulk value of 3.7 eV.

The HDI polymerization method was also applied to
nanoparticles of TiO2 and AgI. These nanoparticles were
prepared in AOT–isoocatane systems as described previ-
ously.9,13 The nanoparticles of TiO2 or AgI were also easily
recovered from the micellar system via in situ polymerization of
HDI and centrifugation, although the method for measuring the
particle exposed fraction could not be employed in these
cases.

The present study thus describes a novel immobilization
method for semiconductor nanoparticles formed in reverse
micelles into polyurea via in situ polymerization of hexa-
methylene diisocyanate. This may prove to be a universal
method applicable to nanoparticles of any material formed in
reverse micellar systems, since the surface properties of the
target nanoparticles can be chosen freely. The effect of micellar
conditions on PUA morphology and the photocatalytic proper-
ties of metal sulfide–PUA materials is worthy of further
study.
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Fig. 2 SEM images for (a) metal sulfide-free PUA particles and (b) CdS–
PUA prepared in a reverse micellar system

Table 1 Metal content and particle exposed fraction F of CdS–PUA and
ZnS–PUA composites and results of photocatalytic H2 generation

Total Cd or H2 formed (18 h irradiation)
Zn content/
mmol (mg mmol (mg mmol (mmol

PUA PUA PUA exposed Cd
composite composite)21 F composite)21 or Zn)21

CdS–PUA 1.71 0.969 2.63 1.59
ZnS–PUA 1.56 0.866 8.56 6.34
CdS–PUA 1.71 0.969 0.0077 0.0047a

CdS-free PUA — — 0 —

a No propan-2-ol present.
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Reactions of ruthenium cyclopropenyl complexes with trimethylsilyl azide

Ku-Hsien Chang and Ying-Chih Lin*

Department of Chemistry, National Taiwan University Taipei, Taiwan 106, Republic of China

Treatment of three cyclopropenyl complexes [Ru]–
CNC(Ph)CHR {[Ru] = (h5-C5H5)(PPh3)2Ru; R = Ph 1a,
CN 1b, CHNCH2 1c} with Me3SiN3 afforded the nitrile
complex 3a, the zwitterionic tetrazolate complex 6, and 7,
respectively; for 1c, the triazole 8 was also obtained.

Organic cyclopropene is highly strained and its estimated strain
energy is > 50 kcal mol21 (1 cal = 4.184 J).1 This molecule
has played a crucial role in the development of important
concepts such as aromaticity and chemical reactivities.2 A few
recent papers focused on applications of various cyclopropenes
in organic synthesis.3 In organometallic systems, deprotonation
of a number of vinylidene complexes {[Ru]NCNC(Ph)CH2R}I
{[Ru] = (h5-C5H5)(PPh3)2Ru; R = CN, Ph, CHNCH2} readily
afforded ruthenium cyclopropenyl complexes.4 Protonation
opens the three-membered rings of these Ru complexes to give
back the vinylidene moiety. Nevertheless, in the ruthenium
system, the cyclopropenyl and the vinylidene complexes
display distinctive reactivities. We carried out reactions of
cyclopropenyl complexes with various organic substrates.
Herein we report the reaction of Me3SiN3 (TMSN3) with a
number of ruthenium cyclopropenyl complexes containing
different substituents at the cyclopropenyl ring to yield various
products.

Upon addition of a fivefold excess of TMSN3 to 1a in THF at
room temperature, the solution displayed color changes during
the course of the reaction. The light yellow solution of 1a turned
to deep red at the initial stage then became light orange in ca. 3
h and, after 5 h, turned yellow again. We thus carried out the
reaction at 210 °C and, while the solution was deep red,
isolated 2a‡ as the major product and the N-coordinated nitrile
complex 3a‡ as the minor product, Scheme 1. From the light
orange solution of the same reaction at room temperature, 3a
could be isolated in high yield. Finally with a 5 h reaction time
the reaction gave 45 and 5.6‡ As a precursor of 3a, 2a is unstable
at room temperature.

Complex 3a is also unstable and decomposes to give 4 and 5.
Exchange of the N3

2 counter anion with PF6
2 made 2a and 3a

more stable. In the 1H NMR spectrum of 2a, a singlet resonance
at d 3.50 is assigned to the CH2 group. The 31P NMR spectrum

displays a singlet resonance at d 42.5. However, in the 31P NMR
spectrum of 3a two doublet resonances at d 41.7 and 41.2 with
JPP 35.3 Hz indicate the presence of a diastereotopic center in
the N-coordinated nitrile ligand and, in the 1H NMR spectrum,
two resonances at 3.15 (JHH 16.6, 6.5 Hz) and 3.00 (JHH 16.6,
10.0 Hz) are assigned to the CH2 group. The parent peak of the
mass spectrum of 3a clearly indicates addition of one nitrogen
atom to 2a.

Treatment of 1b with TMSN3 at room temperature caused
addition of four nitrogen atoms to 1b and afforded the yellow
tetrazolate complex 6‡ in high yield and 7‡ in ca. 5% yield,
Scheme 1. Complex 6 is stable at room temperature, and in the
course of the reaction only a deep red color attributed to a
vinylidene intermediate 2b was observed. The intermediate 2b
could be isolated at 0 °C. In the 1H NMR spectrum of 6, a dd
resonance at d 4.32 (JHH 7.4, 7.7 Hz) is assigned to the methyne
proton and two multiplet resonances displaying doublets of an
AB pattern at d 2.66 (JHH 16.6, 7.4 Hz) and 2.44 (JHH 16.6, 7.7
Hz) are assigned to two methylene protons. In the 31P NMR
spectrum of 6, two doublet resonances at d 43.8 and 41.7 with
JPP 38.0 Hz are assigned to the two PPh3 ligands owing to the
presence of a diastereotopic center. The proton source of the
reactions of 1a and 1b is believed to come from water in TMSN3
(no attempt was made to dry TMSN3 due to potential hazards)
and protons are incorporated into the product through hydroly-
sis of the TMS substituents. TMSOH was distilled off with THF
solvent from the reaction mixture and identified by mass
spectrometry. In both reactions, addition of D2O to THF led to
incorporation of two deuterium atoms at two vicinal carbon
atoms of both 5 and 6. No reaction was observed between
{[Ru]NCNC(Ph)CH2CH}PF6 and TMSN3 possibly owing to the
covalent character of the Si–N bond in TMSN3 and weak
nucleophilicity of the cationic vinylidene complex to cleave the
Si–N bond.

The reaction of 1a with TMSN3 may proceed by an
electrophilic addition of a TMS group followed by hydrolysis to
afford 2a. Further nucleophilic addition of N3

2 at Ca and
electrophilic addition of a second TMS group at Cb followed by
loss of N2 gives the N-coordinated nitrile complex 3a,5 Scheme
1. In the reaction of 1b with TMSN3, formation of 6 is

Scheme 1
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rationalized by a [3 + 2] cycloaddition of the CN bond with a
second N3

2.7 As early as 1958, formation of tetrazolate ring
structure has been observed in the [3 + 2] cycloaddition reaction
of a nitrile group with azide.8 Metal-coordinated azide ligands
undergo 1,3-dipolar cycloaddition reactions with carbon–
carbon and carbon–heteroatom multiple bonds. Among others,
this chemistry has been investigated by the group of Beck. The
metals involved are most often palladium(ii),9 platinum(ii)10

and cobalt(iii)11 although a whole range of other transition
metals12 has been used. These metal azido complexes react with
nitrile to give various tetrazolate complexes.13 Formation of the
tetrazolate ring in 6 is derived from the reaction of nitrile with
[Ru]–N3 since under our mild reaction condition, no such
reaction was observed. The reaction of the acetylide complex
[Ru]–C·CPh with an excess of TMSN3 afforded 4 and
PhCH2CN, identified by elemental analysis and high resolution
mass spectroscopy. Conversion of a vinylidene precursor to
N-coordinated nitrile by hydrazine, an organometallic Beck-
mann rearrangement, has been reported in an iron system.14

Interestingly, treatment of 1c with an excess of TMSN3
afforded 7 and 8,‡ Scheme 2. The organic product is identified
by elemental analysis and high resolution mass spectrometry.
Formation of 7 and 8 by cleavage of the CNC double bond of the
cyclopropenyl ring and transformation of the vinyl to an ethyl
group could be explained as followed. Addition of a TMS group
to the terminal carbon atom of the vinyl group accompanied by
opening of the three-membered ring resulted in formation of A,
Scheme 2. We previously reported that the reaction of TCNQ
with 1c gave similar addition at the terminal carbon of the vinyl
group.4 Subsequent nucleophilic addition of N3

2 at Ca followed
by hydrolysis gave B. Further addition of TMSN3 at Cd
followed by hydrolysis led to the formation of C. The single
bond character of the Ca–Cb in C facilitates its cleavage, which
is accompanied by a [3 + 2] cycloaddition of the Cb–Cg double
bond with N3

2 to give the triazole compound 8 and 7. The fact
that 7 is isolated in this reaction as the only organometallic
product suggests that it is not likely to have an intermediate with
a terminal N-coordinated nitrile ligand. Formation of 7 as a
minor product in the reaction of 1b with TMSN3 could proceed
through the same pathway. A detailed mechanism for these
processes is currently under investigation.

We are grateful for support of this work by the National
Science Council, Taiwan, the Republic of China.
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H, CH2), 3.00 (JHH 16.6, 10.0 Hz, 1 H, CH2). 13C NMR (253 K), d
136.4–127.2 (Ph), 83.6 (Cp), 41.3 (CH), 40.0 (CH2). 31P NMR, d 41.7, 41.2
(two d, JPP 35.3 Hz). FAB MS: m/z 898 (M+), 691 (M+2NCCHPhCH2Ph).
4: 1H NMR, d 7.68–7.07 (m, 30 H, Ph), 4.18 (s, 5 H, Cp); 13C NMR, d
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(M+); 705.0 (M+ 2 N2). Anal. Calc. for C41H35N3P2Ru: C, 67.20; H, 4.81;
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JHH 7.4, 7.7 Hz, 1 H, CH), 4.30 (s, 5 H, Cp), 2.66, (JHH 16.6, 7.4 Hz, 1 H,
CH), 2.44 (JHH 16.6, 7.7 Hz, 1 H, CH2); 13C NMR, d 164.1 (CNN, Ca),
140.2 (Cipso), 138.3–127.1 (Ph), 118.6 (CN), 83.1 (Cp), 39.9 (CH), 23.5
(CH2). 31P NMR, d 43.8, 41.7 (two d, JPP 38.0 Hz). FABMS: m/z 889.2 (M+

+ 1, Ru = 104), 691 (M+ 2 N4C2HPhCH2CN), 429 (M+ 2 PPh3,
N4C2HPhCH2CN). Anal. Calc. for C51H43N5P2Ru: C, 68.91; H, 4.88; N,
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H, Ph, 4.36 (s, 5 H, Cp); 13C NMR, d 138.2–127.3 (Ph), 85.0 (Cp); 31P
NMR, d 50.3 (s). FABMS: m/z 717.0 (M+); 691.0 (M+ 2 CN). Anal. Calc.
for C42H35NP2Ru: C, 70.38; H, 4.92; N, 1.95. Found: C, 69.94; H, 4.85; N,
2.06%. 8: 1H NMR, d 7.31–7.19 (m, 5 H, Ph), 2.89 (q, JHH 7.6 Hz, 2 H,
CH2), 1.30 (t, JHH 7.6 Hz, 3 H, CH3). HRMS: m/z 173.0952 (M+). Anal.
Calc. for C10H11N3: C, 69.34; H, 6.40; N, 24.26. Found: C, 69.53; H, 6.21;
N, 23.98%.
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Phosphines exchange in quadruply bonded metal dimers: theoretical proposal
for an alternative to the internal flip mechanism
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The non-concerted jumping of two phosphine ligands from
one metal center to the other in [Mo2Cl4(PH3)4] is found to
be < 30 kcal mol21 (1 cal = 4.184 J) energy costing process
(DFT calculations).

Quadruply bonded complexes of [Mo2X4(dpe)2] type (X =
halide, dpe = diphosphinoethane) may exist in two isomeric
forms:1 the a isomer with two chelating diphosphines and the b
isomer with two bridging diphosphines (Fig. 1). In the former,
the Mo2X2P2 units are essentially eclipsed while internal
rotational angles between 25 and 65° have been found in the
latter.2

The a?b isomerization has been observed both in solu-
tion3–6 and in the solid state.5,7 From the experimental data on
[Mo2Cl4(dppe)2],5 two mechanisms are believed to be com-
petitive in solution: (i) a dissociative process in which one or
both dppe ligands would break one of their M–P bonds; (ii) a
unimolecular non-dissociative process. In the solid state, only
the latter would be at work.5 A fascinating mechanism has been
proposed4–6 for the non-dissociative process, the so-called
internal flip mechanism. It involves as the rate-determining step
the internal rotation of the Mo2 unit inside the cavity formed by
the eight ligand atoms (Scheme 1), followed by some internal
rotation around the Mo–Mo bond. At the mid-point structure,
four ligands (2P, 2X) would bridge the two metal centers. An
activation energy of ca. 24 kcal mol21 has been estimated for
the non-dissociative mechanism in [Mo2Br4(dppe)2] (solu-
tion).4 In the related [Mo2Cl4(dppe)2] complex, a similar
activation energy has been measured in solution (28.9 ± 1 kcal
mol21).3 However, a much higher value (80 ± 7 kcal mol21) has
been found for the solid-state reaction,7 although the flip
mechanism was believed to be at work in both phases. Since
1985 until very recently, this mechanism has been invoked for
ligands exchange processes in various bimetallic complexes,8

the activation energies in solution lying between 20 and 29
kcal mol21.8c,e,f

Cayton and Chisholm have addressed the feasibility of such
an intriguing process via an orbital symmetry analysis.9
Fenske–Hall calculations on the [Mo2Cl8]42 complex have
shown the rigid rotation of the Mo2 unit to be a symmetry
allowed process, but the Walsh diagram revealed that one p
bonding MO was destabilized by about 2.5 eV and that the Mo–
Mo bond should be elongated in the intermediate structure.
These calculations did not however allow the authors to
estimate the energy barrier associated to this mechanism.

Here we report the results of DFT calculations on the
[Mo2Cl4(PH3)4] complex used as a model for the real
Mo2X4(P–P)2 systems. Calculations were performed with the
B3LYP functional10 within both the restricted (RB3LYP) and
the unrestricted broken-symmetry (UB3LYP-bs) formal-
isms.§11,12 Structures 1 and 2, with cis and trans phosphines on

each metal center, respectively, were used as models for the a
and b isomers. Full geometry optimizations led to structures of
C2h and D2d symmetry, respectively.13 The b isomer (2) was
found to be the most stable, the energy difference being almost
independent of the method of calculation (12.3 and 13.2
kcal mol21 for RB3LYP and UB3LYP-bs methods, respec-
tively).

The mid-point structure associated with the flip mechanism
was optimized within Ci constraint and keeping the four
bridging ligands in a plane perpendicular to the Mo–Mo bond.
The RB3LYP structure was found to be located 86.4 kcal mol21

above the a isomer (1) with an Mo–Mo distance elongated to
2.525 Å. Single-point energy-only calculation of this structure
using the UB3LYP-bs method led to a very similar result (89.2
kcal mol21). It is noteworthy that these values are close to the
experimental activation energy reported for the a?b conver-
sion of [Mo2Cl4(dppe)2] in the solid state (80 ± 7 kcal mol21).7
Although we failed in locating a stationary point in this region
of the potential energy surface, the possibility for the flip
mechanism to be operative in the solid state is, at least, left open
by our calculations. However, it is unlikely on energetic
grounds for the reaction in solution (Ea < 30 kcal mol21).
Therefore, we searched for another mechanism for the a?b
isomerization reaction.

Exploration of the potential energy surface for phosphine(s)
migration processes led to the localization of a stationary point
which was further characterized as a transition state (a single
imaginary frequency of 124i cm21). Moving along the reaction
coordinate on both sides of the transition state confirmed it

Fig. 1 Schematic structure of a and b isomers in [Mo2X4(P–P)2]
complexes

Scheme 1 Schematic picturing of the internal flip mechanism in [M2X4-
(P–P)2] complexes
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connects the a (1) and b (2) isomers through a one-step
mechanism. The main feature of the transition state structure
(Fig. 2) is the presence of a single bridging phosphine (P3,
initially bound to Mo2 in the a isomer), with Mo1–P3 2.820 Å
and Mo2–P3 3.150 Å (UB3LYP-bs). Although P3 is closer to
Mo1 than to Mo2, no Mo–P bond is fully broken at the transition
state. Another interesting feature is that the Mo–Mo distance
(2.181 and 2.240 Å at the RB3LYP and UB3LYP-bs levels,
respectively) is ca. 0.3 Å shorter than in the mid-point
associated with the flip mechanism and close to that found at the
same level of calculations in the quadruply bonded structures 1
and 2.13 Last but not least, the computed activation energy (28.4
and 28.8 kcal mol21 at the RB3LYP and UB3LYP-bs levels,
respectively) is in good agreement with the experimental
estimates for the a?b conversion of quadruply bonded metal
dimers in solution.

The whole reaction mechanism is pictured in Scheme 2 (for
the atom numbering, see Fig. 2). It involves first the migration
of one phosphine (P3) from Mo2 toward Mo1, leading to the
bridged transition state. Next P3 binds definitely Mo1, thus
creating a vacancy at the Mo2 center and a distorted octahedral
arrangement around Mo1. Finally P1, which is more suitably
oriented than P2 with respect to the vacant site, migrates from
Mo1 to Mo2 to form the b isomer. This mechanism can thus be
described as the successive jumping of two phosphine ligands
from one metal center to the other.

Although satisfactory in several aspects with respect to the
experimental data in solution, there is however one result this

mechanism does not account for: in the [Mo2Cl4(dpdbp)2]
complex, it has been shown that the a-syn and a-anti isomers
convert to the b-syn and b-anti isomers, respectively.6 Such a
stereoselectivity would require the migration of P2 instead of
that of P1 in the last stage of the reaction path (Scheme 2). Such
change might be due to the constraints exerted by the bridging
diphosphines in real b-[Mo2X4(P–P)2] systems,2 the P–Mo–
Mo–P dihedral angles being smaller than in our model complex
2 (90°). These constraints should be at work not only at the very
end of the reaction (b isomer) but just after the transition state
has been reached, when P3 binds Mo1 (one ‘bridging
diphosphine’ involving P4 and P3 atoms). Therefore, the
reaction path for [Mo2Cl4(dpe)2] systems should be modified in
its last stage by an internal rotation around the Mo–Mo bond
which might in turn make P2 more suitably oriented than P1 for
migration from Mo1 to Mo2.
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Fig. 2 Optimized geometry of the transition state for the a (1) ? b (2)
conversion. Hydrogen atoms of the phosphine ligands are omitted for
clarity. The transition vector is also pictured.

Scheme 2 Mechanism for the a (1) ? b (2) conversion going through the
transition state given in Fig. 2. Hydrogen atoms of the phosphine ligands are
omitted for clarity.
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The first example of a poly(ethylene oxide)–poly(methylphenylsilane)
amphiphilic block copolymer: vesicle formation in water

Simon J. Holder,*a Roger C. Hiorns,b Nico A. J. M. Sommerdijk,a Stuart J. Williams,a Richard G. Jonesb and
Roeland J. M. Noltea
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A new amphiphilic multiblock copolymer of polymethylphe-
nylsilane and poly(ethylene oxide) has been synthesised and
demonstrated to form well-defined aggregates in water.

Polysilanes have been the subject of extensive research over the
past decade due to their remarkable electronic properties that
allow for a number of potential applications as conductive,
electroluminescent, non-linear optical and lithograpic mate-
rials.1 Many of these properties can be expected to be more fully
exploited through the incorporation of polysilanes into copoly-
mer systems2 which would allow for greater processability but
also allow for the manipulation of the macroscopic order of the
materials by supramolecular assembly (e.g. by microphase
separation or aggregation in aqueous dispersions). The majority
of amphiphilic block copolymers, none of which are derived
from polysilanes, form spherical micellar structures in aqueous
dispersions.3 Recently, further morphologies have been ob-
served in aqueous dispersons such as rodlike, lamellar and
vesicular aggregates.4 However the formation of vesicles by
block copolymers remains rare and is confined to copolymers
where the component blocks are monodisperse. We report here
the formation of vesicles from the multiblock poly(methylphe-
nylsilane)-co-poly(ethylene oxide) (PMPS-PEO), in which the
PMPS blocks have a normal size distribution. We believe that
this is the first example of vesicle formation by a multiblock
copolymer and the first defined aqueous aggregate formed by a
polysilane.

The PMPS-PEO copolymer was synthesised according to
Scheme 1 utilising Schlenk techniques under a dry argon
atmosphere. A solution of 4.78 g of poly(ethylene oxide) (Mn =
7000, 6.8 3 1024 mol, Mn/Mw = 1.03) in toluene was added to
a solution of a,w-dihalopoly(methylphenylsilane)5 (Mn =
4400, 6.8 3 1024 mol, Mn/Mw = 2.00) in THF and toluene.
Subsequently pyridine (3 ml, 3.7 3 1022 mol) was added and
the reaction solution was stirred for 30 min. This solution was
then added dropwise to MeOH (300 ml) and pentane (400 ml)

was slowly added to the resultant mixture. PMPS-PEO was
obtained as a yellowish white powder (60% yield, Mn = 27 000,
Mw/Mn = 1.6) after filtration and vacuum drying for 72 h. The
molecular weights quoted are based upon size-exclusion
chromatography (SEC) measurements of THF solutions relative
to polystyrene standards using a refractive index (RI) detector.
The block structure of the copolymer was confirmed by 1H, 13C
and 29Si NMR spectroscopy and also by analysis of the
molecular weight determinations of the copolymer and its
precursors using both UV and RI detectors in the SEC
experiment.6

Although the molecular weights have been determined
relative to polystyrene standards it can be assumed that the
hydrodynamic properties of the parent homopolymers and the
segments in the copolymer structure are very similar. Thus the
Mn value of 27 000 for the copolymer corresponds closely to the
structure shown in Scheme 1, [PMPS-PEO]2-PMPS, with a
degree of polymerisation (DP) of 2.5.‡ This is merely the most
abundant structure and comprises up to 30% of the overall
distribution which ranges from PMPS-PEO to (PMPS-
PEO)16.

Direct addition of the copolymer to water (1 mg PMPS-PEO/
1 ml H2O) gave poor quality dispersions with most of the
PMPS-PEO remaining as bulk solid. However transmission
electron microscopic (TEM) analysis of samples of the aqueous
portion of the mixture revealed vesicles [Fig. 1(a)].

Homogenous dispersions of the copolymer in water could be
prepared in two ways. The copolymer was dissolved in THF
(100 mg/10 ml THF) and water (3.5 ml) was added dropwise to
the stirred solution (the solution became turbid after the addition
of ca. 1.5 ml water). Subsequently the mixture was subjected to
ultrafiltration with continuous concentration and water dilution
(3 3 10 ml water). A homogenous white opaque dispersion
resulted (concentration = 1.2 g l21). TEM analysis of freeze
fractured samples of this dispersion showed that the copolymer
existed as vesicles with remarkably little micellar material [Fig.
1(b)]. Both convex and concave hemispheres are clearly visible.
The diameters of the vesicles ranged from ca. 100 nm to ca. 180
nm.

Scheme 1

Fig. 1 Transmission electron micrographs of vesicles observed for
copolymer dispersions obtained by (a) direct addition to water (negative
staining), (b) ultrafiltration/dilution method (freeze-fracture). Bars repre-
sent 300 nm.
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Vesicle dispersions could also be prepared by the dialysis
procedure reported by Zhang and Eisenberg.7 The copolymer
dispersion in water–THF was prepared in a similar manner to
the aforementioned procedure (3 ml THF, 1 ml water) and
placed in a dialysis bag (exclusion limit = 20 000 Da) and
dialysed against pure water (500 ml) for 72 h. EM analysis of
negatively stained and platinum shadowed samples of the
dispersion after this time again showed vesicles to be the
predominant aggregate structure.

To confirm that the observed structures were vesicles an
encapsulation experiment was performed utilising the water
soluble fluorescent dye 5-carboxyfluorescein in the dialysis
procedure.8 After 72 h the dispersion was eluted (in water)
through a Sephadex column (G150, mesh size 40–120 m). The
elution volume of the encapsulated dye (30–110 ml, emission at
519.5 nm) coincided with that of the copolymer (emission 355
nm) indicating that closed vesicles are formed. The elution
volume of the free dye was substantially larger (160–190 ml).

To investigate the orientation of the copolymer chains in the
vesicle walls surface pressure–area isotherms were recorded for
a monolayer of PMS-PEO at the air/water interface.§ The
isotherm revealed a very large lift-off area of ca. 30 nm2

molecule21 which would correspond to the approximate area
for three PMPS chains orientated parallel to the water surface.
The observed plateau from 30 to 5 nm2 molecule21 (Fig. 2) and
the transition to a state characterised by a macromolecular area
of 4.7 nm2 molecule21 indicates a pseudo-first-order transition
to a phase in which the PMPS chains become orientated
perpendicular to the air/water interface. The collapse point is
reached at a pressure of ca. 27 mN m21 where the area per
polymer chain is 3.7 nm2, which is in remarkably good
agreement with the estimated cross-sectional area for three
PMPS rods (ca. 3.6 nm2 based upon models). When PMPS-
PEO was spread upon a subphase containing 0.1 m NaCl the
monolayer behaviour was essentially the same, the only
substantial exception being the higher collapse pressure. This
tends to confirm the above model where the limiting area is
defined by the PMPS segments.

UV spectroscopic analysis of the dispersion prepared by
ultrafiltration revealed a very weak absorption, due to the s–s*
transition, with a maximum at 342 nm (lmax in THF = 339 nm)
superimposed upon the scattering background. This is tenta-
tively attributed to chain straightening and an extension of the
effective conjugation length.

The freeze fracture electron micrographs, monolayer studies,
structural considerations and UV data support a tentative model

of the packing in the vesicle walls as shown in Fig. 3.¶ It is
apparent from our results that well-defined and very low
polydispersity systems need not necessarily be requirements for
the self-assembly of well-defined aggregates. Further work is in
progress to study the structures adopted by this remarkable
copolymer system.
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Fig. 2 p–A isotherms of PMPS-PEO at (a) pure water interface and (b) 100
mm NaCl(aq) interface

Fig. 3 Proposed model for copolymer organisation in the vesicle walls
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A two-step low pressure chemical vapour deposition process for the production
of tungsten metal thin films

David V. Baxter, Kenneth G. Caulton, Malcolm H. Chisholm,*† Shiow-Huey Chuang and Coey D. Minear

Departments of Chemistry and Physics, Indiana University, Bloomington, IN 47405 USA 

A two-step process for the production of W(m) thin films on
Si(100) and SiO2/Si(100) is described involving the initial low
pressure chemical vapour deposition of tungsten carbide
from (ButCH2)3W·CBut at 350 °C followed by a post-
treatment with H2 (500–700 °C) or H2 plasma at
350–700 °C.

Metal films find several industrial applications because of their
refractory characteristics. Also applications from wear and
corrosion protection to conducting layers and diffusion barriers
in electronic devices are of importance. For the latter, the metals
of primary interest are W, Al, Cu, Pd, Pt, Au and Ti.1 The CVD
of both Al(m) and Cu(m) have received much attention and a
considerable knowledge of the chemistry involved in depositing
these metals is now available. Among other things this has
allowed the use of surface modification in order to obtain
selectivity in deposition.2 Of the metals noted above tungsten
offers certain distinct advantages with respect to its inertness in
contact with all major III–V semiconductors even at high
temperatures and prolonged contact times.3 Traditional routes
to tungsten films involve reactions between WF6 and H2 or
SiH4.4 These methods are not environmentally friendly because
they lead to the formation of the noxious gases, HF and SiF4. In
addition, silane and WF6 are themselves extremely reactive and
require elaborate safety procedures. We describe here the first
report of the production of tungsten films by a two-step low
pressure chemical vapour deposition (LPCVD) process involv-
ing the use a metalloorganic precursor, (ButCH2)3W·CBut.

(ButCH2)3W·CBut was prepared by the reacton between
(ButO)3W·CBut and excess ButCH2MgCl in diethyl ether.5
Low-pressure chemical vapour depositions were carried out
with a simple hot-walled reactor. The substrates chosen for this
study are p-type Si(100) and SiO2/p-type Si(100) wafers. They
were washed with isopropyl alcohol and light petroleum (bp
60 °C) and rinsed with distilled water (in the case of the Si
wafers, HF was used) and were stored in isopropyl alcohol. The
substrates were placed at the center of the hot zone (350 °C). In
the first step, the precursor was transported at 55 ± 2 °C under
vacuum to the deposition chamber.5,6 Highly reflective and
smooth tungsten carbide films formed on the substrates and on
the wall of the hot chamber. In the second step, the amorphous
tungsten carbide films were treated with H2 (500–700 °C) or H2
plasma in the temperature range 350–700 °C, for 2 h [eqn. (1)].

The H2 plasma was inductively coupled at 13.5 MHz with a
power density on the order of 5 W cm22.

The thin films produced after this post-deposition annealing
were studied by XRD, XPS, Auger, SEM and four-point sheet
resistance probes. Annealing at temperatures below 500 °C
leaves amorphous films [broad XRD band centered near 39°
(Cu-Ka radiation)]. Annealing at temperatures above 500 °C in
an H2 plasma produced crystalline a-W X-ray patterns but SEM
revealed a rough and pitted surface morphology for these films.
Films annealed in an H2 atmosphere retained the high density
and surface morphology of the original tungsten carbide films

but did not produce pure a-W X-ray patterns at temperatures
below 600 °C within 2 h. The XRD of a W(m) film on Si(100)
prepared at 700 °C is shown in Fig. 1.

The chemical purity of the films was estimated by Auger
spectroscopy (with depth profiling) and XPS. Figs. 2 and 3

Fig. 1 X-Ray diffraction (Cu-Ka radiation) spectra of W metal film on
SiO2/Si(100) after post processing under H2, flowing at 10 sccm, at 973 K
for 2 h

Fig. 2 (a) XPS spectra on W 4f region of the tungsten carbide film deposited
on Si(100) under vacuum at 623 K for 2 h by (ButCH2)3W·CBut. (b) XPS
spectra on the W 4f region of the tungsten metal film on Si(100) produced
after post-treatment with H2, flowing at 10 sccm, at 973 K for 2 h.

Chem. Commun., 1998 1447



4.6

4.4

4.2

4.0

4.4

3.6

4.0

3.2

2.8

300 295 290 285 280 275
Eb / eV

10
3

C
ou

nt
s

283.8(a)

(b)

show the XPS data collected near the W 4f and C 1s energies for
WC films as originally deposited and after 700 °C, H2
annealing. These figures demonstrate a carbon content below
the detection limit (ca. 2%) for this method.

The resistivities for all the films were > 50 mWm, a value too
large to be of direct interest for integrated circuit metallization.
At least for the plasma annealed films this large resistivity could
reflect the poor morphology noted above. It may be that a more
gentle remote plasma treatment could produce more conductive
films while still removing the carbon impurities. However, the
resisitivity of our films of W(m) compare favorably with others
produced by CVD.7

It should be noted that this two-step process for the
production of W(m) films avoids the problems of high carbon
content contamination that a one-step process entails when
using an organometallic such as W(CO)6, W(h-C6H6)2,
Cp2WH2 or W(allyl)4 in the presence of an H2 carrier gas.1d

Indeed, in our studies we find that attempts to prepare W(m)
from (ButCH2)3W·CBut by LPCVD in the presence of H2
results in carbonaceous films.

To conclude, we have discovered a new route for the
formation of W(m) films by a two-step LPCVD process. The two
step process may be compared with the industrially significant

process employing Ti(NMe2)4 in the synthesis of TiN,8 wherein
Ti(C,N) is first formed by CVD and then in a post treatment
with NH3, converted to pure TiN. The potential advantage of the
use of a volatile organometallic tungsten precursor clearly lies
in the avoidance of noxious substances such as SiH4, HF and
WF6. Other organotungsten compounds can be used to prepare
tungsten carbide films9 so one is not limited to the volatile liquid
precursor (ButCH2)3W·CBut, though this precursor does offer
the advantage of minimizing graphite content in the films. Also
the present procedure does not require the use of ultrahigh
vacuum procedures as has been claimed in the synthesis of W(m)
from W(CO)6 at 540 °C.10 Further investigations of this
approach seem justified.

We thank the National Science Foundation for support of this
work and Professor H.-T. Chiu at the National Chiao Tung
University, Taiwan, for assistance in the XPS character-
ization.
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Fig. 3 (a) XPS spectra on the C 1s region of tungsten carbide film deposited
on Si(100) under vacuum at 623 K for 2 h by (ButCH2)3W·CBut. (b) XPS
spectra on the C 1s region of the tungsten metal film on Si(100) produced
after post-treatment with H2, flowing at 10 sccm, at 973 K for 2 h.
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First efficient synthesis of a-MAPI

Robert J. Broadbridge, Ram P. Sharma*† and Muhammad Akhtar
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a-MAPI 1 and its analogues have been synthesised using tri-
tert- butoxysilyl protected amino acids in conjunction with a
solid-phase N?C assembly; the terminal aldehyde group of
the peptide is generated from a C-modified amino acid
containing a gem-diol.

MAPI (microbial alkaline proteinase inhibitor) is a mixture of
three compounds, a-, b- and g-MAPI possessing similar activity
which are produced by streptomyces nigrescens WT-27.1–3 The
unique features of these peptides are that they contain terminal
carboxy and aldehyde groups and a ureido (–NH–CO–NH–)
function. Furthermore, a-MAPI 1 has been shown to inhibit

HIV-I protease.4 Recently, a closely related family of tetrapep-
tides 3, 5 and 6 which inhibit HIV-protease has been
reported.5–7 It is hoped that these compounds may ultimately
lead to the development of effective anti-proteolytic drugs for
the treatment of AIDS. There is no report on the synthesis of 1
and 2. Therefore, the synthesis of these compounds and their
analogues is of paramount importance.

Our recently reported8 new approach for the assembly of
peptides on solid-phase from N?C direction was extended for
the synthesis of a-MAPI 1 and its analogues 3 and 4 as
illustrated in Scheme 1.

Boc-Phe-Merrifield resin was treated with TFA to remove the
Boc group. The resin was thoroughly washed (CH2Cl2) and
incubated with N,NA-carbonyldiimidazole (CDI). The reaction
was monitored by ninhydrin assay.9 Arginine-(NG-NO2)-tri-
tert-butoxysilyl ester8 (TBos)† was added and the mixture was
shaken for 2 h. The removal of tri-tert-butoxysilyl group was
accomplished in quantitative yield with 25% TFA. The peptide
chain was further elongated by coupling valine-tri-tert-butoxy-
silyl ester followed by the deprotection of the ester group as
before. Finally, the resulting peptidyl-resin was coupled to
phenylalanine diol10 in DMF to give the required peptidyl-resin.
The peptide was then cleaved from the resin using liquid HF11

and after preparative RP-HPLC followed by lyophilisation gave
a-MAPI-diol 4 in 75% yield.§ Analytical and spectral data are
in agreement with the assigned structure.¶

The diol 4 was smoothly oxidized with NaIO4 to give
a-MAPI 1. The extent of reaction completeness was monitored
by RP-HPLC and mass spectrometry. The oxidation was
complete in 45 min. RP-HPLC purification afforded a-MAPI 1
in 84% yield§ and gave the expected spectral data.¶ The
oxidation of the diol was also carried out on the solid-phase to
give the aldehyde 1 in good yield.

Scheme 1 Reagents and conditions: i, CH2Cl2 (2 3 1 min); ii, 50% TFA–
CH2Cl2 (5 and 25 min); iii, CH2Cl2 (4 3 1 min); iv, CDI (78 mg, 0.48
mmol), CH2Cl2, 30 min; v, repeat iii; vi, remove 2–3 mg resin for ninhydrin
assay; vii, Arg–TBos (223 mg, 0.48 mmol), CH2Cl2, 120 min; viii, repeat
iii; ix, 25% TFA–CH2Cl2 (2 3 5 min); x, repeat iii; xi, Val-TBos (172 mg,
0.48 mmol); BOP–HOBt–DIPEA (1 1 : 1 : 3 equiv.), CH2Cl2, 120 min; xii,
repeat iii, xiii, repeat ix, x; xiv, Phe-diol (87 mg)–BOP–HOBt–DIPEA
(1 : 1 : 1 : 3 equiv.), DMF, 120 min; xv, DMF (2 3 1 min), CH2Cl2 (2 3 1
min); xvi, HF; xvii, RP-HPLC; xviii, NaIO4, MeOH, 90 min; xix, repeat xv–
xvii; xx, NaIO4, MeOH–H2O (80%, 2 ml), 45 min; xxi, repeat xvii; xxii,
NaBH4, MeOH, 30 min, AcOH; xxiii, repeat xvii. The solvent used was 10
ml throughout for 200 mg of resin.

Table 1 Configuration data for 1–6

Compound R1 R2 Config. at *

1 a-MAPI H CHO S
2 b-MAPI H CHO R
3 Mer-N5075A H CH2OH S
4 a-MAPI-diol H CHOHCH2OH S
5 GE20372A OH CHO S
6 GE20372B OH CHO R
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a-MAPI 1 was treated with NaBH4 and gave after purifica-
tion the expected alcohol 3 in 64% yield.¶ Further work in this
area is continuing.

Notes and References

† E-mail: RPS2@soton.ac.uk
‡ All amino acids described in this work are of l-configuration. TBos refers
to the tri-tert-butoxysilyl group.
§ Analytical and preparative reversed-phase HPLC (RP-HLPC) experi-
ments were performed on a Gilson 715 instrument equipped with a multi-
wave length detector (Applied Biosystems 759A) and two slave 306 pumps.
Retention times are given for gradient elution using the following
conditions: Column, Vydac C18 (10 mm, 0.46 and 2.2 3 25 cm); eluent A,
0.1% (v/v) TFA in H2O; eluent B, 0.1% (v/v) TFA in acetonitrile, gradient,
0% B over 2 min, 0–80% B over 32 min; flow rate 1 ml min21 (analytical)
and 10 ml min21 (preparative); absorbance, 216 nm. Molecular weight
determinations were carried out by electrospray (ES) Micromass Quattro II
mass spectrometer.
¶ All compounds reported herein are white solids and exhibited satisfactory
analytical and spectral data. Selected data for a-MAPI-diol 4: single peak,
retention time, 16.5 min HPLC; ESMS, m/z 628 [M + H]+. Selected data for
a-MAPI 1: single peak, retention time, 16.8 min HPLC; mp 211–213 °C
(decomp.) (lit.,2 204–205 °C); [a]24

D 22.2 (c 0.9, AcOH) (lit.,2218); ESMS,
m/z 596 [M + H]+ and 614 [M + H2O]+, hemi-acetal; dH (360 MHz,
[2H7]DMF) 0.79 (d, 3H, J 6.7 CH–CH3, Val), 0.81 (d, 3H, J 6.9, CH-CH3,
Val), 1.5–1.75 (m, 4H, CH–CH2–CH2, Arg), 2.08 (h, 1H, J 6.55, CH[CH3]2,
Val), 3.0–3.35 (m, 4H, 2 3 CH2, Phe), 3.6 (2H, obscured by solvent, –CH2–
NH, Arg), 4.3–4.6 (m, 4H, 4 3methines), 6.5 (d, 1H, J 8), 6.7 (d, 1H, J 7.8),
7.2 (m, 10H, 2 3C6H5, Phe), 7.55 (br), 7.85 (d, 1H, J 8.6), 8.5 (d, 1H, J 7.1),
9.58 (s, 1H, CHO). Selected data for alcohol 3: single peak, retention time,
16.8 min HPLC; mp 155 °C, softens and 180–182 °C, (decomp. lit.,5
182 °C); [a]24

D 224.0 (c 0.5, AcOH) (lit.,5 –24.4); ESMS, m/z 598 [M + H]+;

1H NMR (360 MHz) and 13C NMR (90 MHz) gave expected chemical shift
values.
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Solvent and substituent effects on the sense of the enantioselective
hydrogenation of pyruvate esters catalysed by Pd and Pt in colloidal and
supported forms

Paul J. Collier,a Tracey J. Hall,b Jonathan A. Iggo,*a† Peter Johnston,b‡ J. Anton Slipszenko,b Peter B.
Wells*b and Robin Whyman*a

a Department of Chemistry, University of Liverpool, PO Box 147, Liverpool, UK L69 7ZD
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The outcome of the enantioselective hydrogenation of
pyruvate esters using cinchona alkaloid-modified palladium
catalysts is dependent on the choice of solvent/substituent;
the sense of the enantioselectivity can be switched from S to
R whilst maintaining the magnitude of the enantiomeric
excess.

The enantioselective hydrogenation of methyl pyruvate (MP)
and ethyl pyruvate (EP) catalysed by Pt modified by the
cinchona alkaloids cinchonidine (CD) and cinchonine (CN) has
received much attention over the last decade as one of only a
few effective heterogeneous enantioselective systems (Scheme
1).1–4 It is generally accepted that the adsorption of such
modifiers onto a Pt surface via the quinoline moiety5 provides
an adjacent site at which selective enantioface adsorption of
pyruvate occurs and at which subsequent hydrogenation
provides lactate product with one enantiomer formed in excess,
cinchonidine favouring the R- and cinchonine the S-enantiomer
(Table 1, entries 1 and 2). Concomitant with enantioselectivity
is an increase in rate, the enantioselective reaction typically
being 20 to 50 times faster than the reaction in the absence of
alkaloid. The corresponding Pd-catalysed reactions have been
less well studied.6–9 Two distinctive features of the Pd-

catalysed reaction are that (i) the sense of the enantioselectivity
is reversed with respect to that of the Pt system (i.e. CD directs
the reaction to the S product and CN to the R product), and (ii)
there is no rate enhancement.6–8 Deuterium tracer studies have
shown that, over platinum, there is direct addition of two
deuterium atoms across the carbon–oxygen double bond but
over palladium the main product-forming route is via the
enolate tautomer and carbon–carbon double bond hydro-
genation.8,10

Table 1 The catalytic enantioselective hydrogenation of pyruvate esters

Run Catalyst Reactant
Solvent/
substituent Modifier Pressure/bar

Initial ratea/
mmol s21 molmetal

21 Eeb (%)

1 6.3% Pt/silica MP EtOH CD 10 1550 70 (R)
2 6.3% Pt/silica MP EtOH CN 10 1375 65 (S)
3 colloidal Pt/KD1 EP MEK CD 70 635 12 (R)
4 colloidal Pt/KD1 EP MEK CN 70 795 12 (S)
5 colloidal Pt/KD1 EP MEK none 70 35 0
6 colloidal Pt EP MEK CD 70 1025 25 (R)
7 colloidal Pt EP MEK CN 70 830 15 (S)
8 colloidal Pd/KD1 EP MEK CD 70 45 29 (R)
9 colloidal Pd/KD1 EP MEK none 70 < 5 0

10 colloidal Pd/KD1 EP MEK CN 70 5 12 (S)
11 5% Pd/aluminac MP THF CD 10 15 10 (S)
12 5% Pd/aluminac MP THF CN 10 25 12 (R)
13 5% Pd/aluminac MP EtOH none 10 80 0
14 5% Pd/aluminac MP EtOH CD 10 20 5 (S)
15 5% Pd/aluminac MP EtOH CN 10 30 11 (R)
16 Pd/carbond MP MeOH CD 70 n/r 4 (S)
17 5% Pd/aluminac MP MEK CD 70 30 7 (S)
18 5% Pd/aluminae EP MEK CD 70 30 32 (R)
19 5% Pd/aluminae EP MEK CN 70 15 7 (S)
20 5% Pd/aluminac EP MEK CD 70 10 14 (R)
21 5% Pd/aluminac EP MEK CN 70 5 1 (R)
22 5% Pd/aluminac EP EtOH CD 70 10 8 (R)
23 5% Pd/aluminac EP THF CD 10 20 15 (R)
24 Pd/carbonf EP EtOH CD 70 n/r 14 (S)

a n/r = not reported. b Uncertainty ± 2%. c Johnson Matthey type 24C. Experiment performed in Hull. d Ref. 6. e Englehardt ESCAT14. Experiment performed
in Liverpool. f Ref. 7.

Scheme 1
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We now report that the catalysis over palladium surfaces
shows a more diverse chemistry than was hitherto suspected and
that, depending on the choice of solvent/substituent, each
alkaloid may give either enantiomer in excess.

Pt and Pd colloids stabilized with KD1, a proprietary
protecting agent, were prepared by a metal vapour synthesis
route11§ and used as catalysts in the enantioselective hydro-
genation of EP.12,13¶ The Pt colloids gave the expected
direction of enantioselectivity and rate enhancement on the
basis of the known chemistry of supported platinum catalysts,
i.e. CD and CN modification gave (R)- and (S)-lactate,
respectively (Table 1, entries 3–5). The KD1 stabilizing agent
was found to have only a marginal effect on the performance of
the catalysts (Table 1, compare entries 3 and 4 with 6 and 7).

Surprisingly however, when modified by addition of a butan-
2-one (MEK) solution of CD, the palladium colloids also gave
(R)-lactate with ees of up to 30% in the hydrogenation of EP
(entry 8), i.e. in the opposite sense to that previously reported
for CD-modified Pd catalysts (e.g. entry 24).6–8 In contrast to
reactions using oxide-supported Pd catalysts these reactions
also appear to show rate enhancement, the rate of the
unmodified reaction being very slow (compare entries 8 and 9).
The enantioselectivity induced by CN was more muted, in
agreement with previous reports that CN is a less effective
modifier than CD, and was in favour of (S)-lactate (entry 10).
This is the first report of palladium emulating platinum in the
sense of the enantioselectivity induced in pyruvate ester
hydrogenation.

Previous studies of oxide-supported palladium catalysed
reactions have used EtOH rather than MEK as the solvent6,8 or
have used the methyl rather than the ethyl ester as reactant.7 In
order to investigate the possibility of unprecedented solvent
and/or substituent effects in Orito-type reactions, several oxide-
supported palladium catalysts were modified either in situ or by
the Orito procedure14∑ in EtOH, THF and MEK and used as
catalysts in the hydrogenation of ethyl and methyl pyruvates.
All these catalysts gave the expected6–8 enantioselectivity, i.e.
in the opposite sense to that observed for platinum catalysts, CD
giving (S)- and CN (R)- product, and showed a reduced rate in
MP hydrogenation, (entries 11–17). However, when used in
ethyl pyruvate hydrogenation, CD modified catalysts gave
(R)-lactate in substantial ee and CN modified catalysts
(S)-lactate, (entries 18–23), i.e. in the opposite sense to that
previously reported.6–8 These results originate in independent
studies in Liverpool (entries 18 and 19) and Hull (entries
20–23). Thus, this work is not only the first report of Pd
following Pt in the sense of the observed enantioselectivity, but
is also the only report, for either platinum or palladium, of the
direction of the enantioselectivity being solvent and/or sub-
stituent dependent.

The mechanistic pathway of the palladium-catalysed reaction
is not well-understood. Deuterium labelling experiments have
shown that, in contrast to the case with Pt, over Pd the main
product forming route is via the enol and carbon–carbon double
bond hydrogenation.8 Deuterium tracer experiments are in
progress to test whether the palladium catalysed reaction in
MEK also follows this mechanistic pathway.

These observations reveal that the palladium catalysed
enantioselective hydrogenation of pyruvate esters is a much
more complicated system than the analogous platinum-cata-
lysed reaction and that coadsorption of solvent/substituent
molecules on the Pd surface both during the modification
procedure and thereafter during enantioselective hydrogenation

is crucial in determining the stereochemical outcome of the
reaction.

The authors thank the Catalysis Initiative of the EPSRC
(J. A. I. and R. W.) and Johnson Matthey (P. B. W.) for financial
support and the provision of studentships (P. J. C., T. J. H and
J. A. S.).
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§ Colloidal metal solutions were prepared by metal vapour deposition in a
Torrovap reactor. Typically 2.5 g of KD1, a proprietary protecting agent
(ICI), was melted and dispersed onto the walls of the 5 l spherical chamber,
after which the chamber was evacuated to 1027 Torr and cooled in liquid
nitrogen. 11.3 mmol of Pd was then evaporated over 2 h and co-condensed
with 145 cm3 of butan-2-one (MEK) which was simultaneously added to the
vessel as vapour. After deposition the chamber was warmed to room
temperature during which period a further 2.5 g KD1 in 60 cm3 of MEK was
added. Pt colloids were prepared by an analogous procedure. High
resolution transmission electron microscopy showed the Pd colloids
typically to have a particle size distribution ranging from 1.75 to 4.75 nm,
with a maximum at 2.5 nm. After use in catalysis the particle size had
increased to 2 to 9 nm with a maximum at 4 nm. 
¶ A solution of the colloid containing 1 mg of Pd, modifier (6 mg, 2.0 3
1025 mol), freshly distilled ethyl pyruvate (2.7 mg, 0.024 mol) (Aldrich)15

and solvent/substituent (total reaction volume: 20 ml) was added to a Parr
4592 autoclave. The autoclave was sealed, purged three times with H2 to 50
bar and then pressurized to 70 bar with H2 and maintained at 25 ± 1 °C for
1 h.
∑ The reduced catalyst was first immersed in a solution of the alkaloid in the
appropriate solvent and the slurry was then stirred in air for about 1 h before
the catalyst was loaded into the high pressure reactor.
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Measurement of chiral amino acid discrimination by cyclic oligosaccharides: a
direct FAB mass spectrometric approach
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The novel cyclic oligosaccharides, permethylated cyclofruc-
tans MECF, 1b and 2b, discriminate enantiomers of chiral
amino acid ester hydrochlorides.

Chiral discrimination of amino acids by cyclodextrins (CD) has
been widely investigated in the field of liquid chromatographic
and electrophoretic enantioseparations,1–4 but that by cyclo-
fructans (CF)5,6 has not as yet been examined. With the
application of the FAB mass spectrometry (MS)–enantiomer
labelled (EL) guest method,7–9 one of the rare methods for
estimation of the chiral recognition ability of new hosts,10 we
found for the first time that permethylated cyclofructans
(MECF) exhibit various degrees of chiral discrimination
towards amino acid esters. This is the first successful detection
of the chiral amino acid-discriminating ability of cyclic
oligosaccharides on a unified scale covering the two series,
where various types of complexation mechanism, such as
charge-dipole electrostatic, hydrophobic and hydrogen bonding
interactions are operative. An oligosaccharide host (H) is
complexed with a 1 : 1 amino acid guest mixture of an
unlabelled (R)-enantiomer (GR

+) and a deuterium labelled
(S)-enantiomer (GS-Dn

+). The enantioselectivity of a given
oligosaccharide (host) toward a given racemic amino acid
(guest) is quantitatively estimated from the relative peak
intensity value {I[(H + GR)+]/I[(H + GS-Dn)+] = IR/IS-Dn} of the
two host–guest diastereomeric complex ion peaks in the FAB
mass spectrum.

The cyclic oligosaccharide hosts 1b–5b were permethylated
so that their complex ions were sensitively detected by FAB
MS. Amino acid 2-propyl ester hydrochlorides11 were used as
guests so that natural abundance correction7 was unnecessary.
All (S)-enantiomers were labelled with deuterium (2-propyl
ester: n = 6 or 7). A 1 : 1 racemic mixture solution of
enantiomer guests was prepared by mixing an equal amount of
a 0.67 m MeOH solution of each enantiomer. A 10 ml aliquot of
the guest solution and a 5 ml aliquot of a 0.20 m host CHCl3
solution were added to 15 ml of the 3-nitrobenzyl alcohol (NBA)
matrix. A 1 ml sample of the final mixture was used for
obtaining FAB mass spectra. A typical FAB mass spectrum is
shown in Fig. 1, and the IR/IS-Dn values obtained are summa-
rized in Table 1. MECF6 1b and MECF7 2b showed higher
(R)-enantioselectivity for [Trp-O-Pri]+ (IR/IS-Dn = 1.38–1.29;
2DDGenan = 150–190 cal mol21) [2DDGenan = RTln(IR/
IS-Dn) was employed for interconversion].7–9 MECF6 1b for
[Tle-O-Pri]+ and MECF7 2b for [Ser-O-Pri]+ or [Pro-O-Pri]+

provided the next best (R)-enantioselectivities. On the other
hand, MECF7 2b for [Pgly-O-Pri]+ showed an inverse
(S)-enantioselectivity (IR/IS-Dn = 0.76). b-MECD 4b and
g-MECD 5b indicated (R)-enantioselectivity for [Ser-O-Pri]+

and [Pro-O-Pri]+ (IR/IS-Dn = ca. 1.15; 2DDGenan = ca. 80 cal
mol21).

Among many thermodynamic chiral discrimination studies,
the chiral discrimination of simple amino acids by CDs on the

basis of the host–guest (1 : 1) intermolecular interactions has
rarely been reported until now. In one of the reports, Lincoln
determined the relative binding constant (KR/KS = 0.92 in water
at 295.5 K) of a-MECD 3b with 4-fluorophenylglycine
hydrochloride using the 19F NMR titration method.12,13 The
enantioselectivity of a-MECD 3b for the corresponding [Pgly-
O-Pri]+ under our FAB MS conditions (IR/IS-Dn = 0.94) was in
a good agreement with the above KR/KS value. It is worthwhile
to note that this is further experimental evidence for the parallels
between the IR/IS-Dn and KR/KS values which have been
described previously.7–9 The NOE behavior of a-CD 3a with
Trp using 1H NMR analysis suggested (R)-enantioselectivity,14
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which was also in line with our results obtained by FAB MS
(a-MECD 3b with [Trp-O-Pri]+; IR/IS-Dn = 1.29).

The crystalline structure of a complex of MECF6 1b with
Ba2+ (counter anion: SCN2) that was reported previously
showed that the cation was coordinated at ten points to the host,
four 3-OMe oxygens of the furanose rings and six oxygens in
the 18-crown-6 skeleton (Fig. 2).6 In the case of a complex of
MECF6 with amino acid ester hydrochlorides, it is expected that
the 3-OMe groups become chiral barriers for the indole or tert-

butyl groups of the corresponding chiral guest. The difference in
the stereochemical complementarity would be origin of the
chiral discrimination of MECF6 1b.

We are studying in detail the mechanism of chiral discri-
mination of the cyclofructans. We hope that cyclofructans and
their derivative hosts will be amenable to the further develop-
ment of new chiral stationary phases and chiral selectors.

We are very grateful to Mitsubishi Chemical Co. for the kind
gift of cyclofructans (1a, 2a and the other oligomers).
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Table 1 IR/IS-Dn values of permethylated cyclic oligosaccharide hosts with amino acid ester hydrochloride guestsa

Host

Guest (counter MECF6 MECF7 a-MECD b-MECD g-MECD
anion: Cl2) 1b 2b 3b 4b 5b 18-C-6

[Trp-O-Pri]+ 1.38 1.29 1.29 1.23 1.17 0.98
[Pgly-O-Pri]+ 0.99 0.76 0.94 0.91 0.89 0.99
[Phe-O-Pri]+ 1.00 1.01 1.02 1.01 1.00 1.02
[Tle-O-Pri]+ 1.18 1.00 0.95 0.94 0.93 0.97
[Met-O-Pri]+ 1.04 0.95 0.91 0.91 0.92 0.96
[Ser-O-Pri]+ 1.01 1.18 0.95 1.15 0.99 0.96
[Pro-O-Pri]+ 1.08 1.16 1.07 1.07 1.14 0.96
[Gly-O-Pri]+ 1.01 0.99 0.97 0.98 0.99

a 18-crown-6 (18-C-6) is the typical achiral host employed. Glycine 2-propyl ester (Gly-O-Pri)+ is the typical achiral guest employed. Averaged value (n = 4)
of 10th, 20th, 30th and 40th scan data. Errors of the IR/IS-Dn values are estimated within ±0.04. Tle = tert-leucine, Pgly = phenylglycine.

Fig. 1 An example of a FAB mass spectrum from the FABMS/EL guest
method. Host: MECF6 1b; guest: [Trp-O-Pri]+. The left peak (m/z 1472) is
a complex ion (H + GR)+ and the right (m/z 1478) is (H + GS-Dn)+.

Fig. 2 (a) Crystalline complex of 1b with barium cation (counter anion:
SCN2). Hydrogen atoms are not shown. (b) Imaged illustration of a
complex of 1b with an alkylammonium ion. The nitrogen cation of the
alkylammonium replaced the barium from (a). The a-carbon of the
alkylammonium ion was localized at a position of 1.49 Å from the nitrogen,
an average C–N distance in amino acids.
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Importance of intramolecular hydrogen bonding for preorganization and
binding of molecular guests by water-soluble calix[6]arene hosts

Julio Alvarez, Yun Wang, Marielle Gómez-Kaifer and Angel E. Kaifer*†

Chemistry Department, University of Miami, Coral Gables, FL 33124-0431, USA

The binding affinity of calix[6]arene hexasulfonate hosts for
ferrocene or cobaltocenium guests is highly dependent on the
extent of intramolecular hydrogen bonding in the lower rim
of the calixarene.

The calixarenes1 are an interesting and extensively studied class
of host molecules characterized by their aromatic character and
conformational flexibility. Water-soluble calixarenes are com-
monly prepared by sulfonation of the aromatic rings, yielding a
family of negatively charged hosts.2 We have previously
reported on the binding ability in aqueous solution of sulfonated
calixarene hosts with different molecular guests.3,4 Here, we
concentrate our attention on calix[6]arenes 1 and 2 (Fig. 1) and
report our findings on the striking differences in the binding
affinity exhibited by these two calixarene hosts towards the
same guests (ferrocene and cobaltocenium derivatives, Fig. 1).
The differences observed can be rationalized on grounds of host
preorganization due to intramolecular hydrogen bonding in the
calixarene’s lower rim.

Calixarene 1 exists in neutral aqueous solution as an
octaanion due to the deprotonation of two of its phenolic OH
groups. Atwood et al. reported the X-ray crystal structure of the
sodium salt of 182.5 They found that this host exhibits a partial
cone conformation with three adjacent sulfonate groups point-
ing to one side of the cavity and the remaining three sulfonates
pointing to the opposite end. The structure is rigidified by
hydrogen bonding of each negatively charged phenolate to the
two neighboring phenolic OH groups, as shown in Fig. 1. This
crystal structure was postulated to be very close to the average
solution structure due to the high level of hydration of the
crystal.5

The accessible electroactivity of the selected guests‡ allowed
us to readily examine the binding interactions between each
calixarene–guest pair using voltammetric techniques. Relevant
electrochemical data are given in Tables 1 and 2. Host 1 forms

stable complexes in pH 7.0 aqueous media with all the guests
surveyed. This is shown by the decreased current levels
observed upon addition of 182 on the voltammetric waves for
the oxidation of the ferrocene guests as well as on those for the
reduction of the cobaltocenium guests. This current decrease
reveals the association of 182 with all the guests prior to any
electrochemical conversions. In addition to this, the half-wave
potential (E1/2) for the oxidation of the ferrocene guests shifts to
less positive values in the presence of 182 and the E1/2 values for
reduction of the cobaltocenium guests shift to more negative
values. This is consistent with the octaanionic host binding
more strongly to the oxidation states of the guests bearing a
higher positive charge.

Similar experiments with 262, the O-methylated analog of
calixarene host 182, yield very different results. First, addition
of this calixarene does not affect the current levels of the
voltammetric waves. Secondly the E1/2 values also remain

Fig. 1 Structures of calixarene hosts and molecular guests studied in this
work

Table 1 Voltammetric data at 25 °C for different guests (1.0 mm) in the
absence and in the presence of two calixarene hosts. Medium: 0.1 m
phosphate buffer (pH 7)

Host 182 Host 262

[Host]/ ipb/mA ipb/mA
Guest [Guest] E1/2

a/V cm22 E1/2
a/V cm22

Fe–OH 0 : 1 0.234 336.5 0.229 350.1
1 : 1 0.175 260.1 0.230 350.0
4 : 1 0.114 274.2 0.224 350.1

Fc–N+Me3 0 : 1 0.446 216.4 0.445 223.0
1 : 1 0.342 143.9 0.437 216.2
5 : 1 0.331 139.9 0.421 209.6

Cob+ 0 : 1 21.112c 334.2c 21.112c 336.4c

1 : 1 21.228c 149.5c 21.124c 334.6c

4 : 1 21.272c 136.8c 21.128c 320.6c

Cob+–CO2
2 0 : 1 20.992 210.9 20.992 203.8

1 : 1 21.016 153.1 20.996 204.2
4 : 1 21.044 142.6 20.997 201.2

a V vs. Ag/AgCl reference electrode. b Peak current densities, cathodic for
cobaltocenium and anodic for ferrocene derivatives. c These values are
strongly affected by the precipitation of the reduced form (Cob); to
minimize these effects, we determined the half-wave potentials using
normal pulse voltammetry.

Table 2 Voltammetric data at 25 °C for ferrocene-based guests (1.0 mm) in
the absence and in the presence of calixarene host 162. Medium: 0.1 m
chloroacetate buffer (pH 2.6)

[Host]/
Guest [Guest] E1/2

a/V ipb/mA cm22

Fc–OH 0 : 1 0.227 183.5
1 : 1 0.215 185.3
4 : 1 0.191 165.2

Fc–N+Me3 0 : 1 0.441 175.4
1 : 1 0.411 170.2
5 : 1 0.393 142.0

a V vs. Ag/AgCl reference electrode. b Anodic peak current densities.
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essentially unchanged in the presence of 262. These data reveal
that this hexaanionic calixarene host is ineffective at binding all
these guests in any of their two accessible oxidation states. In an
attempt to understand the striking binding ability differences
between 182 and 262, we also performed experiments with 162,
prepared by dissolving the unmethylated calixarene 1 in a
solution buffered at pH = 2.6 to insure the full protonation of its
phenolic lower rim.6 The corresponding voltammetric results
(Table 2) clearly indicate that this host loses a fraction of its
binding ability under these conditions compared to the same
host in neutral (pH = 7) media.

It seems dubious that these effects could be rationalized with
electrostatic arguments. While calixarene 1 at neutral pH bears
eight negative charges, both calixarene 2 at the two pH values
surveyed here and calixarene 1 at pH = 2.6 are hexaanions.
These less charged hosts still have six negative charges,
certainly enough to attract positively charged guests if electro-
static forces were to control the host–guest interactions. To
further clarify the observed binding properties we have run a
series of molecular modeling calculations§ aimed at finding
relevant conformational differences between these hosts. The
computational results show that, at neutral pH, the most stable
conformation of the octaanionic host 182 is very similar to the
crystal structure reported by Atwood and coworkers [Fig. 2(a)].
After full protonation of its lower phenolic rim, the same host

(now 162) adopts a very different, flattened and puckered
conformation [Fig. 2(b)], which lacks well defined binding
pockets in spite of its relative rigid character. This conforma-
tional change may be responsible for the diminished binding
ability exhibited by this host in acidic media. Finally, the
methylated host 262 exhibits a lot more flexibility since
intramolecular hydrogen bonding in the lower rim is no longer
possible. In this case, we could not locate a clearly defined
energy minimum. The lowest energy conformation found is
shown in Fig. 2(c), but many other equally disorganized
conformations are readily accessible. The flexibility and
absence of molecular preorganization are the key factors that
determine the poor binding ability demonstrated by this host.
Conversely, the octaanionic form of 1 (present at neutral pH) is
an excellent host¶ for the guests surveyed here because of its
preorganized and rigid character which is determined by the
network of hydrogen bonds in its lower rim.

The authors are grateful to the US National Science
Foundation for the support of this research work (to A. E. K.,
CHE-9633434).
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following communication in this issue).
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Fig. 2 Minimum energy conformations obtained with computational
methods for (a) 182, (b) 162 and (c) 262§
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Redox control of host–guest recognition: a case of host selection determined by
the oxidation state of the guest

Yun Wang, Julio Alvarez and Angel E. Kaifer*†

Chemistry Department, University of Miami, Coral Gables, FL 33124-0431, USA

In the presence of b-CD, reduction of the strong complex
between two cobaltocenium guests and the octaanionic form
of calix[6]arene hexasulfonate leads to the formation of 1 : 1
complexes between cobaltocene and b-CD.

Redox conversions have been effectively used to control the
strength of host–guest interactions. Typically, changes in the
oxidation state of one of the interacting partners (either the host
or the guest) lead to substantial modifications in the stability of
the host–guest complex. Redox switchable hosts,1 for instance,
contain a redox subunit which can be acted upon (electro-
chemically or chemically) to alter their binding affinity for
certain guests. Here, we extend these ideas to the concept of host
selection. We describe a system composed of two redox inactive
hosts and one redox active guest in which the oxidation state of
the guest determines which of the two hosts is selected for
complex formation.2

Fig. 1 shows the structures of the host and guest compounds
used in this work. The solubilities of hosts and guests permit the
investigation of this system in aqueous solution. The two hosts
selected are the sulfonated calix[6]arene 182 and b-cyclodextrin
(b-CD). The anionic character and conformational rigidity‡ of
host 182make it an excellent host for positively charged guests,
while b-CD is well known to exhibit a strong binding affinity
for suitably sized non-polar guests.3 The two guests selected are
cobaltocenium and carboxycobaltocenium. The cobaltocenium
subunit undergoes a fast and reversible one-electron reduction
to neutral cobaltocene. Very recently we have reported that,
while b-CD does not interact appreciably with the positively
charged cobaltocenium (Cob+), it does form a stable 1 : 1
inclusion complex with the reduced form, cobaltocene
(Cob).4

The voltammetric reduction of cobaltocenium yields the
hydrophobic Cob form, which precipitates on the electrode
surface. These precipitation effects distort the cyclic voltam-
mogram [see Fig. 2(a)] from the otherwise anticipated nerns-
tian, reversible shape. Addition of host 182 shifts the Cob+–Cob
voltammetric wave to more negative potentials but the distor-
tions associated with deposition of the reduced form persist
[Fig. 2(a)]. These findings are consistent with (i) complexation

of Cob+ by the anionic calixarene host and (ii) lack of
substantial interaction between 182 and Cob. NMR titrations
(1H, 400 MHz) of buffered (pD = 7) D2O solutions of 182 with
increasing concentrations of Cob+ produce strong evidence for
the formation of a stable complex containing two Cob+ guests
bound to the anionic host.5 The Cob+-induced splitting patterns
of both the aromatic proton and the methylene proton
resonances of the calixarene (Fig. 3) constitute strong evidence
for the formation of the 2 : 1 complex shown in Scheme 1. In
1992, Atwood et al. solved the crystal structure of the hydrated
sodium salt of 182 (crystallized from neutral aqueous solution)
and found that the calixarene adopts a double partial cone
conformation exhibiting two clearly defined binding pockets.6
To the best of our knowledge, our NMR data constitute the first
unequivocal spectroscopic evidence for the adoption by host
182 of the same conformation in neutral aqueous solution. In the
absence of Cob+, the aromatic units of the calixarene undergo
fast interconversions and, thus, only two proton resonances are
observed (one for the methylene protons and another for the
aromatic protons). In the presence of more than 2 equiv. of
Cob+, each one of these resonances splits into the patterns
shown in Fig. 3. These resonances are consistent with a double
partial cone conformation for the calixarene (see assignments in
Fig. 3) and can only be rationalized by the formation of a
complex in which one Cob+ guest binds to each of the two
cavity openings of the calixarene.§ Complexation of 182 to two
Cob+ guests slows down the otherwise fast averaging of the

Fig. 1 Structures of calixarene hosts and molecular guests studied in this
work

Fig. 2 (a) Voltammetric response on a glassy carbon electrode (0.008 cm2)
of a 1.0 mm solution of Cob+ also containing 0.1 m phosphate buffer (pH =
7) in the absence of any host compound (——), in the presence of 4.0 mm
182 (- - - - - -), and in the presence of 4.0 mm 182 and 4.0 mm b-CD (-·-·-·-).
Scan rate = 0.1 V s21. (b) Same for 1.0 mm Cob+–CO2

2 solution.
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host’s proton resonances, giving rise to the distinctive splitting
patterns shown in Fig. 3.

The 18–Cob+ host–guest system is further affected by the
addition of b-CD to the medium [Fig. 2(a)]. In the presence of
this neutral host, the precipitation effects associated with the
generation of the hydrophobic Cob form (which is not
effectively complexed by 182) completely disappear, revealing
that Cob forms a stable 1 : 1 inclusion complex with the b-CD
host, as anticipated from our previous work.4 Therefore, we
must conclude that, while Cob+ forms a stable 2 : 1 complex
with the anionic calixarene host 182, its reduced form, Cob, is
preferentially bound by b-CD. Since the binding interactions
between the Cob+–b-CD and Cob–182 pairs are indeed quite
weak, the electrochemical reduction of Cob+ has a profound
effect not only on the selection of host by this redox active guest
but also on the stoichiometry of the resulting complex as
represented in Scheme 1. The voltammetric results obtained
with the more water soluble Cob+–COO2 guest are shown in
Fig. 2(b). No precipitation of the reduced Cob–CO2

2 form is
observed, but the shifts recorded in the E1/2 values upon
addition of 182 and b-CD indicate that similar host selection
phenomena also take place with this guest.

We have shown here that the redox chemistry of cobaltoce-
nium guests can be used to select the appropriate host between
calixarene 182 and b-CD. These results add to the arsenal of
mechanisms and schemes by which redox conversions can be
used to control molecular recognition interactions.

The authors are grateful to the US National Science
Foundation for the support of this work (to A. E. K. CHE-
9633434) and Cerestar for continued and generous gifts of
cyclodextrins.
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‡ For more details on the solution conformation of this calixarene host, see
the preceding communication in this same issue.
§ From our NMR data we estimate that the association constant for
the overall equilibrium 2 Cob+ + 182 = 1·(Cob)2

62 is at least 2 3 106

dm6 mol22.
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4 Y. Wang, S. Mendoza and A. E. Kaifer, Inorg. Chem., 1998, 37, 317.
5 Shinkai et al. have demonstrated the formation of a 2 : 1 complex between

a cationic guest and a water-soluble calix[8]arene: S. Shinkai, K. Araki
and O. Manabe, J. Am. Chem. Soc., 1988, 110, 7214.

6 J. L. Atwood, D. L. Clark, R. K. Kuneja, G. W. Orr, K. D. Robinson and
R. L. Vincent, J. Am. Chem. Soc., 1992, 114, 7558.
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Fig. 3 1H NMR (400 MHz) of a 2.0 mm solution of 182 in D2O also
containing 0.1 m phosphate buffer (pD = 7) in the absence (top) and in the
presence (bottom) of 6.0 mm Cob+

Scheme 1
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Spiro[4.4] and spiro[4.5] lactones from phthaloyl chloride and 1,4- and
1,5-bis-nucleophiles

Mary J. O’Mahony,a Charles W. Rees,*b Elizabeth A. Saville-Stones,a Andrew J. P. Whiteb and
David J. Williamsb

a AgrEvo UK Limited, Chesterford Park, Saffron Walden, Essex, UK CB10 1XL
b Department of Chemistry, Imperial College of Science, Technology and Medicine, London, UK SW7 2AY

Phthaloyl chloride reacts with the 1,4-bis-nucleophiles 3 to
give spiro[4.4] lactones 7 and 9 and with the 1,5-bis-
nucleophiles 10 to give spiro[4.5] lactones 12, as proved by
X-ray crystallography, and not the 8- and 9-membered
heterocyclic systems previously claimed.

4,5-Dichloro-1,2,3-dithiazolium chloride (‘Appel Salt’) 1 is a
remarkably versatile reagent in organic synthesis.1–4 When
treated with primary aromatic amines followed by secondary
aliphatic amines it gives the dithiazoles 2 which can be
hydrolysed to the amidino thioamides 3.2 As reactive 1,4-bis-
nucleophiles compounds 3 are useful in heterocyclic synthesis,
particularly when treated with 1,1-bis-electrophiles to give five-
membered rings 4 (X = CS, CNPh, SO and SO2) (Scheme 1),3
and with 1,2-bis-electrophiles to give six-membered rings.4 A
more unusual application was the reported reaction of com-
pound 3 with the 1,4-bis-electrophile, phthaloyl chloride, in
CH2Cl2 containing pyridine at room temperature to give the
8-membered ring compounds, 2,5-benzothiazocine-1,6-diones
5 (Scheme 2). Nine examples, selected from R = Pr, Bu and
Ar = 4-XC6H4 (X = Cl, Br, Me, MeO, NO2) and 3-O2NC6H4,
were reported in 45–83% yield.3

These unusual 2,5-benzothiazocines were unknown, and if
valid, this route would render them readily available. However
displacement of the second chlorine in phthaloyl chloride to
form a highly unsaturated 8-membered ring seems questionable
on mechanistic grounds; furthermore it overlooks the possibility
of a lower energy process involving interaction between the two
acid chloride groups, typified by the long-known isomerisation
of phthaloyl chloride into 3,3-dichlorophthalide.5 It occurred to
us that attack of the second carbonyl group could be through the
first, as shown in 6 for example, to give the strain-free spiro[4,4]

lactones 7 (or 9) rather than the 8-membered ring (Scheme 3).
This we have now shown to be the case.

We repeated the preparation of the amidino thioamides 3
(R = Pr, Ar = 4-O2NC6H4, 4-MeOC6H4), and treated them with
phthaloyl chloride and pyridine, exactly as reported,3 to obtain
1 : 1 adducts (44 and 47% yield, respectively). By spectroscopic
comparison these were clearly the same products as described in
the literature.3 Careful chromatography and slow crystallisation
from Pri

2O–hexane gave the 4-nitrophenyl product as yellow
crystals, mp 229–231 °C, suitable for X-ray crystallography†
which revealed the structure to be the racemic spiro lactone 9
(R = Pr, Ar = 4-O2NC6H4). It is clear from their IR, 1H and 13C
NMR and mass spectra that all the claimed benzothiazocines 5
are structurally very similar and thus we deduce that they are all
spiro compounds 9; indeed this structure is in better agreement
with the spectroscopic data than the benzothiazocine 5, which
remains unknown.

The X-ray structure of 9 (R = Pr, Ar = 4-O2NC6H4) is
illustrated in Fig. 1. There are only minor differences in the
geometries of the four independent molecules: small changes in
the conformations of the NPr2 groups and in the twist angle
between the planes of the imidazole and nitrophenyl ring
systems. The only other structural features of note are a
pronounced double bond character for N(3)–C(4) and delocal-
isation within the thioamide [N(1)–C(5)–S(5)].

In the reaction of the amidino thioamides 3 with phthaloyl
chloride there are various possibilities for the order of
nucleophilic attack. Because of the high nucleophilicity of
sulfur we consider 6 to be the more likely first intermediate and
this would result in the formation of 7 rather than 9. It is possible
that 7 is the kinetic product which then undergoes a Dimroth
type rearrangement to the more stable thioamide structure 9,
through the stabilised ring-opened intermediate 8. This view
was strongly supported by studying the reactions of phthaloyl

Scheme 1

Scheme 2 Scheme 3
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chloride with the amidino thioamides 3 (R = Pr, Ar = 2,6-
Me2C6H3 and R = Pr, Ar = 2,4,6-Me3C6H2) where the bulkier
N-aryl groups should favour the less congested structure 7 over
9. From each of these reactions two isomeric products were
isolated and shown spectroscopically to be 7 (62%) and 9 (32%)
for the dimethyl and 7 (65%) and 9 (28%) for the trimethyl
compounds. The products 7 in the dimethyl and trimethyl series
are labile and isomerise slowly to 9 on standing in CH2Cl2 at
room temperature; this rearrangement is markedly catalysed by
acid (HCl in CDCl3). In view of the possible formation of
structural isomers in the cyclisation of compound 3, the five-
membered ring structures 4, proposed above,3 should also be
treated with caution and isomeric thioamide structures be
considered.

In similar vein the condensation of phthaloyl chloride with
the 1,5-bis-nucleophiles 10 has been reported to give the equally
striking 9-membered ring system, 2,6-benzothiazonine-
1,5,7-trione 11.6 Eleven such products (R = Me, Et, allyl,
cyclohexyl, Bn, substituted benzyl) were obtained as colourless
solids, mostly in very high yields, and all exhibit very similar
spectroscopic properties.6 If correct this would provide an
attractive route to this new ring system, but again it seemed
likely that the 1,5-bis-nucleophiles 10 could be reacting by the
same general mechanism as the 1,4-bis-nucleophiles 3, to give
the analogous spiro[4,5] lactones 12.

We therefore prepared the thione 10 (R = Et) and treated this
with phthaloyl chloride as reported,6 to give a colourless
crystalline product, mp 132–133 °C (61%). X-Ray crystallog-
raphy reveals a spiro junction between the phthalide and
thiazinone ring systems, thus confirming the alternative struc-
ture 12 (Fig. 2). The thiazinone ring has a half-chair conforma-
tion with the spiro centre C(2) lying 0.64 Å out of the plane of
the remaining atoms–which are co-planar to within 0.04 Å.

The spectroscopic data for 12 (R = Et) agreed well with the
spiro structure and with the data reported for the other products,
indicating that these too are all spiro compounds, and that the
nine-membered ring of 11 is still unknown. A similar
spirolactone structure has been assigned to the product from
phthaloyl chloride and 2-(dihydroimidazol-2-yl)thiophenol, on
the basis of its 13C NMR spectrum which agreed well with that
of our product.7

It follows from these results that spiro lactone (phthalide)
structures should always be considered for the products of
condensation of phthaloyl chloride, and related 1,2-bis-car-
boxylic acid halides, with 1,4 and higher bis-nucleophiles.

We gratefully acknowledge support from AgrEvo UK
Limited and Dr P. J. Dudfield and we thank the Wolfson
Foundation for establishing the Wolfson Centre for Organic
Chemistry in Medical Science at Imperial College.

Notes and References
† Crystal data for 9 (R = Pr, Ar = 4-O2NC6H4): C22H22N4O4S,
M = 438.5, monoclinic, Pc (no. 7), a = 12.699(3), b = 20.079(3),
c = 18.900(3) Å, b = 109.03(1)°, V = 4555(1) Å3, Z = 8 (there are four
crystallographically independent molecules in the asymmetric unit),
Dc = 1.279 g cm23, m(Mo-Ka) = 1.78 cm21, F(000) = 1840. A yellow
block of dimensions 0.77 3 0.50 3 0.20 mm was used. For 12 (R = Et):
C19H15NO3S, M = 337.4, monoclinic, P21/n (no. 14), a = 10.159(1),
b = 8.330(1), c = 19.638(1) Å, b = 101.33(1)°, V = 1629.4(2) Å3, Z = 4,
Dc = 1.375 g cm23, m(Cu-Ka) = 19.1 cm21, F(000) = 704. A thin clear
plate of dimensions 0.40 3 0.27 3 0.02 mm was used. 8304 (1940)
Independent reflections were measured on Siemens P4/PC diffractometers
with Mo-Ka (Cu-Ka) radiation using w-scans for 9 (12) respectively. The
structures were solved by direct methods and all of the major occupancy
non-hydrogen atoms were refined anisotropically using full-matrix least-
squares based on F2 to give R1 = 0.073 (0.036), wR2 = 0.183 (0.089) for
4269 (1616) independent observed (and absorption corrected for 12)
reflections [IFoI > 4s(IFoI), 2q@ 50° (125°)] and 1117 (218) parameters for
9, (12) respectively. The polarity of 9 could not be reliably determined,
probably due to the presence of a non-crystallographic inversion centre at
0.878, 0.393, 0.580. CCDC 182/884.
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63, 461.

6 S. H. Kim and K. Kim, Heteroatom Chem., 1995, 6, 387.
7 W. Reid and A. von der Eltz, Liebigs Ann. Chem., 1988, 599.

Received in Liverpool, UK, 7th April 1998; 8/02630K

Fig. 1 The structure of one of the four crystallographically independent
molecules of 9 (R = Pr, Ar = 4-O2NC6H4). Selected bond lengths (Å)
[averaged over the four molecules]; N(3)–C(4) 1.29(2), N(1)–C(5) 1.35(2),
C(5)–S(5) 1.622(13).

Fig. 2 The molecular structure of 12, (R = Et). Selected bond lengths (Å);
S(1)–C(6) 1.738(3), C(6)–(5) 1.343(4), N(3)–C(4) 1.373(4), C(4)–O(4)
1.226(4), C(4)–C(5) 1.466(4).
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A supramolecular assembly controlled by anions: threading and unthreading
of a pseudorotaxane

Marco Montalti and Luca Prodi*†

Dipartimento di Chimica ‘G. Ciamician’, Università di Bologna, via Selmi 2, Bologna, 40126, Italy

The pseudorotaxane formed in CH2Cl2 solution by (9-
anthrylmethyl)methylammonium hexafluorophosphate salt
and dibenzo-24-crown-8 can be unthreaded by addition of
NBu4Cl through the formation of a strong ammonium
chloride ion pair, while pseudorotaxane rethreading can be
performed by addition of NHBu3PF6; all these processes can
be followed by pronounced changes in the luminescence
spectra, which could allow the use of this system as a
fluorescent sensor for chloride ions.

The association between crown ethers and ammonium salts has
been widely studied and employed to synthesise self-assem-
bling supramolecular systems.1–5 In particular, the remarkable
capability of the ammonium–crown interaction to be switched
on/off through acid–base equilibria has also been exploited to
induce mechanical movements in systems such as rotaxanes and
pseudorotaxanes.6–8 In this context, we previously examined
the photophysical properties of adducts between fluorescent
ammonium ions and aromatic crown ethers, pointing out that
the nature of the counteranion of the ammonium cation could
influence its association with crown ethers in low polarity
solvents where strong ion pairs are formed. Starting from this
point, we have conceived a new way, based on anion exchange,
of controlling the threading and unthreading of a previously
examined pseudorotaxane.6,8

All experiments were carried out in CH2Cl2 solution at room
temperature. The experimental equipment and procedures have
been previously described.6 PF6

2 and Cl2 salts were prepared
from commercial (9-anthrylmethyl)methylamine. The other
compounds were commercial products. All fluorescence spectra
were appropriately corrected.9

We have already reported the absorption and fluorescence
spectra of (9-anthrylmethyl)methylammonium (1H+) hexa-
fluorophosphate and dibenzo-24-crown-8 (2), together with the
properties of the adduct they origin.6 Absorption and fluores-
cence spectra of 1·HCl present some differences from those of
1·HPF6; in particular, the fluorescence intensity is about 35%
weaker and the maximum is shifted from 421 to 419 nm. A
decrease in the fluorescence lifetime from 8.5 to 5.5 ns is also
observed. These findings give clear evidence for the formation
of a highly associated ion pair with Cl2, since the fluorescence
of the anthracene moiety is very sensitive to the electronic
density on the nearby nitrogen atom, which can be responsible
for electron transfer quenching processes.10 If 1 equiv. NBu4Cl
is added to a 2 3 1024 m solution of 1·HPF6, a decrease in the
fluorescence intensity and lifetime is observed as expected for
the formation of the 1H+Cl2 ion pair. On addition of an excess
of the NHBu3PF6 salt, the fluorescence of 1H+ increases
although it does not reach the initial intensity, because of the
competition between 1H+ and NHBu3

+ to form ion pairs with
Cl2 [eqn. (1)].

    

Kexc
H Cl NHBu NHBu Cl H+ –

3 3
– +1 1+ ++ +

[| (1)

An even larger effect of the chloride ion on the fluorescence
spectra is observed when 2 is present. If equimolar amounts (2
3 1024 m) of 1·HPF6 and 2 are mixed in a CH2Cl2 solution, the
adduct 1H2+ PF6

2 is formed, where the fluorescence of 2 is

completely quenched by an energy transfer process to the
anthracene moiety. On the contrary, in a solution of 1·HCl (2 3
1024 m) and 2 (2 3 1024 m) no association is observed, and, as
a consequence, no sensitization of the fluorescence of 1H+ on
excitation of 2 is detected. This behaviour in solution can be
described on the basis of equilibria (2) and (3)

    

Kip
A HA–1 1H+ + ◊[| (2)

          

Kas
H H+ +1 2 1 2+ [[|| (3)

where A2 is the counteranion. If Kip is very large, as it is for
Cl2, equilibrium (3) cannot compete with equilibrium (2), and
the adduct with 2 cannot be formed, while if it is small (as for
PF6
2) the adduct formation is observed. This set of equilibria,

together with the different affinity of the chloride ions for the
different ammonium ions (NH2R2

+ > NHR3
+ > > NR4

+) can
be used for controlling the threading and unthreading of this
pseudorotaxane. In a solution of 1·HPF6 (2 3 1024 m) and 2 (2
3 1024 m) the fluorescence of 2 is, as already observed,
completely quenched while sensitised fluorescence of 1H+ is
observed (Fig. 1). On addition of 1 equiv. NBu4Cl the
fluorescence of 2 is completely recovered and the sensitised
fluorescence of anthracene disappears (Fig. 1). Simultaneously

Fig. 1 Changes in the fluorescence spectrum of a CH2Cl2 solution of 1H+ (2
3 1024 m) and 2 (2 3 1024 m) upon unthreading and threading of the
pseudorotaxane structure caused by addition of NBu4Cl and NHBu3PF6,
respectively

Chem. Commun., 1998 1461



the anthracene fluorescence (on excitation at l = 381 nm,
where only the anthracene moiety absorbs) decreases to the
intensity expected for the 1H+Cl2 ion pair formation and the
fluorescence lifetime decreases to 5.5 ns. These results indicate
that addition of NBu4Cl leads to the formation of the 1H+Cl2
ion pair, preventing the ammonium cation from binding to the
crown ether (Fig. 1). Further addition of 1 equiv. NHBu3PF6
leads again to complete quenching of the fluorescence of 2,
while the 1H+ fluorescence intensity and lifetime increase to the
initial values, indicating that the pseudorotaxane structure is
regenerated. In this case, addition of the NHBu3

+ cation, more
strongly bound to Cl2 than to the NBu4

+ ion, gives rise to
equilibrium (1), that, although spontaneously shifted to the left
side, can be driven in the presence of 2 to the right side by the
occurrence of equilibrium 3, allowing the almost complete
formation of the 1H.2+ pseudorotaxane. As can be seen from
Fig. 1, dramatic changes in the fluorescence intensities of 1H+

and 2 can be observed on every step of the working cycle. This
cycle could be repeated several times on the same system,
without losing its efficiency, also because tertiary and quater-
nary ammonium salts cannot compete with 1H+ on the
association with 2 [equilibrium (3)]. Ion pairing results in a new
way of controlling the association of hydrogen bonded
supramolecular systems. As a consequence, the pseudorotaxane
1H2+ can be unthreaded and threaded again in three different
ways: (i) by adding an acid and then a base, (ii) by adding a base
and then an acid or (iii) by adding NBu4Cl and then NHBu3PF6.
New supramolecular systems could be conceived which,
through the combination of these three different modes, would
carry out various and complicated logical operations.11

Moreover the sensitivity of the ammonium–crown supramo-
lecular systems to the chloride concentration could be usefully
employed for the development of new fluorescent chem-

osensors for chloride ions.12 Studies in this direction are
actually in progress.

We thank Professor V. Balzani and Dr A. Credi for
stimulating discussions. This research is being supported by the
University of Bologna (Funds for Selected Topics).
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Hydroformylation of hex-1-ene in supercritical carbon dioxide catalysed by
rhodium trialkylphosphine complexes

Ingrid Bach and David J. Cole-Hamilton*†

School of Chemistry, University of St. Andrews, St. Andrews, Fife, Scotland, UK KY16 9ST 

Triethylphosphine complexes of rhodium catalyse the hy-
droformylation of hex-1-ene in supercritical carbon dioxide
at rates similar to those obtained in toluene, but with a
slightly improved n : i ratio; using trioctylphosphine, much
lower rates are observed.

Supercritical carbon dioxide is potentially an excellent solvent
for carrying out homogeneous catalytic reactions because it is
easily separated from the catalyst and the products and is
environmentally benign.1,2 In addition, the high solubility of
gases (totally miscible with scCO2) means that problems
associated with transport of gases across interfaces are removed
and the gas-like nature of the medium means that diffusion is
much faster than in solution reactions.

Extensive studies have been made of hydroformylation of
alkenes using [Co2(CO)8]3,4 but there have been problems with
studying the more active and selective rhodium based species
because the triarylphosphine complexes that are usually
employed in liquid phase reactions have very low solubility in
scCO2.5 A brief report has appeared in which this problem has
been overcome by derivatising the aryl groups with fluorinated
chains.6

We now report that simple trialkylphosphines such as PEt3,
which are readily available, do not involve the use of costly
fluorinated derivatives and have low molecular masses so the
relatively small amounts can be employed, can provide highly
active catalysts for the hydroformylation of hex-1-ene in scCO2.
Trimethylphosphine complexes of ruthenium have been used
for the hydrogenation of CO2

5 and for the formation of DMF
from CO2, hydrogen and dimethylamine in scCO2.7,8

Using a catalyst prepared in situ from [Rh2(OAc)4] and PEt3,
complete conversion to C7 aldehydes, with a trace of C7
alcohols [total straight to branched (n : i) ratio = 2.4] is
obtained within 2 h at 100 °C.‡ [SAFETY WARNING: All
reactions involving scCO2 are carried out at very high pressures

(up to 250 bar). They should only be attempted in autoclaves
that have been specially designed to withstand such pressures.]
Comparison of the pressures within the autoclave during the
heating period (10 min), with those obtained during heating an
identical solution in the absence of catalyst shows that the onset
of reaction occurs at 80 °C, and visual inspection through a
sapphire window shows that the mixture becomes homoge-
neous (monophasic pale yellow solution) at ca. 70 °C. Table 1
lists the results of a series of different experiments and shows
that the rate is very similar to that obtained with the same
catalyst under identical conditions using toluene as the solvent,
but the n : i ratio is slightly higher in scCO2. The reaction is
retarded by addition of excess of PEt3, but enhanced by
increased pCO or pH2

.
In the solution phase system, we have previously shown9 that

C7 alcohols can be products of the hydroformylation of hex-
1-ene, either formed in a sequential reaction (thf as solvent) or
as primary products (alcoholic solvents). In the hydroformyla-
tion of hex-1-ene carried out in scCO2, C7-alcohols are products
(ca. 8%) after 2 h reaction and become significant (31%)
products after longer reaction times. Adding ethanol to the
mixture does not increase the amount of alcohol produced, but
somewhat reduces the overall rate. We have shown9 that, in
liquid phase reactions, protonation of an acyl intermediate by
ethanol is the key step that leads to C7 alcohol production. It is
presumably the inability of scCO2 to solvate the ionic species
formed by the protonation, that prevents the direct formation of
C7 alcohols when the reaction is carried out in scCO2 in the
presence of ethanol. Interestingly, addition of the fluorinated
alcohol, C6F13CH2CH2OH, does lead to an increase in the
amount of alcohol produced and to a higher reaction rate.

We have also studied other trialkylphosphine ligands.
Replacing one ethyl group in PEt3 with a fluorinated chain
(–CH2CH2C6F13) increases the reaction rate, presumably
because of electron density changes on the rhodium rather than

Table 1 Conditions and yields of products from the hydroformylation of hex-1-ene catalysed by rhodium complexes‡

[Rh]/mmol Aldehydesa Heptanol TOF/
Solvent Phosphine dm23 pCO/bar pH2

/bar t/h (%) (%) n : i Rh21 h21

Toluene PEt3 6.58 20 20 1 74 4.8 2.1 53
scCO2 PEt3 6.54 10 20 1 56 1 2.4 38
scCO2 PEt3b 6.48 10 20 1 23 — 2.2 16
scCO2 PEt3 6.43 10 10 1 38 — 2.5 27
scCO2 PEt3 6.57 5 20 1 35 — 2.6 24
scCO2 PEt3 6.48 20 20 1 82 2.3 2.4 57
scCO2 PEt3 6.52 20 20 2 89 8.1 2.5
scCO2 PEt3 6.58 20 30 22 54 28c 2.5
scCO2/EtOHd PEt3 6.48 20 20 1 60 3 2.4 44
scCO2/RfOHd,e PEt3 6.42 20 20 1 82 11 2.5 62
scCO2 PEt2Rf

e,f 6.45 20 20 1 81 — 2.4 58
scCO2 P(C8H17)3 6.57 5 10 2 8.2 — 3.3 2.7
scCO2 P(C8H17)3 6.56 5 20 2 12 — 3.9 4.2
scCO2 P(C8H17)3 6.69 10 10 2 17 1.5 2.8 6.3
scCO2 P(C8H17)3 6.61 15 10 2 20 2.3 2.8 7.5

a Traces of isomerised alkenes are also observed. b 0.2 cm3. c 2-Methylhexanol (3%) and hexane are also observed. d 2 cm3. e Rf = C6F13CH2CH2.
f 90 °C.
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changes in solubility (both reactions are fully homogeneous).
Using tri-n-octylphosphine, the rate is very much reduced, two
phases are apparent in the system and higher n : i ratios (up to
3.9) are obtained with low pCO, although the conversion is low.
We have shown that higher n : i ratios can be obtained at low
conversion in the solution phase system.9

We conclude that hydroformylation of hex-1-ene can be
successfully carried out in scCO2 using rhodium based catalysts
containing cheap, readily available trialkylphosphine ligands,
and that different chemoselectivities can be observed from those
observed under some conditions in organic solvents.

We thank the EPSRC and the EC TMR programme for a
Fellowship (I. B) and Professor M. Poliakoff for helpful
discussion.

Notes and References

† E-mail: djc@st-and.ac.uk
‡ Reactions were carried out in a 36 cm3 Hastelloy autoclave fitted with a
mechanical stirrer and a sapphire base for visual observation of the contents.
All manipulations were carried out under nitrogen. [Rh2(OAc)4] (0.052 g,
0.1176 mmol) was dissolved in PEt3 (0.1 cm3, 0.67 mmol) to give a red
solution. Degassed hex-1-ene (2 cm3, 16 mmol) was added and the mixture
transferred into the autoclave, pressurised with CO and H2 and stirred at
room temperature for 1 h. Liquid CO2 was then transferred into the
autoclave using a cooled head hplc pump to give a total pressure 65 bar
above that of the CO–H2. The autoclave was then heated for the desired
reaction time, with the pressure and temperature being monitored

throughout. After the reaction, the autoclave was allowed to cool in dry ice
to 250 °C. The CO2 was vented and the liquid product, typically 1.8 cm3,
was collected and analysed by GLC (quantitative analysis) and GC–MS
(identification of products). 31P NMR studies of the final liquid indicated
that the major species in solution is [RhH(CO)2(PEt3)2].9

For reactions in toluene, the reaction was carried out in the same
autoclave using half the amounts of all the reagents, 17 cm3 of toluene and
the same gas pressure. This ensures that all the concentrations are the same
as in the scCO2 experiments and that the pressure drop for the same
percentage conversion of substrate is also the same.
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Remarkable synergy between microwave heating and the addition of seed
crystals in zeolite synthesis—a suggestion verified

Colin S. Cundy,*† Richard J. Plaisted and Jing Ping Zhao

Centre for Microporous Materials, Department of Chemistry, UMIST, PO Box 88, Manchester, UK M60 1QD

A recent suggestion that there can be a nucleation-related
bottleneck in microwave zeolite synthesis has been verified:
ZSM-5 has been synthesised very rapidly in seeded systems
with and without an organic template.

Microwave dielectric heating is becoming an increasingly
important accessory in chemical synthesis.1–3 Remarkable
reductions in synthesis time (by up to a factor of 103)4 are
observed and selectivity to particular product isomers has been
achieved in naphthalene sulfonation.5 Following an early
study,6 the microwave-mediated synthesis of micro- and meso-
porous materials has been the subject of a number of recent
reports, with zeolites,7,8 AlPO4-type materials9,10 and MCM-
4111 being successfully prepared. In the microwave synthesis of
zeolite Y, crystallisation of undesired phases is suppressed7 and
phase selectivity can be maintained at an unusually high
synthesis temperature (150 °C).12

The crystallisation of zeotype materials is frequently con-
strained by limitations at the nucleation stage so that it is
common practice to age reaction mixtures or add nucleants to
them.13 There are two potential effects of these procedures on
the synthesis reaction: (a) reduction of the induction period
preceding the detection of crystalline product and (b) promotion
of a dominant crystalline phase (usually that of the seeding
material). Thus, overall synthesis time can be shortened and
product purity improved. Different aspects of these two effects
have been demonstrated in recent studies on the synthesis of
zeolite A with conventional14 and microwave8 heating. In one
report,8 microwave heating of zeolite A reaction mixtures
which had been aged for various periods led to reaction times as
short as 1 min and it was suggested that the rearrangement of the
synthesis mixture to yield nuclei was the bottleneck in a
microwave synthesis. We demonstrate below using a different
zeolite system as a model that this is indeed the case and
furthermore that the effects achievable by microwave heating
and seeding techniques are strongly synergistic.

The synthesis of zeolite ZSM-5 has been studied using two
optimised reaction systems.‡ In the first case, Na, TPA-ZSM-5
was synthesised using the composition:12 5.0 Na2O : 0.2 Al2O3
: 60 SiO2 : 4.0 TPABr : 900 H2O where the silica source was a
silica sol, the alumina source was sodium aluminate and TPA is
the templating cation tetrapropylammonium. The second sys-
tem used similar reagents but contained no organic template:15

10.0 Na2O : 1.0 Al2O3 : 60 SiO2 : 3000 H2O.
In each case, reactions were carried out in the presence and

absence of seed material and using both microwave and
traditional heating methods. The seed employed (5% by mass of
total silica) was a fully characterised TPA-silicalite (Al-free
ZSM-5) sol16,17 consisting of near-monodisperse nanometre-
sized crystalline zeolite particles in water. Reaction temperature
was 175 °C throughout and times were recorded from the start
of the heating period.

The results are illustrated in Fig. 1. In the unseeded TPA-
templated thermal preparation [curve (e)], crystalline MFI
product was detected (XRD) after 2 h and the synthesis was
complete at 5.5 h. Carrying out the reaction at the same
indicated temperature using microwave heating reduced the
synthesis time to 3 h following the appearance of crystallinity at

t = 1 h [curve (d)]. The crystallisation of the oven-heated
mixture was considerably accelerated by the presence of the
nanosized seed material with 15% crystallinity apparent after
only 1 h and completion in 2 h [curve (c)]. However, the
combined effect of nanocrystal seeding and microwave heating
produced the remarkable result seen in curve (a) where
crystallisation was almost complete by the time that the reaction
mixture had reached working temperature (3 min).

With no organic template and in the absence of seed crystals,
no crystalline product was found after 3 h of microwave heating,
whilst only a trace of product was detectable by X-ray
diffraction after 7 h of oven heating. The inclusion of colloidal
seed material brought reaction rates within the time frame of
Fig. 1, although the thermal reaction was the slowest recorded
overall [curve (f)]. However, the corresponding microwave-
mediated synthesis [curve (b)] was only a little slower than its
templated counterpart [curve (a)].

These results may be rationalised by consideration of three
factors contributing to the overall reaction time, namely (1)
thermal lag, (2) the induction period and (3) crystal growth. The
first of these probably accounts for about 0.5 h in the
experiments with the oven-heated autoclaves (as determined by
separate tests). This is essentially eliminated in the microwave
experiments, where the rise to operating temperature of the
reactor contents is extremely rapid (@3 min). It is clear from
Fig. 1 that, although the induction period is reduced by the
presence of the nanocrystal seed, a notable synergism occurs
when microwave heating is additionally employed. Possible
reasons for this are discussed in more detail below. The third
factor allows for a reaction time adjustment which depends on
the pattern of nucleation and crystal growth. The unseeded
TPABr-containing compositions produce products of broader
particle size range (up to ca. 5 mm thermal, 12 mm microwave)
than the seeded preparations (@1 mm), necessitating a longer
period of crystal growth for the largest crystals to reach their
final size. There are also differences in linear growth rate
(templated synthesis > inorganic and microwave > thermal).
A more detailed study of crystal growth rates18 will be reported
elsewhere.

Fig. 1 Growth curves for ZSM-5: (a) seeded, TPA, microwave; (b) seeded,
inorganic, microwave; (c) seeded, TPA, thermal; (d) unseeded, TPA,
microwave; (e) unseeded, TPA, thermal; (f) seeded, inorganic, thermal
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The results above confirm the suggested8 nucleation-related
bottleneck. However, it is useful to make a distinction between
the equilibration of the reaction mixture (as evidenced by, for
example, changes in pH and silicate anion distribution) and the
generation of nuclei, since it can be shown that these are
separate, although interlinked, processes.19 In both the zeolite A
and the ZSM-5 cases (but perhaps not universally), the
microwave heating rate far outstrips the crystal nucleation rate
so that no zeolite product is formed at short heating times in the
absence of added seed crystals or sources of nuclei. However, in
the earlier work,8 it was also proposed that the almost
instantaneous heat-up allowed the reaction to take place in a
synthesis mixture that had hardly changed during the heating
process. The very rapid onset of crystal growth which occurs
under microwave heating conditions in the presence of added
nanocrystalline seed [e.g. curve (a) vs. curve (d)] confirms that
it is the time to form nuclei rather than the preceding
equilibration of the reaction mixture which is the slowest
step. However, such rapid and complete crystallisation could
not occur unless any slow reagent digestion steps were
complete. Hence, the reaction mixture has to be regarded as
essentially fully equilibrated rather than hardly changed.

Finally, we consider the differences apparent from Fig. 1
between comparable microwave and thermal reactions. Since
both thermal and microwave syntheses are carried out under
conditions of controlled and measured temperature, a signifi-
cant overall temperature difference due to microwave super-
heating3 is unlikely. A more probable cause lies in differential
microwave heating effects due to the heterogeneity of the
dielectric (i.e. the reaction mixture) which at all times contains
colloidal or particulate material. Local superheating could result
from a number of energy-loss mechanisms:3 (i) dipolar
polarisation losses varying with local composition, (ii) inter-
facial (Maxwell–Wagner) polarisation losses and (iii) conduc-
tion losses associated with clusters or arrays of ions. Thus, one
component of the enhanced rates observed in the microwave
syntheses may derive from an acceleration of reagent digestion
and aluminosilicate equilibration processes to produce a
medium which is more homogeneous on a molecular scale.
However, perhaps an even more significant effect may be
occurring at crystal surfaces where microwave energisation of
the hydroxylated surface or of associated water molecules in the
boundary layer may be linked to specific energy dissipation
through modes (ii) and (iii) above. This could account for the
rapid activation of seed crystals under microwave conditions
seen in curves (a) and (b) of Fig. 1.

The authors would like to thank John Dwyer for his interest
in this work and the EPSRC for partial support under Grant No.
GR/K 06877. The support for the Centre for Microporous
Materials provided by BNFL, BOC, Engelhard and ICI is also
gratefully acknowledged.
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† E-mail: colin.cundy@umist.ac.uk
‡ Experimental details for the zeolite syntheses: TPA-templated composi-
tion: sodium aluminate (0.49 g, BDH, 21.3 mass% Na, 20.8 mass% Al)
dissolved in a solution of sodium hydroxide (1.80 g, Prolabo AR) in water
(35 g) was added with stirring to a solution of tetrapropylammonium
bromide (5.03 g, ABM Chemicals) in 42.5 g of Ludox AS 40 silica sol (40
mass% SiO2, Dupont). To one half of this mixture was added water (7.5 g)
and, to the other, an aqueous colloidal sol of TPA-silicalite (7.5 g, 5.8
mass% solids, mean particle size ca. 70 nm). Reaction mixture aliquots
were heated in PTFE-lined autoclaves at 175 °C either in a conventional
oven or in a CEM MDS-2100 microwave reactor (2.45 GHz).

Inorganic composition: aluminium nitrate nonahydrate (12.75 g, Merck
AR) dissolved in water (100 g) was added to a vigorously stirred solution of
sodium hydroxide (17.65 g, Prolabo AR) in water (150 g). The resulting
clear solution was added to a mixture of Syton X 30 silica sol (203.8 g, 30
mass% SiO2, Monsanto) and water (456 g). Further water or silicalite sol
was added as above to give a seed concentration of 5% by mass (based on
total silica) and the comparative syntheses carried out as before.
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Molecular design and testing of organophosphonates for inhibition of
crystallisation of ettringite and cement hydration

Peter V. Coveney,*a† Roger J. Davey,b Jonathan L. W. Griffinc and Andrew Whitingc

a Schlumberger Cambridge Research, High Cross, Madingley Road, Cambridge, UK CB3 0EL
b Department of Chemical Engineering, UMIST, PO Box 88, Manchester, UK M60 1QD
c Department of Chemistry, Faraday Building, UMIST, PO Box 88, Manchester, UK M60 1QD 

We report the synthesis and testing of novel macrocyclic
organophosphonate retarders which have been proposed
using rational molecular design methods based on the
selective inhibition of the crystallisation of ettringite, a
product of the early stages of cement hydration.

Cementitious materials are among the most widely used by
mankind while being among the least well understood. The
detailed physicochemical processes involved in the hydration
and setting of cement slurries are very complex, and a clearly
defined quantitative account is still lacking; indeed, even the
precise composition of the cement powder is unknown.
Although numerous additives are known and used to retard the
cement setting process, little is understood of the mechanism by
which they act. Here, we show how it is possible to design and
synthesize novel macrocyclic organophosphonate retarders by
rational molecular design methods1 based on the selective
inhibition of the crystallisation of ettringite, a product of the
early stages of cement hydration. This delays the setting process
without altering the setting properties (development of com-
pressive strength, etc.) once this process begins.

It is known that phosphonate-based organic compounds, such
as 1, 2 and 3 in Fig. 1, are able to retard the onset of setting in
cement slurries under ambient conditions;1,2 however, the
mechanism by which such retarders work has hitherto not been
established. Furthermore, some phosphonates (such as 1) are
such powerful cement setting retarders that they also cause the

time taken for setting (that is, the compressive strength
development, once setting commences) to increase substan-
tially.1 From the point of view of engineering applications of
cement in the oil and construction industries,3–5 it is usually
desirable for cement slurries to set rapidly once the setting
process is initiated, thus ensuring the development of the
required mechanical properties of the resulting concrete matrix
as rapidly as possible. There is, therefore, a need to devise
cement setting retarders which not only accurately control the
time taken for setting to take place, but also maintain the setting
characteristics of neat (untreated) cement once set is initiated.
To enable the development of such retarders, however, it is
necessary to have an accurate understanding of the processes
which control the setting of cement.

The work reported here makes use of a recently proposed
theoretical model for the setting of cement involving the initial
nucleation and growth of crystalline ettringite, [Ca3Al(OH)6]2-
[SO4]3·26H2O, from a gelatinous precursor.1,6,7 An important
consequence of this model is that, if retarders can be designed
which interfere solely with the process of ettringite nucleation
and growth, then cement slurries should set normally once the
silicate hydration process is initiated, thus ensuring mechanical
integrity of the resulting cured product; a separate mechanism
for the retardation of silicate hydration has also recently been
proposed.8 The structural basis for the design of such ettringite-
specific retarding agents has been discussed previously1 and is
based on the strategy exemplified earlier by Davey et al.9–12 in
which the geometry and functionality of additive molecules are
chosen such that they are capable of recognising and binding to
the growing surface of nuclei or crystals, thereby accomplishing
inhibition of nucleation and/or crystal growth.1 In turn, if such
specific retarding agents designed for an ettringite substrate also
exhibit an ability to inhibit the setting of cement, without
changing its essential setting properties, then this would be
consistent with the nonlinear chemical clock-type hypothesis of
Billingham and Coveney6 in which the autocatalytic formation
of crystalline ettringite is the rate determining step.

Although molecular modelling studies have proved useful for
the rational design of crystal growth inhibitors for simple
inorganic systems,9–12 the design of crystal growth inhibitors
for ettringite is a much more challenging prospect due to the
complexity of the inorganic matrix. It was however possible to
propose that compounds such as 3 and 4 should be effective
agents for inhibiting the crystal growth of ettringite, since they
possess the ideal structural motifs for molecular recognition
with the most rapidly growing [001] face of the ettringite
matrix.1 In particular, the geometry of the phosphonate
functions of 3 and 4 in Fig. 1 are such that they fit into the sulfate
binding sites of ettringite ensuring enhanced molecular recogni-
tion compared to acyclic phosphonates 1 and 2.13 Compound 4
exhibits a greater level of conformational flexibility and is
expected to be the more active of the two.1

Hexaphosphonate 3 was prepared as reported previously1,14

and triphosphonate 4 was prepared using analogous meth-
ods.14–17 These two compounds were then used as additives
during the formation of ettringite and also in cement samples.

Fig. 1 Some phosphonate cement-setting retarders: 1 and 2, linear
phosphonates; hexaaza-18-crown-6 3 and trioxotriaza-18-crown-6 4 macro-
cyclic phosphonates designed by computer modelling techniques1
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Ettringite crystals,18 prepared by reacting aqueous Al2(SO4)3
with a calcium hydroxide suspension for 30 min at 70 °C,
exhibit a prismatic morphology, being elongated about the
c-axis. Additives 3 and 4 had a profound effect on ettringite
crystal morphology, producing a remarkable reduction in the
length of the ettringite crystals even at low concentrations: for
example at concentrations of 3 and 4 of 1.00 mmol dm23, there
were respectively 45 and 75% reductions in crystal lengths
compared to untreated ettringite. Fig. 2 shows the data as the
change in measured aspect ratios and indicates clearly the
transition from needle to prism. These results are in agreement
with the prediction that both compounds 3 and 4 are pre-
organised to recognise and bind to the growing {001} faces of
ettringite, and that 4 should be a superior inhibitor to 3.1

These results are supported by X-ray powder diffractograms
of the solid products of ettringite crystallisations carried out in
the absence of additive and in the presence of 4.0 mmol dm23

of additives 3 and 4. The diffractogram for a pure ettringite
sample exhibits the preferred orientation expected for c-axis
needles, with all {hkl} reflections having significantly reduced
intensities. This X-ray pattern is entirely consistent with pure,
well crystalline ettringite; the relative intensities of diffraction
from the (100) and (114) lattice planes at 9 and 22.8° would be
2 : 1 in a powder comprising isometric crystals. The observed
enhancement to 4 : 1 is consistent with a product comprising
c-axis needle shaped crystals. In the presence of additive 3, this
relative intensity is 1 : 1, implying significantly more equant
crystal habits; at the same time the pattern indicates the presence
of two other crystalline phases, calcium hydroxide and gypsum,
not normally seen as a product in these reactions (the relatively
intense diffraction peaks at 29.3 and 47.3° are consistent with
the existence of gypsum [(111) reflection] and calcium
hydroxide [(102) reflection] respectively). In the presence of
additive 4 the result is even more extreme, indicating sig-
nificantly lower levels of ettringite, some gypsum, and calcium
hydroxide, together with significant amounts of amorphous
material. These data confirm the observed morphological
change in the ettringite crystals and also suggest that ettringite
nucleation is indeed inhibited by these additives, leading to the
production of amorphous material and crystalline gypsum
together with a reduction in the overall reaction rate, resulting in
unreacted calcium hydroxide. Again molecule 4 is found to be
the more active as originally predicted.

The effect of these same additives on the setting of cement
slurries was then examined. Rates and extent of setting of
samples taken from one batch of class G oilfield cement were
measured at additive concentrations of 1.0 mmol dm23 by heat
flow calorimetry1 in which the magnitude and time evolution of
the heat of reaction were recorded. It was found that
hexaphosphonate 3 doubles the induction time for the onset of

setting of cement while triphosphonate 4 extends this period
threefold. In addition, however, it is evident that in both cases
the setting characteristics, as judged by the profile of the heat
flow curves, remain unchanged compared with the case of neat
cement, suggesting that these compounds act to inhibit
nucleation of ettringite and do not interfere with compressive
strength development once that nucleation process has oc-
curred. This is in marked contrast with the general behaviour of
acyclic phosphonate cement setting retarders which both delay
the onset of setting and inhibit the setting process once it has
begun.1 It is important to note that aged cements, which have
been exposed to atmospheric humidity for extended periods,
show no delay in the onset of setting and display calorimetric
profiles identical to neat cement when treated with these
additives. This result is consistent both with the specificity of
these additives towards ettringite, which has presumably
already formed in these aged materials, and their inability to
influence other hydration products such as calcium silicate or
hydroxide.

Our results show that additives designed as selective
inhibitors for the crystallisation of ettringite can be used to delay
the onset of setting of cement slurries without interfering with
the eventual setting process itself. This behaviour was dis-
covered on the basis of two central concepts: firstly, that the
formation of crystalline ettringite from an amorphous precursor
plays a rate determining role in cement setting, and secondly,
that it is possible to rationally design compounds which are
preorganised for molecular recognition at the surfaces of
complex inorganic matrices, such as ettringite, and thus act as
powerful crystallisation inhibitors. In the case of cement
slurries, the use of such phase-selective retarders should result
in the production of cured concrete with very similar mechan-
ical properties to that from the untreated cement.

Jon Griffin is grateful to the EPSRC (GR94007291) and
Schlumberger Cambridge Research for the award of a Total
Technology grant.
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Fig. 2 The influence of additives 3 and 4 on the aspect ratio of ettringite
crystals; the data were obtained from SEM images. Note that the trioxygen
containing macrocycle 4 is more efficient at limiting ettringite crystal
growth at lower concentrations than the macrocycle 3.
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Octafunctionalized polyhedral oligosilsesquioxanes as scaffolds: synthesis of
peptidyl silsesquioxanes‡

Frank J. Feher,*a† Kevin D. Wyndham,a Mark A. Scialdone*b and Yoshitomo Hamuro
a Department of Chemistry, University of California, Irvine, California 92697-2025, USA
b E. I. du Pont de Nemours & Co., Inc., Central Research and Development, Experimental Station, Wilmington, Delaware
19880-0328, USA

The first use of polyhedral silsesquioxanes to organize
ensembles of biologically relevant motifs is described.
N-Protected amino acids and peptides can be attached to
[H2N(CH2)3]8Si8O12 1 and [p-HOCH2C6H4]8Si8O12 2 in
either a convergent fashion or a divergent fashion to produce
peptidyl silsesquioxanes in excellent yield and purity.

Symmetric core scaffolds possessing multiple reactive func-
tional groups have recently attracted much interest as templates
for the presentation of molecular domains of biological
relevance. For example, symmetrical tetrafunctional xanthene
and cubane have been used as scaffolds to create combinatorial
libraries of trypsin inhibitors with moderate activities,1–3 while
porphyrins,4,5 polyfunctional cyclic peptides6 and cyclotriphos-
phazenes7 have been used as scaffolds for helical bundles of
peptides in models for ion channels. Similarly, calixarenes have
been used as templates to assist the spatial arrangement of cyclic
peptides8 and sugars.9 In principle, any polyfunctional molecule
may serve as a scaffold to present multiple copies of a
biologically relevant pendant group, but the most attractive
cores are those which have particular geometrical parameters
(e.g. size, shape, symmetry) to allow unique ligand presenta-
tion. Here, we describe the first use of polyhedral oligo-
silsesquioxanes as scaffolds for peptides. These robust, readily
available Si/O frameworks offer interesting possibilities as
cores for ensembles of biologically relevant pendant groups.

A wide range of polyhedral oligosilsesquioxanes can be
prepared via hydrolytic condensation reactions of trifunctional
organosilicon monomers.10 Two known frameworks that pos-
sess terminal protic nucleophilic functionality are octaamine 1
and octaalcohol 2. Octaamine 1 is readily available as a
hydrochloride salt in one step (35% yield) from
H2N(CH2)3Si(OEt)3.11,12 Octaalcohol 2 is prepared in approx-
imately 5% overall yield in three steps from
p-ClCH2C6H4SiCl3.13

Octaamine 1 undergoes octafunctionalization with
N-protected amino acids and N-protected di- and tri-peptides
under standard coupling conditions.14–16 As outlined in Scheme
1 and Table 1, high yields of coupled products can be obtained
by reacting 1 with an excess of an N-protected amino acid (e.g.
Z-Pro-OH) and O-(7-benzotriazol-l-yl)-1,1,3,3-tetramethylur-

onium (TBTU) in DMF–N,NA-diisopropylethylamine (DIPEA),
and then precipitating the product with aqueous acid.§ The
course of these reactions can be conveniently monitored by 1H
NMR spectroscopy because the chemical shift for the CH2N of
1 shifts from d 2.8 to 3.0 [(CD3)2SO] upon condensation with
the amino acid. The only Si-containing species detectable by
1H, 13C and 29Si NMR spectroscopy in the crude materials are
the desired octafunctional derivatives and they are spectro-
scopically pure. In most cases, the 1H and 13C NMR spectra of
peptidyl silsesquioxane are well defined and fully assignable on
the basis of COSY, HMQC and DEPT experiments.

The syntheses of 3d and 3e via coupling reactions of 1 with
N-protected peptides represent convergent syntheses of pepti-
dyl silsesquioxanes, which are attractive when the desired
peptide sequence can be prepared in advance. It is also possible
to synthesize peptidyl silsesquioxanes in a divergent fashion by
iteratively coupling and deprotecting Z-protected amino acids.
For example, removal of the Z-group from 3c via hydro-
genolysis over 10% Pd/C in aqueous acidic methanol (100 psi,
25 °C, 8 h)¶ gives 4c·8HCl in high yield, which can be
subsequently coupled with Z-Ala-OH and deprotected to give
dipeptidyl silsesquioxane 6c·8HCl (Scheme 1).

Octaalcohol 2 is also a useful scaffold for peptidyl silses-
quioxanes, which may exhibit different properties because of its
rigid para-phenylene spacer. The synthesis of peptidyl sil-
sesquioxanes derived from 2 is analogous to the preparation of
peptidyl silsesquioxanes derived from 1 (Fig. 1 and Table 2).
However, the poorer nucleophilicity of the benzylic hydroxyl
group requires a much longer reaction time and a generous
excess of N-protected amino acid and TBTU for complete
coupling to occur. For example, the reaction of 2 with 2 equiv.
of Fmoc-Ala-OH and TBTU per OH for 17 h in DMF–DIPEA
produces 7c in only 26% yield. The major product (40%) is the
incompletely-substituted product derived from coupling of 2
with seven Fmoc-Ala-OH; small amounts (6%) of incom-

Scheme 1 Reagents and conditions: i, protected amino acid (1.2–4 equiv.
per NH2), TBTU (2–4 equiv. per NH2), HOBt + H2O (4 equiv. per NH2) and
DIPEA (9 equiv. per NH2) in DMF, 10–24 h, 25 °C; ii, H2 (100 psi), 10%
Pd/C, 1 m HCl–MeOH, 8 h, 25 °C

Table 1 Preparation of peptidyl silsesquioxanes derived from 1

[R1NH(CH2)3]8Si8O12? [R2NH(CH2)3]8Si8O12

Starting Isolated
material R1 Product R2 yield (%)

1·8HCl H 3a Z-Gly 91
1·8HCl H 3b Z-Ala 98
1·8HCl H 3c Z-Pro 44
1·8HCl H 3d Z-Phe-Leu 94
1·8HCl H 3e Z-Phe-Leu-Ala 73
3c Z-Pro 4c·8HCl H-Pro 89
3d Z-Phe-Leu 4d·8HCl H-Phe-Leu 87
4c·8HCl H-Pro 5c Z-Ala-Pro 100
4d·8HCl H-Phe-Leu 5d Z-Ala-Phe-Leu 92
5c Z-Ala-Pro 6c·8HCl H-Ala-Pro 89

See Scheme 1 for reaction conditions. R1 and R2 refer to neutral organic
substituents on N. Where indicated, starting materials and products were
used or isolated as salts containing 8HCl.

Chem. Commun., 1998 1469



SiR

Si

O

O

O

Si

O Si
Si

O

Si O Si

O

O O

OO

RR

R

RR

R
R

Si O
R8Si8O12

1 R = CH2CH2CH2NH2

2 p-C6H4CH2OH

pletely-substituted products containing six Fmoc-Ala groups
are also isolated. These compounds can be readily separated by
flash chromatography on SiO2 (20 : 1 CH2Cl2–MeOH) and fully
characterized by multinuclear NMR spectroscopy and MALDI-
TOF mass spectrometry. Complete functionalization of 2 by
Boc-Ala-OH was accomplished by using 4 equiv. of the
protected amino acid (per CH2OH), 4 equiv. of TBTU and a
reaction time of 7 days. Removal of Boc protecting groups can
be efficiently accomplished with TFA in CH2Cl2, but the
cleavage of Fmoc protecting groups with piperidine (20% in
THF, 25 °C) does not occur cleanly, presumably because of
base-induced decomposition of the Si8O12 framework.11

In summary, we have demonstrated the first use of polyhedral
silsesquioxanes to organize ensembles of biologically relevant
motifs. Peptides can be attached to octaamine 1 and octaalcohol
2 in either a convergent fashion or a divergent fashion to
produce peptidyl silsesquioxanes in excellent yields and purity.
In the case of octaalcohol 2, coupling reactions are more
difficult to complete due to the poor nucleophilicity of hydroxy
groups, but the octasubstituted compound can be easily
separated from less extensively substituted derivatives by
column chromatography. These large frameworks can be
synthetically manipulated by standard solution methods and
characterized by NMR spectroscopy and mass spectroscopy
(MALDI-TOF). We have only begun to explore the use of
silsesquioxanes as scaffolds for biologically relevant pendant
groups, but the ready availability of discrete polyhedral
frameworks containing 6–16 silicon atoms offers many inter-
esting possibilities in areas of molecular recognition, bio-
mimetics and drug design. Our work in these and other areas
will be reported separately.17,18

This work was supported by the National Science Founda-
tion. We thank Dr Keith J. Weller (Witco/OSi Specialties) for a
generous gift of silanes and Professor William F. DeGrado
(University of Pennsylvania) for helpful discussions.

Notes and References

† E-mail: fjfeher@uci.edu
‡ Contribution No. 7751.
§ Peptidyl silsesquioxane 3c was prepared by adding DIPEA (0.8 ml, 46
mmol) to a solution of 1·8HCl (0.074 g, 0.063 mmol), CBZ-Pro-OH (0.501
g, 2.02 mmol), TBTU (642 mg, 2.00 mmol), and 1-hydroxybenzotriazole
hydrate (306 mg, 2.00 mmol) in DMF (3 ml). After stirring for 1 day, the
crude product was precipitated by dropwise addition of the reaction mixture
to ice-cold 0.2 m aqueous citric acid (200 ml). Filtration, extraction with
methanol, precipitation with a 0.5 m NaHCO3, washing and drying in vacuo
(25 °C, 0.01 Torr) afforded 3c in 44% yield (76 mg). For 3c, which
possesses proline pendants with two rotameric forms (a : b 1.3 : 1): 1H NMR
[500.0 MHz, (CD3)2SO, 25 °C] d 7.98 (t, NHCO, rotamer a), 7.90 (t,
NHCO, rotamer b), 7.35–7.22 (m, C6H5), 5.10–4.98 (m, CH2C6H5), 4.13
(m, COCH), 3.41 [s, CH2(N)CH2], 3.35 [s, CH2(N)CH2], 2.98 (br,
SiCH2CH2CH2), 2.05 [d, COCH(N)CH2], 1.73 (br, COCHCH2CH2), 1.42
(br, SiCH2CH2), 0.53 (br, SiCH2); 13C{1H} [125.7 MHz, (CD3)2SO, 25 °C]
d 172.06, 153.78, 65.70, 59.63, 47.10, 31.29, 23.07 (rotamer a), 171.75,
154.05, 65.87, 60.12, 46.49, 30.23, 23.95 (rotamer b), 136.95, 128.36,
128.15, 127.75, 127.50, 127.46, 127.00, 41.01, 22.43, 8.75; 29Si NMR [99.3
MHz, (CD3)2SO, 25 °C) d 266.2 (s); Elemental analysis for C128H168-
O36Si8N16. Found (calc.); C, 56.22 (56.28), H, 6.14 (6.20), N, 8.08
(8.20).
¶ Hydrogenolysis of 3c (250 mg, 0.090 mmol) was performed by using 10%
Pd/C (50 mg) in a mixture of methanol (25 ml) and 1 m HCl (10 ml) for 24
h at 25 °C and 100 psig H2. Filtration and evaporation of the solvent in
vacuo (25 °C, 0.01 Torr) gave 4c·8HCl in quantitative yield. For 4c·8HCl:
1H NMR (500.2 MHz, CD3OD, 25 °C) d 9.46, 8.53 (s, NH), 4.26 [s,
CH(N)CH2], 3.37 [m, CH2N(CH)], 3.30 [m, CH2N(CH)], 3.18 (br,
SiCH2CH2CH2), 2.43 (br, COCHCH2CH2), 2.00 (br, COCHCH2CH2);
13C{1H} (125.8 MHz, CD3OD, 25 °C) d 169.32 (CO), 61.04 (COCH), 47.48
(CHCH2CH2CH2N), 42.90 (SiCH2CH2), 31.26, 25.14 (CH2), 23.64
(SiCH2CH2), 97.6 (SiCH2). 29Si NMR (99.4 MHz, CD3OD, 25 °C) d266.5
(s); MS (MALDI). Calc. for C64H121N16O20Si8 (M + H+) m/z 1658.7, found
1658.7.
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Fig. 1

Table 2 Preparation of peptidyl silsesquioxanes derived from 2

[p-R1OCH2C6H4]8Si8O12? [p-R2OCH2C6H4]8Si8O12

Starting Isolated
material R1 Product R2 yield (%)

2 H 7a Fmoc-Ala 26
2 H 7b Fmoc-Phe 28
2 H 7c Boc-Ala 72
7c Boc-Ala 8c·8TFA H-Ala 100
8c·8TFA H-Ala 9c Boc-Phe-Ala 46

See Scheme 1 for reaction conditions. R1 and R2 refer to neutral organic
substituents on O. Where indicated, starting materials and products were
used or isolated as salts containing 8TFA (i.e. CF3CO2H).

1470 Chem. Commun., 1998



2500

2000

1500

1000

500

0
2 4 6 8 10

2q / °

2q / °

In
te

ns
ity

 / 
co

un
ts

In
te

ns
ity

 / 
co

un
ts

(a)

(a)

(b)

(c)

(b)

(c) 8070605040302010

<110>
<101>

<200>

2 4 6 8 10
2q / °

In
te

ns
ity

 / 
au

In
te

ns
ity

10 20 30 40 50 60 70 80
2q / °

<110> <101> <200>

(a)

(a)

(b)

(c)

(d)

(b)
(c)

(d)

Supramolecular assembly of mesostructured tin oxide

Kathryn G. Severin, Tarek M. Abdel-Fattah and Thomas J. Pinnavaia

Department of Chemistry and Center for Fundamental Materials Research, Michigan State University, East Lansing, MI 48824,
USA

The first example of a mesostructured tin oxide that is stable
to surfactant removal has been prepared by hydrolysis of tin
isopropoxide in the presence of a neutral amine surfactant
(tetradecylamine).

Since the discovery of mesoporous silica molecular sieves in
19921,2 several supramolecular assembly pathways have been
reported and extended to the synthesis of a variety of
mesoporous metal oxide compositions including alumina,
titania, niobia and zirconia.3 Other surfactant metal oxide
mesostructures also have been reported, but they have not been
stable with respect to surfactant removal. Among them is a tin
oxide assembled by the hydrolysis of SnCl4 in the presence of
an anionic surfactant.4 Tin oxide is particularly interesting
because it has semiconductive properties and its performance in
semiconductor gas sensor applications is highly dependent upon
its structure and morphology.5,6 The structure directing capabil-
ities of a supramolecular assembly pathway may allow for the
controlled optimization of a mesostructured form of SnO2 for
chemical sensing.

In this study we use a neutral S0I0 assembly pathway‡ to
produce the first stable mesostructured tin oxide. The meso-
structure is synthesized using a neutral primary amine surfactant
as the structure director (S0) and tin isopropoxide as the
inorganic precursor (I0). We have chosen this pathway because
it tends to provide mesostructured materials with thick pore
walls.7 Materials with thick walls may be less susceptible to
collapse upon surfactant removal.8 We have successfully
prepared stable mesostructured tin oxide using a range of
primary amines including octylamine, dodecylamine, tetra-
decylamine and hexadecylamine.9 We report here on meso-
structured SnO2 assembled from tetradecylamine and compare
it to the oxide prepared in an analogous manner in the absence
of surfactant.

The XRD patterns of the as-synthesized products prepared in
the presence and absence of tetradecylamine and that of a
commercial SnO2 sample are presented in Fig. 1. The pattern of
tin oxide assembled with tetradecylamine contains the low
angle peak (d-spacing: ≈ 46 Å) characteristic of mesostructured
materials,1–4,7,8 whereas the tin oxide prepared in the absence of
surfactant and the commercial oxide do not exhibit a low angle
reflection. However, all three materials exhibit reflections of
comparable integral intensity in the region 2q 20–80° that are
characteristic of cassiterite, signifying that the as synthesized
materials are largely crystalline in nature. On the basis of the
< 110 > line widths, the products obtained by hydrolysis in the
presence or absence of surfactant have the same average domain
size (15 Å). The hydrolysis and condensation processes are
apparently similar in both reaction systems, except that SnO2
crystallites are assembled into a mesostructure in the presence
of tetradecylamine. The presence of a single low angle XRD
reflection is consistent with a sponge-like or wormhole channel
motif.7

XRD patterns of the mesostructured SnO2 after calcination at
different temperatures are shown in Fig. 2. It can be seen that the
average d-spacing for the mesostructure is largely unchanged by
calcination at 300 °C, which indicates that the surfactant has
been removed without structural collapse. Also, the average

crystallite domain size has increased from 15 to 18 Å. Although
low temperature sintering is commonly observed for tin oxide
materials,10 the mesostructured SnO2 shows a lower tendency
toward sintering than the tin oxide prepared in the absence of a
surfactant. The domain size of the latter oxide after calcination
at 300 °C is 27 Å. Thus, the surfactant acts not only as a
structure director, but it also inhibits crystallite growth during
calcination.

The mesostructured SnO2 produced after calcination 300 °C
has a BET surface area of 314 m2 g21 (Table 1), approximately
twice that of the SnO2 prepared in the absence of surfactant
calcined at the same temperature (158 m2 g21). In contrast the
surface areas reported for SnO2 gels obtained from aqueous
SnCl4 solutions and calcined at 300 °C are only 110–120

Fig. 1 XRD patterns of tin oxides: (a) as-synthesized product obtained by
S0I0 assembly at ambient temperature, (b) as-synthesized product obtained
by hydrolysis of tin isopropoxide in the absence of a surfactant, and (c)
commercial sample of polycrystalline tin(iv) oxide

Fig. 2 XRD patterns of tin oxide assembled in the presence of
tetradecylamine: (a) as-synthesized and after calcination at (b) 300, (c) 350
and (d) 400 °C
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m2 g21.11,12 Because the density of crystalline tin oxide is more
than three times that of amorphous SiO2, our mesostructured tin
oxide has a surface to framework volume ratio comparable to
that of mesoporous silicas.7 No hysteresis is observed in the N2
isotherms (Fig. 3). Therefore, the pores are relatively free of
constrictions and of uniform diameter. The average pore
diameter is 14 Å and the pore size distribution is relatively
narrow in comparison to the pore distribution observed for the
SnO2 prepared in the absence of surfactant (Fig. 3 inset).

The low angle diffraction peak for the calcined product
provides an estimate of the average distance between frame-
work pores (46 Å). Since the average pore size is 14 Å, the pore
walls are ca. 32 Å thick, almost twice the average crystallite
domain size (Table 1). These values are in reasonable
agreement with those inferred from TEM micrographs of the as-
synthesized mesostructure. We may conclude, therefore, that
the walls are comprised largely of aggregates of small
crystallites, but we can not preclude the possibility of the
crystallites being encapsulated in a matrix of amorphous SnO2.
Small crystalline domains surrounded by amorphous grain
boundaries could account for the increase in crystallite domain
size without a change in the d-spacing of the mesostructure
upon calcination.

In contrast to the mesostructured SnO2 calcined at 300 °C,
SnO2 prepared in the absence of surfactant has an average pore
diameter of 28 Å, a value similar to its average crystallite size.

The pore size distribution is very broad [Fig. 3(c) inset] and
consistent with a pore structure resulting from the irregular
packing of small crystalline particles. Thus, the role of the
surfactant in forming mesostructured SnO2 is to organize the
small oxide crystallites into a structure sufficiently ordered to
generate regular pores and a low angle Bragg reflection.

Calcination of the mesostructured tin oxide at 350 °C lowers
the BET surface area only slightly to 300 m2 g21, but the
average crystallite size (24 Å), pore diameter (18 Å), pore
volume (0.15 cm3 g21) and d-spacing (56 Å) are all sig-
nificantly larger than those measured for the sample calcined at
300 °C (Table 1). As inferred from these measurements, the
average pore wall thickness has also increased, to a value of 38
Å. Although more restructuring occurs at 350 °C than at the
lower calcination temperature, the lack of hysteresis in the N2
isotherms (Fig. 3) again  indicates that the pore channels remain
quite uniform, despite their increased diameters. This thermal
dependence of pore size and wall thickness is not typical of a
mesostructure formed by micellar assembly and further sug-
gests a mechanism based on the packing of surfactant-decorated
crystallites of uniform size.

Upon calcination at 400 °C the mesostructured framework
collapses and the surface area is lowered to 99 m2 g21. The low
2q peak is no longer present (Fig. 2) in the XRD pattern and the
average crystallite domain size increases to 44 Å (Table 1). In
addition, the average pore size has increased to 43 Å, the pore
size distribution has broadened and necking has developed in
the channels (average diameter ca. 37 Å). These results are
consistent with a material comprised entirely of cassiterite
crystallites. TGA analysis9 indicates that at this calcination
temperature the surface hydroxyl groups condense, and this
process may lead to extensive sintering.

Support of this research by NSF CRG grant CHE-9633798 is
gratefully acknowledged.

Notes and References

† E-mail: pinnavai@cem.msu.edu
‡ Experimental methods: mesostructured SnO2 was prepared quiescently
from a 1 Sn(OPri)4 : 0.2 tetradecylamine : 60 PriOH mixture under water-
saturated air at RT. After 2 days the product was filtered and washed with
water and ethanol. The surfactant was removed by a 2 h reflux in ethanol
(ca. 80% remained) After filtration, the product was calcined (4 h) at the
reported temperature (heating rate 1 °C min21).
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Table 1 Characterization of tin oxide prepared from tin isopropoxide in the
presence of tetradecylamine surfactant

Crystallite Average
Calcination domain BET surface pore
temp./°C d-Spacinga/Å sizeb/Å area/m2 g21 diameterc/Å

As made 46 15 — —
300 46 18 314 14
350 56 24 300 18
400 None 44 99 43

a As determined from 2q of the low angle XRD peak. b As determined using
Scherrer equation from the width of the < 110 > peak at 26.5° (2q) in the
XRD pattern. c BJH adsorption average pore diameter.

Fig. 3 N2 adsorption–desorption isotherms of mesostructured SnO2

synthesized in the presence of tetradecylamine and calcined at (a) 300 and
(b) 350 °C, and (c) tin oxide prepared without surfactant and calcined at
300 °C. Inset shows pore size distributions for these materials as determined
using the BJH model and the adsorption branch isotherm.
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Photoactive ruthenium(II) cyclodextrins responsive to guest binding

Steffen Weidner and Zoe Pikramenou*

Department of Chemistry, The University of Edinburgh, King’s Buildings, West Mains Road, Edinburgh, UK EH9 3JJ

A terpyridine functionalised cyclodextrin has been syn-
thesised and ruthenium photoactive centres appended to
give luminescent metallo-cyclodextrins which respond to
guest binding.

Biology provides many examples of light-sensitive macro- or
supra-molecular intelligent systems that are capable of inducing
directional motion of electrons and excitation energy. The
design of supramolecular systems1 that perform similar func-
tions is of great interest particularly for their application
towards the development of photomolecular devices.2 Photo-
active transition metal systems are very attractive candidates as
units for the construction of molecular devices due to their
photosensitisation and electrochemical properties.

Research in this area has mainly concentrated on building
covalently linked metal complexes.2 Photophysical studies have
shown that the spatial organisation of the photoactive units is
important for both energy and electron transfer processes and
consequently this has led to the development of rigid poly-
metallic arrays using appropriate spacer units to covalently link
metal centres.3 High molecular complexity is inevitable in this
approach since several features are accumulated in a single
molecular component and synthetic challenges limit the choice
of photoactive units. In this paper we introduce an alternative
approach based on non-covalent links between components. It
involves the design of photoactive metal-appended receptors
that can act as sensor units upon introduction of a guest
molecule in their cavity. When the guest is a metal complex the
communication between the appended metal centre and the
metallo-guest, brought together in space via non-covalent
interactions, may then be established. Few examples of the
previously reported metallo-receptors4 have demonstrated their
sensor properties.5 Our design involves a terpyridine function-
alised cyclodextrin which can form complexes with photoactive
metals. The hydrophobic microenvironment of the cyclodextrin
cavity allows the binding of appropriate guest molecules that
trigger a change in the luminescence of the appended metal
centre. We have synthesised a b-cyclodextrin functionalised
with a tolyl-terpyridine unit (b-CD–ttp, II) and studied the
formation of its luminescent complexes with ruthenium
(Scheme 1). When an electron-accepting guest is added to the
ruthenium functionalised CD, quenching of the ruthenium
emission is observed.

An important precursor for the synthesis is the mono-
6-hydroxy permethylated b-CD I which allows selective
monofunctionalisation of the primary cyclodextrin side and
solubility in organic solvents. A recently developed synthetic
route for this derivative6 proposed a convenient method to
easily access compound I in good yield. Coupling of the
cyclodextrin to the terpyridyl fragment was achieved through
the reaction of I with 4A-[p-(bromomethyl)phenyl]-2,2A : 6A,2B-
terpyridine, ttpCH2Br, under Williamson ether conditions using
an excess of NaH in THF. The reaction was followed by TLC
(Al2O3; ethyl acetate–methanol 30 : 1; Rf: b-CD–ttp = 0.7 and
b-CDOH = 0.22) and after three days the terpyridine
functionalised CD II was isolated in 50% yield after extraction
by CH2Cl2 and size exclusion chromatography.

The 600 MHz 1H NMR spectrum of II in CDCl3 shows the
fourteen aromatic protons in the range 7.2–8.8 ppm, the seven

anomeric protons of the cyclodextrin at 5.0–5.2 and the rest of
the cyclodextrin protons in the range 3.0–4.1 ppm. The
methylene protons of the tolyl-terpyridine unit are diaster-
eotopic due to the chirality of the CD and appear as two doublets
at 4.62 and 4.68 ppm. The connectivities were elucidated by
1H–1H TOCSY spectroscopy. The formula of the compound
was also confirmed by FAB-MS and elemental analysis.

Reaction of equimolar quantities of II with Ru(tpy)Cl3 or
Ru(ttp)Cl3 in methanol with addition of N-ethyl morpholine
afforded [(b-CD–ttp)Ru(tpy)][PF6]2 III and [(b-CD–
ttp)Ru(ttp)][PF6]2 IV respectively after precipitation with
ammonium hexafluorophosphate and size-exclusion chroma-
tography (BioBeads SX2, DMF–THF 1 : 1) (tpy = 2,2A : 6A,2B-
terpyridine, ttp = 4A-(p-tolyl)-2,2A : 6A,2B-terpyridine). The FAB
mass spectra of III and IV show peaks at m/z = 2216 and 2306
corresponding to {M 2 [PF6]}+ and at m/z = 2071 and 2161
corresponding to {M 2 2[PF6]}2+, respectively. The 600 MHz
1H NMR spectra of III and IV show the characteristic aromatic
proton patterns of terpyridine and tolyl-terpyridine in the region
7.0–9.2 ppm similar to the ones observed for [Ru(ttp)(tpy)]2+

and [Ru(ttp)2]2+.7 Complex III exhibits an MLCT absorption at
484 nm but it does not emit at room temperature upon excitation
at the MLCT band. It is known that [Ru(tpy)2]2+ emits only at
low temperature at lmax = 598 nm and that [Ru(ttp)2]2+ emits
at 640 nm at room temperature.8 Interestingly, [(b-CD–
ttp)Ru(tpy)][PF6]2 III emits at 77 K with an emission maximum
at 622 nm (Fig. 1) which lies in between the values of the
[Ru(tpy)2]2+ and [Ru(ttp)2]2+ emissions, as expected due to the
electronic effects of the ligands. We have independently
synthesised [Ru(tpy)(ttp)]2+ and it shows the same emission
behaviour as III.9 The MLCT absorption of [(b-CD–
ttp)Ru(ttp)][PF6]2 IV is centred at 490 nm and leads to room
temperature emission with lmax at 635 nm consistent with the
expected MLCT emission. The UV-transparent cyclodextrin
cavity does not perturb the luminescence properties of the
complexes.

Scheme 1
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In order to study the potential of metallo-CDs to participate in
energy and electron transfer processes between the appended
metal and a guest we initially selected an organic redox active
guest, anthraquinone-2-carboxylic acid. The effect on the
MLCT emission of the ruthenium centre of complex IV upon
introduction of an equimolar amount of the guest was examined.
Addition of microliter quantities of a 9.8 3 1024 M solution of
the guest in acetonitrile induced partial quenching, up to 20%,
of the MLCT emission of complex IV (Fig. 2). We attribute this
quenching effect to electron transfer between the appended
metal and the guest, consistent with previous cases when
quinones covalently attached to ligands of ruthenium com-

plexes quench the MLCT emission.10 In the absence of the
cyclodextrin receptor the quenching of the MLCT emission is
not observed upon addition of anthraquinone-2-carboxylic acid
to a solution of [Ru(ttp)2]2+ under similar conditions. Further
photophysical studies of the electron transfer process, and
examination of the relation of the guest with the binding
constant and the distance of the ruthenium centre, are in
progress.

We have established the formation of photoactive metal-
locyclodextrins based on a new terpyridine functionalised
cyclodextrin and confirmed the communication between guest
molecules in the cavity and a ruthenium centre appended to the
cyclodextrin cavity. We are currently extending our approach to
the inclusion of metallo-guests in the ruthenium cyclodextrins
and studying their involvement in energy and electron transfer
processes between the appended metal and the metallo-guest.

We are grateful to the Nuffield Foundation for an Award to
Newly Appointed Science Lecturers (Z. P.), the ERASMUS
exchange scheme for support (S.W.) and the Swansea National
Mass Spectrometry Centre for recording the mass spectra. We
also thank Dr. Hewage for obtaining the NMR data in the
EPSRC/BBSRC supported National Ultra-high Field NMR
Centre in Edinburgh.
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Fig. 1 Emission spectra of (a) [(b-CD–ttp)Ru(tpy)][PF6]2 in acetonitrile at
77 K, lexc = 480 nm, and (b) [(b-CD–ttp)Ru(ttp)][PF6]2 in acetonitrile at
room temperature, lexc = 490 nm

Fig. 2 Emission spectra of 1.9 3 1025 M [(b-CD–ttp)Ru(ttp)][PF6]2 in 10%
acetonitrile in water upon addition of 0.25, 0.5, 1 molar equivalents of
anthraquinone-2-carboxylic acid, lexc = 490 nm
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Self-assembly of a helical dicopper(i) metallophane
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X-Ray crystallographic and 1H NMR spectroscopic studies
show that, in the presence of copper(I), an oligopyridyl
pyrazine derivative spontaneously forms a single chiral,
cyclophane-like dimeric complex and that this is the sole
species present in solution and the solid state.

The self-assembly1,2 of appropriate ligands and labile metal
centers to result in double-stranded helicates1a,c–e and cyclo-
phane-like structures2 is well documented. Either linear1c–e or
knotted 1a shapes are typical for the former, and a distinguishing
characteristic of the latter is frequently the coplanar orientation
of aromatic spacer units. In some of these ‘metallophanes’, this
results in a cavity, whilst in others, the non-bonding distances
between the spacers are within those values considered to be
crucial for p-stacking interactions3 (cf. [2.2]paracyclophane4).
In several of the latter cases, the spacer directly participates in
metal binding.2a,b

While helicates are, by definition chiral,5 this is not so for
metallophanes. The majority of such complexes are achiral
(meso)2a–d,f although studies describing a chiral, dizinc(ii)
metallophane which is stable in dilute solution have also
recently appeared.2e Chiral metallophanes,whose formation is
templated by the inclusion of an aromatic guest molecule, have
also been recently described,2d,e as have equilibrating mixtures
of similar chiral and meso complexes.2d,g,6

We are interested in the preparation7 and supramolecular
complexation chemistry2a of 2,3-bis(2,2A-oligopyridyl)pyra-
zines. We anticipate that the influences of internitrogen
pyrazine base strength within the plane of that ring8a and
stacking effects perpendicular to it8b should together determine
the behaviour of this ligand class. Simpler pyrazine-containing
ligand systems are known to form cyclic trimeric or tetrameric
supramolecular complexes.8a,9

Along these lines, we have already shown that the symmet-
rical 2,3-bis(2,2A-bipyridyl)pyrazine 1 and CoII self-assemble to

give a dimetallic meso-metallophane in which two roughly
orthogonal binding domains having different dendicity are
generated to geometrically satisfy the metal coordination
requirements.2a We wished to further test these premises on a
2,3-bis(2,2A-oligopyridyl)pyrazine derivative possessing oligo-
pyridyl groups of explicitly unlike dendicity. The simplest such
ligand is the previously unknown 2-(2,2A-bipyridyl)-3-(2-pyr-
idyl)pyrazine 2. Either tridentate/monodentate or bidentate/
bidentate binding modes are conceivable for 2, and thus we
anticipated that it should bind cooperatively with tetrahedral
CuI.

A crude, but reasonable synthesis of 2 is described in Scheme
1. Thus, condensation of 2,2A-bipyridine-6-carbaldehyde 37

with an excess of pyridine-2-carbaldehyde in the presence of

potassium cyanide afforded a mixture of the enediol 4 and
1,2-bis(2A-pyridyl)-1,2-dihydroxyethene. This mixture was di-
rectly oxidized with iodine to the corresponding a-diketones,
from which the desired product 5 was purified in 14% overall
yield. Condensation of 5 with 1,2-diaminoethane, then chlor-
anil-oxidation, afforded 2 in 64% yield.‡

Treatment of 2 with 1 equiv. of [Cu(MeCN)4][BF4] in
methanol under reflux and addition of an excess of [NH4][BF4]
resulted in the precipitation of a dark red complex which could
be recrystallized from nitromethane–diethyl ether. This sub-
stance analysed as {[Cu2][BF4]}n‡ and in its FABMS spectrum
(noba matrix) prominent signals centered at m/z = 750 and 837
were observed, corresponding to [Cu2]2

+ and [Cu2]2[BF4]+,
respectively, and thus we assume a dimeric structure [Cu2]2-
[BF4]2. In its electronic spectrum in acetonitrile, metal–ligand
charge-transfer bands centered around 460 (1400) and 570 nm
(700 dm3 mol21 cm21) were visible, and suggest an
N4-environment for CuI.10 The cyclovoltammogram in MeCN
indicated a single, reversible CuI–CuII redox process at 20.16 V
vs. Fc–Fc+. In analogy to literature precedent,2b,10 we ascribe
this to a dimetallic complex containing two identical non-
interactive CuI centers.

We were, however uncertain of its exact structure, as both
meso-L,D and L, L/D,D-configured diasteromeric pairs were
reasonable structures. The 1H NMR spectrum of [Cu2]2[BF4]2
(400 MHz, CD3CN), recorded at 21 °C, displayed a single set of
broad resonances, integrating to 13 protons [Fig. 1(a)]. This
suggested either the ready interconversion of the three diastero-
mers, like in other dimeric oligopyridine complexes2d,f,g,6,11 or
some type of exchange process with the coordinating solvent, as
has been observed for other dicopper(i) bis-N4 systems2g,10

were occurring. Upon cooling to 240 °C [Fig. 1(b)], these
absorption sharpened to result in the profile of a single
compound, while at 40 °C, a broadening of the same shifts is
apparent. As well, the 13C NMR spectrum of the complex,
recorded at 240 °C, exhibited 13 C–H correlated resonances
displaying NOE enhancement. At no temperature could a de-
coalescence of signals in the 1H NMR spectra be observed, and
the chemical shifts were essentially temperature independent.
Since others have already demonstrated that low-temperature

Scheme 1 Preparation of ligand 2. Reagents and conditions: i, 15 equiv.
pyridine-2-carbaldehyde, KCN, EtOH–H2O, reflux, 2 h; ii, 1 equiv. I2,
CH2Cl2, 25 °C, 15 h; iii, 1 equiv. 1,2-diaminoethane, EtOH, reflux, 2 h; iv,
1 equiv. chloranil, xylenes, reflux, 16 h.
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1H NMR spectroscopy can distinguish equilibrating mixtures of
diastereomeric metallophanes2g it is evident that [Cu2]2[BF4]2
undergoes no such phenomenon.

In order to determine the stereochemistry of the dinuclear
complex, its crystal structure was determined.§ Complex
[Cu2]2[BF4]2 crystallizes in a centrosymmetric space group.
Consequently, the dication occurs as a racemic mixture of L,L-
and D,D-configured enantiomers, whereby the equivalent Cu2
fragments are inter-related by the C2 axis which runs parallel to
the pyridyl pyrazine surfaces and between the bipyridyl flanks.¶
The P-helical enantiomer is displayed in Fig. 2. The pyridyl
pyrazine copper(i) ‘decks’ of the metallophane are arranged in
a head-to-head fashion. Interdeck non-bonding distances be-
tween closest pairs of atoms are 3.47–3.57 Å for the pyrazine
rings and 3.42–3.62 Å for the monosubstituted pyridine rings;
the pairs of pyrazine and pyridine rings are parallel to within
2.10 and 2.03°, respectively. The bipyridyl and pyridylpyrazine
binding domains are twisted by 72.3° with respect to one
another, giving the observed rectangular molecular geometry.
The intermetallic distance is 5.08 Å. All metal–ligand bonding
parameters are within expected values.

Ligand 2 diastereoselectively self-assembles to form a chiral
metallophane, which is also stable in solution. That this
phenomenon is influenced by stacking of metal-binding pyridyl
pyrazine fragments is suggested by molecular models of the
L,L/D,D-and meso-L,D-disastereomers, which indicate more
efficient overlap for the former compound.

We are currently investigating the extent which stacking
interactions control self-assembly in related substances.

We thank the companies Novartis Ag, Biosynth AG and Shell
Oil for chemical donations, the Treubel Fond for a stipend
(F. H.) and Professors E. C. Constable and K. Wieghardt for
encouraging this work.
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‡ Correct spectral and analytical data (C, H, N) were obtained for 2 and 5.
Spectral data for [Cu2]2[BF4]2: 1H NMR (400 MHz, CD3CN, 240 °C), d
8.72 (dd, J 1.0, 8.2 Hz, 1 H, H-3A/5A), 8.63 (d, J 2.7 Hz, 1 H, H-5/6), 8.57 (t,
J 7.8 Hz, 1 H, H-4A), 8.56 (d, J 8.2 Hz, 1 H, H-3B), 8.31 (dd, J 0.7, 7.6 Hz,
1 H,H-5A/3A), 8.14–8.19 (m, 2 H, H-4B, H-5B/6B), 8.09 (d, J 2.4 Hz, 1 H,
H-6/5), 7.53–7.58 (m, 3 H, H-6B/5B, H-4Ú,), 7.48 (dt, J 1.2, 4.8 Hz, 1 H,
H-6Ú), 7.21 (ddd, J 1.0, 5.3, 8.2 Hz, 1 H, H-5Ú), 7.15 (d, J 8.2 Hz, 1 H,
H-3Ú); 13C NMR (100 MHz, CD3CN 240 °C), d 149.35 (2C), 146.46,
141.96 (2C), 139.63, 137.79, 129.29, 127.68 (2C), 125.74, 124.18, 123.42.
Anal. Calc. for C38H26B2Cu2F8N10: C, 48.8; H, 2.97; N, 15.3. Found: C,
49.4; H, 2.84; N, 15.2%.
§ Crystallographic data for [Cu2]2[BF4]2, C38H26B2Cu2F8N10, Mr =
923.39, dark red blocks, 0,43 3 0.28 3 0.25 mm, monoclinic, space group
C2/c, a = 13.271(2), b = 11.368(2), c = 24.200(4) Å, b = 95.72(2)°, U =
3632.7(10) Å3, Z = 4, Dc = 1.688 Mg m23, m = 1.259 mm21, F(000) =
1856, graphite monochromated radiation with l(Mo-Ka) = 0.710 73 Å, T
= 100(2) K, 17 678 reflections measured (1.69 < q < 30.00°) of which
5262 were independent (Rint = 0.0241), collected on a Siemens SMART
diffractometer with CCD detector taking frames at 0.3° in w. Data corrected
for Lorentz and polarization effects, absorption correction using SA-
DABS11 (min., max. transmission factors: 0,572, 0.832) and structure
solution and refinement on F2 using Siemens ShelXTL-V5. All non-
hydrogen atoms refined anisotropically, hydrogen atoms placed at calcu-
lated positions and refined isotropically. R1 = 0.0426, wR2 = 0.1041,
goodness-of-fit: 1.049 for 4353 reflections with I > 2s(I) and 271
parameters. Residual positive, negative electron density: +1.34, 20.49 Å23.
CCDC 182/883.
¶ The hypothetical meso-dicopper(i) metallophane is characterized by a
‘head-to-tail’ orientation of the pyridylpyrazine decks and an inversion axis
(S2) in roughly the same location as for the chiral form.
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Fig. 1 1H NMR spectra of [Cu2]2[BF4]2 at (a) 21 and (b) 240 °C

Fig. 2 Crystal structure of the [Cu2]2-dication. Selected bond angles (°) and
lengths (Å): N(4)–Cu–N(1B) 138.46(7), N(1B)–Cu–N(1A) 82.17(7), N(1B)–
Cu–N(1BA) 114.39, N(4)–Cu–N(1A) 120.80(7), N(4)–Cu–N(1BA) 80.91(7),
N(1A)–Cu–N(1BA) 126.72(7); Cu–N(4) 1.991(2), Cu–N(1A) 2.033(2), Cu–
N(1B) 2.005(2), Cu–N(1BA) 2.038(2).

1476 Chem. Commun., 1998



               

O N
N COOR

R = H 1, R = NMe3
+Br– 2

HO N
N CO2H

O N
N CO2HBr

O N
N COOBr

i

ii

2

iii

Organic gels are useful as a template for the preparation of hollow fiber silica
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A novel mesoporous silica with a tubular structure has been
prepared using organic gel fibers as a template.

Increasing attention has been paid to low molecular-mass
compounds that can gelatinize various organic solvents effi-
ciently.1–11 These phenomena are interesting in that the fibrous
aggregates formed by non-covalent interactions are responsible
for the gelation. In particular, cholesterol-based gelators, which
can form stable gels using only non-hydrogen-bonding inter-
actions, show an excellent gelation ability towards a wide
variety of organic solvents at sufficiently low concentra-
tions.5–9,11 In addition, the resulting gels have chirally oriented
structures which are imparted from the characteristic choles-
terol skeleton. Through this study we found that even liquid
silanol derivatives can be gelatinized by some cholesterol-based
gelators.7,12 It thus occurred to us that if the sol–gel polymeriza-
tion of the silanol derivatives proceeds in the organic gel state,
the gelator fibrils should act as a template which eventually
creates a void in the resultant silica. After trial-and-error, we
have found that under certain reaction conditions the gelator
fibrils survive in the sol–gel process and construct a tubular
structure in the fibrous silica.

It is known that compound 1 can gelatinize tetraethoxysilane

(TEOS).12 First, this gel was polymerized under acidic or basic
reaction conditions. SEM observation showed, however, that
the structure which might be constructed using this gelator
fibrils as a template was not found in the resultant silica. Hence,
we newly synthesized compound 2 which contains a quaternary
ammonium cation like conventional cationic surfactants gen-
erally used as templates for sol–gel polymerization.13,14

Compound 2 was synthesized according to Scheme 1 and
identified by IR and 1H NMR spectral evidence and elemental
analysis. Since PPh3 and azodicarboxylic acid diethyl ester
were used for the condensation with cholesterol, the C-3 atom
has the unnatural inverted (R)-configuration.7

The gelation ability was tested using several organic solvents
(Table 1). It is seen from Table 1 that 2 is not very soluble in
organic solvents but can gelatinize some solvents such as
MeOH, EtOH and MeCO2H. As a gelator, therefore, 2 is not so
versatile as 1. Fig. 1 shows a SEM image of a dried gel prepared
from MeCO2H (3.0 mass%). Well grown fibrils with diameters
of 50–200 nm are observed in this photograph.

Sol–gel polymerization was carried out as follows: 2 (5.0 mg)
was dissolved in CH2Cl2 (0.3 g). To this solution were added
MeCO2H (0.32 g), TEOS (0.045 g) and water (0.016 g) in this
order. The resultant solution was evaporated in vacuo until the
CH2Cl2 was removed (monitored by the mass decrease) to give

a turbid acetic acid gel. This gel was sealed in a glass tube and
left at 20 °C for 10 days. We also prepared a reference sample
which was treated according to the same procedure in the
absence of 2. After 10 days, both mixtures were totally
solidified, indicating that sol–gel polymerization of TEOS
proceeded sufficiently. In order to preserve the original organic
gel structure and the formed silica structure they must be dried
under mild conditions. Thus, the products were dried at room
temp. for 2 days to remove MeCO2H and water. Subsequently,

Scheme 1 Reagents and conditions: i, 1,4-dibromobutane, KOH, EtOH,
reflux, 15%; ii, cholesterol, PPh3, azodicarboxylic acid diethyl ester, THF,
20 °C, 18%; iii, NMe3, THF, 20 °C, 69%

Table 1 Gelation ability of 1 and 2a

Solvent 1b 2

n-Hexane G I
Toluene S I
Dichloromethane S S
Chloroform S S
Diethyl ether Gc I
Tetrahydrofuran S I
Acetone G I
Methyl ethyl ketone G I
Acetonitrile SGd I
Methanol SG G
Ethanol SG G
Acetic acid SG G
n-Propylamine S I
Diethylamine Gfe I
Benzylamine — Gc

TEOS G I
Water I I

a The solution (5 mass%) was warmed and then cooled to 4 °C to grow the
gel: G = stable gel formed at room temperature, S = solution, I =
insoluble. b Cited from refs. 7 and 12. c The gel was formed at 4 °C but
turned into a solution at room temp. d Super-gelator in which the gel was
formed at a concentration of < 1 mass%. e Gel formed when cooled in a
refrigerator (at 26 °C) and was stable at room temp.
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they were heated at 60 °C for 5 h in vacuo in order to entirely
remove residual liquid and to accelerate the TEOS polymeriza-
tion. At this stage a portion of the samples was subjected to
SEM observation (sample A). They were further heated at 200
°C for 6 h under an N2 stream for the polymerization and the
removal of the residual stress evolved by shrinkage of the silica
network. Finally, they were heated at 500 °C for 2 h under an N2
stream and for 4 h in air (sample B) for the pyrolytic
decomposition of 2.

The SEM image of sample B is shown in the Graphical
Abstract. It is clearly seen that sol–gel polymerization results in
well grown fibrous silica and very interestingly, the tube edges
contain cavities. In order to view the inside of the strand we
obtained a TEM image (Fig. 2). It is clearly seen that these
fibers have a tubular structure with inner diameters of 10–200
nm. Although the silica may shrink to some extent during
calcination, the size is nearly comparable with that of the
organic gelator fibrils (50–200 nm: Fig. 1). On the other hand,
sample A obtained after treatment at 60 °C also gave fibrous
silica but the tubular structure was not observed in the SEM
picture. These results indicate that the organic gelator fibrils of
2 act as a template in the sol–gel process, create the tubular
structure and finally are removed by pyrolysis at 500 °C.

Here, we consider why 2 can act as the template while 1
cannot although both gelators aggregate into fibers in the
organic solvents. When the sol–gel polymerization is carried
out in MeCO2H, the propagation species is considered to be
anionic.15,16 Hence, the oligomeric silica species are adsorbed

onto the cationic gelator fibrils and the polymerization further
proceeds along these fibrils. This propagation mode can
eventually yield fibrous silica with tubular structure. This
proposal is further supported by the effect of added alcohol:
when the sol–gel polymerization was initiated in 2–MeCO2H–
TEOS–H2O–EtOH (1 : 63 : 10 : 4 : 22, m/m), the resultant silica
had a well developed fibrous network structure but tubular
structure was not observed (SEM). Since EtOH facilitates the
polymerization, the resultant silica becomes the network
structure but cannot construct the isolated silica fibers.16‡ In
contrast, the organic gelator fibrils of 1 without the cationic
charge cannot adsorb the oligomeric silica species even in the
absence of EtOH, so that the resultant silica showed only the
granular structure (SEM). Similar granular structure was also
observed for the silica obtained in the absence of the gelator.

In conclusion, the present paper has demonstrated a novel
application of organic gels as a template to prepare a novel
porous silica with tubular structure.

We thank Dr P. C. Ewbank for helpful discussions.
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‡ It is not yet clear if this network silica also has the tubular structure. The
sample is too thick to view the inside with TEM.
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Fig. 1 SEM image for the gel of 2–MeCO2H: the gel was frozen in liquid N2

and dried under reduced pressure for 2 h

Fig. 2 TEM image for the silica (sample B) with a tubular structure (125 kV
Hitachi H7100 TEM)
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Oxonium-ion crown ether complexes from aqua regia

Karin Johnson and Jonathan W. Steed*†

Department of Chemistry, King’s College London, Stand, London, UK WC2R 2LS

Reaction of an aqua regia solution of gold metal with
15-crown-5 and its derivatives results in the formation of the
hydrogen bonded aggregates [H7O3][AuCl4]·15-crown-5 1
and [H5O2][AuCl4]·(benzo-15-crown-5)2 2; complex 1 exhib-
its a complex, cross-linked structure in which the H7O3

+ unit
hydrogen bonds to two adjacent crown ethers and a chloride
ligand of the anion; the AuIII centre also engages in long-
range interactions wtih the crown oxygen atoms.

Recent work in acidic liquid clathrate1,2 media has indicated
that the selective crystallisation of various forms of the hydrated
proton (H3O+, H5O2

+, etc.) may sometimes be achieved by
isolation in the presence of a crown ether of the complementary
dimensions to the desired oxonium species. A good fit is
observed for 18-crown-6 with H3O+,3,4 whereas larger crown
ethers such as 21-crown-7 select H5O2

+.5,6 Dibenzo-30-crown-
10 is able to encapsulate two H3O+ ions.5 In the case of the
smaller crown ethers the nature of the oxonium species is
variable, and depends considerably on the counter anion.7
Indeed, [H13O6][PtCl5(H2O)]·H2O·(18-crown-6)2 shows that
the oxonium ion species isolated by larger crown ethers may be
strikingly influenced by the nature of the anion.8 For protonated
derivatives of 2,6-pyrido-21-crown-7 a water molecule is
included within the cavity, while the analogous 2,6-pyrido-
24-crown-8 complex encapsulates two water molecules with
hydrogen bonding interactions to the protonated nitrogen.9 We
have recently begun a programme of research into host–guest
species which exhibit a symmetry or steric mismatch.10 As an
extension of this work we now report the results of our
investigations into oxonium ion complexes of tetrachloroaur-
ate(iii) containing small and intermediate-sized crown ethers.

Aqua regia [HCl–HNO3 (3 : 1)] has been known since the
thirteenth century as the only reagent capable of dissolving
metallic gold.11 A stock solution containing gold in aqua regia
was prepared, resulting in oxidation of the gold to H[AuCl4]. To
aliquots of this solution were added equimolar amounts (relative
to Au) of 15-crown-5 and benzo-15-crown-5 in aqueous
ethanol. This resulted in the very rapid formation of bright
orange–yellow crystalline products from each solution over
periods of 1–4 h in good yields. The products were subjected to
analysis by X-ray crystallography at 2150 °C,‡ which gave
the formulations [H7O3][AuCl4]·15-crown-5 1 and
[H5O2][AuCl4]·(benzo-15-crown-5)2 2. The H7O3

+ ion in
particular is relatively uncommon, though it has been observed
in hydrogen bromide tetrahydrate.12

Complex 1 consists of an unusual, infinite hydrogen bonded
chain containing alternating oxonium ion···crown pairs sepa-
rated by AuCl42 anions. The structure of the repeating unit of
the infinite H7O3

+·15-crown-5 chain is shown in Fig. 1, while
the overall crystal packing arrangement is illustrated in Fig. 2.

The H7O3
+ ion exhibits an unsymmetrical conformation with a

short O(1)···O(2) distance comparable to that found in H5O2
+

systems6,13,14 and a longer O(2)···O(3) interaction, 2.43(2) vs.
2.536(18) Å, O(1)–O(2)–O(3) angle 121(2)°. In contrast, a
somewhat more symmetrical example is found in [H7O3]-
[H9O4]Br2·H2O in which the inter oxygen separations are 2.465
and 2.498 Å,12 whereas the hydrogen bonded H5O2

+···H2O pair
exhibits very different distances of 2.424 and 2.721 Å.15 In
complex 1 the oxonium ion hydrogen bonds to the crown
oxygen atoms O(1a) and O(3a); O···O 2.64(2) and 2.63(3) Å
respectively. The opposite end of the H7O3

+ unit interacts with
an adjacent crown via longer hydrogen bonds; O(3)···O(2a)
2.75(2), O(3)···O(4a) 2.820(18) Å. This presumably results
from the conflicting steric requirements of the AuCl42 anion
and the oxonium cation, although it may also be influenced by
an additional, albeit long hydrogen bond from the central atom
of the oxonium ion to one of the chloride ligands of the
tetrachloroaurate(iii) anion, O(2)···Cl(1) 3.30(2) Å. The gold-
(iii) ion exhibits a square-planar coordination geometry, with
Au–Cl distances falling into two groups; Au–Cl(1), –Cl(4)
2.296(7) Å and Au–Cl(2), –Cl(3) 2.267(7) Å (average).
Interestingly, the AuIII ions also exhibit very long axial
interactions with crown oxygen atom O(5a) (which does not
take part in a hydrogen bond) and O(3a); Au–O(3a) 3.342(16),
Au–O(5a) 3.381(19) Å, resulting in a cross-linked polymeric
structure.

Given the polymeric nature of 1, the structure of the benzo-
15-crown-5 derivative 2 is somewhat surprising. Complex 2
contains discrete H5O2

+·(benzo-15-crown-5)2 units in which a
pair of crowns sandwich the oxonium ion (Fig. 3). The
syntheses of both 1 and 2 were carried out under identical
conditions, in a 1 : 1 ratio of Au : crown. Examination of Fig. 2,
however, suggests that the long range Au–Ocrown interactions
seen for 1 as well as the hydrogen bond to O(2), would not be
sterically feasible for an analogous benzo-15-crown-5 complex.
Indeed, the closest axial approach to the AuCl42 anions in 2 is

Fig. 1 Structure of the infinite H7O3
+·15-crown-5 chain repeating unit in 1

Fig. 2 Crystal packing arrangement in [H7O3
+][AuCl4]·15-crown-5 1

showing long-range axial interactions from the crown ether to the AuCl42
anions. Au–Cl(1–4) 2.297(7), 2.268(8), 2.266(7), 2.295(7) Å; Au–O(3a)
3.342(16), Au–O(5a) 3.381(19) Å. Hydrogen bonds: O(1)–O(1a) 2.64(2),
O(1)–O(3a) 2.63(3), O(3)–O(2a) 2.75(2), O(3)–O(4a) 2.820(18) Å. Ox-
onium ion: O(1)–O(2) 2.43(2), O(2)–O(3) 2.536(18) Å.

Chem. Commun., 1998 1479



O(1′)

O(1)

O(1a)

O(2a)

O(3a)

O(4a)
O(5a)

by the hydrogen atoms of a crown ethylene moiety, and hence
it seems likely that in the absence of these stabilisations a simple
ion paired structure results.

Interaction of H[AuCl4] with other crown ethers also results
in the formation of oxonium ion–crown ether salts of tetra-
chloroaurate(iii). In particular, reactions with larger crown
ethers, namely 18-crown-6 and dibenzo-24-crown-8, give
respectively the H3O+ and H5O2

+ containing species
[H5O][AuCl4]·18-crown-6 and [H5O2][AuCl4]·dibenzo-
24-crown-8. Full details of this work will be reported sepa-
rately.

We thank the EPSRC and King’s College London for funding
of the diffractometer system and the Nuffield Foundation for the
provision of computing equipment.
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† E-mail: jon.steed@kcl.ac.uk
‡ Crystal data 1: C10H27AuCl4O8, M = 614.08, monoclinic, space group
P21, a = 7.9485(3), b = 18.7082(7), c = 13.9930(6) Å, b = 104.34(1)°,
U = 2015.95(14) Å3, Z = 4, 7868 unique data (2q @ 52°), 406
parameters, R1 [F2 > 2s(F2)] = 0.058, wR2 (all data) = 0.174. 2:
C28H45AuCl4O12, M = 912.41, triclinic, space group P1, a = 9.2950(6),
b = 10.2293(11), c = 11.6412(11) Å, a = 64.77(1), b = 88.63(1), g =
66.99(1)°, U = 907.99(14) Å3, Z = 1, 3321 unique data (2q @ 52°), 214
parameters, Rt [F2 > 2s(F2)] = 0.028, wR2 (all data) = 0.064. Crystals
were mounted using a fast setting epoxy resin on the end of a glass fibre and
cooled on the diffractometer. All crystallographic measurements were
carried out with a Nonius KappaCCD diffractometer equipped with graphite

monochromated Mo-Ka radiation using f rotations with 2° frames and a
detector to crystal distance of 25 mm. Integration was carried out by the
program DENZO-SMN.16 Data sets were corrected for Lorentz and
polarization effects and for the effects of absorption using the program
Scalepack.16 Structures were solved using the direct methods option of
SHELXS-9717 and developed using conventional alternating cycles of least
squares refinement and difference Fourier synthesis (SHELXL-97).17 In
general, all non-hydrogen atoms were refined anisotropically, whilst
hydrogen atoms were fixed in idealized positions and allowed to ride on the
atom to which they were attached. Hydrogen atom thermal parameters were
tied to those of the atom to which they were attached. In the case of 2
oxonium ion protons were located experimentally and refined freely.
Oxonium ion protons could not be located for 1. All calculations were
carried out either on a Silicon Graphics Indy workstation or an IBM-PC
compatible personal computer. CCDC 182/889.
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Fig. 3 The discrete H2O2A·(benzo-15-crown-5)2 unit in 2. Hydrogen bonds:
O(1)–O(2a) 2.715(4), O(1)–O(4a) 2.642(4) Å. Oxonium ion: O(1)–O(1A)
2.420(6) Å.

1480 Chem. Commun., 1998



Fe

S

S

C
S

C
S

NEt2

NEt2

Ag Ag

S

S
C

S

C
S

NEt2

NEt2

Fe

S

Fe

S

C
S

C
S

Ag

Ag S

S

NEt2

NEt2

Fc(S2CNEt2)2   +  AgClO4

n+

1

Ag
C(5)

C(1)

Fe

S(1)S(2)

N

C(7)

C(8)
C(9)

C(10)

A double sandwich silver(i) polymer with 1,1A-bis(diethyldithiocarbamate)-
ferrocene

Olga Crespo,a M. Concepción Gimeno,a Peter G. Jones,b Antonio Laguna*a† and Cristina Sarrocaa

a Departamento de Quı́mica Inorgánica, Instituto de Ciencia de Materiales de Aragón, Universidad de Zaragoza-CSIC, 50009
Zaragoza, Spain
b Institut für Anorganische und Analytische Chemie der Technischen Universität, Postfach 3329, D-38023 Braunschweig,
Germany

The polymeric complex [Ag{Fc(S2CNEt2)2}]n[ClO4]n, in
which the silver centres are bonded to two sulfur atoms of
different ferrocene moieties and also to the cyclopentadienyl
rings in an h2 fashion, is reported.

In the last few years the chemistry of ferrocene and the design
of new compounds containing the ferrocene unit has received
much attention, associated with utility in many fields such as
organic synthesis, catalysis and material chemistry.1,2 Nume-
rous derivatives in which the metallocene is bonded to a chelate
ligand have been described. Interesting effects such as redox-
switched bonding of metal ions within ferrocene crown ethers
or investigations into the potential use of such compounds as
amperometric sensors for metal ions or protons have been
among the highlights of this development.3–8 It seems that the
performance of such molecular devices depends on the efficient
electronic communication between the ferrocene and the metal
ion coordinated within the chelating ligand.

The compound 1,1A-bis(diethyldithiocarbamate)ferrocene,
Fc(S2CNEt2)2 [Fc = Fe(C5H4)2], although synthesized more
than ten years ago,9 has not been studied as a ligand. Here we
report on the reaction of Fc(S2CNEt2)2 with AgClO4 to give a
polymeric chain with stoichiometry [Ag{Fc(S2CNEt2)2}]n-
[ClO4]n, in which the silver centres are bonded to two sulfur
atoms of different ferrocene moieties and are also bonded to the
cyclopentadienyl rings in an h2 fashion. Thus the silver atoms
can be regarded as being four-coordinate and the molecule as a
double sandwich of iron and silver. This is the first example
where an h5-Cp ring of the ferrocene unit is bonded to another
metal centre through the p system. Recently Grossel et al.
suggested the presence of a stabilising interaction between the
metallocene p system of ferrocenyl substituted aza crown ethers
and the cation bound to the crown moiety.10 The complex
[Ag{Fc(S2CNEt2)2}]n[ClO4]n will be interesting in order to
study the physical properties, mainly due to the possible
existence of the delocalized aromatic conduction electrons.

The reaction of Fc(S2CNEt2)2 with AgClO4 (1 : 1 molar ratio)
in diethyl ether gives a yellow precipitate from which the

complex [Ag{Fc(S2CNEt2)2}]n[ClO4]n 1 (Scheme 1) can be
isolated.‡ It is stable to air and moisture and behaves as a 1 : 1
electrolyte in acetone. The 1H NMR spectrum is in agreement
with the presence of one type of 1,1A-bis(diethyldithiocarba-
mate)ferrocene ligand. The positive liquid secondary-ion mass
spectrum shows the peak [Ag{Fc(S2CNEt2)2}]+ at m/z = 589 as
the most intense.

The structure of complex 1 has been confirmed by an X-ray
diffraction study (Fig. 1).§ The molecule consists of
1,1A-bis(diethyldithiocarbamate)ferrocene units bridged by sil-
ver atoms. Each silver centre is coordinated to sulfur atoms of
different ferrocene moieties. The silver atom lies on an
inversion centre and the iron atom on a twofold axis;
consequently only half of the monomeric formula unit repre-
sents the asymmetric unit. Of necessity the grouping S–Ag–Si

(i = 2x + 1, 2y + 1, 2z + 1) is perfectly linear; additionally,
the silver centre is weakly bonded to two carbon atoms of each
of two cyclopentadienyl rings. The Ag–C distances, 2.972(8)
and 3.027(8) Å, are only slightly longer than the longest found
in complexes of silver(i) with aromatic systems (2.47–2.92
Å).11–20

Scheme 1

Fig. 1 Part of the polymeric chain of the cation of complex 1 in the crystal
showing the atom numbering scheme. Ellipsoids represent 50% probability
surfaces. H atoms are omitted for clarity.
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It is also noteworthy that aromatic silver(i) complexes usually
show an asymmetry in their Ag–C interactions (as do copper
complexes).21,22 According to Mulliken’s model23 the most
favourable position for a silver ion is at the point of highest
p-electron density, directly above one of the carbon atoms of the
ring. Dewar24 maintained that silver(i) could act not only as an
electron acceptor, but also as a donor of electrons from a filled
d orbital to an empty molecular orbital of the aromatic. If this
‘back donation’ interaction is of importance in the stabilization
of the complex, the best overlap is achieved when the silver is
located in the p cloud equidistant between the two carbon
atoms. This situation has only been observed for naphthalene-
tetrakis(silver perchlorate) tetrahydrate (2.59, 2.61 Å).19 In
complex 1 the interaction is weaker, as discussed above.

The interaction of the silver atom with the C(1)–C(5) bond
produces only a small effect on the ring geometry, as was
previously observed in other silver–aromatic species. However
the C(1)–C(5) bond is marginally longer at 1.448(11) Å,
although the difference may not be significant, while the C5 ring
remains planar (s = 0.003 Å).

The Ag–S(2) distance is 2.386(3) Å and compares well with
those observed for linear Ag–S bonds in complexes such as
[Ag2(CH2PPh2S)2] [2.382(3) Å].25

This work is supported by the Dirección General de
Investigación Cientifica y Técnica (No. PB94-0079), the Caja
de Ahorros de la Inmaculada (No. CB8/97) and the Fonds der
Chemischen Industrie.
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Multilayer formation in an azacrown [18]N6 Langmuir film

P. A. Heiney,*a† D. Gidalevitz,a‡ N. C. Maliszewskyj,b S. Satija,b D. Vaknin,c Y. Pand and W. T. Fordd

a Department of Physics and Astronomy, University of Pennsylvania, Philadelphia PA 19104, USA
b NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg MD 20899, USA
c Ames Laboratory, Iowa State University, Ames IA 50011, USA
d Department of Chemistry, Oklahoma State University, Stillwater OK 74078, USA

A neutron reflectivity study of a deuterated azacrown [18]N6
at the air–water interface shows that it forms multilayers
upon compression, with monolayers and trilayers being
more stable than bilayers.

Typical Langmuir films are composed of a monolayer of
amphiphilic molecules at the air–water interface. Upon com-
pression, they are stable up to an irreversible ‘collapse point’,
beyond which three-dimensional droplets are formed and/or the
molecules dissolve in the water subphase. Recently, a number
of compounds have been shown to form equilibrium multi-
layers, and in some cases trilayers are more stable than
bilayers.1,2 In other cases,3 anomalous features in pressure–area
isotherms have been associated with structural rearrangements
of the molecules themselves.

We have now used neutron reflectivity to study deuterated
Langmuir films of 1,4,7,10,13,16-hexakis(4-dodecyloxyben-
zoyl)-1,4,7,10,13,16-hexazacyclooctadecane 1.

The bulk liquid crystal properties of 1 have excited
considerable interest,4–7 due in part to the potential existence of
a hollow channel structure and also to the difficulty in
distinguishing between columnar and smectic structures. Lang-
muir films of 1 are also unusual. Published pressure–area
isotherms5,6,8 measured on compression all show a rise
beginning around 200 Å2 molecule21, with an inflection point
near 160 Å2 molecule21, followed by a nonequilibrium ‘bump’
at slightly higher concentrations. This feature was variously
ascribed to intramolecular reorientations, two-dimensional
rearrangement of the film or multilayer formation.

To enhance neutron contrast, the alkyl chains were deuter-
ated. Monolayers were spread at 20 °C from 1023 to 1024 m
solutions on Millipore purified H2O (resistivity 18.2 MW
cm21). Neutron reflectivity measurements were made on
beamline NG-7 of the Center for Neutron Research at the
National Institute of Standards and Technology. After each
compression, the film was allowed to equilibrate for 30 min
before a measurement was made; each measurement took ca. 90
min to perform. Typical reflectivity profiles are shown in Fig. 1.
The most dramatic feature is the evolution of a minimum at
Q = 0.11 Å21, corresponding to a 60 Å film. This is
approximately the thickness expected for a trilayer film. No
minimum was ever observed in the vicinity of 0.16 Å21, as
would be expected for a bilayer film.

The reflectivity data were analyzed9 by modeling the film as
a stack of uniform slabs, or boxes, each with a different
scattering length density r, thickness L and roughness s. We
used in each case the minimum number of adjustable parame-
ters required to obtain an acceptable fit to the data, with at most
two slabs being employed. The profiles resulting from these fits
are shown in Fig. 2. The general trends are as follows: at low
concentrations, the reflectivity profiles are well described by a
single flat slab of thickness 21.4 Å and roughness 3 Å. The
thickness and scattering length density are close to those
expected for a monolayer film with the central cores in contact
with the subphase and the alkyl tails projecting away from the
interface. As the concentration is increased beyond 1 molecule
per 200 Å2, a second well-defined 22 Å layer is formed.
However, this layer does not grow to completion. Well before a
concentration of 2 molecules per 200 Å2 is achieved, the second
layer roughens, so that the actual structure consists of a well-
defined first layer plus patches of two-layer and three-layer
film. At a nominal concentration of 3 molecules per 200 Å2, the
best fit structure is a rough trilayer film, consisting predom-
inantly of a single sharp monolayer with regions of 1, 2 and 3
layers above that, as shown in Fig. 2.

The ‘slab’ model implicitly assumes that mono- and multi-
layer regions coexist on short length scales. It is also possible
that domains larger than the neutron transverse coherence
length are formed, in which case it would be more appropriate
to sum reflectivity intensities for the different regions. Our
central conclusion, that monolayers and trilayers are more
stable than bilayers, still holds in this case, however, since we

Fig. 1 Log of absolute neutron reflectivity vs. momentum transfer
perpendicular to surface for three typical film concentrations of 1: (2) 1.0,
(8) 1.5 and (.) 3.0 molecules per 200 Å2
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never observe the dip at 0.16 Å21 expected for a bilayer film.
We also note that there are systematic uncertainties in the
calculated layer thickness, on the order of 15–20%, arising from
the assumption of uniform density slabs; models incorporating
the possibility of intraslab density variations may yield
somewhat different thicknesses.

The relative instability of a bilayer film to trilayer formation
most likely arises from the differing character of the hydrophilic
amide cores and the hydrophobic hydrocarbon tails. We expect
that the molecular orientation should alternate from layer to
layer, with the hydrocarbon tails in the first and third tails
directed away from the water and those in the second layer
directed towards the first layer. The lower interfacial tension
between hydrocarbon and air than between hydrated amide
groups and air, which is known from X-ray photoelectron

spectroscopy of amphiphilic polymers,10 should then stabilize
the third layer relative to the second.

In summary, we have shown that the nonequilibrium
maximum observed in pressure–area isotherms of 1 is the result
of multilayer formation upon compression. Furthermore, we
have found that a bilayer structure is less stable than either a
monolayer or a trilayer structure.
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Fig. 2 Density profiles corresponding to 1- and 2-slab fits to the reflectivity
data. Scattering length density (arbitrary units) is plotted vs. distance from
the air–water interface, at a variety of surface concentrations (scaled to a
nominal monolayer coverage of 1 molecule per 200 Å2).
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Biosynthesis of kelsoene in cultured cells of liverworts Ptychanthus striatus

Kensuke Nabeta,a Kanae Yamamoto,a Makoto Hashimoto,a Hiroyuki Koshino,b Kenzo Funatsukic and
Kenji Katohc
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The most uncommon tricyclic sesquiterpenes, kelsoene 1
and prespatane 2, were isolated from cultured cells of
liverwort Ptychanthus striatus, and the labelling pattern
of kelsoene biosynthesized from exogenous [2-13C]-
mevalonate suggested that kelsoene is biosynthesized from
germacradienyl cation via alloaromadendranyl cation.

Sesquiterpenes kelsoene 1 and prespatane 2 were isolated for
the first time from the tropical marine sponge Cymbastella
hooperi.1 Although the formation of an uncommon tricy-
clo[5.3.0.02,5]-decane ring system in kelsoene can be explained
by the cyclization between C-1 and C-4 in alloaromadendranyl
cation 6 with breaking of the C-4/C-11 bond and elimination of
one proton from the gem-dimethyl groups, there was no
experimental evidence provided regarding the biosynthesis of
this compound.1 Here we described the isolation of kelsoene 1
and prespatane 2 from suspension cultured cells of liverwort
Ptychanthus striatus (Lejeuneaceae), which seems to have
almost no phylogenetic relationship with tropical marine
sponge, and the biosynthesis of kelsoene. Intact plants of
P. striatus produce striatane-type sesquiterpenes2 striatene,
striatol and b-monocyclonerolidol.

A callus was induced from the leafy gametophytes of
P. striatus, transfered on MSK-4 medium with 4% glucose but
without 2,4-dichlorophenoxyacetic acid,3 successively sub-
cultured every four weeks for more than four years, and then
used for suspension culture. The suspension culture was
propagated routinely in 100 cm3 of MSK-4 medium under
continuous light of 3000 Lux at 25 °C for more than three years.
Cells (1200 g fresh weight) were harvested and extracted with

EtOAc (6.23 g). Kelsoene 1 (6.6 mg) and prespatane 2 (2.3 mg
were isolated from the extract by a judicious combination of
liquid chromatography (silica gel and silica gel–AgNO3). Full
assignment of the natural abundance 1H and 13C NMR spectra
of (+)-kelsoene {[a]D +77.1 (lit.,1 +78.1)} was identified by
extensive 1D (1H, 13C and differential NOE) and 2D NMR
experiments (PFG-DQF-COSY,4 PFG-HMQC,5 PFG-
HMBC6). Prespetane 2 was identified by comparison of 1H and
13C NMR and mass spectral data with those reported pre-
viously.1

Potassium [2-13C]-mevalonate (MVA, 0.5 mmol) was then
fed to the culture (100 cm3). Cells were harvested after 21 days
and extracted with EtOAc. The enriched kelsoene was purified
by repeated liquid chromatography as described above.

The 13C{1H} NMR spectrum of kelsoene derived from
[2-13C]-mevalonate (average 13C enrichment: 3.34 atom%

Table 1 13C enrichment of kelsoene incorporating [2-13C]-mevalonatea

Carbon dC

13C Enrichmentb
(atom% excess) JC–H/Hzc

1 45.7 – –
2 33.0 3.62 136
3 14.6 – 136
4 47.4 – 144
5 48.1 – 131
6 49.9 – 131
7 36.3 – –
8 33.2 4.52 131
9 26.0 – 131

10 57.8 – 131
11 145.6 – –
12 109.8 0.98 156
13 24.2 0.90 127
14 23.5 – 124
15 17.7 – 126
Average 3.34

a All assignments are based on extensive 1D and 2D NMR measurements
and previously reported data. b 13C Enrichment was calculated on the basis
of relative peak intensity of 13C enriched peak to non-labelled carbon in
biosynthetically labelled compound. c C–H coupling constants were
determined by gated 1H decoupling 13C NMR analysis.

Scheme 1 Biosynthetic pathway to kelsoene 1 from [2-13C]-mevalonate in
cultured cells of P. striatus
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excess, Table 1) showed enrichment at the C-2, C-8, C-12 and
C-13 positions (4.52, 3.62, 0.98 and 0.90 atom% excess,
respectively). Randomization of label between C-12 and C-13
was observed. The level of 13C enrichment in each carbon was
determined by comparing the relative intensities of 13C enriched
carbons in each carbon with those of the corresponding carbons
in the non-labelled compound.

These results may be rationalized by the sequence illustrated
in Scheme 1. Cyclization of farnesyl diphosphate 4 to germacra-
dienyl cation 5 via the (4S*)-isopropyl cation would be
followed by concomitant intramolecular cyclization between
C-6 and C-10 and between C-5 and C-11 of 5 with loss of a
proton at C-5 to form a cis fused cyclopentane ring and a
cyclopropane ring in the resultant alloaromadendranyl cation 6.
Cleavage of the cyclopropane ring and ring closure between C-1
and C-4 with loss of one proton from the gem-dimethyl groups
generates kelsoene 1. Observed randomization of label between
C-12 and C-13 in kelsoene suggested that the protons of the
gem-dimethyl groups on the cyclopropane ring in the cation 6
were almost equally eliminated during the conversion of 6 to 1.
Alternatively, the cation at C-11 of 5 might be attacked at both
the re and si faces to form 6a and 6b. A proton is then eliminated
specifically from a methyl group in either of the two planes of
the cyclopropane ring. The co-metabolite, prespatane 2, might
be biosynthesized from a guaianyl cation 8 via cation 7 with a
(4R*) isopropyl cation.

Although kelsoene and prospatane were isolated from the
marine sponge, they may represent a simple accumulation of
constituents from a dietary source such as marine algae, since

there is a hypothesis that bryophytes originate in green
algae.7
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Simple azetidine N-oxides: synthesis, structure and reactivity

Ian A. O'Neil*† and Andrew J. Potter‡

Robert Robinson Laboratories, Department of Chemistry, University of Liverpool, Crown St, Liverpool, UK L69 7ZD

The preparation of two stable azetidine N-oxides is de-
scribed; one structure was confirmed by X-ray crystallog-
raphy and the second was found to undergo a quantitative
ring expansion to yield a new 6-hydroxy tetrahydro-
1,2-oxazine, a potentially useful reagent for further synthetic
transformations.

Azetidine N-oxides are usually unstable at room temperature,
undergoing a [1,2] rearrangement.1 Only one example of an
azetidine N-oxide stable at room temperature has been re-
ported.2 In this case the azetidine ring was fused to a six
membered ring. Related compounds include azetidine aminox-
yls and nitrones.3

Recent work has shown that tertiary amine oxides derived
from proline and pipecolic acid derivatives are stabilised by
intramolecular hydrogen bonding if a suitable hydrogen
bonding donor group is present in the carboxylic acid side chain.
The amine oxides are formed as single diastereoisomers where
the amine oxide is syn to the carboxylic acid side chain (Scheme
1).4

We were intrigued by the possibility of synthesising the
corresponding N-benzyl-2-carbonylazetidine N-oxides in order
to establish if they would be stablised by intramolecular
hydrogen bonding. In addition, such compounds should possess
novel and useful synthetic potential as a consequence of ring
strain.

Racemic ethyl N-benzylazetidine-2-carboxylate 1 was pre-
pared according to route of Wasserman.5 Saponification of the
ester with Ba(OH)2 followed by acidification gave the free acid
2. Oxidation with MCPBA furnished the desired azetidine
N-oxide 3 in 30% yield as a stable compound (Scheme 2). In
contrast, all attempts to form the N-oxide of ester 1 led to
complex mixtures of products and none of the desired material
was ever isolated.

From spectroscopic data the N-oxide 3 had clearly been
formed as a single diastereoisomer. Crystals of suitable quality
for X-ray analysis were grown and the X-ray structure clearly
showed that the amine oxide had been formed syn to the
carboxylic acid and that there was an intramolecular hydrogen
bond between the amine oxide oxygen and the carboxylic acid
(Fig. 1). To the best of our knowledge this is the first example
of a simple, stable azetidine N-oxide characterised by X-ray
crystallography.6

In order to establish if other hydrogen bond donor groups
could stabilise azetidine N-oxides, the ester 1 was reduced to the
primary alcohol 4 with LiAlH4. Oxidation with MCPBA yielded
the amine oxide 5 as a single diastereoisomer, in a much higher
yield of 63% (Scheme 3). Again this compound was stable at
room temperature and full spectroscopic data were obtained.

Upon attempted recrystallisation from hot CH2Cl2, the amine
oxide underwent a quanitative conversion to a new less polar
material (Scheme 4).

The presence of a signal at d 5.2 in the 1H NMR spectrum
suggested that oxazine 6 had been formed. We can rationalise
this conversion either as a Cope-type elimination followed by
tautomerism of the enol to an aldehyde and lactol formation, or
as a [1,2] rearrangement. Such rearrangements have precedent,

Scheme 1

Scheme 2 Reagents and conditions: i, Ba(OH)2; ii, H3O+; iii, MCPBA, 30%
over 3 steps

Fig. 1 Crystal structure of 3

Scheme 3 Reagents and conditions: i, LiAlH4, THF, 278 °C to room temp.,
90%; ii, MCPBA, 63%

Scheme 4 Reagents and conditions: i, MCPBA, 63%; ii, CH2Cl2, reflux,
quant.
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exemplified by the conversion of physostigimine N-oxide to
geneserine.7 The structure of tetrahydrooxazine 6 was con-
firmed by single crystal X-ray analysis of the product (Fig.
2).6

This 6-hydroxytetrahydrooxazine in which the nitrogen bears
a benzyl group has not been previously prepared. Interestingly,
the crystal structure shows that the anomeric hydroxy group is
in an equatorial position. We have carried out some preliminary
studies on the chemistry of this ring system and have established
that it undergoes reactions typical of a lactol. For example,
treatment of tetrahydrooxazine 6 with the stabilised ylide shown
gave the ester 7 via initial alkene formation followed by an
intramolecular Michael addition.8 Conversion of the tetra-
hydrooxazine 6 to its acetate followed by reaction with
allyltrimethylsilane in the presence of BF3–OEt2 yielded the
allyl adduct 8 (Scheme 5).

In summary, we have prepared and characterised the first
stable simple azetidine N-oxide 3 and shown that it is stabilised
by intramolecular hydrogen bonding to the carboxylic acid. The
corresponding N-benzyl-2-hydroxymethylazetidine N-oxide 5

undergoes rearrangement in warm CH2Cl2 to give a novel
tetrahydrooxazine 6, which shows coupling reactions typical of
a lactol.
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Scheme 5 Reagents and conditions: i, Ph3P = CHCO2Me, THF, 68%; ii,
AcCl, NEt3, CH2Cl2; iii, AllylSiMe3, BF3·OEt2, 30% over 2 steps
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Inhomogeneity in the interaction between methanol molecules and Brønsted
acid sites of H-ZSM-5 directly detected by 2D CPMAS 13C NMR spectroscopy

Kei Inumaru,*†‡ Ni Jin, Sayaka Uchida and Makoto Misono

Department of Applied Chemistry, Graduate School of Engineering, The University of Tokyo, 7-3-1, Hongo, Bunkyo-Ku, Tokyo
113-8656, Japan

1D and 2D exchange 13C NMR investigation of the states of
methanol adsorbed on H-ZSM-5 at ambient temperature
demonstrates the coexistence of methanol strongly inter-
acting with Brønsted acid sites and methanol physisorbed or
hydrogen-bonded, and provides the first spectroscopic
evidence of a wide distribution in the strength of its
interaction with Brønsted acid sites.

In the micropores of zeolites, the electric field induced by the
pore walls has often been assumed to assist the activation of
molecules, although no direct evidence has been provided. A
recent theoretical calculation1 predicted that the ionic effect of
the zeolite framework alters the state of MeOH adsorbed at a
Brønsted acid site: a methoxonium ion is preferred in the narrow
channel of chabazite, while a hydrogen-bonded neutral complex
is stable in the larger cage of sodalite. H-ZSM-5, an important
catalyst for chemical processes such as the MTG (methanol to
gasoline) reaction,2 would exhibit interesting characterisitics
with respect to the ionic effect on the acid sites because its pore
size is intermediate.1 There are sites in the two kinds of channel
and at their intersections in H-ZSM-5, and the local electric field
must be reflected in the states of the molecules adsorbed.3 There
have been extensive experimental studies on the state of MeOH
using in situ IR analysis,4–7 temperature programmed de-
sorption,8,9 and solid-state NMR analysis,5,10–15 as well as
theoretical calculations.1,16–18 High-resolution solid-state 1H
NMR spectroscopy has recently shown that MeOH molecules
form ‘clusters’ on the Brønsted acid sites of H-ZSM-5 at high
coverages at ambient temperature.5,12–14 The hydroxy protons
of MeOH and the acidic protons rapidly exchanged in these
clusters. IR investigations indicated the formation of hydrogen-
bonded species on the acid sites.6,7 Two research groups
recently reached different conclusions based on careful NMR
studies of the state of adsorbed MeOH, favouring either a
resonant structure including adsorbed methoxonium ion13 or a
hydrogen-bonded neutral complex.14 One of the major differ-
ences between the two studies appears in the observed 13C NMR
spectra, with peaks of 53.6 vs. 50.5 ppm reported. So, the state
of MeOH stoichiometrically adsorbed on the acid sites is still
controversial. To the best of our knowledge, all NMR studies on
this subject were carried out with MeOH/acidic sites ≥ 1.

In this study, by focusing on low coverages of MeOH, we
provide spectroscopic (2D exchange 13C NMR) evidence for
the co-existence of the two different species and a wide
distribution in strength of interaction between the MeOH
molecules and the acid sites. These species adsorbed so firmly
that they did not exchange their positions at 298 K even on an
NMR timescale of 0.5 s. The present results explain the
previous results, which are apparently contradictory.

H-ZSM-5 was prepared from Na-ZSM-5 (Si/Al = 11.9, 7.4
Al atoms per unit cell) which was kindly supplied by Toso Co.
Ltd. After ion exchange with ammonium nitrate, the zeolite was
heated in a dry He stream at a rate of 0.3 K min21 and was
finally calcined at 673 K for 10 h. In the 27Al NMR spectrum of
the fully hydrated H-ZSM-5, the intensity of the octahedral Al
(extraframework Al) resonance at around 0 ppm was less than
one twelfth of that of tetrahedral Al in the framework (ca. 50

ppm). The samples for 13C NMR analysis were prepared using
a glass high vacuum system (ca. 100 cm3). After H-ZSM-5 had
been dehydrated at 673 K (heating rate: usually 1 K min21, in
vacuo), a calculated amount of 13CH3OH (99 atom% 13C) was
introduced at 298 K. The amount of MeOH was varied from 0.5
to 12 molecules per unit cell (MeOH/Al = 0.07–1.6). Then the
zeolite was transferred into a small glass cell (ca. 0.1 cm3) and
the cell was sealed while the sample was cooled with liquid N2.
The cell was set in a zirconia rotor, and 1D 13C and 27Al NMR
spectra were recorded using a JNM-EX270 spectrometer with a
cross-polarisation magic angle spinning (CPMAS) probe. 2D
13C NMR exchange experiments (CP excitation)19 were carried
out with a Chemagnetics CMX-300 Infinity spectrometer. 48
1D spectra with 840 scans for each were recorded. All NMR
spectra were recorded at 298 K.

Fig. 1 shows the CPMAS 13C NMR spectra for samples
having 0.5–12 molecules per unit cell (molecule uc21) of
MeOH adsorbed on H-ZSM-5. The spectra in Fig. 1(a) were
recorded by single pulse excitation with proton decoupling and
the ordinate for each spectrum was normalized by the sample
weight. Therefore, the peak intensities are proportional to the
number of nuclear spins. The spectra in Fig. 1(b) were recorded
by CP to improve the signal-to-noise ratio. Similar spectra were
obtained using the two methods. This indicates that the CP
efficiencies for the signals were similar in these measurements
and the relative intensities in each spectrum in Fig. 1(b) can be
regarded as nearly quantitative. In the case of 12 molecule uc21

(MeOH/Al = 1.6), a broad peak was observed at 51.5 ppm.
When the amount of MeOH was decreased to 8 molecule uc21

(MeOH/Al = 1.1), the peak shifted downfield to 52.7 ppm,
suggesting an increased interaction of MeOH with the acid sites.
A further decrease in the amount of MeOH to 4 molecule uc21

(MeOH/Al = 0.54) caused a splitting of the signal into a narrow
peak at 51.5 ppm and a broad shoulder at ca. 54 ppm. These two
signals were observed more clearly at 2 molecule uc21. As the

Fig. 1 CPMAS 13C NMR spectra of 13CH3OH adsorbed on H-ZSM-5 at
various coverages of MeOH at 298 K; (a) single pulse excitation with proton
decoupling and (b) cross polarization. (i) 0.5 (0.07), (ii) 1 (0.13), (iii) 2
(0.27), (iv) 4 (0.54), (v) 8 (1.1) and (vi) 12 molecule uc21 (MeOH/Al =
1.6). MAS rate = 6 kHz.
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amount of MeOH decreased to 1 molecule uc21 (MeOH/Al =
0.13) and 0.5 molecule uc21 (MeOH/Al = 0.07), the peak at
51.5 ppm decreased and the broad signal at ca. 54 ppm became
dominant.

The origins of these signals were investigated by the
following experiments. First, the 13C NMR spectrum of
adsorbed MeOH was measured for H-ZSM-5 with a higher Si/
Al ratio (26) at 1 molecule uc21. The intensity of the broad peak
at 54 ppm decreased as compared with H-ZSM-5 with Si/Al =
11.9, while its linewidth was almost unchanged. Next, the
degree of dealumination of H-ZSM-5 was increased by
accelerating the rate of temperature rise in the pretreatment in
vacuo from 1 to 3, and then to 10 K min21. Accordingly, the
peak intensity at ca. 0 ppm (extraframework Al) relative to that
at ca. 50 ppm (Al in framework) in the 27Al NMR spectrum
(measured after full rehydration) increased from 0.13 to 0.15,
and then to 0.17. 13C NMR measurements for these zeolite
samples at 1 MeOH molecule uc21 showed that the broad signal
at 54 ppm decreased with an increase in the dealumination. On
the basis of these two experiments, it may be concluded that the
broad signal is not connected with extraframework aluminium
sites, but it corresponds to a species strongly interacting with the
Brønsted acid sites. In the case of silicalite, the 13C NMR
spectrum at 1 MeOH molecule uc21 gave a single sharp peak at
51.0 ppm. This shows that the narrow peak at ca. 51 ppm is due
to MeOH weakly interacting with the zeolite.

Two research groups recently performed careful studies
using temperature-variable 1H, 13C and 2D NMR spectroscopy,
and reached different conclusions. Thursfield and Anderson
observed a signal at 53.6 ppm and proposed a resonance
structure between an adsorbed methoxonium ion and a
hydrogen-bonded MeOH molecule.13 On the other hand,
Hunger and Horvath found a peak at 50.5 ppm and assigned it
to a hydrogen-bonded neutral complex in which the hydroxy
proton of MeOH and the acidic proton of H-ZSM-5 rapidly
exchange their positions.14 These two different results become
consistent if the variation of the major species with coverage

shown in Fig. 1 is taken into account: the major species at
MeOH/Al = 1 gives a peak at 51 ppm, while at low coverage
the species strongly interacting with the Brønsted acid sites and
hydrogen-bonded MeOH coexist. The two species do not
exchange with each other on the NMR timescale.

The broadness of the 13C NMR peak of the strongly bonded
species (54 ppm) is notable. In order to elucidate the mechanism
of broadening and the exchangeability of the species, a 2D
exchange 13C NMR spectrum was measured at 1 molecule uc21

with a mixing time of 0.5 s. As shown in Fig. 2, no cross-peak
was observed, so the species observed do not exchange at 298 K
at low coverage even on the long timescale of 0.5 s. Fig. 2
provides additional important information. The broad peak for
the strongly adsorbed species appears as a long narrow ridge
along the diagonal, demonstrating the presence of inhomoge-
neous broadening. That is, the width of the peak is not due to a
short T2 induced, for example, by strong dipole interactions with
other nuclei such as 27Al and neighbouring 13C. The linewidth,
which is insensitive to change in the MAS rate, shows that it is
not due to residual anisotropy of the chemical shifts or a mis-
adjusted magic angle. Therefore, it was concluded that the
broad peak came from several species which have different
chemical shifts, reflecting the different strengths of interaction
between MeOH and the Brønsted acid sites. This is the first
NMR detection of inhomogeneous adsorption states pre-
sumably due to the different environments of adsorption in the
zeolites. Since the linewidth of the peak is almost unchanged
when the Si/Al ratio is varied, this inhomogeneity of adsorbed
MeOH is thought to be intrinsic to the H-ZSM-5 structure.

Some of the experimental results in this communication were
presented at the Spring Meeting of the Chemical Society of
Japan, 1996 (No. 3D538).
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Fig. 2 2D exchange 13C NMR spectrum of 13CH3OH adsorbed on H-ZSM-5
at 298 K; (a) contour plot and (b) stack plot. Adsorption = 1 molecule uc21.
Mixing time = 0.5 s. MAS rate = 3.5 kHz.
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Synthesis and characterization of [NBu4]4[Ag2{Mo5O13(OMe)4(NO)}2], a novel
polyoxomolybdate complex with a short AgI···AgI distance
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75252 Paris Cedex 05, France

In methanol, the defect nitrosylpolyoxomolybdate
[Mo5O13(OMe)4(NO)]32 reacts with Ag+ to give the complex
[Ag2{Mo5O13(OMe)4(NO)}2]42 which displays attractive in-
teractions between the two square-planar closed-shell AgI

cations.

The molecular building block approach, i.e. the linking of
preorganized units, has proved efficient in the synthesis of
polyoxometalates with increasing complexity.1–6 Whereas the
structures of large polyoxomolybdates are mainly based on
{Mo7}, {Mo8} and {Mo17} units, those of polyoxotungstates
are mainly based on defect {XW11} and {XW9} Keggin
subunits but also may include defect {W5} Lindqvist subunits.1
While the defect anion {W5O18}62 has been characterized in
lanthanide7,8 and actinide9 complexes and in a palladium
complex,10 complexes of the related {Mo5O18}62 have not yet
been reported. However, a derivatized Lindqvist-type {Mo5}
unit, [Mo5O13(OMe)4(NO)]32, has been characterized,11 and its
coordination chemistry has been investigated. We report herein
the synthesis and characterization of [NBu4]4[Ag2{Mo5O13-
(OMe)4(NO)}2], the anion of which displays several unusual
features.

To the best of our knowledge, silver complexes of poly-
oxometalates have not been previously reported, with the
exception of the cyclic [As4W40O140]282 anion where each of
the four lacunary sites S2 may be occupied by AgI.12 The
compound [NBu4]4[Ag2{Mo5O13(OMe)4(NO)}2] 2 was ob-
tained by reacting [NBu4]2[Mo5O13(OMe)4(NO){Na(Me-
OH)}]·3MeOH 111 with AgNO3 in methanol.§ Compound 2
was characterized by elemental analysis, spectroscopic methods
(IR and UV–VIS)¶ and single-crystal X-ray structure analysis.∑
The structure of 2 consists of discrete centrosymmetrical
[Ag2{Mo5O13(OMe)4(NO)}2]42 anions (Fig. 1) and of tetra-
butylammonium cations. The silver complex [Ag2{Mo5O13(O-
Me)4(NO)}2]42 appears to be roughly similar to the palladium
complex [Pd2{W5O18}2]82.10 In both cases, each defect
polyoxoanion bridges between two cations in slightly distorted
square-planar environments. The Ag–O distances range from
2.342 to 2.477 Å (av. 2.381 Å) and the O–Ag–O angles range
from 76.1(2) to 102.0(2)°, the larger angles occurring between
two oxygen atoms of the same Mo5 unit. The silver atom is
displaced inside by 0.23 Å from the mean plane of its
surrounding oxygen atoms. Square-planar coordination is
precedented for AgI cations, e.g. in
[{(NH3)4Pt2(C5H5N2O2)2}2Ag]5+ where Ag+ is coordinated to
four oxygen atoms of 1-methyluracil ligands.13 The average
Ag–O distance of 2.381 Å in [Ag2{Mo5O13(OMe)4(NO)}2]42

is close to the average Ag–O distance of 2.39 Å in the Pt4Ag
complex. In contrast to [Pd2{W5O18}2]82 in which the
symmetry of the overall anion approaches D2h,10 the Ag···Ag
vector deviates by 40.5° from the normal to the mean
coordination planes of the silver cations. Another unexpected
feature of the molecular structure of [Ag2{Mo5O13(O-
Me)4(NO)}2]42 is the short distance between the two AgI

cations. Indeed the Ag···Ag distance of 2.873(2) Å in [Ag2-
{Mo5O13(OMe)4(NO)}2]42 is less than the Ag···Ag distance in
the metal, which suggests significant Ag···Ag bonding inter-

action. Closed-shell interactions in inorganic chemistry are well
documented, especially for AuI which has a strong tendency for
metallophilic attraction.14,15 Although the shortest AgI···AgI

contacts have been observed for ligand-supported metal pairs,
e.g. in [Ag2(PhNNNPh)2],16a [Ag2(ArNCHNAr)2] (Ar =
p-tolyl,16b o-methoxyphenyl16c), [Ag2(1,8-naphthyridine)2]-
[ClO4]2,16d and in [Ag3(1,8-diisocyano-p-menthane)2I3],16e at-
tractive Ag···Ag interactions do exist in the absence of any
bridging ligand.17 The bridging polyoxoanions most probably
play a role in the Ag···Ag separation; however, it is noteworthy
that the Ag···Ag distance is significantly shorter than the ligand
bite distance of ca. 3.15 Å. In contrast, the PdII···PdII distance in
[Pd2{W5O18}2]82 is longer (3.034 Å)10 than it would be
expected in case of a significant direct interaction.18 Altogether,
these features support the view that attractive AgI···AgI

interactions exist in [Ag2{Mo5O13(OMe)4(NO)}2]42.
The reason for the difference between [Ag2{Mo5O13(O-

Me)4(NO)}2]42 and [Pd2{W5O18}2]82 with respect to metal–
metal interaction is not straightforward. It should be pointed out
that there are some systematic differences between [Mo5O13(O-
Me)4(NO)]32 and [W5O18]62, according to the molecular
structures of their respective complexes.7b,8,10,11,19 In partic-
ular, the Mo–O distances involving the coordinated axial
oxygen atoms (Oa, av. 1.717 Å in 2) are comparable with those
to equatorial oxygen atoms [Oe, av. 1.698(7) Å in 2), while the
W–Oa distances {av. 1.805(5) Å in [Pd2{W5O18}2]82}10 are
significantly lengthened by comparison with W–Oe {av.
1.718(6) Å in [Pd2{W5O18}2]32}.10 In addition, the central
oxygen atom is much more displaced from the plane of the four
basal M atoms toward the apical M atom in the complexes of
[Mo5O13(OMe)4(NO)]32 (e.g. 0.41 Å in 2) than in those of
[W5O18]62 {e.g. 0.14 Å in [Pd2{W5O18}2]82}. Therefore the

Fig. 1 Molecular drawing of [Ag2{Mo5O13(OMe)4(NO)}2]42 in 2.21

Selected bond lengths (Å) and angles (°): Mo(1)–N(1) 1.746(9), N(1)–O(1)
1.22(1), Mo(2)–O(21) 1.720(7), Mo(2)–O(22) 1.698(6), Mo(3)–O(31)
1.716(6), Mo(3)–O(32) 1.704(7), Mo(4)–O(41) 1.717(7), Mo(4)–O(42)
1.700(7), Mo(5)–O(51) 1.717(7), Mo(5)–O(52) 1.692(7), Ag(1)–O(41)
2.342(8), Ag(1)–O(51) 2.346(7), Ag(1A)–O(21) 2.361(7), Ag(1A)–O(31)
2.477(7), Ag(1)–Ag(1A) 2.873(2); O(41)–Ag(1)–O(51) 82.3(3),
O(41)–Ag(1)–O(21A) 167.4(2), O(51)–Ag(1)–O(31A) 169.1(2),
O(21)–Ag(1A)–O(31) 76.1(2), O(41)–Ag(1)–Ag(1A) 121.4(2),
O(51)–Ag(1)–Ag(1A) 126.5(2), O(21A)–Ag(1)–Ag(1A) 65.6(2), O(31A)–
Ag(1)–Ag(1A) 62.8(2). The coordinates of the halves of the anion are related
via the transformation [xA, yA, zA] = [2x, 2y, 2z].
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comparison of [Ag2{Mo5O13(OMe)4(NO)}2]42 with
[Pd2{Mo5O13(OMe)4(NO)}2]22 should have been more appro-
priate. Unfortunately, our efforts to obtain the palladium
analogue of 2, i.e. [NBu4]2[Pd2{Mo5O13(OMe)4(NO)}2] by
reaction of 1 with either PdCl2 or Na2[PdCl4] have failed up to
now. Only nitrosyl reduced decamolybdates20 were obtained in
these reactions. The behaviour of [Mo5O13(OMe)4(NO)]32

towards other main-group cations has been investigated. Both
Ba2+ and Bi3+ form eight-coordinate complexes of the type
[M{Mo5O13(OMe)4(NO)}2]n2 (M = Ba, n = 4; M = Bi, n =
3). However, these complexes differ in the geometry of the
coordination polyhedron which is best described as an elon-
gated cube for Ba and a tetragonal antiprism for Bi.19
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the yellow precipitate of [NBu4]2[Mo6O19], purple crystals of [NBu4]4[Ag2-
{Mo5O13(OMe)4(NO)}2] 2 were obtained in 56% yield by keeping the
filtrate overnight at 230 °C.
¶ IR (KBr pellet, n/cm21): 1605 (NO), 924, 906, 885, 865, 698. UV–VIS
[MeOH, l/nm (e/dm3 mol21 cm21)]: 540 (148) {MoII(NO)}.
∑ Crystal data: 2: orthorhombic, space group Pbca, a = 18.439(2), b =
24.354(3), c = 24.739(3) Å, U = 11 109(3) Å3, Z = 4, Dc = 1.715 g cm23;
structure solution and refinement based on 5522 reflections with I > 3s(I)
[l(Mo-Ka) = 0.710 69 Å] converged at R = 0.043 and Rw = 0.047 (w =
1.0). CCDC 182/898.
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Müller, A. Dress and F. Vögtle, Vieweg, 1996: A. Müller and K.
Mainzer, p. 1; M. T. Pope, p. 137.

3 A. Müller, J. Mol. Struct., 1994, 325, 13; A. Müller, H. Reuter and S.
Dillinger, Angew. Chem., Int. Ed. Engl., 1995, 34, 2328.

4 A. Müller, E. Krickemeyer, S. Dillinger, J. Meyer, H. Bögge and A.
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Efficient photo-assisted Fenton catalysis mediated by Fe ions on Nafion
membranes active in the abatement of non-biodegradable azo-dye
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Highly dispersed Fe ions on Nafion membranes are shown to
decompose H2O2 with similar kinetics as found for homoge-
neous solutions containing Fe3+ ions during the photo-
assisted Fenton degradation of Orange II, avoiding the
drawbacks of the homogeneous treatment.

Membrane related research has attracted much attention in
recent years as a structured medium for a variety of chemical
reactions. Nafion perfluorinated membranes have been used
during the last decade in a variety of catalytic/electrocatalytical
integrated chemical reactions.1 Polymer membranes have also
been used for charge transfer in inorganic and biological
systems.2 Few studies of chemical transformations with CdS or
TiO2 loaded membranes using photochemical activation have
been reported until now.3–6 This study is concerned with the
degradation of non-biodegradable azo-dye Orange II by Fenton
photo-assisted reactions in Fe-free solutions. This dye does not
undergo bacterial degradation in a waste-water treatment plant
due to the aromatic and sulfo-aromatic group found the ring
structure. Azo dyes, which account for more than 22% of
industrial dye production, are commonly found in effluents of
the textile industry.7

Experiments were conducted with Nafion perfluorinated
cation transfer membrane (Dupont 117, 0.007 in, Aldrich
#7.467-4) containing hydrophilic sulfonate groups immobilized
on the fluorocarbon matrix. Exchange with FeCl3·6H2O (Fluka)
at room temperature was carried out for a few minutes after the
Nafion was immersed in HCl. After the ion exchange, the
membrane was washed with water followed by immersion in 1
m NaOH to convert Fe3+ to its hydrated form. The Fe-ion
content of the Nafion was found to be 1.78 mass% after
digestion in concentrated HNO3 (Teflon coated autoclave)
under high pressure and temperature. The solution obtained in
this way was subsequently diluted and the Fe content measured
by AAS (flame detector, Philips 20 M). Photolysis experiments
were carried out by means of a Hanau Suntest Lamp with
tunable light intensity equipped with an IR filter to remove IR
radiation. The short UV radiation (l @ 305 nm) was removed
by the Pyrex wall of the reaction vessels. Light irradiation
reached the Nafion/Fe membrane which was positioned im-
mediately behind the wall of the reaction vessel (60 ml volume
containing 40 ml solution) as the only light absorber in this two
phase system. The detection of Orange II in solution was carried
out via an HPLC (Varian 9065 Diode Array) provided with a
Phenomenex C-18 inverse phase column. The azo-dye peak was
detected at l = 486 nm with a retention time of 11.1 min. The
solution gradient during the analysis was regulated with a buffer
consisting of ammonium acetate and acetonitrile.

The disappearance of Orange II (pH 2.8) under light
irradiation on a Fe-loaded Nafion membrane by a Suntest lamp
was recorded as a function of time for different concentrations
of H2O2 in the solution. With increasing concentration of H2O2
the Orange II degradation kinetics was accelerated. At H2O2
concentrations > 0.8 mm, no further acceleration was observed.
This effect is due to the known scavenging effect when using
higher H2O2 concentration on the further generation of

hydroxyl radicals in solution.8 The concomitant total organic
carbon (TOC) decrease was observed to be modest changing
from 16 to 11 ppm C after 120 min. Within this time of the azo
dye was observed to completely disappear from the solution.
Concomitant CO2 evolution was checked by gas chromatog-
raphy (GC) confirming that mineralization of the dye proceeds
with a much slower kinetics than the Orange II disappearance.
This reveals the formation of longer lived intermediates in
solution. The decoloration shown in Fig. 1 reflects azo-bond
breakage in Orange II.9,10 During dye abatement where H2O2
(0.8 mm) is added, the solution pH was seen to increase from 2.8
to ≈ 3.2. This corresponds to about a fourfould increase in the
OH2 concentration in the solution and suggests reaction (1) as
the main pathway for 

Nafion/FeII + H2O2? Nafion/FeIII + ·OH + OH2 (1)

Orange II degradation rather than reaction (2).

Nafion/FeIII + H2O2? Nafion/FeII + HO2
· + H+ (2)

Three experimental observations substantiate further the mech-
anism suggested in eqn. (1): (a) methanol (0.26 m) precluded the
abatement of the azo dye due to its ·OH radical scavenging
properties, (b) spectrophotometric results showed that the initial
Nafion/FeIII membrane decolored substantially during the
photolysis due to the build-up of Nafion/FeII absorbing at much
lower wavelengths. Since the iron has been exchanged at room
temperature in aqueous solution the exchanged-hydrated Na-
fion/FeIII would involve the presence in the Nafion of the Fe-
species Fe(OH)2+ (e366nm = 275 dm3 mol21 cm21) and
Fe2(OH)2

4+ (e366nm = 1000 dm3 mol21 cm21).18 During the

Fig. 1 Nafion/Fe loaded induced degradation of Orange II as a function of
time followed by visible spectral observations at the Orange II peak of 486
nm up to the fifth cycle. The inset shows the Fe content in the solution after
26.6 days (1600 min). [Orange II] = 0.05 mm, pH = 2.8, H2O2 = 4.85 mm,
irradiation intensity = 50 mW cm22.
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dye decoloration (Fig. 1) the orange–brown color of Nafion/
FeIII gradually disappears due to the much lower absorption
from the charge transfer band of Fe(H2O)6

2+ observed below
l = 265 nm with e254nm = 20 dm3 mol21 cm21.19 Finally, (c)
the superoxide radical HO2

· (pKa = 4.8) photoproduced
according to eqn. (2) has a considerably lower one electron
standard reduction potential of E° = 0.75 V vs. NHE (HO2/
O2

·2) than the ·OH radical with E° = 1.90 V vs. NHE20 (·OH/
OH2) in eqn. (1). The fast oxidation of the Orange II cannot
possibly be explained in terms of this kinetically slower and less
energetic HO2

· radical [eqn. (2)].
Fig. 1 shows the repetitive nature of the Orange II

photodegradation in the presence of Nafion/Fe-loaded mem-
brane and H2O2. After ca. 25 cycles, the membrane was
regenerated by immersion in 1 m NaOH. The timing of this
regeneration was determined by two factors: (a) during use, the
initial orange–brown coloration with absorption up to l = 600
nm slowly changed to gray–yellowish with absorption reaching
only an upper limit of ca. 410 nm. This indicated that during the
photolysis the FeIII content in the Nafion membrane decreased
leading to the formation of colorless FeII since the total iron
content of the membrane was seen to remain constant (see
below). The Nafion without any Fe-loading absorbed only
below 300 nm; and (b) during the degradation cycles the
membrane become more active with time. A faster Orange II
degradation of ca. 40% was observed compared to the first
degradation run. Highly stable Nafion/FeII species are probably
responsible for the observed acceleration as the reaction
progresses.

The assessment of the oxidation state of Fe during the
reaction was carried out by XPS in a Leybold–Heraeus
instrument. Quantitative evaluation of the FeIII and FeII species
revealed 78% FeIII (Eb = 710.0 eV) and 22% FeIII/FeII

(Eb = 713.8 eV) at time zero. The former species appeared
mainly as Fe2O3 while the latter species consisted mainly of the
composite Fe3O4 oxide showing the peaks for the constituent
oxides. After reaction, the Nafion membrane showed 16% FeIII

and 84% FeIII/FeII oxidation states. The correction for electro-
static charging of the particles during the measurements was
carried out by a polynomial fit of the data with a Shirley-type
background subtraction. The XPS experimental result further
confirms the spectral change in the Fe-Nafion membrane
observed during the photocatalysis. The size of the Fe-clusters
on the Nafion was determined by TEM to be 37 ± 4 Å (Philips
20 M instrument). The particles were seen to be uniformly
deposited on the Nafion and the size distribution was narrowly
centered around the median value.

Membranes were regenerated after 500 h irradiation to attain
the same Orange II degradation kinetics as observed during the
initial cycle. The highly dispersed FeIII ions could be re-
generated in the Nafion. In solution the degradation of Orange
II proceeded according to eqn. (3).3,4

·OH + Orange II ? [Orange II–OH·] ? hydroxylated
azo-bond scission intermediates (3)

The inset in Fig. 1 shows the change in absorption of the
Nafion membranes with time. After 500 h irradiation a
substantial change in absorption of the Nafion/FeIII was seen. A
decrease in the absorption of Nafion/FeIII is observed along with
concomitant growth of the lower absorbing Nafion/FeII. This
change in absorption is consistent with the molar absorption
coefficients and the XPS evidence presented above. The optical
absorption of Nafion membranes is shown in the left hand side
of the inset. The formation of Q-sized FeIII/FeII clusters in the
Nafion upon irradiation has been confirmed by X-ray diffrac-
tion. The exchange procedure used to incorporate Fe ions in the
membrane is therefore also a method to produce discrete small
sized particles of iron oxides embedded in the polymer
structure.

Based on the experimental results a simplified scheme of the
reaction is presented (Scheme 1). Scheme 1 shows the

photocatalytic degradation of Orange II in acidic solutions due
to the photoproduction of oxidative radicals in solution and the
build up of Nafion/FeIIIFeII species during the degradation
process.

The redox processes involving H2O2 decomposition induce
Orange II hydroxylation. Less than 60 min pretreatment were
necessary to reach a BOD5 value of ca. 100 mg O2 121. This is
indicative for the presence of biodegradable intermediates in
solution since no biodegradation was observed for Orange II in
the absence of pretreatment. Azo bonds have been reported not
to be susceptible to biological degradation.13

In conclusion, we have presented the first evidence for a
Fenton-like reaction in a Fe-free solution using Orange II as a
model compound. Fig. 1 shows a kinetically significant rate of
azo dye disappearance in solution. A similar rate is observed in
homogeneous Fe ion–H2O2 solutions containing ≈ 100 times
higher concentration of Fe3+. This work demonstrates the
possibility of degradation of otherwise recalcitrant azo com-
pounds removing the need to dispose of Fe ions after reaction to
meet EU directives.12

This work was supported by the European Community
Environmental program ENV-CT95-0064, OFES No. 96.350,
Bern) and the INTAS cooperation program with Russia
(94-0642).
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Dynamic anion recognition by macrocyclic polyamines in
neutral pH aqueous solution: development from static anion
complexes to an enolate complex

Eiichi Kimura*† and Tohru Koike

Department of Medicinal Chemistry, School of Medicine, Hiroshima University, Kasumi, Minami-ku,
Hiroshima, 734-8551, Japan

Multiprotonated macrocyclic polyamines are useful host
molecules for anion guests at neutral pH in aqueous solution.
An intramolecular uracil anion complex with a diprotonated
macrocyclic tetraamine recently provided a unique example
of electrostatic stabilization of the uracil N1 anion at neutral
pH, which may be relevant to the facile glycosylation and
deglycosylation of uracil at N1 in DNA. Macrocyclic
polyamine complexes with Zn2+ possess strong anion
affinities and hence can deprotonate weak acids at neutral
pH to bind with the resulting conjugate bases: e.g. H2O ?
HO2, ROH ? RO2, ArSO2NH2? ArSO2NH2, RCONHRA
? RCON2RA, RCONHCORA ? RCON2CORA. The Zn2+–
conjugate base complexes act as catalytic nucleophiles (i.e.
HO2–Zn2+, RO2–Zn2+), fluorescence sensors (ArSO2NH2–
Zn2+), and thymine or barbital recognition hosts, which are
often found in zinc–enzyme functions. Enolate anion com-
plex formation has recently been observed in intramolecular
interaction of carbonyl oxygen with Zn2+.

1 Anion complexes with multiprotonated macrocyclic
polyamines

Macrocyclic polyamines have long been demonstrated to be
good host molecules for polyanions (e.g. di- and tri-carboxy-
lates, phosphates, carbonates) and form stable 1 : 1 complexes at
neutral pH in aqueous solution, where macrocyclic polyamines
are multiprotonated and highly charged.1–10 For instance, the
hexaazamacrocyclic polyamine [18]aneN6 1 which has pKa
values of 10.2, 9.2, 8.7, 4.1, < 2, and < 2, is mostly present in
the [18]aneN6·3H+ form 2 at pH ca. 7, which binds with
citrate32 (log K = 2.4), AMP22 (log K = 3.3), or ATP42 (log
K = 6.4) in 1 : 1 anion complexes 3 (Scheme 1).2,5 Electrostatic
and hydrogen bonding interactions account for the fairly strong
complexation.

Enolization of carbonyl compounds is crucial in a wide
variety of key reactions in biochemical transformations;
enzymes include aldolase, racemase and isomerase. Of special
interest is how weak bases of enzymes (e.g. imidazole,
aspartate or glutamate), with pKa values < 7, can effectively
abstract a proton from carbonyl substrates having much higher
pKa values and there must be some mechanism which lowers
pKa values of the methylene protons adjacent to a carbonyl

group.11 Uracil–DNA glycosylase (UDGase), which disrupts
the N(1)–C(1A) bond (see 4) at neutral pH, is an example of one

of these enzymes.12,13 The amide carbonyl group C2NO must be
activated (probably by hydrogen bonding with protonated
His210), so as to lower the electron density of the uracil group to
allow a concerted nucleophilic attack by a water molecule
(activated by Asp88) on the C1A atom. Concerning this
mechanism, chemical questions arise: how much is the product
uracil anion stabilized by the protonated imidazole or how is
uracil N1H selectively deprotonated for activation in the reverse
reaction to form the glycosyl bond at neutral pH. These
questions are translated into whether the uracil N1H (pKa ca.
9.5) can be rendered more acidic.

In order to address such basic chemical questions, we
synthesized a diprotonated cyclen-attached uracil 5.14 It is
remarkable to find that the uracil N1H group of 5 (Scheme 2) is

readily deprotonated to the anionic species 6 in aqueous
solution [pKa = 7.14 at 25 °C (I = 0.1)]. The lowered pKa by
more than two units is due to an electrostatic stabilization of the
conjugate base (N1)2 anion by the diprotonated cycle at
physiological pH. Furthermore, the negative charge is highly
localized at N1 (82% according to UV and NMR studies), under
the strong influence of cyclen NH+. At higher pH where the two
protons are removed from the cyclen, the negative charge at N1

becomes delocalized and the (N3)2 anionic tautomer becomes
more predominant (18% at pH ? 63% at pH 12.5).

Scheme 1

Scheme 2
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This simple model may illustrate how easily the uracil N1H
can be deprotonated so as to be a good leaving group in
deglycosylation and also to be a good nucleophile for
glycosylation at neutral pH. The uracil N1 site should be
especially subject to the electrostatic effect by protonic acids.
Thus, uracil may be appropriately chosen for the DNA repair
mechanism.

2 Dynamic anion complexes by interaction of macrocyclic
polyamine–zinc(ii) complexes with water and alcohols

When a strong Lewis acid such as a divalent metal ion replaces
protons in macrocyclic polyamine cavities, more acidic macro-
cyclic molecules are obtained. This is particularly true for Zn2+,
which along with Cu2+ is one of the strongest Lewis acids, and
is characteristically non-directional (no ligand field effect)
owing to its d10 electronic state (cf. the directional d9 Cu2+

ion15–19) and Zn2+ can be regarded as a condensed multiproton
site. The Zn2+ ion complexes in four-, five- or six-coordinate
structures. Taking full advantage of the properties of Zn2+ and
rigid macrocyclic configurations, one can design appropriate
zinc(ii) complexes as host molecules for anions. In this
connection, it should be noted that halogen ions X2 or inorganic
hydrogen phosphate HOPO3

22 bind to Zn2+ at active centers of
zinc enzymes to inhibit the enzymatic activities and that zinc
enzymes are active towards anionic substrates (e.g. HOCO2

2

for carbonic anhydrase, ROPO3
22 for alkaline phosphatase) or

neutral molecules (with weak acidity) that are developed into
anionic reaction intermediates or transition states [e.g. amides
for carboxypeptidase, CO2 (or H2CO3) for carbonic anhy-
drase].20 Thus, zinc(ii) macrocyclic polyamine complexes can
be static as well as dynamic receptor molecules for anions,
showing more versatile behavior than mere protonated macro-
cyclic polyamines or other conventional organic anion re-
ceptors.21–23

The most revealing example is ready deprotonation of water
bound to Zn2+ in macrocyclic polyamines (7aÙ 7b + H+ and 8a
Ù 8b + H+), as reflected in the pKa values (7.3 and 7.9,

respectively).24,25 Alternatively, one can view the HO2 anion
binding to Zn2+, which is measured in terms of the anion affinity
constant K (106.7 and 106.1 dm3 mol21, respectively). Although
HO2–Zn2+ bonds are fairly strong they are characteristically
labile. In line with their pKa values, HO2–Zn2+ complexes are
appreciably and rapidly generated at physiological pH, which
then act as nucleophiles toward carboxyesters, b-lactam and
phosphoesters for catalytic hydrolyses.24–27 When appended
with a hexadecyl group (see 9), the HO2 anion complex is
generated as readily (pKa = 7.6 for 9a Ù 9b + H+) and the
resulting anion can migrate into Triton X-100 micelles,
whereby the Zn2+-bound OH2 becomes more desolvated and its
nucleophilicity towards lipophilic esters such as tris(4-ni-
trophenyl) phosphate is 290 times stronger than HO2–Zn2+ of
8b.28

It is of interest to point out that the anion affinity of Zn2+ is
of central importance in the active center of zinc enzymes such
as carbonic anhydrase (CA).17 In the forward (CO2 hydration)
and reverse (HOCO2

2 dehydration) reactions, two anionic
reactants OH2 (a good nucleophile toward CO2) and HOCO2

2

(a substrate) always compete for Zn2+. The successful binding
to Zn2+ depends on the pH of the medium (i.e. concentration of
OH2) and HOCO2

2. This equilibrium then determines the

direction of the enzyme reaction: at higher pH hydration of CO2
and at lower pH dehydration of HOCO2

2 predominate. The
12-membered macrocyclic triamine ([12]aneN3) zinc(ii) com-
plex 7a (pKa = 7.3 at 25 °C) has for the first time mimicked
such pH-dependent CA behavior of CO2 hydration and
HOCO2

2 dehydration at physiological pH.29

The Zn2+-bound OH2 anion can also behave as a catalytic
base. When propan-2-ol was heated with catalytic amounts of
7b in dimethylformamide in the presence of 4-nitrobenzal-
dehyde or N-methyl nicotinamide, hydride transfer occurred
from propan-2-ol to 4-nitrobenzaldehyde (yielding 4-nitro-
benzyl alcohol) or N-methyl nicotinamide (yielding 1,4-dihy-
dronicotinamide).30 The reaction mechanism (Scheme 3) was

established by using (CH3)2CDOH. An essential step is
generation of an alkoxide at the acidic Zn2+ center (10), which
still leaves the fifth coordination site open for the other reactants
coordinating through carbonyl oxygen to permit hydride
transfer in the aldehyde-bound complex 11. This system is a
good model for Zn2+-containing alcohol dehydrogenase.

With an alcohol-pendant zinc(ii)–cyclen complex 12, depro-
tonation occurs with a pKa value of 7.7 in aqueous solution
(Scheme 4).31 Available evidence supports the HO2–Zn2+

structure 13 rather than Zn2+–alkoxide complex 14. In terms of
reactivity, the pendant alcohol in 13 is more nucleophilic than a
reference Zn2+-bound OH2 complex 8b. The product from the
reaction of 13 (at pH > 8) with 4-nitrophenyl acetate was
exclusively an acetyl-transferred complex 15a. The pendant
acetate in 15a immediately undergoes hydrolysis by the
proximate Zn2+-bound HO2 in 15b which is immediately
generated (pKa = 7.6). Another alcohol–pendant Zn2+ complex
16 is at equilibrium with its monodeprotonated complex 17 in
neutral aqueous solution with a pKa value of 7.5 (Scheme 5).32

In this case, the alkoxide-bound complex 17 rather than an

Scheme 3

Scheme 4
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equivalent 13-type complex is predominant in alkaline solution.
The alkoxide anion complex was isolated and its X-ray crystal
structure was determined. The Zn2+-bound alkoxide ion in 17 is
again a better nucleophile than HO2–[zinc(ii)–cyclen] 8b. The
alkoxide complex 17 reacted with a phosphodiester to yield an
isolable ‘phosphate-transfer’ product 18, which is then subject
to intramolecular attack by an immediately generated Zn2+-
bound OH2 in 19. The reactions led eventually to a very stable
Zn2+-bound phosphomonoester anion complex 20. Here, we see
the appearance of various anions each having different dynamic
behaviour in neutral aqueous solution during the reaction
processes.

A dinuclear zinc(ii) cryptate 21 is a potential receptor of
phosphomonoester dianions such as 4-nitrophenyl phosphate
(NP22), although the two Zn2+ ions (separated at a distance of
3.42 Å) in the cryptate appear coordinatively saturated in a rigid
five-coordinate configuration.33 However NP22 can transiently
bind to 21 at pH ca. 6 in aqueous solution to give 22 and
cleavage of the P–O ester bond by nucleophilic attack of one of
the apically coordinated NH groups yields the phosphoramide
product 23 (Scheme 6). The driving force for the recognition by
the two Zn2+ centres in 22 arises from formation of the stable
zinc(ii)–phosphate O2 bonds in 23.

3 Application of anion complexes for recognition of Zn2+

and weakly acidic neutral molecules

Just like H2O and alcohols, other weak acids, e.g. aromatic
sulfonamides (pKa ca. 10) are deprotonated at physiological pH
by macrocyclic polyamine zinc(ii) complexes. The recognition

of the deprotonated sulfonamide anion by Zn2+ in 24 is a good
chemical model designed to explain the inhibition of carbonic
anhydrase by aromatic sulfonamides.34 Attachment of a
dansylamide pendant to cyclen 25 has led to a very sensitive and
selective fluorescent probe for Zn2+ at neutral pH in aqueous
solution (owing to formation of 26).35 The Zn2+-dependent
fluorescence with 5 mm 25 (at pH 7.3) is quantitatively
responsive to 0.01–5 mm concentrations of Zn2+, and is
unaffected by the presence of mm concentrations of biologically
important metal ions such as Na+, K+, Ca2+ and Mg2+. The zinc
fluorophore 25 forms a far more stable 1 : 1 Zn2+ complex (Kd =
6 3 10213 mol dm23 at pH 7.8) than any previously prepared
zinc fluorophore36 and can be regarded as a new prototype of
zinc fluorophore.

The zinc(ii)–cyclen complex 8a can act as a good anion
receptor for imide-containing weakly acidic molecules at
neutral pH in aqueous solution. Typical guests are thymidine (or

Scheme 5

Scheme 6
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uridine) and barbiturates, which are deprotonated and form 1 : 1
complexes 27a37 and 2838 upon interaction with 8a. Complexes
27a and 28 result from Zn2+ deprotonating the imide protons

and the resulting Zn2+–N2 (imide) bond is reinforced by the two
complementary hydrogen bonds between the two imide oxygen
atoms and two NH groups of cyclen; Kd values (at 25 °C) are 8
3 1024 mol dm23 for 27a at pH 7.4 and 6 3 1025 mol dm23

for 28 at pH 8. The X-ray crystal structure of the AZT2–
[zinc(ii)–cyclen] complex 27b reinforces the stability of these
complexes. The major stabilization comes from the Zn2+–
N2(imide) bonding with the two hydrogen bonds providing a
supplementary contribution. The zinc(ii)–acridinylmethylcy-
clen complex binds 50 times more strongly with thymine, owing
to an additional p–p stacking interaction (see 29).39 It is
remarkable that zinc(ii)–cyclen complexes preferentially recog-
nize neutral thymine or uracil bases over biological anions such
as phosphate monoanions in DNA or RNA.

In the light of the fact that zinc(ii)–cyclen yielded only the
1 : 1 complex 28 with barbital, although barbital potentially has
two imide donor sites, a bis[zinc(ii)–cyclen] connected with a
p-xylene bridge 30 was synthesized to match the dianionic
barbital anion.40 A number of host molecules (e.g. 3141) have
been synthesized for barbiturates; however, such barbiturate–
host complexes are stable only in non-aqueous environments
(e.g. Kd = 1022–1026 in CDCl3 for 31): and they dissociate
immediately in aqueous solution. Potentiometric pH titration of
30 and barbital (both at 1 mm) led to extremely facile
deprotonation of the two imide groups at pH < 7, leading to the
formation of the 1 : 1 complex barbital22–bis[zinc(ii)–cyclen]
32.40 From an aqueous solution of an equimolar mixture of 30
and barbital at pH 8, a cyclic 2 : 2 complex 33 was isolated and
characterized by X-ray crystal analysis. An NMR study of
isolated 33 in 10% (v/v) D2O–H2O revealed the dissociation of
33 into the original target 1 : 1 complex 32, establishing a
dimerization constant K of 103.4 dm3 mol21 for 32 + 32Ù 33.
Thus, 30 was established to be an excellent host for barbital at
neutral pH in aqueous solution.

The acridine-pendant complex, zinc(ii)–acridinylmethylcy-
clen (cf. thymidine complex 29) also acts as a selective host
molecule for terephthalic acid by supramolecular self-assem-
bly.42 In neutral pH aqueous solution, zinc(ii)–acri-
dinylmethylcyclen yields a 1 : 1 complex with terephthalate
with dissociation constant Kd = 1022.3 mol dm23 at 25 °C.
Despite its relatively weak affinity, crystalline 34 [a ternary
complex of one terephthalate and two zinc(ii)–acridinyl-
methylcyclen molecules] precipitated almost quantitatively
when zinc(ii)–acridinylmethylcyclen (10 mm) was mixed with
terephthalic acid (5 mm) in an aqueous solution containing
excess ClO4 at pH 8.4. It was found that zinc(ii)–acridinyl-
methylcyclen selectively separates terephthalate as insoluble

crystals of the 2 : 1 complex 34 from a mixture with its isomers
(o- and m-phthalate). This is a consequence of the fact that 34 in
the solid state is additionally stabilized by self-assembly in a
highly ordered aggregate with p–p stacking (schematic rep-
resentation 35), as revealed by X-ray crystal analysis. Metal
complexes with aromatic pendants like zinc(ii)–acridinyl-
methylcyclen would be useful for the molecular recognition of
other anionic molecules in aqueous media.

The recognition of thymine (or uracil) by zinc(ii)–cyclens has
been extended to a single-stranded polynucleotide poly(U) and
double-stranded poly(U)–poly(A).43–46 The affinity constant of
zinc(ii)–cyclen 8a for each N3-deprotonated uracil base in
poly(U) is K = 105.1 dm3 mol21 at 25 °C, which is almost the
same (105.2 dm3 mol21) for the interaction of zinc(ii)–cyclen
and N3-deprotonated uridine. This fact imples that zinc(ii)–
cyclen shows a negligible interaction with the monoanionic
phosphodiester backbone of poly(U). Moreover, zinc(ii)–cyclen
disrupts U–A hydrogen bonds to unzip the duplex of poly(U)–
poly(A) (see 36), as demonstrated by the decreasing melting
temperatures (Tm) of poly(U)–poly(A) in aqueous solution at
pH 7.6 (5 mm Tris-HCl, 10 mm NaCl) with an increase in the
concentration of zinc(ii)–cyclen. A bidentate host molecule,
bis[zinc(ii)–cyclen] 30, is a more potent zipper of the poly(U)–
poly(A) double strand. Very recently, we have determined an
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extremely strong interaction of bis[zinc(ii)–cyclen] with thymi-
dinylthymidine (TpT) in aqueous solution at pH 7.4 to yield a
much more stable complex 37 cf. T2–[zinc(ii)–cyclen] 27a.47

The dissociation constant Kd of 1026 mol dm23 for 37 is almost

103 times smaller than that for 27a (Kd = 8 3 1024 mol dm23).
This fact, along with the widened T–T plane distance (ca. 10 Å)
determined by molecular mechanics calculation (MM2) well
accounts for the more effective disruption of the poly(U)–
poly(A) double strand by 30. Thus, 30 can act as a useful TpT
sequence-selective ligand in biochemical applications.

In section 1, it was stated that uracil N1H is two orders of
magnitude more acidic when proximate to a diprotonated
macrocyclic tetraamine (see 5 and 6). When Zn2+ is used in
place of the two protons in 5, the acidic Zn2+ in the cyclen exerts
an even stronger effect on the deprotonation of the uracil N1H
to below pH 5.14 The resulting zinc(ii) complex 38 contains a
very stable Zn2+–(N1)2 coordination bond.

Finally, the acidic Zn2+ centre in the substituted cyclen ligand
1-(4-bromophenacyl)-1,4,7,10-tetraazacyclododecane 39 has
recently been found to deprotonate a methylene hydrogen
adjacent to the carbonyl group to yield an enolate complex 40 in
aqueous solution (Scheme 7), which is in equilibrium with an

equivalent OH2-bound complex 41 (ratio of 40 : 41 =
24 : 76).48 Surprisingly, its pKa value is as low as 8.3 at 25 °C (I
= 0.1, NaNO3), which is probably the first successful
identification of enolate formation in aqueous solution. It is of
interest to note that type II aldolase is a zinc enzyme, which also
forms an enolate-bound zinc(ii) complex (see 42).20

4 Conclusions

This article illustrates that macrocyclic polyamines either in
multiprotonated forms or in zinc(ii) complexes act as static
anion receptors in aqueous solution. The macrocyclic 12-mem-
bered N3– or N4–Zn2+ complexes can, moreover, recognize
netural molecules having weak acid protons to yield stable

Scheme 7
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anion complexes. These anion complexes possess dynamic
functions as exemplified by HO2–Zn2+ and RO2–Zn2+ acting
as strong nucleophiles for catalytic hydrolysis of esters or as
bases for thymine recognition. This basic principle has been
further developed to hydride transfer reactions from Zn2+-
bound alkoxides, a Zn2+ sensor, DNA base recognition, or
stabilization of unusual anions such as enolate in aqueous
solution.
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Exchanged ligands on the surface of a giant cluster:
[(MoO3)176(H2O)63(CH3OH)17Hn](322 n)2

Achim Müller,*† Michael Koop, Hartmut Bögge, Marc Schmidtmann and Christian Beugholt

Fakultät für Chemie der Universität, D-33501 Bielefeld, Germany

The synthesis of 1a·(32 2 n)Na+·ca. 600 H2O·ca. 30 CH3OH
1 containing the ring-shaped, mixed-valence (MoV/MoVI)
cluster [(MoO3)176(H2O)63(CH3OH)17Hn](322 n)2 1a as a
discrete unit in the crystal lattice is reported, which for the
first time yields a compound of this type via a facile synthetic
method and without amorphous reaction products; re-
markably, H2O ligands can be replaced by CH3OH on the
surface of a giant metal-oxide based cluster which has a
nanometer sized cavity and, in contrast to zeolites, reducing
properties.

Early reports on the giant reduced ring-shaped, metal-oxide
cluster [Mo154(NO)14O420(µ3-O)28(Hm)14(H2O)70](422 n)2 21,2

and more recently on the even larger analogue [(MoO3)176-
(H2O)80Hn](322 n)2 33 (a reduced, protonated giant molecular
molybdenum oxide with H2O ligands), have shown the
difficulties associated with the synthesis, isolation, identifica-
tion and characterization of such systems, especially of the m
and n values which correspond to the different protonations; see
below.1–4 Here we report a facile synthetic method for the pure
crystalline blue mixed-valence compound (type III according to
the Robin–Day classification)5 1a·(32 2 n)Na+·ca. 600 H2O·ca.
30 CH3OH 1 containing the discrete cluster [(MoO3)176-
(H2O)63(CH3OH)17Hn](322 n)2 1a with CH3OH ligands.‡ In
contrast, all previously reported compounds of this type were
obtained only under less lucid reaction conditions and not
completely in crystalline form.

1 was simply prepared by addition of a methanolic solution of
MoCl5 to an acidified solution of molybdate§ and characterized
by elemental analysis, single crystal X-ray structure analysis¶
[including bond valence sum (BVS) calculations for determina-
tion of the positions of the H atoms and the (formal) number of
MoV centres], vibrational as well as VIS–NIR spectra, and
redox titrations for the (additional) determination of the
(formal) number of MoV centres.

The single crystal X-ray structure analysis¶ of compound 1
shows eight ring-shaped clusters in the unit cell, the (large)
volume of which is comparable to that of protein structures
(Fig. 1). The rings are packed only approximately parallel to the

a,b plane, whereby they are tilted slightly relative to one another
along the a and b axes. The cluster 1a (Fig. 2) consists of sixteen
sets of the three characteristic building blocks2,6 {Mo2}, {Mo8}
and {Mo1} corresponding to the formula of the hexadeca-
meric cluster [{Mo2}{Mo8}{Mo1}]16 (·[{MoVI

2O5(H2O)2}-
{MoVI/V

8O26(µ3-O)2(Hm)L3MoVI/V}]16 with L = H2O, CH3OH
and m = 0, 1 or 2 corresponding to the overall charge related to
n = 0, 16 or 32).‡ The positions of the CH3OH ligands in 1a can
be best described by referring to the sixteen characteristic
Mo6O6 rings which are formed by two adjacent {Mo8}-type
units and one {Mo2} group. In every such Mo6O6 ring but three,
a CH3OH ligand is found coordinated to one or two Mo centres,
respectively (for details see Fig. 2; referring to the packing in
the crystal structure, the CH3OH ligands are located at regions
in the direct neighbourhood of adjacent rings).

Whereas 1a is a mixed-valence cluster with an S = 0 spin
ground state but no metal–metal bonds, the (rather) large
diamagnetic mixed-valence {Mo43}-type cluster7

[H13Mo43O112{(OCH2)3CCH3}7]92 contains ‘dumb-bells’ or
pairs of covalently bonded MoV centres. On the other hand, in
the largest reported polyoxotungstate [Ln16As12W148-
O524(H2O)36]762 all the W centres exist in completely oxidized
WVI form.8

The fast formation of cluster 1a as well as the subsequent
crystallization of compound 1, free from amorphous precip-
itates, is facilitated not only by the use of aqueous methanol as
solvent (with lower solubility than in water, as was used in
previous preparation methods) but also by the addition of a
solution containing MoV centres which become direct con-
stituents of the reaction product 1. In this context it should be
mentioned that generations of chemists have tried to isolate
crystals from molybdenum-blue solutions without success.9,10

Another important result of the present study is that it is in
principle possible to substitute ligands on the reducing surface
of a giant metal-oxide based cluster with the possible con-
sequence of influencing the activation of the ligands.

We thank F. Peters for his assistance. The financial support of
the Deutsche Forschungsgemeinschaft and the Fonds der
Chemischen Industrie is gratefully acknowledged.
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‡ The cluster charge 32 2 n corresponds to the difference between the
(formal) number of MoV centres (32 according to redox titrations and Mo-
BVS values) and the number of protonations at the 32 µ3-O atoms having
BVS values of 1.20 ± 0.05. As these are practically constant in ca. 20 related
structures in the corresponding (µ3-O)2O2 tetrahedra (see Fig. 2) we have an
identical situation in all compounds which have either two, one or no
protons in each such tetrahedron corresponding to n = 32, 16 or 0; but n =
28, 14 or 0 in tetradecameric species like 2. The determination of the exact
formula and the charge of the large investigated protonated mixed-valence
cluster by single-crystal X-ray structure analysis therefore presents an
almost invincible problem, in particular as charged lattice components like
Na+ located in cavities and channels and large amounts of crystal water
molecules or solvent molecules cannot be clearly localized due to disorder
phenomena. The analytical data, however, also have only limited accuracy
because the concentration of the mentioned charged lattice components is
very small (but not the number of ions in the formula unit!) and because the

Fig. 1 Unit cell of 1 viewed along the a axis showing the packing of the
rings. For the sake of clarity only the equatorial {Mo1}-type atoms are
shown (rings at the rear of the unit cell: grey).
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large content of solvent molecules in the structure varies due to pronounced
weathering. In any event, we consider an n value of 16 for the
hexadecameric clusters 1a and 3 (n = 14 for tetradecameric species) to be
most suitable according to the sodium analysis together with the (only)
possible n values.
§ A solution of MoCl5 (0.5g; 1.83 mmol in 13.2 ml dry CH3OH) was added
dropwise to a stirred aqueous solution of Na2MoO4·2H2O (2.01 g; 8.3 mmol
in 18.5 ml H2O) acidified with 1.0 ml 25% hydrochloric acid. The resulting
blue solution was subsequently adjusted with 10% hydrochloric acid to pH
1.4 and stored under exclusion of air. Blue tetragonal-prismatic crystals
which precipitated from the filtrate within 4 days were filtered and dried
quickly in an argon stream. Yield: 0.64 g, 31.6% based on MoCl5 used.
Found: Na, 1.00; C, 1.51; H, 3.85 (Cl, 0.2). Calc.: Na, 0.94 (for 16 Na); C,
1.44; H, 3.94%. Subtraction of the estimated volume of the structurally
localized atoms (using increments) from the total volume of the unit cell
shows that a maximum of ca. 600 crystal water molecules can in principle
be present per formula unit. 1, however, loses a large amount of solvent
molecules (about 60%) due to extremely strong and rapid weathering even
at room temperature within 2 h. The analytical data which could therefore
only be obtained for the partly weathered compound are corrected for this
effect (based on time-dependent TG measurements), so that they can be
compared to the calculated values which refer to the compound with the
maximum crystal water content. IR n/cm21 (KBr pellet prepared under
argon, 1700–400 cm21): 970m, 910wm [n(MoNO)], 820sh, 747s, 669sh,
634s, 559s. Resonance-Raman n/cm21 (KBr matrix, le = 1064 nm): 804s,
536m, 465m, 325m, 217m. UV–VIS lmax/nm (methanol): 743 (IVCT),
1072 (IVCT).
¶ Crystal data for 1: C47H1530Mo176Na16O1238, M = 39 166.5 g mol21,
tetragonal, space group P4̄21c, a = 78.508(5), c = 42.050(3) Å, U =
259 180(30) Å3, Z = 8, Dc = 2.008 g cm23, µ = 1.76 mm21, F(000) =
154 270, crystal size = 0.35 3 0.35 3 0.35 mm3. Crystals of 1 were
removed from the mother liquor and immediately cooled to 198(2) K on a

Bruker AXS SMART diffractometer (Mo-Ka, graphite monochromator). A
total of 861 055 reflections (1.70 < q < 22.49°) were collected of which
168 666 unique reflections (Rint = 0.1277) were used. The structure was
solved using the program SHELXS-97 and refined using the program
SHELXL-97 to R = 0.0951 for 111 621 reflections with I > 2s(I). CCDC
182/911.
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Fig. 2 Polyhedral representations of the structure of 1a in two perspectives. (a) Top view, including an additional enlarged segment in ball-and-stick
representation depicting the {Mo8}-type units and {Mo2} groups forming the Mo6O6 rings (see arrow) on the upper half of the cluster structure, showing the
typical positions of the CH3OH ligands with respect to the {Mo8} units, as well as the twelve–membered rings. (b) Side view including an enlarged segment
in ball-and-stick representation showing one of the sixteen (µ3-O)2O2 tetrahedra (highlighted by black lines) between two incomplete double-cubane-type
fragments formed by five Mo and the related six O atoms of the {Mo8} and {Mo1} units, whereby the two µ3-O atoms, highly accessible for protonation,
are coordinated to (partly reduced) Mo centres. ({Mo8} units: blue with the central pentagonal bipyramids (light blue) and the MoO6 octahedra (green) at
the right and left sides of these as (possible) coordination sites for the CH3OH ligands; {Mo2} units: red; {Mo1} units: yellow; C atoms of CH3OH ligands:
grey; O atoms forming the (µ3-O)2O2 tetrahedron in the enlarged segment of (b): red connected by black lines).
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Chemically amplified photolithography of a conjugated polymer

Jianfei Yu, Michael Abley, Cheng Yang and Steven Holdcroft*†

Department of Chemistry, Simon Fraser University, Burnaby, BC, Canada V5A 1S6

The solid state photocatalytic reaction between trifluoro-
methanesulfonic acid and poly{3-[2-(tetrahydropyran-
2-yloxy)ethyl]thiophene} is employed to fabricate polymeric
patterns of conjugated polymer.

Microelectronic technologies routinely image polymer films
using photolithography. Similar techniques have been em-
ployed to deposit conjugated polymers because of their
attractive microelectronic and optoelectronic properties.1 Here
we describe a strategy which enhances the photoreactivity of
conjugated polymers and facilitates their photolithography. The
concept uses chemical amplification which was first demon-
strated in photolithography with polystyrene based polymers.2
The first example of chemical amplification in the photo-
lithography of a conjugated polymer is demonstrated below
(Scheme 1) for a polythiophene derivative possessing pendant
THP functionality in the presence of a photoacid generator
(PAG).

Poly{3-[2-(tetrahydropyran-2-yloxy)ethyl]thiophene}
(PTHPET) was synthesized by the following procedure.
2-(3-Thienyl)ethanol was brominated selectively with 1 equiv.
of NBS in DMF, and was protected by reacting with 5 equiv. of
dihydropyran to afford 2-bromo-3-[2-(tetrahydropyran-2-
yloxy)ethyl]thiophene.3 The regioregular polymer PTHPET
was prepared by cross-coupling of the corresponding
5-Grignard reagent.4 The polymer was precipitated and purified
from MeOH. The structure of the polymer was confirmed by
NMR spectroscopy: resonance peaks in the 1H NMR spectra
centered at 7.12, 4.56 and 3.09 ppm were assigned to the thienyl
ring, the methine of the THP moiety, and the a-methylene,
respectively.3a Eleven resonance peaks were observed in the
13C NMR spectra. Four peaks at 129.5, 132.0, 133.7 and 136.5
ppm were assigned to thienyl ring carbons.4 The observed peaks
at 98.8, 19.5, 25.6, 30.7 and 62.1 ppm are characteristic of the
THP group.5 Peaks at 30.0 and 67.1 ppm were assigned to a-
and b-methylene carbons, respectively. The regioregularity of
the polymer is evidenced by the fact that only four aromatic
carbon signals and only one a-methylene carbon signal were
observed. Molecular weight and molecular weight distribution
were measured by GPC in THF solution and calibrated against
poly(3-hexylthiophene) standards:6 Mw = 1.15 3 104, Mw/Mn
= 1.73. The photoacid generator, N-(trifluoromethylsulfonyl-
oxy)-1,8-naphthalimide, was a gift from the IBM Research
Division, San Jose, CA.

PTHPET is thermally stable up to ~ 220 °C whereupon a
30% weight loss was observed between 220 and 275 °C by
TGA. The weight loss is consistent with the deprotection
scheme shown in Scheme 1 in the absence of a catalytic proton.
When mixed with trifluoromethanesulfonic (triflic) acid (5
mol% based on the thienyl unit), films of PTHPET are
chemically stable at room temperature. However, upon heating,
the deprotection temperature for the polymer was lowered to
120 °C. Furthermore, deprotection is complete indicating that
the reaction is catalyzed by the presence of acid.

Upon thermolysis of PTHPET in the presence of triflic acid,
FTIR showed the emergence of a broad signal at ~ 3400 cm21

due to –OH. This occurred concomittently with the deprotection
temperatures determined by TGA. There was also a significant
decrease in the signals due to the THP group. Cleavage of THP
from PTHPET gave rise to dramatic changes in the absorption
spectra. PTHPET alone yielded classical reversible thermochro-
mism between 20 and 210 °C (Fig. 1) but in the presence of 5
mol% triflic acid, lmax dramatically increased at 130 °C upon
heating. The red-shift is explained by the sudden release of
steric hindrance caused upon elimination of the bulky THP
group. The absorption spectra and lmax became independent of
temperature upon further heating or subsequent cooling cycles
which is consistent with the increase in compactness associated
with the shorter side-chain polymer and/or the existence of
strong hydrogen bonding between ethanolic side-chains.

PTHPET is completely soluble in common organic solvents,
whereas the resultant polymer following cleavage is not. This is
the result of a significant change in the length and polarity of the
side-chain. This observation, in conjunction with the acid-
catalyzed nature of the deprotection process, gave the impetus
to examine chemically amplified photolithography of PTHPET
in the presence of a photoacid generator (Scheme 1). Films of
PTHPET containing 20 mol% of the PAG were cast from THF
solution. The PAG exhibited a broad absorption spectrum, lmax
336 nm, and generates triflic acid when irradiated. Films were
irradiated with UV–VIS light from a 1000 W Xe lamp through
a 361 nm broadband filter with an irradiation intensity of 0.18
mW cm22. The temperature dependant absorption spectra of

Scheme 1 Reaction scheme for chemically amplified photolithography of
PTHPET

Fig. 1 Temperature dependence of lmax for films of PTHPET (a) in the
absence, and (b) presence of 5 mol% triflic acid
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photolyzed composite films was recorded following irradiation
and showed a dramatic red-shift lmax at 120 °C, i.e. similar to
that observed for films containing triflic acid (Fig. 1). This is
strong evidence for the catalytic cleavage of THP initiated
through photogeneration of triflic acid. FTIR confirmed the
reaction and the resultant photolyzed films were insoluble in
common organic solvents.

Chemically amplified photolithography was demonstrated by
irradiating similar composite films ( ~ 300 nm thick) through a
photomask. The films were subsequently heated to 125 °C for
2.5 min and developed with THF, whereupon only the
unexposed polymer dissolved. A patterned image of the
conjugated polymer is presented in Fig. 2. The resolution of the
smallest features is 15 mm and is limited by the optical
apparatus. Due to the catalytic nature of this reaction relatively
low irradiation doses were required for imaging (65 mJ cm22).
Thus, the degree of photobleaching of the polymer was
negligible. Conductivity measurements on the photochemically
deprotected polymer doped with a variety of oxidants yielded
conductivities very similar (1–4 S cm21) to the triflic acid

deprotected polymer, confirming that p-conjugation was re-
tained.

Spectroscopic, thermogravimetric, solubility and micro-
scopic analyses confirm the reaction presented in Scheme 1.
The reaction does not proceed in the solid state at room
temperature at an appreciable rate. Upon heating, the reaction
rate is increased either through an increase in free volume of the
polymer and/or an increase in the rate constant. This is a
favourable observation since it infers that the spatial extent of
the imaging chemistry can be controlled following irradiation.
Studies are underway to determine the electronic, optical and
photonic properties of micron-sized polymeric patterns fabri-
cated using this and similar chemical schemes.

We thank the Natural Sciences and Engineering Research
Council of Canada for financial support and Dr R. D. Miller,
IBM Research Division, San Jose, CA for generously providing
photoacid generators.
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Fig. 2 Micrograph of conjugated polymer obtained by chemically amplified
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Radical cyclisation of carbohydrate alkynes: synthesis of highly functionalised
cyclohexanes and carbasugars
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Carbohydrate alkynes undergo 6-exo radical cyclisation to
afford cyclohexanes resulting in the synthesis of carba-
sugars.

The use of carbohydrates as synthetic precursors of many
functionalised carbocyclic compounds is widespread.1 The first
conversion of a sugar to a cyclohexane ring involved the
preparation of nitroinositols from 6-deoxy-6-nitrohexose.2 In
the intervening years there have been numerous examples of the
use of radical chemistry for the synthesis of cyclopentane
derivatives,3 with notable work in the carbohydrate area coming
from the Fraser-Reid group.4 It is thus surprising that there are
few examples of the preparation of six-membered aliphatic
rings employing radical cyclisation onto an alkyne.5 Some
reasons for this can be inferred from work on cyclisations of
w-alkenyl radicals. The formation of six-membered rings by
radical chain reactions involving 6-exo cyclisation is some 40
times slower than that of the hex-5-enyl cyclisation.6 The
consequence of this is that chain transfer by attack of the acyclic
radical on the stannane usually present is a much more effective
process than with the hex-5-enyl radical. The second problem is
that 1,5-hydrogen abstraction leading to a resonance stabilised

allyl radical is favourable and in fact this can become
synthetically useful.3b

We have been interested in the development of 6-exo
cyclisations of alk-6-ynyl radicals as these would allow the
preparation of heavily substituted hydroxycyclohexanes and of
carbasugars. In this regard we chose to prepare alkynes derived
from d-ribose7 and to investigate their chemistry. Treatment of
the protected silyl-d-ribose derivative 1 with lithium phenyl-
acetylide afforded an inseparable diastereomeric mixture of the
diols 2a in 90% yield (Scheme 1). The protection of both the
hydroxy groups as methoxymethyl (MOM) ethers8 proceeded
in a yield of 89% and allowed chromatographic separation of
the diastereomers 3a and 3b with an anti:syn ratio of 3 : 2.
Alternatively the syn isomer 3b could be prepared almost
exclusively using d-ribonolactone as the starting material.9
Desilylation of 3a was effected with TBAF in THF in 92% yield
and afforded the primary alcohol 6a which was converted to the
corresponding iodide 7a in 76% yield with triphenylphosphine,
imidazole and iodine.10 Similar chemistry with the isomer 3b
gave the alcohol 6b and subsequently the iodide 7b in
comparable yields. With both the iodides 7a and 7b in hand we
investigated their radical cyclisation reactions. Treatment of the
iodide 7a with tri-n-butyltin hydride in refluxing benzene in the
presence of AIBN effected the 6-exo cyclisation affording only
the substituted cyclohexanes 10 in 93% yield (Scheme 2) as an
inseparable mixture of E and Z geometric isomers in a ratio of
1 : 1 as determined by 1H NMR analysis. Analogous reaction of
the diastereomer 7b afforded the corresponding cyclohexanes
11 and 12 in 70% yield. In this case we were able to separate the
E and Z stereoisomers by chromatography, in a ratio of 2 : 3.
The major isomer 11 was assigned the Z geometry about the
double bond on the basis of NOE experiments.

Having been successful in our initial goal we turned our
attention to the syntheses of compounds with an unsubstituted
exo-methylene group. Thus the protected ribose 1 was treated
with lithium trimethylsilylacetylide in THF and afforded the
diols 2b, in a combined yield of 45% along with the alkynes 2c,
in 28% yield. The diastereomeric mixture 2b was converted to

Scheme 1 Reagents and conditions: i, LiC°CPh, THF, 278 °C; ii,
LiC°CTMS, THF, 278 °C; iii, MOMCl, NEt2Pri, CH2Cl2, RT; iv, Bu4NF,
THF, RT; v, I2, PPh3, Im, PhMe, D Scheme 2
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the MOM ethers 4a and 4b that could be separated in a
combined yield of 71% with an anti:syn ratio of 3.5 : 1. Both of
these diastereomers were processed separately. Desilylation of
4a and 4b gave the corresponding primary alcohols 8a and 8b
in 91 and 96% yields respectively. These compounds were
identical to those obtained from 2c after the diastereoisomers
had been subjected to protection by MOM chloride to afford 5a,
5b and desilylation, the anti:syn ratio being 3 : 1. The syn-
product was correlated with material prepared from the pure
syn-isomer 2c, which we have described in our earlier report.9
The alcohols 8a and 8b were converted smoothly to the
corresponding iodides 9a and 9b in 71 and 78% yields
respectively. At this juncture we were in a position to study the
6-exo radical cyclisation of these iodides. Thus (Scheme 3) the
syn isomer 9b was treated with tri-n-butyltin hydride and AIBN
in refluxing benzene and afforded the expected exo-methylene-
cyclohexane 13 in 49% yield along with the cyclohexene 14 in
39% yield where the MOM group had been lost. The structure
of 14 was clearly evident from the 1H NMR spectrum which had
resonances due to only one MOM group and in addition there
was a resonance at d 5.33 due to the vinylic proton and a
resonance at d 1.75 due to a methyl group. We next subjected
the iodide 9a to these conditions (Scheme 4) and we observed
that in this case the cyclisation reaction was appreciably slower,
taking 24 h to reach completion, but much cleaner in that only
14 was obtained in 99% yield. The formation of 14 can be
rationalised by cyclisation of a primary radical in a 6-exo mode
onto the alkyne, resulting in the formation of a vinyl radical
which then abstracts a hydrogen from the methylene carbon of
the MOM group followed by b-scission11 resulting in an allylic
radical which subsequently affords the observed product. The
formation of 14 is a reflection of the geometry of the vinyl
radical in that these are bent with a bond angle of ca. 135° whilst
the a-phenyl substituted vinyl radical is linear.12

The exo-methylenecyclohexane 13 (Scheme 3) was hydro-
borated and gave after oxidation the primary alcohol 15 in 94%
yield. Removal of the protecting groups of 15 with 6 m HCl gave
carba-a-l-gulopyranose 16 whose spectral properties were in
accord with those reported in the literature.13 Additional
structural proof was obtained by acetylation of 16 with excess
acetic anhydride and pyridine which afforded the pentaacetate
17 in 100% yield. The cyclohexene 14 underwent hydro-
boration/oxidation (Scheme 4) with BH3–Me2S and afforded
the protected carba-b-d-rhamnose derivative 18 in 77% yield.
The stereochemistry of the newly formed chiral centres was anti
with the C-4 hydroxy group b as a result of hydroboration
occurring from the opposite face from the O-isopropylidene
group, and this was confirmed by NOE experiments. Removal
of the MOM and isopropylidene protection proceeded unevent-
fully with 6 m HCl and afforded the fully deprotected carba-b-d-

rhamnose 19 in 99% yield. Further structural integrity of 19 was
established by acetylation with excess acetic anhydride and
pyridine which resulted in formation of the tetraacetate 20 in
99% yield.

We thank the EPSRC for access to central facilities for high
resolution mass spectrometric data at the University of Wales,
Swansea (Director, Dr J. A. Ballantine) and Professor W. T.
Borden (University of Washington) for enlightening discus-
sions regarding vinyl radicals. We thank Dr K. M. Morgan
(Heriot-Watt University) for Monte Carlo Calculations.
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Scheme 3 Reagents and conditions: i, Bu3SnH, AIBN, PhH, D; ii, BH3–
Me2S, THF; 0 °C, H2O2, NaOH; iii, 6 m HCl, MeOH; iv, Ac2O, Py, RT

Scheme 4 Reagents and conditions: i, Bu3SnH, PhH, AIBN, D; ii, BH3–
Me2S, THF; 0 °C, H2O2, NaOH; iii, 6 m HCl, MeOH; iv, Ac2O, Py, RT
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Preparation and catalytic properties of single phase Ni–Sn intermetallic
compound particles by CVD of Sn(CH3)4 onto Ni/silica

Ayumu Onda, Takayuki Komatsu*† and Tatsuaki Yashima

Department of Chemistry, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8551, Japan

Particles of each of the single phase Ni–Sn intermetallic
compounds Ni3Sn, Ni3Sn2 and Ni3Sn4 have been formed on
silica by chemical vapor deposition (CVD) of Sn(CH3)4 onto
Ni/SiO2 and used as catalysts for cyclohexane dehydroge-
nation.

We have previously reported unique catalytic selectivities of Co
or Pt containing intermetallic compounds (IMCs) for the partial
hydrogenation of acetylene1 or buta-1,3-diene;2 however, their
catalytic activities suffered from low specific surface areas. It
was reported that Sn–M (M = Rh, Pt, Pd or Ni) bimetallic
catalysts were prepared by CVD of organotin complexes on
M/SiO2.3–5 Tin species are deposited by the CVD method
preferentially onto the particles of these noble metals. In this
study, we applied the CVD method to prepare fine particles of
single phase Ni–Sn IMCs on SiO2, which were found to have
unique catalytic selectivities in the dehydrogenation of cyclo-
hexane.

Ni (5 wt%)/SiO2 was first prepared by an incipient wetness
method using Ni(NO3)2 and silica gel (Fuji-Silysia, Caliact 6),
followed by reduction at 723 K in H2. The average diameter of
the Ni particles measured by TEM, XRD and chemisorption of
H2 was about 7 nm. CVD of Sn(CH3)4 (Soekawa Chemicals)
onto Ni/SiO2 was carried out at 373–523 K with flowing H2
containing 33 Torr of Sn(CH3)4, followed by hydrogen
treatment at 873–1173 K. The samples were dissolved in
hydrochloric acid and the amounts of Ni and Sn were
determined by ICP. Unsupported Ni–Sn IMCs were prepared by
melting a mixture of Ni and Sn powders in an electric furnace at
1730 K under flowing argon, and the resulting ingot was
crushed into 25–38 µm particles. A glass circulation system was
used for the pretreatment of catalysts with H2 and subsequent
catalytic reactions.

CVD of Sn(CH3)4 was carried out at various temperatures for
1 h to prepare each Ni–Sn IMC (Ni3Sn, Ni3Sn2 and Ni3Sn4).
Fig. 1 shows the amount of deposited Sn as a function of CVD
temperature on Ni/SiO2 (a) or SiO2 (b). The amounts of
deposited Sn increased with CVD temperature on both supports.

However, the amounts of deposited Sn on Ni/SiO2 were much
larger than those on SiO2. In particular, no appreciable
deposition of Sn was observed on SiO2 below 423 K. Sn(CH3)4
was selectively decomposed on Ni particles owing to the high
activity of Ni for the hydrogenolysis of Sn(CH3)4. When CVD
of Sn(CH3)4 was carried out onto Ni/SiO2 at 423, 448 and 498
K, the Ni/Sn atomic ratios of the samples became very close to
3/1, 3/2 and 3/4, respectively. If Sn atoms are deposited on the
surface of Ni particles to form a few Sn layers, the Ni/Sn ratio
must be much higher than unity. Therefore, during the CVD
treatment, some of the deposited Sn atoms will enter into the
bulk of the Ni particles after the hydrogenation of Sn(CH3)4
with the evolution of methane. In fact, the X-ray diffraction
pattern of Ni–Sn/SiO2 samples just after CVD included weak
peaks of Ni–Sn IMCs in addition to those of Ni metal. Hydrogen
treatment after CVD was then performed in order to form single
phase Ni3Sn, Ni3Sn2 and Ni3Sn4 particles.

Fig. 2 shows the X-ray diffraction patterns of the silica-
supported Ni–Sn IMC (Ni/Sn = 3/1) after hydrogen treatment
at 1173 K for 1 h (a) and of the unsupported Ni3Sn powder (b).
The supported sample did not show the same diffraction peaks
as those of pure Ni supported on SiO2 (c) and pure Sn supported
on SiO2 (d), but showed almost exclusively peaks at the same
positions as those of unsupported Ni3Sn. This result confirmed
that single phase Ni3Sn particles were formed on SiO2 by the
CVD and subsequent hydrogen treatment. Generally, Ni3Sn is
formed above 1730 K, because the melting points of Ni and Sn
are 1730 K and 505 K, respectively. In this study, we succeeded
in the formation of single phase Ni3Sn particles by hydrogen
treatment at much lower temperature after the CVD process.

The XRD measurements showed that single phase Ni3Sn2
and Ni3Sn4 particles were also formed on SiO2 by hydrogen
treatment at 873 and 723 K after CVD at 448 and 498 K,
respectively. It is revealed that the lower the Ni/Sn ratio, the

Fig. 1 Effect of CVD temperature on the amount of Sn supported by
Sn(CH3)4 on Ni/SiO2 (a) or on SiO2 (b)

Fig. 2 XRD patterns of supported Ni–Sn IMCs (Ni/Sn = 3/1) on SiO2

prepared by CVD after hydrogen treatment at 1173 K for 1 h (a),
unsupported Ni3Sn (b), Ni/SiO2 prepared by the incipient wetness method
after reduction (c) and Sn/SiO2 prepared by CVD of Sn(CH3)4 on SiO2

(d)
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lower the temperature of hydrogen treatment necessary for the
formation of single phase Ni–Sn IMCs. The broad diffraction
peaks of supported Ni3Sn [Fig. 2(a)] suggest that the Ni3Sn
particles have much smaller diameters than those of unsup-
ported Ni3Sn. The particle sizes of Ni3Sn, Ni3Sn2 and Ni3Sn4
determined by XRD were about 18, 12 and 12 nm, respectively.
These values correspond roughly with the diameters estimated
by TEM. Ni3Sn particles had the largest diameter as these were
formed at the highest temperature in the hydrogen treatment.
The use of Ni/SiO2 with smaller Ni particles would lead to Ni–
Sn IMCs with smaller particles. It is concluded that all kinds of
single phase Ni–Sn intermetallic compounds are obtained on
silica by the CVD of Sn(CH3)4 and subsequent hydrogen
treatment at temperatures much lower than the melting point of
Ni.

The reaction profiles of cyclohexane in hydrogen at 823 K on
silica-supported and unsupported Ni3Sn IMCs and pure Ni
catalysts are shown in Fig. 3. The initial molar ratio of hydrogen

to cyclohexane was 6. On the unsupported Ni, benzene was
formed as an initial product and was then converted completely
into methane in 2 h. On the other hand, the unsupported Ni3Sn
catalyst scarcely converted the initially produced benzene into
methane even at higher cyclohexane conversions, though the
activity was lower than Ni. The high selectivity to benzene was
revealed to be the characteristic catalysis of Ni3Sn IMC, which
would be due to the weaker adsorption of benzene on Ni3Sn
than on Ni. Silica-supported Ni3Sn showed almost the same
selectivity as the unsupported Ni3Sn. This implies that no pure
Ni particles that are too small to be detected by XRD exist on the
silica-supported catalyst. Ni3Sn has the composition richest in
Ni among the Ni–Sn IMCs studied. Therefore, it is also
indicated that there would be few Ni3Sn2, Ni3Sn4 or Sn small
particles on the silica gel because the Ni/Sn atomic ratio of this
sample (3.1/1) was very close to the stoichiometry of Ni3Sn.
Comparing the activity per weight of Ni3Sn, the supported
Ni3Sn was 500 times more active than the unsupported Ni3Sn,
though the activities of both catalysts per surface area of Ni3Sn
were almost the same. It is clear that the CVD method has
resulted in the preparation of silica-supported Ni–Sn IMC
catalysts with higher activities than the unsupported ones,
owing to the much higher specific surface areas, with retention
of the high selectivity to benzene.

Notes and References
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Fig. 3 Conversion of cyclohexane (open symbols) and selectivity to benzene
(closed symbols) at 823 K on 0.05 g of Ni3Sn/SiO2 (2,5), 0.5 g of
unsupported Ni3Sn (-,8) and 0.5 g of unsupported Ni («,:)
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Palladium-catalyzed amination of aromatic halides in water-containing solvent
systems: a two-phase protocol

Guido Wüllner, Helge Jänsch, Sven Kannenberg, Frank Schubert and Gernot Boche*†

Fachbereich Chemie, Philipps-Universität, Marburg, D-35032, Germany

The use of the six-fold sulfonated ligand BINAS-6 1 permits
the Pd0-catalyzed amination of aromatic halides in water
containing single- or two-phase systems.

Following the initial investigations of Kosugi et al.,1 both
Buchwald2 and Hartwig3 and their co-workers have developed
in recent years a new methodology for the amination of
aromatic halides and triflates (ArX: X = Cl, Br, I, OSO2CF3)
with amines RR1NH to yield aromatic amines of the type
ArNRR1.4 ArX and RR1NH were reacted with (di)phosphine-
complexed palladium [Pd0L, 1–5 mol%] and sodium tert-
butoxide (1.4 equiv.) in PhMe at 80–100°C under homogeneous
reaction conditions [eqn. (1)].

Under such conditions reapplication of the Pd0 catalyst would
be difficult as is reuse of the relatively expensive (di)phosphine
ligand L. In contrast, by using a two-phase protocol, the
separation of products (and unreacted starting material) from
the catalyst and subsequent reapplication of the catalyst in
further reactions is made facile.5 For this reason there is
increasing interest in two-phase catalysis both in the labo-
ratory6,7 and for industrial applications.8 Here we report on a
two-phase protocol of the aforementioned Pd0-catalyzed amina-
tion reaction.

The ligand used here is the six-fold sulfonated
2,2A-bis(diphenylphosphinomethyl)-1,1A-binaphthyl 1 (BINAS-
6) dissolved in water.9

The reaction of 4-bromoacetophenone 2 with
N-methylaniline 3a in water–MeOH (1:3; solvent A) using
NaOH as the base and the aforementioned catalyst Pd0–1
afforded 1-[4-(N-methylanilino)phenyl]ethan-1-one 4a in 88%
yield [eqn. (2); Table 1, entry 1].

Reacting 2 with 3b in the presence of Pd0–1 and NaOH as the
base in water–MeOH (1 : 6; solvent B) resulted in the formation
of 1-(4-anilinophenyl)ethan-1-one 4b in 91% yield [eqn. (2);
Table 1, entry 2]. The Pd0–1 catalyst, which is dissolved in the
aqueous phase, can be reused after separation of the products.
The reaction was repeated under similar conditions. The
following yields were achieved: second reaction 85% 4b, (5 h);
third reaction 53% 4b, (7 h); fourth reaction 36% 4b, (7 h).

The use of a two-phase H2O–MeOH–PhMe system (1 : 2 : 2;
solvent C) in the reaction of 2 with 3a afforded only low yields

(36%) of 4a [eqn. (2); Table 1, entry 3]. The use of emulsifying
agents like tetradecyltrimethylammoniumbromide did not in-
crease the yield of 4a, but resulted in considerable problems
during product recovery. With only water as the solvent (solvent
D) 4a was obtained in 36% yield [eqn. (2); Table 1, entry 4].

Butan-2-ol and water form a biphasic system with good
miscibility of the two solvents. Thus in the reaction of 2 with 3b
in the presence of Pd0–1 and water–butan-2-ol (3 : 2, solvent E)
the product 4b was obtained in 89% yield [eqn. (2); Table 1,
entry 5]. NaOH was found to give the best results as compared
to other group I hydroxides. The catalyst Pd0–1 remains in the
aqueous phase while the products can be collected conveniently
by separation of the organic layer. Only small amounts of

Table 1 Pd0–1 catalysed aminations of ArX in water-containing solvent
systems. All reactions were carried out under argon with degassed solvents
and starting materials. 1 was applied in an aqueous solution (140 mmol l21).
Physical and spectroscopic data of the products were consistent with those
reported previously in the literature.

Reaction Yield
Entrya Halide Amine Solvent time/h Product (%)

1 2 3a A 2 4a 88
2 2 3b B 3 4b 91
3 2 3a C 32 4a 36
4 2 3a D 25 4a 36
5 2 3b E 6 4b 89
6 5 3b E 6 6a 81
7 5 3c E 8 6b 71

a Details of entries 1–7. 1: 160 mmol 1, 20 mmol Pd(OAc)2, 3 ml MeOH, 1
mmol ArX, 1.3 mmol amine, 1.3 mmol NaOH, 75 °C; products were
extracted with Et2O. 2: 70 mmol 1, 9 mmol Pd(OAc)2, 6 ml MeOH, 1 mmol
ArX, 1.3 mmol amine, 1.4 mmol NaOH, 75 °C; products were extracted
with Et2O. 3: 840 mmol 1, 100 mmol Pd(OAc)2, 12 ml MeOH, 12 ml PhMe,
6 ml water, 2 mmol ArX, 2.4 mmol amine, 2.8 mmol NaOH, 70 °C;
products were collected by separation of the organic layer. 4: 840 mmol 1,
100 mmol Pd(OAc)2, 12 ml water, 2 mmol ArX, 2.4 mmol amine, 2.8 mmol
NaOH, 90 °C; products were extracted with Et2O. 5–7: 80 mmol 1, 11 mmol
Pd(OAc)2, 3 ml water, 2 ml butan-2-ol, 1 mmol ArX, 1.3 mmol amine, 1.3
mmol NaOH, 110 °C; products were collected by separation of the organic
layer.
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product ( < 5%) remain in the aqueous phase. In this solvent
system the catalyst can be reused as well.

Reacting 1-chloroanthraquinone 5 with aniline 3b in the
presence of Pd0–1 and NaOH in water–butan-2-ol (3 : 2)
allowed amination of 5, affording 1-anilinoanthraquinone 6a in
81% yield [eqn. (3); Table 1, entry 6]. The use of o-toluidine 3c
under similar conditions gave 1-(o-toluidino)anthraquinone 6b
in 71% yield [eqn. (3); Table 1, entry 7].

In conclusion, it has been demonstrated that the Pd0-
catalyzed amination of aromatic halides with amines can be
performed by means of a two-phase protocol with NaOH
instead of the expensive NaOBut as the base. Further advan-
tages are the facile catalyst/product separation and the reusabil-
ity of the water-soluble Pd0/BINAS-6 catalyst. The catalyst
system is also suitable for the preparation of substituted
anthraquinones, which are important in dye stuff production.10

Further work is being conducted to optimise the reaction
conditions and to perform selective single amination reactions
of dichloro-substituted anthraquinones.

We are grateful to the Deutsche Forschungsgemeinschaft
(Sonderforschungsbereich 260 and Graduiertenkolleg Metal-

lorganische Chemie) and the Fonds der Chemischen Industrie
for financial support, and Dr H. Bahrmann, Celanese GmbH,
Werk Ruhrchemie, for BINAS-6 1 as well as helpful discus-
sions. The Degussa AG provided us with Pd(OAc)2.
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Formation of thermotropic and lyotropic smectic and columnar liquid
crystalline phases by a novel type of rigid rod-like amphiphilic molecule

Marius Kölbel,a Carsten Tschierske*a† and Siegmar Dieleb
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4-Benzyloxy-4A-(2,3-dihydroxypropyloxy)biphenyls with lat-
eral methyl substituents are a novel class of amphiphilic
mesogens displaying thermotropic and lyotropic smectic
and columnar mesophases due to microsegregation of
hydrophilic regions from all-aromatic segments in the
absence of a flexible alkyl chain.

The liquid crystalline state which combines order and mobility
on a molecular level is of great interest for material science as
well as for life science and is found in different classes of
compounds. Most are anisometric (rod-shaped or disc-like)
molecules and amphiphilic molecules. These molecules consist
of an anisometric or a polar basic unit to which one or more
flexible chains are grafted. Usually these are alkyl chains and
provide the mobility whereas the order is provided by the
packing of the anisometric groups or by the attractive forces
between the polar groups. Liquid crystalline materials without
flexible chains are rare. Examples are p-oligophenylenes1 and
high molecular mass condensed polyaromatic compounds
(carbonaceous materials).2 More recently columnar liquid
crystalline properties have been found for some poly-
halogenated small aromatic compounds such as indene deriva-
tives and pseudoazulenes3 and for salts of 3-phenyloxyphenyl-
2-propionic acid, important non-steroidal antiinflammatory
drugs (fenoprofens).4 Also molecules consisting of aromatic
systems with polar groups around their peripheries such as, for
example, some drugs, dyes, nucleic acids and antibiotics, can
form lyotropic mesophases with protic solvents. In these
chromonic liquid crystals5 the solvent provides the mobility.

Here, we report on a novel type of amphiphiles without
flexible alkyl chains, consisting only of a hydrophilic rac-
2,3-dihydroxypropyl group and a linear array of three p-substi-
tuted benzene rings providing a rather rigid lipophilic unit.6
Both the attractive interactions between the rigid aromatic units
and the hydrogen bonding provided by the 1,2-diol7 unit give
rise to the very high melting point of 1. In order to diminish the
attractive interactions between the aromatic units a single
methyl group was grafted at different positions laterally to the
biphenyl unit of 1. Indeed, a dramatic decrease in the melting
temperature was possible and liquid crystalline properties can
be observed for all methyl-substituted compounds 2–5.‡ The
influence of the position of the lateral substituent on the
thermotropic properties is shown in Table 1.

Compounds 2 and 4 show a monotropic phase easily
identified as a smectic layer structure (SA phase) by its typical
fan like texture and regions with homeotropic orientation and
oily streaks, observed by microscopy between crossed pol-
arisers. For compound 3 one observes a monotropic tilted
smectic phase (SC phase), identified by its typical schlieren
texture, which on further cooling turns into a highly viscous and
optically isotropic (probably cubic) phase. Owing to the
monotropic nature of these mesophases, a more detailed
investigation by X-ray scattering was however not possible.

An enantiotropic mesophase was found for 5 between 128
and 151 °C. It is characterised by regions with spherulitic as
well as broken fan shaped texture (Fig. 1). No homeotropic
orientation can be obtained by shearing the sample. Therefore

an SA phase can be ruled out. X-Ray studies provide a diffuse
scattering in the wide angle region and three non-equidistant
reflections in the small angle region (d1 = 3.55, d2 = 1.93, d3
= 1.27 nm), excluding a smectic layer structure. As there are no
references to a hexagonal or a rectangular 2D lattice, we
evaluated the pattern under the assumption of a two-dimen-
sional oblique cell, assigning the observed reflections to (10),
(01) and (11) with increasing f-values and obtained lattice
parameters a = 9.95, c = 5.41 nm and b = 159.1°. In the light
of the fact that the aromatic unit should provide a rod-like
molecular shape and that the mesophases of 2–4 represent layer
structures, it seems likely that the columnar phase results from
the collapse of smectic layers into band-like segments (ribbons).
The collapse can be caused either by an incompatibility of two
incommensurate length scales or by a different space filling of
microsegregated regions. The first case is found at the transition
between smectic bilayer and monolayer structures (SC̃, SÃ
phases).8 The second type is known from the thermotropic
mesophases of pure soaps9 and has been proposed for columnar
mesophases of polycatenar compounds,10 and several types of
calamitic amphiphiles containing oligo(oxyethylene)
units.11,12

In the crystalline state of 5 in the small angle region three
equidistant reflections are observed with a period of d = 3.55

Table 1 Phase transition temperatures of 1–5 as determined by polarising
microscopy. Abbreviations: K = crystalline solid, SA = smectic A phase,
Col = columnar phase, Cub? = optically isotropic, probably cubic
mesophase, Iso = isotropic liquid

T/°C
T/°C (glycerol saturated

R1 R2 R3 R4 (pure compounds) samples)

1 H H H H K 230 Iso —
2 H H H Me K 147 (SA 130) Iso SA 140 Iso
3 H H Me H K 103 (Cub? 70 SC 73) Iso Col 96 Iso
4 H Me H H K 95 (SA 62) Iso SA 70 Col 79 Iso
5 Me H H H K 128 Colob 151 Iso Col 125 SA 143 Iso

Fig. 1 Polarised optical micrograph of the columnar phase of 5 at 150 °C
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nm. The corresponding scattering vector remains on heating the
sample whereas the higher orders are significantly shifted at the
transition to the liquid crystalline state. Therefore, we assume
that the thickness of the ribbons is ca. 3.5 nm. The molecular
length L obtained from CPK models is 2.3 nm. Thus we can
conclude on a bilayer arrangement with strongly tilted mole-
cules and/or with a high degree of intercalation. Intercalation of
the terminal benzyl groups seems to be likely because the
methyl groups provide a partial tapering of the molecules which
should facilitate their intercalation [Fig. 2(a)]. The shape of the
molecules and the intercalation increase the diameter of the
aromatic regions with respect to the polar regions of the head
groups. Thus, the frustration of the bilayer structure can be
explained by the different space filling of the segregated regions
of the polar and the aromatic molecular parts.

A possible model which is in accord with the obtained lattice
parameter is shown in Fig. 2(b), arrangement A. According to
this model the oblique lattice results from the organisation of
pairs of ribbons (grey and white) consisting of partly interca-
lated and tilted molecules. Each pair differs from the neighbour-
ing pairs by the average tilt direction of the molecules. The
individual ribbons should have a lateral diameter of ca. 5 nm
and ca. ten molecules are arranged side by side an average.

Being amphiphilic, the liquid crystalline properties of 2–5
should be influenced by solvents. Their behaviour in the solvent
saturated state and in the contact region with the protic solvent
glycerol§ was investigated by polarising microscopy. In the
contact region between 5 and glycerol the columnar mesophase
is destabilised and the formation of an SA phase with a
maximum clearing temperature of 143 °C is observed. In a
medium concentration range no columnar mesophase can be
found. However, on further increasing the glycerol content a
second columnar mesophase appears. This observation con-
firms the proposed model of the organisation of 5 in the
columnar mesophase. The solvent molecules are built in
between the polar head groups and increase the diameter of
these regions. At a certain solvent content an equivalent space
filling of the aromatic and the polar regions is reached, the

ribbons fuse and a stable layer structure is found (SA phase). On
further increased solvent content the size of the polar regions
could exceed that of the aromatic regions and again the layers
break up with formation of a columnar phase. Thus, with respect
to the space filling of the different regions the two columnar
phases should be inverted to each other. The second columnar
phase could again represent a ribbon phase [Fig. 2(b),
arrangement C], but a columnar phase consisting of cylindrical
aggregates [Fig. 2(b), arrangement D], cannot be excluded.
Columnar phases can also be induced on addition of glycerol to
3 and 4 (Table 1). These induced columnar phases have the
same optical texture as that induced in the system 5–glycerol
and should be related to it.

In summary, it was found that rigid all-aromatic amphiphiles
represent novel amphotropic liquid crystals.13 They show the
same diversity of different mesophases as thermotropic and
lyotropic systems of classical flexible amphiphiles. However,
the hydrophobic interactions between flexible alkyl chains are
replaced by interactions of rigid aromatic units and therefore
ribbon structures are formed. Moreover, a tilted SC phase was
detected which has never been found in the mesophase
sequence of conventional flexible amphiphiles and also its
appearance is related to the rigid molecular structure.

This work was supported by the Deutsche Forschungs-
gemeinshaft and the Fonds der Chemischen Industrie.
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‡ All analytical data of the investigated compounds are in accord with the
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6.64 (6.38%). 1H NMR [(CD3)2SO, 200 MHz], d 7.56–7.31 (9 H, m, Ar-H),
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§ Glycerol was chosen because of its high boiling point and because it
represents the basic unit of the hydrophilic groups of compounds 1–5.
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Fig. 2 Schematic presentation of the proposed arrangement of the molecules
of 5 in its mesophases. (a) Intercalation of two molecules, (b) cross-section
through a possible thermotropic Colob phase (A) and through aggregates of
possible lyotropic mesophases, formed on addition of glycerol: layer of an
SA-phase (B), ribbon (C) and cylindrical aggregate (D).
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Rare M7O2 double tetrahedral core in molecular species: preparation,
structure and properties of [Zn7O2(O2CMe)10(1-Meim)2]
(1-Meim = 1-methylimidazole)

Nikolia Lalioti,a Catherine P. Raptopoulou,b Aris Terzis,b Abil E. Aliev,c Spyros P. Perlepes,*a Ioannis P.
Gerothanassis*d and Evy Manessi-Zoupa*a†
a Department of Chemistry, University of Patras, 265 00 Patras, Greece
b Institute of Materials Science, NCSR “Demokritos”, 153 10 Aghia Paraskevi Attikis, Greece
c Chemistry Department, University College London, 20 Gordon Street, London, UK WC1H OAJ
d Department of Chemistry, University of Ioannina, 451 10 Ioannina, Greece

The 2 : 1 reaction between Zn(O2CMe)2·2H2O and 1-Meim in
refluxing MeCN gives [Zn7O2(O2CMe)10(1-Meim)2] 1 which
comprises two vertex-sharing tetranuclear Zn4(m4-O)(h1 :
h1 :m2-O2CMe)5(1-Meim) units; solid-state 13C and 15N
NMR spectra reveal structural details of the complex.

We have recently become interested in the synthesis of mono-
and di-/tri-nuclear zinc complexes containing carboxylate and
imidazole ligands which would be satisfactory models for the
carboxylate–histidine–metal triad catalytic centres in hydrolytic
zinc enzymes.1–4 This area of Zn chemistry has been poorly
explored. Two groups have reported5,6 the preparation and
X-ray structures of the mononuclear, four-coordinate com-
plexes [Zn(O2CR)2L2], where R = Me, Et and L = imidazole,
2-ethylimidazole.

For the better investigation of the ZnII–RCO2
2–L systems

(L = various monodentate imidazoles), we have systematically
varied the nature of R, L and solvent, and both the ZnII : L and
ZnII : RCO2

2 ratios. We have found all these parameters to have
an important effect on the chemical and structural identity of
obtained products. We herein report that the 2 : 1 and 3.5 : 1
reactions of Zn(O2CMe)2·2H2O with 1-methylimidazole
(1-Meim) in MeCN lead to the assembly of the remarkable
high-nuclearity product [Zn7O2(O2CMe)10(1-Meim)2] 1.

Zn(O2CMe)2·2H2O (4.0 mmol) and 1-Meim (2.0 mmol) were
refluxed for 30 min in MeCN (30 ml) to form a colourless
solution. Layering this solution with an equal volume of Et2O
afforded colourless crystals of [Zn7O2(O2CMe)10(1-Meim)2]·
2MeCN, 1·2MeCN in typical yields of ca. 45%; the dried solid
analysed as 1.‡ Employing a ZnII : 1-Meim ratio of 3.5 : 1 in
either MeCN or MeOH complex 1 again results. The same
procedure in EtOH can be employed for the 1,2-dimethylimi-
dazole (1,2-diMeim) analogue of 1 ([Zn7O2(O2CMe)10(1,2-
diMeim)2] 2).§

The structrure of 1¶ (Fig. 1) is extremely unusual and consists
of a [Zn7(m4-O)2]10+ core. The central Zn site [Zn(1)] lies on a
crystallographic inversion centre and is the shared vertex of two
Zn4(m4-O) units; this unit is well established in Zn chemistry.7
The peripheral ligation is provided by ten h1 :h1 :m2-acetate
groups and two 1-Meim ligands bonded to Zn(4) atoms; each of
the five crystallographically independent acetates spans one
edge of the Zn4 tetrahedron. The Zn4O tetrahedron is slightly
irregular, the Zn···Zn distances being between 3.081(1) and
3.199(1) Å and the Zn–O–Zn angles varying from 103.5 to
112.5(1)°. The shortest Zn···Zn distance between the tetrahedral
subunits is the Zn(2)···Zn(4) one [5.333(1) Å]. The geometry at
the central Zn is distorted octahedral, while that at the peripheral
metal ions can be described as distorted tetrahedral with the
distortion at Zn(4) being more severe. Bond distances to Zn(1)
are distinctly longer [1.979(2)–2.203(2) Å] as expected for a
higher coordination number. There appear to be stacking
interactions between the centrosymmetrically parallel 1-Meim

ligands that belong to neighbouring heptanuclear molecules
[closest interatomic separation, N(1)···C(3A) = C(3)···N(1A),
between opposite ligands is 3.340(5) Å]; these interactions
create a form of ‘chains’ along the b axis and aid in stabilizing
the crystal structure.

Complex 1 joins a small family of discrete heptanuclear
zinc(ii) clusters,8–11 the first reported example being
[Zn7Me6(OMe)8].8 Complex 1 becomes the second member of
a homometallic molecular complex containing the [M7(m4-O)2]
double tetrahedral unit, the only other known example10 being
also a zinc(ii) cluster.

The compound is practically insoluble in all organic solvents;
its high-resolution solid-state 13C NMR spectrum (recorded12 at
75.5 MHz) indicates a 2 : 1 : 1 : 1 splitting of the carboxylate
carbons13,14 (d 181.4–179.4) and 1 : 2 : 1 : 1 splitting of the
methyl carbons (d 24.2–22.2). Evidently, polynuclear zinc(ii)
complexes are excellent candidates for a comparative study of
X-ray structure with solid-state NMR properties because of the

Fig. 1 ORTEP representation of [Zn7O2(O2CMe)10(1-Meim)2] 1. Some
symmetry equivalent atoms are not labelled. Selected interatomic distance
ranges (Å): Zn–O(oxo) 1.914(2)–1.979(2), Zn–O(acetate) 1.944(3)–
2.203(2), Zn(4)–N(3) 2.004(3), Zn···Zn 3.081–6.375(1). Selected bond
angle ranges (°): trans at Zn(1), 180.0; cis at Zn(1), 81.3(1)–98.7(1); around
Zn(2), 102.4(1)–120.6(1); around Zn(3), 101.5(1)–120.4(1); around Zn(4),
93.0(1)–146.2(1); Zn–O(oxo)–Zn 103.5(1)–112.5(1).
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very high quality 13C CP MAS spectra produced and the fact
that shieldings of both CO2

2 and acetate CH3 groups are very
sensitive to the precise crystallographic environment. In the
present complex, two of the five crystallographically in-
equivalent acetate ligands present in the unit cell have
degenerate 13C chemical shifts for both methyl and carboxylate
groups. The solid-state 15N CP MAS NMR spectrum of
complex 1 indicates the presence of two resonances at d2163.6
[N(3)] and d 2212.7 [N(1)] for the bound 1-Meim. Both
resonances are significantly shifted to those of the free ligand (d
2120.3 [N(3)] and d 2219.9 [N(1)], neat liquid at 300 K,
relative to CH3NO2 as reference).

From a synthetic inorganic viewpoint, the preparation of 1
and 2 shows that it is possible to generate polynuclear zinc
carboxylate complexes with unusual structures and nuclearities
significantly greater than those known to date by relatively
minor perturbations to the ZnII–RCO2

2–L system, in this case,
the use of a high ZnII to L ratio. We are currently investigating
the reactivity chemistry of 1 and 2 and seeking access to
additional structural types.

We thank University of London Intercollegiate Research
Service for the provision of solid-state NMR facilities.

Notes and References

† E-mail: emane@upatras.gr
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Energy gap dependence of electron transfer rates in porphyrin–imide
supramolecular assemblies
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The energy gap dependence of the rate of electron transfer
has been revealed for donor–acceptor supramolecular as-
semblies composed of zinc–tetraphenylporphyrin and a
series of spacer–acceptor conjugate molecules which are
structurally similar but with varying redox potentials.

Artificial photosynthetic devices rely on spatially organised
units with suitable photochemical and electrochemical proper-
ties.1 An increasing number of reports use non-covalent
interactions, such as metal–ligand coordinate bonds, hydrogen
bonding and so on, to construct a donor–acceptor supramo-
lecular architecture.2 We noticed, however, that there have been
very few cases dealing with systematic variations in supramo-
lecular donor–acceptor assemblies. As such little is known
about the energy gap dependence of electron transfer rates
through non-covalent interactions in well defined synthetic
systems, while several systematic studies have been conducted
for covalent donor–acceptor conjugates.3–7

Hunter and coworkers reported on a very simple way to
assemble donor–[spacer–acceptor] supermolecules, i.e. to use
axial ligation of pyridine ligands to zinc–porphyrin (e.g. Fig. 1
with 1).8 We reasoned that systematic variations on the redox
potential of the imide unit would be made possible by this
strategy and synthesised a series of pyridine–imide conjugates,
2–7, which were structurally similar but with varying redox
potentials (Table 1). Two ethoxy groups were introduced in the
pyridine spacer to impart enough solubility to be used in excess,
in order to ensure nearly complete complexation of Zn–
tetraphenylporphyrin (ZnTPP). The key intermediate, 3,5-di-
ethoxy-4-aminomethylpyridine, was prepared according to a
literature method.9 Once this material was obtained in a fair
amount, a variety of commercially available phthalic anhydride
derivatives were reacted with it to prepare 2–7.‡

Upon addition of pyridine–imide conjugates to a solution of
ZnTPP in CH2Cl2, the Q bands exhibit a red-shift of ca. 15 nm,
which is characteristic of the axial coordination to the metal
centre of ZnTPP. From the change in the electronic spectra,
binding constants were determined, as shown in Table 1, which

are virtually constant (log K 4.0 ± 0.2, 25 °C, CH2Cl2) for the
whole series of pyridine–imide conjugates employed.§ Owing
to the intense ring-current effect of the porphyrin macrocycle,
1H NMR spectroscopy is a powerful tool to probe the
complexation.11,12 For example, in the limit of complete
complexation, protons at pyridine-H2, pyridine-H3, and methy-
lene of 1 experience upfield shifts of 6.29, 1.91 and 1.25 ppm,
respectively, which are in accord with the axial coordination of
the pyridine ligand. The minimum energy conformation of
pyridine–imide conjugates was systematically searched with a
molecular mechanics calculation by incrementally rotating
C(pyridine)–CH2 and CH2–N bonds. The result suggests that, in
the most stable conformation, the imide ring lies more or less in
a face-to-face orientation with the porphyrin plane, assuming
that the pyridine moiety coordinates perpendicular to the
porphyrin plane.13 All this evidence indicates that a super-
molecule as depicted schematically in Fig. 1 is formed
exclusively.

Fluorescence from the singlet excited state of ZnTPP is
quenched upon addition of pyridine–imide conjugates due to
electron transfer to the imide14,15 as shown in Fig. 2. The degree
of quenching is in proportion to the amount of complex formed
and in quantitative accordance with the curve obtained from the
binding constant determined as above. A slight increase in
fluorescence intensity (5%) is noted upon complexation with
4-picoline which is used to serve as a model compound to
differentiate the effect of axial coordination from that of
electron transfer. Quenching by dihexylpyromellitic diimide,
which is a model compound for 1 and 7 and lacks coordination
capability, is also noted. However, this collisional quenching
rate is more than two orders of magnitude smaller than that of 1
or 7 in the concentration range studied and can be safely
neglected. Thus the collisional quenching is assumed negligible
also for the other acceptors.

Fig. 1 A supramolecular assembly from ZnTPP and [spacer–acceptor]
conjugates with various redox potentials

Table 1 Structures and properties of imides and porphyrin–imide
assemblies

R A B C D
E°a/V
vs. Fc/Fc+

log Kb/
M21 feT

c
log keT

d/
s21

1 H H (CO)2NC6H13 H 21.34 3.8 0.91 9.7
2 OEt H H H H 22.06 4.1 0.11 7.8
3 OEt F H H F 21.81 4.1 0.13 7.9
4 OEt F F F F 21.68 4.2 0.24 8.2
5 OEt NO2 H H H 21.44 4.1 0.55 8.8
6 OEt H NO2 H H 21.26 4.1 0.83 9.4
7 OEt H (CO)2NC6H13 H 21.37 4.0 0.85 9.5

a One-electron reduction potentials. The cyclic voltammetry was conducted
with glassy C, Pt and Ag/Ag+ as working, counter and reference electrodes,
respectively, under a N2 atmosphere. Millimolar amount of samples were
used in CH2Cl2 containing 0.1 M Bu4NClO4. b Binding constants in CH2Cl2
at 25 °C. c The quantum yields of intrasupramolecular electron transfer.
Repeated runs agreed within ±2% with respect to the initial fluorescent
intensity. d See footnote ¶. The propagated errors are indicated in Fig. 3.
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In the limit of complexation, the quantum yields of the
intrasupramolecular electron transfer, feT, are obtained and
listed in Table 1. For the studied acceptors with redox potentials
varying in the range of 0.8 V, the electron transfer yield varies
from 0.11 for 2 to as high as 0.91 for 1. The rates of electron
transfer obtained from these data¶ are plotted against the free
energy gap (DG°)∑ between the singlet excited state of ZnTPP
and acceptors. Increasing energy gap results in increasing
electron transfer rate, which is apparently ‘normal’ behaviour.

In the classical Marcus theory for nonadiabatic electron
transfer for the case of weak coupling, the rate of electron
transfer, keT, is given by

keT = (p//h2lkBT)1/2|V|2exp[2(DG° + l)2/4lkBT]
where /h is Planck’s constant divided by 2p, l is the
reorganisation energy, kB is the Boltzmann constant, T is the
temperature (298 K), and V is the coupling matrix element.3,16

Here the two parameters, l and V, are to be determined by
experiment. Assuming that these parameters are constant
throughout the series of acceptors, which may be justified on
account of their chemical and structural similarity, possible
curves from some combinations of these parameters are shown
in Fig. 3. It is impossible to single out parameter values to fit all
the observed data, especially when the data point for 2 is
included. This system awaits further detailed photophysical
scrutiny, including transient absorption measurements, to reveal
the nature of electron transfer through space or intermolecular
bonds.

We have shown that the supramolecular approach is powerful
in constructing donor–acceptor architecture with relative ease
that can be systematically addressed. In addition, the data
presented herein may provide a guide to acceptors to be used in
more elaborate donor–acceptor assemblies to obtain desired

electron transfer rates. This work was supported by Nissan
Science Foundation and Foundation Advanced Technology
Institute.
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† E-mail: otsuki@iis.u-tokyo.ac.jp
‡ Typically, separate solutions of 3,5-diethoxy-4-aminomethylpyridine and
substituted phthalic anhydride in MeOH were mixed and heated on a hot
plate, letting MeOH evaporate. The reaction mixture was purified by PLC.
All compounds obtained had the expected 1H NMR, IR spectra, and HRMS
or elemental analyses and purity checked by TLC.
§ The Q bands obey BeerAs Law around the concentration (10 µM) used in
the absorption and fluorescence measurements and no broadening or
splitting of the Soret band10 is observed, indicating that ZnTPP exists as
monomers before complexation. Clear isosbectic points upon addition of
the pyridine-containing compounds indicate that only the 1 : 1 complex
forms.
¶ The electron transfer rates were determined from keT = kPFeT/(1 2 FeT),
where kP is the decay rate constant of ZnTPP in the absence of quenching
ligand, which is 4.9 3 108 s21. Some of the values (due to our instrumental
limit) were independently confirmed by measurement of fluorescence
decays, which were single exponential.
∑ The redox potential of the lowest excited state of ZnTPP (EP°) was
estimated to be 21.84 V vs. Fc/Fc+ from the ground state redox potential
(0.22 V) and the energy of the Q(0,0) band (2.06 eV) of pyridine-complexed
ZnTPP. The energy gap, DG°, was obtained according to the equation
DG° = E° 2 EP° + e2/er
where the last term is the Coulomb correction in which e is the relative
permittivity of CH2Cl2 and r is the donor–acceptor distance. This term was
set to be 0.20 eV based upon the estimated value of r (9.5 Å) from the
molecular mechanics calculation described in the text and the known
geometry of a pyridine–porphyrin complex.13
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Fig. 2 Quenching of ZnTPP fluorescence upon addition of coordinating
acceptors and model compounds (ZnTPP 10 µM in CH2Cl2 at 25 °C in air).
4-Picoline (.), 2 (-), 3 (Ω), 4 (:), 5 (+), 6 (“), 7 (3), 1 (/) and
dihexylpyromellitic diimide (dotted line).

Fig. 3 The dependence of intrasupramolecular electron transfer rate on the
energy gap. Curves are also shown according to the Marcus equation with
V = 3 cm21 and l = 0.6, 0.7, 0.8 eV from left to right.
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Highly enantioselective construction of the key azetidin-2-ones for the synthesis
of carbapenem antibiotics via intramolecular C–H insertion reactions of
a-methoxycarbonyl-a-diazoacetamides catalysed by chiral dirhodium(II)
carboxylates

Masahiro Anada, Nobuhide Watanabe and Shun-ichi Hashimoto*†

Graduate School of Pharmaceutical Sciences, Hokkaido University, Sapporo 060-0812, Japan

A highly enantioselective construction of 3-oxa-1-azabicy-
clo[4.2.0]octanes (up to 96% ee) has been achieved by
intramolecular C–H insertion of a-methoxycarbonyl-
a-diazoacetamides catalysed by dirhodium(II) complexes
incorporating N-phthaloyl-(S)-amino acids as chiral bridg-
ing ligands, which provides a new, catalytic asymmetric
route to key intermediates for carbapenem antibiotics.

Among a variety of transition metal complexes used to catalyse
a broad spectrum of transformations of a-diazo carbonyl

compounds, dirhodium(ii) complexes have distinguished them-
selves by their superiority in C–H insertion reactions.1 Conse-
quently, a great deal of effort is being devoted to the design,
synthesis and evaluation of chiral dirhodium(ii) catalysts which
make it possible to construct both carbocyclic and hetereocyclic
systems with high enantioselectivities.1,2 Our efforts in this area
have led to the development of dirhodium(ii) carboxylates
incorporating N-phthaloyl-(S)-amino acids as the bridging
ligands, which catalyse intramolecular C–H insertion reactions
of a-diazo carbonyl compounds to give optically active
cyclopentanone and indan-2-one derivatives in high yields and
with up to 80 and 98% ee, respectively.3,4 Herein we report the
highly enantioselective construction of 3-oxa-1-azabicyclo-
[4.2.0]octanes, which lead to the key azetidin-2-ones for the
synthesis of 1-unsubstituted and 1b-methyl carbapenem anti-
biotics.5

We previously demonstrated that cyclisation of N-alkyl-
N-tert-butyl-a-methoxycarbonyl-a-diazoacetamides catalysed
by dirhodium(ii) tetrakis[N-phthaloyl-(S)-phenylalaninate],
Rh2(S-PTPA)4, led to the exclusive formation of azetidin-2-one
derivatives of up to 74% ee,6 wherein installation of a tert-butyl
group as an N-substituent proved to be crucial to enantiocontrol
as well as regiocontrol; however, the inability to remove the
tert-butyl group precluded its application to the synthesis of
carbapenem antibiotics. In this respect, of particular interest is
the pioneering work of Ponsford and Southgate dating back to
1979.7 They developed a racemic route to the thienamycin key
intermediate via the Rh2(OAc)4-catalysed C–H insertion reac-
tion of a-diazoacetoacetamides 1a and 1b tethered to a
tetrahydro-1,3-oxazine system. Following the suggestion that
the N,O-acetal moiety could function as a substitute for the tert-
butyl group, we then examined cyclisation of 1a and 1b with the
aid of 10 mol% of Rh2(S-PTPA)4. Cyclisation proceeded
smoothly to give the 3,4-trans-azetidin-2-one derivatives 2a

and 2b, but we were disappointed to find that there was no
asymmetric induction in either case [eqn. (1)].

Although the steric and electronic differences between the
acetyl and methoxycarbonyl groups as the a-substituent of the
diazo carbon was thought to be small, we next explored the
feasibility of asymmetric induction with a-methoxycarbonyl-
a-diazoacetamide 3a. To our surprise, cyclisation of 3a under
the influence of 5 mol% of Rh2(S-PTPA)4 afforded the
3,4-trans-azetidin-2-one derivative 4a as the sole product in
89% yield and with 90% ee (Table 1, entry 1). While the
mechanistic profile is not clear at present, the beneficial effect
of the ester group in this system should be underscored.‡ To
further enhance the enantioselectivity, we then screened other
chiral dirhodium(ii) carboxylates, Rh2(S-PTA)4, Rh2(S-PTV)4,
Rh2(S-PTPG)4 and Rh2(S-PTTL)4, derived from N-phthaloyl-
(S)-alanine, -valine, -phenylglycine and -tert-leucine, respec-
tively. While the catalysis of 3a provided 4a with a consistent
sense of enantioselection at the insertion site and in more than

Table 1 Enantioselective C–H insertion reaction of 3 catalysed by chiral
RhII complexesa

Lactam
Substrate

Yieldb Eec

Entry 3 R,R Catalyst t/h 4 (%) (%)

1 3a –(CH2)5– Rh2(S-PTPA)4 3 4a 89 90
2 3a –(CH2)5– Rh2(S-PTV)4 3 4a 86 92
3 3a –(CH2)5– Rh2(S-PTPG)4 3 4a 85 92
4 3a –(CH2)5– Rh2(S-PTTL)4 4 4a 85 93
5 3a –(CH2)5– Rh2(S-PTA)4 2 4a 94 96
6 3b Me,Me Rh2(S-PTA)4 6 4b 89 93
7 3c Et,Et Rh2(S-PTA)4 8 4c 89 83

a Reactions were carried out as follows: 5 mol% of the catalyst was added
to a stirred solution of the a-diazo amide 3 (1 mmol) in anhydrous CH2Cl2
(2 ml) at 0 °C under argon. b Isolated yield. c Determined by a chiral
stationary phase column (Daicel Chiralcel OJ) after reduction with LiBH4

and subsequent benzoylation.
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92% ee in all cases (entries 2–5), Rh2(S-PTA)4 proved to be the
catalyst of choice for displaying the highest degree of
enantioselectivity (96% ee, entry 5). With regard to the N,O-
acetal protection, the isopropylidene acetal 3b exhibited almost
the same enantioselectivity as 3a (entry 6), whereas a dramatic
drop in enantioselectivity was observed with the pentylidene
acetal 3c (entry 7). It should be emphasised here that 3a has
distinct advantages over 3b from the standpoint of its pre-
parative yield.

The azetidin-2-one 4a {96% ee, [a]25
D +57.7 (c 1.02, CHCl3)}

thus obtained was then transformed to the key synthetic
intermediate 6 for PS-5, which also determined the preferred
absolute configuration at the insertion site (Scheme 1).
Reduction of 4a with LiBH4 gave the alcohol 5, which, upon
one recrystallisation from Pri

2O–hexane, produced an optically
pure sample {mp 89–90 °C, [a]25

D +17.7 (c 1.03, CHCl3)}.
Oxidation of 5 with the Dess–Martin periodinane followed by
sequential methylenation,8 hydrogenation and hydrolysis af-
forded the PS-5 intermediate 6 {[a]25

D +25.0 (c 1.16, CH2Cl2);
lit.,9 +24.3 (c 1.33, CH2Cl2)}. 

Finally, we extended the present protocol to the synthesis of
the pivotal intermediate for 1b-methylcarbapenems (Scheme 2).

Toward this end, a-methoxycarbonyl-a-diazoacetamide 8 bear-
ing an exocyclic olefin was prepared from 7§ by condensation
with cyclohexanone followed by N-acylation with methyl
malonyl chloride and subsequent diazo transfer. Cyclisation of
8 with the aid of 5 mol% of Rh2(S-PTA)4 proceeded
uneventfully to afford the desired azetidin-2-one 9 {[a]25

D +0.90
(c 1.05, CHCl3)} in 83% yield and with 88% ee.¶ Reduction of
9 with LiBH4 followed by stereocontrolled hydrogenation11

furnished the alcohol 10, which, upon one recrystallisation from
AcOEt–hexane, produced an optically pure sample {mp
159–160 °C, [a]25

D +16.9 (c 1.06, CHCl3)}. Treatment of 10
with the Dess–Martin periodinane followed by alkylation with
Me3Al,12 oxidation under standard Swern conditions and
stereocontrolled reduction with K-Selectride®13 produced the
alcohol 11. Hydrolysis and subsequent silylation provided the
known intermediate 12 {mp 96–98 °C, [a]25

D 27.93 (c 0.98,
CHCl3); lit.,14 27.88 (c 1.03, CHCl3)}. The above transforma-
tion also established that the preferred absolute configuration at
the insertion site in this cyclisation was the same as that with 4a,
suggesting a common stereochemical reaction course in both
series. 

The present protocol provides a new, efficient and general
method for the catalytic asymmetric synthesis of carbape-
nems.15 Further extension of the present method to trinem
antibiotics as well as mechanistic and stereochemical studies are
currently in progress.

Notes and References

† E-mail: hsmt@pharm.hokudai.ac.jp
‡ Reaction of the corresponding a-diazoacetamides in the presence of
Rh2(S-PTPA)4 gave a complex mixture of products.
§ Compound 7 was prepared from ethyl a-(bromomethyl)acrylate (ref. 10)
in 65% yield by the following sequence: DIBAL-H, CH2Cl2, 278 °C, 1 h,
then NH3, MeOH, 23 °C, 6 h.
¶ The enantiomeric purity of 9 was determined by a chiral stationary phase
column (Daicel Chiralpak AD) after reduction with LiBH4 and subsequent
benzoylation.
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Scheme 1 Reagents and conditions: i, LiBH4, THF, 0 °C, 2 h, 94%; ii,
recrystallisation from Pri

2O–hexane, 90%; iii, Dess–Martin periodinane,
CH2Cl2, 0 °C, 3 h, 94%; iv, CH2I2, Zn, Me3Al, THF, 0 °C, 2 h, 89%; v, H2,
Pd–C, EtOH, 23 °C, 2 h, 96%; vi, aq. AcOH, 70 °C, 2 h, 97%

Scheme 2 Reagents and conditions: i, cyclohexanone, NaHCO3, benzene,
reflux, azeotropic distillation, 6 h, then methyl malonyl chloride, PhNMe2,
CH2Cl2, 0 °C, 1 h, 68%; ii, p-AcNHC6H4SO2N3, DBU, MeCN, 0 °C, 2 h,
91%; iii, Rh2(S-PTA)4, CH2Cl2, 23 °C, 13 h, 83%, 88% ee; iv, LiBH4, THF,
0 °C, 2 h, 91; v, H2, Raney-Ni (W2), EtOH–EtOAc, 0 °C, 6 h, 96%; vi,
recrystallisation from AcOEt–hexane, 82%; vii, Dess–Martin periodinane,
CH2Cl2, 0 °C, 3 h, 94%; viii, Me3Al, CH2Cl2, 0 °C, 2.5 h, 87%; ix, DMSO,
(COCl)2, Et3N, CH2Cl2, 260 °C, 1 h, 95%; x, K-Selectride®, Et2O, 220 °C,
2 h, 90%; xi, aq. AcOH, 70 °C, 2 h, then TBDMSCl, imidazole, CH2Cl2, 0
°C, 4 h, 94%
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Zinc-promoted direct amination of nitropyridines with methoxyamine via
vicarious nucleophilic substitution

Shinzo Seko*† and Kunihito Miyake

Organic Synthesis Research Laboratory, Sumitomo Chemical Co., Ltd, Tsukahara, Takatsuki, Osaka 569-1093, Japan

Direct amination of nitropyridines with methoxyamine in
the presence of a stoichiometric amount of zinc(II) chloride
under basic conditions proceeds to give aminonitropyr-
idines.

Direct amination of nitropyridine is a simple synthetic approach
to aminonitropyridines, which are of great importance as
intermediates of various biologically active compounds con-
taining imidazopyridine, triazolopyridine etc.1 The well-known
Chichibabin amination,2 in which the a-position of the pyridine
ring is aminated by an alkali metal amide, fails to aminate
nitropyridines.3 Although oxidative direct amination of 3-
nitropyridines using liquid ammonia/potassium permanganate
has been reported,4 2- and 4-nitropyridines do not react in this
system. On the other hand, alkylation of nitropyridines5 and
amination of nitrobenzenes6 via vicarious nucleophilic substitu-
tion (VNS),7 which has been extensively studied by Makosza,
has been reported. However, little attention has been given to
the VNS amination of nitropyridines.8 Recently, we have found
that alkoxyamines, in particular methoxyamine,9 efficiently
aminate nitrobenzenes in the presence of a copper catalyst via
VNS.10 As part of our investigations to develop new amination,
we report here the direct amination of nitropyridines with
methoxyamine in the presence of a stoichiometric amount of a
zinc salt.

Treatment of 6-methoxy-3-nitropyridine with methoxyamine
in the presence of a stoichiometric amount of zinc(ii) chloride
under strongly basic conditions in DMSO at room temperature
gave 2-amino-6-methoxy-3-nitropyridine in 87% yield (Table
1, entry 1). The yield of the amination was strongly influenced
by the combination of substrates and solvents used. In
diethoxymethane (DEM), THF, DME, toluene and DMF, yields
of 2-amino-6-methoxy-3-nitropyridine were 62, 59, 43, 19 and
0%, respectively (entries 2, 3, 4, 5 and 6). In DMF, the reaction
with 2-chloro-3-nitropyridine also did not give the aminated
products (entry 12). However, with 4-nitropyridine or 2-amino-
3-nitropyridine, DMF was a good solvent (entries 7, 8 and 15).
In general, DMSO was relatively favored in this reaction.
DMSO may play a significant role in the activation of a
Meisenheimer intermediate,11 which result from nucleophilic
attack of methoxyamine ortho or para to the nitro group.

4-Nitropyridine and 4-nitropyridine N-oxide were aminated
with methoxyamine to afford 3-amino-4-nitropyridine and
3-amino-4-nitropyridine N-oxide, respectively (entries 7 and 8).
The N-oxide provided the better result. The product is a
precursor of 3,4-diaminopyridine, an important intermediate of
many pharmaceuticals, which is presently synthesized from
pyridin-4-ol via a tedious reaction sequence.1c Our method-
ology provides a new efficient route to 3,4-diaminopyridine
from 4-nitropyridine N-oxide, which is cheaper than pyridin-
4-ol. The use of other metallic halides as a promoter of the
reaction with 4-nitropyridine N-oxide was examined. In the
presence of titanium(iv) chloride, manganese(ii) chloride,
cobalt(ii) chloride, nickel(ii) chloride, copper(i) chloride or
aluminum(iii) chloride instead of zinc(ii) chloride, the reaction
gave 3-amino-4-nitropyridine N-oxide in 2, 8, 17, 0, 35 and 0%
yields, respectively. The result with copper(i) chloride lacked
reproducibility although it was similar to that with zinc(ii)

chloride. Thus zinc(ii) chloride was found to be the best
promoter of this amination. In the absence of zinc catalyst, the
reaction did not proceed and starting material was recovered.
The zinc(ii) salt may act as an acceptor of an unshared electron
pair from the nitrogen in pyridine ring or the oxygen of the
N-oxide, and thus activates the substrate. A catalytic amount of
zinc salt is insufficient to promote the amination since zinc also
forms a coordination complex with the product as well as the
substrate. This differs from the previously reported copper-
catalyzed amination of nitrobenzenes with methoxyamine, in
which interaction between the copper catalyst and methoxy-
amine was observed.10

An ortho selectivity with respect to the nitro group was
observed in the case of 2-chloro-3-nitropyridine (entries 10 and
11). This selectivity is in good agreement with those observed in
the amination of nitrobenzenes with methoxyamine.10 We
presume that in both cases (Scheme 1, X = C,N), ortho
selectivity was observed because the neighboring nitro group in
the s-adduct 3, derived from the ortho attack of methoxyamine
on the nitroarene, assists in the elimination of the methoxy
anion via a five-membered intermediate 4.6b In contrast,
Wozniak has reported that the same substrate was aminated by
liquid ammonia/potassium permanganate with para selectivity
to give mainly 6-amino-2-chloro-3-nitropyridine in 40% yield.

Table 1 Direct amination of nitropyridines 1 with methoxyaminea

Yieldsb

Position Position of (%)
Entry R n of NO2 Solvent amination of 2

1 6-MeO 0 3 DMSO 2 87
2 6-MeO 0 3 DEM 2 62 (70)c

3 6-MeO 0 3 THF 2 59 (63)c

4 6-MeO 0 3 DME 2 43 (50)c

5 6-MeO 0 3 Toluene 2 19 (24)c

6 6-MeO 0 3 DMF — 0
7 H 0 4 DMF 3 25
8 H 1 4 DMF 3 38
9 3-EtO 0 2 DMSO 5 7 (10)c

10 2-Cl 0 3 DME 4 34
11 2-Cl 0 3 DMSO 4/6 28/8
12 2-Cl 0 3 DMF — 0
13 6-Cl 0 3 DEM 2/4 9/13
14d 2-NH2 0 3 DMSO 6 58 (85)c

15d 2-NH2 0 3 DMF 6 53
16d 2-NH2 0 5 DEM 6 17 (26)c

17d 2-OH 0 5 DEM 6 9 (17)c

a Unless otherwise noted, the amination of 1 was carried out with
methoxyamine (1.5 equiv.), zinc(ii) chloride (1 equiv.) and potassium tert-
butoxide (3 equiv.) in solvent at room temperature for 1–10 h. b Isolated
yields. c Yields in parentheses are based on the conversion of 1. d 4 equiv.
of potassium tert-butoxide was used.
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He explained that the orientation of this reaction was controlled
by the charge distribution.4 However, neither charge control nor
orbital control obtained by molecular calculations could explain
our results.

It is noteworthy that the amination of 2-amino-3-nitropyr-
idine, 2-amino-5-nitropyridine and 5-nitropyridin-2-ol in the
presence of excess base (4 equiv.) proceeded (entries 14, 15, 16
and 17), despite no previous reports of VNS reactions of o- or
p-nitroaniline and o- or p-nitrophenol. Under strongly basic
conditions, o- or p-nitroaniline, o- or p-nitrophenol, 2-amino-
3-nitropyridine, 2-amino-5-nitropyridine, 3-nitropyridin-2-ol
and 5-nitropyridin-2-ol are easily deprotonated to form 6 or 7. A

nucleophile cannot attack 6a and 7a because of the lack of an
electrophilic carbon center. However nitropyridine derivatives
6b and 7b are susceptible to addition of a nucleophile at the
a-position of the pyridine ring as well as to the Chichibabin
reaction. Therefore, the amination of 2-amino-3-nitropyridine
did not proceed with ortho selectivity but proceeded with para
selectivity to give 2,6-diamino-3-nitropyridine (entries 14 and
15).

Similarly 4-nitroquinoline N-oxide was aminated, although
in low yield (Scheme 2). This is important because, in spite of
many reports of direct amination of bicyclic nitroarenes12 with
hydroxylamine or liquid ammonia/potassium permanganate,
direct amination of 4-nitroquinoline derivatives has not been
previously reported.

A typical experimental procedure is as follows. To a
suspension of ZnCl2 (1 mmol) and ButOK (3 mmol) in DMSO

(3 ml) was added dropwise a solution of the nitropyridine (1
mmol) and NH2OMe (1.5 mmol) in DMSO (2 ml), and the
mixture was stirred at room temperature. After 1–10 h, the
reaction was quenched in saturated aq. NH4Cl and the products
were extracted with EtOAc. The combined organic layers were
washed with water, dried, filtered and concentrated. The crude
products were purified by silica gel thin layer chromatography
to afford the pure aminonitropyridine.

In conclusion, we have developed a new direct amination of
nitropyridines with methoxyamine in the presence of a
stoichiometric amount of zinc salt. An ortho selectivity to the
nitro group was observed, which is useful for the synthesis of
many pharmaceuticals containing imidazopyridine, triazolopyr-
idine and so on. The general, industrially practical method for
direct amination of aromatic compounds has yet to be achieved,
especially from the viewpoint of environmental protection.
Further studies in this field are in progress in our laboratory.

We thank Professor Z. Yoshida and Professor M. Tokuda for
helpful discussions.
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An efficient method for total syntheses of avenaciolide and isoavenaciolide via
tungsten-p-allyl complexes

Kesavaram Narkunan and Rai-Shung Liu*†

Department of Chemistry, National Tsing-Hua University, Hsinchu, 30043, Taiwan, ROC

Total syntheses of avenaciolide and isoavenaciolide were
achieved in six and three steps respectively based on starting
chloropropargyl derivatives; the key step in such syntheses
involves intramolecular alkoxycarbonylation of tungsten-
h1-propargyl complexes.

There has been increasing interest in the utilization of
molybdenum- or tungsten-p-allyl compounds for organic
syntheses.1,2 Faller et al. reported3 that CpMo(NO)Cl(h3-allyl)3

condensed with aldehydes via a chairlike transition state,
yielding homoallylic alcohols with excellent diastereoselectiv-
ities (Scheme 1). We applied this method to the syntheses of
acyclic 1,3-diols, 1,3,5-triols and other oxygen heterocycles.4
Despite numerous studies on these p-allyl species, there is no
precedent for the synthesis of natural products based on these
organometallics. Avenaciolide 1 and isoavenaciolide 2 are
secondary metabolites isolated from Aspergillus and Pen-
icillium; total syntheses of these two compounds have attracted
considerable attention4,5 because of their diverse and potent
biological activities. In this paper, we report total syntheses of
these two bislactones based on tungsten-p-allyl complexes; this
synthetic protocol is highly efficient because only a few steps
are required from the starting chloropropargyl derivatives 3 and
9.

The starting compound 3 is readily available from propargyl
chloride and n-butylglyoxalate.6 As shown in Scheme 2,
treatment of 3 with CpW(CO)3Na (1.3 equiv.) yielded tungsten-
h1-propargyl complex A which was not isolated due to its high
reactivity. Elution of this tungsten species through a silica

Scheme 2

Scheme 1
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column induced intramolecular alkoxycarbonylation4a,b to yield
tungsten-syn-p-allyl complex 4 in 70% yield. The syn-
configuration of 4 is indicated by the coupling constant J34 =
3.1 Hz.4a,b Sequential treatment of 4 with NOBF4 (1.0 equiv.)
and LiCl (2.0 equiv.) in CH3CN generated an allyl anion
equivalent3 that reacted with C8H17CHO to yield a-methylene
butyrolactone 5 in 62% isolated yield. The trans-configuration
of 5 was confirmed by a proton NOE experiment. Determina-
tion of the remaining CH(OH)C8H18 configuration relies on its
transacylation product 6. The stereochemistry of 5 can be
rationalized based on a chairlike transition structure B in which
the new carbon–carbon bond is formed opposite the CO2Bun

substituent. Although compound 5 has a structural skeleton like
those for avenaciolide 1 and isoavenaciolide 2, inversions of
configuration of the C(5) and C(1A) carbons and at the C(5)
carbon of 5 are required to produce bislactones 1 and 2
respectively. Notably, epimerization at the C(5) carbon of 5 is
expected to give isoavenaciolide 2. Toward this direction,
compound 5 was heated in toluene for 7 hours with the DBU
catalyst (0.30 equiv.), however transacylation occurred to yield
a new a-methylene butyrolactone 6 in 86% yield that also has a
trans-configuration. Under the same conditions, the p-TSA
(p-toluenesulfonic acid) catalyst (0.20 equiv.) also gave com-
pound 6 in 91% yield. Hence, we sought to invert the
configuration at the CH(OH) carbon of 6; this was achieved by
the Mitsunobu reaction,7 sequentially giving 7 and 8 in 90% and
89% yields respectively. Heating 8 with excess p-TSA·H2O (2.0
equiv.) in toluene in a sealed tube (150 °C, 4 h) produced the
desired avenaciolide 1 in 62% yield together with iso-
avenaciolide 2 in 5% yield. The generation of 1 can be
envisaged to proceed from intramolecular attack of the acid
group of 8 at its C(5) carbon to invert its stereoconfiguration,5c,d

ultimately yielding avenaciolide 1. Attempts to synthesise
isoavenaciolide 2 via base-catalyzed transacylation of com-
pound 8 were unsuccessful. Heating a mixture of DBU (0.2–2.0
equiv.) and 8 in toluene at reflux for 72 h did not show any sign
of chemical reaction, and the starting material 8 was recovered
exclusively.

We sought to develop an alternative approach to the synthesis
of isoavenaciolide 2 via tungsten-p-allyl complexes; the whole
synthesis requires only a few steps from chloropropargyl
species 9.8 As shown in Scheme 3, treatment of 9 with
CpW(CO)3Na (2.0 equiv.) in THF at 23 °C gave the expected
tungsten-h1-propargyl species E which was subsequently
treated with p-TSA·H2O (1.0 equiv.) in a MeOH–CH2Cl2
mixture (volume ratio = 1 : 10) to induce alkoxycarbonylation
to yield tungsten-p-allyl complex 10 in 65% yield. Further
conversion of 10 produced a p-allyl anion equivalent via

sequential treatment with NOBF4 (1.0 equiv.) and NaI (2.0
equiv.), which then reacted with C8H17CHO to yield a 62%
yield of bislactone species 11 which was presumably produced
via lactonization of the primary species F. Decarboxylation of
11 proceeded smoothly through heating its dimethylacetamide
solution (150 °C, 3 h) containing MgCl2·6H2O (5.0 equiv.)9 to
afford the desired isoavenaciolide 2 in 59% yield.

In summary, we report here the first example of the use of
tungsten-p-allyl complexes for the efficient syntheses of
naturally occurring compounds such as avenaciolide and
isoavenaciolide. The overall synthetic scheme‡ is considered to
be the most efficient of the known methods. This demonstration
highlights the use of tungsten-allyl complexes in the syntheses
of natural products.
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Hydroxylation of alkanes by molecular oxygen with dinuclear FeII macrocyclic
complexes as catalysts

Zheng Wang, Arthur E. Martell*† and R. J. Motekaitis

Department of Chemistry, Texas A&M University, College Station, Texas TX77843-3255, USA

The iron(II) complexes of two new macrocyclic ligands:
[24]RBPyBC (L24), a 24-membered macrocycle containing
phenol, pyridine and amino donor groups, and
[30]RBBPyBC (L30), a 30-membered macrocycle containing
phenol, bipyridine, and amino donor groups, were found to
be effective for the hydroxylation of alkanes, including
cyclohexane and adamantane, with H2S as a two-electron
reductant.

The synthesis, characterization, and metal-binding properties of
two new macrocyclic ligands [24]RBPyBC (L24) and
[30]RBBPyBC (L30) have been reported,1–3 and the stabilities
of their mixed-valence dinuclear iron(II,III) chelates were
described. It has now been discovered that the dinuclear iron(II)
complexes of these ligands catalyze the hydroxylation of the
hydrocarbons cyclohexane and adamantane in the presence of a
two-electron reductant (H2S) and thus may serve as functional
models of methane monooxygenase.

Methane monooxygenase is known to contain a binuclear
iron active center4 and has been mimicked by a number of
dinuclear model complexes,5 but in most cases an oxidant such
as H2O2 or ROOH was used. Descriptions of model systems
containing porphyrin ligands in which the oxidant was molec-
ular oxygen have been published.6 Of the model systems that
have molecular oxygen as an oxidant and do not contain
porphyrin ligands are the GIF systems of Barton et al.,7 an
O2/Zn/HOAc system of Christou et al.5 and of Kitajima et al.,8
and the present work.

The new dinuclear iron(II) complexes of the macrocyclic
ligands designated above, L24 and L30, are indicated below by
1 and 2, respectively. These dinuclear FeII complexes are
believed to react with oxygen to form a diiron–peroxide
intermediate. The active species may decay to a dinuclear FeIII

complex with an oxo bridge, releasing an oxygen atom for
insertion (hydroxylation) of a hydrocarbon. In the presence of a
two-electron reductant the dinuclear FeIII species may revert
back to the dinuclear FeII complex to complete the catalytic
cycle.

The overall oxidation reactions are shown in Scheme 1,
which shows the organic substrates and reaction products. The
results obtained for the hydroxylation of adamantane and
cyclohexane are summarized in Tables 1 and 2. Typical
oxidation reaction procedures were as follows: at room
temperature and atmospheric pressure, 0.10 mmol of free
macrocyclic ligand L24 or L30 was dissolved in 40 ml of
CH3CN. FeCl2·4H2O (0.20 mmol) was added to initiate iron
complex formation. After the mixture was stirred for 10 min, the
solution turned dark violet signifying the formation of the
dinuclear iron complexes Fe2L24, 1, or Fe2L30, 2. While
stirring was continued, 20 mmol cyclohexane or adamantane
was added, then 1.0 ml pyridine was added. Hydrogen sulfide (2
ml min21) and dioxygen (20 ml min21) were simultaneously
passed through the solution. After successive 2 h periods, the
reaction mixture was filtered from the deposited sulfur and the
solution was analyzed.

An aliquot (1.0 ml) was taken from the reaction solution and
added to an aqueous NaOH solution (5%, 2 ml) at 0 °C. The
products were extracted with diethyl ether (3 3 5 ml) and dried
over MgSO4. A naphthalene solution (1.0 ml, 0.080 M in diethyl
ether) was added as an internal standard. The organic products
were quantitatively analyzed by gas chromatography.

Scheme 1 Oxidation of adamantane and cyclohexane by molecular
dioxygen with diiron complexes as catalysts

Chem. Commun., 1998 1523



The mmols of products = Pproduct/Pnaphthalene 3 40 ml 3
0.080 M. The turnovers = the sum of mmols of products/mmol
of catalyst. The turnover numbers show that these macrocyclic
iron complexes are several times more effective as hydroxylat-
ing catalysts for cyclohexane than are the µ-oxo dinuclear iron
complexes containing a tris(pyrazol-1-yl)borate ligand de-
scribed by Kitajima et al.8b The effectiveness in the catalytic
oxidation of adamantane is approximately at the same level as
Kitajima’s catalyst.8b Thus the dinuclear macrocyclic iron(II)
complexes described in this paper are among the most effective
functional models of methane monooxygenase reported thus
far.

The oxidation of cyclohexane gives cyclohexanol and
cyclohexanone. The turnovers are 24.4 after 6 h for the
24-membered macrocyclic diiron complex as a catalyst, or 21.4
after 6 h with the 30-membered macrocyclic complex. The
ratios of cyclohexanol to cyclohexanone are 1.9 and 1.1 for 1
and 2, respectively, during the whole period of time of the
oxidation reactions. This result shows that the mechanisms of
oxidation are similar but slightly different for the two
catalysts.

The recent stability studies of dinuclear and mononuclear FeII

and FeIII complexes of the ligand indicate the dinuclearity of the
complexes under reaction conditions. Accordingly, the elec-

tronic spectra of the reaction mixture before and after the
reactions show the same characteristic absorption bands that are
attributed to hydroxo dinuclear iron complexes. Thus, we
suggest that the active center is a diiron species and the reaction
mechanism probably resembles that of MMO.

H2S serves as both an electron and a proton donor, the
equivalent of NADH in MMO systems. The diiron(II) complex
can be regenerated from the oxidized diiron(III) complex with
H2S as a two electron reductant to produce a sulfur precipitate
which was analyzed quantitatively after the experiment.

In the control experiments for the oxidation of cyclohexane,
the turnover is 1.1 in 8 h with FeII as a catalyst and is 1.7 in 8
h with pyridine as a ligand. Significantly, the turnover is 28.4 in
8 h with the use of the macrocyclic ligand. Autoxidation is
clearly ruled out by comparison with these turnover numbers.

It is interesting that the oxidation of adamantane produces
only hydroxylation products. The ratio of tertiary adamantanol
to secondary adamantanol is around 1.2 for both catalysts. No
ketonization product is observed even when the turnover is 45.1
after 20 h. A similar result was obtained by Kitajima et al.,8b

who reported only a trace of ketonization product. This result
seems to imply a difference in the mechanisms of oxidation of
cyclohexane and adamantane.

The turnover numbers show that the iron complex of the
24-membered macrocycle is a better catalyst for these oxidation
reactions than that of the 30-membered macrocycle.

This research was supported by The Robert A. Welch
Foundation under Grant No. A-0259. The authors thank Dr Li
Tingsheng for assistance with gas chromatography.
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Table 1 Oxidation of adamantane by molecular oxygen with diiron
complexes as catalysts and hydrogen sulfide as reductanta

Catalyst Time/h
C3-OH/
mmol

C2-OH/
mmol

C3-OH/
C2-OH Turnover

Fe2L24 2 0.099 0.29 0.37 3.7
4 0.867 0.749 1.16 16.2
6 1.13 0.882 1.28 20.1
8 1.27 1.05 1.21 23.2

10 1.51 1.22 1.24 27.3
20 2.38 2.13 1.12 45.1

Fe2L30 2 0.360 0.355 1.01 7.2
4 0.502 0.400 1.26 9.0
6 0.621 0.492 1.26 11.1
8 0.782 0.574 1.36 13.6

10 0.79 0.642 1.24 14.4
12 0.850 0.719 1.18 15.7

a Reaction conditions: FeCl2 (0.20 mmol), ligand (0.10 mmol), adamantane
(20 mmol), pyridine (1.0 ml), and CH3CN (40 ml) at 25 °C. Oxygen and
hydrogen sulfide were purged through the solution. Turnover is based on
mmols of the products per mmol of the catalyst used.

Table 2 Oxidation of cyclohexane by molecular oxygen with diiron
complexes as catalysts and hydrogen sulfide as reductanta

Catalyst Time/h
CyOH/
mmol

CyO/
mmol

CyOH/
CyO Turnover

Fe2L24 2 0.96 0.50 1.92 14.6
4 1.38 0.70 1.97 20.8
6 1.61 0.73 1.94 24.4
8 1.85 0.99 1.87 28.4

10 2.06 1.04 1.98 31.0
12 2.33 1.26 1.85 35.9

Fe2L30 2 0.64 0.60 1.07 12.4
4 0.89 0.83 1.07 17.2
6 1.10 1.04 1.06 21.4

a Reaction conditions: FeCl2 (0.20 mmol), ligand (0.10 mmol), cyclohexane
(20 mmol), pyridine (1.0 ml), and CH3CN (40 ml) at 25 °C. Oxygen and
hydrogen sulfide were purged through the solution. Turnover is based on
mmols of the products per mmol of the catalyst used.
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Large aligned-nanotube bundles from ferrocene pyrolysis
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Aligned-nanotube bundles have been obtained in copious
quantities by the pyrolysis of ferrocene or ferrocene–
acetylene mixtures.

Aligned carbon nanotubes have aroused much interest because
of their mechanical properties1,2 as well as their interesting
anisotropic optical and other properties.2 Aligned carbon
nanotube films have also been considered to be good candidates
as electron field emitters.3 One of the procedures employed to
prepare nanotube films is to pass a dispersion of arc-produced
carbon nanotubes in ethanol through an alumina micropore
filter and then press the nanotube-covered filter onto a polymer
sheet.4 Under pressure, the nanotubes are printed onto the sheet
in an aligned manner. Aligned nanotubes have also been
obtained by the chemical vapor deposition of acetylene
catalyzed by iron nanoparticles embedded in mesoporous
silica,5 the pores of the silica controlling the growth direction of
the nanotubes. Recently, aligned-nanotube bundles have been
prepared by the pyrolysis of 2-amino-4,6-dichloro-s-triazine
over thin films of a cobalt catalyst, patterned on a silica
substrate by laser etching.6 We have been interested in finding
a simple means of producing aligned nanotubes in large
quantities and were encouraged in this direction by the
discovery that the pyrolysis of hydrocarbons in the presence of
organometallic precursor molecules gives good yields of carbon
nanotubes.7 Realizing that a precursor such as ferrocene not
only gives rise to small catalytic metal particles but also acts as
a carbon source, we carried out systematic experiments on the
pyrolysis of ferrocene. Initial experiments showed that aligned
nanotubes are produced under certain conditions. We have
varied the conditions of the pyrolysis of ferrocene and also
carried out the pyrolysis in the presence of acetylene which acts
as an additional carbon source, and have found these methods to
yield large quantities of aligned-nanotube bundles. In this
communication, we report this rather impressive result obtained
by a very simple technique.

The procedure employed for the pyrolysis of ferrocene was as
follows. A known quantity (100 mg) of ferrocene (presublimed,
ca. 99.99% purity) was placed in a quartz boat located at one
end of a narrow quartz tube (10 mm i.d.), which in turn was
placed in a dual furnace system. The part of the quartz tube
containing the ferrocene was in the first furnace and the
ferrocene was sublimed by raising the temperature of this
furnace to 620 K at a controlled heating rate. Argon gas was
passed through the quartz tube at a desired rate. The ferrocene
vapour was carried by the Ar gas into the second furnace,
maintained at 1370 K, where pyrolysis occurred. The main
variables in the experiments were the heating rate of ferrocene,
the flow rate of the argon gas and the pyrolysis temperature.
Large quantities of deposits accumulated at the inlet of the
second furnace. These carbon deposits, mainly containing
carbon nanotubes, were examined by a LEICA S440i scanning
electron microscope (SEM) and a JEOL 3010 transmission
electron microscope (TEM).

In Fig. 1(a) and (b), we show the SEM images of the
nanotubes obtained by carrying out the pyrolysis of ferrocene at
1370 K with a fast heating rate of ferrocene (100 °C min21) and
a high flow rate of Ar (1000 sccm; sccm = standard cubic cm

per min). The images in Fig. 1(a) and (b), which are recorded in
two different directions with respect to the axis of the
nanotubes, clearly reveal the extraordinary alignment. TEM
images of these nanotubes revealed that they were multi-walled,
some of them partially filled with metallic iron. Pyrolysis of
ferrocene at 1170 K under vacuum (1025 Torr) also yielded
good quantities of aligned-nanotube bundles. In Fig. 1(c) we

Fig. 1 SEM images of aligned carbon nanotubes obtained by the pyrolysis
of ferrocene: (a) and (b) show views of the aligned nanotubes along and
perpendicular to the axis of the nanotubes, (c) shows a top view of aligned
nanotubes obtained by the pyrolysis of ferrocene under vacuum (1025 Torr)
at a slow heating rate (1 °C min21)
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show a top view of such nanotubes. When the rate of heating of
ferrocene (1 °C min21) and the flow rate of argon (10 sccm)
were low, fewer aligned nanotubes were obtained at a pyrolysis
temperature of 1370 K.

We carried out the pyrolysis of ferrocene with acetylene, by
passing a mixture of argon and acetylene through the quartz
tube. In Fig. 2(a), we show an SEM image of the aligned
nanotubes obtained by the pyrolysis of a mixture of ferrocene
and acetylene (5 sccm) at 1370 K in flowing Ar (1000 sccm).
The alignment could be further improved by increasing the flow
rate of C2H2. The SEM image in Fig. 2(b) obtained in this
manner shows densely packed aligned nanotubes. The TEM
image in Fig. 2(c) reveals how well aligned these nanotubes are.
The nanotubes in the bundles were generally closed and were
5–10 µm in length.

Pyrolysis of ferrocene was carried out at a heating rate of
50 °C min21 under a vacuum (1025 Torr). Here, the ferrocene
sublimed under vacuum and the vapour was drawn into the
pyrolysis zone. In these experiments we mainly obtained

carbon-coated iron nanorods (yield ≥ 60%). In Fig. 3(a), we
show a TEM image of metal nanorods with a thick carbon
coating, obtained by the pyrolysis of ferrocene at 1170 K under
vacuum. We also obtained a fair proportion of nanorods when
the flow rate of Ar was low (10 sccm). In Fig. 3(b) we show a
TEM image of a nanorod obtained by the pyrolysis of ferrocene
at 1370 K under an Ar flow of 10 sccm. Note that such nanorods
have been reported in the literature, produced by the reaction of
carbon nanotubes with volatile oxide or halide species.8 The
present method of producing nanorods is much simpler. The
formation of metallic iron in the form of particles or rods in the
pyrolysis of ferrocene suggests that the mechanism of alignment
of the nanotubes may be related to the magnetic nature of the
nanorods or particles of iron.
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Fig. 2 (a) An SEM image of aligned nanotubes obtained by the pyrolysis of
ferrocene at 1370 K under a flow of C2H2 (5 sccm) and Ar (1000 sccm). In
(b) and (c), we show SEM and TEM images of densely packed aligned
nanotubes obtained by the pyrolysis of ferrocene at 1370 K in the presence
of a higher proportion of C2H2 [flow of C2H2 (85 sccm) and Ar (1000
sccm)].

Fig. 3 TEM images of carbon-coated iron nanorods obtained by the
pyrolysis of ferrocene (a) at 1170 K under vacuum (1025 Torr) and (b) at
1370 K under a flow of Ar (10 sccm)
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Synthesis and structure of [{ButP)2H}K·pmdeta]2, containing an organo
diphosphido ligand [pmdeta = (Me2NCH2CH2)2NMe]

Michael A. Beswick,a Alexander D. Hopkins,a Lesley C. Kerr,a Marta E. G. Mosquera,a Julie S. Palmer,a

Paul R. Raithby,a Alexander Rothenberger,a D. Stalke,b Alexander Steiner,c Andrew E. H. Wheatleya and
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Reduction of [ButP]4 with K metal (1 : 5 equiv.) followed by
the addition of pmdeta and stoichiometric hydrolysis gives
[{(ButP)2H}K·pmdeta]2, a unique complex containing a
[ButP(H)PBut]2 anion ligand homologous with a phosphido
anion (R2P2).

Early investigations showed that the reduction of [RP]4 by alkali
metals leads to fragmentation of the cyclic P4 rings, giving
species containing various anions {such as [RP]4

22, [RP]3
22,

[RP]2
22 and [(RP)2(H)]2} depending on the reaction stoichio-

metries.1 However, the solids isolated were mainly charac-
terised by elemental analysis and NMR spectroscopic studies on
these and related systems indicated later that mixtures of anions
are produced in solution.2 Owing to the lack of X-ray structural
data on the alkali metal complexes and the difficulty in isolating
the pure components there have been few systematic investiga-
tions of the coordination chemistry of the organopolyphosphido
anions and their reactivity with other metal centres is poorly
understood.3 Our emerging interest in the potential use of these
anions as ligands to main group elements has lead us to
reinvestigate the reduction of [ButP]4 with alkali metals, with
the aim of developing well defined reagents for transmetalla-
tion.

We report here that the reaction of [ButP]4 with potassium
metal (1 : 5 equiv.) in thf followed by the addition of pmdeta and
stoichiometric hydrolysis gives the crystalline complex
[{(ButP)2H}K·pmdeta]2 1 (Scheme 1).‡ This complex is the
first representative of this type of alkali metal complex to be
fully characterised in pure form. Evidence for the presence of
the H atom in the anion of 1 is obtained from the IR spectrum
(nP–H 2005 cm21). In addition, the room-temperature 31P NMR
spectrum is similar to that previously reported for
[{(ButP)2H}K] in thf (produced in trace amounts in the reaction
of K metal with [ButP]4),2a although with a markedly larger
1JPH coupling constant in 1 (ca. 201 Hz;5 cf. ca. 137 Hz2a). The
31P NMR spectrum illustrates that the anion has a rigid structure
in solution in which the proton is bonded solely to one P centre
(with no intra- or inter-molecular exchange occurring).

The low-temperature X-ray structure of 1§ shows that it
exists as dimeric molecules in the solid state in which two
[(ButP)2H]2 anions are associated into a ring structure by two
pmdeta-solvated K+ cations [Fig. 1(a)]. Although a number of
lithium organophosphides (containing R2P2) have been struc-
turally characterised in recent years,6 very few complexes of the
heavier alkali metals have been reported.7 Complex 1 is the first
containing an organodiphosphide anion, the second homologue
of a potential series of organo polyphosphide chain anions of the

type [R2x + 1Px]2. The closest analogues of 1 are phosphor-
amides8 such as the dimer [{Ph2PN(Ph)}Li·Et2O]2, containing a
[{Ph2PN(Ph)}]2 anion.8a The only other alkali metal organo
polyphosphide to be reported is [{(But

2P)2P}Li·2thf], contain-
ing a ‘branched’ [(ButP)2P]2 anion.9

The anionic P centres of the [(ButP)2H]2 ligands form the
central K2P2 ring of the dimeric structure of 1 [K(1)–P(1)
3.340(3), K(1)–P(1a) 3.251(2) Å]. Secondary coordinative
interactions occur with the neutral P centres of each
[(ButP)2H]2 anion [P(2)–K(1) 3.658(3) Å]. The bidentate

Scheme 1

Fig. 1 Dimer structure of 1. H atoms (except that bonded to P) have been
omitted for clarity. Key bond lengths (Å) and angles (°); K(1)–P(1a)
3.251(2), K(1)–P(1) 3.340(3), K(1)–P(2) 3.658(3), P(1)–P(2) 2.135(3),
K(1)–N(1) 2.936(6), K(1)–N(2) 2.865(6), K(1)–N(3) 2.894(7), K(1a)···C(2)
3.685(3) [K(1)···H(2a) 3.01]; P(1)–K(1)–P(1a) 94.98(6), K(1)–P(1)–K(1a)
84.93(6), P(1)–K(1)–P(2) 35.15(5), P(2)–P(1)–K(1) 84.93(6), P(2)–P(1)–
K(1a) 110.11(9).
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coordination mode of the [(ButP)2H]2 ligands in 1 is similar to
that found in dimeric alkali metal phosphoramides8 and
hydrazides,10 in which P,N and N,N chelation of the alkali
metals by the [R2PNR]2 and [R2NNR]2 anions occurs.
However, one significant difference with the latter is the
unusual cis orientation of the [(ButP)2H]2 ligands with respect
to the K2P2 dimer ring of 1 [giving a ‘boat-like’ rather than
‘chair-like’ core, Fig. 1(b)]. This orientation seems most likely
to be steric in origin. A noteworthy feature in 1 is the presence
of a relatively short P–P bond [2.135(3) Å] which is well below
distances normally anticipated for single bonds (ca. 2.20 Å) and
similar to those found in transition metal complexes containing
h2-RPNPR ligands (ca. 2.1 Å).3 In dimeric complexes contain-
ing isoelectronic [R2NNR]2 anions the N–N bonds are
generally longer than in neutral hydrazines, as a result of
enhanced lone pair repulsion.10 The shortening of the P–N
bonds in complexes containing [R2PNR]2 ligands may partly
be a result of pp(N)–dp(P) bonding. However, although the
possibility of such bonding cannot be discounted in the
[(ButP)2H]2 anion the principal reason for the short P–P bond
length probably stems from compression arising from the
chelation of the K+ cations.

The isolation and full characterisation of 1 provides a well
defined and readily accessible source of the [(ButP)2H]2 anion
for application as a ligand to a range of metals. In addition, the
presence of a reactive proton also furnishes the potential for
further metallation. In this regard preliminary 31P studies
indicate that the major product formed by the reaction of 1 with
BunLi is not the expected [ButP]2

22 dianion but the [ButP]3
22

dianion.‡
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‡ Synthesis of 1; to a solution of [ButP]4 (1.0 g, 2.84 mmol)1a in thf (40 ml)
was added K metal (0.56 g, 14.2 mmol) and the mixture brought to reflux
for 24 h. After this period all the K had reacted (if 8 equiv. are used then only
5 equiv. is consumed even after reflux for 48 h). The mixture was filtered
while hot (Celite) and pmdeta (2.1 ml, 10 mmol, distilled over Na) was
added. The orange–yellow solution was cooled (278 °C) and a standard
solution of H2O in thf was added dropwise (10.2 ml, 0.56 mol dm23, 5.68
mmol). The mixture was allowed to warm to room temperature and stirred
(12 h), resulting in a yellow solution and the precipitation of KOH. Filtration
(Celite) followed by concentration to ca. 8 ml gave a light yellow precipitate
which was heated into solution. Storage at 25 °C (12 h) gave large light
yellow crystalline needles of 1; yield 0.33 g (15%) (the low yield reflects the
high solubility of the complex in thf); decomp. > 115 °C to orange oil; IR
(Nujol), 2205m (P–H str.), other major bands at 1345m, 1309m, 1162s,
1023s, 945m, 900m, 809m, 784m; 1H NMR (250 MHz, +25 °C, [2H8]thf),
d 2.75 (1 H, br d, P–H, J1H31P ca. 200 Hz), 2.34 (8 H, m, CH2CH2 of pmdeta),

2.21 (3 H, s., NMe of pmdeta), 2.13 (12 H, s., NMe2 of pmdeta), 1.15 (9 H,
br s, But), 0.99 (9 H, br s, But); 31P NMR (101.256 MHz, +25 °C, [2H8]thf,
rel. to 85% H3PO4), d 28.90 (dd, ButPH, J1H31P 201.4 ± 1.1, J31P31P 321.5
Hz), 257.37 (d ButP, J31P31P 321.5 Hz), the 1H decoupled spectrum gave
J31P31P 321.6 ± 0.6 Hz; Anal., Calc. for [C17H42}P2N3K]n: C, 52.4; H, 10.8;
N, 10.8; P, 15.9. Found: C, 50.2; H, 10.5; N, 10.5; P 15.3%. The reaction of
1 with BunLi (ca. 1 equiv.) in thf was monitored by 31P NMR spectroscopy
(+25 °C). This preliminary study reveals that the major product contains the
[ButP]3

22 dianion, with a triplet (d 4.74) and a doublet (d 244.96) being
observed (ratio 1 : 2 respectively, J31P31P ca 170 Hz).
§ Crystal data for 1; C34H84K2N6P4, M = 779.15, orthorhombic, space
group Pnn2, a = 14.457(7), b = 16.255(8), c = 10.502(5) Å, U = 2468(2)
Å3, Z = 2, Dc = 1.048 g cm23. Data were collected on a Siemens-Stoe AED
diffractometer (2q–w scans) using an oil-coated11 rapidly cooled crystal of
dimensions 0.30 3 0.30 3 0.25 mm (3.64 < q < 22.48°). Of a total of 3410
reflections collected, 3052 were independent (Rint = 0.036). An absorption
correction based on y-scans was applied (max.,min. transmission =
0.978,0.618). The structure was solved by direct methods and refined by
full-matrix least squares on F2 using all data to final values of R1 [F >
4s(F)] = 0.058 and wR2 = 0.140;12 largest peak, hole in the final
difference map = 0.30, 20.32 e Å23. All non-hydrogen atoms were refined
anisotropically and H-positions were set geometrically. C-atoms of the
pmdeta ligand were disordered and were split into two positions using
restraints. CCD8 182/900.
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Transylidation of a transiently formed nitrilium phosphane ylide complex
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Thermal decomposition of the 3-phenyl-substituted
2H-azaphosphirene complex 1 in the presence of dimethyl
cyanamide and dimethyl acetylenedicarboxylate (DMAD)
yielded dimethylamino-substituted products, the 2H-1,2-
azaphosphole complex 4b and the diastereoisomeric
D3-1,3,2-oxazaphospholene complexes 5a,b; this represents
the first example of 1,3-dipolar cycloaddition reactions of a
nitrilium phosphane ylide complex that is generated in situ
by transylidation.

Recently, we reported the first evidence for transiently formed
nitrilium phosphane ylide complexes by two different trapping
experiments. Thermal ring opening of the 2H-azaphosphirene
complex 1 in toluene in the presence of dimethyl acet-
ylenedicarboxylate (DMAD) yielded a product mixture consist-
ing of the 1H-phosphirene complex 3 and the 2H-1,2-aza-
phosphole complex 4a.1,2 With dimethyl cyanamide in
benzonitrile the trapping resulted in the formation of a
2H-1,3,2-diazaphosphole complex;3 based on the observed
selectivity and non-formation of a 4,5-diphenyl-substituted
2H-1,3,2-diazaphosphole complex, we assumed a transylida-
tion during the reaction course. To the best of our knowledge
transylidation processes among nitrilium betaines have been
reported so far only for nitrile sulfides4 (Scheme 1); neither is
their mechanism known nor has this methodology been
synthetically exploited. With respect to the enormous potential
of 1,3-dipoles such as nitrilium betaines in [3 + 2] cycloaddition
reactions and, therefore, in heterocyclic chemistry,5 we decided
to examine this aspect more thoroughly for the case of nitrilium
phosphane ylide complexes and performed a trapping experi-
ment with two suitable, but different trapping reagents, DMAD
and dimethyl cyanamide.

Thermal decomposition of the 2H-azaphosphirene tungsten
complex 1 in the presence of 2 equiv. of DMAD and 2 equiv. of
dimethyl cyanamide yielded the 2H-1,2-azaphosphole complex
4b and the two diastereoisomeric D3-1,3,2-oxazaphospholene
complexes 5a,b (meso and racemate) in an estimated ratio of
1 : 1 : 1 (31P NMR integration). The formation of both five-
membered heterocycles is rationalized by 1,3-dipolar cycload-
dition reactions of the in situ generated nitrilium phosphane
ylide complex 2b to the C·C triple bond and the CNO double
bond of dimethyl acetylenedicarboxylate [Scheme 2, path
(b)].

This result has several noteworthy aspects. It is a rare
example of a dual reactivity of DMAD towards a 1,3-dipole and
it is remarkable that neither the 1H-phosphirene complex 3 nor
the phenyl-substituted five-membered heterocycle complex 4a
was detected [path a)]. Furthermore, during the reaction course
a transylidation must have taken place, such that the benzo-
nitrile unit in 2a was substituted, at least formally, by dimethyl

cyanamide, thus forming the nitrilium phosphane ylide complex
2b. We performed additionally control experiments to check
this interpretation. Firstly, we heated a solution of
1H-phosphirene complex 3 and dimethylcyanamide to exclude
a subsequent ring enlargement reaction, but up to 85 °C no
reaction was observed. Secondly, we examined the possible
reaction sequence: DMAD gives initially an azete derivative
with dimethyl cyanamide, which then could yield
2H-1,2-azaphosphole complex 4b by insertion of transiently
formed terminal phosphanediyl complex [(OC)5WPCH-
(SiMe3)2] (cf. ref. 2) into a C–N bond of the azete ring; but azete
formation could not be detected upon heating a solution of
DMAD and dimethyl cyanamide for 2 h at 85 °C.

The composition of the 2H-1,2-azaphosphole complex 4b
and the D3-1,3,2-oxazaphospholene complexes 5a,b are con-
firmed by elemental analysis and mass spectrometry;‡ the
structural formulation is based on their characteristic NMR
spectral data‡ in solution and that of 5a was confirmed by X-ray
structure analysis.§ The phosphorus nucleus of 4b displays a
resonance at d 85.6, which is significantly high-field shifted
compared to other 2H-1,2-azaphosphole complexes (d
102–1052) with a markedly increased phosphorus–tungsten
coupling constant of 249.7 Hz (vs. 236–238 Hz2). The
31P NMR parameters of the diastereoisomeric D3-1,3,2-ox-
azaphospholene complexes are d 191.6 [1JPW 303.1 Hz (5a)]
and d 198.6 [1JPW 305.9 Hz (5b)]. In view of the strong
influence of the phosphorus-bonded oxygen atom on the

Scheme 1

Scheme 2 Reagents and conditions: i, DMAD (2 equiv.), Me2NCN (2
equiv.), toluene (3 ml), 75 °C, 1.5 h.
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phosphorus resonances, the almost constant imino carbon
resonances of 4b and 5a,b (d 158.0–158.4) are surprising. All
these carbon resonances display small carbon–phosphorus
coupling constants (1.1-5.3 Hz), which seems to be character-
istic for such heterocyclic ring systems; these magnitudes most
probably derive from 2J and 3J scalar couplings.

The five-membered ring system of the D3-1,3,2-ox-
azaphospholene complex 5a, which is the first to be reported, is
almost planar; the best plane is given by P–N(1)–C(13)–C(16)
(deviation: 0.005 Å) and the oxygen atom lies 0.17 Å out of this
plane. The N(1)–C(13) distance [1.301(4) Å] is in the typical
range of nitrogen–carbon double bonds, while the coordination
sphere of the phosphorus atom is distorted tetrahedral with a
phosphorus–tungsten bond length of 2.4748(9) Å.

We are currently investigating the synthetic potential of
nitrilium phosphane ylide complexes that are generated in situ
by transylidations.

This work was supported by the Fonds der Chemischen
Industrie and by the Deutsche Forschungsgemeinschaft.

Notes and References

† E-mail: r.streubel@tu-bs.de
‡ Satisfactory elemental analyses were obtained for complexes 4b and 5a,b.
NMR data [CDCl3], 30.3 MHz (13C), 81.0 MHz (31P), TMS and 85%
H3PO4 were used as standard references. Selected data for 4b: mp 123 °C;
dC 139.2 (d, JPC 21.1, P–CNC), 158.4 (d, (2+3)JPC 5.3, P–NNC), 161.8 (d,
(2+3)JPC 7.3, P–CNC); dP 85.6 (d, 1HPW 249.7); m/z (EI) 726 (M+). For 5a:
mp 158 °C; dC 99.1 (d, (2+3)JPC 6.9, P–O–C), 158.1 (d, (2+3)JPC 1.1, P–NNC);
dP 191.6 (d, 1JPW 305.9); m/z (EI) 726 (M+). For 5b: mp 164 °C; dC 99.2 (d,
(2+3)JPC 4.0, P–O–C), 158.0 (d, (2+3)JPC 1.3, P–NNC); dP 198.6 (d, 1JPW

303.1); m/z (EI) 726 (M+).
§ Crystal data for 5a: C21H31N2O9PSi2W; M = 726.48, triclinic, space
group P1̄, a = 10.0074(10), b = 10.073(2), c = 15.8415 Å, a = 97.711(8),
b = 92.631(8), g = 106.817(8)°, U = 1508.8(3) Å3, Z = 2, Dc = 1.599 mg
m23, m = 4.006 mm21, F(000) = 720, 5290 independent reflections to
2qmax. = 50°, T = 173 K, S = 0.962, R [F, > 4s(F)] = 0.0217, Rw(F2) =
0.0505, 164 restraints and 336 parameters, highest peak = 0.994, deepest
hole = 20.527 e Å23. The X-ray data set was collected with mono-
chromated Mo-Ka radiation (l = 0.71073 Å) on a Siemens P4 four-circle
diffractometer. Absorption correction was based on y-scans. The structure
was solved by the heavy-atom method and refined anisotropically by full-
matrix least-squares on F2. H atoms were included using a riding model for
all non-methyl group protons. Methyls were refined as rigid groups. CCDC
182/894.
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Fig. 1 Molecular structure of complex 5a in the crystal. Radii are arbitrary.
Selected bond lengths (Å) and angles (°): P–W 2.4748(9), P–N(1) 1.677(3),
N(2)–C(13) 1.337(4), O(6)-C(16) 1.413(4), C(13)–C(16) 1.552(4),
C(18)–C(19) 1.180(5), P–O(6) 1.683(2), N(1)–C(13) 1.301(4);
N(1)–C(13)–N(2) 1.242(3), N(1)–P–O(6) 95.23(12), C(13)–N(1)–P
111.5(2), C(16)–O–P 111.9(2), N(1)–C(13)–C(16) 114.8(3), O(6)–C(16)–
C(13) 105.3(2).
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Nickel-catalyzed generation of 2-methylhex-5-enyl ethers from allyl ethers with
trimethylaluminium

Takahiko Taniguchi and Kunio Ogasawara*†

Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980-8578, Japan

Allyl ethers have been converted into the corresponding
2-methylhex-5-enyl ethers in one step on treatment with
trimethylaluminium in the presence of a catalytic amount of
(dppp)NiCl2.

We recently found that allyl ethers 1 are cleaved facilely and
selectively to give the alcohols 2 with expulsion of propene on
treatment with DIBAL-H in the presence of a catalytic amount
of dichloro[bis(diphenylphosphino)propane] nickel
[(dppp)NiCl2] in an aprotic solvent1 (Scheme 1). The reaction
may be applied to allyl acetals, such as 1a,b, using triethylalu-
minium in place of DIBAL-H to give the same hemiacetal
mixture 2a/b, in good yield, without causing reduction of the
hemiacetal functionality, although the fate of the allyl function-
ality was uncertain1 (Scheme 2). We report here an unprece-
dented type of C–C bond formation reaction which was
observed during the examination of the reaction of the allyl
acetals 1a,b with trimethylaluminium in place of triethylalu-
minium in the presence of the same nickel catalyst.

Thus, when the a-H allyl acetal 1a was treated with
trimethylaluminium (1.3 equiv.) in the presence of (dppp)NiCl2
(2 mol%) in toluene at 0 °C to room temperature for 0.5 h, an
inseparable mixture of 3a‡ consisting of two diastereomers was
generated in a substantial yield as well as the expected
hemiacetal mixture 2a/b. On the same treatment, the b-H
epimer 1b gave the diastereoisomeric mixture 3b consisting of
two diastereomers and the same hemiacetal mixture 2a/b above.
The sugar moiety, including the hemiacetal stereochemistry, of
the products was recognized to be unchanged during the
reaction by examination of 1H NMR and mass spectra which
indicated that the change occurred in the allyl moiety of 1 with
an increment of 56 mass numbers attributed to one Me on a
tertiary stereogenic center and one allyl unit. It was also
concluded that the reaction that occurred was essentially a
dimerization and, therefore, the yields of 3a,b were calculated
as 61 and 60%, respectively. The same reaction occurred with
another sugar derivative 4 having a bis-allyl ether moiety in the
molecule to give the bis(2-methylhex-5-enyl) ether 5 and the
mono-2-methylhex-5-enyl ether 6 both as diastereomeric mix-
tures in yields of 10 and 40% as well as 34% of the double

deallylated diol in the presence of 2.6 equiv. of trimethylalu-
minium (Scheme 3).

The other simple allyl ethers 1c–l, those that gave the
corresponding alcohols 2c–l with DIBAL-H and (dppp)NiCl2,
were, therefore, subjected to the same reaction with trimethyl-
aluminium in the presence of (dppp)NiCl2 and it was found that
all but the aryl ether gave the corresponding products having the
same ether moiety in addition to the corresponding deallylated
products. The aryl ether gave the phenol quantitatively as the
sole product. Most importantly, neither the coupling reaction
nor the cleavage reaction occurred at all in the absence of

Scheme 1

Scheme 2

Scheme 3

Table 1 Reaction of allyl ethers 1 with Me3Al and (dppp)NiCl2

Entry Substrate 1 Product 3 R Yielda

1 a ab Scheme 3 61c

2 b bb Scheme 3 60c

3 c c HO(CH2)2O 27
4 d d HO(CH2)3O 27
5 e e 4-MeOPh 0
6 f f PhCH2 45c

7 g g PhCH2CH2 42c

8 h h AcO(CH2)4 44c

9 i i Ph2CH 30c

10 j j Me2CNCHCH2O(CH2)4 39c

11 k k (S)-PhCHMe 42c

12 l l THP 48c

a Isolated yield after SiO2 column chromatography. b Obtained as a
diastereomeric mixture. c Yield was calculated based on consumption of 2
equiv.  of the substrate per product.
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(dppp)NiCl2 and only the cleavage reaction occurred when
triethylaluminium in place of trimethylaluminium was used
under the same catalytic conditions (Table 1).

To confirm the structure of the products 3a–l, the benzyl ether
3f generated from allyl benzyl ether 1f was transformed into the
known compound (±)-norcitronellal2 10 in 69% overall yield
via sequential olefin cleavage, Wittig condensation, reductive
debenzylation and oxidation through the aldehyde 7, the ether 8
and the alcohol 9. This confirmed unambiguously the structure
of the common ether half as a 2-methylhex-5-enyl functionality
(Scheme 4).

Formation of the 2-methylhex-5-enyl functionality indicated
that a concurrent regioselective addition of a methyl moiety
from trimethylaluminium and of the allyl moiety from the
substrate allyl ether to the allyl double bond of another molecule
of the substrate occurred under the conditions used. It is
plausible that the reaction was initiated by generation of a Ni0
complex3 which led to formation of an allyl–methyl–NiII
complex by reaction with trimethylaluminium and an allyl ether
to induce the ether cleavage at the first stage. The complex then
interacted with another molecule of allyl ether to allow the
regioselective addition4 of the methyl and allyl functionalities
from NiII to the allyl ether double bond via a reductive
elimination pathway that reformed the Ni0 complex (Scheme
5).

Notes and References

† E-mail: konol@mail.cc.tohoku.ac.jp
‡ All new compounds had spectroscopic [IR, 1H NMR, mass] and analytical
(HRMS) data consistent with the assigned structure.

1 T. Taniguchi and K. Ogasawara, Angew. Chem., Int. Ed. Engl., 1998, 37,
1136.

2 S. Takano, S. Satoh and K. Ogasawara, Heterocycles, 1985, 23, 41.
3 K. Fischer, K. Jonas, P. Misbach, R. Stabba and G. Wilke, Angew. Chem.,

Int. Ed. Engl., 1973, 12, 943; G. Wilke, Angew. Chem., Int. Ed. Engl.,
1988, 27, 186.

4 H. Felkin and G. Swievczewski, Tetrahedron, 1975, 31, 2735.
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Reaction field for efficient porphyrin metallation catalysis produced by
self-assembly of a short DNA oligonucleotide

Naoki Sugimoto,*† Takeshi Toda and Tatsuo Ohmichi

Department of Chemistry, Faculty of Science, Konan University, 8-9-1 Okamoto, Higashinada-ku, Kobe 658-8501, Japan 

The G-wire structure, which is formed by
dGTGGGTTGGGTGGGTTGG in the presence of 50 mM

K+, becomes a catalytic reaction field for porphyrin metal-
lation, inserting Zn2+ into porphyrin efficiently.

Many protein enzymes provide a reaction field for their
substrates. RNA or DNA can catalyze the cleavage or ligation
reaction of nucleic acids, and then has the potential to provide a
reaction field for its substrate.1–4 The catalytic RNA– or DNA–
substrate complexes consist of many unpaired regions such as
internal loops, hairpin loops and bulges, and the catalysis
reactions occur in these unpaired regions.1–4 Thus, catalytic
RNA or DNA produces the reaction fields. If these reaction
fields can be made by designing specific sequences of catalytic
RNA or DNA, it would be an important development for
ribozyme engineering. Recently, a DNA enzyme that can
catalyze insertion of Zn2+ into mesoporphyrin IX (MPIX) was
isolated from a DNA library using in vitro selection.5,6 This
minimum DNA enzyme is a 24-mer oligonucleotide and
consists of a G-rich sequence that is able to form a G-quartet
structure.6 Although this reaction mechanism was investigated,7
little is known about the detailed active structure of this DNA
enzyme except for the G-quartet that produces the reaction field
to catalyze the metallation reaction. Here, in order to develop
the chemical engineering of nucleic acids, we have investigated
the active structure of the DNA enzyme with catalytic activity
for the porphyrin metallation by using an 18-mer DNA
sequence, dGTGGGTTGGGTGGGTTGG. This oligonucleo-
tide was designed to contain the G-rich sequence that forms the
G-quartet structure and to be shorter than the previous minimum
DNA enzyme isolated by Li and Sen.5,6

The ability of this 18-mer DNA to catalyze the insertion of
Zn2+ into MPIX was investigated by HPLC. The reaction yields
of the porphyrin metallation were calculated by the ratio of the
peak areas at 400 nm between the reactant and the product
(ZnMPIX). The metallation reactions were performed in the
presence of 50 mm K+ or Na+, because the formation of the
G-quartet structure is easier in the presence of K+ than Na+.8–12

At the single turnover condition,‡ the reaction yield in the
presence of 50 mm K+ was 91% after 8 h. On the other hand, the
reaction yield in the presence of 50 mm Na+ was 46%. The
reaction yields in the absence of K+ or Na+ were 20 or 17%,
respectively. Further, the kcat values of the 18-mer DNA in the
presence of 50 mm Na+ and K+ were 8.0 3 1023 and 1.0 min21,
respectively.§ This value in the presence of K+ is of the same
order as that for ferrochlatase.13 Thus, the 18-mer DNA was
able to catalyze efficiently the porphyrin metallation and played
a role as an enzyme in the presence of K+. The result also
suggests that the active structure of this novel DNA enzyme
consists of the G-quartets. In order to investigate the effect of
DNA sequences other than the G-rich sequence, the activity of
16-mer DNA, dGTGGGTGGGTGGGTGG (which lacks the
sixth and fifteenth T residues of the 18-mer DNA oligonucleo-
tide), was also measured in the presence of K+. Under the single
turnover condition, the reaction yield was 55% after 8 h, which
is much smaller than that for the 18-mer DNA. The kcat value
was 5.6 3 1023 min21. Thus, the sequence that joins the G-rich

sequence is also important for the formation of the active
structure.

The CD spectra of the DNA oligonucleotides were measured
to determine the active structure, since CD spectra of nucleic
acids are very sensitive to their overall structure.14 Fig. 1 shows
the CD spectrum of the 18-mer DNA oligonucleotide in 50 mm
Tris-OAc (pH 7.4) solution containing 50 mm K+ and 1 mm
spermidine at 25 °C. The spectrum has a positive peak around
265 nm and a relatively weak and negative peak around 240 nm.
On the other hand, the spectra of the 18-mer DNA in the
presence of Na+ and the 16-mer DNA in the presence of K+ have
two positive peaks around 265 and 295 nm and a relatively weak
and negative peak around 230 nm. The intensity at 265 nm of
the 18-mer DNA in the presence of K+ was about 15-fold higher
than those of the 18-mer DNA in the presence of Na+ and the
16-mer DNA in the presence of K+. The difference in
metallation activities between the DNA species corresponds to
the difference in the intensity values at 265 nm. Thus, the
structural component that produces the positive peak around
265 nm in the CD spectrum must be the active structure for the
metallation catalysis. The G-rich DNA species form a parallel
or antiparallel G-quartet structure.8–12,15,16 Previous studies
indicated that the CD spectrum of the antiparallel G-quartet
structure had 295 nm positive and 265 nm negative bands, while
a parallel G-quartet structure with four or more strands exhibits
a strong positive band at 260 nm and negative band at 240
nm.15,16 Since the CD spectrum of the active structure of the
DNA enzyme showed a strong positive band at 260 nm, the
structure with the catalytic activity for the metallation should
have mainly a parallel G-quartet structure with four or more
strands. The structures of these DNA species were also
investigated by nondenaturing gel electrophoresis. The mobility
of the 18-mer DNA in the presence of 50 mm K+ at 25 °C was
demonstrated by the smearing of the band. This suggests that

Fig. 1 CD spectra of dGTGGGTTGGGTGGGTTGG in the presence of (a)
50 mm K+ and (b) 50 mm Na+, and (c) dGTGGGTGGGTGGGTGG in the
presence of 50 mm K+ at 25 °C. Buffer contains 50 mm Tris-OAc (pH 7.4)
and 1 mm spermidine. Concentration of each oligonucleotide was 20 mm.
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the structure of the G-wire consists of a slipped tetraplex
structure.17,18 Thus, the results of the CD spectra and gel bands
indicate that the active structure of the DNA enzyme is a G-wire
structure stabilized by K+.17219

Fig. 2 shows our proposed reaction field for the porphyrin
metallation. In the G-wire field, the porphyrin intercalates into
the pocket formed by the junction between the G-quartet
domains. Zn2+ also inserts into the cavity between two
G-quartet planes near the pocket formed by the junction
between the G-quartet domains. Following these intercalations,
the porphyrin is close to Zn2+ so that the metallation occurs
easily. The Km value of the 18-mer DNA in the presence of K+

was about two orders larger than the others. This value would
suggest the possibility that G-wire DNA enzymes are easily
able to release the complex between the porphyrin and Zn2+ as
a product. Furthermore, the G-wire structure has many pockets
into which the porphyrins may enter. Thus, this structure
produces a good reaction field for the catalytic reaction. In this
G-wire structure, the two T residues removed from the 18-mer
DNA enzyme locate in the junction site between continuing
G-quartet domains. If this region is shortened, the G-wire
structure is destabilized by repulsion between the G-quartet
domains. Thus, the difference in G-wire formation between the
18-mer and 16-mer DNA species is due to this repulsion
between the junctions.

In summary, it was found that a novel 18-mer DNA enzyme,
which was shorter than a previously reported DNA enzyme,
catalyzed porphyrin metallation. This DNA enzyme formed a
G-wire structure as the reaction field to catalyze the insertion of
Zn2+ into mesoporphyrin IX. This G-wire structure shows
promise as a reaction field for other catalytic reactions. Thus,
our results in the present study indicate the possibility of DNA
usage as materials and reaction fields in chemical nano-
technology.

This work was supported in part by Grants-in-Aid from the
Ministry of Education, Science, Sports and Culture, Japan and
Grants from the ‘Research for the Future’ Program of the Japan
Society for the Promotion of Science and the Hirao Taro
Foundation of the Konan University Association for Academic
Research.

Notes and References
† E-mail: sugimoto@konan-u.ac.jp
‡ The metallation reaction was carried out in 50 mm Tris-OAc (pH 7.4)
solution containing 5 mm DNA, 1 mm Zn2+, 33 mm MPIX, 50 mM KOAc,
1 mm spermidine, 5% DMSO and 0.5% Triton X-100 at 25 °C for 8 h.

Before the reaction was initiated, the DNA was reannealed by heating to
90 °C for 2 min, cooled to 25 °C, and incubated for 24 h in the reaction
buffer without MPIX and Zn2+. Then, the DNA was preincubated with
MPIX for 10 min, and combined with appropriate volumes of the same
solution containing Zn(OAc)2. The reactions were stopped by the addition
of a solution containing 200 mm Tris (pH 9.0) and 15 mm EDTA. The
reactions were monitored by HPLC. The column used was a C18 column,
and the mobile phase was 85% methanol and 15% 1 m ammonium acetate,
pH 5.2.
§ The rates of metallation in the presence of the 18-mer or 16-mer DNA
species were assayed for the concentration range of MPIX from 30 to 500
mm at a fixed concentration of 1 mm Zn2+ and 5 mm DNA. For initial rate
measurements, good linear relationships between product formation and
time were found in each case. The Km and kcat values were calculated form
Lineweaver–Burk plots of 1/(Vobs2Vbackground) vs. 1/[MPIX]. Each data
point represents the average of at least two sets of independent measure-
ment.
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Fig. 2 Schematic illustration of the reaction mechanism between Zn2+ and MPIX in the G-wire of the 18-mer DNA species
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Experimental charge density study of the Mn–Mn bond in Mn2(CO)10 at 120 K
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This paper presents an analysis of the charge density, r(r),
for the Mn–Mn bond in Mn2(CO)10, determined by a
multipole model from accurate X-ray data measured at 120
K.

The experimental deformation charge densities of some binu-
clear metal carbonyls, [CpFe(CO)2]2, (µ-CH2)[CpMn(CO)2]2
and Mn2(CO)10, were determined by X-ray diffraction some
years ago.1–3 The theoretical deformation densities for other
similar complexes, Fe2(CO)9 and Co2(CO)8, and for Mn2(CO)10
were also reported in refs. 4 and 5.

In all the three complexes examined by X-ray diffraction, the
deformation maps showed no evidence of significant density
accumulation in the metal–metal bonding region. This result
was justified by the presence of bridging groups (CH2 or CO),
which join the two metallic fragments to form the entire
molecule. This explanation was also supported by the theoret-
ical calculations made for Fe2(CO)9 and Co2(CO)8. However, in
the case of Mn2(CO)10, which has only terminal carbonyl
groups, two Mn–Mn bonding hypotheses were considered: the
first is a direct metal–metal bond and the second is an
interaction between the dxz or dyz orbitals of one manganese and
the p* orbital of the equatorial carbonyls of the other
manganese.3,6,7 The last hypothesis could be also supported by
the bending of equatorial carbonyls towards the opposite Mn
atom. Note that the above two hypotheses are not supported by
experimental evidence, but a theoretical study, based on Bader’s
quantum theory of atoms in molecules (QTAM),8 proved the
existence of the Mn–Mn bond in Mn2(CO)10.9

Here we report the experimental charge density of the title
compound, determined by accurate X-ray data, measured at 120
K and interpreted by the aspherical-atom formalism developed
by Stewart.10 Further, the results of the Bader analysis on the
experimental charge density are reported, in order to confirm
the existence of the Mn–Mn bond. This is the first topological
analysis of the experimental charge density in binuclear metal
complexes.

A crystal of Mn2(CO)10 recrystallized from a light petroleum
solution was made spherical to a diameter of 0.51 mm and put

in a Lindemann glass capillary. The intensity data were
collected on a Siemens P4 diffractometer equipped with a low
temperature device using liquid nitrogen. 20507 reflections
were collected at 120 K, up to 2q = 110°, with Mo-Ka radiation
(l = 0.71073 Å) and with the q–2q scan method. Other
experimental data are summarized in Table 1. Further informa-
tion on data collection will be given in the full paper. However,
our data collection is not better than that of ref. 3, because they
measured the low-order reflections (sinq/l < 0.76 Å21) with
the same crystal but two different X-ray wavelengths, Ag-Ka
and Mo-Ka.

The quantity minimized in the multipole refinement was
Sw(|Fo|22 k2|Fc|2)2 based on 6217 independent reflections with
I > 2s(I) and weights w = 1/s2(|Fo|2). The data were corrected
for absorption effects, extinction corrections were not in-
troduced and the anomalous dispersion was considered only for
the Mn atom. The final aspherical fit to X-ray data was obtained
with the following multipole model (POP). Each pseudoatom is
assigned a small finite multipole expansion of the atomic form
factor. The multipole expansion included two monopoles for C
and O atoms and three monopoles for Mn atom and the higher
terms were up to the octupole level, except for Mn (up to
hexadecapole level). The monopoles consist of shells con-
structed from the canonical SCF s-, p- and d-orbitals.11 For the
higher multipoles, Slater-type radial functions with fixed
standard molecular exponents were used for all carbons and
oxygens12 and the radial exponents of Mn atom were deter-
mined in the refinement procedure. All calculations were
performed using a modified version of the VALRAY pro-
gram.13 The final agreement factors and some other refinement
information are listed in Table 1.

Table 1 Crystal data and multipole POP refinement information

Lattice type; space group monoclinic; C2/c

a/Å 17.314(4)
b/Å 6.898(1)
c/Å 14.110(3)
b/° 126.94(3)
Z 4
No (number of reflections) 6217
Np (number of parameters) 290
R(int) = S||Fo|2 2 |Fo|2(mean)|/S|Fo|2 0.033
R(sigma) = S[s(|Fo|2)]/S[|Fo|2] 0.039
R(F) = S||Fo| 2 k|Fc||/S|Fo| 0.0326
wR(F) = [Sw(|Fo| 2 |Fc|)2/Sw|Fo|2]1/2 0.0216
R(F2) = S||Fo|2 2 k2|Fc|2|/S|Fo|2 0.0424
wR(F2) = [Sw(|Fo|2 2 k2|Fc|2)2/Sw|Fo|4]1/2 0.0403
S = [Sw(|Fo|2 2 k2|Fc|2)2/(No 2 Np)]1/2 1.209
k (scale factor) 0.2477(5)
(shift/e.s.d.)max < 0.02

Fig. 1 An ORTEP plot (30% probability) of the entire molecule of
Mn2(CO)10.16 The molecule has crystallographic C2 symmetry with the
two-fold axis passing through the middle of the Mn–Mn bond. Each Mn
atom links four equatorial and one axial CO groups in a pseudo-octahedral
environment. The equatorial CO groups of the two Mn atoms are staggered
[51° between the CO(1)–Mn(1)–CO(2) and CO(1A)–Mn(1A)–CO(2A)
planes]. The Mn–Mn bond distance is 2.9042(8) Å; this value is in keeping
with the observed dependence on the temperature [2.923(3) Å r.t., 2.9042(8)
Å 120 K, 2.8950(6) Å 74 K].3
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(b)

The total electron density, r(r), based on the multipole
model, the gradient and Hessian of r(r) were calculated with a
direct space lattice sum. The topological analysis of r(r) (search
of critical points and bond paths14) was carried out using the
TOPOND program,15 interfaced to VALRAY. The topology of
r(r) has been fully described by Bader in the QTAM.

The molecular structure, with the atomic labeling, is shown in
Fig. 1. The largest peak in the residual density (based on Fobs2

Fmultipole) is 0.33 e Å23 and it is close to the Mn position. We
observe a slightly positive and not significant deformation
density of 0.1(1) e Å23 (total density minus free spherical
atoms) at the midpoint of the Mn–Mn bond. On the other hand

a very small deformation density has also been observed
between the two metal atoms in previous works.1,3

Fig. 2 shows the total electron density map and its Laplacian,
derived from the multipole POP model, in the plane containing
the axial [C(1)–O(1)], the two equatorial carbonyl groups
[C(2)–O(2) and C(4)–O(4)] and the two Mn atoms. The number
of bcps we found in the experimental electron density
corresponds to the expected number of bonds for Mn2(CO)10,
including the interaction between the two Mn atoms as
illustrated in Fig. 2(a). The density at the bcp between the two
heavy atoms is 0.190(4) e Å23. No bcps were found for any
cross interaction between one metal and the equatorial COs
linked to the other metal atom. The positive value of Î2r(r) at
the MnTMn bcp [0.815(8) e Å25; Fig. 2(b)] indicates an
unshared interaction14 between the two Mn atoms: the density is
contracted towards each Mn nucleus. Indeed, one finds that l3
= 1.209(3) e Å25 is here dominant with respect to l1 = l2 =
20.199(3) e Å25. This behaviour is similar to that found in the
ionic and van der Waals interactions and clearly indicates a
totally different nature with respect to a typical covalent
interaction.

In conclusion, an accurate description of the total electron
density has been obtained from a multipole analysis of the X-ray
data. The low temperature (120 K) at which the diffraction
experiment was performed allowed us to obtain a significant
total electron density in the metal–metal region and the Bader
analysis of this density was a useful tool to characterize the
nature of their interaction.
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Fig. 2 Experimental charge density, Îr(r) (a), and its Laplacian, Î2r(r) (b),
on the plane defined by Mn(1), Mn(1A) and C(2). The absolute values of the
contours (atomic units) increase from the outermost one inwards in steps of
2 3 10n, 4 3 10n and 8 3 10n with n beginning at 23 and increasing in steps
of 1. It has been shown that a necessary and sufficient condition for two
atoms to be involved in a bonding interaction is the existence in Îr(r) of a
line linking the nuclei along which the charge density is at a maximum with
respect to any lateral displacement. Such a line is called a bond path, and the
interatomic critical point rc [where Îr(rc) = 0] occurring on it is a bond
critical point (bcp). At the bcp, there are two negative curvatures (l1 and l2)
that determine the contraction of r towards rc in the directions perpendicular
to the bond path, and one positive curvature, l3, parallel to the interaction
line. The values of r(rc) and of Î2r(rc) = l1 + l2 + l3 characterize the
atomic interaction. In (a) the bond paths of Îr(r) which originate at bcp are
superimposed on the same map and the bcp position is denoted by a black
dot. In (b) positive values are denoted by dashed contours, negative values
are denoted by solid contours.
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Synthesis and coordination chemistry of 1,3,5-triphosphabicyclo[2.1.0]-
pent-2-ene

Vinicius Caliman, Peter B. Hitchcock and John F. Nixon*†

School of Chemistry, Physics and Environmental Science, University of Sussex, Brighton, UK, BN1 9QJ

Room temperature electrocyclisation of the 1,2,4-triphos-
phole P3C2But

2CH(SiMe3)2 affords the new 1,3,5-triphos-
phabicyclo[2.1.0]pent-2-ene which undergoes a very rapid
[1,3]-phosphorus migration which can be stopped by coor-
dination of [W(CO)5]; the two isomeric phosphorus com-
pounds react differently with [PtCl2(PEt3)]2, the latter via an
insertion of the metal into the P–P bond and a chlorine
migration reaction to afford trans-[PtCl(PEt3)P2C2-
But

2PClCH(SiMe3)2], the molecular structure of which has
been determined by a single crystal X-ray diffraction
study.

We recently showed1 that the activation barrier for the
[1,3]-phosphorus migration in the hypothetical 1,3,5-triphos-
phabicyclo[2.1.0]pent-2-ene P3C2H3 1 is estimated
(MP4SDTQ/6-31G*//MP2/6-31G*+ZPE) to be only 11.62 kcal
mol21

, which is considerably smaller than the barrier (31.13
kcal mol21) for the corresponding [1,3]-carbon migration in the
structurally related hydrocarbon C5H6 2. We attributed the
much more facile migration within the phosphorus system to
favourable cleavage of the weak P–P bond in 1 compared to the
strong C–C bond in 2 and to the suprafacial pathway in both
systems, which requires the migrating atom to become planar,
and is therefore much more favourable for phosphorus than
carbon (see Scheme 1). We now present the first experimental
support for these proposals with the synthesis of
1-bis-(trimethylsilylmethyl)-1,3,5-triphosphabicyclo[2.1.0]-
pent-2-ene 3 and a study of its dynamic behaviour and ligating
properties.

The recently described2 1,2,4-triphosphole P3C2But
2CH-

(SiMe3)2 4 readily undergoes a slow electrocyclisation reaction
on long standing in sunlight at room temperature, to afford the
new isomeric 1,3,5-triphosphabicyclo[2.1.0]pent-2-ene 3 (Fig.
1). The reaction, which is accelerated by irradiation with a
tungsten lamp (100 W), is about 60% complete after one
week.

When the electrocyclisation reaction is monitored by
31P{1H} NMR spectroscopy , the original three doublet-of-

doublets resonances (dP 244.4 P(A), 180.0 P(B) and 112.0 P(X)) of
4 steadily disappear and are replaced by two new resonances
attributed to 3 (a doublet dP 166.6 and a triplet dP 24.1). The
simplicity of the 31P{1H} NMR spectrum of 3 shows that two
phosphorus atoms P(A) and P(B) become magnetically equiva-
lent because of the fast [1,3]-sigmatropic rearrangement of 3.
On cooling the sample the doublet resonance broadens but the
dynamic proces is still evident even at 2110 °C.

The migration process of P(X) from P(A) to P(B) can however
be stopped completely by ligation of a [W(CO)5] fragment to 3.
Thus [W(CO)5(THF)] readily reacts with 3 in THF at room
temperature to afford the red h1-complex [W(CO)5P3C2-
But

2CH(SiMe3)2] 5 in 70% yield. The mode of attachment of

the [W(CO)5] fragment was established as being via the unique
sp2-hybridised phosphorus P(A), by its 1P{1H} NMR spectrum
which shows three resonances (dP 270.7 P(A), 33.8 P(M) and
278.8 P(X)), each occurring as a doublet of doublets. The high
field shifts of P(M) and P(X) are typical for sp3-hybridised
phosphorus atoms and each exhibits the expected large direct
one-bond coupling (1JP(M)P(X) = 151.3 Hz). The low field P(A)
resonance, which is typical of an sp2-hybridised phosphorus,
also shows two additional two-bond couplings (2JP(A)P(M) =
83.8 Hz and 2JP(A)P(X) = 21.7 Hz) and the characteristic 183W
satellites (1JPW = 229.3 Hz). Isomers 3 and 4 thus behave quite
differently towards zerovalent tungsten, the latter giving only
the h5-complex [W(CO)3P3C2But

2CH(SiMe3)2] 8 under a
variety of reaction conditions.3

[PtCl2(PEt3)]2 reacts with 5 in THF at room temperature to
afford the yellow bimetallic complex trans-[PtCl2(PEt3)W-
(CO)5P3C2But

2CH(SiMe3)2] 6 (79% yield) with a similar
structure to 5, in which the additional [PtCl2(PEt3)] fragment
becomes attached to the sp3-hybridised phosphorus at the
junction of the 3- and 4-membered rings, as was established
spectroscopically.‡

The identity of the 1,3,5-triphosphabicyclo[2.1.0]pent-2-ene,
3, was confirmed by its unusual reaction with [PtCl2(PEt3)]2 at
room temperature, to give the yellow air-stable complex trans-
[PtCl(PEt3)P2C2But

2PClCH(SiMe3)2] 7 (77% yield), the mo-
lecular structure of which was confirmed spectroscopically‡
and by a single crystal X-ray diffraction study. The reaction

Scheme 1

Fig. 1 R = CH(SiMe3)2
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involves both an insertion of the metal–ligand fragment into the
weak P–P bond of the three-membered ring of 3 and a chlorine
migration from platinum to phosphorus. Clearly the dynamic
behaviour of 3, involving rapid breaking and remaking of the
P–P bond, facilitates the insertion step.

We previously reported4 a similar ring opening and chlorine
transfer from PtII to phosphorus in the reaction of
[PtCl2(CNR)2] (R = But, p-MeOC6H4) with the three-
membered phosphirene ring PPhCPhNCPh to form the dimeric
chlorophosphane complex [PtCl(PClPhCPhNCPh)(CNBut)]2.

The mass spectrum of compound 7 exhibits a molecular ion
peak at m/z 774 and the expected fragmentation pattern and the
31P{1H} NMR spectrum exhibits the anticipated pattern of lines
arising from an [AMNX] spin system.§ The molecular structure
of 7, shown in Fig. 2, was established by a single crystal X-ray
diffraction study¶ and is in full accord with the NMR
spectroscopic data. The symmetry around the PtII atom is close
to idealised square planar geometry, and the Pt–P distances and
the PNC double bond length [P(3)–C(1) 1.698(5) Å] are
typical.5,6 Isomers 3 and 4 thus also behave quite differently
towards divalent platinum, the latter giving the h1-complex
trans-[PtCl2(PEt3)P3C2But

2CH(SiMe3)2] 9 in which the plati-
num is attached to the unsaturated phosphorus lying between
the two ring carbon atoms.7

We thank the Brazilian Government (CNPq) for a scholarship
(to V. C.).
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† E-mail: j.nixon@sussex.ac.uk
‡ Synthesis. trans-[(PtCl2(PEt3){W(CO)5}P3C2But

2CH(SiMe3)2] 6: to a
solution of [{W(CO)5}P3C2But

2CH(SiMe3)2] 5 (120 mg, 0.195 mmol) in
chloroform (5 ml), at room temperature, was slowly added a solution of
[PtCl2(PEt3)]2 (75.0 mg, 0.097 mmol) dissolved in chloroform (10 ml). The
resulting mixture was stirred for 8 h and the solvent removed in vacuo. The
yellow solid was washed with light petroleum (bp 60–80 °C; 5 ml) to give
6 (155 mg, 79%).31P{1H} NMR data (101.3 MHz, CDCl3, 25 °C): dP 304.6
(dd, P(A), 1JP(A)W = 251.2, 2JP(A)P(M) = 65.1, 2JP(A)P(X) = 26.8 Hz); 82.9
(ddd, P(M), 1JP(M)Pt = 2422, 2JP(M)P(N) = 529.1, 1JP(M)P(X) = 200.3,
2JP(M)P(A) = 65.1 Hz); 11.1 (dd, P(N), 1JP(N)Pt = 2767, 2JP(N)P(M) = 529.1
Hz); 299.4 (dd, P(X), 1JP(X)P(M) = 200.3, 2JP(X)P(A) = 26.8 Hz).
§ Synthesis. trans-[PtCl(PEt3)P2C2But

2PClCH(SiMe3)2] 7: [PtCl2(PEt3)]2

(145 mg, 0.19 mmol) was added, as a solid, to a solution of P3C2But
2CH-

(SiMe3)2 3 (160 mg, 0.41 mmol) in chloroform (10 ml), and stirred for 8 h.
The yellow solid was filtered and washed with light petroleum (bp
60–80 °C; 5 ml) to give 7 (230 mg, 77% yield). Recrystallisation from
THF–light petroleum (bp 30–40 °C) gave yellow crystals (mp 186 °C)
suitable for the X-ray diffraction study (Found: C, 35.70; H, 6.71;
C23H52Cl2Si2P4Pt requires C, 35.66; H, 6.77%). 195Pt{1H} NMR data (53.8
MHz, CDCl3, 25 °C): d23974 (dddd, Pt, 1JPtP(X) = 2884, 1JPtP(N) = 2778,
1JPtP(M) = 564.5, 3JPtP(A) = 216.2 Hz). 31P{1H} NMR data (101.3 MHz,
CDCl3, 25 °C): dP 371.0 (dd, P(A), 3JP(A)Pt = 216.2, 2JP(A)P(M) = 59.0,
2JP(A)P(X) = 11.2 Hz); 117.6 (dd, P(X), 1JP(X)Pt = 2884, 2JP(X)P(N) = 540.1,
2JP(X)P(A) = 11.2 Hz); 10.2 (d, P(N), 1JP(N)Pt = 2778, 2JP(N)P(X) = 540.1
Hz); 213.9 (d, P(M), 1JP(M)Pt = 564.5, 2JP(M)P(A) = 59.0 Hz). 1H NMR data
(250.2 MHz, CDCl3, 25 °C): d 1.94 (d, 1 H, CH, 2JHP = 6.3 Hz); 1.90 [m,
6 H, 3(CH2)]; 1.47 [s, 9 H, C(CH3)3]; 1.27 [s, 9 H, C(CH3)3]; 1.13 [dt, 9 H,
3(CH3), 3JHP = 16.0, 3JHH = 7.5 Hz); 0.58 [s, 9 H, Si(CH3)3]; 0.35 [s, 9 H,
Si(CH3)3]. Mass spectrum (EI): m/z 774 [PtCl(PEt3)P2C2But

2PClCH-
(SiMe3)2]+ (30 %), 674 [PtCl(PEt3)PCButPClCH(SiMe3)2]+, 390
[P2C2But

2PCH(SiMe3)2]+, 73 [SiMe3]+.
¶ Crystal data for 7, C23H52Cl2Si2P4Pt, M = 774.7, monoclinic, space
group P21/c (no. 14), a = 18.545(2), b = 10.943(5), c = 16.745(3) Å, b =
95.14(1)°, U = 3385(2) Å3, Z = 4, Dc = 1.52 g cm23. Crystal size 0.33
0.3 3 0.2 mm. Data were collected at 293 K on an Enraf-Nonius CAD4
diffractometer using Mo-Ka radiation, l = 0.71073 Å, µ = 45.8 cm21. A
total of 9818 unique reflections were measured, of which 6979 had I > 2s(I).
Non-H atoms were located by direct methods (SHELXS-86) and the
structure was refined by full-matrix least-squares (SHELXL-93), non-H
atoms anisotropic. R1 = 0.042, wR2 = 0.117 (all data). CCDC 182/897.
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Fig. 2 Molecular structure of trans-[PtCl(PEt3)P2C2But
2PClCH(SiMe3)2] 7

together with the atomic numbering scheme and some selected bond lengths
(Å) and angles (°): Pt–P(1) 2.263(1), Pt–P(2) 2.299(1), Pt–P(4) 2.322(2),
Pt–Cl(1) 2.381(2), P(1)–C(11) 1.826(5), P(1)–C(2) 1.877(5), P(1)–Cl(2)
2.062(2), P(2)–C(1) 1.820(5), P(2)–C(2) 1.907(5), P(3)–C(1) 1.698(5),
P(3)–C(2) 1.876(5), P(1)–Pt–P(2) 71.90(5), P(1)–Pt–P(4) 167.25(5),
P(2)–Pt–P(4) 95.42(5), P(1)–Pt–Cl(1) 100.38(6), P(2)–Pt–Cl(1) 164.50(6),
P(4)–Pt–Cl(1) 91.63(6)
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Coordination control of intramolecular electron transfer in boronate
ester-bridged donor–acceptor molecules

Hideo Shiratori,a Takeshi Ohno,b Koichi Nozaki,b Iwao Yamazaki,c Yoshinobu Nishimurac and Atsuhiro
Osuka*a†
a Department of Chemistry, Graduate School of Science, Kyoto University, Kyoto, 606-8502, Japan
b Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka, 560-8531, Japan 
c Department of Chemical Process Engineering, Graduate School of Engineering, Hokkaido University, Sapporo, 060-8628, Japan

Acid–base reaction at the bridge in a donor–acceptor
molecule can influence intramolecular electron-transfer
reactions; this has been demonstrated in boronate ester
bridged zinc porphyrin–diimide dyads in which intra-
molecular electron transfer reaction has been completely
suppressed by coordination of F2 on the bridge boron.

Intramolecular electron transfer (ET) is the subject of many
studies that are aimed at elucidating the role of the various
parameters which govern the ET rate.1 Among these, the
chemical identity and nature of the bridge that connects donor
and acceptor are important, since ET reactions can be facilitated
by appropriate molecular orbitals provided by the bridge.2
When a donor–acceptor molecule undergoes ET with a rate
tunable by external physical and/or chemical input, it may
constitute a switching ET molecular system. We report here
intramolecular photoinduced electron transfer in boronate ester
bridged zinc porphyrin–pyromellitimide (ZP–PI, 1b) and zinc
porphyrin–1,8:4,5-naphthalenetetracarboxylic diimide (ZP–NI,
1c) (Scheme 1) in which the Lewis acidic boronate ester may
enable alteration of the ET rate upon base coordination. This has
indeed been demonstrated by addition of fluoride anion (F2)
which suppresses the ET.

Porphyrin 1a was prepared according to the method reported
by Toi et al.3 Attempted hydrolysis of 1a was unsuccessful in
our hands under both basic3 and acidic conditions.4 Thus,
boronic acid 3 was prepared by the cross-condensation of
4-formylphenylboronic acid 4 and 3,5-di-tert-butylbenzalde-
hyde 5 with dipyrrylmethane 6 followed by oxidation with
p-chloranil under mild conditions (0 °C, 30 min) in 35% yield.
Boron-bridged dyads 1b and 1c were prepared by refluxing a
toluene solution of 3 in the presence of diol 7 or 8 with 84% and
90% isolated yields, respectively.

In benzene, the fluorescence of 1ZP* in 2b and 2c is
quenched by the attached PI or NI; the relative fluorescence
intensities of 2b and 2c to 2a are 0.89 and 0.36, respectively,
and the fluorescence decays of 2b and 2c measured by the time-
correlated single photon counting technique have been found to
obey a single exponential function with lifetimes of 1.21 ns and
0.49 ns, respectively, which are shorter than the lifetime (1.39
ns) of 2a. The observed fluorescence quenching suggests charge
separation (CS) between 1ZP* and PI or NI. The ET quenching
has been confirmed by picosecond time resolved transient
absorption spectroscopy. The transient absorption spectra taken
for excitation with a 17 ps laser pulse at 532 nm revealed the
appearance of a 715 nm absorption band due to PI2 for 2b (not
shown) and of 480 nm and 610 nm bands due to NI2 for 2c [Fig.
1(b)],5 respectively, clearly indicating ion-pair formation.
Charge recombination kinetics of the ion pair to the ground state
in 2b measured by monitoring the 715 nm absorbance change
follows a single exponential decay with t = 84 ± 6 ns, while the
similar kinetic trace at 480 nm in 2c follows a biphasic decay
with t1 = 77 ± 16 ns (66%) and t2 = 380 ± 100 ns (34%).6 The

boronate ester-bridged models, 1b and 1c, undergo essentially
the same ET reactions as those of 2b and 2c; the relative
fluorescence intensities of 1b and 1c to 1a are 0.70 and 0.36, and
the fluorescence lifetimes of 1b and 1c are 1.18 ns and 0.57 ns,
respectively, which are both shorter than the lifetime (1.40 ns)
of 1a. Transient absorption spectroscopy also revealed the
formation of the ion-pair state, and the lifetimes of the ion-pair
state are 40 ± 5 ns for 1b (not shown) and 13 ± 1 ns (60%) and
290 ± 10 ns (40%) for 1c [Fig. 1(a), solid line].

The ET dynamics were also examined in the presence of
tetra-n-butylammonium fluoride (TBAF). In the 11B NMR
spectra taken in benzene, a broad boron signal of 1a appearing
at around 10 ppm with respect to a trimethylborate internal
standard was shifted to 214 ppm upon an addition of 1 equiv.
of TBAF, indicating the complete coordination of F2 on the

Scheme 1 Structures of models studied
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boron atom. Similar shifts were observed for 1b and 1c. Fig. 2
shows the effects of TBAF addition on the fluorescence
intensities of 1b,c and 2b,c. It is evident that the fluorescence
intensity of 1c increased with increasing amount of TBAF and
returned to the original unquenched level with ca. 1 equiv. of
TBAF, while the fluorescence intensity of 2c remained
quenched to a constant level up to 5 equiv. of TBAF added.
Essentially the same trend was observed for 1b and 2b. Upon
addition of 5 equiv. TBAF, the short fluorescence lifetimes of
free 1b and 1c were restored to the unquenched levels (1.56 and
1.57 ns, respectively), which are almost the same as that (1.58
ns) of the acceptor-free reference compound 1a under the same
conditions. In contrast to the ET reactions of 2b and 2c, which
are rather independent of TBAF [Fig. 1(b)], the transient
absorption spectra of 1b and 1c in the presence of 1.2 equiv.
TBAF are practically the same as those of the acceptor-free 1c
with no indication of ion-pair formation [Fig. 1(a), dotted line].7
Therefore it is concluded that the CS reactions in 1b and 1c are
completely blocked by F2 coordination. Since restoring the
initial ET activities of 1b and 1c after the addition of F2 is
important for constructing a real ON/OFF system, the addition
of a large amount of 9 to solutions of F2-complexed 1b and 1c
was examined but did not lead to the recovery of the ET
activities. Finally, note that the CS reactions in 1b and 1c are
also completely blocked in solvents with high donor numbers

such as DMF and triethylamine but such solvent effects are not
observed for 2b and 2c.

At the present stage, it seems difficult to identify the main
reason for this CS inhibition by F2 coordination. The energy
levels of the ion-pair states, geometrical parameters, and
electronic coupling should be changed upon F2 coordination.
Since the addition of TBAF had almost no effect on the redox
potentials of these models,8 the energy levels of the ion-pair
states do not change significantly, at least in polar DMF
solution, but are more difficult to estimate in nonpolar benzene
solution. Since the center-to-center distance between ZP and the
boron is estimated to be longer than that between the boron and
the diimide,9 the negative charge at the boron may raise the
energy level of the ion-pair state, thereby decreasing the kCS
value. A change from a neutral trigonal boron to a tetrahedral
‘ate’ anion induces a slight shortening of the donor–acceptor
distance by 0.4 Å as well as changes in the molecular orbitals of
the bridge that will alter the electronic coupling between ZP and
the diimide acceptor, relevant for CS. The former structural
change seems to be unimportant since comparable kCS rates
were observed for the structural analogues, 2b and 2c. The latter
effect, which may be evaluated by considering the molecular
orbitals of the phenylboronate 9, causes a considerable increase
in the LUMO energy of the bridge upon F2 coordination,10

suggesting the decreased electronic coupling due to the high
LUMO energy to be critical in the observed CS inhibition.

Coordination on a neutral bridging boron may provide a
convenient method of controlling the intramolecular ET. The
generality of this method will be tested in other ET systems and
also in triplet–triplet energy transfer systems. Studies in this
direction are ongoing and will be reported soon elsewhere.

This work was partly supported by a Grant-in-Aid for
Scientific Research (No. 09440217) from the Ministry of
Education, Science, Sports and Culture of Japan and by CREST
(Core Research for Evolutional Science and Technology) of
Japan Science and Technology Corporation (JST).
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Fig. 1 Transient absorption spectra of 1c (a) and 2c (b) in benzene, at a delay
time of 6 ns. Solid lines: in the absence of F2; dotted lines: in the presence
of 1.2 equiv. F2.

Fig. 2 Change of fluorescence intensities of diimide-linked models upon
addition of F2. Data for 1b,c and 2b,c were recorded relative to 1a and 2a,
respectively. Concentrations of models were 1 µm.
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Mechanistic studies on the photogeneration of o- and p-xylylenes from
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Two-colour two-laser techniques have unambiguously
proved that photolysis of the o-/p-(chloromethyl)benzyl
radical leads to the sequential two-photon generation of o-/p-
xylylene from a,aA-dichloro-o-/p-xylene.

Xylylenes are molecules of considerable theoretical and
synthetic interest, which have been detected and characterized
by different spectroscopic methods.1 Although benzylic
dichlorides have been used as very simple and readily
accessible precursors, the involved mechanisms are not com-
pletely understood.2 It has been recently reported3 that 266 nm
laser irradiation of a,aA-dichloro-o-xylene (1a) produces the
dissociation of both C–X bonds via a two-photon process;
however, the nature of the intermediate species which absorbs
the second photon is uncertain. Three possibilities have been
considered: the S1 and T1 states of 1a and the
o-(chloromethyl)benzyl radical (2a). Based on the short lifetime
of the singlet state of the dichloride and the apparent relative
yields of the observed transients, the undetected T1 state of the
dichloride has been suggested as the photochemical precursor of
o-xylylene.

Our aim was to explore the photochemistry of the benzyl
radical 2a produced after dissociation of one C–X bond of a,aA-
dichloro-o-xylene, using two-laser two-colour techniques, in
order to obtain new data to support or reject the intermediacy of
2a in the formation of o-xylylene. We report here our findings
and compare them with those obtained in the photolysis of a,aA-
dichloro-p-xylene. Based on the obtained results, a mechanism
for the formation of o- and p-xylylenes from their correspond-
ing dichloro precursors is presented.

Laser flash photolysis of deaerated 1.5 mm solutions of 1a in
cyclohexane at 266 nm (Nd: YAG laser, fourth harmonic, < 10
ns, @20 mJ pulse21) yielded the transient absorption spectra
shown in Fig. 1. Two transients with different lifetimes were

obtained. According to the literature,3 they were assigned to 2a
(with a maximum at 330 nm) and o-xylylene (3a) (maximum at
360 nm, emax = 3 3 103 dm3 mol21 cm21),4 generated through
one- and two-photon processes, respectively.

When irradiating with a 266 nm laser it is useful to place a
beam diffuser (which eliminates ‘hot’ spots in the laser beam)
close to the sample in order to get a better observation of
monophotonic transients.5 Actually, a new spectrum obtained
under these conditions showed a higher ratio of radical 2a to the
two photon intermediate, 3a (Fig. 1).

To confirm the radical nature of the transient at 330 nm,
oxygenated samples were examined, showing that, while the
band at 330 nm was quenched at close to the diffusion
controlled limit (see insert Fig. 1), the lifetime of the transient at
360 nm appeared insensitive to the presence or absence of
oxygen (data not shown).

Furthermore, to study the photobehaviour of 2a, two-colour
two-laser flash photolysis experiments6 were carried out using
266 nm laser pulses (20 mJ pulse21) to photolyze 1a and a 308
nm excimer laser (90 mJ pulse21) to irradiate 2a. The two
pulses were typically separated by ca. 2.5 ms, a time sufficiently
long that the irradiation of excited states of 1a by the 308 nm
laser is impossible. We note that 1a is transparent at 308 nm.
That the benzyl radical 2a can be the precursor of o-xylylene is
clearly demonstrated by comparing the spectra obtained upon
irradiation with the first and the second laser (Fig. 2). The
permanent and irreversible bleaching of the transient with a
maximum at 330 nm was concurrent with the jump of the band
with a maximum at 360 nm.

Thus, it seems clear that 2a photolyzes to o-xylylene, and a
mechanism for the photogeneration of o-xylylene from a,aA-
dichloro-o-xylene is shown in Scheme 1; while triplet 1a may or
may not produce o-xylylene, it is clear that there is no need to
invoke this undetected process.

On the other hand, laser flash photolysis of deaerated 1.5 mm
solutions of a,aA-dichloro-p-xylene (1b) in cyclohexane at 266
nm (with a beam diffuser) yielded the transient absorption
spectrum shown in Fig. 3. Irradiation of oxygenated samples
showed that the band at 320 nm was quenched at close to the
diffusion controlled limit, but the lifetime of the transient at 290
nm appeared to be insensitive to the presence of oxygen. Thus,
the band at 320 nm can be assigned to the p-(chloro-
methyl)benzyl radical (2b) by comparison with the band of the
p-methylbenzyl radical in solution.7 On the other hand, the band
at 290 nm is assigned to p-xylylene in accordance with literature
data.8 At first glimpse, the formation of p-xylylene from 1b
appeared to be more efficient than the generation of o-xylylene
from 1a, even if both dihalides were photolyzed under the same
conditions [compare curve (b) in Fig. 1 and the transient in
Fig. 3]. However, this could also reflect a different molar
extinction coefficient of both xylylenes. Although emax of 3b
has not been reported, electronic spectra calculated for xyly-
lenes9 indicate that a much higher intensity should be expected
for the absorption of the para than for the ortho derivative.

Fig. 1 Transient absorption spectra recorded following laser excitation (266
nm) of 1a under nitrogen 2 ms after laser pulse (a) with diffuser and (b)
without diffuser. Insert: (a) spectrum of o-xylylene obtained 2.32 ms after
irradiation in the presence of oxygen without diffuser; (b) spectrum of 2a
obtained by normalizing and subtracting the spectrum of o-xylylene from
the spectrum obtained in the absence of oxygen.
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To establish the nature of the process leading to radical 2b
and p-xylylene, an investigation of the effects of light intensity
on the relative intensity of their signals was carried out by
attenuating the laser beam with a set of calibrated neutral
density filters. Inserts (a) and (b) in Fig. 3 show that there is a
linear relationship between the formation of 2b and the laser
power, while a parabola is obtained in the case of 3b; thus, the
evidence supports a one-photon process for the benzylic radical
and a two-photon process for p-xylylene.

The photobehaviour of radical 2b was studied by using two-
colour two-laser experiments; the 266 nm laser was used to
generate this radical, which was further irradiated with pulses
from the 308 nm laser. That 2b can be the precursor of 3b is
clearly demonstrated by comparing traces obtained for both
transients (Fig. 4). Thus, the bleaching at 320 nm was
coincident with the jump at 290 nm. Based on this evidence the
mechanism for the photogeneration of p-xylylene from a,aA-
dichloro-p-xylene is also that of Scheme 1.

In summary, this work has demonstrated that benzyl radicals
are the key light absorbing transients in the two-photon
generation of o- and p-xylylenes from the corresponding
dichloroxylenes.

J. C. S. thanks the National Sciences and Engineering
Research Council of Canada for support. Spanish DGICYT
(MAM, Project no. PB94-0539) and Spanish Ministry of
Education (EFS, Grant) are gratefully acknowledged.
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Fig. 2 Top: (a) Transient absorption spectrum recorded following laser
excitation (266 nm) of 1a under nitrogen 1.12 ms after laser pulse. (b)
Transient absorption spectrum obtained upon two laser-two colour
excitation of 1a. The intermediate generated by means of a 266 nm laser
pulse is photolyzed after 2 ms by a second laser at 308 nm. Bottom: Kinetic
trace at 330 (left) and 360 nm (right); the bleaching at 330 nm corresponds
to the disappearance of 2a and the jump at 360 nm corresponds to the
formation of 3b.

Scheme 1

Fig. 3 Transient absorption spectrum recorded following laser excitation
(266 nm) of 1b under nitrogen 0.8 ms after laser pulse. Inserts (a) and (b)
show the effect of the laser power on signal intensities monitored at 320 and
290 nm, respectively.

Fig. 4 Two laser-two colour photolysis of 1b. Top: kinetic trace at 320 nm;
the bleaching corresponds to the disappearance of 2b. Bottom: kinetic trace
at 290 nm; the jump corresponds to the formatio of 3b.
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Photoinduced reduction of thymine and uracil derivatives by hypophosphite:
unusual high quantum yield of chromophore loss

Kongjiang Wang,*† and Zhifang Chai

Institute of High Energy Physics, The Chinese Academy of Sciences, PO Box 2732, Beijing 100080, PR China

The quantum yield of chromophore loss of thymine, uracil
and their corresponding nucleosides and nucleoside-5A-
monophosphates undergoing irradiation with 254 nm UV
light was found to be sharply enhanced by hypophosphite;
thymine and uracil were reduced by hypophosphite to give
5,6-dihydrothymine and 5,6-dihydrouracil respectively.

In the photochemistry of nucleic acids, there has been much
interest in oxidative damage to DNA and its biological
consequences in living cells.1,2 Here we report the photo-
induced reduction (hydrogenation) of thymine (1a), uracil (1b)
and their derivatives by hypophosphite, which was initially
found in our tentative simulation of the photochemistry of the
primitive sea, by irradiation with a medium pressure mercury
lamp.3 Contrary to the wavelength dependence of the enhance-
ment of the photolysis of nucleic acid monomers by orthophos-
phates and pyrophosphate on UV light for photoionization of
phosphates ( < 210 nm),3,4 no obvious wavelength dependence
has been observed in photoinduced reduction by hypophos-
phite. We present the results obtained by the irradiation with
254 nm UV light.

For actinometry of the low pressure mercury lamp, we
repeatedly used the chromophore loss of uridine in areated
aqueous solution at pH 6.5 A 20% MeCO2H solution of 1 cm
pathlength was employed to filter off the photochemically
significant quantities of 184.9, 194.2 and 222.4 nm UV light.
The quantum yield of chromophore loss (fcl) was determined
from the decrease of absorbance at lmax of the substrates. Fig.
1 shows the concentration dependence of fcl of thymine, uracil
and their corresponding nucleosides and nucleoside-
5A-monophosphates. It is clear from this figure that fcl of
thymine, uracil and their derivatives increases when the
concentration of sodium hypophosphite is about 3 3 1023 m or
higher. fcl for uracil and thymidine is higher than for the other
derivatives. Note that fcl for thymine, thymidine and thymidine-
5A-monophosphate increases so sharply that at 1 m sodium
hypophosphite fcl for thymine, thymidine and thymidine-
5A-monophosphate is 0.016, 0.046 and 0.029, fcl being 0.064,
0.16 and 0.11 for uracil and its derivatives under the same
conditions. However, no significant fcl change for uracil and
thymine has been observed in the presence of 0.1 m concentra-
tions of other anions (SO4

22, Cl2, CO3
22, citrate, acetate,

arsenate, cacodylate, orthophosphates, pyrophosphate), 0.1 m
urea and 0.004 m metaphosphate under irradiation with 254 nm
UV light. In contrast to the enhancement of the photolysis of
nucleic acid monomers by orthophosphates and pyrophos-
phate,4 no obvious fcl increase has been observed for cytosine,
cytidine and cytidine-5A-monophosphate in the range 1025–1 m
hypophosphite. For adenine, guanine and their derivatives, fcl

was observed to increase when the concentration rises to more
than 0.01 m, but the relative fcl value is < 5.

Hydrate formation of uracil, uridine and uridine-5-mono-
phosphate was quantified using both HPLC6 and the method
introduced by Moore and Thomson7 because the latter method
has been demonstrated to bring about total dehydration.6 HPLC
elution demonstrates that hydrate formation of uracil and
uridine in the concentration range corresponding to photo-
induced reduction by hypophosphite ( > 3 3 1023 m) decreases

sharply. The low reversibility or irreversibility of the irradiated
samples of uracil, uridine and uridine-5-monophosphate in the
concentration range corresponding to photoinduced reduction
by hypophosphite also indicates that hydrates are not the main
products. In dilute solution, dimers of pyrimidine bases and
their derivatives arise through the triplet state.1 f for thymine
dimer formation is small ( < 0.1), while the reversal quantum
yield is about 1.8 This, combined with the reported limiting
concentrations for uracil dimerization ( > 0.1 mm)9 and the
aerated aqueous media (O2 as triplet quencher) in the current
system eliminates the possibility of forming the dimers in large
quantity.

Fig. 2 indicates that major photoproducts have been formed
in aqueous solutions of uracil and thymine containing sodium
hypophosphite, which have been purified‡ and characterized.§
Using the authentic samples (Sigma) as internal standard, the
retention time of the purified products was found to be the same
to 5,6-dihydrothymine (2a) and 5,6-dihydrouracil (2b). The
corresponding peaks were found to disappear by HPLC analysis
after incubating the photoproducts in 0.2 m KOH for 1 h at room
temperature. This is in agreement with the alkaline lability of
dihydrouracil and dihydrothymine.10 However, after heating the
aqueous solution of the photoproducts with or without 0.1 m
HCl in a boiling water bath for 10 min, no obvious change was
observed via HPLC. Both IR and NMR spectra of the purified
samples were found to be the same as those of the authentic
samples. Overall these data indicate that the major product of

Fig. 1 fcl for thymine (A), uracil (B) and their derivatives as a function of
the molar concentration of sodium hypophosphite undergoing the irradia-
tion with 254 nm UV light (6.05 3 1024 Einstein  min21): (2) the base, (8)
the corresponding nucleoside and (Ω) nucleoside-5A-monophosphate.
Generally, 1 3 1024 m aerated pyrimidines or their mixed solutions with
sodium hypophosphite (pH 7 ± 0.3) were irradiated so as to facilitate UV
absorbance and spectrum assay. fcl for thymine, thymidine and thymidine-
5’-monophosphate in the absence of hypophosphite is 9.7 3 1025, fcl for
uracil, uridine and uridine-5A-monophosphate in the absence of hypophos-
phite is 1.8 3 1023, 0.018 and 0.014. fcl in the presence of hypophosphite
has been normalized to fcl in the absence of hypophosphite.
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thymine and uracil containing hypophosphite is 5,6-dihydro-
thymine (2a) and 5,6-dihydrouracil (2b). UV absorbance at 254
nm of 1 m sodium hypophosphite is 0.009, eliminating
complications in the reaction mechanism owing to the com-
petitive UV absorbance of hypophosphite. This, combined with
detection of the quantitative oxidated hypophosphite (600 MHz,
13P NMR spectrum), indicates that the enhancement of the
chromophore loss by hypophosphite is indeed the photoinduced
reduction by hypophosphite [eqn. (1)].

The fact that no obvious difference in the quantum yield has
been found between the aerated and nitrogen-saturated samples
favors the singlet pathway as the reaction mechanism.

This work was supported by the Presidential Foundation and
is a major project of the Chinese Academy of Sciences.
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‡ The major photoproducts were prepared by 254 nm irradiation of 1 3
1023 m aerated thymine or uracil aqueous solution containing 1 m sodium

hypophosphite (pH 7 ± 0.3). The photoproducts were extracted using ethyl
acetate (for photoproducts of thymine) and a mixed solution of butanone
and ethyl acetate (80 : 20, v/v) (for photoproducts of uracil). The collected
samples were concentrated on a rotary evaporator. The residue was taken up
in water, the products were purified by reversed-phase HPLC (Waters 600,
Waters mBondapak C18 19 3 300) with aqueous solution (uracil) or 2%
MeOH aqueous solution (thymine). The collected samples were lyophilized
to dryness.
§ Selected spectroscopic data: 1, UV spectrum of 2a and 2b shows the
disappearance of the characteristic absorption ( > 230 nm) of uracil and
thymine. 1, 2a (C5H8N2O2), Anal. Calc. for C5H8N2O2: C, 46.88; H, 6.25;
N, 21.88; O, 25. Found: C, 47.1; H, 7.1; N, 22.1; O, 23.8%. FTIR (n/cm21)
3236m, 3088m, 2892w, 1736vs, 1715vs, 1496m, 1392w, 1240s; 819w,
696w, 448w; dH(DSS, 600 MHz) 1.079 and 1.096 (d, Me), 2.647–2.723 (m,
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for C4H6N2O2: C, 42.1; H, 5.26; N, 24.56; O, 28.07. Found: C, 42; H, 5.1,
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Fig. 2. HPLC elution profiles of products from irradiated 1 3 1024 m
thymine (Thy) and uracil (Ura) containing 0.2 m hypophosphite. The
products were eluted from the mBondapak C18 column (Waters, 3.9 3 300
mm) at a flow rate of 1.4 ml min21 (Thy) and 1 ml min21 (Ura). The
chromatograms were monitored at 210 nm.
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Dynamic cis/trans isomerisation in a porphyrin–fullerene conjugate

Jean-François Nierengarten,*† Laurence Oswald and Jean-François Nicoud

Groupe des Matériaux Organiques, Institut de Physique et Chimie des Matériaux de Strasbourg, Université Louis Pasteur and
CNRS, 23 rue du Loess, F-67037 Strasbourg, France 

A porphyrin with two fullerene substituents is prepared by
condensation of a C60 aldehyde derivative and dipyrrol-2-yl
methane and by reaction of a preconstructed porphyrin with
C60 itself; it is obtained as a mixture of two conformers in
slow equilibrium, as shown by a variable temperature NMR
study.

Since the first reported preparation of a C60-linked porphyrin by
Gust,1 several other fullerene–porphyrin hybrids have been
described.2 Intramolecular processes such as electron and
energy transfer have been observed in some of these compounds
and C60 appears as a particularly interesting electron acceptor in
photochemical molecular devices because of its symmetrical
shape, large size and the properties of its p-electron system.3
Concerning their synthesis, all the previously reported por-
phyrin–C60 hybrids have been prepared by reaction of a
preconstructed porphyrin with C60 itself or a C60 acid
derivative.2 We have recently shown that a porphyrin could be
constructed starting from a C60 aldehyde derivative and
pyrrole.4 As a part of this research, we now report the synthesis
of the novel porphyrin 1 with two C60 groups directly attached
to the core using our methodology. Furthermore, the corre-
sponding ZnII–porphyrin 2 has been prepared by metalation of
1, but also by reaction of a preconstructed ZnII–porphyrin with
C60 itself. Interestingly, both 1 and 2 have been obtained as a
mixture of two conformers and an NMR study reveals a
previously unreported type of dynamic cis/trans isomerisa-
tion.

The synthesis of porphyrin 1 and its ZnII complex 2 is
depicted in Scheme 1. Aldehyde 3,4 compound 44 and dipyrrol-
2-yl methane 55 were prepared according to previously reported
methods. The condensation of 3 and 5 was performed in CHCl3
at room temperature in the presence of BF3·Et2O. After 12 h,
p-chloranil was added to irreversibly convert the porphyrinogen
to the porphyrin. The desired porphyrin 1 was isolated in 38%
yield and subsequent metalation with Zn(OAc)2 gave 2 in 97%
yield. Compound 2 could also be prepared starting from 4:
deprotection (TFA, CH2Cl2, H2O), subsequent condensation of
the resulting aldehyde 6 with 5 in CHCl3 with BF3·Et2O as
catalyst and p-chloranil oxidation yielded porphyrin 7, which
was metalated with Zn(OAc)2 to give 8. Fullerene incorporation
was based on the regioselective macrocyclisation reaction of the

carbon sphere with bismalonate derivatives developed by
Diederich and co-workers.6 Treatment of C60 with 8, I2 and
DBU in toluene at room temperature afforded a mixture of
compounds from which the desired ZnII–porphyrin 2 could be
subsequently isolated in 2% yield by tedious chromatographic
separations. This poor yield could be easily explained by a low
selectivity of the intramolecular addition to C60 due to
competition between the different available reactive malonic
units on the porphyrin core after its first intermolecular reaction
with C60.

All of the spectroscopic studies and elemental analysis results
were consistent with the proposed molecular structures.‡ The
1H NMR spectrum of 1 at room temperature showed the
presence of two conformers in a 1 : 1 ratio (Fig. 1). Molecular
modelling studies on compound 1 revealed that each fullerene
group is located to one side of the plane of its bridging phenyl
ring. Therefore due to the high barrier to rotation of the phenyl
substituents on the porphyrin, two conformers are possible for
1. The two carbon spheres in 1 can be in either a cis or trans
relative orientation (Fig. 1). Whereas the two porphyrin meso-

Scheme 1 Reagents and conditions: i, CHCl3, BF3·Et2O, room temp., 12 h,
then p-chloranil, reflux, 2 h, 38%; ii, Zn(OAc)2, CHCl3, MeOH, reflux, 2 h,
97%; iii, TFA, CH2Cl2, H2O, room temp., 5 h, 80%; iv, 5, CHCl3, BF3·Et2O,
room temp., 12 h, then p-chloranil, reflux, 2 h, 47%; v, Zn(OAc)2, CHCl3,
MeOH, reflux, 3 h, 92%; vi, C60, DBU, I2, toluene, room temp., 12 h,
2%
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Hs are equivalent in the trans conformer, they are non-
equivalent in the cis one. As expected, three singlets in a 1 : 2 : 1
ratio are observed at d 10.20, 10.23 and 10.27, respectively, for
the meso-Hs in the 1 : 1 mixture of conformers. Furthermore, the
four methyl groups on the porphyrin form equivalent pairs in
both conformers and the expected four singlets are clearly
observed (d 2.60, 2.63, 2.64 and 2.67) in the 1H NMR spectrum.
A variable-temperature NMR study showed a clear coalescence
at 125 °C (Fig. 1). By monitoring the coalescence of the
porphyrin meso-Hs, the free energy barrier for the conforma-
tional equilibrium was calculated as DG‡ = 85 kJ mol21.7 A
sharp symmetric spectrum could not be obtained below the limit

of heating, however the observed reversible narrowing of all the
peaks unambiguously shows that a dynamic effect does occur.
This cis/trans isomerism has also been seen for compound 2 and
can be related to the diastereoisomerism observed for some
terphenyl systems.8 Whereas atropisomerism in bis(o-substi-
tuted phenyl) porphyrins is well known, the conformational
isomerism observed for 1 and 2 is, to the best of our knowledge,
the first example of a bis(m-substituted phenyl) porphyrin for
which the barrier to free rotation is high enough at room
temperature to be able to distinguish the cis and trans
conformers.

Preliminary luminescence measurements show a strong
quenching of the porphyrin emission in 1 and 2 and their
photophysical properties are currently under investigation.

We thank the CNRS for financial support, C. Bourgogne for
his help with the molecular modelling, Hoechst AG for samples
of C60 and Professor F. Diederich (Zürich, Swiss) for his interest
in our work and his support.
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Fig. 1 1H NMR spectra of 1 (CDCl2CDCl2, 400 MHz) at (a) 125 and (b)
25 °C, and molecular models of the two conformers of compound 1 (the
four didodecyloxyphenyl groups have been omitted for clarity)
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Non-covalent control of site-selective incorporation of the pyridoxal phosphate
cofactor into a folded polypeptide motif—mimicking a key step in enzymatic
transamination

Malin Allert, Martin Kjellstrand, Klas Broo, Åke Nilsson and Lars Baltzer*†

Department of Chemistry, Göteborg University, S-412 96, Göteborg, Sweden

The site-selective incorporation of the pyridoxal phosphate
cofactor into a designed polypeptide motif has been achieved
and shown to be controlled by the non-covalent interactions
between the phosphate group of the cofactor and a single
arginine residue on the surface of the folded polypeptide.

The de novo design of functionalized proteins is an attractive
alternative in the construction of new catalysts because of the
inherent capacity of polypeptides for folding into complex
three-dimensional structures determined by non-covalent
bonds. Folded polypeptide catalysts, with reactive sites formed
by naturally occurring amino acids, are now emerging that
catalyse multistep reactions with rate enhancements that rival
those of typical catalytic antibodies.1–3 Coenzyme-based cata-
lysts have, perhaps, an even greater potential because of their
intrinsic reactivities, provided that efficient strategies can be
found to embed the cofactors into reactive sites in template
peptides. The site-selective incorporation of residues for which
no codons exist has so far been accomplished by the
cumbersome synthesis of artificial amino acids4,5 or by the site-
selective functionalization of lysine, ornithine, diaminobutyric
acid6–8 and cysteine residues.9,10 Here we report that for the first
time non-covalent interactions have been used to control the
incorporation of a complex cofactor into a folded polypeptide.
Understanding the principles that govern the recognition of
functional groups by folded polypeptides opens up efficient
routes for the engineering of new proteins with tailor-made
specificities.

PP-42, a polypeptide with 42 residues, was designed to fold
into a helix-loop-helix motif and dimerise in aqueous solution to
form a four-helix bundle protein (Fig. 1). Its design was based
on the sequence and solution structure of SA-4211,12 with the
objective of engineering a template polypeptide into which a
pyridoxal cofactor could be introduced. PP-42 was synthesised
by solid-phase peptide synthesis using Fmoc chemistry, puri-
fied by reversed-phase HPLC and identified from the electro-
spray mass spectrum (calc. 4532.1; found 4531.5).‡ The mean
residue ellipticity of PP-42 at a concentration of 0.60 mM is
224500 ± 1000 deg cm2 dmol21 in aqueous solution at pH 7.0
and ambient temperature, which is comparable to those of other
designed helix-loop-helix dimers.13 The helical content of
amphiphilic helix-loop-helix dimers is known to decrease
substantially upon dissociation, therefore the measured mean
residue ellipticity of PP-42 provides strong evidence that it folds
into the designed four-helix bundle motif.

The mechanism of transamination in native enzymes includes
the formation of an aldimine from the pyridoxal phosphate
cofactor I and the side chain of a lysine residue in the active site.
Upon introduction of the amino acid substrate into the active
site, the lysine side chain is replaced by the amino group of the
amino acid, which is transformed to an a-keto acid in a
multistep reaction.14 In order to incorporate the cofactor into the
folded helix-loop-helix motif, to mimic the initial step of the
enzymatic reaction, a lysine residue was targeted for aldimine
formation by placing an arginine side chain in a position to
interact with the phosphate group of the cofactor. In the

computer modelled structure the guanidino group of Arg-19 is
ideally positioned to bind the phosphate group upon aldimine
formation at the side chain of Lys-30. Two more lysine residues
were introduced into PP-42 to probe whether the phosphate-
arginine interaction would be strong enough to make the
incorporation site-selective. The sequence of PP-42 contains
three lysine and four arginine residues, Lys-11, Lys-15, Lys-30,
Arg-10, Arg-19, Arg-33 and Arg-40 (Fig. 1).

The reaction between I and PP-42 to form the aldimine was
followed by the increase in absorbance at 390 nm, using an
extinction coefficient for the aldimine of 4000 M21 cm21 (Fig.
2).§ The degree of aldimine formation was determined from the
400 MHz 1H NMR spectrum recorded in D2O at pH 4.4 by
measuring the reduction of the intensity of the aldehyde proton
of I at d 10.43 upon addition of PP-42 under these conditions.
More than 95% of the monofunctionalised peptide was obtained
using approximately 0.6 mM PP-42 and a five-fold excess of I.
At pH 4.4 the reaction is rapid and equilibrium is established
within a few minutes. The UV spectrum of a solution of 0.6 mM

PP-42 and 3.1 mM of I at 25 °C and pH 4.4 is shown in Fig. 2
and shows that more than 95% of the PP-42 is bound. In
contrast, under identical reaction conditions, the equilibrium

Fig. 1 The amino acid sequence and the modelled structure of PP-42
showing the positions of arginine and lysine side chains on the surface of the
folded motif. The amino acid residues are given in the one-letter code where
Nle is the artificial amino acid norleucine. Only the monomer is shown for
simplicity.
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concentration of aldimine upon reaction between PP-42 and
pyridoxal II, that has no phosphate residue, is insignificant. It
can be estimated from the ratio of the absorbances of the two
aldimines that the equilibrium constants differ by more than two
orders of magnitude, although the absorbance of the pyridoxal-
containing mixture is too weak to permit an accurate determina-
tion. A strong interaction between the negatively charged
phosphate residue and the peptide is thus demonstrated.

The site of incorporation of pyridoxal phosphate into PP-42
was determined by NaBH4 reduction of the aldimine in aqueous
solution to form the corresponding secondary amine, followed
by trypsin cleavage of the functionalised peptide. The site of
functionalization was determined by LC-ESMS of the polypep-
tide digest. Trypsin cleaves polypeptides on the C-terminal side
of basic residues. No cleavage was expected at the lysine side
chain that had been functionalized.

A fragment from the reduced form of the functionalized
peptide (dication 835.91 and trication 557.61), which corre-
sponded to the molecular mass of the sequence from Gly-20 to
Arg-33 (1438.64) plus the mass of pyridoxal phosphate (247.2)
and 2H (2.02), less the weight of water (18.02) amounting to
approximately 85% of the total amount of reduced function-
alized peptide, were found in the LC-ESMS spectrum. The
dominant site of aldimine formation was therefore the side
chain of Lys-30. A minor amount of aldimine formation at the
side chain of Lys-11 was also observed, whereas no aldimine
formation involving the side chain of Lys-15 could be
detected.

Arg-19 is apparently in a good position relative to Lys-30 to
control the functionalization of its side chain, but the proximity
of Arg-10 to Lys-11 in a helical conformation appears to give
rise to small amounts of aldimine, too, under conditions of
excess I over peptide. The absence of detectable amounts of
aldimine at the side chain of Lys-15 shows that a lysine side
chain that is not flanked by an arginine in PP-42 does not form
an aldimine with I to a measurable extent.

Arg-19 and Lys-30 thus form a two-residue site that
competes favourably with other lysine residues in PP-42, and
the aldimine formation with I is controlled by the binding of
phosphate by arginine. The engineering of a Lys-Arg two-

residue site is therefore sufficient to ensure the incorporation of
the cofactor provided that the arginine side chain has a similar
orientation towards the lysine side chain as that of Arg-19
towards Lys-30. The incorporation of I can thus be made site-
selective in the presence of other lysine residues. To enhance the
selectivity further Arg-(i)-Lys-(i+1) configurations in helical
segments should be avoided. In the second step of the catalytic
cycle the amino group of an amino acid will replace the lysine
side chain in an exchange reaction. Further design of the
polypeptide motif is now under way so that the second
intermediate, too, will be bound to the peptide catalyst. It can for
example be envisioned that the trianion formed in the reaction
between I and Asp will be bound by arginine residues.

The demonstration of non-covalent control of the incorpora-
tion of I shows that the interaction between the phosphate group
and an arginine side chain in aqueous solution at pH 4.4 is
strong enough to ensure the site-selectivite funtionalization of
the folded polypeptide. A well-defined two-residue site on the
surface of the folded polypeptide can therefore be used to create
a molecule of high complexity in a one-step reaction in aqueous
solution. The use of the arginine–phosphate bond should be of
general interest in a wide range of applications involving
phosphates and phospho esters. The results suggest that
understanding the interplay between functional amino acid side
chains, organised in three-dimensional space by polypeptide
templates, is a key element in the rational design of function-
alised polypeptides with tailor-made specificities.
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search Council and from Carl Tryggers Stiftelse is gratefully
acknowledged. We are indebted to Dr Gunnar Stenhagen for
mass spectrometric determinations.
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Fig. 2 The UV spectrum recorded in aqueous solution, at 25 °C and pH 4.4,
of 0.6 mM PP-42 in the presence of (a) 3.1 mM pyridoxal phosphate I (R =
PO3

22) and (b) 3.1 mM pyridoxal II (R = H). The aldimine formation was
followed at 390 nm.
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Novel application of chiral micellar media to the Diels–Alder reaction

Michael J. Diego-Castro and Helen C. Hailes*†

Department of Chemistry, University College London, London, UK WC1H 0AJ

A novel chiral surfactant has been used in the first reported
aqueous chiral micellar catalysis of a Diels–Alder reaction
and enantioselectivities have been observed.

The chemical industry is undergoing an important transition
period in which they are reacting to ever increasing govern-
mental and public pressure to reduce the use of volatile organic
solvents. In the context of Diels–Alder reactions, there is also an
urgent need to seek alternatives to Lewis acids, since they are
typically dumped when spent.

There is good reason to believe that chiral micellar media
offer a viable clean alternative to more traditional methods of
accomplishing many organic reactions. In particular, aqueous
micellar media have the potential to confer special properties on
reactions due to their ability to, for example, solubilise
substrates and concentrate and preorientate reactants within the
micellar core.1 Furthermore, they are recyclable; there is the
potential for enantioselection; they can be prepared at low cost,
particularly when using synthons from the chiral pool; they can
be applied to a range of different reactions; they are more
versatile than other chiral aqueous systems such as cyclodex-
trins due to the potential number of structural variations; and
they are more robust than enzymes. Whilst this field exhibits
considerable promise, it is at an early stage in its development.
Consequently, there are relatively few currently reported
applications of chiral micellar media2 and, until now, none at all
for their application to Diels–Alder reactions.

Here we outline our initial investigations into a methodology,
which enabled us to perform a Diels–Alder reaction using chiral
micellar media, with enantioselectivities comparable with the
best obtained for cyclodextrin based aqueous Diels–Alder
reactions.3 The reaction in question was performed using a
novel (S)-leucine-derived surfactant 14 to catalyse the reaction
between cyclopentadiene and nonyl acrylate, under a variety of
conditions.

In a previous paper,5 we demonstrated that a variety of factors
influence the overall efficiency of the cycloaddition and the
diastereoselective endo : exo (N/X) ratio. Amongst these are the
chain length of the acrylate, the selection of the surfactant
concentation and the pH of the solution. In view of the first of
these factors, we chose to use nonyl acrylate as the test substrate
to explore the feasability of the methodology, both because its
long alkyl chain increases the pre-orientation effects within the
micellar structure, and because the cycloadduct is stable to
chiral HPLC analysis.

In order to ascertain the concentration at which micelles or
micellar-like aggregates will be present and some enan-
tioselective induction could be expected, we initially utilised a
dye method which gave a value of ca. 0.011 g l21 (0.027 mm).6
Whilst it is well known that the critical micellar concentration
(cmc) for a particular surfactant can vary depending on the
method that is used,7 and indeed, surface tension experiments
indicated a higher value,4,6 we felt that in our synthetic

applications a dye method gave an appropriate starting point.
This is because, in the micellar reaction system with nonyl
acrylate present mixed micellar aggregates will be generated, as
is also likely when the indicator dye is present.

Analysis of our initial experiments in the presence of the
chiral surfactant 1 indicated some chiral induction in the endo
adduct but negligible induction in the exo isomer. It was
therefore necessary to assess whether the R or the S endo adduct
was formed preferentially. To this end, we correlated our
products using Oppolzer’s sultam auxiliary methodology.8 As
outlined in Scheme 1, (S)-camphorsulfonyl chloride was treated
with aq. NH3, heated in the presence of Amberlyst-15, then
reduced to a cyclic amine which was coupled with acryloyl
chloride. The subsequent Diels–Alder cycloaddition reaction
with cylopentadiene and the Lewis acid TiCl4, followed by
reduction and reaction with benzoyl chloride generated the
endo-S isomer 2. An analogous route using
(R)-camphorsulfonyl chloride was used to synthesise the R endo
ester 3. The Diels–Alder endo cycloadducts generated in the
reaction between nonyl acrylate and cyclopentadiene with 1
present were then isolated from the endo–exo mixture using
chromatographic techniques. These were converted into a
mixture of 2 and 3 via reduction and ester formation. Finally,
HPLC analysis revealed that the R isomer was formed
preferentially.‡

Scheme 1 Reagents and conditions: i, NH4OH, THF, 83%; ii, Amberlyst-
15, toluene, 110 °C, 18 h, 99%; iii, LiAlH4, THF, 69%; iv, NaH, acryloyl
chloride, 65%; v, TiCl4, Et2O, cyclopentadiene, 278 °C, 20 h, 55%; vi,
LiAlH4, Et2O, 99%, vii, BzCl, CH2Cl2, 54%, viii, cyclopentadiene, 20 h,
surfactant 1, 55%; ix, only endo isomer was carried through subsequent
steps (SiO2, 4% Et2O in hexane); x, LiAlH4, Et2O, 99%; xi, BzCl, CH2Cl2,
55%
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In view of the initial uncertainty in the optimum surfactant
concentration for use in such applications, the concentration of
1 was varied and the effects on enantioselectivities and yield
were noted,§ see summarised results in Table 1. For comparison
purposes, the reaction in water alone under identical conditions,
gave a yield of 70% and an N/X selectivity of 1.7.

At the starting point, an ee of 10% was observed (entry 1),
rising slightly (entry 2) as surfactant concentration was
increased then falling as the concentration was decreased (entry
3) together with a lowering of the yield, which could be due to
the presence of non-micellar aggregates. Previously, we had
seen the greatest yields and N/X selectivities in acrylate systems
in the absence of surfactant when operating at pH 3.5 In this
instance, we found that when the solution was at pH 3 the
enantioselectivity increased, although the yield of cycloadduct
that was isolated was poor (entry 4). In determining how to
increase the yield in this system, we reasoned that a salting-out
agent would tend to remove the reactants from the aqueous
pseudo-phase, increasing the complexation of the substrates to
the micelles. Further, it is known that an increased concentra-
tion of chloride counterions can cause a shrinkage in the Stern
layer, leading to a concentration of reactants1 which, in our
system, could translate to greater pre-orientation and enhanced
yield and ees. In view of these factors, we added lithium
chloride (4.86 m) to the reaction at pH 3, thence obtaining both
the highest yield (75%) and the greatest ee (15%). This result
compares well with the results quoted for Diels–Alder reactions
in cyclodextrins in which maximum enantioselectivities of 21%
are reported.3

A number of conformations of the surfactant 1 could be
considered (since surfactants are dynamic in nature) and a
representative one, consistent with NOE difference experiments
is shown below in Scheme 2, in an attempt to provide a tentative
simplistic model which nevertheless helps to visualise the
observed preferences. All possible conformations have the
common feature of a more hindered top face of the molecule as

drawn due to the chirality present. Alignment of nonyl acrylate
with the underside of 1 results in the cyclopentadiene having to
approach from below the acrylate. As shown in Scheme 2 (for
the reaction under neutral conditions), the carbonyl moiety can
complex to the nitrogen and hydrogen bond to the O–H group
with the alkene beneath the isopropyl group in A, with
subsequent approach of cyclopentadiene beneath the complex
leading to the formation of the R-isomer. However, in B,
reaction with the diene would generate the S-isomer. Since A is
complexed more favourably (with possible hydrogen bonding
and carbonyl complexation) as well as having the polar
carbonyl moiety directed towards the Stern layer, the R-isomer
would be expected to be more prevalent. Future work will shed
more light on this model.

In summary, we have performed the first Diels–Alder
reaction in aqueous chiral micellar media, obtaining selectivi-
ties comparable with the best reported for other non-enzymic
aqueous Diels–Alder reactions. We established that the R
enantiomer in the endo isomer was formed preferentially in this
system and have rationalised these results.

Subsidiary results include a further confirmation of the fact
that the selection of the surfactant concentration is an important
but elusive parameter in organic synthesis and that the pH is
significant in chiral micellar catalysis. Finally, we have seen
that lithium chloride may prove to be useful in such systems.

This work is part of a series of ongoing projects. We are
aiming at further enhancing selectivity in Diels–Alder reactions
by investigating a range of substrates with the aim of reducing
the effects of the competing reaction in the water phase. We are
also investigating the use of chiral surfactants in other classes of
reaction as well as exploring the effect of more conformation-
ally constrained surfactants.

We are grateful to University College London (Access Funds
for M. J. D.-C.), Bush Boake Allen, Central Research Fund
University of London, The Royal Society, and The Nuffield
Foundation for funding. We thank Dr P. Sandor for running
NOE experiments.
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+5.0 (c 1.03, in CH2Cl2, 20 °C).
§ Reactions were repeated a minimum of three times, giving enantio-
selectivities consistent to ± 0.5%. Cyclopentadiene (3.8 mmol) was reacted
with nonyl acrylate (1.9 mmol) in water (25 ml) containing surfactant 1 for
20 h. Acidity adjusted with HCl. Chiralcel OD column, 0.1% propan-2-ol–
hexane, 0.75 ml min21. Retention times: exo, 6.7 and 6.9 min; endo, 7.9 and
9.0 min.
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Table 1 Addition of cyclopentadiene to nonyl acrylate in water containing
surfactant 1

Entry [Surfactant]/g l21 Yielda (%) N/X Eeb (%) (R)

1 0.011 55 2.1 10
2 0.022 72 2.1 12
3 0.006 43 2.0 7
4 0.011c 29 2.1 13
5 0.011d 75 2.2 15

a Isolated yields. b Determined by chiral HPLC. c pH 3. d pH 3 with
LiCl.

Scheme 2 Positioning of the acrylate with respect to the surfactant head
group
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Construction of two- and three-dimensional supramolecular networks with an
encapsulated lanthanide(iii) complex as building block and hydrogen-bonded
4,4A-bipyridyl as spacer

Cheng-Yong Su,a,b Bei-Sheng Kang,b Han-Qin Liu,b Qi-Guang Wanga and Thomas C. W. Maka*†
a Department of Chemistry, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong
b Institute of Physical Chemistry, School of Chemistry and Chemical Engineering, Zhongshang University, Guangzhou 510275, 
PR China 

Reaction of the tripodal ligand tris(2-benzimidazolyl-
methyl)amine (ntb) with hydrated lanthanide(III) perchlor-
ates in methanol affords the complexes [Ln(ntb)2]3+ (Ln =
Pr, Eu and Tb) in which the central Ln3+ ion is well
encapsulated in a cubic coordination environment; in situ
co-crystallization of the complexes in the presence of
4,4A-bipyridyl produces either a double salt containing the
bipyridinium(1+) cation or adducts with two to three
bipyridyl molecules, the latter adducts forming doubly
interpenetrating two- or three-dimensional cationic net-
works.

The control of molecular assembly using supramolecular
interactions represents a new area of considerable general and
topical interest.1 In particular, strong, selective and directional
hydrogen bonding has been exploited for molecular recognition
associated with biological activity, and for crystal engineering
of molecular solids.2 Much progress has been made in the
construction of organic building blocks into one-, two- or three-
dimensional hydrogen-bonded architectures;2,3 however, the
use of metal complexes for assembly or self-assembly by
hydrogen bonding has attracted little attention until recently,4
although the resulting products are often expected to exhibit
certain desirable electronic, magnetic, or inclusion behavior.1b

The specific spectroscopic and magnetic properties of
lanthanide(iii) ions have made them essential components in the
preparation of new materials and ideal probes in studies of
biological systems.5 The incorporation of trivalent lanthanide
ions into supramolecular complexes that act as molecular
photonic devices is currently of great interest in supramolecular
chemistry.6 Probes based on EuIII and TbIII are of special
relevance because of their long-lived 5D0 and 5D4 excited states
and their large Stokes' shift. However, the design of a good
lanthanide luminescent probe has to overcome difficulties
arising from the low oscillator strengths of the f–f transitions
and from the easy de-excitation of the LnIII excited state.6a,c

Current research has mainly focused on the encapsulation of
the LnIII ions using pre-organized ligands such as coronands,
cryptands, podands, calixarenes or Schiff bases.5c,6d We now
report the syntheses and crystal structures of new lanthanide
complexes with the tripodal ligand tris(2-benzimidazolyl-
methyl)amine (ntb), in which the central LnIII ion displays a
rarely found cubic coordination environment and is well
encapsulated from interaction with its surroundings by the rigid
heterocyclic rings of ntb. Employing the linear difunctional
H-bond acceptor 4,4A-bipyridyl as a spacer, the bipyridin-
ium(1+) double salt [Eu(ntb)2](ClO4)3·(bipyH)ClO4·3H2O 1
and two types of bipyridyl adducts bearing different lanthanide/
bipy molar ratios, namely [Pr(ntb)2](ClO4)3·2bipy·1.5H2O 2
and [Ln(ntb)2](ClO4)3·3bipy·nH2O (3, Ln = Eu, n = 2; 4, Ln =
Tb, n = 1) were obtained. Doubly interpenetrating two- or
three-dimensional extended networks are formed in complexes
2–4.

In the presence of 4,4A-bipyridyl, reaction of ntb with
hydrated lanthanide(iii) perchlorates afforded complexes 1–4.‡
The nature of the products isolated is evidently sensitive to the
presence of a trace amount of acid8 and different equivalents of
4,4A-bipyridyl. Single crystals suitable for X-ray analyses were
obtained by slow diffusion of diethyl ether into a dilute reaction
mixture.§

The main structural feature common to all four complexes is
the presence of the [Ln(ntb)2]3+ motif, in which the LnIII ion is
coordinated by eight nitrogen atoms from the two ntb ligands to
give a slightly distorted cubic environment (Fig. 1). Both ntb
ligands display a tripod-type tetradentate coordination mode in
wrapping around the central lanthanide ion. This kind of
coordination geometry is seldom found for eight-coordinated
LnIII ions, although Wood et al.9 suggested long ago that the
cube should not be energetically unfavorable relative to either
the square antiprism (D4d) or the triangular dodecahedron (D2d).
The ability of two ntb tripods to shield completely a LnIII ion
with N-donor sites without additional bound solvent molecules,
especially water or alcohol, is important for the design of
lanthanide(iii) supramolecular photonic devices since such
coordinated solvent molecules are frequently efficient quench-
ers of LnIII luminescence.6d

Since each ntb ligand possesses three NH groups that are
potential hydrogen-bond donors (see Fig. 1), the possibility of
controlling the assembly of [Ln(ntb)2]3+ moieties by employing
the linear difunctional hydrogen-bond acceptor 4,4'-bipyridyl as
a spacer component was explored. X-Ray crystal structure
analysis showed that in complex 1, one nitrogen atom of
(bipyH+) forms an acceptor hydrogen bond to [Eu(ntb)2]3+

(N···N, 2.900 Å) while the protonated nitrogen atom is
connected to one oxygen atom of a perchlorate anion (N···O,

Fig. 1 Perspective view of the [Eu(ntb)2]3+ cation in 3 showing atoms as
thermal ellipsoids at the 30% probability level. All H atoms have been
omitted, except those of the NH groups that are shown as small spheres.
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2.942 Å), thus precluding the formation of the linear chain
···[Eu(ntb)2]3+···bipy···[Eu(ntb)2]3+···bipy···. In complex 2, each
bipy forms a pair of acceptor hydrogen bonds with two different
[Pr(ntb)2]3+ cations (N···N distances lie in the range
2.783–2.852 Å), thereby generating an open, two-dimensional
cationic framework with each [Pr(ntb)2]3+ cation alternately
connected to one and three bipy molecules in the a direction.
Moreover, two independent frameworks of this type inter-
penetrate each other to form an extended layer corresponding to
the (001) plane (Fig. 2), with the perchlorate ions and water
molecules located in the inter-layer region. In complex 4 the NH
groups of both independent ntb ligands in the [Tb(ntb)2]3+ ion
and the bipy molecule are involved in the supramolecular
hydrogen-bonding scheme (N···N range 2.818–2.871 Å). Link-
age between each [Tb(ntb)2]3+ cation and six neighbouring bipy
units leads to an open, three-dimensional cationic network,
leaving large voids to be filled by another identical, interlocking
network (Fig. 3), and the perchlorate ions and water molecules
are located in the residual interstices. Compound 3, in which the
[Eu(ntb)2]3+ ion lies on a three-fold symmetry axis (Fig. 1),
exhibits the same type of supramolecular structure as 4,
although the two adducts crystallize in different space groups.

In summary, the present study has demonstrated that the
intrinsic steric constraints of the tripodal ligand ntb facilitate
complete encapsulation of a lanthanide(iii) ion in a rare cubic
coordination geometry. Assembly of [Ln(ntb)2]3+ building
blocks with bipy spacers using supramolecular NH···bipy···HN
hydrogen bonds results in two- or three-dimensional two-fold

interpenetrating networks, which may be profoundly influenced
by the presence of acid and different equivalents of the spacer
component.

This work is supported by Hong Kong Research Grants
Council Earmarked Grant Ref. No. CUHK 303/96P and the
National Natural Science Foundation of China.
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† E-mail: tcwmak@cuhk.edu.hk
‡ All complexes were prepared using a similar procedure: 0.2 mmol of
tris(2-benzimidazolylmethyl)amine7 (ntb) and 0.1 mmol of
Ln(ClO4)3·nH2O (prepared by dissolving the corresponding lanthanide
oxides (99.99%) in 50% perchloric acid) were dissolved in 5 ml methanol.
To this solution was added 5 ml of a methanolic solution of 4,4'-bipyridyl
(0.1 mmol for 1, 0.2 mmol for 2 and 0.3 mmol for 3 or 4, respectively). The
resulting mixture was left standing for several hours to give microcrystals.
Complex 1: Found: C, 44.07; H, 3.61; N, 13.93. Calc. for C58H57N16O19-
Cl4Eu: C, 44.20; H, 3.65; N, 14.22%; 2: Found: C, 50.23; H, 3.71; N, 15.55.
Calc. for C68H61N18O13.5Cl3Pr: C, 51.25; H, 3.86; N, 15.82%; 3: Found: C,
52.62; H, 3.71; N, 15.55. Calc. for C78H70N20O14Cl3Eu: C, 52.93; H, 3.99;
N, 15.84%; 4: Found: C, 52.46; H, 3.67; N, 15.53. Calc. for
C78H68N20O13Cl3Tb: C, 53.27; H, 3.90; N, 15.93%. For 1–4: IR (KBr,
cm21), 4200 [broad, n(O–H)], 1623–1625, 1596 [n(CNN)], 1085–1091, 626
[n(Cl–O)]; UV–VIS (CH3CN), l/nm: 280, 273 and 198–201. Emission
spectra (excited at 280 nm, 77 K) for complexes 1 and 3 are nearly identical,
l/nm: 598 (5D0–7F1) and 615 (5D0–7F2).
§ Crystal data: 1: M = 1593.6, orthorhombic, space group Pca21, a =
26.109(3), b = 12.7780(10), c = 20.755(3) Å, Z = 4, yellowish crystal 0.6
3 0.7 3 0.8 mm, 7772 reflections measured, final R1 = 0.071 and wR2 =
0.149 for 4656 observed [I > 2s(I)] reflections. 2: M = 1593.6,
monoclinic, C2, a = 20.562(2), b = 16.303(1), c = 24.079(2) Å, b =
109.04(1)°, Z = 4, colorless crystal 0.2 3 0.23 0.15 mm, 9088 reflections
measured, final R1 = 0.078 and wR2 = 0.208 for 7779 observed
reflections. 3: M = 1769.9, trigonal, R3, a = 16.449(2), c = 27.354(4) Å,
Z = 3, yellowish crystal 0.43 0.55 3 0.6 mm, 4906 reflections measured,
final R1 = 0.078 and wR2 = 0.199 for 3305 observed reflections. 4: M =
1758.8, monoclinic, C2, a = 20.503(2), b = 16.323(1), c = 13.083(1) Å,
b = 106.61(1)°, Z = 2, colorless crystal 0.3 3 0.2 3 0.2 mm, 4982
reflections measured, final R1 = 0.068 and wR2 = 0.179 for 4780 observed
reflections. CCDC 182/896.
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Fig. 2 Interlocking two-dimensional cationic frameworks constituting a
layer matching the (001) plane in the crystal structure of 2. For clarity, each
2-benzimidazolylmethyl arm of the ntb ligand is represented by a long rod
joining each NH group to the lanthanide atom, so that each [Pr(ntb)2]3+

cation takes the appearance of an octahedron. All hydrogen atoms, water
molecules and perchlorate ions have been omitted. The independent
interlocking frameworks are differentiated by solid and open shading.

Fig. 3 Three-dimensional doubly interpenetrating networks in the crystal
structure of 4. Representation of the supramolecular structure is simplified
in the same manner as in Fig. 2.
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Bipyridine functionalized molecular clips. Self-assembly of their ruthenium
complexes in water

Johannes A. A. W. Elemans,a René de Gelder,b Alan E. Rowana and Roeland J. M. Nolte*a†
a Department of Organic Chemistry, NSR Center, University of Nijmegen, Toernooiveld, 6525 ED, The Netherlands
b Crystallography Laboratory, NSR Center, University of Nijmegen, Toernooiveld, 6525 ED, The Netherlands

Ruthenium-bipyridine complexes of molecular clips self-
assemble in water to form scroll- and cigar-like nano-
structures.

The development of artificial self-assembled structures with
specific shape and size is a topic of fundamental importance.1,2

Incorporation of metal centers into these structures is of great
interest as it may eventually lead to functional nanosized
devices, for which many applications can be foreseen.

In our work to construct well defined nanosized assemblies
by means of molecular recognition, we recently reported the
formation of ‘razorblade-like’ aggregates in water, which were
built up from diphenylglycoluril (DPG) derived molecular clips
with water-soluble groups on their convex side.3 Dimerization
of these clips, in which the cavity of one clip is filled by the
sidewall of its neighbour and vice versa, was found to play a
major role in the assembly process. In order to be able to
incorporate metal centers in these assemblies, a new type of
molecular clip was developed having a bipyridine ligand on its
convex side. Here the synthesis and properties of two of these
clips are presented, as well as the self-assembling behaviour of
their ruthenium-bipyridine complexes in water.

Bipyridine-glycoluril 1 was prepared in 81% yield by acid
catalyzed condensation of 1,10-phenanthroline-5,6-quinone4

and urea in toluene. Clip molecules 2 and 3 were synthesized in
32% and 16% yields, respectively, from 1 and 1,2-bis-
(bromomethyl)benzene and from 1 and 2,3-bis(bromome-
thyl)naphthalene according to a standard procedure.3‡

Single crystals of 2 were grown by slow diffusion of
methanol into a chloroform solution of this compound.§ The
crystal structure [Fig. 1(a)] reveals that a large steric interaction
exists between the g-bipyridine and methylene protons of 2
resulting in a more squeezed cavity compared to cavities of
other DPG-derived clips. This is reflected in the smaller
distance between the aromatic side-walls of 2 (6.18 Å, as
compared to 6.67 Å in the crystal structure of 4b5). To
investigate the consequences of this narrower cavity on the
binding properties of 2 and 3 in CDCl3, 1H NMR binding
studies with various 5-substituted 1,3-dihydroxybenzenes were
carried out. It can clearly be seen in Table 1 that binding of
guests in 2 is significantly weaker than in the reference
compound 4a, which is in agreement with the observed
squeezed cavity of 2. The host–guest binding properties of 3 in
CDCl3 are even weaker than those of 2, as was observed before
in DPG-derived clips containing 2,3-connected naphthalene
walls.6

Clips 2 and 3 were then complexed with [Ru(bi-
py)2]Cl2·2H2O7 to give water-soluble metalloclips 5 and 6 in
56% and 42% yields, respectively.‡ 1H NMR experiments
indicated that when a solution of 5 in D2O was diluted, the
resonances of the wall protons Ha and Hb and the bipyridine
protons H4 and H5 shifted downfield, whereas the resonances of
all the other protons of 5 did not undergo significant shifts.
From an NMR dilution titration (500 MHz) in D2O, the self-
association constant of two molecules of 5 was determined to be
Kdimer = 50 ± 10 dm3 mol21; the same value was calculated for
each shifting proton. A 2D NOESY experiment of 5 in D2O

revealed several NOE contacts between the sidewall protons of
one molecule of 5 and the bipyridine protons of its neighbour.
Combining these results, we propose that 5 forms head-to-tail
associates in water, clipping the sterically least hindered side of
one of the bipyridine ligands of its neighbour between its cavity
walls. From the calculated complexation induced shift values
for the shifting protons (Ha: 20.85 ppm; Hb: 20.45 ppm; H4:
21.41 ppm; H5: 20.58 ppm), the geometry of the self-
associated complex can be predicted, see Fig. 1(b). Because of
steric hindrance it is not possible for 5 to bind simultaneously
two neighbours at both bipyridines.¶

A 1H NMR dilution titration of complex 6 in D2O (0.1–2 mM)
showed downfield shifts of the resonances of H4, H5, Hc and Hd.
At concentrations above 2 mM the solutions of 6 became turbid
and severe line broadening occurred, which was attributed to the
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formation of larger aggregates (vide infra). The calculated
Kdimer using Hc or Hd as a probe (21000 ± 5000 dm3 mol21) was
much larger than the calculated Kdimer using H4 or H5 as a probe
(2500 ± 500 dm3 mol21). These values indicate that 6, in
contrast to 5, can self-associate in two competing geometries,
viz. head-to-head and head-to-tail, in which the interaction
between the large hydrophobic cavities of 6 in the former
geometry is stronger than the clipping of a bipyridine ligand
between the cavity side-walls in the latter. The existence of both
head-to-head and head-to-tail geometries has been observed
before in the case of naphthalene-walled pyridinium-function-
alized clips.3 The self-association of 6 in D2O is much stronger
than the self-association of 5, which is in contrast with the
binding of guests in CDCl3 solution, where 2 is a better host
than 3. In aqueous solution, however, the self-association
geometry is dominated by hydrophobic interactions, and since 6
has a much larger hydrophobic cavity than 5 it is expected that
6 forms stronger self-associated complexes.

To further study the aggregates formed, samples of 5 and 6 in
D2O were investigated by electron microscopy (TEM). For 5,
rather undefined scroll-like structures were observed with
lengths up to 10 µm [Fig. 2(a)]. In contrast, for 6, well defined
‘cigar-like’ aggregates were found [Fig. 2(b),(c)] which dis-
played a very high monodispersity in size [aspect ratio (length/
width) = 11 ± 2]. X-Ray powder diffraction on samples of 5
and 6 revealed no clear reflections, implying that the aggregates
are built up from molecular units that interact in a very diverse
way or assemble in a variety of geometries. Since the complexes
are racemic mixtures of L and D enantiomers, and in the head-
to-tail self-association geometry one molecule of 5 or 6 has the
possibility to choose between different bipyridine ligands of a
neighbouring clip molecule for binding in its cleft and,
additionally, has the option to use each of its own bipyridines to
hold another clip molecule, such diversity in binding can be
easily envisaged.

The observation that 6 assembles into a better defined
supramolecular structure than 5 is attributed to the stronger self-
association behaviour of 6. We propose that the molecules of 6
self-assemble in a similar fashion to that reported before for the
‘razorblade-like’ nanostructures formed by molecular clips with
pyridinium functions.3 With their large hydrophobic cavities,
molecules of 6 initially form head-to-head dimers, to which
monomers of 6 can be further attached in a head-to-tail fashion.
In this way, assemblies are formed that always have a
hydrophilic outer surface. What is unique about these assem-
blies is that they grow until they reach a finite size. Apparently,
at a certain point further growth is no longer energetically
favoured.

Preliminary fluorescence experiments on solutions of both 5
and 6 in water indicate that upon excitation of the CT band the
emission is quenched at higher concentrations due to aggregate
formation. Further studies aimed at understanding the mecha-
nism of assembly and the photophysical and electrochemical
properties of the ‘cigar-like’ aggregates are in progress and will
be reported in a forthcoming full paper.

Notes and References
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Fig. 1 (a) X-Ray structure of 2·CH3OH; (b) 1H NMR based and computer
generated (Quanta Charmm) structure of two molecules of 5 in D2O

Table 1 Association constants (dm3 mol21) of complexes between various
host and guest molecules in CDCl3 (T = 298 K)

Host

Guest 2a 4ab 3a

5-Pentylresorcinol 20 74 < 5
Resorcinol 50 175 —c

5-Methoxyresorcinol 60 195 —c

5-Chlororesorcinol 100 475 —c

Methyl 3,5-dihydroxybenzoate 100 850 20
5-Cyanoresorcinol 240 3500 —c

a Estimated errors 20%. b Values taken from ref. 6. c Not determined.

Fig. 2 Electron microscopic pictures of aggregates formed by 5 and 6 in
water: (a) TEM picture of a scroll formed by 5, 1 cm = 100 nm; (b),(c) TEM
pictures of Acigar-likeA aggregates formed by 6, 1 cm = 500 nm (b), 1 cm =
1750 nm (c). No shadowing or staining techniques were applied.
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A bridging coordination mode of urea and carbamate at a dinuclear nickel(II)
centre

Franc Meyer*† and Hans Pritzkow

Anorganisch-Chemisches Institut der Universität Heidelberg, Im Neuenheimer Feld 270, D-69120 Heidelberg, Germany

Starting from an active O2H3-bridged bimetallic complex, a
bridging coordination mode of both urea and carbamate—
the substrate and its first hydrolytic product in urease
activity—at a dinickel(II) centre relevant to the active site of
the metalloenzyme has been characterised structurally.

The nickel containing enzyme urease—which is present in a
variety of plants, fungi and bacterial species—catalyses the
hydrolysis of urea to form ammonia and carbamate, with the
latter decomposing further to yield carbonic acid and another
molecule of ammonia.1 The X-ray crystal structure2 of the
microbial urease from Klebsiella aerogenes revealed two nickel
ions 3.5 Å apart within the dinuclear active site and corrobo-
rated previously suggested models for its hydrolytic activity.3 It
is assumed that urea is activated by coordination to one
nickel(II) ion in conjunction with extensive hydrogen bonding
within the active site pocket of the protein and is subsequently
attacked by a nucleophilic hydroxide bound to the opposite
nickel centre.3,4 However, the exact binding mode of the
substrate as well as details of the operative mechanism are not
yet unambiguously resolved, however. Considerable effort has
therefore been devoted to the search of model complexes
featuring a dinickel(II) core with accessible co-ordination sites
at the metal centres5–8 in order to elucidate the possible binding
modes of urea at such urease-like systems and finally mimic the
enzymatic reactivity. Nevertheless, only in a few cases has co-
ordination of urea7 (generally O-coordination) or even its
hydrolytic cleavage7b hitherto been observed.

We recently described a class of pyrazolate-based dinuclear
complexes, where appropriate chelating side arms attached to
the heterocycle enforce metal–metal separations large enough
to prevent small monoatomic units like HO2 from spanning
both metal centres, thus favouring the formation of intra-
molecular O2H3 secondary bridges like in 1.9,10 For a related
FHO(H)-bridged dicobalt(II) complex experimental evidence
suggested that H2O can reversibly be extruded from these
moieties.9b Such a process in the case of 1 would generate an
open coordination site for potential substrate binding adjacent to
a hydroxide bound to the proximate second nickel ion, thus
explaining the hydrolytic activity of 1 towards, for example,
nitriles.11 The similarity of this assumption with the proposed
mechanism of urease activity prompted us to investigate the
reaction of 1 with urea, especially because urea has been found
to exhibit a greater affinity than water for binding to certain
metal ions.12

Treatment of an acetone solution of 1 with urea or N,N-
bis(trimethylsilyl)urea (Scheme 1) caused a slight change in its
UV–VIS spectrum, and the resulting green complex 2(ClO4)2‡
could be isolated from the reaction mixture. Single crystals were
obtained by layering an acetone solution of the product with
light petroleum. A crystallographic study (Fig. 1; two independ-
ent molecular entities with similar molecular dimensions were
found in the unit cell)§ revealed that a tetraatomic trigonal
planar moiety is situated within the coordination pocket created
by the basic bimetallic framework, this being identified as a
N,O-bridging deprotonated urea on the basis of the combined
analytical data.‡ In particular, FAB mass spectrometry showed
signals for LNi2[NH(O)CNH2](ClO4)+ and LNi2[N-

H(O)CNH2]+ with the expected isotopic distribution pattern as
the most intense peaks. The protons attached to the terminal
nitrogen atoms N(9) were located as hydrogen bridges to
oxygen atoms of the perchlorate counter anions [d(N···O) in the
range 3.08–3.21 Å], while the Ni-bound O and N atoms of the
bridging urea could not be distinguished crystallographically
and are presumably disordered over both positions.

Scheme 1 Syntheses of the complexes. Yields are based on 1 and refer to
isolated crystalline product.

Fig. 1 Molecular structure of 2. Selected atom distances (Å) and bond angles
(°); values for the second independent molecule in square brackets: Ni(1)–
O(1)/N(10) 1.971(7) [1.988(6)], Ni(1)–N(1) 2.014(8) [2.019(8)], Ni(1)–
N(3) 2.159(8) [2.141(7)], Ni(1)–N(4) 2.099(8) [2.133(7)], Ni(1)–N(5)
2.214(8) [2.204(8)], Ni(2)–O(2)/N(20) 1.964(7) [1.987(6)], Ni(2)–N(2)
1.990(8) [2.007(7)], Ni(2)–N(6) 2.128(7) [2.157(8)], Ni(2)–N(7) 2.126(7)
[2.168(8)], Ni(2)–N(8) 2.248(9) [2.234(8)], Ni(1)···Ni(2) 4.257(2)
[4.253(2)]; O(1)/N(10)–Ni(1)–N(3) 174.1(3) [176.3(3)], O(2)/N(20)–
Ni(2)–N(6) 173.5(3) [172.4(3)], O(1)/N(10)–C(30)–O(2)/N(20) 127.2(9)
[125.6(9)].
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Formation of 2 from urea and N,N-bis(trimethylsilyl)urea
implies the cleavage of the N–SiMe3 bonds in the latter case,
which is in accord with the known facility of N–Si bond
hydrolysis in N-silylated amides.13 The resulting trimethylsila-
nol was identified by GC–MS and 29Si NMR spectroscopy
among the volatile products of the present reaction. The
observed deprotonation of parent urea by nickel-bound hydrox-
ide to form 2 is understandable in the light of the drastic increase
in substrate acidity upon its co-ordination to metal ions.14

Thereby ureas are several orders of magnitude more acidic
when N-bonded (pKA < 6) then when O-bonded (pKA > 11),
and in the former case may even be more acidic than co-
ordinated water.14 It has thus been noted that isomerisation of
the urea substrate from initial O-bonding to N-bonding can be
thermally driven at intermediate pH, with the resulting
deprotonated urea being kinetically inert and providing a
thermodynamic sink for the linkage isomerisation.14 A decisive
driving force for the present reaction to form 2 certainly stems
from the exceedingly strong tendency of these pyrazolate-based
bimetallic complexes to incorporate secondary bridging ligands
at the inner co-ordination site.9,15

In order to definitely exclude the presence of an O,O-bridging
carbamate in 2, complex 3 was synthesised independently for
comparison (Scheme 1). At the same time this provides further
insight into the possible coordination mode of this latter
moiety—assumed to be the primary hydrolytic product of
urease activity—at a dinickel(II) centre.6 The IR absorptions of
3 assigned to the coordinating carbamate unit‡ clearly differ
from those of the urea bridge in 2, and mass spectrometry
afforded a dominant signal with the expected isotopic distribu-
tion pattern for the molecular ion LNi2(O2CNH2)+. This is one
mass unit higher than those observed for 2 and thus allows an
unambiguous distinction between the two complexes and
further corroborates the presence of a bridging urea in 2.

As shown by an X-ray single crystal analysis of 3(BPh4)2 the
overall molecular geometry of the bimetallic cation is quite
similar to that of 2 (Fig. 2), however the Ni···Ni separation is
slightly shortened [2: 4.255(2) Å; 3: 4.229(1) Å], as are the
C(30)–O/NH bond lengths {2: d[C(30)–O/NH] =
1.28(1)–1.31(1) Å vs. 3: d[C(30)–O] = 1.249(6)/1.242(6) Å] in
accordance with the difference in covalent radii of either a
bridging O–C–O (3) or disordered O–C–NH (2) moiety
spanning the metal centres. Two acetonitrile solvent molecules
included in the crystal lattice of 3(BPh4)2 are positioned suitably
for weak hydrogen bonding with the protons attached to N(9)
{d[N(9)···N(10)] = 3.190 Å; d[N(9)···N(11)] = 3.423 Å},
although the latter could not be located in the crystallographic
analysis.

2 and 3 thus represent first structurally characterised
examples of a bridging coordination mode of both deprotonated
urea and carbamate at a dinickel(II) core. These molecular
arrangements obviously have considerable thermal stability as
both DSC and TGA measurements of 2(ClO4)2 and 3(BPh4)2

indicate no degradation or loss of weight until above 200 °C,
and consequently the corresponding coordination modes should
be taken into consideration when studying the interaction and
reactivity of urea with urease-mimetic dinickel model systems.
The findings furthermore underline that a bridging carbamate
ligand, which is present in the form of a carbamylated lysine
residue in the urease active site itself, is a reasonable alternative
to the ubiquitous carboxylate bridges in dinuclear metal
arrangements.
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for F. M.) and the Fonds der Chemischen Industrie. We thank
Dr F. Rominger and Professor Dr P. Hofmann for collecting the
X-ray data of complex 3(BPh4)2.

Notes and References

† E-mail: Franc@sun0.urz.uni-heidelberg.de
‡ Satisfactory elemental analyses could be obtained for all new complexes.
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1572vs, 1486s, 1455s. For 3(BPh4)2: nmax/cm21 (KBr) 3499m, 3385s,
1590s, 1571sh, 1558vs, 1473s, 1422vs.
§ Crystal data for 2(ClO4)2: C30H64Cl2N10Ni2O9, M = 897.2, or-
thorhombic, space group P212121, a = 14.646(7), b = 22.77(1), c =
24.26(1) Å, V = 8090(7) Å3, Z = 8, rcalc = 1.475 g cm23, µ(Mo-Ka) =
1.12 mm21, 9596 unique reflections measured, 6479 observed [I > 2s(I)],
992 parameters, largest diff. peak 0.70 e Å23, final R1[I > 2s(I)] = 0.060,
wR2 = 0.172, goodness of fit on F2 = 1.038. For 3(BPh4)2·2MeCN:
C78H103B2N9Ni2O2·2MeCN, M = 1419.8, monoclinic, space group C2/c, a
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13951 unique reflections measured, 7794 observed [I > 2s(I)], 909
parameters, largest diff. peak 0.93 e Å23, final R1[I > 2s(I)] = 0.063, wR2
= 0.207, goodness of fit on F2 = 1.10. All structures were solved by direct
methods with SHELXS-97 and refined with SHELXL-97.16 CCDC
182/901.
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Fig. 2 Overlay of the crystallographically determined dinuclear sites of 2
(light) and 3 (dark). Selected atom distances (Å) and bond angles (°) for 3:
Ni(1)–O(1) 1.971(3), Ni(1)–N(1) 1.979(4), Ni(2)–O(2) 1.982(4), Ni(2)–
N(2) 1.987(4), Ni(1)···Ni(2) 4.229(1), O(1)–C(30)–O(2) 127.3(5).
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Catalytic asymmetric imidation of selenides into selenimides

Hiroya Takada, Masamitsu Oda, Yoshihiro Miyake, Kouichi Ohe and Sakae Uemura*†

Department of Energy and Hydrocarbon Chemistry, Graduate School of Engineering, Kyoto University, Sakyo-ku, Kyoto
606-8501, Japan

The direct catalytic imidation of various prochiral selenides
with TsNNIPh in the presence of CuOTf using chiral
4,4A-disubstituted 2,2A-bis(oxazoline) ligand afforded the
corresponding chiral selenimides ( ~ 36% ee).

The synthesis and the synthetic application of optically active
organosulfur compounds have been widely studied.1 Recently,
we succeeded in developing direct catalytic sulfimidation of
prochiral sulfides to chiral sulfimides with N-(p-tolylsulfonyl)-
imino(phenyl)-l3-iodane (TsNNIPh)2 in the presence of CuOTf
and the chiral ligands, 4,4A-disubstituted bis(oxazoline).3 In
contrast, the asymmetric synthesis of analogous organoselen-
ium compounds, selenimides, has been much less studied.4–6 In
1981, Krasnov et al. reported the first synthesis of the optically
active selenimides by starting from dialkyl- and diaryl-selenium
dichlorides,4 but the scope of this reaction has not been fully
developed probably because of low yields of the products as
well as their quite low optical activity. Recently, Kamigata and
co-workers have shown an example of conversion of a chiral
selenoxide obtained by optical resolution of a diastereomeric
mixture7 into the corresponding enantiomerically pure seleni-
mide, ascertaining the detailed stereochemistry of the com-
pound.6 We have already demonstrated the diastereoselective
imidation of chiral allylic selenides using TsNNIPh or chlor-
amine-T (TsNClNa) as an imidation reagent.8 We report here a
first example of the direct catalytic enantioselective imidation
of simple selenides into the corresponding selenimides
(Scheme 1).

As described above, a direct catalytic imidation of prochiral
sulfides to chiral sulfimides proceeded with TsNNIPh in the
presence of CuOTf and bis(oxazoline) in various solvents. We
first looked for the solvent in which imidation of prochiral

selenide 1 with TsNNIPh did not proceed in the absence of
CuOTf. Treatment of benzyl phenyl selenide with TsNNIPh in
MeCN and CH2Cl2 at 25 °C for 24 h afforded benzyl phenyl
selenimide in 46% and in a trace amount, respectively, but in
toluene no reaction occurred. Therefore, we chose toluene as
solvent9 and carried out imidation of benzyl phenyl selenide
with TsNNIPh in the presence of CuOTf (10 mol%) and the
optically active bis(oxazoline) 2 (12 mol%) at 25 °C for 24 h
under N2 (Scheme 1).10 Benzyl phenyl selenimide was formed
in 40% yield, but no asymmetric induction occurred. For-
tunately, further studies revealed that the reaction proceeded
enantioselectively when molecular sieves were added (compare
entry 1 in Table 1). This is probably due to the interference of
the rapid selenimide–selenoxide equilibrium11 (Scheme 2) by
removal of water present in the reaction mixture. A rapid
racemization of the selenoxide is well known.12 At a lower
temperature the reaction was slower (entry 3). The reaction also
proceeded with several other aryl benzyl selenides, but the
selenide having bulky substitutents on an aryl ring such as
benzyl 2,4,6-tri-tert-butylphenyl selenide (1e) did not react at
all. Typical results are shown in Table 1. The desired product
was isolated in moderate yield without racemization by removal
of the precipitate through Celite and purification of the residue
by column chromatography (SiO2). When this reaction was
applied to various aryl cinnamyl selenides 4, the expected chiral
allylic amides ( ~ 30% ee) were obtained selectively in moder-
ate to good yield via [2,3] sigmatropic rearrangement of the

Scheme 1

Table 1 Catalytic asymmetric imidation of selenides 1a

Yield Ee
Entry Selenide T/°C Product (%) (%)b

1c PhSeBn 25 3a 40 0
2 PhSeBn 25 3a 53 32
3 PhSeBn 0 3a 18 33
4 4-MeOC6H4SeBn 25 3b 37 20
5 1-NaphthylSeBn 25 3c 23 29
6d 2-NaphthylSeBn 25 3de 64 36
7 2,4,6-But

3C6H2SeBn 25 3e nr —

a All the reactions were performed in toluene (0.02 m) in the presence of 12
mol% chiral ligand 2 and 10 mol% CuOTf for 24 h unless otherwise noted.
b Enantiometric excesses were determined by HPLC using suitable chiral
columns. c The reaction was performed without MS 3A. d MS 4A, for
48 h. e See footnote §.

Scheme 2

Scheme 3

Table 2 Catalytic asymmetric imidation of cinnamyl selenides 4a

Entry R1 Product Yield (%) Ee (%)b

1 Ph 6a 63 20
2 1-Naphthyl 6b 71 28
3 2-Naphthyl 6c 52 30
4 Ferrocenyl 6d 35 17
5 2-NO2C6H4 6e Trace —

a All the reactions were performed in toluene (0.02 m) in the presence of 12
mol% chiral ligand 2 and 10 mol% CuOTf for 24 h. b Enantiomeric excesses
were determined by HPLC using suitable chiral columns.
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intermediate chiral allylic selenimide (Scheme 3, Table 2),
clearly showing that the chirality transfer occurred at the
rearrangement step.

Although the enantioselectivity obtained here is not yet
satisfactory ( ~ 36% ee) and lower than the corresponding sulfur
case,3 the finding presented here is the first example of the
direct catalytic enantioselective imidation of organic selenides
into the corresponding selenimides.

Notes and References
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The ‘valence tautomers’ of o-iodosobenzoic acid: the case of
4-pentyl-2-iodosobenzoic acid

Robert A. Moss,*† Saketh Vijayaraghavan and T. J. Emge

Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, New Jersey 08903, USA

Contrary to a previous report, only the closed (iodoxolone)
form of 4-pentyl-2-iodosobenzoic acid (3a) can be isolated;
the previously assigned open (iodoso) form (3b) is actually
4-pentanoyl-2-iodobenzoic acid.

o-Iodosobenzoic acid (IBA, 1) has long been known1 to exist in
the cyclic 1-hydroxy-1,2-benziodoxol-3(1H)-one form (2).2,3

X-Ray crystal structure4 and theoretical studies5 agree that the
cyclic form is the better representation, although the internal
I–O bond is longer than a ‘normal’ single I–O bond, indicating
significant ‘open’ character.4b,c,5

A valence tautomeric representation of IBA (1" 2) suggests
that both 1 and 2 can exist as separate entities. Such

representations have often appeared,6 even if they were not
intended to imply the simultaneous presence of interconverting
open (‘iodoso’) and closed (iodoxolone) forms. Thus, in 1990,
Panetta et al. reported the separate isolation of the iodoxolone
and iodoso valence tautomers of 4-propyl- as well as 4-pentyl-
2-iodosobenzoic acids.7 These extraordinary results have been
reiterated in a recent authoritative review,3b so that it becomes
imperative to verify them, particularly because of the im-
portance of IBA and its analogues as decontamination agents
for toxic phosphonates and phosphates.4b,c,5–8

We have now reinvestigated the case of the 4-pentyl
‘tautomers’ (3a and 3b), and report here that the previously
described7 compounds were misassigned; in fact, only a single
4-pentyl-2-iodosobenzoic acid can be isolated, and it is best
represented as the ‘closed’ iodoxolone compound, 3a.

The origin of the misassignments in ref. 7 lies in the synthetic
sequence, which we summarize in Scheme 1. 4-Pentylbenzyl
alcohol (4) was first regiospecifically iodinated to 5.7,9

In the following and key step, iodo alcohol 5 was oxidized to
4-pentyl-2-iodobenzoic acid (6) using phase transfer catalysis in
a KMnO4–water–benzene system.7,10 This reaction led not only
to the desired 6, in 63% yield, but also to a second,
chromatographically-separated product, X (25%, mp 115–116
°C), assigned7 as 4-pentyl-2-iodosobenzoic acid in its cyclic
(iodoxolone) form, 3a. A separate H2O2/Ac2O oxidation7,11 of
6 afforded 4-pentyl-2-iodosobenzoic acid Y (mp 188.5–189.5
°C) assigned7 as the open (iodoso) valence tautomer, 3b.

The assignments7 of X and Y rest on acceptable elemental
analyses for C12H15IO3, suggestive of isomerism, as well as IR

carbonyl bands for X at 1710 cm21 and Y at 1650 cm21. The
higher frequency CNO band of X was considered indicative of
a ‘lactone’ structure as in 3a.7 However, it is known2 that the
carbonyl band of IBA, in its iodoxolone form, is at 1633 cm21

(Nujol), so that the reported IR band of X at 1710 cm21 is
inconsistent with structure 3a; it is Y (1650 cm21) that is more
likely to merit this assignment.

We repeated the synthetic sequence of Scheme 1.7 In
particular, the permanganate oxidation of 5, after chromatog-
raphy of the product on silica gel (hexanes–EtOAc–HOAc,
79 : 20 : 1 to 28 : 70 : 2) afforded 6 (48%, mp 67.5–68.5 °C, lit.7
68.0–69.0 °C) and X (10%, mp 115–116 °C, lit.7 115–116
°C).

Our sample of X displayed the same mp, an experimentally
comparable elemental analysis, and a similar IR CNO band
(1707 cm21) relative to those reported7 for ‘3a’. Nevertheless,
several observations indicated that X was not 3a. (1) The NMR
spectrum of X‡ revealed only four sets of alkyl protons rather
than the anticipated five. (2) The pentyl benzylic resonance of 5
(a triplet at d 2.55) was missing in X, while a more deshielded
triplet appeared at d 3.1. (3) The IR spectrum (KBr) of X
revealed two intense CNO absorptions at 1707 and 1686 cm21.
The Supplementary Material for ref. 7 reports this band at 1685
cm21; it can be assigned to an aromatic CO2H. The former band
was assigned7 to the carbonyl of 3a, but the ‘lactone’ carbonyl
group of (e.g.) 2 is known to absorb at 1633 cm21 (Nujol).2 (4)
Compound X was kinetically inactive toward p-nitrophenyl
diphenyl phosphate (PNPDPP) in aqueous micellar cetyl-
trimethylammonium chloride (CTACl) at pH 8 (see Table 1),
whereas authentic benziodoxolones (e.g. 2) rapidly cleave
PNPDPP under these conditions.8a,b (5) Additionally, X did not
oxidize iodide to iodine, a common property of iodoso-
benzoates.8b

Accordingly, an X-ray crystal structure determination was
carried out for X,§ revealing it to be not an iodoso compound at
all, but 4-pentanoyl-2-iodobenzoic acid (7) (Fig. 1). Clearly, the
KMnO4 oxidation of 5 to 6 must have been accompanied by
overoxidation12 at the benzylic position of the pentyl chain,
affording (both) ketone 7 (and iodoterphthalic acid). Structure 7
immediately accounts for the spectral characteristics of X
itemized above in points (1)–(3),¶ and, of course, 7 should also
be inactive in the hydrolysis of PNPDPP or the oxidation of
iodide [points (4) and (5)].

Compound Y, which we obtained from the peroxide
oxidation of 6 (Scheme 1) had a mp identical to the compound
previously obtained,7 and is actually 4-pentyl-2-iodosobenzoic

Scheme 1 Reagents and conditions: i, BuLi, Me2NCH2CH2NMe2; ii, I2; iii,
KMnO4–H2O, C6H6, cat. Bu4P+Cl2; iv, 30% H2O2, Ac2O, 40 °C, 20 h
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acid, best represented as 3a (not 3b7). Thus, Y (3a) gave both an
appropriate elemental analysis [C, 43.l; H, 4.53; I, 38.0%) and
NMR spectrum.∑ The IR (KBr) spectrum of 3a displayed its
CNO band at 1602 cm21, considerably lower than the reported7

1650 cm21. However, benziodoxolone carbonyl bands are very
sensitive to conditions of their determination; the CNO absorp-
tion of 2 has been variously reported at 1633,2 1612,6b and
16056b cm21. Additionally, 3a showed the expected2 (I)OH
absorptions at 2928 and 2444 cm21. A standard iodometric
titration13 of 3a gave 93% of INO oxidative activity.

Most importantly, 3a was very reactive toward PNPDPP. Its
kinetic properties were assessed from a rate constant–[surfac-
tant] profile for the cleavage of PNPDPP in micellar CTACl;8b

conditions and results appear in Table 1. Not only is Y (3a)
highly reactive toward PNPDPP, where X (7) is inactive (entry
2), but 3a affords an acceleration of 1460 relative to micellar
CTACl alone (entry 1), 4.6 times greater than the acceleration
provided by the parent IBA (2) (entry 3). This reactivity
advantage is an expected consequence of the hydrophobic
pentyl group of 3a, which affords better binding of 3a to the
micellar phase in which the phosphorolytic reaction oc-
curs.8b,c

Although we could not obtain crystals of 3a suitable for
X-ray analysis, its closed, ‘lactone’ structure follows from the
IR spectrum,2 and from its kinetic properties toward PNPDPP
(which link 3a to other phosphorolytically reactive iodoso-
benzoates for which the closed structure has been estab-
lished).4–6,8 True ‘iodoso’ compounds, such as
m-iodosobenzoic acid, show little esterolytic reactivity.8a

Additionally, we determined the pKa of 3a as 6.8 from a pH–rate
constant profile4c,5,8b for the cleavage of PNPDPP by 3a in 0.02
m micellar CTACl and 0.02 m phosphate buffer over the pH
range 5.35–7.68. A pKa ~ 7 is appropriate for an
o-iodosobenzoate in the iodoxolone form.2,8

Finally, 3a was reported to be 477 times less reactive than
IBA itself toward PNPDPP in a CTABr–
N-methylpyrollidinone–toluene–aqueous borate microemul-
sion, a phenomenon attributed to incorporation of the more

hydrophobic catalyst into the oily interior of the micro-
emulsion.7 However, we find 3a to be quite reactive toward
PNPDPP under these conditions (Table 1, entry 6); indeed, it is
actually ~ 3.5 times more reactive than IBA (entry 5),
paralleling the results in micellar CTACl (see above, and entries
3 and 4). Note (Table 1) that both IBA and 3a are less reactive
toward PNPDPP in the microemulsion than in micellar CTACl,
an expected consequence of lessened mutual catalyst/substrate
concentration in the microemulsion.14

In conclusion, only one 4-pentyl-2-iodosobenzoic acid can be
isolated, and it is best represented as iodoxolone 3a. A similar
situation is likely to hold for 4-propyl-2-iodosobenzoic acid7 as
well.

We are grateful to the US Army Research Office for financial
support.
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Fig. 1 ORTEP diagram of X (4-pentanoyl-2-iodobenzoic acid, 7)

Table 1 Rate constants for the cleavage of PNPDPPa

Entry Catalyst ky/1024 s21 krel

1 Noneb 2.05c 1.00
2 X (7) 2.00 0.98
3 2 640d 312
4 Y (3a)e 3000f 1460
5g 2 18.3 8.9
6g Y (3a) 63.3 30.9

a For background, see ref. 8(b). Conditions for entries 1–4: [CTACl] = 1.0
3 1023 m, [PNPDPP] = 1.0 3 1025 m, [catalyst] = 1.0 3 1024 m, pH 8,
0.02 m phosphate buffer, m = 0.08 (NaCl), 25 °C. Rate constants were
determined by monitoring the time dependent absorbance of the released
p-nitrophenylate ion at 400 nm. b CTACl alone. c Given as 1.8 3 1024 s21

in ref. 6(a). d Ref. 8(b). e [PNPDPP] = 3.0 3 1025 m, [Y] = 3.0 3 1024

m. f Stopped-flow determination. g Microemulsion conditions:7 8% (w/w)
CTABr, 8% N-methylpyrrolidinone, 4% toluene, 80% 0.03 m aqueous
Na2B4O7·10H2O buffer, pH 9.4, 25 °C; [PNPDPP] = 3 3 1025 m, [catalyst]
= 3 3 1024 m.

1560 Chem. Commun., 1998



O(101)

O(4)

P(1)

O(11)

O(7)

O(9)

Sn(3)

O(6)

Sn(2)

O(5)

P(3)
O(2)

Sn(1)

O(10)

Sn(4)

O(1)

O(12)
P(2)

O(8)

O(3)

O(100)

C(5)

C(4)

C(2)

C(1)

N(2)
C(3)

N(1)(a) (b)

A three-dimensional open-framework tin(ii) phosphate exhibiting reversible
dehydration and ion-exchange properties

Srinivasan Natarajan,a M. Eswaramoorthy,a Anthony K. Cheethamb and C. N. R. Raoa†
a Chemistry and Physics of Materials Unit, Jawaharlal Nehru Centre for Advanced Scientific Research Jakkur P.O., Bangalore
560 064, India
b Materials Research Laboratory, University of California, Santa Barbara, CA 93106, USA

A three-dimensional open-framework tin(II) phosphate,
prepared hydrothermally with 1,3-diaminopentane as the
template, is shown to exhibit reversible dehydration and ion-
exchange properties.

The synthesis of microporous solids with different con-
nectivities and pore chemistry from those obtained in zeolitic
materials is of considerable interest because of the potential
applications of these materials as catalysts, molecular sieves
and ion exchangers.1,2 Investigations in this direction have led
to the discovery of many materials with interesting structures.
Recently, open-framework tin(ii) phosphates with novel build-
ing motifs, such as vertex-sharing trigonal pyramidal SnO3
units and truncated square-pyramidal SnO4 units, have been
synthesized.3–5 It would be most desirable to design a more
open, three-dimensional network with channels running along
the crystallographic axes and to facilitate the formation of such
a structure, we have employed a branched diamine as a
structure-directing agent, in place of the linear diamines. With
1,3-diaminopentane, we have been able to obtain a tin
phosphate with three different channel systems. The structure
possesses two molecules of water which can be reversibly
intercalated and, more significantly, exhibits remarkable ion-
exchange properties reminiscent of aluminosilicate zeolites.
Here we describe the synthesis, structure and characterization of
this unique open-framework material.

The structure of the new SnII phosphate‡ involves network-
ing of strictly alternating SnO3 and PO4 units in which all the
vertices are shared. The SnO3 and PO4 units form a framework
with the formula [Sn4P3O12]2. Charge neutrality is achieved by
the incorporation of the diprotonated organic cation
[NH3CH2CH2CH(NH3)CH2CH3]2+. There is half a unit of the
organic cation per formula unit and the structure contains two
molecules of water. Thus, the composition of the material
is [Sn4P3O12]2{[NH3CH2CH2CH(NH3)CH2CH3]2+}0.5·2H2O.
The asymmetric unit (Fig. 1) contains 27 independent non-
hydrogen atoms.

The entire framework structure can be considered to be made
from a networking of four-, six-, eight- and twelve-membered
rings formed by T atoms (T = Sn, P). The four-, six- and
twelve-membered rings are connected to each other in such a
way that they form a uniform 8-ring channels bound by 8 T
atoms (T = Sn and P) along the a and b axes [Fig. 2(a) and (b)].
The widths of these channels are 7.0 3 6.1 Å along the a axis
and 8.3 3 8.8 Å along the b axis (longest and shortest atom–
atom contact distances, not including van der Waals radii). The
widths of the channels suggest that the eight-membered
channels along the b axis are more regular [Fig. 2(b)]; the amine
molecules sit in the middle of these channels. When viewed
along the a axis, the two water molecules occupy the distorted
six- and twelve-membered channels [Fig. 2(a)]. The lone pair of
electrons of the SnII protrude into the twelve-membered channel
rendering it ineffective for sorption of a guest molecule. Along
the c axis, the 4-, 6- and 8-rings are connected to form a twelve-
membered ring channel which has the appearance of a six-
membered channel due to distortion. The amine and the water

molecules are both present in this channel. Most of the
distortions in the channels arise due to the three coordination of
the tin(ii) with the oxygens in this structure. The Sn atoms
coordinated to three oxygens occupy the vertex of a trigonal
pyramid; the lone pair presumably occupies the fourth vertex of
the tetrahedron. The M–O bond lengths and O–M–O bond
angles (M = Sn, P) are similar to those observed for other tin
phosphate materials.

Since the synthesis involved the use of two different optical
isomers of the branched organic diamine, we expected the
isomers to be resolved and form different channels. We find,
however, that the two amine isomers are located at the
crystallographic center of inversion in the structure creating a
new type of disorder (Fig. 1). A low-temperature single crystal
X-ray diffraction study (T ≈ 100 K) showed no change in the
disorder, indicating it to be static rather than dynamic.

Thermogravimetric analysis (TGA) in an oxygen atmosphere
showed a mass loss of ca. 3.9% at 125 °C due to the removal of
two molecules of water present in the channels (calc. 4.1%).
Careful experiments showed that the material (heated to
125 °C) reabsorbs the water on cooling and storage for a few
hours under atmospheric conditions (typically 4 h). This feature
is indeed noteworthy as this is the first time such a complete
reversible dehydration–hydration process has been observed in
an open-framework tin phosphate material. TGA studies also
reveal that the protonated 1,3-diaminopentane is removed at
350 °C. The crystal structure collapsed after the removal of the
amine.

In our effort to remove the template molecule from the open-
framework structure by other methods, we employed soft
chemical routes, including ion-exchange. Since the structure is
open and the framework is anionic, we used an NaCl (1.0 m)
solution for the ion-exchange with the expectation that the Na+

cations might exchange for the protonated diamine. After 4 days
of continuous stirring at room temperature (the solution was

Fig. 1 ORTEP plots of (a) the framework along with the water molecule and
(b) the organic template molecule showing the disorder
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replenished every 24 h), ca. 50% of the amine was exchanged,
as indicated by FTIR and TGA studies. The powder XRD
pattern of the ion-exchanged sample was consistent with that of
the parent material. Gravimetric adsorption studies were carried
out on the parent material and the Na+-exchanged sample after
dehydration at 175 °C, by employing N2 and MeOH as
adsorbants. Methanol exhibits a Langmuir type I isotherm
corresponding to about 1 molecule per unit cell (at higher
pressures, p/po ! 0.8, the results indicate some type II
component as well) and N2 shows a type IV isotherm for the
dehydrated Na+-exchanged sample (Fig. 3). The parent mate-

rial, however, showed no significant adsorption of these
molecules. This study suggests that there is considerably greater
free volume in the dehydrated Na+-exchanged sample. Further
experiments on the ion-exchange properties of this novel three
dimensional tin(ii) phosphate material and its catalytic proper-
ties are currently in progress and the results will be reported
elsewhere.

A. K. C. thanks the MRSEC program of the US National
Science Foundation under the award no. DMR-9632716.

Notes and References
† E-mail: cnrrao@sscu.iisc.ernet.in
‡ The title compound was synthesized from a starting tin phosphate gel
containing a mixture of the two optical isomers of 1,3-diaminopentane as
the structure directing agent. Tin(ii) oxalate (Aldrich), phosphoric acid (85
wt%, Merck), 1,3-diaminopentane (DYTEK, Aldrich) and water in the ratio
SnC2O4 : 0.5 P2O5 : 1.0 1,3-diaminopentane : 55 H2O were mixed, sealed
and heated at 170 °C for 3 days under autogeneous pressure. The resulting
product, containing a mixture of white powder and a few colorless single
crystals, was filtered and washed thoroughly with deionised water. The
single crystals were separated easily under a polarizing microscope. The
powder X-ray diffraction patterns taken independently on both the white
powder and the single crystals were found to be identical indicating that the
product was a new material. A suitable, needle-like single crystal (0.06 3
0.05 3 0.04 mm) was selected and mounted at the tip of a glass fiber using
cyanoacrylate adhesive. Crystal structure determination by X-ray diffrac-
tion was performed on a Siemens Smart-CCD diffractometer (Mo-Ka
radiation, l = 0.71073 Å). A hemisphere of intensity data was collected at
room temperature in 1321 frames with w scans (width of 0.30° and exposure
time of 30 s per frame).

Crystal data for the title compound: triclinic, space group P1̄ (no. 2), a =
9.417(1), b = 9.754(1), c = 11.002(1) Å; a = 80.51(1), b = 71.64(2), g =
61.68(1)°, U = 844.2(2) Å3, Z = 2, M = 861.85(1) and rcalc = 3.39(1) g
cm23. A total of 3352 reflections were collected in the range 28 @ h@ 10,
28 @ k@ 10, 212 @ l@ 11. These were merged to give 2383 unique data
(Rmerg = 2.3). The absorption correction was based on symmetry equivalent
reflections using the SADABS6 program. Because of the heavy disorder on
the carbon and nitrogen atoms of the amine molecule, hydrogen atoms
though found on the Fourier map were not used for refinement purposes.
The last cycles of refinement included atomic positions, anisotropic thermal
parameters for all the atoms. Final R = 0.0397, Rw = 0.0937 and S = 1.04
were obtained for 215 parameters. The final Fourier map minimum and
maximum: 21.26 and 1.68 e Å23. The structure was solved and refined
using the SHELXSTL-PLUS7,8 package of programs. CCDC 182/895.
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Fig. 2 Structures of [Sn4P3O12]2{[NH3CH2CH2CH(NH3)-
CH2CH3]2+}0.5·2H2O viewed down the a axis (a) and b axis (b). Note that
the amine and the water molecule occupy different channels in both
cases.

Fig. 3 Sorption isotherms (at 77 K) for (a) nitrogen and at room temp. for
(b) methanol (p/po ratio of partial pressure of sorbate to its saturated vapour
pressure)
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Self-assembled thin films from lamellar metal disulfides and organic polymers
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b Institute of Surface Chemistry, National Academy of Science of Ukraine, Kiev, Ukraine 252022
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The intercalation/exfoliation reactions of MoS2 and SnS2
yield lamellar colloids, which may be grown layer-by-layer
on cationic surfaces by alternate adsorption of cationic
clusters or polymers.

Over the past several years, self-assembly has become increas-
ingly useful as a simple and inexpensive method for making
functional thin films.1 While much of this work has focused on
organic monolayers, inorganic surface heterostructures are also
interesting because of the structural,2 magnetic,3 electro-
chemical4 and other properties associated with inorganic
compounds. Unfortunately, to date, the building blocks of these
thin films have been electronic insulators: clays, metal phos-
phates and lamellar oxides.5 Here, we report the successful
extension of this technique to lamellar chalcogenides, which in
bulk form are semiconductors, semimetals, and metals. These
materials have been used previously to prepare interesting bulk
nanocomposites.6

Lamellar metal disulfides (MoS2, SnS2) were reductively
intercalated by reaction with excess BunLi in hexane, then
added to water to make exfoliated suspensions that were
approximatley 5 mass% MS2.7 As prepared, these suspensions
were basic, but upon dilution to 1 mass%, the pH decreased to
8–9. Attempts to lower the pH further resulted in flocculation.
These 1% suspensions were stable for periods of days (orange–
brown SnS2) to weeks (brown–black MoS2), and transmission
electron microscopy (Fig. 1) revealed intact single- and
multiple-sheet aggregates ranging in lateral dimensions from
ca. 20–500 nm.

Growth of the metal disulfide films was initiated by first
priming polished silicon wafers with a cationic monolayer. This
was accomplished by hydroxylating the surface, by 30 min
sonication in ‘piranha’ solution (4 : 1 conc. H2SO4–30% H2O2),
and then adsorbing a monolayer of aluminium Keggin ions
[Al13O4(OH)24(H2O)12

7+], (5 min adsorption from an 80 °C
solution of the chloride salt8), or poly(allylamine hydro-
chloride), PAH (15 min adsorption from a 0.01 m aqueous
solution at pH 8 and ambient temperature). Both surface
priming procedures create a high charge density surface, which

binds the anionic MS2 sheets. The first monolayer of MS2 sheets
was adsorbed by immersing the primed silicon into the
appropriate colloidal suspension for 15 min, and rinsing with
water. These MS2 monolayers tile the surface incompletely, as
shown in tapping-mode atomic force microscopy (AFM)
images, Fig. 2. The adsorption process appears to select
relatively small sheets from the broad distribution of sizes
present in the colloid (Fig. 1). Surface coverage was estimated
at about 75% for MoS2 on the Al-Keggin-primed surface, and
about 50% on the PAH-primed surface. While it was not
possible to resolve the lattice structure of the MS2 sheets, AFM
line scans over the terraces of sheets showed mean roughness of
the order of 1–2 Å, consistent with exposure of the basal planes.
The step height from the primed substrate to the top of the sheets
was typically 13–15 Å, which corresponds roughly to the
thickness of a single layer of MoS2 sheets (6 Å) plus a layer of
hydrated Li+ cations.

Multilayer films were grown by sequentially adsorbing the
MS2 colloids and polymeric PAH cations in 15 min cycles, with
intermediate washing steps. The layer growth was monitored by
ellipsometry, transmission UV–VIS spectroscopy (using quartz
substrates), and AFM. The observed change in average layer
thickness per adsorption cycle, Fig. 3, was consistently 14.8(3)
Å per layer pair for MoS2/PAH and 23.8(3) Å for SnS2/PAH.
UV–VIS spectra confirmed the regular stepwise growth of film
thickness. In the case of MoS2, the layer pair thickness is
approximately that expected for a monolayer of PAH plus a
single sheet of MoS2, whereas for SnS2 it is apparent that more
than one monolayer is deposited in each adsorption cycle.
Consistent with this observation, TEM studies of the SnS2
colloid show that it is not completely exfoliated. For both MoS2
and SnS2, the layer pair thickness was quite insensitive to the
adsorption time, up to several hours. This observation is
consistent with the model of electrostatic self-assembly as a
self-limiting process in which film growth ceases once the layer
charge is inverted by adsorption of poly-anions or -cations.9

In contrast to the more regularly tiled surfaces observed with
zirconium phosphate/polymer multilayers,10 AFM images of
the MoS2 multilayer films reveal a ‘spongy’ morphology, in
which sheets and polymer appear randomly oriented. The rms
roughness of a four layer pair film of MoS2/PAH was 16 Å on
the PAH-anchored substrate, and 8 Å on the Al-Keggin
derivatized surface. This is consistent with the model proposed
by Kleinfeld and Ferguson for multilayer growth on islands,
which eventually coalesce into smoother films.11 The more
densely tiled first monolayer that grows on the Keggin-primed
surface yields a smoother film after a few layers are grown. XPS
analysis of Si–SiOx–Al Keggin–(MoS2-PAH)n–MoS2 (n = 0,
3; Table 1) films confirms that the sheets are intact and cover the
surface relatively well after deposition of four layers. In the
monolayer spectra, the surface coverage is low and the XPS
spectrum is dominated by adventitious carbon and signals from
the Si/SiOx substrate. Both Mo and S are present in the film, but
their ratio cannot be determined accurately because of counting
errors. With multilayer films, the Si, Al and O signals from the
buried substrate and primer layer are attenuated relative to Mo
and S, which are present in the expected 1 : 2 ratio.

Fig. 1 Transmission electron micrographs of (left) colloidal MoS2 and
(right) SnS2 particles
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The basal plane surface of MS2 colloids is relatively non-
polar, relative to previously studied clay, metal oxide and metal
phosphate lamellar colloids. MoS2 and SnS2 exfoliated colloids
can be re-stacked by neutral polymers, such as poly(ethylene
oxide), PEO.12 Accordingly, the cationic PAH polymer was
replaced by a solution of neutral PEO, and multilayer films were
grown by the same method. The film growth, monitored by
ellipsometry and UV–VIS spectroscopy, is regular and the trend
is similar to that found with PAH, 15 Å per layer pair with MoS2
and 35 Å per layer pair with SnS2. Apparently, PEO complexes
the Li+ ions that charge-compensate the colloid sheets, much as
it does in the bulk intercalation compounds.12b This interaction

is sufficiently strong to persistently bind sequentially adsorbed
layers.

This work was supported by a grants from the National
Science Foundation (CHE-9529202) and Civilian Research and
Development Foundation. Instrumentation for AFM experi-
ments was provided by National Science Foundation grant
CHE-9626326.
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Fig. 2 Tapping-mode AFM images of monolayer MoS2 and (MoS2/PAH)3MoS2 films on Si/SiOx/PAH and Si/SiOx/Al Keggin substrates

Fig. 3 Ellipsometric and UV absorbance data showing the thickness and
change in absorbance of MS2/polymer films vs. number of layer pairs. The
thickness of ‘zero’ layers corresponds to the SiOx and primer (PAH or Al-
Keggin). Half-integer abscissa values refer to films terminated by an MS2

layer, and integer values by a PAH or PEO layer.

Table 1 Relative integrated peak areas, corrected for atomic sensitivity, for
Si–SiOx–Al Keggin–(MoS2-PAH)n–MoS2 (n = 0, 3) films

n = 0 n = 3

Si 21.3 4.4
Al 3.4 0.2
Mo 0.7 1.9
S 0.7 3.7
C 44.0 72.9
O 29.9 16.9
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A convenient synthesis of the cruciferous phytoalexins brassicanal A and
brassilexin by mimicry of a fungal detoxification pathway

M. Soledade C. Pedras*† and Francis I. Okanga

Department of Chemistry, University of Saskatchewan, 110 Science Place, Saskatoon, SK, Canada S7N 5C9

The cruciferous phytoalexin brassilexin 3 has been synthe-
sized in four steps from indoline-2-thione via 3-(aminome-
thylene)indole-2-thione 2, a metabolic intermediate of the
detoxification pathway of the phytoalexin cyclobrassinin 1;
in addition, the phytoalexin brassicanal A 8 has been
synthesized in two steps from 2-indolinethione.

It is now well-recognized that the blackleg fungus [Phoma
lingam (Tode ex Fr.) Desm., perfect stage Leptosphaeria
maculans (Desm.) Ces. et de Not.], one of the most destructive
fungal pathogens of rapeseed (Brassica napus, B. rapa), can
overcome the plant’s induced chemical defenses, i.e. phytoalex-
ins, by enzymatic detoxification.1–6 Recently, we reported6 an
unprecedented detoxification of the cruciferous phytoalexin
cyclobrassinin 17 via the phytoalexins brassilexin 38 and
dioxibrassinin 49,10 by isolates of P. lingam‡ (Scheme 1). A
detailed analysis of the metabolites involved in that fungal
biotransformation of cyclobrassinin 1 indicated that 3-(amino-
methylene)indole-2-thione 2, or its thiol tautomer(s), was a
precursor of brassilexin 3 (Scheme 1).6 In continuation of that
work we have now accomplished the synthesis of brassilexin 3
by mimicry of that detoxification pathway, utilizing the key
intermediate 2 (Scheme 2). This route provides a very
convenient process for preparation of both compounds 2 and 3,

offering also the possibility of introducing carbon and/or
nitrogen isotopes into the indol-3-yl substituents in good yield.
Previous syntheses of brassilexin 3 from indole-3-carbaldehyde
via cyclobrassinin 1 (11% overall yield),11–13 or directly from
indole-3-carbaldehyde (11–30% overall yield),14 have been
reported. However, our route affords the best overall yield to
date while following the simplest process in terms of purifica-
tion and reaction conditions. Utilizing the route shown on
Scheme 2, brassilexin 3 was obtained from indolinethione 515 in
four steps (typically 50 mg scale reactions) in ca. 64% overall
yield. In addition, this route provided aldehyde 6, which on
reaction with CH2N2 quantitatively yielded brassicanal A 8,
another cruciferous phytoalexin,16 in ca. 92% yield. This
synthesis of brassicanal A 8 also presents a great improvement
to the previously reported procedure, which employed methyla-
tion of indolinethione 5 followed by Vilsmeier formylation of
the corresponding 2-thiomethyl ether 9 (Scheme 2, 39% overall
yield from 5).4

During previous biotransformation studies,6 we observed that
brassilexin 3 could be obtained from metabolite 2 after standing
in solution or on silica gel TLC plates. Interestingly, this
transformation was catalyzed by activated charcoal to afford
brassilexin almost quantitatively, demonstrating that metabolite
2 would be a synthetically useful brassilexin precursor if
available in reasonable yields. One apparent method for the
preparation of 2 was the reduction of amino derivatives of
3-(hydroxymethylene)indole-2-thione (or equivalent tautomer,
e.g. 6) similar to the preparation of 3-hydroxymethylene-
2-oxoindole derivatives.17 Thus, formylation of thione 515 with
EtO2CH afforded aldehyde 6, whose 1H and 13C NMR
spectroscopic data§ indicated that only the thiol tautomeric
form was present. Oximination of 6 under standard conditions18

yielded quantitatively oxime 7, which was readily reduced to
the desired intermediate 2 with NaBH3CN in the presence of
TiCl3.19 Finally, treatment of 2 with activated charcoal afforded
brassilexin in excellent yield.¶

It is worth noting that thione 2 was hypothesized to be a
biogenetic precursor of brassilexin 3 in planta.6 In addition,
although thiol 6 does not appear to have been prepared
previously, it was proposed as a precursor of brassicanal A in
planta.20 Our facile synthesis of intermediates 2 and 6 offers the
possibility of isotopic labelling and should facilitate future
biosynthetic studies on brassilexin 3 and brassicanal A 8.
Particularly because brassilexin 3 appears to be involved in the
blackleg disease resistance of several agriculturally important
cruciferous oilseeds (e.g. B. juncea, B. carinata),21 its bio-
synthesis has tremendous potential application and is presently
under investigation in our laboratory.

We gratefully acknowledge the financial support of the
Natural Sciences and Engineering Research Council of Canada
and the University of Saskatchewan.
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† E-mail: pedras@sask.usask.ca
‡ The fungal species Phoma lingam is subdivided in various groups (cf.
M. S. C. Pedras, J. L. Taylor and V. M. Morales, Phytochemistry, 1995, 38,
1215; J. L. Taylor, M. S. C. Pedras and V. M. Morales, Trends Microbiol.,

Scheme 1 Transformation of cyclobrassinin by the phytopathogenic fungus
Phoma lingam: i, ‘avirulent’ isolate Unity; ii, ‘virulent’ isolate BJ 2125

Scheme 2 Reagents and conditions: i, NaH, HCO2Et, 25 °C, 92%; ii,
NH2OH·HCl, AcONa, EtOH, reflux, quant.; iii, TiCl3, NaBH3CN, MeOH,
25 °C, 85%; iv, activated charcoal, 25 °C, 82%; v, CH2N2, Et2O, 25 °C,
quant.
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1995, 3, 202); the so-called ‘avirulent’ group, e.g. isolate Unity, is now
considered a species different from that of the ‘virulent’ group, e.g. BJ-125,
although no formal reclassification has been carried out.
§ Selected data for 6: dH(500 MHz, CD3OD) 9.49 (s, CHO), 8.15 (d, J 8.0,
1 H), 7.48 (d, J 8.0, 1 H), 7.37 (dd, J 8.0, 7.5, 1 H), 7.27 (dd, J 8.0, 7.5,
1 H); dH(500 MHz, [2H6]DMSO) 12.77 (br s, NH), 9.49 (s, CHO), 8.06 (d,
J 8.0, 1 H), 7.50 (d, J 8.0, 1 H), 7.35 (dd, J 8.0, 7.0, 1 H), 7.26 (dd, J 8.0,
7.0, 1 H); dC(125.5 MHz, [2H6]DMSO) 184.3, 138.5, 137.1, 125.2, 124.6,
122.9, 120.8, 119.8, 112.3; HRMS: found 177.0249 (calc. for C9H7NOS:
177.0248); m/z (EI) 177 (M+, 100%), 149 (18), 148 (24), 121 (15); m/z (CI)
178 (M+ + 1, 19%), 164 (32), 150 (24), 146 (100), 132 (50). For 7: dH(300
MHz, CD3CN): d 9.88 (br s, NH), 8.52 (br s, OH), 8.03 (d, J 8.0, 1 H), 7.95
(s, H-1’), 7.42 (d, J 8.0, 1 H), 7.31 (dd, J 8.0, 7.0, 1 H), 7.21 (dd, J 8.0, 7.0,
1 H); dC(75.5 MHz, CD3CN) 145.2, 138.9, 131.1, 126.0, 125.7, 123.5,
122.4, 117.2, 112.6; HRMS: found 174.0251 (calc. for C9H8N2OS 2 H2O:
174.0252); m/z (EI) 174 (M+ 2 H2O, 100%), 149 (51), 142 (24); m/z (CI)
175 (M+ + 12 H2O, 100%).
¶ All compounds gave satisfactory spectroscopic data.
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Electron transfer in a hydrogen-bonded assembly consisting of
porphyrin–diimide

Atsuhiro Osuka,*a Ryusho Yoneshima,a Hideo Shiratori,a Tadashi Okada,*b Seiji Taniguchib and Noboru
Matagac
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b Department of Chemistry, Graduate School of Engineering Science and Research Center for Materials Science at Extreme
Conditions, Osaka University, Toyonaka 560-8531, Japan
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Electron-transfer reactions in an H-bonded assembly com-
posed of a diacylaminopyridine bearing zinc porphyrin and
1,8 : 4,5-naphthalenetetracarboxylic diimide (Ka = 2.8 3 102

dm3 mol21) in benzene occur with kCS = 4.1 3 1010 s21 and
kCR = 3.7 3 109 s21, while the corresponding covalently
linked model with a comparable distance and energy gap
undergoes electron transfer with kCS = 9.9 3 1010 s21 and
kCR = 6.7 3 108 s21.

In recent years there has been a considerable upsurge in the
development of hydrogen (H)-bonded assemblies that can
undergo efficient electron-transfer (ET) reactions,1–6 since most
biological electron transfers take place in non-covalently
assembled arrays of several chromophores where the overall
electronic coupling between the donor and acceptor seems to
depend on the electronic interaction at a non-covalent H-bonded
motif. Although several synthetic models have been presented
to display ET within H-bonded assemblies, key aspects of ET
dynamics still remain unclarified. In particular, ion-pair states
have been only scarcely identified by transient absorption
spectroscopy, leaving behavior of photogenerated ion pairs
across H-bonds unknown except for a limited number of
examples.3,6,7

Here, we study an H-bonded assembly of a photoexcitable
electron-donor zinc porphyrin 9 and electron-acceptor
1,8 : 4,5-naphthalenetetracarboxylic diimide 10 and ET dy-
namics within the assembly. Porphyrin 9 bears a meso-
substituted 2,6-diacylaminopyridyl group that is expected to
form a strong H bond to the diimide 10.8 The radical anion of 10
possesses sharp and characteristic absorption bands that have
proven to be particularly useful for analysis of electron-transfer
kinetics.9 Aldehyde 5 was prepared in six steps from citrazinic
acid (Scheme 1). The cross-condensation of 3,5-di-tert-bu-

tylbenzaldehyde, aldehyde 5 and 4,4A-diethyl-
3,3A-dimethyldipyrrylmethane gave porphyrin 6 in 62% yield
(on the basis of 5), which was converted to a 2,6-diaminopyr-
idyl-substituted porphyrin 7 in 67% yield by hydrolysis under
acidic conditions (HBr–phenol–acetic acid). Porphyrin 9 was
prepared by the reaction of 7 with hexanoyl chloride and
subsequent insertion of Zn.‡ Diimides 10 and 11 were prepared
by the cross-condensation of 1,8 : 4,5-naphthalenete-
tracarboxylic dianhydride with urea and 2-aminopropane-
1,3-diol followed by silylation with tert-butyldimethylsilyl
chloride in ca. 30 and 13% yields, respectively. The siloxyl
substituents were introduced in order to increase the solubilities
of these diimides in non-polar organic solvents.

To confirm the complexation via H-bonding, the 1H NMR
spectra of 9 in the absence and presence of increasing amounts
of 10 were examined in C6D6, CDCl3 and CD2Cl2. Typical
chemical shift changes upon complexation of 9 and 10 in CDCl3
are summarized in Scheme 2. Most prominently the imide Ha
proton and the amide Hb protons were downfield shifted, while
the other protons were essentially unperturbed. The fact that no
particular upfield shift was observed for the aromatic protons of
10 precludes the coordination of 10 to the zinc centre in 9.
Similar shifts were observed in C6D6 and CD2Cl2, while no such
shifts were detected in [2H8]THF or [2H6]DMF. The observed
chemical shift changes are consistent with a complexation by
three-points H-bonding as depicted in Scheme 2. From the 1H
NMR titration, the binding constants were determined using a
standard non-linear least-square curve fitting method: 2.8 3 102

dm3 mol21 in benzene, 1.0 3 102 dm3 mol21 in CDCl3 and 79
dm3 mol21 in CD2Cl2. Further, the continuous variation method
(Job’s plot) was used to determine the complexation stoichio-
metry as 1 : 1.

Steady-state fluorescence studies carried with a benzene
solution of 9 (1.0 3 1025 m)) in the presence of 10 (5.0 3 1023

Scheme 1 Reagents and conditions: i, POCl3, 160 °C, 78%; ii, BF3·OEt2,
NaBH4, 74%; iii, activated MnO2, 66%; iv, neopentyl glycol, p-TsOH,
99%; v, toluene-p-sulfamide, Cu powder, 190 °C, 63%; vi, 10% H2SO4,
TFA, 76%
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m) revealed substantial fluorescence quenching (70%) com-
pared with the fluorescence of 9 alone. Such fluorescence
quenching was not observed in THF and DMF nor for a solution
of 9 and 11, indicating that a complexation via H-bonding was
crucial for fluorescence quenching, rather than diffusional
encounters.

To provide further support for ET via H-bonding, time-
resolved transient absorption studies were carried out. Fig. 1
shows the picosecond transient absorption spectra of 9 alone
and in the presence of 10 at lex = 532 nm in benzene. Under the
conditions used, > 95% of 9 was complexed with 10 and the
fluorescence of 9 was completely quenched. The transient
spectrum of 9 alone (shown by dotted line at a delay time of 20
ps) is a typical transient absorption spectrum of a 5,15-diaryl-
octaalkyl zinc porphyrin, in which the absorption band at 458
nm is due to Sn/ S1 absorption and the bleaching at 640 nm is
due to stimulated emission of the S1 state and these two bands
decay with t = 1.6 ns. The transient absorption spectra of the
complex 9–10 provided clear evidence for the formation of a
diimide anion radical (474 nm) and a zinc porphyrin cation
radical (655 nm), both of which were observed early at 20 ps
delay time and decayed with t = 270 ps. Thus, the rate of
charge recombination within the complex 9–10 is 3.7 3 109

s21. By analyzing the time profile at 458 nm where the main
absorbing species is the S1 state of the zinc porphyrin, the rate
of charge separation has been determined to be 4.1 3 1010 s21.
These ET rates across an H-bond were compared with those in
a related covalently linked model 13, which has a similar energy
diagram and a slightly shorter center-to-center distance, to

characterize ET across an H-bond bridge.§¶ The transient
absorption studies revealed that the rates of charge separation
and recombination in 13 are 9.9 3 1010 and 6.7 3 108 s21,
respectively. Thus it may be concluded that (1) electronic
coupling across an H-bond interface necessary for charge
separation is comparable to that across two C–C single bonds, in
line with recent results reported by Therien and coworkers,5 and
(2) an ion-pair across H-bonds is considerably shorter-lived in
comparison to a covalently linked ion-pair. The latter aspect that
can account for difficulty in detecting an ion-pair across
H-bonds may be understood in terms of stabilization of the ion
pair, thus the decrease in 2DG in the inverted region, by
H-bond reorganization which is accompanied by the charge
separation.7 The assembly 9–12 has been also studied by
transient absorption spectroscopy and found to undergo ET-
reaction with kCS = 2.9 3 1010 s21 and kCR = 2.4 3 109 s21,
revealing that the isotope effect kH/kD is 1.4 and 1.5 for charge
separation and recombination, respectively, roughly in line with
results reported by Nocera and coworkers.3a Our next target will
be the development of a H-bonded asembly of donor–acceptor
triads and tetrads which can realize long-lived charge separation
in spite of inherently shorter-lived ion-pairs across H-bonds.
Our attempts in this direction will be reported elsewhere.

This work was supported by Grant-in-Aids for Scientific
Research (No. 09440217 and 08874074) from the Ministry of
Education, Science, Sports and Culture of Japan and by CREST
(Core Research for Evolutional Science and Technology) of
Japan Science and Technology Corporation (JST).
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have been measured in CHCl3 by cyclic voltammetry vs. ferrocene–
ferrocenium ion. The oxidation potential of 9 was 0.16 V and the reduction
potential of 10 was 21.05 V in the free form and 20.97 V in an H-bonded
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reduction potentials of 13 were 0.11 and 21.06 V.
¶ Estimated center-to-center distances are 14.7 and 12.8 Å for 9–10 and 13,
respectively.
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Scheme 2 Complexation-induced (20%) changes in 1H NMR chemical
shifts (ppb) for 9–10 in CDCl3

Fig. 1 Transient absorption spectra of a benzene solution of 9 (2.0 3 1024

m) and 10 (1 3 1022 m) at lex = 532 nm. The dotted line shows the
spectrum at a 20 ps delay time for 9 alone.
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Determination of enantiomeric excess for amino acid ester salts using FAB
mass spectrometry
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The enantiomeric excess of a-amino acid ester hydro-
chlorides is determined for the first time using FAB mass
spectrometry coupled with enantiomer-labelled host
method.

The simple determination of enantiomeric excess using FAB
mass spectrometry, without chromatographic separation of the
enantiomers,1,2 has been demonstrated for the first time using
R/S mixtures of a-amino acid esters or, more generally, organic
primary amine hydrochlorides. The principle of this method is
based on the FAB mass spectrometric detection (nitrobenzyl
alcohol matrix)3–6 of enantiomeric recognition of primary
amines by chiral macrocyclic host compounds.7,8 This method
uses a 1:1 mixture [for example, (R)-nonlabelled/(S)-deuterium-
labelled] of chiral crown ethers [for example, (RRRR)-1 and
[2H6]-(SSSS)-1], and is known as the enantiomer-labelled (EL)
host method. In other words, the hosts are utilized as a pair of
specific reagents for determining the ee of organic primary
amines.

The relative peak intensity of the diastereomeric host–guest
complex ions, which are produced from the complexation
between a 1:1 mixture of the enantiomeric hosts (HRRRR):[2Hn]-
(HSSSS) and the primary amine salt guest (G+), is taken as a
quantitative measure; n is the number of deuterium labels [eqn.
(1)].
I[(HRRRR + G)+]/I[[2Hn]-(HSSSS + G)+] =

IR/IS = IRIS (abbreviation) (1)

The fundamental concept of this methodology is schematically
shown in Fig. 1, where the diastereomeric host–guest complex
ion peaks are given. For the conceptual data shown in Fig. 1, the
(R)-guest complexes the (RRRR)-host by an arbitrary factor of
2.0 better than the (SSSS)-host (run 1, IRIS = 2.0). Accordingly,
the (S)-guest should complex the (SSSS)-host by a factor of 2.0
better than the (RRRR)-host (run 2, IRIS = 0.50) because of the
mirror image relationship between the host–guest complex ions
produced. Furthermore, the racemic (RS)-guest should provide
a pair of equal peak intensities (run 3, IRIS = 1.0) because of
the net compensation of a racemic host–racemic guest combina-
tion. Therefore, in the case of a given guest with unknown ee,
one can expect to determine the percent enantiomeric excess
from the relationship between the IRIS and the ee values.

The (RRRR)-1 host was prepared by a route previously
reported by Kaneda, Hirose and Misumi.9,10 The corresponding

Fig. 1 FAB mass spectrometry with the enantiomer-labelled host and guest methods
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enantiomer-labelled [2H6]-(SSSS)-1 was similarly prepared via
2,6-bis(bromomethyl)hydroquinone [2H6]dimethyl ether.

A FABMS solution was prepared by mixing the following
three solutions: (i) 5 µl of a 1:1 mixture of a 0.16 mmol dm23

CHCl3 solution (25 µl) of (RRRR)-1 and a 0.16 mmol dm23

CHCl3 solution (25 µl) of [2H6]-(SSSS)-1, (ii) 5 µl of a 0.08
mmol dm23 MeOH solution of a given guest, and (iii) 30 µl of
NBA matrix. After evaporation of MeOH and CHCl3 in the ion
source, the concentrations in NBA were calculated to [HRRRR] =
[HSSSS] = [G] = 0.0133 mmol dm23. Several guest solutions
with different ees were prepared by appropriate mixing of
solutions of both the (R)- and (S)-phenylglycine methyl ester
(PglyOMe) hydrochloride salts, and the IRIS values were
determined by FAB mass spectrometry (Table 1). A typical
FAB mass spectrum is shown in Fig. 2. In order to see the
characteristic relationship, the IRIS value is plotted on the
ordinate when the (R)-guest is in excess, and the reciprocal of
the IRIS value is plotted when the (S)-guest is in excess (Fig. 3).
The IRIS value varies in a linear fashion with the ee quantity and
produces a symmetric V-shaped plot. Therefore, it is clear that
the ee value of a given guest with unknown ee can be
determined from the IRIS values obtained for both the guests
with unknown and known (100%) ee. As mentioned pre-
viously,5 there exist, in general, weak concentration effects of
the host and guest solutions upon the IRIS values, so it is
necessary to measure the FAB mass spectra under fixed sample
concentration conditions.

The IRIS value of run 1 (or run 2) (the EL host method)
should be equivalent to the IRIS value of run 5 (or run 6) (the EL
guest method)5 for the mirror image relationship between the
complex ions. Therefore, using the EL host method with a series
of enantiomerically pure guests (run 1 or run 2), we can
determine the chiral recognition abilities of this host toward a
series of guests using the same IRIS scale derived from the EL
guest method (run 5 or run 6). Table 1 shows several IRIS values

obtained experimentally using the EL host method with a series
of hydrochloride salts of enantiomerically pure amino acid
esters and organic primary amines. These data have shown
which type of guest is suitable to the ee determination. Since the
IRIS values of the PglyOR+, AspOR+, AsnOR+ and ValOR+

guests show relatively high degrees of chiral recognition
character [IRIS! ca. 2.0 for (RRRR)-host preference or IRIS@
0.5 for (SSSS)-host preference], these guests are applicable to
determine the ee quantities. On the other hand, the IRIS values
of the 1-phenylethylamine hydrochloride guests are close to
unity, so these are not appropriate for such a purpose. These
differences strongly suggest the importance of the COOR
function in the guest part for higher chiral recognition ability in
the present system.

We have described a conceptually novel method for ee
determination of amino acid ester salts using FAB mass
spectrometry (positive mode). The methodology is potentially
applicable to other host–guest systems with relatively high
degrees of chiral recognition.

The authors thank Professor T. Kaneda and Dr K. Hirose for
their kind instruction of the synthesis of the chiral crown
hosts.
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Fig. 2 A typical FAB mass spectrum (nitrobenzyl alcohol matrix) using the
enantiomer-labelled host method [host: (RRRR)-1 and [2H6]-(SSSS)-1;
guest: (S)-PglyOMe•HCl (80% ee)]

Fig. 3 A plot of I[(HRRRR + G)+]/I[[2H6]-(HSSSS + G)+] vs. ee

Table 1 The I[(HRRRR + G)+]/I[[2H6]-(HSSSS + G)+] values toward various
primary amine hydrochlorides

Amine IRIS valuesa

GlyOMe 1.00
(R)-PglyOMe 1.84
(S)-PglyOMe 0.53
(R)-PglyOEt 1.98
(R)-PglyOPri 2.00
(S)-AspOMeb 0.37
(S)-AsnOMe 0.51
(S)-PheOMe 0.51
(S)-ValOEt 0.35
(R)-1-Phenylethylamine 0.95
(R)-1-Phenyl-2-hydroxyethylamine 0.62
(R)-1-(p-Nitrophenyl)ethylamine 1.03

a Averaged values of 10th, 20th, 30th and 40th scans (n = 4). The standard
deviations were within ±5%. b (S)-Aspartic acid dimethyl ester hydro-
chloride.

1570 Chem. Commun., 1998



O O

HO
OH

OHOH

O

OH OH

HO

O

O
O

O

OOH

OH

OH

H

O
O

O
O

O

OHOH

OH

OH

H

O

O

H

OR1

O H
OR2

O P

O

O

O
HO

OH
OH

OH

O P

O

OHO

HOO

OH

OH

HO

HO

(S)
(S)

3  R2 = 4  R2 = 2 Na+

–

–

–2 R1 =1 R1 =

(R)

(R)

An efficient synthesis of analogues of unsymmetrical archaeal tetraether
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Unsymmetrical tetraether analogues of glycolipids found in
archaebacteria, possessing either two different carbohydrate
units or a saccharidic moiety and a phosphate group as polar
heads and a quasi-macrocyclic lipid core, are efficiently
synthesized from versatile chiral building blocks.

The Archaea domain, composed of a variety of extremophilic
microorganisms, belongs to a third kingdom of life which is
clearly distinct from the well-known Bacteria and Eucarya
domains.1–3 Preservation of the membrane function under
extreme conditions such as high temperatures and strong acidity
lies with the unique structure of archaebacterial lipids, which
fundamentally differ from those of their bacterial and eucaryotic
counterparts.4 Of particular interest is the unusual molecular
architecture of the macrocyclic tetraether lipids found in
methanogenic and thermoacidophilic species.5 These lipids are
characterized by a bipolar structure with two head groups linked
together by two C40 polyisoprenoid chains. Recently, Gräther
and Arigoni demonstrated that several natural lipids were in fact
nearly statistical mixtures of regioisomers differing in the
relative orientation of their glycerol units.6 The dimensions of
the tetraether lipids are therefore sufficient to form monolayered
membranes5 and the presence of two head groups with different
sizes at opposite sides of the monolayer is expected to induce
membrane curvature.4b The presence of galactofuranose units in
some glycolipids is puzzling since hexoses appear only in the
pyranose form in mammalian glycoconjugates. The unique
chemical design of these archaeal lipids represents an inter-
esting opportunity to build exceptionally thermal stable vesicles
which might be suitable for nano-scale technologies and for
drug-delivery applications.7

We report here the first synthesis of the chiral unsymmetrical
quasi-macrocyclic tetraethers 3 and 4 as models of the natural

lipids 1 and 2 isolated from Methanospirillum hungatei, which
is a methanogenic species.5 The most characteristic structural
features of the target molecules lies with (i) a lipid core
consisting in a linear hexadecanemethylene spacer and two

(R)-dihydrocitronellyl chains having a combined length equal to
that of the bridging unit, attached to glycerol respectively at sn-3
and sn-2 positions, (ii) either a D-galactofuranose and a
phosphate group or the former and a lactosyl unit as polar head
groups at opposite ends of the lipid core, and (iii) an S
stereogenic center at each glycerol backbone similar to that of
the corresponding natural glycolipids 1 and 2.5 These synthetic
bolaamphiphiles might show similar behaviour to cyclic lipids
when aggregated or inserted into membranes.8

The general synthetic pathway for 3 and 4 (Scheme 1)
involved the preparation of the key diol intermediate 9,
subsequent monoprotection of one of the hydroxy groups
and sequential introduction of the polar heads. The crucial
glycosylation or phosphorylation step of the monoglycosylated
compound 12 should be performed under extremely mild
conditions in order to preserve the highly hydrolysable b-D-
galactofuranosidic linkage. Hemimacrocyclic diol 9 was ob-
tained from (S)-(+)-2,2-dimethyl-1,3-dioxolan-4-ylmethanol
[(S)-(+)-solketal],‡ hexadecane-1,16-diyl ditriflate 5, and
(R)-(2)-citronellyl bromide as the starting materials. After
experimentation, we found that reaction of hexadecane-
1,16-diol with Tf2O in the presence of the hindered base
2,6-lutidine resulted in the efficient formation of the expected
ditriflate 5. Separation of the ditriflate from the base was easily
accomplished by flash chromatography, thus affording com-
pound 5 in 80% yield. Alkylation of two (S)-solketal units by 5
proceeded efficiently (83%) in refluxing CH2Cl2 for 24 h using
1,8-bis(dimethylamino)naphthalene (proton sponge: PS) as a
base. Removal of the isopropylidene groups in the presence of
a Dowex acidic resin in refluxing MeOH gave the tetraol (73%)
which was selectively protected by p-methoxytritylation of the
primary hydroxy groups. Williamson coupling of the remaining
secondary hydroxy groups using commercially available
(R)-(2)-citronellyl bromide provided the unsaturated tetraether
8 (80% yield). Palladium-catalyzed hydrogenation of 8 led to
the formation of byproducts due to the unexpected cleavage of
the ether linkages at the sn-2 glycerol sites. Addition of 1 equiv.
of triethylamine in the hydrogenation media avoided this side
reaction and furnished quasi-quantitatively the corresponding
saturated lipid. Finally, the key diol 9 was readily prepared by
removal of the trityl groups under acidic conditions.9

At this stage, the next challenging problem involved the
selective protection of 9 so as to introduce two different polar
head groups at opposite ends. After experimentation, we found
that the protocol reported by Bouzide and Sauvé10 was the most
efficient methodology for the monoprotection of the diol.
Treatment of 9 with Ag2O and BnBr in CH2Cl2 led to the
formation of the monobenzylated product 10 (50% yield) in
addition to the dibenzylated derivative (10% yield) and the
unreacted recyclable diol (36%). The introduction of the b-D-
galactofuranoside unit was performed stereospecifically by way
of n-pentenyl glycoside (NPG) glycosylation11 from the key
galactofuranosyl donor 11.12 After hydrogenolysis of the
benzyloxy group, we envisaged either the glycosylation or the
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phosphorylation of the free alcohol under mild conditions in
order to prevent any hydrolysis of the former b-D-galactofur-
anosidic bond. The glycosylation of 12 using lactosyl thioglyco-
side 13 as a donor13 was carried out under NIS–Et3SiOTf
conditions and provided the desired b-d-glycoside in 70% yield.
Deacetylation of the glycosyl hydroxy groups under standard
conditions gave the totally deprotected bipolar lipid 3 in 93%
yield.§

Having successfully prepared the bis-glycoside 3, we turned
our attention towards the introduction of a phosphate group onto
intermediate 12. Alkyl dibenzyl phosphate 14 was prepared by
reacting alcohol 12 with dibenzyl N,N-diisopropylphosphor-
amidite and 1H-tetrazole followed by in situ mild oxidation of
the resultant alkyl dibenzyl phosphite with MCPBA (80%
yield).14 The transformation of 14 into the phosphate salt 4 was
performed by sequential deacetylation of the galactosyl unit,
catalytic hydrogenolysis (Pd/C) in a buffered solvent mixture
(MeOH–AcOH–NaOAc, pH 5) avoiding the glycoside hydroly-
sis and treatment with Amberlite® IR-120 (Na+ form, water).

Purification by gel filtration chromatography with Sephadex
LH-20 furnished the targeted unsymmetrical glycolipid ana-
logue 4 in 85% yield.

Aqueous dispersions of glycolipids 3 and 4 were sonicated at
60 °C for 20 min. Transmission electron microscopy revealed
that phosphate 4 furnished spherical vesicles of 100–1000 nm
diameter stable for several weeks at ambient temperature as
shown in a representative micrograph (Fig. 1). Compound 3
provided myelin-type aggregates (not shown).

Further physicochemical measurements are under inves-
tigation.

We are grateful to the CNRS and the Région Bretagne for
grants to R. A.-V. and G. L., respectively, to M. Lefeuvre for
assistance with NMR experiments, and to P. Guenot for mass
spectrometry measurements.
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Scheme 1 Reagents and conditions: i, Tf2O, 2,6-lutidine, CH2Cl2, 0 °C,
then room temp., 80%; ii, (S)-solketal, PS, CH2Cl2, reflux, 83%; iii, Dowex
H+ resin, MeOH, reflux; iv, 4-methoxytrityl chloride, pyridine, DMAP,
THF, reflux, 60% over two steps; v, (R)-citronellyl bromide, NaH, 130 °C,
80%; vi, H2, Pd/C, Et3N, AcOEt; vii, HCO2H, Et2O, 70% over two steps;
viii, Ag2O, BnBr, CH2Cl2, 50%; ix, NIS, Et3SiOTf, CH2Cl2; x, H2, Pd/C,
EtOH, 73% over two steps; xi, NIS, TESOTf, 4 Å molecular sieves,
CH2Cl2; xii, MeONa, MeOH, 65% over two steps; xiii, 1H-tetrazole,
(BnO)2PNPri

2, CH2Cl2, then MCPBA, CH2Cl2, 240 to 0 °C, 80%; xiv,
MeONa, MeOH; xv, H2, Pd/C, MeOH, acetate buffer (pH 5) (3:1 v/v), then
Amberlite® IR-120 (Na+), MeOH, then gel-filtration on Sephadex LH-20
(1:2 CH2Cl2–MeOH), 85% over two steps

Fig. 1 Transmission electron micrograph of compound 4 vesicles negatively
stained with uranyl acetate. The bar is 1500 nm.
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Chiral aminoborane as a chiral proton source for asymmetric protonation of
lithium enolates derived from 2-arylcycloalkanones

Akira Yanagisawa, Hiroshi Inanami and Hisashi Yamamoto*†

Graduate School of Engineering, Nagoya University, CREST, Japan Science and Technology Corporation (JST), Chikusa,
Nagoya, 464-8603, Japan

Reaction of lithium enolates of 2-arylcycloalkanones 2 with
(R,R)-aminoborane 1, prepared from (1R,2R)-1,2-diamino-
cyclohexane 4 and PhBCl2, gives the corresponding optically
active ketones 3 with up to 93% ee; this is the first example
of enantioselective protonation using a metal-containing
chiral proton source.

Asymmetric protonation of prochiral metal enolates has proved
to be an efficient method for the synthesis of chiral carbonyl
compounds.1 The success of this process depends on the
structure and acidity of the chiral proton source. Several chiral
acids have been developed so far, and have been applied to
enantioselective protonations.2–4 However, as far as we know,
there are no reports on a proton source containing metal atoms.
We describe here a new enantioselective protonation of lithium
enolates 2 with chiral aminoborane 1 [eqn. (1)].

Heteroatom-substituted chiral boron compounds such as
oxazaborolidines and acyloxyboranes are well-known as chiral
Lewis acid catalysts for various asymmetric reactions.5 High
levels of asymmetric induction are obtained in Diels–Alder
reactions or Mukaiyama aldol reactions, and the formation of a
stable complex of a boron catalyst with a carbonyl compound is
regarded as the key to success. We considered that if a chiral
aminoborane could form a rigid cyclic transition state structure
with a lithium enolate, and if the amide proton is acidic enough,
a highly enantioselective protonation might occur.

Chiral aminoborane 1 was synthesized from (1R,2R)-
1,2-diaminocyclohexane 4 (2 equiv.) and PhBCl2 (1 equiv.) in
toluene [eqn. (2)].6 The resulting ammonium salt was filtered

off. Treatment of lithium enolate 6, generated from silyl enol
ether 5 and BunLi/hexane (1.1 equiv.) in THF at 0 °C,7 with a
solution of (R,R)-aminoborane 1 (1.5 equiv.) in toluene–THF
(1:1) at 278 °C for 2 h followed by quenching with Me3SiCl (to
remove unreacted 6) at 278 °C gave (S)-enriched 2-phenyl-
cyclohexanone 7 in 94% yield and 84% ee (Table 1, entry 1).‡
Using various chiral aminoboranes, we studied the enantiose-
lectivity of this protonation; yields and enantiomeric excesses of
the product 7 obtained by reactions with other chiral aminobor-
anes 8–15 in THF at 278 °C are shown in Table 1. Substitution
of the phenyl group of 1 by a chlorine atom resulted in a lower

enantioselectivity, while the chemical yield increased (entry 7).
As a consequence, (R,R)-aminoborane 1 was the most effective
chiral proton source for the protonation of 6.

This asymmetric protonation was applied to a variety of
lithium enolates of ketones 17, and the results with (R,R)-
aminoborane 1 are summarized in Table 2. These reactions have
the following characteristics: (i) all of the reactions proceeded
to give a satisfactory yield at 278 °C for 2 h, except for the
lithium enolate of 2-methylindanone 22, which gave a low yield
due to concomitant side reactions (entry 5); (ii) moderate to high
asymmetric induction occurred in the protonation of lithium
enolates 6, 19–21 and 29, which possess an aryl group at the C-2
position (entries 1–4 and 12). The highest enantioselectivity
(93% ee) was obtained with the enolate of 2-(2-naph-
thyl)cyclohexanone 21 (entry 4). The enolates 22, 23, 27 and 28
derived from 2-methylindanone, 2-methyltetralone and their
derivatives also gave good optical purities (entries 5, 6, 10, and
11). However, the use of simple substrates bearing no aromatic

Table 1 Protonation of the lithium enolate 6 with chiral aminoboranes 1 and
8–15a

Entry
Chiral
aminoborane Yield (%)b Ee (%)c Configurationd

1 1 94 84 S
2 8 83 60 S
3 9 65 47 S
4 10 17 5 S
5 11 14 3 R
6 12 74 20 S
7 13 > 99 44 S
8 14 20 32 R
9 15 19 6 S

a The lithium enolate 6 was generated from the corresponding silyl enol
ether 5 (1 equiv.) and a solution of BunLi/hexane (1.1 equiv.) in THF at
0 °C for 2 h. The following protonation was carried out using a chiral
aminoborane (1.5 equiv.) in THF at 278 °C for 2 h. The reaction was
quenched by TMSCl at 278 °C to exclude the unreacted enolate 6.
b Isolated yield. c Determined by HPLC analysis (Chiralcel OD-H, Daicel
Chemical Industries, Ltd.). d The absolute configuration was determined by
comparison of the [a]D value with reported data [ref. 3(c)].
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groups gave unsatisfactory results (entries 7 and 8); (iii) a
lithium enolate of 2-phenylcyclohexanone is superior to that of

2-phenylcyclopentanone or 2-phenylcycloheptanone with re-
spect to enantioselectivity (compare entries 1–3); and (iv)
introduction of an electron-donating group to the aromatic ring
improved the enantiomeric ratios to some extent (entries 11 and
12).
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‡ Procedure for protonation of lithium enolate 6 with (R,R)-aminoborane 1:
To a solution of (1R,2R)-1,2-diaminocyclohexane (172 mg, 1.5 mmol) in
dry toluene (4 ml) was added PhBCl2 (97 µl, 0.75 mmol) at 278 °C. The
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column chromatography on silica gel to give (S)-enriched 2-phenyl-
cyclohexanone [(S)-7, 94% yield] with 84% ee. The enantiomeric ratio was
determined by HPLC analysis using a chiral column (Chiralcel OD-H,
Daicel Chemical Industries, Ltd.). The absolute configuration was deter-
mined by comparison of its optical rotation with published data; (S)-isomer
(87% ee): [a]D

29 288.9 (c 1.0, CHCl3) [ref. 3(c)]. Observed value of
(S)-isomer (84% ee): [a]D

28 294.1 (c 1.1, CHCl3).
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Table 2 Enantioselective protonation of various enolates with (R,R)-
aminoborane 1a

Entry Lithium enolateb Yield (%)c Ee (%)d
Configura-
tione

a All conditions are the same as in Table 1. b Parentheses indicate the
regioisomeric ratio of the starting silyl enol ethers 16. c Isolated yield.
d Determined by HPLC analysis (Chiralcel OD-H, Daicel Chemical
Industries, Ltd.). e The absolute configuration was determined by
comparison of the [a]D value with reported data. f Determined by HPLC
analysis (Chiralpak AS, Daicel Chemical Industries, Ltd.). g Corrected
value based on the regioisomeric ratio of the starting silyl enol ether 16.
h Ref. 3(c). i Ref. 8. j Determined by GC analysis with chiral column
(ChiraldexTM B-TA, astec). k Determined by GC analysis with chiral
column (ChiraldexTM G-TA, astec). l Ref. 4(b). m Determined by HPLC
analysis (Chiralcel OJ, Daicel Chemical Industries, Ltd.).
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Electrochemical reduction of halogenosugars on silver: a new approach to
C-disaccharide-like mimics

Marco Guerrini,a Patrizia Mussini,b Sandra Rondinini,b Giangiacomo Torria and Elena Vismara*c†
a Istituto di Chimica e Biochimica ‘Giuliana Ronzoni’, via G. Colombo 81, 20133 Milano Italy
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Electrochemical reduction on silver of tri-O-acetyl-a-D-
fucopyranosyl bromide 3 affords (1 ? 1A)-linked C-disac-
charide-like mimics 6–8; reduction of 1,2 : 3,4-di-
O-isopropylidene-6-deoxy-6-iodo-a-D-galactopyranose 5
provides 1,2:3,4-di-O-isopropylidene-6-deoxy-6-(1A,2A : 3A,4A-
di-O-isopropylidene-6A-deoxy-a-D-galactopyranos-6A-yl)-
a-D-galactopyranose 9; simultaneous reduction of 5 and
tetra-O-acetyl-a-D-glucopyranosyl bromide 1 or tri-
O-acetyl-a-L-fucopyranosyl bromide 4 gives 9 and methyl-
ene-bridged C-disaccharide-like mimics 11, 12 or 13, 14,
respectively. 

C-Glycosides are of interest as molecules of potential biological
activity and are also useful for enzymatic and metabolic
studies.1 Some C-disaccharides have also been investigated.2

Here we describe an electrochemical approach to C-
disaccharide-like mimics, the reduction of halogenosugars in
MeCN at a silver electrode, a method already extensively
applied to glycosides syntheses.3,4 This approach was con-
firmed by the electroreduction using the above conditions of
tetra-O-acetyl-a-d-glucopyranosyl bromide 1 which mainly
provides 1,3,4,5,8,9,10,12-octa-O-acetyl-d-gluco-l-altro-
l-erythro-2,6 : 7,11-dianhydrododecitol,8 1,3,4,5,8,9,10,12-
octa-O-acetyl-d-gluco-d-galacto-l-erythro-2,6 : 7,11-di-
anhydrododecitol and 1,3,4,5,8,9,10,12-octa-O-acetyl-d-
gluco-l-ido-l-erythro-2,6 : 7,11-dianhydrododecitol8 with an
overall yield of 50%, the ratio being ca. 2 : 1 : 1.5 We can
account for the formation of these biglucosyl derivatives via a
radical pathway, i.e. the dimerisation of tetra-O-acetyl-
d-glucopyranosyl radical 2.3,4

The O-glucosides themselves formed in the electrolyses of 1
on silver in the presence of phenols can be accounted for by
coupling of an anomeric radical and a phenoxyl radical.3,5

These electrolyses were carried out in MeCN via cyclic
voltammetry of 1 at a silver electrode which displays one
irreversible peak at Ep = 21.3 V (vs. aq. SCE). Electrochemical
reduction of 1 at a mercury electrode in DMF or MeCN was
proposed by Vianello and co-workers as a new approach to
3,4,6-tri-O-acetyl-d-glucal, the cyclic voltammetry of 1 dis-
playing one irreversible peak at Ep = 21.9 V (vs. SCE).6 No
dimers were observed. Different mechanisms are no doubt
involved in electrolyses of 1 using mercury or silver electrodes.
On mercury, the overall electrode process of 1 was interpreted
as a two electron C–Br bond cleavage coupled to a very fast
elimination of the acetate anion, which leads to 3,4,6-tri-
O-acetyl-d-glucal. 1,2,3,4,6-Penta-O-acetyl-b-d-glucopyra-
nose was also isolated, via nucleophilic substitution.6 The
electrode process on the silver cathode appears more complex.
Compound 1 undergoes a single electron-transfer reduction; the
following elimination of the bromide anion leads to the
intermediate radical 2, which affords dimers (50%); 3,4,6-tri-
O-acetyl-d-glucal (20%) and 1,2,3,4,6-penta-O-acetyl-b-d-
glucopyranose (15%) are also isolated, thus indicating that a
further reduction of 2 occurs. 

On the basis of these results, we have investigated whether
silver cathodic reduction of halogenosugars could be suitable to

generate carbohydrate radicals, with the aim of developing new
synthetic methods. The voltammetric behaviour of 1, tri-
O-acetyl-a-d-fucopyranosyl bromide 3,7 tri-O-acetyl-a-l-fuco-
pyranosyl bromide 47 and 1,2 : 3,4-di-O-isopropylidene-
6-deoxy-6-iodo-a-d-galactopyranose 58 were studied both at
silver and mercury electrodes in MeCN (Table 1).

Data in Table 1 confirm the remarkable electrocatalytic
activity of silver with respect to mercury. Compounds 1,3–5
were submitted to preparative electrolyses on a silver cathode in
MeCN. Tri-O-acetyl-a-d-fucopyranosyl bromide 3 was electro-
lysed at 21.5 V. 3,4,5,8,9,10-Hexa-O-acetyl-d-galacto-l-ido-
d-threo-1,12-deoxy-2,6 : 7,11-dianhydrododecitol 6‡ (15%),
3,4,5,8,9,10-hexa-O-acetyl-d-galacto-l-altro-d-threo-1,12-
deoxy-2,6 : 7,11-dianhydrododecitol 7‡ (15%) and
3,4,5,8,9,10-hexa-O-acetyl-d-galacto-d-galacto-d-threo-1,12-
deoxy-2,6 : 7,1-dianhydrododecitol 8‡ (4%) (Scheme 1) were
recovered, together with 3,4-di-O-acetyl-d-fucal (11%) and
fucose tetraacetate (10%).

The product distribution of 3 appears similar to that of 1,
except for the dimer ratio. 1,2 : 3,4-Di-O-isopropylidene-
6-deoxy-6-iodo-a-d-galactopyranose 5 is suitable for generat-
ing a non-anomeric radical and for derivatisation to occur at the
other end of the sugar skeleton. The reduction of 5 at 21.7 V
provides 1,2 : 3,4-di-O-isopropylidene-6-deoxy-6-(1A,2A : 3A,4A-
di-O-isopropylidene-6A-deoxy-a-d-galactopyranos-6A-yl)-a-d-
galactopyranose 94,9 as the only product (Scheme 2). Once
again its formation can be explained by the presence of an
intermediate radical like 1,2 : 3,4-di-O-isopropylidene-6-deoxy-
a-d-galactopyranos-6-yl radical 10. 

On the basis of these results and of the similar redox
potentials of the investigated substrates (Table 1), we asked

Table 1 Reduction peak potentials

Ep (Ag)/V Ep (Hg)/V
Halogenosugar (vs. SCE) (vs. SCE)

1 21.30 21.95
3a 21.20 21.95
5 21.23 21.81

a Compound 4 is reduced at the same Ep as 3.

Scheme 1

Chem. Commun., 1998 1575



O
O

O

O

O
O

O O O

O

O

O

O
OAc

AcO
AcO

O
O

O

O

AcO
OAc

OAc

O

O

O

O
O

AcO

O

AcO
OAc

OAc

O

O

O

O

O

O O

O

O

O
O

OAc

AcO
OAcAcO

9

11

13 14

12

5
4

1

5

ourselves if it was possible to couple two different radicals
generated at the same stage. Our goal was the synthesis of non-
symmetrical C-disaccharides-like mimics. Radical 2 is a
secondary radical, to some extent stabilised by an O atom in the
a-position, while 10 is an unstabilized primary radical. So could
the so-called anomeric radical 2 behave as a persistent radical10

and act as a scavenger of the more reactive 10? Compounds 1
and 5 were simultaneously reduced at 21.5 V in the ratio 1.5 : 1.
1,2 : 3,4-Di-O-isopropylidene-6-deoxy-6-(2A,3A,4A,6A-tetra-
O-acetyl-a-d-glucopyranosyl)-a-d-galactopyranose 11§ (9%)
and 1,2 : 3,4-di-O-isopropylidene-6-deoxy-6-(2A,3A,4A,6A-tetra-
O-acetyl-b-d-glucopyranosyl)-a-d-galacto-pyranose 12§ (9%)
were isolated (Scheme 2) together with 9 (17%), with only a
very small amount of glucosyl dimers ( > 3%).

Compounds 47 and 5 in the ratio 2 : 1 were also simultane-
ously reduced at 21.5 V. 1,2 : 3,4-Di-O-isopropylidene-
6-deoxy-6-(2A,3A,4A-tri-O-acetyl-a-l-fucopyranosyl)-a-d-
galactopyranose 13¶ (11%) and 1,2:3,4-di-O-isopropylidene-
6-deoxy-6-(2A,3A,4A-tri-O-acetyl-b-l-fucopyranosyl)-a-d-galac-
topyranose 14¶ (11%) were isolated together with 9 (34%)
(Scheme 2).

In both cases glycals and penta- or tetra-acetyl derivatives
were also isolated. The product distributions show that
dimerisation of 10 competes well with its trapping by glycosyl
radicals, but also that there is no dimerisation of glycosyl
radicals in the presence of 10 or that it is significantly
reduced.

The mechanism of these reductions is very intriguing as we
could argue that not only are carbohydrate radicals involved as
intermediates, but also that dimerisation is the only termination
reaction, which would be very unusual. The glucopyranosyl
radical 2, for instance, has been extensively studied especially
by Giese. In the absence of a radical scavenger, it mainly
undergoes migration of the acetate group from position 2 to 1.11

In the electroreduction we did not actually observe any
migration at all! We extensively studied the chemical behaviour
of 10.8 Although it acts as a good hydrogen abstractor even from
MeCN, in the electroreduction we did not observe any hydrogen
abstraction at all! Some coupling of 10 was observed, but only
in the presence of FeII12 and, in that particular case, the effect of
FeII was interpreted using Kochi’s hypothesis as being due to
‘metal ion–free radical complexes of relatively longer life than
a simple alkyl radical’.13

In conclusion, we have provided evidence for the ability of a
silver cathode to generate carbohydrate radicals and perhaps to
induce their dimerisation, but, for the moment, we are not able
to give any satisfactory interpretation of the mechanism. Indeed,
even if yields are lowered by the presence of glycals and acetate
derivatives, this peculiar electroreduction affords different
kinds of C-disaccharide-like mimics, and in this sense it could

be proposed as a mild, clean, one-pot method with which to
form stable interglycosidic bonds.

We gratefully acknowledge MURST and CNR for the
financial  support, the student Daniela Beccati for the
experimental work.

Notes and References

† E-mail: vismara@dept.chem.polimi.it
‡ Selected data for 6: dH(500 MHz, C6D6) 1.12 (d, 3 H, H-6, J5-6 6.6), 4.33
(dq, 1 H, H-5, J4-5 3.6), 4.40 (d, 1 H, H-1, J1-2 3.9), 5.48 (t, 1 H, H-4, J3-4

3.5), 5.57 (dd, 1 H, H-2, J2-3 7.8), 5.78 (dd, 1 H, H-3). For 7: dH(500 MHz,
C6D6) 0.95 (d, 3 H, H-6A, J5A-6A 6.5), 1.19 (d, 3 H, H-6, J5-6 6.7), 2.85 (dq, 1
H, H-5A, J4A-5A 0.9), 3.60 (dd, 1 H, H-1A, J1-1A 4.9, J1A-2A 9.9), 4.12 (dq, 1 H,
H-5, J4-5 3.8), 4.33 (dd, 1 H, H-1, J1-2 4.3), 5.11 (dd, 1 H, H-3A, J2A-3A 10.0,
J3A-4A 3.4), 5.24 (dd, 1 H, H-4A), 5.51 (t, 1 H, H-4, J3-4 3.5), 5.67 (t, 1 H, H-2A),
5.80 (dd, 1 H, H-2, J2-3 7.1), 5.89 (dd, 1 H, H-3). For 8: dH(500 MHz, C6D6)
1.0 (d, 3 H, H-6, J5-6 6.4), 2.97 (q, 1 H, H-5, J4-5 0), 3.37 (d, 1 H, H-1, J1-2

9.0), 5.22 (dd, 1 H, H-3, J2-3 9.0, J3-4 3.7), 5.22 (d, 1 H, H-4), 5.90 (t, 1 H,
H-2). 
§ Selected data for 11: dH(500 MHz, C6D6) 1.99 (ddd, 1 H, H-6a, J1A-6a 11.7,
J5-6a 2.9, J6a-6b 14.9), 2.12 (ddd, 1 H, H-6b, J1A-6b 2.5, J5-6b 10.0), 3.86 (dd,
1 H, H-4, J3-4 8.0, J4-5 1.9), 3.93 (ddd, 1 H, H-5A, J4A-5A 8.0, J5A-6Aa 4.5, J5A- 6’b

4.3), 4.14 (ddd, 1 H, H-5), 4.15 (dd, H-2, J1-2 5.0, J2-3 2.4), 4.33 (ddd, 1 H,
H-6Aa, J6Aa-6Ab 11.9), 4.38 (ddd, 1 H, H- 6Ab), 4.49 (dd, 1 H, H-3), 4.60 (ddd,
1 H, H-1A, J1A-2A 5.1), 5.24 (dd, 1 H, H-2A, J2A-3A 8.0), 5.26 (t, 1 H, H-4A, J3A-4A
≈ 7.9), 5.43 (d, 1 H, H-1), 5.53 (t, 1 H, H-3A). For 12: dH(500 MHz, C6D6)
2.07–2.08 (dd, 2 H, H-6a, H-6b, J1A-6 4.6–4.8, J5-6 2.0), 3.22 (ddd, 1 H, H-5A,
J4A-5A 10.0, J5A-6Aa 2.0, J5A-6Ab 4.9), 3.52 (dt, 1 H, H-1A, J1A-2A 9.2), 3.94 (dd, 1
H, H-4, J3-4 7.8, J4-5 1.6), 4.03 (dd, 1 H, H-6Aa, J6Aa-6Ab 12.1), 4.16 (dd, 1 H,
H-2, J1-2 5.2, J2-3 2.4), 4.26 (dd, 1 H, H-6Ab), 4.26 (dt, 1 H, H-5), 4.51 (dd,
1 H, H-3), 5.23 (dd, 1 H, H-4A, J3A-4A 9.3), 5.30 (dd, 1 H, H-2A), 5.30 (dd, 1
H, H-3A), 5.48 (d, 1 H, H-1). 
¶ Selected data for 13: dH(500 MHz, CDCl3) 1.12 (d, 3 H, H-6A, J5A-6A 6.4),
1.84 (ddd, 1 H, H-6a, J1A-6a 4.2, J5-6a 8.2, J6a-6b 14.5), 2.00–2.05 (m, 1 H,
H-6b), 3.85 (ddd, 1 H, H-5, J4-5 1.9, J5-6b 5.7), 4.05 (dq, 1 H, H-5A, J4A-5A 1.9),
4.17 (dd, 1 H, H-4, J3-4 7.9), 4.27 (dd, 1 H, H-2, J1-2 5.2, J2-3 2.4), 4.35 (ddd,
1 H, H-1A, J1A-2A 5.6, J1A-6b 11.6), 4.57 (dd, 1 H, H-3, J2-3 2.4), 5.20 (dd, 1 H,
H-3A, J2A-3A 10.0, J3A-4A 3.0), 5.25 (dd, 1 H, H-4A), 5.28 (dd, 1 H, H-2A), 5.47
(d, 1 H, H-1). For 14: dH(500 MHz, CDCl3) 1.12 (d, 3 H, H-6A, J5A-6A 6.4),
1.55 (ddd, 1 H, H-6a, J1A-6a 11.0, J5-6a 2.0, J6a-6b 14.7), 1.86 (ddd, 1 H, H-6b,
J1A-6b 1.9, J5-6b 10.6), 3.63 (dt, 1 H, H- 1A, J1A-2A 9.6), 3.79 (q, 1 H, H-5A), 4.02
(dd, 1 H, H-4, J3-4 7.9, J4-5 1.9), 4.07 (dd, 1 H, H-5), 4.25 (dd, 1 H, H-2, J1-2

4.9, J2-3 2.4), 4.54 (dd, 1 H, H-3), 4.98 (dd, 1 H, H-3A, J3A-4A 3.4, J2A-3A 10.1),
5.05 (t, 1 H, H-2A), 5.25 (d, 1 H, H-4A), 5.47 (d, 1 H, H-1). 
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The activation of carbon disulfide by a cluster. The reaction of the µ3-CS
complex [{Co(h-C5H5)}2{Fe(CO)2PPh3}(m3-S)(m3-CS)] with CS2

Anthony R. Manning,a† Anthony J. Palmer,a John McAdam,b Brian H. Robinsonb and Jim Simpsonb†
a Department of Chemistry, University College, Belfield, Dublin 4 Ireland, 
b Department of Chemistry, University of Otago, Dunedin, New Zealand

When [{Co(h-C5H5)}2{Fe(CO)2PPh3}(m3-S)(m3-CS)] is re-
fluxed in CS2 solution, it is converted to [{Co(h-C5H5)}2{Fe-
(CO)PPh3}(m3-S){m3-CSC(S)S}] which contains an unusual
C2S3 bridging ligand.

[{Co(h-C5H5)}2{Fe(CO)2PPh3}(m3-S)(m3-CS)] I is formed
when the h2-CS2 ligand in [Fe(PPh3)2(CO)2(h2-CS2)] is cleaved
by [Co(h-C5H5)(PPh3)2].1,2 When a solution of this compound
in carbon disulfide is heated to reflux for 12 hours, a further
molecule of CS2 is taken up and CO is lost. The product, II, is
obtained in 75% yield. It is a brown crystalline solid which,
when crystallized from carbon disulfide solution, analyses as
Co2(h-C5H5)2Fe(CO)(PPh3)(S)(CS)·2CS2. This is consistent
with NMR and IR spectroscopic data,‡ but does not define
the actual structure of II which was determined by X-ray
crystallography on a crystal grown from benzene solution
which analyzed as [{Co(h-C5H5)}2{Fe(CO)PPh3}(µ3-
S){µ3-CSC(S)S}]·2C6H6.§ It is illustrated in Fig. 1.

The molecular structure of II is closely related to that of I1,2

and is based on an FeCo2 triangle capped on one face by a µ3-S
ligand and on the other by a µ3-C atom. The coordination about
each of the two Co atoms is completed by a h5-C5H5 group
whilst that about Fe is completed by a CO and a Ph3P ligand and
the S* atom of a S*C(S)S moiety which is also bonded to the
µ3-C atom. The coordination about Fe is severely distorted from
that found in I where the Fe(L)3 fragment is more or less
symmetrical with respect to an axis from Fe to the midpoint of
the Co–Co bond. Furthermore the FeCo2 triangle is no longer an
isosceles triangle as it is in I [Fe–Co = 2.5099(6), 2.5061(6) Å]
as Fe(1)–Co(1) at 2.642(3) Å is very much longer than Fe(1)–
Co(2) at 2.502(4) Å.

The C2S3 ligand has no precedent. The various C–S bond
lengths lie between those for a CNS (ca. 1.62 Å in thioketones)3

and a C–S (ca. 1.82 Å in thioethers)3 which is indicative of
delocalised bonding. In particular the µ3-C–S distance in II
[1.774(11) Å] is very long compared with that in I [1.638(3) Å]
or its S-methylated derivative, [{Co(h-C5H5)}2{Fe-
(CO)2PPh3}(µ3-S)(µ3-CSMe)]I, [III]I,2 [1.728(7) Å]. The C–S
distances are all longer than the comparable ones in [Co(h-
C5H5)(CNBut)(S2CNS)].4 The overall reaction which gives rise
to II is shown in Scheme 1. It is reminiscent of that of a thiolate
anion, RS2, which with CS2 forms a thioxanthate anion
[RSCS2]25 and is a reflection of the nucleophilicity of the
µ3-CS ligand which has been illustrated by the ease with which
I is alkylated to III+ salts. The related complex [{Co(h-
C5H5)}3(µ3-S)(µ3-CS)] is also readily alkylated at S to give
[{Co(h-C5H5)}3(µ3-S)(µ3-CSMe)]I, but it does not react with
CS2. This implies that the conversion of I to II takes place
because the first-formed [{Co(h-C5H5)}2{Fe(CO)2PPh3}(µ3-
S)(µ3-CS?CS2] intermediate can undergo CO loss with the
formation of an Fe–S bond which stabilizes the C2S3 ligand.

Analogues of II are obtained when Ph3P in I is replaced by
(PhO)3P or Bun

3P, but not when it is replaced by (MeO)3P. The
extent of this reaction is being investigated at present.

The exocyclic S atom in II is nucleophilic and with
electrophiles E such as Me+(I2) or HgCl2 gives [{Co(h-
C5H5)}2{Fe(CO)PPh3}(µ3-S){µ3-CSC(S?E)S}] adducts.
These have been characterized by elemental analysis and
spectroscopy.

Attempts to use I to activate other cumulenes such as CO2,
COS and MeNCS have not, as yet, been successful. The only
isolable product has been [{Co(h-C5H5)}3(µ3-S)(µ3-CS)],6
which is a thermal decomposition product of I.

We thank Professor W.T. Robinson, University of Christ-
church, Christchurch, New Zealand for collecting the X-ray
data, and Labkem Ltd. (Dublin) for financial assistance to
A. J. P.

Notes and References

† E-mail: armannin@ollamh.ucd.ie; jsimpson@alkali.otago.ac.nz
‡ Spectroscopic data for II: u(CO) 1922 cm21 (KBr disc); 1H NMR (CDCl3
solution) d 4.11(s) and 4.90(s) (C5H5); 7.40 (m) (PPh3); 13C NMR (CDCl3
solution) d 84.93 and 86.08 (C5H5); 128.3(d), 130.2(s), 133.5(d), 135.0(d)
(PPh3); 218.7 (d, J = 22.2 Hz; CO); 243.4 (d, J = 18.7 Hz; SCS); 346.1 (d,
J = 15.3 Hz; µ3-C) [all downfield from (CH3)4Si; d = doublet].
§ Crystal data for II: C43H37Co2FeOPS4, M = 902.65, monoclinic, space
group P21/n, a = 9.853(13), b = 19.97(2), c = 20.61(2) Å, a = 90, b =Fig. 1 Structure of {Co(h-C5H5)}2{Fe(CO)(CS2)PPh3}(µ3-S)(µ3-CS)]

Scheme 1
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91.79(4), g = 90°, U = 4055(8) Å3; Z = 4; Dc = 1.478 Mg m23; absorption
coefficient 1.440 mm21; F(000) 1848; data collection 2.04 < q < 25.01°,
211 < h < 0, 0 < k < 23, 224 < l < 24, reflections collected 6687,
independent reflections collected 6380. Solved by direct methods.8 Refined
by full-matrix least-squares9 to R1 = 0.0692 and wR2 = 0.1575 [I = 2s(I)],
and R1 = 0.1488 and wR2 = 0.1823; max. and min. residual electron
densities = 1.482 and 20.620 e Å23, respectively. CCDC 182/907.

1 A. R. Manning, L. OADwyer, P. A. McArdle and D. Cunningham,
J. Chem. Soc., Chem. Commun., 1992, 897.

2 A. R. Manning, L. OADwyer, P. A. McArdle and D. Cunningham,
J. Organomet. Chem., in press, and references therein.

3 F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G. Orpen and R.
Taylor, J. Chem. Soc., Perkin Trans. 2, 1987, S1.

4 J. Doherty, J. Fortune, A. R. Manning and F. S. Stephens, J. Chem. Soc.,
Dalton Trans., 1984, 1111.

5 D. Coucouvanis, Prog. Inorg. Chem., 1970, 11, 233.
6 H. Werner and K. Leonhard, Angew. Chem., Int. Ed. Engl., 1979, 18, 627.

H. Werner, K. Leonhard, O. Kolb, E. Röttinger and H. Vahrenkamp,
Chem. Ber., 1980, 113, 1654.

7 J. Fortune and A. R. Manning, Organometallics, 1983, 2, 1719.
8 G. M. Sheldrick, SHELXS-86, A program for the solution of crystal

structures from diffraction data, University of Göttingen, Germany,
1986; G. M. Sheldrick, Acta Crystallogr., Sect. A, 1990, 46, 467.

9 G. M. Sheldrick, SHELXL-96, A program for the solution of crystal
structures from diffraction data, University of Göttingen, Germany,
1996.

Received in Cambridge, UK, 20th April 1998; 8/02906G

1578 Chem. Commun., 1998



H

R N
N

Me

Me
C NR

cat. MTO

H2O2

1 2

(1)

CH3

Re
O O

O

CH3

Re
O

O

O

O
O

Re
H3C O

O

OH2

O
O

(2)
H2O2

H2O

H2O2

A B

H

R N
N

Me

Me

C NR
cat. MTO

H2O2

1 3

(3)

OH

N
Me Me

+

4

H

R N
+N

Me

O–

Me

1
N

N CN

2 N
N

CN

N
N CN3

4
N N

CN

5 N
N

CN

6
NN

N N
NC CN

7

8

O

N N
O CN

N
N N

N N

CN

9

N CN

10 N
N

CN

88

90

92

95

93

94

93

92c

94

91

Entry Hydrazone Product Yieldb
 (%)

The MTO-catalyzed oxidative conversion of N,N-dimethylhydrazones to
nitriles

Saŝa Stanković and James H. Espenson*†

Ames Laboratory and Department of Chemistry, Iowa State University, Ames, Iowa, 50011, USA, 

Methyltrioxorhenium catalyzes the fast and efficient oxida-
tion of aldehyde N,N-dimethylhydrazones to the corre-
sponding nitriles in high yield.

N,N-Dimethylhydrazones derived from aldehydes (1) can be
oxidatively transformed into nitriles (2) using hydrogen per-
oxide as the oxidizing agent and methyltrioxorhenium
(CH3ReO3, abbreviated as MTO) as the catalyst, usually at the
1% level, as shown in eqn. (1). Ten specific examples are

presented in Table 1.
MTO is a well established catalyst for oxidations utilizing

hydrogen peroxide,1,2 including oxidations of various nitrogen-
containing compounds.3–7 The reactions were best carried out in
acetonitrile–acetic acid–pyridine solvent, 94.5 : 5 : 0.5. The use
of acetic acid was mandatory since the hydrazones are
sufficiently basic to deactivate MTO to the inactive perrhenate.8
Without pyridine, however, the reaction was accompanied by
5–10% hydrolysis to the parent aldehyde. Hydrolysis can
effectively be suppressed by a small amount of pyridine, to
reduce the Lewis acidity of MTO and its peroxo adducts. This
procedure prevents the hydrolysis of epoxides formed by the
oxidation of alkenes by MTO–hydrogen peroxide.9 Pyridine
also accelerates the formation of the catalytically active
peroxorhenium complexes as in eqn. (2).

Under the described conditions the hydrazones 1 were
completely transformed into the corresponding nitriles after
several minutes as indicated by GC–MS analysis. The reaction
is quite general: N,N-dimethylhydrazones of aliphatic, un-
saturated, aromatic and heterocyclic aldehydes were success-
fully oxidized to the corresponding nitriles. Other present
oxidizable functionalities did not interfere (see Table 1, entry 8
where the hydrazone was oxidized without the pyridine N-oxide
being formed). In this particular example pyridine was not used,
since the starting hydrazone itself functions in this regard. Also
in entry 10, as expected, the double bond was not epoxidized
during the reaction, indicating far greater reactivity of the
hydrazone moiety compared to the double bond.

The oxidation of 1 presumably goes through the oxide 2,
which undergoes a Cope-type elimination10 to yield the nitrile 3
and dimethylhydroxylamine 4, eqn. (3). N,N-Dialkylhydrox-

ylamines are known to undergo oxidation to nitrones with
H2O2–MTO.7 No attempts were made to detect either dime-
thylhydroxylamine or its oxidation product.

N,N-Dialkylhydrazones are versatile and useful intermedi-
ates in organic synthesis, especially in carbon–carbon bond
forming11 reactions, which has led to considerable interest in
the development of mild methods for their transformation into
nitriles. Non-oxidative procedures via N,N,N-trimethylhydra-
zonium salts or directly, in hyperbasic media,12,13 have been
used, but they require high temperatures and strong bases.
Several mild oxidative procedures for the use of hydrogen
peroxide, using 3-chloroperbenzoic acid and magnesium mo-
noperoxyphthalate, have been reported.10,14,15 These reactions,
however, are rather slow; for example, the 3-chloroperbenzoic
acid reactions require several hours.

Hydrogen peroxide is a desirable reagent on several counts.
Selenium dioxide and 2-nitrobenzeneselenic acid catalyze its
reactions, giving good yields of nitriles from aromatic and

Table 1 Preparation of nitriles from aldehyde N,N-dimethylhydrazonesa

a With 10 mM substrate, 300 mM H2O2, 25 mM pyridine and 1 mM MTO in
acetonitrile, acetic acid, pyridine (94.5:5:0.5) for 15 min. b Isolated yield.
c Without pyridine.
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unsaturated N,N-dimethylhydrazones, but hours, even days, are
required. Moreover, these catalysts give poor results with
aliphatic N,N-dimethylhydrazones which are largely hydro-
lyzed. Phosphomolybdic acid, H3PO4·12MoO3·12H2O, per-
forms better with aliphatic hydrazones but it gives by-products
such as the corresponding acids. Compared to these catalysts,
MTO is clearly superior. MTO also catalyzes the oxidative
cleavage of ketone hydrazones to the parent carbonyl com-
pounds; these reactions are now being investigated.

A typical experimental procedure is as follows: 1 (100 mmol)
was added to a rapidly stirred solution of MTO (1 mM),
hydrogen peroxide (0.3 M, added as 30% solution in water),
pyridine (25 mM) in 100 ml of acetonitrile containing 5 vol%
HOAc. After 15 min, most of the acetonitrile was removed by
rotary evaporation, and the residue poured into 300 ml of diethyl
ether, washed successively with 0.1 M HCl and saturated
sodium hydrogen carbonate. (In the case of 4-cyanopyridine,
entry 8, the ether solution was washed only once with saturated
sodium hydrogen carbonate.) The ethereal solution was then
dried over anhydrous sodium sulfate, and the product obtained
after evaporation. The crude nitriles were purified by column
chromatography (n-hexane–acetone).

This research was supported by the US Department of
Energy, Office of Basic Energy Sciences, Division of Chemical
Sciences under contract W-7405-Eng-82.
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Dithioamide metal ion receptors on fluorescent lipid bilayers for the selective
optical detection of mercuric ion

Darryl Y. Sasaki*† and Benjamin E. Padilla

Sandia National Laboratories, Albuquerque, NM 87185, USA

Functionalized lipid bilayers with dithioamide receptors at
the surface and pyrene labels in the hydrophobic interior
showed a selective fluorescence response to mercuric ion
with sensitivity limits at the ppb level.

The release of mercury into the environment originates from a
variety of man-made and natural sources, including fossil fuel
combustion and the electronics industry.1 As many mercurial
compounds are highly toxic, the monitoring of mercurials in the
environment and in industrial waste streams is highly desirable.
The development of optically responsive sensor materials for
the detection of heavy metal ions has received much attention in
recent years offering an inexpensive and robust sensor platform
with remote detection capability. Often the sensor material
employs the use of ion recognition sites to selectively bind
specific analytes from solution. In particular, sensors that can
detect mercuric ion have been prepared using porphyrins,2
bioreceptors,3 borates4 and polyamines5 as the ion recognition
ligands. Typically the recognition group operates in conjunction
with a neighboring chromophore that produces a change in
spectral properties upon binding. We describe here a novel
sensor material that uses a molecular assembly as a platform for
ion recognition as well as a reversible and sensitive optical
transducer to the binding event.

Previously6 we showed that a distearylphosphatidylcholine
(DSPC) bilayer doped with a synthetic lipid having an
iminodiacetic acid headgroup and a pyrene label in the tail could
detect sub-ppb levels of Cu2+ selectively. The selectivity was
determined to be a function of the ion binding headgroup,
however, the mechanism of the fluorescence response and
generality of the detection approach was uncertain. Herein, we
describe a new sensor tailored for the binding and detection of
‘soft’ metal ions previously not recognized by the iminodiacetic
acid group. As the recognition ligand we chose the thioamide
functional group for selective detection of mercuric ion.7,8 Lipid
1,‡ which contains the dithioamide headgroup, was prepared by
a series of steps starting from compound 2.9 The alcohol
headgroup of 2 was converted to the primary amine by
mesylation of the alcohol, followed by azide substitution with
sodium azide in DMF, and then LAH reduction. The reaction of
this amine with 8-(4-nitrophenyl)-3,6-dioxaoctanoate-

1-dibutylamide, prepared through two steps from 3,6-dioxa-
octanedioic acid, yielded the diamide product 3 in 83% yield.
The dithioamide 1 was obtained as a light yellow–green viscous
liquid in 75% yield through the reaction of 3 with P2S5 in
pyridine at elevated temperature for 24 h followed by flash
column chromatography.

Lipid bilayer preparation is briefly described below; a more
detailed description can be found elsewhere.10 Films of 5% 1 in
DSPC were prepared by evaporation of a chloroform solution of
the lipids on the inside of a conical tube. The films were then
hydrated in a MOPS buffer solution (pH 7.4, 0.02 m morpholi-
nopropanesulfonic acid–0.10 m NaCl) at 65 °C with vortex
mixing. The solution temperature was maintained near room
temperature while being probe sonicated for 12 min using a 2
mm tip at a power of 25 W under a nitrogen atmosphere.
Following sonication the solution was centrifuged and the
supernatant passed through a 0.2 mm filter. Total lipid
incorporated into the bilayers was 50% as determined by
phosphate analysis.11 The 1/DSPC aggregates imaged with
transmission electron microscopy (not shown here), using a 1%
ammonium molybdate stain, formed disc-like structures with no
apparent inner volume unlike the typical spherical structures
found with DSPC liposomes. Although the structural geometry
and headgroup polarity of the lipid components determine the
packing geometry of the bilayer,11 it is interesting to find that
incorporation of small amounts of 1 can significantly alter the
DSPC bilayer geometry. Details of these and related results will
be described elsewhere.

The fluorescence spectrum of the 5% 1/DSPC lipid bilayers
in buffered solution shows emission maxima from both the
pyrene monomer at 376 nm and the excimer at near 470 nm
[Fig. 1(a)]. With a total lipid concentration of 0.05 mm the
observed excimer to monomer intensity ratio (E/M) is 2.2.
Addition of certain metal ions (chloride salts) into solution
causes a decrease in the fluorescence intensity of the pyrene
excimer with a concomitant increase in the monomer emission.
A highly selective response was found for mercuric ion with a
limit of detection at 100 nm (20 mg l21). Fig. 1(b) shows an
example of the fluorescence response from the 5% 1/DSPC
bilayers to the presence of 1.0 mm Hg2+. The E/M response for
Hg2+ was linear from a concentration of 1027 to 1024 m on a
semilogarithmic plot shown in Fig. 2. Against the heavy metal

Fig. 1 Fluorescence spectra of 5% 1/DSPC lipid bilayers in MOPS buffer
solution (pH 7.4) in the absence (a) and presence of 1.0 mm HgCl2 (b)
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ions Mn2+, Ni2+, Ca2+, Cr3+, Co2+ and Pb2+, the bilayers were
unresponsive up to mm concentrations. Of the metals evaluated
only Cu2+ and Cd2+ gave responses with 10- and 1000-fold
lower sensitivity, respectively, compared to Hg2+. The material
was also insensitive to high concentrations (100 mm) of
monovalent alkali metals (i.e. Na+, Li+, K+). Response times
were rapid, limited only by the rate of mixing of the solution. To
regenerate the material an excess of EDTA was added to
solution to remove metal ions bound to the recognition sites.
Complete fluorescence recovery was realized in a few minutes
and the material could be reused. As a control, compound 3,
which has a poor metal chelating headgroup, when prepared as
a bilayer with DSPC and tested for metal sensitivity showed no
response to any of the above mentioned metal ions.

The observed fluorescence response to selected metal ions is
due to a change in aggregational properties of the pyrene labeled
lipid in the DSPC matrix. In the absence of metal ion, molecules
of lipid 1 tend to aggregate into pools within the bilayer due to
differences between the physical state of the two membrane
components. At room temperature, DSPC (Tc = 55 °C) forms
crystalline domains causing a partitioning from the liquid phase
of lipid 1 (Tc < room temperature). This creates high local
concentrations of pyrene which increases the collision rate of
the fluorophores subsequently producing a large population of
pyrene excimers compared to monomers.12 Metal ion binding to
the dithioamide headgroup induces a reorganization of mole-
cules in the molecular assembly. Aggregates of 1 are dispersed
into the DSPC matrix reducing the local concentration of pyrene
resulting in a population shift in the excited state species and the
observed loss in intensity of excimer emission and gain in
monomer emission. Of the changes that could result from metal
ion complexation, formation of a charged headgroup on 1
producing static repulsion between 1–M2+ chelates would lead
to the observed changes in molecular organization in the
bilayer. Fig. 3 illustrates the molecular aggregate state before
and after metal complexation. Initially, when 1 is neutrally
charged, lipid organization is controlled by differences in the
crystalline and liquid behavior of the components. Following
metal ion binding and formation of charged headgroups on 1
electrostatic repulsion overcomes the separation of physical
phases resulting in a dispersal of 1 in the matrix.

Although dithioamides have been used as ionophores for
‘soft’ metals, such as Hg2+, Pb2+ and Cd2+, the present sensor
shows almost exclusive selectivity for Hg2+. Some slight

structural differences that exist between those in literature7,8

and that on 1, and the use of a lipid bilayer as the site of
recognition, may account for the differences in selectivity. We
are continuing to pursue new metal chelating headgroups to
increase the range of metal ion selectivities for eventual
configuration into a sensor array system for evaluation of mixed
wastes.

Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed Martin Company, for the United
States Department of Energy under Contract DE-AC04-
94AL85000.
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Fig. 2 Plot of the normalized ratio of fluorescence intensities from pyrene
excimer to monomer (E/M) vs. metal ion concentration, showing metal ion
selectivity of the 5% 1/DSPC bilayers. Selectivity was in the order Hg2+

(/) > Cu2+ (8) >> Cd2+ (:) > Pb2+ (5) and Mn2+ (2). Equilibration of
response took only moments following addition of metal ion and slight
stirring.

Fig. 3 Illustration of lipid molecule aggregational changes upon metal ion
binding to receptor sites. Initially the receptor 1 is phase separated from the
DSPC matrix. Metal ion complexation with the receptor and formation of
charged headgroups causes static repulsion of the pyrene labeled molecules
and loss of local aggregation.
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Aerobic enantioselective alkene epoxidation by a chiral
trans-dioxo(D4-porphyrinato)ruthenium(vi) complex

Tat-Shing Lai,a Rui Zhang,a Kung-Kai Cheung,a Hoi-Lun Kwongb and Chi-Ming Che*a†
a Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong, PR China
b Department of Biology and Chemistry, City University of Hong Kong, Tat Chee Avenue, Kowloon Tong, Hong Kong, PR China

A dioxoruthenium(VI) complex with a D4-chiral porphyrin
ligand has been prepared and characterized by spectroscopic
methods and X-ray crystal analysis; the complex exhibits
catalytic activity towards aerobic enantioselective epoxida-
tion of prochiral alkenes with enantioselectivity up to 73% ee
at an oxygen pressure of 8 atm.

Among various terminal oxidants used in metalloporphyrin-
catalysed organic oxidations,1 dioxygen is the most appealing
since it is both economical and environmental friendly,2,3 but
reports on the use of dioxygen in enantioselective alkene
epoxidations are sparse. Chiral Mn(b-ketoiminato) complexes
were reported to catalyse asymmetric aerobic alkene epoxida-
tions but aldehyde is required as a sacrificial reducing agent.4
We herein report the first example of aerobic enantioselective
epoxidation of alkenes that does not rely on the use of a co-
reductant. The D4-porphyrin was synthesized according to the
literature procedure.5 The catalyst precursor is [RuII(por*)-
(CO)(EtOH)] 16,7 which has been characterized by X-ray
crystallography.7 Oxidation of complex 1 with

m-chloroperoxybenzoic acid in CH2Cl2 afforded [RuVI-

(por*)O2] 2 in 60–70% yield after purification by column
chromatography.‡ Complex 2 is diamagnetic. Its FAB spectrum
shows peaks attributed to M+, [M+ 2 O] and [M+ 2 2O]. The
nas(RuO2) stretch and the oxidation marker band are positioned
at 822 and 1019 cm21 respectively. These spectroscopic data
agree with the trans-dioxoruthenium(vi) formulation.8,9 The
structure with a high Rw value was established by an X-ray
diffraction study (Fig. 1).§ The RuNO distances average 1.74 Å,
as expected for a RuNO bond.10 Unlike other reported
[RuVI(por)O2] (por = porphyrinato dianion) complexes,2,8,9

complex 2 is stable in solid state for months and in purified
MeCN or CH2Cl2 for more than 24 h. However in the presence
of pyrazole, it reacts with alkenes to give the corresponding
epoxides with moderate to good enantioselectivities and a
paramagnetic ruthenium product that was formulated to be
[RuIV(por*)(pz)2] [pz = pyrazolate, meff = 2.94 mB (solid
sample) at room temp., FABMS m/z = 1375] (Scheme 1). The
results are summarized in Table 1. For the five alkenes studied,
the ee ranged from 20 to 72%. The 65% ee of styrene oxide
(entry 1) is among the highest obtained with chiral porphyrin
catalysts.11,12 However, the ee obtained for cis-disubstituted
alkenes are not as high as those obtained with chiral Mn–Schiff

base catalytic system.13 The absolute configurations of the
major enantiomers of styrene oxide and cis-b-methylstyrene
oxide were determined to be (R) and (1R, 2S) respectively. The
epoxidation of cis-b-methylstyrene (entry 2) proceeded with
high retention of configuration. Epoxidation of trans-
b-methylstyrene gave only 20% ee and complete retention of
configuration (entry 3).

Interestingly, the dioxoruthenium complex catalysed en-
antioselective aerobic oxidation of alkenes with moderate to
good ee (Scheme 2). The results are listed in Table 1. Catalytic
oxygenation of styrene using air at 1 atm pressure in CH2Cl2
gave very low turnover. However, under 8 atm pressure of
oxygen, styrene oxide was obtained with 10 turnovers and 70%
ee (entry 1). With cis-b-methylstyrene as the substrate, cis-
b-methylstyrene oxide was observed with 20 turnovers and 69%
ee and the ee increased to 73% if toluene was used as the
solvent. The cis/trans ratio was 10 (entry 2), a value similar to
that obtained in the stoichiometric reaction. Prolonged reaction
time from one to two days did not increase the total turnovers.
At the end of the reaction, UV–VIS spectrophotometric analysis
of the reaction mixture revealed that the ruthenium–porphyr-
inato moiety remained intact (Soret band was at 411 nm). A
brown diamagnetic complex, which showed no n(CNO) IR
band, was isolated after silica gel-column chromatography
using ethyl acetate as the eluent. Its FABMS spectrum revealed

Fig. 1 Perspective drawing of 2. Selected bond lengths (Å) and angles (°):
Ru–O(1) 1.73(1), Ru–O(2) 1.75(1), Ru–N(1) 2.08(1), Ru–N(2) 2.069(10),
Ru–N(3) 2.05(1), Ru–N(4) 2.05(1); O(1)–Ru–O(2) 175.4(5), O(1)–Ru–
N(1) 91.1(5), N(1)–Ru–N(2) 90.3(4), N(1)–Ru–N(3) 178.3(5).

Scheme 1
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Entry Substrate Product
Stoichiometrica Catalytic aerobicb

% yieldc % eed turnover no.e % eed

1

benzaldehyde

2-phenylacetaldehyde

61f 65 (R)f,g 10 70 (R)

22

13

5

1

O

O

O

O

Cl Cl
O

2

3

4

5

64 72 (1R, 2S)h 20 69 (1R, 2S)

21i 73 (1R, 2S)i

5 n.d. 2 n.d.
n.d.3i

66f 20f — —

71 45 (R)j 11 52 (R)

61 71 14 56

RAr
RAr

O

* *
8 atm O2, catalyst 2

CH2Cl2, room temp.

a [Ru(por*)(C9H10O)] ion peak [m/z = 1377 (20%)]. The
dioxoruthenium(vi) complex is likely to be the active inter-
mediate of the reaction, since with the exception of 1,2-dihy-
dronaphthalene, both the catalytic and stoichiometric reactions
produced similar ee for the same substrate, and thus the
mechanism of this reaction could be similar to that of the
[Ru(tmp)O2] (H2tmp = tetramesitylporphyrin) system reported
by Groves and Quinn.2 As the Ru–D4-porphyrin moiety has
survived the oxidation, we envisage that high catalytic turn-
overs can be achieved through optimizing the reaction condi-
tions. Thus this work has provided a starting point for designing

future catalysts for efficient aerobic enantioselective epoxida-
tion without the need of a sacrificial reducing agent.

Supports from the Hong Kong Research Grants Council, The
University of Hong Kong and City University of Hong Kong are
gratefully acknowledged.
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‡ 1H NMR (300 MHz, CDCl3), d 0.8–2.4 (m), 2.58 (s, 8 H), 3.80 (s, 8 H),
7.44 (m, 4 H, ArH), 8.73 (s, 8 H, pyrrolic H). 13C NMR (300 MHz, CDCl3),
d 27.183, 27.565, 42.417, 44.403, 49.339, 113.988, 118.923, 127.908,
130.780, 141.533, 144.272, 148.062. FABMS+: m/z 1274 (M+, 35%), 1258
(M+ 2 O, 23%), 1242 (M+ 2 2O, 98%).
§ Crystallographic data for 2: [Ru(por*)O2]·3MeCN): C90H85N7O2Ru, M
= 1397.78, monoclinic, space group P21 (no. 4), a = 14.734(2), b =
18.447(3), c = 15.627(3) Å, b = 110.61(2)°, U = 3975(1) Å3, Z = 2, Dc

= 1.170 g cm23, F(000) = 1468, m = 2.48 cm21, crystal dimensions 0.10
3 0.05 3 0.30 mm. Diffraction data were collected at 28 °C on a MAR
diffractometer with a 300 mm image plate detector using graphite
monochromated Mo-Ka radiation (l = 0.710 73 Å). The images were
interpreted and intensities integrated using program DENZO. 3692 Unique
and independent reflections were obtained, 3048 with I > 3s(I) were used
in the structural analysis. These reflections were in the range h 0–13, k 0–17,
l 215 to 15 with 2qmax = 51.2°. The structure was solved by Patterson
methods and expanded by Fourier methods (PATTY) and refinement by
full-matrix least squares using the software package TeXsan on a Silicon
Graphics Indy computer. In the least-squares refinement, in view of the
large thermal parameters of the four chiral radical C16H17, only the Ru atom
was refined anisotropically and all the other 99 non-H atoms were refined
isotropically and 88 H atoms at calculated positions with thermal
parameters equal to 1.3 times that of the attached C atoms were not refined.
Convergence for 405 variable parameters by least-squares refinement on F
with w = 4Fo

2/s2(Fo
2), where s2(Fo

2) = [s2(I) + (0.063Fo
2)2] for 3048

reflections with I > 3s(I) was reached at R = 0.084 and wR = 0.117 with
a goodness-of-fit of 3.00, (D/s)max = 0.04 for atoms of the porphyrin
skeleton. The final difference Fourier map had maximum positive and
negative peaks of 1.15 and 0.51 e Å23 respectively. CCDC 182/892.
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Table 1 Enantioselective epoxidation of alkenes by [RuVI(por*)O2]

a Stoichiometric reactions were conducted at room temperature for 12 h;
oxidant 4 mg, substrate 200 mg, pyrazole 50 mg in 5 ml CH2Cl2 unless
otherwise stated. b Reactions were performed at room temp. at ca. 8 atm for
22–24 h; catalyst 4 mg and substrate 40 mg in 4 ml CH2Cl2 unless otherwise
stated. c Yield were calculated based on the amount of ruthenium complex.
d Enantiomeric excesses were determined by chiral GC (J&W Scientific
Cyclodex B; length 30 m for entries 1, 2, 4 and 5, chiraldex G-TA, 30 m for
entry 3). e The product yields for the calculation of turnover no. were
determined by GC with p-dichlorobenzene or p-bromochlorobenzene as
internal standards. f In benzene. g Absolute configuration was determined by
comparison with an authentic sample. h Absolute configuration was
determined by matching the order of elution of the two enantiomers on a
Cyclodex-B column. i In toluene. j Absolute configuration was determined
by comparing its 1H NMR spectrum in the presence of Eu(hfc)3 with that of
a sample of known enantiomeric composition, J. T. Groves and R. S. Myres,
J. Am. Chem. Soc., 1983, 105, 5791.
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‘Phospha-Wittig’ reactions using isolable phosphoranylidenephosphines
ArPNPR3 (Ar = 2,6-Mes2C6H3 or 2,4,6-But

3C6H2)

Shashin Shah and John D. Protasiewicz*†

Department of Chemistry, Case Western Reserve University, Cleveland, OH 44106-7708, USA

Phosphoranylidenephosphines DmpPNPMe3 (1a, Dmp =
2,6-Mes2C6H3) and Mes*PNPMe3 (1b, Mes* =
2,4,6-But

3C6H2) act as ‘Phospha-Wittig’ reagents with
aldehydes providing phosphaalkenes [ArPNC(H)R] in high
yields.

The successful synthesis of a ‘true phosphobenzene’,
Mes*PNPMes* (Mes* = 2,4,6-But

3C6H2),1 signaled a new era
in the study of phosphorus–phosphorus double bonds.2 We have
recently uncovered reactions of [Cp2ZrNPDmp(PR3)] (Dmp =
2,6-Mes2C6H3) which produce phosphoranylidenephosphines
DmpPNPR3 (R = Me or Bu).3 Phosphoranylidenephosphines
are formally the products of phosphinidene transfer to phos-
phines.4 These novel materials contain PP multiple bonding of
a very differing nature, as exemplified by the following
resonance forms:

ArPNPR3Ô ArP̄–P
+
R3

Similar resonance forms are commonly drawn for Wittig
reagents R2CNPR3, and the nature of the bonding between the P
and C atoms in these species has been reviewed.5 Bearing such
a close kinship to Wittig reagents, it was anticipated that
phosphoranylidenephosphines could act as potential ‘phospha-
Wittig’ reagents by reacting with aldehydes to generate
phosphaalkenes RPNC(H)R [eqn. (1)]. Several transition metal
containing systems have been reported that accomplish similar
transformations.6–8 Herein we present the reactivity of the
phosphoranylidenephosphines DmpPNPMe3 1a and
Mes*PNPMe3 1b with aldehydes to generate phosphaalkenes.

Compounds 1a and 1b are conveniently prepared by
reduction of either DmpPCl2 or Mes*PCl2 with Zn dust in the
presence of excess PMe3 in 88–95% yields [1a: 31P NMR
(C6D6), d 22.8, 2114.7 (JPP 582 Hz); 1b: 31P NMR (C6D6), d
4.7, 2134.0 (JPP 581 Hz)].3‡ In the absence of air and water,
compounds 1a, b are stable yellow crystalline solids. Both 1a
and 1b slowly decompose in solution to lose PMe3 and form
DmpPNPDmp and Mes*PNPMes*, respectively (days to
weeks).9

Reactions of 1a and 1b with CNO containing molecules were
thus examined. A series of para-substituted benzaldehydes
reacted with 1a, b in THF to produce the desired phosphaalk-
enes in excellent isolated yields (Table 1). Work-up involves
removal of THF and extraction of the phosphaalkene into
hexanes to remove the relatively insoluble ONPMe3. Reaction
times, as well as product yields, varied with the nature of the
substituent; the most electron releasing substituents required the
longest reactions times (2–24 h) and provided the lowest yields.
Each reaction produced a single isomer of the phosphaalkene,
and the 2JPH coupling constants (24–25 Hz) are consistent with
an assignment of E-isomers for the products.10§

Our new protocol can be contrasted to multistep procedures
utilizing sterically hindered primary phosphines such as

Mes*PH2. For example, compound 2b has been prepared in
80% yield after purification by chromatography [eqn. (2)].10

The primary phosphine Mes*PH2 is obtained by LiAlH4
reduction of Mes*PCl2 and isolated in 80% yield after
recrystallization.11 Our procedure thus represents not only a
saving in time but also of material due to phosphaalkene access
from the more readily available dichlorophosphine precursors.
A more dramatic advance in the utility of the current reaction
was realized by the discovery that compounds 1a and 1b can be
generated and used in situ. For example, reaction of DmpPCl2,
benzaldehyde, zinc dust and excess PMe3 gives an isolated yield
of 95% of DmpPNC(H)Ph. Likewise, Mes*PNC(H)Ph is
obtained in 87% yield from Mes*PCl2 under the same
conditions.

The scope of the phosphaalkene forming reactions using 1a
was also investigated. Pentafluorobenzaldehyde, ferrocene-
carboxaldehyde and pivaldehyde provided phosphaalkenes
7a–9a in good yields, demonstrating the remarkable tolerance
of the phosphoranylidenephosphines to varying functional
groups. Reactions of 1a with ketones proved more problematic,

Table 1 Reactions of aldehydes to give phosphaalkenes
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however. Acetophenone, benzophenone and cyclohexanone
showed no evidence of phosphaalkene formation and yielded
extensive amounts of DmpPNPDmp over time.

Effords to extend the reactivity of phosphoranylidenephos-
phines to systems having less steric hindrance than Dmp or
Mes* have been partially successful. Attempts to isolate
TripPNPMe3 (Trip = 2,4,6-Pri

3C6H2) by reduction of TripPCl2
with Zn dust in the presence of PMe3 resulted in rapid formation
of (TripP)3.12 Addition of benzaldehyde, however, to such
reactions results in mixtures of (TripP)3 and TripPNC(H)Ph
{31P{1H} (C6D6), d 254.7; 1H NMR, d 8.99 [TripPNC(H)Ph, d,
JHP 25.6 Hz]}, suggesting the presence of a transient
TripPNPMe3 capable of effecting phosphaalkene formation.

Reactions of phosphoranylidenephosphines with aldehydes
would be of greater synthetic value if the more readily handled
(and cheaper) PPh3 could replace PMe3 in these reactions.
Unfortunately, efforts to prepare DmpPNPPh3 by reduction of
DmpPCl2 with Zn in the presence of PPh3 resulted in isolation
of DmpPNPDmp. Attempts to generate DmpPNPPh3 in situ for
reaction with benzaldehyde also failed. Exchange of the PMe3
unit in 1a with added PPh3 also proved futile. The PMe3 groups
in 1a and 1b do undergo exchange with certain non-hindered
trialkylphosphines in solution. For example, 1a and 1b react
quickly with PBu3 to produce mixtures of 1a, PMe3 and
DmpPNPBu3 [1c, 31P NMR(C6D6), d 24.1, 2151.3 (JPP 589
Hz)] and mixtures of 1b, PMe3 and Mes*PNPBu3 [1d, 31P
NMR(C6D6), d 19.9, 2153.7 (JPP 612 Hz)], respectively.13,14

Compound 1c can also be generated in situ (as above) from
PBu3 and DmpPCl2, which in the presence of benzaldehyde
yields the phosphaalkene DmpPNC(H)Ph and ONPBu3 in good
yields. Work-up, however, requires more effort than the PMe3
system due to the decreased volatility of PBu3.

In conclusion, we have demonstrated that readily prepared
and isolable phosphoranylidenephosphines are apt phosphini-
dene carriers in phospha-Wittig reactions. Our procedure
represents a significant advance for the synthesis of phosphaalk-
enes as it utilizes dichlorophosphines directly, rather than
derived primary phosphines. High yields and functional group
tolerance are further highlights of this phospha-Wittig ap-
proach. Further studies of the phosphinidene and atom transfer
reactions of these conveniently prepared phosphinidene-carriers
are underway.

We thank the National Science Foundation (CHE-9733412)
and the Department of Chemistry (CWRU) for support of this
research.

Notes and References

† E-mail: jdp5@po.cwru.edu
‡ Compound 1a: 1H NMR(C6D6), d 7.08 (t, 1 H, JHH 8 Hz), 6.96 (d, 2 H,
JHH 8 Hz), 6.90 (s, 4 H), 2.37 (s, 12 H), 2.22 (s, 6 H), 0.58 (dd, 9 H, 2JHP

12 Hz, 3JHPP 3 Hz). HRMS (EI) m/z calc. for C27H34P2 420.2138; found
420.2127. Compound 1a has also been structurally characterized.3 Com-
pound 1b: 1H NMR(C6D6), d 7.42 (s, 2 H), 1.90 (s, 18 H), 1.36 (s, 9 H), 0.69
(d, 9 H, 2JHP 11.5 Hz). HRMS (EI) m/z calc. for C21H38P2 352.2451; found
352.2446.
§ Other data for phosphaalkenes: 2a: mp 162–164 °C; 1H NMR(C6D6), d
9.00 (d, 2JHP 25.0 Hz, 1 H), 7.21 (t, JHH 8.0 Hz, 1 H), 7.16 (m, 2 H), 7.00
(d, JHH 7.6 Hz, 2 H), 6.78 (s, 4 H), 6.73 (m, 1 H), 2.20 (s, 12 H), 2.07 (s, 6
H); HRMS (EI) m/z calc. for C31H31P 434.2165; found 434.2141. 2b: mp
149–152 °C (lit. 152–153 °C10); 1H NMR (C6D6), d 8.19 (d, 2JHP 25.4 Hz,
1 H), 7.64 (d, 4JHP 1.2 Hz, 2 H), 7.46 (m, 2 H), 7.00 (m, 3 H), 1.60 (s, 18

H), 1.35 (s, 9 H). 3a: mp 113–115 °C; 1H NMR(C6D6), d 8.80 (d, 2JHP 24.9
Hz, 1 H), 7.20 (t, JHH 7.6 Hz, 1 H), 6.98 (d, JHH 7.4 Hz, 2 H), 6.83 (m, 2 H),
6.80 (s, 4 H), 6.66 (d, JHH 8.5 Hz, 2 H), 2.18 (s, 12 H), 2.08 (s, 6 H); HRMS
(EI) m/z calc. for C31H30PCl 468.1776; found 468.1788. 3b: mp
124–126 °C; 1H NMR(C6D6), d 7.97 (d, 2JHP 25.1 Hz, 1 H), 7.63 (s, 2 H),
7.13 (m, 2 H), 6.96 (d, JHH 8.6 Hz, 2 H), 1.57 (s, 18 H), 1.35 (s, 9 H); HRMS
(EI) m/z calc. for C25H34PCl 400.2089; found 400.2086. 4a: mp
131–132 °C; 1H NMR(C6D6), d 8.67 (d, 2JHP 24.9 Hz, 1 H), 7.40 (d, JHH 8.6
Hz, 2 H), 7.20 (t, JHH 7.7 Hz, 1 H), 6.96 (d, JHH 7.7 Hz, 2 H), 6.80 (s, 4 H),
6.70 (m, 2 H), 2.14 (s, 12 H), 2.08 (s, 6 H); HRMS (EI) m/z calc. for
C31H30PNO2 479.2016; found 479.2028. 4b: mp 129–131 °C; 1H
NMR(C6D6), d 7.83 (d, 2JHP 24.8 Hz, 1 H), 7.73 (d, JHH 8.8 Hz, 2 H), 7.62
(s, 2 H), 7.01 (m, 2 H), 1.52 (s, 18 H), 1.35 (s, 9 H); HRMS (EI) m/z calc.
for C25H34PNO2 411.2329; found 411.2329. 5a: mp 121–122 °C; 1H
NMR(C6D6), d 9.00 (d, 2JHP 24.9 Hz, 1 H), 7.22 (t, JHH 7.6 Hz, 1 H), 7.11
(m, 2 H), 7.02 (d, JHH 7.6 Hz, 2 H), 6.81 (s, 4 H), 6.34 (d, JHH 8.6 Hz, 2 H),
3.04 (s, 3 H), 2.23 (s, 12 H), 2.09 (s, 6 H); HRMS (EI) m/z calc. for
C32H33PO 464.2271; found 464.2260. 5b: mp 164–166 °C; 1H (C6D6): d
8.20 (d, 2JHP 25.1 Hz, 1 H), 7.66 (d, 4JHP 1 Hz, 2 H), 7.41 (m, 2 H), 6.44 (d,
JHH 8.4 Hz, 2 H), 3.20 (s, 3 H), 1.64 (s, 18 H), 1.37 (s, 9 H); HRMS (EI) m/z
calc. for C26H37PO 396.2584; found 396.2584. 6a: mp 181–183 °C; 1H
NMR (C6D6): d 9.06 (d, 2JHP 24.4 Hz, 1 H), 7.22 (m, 3 H), 7.04 (d, JHH 7.6
Hz, 2 H), 6.82 (s, 4 H), 6.09 (d, JHH 8.8 Hz, 2 H), 2.27 (s, 12 H), 2.22 (s, 6
H), 2.10 (s, 6 H); HRMS (EI) m/z calc. for C33H36PN 477.2588; found
477.2596. 7a: mp 159–161 °C; 1H NMR (C6D6), d 8.73 (d, 2JHP 24.9 Hz, 1
H), 7.21 (t, JHH 7.7 Hz, 1 H), 6.97 (d, JHH 7.4 Hz, 2 H), 6.82 (s, 4 H), 2.19
(s, 12 H), 2.06 (s, 6 H); HRMS (EI) m/z calc. for C31H26PF5 524.1694;
found 524.1704. 7b: mp 130–133 °C; 1H NMR (C6D6), d 7.94 (d, 2JHP 24.8
Hz, 1 H), 7.63 (d, JHP 1.0 Hz, 2 H), 1.58 (s, 18 H), 1.32 (s, 9 H); HRMS (EI)
m/z calc. for C25H30PF5 456.2007; found 456.2010. 8a: mp 104–106 °C; 1H
(C6D6), d 8.77 (d, 2JHP 24.2 Hz, 1 H), 7.20 (t, JHH 7.7 Hz, 1 H), 6.96 (d, JHH

8.1 Hz, 2 H), 6.84 (s, 4 H), 4.15 (m, 2 H), 3.89 (m, 2 H), 3.73 (d, J 0.5 Hz,
5 H), 2.21 (s, 12 H), 2.14 (s, 6 H); HRMS (EI) m/z calc. for C35H35PFe
542.1817; found 542.1837. 9a: mp 127–129 °C; 1H NMR (C6D6), d 8.37 (d,
2JHP 25.1 Hz, 1 H), 7.18 (t, JHH 7.6 Hz, 1 H), 6.97 (d, JHH 8.1 Hz, 2 H), 6.83
(s, 4 H), 2.16 (s, 12 H), 2.15 (s, 6 H), 0.79 (d, 4JHH 1.9 Hz, 9 H); HRMS (EI)
m/z calc. for C29H35P 414.2479; found 414.2474.
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Unique cationic, neutral and anionic copper(II) nitrite species in a single
compound

Alexander J. Blake, Stuart J. Hill and Peter Hubberstey*†

Department of Chemistry, University of Nottingham, University Park, Nottingham, UK NG7 2RD

Crystallisation from an aqueous/acetonitrile solution of
copper(II) nitrite containing bdmppy {bdmppy =
2,6-bis[(3,5-dimethyl)pyrazol-1-yl]pyridine} affords a com-
pound with a unique arrangement of cationic [{Cu(bdmp-
py)(NO2)}2(µ-NO2-kO:kN)]+, neutral [Cu(bdmppy)(NO2)2]
and anionic [Cu(NO2)4]22 copper(II) nitrite species, which
feature diverse copper–nitrite coordination modes.

Copper nitrite complexes with ancillary N-donor ligands are of
current interest1–4 following the elucidation of the structures of
several copper-containing nitrite reductase enzymes, such as
Achromobacter Cycloclastes5 or Alicaligenes Xylosoxidans.6
The nitrite anion is a versatile ligand to copper(II)7,8 exhibiting
nitro (via the nitrogen),9 nitrito (via an oxygen),10 chelating (via
both oxygens),8 or bridging (via the nitrogen and an oxygen)11

coordination modes. This versatility is displayed in the complex
[Cu(L)(NO2)][PF6] {L = tris[(2-pyridyl)methyl]-
amine}, where two structural isomers have been determined,
differing only in nitro or nitrito co-ordination.2b In nitrite
reductases the site of nitrite binding has been shown to involve
three histidine donors;5,6 the mode of nitrite coordination,
although still to be confirmed, is thought to be asymmetric
bidentate (cis-monodentate).6

Using the tridentate N-donor ligands 2,6-bis(pyrazol-1-yl)-
pyridine (bppy) and its tetramethyl analogue 2,6-bis[(3,5-
dimethyl)pyrazol-1-yl]pyridine (bdmppy) to mimic the three
histidine donors of the enzymes, we have investigated the
chemistry of Cu(bppy) and Cu(bdmppy) moieties with the
nitrite anion. As part of this work we have synthesised
and structurally characterisated the unique complex [{Cu-
(bdmppy)(NO2)}2(µ-NO2-kO:kN)]2[Cu(bdmppy)(NO2)2]2[Cu-
(NO2)4]·MeCN 1, which we describe herein.

The stoichiometric addition of an aqueous solution of ‘copper
nitrite’ [prepared by the addition of an aqueous solution of
CuSO4·5H2O to a stoichiometric amount of Ba(NO2)2] to a
solution of bdmppy resulted in a green solution, slow evapora-
tion of which in air gave a green crystalline product 1. Single
crystal IR spectroscopy confirmed the presence of ligand and
nitrite 1.‡

The structure of complex 1 (Fig. 1) was determined by single
crystal X-ray diffraction.§ Its unit cell consists of seven copper
centres; two dimeric cationic [{Cu(bdmppy)(NO2)}2(µ-NO2-
kO:kN)]+ units, two neutral [Cu(bdmppy)(NO2)2] units, a
[Cu(NO2)4]22 anion and an acetonitrile solvent molecule. Three
distinct copper–nitrite coordination modes occur (Scheme 1).
Following precedence7 these are defined as (i) cis-monodentate,
(ii) trans-monodentate and (iii) bridging. For all cis-mono-
dentate nitrites, the second oxygen atom is remotely located
( > 2.50 Å) in an axial coordination position. This contact is
ignored, however, in describing the nitrite coordination mode
and the copper(II) coordination geometry owing to the fact that
it is a consequence of constraints imposed by the anion
geometry.7

The [{Cu(bdmppy)(NO2)}2(µ-NO2-kO:kN)]+ units [Fig.
1(a)] are dimeric [Cu···Cu 5.304(1) Å] and represent the first
fully structurally characterised example of the kO:kN bridging
motif in copper(II) chemistry. Previously, a disordered example
has been described in [{Cu(dien)}2(µ-bimpydz)][NO2]-

[BF4]3·MeCN [dien = diethylenetriamine; bimpydz = 3,6-bis-
(imidazol-1-yl)pyridazine].11 Each of the two independent
copper atoms has all three nitrogen atoms from the bdmppy
ligand and an oxygen atom from a cis-monodentate nitrite in the
basal positions of a square pyramidal geometry [Cu(2)–N
1.964(3), 1.997(3), 2.010(3); Cu(2)–O(31) 1.962(3); Cu(3)–N
1.968(3), 2.006(4), 2.011(4); Cu(3)–O(51) 1.957(3) Å]. The
bridging nitrite occupies the apical position of both copper co-
ordination spheres [Cu(2)–N(4) 2.307(4), Cu(3)–O(41)
2.267(3) Å]. The second oxygen atoms of each of the cis-

Fig. 1 The molecular structures of the three unique copper nitrite species in
1: (a) the dinuclear [{Cu(bdmppy)(NO2)}2(µ-NO2-kO:kN)]+ cation, (b) the
neutral [Cu(bdmppy)(NO2)2] species and (c) the [Cu(NO2)4]22 anion

Scheme 1 Copper–nitrite coordination modes: (i) cis-monodentate (asym-
metric bidentate); (ii) trans-monodentate; (iii) bridging
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monodentate nitrites are weakly bound in axial positions
[Cu(2)–O(32) 2.577(3), Cu(3)–O(52) 2.576(3) Å].

In the neutral [Cu(bdmppy)(NO2)2] species [Fig. 1(b)], the
copper atom has a coordination geometry based on a square
pyramid, with the three nitrogen atoms of the bdmppy ligand
occupying three of the basal positions [Cu(1)–N(11) 1.978(4),
Cu(1)–N(122) 1.990(5), Cu(1)–N(162) 1.984(4) Å]. The re-
maining basal site is occupied by a cis-monodentate nitrite
[Cu(1)–O(21) 1.958(4) Å]. The apical position is occupied by a
weakly bound disordered nitrite which adopts either a trans-
monodentate [67%; Cu(1)–O(111) 2.168(8) Å] or cis-mono-
dentate [33%; Cu(1)–O(121) 2.15(3), Cu(1)–O(122) 2.90(3) Å]
co-ordination mode. Overall the copper atom adopts an N3O2
donor set. Again the second oxygen atom of the basally located
cis-monodentate nitrite is weakly bound in the remaining axial
position [Cu(1)–O(22) 2.655(4) Å].

The [Cu(NO2)4]22 anion [Fig. 1(c)] is situated on a centre of
inversion, and comprises two symmetry related cis-mono-
dentate [Cu(4)–O(71) 2.039(5) Å] and two symmetry related
trans-monodentate nitrites [Cu(4)–O(61) 1.955(4) Å], resulting
in a square planar CuO4 coordination sphere. The second
oxygen atoms of the cis-monodentate nitrites are weakly bound
in the two remaining axial positions [Cu(4)–O(72) 2.518(5) Å].
Although the anions [Cu(NO2)5]32 and [Cu(NO2)6]42 are well
documented in the literature as salts of the form MI

3[Cu(NO2)5]
(MI = K, Cs),12 and MI

2MII[Cu(NO2)6] (MI = Tl, K, Rb, Cs;
MII = Ca, Sr, Ba, Pb)13 or MI

5MIII[Cu(NO2)6]2 (MI = Tl, K,
Rb, Cs; MIII = Ce)14 there is only one previous report of the
[Cu(NO2)4]22 anion, as the structurally uncharacterised 1,2-xy-
lylenebis(triphenylphosphonium) salt.15 Hence this is the first
reported structure containing the tetranitritocuprate(II) anion.

The only other copper(II) nitrite in the literature containing a
mer-directed tridentate N-donor ligand is [Cu(terpy)(NO2)-
(H2O)][NO2]·H2O, 2 (terpy = 2,2A:6A,2B-terpyridyl). Despite
the similarity of the tridentate ligands, the two complexes show
very different formulations. Complex 2 has a square based
pyramidal geometry and is ligated by the three N-donors of the
terpy ligand, a monodentate nitrite anion and an axially located
water molecule.9

We thank the EPSRC for a maintenance grant (to S. J. H.) and
for the provision of a four-circle diffractometer.

Notes and References

† E-mail: peter.hubberstey@nottingham.ac.uk
‡ Single crystal IR spectroscopy for 1: n/cm21 (unassigned bands are
presumed to be associated with the various modes of coordinated nitrite):

3125m (bdmppy), 1616s (bdmppy), 1596s (bdmppy), 1569s (bdmppy),
1488s (bdmppy), 1476s, 1455s (bdmppy), 1432s, 1396br, 1365s (bdmppy),
1318br, 1301br, 1182m, 1144m, 1057m (bdmppy), 1040m (bdmppy),
1014m (bdmppy), 999m (bdmppy), 827m, 809m, 798m (bdmppy).
§ Crystal data: C90H102Cu7N44O28·2CH3CN, M = 2775.02, triclinic, space
group P1̄ (no. 2), a = 10.785(3), b = 15.192(3), c = 18.917(4) Å, a
= 101.83(2), b = 96.63(3), g = 107.81(2)°, U = 2834.97 Å3, Z = 1, µ =
1.38 mm21, 9375 unique data. T = 150.0(2) K. Refinement converged to
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An intramolecular rhodium carbenoid C–H insertion approach to chiral
isotwistanes. Synthesis of (2)-neopupukean-4,10-dione and
(2)-neopupukean-10-one

A. Srikrishna*† and Santosh J. Gharpure

Department of Organic Chemistry, Indian Institute of Science, Bangalore 560012, India

The first synthesis of a chiral neopupukeanane starting,
from (R)-carvone and employing a double Michael reaction
and a regioselective intramolecular rhodium carbenoid C–H
insertion reaction as key steps, is described.

Recently, Scheuer and co-workers, during their biosynthetic
experiments directed towards discovering the origin of the
isocyano group in marine sponges, isolated1 a new rearranged
tricyclic sesquiterpene, 9-isocyanoneopupukeanane 1, from the
sponge Ciocalypta sp. whose relative stereostructure was
established with the help of extensive 2D NMR spectroscopy.
Subsequently, the research groups of Scheuer and Higa
reported2 the isolation of two thiocyanato derivatives of this
new class of sesquiterpenes, 2-thiocyanatoneopupukeanane 2
from the sponge Phycopsis terpnis from Okinawa and 4-thio-
cyanatoneopupukeanane 3 from an unidentified species from
Pohnpei. A characteristic of the structures of these neopu-
pukeananes is the presence of a unique 9-isopropyl-3,6-dime-
thyltricyclo[4.3.1.03,7]decane carbon framework incorporating
two quaternary carbon atoms besides the presence of the
isocyano and thiocyanato functionalities, making them chal-
lenging synthetic targets. In continuation of our interest in the
synthesis of chiral pupukeanones from (R)-carvone,3 we herein
report the first total synthesis of a chiral neopupukeanane4

employing a regioselective intramolecular rhodium carbenoid
C–H insertion reaction5 as the key step for the generation of the
isotwistane 4 carbon framework.

It was envisaged that the rhodium catalysed decomposition of
the bicyclic diazo ketone 5 will generate the isotwistane 6
(Scheme 1) in a regioselective manner via the preferential
formation of a five-membered ring by the insertion of the
intermediate rhodium carbenoid into the only available C–H
bond. A double Michael reaction on carvone6 was chosen for
the generation of an appropriate bicyclic precursor of an
analogue of the diazo ketone 5, which could be suitable for

further elaboration into chiral neopupukeananes. Thus, double
Michael reaction of (R)-carvone with LiHMDS and methyl
methacrylate furnished the bicyclic keto ester 7 in a regio- and
stereo-selective manner (Scheme 2) which, on base-catalysed
hydrolysis, furnished the keto acid 8. It is worth mentioning that
in the keto acid 8, the stereochemistry of the secondary methyl
group at the carbon a to the keto group is anti with respect to the
acid group, which was perfectly suited for the projected C–H
insertion reaction for the generation of the tricyclic system.
Reaction of the acid 8 with oxalyl chloride followed by
treatment of the resulting acid chloride with an excess of
ethereal CH2N2 furnished the diazo ketone 9. Treatment of the
diazo ketone 9 with a catalytic amount of rhodium acetate in
refluxing CH2Cl2 led to the formation of the isotwistane dione
10 containing the complete carbon framework of neopupukea-
nanes, via the regioselective C–H insertion of the intermediate
keto carbenoid. The structure of neopupukean-13-en-
4,10-dione 10 was established from its spectral data.‡ Catalytic
hydrogenation in EtOH using 10% Pt/C transformed the dione
10 into neopupukean-4,10-dione 11.‡ To test the generality of
the C–H insertion, the reaction was carried out with three other
bicyclic diazo ketones 12–14 to generate the isotwistanes 11,15
and 16 (Scheme 3). It is interesting to note that the reaction was
not so facile when there is no tertiary methyl group at the aA-
position of the diazo ketone, cf. 13; perhaps the steric crowding
due to the tertiary methyl group forces the rhodium carbenoid to
occupy the syn orientation.

The difference in the steric crowding of the two ketones in
dione 11 was exploited for the conversion of neopupukean-
4,10-dione into neopupukean-10-one 17 (or 9-epineopupukean-
2-one). Thus, treatment of dione 11 with HS(CH2)2SHScheme 1

Scheme 2 Reagents and conditions: i, LiHMDS, H2CNCMeCO2Me,
hexane–Et2O (9 : 1), 278 °C ? room temp., 50%; ii, 10% aq. NaOH,
MeOH, reflux, 8 h, 92%; iii, (COCl)2, C6H6, 2 h; iv, CH2N2, Et2O, 0 °C ?
room temp., 2 h 90% (2 steps); v, Rh2(OAc)4 (cat.), CH2Cl2, reflux, 2 h,
90%; vi, H2 (1 atm), 10% Pt/C, EtOH, 4 h, 96%
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(1 equiv.) in the presence of BF3·OEt2 in benzene at room
temperature generated the thioketal 18 (Scheme 4), which on
desulfurisation with Raney nickel furnished neopupukean-
10-one 17.‡

In conclusion, we have developed a rapid methodology for
the generation of chiral isotwistanes, containing the neopu-
pukeanane carbon framework, employing a regioselective
intramolecular rhodium carbenoid C–H insertion reaction. In
addition to being the first synthesis of neopupukeanones, the
generation of the chiral compounds, brevity and simplicity are
the highlights of the present strategy. Currently, we are
investigating the extension of this methodology for the
synthesis of other neopupukeananes to establish the absolute
stereochemistry of the natural products.

We thank the Department of Science and Technology, New
Delhi, for financial support and the Council of Scientific and
Industrial Research for the award of a research fellowship to
S. J. G.
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‡ All the compounds exhibited spectral data consistent with their structures.
Selected data for 10: mp 111–113 °C; [a]26

D 245.5 (c 1.32, CHCl3); nmax/
cm21 1740, 1710, 1640, 900, 890; dH(300 MHz, CDCl3) 4.82 (1 H, s) and
4.79 (1 H, s) (CNCH2), 2.55–2.50 (2 H, m, H-1 and 9), 2.52 (1 H, d, J 18.9,
H-5a), 2.21 (1 H, ddd, J 14.5, 10.5 and 3.3, H-8a), 2.10 (1 H, d, J 18.9,
H-5b), 1.94 (1 H, ddd, J 14.5, 6.3 and 2.7, H-8b), 1.90 (1 H, br s, H-7), 1.80
(1 H, dd, J 14.7 and 4.2, H-2a), 1.76 (3 H, s, olefinic CH3), 1.59 (1 H, d, J
14.7, H-2b), 1.25 (3 H, s) and 1.24 (3 H, s) (2 3 tert-CH3); dC(75 MHz,
CDCl3, DEPT) 218.6 (CNO), 217.6 (CNO), 146.8 (CNCH2), 110.4 (CNCH2),
50.9 (quat. C), 49.0 (CH, C-1), 48.5 (quat. C), 48.1 (CH2), 46.3 (CH), 45.1
(CH), 35.2 (CH2), 22.0 (CH3), 20.7 (CH2), 19.5 (CH3), 18.1 (CH3); m/z 232
(M+) (Calc. C, 77.5; H, 8.8. C15H20O2 requires C, 77.55; H 8.7%). For 11:
mp 131–133 °C; [a]26

D 248.9 (c 1.48, CHCl3); nmax/cm21 1740, 1720;
dH(300 MHz, CDCl3) 2.47 (1 H, d, J 19.2, H-5a), 2.48 (1 H, br s), 2.07 (1
H, d, J 18.9, H-5b), 2.05–2.20 (1 H, m), 1.86 (1 H, t, J 3.3), 1.78 (1 H, dd,
J 14.7 and 4.5, H-2a), 1.60–1.75 (2 H, m), 1.47 (1 H, d, J 15, H-2b),
1.45–1.55 (1 H, m), 1.26 (3 H, s) and 1.20 (3 H, s) (2 3 tert-CH3), 0.94 (3
H, d, J 6.3) and 0.91 (3 H, d, J 6.6) (2 3 sec-CH3); dC(22.5 MHz, CDCl3)
218.3 (s, CNO), 217.6 (s, CNO), 50.6 (s, quat. C), 49.1, 48.1 (s, quat. C),
47.6, 46.7, 45.0 (d, CH), 34.4 (t, CH2), 33.9 (t, CH2), 21.3, 20.5, 19.7, 19.2,
17.8; m/z 234 (M+) (Calc. C, 76.98; H, 9.64. C15H22O2 requires C, 76.88; H,
9.46%). For 17: [a]27

D 284.1 (c 1.70, CHCl3); nmax/cm21 1715; dH(300
MHz, CDCl3) 2.32 (1 H, br s), 1.20–2.10 (11 H, m), 1.16 (3 H, s) and 1.11
(3 H, s) (2 3 tert-CH3), 0.893 (3 H, d, J 6.3) and 0.886 (3 H, d, J 6.3) (2 3
sec-CH3]; dC(75 MHz, CDCl3) 222.4 (CNO), 55.5 (quat. C), 51.8, 46.6,
45.6, 40.2, 39.7, 35.5 (quat. C), 35.2, 34.0, 26.5, 21.9, 20.8, 20.3, 18.6; m/z
220 (M+).
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Scheme 3

Scheme 4 Reagents and conditions: i, HS(CH2)2SH, BF3·OEt2, C6H6, room
temp., 8 h, 82%; ii, Raney Ni, EtOH, reflux, 9 h, 85%
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Further evidence that the polycyclization reaction by oxidosqualene-lanosterol
cyclase proceeds via a ring expansion of the 5-membered C-ring formed by
Markovnikov closure. On the enzymic products of the oxidosqualene analogue
having an ethyl residue at the 15-position

Tsutomu Hoshino*a,b† and Yoshiyuki Sakaib

a Department of Applied Biological Chemistry, Faculty of Agriculture, Niigata University, Ikarashi, Niigata, 950-2181, Japan 
b Graduate School of Science and Technology, Niigata University, Ikarashi, Niigata, 950-2181, Japan

The incubation of the substrate analogue,
(3S)-(6E,10E,14E,18E)-15-ethyl-2,6,19,23-tetramethyl-2,3-
epoxytetracosa-6,10,14,18,22-pentaene (-)-1 with 2,3-oxido-
squalene-lanosterol cyclase from pig liver gave products 2 (a
lanosterol homologue) and 3 (a tricyclic product), defini-
tively demonstrating that the cyclization of oxidosqualene
proceeds via the expansion reaction from a 5- to a
6-membered ring for the C-ring formation of lanosterol.

In a preceding paper,1 we reported the unprecedented cycliza-
tion products given by 2,3-oxidosqualene cyclase: substitution
of the ethyl groups with methyl groups at both C-10 and C-15 of
oxidosqualene halts the enzymic reaction at the monocyclic ring
stage. This demonstrated that the cyclizing reaction to the

protosterol cation proceeds via discrete carbocation inter-
mediates, although usually this reaction has been assumed to be
concerted, and gives the first example of the cyclase reaction
being stopped at the stage of the initial A-ring formation. To
gain more insight into the fine control of the polyolefin
cyclization, we have now examined the enzymic reaction of the
analogue 1, in which only the methyl group at C-15 in the
squalene backbone has been replaced by an ethyl group. Here,
we report the tricyclic and tetracyclic formed products by the
cyclase and give further evidence for the involvement of a
C-ring expansion process in the formation of lanosterol.

The synthesis of (±)-1 was essentially the same as previous
papers.1,2 The coupling reaction of (2E,6E)-1,10-dibromo-
3,7,11-trimethyldodeca-2,6-diene-11-ol with (2E,6E)-1-bromo-

Scheme 1
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3,7,11-trimethyldodeca-2,6,10-triene, by treatment of cuprous
iodide with lithium pyrrolidide,3 afforded the desired 1, the
squalene derivative having ethyl groups at C-10 and C-15, and
2,3:22,23-dioxidosqualene in the yields of 36, 29 and 6%,
respectively, which could be easily separated by SiO2 column
chromatography due to remarkable differences of the products’
polarity. Enzyme preparation from the microsomal fractions of
pig liver was carried out according to the literature.1,4 A sample
of (±) 1 (38 mg) was anaerobically incubated for 24 h at 37 °C
and lyophilized. Extraction of the reaction residues with hexane
gave two new peaks (2 and 3) via GLC. The behavior of 2 and
3 on SiO2 TLC was the same, irrespective of solvent system. By
using an argentation SiO2 column (10%), the metabolites 2
(solid) and 3 (oil) were isolated in yields of 5.8 and 2.2 mg,
respectively. The total conversion was 42% based on one
enantiomer of (±)-1. The specific rotations of 2, 3 and the
recovered 1 were +21.58 (c 0.417, CHCl3), +13.25 (c 0.083,
CHCl3) and +1.93 (c 0.497, EtOH), respectively, indicating that
the 3S form, (-)-1, was selectively transformed. The molecular
composition of 2 was determined to be C31H52O from EI-
HRMS (m/z 440.4043; requires 440.4018) and the following
characteristic mass fragments were observed: m/z 440 (M+,
56%), 425 (M+-Me, 100%), 407 (M+-Me-H2O, 21%); the
fission patterns and peak intensities were the same as authentic
lanosterol (m/z 426, 411, 393). The molecular composition of 3
was also determined to be C31H52O from EI-HRMS (m/z
440.4035); m/z 440 (M+), 247 (249-2H; tricyclic moiety). The
hydroxy groups of 2 and 3 were confirmed to be equatorial from
the coupling constants of H-3 (dd, J 4.5, 12 Hz). Detailed
analyses of NMR spectra including 1H–1H COSY 45, HO-
HAHA, NOESY, DEPT, HMQC and HMBC experiments
unambiguously verified the structures of 2 and 3 to be a
lanosterol homologue and a tricyclic compound, respectively.
In the HMBC spectrum of 2, the crosspeak of 19-Me with the
sp2 quaternary C-9 and that of 28-Me with C-8 confirmed the
position of the double bond, and the correlations of 28-Me and
31-Me to C-13 also proved the ethyl position. The clear NOEs
of 31-Me with 21-Me and of 19-Me with 31-Me indicated that
all the stereo-orientations of 2 were identical to those of
lanosterol. The stereochemistry at C-20 has yet to be estab-
lished, but it should have the same R configuration as natural
lanosterol; the chemical shift (dC 35.1) of C-20 was homoge-
nous. On the other hand, 3 had a partially cyclized 6/6/5 fused-
ring system possessing a chair/boat geometry. The boat
geometry of the B-ring was confirmed by the apparent
correlation of H-5 with 27-Me and that of H-9 with 24-Me in the
NOESY spectrum. The NOE correlation of 27-Me with H-13
indicated the a-orientation of H-13. The ethylidene moiety was
also inferred from the HMBC data.

Formation of the two products 2 and 3 suggests that a
common precursor 4, the tricyclic cation having a 6/6/5-fused
system, should be produced before the subsequent reactions
occur (Scheme 1). The carbocation intermediate 4, a thermody-
namically favored product by Markovnikov closure, undergoes
ring expansion toward the anti-Markovnikov cation of the
6-membered C-ring to form the protosterol cation, which is then
subjected to four sequential antiparallel 1,2-shifts of two
hydrogens, the ethyl group and the methyl group, followed by
deprotonation leading to double bond formation [path (a)], just
as does the natural substrate. It is noticeable that the ethyl group
also underwent the migration reaction. If a proton is eliminated
from the ethyl group, the tricyclic 3 is formed [path (b)]. The
ring expansion competes with the deprotonation process from
the ethyl group. The tricyclic fused-A/B/C ring system has also
been isolated from the enzyme products of the D18,19 double

bond Z-isomer,5 the truncated substrate6 and the 20-oxa
analogue.6 Recently, Corey proposed the idea, on the basis of
the enzyme reactions of the truncated C20 and 20-oxa
analogues, that the 6-membered C-ring of lanosterol is formed
via ring expansion of the 5-membered cation, previously
produced by Markovnikov closure. However, the enzyme
reactions were halted at the intermediate stage without comple-
tion of the cyclase reaction, thus, the ring expansion process
remained unclear. In contrast, analogue 1 afforded the complete
lanosterol skeleton 2 along with capture of the intermediate 3;
therefore, this finding provides strong evidence for the
involvement of a ring expansion process. The intermediate 4
would have been formed in a Markovnikov fashion and as a
result of the longer lifetime of 4 due to the enhanced steric
repulsion between the methyl at C-10 and the ethyl at C-15,
compared to that between the two methyl groups of natural
squalene, the detailed mechanism of which has been dis-
cussed.6b Kyler and co-workers have assumed that substitution
on the b-side of the folded conformation interferes with the
normal cyclization.7 A good conversion of 1 to 2, despite the
ethyl moiety being situated on the b-face, was a contrast to this
hypothesis inferred from Bakers’ yeast. This inconsistency may
originate from the difference in the biological source used.
Indeed, no reaction was detectable for 1 or the diethylated
oxidosqualene with the yeast cyclase.1 The binding site and/or
cavity size for the methyl group at C-15 may be different for the
yeast and mammal enzymes. In the case of the diethylated
analogue, only the initially cyclized A-ring was formed,1 while
the monoethylated 1 gave the subsequent tricyclic and tetra-
cyclic reaction products. These results also imply that the
10-methyl group plays a critical role in the normal poly-
cyclizaton reaction by the mammalian cyclase, which is
consistent with a previous report.8

This work was partly supported by a Grant-in-Aid to T. H.
(No. 0966011) from the Ministry of Education, Science and
Culture, Japan.
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Weak intermolecular interactions in sulfonamide salts: structure of
1-ethyl-2-methyl-3-benzyl imidazolium bis[(trifluoromethyl)sulfonyl]amide

Jacob J. Golding,*a Douglas R. MacFarlane,a Leone Spiccia,a Maria Forsyth,b Brian W. Skeltonc and
Alan H. Whitec

a Department of Chemistry, Monash University, Clayton, Victoria, 3168, Australia 
b Department of Materials Engineering, Monash University, Clayton, Victoria, 3168, Australia
c Department of Chemistry, University of Western Australia, Nedlands, Western Australia, 6907, Australia

The crystal structure of a 1,2,3-trisubstituted imidazolium
salt of the bis[(trifluoromethyl)sulfonyl)]amide ion is pre-
sented; this salt is a prototype for similar, room temperature
liquid, imidazolium salts; the structure shows that the anion
and cation interact weakly, with little if any hydrogen
bonding present.

The use of molten organic salts as electrolytes in a variety of
electrochemical devices, such as photo-electrochemical cells,1
is becoming more widespread. As these applications become
more varied,2 the need for a variety of new, low melting point,
fluid, ionic liquids is apparent. In the investigation of novel
ionic liquids, interactions between the anion and cation are of
great interest, as are the conformational states of each
component of the salt, since the key transport properties
(conductivity and diffusivity) are determined to a significant
extent by these interactions. The relationship between structure
and physical characteristics of many ionic liquids is yet to be
fully quantified. The direct insight into the spatial relationship
between cation and anion afforded by the elucidation of crystal
structures provides a basis from which features of the ionic
liquid itself can be understood, since the short range order and
interactions of related, non-crystalline compounds may be
similar to those of the crystalline form.

It is becoming clear1–3 that anions (and cations) with diffuse
charges and negligible hydrogen bonding yield the lowest
melting points and hence have the greatest potential to produce
ionic compounds that are liquid at room temperature. For
example, the bis[(trifluoromethyl)sulfonyl]amide ion,
(CF3SO2)2N2, has been found to produce low melting point
(sub-room temperature in some cases, and completely non-
crystalline in others) salts which are also characterized by their
high fluidity and high ionic conductivity relative to other molten
salts.3 Owing to a lack of structural information on these types
of complexes, the origins of these two important effects (low mp
and high fluidity) are not well understood. In this work we
present crystal structure data for a low melting (mp ≈ 50 °C)
organic salt, 1-ethyl-2-methyl-3-benzyl imidazolium bis[(tri-
fluoromethyl]sulfonyl)amide 1.‡§

In the only previously reported crystal structure4 determina-
tion of a salt of this anion {magnesium hexaaquobis[(trifluo-
romethyl)sulfonyl]amide dihydrate}, the anion was subject to
molecular distortions4 due to hydrogen bonding to the water
molecules coordinated to the [Mg(H2O)6]2+ cation. The struc-
ture presented here allows a clearer picture of the geometric
features of this anion to be observed, in the absence of the
hydrogen-bonding interactions which are present in the pre-
vious structure.

Fig. 1 shows the crystal structure of 1. The imidazolium ring
lies above the amide nitrogen, with the –SO2CF3 groups
positioned away from the benzyl group. The distances between
oxygen, nitrogen or fluorine and the closest hydrogen atoms
approximate to van der Waals separations (ca. 2.6, 2.7 and 2.55
Å, respectively) indicating no evidence of the presence of strong

hydrogen bonding in the crystal lattice.5 The large degree of
thermal motion evident in both ions is also consistent with the
absence of any strong interaction between the anion and cation.
This implies that ionic, rather than covalent, interactions hold
the salt in a low melting point crystalline form.

Bond length and angle data for the 1-ethyl-2-methyl-
3-benzyl imidazolium cation in this salt (Fig. 2), agree with
previously reported imidazolium cations5–7 (the majority of
which are unsubstituted in the 2-position). The imidazole ring
remains planar and the bond lengths in the imidazolium ring
show strong residual double bond character at C(3)–C(4) with
only partial delocalization of the positive charge, as previously
reported.5–7 It is perhaps not surprising that this and related
trisubstituted imidazolium salts (i.e. 1-alkyl-2-methyl-3-benzyl
imidazolium salts) do not easily form salts which are liquid at

Fig. 1 Projection of the salt 1. 20% Thermal ellipsoids are shown for the
non-hydrogen atoms, hydrogen atoms having arbitrary radii of 0.1 Å.

Fig. 2 Ball and stick representation of imidazolium cation including bond
lengths (Å)
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room temperature, when the influence of the size and orienta-
tion of the benzyl group, perpendicular to the plane of the
imidazole ring [dihedral angle 86.7(3)°], are taken into
account.

Fig. 3 shows the bond lengths and spatial arrangement of the
anion. The anion as a whole has near C2 symmetry, and the
sulfonyl moieties have distorted tetrahedral symmetry with
bond angles ranging from 102 to 115°.

Previous investigations of sulfonyl amide anions4,8 have
supported Cruickshank’s9 description, which proposed dp–pp
interaction between neighbouring sulfur and nitrogen atoms.
This interaction effectively delocalizes the negative charge
across the S–N–S moiety but not necessarily onto the sulfonyl
oxygens, as might have been expected on the basis of simpler
models. The structure determined in this work supports this
model, the S–O bond lengths all being quite characteristic of the
S–O double bond in SO2 (1.43 Å) and showing no evidence of
lengthening due to charge delocalization onto the sulfonyl
oxygens. The lengthening of the S–O bonds (0.07 Å) observed
by Haas et al.4 when the sulfonyl amine was converted to the
amide can be partially explained by the increased charge density
across the S–N–S moiety. Given the strong hydrogen bonding
present in their compound, no conclusive evidence of charge
delocalization onto the sulfonyl oxygens can be deduced from
that structure. On the other hand, the S–N bond lengths shown
in Fig. 3 (1.56–1.57 Å) are significantly shorter than typical
S–N single bonds ( ≈ 1.75 Å) as a result of the S–N–S charge
delocalization, hence charge delocalization onto the sulfurs is
clearly indicated.

The key features of this anion in promoting a low melting
point in its compounds, concomitant with high fluidity, would
therefore appear to be this charge delocalization coupled with
the lack of hydrogen bonding. The slightly larger than trigonal
S–N–S angle (125°) will also, combined with the bulk of the
–SO2CF3 groups, provide steric impediments to close interac-
tions with neighbouring cations.

The crystal structure presented here provides a contrasting
view of the interaction of organic cations, vs. solvated inorganic
cations, e.g. aquo ions, with this anion. In the case of
[Mg(H2O)6][N(SO2CF3)2]2, the intermolecular hydrogen bond-
ing distorted the geometric features of the anion. In the structure
presented here, however, the relatively unperturbed intra-
molecular features of the anion have been elucidated. This has
been possible because only weak electrostatic interactions are
evident between the sulfonamide anion and the imidazolium
cation.

The support of the Australian Research Council is gratefully
acknowledged.

Notes and References

† E-mail: j.golding@sci.monash.edu.au.
‡ Crystal data: C15H17F6N3O4S2, M = 481.4. Monoclinic, space group
P21/n, a = 8.862(2), b = 11.051(3), c = 21.271(7) Å, b = 98.42(2)°, U
= 2061 Å3, Dc (Z = 4) = 1.552 g cm23. F(000) = 984. mMo = 3.4 cm21;
specimen: 0.50 3 0.26 3 0.17 mm; A*min,max (gaussian correction) 1.05,
1.10. 1795 ‘observed’ [I > 3(I)] out of 3612 independent four-circle
diffractometer reflections (monochromatic Mo-Ka radiation, l = 0.71073

Å; 2qmax = 50°; T = 295 K) refining to conventional R on ıFı 0.050, RW

(statistical weights) = 0.059. (x, y, z, Uiso)H refined; anisotropic thermal
parameter forms refined for non-hydrogen atoms (full-matrix). CCDC
182/881.
§ After reacting ethyl iodide with 1-benzyl-2-methylimidazole, the resultant
iodide salt was converted to a nitrate (using AgNO3(aq)), and subsequently
LiN(SO2CF3)2 was added in a minimum of EtOH. The hydrophobic salt 1
was isolated and dissolved in CH2Cl2 [to remove residual LiN(SO2CF3)2]
and dried over MgSO4. Crystals were grown from a CH2Cl2–C2H3Cl3–
MeCN mixture.
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Fig. 3 Ball and stick representation of the bis[(trifluoromethyl)sul-
fonyl]amide anion including bond lengths (Å)
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First example of a sixteen membered Jäger macrocycle having a ‘Z’
conformation

James H. Cameron,*† Duncan P. Nicol and Georgina M. Rosair

Chemistry Department, Heriot-Watt University, Riccarton, Edinburgh, UK EH14 4AS

The crystal structure of the first sixteen membered Jäger
type macrocycle having a Z conformation rather than the
expected saddle shaped geometry has been determined.

The family of tetraaza macrocycles first reported by Jäger1

displays a fascinating interplay of structure–reactivity relation-
ships and this has been exploited to interesting effect, in
particular by Busch and Cairns, in the production of the so-
called ‘cyclidene’ macrocyclic complexes2 where examples
have been used in reversible oxygen binding,3 as models for
cytochrome P-450,4 and in supramolecular chemistry.5

The solid state structure of the Jäger macrocycles varies
widely with ring size.6 The fourteen membered rings are planar,
the fifteen membered rings adopt one of two possible geome-
tries (either ‘saddle shaped’ or a Z conformation) while the
sixteen membered ring, until now, has been found exclusively
in the saddle shaped geometry (I). The saddle shape of the

sixteen membered species arises due to the conformations
adopted by the two saturated six membered metallochelate rings
present in the structure.6

As part of a study into the steric control of reactions of
superstructured macrocycles7 we prepared a new example of a
sixteen membered Jäger type complex, 1, with neopentyl

substitutents,‡ and found that it exists as a 1 : 1 ratio of two
isomers: the conventional species, with cis related ring methyl
groups (1a) and an unusual trans isomer (1b). The complex was
prepared by the general scheme described in the literature,
except using neopentanoyl chloride as the acylation reagent.8
The isomers were separated using preparative TLC on neutral
alumina, with CHCl3–MeCN (10 : 1) as eluent and the isomeric
nature of the two fractions was confirmed by mass spectrometry
and by microanalysis. The slower moving isomer had a 1H
NMR spectrum consistent with those of saddle shaped (cis)

Jäger complexes, while both the 1H and 13C NMR spectra of the
other isomer indicated that it possessed higher symmetry.

Single crystals of each isomer were grown from CHCl3–
MeCN and the structures of 1a (Fig. 1) and 1b (Fig. 2) were
determined.§ Complex 1a has the expected saddle shape and the
most interesting feature of the structure is the disorder in the
position of C(10), arising from the presence of both boat (22%)
and chair (78%) conformations for the metallochelate ring
containing this carbon atom. In 1b, the ring methyl groups
appear in a trans relationship, rather than the usual cis, and this
causes the keto oxygen atoms also to adopt a trans relationship,
to minimise steric repulsion between ring and acyl methyl
groups. Further, also to avoid steric interaction with the ring
methyls, both saturated metallochelate rings adopt a skewed
conformation, forcing the molecule to adopt a structure that has
one unsaturated chelate ring above and one below the Ni–N4
plane, producing the unprecedented (for a sixteen membered
ring) Z isomer. Notably this structure possesses a centre of
inversion at the nickel centre and the NiN4 unit is exactly planar.
In both molecules there are intermolecular contacts between the
keto oxygens and hydrogen atoms on the saturated portion of
the macrocycle [in 1b: O(1)···H(4) 2.534(3), in 1a:
O(1)···H(10B) 2.581(5), O(2)···H(3B) 2.589(4) and
O(2)···H(5A) 2.359(4) Å].

Identification of the existence of 1b opens the way for the
production of new sixteen membered Jäger macrocyclic ligands
with a radically different supramolecular structural motif from
that of the cis isomer. For example the extended Z structure
could be used as the basis for new polymeric systems, by
bridging across the keto functions. Our work in this interesting
area is continuing.

Initially we believed that the new type of structural isomer
was being formed during the addition of the neopentyl group,

Fig. 1 Perspective view of compound 1a; probability displacement
ellipsoids are drawn at the 40% level. Selected bond lengths (Å) and angles
(°) for 1a: Ni(1)–N(4) 1.876(3), Ni(1)–N(3) 1.883(2), Ni(1)–N(2) 1.894(2),
Ni(1)–N(1) 1.895(2), N(1)–C(2) 1.312(4), N(1)–C(3) 1.480(4), N(2)–C(6)
1.312(4), N(2)–C(5) 1.478(4), N(3)–C(8) 1.305(4), N(3)–C(9) 1.474(4),
N(4)–C(12) 1.301(4), N(4)–C(11) 1.474(4); N(4)–Ni(1)–N(3) 92.22(11),
N(4)–Ni(1)–N(2) 175.67(12), N(3)–Ni(1)–N(2) 88.09(10), N(4)–Ni(1)–
N(1) 88.45(11), N(3)–Ni(1)–N(1) 174.90(11), N(2)–Ni(1)–N(1) 90.87(10),
C(2)–N(1)–C(3) 118.2(3), C(6)–N(2)–C(5) 119.0(3), C(8)–N(3)–C(9)
117.2(3), C(12)–N(4)–C(11) 118.0(3).
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but this required a major rearrangement of the parent macro-
cycle which mechanistically seemed unlikely. Careful scrutiny
of the reactions revealed that in fact both cis (2a) and trans (2b)
forms of the parent sixteen membered complex were produced
in the Schiff’s base condensation reaction used to form this
Jäger macrocycle from its acyclic precursor, and both 2a and 2b
have now been structurally characterised.9 Prior to this work,
the trans form had not been recognised as a product of the
cyclisation reaction, and we believe that this is because it is
usually the minor isomer and also it is rather more soluble than
the cis isomer, hence previously only the cis form had been
isolated and characterised. We have now carried out a detailed
study of the conditions of the ring closure reaction and have
found that it is possible to favour the formation of the trans
isomer relative to the cis, and the details of this work, and the

X-ray structures of 2a and 2b, will be reported in a separate
publication.9

We thank Professor D. H. Busch and Dr N. W. Alcock for
helpful discussion, and EPSRC for the award of a Postgraduate
Studentship (to D. P. N.).

Notes and References

† E-mail: J.H.Cameron@hw.ac.uk
‡ Spectroscopic data: for 1a: 1H NMR (CDCl3, 200 MHz), d 7.42 (s, 2 H),
3.10 (t, 4 H), 2.90 (s, 6 H), 2.10 (s, 6 H), 1.92 (m, 2 H) and 1.25 (s, 18 H);
13C NMR (CDCl3, 50 MHz), d 201.8, 167.6, 157.1, 113.8, 54.9, 50.0, 42.8,
30.7, 29.8, 29.5 and 20.2. For 1b: 1H NMR (CDCl3, 400 MHz), d 7.40 (s,
2 H), 3.00 (t, 4 H), 2.91 (t, 4 H), 2.30 (m, 4 H), 2.05 (s, 6 H) and 1.22 (s, 18
H); 13C NMR (CDCl3, 100.6 MHz), d 202.2, 166.7, 156.2, 114.2, 52.0, 48.7,
42.3, 29.1, 28.7 and 19.6.
§ For 1a and 1b intensity data were measured on a Siemens P4
diffractometer with Mo-Ka radiation, l = 0.710 73 Å, w mode, q range
2.0–25.00° at 160 K. Data collection and reduction were performed using
the program XSCANS.10 Direct methods solution and refinements (full-
matrix least squares on F2) were performed using SHELXTL/PC11 Version
5.03.

Crystal data: for 1a: red crystal (0.80 3 0.52 3 0.64 mm) from CHCl3–
MeCN coated with Nujol mounted on a glass fibre, C24H38N4NiO2·C2H3N,
M = 514.34, monoclinic, space group P21/n, a = 10.1000(10),
b = 10.5670(10), c = 25.414(3) Å, b = 90.950(10)°, U = 2712.0(5) Å3,
Z = 4, Dc = 1.252 g cm23, m = 0.746 mm21. The structure was refined to
R1 = 0.0501, wR2 = 0.1367 and goodness of fit 1.011 for 3988 unique
observed [I > 2s(I)] data and 317 parameters.

For 1b: red crystal (0.6 3 0.4 3 0.25 mm) from CHCl3–MeCN coated
with Nujol mounted on a glass fibre, C24H38N4NiO2·2CHCl3, M = 712.03,
orthorhombic, space group Pbca, a = 15.721(2) b = 10.493(2),
c = 19.668(3) Å, U = 3244.4(9) Å3, Z = 4, Dc = 1.458 g cm23, m = 1.123
mm21. The structure was refined to R1 = 0.0361, wR2 = 0.0801 and
goodness of fit 1.021 for 2158 unique observed [I > 2s(I)] data and 178
parameters. CCDC 182/913.
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Fig. 2 (a) Perspective view of compound 1b; probability displacement
ellipsoids are drawn at the 40% level. Selected bond lengths (Å) and angles
(°) for 1b: Ni(1)–N(2) 1.874(2), Ni(1)–N(2A) 1.874(2), Ni(1)–N(1)
1.895(2), Ni(1)–N(1A) 1.895(2), N(1)–C(2) 1.308(3), N(1)–C(3) 1.479(3),
N(2)–C(6) 1.296(4), N(2)–C(5) 1.469(3); N(2)–Ni(1)–N(2A) 180.0,
N(2)–Ni(1)–N(1) 91.08(10), N(2A)–Ni(1)–N(1) 88.92(10), N(2)–Ni(1)–
N(1A) 88.92(10), N(2A)–Ni(1)–N(1A) 91.08(10), N(1)–Ni(1)–N(1A)
180.0, C(2)–N(1)–C(3) 121.2(2), C(2)–N(1)–Ni(1) 126.6(2), C(3)–N(1)–
Ni(1) 112.2(2), C(6)–N(2)–C(5) 118.1(2), C(6)–N(2)–Ni(1) 122.9(2),
C(5)–N(2)–Ni(1) 118.7(2). Symmetry transformations used to generate
equivalent atoms: A 2x, 2y, 2z + 1. (b) Side view of 1b, emphasising the
Z conformation.
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Total synthesis of (2)-epothilone B

Scott A. May and Paul A. Grieco*†

Department of Chemistry and Biochemistry, Montana State Univeristy, Bozeman, Montana 59717, USA

The sixteen-membered ring macrolide (2)-epothilone B 1
has been synthesized by a route which features stereospecific
methylation of an (E)-g,d-epoxy acrylate, the use of a double
asymmetric reaction employing (R,R)-diisopropyltartrate
and (E)-crotylboronate, and ring closure by means of an
olefin metathesis reaction.

(–)-Epothilone B 1, isolated by Höfle and co-workers1 from the
myxobacteria Sorangium cellulosum strain 90, has been the
object of intense synthetic activity.2,3 The excitement surround-
ing the epothilones stems, in part, from research conducted at
the Merck Research Laboratories by Bollag4 and co-workers
who demonstrated that the epothilones function via a paclitaxel-
like mode of action by binding to and stabilizing cell
microtubule assemblies. Particularly significant has been the
finding4 that (2)-epothilone B appears to be effective against a
number of drug-resistant tumor cell lines. We detail below an
intramolecular olefin metathesis strategy for the construction of
(2)-epothilone B which features preparation of the C(3)-C(12)
fragment 2 and its elaboration into 3, and subsequent conversion
of 3 into 1.

Synthesis of the chiral C(3)-C(12) fragment 2 commenced
with the optically active epoxide 5, [a]D

25 210.1 (c 2.5,
CHCl3), which was prepared from allylic alcohol 45 via a
Sharpless epoxidation6 [diethyl L-tartrate (0.26 equiv.), Ti(O-
Pri)4 (0.2 equiv.), ButOOH (3.0 equiv.), CH2Cl2, 4 Å mol
sieves, 240 °C (8 h) ? 210 °C (8 h)]. With the ready
availability of 5, efforts were focused on introduction of the
C(6) methyl group. Toward this end, 5 was transformed, in 87%
overall yield, into the (E)-g,d-epoxy acrylate 6 via a Swern
oxidation [DMSO, (COCl)2, CH2Cl2, 278 °C, 1 h, then Et3N,
0 °C, 1 h] and an (E)-selective Horner–Wadsworth–Emmons
reaction [NaH, THF, (EtO)2POCH2CO2Et, 0 °C, 1 h, then
RCHO, THF, 0 °C, 30 min]. Treatment of a 0.07 M solution of
6 in 1,2-dichloroethane in the presence of 6.0 equiv. of water
cooled to 230 °C with 10.0 equiv. of Me3Al (2.0 M in hexane)
gave rise to 7 (R = H), [a]D

25 +11.7 (c 2.5, CHCl3), as the sole
product in 87% yield.7 The methylation of 6 is stereospecific,
proceeding with net inversion of configuration about C(6). Note
that, in the absence of water, the transformation of 6 into 7 (R
= H) does not proceed to any appreciable extent.

Elaboration of the remaining two stereocenters at C(7) and
C(8) necessitated conversion of substrate 7 into aldehyde 8
which was realized (95% overall yield) via a three step protocol

[TESOTf, 2,6-lutidine, CH2Cl2, 45 min, then OsO4 (catalytic),
NMO, acetone–water–ButOH (2:5:1), 7 h, followed by
NaHSO3, 14 h, then Pb(OAc)4, C6H6, 15 min]. Exposure of 8 to
(R,R)-diisopropyltartrate and (E)-crotylboronate8 in toluene
[278 °C (3 h) ? room temp. (12 h)] in the presence of 4 Å
molecular sieves gave rise to 9, [a]D

25 28.6 (c 2.1, CHCl3), as
the sole product in 93% yield, thus establishing the required
syn,anti arrangement about C(6)–C(7) and C(7)–C(8). Prior to
functionalization of the D9,10 terminal olefin, the triethylsilyl
ether was cleaved (TBAF, THF, 30 min) and the resulting
1,3-anti diol was converted, upon exposure (15 min) to
2,2-dimethoxypropane and catalytic TsOH, into the 1,3-anti
acetonide 10, [a]D

25 +11.6 (c 1.7, CHCl3), in 93% overall yield.
The stereochemical assignment for the anti acetonide follows
from the 13C NMR spectrum of 10. The observed chemical
shifts for the acetonide carbons (d 23.4, 25.7 and 100.1) in 10
are in excellent agreement with previous data from independent
studies on 1,3-anti acetonides by Rychnovsky9 and Evans.10

Completion of the synthesis of the C(3)-C(12) fragment 2
was realized as follows. Hydroboration [catecholborane,
(PPh3)3RhCl (catalytic), THF, 45 min; NaOH, H2O2]11 of 10
followed by oxidation (Swern conditions) and subsequent
Horner–Wadsworth–Emmons condensation (THF, 4 h) of the
resulting aldehyde with the sodium anion derived from diethyl
(2-oxopropyl)phosphonate gave rise, in 55% overall yield, to
11, [a]D

25 +26.0 (c 1.05, CHCl3). Enone 11 was transformed
(77% overall) into triol 12 via a three step sequence [H2, 10%
Pd/C, EtOH–EtOAc (1:1), 5 h, then Ph3P†CH2, THF, 3 h, then
1.0 M HCl–THF (1:1), 50 °C, 3 h] which set the stage for
selective protection of the C(5) and C(7) hydroxy groups, which
proved critical for completion of the total synthesis of
epothilone B since the 1,3-diol acetonide present in 11 was not
compatible with the olefin metathesis reaction in the late stages
of the synthesis.

Exposure (30 min) of 12 to p-anisaldehyde dimethylacetal in
benzene containing catalytic TsOH gave rise (90%) to 13 (R =
H) which, upon silylation [TBDMSOTf, 2,6-lutidine, CH2Cl2,
278 °C, 4 h], provided (94%) 13 (R = TBDMS), [a]D

25 +19.7
(c 3.9, CHCl3). Protection of the C(5) hydroxy group as its
4-methoxybenzyl (PMB) ether was realized via regioselective
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reductive ring cleavage12 of the 1,3-dioxane ring of the
4-methoxybenzylidene acetal 13 (R = TBDMS). Thus, a 0.04 M
solution of 13 (R = TBDMS) in CH2Cl2 , cooled to 278 °C,
was treated with 10.0 equiv. of a 1.0 M solution of DIBAL-H in
CH2Cl2. After warming to 215 °C (1.5 h), a 75% yield of
primary alcohol 14 was isolated. Oxidation (Swern conditions)
of 14 provided the intact C(3)-C(12) fragment 2, [a]D

2527.6 (c
4.6, CHCl3), in 98% yield.

In order to complete the total synthesis of 1, the ester enolate
derived (LDA, THF, 278 °C) from the known acetate 152 was
condensed with 2 giving rise (83%) to a readily separable
mixture (1.7 : 1) of diastereomers favoring 16, [a]D

25 228.6 (c
1.4, CHCl3), possessing the correct configuration at C(3).
Protection [TBDMSOTf, 2,6-lutidine, CH2Cl2, 250 °C, 4 h] of
the C(3) hydroxy group, followed by cleavage [DDQ, CH2Cl2–
H2O (18 : 1), 0 °C, 3 h] of the C(5) 4-methoxybenzyl ether and
subsequent Dess–Martin oxidation gave rise to 17, [a]D

25

244.0 (c 2.4, CHCl3), in 65% overall yield.

Ring closure to complete the formation of the sixteen-
membered ring of 1 was realized by an intramolecular olefin
metathesis reaction.13,14 Exposure (4 h) of a 0.001 M solution of

17 in benzene (heated to 55 °C) to 20 mol% of the molybdenum-
based catalyst [Mo(CHMe2Ph){N(2,6-Pri

2C6H3)}{OC-
Me(CF3)2}2] of Schrock13 afforded in 55% yield a 1 : 1 mixture
of Z and E isomers (cf. 18) which could be separated by
preparative TLC. Upon treatment of the enantiomerically pure
Z-isomer with HF·pyridine (THF, 3 h), a 60% yield of pre-
epothilone B 19 was obtained. Epoxidation (dimethyldioxir-
ane,15 CH2Cl2, 250 °C, 4 h) of 19 provided crystalline 1, mp
93–94 °C (lit.,2 93.6–94.7 °C), [a]D

25 232.2 (c 0.09, CHCl3)
[lit.,2 231.0 (c 0.045, CHCl3)] in 86% yield. The 1H NMR
spectrum of synthetic 1 was identical in all respects with a
spectrum of natural (-)-epothilone B. 

We thank Professor S. Danishefsky for helpful discussions
and the 1H NMR spectra of natural (2)-1 and synthetic (2)-17.
This research was supported by a grant from the U.S. NIH (CA
28865).
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Crystal structure of a chiral nitrido-manganese salen complex. The nitrogen
analogue to the intermediate in the Jacobsen epoxidation reaction

Aase Sejr Jepsen, Mark Roberson, Rita G. Hazell and Karl Anker Jørgensen*†

Center for Metal Catalyzed Reactions, Department of Chemistry, Aarhus University, Aarhus C, DK-8000, Denmark 

A chiral nitrido-manganese salen complex has been syn-
thesised and characterised by X-ray diffraction; the geomet-
rical and electronic structure of the complex are discussed in
relation to the intermediate in asymmetric reactions.

The transfer of an oxygen atom(s) from high-valent oxo-metal
complexes to alkenes in an enantioselective manner has been
developed to be highly successful using asymmetric catalysis.1
For the epoxidation of alkenes the use of chiral manganese salen
complexes as the catalyst is among the most useful and widely
applicable as it has proven effective for a variety of different
alkenes.1a,2

The intermediate in reactions using chiral manganese(III)
salen complexes as the catalyst has been postulated to be an
oxo-manganese(V) salen complex.1a,3 There are a number of
indirect proofs for the oxo-manganese(V) salen intermediate,
and recently direct proof by application of electrospray tandem
MS appeared.4 A further aspect of reactions catalyzed by chiral
manganese salen complexes, which also relates to the inter-
mediate in the reaction, is the mechanism for the oxygen
transfer process. The majority of the experimental results for the
epoxidation reaction point to a mechanism starting with
addition of the alkene to the oxygen atom in the oxo-manganese
salen intermediate and the epoxide is formed by collapse
involving a rotation of the carbon–carbon bond.1a,5 An
alternative mechanism is based on the concept of metal-
laoxetanes as intermediates in oxygen-transfer reactions6 and
assumes that the alkene adds to the oxo–manganese bond in a [2
+ 2] fashion followed by collapse giving the epoxide.7

Although much attention has been devoted to the inter-
mediate in reactions catalyzed by chiral manganese(III) salen
complexes no direct structural evidence for the intermediate is
available. One way to obtain structural information about the
intermediate could be to turn attention to the corresponding
nitrogen analogue of the chiral oxo-manganese(V) salen com-
plex as the structural difference between an ONMnV and a
N·MnV bond is small (vide infra). Here we present the
preparation, characterisation and electronic structure analysis of
the nitrogen analogue to the intermediate in the Jacobsen
epoxidation reaction.

The dark brown chiral manganese(III) salen complex 1 reacts
with NH3 in CH2Cl2 at 250 °C using NBS as the oxidant to
yield a deep green complex 2 isolated in 89% yield [reaction
(1)].8‡

1H NMR spectroscopic investigations of 2 give the following
resonances in CDCl3: dH 1.47 (s, 9H), 1.50 (s, 9H), 2.14 (s, 3H),
2.15 (s, 3H), 4.70 (d, J 11 Hz, 1H), 5.14 (d, J 11 Hz, 1H), 6.57
(s, 2H), 7.09–7.37 (m, 14 H), 7.55 (s, 1H), 7.62 (s, 1H). The 1H
NMR data show that the But, Me, CHNN and CH(Ph)CH(Ph)

hydrogen atoms are non-equivalent. The 13C NMR spectrum for
2 shows the following resonances: dC 20.4, 29.7, 35.6, 81.2,
81.4, 119.4, 120.5, 124.0, 128.8, 129.1, 129.4, 129.5, 131.3,
131.7, 134.7, 134.9, 135.6, 137.9, 141.1, 166.0, 166.2, 167.3,
167.5. These data for 2 show also the non-equivalence of
several signals, most notably the signal for the chiral carbon and
imine carbon atoms. The IR spectrum for 2 shows a N·Mn
stretch at 1049 cm21. Recrystallisation of the green complex
gave crystals from MeOH (mp 206–208 °C) which were useable
for X-ray analysis.

The structure of 2 is depicted in Fig. 1§ and shows the
presence of the N·Mn bond. The N·Mn bond length is found to
be 1.537 Å and similar to other N·Mn bonds characterized.8,9

Other selected bond distances and angles are in the legend to
Fig. 1. If one compares the N·MnV bond length in 2 with,
according to our knowledge, the only two other characterised
ONMnV bonds (1.548 and 1.558 Å) in related types of
complexes,10 the structural similarity between the N·MnV and
ONMnV fragments is obvious. It is also notable for the structure
of 2 that the oxidation of the manganese atom causes a
displacement of this atom by 0.49 Å out of the plane consisting
of the four atoms coordinating to manganese. The displacement
of the manganese atom when forming the N·MnV complex
probably causes the change in electronic environment at the
chiral ligand which accounts for the non-equivalent resonances
observed in the NMR spectra of 2. The reactivity of 2 has also
been briefly investigated under various reaction conditions, but
compared with the corresponding chiral oxo-manganese(V)
salen complex it is much less reactive.11

In an attempt to obtain further insight into the structure and
the chemical properties of the chiral nitrido-manganese(V) salen
complex 2 the electronic structure has been investigated. A

Fig. 1 Molecular structure of 2. C–H hydrogen atoms are not shown (the
other molecule is similar except that 12% have Mn and N on the other side
of the salen plane). Selected distances (Å) and angles (°) for 2: Mn–N
1.537(6), Mn–N(1) 1.949(6), Mn–N(2) 1.968(6), Mn–O(1) 1.903(6), Mn–
O(2) 1.915(6), O(1)–Mn–N 109.8(3), O(2)–Mn–N 103.2(3), N(1)–Mn–N
101.6(3), N(2)–Mn–N 104.0(3).

Chem. Commun., 1998 1599



model compound (3) for 2 was optimised using ab initio DFT
calculations applying a B3LYP/6-31G* basis set and a TZV
basis set for manganese.12 For the singlet state of 3 the
optimised structure is shown below with the calculated bond
lengths at the manganese atom and it is notable that the N·Mn,
Mn–N and Mn–O bond lengths for 3 are similar to the same
bonds in 2. Furthermore, the displacement of the manganese
atom (0.45 Å) out of the plane consisting of the four
heteroatoms coordinating to manganese in 3 is also similar to
the displacement in 2. The simple model 3 seems thus to be a
reliable model for 2.

The calculations give a N·Mn bond order of 2.8 indicating a
bond with triple bond character. The charges on the nitrogen and
manganese atoms are 20.15 and 0.87, respectively. The frontier
orbitals calculated for the N·Mn bond in 3 give the HOMO at
25.71 eV and with only a minor contribution of the bonding
combination of N px–Mndx2

2 y2, but this orbital is mainly
located on the ligand. The second HOMO is at 26.00 eV and is
mainly on the manganese atom as dx2

2 y2; while the fourth
HOMO at 27.62 eV is the bonding combination of N py–Mn
dyz. The LUMO and the third LUMO, at 21.60 eV and 20.95
eV, respectively, are the antibonding combination of N py–Mn
dyz and N px–Mn dxz orbitals, respectively. The antibonding
combination of N pz–Mn dz2, the s*N–Mn orbital, is at 20.20
eV.

It is interesting to compare the structure of the nitrido-
manganese(V) salen complex 3 with the closely related oxo-
manganese(V) salen complex. The structure of the latter is
unknown, but the similarity in N·MnV and ONMnV bond
lengths (vide supra) is striking; however, the structural
similarity does not account for the difference in reactivity. A
comparison of the electronic structure for both the ONMnV+ and
ONMnV–Cl (optimised structures) obtained by ab initio DFT
calculations12 gives important information. The results for the
two oxo-manganese complexes are alike, so only the former
will be discussed here. The ONMn bond length is optimised to
be 1.546 Å which is similar to the two characterised ONMnV

bonds (1.548 and 1.558 Å) in related types of complexes.10 The
charges at oxygen and manganese are 20.20 and 1.18,
respectively. The bond length and charge considerations of the
N·MnV and ONMnV complexes are thus not that different.
However, the ONMn bond order is calculated to be 2.3, showing
a much weaker bond than the N·Mn bond, and, furthermore, the
ONMnV complex also shows a different frontier orbital picture
compared with the N·MnV complex, as the related frontier
orbitals of the former are found at lower energies, the HOMO at
210.65 eV, while the LUMO is at 27.92 eV. The lowering of
the LUMO in ONMnV by 6.3 eV points to a significant
difference in reactivity, when reacting with electron-rich
alkenes. The more reactive chiral oxo-manganese(V) salen
complex compared with the closely related chiral nitrido-
manganese(V) salen complex is thus probably due to a much
weaker ONMn bond and lower lying unoccupied MOs in the
former complex.

With the structural knowledge of the chiral nitrido-man-
ganese(V) salen complex the remarkable enantioselectivity of
the related oxo-manganese(V) salen complex might begin to be
understood in detail as the present results allow one to analyse
the approach of e.g. alkenes to the intermediate.

The work presented here was made possible by a grant from
The Danish National Science Foundation.
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Copper-exchanged zeolite Y is a highly active catalyst for
the aziridination of alkenes; modification using bis(oxazo-
lines) leads to preparation of the first heterogeneous
enantioselective aziridination catalyst.

The design of asymmetric catalysts is of intense current
interest,1 and procedures making use of chiral transition metal
complexes have been described for epoxidation, cyclopropana-
tion, aziridination and hydrogenation of alkenes in homo-
geneous solution.2–6 There is increasing recognition that
heterogeneous catalysts have practical advantages over homo-
geneous ones.6–8 We describe here a generic approach to the
design of heterogeneous transition-metal catalysts by making
use of the well-known ability of zeolites to undergo metal cation
exchange,9 together with their acid–base properties.10 By
constructing transition-metal complexes within the spatially
restricted environment of the zeolite pores, enantioselective
organic transformations can be catalysed with comparable or
even greater efficiency than in the corresponding homogeneous
process. We exemplify this approach with the first hetero-
geneous catalyst for asymmetric aziridination of alkenes.

We have found that CuHY zeolite is successful in catalysing
the aziridination of a range of alkenes employing [N-(tolyl-
p-sulfonyl)imino]phenyliodinane (PhI = NTs) as the nitrogen
source. The results are shown in Table 1. The Cu-exchanged
zeolite (CuHY) was prepared by conventional ion-exchange
methods with aqueous Cu(OAc)2 solution, the concentration of
which was chosen so as to obtain the required exchange level
(ca. 50–60% of available H+). The cation-exchanged zeolite
was then washed with distilled water and dried at 110 °C in air.
CuHY was initially screened in the aziridination of styrene
(Table 1, entries 1–3), since this alkene affords good yields of
aziridine when copper triflate is used as a homogeneous
catalyst.4 Using a five-fold molar excess of styrene, the desired
N-tosylaziridine was obtained in 90% yield (entry 1). These

initial results confirmed our contention that cations within
zeolites could be used as heterogeneous counterparts of known
homogeneous catalysts, and, to the best of our knowledge, this
is the first example of an aziridination reaction catalysed
heterogeneously.

In order to confirm the absence of homogeneously catalysed
reaction, following reaction the zeolite catalyst was recovered
by filtration and another aliquot of reactants (styrene: PhINNTs
= 5 : 1 molar ratio) was added to the recovered filtrate; no
further product was observed. Further, the removed catalyst was
reused with fresh reagents and solvent, and the zeolite
demonstrated similar activity to when it was used initially.

It was noted in earlier studies that, in the homogeneously
catalysed reaction,4 the yield of aziridine decreased to 37%
when the molar ratio of styrene : PhINNTs = 1 : 1 was
employed, due to the competing breakdown of the PhINNTs
reagent. This decrease was found to be less significant using our
heterogeneous catalyst, where 87% yield was obtained when a
styrene : PhINNTs = 1 : 1 molar ratio was used (Table 1, entry 2)
as compared to a yield of 90% when a styrene : PhINNTs = 1 : 1
molar ratio was used (Table 1, entry 1).

CuHY was found to be successful in catalysing the
aziridination of a range of alkenes (Table 1) in addition to
styrene. It is observed that the catalyst gives best results with
phenyl-substituted alkenes and lower yields are observed with
cyclohexene and trans-hex-2-ene. Interestingly, for the azir-
idination of trans-stilbene no product could be observed. This
was considered to be the due to the relatively bulky aziridine
product being too large to be accommodated within the
supercages of CuHY. However, the aziridination of trans-
methyl cinnamate inside CuHY proceeded in 84% yield, despite
being similar in structure type to the trans-stilbene product. We
used molecular modeling to investigate the ease with which
these two aziridines could be placed into the pore structure of
zeolite Y. These calculations suggest that the N-tosylaziridine
formed from trans-methyl cinnamate can adopt a conformation
which can easily be accommodated in the pores of zeolite Y.
The aziridine derived from trans-stilbene can be constructed
within the supercages but is indeed too bulky to diffuse through
the connecting channels of the zeolite. We consider this to be a
crucial piece of evidence since it shows that the aziridination
reaction with the CuHY catalyst occurs within the intracrystal-
line space. Furthermore, this exciting result illustrates the
potential for a heterogeneous catalyst to possess size-specificity
to a precise degree. Such a property could be exploited by
constructing zeolites with a range of pore sizes, and could also
be developed to achieve regioselectivity in a reagent containing
two or more double bonds.

Evans et al.4 have shown that modification of the copper
homogeneous catalysts using chiral bis(oxazoline) ligands
induces enantioselectivity. We have examined modification of
the CuHY catalyst with a range of oxazolines and have observed
N-tosylaziridine products with up to 61% ee. The optimum
conditions for racemic heterogeneous aziridination of alkene, in

Table 1 CuHY-catalysed aziridination of representative alkenes

Cu Yield
Entry Alkenea (mol%) (%)b

1 Styrene 25 90 (92)
2 Styrenec 25 87 (35)
3 Styrene 5 62
4 a-Methylstyrene 25 33
5 p-Chlorostyrene 25 76
6 p-Methylstyrene 25 66
7 Cyclohexene 25 50 (60)
8 Methyl cinnamate 25 84 (73)
9 trans-Stilbene 25 0 (52)

10 trans-Hex-2-ene 25 44

a Unless otherwise specified reaction conditions were: MeCN, 25 °C,
styrene : PhINNTs = 5 : 1. b Isolated yield of aziridine based on PhINNTs.
Values in parentheses indicate yields obtained from homogeneous reac-
tions. c styrene : PhINNTs = 1 : 1 molar ratio.
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the absence of bis(oxazoline), was observed to be at 25 °C using
MeCN as solvent. As expected, for the enantioselective
reaction, the use of lower reaction temperatures was found to
give the highest enantioselectivities. We have found that a
temperature of 210 °C provides the highest enantioselectivity
of 42% ee without compromising yield when using MeCN
solvent and 2,2-bis{2-[(4R)-1-phenyl-1,3-oxazolinyl]}propane
1 as the chiral modifier. It would be reasonable to assume that
one chiral modifier would be required per zeolite supercage to
obtain maximum enantioselectivity. We have, however, found
that very low levels of the expensive modifier can be used
without resulting in decreases in yield or enantioselectivity. An

excess of 1 significantly reduces the yield of aziridine, due to
pore-blocking, but both yield and enantioselectivity were
maximized with a molar ratio of only PhINNTs : 1 = 1 : 0.05.
This corresponds to a molar ratio of Cu2+ : 1 of 2 : 1, indicating
that not all the Cu2+ cations are modified in our experiments. In
a subsequent experiment, an excess of 1 was stirred with CuHY
(Cu2+ : 1 = 1 : 60) in MeCN. The zeolite was filtered and
washed with acetonitrile, then used as the catalyst in fresh
solvent and reactants. Both yield and enantioselectivity ob-
served were identical to that obtained when 1 was added directly
to the reaction mixture (molar ratio of PhINNTs : 1 = 1 : 1.05).
It is clear that very low levels of the modifier are required to
obtain the enantioselectivities reported.

With the optimum conditions established for the enantio-
selective aziridination of styrene, other bis(oxazolines) and
alkenes were screened with CuHY as the catalyst (Table 2).
trans-b-Methylstyrene was found to show similar degrees of
enantioselectivity to styrene. However, trans-methyl cinnamate
gave a much higher result of 61% ee, albeit in poorer yield. The
tert-butyl substituted bis(oxazoline) 2, when used in MeCN,
gave racemic aziridine. We suggest this is because MeCN, a
ligand for Cu2+, binds more strongly to the active sites than does

this bis(oxazoline). Support for this interpretation comes from
our observation that, by carrying out the reaction using styrene
as the solvent, enantioselectivity was restored, although both
yield and ee were then lower than for the homogenous reaction.
To provide further evidence that the reaction is proceeding
within the supercages of the zeolite, reactions were carried out
using a simple phenyl-substituted bis(oxazoline) 3, which is
known to fit inside the zeolite, and using a diphenyl substituted
analogue 4, which was considered as the result of molecular
simulations to be too bulky to fit inside the zeolite pores. At
25 °C the smaller bis(oxazoline) 3 gave 10% ee for both the
heterogeneous and homogeneous reactions. However, for the
heterogeneously catalysed reaction, using CuHY as catalyst, the
bulky diphenyl bis(oxazoline) 4 gave racemic product, despite
inducing 15% ee for the equivalent homogeneously catalysed
reaction. This is again evidence that the reaction is truly
heterogeneous and is occurring within the pores of the zeolite.
Further modification of the bis(oxazaline) has shown that the
pyridine-bridged bis(oxazoline) 5 gives the highest enantio-
selectivity of 61% ee for the aziridination of styrene (Table 2).
We consider that these initial results are encouraging and that
careful optimization of the chiral ligand will result in further
improvements in ee and yield.

The major advantage of the use of CuHY as a catalyst for this
reaction is the ease with which it can be recovered from the
reaction mixture by simple filtration if used in a batch reactor
(alternatively it can be used in a continuous flow fixed bed
reactor). We have carried out the heterogeneous asymmetric
aziridination of styrene until completion, filtered and washed
the zeolite then added fresh styrene, PhINNTs and solvent,
without further addition of bis(oxazoline) 1, for several
consecutive experiments and have found that both yield and
enantioselectivity are retained. After each consecutive experi-
ment a portion of CuHY was retained to determine the
concentration of copper still present in the zeolite. For each
experiment we found that only traces of the copper were
removed from the catalyst ( < 0.5% of the total Cu2+ is lost from
the catalyst). Filtrate containing trace Cu2+ has been used in a
reaction and was not found to catalyse aziridination. We have
noted that adsorbed water can build up within the pores of the
zeolite on continued use and this can lead to some loss of
activity. However, full enantioselectivity and yield can be
recovered if the catalyst is simply dried in air prior to reuse. We
are therefore confident that this catalyst system can form the
basis of a commercial heterogeneous catalyst for the aziridina-
tion of alkenes.
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Table 2 Representative bis(oxazolines) for the enantioselective aziridina-
tion of alkenes

Oxazoline Alkenea T/°C Yield (%)b Ee (%)b,c

1 trans-Methyl cinnamate 210 8 (21) 61 (70)
1 trans-b-Methylstyrene 210 74 36
1 Styrene 210 82 44
1 Styrene 25 87 29
2 Styrene 220 64 0
2 Styrened 220 15 (89) 18 (63)
3 Styrene 25 78 (75) 10 (10)
4 Styrene 25 73 (74) 0 (15)
5 Styrene 210 4 61

a Unless otherwise specified, reaction conditions were: MeCN, alkene:
PhINNTs = 5 : 1. b Values in parentheses indicate yields obtained from
homogeneous reactions. c Enantioselectivity determined by chiral HPLC.
Absolute configurations of major products, determined by optical rotation,
are (S) for trans-b-methylstyrene and trans-b-methyl cinnamate, (R) for
styrene. d Styrene was used as solvent.

1602 Chem. Commun., 1998



[001] [100]
Au(2)

S(1)

Au(1)

S(2)

TI

Tl2Au4S3: x = 4/3 member of the series A22 xAuxQ. Preparation and an
analysis of its gold–gold bonding

Sandra Löken, Claudia Felser and Wolfgang Tremel*†

Institut für Anorganische Chemie und Analytische Chemie, Universität Mainz, Becher Weg 24, Mainz D-55099, Germany

Tl2Au4S3 was synthesized by reacting gold with reactive
fluxes of Tl2S and S; its crystal structure is characterised by
sheets of buckled 16-membered rings of Au and S with short
Au–Au contacts between the sheets; the Au–Au bonding has
been analysed through high-level band structure calcula-
tions.

The chemistry of ternary gold chalcogenides continues to attract
interest because of the richness of structures displayed by them.
Thus even in the simple formulation AAuQ, the anionic species
found include linear, molecular AuQ2 units in KAuQ (Q = S,
Se),1 AuQ chains in AAuQ (A = Rb, Cs and Q = S, Se, Te),2
planar hexagonal Au–Te networks in AAuTe (A = Na, K),2 etc.
The unique feature of many of these compounds is the presence
of short Au–Au distances arising from mixing of gold 5d, 6s and
6p levels; these are usually described in terms of d10–d10

interactions. Computational difficulties abound in handling an
element such as gold whose electronic structure is influenced by
relativistic effects, and there seem to be few high-level band
structure calculations detailing the nature of bonding between
gold atoms in extended solids. Much of the previous theoretical
work on d10–d10 interactions has focussed on molecular systems
with the exception of some alkali-metal aurides.3

We have noted short Au–Au distances in many quaternary
gold chalcogenides from the A–Au–X–Q systems where X ( =
Ge, Sn, P, As) is a main group element that forms chalcogeno
anions.4 Gold chalcogenides and related systems have been
studied extensively during the past few years.4–9 In the course of
these investigations we have found the first ternary gold
chalcogenide with thallium (replacing the alkali metal).‡ The
compound Tl2Au4S3 turns out to be the x = 4/3 member of the
series A22 xAuxQ. With A = alkali metal and Q = chalcogen,
the members with x = 1/2,6 5/6,7 1,2 6/5,8 and 3/29 have been
previously characterised. To understand the nature of the short
Au–Au contacts in the title compound, we have used scalar-
relativistic TB-LMTO band-structure calculations in conjunc-
tion with an analysis of the crystal orbital hamiltonian
population (COHP) which we present here. Apart from the
bonding situation, these compounds are of interest because they
display direct band gaps suggesting uses such as in infrared
detection.

The crystal structure of Tl2Au4S3 is shown in Fig. 1.§ It is
characterised by buckled sheets comprising 16-membered rings
of Au and S arranged in an alternating manner. The confirma-
tion of the rings are boat-like. The S–Au–S units in the ring are
linear or nearly so. Acute Au(1)–S(1)–Au(2) angles [91.8(3)°]
at the corners of the rings lead to an Au–Au distance of 3.350(1)
Å within the rings. However, the stacking of the sheets along c
results in an intersheet Au–Au distance of 3.010(1) Å. These
distances are emphasised in the [100] projection by light grey
lines. The Tl atoms are in a distorted trigonal prismatic S
coordination and sit in the boats defined by the buckling of the
Au–S sheets. They are moved off the prism centers; as a result,
there are short Tl–Tl contacts of 3.307(3) Å (cf. Tl metal where
it is about 3.36 Å10). The presence of 16-membered rings in the
structure is to be contrasted to previous A22 xAuxQ structures
which have (so far) been reported as having 6 (x = 1),2a 8 (x =
1),2b 12 (x = 3/2),9 and 24 (x = 6/5)8b-membered rings.

Fig. 2(a) and (b) display the decomposed LMTO densities of
state (DOS) of the Tl2Au4S3 near the Fermi energy. It is clear
from Fig. 2(a) that there is strong mixing of the s, p and d states
of gold. Interestingly, despite short Au–Au contacts, the states
closest to EF are actually derived from a mixing of Tl 6s and S
3p [Fig. 2(b)]. Thus Tl acts not only as an inert countercation, in
contrast to the other ternaries described earlier, where K+, Rb+,
etc. serve only to balance charge. This is also seen from the
COHP plots displayed in Fig. 2(c). Strong Au–Au interaction
leads to bonding and antibonding states below EF, with the
bonding states being much greater in number. Above EF, the
COHP is flat but slightly bonding. This is because the Au 6s and
6p states are mixed in with the 5d states. This behaviour has
been previously remarked in some silver oxides.11 The principle
Au–Au bonding interaction around 5 eV below EF arise due to
Au d states as seen from the DOS. The Au–S interactions lead
to well separated bonding and antibonding states below and
above the EF. However, the occupied states closest to EF are
associated with the (shorter) Tl–S distance of 2.978(1) Å. The
gap between filled and empty states in the LMTO DOS is in
agreement with the measured optical band gap of 1.5 eV
obtained from the diffuse-reflectance spectra [Fig. 2(d)]. From
the preceding discussion, the transition that causes this direct
band gap is from filled Tl 6s–6p to the empty, hybridised Tl
6p–S 3p states.

This research has been suppported by the Fonds der
Chemischen Industrie. The donation of quartz tubes from

Fig. 1 [100] and [001] projection of the Tl2Au4S3 structure (Tl, grey
spheres; Au, black spheres; S, crossed spheres). Important bond distances
and angles are given in the footnotes. Au(1)–S(2) 2.315(7), Au(1)–S(1)
2.320(9), Au(2)–S(1) 2.343(5) 32, mean Au-S 2.330, Au(1)–Au(2)
3.0098(1) 32, Au(1)–Au(2) 3.3502(1) 32, Au(1)–Tl 3.152(2) 32, Au(2)–
Tl 3.2405(8) 32, Tl—Tl 3.307(3), Tl–S(1) 3.563(8) 32, Tl–S(1) 3.645(8)
32, Tl–S(2) 2.978(1), Tl–S(2) 3.324(1), mean Tl–S 3.453; S(2)–Au(1)–
S(1) 175.0(3), S(1)–Au(2)–S(1) 180.0, Au(1)–S(1)–Au(2) 91.8(3), Au(1)–
S(2)–Au(1) 114.3(6), S(1)–Tl–S(2) 81.5(2), S(1)–Tl–S(1) 73.5(3), S(1)–Tl–
S(1) 81.1(2), S(1)–Tl–S(2) 143.0(1), S(1)–Tl–S(1) 125.4(1).
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† E-mail: tremel@indigotrem1.chemie.uni-mainz.de
‡ Tl2Au4S3 was prepared by combining 0.315 g (1.6 mmol) of Au powder,
0.176 g (0.4 mmol) Tl2S and 0.026 g (0.8 mmol) S in a vacuum-sealed
quartz tube. It was heated to 650 °C and kept at this temperature for 4 days
and then cooled to room temperature at 4 °C h21. X-Ray powder patterns of
the sample are single phase. IR data (KBr pellet): 1358w, 1059s, 668m,
590s, 467w, 296s cm21. Differential thermal analysis shows a congruent
melting point endotherm at 436 °C and a crystallization point exotherm at
548 °C. UV–VIS–NIR spectra were acquired on a spectrometer equipped
with a diffuse reflectance integrating sphere, with the sample diluted in
BaSO4.
§ Crystal data for Tl2Au4S3 at 25 °C: orthorhombic, space group Pmmm
(no. 59), a = 7.507(2), b = 11.919(2)(2), c = 4.688(1) Å, U = 419.5(2) Å3,
Z = 2, l = 0.710 73 Å, MR = 1292.79, Dc = 10.236 g cm23, m = 108.61
mm21, platelike crystal, dark red, dimensions 0.4 3 0.16 3 0.14 mm, 2qmax

= 54°, data collected at 25 °C on a Nicolet P21 four circle diffractometer,
q–2q scan, absorption correction (y-scan), transmission factors
0.719–0.461, 975 reflections collected, 512 independent reflections, 436
reflections with I > 2s(I), 30 parameters. The structure was solved by direct
methods (SHELXL-86). Full-matrix least-squares refinement of this model
against Fo

2 (SHELXL-93) converged to final residual indices R(Rw) =
0.055(0.112). CCDC 182/888.
¶ Band structure calculations: tight-binding linearised muffin-tin orbital
(TB-LMTO)12 calculations were carried out using version 47c of the
program kindly provided by Professor O. K. Anderson. 315 irreducible
k-points were used in the calculations.
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Pyykkö, Chem. Rev., 1997, 97, 597; for DFT calculations on alkali-
metal aurides, see: G. H. Grosch and K.-J. Range, J. Alloys Compd.,
1996, 233, 30, 39; M. Jansen, Angew. Chem., 1987, 99, 1136; for anionic
gold compounds, see: C. Feldmann and M. Jansen, Angew. Chem.,
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Fig. 2 Densities of states of Tl2Au4S3 showing the Au (a) and Tl (b) contributions. (c) Crystal orbital hamiltonian populations for Au–Au, Au–S and Tl–S
interactions (positive values are bonding, negative values antibonding). (d) Diffuse reflectance UV–VIS spectrum of Tl2Au4S3 after transformation by the
Kubelka–Munk function.
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New symmetry-breaking deprotonation reactions of cyclic imides using a chiral
lithium amide base

David J. Adams, Nigel S. Simpkins*† and Torben J. N. Smith

Department of Chemistry, The University of Nottingham, University Park, Nottingham, UK NG7 2RD

Treatment of various N-substituted succinimides, possessing
additional three-, four- or five-membered ring-fusion, with a
mixture of chiral lithium amide base and Me3SiCl, enables
enantioselective silylation to give products in up to 95%
ee.

During the past few years there have been great developments
in the application of chiral lithium amide base reactions to
asymmetric synthesis.1 Most of the enantioselective deprotona-
tion reactions of these chiral bases described to date involve
discrimination between enantiotopic hydrogens activated by a
single common functional group. The best developed chemistry
of this type is the asymmetric enolisation of cyclic ketones,
although somewhat analogous situations involving metallation
of sulfoxides and prochiral organometallics have also been
described.2

We considered that a considerable broadening in the scope
for applications of chiral lithium amides would be possible if
multifunctional substrates could be employed. In a general
sense this could involve desymmetrisation of a prochiral
molecule having a number of functional groups deployed on a
suitable conformationally constrained template (most likely a
carbocyclic or saturated heterocyclic or polycyclic system). In
this type of chiral base reaction the key step would involve
kinetically controlled discrimination between hydrogens which
are activated by separate functional groups. For a situation in
which just two functional groups are involved (as the activating
groups for two enantiotopic methine hydrogens), the trans-
formation can be illustrated as the conversion of 1 into 2
(Scheme 1).3

The two activating groups X could be typical carbonyl types,
including ketone, ester or amide, or other types such as sulfone.
These two functions could be close together or somewhat
remote (variation in n) and the overall framework could bear
substituents R as long as the overall symmetry is retained in
substrate 1. As can be seen, the chiral base transformation,
involving selective substitution at one activated position would
be expected to generate chiral products having a number of
asymmetric centres (marked *).

Herein we describe our initial results in this new area of chiral
lithium amide base chemistry in which we have examined the
desymmetrisation of a number of ring–fused imides, i.e. n = 0
and X = amide (X groups linked to form a five-membered ring
imide).

Initial work showed that treatment of cyclopropane deriva-
tive 3 with chiral base 4 at low temperature in the presence of
Me3SiCl resulted in the formation of the desired product 5 in
80% yield and 95% ee (Scheme 2).4‡

Imide 5 proved to be crystalline, which enabled us to
determine the absolute configuration shown by single crystal
X-ray structure determination.§ Our delight at this excellent
result was tempered by the observation that only the use of
Me3SiCl as an in situ electrophile appears to enable clean
substitution, with the attempted reaction with alkylating agents
such as MeI resulting only in the destruction of starting
material. Although this is a drawback, we were able to
circumvent this apparent limitation by substitution of the
remaining acidic hydrogen by conventional means (Table 1).

Thus, introduction of a range of different substituents was
possible in good to excellent yield by use of LDA–LiCl as the
base.5 In the case of 6a we have confirmed that removal of the
silicon group is possible, to give the expected methylated imide.
As an alternative approach to the problem we have found that
fluoride-mediated substitution of the Me3Si group of 5 is
possible by a narrow range of electrophiles (PhCHO, PhSSPh
and PhCOF), to give directly the imide products 7 (Scheme 3).6
We expect that no loss of ee takes place in this process, although
this has not been confirmed to date.

Scheme 1

Scheme 2

Table 1 Substitution of 5 using LDA

Compound Electrophile Yield of 6 (%)

6a MeI 93
6b AllylBr 73
6c BnBr 67
6d PhSSPh 71
6e PhCHOa 61
6f PhCOCl 57

a Formed as a ca. 1 : 1 ratio of diastereoisomers.

Scheme 3
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Since one of the main objectives of this new chiral base
chemistry is to enable the synthesis of varied enantiomerically
enriched products, it was important to establish if the initial
enantioselective substitution to give 5 enabled subsequent
regiocontrolled reactions of the imide. In line with our
expectations, imide 5 undergoes highly regioselective thiona-
tion and reduction reactions, to give 8 and 9 respectively
(Scheme 4).7,8

Taken in combination with the highly enantioselective access
to compounds of type 6 and 7, this chemistry begins to indicate
some of the potential of our new approach for the synthesis of
lactams, lactones, pyrrolidines, etc.

Finally, we were able to extend this new asymmetric process
to several other imide systems, the silylated products 10–12

being isolated in excellent levels of ee from reaction of the
appropriate symmetrical imide starting material with a mixture
of 4 and Me3SiCl at low temperature.9¶

These results show that the concept outlined in Scheme 1 can
be realised, and the products clearly have some potential for
target synthesis. However, these asymmetric transformations of
ring-fused imides form but a small sub-group of the chemistry
implicit in Scheme 1, and efforts to realise further examples of
this diverse group of reactions are underway.

We are grateful to the EPSRC and Chiroscience Limited
(Cambridge Science Park, Milton Road, Cambridge, UK
CB4 4WE) for support of T. J. N. S under the CASE scheme.
We are also very grateful to Professor H. Hiemstra of the
University of Amsterdam for samples of certain ring-fused
imides.
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The mechanism of catalysis and the inhibition of b-lactamases
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Formation of a tetrahedral intermediate by nucleophilic
attack on the b-lactam carbonyl carbon of penicillins
generates a lone pair on the b-lactam nitrogen which is syn
to the incoming nucleophile, in contrast to the normal anti
arrangement found in peptides. Ring opening of the
b-lactam requires protonation of the b-lactam nitrogen by a
general acid catalyst. The general acid/base catalyst in
b-lactamases is probably a glutamate and a tyrosine residue
in class A and C enzymes, respectively. Phosphonamidates
inactivate class C b-lactamases by phosphonylation of the
active site serine, the rate of which is enhanced by a factor of
at least 106. The enzyme’s catalytic machinery used for
hydrolysis is also used for phosphonylation. The rate
enhancement may be greater than 109 if the mechanism
occurs by an inhibitor assisted reaction involving intra-
molecular general acid catalysis. Class B metallo-
b-lactamases are inhibited by thiol derivatives with Ki as low
as 10 µM. The mechanism of hydrolysis of the metallo-
b-lactamase involves a dianionic tetrahedral intermediate
stabilised by zinc(II).

b-Lactam antibiotics account for 50% of the world’s total
antibiotic market. They have high anti-bacterial activity and low
toxicity.1 In addition to the traditional families of penicillins and

cephalosporins—the penams 1 and cephems 2, respectively—
there are the carbapenems 3, the cephamycins 4, the ox-
acephamycins 5 and the monobactams 6.2 This battalion of
structures differ in their spectrum of antibacterial activity—
from narrow anti-Staphylococcal agents to broad spectrum
b-lactams capable of killing a wide variety of Gram positive and
negative bacteria—and in their ability not to be susceptible to
the b-lactamase hydrolytic enzymes which are the most
common, and growing, form of bacterial resistance to their
normally lethal action. b-Lactamases catalyse the hydrolysis of
the b-lactam to give the ring opened and bacterially inert
b-amino acid (Scheme 1).3

Two main therapeutic strategies have been adopted to
counteract bacterial resistance to b-lactam antibiotics. One
involves the design of antibiotics which are not susceptible to
b-lactamase catalysed hydrolysis. The other is to use an
inhibitor or inactivator of b-lactamase together with a normal
b-lactam antibiotic. Unfortunately, bacteria seem to be able to
produce new b-lactamases which catalyse the hydrolysis of
previously poor substrates and which are no longer susceptible
to previous inhibitors. For example, when the carbapenems 3,
such as imipenem, were first introduced in the 1970s they were
seen as versatile broad-spectrum antibacterials resistant to
hydrolysis by most b-lactamases. However, now ‘carbapena-
mases’ are increasingly produced by a variety of bacteria.4
There are two distinct types of b-lactamase production in
bacteria and so far about 200 different enzymes have been
identified.5 Inducible enzymes may be chromosomal or plasmid
encoded but the more common constitutive b-lactamase
production is predominantly plasmid mediated. Constitutive
mutants of Gram-negative strains produce enormous amounts
of enzyme so that periplasmic b-lactamase concentrations6 may
be up to 1 mM—about 104-fold greater than that used in most
laboratory kinetic experiments. Such high concentrations of
catalyst combined with their high efficiency means that there is
little chance of b-lactam antibiotics reaching their targets
without being hydrolysed.

Chemical reactivity of b-lactams
Four membered b-lactams occur relatively rarely in nature,
therefore it is not surprising that the biological activity of these
compounds should be attributed to the chemical reactivity of the
b-lactam ring. Shortly after the introduction of penicillin to the
medical world it was suggested that the antibiotic’s activity was
due to the inherent strain of the four-membered ring or to
reduced amide resonance.7 The non-planar butterfly shape of
the penicillin molecule 7 could reduce amide resonance and
thus increase the susceptibility of the carbonyl group to
nucleophilic attack, compared with planar amides. However,
there is little evidence to suggest that the kinetic reactivity of
b-lactams in penicillins and cephalosporins is due to an
unusually strained or an amide-resonance inhibited b-lactam.2
Interestingly, although the rate of alkaline hydrolysis of the
simple b-lactam 8 is only three-fold greater than that of 9,2 the
corresponding 4-membered b-sultams8 and b-phospholactams9

are 107–109 fold more reactive than the corresponding acyclic
sulfonamides and phosphonamidates, respectively.

Nucleophilic substitution at the carbonyl of b-lactams is an
acyl transfer process involving covalent bond formation
between the carbonyl carbon and the nucleophile and C–N bond
fission of the b-lactam (Scheme 2). In these types of reactions
the mechanism involves, at least, a two-step process.2,7

Covalent bond formation to the incoming nucleophile occurs
before C–N bond fission, resulting in the reversible formation of

Scheme 1
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a tetrahedral intermediate. Contrary to expectations, opening
the four-membered ring is not a facile process.10 In many of
these nucleophilic substitution reactions the rate-limiting step is
often not the first addition step but a subsequent one which may
sometimes even be ring-opening itself.2

Those reactions which involve the attack of a neutral
nucleophile which has an ionisable hydrogen (Scheme 2)
invariably require general base catalysis to remove the pro-
ton.2,7 The requirement for proton removal is paramount—and
in extreme cases only the reaction of the anionic nucleophile is
observed (Scheme 2). For example, there is no pH-independent

reaction of water with penicillin, and alcohols react only
through their anions.11 The importance of general base catalysis
is a reflection of the fact that contrary to expectations penicillins
are not powerful acylating agents.11 Similarly, C–N bond
fission requires protonation of the amine nitrogen.2,7

It has been suggested that ring opening does not occur by
stretching of the C–N bond but rather by a rotational
motion.10,12 This minimises strain effects and maximises
favourable orbital interactions. The unusual mode of C–N bond
fission could have interesting consequences in the enzyme-
catalysed hydrolysis of b-lactams for the geometrical relation-
ship of the proton donor in the protein and the amine leaving
group.

Another interesting difference between nucleophilic substitu-
tion in penicillins and peptides/amides is the preferred direction
of attack and the geometry of the initially formed tetrahedral
intermediate. It is usually assumed that nucleophilic attack on
the carbonyl carbon of a planar peptide will generate a
tetrahedral intermediate with the lone pair on nitrogen anti to
the incoming nucleophile, (10, 11). Conversely, nucleophilic
attack on b-lactams occurs from the least hindered a-face (exo)
so that the b-lactam nitrogen lone pair is syn to the incoming
nucleophile in the tetrahedral intermediate (12).13, 14 This has
obvious consequences for the placement of catalytic groups—
particularly the general acid donating a proton to the departing
amine of the b-lactam.12

b-Lactamases

The main mechanistic division of b-lactamases is into serine
enzymes and zinc enzymes.3 The former have an active site
serine residue and the catalytic mechanism involves the
formation of an acyl–enzyme intermediate. The metallo-
enzymes appear to involve only non-covalently bound inter-
mediates. On the basis of their amino acid sequences, the serine
b-lactamases are sub-divided into three classes—A, C and
D—whereas the class B b-lactamases consist of the zinc
enzymes.3

Serine b-lactamases

Structure
The class A and class C enzymes are monomeric medium-sized
proteins with Mr values of about 29 000 and 39 000, re-
spectively.3 The structures of four class A15–17 and two class
C18,19 b-lactamases have been reported. There are two major
structural domains—all-a and a/b—with the active site situated
in a groove between the two domains. The class C b-lactamases
have additional loops and secondary structure on the all-a
domain. The active site serine is situated at the N-terminus of
the long, relatively hydrophobic, first a-helix of the all
a-domain. There are several highly-conserved residues sur-
rounding the active site which may be involved in substrate
recognition and the catalytic process of bond making and
breaking. Firstly, a lysine residue is always present as the third
amino acid and one helix-turn further down the chain from the
serine and pointing into the active site. Two other residues
forming one side of the catalytic cavity are Ser-Xaa-Asn (class
A) or Tyr-Xaa-Asn (classes C and D) with the side chains of the
first and third residues pointing into the active site. The Ser130-
Asp131-Asn132 (the SDN loop) motif is also almost invariant
in class A. The other side of the cavity is formed from the
b-sheet of the a/b domain and is generally Lys-Thr-Gly. In class
A enzymes there is also a conserved glutamate which, in the
static crystal structure, is hydrogen-bonded to a conserved water
molecule which in turn is hydrogen-bonded to the active site
serine.

Mechanism of hydrolysis
There is very strong evidence for the formation of an acyl
enzyme intermediate (Scheme 3)—including electrospray mass

spectrometry,20 infra-red measurements,21 trapping experi-
ments,22 the determination of the rate constants for their
formation and breakdown23 and even an X-ray crystal struc-
ture.24

The two experimental kinetic parameters associated with
simple systems exhibiting Michaelis–Menten behaviour are the
second-order rate constant kcat/Km determined below saturation
and the first order rate constant kcat determined above
saturation.25 The interpretation of these experimental macro-
scopic rate constants as they vary with parameters such as pH,
substituents in the substrate26,27 and amino acid replacement in
the enzyme28 depends upon the model assumed for the reaction
pathway. The overall reaction pathway for the serine
b-lactamases is given in eqn. (1).

    
E + S  ES EA E + P" "
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k
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k
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æ Ææ
1

1
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2
3  (1)

It is usually assumed that formation of the usually relatively
unstable acyl enzyme (EA) is irreversible, i.e. k-2 = 0 and the
second-order rate constant kcat/Km, determined below saturation

Scheme 2
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conditions, is then given by eqn. (2) and hence always reflects
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Under saturation conditions the observed rate constant, kcat, is
independent of substrate concentration and is given by eqn. (3)
and so simplifies to the rate of acylation k2, if k3 > > k2 and the
enzyme is essentially present as the enzyme–substrate complex.
Conversely, kcat reflects the rate of deacylation, k3, when k2 > >
k3 and the enzyme is present mainly as the acyl enzyme.
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However, if formation of the acyl enzyme is reversible then kcat/
Km and kcat are given by eqns. (4) and (5), respectively. For
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serine proteases, k-2 represents the ‘intermolecular’ aminolysis
of the acylenzyme to regenerate the peptide substrate. For the
hydrolysis of b-lactams catalysed by b-lactamases the k-2 step
corresponds to ‘intramolecular’ aminolysis to regenerate the
b-lactam substrate (Scheme 3). Although the formation of a
strained four-membered b-lactam is likely to have a significant
activation energy it is not totally inconceivable that this
intramolecular step has an entropic advantage29 and is com-
petitive with intermolecular hydrolysis of the acylenzyme. For
example, we have demonstrated, using esterase enzymes, that
lactams can be formed from amino esters in water in preference
to the hydrolysis product.30 The interpretation of the macro-
scopic rate constant kcat/Km may then become ambiguous
because it reflects all microscopic rate constants up to and
including the first effectively irreversible step.

Formation of the acyl enzyme intermediate requires at least
two proton transfers—proton removal from the attacking serine
and proton donation to the departing b-lactam amine (Scheme
4). Despite the availability of a number of X-ray crystal

structures of several class A and class C b-lactamases15–19 and
many site-directed mutagenesis studies,28 the indentity of the
catalytic groups involved in these proton transfer steps remain
elusive.

In principle, the general base which accepts a proton from the
nucleophilic serine is not necessarily the same residue which
then acts as a general acid to donate a proton to the departing
b-lactam nitrogen. Conceptually this is neater and our preju-
dices are reinforced by the juxtaposition of the nitrogen lone
pair, the serine and the general base/acid being on the same
(exo) a-face of the substrate in the tetrahedral intermediate 12.
Similarly, the hydrolysis of the acyl enzyme requires two proton
transfer steps—from water and to the departing serine—and
only our preference for simplicity requires these to be one and
the same residue and the same as that involved in the acylation

step (Scheme 4). This hydrolytic water probably also ap-
proaches from the a-face and can be displaced by a 6a- or
7a-substituent in the penicillin or cephalosporin nucleus,
respectively, which explains the poor activity of class A
b-lactamases against imipenem31 and cephamycins.32 Protein
stability measurements of covalently-bound phosphonates to a
class A b-lactamase also support this hypothesis.33

There are therefore at least four transition states correspond-
ing to formation and breakdown of the tetrahedral intermediate
to give initially the acyl enzyme followed by its hydrolysis
(Scheme 4). The concept of a unique ‘transition state analogue’
as an inhibitor for an enzyme catalysing a reaction through
many steps becomes ambiguous—there could be many ana-
logues corresponding to different transition states.34 The
evolutionarily-perfect enzyme reduces the transition state
energies for all steps in the conversion of reactants to products
without ‘over-stabilising’ any intermediates.35 The maximum
second-order rate constant for an enzyme-catalysed reaction is
that corresponding to diffusion control (ca. 108 M21 s21) and
some b-lactamases appear to be near this limit and are ‘perfect
catalysts’.36

In class A b-lactamases there are two serious contenders for
the general base/acid—Glu166 and Lys73. The pH-dependence
of kcat/Km indicates two ionising residues are important for
catalysis—one of pKa ca. 5 and formally required in its basic
form and one of pKa ca. 9 and formally required in its acidic
form. If the low pKa group corresponds to the general base then
this is acceptable for the carboxylic acid of Glu166 but is rather
low for an ammonium ion of Lys73. Although it has been
suggested that Lys7324,37 may have a reduced pKa it is difficult
to envisage the required reduction of 5.6 pKa units given the
close proximity to Glu166 (2.8 to 3.4 Å).15–17 A normal pKa of
Lys73 is supported by 13C NMR studies38 and theoretical
calculations.39 In class A b-lactamases15–17 the Glu166 carbox-
ylate oxygen distance to Ser70 oxygen is 3.5–4.0 Å whereas the
Lys73 nitrogen distance to the Ser70 oxygen is 2.5–2.9 Å. It is
possible that the intervening water molecule, seen in the crystal
structure, can act as a bridge for proton transfer from Ser70 to
Glu166, acting as a general base catalyst. Alternatively, the
flexibility of the W-loop on which Glu166 resides may allow the
distance between the two residues to shorten during the
acylation process. The internal structures of proteins are in a
state of constant motion at ambient temperature and a degree of
flexibility in b-lactamases has been proposed for many years.40

The ability of b-lactamases to accommodate substrates of
diverse structure is indicative of their flexibility.

Site-directed mutagenesis of Glu166 shows that the rates of
both acylation and deacylation are affected, although the latter
is more so.28 However, in general base-catalysed reactions the
dependence of reactivity upon the basicity of the catalyst and
the geometrical relationship between the acid-base pair is not
usually strong.25 It is quite conceivable for mutants to act as
reasonable catalysts even when the amino acid residue acting as
the general base/acid in the wild type is replaced because
another residue, or even the peptide link itself,14 can take over
the role of proton acceptor/donor without significant loss of
activity.

On balance it appears that the evidence supports Glu166
(Scheme 4, B = GluCO2

2) acting as the unique proton transfer
agent—as a general base and acid in the formation and
breakdown of the tetrahedral intermediate, respectively, and in
the same role for the hydrolysis of the acyl enzyme inter-
mediate.

Class C b-lactamases

Historically, class C b-lactamases were often referred to as
‘cephalosporinases’ because of the characteristic higher turn-
over numbers, kcat, observed for cephalosporins compared with
penicillins. However, the kcat/Km values for the two classes of
enzymes are generally similar and high for both penicillins and

Scheme 4
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cephalosporins (105 to 108 M21 s21).41 A major difference
between the two classes is that for class C b-lactamases
deacylation is often rate-limiting, so that the acyl enzyme
intermediate may accumulate, giving rise to low values of Km.41

Furthermore, class C enzymes are weak catalysts for the
hydrolysis of non b-lactam substrates such as esters and
thioesters.42 In class C b-lactamase there is no equivalent
glutamate residue but Tyr150 may take its role with Lys67
equivalent to Lys73 in the class A enzyme.18,19 In addition, it
has been suggested that the hydrolytic water involved in
deacylation of the acylenzyme approaches from the b-face43

and that this hydrolysis may be substrate-assisted by the
expelled amine, which was the b-lactam nitrogen, acting as a
general base catalyst.44 In class C b-lactamase it has been
suggested that the phenol of Tyr150 has a severely reduced pKa
and acts as a general base catalyst for proton removal from
Ser6418,42 although this is not supported by site-directed
mutagenesis of Tyr150.45

The E.cloacae P99 class C b-lactamase catalysed hydrolysis
of benzylpenicillin has been shown to yield, in addition to the
normal hydrolysis product, the penicilloyl a-methyl ester in the
presence of methanol.22 This is presumably due to the
partitioning of the acyl enzyme intermediate between its
reaction with water to give the hydrolysis product and its
reaction with methanol to produce the penicilloyl ester. At pH 8,
with 1 M methanol, up to 30% of the product is the methyl ester.
Under saturation conditions the pH-dependence for the second-
order rate constant for methanolysis gives two apparent pKas for
the methanolysis reaction which are similar to those observed
for hydrolysis, implying that the same catalytically important
groups are being used for both reactions.22

The absolute values of the pKa and their shift in D2O indicate
differences between the acidic and basic limbs of the pH–rate
profiles. The shift in pK2

a in D2O obtained from kcat/Km and kcat
for hydrolysis is about 0.4 and is that expected from fractiona-
tion factors for common acidic groups.46 However, DpK1

a is
0.85 from kcat/Km and kcat for both methanolysis and hydrolysis.
This shift and the observed inverse kinetic solvent isotope effect
on kcat/Km is unusual and is indicative of a system with an
abnormally low fractionation factor for the basic species formed
and/or a high fractionation factor for the protonic state
undergoing dissociation.47 The most likely basic group respon-
sible for the acid limb of the pH–rate profile for both acylation
and deacylation is Tyr150, which is hydrogen-bonded to
Lys315 and Lys6722 (Scheme 5).

Because of its relatively positive environment and the strong
hydrogen bonding of the phenoxide ion by lysine residues,
Tyr150 has a severely reduced pKa. It appears that the Tyr150
residue is a very strong candidate for the role of a general base
catalyst in class C b-lactamases (Scheme 4, B = TyrO2).22

Catalytic efficiency of b-lactamase-catalysed acyl and
phosphyl transfer

Nucleophilic substitution at acyl centres generally proceeds via
the formation of an unstable tetrahedral intermediate (TI).25 The
reaction pathway involves a change in geometry as the carbonyl
carbon is converted from three- to four-coordination. Fur-
thermore, it is usually assumed that there is some preferential
direction of nucleophilic attack such that the incoming nucleo-
phile approaches at approximately the tetrahedral angle to the
carbonyl group.48 By contrast, the associative mechanism for

phosphyl group transfer involves a pentacoordinate inter-
mediate with trigonal bipyramidal geometry.25,49 An initially
four-coordinate and tetrahedral phosphorus centre is converted
to a five-coordinate one and, in general, it is assumed that the
preferential pathway involves the nucleophile taking up the
apical position and the leaving group departing from an apical
position of the trigonal bipyramidal intermediate (TBPI).49

Nucleophilic attack at both carbonyl and phosphyl centres is
often facilitated by general base catalysis when the nucleophile
generates an acidic centre upon covalent bond formation in the
intermediate. Similarly if the leaving group is very basic, bond
fission and expulsion of the leaving group may be assisted by
general acid catalysis. Given the preferential geometrical
requirements for incoming nucleophiles and departing leaving
groups, there must be a favoured relative positioning of the
general base and general acid catalysts (Scheme 6).

It is often assumed, but with little actual supporting evidence,
that enzymes catalyse reactions by an exquisite positioning of
the catalytic groups.50 This is obviously not the case for
b-lactamases, which efficiently catalyse the hydrolysis of both
penicillins and cephalosporins where there are significant
geometrical differences, e.g. between the b-lactam carbonyl and
nitrogen and the C-3 carboxylic acid in penicillins and that at C4
in cephalosporins. Also if rigid positioning of catalytic groups
was so important then it is doubtful if an enzyme with a primary
function as a catalyst for acyl transfer could be an effective
catalyst for phosphyl transfer because of the geometrical
differences in the displacement mechanisms (Scheme 6),
although the possibility of pseudorotation in the intermediate
may make matters even more complicated.

The class C b-lactamase is, in fact, extremely efficient in
enhancing the rate of phosphyl transfer51 and the pH depend-
ence of the kinetic parameters indicate that similar catalytic
machinery is used for both acyl and phosphyl transfer. The class
C b-lactamase from Enterobacter cloacae P99 is inactivated by
the phosphonamidate 13 (R = BnO)51 by a phosphonylation
process analogous to the enzyme-catalysed acylation by the
penicillins (Scheme 7).

It is necessary to demonstrate that the enzyme actually
enhances the rate of the phosphonylation reaction. It is well-
known that enzymes can catalyse the same reaction of a variety

Scheme 5

Scheme 6

Scheme 7
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of substrates and even different reactions with alternative
substrates.52 However, demonstrating the efficiency of the
catalysis when the substrate is modified is not straightforward.
Modification of the substrate structure can affect the absolute
free energies of both the initial reactant state and the transition
state, whereas the observed differences in rate constants for the
enzyme catalysed reaction only reflect the difference in energies
between these two states.53 Different chemical structures can
affect the ease of bond-making and -breaking via classical
electronic factors such as inductive, resonance and steric
effects. However, the free energy of activation of an enzyme-
catalysed reaction is also affected by the favourable binding
energies between the protein and substrate substituents not
directly involved with the reaction site. It is therefore necessary
to separate these two effects before conclusions about the
efficiency of enzyme catalysis can be made. We have
suggested26 that an ‘enzyme rate-enhancement factor’ (EREF)
can be evaluated by dividing the second-order rate constant for
the enzyme catalysed reaction, kcat/Km, by that for hydrolysis of
the same substrate catalysed by hydroxide ion, kOH. These
factors ‘normalise’ substrate reactivity and indicate the true
efficiency of catalysis.

Both diastereoisomers of the phosphonamidate 13 (R =
BnO) completely and irreversibly inactivate the P99 class C
b-lactamase in a time-dependent manner to give apparent first
order rate constants, kobs, for inactivation. These in turn show a
first-order dependence on the concentration of the phosphona-
midate to give the second-order rate constants, ki, for inactiva-
tion. The two diastereoisomers show different rate constants for
inactivation (5.10 and 0.14 dm3 mol21 s21). There is no
discernible difference in the chemical reactivity of the two
diastereoisomers towards alkaline hydrolysis. The 36-fold
difference in reactivity is therefore good evidence of selectivity
in the reaction of the enzyme with the two phosphonamidates
and indicative of specific interactions between the inactivators
and the protein. Further evidence of selectivity is seen from the
fact that the phosphonamidate 13 (R = BnO) is not a significant
inhibitor of either the class A b-lactamase or the class B zinc-
dependent b-lactamase from B. cereus. The time-dependent
inactivation is indicative of covalent bond formation between
the enzyme and the phosphonamidate, which is confirmed by
electrospray mass spectrometry (ESMS).51 For the most
reactive diastereoisomer, inactivation of the enzyme occurs by
formation of a 1 : 1 covalently bound enzyme–inactivator
complex in which a proline residue has been displaced by a
nucleophilic group on the enzyme—presumably the active site
serine. Conversely, the less reactive diastereoisomer reacts with
b-lactamase by displacing ethanol, which can be detected by gas
chromatography. The observation that the enzyme reacts with
one diastereoisomer by displacing proline and with another by
displacing ethanol is again indicative of a stereoselective
reaction occurring at the active site.

Phosphonamidates are relatively chemically stable and the
fast reaction with the b-lactamase indicates that the catalytic
machinery of the enzyme used for hydrolysis is also used for
phosphonylation and inactivation. This is confirmed by the
enzyme rate enhancement factors. The P99 b-lactamase cataly-
ses the hydrolysis of benzylpenicillin with an EREF of 2.63
108. Phosphonylation of b-lactamase by the most reactive
diastereoisomer of the phosphonamidate 13 occurs by P–N
fission and displacement of proline, but the hydroxide ion-
catalysed hydrolysis of the phosphonamidate 13 occurs with
P–O fission, so the EREF value for phosphonylation is therefore
> 2 3 106. Clearly, the enzyme is facilitating P–N fission
almost as effectively as it does C–N fission in b-lactams.
Despite the differences in geometrical requirements for sub-
stitution at acyl and phosphyl centres and the enormous
differences in intrinsic chemical reactivities between the
b-lactam in penicillin and the phosphonamidate, the
b-lactamase enzyme is able to significantly lower the activation
energy for reactions of both compounds.

The generation of a formal negative charge on oxygen in the
tetrahedral intermediate is accompanied by a large change in the
basicity of the oxygen—a change in pKa of the corresponding
conjugate acids of at least 12 pKa units (Scheme 6). The
kinetically important species of the tetrahedral intermediate is
its anion even though the thermodynamically more stable form
is the neutral conjugate acid at neutral pH. Nonetheless, the
anion must be strongly solvated by hydrogen-bonding and many
enzymes which catalyse acyl transfer reactions have an
‘oxyanion hole’ which stabilises the tetrahedral intermediate by
hydrogen-bonding from adjacent peptide links. The difference
in this interaction between the initial state carbonyl oxygen and
the tetrahedral intermediate as a result of the change in oxygen
basicity makes a major contribution to the lowering of the
activation energy compared with the non-enzyme-catalysed
reaction.54 Such an ‘oxyanion hole’ exists for the serine
b-lactamases55 and, in common with serine proteases, one of the
peptide N–H hydrogen-bond donors is that belonging to the
serine residue—Ser70 in the class A enzymes and Ser64 in the
class C enzymes. The ‘intramolecular’ hydrogen-bond with the
active site serine peptide NH presents a fairly well-defined
geometry. In the equivalent pentavalent phosphyl enzyme the
negative charge on the oxygen presumably takes up an
equatorial position so that it is ca. 90° to the newly formed
serine O–P bond compared with the approximately tetrahedral
angle formed with the b-lactam substrate (Scheme 6). Despite
these differences, the enzyme is capable of catalysing the
phosphonylation with extreme efficiency.

It is often assumed that the phosphylation of serine enzymes
can only occur with organophosphorus compounds with good
leaving groups because these do not require proton transfer
from general acid catalysts to aid departure.56 However, the
class C b-lactamase is obviously capable of displacing the
proline residue from the phosphonamidate 13 despite the poor
leaving group and the presumed need for protonation of the
amine nitrogen.

There are two ionisations in class C b-lactamase which
control hydrolytic catalytic activity (Fig. 1)—corresponding to

groups of pKa ca. 6.1 and 10.1.22 The pH-dependence of ki (Fig.
1) shows that inactivation also depends on a catalytic group of
pKa 6.2, which suggests that the catalytic machinery used for
hydrolysis is also used for the phosphonylation of 13. However,
the pH–rate profile for inactivation indicates an additional
proton is required, i.e. whereas hydrolysis apparently requires
the group of pKa 6 to be in its deprotonated, basic form,
phosphonylation apparently requires this group to be in its
protonated, acidic form, which is probably the result of kinetic
ambiguity. The rate of hydrolysis of the substrate S is
proportional to [EH][S] where [EH] is the protonic form of the
enzyme with the groups of pKa 6 and 10 in their basic and acidic
forms, respectively (Scheme 8). The observed kinetics (Fig. 1)

Fig. 1 (1) A plot of kcat/Km (left hand axis) for the class C E.cloacae
b-lactamase-catalysed hydrolysis of benzylpenicillin against pH and (-) ki

(right hand axis) against pH for the inactivation of the enzyme by the
phosphonamidate 13 (R = BnO)
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for inactivation by the inhibitor I indicate a rate proportional to
[EH2][I], which, for a process of phosphonylation of the active
site serine (Scheme 7) is difficult to interpret mechanistically.
Of course, the rate law can have various kinetic equivalents
[eqn. (6)].
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Phosphonylation could occur through EH with the group of pKa
6 acting as a general base for serine attack as in the hydrolytic
reaction (Scheme 9). Breakdown of the trigonal bipyramidal

intermediate, however, could occur by proton donation to the
proline nitrogen from the solvent hydronium ion and not the
protein [eqn. (6)]. Only the L-proline phosphonamidate 13 (R =
BnO) is an effective inhibitor; the corresponding ester is
ineffective and the D-proline isomers are much weaker. This
could reflect the normal requirement of a carboxylate anion for
molecular recognition. It could, however, indicate that the
reaction occurs through EH and IH [eqn. (6)] where the latter is
the conjugate acid of the phosphonamidate 13, i.e. with the
carboxylic acid group undissociated. The pKa of this carboxylic
acid is 3.86, so, over the pH range studied for inactivation, the
major species present is the carboxylate anion of the phospho-
namidate 13. The pH-dependence for inactivation (Fig. 1)
would then be given by eqn. (7). The true second-order rate
constant for phosphonylation would then be kiK1/Ka =

  
k k
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6.43 3 103 dm3 mol21 s21, giving an EREF of > 33 109. The
class C b-lactamase is indeed very effective at enhancing the
rate of phosphonylation. If the mechanism does involve the
undissociated carboxylic acid of the phosphonamidate as
‘substrate’ then this is probably the result of ‘substrate’-assisted
catalysis, with the carboxylic acid acting as an intramolecular
general acid catalyst facilitating P–N fission from the trigonal
bipyramidal intermediate (Scheme 9).

Class B metallo-b-lactamases

Class B b-lactamases are metalloproteins which require zinc(II)
ions for their activity. The first of these enzymes discovered was
called b-lactamase II57 and is produced by Bacillus cereus,
which also produces two distinct class A enzymes. In 1985 there
were just two species identified as producing metallo-
b-lactamases. Now there are at least 20 bacterial sources of the

metallo-enzyme including those found in Pseudomonas malto-
philia (L-1), Aeromonas hydrophila (A2) and Bacteroides
fragilis.58

Although these metallo-enzymes were initially thought to be
clinically unimportant, some pernicious strains have been
shown to owe their antibiotic resistance to their ability to
produce zinc-b-lactamases.59 The mechanism-based inactiva-
tors which have been used against the serine enzymes are
generally ineffective against the ZnII-dependent enzymes, and,
at present, there are no clinically-useful inhibitors known. One
of the main characteristics of the zinc-enzyme is its ability to
catalyse the hydrolysis of nearly all b-lactams including
carbapenems 3. These b-lactamases are extremely efficient at
catalysing the hydrolysis of imipenem with values of kcat/Km of
ca. 106 M21 s21, which is at least a 1000-fold greater than that
shown by ‘classical’ class A b-lactamases such as TEM-1. A
review of the catalytic properties of the well-characterised class
B b-lactamases shows that the A. hydrophila enzyme exhibits
the most specific substrate profile, while the other enzymes are
rather broad-spectrum.60

The sequences of the metallo-b-lactamases have been
established and they all contain a single peptide chain,
composed of 220–230 residues.61 A sequence comparison
indicates that the P. maltophilia enzyme is only remotely related
to the others, which do appear to constitute a more homogenous
group and exhibit 37 strictly conserved residues. Surprisingly,
His86, one of the histidine residues which seems to be involved
as ZnII-binding ligands in the Bacillus cereus enzyme, is
replaced by an Asn residue in the A. hydrophila b-lactamase.

Of particular ambiguity is the number of zinc ions per
molecule of b-lactamase. A low resolution crystal structure of
the B. cereus (569/H/9) b-lactamase showed 1 mol of ZnII in the
active site bound by three histidines and one cysteine.62 A
second metal-binding site was identified, but this only weakly
bound ZnII. However, more recently, a second crystal structure
of the same enzyme showed only a single metal-binding site,
with other significant differences. The zinc ion, in the B. cereus
(569/H/9) b-lactamase is coordinated by three histidine residues
(86, 88 and 149) and, probably, a water molecule in a distorted
tetrahedral arrangement.63 Equilibrium dialysis64 and 1H NMR
analysis65 indicate that the B. cereus II enzyme is capable of
binding two zinc ions but computer-assisted molecular model-
ling indicates there is just one major metal ion binding site.62 As
with many metallo-b-lactamases, the zinc ion of the B. cereus II
enzyme can be replaced by different metal ions and still retain
some b-lactamase activity.64 Most mechanistic and structural
information is derived from the B. cereus enzyme. However,
there has very recently been a structure reported for the
binuclear zinc b-lactamase from B. fragilis66 which tightly
binds both ZnII ions, although the loss of a single ZnII is not
catastrophic for b-lactamase activity.67.

The mechanism of action of B. cereus II metallo-b-lactamase
is generally thought to be similar to that of carboxypeptidase A
and to involve a water molecule, bound to the zinc ion of the
active site, attacking the carbonyl group of the b-lactam ring. It
was originally proposed that glutamate-37 acts as a general base
and deprotonates the water molecule with the proton subse-
quently being donated to the nitrogen atom of the b-lactam ring
to cause cleavage.68 However, glutamate-37 is too far from the
zinc ion to perform this function and site-directed mutagenesis
studies have shown this glutamate is not essential for the
catalytic function of the enzyme.69 It has been demonstrated
that aspartate-90 is essential for enzyme activity and conse-
quently suggested that this residue acts as the general base to
assist in the hydrolysis of the amide bond of b-lactam
substrates.63,70 In summary, it is not known whether the
hydrolysis of b-lactams catalysed by class B b-lactamases
occurs by general base catalysis or whether zinc acts simply as
an electrophile or as a provider of zinc-bound hydroxide ion.
Furthermore, if there is a second binding site for zinc its exact
role is not known.

Scheme 8

Scheme 9
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Inhibition of metallo-b-lactamases
Whatever the detailed mechanism of action of b-lactamase, it is
likely that zinc(II) stabilises the tetrahedral intermediate 12
presumed to be formed during the catalytic process. Thiols are
well-known inhibitors of metallo-proteases because of their
ability to coordinate to the active site zinc.34 We have
synthesised several thiol derivatives with structures containing
suitable sites for molecular recognition (14) as potential

inhibitors of the class B metallo-b-lactamases.71,72 The thiols
are indeed competitive inhibitors of the B.cereus class B
b-lactamase and values of Ki were determined by the effect of
varying concentrations of the thiol on the value of the second-
order rate constant kcat/Km for the hydrolysis of benzylpenicillin
and cephaloridine. The inhibition constants vary from 10 to 400
µM and are dependent on the nature of the substituents and the
stereochemistry at R2 and R3.71 The antihypertensive drug and
ACE thiol inhibitor captopril is also an effective inhibitor with
a Ki of 27 mm. Replacing the CH2SH moiety in 14 by CO2H
gives far less effective inhibitors. As described later, these thiol
inhibitors were useful in determining the pKa of the zinc bound
water.72

Despite the increasing clinical importance of the metallo-
b-lactamases there have been few reports of effective in-
hibitors.73

Mechanism of hydrolysis
The number of binding sites for zinc(II) per molecule of class B
b-lactamases appears to be one63 or two.66 The crystal structure
of the enzyme from B.cereus 569/H used in our studies has one
tightly bound zinc.63 The effect of additional zinc(II) in solution
on the catalytic activity of the enzyme is minimal. Between pH
5.5 and 7.0 a ten thousand-fold excess of zinc(II) increases kcat/
Km by less than 36%, indicating that for this enzyme, at least,
there is no catalytically important second site for zinc(II).72

The pH-dependence of the rate of hydrolysis of b-lactams
catalysed by the class B metallo-b-lactamase from B. cereus is
very unusual. The pH-dependence of the logarithm of the rate
constants, kcat/Km and kcat, for the hydrolysis of benzylpenicillin
and cephaloridine show characteristic bell-shaped behaviour,
but, amazingly, the slope on the acidic limb is 2.0 and not the
usual 1.0. The variations in kinetic constants are the result of
reversible ionisation and are not due to acid-catalysed inactiva-
tion/degradation of the protein.72 There is no evidence for rapid
and reversible denaturation of the enzyme at pH 4.5 from
changes in the CD spectrum.

It therefore appears that the rate is suppressed at lower pH
because of two protonation processes. Because similar behav-
iour is observed for the two substrates, a penicillin and a
cephalosporin, this unusual behaviour is attributable to protona-
tion of the enzyme. The pKas corresponding to these two
equilibrium processes, i.e. pKa1 and pKa2 in Scheme 10, must be

similar, with pKa1 = pKa2 = 5.60 ± 0.20. Altogether, there are
three kinetically important ionising groups including one with a
pKa of 9.5 (Scheme 10). The mechanism may not necessarily
involve the two groups of pKa 5.6 and that of pKa 9.5 in their
deprotonated and acidic forms, respectively. The kinetics

simply indicate that there are three basic residues and a proton
controlling activity. Two of the most likely candidates for these
ionisations are the zinc-bound water molecule and Asp90. The
zinc of B. cereus b-lactamase is co-ordinated to three protein
ligands—His86, His88 and His149—and a water molecule.63

Formally, either the pKa of 5.6 or 9.5 could conceivably
correspond to the ionisation of zinc-bound water. The pKa of
hydrated Zn2+ is 9.5 but the enzyme environment and the
nitrogen ligands could modify this. For example, the pKa of
zinc-bound water in carbonic anhydrase is 6.874 and in
carboxypeptidase A it is 6.2.75 The most likely amino acid
candidate for the pKa of 5.6 is aspartate-90, which is highly
conserved.

It has been possible to deduce the pKa of the zinc-bound water
in b-lactamase by determining the dependence of the inhibition
constant pKi of the thiols 14 against pH. Binding is pH-
independent between pH 6 and 9 but decreases in both acidic
and basic solution—the inflections are very similar to those
observed for enzyme-catalysed hydrolysis which indicates that
the ionisation states of the enzyme required for catalysis are also
those required for binding the inhibitor. However, the slope on
the acidic limb is 1.0, in contrast to that observed for hydrolysis,
which implies that only one acidic group in the enzyme has an
effect on binding the inhibitor. The pH-independent binding of
the thiol inhibitor between pH 6 and 9 indicates that the pKa of
the zinc-bound water is the low value of 5.6 because the only
scheme which gives pH-independent binding between pH 6 and
9 would be if the neutral undissociated thiol, pKa 9.5, binds to
the species of enzyme in which the water bound to the zinc is
fully deprotonated [eqn. (8)].73

EZn·OH + RSH " EZn·SR + H (8)

A major problem with the widely accepted mechanism of
general base-catalysed removal of a proton from zinc(II)-bound
water in a process which is concerted with nucleophilic attack
on the b-lactam carbonyl group is the relative acidity of this
proton. Even if the pKa of the zinc(II)-bound water is about 9
then 10% of the species already exists in the fully deprotonated
form at pH 8 and 1% at pH 7. Presumably, the deprotonated
form is a much better nucleophile than the species which is only
partially deprotonated. There is little or no catalytic advantage
in having a general base remove a proton when the more active
species is already present. Although C–N bond fission is the
most energetically difficult process in amides hydrolysis, little
attention is normally given to the mechanism of the breakdown
of the tetrahedral intermediate.

The mechanism which is compatible with the observation
that two catalytically important groups of pKa ca. 5.6 are both
required in their deprotonated forms is shown in Scheme 11.

Zinc(II)-bound water is present at neutral pH in its deprotonated
form and acts directly as the nucleophile to attack the b-lactam
carbonyl. Zinc(II) also acts as an electrophile to stabilise the
negative charge generated on the carbonyl oxygen on forming
the tetrahedral intermediate. Ring opening of the b-lactam ring
is not a facile process and this first step is likely to be reversible,

Scheme 10
Scheme 11
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i.e. collapse of the tetrahedral intermediate to regenerate the
b-lactam occurs at a faster rate than C–N bond fission (k-1 > >
k2, Scheme 11). This is not surprising; carbon–oxygen bond
fission expels a reasonable leaving group—the zinc bound
hydroxide ion, the conjugate acid of which has a pKa of 5.6.
Carbon–nitrogen bond fission to expel the amine leaving group
will not occur without protonation of nitrogen. In amide
hydrolysis carbon–nitrogen bond fission is sometimes facili-
tated by deprotonation of the tetrahedral intermediate to
generate a dianionic tetrahedral intermediate. In the metallo-
b-lactamase mechanism this process could occur by the
carboxylate anion of Asp90 (Scheme 11) to give a dianionic
system with two negatively charged oxygens bound to zinc. The
formation of the dianion of the tetrahedral intermediate nicely
explains the requirement for two negative charges in the
transition state. Deprotonation of the attacking zinc-bound
hydroxide also avoids formation of an unstable system of a
neutral undissociated carboxylic acid bound to zinc(II). The
final step would then involve general acid-catalysed breakdown
of the zinc-bound dianionic tetrahedral intermediate with the
now undissociated Asp90 donating a proton to the departing
amine nitrogen (Scheme 11). Either k2 or k3 could be rate-
limiting, and kinetic solvent isotope effects do not distinguish
between these. The proposed mechanism also suggests struc-
tures which may be suitable for inhibiting the metallo-
b-lactamases.

Summary

The battle between humans and bacteria appears relentless and
the ability of bacteria to develop and pass on resistance to
antibiotics seems never-ending. Understanding the mechanisms
of the broad classes of b-lactamases makes one contribution to
overcoming this conflict.

Although there is superficial similarity between the serine
b-lactamases and the more familiar serine proteases the details
of the mechanisms of the necessary proton transfer steps
remains unknown. We need to know more about the mechanics
of C–N bond fission in the b-lactam leading to ring opening.
Given the relative conformational inflexibility of the normal
b-lactam substrates it is intriguing to note the apparent
flexibility of the enzyme in efficiently catalysing the reactions
of a wide variety of substrates and inactivators. There does not
appear to be an exquisite positioning of the catalytic groups and,
indeed, the detailed mechanism may vary with substrate
structure. This may be an advantage with respect to the design
of potential enzyme inactivators and inhibitors. In addition to
acyl and phosphyl transfer the serine b-lactamases may catalyse
other reactions.

The metallo-b-lactamases are becoming clinically more
important as a form of bacterial resistance. The mechanism of
their action again appears to be different from the formally
similar metallo-proteases. Now that it appears that a dianionic
tetrahedral intermediate is involved, the design of suitable
transition state analogues may lead to effective inhibitors of the
zinc-dependent b-lactamases. The importance of a second metal
ion in the metallo-b-lactamases remains unknown.

Mike Page is Dean of the School of Applied Sciences at the
University of Huddersfield. He obtained his Ph.D. under the
supervision of Brian Capon at the University of Glasgow in
1970 and subsequently worked with Bill Jencks at Brandeis on
the energetics of intramolecular reactions and enzyme catalysis.
Following a post-doctoral position with Ronnie Bell at Stirling
on proton-transfer he moved to Huddersfield in 1973. His
research interests are organic and bioorganic reaction mecha-
nisms, enzyme catalysis and inhibition and the use of enzymes
in synthesis. In 1991 he was a recipient of the 150th anniversary
Perkin Transactions prize.

Andy Laws graduated from Lancaster University before
moving to undertake a Ph.D. in Physical Organic Chemistry at

Sussex University with Dr R. Taylor. In 1987 he took up a post-
doctoral fellowship at Huddersfield University with M. I. Page.
Presently he holds the post of Senior Lecturer in Organic
Chemistry and still works very closely with Mike Page.

Notes and References

† E-mail: m.i.page@hud.ac.uk

1 H. C. Neu, in The Chemistry of b-Lactams, ed. M. I. Page, Blackie,
Glasgow, 1992, pp. 101–128.

2 M. I. Page, Adv. Phys. Org. Chem., 1987, 23, 165.
3 S. G. Waley, in The Chemistry of b-Lactams, ed. M. I. Page, Blackie,

Glasgow, 1992, pp. 198–226.
4 D. J. Payne, J. Med. Microbiol., 1993, 39, 93; P. Nordmann, S. Mariotte,

T. Naas, R. Labia and M. H. Nicolas, Antimicrob. Agents Chemother.,
1993, 37, 939; T. Naas, L. Vandel, W. Sougakoff, D. M. Livermore and
P. Nordmann, Antimicrob. Agents Chemother., 1994, 38, 1262.

5 K. Bush, G. A. Jacoby and A. A. Modeiros, Antimicrob. Agents
Chemother., 1995, 39, 1211.

6 V. Hechler, M. Van den Weghe, H. H. Martin and J.-M. Frère, J. Gen.
Microbiol., 1989, 135, 1275.

7 M. I. Page, The Chemistry of b-Lactams, ed. M. I. Page, Blackie,
Glasgow, 1992, pp. 79–100.

8 N. J. Baxter, A. P. Laws, L. Rigoreau and M. I. Page, J. Chem. Soc.,
Perkin Trans. 2, 1996, 2245.

9 A. P. Laws, J. R. Stone and M. I. Page, J. Chem. Soc., Chem. Commun.,
1994, 1223.

10 P. Webster, L. Ghosez and M. I. Page, J. Chem. Soc., Perkin Trans. 2,
1990, 805.

11 A. M. Davis, P. Proctor and M. I. Page, J. Chem. Soc., Perkin Trans. 2,
1991, 1213.

12 M. I. Page, Phil. Trans. R. Soc. Lond. Ser. B, 1991, 332, 149.
13 A. F. Martin, J. J. Morris and M. I. Page, J. Chem. Soc., Chem.

Commun., 1979, 298; N. P. Gensmantel and M. I. Page, J. Chem. Soc.,
Perkin Trans. 2, 1979, 137; J. J. Morris and M. I. Page, J. Chem. Soc.,
Perkin Trans. 2, 1980, 212.

14 A. Llinas-Marti, B. Vilanova, J. Frau, F. Munoz, J. Donoso and M. I.
Page, submitted for publication in J. Org. Chem.

15 J. A. Kelly, O. Dideberg, P. Charlier, J. Wery, M. Libert, P. Moews, J.
Knox, C. Duez, C. Fraipont, B. Joris, J. Dusart, J.-M. Frère and J. M.
Ghuysen, Science, 1986, 231, 1429.

16 B. Samraoui, B. Sutton, R. Todd, P. Artmiuk, S. G. Waley and D.
Phillips, Nature, 1986, 320, 378.

17 J. R. Knox and P. C. Moews, J. Mol. Biol., 1991, 220, 435; P. C. Moews,
J. R. Knox, O. Dideberg, P. Charlier and J.-M. Frère, Proteins Struct.
Funct. Genet., 1990, 7, 156; O. Herzberg and J.-M. Moult, Science,
1987, 236, 694; O. Herzberg, J. Mol. Biol., 1991, 217, 701; O. Dideberg,
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Experimental evidence for a [2 + 2] mechanism in the Lewis acid-promoted
formation of a,b-unsaturated esters from ethoxyacetylene and aldehydes.
Synthesis and characterisation of 4-ethoxyoxetes.
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4-Ethoxy-2H-oxetes 3a–c were prepared from ethoxyacetyl-
ene and alkoxy aldehydes 1a–c through MgBr2–Et2O
promoted [2 + 2] cycloaddition reaction and were charac-
terized at room temperature; their synthesis, which could
occur via the formation of a chelate, establishes cycloaddi-
tion as the initial step in the formation of a,b-unsaturated
esters 4a–c.

The formation of a,b-unsaturated esters from aldehydes or
ketones and alkoxyacetylenes, under Lewis acid catalysis was
first reported by Vieregge et al. in 1959.1 The reaction
immediately met with success as demonstrated in a review
article published seven years later by the same authors.2 In the
same paper, the authors proposed that the mechanism involves
the formation of an intermediate alkoxyoxete and its con-
rotatory ring-opening to give the corresponding a,b-unsaturated
ester (Scheme 1).

The strongest evidence supporting such a mechanism at that
time was the isolation by Middleton of an alkoxyoxete resulting
from the non-catalyzed reaction between hexafluoroacetone
and ethoxyacetylene.3 Furthermore this oxete underwent a
rearrangement to yield the corresponding unsaturated ester.
Since then this reaction has attracted many experimental
studies4 and has even found application in synthesis where it
can sometimes be used instead of the Wittig reaction.5
However, to the best of our knowledge, no experimental
evidence of the occurrence of a non-metallated oxete6 in a
Lewis acid catalyzed process has yet been reported. This is
probably due to the instability of oxetes which have been
seldom isolated or characterized.7 Examples of alkoxyoxetes
are also very scarce: in addition to the examples reported by
Middleton3 and Zaitseva et al.,6 two others can be found in the
literature.8,9

As part of an ongoing interest in Lewis acid-promoted [2 + 2]
cycloadditions involving aldehydes,10 we report the observation
and characterization, at room temperature, of 2-ethoxy-
2H-oxetes 3a–c.

3-Benzyloxytetradecanal 1a reacts with ethoxyacetylene 2
under MgBr2–Et2O catalysis in CH2Cl2 to yield after 30 min
2-(2-benzyloxytridecyl)-4-ethoxy-2H-oxete 3a as a 4 : 1 mix-
ture of diastereomers (Scheme 2, Table 1, entry 1).‡ 4-Ethoxy-
2H-oxetes 3b,c§ were also obtained (both as 9 : 1 mixtures of
diastereomers) from aldehydes 1b,c and were observed under
the same conditions (Scheme 2, Table 1, entries 3 and 4).

The obtention of oxetes 3a–c could result from the formation
of chelate A11 which then would lead to the ‘bicyclic’

cycloadduct-chelate B. The rigidity of the chelate structure of B,
i.e. its ‘bicyclic’ structure, under the reaction conditions, could
then prevent the ring opening rearrangement. We have
undertaken ab initio calculations on a model chelate C to
establish that such an intermediate is indeed a minimum on a
potential energy surface. Calculations were run at the HF/
6-31G* level of theory. The total energy of C was found to be
21693.424205 au.

Further support for this explanation was found in the
following experimental results (Table 1). When 2 and 1a react
under BF3–Et2O catalysis, the only product we were able to
observe is a,b-unsaturated ester 4a (Table 1, entry 2). Only
traces of 3a were identified during the monitoring of the
reaction by TLC. The reaction between 2 and 3-(tert-butyldi-
methylsiloxy)tetradecanal 1d (R1 = C11H23; R2 = TBDMS; n
= 1) or hexanal 1e under BF3–Et2O or MgBr2–Et2O catalysis
leads, in all four cases (Table 1, entries 5–8), to the expected
corresponding (E)-unsaturated esters 4d,e. Indeed, in all these
cases, the formation of chelates analogous to chelates A and

Scheme 1

Scheme 2 Reagents and conditions: i, MgBr2–OEt2 (3 equiv.), CH2Cl2, 15
min, 260 °C; ii, BF3–OEt2 (cal.), CH2Cl2, 1 min, 230 °C; iii, CH2Cl2 or
CDCl3, 2–3 h, room temp.; iv, BF3–OEt2 (1 equiv.), CH2Cl2, 30 min,
260 °C; v, MgBr2–OEt2 (3 equiv.), CH2Cl2, 15 min, 260 °C
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therefore B is not possible12 and hence the conrotatory ring
opening takes place.

Finally, although 3a–c are stable in CDCl3 solution at
220 °C,¶ their life-time at room temperature does not exceed 1
or 2 h and is a few seconds in solution at 230 °C in the presence
of BF3–Et2O (in all three cases, ring opening leads to esters
4a–c). This last observation gives further support for the
structure of 3a–c and to our hypothesis of the rigidity of chelate
B.

In conclusion, we have provided the first evidence of a [2 +
2] mechanism for the studied reaction. We think that the
isolation of oxetes 3a–c at room temperature rests upon the
formation of stable chelates B which prevents the conrotatory
ring opening step of the reaction. Since the formation of 3a–c
occurs with good diasteroselectivity, studies are currently
underway to use these as intermediates in synthesis.

We are grateful to Dr François Volatron (CNRS-Orsay) for
useful discussions, and to Mrs Roselyne Rosas and Dr Robert
Faure (Université d’Aix-Marseille) for NMR experiments.

Notes and References

† E-mail: jean-marc.pons@reso.u-3mrs.fr
‡ The structure of 3a lies upon extensive 2D homo- and hetero-nuclear 1H
NMR experiments at 400 MHz. Experimental procedure: a solution of 1a
(0.35 mmol; 111 mg) in CH2Cl2 (1 cm3) was added to a suspension of
MgBr2–OEt2 (1.05 mmol; 270 mg) in CH2Cl2 (3 cm3) at 260 °C under
argon. After 15 min, a solution of 2 (0.70 mmol; 49 mg) in CH2Cl2 (2 cm3)
at room temp. was added dropwise to the suspension at 260 °C. TLC
monitoring showed the reaction to be completed (no starting material left)
after 15 min. The reaction mixture was diluted in light petroleum (10 cm3)
and hydrolyzed with ice–water (2 cm3). Filtration and concentration in
vacuo gave 126 mg of crude product; 1H NMR (400 MHz) was used to
establish the presence of 3a as a 4 : 1 mixture of the two diastereomers. An
increase in the temperature of the reaction mixture, up to 230 °C, prior to
the hydrolysis led to unsaturated ester 4a (88%). Rf (light petroleum–Et2O
= 7 : 3) 1a : 0.5; 3a : 0.25; 4a : 0.75.

3a: major isomer: dH (400 MHz, CDCl3) 7.35–7.25 (5 H, m, PhH), 5.12
(1 H, d, J 7.9, NCH), 4.60 (1 H, m, CH–O–), 4.59 (1 H, part A of AB system,
JAB 11.9, –O–CHaH–Ph), 4.52 (1 H, part B of AB system, JAB 11.9,

–O–CHHb–Ph), 3.89 (1 H, part A of ABX3 system, JAB 9.6, JAX 7.1,
O–CHaH–Me), 3.86 (1 H, part B of ABX3 system, JAB 9.6, JAX 7.0,
O–CHHb–Me), 3.66 (1 H, m, CH–OBn), 1.82 (1 H, part A of ABXY system,
JAB 14.5, JAX 8.7, JAY 3.7, O–CH–CHaH–CH–O), 1.72 (1 H, part B of
ABXY system, JAB 14.5, JAX 7.1, JAY 3.3, O–CH–CHHb–CH–O),
1.88–1.46 (6 H, m), 1.37–1.18 (14 H, m), 0.87 (3 H, t, J 7.0, –Me), 0.85 (3
H, br t, O–CH2–Me); dc (50.3 MHz, CDCl3) 138.3 (s), 138.0 (s), 128.5 (d,
2C), 128.0 (d, 2C), 127.9 (d), 111.8 (d), 77.0 (d), 77.1 (t), 68.7 (t), 68.6 (d),
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§ 1H and 13C NMR data of 3b,c are similar to those described for 3a.
¶ Oxete 3c was, for example, kept over 2 months in a NMR tube (1H
concentration). We first imagine that the relative stability of Lewis acid-free
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(AM1) calculations were in disagreement with such an explanation.
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Table 1 Preparation of oxetes 3a–c and esters 4a–e (yields are unoptimized)
from aldehydes 1a–e

Entry Aldehyde Lewis acid Oxete (d.r.)
(E)-Ester
(yield)

1 1a MgBr2–OEt2 3a (4 : 1) 4a (88%)
2 1a BF3–OEt2 — 4a (70%)
3 1b MgBr2–OEt2 3b (9 : 1) 4b (67%)
4 1c MgBr2–OEt2 3c (9 : 1) 4c (75%)
5 1d BF3–OEt2 — 4d (60%)
6 1d MgBr2–OEt2 — 4d (71%)
7 1e BF3–OEt2 — 4e (56%)
8 1e MgBr2–OEt2 — 4e (73%)
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Hydrophobic proteins: synthesis and characterisation of organic-soluble
alkylated ferritins

Kim K. W. Wong,a Nicola T. Whilton,a Helmut Cölfen,b Trevor Douglasa and Stephen Manna†
a Department of Chemistry, University of Bath, Bath, UK BA2 7AY
b Max Planck Institute of Colloids and Interfaces, Kanstr. 55, D-14513, Teltow, Germany

Alkylated derivatives of the iron storage protein, ferritin,
have been prepared by carbodiimide-activated coupling of
long chain primary amines to surface carboxylic acid
residues; the proteins are soluble in dichloromethane as
intact, non-aggregated biomolecules.

Ferritin is an unusual metalloprotein in that the inorganic centre
consists of a large number of ions (up to 4500 Fe atoms) present
as a biomineral (ferrihydrite, Fe2O3·nH2O) encapsulated within
a 24-subunit polypeptide shell.1 The organic shell is remarkably
stable to thermal and chemical degradation due to strong
subunit–subunit interactions, a property which offers much
scope in using the protein micelle as a nanoreactor for the
synthesis of biocompatible nanocolloids. Recently, we have
developed synthetic routes to biomimetic ferritins reconstituted
with non-native inorganic nanoparticles such as Fe3O4,2,3

MnOOH,4 FeS5 or CdS.6 These routes are generally dependent
on a balance between the redox chemistry, oxidation kinetics
and hydrolytic behaviour of metal ions, and are limited to
aqueous-based media. Further developments should be possible
if ferritin could be solubilized in organic media because this
would allow a wide range of organometallic precursors to be
used. In particular, sol–gel reactions based on alkoxide
hydrolysis could be achieved within the polypeptide cage by
preparaing organic-soluble ferritin molecules which have a
water-filled hydrophilic inner cavity and a hydrophobically
modified outer surface. Such derivatives would be analogous to
the reverse micellar (water-in-oil) phase of many surfactants but
would have enhanced stability owing to the absence of dynamic
exchange between ferritin subunits.

Here, we describe the first step towards this goal in which
ferritins soluble in dichloromethane (DCM) have been prepared
by alkylation reactions using long chain primary amines (Cn,
n = 6, 9, 12, 14, 18). The method involves the carbodiimide
activation of surface carboxylic acid groups7 of the native
protein or a demetallated derivative (apoferritin) followed by
nucleophilic substitution in the presence of a large excess of the
amine.‡ Coupling of hexyl, nonyl or lauryl chains produced
clear red–orange (ferritin) or colourless (apoferritin) THF–H2O
solutions which were stable for at least 12 months. Similar
reactions with tetradecylamine or stearylamine gave turbid
mixtures which precipitated after a few days due to the reduced
solubility of the longer chain amines. Each of the alkylated
proteins, except for the hexyl-derivatized ferritin, were readily
extracted into DCM by addition of small amounts of NaCl to
give clear red–orange (ferritin) or colourless (apoferritin)
organic solutions. In contrast, control experiments involving
native (apo)ferritin, or reaction mixtures of (apo)ferritin in the
absence of either the amine or EDC coupling reagent, showed
no evidence of phase transfer into DCM. For the alkylated
proteins, UV–VIS spectra of the DCM layer showed a
shouldered peak at approximately 280 nm indicative of the
aromatic amino acid side chains of the transferred ferritin. The
ease of transfer of the alkylated ferritins into DCM was in the
order tetradecyl- > lauryl- > nonyl-amine. In general, the
alkylated proteins were stable for as long as six months in the
DCM layer.

TEM images of unstained samples of the alkylated ferritins
transferred into DCM showed discrete, electron dense iron
oxide cores with an average size of 5 nm (Fig. 1). The non-
aggregated and monodisperse nature of the protein when dried
onto the TEM grid indicates that the derivatized polypeptide
shell is structurally intact. Unlike native ferritin, the alkylated
proteins could not be stained with uranyl acetate, indicating
significant changes in the surface chemistry. Staining of the
samples did however show evidence of a surfactant lamellar
phase, presumably formed by self-assembly of excess amine
molecules during air-drying of the DCM solutions.

Polyacrylamide gel electrophoresis (PAGE) showed that the
native and nonyl-derivatized proteins migrated towards the
positive and negative electrodes, respectively, under non-
denaturing conditions (data not shown). Migration of the
alkylated ferritin terminated, however, at the interface between
the stacking and resolving gels, indicating only a small net
positive charge on the derivatized protein.

Analytical ultracentrifuge (AUC) analysis§ of nonyl-deri-
vatized ferritin showed evidence of a floating (excess nonyl-
amine) and a sedimenting component (derivatized protein) in
the DCM solutions. The sedimentation coefficient distributions
[g(s*)] showed the presence of two well defined species
corresponding to nonyl-derivatized ferritin [s* = 12.1 Sv
(77.5%)] and a larger species [s* = 21.4 Sv (21.4%), Fig. 2].
The sedimentation coefficients were consistent with those
expected for a monomer–dimer system of spherical molecules,
according to sn = s1n2/3 with n = 2. Significantly, the relative
proportions of monomeric and dimeric species were similar to
those previously measured for native ferritin (69.4% monomer,
19.5% dimer and 11.1% trimer) using flow-field–flow-fractio-
nation.8 This strongly suggests that the hydrophobic ferritin is
structurally intact and that negligible degradation occurs during

Fig. 1 TEM image of a DCM solution of nonyl-derivatized ferritin showing
discrete electron dense iron oxide cores, each of which is encapsulated
within an alkylated protein shell; scale bar = 100 nm
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chemical functionalization in the THF–water reaction mix-
ture.

The molar mass of nonylamine-derivatized ferritin in DCM
was determined as Mw = 675 kDa from sedimentation
equilibrium results. This was an approximate value because the
density could only be estimated from the sample composition.
However, the value was consistent with results obtained from
sedimentation equilibrium data for native ferritin (Mw = 622.8
± 4.3 kDa), assuming a similar monomer : dimer ratio and iron
loading in the samples, and an additional mass due to the
covalently attached nonylamine chains. The Mw for apoferritin
was determined as 497.0 ± 5.0 kDa by sedimentation equilib-
rium, giving molar masses, Mw of 20.7 kDa and 125.8 kDa for
the native subunit and FeOOH core, respectively. Assuming,
Mw = 675 kDa for the derivatized ferritin, gives a value of
approximately 550 kDa for the molar mass of the derivatized
apoferritin (22.9 kDa per subunit) which corresponds to
approximately 400 covalently coupled nonylamine groups per
protein molecule. This is approximately 75% of the theoretical
number of amino acid carboxyl groups (ca. 520) in the protein
molecule.1

Dynamic light scattering for nonyl-derivatized ferritin in
DCM gave an average hydrodynamic diameter of 35 nm,
compared with 12 mm for aqueous solutions of native ferritin.
Although further work is required, the results suggest that the
derivatized protein is associated to some extent with the excess
amine molecules present in the DCM solution. Reversed-phase
HPLC data for native ferritin showed a sharp peak for the
monomer at 15 min with a shoulder at 11.5 min corresponding
to the dimer, whereas nonyl-derivatized ferritin showed a broad
protein peak with a retention time centred at 24 min. Because
the derivatized sample was run directly from the reaction
mixture without dialysis, excess amine and coupling agent, as
well as small molecule byproducts, were observed as relatively
sharp peaks between 2 and 5 min. The reconstructed data from
the electrospray mass spectra of the proteins showed a narrow
(m/z 19.9–20.5 k) and wide distribution of molecular masses
(m/z 20–30 k) for the native and nonyl-derivatized ferritin
subunits, respectively. These values were consistent with the
derivatized subunit molar mass of 22.9 kDa determined by AUC
analysis.

The results indicate that alkylated ferritins with long term
solubility in DCM can be readily prepared. TEM, PAGE and
AUC were consistent with the preparation of intact protein
molecules with significantly modified surface charge. How-

ever, HPLC and electrospray mass spectroscopy suggest that
the degree of derivatization varies significantly between ferritin
molecules and that a heterogeneous product is obtained.
Furthermore, significant amounts of non-covalently bound
amine may be strongly associated with the chemically modified
protein. In this regard, it seems feasible that surfactant
micellization could enhance the transfer of the alkylated
ferritins into DCM, although native ferrintin could not be
transferred into DCM in the presence of uncoupled amine
molecules alone, indicating that alkylation is the dominant
factor determining the solubility in the organic medium. Further
work is in progress to expand these studies and to exploit the
alkylated proteins in sol–gel reactions involving metal alk-
oxides.

We thank Armelle Buzy (University of Warwick) for
electrospray MS, Franziska Gröhn (Teltow) for light scattering
measurements, and BBSRC for financial support.
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Fig. 2 Sedimentation coefficient distribution [g(s*)] for a DCM solution of
nonyl-derivatized ferritin showing the presence of alkylated ferritin
monomers and dimers. A minor contaminant with s* = 4.5 Sv (1.1%) is
also present.
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Luminescence response of the solid state polynuclear copper(I) iodide materials
[CuI(4-picoline)]x to volatile organic compounds

Elena Cariati, James Bourassa and Peter C. Ford*†

Department of Chemistry, University of California, Santa Barbara, CA 93106, USA

Exposure of the polymeric solid [CuI(4-pic)]∞ to either
liquid or vapor toluene leads to disappearance of this
material’s characteristic room temperature blue emission
(lmax 437 nm) and the appearance of the yellow emission
(lmax 580 nm) indicative of the [CuI(4-pic)]4 tetramer; the
process is reversed when the latter is exposed to liquid or
vapor n-pentane.

Polynuclear d10 metal complexes exhibit remarkably rich
photoluminescent properties coupled in part to their diverse
structural motifs.1–3 The copper(I) halide adducts CuXL (X =
halide, L = a nitrogen donor ligand) are particularly fascinating
for the variety of structural formats which can be altered by
varying the reagent stoichiometry, crystallization conditions
and the reaction medium.4–7 Many are brightly luminescent,
even at ambient temperature, and the emission behavior varies
markedly with structure and with environment. For example,
the solid state luminescence spectrum of [CuIpy]∞ (py =
pyridine), a ‘stair step’ polymer [Fig. 1(a)], displays a broad
blue emission band at room temperature (lmax = 437 nm),
which does not shift upon cooling, and is probably due to an
excited state with iodide to pyridine charge transfer (XLCT)
character.7,8 In contrast, the ‘cubane’ isomer [CuIpy]4 [Fig.
1(b)] shows ‘luminescence thermochromism’.9 Room tem-
perature, solid [CuIpy]4 displays a broad yellow emission (lmax
= 580 nm), but, at 77 K, two bands are seen (lmax = 438, 618
nm);6,7 the higher energy one is largely XLCT in character,
while that at lower energy has been assigned to a mixed halide
to metal charge transfer (XMCT), d?(s,p) ‘cluster centered’
excited state.8 Here we report that, for the related material
[CuI(4-pic)]x (x = 4 or ∞ , 4-pic = 4-picoline), exposure of the
solid to the liquid or the vapor phase of certain volatile organic
compounds (VOCs) reversibly induces structural changes
readily seen in the luminescent behavior.

Addition of neat 4-picoline to an aqueous CuI–KI solution at
room temperature results in the formation of [CuI(4-pic)]∞ (A)
as revealed by a single crystal X-ray structure study.10 Under
UV illumination, the emission from this material is distinctly
blue, and the room temperature luminescence spectrum displays
a single broad band centered at 426 nm, which is shifted to
slightly lower energy (lmax 450 nm) at 77 K. Notably, similar
addition of excess neat 3-picoline to aqueous CuI–KI solution
gives the ‘cubane’ solid [CuI(3-pic)]4 as confirmed by a single
crystal X-ray structure determination.10 The luminescence
spectrum of this solid displays a single, broad band centered at
lmax 614 nm at room temperature, but two bands at 77 K, one
at 590 nm and one centered at 456 nm, as previously described.6
These results may explain the observation by Hardt and Pierre
that, for solids of stoichiometry CuIL, the derivative with
3-picoline emits yellow while that with 4-picoline emits blue.11

In this context, it is notable that dissolving 3-picoline in
methanol before addition to the CuI–KI aqueous solution directs
the reaction pathway toward formation of the blue emitting
stair-step polymer [CuI(3-pic)]∞ (lmax 452 nm at room
temperature) whose structure was confirmed by a single crystal
X-ray study.

The polymeric [CuI(4-pic)]∞ solid is only very slightly
soluble in most organic solvents. Despite this, we found that the
addition of a small amount of toluene (far less than that needed
for substantial dissolution) to a vial containing solid A leads to
disappearance of the characteristic room temperature blue
luminescence and subsequent appearance of yellow lumines-
cence from the solid with an emission band centered at 578 nm
(Fig. 2). This band corresponds to that of the tetranuclear
4-picoline complex [CuI(4-pic)]4 (B) which was independently
prepared as described below and confirmed by a single crystal
X-ray diffraction study. Notably, there appears to be an
intermediate non-emitting species formed rapidly upon expo-
sure of A to liquid toluene which more gradually undergoes

Fig. 1 Representations of the structures of the ‘stair step’ (a) and ‘cubane’
(b) forms of the compounds [CuIpy]x adapted from crystallographic data
(refs. 5 and 6). Only a four copper fragment of the stair step chain of
[CuIpy]∞ is shown.

Fig. 2 Temporal emission spectra of solid [CuI(4-pic)]∞ at ambient
temperature before (- - -) and after (—) exposure to liquid toluene. Spectra
were collected every 5 min (arrows indicate sequence of data collection).
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transformation into B in a few minutes. We are attempting to
characterize the non-emitting intermediate.

The toluene supernatant solution isolated from the above
experiment shows a room temperature emission band at 684 nm,
considerably different from the solid state emission behavior, as
previously observed in the case of [CuIpy]4.7 Addition of
pentane to this solution led to the isolation of trace amounts of
B. However, exposure of the room temperature cubane solid to
a small amount of liquid pentane caused it to revert to the blue
emitting polymer over the course of 2 h (Fig. 3).

These surprising observations prompted us to examine the
solid state behavior of the two [CuI(4-pic)]x derivatives A and
B in the presence of toluene and pentane vapors to test whether
the same transformations could be effected by exposure to the
vapors as well as to the liquids of these two solvents. This
indeed turned out to be the case. When the blue emitting solid
[CuI(4-pic)]∞ was left in a sealed vial in contact with toluene
vapors at the room temperature partial pressure, the transforma-
tion to the yellow emitting cubane solid was complete within
two days. The reverse process, transformation back to A, was
effected by exposing this sample to pentane vapors for 3 hours.
Remarkably, while transformation B to A can be carried out in
a few minutes by heating the sample to 343 K and appears to
occur thermally over several days when simply left standing in
air, the process is at least an order of magnitude faster at ambient
temperature under pentane vapor. The analogous transforma-
tions between the cubane and polymeric forms do not occur
when the 3-picoline analogs [CuI(3-pic)]x are similarly treated
with liquid or vapor toluene or pentane.

In conclusion, an unusual chromic photoluminescent be-
havior linked to a solid state structural change induced by
exposure to the liquid or vapor phase of two VOCs has been
demonstrated. This behavior is strongly ligand dependent, as
revealed by our analogous studies with 3-picoline. X-Ray

crystal structure determinations currently in progress10 indicate
that the cubane form of [CuI(4-pic)]x displaying the yellow
emission band at 578 nm has incorporated toluene into the
crystal packing, and it is likely that this plays an important role
in effecting the solid state isomerization from the blue emitting
stair-step polymer. We have not detected analogous pentane
incorporation into the structure of B, and are uncertain as to
what role pentane plays in reformation of the more stable
polymer. A recent study by Eisenberg and coworkers has
described a similar ‘luminescent switch for the detection of
volatile organic compounds’ using gold(I) dimers12 following
pioneering work by Mann and coworkers on absorption and
emission spectra vapochromic PtII and PdII compounds.13 The
present work demonstrates the greater generality of such
behavior, as well as the extension of this to much less expensive
copper compounds, expense being a possible consideration in
the design of practical sensors. An advantage of the present
system is the very distinctive differences in the emission colors
of the polymeric and cubane forms of [CuI(4-pic)]4, although
the relatively slow response times would not be acceptable in
the design of a practical sensor. Ongoing studies are concerned
with defining the mechanisms of these structural transforma-
tions induced by exposure to VOCs as well as the photophysical
mechanisms responsible for the differing luminescence re-
sponses.

This work was supported by the National Science Foundation
(CHE 9400919 and CHE 9726889). Dr Cariati thanks Uni-
versità di Milano for a postdoctoral fellowship and the Fulbright
Commission for support of her postdoctoral stay at UC Santa
Barbara.
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Fig. 3 Temporal emission spectra of solid [CuI(4-pic)]4 at ambient
temperature before (- - - ) and after (—) exposure to liquid pentane. Spectra
were collected every 15 min (arrows indicate sequence of data collec-
tion).
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Exo-ligands based on two p-aminopyridine interconnection by tuneable alkyl
chains: design, synthesis and structural analysis of silver and palladium
metallamacrocycles

Raoul Schneider,a Mir Wais Hosseini,*a† Jean-Marc Planeix,a André De Cianb and Jean Fischerb
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Exo-ligands based on functionalisation of diazacyclic cores
of variable size by two pyridines has been achieved; under
self-assembly conditions, their ability to form
metallamacrocycles in the presence of PdII or AgII was
demonstrated by X-ray crystallography.

Since the pioneering investigations by Fujita et al.1 and by
Saalfranck et al.2 on metallamacrocycles considerable efforts
have been focused on the design and synthesis of macrocyclic
and macrobicyclic structures composed of metal centres
connected by organic fragments.3 The majority of metallmac-
rocycles reported so far are based on bis-monodentate ligands
such as 4,4A-bipyridine, pyrimidine, bipyrazine, 4,7-phenan-
throline or bis-pyridines interconnected by rigid or flexible
spacers.4 The same type of ligands has been also used for the
formation of coordination networks.5 p-Dimethylaminopyri-
dine (dmap) shows strong alkaline character. We thought that
one could take advantage of its peculiar electronic distribution
for the design of ligands capable of forming metallamacro-
cycles. In order to interconnect two or more metals into a cyclic
framework, the ligand needs to be of the exo type, i.e. it should
possess at least two coordination sites oriented in divergent
fashion. We have previously reported exo-ligands based on
2,2A-bipyridine derivatives,6 catechol units7 or of mercaptoca-
lixarene type.8 We now report the design, synthesis and
structural analysis of exo-bis-monodentate ligands based on two
dmap derivatives and of their binuclear silver and palladium
metallamacrocycles.

The design of exo-ligands 4–6 (Scheme 1) was based on the
interconnection of two p-aminopyridine substructures at the 4
position by two tuneable alkyl bridges. Ligands 4–6 may also be
regarded as diazacycloalkanes9 1–3 bearing two pyridines. We
have previously used cyclic diamines for the design of
cyclospermidines and cyclospermines10 and as backbones
connecting donor and acceptor groups.11 The design of 4–6 is
rather versatile since, by controlling the size and thus the
conformation of the medium size cyclic core and by choosing
metals with specific coordination demands, one may investigate
structural aspects in the formation of metallamacrocycles under
self-assembly conditions.

The synthesis of 4–6 was achieved by treating under reflux a
mixture of 4-chloropyridine, PhLi and compounds 1–3 in a
1 : 2.2 : 2.5 ratio in diethylether.12 The yields reported are based
on 4-chloropyridine. In all cases studied, in addition to 4–6, the
mono-substituted compounds 7–9 were also isolated. Thus,

treatment of 1, 2 or 313 with 4-chloropyridine gave compounds
4 (20%) and 7 (22%), 5 (39%) and 8 (28%) or 6 (13%) and 9
(38%) respectively.

The formation of metallamacrocycles using PdII was
achieved by mixing at room temp. an EtOH solution of ligands
4–6 with an aqueous solution of [Pd(NO3)2(en)] (en =
ethylenediamine). Upon addition of EtOH and Et2O complexes
were collected after several days as colourless crystalline
materials. In addition to solution NMR spectroscopy, crystals
were analysed by FAB+ spectrometry which revealed the
formation of a trinuclear complex {[43{Pd(en)}3(NO3)6]} for
the ligand 4 and binuclear complexes {[L2{Pd(en)}2(NO3)4], L
= 5 or 6} for ligands 5 and 6. For the [62{Pd(en)}2(NO3)4]
complex the structure could be determined by X-ray crystallog-
raphy which indeed revealed the formation of a PdII binuclear
metallamacrocycle.‡ Although in the crystal H2O and EtOH
molecules were present none of them nor NO3

2 anions were
clathrated in the cavity of the macrocycle. In principle, owing to
the non-symmetric nature of 6, two different isomeric com-
plexes, one with C2v and the other with D2h ideal symmetry may
be envisaged (Fig. 1). The difference between these two isomers
originates from the mutual orientation of the cyclic cores.
However in the solid state, only the complex with C2v symmetry
was observed (Fig. 2). The crystal structure showed the
following features: (i) two ligands 6 bridge two Pd centres by
adopting a bent conformation; (ii) as expected, both nitrogen
atoms of the diaza core show a marked sp2 character with an
average C–N–C angle of ca. 120.3° and N–C distance of 1.37 Å
demonstrating the delocalization of the nitrogen lone pairs on
the pyridine rings; (iii) the coordination geometry around Pd
atoms is almost square planar with the N–Pd–N angle varying
from 83.7 to 93.5°; (iv) the average N–Pd distance is ca. 2.03 Å;
(v) with Pd···Pd distance is 11.35 Å.

Scheme 1
Fig. 1 Two possible isomeric structures D2h (top) and C2v (bottom) for the
[62{Pd(en)}2] metallamacrocycle
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The formation of metallamacrocycles using AgI was investi-
gated by diffusion at room temp. of a EtOH solution of ligand
6 with an aqueous solution of AgPF6. After several days
colourless crystals of the complex were filtered and further
washed with Et2O. The complex was characterised by NMR and
by FAB spectrometry. Furthermore, in the solid state the
structure of [62Ag2(PF6)2] complex was elucidated by X-ray
crystallography.‡ Again, as in the above mentioned Pd case,
two different isomeric complexes may be envisagted (Fig. 3).
Once again the complex with C2v symmetry was observed (Fig.
4). The crystal analysis showed the following features: (i) the
binuclear metallamacrocycle is formed through the bridging of
two AgI atoms by two pyridine units belonging to two ligands

6 which adopt a bent conformation; (ii) as in the previous case,
both nitrogen atoms of the diaza core show a marked sp2

character with an average C–N–C angle of ca. 121.1° and N–C
distance of 1.36 Å; (iii) the coordination geometry around Ag
atoms is almost linear with an average N–Ag–N angle of ca. 
175.8°; (iv) the average N–Ag distance is ca. 2.10 Å; (v) the
Ag···Ag distance is 3.36 Å; (vi) quite interestingly, in the crystal
the metallamacrocycles form a one dimensional network
through four strong silver–aromatic (pyridine) interactions per
unit with an average Ag–centroid distance of 3.43 Å (Fig. 4).

In conclusion, it has been demonstrated that a class of exo
ligands based on the interconnection of two p-aminopyridines
forms by self-assembly metallamacrocycles in the presence of
PdII or AgI metals. A systematic investigation on the role of the
conformation of the cyclic core is under current investigation.

Notes and References

† E-mail: hosseini@chimie.u-strasbg.fr
‡ Crystallographic data: [62{Pd(en)}2(NO3)4] (colorless, 173 K):
C19H30N6Pd·4NO3·2C2H5OH·5H2O, M = 1328.02, monoclininc, space
group P21/c, a = 13.005(2) b = 16.532(2), c = 13.622(1) Å, U = 2927(1)
Å3, b = 91.603(9)°, Z = 2, Dc = 1.34 g cm23, MACH3 Nonius, Mo-Ka,
m/mm21 = 0.657, 4549 data with I > 3s(I), R = 0.057, Rw = 0.075.

[62Ag2(PF6)2] (colorless, 173 K): C34H44N8Ag2·2PF6, M = 1070.45,
monoclinic, space group P21/c, a = 7.6250(2), b = 23.5140(9), c =
10.9360(4) Å, b = 93.105(7)°, U = 1957.9(2) Å3, Z = 2, Dc = 1.82
g cm23, Nonius Kappa CCD, Mo-Ka, m/mm21 = 1.164, 2958 data with
I > 3s(I), R = 0.053, Rw = 0.073. CCDC 182/885.
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Fig. 2 Crystal structure of the [62{Pd(en)}2 (NO3)4] metallamacrocycle (see
text for bond angles and distances). Solvent molecules, anions and H atoms
are not presented for sake of calrity.

Fig. 3 Two possible isomeric structures D2h (top) and C2v (bottom) for the
[62Ag2] metallamacrocycle

Fig. 4 A portion of the crystal structure of the [62Ag2(PF6)2] metal-
lamacrocycle (see text for bond angles and distances) showing the
formation of an infinite network formed by double Ag–aromatic inter-
actions between consecutive units. Anions and H atoms are not presented
for sake of clarity.
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‘CMPO-substituted’ calix[4]arenes, extractants with selectivity among trivalent
lanthanides and between trivalent actinides and lanthanides

Lætitia H. Delmau,‡ Nicole Simon,*a† Marie-José Schwing-Weill,*b† Françoise Arnaud-Neu,b Jean-François
Dozol,a Serge Eymard,a Bernard Tournois,a Volker Böhmer,c Cordula Grüttner,c Christian Musigmannc and
Abdi Tunayarc

a CEA Cadarache, DESD/SEP/LPTE, 13108 St Paul lez Durance Cedex, France
b ECPM, 1 rue Blaise Pascal, 67008 Strasbourg Cedex, France
c Institut für Organische Chemie, Johannes Gutenberg Universität, Becher Weg 34, Mainz, D-55099, Germany

Calix[4]arenes substituted by acetamidophosphine oxide
groups at their wider (upper) rim not only exhibit excellent
extraction efficiency towards trivalent cations but also show
pronounced selectivity for the light lanthanides and acti-
nides in their extraction from highly saline or acidic
media.

Calixarenes1 are readily available molecular platforms, on
which various functional groups may be assembled in a well
defined mutual arrangement. Numerous cation extractants
derived from calixarenes have been developed in the past
decade, in which the preorganization of ligating functions adds
favorably to their specificity.2 Crown ethers derived from
calix[4]arenes fixed in the 1,3-alternate conformation may be
cited as one of the most typical examples, showing the highest
potassium over sodium (crown-5)3 and caesium over sodium
(crown-6)4 selectivities ever reported.

Carbamoylphosphine oxides 1 (CMPOs) are known to
extract trivalent cations from highly acidic and highly saline
media,5 and 1a is industrially used in the TRUEX process.6 The
extracted complex requires three molecules of 1a per cation,7
thus attachment of CMPO-like functions to the calixarene
scaffold in the cone conformation should achieve cooperativity.
Indeed, calix[4]arenes such as 2a bearing four diphenyl
acetamidophosphine oxide functions on the wider rim8 are
powerful extractants for europium and tri- and tetravalent

actinides with an efficiency highly superior to that of 1a. Here
we compare the two ligands 1a and 2a8 with respect to their
extraction efficiencies towards nine lanthanides (La, Pm, Sm,
Eu, Gd, Tb, Ho, Er, Yb) and two actinides (Am, Cm).

Extractions were followed by radiotracers and were quanti-
fied by the distribution coefficient of the metallic cation M (DM
= S[M]org,eq/S[M]aq,eq). The concentrations of 1a and 2a were
chosen to obtain comparable distribution coefficients. Prelimi-

nary experiments showed that the extraction kinetics are rapid;
all reported distribution coefficients are at equilibrium.

The behavior of CMPO 1a is in agreement with literature
data,5 while we observe for 2a a marked decrease of the
distribution coefficients along the lanthanide series, from 140
for lanthanum to 0.19 for ytterbium (Fig. 1). This corresponds to
a separation factor (ratio of the distribution coefficients) of
nearly three orders of magnitude. It is important to point out that
distribution coefficients are independent of the equilibrium
aqueous metal ion concentration. This eliminates any influence
of cation concentrations on the selectivity.

In order to determine one of the possible origins of the
selectivity, we modified the functional groups present on the
phosphorus. The observed size selectivity nearly disappears for
2b,9 in which the phenyl groups of 2a have been replaced by
n-hexyl groups (Fig. 2). This observation is in agreement with
the results obtained for the two CMPO type molecules 1b and
1c.10 While the diarylphosphine oxide 1b shows a small
selectivity (separation factor DLa/DLu ≈ 10), no selectivity is
found for the dialkylphosphine oxide 1c. We can conclude,
therefore, that the attachment of four CMPO functions with
diphenylphosphine oxide groups to the calixarene skeleton
leads to a significant increase of their discriminating properties
towards lanthanides and actinides.

The selectivity discussed so far is related to the extraction of
trivalent cations from a highly saline but moderately acidic
medium. A topic of current interest is actinide–lanthanide group
mixtures separation at high acidity, which, at low acid

Fig. 1 Comparison of the extraction efficiencies of CMPO 1a and calixarene
2a. Organic phase: chloroform containing either [1a]init = 0.2 M or [2a]init

= 1023 M. Aqueous phase: [NaNO3] = 4 M, [HNO3] = 1022 M, [Ln3+] =
1026 M. Promethium and actinides were used at trace levels. Phase ratio 1:1.
T = 25 °C. Filled symbols: lanthanides; open symbols: actinides.
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concentrations (pH > 1) can usually be achieved by extractants
containing soft donors (sulfur or nitrogen).11 Although a recent
publication shows that calix[6]arene derivatives bearing acid
and amide functions can be used for this group separation, the
same pH limitations (pH > 2.5) apply.12

We have repeated some of our experiments with 2a
extracting the trivalent cations from 3 M nitric acid (Fig. 3). We
observe essentially the same trend for both media (4 M sodium
nitrate or 3 M nitric acid), which suggests the selectivity is not
caused by a constituent of the aqueous phase. In particular, the
potential interaction between nitric acid and the ligand has no
effect on the selectivity. The separation factor DAm/DEu for 3 M
nitric acid (10.2) is slightly better than that for 4 M sodium
nitrate (7.5), and is probably one of the best ever obtained at this
acidity and this ionic strength.

In conclusion, calixarene 2a, and more general calix[4]arenes
bearing four CMPO moieties on their upper rim where the
phosphorus atoms are substituted with phenyl groups, are not
only excellent extractants for trivalent lanthanides and acti-
nides, they also exhibit remarkable selectivity based mainly on
the size of the cations. This selectivity can reach nearly three
orders of magnitude and remains even under strongly acidic
conditions. It does not yet allow complete actinide–lanthanide
group mixtures separation but the separation factors could be
useful for the selective extraction of actinides (or light
lanthanides) from heavy lanthanides.

This work has been partly sponsored by the European
Community (contract no. F12-W-CT-0062). L. H. D. would like
to thank personally C. Beuchot for helpful discussions.
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Fig. 2 Comparison of extraction efficiencies of calixarenes 2a and 2b.
Organic phase: chloroform containing either [2a]init = 1023 M or [2b]init =
1023 M. Aqueous phase: [NaNO3] = 4 M, [HNO3] = 1022 M, [Ln3+]init =
1026 M. Promethium and actinides were used at trace levels. Phase ratio 1:1.
T = 25 °C. Filled symbols: lanthanides; open symbols: actinides.

Fig. 3 Extraction of trivalent lanthanides and actinides by calixarene 2a
from two different media, [NaNO3] = 4 M/[HNO3] = 0.01 M or [HNO3] =
3 M. Organic phase: chloroform containing [2a]init = 1023 M. Aqueous
phase: [Ln3+]init = 1026 M. Promethium and actinides were used at trace
levels. Phase ratio 1:1. T = 25 °C. Filled symbols: lanthanides; open
symbols: actinides.
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Novel hyperbranched polymer based on urea linkages

Anil Kumar and E. W. Meijer*†

Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology, PO Box 513, 5600MB Eindhoven,
The Netherlands

The thermal decomposition of 3,5-diaminobenzoyl azide, to
generate in situ the corresponding 3,5-diaminophenyl iso-
cyanate, was found to give hyperbranched polyureas, whose
structure was established using IR and NMR spectros-
copy.

In the last decade synthesis of three-dimensional dendritic
polymers by constructing branches upon branches, either in a
stepwise fashion to get dendrimers or in a one-step process to
get hyperbranched polymers, has received much attention.
These highly branched, untangled and globular structures have
been explored because of their unusual properties.1–5 Although
dendrimers have been studied extensively for their size, shape
and surface functional group related properties, their large scale
synthesis has been limited to only a few structures because of
the inherent difficulties in the stepwise growth process.
However, whilst the one step approach for the synthesis of
hyperbranched polymers has potential for large scale prepara-
tion, it lacks well defined and monodisperse dendrimers.

Hyperbranched polymers have been synthesized by self-
condensation polymerization using an ABx type monomer in
which A and B are functional groups that react with each other
and not with themselves. These hyperbranched polymers can be
divided into two major categories depending upon the growth
process. One is the classical polycondensation involving an ABx

type monomer where the growth of the polymer starts only at
the already existing reaction sites A and B; in other words there
is no generation of a new growing site during the polymeriza-
tion. Some examples of this class are polyphenylenes,6,7

polyesters,8–12 polyethers,13,14 polyurethanes,15–17 poly-
amines,18 polyamides19 and polysiloxanes.20 The second cat-
egory is where new growing sites are generated during the
polymerization reaction and examples of this class include
polystyrene 21–23 and polyacrylates.24 The consequence of these
new reaction sites during polymerization is an increased number
of subunits in the polymer. This leads to difficulties in
estimating the degree of branching as quantification of each of
the subunit structures is not possible.

Dendritic and hyperbranched structures based on amide
linkage25–31 have received considerable attention due to the fact
that polyamides are commercially important and these linkages
are the backbone of all the naturally occurring proteins and
enzymes. Linear polyureas have been studied extensively in
order to produce alternative fiber-forming polymers analogous
to the polyamides.32 There is now a much wider range of
commercial polymers containing urea groups.33 Surprisingly
there are no reports on the synthesis of hyperbranched or
dendritic polymers based on urea linkages. This could be due to
the inherent difficulties in the synthesis and purification of
monomers containing both amine and isocyanate groups, to
obtain the urea linkage, as they are not compatible. Here we
report synthesis and characterization of the first example of a
hyperbranched polymer based on urea linkages. We developed
a novel one-pot route to wholly aromatic hyperbranched
polyureas, via the in situ generation of a diaminophenyl
isocyanate monomer 5 by the thermal decomposition of the
corresponding carbonyl azide 4 (Scheme 1).

3,5-Diaminobenzoyl azide was prepared starting from 3,5-di-
aminobenzoic acid as described in Scheme 1. The amine groups
were protected with a Boc group34 and the carboxylic acid was
converted to carbonyl azide using the procedure described by
Ghatge and Jadhav.35 Removal of the Boc group with TFA in
CH2Cl2 followed by treatment with saturated NaHCO3 solution
gave pure 4 in an overall yield of 59%. The FTIR spectrum of
4 exhibits a strong absorption at 2136 cm21 indicating the
presence of azide groups. Thermal decomposition of the
aromatic carbonyl azides has been reported15,16 to occur at ca.
107 °C and, hence, the polymerization was carried out at 110 °C
by heating a solution of 4 in NMP. Rapid evolution of N2 was
observed during the initial stages of the reaction, after which the
solution was maintained at 110 °C for 7 h. The polymers were
precipitated into water, centrifuged, washed with acetone and
vacuum dried at 90 °C to give around 90% yields of the wholly
aromatic polyureas which are soluble in solvents like DMSO,
NMP and DMF. The FTIR spectrum of the polymer indicates
the absence of any residual azide (no absorption at 2136 cm21)
or isocyanate (no absorption at 2200 cm21) and shows strong
absorption at 1656 and 3352 cm21 indicating the formation of

Scheme 1
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urea linkages. The 1H NMR spectrum of the hyperbranched
polyurea (Fig. 1) was analyzed based upon the various possible
subunits (A–C) that may be present. Various peaks in the NMR
spectrum of the polymer (Fig. 1) were assigned upon the NMR
spectrum of three model compounds that resemble subunits
A–C. The degree of branching calculated based on the 1H NMR

spectrum was found to be 0.55. This suggests that the growth
process is statistical in nature in agreement with other
systems.36 The molecular mass of the samples was determined
by GPC using NMP as solvent and polystyrene as standard. Mw
was found to be 19 500 with a polydispersity of 1.56.

The wholly aromatic linear polyureas are generally difficult
to process because of their limited solubility and high melt
temperatures.32,37 One approach to increase solubility in
organic solvents is the introduction of N-alkyl or N-aryl
substituents along the polymer backbone. Here we have shown
that the wholly aromatic hyperbranched polyureas are com-
pletely soluble. A closer look at the Boc-protected carbonyl
azide 3 reveals that its a novel AB2 type building block where
both A and B groups are protected and can be generated when
needed. These types of structures are ideal candidates for the
stepwise synthesis of the dendrimers. Currently, work is in
progress to generate the corresponding perfect polyurea den-
drimers.

This work was supported by the Netherlands Foundation for
Chemical Research (SON).
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Fig. 1 300 MHz 1H NMR spectra of the polymer and the model compounds
in (CD3)2SO–D2O
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Irreversible conductivity change of Li12xCoO2 on electrochemical lithium
insertion/extraction, desirable for battery applications

Matsuhiko Nishizawa, Satoru Yamamura, Takashi Itoh and Isamu Uchida*†

Department of Applied Chemistry, Graduate School of Engineering, Tohoku University, Aramaki-aoba, Aoba-ku, Sendai,
980-8579, Japan

Electrical conductivity of a sputter-deposited LiCoO2 thin
film was studied in situ during electrochemical lithium
extraction/insertion, revealing that the metallic behavior of
Li12xCoO2 induced by the initial lithium extraction did not
revert to its original insulating state in the following
successive reduction/oxidation cycles.

LiCoO2 is one of the most promising cathode active materials
for lithium secondary batteries, and the battery system based on
the LiCoO2/carbon couple has been used commercially in many
types of electronic equipment.1–8 Since the electrical con-
ductivity of active materials is an important characteristic for
the design of high performance batteries, there have been a
number of reports measuring the conductivity upon taking the
electrode out of the electrochemical cell; i.e. ex situ character-
ization.9–11 In contrast, work in our laboratory has shown that
the interdigitated microarray (IDA) electrode is a powerful tool
for studying the dynamic changes in the DC conductivity of
electroactive films in situ.12–17 We recently reported that the
conductivity of Li12 xCoO2 increased by several orders of
magnitude when a very small amount of lithium was extracted
(x < 0.1),16 as was predicted theoretically.1,9 Such a drastic
conductivity change requires that care must be taken when
using LiCoO2 as a battery active material. Since our previous
work was on a composite film consisting of LiCoO2 powders
mixed with poly(vinylidene fluoride) and acetylene black, we
could not treat the measured conductivity as that of LiCoO2
itself.16 Therefore, in this study we prepared a fine LiCoO2 film
by sputtering onto IDA electrodes to obtain more precise and
reproducible results. It was found that the metallic behavior of
Li12 xCoO2 induced by the initial lithium extraction (charge)
did not revert to its original insulating state in the following
reduction/oxidation cycles, indicating that this electrode mate-
rial maintains its high conductivity during the successive use of
secondary batteries.

The IDA electrode was fabricated by photolithography with
a sputter-deposited Pt film on a thermally oxidized silicon
wafer,12–16 to have two sets of comb-type Pt arrays; each array
has 50 band-electrode elements of 10 µm wide, 2.4 mm long
and 0.1 µm thick, separated by 10 µm from its adjacent
elements. A LiCoO2 film of 0.2 µm thickness was deposited
onto the IDA electrode by RF-sputtering and annealed in air at
700 °C for 15 min. Each peak in the X-ray diffraction spectrum
of the annealed film was assigned to LiCoO2. During the
sputtering of the LiCoO2 films, the IDA substrate was masked
to limit the exposed area to a 0.2 cm 3 0.3 cm rectangle. Each
electrochemical measurement was conducted in a glove box
filled with dried Ar, by using propylene carbonate (PC)
containing 1 M LiClO4 as the electrolyte solution. Lithium foils
were used as the reference and counter electrodes. The in situ
conductivity measurements were carried out, as previously,15,16

using a bipotentiostat to maintain a 5 mV potential difference
between the two working electrodes. The specific conductivity
of the film was calculated from the ohmic current flowing
through the film under the 5 mV bias voltage.14,15 Note,
however, that our measurement is a two-point probe method and
that the film is thicker than the Pt film electrodes, therefore it is

still dangerous to discuss the obtained conductivity as an
absolute value. Rather, this method is suited to the study of
dynamic, relative changes in the conductivity taking place with
redox reactions.12–14

Fig. 1 shows cyclic voltammograms (CVs, solid lines) and in
situ potential–conductivity profiles (dashed lines), which were
measured simultaneously. The results for the first and the sixth
cycles are presented. During the initial extraction of lithium, the
conductivity of the film increased by more than four orders of
magnitude and saturated around the main CV peak at 3.9 V, as
observed for the Li12 xCoO2 composite film.16 The saturated
conductivity was not varied even upon expansion of the
potential range up to 4.2 V (x ≈ 0.5 in Li12 xCoO2). The drastic
conductivity change which appeared before the CV peak is
known to be the metal–insulator transition (MIT) resulting from
the possible direct overlap of cobalt t2g orbitals across a shared
octahedral edge.1,9 It was found here that the increased
conductivity did not revert to the initial low value in the
following reduction process, and that the conductivity value
remained within the same order of magnitude during the
successive charging/discharging cycles. This conductivity pro-
file hysteresis was not removed even upon reduction of the
potential scan rate to 10 µV s21. Fig. 2 shows the conductivity
measured under open-circuit conditions to examine the above
potentiodynamic results. A known amount of charge was
induced using a galvanostat (typically, 150 µC with 0.1 µA),
and then the rest potential and conductivity of the Li12 xCoO2
film were measured after more than 2 h. The correlation
between the rest potential and the conductivity, shown in Fig.
2(a), was essentially the same as the result obtained by
potentiodynamic measurements; the initial insulating state was
not reproduced. Fig. 2(b) represents the conductivity changes as
a function of x, calculated using the apparent volume of the film
and the density of a single crystal of LiCoO2. Although the

Fig. 1 Cyclic voltammograms (solid lines) and potential–conductivity
profiles (dashed lines) of a LiCoO2 film (0.2 µm thickness) sputter-
deposited onto a Pt IDA electrode, taken in 1 M LiClO4/PC at a scan rate of
0.1 mV s21. The bias voltage set between arrays was 5 mV. The first and the
sixth cycles are presented.
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calculated x values are not strictly accurate because of the
polycrystallinity of the film and some side reactions, it was
roughly confirmed that the MIT was induced by extraction of a
very small amount of lithium (less than 10%) and the
conductivity of the film could not revert to the initial insulating
state due to the difficulty in reinserting this small amount of
lithium. There are many reports showing similar irreversible
capacities for the first charge/discharge cycle.2,6–8 Crystallo-
graphic irreversibility may be the reason for this hysteresis
because of the fact that a structural transformation occurs
around x = 0.1 in Li12 xCoO2; within the composition range 0
< x < 0.1, a single hexagonal phase exists, whereas within the
range 0.1 < x < 0.22, two hexagonal phases coexist.1,6,7

Furthermore, electrochemical processes accompanied by

growth of insulating phases are kinetically unfavorable in
general, as seen for conducting polymers such as polyaniline.18

Anyway, the insulating nature of LiCoO2, which may be serious
for battery applications, was found not to be regained within the
time scale of battery applications.

The present work was supported by Grant-in-Aids for
Scientific Research on Priority Area (No. 10148205 and No.
10131211 for ‘Electrochemistry of Ordered Interfaces’) and for
Encouragement of Young Scientists (No. 09750906) from the
Ministry of Education, Science, Sports and Culture, Japan, and
partly by The Osaka Science & Technology Center.
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Fig. 2 The variations of the conductivity of a LiCoO2 film during the first
extraction/insertion of lithium as functions of (a) the rest potential and (b)
x in Li12 xCoO2, taken in 1 M LiClO4/PC with a bias voltage of 5 mV
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Strong coordination of cycloheptynes by gold(I) chloride: synthesis and
structure of two complexes of the type [(alkyne)AuCl]
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Gold(I) chloride (stabilized by tetrahydrothiophene) reacts
with the cycloheptynes 3,3,6,6-tetramethyl-1-thiacyclohept-
4-yne-1,1-dioxide (SO2-alkyne) and 3,3,6,6-tetramethyl-
1-thiacyclohept-4-yne (S-alkyne) to afford the complexes
[(h2-alkyne)AuCl]n [n = 2 (SO2-alkyne), n = ∞ (S-alkyne)];
the X-ray structures of both compounds show trigonal-
planar gold(I) centres and very short Au–C(alkyne) bonds.

Although gold(I) complexes (e.g. R3PAuNO3) are excellent
catalysts for the addition reaction of nucleophiles to alkynes,1
little is known about the interaction of gold(I) with the C·C
triple bond. Some efforts to prepare simple gold(I) alkyne
complexes were made in 1972 by Hüttel and Wittig, but most of
the obtained gold compounds were thermally unstable and all
were poorly characterized.2 In 1996–97 Lang et al. synthesized
five stable organogold(I) 3-titanapenta-1,4-diyne complexes
[Cp2Ti(C·CR)2AuR] with a trigonal-planar coordination of the
gold(I) centre. These complexes were properly characterized,
three of them by X-ray structure analysis.3 The compounds can
be considered as alkyne complexes although in reality hetero-
metallic acetylide coordination compounds are present. Fur-
thermore, in 1995 Mingos et al. reported on the compound
[Au(C·CBut)] within the structure of which h2(C·C)-co-
ordinated acetylide moieties also exist.4

In this study, we report on the first examples of structurally
well characterized [(h2-alkyne)AuCl]n complexes (n = 2, ∞ )
with the gold(I) ion in a trigonal-planar environment. Com-
plexes 1 and 2 were prepared by the reaction of [AuCl(tht)] (tht
= tetrahydrothiophene) with equal amounts of the cyclo-
heptynes 3,3,6,6-tetramethyl-1-thiacyclohept-4-yne-1,1-diox-
ide (SO2-alkyne) and 3,3,6,6-tetramethyl-1-thiacyclohept-
4-yne (S-alkyne), respectively (yield 90–97%).‡ Both
complexes 1 and 2 form colourless crystalline powders which
are thermally stable up to 150 °C. The solid compounds can be
handled in air for short periods. In solution they decompose
slowly when exposed to air or light. Compound 1 is soluble in
tetrahydrofuran and dichloromethane, while complex 2, due to
its polymeric character in the solid state, only dissolves in
strongly coordinating solvents such as mixtures of dimethyl
sulfide–dichloromethane or dimethyl sulfide–tetrahydrofuran.
In acetonitrile a molecular mass of 447 was found osmomet-
rically for 1 which shows that the chloro bridges in solid 1 have
been cleaved by the coordinating solvent (calc. M = 432.7 for
the monomer). In chloroform a somewhat higher value (M =
580) was observed (monomer–dimer mixture in solution).

X-Ray diffraction studies were carried out on both 1 and 2
(Fig. 1 and 2).§ Compound 1 forms dimeric molecules with the
gold(I) ions bridged by two chloro ligands (Fig. 1), whereas
complex 2 contains a polymeric chain built up by AuCl units
which are connected by S-alkyne ligands (coordination via the
C·C bond and the S atom; Fig. 2). The gold(I) centres exist in
a trigonal-planar environment. The alkyne carbon atoms as well
as the h1-bonded Cl and S atoms are arranged in-plane, which is
a typical feature for copper(I) and silver(I) h2-alkyne com-
plexes.5 A very strong alkyne–gold bond is found, with the Au–
C bond distances ranging from 2.050(7) to 2.100(8) Å.6 This is
close to the range for a normal Au–C-s bond [e.g. Au–R-s bond

lengths of 2.00(1), 2.018(6) and 2.079(7) Å were observed for
three trigonally coordinated AuI complexes Cp2Ti-
(C·CR)2AuR].3 The C·C bonds are lengthened from 1.194 Å
(C·C bond distance for the free SO2-alkyne)7 and 1.209 Å (C·C
bond distance for the free S-alkyne)7 to 1.259(11) Å (1) and
1.244(11) Å (2), which also proves the existence of a strong Au–
h2(C·C) interaction. For a gold(I) complex with trigonal-planar
coordination, an extremely short Au–Cl bond length of 2.409(2)
Å is observed in 2. For instance, in the complex (Ph3P)2AuCl,
an Au–Cl distance above 2.50 Å is observed.8 A value of about
2.40 Å, as in 2, is normally found for Au–Cl bonds in square-
planar neutral organyl AuII complexes.9 We therefore think that
strong back-bonding from AuI to the cycloalkyne ligand occurs
in 2 (and also in 1), which is equivalent to partial oxidation of
the AuI ion to AuIII. Also complex 1 is the first example of a
gold(I) complex where two chloro ligands bridge two AuI

ions.10 In gold(III) chemistry such bridging chloro ligands are
only known for the structure of gold(III) chloride.11 No
aurophilic attractions (weak inter- or intramolecular AuI···AuI

interactions resulting in Au–Au distances shorter than 3.40 Å)
between the AuI ions are found in 1 or 2.12 The intramolecular

Fig. 1 View of the molecular structure of [AuCl(SO2-alkyne)]2 1 with
atomic numbering scheme (60% thermal ellipsoids). Selected bond lengths
(Å) and angles (°): Au(1)···Au(1a) 3.666(1), Au(1)–Cl(1) 2.456(2), Au(1)–
Cl(1a) 2.473(3), Au(1)–C(1) 2.075(9), Au(1)–C(2) 2.055(9), C(1)–C(2)
1.259(12); Cl(1)–Au(1)–Cl(1a) 83.9(1), Cl(1)–Au(1)–C(1) 121.4(2)
Cl(1a)–Au(1)–C(2) 119.2(3), C(1)–Au(1)–C(2) 35.5(3), Au(1)–Cl(1)–
Au(1a) 96.1(1), C(2)–C(1)–C(6) 147.3(8), C(1)–C(2)–C(3) 146.4(9).

Fig. 2 Part of the polymeric chain of solid [AuCl(S-alkyne)] 2 with atomic
numbering scheme (60% thermal ellipsoids). Selected bond lengths (Å) and
angles (°): Au(1)–Cl(1) 2.409(2), Au(1)–S(1a) 2.415(2), Au(1)–C(1)
2.050(7), Au(1)–C(2) 2.100(8), C(1)–C(2) 1.244(11); Cl(1)–Au(1)–S(1a)
96.1(1), Cl(1)–Au(1)–C(1) 110.5(2), S(1a)–Au(1)–C(2) 118.7(2),
C(1)–Au(1)–C(2) 34.9(3), C(2)–C(1)–C(6) 146.3(7), C(1)–C(2)–C(3)
146.6(7).
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Au···Au distance in 1 is 3.666(1) Å; the Au–Cl–Au angle is
96.1(1)°.

The strong h2-coordination of the alkyne triple bond is also
confirmed by IR spectroscopy. The C·C stretching vibration is
shifted from 2177 cm21 to 1949, 1928 cm21 (1) and from 2188,
2161 cm21 to 1930, 1910 cm21 (2). These shifts of about 250
cm21 are much larger than those found in cycloheptyne
copper(I) chloride complexes (180 cm21).13

This study shows that angle-strained alkynes are able to
interact strongly with the gold(I) ion, thus forming thermally
stable complexes. An investigation of the coordination behav-
iour of other alkynes with gold(I) is in progress.

This work was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie.
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‡ Experimental data for 1: [AuCl(tht)]14 (1.00 g, 3.1 mmol) was suspended
at 0 °C in tetrahydrofuran (30 ml). 3,3,6,6-Tetramethyl-1-thiacyclohept-
4-yne-1,1-dioxide15 (0.75 g, 3.7 mmol) was added and the solution stirred
at 0 °C for 1 h. The clear solution was evaporated to dryness to remove the
released tetrahydrothiophene. Cyclopentane (25 ml, 0 °C) was added to
extract excess alkyne ligand. Filtration of the precipitate (washed twice with
3 ml cyclopentane) gave a yield of 1.2 g (2.8 mmol, 90%) of complex 1 in
the form of a colourless crystalline powder (mp 176 °C, decomp.). The
compound is insoluble in cyclopentane and benzene, but soluble in
acetonitrile, dichloromethane, chloroform and tetrahydrofuran. IR (KBr)
n/cm21 1949, 1928; 1H NMR (200 MHz, CDCl3) d 1.39 (s, 12H, CH3), 3.32
(s, 4H, CH2); 13C NMR (50.3 MHz, CDCl3) d 27.89 (CH3), 30.35 (CCH3),
66.76 (CH2), 97.15 (C·C); elemental analysis: found C 28.07, H 3.97%;
calc. C 27.76, H 3.73%. For 2: [AuCl(tht)]14 (1.00 g, 3.1 mmol) was
suspended at 0 °C in tetrahydrofuran (25 ml). 3,3,6,6-tetramethyl-
1-thiacyclohept-4-yne16 (0.9 g, 5.3 mmol) was added and the slurry stirred
at 20 °C (3 days, exclusion of light). The mixture was evaporated to dryness
to remove the released tetrahydrothiophene. Tetrahydofuran (20 ml) was
added to extract excess alkyne ligand. Filtration of the precipitate (washed
twice with 3 ml tetrahydrofuran) gave a yield of 1.2 g (3.0 mmol, 97%) of
complex 2 in the form of a colourless crystalline powder (mp 245 °C,
decomp.). The compound is insoluble in acetonitrile, benzene, dichloro-
methane, chloroform and tetrahydrofuran, but soluble in tetrahydrothio-
phene, dimethyl sulfide, and in mixtures of dimethyl sulfide with
dichloromethane and tetrahydrofuran. IR (KBr) n/cm21 1930, 1910;
elemental analysis: found C 30.07, H 3.99%; calc. C 29.97, H 4.03%.
§ Single crystals of 1 were grown from a solution in tetrahydrofuran to
which cyclopentane was slowly added via the gas phase. Single-crystals of
2 were grown from a solution in dichloromethane–dimethyl sulfide (15 : 1)
to which cyclopentane was slowly added via the gas phase.
Crystal data for 1: C10H16AuClO2S, M = 432.70, triclinic, space group P1̄,
a = 6.897(9), b = 8.563(2), c = 11.957(3) Å, a = 75.68(1), b = 78.41(4),
g = 69.54(4)°, U = 635.9(9) Å3, Z = 2, Dc = 2.260 g cm23, µ(Mo-Ka) =
11.92 mm21 (absorption correction by the y scan method). P4 Siemens
diffractometer, using q–2q scan technique [2q limits 5.0–55.0°] and Mo-Ka
radiation (l = 0.71073 Å). Crystal dimensions: 0.6 3 0.6 3 0.25 mm, 2397
observed data [I! 2s(I)] of 2575 independent data measured (T = 173 K).
Refinement (on F2) to R1 = 0.048 and wR2 = 0.127. No. of refined
parameters: 143. For 2: C10H16AuClS, M = 400.72, monoclinic, space
group P21/n, a = 8.880(2), b = 13.547(2), c = 10.513(2) Å, b =
109.93(2)°, U = 1188.9(4) Å3, Z = 4, Dc = 2.239 g cm23, µ(Mo-Ka) =
12.73 mm21 (absorption correction carried out with DIFABS program).17

P4 Siemens diffractometer, using q–2q scan technique [2q limits 5.0–55.0°]
and Mo-Ka radiation (l = 0.71073 Å). Crystal dimensions: 0.6 3 0.4 3 0.1
mm, 2307 observed data [I! 2s(I)] of 2735 independent data measured (T
= 173 K). Refinement (on F2) to R1 = 0.046 and wR2 = 0.116. No. of

refined parameters: 125. In both structures all atoms (excluding hydrogens)
were refined using anisotropic displacement parameters (riding model for
hydrogens). The structures were solved by direct methods (SHELXS-86 and
SHELXL-93).18 CCDC 182/915.
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Isolation and characterization of an oxidative degradation product of a
polypyridine ligand

Michael Renz, Catherine Hemmert, Bruno Donnadieu and Bernard Meunier*†

Laboratoire de Chimie de Coordination du CNRS, 205 route de Narbonne, 31077 Toulouse cedex 4, France

The origin of the fragility of a polypyridine ligand under
oxidizing conditions is discussed.

The catalytic activity of non-heme complexes has been recently
investigated in relation to non-heme containing enzymes having
one or two iron centers.1 Mononuclear iron complexes with
polypyridine ligands have been studied as potential oxidation
catalysts.2 In order to compare the activity of a mononuclear
polypyridine–iron complex with porphyrin or phthalocyanine
iron catalysts in the oxidative degradation of chlorophenols,3
we synthesized a new symmetric tetrapyridine ligand, bis[bis(2-
pyridyl)methyl]amine (BDPMA, Scheme 1).4 The iron(iii)
complex of this ligand, Fe(BDPMA)(NO3)3, is able to catalyze
the oxidative degradation of aromatic pollutants such as
chlorinated phenols in the presence of KHSO5.5 Unfortunately,
the oxidation stopped at the quinone level (without formation of
ring cleavage products which are observed with an iron–
phthalocyanine catalyst)3 and the catalyst seemed to be short-
lived. In attempts to crystallize the iron(iii) complex of this
tetrapyridyl ligand, we found the reason for the low catalytic
activity that we observed in chlorophenol oxidations. Instead of
a metal complex, the cationic compound 1,3,3-tris(2-pyridyl)-
3H-imidazo[1,5-a]pyridin-4-ium (TPIP) was surprisingly ob-
tained.‡ This degradation product of the BDPMA ligand was
completely characterized by 1H NMR, FAB-MS spectrometry
and X-ray analysis (Fig. 1).§ The key feature of this structure is
the presence of a pyridinium entity with the three other pyridine
substituents still intact. Formally, this modified ligand TPIP can
be obtained from BDPMA by abstraction of four electrons and
three protons. In the crystal structure, the bond lengths of the
pyridinium moiety are as expected for such rings and the
shortest bond length [N(1)–C(7)] of the imidazole moiety is in
agreement with a double bond. The N(2)–C(1) bond of the five-

membered ring is around 4 pm longer than the N(1)–C(1) bond,
as expected for a C–N+ bond of a pyridinium entity (Fig. 1). The
angle between the two planes formed by the imidazopyridinium
and the pyridine connected to the C(7) carbon atom (Fig. 1) is
only 5°, strongly suggesting that the conjugation is extended to
this pyridine.

The formation of TPIP can be explained by the oxidation of
BDPMA in the presence of FeIII species (in the absence of metal
traces BDPMA is stable and has been completely charac-
terized). The first step consists of a two-electron oxidation of
BDPMA by 2 equiv. of iron(iii). The resulting imine can be
activated by protonation and then attacked by a pyridine
nitrogen acting as internal nucleophile to generate a five-
membered ring (Scheme 1). This reaction is already known for
pyridyl substituted imines, which after cyclization, are further
oxidized to imidazo[1,5-a]pyridines.6 This is not possible in the
present case because a quaternary carbon is created during the
cyclization (C3, Scheme 1). Consequently, only one C–N
double bond can be obtained by dehydrogenation of the five-
membered ring (step 3, Scheme 1), and the pyridinium nitrogen
remains positively charged. The cationic TPIP was obtained
with nitrate as counterion (Scheme 1).

Scheme 1 Mechanism of the oxidative cyclization of BDPMA

Fig. 1 Crystal structure of TPIP (atom numbering is differing from that
presented in Scheme 1).§ Selected bond lengths (Å): N(1)–C(1) 1.457(4),
N(1)–C(7) 1.293(5), N(2)–C(1) 1.498(4), N(2)–C(2) 1.336(4), N(2)–C(6)
1.364(4), C(2)–C(3) 1.374(5), C(3)–C(4) 1.383(6), C(4)–C(5) 1.388(5),
C(5)–C(6) 1.377(5), C(6)–C(7) 1.471(5).
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To prove this mechanism, we synthesized TPIP on a large
scale via the imine. The latter is already known as precursor of
BDPMA and has been reduced by Zn to obtain BDPMA.4 For
the oxidation, MnO2 has been employed and TPIP was isolated
in 73% yield.‡ A slow oxidation leading to the C–N double
bond was observed in the presence of molecular oxygen, but we
found that MnO2 was the suitable oxidant to efficiently prepare
TPIP.

The isolation and characterization of this degradation product
is a significant illustration of the denaturation of a polypyridine
ligand in oxidative conditions. The mechanism of the degrada-
tion was confirmed by the synthesis of the obtained product
from the intermediary imine. The present work shows that
ligands having easily oxidizable C–H bonds, i.e. activated in
benzylic position or in a-position of a hetero atom, have to be
avoided for stability reasons in the design of effective and long-
lived oxidation catalysts.

We are grateful to the CNRS for financial support, especially
M. R. for a postdoctoral fellowship.

Notes and References

† E-mail: bmeunier@lcc-toulouse.fr
‡ Preparations: TPIP [oxidation of BDPMA with Fe(NO3)3]: BDPMA (100
mg, 0.283 mmol) in methanol (2 ml) was added to a solution of
Fe(NO3)3·9H2O (105 mg, 0.260 mmol) in methanol (2 ml) and the mixture
allowed to stand for 1 h. The solvent was evaporated and the residue dried
under oil-pump vacuum for 3 h at 60 °C and ca. 10 mg of the obtained
powder were dissolved in acetone. The solution was allowed to stand in an
atmosphere of diethyl ether for two weeks. The solution became colorless,
brown drops condensed and a large branched crystal was obtained, on which
an X-ray analysis could be carried out. A yellow crystal was also obtained
from an ethanolic solution in a methyl tert-butyl ether (MTBE) atmosphere.
A part of this was cut and used for the presented X-ray structure. The
remaining crystal was dissolved in dry (CD3)2SO for 1H NMR analysis and
mass spectrometry. 1H NMR [250 MHz, (CD3)2SO, 25 °C] d 7.69 [dd,
3J(HH) 7.7, 3J(HH) 4.8 Hz, 2 H, 18-H], 7.91 [d, 3J(HH) 7.9 Hz, 2 H, 20-H],
7.93 [ddd, 3J(HH) 7.8, 3J(HH) 4.8, 4J(HH) 1.0 Hz, 1 H, 12-H], 8.14 [td,
3J(HH) 7.7, 4J(HH) 1.7 Hz, 2-H, 19-H], 8.32 [td, 3J(HH) = 7.8 Hz, 4J(HH)
1.7 Hz, 1 H, 13-H], 8.51 [ddd, 3J(HH) 7.7, 3J(HH) 6.2, 4J(HH) 1.1 Hz, 1 H,
6-H], 8.75 [d, 3J(HH) 4.8 Hz, 2 H, 17-H), 8.76 [d, 3J(HH) 7.8 Hz, 1 H,

14-H], 9.08 [d, 3J(HH) = 4.8 Hz, 1 H, 11-H], 9.13 [td, 3J(HH) 7.7, 4J(HH)
1.0 Hz, 1 H, 7-H], 9.60 [d, 3J(HH) 8.0 Hz, 1 H, 8-H], 10.18 [d, 3J(HH) 6.2
Hz, 1 H, 5-H]; FAB-MS (meta-nitrobenzyl alcohol): m/z (%): 350 (100).

TPIP (preparative synthesis): 300 mg (1.63 mmol) of bis(2-pyridyl)-
ketone and 300 mg (1.63 mmol) of bis(2-pyridyl)methylamine4 were
dissolved in 10 ml of absolute isopropanol and dried over molecular sieves
3 Å for 1 h at room temperature. 350 ml (5.5 mmol) of glacial acetic acid was
added under N2 atmosphere and the reaction mixture refluxed for 5 h. 1.42
g (16.3 mmol) of MnO2 was added (the oil bath was removed for the
addition). After 1 h heating was switched off and the reaction mixture
allowed to cool slowly. After 16 h, solids were removed by filtration. The
solvent was evaporated (50 °C, 30 Torr) and the residue dissolved in 10 ml
CH2Cl2 and washed with brine (2 3 5 ml). The crude reaction mixture was
dissolved in MeOH and exposed to a MTBE atmosphere. 498 mg (1.19
mmol, 73%) of yellow crystals were obtained.
§ Crystal data for C22H16N6O3 (TPIP): M = 412.41, yellow pale crystal
(0.20 3 0.20 3 0.10 mm), monoclinic, space group I2/a, a = 22.665(3),
b = 8.4832(8), c = 23.415(3) Å, b = 117.83(2)°, U = 3982 Å3, Z = 8,
Dc = 1.37 g cm23, l = 0.71073 Å, T = 160(2) K, m(Mo-Ka) = 0.89 cm21,
25822 reflections (3166 independent) were collected on a STOE-IPDS
diffractometer, 281 parameters were refined using the least-squares method
on F7, R = 0.051 and Rw = 0.055. CCDC: 182/925.
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Polymer pendant crown thioethers: synthesis and HgII extraction studies of a
novel thiacrown polymer

Theodore F. Baumann,*† John G. Reynolds and Glenn A. Fox

Lawrence Livermore National Laboratory, University of California, PO Box 808, Livermore, CA 94551, USA

A novel C-substituted crown thioether has been synthesized
and used to prepare a cross-linked polystyrene polymer
containing pendant crown thioethers and that product has
been shown to be effective in extracting HgII from acidic
aqueous solutions.

Owing to increasing environmental concerns about waste water
remediation, major efforts are under way to design new
materials that can effectively remove and recover toxic metal
ions from aqueous solutions. One approach to this problem has
been to utilize organic ligands anchored to solid supports.1
Specific binding properties of the ligands can be exploited to
selectively remove a desired metal ion from a complex solution
of cations. The utility of polymer pendant ligands for the
extraction of a variety of metal ions from aqueous media has
been previously demonstrated.2

We are interested in designing polymeric materials for HgII

remediation in mixed waste streams. Typically, these waste
streams are not only very acidic, but also contain a wide variety
of other metal ions. As a result, removal of HgII requires a
robust and selective sequestering agent. To address this difficult
and expensive problem, we have developed the synthesis of
polymer pendant crown thioethers for the selective removal of
HgII from acidic aqueous media.3 Crown thioethers4 are well
suited for this task owing to the high affinity that sulfur crowns
have for the HgII ion5 as well as their resistance to degradation
under acidic conditions.6 As pendant ligands on solid supports,
crown thioethers have been shown to remove soft metal ions,
such as AgI, HgII and PbII, directly from aqueous solutions.7
Here we present the novel synthesis of a thiacrown polymer and
initial results in the extraction of the HgII ion from acidic
aqueous solutions.

Preparation of thiacrown polymers first required the synthe-
sis of a sulfur crown containing a pendant arm incorporated into
the carbon framework. Functionalization of this pendant arm
would allow for either the attachment of the crown to a polymer
support or direct polymerization of the thiacrown monomer.
While there are reported syntheses for C-substituted sulfur
crowns,7d,8 those methods were not practical for our purposes,
requiring a new method for the synthesis of pendant-arm crown
thioethers.

The new crown thioether, 2-hydroxymethyl-1,4,8,11,14-pen-
tathiacycloheptadecane9 ([17]aneS5-OH), 1, was synthesized in
a 25% yield through reaction of 2,3-dimercaptopropan-1-ol10

with 4,7,10-trithiatridecane-1,13-di(toluene-p-sulfonate)
(Scheme 1), using caesium carbonate mediated cyclization.11

Advantages of this technique are: (1) it is general for
synthesizing sulfur crowns of various sizes,12 and (2) the
hydroxymethyl moiety does not need to be protected prior to the
condensation reaction. [17]aneS5-OH was then treated with
thionyl chloride to form 2-chloromethyl-1,4,8,11,14-pentathia-
cycloheptadecane ([17]aneS5-Cl), 2 (89%), followed by conver-
sion to 2-(N-methyl)aminomethyl-1,4,8,11,14-pentathiacyclo-
heptadecane ([17]aneS5-NHMe), 3 (65%), through reaction
with methylamine. The synthesis of the 4-vinylbenzyl-substi-
tuted thiacrown 4 (60%) was readily accomplished by treating 3
with 4-vinylbenzyl chloride. Copolymerization of the 4-vi-

nylbenzyl-substituted thiacrown 4 with DVB (80% divi-
nylbenzene) using AIBN as the radical initiator generated the
highly cross-linked crown thioether polymer 5.13 Elemental
analysis of the resulting polymeric material showed that each
gram of the polymer contained 1.53 mmol of [17]aneS5 crown
(based on % by weight of sulfur).

Solid–liquid extraction capabilities of the polymer pendant
crown thioethers were tested in aqueous solutions. Twenty
milligrams of the polymer were stirred in 5 ml of a buffered
solution (ammonium acetate) containing 2.0 3 1025 g of HgII

[as Hg(NO3)2] at pH 3.60. Mixing times ranged from 30
minutes to 18 hours. At the end of the mixing, the polymer
powder was separated from each solution by filtering through a
cotton plug. The concentration of HgII remaining in the buffer
solution was quantified spectrophotometrically using a di-
phenylthiocarbazone extraction method adapted from the
methods of Charlot.14 Using this method, the accuracy in
determining the HgII concentration was ±1 ppm. In all cases,
HgII removal was determined to be 99+%, indicating the high
reactivity and extraction efficiency of the thiacrown polymer.
The mercury extraction performance of the polymer under
different conditions (pH and Hg concentrations), in addition to
metal ion competition studies, will be reported in a full paper.

Work was performed under the auspices of the U.S.
Department of Energy by the Lawrence Livermore National
Laboratory under contract number W-7405-ENG-48.

Scheme 1 Reagents and conditions: i. S(CH2CH2SCH2CH2CH2OTs)2,
Cs2CO3, DMF, 90 °C; ii. SOCl2, CH2Cl2, RT; iii. MeNH2, Na2CO3, MeCN,
0 °C; iv. 4-vinylbenzyl chloride, Na2CO3, MeCN, 81 °C
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A new protocol for the syntheses of (E)-3-benzylidenechroman-4-ones: a simple
synthesis of the methyl ether of bonducellin

Deevi Basavaiah,*† Manickam Bakthadoss and Subramanian Pandiaraju

School of Chemistry, University of Hyderabad, Hyderabad-500 046, India

Development of a simple new methodology for the synthesis
of (E)-3-benzylidenechroman-4-ones using methyl 3-aryl-
3-hydroxy-2-methylenepropanoates, the Baylis–Hillman ad-
ducts derived from methyl acrylate, and the application of
this methodology for the synthesis of the methyl ether of
bonducellin, an important natural product, and 3-(4-me-
thoxybenzylidene)-6-methoxychroman-4-one, an antifungal
agent, are described.

The (E)-3-benzylidenechroman-4-one moiety occupies a spe-
cial place in the field of heterocycles as this skeleton is an
integral part of many natural products and biologically active

molecules. For example, bonducellin 1 is an important natural
product occurring in Caesalpinia bonducella1 and Caesalpinia
pulcherrima.2 Autumnalin 23 and Eucomin 34 are interesting
naturally occurring molecules present respectively in Eucomis
autumnalis GRAEB (Liliaceae) and Eucomis bicolor BAK
(Liliaceae). (E)-3-(4-Methoxybenzylidene)-6-methoxychro-
man-4-one 4 is an antifungal agent.5 Therefore the development
of simple, general and new protocols for the synthesis of the
(E)-3-benzylidenechroman-4-one skeleton is of considerable
importance today in synthetic organic chemistry.

The classical and most of the literature methods for the
synthesis of (E)-3-benzylidenechroman-4-ones involve the
initial synthesis of the chroman-4-one skeleton, followed by the

construction of the benzylidene moiety via acid or base
catalyzed aldol condensation with aryl aldehydes.6–8 However,
to the best of our knowledge, there is no report in the literature
of the synthesis of (E)-3-benzylidenechroman-4-one involving
the initial preparation of the benzylidene moiety and then the
construction of the chroman-4-one ring system. We herein
disclose the first such methodology, thus developing a new
protocol for the synthesis of (E)-3-benzylidenechroman-4-ones
using methyl 3-aryl-3-hydroxy-2-methylenepropanoates, the
Baylis–Hillman adducts derived from methyl acrylate.

The Baylis–Hillman reaction9–13 has attracted the attention of
organic chemists in recent years as this reaction provides
synthetically useful multifunctional molecules which have been
successfully employed in various stereoselective processes. In
continuation of our interest in the Baylis–Hillman reaction14–17

we have examined the possible application of methyl
(2Z)-2-bromomethylalk-2-enoates‡ 5 derived from methyl
3-hydroxy-2-methylenealkanoates for the synthesis of
(E)-3-benzylidenechroman-4-ones 8 according to Scheme 1.

We first selected (2E)-2-phenoxymethyl-3-phenylprop-
2-enoic acid 7a, which was obtained via the reaction of allyl

Table 1 Synthesis of (E)-3-benzylidene- or (E)-3-alkylidene-chroman-4-ones (5?6?7?8)

Allyl bromidea R Producta,b Yieldc (%) Producta,d Yielde (%) Productf,g,h Yieldi (%)

5a Ph 6a 73 7a 87 8aj 91
5b p-MeC6H4 6b 75 7b 83 8b 94
5c o-MeC6H4 6c 87 7c 93 8c 90
5d p-EtC6H4 6d 90 7d 92 8d 93
5e p-PriC6H4 6e 71 7e 84 8e 91
5f p-MeOC6H4 6f 77 7f 90 8f 92
5g Pr 6g 65 7g 78 8g 80

a See footnote ∑. b All reactions were carried out in 10 mmol scale of bromide with 10 mmol of phenol in the presence of K2CO3 in acetone at reflux
temperature for 3 h. c Yields of pure esters obtained after silica gel column chromatography (3% EtOAc–hexane). d Hydrolysis of these esters was carried
out on a 5 mmol scale with aq. KOH–acetone at room temperature. e Isolated yields of the pure acids after crystallization. f See footnote **. g All the reactions
were carried out on a 1 mmol scale for the acid with TFAA ( 1 mmol) in refluxing CH2Cl2 for 1 h. h All the products gave satisfactory IR, 1H NMR (200
MHz), 13C NMR (50 MHz) and mass spectral data and elemental analyses. i Yields of the pure chromanones obtained after crystallization (8a–f) from EtOAc–
hexane (2:98) or after silica gel column chromatography (8g) (3% EtOAc–hexane). j See footnote §.

Scheme 1 Reagents and conditions: i, PhOH, K2CO3, acetone, reflux, 3 h;
ii, KOH, H2O, acetone, room temp., 14 h; iii, TFAA, CH2Cl2, reflux, 1 h
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bromide 5a‡ with phenol followed by hydrolysis, as a substrate
having a benzylidene moiety. Treatment of 7a with TFAA in
CH2Cl2 provided the desired (E)-3-benzylidenechroman-4-one
8a§ in 91% yield. Encouraged by this success we prepared a
representative class of (E)-3-benzylidenechroman-4-ones 8b–f
using (2E)-3-aryl-2-phenoxymethylprop-2-enoic acids 7b–f
obtained from methyl 3-aryl-3-hydroxy-2-methylenepropa-
noates (Scheme 1, Table 1). With a view to the generalization of
this methodology we also synthesized (E)-3-butylidene-
chroman-4-one 8g (R = Pr) (Table 1) starting from methyl
(2Z)-2-bromomethylhex-2-enoate 5g.¶

The efficiency of this methodology has been demonstrated
via the synthesis of the methyl ether of bonducellin 13 and
(E)-3-(4-methoxybenzylidene)-6-methoxychroman-4-one 4, an
antifungal agent, according to Scheme 2.

In conclusion, we have developed a new protocol for the
synthesis of (E)-3-benzylidenechroman-4-ones involving the
initial synthesis of the benzylidene moiety, followed by
construction of the chroman-4-one system. Further application
of this methodology for the synthesis of biologically active
molecules is in progress in our laboratory.
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Footnotes and References

† E-mail: dbsc@uohyd.ernet.in
‡ The (Z)-allyl bromides 5 were prepared from the corresponding
3-hydroxy-2-methylenealkanoates following the literature method (ref.
18).

§ Selected data for 8a: mp 110–111 °C (lit. 110–112 °C) (ref. 19);
nmax(KBr)/cm21 1668, 1601; dH(200 MHz, CDCl3) 5.35 (d, 2 H, J 1.6)
6.95–7.60 (m, 8 H), 7.88 (s, 1 H), 8.03 (d, 1 H, J 7.8); dC(50 MHz, CDCl3)
67.63, 117.93, 121.91, 122.06, 127.96, 128.74, 129.46, 129.99, 130.97,

134.43, 135.85, 137.44, 161.17, 182.17; m/z 236 (M+); Calc. for C16H12O2:
C, 81.34; H, 5.12. Found: C, 81.45; H, 5.12%.
¶ The reaction of methyl (2Z)-2-bromomethylhex-2-enoate 5g with phenol
in the presence of K2CO3 also provided ca. 15% of a side product,
presumably methyl 2-methylene-3-phenoxyhexanoate (SN2A product).
However, the major compound methyl (2E)-2-phenoxymethylhex-2-enoate
6g was obtained in pure form after silica gel column chromatography (3%
EtOAc–hexane).
∑ The (Z)-stereochemistry of the molecules 5 and the (E)-stereochemistry of
the molecules 6 and 7 were confirmed by 1H NMR spectral analysis. It is
well documented in the literature that in the 1H NMR spectrum the chemical
shifts of the vinylic b-proton cis to the ketone, ester and acid carbonyl
groups and of the corresponding vinylic trans b-proton are well-
differentiated and vinylic cis b-protons appear downfield in comparison
with trans protons (ref. 20). The (Z)-stereochemistry of the allyl bromides
5 was assigned on the basis of the chemical shift values of the b-vinylic
protons, i.e. d 7.78–7.91 (when R = Ar) and 6.97 (when R = Pr) (refs. 18,
21). The (E)-stereochemistry of the molecules 6, 7 and 9–12 was assigned
on the basis of the chemical shift values of the b-vinylic protons, i.e. d
8.02–8.25 (when R = Ar) and 6.93–7.11 (when R = Pr) (refs. 18, 22).
** It is well established that in the 1H NMR spectra of 3-benzylidene-
chroman-4-ones the vinylic b- proton cis to the carbonyl group appears at d
ca. 7.7 (refs. 4, 23) while the corresponding trans b-proton appears at d ca.
6.7 (ref. 4). In the case of compounds 4, 8a–f and 13 the vinylic b-protons
appear at d 7.81–7.96. Hence (E)-stereochemistry was assigned to the
compounds 4, 8a–f and 13. In the case of butylidenechroman-4-one 8g (R
= Pr) the vinylic b-proton appears at d 7.04. Therefore (E)-stereochemistry
was assigned to 8g.
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Synthesis of cadmium sulfide nanoparticles in situ using g-radiation

Yadong Yin, Xiangling Xu,*† Xuewu Ge, Chuanjun Xia and Zhicheng Zhang

Department of Applied Chemistry, University of Science and Technology of China, Hefei 230026, People’s Republic of China

Cadmium sulfide nanoparticles have been produced in situ
in aqueous solution at room temperature by precipitating
Cd2+ ions with homogeneously released S22 ions, which
were generated from the decomposition of Na2S2O3 by
g-irradiation.

Semiconductor particles in the nanometric range with dimen-
sions comparable to the Bohr radius exhibit strongly size
dependent optical and electrical properties. Such particles may
lead to quantum dot lasers, single electron transistors and a host
of other applications.1 It is important to synthesize such
particles at the desired size with a narrow size distribution and
in an easy-to-handle condition. Many of the studies have
focused on group II–VI semiconductor nanoparticles, in
particular cadmium sulfide, because of their technological
importance. Nanosized CdS particles are often prepared by
precipitating Cd2+ ions with gaseous H2S2,3 as the source of S22

ions. Because Cd2+ ions and H2S are in separate phases and mix
unevenly, the formation and aggregation of CdS particles is
inevitably uneven. Other reports are of efforts in preparing CdS
nanometer particles by mixing Cd2+ ions with Na2S in aqueous
solutions, water/oil microemulsions or other media.4–6 As the
precipitation of Cd2+ with S22 is quicker than their homoge-
neous mixing, the inhomogenity at early stages results in a
broadening of the size distribution. Also, deoxygenation and
fresh Na2S aqueous stock solutions are necessary in these
methods to avoid the formation of colloidal sulfur and other
species because of the instability of Na2S. On the other hand,
some reports have utilized other S22 reservoirs, such as P2S5 or
thioacetamide (TAA), to provide a homogeneous and rapid
release of S22 ions.7,8 However, it is difficult to control the
decomposition rate of P2S5 and TAA because non-aqueous or
other complex manipulations are required.

Here we report a novel method for synthesis of the CdS
nanoparticles at room temperature by utilizing homogeneous
release of S22 from the decomposition of sodium thiosulfate
(Na2S2O3) upon g-irradiation.9,10 In the presence of metal
cations such as Cd2+ in solution, sulfide particles are formed by
precipitation. To prevent the small CdS particles from coming
into close contact and undergoing further aggregation, a
surfactant, sodium dodecyl sulfate (SDS), is also needed in the
system. Isopropyl alcohol, which is a scavenger of oxidative
radicals such as .OH, is thus added to improve the yield of
nanoparticles.

Analytically pure Na2S2O3, 3CdSO4·8H2O, isopropyl alco-
hol and SDS were mixed in appropriate proportions in distilled
water. The solutions were irradiated by a 60Co g-ray source.
After irradiation, the pale yellow product was collected and
washed with distilled water. Finally, the product was dried in
vacuum at 50 °C for 3 h.

X-Ray powder diffraction (XRD) was carried out on a
Rigaku Dmax gA X-ray diffractometer with Cu-Ka radiation (l
= 0.154 178 nm). The absorption spectrum was recorded on a
UV-2100 Schimadzu UV–VIS spectrophotometer using quartz
cells. Transition electron microscopy (TEM) micrographs were
taken with a Hitachi Model H-800 transmission electron
microscope, using an accelerating voltage of 200 kV.

Fig. 1 shows the XRD pattern of a sample of CdS produced
by g-irradiation and is compared with the data of the JCPDS

file.11 The CdS particles were identified as b-CdS which
belongs to the cubic crystal system. The broad peaks indicate
that the dimensions of the CdS nanoparticles are very small.
Employing Scherrer’s equation,12 the mean size of the CdS
nanoparticles was estimated to be 2.3 nm.

The TEM image of the CdS sample of Fig. 1 is shown in Fig.
2, which reveals that small particles aggregate into secondary
particles because of their extremely small dimensions and high
surface energy. Therefore the size and the size distribution of
the nanoparticles is difficult to determine precisely by simply
viewing the TEM image.

The influence of the absorbed dose on the CdS nanoparticle
size was studied by recording the absorption spectra of solutions
irradiated with different absorbed doses, using aqueous solu-
tions containing the same concentration of SDS as reference.
Fig. 3 shows that the absorption spectra are structured and their
absorption onset is in the violet wavelength range. It has been
established that for relatively small semiconductor particles, the
absorption spectrum provides a direct measure of the size of the
crystallites.2,13–15 By comparing the position of shoulders with
the results of ref. 2, the particles are estimated to be ca. 1.5 nm
in diameter. Fig. 3 also shows the progressive shift of the

Fig. 1 XRD pattern of a CdS sample produced by g-irradiation

Fig. 2 TEM image of the CdS sample shown in Fig. 1
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absorption onset with increasing irradiation dose, indicating
that CdS particles gradually grow larger. The difference (in nm)
between the position of the onset and the mean position of the
shoulders characterizes the size polydispersity.16 Fig. 3 reveals
that the size polydispersity of the particles increases as the
absorbed dose increases but does not change distinctly. It seems
that the observed homogeneity is a direct consequence of the
homogeneous mixing of S2O3

22 and Cd2+, and the even
production of S22 upon g-irradiation.

Upon standing for ten days, the irradiated solutions show
almost no change in absorption spectra. The system in the
absence of SDS displays a weaker absorption, which shifts to
longer wavelength and decays quickly upon aging. The
surfactant layer around the small particles provides a microen-
vironment without water and other ions and inhibits the reverse

(corrosion) reaction as well as coalescence; this favors the
stabilization of small colloidal semiconductor particles.

In summary, g-irradiation of the mixture provides promptly
released and evenly dispersed S22 ions, which then rapidly
precipitate with Cd2+ ions and aggregate in situ. The surfactant
prevents the small particles from coming into close contact and
growing larger. A detailed study of the mechanism of the
g-irradiation route is underway and will be reported else-
where.
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Fig. 3 Absorption spectra of irradiated CdS solutions with various absorbed
doses: (1) 1000 Gy, (2) 1500 Gy, (3) 2000 Gy, (4) 2500 Gy, (5) 3000 Gy,
(6) 4000 Gy. Solution: 2 3 1024 m CdSO4·8/3H2O, 2 3 1024 m Na2S2O3,
0.3 m PriOH, 0.05 m SDS. Reference: aqueous solution containing the same
concentration of SDS.
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Reversible anion binding in aqueous solution at a cationic heptacoordinate
lanthanide centre: selective bicarbonate sensing by time-delayed luminescence

Rachel S. Dickins,a Thorfinnur Gunnlaugsson,a David Parker*a† and Robert D. Peacockb

a Department of Chemistry, University of Durham, South Road, Durham, UK DH1 3LE
b Department of Chemistry, University of Glasgow, Glasgow, UK G12 8QQ

Reversible displacement of up to two metal bound water
molecules at a coordinately unsaturated, cationic lanthanide
centre is signalled by increases in the luminescence intensity
or lifetime of the emissive lanthanide: selective chelation of
hydrogencarbonate is consistent with emission spectro-
scopic, ESMS and CPL measurements.

Intrigued by the prospect of using a charged luminescent
lanthanide receptor for the time-gated signalling of anion
binding (hinted at by a brief communication1), we set out to
prepare well-defined coordinately unsaturated Tb and Eu
complexes wherein stepwise displacement of quenching metal-
bound water molecules by a given anion would be signalled by
increases in the lifetime or emission intensity of the lanthanide
luminescence. Accordingly the enantiopure complexes
[EuL1]3+ and [TbL1]3+ were devised, wherein the remote chiral
centre at carbon determines the chirality of the complex in a
similar fashion to that established with the Ln complexes of L2.2
In aqueous solution, the complexes complete their coordination
number by binding two displaceable water molecules.

Reaction of 3 equiv. of (R)-N-(2-chloroethanoyl)-2-phenyl-
ethylamine with 1-(4-methoxyphenylsulfonyl)-1,4,7,10-tetra-
azacyclododecane (Cs2CO3, DMF, 70 °C) followed by re-
ductive deprotection (Na, aq. NH3, EtOH–THF) allowed
isolation of the heptadentate, tri-N-substituted ligand L1 (mp
64 °C), following chromatography on neutral alumina (CH2Cl2
to 1% MeOH–CH2Cl2). Complexation with Eu(CF3SO3)3 or
Tb(CF3SO3)3 in anhydrous MeCN gave tripositive complexes.
Analysis of [EuL1]3+ by 1H NMR spectroscopy in D2O and
CD3OD revealed only one set of four distinct broadened
resonances for the most shifted axial ring proton (293 K, D2O:
+27.0, +16.1, +13.5, +8.8 ppm). A low temperature EXSY
spectrum at 220 °C, clearly indicated that there were four
stereoisomeric complexes (in a ratio of ca. 3.5 : 1 : 0.5 : 0.25)
undergoing exchange by arm rotation but not ring inversion at
this temperature.

The luminescence lifetimes for each complex were measured
in H2O and D2O, initially in the absence and presence of a
10-fold excess of a selection of halides and oxyanions (Table 1).
Such measurements allow the estimation of the number of
coordinated water molecules (qA = 2 for each in the absence of
added anions). A correction has been made in each case to
account for the quenching effect of closely diffusing OH and

amide NH oscillators.3 In the presence of base (I = 0.14 NaCl),
the lifetime of [TbL1]3+·(OH2)2 increased by almost 50% and
the qA value fell from 1.9 to 0.4, consistent with deprotonation
and concomitant displacement of the second water molecule by
Cl2—leaving one quenching OH oscillator. The labilisation of
metal bound water molecules following deprotonation is well-
known with di- and poly-aqua metal ion species.4

Lifetimes for [TbL1]3+ in the presence of I2/Br2/Cl2 and
NO3

2 (pH 5.5–6.5) were virtually unchanged, whereas F2,
acetate and sulfate competed with H2O for binding and led to
the displacement of up to one of the quenching water molecules.
Most striking was the behaviour of hydrogencarbonate (pH 6.5)
and carbonate (pH 11) in which both water molecules were
displaced leading to a large change in the measured lifetime
(Table 1). This pattern of behaviour was echoed in lifetime
measurements with [EuL1]3+, suggesting formation of a che-
lated adduct with HCO3

2/CO3
22 (Scheme 1).5

Further support for the distinctive nature of the anion adduct
was provided by examination of the Eu emission spectra
wherein the hypersensitive DJ = 2 transition at 618 nm is
particularly sensitive to coordination environment.2 The in-
tensity ratio of the DJ = 2 :DJ = 1 emission bands was 4 : 1
(10-fold excess of anion in D2O) for HCO3

2, and the other
values measured were all lower (e.g. F2, 4 : 3; H2PO4

2, 2 : 1). A
titration of the change in the intensity of one component of the
620 nm band as a function of added bicarbonate ([Eu·L1]3+ = 2
3 1023 m, 0–40 mm NaHCO3, 293 K, 0.1 m MES buffer,

Table 1 Effect of added anions (10 mm complex) on the rate constants
(±10%) for depopulation of the excited states of [Eu·L1]3+ and [Tb·L1]3+,
and corrected inner-sphere hydration numbers, qA

Complex/anion kH2O/ms21 kD2O/ms21 Dkcorr./ms21 qAis (±0.15)

[Tb·L1]a (CF3SO3
2) 0.84 0.39 0.39 1.91

OH2 (pH 11) 0.59 0.45 0.08 0.39
F2 0.61 0.36 0.19 0.93
I2, Br2 or Cl2 0.87 0.39 0.42 2.06
NO3

2 0.84 0.42 0.36 1.76
CH3CO2

2 0.74 0.42 0.26 1.27
SO4

22 0.66 0.37 0.23 1.13
H2PO4

2 0.57 0.37 0.14 0.69
Citrate 0.55 0.41 0.08 0.39
HCO3

2 0.54 0.45 0.03 0.15
CO3

22c 0.53 0.46 0.01 0.05

[Eu·L1]d (CF3SO3
2) 3.85 1.54 1.81 2.14

CO3
22 2.33 1.64 0.19 0.24

HCO3
2b 2.44 1.67 0.27 0.34

H2PO4
2 2.63 1.54 0.59 0.74

SO4
22 2.94 1.67 0.77 0.96

CH3CO2
2 3.45 1.69 1.26 1.58

F2 2.70 1.39 0.81 1.01

a Corrections for Tb complexes were to allow for the effect of closely
diffusing OH oscillators (20.06 21 in Dk) and used qAis = AADkcorr. where
AA = 4.9. b Unchanged in 0.14 m NaCl; reduces to qA = 0.25 in 50 mm
HCO3

2. c At pH 11. d For Eu complexes, the correction for closely diffusing
OH oscillators was 20.25 and 20.08 ms21 for each amide NH, with AA =
1.25.
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Figs. 1 and 2), revealed an increase in the intensity of the band,
with a switching factor of six, consistent with reversible
formation of a 1 : 1 adduct. A similar titration with added
dihydrogenphosphate showed much less change, with an
enhancement factor of two in the range 0–5 mm. It is well
known that hydrogenphosphate prefers to bind in a monodentate
manner,6 while carboxylates and carbonates often chelate,
particularly to metal centres in higher coordination numbers.7
Support for the existence of such a species came from ESMS,
where in addition to the observation of an [TbL1OH]+ species at
831, peaks at 875.2 and 876.2 were apparent, together with
437.6/438.2 (m⁄2), whose relative abundance was in agreement
with the isotope pattern calculated for [TbL1 + HCO3]+ [calc.:
875.34 (100%) and 876.34 (51%)]. The structure of the excited
state of lanthanide complexes is probed sensitively by circularly
polarised luminescence (CPL).8 CPL spectra for [EuL1]3+ in the
presence of CF3SO3

2, H2PO4
2 and HCO3

2 (at pH 6.5 in an

0.1 m MES buffer) (Fig. 3) were measured. Distinctively
different CPL spectra were found in the presence of both
HCO3

2 and HPO4
22 consistent with a pronounced change in

the helicity of the ‘anion-bound’ europium excited-state
structure.

In summary, measurements of the luminescence lifetime or
intensity of emissive, coordinatively unsaturated enantiopure
lanthanide complexes in aqueous media afford a new way of
signalling the presence of selected oxyanions. Such systems
may also act as simple models for studying anion binding in
water that is relevant to the mode of action of alkaline
phosphatase and carbonic anhydrase.
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Scheme 1

Fig. 1 Variation of luminescence intensity at 620 nm for [EuL1](CF3SO3)3

(pH 6.4 to 7.3 in 0.1 m MES buffer, 293 K, 1 mm) as a function of added
NaHCO3 in the range 1–30 mm. Emission intensities and lifetimes were
unchanged (±7%) in the presence of 140 mm NaCl and in control
experiments varying pH only (Perkin Elmer LS50B fluorimeter).

Fig. 2 Increase in the Eu emission intensity as a function of added NaHCO3

(5; 293 K, pH 6.5–7.3 in an 0.1 m MES buffer, lexc. 257 nm), NaH2PO4

(Ω) and NaHCO3 (2) in a simulated clinical background of anions
(H2PO4

2 0.9 mm, 2.3 mm lactate, 145 mm Cl2, 0.13 mm citrate)

Fig. 3 Circularly polarised luminescence spectra for [EuL1](CF3SO3)3

(pD 6.9, 293 K, 1.0 mmol dm23 in 0.1 m MES) (upper), and in the presence
of 10 mm H2PO4

2 (bottom) and 40 mm HCO3
2 (centre). With H2PO4

2, the
three DJ = 1 components have alternating signs while with HCO3

2 the
highest energy component is absent and the signs are reversed.
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Zirconocene-coupling routes to conjugated polymers: soluble
poly(arylenedienylene)s

Brett L. Lucht and T. Don Tilley*†

Department of Chemistry, University of California, Berkeley, Berkeley, California, 94720-1460, USA

Zirconocene-coupling of (–C·CCH2C(CH2OC6H13)2CH2C·
C–arylene–)n polymers, followed by hydrolysis, provides a
convenient, versatile route to soluble, diene-arylene poly-
mers.

During the past decade, there have been extensive investiga-
tions on the synthesis and properties of conjugated polymers.1
Since conjugated polymers tend to have poor solubility
properties, they are frequently synthesized from more soluble
precursor polymers,2 or their solubilities are increased via
incorporation of alkyl or alkoxy substituents as solubilizing
groups.3 Soluble conjugated polymers are desired as processible
materials for numerous optoelectronic applications.1 Particular
attention has focused on poly(p-phenylenevinylene) deriva-
tives, but it is clear that rather small changes in chemical
structure can result in substantial changes in electronic
properties for the polymer.4

We have recently developed a metal-coupling route to
soluble poly(p-phenylenedienylene)s,5 which involves palla-
dium-catalyzed cross-coupling of diiodobenzenes with terminal
dialkynylalkanes,6 intramolecular zirconocene coupling of the
alkyne units, and hydrolysis of the resulting zirconacyclopenta-
diene polymers7 (Scheme 1). Variations of substituents on the
phenyl ring (alkyl versus alkoxy) and the size of the exocyclic
ring allow tuning of optical absorbances from 316–524 nm and
emissions from 437–619 nm.5 We now report a new method for
the preparation of soluble conjugated polymers, based on
zirconocene coupling (Scheme 2). This procedure is more
versatile in that it allows for incorporation of a wide variety of
aromatic units into the backbone of soluble poly(arylene-
dienylene)s.

Polycondensations of 1 with dibromoarenes were catalyzed
by Pd(PPh3)4/CuI in a mixture of THF and diisopropylamine for
12–16 h at 50 °C.‡ Polymers 2a–g were isolated as brown tars
in 76–86% yield after purification by standard aqueous workup
and removal of solvent. The crude polymers, which are highly
soluble in THF, toluene and CHCl3, contained trace quantities
of the catalyst (by NMR spectroscopy). However, their
structures were confirmed by 1H NMR and IR spectroscopy.
The IR spectra of 2a–g contain n(C·C) stretches in the range
2212–2230 cm21, and their molecular weights (as determined

by gel permeation chromatography, GPC; polystyrene stan-
dards) varied from 6100–20 000 (Mw; PDI ≈ 2).

Polymers 2a–g were converted to deeply colored arylene-
zirconacyclopentadiene polymers via additions to a solution of
zirconocene, generated by the addition of BunLi to zirconocene
dichloride at 278 °C.7b These metal-containing polymers were
converted directly to the corresponding poly(arylenedienyl-
ene)s 3a–g by addition of aqueous HCl.§ Polymers 3a–g were
isolated as waxy solids in 82–91% yield after purification by
standard aqueous workups. They are quite soluble in toluene,
CHCl3 and THF, and their molecular weights (Table 1) are
similar to those for the precursor polymers 2a–g, indicating that
no chain degradation had occurred. The chemical structures of
the polymers were determined by 1H NMR and IR spectrosco-
pies and combustion analyses.¶ The spectral data for polymers
3a–e are consistent with the structures given in Scheme 2. Thus,
the 1H NMR spectra for these polymers contain vinylic and
allylic resonances in the expected integrated ratios. Also, the IR
spectra reveal no evidence for n(C·C) absorbances, indicating
nearly quantitative conversion of alkyne to alkene units.

Our previous study indicated that the preparation of poly-
(p-phenylenedienylene)s via a multi-step process involving the
conversion of one polymer to another is potentially susceptible
to incomplete conversions and incorporation of defects into the
backbone.5 The vinylic and allylic regions of the 1H NMR
spectra of poly(arylenedienylene)s 3f and 3g suggest in-
complete conversion. The vinylic and allylic 1H NMR reso-
nances for 3f consist of one primary set of resonances ( > 80%
by integration) along with additional resonances with lower
intensities. This suggests that the polymer contains minor
defects ( < 20%). The vinylic and allylic 1H NMR resonances
for 3g are extremely broad and ill-defined, suggesting that the
conversion of 2g to 3g results in a complex mixture of products
with few diene units. The lack of observed n(C·C) absorbances
in IR spectra of polymers 3f and 3g is consistent with partial
conversion, since the alkynyl absorbances of 2f and 2g are very
weak. Given the steric bulk of the arene spacers in 2f and 2g, we
attribute the incomplete conversions for these polymers to
unfavorable interactions between the arene group and the

Scheme 1 Scheme 2
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zirconocene fragment. This is supported by observations on
model zirconocene couplings with alkynes,8 and semi-empirical
PM3 calculations.

The optical properties of polymers 3a–g were investigated by
absorption, emission and excitation spectroscopy. The spectral
data for polymers 3a–g are summarized in Table 1, and Fig. 1
presents absorption, emission and excitation spectra for poly-
mer 3b. The observed optical properties vary considerably,
according to the structure of the aromatic rings. The absorption
spectrum of the pyridine-containing polymer 3c is red-shifted
(lmax = 548 nm) upon treatment with 3.0 m HCl to form the
pyridinium cation 3c·HCl, as has been observed in related
polymers.9 Note that incorporation of a thiophene group leads to
a red-shift (with respect to polymer 3a), while incorporation of
tetrafluorophenylene results in a blue shift. For polymer 3b, the
excitation spectrum reproduces the absorption spectrum, and
the photoluminescence quantum yield is 0.043.5,10 The photo-
luminescence quantum yields for 3a and 3c–f, on the other
hand, are low (F < 0.01). The excitation spectra for 3a and 3c–f
exhibit maxima at shorter wavelength (by 40–120 nm) than the
respective absorption lmax values. Based on our previous study,
we suggest that this may be attributed to efficient emission from
defect sites resulting from incomplete conversion to the diene-
polymer.5

We are currently investigating the photoluminescent and
electroluminescent properties of thin films of polymer 3b. In
addition, further evaluation of the use of zirconocene couplings
for the preparation of conjugated polymers is in progress.

Notes and References

† E-mail: tdtilley@socrates.berkeley.edu
‡ Polymer 2a. A 100 ml Schlenk flask was charged with 1,4-di-
bromobenzene (0.59 g, 2.5 mmol), Pd(PPh3)4 (0.13 g, 0.12 mmol), CuI
(0.04 g, 0.21 mmol), Pri

2NH (7.0 ml) and THF (15.0 ml). To this solution
was added 1 (0.80 g, 2.5 mmol), and the reaction mixture was allowed to stir
for 16 h at 50 °C. The reaction mixture was diluted with CHCl3 (100 ml) and
washed with diluted NH4OH (2 3 75 ml, 1.0 m) and H2O (75 ml). The
organic layer was dried with Na2SO4 and the solvent was removed by rotary
evaporation. This yields 2a (79%, 0.78 g) as a light yellow–brown gummy
solid. dH(300 MHz, CDCl3) 0.86 (t, J 7.2, 6 H, CH3), 1.27 (m, 8 H, CH2),
1.33 (m, 4 H, CH2), 1.55 (m, 4 H, CH2), 2.61 (s, 4 H, CH2), 3.43 (t, J 6.8,
4 H, CH2O), 3.47 (s, 4 H, CH2O), 7.29 (s, C6H4, 4 H); n(film, KBr)/cm21

2954, 2930, 2859, 2223 (C·C), 1507, 1465, 1376, 1261, 1113, 1020, 836,
800; Mn/Mw = 3600/6100 by GPC.
§ Polymer 3a. A 100 ml Schlenk flask was charged with Cp2ZrCl2 (1.0 g,
3.4 mmol) and 30 ml of dry THF. The solution was cooled to 278 °C and
BunLi (4.0 ml, 1.6 m, 6.5 mmol) was added dropwise over 5 min. The
reaction mixture was allowed to stir for 15 min at 278 °C, and then crude
2a (0.78 g, 2.0 mmol of diyne) in 10 ml of dry THF was slowly added via
cannula over 5 min. The reaction was allowed to stir under N2 while
warming to room temperature over 3–4 h, and was then stirred for an
additional 1 h at room temperature. The phenylene zirconocyclopentadiene
polymer was not isolated, but was converted directly to 3a by addition of
HCl (15 ml, 6 m). The reaction mixture was diluted with CDCl3 (100 ml)
and washed with HCl (75 ml, 0.5 m), H2O (75 ml), NaHCO3 (75 ml, 1.0 m),
and H2O (75 ml). The organic layer was dried over Na2SO4, and then the
solvent was removed by rotory evaporation. This yields 3a (85%, 0.66 g) as
an orange wax. dH(300 MHz, CDCl3) 0.87 (br, 6 H, CH3), 1.26 (br, 12 H,
CH2), 1.53 (br, 4 H, CH2), 2.75 (br, 4 H, CH2), 3.23 (br, 4 H, CH2), 3.39 (br,
4 H, CH2), 6.99 (br, 2 H, CH), 7.43 (br, 4 H, C6H4); n(film, KBr)/cm21

3021, 2954, 2930, 2857, 2793, 1598, 1464, 1376, 1261, 1112, 877; Mn/Mw

3700/7400 by GPC; (Calc. for C27H40O2: C, 81.8; H, 10.18. Found: C, 77.5;
H, 9.62%).
¶ As expected for conjugated polymers, the combustion analyses typically
gave values for the carbon content that were low by a few percent.
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Table 1 Optical and molecular weight data for polymers 3a–g

Ar Mn/Mw
a

lmax

(Abs)/nm
lmax

(Em)/nm Color

a 3700/7400 422 482 Orange

b 3500/7000 396 470 Blue–green

c 4700/12000 446 548 Orange

d 3600/7200 538 569 Violet

e 13000/27000 360 463 Yellow

f 5000/11000 410 490 Orange

g 4800/13000 b b Orange

a Molecular weights were determined by GPC vs. polystyrene standards.
b The optical properties were not investigated due to incomplete
conversion.

Fig. 1 Absorption (–—), emission (-----) and excitation (·····) spectra of
3b
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Influence of oxygen and nitrogen on 7Li MAS NMR spectra of zeolite LiX-1.0

M. Feuerstein and R. F. Lobo*†

Center for Catalytic Science and Technology, Department of Chemical Engineering, University of Delaware, Newark, DE 19716,
USA

Nitrogen and oxygen were adsorbed in dehydrated samples
of zeolite LiX-1.0 [(SiAlO4)96Li96]; the 7Li MAS NMR
spectra of these samples were compared with the spectrum
of a sample studied in vacuum; it has been shown that the
line assigned to Li cations at position SIII (diso = 20.7) is
influenced by the different gases, whereas lines belonging to
Li cations in front of six-rings do not change (SIA line diso =
0.4, SII line diso = 20.3).

Characterization of the acid and adsorption sites of porous
materials is a key issue for understanding the adsorption process
and its technical applications. LiX zeolites are commercially
useful adsorbents for the production of nitrogen from air in the
PSA (pressure swing adsorption) process.1 Adsorption experi-
ments have shown that the capacity of nitrogen adsorption
correlates with the amount of the Li extraframework cations in
these zeolites.2 Recently, Plevert and coworkers3 investigated
zeolite LiX-1.0 by neutron diffraction and located Li cations in
four crystallographic sites (SIA, SII, SIII and SIIIA). Li cations in
zeolite LiX were also studied using a combination of 6Li and 7Li
MAS NMR spectroscopy and neutron diffraction by Feuerstein
and Lobo.4 6Li and 7Li MAS NMR spectra of dehydrated LiX-
1.0 show three lines belonging to Li cations in sites SIA (diso =
0.4), SII (diso = 20.3), and SIII (diso = 20.7). Variable
temperature 7Li MAS NMR spectra have shown that the cations
at SIII have to be considered mobile. In this earlier study zeolite
samples were dehydrated in MAS NMR glass inserts and the
inserts sealed while under vacuum. Here we discuss the changes
in the 7Li MAS NMR spectra caused by the presence of nitrogen
and oxygen on LiX-1.0.

NaKX-1.0 zeolite was prepared following a method similar
to the one published by Kuehl5 and the as-synthesized form was
exchanged to the Li form by several ion exchanges (see ref. 4).
The LiX-1.0 zeolites were dehydrated at 673 K and 1021 Pa.
The integrity of the faujasite structure was confirmed by X-ray
powder diffraction. 29Si MAS NMR spectra show an Si/Al ratio
of 1.0 and 27Al MAS NMR spectra show only the existence of
tetrahedral coordinated aluminium. 7Li MAS NMR spectra
were recorded at a resonance frequency of 116.6 MHz using a
Bruker MSL-300 spectrometer and a 4 mm double bearing
Bruker probe. The sample studied in vacuum was prepared in
MAS glass inserts. For the oxygen adsorption a sample was
dehydrated in a MAS glass insert and sealed after filling the tube
with dry oxygen (79.1 kPa). Studies of adsorption of nitrogen
were performed by packing the MAS NMR rotor in a nitrogen
atmosphere using a glove box.

Fig. 1 shows the 7Li MAS NMR spectra of zeolite LiX under
three different sets of conditions: at vacuum, and after the
adsorption of nitrogen and oxygen. The lines belonging to the Li
cations in front of the six-ring windows [SIA (diso = 0.4), and SII
(diso = 20.3)] do not change after the adsorption of the
different gases. Cations at SIA do not interact with the gas
molecules because the van der Waals radii of N2 and O2 are too
large to enter the b-cages and interact with this site. On the other
hand, it is known from the refinements of the neutron diffraction
data of LiX-1.0 that Li cations at SII are located inside the six-
ring.3,4 Therefore, the SII cations are effectively shielded by the

framework atoms and do not interact with molecules in the
supercages.

The line observed at diso = 20.7 in the 7Li MAS NMR
spectrum of the sample studied in vacuum and attributed to the
SIII cations shifts slightly to a lower frequency after the
adsorption of nitrogen. This observation is explained by the
preferred interaction of the nitrogen molecules with the Li
cations at SIII. Interestingly, 23Na and 7Li MAS NMR
experiments of LiNaX zeolites having different Li exchange
levels had shown that the site population of Li cations at SIII
correlate directly with its nitrogen adsorption capacity.6 The
presence of oxygen causes a down-field shift of the SIII line.
The shift to higher frequency is explained by the paramagnetism
of the oxygen molecules. Several authors have observed shorter
spin–lattice relaxation times (T1) caused by the adsorption of
oxygen.7 Recently, Norby et al.8 also observed a down-field
shift of lines in 133Cs MAS NMR spectra (recorded at variable
temperature) of a CsNaY zeolite. The down-field shift was
explained by the paramagnetic interaction between the unpaired
electrons of the oxygen molecules and the Cs nucleus. Variable
temperature 7Li MAS NMR spectra of zeolite LiX-1.0 loaded
with oxygen are depicted in Fig. 2. It can be observed that as a
function of temperature, (i) the lines belonging to the six-ring
cations show a small high-field shift, (ii) the line at high field
belonging to the cations at SIII shows a down-field shift with
decreasing temperature, (iii) the line width of the SIII line is
increasing with decreasing temperature.

The high-field shift of the SIA and SII components was also
observed in 7Li MAS NMR spectra of LiX-1.0 recorded at
variable temperature with samples studied under vacuum in a
MAS glass insert. Neutron diffraction experiments have shown
that in LiX-1.0 a phase transition occurs at T = 220–230 K.4
The symmetry changes from the cubic space group Fd3 to the
orthorhombic space group Fddd. This phase transition might
cause a slightly different environment of the Li cations and
accounts for the change in the chemical shifts of the SIA and SII
lines. This point, however, is not completely understood and
needs additional study. The down-field shift of the SIII line at
lower temperatures is due to the temperature dependence of the

Fig. 1 7Li MAS NMR spectra of LiX-1.0, (a) after adsorption of nitrogen,
(b) in vacuum, and (c) after adsorption of oxygen
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paramagnetic shift Dn ≈ 1/T. The increase of the line
broadening at lower temperatures is caused by two effects: a
line broadening of the SIII line was previously observed in a
study of 7Li MAS NMR spectra of LiX in vacuum in the
temperature range 233–253 K.4 This effect is related to motion
of the SIII cations and the line narrowing by the MAS NMR
experiment. However, at temperatures below 233 K a narrow
SIII line was again observed in the sample studied in vacuum.
The 7Li MAS NMR spectra shown in Fig. 2 differ in this point
and the SIII line broadens further at temperatures below 233 K.

The source of the other broadening is the paramagnetic shift due
to the anisotropic interaction of the nuclear spin with the
electron spin.9

The adsorption of oxygen can be easily used to test for
accessibility of a cation site in microporous materials in general.
The present work shows clearly the advantage of using 7Li
MAS NMR spectroscopy to study the adsorption sites in zeolite
LiX, namely the Li cations at site SIII. We will discuss this topic
in more detail in the future and compare the 7Li MAS NMR
spectra of different zeolites recorded under vacuum and after
adsorption of nitrogen and oxygen.

Note added at proof: Plevert et al.10 very recently reported a
study of the paramagnetic shift of 6Li in zeolite Li-X. Their
results are fully consistent with the results presented here for 7Li
in zeolite Li-X.
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Fig. 2 Variable temperature 7Li MAS NMR spectra of zeolite LiX after
adsorption of oxygen
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Directed reactivity at a vanadium(II) thiolate center: synthesis and structure of
a novel vanadium thiolate complex and its reaction product with azobenzene

John A. Davis, Christopher P. Davie, David B. Sable and William H. Armstrong*†

Department of Chemistry, Eugene F. Merkert Chemistry Center, Boston College, Chestnut Hill, Massachusetts, 02167-3860, USA

The vanadium(II) thiolate complex [V(tmeda)(DCTP)2]
[DCTP = 2,6-dichlorothiophenolate; tmeda = N,N,NA,NA-
tetramethylethylenediamine] is obtained by the reaction of 2
equiv. of LiDCTP with [VCl2(tmeda)2] and reacts with
azobenzene to yield the imido-containing complex [V(tme-
da)(DCTP)2(·NPh)].

Low-valent vanadium thiolate complexes are of interest due in
part to their potential relevance to the functioning of the
alternative nitrogenase cofactor,1 and to their presumed re-
activity toward small reducible molecules in general. Recently,
Coucouvanis and coworkers have shown that vanadium in a
sulfur- and nitrogen-containing environment can catalyze the
reduction of hydrazine to ammonia.2 We have had considerable
interest in lower-valent vanadium chalcogenide complexes,
particularly with respect to their reactivity toward small
molecules.3 Herein we report the synthesis and structural
characterization of a novel and rare mononuclear vanadium(II)
thiolate complex containing labile coordination sites. We also
provide an initial report on its reactivity with a substrate of
relevance to dinitrogen reduction.

Complex 1, [V(tmeda)(DCTP)2] (DCTP = 2,6-dichloro-
thiophenolate; tmeda = N,N,NA,NA-tetramethylethylenedia-
mine), is formed from the reaction of 2 equiv. of the lithium salt
of 2,6-dichlorothiophenol (LiDCTP)‡ with 1 equiv. of
[VCl2(tmeda)2].§4 The crystal structure of 1 is shown in Fig. 1.¶
Bond distances and angles for 1 are consistent with those
observed for other complexes of this sort, though crystallo-

graphically characterized vanadium(II) thiolates are still quite
uncommon.5 The structure of 1 reveals as well the presence of
two dative, aryl–halide bonds. The observed V–Cl distances
[2.515(2) Å, 2.510(2) Å] are well within the sum of radii of the
atoms (3.131 Å),6 and there is a slight lengthening of the Cl–C
bond [1.758(9) Å] relative to the bond for the non-coordinated
chlorine [1.727(9) Å]. While the ability of DCTP2 to act as a
bidentate ligand through sulfur and chlorine is unknown in the
literature, such dative bonds with other halides are not
unprecedented,7 including one at a vanadium center.8 The
occurrence of such potentially labile bonds at a vanadium(II)
center, and particularly at an electron-rich vanadium(II) thiolate
center, gives hope that these might be sites for reactivity.

These hopes were realized in the reaction that yields complex
2, [V(tmeda)(DCTP)2(·NPh)]. Complex 2, whose ORTEP is
shown in Fig. 2,¶ is obtained from the reaction of 1 with 0.5
equiv. of azobenzene.∑ The azobenzene is cleaved to give one
phenylimido group per vanadium, with concomitant dissocia-
tion of one of the chlorine dative bonds of 1. The other dative
chlorine bond is now located trans to the imido group, and the
V–Cl bond distance is, as expected from the strongly electron
donating nature of the imido functionality, significantly length-
ened relative to that seen in 1 [2.671(3) vs. 2.510(2) Å].
Structurally, 2 is quite similar to other vanadium(IV) and
vanadium(V) arylimido complexes,9 with the short V–N
distance [1.670(7) Å] and nearly linear V–N–C angle
[171.2(7)°] indicating a V·NAr bonding moiety.9 Other
distances are as expected, though again it should be noted that

Fig. 1 ORTEP of [V(tmeda)(DCTP)2], 1, showing the 30% probability
thermal ellipsoids and atom labelling scheme. Hydrogen atoms are omitted
for clarity. Selected bond distances (Å) and angles (°) are as follows:
V(1)–S(1) 2.468(2), V(1)–S(2) 2.464(2), V(1)–Cl(1) 2.515(2), V(1)–Cl(3)
2.510(2), V(1)–N(1) 2.206(6), V(1)–N(2) 2.220(7), S(1)–V(1)–S(2)
165.19(7), Cl(1)–V(1)–Cl(3) 92.84(6).

Fig. 2 ORTEP of [V(tmeda)(DCTP)2(·NPh)], 2, showing the 30%
probability thermal ellipsoids and atom labelling scheme. Hydrogen atoms
are omitted for clarity. Selected bond distances (Å) and angles (°) are as
follows: V(1)–N(1) 1.670(7), V(1)–S(1) 2.465(3), V(1)–S(2) 2.434(3),
V(1)–Cl(3) 2.671(3), V(1)–N(2) 2.245(8), V(1)–N(3) 2.243(7), V(1)–N(1)–
C(1) 171.2(7).
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very few vanadium(IV) imido complexes have been structurally
characterized.10 Perhaps more interestingly, of those that have,
none have been prepared from reduction of a diazo moiety. In
fact, of all reported vanadium imido complexes, only one other
is formed as the result of the reductive cleavage of a dinitrogen
analogue.11

Compound 1 has also shown reactivity with many other small
molecules such as tert-butyl isocyanide, 1,2-diphenylhydrazine
and organic aldehydes. Elucidation of other reaction products
and details of the reactivity of related compounds will be
reported elsewhere. Further development of chemistry at other
low-valent vanadium thiolate centers is under way.

For funding this work we thank the National Science
Foundation (Grant CHE-8857455). We also thank the National
Institutes of Health (Grant 1 S10 RR09008) and Boston College
for providing funds for the purchase of a Siemens SMART
single crystal X-ray diffractometer.
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‡ In a typical preparation, 5.372 g (30.00 mmol) of 2,6-dichlorothiophenol
(Lancaster) were added to 20 ml of toluene. 18.75 ml (30.00 mmol) of 1.6 M

n-butyllithium (Aldrich, in hexanes) were added over 0.5 h to the thiol
solution with vigorous stirring. The resulting white precipitate was washed
with hexane and dried, affording an approximately quantitative yield.
§ In a typical preparation, 1.00 g (2.82 mmol) of [VCl2(tmeda)2]4 was
dissolved in 20 ml of THF. Then 1.04 g (5.65 mmol) of LiDCTP were added
at once with stirring. The light blue solution turned homogeneous and
emerald green. Over 0.2 h a light green precipitate of [V(tmeda)(DCTP)2]
appeared. The precipitate was filtered off, washed with diethyl ether and
dried in vacuo to give analytically pure product in 68% yield. The yield
could be improved by treating the remaining filtrate with pentane. The green
precipitate was filtered off and rinsed with 5 ml of diethyl ether and then 5
ml of THF. The combined solids then afforded an 82% yield. Elemental
analysis was satisfactory. EPR (X-band, CH2Cl2, 77 K): g = 5.33,
multiline.
¶ Crystal data for 1: a single crystal was mounted under the cold stream
(290 °C) of a Siemens SMART system. An initial collection of 60 frames
of data yielded the crystal system (hexagonal) and unit cell [a = 7.6735(1),
c = 65.3685(2) Å]. 20749 reflections were collected, of which 5003 were
unique. The space group (P61, Z = 6) was chosen by systematic absences
and successful refinement of the structure. No absorption correction was
used. The structure was solved using SHELX 5.0 using anisotropic thermal
parameters for all non-hydrogen atoms to values of R1 = 7.35%, wR2 =
15.7% for I > 2s(I). For 2·thf: a single crystal was mounted under the cold
stream (290 °C) of a Siemens SMART system. An initial collection of 60
frames of data yielded the crystal system (orthorhombic) and unit cell [a =
13.621(4), b = 15.254(4), c = 30.410(7) Å]. 17675 reflections were
collected, of which 10152 were unique. The space group (P212121, Z = 2)
was chosen by systematic absences and successful refinement of the
structure. No absorption correction was used. The structure was solved
using SHELX 5.0 using anisotropic thermal parameters for all non-
hydrogen atoms to values of R1 = 8.40%, wR2 = 13.72% for I > 2s(I).
CCDC 182/902.
∑ In a typical preparation, 0.25 g (0.478 mmol) of 1 was suspended with
stirring in 20 ml of THF. Addition of 0.044 g (0.239 mmol) of azobenzene
(Aldrich) yielded a yellow–green heterogeneous mixture which was then

refluxed and became dark brown and homogeneous over 2 h. The solution
was filtered, concentrated and cooled, affording brown crystals in 65%
yield. Analysis was satisfactory. EPR (X-band, THF, 77 K): g = 2.0, 8
lines.

1 R. R. Eady, in Advances in Inorganic Chemistry, ed. A. G. Sykes,
Academic, San Diego, 1991, vol. 36, pp. 77–101 and references
therein.

2 S. M. Malinak, K. D. Demadis and D. Coucouvanis, J. Am. Chem. Soc.,
1995, 117, 3126.

3 W. C. A. Wilisch, M. J. Scott and W. H. Armstrong, Inorg. Chem., 1988,
27, 4333; C. R. Randall and W. H. Armstrong, J. Chem. Soc., Chem.
Commun., 1988, 986; L. Gelmini and W. H. Armstrong, J. Chem. Soc.,
Chem. Commun., 1989, 1904; M. J. Scott, W. C. A. Wilisch and W. H.
Armstrong, J. Am. Chem. Soc., 1990, 112, 2429; D. B. Sable and W. H.
Armstrong, Inorg. Chem., 1992, 31, 161; H. H. Murray, S. G. Novick,
W. H. Armstrong and C. S. Day, J. Cluster Sci., 1993, 4, 439; P. J.
Bonitatebus, Jr., S. K. Mandal and W. H. Armstrong, Chem. Commun.,
1998, 939.

4 J. J. H. Edema, S. Gambarotta, A. Meetsma, A. L. Spek and N.
Veldman, Inorg. Chem., 1991, 30, 2062.

5 D. W. Stephan and T. T. Nadasdi, Coord. Chem. Rev., 1996, 147, 147;
[V(pyt)3]2: G. Henkel, B. Krebs and W. Schmidt, Angew. Chem., Int.
Ed. Engl., 1992, 31, 1366; [V(tmeda)(pyt)2]: J. G. Reynolds, S. C.
Sendlinger, A. M. Murray, J. C. Huffman and G. Christou, Angew.
Chem., Int. Ed. Engl., 1992, 31, 1253; J. G. Reynolds, S. C. Sendlinger,
A. M. Murray, J. C. Huffman and G. Christou, Inorg. Chem., 1995, 34,
5745; [V(tmeda)(‘S4’)]: W. Tsagkalidis, D. Rodewald and D. Rehder,
J. Chem. Soc., Chem. Commun., 1995, 165.

6 Values for Cl (van der Waals) and V (atomic) taken from J. Emsley, The
Elements, Oxford University Press, Oxford, 1991, pp. 50, 210.

7 R. M. Catala, D. Cruz-Garritz, P. Sosa, P. Terreros, H. Torrens, A. Hills,
D. L. Hughes and R. L. Richards, J. Organomet. Chem., 1989, 359, 219;
R. M. Catala, D. Cruz-Garritz, A. Hills, D. L. Hughes, R. L. Richards,
P. Sosa and H. Torrens, J. Chem. Soc., Chem. Commun., 1987, 261;
Y. A. Simonov, A. A. Dvorkin, G. S. Matuzenko, M. A. Yampol’skaya,
T. S. Gifeisman, N. V. Berbeleu and T. I. Malinovskii, Koord. Khim.,
1984, 10, 1247; Y. A. Simonov, G. S. Matuzenko, M. M. Botoshanskii,
M. A. Yampol’skaya, N. V. Gerbeleu and T. I Malinovskii, Zh. Neorg.
Khim., 1982, 27, 407; M. J. Burk, R. H. Crabtree and E. M. Holt,
J. Organomet. Chem., 1988, 341, 495; J. M. Casas, L. R. Falvello, J.
Forniés and A. Martín, Inorg. Chem., 1996, 35, 56.

8 V. C. Gibson, C. Redshaw, L. J. Sequeira, K. B. Dillon, W. Clegg and
M. R. J. Elsegood, Chem. Commun., 1996, 2151.

9 D. E. Wigley, Prog. Inorg. Chem., 1995, 42, 239, and references therein;
W. A. Nugent and J. M. Mayer, Metal Ligand Multiple Bonds, John
Wiley and Sons, New York, 1988.

10 N. Wiberg, H.-W. Häring and U. Schubert, Inorg. Chem., 1978, 17,
1880; F. Preuss, H. Becker, J. Kaub and W. A. Sheldrick, Z.
Naturforsch., B: Anorg. Chem. Org. Chem., 1988, 43, 1195; S.
Gambarotta, A. Chiesi-Villa and C. Guastini, J. Organomet. Chem.,
1984, 270, C49; J. H. Osborne, A. L. Rheingold and W. C. Trogler,
J. Am. Chem. Soc., 1985, 107, 7945.

11 For compound [V(·NPh)Cl(µ-Cl)]2, M. Mazzanti, M. Khadkhodayan
and W. H. Armstrong, Abstracts of the 203rd National Meeting, ACS,
INOR No. 461, San Francisco, CA, 1992.

Received in Bloomington, IN, USA, 5th January 1998; revised manuscript
received 27th May 1998; 8/04231D

1650 Chem. Commun., 1998



                  

N
H

N
Me

Me

R

R

R

R

N

N
Me

Me

R

R

R

R

Cl

Cl

Cr
Cl

Cr

N

N
Me

Me

R

R

R

R

Cl

N

N
Me

Me

R

R

R

R

Cl

Cl

Cr

Me

Cr

N

N
Me

Me

R

R

R

R

Me

N

N

R

R

Cr

NCl

Cl
(thf)2Li

N
R

R

N

N

N

Cr

Me
R

R

N

R
R

R R

N

N
H

i, ii

1

2

iii

i, ii

iii

43
R = Pri

Chromium(iii) complexes bearing N,N-chelate ligands as ethene
polymerization catalysts

Vernon C. Gibson,*a† Peter J. Maddox,b Claire Newton,a Carl Redshaw,a Gregory A. Solan,a Andrew J. P.
Whitea and David J. Williamsa

a Department of Chemistry, Imperial College, Exhibition Road, London, UK SW7 2AY
b BP Chemicals, Sunbury Research Centre, Chertsey Road, Sunbury on Thames, Middlesex, UK TW16 7LN

Novel chromium(III) ethene polymerization catalysts bearing
bulky monoanionic N,N-chelate ligands are described.

Chromium supported on silica plays a central role in the world-
wide production of polyethylene.1 As heterogeneous catalysts
they have not proved amenable to intimate study, and even to this
day there remains an on-going debate about the oxidation state
of the active chromium centres.2 The development of homoge-
neous molecular chromium catalysts is therefore an important
objective, since these offer the potential for understanding the
modus operandi of supported chromium catalysts and may
provide new opportunities for tuning activity and selectivity. A
number of reports of molecular chromium catalysts have
appeared in the recent literature,3–6 the majority on half-
sandwich chromium species as models for the active sites of
chromocene-derived systems.3,4

Here we describe a series of coordinatively unsaturated
chromium(iii) ethene polymerization procatalysts bearing either
b-diketimate or pyrrolide-imine ligands. A general feature of
these ligands is the presence of bulky aryl substituents which
offer protection to the active centre, a strategy that has proved
successful for the stabilisation of new N,N-chelate catalysts
based on early7 and late transition metal systems.8 A similar
strategy has also recently been applied to a new catalyst system
based on iron and cobalt.9

The chromium chloride complexes, 1 and 3, were prepared in
high yield by the treatment of [CrCl3(thf)3] with the lithium salts
of the b-diketimate ligand or the pyrrolide-imine ligand,
respectively (Scheme 1).‡ The structures of 1 and 3 were
confirmed by X-ray structure determinations.10 Interestingly,
only one b-diketimate ligand can be coordinated to chromium in
1, while in 3 the less sterically demanding pyrrolide-imine ligand
allows bis-chelation. It is also of note that the vacant sixth
coordination site in 3 is unexpectedly occupied by a molecule of
lithium chloride (as a thf solvate).

Complex 2, the dimethyl derivative of 1, has been prepared in
good yield by treatment of 1 with trimethylaluminium (TMA).
Crystals of 2 suitable for an X-ray structure determination§ were
grown from a concentrated pentane solution. The structure is
dimeric, the two crystallographically independent molecules
both having C2h symmetry and comprising in each case two
slightly distorted square pyramidal CrIII centres linked by
chloride bridges, the remaining basal sites being occupied by
bidentate b-diketimate ligands (Fig. 1). The apical position on
each chromium centre is filled by a terminal methyl group with
Cr–C distances of 2.037(7) and 2.042(8) Å for the two
independent molecules. The 2,6-diisopropylphenyl rings are
oriented almost orthogonally (ca. 87°) with respect to the basal
plane.

In a similar way, complex 4 was obtained by treatment of 3
with TMA (Scheme 1). Crystals of 4 suitable for X-ray analysis
were grown from a concentrated light petroleum (bp 40–60 °C)
solution. The structure again reveals a five-coordinate square
pyramidal CrIII centre, this time coordinated basally to two
chelating pyrrolide-imine ligands and apically to a terminal
methyl group at 2.037(9) Å (Fig. 2). The complex has

crystallographic C2 symmetry about an axis passing through the
Cr–Me bond, and the two independent Cr–N distances differ
significantly, with that to the pyrrolide [2.026(5) Å] markedly
shorter than that to the imine [2.073(4) Å] reflecting the formal
anionic nature of N(1). The double bond character of the imine
has been retained [1.318(7) Å] though there is some evidence for
delocalisation between the imine and pyrrolide systems,
C(5)–C(6) being short at 1.410(8) Å. As in 2, the 2,6-diisopro-
pylphenyl rings are steeply inclined (ca. 65°) to the basal plane.
It is noteworthy that both of these structures provide rare
examples of five-coordinate chromium(iii) alkyls, only two
other examples having been found on the CCDC database [to
March 1998, 175 093 entries].11

A summary of the ethene polymerization tests for 1–4 is
shown in Table 1. Solid polyethylene is obtained in all cases with
samples displaying high molecular weights¶ and virtually no
branching (by NMR). A comparison of the polymerisation runs
1–12 shows that similar activities are found for procatalysts
bearing either b-diketimate (1 and 2) or pyrrolide-imine ligands
(3 and 4), the highest activity being 75 g mmol21 h21 bar21 using
1 and diethylaluminium chloride (Et2AlCl) activator (see run
2).

The nature of the activator is seen to have an important
influence on activity; for example, alkylaluminium chloride
activators are found to be more compatible with these

Scheme 1 Preparation of chromium complexes 1–4. Reagents and
conditions: i, BunLi, 278 °C, thf; ii, [CrCl3(thf)3], 278 °C, thf; iii, AlMe3,
thf.
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procatalysts than methylaluminoxane (MAO). Moreover, di-
ethylaluminium chloride (Et2AlCl) is superior to aluminium
sesquichloride (Et2AlCl·EtAlCl2). Notably, the alkyl procata-
lysts 2 and 4 are inactive in the absence of activator.

The new catalyst types described herein represent a notable
addition to the limited list of non-cyclopentadienyl chromium

ethene polymerization catalysts5,6 and highlight the importance
of the choice of co-catalyst for optimal catalyst performance.

BP Chemicals Ltd is thanked for financial support. Dr W.
Reed and Dr J. Boyle are thanked for GPC and NMR
measurements, respectively.
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† E-mail: V.Gibson@ic.ac.uk
‡ Satisfactory elemental analyses have been obtained.
¶ As a representative example, GPC analysis of the polyethylene obtained
from run 8 afforded Mw = 293,000, Mn = 113,000; Mw/Mn 2.2. Care should
be taken in the interpretation of these values, however, since in general the
polymers derived from these polymerisations are not fully soluble in the
1,2,4-trichlorobenzene GPC solvent, even upon heating at 160 °C for several
hours.
§ Crystal data: for 2: C60H88Cl2Cr2N4·0.5C5H12, M = 1076.3, monoclinic,
space group C2/m (no. 12), a = 19.434(3), b = 21.764(2), c = 15.098(2)
Å, b = 90.58(1)°, U = 6386(1) Å3, Z = 4 (there are two crystallographically
independent C2h symmetric molecules in the asymmetric unit), Dc = 1.120
g cm23, m(Cu-Ka) = 38.5 cm21, F(000) = 2316. A crimson prismatic
needle of dimensions 0.33 3 0.17 3 0.13 mm was used. For 4: C35H45CrN4,
M = 573.8, orthorhombic, space group Fdd2 (no. 43), a = 20.280(2),
b = 34.103(4), c = 9.420(1) Å, U = 6515(2) Å3, Z = 8 (the molecule has
crystallographic C2 symmetry), Dc = 1.170 g cm23, m(Mo-Ka) = 3.79
cm21, F(000) = 2456. A green block of dimensions 0.37 3 0.37 3 0.10 mm
was used. 4866 (1530) independent reflections were measured at 203 K on
Siemens P4(PC) diffractometers with Cu-Ka—rotating anode source—
(Mo-Ka) radiation using w-scans for 2 (4), respectively. The structures were
solved by direct methods and all of the major occupancy non-hydrogen
atoms were refined anisotropically using full matrix least squares based on
F2 to give R1 = 0.065 (0.049), wR2 = 0.164 (0.094) for 3370 (1193)
independent observed reflections [ıFoı > 4s(ıFoı), 2q @ 120(50°)] and
340 (182) parameters for 2 (4), respectively. The polarity of 4 was
determined by a combination of R-factor tests [R1

+ = 0.048, R1
2 = 0.050]

and by use of the Flack parameter [x+ = 0.10(1), x2 = 0.90(1)]. CCDC
182/903.
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Fig. 1 The molecular structure of 2. Selected bond lengths (Å) and angles (°)
(values for the second independent molecule are in square brackets); Cr–Me
2.037(7) [2.042(8)], Cr–N 2.028(4) [2.031(4)], Cr–Cl 2.395(1) [2.393(1)];
Me–Cr–N 95.4(2) [96.8(2)], Me–Cr–Cl 97.8(2) [96.8(2)], N–Cr–NA 91.3(2)
[90.8(2)], Cl–Cr–ClA 80.3(1) [80.6(1)], N–Cr–Cl 92.7(1) [92.7(1)], N–Cr–
ClA 165.7(1) [165.4(1)], Cr–Cl–CrA 99.7(1) [99.4(1)]. The transannular
Cr···Cr distance is 3.66 Å [3.65 Å] and the chromium atom lies 0.25 Å [0.26
Å] out of its basal plane.

Fig. 2 The molecular structure of 4. Selected bond lengths (Å) and angles
(°); Cr–Me 2.037(9), Cr–N(1) 2.026(5), Cr–N(7) 2.073(4), C(5)–C(6)
1.410(8), C(6)–N(7) 1.318(7); Me–Cr–N(1) 93.4(2), Me–Cr–N(7) 100.4(1),
N(1)–Cr–N(7) 80.9(2), N(1)–Cr–N(7A) 97.9(2), N(1)–Cr–N(1A) 173.2(4),
N(7)–Cr–N(7A) 159.2(3).

Table 1 Results of ethene polymerisation runs using procatalysts 1–4a

Activityd/
Proctalyst Activatorb Yield g mmol21

Run (0.015 mmol) (mmol/equiv.) PEc/g h21 bar21

1 1 MAO (6.0/400) 0.12 4
2 1 Et2AlCl (0.45/30) 2.25 75
3 1 Et2AlCl·EtAlCl2 (0.3/20) 0.69 23
4 2 MAO (6.0/400) 0.15 10
5 2 Et2AlCl (0.45/30) 0.80 54
6 2 Et2AlCl·EtAlCl2 (0.3/20) 0.48 32
7 3 MAO (6.0/400) 0.08 5
8 3 Et2AlCl (0.45/30) 1.04 69
9 3 Et2AlCl·EtAlCl2 (0.45/30) 0.40 27

10 4 MAO (6.0/400) 0.04 3
11 4 Et2AlCl (0.45/30) 1.05 70
12 4 Et2AlCl·EtAlCl2 (0.45/30) 0.23 15

a General conditions: 1 bar ethene Schlenk test carried out in toluene (40
cm3) at 25 °C, over 60 min, reaction quenched with dil. HCl and the solid
PE washed with methanol (50 cm3) and dried in a vacuum oven at 40 °C.
b MAO = methylaluminoxane. c Solid polyethylene. d Activity reported per
chromium centre.
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Intramolecular macrocyclization of bis(5-methylthio-1,2-dithiole-3-thione)s
with triethyl phosphite. A stereoselective route to macrocyclic
(Z)-thioxodesaurines

Sandra Rudershausen,a Hans-Jürgen Holdt,*a† Helmut Reinke,a Hans-Joachim Drexler,a Manfred Michalikb

and Joachim Tellera

a Universität Rostock, Fachbereich Chemie, Buchbinderstraße 9, D-18051 Rostock, Germany
b Institut für Organische Katalyseforschung an der Universität Rostock e.V., D-18055 Rostock, Germany

Intramolecular macrocyclizations of [oligo(oxyethylene)-
ethylenedithio]bridged bis(5-methylthio-1,2-dithiole-3-
thione)s 5a and b with P(OEt)3 in p-xylene furnished the
macrocyclic thioxodesaurin (Z)-6, thioxodesaurin (E)-7 and
1,3-dithiafulvene (E)-8, respectively.

2,4-Bis(2-oxoethylidene)-1,3-dithietanes are well-known as
desaurines.1,2 In these compounds, the electron-withdrawing
groups at the 2,4-dimethylene-1,3-dithietane unit can be (E)- or
(Z)-configured. (E)-Configuration was determined for the
desaurines 1a–d by X-ray analysis.3 The well-known desaurin

syntheses lead predominately to the thermodynamically stabi-
lized (E)-isomer, or an (E)-/(Z)-mixture.4 To the best of our
knowledge the stereoselective synthesis of a (Z)-desaurin has
not yet been reported.

Thioxoanalogous desaurines can be synthesized by reductive
dimerization of 1,2-dithiole-3-thione derivatives containing an
alkylthio substituent in the 5-position with P(OEt)3.5 Reaction
of 4,5-bis(methylthio)-1,2-dithiole-3-thione6 with P(OMe)3, in
refluxing benzene, yielded the (E)-thioxodesaurin (E)-2 (35%)
and its (Z)-isomer (Z)-2 (15%).5 We confirmed the stereo-
chemistry of (E)-2 by X-ray analysis.7a In (E)-2 the eight sulfur
and the six central carbon atoms lie almost in-plane.
(E)-Isomers were formed exclusively by the dimerization of
dodecylthio-substituted 1,2-dithiole-3-thiones and crowned
4,5-dithio-1,2-dithiole-3-thiones.7b

Here, we describe a novel macrocyclization reaction using
bridged bis(5-methylthio-1,2-dithiole-3-thione)s 5 as precur-
sors. Intramolecular cyclization of 5a and b with P(OEt)3
yielded the macrocyclic thioxodesaurin (Z)-6, thioxodesaurin
(E)-7 and 1,3-dithiafulvene (E)-8, respectively (Scheme 1). The
length of the [oligo(oxyethylene)ethylene]dithio bridge in 5
determines the stereochemistry of the thioxodesaurin formed.
With 5a the crowned (Z)-thioxodesaurin (Z)-6 was stereo-
selectively synthesized.

The precursors 5a,b are obtainable in yields of up to 75% by
alkylation of 4-mercapto-5-methylthio-1,2-dithiole-3-thione 3‡
(2 equiv.) with 1,8-dibromo-3,6-dioxaoctane 4a and 1,11-di-
bromo-3,6,9-trioxaundecane 4b, respectively, in the presence of
Cs2CO3 in DMF. Correct spectral data were obtained for both
compounds. Compounds 5a,b were intramolecularly cyclized
under high dilution conditions with P(OEt)3 in p-xylene.
Compound 5a provides one macrocyclic reaction product (Z)-6
(20–25 %) as well as unidentified polymeric material. The 13C

NMR spectrum of (Z)-6 revealed that this macrocycle contains
the expected thioxodesaurin unit.§ The configuration of the
thioxodesaurin unit in (Z)-6 was determined by X-ray crystallo-
graphic analysis.¶ The crystal structure of (Z)-6 shows a
(Z)-configured planar thioxodesaurin moiety which is incorpo-
rated in a macrocyclic framework by a [bis(oxyethylene)ethyl-
ene]dithio chain [Fig. 1(a)]. Attempts to build CPK models of
the (E)-isomer of (Z)-6 revealed that the [bis(oxy-
ethylene)ethylene]dithio chain is too short to bridge a planar
(E)-thioxodesaurine unit. This is possibly the reason why the
intramolecular cyclization of 5a furnishes the (Z)-isomer
stereoselectively. In the (Z)-thioxodesaurin moiety of (Z)-6 the

Scheme 1
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two carbon–carbon double bonds do not lie in line, as it is
observed for the bonds in the (E)-thioxodesaurin units of (E)-27a

and (E)-7 [Fig. 1(b)]. This deviation from 180° amounts to 9°.
In comparision to 5a, bis(1,2-dithiole-3-thione) 5b has a

bridging chain with one more oxyethylene moiety. This chain is
long enough to enable the intramolecular cyclization to form the
(E)-thioxodesaurine (E)-7 (11–18%). X-Ray analysis of
crowned (E)-7¶ shows an ansa-compound-like molecular
structure. The [tris(oxyethylene)ethylene]dithio chain, bridges
the planar (E)-configurated thioxodesaurin unit like a handle.
Since rotation of the (E)-thioxodesaurin moiety around the axis
along the H2C–S bonds is not possible, (E)-7 has planar
chirality. No (Z)-isomer was detected at the intramolecular
cyclization of 5b. On the contrary, we obtained the crowned
1,3-dithiafulvene (E)-8 (10–23%). The molecular structure of
(E)-8 was determined via an X-ray structural investigation.7b

Mollier5 and Pedersen8 postulated thioacyl thioketenes as
intermediates for the reaction of 5-alkylthio-1,2-dithiole-
3-thiones with trialkyl phosphite, which dimerize in [2+2]
cycloadditions to the thioxodesaurines. In a similar way
bis(thioketene) intermediates of 5a,b should form intramo-
lecular macrocyclic thioxodesaurines (Z)-6 und (E)-7. Com-
pound (E)-8, which in its turn furnishes the thioxodesaurin
(E)-7, cannot be formed by an intramolecular [2+3] cycloaddi-
tion of the bis(thioketene) intermediate. Therefore other
thioketene intermediates must exist, at least in the reaction
solution of 5b with P(OEt)3. The formation of a thioxodesaurin
and a 1,3-dithiafulvene from a-thioxothioketene intermediates
was recently proposed by Hartke et al.9 A desaurin and a

1,3-dithiafulvene were obtained from a-oxothioketenes earlier
by Voronkov.10

The intramolecular macrocyclization of bridged bis(5-me-
thylthio-1,2-dithiole-3-thione)s with P(OEt)3 is a simple syn-
thetic route to macrocyclic (Z)- and (E)-thioxodesaurines and
1,3-dithiafulvenes.

We are synthesizing macrocyclic (Z)- and (E)-thioxo-
desaurines and 1,3-dithiafulvenes since we are interested in
their redox properties and coordination chemistry. We would
like to use these new macrocyclic and sulfur-rich ligands
containing both endocyclic and exocyclic donor sites for the
preparation of dinuclear metal complexes comprising simulta-
neously hard and soft metal centers, and as new components for
supramolecular compounds. Full results will be reported in a
full paper.

S. R. thanks the Bundesland Mecklenburg Vorpommern for a
graduate stipendium.
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‡ Synthesized from 4-benzoylthio-5-methylthio-1,2-dithiole-3-thione (ref.
6) by saponification with NaOMe in MeOH and reaction of the
corresponding sodium thiolate with dilute HCl [ref. 7(c)].
§ Selected data for (Z)-6: dC(75.48 MHz, CDCl3) 20.70 (SCH3), 35.82
(SCH2), 67.22 (SCH2CH2O), 70.42 (OCH2CH2O), 124.58 (CNCS2), 163.79
(CS2), 219.22 (CNS); For (E)-7: dC 20.70 (SCH3), 35.78 (SCH2),
69.96–71.11 (m, SCH2CH2OCH2CH2O), 72.27 (OCH2CH2OCH2CH2O),
124.79 (CNCS2), 162.27 (CS2), 218.90 (CNS); For (E)-8: dC 18.18
(CNCSCH3), 21.05 (SCSCH3), 36.64 (C-8), 38.11 (C-7), 67.08–71.66 (m;
OCH2), 117.48 (C-2), 129.92 (C-5), 149.60 (C-4), 166.75 (C-1), 204.96
(C-6), 211.53 (C-3). 
¶ Crystal data for (Z)-6·(CHCl3)0.3: C14.3H18.3Cl0.9O2S8, M = 514.56
g·mol21, trigonal, space group R3, a = b = c = 1689.0(1) pm, a = b =
g = 112.044(4)°, V = 3.3092(3) nm3, Dc. = 1.532 Mg m23, Z = 6, F(000)
= 1574.7, µ = 0.92 mm21, 3150 reflections collected in the scan range of
4.36 @ 2q @ 43.00°, 2480 independent reflections, 2079 observed
reflections, R1 [2s(I)] = 0.0453, R1 (all data) = 0.0558, wR2 (all data) =
0.0773, GoF = 1.079 for 242 parameters and 3 restraints. On the three-fold
axis 0.3 disordered molecules of CHCl3 per molecule (Z)-6 are found.

For (E)-7: C16H22O3S8, M = 518.82 g·mol21, triclinic, space group P1,
a = 960.0(3), b = 1066.1(4), c = 1221.2(5) pm, a = 70.16(2), b =
82.33(2), g = 72.82(3)°, V = 1.1224(7) nm3, Dc. = 1.535 Mg m23, Z = 2,
F(000) = 540, µ = 0.81 mm21, 3324 reflections collected in the scan range
of 3.54 @ 2q @ 44.00°, 2724 independent reflections, 1573 observed
reflections, R1 [2s(I)] = 0.0566, R1 (all data) = 0.1155, wR2 (all data) =
0.1120, GoF = 1.329 for 244 parameters.

Siemens P4 diffractometer, Mo-Ka radiation (l = 71.073 pm), room
temperature. CCDC 182/908.
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Fig. 1 Structures of the macrocyclic thioxodesaurines (a) (Z)-6 and (b) (E)-7
in the crystal: view of the molecules (i) orthogonal and (ii) parallel to the
central 2,4-dimethylene-1,3-dithietane moiety
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Gas phase protonation of diazirines: a route to N-protonated diazomethanes

Takatsugu Matsumoto,a Shinjiro Kobayashi,a Masaaki Mishima,a Gennady V. Shustovb and Michael T. H.
Liu*c†
a IFOC, Kyushu University, Hakozaki, Higashi-ku, Fukuoka 812-81, Japan
b Department of Chemistry, University of Calgary, Calgary, AB, Canada T2N 1N4
c Department of Chemistry, University of Prince Edward Island, Charlottetown, PE, Canada C1A 4P3

N-Protonated diazomethanes have been generated success-
fully via gas phase protonation of the corresponding
diazirines.

The electronic distribution in diazoalkanes is usually represen-
ted by the resonance forms I–IV. The reactivities of diazo-

alkanes with acids and electrophiles are dominated by forms II
and III; forms I and IV play no role at all. An early study by
Wiberg1 postulated N-protonation, which was subsequently
revised in the light of more extensive data.2–4 Conventionally,
protonation occurs at the C atom of the diazoalkanes. Since their
discovery in 1966, the diazirines, cyclic diazo compounds with
three-membered rings, have been added to the ranks of the well-
known aliphatic diazo compounds.5 Herein we report the
successful generation of the N-protonated diazoalkanes 4a–d
via the protonation of the corresponding diazirines 1a–d
(Scheme 1).

The gas phase protonation of diazirines 1a–d and the
equilibrium constant experiments were performed on an Extrel
FTMS 2001 Fourier transform mass spectrometer equipped
with a 3.0 T superconducting magnet with an inlet system
described in previous studies.6 The experiment was initiated by
a pulsed electron beam (electron energy of 20 eV). The
detectable intermediates in the cell are evidently either the
protonated diazirines 3a–d or the N-protonated diazoalkanes
4a–d. Since the spectra gave only the masses of the protonated
species, it is not possible to distinguish whether the protonated
species appear in the closed (3) or open form (4).

In order to clarify this process, we determined the gas phase
basicity (GB) of diazirines 1a–d and proceeded with high-level
ab initio computations of proton affinities of diazirines 1c,d and
their open forms 2c,d (Scheme 1). In the case of the large
molecules 1a,b and 2a,b, proton affinities for model com-

pounds, 3,3-dimethyldiazirine 1e and 2-diazopropane 2e were
calculated.

The GB of diazirine (D) was determined by measuring the
equilibrium constants of the proton-transfer reactions between
D and a reference base (B0) of known basicity [eqn. (1)].7

D + B0H+" DH+ + B0 (1)
The equilibrium constants are given by the ratio of pressures

for a reference base to a diazirine, [B0]/[D], and the ratio of
intensities of spectra for the corresponding conjugate acid,
[DH+]/[B0H+] [eqn. (2)]. In most cases, equilibrium was

  
K = [ ][ ]

[ ]

DH B

D][B H

+
0

0
+ (2)

attained after a reaction period of several hundred milliseconds
to 1 s. The observed free energy changes [eqn. (3)] for

DG° = 2RT in K (3)
respective proton transfer equilibria and the selected GB values
are summarized in Table 1. For the case of 1d, we adopted the
threshold technique8 instead of the equilibrium method because
the amount of the conjugate acid ion formed in the cell was too
small to be measured quantitatively. When bases having lower
basicity than butyronitrile (GB = 184.4 kcal mol21) were used
as reference bases, the proton transfer reaction from the
protonated reference base to the neutral 1d occurred to give the
protonated 1d. On the other hand, when reference bases with
higher basicity than acetone (GB = 187.9 kcal mol21) were
used, the proton transfer reaction from the protonated reference
base to the neutral 1d was not observed. The results suggest that
the basicity of 1d would be intermediate between those of
acetone and butyronitrile, i.e. GB = 186.4 ± 1 kcal mol21. The
DGB values are provided for comparison. The basicities of

Scheme 1

Table 1 Gas phase basicitiesa and proton affinitiesb of ammonia, diazirines
1a–e and diazoalkanes 2c–e

GB/ DGB/ PA/ DPA/
Species kcal mol21 kcal mol21 kcal mol21 kcal mol21

NH3 195.6 0.0 202.4 0.0
(202.5) (0.0)

1a 194.2 1.4
1b 193.7 1.9
1c 187.6 8.0 176.7 25.7

(178.7) (23.8)
1d 186.3 9.3 171.0 31.4
1e 177.1 25.3

(179.6) (22.9)
2c 192.8 9.6

(193.7) (8.8)
2d 194.1 8.3
2e 197.2 5.2

(199.0) (3.5)

a Experimental data. b Derived with B3LYP/6-31 + G* and B3LYP/6-311
+ G** (in parenthesis).
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diazirines 1a and 1b are stronger than 1c and 1d by
approximately 6 kcal mol21.

The geometry optimizations and frequency calculations were
carried out at the B3LYP hybrid density functional theoretical
level with the internal 6-31 + G* and 6-311 + G** basis sets,
using procedures implemented in the GAUSSIAN 94 system of
programs.9 Zero-point vibrational energy (ZPVE) corrections
were scaled by a 0.98 factor. The proton affinities of diazirines
1c–e and diazoalkanes 2c–e obtained as the differences in the
total energies of the neutral and the protonated forms, including
the ZPVE corrections, are given in Table 1. The differences
(DPA) in the calculated proton affinities (PA) between species
1c–e, 2c–e and a reference compound (NH3) are also provided.
Because the measured DGB values of the 3,3-dialkyldiazirines
1a and 1b, of 1.4 and 1.9 kcal mol21, and of the 3-aryldiazirines
1c and 1d, of 8.0 and 9.3 kcal mol21, are in much closer
agreement with the DPA values calculated (B3LYP/6-31 + G*)
for model diazoalkane 2e (5.2 kcal mol21), and the ar-
yldiazoalkanes 2c (9.6 kcal mol21) and 2d (8.3 kcal mol21) than
for diazirines, we deduce that the detected species in the cell are
the N-protonated diazoalkanes. As expected, the calculated PA
for C-protonation of 2-diazopropane is higher (217.2 kcal
mol21, B3LYP/6-311 + G**) than the PA for its N-protonation
(199.0 kcal mol21). Moreover, the low calculated activation
barriers for the conversion of N-protonated diazirines 3c,e into
the corresponding N-protonated diazoalkanes 4c,e (Scheme 2)
confirm the ease of the ring opening in the N-protonated
diazirines under the experimental conditions.

The chemistry of the N-protonated diazoalkane in the cell is
interesting due to the following observations. In particular,
protonation of 3a leads to an ion with the mass of the protonated
azine 5a, and this could occur by ring opening of the protonated
diazirine 3a into N-protonated 2-diazoadamantane 4a, which
reacts with neutral diazirine 1a to yield the expected the
protonated azine 5a. The N-protonated 2-diazoadamantane 4a,
m/z 163, decays with the concomitant growth of the protonated
azine 5a, m/z 297, in the time frame of the experiment (1 s). A
plausible mechanism of this reaction is the nucleophilic
displacement by the neutral diazirine 1a of the activated
N-protonated 2-diazoadamantane 4a. This is followed by proton
transfer in concert with nitrogen extrusion to yield the
protonated azine, as depicted in Scheme 3.

The diazoalkane 2b (m/z 151) has a gas phase basicity similar
to that of 2a but the formation of the protonated azine 5b (m/z
273) occurs at a slower rate, possibly resulting from the steric
effects of the flexibility on the bicyclo ring in 4b. In contrast, the
N-protonated diazoalkanes 4c,d remain unreactive with their
respective neutral diazirine parents even after 3 s. This may be
so because the phenyl substituent in these species decreases the
electrophilicity of the targeted carbon owing to the p-donor
ability of the phenyl ring.

In conclusion, we have shown that N-protonated diazome-
thanes can be generated via protonation of the corresponding
diazirines. Our experiments also indicate that some of the
N-protonated species are reactive and can undergo further
reaction with neighbouring molecules.

M. T. H. Liu thanks the NSERC of Canada for financial
support.
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M. Yáñez, J. Elguero, G. Boyer and R. Claramunt, J. Am. Chem. Soc.,
1994, 116, 2486.

9 M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson,
M. A. Robb, J. R. Cheeseman, T. A. Keith, G. A. Petersson,
J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrewski,
J. V. Oritz, J. B. Foresman, J. Cioslowski, B. B. Stefanov, A.
Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen,
M. W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L. Martin,
D. J. Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M. Head-
Gordon, C. Gonzalez and J. A. Pople, GAUSSIAN 94 (Revision D.2),
Gaussian, Inc., Pittsburgh, PA, 1995.

Received in Corvallis, OR, USA, 6th April 1998; 8/02640H

Scheme 2
Scheme 3

1656 Chem. Commun., 1998



S

S
S

S

R

R

R1

R1

R

R

S

S

R

R

R1

H

1 2

S

S
S

S

R

R

R1

R1

R

R

+
*

3 * = +
4 * = •

Synthesis and properties of novel tetrathiafulvalene vinylogues

Yoshiro Yamashita,*† Masaaki Tomura, M. Badruz Zaman and Kenichi Imaeda

Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

The cation radical states of novel TTF vinylogues with
o-substituted phenyl groups at the vinyl positions are
thermodynamically stable, and X-ray analyses of the cation
radical salts have revealed the planar structures of the TTF
vinylogue parts and unique crystal structures.

Tetrathiafulvalene (TTF) vinylogues 1 with extended
p-conjugation are promising electron donors for organic

conductors due to their highly electron-donating properties and
reduced on-site Coulombic repulsion.1 The parent compound2

and the ethylenedithio derivative3 were synthesized several
years ago. Recently the derivatives of 1 containing substituents
such as aryl groups at the vinyl positions have been prepared by
several groups.4 They have been considered to be non-planar
molecules due to the steric interactions between the substituents
and the 1,3-dithiole parts, and X-ray analyses revealed the
severely deformed structures.4c,d,e Therefore, those TTF mole-
cules have not been used as components for organic conductors.
However, the TTF vinylogue skeletons can be planar when the
aryl substituents are twisted away from the p-conjugated
framework. These compounds are expected to afford con-
ductors with unusual structures since good molecular over-
lapping is disturbed by the bulky substituents. We have now
prepared various derivatives 1 by a convenient method and have
found that the cation radicals of 1 containing o-substituted
phenyl groups are thermodynamically stable and can be isolated
as single crystals.

The derivatives of 1 were previously prepared by electro-
chemical oxidative coupling of the corresponding 1,4-dithia-
fulvenes 2.4b,c,e,5 We have recently reported oxidative intra-
molecular cyclization to give bis(1,3-dithiole) electron donors
by using tris(4-bromophenyl)aminium hexachloroantimonate
as the oxidation reagent.6 We have now used this chemical
oxidation for the synthesis of 1. First, 1,4-dithiafulvene
derivatives 2 were prepared by either Wittig reaction of a
phosphonium salt (for the dibenzo derivatives) or Wittig–
Horner reaction of a phosphonium ester (for the ethylenedithio
derivatives) with the corresponding aldehydes. Reaction of 2
with the aminium salt in CH2Cl2 afforded dication salts 3 which
are formed by oxidative dimerization followed by oxidation.
The salts 3 were reduced with zinc in MeCN to give 1. The
yields of 1 from 2 were 20–85%. It is noteworthy that the
naphthyl and pyrenyl derivatives as well as phenyl derivatives
were prepared.

The oxidation potentials of the donors 1 (Table 1) were
measured by cyclic voltammetry (CV). The methyl derivatives

1a,m and the phenyl ones 1b,n show reversible one-stage two-
electron redox waves. The p-substituted derivatives 1g,h,q and
the m-substituted one 1i also undergo the similar two-electron
oxidation. This fact suggests that the cation radical states of
these compounds are thermodynamically unstable due to non-
planar structures, similar to the reported examples. On the other
hand, the o-substituted derivatives 1c–f,j,o,p,r showed two
reversible one-electron oxidation waves similar to the non-
substituted one 1t. This result suggests that the cation radicals of
the o-substituted phenyl derivatives are thermodynamically
stable. This can be explained by considering that the TTF
vinylogue skeletons are planar when there are o-substituents,
which increase the steric interactions and make the phenyl parts
twist away from the p-conjugated framework. In the case of
1-naphthyl derivatives 1k,s and 1-pyrenyl one 1l, the cation
radicals are also stable since they are also o-substituted phenyl
derivatives. The values of the oxidation potentials are depend-
ent on the substituents. BEDT-TTF analogues 1o,s show lower
first oxidation potentials than the non-substituted one 1t and
even TTF, indicating that they are stronger electron donors. The
differences between the first and second oxidation potentials are
smaller than those of TTF and BEDT-TTF, indicating the
reduced on-site Coulombic repulsion in 1 due to the extended
p-conjugation. 

Electrochemical oxidation of 1j and 1p gave the cation
radical salts 1j·PF6 and 1p·Au(CN)2 as stable single crystals
with stoichiometries of 1:1. These are the first examples of
cation radical salts of TTF vinylogues containing substituents at
the vinyl positions. In order to investigate the geometries of the
donors, X-ray structure analyses of the neutral compounds 1a,j

Table 1 Oxidation potentials of donors 1a

Compound R,R R1 E/V

1a (CHNCH)2 Me 0.71 (2e)
1b (CHNCH)2 Ph 0.61 (2e)
1c (CHNCH)2 o-MeC6H4 0.44, 0.62
1d (CHNCH)2 o-ClC6H4 0.53, 0.75
1e (CHNCH)2 o-OMeC6H4 0.42, 0.63
1f (CHNCH)2 o-NO2C6H4 0.59, 0.76
1g (CHNCH)2 p-ClC6H4 0.67 (2e)
1h (CHNCH)2 p-OMeC6H4 0.58 (2e)
1i (CHNCH)2 m-NO2C6H4 0.73 (2e)
1j (CHNCH)2 2,6-F2C6H3 0.66, 0.85
1k (CHNCH)2 1-naphthyl 0.47, 0.71
1l (CHNCH)2 1-pyrenyl 0.50, 0.70
1m SCH2CH2S Me 0.51 (2e)
1n SCH2CH2S Ph 0.49 (2e)
1o SCH2CH2S o-MeC6H4 0.30, 0.54
1p SCH2CH2S o-ClC6H4 0.38, 0.60
1q SCH2CH2S p-ClC6H4 0.52 (2e)
1r SCH2CH2S 2,6-F2C6H3 0.51, 0.70
1s SCH2CH2S 1-naphthyl 0.33, 0.58
1t SCH2CH2S H 0.37, 0.56
1u H 2,6-F2C6H3 0.42, 0.65
TTF 0.35, 0.79
BEDT-TTF 0.50, 0.85

a 0.1 mol dm23 Bu4NPF6 in PhCN, Pt electrode, scan rate 100 mV s21, E/V
vs. SCE.
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and the cation radical salts 1j·PF6 and 1p·Au(CN)2 were carried
out.‡ As expected from the CV data, the methyl derivative 1a
has a non-planar structure (Fig. 1) as found in the substituted
TTF vinylogues.4c,d,e The o-substituted phenyl derivative 1j
which undergoes step-wise oxidation was expected to have a
planar TTF vinylogue framework. However, the structure was
revealed to be similarly non-planar, as shown in Fig 1. In
contrast, the molecular structure is drastically changed upon
oxidation. The cation radical salt 1j·PF6 has a planar TTF
vinylogue skeleton, as shown in Fig. 2. The aryl groups are
twisted and almost orthogonal to the TTF vinylogue framework.
The dihedral angle between the aryl group and the 1,3-dithiole
ring is 83.9°. The C(1)–C(8) bond length [1.400(8) Å] in the
cation radical salt is longer than that of the neutral 1j [1.354(6)
Å], while the C(8)–C(8*) bond length [1.41(1) Å] is shorter than
the corresponding one in the neutral species [1.481(8) Å]. This
fact suggests the contribution of a delocalized structure 4. The
donor molecules form an interesting two-dimensional columnar
structure, as shown in Fig. 2. The bulky aryl groups disturb good
overlapping between molecules. Instead, one molecule bridges
two others; the 1,3-benzodithiole moieties form a stacking with
an equal intermolecular distance of 3.6 Å. The side view of the
crystal structure (Fig. 2, bottom) clearly shows a stair-like
network where two-dimensional interactions can be expected.
The donor molecule in 1p·Au(CN)2 also has a planar geometry
of its TTF vinylogue framework. The unique crystal structure
will be reported elsewhere. Unfortunately, these cation radical
salts have a 1:1 stoichiometry and so they showed semiconduct-
ing behavior (1j·PF6: s = 3 3 1026 S cm21, Ea = 0.18 eV;
1p·Au(CN)2: s = 1022 S cm21, Ea = 0.11 eV). Studies on the
preparation of other cation radical salts of 1 are now in
progress.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Sports and
Culture, Japan.

Notes and References

† E-mail: yoshiro@ims.ac.jp
‡ Crystal data for 1a: C18H14S4, M = 358.55, monoclinic, P21/c, a =
12.1233(4), b = 7.4016(3), c = 18.5788(6) Å, b = 98.196(3)°, V =
1650.08(9) Å3, Z = 4, T = 296 K, m(Cu-Ka) = 52.11 cm21, independent

reflections 3640, R = 0.055 for 2812 data with I > 3s(I). For 1j:
C28H14F4S4, M = 554.65, orthorhombic, Pbcn, a = 20.124(9), b =
8.724(7), c = 14.258(5) Å, V = 2503(3) Å3, Z = 4, T = 296 K, µ(Mo-Ka)
= 4.26 cm21, independent reflections 3283, R = 0.037 for 1166 data with
I > 3s(I). For 1j·PF6: C28H14F10PS4, M = 699.62, monoclinic, C2/c, a =
19.814(2), b = 7.1181(6), c = 20.069(1) Å, b = 104.588(6)°, V =
2739.3(4) Å3, Z = 4, T = 296 K, m(Cu-Ka) = 45.65 cm21, independent
reflections 3036, R = 0.058 for 1303 data with I > 3s(I). For 1p·Au(CN)2:
C28H16AuCl2N2S8, M = 880.78, monoclinic, P21/c, a = 10.527(1), b =
11.025(1), c = 13.001(3) Å, b = 100.26(2)°, V = 1484.8(4) Å3, Z = 2, T
= 296 K, m(Cu-Ka) = 164.1 cm21, independent reflections 3021, R =
0.056 for 2173 data with I > 2s(I). CCDC 182/905
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Fig. 1 Molecular structures of 1a and 1j

Fig. 2 Crystal structure of 1j•PF6. Top: structure of the donor molecule.
Middle: projection along the b-axis. Bottom: view perpendicular to the
stacking axis b.
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A novel intramolecular photocyclization of methyl
2-(2,3-dimethylbut-2-enyloxymethyl)naphthalene-1-carboxylate via
1,9-hydrogen abstraction

Kazuhiko Mizuno,*† Shin-ichi Konishi, Yasuharu Yoshimi and Akira Sugimoto

Department of Applied Chemistry, College of Engineering, Osaka Prefecture University, 1-1 Gakuen-cho, Sakai, Osaka 599-8531,
Japan

Irradiation of a benzene solution containing methyl
2-(2,3-dimethylbut-2-enyloxymethyl)naphthalene-1-carbox-
ylate 1 gave an eight-membered keto ether 2 as the main
product via a novel 1,9-hydrogen abstraction of the ester
carbonyl group.

Photochemical hydrogen abstraction reactions have been ex-
tensively investigated from synthetic and mechanistic view-
points.1 Intramolecular long-range hydrogen abstraction such as
‘remote oxidation’ is one of the most attractive subjects in the
photochemistry of carbonyl groups.2 However, little is known
about the hydrogen abstraction of an excited state of an ester
carbonyl group except for an intramolecular 1,5-hydrogen
abstraction via a 6-membered transition state.3 Intermolecular
hydrogen abstraction has also been reported as a rare case
although the efficiency was quite low.4 We now report a novel
intramolecular 1,9-hydrogen abstraction of an ester carbonyl
group to give an eight-membered keto ether via an exciplex.

Irradiation of a benzene solution containing methyl 2-(2,3-di-
methylbut-2-enyloxymethyl)naphthalene-1-carboxylate 1
through a Pyrex filter ( > 280 nm light) under an argon
atmosphere gave 2 as the main product accompanied by (2p +
2p) photocycloadducts 3 and 4 and C–O bond cleavage product
5 (Scheme 1). Similar irradiation of 1 in MeCN also gave 2, but
5 was mainly obtained (Table 1). Irradiation of 6 in benzene did
not afford the corresponding eight-membered ring compound,

but instead gave (2p + 2p) photocycloadduct 7 in low yield
(Scheme 2).

The products were isolated by column chromatography on
silica gel. The structure of 2 was determined from its spectral
data.‡ The FT-IR spectrum of 2 showed the disappearance of
the ester carbonyl group of 1 at 1743 cm21 and the appearance
of an aromatic carbonyl group at 1682 cm21. The 1H NMR
spectrum showed the existence of three kinds of methylene
group, two nonequivalent methyl groups and six aromatic
protons. These data indicate the elimination of MeOH from the
starting material 1. Finally, the structure of 2 was confirmed by
X-ray crystallography (Fig. 1). The structures of (2p + 2p)
photocycloadducts 3 and 4 were determined from their spectral
properties and comparison with the intramolecular photo-
cycloadducts obtained from 2-(2,3-dimethylbut-2-enyloxyme-
thyl)naphthalene-1-nitrile, previously reported by McCullough
et al.5 and by us.6

The formation of the eight-membered keto ether 2 and the
photocycloadducts 3 and 4 was not sensitized by the addition of
0.1 mol dm23 of Michler’s ketone (ET = 275 kJ mol21),7 and
was not quenched by 0.5 mol dm23 of 2-methylbuta-1,3-diene
(ET = 251 kJ mol21)7 and molecular dioxygen. The relative
intensity of the fluorescence of 1 in cyclohexane was smaller
than that of methyl naphthalene-1-carboxylate. This is due to
the intramolecular quenching of the fluorescence of the methyl
naphthalene-1-carboxylate chromophore by the alkene moiety,
although an intramolecular exciplex emission between the
methyl naphthalene-1-carboxylate chromophore and the 2,3-di-
methylbut-2-ene chromophore was not observed. When the

Scheme 1

Table 1 Yields for photoreaction of 1 in benzene and MeCN

Yield (%)a

Solvent 2 3 4 5

Benzene 48 6 33 13
MeCN 10 < 5 < 5 80

a Yields based on unrecovered 1 were determined by GLC analysis after
irradiation with a 500 W high-pressure mercury lamp for 100 h.

Scheme 2

Fig. 1 X-Ray crystal structure of 2
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fluorescence lifetime of 1 was measured by single photon
counting in cyclohexane, the major component (short-lived, <
0.3 ns) was assigned to the methyl naphthalene-1-carboxylate
moiety and the minor component (long-lived, 5.8 ns) to the
singlet exciplex, because the fluorescence lifetime of methyl
naphthalene-1-carboxylate has a value of 1.3 ns.

From these results, we propose the mechanism for the
formation of the eight-membered keto ether shown in Scheme 3.
The first step is the formation of an intramolecular exciplex 8
via the excited singlet state of the methyl naphthalene-
1-carboxylate chromophore. The second step is the abstraction
of an allylic hydrogen by the ester carbonyl group followed by
radical coupling of 9 to give the hemiacetal 10, which then
eliminates MeOH to afford the eight-membered keto ether 2.
Although intramolecular 1,5-hydrogen abstraction by an ester
carbonyl group via a six-memebered transition state is known,
long-range intramolecular hydrogen abstraction has never been
reported. The exciplex 8 also gives (2p + 2p) photo-
cycloadducts 3 and 4. The cleavage product 5 is probably
produced via 9. In the photoreaction of 1, the charge transfer
nature of the intramolecular exciplex plays an important role in
the novel intramolecular 1,9-hydrogen abstraction. It is because
the ester carbonyl group of 6 has a less electron donating alkene
that it did not abstract the allylic hydrogen. In MeCN, the

formation of the eight-membered keto ether 2 is observed in
trace amounts, but the C–O bond cleavage product 5 was mainly
obtained. This is reasonably explained by a photoinduced
electron transfer process.8

We are indebted to Professor T. Takata and Emeritus
Professor H. Inoue (Osaka Prefecture University) for helpful
discussions. This work is partially supported by a Grant-in-Aid
for Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan, and the Nagase Science and
Technology Foundation.

Notes and References

† E-mail: mizuno@chem.osakafu-u.ac.jp
‡ Selected data for 2: mp 172–173 °C; dH(270 MHz, CDCl3) 7.82–7.69 (m,
3 H), 7.50–7.45 (m, 2 H), 7.07 (d, J 8.54, 1 H), 4.89 (br s, 2 H), 4.41 (s, 2
H), 3.51 (s, 2 H); dC(68 MHz, CDCl3) 135.5, 133.8, 132.5, 132.2, 129.2,
128.8, 128.2, 127.2, 125.9, 125.8, 123.7, 121.9, 73.5, 73.4, 48.4, 20.8, 20.2;
nmax(KBr)/cm21 1682; m/z 266 (M+).

Crystal data for 2: C18H18O2, M = 266.34, monoclinic, space group
P21/n (#14), a = 8.6862(6), b = 12.468(2), c = 13.468(1) Å,
b = 105.418(7)°, V = 1406.0(3) Å3, Z = 4, Dc = 1.258 g cm23, T = 296
K, m = 0.80 cm21, F(000) = 568, crystal size = 0.650 3 0.600 3 0.330
mm, Rigaku AFC5R diffractometer. Final R value was 0.038 for 2105
reflections (Rw = 0.043). CCDC 182/914.

1 For a review, see: P. J. Wagner, Acc. Chem. Res., 1971, 4, 168; 1983, 16,
461; 1989, 22, 83.

2 For a review, see: R. Breslow, Acc. Chem. Res., 1980, 13, 170.
3 R. M. Duhaime, D. A. Lombardo, I. A. Skinner and A. C. Weedon,

J. Org. Chem., 1985, 50, 873; T. Gomibuchi, K. Fujiwara, T. Nehira and
M. Hirama, Tetrahedron Lett., 1993, 34, 5753.

4 K. Fukui and Y. Odaira, Tetrahedron Lett., 1969, 10, 2887.
5 J. J. McCullough, W. K. MacInnis, C. J. L. Lock and R. Faggiani, J. Am.

Chem. Soc., 1982, 104, 4644.
6 K. Mizuno, S. Konishi, T. Takata and H. Inoue, Tetrahedron Lett., 1996,

37, 7775.
7 Methyl naphthalene-1-carboxylate (ET = 256 kJ mol21); S. L. Murov,

I. Carmichael and G. L. Hug, Handbook of Photochemistry, Marcel
Dekker, New York, 1993, p. 17, 76 and 77.

8 Photocleavage reaction via photoinduced electron transfer: F. D. Saeva,
in Photoinduced Electron Transfer I, ed. J. Mattay, Springer-Verlag,
Berlin, 1990, pp. 59–92.
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A new synthesis of benzoporphyrins using 4,7-dihydro-4,7-ethano-2H-isoindole
as a synthon of isoindole

Satoshi Ito,a Takashi Murashima,a Hidemitsu Unob and Noboru Ono*a†
a Department of Chemistry, Faculty of Science, Ehime University, Bunkyo-cho 2-5, Matsuyama 790-8577, Japan
b Advanced Instrumentation Center for Chemical Analysis, Ehime University, Bunkyo-cho 2-5, Matsuyama 790-8577, Japan

Heating 4,7-dihydro-4,7-ethano-2H-isoindole at 200 °C
induces the retro-Diels–Alder reaction to give isoindole in
essentially quantitative yield, which can be applied to a new
synthesis of tetrabenzoporphyrins and monobenzoporph-
yrins.

Pyrroles fused with aromatic rings, namely isoindoles, may be
useful as precursors of polypyrroles with low band gap1 and
benzoporphyrins.2 However, unsubstituted isoindole is too
unstable to be used directly for the preparation of such
compounds.3 Recently we have developed a new synthesis of
isoindoles via the Barton–Zard pyrrole synthesis using aromatic
nitro compounds and ethyl isocyanoacetate, from which
polypyrroles and porphyrins fused with various aromatic rings
have been prepared.1,2 However, this method is not applicable
to the synthesis of unsubstituted isoindole, for nitrobenzene
does not react with ethyl isocyanoacetate. Here we report a very
simple method for the synthesis of isoindole. Ethyl 4,7-dihydro-
4,7-ethano-2H-isoindole-1-carboxylate 1 was prepared by the
reaction of the Diels–Alder reaction of 1,3-cyclohexadiene with
b-sulfonylnitroethylene followed by the treatment with ethyl
isocyanoacetate.4 De-ethoxycarbonylation by heating 1 with
KOH in ethylene glycol at 170 °C gave 2,‡ which acted as a
masked isoindole (Scheme 1). Namely, heating 2 at 200–230 °C
causes a retro-Diels–Alder reaction, the product of which can be
trapped in about 70% yield with reactive dienophiles such as
N-phenylmalenimide5 Although there are many possibilities for
the use of 1 or 2 as an isoindole synthon, here we focus on the
synthesis of benzoporphyrins. Porphyrin 3,4 which was pre-
pared from 1 via reduction of the ester function with LiAlH4
followed by tetramerization and oxidation, was converted into

tetrabenzoporphyrin 4 in 100% yield by heating at 200 °C for
10 min. In general, it is rather difficult to handle tetra-
benzoporphyrin and its metal complexes due to their low
solubility in most organic solvents. This difficulty is now
resolved by the use of porphyrin 3 and its metal complexes, as
they are soluble in CH2Cl2 and can be converted into 4 in
quantitative yield by simply heating at 200 °C. Various kinds of
metal complexes (Zn, Cu, Ni, Fe, etc.) of 3 were readily
prepared by the conventional method6 and purified by column
chromatography and recrystallization from CH2Cl2–MeOH.
They were soluble in CHCl3 and CH2Cl2. The metal complexes
of porpyrin 3 were converted into the corresponding metal
complexes of 4 in essentially quantitative yield by heating at
200 °C. By using this method, various materials coated with
metal complexes of 4 which may be important for electronic
applications are readily prepared. For example, a glass slide
coated with Zn-3 (lmax 405, 525, 560 nm) was prepared using
a solution of Zn-3 in CH2Cl2; this was changed into a glass slide
coated with Zn-4 (lmax 454, 617, 696 nm) by heating at 200 °C
for 10 min.

Other syntheses of benzoporphyrins using 2 as an isoindole
synthon are shown in Schemes 2 and 3. The reaction of 2 with
aromatic aldehydes in the presence of BF3·OEt2 followed by
oxidation gave meso-tetraarylated porphyrins 5 in 25–35%
yield, which were converted into the corresponding benzo-
porphyrins 6 in quantitative yield by heating at 200 °C for 10
min. Thus, pyrrole 2 can be used as a masked isoindole in
benzoporphyrin synthesis. As pointed out by Bonnet, the
chemistry of benzoporphyrins has been relatively neglected due
to their synthesis being difficult, although they have potential
uses as electro-optical, molecular electronic and photodynamic
therapeutic materials.7 Now various types of benzoporphyrins
can be prepared via the use of 2 as an isoindole synthon. As a
typical example, monobenzoporphyrin 9 was prepared in
quantitative yield by heating porphyrin 8 at 200 °C for 10 min,
as shown in Scheme 3. Porphyrin 8 was prepared by the well-
established method via a 3 + 1 approach consisting of the
reaction of tripyrrane 7 with pyrrole-2,5-dicarbaldehyde fol-
lowed by oxidation.8 The requisite 7 was readily prepared by the
reaction of 2 with 2-acetoxymethylpyrroles. The UV–VIS

Scheme 1 Reagents and conditions: i, ref. 4, 60% for two steps; ii, 200 °C,
10 min; iii, KOH, HOCH2CH2OH, 170 °C, 2 h, 81%; iv, ref. 4, 30%; v, 200
°C, 10 min, quant.

Scheme 2 Reagents and conditions: i, BF3·OEt2; ii, Zn(OAc)2; iii,
p-chloranil; iv, 200 °C, 10 min
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spectrum of 8 (lmax 398, 497, 529, 566, 619 nm; band strength
IV > III > II > I) indicated that 8 was readily converted to 9
(lmax 404, 504, 541, 574, 629 nm; band strength III > I > IV
> II); these were in good agreement with those reported in the
literature.7,9

In conclusion, we have described a new synthesis of
benzoporphyrins using 1 or 2 as insoindole synthons which is
superior to the existing methods in its simplicity and generality.
It should be emphasized that formation of benzoporphyrns 4, 6
and 9 can be achieved by simple heating. This process is a very
clean reaction and purification of products is not usually
necessary if precursors 3, 5 and 8 are pure. This method could
be extended to the preparation of other p-extended molecules
including polypyrroles fused with aromatic rings, which is now
in progress in our laboratory.

The work was partly supported by Grants-in aid for Scientific
Research from the Ministry of Education, Science, Sports and
Culture of Japan.

Notes and References

† E-mail: ononbr@dpc.ehime-u.ac.jp
‡ All new compounds gave satisfactory elementary analyses. Selected data
for 2: mp 130–131 °C, dH(CDCl3) 1.54 (4 H, m), 3.85 (2 H, m), 6.45 (2 H,
d, J 2.1), 6.50 (1 H, d, J 4.27), 6.52 (1 H, d, J 4.27), 7.53 (1 H, NH); m/z (EI)
145 (M+, 7), 117 (100). For Zn-3: lmax(solid on glass)/ nm 405, 525, 560;
lmax(CHCl3)/nm 400, 534, 561. For Cu-3: lmax(solid)/nm 402, 520, 560.
For 4: lmax(solid)/nm 454, 617, 696; lmax[(CHCl3+CF3CO2H)]/nm 431,
605, 660 nm. For Zn-4: lmax(solid on glass)/nm 450, 690; lmax(THF–

pyridine)/nm 425, 622; For Cu-4: lmax(solid)/nm 420, 663; lmax(THF–
pyridine)/nm 416, 61. For Zn-5a: dH(CDCl3) 1.44 (16 H, m), 3.39 (8 H, m),
6.45 (8 H, m), 7.78–7.8 (12 H, m), 8.24 (8 H, m); lmax(CHCl3)/nm (log e)
425 (6.45), 550 (5.15); m/z (FAB) 988 (M++1). For Zn-6a: dH(CDCl3) 7.17
(8 H, dd, J 6.35, 3.42), 7.28 (8 H, dd, J 6.35, 2.92), 7.87 (8 H, t, J 7.33), 7.95
(4 H, t, J 7.81), 8.30 (8 H, d, J 6.84); lmax(CHCl3)/nm (log e) 463 (6.44),
609 (5.09), 652 (5.68); m/z (FAB) 876 (M+ +1). For 8: dH(CDCl3) 23.99 (2
H, s), 1.18 ( 6 H, t, J 7.3), 1.48 (6 H, s), 1.79 (6 H, t, J 7.3 ), 2.1–2.3 (8 H,
m), 4.07 (4 H, t, J 7.3 ), 4.13 (4 H, q, J 7.3 ), 5.72 (2 H, s), 7.20 (2 H, m),
10.12 (2 H, s), 10.17 (2 H, s); lmax(CHCl3)/nm 398 (6.21), 497 (5.15), 529
(4.89), 566 (4.73), 620 (4.54); m/z (FAB) 585 (M++1). For 9: dH(CDCl3)
23.64 (2 H, m), 1.14 (6 H, t, J 7.3), 1.52 (6 H, s), 1.80 (4 H, m), 1.89 (6 H,
t, J 7.3), 2.30 (4 H, m), 4.02 (4 H, q, J 7.3), 4.16 (4 H, t, J 7.3), 8.08 (2 H,
dd, J 1.1), 9.34 (2 H, dd, J 1.1). 10.08 (2 H, s), 10.39 (2 H, s); lmax(CHCl3)/
nm (log e) 404 (6.48), 504 (5.12), 541 (5.40), 574 (4.91), 629 (5.17); m/z
(FAB) 557 (M++1).
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Scheme 3 Reagents and conditions: i, AcOH–EtOH, reflux, 16 h; ii,
3,4-diethylpyrrole-2,5-dicarbaldehyde, TFA, room temp., 2 h; iii, DDQ,
CHCl3, room temp., 1 h, 11% for three steps; iv, 200 °C, 10 min, quant.
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Synthesis of novel imidazolidinones from hexose–peptide adducts: model
studies of the Maillard reaction with possible significance in protein glycation

Ŝtefica Horvat,*† Lidija Varga-Defterdarović, Maja Roŝĉić and Jaroslav Horvat

Department of Organic Chemistry and Biochemistry, Ruder Boŝković Institute, POB 1016, 10001 Zagreb, Croatia

Novel hexose-related imidazolidin-4-ones are prepared by
intramolecular rearrangements of monosaccharide esters in
which D-mannose, D-glucose, or D-galactose are linked
through their C-6 hydroxy groups to the endogenous opioid
pentapeptide, leucine-enkephalin.

Non-enzymatic glycation of proteins has been increasingly
identified as an important factor in the age-dependent chemical
modification and cross-linking of tissue proteins,1 as well as in
the pathogenesis of the long term complications of diabetes.2
The sequence of non-enzymatic glycation involves the reaction
of an aldose (or ketose) sugar with free amino groups of proteins
(Maillard reaction) leading initially to the formation of labile
Schiff bases. With the subsequent Amadori rearrangement, the
aminoketoses formed undergo a variety of reactions3 such as
dehydrations, fragmentations, and the formation of highly
reactive carbonyl compounds, which continue to react with free
amino groups, thus leading to cross-linking of proteins via
advanced glycation end products (AGEs) which are mainly
responsible for the diabetic complications.2 A few such adducts
have been structurally identified by in vitro glycation of
proteins or by monitoring the breakdown of isolated Amadori
compounds.4

This study demonstrates for the first time, by in vitro
experiments, that, in addition to Amadori rearrangement, an
alternative pathway for carbohydrate-induced modification of
peptides is possible, yielding imidazolidin-4-ones from the
initially formed hexose–peptide adducts.

We recently reported5 on the products of intramolecular
Amadori rearrangements formed in pyridine–AcOH as the
solvent from monosaccharide esters 1a–c6 in which D-mannose
(1a), D-glucose (1b), or D-galactose (1c) are linked through their
C-6 hydroxy groups to the C-terminal carboxy group of the
endogenous opioid pentapeptide leucine-enkephalin (H-Tyr-
Gly-Gly-Phe-Leu-OH).7 Herein we provide evidence that
synthons 1a–c are also transformed to carbohydrate-related
imidazolidinones 3a–c (Scheme 1). Thus, incubation of mono-
saccharide esters 1a–c in MeOH at 50–60 °C afforded, after
purification by semipreparative reverse-phase high-perform-
ance liquid chromatography (RP HPLC), the corresponding
imidazolidin-4-ones 2a–c in acceptable yields (Table 1). We
assume that, in a similar fashion to Amadori product formation
from esters 1a–c,5 the first step of this reaction requires the
open-chain form of the carbohydrate moieties in compounds
1a–c, which is attacked by the free amino terminus of the
peptide moiety. In the subsequent step, the Schiff base formed,
instead of Amadori rearrangement to the corresponding keto-
sugar, undergoes nucleophilic attack by the Gly2 nitrogen to
yield imidazolidin-4-ones 2a–c in which C-1 of the sugar
moiety forms a bridge between the a-amino group of the
N-terminal tyrosine residue and the amide nitrogen of the Tyr1-
Gly2 peptide bond. As presented in Table 1, the transformation
1a?2a took place completely stereospecifically, while the
conversion of esters 1b and 1c to the corresponding imidazolid-
inones exhibited a low degree of stereocontrol. Rearrangements
of 1a–c in MeOH yield only 5% of the corresponding Amadori
products.

Scheme 1 Reagents and conditions: i, MeOH, 50–60 °C; ii, 0.1 M NaOH,
25 °C. Asterisk indicates either (S)- or (R)-configuration at the new N,N’-
acetal centre.
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Cleavage of the ester bond in both the major and minor
isomers of compounds 2a–c was carried out in 0.1 M NaOH at
room temperature and led to the corresponding chiral imidazoli-
din-4-ones of D-mannose (3a), D-glucose (3b) or D-galactose
(3c) in 77–95% yield after RP HPLC chromatography.‡

The experimental fact that the monosaccharide esters 1a–c,
the behaviour of which closely resembles the reactivity of
hexose 6-phosphates, yield either the corresponding Amadori
products5 or imidazolidinones 2a–c points, in our under-
standing, to the possibility that, depending on the physiological
environment, similar imidazolidinon-4-one adducts may be also
generated in vivo.

In conclusion, the method outlined above, which is based on
the intramolecular rearrangement of 6-O-peptidyl esters 1a–c,
represents an innovative route for the synthesis of hexose-
related imidazolidin-4-ones, compounds useful in understand-
ing the details of the mechanism of non-enzymatic glycation
in vivo.

This work was funded by the Ministry of Science and
Technology of Croatia (Grant No. 00980704).

Notes and References

† E-mail: shorvat@rudjer.irb.hr
‡ All new compounds have been fully characterized and have spectroscopic
properties compatible with the structures assigned.
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Table 1 Intramolecular rearrangement of esters 1a–c in MeOH

Yield (%)b

Starting
compound t/h T/°C Producta Major Minor

1a 24 50 2a 49 —
1b 72 60 2b 34 9
1c 48 60 2c 12 10

a Mixture of diastereomers for 2b and 2c. b Isolated yields after RP HPLC
purification.
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Evidence for actinide metal to ligand p backbonding. Density functional
investigations of the electronic structure of [{(NH2)3(NH3)U}2(m2-h2:h2-N2)]

Nikolas Kaltsoyannis*a† and Peter Scottb‡
a Centre for Theoretical and Computational Chemistry, University College London, 20 Gordon Street, London, UK WC1H 0AJ
b Department of Chemistry, University of Warwick, Coventry, UK CV4 7AL

The electronic structure of [{(NH2)3(NH3)U}2(m2-h2:h2-N2)],
a model for the first dinitrogen compound of an actinide, is
investigated computationally using quasi-relativistic non-
local density functional theory; the only significant U–N2–U
interaction is found to be U?N2 p backbonding.

The instability of f element complexes with p acid ligands is
presumed to arise from the inability of these metals to take part
in metal?ligand backbonding. Indeed the bonding in f element
compounds is widely regarded as being essentially electrostatic.
Nevertheless the physicochemical properties of certain actinide
systems cannot be satisfactorily explained without invoking
appreciable metal–ligand covalency.1–4

We have recently reported our discovery of the first
dinitrogen complex of an actinide element, [{(NNA3)U}2(m2-
h2:h2-N2)] [NNA3 = N(CH2CH2NSiButMe2)3] 1 (Fig. 1).5 This
compound, synthesised by the exposure of the ‘base-free’
triamidoamine [(NNA3)U] to rigorously pure dinitrogen, features
an N2 unit bridging the two uranium centres in a side-on
manner. This coordination geometry raises the intriguing and
fundamental question of how the N2 ligand interacts with the
metal atoms. The N–N distance [1.109(7) Å] is similar to that
found in dinitrogen gas (1.0975 Å), and the magnetic suscepti-
bility and UV–VIS spectrum are very close to those of the
parent [(NNA3)U]. These data led us to suggest that 1 contains
essentially N2?U s bonds, with [(NNA3)U] acting as an
extremely potent Lewis acid. We noted, however, that since the
unobserved 1 : 1 intermediate [(NNA3)U–(N2)] is clearly more
basic than free dinitrogen, some degree of U?N2 backbonding
may be present.

In order to gain insight into the electronic structure of 1 and
hence to evaluate the above suggestions, we have carried out
density functional calculations§ on the model complex
[{(NH2)3(NH3)U}2(m2-h2:h2-N2)] 2. Bond lengths and angles
were taken from the crystallographic data obtained on 1, and the
molecular structure was idealised to C2h symmetry. The
replacement of the triamidoamine ligand by (NH2)3(NH3) is
necessary for calculational feasibility and, while such a
simplification is not insignificant, we anticipate that the
fundamental features of the U–N2–U interaction will not be
greatly affected. Indeed, we have previously used this ligand
replacement in other studies.6

1 is paramagnetic, with a susceptibility of 3.22 µB per
uranium atom.5 It is therefore appropriate to address the
electronic structure of 2 using the spin unrestricted approach, in
which a and b spin electrons occupying a molecular orbital
(MO) of a given number and symmetry are not constrained to
have the same spatial wavefunction. The excess a over b spin

density is a user-defined parameter within ADF, raising the
question of how many unpaired electrons 1 and 2 possess. The
spin-only formula is inappropriate for actinide complexes, and
thus the magnetic susceptibility of 1 cannot be straightforwardly
related to the number of unpaired electrons. Consideration of all
the available experimental data suggests that 1 has six unpaired
electrons per molecule, i.e. that each uranium atom is best
regarded as a UIII f3 centre. We have carried out a range of spin
unrestricted calculations of 2, and have found that the most
stable electronic arrangement has four unpaired electrons.
Imposition of six unpaired electrons produces a non-Aufbau
orbital occupation and a markedly less stable structure.¶ We
stress, however, that the general features of the electronic
structure are very similar in all cases, and it is to these that we
now turn.∑

A MO energy level diagram for 2 with four unpaired
electrons is given in Fig. 2. The orbitals are labelled according
to the C2h irreducible representations that they span, together
with an a or b designation to indicate the spin of the electron in
that orbital. The use of the spin unrestricted approach doubles
the number of MOs, and there are 42 such energy levels in the
eigenvalue range 28.3 to 22.3 eV. Fortunately the MOs are
concentrated in a few groups of similar energy and composition
(represented by rectangles on Fig. 2), simplifying the analysis of
the valence electronic structure. MOs around the highest
occupied orbital are shown on an expanded scale.

The three groups of MOs with energies centred around 28.2,
27.5 and 25.5 eV are largely localised on the NH2 and NH3
ligands, with some levels also containing small contributions
from the uranium atoms. These orbitals are primarily responsi-
ble for binding the NH2 and NH3 groups to the metal atoms, as

Fig. 1 The geometric structure of [{(NNA3)U}2(m2-h2:h2-N2)] [NNA3 =
N(CH2CH2NSiButMe2)3] 1

Fig. 2 Molecular orbital energy level diagram of C2h symmetric
[{(NH2)3(NH3)U}2(m2-h2:h2-N2)] 2
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well as for some N–H bonding. Given that we are concerned
mainly with the U–N2–U interaction, these orbitals will not be
discussed further.

The six least stable electrons occupy the a8bg to a16bu
orbitals. Five of these levels have a spin and one has b spin, and
the spatial symmetry of the unpaired electrons is such that the
overall molecular electronic state is 5Au. The four orbitals of a
spin that have no filled b spin counterpart (a9bg to a16bu) are
predominantly uranium f based (!75% in all cases). The a and
b 8bg orbitals, however, are rather different from this group, in
terms of both energy ( > 0.6 eV more stable) and composition.
These two levels are mixtures of uranium f and the N–N
antibonding pg orbital of the N2 ligand,** and are U?N2 p

backbonding. A contour plot of the a8bg orbital is shown in Fig.
3. Analysis of all of the filled MOs of 2 shows that this is the
only significant U–N2–U interaction. MOs with contributions
from the pu N–N bonding orbital lie at much more negative
eigenvalues (ca. 211 to 212 eV) and have negligible uranium
character. The Mulliken overlap population between the
uranium atoms and the N2 fragment is +0.25 electrons,
reinforcing the conclusion of appreciable U–N2–U covalency,
and the calculated charge on the nitrogen atoms of the N2 unit
(20.49) indicates a net transfer of electron density from metal
to ligand.

Population of the N2 pg antibonding MO would be expected
to produce a lengthening of the N–N bond. That no significant
increase is observed experimentally merits further investiga-
tion. The strong directionality of f orbitals (arising from their
high nodality) suggests one possible explanation. Lengthening
the N–N bond would reduce the overlap between the metal f and
N2 pg levels, weakening the U–N2–U bonding interaction.
Work is in progress to evaluate this and other hypotheses.††

N. K. thanks the Royal Society for equipment grants, and the
UK Computational Chemistry Working Party for a grant of
computer time on the EPSRC’s ‘Columbus/Magellan’ facility.
P. S. thanks BNFL for their support.
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program suite.7,8 Quasi-relativistic9 frozen cores were used for N (1s) and
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14.97% U fz3, 6.13% U dyz and 40.23% N2 pg.
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Fig. 3 Contour plot of the a8bg molecular orbital of [{(NH2)3(NH3)U}2(m2-
h2:h2-N2)] 2, viewed in the plane defined by the two uranium atoms and the
N2 unit. Contour levels are ±0.2, ±0.1, ±0.05 and ±0.025.
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The coordination chemistry of amine triphenolate tripod ligands with iron(III).
Old organic compounds but new tripod ligands

JungWon Hwang, Kumar Govindaswamy and Stephen A. Koch*†

Department of Chemistry, State University of New York at Stony Brook, Stony Brook, NY 11794-3400, USA

The coordination chemistry of new C3 symmetric tripheno-
late amine tripod ligands has been demonstrated with
FeIII.

A key feature of the coordination chemistry of tripod ligands is
their ability to divide the metal–ligand coordination sphere into
non-labile sites and reactive sites. Saconni and the Florence
school first demonstrated the rich coordination chemistry of
tripod ligands in the 1960s and 1970s.1,2 In the 1990s the
chemistry of tripod ligands has undergone a renaissance.3–5 We
report the coordination chemistry of new polyphenolate amine
tripod ligands: tris(2-hydroxybenzyl)amine (1) and tris(2-
hydroxy-3,5-dimethylbenzyl)amine (2). Phenolate containing
ligands are valuable in modeling the active sites of metal–
tyrosine centers in metalloproteins6 and homogeneous and
heterogeneous catalysts.7 Historically, the hydrochloride salt of
1 was the subject of its first and only report in 1922,8 while the
synthesis of 2 appeared in the literature in 1949.9 The
coordination chemistry of compounds 1 and 2 has never been
previously reported.

Our route to 1, which differs from the original synthesis, is
outlined in Scheme 1. The reaction of 2 equiv. of 2-methoxy-
benzyl bromide10 (3) with commercially available 2-methoxy-
benzylamine (4) in refluxing CH3CN with added K2CO3 gives
tris(2-methoxybenzyl)amine (5) in 80–85% yield. The methyl
protecting groups are removed by refluxing 5 in toluene with 5
equiv. of AlCl3 to give 1 in 70% yield. We were able to
reproduce the synthesis of 2 by the one step Mannich reaction of
2,4-dimethylphenol with hexamethylenetetramine.9 Since both
1 and 2‡ were reported before the advent of modern spectro-
scopic techniques, the congruence of our compounds with the
literature compounds was established by melting point com-
parisons.

The reaction of the trilithium salt of 1 with FeCl3 in the
presence of 3 equiv. of 1-methylimidazole (1-Meim) in MeOH
gave dark red crystals of [Fe{N(CH2-o-C6H4O)3}(1-Meim)] (6)
in 65% yield. The structure of 6, which was determined by
X-ray crystallographic analysis§ (Fig. 1), consists of a trigonal
bipyramidal structure with an N1–Fe–N2 angle of 173.4(1)°.
The Fe atom is 0.045 Å out of the plane of the three oxygen
donors toward the imidazole nitrogen. The FeO3 plane shows
small deviations from trigonal symmetry with O–Fe–O angles
of 117.4(1) to 126.3(1)°. The average Fe–O bond distance
[1.876(15) Å] is intermediate between the Fe–O in tetrahedral
[FeIII(OC6HMe4-2,3,5,6)4]2 [1.847(13) Å] and in octahedral Fe
tris-catecholate complexes (2.02 Å).11,12 The analogous com-
pound, [Fe{N[CH2-o-C6H2(OMe)2-3,5]3}(1-Meim)] (7), has
also been characterized with ligand 2.

The tripod ligand coordinates to the metal to generate a chiral
C3 conformation13 with both enantiomeric structures present in
the centric crystal lattice. These tripod ligands 1 and 2 differ
from the well studied N(CH2CH2OH)3 and N(CH2CO2H)3
ligands in the phenolate versus alkoxide and carboxylate donors
and by having six- versus five-membered metal ligand chelate
rings. The aminetriphenolate ligand N(o-C6H4O)3 and its
coordination chemistry with Al have been reported.14

The thiol analog of 1 and its [FeIII{N(CH2-o-C6H4S)3}(1-
Meim)] complex has recently been reported.15 The 0.43 Å
change in Fe–O versus Fe–S bond distance reflects the
difference in the ionic radii of S and O. The larger average Fe–
O–C angle [134(1)°] in 6 versus the Fe–S–C [110(1)°] angle is

Scheme 1

Fig. 1 Structural diagram for [Fe{N(CH2-o-C6H4O)3}(1-Meim)] (6).
Selected distances (Å) and angles (°) Fe1–O1 1.881(3); Fe1–O2 1.888(3);
Fe1–O3 1.859(3); Fe1–N1 2.191(3); Fe1–N2 2.090(4); O1–Fe1–
O2–126.3(1); O1–Fe1–O3–117.4(1); O2–Fe1–O3 116.2(1); O1–Fe1–N1
87.1(1); O1–Fe1–N2 87.6(1); O2–Fe1–N1 88.9(1); O2–Fe1–N2 91.1(1);
O3–Fe1–N1 89.9(1); O3–Fe1–N2 96.0(1); N1–Fe1–N2 173.4(1); Fe1–
O–Cavg 134(1).
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consistent with the known FeIII coordination chemistry of
thiolate and phenolate ligands.11,16,17 In an attempt to prepare a
four coordinate complex, the reaction of Li3N(CH2-o-C6H4O)3]
with FeCl3 was repeated in the absence of 1-Meim. However the
X-ray structure§ of the product, [Fe{N(CH2-
o-C6H4O)3}(DMF)] (8), revealed that a molecule of solvent was
coordinated to the iron. The crystal of 8 is isomorphous and is
essentially isostructural with 6. The atomic positions of the non-
hydrogen atoms of the DMF molecule are structurally equiva-
lent to five of the atoms of the 1-Meim in 6. The reaction of 8
with 1,10-phenanthroline in DMF followed by the addition of
MeOH gave dark red crystals of [Fe{N(CH2-
o-C6H4O)3}(phen)] (9) in 50% yield. The structure of 9§ (Fig.
2) demonstrates that the tripod ligands can support an
octahedral coordination center. The phen ligand has a distinctly
asymmetric coordination with Fe–N2 2.158(7) Å and Fe–N3
2.340(7) Å distances. The distortion results from a short contact
between a benzyl proton and the hydrogen atom ortho to N3.

Compounds 6–9 have magnetic moments indicative of high
spin Fe3+ and have an intense phenolate to Fe charge transfer
transition at 399 nm (e = 7960 dm3 mol21 cm21), 422 (8320),
405 (9700), and 399 (7751) respectively.18 A quasireversible
FeIII–FeII redox couple was observed in the cyclic voltammo-
gram of 7 occurring at E1/2 = 20.78 V (DE = 107 mV) versus
Ag/AgCl in DMF solution. Only irreversible oxidation proc-
esses were observed for all the compounds.19

The chemistry of these tripod ligands with other metal ions is
under investigation. We thank the National Institutes of Health
for support.
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† E-mail: stephen.koch@sunysb.edu
‡ Compound 1: 1H NMR ([2H6]DMSO): d 4.25 (s; 6 H; CH2), 6.82 (t; 3 H;
3-H), 6.93 (d; 3 H; 1-H), 7.24 (m; 6 H; 3,4-H), 8.40 [s(br); 1 H; NH+], 10.5
(s; 3 H; OH). FAB-MS: 335 [M+]. Compound 2: 1H NMR (CDCl3): d 2.23
(s; 18 H; CH3), 3.61 (s; 6 H; CH2), 6.52 [s(br); 3 H; OH], 6.72 (s; 3 H; 6-H),
6.84 (s; 3 H; 4-H). FAB-MS: 419 [M+].
§ Crystal data for 6 (crystallized from DMF–isopropanol): FeC25H24N3O3,
M = 469.85, monoclinic, space group P21/c, a = 14.837(3), b = 9.410(8),
c = 17.162(3) Å, b = 110.836(9)°, U = 2239(1) Å3, Z = 4, Mo-Ka
radiation (l = 0.71073 Å), m = 7.016 cm21. The structure was solved and
refined using standard crystallographic techniques with R(Rw) =
0.040(0.039) for 1993 observed reflections I > 3s(I). For 7: Fe-
C31H36O3N3, M = 554.49, monoclinic, space group P21/n, a = 16.409(4),
b = 10.841(1), c = 17.082(4) Å, b = 110.37(1)°, U = 2849(1) Å3, Z = 4,
m(Mo-Ka) = 7.127 cm21; R(Rw) = 0.053(0.025) for 1733 reflections I >
3s(I). For 8: FeC24H25N2O4, M = 449.3, monoclinic, space group P21/c, a
= 14.670(3), b = 9.413(9), c = 16.807(3) Å, b = 108.054(8)°, U =
2206(1) Å3, Z = 4, m(Mo-Ka) = 5.65 cm21, R(Rw) = 0.039(0.047) for
2888 observed reflections I > 3s(I). For 9 (crystallized from DMF–
MeOH): FeC33H26N3O3, M = 568.44, monoclinic, space group P21/c, a =
12.042(3), b = 18.356(3), c = 12.713(4) Å, b = 110.02(1)°, U = 2640(2)
Å3, Z = 4, m(Mo-Ka) = 6.087 cm21, R(Rw) = 0.050(0.044) for 2888
observed reflections I > 3s(I). CCDC 182/921.
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Fig. 2 Structural diagram for [Fe{N(CH2-o-C6H4O)3}(phen)] (9). Selected
distances (Å) and angles (°): Fe1–O1 1.897(6); Fe1–O2 1.926(6); Fe1–O3
1.893(7); Fe1–N1 2.225(8); Fe1–N2 2.158(7); Fe1–N3 2.340(7); N1–Fe–
O3 91.5(3); O3–Fe–N2 87.7(3); N2–Fe–N3 73.9(3); N3–Fe–N1 107.0(3);
O1–Fe–O2 164.1(3); N–Fe–O2avg 88.4(3); N–Fe–O1avg 87.5(3); Fe–
O–Cavg 128.5(7).
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Transition metal imide/organic imine metathesis reactions: unexpected
observations

Jacqueline M. McInnes and Philip Mountford*†‡

Department of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD

Mixtures of [Ti(NBut)Cl2(py)3] 1 and PhC(NAr)H (Ar =
C6H3Me2-2,6 or C6H4Me-4) gave quantitative conversion to
[Ti(NAr)Cl2(py)3] and PhC(NBut)H, the products of Ti§N-
But/C§NAr transition metal imide/organic imine meta-
thesis; examination of the kinetics for Ar = C6H4Me-4
showed that the rate limiting step for this process is zero
order in [1], demonstrating that these reactions do not
involve metal imide particiption in the rate limiting step.

One attraction of transition metal imido compounds is their
potential use in metal-mediated imido group (NR) transfer
reactions. The addition of unsaturated substrates to M§NR
linkages is now well documented, but examples of reactions
resulting in complete removal (functional group transfer) of NR
from metal to substrate are still somewhat more restricted,
especially by comparison with the rich functional group transfer
chemistry of metal oxo complexes.1 Very recently there have
been reports of transition metal imide/organic imine (LnM§NR/
R2C§NRA) functional group metathesis reactions,2 and these
have been proposed in some instances to arise via metal imide-
mediated processes, possibly involving cycloaddition of
C§NRA to M§NR. Such processes appear to be the aza-
analogues of the widely used metal alkylidene (LnM§CR2)/
alkene (RAC2§CRA2) metathesis reaction3 and are therefore
potentially hugely important transformations in stoichiometric
and catalytic synthesis. Identification of the possible role(s) of
the metal centre in such processes is clearly essential. As part of
an ongoing study of early transition metal imido chemistry, we
found that a number of titanium imido complexes undergo well
characterised cycloaddition and other coupling reactions of the
Ti§NR group (R = But or aryl) with organic substrates.4 In
parallel studies we have observed reactions of [Ti(NBut)Cl2-
(py)3]4b with certain mono- and a-di-imines that yield the
expected products of imide/imine functional group metathesis.
The results herein show that examples of apparently metal-
mediated imide/imine metathesis reactions must be subjected to
mechanistic investigations before they can be properly au-
thenticated.

Reaction of [Ti(NBut)Cl2(py)3] 1 with one equivalent of the
N-2,6-dimethylphenylbenzaldehyde imine 2 at 60 °C for 96
hours in CDCl3 gave (by NMR) quantitative and stoichiometric
conversion to PhC(NBut)H 4 and the arylimido compound
[Ti(NC6H3Me2-2,6)Cl2(py)3] 3 [eqn. (1)].§ Repeating the

reaction on a preparative scale confirmed the exchange of tert-
butylimide for the 2,6-dimethylphenylimide ligand. Similarly,
reaction of 1 with one equivalent of the less bulky N-arylimine
PhC(NTol)H 5 (Tol = C6H4Me-4) gave a quantitative yield of
4 after only 4 hours at 60 °C in CDCl3, along with the tolylimido
product 6 [eqn. (2)]. Products 3, 4 and 6 were identified by
comparison with authentic samples4b and the reactions were

fully reproducible in both CDCl3 and C6D6. At first sight, eqns.
(1) and (2) are apparently straightforward examples of metal-
mediated imide/imine metathesis reactions. Furthermore, reac-
tion of 1 with certain N-aryl-a-diimines also leads to the
expected arylimido titanium products and the corresponding
N-tert-butyl-a-diimines.

In a separate experiment [eqn. (3)] an equimolar mixture of

ButNH2 with 5 in CDCl3 (no titanium imido compound added)
gave an equilibrium mixture (Keq ca. 1, i.e. k1 ≈ k21) containing
the two starting compounds along with the products TolNH2
and imine 4 after 8 hours at 30 °C. Similarly, starting with an
equimolar mixture of pure TolNH2 and 4 also gave an
equilibrium mixture of TolNH2, 4, ButNH2 and 5. Since there is
no thermodynamic driving force in eqn. (3) to account for the
net quantitative reactions in eqns. (1) and (2), we infer that it is
formation of the arylimide products 3 and 6 that causes these
two reactions to go to completion. This hypothesis is supported
by eqn. (4) which shows that addition of a stoichiometric

amount of arylamine to [Ti(NBut)Cl2(py)3] 1 gives quantitative
formation of ButNH2 and the corresponding arylimide 3 or 6.4b

This process is (qualitatively) very much faster than any of the
other three [i.e. eqns. (1)–(3)]. Further evidence for the role of
1 as an effective trap for ArNH2 came from NMR experiments
in which 1 was added to a pre-equilibrated mixture of ButNH2,
5, TolNH2 and 4 [eqn. (3)]: 1 and TolNH2 were consumed and
there was quantitative conversion of 5 to 4.

Examination of the kinetics of eqn. (3) under pseudo-first
order conditions established that this reaction [from left to right
as shown in eqn. (3)] is first order in both ButNH2 and imine 5
and also allowed the direct deduction of k1. However, reaction
of [Ti(NBut)Cl2(py)3] 1 with PhC(NTol)H 5 (10, 16.5 and 20
equivs.) under otherwise identical pseudo-first order conditions
showed (Fig.1) that the rate for eqn. (2) is zero order with
respect to 1 and has no simple dependence on [5]. These
observations are clearly not consistent with the expected
titanium imide-mediated metathesis mechanism of the type
illustrated in Scheme 1, in which a diazametallacycle 7 is
formed in the rate limiting step. For such a process a rate
dependency on [1] is required.¶ Indeed, to our knowledge, all
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kinetically characterised examples of alkene metathesis by
homogeneous metal alkylidene (carbene) complexes (which
proceed via metallacyclobutane intermediates) show a first
order dependence on metal concentration.5 Furthermore, studies
by Lee and Bergman of cycloaddition reactions of the imido
zirconium complex [Cp2Zr(NR)(L)] (R = But or C6H3Me2-2,6,
L = THF, OPPh3 or 4-tert-butylpyridine) have shown them to
be first order in imido complex.6 Previously reported zirco-
nium-mediated imine metathesis reactions also follow a first
order relationship between reaction rate and metal complex,
although in this instance the resting state of the complex is a
diazametallacycle.2a

The absence of a rate dependence on [1] implies that one or
more alternative mechanisms (to that shown in Scheme 1) must
be operating in eqns. (1) and (2). At first sight, one possibility
appears to be a tandem combination of eqns. (3) and (4) where
traces of ButNH2 (in principle impossible to exclude for these
very moisture sensitive systems, although we have no NMR
evidence for its presence in mixtures of 1 and 5) give rise to
formation of imine 4, the liberated TolNH2 being scavenged by
1 forming the imido product 6. However, the kinetic results do
not support this mechanism since the rate law in this case∑
requires a first-order dependence on [5]. Furthermore there is no
evidence for significant enough concentrations of ButNH2 in
these NMR mixtures to account for the observed rate of
formation of 4 and 6 in these reactions.**

In summary we have demonstrated that apparently straight-
forward transition metal imide/organic imine metathesis reac-
tions do not necessarily involve metal imide participation in the
rate determining step. This is in sharp contrast to the well known
metal alkylidene/alkene metathesis reactions. Cases of metal
imide/imine metathesis must clearly be subjected to mecha-
nistic scrutiny before conclusions concerning either the role of
the metal centre or any structure–activity relationships can be

reached. Further investigations of these and other related
reactions are currently under way.

We thank the EPSRC and Leverhulme Trust for support,
Professors M. Bochmann, R. H. Grubbs and J. J. Turner for
helpful comments and Dr P. Scott for a gift of [Sc(OTf)3].
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‡ Philip Mountford is the Royal Society of Chemistry Sir Edward Frankland
Fellow.
§ For all the rate determinations the disappearance of [Ti(NBut)Cl2(py)3] 1
or ButNH2 was monitored over at least three half-lives under pseudo-first-
order conditions with p-dimethoxybenzene as the internal standard. Both
before and after each experiment the temperature in the NMR probe was
calibrated using ethylene glycol (80%) in DMSO. The temperature did not
vary by more than 1 °C. The samples were prepared in a dry-box using
Teflon valve (Young’s) 5 mm tubes, which had been rigorously dried.
CDCl3 and C6D6 were dried over calcium hydride and potassium
respectively, at rt, then distilled under reduced pressure. 1H NMR spectra
were recorded on a Bruker DPX 300 spectrometer at 30 °C.
¶ For the process shown in Scheme 1, rate = kobs[metal imide][organic
imine], where kobs = k3k4/(k23 + k4), assuming the k24 step is not significant
at low concentrations of product imine and a steady state approximation for
[7]. In the reactions in eqns. (1) and (2), pyridine dissociation may be
required before formation of hypothetical 7. In this instance the rate should
still be dependent on [metal imide], but kobs would show a dependence on
[pyridine]. However, we have found that the five-coordinate bis(pyridine)
complex [Ti(NBut)Cl2(py)2] also reacts with organic imines at a rate not
significantly different from that of 1 under the same conditions and so the
presence of the third pyridine molecule is not important.
∑ Combining eqns. (3) and (4) and assuming a steady state approximation of
[TolNH2] leads to the expression: rate = k1[ButNH2][5] since, under the
pseudo-first order conditions used here, [5] >> [4] and hence the k21 back-
reaction is negligible, especially since 1 is an effective trap for TolNH2.
** From kinetic analysis of eqn. (3) we know independently the value of k1

(1.35 3 1023 M21s21) under analogous reaction conditions. Therefore, if
indeed rate = k1[ButNH2][5] then [ButNH2] has to be approximately 0.10
to 0.43 M for the experiments shown in Fig. 1. From the NMR spectra the
maximum possible value of [ButNH2] in these experiments is < 0.005 M.
However, it is possible that under the reaction conditions of eqns. (1) or (2),
eqn. (3) is accelerated by Lewis and/or Brønsted acids. Indeed, tests of this
hypothesis for eqn. (3) with added [Sc(OTf)3] demonstrated a rate
acceleration suggesting that Lewis acids (e.g. 1 and/or its trace decomposi-
tion products) may make a tandem combination of eqns. (3) and (4) a
possibility. Toluene-p-sulfonic acid had no measurable effect on the rate of
eqn. (3). We cannot directly determine the influence of additional ButNH2

on the rate of reaction of 1 with 5 [eqn. (2)]: any ButNH2 added would be
rapidly scavenged by 5 [eqn. (3)] since t1/2 for the consumption of 5 in eqn.
(3) is ca. 25 times shorter than for 5 in eqn. (2) under otherwise identical
conditions.
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Fig. 1 Linear plots of [1]t/[1]0 versus time for the reactions with an excess
of PhC(NTol)H 5 in CDCl3 showing clearly the zero order dependence of
rate on [1]. Legend: 5 10 equivalents of 5; :, 16.5 equivalents of 5; -, 20
equivalents of 5.

Scheme 1
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Phosphoramidate-mediated conversion of metal carbonyls into metal isonitriles

Susan E. Gibson (née Thomas),*† Thomas W. Hinkamp, Mark A. Peplow and Mark F. Ward

Department of Chemistry, Imperial College of Science, Technology and Medicine, South Kensington, London, UK SW7 2AY

The reaction of metal carbonyls with readily-available
phosphoramidate anions provides a new route to metal
isonitriles; in particular, enantiomerically pure isonitrile
complexes are easily accessed by this method.

Our recent interest in tricarbonyl(vinylketene)iron(0) complexes
and their nitrogen analogues, tricarbonyl(vinylketen-
imine)iron(0) complexes, led us to devise a method for the
conversion of the former into the latter, central to which were
the anions of diethyl N-alkylphosphoramidates.1 We subse-
quently questioned whether or not this approach could be used
to convert metal carbonyls into metal isonitriles, a transforma-
tion worthy of investigation in view of the ubiquity of carbonyl
and isonitrile ligands in organometallic chemistry.

We report herein our preliminary results in this area which
reveal that the phosphoramidate-mediated conversion of metal
carbonyls to metal isonitriles is indeed a viable process. The
reaction’s potential may be summarised by the following points:
(i) unlike the ‘classical’ carbonyl–isonitrile exchange approach
to isonitrile ligands2 the process avoids the use of ‘free’
isonitriles, compounds which are frequently volatile, smelly and
toxic; (ii) the method introduces isonitrile ligands in a
controlled manner, again in contrast to the ‘classical’ carbonyl–
isonitrile exchange reaction which frequently delivers mixtures
of products;3 (iii) phosphoramidates are easy to synthesise4 and
handle;‡ and (iv) the method provides rapid access to non-
racemic chiral isonitrile ligands, a class of ligand which has
received remarkably little attention to date.§

An initial experiment was carried out using phosphoramidate
1 and the tricarbonyliron cation 2. Phosphoramidate 1 was
synthesised by stirring together 2.2 equiv. of tert-butylamine
and 1.0 equiv. of diethyl phosphite in CCl4–light petroleum
according to literature precedent;4a,c work-up gave 1 as a
colourless stable liquid in 89% yield (Scheme 1). The iron

cation 2 was synthesised from [(C5H5)(CO)2Fe]2 by reduction
with sodium amalgam, and sequential addition of ethyl
chloroformate, hydrogen chloride and ammonim hexafluoro-
phosphate.8 This produced cation 2 in 81% overall yield as an
orange–yellow crystalline solid.

Phosphoramidate 1 was dissolved in THF, cooled to 278 °C
and treated with 1 equiv. of butyllithium.¶ To this solution was
added to a stirred suspension of 1 equiv. of cation 2 in THF. The
resulting mixture was held at 278 °C for 6 h during which time
the suspension gradually gave way to a yellow solution. Work-
up of the product mixture by column chromatography and
crystallisation produced a light yellow solid which was
identified as the dicarbonyl isonitrile complex 3 by comparison
of its 1H NMR and IR spectra with literature values.9 Cation 3
was generated in an acceptable 58% yield on a 1.0 mmol scale,
thus indicating that the phosphoramidate-mediated conversion
of carbonyl ligands to isonitrile ligands is indeed feasible.

Experiments to probe the scope and limitations of this
process with respect to the phosphoramidate were performed
next. Thus cation 2 was reacted with 2 equiv. of the ethylamine-
derived phosphoramidate 4 and methyllithium. This experiment
gave the diisonitrile product 510 in 77% yield. Moreover
reaction of cation 3 with 1 equiv. of phosphoramidate 4 and
methyllithium gave the novel∑ cation 6 in 63% yield. These
experiments demonstrate not only that the degree of carbonyl–
isonitrile conversion can be controlled by the amount of
phosphoramidate used and that the method is useful for the
controlled formation of mixed isonitrile complexes, but also
that complexes of volatile isonitriles are readily and conven-
iently formed by this approach.

In view of the rarity of non-racemic chiral isonitrile
complexes, phosphoramidate (S)-7 was synthesised from (S)-a-
methylbenzylamine. Reaction of the anion of 7 with cation 2
smoothly generated the novel cation 8 in 55% yield. Thus the

Scheme 1
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method provides a straightforward and new way of incorporat-
ing chirality into transition metal complexes. Moreover, a wide
variety of amines, which provide the chirality, is readily
available.

Initial experiments on the scope and limitations of the
conversion with respect to transition metal substrates have also
been performed. Thus the triphenylphosphine-substituted iron
cation 9 was synthesised according to a literature procedure11

and reacted with the anion of phosphoramidate 4 to give the
isonitrile 1012 in 47% yield. Likewise the manganese acetyl
complex 11 was synthesised13 and reacted with the anion
derived from phosphoramidate 4 thus producing the novel
manganese isonitrile complex 12 in 72% yield (Scheme 2), and
iron pentacarbonyl was reacted with the anions of 1 and (±)-7 to
give isonitrile complex 1314 and the novel complex 14
respectively.

Finally, to check the stereochemical consequences of the
metal isonitrile synthesis, iron pentacarbonyl was reacted with
the anion of (S)-7. Chiral HPLC analysis of the products** from
the reactions of iron pentacarbonyl with the anions of (±)-7 and
(S)-7 revealed that the product derived from (S)-7 was formed in
99 ± 1% ee, indicating that racemisation of the amine does not
occur during its incorporation into the isonitrile ligand.
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Polystyrene supports for vanadium ethylene polymerisation catalysts

Michael C. W. Chan,a Kong Chin Chew,a Christopher I. Dalby,a Vernon C. Gibson,*a† A. Kohlmann,a Ian R.
Littleb and Warren Reedb

a Department of Chemistry, Imperial College, South Kensington, London, UK SW7 2AY
b BP Chemicals, Sunbury Research Centre, Chertsey Road, Sunbury on Thames, Middlesex, UK TW16 7LN

Amino-functionalised polystyrene resins have been syn-
thesised and used as well-defined supports for imidovana-
dium ethylene polymerisation catalysts; a dramatic en-
hancement in the lifetime and productivity of the supported
catalysts compared to their unsupported (homogeneous)
analogues is found.

During the past decade there has been tremendous industrial and
academic interest in the development of new generation, highly
tunable catalysts for a-olefin polymerisation.1 Advances in
catalyst design, especially the development of well-defined
‘single-site’ systems,2 and the technologically significant
discovery of high performance cocatalysts such as methylalu-
minoxane (MAO),3 have played a key role in driving this
interest. A third and equally important component of in-
dustrially relevant catalyst systems, especially for those that
operate in the gas phase, is the solid support to which the
procatalyst and cocatalyst are often attached and through which
the resultant polymer morphology may be controlled. A
significant proportion of the world’s supply of polyolefins is
manufactured using catalysts supported on inorganic materials
such as MgCl2 (especially Ziegler-type catalysts)4 or silica
(especially chromium catalysts).5 Silica especially is highly
reactive due to the presence of surface hydroxy groups, even
after prolonged calcination, and therefore is not particularly
well-suited as a support for the latest generation well-defined
catalyst systems which may undergo drastic chemical modifica-
tion upon attachment to the SiO2 surface. By contrast, inert
organic supports can be synthesised with precision and control6
and are readily functionalised in such a way as to allow a
specific well-defined covalent linkage to be formed between the
procatalyst, and possibly also the cocatalyst, and the support.
Moreover, through free-radical suspension polymerisation
methods, spherical polymer beads can be obtained of controlled
size and porosity.7 Carefully tailored organic supports thus offer
a potentially significant development in the heterogenisation of
well-defined homogeneous olefin polymerisation catalysts.
Polystyrene resins impregnated with catalysts have been the
focus of recent attention in industrial research laboratories8 and
covalently attached metallocenes have previously been investi-
gated as hydrogenation catalysts.9

We describe herein the dramatic influence of an appropriately
functionalised polystyrene on the kinetic profile of a model
vanadium system. In previous work we have shown that
complexes of the type CpV(NR)Cl2 are active procatalysts for
ethylene polymerisation.10 However, it was found that they
deactivate within minutes due to a reductive bimolecular
decomposition process.11 Recognising that isolating the active
sites within an inert matrix should increase the longevity of this
catalyst system, we targeted an appropriately functionalised
polystyrene resin that would allow the organometallic procata-
lyst to be supported without loss of its integrity. In previous
work, we have established that tert-butylimido ligands can be
readily exchanged for arylimido groups upon treatment with an
appropriate aniline.11,12 This methodology offered an opportu-
nity to (covalently) attach imidovanadium procatalysts to an
inert organic support.

The amino-functionalised resins shown in Scheme 1 were
targeted. The first samples were prepared via the living anionic
polymerisation method reported by Nakahama and co-work-
ers13 [Scheme 1(a)] which involves silyl protection of the amino
functionality followed by copolymerisation with styrene using
sodium naphthalenide as an initiator. The resultant linear
copolymers‡ were characterised by 1H NMR spectroscopy and
by GPC. The proportion of amino styrene in the polymer was
determined by integration of the trimethylsilyl resonance (d
0.05) versus the polystyryl backbone hydrogens. For this study
we did not seek to obtain information concerning the uniformity
of blockiness of the distribution of the aminostyryl units. After
deprotection with HCl, the amino-functionalised polystyrene
was treated with a toluene solution of CpV(NBut)Cl2 for several
days at 80 °C during which time the polymer took on the dark
red coloration of the half-sandwich imido complex (Scheme 2).
This supported procatalyst was then tested for ethylene poly-
merisation in a 1 l reactor; the results are collected in Table 1.

For comparison purposes, entry 1 shows the result of a
polymerisation experiment using unsupported CpV(NBut)Cl2
which, in combination with diethylaluminium chloride (DEAC)
cocatalyst, is short-lived ( < 10 min) and affords a catalyst
productivity of 6.8 g mmol21 h21. By contrast, treatment of the
polystyrene-supported procatalyst with DEAC at 50 °C in the
presence of ethylene (10 atm) affords a catalyst productivity of
77.2 g mmol21 h21. Significantly, however, a steady rate of
ethylene uptake ensues over the 60 min duration of the run and
the polymer was obtained as a flocculent product rather than the
stringy material obtained from homogeneous polymerisa-
tions.10 The polyethylene product is unimodal, of relatively

Scheme 1 Reagents and conditions: i, ii, ref. 13; iii, styrene, divinylbenzene,
Boc-protected vinylaniline dissolved in chlorobenzene. The initiator AlBN
(2 mol%) and monomer solution added to water (100 cm3) containing
calcium orthophosphate, calcium sulfate and poly(vinylpyrrolidone) as
droplet stabilisers, stirring speed 200 rpm, 15 h; iv, HCl (aq) (12.6 m), THF,
ultrasonic bath, 1 h
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high molecular weight (Mw 1.9 3 106, Mn 3.9 3 105) with little
branching ( < 1 per 5000 carbons) and with a molecular weight
distribution (Mw/Mn) of 4.9. Raising the reactor temperature to
75 °C (entry 3) led to a reduction in productivity indicating that
catalyst deactivation starts to become significant at elevated
temperature. The use of a large excess of methylaluminoxane
(MAO), in place of DEAC cocatalyst, whilst also giving a long-
lived catalyst, did not lead to a significant increase in
productivity.

The study was then extended to amino-functionalised cross-
linked polystyrene beads [Scheme 1(b)] as a first step towards
controlling the morphology of the resultant polyethylene
particles. A mixture of Boc-protected p-aminostyrene, styrene
and divinylbenzene was polymerised in an equal volume of
chlorobenzene in a conventional suspension polymerisation
reactor to give solvent expanded highly cross-linked ( ~ 12%
mol%) spherical beads of fairly uniform diameter (typically
100–150 mm). After deprotection and treatment with
CpV(NBut)Cl2 under analogous conditions to those described
previously, polymerisation at room temperature, this time
at 1 atm ethylene pressure, gave a productivity of 10.7
g mmol21 h21, a figure of merit comparable to the other
supported catalysts. Once again steady uptake of ethylene was
observed over the 60 min duration of the run.

In summary, the results described here on a model vanadium
catalyst system highlight a strategy for covalently attaching
transition metal procatalysts to an inert polystyrene support, and
importantly demonstrate that dramatically improved kinetic
profiles for the polymerisation of ethylene relative to their
unsupported analogues can be obtained. There is considerable
potential for extending this approach to differently function-
alised polystyrenes that will be suited to other classes of
transition metal procatalyst, offering the possibility for develop-
ing well-defined supports tailored to specific well-defined
organometallic procatalysts. The fragmentation of the support
will be an important future consideration for controlling the
shape and morphology of the growing polyethylene particles.

The EPSRC and BP Chemicals Ltd are thanked for financial
support.
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Table 1 Results of ethylene polymerisation

Aminostyrene Activator Ethylene Productivity§/
Run Procatalysta (mol%) (equiv.) pressure/atm T/°C t/min Yield/g g mmol21 h21

1 CpV(NBut)Cl2 (unsupported) — DEAC (40) 10 50 60 1.00 6.8
2 PS–NNVCpCl2 6.3 DEAC (34) 10 50 60 10.8 77.2
3 PS–NNVCpCl2 6.3 DEAC (34) 10 75 60 1.9 13.7
4 PS–NNVCpCl2 6.3 MAO (1000) 10 50 60 11.4 81.4
5 PSA–NNVCpCl2 4.5 DEAC (20) 1 25 60 2.1 10.7

a PS = linear styrene–p-aminostyrene copolymer: PSA = polystyrene–p-aminostyrene beads.

Scheme 2 Reagents and conditions: i, toluene, 80 °C, 9 d
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Ultra rigid cross-bridged tetraazamacrocycles as ligands—the challenge and
the solution
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The challenge to metal ion binding that is represented by the
proton-sponge nature of two-carbon cross-bridged tetra-
azamacrocycles has been overcome and a general method
developed for the synthesis of their transiton, and other,
metal complexes; these ultra-rigid ligands form complexes
having remarkable kinetic stabilities.

According to modern coordination chemistry principles,1
ligands of great rigidity impart enormous kinetic stability to
their complexes, and such a property facilitates the exploitation
of transition metal ions in biomimicry, catalysis, and numerous
other areas. In this context, we have reexamined the cross-
bridged tetraazamacrocycles2,3 of Weisman and Ciampolini and
focus on the ultra-rigid two-carbon cross-bridged ligands2 1–7.

These ligands are proton sponges (for 5, pKa1 > 24 and pKa2 =
10.8).2 Consequently, in protonic solvents only the proton-like
Li+ ion2 and the most strongly binding divalent transition metal
ions, Cu2+ and Ni2+, form complexes with such ligands.4

We have overcome this obstacle; reaction of anhydrous metal
salts with strictly deprotonated ligands (distillation from KOH
after extraction from pH ! 14 water) in rigorously dry aprotic
solvents under a dry, inert atmosphere has yielded the first
complexes of a broad array of transition metal ions. With
routinely high yields, complexes of CrII, MnII, MnIII, FeII, FeIII,
CoII, NiII, CuI, CuII and ZnII have been obtained.‡ In many
cases, elimination of any source of protons is crucial for
complexation. X-Ray crystal structures have been obtained of
the MnII, MnIII, FeII, FeIII , CoII, NiII, CuI, CuII and ZnII

complexes with ligands having 12- and 14-membered rings and
a variety of R groups. In all cases, the ligand is folded, and in
most cases it occupies two axial and two cis equatorial sites of
a distorted octahedra. Exceptions occur with pentacoordinate
copper(II) and tetracoordinate copper(I). For complexes of 5,
there is a clear correlation between the ionic radius of the metal
ion and the Nax–M–Nax bond angle, which increases smoothly
from MnII through CuII as the smaller metal ions can more
easily be engulfed by the macrobicycle. MnII(5)Cl2 (Fig. 1)
exemplifies these structures,§ and in this example the
N(3)–Mn(1)–N(4) angle is 158.0°.

Because of their great importance in catalysis5 and bio-
inorganic chemistry,6 this report focuses on the manganese, iron
and copper derivatives. Magnetic susceptibility data for
[Mn(5)Cl2] indicates that it is high spin d5. Accordingly, there
are no intense electronic transitions and the X-band EPR
spectrum in EtOH at 77 K contains a six-line signal centered at
g = 2.026. The cyclic voltammogram of [Mn(5)Cl2] in MeCN

exhibits reversible oxidation-reduction processes at +0.585
(Mn2+/Mn3+) and +1.343 V (Mn3+/Mn4+) versus SHE that are
sensitive to solvent, macrocycle ring size and N-substitution.
Since the proton-sponge behavior of the ligands that compli-
cates complexation also interferes with the potentiometric
determination of stability constants, other methods have been
used to demonstrate the exceptional stabilities of these com-
plexes. [Fe(2)Cl2] and [Fe(5)Cl2] show no degradation in either
acidic (pH 1) or basic (pH 13) aqueous media in air for periods
up to one month. After standing for several weeks in aqueous
2 M NaOH in air at room temperature, [Mn(5)Cl2] produced a
pure MnIII complex and only traces of MnO2 (probably from
unreacted Mn2+ impurities).

Copper(II), known for forming the most stable, yet most
labile, divalent transition metal complexes, provides a fascinat-
ing insight into the stabilities of these ultra-rigid complexes.
The UV–VIS spectrum of a 0.1 mM solution of Cu(5)2+ in 1 M
HClO4 remains unchanged over several weeks at 40 °C; from
estimated errors, the lower limit of the half-life for ligand
dissociation is > 6 years. This is to be compared with the rate of
dissociation of Cu(tmc)2+ (tmc = N,NA,NB,NÚ-tetramethylcy-
clam) whose ligand is the nearest unbridged structural analogue
of 5. The ligand tmc differs from 5, hypothetically, by breaking
the C–C bridge bond and converting the residual methylenes
into methyl groups. The half-life of Cu(tmc)2+ at 25 °C in 1 M

HNO3 is only 2.0 s (calculated from the rate law7), at least eight
orders of magnitude smaller than that of Cu(5)2+. ( > 2 3 108 s

Fig. 1 Molecular structure of [Mn(5)Cl2]. Selected bond lengths (Å) and
angles (°): Mn(1)–N(1) 2.347(4); Mn(1)–N(2) 2.332(4); Mn(1)–N(3)
2.325(4); Mn(1)–N(4) 2.333(4); Mn(1)–Cl(2) 2.456(2); Mn(1)–Cl(3)
2.455(2); N(3)–Mn(1)–N(4) 158.0(2); N(1)–Mn(1)–N(2) 75.6(2); Cl(2)–
Mn(1)–Cl(3) 98.85(6).

Chem. Commun., 1998 1675



in 1 M HClO4). The classic example of a kinetically stable Cu2+

complex,8 Cu(tet-A)2+ (tet-A = 5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane), provides significant com-
parisons. Its blue isomer is believed to contain tet-A in the
folded form, the same conformation that the bridged cyclam
ligand is forced to adopt. This complex, cis-Cu(tet-A)2+, loses
its macrocyclic ligand in 6.1 M HCl with a half-life of about
3 min; replacement of the six C-methyls in tet-A by two
N-methyl groups and the short two-carbon cross-bridge in 5
increases the kinetic stability of the corresponding complex by
at least six orders of magnitude. Even the square planar red
isomer of Cu(tetA)2+ is at least 100 times more labile than the
folded bridged cyclam complex Cu(5)2+. Hence ultra-rigid,
cross-bridged tetraazamacrocyclic complexes are indeed ultra-
stable, at least in the kinetic sense.

T. J. H. thanks the Madison and Lila Self Graduate
Fellowship of the University of Kansas for financial support.
This Warwick/Kansas collaboration is made possible by a travel
grant from NATO. We also thank the EPSRC and Siemens
Analytical Instruments for their support. 
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stirring at room temperature. The reaction mixture was allowed to stir an
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the solvent. The yield was 1.16 g (77%). The FAB+ mass spectrum in MeCN
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given isotropic displacement parameters equal to 1.2 (or 1.5 for methyl
hydrogen atoms) times the equivalent isotropic displacement parameter of
the atom to which the H-atom is attached. Goodness-of-fit on F2 was 1.133,
R1 = 0.0819 for 2710 reflections with I > 2s(I), wR2 = 0.2228, 10463
measured reflections, 4145 unique reflections [R(int) = 0.1040], number of
refined parameters 192, largest difference peak and hole 1.153 and 21.259
e Å23.
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4 This limitation, originally reported in G. R. Weisman, E. H. Wong, D. C.

Hill, M. E. Rogers, D. P. Reed and J. C. Calabrese, Chem. Commun.,
1996, 947, has been confirmed in our work.
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C–H Bond activation by alumina: facile hydroxylation of chlorins at their
saturated b-carbon by molecular oxygen and alumina

Dennis H. Burns,*† Yue Hu Li, Dong Chuan Shi and Michael O. Delaney‡

Department of Chemistry, Wichita State University, Wichita, Kansas, 67260, USA

The mono-hydroxylation of a b-methylene carbon in the
pyrroline ring of a chlorin requires only alumina and
molecular oxygen as reagents, with good yields (70–80%) of
the hydroxy chlorin obtained at room temperature in 2 h;
this is the first example of a hydroxylated chlorin that has
been prepared in a regiospecific manner starting from a
chlorin, and the first demonstration of the mild activation of
a C–H bond by alumina for its oxidation into a hydroxy
group.

Chlorins serve as prosthetic groups for proteins that perform a
diverse set of biological functions. Magnesium chlorins (chlo-
rophylls) are found in the photosynthetic proteins of green
plants.1 Iron chlorins are the prosthetic groups for a number of
redox proteins, such as the heme in sulfmyoglobin,2 in the green
catalases from Neurospora crassa and Escherichia coli,3 as
well as the heme (heme d) in cytochrome d of E. coli.4
Additionally, several dihydroporphyrins have been isolated
from marine organisms, such as the sex-differentiating pigment,
bonellin, as well as (possible antioxidants) tunichlorin, cyclo-
pheophorbide and chlorophyllone a.5 Like porphyrins, the
hydroporphyrins are ubiquitous in nature.

A major thrust of our efforts has been the development of
facile methods to prepare the chlorin macrocycle in a re-
gioselective manner directly from linear tetrapyrroles, and also
to develop useful pathways for their further elaboration. In this
latter vein, we now report the facile mono-hydroxylation of
chlorins 1 and 2 (Scheme 1) on their b-methylene carbons in the
pyrroline ring. Hydroxylated chlorins are of interest because the
iron chlorin prosthetic group of the bacterial oxidases, heme d,
is thought to contain a bis-hydroxylated pyrroline ring.4 The
hydroxy functional group modifies the heme d’s p-system,
enabling it to more strongly bind molecular oxygen than heme
b (protoheme),6 and presumably making it less prone to
oxidation. Additionally, hydroxylated chlorins have elicited
interest because they exhibit potential as PDT agents.4b The
new and simple oxidation reported here represents the first
example of a hydroxylated chlorin that has been prepared in a
regiospecific manner starting from a chlorin.§ Even more
interesting, these results are the first demonstration of the mild
activation of a C–H bond by alumina for its oxidation into a
hydroxy group.¶

Preparation of chlorins 1 and 2 via rearrangement of their
metallated porphodimethenes,9 occurred in a regioselective
manner (i.e. only one pyrroline ring isomer produced), as shown
in Scheme 1. Monohydroxylation of chlorin 1 furnished
chlorins 3a,b, while mono-hydroxylation of the more symmet-
rically substituted chlorin 2 furnished only the one chlorin 4. In
each case, oxidation was confined to the pyrroline ring. The
oxidationAs experimental procedure was simple and straightfor-
ward. A column was prepared with a slurry of Grade 3 alumina
gel,∑ and a solution of the chlorin was allowed to penetrate the
alumina gel column to maximize the surface area of adsorption.
The mixture was allowed to stand for 2 h, whereupon the
hydroxylated chlorin was eluted off the column. This remark-
able oxidation of the b-carbon resulted in 70–80 % yields of the
mono-hydroxylated chlorin, with little oxidation of the macro-
cycle to porphyrin. While chlorin isomers 3a and 3b were not

separated efficiently by chromatography, isomer 3a crystallized
out of hexane–EtOAc in preference to 3b (as determined by a
difference NOE experiment).

The hydroxylated chlorin 3a was characterized by IR, UV–
VIS and NMR spectroscopy and high resolution mass spectrom-
etry and elemental analysis, as well as by chemical transforma-
tion (vide infra).** The 400 MHz 1H NMR spectrum of chlorin
1 in CDCl3 exhibited a singlet proton resonance at d 4.60,
indicative of the four hydrogens on the pyrroline ring.9 The
substitution of a pyrroline ring hydrogen with a hydroxy group
produced a spectrum that exhibited three new resonances for the
three remaining protons on the pyrroline ring, which resonated
as doublets of doublets at d 6.60, 4.78 and 4.38, while the
hydroxy proton resonated as a broad singlet at d 2.61. The
COSY spectra of chlorin 3a (Fig. 1) clearly shows that the three
proton resonances at d 6.60, 4.78 and 4.38 are coupled to each
other, as would be expected from the three protons on the
pyrroline ring. Further corroboration of the structure of chlorin
3a came from a comparison of the DEPT spectra of chlorin 1
and 3a (Fig. 2). The spectra exhibit similar methoxy ester and
ring methyl and methylene substituent 13C resonances at d 52.0
and < 22, respectively. The difference in the resonances of the
pyrroline ring b-carbons was striking, however. Chlorin 1
exhibited three methylene resonances between d 36–38,
indicative of the two pyrroline ring b-carbon methylenes and

Scheme 1 Reagents and conditions: i, Zn(OAc)2, 65 °C; ii, Al2O3, O2,
25 °C
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the propanoate methylene adjacent to the carbonyl. While
chlorin 3a exhibited a similar propanoate methylene resonance
at d 37, the pyrroline ring b-carbon 13C resonances were
markedly shifted downfield. The one remaining methylene
b-carbon exhibited a resonance at d 45, and the carbon that
contained the hydroxy functional group exhibited a new
methine resonance at d 77.

The mechanism of the oxidation is not well understood. The
mono-hydroxylation of chlorins 1 or 2 required the presence of
both alumina and molecular oxygen; no reaction occurred when
the solvent was degassed with argon and the column packed and
run in a glove box. Zn-chlorins were hydroxylated in the same
manner as free-base chlorins, and the reaction took place in the
dark. Bis-hydroxylation was not observed, even when the
chlorins were left on the alumina for extended periods of time
(at room temperature). One might speculate that in the tight
confines of the basic alumina surface, adsorbed chlorin could be
deprotonated at the pyrroline ring.†† Reaction of the newly
formed chlorin anion with correctly positioned adsorbed triplet
oxygen to form the chlorin radical, followed by recombination
with a hydroxyl radical, is a scenario similar to the much slower,
basic solution oxidation (allomerization) observed with chloro-
phyll a. The latter mechanism requires formation of an
(exocyclic ring) enolate that reacts with triplet oxygen to form
the chlorophyll radical, which then recombines with a hydroxyl
radical to form the 132-hydroxy chlorophyll derivative.11

Recombination of the chlorin radical with triplet oxygen to form
the peroxyl radical, followed by decomposition to form the
hydroxy group, cannot be ruled out. However, in the allomeriza-
tion of chlorophyll a, this leads to the formation of a carbonyl

and not a hydroxy functional group. While there are literature
examples of hydroxy groups that undergo addition to alkenes
and epoxides in the presence of alumina,7 there is no precedence
for the hydroxylation of an unfunctionalized carbon.

The hydroxylated chlorins were stable to air oxidation (unlike
chlorin 1, which slowly formed porphyrin), and stable to high
temperatures under vacuum. Under strongly acidic conditions
(H2SO4, MeOH), chlorin 3a was slowly transformed into
porphyrin (half-life of 24 h), presumably via loss of water. The
Zn-metallochlorin was easily formed, and demetallation with
TFA produced no porphyrin. Due to the apparent stability of
chlorins 3 and 4, it was anticipated that the hydroxy function
could be utilized to allow for the further elaboration of the
chlorin macrocycle. As an initial attempt, acetylation of a
mixture of 3a and 3b (Ac2O, pyridine, 10 mol% DMAP)
furnished chlorins 5a and 5b (Scheme 1) in 95% yield. The
production of 5, which exhibited a pyrroline ring methine ester
proton resonance at d 7.65, and an acetate methyl proton
resonance at d 2.20, was additional proof for the structure of the
hydroxy chlorin. Further study of the chemistry of hydroxy
chlorins and their derivatives, and their use in the preparation of
more complex molecules, is an ongoing project in our group.

We thank J. Homan for his assistance in the preparation of
chlorin 3a. D.H.B. gratefully acknowledges the support of this
work by the National Science Foundation (CHE - 9508653), and
for the support of NSF in the purchase of a departmental 400
MHz NMR spectrometer (CHE-9700421).
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Fig. 1 400 MHz COSY spectrum of chlorin 3a (CDCl3)

Fig. 2 100.5 MHz DEPT spectra (3p/4 pulse angle) of chlorins (a) 1 and (b)
3a (CDCl3). Peaks directed up are due to methyl and methine carbons, peaks
directed down are due to methylene carbons.
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Solution- and solid-phase synthesis of novel hydantoin and
isoxazoline-containing heterocycles

Kyung-Ho Park,a Eric Abbate,a Samir Najdi,b† Marilyn M. Olmsteada and Mark J. Kurth*a‡
a Department of Chemistry, University of California, One Shields Avenue, Davis, CA 95616, USA 
b Department of Chemistry, Al-Quds University, East Jerusalem, Israel

Exploiting 1,3-dipolar cycloaddition and carbanilide cycli-
zation transformations, novel isoxazolylmethylimidazolidi-
nedione heterocycles have been prepared using both solu-
tion- and solid-phase methods.

The hydantoin moiety has important medicinal1 as well as
agrochemical2,3 activities and a large number of hydantoins
have been synthesized for various biological applications.4
Moreover, the isoxazoline heterocycle has been used ex-
tensively to modulate various other biologically active motifs.5
As part of our efforts toward the preparation and biological
evaluation of novel hydantoin-containing heterocycles, we
disclose here a useful route for the synthesis of isoxazoline-
containing hydantoins6 as well as present a synthetic strategy
applicable to solid-phase combinatorial approaches.

The condensation of glycine ethyl ester HCl salt with
benzophenone imine gave benzophenone Schiff base 17 (5
mmol scale, 95% yield) which was alkylated with allyl bromide
to give protected amino ester 2 (5 mmol scale, 90% yield)
(Scheme 1). Hydrolysis of the imine moiety in 2 with aq. HCl
and subsequent neutralization of the resulting ammonium salt
with aq. NaOH delivered 3 (5 mmol scale, 86%).

The free amine of 3 was reacted with phenyl isocyanate in
CH2Cl2 at ambient temperature for 2 h to give urea 4 in 90%
yield (5 mmol scale) (Scheme 2). 1,3 Dipolar cycloaddition to
the alkene in 4 with a Mukaiyama-generated nitrile oxide8 gave
isoxazoline heterocycle 59 as a C4a and C4b mixture of

Scheme 1 Reagents and conditions: i, HNNCPh2, CH2Cl2, room temp., ii,
allyl bromide, NaH, DMF, room temp.; iii, HCl (1 M); iv, NaOH (1 M)

Scheme 2 Reagents and conditions: i, PhNNCNO, CH2Cl2, room temp.; ii,
RCH2NO2, PhNNCNO, Et3N, THF, 60 °C; iii, NaOEt, EtOH, room temp.

Fig. 1 Crystallographic projection of 6a (R = Ph)

Scheme 3 Reagents and conditions: i, Boc2O, CH2Cl2, reflux; ii, NaOH (1
M); iii, HCl (1 M); iv, KOH; v, 18-crown-6, Merrifield resin, DMF, 70 °C;
vi, TFA, CH2Cl2; vii, Et3N, CH2Cl2; viii, RNNCNO, CH2Cl2, room temp.;
ix, RACH2NO2, PhNNCNO, Et3N, THF, 60 °C; x, Et3N, THF, 60 °C
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diastereomers (4 mmol scale, 5a : 5b : 1 : 1 ratio, yield
60–70%). While separable by flash-column chromatography,
each diastereomer of 5 gave the same mixture of two
diastereomeric isoxazoloimidazolidinediones 6 upon treatment
with NaOEt (1.0 equiv.) in EtOH. Due to this propensity for C2
epimerization during the carbanilide cyclization (5a?6a + 6b
or 5b?6a + 6b; 4 mmol scale; 6a : 6b : 1 : 1; 80% yield), it was
in fact most expedient to effect this transformation on the 5a/5b
mixture. X-Ray crystallographic analysis§ of 6a (R = Ph) (Fig.
1) verified the relative stereochemistries of 5a/5b and 6a/6b.

Our solid-phase approach10 to isoxazolylmethylimidazolidi-
nedione 6 began with amino ester 3, which was Boc-protected
to give 7 (4 mmol scale, 95% yield) (Scheme 3). Saponification
delivered 8 (4 mmol scale, 90% yield) which was coupled with
Merrifield resin to give resin 9.11¶ TFA-mediated removal of
the Boc protecting group followed by a resin wash with Et3N–
CH2Cl2 delivered 10, the solid-phase analog of 3. Paralleling
the solution results, isocyanate treatment of 10 gave urea 11 and
subsequent 1,3-dipolar cycloaddition with a Mukaiyama-
generated nitrile oxide gave 12. A ca. 1 : 1 mixture of
isoxazolylmethylimidazolidinedione diastereomers (6a/6b)
was obtained on cyclative release.

We thank the National Science Foundation and Novartis
Crop Protection AG for financial support of this research.

Notes and References

† Fulbright Fellow, 1996–1997, University of California, Davis, USA.
‡ E-mail: mjkurth@ucdavis.edu
§ Crystal data: for 6a (R = Ph): C19H17N3O3, colorless crystals, M =
335.36, orthorhombic, space group Pbca, a = 9.0062(11), b =
11.1037(10), c = 32.472(3) Å, U = 3247.3(6) Å3, Z = 8, Dc = 1.372 Mg
m23, m = 0.776 mm21, R = 0.0392, wR = 0.0955, GOF = 1.092, T =
130(2) K, F(000) = 1408, 2189 independent reflections were collected on
a Syntex P21 diffractometer using graphite-monochromated Cu-Ka radia-
tion. CCDC 182/917.
¶ Typical procedure for solid-phase isoxazolylmethylimidazolidinedione
synthesis: Boc-protected glycine acid 8 (130 mg, 0.6 mmol) was neutralized
(room temp., 1 h) with KOH (1.0 equiv., 0.6 mmol) in EtOH–H2O (2:1) and,
after removing the solvent and drying in vacuo, the potassium salt was
dissolved in DMF (20 ml) and reacted with Merrifield resin (300 mg, 0.3
mmol; loading ca. 1 mmol Cl g21) and 18-crown-6 (158 mg, 0.6 mmol).
The resulting mixture was stirred at 70 °C for 40 h and then washed with
DMF (20 ml), THF (20 ml), THF–H2O (20 ml3 2), and THF (20 ml). Dried
resin 9 (nmax/cm21 1723) was treated with 50% TFA–CH2Cl2 (20 ml) at
ambient temperature for 1 h, after which time the resin was washed with
CH2Cl2 (20 ml), dioxane (20 ml) and CH2Cl2 (20 ml3 2). An Et3N wash
(10% in CH2Cl2, 20 ml) followed by CH2Cl2 washes (20 ml3 2) gave resin
10 (nmax/cm21 3383, 1735). Phenyl isocyanate (107 mg, 0.9 mmol) in

CH2Cl2 (20 ml) was added and, after 10 h at ambient temperature, the resin
was washed with DMF (20 ml), THF (20 ml) and CH2Cl2 (20 ml) and dried
to give resin 11 (R = Ph; nmax/cm21 1740, 1700, 1662). a-Nitrotoluene
(123 mg, 0.9 mmol), phenyl isocyanate (214 mg, 1.8 mmol) and Et3N (10
µl) were added to this resin in THF (20 ml). After incubating at 60 °C for
20 h, washing the resin with DMF (20 ml), THF (20 ml) and CH2Cl2 (20 ml)
gave resin 12 (R = RA = Ph; nmax/cm21 1738, 1699) which was finally
treated with Et3N (1 ml) in THF (20 ml) at 60 °C for 20 h. Resin was
removed from the liberated product to give 6a/6b (R = RA = Ph) in 35%
overall yield from Merrifield resin. These two isomers were easily separated
by flash chromatography (EtOAc–hexane 1:2) to give 6a (R = RA = Ph; 16
mg, 16% overall yield) and 6b (R = RA = Ph; 19 mg, 19% overall yield).
The optimized solid-phase overall yield of 6a + 6b is 35%, which translates
to ca. 84% yield per step from 8. With catalytic Et3N, we saw no evidence
for formation of 6 in 11?12.
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Self-assembly of a supramolecular cube

Sue Roche, Claire Haslam, Harry Adams, Sarah L. Heath and Jim A. Thomas*†

Department of Chemistry, University of Sheffield, Sheffield, UK S3 7HF

In one step, 8 octahedral metal ‘corners’ and 12 ligand
‘edges’ come together to form a supramolecular cube.

Self-assembly1 templated by metal ions has been used as a
strategy to construct compounds with large cavities.2 Pre-
viously, using pyridyl ligands with two coordination sites and
square planar metal complexes as corner templates, two-
dimensional squares3 have been synthesised. Three-dimen-
sional architectures result when ligands with a higher number of
coordination sites,4 or metal ions with tetrahedral5 or octahe-
dral6 coordination geometries, are used in the self-assembly
process. It has been suggested that an appropriate octahedral
metal centre could template the self-assembly of a supramo-
lecular cube.2 Here, we report the one-step self-assembly of 20
components into such a structure.

Reaction of [([9]aneS3)Ru(DMSO)Cl2]7 with a large excess
of 4,4-bipyridine, bpy, yielded cationic complex 1 which would
appear ideally suited to act as a corner for a supramolecular
cube. X-Ray crystallography confirms that the three bpy ligands
are oriented at mutual right angles‡ (Fig. 1). As a solid, and in
non-coordinating solvents such as dichloromethane and nitro-
methane, 1 is air and moisture stable. However, solutions of 1 in
coordinating solvents are unstable toward solvolysis. Using 1H
NMR spectroscopy, the solvolysis of 1 by acetonitrile was
monitored. At room temperature, during a process which takes
2 weeks to reach completion, 1 is converted to [([9]aneS3)Ru-
(bpy)(MeCN)2]2+ which has been isolated as its hexafluor-
ophosphate salt and fully characterised by NMR and mass
spectrometry, as well as elemental analysis.

Entropic and enthalpic arguments indicate that discrete
supramolecular architectures are favoured over polymeric
products.8 Therefore, it was reasoned that the relative lability of
1 could be used to construct supramolecular architectures. If the
correct ratio of metal ions and bpy ligands are mixed together in
a non-coordinating environment, these components will un-
dergo substitution processes, searching through possible prod-

uct states to obtain the thermodynamically most stable product.
Using nitromethane as the non-coordinating solvent, [([9]ane-
S3)Ru(DMSO)Cl2] was treated with bpy in an 8 : 12
stoichiometry and the reaction was monitored by 1H NMR
spectroscopy.

Changes in the spectral region due to bpy resonances are
highly diagnostic of any self-assembly processes.3a,4 In contrast
to the synthesis of 1, where the final product is obtained within
3 hours (Fig. 2a), a complex mixture of products is initially
formed (Fig. 2b). However, further measurements taken over a
period of four weeks (Fig. 2c–e) show a gradual simplification
towards a single product, 2. The slight shift observed in the bpy
signals of 2 is due to the hygroscopic nature of the complex,
causing the reaction solvent to absorb atmospheric water during
the course of the experiment. Addition of diethyl ether to the
reaction mixture isolates 2 as a hygroscopic, air and moisture
stable, brown–black solid. A variety of data confirm that the
structure of 2 is a cube (Fig. 3).

When compared to the 1H NMR spectrum of 1, it is clear that
2 possesses high symmetry as all the 4-pyridyl rings are now
equivalent. Furthermore, the integration confirms that the ratio
of bpy ‘edge’ to [9]aneS3 ‘corner’ protons is 1 : 1. This ratio,
and the elemental analysis of 2, is only consistent with closed,
highly symmetrical structures such as a cube, or tetrahedron.

Fig. 1 Space filling model of the crystal structure of cationic complex 1

Fig. 2 1H NMR data for 1 and 2. a, bpy region (300 Hz in nitromethane) for
1; b, bpy region (300 Hz in nitromethane) for 2 after 3 days; c, after 1 week;
d, after 4 weeks; e, isolated product in MeCN
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However, structures other than a cube are inconsistent with the
crystallographic data for 1 and highly unlikely due to steric
reasons. For example, a tetrahedral structure would produce
strained corners, with three ligands held at mutual 60° angles as
they coordinate to each metal ion.

ES-MS studies on 2 show peaks centred on m/z 285
([2·(CF3SO3

2)]15+ requires 285), 351.8 ([2·(CF3SO3
2)3]13+

requires 351.78) 393.5 ([2·(CF3SO3
2)4]12+ requires 393.5), and

502 ([2·(CF3SO3
2)6]10+ requires 502.1). These peaks are not

observed by conventional techniques such as FAB-MS and their
shapes are consistent with theoretical isotopic patterns.

Unlike 1, solutions of 2 in coordinating solvents such as
acetonitrile are perfectly stable, showing no changes in their 1H
NMR spectra over a period of weeks. Again, this anomalous
kinetic stability is only consistent with an unstrained cubic
structure for 2, where cooperative interactions within the
assembly will ‘lock’ the ligands into position.

Complexes incorporating RuII metal centres bridged by
oligopyridyl ligands show electrochemical interactions.9 If the
metal centres of 3 are interacting in this manner they will not all
oxidise at the same potential. From simple electronic and
electrostatic arguments, it is expected that the oxidation of the
metal centres in 2 should occur in four steps. During each step
a pair of metal ions in diagonally opposed corners of 2 will be
oxidised and, for each oxidation, the required anodic potential
should be progressively greater.

The electrochemistry of 2 was investigated using cyclic
voltammetry. Since all the oxidation processes for 1 and 2
showed varying degrees of irreversibility Ep was obtained using
convolution/deconvolution techniques.10 In contrast to 1, which
displays only one oxidation process, 2 displays three oxidations.
The first oxidation wave is at 1.18 V (vs. SCE) while the second
and third are at 1.38 V and 1.63 V respectively. The first
oxidation wave is notably broader than the second and third,
consistent with it incorporating two closely overlapping
oxidation couples.

The incorporation of electroactive metal centres into the
assembly is significant, it opens up the possibility of construct-

ing a variety of novel molecular devices, such as tuneable
sensors or multiple state switches. In this context, the host–
guest chemistry of 2, and physical studies on electron/energy
transfer within its molecular architecture, are being investi-
gated. The self-assembly of similar structures incorporating
other ligands and metal ions will be described elsewhere.

We gratefully acknowledge the support of The Royal Society
(J. A. T., S. A. H.), the EPSRC (S. R.) and Professor Bill Clegg,
University of Newcastle-upon-Tyne, for use of the dif-
fractometer.
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† E-mail: james.thomas@shef.ac.ukur
‡ Crystal data for C40H42F12N8P2RuS3: M = 1122.01; crystallises from
acetonitrile–ethanol as yellow blocks; crystal dimensions 0.43 3 0.21 3
0.13 mm. Triclinic, a = 10.9913(2), b = 13.2679(2), c = 16.5469(2) Å, a
= 88.5080(10), b = 80.7680(10), g = 88.1760(10)°, U = 2380.06(6) Å3

(based on 10110 reflections, q range 1.25 to 22.5°), Z = 2, Dc = 1.566 Mg
m23, space group P1̄ (Ci

1, no. 2), Mo-Ka radiation (l = 0.71073 Å), m(Mo-
Ka) = 0.615 mm21, F(000) = 1136, T = 160 K, 5779 independent
reflections [|F|/s(|F|) > 4.0]. Refinement converged at a final R = 0.0697
(wR2 = 0.1787, for all 6156 unique data, 719 parameters) with allowance
for the thermal anisotropy of all non-hydrogen atoms. Minimum and
maximum final electron density 20.860 and 1.251 e Å23. A weighting
scheme w = 1/[s2(Fo

2) + (0.0703P)2 + 16.38P] where P = (Fo
2 + 2Fc

2)/3
was used in the latter stages of refinement. Data collected were measured on
a Siemens Smart CCD area detector with a Siemens LT2 temperature
system. Reflections were measured from a hemisphere of data collected of
frames each covering 0.3° in w. Hydrogen atoms were placed geometrically
and refined with a riding model (including torsional freedom for methyl
groups) and with Uiso constrained to be 1.2 (1.5 for methyl groups) 3 Ueq

of the carrier atom. Complex scattering factors were taken from the program
SHELXTL.11 CCDC 182/927.
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The azuliporphyrin-carbaporphyrin connection†

Timothy D. Lash*‡

Department of Chemistry, Illinois State University, Normal, Illinois 61790-4160, USA

Under base catalyzed conditions, reaction of azuliporphyrin
3 with tert-butyl hydroperoxide affords the benzocarbapor-
phyrins 2a and 2b; a mechanism for the formation of 2b is
proposed.

Recently, diverse monocyclic dialdehydes have been shown to
condense with tripyrranes [2,5-bis(pyrrol-2-ylmethyl)pyrroles]
under the so-called ‘3 + 1’ conditions1 to give structural analogs
of the porphyrins including oxybenziporphyrin 12 and carbapor-
phyrins 2.3–6 Lash and Chaney reported4 that azulene-1,3-di-

carbaldehyde condensed with a tripyrrane in the presence of 5%
TFA in CH2Cl2 to give the unique borderline aromatic
macrocycle ‘azuliporphyrin’ 3 (Scheme 1) in good yield. In

complete contrast, Breitmaier5 found that under somewhat
different conditions these reactants afforded low yields of
benzocarbaporphyrins 2a–c where the seven-membered ring of
the azulene precursor has undergone a ring contraction to give
the fused benzo moiety of 2. No explanation for the origins of
these materials was offered, but it should be noted that 2a can be
more directly obtained in excellent yields and isomerically pure
form from 1,3-diformylindene.3 Azuliporphyrin 3 is a cross-
conjugated system for which dipolar resonance contributors
(e.g. 4) can be written that impart a degree of porphyrinoid
aromaticity onto the macrocycle and this view is supported by
the observation of a weak diatropic ring current in the proton
NMR spectrum of 3.4 This feature is greatly enhanced in the
presence of acid due to the increased ability of the aromatic
species to allow charge delocalization.4

During the course of our studies, we noted that addition of
small amounts of pyrrolidine to an NMR solution of the
sparingly soluble azuliporphyrin caused the green solution to
turn brown. The resulting NMR spectrum (Fig. 1) displayed a
carbaporphyrin-like ring current3 where the internal CH was
shifted upfield from d 1.5 in 3 to d 27 and the external meso-
protons were similarly deshielded to resonate near d 10. The
seven-membered ring protons nearest to the macrocycle
produced a broadened 2H doublet at d 7.85 and a 2H dd was
noted near d 6. These data implied that 3 had undergone a
nucleophilic substitution on the seven-membered ring to give
the pyrrolidine–carbaporphyrin adduct 5 (Scheme 1). The
process must be regioselective as a single symmetrical isomer
dominates the NMR spectrum, but the reaction is reversible and
removal of pyrrolidine simply afforded starting material.
Further evidence for the formation of a carbaporphyrin structure
comes from UV–VIS spectroscopy; addition of pyrrolidine
causes a Soret-like band to emerge near 400 nm (Fig. 2).

The observed reactivity of the seven-membered ring sug-
gested that the azuliporphyrin system could be functionalized

Scheme 1

Fig. 1 Partial 300 MHz 1H NMR spectrum of azuliporphyrin 3 in the
presence of trace pyrrolidine in CDCl3. The region between d 1 and 4 is
obscured by the pyrrolidine absorptions.
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under suitable reaction conditions. We were particularly
interested in the possibility of generating the fused tropone
structure 6, which might be formed by an addition-elimination
process. However, attempts to form 6 by reacting 3 with NaOCl
were unsuccessful. Alkaline solutions of H2O2 reacted with 3 to
give complex mixtures of products that appeared to be
carbaporphyrins, and this prompted us to investigate the
reaction of 3 with tert-butyl hydroperoxide. Interestingly, when
the reaction was carried out with ButOOH (5 equiv.) in KOH–
MeOH and CH2Cl2 at room temperature, benzoporphyrin 2a
was the main isolatable product (30%) together with a small
amount of 2b. On the other hand, the formyl derivative 2b was
the predominant product (40%) when the reaction was carried
out with ButOOH and ButOK in CH2Cl2, although some 2a
(15%) was also isolated in this case. Carbaporphyrin 2a was
identical to our previously synthesized material3 and structure
2b was fully characterized by NMR and mass analysis.§

The formation of 2b can be rationalized by the mechanism
shown in Scheme 2. Following nucleophilic attack by the tert-
butyl peroxide anion, the adduct 7 may undergo a Cope
rearrangement to give the cyclopropane 8 and subsequent
elimination of tert-butyl alcohol would give the aldehyde 2b. A
third carbaporphyrin appears to be present by TLC (very minor)
and may correspond to 2c; this would result from the initial
nucleophilic attack occurring at a different position on the
azulene ring. The formation of 2a may also arise from
intermediate 8, in this case by elimination of tert-butyl alcohol
and carbon monoxide. Aldehyde 2b cannot be an intermediate
in the formation of 2a as it does not decarbonylate or oxidize
under these reaction conditions, although it is possible that 2a
arises from the elusive tropone 6 instead. It is noteworthy that
tropylium salts also ring contract, in this case to form benzene,
upon oxidation with hydrogen peroxide or MCPBA and a
similar mechanism has been proposed for this chemistry.7
Clearly our observations help to explain the results obtained by
the Bonn group, although the complex mixtures of reagents
used in their studies makes mechanistic investigations im-
practical. The new results also demonstrate that isomerically
pure functionalized carbaporphyrins are easily obtainable from
azuliporphyrin and this will allow further aspects of the
chemistry of this remarkable new carbaporphyrin family to be
explored.

This work was supported by the National Science Foundation
under Grant No. CHE-9500630 and the Donors of the
Petroleum Research Fund, administered by the American
Chemical Society. The assistance of Ms S. T. Chaney with the
early phases of this project is also acknowledged.
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† Part 11 of the series ‘Conjugated Macrocycles Relalted to the Porphyrins’.
Part 10: M. J. Hayes and T. D. Lash, Chem. Eur. J., 1998, 4, 508. 
‡ E-mail: tdlash@rs6000.cmp.ilstu.edu
§ Selected data for 2b: dH(300 MHz, CDCl3) 27.12 (1H, s), 24.45 (2H, br
s), 1.79–1.89 (12H, 4 overlapping triplets), 3.51 (3H, s), 3.52 (3H, s),
3.90–4.05 (8H, 4 overlapping quartets), 8.10 (1H, d, J 7.5), 8.67 (1H, d, J
7.5), 9.06 (1H, s), 9.70 (1H, s), 9.71 (1H, s), 9.78 (1H, s), 9.80 (1H, s), 10.36
(1H, s); HRMS: Calc. for C36H37N3O: 527.2937. Found: 527.2933. The
proton NMR spectrum shows no indication of tautomeric species at room
temperature, adding further support to our previous suggestion (ref. 3) that
the German group had isolated isomeric mixtures of carbaporphyrins in
their studies (ref. 5).
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Fig. 2 Electronic absorption spectra of azuliporphyrin 3 in CHCl3 with 0,
1000, 2000, 3000, 4000, 5000 or 9000 equiv. of pyrrolidine. The
development of a Soret band near 400 nm is clearly evident.

Scheme 2
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Two novel reactions of ruthenated aniline. Structure and bonding in
bis-chelated ruthenium complexes of quinone related ligands

Kedar Nath Mitra,a Shie-Ming Pengb and Sreebrata Goswami*a†
a Department of Inorganic Chemistry, Indian Association for the Cultivation of Science, Calcutta, 700032, India 
b Department of Chemistry, National Taiwan University, Taipei, Taiwan, Republic of China

Two novel examples of oxidative ortho coupling of ruthen-
ated aniline are described; the products are fully charac-
terised by X-ray and other physicochemical data.

In a recent communication1 we reported the formation of
RuCl2(PhNH2)2(L1), 1 (L1 = N-phenyl-1,2-phenylenediimine),
from the reaction of hydrated RuCl3 and PhNH2 [eqn. (1)].

Although ruthenium(II) aniline complexes are known,2
complex 1 represents the first example of a structurally
characterised aniline complex of ruthenium. One of the
principal interests in 1 was the possibility to study the chemical
reactions of the coordinated aniline. In this report we present
two such novel examples.

The reaction of RuCl2(PhNH2)2(L1) and 3,5-di-tert-butyl-
catechol occurs smoothly in methanol at room temperature to
produce a blue compound of composition RuCl2(L1)(L2), 2
[eqn. (2)], in 55% yield. This compound is highly soluble in

common organic solvents and the solution shows an intense
transition in the visible region at 627 nm. Verification of the
composition and geometry of 2 was ascertained by the

determination of its single crystal X-ray structure.‡ A view of
the molecule is shown in Fig. 1 and selected bond distances are
collected in Table 1. The results reveal the oxidative coupling of
coordinated aniline and catechol to result in an
N-phenyliminoquinone ligand, L2, with the formation of a C–N
bond. This transformation was not known previously. The
formulation of the diimine oxidation state of L1 (N,N) is
evident1 from the structural data of 2. The imine C–N bond
lengths, average 1.315(6) Å, are considerably shorter than the
C7–N2 single bond, 1.444(6) Å, present in the same ligand.
Considering the diimine oxidation state of the ligand L1, two
charge distributions for the RuL2 moiety are possible in the
above complex, either RuII–L2 BQ (2a) or RuIII–L2 SQ (2b).
Compound 2 is diamagnetic and shows two sharp tert-butyl
proton resonances at d 0.993 and 1.267. The C14–O bond length
of the coordinated L2 is 1.280(5) Å and the C13–N3 bond length
is 1.339(6) Å. This C–O bond length is longer than the C§O
bond length [1.239(7) Å] observed3 in free 2,4,6,8-tetra-tert-

butylphenoxazin-1-one (Phenox BQ) but it falls below the range
observed4 (1.29 Å and above) for a coordinated semiquinone
ligand. For comparison, the C–O bond length3a in Ru(PPh3)2Cl2-
(phenox SQ) (phenox SQ = 1-hydroxy-2,4,6,8-tetra-tert-
butylphenoxyzinyl radical) is 1.300(4) Å and the average C–O
bond length5 in Ru(bpy)2(DBSQ)+ (bpy = 2,2A-bipyridine,
DBSQ = 3,5-di-tert-butyl-1,2-semiquinone) is 1.308 Å. The
C–N bond length of coordinated L2 is within the range of values
expected6 for imine ligands. Moreover, the C15–C16 and
C17–C18 bonds have almost localised double bond character
which is also consistent4b with the iminobenzoquinone formula-
tion (2a). Their average distance of 1.355(6) Å is significantly
shorter than the other four bonds of the ring (Table 1). To the

Fig. 1 Molecular structure of RuCl2(L1)(L2) showing the atom numbering
scheme

Table 1 Selected bond distances (Å) for RuCl2(L1)(L2)·CH2Cl2

Ru–O 2.022(3) N3–C13 1.339(6) C5–C6 1.434(6)
Ru–N1 1.950(4) O–C14 1.280(5) C6–C1 1.447(6)
Ru–N2 2.001(4) N2–C7 1.444(6) C13–C14 1.439(6)
Ru–N3 1.974(4) N3–C19 1.446(6) C14–C15 1.439(6)
Ru–Cl1 2.364(13) C1–C2 1.421(7) C15–C16 1.355(6)
Ru–Cl2 2.385(13) C2–C3 1.341(7) C16–C17 1.441(7)
N1–C1 1.317(6) C3–C4 1.417(8) C17–C18 1.355(7)
N2–C6 1.313(6) C4–C5 1.338(8) C18–C13 1.420(6)
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RuCl2(PhNH2)2(L1)
H2O2

CH2Cl2
RuCl2(L1)2 (3)

1 3

best of our knowledge compound 2 represents the first example7

of a mixed ligand compound containing both 1,2-diimine (N,N)
and 1,2-iminoquinone (N,O) which gives an opportunity for the
direct comparison of bonding between an (N,N) and an (N,O)
donor. Furthermore, we wish to note here that structurally
characterised Ru 1,2-diimines (N,N) are scarce6 and there is
only one example3 of a ruthenium complex of 1,2-iminosemi-
quinone, the structure of which has been reported. Synthetic
difficulties7 have inhibited the study of iminoquinone com-
plexes.

It was observed that prolonged exposure of a brown solution
of 1 to air led to formation of a blue solution. A similar
transformation occurs instantaneously and smoothly when a
solution of 1 in CH2Cl2 is treated with H2O2. Chromatographic
work up followed by crystallisation of the crude product yielded
crystalline RuCl2(L1)2, 3, in 45% yield [eqn. (3)]. The three-

dimensional X-ray structure of 3 authenticates the formation of
the compound from reaction (3). The isomer geometry of the
ruthenium complex is identical8 to that of the analogous
dibromo osmium complex, OsBr2(L1)2. The bond distances of
the coordinated diimine ligand in the above two ruthenium and
osmium compounds are similar. (Details of the X-ray structure
of 3 will be reported elsewhere.) The compound shows an
intense transition at 590 nm in the visible region.

The above coupling reactions [(2) and (3)] do not occur with
uncoordinated aniline. These reactions therefore may be
classified as reactions of the activated coordinated aniline. In
reaction (2) one of the coordinated anilines coupled with
externally added 3,5-di-tert-butyl catechol to form an N-phenyl
substituted derivative of o-iminobenzoquinone.7 It is possible
that oxidation of catechol followed by condensation with the
coordinated aniline have occurred during the above transforma-
tion. Reaction (3) formally involves many operations which are
believed to occur simultaneously: isomerization of the starting
compound to bring the two interacting aniline molecules into
close proximity, oxidative coupling of two aniline molecules to
o-semidine and further oxidation of o-semidine to diimine. For
comparison, the reaction8 of aniline with [OsBr6]22 resulted in
formation of a bis-chelated complex, OsBr2(L1)2, directly. In
contrast, a similar reaction1 using hydrated RuCl3 as the starting
material yielded only a monochelated diimine complex,
RuCl2(PhNH2)2(L1), where two out of the four coordinated

aniline molecules underwent oxidative dimerisation. Our pre-
sent results have been able to demonstrate clearly that further
oxidative coupling of the coordinated anilines in
RuCl2(PhNH2)2(L1) is possible by the use of a suitable oxidant.
Our preliminary results in the area of oxidative coupling
reactions of coordinated aromatic amines2 in [Ru(ArNH2)6]2+

and related substrates are highly encouraging and the scope of
these reactions is very high.

We are grateful to the referees for their suggestions. Financial
support received from the Council of Scientific and Industrial
Research, New Delhi is gratefully acknowledged.
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† E-mail: icsg@iacs.ernet.in
‡ Crystal data: [RuCl2(L1)(L2)]·CH2Cl2 2: C33H37N3OCl4Ru, M = 734.55,
monoclinic, space group P21/n, a = 12.1035(20), b = 14.7953(11), c =
19.718(3) Å, b = 104.715(11)°, U = 3415.2(8) Å3, Z = 4, Dc = 1.429
g cm23, crystal dimensions 0.25 3 0.25 3 0.20 mm, T = 298 K, m =
6.259 cm21. Intensity data were collected on an Enraf-Nonius CAD4
diffractometer with graphite-monochromated Mo-Ka radiation (l =
0.7107 Å). 6007 unique reflections were measured and 3728 with I ! 2s(I)
were used in the refinement. Refinement9 of positional and anisotropic
thermal parameters for all non-hydrogen atoms converged to R = 0.037.
The final Fourier difference map showed residual extrema at 0.410, 20.430
e Å23. CCDC 182/919.
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Novel products from bromination reactions of
5,10,15,20-tetraisopropylporphyrins

Nora Y. Nelson, Craig J. Medforth, Richard G. Khoury, Daniel J. Nurco and Kevin M. Smith*†

Department of Chemistry, University of California, Davis, CA 95616, USA

Bromination reactions of nickel(II) or copper(II) complexes
of 5,10,15,20-tetraisopropylporphyrin afford the unusual
porphodimethenes 2–5; crystallographic data for some of
these compounds are presented and possible mechanisms for
their formation are discussed.

2,3,7,8,12,13,17,18-Octahalo-5,10,15,20-tetraarylporphyrins
have recently received considerable attention due to their
usefulness as catalysts for the oxidation of organic substrates.1
Although the syntheses and properties of these porphyrins have
been extensively investigated, comparatively little is known
about the bromination reactions of other porphyrins such as
those with alkyl substituents. Bonnett et al.2 have reported that
halogenation of deuteroporphyrins preferentially yields periph-
erally as opposed to meso halogenated products, and that
attempts to brominate 2,3,7,8,12,13,17,18-octaethylporphyrin
(H2OEP) resulted in bromodealkylation and benzylic-type
subsitution reactions. Vicente and Smith3 have also shown that
treatment of H2OEP with NBS in the presence of AIBN affords
trans-(2-bromovinyl)heptaethylporphyrin, as well as
(1-alkoxyethyl)heptaethylporphyrins when alcohols are pre-
sent. We have recently described the novel chemical and
spectroscopic properties of some 5,10,15,20-tetraalkylporphyr-
ins with isopropyl or tert-butyl substituents.4,5 We now show
that one of these porphyrins also yields unexpected and unusual
products upon bromination with NBS or Br2.

When the nickel(II) complex of 5,10,15,20-tetraisopropylpor-
phyrin 1a was treated with 8 equiv. of NBS, or excess Br2 in
CHCl3 in the dark at room temperature, a dark green solid 2 was
isolated as the major product in 7.2 and 46% yield, respectively.
The structure of 2, as determined by X-ray crystallography,‡ is

shown in Fig. 1. The structure reveals a cyclic tetrapyrrole in
which all of the pyrrole 3,4-positions have been brominated.
Remarkably, the macrocycle is no longer a porphyrin but has a
porphodimethene-like structure with two exocyclic double
bonds on opposite meso positions. The molecule also adopts an
extremely nonplanar ruffled conformation, with a maximum
deviation of the 24 core atoms from the mean plane of 1.44 Å
(for a meso carbon atom) and an average deviation from the
mean plane of 0.57 Å. As is expected for such a nonplanar
macrocycle, the average NiUN distance is very short (1.88 Å).
The absorption spectrum, which shows two broad bands at 482
nm (e 48 100) and 594 (30 700), resembles that of 5,15-dime-
thyl-2,3,7,8,12,13,17,18-octaethyl-5H,15H-porphinato)nicke-
l(II).6 The 1H NMR spectrum, which features two sets of methyl
protons [d 1.74 (d, 12H), 2.11 (s, 12H)] and one set of isopropyl
methine protons [d 4.42 (septet, 2H)], is consistent with the
observed symmetrical structure.

When compound 1a was treated with 8 equiv. or less of Br2,
two other compounds were also isolated. These materials did
not yield crystals suitable for X-ray structure determination but
the structures 3 (10% yield) and 4 (75%) were established from
NMR experiments and mass spectral data. Both compounds
share a common porphodimethene-type structure with one
exocyclic double bond and one sp3 meso carbon atom.
Interestingly, in compound 4 the b-pyrrolic carbons have been
brominated in a regiospecific fashion.

Only a few porphyrins bearing exocyclic double bonds have
been described in the literature; these include a cyclic
tetrapyrrole bearing four meso exocyclic carbonyl groups
(octaethylxanthoporphyrinogen),7 the exocyclic alkene ana-
logue octaethyl-meso-tetrakis(methylene)porphyrinogen,8 and
certain oxidation products of meso-tetrakis(3,5-di-tert-butyl-
4-hydroxyphenyl)porphyirn described by Milgrom.9 The for-
mation of compounds with exocyclic double bonds from the
bromination of 1a suggests that the reaction may involve the
addition of HBr or Br2 across the opposite meso carbons of a
partially brominated species, followed by elimination of one or
two molecules of HBr, respectively, to yield compounds 3 and
4 or compound 2. Addition of molecules to the porphyrin
periphery in this fashion has previously been observed in

Fig. 1 Molecular structure of 2. Hydrogen atoms are omitted for clarity.

Chem. Commun., 1998 1687



5,10,15,20-tetra-tert-butylporphyrin and some of its metal
complexes.4 We believe that similar addition reactions may
occur for compound 1a because they result in a release of steric
congestion between the meso isopropyl and the adjacent pyrrole
bromo groups. In theory, bromination could also occur at the
isopropyl benzylic positions via a radical mechanism when
NBS is used as the brominating agent. If followed by
elimination of the benzylic bromine atom and loss of a methine
proton from the opposite isopropyl group, this would also
furnish the two opposite exocyclic double bonds seen in
compound 2.

In order to investigate the effects of different metals on the
bromination reaction, the copper(II) complex (1b) of
5,10,15,20-tetraisopropylporphyrin was treated with 8 equiv. of
NBS in CHCl3 in the dark at room temperature. One of three
major products (5) isolated from this reaction gave high quality
crystals enabling its definitive characterization by X-ray
crystallography§ (Fig. 2). Compound 5 is similar to compound
2 in that all of the pyrrole positions have been brominated, and
the macrocycle has a very ruffled porphodimethene-like
structure; the maximum and average deviations of the 24 core
atoms from the macrocycle mean plane in 5 of 1.27 and 0.51 Å,
respectively, are slightly smaller than those seen for 2. An
unusual feature of the structure is that it no longer has any
isopropyl groups attached to the porphyrin periphery! Instead, it
bears two exocyclic alkene groups and two succinimido
moieties. In addition, the copper atom is penta-coordinated,
with a MeOH molecule serving as the fifth ligand (CuUO 2.29
Å, CuUNaverage 1.98 Å). This unusual axial ligation is pre-
sumably a consequence of the very electron-deficient nature of
the macrocycle. It has previously been shown that 5-succin-
imido-OEP can be obtained when zinc(II)-OEP is treated with
NBS in the presence of AIBN.3 When N-chlorosuccinimide was
used in place of NBS under the same conditions, however, only
the mono- and di-meso-chloroporphyrins were obtained. This,
and our current data, suggest that bromodeprotonation and
bromodealkylation of the meso proton and isopropyl groups,
respectively, could be intermediate steps in the formation of
these unusual meso-succinimido products.

This work was supported by grants from the National
Institutes of Health (HL 22252) and the National Science
Foundation (CHE-96-23117). C. J. M. gratefully acknowledges
financial support from Professor J. A. Shelnutt (Sandia National

Laboratories) through U. S. Department of Energy Contract
DE-AC04-94AL85000.

Notes and References

† E-mail: kmsmith@ucdavis.edu
‡ Crystal data for 2 (C32H26N4Br8Ni·CH2Cl2): crystals were grown by the
slow diffusion of MeOH into a solution of 2 in CH2Cl2. The selected crystal
was cut to dimensions of 0.22 3 0.14 3 0.06 mm for cell determination and
data collection. The unit cell was triclinic, space group P1̄ with cell
dimensions a = 11.6952(13), b = 13.214(3), c = 14.909(3) Å, a =
98.04(2), b = 106.547(14), g = 115.526(14)°, V = 1899.0(6) Å3, and Z =
2 (FW = 1249.5). Diffraction data were collected on a Siemens P4
diffractometer with a rotating anode [l(Cu-Ka) = 1.54178 Å] at 130(2) K
in q/2q scan mode to 2qmax = 112.8°. Of 5310 reflections measured (+h, ±k,
±l), 5007 were independent (Rint = 0.081), and 4315 had I > 2s (Tmin =
0.25, Tmax = 0.55 °C, rcalc = 2.182 g cm23, m = 12.14 mm21). The
structure was solved by direct methods and refined (based on F2 using all
independent data) by full-matrix least-squares methods with 253 parameters
(Siemens SHELXTL ver. 5.03). All bromines and the central nickel ion
were refined with anisotropic thermal parameters; all other atoms were
refined with isotropic thermal parameters. Hydrogen atom positions were
generated by their idealized geometry and refined using a riding model. An
empirical absorption correction was applied (XABS2) (ref. 10). The final
difference map had a largest peak of 1.37 e Å23 and a largest hole of 21.19
e Å23. Final R factors were R1 = 0.054 (observed data) and wR2 = 0.147
(all data).
§ Crystal data for 5 (C35H23N6O5Br8Cu): crystals were grown by the slow
diffusion of MeOH into a solution of 5 in CH2Cl2. The single crystal was
selected with dimensions of 0.46 3 0.22 3 0.10 mm. The unit cell was
monoclinic, space group C2/c with cell dimensions a = 26.977(4), b =
6.7493(14), c = 25.623(4) Å, b = 121.561(9)°, V = 3975.2(11) Å3, and Z
= 2 (FW = 1310.41). Diffraction data were collected on a Siemens P4
diffractometer with a rotating anode [l(Cu-Ka) = 1.54178 Å] at 130(2) K
in q/2q scan mode to 2qmax = 113°. Of 3655 reflections measured (+h, +k,
±l), 2573 were independent (Rint = 0.077), and 2309 had I > 2s (Tmin =
0.13, Tmax = 0.41 °C, rcalc = 2.19 g cm23, m = 10.65 mm21). The final
difference map had a largest peak of 1.834 e Å23 and a largest hole of
21.287 e Å23. Final R factors were R1 = 0.0729 (observed data) and wR2
= 0.218 (all data). The structure was solved by direct methods and refined
(based on F2 using all independent data) by full-matrix least-squares
methods with 136 parameters (Siemens SHELXTL V. 5.03). The bromines
and the central nickel ion were refined with anisotropic thermal parameters.
Hydrogen atom positions were generated by their idealized geometry and
refined using a riding model. An empirical absorption correction was
applied (XABS2) (ref. 10). CCDC 182/920.
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Fig. 2 Molecular structure of 5. Hydrogen atoms are omitted for clarity.
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Synthesis and characterization of the monomeric molybdenum trithiolate
Mo(h7-dmpt)(h1-dmpt)2 (dmpt = 2,6-dimesitylphenylthiolate)

Birsen S. Buyuktas, Marilyn M. Olmstead and Philip P. Power*†

Department of Chemistry, University of California, Davis, California 95616, USA

Treatment of MoCl3(THF)3 with 3 equiv. of LiSC6H3Mes2-
2,6 (Mes = C6H2Me3-2,4,6) (Lidmpt) affords the monomeric
molybdenum trithiolate Mo(h7-dmpt)(h1-dmpt)2, 1, which is
spectroscopically and structurally characterized; the MoS3
array has distorted trigonal pyramidal geometry which is
caused by strong p-interactions between molybdenum and
an ortho-mesityl group from one of the thiolate sub-
stituents.

Stable, well characterized examples of monomeric, three-
coordinate MoIII complexes are rare. In general, such com-
pounds are dimerized to form triply bonded species of formula
L3Mo°MoL3 (L = uninegative ligand) which have been
extensively studied.1 Although it is probable that the in-
completely characterized, sterically encumbered derivatives
Mo{N(Pri)2}3 and Mo{N(SiMe3)2}3 are monomers,2 the
first well established three-coordinate MoIII compound was
Mo[N{C(CD3)2CH3}C6H3Me2-3,5]3

3 which, like the related
molybdenum triamidoamine derivative [Mo(OTf)({C6F5N-
(CH2)2}3N)],4 activates dinitrogen at room temperature to form
a variety of complexes, including imines and nitrides. The
stabilization of these unusual and interesting complexes by
bulky aryl amido substituents suggested that it should be
possible to isolate further examples of monomeric, low
coordinate trivalent complexes with other ligands. Here it is
shown that the use of the thiolate ligand SC6H3Mes2-2,6
(dmpt)5 enables the isolation of the first monomeric homoleptic
molybdenum trithiolate complex Mo(h7-dmpt)(h1-dmpt)2, 1.

Complex 1 was synthesized in moderate yield‡ by the
reaction of 3 equiv. of LiSC6H3Mes2-2,6 with MoCl3(THF)3.6
The dark red, almost black, crystalline product, 1, has good
solubility in hydrocarbon solvents. The electronic absorption
spectrum is almost featureless with a rapid rise in absorption at
< 400 nm and a very weak shoulder at 490 nm (e = 4600) is
apparent. Magnetic studies confirm the paramagnetic character
with mB = 3.6 (T = 293 K). The monomeric structure of 1 was
established by a single crystal X-ray crystal study of its pentane
solvate, 1·0.25pentane.§ The Mo atom is bound to three thiolate
sulfurs and two of the Mo–S distances have almost equal values
of 2.393(2) and 2.394(2) Å, whereas the other is slightly
shortened to 2.314(2) Å. The MoS3 array is grossly distorted
from planarity as indicated in the three S–Mo–S angles, which
have the values 88.68(6), 105.59(7), and 91.67(7)°. The Mo–
S–C angles also are different with an angle of 102.3(2)° being
observed at S(1) (which bears the mesityl ring that interacts with
Mo, vide infra) which is 14–16° narrower than the correspond-
ing angles at S(2) and S(3). The coordination sphere of Mo is
completed by a strong interaction with the C(11) ortho-mesityl
ring. This ring is bent along the C(7)···C(10) axis (fold angle =
159.4°) such that these two atoms are closest to Mo [Mo–C
distances = 2.220(6) and 2.248(7) Å] while the Mo–C distances
to the remaining ring carbons are in the range 2.295(6)–2.502(6)
Å.

Previous examples of related MoIII thiolates [e.g.
Mo2(SMes)6

7 or the heteroleptic species Mo2{S-
(But)}2(NMe2)4

8] have been shown to be dimeric with Mo–Mo
triple bonds. The monomeric structure observed for 1 (Fig. 1) is

a consequence of the large size of the SC6H3Mes2-2,6 ligand
and the p-interaction between one of the mesityl groups on the
ligand and the metal. The metal–ligand p-interaction may arise
in part from the unique reactivity of the trigonal MoIII fragment4
which in the case of the Mo[N{C(CD3)2CH3}C6H3Me2-3,5]3
complex is capable of activating N2

3b,9 to afford, inter alia, the
nitride N°Mo[N{C(CD3)2CH3}C6H3Me2-3,5]3. In the case of
1, the strong interaction between the metal and a p-ring system
apparently prevents the dinitrogen activation observed for the
amide complexes. Note that the synthesis and manipulation of 1
were conducted under an N2 atmosphere. Furthermore, hexane
solutions of purified 1 show no sign of reaction with N2 upon
standing for 3 days at room temperature. Although the structure
of 1 is unique it may be compared to that described for the MoII

species [Mo(h7-dpt)(h1-dpt)(CO)], 2 (dpt = SC6H3Ph2-2,6)10a

which also possesses a Mo–h6-Ph ring interaction involving a
thiolate ligand.10b However, the h6-coordination of the ortho-
phenyl ring may be displaced by the addition of CO or bidentate
neutral ligands such as 2,2A-bipyridyl. The Mo–S distances in 2
[2.239(4) and 2.358(3) Å] are quite similar to those in 1.
However, the distortions in the geometry of the h6-interacting
Mes ring in 1 are not observed in the h6-Ph ring of 2 although
in the latter the ipso-carbon is displaced slightly (by ca. 0.14 Å)
from the averaged plane of the other five ring carbon atoms.

The structural distortion observed in the mesityl ring which
interacts with Mo has similarities to those observed in a variety
of transition metal complexes.11 In many instances this results
in a 1,4-diene type of localization of multiple bond character
within the aromatic ring. In 1, however, the localization does not
show a regular pattern. Thus, although the C(8)–C(9) distance,
1.360(9) Å, is short, the C(11)–C(12) distance, 1.420(10) Å, is

Fig. 1 Thermal ellipsoid plot of 1. Important bond distances (Å) and angles
(°) are as follows: Mo–S(1) 2.393(2), Mo–S(2) 2.394(2), Mo–S(3) 2.314(2),
Mo–C(7) 2.220(6), Mo–C(8) 2.502(6), Mo–C(9) 2.433(6), Mo–C(10)
2.248(7), Mo–C(11) 2.295(6), Mo–C(12) 2.389(8), S(1)–Mo–S(2)
88.68(6), S(1)–Mo–S(3) 105.59(7), S(2)–Mo–S(3) 91.67(7), Mo–
S(1)–C(1) 102.3(2), Mo–S(2)–C(25) 116.1(2), Mo–S(3)–C(49) 118.6(2)°.
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near normal for an aromatic ring, whereas the C(7)–C(8) bond
is lengthened to 1.494(9) Å. Perhaps the most structurally
related Mo environment to that seen in 1 is in
[{(h6-PhMe)Mo(µ-SMe)2}2][PF6]2.12 In this case, the oxidation
state of Mo is also 3+; however, the Mo–S distances
[2.451(1)–2.462(1) Å] are, of course, considerably longer
owing to their bridging nature. Nonetheless, the range of Mo–C
distances [2.287(3)–2.416(3) Å] is similar to the
2.220(6)–2.502(6) Å range observed in 1. In essence, the Mo–
ring p-interaction in 1 is as strong as that seen for other Mo
species with neutral 6p-electron ring donors. Furthermore, the
Mo–S distances are similar to those observed in Mo2(SMes)6

7

but longer than the 2.262(1) Å in the Mo4+ species Mo(SC6H2-
Pri

3-2,4,6)4.13

In summary, the SC6H3Mes2-2,6 ligand permits the isolation
of the first monomeric complex of formula Mo(SR)3 (R = alkyl
or aryl group). However, intramolecular interactions between
the Mo atom and a ligand Mes ring prevent the molecule from
displaying significant reactivity toward N2 under ambient
conditions.

We thank the National Science Foundation and the Donors of
the Petroleum Research Fund administered by the American
Chemical Society for financial support and TUBITAK (Turkish
Scientific and Technical Research Institution) for fellowship
support for B. B.

Notes and References

† E-mail: pppower@uc.davis.edu
‡ All manipulations were carried out under anaerobic and anhydrous
conditions. The thiol HSC6H3Mes2-2,6 was synthesized as described in the
literature.5 1·0.25pentane: HSC6H3Mes2-2,65 (1.91 g, 5.5 mmol) was
dissolved in diethyl ether (25 ml) and treated slowly with BunLi (3.6 ml of
a 1.6 M solution in hexane; 5.5 mmol) with cooling in an ice bath. The
mixture was stirred for 30 min at 0 °C and allowed to warm to room
temperature with continuous stirring for a further 1 h. The solution was then
added slowly to a suspension of MoCl3(THF)3

6 (0.767 g, 1.83 mmol) in
diethyl ether (25 ml) at ca. 0 °C. The mixture became deep red and stirring
was continued for 18 h at room temperature. The precipitate was allowed to
settle and the supernatant, deep red solution was decanted to another
Schlenk tube via a cannula. The ether was evaporated under reduced
pressure and hexane (40 ml) was added to the dark red residue. Filtration
through Celite gave a clear, dark red solution. Reduction of the volume

under reduced pressure to ca. 15 ml and storage of the solution in a 220 °C
freezer gave black crystals of 1·0.25pentane, which were suitable for X-ray
structure determination. Total yield: 1.08 g, 51%, mp 112–115 °C. Anal.
Calc. for 1, C72H75S3Mo: C, 76.36; H, 6.68. Found C, 75.94; H, 6.81%.
UV–VIS (lmax, e): 490 nm (sh), 4600 dm3 mol21 cm21. IR (Nujol,
n/cm21): 3040sh, 2950s, 2920s, 2850s, 2720w, 1720w, 1610m, 1560w,
1460s, 1450s, 1370s, 1255m, 1090w, 1020w, 845, 800m, 740w, 730w,
710w. Magnetic moment mB = 3.6 (T = 293 K).
§ Crystal data for 1 at T = 130 K with Mo-Ka (l = 0.71073 Å) radiation:
M = 1150.48, a = 27.927(6), b = 19.974(4), c = 23.346(5) Å, b =
103.82(3)°, V = 12646(4) Å3, m = 0.347 mm21, monoclinic, space group
C2/c, Z = 8, R1 = 0.062 for 6177 [I > 2s(I)] data. CCDC 182/922.
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Tertiary cyclopropanol systems as synthetic intermediates: novel ring-cleavage
of tertiary cyclopropanol systems using vanadyl acetylacetonate

Masayuki Kirihara,*† Motohiro Ichinose, Shinobu Takizawa and Takefumi Momose

Faculty of Pharmaceutical Sciences, Toyama Medical and Pharmaceutical University, Sugitani 2630, Toyama 930-0194, Japan

Tertiary cyclopropanol systems react with a catalytic
amount of vanadyl acetylacetonate under an oxygen atmos-
phere to afford b-hydroxyketones and b-diketones.

Tertiary cyclopropyl silyl ethers (1), readily available from the
cyclopropanation of enol silyl ethers, are important synthetic

intermediates due to their high reactivity,1 and simple fragmen-
tation at their cyclopropanol system is familiar as the procedure
for the a-homologation of ketones. Several methods have been
developed to achieve specific cleavage at bond ‘a’2 or ‘b’.3 The
methods of bond cleavage at both ‘a’ and ‘b’ have been reported
by Rubottom and co-workers4 and ourselves.5

Here we describe a novel reaction involving the treatment of
tertiary cyclopropyl silyl ethers or tertiary cyclopropanols (1)
with a catalytic amount of vanadyl actylacetonate‡ under an O2
atmosphere in EtOH to cause a ring fragmentation resulting in
the formation of b-hydroxy ketones and b-diketones§ (Scheme
1). These results are summarised in Table 1. In the case of
1-(trimethylsiloxy)bicyclo[n.1.0]alkanes or bicyclo[n.1.0]alk-
anols (entries 1–6), the ‘b’ bond was specifically cleaved to
afford ring-enlarged b-hydroxy ketones and b-diketones. As
noted in entry 6, the cyclopropane ring without oxygen-
functionality did not react under these reaction conditions.
b-Diketones were not obtained by the reaction of b-hydroxy

ketones with VO(acac)2. These results mean that b-diketones
were directly produced from the cyclopropanol systems.
Molecular oxygen acts as the co-oxidant and reoxidises the low
valent vanadium compound formed, thus a stoichiometric
amount of VO(acac)2 reacted with 1-(trimethylsiloxy)-
bicyclo[4.1.0]heptane in the absence of oxygen (Scheme 2).

Although VO(acac)2 did not react with 1 in an aprotic solvent
(e.g. CH2Cl2), it reacted with 1 in trifluoroethanol to afford
b-diketones (3) predominantly (Scheme 3).

Interestingly, 5-but-3-enylbicyclo[4.1.0]heptan-1-ol (4) did
not cause tandem ring expansion–cyclisation but caused simple
ring expansion to afford 5 and 6. This result is in sharp contrast
to iron(iii) chloride3c,d or manganese(iii) picolinate3g that
causes the tandem reaction (Scheme 4). We also found that a
radical inhibitor [2,6-di(tert-butyl)-p-cresol] did not interfere
with the reaction of VO(acac)2 with 1.

Although the reaction mechanism is unknown, these results
suggest that this reaction is different from the other specific ‘b’

Scheme 1

Table 1 Results of ring-cleavage reactionsa

a All known products were identifed by comparison with authentic samples,
and new compounds were characterized on the basis of mass, IR, and NMR
spectral data.
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bond cleavage reactions3 which proceed through a simple
radical oxidation. Further details of the mechanism are currently
under investigation.
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Electrochemical reduction of CCl2F2 on Nafion solid polymer electrolyte
composite electrodes

E. Delli, S. Kouloumtzoglou, G. Kyriacou*† and C. Lambrou

Department of Chemical Engineering, Aristotle University of Thessaloniki, Thessaloniki 54006, Greece

The electrochemical reduction of CCl2F2 (CFC-12) was
carried out at Pd, Au, Cu and Ag cathodes, which were
chemically deposited on Nafion 117 (H+ form) membrane;
the main electrolysis product at 21.0 V vs. Ag/AgCl at Au,
Pd and Cu was CH4, with current efficiencies (CE) of 14, 15
and 47% respectively, while at Ag cathode, in addition to
CH4, a considerable quantity of CH2F2 (CE 60%) was also
detected, which might be used as a new technology
refrigerant.

The production of chlorofluorocarbons (CFCs) has been
stopped since 1996, in line with the Montreal Protocol, because
of their ability to react in ways that destroy tropospheric ozone.1
At present, almost 2 3 106 tonnes of these compounds are
stored in various freezing devices, the bigger percentage of
which is CFC-12.2 These large quantities must be destroyed or
preferentially converted to other useful products. Recently
Cabot and co-workers3,4 achieved the electrosynthesis of
trifluoroethene and difluoroethene from 1,1,2-trichloro-
1,2,2-trifluoroethane (CFC-113) in organic solvents.

This work deals with the possible conversion of CFC-12 to
non-polluting substances via electrochemical reduction at
metallic electrodes which are deposited on Nafion 117 (H+

form) membrane. These electrodes enable us to perform
electrochemical reactions with reactants that are insoluble in
water, without employing organic solvents.

For the metal deposition, aqueous 0.1 M solutions of AgNO3,
HAuCl4, Pd(OAc)2 and CuSO4 were used, combined with 10%
aqueous NaBH4 solution, using the method previously de-
scribed for copper.5 The charged side of the metal surface of the
membrane, having an apparent effective area of 2.35 cm2 was in
contact with CFC-12, while the other side was in contact with 2
M aqueous NaOH solution (10 cm3), as shown in Fig. 1. As a
reference, an Ag/AgCl electrode was used. The analysis of the
products was performed by gas chromatography using a flame

ionization detector and a Porapak QS 1/8 in, 4 m column at 120
°C.

The voltammogram at the Ag electrode, between 20.7 and
21.6 V vs. Ag/AgCl (Fig. 2), showed that the reduction of
CCl2F2 was taking place at potentials more negative than 20. 8
V, while hydrogen was produced at cathodic potentials more
negative than 21.3 V. This value is in accordance with
hydrogen evolution at Ag wire at the same pH value.6

Based on the voltammetry results, constant potential elec-
trolysis was performed in the region 20.8 to 21.6 V vs. Ag/
AgCl. The main products of the electrolysis were CH2F2 and
CH4 at all potentials examined. CH2F2 is a compound of great
practical importance, due to its application as a new technology
refrigerant which does not cause ozone depletion.7 Small
amounts of CHClF2, CH3F and HCF2CF2H were also detected
in the reaction products.

Fig. 3 illustrates the rate of CF2H2 production vs. cathodic
potential where a sharp maximum was observed at about 21.4
V. The rate of CH4 production was slightly increased at
potentials more negative than 21.4 V. The CEs of CF2H2 and
CH4 formation at 21.4 V were 60 and 30%, respectively.
Repeated experiments showed that the distribution of products
was as shown by the curves of Fig. 3, with a reproducibility of
about 15%. The form of these curves can be explained by a
consecutive reaction mechanism corresponding to
CCl2F2?CH2F2?CH4.

Theoretical analysis of consecutive electrochemical reactions
showed that the effect of potential on the selectivity and yield of
the intermediate compound could be considered analogous to
that of temperature in the conventional chemical reactions. In
this case the selectivity of the intermediate product vs. potential

Fig. 1 Exploded view of the electrolysis cell: (A) gas inlet, (B) gas outlet,
(C) PTFE gasket, (D) silicone screen spacer, (E) Nafion SPE electrode, (F)
reference electrode, (G) electrolyte chamber and (H) Pt anode

Fig. 2 Polarization curves at silver cathode, in 2 M KOH electrolyte at 10
mV s21 (a) with N2 and (b) with CFC-12
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could show one or more maxima.8 A similar consecutive
reaction mechanism scheme was proposed for the hydro-
genolysis of CCl2F2 in the gas phase.9

The electroreduction of CCl2F2 was also studied at 21.0 V
vs. Ag/AgCl using Pd, Au and Cu electrodes. In all cases, the
main product of the reduction was CH4, with mean CEs of 14,
15 and 47%, respectively. The current density and time function
shows that the current density stabilises after 30 min and
remains stable for a long period of time. This implies that the
electrode is not deactivated and the membrane is not destroyed.
The current density at Ag, Cu and Pd was about 5 mA cm22,
whereas at Au it is four times smaller.
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Fig. 3 Rate of (1) CH2F2 and (7) CH4 production vs. cathodic potential at
a silver electrode in 2 M KOH electrolyte
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A test for the reverse anomeric effect

Peter G. Jones, Anthony J. Kirby,*† Igor V. Komarov‡ and Peter D. Wothers

University Chemical Laboratory, Cambridge, UK CB2 1EW

Conformational preferences and the geometry at the anome-
ric centre of a 1,3-dioxane with a trialkylammonium group
in the 2-position (stable because part of a 1-azaadamantane)
are consistent with a small, normal anomeric effect.

The anomeric effect—the preference for an electronegative
substituent X in the 2-position of a tetrahydropyran for the axial
conformation (1a)—is a well-characterised exception to the
usual rules of conformational analysis.1,2 The reverse anomeric
effect (RAE)3—an apparent increased preference of a positively
charged electronegative substituent for the equatorial con-
formation (1e)—is thus an exception to the exception, and
presents something of a conceptual problem. The simplest
solution to the problem would be that the effect does not
exist.3–6 We report the conformational preferences of a novel
sterically balanced system (general structure 2) consistent with
this conclusion.

The normal anomeric effect can be understood in terms of a
stereoelectronic effect involving the lone pair electrons of the
ring oxygen: the stabilising nO–s*C–X interaction (arrows in 1a,
possible only for the axial geometry) outweighing the steric
preference for the equatorial position.1,2 Through-bond inter-
actions of this sort play an important role in controlling
reactivity as well as conformation7,8 and thus in the way we
think about both. They should not depend on the charge on the
electronegative substituent X—hence the conceptual problem.

Experimental support for the RAE is neither extensive, nor
generally clear-cut. The best experimental evidence,9 recently
reconfirmed,10 is that N-protonation of N-triacetyl-a-D-xylo-
pyranosylimidazole 3a leads to an increase in the (already

considerable) population of the 1C4-conformation 3e: corre-
sponding to a RAE of 0.8–1.4 kcal mol21. On the other hand
Perrin5 concluded that the corresponding shift in the position of
this equilibrium for a series of glucopyranosylamines could be
accounted for on the basis of steric effects and a small, normal
anomeric effect. (These results are not necessarily contra-
dictory: the positions of such anomeric equilibria are known to
depend on the structure of the sugar, with acetoxy groups in
particular showing unusually small 1,3-diaxial interactions;11 it
has been suggested that the steric effect of an imidazole group
may be increased on protonation.5) The most convincing
evidence consistent with the operation of a small, normal
anomeric effect comes from the NMR titration experiments of

Fabian et al.,6 which show that the axial imidazole is the more
basic in an anomeric mixture of glucosylimidazoles.

We sought a direct experimental test for the existence of the
RAE in a simple sterically balanced system, uncomplicated as
far as possible by solvation effects. In order to maximise
stereoelectronic effects we chose to work with the dioxane ring,
and to set trialkylammonium, with a full positive charge on N,
against an isosteric tertiary alkyl group. The problems involved
are illustrated by the following sequence of results. Simple
systems with X = R3N+ already have a strong steric preference
for the equatorial conformation:12 thus 2-trialkylammonium
systems 4e, although stable, are exclusively equatorial. But the
sterically balanced system 5e is not isolable: addition of Me3N
to the dioxocarbenium ion 6 probably gives 5a as a kinetic
product, but what we isolate is the pivalate ester 7, formed by
the alternative (SN2) reaction shown (Scheme 1).

To encourage the three heteroatoms to stay together on the
quaternary center of interest we embedded it in the azaada-
mantane structure 8. The critical test for RAE vs. normal
anomeric effect now becomes simply the conformational
preference of the dioxane ring. The conformational equilibrium
8a"8e is as far as possible sterically neutral: because the CH3–
N+ bond is shorter than CH3–C it will have a slight preference
for the conformation (8e) favored by RAE. In solution we find
a clear preference for a conformation closer to 8a, and in the
crystal the pattern of bond lengths at the ‘anomeric’ centre
expected if a normal anomeric effect is operating. However, the
evidence from two crystal structures shows that the conforma-
tional picture is not as simple as depicted by 8a"8e.

In the 1H NMR spectrum protons Ha and Hb of 8 show
nuclear Overhauser effects13 of 12.3% to the +NCH3 and 2.0%
to the CCH3 groups, respectively, and vicinal couplings (J 11.4,
5.6 Hz for Ha, J 2.4, 2.4 Hz for Hb) not far from the expected
magnitudes for conformation 8a. However, X-ray structure
determinations14 of two different salts show pronounced
flattening of the dioxane ring at the two oxygen centres. This is
the not unexpected result of steric interactions—almost equally
severe in either chair conformation—between the two O–CH2
bonds and the +N–CH3 and C–CH3 groups (in 8a and 8e,
respectively: indicated by the open arrows in Fig. 1). What is
unexpected is that the conformations of the iodide and
hydrogenfluoride salts in the crystalline state differ sig-

Scheme 1
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nificantly, being closer in the former case to 8e and in the latter
to 8a.

The differences are limited to the (CH2)3 chain of the dioxane
ring: the structures are otherwise identical—and remarkable.
The COC bond angles (120 ± 1.4°) show that the two dioxane
oxygens are effectively sp2-hybridised. This, together with the
large OCO bond angle (118.0 ± 0.5°) and very long C(2)–N+

and short O–C(2) bonds at the anomeric centre [Fig. 1(A)] is
consistent with a well-developed nO–s*C–N

+ interaction, and
thus a normal anomeric effect, with C–N+ bond breaking being
well advanced in the ground state. (The extent of the effect
shows very clearly why simpler systems like 5 are not viable
synthetic targets.) The C(2)–N+ bonds are in both cases close to
parallel to p-type non-bonding electron pairs on oxygen, which
allows relatively efficient pO–s*C–N

+ overlap: closer in the case
of the hydrogenfluoride [Fig. 1(B)], which—presumably conse-
quently—has the longer C(2)–N+ bond. This lengthening of the
bond to N+ can be interpreted as the stereoelectronically most
efficient means of relieving strain at the crowded anomeric
centre: there is very little lengthening of the equally crowded
C(2)–C bond.

The observed conformations of the dioxane ring of the cation
8 represent two different compromises between stereoelectronic

effects and powerful steric forces. It is reasonable to expect a
unique minimum energy conformation, so the difference in the
crystalline state may be presumed to derive from anion-related
packing forces.§ (Iodide and hydrogenfluoride differ markedly
in size, shape and charge-density.) Since the conformation in
solution is clearly closer to 8a we conclude that there is no
conclusive evidence for a reverse anomeric effect in this test
system. As found by Perrin,5 in a very different system, the
observed conformations can be explained on the basis of steric
effects and a small, normal anomeric effect.15
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Fig. 1 Selected structural features at the anomeric centre of the iodide (left)
and hydrogenfluoride (right) salts of 8. The cation is formally (although not
crystallographically) symmetrical about the mirror plane through C(2) and
C(5) of the dioxane ring: mean values of bond lengths and angles are given.
Individual bond lengths and angles have esd values of ±0.003 Å and 0.2°,
respectively. (A) Observed conformations of the dioxane ring (in-ring
torsion angles are given) and bond lengths at the anomeric centre. (B)
Torsion angles at the anomeric centre, compared with (C) the geometry
expected for a (hypothetical) system with normal bond angles showing the
reverse (RAE) or normal (AE) anomeric effect. The open arrows represent
major steric interactions responsible for flattening the dioxane chair of 8
(see the text).
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A macrobicyclic AgI
3 cage encapsulating two cobalt(III) ions: synthesis,

structure and reactivity
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Reaction of the S-bridged CoIII
2AgI

3 pentanuclear complex,
[AgI

3{CoIII(aet)3}2]3+ (1; aet = NH2CH2CH2S2), with para-
formaldehyde in basic acetonitrile, followed by adding
aqueous ammonia, produces the aza-capped complex, [AgI

3-
{CoIII(L)}2]3+ [2; L = N(CH2NHCH2CH2S2)3] , in which
two CoIII atoms are encapsulated in a macrobicyclic cage
consisting of two aza-capped ligands L and three AgI atoms;
2 is converted to the aza-capped CoIII

4ZnII
4 octanuclear

complex, [ZnII
4O{CoIII(L)}4]6+, by the reaction with I2 in the

presence of ZnO and Zn2+ in water, retaining the chiral
configuration of the aza-capped [CoIII(L)] units.

Since the discovery of the formation of the aza-capped cage
complex, [Co(sepulchrate)]3+, by the facile condensation of
formaldehyde and ammonia with [Co(en)3]3+ (en =
NH2CH2CH2NH2),1 similar preparative techniques have been
applied to obtain analogous metal complexes with a macro-
bicyclic cage, which exhibit unique stereochemical and redox
properties.2–10 The cage complexes of this type have been
derived from mononuclear metal complexes and thus contain
only one metal ion. In order to expand the co-ordination
chemistry of metal ions encapsulated in a macrobicyclic cage, it
is desirable to introduce two or more metal ions in one cage. We
report here the synthesis and structure of a new class of
macrobicyclic cage complex encapsulating two cobalt(III) ions,
[Ag3{Co(L)}2]3+ [L = N(CH2NHCH2CH2S2)3], together with
its conversion to the CoIII

4ZnII
4 octanuclear complex, [Zn4O-

{Co(L)}4]6+.
Treatment of a dark purple acetonitrile solution of the

S-bridged CoIII
2AgI

3 pentanuclear complex, [Ag3-
{Co(aet)3}2](BF4)3·H2O [1(BF4)3·H2O; aet =
NH2CH2CH2S2],11 with paraformaldehyde and triethylamine
at room temperature gave a dark red solution, which turned dark
purple upon the addition of aqueous ammonia. A dark purple
powder [2(NO3)3·4H2O] was isolated from the dark purple
reaction solution by adding an aqueous solution of NaNO3 (80%
yield).‡ The absorption spectrum of 2 is quite similar to that of
1 over the whole region. In the 13C NMR spectrum 2 gives three
sharp signals at d 34.64, 61.62, and 69.76, which is distinct from
the two 13C NMR signals at d 36.64 and 51.41 observed for 1.11

From these facts and elemental analysis, it is assumed that 2 has
an aza-capped CoIII

2AgI
3 pentanuclear structure in

[Ag3{Co(L)}2]3+ [L = N(CH2NHCH2CH2S2)3]. 2 was opti-
cally resolved into its enantiomers, (+)CD

580 and (2)CD
580, by SP-

Sephadex C-25 column chromatography using [Sb2(R,R-tar-
trato)2]22 as eluent. The CD spectrum of (2)CD

580-2 corresponds
well with that of the DD isomer of 1, which implies that the two
[Co(L)] units in (2)CD

580-2 have the D configuration.
The structure of 2 was established by a single crystal X-ray

analysis of the PF6
2 salt [2(PF6)3·H2O], which was prepared by

adding an aqueous solution of NaPF6 to the aqueous solution of
2(NO3)3·4H2O.§ The total occupancy factor of the PF6

2 anions
implies that the entire complex cation 2 is trivalent. As shown
in Fig. 1, the entire complex cation 2 contains two CoIII and
three AgI atoms. Each CoIII atom is surrounded by an aza-
capped hexadentate N3S3 ligand L to form an approximately
octahedral [CoIII(L)] unit. The two [CoIII(L)] units are spanned

by three AgI atoms, such that the three S–Ag–S linkages form a
triple helical structure. As a result, the two CoIII atoms are
encapsulated in a macrobicyclic metallo-cage, [AgI

3(L)2]32, in
which each of three AgI atoms is linearly coordinated by two S
atoms from two aza-capped ligands L. Except for the presence
of the two terminal aza caps, the overall structure of 2 is similar
to that of the parent complex 1.11 In particular, the bond
distances and angles around the CoIII atoms in 2 [average Co–S
= 2.243(8) Å, Co–N = 2.02(3) Å, S–Co–S = 91.3(3)°, N–Co–
N = 89(1)°] are in good agreement with those in 1 [average Co–
S = 2.248(8) Å, Co–N = 2.03(3) Å, S–Co–S = 92.1(3)°,
N–Co–N = 90(1)°]. However, the averaged Ag–S distance in 2
[2.417(8) Å] is ca. 0.04 Å longer than that found in 1 [2.378(8)
Å]. Moreover, the S–Ag–S angles [average 177.9(4)°] in 2 are
closer to 180° than those in 1 [average 174.6(3)°], which
permits the slightly shorter Ag···Ag separations in 2 [average
2.956(4) Å], compared with the separations in 1 [average
3.029(3) Å].

The two [Co(L)] units in 2 have the same chiral configuration
to form the DD and LL isomers; the former isomer is illustrated
in Fig. 1. This is compatible with the fact that 2 was optically
resolved into its enantiomers. In the crystal lattice the DD and
LL isomers co-exist in a disordered manner with a site
occupancy of 0.5, which indicates that crystal 2 is not a racemic
compound but a solid solution.12 All the six bridging S atoms
are fixed to the S configuration for the DD isomer and R for the
LL isomer. The helical structure due to three S–Ag–S linkages
is left-handed for the DD isomer and right-handed for the LL
isomer. These stereochemical properties are the same as those in
1.11 However, it should be noted that in 2 all the five-membered
N,S-chelate rings adopt the lel conformation, which is in
contrast to the fact that the ob conformation as well as the lel one
has been found in 1. All the six asymmetric N atoms in 2 have
the R configuration for the DD isomer and S for the LL
isomer.

Attempts to fit the S-bridged CoIII
4ZnII

4 octanuclear com-
plex, [Zn4O{Co(aet)3}4]6+,13 with aza caps by a similar
condensation reaction were unsuccessful, because of the
decomposition of [Zn4O{Co(aet)3}4]6+ in basic conditions.
Instead, the corresponding aza-capped complex, [ZnII

4O-
{CoIII(L)}4]6+ (3), was successfully derived from 2 (Scheme 1).
That is, treatment of 2 with a stoichiometric amount of NaI in
the presence of excess ZnO and Zn(NO3)2·6H2O in water at

Fig. 1 A perspective view of the complex cation 2 (the DD isomer) with the
atomic labeling scheme. The overlapped LL isomer is omitted for clarity
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room temperature gave a dark blue–purple solution, from which
a black powder [3(ClO4)6·7H2O] was isolated by adding an
aqueous solution of NaClO4 (50% yield).¶Compound 3 was
characterized by (i) elemental and plasma emission spectral
analyses, (ii) electronic absorption spectroscopy, the spectral
features of which coincide well with that of [Zn4O-
{Co(aet)3}4]6+, and (iii) 13C NMR spectroscopy which gives
three sharp signals at d 32.63, 61.15, and 69.51. The cyclic
voltammogram of 3 at a glassy-carbon electrode in a 0.2 mol
dm23 aqueous NaNO3 solution yields four consecutive redox
couples (E = 20.43, 20.55, 20.62, and 20.75 V vs. Ag/AgCl,
100 mV s21). Similar redox behavior is characteristically
observed for [M4O{Co(aet)3}4]6+ (M = Zn, Hg) having a
T-symmetrical CoIII

4MII
4 octanuclear structure.13,14 Thus, it is

confirmed that 3 has the S-bridged CoIII
4ZnII

4 octanuclear
structure in [ZnII

4O{CoIII(L)}4]6+. Compound 3 was optically
resolved into its enantiomers, (+)CD

580 and (2)CD
580, by SP-

Sephadex C-25 column chromatography. Since the CD spec-
trum of (2)CD

580-3 is very similar to that of the DDDD isomer of
[Zn4{Co(aet)3}4]6+, it is assumed that the four [Co(L)] units in
(2)CD

580-3 have the D configuration. When DD-2 was used as the
starting complex, instead of the racemate of 2, only the DDDD
isomer of 3 was formed. This result indicates that the CoIII

2AgI
3

pentanuclear structure in 2 is converted to the CoIII
4ZnII

4
octanuclear structure in 3 with retention of the chiral configura-
tion of the [Co(L)] unit. Similar conversion reactions of 2 to
other S-bridged polynuclear structures are currently under
way.

Notes and References
† E-mail: konno@chem.gunma-u.ac.jp
‡ Anal. Calc. for 2(NO3)3·4H2O = C18H50Ag3Co2N11O13S6: C, 17.12, H;
3.99; N, 12.20; Co, 9.34; Ag, 25.63. Found: C, 17.05; H, 3.78; N, 12.25; Co,
9.28; Ag, 25.63%. VIS–UV spectrum in H2O [n/103 cm21 (log e/mol21 dm3

cm21)]: 17.54 (2.97), 23.5 sh (2.90), 36.36 (4.62), 37.9 sh (4.6). The sh label
denotes a shoulder. CD spectrum in H2O [n/103 cm21 (De/mol21 dm3

cm21)]: 17.73 (216.36), 22.62 (+21.72), 25.71 (213.25), 30.12 (+14.77),
36.76 (2129.22), 42.92 (+83.04). 13C NMR (500 MHz, D2O, ppm from
DSS): d 34.64 (CH2S), 61.62 (NHCH2), 69.76 (NCH2NH) (DSS =
4,4A-dimethyl-4-silapentane-1-sulfonate).
§ Anal. Calc. for 2(PF6)3·H2O = C18H44Ag3Co2F18N8OP3S6: C, 14.83, H;
3.04; N, 7.69. Found: C, 15.13; H, 3.03; N, 7.73%. Crystal data for
2(PF6)3·H2O: C18H44Ag3Co2F18N8OP3S6, M = 1457.3, tetragonal, space
group I4̄2m (no. 121), a = 13.012(1), c = 24.707(2) Å, U = 4182.8(8) Å3,
Z = 4, m(Mo-Ka) = 26.81 cm21, 1413 unique reflections at 296 K, R =
0.055 for 1025 reflections with I > 1.5s(I). For the atoms of the complex
cation, Co(1), Ag(1), N(4), C(3) and C(4) were constrained to the special
positions of symmetry m with a site occupancy factor of 0.5, while Ag(2)
was constrained to the position of symmetry 2mm with a site occupancy
factor of 0.25. The site occupancy factor of other atoms of the complex
cation, except C(1) and C(2), was fixed to 0.5. The symmetry-expansion
operation showed that a pair of enantiomers co-exist in each of four sites in
the unit cell, sharing the C atoms of the N,S-chelate rings, besides the Ag,
Co and aza-capped N atoms. CCDC 182/923.
¶ Anal. Calc. for 3(ClO4)6·7H2O = C36H98Cl6Co4N16O32S12Zn4: C, 18.31,
H;4.18; N,9.49; Co, 9.98; Zn, 11.07. Found: C, 18.16; H, 4.24; N, 9.76; Co,
10.25; Zn, 11.45%. VIS–UV spectrum in H2O [n/103 cm21 (log e/mol21

dm3 cm21)]: 17.54 (3.31), 23.41 (3.41), 29.87 (4.32), 37.31 (4.94). CD
spectrum in H2O [n/103 cm21 (De/mol21 dm3 cm21)]: 17.18 (219.44),
21.82 (+8.83), 26.68 (+12.40), 34.60 (2111.75), 39.52 (+120.15), 43.67
(+143.24). 13C NMR (500 MHz, D2O, ppm from DSS): d 32.63 (CH2S),
61.15 (NHCH2), 69.51 (NCH2NH).
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Scheme 1 Conversion of the CoIII
2AgI

3 pentanuclear structure in 2 to the
CoIII

4ZnII
4 octanuclear structure in 3
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DNA alkylation sites of nitrogen mustards conjugated to polyamines and their
implications for polyamine–DNA interactions

Paul M. Cullis,*† Louise Merson-Davies, Michael J. Sutcliffe and Richard Weaver

Department of Chemistry and the Centre for Mechanisms of Human Toxicity, Leicester University, Leicester, UK LE1 7RH

Polyamines conjugated to the nitrogen mustard chlor-
ambucil increase the efficiency of DNA alkylation at N7 of
guanine by factors in the range 103 to 104; the sequence
selectivity of this alkylation (the alkylation ‘finger-print’) is
largely unchanged, which is consistent with flexible, electro-
static binding and incompatible with tight, sequence-specific
binding of the polyamine moiety.

Polyamines are low molecular weight cations, essential for
growth and differentiation,1,2 that are present in high concentra-
tion in all cells. Polyamine–DNA interaction is associated with
the physiological role of polyamines,3–9 and there has been
conflicting speculation concerning the nature and site of such
interactions including reports of binding in the major3 and
minor groove,4 spanning the minor groove5,8 and theoretical
studies that suggest interaction with the phosphate backbone or
some sequence-specific interaction.6 The crystal structure of a
spermine–B-DNA complex9 exhibits aspects of both charge–
charge interactions with the phosphate backbone, and direct or
water-mediated hydrogen bonds with bases and van der Waals
interactions with hydrophobic regions. We previously deter-
mined the preferred cross-linking site on DNA for chlorambucil
and both a spermidine– and spermine–chlorambucil con-
jugate.10 The interstrand cross-link for each of these was at a
5’-GNC sequence within defined oligonucleotides, and this did
not appear to be perturbed by the polyammonium moiety,
despite a major enhancement of the efficiency of cross-linking.
We interpreted this observation in terms of non-specific
electrostatic interaction between the polyammonium cation and
DNA. However, there may be a rather tight structural
requirement for successful cross-linking which could be
expressed in the second, interstrand alkylation step and which
might potentially overwhelm the polyammonium ion binding
preferences. Here we report the sequence specificities for
mono-alkylation of DNA at N7 of guanine shown by chlor-
ambucil–polyamine conjugates and compare this to the known
selectivity shown by chlorambucil itself.

The major alkylation site of DNA by chlorambucil is the N7

of guanine bases.11 The sequence selectivity in terms of guanine
N7 alkylation is demonstrated by converting these sites into
strand breaks on treatment with hot piperidine and analysing the
resulting fragments by denaturing polyacrylamide gel electro-
phoresis (PAGE). It has been shown that chlorambucil shows a
significant sequence dependence in terms of the mono-
alkylation sites,11 with guanosine residues within runs of Gs
being the most reactive.12 In energetic terms, the enhanced
reactivity in such regions as compared with isolated Gs
represents a comparatively small difference, and a degree of
alkylation at each G site can be detected on denaturing PAGE
analysis of the cleavage products. In the case of the polyamine–
chlorambucil conjugates it would be reasonable to expect that
such small rate differences between the various alkylation
reactions might be readily perturbed by the non-covalent
binding interactions with the polyammonium moieties that are
clearly promoting in some manner the eventual covalent step.
We therefore anticipated that the alkylation selectivity could
provide a potentially sensitive probe of the nature of the
interaction between DNA and polyammonium cations. For
example, it has been shown that the alkylation specificity of

some aromatic nitrogen mustards is perturbed on conjugation to
intercalators such as acridine, in a manner that reflects the
acridine binding specificity.13

A DNA sequence of 276 base pairs was 5A-end-labelled and
cleaved from linearised pBR322. Treatment of this double-
stranded DNA with chlorambucil, or one of the polyamine–
chlorambucil conjugates 1–4,14 followed by exposure of the

alkylated DNA to hot aqueous piperidine led to a family of
DNA fragments that arise because of the lability of the DNA

Fig. 1 (a) Autoradiograph of a denaturing PAGE gel showing sequence
selective alkylation of guanine N7 by chlorambucil–polyamne conjugates;
lane 1: Maxam–Gilbert G track; lane 2: conjugate 1; lane 3: conjugate 2;
lane 4: N4–chlorambucil–spermidine conjugate (no linker); lane 5:
conjugate 3; lane 6: N4–chlorambucil–norspermidine linked conjugate; lane
7: N4–chlorambucil–homospermidine linked conjugate; lane 8:
N1–chlorambucil–spermidine linked conjugate; lane 9: conjugate 4
[0.1 mm; phosphorimager gel scan shown in (c)]; lane 10: DNA treated
with chlorambucil [200 mm Phosphorimager gel scan shown in (b)].
DNA sequence: 5A-CGCGAGTACTCGGGCTTCACCGCTCGGGCTAG-
AAGGGGTAGCCACTACAGCCGCTATATCCGCGGTCGTTGGCGT-
GGACACCGC).
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alkylated at N7 of the guanine bases. These cleavage products
could be distinguished by denaturing PAGE (Fig. 1).15 For
chlorambucil the intensities of individual bands vary depending
on the neighbouring sequence, confirming that guanine alkyla-
tion shows significant sequence selectivity, as reported pre-
viously11 for a number of aromatic nitrogen mustards. More
interestingly, all of the polyamine–chlorambucil conjugates
show identical alkylation ‘finger-prints’, over a range of
concentrations and molar ratios, but comparable levels of
alkylation being observed with chlorambucil at 0.2 mM and
conjugate 4 at 0.1 µM. Thus the presence of the polyamine
moiety significantly enhances the alkylation by factors in the
range 103 to 104 but does not alter the selectivity. 

We have reported that chlorambucil and conjugate 1
hydrolyse and react with simple nucleophiles at the same rate
and by the same mechanism.16 The enhanced reactivity of the
conjugates with DNA compared to chlorambucil is therefore a
result of the polyamine–DNA interaction and in free energy
terms this corresponds to about 23 kJ mol21 (calculated for a
104-fold increased reactivity). The degree of enhanced re-
activity, as with the observations on cross-linking efficacy,
depends on the number of positive charges. The selectivity
between different individual guanine bases is typically a factor
of 2–3, which corresponds to an energy difference of 2–3 kJ
mol21. The close similarity between the gel scans shown in Fig.
1, despite significant changes to the structure of the polyamine
conjugate, must mean that the presence of the polyammonium
moiety in the conjugate is able to enhance the reactivity at all of
the guanine sites and to the same extent. A corollary to this is
that although the polyammonium moiety has a high affinity for
the DNA, it is not interacting at discrete sites and that there must
therefore be significant mobility in the complex. This is
consistent with a non-sequence selective, largely electrostatic
interaction, and incompatible with sequence-specific H-bonded
interactions. The similarities between the alkylation profiles is
striking; however, close inspection of Fig. 1 does reveal a
greater extent of alkylation by the polyammonium conjugate at
a single site in the sequence GTCGTTGG*CGTGGA [arrow in

Fig. 1(c)]. This enhanced alkylation is reproducible but its
structural basis is not evident.

Preliminary molecular modelling studies were performed to
probe the nature of the interactions between DNA and these
conjugates.17 We have explored the covalent and non-covalent
interactions of the spermine–chlorambucil conjugate by using
B-DNA as the target and forming the first covalent link to N7 of
the more reactive guanine residue. Using this constrained
adduct we have sought to probe three aspects: (i) whether the
polyammonium moiety can make reasonable electrostatic
interactions in such an adduct; (ii) whether the interactions are
sensitive to the conjugate structure; and (iii) whether the cross-
linking step involves much distortion of the conjugate or DNA
structure. It is clear from the structure shown in Fig. 2 that in the
adduct the polyammonium moiety can adopt a conformation
that places the positive charges in good juxtaposition to the
phosphate anions of the backbone. It is also clear that several
alternative orientations of the polyammonium moiety are
possible and of very similar energy. Similar interactions are
possible for all of the conjugates 1–4 despite the structural
differences, e.g. branched vs. non-branched. There is a trend in
the strength of the interaction which increases with the number
of positive charges. However, the differences in these values are
close to the errors in the calculations and therefore should not be
over-interpreted. It is very clear from the modelling that the
formation of the cross-link requires appreciable distortion of the
conjugate–DNA structure, and that this can be achieved whilst
maintaining the interaction between the polyammonium moiety
and the DNA. Thus the computational modelling is fully
consistent with the conclusions drawn from the experiments.
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Fig. 2 Schematic representation of one of the molecular models for the
B-DNA duplex d(CTATATTGGGCGGGATTAA)/d(TTAATCCCGCC-
CAATATAG) monoalkylated by conjugate 4, showing a low energy
conformation in which the polyamine interacts with the phosphates 5A to the
alkylation site
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Valence delocalisation in a strongly coupled (Kc = 1014) molecule-bridged
cyanodiiron(iii,ii) species

Michael Ketterle,a Jan Fiedlerb and Wolfgang Kaim*a†
a Institut für Anorganische Chemie, Universität Stuttgart, Pfaffenwaldring 55, D-70550 Stuttgart, Germany
b J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, Dolejŝkova 3, 18223 Prague, Czech
Republic

A hybrid between the Prussian Blue and Creutz–Taube
mixed valent species is presented in the form of the bmtz-
bridged bis[tetracyanoiron(+2.5)] complex 132 [bmtz = 3,6-
bis(2-pyrimidyl)-1,2,4,5-tetrazine] which exhibits a very
large comproportionation constant of 1014 and a delocalised
structure, according to UV–VIS–NIR–IR spectroelectro-
chemistry in acetonitrile solution.

Mixed-valent compounds with electron transfer sites of similar
or identical composition have become the focus of research for
a number of reasons.1–3 These include their function in
biochemical systems,1a their model character for inner-sphere
electron transfer,1b,c their special spectroscopic or other phys-
ical properties,1d their potential in ‘molecular electronics’1e and
their role as test systems for theory.1d,f Among the best known
such mixed-valent coordination compounds are the cyano-
ferrate(iii,ii) species2 Prussian Blue FeIII

4[FeII(CN)6]3 and the
molecule-bridged dinuclear Creutz–Taube ion [(H3N)5Ru(m-
pz)Ru(NH3)5]5+ (pz = pyrazine) with delocalised valencies of
+2.5 for the equivalent metal centres.1b,c,3 Although molecule-
bridged diiron(iii,ii) species have been reported with various
comproportionation constants Kc,4 cyanoiron compounds like
[(NC)5Fe(m-pz)Fe(CN)5]52 or [(NC)4Fe(m,h4-bpym)-
Fe(CN)4]32, bpym = 2,2A-bipyrimidine, showed only small
values Kc < 103 in aqueous media and thus weak metal–metal
interaction.5

Kc = 10DE/59 mV = [M(n2 1)]2/[Mn][M(n2 2)] (1)
Mn + M(n2 2)" 2 M(n2 1)

In the course of exploring the potentially tetrafunctional
ligand bmtz [3,6-bis(2-pyrimidyl)-1,2,4,5-tetrazine]6 we dis-
covered that the ligand can serve as an efficient bridge for
promoting metal–metal interactions. The diruthenium com-
pound [(bpy)2Ru(m,h4-bmtz)Ru(bpy)2]5+ 6 and the related
[(H3N)4Ru(m,h4-bptz)Ru(NH3)4]5+ 7 showed unusually large Kc
values of > 1010 and 1015.0, respectively. Reacting bmtz with
FeCl2 and [NEt4]CN‡,§ we have now found that the resulting
redox system [(NC)4Fe(m,h4-bmtz)Fe(CN)4]n2 1n2 exhibits a
diiron(iii,ii) state (n = 3) with an enormous stability constant Kc
and delocalised vacancies.

In MeCN–0.1 m [NBu4]PF6 the redox system 1n2 exhibits
four reversible one-electron waves between the n = 6 and n = 2
oxidation states at 21.92, 21.41, 20.32 and +0.52 V vs. Fc–
Fc+. The paramagnetic intermediate states with n = 3 (Kc
= 1014.1) and n = 5 (Kc = 108.7) could be characterised by EPR

after in situ electrolytic generation from the diiron(ii) precursor
(n = 4).8 Whereas the reduced form clearly shows a ligand-
centered radical species at g = 1.998,6–9 the oxidation produces
an EPR signal with g components at 2.57, 2.44 and 1.78 in
frozen acetonitrile solution. This result points to a metal-based
oxidation process, implying the formation of a mixed-valent
species.1a,4 The corresponding data for the Creutz–Taube ion
showed a similar splitting of g components at 2.799, 2.489 and
1.346,10 the larger g anisotropy resulting from higher spin–orbit
coupling effects from the heavier element (Ru vs. Fe).

Electronic absorption spectra of the n = 3, 4, 5 forms were
obtained by spectroelectrochemistry in MeCN–0.1 m
[NBu4]PF6, the isolated n = 4‡ and 3§ forms could also be
studied separately. The intense (e = 19 840 dm3 mol21 cm21)
metal-to-ligand charge transfer (MLCT) band at 831 nm of the
diiron(ii) form is shifted to higher energy, both on reduction and
oxidation (Fig. 1). Oxidation to the mixed-valent state produces
an asymmetrical intervalence charge transfer (IVCT) transition
at 2245 nm. While the corresponding energy of 4450 cm21

suggests weaker metal–metal interaction than in the Creutz–
Taube ion,3 the low intensity at e = 750 dm3 mol21 cm21

reflects the bis-chelate nature of the system with a chelate-
enforced orientation unfavourable for orbital overlap. It was
shown previously7,11 that the IVCT features in dinuclear
complexes with related bis(bidentate) bridging ligands exhibit
very low-intensity IVCT bands in spite of large compro-
portionation constants Kc.

The question of localisation or delocalisation in mixed-valent
complexes in solution may be most elegantly answered by
vibrational spectroscopy.12,13 On the corresponding time scale
of about 10212 s the appearance of averaged bands in relation to
the neighbouring oxidation states suggests delocalisation
whereas the appearance of separate or broadened features
indicates localisation. The redox system 1n2was thus studied in
the cyanide stretching region for n = 3, 4 and 5 (Fig. 2). The
direction of shifts of the typically single band (very close A1, B1
and B2 features) corresponds to charge alteration,11–13 however,
the oxidation to a metal-based mixed-valent species and the

Fig. 1 UV–VIS–NIR spectroelectrochemical response of the 142 ion (831
and 489 nm) on one-electron oxidation (2245, 613 and 354 nm) in MeCN–
0.1 m [NBu4]PF6
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reduction to a ligand-centered radical complex produce rather
similar amounts of high- and low-energy shifts, respectively. As
noted previously,11 such band energy differences are thus not
suitable to unambiguously clarify the site of electron addition or
removal. However, the appearance of only one albeit intensity-
diminished CN stretching band at an intermediate value after
one-electron oxidation clearly confirms the delocalised nature
of the mixed-valent Fe2

2,5 species 132 in agreement with the
very large Kc value and the relatively narrow IVCT band (Dn1

2

= 1200 cm21). Further studies of this and related systems will
also focus on the solid state properties of such materials.

We thank Deutsche Forschungsgemeinschaft and Volk-
swagen Foundation for support.
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Fig. 2 IR-spectroelectrochemical response of the 142 ion (nCN = 2085
cm21) on one-electron reduction (a) (2064 cm21) and oxidation (b) (2116
cm21) in MeCN–0.1 m [NBu4]PF6
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Effects of metal ion complexation on the spiropyran–merocyanine
interconversion: development of a thermally stable photo-switch
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Spectrophotometric absorption and fluorescence measure-
ments of spiropyrans 2 and 3 modified with chelating
functionalities, in the presence of Ca2+ and Zn2+, provide
evidence of a thermally stable spiropyran–merocyanine
photoswitch that is modulated by the metal cations.

The potential application of spiropyran–merocyanine equilibria
(SP"MC), e.g. 1a"1b, in molecular devices (sensors,

switches, signal transducers) has led to burgeoning activity
aimed at exploitation of these systems.1 A conceptually
attractive possibility is the modification of the spiropyran
moiety to enable chelation by metal ions and preferentially,
stabilize the open MC form.2 Other approaches to a molecular
switch exploit the photoactive anthracene moiety bound to an
aza crown ether which upon irradiation undergoes photocyclisa-
tion to form a cryptand, with the forward and the thermal
reverse reactions strongly affected by metal cations.3 One can
thus envisage a photosensitive molecular switch with selectivity
for particular metal cations. However, none of the studies
reported to date have provided the necessary requirements4 of a
molecular switch: two thermodynamically stable states, or
bistability, with facile interconversion between the two states.

Following our previous studies of SP"MC systems and
structural/solvent changes thereupon,5 here we report our
results on intramolecular electrostatic bridging in molecules 2
and 3, via addition of a divalent metal ion to stabilize the MC
form from thermal decay. Furthermore, the open MC forms of
these molecules undergo the ring closure back-reaction through
photo-activation at wavelengths appreciably different from the
SP?MC light irradiation. Evidence for a dual wavelength
photoactivation molecular switch is presented.

Spiropyrans 2 and 3 were synthesized by reaction of
2,3,3-trimethylindolenine with b-iodopropionic acid6 and
g-sultone, respectively, followed by condensation with 5-ni-
trosalicaldehyde in the presence of Et3N and were fully
characterized. Studies on the effects of CaCl2 and ZnCl2 on the
SP"MC process for 2, 3 and 1a as a control were conducted in
acetone. Following the injection of 1, 2, 5 and 10 equiv. of the
dry metal halide salt in acetone into the cuvette containing an
acetone solution of the SP (13 1025 M), the cuvette was

irradiated with a 15 W UV lamp (l = 254 nm) for 1 min; the
MC?SP reaction was monitored spectrophotometrically, scan-
ning at 1 min intervals over a period of 30 min at 25 °C.

A control experiment on the decay of the MC form (lmax =
572 nm) of 1 showed a first-order process, kobs = 7.303 1023

s21 [Fig. 1(a)], and addition of CaCl2 had no effect on the rate
or on the nature of the spectra. However, addition of ZnCl2
resulted in the appearance of two distinct photo-reversible
species: one corresponding to the free MC (lmax = 566nm) and
the other to a MC–Zn2+ complex (lmax = 502 nm). Spectra
[Fig. 1(b)] generated in the presence of 10:1 ratio of ZnCl2:1
showed that the amount of the MC–Zn2+ complex depended on
the ZnCl2:SP ratio. Furthermore, there was a significant
decrease in the rate constant for MC decay, from kobs = 7.33
1023 s21 when [Zn2+] = 0 to kobs = 3.33 1023 s21 when
ZnCl2:1 = 10:1. A similar hypsochromic shift was observed
upon addition of ZnCl2 or CaCl2 to sodium p-nitrophenoxide in
acetone, with lmax shifting from 428 nm when [M2+] = 0, to
310 nm upon addition of 1 equiv. of MCl2. Addition of either

Fig. 1(a) Spectra illustrating the first order thermal reversion of the MC
form 1b at 25 °C in acetone (scanning at 1 min intervals). (b) Thermal
reversion of the free and complexed forms of 1b (MC and MC–Zn2+) in the
presence of ZnCl2:1 = 10:1.
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metal salt to p-nitrophenol had no effect on the absorption
spectra, which points to complexation of M2+ to the phenoxide
moiety in the case of 1b as the cause of the spectral changes.

For 2 in the absence of metal ion, the first-order decay of the
MC form (lmax = 572 nm) occurred with kobs = 20.03 1023

s21 . Addition of Zn2+ generated a new photo-reversible peak
(lmax = 502 nm) with peak intensity and kobs both being
dependent on added [ZnCl2]: kobs = 9.703 1023 s21 for a 5:1
ratio of ZnCl2:2. Addition of Ca2+ similarly generated a new
photo-reversible peak at lmax = 520 nm, the intensity and kobs
being dependent on added Ca2+ [Fig. 2(a),(b)]: kobs = 9.03 3
1023 s21 for CaCl2:2 = 5:1, i.e. half the initial value.

The above results show that introduction of a chelating
moiety onto the SP indoline ring results in an electrostatic
bridge being formed that inhibits the thermal reversion of the
MC form to the SP. In contrast to the lack of effect of Ca2+ on
ring closure with control SP 1, Ca2+ had a significant effect on
the ring-closure of 2. In addition, the contrasting kobs values and
lmax for MC–Ca2+ and MC–Zn2+ complexes of 2 and the free
MC forms demonstrate that stabilization of the MC form to
thermal reversion through complexation is metal-dependent.

Similar experiments with 3 showed totally different behav-
iour. With a 1:1 ratio of Ca2+ and Zn2+, complete stabilization
of the MC form towards thermal decay was observed [Fig.
3(a)], no free MC being detected. The photo-stable form was
found to persist for at least three days in the dark but exposure
to visible light resulted in rapid decay of the spectrum of the
complex.

Fluorescence measurements provided further information on
the roles of Ca2+ and Zn2+ complexation with the MC form of
2 and 3. As shown in Fig. 3(b), the fluorescence intensity
increased on increasing the metal halide concentration. More-
over, Fig. 3(b) illustrates the overlapped emission spectra using
excitation wavelengths of 520 nm for the MC–Ca2+ complex
(for the MC–Zn2+ complex, loxc = 502 nm). These observa-
tions reveal two main features which inherently facilitate
application of these MC–M2+ complexes to optical data storage.
The first is that fluorescence of the complexed forms is more
intense compared to the free MC form, which fluoresces only
weakly at these wavelengths. Secondly, the fact that fluores-
cence occurs at 587 nm for both Ca2+ and Zn2+ complexed
forms, and that the absorption and fluorescence envelopes do
not overlap, eliminates the possibility of ‘cross-talk’ and points
to the suitability of fluorescence as the method of choice for
‘reading’ data that has been ‘written’ into these systems.

In order to investigate the light-induced reversion of the
metal-complexed MC form to SP, a solution of 3–Ca2+ was

irradiated continuously with a 520 nm light source. The
measured fluorescence intensity decreased gradually over a 30
min period, signifying reversion to the closed SP form. Since
the above UV–VIS measurements have shown that the MC
form of 3 does not decay over a three day period, this reversion
of the complexed MC to the SP form must be a photo-induced
process. Clearly, the reversion would be more efficient upon
irradiation at shorter wavelengths. Hence switching between the
colorless SP and the colored MC–M2+ forms can be modulated
via irradiation at two wavelengths: SP?MC–M2+, 254 nm;
MC–M2+?SP, 520 nm (or lower l).

The results of this work have shown that the MC form of 3
has been stabilized towards thermal reversion, a key require-
ment of optical data storage systems.4 Importantly, this system
exhibits bistability at room temperature and is photo-switchable
with two different light energies.

In conclusion, this report documents the first thermally stable
SP–MC photo-switch via intramolecular bidentate metal ion
chelation. Further investigations are ongoing into the effects of
alkyl chain length and metal ion complexation ability in
stabilizing the MC form. Optimization, via molecular modeling,
enforcing ligand conformation and varying the heteroatom
substitution and the nature of the metal, may lead to a
prototypical device based on these systems.
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Fig. 2 Illustration of the thermal reversion of the MC and MC–Ca2+ forms
of 2 in the presence of (a) 1 and (b) 10 equiv. CaCl2

Fig. 3 (a) Overlay spectra illustrating the stabilization of the MC–Ca2+ form
of 3 to thermal reversion in the presence of CaCl2:3 = 1:1. (b) Emission
spectra (lex = 520 nm) of the MC–Ca2+ form of 2 with increasing Ca2+:SP
ratios of (i) 1:1, (ii) 2:1, (iii) 5:1 and (iv) 10:1 compared to (v) MC.
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Reaction in supercritical CO2; an intercalation of 4-phenylazoaniline between
layers of montmorillonite pillared with tetramethylammonium ions

Ryo Ishii,*† Hideo Wada and Kenta Ooi

Shikoku National Industrial Research Institute, 2217-14 Hayashi-cho, Takamatsu-shi, Kagawa, 761-0395, Japan 

The intercalation reaction of 4-phenylazoaniline into mont-
morillonite pillared with tetramethylammonium ions has
been performed successfully in supercritical CO2 (SCC) at T
= 313 K (P = 15 MPa), demonstrating that SCC is a better
medium than organic solutions for intercalating large
amounts of guest molecules into a host compound without
the contamination of solvent.

The host–guest chemistry of intercalation systems have at-
tracted attention for synthesis strategies for nanostructured
functional materials.1 These syntheses are usually achieved by
promoting the intercalation reaction in the liquid phase.
However, the solvent molecules inevitably participate in
diffusion and adsorption of solutes in the reaction. A super-
critical fluid (SCF) has several advantages for such an
adsorption reaction with porous materials. First, solute transfer
through the solid–SCF interface is smooth because of the low
surface tension of SCF as well as its low viscosity. Second, the
adsorption amount can be varied by controlling the dissolving
power for the solute via the temperature and the pressure of the
SCF. Third, the competitive adsorption of the solvent on the
porous material is rare because of the weaker interactions
between the solid surface and solvent molecules in a super-
critical state than in the interaction in the liquid state. For
material processing, these advantages lead us to anticipate the
development of composite materials containing a large amount
of functional adsorbate in the pores, but little contaminant by
solvent molecules. Here we present a new intercalation
technique using supercritical CO2 (SCC) as the reaction
medium. 4-Phenylazoaniline (PAA) was used as the inter-
calating molecule and montmorillonite (Mnt) pillared with
tetramethyl ammonium (TMA) ions as the layered host (TMA-
Mnt). This composite material is of interest as a candidate for
photo-functional molecular devices.2

Gray colored TMA-Mnt was synthesized via the ion
exchange method reported by J.-F. Lee et. al.3 using tetra-
methylammonium chloride (Tokyo Kasei Co., purity : > 98%)
and montmorillonite (Kunimine Industries Co., cation exchange
capacity: 119 mequiv per 100 g). Chemical analysis of the
nitrogen and carbon in TMA-Mnt indicated that 80 ± 3% of Na+

ions were replaced by TMA ions. XRD analysis showed a
layered structure for TMA-Mnt with basal spacing of 1.387 nm.
The N2 adsorption at 77.4 K indicated the presence of slit-
shaped pores with a BET surface area of 180 m2 g21 and a pore
volume of 0.068 cm3 g21.

The intercalation of PAA into TMA-Mnt was performed
using a critical point dryer (HCP-2, Hitachi Koki Co.). After
batches of TMA-Mnt (400 mg) and PAA (100 mg) were placed
separately in the high pressure cell of the apparatus, CO2 gas
was supplied and then liquefied in the cell at 263 K. The liquid
CO2 was gradually heated to 313 K (pressure: 15.0 ± 0.5 MPa),
at which point the CO2 (Tc = 304.21 K, Pc = 7.13 MPa) was
in a supercritical state. Separate batches were maintained in this
state for 1, 6, 12, 24, 48 and 72 h, respectively. The cell
temperature was then cooled to 293 K and the CO2 liquid
vented. The samples after SCC treatment were washed once
with 50 cm3 n-hexane to remove the residual PAA from the
surface. Total nitrogen (TN) and total carbon (TC) contents of

the SCC treated samples were determined by GC with a
SUMIGRAPH GCT-12N (Sumika Bunseki Center Co.). The
PAA uptake by TMA-Mnt in each sample was evaluated from
the TN value by subtracting that due to TMA ions. The
solubility of PAA in the SCC phase was roughly determined
from the weight loss of PAA solid by SCC treatment in the
absence of TMA-Mnt. The solubility was estimated as 0.3 mg
cm23, considered reasonable since Hildebrand’s solubility
parameter of SCC at T = 313 K and P = 15 MPa is similar to
that of n-hexane, which shows saturated solubility of 1.8
mg cm23.4

Yellowish samples were obtained by the SCF treatment. The
PAA contents estimated from the TN values are listed in Table
1. The CO2 residue was found to be negligible since the ratios
of TN uptake to TC uptake were between 0.20 and 0.25; these
are close to the TN to TC ratio (0.25) of PAA molecules. The
PAA content increases rapidly during the first 24 h of treatment
and is then almost constant from 24 to 72 h. The adsorption rate
is relatively slow compared to the conventional dissolution rate
of solute in SCF media.5 The relatively slow rate may be caused
by the slow diffusion of PAA molecules through the internal
pores of TMA-Mnt. Since the pore size is near the lower limit
for PAA diffusion, the intraparticle diffusion of PAA molecules
may be the rate determining step in the present case, rather than
the PAA transfer through the SCC–solid interface. The N2
adsorption isotherms are analyzed with Vl vs. t plots, using the
t values of Lecloux and Pirard6 and C constants determined by
BET plots, as shown in Fig.1. The Vl vs. t plot for the untreated
TMA-Mnt shows a downward deviation from the straight line at
t > 0.4 nm, indicating the presence of micropores around 0.4
nm in width. The downward deviation is not observed for the
samples treated with SCC for 6 h or more. This demonstrates
that the micropores disappear with the increase in the PAA
uptake. The BET surface area, micropore volume, and the basal
spacing determined by XRD analysis are given for the SCC-
treated samples in Table 1. The specific surface area and the
micropore volume decrease significantly with the PAA content.

Fig. 1 Vl vs. t plots of TMA-Mnt and PAA-TMA-Mnt composites: (2)
untreated TMA-Mnt, and SCC treatment for (5) 1, (.) 6, (8) 12, (:) 24,
(/) 48 and (+) 72 h
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In addition, the basal spacing, which corresponds to the
interlayer distance of the PAA-TMA-Mnt composite, increases
slightly with an increase in the adsorbed amount. These results
clearly indicate that most of the PAA molecules are intercalated
in the interlayer of TMA-Mnt. The equilibrium PAA uptake is
evaluated as 75 mg g21 (0.38 mmol g21) from the time courses
of PAA adsorption in Table 1. The intercalation capacity is
calculated as 124 mg g21 from the micropore volume of TMA-
Mnt and the geometric volume of a PAA molecule (1.2 3 0.5 3
0.3 nm). The PAA uptake reached 60% of the intercalation
capacity, indicating that SCC is an efficient intercalation
medium as compared with PAA uptakes in the solution stated
below.

Liquid-phase intercalation reactions at 313 K for 48 h with
acetone and n-hexane were investigated for comparison with the
reaction in SCC phase. We confirmed that the liquid-phase
reactions attain equilibrium after treatment for 48 h. The
adsorption isotherms of PAA in the organic solutions are given
in Fig. 2 together with the PAA uptake in the SCC system. The
PAA adsorptivity is much higher in the SCC phase than those in
the organic systems at the same PAA concentration. The PAA
uptake (31 mg g21) in n-hexane solution is less than half that
(80 mg g21) in the SCC phase at a PAA concentration of 0.3 mg
cm23. The PAA uptake is estimated to be negligible in acetone
solution at the same PAA concentration. The difference in PAA
adsorptivity can be explained by considering two factors; the
dissolving power of the solvent for the solute and the influence
of competitive adsorption of solvent on the intercalation site.
The lower dissolving power of SCC makes the PAA molecules
unstable in the fluid phase, driving the migration of solutes from
the fluid to the TMA-Mnt phase. Also, competitive adsorption
may not occur in the SCC system, since the kinetic energy of
CO2 molecules is higher than the interaction energy between
CO2 and the pore wall.7 On the other hand, TMA-Mnt shows
high adsorptivity (more than 50 mg g21) for hydrocarbon and
organic solvents at 323 K.8 The competitive adsorption of
solvent molecules causes a decrease of PAA uptake, depending
on PAA concentration. These two factors are likely to be

responsible for the higher PAA adsorptivity in the SCC
system.

In conclusion, we have successfully intercalated PAA into
TMA-Mnt using SCC as a medium. The resultant PAA-TMA-
Mnt composite has relatively large amounts of PAA without
CO2 contamination. This demonstrates that SCC is a highly
suitable medium for the intercalation reaction. The SCF
technique can be expected to find application as a unique
method for the synthesis of the nanostructural functional
materials.

The authors are grateful for invaluable discussions and
suggestions from Dr E. Kanezaki at the University of Tokush-
ima. We also thank Kunimine Co. Ltd., for supplying Mnt
samples.
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Table 1 PAA content, basal spacing, BET surface area and micropore
volume of PAA-TMA-Mnt composites produced with SCC as a medium

Reaction
time/h

PAA content/
mg g21

Basal spacing/
nm

BET surface
area/m2 g21

Pore volume/
cm3 g21

0 0 1.38(7) 180 0.068
1 8.6 1.39(6) 60 0.018
6 29 1.40(7) 22 n.d.a

12 38 1.41(3) 5 n.d.
24 70 1.43(6) 7 n.d.
48 75 1.43(9) 6 n.d.
72 80 1.43(9) 4 n.d.

a n.d. = Values not determined.

Fig. 2 PAA uptakes into TMA-Mnt in (5) n-hexane, (-) acetone and (:)
SCC
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Solid state coordination chemistry of the copper cyanide–organoamine system:
hydrothermal syntheses and structural characterization of
[{Cu2(bpy)2(CN)}Cu5(CN)6] and [Cu4(CN)4(biquin)]

Douglas J. Chesnut and Jon Zubieta*†

Department of Chemistry, Syracuse University, Syracuse, NY 13244, USA

The hydrothermal reactions of CuCN and Cu(NO3)2·2.5H2O
with the appropriate organonitrogen ligand in water yielded
a one-dimensional chain, [Cu4(CN)4(biquin)] 1, and a
material with a two-dimensional anionic honeycomb net-
work and interpenetrating binuclear cations, [{Cu2-
(bpy)2(CN)}Cu5(CN)6] 2.

The contemporary interest in solid state inorganic materials
reflects their properties, which endow these materials with
applications ranging from heavy construction to microcircui-
try.1 A powerful synthetic approach for the manipulation of the
microstructures of solid state inorganic materials exploits the
incorporation of organic components, which contribute to the
increased complexity as one constituent in a hierarchical
structure exhibiting a synergistic interaction between the
organic and inorganic substructures.2,3 Organic materials have
been demonstrated to play an important role in five subclasses
of the oxide family of materials: zeolites,4 mesoporous oxides
of the MCM-41 type,5 biomineralized materials,6 microporous
octahedral–tetrahedral framework transition metal phosphates7

and organically templated molybdenum oxides.8 We have
recently extended this concept of templating anionic inorganic
networks with organic constituents to the copper halide system,
as represented by [{Cu(en)2}2Cu7Cl11].9 The rich supramo-
lecular chemistry of the metal derivatives of the pseudohalide
cyanide10 encouraged us to expand our investigations to the
copper–cyanide–organoamine family of materials, exploiting
the bridging cyano ligand as a rigid tether in the propagation of
CuI geometry in solid state materials. These studies have
resulted in a variety of one- and two-dimensional materials of
which [Cu4(CN)4(biquin)] 1 and [{Cu2(bpy)2(CN)}Cu5(CN)6]
2 are representative (biquin = 2,2A-biquinoline; bpy =
2,2A-bipyridine).

Compound 1 was prepared as yellow–orange crystals in ca.
15–25% yield from the reaction of CuCN, Cu(NO3)2·2.5H2O,
2,2A-biquinoline and H2O in the mole ratio 4.2 : 0.99 : 1.0 : 280 at
170 °C for 86.5 h. Compound 2 was prepared as light orange
crystals in ca. 35% yield in a similar fashion from the reaction
of CuCN, Cu(NO3)2·2.5H2O, 2,2A-bipyridine and water in the
mole ratio 6.3 : 1.0 : 1.0 : 290. Compound 1 cocrystallized with a
red phase, identified as [Cu2(CN)2(biquin)], while compound 2
cocrystallized with bright red crystals of [Cu(CN)(bpy)].11

Curiously, the preparation of 1 and 2 in crystalline form and
reasonable yields requires the presence of a CuII precursor. We
have noted previously12 that organoamines function as reducing
agents in hydrothermal reactions, perhaps serving to generate a
repository of reduced metal species for further aggregation.
Optimization of yields may be accomplished by employing an
excess of organonitrogen ligand to CuII precursor.

As shown in Fig. 1, the structure of 1‡ exhibits a backbone
constructed from a zigzag chain of two-coordinate {Cu(CN)2}
sites and three-coordinate {Cu(CN)3} sites, with {Cu2(CN)(bi-
quin)} groups projecting from the chain. The Cu–CN backbone
and its attendant side chains are nearly planar with the best plane
parallel to the 101 crystallographic plane.

While Cu–CN chain structures have been reported,13 the
greater structural complexity of 1 derives from the presence of
the biquinoline ligand, which may serve to passivate the copper
chain with respect to extension in two or three dimensions.

The structure of 2† consists of sheets of fused 36-membered
puckered honeycomb rings interpenetrated by [(bipyCu)2CN]+

cations, shown in Fig. 2. The rings are composed of two nearly
linear {Cu(CN)2} sites, four ‘bent’ {Cu(CN)2} moieties and six
{Cu(CN)3} distorted trigonal planar sites which serve as
junctions between adjacent rings. As illustrated by the view of
Fig. 3, each ring is interpenetrated by two space-filling and
charge compensating [Cu2(bpy)2(CN)]+ cations at an oblique
angle to the {Cu(CN)Cu} axis of the cation with respect to the
face of the ring. The honeycomb layers are offset along the
stacking axis b, so as to generate channels of approximate
dimensions 5.4 3 9.0 Å occupied by the cations (Fig. 4). Each
cation interpenetrates rings from two adjacent layers, which are
separated by 3.5 Å. While two-dimensional Cu–CN networks
have been observed for [Cu3(en)2(CN)4]·6H2O14 and
K[Cu2(CN)3]·H2O,15 the layers are constructed from sig-
nificantly smaller 15 and 18 membered rings.

The structures of 1 and 2 demonstrate the power of
hydrothermal synthesis in the preparation of organic–inorganic
composite materials. Not only are differential solubility prob-
lems avoided, reducing the tendency to phase segregate, but
structurally more complex metastable phases are favored.16 The
structural complexity, in general, reflects the versatility of the
organonitrogen component which may function as counterion,

Fig. 1 A view of the structure of 1. Selected bond lengths (Å) and angles (°):
Cu1–N1 2.03(1), Cu1–N2 2.01(1), Cu1–N(C)19 1.84(2), Cu2–N(C)20
1.84(1), Cu2–N(C)21 1.85(2), Cu3–N(C)22 1.93(1), Cu3–N(C)23 1.91(2),
Cu3–N(C)24 1.86(2), Cu4–N(C)25 1.84(2), Cu4–N(C)26 1.84(2),
N1–Cu1–N2 81.3(5), N1–Cu1–N(C)19 130.6(7), N(2)–Cu1–N(C)19
147.5(7), N(C)20–Cu2–N(C)21 174.0(6), N(C)22–Cu3–N(C)24 118.4(6),
N(C)22–Cu3–N(C)23 113.7(6), N(C)23–Cu3–N(C)24 128.0(6), N(C)25–
Cu4–N(C)26 175.1(6).
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ligand to the copper cyanide backbone or ligand in a
coordination complex anion. In its role as ligand, the biquino-
line in 1 serves to passivate the copper so as to prevent extension
of the structure in more than one dimension. The increased
hydrophobicity of biquinoline relative to bipyridine may result
in the larger nonpolar domains localized in the interstrand
regions. The role of the organic ligand as a component of a
coordination complex cation, a recurring theme in metal oxide–
organoamine chemistry,17 appears to extend to the metal–halide
and metal–psuedohalide phases. The large ring sizes of the
copper cyanide networks of 2 are required to accommodate the
large binuclear cations, suggesting that cation size in such
structures may be a determinant not of interlamellar spacing but
of ring topology and channel dimensions. We are investigating
the roles of coordination complex cations of various sizes and
shapes in defining the structures of metal halide and metal
pseudohalide phases.

This work was supported by NSF Grant CHE9617232.
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Fig. 2 A view of the honeycomb anionic network of 2 and of the location of
the [Cu2(bipy)2CN]+ cations. Selected bond lengths (Å) and angles (°):
Cu1–N1 2.026(6), Cu1–N2 2.054(7), Cu1–N(C)11 1.846(7), Cu2–N(C)12
1.865(9), Cu3–N(C)13 1.994(8), Cu3–N(C)14 1.907(9), Cu(3)–N(C)15
1.924(8), Cu4–N(C)16 1.863(9), Cu4–N(C)17 1.843(7), N1–Cu1–N2
81.1(3), N1–Cu1–N(C)11 139.8(3), N2–Cu1–N(C)11 136.5(3), N(C)12–
Cu2–N(C)12A 180.000(2), N(C)13–Cu3–N(C)14 116.6(3), N(C)13–Cu3–
N(C)15 111.4(3), N(C)14–Cu3–N(C)15 130.1(4), N(C)16–Cu4–N(C)17
161.6(4).

Fig. 3 A view of the interpenetration of a {Cu12(CN)12} ring by two
[Cu2(bipy)2(CN)]1+ cations

Fig. 4 A view down the crystallographic b-axis of the channels formed by
offsetting of honeycomb layers in 2
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Hydrothermal synthesis and structure of a three-dimensional open-framework
cobalt molybdenum(vi) phosphate containing ethylenediammonium ions:
(C2H9N2)6[Co3Mo4P4O28]

Jian J. Lu, Yan Xu,*† Ngoh K. Goh and Lian S. Chia

Division of Chemistry, School of Science, Nanyang Technological University Singapore 259756, Republic of Singapore

The first microporous cobalt molybdenum(vi) phosphate,
crystallised under hydrothermal conditions, is constructed
from unique CoMo2P tetrahedral units connected by CoO4
tetrahedra and by sharing corners; the framework contains
interlocking cavity units and unusual 7-ring intersecting
channels that are filled with charge-compensating ethylene-
diammonium ions.

While the synthesis and characterisation of three-dimensional
framework aluminosilicate zeolites1 and aluminophosphate
materials2 has been an actively pursued area of materials
chemistry, only in recent years have other open-framework
inorganic materials started to emerge. The driving force behind
the effort is to engineer open-framework materials with desired
chemical and catalytic reactivities. One of the strategies adopted
is to incorporate d-block elements into these materials as
stoichiometric framework constituents through the combined
effects of hydrothermal synthesis and amine templates. Practic-
ing this strategy results in the successful synthesis of open-
framework reduced molybdenum phosphates,3 mixed valent
molybdenotungsten phosphates,4 vanadium phosphates,5 cobalt
phosphates,6 vanadium oxides,7 non-oxide solids8 and a number
of layered molybdenum(vi) solids.9 However, three-dimen-
sional open-framework molybdenum(vi) solids remain largely
unexplored except for a hexagonal molybdenum trioxide
phase.10

In the course of our investigation on the synthesis of
molybdenum(vi) polyoxoanion based solid materials, we have
hydrothermally synthesised a series of novel one- and two-
dimensional organically templated solids.11 Extending this idea,
we explored the incorporation of ‘heteroatoms’ as tetrahedral
tethers and applied the ‘magic’ F2 mineraliser12 to assemble
molybdenum(vi) polyoxoanions forming three-dimensional
open frameworks. Here, we report the synthesis and structural
characterisation of the first open-framework cobalt molybde-
num phosphate with entrenched charge-compensating ethylene-
diammonium ions, (C2H9N2)6[Co3Mo4P4O28] 1.

Compound 1 was prepared from the hydrothermal reaction of
CoCl2·6H2O, MoO3·H2O, H3PO4 (85 mass%), NaF, ethylene-
diamine and H2O in a mole ratio of 1 : 2.2 : 3.3 : 3.1 : 1.2 : 407.
Ethylenediamine was introduced at the last stage into the clear
solution of CoCl2·6H2O, MoO3·H2O, H3PO4, NaF and H2O
resulting in a pinkish slurry. Crystallisation was carried out in a
sealed Teflon-lined stainless-steel autoclave reactor at 160 °C
and autogenous pressure for 3 days. The presence of NaF was
found to be critical for the successful synthesis of 1. The use of
Co(NO3)2·6H2O instead of CoCl2·6H2O resulted in the crystal-
lisation of the same product 1. The chemical analysis in
combination with the single crystal X-ray structure determina-
tion‡ and thermogravimetric analysis confirmed the chemical
formula of C3H13.5N3Co0.75MoPO7 and the absence of F2 ions
from the crystal structure of 1. Simultaneous TG/DT analysis
and in-situ powder XRD studies§ indicated that ethylenedia-
mine can be removed at 360 °C and the structure of 1 remained
intact until ca. 700 °C. By replacing the heteroatom Co2+ with
Al3+ and Zn2+, a few new organic/MoPO hybrid phases

crystallised as identified by both the single and powder X-ray
diffraction methods. One of the organic/MoPO hybrid phases,
(C2N2H10)2[Mo5P2O22]·H2O, crystallised in monoclinic sym-
metry.¶

As shown in Fig. 1, the three-dimensional framework of 1 is
constructed from the unique CoMo2P pseudo-tetrahedral build-
ing units (Fig. 1 inset) which consist of crystallographically
independent one MoO6 octahedron, one PO4 tetrahedron and a
half CoO6 octahedron. The CoMo2P units are linked into a
covalently bonded three-dimensional framework through (i)
direct and (ii) indirect connection modes as shown in Fig. 2(a).
The direct connection mode refers to the connection between
two adjacent CoMo2P units by corner-sharing Mo and Co
atoms. The indirect connection mode refers to the connection of
four 41-screw-axis-related CoMo2P units, each linking to a
common CoO4 tetrahedron via a corner-shared oxygen atom
from PO4 of the respective CoMo2P unit. This gives rise to two
cavity units, A and B, of 1 as shown in Fig. 2(b). The cavity A
is circumscribed by four MoO6, four CoO6, four PO4 and two
CoO4 units and contains four identical 3- and 7-ring windows.
In the cavity B, five MoO6, five PO4, two CoO6 and two CoO4
units are linked up via corner-shared oxygen atoms forming one
8-ring window, three distinct 3-ring windows and three 7-ring
windows of two distinct types (I: Mo2Co3P2 and II: Mo3Co2P2).
The cavities A and B are interlocked by a single 7-ring window
encircled by one CoO4, two PO4, two MoO6 and two CoO6 units
(highlighted). The three-dimensional framework of 1 can also

Fig. 1 A polyhedral view of (C2H9N2)6[Co3Mo4P4O28] 1 showing the
intersecting 7-ring channels. Inset shows the CoMo2P tetrahedral unit.
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be envisioned as being built up in space group I41/a from the
aforementioned interlocking cavity units [A + B] by sharing the
CoMo2P units. Two types of intersecting 7-ring channels are
formed in the so-packed cobalt molybdenum phosphate frame-
work as shown in Fig. 1 and 2(a).

The 7-ring channels of 1 are filled with partially protonated
ethylenediamine molecules. The ethylenediammonium ions
interact with the framework through contacts between the N
atoms of the ethylenediammonium ions and the O atoms of the
framework with N(H)···O 2.82–2.94 Å. One of the two nitrogen
atoms of the ethylenediammonium ion is found to be involved
in the N(H)···O interactions, supporting the assignment of
partial protonation of ethylenediamine molecules. However,
uncertainty is encountered in locating H atoms attached to the N
atoms due to the severe disordering of the ethylenediammonium
ions in the crystal packing of 1.

The asymmetric unit of 1 consists of one MoO6 octahedron,
one PO4 tetrahedron, a half CoO6 octahedron, a quarter CoO4
tetrahedron, and one and a half ethylenediammonium ions. The
coordination geometry of the three framework atoms, Mo, P and
Co, is exclusively defined by unsymmetrically corner-shared
oxo groups. The geometric parameters of the cobalt molybde-
num phosphate framework which are reasonably well deter-
mined (data:parameters ratio ca. 10:1) show that the Mo–O
contacts are in the range 1.767(3)–2.198(3) Å, the P–O contacts
in the range 1.517(4)–1.556(3) Å, the Co(1)–O contact 1.928(4)
Å (tetrahedral Co, TCo) and the Co(2)–O contacts in the range
2.066(3)–2.102(3) Å (octahedral Co, OCo). The P–O and Co–O
(at both TCo and OCo sites) contacts are within the expected
range.6a,13 The molybdenum site exhibits short-to-medium

bond length pattern regardless of the absence of terminal oxo
groups which is not uncommon to molybdenum(vi) oxides
containing unsymmetrical bridging oxo groups.14 This may also
be attributed to the existence of moderate hydrogen bonds
involving some of the O atoms of the MoO6 units.

The cobalt molybdenum phosphate 1 reported here represents
the first successful synthesis and characterisation of covalently
bonded three-dimensional open-framework structure in the
metal molybdenum(vi) phosphate compositional domain. The
enhanced solvating effect of water and mineralising effect of F2
under the hydrothermal autogenous conditions evidently pro-
vide the environment required for the assembly of an open-
framework from molecular precursors. It opens up the possibil-
ity of applying this method for assembling other
three-dimensional metal molybdenum phosphates with poten-
tially interesting or useful properties.

We thank Nanyang Technological University, Singapore, for
financial support (Research grant: RP 23/96XY).
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respectively. Intensity data were collected by q/2q scans on a Siemens P4
X-ray diffractometer with graphite-monochromated Mo-Ka radiation.
Empirical absorption corrections were made from y-scan data using an
applied program at the data reduction stage along with the correction of
Lorentz and polarization factors. The structure was solved by direct
methods and refined using full-matrix least squares on F2 using the
SHELXTL-PLUS package. The final refinement was based on 1384
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Fig. 2 (a) A general view of (C2H9N2)6[Co3Mo4P4O28] 1 showing the two
types of connection modes of the CoMo2P units and two types of 7-ring
windows. (b) A view of interlocked cavities A and B by a single 7-ring
window (with highlighted bonds) showing the 3-, 7- and 8-ring windows.
The atoms shown are: dotted circles for Mo, cross-hatched circles for P,
shaded circles for Co and small circles for O.
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Reaction of S-nitrosothiols with ascorbate: clear evidence of two reactions

Anthony J. Holmes and D. Lyn H. Williams*†

Chemistry Department, University of Durham, South Road, Durham, UK DH1 3LE

Ascorbate reacts with S-nitrosothiols at pH 7.4 via two
pathways, in which ascorbate (at low concentration) acts as
a reducing agent generating CuI, and (at high concentration)
acts as a nucleophile, attacking the nitroso group.

We have shown1 that S-nitrosothiols (RSNO) decompose in
aqueous buffer at pH 7.4 to give nitric oxide and the
corresponding disulfides, in a reaction brought about by CuI

[eqn. (2)], which is generated from CuII by reduction with
thiolate anion [eqn. (1)]. Often there is enough CuII present in

2Cu2+ + 2RS2 = 2Cu+ + RSSR (1)
Cu+ + RSNO = Cu2+ + RS2 + NO (2)
RSH + HNO2 = RSNO + H2O (3)

the water/buffer system to effect reaction, and usually there is
enough thiolate present in equilibrium2 with RSNO [eqn. (3)] to
bring about the reduction. In addition it has been shown3 that
CuII bound in proteins, peptides and amino acids can also be
reduced by thiolate and effect RSNO decomposition, so that it
is not necessary for the CuII to be present as free solvated Cu2+.
It follows that other reducing agents should be capable of the
copper reduction, and it has been shown1 that added ascorbate
does indeed behave in a similar fashion to added
N-acetylpenicillamine in the decomposition of S-nitroso-N-
acetylpenicillamine, but hitherto no detailed mechanistic study
has been carried out.

Recently, however, it has been reported, (i) that ascorbate
will promote NO release from S-nitroso albumin and S-nitroso
glutathione (GSNO) in blood plasma even in the presence of
metal chelating agents,4 and (ii) in a separate study5 using
plasma and fractions of liver and kidney extracts, it is also
claimed that ascorbate promotes the decomposition of GSNO,
again in the absence of copper ions. A further paper in the
biological literature6 found glutathione and nitrite as the
products of the reaction of GSNO with ascorbate. These
findings prompted us to examine further the effect of ascorbate
on RSNO decomposition.

We have examined the decomposition at pH 7.4 of GSNO,
generated in solution from glutathione and nitrous acid, in the
presence of a low concentration of ascorbic acid and with added
Cu2+ (1 3 1024 mol dm23). Fig. 1 shows the resulting
absorbance–time plots measured at 545 nm.‡ Trace (a) shows
the small extent of decomposition ( < 10% in 3 h) which occurs
when no ascorbic acid is present. This probably represents the
spontaneous thermal decomposition. This is in marked contrast
to trace (b) which results from the same experiment with added
ascorbic acid (2 3 1024 mol dm23). Here, reaction goes to
completion by a first order process with a half life of ca. 18 min.

This reaction is dramatically stopped, virtually completely
(over the time scale examined), by the addition, at the start, of
EDTA (1 3 1023 mol dm23), as shown in trace (c). Further,
when the experiment of trace (b) is repeated, and EDTA (1 3
1023 mol dm23) is added after about one half life, then the
reaction is stopped suddenly at this time point, as shown in trace
(d). These experiments show clearly that the GSNO decomposi-
tion under these conditions is a metal ion promoted reaction,
almost certainly a Cu+ catalysed reaction, in which the
ascorbate ion is acting as a reducing agent for Cu2+, in the same
way as thiolate does in the earlier experiments,1 and leading to

disulfide formation. A similar reaction using S-nitrosocysteine
(which is much faster than the reaction of GSNO), with added
Cu2+ (5 3 1026 mol dm23) and ascorbic acid (5 3 1026 mol
dm23), generated 86% NO as detected by a commercial NO
electrode.

However at higher ascorbate concentrations the situation is
somewhat different. For example, when the GSNO experiments
are repeated with ascorbate at a ten-fold higher concentration (2
3 1023 mol dm23), there is a slow first order decomposition,
which is completely unaffected by the addition of EDTA (1 3
1023 mol dm23) after roughly one half life. Furthermore the
reaction seems to be quite general, since the decomposition of
the more reactive S-nitrosopenicillamine occurs readily in the
presence of EDTA, and the rate is clearly dependent on the
[ascorbate], as shown in Fig. 2. When reactions are carried out
under conditions of [ascorbate] > > [RSNO], then we find a
good first order dependence on both reactants, for a number of
RSNO structures. The products of this reaction at higher
[ascorbate] are NO and the thiol. For example, in the reaction of
S-nitrosocysteine with 0.1 mol dm23 ascorbate, the thiol was
detected by the Ellman procedure8 in > 80% yield. This
contrasts markedly with the copper-promoted reaction carried
out at 1 3 1025 mol dm23 ascorbate, where the thiol

Fig. 1 Absorbance–time plots (measured at 545 nm) for the decomposition
of GSNO (2 3 1023 mol dm23) with added Cu2+ (1 3 1024 mol dm23) at
pH 7.4: (a) with no added ascorbic acid, but with added EDTA (1 3 1023

mol dm23); (b) with added ascorbic acid (2 3 1024 mol dm23); (c) as (b)
but with added EDTA (1 3 1023 mol dm23); (d) as (b) but with EDTA (1
3 1023 mol dm23) added after 14 min

Fig. 2 Absorbance–time plots (measured at 340 nm) for the decomposition
of S-nitrosopenicillamine (1 3 1023 mol dm23) in the presence of EDTA (1
3 1023 mol dm23) and (a) 0, (b) 1 3 1024, (c) 1 3 1023 and (d) 1 3 1022

mol dm23 ascorbate
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concentration in the product is < 5%. Similarly we were able to
detect NO in high yield (78%) from the same reaction at high
[ascorbate] (0.01 mol dm23) in the presence of EDTA (1 3
1023 mol dm23) using the NO electrode. Similar results were
obtained for the S-nitrosothiols derived from captopril,
N-acetylpenicillamine, homocysteine and thioglycerol.

This reaction bears a close similarity to that recently reported
for the reaction of ascorbate with an alkyl nitrite.9 That reaction,
also yielding NO, was studied at high pH (10–12), and was
thought to involve initial attack at the nitroso nitrogen atom by
the dianion of ascorbic acid. In our case, it is likely at pH 7.4 that
the reactant is the monoanion of ascorbic acid, given that the
two pKa values of ascorbic acid are 4.3 and 11.8.

Nucleophilic attack at the nitroso nitrogen atom of
S-nitrosothiols (and alkyl nitrites) is well-known for the thiolate
ion [eqn. (4)], as the transnitrosation reaction, and has been

RSNO (or RONO) + RAS2 = RS2 (or RO2) + RASNO (4)

studied mechanistically.10,11 More recently we have found12

that other nucleophiles, such as amines, hydrazine, azide ion,
and sulfite ion, will also act in this way; in each case the
S-nitrosothiol acts as an electrophilic nitrosating species.
N-Nitroso species, particularly N-nitrososulfonamides, have
also been shown to be able to act as electrophilic nitrosating
species towards a large range of nucleophiles.13

It is therefore not surprising that the ascorbate ion can also be
nitrosated in a direct reaction with S-nitrosothiols. Nitrosation
of ascorbic acid by nitrous acid is a well-known reaction which
has been studied mechanistically.14,15 Reaction is thought to
involve O-nitrosation, followed by homolytic cleavage of the
O–NO bond to give NO and a radical or radical ion species,
which yields dehydroascorbic acid as the final product, by
reaction with more nitrous acid. Alternatively, initial attack
could (by analogy with nitrosation of some phenols16) occur at
carbon, as an electrophilic addition to a very reactive alkene,
followed by homolytic fission to give NO.

Whatever the detailed mechanism of NO release in these
reactions with ascorbate, it is clear that there is a reaction
pathway for NO formation from S-nitrosothiols which is
independent of the presence of metal ions, particularly Cu2+.
This reaction is dominant at high [ascorbate], whereas at low
[ascorbate], where the direct ascorbate reaction is too slow to be
significant, the Cu+-promoted reaction takes over. Presumably
the copper reaction is suppressed anyway at high [ascorbate], by
complexation and hence removal of Cu2+, just as is the case for

many of the Cu+-promoted reactions where thiolate ion is the
reducing agent.

These results show clearly that there are two reactions
between ascorbate and S-nitrosothiols, and explain the observa-
tions4,5 that GSNO can still undergo decomposition in the
presence of ascorbate, even when Cu2+ ions are removed, so
long as the [ascorbate] is high enough to ensure a reasonable
rate of reaction.

We thank the EPSRC for a research studentship to A. J. H.
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† E-mail: d.l.h.williams@durham.ac.uk
‡ For the slower reactions we worked at 545 nm, rather than at the more
usual wavelength of 340 nm (where there is a higher extinction coefficient),
to avoid the increasing absorbance towards the end of the reactions in the
340 nm region, which occurs because of the decomposition reaction of the
product dehydroascorbic acid (ref. 7).

1 A. P. Dicks, H. R. Swift, D. L. H. Williams, A. R. Butler, H. H. Al-
Sadoni and B. G. Cox, J. Chem. Soc., Perkin Trans. 2, 1996, 481.

2 P. H. Beloso and D. L. H. Williams, Chem. Commun., 1997, 89.
3 A. P. Dicks and D. L. H. Williams, Chem. Biol., 1996, 3, 655.
4 G. Scorza, D. Pietraforte and M. Minetti, Free Radical Biol. Med., 1997,

22, 633.
5 M. Kashiba-Iwatsuki, K. Kitoh, E. Kasahara, H. Yu, M. Nisikawa, M.

Matsuo and M. Inoue, J. Biochem., 1997, 122, 1208.
6 M. Kashiba-Iwatsuki, M. Yamaguchi and M. Inoue, FEBS Lett., 1996,

389, 149.
7 E. L. Hirst, E. G. V. Percival, R. W. Herbert, R. J. W. Reynolds and F.

Smith, J. Chem. Soc., 1933, 1270.
8 P. W. Riddles, R. L. Blakeley and B. Zerner, Anal. Biochem., 1979, 94,

75.
9 J. R. Leis and A. Rios, J. Chem. Soc., Chem. Commun., 1995, 169.

10 D. J. Barnett, A. M. Rios and D. L. H. Williams, J. Chem. Soc., Perkin
Trans. 2, 1995, 1279.

11 H. M. S. Patel and D. L. H. Williams, J. Chem. Soc., Perkin Trans. 2,
1990, 37.

12 A. P. Munro and D. L. H. Williams, unpublished work.
13 J. R. Leis, M. E. Pena and A. Rios, J. Chem. Soc., Perkin Trans. 2, 1996,

863 and references cited therein.
14 C. A. Bunton, H. Dahn and L. Loewe, Helv. Chim. Acta, 1960, 43, 303,

317 and 320 and earlier papers.
15 B. D. Beake, R. B. Moodie and D. Smith, J. Chem. Soc., Perkin Trans.

2, 1995, 1251.
16 B. D. Beake, R. B. Moodie and J. P. B. Sandall, J. Chem. Soc., Perkin

Trans. 2, 1994, 957.

Received in Liverpool, UK, 27th May, 1998; 8/03983F

1712 Chem. Commun., 1998



               

BB

B B

B

B

Zn

C C

B B
B

NMe3

B B

B

B

C C

B B
B

B

BB

B

B

CC

BB
B

Zn ZnMe3N NMe3

BB

B B

B

B

C C

B B
B

H

H

BH

B H

B H

ZnMe2

–
Me3NH+

ZnMe2

Unprecedented electron deficient bridging between zinc atoms by boron atoms
of nido-carborane anions: preparation, crystal and molecular structure of the
dimer [(nido-C2B9H11)ZnNMe3]2

Andrés E. Goeta, Judith. A. K. Howard,* Andrew K. Hughes,*† Andrew L. Johnson and Ken Wade*

Department of Chemistry, University of Durham, South Road, Durham, UK DH1 3LE

The alkane elimination reaction between ZnMe2 and
[(NMe3H)+(nido-C2B9H12)2] gives the macropolyhedral
dimer [(nido-C2B9H11)ZnNMe3]2, containing an unprece-
dented planar diamond-shaped Zn2B2 ring at its core.

The capacity of the nido-carborane anion [C2B9H11]22 to bond
cationic metallic units at sites on its open pentagonal face that
reflect the frontier orbital characteristics of the metallic cations
has long been recognised.1 The s2,p4 arrangement of the
frontier orbitals of [C2B9H11]22 is similar to those of the
cyclopentadienyl, (C5H5)2, and imido, RN22, ligands.2 Both
[C2B9H11]22 and RN22 act as 4 electron LX2 ligands.3 Metallic
residues that are isolobal with BH2+ can bond h5 to the face, and
so effectively complete the closo-metallacarborane. It has been
recognised that metal fragments with full, or almost full, d shells
tend to occupy ‘slipped’ positions over the open face, even
though the metal fragment formally has the three vacant orbitals
of a BH2+ unit (one radially, two tangentially oriented).4
Coordination in an h1 mode is also observed when the metal
fragment has fewer than 3 vacant orbitals, as in
[(h1-C2B9H11)SnPh3]2.5 Alternative cluster geometries may
also be observed even when the metal fragment has three vacant
orbitals but is not isolobal with HB2+.6

Noting that the only structurally characterised zinc borane
species are a number of tetrahydridoborate complexes,7 ionic
compounds containing the [Zn(B10H12)2]22 anion,8 and small
zinc boranes,9 and that complexes of boranes or carboranes10

with group 211 or group 12 metals are rare (except for linear
complexes of Hg2+), we explored the reaction‡ between
[(Me3NH)+(nido-C2B9H12)2] and ZnMe2, which by loss of two
moles of methane was expected to afford a monomeric
icosahedral metallacarborane Me3N-ZnC2B9H11, Scheme 1.
The units Me3N-Zn2+ and HB2+ are formally isolobal, and so in
principle HB2+ units of borane clusters might be expected to be
replaced by Me3N-Zn2+ units. The analogous beryllium com-
plex, [Me3N-BeC2B9H11], is believed to be isostructural and
isoelectronic with closo-C2B10H12.12 The stoichiometry of our
product was indeed as expected; however, an X-ray crystallo-
graphic study§ has shown it to have an alternative remarkable
macropolyhedral dimeric structure, [(nido-C2B9H11)ZnNMe3]2
1, shown in Fig. 1. Although the molecule has approximate C2v

molecular symmetry it has no crystallographically imposed
symmetry. Two nido-C2B9H11 fragments are connected through
the unique boron atoms of the nido carborane residues and a
Me3NZnZnNMe3 unit, in which the two zinc atoms are at a
separation of 2.800(1) Å (cf. 2.665 Å for the shortest Zn–Zn
distance in metallic Zn). The bonding of these boron atoms
(coordination number 7) and of the zinc atoms (coordination
number 8) are we believe unprecedented, and involve a planar
diamond-shaped Zn2B2 ring system [angles at Zn 108.1(1)° and
105.5(1)°; two equal angles at B 73.2(1)°]. This is reminiscent
of the 3-centre 2-electron (3c2e) bonds in the M2C2 ring systems
of electropositive metal alkyls, as in Al2Me6,13 or (BeMe2)n,14

with characteristically acute angles at the alkyl carbon and
obtuse angles at the electropositive metals. By contrast, zinc
alkyls, ZnR2 (R = Me, Et, Prn) are monomeric by gas-phase
electron diffraction,15 although in the solid state, diphenyl zinc
is dimeric, [(C6H5Zn)2(µ-C6H5)2] [Zn–Zn = 2.685 Å], with
unsymmetrical bridges, assigned to s-covalent and p-dative
bonds.16 The Zn–Zn separations observed in amide-bridged
[(MeZn)(µ-NPh2)]2 (2.913 Å),17 chloride-bridged [Zn2Cl6]22

(typically 3.06 to 3.3 Å)18 and other electron-precise species,
are longer than that in 1.

In addition to the Zn2B2 ring the coordination about each zinc
atom is completed by one NMe3 ligand and interaction of a pair
of B–H bonds with each zinc atom. Since Me3N-Zn is isolobal
with BH, compound 1 would be isolobal with the (unknown)
species C4B20H24 and [B24H24]42. The closest known carbor-
ane is C4B18H22, which contains two C2B9H11 residues directly
fused.19 Other clusters distantly related to 1 include syn-
B14H20

20 and anti-{[Pt(PMe2Ph)]2(nido-B6H9)2} containing

Scheme 1 Expected and isolated products from the reaction of ZnMe2 and
[(NMe3H)+(nido-C2B9H12)2]. Terminal hydrogens on each boron and
carbon atom are omitted.

Fig. 1 A view of the ‘head-set’ or ‘ear-muff’ molecular structure of [(nido-
C2B9H11)ZnNMe3]2, showing the adopted atom numbering scheme.
Hydrogen atoms on the NMe3 ligands are omitted for clarity. Selected bond
lengths (Å) and angles (°): Zn(1)–B(10) 2.315(3), Zn(1)–B(11) 2.177(3),
Zn(1)–B(30) 2.340(3), Zn(1)–B(31) 2.165(3), Zn(2)–B(9) 2.160(3), Zn(2)–
B(10) 2.380(3), Zn(2)–B(29) 2.163(3), Zn(2)–B(30) 2.352, Zn(1)–N(1)
2.065(2), Zn(2)–N(2) 2.062(2), Zn(1)–Zn(2)–N(2) 127.30(8), Zn(2)–
Zn(1)–N(1) 126.87(6); other values are given in the text.
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square planar 16 electron platinum.21 There is some structural
resemblance to the µ-allyl ligand bridging two metal atoms in
[W2(µ;h3-C3H5)2(NMe2)4],22 though in this allyl complex the
central W2C2 ring is far from planar.

The geometry of the Zn2B2 ring at the centre of the structure
of 1 prompts us to interpret the metal–ligand bonding primarily
in terms of two 3c2e Zn–B–Zn bonds. However, it should be
noted that there is a roughly tetrahedral coordination about each
metal atom if one counts the other metal atom, and trimethyl-
amine ligand, and two BH units (connected to the bridging B
atom) as defining the ligand sphere and ignores the bridging
boron atoms. It is clear that a rationalisation of this structure in
terms of a localised bonding model has its limitations. We are
undertaking more detailed investigations of the bonding in
[(nido-C2B9H11)ZnNMe3]2 using molecular orbital methods,
and these will be reported in a subsequent publication.

We acknowledge the award by the University of Durham of
a Sir Derman Christopherson Fellowship to J. A. K. H. and the
support of the EPSRC and Kværner Process Technology (CASE
award to A. L. J.).

Notes and References

† E-mail: a.k.hughes@durham.ac.uk
‡ Selected data for 1. A stirred suspension of [nido-C2B9H12][NMe3H]
(0.288 g, 1.5 mmol) in toluene (20 ml) was treated dropwise with Me2Zn
(0.75 ml of 2 M solution in toluene, 1.5 mmol). After stirring for 18 h the
solution was briefly refluxed and filtered whilst hot. Slow cooling to room
temperature gave three crops of colourless crystals of [(nido-
C2B9H11)ZnNMe3]2. Total yield 1.00 g, 96%. dH (300 MHz, [2H5]pyridine,
1H{11B}) 2.57 (2H, BH), 2.44 (1H, BH), 2.37 (2H, BH), 2.27 (2H, BH),
2.07 (9H, NMe3), 1.88 (1H, BH), 1.37 (1H, BH), 1.24 (2H, CH). dB (96.2
MHz, [2H5]pyridine) 216.3 (5B), 221.5 (2B), 232.3 (1B), 238.5 (1B).
(Found: C, 36.3; H, 7.9; N, 4.9. C10H40N2B18Zn2(C7H8)1.35 requires C,
36.6; H, 8.0; N, 4.4%.)
§ Crystal data for [(nido-C2B9H11)ZnNMe3]2·1.5(C7H8):
C20.5H52B18N2Zn2, M = 651.96, triclinic, space group P1̄, a = 10.528(3),
b = 10.915(3), c = 16.612(4) Å, a = 102.677(4), b = 96.566(4), g =
107.892(4)°, U = 1738.0(7) Å3, Z = 2, Dc = 1.246 Mg m23, m = 1.398
mm21, 7914 unique data, 444 refined parameters, 1.28 < q < 27.48°, R1 =
0.0414, wR2 = 0.1055 [all data]. X-Ray diffraction data were collected on
a Siemens SMART CCD diffractometer at 150 K. Data Collection
Software, SMART, Ver. 4.050, 1996, Siemens Analytical X-ray Instru-
ments Inc., Madison, Wisconsin, USA. Data Reduction Software, SAINT,
Version 4.050, 1996, Siemens Analytical X-ray Instruments Inc., Madison,
Wisconsin, USA. Interactive Molecular Graphics, SHELXTL 5.04/VMS,
1995, Siemens Analytical X-ray Instruments Inc., Madison, Wisconsin,
USA. One of the toluene solvates and the NMe3 ligand containing atom
N(2) each display disorder of their constituent carbon atoms. For the amine
ligand only the major component is shown in Fig. 1. CCDC 182/937.
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A novel layered indium sulfide material consisting of corner and edge shared
InS4 tetrahedra: synthesis and structural characterization of DPA-InS-SB3

Christopher L. Cahill,*a Biagio Gugliottaa and John B. Parisea,b
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A novel layered indium sulfide inorganic/organic composite
material has been synthesized under solvothermal condi-
tions and characterized via single crystal X-ray diffraction.

Metal sulfide based microporous solids were first reported by
Bedard et al. in 1989.1 The ability of main group metals to
coordinate tetrahedrally with sulfur, as Al and Si do with
oxygen in the molecular sieve oxides2 suggested that a new
family of materials with structures resembling those of the
zeolites (for example) could exist. These compounds however,
did not contain the MS4 tetrahedra that might be expected in
materials structurally related to the oxides. Rather, complex
building units such as the Sb3S6

32 semi-cube,3 the Sn3S4 semi-
cube,1,4 the [Ge4S10]42 adamantine unit,5 and the [In10S20]102

and [Sn10S20O4]82 supertetrahedra6,7 condense to form struc-
tures analogous to zeolites,5c neso-,5d iono-5e and tecto-silicate
materials.5a,b We report here the synthesis and structure of a
novel layered sulfide material consisting of linked InS4
tetrahedra: DPA-InS-SB3 [DPA = dipropylamine,
(C3H7)2NH].

The synthesis of DPA-InS-SB3 (1) was achieved by reacting
elemental In and elemental S with the organic structure
directing agent dipropylamine in the approximate molar ratio
1 : 2.3 : 3.5. Reactant slurries were sealed in Pyrex tubes and
held static at 180 °C under autogenous pressures for 5 days. The
resultant product, a white powder, was washed with ethanol and
water and allowed to air dry. Large single crystals up to 0.2 mm
on edge were obtained and isolated for X-ray diffraction.
Qualitative electron probe microanalysis (EPMA) on the
crystals revealed the presence of In, S, and N.

The structure of 1 was determined from single crystal X-ray
diffraction† data and is shown in Fig. 1. The primary structural
building units of this material are InS4 tetrahedra which corner
and edge link to form layers that stack along (100). Alter-
natively, the structure can be viewed in terms of In6S11 subunits
that form infinite chains running along (010) [Fig. 1(b)]. Within
the chains, all tetrahedra are linked to one another via corner
sharing of vertex sulfur atoms. Between chains however, InS4
tetrahedra edge share [In6–S11–In6; Fig. 1(b)] to stitch the
chains together approximately along (011) and (01̄1). This
connectivity gives rise to pores within the layers that measure
6.9 3 12.8 Å and an interlayer spacing of 8.8 Å as determined
from the shortest S–S distances. The layers are similar to those
found in Sn–S compounds,4 but stack such that the pores are
aligned throughout the entire structure in a direction perpendic-
ular to the In–S sheets. Although the structure of 1 is not a three-
dimensional framework, its unidimensional pore topology (Fig.
1) resembles zeolites such as theta-18 and ZSM-239 and certain
aluminophosphates.10

The In–S bond lengths range from 2.420 to 2.534 Å, with an
average of 2.432 Å. These values are consistent with those
reported in other In–S materials containing tetrahedrally
coordinated In.11 Bond valence sums12 gave no indication of
any mixed valency in indium, which has been observed
previously in In–S compounds.13 Sulfur coordination with In
ranges from one to three. The singly coordinated sulfur [S7, Fig.

1(b)], is also bound to a hydrogen atom to form a terminal –SH
group. The edge sharing of two InS4 tetrahedra gives one short
In–In (In6–In6) contact of 3.299 Å, as opposed to an average of
about 3.9 Å for other In–In distances within 1, and 3.24 Å in
indium metal.14

The strain associated with this geometry is reflected in the
S–In6–S [S11, 10, 6; Fig. 1(b)] bond angles which range from

Fig. 1 (a) A view down (100) of a single layer of DPA-InS-SB3:
[(C3H7)2NH2]3In6S11H. This polyhedral representation shows the corner
linking of tetrahedra within the In–S chains along (010) (dashed arrow) and
the edge sharing of tetrahedra (bold arrows) to link chains together. For
clarity, the ordered DPA cations have been omitted and only two edge
sharing locations are labeled. (b) A labeled portion of two pores from a
single layer of 1 in the same orientation as in (a). The pore size (6.9 3 12.8
Å) was determined from S3–S3 and S10–S10 distances.
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96.23(6) to 120.01(8)° as opposed to an ideal tetrahedral value
of 109.5°.

The organic component of 1 is located within the extra-
framework voids of the structure. A hydrogen bonded host/
guest relationship is proposed as protons on the nitrogen atoms
are within 2.3–2.6 Å of sulfur atoms on the In–S framework. IR
spectroscopy suggests that the DPA molecules are protonated
although a second hydrogen on one of the three N atoms was not
located in the X-ray analysis. A medium absorption band at
1579 cm21 corresponding to a N–H bend of a secondary amine
salt and strong N–H stretching bands (3000–2700 cm21) were
observed.15 A weak band at 2515 cm21 was assigned to the S–H
stretching vibration15 of S7–H (see above). With respect to
these designations, all nitrogen atoms were assumed to be
protonated to balance the 32 charge on the In6S11H framework,
thus giving an overall stoichiometry of
[(C3H7)2NH2]3In6S11H.

Other experiments involving treatment of elemental In and S
in the presence of amines have resulted in formation of the
[In10S20]102 supertetrahedral building unit.6 It is possible that
the amount of water or the size of the amine in a preparation
dictates which building unit will form. An investigation of the
mother liquors from which these In–S materials crystallize is in
progress.

This study was supported by the National Science Foundation
(DMR 94-13003). The authors wish to thank Dr Victor G.
Young Jr. of the X-ray crystallography Laboratory, University
of Minnesota (Minneapolis), for data collection and structure
solution.
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† Crystal structure data for DPA-InS-SB3 [(C3H7)2NH2]3In6S11H: M =
1346.15, monoclinic, space group P21/c, a = 12.2366(3), b = 12.2834(3),
c = 28.5484(6) Å, b = 101.960(1), Z = 4, m(Mo-Ka) = 3.804 mm21; Data
collection at 298(2) K; Siemens SMART Platform CCD: 20 419 reflections
collected, 7334 unique; R indices [I > 2s(I) = 5965]: R1 = 0.0370, wR2 =
0.0721; R indices (all data): R1 = 0.0531, wR2 = 0.0722. CCDC
182/935.
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Cs2O in the supercages of Cs-impregnated X and Y zeolites
attacks the siliceous portions of the lattice (siloxane bridges),
with formation of (Si–O2Cs+)2 groups which allow the
occlusion (reversible at high temperature) of CO in the
sodalite units, as indicated by the formation of an IR band at
2150 cm21.

Basic zeolites (bearing alkali metal counterions) arouse much
interest these days, because they may possibly replace in
catalysis harsh chemicals like sodium hydroxide. Besides
cationic exchange of the original Na+ for Cs+, to increase
basicity, samples are further impregnated1 with Cs acetate,
which, on thermal treatment, converts to Cs2O. The nature of
such an oxide in the zeolite matrix depends on the activation
conditions and is currently under discussion.2

In the course of a systematic study of basic centres in Cs-
exchanged and Cs-impregnated X and Y zeolites,3 we made the
intriguing observation that a weak band at 2150 cm21 is formed
in the IR background spectrum, recorded at room temperature,
of impregnated (but not simply exchanged) samples in the
activation step (lower curve in Fig. 1). This activation step
consists of thermal treatment (during which decomposition of
the acetate takes place) and subsequent oxidation under oxygen
at 823 K as described by Laspéras et al.3

Two Cs impregnated samples, with different Cs contents (8
and 24 atoms per unit cell) were considered, with both Y and X
zeolites. IR spectra were recorded on a Perkin-Elmer 1760-X
spectrophotometer equipped with a MCT cryodetector, at a
resolution of 2 cm21.

The intensity of the IR band at 2150 cm21 was larger for Y
than for X zeolites, and it varied with the Cs2O content.
Outgassing at about 820 K depletes the band. Its peak position
is strongly indicative of CO interacting with Na+ cations, which

are left behind in the exchange process. Thermal decomposition
of the acetate is likely to yield CO: such an assignment cannot,
however, be made lightly, because CO adsorption on alkali-
exchanged zeolites only takes place at temperatures around 77
K4,5 under substantial CO pressure.

Heating of the impregnated samples in a CO atmosphere at
temperatures around 770 K followed by cooling in the same
atmosphere leads to an enormous increase in the intensity of the
2150 cm21 band (upper curve in Fig. 1), so that even the 13C
satellite band can be observed, though the natural abundance of
13C is only 1%. This confirms beyond doubt that the band is due
to CO held in the solid. The nature of the species giving rise to
the peak appearing at 2137 cm21 is not discussed here. If
heating in CO is followed by evacuation at the same
temperature before cooling, a decrease of the original band is
observed: CO contact at room temperature has no effect.
Prolonged heating of the samples holding CO at 823 K in
vacuum depletes the band.

A plausible assignment of the band under discussion is the
stretching mode of CO molecules interacting with Na+ cations:
these latter, however, are not those normally exposed at the
supercages, but are instead the Na+ cations inside the sodalite
cages, usually not accessible to molecules, though the mineral
sodalite is known to occlude large rare-gas atoms like Kr.6

We favour Na+ over Cs+ as the centre of interaction for the
following reasons: (i) the n(CO) frequency is closer to the
values reported in the literature for the former cation; (ii) if
reference is made to the standard geometry of the sodalite cage.
There is not enough room for Cs+ cations and CO molecules to
coexist in the cage.

We have checked, by means of computer graphics, that a CO
molecule may be occluded in the sodalite cages of an X zeolite,
of composition close to the one studied by us, for which
structural data are available.7 One CO molecule may be hosted
in the cavity: little room is left, however, so that the molecule is
actually trapped in the sodalite cage. Indeed, the ratio between
the frequencies of 12CO and 13CO (see Fig. 1) indicates that the
motion is particularly anharmonic. The peculiarity of such an
interaction occurring at room temperature also accounts for the
lower frequency observed for related CO in comparison with
that observed for CO interacting at 77 K with Na+ cations in
supercages (2154 cm21).

Thermal treatments in CO, even at high temperatures, of the
simply exchanged samples do not cause the appearance of the
2150 cm21 band. This is therefore strictly related to the
presence of Cs2O. On the other hand, the intensity of the 2150
cm21 band is much higher with Y than with X zeolite, i.e. the
occlusion of CO is greater, the larger the Si content of the
sample. Chemical attack of the lattice by Cs2O is indicated by
the loss of crystallinity we observed in the XRD patterns for
thermal treatment above 670 K. A plausible mechanism is then
the reaction of siloxane bridges with caesium oxide: Si–O–Si +
Cs2O ? (Si–O2Cs+)2, to yield a microcluster of Cs silicate,
according to rather elementary chemistry. The cleavage of the

Fig. 1 Infrared spectra of Cs impregnated X zeolite (24 Cs per unit cell).
Lower curve: after activation at 823 K; upper curve: after heating in CO
atmosphere at 770 K for 1 hour and cooling in the same atmosphere.
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siloxane bridge widens the window giving access to the sodalite
cage, which is partially obstructed by the Si–O2Cs+ groups. At
high temperatures, thermal movement of these groups may give
CO molecules access to sodalite cavities, which is then
prevented at low temperatures.

Whereas occlusion phenomena are known in some fields of
chemistry (clathrates, matrix isolation), to our knowledge, the
phenomenon reported here is the first case of reversible
occlusion in the solid state: it may probably be extended to other
suitably sized molecules like nitrogen and oxygen, and to other
zeolitic systems.
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Highly efficient exchange between the halogen arising from
the copper(I) halide and the alkyl halide originating from the
initiator occurs during atom transfer polymerisation of
methyl methacrylate mediated by copper(I) N-alkyl-2-pyr-
idylmethanimine complexes.

Living/controlled polymerisations of vinyl monomers lead to
the synthesis of polymers with well controlled architecture and
predetermined molecular weight. Living/controlled radical
polymerisation is of increasing importance due to the resilience
of free-radical polymerisations to impurities and protic species
invariably present in the monomer, solvent, etc. Transition
metal mediated atom transfer polymerisation has been pio-
neered by Matyjaszewski, using CuIX (X = Cl, Br) in
conjunction with 2,2-bipyridine1 and substituted bipyridines,2–5

and Sawamoto, using [Ru(PPh3)3Cl2].6–8 Since then a
number of different systems using transition metal
complexes to polymerise styrenes, methacrylates and
acrylates have been reported including [Ni(PPh3)3X2],9
[Ni{o,o-(Me2NCH2)2C6H3}Br],10 [Pd(OAc)2(PPh3)4],11

[Rh(PPh3)3Cl],12 and [Cu(N-alkyl-2-pyridylmethanimine)2-
X].13 More recently Teyssie has reported FeCl3 mediated
polymerisation in the presence of PPh3 for the living/controlled
polymerisation of methyl methacrylate (MMA) initiated with a
conventional free-radical initiator, AIBN.14

It has been previously demonstrated that atom transfer
polymerisation is an excellent one step method for the
preparation of a-functional polymers.15–17 The alkyl halide
initiator can possess a wide variety of functionalities without
causing loss of performance or control over the reaction.
Although the existence of several different functionalities at the
a-terminal end group has been demonstrated, no detailed study
has been made on the nature of the w-terminal end group. The
assumption has been that the w-terminal end group contains the
halogen atom originating from the initiator molecule.

The aim of the work reported here was to investigate the
possibility, and extent, of halogen exchange between polymer
and catalyst in the polymerisation of methyl methacrylate
mediated by [Cu(N-alkyl-2-pyridylmethanimine)2X] com-
plexes. During the course of this work two papers appeared
referring to the possibility of halogen exchange in atom transfer
polymerisation. Sawamoto reported observing the presence of
both bromide and chloride w-end groups in the 1H NMR
spectrum of PMMA from bromomalonate initiation catalysed
with Ru(PPh3)3Cl2.18 Matyjaszewski et al. stated that exchange
can occur between the halogen from the initiator and the
halogen on the catalyst for BnBr and 2-bromopropionate with
CuIX/4,4-di(nonan-5-yl)-2,2-bipyridine catalyst; however, no
experimental details were provided.19 In addition, Maty-
jaszewski reported similar exchange occurring during the
polymerisation of MMA based on matrix-assisted laser desor-
ption ionisation time of flight (MALDI-TOF) and electro-spray
ionisation (ESI) mass spectrometry;19 again, no spectra or
experimental details were provided. We have found that this
approach is fraught with difficulties due to the ease of
fragmentation of these type of polymers within the mass
spectrometer.20

In order to study the effects of halogen exchange, PMMA was
synthesised using four different combinations of initiator and
copper(I) halide (Table 1, reactions A–D). In each case the
ligand used to complex copper(I) was N-pentyl-2-pyridylmeth-
animine and the polymerisation was carried out in xylene
solution (35% w/w). The polymerisations were allowed to
proceed until the number average molecular weight, Mn,
reached approximately 2000–4000 g mol21 (20–40% conver-
sion), as monitored by size exclusion chromatography (SEC).
Polymerisations were stopped, by cooling to room temperature,
at low conversion in order to minimise termination by
conventional radical-radical interactions. Low molecular
weights were targeted to enable end group analysis by 13C NMR
spectroscopy. Fig. 1 shows the 13C NMR spectra of the products
from reactions A–D between d 68 and 58, the –C–X region, to
focus on the nature of the w-end group. For reaction A the
w-terminal [–C(CH3)(CO2Me)Br] can be seen as three peaks
between d 58.9 and 58.3, Fig. 1(a), which correspond to racemic

Table 1 Reaction conditions and results for poly(methyl methacrylate)
produced using atom transfer polymerisation with sulfonyl halide initiators
and copper halide catalysts

Reactiona Initiatorb Mediator t/h Mn
c PDId

Halogen on
w-end group

A TsBr CuBr 3 4130 1.10 Br
B TsCl CuCl 48 2170 1.06 Cl
C TsCl CuBr 22 1900 1.08 Cl
D TsBr CuCl 11 4170 1.09 Cl

a See footnote ‡. b Synthesis of TsBr modified from the preparation of TsI
by Truce et al. (ref. 22). c Number average molecular weight measured by
SEC, using THF as eluent at 1 ml min21 calibrated with narrow molecular
weight distribution PMMA standards. d Polydispersity index from SEC.

Fig. 1 13C NMR spectra of PMMA made by ATP, initiated with (a) TsBr
and CuBr, (b) TsCl and CuCl, (c) TsCl and CuBr, and (d) TsBr and CuCl.
Marked peaks are from halogenated w-end groups. 
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R X   +   [CuI]+ R•   +   [CuIIX]+

Monomer

M X   +   [CuI]+R R M•   +   [CuIIX]+

(syndiotactic) and meso (isotactic) terminal units respectively.
The position of the halogenated carbon atom was verified by
comparison with a spectrum of a model compound, methyl-
2-bromoisobutyrate, [(CH3)2C(CO2Me)Br], d 55.4. The prod-
uct from reaction B shows a similar set of peaks due to
[–C(CH3)(CO2Me)Cl] shifted downfield, between d 67.1 and
66.3 [Fig. 1(b)], as expected for a chlorinated carbon relative to
a brominated one. On examining the spectrum from the product
of reaction C [Fig. 1(c)] it can be seen that the polymer has
exclusively chlorinated w-end groups with peaks between d
67.2 and 66.4, i.e. the product is the same as that from reaction
B. There are no peaks observed in the region d 58.0 to 60.0
corresponding to a bromine w-end group functionality. Thus, no
observable halogen exchange occurs between the bromide
originating from copper(I) bromide and the propagating poly-
mer end capping group, a chlorine atom originating from the
initiator. This result is what might be expected for the generally
accepted mechanism for atom transfer polymerisation (Scheme
1), viz. the halogen atom that originated on the initiator is

transferred between transition metal complex and polymer
chain end throughout the reaction and is present as the w-end
group of product. For reaction D, three peaks between d 66.9
and 66.1 are observed corresponding to [–C(CH3)(CO2Me)Cl]
with no peaks upfield due to brominated w-end groups [Fig.
1(d)]. This result is surprising because the polymer exclusively
has chlorinated w-end groups even though a sulfonyl bromide
initiator was employed, so complete halogen exchange has
occurred.

Our results show that polymerisation of MMA by atom
transfer polymerisation mediated by a Cu(N-alkyl-2-pyridylme-
thanimine)2X complex in xylene at 90 °C in the presence of both
bromine and chlorine atoms results in solely chloro
w-functional polymer. This can be attributed to the greater
strength of the C–Cl bond compared with the C–Br one, i.e. the
formation of a C–Cl bond is energetically favourable and its
homolysis is less facile. This result differs from that of
Sawamoto, who found a mixture of Cl and Br in the w-end
group when polymerising MMA initiated with a bromomalo-
nate compound and Ru(PPh3)3Cl2/Al(OPri)3 in toluene at
80 °C,18 and Matyjaszewski, who claimed to have observed a
mixture of Cl and Br w-end groups.19 Therefore, the tendency
for exchange to occur must be effected by the transition metal
complex and/or reaction conditions.

The observation of halogen exchange shows that the
mechanism of atom transfer polymerisation is more compli-
cated than first thought.13,19 It is likely that, in reactions where
both Cl and Br species are present, the CuII species contains
both in similar states regardless of their origin (initiator or
catalyst) and exchange could then occur as the propagating
polymer centre abstracts one or other halogen in the deactiva-
tion step. Alternatively, exchange may occur by nucleophilic
attack of the halide counter-anion from the catalyst at the alkyl
halide group of initiator or deactivated polymer. The reaction
may also involve bimetallic species with bridging halide or
oxygen containing ligands.3,21 It is not yet known whether
exchange occurs at the first reaction step or whether several
halogen transfer cycles are involved.

The occurrence of halogen exchange results in competitive
rates of polymerisation which complicates the polymerisation
kinetics. This may result in a broadening of the molecular
weight distribution of the product and also effect the evolution
of number average molecular mass with conversion when the
reaction is carried out to high conversion. To avoid these
effects, therefore, it is advisable to match the halides between
the copper(I) salt and the initiator. This is currently under further
investigation in our laboratory. It is also noted that this is the
first instance of sulfonyl bromides being used as effective
initiators for atom transfer polymerisation.

We thank the EPSRC for funding of this work (A. M. H.
studentship and D. K. GR/L10314).
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which instantaneously formed a deep brown solution. Xylene (20 ml) was
added and the flask was heated in a thermostatted oil bath at 90 °C. The
polymer was isolated by passing the cooled reaction solution down a
column of activated basic aluminium oxide to remove catalyst and
precipitating into hexane. 13C NMR spectra were recorded on a Bruker 400
MHz spectrometer with a minimum of 4000 scans.
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Synthesis and first structural characterisation of a homoleptic
tetraorganochromate(iii) salt

Pablo J. Alonso, Larry R. Falvello, Juan Forniés,* M. Angeles Garcı́a-Monforte, Antonio Martı́n, Babil
Menjón and Gerardo Rodrı́guez

Instituto de Ciencia de Materiales de Aragón, Facultad de Ciencias, Universidad de Zaragoza-C.S.I.C., Pza. S. Francisco s/n,
E-50009 Zaragoza, Spain. E-mail: forniesj@posta.unizar.es

The homoleptic, pseudo-octahedral, d3 species [Li(thf)4]-
[CrIII(C6Cl5)4] 1 has been obtained and characterised by
analytical, spectroscopic and X-ray diffraction methods.

The synthesis of aryl derivatives of chromium(iii) and the study
of their properties have drawn the attention of numerous
research groups since the very beginning of this century, shortly
after the synthesis of the first organomagnesium reagents. Early
reports, however, were discouraging1 or puzzling2 and it was
not until the late fifties that s-aryl complexes of chromium(iii)
were isolated and recognised as species of limited stability,
which are prone to rearrange, eventually yielding p-arene
compounds of low-valent chromium.3 This tendency to decom-
pose is more pronounced in compounds with some degree of
coordinative unsaturation,† which may be a principal reason for
the lack of homoleptic (i.e., not bearing additional stabilising
ligands) organometallic compounds of formula [CrIIIR4]2. As
far as we know, the only organometallic precedents for this
stoichiometry are probably the salts Li[Cr(C6H4OMe-
2)4]·Et2O5 and Li[Cr(C6H2Me3-2,4,6)4]·4thf;6 however, no
structural information is available for them.‡ Interestingly,
some related tetraalkylchromate(iii) salts had also been detected
as solution species but could not even be isolated because they
readily suffered oxidation giving the more stable neutral
tetraalkychromium(iv) derivatives.8

We have prepared the tetraorganochromate(iii) salt [Li-
(thf)4][CrIII(C6Cl5)4] 1 by arylation of [CrCl3(thf)3]9 with
LiC6Cl510 in 1 : 5 molar ratio.§ Complex 1 is a violet solid of
limited thermal stability; since it is also air- and moisture-
sensitive, it must be synthesised, stored and handled under an
inert atmosphere and at low temperatue (below 0 °C).

The solid-state structure of 1 has been established by single-
crystal X-ray diffraction analysis.¶ The lattice contains the
separate ions [Li(thf)4]+ and [Cr(C6Cl5)4]2 together with
interstitial solvent molecules. The cation has a tetrahedral
geometry (local at the Li+ ion) as usually found in other salts.13

The core of the anion contains four s Cr–C bonds and two
additional Cr–Cl interactions, thus resulting in a pseudo-
octahedral environment for the Cr atom (Fig. 1). Two of the
C6Cl5 groups act as monodentate s-bonded ligands, while the
other two act as chelating ligands through their ipso-C and one
of the o-Cl atoms. The small bite-angle of the chelating C6Cl5
group yields two strained four-membered metallacycles with
C–Cr–Cl angles of ca. 60°. These acute angles are responsible
for the severe deviations of the metal coordination environment
from the ideal octahedral geometry. The two Cr–C distances
involving C-trans-to-Cl atoms are virtually identical and in
good agreement with those described in other s-aryl derivatives
of CrIII (mean value 207 pm).14 The two Cr–C distances
involving C-trans-to-C atoms are slightly longer, probably due
to the higher trans influence exerted by the anionic C atom of
the aryl group. The Cr–Cl distances are clearly dissimilar and
much longer than found in standard terminal chloro-complexes
of chromium (mean value 232 pm).14 The long Cr–Cl distances
can be ascribed to both the poor donating ability of halocarbons

and the strain of the metallacycle formed. The overall geometry
of the [Cr(C6Cl5)4]2 anion is similar to that found in the related
heavy-metal complexes [Pt(C6Cl5)4]15 and [Rh(C6Cl5)4]2.16

The EPR spectrum of 1 was registered (Fig. 2)∑ and analysed
as a particular case** of an (S = 3/2) spin system that behaves
as an (S = 1/2) system with the following spin Hamiltonian:

H = mBB(gxAlxSx + gyAlySy + gzAlzSz) (1)

In the preceding equation li (i = x, y, z) are the direction cosines
of the magnetic field of magnitude B referred to the principal
axes of the g̃-tensor. Using this spin-Hamiltonian and assuming
Lorentzian line shapes, we have obtained an excellent agree-
ment between the experimental [Fig. 2(a)] and calculated [Fig.
2(b)] spectra for the following set of effective principal g-values
and band halfwidths: gxA = 4.02, gyA = 3.55, gzA = 1.946; Wx =
15.0 mT, Wy = 22.5 mT, Wz = 10.0 mT. The relationship
between the effective and true principal g-factors is a function
of the a priori unknown h-parameter which accounts for the
departure from axial symmetry.** Since the observed EPR
spectrum is practically axial it is reasonable to assume an axial
true g̃-tensor as well. Under this assumption the following true
g-values have been derived: g∑ = 1.98 and g4 = 1.90 with h =
0.08(1). It is interesting that, while the g∑-value is typical for a
Cr3+ ion, the g4-value departs from that of the free electron by
more than what is usually observed for this paramagnetic entity.
This could be attributed to an extra orbital contribution due to
the ligand as a consequence of the covalent bonding.

Fig. 1 Thermal ellipsoid diagram of the anion of 1. Selected distances (pm)
and angles (°): Cr–C(1) 213.7(11), Cr–C(7) 207.3(10), Cr–C(13) 208.1(10),
Cr–C(19) 217.3(11), Cr–Cl(2) 300.1(4), Cr–Cl(12) 281.8(4); C(1)–Cr–C(7)
111.7(4), C(1)–Cr–C(13) 94.2(4), C(1)–Cr–C(19) 141.5(4), C(1)–Cr–Cl(2)
59.5(3), C(1)–Cr–Cl(12) 83.1(3), C(7)–Cr–C(13) 103.2(4), C(7)–Cr–C(19)
90.8(4), C(7)–Cr–Cl(2) 170.1(3), C(7)–Cr–Cl(12) 63.2(3), C(13)–Cr–C(19)
111.1(4), C(13)–Cr–Cl(2) 74.2(3), C(13)–Cr–Cl(12) 163.4(3), C(19)–Cr–
Cl(2) 99.0(3), C(19)–Cr–Cl(12) 79.8(4), Cl(2)–Cr–Cl(12) 117.4(1).
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The homoleptic tetraorganochromate(iii) salt 1 is stable
enough to allow its isolation and characterisation. This
reasonable stability can be ascribed to the versatility of the
C6Cl5-group which is able to act as a standard monodentate
s-aryl ligand as well as a poor didentate one depending on the
electronic and steric demands of the metal centre. Further
studies aimed at exploring the chemical reactivity and redox
behaviour of the new compound 1 are in progress.

We thank the Dirección General de Enseñanza Superior
(Projects PB95-0003-C02-01 and PB95-0792) for financial
support.

Notes and References

† The use of the very bulky bis(trimethylsilyl)methyl group has enabled
Lappert and coworkers to isolate and characterise a highly unusual,
coordinatively unsaturated neutral complex of formula [CrR3] (ref. 4).
‡ Hein and Schmiedeknecht reported on the synthesis of sodium and lithium
tetraphenylchromate(iii) salts, but the authors concluded that they were, in
fact, solvent-stabilised species of formula M[CrPh4·2dme]·2dme (M = Na
or Li; dme = 1,2-dimethoxyethane). The analogous thf-stabilised salts
MCrPh4·xthf were too unstable to be isolated (ref. 7).
§ Experimental procedure: to a solution of LiC6Cl5 (ca. 34 mmol) in Et2O
(130 cm3) at 278 °C was added [CrCl3(thf)3] (2.57 g, 6.85 mmol). The
suspension was allowed to warm to 210 °C and after about 4 h of stirring,
the by then violet solid was filtered and extracted in CH2Cl2 (60 cm3). The
solvent in the extract was replaced by thf (20 cm3) and the slow diffusion of
an n-hexane layer (60 cm3) into it at 230 °C yielded 1 as a violet solid in
57% yield. Anal. Found: C 36.21, H 2.02; C40H32Cl20CrLiO4 requires: C
35.73, H 2.40%. IR (KBr; cm21): 1321s, 1311s, 1281vs, 1219m, 1125m,
1059s [n(COC)asym], 1043vs [n(COC)asym], 915m, 887s [n(COC)sym],
822vs (C6Cl5: X-sensitive vibr.),11 667vs, 600w, 415m and 349m. MS
(FAB2): m/z 1040 [Cr(C6Cl5)4]2 and 828 [Cr(C6Cl5)3Cl]2.
¶ Crystal data for 1·0.5OEt2·0.5C6H14: C45H44Cl20CrLiO4.5, M = 1424.74,
monoclinic, a = 4151.3(6), b = 1288.25(10), c = 2387.8(3) pm, b =
117.324(12)°, U = 11.345(3) nm3, T = 150(1) K, space group C2/c (no.
15), graphite-monochromated Mo-Ka radiation, l = 71.073 pm, Z = 8, Dc

= 1.668 g cm23, F(000) = 5736, violet, approx. crystal dimensions: 0.40
3 0.25 3 0.10 mm, m(Mo-Ka) = 1.187 mm21, measured absorption
correction based on y scans, transmission factors: 0.899–0.793; Enraf-
Nonius CAD4 diffractometer, w–q scans, data collection range 4.0 < 2q <
50.0°, +h, +k, ±l, three standard reflections showed no significant variation

in intensity; 10 103 intensity data collected, 9956 unique (Rint = 0.0887)
which were used in all calculations. The structure was solved by Patterson
and Fourier methods and refined anisotropically (except for the solvent
atoms) by full-matrix least squares on F2 (program SHELXL 93; ref. 12) to
final values of R1 = 0.0870 [for 4366 data with I > 2s(I)] and wR2 =
0.2324 (all data) for 635 parameters; GOF = 1.037, maximum D/s =
0.001, maximum Dr = 1063 e nm23 (21053 e nm23) located very near the
chromium atom. Hydrogen atoms were set geometrically. The weighting
scheme was w = [s2(Fo

2) + (0.0590P)2 + 115.07P]21, where P =
(1/3)[max{Fo

2,0} + 2Fc
2]. CCDC 182/936.

∑ EPR data were taken on a Varian E-112 spectrometer working in the
X-band. The magnetic field was measured with a Bruker ER035M
gaussmeter. The diphenylpicrylhydrazyl resonance signal [g = 2.0037(2)]
was used to determine the microwave frequencies. The program WIN-EPR
SimFonia (supplied by Bruker) was used to perform the simulation. In the
calculations, the following interpolating halfwidth formula was used:
W2(lx,ly,lz) = Wx

2lx2 + Wy
2ly2 + Wz

2lz2.
** The relevant spin Hamiltonian for the paramagnetic centre in 1 [CrIII, d3,
S = 3/2] should read:

H = mBB·g̃·S + S·D̃·S

where mB is the Bohr magneton. The first term accounts for the electronic
Zeeman interaction and the second one for the zero field splitting. In the
principal axes of the D̃-tensor, the latter term is given by

S·D̃·S = D[{Sz
2 2

1
3S(S + 1)} + h(Sx

2 2 Sy
2)]

where h can always be set to a value of < 1/3 by an appropriate choice of
principal axes. In the absence of any applied magnetic field, the quartet
corresponding to the (S = 3/2)-system splits into two doublets separated by
Do = 2D (1 + 3h2)1

2, which can be treated independently if Do is greater than
the Zeeman energy. Moreover, for low values of the rhombic parameter, the
only transition actually observed is the one among the states of the S = ±1/2
doublet. Under these conditions, the initlal S = 3/2 problem reduces to a
quasi-axial S = 1/2 spin system, with the spin Hamiltonian given in eqn. (1).
If the principal axes of the g̃- and D̃-tensors coincide the relationship
between the effective (giA) and the principal (gi) true g-factors is given by

gxA = gx (1 + cos 2b + A3 sin 2b)
gyA = gy (1 + cos 2b 2 A3 sin 2b)

gzA = gz(2cos 2b 2 1),
where tan 2b = (A3)h.
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Fig. 2 EPR spectrum of a frozen CH2Cl2 solution of 1 at liquid nitrogen
temperature (microwave frequency: 9.49 GHz): experimental (a) and
calculated (b)
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Regioselective directed lithiation of N-Boc 3-hydroxypyrrolidine. Synthesis of
2-substituted 4-hydroxypyrrolidines

Mihiro Sunose,a Torren M. Peakman,a Jonathan P. H. Charmant,a Timothy Gallagher*a† and Simon J. F.
Macdonaldb

a School of Chemistry, University of Bristol, Bristol, UK BS8 1TS
b GlaxoWellcome Research and Development, Medicines Research Centre, Gunnels Wood Road., Stevenage, UK SG1 2NY

N-Boc 3-hydroxypyrrolidine 1 undergoes directed C-lithia-
tion at C5 and not, as previously reported, at C2; the
resulting dilithiated intermediate 6 has been trapped by a
range of electrophiles to give 2-substituted 4-hydroxypyrro-
lidines 7.

Directed metallation provides a versatile method for achieving
substitution adjacent (a) to an amino moiety and this is a
process which has found widespread application within hetero-
cyclic chemistry.1 The presence of additional and appropriately
positioned heteroatom residues can, by providing additional
activation, also enable regiochemical control to be exercised in
the metallation (usually lithiation) step.2–4 For example, N-Boc
pyrrolidines3 and piperidines4 carrying a methoxy residue at C3
have been shown to undergo lithiation at C2 which is then
followed by loss of MeOLi to give the corresponding cyclic
enamine. Choosing a C3 substituent that is a poorer leaving
group should, by suppressing b-elimination, allow this residue
to be retained in the resulting product and this concept has been
successfully applied to O-based heterocycles.5

More recently, this approach has also been utilised for
N-heterocycles and Pandey and Chakrabarti6 have reported that
N-Boc 3-hydroxypyrrolidine 1 undergoes lithiation (at 278 °C
using BusLi, THF–TMEDA) followed by silylation to give
exclusively the C,O-disilylated adduct 3 (in 86% yield), an
intermediate that was then later employed in an alkaloid
synthesis (Scheme 1).‡ These authors suggest that the sense of
regiocontrol ‘was expected due to the directing effects of the
hydroxy group for the initial metallation reaction’ and the
implication of this claim is that the C,O-dilithiated species 2 is
involved.

As part of a broader programme, we have had cause to
examine the lithiation of 1 and two key issues are apparent.
Firstly, in our hands, C-lithiation of 1 does not occur at 278 °C
and, secondly, at higher temperatures when C-lithiation does
take place, the only products observed are those resulting from
lithiation distal to the C3 hydroxy, rather than proximal as
claimed by Pandey. We have achieved lithiation of N-Boc
3-hydroxypyrrolidine 1 using BusLi (2.2 equiv.) in THF–

TMEDA at 278 °C and then allowing the solution to warm to
246 °C. After 2 h, the mixture is then recooled (to 278 °C) and
Me3SiCl (2.2 equiv.) was added giving, after work up, the cis-
2,4-disubstituted adduct 4 as the only observed disilylated
product (Scheme 1).

Adduct 4 was then desilylated (at oxygen) to give 5 which
proved to be a more suitable intermediate for assignment of both
regio- and stereo-chemistry. This was carried out by 1H NMR
(COSY and NOE difference) analysis and, in addition, the
relative stereochemistry of 5 has been established by X-ray
crystallographic analysis (Fig. 1).§

The results of our study point towards the intermediacy of the
C,O-dilithiated species 6 (and not 2) as the only detectable
intermediate (based on trapping) produced by lithiation of
N-Boc-3-hydroxypyrrolidine 1, however, the relative config-
uration of 6 has not been investigated.

The broader synthetic scope of this regiospecific lithiation
chemistry has been further developed and intermediate 6 has
been trapped with a range of electrophiles, including primary
alkyl halides and enolizable aldehydes, to give the correspond-
ing N-Boc 2-substituted 4-hydroxpyrrolidines 7 (Scheme 2,
Table 1).¶ Yields for adducts 7∑ have not been optimised
because in most cases only modest cis/trans selectivity was
observed. This likely reflects a combination of a highly reactive
intermediate, i.e. 6, with a lack of a significant conformational
bias associated with the five membered ring, but we have
established that cis/trans is kinetically controlled: attempts to
lithiate cis-7e (using the standard reaction conditions), and
thereby provide evidence for an equilibration pathway, failed.

In summary, C-lithiation of N-Boc 3-hydroxypyrrolidine (1)
takes place distal to the hydroxy (lithioalkoxy) function but
nevertheless offers a versatile and synthetically useful entry into
2-substituted 4-hydroxypyrrolidines. Our observations con-

Scheme 1 Reagents and conditions: i, (ref. 6) BusLi, THF–TMEDA,
278 °C; ii, Me3SiCl (2.2 equiv.); iii, (this work) BusLi (2.2 equiv.), THF–
TMEDA, 278 °C to 246 °C, 2 h, cool to 278 °C, then Me3SiCl (75%); iv,
Bu4NCl, KF, MeCN (100%) Fig. 1 Molecular structure of 5
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cerning C-lithiation clearly conflict with those described
earlier6 by Pandey and Chakrabarti. This is a concern but until
this group publishes either detailed experimental protocols or
compound data, it is not possible to identify those factors that
might account for this apparent contradiction.

We thank The Overseas Research Students Awards Scheme
and GlaxoWellcome Research and Development for financial
support (to M. S.), and acknowledge use of the EPSRC’s
Chemical Database Service at Daresbury.7

Notes and References

† E-mail: t.gallagher@bristol.ac.uk
‡ Metallation of 1 is described6 as having taken place at 278 °C. No
spectroscopic data was reported for the C,O-disilylated adduct 3 which was
also indicated as an unspecified mixture of diastereomers.
§ When we carried out lithiation and quenching of 1 at 278 °C (and the
solution was not allowed to warm above this temperature) then only the
O-silyl ether of 1 was observed. This monosilylated product was also
observed as a minor component (in 15% yield) in the generation of 4. The
exclusive formation of cis-4 has not yet been investigated but intra-
molecular delivery involving participation by oxygen cannot be ruled out.

Data for 4: [a]D
24 + 43.3 (c 1, CH2Cl2); dH(400 MHz, C6D6) 4.03 (1 H, m,

H4), 3.69 (1 H, m, H5), 3.30–3.23 (2 H, m, H2 and H5), 1.91 (1 H, m H3),
1.78 (1 H, m, H3), 1.56 (9 H, s); dC(100 MHz, CDCl3) (doubling due to
rotamer populations) 154.9/154.5, 79.6/78.6, 71.0/70.2, 54.5/54.3,
46.3/46.0, 37.3/36.8, 28.5, 20.2, 21.8. Data for 5: mp 107–110 °C
(pentane–EtOAc); [a]D

24 + 57.4 (c 1, CH2Cl2); dH(300 MHz, CDCl3) 4.39
(1 H, pentet, J 5.9, H 4a), 3.78 (1 H, d d, J 11.7, 5.9, H5a), 3.30 (1 H, dd,
J 9.2, 7.2, H2a), 3.05 (1H, dd, J 11.7, 5.9, H5b), 2.26 (1 H, dddd, J 12.8, 9.2,
5.9, 0.7, H3a), 1.78 (1 H, m, H3b), 1.69 (1 H, br s, OH), 1.46 (9 H, s, But)
and 0.10 (9 H, s, Me3Si). Stereochemical assignments are based on NOE
difference studies. The crystal structure of 5 was determined from data
collected on a Siemens SMART diffractometer (l = 0.71073 Å) at 173(2)
K. The structure was solved by direct and Fourier methods and refined by
least squares against all F2 data corrected for absorption. Crystal data:
C12H25NO3Si, M = 259.4, orthorhombic, space group P212121, a =
6.159(1), b = 24.957(4), c = 9.709(2) Å, U = 1492.5(5) Å3, Z = 4, Dc =
1.15 g cm23, m = 0.156 mm21, 3382 unique data, q < 27.4°, R1 = 0.043.
CCDC 182/194.
¶ All lithiation reactions shown in Table 1 were carried out as described in
the following example: to a solution of N-Boc (3R)-hydroxypyrrolidine 1
(189 mg, 1 mmol) in THF (5 cm3) at 278 °C was added TMEDA (0.34 cm3,
2.21 mmol) followed by BusLi (1.7 cm3, 1.3 m in cyclohexane, 2.21 mmol).
The resulting bright yellow reaction mixture was warmed to 246 °C, stirred
for 2 h, then recooled to 278 °C, and dimethyl sulfate (0.21 cm3, 2.21
mmol, dried over 4 Å MS) was added dropwise. The reaction mixture was
then allowed to warm slowly to room temperature (over 5 h) and, after this
time, water (5 cm3) and CH2Cl2 (7 cm3) were added and the organic layer
was separated. The aqueous layer was extracted with CH2Cl2 (2 3 5 cm3),
the organic extracts were combined, and dried (K2CO3). Concentration in
vacuo and purification of the residue by flash chromatography (light
petroleum–EtOAc) gave N-Boc 2-methyl-4-hydroxypyrrolidine 7e (131
mg, 65%) as a 5 : 1 mixture of diastereomers. Recrystallisation gave the
major (cis) diastereomer as colourless crystals. Data for cis-7e: mp 88–89
°C (light petroleum–EtOAc); [a]D

24 + 21.1 (c 1, CH2Cl2). The cis
stereochemistry of this major adduct has also been conformed by X-ray
crystallographic analysis, details of which will be described elsewhere.)
∑ Enantiomerically pure (R)-1 was used in these initial studies. Carbamate
resonance complicated interpretation of the NMR data associated with
adducts 7 but where this was an issue it was overcome by N-deprotection
(using TFA, CH2Cl2, room temp.) to give the corresponding free amine. The
formation of stereoisomers at C2, rather than a mixture of C2/C5
regioisomers, was confirmed by Swern oxidation of the cis/trans mixture to
give a single 2-substituted pyrrolidin-4-one; this process was carried out for
adducts 7b–e. Octanal gave 7f as an inseparable 1 : 1 mixture of two of the
four possible products, but the stereochemistry of these products has not
been assigned. In addition, all new compounds have been characterised by
spectroscopic methods and either elemental analysis or HRMS.
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Scheme 2 Reagents and conditions: BusLi (2.2 equiv.), THF–TMEDA,
278 °C to 246 °C, 2 h; ii, cool to 278 °C, then E+ (2.2 equiv.) (see Table
1)

Table 1 Trapping of 6 with different electrophiles
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The synthesis of the new zeolite, ERS-7, and the determination of its structure
by simulated annealing and synchrotron X-ray powder diffraction
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The new zeolite ERS-7 (EniRicerche-molecular-Sieve-7),
which was synthesized within a narrow temperature and
compositional range using N,N-dimethylpiperidinium as a
structure directing agent, has a structure consisting of
17-sided (46546582) picnic-basket-shaped cages connected by
8-membered ring windows.

The discovery of new zeolites is closely linked to the use of
increasingly complex and novel structure directing agents
(SDAs). The syntheses of extra-large pore UTD-11 and CIT-52

zeolites, for example, were recently accomplished by using
Cp2Co+ and N(16)-methylsparteinium, respectively. Because of
the lack of selectivity typical of many SDAs, good results may
also be achieved by carefully controlling other synthesis
parameters. This is the case with the ‘simple’ N,N-dimethylpi-
peridinium cation, which was reported to favor the crystalliza-
tion of ZSM-51 (NON).3 By systematic investigation of
different synthesis parameters (i.e. temperature, crystallization
time, and the SiO2/Al2O3, SDA/SiO2, OH2/SiO2 and H2O/SiO2
molar ratios), we have obtained several known microporous
framework compounds (MOR, MTW, LEV, NON),‡ together
with the hitherto unknown ERS-7 phase.4

To synthesize ERS-7, a reaction mixture with the composi-
tion 0.2SDA : 0.3Na2O : 0.04Al2O3 : 1SiO2 : 40H2O was
prepared by using sodium silicate (Carlo Erba, 27 wt.% SiO2, 8
wt.% Na2O) and Al2(SO4)3·16H2O as sources of silica and
aluminium, respectively. Aqueous N,N-dimethylpiperidinium
hydroxide (30 wt.%) was synthesized by refluxing an ethanol
solution of 1,5-dibromopentane and dimethylamine; the bro-
mide salt obtained was filtered, washed with ethanol, dried
under N2, dissolved in demineralized water and finally
exchanged to the OH2 form by electrodialysis. The reaction
mixture was then charged in a Teflon-lined stainless steel
autoclave and heated under autogeneous pressure at 170 °C for
7 days.

The pure and well crystallized ERS-7 product was only
obtained in a narrow range of SiO2/Al2O3 molar ratios near 25.
Increasing the aluminium content in the reaction mixture
resulted in the formation of LEV (SiO2/Al2O3 = 15) or a small
amount of an unidentified crystalline phase (SiO2/Al2O3 = 20).
Pure MTW was obtained when the SiO2/Al2O3 ratio was
increased to 80, while NON crystallized from reaction mixtures
containing little (SiO2/Al2O3 = 214) or no aluminium. If
instead, the SDA/SiO2 molar ratio was decreased, MOR was
formed as a product. At 155 °C, ANA crystallized first, while
ERS-7 started to appear only after 7 days, the pure phase being
obtained after 14 days with the consumption of ANA. Similar
kinetics were observed at 170 °C, with MOR forming first, and
ERS-7 completely crystallizing after 5 days.

The framework structure of ERS-7 was determined by
simulated annealing.5 As implemented by MSI for zeolite-like
structures,6 the simulated annealing algorithm required the unit
cell dimensions, the space group symmetry, the total number of
T-sites (or more precisely, the number of cationic framework

atoms) in the unit cell, and the number of crystallographically
independent T-sites. High resolution synchrotron X-ray powder
diffraction data were collected at room temperature on dehy-
drated template-free H+ ERS-7§ at beamline X7A of the
Brookhaven National Synchrotron Light Source. The first 30
large reflections were indexed with the TREOR90 software
package7 to obtain a primitive orthorhombic unit cell (M30 =
50, F30 = 242). The space group Pnma was selected as a
starting-point based on the unambiguous determination of
extinction class and the absence of significant second-har-
monic-generation emission. The framework density was deter-
mined by measuring the density of an ERS-7 precursor (2.04 g
cm23 using a Micromeritics AccuPyc 1330 helium displace-
ment pycnometer) and then correcting for the thermogravi-
metric loss of H2O and SDA trapped inside the pores (15.5 wt.%
using a Mettler TG50 thermobalance) as well as the Na+ content
(1.2 wt.% from elemental analysis); the final value was 1.70 g
cm23 which corresponds to 48.1 T-sites per unit cell.

Assuming 48 total T-sites and Pnma symmetry, simulated
annealing runs with different initial random seeds were
performed for each possible number of symmetry-independent
T-sites, from 6 to 12. From the 1000 runs that assumed 6
symmetry-independent T-sites, 373 unique framework topolo-
gies were generated. The correct structure was identified among
these by geometry optimizing8 the simulated structures, sim-

Fig. 1 Experimental and difference XRD patterns from the Rietveld
refinement of the ERS-7 structure. The scale of the high angle data is
expanded to better illustrate its detail. Rwp = 6.11%, Rp = 5.60%, c2 =
1.566, RB = 3.28%, 1407 reflections, 12491 data points. A total of 195
parameters were refined: scale (1), profile shape (6), positional parameters
(56), anisotropic thermal parameters (112), and 20 evenly spaced back-
ground points with linear interpolation between points. Lattice parameters
were refined during the LeBail fit to the profile, but fixed during the model
refinement due to slight oscillation. The pseudo-Voigt profile shape of
Thompson et al.10 was used including the asymmetry correction of Finger
et al.11 Refined profile parameters were U = 0.597, V = 20.057, and W =
0.008 (degrees squared), Lorentzian strain broadening = 0.005°, aniso-
tropic (011) strain broadening = 0.131, and S/L = 0.013 (H/L was fixed at
the measured value of 0.011). The thermal ellipsoid of O9 has one slightly
negative root.
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ulating their X-ray diffraction (XRD) patterns and visually
comparing them to the experimental XRD pattern; it also had
the overall best (lowest) figure of merit (value of the cost
function) of any topology generated. The structure model was
then refined by the Rietveld technique from the synchrotron
data using the GSAS9 software package, resulting in the fit to
the XRD data shown in Fig. 1. Each Si atom is 4-coordinated.
The total number of symmetry-independent oxygens is 14. The
range of Si–O bond lengths was 1.573 to 1.623 Å (avg. = 1.595
Å), and the O–Si–O and Si–O–Si bond angle ranges were
105.0° to 111.3° (avg. = 109.5°) and 139.3° to 171.4° (avg. =
155.4°) respectively.

The framework structure of ERS-7, shown in Fig. 2(a), can be
described as having a one-dimensional 8-membered ring
channel system running along the b axis, with large side-pockets
along the sides of the channel. The structure can be assembled
entirely by 17-sided (46546582) picnic-basket-shaped cages (9.0
3 7.6 3 8.2 Å) that share 6 and 8-membered ring faces, such
that the channel system runs through the ‘basket-handles’ while
the pockets form the ‘basket bottoms’ [Fig. 2(b)]. The
8-membered ring channels are consistent with our observations
that ERS-7 adsorbs H2O and methanol, but not n-hexane. The

cages connected to these channels explain the fact that while
N,N-dimethylpiperidinium is too large to fit into the 8-mem-
bered ring channel (7.4 3 6.2 Å), it can still be removed upon
decomposition at high temperature without damaging the
framework. The ERS-7 framework can also be viewed as
consisting of chains of smaller 11-sided cages that share
6-membered ring faces along the a axis, but connect in the b +
c and b 2 c directions by additional 4-rings rather than by
corners, edges, or faces.

The synthesis of ERS-7 demonstrates that the preparation of
new zeolites is related not only to the use of increasingly
complex SDAs but also to the systematic screening of the
synthesis parameters. The use of simulated annealing to solve
the structure of a fairly complex new zeolite demonstrates its
importance as an alternative approach when single crystals are
unavailable.
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Fig. 2 (a) The [010] projection of ERS-7 showing the 8-membered ring
channels. Final values for the lattice parameters were a = 9.79976(4), b =
12.41163(6), c = 22.86063(11) Å, and V = 2780.561 Å3. (b) Schematic
representation of the 17-sided (46546582) ‘picnic-basket’-shaped cage.
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Comparison of two means of attachment of an organometallic acid on gold
surfaces by combining X-ray photoelectron spectroscopy and IR reflection
spectroscopy
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Two methods of immobilization of the butyric 4-oxocyclo-
pentadienylmanganese tricarbonyl acid I on gold surface are
presented: either through the assembly of a disulfide derived
from the acid, or by coupling on a cystamine monolayer; the
efficiency of these two ways are evaluated by IR reflection
spectroscopy and X-ray photoelectron spectroscopy.

The research of new immunoassay methods avoiding the
drawbacks of radioactive tracers appears to be a main line in
analysis.1 We recently demonstrated the possibility to assay
drugs, hormones and pesticides by FTIR spectroscopy using
organometallic markers.2 For that purpose, we took advantage
of the specific and intense nCO stretching vibration of the metal
carbonyl [My(CO)x] within 1900–2150 cm21. Moreover, this
method might be one of the rare realistic approaches to multi-
immunoassays thanks to the characteristic positions of the metal
carbonyl groups signals.1

So far the analysis was performed in solution and required a
separation of the free tracer and the antibody-linked tracer. This
step was time demanding and turned out to be incompatible with
a large scale analytical development. In order to perform this
analysis in the solid state, we investigated the immobilization
and detectability of organometallic-marked biological mole-
cules. Biological material can be immobilized on a surface as a
host in polymer thin films,3 as a host or an adduct within
Langmuir–Blodgett films4 or can be grafted via covalent bonds
on a self-assembled monolayer (SAM).5 We selected the third
method because it provides bioactive films with high accessi-
bility for external molecules.

Self-assembled monolayers on gold surfaces are generally
prepared from dilute solutions of thiols (or disulfides). Bio-
molecules can be attached to the surface via the terminal
functional groups of the assembled thiolate. Before working on
the biological matrix, we studied the detectability of manganese
tricarbonyl complexes immobilized on the gold surface by IR
reflection spectroscopy (IRS). The present study is necessary
because the immobilization of metal carbonyl complexes on
gold surfaces is a quite new research field.6,7 We report here a
comparison between two means of attachment of an organome-
tallic acid, the butyric 4-oxocyclopentadienylmanganese tri-
carbonyl I, on gold surface. Acid I can be prepared following a
known synthesis using cymantrene.8 The attachment of the acid
was carried out either in one step with a disulfide derived from
the acid I (method A) or in two steps via the linkage of I with
a chemically reactive SAM (method B). We used two different
and complementary surface spectroscopies to evaluate the
efficiency of these two strategies: IR reflection spectroscopy to
detect the carbonyl vibrations, and photoelectron X-ray spec-
troscopy to compare the molecular densities through the S/Au
peak area ratio.

To achieve method A, the organometallic acid I was
transformed into a surface-active molecule. Esterification of I
was performed with N,N,NA,NA-tetramethyl(succinimido)uron-

ium tetrafluoroborate (TSU) and diisopropyl amine in anhy-
drous DMF9 to give the N-hydroxysuccinimide ester II. The
disulfide III was then formed by overnight reaction of the ester
with cystamine in anhydrous DMF in the presence of triethyla-
mine [Scheme 1(a)].

SAMs of the disulfide III were prepared on gold substrates10

previously cleaned with UV/ozone treatment. The substrates
were then placed in a dilute solution (1.5 mm) of III in distilled
THF for 20 h.

The IR reflection spectra of the monolayer11 obtained via
method A is shown in Fig. 1(a). The bands at 2041 and 1968
cm21 are characteristic of the metal carbonyl vibrations, and did
not change with reaction time, which indicates that an
equilibrium state was reached. A shift to higher frequencies is
observed compared to the IR spectrum of the pure compound
(the E mode vibration of the pure compound is observed at 1940
cm21). We believe that this shift is due to hydrogen bonds12

occurring in the pure compound which lower the frequencies.
On the gold surface, such interactions are prevented. The
observed frequencies are the same as those in
p-acetylcyclopentadienyl manganese tricarbonyl (2040 and
1965 cm21 in KBr disc),13 which has a similar electron
withdrawing substituent on the ring and no possible hydrogen
bonds.

In method B, we first prepared the monolayer of cystamine by
soaking the gold substrates for 3 h in a solution of cystamine
dihydrochloride (0.05 m) in water. Upon removal from the
solution, the substrates were rinsed with 20 ml of water, 5 ml of
absolute ethanol and then were dried under nitrogen.

The covalent link of the acid I was constructed by first
activating the acid into the ester II. The cystamine monolayer
was then immersed for 20 h in the solution, and some
diisopropylethylamine added.14 The protocol is illustrated in
Scheme 1(b). A ‘test slide’ was prepared at the same time
following the same procedure but without TSU, in order to
check the efficiency of the activation. Both were rinsed by two
2 min immersions in DMF, then one in absolute ethanol, dried
and analyzed by IRS. The IR reflection spectra obtained via

Fig. 1 IR reflection spectra of (a) the disulfide III monolayer and (b) the
result of coupling on a cystamine monolayer
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method B is shown in Fig. 1(b). The covalent coupling of the
acid on the surface was proved by the absence of carbonyl
vibration bands on the ‘test gold slide’.

We now want to compare the two methods of attachment of
the organometallic acid I on gold. The measurements of the
areas of the IR bands at respectively 2041 and 2036 cm21 shows
that the carbonyl E vibration band is 48% lower when the
attachment was performed via method B than via method A.
Therefore, a discussion of this result requires an evaluation of
the density of the sulfur sites within the monolayer built from
the disulfide III and from cystamine.

We performed XPS analyses at normal incidence on both
surfaces and calculated the S/Au ratio. At normal incidence, the
thickness of the SAM has a negligible influence on the intensity
of the XPS signal.15 The S 2p photoelectron spectra of the layers
of cystamine and disulfide III exhibit a peak at 162 eV which is
in good agreement with the thiolate moiety on gold.16 The ratios
IS/IAu are 0.0084 for the disulfide III monolayer, and 0.0094 for
the cystamine one, which indicates that the molecular density
for the cystamine monolayer on the gold surface is a few percent
higher than for III (considering the experimental error in XPS).
We assume that this is not a significant reason for the observed
variation in the infrared intensities.

Therefore, the difference in the areas of the carbonyl
vibration bands between SAMs prepared via method A and B is
mainly ascribed to the yield of attachment in the adsorbed
phase. Note that the different orientations of the metal carbonyl
groups may also account for variations of the IR intensities as
the reflection mode is only sensitive to the contribution of the
dipole moments normal to the surface. However, considering

the roughness of the surface at the molecular scale, and the
likely amorphous character of these monolayers constituted by
molecules having bulky terminal groups, we assume that the
metal carbonyl moieties of C3v symmetry are randomly
oriented. The observed IR signal is consequently unaffected by
a preferential orientation of the molecules, but essentially
determined by the number of attached metal carbonyl moieties.
Therefore, the yield of attachment is the main factor for the
differences in the IRS spectra. We found that the attachment via
method B was ca. 45% of the attachment via method A (average
of three experimental values taking into account the slight
difference in surface densities shown by XPS).

This value can be compared to the 40% of activated CO2H
obtained after one cycle of activation of the 11-mercaptoun-
decanoic acid groups by N-hydroxysulfosuccinimide (NHSS)
with EDC.17 The limited yield of 40–45% in both cases
underlines the importance of the steric effects.

An organometallic acid was covalently attached to a
cystamine monolayer on gold. The amount of attachment was
evaluated by combining two surface techniques, XPS and IRS,
and comparing the signals of the monolayer obtained after
coupling into the adsorbed phase with those from the corre-
sponding disulfide layer.

This work allows us to envisage an immunoassay using
organometallic markers in the solid phase.

We gratefully acknowledge research grants from CNRS and
Region Bourgogne (France) and D.R.E.T., Délégation Générale
pour l’Armement (DGA).
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Scheme 1 Methods of attachment of acid I onto a gold surface; (a) method
A and (b) method B
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Stereoselective a-glycosidation using FeCl3 as a Lewis acid catalyst

Swapan K. Chatterjee and Peter Nuhn*†

FB Pharmazie, Martin Luther Universität, Wolfgang-Langenbeck-Str. 4, 06120 Halle, Germany

A simplified procedure for the stereoselective
a-glycosidation of peracetylated sugars, carrying a partici-
pating group at C2, with aliphatic alcohols in the presence of
FeCl3 as a Lewis acid is described.

In continuation of our work1 on the study of cellular response
towards liposomes and their cryoprotection through glycolipids
and the interaction of phospholipid and glycolipids, we required
large amounts of different pure anomers of glycolipids with
varying numbers of spacer unit. In spite of a number of methods
reported in the literature2 cis-glycosidation is still a problem; in
most of the reported syntheses partial or full protection of the
sugar moiety is required, e.g. protection with Bn3 or TBDMS.4
The presence of an anchimeric assistant group, e.g. in the case
of protection with an acyl group particularly at the C2 position
of the pyranose ring, leads to a cyclic transition state or non-
isolable cyclic intermediate5 (A in Scheme 1), thereby resulting
in trans-glycosidation.

Partial or full protection of the glycosyl donor without a
participating group at C2 is not always easy. In our previous
paper3 we reported such a stereoselective a-glycosidation
starting from a 2,3,4,6-tetrabenzyl monosaccharide. Even the
most readily available partially-protected monosaccharide,
2,3,4,6-tetrabenzyl glucose, could be prepared by us in only
40–50% overall yield starting from the methyl glucoside.6 The
loss of product is occurring during the hydrolysis of methyl-
2,3,4,6-tetrabenzyl glycoside due to the instability of the
product to acidic hydrolytic conditions.

We report here for the first time a-glycosidation with a
glycosyl derivative having a participating group at the C2
position. Anomerisation of b-glucopyranosides is already
known via treatment with titanium chloride,7a or mercuric
bromide.7b Nakanishi7c first observed the anomerisation of
tetrabenzyl b-methylglucoside to a-methylglucoside in the
presence of FeCl3. Srivastava8 reported stereoselective per-
acetylation of different monosaccharides to give a-pentaacetyl
pyranosides with FeCl3. These observations lead us to try
glycosidation with FeCl3 starting directly from readily available
peracetylated monosaccharide and aliphatic alcohols. Thus
reaction of pentaacetyl sugar with alcohols in the presence of
anhydrous FeCl3 in CH2Cl2 at room temperature lead stereo-
selectively to the a-anomer.‡ This is the first observation of
stereoselective a-glycosidation occurs inspite of the presence of
the anchimeric assistant O-acetyl group at the C2 position of the

pyranose ring of glucose, mannose and galactose (Scheme 2,
Table 1).

Disaccharide moieties in which the glycosyl parts are bound
a to each other are wide-spread in natural systems, e.g. the

Scheme 1

Scheme 2

Table 1 Reactions of alcohols with peracetylated monosaccharides in the
presence of FeCl3

No.
Peracetylated
sugar Alcohol Product

Yield
(%)

Anomeric
ratioa

(a :b)

1 PAGlc MeOH 1a 95 98 : 2
2 PAGlc C16H33OH 1b 70 93 : 7
3 PAMan MeOH 2a 90 100 : 0
4 PAMan C16H33OH 2b 75 100 : 0
5 PAGal MeOH 3a 88 95 : 5
6 PAGal C16H33OH 3b 68 92 : 8
7 PAGlc 4a 5a 75 90 : 10
8 PAMan 4a 5b 73 100 : 0
9 PAMan 4b 5c 72 100 : 0

10 PAMan 4c 5d 70 100 : 0
11 PAGal 4d 5e 68 90 : 10

a The anomeric ratios were determined by GCMS or HPLC analysis.

Chem. Commun., 1998 1729



glycoproteins in cell membranes, the immune system, receptors
of different bacterial cells9 and also the human P blood-group
system.10 They are therefore of great interest for cell-cell
recognition. We found that triacetyl-a-methylglycosides 4
react, in the presence of ferric chloride, with different
pentaacetyl monosaccharides to give heptaacetyl disaccharides
5 in high yield where the monosaccharide moiety is ster-
eoselectively a-orienteded to the glycosyl donor.

This work was supported by the Deutsche Forschungs-
gemeinschaft (Sonderforschungsbereich 197).

Notes and References

† E-mail: nuhn@pharmazie.uni-halle.de
‡ General procedure: To a solution of pentaacetylmonosaccharide (2 g) in
CH2Cl2 below 5 °C was added slowly FeCl3 (1 equiv.), and the mixture was
stirred for 5 min. An equimolar amount of alcohol was then added to the
reaction mixture portionwise over 15 min. and stirred at room temperature.
Continuous TLC monitoring showed no significant formation of the
b-anomer. After completion of the reaction, indicated by the disappearance
of the alcohol by TLC ( there is always some transformation of the alcohol
to the acetate due to transesterification) the reaction mixture was poured into
sat. aq. sodium hydrogen carbonate and extracted with Et2O. Chromato-
graphy of the resultant mixture gave the expected glycoside. GCMS and
HPLC analysis showed it to be the a-anomer (Table 1), Pure anomer can be
obtained via preparative TLC. 13C and 1H NMR and mass spectroscopic and
other analytical data are identical to those reported previously (ref. 3).
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Synthesis of heme–tris(imidazolyl)methane copper complex, the first binuclear
complex bearing three imidazole ligands for copper, as an active site model of
cytochrome c oxidase

Fumito Tani, Yasuhiro Matsumoto, Yoshimitsu Tachi, Takao Sasaki and Yoshinori Naruta*†

Institute for Fundamental Research of Organic Chemistry, Kyushu University, Fukuoka 812-8581, Japan

As an active site model of cytochrome c oxidase, a new
covalently-linked binuclear complex with three imidazole
ligands for copper, heme–tris(imidazolyl)methane copper,
was prepared and spectroscopically characterized.

Cytochrome c oxidase (CcO) is a terminal respiratory protein
complex which catalyzes the four-electron reduction of O2 to
water in aerobic organisms.1 The structures of bovine heart2 and
Paracoccus denitrificans3 CcOs have been independently
revealed by X-ray crystallography. Heme a3 and CuB, which
form a unique binuclear center, are directly responsible for
dioxgen reduction. The histidinyl imidazole axially ligates to
the iron in heme a3, while CuB has the three histidinyl imidazole
ligands for the copper. The separations between the iron and the
copper atoms in the active site were determined to be 4.5 Å for
the bovine heart and 5.2 Å for the bacterial CcO.

A number of heme-based binuclear Fe–Cu complexes have
been prepared4 to elucidate the mechanism of O2 reduction and/
or to reproduce an EPR-silent, antiferromagnetic coupled FeIII–
X–CuII moiety, which are the characteristics of the resting state
of CcO. We recently reported that the reduced form (FeII–CuI)
of the heme–tris(pyridylmethyl)amine copper complex reacted
with dioxygen to give a stable oxygenated complex 1 in a
µ-1,2-peroxo fashion at ambient temperature.5 To the best of
our knowledge, this is the first well-characterized dioxygen
adduct of a CcO modeling complex. Although the coordination
to the copper ions is considered to affect the binding and
reduction of dioxygen significantly, there have been no
examples of a binuclear model complex having three imidazole
ligands for the copper ion similar to the native ones. As a close
model with a Cu–L3 moiety, we reported the oxidized form of
heme–trispyrazolyl copper complex 2,6 which, however, did not
exhibit a large enough formation constant with copper ion to
allow further study. Therefore, we designed and synthesized a
new model complex, heme–tris(imidazolyl)methane copper
[FeIII(TPP)–CuII(TIMC2)Cl3]. Tris(imidazolyl)methane is a
tridendate chelating ligand which can give stable complexes
with copper ion.7 The two components, porphyrin and tris(imi-
dazolyl)methane, are connected through an amide linkage to
maintain a suitable geometry and separation of the two metal
ions.

The synthetic routes to the desired complex are shown in
Scheme 1.‡ (Nt-Methylhistamin-2-yl)-bis(N-methylimidazol-
2-yl)methane 6 (TIMC2-NH2) could be obtained via the
coupling between silyl-protected Nt-methy-2-bromohistamine
5 and the lithiated anion of bis(N-methylimidazol-2-yl)me-
thane8 under Pd(PPh3)4-catalyzed conditions.9 Nt-Methylhista-
mine 3 was prepared from commercially available histamine
dihydrochloride in three steps according to the reported
methods10 in 71% overall yield. There were some prerequisites
for the protection of the NH2 group: first, the protecting group
should be robust enough under the following strong basic
conditions involving BuLi, and second, the group should be
removable under mild conditions and should be easily separable
from the reaction mixture. Thus, a cyclic disilyl group11 was
chosen as the protecting group. A solution of 3 and DBU§ was

treated with 1,1,4,4-tetramethyl-1,4-dichlorosilylethylene to
give the cyclic disilazole 4 in 90% yield. Bromination at the C-2
position of 4 was accomplished with BuLi and 1,2-dibromo-
1,1,2,2-tetrafluoroethane in 94% yield with conservation of the
disilyl protecting group. Litiation of bis(N-methylimidazol-
2-yl)methane at CH2 was performed with BuLi in THF,
followed by the addition of Pd(PPh3)4 and 5 . The mixture was

Scheme 1 Reagents and conditions: i, DBU, 1,1,4,4-tetramethyl-1,4-di-
chlorosilylethylene, CH2Cl2, 2 h, room temp., 90%; ii, BuLi, Et2O , 1h, 278
to 235 °C, 1,2-dibromo-1,1,2,2-tetrafluoroethane, 278 to 225 °C; iii,
BuLi, bis(N-methylimidazol-2-yl)methane, THF, 1 h, 278 to 220 °C,
Pd(PPh3)4, overnight, 50 °C; iv, 6, Pri

2NEt, CH2Cl2, 2 h, 0 to 20 °C; v,
CuCl2·6H2O, MeOH–CH2Cl2, 1 h, room temp.
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heated overnight at 50 °C to enhance the coupling reaction. The
removal of the starting compounds by sublimation under high
vaccum conditions afforded TIMC2-NH2 6 in 25% yield.

5-(2-Carboxyphenyl)-10,15,20-triphenylporphyrin was used
as the porphyrin moiety. In order to avoid complications during
the insertion of the two different metal ions to two different
ligand sites, iron(III) was introduced into the porphyrin ligand
prior to coupling with the TIMC2 moiety. The acid chloride 7,
obtained quantitatively from the free acid, was coupled with 6 in
the presence of Pri

2NEt in CH2Cl2 to give the mononuclear
complex 8 {[FeIII(TPP)–(TIMC2)]Cl; m/z = 993, lmax/nm
(e/M21 cm21) = 378 (23 200), 417 (46 700), 511 (5170), 576
(2410), 695 (1380), 775 (520)} in 31% yield. The final desired
complex 9 {[FeIII(TPP)–CuII(TIMC2)]Cl3} was prepared
quantitatively by the addition of CuCl2·6H2O in MeOH–
CH2Cl2. Its electronic spectrum [lmax/nm (e/ M21 cm21) = 378
(26 900), 417 (44 700), 510 (6560), 577 (2330), 654 (2110), 687
(2110)] was similar to that of the mononuclear heme complex.
Its electrospray mass spectrum showed a cluster of peaks at m/z
1128 as a base peak, which is assignable to the monocation
[FeIII(TPP)–CuII(TIMC2)Cl2]+. The distribution of isotope
peaks was in good accord with simulation. The high-resolution
mass spectrum (FAB, NBS) also gave an acceptable mass
number within 10 mmeu [Calc. for C60H47N11OFeCuCl2 ([M -
Cl]+): 1128.4053. Found: 1128.4101]. The EPR spectrum of
this complex showed signals at g = 6.00 and 2.00, which are
characteristic of typical high spin iron(III) porphyrins, and
signals at g∑ = 2.25 and g4 = 2.07 derived from CuII (Fig. 1).
The lack of a meaningful magnetic interaction in the EPR
spectrum indicated a large separation of the two paramagnetic
centers . The four-split hyperfine structure of CuII centered at g∑
was observed with A∑ = 142 G (0.0149 cm21). It has been

shown that as the coordination geometry of copper in a CuL4
center is distorted from square planar to teterahedral, g∑
increases and A∑ decreases with an antiparallel linear correla-
tion.12 Comparing the present g∑ and A∑ values with those of the
reported CuII complexes, we conclude that the coordination
geometry of the copper is distorted tetragonal rather than planar.
This spectroscopic evidence substantiated the designed struc-
ture of [FeIII(TPP)–CuII(TIMC2)]Cl3. Of all the CcO models,
this is the first binuclear complex bearing three imidazole
ligands coordinated to copper.

The reaction between the reduced form (FeII–CuI) of the
present complex and dioxygen is now under investigation,
along with a comparison with our previous binuclear oxy-
genated complex (1).

This research was financially supported by a Grant-in-Aid for
COE Research (#08CE2005) and for Scientic Research on
Priority Areas (#09235225) from the Ministry of Education,
Science and Culture, Japan.
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in CH2Cl2.
§ Simple tertiary amines like Et3N were ineffective for this reaction. Since
the removal of generated HCl is critical for the completion of the reaction,
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Fig. 1 EPR spectrum of 9 {[FeIII(TPP)–CuII(TIMC2)]Cl3} in CH2Cl2 at 6
K, microwave frequncy = 9.3423 GHz, power = 1 mW
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Ion pair chromatographic resolution of tris(diimine)ruthenium(II) complexes
using TRISPHAT anions as resolving agents

Jérôme Lacour,*† Sonya Torche-Haldimann, Jonathan J. Jodry, Catherine Ginglinger and France Favarger

Département de Chimie Organique, Université de Genève, quai Ernest Ansermet 30, CH-1211 Genève 4, Switzerland

Enantiomers of chiral tris(diimine)ruthenium(II) complexes
can be separated on a polar chromatographic phase (SiO2)
when associated with TRISPHAT counterions (2 equiva-
lents).

Chiral tris(diimine)ruthenium(II) complexes have been ext-
ensively studied in the fields of photochemistry and photo-
physics, and as probes in DNA.1 Many applications require
enantiopure complexes (D or L) and, for those made from
achiral ligands, a resolution is usually needed due to the
shortage of enantioselective methods of synthesis.2 Tradition-
ally, resolutions of chiral cationic tris(diimine)ruthenium(II)
complexes are realised by the formation of diastereomeric ion
pairs (IPs) with anionic chiral resolving agents, and then depend
principally on solubility differences.3 Ion-pair chromatographic
resolutions, using cation exchangers and electrolytes with chiral
anions in the mobile phase, are possible and lead to efficient
separation of diastereomeric IPs.4 Herein, we report a new
chromatographic resolution procedure involving pre-formed
diastereomeric mixtures of chiral tris(diimine)ruthenium(II)
complexes and TRISPHAT anions (1, 2 equiv.). The resulting

diastereomeric IPs are poorly retained on polar chromato-
graphic phase (SiO2) and large differences in the retardation
factors are observed.

Recently, we have shown that the easily prepared and
resolved chiral TRISPHAT anion 1 [tris(tetrachlorobenzenedio-
lato)phosphate(V)] is configurationally stable as an ammonium
salt in solution.5 Anion 1 is an efficient NMR chiral shift agent
and a valuable host in molecular recognition studies, conferring
unique properties to its IPs.6 For instance, TRISPHAT modifies

profoundly the chromatographic properties of cations asso-
ciated with it (e.g. triarylcarbenium cations) and the resulting
IPs are poorly retained on polar chromatographic phases.6b This
result encouraged us to examine whether enantiopure TRIS-
PHAT anion could be used for the IP chromatographic
resolution of configurationally stable chiral cations, such as the
tris(diimine)ruthenium(II) complexes. We hypothesised that
selective chiral discriminating interactions would occur be-
tween these three-bladed propellers (D+–D2 vs. L+–D2)
resulting in a good separation.6c We decided to test this
hypothesis with [Ru(bipy)3]2+ 2, [Ru(4,4’-diMebipy)3]2+ 3,
[Ru(bathophen)3]2+ 4 and [Ru(phen)3]2+ 5 complexes using the
cinchonidinium-(P or D)-1 salt (1a) as resolving agent.5,6a

Complexes 2-Cl2 and 3-Cl2 were prepared following the
description of Broomhead and Young,7 and salts 3-(PF6)2,
4-(PF6)2 and 5-(PF6)2 in a single step from Ru(DMSO)4Cl2 and
the respective bipyridine or phenanthroline ligands (3
equiv.).8

The potential of TRISPHAT 1 to serve as a chromatographic
resolving agent was first evaluated by analytical thin layer
chromatography (TLC): Solutions of salt 1a (2.0 equiv.) in
acetone and racemic 2-Cl2, 3-Cl2, 3-(PF6)2 or 4-(PF6)2 (1.0
equiv.) in CH2Cl2 were prepared, mixed together, and the
resulting solutions adsorbed on silica gel plates. Development
by elution with CH2Cl2 or CHCl3 showed the formation of two
bands corresponding to the two new diastereomeric IPs,
[D-(2–4)](D-1)2 and [L-(2–4)](D-1)2. Much reduced affinity
for silica gel was exhibited as foreseen, as the (2–4)(D-1)2 IPs
were retained to a much lower extent (Table 1).

The retention of diastereomeric salts (2–4)(D-1)2 depended
upon the nature of the cation and the concentration of the salts.6b

Solutions were thus applied (spotted) as concentrated as
possible. Due to the streaking of salts (2–4)(D-1)2 on TLC, we
have not calculated retardation factors (Rf), but rather measured
the distance moved by the analyte band to the top (and not to the
centre) of the spot: The derived ratios, called just R, for the
resulting IPs were in the range of 0.45–0.75 for the most eluted
diastereomer and 0.35–0.54 for the least (CH2Cl2 as eluent). We
observed rather large differences between the R values of the
diastereomeric IPs (max. DR = 0.23). More lipophilic cations
(3 and 4, entries 2–5) were retained less than 2 and 5. The less
polar CHCl3 led to better separation than CH2Cl2. The nature of

Table 1 Retardation factors of diastereomeric [Ru(LL)3](D-1)2

R (2–5)(D-1)2
a,b

Racemic Ra,b

Entry salt (2–5)-X2 Most eluted Least eluted DR

1c 2(Cl)2 < 0.05 0.45 0.33 0.12
2c 3(Cl)2 < 0.05 0.75 0.52 0.23
3c 3(PF6)2 < 0.05 0.76 0.54 0.22
4c 4(PF6)2 0.08 0.75 0.65 0.10
5d 4(PF6)2 0.15 0.65 0.46 0.19
6c 5(PF6)2

e < 0.05 0.42 f f

a R represents the distance moved by the analyte band to the top. b Spotted
as concentrated as possible. c CH2Cl2 as eluent. d CHCl3 as eluent. e TLC
done with solution containing partially resolved D-5. f Not applicable.

Chem. Commun., 1998 1733



N

N

Ru

N

N

N

N

N

N

Ru
N

H

H

OH

N

Solid Mother liquor

i
ii iii

3
(±)-5

(∆)-5
(90% de) +

2+

+

(Λ)-5

2+
240 300 400 500 600 700

–300

–200

0

200

300

∆e
 / 

M
–1

 c
m

–1

l / nm

(a)

(b)

the anionic counterion (Cl2, PF6
2) in the precursor salt seems

to have, within experimental error, no influence (entries 2 and
3). The behaviour of the (2–4)(D-1)2 ion pairs is quite
remarkable as the precursor salts (2–4)(PF6)2 migrate little
under these chromatographic conditions.

TLC analysis of racemic salt 5-(PF6)2 in the presence of
anions D-1 could not be completed as planned: The precipita-
tion of an orange solid containing essentially L-5 was observed
in seconds upon the mixing of the solutions of 5-(PF6)2 and 1a.‡
A direct, yet partial, resolution of 5 was thus afforded as the
filtration of the solid gave a mother liquor containing the
cinchonidinium cation and D-5 (90% de) in a 4:1 ratio
(Scheme 1).

Preparative chromatographic resolution was possible for the
ruthenium(II) diimine complexes 3 and 4, exhibiting good
solubility in CH2Cl2 (or CHCl3) and large DR values when
associated with 1. From mixtures of 1a (2.0 equiv.) and racemic
salts 3-(PF6)2 and 4-(PF6)2 (1.0 equiv.), pure separated
diastereomeric IPs [D-(3,4)](D-1)2 and [L-(3,4)](D-1)2 could
be afforded in reasonable yields (Table 2):§

The enantiomeric excesses of the cations in the various
chromatographic fractions were easily assessed by TLC and/or
determined precisely by 1H NMR analysis.¶ Due to the
streaking of the IPs on silica gel, the most rapidly eluted
diastereomers were always afforded in better yields than the
least, and rather large fractions containing both diastereomers
were isolated. Circular dichroism (CD) analyses of solutions of
the most and least rapidly eluted separated diastereomers
indicated that the cationic complexes had absolute D and L
configurations respectively (Fig. 1). Homochiral [D-(3,4)](D-

1)2 complexes were less well retained than heterochiral
complexes [L-(3,4)](D-1)2 on silica gel.

In conclusion, we have developed a new chromatographic
resolution procedure for rather lipophilic cationic tris(diimi-
ne)ruthenium(II) complexes; it requires just 2 equiv. of the
resolving agent and a polar chromatographic phase (SiO2),
which thus makes it economical and practical.

We are grateful for financial support of this work by the
Swiss National Science Foundation. We thank Mr A. Pinto, Mr
J.-P. Saulnier, Mr W. Kloeti and Mrs E. Sandmeyer for NMR
and MS measurements.
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† E-mail: lacour@sc2a.unige.ch
‡ 31P NMR analyses (20% [2H6]DMSO–CDCl3) of the solid and the mother
liquor reveal the presence of TRISPHAT and PF6

2 in both fractions.
§ Typical procedure: To a solution of 67.7 mg of 3-(PF6)2 (71.7 µmol, 1.0
equiv.) in CH2Cl2 (10 ml) was added a solution of 152.7 mg of 1a (143.5
µmol, 2.0 equiv.) in acetone (5 ml) and, after 10 min of stirring, 1.0 g of
SiO2 [J. T. Baker silica gel (30–60 µm)]. The resulting mixture was
concentrated in vacuo affording a fine orange powder, which was placed on
the top of a chromatography column (SiO2, 3 3 18 cm). Elution with
CH2Cl2 afforded fractions that were collected, analysed by TLC/NMR and
gathered according to their enantiomeric purity.
¶ The associated TRISPHAT anions behave as NMR chiral shift agents.
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Ginglinger, Tetrahedron Lett., 1998, 39, 567; (c) J. Lacour, J. J. Jodry, C.
Ginglinger and S. Torche-Haldimann, Angew. Chem., Int. Ed. Engl.,
1998, in the press.

7 J. A. Broomhead and C. G. Young, Inorg. Synth., 1990, 28, 338.
8 I. P. Evans, A. Spencer and G. Wilkinson, J. Chem. Soc., Dalton Trans.,

1973, 204; L. F. Cooley, C. E. L. Headford, C. M. Elliot and D. F. Kelley,
J. Am. Chem. Soc., 1988, 110, 6673.

Received in Basel, Switzerland, 26th May 1998; 8/03904F

Scheme 1 Reagents and conditions: i, 1.0 equiv. of (±)-5-(PF6)2 in CH2Cl2,
2.0 equiv. of 1a in acetone, CH2Cl2, 10 min; ii, filtration, essentially L-5;
iii, mother liquor, cinchonidinium:D-5 (4:1), de 90%

Table 2 Preparative ion pair chromatographic resolution

Entry Salts
Most
eluteda

Least
eluteda

Mixed
fractiona Eluentsb

1 3-(PF6)2 34%c 15%d 41% A only
2 3-(PF6)2 40%c — 56%e B then A
3 4-(PF6)2 45%c 29%d 24% B then A

a Yields for isolated products. b A = CH2Cl2 and B = CHCl3. c Homochiral
complex D+(D2)2. d Heterochiral complex L+(D2)2. e The lower solubility
of (D-3)(D-1)2 in CHCl3 leads to its gradual release in solution and thus to
an important contamination of the least eluted fraction.

Fig. 1 CD spectra of the most and least eluted diastereomeric complexes (a)
(D-3)(D-1)2 and (b) (L-3)(D-1)2 in CH2Cl2 at 20 °C
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Oxa-bowls: formation of exceptionally stable diozonides with novel, C–H···O
hydrogen bond directed, solid state architecture

Goverdhan Mehta*† and R. Uma

Molecular Design and Synthesis Laboratory of JNCASR, School of Chemistry, University of Hyderabad, Hyderabad 500 046,
India

Several tetraquinane-based diolefins on ozonization furnish
unusually stable diozonides of ‘bowl-like’ topology and their
solid state structure reveals interesting architecture woven
through a network of unique C–H···O interactions.

We have been engaged in the synthesis of a range of novel, high
symmetry, ‘bowl-shaped’ molecular entities, composed of a
carbocyclic base and hetero-atom speckled rim.1 In the context
of these endeavours, we became interested in an octacyclic,
hexaoxa-bowl 1, C14H14O6, of C2v symmetry, which we
planned to access from the hexaaldehyde 2, through a cascade of
intramolecular acetalization protocols.1 Compound 2, in turn,
was proposed to be prepared from the C2v tetraquinane 3 via
ozonolysis or equivalent oxidative cleavage of the disubstituted
double bonds (Scheme 1). During our studies of 1, we observed
that several derivatives of 3 on ozonization furnish remarkably
stable diozonides in a highly stereoselective manner. Two of
these tetraquinane derived diozonides readily furnished single
crystals and their X-ray crystallographic analysis shows a
fascinating packing pattern and supramolecular arrangement,
sustained by a network of C–H···O hydrogen bonds.2 To the best
of our knowledge, only one stable diozonide [derived from
hexamethyl (Dewar) benzene] is known3a so far, although
several stable mono-ozonides have been reported recently.3c,d

The crystal structure3a,b of the diozonide from hexamethyl
(Dewar) benzene has also been determined, but the authors did
not observe any significant intermolecular contacts.

Tetraquinanes 3, 4 and their oxa-analogues 5–8 reported
earlier by us,4 on ozonolysis in CH2Cl2 at 278 °C directly
furnished the corresponding diozonides 9–14 after the removal
of the solvent and could be readily crystallized (Scheme 2). All
the diozonides were stable at room temperature (for months)
and showed little decomposition on either moderate heating or
on exposure to Me2S and triphenylphosphine under standard
conditions (stirring in CH2Cl2 solution). The gross structures of

9–14 were fully revealed through the incisive analysis of their
1H and 13C NMR data.5 However, the bowl-like syn,syn-
stereochemistry present in 9–14, with the two oxa-bridges
protruding inwards could not be delineated unambiguously,
although the MMX calculations showed this arrangement to be
the most stable.‡ Therefore, recourse was taken to X-ray
crystallography and two of the diozonides 9 and 14 furnished
single crystals suitable for structure determination.

The diozonide 9 crystallized in space group C2/c and an
ORTEP perspective (Fig. 1)§ revealed the stereochemistry as
syn,syn with the O1 and O1a oxa-bridges tilting significantly
inwards (O1 and O1a distance being 2.62 Å), and this
orientation is facilitated by intramolecular C–H···O hydrogen
bonds2 between the bridgehead H1 and H1a atoms and the O4a

Scheme 1

Scheme 2

Fig. 1 ORTEP plot of 9
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and O4 carbonyl groups of the ester moieties (H···O distance
2.21 Å, C···O 2.93 Å and C–H···O angle of 129.5°) (Fig. 1). The
packing pattern shows that the bowl-like molecules of 9 are
stacked one over the other along the b axis in a columnar
arrangement (Fig. 2). In the ab plane there are arrays of uni-
directional bowls, each engaged in four C–H···O hydrogen
bonds (two below and two above) to nearest neighbours through
H4, H4a (ring junction protons on the diquinane moiety) and
O2a, O2 oxygens of the peroxo bridge (H···O distance 2.58 Å,
C···O 3.34 Å and C–H···O angle of 134.4°) along the b axis. The
adjacent ab planes consist of bowls growing in opposite
directions and are held by weak C–H···O contacts between the
Hc protons of the ester methyls and O1 oxa-bridges of the
inversion related bowls (Fig. 2).

The oxa-bowl 14 crystallizes in space group Pca21 and the
molecules are tightly packed as indicated by its high density
(1.681 Mg m23). An ORTEP diagram (Fig. 3)§ once again
revealed the syn,syn stereochemistry but the two oxa-bridges
are now far apart (O1 to O4 distance is 4.22 Å), perhaps due to
repulsion within the congested concave surface with O7. The
bowls are held by C–H···O hydrogen bonds (H···O distance 2.36
Å, C···O 3.28 Å and C–H···O angle of 155.1°)2 between H10
(ring junction proton on the diquinane moiety) and O7 ether
oxygen, along the c axis, defining a ribbon-like pattern (Fig. 4).
There is a bowl inversion pattern along the a axis and these
bowls are held through a C1–H1···O5 contact. Along the b axis
the bowls are held by C–H···O hydrogen bonds between the H7
(a to the ether oxygen) and the O8 carbonyl oxygen (H···O
distance 2.57 Å, C···O 3.49 Å and C–H···O angle of 156.6°) to
generate another ribbon-like pattern (Fig. 4). It is noteworthy
that in the structures of both 9 and 14, the least acidic diquinane
ring junction protons are involved in the C–H···O hydrogen
bonds and this is perhaps a consequence of the bowl-like
topology present in these molecules.

In summary, we have described the characterization of
several ‘bowl-like’ diozonides of exceptional stability and their
X-ray structure reveals a novel architecture sustained through a
network of C–H···O hydrogen bonds.

We thank DST for the support of National Single Crystal
X-Ray Facility at the University of Hyderabad. One of us
(R. U.) thanks the CSIR for a Fellowship.
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† E-mail: gm@orgchem.iisc.ernet.in
‡ The diozonides 9–14 can in principle occur in three diastereoisomeric
forms, viz. syn,syn (with the two oxa-bridges directed within the diquinane
moiety), anti,anti (with the two peroxy-bridges directed within the
diquinane moiety) and syn,anti (with one oxa- and one peroxy-bridge
directed within the diquinane moiety).
§ X-Ray data for 9: C16H18O10, M = 370.30, colourless crystals from
CH2Cl2, monoclinic, space group C2/c, a = 11.534(6), b = 9.174(9) and c
= 14.825(19) Å, b = 101.12(8)°, V = 1539(3) Å3, Z = 4, Dc = 1.598
Mg m23, T = 293 K, F(000) = 776, m(Mo-Ka) = 0.135 mm21, crystal
dimensions 0.23 3 0.11 3 0.15 mm. Data were collected on Enraf–Nonius
MACH-3 diffractometer, graphite-monochromated Mo-Ka radiation (l =
0.71073 Å), by the w scan method in the range 2 @ q @ 25°, 1351 unique
reflections [Rint = 0.0379], of which 1211 had Fo > 4s(Fo), were used in
all calculations. At final convergence R1 [I > 2s(I)] = 0.0447, wR2 =
0.1197 for 119 parameters, GOF = 1.074, Drmax = 0.297 e Å23, Drmin =
20.251 e Å23. The data were reduced using XTAL (ver. 3.4), solved by
direct methods, refined by full-matrix least-squares on F2 with the non-H
atoms anisotropic, and H atoms isotropic.6 For 14: C11H10O8, M = 270.19,
colourless crystals from ethyl acetate–hexane, orthorombic, space group
Pca21 (no. 29), a = 15.547(3), b = 7.584(1) and c = 9.052(10) Å, V =
1067.3(13) Å3, Z = 4, Dc = 1.681 Mg m23, T = 293 K, F(000) = 560,
m(Mo-Ka) = 0.147 mm21, crystal dimensions 0.20 3 0.11 3 0.13 mm.
Data were collected as above in the range 2 @ q @30°, 1648 unique
reflections [Rint = 0.0], of which 741 had Fo > 4s(Fo), were used in all
calculations. At final convergence R1[I > 2s(I)] = 0.0672, wR2 = 0.1724
for 117 parameters, GOF = 1.046, Drmax = 0.294 e Å23, Drmin = 20.283
e Å23. The structure was solved as above with all O atoms anisotropic, C
and H atoms isotropic.6 CCDC 182/918.
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analytical data.

6 G. M. Sheldrick, SHELXL-97, University of Göttingen, Germany,
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Fig. 2 Crystal packing in 9, view down a axis. Selected C–H···O
interactions: [H···O (Å), C(H)···O (Å), CH···O (°)]: (i) (intra, C1–H1···O4)
2.21, 2.93, 129.5; (ii) (inter, C4–H4···O2) 2.58, 3.34, 134.4; (iii) (inter,
C8–H8C···O1) 2.60, 3.18, 119.5.

Fig. 3 ORTEP plot of 14

Fig. 4 Crystal packing in 14, view down b axis. Selected C–H···O
interactions: [H···O (Å), C(H)···O (Å), CH···O (°)]: (i) (inter, C1–H1···O5)
2.42, 3.05, 121.4; (ii) (inter, C7–H7···O8) 2.57, 3.49, 156.6; (iii) (inter,
C10–H10···O7) 2.36, 3.28, 155.1.
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Efficient catalytic cleavage of DNA mediated by metalloaminoglycosides†

Alavattam Sreedhara and James A. Cowan*‡

Evans Laboratory of Chemistry, The Ohio State University, 100 West 18th Avenue, Columbus, Ohio, 43210, USA

Metalloaminoglycosides have been synthesized and demon-
strated to mediate catalytic cleavage of DNA at physio-
logical pH and temperature.

Antitumor antibiotics such as neocarzinostatin,1 bleomycin,2
and elsamicin3 create single or double strand nicks on duplex
DNA. The latter are biologically more significant since they
appear to be less readily repaired by natural DNA repair
mechanisms.4 Molecules that demonstrate DNA cleavage
activity must possess either a hydrolytic, photoactivatable, or a
redox active center, as well as recognition elements that target
ds DNA.5,6 We have explored the chemistry of Cu2+ derivatives
of the aminoglycosides neomycin B (neo) and kanamycin A
(kan) (Scheme 1),§ and demonstrate their ability to linearize
DNA by non-random two-strand cleavage under catalytic
conditions, and ultimately to effect complete degradation of
plasmid DNA. Both hydrolytic and oxidative pathways have
been identified.

A variety of first row transition metal ion complexes of
kanamycin A were tested to assess their DNA cleavage
efficiency; however, only a mixture of Cu2+ and kanamycin A
was found capable of effecting rapid ( < 1 h) degradation of
plasmid DNA at 1 µM concentration. A systematic reactivity
profile of the isolated and purified Cu(kan), 1,¶ with plasmid
DNA allowed observation of nicked DNA after brief (5 min)
exposure to 0.5 µM complex (Fig. 1, lane 3). Both Cu(kan)2, 2,
and Cu(neo), 3, were also found capable of mediating DNA
cleavage at catalytic concentrations as low as 100 nM; however,
as a result of the hydrolytic instability of 2 and 3, further DNA
scission studies were focused on complex 1.¶,∑

A hydrolytic degradative pathway is supported by several
experimental criteria. In particular, neither standard inhibitors
of reactive oxygen species (azide, superoxide dismutase,
DMSO, EtOH), nor anaerobic conditions were found to inhibit
DNA cleavage.8 Further, it was found that plasmid DNA nicked
by Cu(kan) (Fig. 1, lane 3) can be circularized by T4 DNA
ligase (Fig. 1, lane 2),9 while the resulting circularized plasmid
demonstrates significantly higher transformation efficiencies
than the nicked form.** The re-ligation and transformation
efficiency indicate that DNA cleavage by Cu(kan) in the
absence of external reducing agents is indeed hydrolytic.

A distinct oxidative pathway has also been identified.
Addition of a reducing agent such as ascorbic acid or
dithiothreitol (DTT) was found to enhance the DNA cleaving
ability of 1, and nicking was observed at nanomolar concentra-
tions (Fig. 2). Interestingly, complete conversion of supercoiled

Scheme 1

Fig. 1 Agarose gel electrophoresis of the reaction products following T4
ligase treatment of the nicked or linearized plasmid pT7-7†† obtained by
reaction with Cu(kan) and BamH1, respectively. The reaction mixture (10
µl) containing plasmid DNA and metal–kanamycin complex was incubated
for 1 h at 37 °C, mixed with 2 µl loading buffer (bromophenol blue, xylene
cyanole and 50% glycerol) and loaded onto a 0.8% agarose gel containing
ethidium bromide. Control experiments were run with plasmid DNA in the
presence and absence of 5 µM kanamycin A. The gel was run at a constant
voltage of 120 mV for 60–90 min in TAE buffer, washed in distilled water,
visualized under a UV transilluminator and photographed on polaroid films.
DNA concentrations are 50 µM: lane 1, 1 kb markers; lane 2, DNA + 0.5 µM

Cu(kan), followed by treatment of reaction products with 2 units T4 ligase;
lane 3, DNA + 0.5 µM Cu(kan); lane 4, DNA + 1 µl BamH1; lane 5, DNA
+ 0.5 µM Cu(kan) + 0.1 µM H2O2; lane 6, DNA + 1 µl BamH1, followed by
treatment of reaction products with 2 units T4 ligase; lane 7, DNA + 0.5 µM

Cu(kan) + 0.1 µM H2O2, followed by treatment of reaction products with 2
units T4 ligase; lane 8, DNA.

Fig. 2 Agarose gel electrophoresis of the oxidative cleavage reaction of
plasmid pT7-7 by Cu(kan) 1 in the presence of ascorbate. Reactions were
carried out for 1 h as follows: lane 1, 51 µM DNA; lane 2, + 1 nM 1/10 µM

asc; lane 3, + 1 nM 1/10 µM asc; lane 4, + 1 nM 1/1 µM asc; lane 5, + 1 nM

1/0.1 µM asc; lane 6, + 5 nM 1/10 µM asc; lane 7, + 5 nM 1/1 µM asc; lane
8, + 5 nM 1/0.1 µM asc. For lane 2, Cu2+(kan) and ascorbate were mixed and
preincubated at 37 °C for 30 min, to form Cu+(kan), before addition of
substrate DNA. The results were similar to those obtained by simultaneous
mixing (lane 3). Experimental conditions for gel eletrophoresis are
described in the legend to Fig. 1.
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DNA (51 µM base pair) to a linear form was observed with a
catalytic concentration of 1 (5 nM) in the presence of 10 µM

ascorbate (Fig. 2, lane 6), while Cu2+(aq) alone or with added
ascorbate did not result in DNA cleavage under similar reaction
conditions. This indicates non-random scission of the com-
plementary strand in close proximity to the initial nick site,
leading to production of linear DNA, since random cutting
should produce a smear of fragment sizes. Complexes 1 to 3
degrade plasmid DNA completely in the presence of 10 µM

H2O2. Fig. 1 (lane 5) shows extensive degradation of the
plasmid over the time of this reaction, relative to control DNA
shown in lane 8, with the range of smaller product fragments
essentially undetectable. Furthermore, DNA treated with
Cu(kan) and H2O2 is cleaved into random small and undetect-
able fragments that could not be ligated using T4 ligase (Fig. 1,
lane 7).

In the presence of oxygen donor ligands, copper has been
shown to produce a variety of oxidatively active intermediates,
including a non-diffusable copper-oxene species,10 and diffu-
sable hydroxy radicals through Fenton-type chemistry.11 The
presence of DMSO and EtOH, which are hydroxy radical
quenchers, do not have inhibitory effects on oxidative DNA
cleavage by 1. However, superoxide dismutase (SOD) and
NaN3 exhibit considerable inhibition of the oxidative DNA
cleavage mediated by 1, indicating that activated oxygen
species (such as O2

2 or 1O2) are most likely involved in plasmid
cleavage. Also, superoxide generated by ascorbate-reduced
copper can dismute to H2O2, which then reacts with another
equivalent of cuprous ion through a Fenton mechanism to
produce hydroxy radical like species, which might be metal
bound. These species are analogous to metal-oxo species and
are responsible for initiating the oxidative DNA strand scission
chemistry. Both metal-oxo and metal-hydroxo species are
expected to cleave the DNA backbone, but are not expected to
be quenched by hydroxy radical quenchers,12,13 as was
observed in the case of 1.

To address the issue of hydroxy radical involvement,
production of this species was quantified using rhodamine B as
a reporter molecule in the presence of 1 and ascorbic acid.11,12

Substantial quantities of hydroxy radical were generated by
Cu(kan) in the presence of ascorbate. However, in the presence
of substrate plasmid no hydroxy radicals were trapped by
rhodamine B. Furthermore, neither DMSO nor EtOH were able
to quench the oxidative DNA scission reactions, indicating that
any hydroxy radicals generated are not diffusible. A require-
ment of dioxygen for the oxidative scission reaction is
substantiated by the fact that no hydroxy radical (determined by
the rhodamine B test) and no cleavage was observed under
anaerobic conditions. A mechanistic model that is consistent
with these observations has a diffusible CuI-generated super-
oxide species interacting with another CuI center with produc-
tion of the reactive metal-oxo or metal-hydroxo species.

In summary, we report the first example of catalytic cleavage
and linearization of double-strand DNA by a synthetic complex
at physiological pH and temperature. Both hydrolytic and
oxidative pathways have been identified. Although other
workers have described oxidative DNA cleavage by copper
complexes,8a,11,14–19 these are non-catalytic, requiring a large
excess of reagent (from 0.1 to 1 mM copper complex with 25 nM

to 10 µM DNA) and often extended reaction times of several
hours to days. The cleavage efficiency and ease of synthesis of
metalloaminoglycosides make them attractive molecules for
therapeutic applications.

J. A. C. is a Camille Dreyfus Teacher–Scholar (1994–99).
A. S. thanks The Ohio State University for the award of a
postdoctoral fellowship.
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Optimization of neutrocyanine chromophores based on five-membered
heterocycles for photorefractive applications

Frank Würthner,*a† Christoph Thalacker,a Ralf Matschiner,b Katarzyna Lukaszukb and
Rüdiger Wortmann*b‡
a Abteilung Organische Chemie II, Universität Ulm, Albert-Einstein-Allee 11, 89081 Ulm, Germany
b Institut für Physikalische Chemie, Universität Mainz, Jakob-Welder-Weg 11, 55099 Mainz, Germany

Exceptionally large photorefractive figures-of-merit are
observed for neutrocyanine dyes based on dialkylamino-
thiophenes and 2furans linked to quinoid five-membered
heterocyclic acceptor groups by a methine bridge.

Chromophores based on 2-dialkylaminothiophenes with strong
acceptor units in the 5-position are among the most interesting
developments in dye chemistry of the last few years.1–6

Showing enhanced electron-donating properties compared to
p-dialkylaminobenzenes and higher thermal and chemical
stability than dialkylaminopolyenes, 2-dialkylaminothiophenes
became one of the most useful electron donor units for nonlinear
optical (NLO) chromophores.2–5 Furthermore, 5-dimethyl-
amino-5'-nitro-2,2'-bithiophene is among the best indicator
dyes for the study of solvent polaritity because of its outstanding
positive solvatochromism.6 Whereas all these dyes bear a
chromophoric system which may be considered as ‘polyene-
like’ with a large change of dipole moment upon optical
excitation, we were recently able to polarize 2-dialkylamino-
thiophenes by a strong heterocyclic acceptor group up to the
cyanine limit, which is characterized by equal dipole moments
in the ground and the excited states, sharp and very intense
absorption bands and vanishing solvatochromism.7 Based on
those highly polarizable dipolar dyes photorefractive (PR)
materials8 of unprecedented performance could be devised.7,9

Here we present optical, electrooptical and structural proper-
ties of a new series of thiophene-based neutrocyanine dyes.
Structure–property relationships will be elucidated which lead
to general guidelines for the design of highly efficient PR
chromophores.

According to Scheme 1, neutrocyanines (top right) are
derived from cyanines (top left) by replacement of the iminium
unit by non-ionic but very strong acceptor substituents (e.g. di-
or tri-cyanovinyl). As a result, uncharged but highly dipolar
chromophores are obtained. This should also be true if the
conjugated chain is part of a heterocyclic system (bottom).
However, since the symmetry of the cyanine chromophor is
broken and aromaticity comes into play, even the tricyanovinyl
acceptor group is not strong enough to polarize 2-dialkylamino-
thiophene to the cyanine limit.3b This goal may be achieved in
a quite general way, however, by using heterocyclic acceptor
units.

Thiophene dyes 126 and furan 7 were obtained§ by
condensation reactions of the CH-acidic heterocycles with
2-dibutylamino-5-formyl-thiophene and -furan and studied by

UV–VIS optical and electrooptical absorption measurements
(EOAM).10 EOAM experiments yield the dipole moment of the
electronic ground state mg as well as the dipole change upon
optical excitation Dm = (ma 2 mg), whereas optical spectros-
copy provides information on the transition dipole moment µag
and the absorption maximum lag. From these data a PR figure-
of-merit F0 and a resonance parameter c2 may be calculated
according to eqns. (1) and (2).¶

F0 = [54mgmag
2∆mlag

2/(hc0)2 + 4mg
2mag

2lag/(hc0kT)]/M (1)

c2 = 1
2[12∆m(4mag

2 + ∆m2)21/2] (2)

The PR figure-of-merit [eqn. (1)] was derived only recently11

and established by us and others.7,9 The two terms in eqn. (1) are
commonly referred to as the electrooptical and birefringence
contributions. It is found that the latter is usually dominant
( > 80%).7,11 Eqn. (2) defines a useful parameter to characterize
the charge transfer properties of donor/acceptor-substituted
compounds.11 It is closely related to the BLA-parameter
introduced by Marder et al.12a and the parameter MIX
introduced by Barzoukas et al.12b and can be regarded as a
measure of the admixture of the zwitterionic resonance structure
(Scheme 2) to the electronic ground state. Thus eqn. (2) allows
us to classify donor/acceptor-substituted chain molecules from
polyene-type molecules(c2 ≈ 0) to betaine-type molecules
(c2 ≈ 1) with the neutrocyanine (‘cyanine limit’) being located
in the middle (c2 ≈ 0.5).

Scheme 1 Scheme 2
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The optical properties (lag, emax, mag) of neutrocyanines 1–7
(c2 = 0.30–0.49) reveal intense transitions with very narrow
bandwidths for their main absorption band, which is very
favorable for applications in photonics (Table 1, Fig. 1). Thus
dyes 1–7 may be used at laser frequencies significantly closer to
the absorption maximum than for typical NLO chromophores
such as 8,3 which exhibit very broad absorption bands thus
causing absorption problems. Depending on the number of
methine groups in the conjugated chain, we observe absorption
maxima at ca. 500 nm for seven methine groups (1–4) and ca.
650 nm for nine methine groups (5–7).Whereas the optical
properties of 1–7 exhibit very similar features, significant
differences in the dipolar contributions to F0 are found. Having
about twice the number in their ground-state dipole moments
µg, compounds 5–7 gain a factor of about four [second term in
eqn. (1)] to F0 compared to 1–4. To explain this important point
a closer look at the molecular structures and charge distributions
in the ground state is helpful.∑ Semiempirical calculations
indicate a high degree of charge separation for 5–7. The highest
electron density is found at the thiazole nitrogen (6,7) and the
dicyanomethylene functionalities (5–7) of the heterocyclic
acceptor at the opposite side of the methine bridge. In this way,
a fairly extended chromophore is formed. On the other hand,
1–4 have their acceptor carbonyl groups ortho to the methine
bridge. This limits the conjugated path to a rather short distance.
Furthermore, the unfavorable orientation of the carbonyl group
dipole moment leads to significant cancellation of the total
molecular dipole moment.

Finally we note the successful tuning of the c2 value from
0.32 in 5 to the perfectly equilibrated cyanine point (c2 = 0.49)
in 7. Concomitantly, both the extinction coefficient and the PR

figure-of-merit F0 could be substantially increased. This
improvement is particularly impressive when compared to NLO
chromophore 8 which differs from 5 only by the position of the
methine bridge. Moreover, the exocyclic dicyanomethylene
moiety in 5–7 opens the way for an extension of the conjugated
chain to long-wavelength neutrocyanine chromophores, which
we will address in the future.

In conclusion we have presented a new series of neu-
trocyanine chromophores based on five-membered hetero-
cycles. Their photorefractive figures-of-merit range from 0.22
up to 1.98, which is the highest value reported. As their use in
optical devices depends on transparency at the applied laser
frequency, their narrow-band absorption represents another
significant advantage over currently available PR chromo-
phores.7–9 The possibility of building extended p-systems with
alternating aromatic and quinoid moieties as suggested by 5–7
might be of relevance for the design of IR dyes and low band-
gap polymers as well.13

We gratefully acknowledge the financial support of the Fonds
der Chemischen Industrie and the BMBF (Liebig grant for new
materials for F. W.), the Volkswagen foundation and BASF.
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Table 1 Optical and electrical properties of chromophores 1–8 and DANSa

from UV–VIS and EOAM measurements in dioxane

Compound
lag/nm (emax/l
mol21 cm21) mag/D mg/D Dm/D c2

F0/10274

m4 C2

mol V22

kg21

1 513 (59 100) 8.2 6.7 7.2 0.30 0.32
2 510 (114 600) 9.0 5.7 4.2 0.39 0.24
3 489 (110 900) 9.0 7.0 2.1 0.44 0.26
4 500 (76 800) 8.2 7.9 2.4 0.43 0.35
5 647 (55 400) 9.8 11.2 7.8 0.32 1.44
6 641 (83 250) 9.7 13.6 3.1 0.42 1.84
7 650 (84 920) 9.3 14.6 0.5 0.49 1.98
8b 543 (41 000) 8.4 8.7 15.6 0.16 0.60
DANSa,b 426 (30 300) 7.7 7.4 21.8 0.09 0.32

a 4-Dimethylamino-4'-nitrostilbene. b For comparison we used the molar
mass of the dibutylamino derivative for the calculation of the F0 values.

Fig.1 UV–VIS absorption spectra of PR neutrocyanine dyes (a) 3 and (b) 6
and (c) NLO dye 8 in CH2Cl2
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Synthesis of methylene isosteres of a- and b-D-galactopyranosyl-L-serine

Alessandro Dondoni,*† Alberto Marra and Alessandro Massi

Dipartimento di Chimica, Laboratorio di Chimica Organica, Università, 44100-Ferrara, Italy

The BF3·Et2O promoted coupling of tetra-O-benzyl-a-D-
galactopyranosyl trichloroacetimidate with a silyl enol ether
carrying an oxazolidine ring leads to the a-C-glycosylmethyl
ketone (32%, 95% ds) that is converted into the title a-C-
glycosyl amino acid by carbonyl oxygen removal (Barton–
McCombie) and oxidative cleavage (Jones) of the hetero-
cyclic ring, and into the b-isomer by anomerization and the
same two-step sequence.

Towards a better understanding and control of the function of
sugars in natural glycopeptides,1 the synthesis of their ana-
logues in which the sugar moieties are linked to the peptide
backbone by an all-carbon chain that is resistant to chemical and
enzymatic degradation is a topic of increasing importance in
glycobiology and medicinal chemistry. Therefore carbon-
linked glycosyl amino acids as precursors to glycopeptide
mimetics are current synthetic targets in various laboratories.2
Different syntheses of methylene isosteres of O-glycosyl
serines have been reported2a–c,f–h since these sugar amino acids
are the most common constituents of natural glycoproteins. The
C-glycosylation of a suitable a-amino acid equivalent2c appears
to be the most direct route to these compounds.3 Therefore we
describe here the synthesis of a- and b-C-galactosyl serine 1
(Gal-CH2-Ser), i.e. the methylene isosteres of D-galactose a-
and b-linked to L-serine (Gal-O-Ser, 2), employing the silyl enol
ether 3 as a novel homoalanine carbanion equivalent. To the
best of our knowledge this is the first approach to a pair of a-
and b-isomer C-glycosyl amino acids via a single synthetic
scheme.

The multigram scale synthesis of 3 started from the known4

methyl L-threoninate 4 which was transformed by a sequence of
high yielding reactions into the ketone 6 (Scheme 1).‡ The
enantiomeric purity of this key intermediate was established by
reduction to the alcohol 5 with sodium borohydride (75% ds)
and conversion of the latter into its Mosher ester. Silylation of
the oxazolidinyl ketone 6 was readily effected using TMSOTf
and Et3N5 furnishing exclusively the kinetic trimethylsilyl enol
ether 3 in 82% yield.§

The glycosylation of the silyl enol ether 3 was carried out
with the readily available electrophilic sugar tetra-O-benzyl
a-D-galactopyranosyl trichloroacetimidate6 7 (Scheme 2). Un-
optimized conditions involved the addition via syringe pumping
of an Et2O solution of 7 (2 equiv.) to silyl enol ether 3 and
BF3·Et2O (1 equiv.) in Et2O at 215 °C. The expected7 major
product, a-C-glycoside 8, and the b-anomer 10 were isolated by
column chromatography in 32% overall yield and 19:1 ratio.¶
Also isolated was the ketone 6 (45%) arising from the
hydrolysis of unreacted 3, and a mixture of anomeric galactosyl
trichloroacetamides (70%). The recovery of the enantiomer-
ically pure ketone 6 demonstrated that the configuration at the

stereocenter of the silyl enol ether 3 was unaffected under the
glycosylation conditions. Towards the target C-glycosyl amino
acid, the deoxygenation of the sugar ketone 8 was first carried
out through the classical Barton–McCombie reduction-elimina-
tion sequence8 affording 9 in 60% yield. Treatment of 9 with the
Jones reagent induced the cleavage of the oxazolidine ring and
oxidation of the alcohol in a single step to give the a-linked
tetra-O-benzyl-C-galactosyl-L-serine 1a in 96% isolated yield.
This compound proved to be contaminated by ca. 5% (1H NMR
analysis) of the corresponding a-amino alcohol. Therefore, the
amino acid 1a was fully characterized through its methyl
ester.

Guided by earlier work regarding the base-catalyzed equili-
bration of a-C-glycosides bearing a carbonyl group in the side
chain,9 the anomerization of the a-C-glycosylmethyl ketone 8
was carried out upon treatment with ButLi in Et2O (Scheme 3).
Under these conditions a mixture of 8 and the b-anomer 10 in a

Scheme 1 Reagents and conditions: i, TBDMSOTf (1.2 equiv.), Et3N,
DMAP, DMF, 0 °C to room temp., 1.5 h; ii, LiAlH4 (4 equiv.), THF, 250
°C, 50 min; iii, 2-methoxypropene, CSA, CH2Cl2, 0 °C to room temp., 1.5
h; iv, Bu4NF, THF, room temp., 6 h; v, PCC (5 equiv.), CH2Cl2, 4 Å MS,
room temp., 20 min; vi, TMSOTf (1.4 equiv.), Et3N (1.6 equiv.), CH2Cl2,
215 °C, 1 h

Scheme 2 Reagents and conditions: i, 3 (0.5 equiv.), BF3·Et2O (0.5 equiv.),
Et2O, 215 °C, 2 h; ii, NaBH4, MeOH–Et2O, 220 °C, 1 h, then
1,1A-thiocarbonyldiimidazole (10 equiv.), DMAP (15 equiv.), THF, reflux,
6 h, then Bu3SnH (10 equiv.), AIBN (0.1 equiv.), toluene, 85 °C, 2 h; iii, 1
M Jones reagent (3 mol per mol of reactant), acetone, 0 °C to room temp.,
3.5 h
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3:7 ratio and 90% overall yield was obtained. The isolated b-C-
glycosylmethyl ketone 10 was subjected to the radical deoxy-
genation as described above for 8 to give the b-C-alkyl
glycoside2h 11 (60% isolated yield). The conversion of the
oxazolidine ring of this compound into the a-amino acid moiety
by treatment with the Jones reagent gave the known2b,h b-D-
linked tetra-O-benzyl-C-galactosyl-L-serine 1b (95%). The
synthesis of 1b highlights the use of the silyl enol ether 3 as the
homoalanine carbanion equivalent since a similar approach
cannot be developed by using amino acid equivalents2c,3

lacking the carbonyl group.
In conclusion, the synthesis of 1a and 1b demonstrates the

viability of a new approach to a- and b-linked C-glycosyl amino
acids starting from a single carbohydrate precursor. The
protected hydroxy and amino groups (as O-benzyl and N-Boc
derivatives) and, by contrast, the free carboxylic group
constitute a synthetically convenient structure for the incorpora-
tion of these C-glycosyl amino acids into a peptide chain. The
application of this method for the preparation of pairs of amino
acids by glycosylation of the silyl enol ether 3 with other sugars
is now of interest.
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4.30–4.24 (m, 1 H, H-2), 1.99–1.84, 1.80–1.51 (2 m, 4 H, 2 H-3, 2 H-4);
dC(CDCl3) 176.3 (CO2H), 155.8 (CO2But), 53.5 (C-2), 28.3 (CH3). For 1a
Me ester: [a]D +29.0 (c 1.0); dH([2H6]DMSO, 120 °C) 6.53 (br d, 1 H, J2,NH

7.5, NH), 4.06–3.84 (m, 5 H), 3.79–3.72 (m, 2 H), 3.65 (dd, 1 H, J9,10b 4.4,
J10a,10b 10.8, H-10b), 3.61 (s, 3 H, OMe), 1.92–1.57 (m, 4 H). For 10: [a]D

+22.4 (c 0.4); dH([2H6]DMSO, 120 °C) 4.47 (dd, 1 H, J1a,2 7.8, J1b,2 3.8,
H-2), 4.07 (dd, 1 H, J7,8 2.8, J8,9 ca. 0.5, H-8), 4.05 (dd, 1 H, J1a,1b 9.0,
H-1a), 3.81 (dd, 1 H, H-1b), 3.76 (dd, 1 H, J6,7 9.1, H-7), 3.74 (ddd, 1 H,
J4a,5 2.5, J4b,5 8.8, J5,6 9.2, H-5), 3.69 (ddd, 1 H, J9,10a 6.0, J9,10b 6.5, H-9),
3.57 (dd, 1 H, J10a,10b 10.0, H-10a), 3.51 (dd, 1 H, H-10b), 2.82 (dd, 1 H,
J4a,4b 16.1, H-4a), 2.63 (dd, 1 H, H-4b). [a]D Values were measured in
CHCl3 at 20 ± 2 °C; 1H and 13C NMR spectra were recorded at 300 and 75
MHz, respectively).
§ TMSOTf and Et3N were added in three portions to the cooled (-15 °C)
CH2Cl2 solution of 6 in order to avoid extensive removal of the protecting
groups.
¶ The a- and b-D-configuration of C-glycosides 7 and 10 was proved by 1H
NMR analysis of the corresponding tetra-O-acetyl derivatives (J5,6 4.7 and
9.8, respectively, in [2H6]DMSO at 120 °C).
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Scheme 3 Reagents and conditions: i, ButLi (1.2 equiv.), Et2O, 278 to 220
°C, 2 h, then room temp., 2 h; ii, NaBH4, MeOH–Et2O, 220 °C, 1 h, then
1,1A-thiocarbonyldiimidazole (10 equiv.), DMAP (15 equiv.), THF, reflux,
6 h, then Bu3SnH (10 equiv.), AIBN (0.1 equiv.), toluene, 85 °C, 2 h; iii, 1
M Jones reagent (3 mol per mol of reactant), acetone, 0 °C to room temp.,
3.5 h
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Deep-cavity cavitands: synthesis and solid state structure of host molecules
possessing large bowl-shaped cavities

Huaping Xi, Corinne L. D. Gibb, E. D. Stevens and Bruce C. Gibb*†

Department of Chemistry, University of New Orleans, New Orleans, LA 70148, USA

A novel family of deep-cavity cavitands is prepared via the
first examples of the stereoselective bridging of resorcin-
[4]arenes with carbon electrophiles.

Cavitands, molecules that contain a rigid enforced cavity, have
a proven proclivity for a diverse range of applications; as
molecular scaffolds,1 as components in the formation of
carceplexes,2–4 or as host molecules in their own right.2,5 In this
later context, extending the paradigm to enzyme mimicry raises
an important question; for a host with a necessarily large cavity,
how do we incorporate both structural rigidity to its hydro-
phobic pocket while simultaneously imparting reasonable
solubility on the system? This paper details our initial work
towards addressing this question.

The most important factor contributing to the broad repertoire
of cavitands as molecular hosts is undoubtedly the ease of
synthesis of the corresponding resorcin[4]arenes (octols), e.g.
1a–d.6 Accordingly, attempts to increase the size of a cavitand’s

cavity have centered around the bridging of the phenolic pairs of
these building blocks with a variety of moieties;7–9 an early
example of cavitands with enlarged cavities being provided by
Cram, with the formation of the conformationally flexible
velcraplexes.10 Here we demonstrate an important first step
towards large, non-collapsing, hydrophobic pockets; the syn-
thesis of deep-cavity cavitands11 of the general structure 2, via
the stereoselective bridging of octols with benzal bromides. We
believe that this procedure will provide access to a significant
range of rigid hosts possessing large hydrophobic cavities,12 as
well as a variety of novel molecular building-blocks for self-
assembling systems.13

In the standard procedure for bridging octols, for example
methylene bridging with BrClCH2, there are a considerable
number of variables that can be adjusted. Thus, to constrain our

investigations, and in an effort to more precisely define
influences that may affect bridging reactions in general, we
decided to modify arguably the two most influential parameters:
the solvent and the rate of addition (via syringe pump) of the
octol to the reaction. To monitor the influence of the pendent
(R) groups of the octols we extended this syntheses matrix by
examining the bridging of the four octols 1a–d. Table 1 shows
the yields of the deep-cavity cavitands 2a–d from the corre-
sponding octols using PhCHBr2 as the bridging material and
K2CO3 as base.‡ In all cases, although a total of six
diastereomers could potentially be formed, only one isomer was
isolated from the varying amounts of polymeric material.

The Me-octol 1a proved resistant to benzal bridging for each
of the solvents investigated;14 a maximum yield of 10% being
obtained from bulk intractable polymer. The four-fold sym-
metry of the cavitand was evident from the 1H NMR data, the
most characteristic feature of which was a singlet at ca. 5.5 ppm
for the protons on the bridging carbons. That the product was
indeed cavitand 2a, and not the diastereomer with the phenyl
groups pointing into the cavity, was demonstrated by X-ray
crystallography.15 Interestingly, the solid state structure (Fig. 1)
also revealed that this cavitand dimerizes in a head to head
fashion to generate cavities between the rigid dimers. Fur-
thermore, the contiguous nature of these cavities results in the
formation of channels (cross-section = 8.3 3 6.6 Å within a
cavity, or 7.4 3 4.2 Å at the mouth of each cavity) that zigzag
along a common axis.16

Similar low yields were obtained for 1b in DMA and NMP.
However, with the slow addition of the octol in DMPU, the
deep-cavity cavitand, 2b, was isolated in 58% yield; a
remarkable yield when compared to either the statistical 6.25%,
or the similar yields obtained for methylene bridging with
CH2ClBr.17 Encouraged by this disparity between 1a and 1b,
we investigated the bridging of 1c. For this compound we found
that the reaction was successful in either DMA or DMPU, with
maximum yields somewhat lower than for 1b. Finally, we found

Table 1 Yields for the formation of deep-cavity cavitands 2a–da

Entry Octol Product Solventb

Yield (%) via
4 h addn. of
octol  (2 d addn.)

1 1a 2a DMA < 5 ( < 5)
2 1a 2a NMP < 5 ( < 5)
3 1a 2a DMPU 6 (10)
4 1b 2b DMA 6 ( < 5)
5 1b 2b NMP 6 (7)
6 1b 2b DMPU 35 (58)
7 1c 2c DMA 41c (c)
8 1c 2c NMP < 5 ( < 5)
9 1c 2c DMPU 17 (40)

10 1d 2d DMA 56 (51)
11 1d 2d NMP 57 (55)
12 1d 2d DMPU 31 (42)

a These results relate to 250 mmol scale reactions. However, yields were
essentially identical for multi-gram reactions. b See ref. 14. c Because of
crystallization problems in DMA, octol 1c was added over a 2 h period.
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benzal bridging of 1d to be relatively solvent independent, with
the highest yields again comparable with methylene bridging.

These results, in conjunction with uniformly poor yields
obtained when the octol was added as a solid (data not shown),
highlight the importance of a constant, slow rate of addition of
the octol to the reaction. Equally as important, the apparently
capricious nature of the solvent/R group relationship highlights
the need to investigate these reactions in a variety of solvents.
To gain more insight into influences that affect benzal bridging,
a further series of experiments were undertaken (data not
shown). Briefly, for the DMA solvated reaction with 1d, we
observed no significant dependence of the yield on reaction
scale or concentration, but that the use of caesium carbonate as
base, or PhCHCl2 as bridging material, had a pronounced,
detrimental effect on the yield.

The most significant observation from these results is that
bridging is more favored for octols with larger pendent groups;
a reflection, we believe, of a propensity for large groups to
preorganise the octol into a bowl shaped conformation suitable
for bridging. In a related issue, we attribute the apparent
reduction in solvent-dependent yield with increasing size of the
R group to a stronger association between such groups which
pushes the equilibrium between favorable and unfavorable
conformations towards the former.

Pin-pointing the precise cause of this stereoselective bridging
is complicated by a lack of knowledge of the bridging
mechanism in general. However, regardless of the pathway, the
overall reaction is clearly highly diastereoselective, as steric
demands induce a remarkable average of at least 87%
stereoselectivity for each bridge.

In conclusion, we have demonstrated an approach to
extending the p-surface of cavitands in a manner that should
allow formation of a range of host molecules possessing large
enforced cavities. With the concept of catalytic machinery
preorganized within hydrophobic pockets our long term goal,
we are currently extending our studies to the formation of a
variety of functionalized deep-cavity cavitands.

We are grateful to John C. Sherman for helpful discussions
and Richard B. Cole of the New Orleans Center for Mass
Spectrometry Research for mass analyses of the products. This
work was partially supported by the Louisiana Board of Regents
Support Fund (1997-00)-RD-A-23, and a Research Innovation
Award from Research Corporation.
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Fig. 1 Ball and stick diagram showing a view perpendicular to the direction
of the channel. The central dimeric pair of deep-cavity cavitands is behind
the plane formed by its adjacent neighbors. For clarity, the hydrogen atoms
and the disordered solvents have been omitted.
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An efficient semisynthesis of 7-deoxypaclitaxel from taxine

Radomir Matovića and Radomir N. Saiĉić*b†
a ICTM, Center for Chemistry, Njegoseva 12, Belgrade, YU-11000 Yugoslavia 
b Faculty of Chemistry, University of Belgrade, Studentski trg 16, PO Box 158, Belgrade, YU-11001 Yugoslavia

Highly cytotoxic 7-deoxypaclitaxel analogues are obtained
by a semisynthesis starting from taxine—the most abundant
naturally occurring taxane diterpene fraction.

Owing to its great potential in the successful treatment of many
types of cancer, unusual mode of antimitotic action, and
complex molecular architecture, paclitaxel has attracted enor-
mous interest from the scientific community.1 Paclitaxel is
currently produced via extraction from the bark of the Pacific
yew, Taxus brevifolia, or by semisynthesis from 10-deace-
tylbaccatin III, which is in turn isolated, most notably, from the
leaves of the European yew, Taxus baccata.2 However,
10-deacetylbaccatin III is not the most abundant secondary
metabolite of the yew tree: its variable content in the needles of
Taxus baccata ranges from 0.05 to 1 g per kg of leaves.3 In
contrast, a mixture of alkaloids collectively referred to as
‘Taxine’ 2 can be obtained by a simple extraction procedure in
yields of 7–12 g kg21,4 the two major constituents of this
fraction (ca. 35%) being taxine B 2a and isotaxine B 2b;5
therefore, the development of the procedure that would allow
for the efficient use of this starting material for the preparation
of biologically active paclitaxel analogues would be of
considerable interest.

Earlier reports on 7-deoxypaclitaxel 1, obtained by radical
deoxygenation of paclitaxel, or baccatin derivative, showed this
compound to be of comparable, or even superior, cytotoxic
activity with respect to paclitaxel,6 and, given the structural
congruence with taxine B, indicated it as a semisynthetic target.
The possibility of such a synthetic transformation was investi-
gated by several groups.7 As the preparative separation of taxine
alkaloids is difficult, the crude taxine mixture was hydrolysed in
order to obtain a well-defined starting material, i.e. tetraol 3.
However, the differentiation between hydroxy groups in tetraol
3 required extensive use of protective groups, leading to long
synthetic sequences, and lowering considerably the overall
yield.8 We endeavoured to develop an efficient procedure for
the conversion of taxine into 7-deoxypaclitaxel derivatives
(Scheme 1). The accomplishment of this task was expected not
only to give access to large amounts of 7-deoxypaclitaxel
analogues, but also to provide additional information on the
reactivity of the taxane system, as well as derivatives suitable
for further SAR studies.

We first re-examined the possibility of exploiting the
favourable arrangement of functional groups in the major
constituent of taxine, i.e. taxine B 2a (Scheme 2). Quaterniza-
tion of the crude taxine,7a followed by DBU induced elimina-
tion under anhydrous conditions, afforded a mixture of 9- and
10-acetyl-5-cinnamoyltaxicine I (4 and 5), which could be
separated by a flash chromatography on a SiO2 column, and
were isolated in yields of 1 and 1.7 g kg21 of needles,
respectively. The former could be isomerised into the required
10-acetyl derivative 5 by treatment with methanolic KOAc
(43% yield at 70% conversion, without optimisation), to afford
a total of 2 g of 10-acetyl-5-cinnamoyltaxicine I 5 per 1 kg of
dry leaves.

With the suitable starting compound 5 in hand, the synthesis
of 7-deoxybaccatin III proceeded as displayed in Scheme 3.
Treatment of 5 with phosgene, followed by hydrolytic work-up,
furnished the cyclic carbonate 6 (90%), which was further
oxidised to diketone 7 (Dess–Martin periodinane, 80%), thus
establishing the final functionalization of the ‘upper’ part of the
molecule. The elaboration of the oxetane ring was envisaged to
proceed via triol 10.7a For that purpose a method for selective
removal of the cinnamoyl chain was needed, as the simultane-
ous cleavage of the C-10 acetate would require additional
protective steps. To achieve this, allylic cinnamate 7 was
oxidised with OsO4/NMO, as it was anticipated that intra-
molecular hydrogen bonding in 8 should activate the dihydrox-
yphenylpropionate ester towards hydrolysis under very mild
conditions. Although some concern existed about the ster-
eochemical outcome of the osmylation, to our pleasure the
reaction proceeded in quantitative yield, and with complete
stereoselectivity. This structural change brought about the
expected modification in the reactivity profile of 8, as indicated
by its proclivity towards spontaneous migration of the ester side
chain from O-5 to O-20 on standing in solution at room
temperature; treatment of 8 with K2CO3 or NaHCO3 in MeOH–
H2O at 0 °C induced very rapid hydrolysis of the dihydrox-
ypropanoate ester, but the hydrolysis of the C-10 acetate also

Scheme 1

Scheme 2 Reagents and conditions: i, MeI, THF, room temp., 5 h; ii,
K2CO3, H2O, EtOH, room temp., 3 h; iii, NaOMe, MeOH, 0 °C, 16 h; iv,
column chromatography on SiO2; v, DBU, CHCl3, room temp., 1.5 h; vi,
10% KOAc in MeOH, room temp., 3 h
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occurred under these conditions. Eventually, refluxing 8 with
methanolic KOAc afforded the desired triol 10 in 80% yield.
Optically pure (2S,3R)-(-)-methyl 2,3-dihydroxy-3-phenylpro-
panoate 9 was isolated as the side product of this reaction, and
further converted into the paclitaxel side chain according to a
previously published procedure.9 The transformation of the key
intermediate 10 into 7-deoxybaccatin III 17 was accomplished
by applying a modified methodology previously developed in
total syntheses of paclitaxel.1,7a In this way, starting from
cinnamoyltaxicine I 5, 7-deoxybaccatin III was obtained in
11.5% overall yield (unoptimized).10

7-Deoxybaccatin is a direct precursor of paclitaxel ana-
logues: esterification of 17 with acid 18,11 followed by acidic
hydrolysis (TsOH in MeOH) afforded 7-deoxypaclitaxel 1 in
75% yield (Scheme 4).12

The described chemistry offers an efficient pathway for the
preparation of new paclitaxel derivatives, and points to the
naturally abundant taxane diterpene fraction—taxine—as a
valuable starting material for further semisynthetic studies.
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Scheme 3 Reagents and conditions: i, COCl2 (20 equiv.), CH2Cl2, 0 °C, 20
min; then Et2O, H2O, imidazole (cat.), 0 °C, 20 min; ii, Dess–Martin
periodinane (2 equiv.), CH2Cl2, TFA (cat.), room temp., 12 h; iii, OsO4

(cat.), NMO, THF, H2O, room temp., 4 h; iv, 10% KOAc in MeOH, reflux,
30 min; v, TBDMSCl, imidazole, DMF, room temp., 3 h; vi, MsCl, Py, 0 °C
to room temp., 24 h; vii, 7% HF in MeCN, room temp., 7 h; viii, Pri

2NEt (7
equiv.), toluene, reflux, 30 h; ix, Ac2O (7 equiv.), DMAP (14 equiv.),
CH2Cl2, room temp., 4 h; x, PhLi (10 equiv.), THF, 278 °C, 0.5 h; then
Ac2O, DMAP, CH2Cl2, room temp., 1 h; xi, NaBH4 (excess), MeOH, room
temp., 3 h

Scheme 4 Reagents and conditions: i, DCC, DMAP (cat.), room temp., 3 h;
ii, 5% TsOH in MeOH, room temp., 1 h
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Enantiomeric discrimination of chiral amines with new fluorescent
chemosensors
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Fluorescent chiral sensors for the enantiomeric recognition
of chiral amines have been developed.

Molecular recognition is a fundamental property of various
natural systems and has attracted a significant amount of
research interest recently.1 Such recognition plays a key role in
biosynthesis and protein folding. Enantiomeric recognition is a
characteristic of many enzymatically catalyzed reactions gen-
erating optically active biological molecules and is the basis of
asymmetric synthesis.2 Because chiral amines and related
compounds are the basic building blocks of biological systems,
the study of enantiomeric recognition of these compounds is of
particular significance.3 Such studies, besides providing an
understanding of the functions of natural living processes, also
provide useful information for the understanding and design of
asymmetric catalysis systems, new pharmaceutical agents4 and
separation materials.5 Optical sensors have been of great
interest in the last decade due to their often simple design and
ease of handling. These sensors are increasingly important for
biological and environmental analysis6 as well as for pharma-
ceutical applications.7 A promising technique is based on
fluorescent probes due to their very sensitive detection ability.8
These sensors are based on the large changes in their fluorescent
properties during interaction with analytes. Recently, Shinkai’s
group developed a fluorescent molecular sensor that can
discriminate d- and l-monosaccharides through their fluores-
cence response to the binding of guest species.9 Binding of each
enantiomer of the monosaccharides alters the fluorescence
intensity to differing degrees, enabling them to be distinguished.
More recently, Still and co-workers described small organic
fluorescent sensors that detect the presence of unlabeled
tripeptides in a sequence-selective manner.10 Here we report the
enantiomeric discrimination of chiral amines using designed
receptors that act as sensors by changing fluorescence intensity
during host–guest interactions.11

The chiral hosts used in our study are dimeric (1) and
oligomeric (2) binaphthol-derivatives that we have previously
developed.12 For the chiral guest amines, we chose d- and l-a-
phenylethylamines (3), as well as d- and l-phenylalanine
methyl esters (4). The 1H NMR studies were carried out in a
CDCl3 solution of chiral dimer (2)-1 and d- or

l-phenylethylamine (3) (host : guest = 1 : 1). Differences in
chemical shifts of d- and l-3 were observed: Dd (d2l) = 0.04
ppm (12 Hz) at d 1.37 due to methyl-H, 0.04 ppm (12 Hz) at d
4.2 due to CH of 3, and 0.01 ppm (3 Hz) at d 3.7 due to methoxy-
H of the host 1. The results indicated clearly that the
complexation of chiral host 1 and the guest chiral amine, as well
as enantio discriminations, occurred in CDCl3 solution.

The fluorescence study was carried out in MeCN with the
measurements performed on a Hitachi 850 Fluorescent Spec-
trometer. The experimental procedure is as follows: a solution
of the host in MeCN (c 1.4 3 1025 mol ml21) was titrated with
a solution of the chiral amine in MeCN. The fluorescence
intensity was measured and the quantum yields determined.12

The fluorescence quantum yield of the chiral host was assigned
as f0. Upon addition of the chiral guest, the fluorescence
quantum yield f of the solution was measured at various
concentrations. f/f0 was plotted against the concentration of the
guest. Because most amines do not have a fluorescence
chromaphore, an emission wavelength (lem) at 410 nm, the
typical emission of a naphthalene ring, was used to measure the
change in fluorescence intensity. Thus, changes in this wave-
length can be attributed to the interaction of the guest chiral
amines with the chiral host due to host–guest complexation.

It was found that the interaction of the two enantiomers of
chiral amines did not have a substantial effect on the emission
wavelength. On the other hand, a strong change in fluorescence
response intensity was observed with the use of different
enantiomers. As illustrated from the plots (Figs. 1 and 2), the
dimer and oligomer hosts have different responses to the
concentration changes of the guest molecules. When
a-phenylethylamine was used as the chiral guest, the following
observations were made: at a concentration of (10–15) 3 1025

mol dm23, [f/f0]l/[f/f0]d has a value of 1.13 for the dimeric
host and a value of 1.37 for the oligomeric host; whereas at a
concentration of (2–5) 3 1025 mol dm23, the [f/f0]l/[f/f0]d
values changed to 0.81 for the dimeric and 1.07 for the
oligomeric hosts respectively. Thus, in the case of the dimeric
host, a change in the concentration of a-phenylethylamine from
(10–15) to (2–5) 3 1025 mol dm23 reversed the fluorescence

Fig. 1 f/f0 ratio of fluorescent quantum yield of d- and l-a-phenyl-
ethylamine with dimer 1 as the host: (-) d-a-phenylethylamine and (8)
d-a-phenylethylamine
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response of the two enantiomers. Such a reversed fluorescence
response was also observed during the measurement of
phenylalanine methyl ester (Figs. 3 and 4). At a concentration of
(7–9) 3 1025 mol dm23, the [f/f0]l/[f/f0]d has a value of 1.19
for the dimeric host and a vlaue of 1.10 for the oligomeric host;
whereas at a concentration of (2–4) 3 1025 mol dm23, the
[f/f0]l/[f/f0]d values changed to 0.97 for the dimeric and 0.98
for the oligomer hosts. Interestingly, the strongest reversal of
fluorescence properties for the two enantiomers with the
dimeric host was observed at a concentration of 5 3 1025

mol dm23, in which the [f/f0]l/[f/f0]d value was  measured at
0.86. However, the fluorescence response of the oligomeric host
appears relatively constant under the different concentrations of
phenylalanine methyl ester. At a concentration of 5 3 1025

mol dm23, the [f/f0]l/[f/f0]d value of the oligomeric host was
measured at 0.96. As the structure of the hosts has been
characterized as having a helical concave structure,12 we
suspect that the chiral amines would clathrate into the chiral
host through a p–p interaction between the naphthyl moiety of

the host and the phenyl group of the aromatic amine and
hydrogen bond. The enantio discrimination could stem from the
chiral naphthyl moiety and the main chain chirality of the
oligomers. The multiple interacting points and chiral units of the
hosts may play different roles during chiral discrimination,
which could explain the aberrant response of fluorescence on
the concentration of the chiral guest. In conclusion, we have
developed two fluorescence sensors for the chiral recognition of
chiral amines. The recognition was confirmed by 1H NMR
measurement. The fluorescence response of the chiral sensor
was found to be markedly influenced by the concentration of
chiral amines. Currently, we are developing more selective
systems to discrimination among chiral amines on the basis of
the present investigation.

Support of this research was provided by the Natural Science
Foundation of China and the Center for Photo-induced
Processes (NSF-LEQSF).
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Fig. 2 f/f0 ratio of fluorescent quantum yield of d- and l-a-phenyl-
ethylamine with oligomer 2 as the host: (-) d-a-phenylethylamine and (8)
d-a-phenylethylamine

Fig. 3 f/f0 ratio of fluorescent quantum yield of d- and l-phenylalanine
methyl ester  with dimer 1 as the host: (8) d-phenylalanine methyl ester and
(-) i-a-phenylalanine methyl ester

Fig. 4 f/f0 ratio of fluorescent quantum yield of d- and l-phenylalanine
methyl ester  with oligomer 1 as the host: (8) d-phenylalanine methyl ester
and (-) l-phenylalanine methyl ester
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Co2(CO)6-induced deformation of alkynes as a reversible modulator of
supramolecular interactions: controlling the synthesis of catenanes

Darren G. Hamilton and Jeremy K. M. Sanders*†

Cambridge Centre for Molecular Recognition, University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW

Complexation of Co2(CO)6 clusters to the alkyne bonds of a
hybrid crown macrocycle alters the dimensions of the
macrocyclic cavity such that inclusion complexation and
catenane formation by catalytic ring closing metathesis is
prevented; since removal of the Co2(CO)6 ‘protecting group’
is readily achieved, this procedure provides a general
method for modulation of supramolecular interactions.

We show here that cobalt carbonyl complexation to alkyne
groups provides a simple and reversible method for the
modulation of molecular geometry. Since alkynes are popular
linker groups that allow the precise spatial positioning of
molecular components,1 this complexation process offers a
general approach for the control of supramolecular interactions.
We exemplify the principle by controlling the binding proper-
ties of macrocycle 1 and hence its ability to act as a template for
catenane formation under catalytic ring closing metathesis
(RCM) conditions. Complexation of Co2(CO)6 clusters to the
acetylene links of this hybrid crown macrocycle removes its
ability to bind electron deficient substrates, while oxidative
removal of the clusters restores the macrocycle’s original
structural form and binding capacity.

The reaction of dicobalt octacarbonyl with acetylene func-
tions has been known for over 40 years (Scheme 1).2 The
complexes were originally of interest as some of the first
characterised systems featuring multi-point attachment of an
organic molecule to more than one metal atom. Complexation
of an acetylene group to a cobalt carbonyl cluster has been used
as a protecting group to mask the reactivity of the triple bond,3
and also as an activating group to promote reactions requiring
the stabilisation of an electron-deficient carbon centre.4

The complexation process is accompanied by a dramatic
change in the geometry of the linear acetylenic carbon
backbone. Complexation of Co2(CO)6 to diphenylacetylene
reduces the Ph–C–C bond angles from 180 to around 138°;5 this
observation has been exploited in attempts to prepare cyclo-C18
by temporarily altering the geometry of precursors to favour
cyclisation.6 Of greatest relevance to the present discussion is
the structure of the bis-Co2(CO)6 complex of diphenylbutadiyne
(Ph–C·C–C·C–Ph).7 The C–C–C bond angles at the four
nominally sp hybridised centres of this complex fall in the range
139–145°. We predicted that if a butadiyne linker were
incorporated into a macrocycle then cluster complexation to this
host could induce sufficient structural change to inhibit guest
binding. Hybrid macrocycle 1 appeared an ideal candidate with
which to test this theory since it forms a weak donor–acceptor
complex with p-deficient diimides (Ka ≈ 400 M21), and has
also been employed as a template for [2]catenane formation
under kinetically controlled conditions.8

Treatment of a THF solution of 1 with excess Co2(CO)8 (3
equiv. per triple bond) rapidly affords a single complexed

product 2 which may be obtained in near quantitative yield after
chromatography on silica gel.‡ The 1H NMR spectrum of 2
closely resembles that of 1 save for an aromatic doublet that
shifts upfield from around 6.80 to 6.11 ppm perhaps as a result
of the greater proximity of the two aromatic components. The
13C NMR spectrum provides rather more information: the
methylene carbons adjacent to the complexed butadiyne link are
shifted downfield from around 56 to 68–70 ppm (obscured by
OCH2CH2 resonances). The complexed acetylenic carbons are
found at 96 and 93 ppm, downfield shifted from around 72 ppm
in free 1. These shifts are consistent with the introduction of
strongly electron withdrawing substituents and previously
reported values.7 The electrospray ionisation mass spectrum of
2 reveals the sequential loss of CO ligands from the bis-
Co2(CO)6 complexed macrocycle (Mr = 1124). Notably, the 1H
NMR spectrum of 2 in CDCl3 was unchanged after standing in
solution for several weeks; samples stored as dry solids proved
similarly robust. Removal of the cobalt clusters could be
achieved by treatment of 2 with iron(III) nitrate3 in EtOH or,
more conveniently, with trimethylamine oxide in THF.§
Regeneration of free 1 could be conveniently monitored by
TLC. An intermediate, presumably the mono-Co2(CO)6 com-
plex, could be discerned prior to complete conversion to 1.
Scheme 2 summarises the structural protection and deprotection
steps.

We exemplify the application of this idea by controlling the
formation of a p-donor/p-acceptor [2]catenane under catalytic
ring closing metathesis conditions. The catalytic RCM reaction
has become a familiar synthetic tool9 and has also been
employed in templated macrocycle10 and catenane syntheses.11

We anticipate that the reversible nature of the RCM bond-
forming reaction will facilitate competition and evolution
between related interlocked systems and thus provide the ‘error-
checking’ facility necessary for the reliable assembly of higher

Scheme 1 General reaction of a functionalised acetylene with Co2(CO)8

Scheme 2 Blocking of a cyclophane receptor cavity by temporary structural
modification
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order interlocked molecular systems. The interlocking proce-
dure also provides an ideal means with which to demonstrate the
feasibility of our blocking principle.¶

Exposing a 2 : 1 molar ratio of diimide diolefin 3 and hybrid
macrocycle 1 to Grubbs’ catalyst (DCM, rt, 3 days) afforded the
three isomeric forms of the corresponding [2]catenane 4; direct
hydrogenation of the reaction mixture (H2, Pd–C) gave a single
catenane product 5 in 15% overall yield.∑ Under identical
reaction conditions a 2 : 1 molar ratio of diolefin 3 and
complexed macrocycle 2 did not undergo interlocking, periodic
analysis (LC-MS, TLC) revealing only the stubborn persistence
of 2. After three days 1 mol equiv. of free macrocycle 1 was
added to the metathesis mixture and production of [2]catenane
4 commenced: this observation proves that under ‘live’
metathesis conditions macrocycle 2 is indeed blocked to
threading by diolefin 3. Direct hydrogenation (H2, Pd–C) of the
crude reaction mixture yielded the expected [2]catenane 5 and
the protected macrocycle 2.

The significance of the survival of 2 throughout this sequence
of events lies in the realisation that this structural tool provides
the means by which to prevent binding at one masked
recognition site whilst the chosen reaction conditions act on a
binding event elsewhere in the system or, potentially, within the
same molecule. Both the olefin metathesis and hydrogenation
steps are chemically orthogonal to the deprotection of 2, the
cobalt complexed macrocycle being unaffected by two distinct
chemical transformations occurring within the system. We
intend to exploit these observations in controlled syntheses of
linear [n]catenanes.12 There also exists the possibility of
inhibiting a supramolecular interaction within a complex by
cluster removal; an alternative view of this process is to regard
the cluster as an effector for a particular interaction (Fig. 1). We
also note that variations in cluster nuclearity and substitution
pattern lead to subtle geometry changes in the resulting adducts,
providing a means to fine tune molecular geometry.13 In
summary, it appears likely that both the specific, as described in
this work, and general concepts of binding modulation through

temporary structural modification will be of use in the area of
host–guest chemistry.

We thank the Engineering and Physical Sciences Research
Council (UK) for generous financial support and Professor Phil
Parsons (Sussex, UK) for suggesting the use of a trialkylamine
oxide as a cluster removal reagent.
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∑ Mr = 1288.29 ([M + NH4]+).
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Fig. 1 Inhibition of a supramolecular interaction by cluster removal.
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Cycloheptyne–cobalt complexes via allylation of stabilized g-carbonyl cations

James R. Green*†

Chemistry and Biochemistry, School of Physical Sciences, University of Windsor, Windsor, Ontario, N9B 3P4, Canada

The Bu2BOTf mediated reaction of stannylsilanes (5 and 9)
with g-methoxy-alkynoate and -alkynone hexacarbonyldi-
cobalt complexes (8), followed by conversion of the organic
carbonyl into an acetate and a BF3·OEt2 mediated intra-
molecular reaction, affords cycloheptenyne hexacarbonyldi-
cobalt complexes (13 and 15).

Cyclic alkynes are compounds of limited stability.1 The
smallest unsubstituted member of the series which can be
isolated under conventional laboratory conditions is cyclooc-
tyne; in the vast majority of cycloheptynes and smaller
cycloalkynes, the strain of bending the sp hybridized carbon
atoms substantially away from 180° has too great an energetic
cost. This situation may be ameliorated by resorting to transition
metal complexes of cycloheptynes, particularly the dicobalt
hexacarbonyl complexes.2Alkyne hexacarbonyldicobalt com-
plexes have bond angles which average ca. 140° at the alkynyl
carbons; the resultant lower angle strain renders the cyclo-
heptyne and cyclohexyne complexes thermally stable.3

In addition to the above reasons, cobalt cycloheptyne
complexes are of interest due to the potential for applying the
rich synthetic utility of cobalt–alkyne complexes4–6 to seven
membered ring systems. This potential is largely unexplored,
however, as these systems have been prepared infrequently,7,8

and their systematic synthesis and study has escaped report.
Notably, the attempt to prepare systems of this type via a double
Nicholas reaction using allyldimetal equivalent 1 and propa-
rgylic ether 2 met with complete failure.9

During our recent work involving silver mediated reactions
of g-chloro-alkynoate and -alkynone hexacarbonyldicobalt
complexes,10 we observed striking effects of the presence of an
additional oxygen based function on the viability of propargyl
alcohol or propargyl ether based Nicholas reactions. As a result,
we believed that a stepwise reaction of 1 at the carbon bearing
the chloride, manipulation of the carbonyl into a leaving group,
and intramolecular allylsilane attack would give a cyclohepte-
nyne complex.‡ Therefore, we tested the reaction of chloride 3
with 1 and AgBF4 (0 °C, CH2Cl2), and to our surprise obtained
a small amount of 4 as the sole condensation product.
Compound 4 most probably results from the preferential loss of
the internal trimethylsilyl group from the b-silyl cation
intermediate, and allyldimetal equivalents with different elec-
trofuges were investigated for their reactivity with 3. Stannylsi-
lane 5a11 gave more satisfactory results, and allylsilane 6a was
obtained as the major product, contaminated with vinylsilane 7a
(55%, 6a : 7a = 78 : 22). In this case the source of the isomeric
impurity is believed to be Lewis acid mediated allylic
rearrangement of the tin moiety in 5a to give isomeric allyltin
5aA;12 despite this, recovered 5a showed no evidence of 5aA.
Attempts to use systems with more bulky silyl groups gave
improved regiochemical ratios in favour of the allylsilane
product, at the expense of a satisfactory chemical yield.

Based on the report from Jacobi’s laboratory of the
condensation of boron enolates with g-methoxyalkynoate
hexacarbonyldicobalt complexes,13 we found that Bu2BOTf (0
°C, CH2Cl2) was capable of inducing the condensation between
propargyl ether 8a with 5a to give 6a/7a (84%, 6a : 7a = 78 :
22). While regiochemical impurity 7a was still present, the use
of silylstannane 5b14 with 8a was now possible, and allylsilane
6b could be prepared in good yield with only a trace of 7b (63%,
6b : 7b = 96 : 4; Table 1). Application of this protocol to phenyl
ketone 8b gave 6c as the major product, with a more substantial
amount of vinylsilane 7c (73%, 6c : 7c = 82 : 18). The methyl
ketone 8c would undergo additional reaction of the alkyl ketone
function in the presence of > 1 equivalents of Bu2BOTf, and
optimum results for the formation of 6d were obtained by
inverting the order of reagent addition, and by conducting the
reaction at 260 °C (39%, 77% based on recovered starting
material, 6d : 7d = 92 : 8). Finally, silylstannane 915 reacted
smoothly with 8a to give 10 in good yield (83%).

The carbonyl functions in 6 and 10 could be converted into a
leaving group by low temperature (278 °C) reduction with
Bui

2AlH, and trapping of the resultant alkoxide with freshly
distilled acetic anhydride at room temperature, affording
acetates 11–12 in excellent yields. In the case of phenyl ketone
6c, the acylation step was very slow, and the addition of sodium
acetate with catalytic amounts of DMAP was required to give
useful amounts of 11c.

Table 1 Bu2BOTf mediated condensations of allyldimetals 5 and 9 with
8

Substrate Allyldimetal Product Ratio Yield (%)

8a 5a 6a + 7a 78 : 22 84
8a 5b 6b + 7b 96 : 4 63
8b 5b 6c + 7c 82 : 18 73
8c 5b 6d + 7d 92 : 8 39 (77)a

8a 9 10 — 83

a Based on recovered starting material.
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With the appropriately attached allylsilane and propargylic
acetate functions in place, the ability of the substrates to form
cycloheptyne complexes was investigated. Slow addition of a
CH2Cl2 solution of 11 to a 0 °C CH2Cl2 solution of excess
BF3·Et2O (final substrate concentration = 1 mM) rapidly
afforded cycloheptenyne complexes 13, as red–violet oils of
good thermal stability, in excellent yields (Table 2). In the
phenyl and methyl substituted cases 11c and 11d, trace amounts
of fluorocycloheptyne complexes 14b (8%) and 14c (6%),
respectively, were also isolated. In the case of substrate 12,
cyclization under these conditions afforded methylenecyclo-
heptyne complex 15a contaminated with a minor amount of the
endo double bond isomer 15b (46%, 87 : 13), along with
desilylated fluorocycloheptyne complex 16 (44%). An alter-
native procedure which employed the slow addition of
BF3·Et2O (5 equiv.) to a solution of 12 (1.5 mM) at 0 °C gave
slightly enhanced amounts of 15a + 15b (55%, 90 : 10) and a
small amount of 16 (8%).

The results demonstrate the facility with which the Nicholas
reaction chemistry of cobalt stabilized g-carbonyl cations can be
applied to the preparation of cycloheptyne cobalt complexes.
Further work in this area, including that on superior allyldimetal
equivalents and one pot, [4 + 3] cycloaddition approaches to the

complexes, and the synthetic applications of these compounds
are in progress and will be reported in due course.
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Table 2 Conversion of condensation products 6 and 10 to cycloheptenynes
complexes 13 and 15

Substrate
Acetate
(Yield [%])

Cycloheptenyne
(Yield [%])

Fluorocycloheptyne
(Yield [%])

6a 11a (88) 13a (89) —
6b 11b (90) 13a (87) —
6c 11c (84a) 13b (84) 14b (8)
6d 11d (88) 13c (85) 14c (6)
10 12 (90) 15a + b (46)

[87 : 13]b
16 (44)

a DMAP (0.2 equiv.) and NaOAc (excess) added during acylation step.
b Numbers in square brackets represent the 15a : b ratio.
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bis-bipyridine ligands: [Fe6O4Cl4(O2CPh)4L2][FeCl4]2
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The reaction between FeCl3, NaO2CPh and L [L =
1,2-bis(2,2A-bipyridyl-6-yl)ethane] in MeCN gives the title
complex 1 whose cation contains an unusual [Fe6(m3-O)4]10+

core, whereas in MeOH the dinuclear complex [Fe2(OMe)2-
Cl2(O2CPh)L][FeCl4] 2 is obtained; magnetic studies in-
dicate that the cations of 1 and 2 both have S = 0 ground
states, consistent with the expected antiferromagnetic ex-
change interactions.

In recent years, the synthesis and study of high-spin molecules
(possessing large values of spin S in their ground state) have
assumed greater importance as it has been discovered that such
molecules represent the source of a new magnetic phenomenon,
namely single-molecule magnetism.1,2 As a result of a large
spin and a negative magnetoanisotropy, as reflected in the zero-
field splitting parameter D, such a single-molecule magnet
(SMM) can be magnetized by an external magnetic field below
some critical or blocking temperature. The first SMMs to be
identified were [Mn12O12(O2CR)16(H2O)4] (R = Me, Et, Ph,
etc.) complexes (S = 9 or 10)1–3 and their one-electron reduced
versions in [Mn12O12(O2CR)16(H2O)4]2 salts (S = 19/2).2
More recently, the [Mn4O3X(O2CMe)3(dbm)3] (X = Cl2, Br2,
F2, O2CMe2, etc.; dbm2 is the anion of dibenzoylmethane)
complexes with S = 9/24,5 and [V4O2(O2CR)7(L–L)2]z salts
[L–L = 2,2A-bipyridine (bpy), z = + 1; L–L = 2-picolinate, z
= 21] with S = 36 have also been discovered to be SMMs, as
has a [Fe8O2(OH)12(tacn)6]8+ salt (tacn = 1,4,7-triazacyclono-
nane) with S = 10.7

Important to the future of the field of high-spin molecules,
and to the possible identification of new SMMs, is the
development of synthetic methodologies that can yield new
metal clusters, particularly those of MnIII and FeIII. With this in
mind, we have been investigating the ability of bis-bipyridine
ligands such as L to assemble new cluster types with MnIII and
FeIII not available with simpler ligands such as bpy itself. We
herein describe access via this route to a new Fe6 structural type,
as well as a related Fe2 species, confirming the potential of this
ligand for cluster synthesis in FeIII–MnIII chemistry.

The reaction between FeCl3, NaO2CPh and L (4 : 4 : 1) in
MeCN gave a red–brown solution and an off-white solid
(NaCl). After 24 h reaction time, the solution was filtered, and
the filtrate concentrated under vacuum to half its original
volume and layered with Et2O. Red–brown crystals of [Fe6-
O4Cl4(O2CPh)4L2][FeCl4]2·2MeCN 1·2MeCN slowly grew
over 1–2 weeks in 40% yield; dried solid analysed as 1·MeCN.†
The same reaction in a 3 : 3 : 1 ratio carried out in MeOH gave
an orange precipitate. This was collected by filtration and
recrystallized from warm MeOH–MeCN (1 : 1) to give orange

needles of [Fe2(OMe)2Cl2(O2CPh)L][FeCl4] 2 in 28% yield.†
Note that the use of bpy instead of L in the MeCN reaction gives
[Fe4O2(O2CPh)7(bpy)2][FeCl4], the cation of which has been
previously reported.8

The structures‡ of the cations of 1 and 2 are shown in Figs. 1
and 2, respectively. The centrosymmetric cation of 1 contains
an unusual [Fe6(m3-O)4]10+ core (6 3 FeIII) that can be
conveniently described as consisting of three edge-fused
[Fe2O2] rhombs to which are attached two additional Fe atoms
Fe(1) and Fe(1A); the latter are four-coordinate with distorted
tetrahedral geometry whereas the other Fe atoms are six-
coordinate with distorted octahedral geometry. A side view
shows the [Fe6O4] core to be nearly planar. The L and central
PhCO2

2 groups bridge the Fe(2)/Fe(3) and Fe(2A)/Fe(3A) pairs.
An alternative description of the structure is particularly useful:
the cation consists of two [Fe2O2(O2CPh)L]+ fragments that are
linked by inter-fragment bonds Fe(2)–O(7A) and Fe(2A)–O(7),
and this incipient, supramolecular chain formation is terminated
by the [FeCl2(O2CPh)] caps at each end, whose Fe(1) and O(10)
atoms bind to and prevent O(6) and Fe(3) from attaching to
another [Fe2O2(O2CPh)L]+ fragment. Note the unusual nearly
T-shaped geometry of O(7) and O(7A), with Fe(2A)–O(7)–Fe(3)
angles of 159.25(21)°.

The cation of 2 contains a [Fe2(m-OMe)2]4+ core with
bridging L and PhCO2

2 groups, and octahedral geometry at
each FeIII completed by terminal Cl2 ions. The dinuclear unit is
thus similar to the repeating [Fe2O2(O2CPh)L]+ fragment of 1,
with aggregation blocked by the MeO2-for-O22 substitution at

Fig. 1 The structure of the cation of 1; only the ipso C atoms of the Ph rings
are shown. Selected interatomic distances (Å) are: Fe(1)···Fe(2) 3.483(2),
Fe(1)···Fe(3) 3.357(2), Fe(2)···Fe(3) 2.932(2), Fe(2)···Fe(2A) 3.054(2),
Fe(2)···Fe(3A) 3.692(2), Fe(1)–O(6) 1.806(4), Fe(2)–O(6) 1.994(4), Fe(2)–
O(7) 2.045(4), Fe(2)–O(7A) 1.889(4), Fe(3)–O(6) 1.965(4), Fe(3)–O(7)
1.864(4). Primed and unprimed atoms are related by the inversion centre.
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the bridging position and terminal Cl2 ions on the Fe atoms.
The Fe(1)···Fe(2) distance in 2 [3.088(2) Å] is only slightly
longer than the Fe(2)···Fe(3) distance in 1 [2.932(2) Å].

Comparison of 1 and 2 shows that L is a binucleating
ligand and it adopts the same bridging mode in both complexes
with the ethylene bridge forcing the two bpy halves to be
essentially parallel. There appears to be no reason why longer
chains of [Fe2O2(O2CPh)L]+ repeating units with [Fe-
Cl2(O2CPh)] caps should not be possible, yielding the supramo-
lecular [Fe2n + 2O2nCl4(O2CPh)n + 2Ln]n+ family of which 1 is the
n = 2 member. This possibility is currently being investigated
by changes in the reagent ratios.

Solid-state magnetic susceptibility data were collected in a 1
Tesla field. The effective magnetic moment meff (cmT) value for
1 slowly decreases from 10.30 mB (13.26 cm3 K mol21) at 13.0
K and then decreases rapidly to 6.76 mB (5.71 cm3 K mol21) at
2.0 K. Subtracting out the expected values for the [FeCl4]2
anions (S = 5/2) shows that meff and cmT for the cation decrease
to essentially zero at low temperatures, indicating a S = 0
ground state. Similarly, meff (cmT) values for 2 are 9.33 (10.88),
5.90 (4.35) and 5.19 mB (3.37 cm3 K mol21) at 300, 9.00 and
2.00 K (Fig. 3), respectively. Subtracting out the contribution
from the [FeCl4]2 anion again indicates a S = 0 ground state,
and fitting of the 13.0–300 K data (lower T data were affected
by zero-field splitting in the anion and were omitted) to a
Heisenberg exchange model (Ĥ = 22JS1S2) gives J = 210.48
cm21 with g held at 2.00 (solid line in Fig. 3). This value is as
expected from the empirical J vs. 2P relationship, where 2P is
the shortest Fe–O–Fe bond distances, which suggests J for 2
should be 10.89 cm21 for 2P = 3.966 Å.9 Plots of meff vs. T and
magnetization vs. magnetic field for compounds 1 and 2 are
available as supplementary information. See http:/
/www.rsc.org/suppdata/cc/1998/1753.

In summary, the use of the bis-bipyridine ligand L has
allowed access to a new Fe6 structural type, as well as an Fe2
species. The ability of L to provide new high nuclearity Fe and
Mn species is under continuing investigation, as is the use of
this ligand to access Fe2 species of biological relevance to the
many Fe biomolecules containing a dinuclear oxo-bridged
unit.

This work was supported by the National Science Founda-
tion.
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Fig. 2 The structure of the cation of 2. Selected interatomic distances (Å)
and angles (°) are: Fe(1)···Fe(2) 3.088(2), Fe(1)–O(40) 1.981(4), Fe(1)–
O(42) 1.993(4), Fe(1)–Cl(3) 2.290(2), Fe(2)–O(40) 2.013(4), Fe(2)–O(42)
1.973(4), Fe(2)–Cl(4) 2.271(2); Fe(1)–O(40)–Fe(2) 101.31(19), Fe(1)–
O(42)–Fe(2) 102.29(18).

Fig. 3 Plot of effective magnetic moment vs. T for complex 2. The solid line
is a fit of the 13.0–300 K data to the appropriate theoretical equation for an
exchange-coupled FeIII

2 cation and non-interacting S = 5/2 anion. See the
text for the fitting parameters.
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Asymmetric hydrogen transfer protocol for enantiocontrolled synthesis of
(2)-chokol G

Regina Mikie Kanada, Takahiko Taniguchi and Kunio Ogasawara*†

Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980-8578, Japan

An enantiocontrolled route to the (2)-chokol G, a fungitoxic
metabolite from stromata of Epichloe typhia, has been
devised by employing a RuII-catalyzed asymmetric hydro-
gen transfer reaction as the key step.

Noyori and co-workers have found that RuII-complexes of
chiral N-tosyl-1,2-diphenylethylenediamines are efficient cata-
lysts for the kinetic resolution of racemic aryl and alkenyl
alcohols under asymmetric hydrogen transfer conditions in
acetone.1 In general, the reaction proceeds facilely to give
highly enantiomerically enriched alcohols with generation of
achiral ketones via consumption of the enantiomeric alcohols.
The reaction, therefore, loses one half of the starting material
unless meso substrates having a ene-1,4-diol functionality are
used. We envisaged that the catalytic asymmetric hydrogen
transfer reaction might be carried out without loss of half of the
starting material by using substrates having an appropriate
structural background. In this regard we chose 2-methylcyclo-
pent-2-enol derivative 1, having a cyclopentene-3,5-diyl func-
tionality attached to its 4,5-carbons, which does not lose the
chirality due to the 4,5-functionality even though its allylic
alcohol functionality loses its chirality. We report herein the
first example of the asymmetric resolution of racemic allylic
alcohol (±)-1 by asymmetric hydrogen transfer reaction,
without formation of an achiral waste product, to give the chiral
enone (+)-2 and the chiral alcohol (+)-1, both of which may be
converted into (2)-chokol G2,3 3, a fungitoxic metabolite from
stromata of Epichloe typhia.2

The tricyclic ene-1,2-diol bis-silyl ether4 5, obtained in 90%
yield from the diester 4, was reacted with 1,1-dimethoxyethane
in the presence of BF3·OEt25,6 to give the aldol product 6.
Without purification, 6 was immediately refluxed in TFA to
initiate the ring expansion5,6 to furnish the b-hydroxy enone 7,‡
which was treated with Me2SO4 in the presence of NaH to give
the b-methoxy enone 8 in 56% overall yield from 5. Treatment
of the enone 8 with LAH in refluxing Et2O afforded in one step
the endo-allyl alcohol (±)-1 stereoselectively as a single product
in 65% overall yield (Scheme 1).

To carry out the asymmetric hydrogen transfer reaction, the
racemic allyl alcohol (±)-1 was stirred in acetone at room
temperature in the presence of a catalytic amount (1 mol%) of
the ruthenium catalyst,1,7 prepared from [{RuCl2(h6-mesity-
lene)}2] and (1S,2S)-1-N-(p-tolylsulfonyl)-1,2-diphenylethyle-

nediamine (TsDPEN). The reaction terminated within 5 h to
afford the enantiomerically enriched enone (+)-2, in 44% yield,
leaving the highly enantiomerically enriched allylic alcohol
(+)-1, [a]D

31 +185.4 (c 1.1, CHCl3), in 37% yield.§ The
enantiomeric purities of the products were determined to be 87
and 98% ee by HPLC using a chiral column (CHIRALCEL OD,
elution with 0.1% PriOH–hexane) after converting 1 into the
benzoate. When the catalyst, prepared similarly from
[{RuCl2(h6-cymene)}2] in place of [{RuCl2(h6-mesitylene)}2],
was used under the same conditions, virtually the same results
were obtained to give the enone (+)-2 in 49% yield with 73% ee
and (+)-1 in 36% yield with > 99% ee, although the reaction
proceeded at a much faster rate (2 h). The latter alcohol (+)-1
afforded the enone (2)-2, [a]D

27 285.8 (c 1.3, CHCl3) [lit.,8
285.4 (c 1.4, CHCl3)], in 89% yield upon oxidation with
manganese(II) dioxide. On the other hand, the former (+)-enone
(+)-2 may be inverted without loss of the original chiral
integrity to the enantiomeric (2)-enone 2 in 50% overall yield
via the epoxide 9 by sequential Wharton rearrangement and
oxidation8 (Scheme 2).

Having established a methodology for the resolution of a
particular racemate without losing one enantiomer by employ-
ing the asymmetric hydrogen transfer reaction, we next carried
out conversion of the resulting enantiomerically pure enone
(2)-2 into (2)-chokol G3 3 so as to demonstrate its synthetic
potential. The synthesis was commenced by the 1,4-addition
reaction of (2)-2 with 4-tert-butyldimethylsiloxybut-2-enylli-
thium, generated in situ by treating 2-bromo-4-tert-butyldime-
thylsiloxybut-2-ene with ButLi,9 in the presence of lithium
2-thienyl(cyano)cuprate.9 The reaction furnished the exo-
addition product 10 in 94% yield as a mixture of the two
epimers at the a-methyl center. On thermolysis in refluxing
Ph2O, the mixture afforded the single enone 11, [a]D

27297.5 (c
1.2, CHCl3), in 87% yield by retro-Diels–Alder reaction and
spontaneous a-epimerization to the thermodynamically more
stable isomer having trans-a,b-configuration. Treatment of 11

Scheme 1 Reagents and conditions: i, Na, TMSCl, toluene, reflux (90%); ii,
MeCH(OMe)2,, BF3·OEt2, CH2Cl2, 278 °C, then TFA, reflux; iii, Me2SO4,
NaH, DMF–THF (1:1) (56% from 5); iv, LAH, Et2O, reflux (65%)
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with DIBAL-H in the presence of CuI and HMPA10 in THF
allowed 1,4-reduction to give the cyclopentenone 12, [a]D

29

+45.2 (c 1.3, CHCl3), in 92% yield. Reaction of 12 with excess
MeLi in the presence of CeCl33b,11 afforded a mixture consisted
of two epimers which, without separation, was exposed to
TBAF to give (2)-chokol G2 3, [a]D

29 258.1 (c 0.4, MeOH)
[natural2 243.3 (c 0.24, MeOH)], in 69% overall yield as the

major product accompanied with the minor epimeric alcohol,
[a]D

29 234.2 (c 0.3, MeOH), in 6% overall yield. Since the
conversion of chokol G 3 into the other congeners, chokols A,
B, C, F and K, chokolic acid B, and chokolal A, in the racemic
series has been established,12 the present synthesis formally
constitutes the chiral preparation of these natural products.

We thank the Ministry of Education, Science, Sports and
Culture of Japan for a scholarship (to R. M. K.).

Notes and References

† E-mail konol@mail.cc.tohoku.ac.jp
‡ All new compounds had spectroscopic [IR, 1H NMR, mass] and analytical
(high resolution) data consistent with their assigned structure.
§ When the reaction was terminated after 2 h, the highly enantiomerically
enriched enone (+)-2 was obtained in 30% yield with 98% ee, leaving the
enantiomerically enriched alcohol (+)-1 in 47% yield with 59% ee.
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Scheme 2 Reagents and conditions: i, [RuII(h6-mesitylene)], (1S,2S)-
TsDPEN (1 mol%), acetone, room temp., 4.6 h, [44% and 87% ee for (+)-2
and 37% and 98% ee for (+)-1]; ii, MnO2, CH2Cl2 (89%); iii, 30% H2O2, 0.5
M NaOH, MeOH; iv, NH2NH2·H2O, AcOH (cat.), MeOH, then MnO2,
CH2Cl2 [50% from (+)-2]

Scheme 3 Reagents and conditions: i, CH2§C(Br)CH2CH2OTBDMS,
ButLi, 2-thienyl(CN)CuLi, Et2O, 225 °C (94%); ii, Ph2O, reflux (87%); iii,
DIBAL-H, CuI, HMPA–THF (1:4), 278 °C (92%); iv, MeLi, CeCl3, THF,
278%; v, Bu4NF, THF [69% from 12 after separation of the epimer
(6%)]
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Synthesis of N-heterocycles via lactam-derived ketene aminal phosphates.
Asymmetric synthesis of cyclic amino acids.

K. C. Nicolaou,* Guo-Qiang. Shi, Kenji Namoto and Federico Bernal

Department of Chemistry and The Skaggs Institute for Chemical Biology, The Scripps Research Institute, 10550 North Torrey
Pines Road, La Jolla, California 92037, USA and Department of Chemistry and Biochemistry, University of California, San
Diego, 9500 Gilman Drive, La Jolla, California 92093, USA

A variety of N-heterocycles can be synthesized from lactams
via Pd0-catalyzed couplings of their corresponding enol
phosphates.

Due to the rich chemistry and biology of nitrogen-containing
compounds, the synthesis of N-heterocycles has been a central
and important theme within organic chemistry. The functional-
ization of lactams to substituted heterocycles via the corre-
sponding enol triflates has been reported.1 However, the triflate-
based methodology has been proven cumbersome due to the
rather unstable, difficult-to-isolate nature of the triflates and the
necessity to use unconventional and expensive triflating
reagents. Here we report the synthesis of lactam-derived ketene
aminal phosphates2 and their utilization for the construction of
a variety of N-heterocycles, including enantiomerically en-
riched cyclic amino acids. In contrast to their triflate counter-
parts, these phosphate intermediates enjoy remarkable stability,
efficiency of formation and reactivity, as well as easy access and
versatility (Scheme 1).3

The synthesis of ketene aminal diphenylphosphates 1a,b is
accomplished from the eight-membered N-Boc or N-CO2Ph
protected lactams via their potassium enolates. These com-
pounds proved quite stable at ambient temperatures and to silica
gel flash chromatography, entering a variety of coupling
reactions with appropriate partners under palladium(0) or
nickel(0) catalyzed conditions, (Scheme 2). All of these
reactions proceeded smoothly in good to excellent yields,
furnishing a variety of products capable of further functional-
ization.

The generality and scope of the present technology was
further illustrated by synthesizing ketene aminal phosphates of
different ring sizes, as shown in Table 1. Two useful
applications of the newly synthesized dienes4 (Table 1) are
shown in Scheme 3. Thus, diene 4† enters smoothly into a
Diels–Alder reaction with benzoquinone affording, after silica
gel-induced tautomerization, hydroquinone 22, while diene 17
reacted with singlet oxygen to afford endoperoxide 23. The
latter compound was reduced to diol 24 in 57% overall yield
upon treatment with aluminium amalgam.

Scheme 1

Scheme 2 Reagents and conditions: i, Et3Al (1 M in hexanes, 2.0 equiv.),
Pd(PPh3)4 (0.05 equiv), THF, 6 h, 92%; ii, CO (1 atm), Pd(OAc)2 (0.1
equiv.), PPh3 (0.2 equiv.), MeOH (3.0 equiv.), Et3N (3.0 equiv.), DMF, 60
°C, 4 h, 72%; iii, Bu3SnCH§CH2 (2.0 equiv.), Pd(PPh3)4 (0.05 equiv.), LiCl
(3.0 equiv.), THF, heat, 3 h, 85%; iv, (Me3Sn)2 (2.0 equiv.), Pd(PPh3)4 (0.05
equiv.), LiCl (3.0 equiv.), THF, heat, 3 h, 77%; v, Me3SiC°CH (3.0 equiv.),
Pd(PPh3)4 (0.1 equiv.), CuI (0.1 equiv.), Et2NH–THF (2:1), 25 °C, 4 h,
84%; vi, Bu3SnCH2CH§CH2 (2.0 equiv.), Pd(PPh3)4 (0.05 equiv.), LiCl
(3.0 equiv.), THF, heat, 4 h, 93%; vii, Me3SiCH2MgCl (3.0 equiv.),
Ni(acac)2 (0.05 equiv.), Et2O, 25 °C, 1 h, 88%; viii, PhZnCl (2.0 equiv.),
Pd(PPh3)4 (0.05 equiv.), THF, 50 °C, 1 h, 87%

Table 1 Preparation and Stille coupling of lactam-derived ketene aminal
phosphates

Entry Phosphatea Yield (%) Coupling productb Yield (%)

a Conditions: (PhO)2P(O)Cl (1.5 equiv.), KHMDS (1.2 equiv.), THF,
278 °C, 0.5 h; add base to lactam and phosphoryl chloride. b Coupling
conditions as described in Scheme 2 for compound 1a. c KHMDS (1.0
equiv.) was used.
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The chemistry of ketene aminal phosphates was explored
further through their Pd-catalyzed carbonylation and sub-
sequent asymmetric hydrogenation. Thus, a series of com-
pounds arising from carbonylation of the ketene aminal
phosphates were synthesized in good yields (Table 2). They
were then subjected to asymmetric hydrogenation6,7 in the
presence of a catalytic amount of [Rh(COD)-(2)-(R,R)-(Et-
DuPHOS)]OTf.8 This afforded the corresponding cyclic amino
acids in excellent yields and with high enantioselectivities
except for the five- and six-membered rings, which resisted
hydrogenation under standard conditions and gave low enantio-
selectivities at high pressures. Inspection of the NMR spectra of
the compounds with larger ring sizes (7–16) revealed that the
unsaturated esters exist as two rotamers, with rotamer A being

the preferred one (Scheme 4). However, the five- and six-
membered ring compounds 25 and 26 show the presence of only
one rotamer, assumed to be rotamer A, in their NMR spectra.
Through variable temperature NMR experiments, it was found
that the rotamer B of 26 appears at around 70 °C. It is, however,
rotamer B that enables the formation of the requisite chelation
complex C which could result in asymmetric induction during
hydrogenation.6 This phenomenon can also explain the lack of
reactivity of 25 and 26 under standard conditions.

The chemistry described herein demonstrates the potential of
cyclic ketene aminal phosphates as substrates for the construc-
tion of a variety of N-heterocycles, including alkaloid structures
and unnatural amino acids through transition metal catalyzed
reactions. Multiple applications in synthesis are envisioned for
this new synthetic technology.

We thank Professor K. B. Sharpless, Dr L. Gooben, and Dr
K. R. Dress for assistance with chiral HPLC and high pressure
equipment. This work was financially supported by the National
Institutes of Health, USA (G. M.) and The Skaggs Institute for
Chemical Biology.

Notes and References

† Synthetic procedure for 4: To a solution of N-CO2Ph protected
2-azacycloctanone (1.16 g, 4.7 mmol) and (PhO)2P(O)Cl (1.46 ml, 7.0
mmol) in THF (80 ml) at 278 °C was added KHMDS (0.5 M in toluene, 14.1
ml, 7.0 mmol). After being stirred at 278 °C for 30 min, the reaction
mixture was treated with 1 M aq. NH3 (80 ml) for 10 min. The organic phase
was separated and the aqueous layer was extracted with Et2O (33 20 ml).
The combined organic phases were dried (MgSO4) and concentrated. The
residue was subjected to flash column chromatography (silica gel, 1:1
Et2O–hexanes containing 2% Et3N) to give phosphate 1b (2.18 g, 96%). A
solution of 1a (0.24 g, 0.52 mmol), anhydrous LiCl (66 mg, 1.57 mmol), tri-
n-butyl(vinyl)tin (0.31 ml, 1.05 mmol) and Pd(PPh3)4 (53 mg, 0.046 mmol)
in THF (20 ml) was heated at 70 °C under Ar for 3 h. The solution was then
diluted with Et2O and filtered through silica gel. The filtrate was
concentrated and the residue was subjected to flash column chromatography
(silica gel, 1:9 Et2O–hexanes) to give diene 4 (105 mg, 85%).

1 For the use of lactam-derived enol triflates in carbon–carbon bond
forming reactions, see: T. Okita and M. Isobe, Synlett, 1994, 589; T.
Okita, and M. Isobe, Tetrahedron, 1995, 51, 3737; T. Luker, H. Hiemstra
and W. N. Speckamp, Tetrahedron Lett., 1996, 37, 8257; T. Luker, H.
Hiemstra and W. N. Speckamp, J. Org. Chem., 1997, 62, 3592; T. Luker,
H. Hiemstra and W. N. Speckamp, J. Org. Chem., 1997, 62, 8131.

2 For the use of lactone-derived ketene acetal phosphates, see: K. C.
Nicolaou, G.-Q. Shi, J. L. Gunzner, P. Gärtner and Z. Yang, J. Am. Chem.
Soc., 1997, 119, 5467.

3 The larger lactams were synthesized from the corresponding ketones via
a Beckmann rearrangement, see: G. A. Olah and A. P. Fung, Synthesis,
1979, 537.

4 W. J. Scott and J. K. Stille, J. Am. Chem. Soc., 1986, 108, 3033.
5 BINAP has been previously used as a superior ligand to monodentate and

other bidentate systems in aromatic amination; see: J. P. Wolfe, S.
Wagaw and S. L. Buchwald, J. Am. Chem. Soc., 1996, 118, 7215.

6 For a catalytic hydrogenation review, see: R. Noyori, Asymmetric
Catalysis In Organic Synthesis, Wiley-Interscience, New York, 1994,
ch. 2.

7 To the best of our knowledge, there is only one example of a catalytic
asymmetric hydrogenation of a cyclic dehydroamino acid derivative, see:
C. J. Foti and D. L. Comins J. Org. Chem., 1995, 60, 2656.

8 M. J. Burk, M. F. Gross, T. Gregory, P. Harper, C. S. Kalberg, J. R. Lee
and J. P. Martinez, Pure Appl. Chem., 1996, 68, 37.
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Scheme 3 Reagents and conditions: i, benzoquinone (5.0 equiv.), toluene,
heat, 24 h; ii, silica gel, Et2O, 12 h, 86% (2 steps); iii, O2, tetra-
phenylporphine (trace), CCl4, 500 W halogen lamp, 15 min, ; iv, Al-Hg
(excess), THF–H2O (10:1), 1.5 h, 57%

Table 2 Synthesis of cyclic dehydroamino acids from carbonylation of
ketene aminal phosphates and subsequent asymmetric hydrogenation

Phosphate Carbonylationa
Yield
(%) Hydrogenationb

Yield
(%)

Ee
(%)c

a Conditions: CO (1 atm), Pd(OAc)2 (0.1 equiv.), PPh3 (0.2 equiv.), MeOH
(40 equiv.), Et3N (2.0 equiv.), DMF, 60 °C, 3–6 h; b Conditions: H2 (90 psi),
[Rh(COD)-(2)-(R,R)- Et-DuPHOS)]OTf (0.06 equiv.), MeOH, room
temp., 24 h. c Determined by HPLC on a Chiralcel OD using hexanes–
PriOH (7:1) as eluent (for compounds 31–33) or an AD column using
hexanes–PriOH (97:3) as eluent (for compounds 34–37). d (R)-(+)-BINAP
(0.1 equiv.) was used instead of PPh3 (see ref. 5). e Reaction performed
under H2 (400 psi) at 70 °C in EtOH. f Yield based on 77% conversion.

Scheme 4
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Enantioselectivity vs. kinetic resolution in antibody catalysis: formation of the
(S) product despite preferential binding of the (R) intermediate

Doron Shabat,a,b Hagit Shulman,b Harel Itzhaky,b Jean-Louis Reymond*c and Ehud Keinan*a,b†‡
a The Scripps Research Institute, Department of Molecular Biology and the Skaggs Institute for Chemical Biology, 10550 North
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Antibody 14D9, which catalyzes the stereoselective trans-
formation of achiral enol ethers into the corresponding
(S)-ketals, resolves a racemic mixture of structurally similar
chiral enol ethers by selective conversion of the (R)-enol
ether into the (R)-ketal, raising the possibility that the (S)
transition state is preferencially stabilized by the antibody
despite a better binding of the (R) intermediate.

Catalytic antibodies, which are produced by immunization
against stable transition state analogs of chemical reactions,1
offer unique opportunities, not only in expanding the repertoire
of synthetic tools available to the organic chemist,2 but also in
studying fundamental aspects of enzymatic catalysis.3 For
example, antibody 14D9, which was raised against the quater-
nary ammonium hapten 1b, has taught us a great deal about

synthetic opportunities using catalytic antibodies and also about
mechanistic aspects of biocatalysis.4 This proficient catalyst
might be mechanistically related to primordial glycosidase
enzymes.5 Herein we report on a unique property of this
catalyst. The antibody catalyzes the enantioselective proto-
nolysis of achiral enol ethers to give the (S) product. Yet,
evidence from kinetic resolution of chiral enol ethers shows that
14D9 binds the (R) oxocarbenium ion intermediate more
strongly than the (S) intermediate.

The 14D9-catalyzed conversion of enol ether 2 into a mixture
of ketone 3 and ketal 4, which both have an (S) configuration
(Scheme 1), goes through an intermediate oxocarbenium ion I,
which is produced in the rate-limiting protonation of enol ether
2.6 Partitioning of this intermediate to give the final products 3
and 4 depends on the availability of water molecules in the
medium. Ketal 4 does not form in aqueous solutions and is
produced exclusively within the antibody binding site. There-
fore, the optical purity of 4 provides a direct measure of the
enantioselectivity in the antibody-catalyzed reaction. Indeed,
the 14D9-catalyzed protonolysis of 2 was found to be highly
stereoselective, producing (S)-4 in 99.5% ee.6

There is an intriguing question related to the origin of the
enantioselectivity in the rate-determining protonation step.
Intuitively, one would expect that (S) selectivity arises from
preferential binding of the antibody to both the (S) transition
state, (S)-TS and the structurally similar (S) intermediate, (S)-I
[Fig. 1A]. Nevertheless, we cannot rule out a priori the
alternative possibility, in which the antibody still binds
selectively to (S)-TS but binds preferentially to the opposite
enantiomeric intermediate (R)-I [Fig. 1B].

This mechanistic issue could be resolved if the affinity of
14D9 to each of the two enantiomeric forms of I could be
compared. These enantiomeric intermediates occur not only
along the reaction pathway leading from 2 to ketal 4, but also
along the similar conversion of the isomeric enol ether 5 to 4
(Scheme 2). Therefore, one could obtain the desired information
about the relative stability of (S)-I and (R)-I by studying the
kinetic resolution of 5 by 14D9. Conversion of (S)-5 and (R)-5
into ketals (S)-4 and (R)-4, respectively, proceeds via the
enantiomeric intermediates (S)-I and (R)-I. If the antibody
catalyzed the protonolysis of (S)-5 preferentially over (R)-5 this
would imply that 14D9 binds (S)-I more tightly than (R)-I. This
would be consistent with the energy diagram shown in Fig. 1(A)
for enol ether 2. Conversely, if catalytic protonolysis of (R)-5
was faster than that of (S)-5, this would support the alternative
energy profile described in Fig. 1(B).

Substrate 5 was prepared from methyl 4-bromomethylbenz-
oate and ethyl 2-methyl-3-oxobutanoate.6,7 The initial alkyl-
ation product was decarboxylated and the resultant ketone was
converted to the corresponding 1,3-dioxolane. The latter was
opened with (Me3Si)2NH and TMSI to produce a mixture of
three isomeric enol ethers in almost equal proportions. These
isomers were separated by column chromatography and each
was subjected to aminolysis with ethanolamine. The two

Scheme 1

Fig. 1 Alternative free energy diagrams for the antibody-catalyzed
enantioselective protonation of enol ether 2
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enantiomers of 5 were separated by HPLC using a chiral-phase
column.8 Their absolute configurations were determined by
converting them to the corresponding ketals and comparing
these ketals with authentic samples of (R)-4 and (S)-4.6

Antibody 14D9 catalyzes the protonolysis of racemic 5, (R)-5
and (S)-5. In each case catalysis is fully inhibited by the addition
of the hapten 1a, confirming that the reaction occurs within the
antibody’s combining site. The observation that ketal 4
(approximately 10–20% of the product) is obtained from all
three substrates, 2, (R)-5 and (S)-5, is consistent with the
concept that all of these reactions proceed via intermediate I
within the antibody’s combining site.

Interestingly, (R)-5 was found to be a better substrate than
(S)-5, with both a lower KM and a higher kcat (Table 1 and Fig.
2). A preparative scale experiment with antibody 14D9 using
saturating concentrations of racemic 5 (pH 8, 5 mM catalyst and
1 mM racemic 5) lead to the formation of (R)-4. Measuring the
optical purity of 4, which is formed exclusively in the antibody-
catalyzed process with no background reaction, should allow an
unequivocal determination of the degree of kinetic resolution of

racemic 5 by 14D9. Under these saturating conditions the
enantiomeric purity (63% ee) is consistent with the observed
ratio of kcat for each enantiomer of 5. We calculated the
dissociation constants of the transition states,9 using the
equation KTS = KM/(kcat/kun), and found that antibody 14D9
binds the transition state leading from (R)-5 to intermediate
(R)-I (KTS-5 = 73 1028 M) 31 times more strongly than the
transition state leading from (S)-5 to intermediate (S)-I (KTS-5 =
2.143 1026 M).

Although this experiment does not measure directly the
binding constant of 14D9 to the oxocarbenium ions (R)-I and
(S)-I, the transition states that lead from (S)-5 to (S)-I and from
(R)-5 to (R)-I are very closely related to these intermediates.
The 31-fold selectivity in the kinetic resolution of 5 suggests
that the natural binding selectivity of antibody 14D9 favors
intermediate (R)-I. The (R) selectivity in the hydrolysis of 5
stands in stark contrast to the (S) selectivity observed in the
14D9-catalyzed hydrolysis of several enol ethers such as 2, and
supports the mechanistic option shown in Scheme 2(b).

Earlier experiments indicate that the high catalytic efficiency
observed with enol ethers such as 2 (kcat/kun = 103–104) is
caused by a carboxylic acid residue acting as a general acid
catalyst within the antibody’s binding pocket.10 Thus, the strong
preference for protonation on the re-face of enol ether 2 to
produce the (S) products is the result of the relative positioning
of this general acid with respect to the bound substrate.11 The
evidence presented here suggests that 14D9 binds (R)-I tighter
than (S)-I. It also raises the intriguing possibility that moving
the catalytic residue in the antibody binding pocket by
mutagenesis could create a new catalyst that will convert
prochiral enol ethers to (R) products. Moreover, such a modified
antibody is expected to be a more efficient catalyst. Future
experiments will address this possibility.

This work was supported by the US-Israel Binational Science
Foundation (E. K.), the Skaggs Institute for Chemical Biology
(E. K.), the Swiss National Science Foundation (J. L. R.) and the
Wander Stiftung, Bern, Switzerland (J. L. R.).
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Scheme 2

Table 1 Kinetic parameters for the antibody 14D9-catalyzed hydrolysis of
5a

Substrate KM/µM kcat/min21 kun/min21 kcat/kun KTS/µM

rac-5 480 ± 200 (4.3 ±1.9)3 1022 1.553 1025 2760 0.17
(R)-5 210 ± 70 (4.6 ± 1.5)3 1022 1.553 1025 2990 0.07
(S)-5 470 ± 230 (3.4 ± 1.7)3 1023 1.553 1025 220 2.14

a Reactions were carried out in 100 mM NaCl and 50 mM 1,3-bis[tris-
(hydroxymethyl)methylamino]propane (bistris), pH 8.0, 25 °C. Ketal 4 (ca.
20%) was formed in all cases.

Fig. 2 Lineweaver–Burk plot of reaction rates for the formation of ketone 3
from (7) racemic enol ether 5, (1) (S)-5 and (∂) (R)-5. For the reactions
conditions, see Table 1.
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Competitive formation of h1-1-phosphaallene and 1H-phosphirene complexes
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The 2H-azaphosphirene complex 1 reacts with triorgano-
stannyl(ethoxy)acetylenes 2a,b to yield bifunctional
h1-1-phosphaallene 5a,b and 1H-phosphirene complexes
6a,b; 5a,b and 6a,b are characterized by NMR spectroscopy
(13C, 31P) and complex 6b by single crystal X-ray diffrac-
tion.

1-Phosphaallenes1 and their isomers, 1H-phosphirenes,2 and
complexes of both,1,2 have attracted interest because of their
synthetic applications in heterocyclic chemistry. At present,
there are three main routes to 1-phosphaallenes: elimination of
silanolate, reactions of phosphaketenes with phosphoranyl
ylides or 1,3-shift reactions of alkinylphosphanes.1 Despite
current research activities, only one example of an
h1-1-phosphaallene complex is known, obtained from a com-
plexation reaction with nickel tetracarbonyl.3 Furthermore, in
contrast to thermally induced rearrangements of cyclopropenes
to allenes,4 related transformations of 1H-phosphirene com-
plexes into h1-1-phosphaallene complexes, or vice versa, have
not been reported.

We now report the first example of competitive formation of
h1-1-phosphaallene and 1H-phosphirene complexes, which has
been found to proceed upon thermal decomposition of the

2H-azaphosphirene complex 15 in the presence of triorgano-
stannyl(ethoxy)acetylenes 2a,6b.7

Complex 1 reacts on heating in solution with the acetylene
derivatives 2a,b to give the h1-1-phosphaallene complexes 5a,b
and the corresponding 1H-phosphirene complexes 6a,b
(Scheme 1). The product formation is explained as followed:
thermally induced ring-cleavage of the 2H-azaphosphirene
complex yields benzonitrile, determined by IR spectroscopy,
and the phosphanediyl complex [(OC)5WNPCH(SiMe3)2] 3 in
the first reaction step. As illustrated in Scheme 1, reaction of 3
with the alkynes 2a,b leads to zwitterionic products 4a,b, which
can be regarded as common precursors of the final products 5
and 6. Furthermore, because the complexes 5b and 6b remain
unchanged upon heating of pure samples, subsequent rearrange-
ments (5–6 and/or 6–5) can be excluded with reasonable
certainty.

The composition and constitution of 5a,b and 6a,b are
confirmed by NMR spectroscopic and 5b, 6b, additionally, by
mass spectrometric investigations.‡ The typical 13C NMR data
of 6a,b (6a: d 226.5, 1JPC 90.9 Hz; 6b: d 228.2, 1JPC 90.7 Hz)
unambigously establish the existence of the 1-phosphaallene
moiety in 5a,b. The coordination mode is confirmed by the 1JWP
coupling constant values of 262.6 Hz (5a) and 265.5 Hz (5b),
which are in the expected range of h1-P-coordinated ligands
with low-coordinated phosphorus.7

In comparison to the related 2-ethoxy substituted
1H-phosphirene complex 6c,8 the complexes 6a,b show high-
field shifted resonances of the phosphorus nuclei at d 2107.4
(6a) and 298.2 (6b) (cf. d290.88). Compared to 6c the carbon-
13 resonance values of the three-membered ring in 6a,b are
remarkably downfield shifted [C2: d 175 ± 3 (cf. 158.8), C3: d
100 ± 5 (cf. 88.1)]. Furthermore, the (1 + 2)JPC coupling constants
of these carbon atoms of 6a,b show greater differences in
magnitudes than those observed for 1H-phosphirene complex

Scheme 1 Reagents and conditions: 5a,b and 6a,b: 1 mmol 1 was treated
with 2 mmol 2a at 80 °C for 1.5 h or with 2 mmol 2b at 70 °C for 2.5 h,
respectively. Work-up by column chromatography at low temperature
afforded 5a and 6a as a mixture, which could not be further separated, and
5b, 6b, which have been fully characterized (5b: 58%, mp 116 °C; 6b: 33%,
mp 128 °C); the dotted lines indicate the reaction course proposed.

Fig. 1 Molecular structure of complex 6b in the crystal. Selected bond
lengths (pm) and angles (°): W(1)–P(1) 249.83(11), P(1)–C(7) 176.8(4),
P(1)–C(6) 182.8(4), P(1)–C(10) 182.2(4), O(6)–C(7) 132.6(5), Sn–C(6)
213.5(4), Sn–C(25) 213.8(4); W(1)–P(1)–C(10) 119.04(14), C(7)–P(1)–
C(6) 43.14(19), C(6)–C(7)–P(1) 70.9(3), C(7)–C(6)–P(1) 66.0(2),
O(6)–C(7)–C(6) 146.0(4).
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6c (6a,b: C3: (1 + 2)JPC 25 ± 3 Hz, C2: (1 + 2)JPC @ 3 Hz; 6c: 4.9
and 2.0 Hz8).

The X-ray crystal structure analysis of the complex 6b
confirms the molecular structure (Fig. 1).§ In comparison to the
structure 8 of 6c (values given in square brackets) the endocyclic
P–C bond lengths of 6b are lengthened {P(1)–C(6) 1.828(4)
[1.792(8)], P(1)–C(7) 1.768(4) [1.753(8)], C(6)–C(7) 1.323(6)
[1.298(11)] Å}, probably because of increased steric strain in
6b.

We are currently investigating the synthetic potential of this
new route to h1-1-phosphaallene complexes and the reactivity
of the complexes 5a,b and 6a,b.

This work was supported by the Fonds der Chemischen
Industrie and by the Deutsche Forschungsgemeinschaft. We
thank Mr A. Weinkauf for X-ray data collection.
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New ammonium carboxylate host compounds screened by combinatorial
chemistry
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Seventeen new ammonium carboxylate host compounds
were screened from a combinatorial library of one hundred
ammonium carboxylates formed by mixing ten amines and
ten carboxylic acids.

The combinatorial library approach has been widely used in the
screening of drugs and biological receptors.1 More recently, this
method has been applied to searching for functional compounds
in many fields, such as new synthetic reagents,2,3 super-
conducting materials,4 luminescent materials,5 polymeric mate-
rials,6 artificial molecular receptors,7 and so on. However, there
has been no application of combinatorial chemistry for
screening lattice inclusion compounds.

Design of nanoporous materials using organic compounds is
now one of the most interesting topics in organic solid-state
chemistry.8,9 However, it is difficult to design inclusion cavities
via molecular structure. The most promising method for
designing molecular cavities relies upon chemical modification
of ‘leading’ compounds that have been found accidentally.8 We
report here seventeen new host compounds via application of
combinatorial chemistry to finding lattice inclusion com-
pounds.

Ten commercially available amines (a–j) and ten carboxylic
acids (1–10) were used to form the combinatorial salt library.
One hundred salts were prepared by mixing stock solutions of
the two components in a 1:1 molar ratio. The resulting salt
crystals were obtained by filtration or by removal of the
solvents, and characterized by IR and 1H NMR analysis. PriOH
was chosen as the trial guest due to the moderate solubility of
the various salts in this solvent. All salts were subjected to
recrystallization from PriOH, and the resulting crystals were
characterized by 1H NMR analysis and X-ray diffraction. Table
1 summarizes the clathrate formation results. Seventeen salts
formed inclusion crystals with PriOH, fifty four salts yielded
guest-free crystals only and twenty salts did not form crystalline
materials at all. In some cases, single components crystallized
from PriOH solution. This result indicates that at least seventeen
ammonium carboxylates have inclusion abilities. Testing other
guest compounds will yield inclusion compounds with different
compositions.

The salts of small carboxylic acids or small amines did not
form inclusion compounds with PriOH. They formed guest-free
crystals or failed to give crystalline materials. On the other
hand, the salts of brucine (j) formed PriOH clathrates. Its
complex shell-like molecular structure with tertiary amino
groups allows j to form molecular cavities in the crystalline
state. The inclusion ability and the crystal structure of 3·j, one of
the seventeen host salts, were further investigated.

Complex 3·j forms inclusion compounds with various
organic solvents such as alcohols, ethers, ketones, aromatic
esters and aromatic hydrocarbons. Table 2 summarizes the
guest compounds and the host–guest ratios. Fig. 1 shows the
crystal structure of 3·j with PriOH (1 : 1 : 1).§ The most striking
structural feature is the one-dimensional corrugated monolayer
structure of the conjugate anions of 3, which has been observed
in molecular complexes10 or diastereomeric salts.11 The
conjugate cations of j bridge the monolayer via the salt bridge

Table 1 Formation of inclusion crystals of one hundred salts with PriOHa

1 2 3 4 5 6 7 8 9 10

a nc nc gf nc gf gf INC gf gf gf
b gf acid INC gf acid gf nc nc gf gf
c nc nc gf gf gf nc nc gf INC gf
d gf gf gf gf acid INC gf INC gf INC
e gf gf gf gf nc INC gf gf nc nc
f gf gf gf gf gf gf nc gf gf gf
g amine amine INC nc amine INC amine gf INC amine
h gf nc gf gf gf INC gf gf gf gf
i nc nc gf acid gf gf gf gf gf nc
j nc nc INC INC INC gf INC INC gf INC

a INC = inclusion crystal, gf = guest-free crystal, nc = no crystallization,
acid = crystal of acid only, amine = crystal of amine only
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and the hydrogen bond between them. The corrugated mono-
layer provides molecular channels that the guest alcohol is
included in. The unique shell-like molecular shape of j yields
the robust monolayer structure via van der Waals forces, and the
monolayer motif enables j to form the PriOH clathrates with
various counter carboxylate anions.

In summary, we demonstrated the application of combinato-
rial chemistry to finding lattice inclusion compounds. Some

ammonium carboxylates such as 3·j form inclusion compounds
with various organic compounds. Inclusion compounds of
inorganic quaternary salts are already known.12 However,
ammonium carboxylates have been recognized as a source of
host compounds.13 Proper choice of amines and carboxylic
acids provides us with various host compounds. Application to
chiral recognition by enclathration of salt formation between
chiral acid and achiral amines, achiral amine and chiral acid, or
chiral acid and chiral amines, is now under investigation.
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Table 2 Guest molecules of 3·j and molar ratios of 3, j and guest molecules
in the inclusion crystalsa

Guest molecule Molar ratio Guest molecule Molar ratio

MeOH 2:2:3 acetone 2:2:1
EtOH 1:1:1 butan-2-one 1:1:1
PrnOH 1:1:1 MeOAc 1:1:1
PriOH 1:1:1 MeCN 2:2:1
BunOH 1:1:1 toluene 2:1:1
BusOH 1:1:1 PhEt 2:1:1
ButOH 1:1:1 o-xylene 2:1:1
C5H11OH 1:1:1 m-xylene 2:1:1
PrMeCHCH2OH 1:1:2 p-xylene 2:2:1
Pri(CH2)3OH 1:1:2 PhPrn 4:2:1
But(CH2)2OH 1:1:3 CH2Cl2 1:2:4
MeOCH2CHMeOH 1:1:1 ClCH2CH2Cl 2:2:1
THF 1:1:1

a Molar ratios determined by 1H NMR analysis.

Fig. 1 X-Ray crystal structure of 3·j with PriOH (1 : 1 : 1)
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Room temperature ionic liquids as novel media for ‘clean’ liquid–liquid
extraction

Jonathan G. Huddleston, Heather D. Willauer, Richard P. Swatloski, Ann E. Visser and Robin D. Rogers*†

Department of Chemistry, The University of Alabama, Tuscaloosa, AL 35487, USA

The partitioning of simple, substituted-benzene derivatives
between water and the room temperature ionic liquid,
butylmethylimidazolium hexafluorophosphate, is based on
the solutes’ charged state or relative hydrophobicity; room
temperature ionic liquids thus may be suitable candidates for
replacement of volatile organic solvents in liquid–liquid
extraction processes.

Liquid–liquid extraction has often been a favored choice of the
process engineer for the development of separation processes.1
Traditional solvent extraction,2 however, employs an organic
solvent and an aqueous solution as the two immiscible phases
and the increasing emphasis on the adoption of clean manu-
facturing processes and environmentally benign technologies
may make such processes seem increasingly anachronistic
because of their high usage of toxic, flammable, volatile organic
compounds (VOCs). The costs of solvents are high and their
safe engineering attracts significant capital costs over and above
simple containment. Disposal of spent extractants and diluents
will also attract increasing costs through the impact of
environmental protection regulations. So much are VOCs the
normal media for organic synthetic processes, that current
worldwide usage of these materials has been estimated at over
5 billion dollars per annum.3

The design of safe and environmentally benign separation
processes has an increasingly important role in the development
of clean manufacturing processes and in the remediation of sites
contaminated by an older generation of manufacturing technol-
ogies. Recently, considerable interest has been manifest in the
use of room temperature ionic liquids as solvents for industrial
catalytic reactions, including polymerizations, alkylations, and
acylations.3–6 This approach appears to allow the controlled
production of desired products from reactants with a minimum
of waste production through side reactions due to the tendency
of ionic liquids to suppress conventional solvation and sol-
volysis phenomena.3,4

Room temperature ionic liquids are liquids that are composed
entirely of ions, and in this sense alone resemble the ionic melts
which may be produced by heating normal metallic salts such as
sodium chloride to high temperature (e.g. NaCl to over 800
°C).3 In fact, ionic liquids can now be produced which remain
liquid at room temperature and below (even as low as 296 °C)
and appear to be undemanding and inexpensive to manu-
facture.3–5 Ionic liquids based on methylimidazolium are
favorable species for investigation because of their air and water
stability, their wide liquidus range, the fact that they remain
liquid at room temperature, and their relatively favorable
viscosity and density characteristics.7,8 In addition, the R group
of the cation is variable and may be used to fine tune the
properties of the ionic liquid. It is reported that such ionic
liquids are able to solvate a wide range of species including
organic, inorganic, and organometallic compounds. Miscibility
with a number of organic solvents such as benzene and toluene
has also been reported.9

In view of these developments, it seems likely that the design
and implementation of separation processes for product recov-
ery from these media will assume increasing importance.
Additionally, it may be apparent that ionic liquids may in

themselves be suitable, and indeed favorable, media for the
design of novel liquid–liquid extraction systems. Some features
of these ionic liquid systems, the high solubilities of organic
species, the prevalence of high coulombic forces resulting in the
practical absence of any significant vapor pressure,3 and the
availability of air and moisture stable, water immiscible ionic
liquids (e.g. imidazolium salts of PF6

2 or BF4
2) may

recommend such systems as being uniquely suited to the
development of completely novel liquid–liquid extraction
processes. The data presented here indicate that the partitioning
of a number of charged and uncharged aryl organic moieties in
a biphasic extraction system comprising the phases butylmethy-
limidazolium hexafluorophosphate ([BMIM][PF6]) and water is
similar to their partitioning in traditional organic solvent–water
systems.

[BMIM][PF6] was prepared by modification of published
procedures.‡ Equal volumes of the ionic liquid and distilled
deionized water were contacted in the presence of 14C-labelled
tracers of several ionizable and nonionizable substituted aryl
molecules. The distribution of the solutes between the heavy,
ionic liquid phase and the light, water phase was determined
radiochemically.

The distribution data provided in Fig. 1 highlight the
relationship between the distribution ratios observed here and
similar partitioning in octan-1-ol–water systems (an often used
empirical hydrophobicity scale).10 There is a close relationship
between the two systems, although there appear to be
differences in detail as is usual in comparing partition between
different solvent systems having differing solvation proper-
ties.11,12 The values of the distribution coefficients (P) in the
octan-1-ol–water system are in general an order of magnitude
higher than the corresponding distribution ratios (D) for the
[BMIM][PF6]–water system. The reasons for this have not yet

Fig. 1 Correlation of partitioning data between [BMIM][PF6]–water and
octan-1-ol–water biphasic systems
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been elucidated, but may reflect a generally less hydrophobic
character to the [BMIM][PF6] phase, or may also be due to the
strong polar contribution of the relatively high concentration of
charged groups present in the ionic liquid compared to the
octan-1-ol–water system. These differences do not necessarily
imply that ionic liquids represent a ‘poorer’ extracting phase
than octan-1-ol; the distribution values found are adequate for
practical applications.2

Fig. 1 also shows that for this rather limited set of solute
species, those species having charged groups or strong
hydrogen bonding moieties (open symbols in Fig. 1) have, in
general, much lower partition coefficients than similar neutral
or apolar species (filled symbols in Fig. 1). The effect of charge
on the distribution of these species was thus investigated
further. The ionizable solutes were partitioned in the
[BMIM][PF6]–water system as described above, but with the
pH of the aqueous phase adjusted to either pH 1.77 (using
concentrated H2SO4) or to pH 11 (using concentrated
NH4OH).

The data in Fig. 2 confirm that the distribution coefficient is
higher for the uncharged form than for the charged form. For
benzoic acid (4 in Fig. 2) the partition coefficient is higher under
acidic or near neutral conditions than in basic solution. For the
oppositely charged base, aniline (2), the partition coefficient is
higher at alkaline pH than in acidified solution. Similar behavior
is observed for the other ionizable solutes employed in the
study. It is even possible to rationalize differences in solute
partitioning at a given pH from the understanding of the
predominant charged state in solution (i.e. by comparing the
pKa values and the predicted magnitude of the molecule’s
charge at that pH).

It is worth noting that, in almost all cases, the distribution of
these solutes varies from values of D greater than 1 to less than
1 depending on the charged state of the solutes. This indicates a
change in phase preference between solutes in their charged and
uncharged forms. Once again, this is a useful observation and
simplification implying that classical techniques of solvent
extraction, which are often ideally designed around the
fractionating power which may be achieved by the adoption of
forward and backward extracting steps,1,2 may easily be
adapted to extractions performed utilizing ionic liquids.

Ionic liquids represent a novel class of solvents and may now
also be considered as a novel medium for liquid–liquid
extraction. Limited experience with room temperature ionic
liquids based on alkylmethylimidazolium hexafluorophosphate
suggests that such systems may be easily adapted to conven-
tional liquid–liquid extraction practice.¶ The observation of an
approximate correspondence between the distribution of these
aryl solutes in the ionic liquid system and their distribution in an
octan-1-ol–water system is a useful design criterion. Inter-
estingly, the low vapor pressures of such systems suggest novel
methods of solute recovery through evaporative–pervaporative
techniques for appropriately volatile solutes. These interesting
biphasic systems continue to be actively studied in our
laboratories for the development of novel, ‘clean’ separation
technologies.

This research is supported by the Division of Chemical
Sciences, Office of Basic Energy Sciences, Office of Energy
Research, U.S. Department of Energy (Grant No. DE-FG02-
96ER14673).
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Fig. 2 The solutes studied include: 1 phthalic acid (pK1 = 2.89, pK2 =
5.51), 2 aniline (pKb = 9.42), 3 4-hydroxybenzoic acid (pK1 = 4.48, pK2
= 9.32), 4 benzoic acid (pKa = 4.19), 5 salicylic acid (pK1 = 2.97, pK2 =
13.40), 6 p-toluic acid (pK1 = 2.27)
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The syntheses of C6CH2
.2 and the corresponding carbenoid cumulene C6CH2

in the gas phase

Suresh Dua, Stephen J. Blanksby and John H. Bowie†

Department of Chemistry, The University of Adelaide, South Australia, 5005, Australia

The ion (C6CH2).2 is formed in the gas phase by the process
–C·C–C·C–C·C–CH2OEt ? (C6CH2).2 + EtO., and
charge stripping of the product radical anion yields the
carbenoid neutral C6CH2; this can be either a singlet (the
ground state), which is best represented as the carbene
:CNCNCNCNCNCNCH2, or a triplet; the adiabatic electron
affinity and the dipole moment of the carbenoid neutral are
calculated to be 2.82 eV and 7.33 D respectively.

Small cumulenes have been detected in circumstellar gas and
dust envelopes which surround red giant stars, in particular, the
bright carbon-rich star IRC-10216.1–3 These include Cn (n = 3
and 5), CnH (n = 2–8) and CnH2 (n = 2–4 and 6), with neutrals
where n is even generally being more abundant than those
where n is odd.1–5 The high electron affinities of these neutrals
suggests the possibility that the corresponding anions may co-
occur with the neutrals in circumstellar envelopes.6–8 We have
reported the syntheses of a number of these anions in the source
of a VG ZAB 2HF mass spectrometer [e.g. C5H28 and three
isomers of C5H2

.29] and have used collision-induced charge
stripping of the anions to effect the syntheses of the appropriate
neutrals.9 Both C5CH2 and C6CH have already been detected in
circumstellar envelopes,3 and it has been suggested that C6CH2
should also be present,10 and that it should be an excellent
candidate for detection because of its large dipole moment
[calculated to be 7.33 D (Table 1)].5 The proposed pathways via
which such hydrocarbons can form in the interstellar environ-
ment have been reviewed.11

We describe the synthesis and structures of both (C6CH2).2
and the corresponding carbenoid cumulene neutral.

The radical anion of C6CH2 was synthesised in the source of
the ZAB 2HF mass spectrometer as summarised in sequence
(1). The reaction between HO2 and DC6CH2OEt‡ yields the

anion 2C6CH2OEt which undergoes facile loss of EtO· to yield
(C6CH2).2. Source formed (C6CH2).2 ions are then fired
through a collision cell containing O2 (at 2 3 1027 Torr; 1
Torr = ca. 133 Pa) to produce a beam of neutral C6CH2 which
then proceeds into a second collison containing O2 (at 2 3 1027

Torr) which effects ionisation of the neutral to form a
decomposing C6CH2 radical cation. The resultant neutralisation
reionisation spectrum of (C6CH2).2 (2NR+)16 is shown in
Fig. 1. The observation of a pronounced recovery signal (at m/z
86) in the spectrum indicates that the neutral has a lifetime of at
least 1026 s, and the similarities between the 2NR+ spectrum
and the corresponding charge reversal (CR) spectrum of
C6CH2

.2 (listed in the caption to Fig. 1) suggests that the neutral
formed has the same connectivity as the radical anion.17

Ab initio calculations for both the neutral and radical anion
were carried out at the RCCSD(T)/aug-cc-VDZ//B3LYP/
6-31G* level of theory using GAUSSIAN9419 and MOLPRO
96.4.20 Details are summarised in Table 1. The radical anion and
both the singlet and triplet neutrals are best represented as

Fig. 1 Neutralisation reionisation (2NR+) mass spectrum of C6CH2
.2. VG

ZAB 2HF mass spectrometer. O2 in both collision cells (measured pressure
outside cells = 2 3 1027 Torr). CR spectrum of C6CH2

.2 (O2 in the first
collision cell, measured pressure outside cell 22 3 1027 Torr) as follows
[m/z (relative abundance)]: 86(49%), 85(88), 84(100), 74(4), 73(57),
72(13), 62(3), 61(43), 60(29), 50(3), 49(19), 48(9), 37(15), 36(9), 25(1),
24(0.5).

Table 1 Ab initio calculations for anions and neutrals

Neutral Neutral
Anion (singlet) (triplet)

State (2B1) (1A1) (3A2)
Symmetry C2v C2v C2v

Energy (hartrees)a 2266.969928 2266.866186 2266.833462
Rel. energy

(kJ mol21) 0 272 358
Adiabatic electron

affinity (eV) 2.82
Dipole moment

(Debye) 8.10 7.33 6.40
Bond length (Å)b

C1C2 1.272 1.289 1.301
C2C3 1.334 1.301 1.301
C3C4 1.256 1.270 1.274
C4C5 1.323 1.293 1.297
C5C6 1.261 1.271 1.272
C6C7 1.345 1.320 1.329
C7H8 1.090 1.090 1.089
C7H9 1.090 1.090 1.089

Bond angles (°)b

C1C2C3c 180.0 180.0 180.0
C6C7H8 121.98 121.61 121.16
C6H7H9 121.98 121.61 121.16
H8C7H9 116.04 116.78 117.67
C6C7H8H9 180.0 180.0 180.0

a RCCSD(T)/aug-cc-p VDZ level of theory including zero point vibrational
energy [calculated from vibrational frequencies at the B3LYP/6-31G* level
of theory, and scaled by 0.9804 (ref. 18)]. b B3LYP/6-31G* level of theory.
c All other angles along the carbon skeleton are also 180.0°.
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simple linear cumulenes. The ground state of neutral C6CH2
corresponds to the singlet carbenoid cumulene
:CNCNCNCNCNCNCH2 (cf. ref. 21) which has a calculated
dipole moment of 7.33 D. The adiabatic electron affinity of this
neutral is estimated to be 2.82 eV; thus we propose that
C6CH2

.2 as well as the corresponding neutral may be present in
the circumstellar environment.
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H. Schwarz, Chem. Soc. Rev., 1998, 27, 91.

18 M. W. Wong, Chem. Phys. Lett., 1996, 256, 391.
19 GAUSSIAN94, Revision C3, M. J. Frish, G. W. Trucks, H. B. Schlegel,

P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith,
G. A. Petersson, J. A. Montgomery, K. Raghavavhari, M. A. Al-Latham,
V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski,
B. B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng,
P. V. Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle,
R. Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees,
J. Baker, J. P. Stewart, M. Head-Gordon, C. Gonzalez and J. A. Pople,
Gaussian Inc., Pittsburgh, PA, 1995.

20 H.-J. Werner, P. J. Knowles, J. Almlf, R. D. Amos, M. J. O. Deegan,
S. T. Elbert, C. Hampel, C. Meyer, K. Peterson, R. Pitzer, A. J. Stone
and R. Lindh, MOLPRO 96.4.

21 K. Aoki and S. Ikuta, J. Mol. Struc., 1994, 310, 229.

Received in Cambridge, UK, 1st June 1998; 8/04070B

1768 Chem. Commun., 1998



Synthesis and characterization of the new microporous fluorogallophosphate
Mu-2 with a novel framework topology
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A new three-dimensional microporous fluorogallophosphate
whose structure consists of a cubic arrangement of double-
four-ring units (D4R) hosting F2 anions was synthesized
from a fluoride-containing aqueous medium in the presence
of 4-amino-2,2,6,6-tetramethylpiperidine as organic tem-
plate.

Since 1985, a large number of gallophosphates with micro-
porous frameworks obtained by hydrothermal synthesis have
been reported in the literature.1 The use of the fluoride method2

led to the discovery of the large pore cloverite, a structure with
a three-dimensional 20-membered-ring channel system,3 the
LTA-type GaPO4

4 and several gallophosphates named ULM-
n.5 In fact, it was shown that the fluoride anions play a structural
role stabilizing the double-four-ring (D4R) units of the
structure.3 This type of secondary building unit was also
observed for the gallophosphate Mu-1,6 which is constituted of
isolated D4R units, and the fluorogallophosphate Mu-37 whose
structure consists of chains of D4Rs. The specific location of F2
trapped within this type of unit was also previously observed for
the gallophosphate ULM-5,8 but in this case F2 is also a
component of the framework as it bridges the gallium atoms.
Here we report the synthesis and characterization of a new
fluorogallophosphate, Mu-2, which was obtained in an aqueous
fluoride-containing medium in the presence of 4-amino-
2,2,6,6-tetramethylpiperidine as organic template. This organic
species was previously introduced into an aluminosilicate gel
and led to the crystallization of the precursor of ferrierite.9 The
chain-like fluorogallophosphate Mu-3 was obtained in a quasi-
non-aqueous medium in the presence of the same organic
template.7

Mu-2 was synthesized from an aqueous fluoride-containing
mixture in the presence of 4-amino-2,2,6,6-tetramethylpiper-
idine (R). Typically, the molar composition of the starting gel
was 1Ga2O3 : 1P2O5 : 0.3HF : 1R : 80H2O. The gel was
prepared by first mixing 0.56 g of the gallium source [an

amorphous gallium oxide hydroxide obtained by heating a
gallium nitrate solution (Rhône-Poulenc) at 250 °C for 24 h]
with 0.58 g of phosphoric acid solution (85% H3PO4,
Normapur, Prolabo) and the required amount of distilled water
(3.4 g). After homogenization 0.04 g of hydrofluoric acid (40%
Normapur, Prolabo) and 0.39 g of 4-amino-2,2,6,6-tetra-
methylpiperidine (Fluka, purum > 97%) were added succes-
sively under stirring. The gel was mixed at room temperature for
1 h and transferred to a Teflon-lined stainless-steel autoclave.
After heating at 170 °C for 5 days, the solid obtained was
washed with distilled water. Mu-2 was easily isolated from the
batch by ultrasonication in the form of large rounded truncated
cubes with a size close to 100 µm (Fig. 1). This preparation also
gives an unidentified phase (probably a layered material) which
does not contain fluoride anions.

The X-ray diffraction pattern of Mu-2 was unambiguously
indexed with a cubic I-centered cell with a = 16.377(1) Å. The
elemental analysis of the as-synthesized sample of Mu-2 gave
the following composition (wt.%): Ga: 32.9; P: 13.6; F: 1.73; R:
14.4. This analysis is in good agreement with the electron
microprobe analysis performed on the rounded truncated cubes.
The amount of organic species was confirmed by quantitative
1H liquid NMR spectroscopy (by dissolution of the sample in 6
M HCl) and 6 molecules were found per unit cell. From the 13C
CP-MAS solid-state NMR spectroscopy the amine is occluded
in a protonated form (probably monoprotonated according to
the structure determination).‡

The TG and DSC curves of as-synthesized Mu-2 were
recorded under air on a Setaram TG/DSC111 thermoanalyser.

Fig. 1 Scanning electron micrograph of rounded truncated cubes of Mu-2

Fig. 2 Perspective view of the framework of the gallophosphate Mu-2
showing the two types of cage-like voids (one without OH group; the other
with 8 T-OH groups); the Ga and P atoms are located at the vertices
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Two broad endothermic peaks located at ca. 100 and 200 °C are
observed. They correspond to the elimination of the phys-
isorbed water molecules, the dehydroxylation of the T-OH
groups and the removal of the fluoride anions (mass loss: 7.2%).
The second mass loss (ca. 14.4%) corresponds to the removal of
the organic species (several exothermic peaks on the DSC
curve) and is achieved after calcination at 1000 °C. This new
gallophosphate shows a low thermal stability. The structure
collapses at ca. 300 °C and the cristobalite-type gallophosphate
crystallizes at 600 °C.

The 19F MAS solid-state NMR spectrum of Mu-2 displays a
single signal at 272 ppm (relative to CFCl3). Such a chemical
shift value was previously found for the LTA- and CLO-type
gallophosphates and is unambiguously assigned to fluoride
anions trapped in the D4R units of the structure.

Taking into account all of the results and the density
measurement (dmes = 2.48 kg m23), the unit cell formula of
Mu-2 is Ga32P32O120(OH)16F6(C9H21N2)6·12H2O.

The structure analysis based on single crystal and powder
X-ray data§ revealed that Mu-2 has a novel framework topology
(Fig. 2). The gallophosphate framework of Mu-2 can be
completely built from D4Rs as the fundamental building blocks.
As observed from 19F NMR spectroscopy, the D4Rs are
occupied by a fluoride anion (according to the chemical analysis
the occupancy factor is 0.75). Each [Ga4P4O15(OH)2F] building
block is interconnected with six other building blocks via
common oxygen atoms. The remaining two corners of the D4R
are T-OH groups (one P-OH and one Ga-OH). The inter-
connection of the D4Rs forms a three-dimensional but inter-
rupted framework which has a three-dimensional pore system of
8MR pore openings. The framework which shows a strict
alternation of phosphorus and gallium atoms at the T sites

possesses two types of cage-like voids. The first type of cage
(six per unit cell) does not contain any OH groups, whereas the
second one (two per unit cell) displays 8 T-OH groups. The
protonated 4-amino-2,2,6,6-tetramethylpiperidine occluded
into the first type of cage (with a free volume of ca. 500 Å3) is
disordered.

An interesting feature of this structure is the (OH)8(H2O)6
cluster (Fig. 3) present in the second type of cage. The sixteen
T-OH groups of the D4Rs point either to the origin (0, 0, 0) or
the center of the unit cell (1

2, 1
2, 1

2) such that the OH groups are
arranged in two (OH)8 cubes [the O–O distance between
neighboring hydroxyl groups is 2.85(1) Å]. The six water
molecules which are located close to the middle of the cube
faces form hydrogen bridges to each other and the hydroxyl
groups. The center of the (OH)8(H2O)6 cluster, however, is
vacant.
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Fig. 3 The (OH)8(H2O)6 cluster surrounded by eight D4Rs
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Formation of isocyanate species on the surface of mordenite-type zeolite
catalysts for the reduction of NO by hydrocarbons with H2O
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University of Science and Technology (POSTECH)/Research Institute of Industrial Science and Technology (RIST), P.O. Box 125,
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Surface isocyanate species with IR bands at 2274 and 2325
cm21 play a crucial role for the maintenance of the water
tolerance of HM, CuHM and CuNZA catalysts for NO
reduction by hydrocarbons in the presence of H2O.

Several reaction intermediates for the selective reduction of NO
by hydrocarbons have been suggested.1–7 However, their
significance during the course of the reaction is still under
investigation. Surface NOx species such as nitrosyls (M–NO),
dinitrosyls [M–(NO)2], nitrites (M–NO2 or M–ONO) and
nitrates (M–NO3 or M–ONO2) have been found upon the
adsorption of NOx on the surface of zeolite catalysts containing
transition metal ions1–4 and have been regarded as plausible
intermediates for this reaction system. The role of organic nitro-
and nitrito-species on the catalyst surface was also examined by
FTIR studies.1,4,5 The formation of isocyanate species (–NCO)
on Al2O3-based catalysts was observed during NO removal
reaction with hydrocarbons containing C3H6, C2H2 or
n-C7H16.6 N-containing surface compounds such as C2N2, CN
and NCO along with organic nitro-groups are observed over
Na- and Ce-exchanged ZSM-5 catalysts.5 Both surface nitrile
and isocyanate compounds were also found over Cu-ZrO2
catalyst for NO reduction by C3H6.7 However, which of the
proposed intermediates plays a major role for this reaction
system is still controversial.

Kim et al.8a recently reported a couple of catalytic systems
exhibiting high NO removal activity: HM or CuHM catalyst
employing C2H4 as a reductant and CuNZA catalyst with C3H6.
The initial NO conversion of 63% of HM and CuHM catalysts
immediately dropped to 20% conversion when 7.3% H2O was
present in the feed gas stream, while a loss of NO conversion of
< 10% was observed for the CuNZA catalyst.8b In the present
study, it was of interest to examine from the viewpoint of
reaction intermediates why the latter catalytic system exhibits
stable deNOx activity maintenance in the presence of H2O in the
feed gas stream while the former does not.

The preparation procedures and physicochemical properties
of the mordenite-type zeolite catalysts HM, CuHM and CuNZA
employed in this study have been previously described in detail
elsewhere.8 The copper contents of CuHM and CuNZA
catalysts are 3.5 (Cu/Al = 0.24) and 2.0 wt.% (Cu/Al = 0.22),
respectively. When the reaction mixture including 500 ppm of
NO, 1000 ppm of C2H4 or 2000 ppm of C3H6 and 4.2% of O2
was admitted onto the self-supporting catalyst wafers pretreated
at 550 °C for 2 h in a laboratory designed IR cell, the surface
species formed on the catalyst surface during the reduction with
or without H2O at 360 or 400 °C were examined by in situ FTIR
spectroscopy at room temperature.

Fig. 1 shows IR spectra before and after the reaction in the
absence of H2O. The HM catalyst after reaction exhibited a
strong absorption band at 2274 cm21 and broad bands between
2200 and 1950 cm21. A similar peak at 2275 cm21 was also
observed for the CuHM catalyst. However, the IR spectra of the
catalyst in the absorption range < 2200 cm21 are clearly
different compared to those over the HM catalyst, revealing a
distinct peak at 1900 cm21. The CuNZA catalyst also shows the

development of three bands in the wavenumber region
2400–1800 cm21, with maxima at 2325, 2032 and 1903 cm21.
None of these bands are observed for the catalysts before the
reaction.

The formation of isocyanate (–NCO) species has been
observed for the reaction of NO and CO over supported noble
metal catalysts: at 2270–2250 cm21 for Al2O3

9 and 2320–2180
cm21 for SiO2

9,10 as a support. Prominent IR absorptions at
2270–2230 cm21 of isocyanate species were also observed for
NO reduction by hydrocarbons over SCR catalysts.6,7 Hayes
et al.4 tentatively assigned the band at 2260 cm21 observed for
the reduction of NO with C3H6 over CuZSM-5 catalyst to an
organic nitrile species, while Hoost et al.3 suggested isocyanate
for a similar band at 2295 cm21. An unassigned N-containing
species containing C, N and O in a 1 : 1 : 1 ratio was formed on
Na- and Ce-exchanged ZSM-5 catalysts5 whereas the adsorp-
tion of isocyanic acid (HNCO) on CuZSM-5 catalyst led to a
strong absorption peak at 2260 cm21.11 With the absorption
band at 2298 cm21 for a CuZSM-5 catalyst adsorbing acetone
oxime, Beutel et al.12 also observed a similar IR peak at 2271
cm21 when the catalyst was treated with an aqueous NaNCO
solution. Moreover, HCN and C2N2 chemisorbed on SiO2 as
SiCN and SiNC could be easily converted into SiNCO by
heating in an oxygen atmosphere, as previously reported by
Morrow and Cody.13

Fig. 1 IR spectra of mordenite-type zeolite catalysts: (a) before reaction; (b)
after reaction without H2O. Reaction conditions: NO 500 ppm, C2H4 1000
(HM and CuHM) or C3H6 2000 ppm (CuNZA), O2 4.2% and T = 360 (HM
and CuHM) or 400 °C (CuNZA).
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Based upon the previous studies, the absorption bands at
2274 and 2325 cm21 (Fig. 1) may be attributed to isocyanate
species formed on the surface of the zeolite catalysts. The same
species was also observed over CuZSM-5 catalyst for NO
reduction by C3H6, but not with C2H4.11 However, its formation
on the mordenite-type zeolite catalysts was observed, regardless
of the types of reductant employed in the present study, which
is also in good agreement with the IR study for NO reduction by
C2H4 and C3H6 over CuZSM-5.14

Three major nitrosyl complexes such as Cu2+–NO, Cu+–NO
and Cu2+–(NO)2 are commonly observed for Cu-exchanged
zeolites upon the adsorption of NO.2,15 It is generally known
that the surface NOx species on the zeolite catalysts exhibit
absorption bands at 1895–1910 cm21.2–4,11 Therefore, the
peaks at 1900 and 1903 cm21 over CuHM and CuNZA catalysts
are primarily due to the formation of NO bonded to isolated
Cu2+ sites on the catalyst surface. This is clear from the fact that
no absorption in this wavenumber region occurred for the
copper-free catalyst, HM. The identification of the bands in the
region 2200–1950 cm21, notable at 2148 and 2030 cm21, is less
straightforward; they may arise from carbonyl species formed
on the catalyst surface.

To examine the effect of H2O on the formation of the –NCO
species during the reduction of NO by hydrocarbons, the IR
spectra of the three catalysts were examined in the presence of
7.3% H2O, as shown in Fig. 2. The absorption intensity of the
–NCO species at ca. 2274 cm21 significantly decreased for the
synthetic mordenite catalysts, HM and CuHM in the presence of
water, while no notable change was found for the CuNZA
catalyst. However, the peaks between 2200 and 1950 cm21 still
maintain their intensity, regardless of the presence of H2O in the
feed gas stream. Reduction of the –NCO band by H2O adsorbed
on the surface of Al2O3-supported Cu–Cs oxide catalyst has

also been reported.6 However, no difference in the peak
intensities for the catalyst exposed to gas phase water and for the
hydrated catalyst was observed.

HM and CuHM catalysts exhibited a loss of NO removal
activity of > 45% with 7.3% of H2O in the feed gas stream8b

which is in accord with the dramatic reduction of the absorption
band of the –NCO species on the surface of the catalysts. The
significant loss of the deNOx efficiency of the catalysts for the
NO removal reaction in the presence of H2O is primarily due to
the competitive adsorption of NO and H2O on the catalyst
surface as well as of hydrocarbons and H2O.8b The alteration of
NO removal activity by H2O however, was apparently negli-
gible for the CuNZA catalyst. It should be noted that the
adsorption capacity of NO and hydrocarbons on CuNZA
catalyst was also maintained with H2O in the feed gas stream.8b

This indicates that the feed of H2O to the catalyst surface does
not suppress the formation of the reaction intermediate on the
catalyst surface (see Fig. 2) and may be why the CuNZA
catalyst exhibits the strong water tolerance found in the
previous study.8b

In conclusion, a surface isocyanate species was formed on
mordenite-type zeolite catalysts for the reduction of NO by
hydrocarbons, regardless of the reductant employed. This
indicates that the species plays a crucial role for NO removal
reaction with hydrocarbons over the catalysts. The formation of
–NCO species on the catalyst surface is also critical for the
maintenance of NO removal activity when H2O is present in the
feed gas stream.
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Fig. 2 IR spectra of mordenite-type zeolite catalysts after reaction with H2O.
Reaction conditions: NO 500 ppm, C2H4 1000 (HM and CuHM) or C3H6

2000 ppm (CuNZA), O2 4.2%, H2O 7.3% and T = 360 (HM and CuHM)
or 400 °C (CuNZA).
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A concise stereoselective synthesis of the C-aromatic taxane skeleton: an
application of novel sequential transacetalation oxonium ene cyclization
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A three-step sequence for the construction of the C-aromatic
taxane nucleus from easily available A-ring unit 2 and
C-aromatic unit 3 is reported; SnCl4 promoted reaction of 4,
presumably via the diastereoselective oxonium ene cyclisa-
tion reaction of 6a formed in situ, delivers cyclic ether 5a
which on treatment with BunLi provides C-aromatic taxane
skeleton 8.

The remarkable chemotherapeutic potential and the unique
molecular framework of taxol1 1 have stimulated enormous
synthetic efforts towards the synthesis of taxane diterpenoids.2
Although five different total syntheses of 1 have been reported3

in recent years, interest towards the development of new
synthetic methods to acquire potent taxol analogues continues
to grow. In this context, one of the long standing problems has
been the construction of the sterically congested central eight-

membered B-ring. In view of the known difficulties stemming
from the high degree of ring strain and the transannular
interactions associated with the direct cyclooctane annulation
process, a recourse to indirect methods such as fragmentation of
bicyclic systems, ring contraction and ring expansion have been
developed.4 For the purposes of construction of the taxane
skeleton, particularly via C10–C11 bond formation as the key
step, the methods available are limited to the Heck reaction,5 the
Kishi–Nozaki coupling reaction6 and the intramolecular nitrile
oxide cyclization reaction.7 Moreover, the application of these
methods is severely restricted due to their substrate-specific
nature and also the difficulty encountered in deriving the
required substrates. In this context, we have initiated a new
convergent approach starting with B-seco-taxane A wherein the
critical bond connection between C10–C11 was envisioned to
arise from the a-alkoxycarbenium ion generated from B via
treatment with a Lewis acid (Scheme 1). This approach was
expected to help overcome the known unfavorable entropic and
transannular interactions associated with the direct cyclooctane
annulation using an acyclic precursor. We report herein our
successful preliminary results for the construction of taxane
skeleton 8 via the oxonium ene cyclisation reaction of 4 as the
key step.

The precursor compound 4 was readily assembled by the
reaction of aryllithium reagent 3, prepared via the reductive
metalation of the diethylacetal of 2-iodophenylacetaldehyde8

using BunLi, with compound 2 (Scheme 2). The utility of chiral
A-ring unit 2 derived from a-pinene in the preparation of
B-seco-taxanes has recently been reported by us.9 The substrate
4 (75%) was found to be a mixture of 4a (1R*,2R*) and 4b
(1R*,2S*) in the ratio of 3.4:1, established from the 1H NMR
spectral data.10 Since the separation of individual diastereomers

was found to be difficult, it was decided to use the mixture of
isomers for the next step.

Addition of SnCl4 (2.5 equiv.) to a stirring solution of 4 in
CH2Cl2 at 260 °C for 3 h, followed by quenching of the
reaction mixture with saturated aqueous NH4Cl, usual workup
and purification via silica gel column chromatography, afforded
compound 5a in 32% yield (Scheme 3). The 1H and 13C NMR
spectra of 5a confirmed its structure and indicated that it
possessed a complete taxane core incorporating an endo-ether
linkage connecting C2 and C10 in the central eight-membered
B-ring. The structural assignment was further supported by
comparing the 1H NMR data from the structurally related
C-aromatic exo/endo atropisomeric taxanes reported by
Shea.11

In order to understand the mode of formation of 5a from 4,
the reaction was also examined using two more Lewis acids, i.e.
TiCl4 and BF3·Et2O (Table 1). It was noticed that these Lewis
acids are equally effective in promoting the formation of 5a. For
example, the reaction of 1 equiv. of SnCl4 with 4 provided
transacetalation product 6 in good yield (65–74%) as a mixture
of diastereomers (suggested on the basis of the 1H NMR
spectrum). Interestingly, when 6 was separately treated with
SnCl4 (1.5 equiv.), it was readily transformed to compound 5a,
thus, revealing the nature of the overall transformation12

(Scheme 3). The only other report that deals with a similar type
of strategy for the construction of the taxane skeleton is from
Hitchcock and Pattenden,13 who demonstrated the efficacy of a

Scheme 1

Scheme 2
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tandem radical macrocyclization–transannular sequence using
an appropriately functionalised A-ring unit.

Initially, the high stereoselectivity observed in the overall
cyclization process, viz. 4?5a, appeared somewhat intriguing.
However, mechanistic considerations along with an examina-
tion of the molecular models helped us greatly in increasing our
understanding. Mechanistically, in analogy with Overman’s
proposal,14 a concerted oxonium ion ene cyclization may well
be visualized in the formation of exo-5a from oxonium ion 7a,
derived from the major isomer 6a involving a favorable six-
membered transition state. The lack of the possibility of such a
transition state, due to the unfavorable geometry of the oxonium
ion 7b, from the minor isomer 6b precludes it from undergoing
an analogous type of cyclization that would lead to 5b.

In order to transform 5a into a molecule having taxane
skeleton 8 it was treated with BunLi15 at room temperature,
which furnished crystalline compound endo-816 (78%; mp 141
°C), instead of the corresponding exo-8. This observation may
possibly be explained by considering a thermal exo to endo
atropisomerization17 during the work-up stage. The structure
and stereochemical assignment of endo-8 follows from a
detailed 1H NMR decoupling experiment and selected coupling
constants. Finally, the structure was confirmed by a 2D-COSY
NMR experiment.

In conclusion, we have described a facile entry into a
functionalized C-aromatic taxane ring system employing an
oxonium ene cyclization reaction as the key step for the first
time. The potential of this method to construct the ABC system
of taxol is under investigation.
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Scheme 3 Reagents and conditions: i, SnCl4 (2.5 equiv.), 260 °C, 3 h,
CH2Cl2; ii, BunLi, THF, room temp., 7 h; iii, heat

Table 1 Results of Lewis acid-promoted cyclisations

Compound Lewis acid (equiv.) T/°C Product Yield (%)

4 SnCl4 (2.5) 260 5a 32
4 SnCl4 (1.1) 278 6 74
6 SnCl4 (1.5) 260 5a 41
4 TiCl4 (1.1) 278 6 72
4 BF3·Et2O (1.1) 278 6 65
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Direct synthesis of functionalized mesoporous silica by non-ionic
alkylpolyethyleneoxide surfactant assembly

Roger Richer and Louis Mercier*†

Department of Chemistry and Biochemistry, Laurentian University, Sudbury, Ontario, Canada P3E 2C6

The co-condensation of tetraethoxysilane (TEOS) and orga-
notrialkoxysilane [(RO)3SiRA] assembled in the presence of
structure-directing non-ionic polyethyleneoxide surfactant
micelles provides a convenient neutral pH synthesis method-
ology for the one-step preparation of organically function-
alized mesostructured materials.

The surfactant-directed synthesis of mesoporous molecular
sieves, high surface area metal oxides (800–1400 m2 g21) with
uniform pore sizes (20–100 Å in diameter), have in recent years
commanded much attention in the field of materials chem-
istry.1–4 Organically functionalized derivatives of such materi-
als were produced by the incorporation or grafting of suitable
moieties onto the surface of preformed mesostructured oxides,5
producing highly effective adsorbents6,7 and catalysts.8 Subse-
quently, an alternate functionalization strategy was reported in
which organosilane groups were directly incorporated into the
mesostructures by a one-step synthesis procedure,9–12 allowing
the preparation of ordered porous materials with controlled
chemical composition by stoichiometric adjustment of the
synthesis mixture. Since cationic surfactants were used to
prepare these materials, acid leaching was required to remove
the templating micelles from the electrically charged frame-
works, a treatment which sometimes lead to the structural
decomposition of the materials.11 The use of a non-electrostatic
assembly strategy to prepare such functionalized meso-
structures may therefore produce an electrostatically neutral
framework, allowing the non-destructive removal of the
structure-directing surfactant by simple solvent extraction.13

Here, we report a new synthesis strategy for the one-step
preparation of organically functionalized charge-neutral me-
soporous silica using non-ionic alkylpolyethyleneoxide surfac-
tants as structure-directing agents, namely Tergitol 15-S-12
[CH3(CH2)14(OCH2CH2)12OH] and Triton-X100
[(CH3)3C(CH3)2CCH2C6H4(OCH2CH2)10OH].

The non-functionalized mesostructured silicas MSU-1 and
MSU-2 were prepared according to previously published
assembly techniques,4 using Tergitol 15-S-12 and Triton-X,
respectively, as structure-directing surfactants. Functionalized
derivatives of MSU-1 and MSU-2 were synthesized by stirring
TEOS and mercaptopropyltrimethoxysilane (MPTMS) in solu-
tions of Tergitol 15-S-12 (0.02 mol l21) or Triton-X100 (0.027
mol l21) at 308 K until clear mixtures formed, then NaF was
added (the molar composition of each mixture was 0.1
surfactant: 12x TEOS: x MPTMS:0.02 NaF, where x = 0, 0.02

or 0.05). After aging for 24 h, the resulting powders were
filtered, air dried and washed by Soxhlet extraction over ethanol
for 24 h. The functionalized mesostructures assembled using
Tergitol-15-S-12 were thus labeled as MP-MSU-1-2% (x =
0.02) and MP-MSU-5% (x = 0.05), while those prepared from
Triton-X100 were designated as MP-MSU-2-2% (x = 0.02) and
MP-MSU-5% (x = 0.05). The mesostructures were charac-
terized by powder X-ray diffraction (XRD), N2 sorptometry,
elemental analysis (for S), 29Si MAS-NMR and scanning
electron microscopy (SEM). The materials’ physical properties
obtained from these techniques are given in Table 1.

The low angle powder XRD patterns of the MSU-1 and
MSU-2 materials featured dominant first order (d100) diffraction
peaks (with d-spacings of 51 and 66 Å, respectively, see Table
1) and broad, low intensity second order (d200) peaks at higher
incidence angle. These represent features typical of ordered
mesostructured oxides with ‘wormlike’ pore channel structures,
as expected of materials assembled using either neutral2 or non-
ionic surfactants.3,4 As organosilane moieties are incorporated
into the mesostructures, the d100 peaks of the materials become
shifted to higher diffraction angles, indicating progressive
contractions of the lattice d-spacings upon functional group
loading (Table 1). Although this effect is slight for the MP-
MSU-1 mesostructures (a contraction of only 6% from MSU-1
to MP-MSU-1-5%), significant contraction of the MSU-2
lattice is observed (by 39% from MSU-2 to MP-MSU-2-5%).
Moreover, the intensities of the (100) peaks for the function-
alized materials were lower in intensity compared to their
respective parent mesostructures, and the higher order (200)
reflections are no longer detected. Lypophilic interactions
between the organosilane molecules and the hydrophobic core
of the micelles are likely to result in the deeper penetration of
the organosilane molecules within the micelle than do the TEOS
molecules. This will cause the micelle structure to ‘open-up’
and allow TEOS molecules to migrate deeper within the
micelle, where they subsequently crosslink with the organosi-
lane functionalities. The perturbations thus caused to the
micelle organization thus results in the assembly of more
disordered materials with shorter lattice spacings.

The N2 adsorption isotherms of MSU-1 [Fig. 1(a)] and MSU-
2 [Fig. 1(b)] both featured well resolved inflexions at partial
pressures between 0.3 and 0.6, demonstrating the existence of
uniform mesopore channels with diameters of 32 Å [Fig. 1(c)]
and 41 Å [Fig. 1(d)], respectively. No appreciable hysteresis
loops were observed in any of the isotherms’ desorption

Table 1 Physical characteristics of mesostructures and their functionalized derivatives

d100 lattice BET surface Pore S content/ Organosilane
Sample spacing/Å area/m2 g21 diameter/Åa mmol g21 content (%)b

MSU-1 51 1225 32 0 0
MP-MSU-1-2% 50 943 26 0.40 2.6
MP-MSU-1-5% 48 858 22 0.87 5.8
MSU-2 66 1018 41 0 0
MP-MSU-2-2% 50 1176 27 0.47 3.0
MP-MSU-2-5% 40 763 — 1.1 7.7

a Measured using the Horvath–Kawazoe pore size distribution model.14 b Percentage of Si atoms present as organosilane with respect to total Si content.
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branches, denoting the absence of bottlenecking in the pore
channels. The surfactant extraction technique was thus effective
in removing the surfactant from the pore channels without
damaging the structure of the synthesized materials. The large
BET surface areas measured were likewise consistent with the
presence of highly porous materials (Table 1). The isotherms of
the functionalized derivatives MP-MSU-1-2% [Fig. 1(a)] and
MP-MSU-2-2% [Fig. 1(b)] were also indicative of meso-
porosity, but the shifts observed in the positions of the
inflexions (to between 0.1 and 0.3) show that constrictions in
the pore channels have arisen. This can be attributed to both the
lattice contractions and to the presence of the mercaptopropyl
(MP) moieties which line the pore channel walls, thus reducing
the pore diameters and volumes of the mesostructures [Fig. 1(c)
and (d)]. Despite pore constriction, the functionalized materials
nonetheless retained the very high surface areas characteristic of
mesoporous molecular sieves (Table 1). The isotherms of the
increasingly loaded MP-MSU-1-5% and MP-MSU-2-5% me-
sostructures demonstrated an even greater constriction of the
pores (Table 1), resulting in further reduction of total pore
volume in MP-MSU-1-5% [Fig. 1(c)] and no discernable
porosity in MP-MSU-2-5% [Fig. 1(d)]. The significant de-
creases in surface areas for both of these materials (Table 1)
further substantiate these observations. Since all of the
functionalized materials are shown to exhibit crystallographic
ordering according to their XRD patterns, the incremental
featurelessness observed in their N2 isotherms can be explained
by the influence of the increasing amounts of mercaptopropyl
groups lining the framework channels, disrupting the uni-
formity of the pores and reducing their diameters.

The SEM images of the materials revealed aggregates of
ultrafine spherical particles with a ‘cotton ball’-like morphol-
ogy. The particles appeared to be quite uniform in size, with
diameters averaging about 0.3 mm for all compositions. The
minute sizes of these particles creates significant textural
porosity within the mesostructure aggregates, resulting in
notable sloping of the nitrogen adsorption curves beyond the
mesopore inflexions, as well as significant nitrogen uptake
observed at relative pressures approaching unity [Fig. 1(a) and
1(b)].

The 29Si MAS NMR spectra of the functionalized meso-
structured (recorded with a 600 s pulse delay) denoted the
presence of the following Si sites: Q4 signals at 2110 ppm

[(SiO)4Si], Q3 signals at 2101 ppm [(SiO)3SiOH] (both
corresponding to framework silica derived from hydrolyzed
TEOS), and T2 and T3 signals (at 260 and 265 ppm,
respectively) corresponding to the organosilane (mercaptopro-
pylsilane) silicon atoms.11 In all cases, the Q4/Q3 signal
intensity ratios were close to 1.5, while the intensities of the T2

and T3 signals increased as a function of organosilane loading in
the materials. By comparing the integrations of these NMR
signals, in combination with the elemental analysis results (for
S content), the functional group content in the mesostructures
was deduced and expressed in Table 1 both in terms of S content
and organosilane percentage. Although the amount of organosi-
lane incorporated into the MP-MSU-1 materials was found to be
close to that expected on the basis of the stoichiometry of the
solution reaction mixture, the functional group loading in MP-
MSU-2-2% and MP-MSU-2-5% exceeded this content by a
factor of ca. 1.5 (Table 1). This suggests that preferential
assembly of the organosilane molecules has occurred at the
interface of the Triton-X micelles, denoting a greater attraction
of the organosilane molecules to the surfactant’s hydrophobic
chain.

The one-step preparation of functionalized mesoporous silica
by non-ionic surfactant assembly presents a clear advantage
over methodologies involving charged quaternary ammonium
surfactants, namely that it does not necessitate the use of
potentially destructive acid leaching to remove the framework-
bound surfactant from the mesostructures. Moreover, the
assembly process described in this paper is achieved under
neutral pH conditions, unlike the other direct-synthesis ap-
proaches which were performed in alkaline environments.9–12

This feature connotes the possibility of incorporating organic
functionalities that would be unstable or otherwise reactive
under non-neutral pH conditions, such as strongly electrophilic
functionalities. For example, we have preliminary experimental
evidence which demonstrates the successful incorporation of
chloroalkyl functionalities into mesostructured frameworks
following the synthetic protocol described in this paper.
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Fig. 1 Left: N2 adsorption isotherms of (a) MSU-1 (dotted curve) and MP-
MSU-1 materials (solid curves), and of (b) MSU-2 (dotted curve) and MP-
MSU-2 materials (solid curves). Right: background-substracted Horvath–
Kawazoe pore diameter (r) distribution14 of (c) MSU-1 (dotted curve) and
MP-MSU-1 materials (solid curves), and of (d) MSU-2 (dotted curve) and
MP-MSU-2 materials (solid curves).
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Reductive cleavage and related reactions leading to
molybdenum–element multiple bonds: new pathways offered
by three-coordinate molybdenum(iii)

Christopher C. Cummins

Department of Chemistry room 2-227, Massachusetts Institute of Technology, Cambridge, MA, 02139-4307, USA

Three-coordinate molybdenum(III) complexes comprise a
new class of reactive-yet-isolable substances. Related to a
well known class of metal–metal triple bonded dimers, the
monomeric molybdenum(III) complexes supported by steric-
ally-demanding N-tert-alkylanilide ligands offer previously
unavailable synthetic routes to molybdenum–element mul-
tiple bonds. Terminal nitride, phosphide and carbide func-
tionalities have been prepared from reactions with dini-
trogen, white phosphorus and carbon monoxide,
respectively.

Introduction

Professor Malcolm H. Chisholm of Indiana University has
championed the chemistry of compounds containing Mo·Mo
and W·W triple bonded moieties since the early 1970s.1 For the
most part, the compounds of interest have supporting amide
(e.g. NMe2) or alkoxide (e.g. OBut) ligands. Although chromiu-
m(iii) does not exhibit a similar tendency to form unbridged
metal–metal triple bonds, it was shown in seminal work by
Bradley’s group that the complex Cr(NPri

2)3 1 exists in discrete
monomeric form.2 Moreover, the compound manifests a
trigonal-planar coordination geometry, along with a high-spin
(quartet) ground state. Thus an interesting dichotomy arose
between the chemistry of chromium(iii), on the one hand, and
that of molybdenum(iii) and tungsten(iii) on the other. The
successful synthesis of a discrete monomeric molybdenum(iii)
entity would bridge this gap, and hints that such a species might
be accessible via implementation of bulky amide ligands can be
found in reported attempts at the synthesis of Mo[N(SiMe3)2]3
2.3 Note, indeed, that the hexamethyldisilazide ligand is known
to support three-coordination for the 3d metals Sc through Co in
the 3+ oxidation state, and that the remarkable amide U[N-
(SiMe3)2]3 3 is a monomer.4

Against the foregoing backdrop, we set out to explore
complexes of the new amide ligand N(R)Ar [R = (CD3)2CH3,
Ar = 3,5-C6H3Me2], and related derivatives.5 Use of the
C(CD3)2CH3 substituent was deemed worthwhile as a 2H NMR
spectroscopic handle, and the choice of substituents was
prompted by a desire to (i) avoid b-hydrogens, (ii) combine one
roughly spherical substituent with one roughly planar sub-
stituent for efficient intramolecular packing, and (iii) use
hydrocarbon-only building blocks so as to avoid decomposition
pathways to which silylamides are prone, such as cyclometalla-
tion or N–Si bond cleavage.6

A ready synthesis of deuterated N-tert-butylanilides was
found to consist of [2H6]acetone condensation with the desired
substituted aniline, followed by treatment of the resulting imine
with methyllithium.5 The most widely successful ligand to date
is that derived from deprotonation of N-[2H6]-tert-butyl-
3,5-dimethylaniline with n-butyllithium. Crystallization from
ether affords the white etherate Li[N(R)Ar](OEt2), which is
suitable for reaction with transition metal halides.

Synthesis and characterization of three-coordinate
complexes

Following the lead of Bradley’s synthesis of Cr(NPri
2)3 1 from

chromium(iii) chloride and lithium diisopropylamide,2 it was
elected to investigate the reaction of MoCl3(THF)3

7 with
Li[N(R)Ar](OEt2).5 In this endeavour, the presence of a
deuterium label in the ligand led to rapid identification of
appropriate conditions for the synthesis of Mo[N(R)Ar]3 4, the
compound exhibiting a single 2H NMR peak at d ca. 64.8
Various conditions were sampled, with the result that a 2 : 1
lithium amide to molybdenum chloride stoichiometry was
deemed optimal (ostensibly to speed conversion to products)
and that diethyl ether solvent gave the best results. The desired
compound, Mo[N(R)Ar]3 4, has been obtained in 60–80%
isolated yield as a lipophilic orange–red crystalline substance.9
Other variously substituted anilide ligands including the
‘parent’ –N(But)Ph,9 the adamantyl-substituted derivatives
–N(1-Ad)Ar and –N(2-Ad)Ar, and the mono-fluorinated deriv-
ative –N(R)(4-C6H4F)10 have all provided corresponding three-
coordinate tris-anilide complexes of MoIII following the
standard protocol developed for 4.9

An important feature of the characterization of 4 is the fact,
substantiated by X-ray crystallography,9 that it exists in the
solid as discrete mononuclear complexes with no short
intermolecular contacts. As such, 4 and related derivatives
constitute the first definitive examples of three-coordinate
molybdenum. The geometry at molybdenum is trigonal planar.
Thus, although Mo·Mo triple bonds are known to be ca. 80 kcal
mol21 (1 cal = 4.184 J),11 the substituents are sufficiently large
in the present case to obviate dimerization.12 A representative
structure9 is that of Mo[N(R)Ar]3 4, shown in Fig. 1.

The X-ray crystallography studies show that the intramole-
cular packing conformation is one with the three 3,5-C6H3Me2
substituents on one side of the trigonal plane and the three But

groups on the other side. Another conformation that would

Fig. 1 Ball and stick representation of Mo[N(R)Ar]3 4, from X-ray
coordinates.9 The Mo–N distances average 1.967(7) Å, and the sum of
N–Mo–N angles is 357.7(3)°.

Chem. Commun., 1998 1777
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NO
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4
O=N=Mo[N(R)Ar]3 (2)

11

maximize the in-plane N to Mo p bonding is a ‘two-up, one-
down’ arrangement of substituents; investigation of this
alternative by molecular mechanics suggests that it is higher in
energy by ca. 6 kcal mol21 than the observed conformation.12

Solution NMR spectra of Mo[N(R)Ar]3 4 are consistent with
preservation of the pseudo-C3 symmetric structure, with only
a single –N(R)Ar environment being observed down to ca.
240 °C. EXAFS data collected at 10 K on frozen toluene
solutions likewise were consistent with the pseudo-C3 symmet-
ric conformation.9

Also critical to an appreciation of the tris-anilide molybde-
num(iii) complexes is the fact that they are high spin, with all
three d electrons unpaired. This is known from both solution
and solid-state magnetic susceptibility studies, with meff for the
complexes being close to the spin-only value.9 Symmetry
arguments and computational studies13 agrees that this should
be the case, and indicate that the half-occupied orbitals possess
s (dx2) and p (dxz, dyz) symmetry with respect to the pseudo-C3
axis. This is an interesting point to be recalled later in the
bonding discussion pertaining to very stable nitrido complexes,
e.g. N·Mo[N(R)Ar]3 5.

With regard to the properties of 4, it should be noted that
despite its coordinative unsaturation no reaction is observed
with pyridine, triethylphosphine, or tetrahydrofuran (benzene,
25 °C). Thus, the compound is not a Lewis acid. If this result is
to be attributed to electronic effects, then a reluctance to go low-
spin (making the dz2 orbital available) can be invoked.
Otherwise, it can be suggested that the pyridine, PEt3, and THF
molecules are too large to access the molybdenum center. That
more electron-deficient complexes such as Ti[N(R)Ar]3 6
display an h3 bonding mode for the N(R)Ar ligand,14 while the
molybdenum complexes display strictly the h1 bonding mode,
can be taken as evidence that the Mo complexes are not overly
electron-poor.

Reactions furnishing the nitrido linkage

Theoretical work has placed the N·Mo bond dissociation
enthalpy (BDE) at ca. 165 kcal mol21, nearly 75% of the value
for the N·N triple bond of dinitrogen.13 This being the case, it
is not surprising that many reactions have been found which, in
effect, transfer a nitrogen atom to Mo[N(R)Ar]3 4, giving rise to
N·Mo[N(R)Ar]3 5. Compound 5 can thus be regarded as a
thermodynamic sink in systems containing 4 and sources of a
nitrogen atom. Also, 4 can be regarded as an example of an
‘azophilic’ complex, in much the same way that fragments
poised to form strong bonds to oxygen [e.g. Ta(OSiBut

3)3] 7 are
regarded as oxophilic.15 The notion of the extreme stability of 5
is further substantiated by electrochemical studies showing that
the complex is highly resistant to both oxidation and reduc-
tion.

Geometric and electronic structure issues related to dia-
magnetic 5 are reminiscent of the discussion given above for 4.
A representative structure is that of NMo[N(But)Ph]3 8, shown
in Fig. 2.9 As in the case of 4, the aryl groups are close-packed
on one side of the molecule, while the But groups now form a
protective ‘pocket’ about the Mo·N triple bond. The three d
electrons unpaired in 4 are involved in 5 in making the s and p
bonds to the nitrido nitrogen, bonds which have the same
symmetry as the orbitals (dz2, dxz and dyz) utilized in 4 for the
unpaired electrons. Thus it can be seen that the molybdenum–
anilide bonding is essentially unperturbed on going from 4 to 5
(a notion substantiated by bond length considerations), and that
the conformation of the Mo[N(R)Ar]3 fragment also remains
essentially constant. Little reorganization is required for
addition of a nitrogen atom to 4.

During initial purifications of 4 by recrystallization (OEt2,
240 °C), it was noted that solutions became purple if under N2,
but retained the orange–red color of 4 if maintained in an argon
atmosphere. Solid 4 can be manipulated under N2 without any
observable decompostion, and 0.05 m solutions of 4 stored

under N2 at room temperature degrade only slowly (ca. 5% per
day). Naturally it was surmised that the purple color was due to
N2 chemistry, favored at low temperature either due to
enhanced solubility of N2 or to other entropic factors. In fact, at
the time a purple N2-bridged dimolybdenum(iii) amido com-
plex was already known, namely (m-N2)[Mo(But-

Me2SiNCH2CH2)3N]2 9.16 Thus, the purification process for 4
was developed to involve exclusion of N2. The full details of the
reaction of 4 with N2

9 were not elucidated until after 5 had
already been characterized in full in the context of a nitrous
oxide N–N cleavage reaction.8

Nitrous oxide
The existence of molybdenum(vi) nitrido-tris-amide complexes
such as NMo(NPh2)3

17 10 was an early indicator that 4 should
function as an N-atom acceptor. This raised the question: what
molecule might serve, with a minimum of reorganization, as a
nitrogen-atom donor? One answer that came to mind was
nitrous oxide, since loss of its terminal nitrogen atom would
yield nitric oxide. The latter, while admittedly reactive, is a
viable diatomic gas plausible as a leaving group in an N-atom
transfer reaction. A problem with the selection of nitrous oxide
as an N-atom donor was that literature precedent showed clearly
that reducing metal complexes react with N2O to give exclusive
N–O bond cleavage, liberating N2 as a stable byproduct.18 This
is why nitrous oxide is sometimes referred to as ‘a clean
oxidant’. Furthermore, on thermodynamic grounds one expects
N–O bond cleavage, given that the N–O bond is the weaker by
ca. 75 kcal mol21 of the two bonds in the molecule.19

Experiments showed that solutions of 4 react smoothly with
nitrous oxide (!4 equiv.), 4 being converted rapidly (@5 min,
25 °C) to a 1 : 1 mixture of nitride 5 and the similarly
diamagnetic nitrosyl derivative (ON)Mo[N(R)Ar]3 11 with no
observable intermediates [eqn. (1)].8 Various conditions were

sampled, and in no case was the ratio of nitride : nitrosyl
perturbed from 1 : 1. Careful analysis of the reaction mixtures
ruled out the presence of the (at the time unknown) oxo
complex, Mo(O)[N(R)Ar]3 12, which would have been pro-
duced if 4 has deoxygenated nitrous oxide. (As described
below, brown paramagnetic oxo complex 12 can be synthesized
independently.20)

An independent synthesis of nitrosyl 11 was achieved by
simple treatment of a solution of 4 with nitric oxide [eqn. (2)].8

Fig. 2 Thermal ellipsoid representation of N·Mo[N(But)Ph]3 8 from an
X-ray study.9 The Mo–Nnitride bond resides on a crystallographic threefold
axis. Ellipsoids are at the 35% probability level. The Mo–Nnitride bond
length is 1.658(5) Å, while the Mo–Namide bond length is 1.979(2) Å.
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The yellow, diamagnetic compound was produced in high yield,
its synthesis being reminiscent of Bradley’s classic synthesis of
(ON)Cr[N(SiMe3)2]3 13.21 The synthesis and characterization
of 11 in pure form permitted unambiguous assignment of its
contribution to the NMR spectra from the N2O reactions.
Furthermore, the rapid and efficient combination of nitric oxide
with 4 raised the possibility that free NO may be involved in the
mechanism for nitrous oxide N–N bond cleavage by 4. A second
possibility is that the mechanism involves bimetallic activation
of nitrous oxide, an appealing possibility that neatly accounts
for the observed 1 : 1 ratio of 5 : 11. The data in hand, however,
are insufficient to pinpoint the mechanism of the splitting
reaction. Definitive kinetic data will have to be acquired by
stopped-flow techniques in order to settle the issue.

Characterization of nitride 5 was required for a complete
interpretation of the data from nitrous oxide reactions with 4.
Interestingly, a clean route to 5 was discovered that involves
treatment of 4 with mesityl azide.8 This reaction, like the N2O
reaction, is unusual in comparison with known reactions of the
substrate with reducing metal compounds. Normally, reductants
elicit N2 elimination from organoazides, giving metal imido
derivatives.22 Here, as demonstrated with a 15N-labeling study,
abstraction of the terminal nitrogen atom occurred, giving high-
yield conversion to pale yellow 5. As in the case of the N2O
activation reaction, the mechanism of mesityl azide N–N bond
cleavage by 4 remains to be elucidated in detail. A key issue
here is whether the N–N bond breaks before or after the N–C
bond. The issue of a bimetallic activation mechanism is not
important for the case of mesityl azide, since no evidence was
found for the formation of the putative aryldiazenido complex
MesNNNMo[N(R)Ar]3. Based on subsequent synthetic studies,
the latter is expected to be a stable, diamagnetic complex.

Dinitrogen
Having characterized nitride 5, N·Mo[(R)Ar]3, a more detailed
interpretation of the behavior of 4 in the cold under N2 (1 atm)
became possible.23 Catalina Laplaza noticed that the purple
solutions (presumed to contain (m-N2){Mo[N(R)Ar]3}2, 14) lost
the purple color upon standing for a couple of hours at 25 °C,
and that peaks for nitride 5 were dominant in corresponding
NMR spectra. This raised the exciting possibility that 4 was able
to directly bind and split N2, under mild conditions, and in the
absence of any added reagents! Accordingly it was found that 4
could be converted in good yield to 14 by storage of a toluene
solution under N2 at 240 °C for 3–5 days. Subsequent warming
to room temperature gave quantitative conversion to nitride 5
with the first-order kinetics and a t1/2 of ca. 30 min.23

Subsequent work has included extensive characterization of
the intermediate purple dinitrogen complex 14, with its N–N
bond length of 1.19(2) Å (EXAFS) and nNN of 1630 cm21

(Raman).9 The dinitrogen ligand bridges the two molybdenum
centers in the typical24 linear, end-on fashion, and the relatively
high symmetry of the complex renders it paramagnetic, with a
triplet ground state. It exhibits a single 2H NMR signal at d ca.
14. Isotopic labeling studies with 15N2 permitted determination
of a temperature-dependent primary kinetic isotope effect on the
splitting reaction (conversion of 14 to 5),9 the magnitude of
which was in accord with predictions based on the observed
Raman nNN of (m-15N2){Mo[N(R)Ar]3}2 and the diatomic
oscillator approximation.9

The mechanism of dinitrogen cleavage by 4 has now also
been studied in considerable detail by theoretical methods.13

The important steps are [eqn.(3)] binding of dinitrogen by 4 to

give the low-spin 1 : 1 adduct, (N2)Mo[N(R)Ar]3 15, [eqn. (4)]
trapping of 15 by a second equiv. of 4 to give dinuclear 14, and
[eqn. (5)] unimolecular fission of 14 at the N–N bond via a

zigzag (not linear) transition state to produce 2 equiv. of nitride
5.

Experimentally we have not yet been able to observe the 1 : 1
adduct 15 directly, and we postulate that the binding of N2 by 4
is rapid and reversible with only small equilibrium concentra-
tions of 15 being present under 1 atm of N2. To observe 15
directly, experiments are currently underway wherein 4 is being
monitored by NMR and IR under large dinitrogen pressures.
Theoretical studies predict that 15 will feature an end-on
interaction between Mo and the N2, and this is in accord with the
structure of recently reported N2Mo(Me3SiNCH2CH2)3N 16,25

which has been shown (in contrast to 15) not to be labile.
Although the reductive cleavage of dinitrogen to nitride by

well-defined transition metal complexes in homogeneous
solution was unprecedented prior to 1995,23 it can be expected
that more examples of this remarkable reaction type will
eventually come to light. A very recent example comes from the
labs of Floriani,26 and it involves the use of niobium calixarene
complexes. It is reasonable to speculate that the development of
robust complexes capable of N2 reductive cleavage will
eventually result in applications in catalysis, the ultimate goal
being the development of a homogeneous analog of the Haber–
Bosch process.27 The real obstacle to this type of application,
currently, rests in the low reactivity of the very stable metal–
nitrido functional group—e.g. ca. 165 kcal mol21 for the Mo·N
bond in NMo[N(R)Ar]3.13

Nitrogen atom transfer
Intermetal nitrogen atom transfer is a reaction type known for
less than a decade, and it has the attractive feature of providing
a means for breaking a metal–nitrogen triple bond under mild
conditions in homogeneous solution.28 Although such reac-
tions—in which a neutral N atom passes completely from one
metal to another with breaking of one M·N triple bond and
formation of a new one—have been proposed to proceed by
m2-N atom-bridged intermediate complexes,29 experimental
verification of this has come only recently.10

A question one might ask concerns the degree to which the
spectator ligands in a nitrido metal complex attenuate the
affinity of the metal fragment for the N atom. In an experiment30

designed to compare alkoxides with anilides, Mo[N(R)Ar]3 was
treated with Chisholm’s alkoxynitride complex, NMo(OBut)3,
17.31 Reaction of 4 with 17 [eqn. (6)] led to formation of a blue

intermediate, presumed to be (ButO)3Mo(m-N)Mo[N(R)Ar]3,
18.30 Conducting the reaction in benzene at 25 °C in the absence
of N2 led to formation of nitride 5 along with 0.5 equiv. of the
well known metal–metal triple-bonded dimer,11 Mo2(OBut)6,
19 [eqns. (7) and (8)]. Thus, N-atom transfer was sub-

stantiated,30 and the –N(R)Ar-substituted complex demon-
strated a greater affinity for the nitrogen atom than the alkoxide-
substituted complex. The reaction is interesting in that it
provides precedent for synthesis of a metal–metal multiple bond
from a metal nitride, and also in that the observation of a blue
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intermediate [eqn. (6)] suggested that more might be learned
about the mechanism of this type of N-atom transfer.30

An interesting spin on the N-atom transfer reaction occurred
when 4 was treated with alkoxynitride 17 under an atmosphere
of N2 (benzene, 25 °C).30 Under these conditions, formation of
the dimer 19 was nearly shut down, while formation of nitride
5 proceeded smoothly. The very slow reaction of 4 directly with
N2,9 assessed in control experiments to occur to an extent of
@5% per day under these conditions,30 cannot account for the
smooth conversion of 4 to 5 in the presence of 17, suggesting
that 17 catalyzes the splitting of N2 by 4 [eqn. (9)].30 This

supposition was substantiated by experiments involving reac-
tion of 4 with 17 under an atmosphere of 15N2, which resulted
in label incorporation into both the alkoxynitride 17 and 5
isolated after the reaction.30 A mechanistic scenario accom-
modating the data involves (i) N-atom transfer to generate 5, (ii)
concomitant formation of some form of ‘Mo(OBut)3’, 20, and
N2 splitting either by 20 alone or via a heterodinuclear species
such as putative (ButO)3Mo(m-N2)Mo[N(R)Ar]3 21. Combin-
ing the latter three steps provides a plausible mechanism for the
observed result, namely that the splitting of N2 by 4 is
accelerated in the presence of alkoxynitride 17.30

In pursuit of more information regarding the putative N-atom
bridged complexes in intermetal nitrogen atom transfer reac-
tions, it was elected to treat 4 and analogues with another
nitridomolybdenum amide complex, namely NMo(NMe2)3
22.10 This particular choice was prompted by speculation that
an N-atom bridged species might possess greater thermal
stability if the two molybdenum fragments involved possess
electronically similar ligand sets. Dimethylamide ligands, in
addition, were regarded as small enough to permit N-atom
transfer. The latter consideration is important in that control
experiments10 showed that no reaction occurs between 4 and
NMo[N(But)Ph]3 8, or between 5 and Mo[N(But)Ph]3 23.

A striking teal color was generated upon mixing the three-
coordinate complex Mo[N(R)Ar4F]3 (24, Ar4F = 4-C6H4F)
with 22 in toluene or ether [eqn. (10)].10 The nitride-bridged

complex (Me2N)3Mo(m-N)Mo[N(R)Ar4F]3 25 was isolated in
good yield and characterized by a variety of techniques
including X-ray diffraction (Fig. 3).10 Although the structure
was of marginal quality due to dimethylamide disorder, the
nitride nitrogen appeared to be situated equidistant from the two
dissimilarly ligated Mo centers.

Although this particular m-nitride species (25) seemed
relatively robust, a more fragile analog was generated by
treatment of 22 with the ‘parent’ complex 23 [eqn. (11)].10 Thus

was derived a suitable synthesis of the symmetrical m-nitride
complex (m-N)[Mo(NMe2)3]2 26, by treatment of 23 with 2
equiv. of 22. The notion is that the unsymmetrical ligated
m-nitride complex (Me2N)3Mo(m-N)Mo[N(But)Ph]3 27 is ther-
mally unstable, and serves as a source of ‘Mo(NMe2)3’ 28 under
the reaction conditions [eqn. (12)]. Trapping of 28 by the second

equiv. of 22 provides the symmetrically substituted nitride
derivative, nitridodimolybdenum–hexadimethylamide [26, eqn.
(13)]. Using this procedure, thermally sensitive 26 could be

isolated in pure form by fractional crystallization, and was
characterized by X-ray crystallography (Fig. 4). The m-N atom
in 26 resides at a crystallographic center of inversion, with a
Mo–N distance of 1.7990(8) Å. This distance is consistent with
an Mo–N double bond,10 the Mo·N distance in 8 being 1.658(5)
Å.9 A molecular-orbital description of 26 also suggests a bond
order of two between both molybdenum atoms and the bridging
nitride ligand, the highest-lying three electrons being in a
p-symmetry molecular orbital that possesses a node at the
bridging nitrogen atom. A compound fascinating in its sim-
plicity, 26 is related to the well known dimer Mo2(NMe2)6 2911

by formal insertion of a neutral nitrogen atom into the metal–
metal triple bond. Indeed, thermal decomposition of 26 gives
rise to a mixture of 22 and 29.10

The molybdenum systems described in this section do much
to augment our knowledge of intermetal N-atom transfer
reactions. Importantly, as earlier surmised29 it is now establi-
shed10 that N-atom bridged species play an important role as
intermediates in the transfer process. Some of the mixed-
valence N-atom bridged species have been isolated, such that
much can be expected to be gained from a study of their
physical properties, decomposition kinetics, and other reaction
chemistry. An intriguing aspect of the chemistry is that sources
of the reactive, sterically-unhindered fragments ‘Mo(OBut)3’
2030 and ‘Mo(NMe2)3’ 2810 are available via N-atom transfer
chemistry. Now that N-atom abstractors such as 4 are readily
prepared, it is likely that other synthetic applications of N-atom
transfer chemistry will result.

Fig. 3 Thermal ellipsoid representation of (Me2N)3Mo(m-N)Mo[N-
(R)Ar4F]3 25, from an X-ray study.10 The Mo–N–Mo axis resides on a
crystallographic threefold axis; the resulting NMe2 disorder is not shown.
Ellipsoids are at the 35% probability level. The Mo(1)NN bond length is
1.82(4) Å, while the Mo(2)NN bond length is 1.83(4) Å.

Fig. 4 Thermal ellipsoid representation of (m-N)[Mo(NMe2)3]2 26 and
Mo2(NMe2)6 29, from an X-ray study in which the two occurred together in
a 1 : 1 cocrystal.10 Ellipsoids are at the 35% probability level. The
Mo(1)NN(1) bond length is 1.7990(8) Å, while the Mo(1)–N(5) bond length
is 1.953(8) Å.
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Molybdenum–phosphorus chemistry: establishment of the
terminal phosphide (M·P) functionality

The chemistry in this section stemmed from a desire to explore
in broad terms the reactivity of 4 and related three-coordinate
molybdenum compounds. Having learned about the pronoun-
ced stability of the Mo·N triple bond in 5,9 it was of interest to
see if the analogy could be pushed to phosphorus, an endeavor
which if successful would lead to an unknown functional group:
the terminal phosphide, M·P.32 As described below, it is indeed
possible to draw several analogies between the molybdenum–
nitrogen and the molybdenum–phosphorus chemistries.

Activation of white phosphorus
White phosphorus, consisting of tetrahedral P4 molecules, is the
most abundant form of elemental phosphorus.33 The majority of
its transition-metal mediated reactions involve metal carbonyl
fragments and cluster chemistry.34 The closest precedent for the
reaction of a three-coordinate molybdenum compound with
white phosphorus comes, as so many good things do, from the
labs of Malcolm Chisholm. Thus, the dimethylamine adduct of
the tungsten dimer W2(OCH2But)6 30 was treated with P4 in an
attempt to prepare the W·P functional group.35 What was
obtained instead is the interesting complex,
(h3-P3)W(OCH2But)3(HNM2), 31.35 The latter can be under-
stood as a P4 molecule with one vertex replaced by the isolobal
tungsten tris-alkoxide fragment.36

In contrast to Chisholm’s tungsten chemistry, three-coordi-
nate 4 reacts smoothly with P4 in toluene at 25 °C to afford the
desired terminal phosphide derivative P·Mo[N(R)Ar]3 32,
[eqn. (14)].37 The analog stemming from reaction of ‘parent’

Mo[N(But)Ph]3 23 with P4, namely PMo[N(But)Ph]3 33, was
prepared similarly,10 and both have been characterized by X-ray
diffraction. Compounds 32 and 33 are diamagnetic yellow–gold
crystalline solids that dissolve readily in standard organic
solvents. They, like their three-coordinate precursors, are
readily prepared on 5–10 g scales.

A most intriguing feature of the NMR spectra of the terminal
phosphide compounds is that their 31P signal appears downfield
of 1200 ppm! The latter phenomenon has been studied in detail
by solid-state NMR techniques, and by computational meth-
ods.38 The enormous downfield isotropic signal is interpreted38

as arising from an unusually large chemical shift anisotropy in
the system, consonant with field-induced mixing of the ground
state with a paramagnetic excited state. The excited state in
question is thought to involve promotion of electron density
from an M–P s bonding orbital into an orbital that is M–P p* in
character.38

Structurally, phosphide compounds 32 and 33 are similar to
nitride 8, and the respective Mo·P bond distances 2.119(4) and
2.111(2) Å are of interest (Fig. 5). Triple-bond covalent radii
can be estimated for both Mo and P using the reference
compounds P2 and Mo2(NMe2)6, giving the prediction of 2.055
Å for an Mo·P triple bond.37 Agreement with the experimental
values is seen to be quite close.

Triamidoamine-supported39 molybdenum and tungsten
phosphide complexes PMo(Me3SiNCH2CH2)3N 34 and
PW(Me3SiNCH2CH2)3N 35 were reported close on the heels40

of 32; 35 exhibited a W·P distance of 2.162(4) Å, with an
interesting added twist that the tungsten–phosphorus coupling
constant had an unanticipated low value of 138 Hz. Organo-
phosphide and phosphinidene complexes of tungsten exhibit
much larger values of JWP.40 The data may be taken as an
indication that the phosphorus 3s orbital participates little in the
tungsten–phosphorus bonding, but rather accommodates a
rather low-lying lone pair of electrons. Interestingly, com-
pounds 35 and 34 were prepared not via a reaction with
elemental phosphorus, but rather through treatment of precursor

chloro complexes with Li[P(H)Ph] in what must involve a
complex sequence of steps.40 Such methodology was later
successful for the preparation of the corresponding terminal
arsenide complexes, As·M(Me3SiNCH2CH2)3N (M = Mo 36,
W 37), which have been the subject of a force-constant
study.41

Reactions of terminal phosphide complexes with oxo, sulfur
atom, and nitrene donors
First off it should be stated that like nitride 5, phosphide 32 is
not an exceptionally reactive compound. In part, the low
reactivity of 32 toward certain reagents (including benzonitrile,
benzaldehyde and methyl iodide) can be ascribed to the
substantial steric shielding of the M·P triple bond by tert-butyl
groups. However, phosphide 32 does undergo some reactions
involving addition of a terminal substituent to the phosphorus
atom, especially in cases where a cumulene-like moiety
MoNPNX (X = O,42 S37 or NMes37) with a delocalized p system
can arise.

Sulfur atom transfer to the terminal phosphide
The so-called PS complex, SNPNMo[N(R)Ar]3 38 was prepared
either in 62% yield in a slow reaction of 32 with elemental
sulfur [43 h, OEt2, 25 °C, eqn. (15)], or in 50% yield in a rapid
reaction with ethylene sulfide [1.5 h, OEt2, 25 °C, eqn. (16)].37

The purple–red compound exhibits a 31P NMR signal at d 383,
a dramatic upfield shift relative to phosphide 32. That 38 exists
as discrete monomeric units in the solid state was verified by
X-ray crystallography (Fig. 6).42 The Mo–P and P–S bond
lengths are respectively 2.100(2) and 1.921(3) Å, and the angle
at P is linear. It is a striking observation that the Mo–P distance
is not significantly different than in the terminal phosphide
species. Since the P–S distance is similar to what has been found
for phosphine sulfides, perhaps the best valence-bond descrip-
tion of the ‘PS’ complex is, in fact, S–P·Mo[N(R)Ar]3, with
appropriate formal charges: positive on P and negative on S. An
important point to take into consideration in any analysis of the
bonding in the PS complex 38 relative to phosphide 32 is that in
the former the phosphorus 3s orbital is necessarily utilized in the
s framework, while in the latter all indications38 are that it does
not participate in the bonding.

Fig. 5 Thermal ellipsoid representation of P·Mo[N(But)Ph]3 33, from an
X-ray study.10 The P–Mo bond is coincident with a crystallographic
threefold axis. Ellipsoids are at the 35% probability level. The Mo·P bond
length is 2.111(2) Å, while the Mo–N bond length is 1.973(2) Å.
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Although the importance of the SNPNMo[N(R)Ar]3 reso-
nance structure for 38 has not yet been substantiated chemically,
the S–P°Mo[(R)Ar]3 structure being favored by crystallo-
graphic data,42 some support for the former structure comes
from reactivity studies on the corresponding oxo derivative.42

Before leaving the PS complex, however, it should be noted that
formation of 38 by sequential addition of the elements
phosphorus and sulfur to three-coordinate 4 represents an
exceedingly satisfying and simple synthesis of a previously
unknown type of cumulene.

Oxo transfer to the terminal phosphide
Underscoring the relatively unreactive nature of 32, early
attempts to synthesize the ‘PO’ complex, ONPNMo[N(R)Ar]3
39 resulted in no reaction. Reagents employed unsuccessfully
include pyridine- and trimethylamine-N-oxides and dry oxygen.
The harsh and hydrocarbon-insoluble oxidant iodosylbenzene
was also treated with 32, but the reaction resulted in extensive
decomposition. Dimethyldioxirane (Me2CO2) is a powerful,
thermally unstable, hydrocarbon-soluble oxidant that is typi-
cally used as 5% solutions in acetone.43 Treatment of phosphide
32 with the Me2CO2 ultimately proved a successful route to the
PO complex 39.42

Accordingly, treatment of a gold dichloromethane solution of
32 at 278 °C with the stoichiometric amount of Me2CO2 gave
rise to an intense purple color [eqn. (17)].42 It proved necessary

to precipitate PO 39 from the reaction mixture by addition of
cold acetonitrile. Once pure, the purple, diamagnetic [d(31P)
269.8] 39 can be manipulated at 25 °C with minimal
decomposition. The most common problem encountered in
handling 39 is that, under a variety of conditions, phosphide 32
is regenerated from it.

X-Ray crystallography showed PO 39 to possess an essen-
tially linear angle at P [177.6(8)°], and Mo–P and P–O distances
of 2.079(5) and 1.49(2) Å, respectively.42 Thus, like the
phosphorus monosulfide complex 38, PO 39 exhibits a shorter
Mo·P distance than phosphide 32! This can indeed be taken as
evidence that the O–P·[N(R)Ar]3 resonance structure is an
important contributor, with appropriate formal charges. The
P–O distance is essentially the same as for free phosphorus
monoxide,44 tricyclohexylphosphine oxide45 and some m3-PO
complexes in clusters.46

Some evidence lending credence to the ONPNMo[N(R)Ar]3
resonance structure for 39 is available in the form of reaction

chemistry.42 This resonance structure is reminiscent of the
resonance structure, ONCNMLn, invoked for metal carbonyls in
describing the classic Fischer carbene synthesis.47 Thus can be
seen the analogy to organic carbonyls, and the fact that
nucleophiles add to the complexed CO carbon understood.
Likewise, the zirconocene reagent Cp2ZrMe2, which possesses
nucleophilic methyl groups in conjunction with an oxophilic
metal center, reacts with PO 39 with formation of a phosphorus–
carbon and a zirconium–oxygen bond.42 The product, 40, is the
result of insertion of the PO moiety into the Zr–Me bond.
Compound 40 is orange–brown and diamagnetic, and structur-
ally can be deemed analogous to Mo(NMe2)4

48 or Mo[P(Cyclo-
hexyl)2]4.49 The Mo–P and P–O bonds in 40 are 2.169(2) and
1.613(5) Å, such that multiple bonding between molybdenum
and the trigonal-planar phosphorus center can be invoked.42

Also, an analogy can be extended to relate compound 40, with
its Zr–O–P–Mo moiety, to ‘zirconoxy carbenes’ prepared by
reaction of zirconocene derivatives with metal carbonyl com-
plexes.50

Thus was the first complex containing a terminal PO, or
phosphorus monoxide, ligand prepared and characterized.42

Previous examples of complexes containing PO ligands have
involved oxidation of bridging phosphide ligands in multime-
tallic clusters.46 The PO molecule has garnered attention as a
free species, due to its presence in interstellar space, and as a
heavy analog of nitric oxide.51 It will certainly be of interest to
determine the extent of the chemistry of PO as a ligand in
coordination chemistry, especially given the analogy with NO.
Although information concerning the P–O bond strength in 39
is not yet available, preliminary results show that the complex is
readily deoxygenated by triethylphosphine.

Reaction of 32 with an aryl azide
In some respects, the reactivity patterns of phosphide 32 are
reminiscent of an electron-poor triogranophosphine. One reac-
tion characteristic of triorganophosphines is that with organo-
azides to produce phosphinimines, a reaction known as the
Staudinger reaction.52 Seeking to push the analogy between 32
and PR3 compounds, 32 was treated in ether with mesityl azide
at 25 °C over a period of ca. 22 h [eqn. (18)].37 The reaction

afforded a diamagnetic blue–green product, which turned out to
be (MesNP)Mo[N(R)Ar]3 41, the product of a Staudinger-like
addition of mesitylazide to 32 with loss of dinitrogen. The
compound displays a single –N(R)Ar ligand environment
according to room-temperature proton and carbon NMR
spectroscopies.37

X-Ray crystallography showed 41 to possess an essentially
linear Mo–P–N angle,37 and confirmed the molecular connec-
tivity. Interestingly, 41 is a unique phosphorus-monosubstituted
aryldiazonium complex; the related ‘iminophosphenium’ cation
[PNAr*]+ (Ar* = 2,4,6-C6H2But

3) is known as a discrete
species, having been isolated and characterized as its tetra-
chloroaluminate salt.53

Thus was the reactivity of phosphide 32 confirmed to be
related, at least to a degree, to that characteristic of triorgano-
phosphines. It is interesting that, to date, the reactivity of
terminal phosphide complexes M·P is restricted to the addition
of groups to the P terminus. No reactions have yet been
identified in which the M·P triple bond engages in cycloaddi-
tion reactions, despite the fact that such reactions are prevalent
for closely related high-valent terminal phosphinidene com-
plexes.54 Further developments can be expected for phosphide
complexes in this regard, especially if they can be generated in
conjunction with a less sterically demanding ancillary ligand
coordination sphere.

Fig. 6 Thermal ellipsoid representation of SPMo[N(R)Ar]3 38, from an
X-ray study,42 Ellipsoids are at the 35% probability level. The PNS bond
length is 1.921(3) Å, while the MoNP bond length is 2.100(2) Å.
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One-coordinate carbon multiply-bonded to molybdenum:
the terminal carbide functionality

Having found that the Mo[N(R)Ar]3 fragment is well suited as
a platform for the construction of molybdenum–element
multiple bonds, it was only natural to turn attention to some
questions in the organometallic genre. A specific question of
interest had to do with whether a carbide complex anion, e.g.
2[C·Mo{N(R)Ar}3] 42, isoelectronic to nitride 5, could be
accessed. Indeed, one-coordinate carbon was known previously
only in, for example, carbon monoxide, isocyanides and
cyanide ion. The functional group constituted by one-coordinate
carbon bonded only to a single metal center was unknown.

To follow the chemistry it was deemed worthwhile to utilize
a 13C label for the carbon in question. This was made feasible by
the observation that Mo[N(R)Ar]3 4 readily binds carbon
monoxide in an irreversible fashion.55 Thus, carbonyl (O13C)-
Mo[N(R)Ar]3 43 was obtained in 88% yield as a brown
paramagnetic species [eqn. (19)].55 Magnetic susceptibility

measurements were consistent with assignment of carbonyl 43
as a low-spin complex of molybdenum(iii), an IR band at 1797
cm21 was attributed to nCO for complex 43, and the 2H NMR
spectrum of 43 revealed a single –N(R)Ar ligand environ-
ment.55

Now the problem remained of turning the carbonyl oxygen
into a leaving group. A strategy was adopted whereby complex
43 would be (i) reduced to its corresponding anion and (ii)
treated with a suitable electrophile. In practice it was observed
that treatment of 43 with an excess of sodium amalgam in THF
provided the desired anion [44, eqn. (20)] which is diamagnetic

and can be written with a molybdenum–carbon triple bond as in
2[O–C·Mo{N(R)Ar}3]. The hope was that anion 44 would
behave as a nucleophile in a manner analogous to an alkoxide
ion. Although 44 could be isolated as its sodium salt, it was
simply generated in situ for treatment with electrophiles. Pivalyl
chloride was identifed as a suitable electrophile and, accord-
ingly, the neutral diamagnetic ‘carbido pivalate’ complex
ButC(O)O–13C·Mo[N(R)Ar]3 45, was obtained in 82% yield as
a beige solid, and was fully characterized [eqn. (21)].55

But for the great stability of the –C·Mo[N(R)Ar]3 core under
reductive conditions, the synthesis might have reached a dead
end with compound 45. It was hoped that the pivalate moiety
would be removed under reductive conditions, with the desired
carbide anion 2[C·Mo{N(R)Ar}3] 42 perhaps to be obtained
directly. Although the situation did not prove to be so simple, it
was indeed the case that reductive conditions resulted in
removal of the –O2CBut group, albeit less than quantitatively.
Subjection of 45 to an excess of solid sodium mirror in THF led
[eqn. (22)], according to 13C NMR monitoring, to production of

a mixture containing the desired ‘sodium carbide’ (Na[42],
identified tentatively as several peaks in the vicinity of d 500),
methylidyne HC·Mo[N(R)Ar]3 46, and the carbonyl anion 44.

Given the complexity of the mixture, it was opted to attempt
protonation of 42 to methylidyne 46, and to attempt separation
of the latter from the salt of 44. Fortunately, addition of the
crude mixture to acetonitrile was found to effect the desired
transformation. Being relatively insoluble in acetonitrile, me-
thylidyne 46 was easily separated from the soluble salt of 44.
The isolated yield of 46 was 53%, based on the neutral carbonyl
precursor 43.55 Methylidyne 46 has a characteristic 13C NMR
peak at d 287, accompanied by a JCH of 157 Hz. A recent single-
crystal X-ray diffraction study shows 46 to be a pseudo-
threefold symmetric species with an Mo·C triple bond distance
of 1.699(5) Å.

Now the task at hand was to deprotonate 46 and to isolate 42
as a salt with a large cation, this in order to sequester a version
of 42 having one-coordinate carbon. Given the interpretation
that the preceding chemistry had relied upon deprotonation of
acetonitrile by 42, it was evident that a strong base would be
required for deprotonation of methylidyne 46. Benzylpotas-
sium56 was chosen, as it can conveniently be weighed out as a
solid and because potassium, being a heavier alkali metal,
should exhibit a decreased tendency to coordinate to a
carbanion (compared with Li or Na), especially if complexed
with a suitable crown ether or cryptand complement. Reaction
in THF of methylidyne 46 with K(benzyl) led, as desired [eqn.
(23)], to production of the potassium salt of carbide 42, isolated

in 69% yield as a solvent-free dimer (X-ray, Fig. 7). In C6D6,
where K[42] presumably retains its dimeric structure, a single
sharp 13C signal is observed for the carbide carbon at d 494.5.
A closer look (X-ray) at the structure of dimeric K[42] reveals
a central K2C2 square, with the coordination at K complemented
by p complexation of two –N(R)Ar aryl groups per potassium.
The structure thus incorporates encapsulation of the potassium
cations by lipophilic residues, accounting for the observed good
solubility of the compound in C6D6, and also for the lack of
retention of THF.

Encapsulation of the potassium was achieved in two ways;55

addition of cryptofix-2,2,2 to a solution of K[42] gave
[K(2,2,2-crypt)][42] [eqn. (24)], whereas when K[42] was

treated with 2 equiv. of benzo-15-crown-5, the salt [K(benzo-
15-crown-5)2][42] was produced [eqn. (25)]. Both salts exhi-

Fig. 7 Ball and stick representation of dimeric potassium carbide K2[42]2,
from an X-ray study.55 A crystallographic center of inversion is located at
the center of the dimer. The C(1)·Mo distance is 1.68(3) Å, while the K···C
distance is 2.94(2) Å.
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K+[ –C≡Mo{N(R)Ar}3]
K[42]

(25)

benzo-15-crown-5

[K(benzo-15-crown-5)2
+][ –C≡Mo{N(R)Ar}3]

[K(benzo-15-crown-5)2][42]

Mo[N(R)Ar]3 + O←NC5H5

–pyridine
O=Mo[N(R)Ar]3

12

(26)

4

Mo[N(R)Ar]3 + (27)

4
1/n En

E = S, Se or Te/PEt3

E=Mo[N(R)Ar]3
E = S 47, Se 48, Te 49

bited low benzene solubility, in contrast to the dimeric precursor
K[42], suggesting that the new salts consisted of discrete anions
and cations. Remarked upon initially as a curious observation
was the fact that the carbide 13C signal (THF) for the new salts
was rather broad.55 Thanks in part to a suggestion from
Professor Klaus H. Theopold, it has been determined that proton
exchange between methylidyne 46 and its conjugate base takes
place on the NMR timescale, with rate parameters such that a
small percentage of 46 is sufficient to broaden substantially the
carbide 13C signal. For [K(2,2,2-crypt)][42], the 13C signal in
question was reported as d 482.8, but this parameter is sensitive,
of course, to the presence of small quantities of 46. It is now
known that addition of K(benzyl) to a THF solution of
[K(2,2,2-crypt)][42] results in dramatic sharpening of the
carbide 13C signal, presumably due to removal of trace
quantities of methylidyne 46.

X-Ray crystallographic confirmation of the presence of Mo-
bound one-coordinate carbon was obtained with the structure of
[K(benzo-15-c-5)2][42], which exhibits discrete and separate
cations and anions (Fig. 8).55 An interesting metrical parameter
is the Mo·C distance to the carbido carbon, 1.713(9) Å, which
is not significantly different from the corresponding value found
for methylidyne 46. Also noteworthy is the fact that anion 42
displays conformational features very similar to those (de-
scribed above) for the isoelectronic nitride 5.9

Thus was established one-coordinate carbon as a viable
functional group in organometallic chemistry.55 It is interesting
to reflect on the circuitous nature of the compound’s synthesis,
the carbide carbon arising from carbon monoxide.57 Much
remains to be elucidated with regard to terminal carbide
reactivity, and with respect to the issue of synthesis of neutral or
even cationic variants. In the present case, anion 42 displays a
marked downfield shift for its carbido carbon nucleus, a
circumstance likely arising from a large 13C chemical shift
anisotropy.38 More detailed studies should shed light on this
interesting finding, in conjunction with information on the M·C
bonding in this unusual species.

Terminal oxo, sulfide, selenide and telluride complexes

In the preceding sections we have seen that Mo[N(R)Ar]3 4
offers ready synthetic inroads to triple bonds involving Mo and
C,55 N9 or P.37 Also, several complexes of the sort YNXNMo[N-
(R)Ar]3 were described (e.g. YX = OP 39,42 SP 38,42 MesNP
4137 and ON 118) which all are linear cylindrically symmetric
8p systems analogous to CO2 or N2O, and thus anticipated to be
rather stable. Thus, the triple bonds and the 8p systems can be
regarded as the ‘sinks’ in the chemistry of Mo[N(R)Ar]3 4.
Especially intriguing in this regard is the observation that the
reaction of 4 with N2O led to exclusive N–N bond cleavage,

rather than to formation of the putative oxo species, ONMo[N-
(R)Ar]3 12.8 The latter result runs completely counter to the
known chemistry of nitrous oxide, a molecule that prefers to act
as an oxo source with liberation of N2.18 Our interest piqued by
these observations, we set out to prepare oxo 12 by an alternate
route. When this endeavor was successful, a further course of
action was undertaken involving synthesis of the heavier
congeners of 12, namely ENMo[N(R)Ar]3 (E = S 47, Se 48 and
Te 49).58

The synthesis of the paramagnetic, chocolate-brown oxo-
molybdenum(v) complex 12 proved to be straightforward,
involving addition of pyridine-N-oxide to an ethereal solution of
4.20 Such a procedure [eqn. (26)] led to isolation of 12 in 72%

yield. Characterization of 12 included EPR spectroscopy,
magnetic susceptibility measurements, 2H NMR spectroscopy,
and X-ray crystallography.20

The structure of monomeric 12 is significant in being of low
symmetry relative to its threefold symmetric relatives, of which
nitride 5 is representative.9 The low symmetry of 12 arises from
three disparate O–Mo–N–Ctert dihedral angles: 40, 3 and 62°;20

a typical value for threefold symmetric analogues being 35°.
Electronic structure arguments indicate that the low symmetry
of 12 (and its heavier congeners, described below) is a
consequence of the d1 electron configuration. The unpaired
electron resides, according to calculations, in an orbital that has
p* character with respect to the MoNO multiple bond. Since
there are two such orbitals, but only one electron to populate
them, the complex is subject to a Jahn–Teller distortion
involving the disposition of the –N(R)Ar ligands. The latter
adopt an orientation that minimizes repulsive interactions
between the unpaired electron and the Mo–N p bonds. The
heavier chalcogenide complexes 47, 48 and 49, which have less
ionic character to their MoNE bonds than in the case of oxo
complex 12, likewise exhibit low-symmetry structures, but
these are Cs as opposed to the case for 12, which in the solid
state has C1 symmetry. Despite the low symmetry of all the
ENMo[N(R)Ar]3 complexes, in solution they are fluxional as
judged by their 2H NMR spectra, which show but a single signal
at 25 °C.20

Whereas the oxo compound 12 was not amenable to
preparation by the direct reaction of Mo[N(R)Ar]3 4 with
dioxygen, the heavier chalcogenide derivatives all could be
prepared by interaction of 4 with the respective elemental
chalcogen.20 Thus, SNMo[N(R)Ar]3 47 was obtained in 63%
yield subsequent to treatment of 4 with S8 [eqn. (27)]. Reaction

of 4 with elemental selenium gave SeNMo[N(R)Ar]3 48 in 80%
yield after 11 h in ether at 25 °C. Elemental tellurium reacted
only sluggishly with 4, such that catalytic PEt3 was employed,
to catalyze the reaction via the phosphine telluride. The result
was the isolation in 73% yield of TeNMo[N(R)Ar]3 49, as a dark
brown solid. Characterization of the molybdenum(v) chaloge-
nide complexes by EPR spectroscopy provided increasingly
well resolved rhombic spectra on going from E = O to E = Te.
Density functional calculations indicated that the covalent
character of the MoNE bond increased as O << S < Se < Te.
The MoNE bond lengths, as determined by X-ray crystallog-
raphy are E = O, 1.706(2); S, 2.1677(12); Se, 2.3115(6) and Te,
2.5353(6) Å (see Fig. 9 for a representative drawing of telluride
49).20

A very telling set of experiments involved thermochemical
measurements made on reactions that lead to oxo 12 and sulfide
47.20 For instance, the heat of reaction of 4 with pyridine-
N-oxide was measured, permitting estimation of the bond
dissociation enthalpy D(MoO) as 155.6 ± 1.6 kcal mol21. This

Fig. 8 Thermal ellipsoid representation of carbide salt [K(benzo-15-crown-
5)2][42], from an X-ray study.55 The Mo·C distance is 1.713(9) Å.
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measurement indicates that 12 possesses one of the strongest
metal–oxo bonds known,59 and carries the corollary that the
result of N2O reaction with 4 is not a consequence of any
thermodynamic bias.19 Although there is a paucity of data for
terminal metal–sulfur bond strengths in the literature, a D(MoS)
of 104.4 ± 1.2 kcal mol21 was obtained for 47 from
measurement of the heat of reaction of ethylene sulfide with 4.20

The latter is an alternative method for preparing 47, an example
of thiirane desulfurization.60 Although experimental data are
not available for the selenide– and telluride–molybdenum bond
dissociation enthalpies, density functional theoretical methods
predict values of 91 and 71 kcal mol21, respectively, for 48 and
49.20

Molecular orbital calculations performed for sulfide 47, as
for the other chalcogenide complexes, indicate the SOMO
(singly occupied molecular orbital) to be largely Mo–E p* in
character. The SOMO is high-lying relative to the highest-lying
doubly occupied level, additionally, such that the complexes
should be regarded as one-electron reductants.20 This behavior
is manifested both in terms of intermolecular and intramolecular
redox chemistry. An example of the former is the ferrocenium
triflate or iodine oxidation of 12 to provide salts of the
[O·Mo{N(R)Ar}3]+ cation. Chalcogenide complexes 12, 47, 48
and 49 are all thermally sensitive, with But radical elimination
from the –N(R)Ar ligands occurring at elevated temperatures.
Thermolysis (60–80 °C, 5–25 h) of the MoNE complexes
accordingly led to first-order decay, with the products being a
new series of diamagnetic molybdenum(vi) chalcogenide
complexes, ENMo(NNAr)[N(R)Ar]2 (E = O 50, S 51, Se 52, Te
53). The thermal instability of 12 and its heavier molybde-
num(v) congeners contrasts sharply with the thermally robust
nature of nitride 59 and phosphide 32.37 such that although the
chalcogenide complexes20 are isolable and could be charac-
terized, they do not represent ‘sinks’ in the chemistry of
Mo[N(R)Ar]3 4.

Concluding remarks

The isolation and characterization of three-coordinate molyb-
denum(iii) complexes has been facilitated by the use of bulky
N-tert-butylanilide ancillary ligands. The remarkable new
complexes, embodied by Mo[N(R)Ar]3 4, display a wealth of
dramatic new reaction chemistries, and thereby have opened up
new areas of inquiry in transition metal chemistry. Accordingly,
dinitrogen cleavage to molecular molybdenum nitride 5 has
been realized under mild and mechanistically well defined
conditions.9 The same nitride forms in equimolar amounts with
nitrosyl 11, in a highly unusual example of nitrous oxide N–N
bond cleavage by 4.8 New vistas have opened for intermetal
N-atom transfer reactivity; N-atom bridged intermediates have

been characterized,10 and the atom transfer reaction has been
coupled with N2 cleavage and metal–metal bond formation.30

White phosphorus, with its tetrahedral P4 molecules, has been
harnessed to provide examples of terminal phosphide species,37

the phosphorus analog of nitride 5.9 The sinks in the system
have been identified as featuring Mo–element triple bonds or
three-membered 8p-electron cumulenes, with Mo[(R)Ar]3
comprising a terminus. These observations have permitted the
chemistry to be extended to encompass the terminal carbide
functionality (one-coordinate carbon bonded to a single
metal),55 and a molybdenum complex of phosphorus monox-
ide.42

As the reactivity patterns for 4 become more well established,
it will be of interest to probe the detailed effects of ligand-
induced steric requirements in the system, and to search for
routes to related three-coordinate compounds based on other
metals, including tungsten. Because Mo[N(R)Ar]3 4 can be
prepared in multigram quantities, and can be prepared inex-
pensively for synthetic applications without deuterium-enrich-
ment in the –N(R)Ar ligand,61 it may be expected that the
compound will find manifold applications in synthetic chem-
istry. At the very least, the reaction pathways uncovered in the
context of studying 4 and related compounds can serve as a
starting point for the mechanism-based design of new reagents
or catalyst systems.

Finally, the characterization of Mo[N(R)Ar]3 48 and the
initial elucidation23 and documentation9 of its reaction che-
mistry37 serve as a striking reminder of the riches that surely do
remain to be mined within the realm of exploratory synthetic
inorganic chemistry.
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61 The natural isotopic abundance amine N-tert-butyl-3,5-dimethylaniline
is conveniently prepared in 50–100 g batches via aryne generation from
1-bromo-2,4-dimethylbenzene in tert-butylamine solvent. The proce-
dure is analogous to the preparation of the ‘parent’ N-tert-butylaniline as
reported in the following: E. R. Biehl, S. M. Smith and P. C. Reeves,
J. Org. Chem., 1971, 36, 1841. The desired amine, N-tert-butyl-
3,5-dimethylaniline, is produced in ca. 75% crude yield, and is
separated from its isomer by recrystallization of the hydrochloride.
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Synthesis and characterization of the nine-atom, rhena- and tungsta-boranes
(Cp*Re)2B7H7 and (Cp*W)2B7H9, Cp* = h5-C5Me5. Molecular mimics of
hypoelectronic main-group clusters in Zintl phases

Andrew S. Weller, Mayou Shang and Thomas P. Fehlner*

Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 45665 USA.
E-mail: Fehlner.1@nd.edu

Geometric and molecular orbital analyses of the metal-
laboranes (Cp*Re)2B7H7 and (Cp*W)2B7H9, which display
unusual, but identical, core structures and skeletal electron
pair counts of n2 2, demonstrate a close connection between
these molecular compounds and anionic, hypoelectronic
main-group clusters found in the solid state.

The chemistry of metallaborane complexes is dominated by
two-valence electron fragments of Group 8 and Group 9
metals1–3 such as {Fe(CO)3} or {CoCp}, Cp = h5-C5H5, in
which the metal fragment replaces a boron vertex in the
resulting metallaborane.4 The fact that transition-metal halides,
[Cp*MCln]m, Cp* = h5-C5Me5, react with monoboron reagents
to yield metallaboranes5 permits the synthesis of compounds
containing earlier transition metals (M = Ta,6 Cr,7 Mo8 and
W9,10). We anticipated that the lower number of valence
electrons and higher frontier orbital energies of such fragments
would lead to unusual behavior. Indeed, in small clusters the
metal center introduces unsaturation on the bonding network
supported, in part, by the relatively higher energy metal
functions.6–8 Alternatively, when more boron atoms are availa-
ble, highly capped structures result.9 Moving to Group 7
transition metals11,12 we now report the synthesis of the first
example of a dirhenaborane, which displays an unprecedented
nine-atom molecular structure. For support, the nearly iso-
structural and isoelectronic tungsten analog is also described.

Addition of BH3·thf to Cp*ReCl413 at room temperature and
subsequent gentle heating affords the pale yellow rhenaborane
(Cp*Re)2B7H7 1 in good yield after chromatographic work-
up.† Its red, isostructural and isoelectronic partner,
(Cp*W)2B7H9 2 is formed as a minor product during the
pyrolysis of Cp*WH3B4H8 in toluene.‡9 Both compounds 1 and
2 have been fully characterized by single-crystal X-ray
diffraction,11B and 1H NMR spectroscopy and high-resolution
mass spectrometry. The 11B NMR spectra of 1 and 2 display
four signals in the ratio 1 : 2 : 2 : 2, distributed over an unusually
large14 chemical shift range of ≈ 100 ppm. In addition to signals
due to Cp* and BHt groups, the 1H NMR spectrum of 2 displays
a broad integral two resonance at d 28.9 in the region
associated with m or m3 B–H–M groups while for 1 the high-
field region is featureless.

The solid-state molecular structures of compounds 1 and 2
are shown in Fig. 1.§ Both feature similar structural cores,
although the structural motif is not one anticipated for a nine-
atom cluster e.g. tricapped trigonal prism. Compound 1 has
effective C2v symmetry, while the presence of the two m3 B–H–
W hydrogen atoms affords 2 with approximate C2 symmetry.
The metal–metal distances of 2.7875(6) in 1 and 2.9522(8) Å in
2, both fall in the range associated with their respective M–M
single bonds.15 The seven skeletal electron pairs (sep) asso-
ciated with 1 and 2 are three less than expected for a normal
nine-vertex closo cluster.16 Hence, we have explored the
geometric and electronic factors responsible.

Fenske–Hall calculations17,18 on the Cp analogs of 1 and 2
show a large HOMO–LUMO gap for both compounds con-

sistent with the observed stability and electron count. The
respective HOMOs are metal–metal bonding and their unfilled
antibonding partners are found to higher energy. Further
confirmation of a metal–metal bond is provided by Mulliken
overlap populations of 0.12 and 0.13 for 1 and 2, respectively.
Corbett has described examples of hypoelectronic main-group
clusters in Zintl phases19 with accompanying non-standard
deltahedral structures. Distortion of the standard deltahedron for
a given closo n-atom skeleton to that observed leads to a
reduced number of low-energy cluster bonding orbitals thereby
supporting the low sep count found. In a similar spirit, we note
that the observed geometry of 1 (and 2) may be generated by a
45° rotation of one of the square pyramidal faces of a tricapped
trigonal prism around its C2 axis thereby converting the four

Fig. 1 The molecular structure of (Cp*Re)2B7H7 1 (top) and (Cp*W)2B7H9

2 (bottom). Selected bond distances (Å) for 1: Re(1)–Re(2) 2.7875(6),
Re(1)–B(1) 2.053(13), Re(1)–B(2) 2.14(2), Re(1)–B(3) 2.12(2), Re(1)–
B(4) 2.231(14), Re(1)–B(5) 2.28(2), Re(1)–B(7) 2.116(14), B(1)–B(2)
1.81(2), B(2)–B(4) 1.80(2), B(3)–B(5) 1.85(3), B(5)–B(6) 1.69(3),
B(6)–B(7) 1.70(2). Selected bond distances (Å) for 2: W(1)–W(2)
2.9522(8), W(1)–B(1) 2.154(14), W(1)–B(3) 2.160(12), W(1)–B(6)
2.209(15), W(1)–B(2) 2.268(14), W(1)–B(5) 2.285(14), W(1)–B(4)
2.441(15), B(1)–B(2) 1.809(19), B(2)–B(4) 1.937(19), B(3)–B(5) 1.89(2),
B(5)–B(6) 1.75(2), B(6)–B(7) 1.74(2).
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five-connect vertices of the square base into two four- and two
six-connect vertices (Scheme 1). Inclusion of a metal–metal
bond generates the observed structure. We have successfully
modeled this distortion for 1. On moving from a hypothetical
neutral Re2B7 tricapped trigonal prism with a Re–Re bond to the
observed structure, two low lying orbitals move to higher
energy, thereby accounting for the observed sep count of n2 2.
Alternatively, the observed structure can be rationalized by
inserting a {BH} fragment into a B–B bond of a hypothetical
dodecahedral Cp*2Re2B6H6 cluster. Note that the observed
geometry accommodates the electropositive metal centers in
high connectivity cluster vertices as well as the propensity for
both rhenium and tungsten to form metal–metal bonds.

Compounds 1 and 2 can thus be described as molecular
metallaborane counterparts of hypoelectronic main-group clus-
ter Zintl phases. Of course, they possess different properties
being neutral (no cations or high cluster charges), molecular
(soluble in aliphatic solvents) and modestly air-stable. Full
details as well as related chemistry will appear in due course.

The generous support of the National Science Foundation is
gratefully acknowledged.

Notes and References

† Reaction of Cp*ReCl4 (0.06 g, 0.130 mmol) with BH3·thf (6 equiv.) for 16
h at 45 °C in toluene, followed by removal of volatiles in vacuo and
purification by chromatography (toluene–hexane 1 : 2) afforded moderately
air-stable, pale yellow, (Cp*Re)2B7H7 1 (0.036 g, 0.497 mmol, 66% yield
based on Re). Spectroscopic data for 1: MS (FAB, NBA matrix), M+ = 728,
2 Re, 7 B, 20 C atoms, calc. m/z 728.2662, obs. 728.2676. 11B NMR (C6D6,
21 °C) [J(11B–1H) in parentheses]: d 101.7 [d, 1 B (169 Hz)], 85.6 [d, 2 B
(164 Hz)], 82.1 [d, 2 B (164 Hz)], 3.6 [d, 2 B (166 Hz)]. 1H NMR (C6D6,
21 °C): d 11.21 [partially collapsed quartet (pcq), 2 H (162 Hz)], 10.12 [pcq,
1 H (167 Hz)], 8.63 [pcq, 2 H (173 Hz)], 1.92 (s, 30 H, Cp*), 20.04 [pcq,
2 H (166 Hz)].
‡ Pyrolysis of Cp*WH3B4H8 in toluene at 110 °C for 20 min afforded
(Cp*W)2B7H9 2 in low yield (5%) after preparative thin-layer chromatog-
raphy as an inseparable mixture with (Cp*W)3(m-H)B8H8. Spectroscopic

data for 2: MS (FAB), M+ = 723, 2 W, 7 B, 20 C atoms, calc. m/z 723.2785,
obs. 723.2773. 11B NMR (C6D6, 21 °C): d 99.0 [d, 1 B (147 Hz)], 83.5 [d,
2 B (153 Hz)], 46.6 [d, 2 B (158 Hz)], 17.6 [d, 2 B (136 Hz)]. 1H NMR
(C6D6, 21 °C): d 10.40 [pcq, 2 H (146 Hz)], 10.15 [pcq, 1 H (143 Hz)], 5.98
[pcq, 2 H (156 Hz)], 2.23 [pcq, 2 H (136 Hz)], 2.04 (s, 30 H, Cp*), 28.88
(2 H, m3-H).
§ Crystallographic data for 1, C20H37B7Re2, M = 725.57, tetragonal,
P42bc, a = 23.750(3), b = 23.750(3), c = 9.0035(7) Å, U = 5078.7(10)
Å3, Z = 8, m = 9.530 mm21. 5079 independent reflections collected (293
K) and 3870 were observed [I > 2s(I)]. R1 = 0.0388, (wR2 0.0855).

For 2: C20H39B7W2, M = 722.88, monoclinic, P21/n, a = 8.8158(17), b
= 18.068(5), c = 16.623(4) Å, b = 101.34(3)°, U = 2596.0(11) Å3, Z =
4, m = 8.860 mm21. 4525 independent reflections collected (293 K) and
3835 were observed [I > 2s(I)]. R1 = 0.0492, (wR2 0.1337). CCDC
182/941.
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Stereoretentive introduction of (E)- and (Z)-g-alkoxyallyl groups into carbonyl
compounds via light-promoted reaction with g-alkoxyallylstannanes

Akio Takuwa,*† Yutaka Nishigaichi, Seiji Ebara and Hidetoshi Iwamoto

Department of Material Science, Faculty of Science and Engineering, Shimane University, Matsue, 690-8504, Japan

The light-promoted condensation between carbonyl com-
pounds and (E)- or (Z)-g-alkoxyallylstannanes affords
predominantly the linear homoallylic alcohols, with reten-
tion of the double bond geometry of the g-alkoxyallyl
moieties.

It is well-known that both (E)- and (Z)-g-methoxyallylstannanes
add to aldehydes at the g-position in the presence of BF3•OEt2
to produce the vicinal diol monomethyl ether (g-product).1 The
a-ethoxyallylstannane also afforded the g-product via a double
allylic shift (one at the reagent level and the second in the
addition reaction).2 In addition, Thomas,3 Marshall4 and Gung5

have reported that a-alkoxy or a-silyloxy substituted crotyl-
stannanes also reacted at the g-position with aldehydes or
ketones under both thermal and Lewis acid-promoted condi-
tions to afford the homoallyl alcohols having an alkoxy or
silyloxy group at the terminus of the allylic carbon (i.e. vinyl
ethers) and that the geometry of the vinyl ether unit in the
products is generally Z or an E/Z mixture depending on the
reaction conditions and on the substrates. Thus, the stereor-
etentive introduction of (E)- and (Z)-g-alkoxyallyl groups at the
a-position of carbonyl compounds has yet to be developed. We6

and Fukuzumi7 have found recently that the light-promoted
reaction between Group 14 organometallic compounds and
electron accepting carbonyl compounds is one of the most
useful methodologies for selective carbon–carbon bond form-
ing reactions. In connection with our interest in the light-
promoted reaction of allylstannane, we studied the photoallyla-
tion of carbonyl compounds with g-methoxy- and
g-siloxy-allylstannanes. Reported here is the first example of
the regioreversed and stereoretentive introduction of (E)- and
(Z)-g-alkoxyallyl groups via light-promoted reaction (Scheme
1).

Irradiation (hn > 400 nm) of an MeCN solution containing
(E)-g-(methoxyallyl)tributylstannane [(E)-1a, 24 mmol dm23]
and benzil (2a, 20 mmol dm23) for 2 h at 0 °C gave two addition
products. These were identified as the desired a-product (E)-3a
(74%) and the regioisomeric g-product 4a (18%) (Table 1, entry
1). Irradiation of the diketone 2a with the geometrically
isomeric tin reagent (Z)-1a under the same conditions afforded

the a-product (Z)-3a (66%) and the regioisomer 4a (23%)
(entry 2). The E/Z olefin geometry of a-product 3a could be
deduced from the 12.7 and 6.3 Hz coupling constants of the
vicinal vinyl protons in the 1H NMR spectrum.‡ Double
allylation of the two carbonyl groups in the diketone 2a did not
occurred even under prolonged irradiation. The photoallylation
also proceeded even in less polar solvents such as benzene and
hexane, but slightly less efficiently. (E)- and (Z)-g-[(tert-
Butyldimethylsiloxy)allyl]tributylstannanes [(E)- and (Z)-1b]
also reacted photochemically with 2a to give again the desired
a-products predominantly, with complete retention of the
double bond geometry of the allylic moiety of the tin reagent 1b
in both cases (entries 3 and 4). When the
g-methoxyallylstannane had a bulky tert-butyl group at the
b-position (1c), it showed complete a-regioselectivity [eqn.
(1)]. Thus, the a-regioselectivity depended upon the steric
crowding around the g-position of the allylic stannanes.

The photoallylation of p-cyanobenzaldehyde 2b with
g-alkoxyallylstannanes was also examined. Irradiation of the
absorption band of aldehyde 2b in MeCN containing (E)- or
(Z)-1a with light of wavelength longer than 320 nm for 5 h at 0
°C gave two regioisomeric homoallylic alcohols in which the
g-methoxyallyl group was again introduced preferentially at the
a-position (entries 5 and 7). Similar but higher
a-regioselectivity was observed in the photoallyltion with the
siloxyallyltin reagents (E)- and (Z)-1b. However, the
g-alkoxyallylic groups in both the tin reagents 1a,b were

Scheme 1

Table 1 Light-promoted condensation of (E)- and (Z)-g-alkoxyallyltributyl-
stannanes with carbonyl compounds

Entry 1 2 T/°C Products (% yield; E:Z)a,b

1 (E)-1a 2a 0 3a (74; 98:2), 4a (18)
2 (Z)-1a 2a 0 3a (66; 2:98), 4a (21)
3 (E)-1b 2a 0 3b (78; 99:1), 4b (9)
4 (Z)-1b 2a 0 3b (74; 1:99), 4b (14)
5 (E)-1a 2b 0 3c (36; 91:9), 4c (14)
6 (E)-1a 2b 278 3c (37; 96:4), 4c (13)
7 (Z)-1a 2b 0 3c (32; 14:86), 4c (17)
8 (Z)-1a 2b 278 3c (42; 8:92), 4c (21)
9 (E)-1b 2b 0 3d (39; 88:12), 4d (8)
10 (E)-1b 2b 278 3d (37; 92:8), 4d (6)
11 (Z)-1b 2b 0 3d (36; 13:87), 4d (12)
12 (Z)-1b 2b 278 3d (47; 8:92), 4d (15)
13 (E)-1a 2c 278 3e (52; 96:4), 4e (15)
14 (Z)-1a 2c 278 3e (46; 9:91), 4e (19)

a E:Z ratios were determined by 1H NMR analysis of the crude mixture.
b The g-products consisted of a 1:1 mixture of syn and anti diaster-
eomers.
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introduced with partial loss of the geometry of the allylic double
bond. On the other hand, when the irradiation was carried out at
278 °C in propionitrile, the geometry of the g-alkoxyallylic
group of the tin reagents 1a,b was almost completely main-
tained in the a-products (entries 6 and 8). Benzophenone 2c
could also be allylated with (E)- and (Z)-1a to give preferen-
tially the a-product with retention of the geometry of the
g-methoxyallyl moiety (entries 13 and 14).

The present allylation is initiated by an electron transfer from
the tin reagent 1 to the photoexcited carbonyl compound 2 to
give the g-alkoxyallyltributyltin radical cation (1•+)-ketyl
radical anion pair (2•2), followed by the dissociation of the
(g-alkoxyallyl) CUSn bond of 1•+ into a g-alkoxyallyl radical
and a tributyltin cation.6,7 The resulting g-alkoxyallyl radical
couples with 2•2 preferentially at the less crowded a-position to
yield the linear homoallylic alcohol. The configuration of the
g-alkoxyallyl unit is maintained without E/Z-isomerization
during all these processes to give the a-product stereospecif-
ically.

When the BuSnCl3-mediated transmetallation method8 was
employed for the reaction of the tin reagents (E)- and (Z)-1a
with aldehyde 2b, the a-product 3a was also produced from
both the tin reagents, but the olefin geometry of the product 3a
was Z regardless of the geometry of the starting tin reagents.§ In
addition, it has been reported that alkoxyallyl carbanion
reagents (ROCH§CHCH2M: R = alkyl or SiMe3; M = Li)
react with electrophiles including carbonyl compounds to afford
(Z)-linear vinyl ethers.9

In conclusion, we have found that the present light-promoted
reaction provides the first example of a stereoretentive introduc-
tion of (E)- and (Z)-g-alkoxyallyl groups from
g-alkoxyallylstannanes into carbonyl compounds at the
a-position.

This work was supported by a Grant-in-aid for Scientific
Research (No. 09640636) from the Ministry of Education,
Science, Sports and Culture, Japan.

Notes and References

† E-mail: takuwa@riko.shimane-u.ac.jp
‡ After irradiation, the products were separated into individual regioisomers
(3a and 4a) by TLC (SiO2, hexane–Et2O, 1:1, v/v). Each geometrical isomer
could be purified by carefully repeating the TLC separation (hexane–

CH2Cl2, 1:2, v/v). Selected data for a-product (E)-3a: oil; dH(CDCl3, 270
MHz) 2.7 (dd, J 7.7, 15.2, 1H), 3.0 (dd, J 7.7, 13.2, 1H), 3.4 (s, 3H), 4.1 (s,
1H), 4.4 (ddd, J 12.7, 13.2, 15.2, 1H), 6.2 (d, J 12.7, 1H), 7.2–7.8 (m, 10H);
nmax(CHCl3)/cm21 3534 (OH), 1679 (C§O). For a-product (Z)-3a: oil;
dH(CDCl3, 270 MHz) 2.9 (dd, J 7.0, 14.4, 1H), 3.2 (dd, J 7.0, 15.4, 1H), 3.4
(s, 3H), 4.4 (ddd, J 6.3, 14.4, 15.4, 1H), 4.5 (s, 1H), 6.0 (d, J 6.3, 1H),
7.2–7.8 (m, 10H); nmax(CHCl3)/cm21 3542 (OH), 1673 (C§O). All other
compounds gave satisfactory spectral data. The g-product 4a consisted of a
1:1 mixture of syn and anti diastereomers, which supports the proposed
reaction mechanism showing the products being formed by the combination
of allylic and ketyl radicals.
§ To a solution of the tin reagent (E)- or (Z)-1a (0.3 mmol) in CH2Cl2 (6 ml)
under N2 at 278 °C was added BuSnCl3 (0.3 mmol) in CH2Cl2 (3 ml). After
stirring the mixture at that temperature for 10 min, the substrate 2b (0.2
mmol) was added slowly and the resulting mixture was stirred for 2 h at that
temperature. The reaction mixture was quenched with a 10% aq. KF and
worked up as usual. The (Z)-a-product was obtained in 19 and 71% yield,
respectively, along with a very small amount of g-product [(Z)-3a:4a =
91:9 from (E)-1a; 99:1 from (Z)-1a].
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Intralayer hydrogen-bond-directed self-assembly of nano-fibers from
dicarboxylic valylvaline bolaamphiphiles

Masaki Kogiso,*† Takeshi Hanada, Kiyoshi Yase and Toshimi Shimizu

National Institute of Materials and Chemical Research, 1-1 Higashi, Tsukuba, Ibaraki, 305-8565, Japan

Dicarboxylic L-valyl-L-valine bolaamphiphiles produced
nanoscale fibers with widths of 10–30 nm, via proton-
triggered self-assembly in water, which are dominated by
both intralayer, lateral hydrogen-bond networks between
end carboxylic acid groups and parallel b-sheet networks
between amide groups.

Carboxylic amphiphiles form a variety of self-assemblies such
as micelles, vesicles, fibers, and crystals in water. The
formation behavior strongly depends upon hydration states, salt
concentrations, and pH conditions in aqueous dispersions.1,2 In
particular, the end carboxy groups exist as carboxylate anions
(soap), acid–soaps, acids, or a mixture of these. To date it is still
uncertain whether inter- or intra-layer carboxy interactions
enforce the crystalline order and whether they dominate
supramolecular structures or not.3 A large number of crystal
structures have been reported for fatty acids that form an acid-
acid cyclic dimer,3,4 whereas only one crystallization was
achieved for potassium palmitate soap.3,5 This indicates that no
specific interlayer interactions are dominant in the soaps. We
have recently demonstrated the formation of rod-like micelles,
supramolecular microtubes,6 and needle-shaped crystals7 in
water from dicarboxylic glycylglycine bolaamphiphiles. In
addition to hydrophobic interactions between the alkylene
spacers, the predominant forces driving these self-assemblies
involve anion-anion, intralayer acid-anion, and interlayer acid-
acid interactions, respectively.8 Here we describe proton-
triggered nano-fiber formation from valylvaline bolaamphi-
philes 1–3, which is dominated by intralayer acid-acid and
amide hydrogen-bond networks. Furthermore, the separate
contributions of the inter- and intra-layer interactions on the
supramolecular structures was evaluated using FT-IR analy-
sis.

The dicarboxylic bolaamphiphiles 1–3 with an L-valyl-
L-valine moiety at each end were synthesized by condensation
of alkane-1,n-dicarboxylic acid (n = 6, 8 and 10) with 2 equiv.
of C-protected L-valyl-L-valine benzyl ester, followed by
deprotection of the C-terminal.‡

The obtained white powders of 1–3 are sparingly soluble in
water ( < 0.1 mg ml21 at 23 °C), but become highly soluble
( > 50 mg ml21 at 23 °C) after neutralization with alkali
hydroxides. When alkaline aqueous solutions of 1–3 (10 mM, 2
equiv. NaOH, pH > 7) were slowly acidified by vapor diffusion
of 1–5% AcOH into the solution,7,8 the bolaamphiphiles 2 (n =
8) and 3 (n = 10) produced a hydrogel in 1–2 weeks. In
contrast, the bolaamphiphile 1 (n = 6) with a shorter
oligomethylene bridge formed a crystalline solid as a precip-
itate. We obtained these self-assemblies at pH 3.4, 4.3 and 4.9

for 1, 2 and 3, respectively. From pH titration results,8 the
original carboxylate anions of 1–3 proved to be fully protonated
at these pH values. Elemental analyses of the crystal from 1 and
the dehydrated gels from 2 and 3 are also consistent with the
protonated state.§

Energy-filtering transmission electron microscopy
(EF2TEM) is a useful tool for observing low-contrast organic
and biological samples without staining.9 Furthermore, un-
stained TEM observations have the advantage of avoiding
awkward microscopic artifacts. EF2TEM of the hydrogel
revealed that the gels from 2 and 3 are comprised of a number
of fibrous assemblies with micrometers lengths [Fig. 1(a)].
High-resolution EF2TEM images clearly show the presence of
nanoscale fibers with widths of 10–30 nm [Fig. 1(b)]. No
significant intertwisted fibers, observed for organogels made of
N-protected bolaform amides,10 can be seen. Furthermore,
small angle X-ray diffraction analysis of the fibers from 2 and
3 displayed no crystalline Bragg reflections. These findings
indicate that the proton-triggered self-assembly provides supra-
molecular fibers made of the fully protonated bolaamphiphiles
2 or 3.

FT-IR spectra of the dried self assemblies from 1–3 were
measured on a CaF2 plate. Fig. 2 shows a partial FT-IR
spectrum of the dehydrated fibers from 3. The CH2 antisym-
metric and symmetric stretching bands of 3 appear at 2930 and
2856 cm21, respectively. The CH2 scissoring band gives a
single sharp peak at 1467 cm21. These band characteristics

Fig. 1 (a) Energy-filtering transmission electron micrograph of the nano-
fibers made of 3. (b) High-resolution image of the same specimen.

Fig. 2 FT-IR spectrum of the dehydrated fibers from 3 in the region of
1000–4000 cm21
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suggest that the alkylene bridge of 3 has a high trans
conformational population11 and that its packing mode is
triclinic.12 On the other hand, the presence of a parallel b-sheet
network between amide groups can be confirmed by the N–H
stretching, with the amide I and II bands at 3296, 1640 and 1549
cm21, respectively.13 This is in contrast with the three-
dimensional networks of hydrogen bonds found within micro-
tube membranes and crystals of oligoglycine bolaamphi-
philes.7,8 The isopropyl groups of the valine residue enforce
two-dimensional hydrogen-bond networks due to steric hin-
drance.

A broad band due to the carboxylic acids (CO2H) appears
around 1725 cm21, whereas no carboxylate anion (COO2)
bands can be seen around 1600 cm21. Fig. 3 shows FT-IR
spectra in the CO2H band region for the dried self-assemblies of
1–3 and their second derivative plots. Curve-fitting analysis
also supports the validity of this deconvolution for the CO2H
band. As a result, we found three independent absorption bands
at 1741, 1725, and 1711 cm21 for 3. The absorption bands near
1740 and 1725 cm21 can be assigned to the C§O stretching
vibration of the free, non-hydrogen bonded and laterally
hydrogen-bonded CO2H groups, respectively.14 On the other
hand, the bifurcated hydrogen bond of the CO2H groups, which
is commonly observed in the solid state, displays a band around
1710 cm21. The area ratio of each band for 3 is calculated to be
20:65:15 for the non-hydrogen-bonded:laterally hydrogen-
bonded:bifurcated CO2H groups. The nano-fibers made of 2
also display three FT-IR bands at 1738, 1722, and 1708 cm21

with an area ratio of 15:60:25, respectively. However, the CO2H

band area ratio of 1 is 20:35:45. These results indicate that
intralayer, lateral hydrogen-bond networks are of great im-
portance in the nano-fiber formation from 2 and 3. On the basis
of the FT-IR analyses, a possible hydrogen-bond network
within the nano-fibers is shown in Fig. 4. Intralayer interactions
between the carboxylic peptide head groups enforce an
extended molecular sheet. Similar structures were also depicted
for the organogel-forming bolaform amides with no interacting
end functionalities.10 On the other hand, interlayer cyclic dimer
formation by the CO2H groups determines the crystalline
structure of 1. The bolaamphiphile 1 probably requires stronger
interlayer interactions to compensate for a decrease in hydro-
phobic interactions.

In conclusion, the FT-IR deconvolution analysis of the CO2H
bands clarified that intra- and inter-layer interactions between
the head groups of 1–3 control the formation of supramolecular
nano-fibers and the crystalline solid, respectively.

Notes and References
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mp 184 °C; [a]D246.1. For 3: yield 61%, mp 134 °C; [a]D239.9; dH(270
MHz, [2H6]DMSO) 0.83 [d, J 5.4, 24H, (CH3)2CH3 4], 1.20 [m, 12H,
CH2(CH2)6CH2], 1.45 [m, 4H, CH2(CH2)6CH2], 1.99 [m, J 5.4, 4H,
(CH3)2CH3 4], 2.08 (t, J 5.4, 4H, COCH2CH23 2), 4.08 (t, J 5.4, 24H,
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electron energy filter at room temperature.
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Fig. 3 FT-IR spectra in the CO2H band region of the dried self-assemblies
from (a) 1, (b) 2 and (c) 3. Top: second-derivative plots. Bottom: curve-
fitting results.

Fig. 4 A possible model for the predominant intralayer hydrogen-bond
network within the nano-fibers from 2 or 3. Interlayer acid-acid hydrogen
bonds are partly depicted.
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An STM–XPS study of ammonia oxidation: the molecular architecture of
chemisorbed imide ‘strings’ at Cu(110) surfaces

Albert F. Carley, Philip R. Davies and M. Wyn Roberts*

Department of Chemistry, Cardiff University, PO Box 912, Cardiff, UK CF1 3TB. E-mail: robertsmw@cardiff.ac.uk

The structural characteristics of imide strings formed when
a Cu(110) surface is exposed to an ammonia rich NH3–O2
mixture at 325 K have been determined by STM. The
spacing of the NH units within a string is 5 Å and at
complete coverage the strings are separated by 7.2 Å.

Here we provide a detailed insight into the structure of the imide
overlayer that results from the oxidation of ammonia at a
Cu(110) surface. The experiment was carried out under
dynamic co-adsorption conditions where there is no evidence at
the surface of either of the two reactants, ammonia and oxygen,
and investigated using X-ray photoelectron spectroscopy (XPS)
and scanning tunneling microscopy (STM). The combination of
STM with in situ XPS provides a unique and powerful approach
to the study of the mechanism of surface reactions: STM
provides structural information at the atomic level and XPS
allows chemical identification of the surface species. The dual
function ultra high vacuum spectrometer was supplied by
Omicron Vakuumphysik.

The formation of a chemisorbed imide adlayer at a Cu(110)
surface exposed to an ammonia-rich (30 : 1) mixture of
ammonia and dioxygen was first established by us using XPS
and high resolution electron energy loss spectroscopy
(HREELS).1,2 Subsequently, Bradshaw et al.3 showed using
photoelectron diffraction that the imide species are adsorbed in
the short-bridge site on Cu(110). Previous STM studies by
Madix’s group4 have concentrated on the reaction of pre-
adsorbed oxygen atoms on Cu(110) by ammonia. Chem-
isorptive replacement of oxygen occurs primarily at Cu–O chain
ends4,5 leading to a mixed imide–oxygen adlayer.

An STM image of the Cu(110) surface saturated with imide
species (Fig. 1) shows close-packed, broad NH(a) ‘strings’ with
a uniform separation between strings of 7.2 Å, which is close to

twice the copper lattice spacing in the < 100 > direction. Since
individual NH species are generally not resolved along the
strings, STM alone cannot determine the packing density of the
imide moieties in the < 11̄0 > direction. However, quantifica-
tion6 of the observed XP N(1s) spectrum gives a saturation
coverage of 2.6 3 1014 cm22. Population of all the short bridge
sites (i.e. a 2 3 1 structure) would lead to a saturation imide
coverage of ca. 5 3 1014 cm22. We conclude that the imide
species are adsorbed in alternate short bridge sites, with a NH–
NH spacing of ca. 5 Å. This is in excellent agreement with
recent density functional calculations.7 Whether the imide
species are adsorbed in a p(2 3 2) or a c(2 3 4) surface structure
cannot be determined from the present data.

Corroboration of the intermolecular spacing of the imide
molecules comes from an analysis of the string labelled ‘6’ in
Fig. 2, observed during the real-time study of the growth of
imide strings on the copper surface at 325 K. Unusually,
discrete features within the string are resolved in this case, with
a spacing of 5.2 Å. We were able to observe this particular
feature develop alongside the already completed NH string
labelled ‘5’ at approximately the same rate as other NH strings.
The feature was stable (as were all the features recorded in this

Fig. 1 STM image of a Cu(110) surface saturated with imide species after
several hours exposure to the 30 : 1 ammonia–dioxygen mixture. Note the
regular spacing of the imide rows. STM imaging conditions: sample bias
20.62 V, tunneling current 0.24 nA, scan speed 215 nm s21.

Fig. 2 STM image recorded during exposure of a Cu(110) surface at 325 K
to a 30 : 1 ammonia–dioxygen mixture; the image was recorded after 2300
s at a mixture pressure of 1.5 3 1028 mbar. The characteristically broad
imide rows are aligned in the < 11̄0 > direction. Selected NH strings are
numbered 1–6; the line profile below the image was obtained between the
points A and A' and shows a corrugation reflecting the individual imide
species in row 6. STM imaging conditions: sample bias 21.00 V, tunneling
current 0.25 nA, scan speed 91 nm s21.
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experiment) for at least 40 minutes and was identical in both the
forward and the reverse scan. Why the NH molecules should be
resolved in this particular feature (and a few others) but not in
the majority of cases is not clear. We have already reported1,2

that XPS shows that only NH is present at the surface, as
reflected in an N 1s feature with a binding energy of 397.8 eV,
during exposure of Cu(110) to such an ammonia–dioxygen
mixture.

It is significant that the NH species form extended strings at
the surface, rather than simply adsorbing randomly. We have
previously established that under dynamic co-adsorption condi-
tions novel surface chemistry can be observed through the
interaction of weakly adsorbed species, possessing a short
surface life-time, with reactive co-adsorbates (see the reviews in
ref. 8). In this case, NH formation results from the interaction of
ammonia molecules (present at immeasurably low coverages
under the reaction conditions and undergoing rapid surface
diffusion) with transient oxygen species. The NH (possibly
radical-like) species then diffuse across the terraces and are
trapped at sites adjacent to the ends of NH strings, where they
are energetically most stable.7 We have not however been able
to progress further the debate1,9 as to whether at the Cu(110)
surface the reactive oxygen species are atomic [eqns. (1) and
(2)] or molecular [eqn. (3)] in nature (s = surface transient; a =
chemisorbed species):

Both atomic10 and molecular11 transient oxygen species have
been implicated in the surface chemistry observed at other metal
surfaces under dynamic coadsorption conditions.

A further observation that can be made in Fig. 1 is that during
the early stages of the development of the NH overlayer,
nucleation of NH strings frequently occurs not at the ideal close-
packed spacing of 7.2 Å but one lattice spacing further apart
giving a spacing of 10.8 Å. (Compare for example the
separation between NH strings 1 and 2, and 3 and 4.) This
observation is interesting because although these NH strings
appear very stable even at 325 K, continual exposure to the

ammonia–dioxygen mixture generates a close-packed layer
with a uniform 7.2 Å string separation. This can only result from
a displacement of some of the NH chains due to lateral
interactions between imide species, as newly formed NH groups
diffuse to short-bridge sites located between imide chains
separated by 10.8 Å.

In summary, the mechanism of the selective oxidation of
ammonia at Cu(110), first investigated using X-ray and electron
energy loss spectroscopies,1,2 has been developed through STM
to provide a model at the molecular level. Details of the
interatomic spacing of the NH units within an imide string and
the spacings between the rows of strings have been obtained for
the first time.

We are grateful to EPSRC for their generous support of this
research.
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Short and efficient route to substituted linear triquinanes from
2-methoxyphenols

Day-Shin Hsu, Polisetti Dharma Rao and Chun-Chen Liao*†

Department of Chemistry, National Tsing Hua University, Hsinchu, Taiwan 30043

Highly oxygenated and substituted cis,anti,cis fused linear
triquinanes are prepared from commercially available
2-methoxyphenols and cyclopentadiene.

Extensive efforts by synthetic organic chemists during the last
two decades towards the synthesis of polyquinane natural
products have resulted in the development of several elegant
approaches.1 However, except for a few, most of these
approaches are either target oriented or require fairly long
sequences of reactions to arrive at the desired carbon frame-
work. Consequently, the search for new methodologies that
provide efficient and rapid access to desired quinane skeletons
continues.

Masked o-benzoquinones 1 bearing an array of functional
groups can be easily generated in situ by the oxidation of
commercially available 2-methoxyphenols with hypervalent
iodine reagents such as (diacetoxy)iodobenzene (DAIB) and
[bis(trifluoroacetoxy)]iodobenzene (BTIB) in MeOH.2 Masked
o-benzoquinones 1, being the most easily accessible cyclohexa-
2,4-dienones, readily undergo Diels–Alder reactions in various
modes, i.e. they act as dienes and dienophiles in both inter- and
intra-molecular reactions.2–6 We have already made use of these
reactions in the synthesis of highly functionalized bicyclo-
[2.2.2]octenones,2 cis-decalins,3,4 linear and angular triqui-
nanes5 and in the synthesis of several natural products.6 We
herein report the development of a new and simple approach to
facilitate stereoselective synthesis of highly substituted linear
triquinanes using Diels–Alder reactions of cyclopentadiene
with in situ generated masked o-benzoquinones and oxa-di-
p-methane (ODPM) photorearrangement as the key steps.

Accordingly, we have carried out the Diels–Alder reactions
of cyclopentadiene with masked o-benzoquinones 1, generated
in situ by adding a solution of a 2-methoxyphenol 2 (2 mmol) in
MeOH (8 ml) to a mixture of DAIB (3 mmol) and cyclopenta-
diene (50 mmol) in MeOH (6 ml) at reflux during 1 h. It was
observed that products 3 were produced exclusively except in
the cases of 1d and 1f (Scheme 1, Table 1). Masked
o-benzoquinones 1d and 1f produced both the possible adducts,
i.e. 3d and 4d and 3f and 4f, respectively. Compound 4d was
isolated in pure form while the thermally unstable compound 4f
was found to rearrange to 3f rapidly. Then the adduct 4d was
subjected to rearrangement in mesitylene at 160 °C for 10 min.
As expected compound 3d was produced in almost quantitative
yield. To simplify the preparation of compounds 3d and 3f, the
concentrated reaction mixtures obtained individually from the
reactions of 1d and 1f with cyclopentadiene were heated,
without purification, in mesitylene at 160 °C for 10 min to
furnish compounds 3d and 3f in 86 and 76% yield, respectively.
It was also observed that by extending the Diels–Alder reaction
time to 6 h for 1d and 18 h for 1f the desired products could also
be obtained exclusively (Table 1).

The observation of products 4d and 4f and their isomerization
to 3d and 3f respectively suggests that a tandem process
involving a Diels–Alder reaction followed by Cope rearrange-
ment is in operation in the formation of the latter compounds
which are secondary products at least in part if not all. However,
controlled experiments carried out at 0 °C made it clear that
there are two competetive Diels–Alder reactions taking place.

Importantly, in both the modes these cycloadditions are regio-
and stereo-selective. In such cycloaddition reactions of cyclo-
pentadiene,7 this is the first time that a stable and thoroughly
characterized norbornene-type adduct, 4d, has been isolated.

For the conversion of compounds 3a–g into triquinanes, they
were irradiated in acetone using light of wavelength centered at
300 nm in a Rayonet reactor. While 3a provided the desired
ODPM rearrangement product 5a in 68%, 3b furnished the
expected triquinane 6b in 45% yield. In other cases a complex
reaction mixture was a regular feature. These results are not
unexpected since only in the cases of 3a and 3b does the
biradical intermediate enjoy resonance stabilization by the
methoxycarbonyl group. Treatment of 5a with Ac2O and
BF3•OEt28 resulted in the highly oxygenated linear triquinane
6a (Scheme 2). The overall yield of compound 6a from 2a is ca.
42%. The stereochemical assignments of the triquinane 6a were
based on NOE studies.

Scheme 1 Reagents and conditions: i, cyclopentadiene, DAIB, MeOH,
reflux, 1 h; ii, reflux

Table 1 Diels–Alder reactions of masked o-benzoquinones (MOBs) with
cyclopentadiene

Phenol MOB t/h Products Yielda (%)

2a 1a 1 3a 87
2b 1b 1 3b 83
2c 1c 1 3c 80
2d 1d 1 3d + 4d 55 + 27
2d 1d 6 3d 82
2e 1e 1 3e 91
2f 1f 1 3f (+4f)b

2f 1f 18 3f 78
2g 1g 1 3g 85

a Yields are of isolated products and are unoptimized. b Observed in the 1H
NMR spectrum of the crude reaction mixture.
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It was anticipated that reductive removal of the ketal group in
compounds 3c–f, which is known to stabilize free radicals,
would minimize the undesired photodecarbonylation. Accord-
ingly, the demethoxylation of 3d–g was achieved by reduction
with SmI2 to produce compounds 7d–g in excellent yields.9
Irradiation of compounds 7d–g in acetone gave the desired
products 8d–g in agreement with our prognostications. At-
tempted cleavage of the cyclopropane ring of compound 8d
under the conditions previously employed for the transforma-
tion of compound 5a into 6a proceeded in an undesired fashion.
Consequently, the procedure recently developed by Enholm and
Jia for the cleavage of analogous compounds was adopted.10

Thus treatment of compounds 8d–g with Bu3SnH and AIBN in
refluxing benzene provided the desired linear triquinanes 9d–g
in good yields (Scheme 3, Table 2). A single stereoisomer was
obtained in all cases with one exception. Compound 9f was
produced as a 1:10 mixture of epimers.

For the removal of the ketal group in compound 3c, which
cannot be affected by SmI2, it was subjected to transketalization
followed by reduction with partially deactivated Raney
nickel,11 to obtain 7c. Irradiation of compound 7c in acetone,
however, gave [2+2] photocyclization product 10 instead of the
desired ODPM rearrangement product (Scheme 4). This is an
undesired result and is probably due to the localization of the
triplet excited state energy in the a,b-unsaturated ester moiety
to give the [2+2] adduct, rather than localization of the triplet
excited state energy in the keto group, which is necessary for
ODPM rearrangement to proceed.

The stuctures of all the new compounds 3, 4d and 5–10 were
thoroughly established by IR, 1H and 13C NMR and mass
spectral analysis. In the cases of compounds 3a,c–f, H–H COSY
spectra assisted in fixing the position of the double bond in the
five-membered ring. The stucture of compound 10 was also
unambiguously established with the help of a H–H COSY
spectrum.

In conclusion the above methodology provides appropriately
oxygenated and variously substituted linear triquinane skel-
etons with naturally occurring cis,anti,cis stereochemistry
making use of inexpensive readily available aromatic com-
pounds as starting materials. The present methodology is
complementary to the existing related ones such as WenderAs
approach based on arene-alkene meta photoaddition and SinghAs
methodology based on ODPM rearrangement.12,13 Application
of this methodology to the total synthesis of Lycopodium
alkaloids of the magellanane group,14 using compound 9g as the
key intermediate, is in progress in our laboratory.
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Scheme 2 Reagents and conditions: i, hn (1% in acetone), 18 h; ii, hn (1%
in acetone), 10 h; iii, Ac2O, BF3•OEt2, CH2Cl2, 60 °C, 3 h

Scheme 3 Reagents and conditions: i, SmI2 (4 equiv.), THF–MeOH, room
temp., 10 min; ii, hn (1% in acetone), 24 h; iii, Bu3SnH, AIBN, benzene,
reflux

Table 2 Stereoselective synthesis of linear triquinanes (3?7?8?9)

Substrate Producta Yield (%) Productb Yield (%) Productc Yield (%)

3d 7d 91 8d 65 9e 70
3e 7e 93 8e 50 9f 81
3f 7f 79 8f 48 9g 83
3g 7g 95 8g 58 9h 93

a See ref. 9 for experimental procedure. b A 1% solution in acetone was
irradiated for 24 h. c See ref. 10 for experimental procedure.

Scheme 4 Reagents and conditions: i, HS(CH2)3SH, BF3•OEt2, CH2Cl2,
room temp.; ii, Raney Ni, EtOH; iv, hn, acetone
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The triisopropylsilyl effect: exceptional Cram-type selectivity in Mukaiyama
aldol reactions of a silyl ketene thioacetal

Anthony P. Davis,*† Stephen J. Plunkett and Jayne E. Muir

Department of Chemistry, Trinity College, Dublin 2, Ireland

The level of 1,2-asymmetric induction in the BF3·OEt2-
promoted addition of silyl ketene thioacetals to
a-asymmetric aldehydes is affected by the bulk of the silyl
group; unprecedented Cram-type selectivity is given by the
triisopropylsilyl derivative 8a.

The optimisation of 1,2-asymmetric induction in additions to
aldehydes 1 still presents challenges in stereoselective synthe-

sis. Effective methodology is available for substrates with
heteroatom-based substituents,1 while good ‘Cram-type’ se-
lectivity can now be obtained with a-aryl aldehydes, or where
R1 and R2 are alkyl groups of greatly differing steric bulk.2,3

However, in cases where the a-substituents are more subtly
differentiated, it is still difficult to achieve acceptable levels of
selectivity. We now describe a variant of the Mukaiyama aldol
addition which provides useful Cram-type selectivities with
even the most ‘difficult’ of aldehydic substrates.

The new method is related to the conventional Mukaiyama
addition as explored by Heathcock and Flippin [e.g. eqn. (1)],3a

and to our subsequent development exemplified by eqn. (2).3f

The Heathcock study yielded good selectivities (up to 36 : 1)
with 2-phenylpropanal 2, but modest results with the more
challenging 3. In our own methodology, use of triisopropylsilyl
enol ether 5, and ‘supersilylating agent’ 64 gave a selectivity of
ca. 100 : 1 with 2 and [as shown in eqn. (2)] a useful level of 7 : 1
with 3. The improvement was thought to be due to the bulk of
the Pri

3Si group in intermediate 7, requiring the nucleophile to
pass close to the asymmetric centre.5 Control experiments

employing BF3·OEt2 catalysis, and 3 as substrate, gave lower
selectivities (ca. 3 : 1) that did not depend substantially on the
bulk of the silyl group in the enolate.3f,6

The present work was aimed at extending the scope of our
earlier method, specifically by employing a nucleophile of more
general utility than 5. Silyl ketene thioacetals 8 seemed
especially attractive due to the versatility of the thioester groups
in aldol products 9.3e Accordingly, we prepared the triisopro-
pylsilyl derivative 8a and, for comparison, the tert-butyldime-
thylsilyl analogue 8b, by treatment of tert-butyl thioacetate with
LDA/THF/DMPU followed by Pri

3SiOTf and ButMe2SiCl
respectively.‡ Reaction of 8a/8b with aldehydes 2–4, catalysed
by the corresponding supersilylating agents under the condi-
tions reported previously,3f gave the expected b-silyloxy
thioesters 10 and 11 [eqn. (3), RL = large, R5 = small] with the

yields and diastereoselectivities shown in Table 1. Although not
startling, the results were pleasing in that they generalised the
earlier discovery (dependence of selectivity on steric bulk of
SiR3), registered an acceptable selectivity of 5 : 1 for aldehyde
3, and confirmed that even the exceptionally challenging
substrate 4 could be transformed with significant selectivity
(3.5 : 1) using reagent 8a.

Table 1 Additions of silyl ketene thioacetals 8a/8b to a-asymmetric
aldehydes 2–4 catalysed by R3SiB(OTf)a

Aldehyde Nucleophile Yield (%) 12 : 13b

2 8b 80 27 : 1
2 8a 79 77 : 1
3 8b 58 3.6 : 1
3 8a 78 5.5 : 1
4 8a 88 3.5 : 1

a Reaction conditions: R3SiB(OTf)4 (5 mol%), CH2Cl2, 280 °C, 1 h,
quenching at low temp. with sat. aq. NaHCO3. b Determined by NMR
integration. Cram’s rule was assumed to hold for all substrates, and was
used to assign product stereochemistries.
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By contrast, a surprise awaited when, for completeness, we
repeated the reactions employing the conventional promoter
BF3·OEt2 [eqn. (4)]. On the basis of the earlier results with the

silyl enol ethers, we expected inferior diastereoselectivity with
little dependence on R3Si. In fact, as shown in Table 2, the
method produced higher selectivities, which did increase with
the bulk of the silyl group. The analysis was complicated by
small amounts of 10 and 11 which appeared in some cases in
addition to the expected products 12 and 13. However, whether
or not these were taken into account, the discrimination
achieved by the triisopropylsilyl reagent 8a was quite out-
standing. For aldehyde 2 the selectivity was raised to the point
where the minor isomer was difficult to detect with certainty,
while for 3 and 4 the ratios were superior to those achieved in
any previously reported additions.7

Although some aspects of this behaviour remain mysterious,
a partial explanation is possible based on computer-based
molecular modelling.8 Systematic conformational searches on
8a and 8b reveal preferred structures in which the bulky But(S)
and R3Si(O) groups are held above and below the plane of the
CNC bond, effectively shielding the nucleophilic carbon from
attack by electrophiles (Fig. 1). As both faces are affected, these
nucleophiles appear highly hindered and might be expected to
react with unusual diastereoselectivity. The R3Si appears to be
the more flexible of the two blocking groups,§ suggesting that

attack may occur through the face anti to But(S) and providing
an explanation for the sensitivity of the reactions to the steric
bulk of R3Si. In contrast, 5 adopts conformations in which one
face of the CNC bond is shielded, but the other is essentially free
(Fig. 1). It therefore attacks 3·BF3 with moderate selectivity,
which does not depend greatly on the bulk of R3Si. This analysis
does not explain why catalysis by R3SiB(OTf)4 does not lead to
even greater selectivity with 8, as it does with 5. We can only
assume that the combination of an exceptionally hindered
nucleophile 8 and a similarly hindered electrophile 7 causes a
change in mechanism which degrades selectivity.

In conclusion, we have discovered an addition to aldehydes
which takes place with unprecedented Cram-type selectivity,
and gives products which can serve as versatile intermediates
for organic synthesis. Our results further highlight the special
utility of the triisopropylsilyl group as a tool for directing
reactivity through long-range steric intervention.9¶

Financial support for this work was provided by Forbairt (the
Irish science and technology agency) and the EU Human
Capital and Mobility Programme.
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Table 2 Additions of silyl ketene thioacetals 8a/8b to 2–4 catalysed by
BF3·OEt2a

Aldehyde Nucleophile Yield (%) 12 : 13b

2 8b 84 54 : 1
2 8a 76 ~ 130 : 1
3 8b 43 (51)c 5.8 : 1 (5.5 : 1)c

3 8a 78 (81)c 13 : 1 (12 : 1)c

4 8a 77 (90)c 5.4 : 1 (5.0 : 1)c

a Reaction conditions: BF3·OEt2 (1 equiv.), CH2Cl2, 280 °C, 30 min,
quenching at low temp. with aqueous phosphate buffer (pH 7). b NMR
integration; see Table 1. c Major products 12 and 13 were accompanied by
minor quantities of 10 and 11. Unbracketed figures refer to 12/13 only,
while bracketed figures include contributions from the silylated products.

Fig. 1 Schematic views of 8a/8b and 5 in their preferred conformations, as
predicted by computer-based molecular modelling
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Electrochemical synthesis of dialkylsubstituted polystannanes and their
properties
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Poly(dibutylstannane) and poly(dioctylstannane) were ob-
tained by electrochemical polymerization of dibutyldi-
chlorostannane and dioctyldichlorostannane, respectively,
in a one-compartment cell equipped with a platinum
cathode and a silver anode, using tetrabutylammonium
perchlorate and DME as the supporting electrolyte and the
solvent, respectively.

Polystannanes have attracted the attention of many research-
ers,1–4 because heavier atoms in the backbone of s-conjugated
polymers are expected to give larger s-conjugation, narrower
band gaps, and more metallic character.5–10

The most frequently employed synthetic pathways to poly-
silanes and polygermanes, which have been more extensively
studied as s-conjugated polymers, are Wurtz coupling with
alkali metals,11 electrochemical reduction,12–15 and dehy-
drogenative coupling.16 Among these, electrochemical reduc-
tion has been said to be the most important pathway as an
industrial method. However, for polystannanes, Wurtz cou-
pling4,17 and dehydrogenative coupling1,2 reactions, but no
electrochemical reduction, have been reported.

The purpose of this communication is to report the electro-
chemical syntheses of poly(dibutylstannane), (Bu2Sn)n, and
poly(dioctylstannane), (Oct2Sn)n, and their basic properties.

Dibutyldichlorostannane and dioctyldichlorostannane were
purchased from Tokyo Kasei Kogyo and Gelest, Inc., re-
spectively, and vacuum distilled before use. Electrosynthesis
was carried out according to the method reported previously,12

using a Pt cathode, an Ag anode, and a one-compartment cell
equipped with a syringe port. Tetrabutylammonium perchlorate
(TBAP), precipitated from ethyl acetate–pentane solution and
vacuum dried, was the supporting electrolyte and dry DME was
the solvent. A constant voltage of 20 V was applied between the
two electrodes. The charge passing through the circuit was
monitored by a coulometer. Electrolysis was terminated when
the charge reached a previously calculated value based on eqn.
(1) and the amount of monomer used. Typically, 95% of the

theoretically required charge was passed because it was known
from previous work12 that complete electrolysis (electrolysis
with 100% of the theoretically calculated charge) tends to give
a lower yield and lower molecular weight as a result of back-
biting reactions.

Isolation of the dialkyl-substituted polystannane was carried
out as follows. As described in detail below, the polystannanes
are extremely sensitive to moisture in air. Therefore, all the
isolation procedures were carried out under nitrogen atmos-
phere and using syringe techniques. After electrolysis, most of
the polymer was obtained as a precipitate and the rest of the
polymer was dissolved in the electrolyte solution. Firstly, all the
contents of the electrolysis cell were transferred to a two-necked
flask connected to a vacuum line and equipped with a rubber
septum. The supernatant solution in the electrolysis cell was

transferred to the two-necked flask by a syringe technique.
Then, pentane (50 ml) was introduced into the electrolysis cell
and the remaining precipitated polymer was dissolved whilst
being stirred magnetically. The polymer solution thus obtained
was transferred and added to the previously collected super-
natant solution in the two-necked flask. Then, all the solvent
was removed from the two-necked flask under reduced
pressure. Next, the polymer was separated from the supporting
electrolyte and low molecular weight compounds as follows.
Pentane (30 ml) was introduced into the two-necked flask to re-
dissolve all the polymer. In order to precipitate polystannane
and to dissolve the supporting electrolyte and low molecular
weight compounds, dry methanol (100 ml) was added. The
polymer was obtained by discarding the supernatant solution.
The above procedure for the separation of supporting electrolyte
and low molecular weight compounds was repeated. Then, the
remaining solvent was removed under reduced pressure to
obtain the polymer sample. A pure sample was obtained by
Soxhlet extraction using pentane as the solvent. Finally, the
collected polymer was dried in vacuum. The resulting polymer
was a slightly sticky yellow solid regardless of the substituent
groups (butyl or octyl).

Typical synthetic data are summarized in Table 1. Yields
were 40–60% for (Bu2Sn)n and 30–50% for (Oct2Sn)n.
Syntheses were also successful in tetrahydrofuran. Absorption
spectra were measured in pentane because pentane dissolves
polystannanes well and also because polystannanes were found
to be stable in pentane in the dark. Absorption maxima varied
from 378 to 381 nm for (Bu2Sn)n, and were at slightly shorter
wavelengths for (Oct2Sn)n. Devylder et al. reported that lmax of
(Bu2Sn)n reaches a plateau value of 380 nm as its molecular
weight increases.4 Therefore, electrochemically obtained
(Bu2Sn)n had lmax values as long as those of (Bu2Sn)n.
Molecular weight values should be handled with care for they
were measured using tetrahydrofuran as the eluent, in which the
polystannanes degraded slowly because of the moisture remain-
ing in THF. Significant amounts of polystannanes may have
decomposed during the analysis. However, the molecular
weight values seem reasonable. Molecular weights of ca. 10000
are as good as electrochemically synthesized s-conjugated
polymers since under the same electrolysis conditions, the
authors obtained a Mw of 10 000–25 000 for (Bu2Ge)n and
15 000–35 000 for (Bu2Si)n.

It has been reported that polystannanes are somewhat
sensitive to the air.2 The authors wished to clarify whether

Table 1 Synthetic results

Polymer Yield/g (%) C.E.b lmax
c/nm Mw (3 104) Mw/Mn

(Bu2Sn)n 2.22 (56.1) 59.1 381 1.09 2.6
(Bu2Sn)n 1.83 (46.6) 49.1 379 1.17 2.1
(Bu2Sn)n

a 2.01 (50.8) 53.5 378 0.64 1.3
(Oct2Sn)n 1.20 (27.9) 29.4 378 0.59 1.7

a Synthesized in THF. b Current efficiency. c Measured in pentane.
d Measured by GPC using THF as the eluent.
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polystannanes are sensitive to oxygen or sensitive to moisture in
the air. In order to determine the stability of (Bu2Sn)n toward
oxygen, oxygen gas was bubbled into the pentane solution of
(Bu2Sn)n. No decomposition was observed. In contrast, it was
very difficult to obtain a stable tetrahydrofuran solution of
(Bu2Sn)n. Even in freshly distilled CaH-dried tetrahydrofuran, a
(Bu2Sn)n solution of a concentration suitable for UV absorption
measurements was not stable. Therefore, it was concluded that
(Bu2Sn)n is stable toward oxygen but extremely reactive to
moisture.

The thermochromic behavior of (Bu2Sn)n was examined
because thermochromic behavior is most frequently discussed
as a typical property of s-conjugated polymers. Polysilanes and
polygermanes, which have dialkyl substituent groups larger
than butyl, are well known to exhibit so-called discontinuous
thermochromic changes. However, (Bu2Sn)n did not exhibit
discontinuous thermochromic changes in pentane between
2120 °C and room temperature (see Fig. 1). It has been said that
the thermochromic behavior of s-conjugated polymers is
attributable to conformation changes in the main chains, and
that such conformation changes are controlled by side chain
interactions. Considering the fact that Sn–Sn bonds are much
longer than Si–Si and Ge–Ge bonds, the above-mentioned lack
of discontinuous thermochromic changes in (Bu2Sn)n is attrib-
utable to weak side chain interactions. In contrast to (Bu2Sn)n,
(Oct2Sn)n showed discontinuous thermochromic changes (see
Fig. 2). The absorption shift was much smaller than those
observed for (Oct2Ge)n and (Oct2Si)n. The absorption shift,
which can be regarded as a manifestation of changes in effective
conjugation length induced by conformation changes, de-
creased from (Oct2Si)n to (Oct2Sn)n. For further discussions
concerning these phenomena, it should be confirmed that the
conformation changes of the polymers are of the same kind, i.e.
all-trans and helical-gauche conformations.

To conclude, two dialkyl-substituted polystannanes were
successfully synthesized by an electrochemical method. Con-
sidering the results obtained in the electrochemical syntheses of

various polysilanes and polygermanes,12 syntheses of all kinds
of dialkyl-substituted polystannanes are expected to be success-
ful as well. Syntheses of phenyl-substituted polystannanes are
the authors’ next challenge in this field because syntheses of
phenyl-substituted polysilanes and polygermanes are more
difficult than the dialkyl-substituted polymers.12
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Fig. 1 Absorption spectra of (Bu2Sn)n as a function of temperature. Fig. 2 Absorption spectra of (Oct2Sn)n as a function of temperature.
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310-Helix stabilization via side-chain salt bridges1
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Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana, 70803-1804, USA

Decapeptides, Sb-10 (H-Api-Aib-Aib-Glu-Aib-Aib-Glu-Aib-
Aib-Api-NH2) and Ipi-10 (H-Api-Aib-Aib-Lys-Aib-Aib-Lys-
Aib-Aib-Api-NH2), where Aib is a-aminoisobutyric acid and
Api is 4-aminopiperidine-4-carboxylic acid, are designed to
be amphipathic as 310-helices; Sb-10 is the first example of a
310-helical peptide stabilized by side-chain salt bridging or
ion pairing.

The 310-helix (i, i + 3 hydrogen bonding pattern) comprises
10% of all recognized helical structures in proteins.2 These
helices are commonly found in short stretches of proteins, often
as the terminating segment of an a-helix.2 Interest in the
310-helix arises because the 310-helix is thought to participate in
receptor binding and may also be a protein folding intermediate
to the a-helix.2,3 De novo design studies examining the
310-helix have primarily focused on peptides rich in a,a-
disubstituted amino acids (aaAAs).4,5 The aaAAs are used
extensively because the f and y angles of these residues are
restricted to those favoring helical structures.4 Many factors
have been reported for the selective formation of the 310-helix
over the a-helix including: placement of aaAAs, percentage of
aaAAs, peptide length, and peptide design.5–7 Unfortunately,
most studies exploring these factors have focused on hydro-
phobic peptides in organic media.4 The extensive library of
methods available for the stabilization of a-helices in aqueous
media such as amphipathy, side-chain intra- and inter-peptide
salt bridges, and side-chain covalent linkages8–10 provides an
excellent starting point for the stabilization of 310-helical
peptides in aqueous media. The Marqusee–Baldwin peptides
cleanly show a-helix stabilization from intra-helical, side-chain
ion-pairing that is reduced at high salt concentrations.9a The i, i
+ 4 positioning of Glu and Lys residues stabilize the a-helix
while i, i + 3 positioning does not. Additional combinations of
salt-bridging residues (i, i + 4) also stabilize a-helical
conformations.9b

We have reported the synthesis and characterization of a
310-helical decapeptide with 80% aaAAs (Fig. 1; Ipi-10).7 The
high percentage of aaAAs in Ipi-10 promotes helicity and the
peptide was designed to be most amphipathic as a 310-helix.
Herein we report the synthesis and characterization of an
analogous amphipathic 310-helical peptide containing two intra-

peptide side-chain salt bridges (Sb-10), which are designed to
further stabilize the 310-helix.

Sb-10 has the same sequence as Ipi-10 with the exception of
glutamic acids replacing the lysines. The peptide sequences are:
Sb-10, H-Api-Aib-Aib-Glu-Aib-Aib-Glu-Aib-Aib-Api-NH2
and Ipi-10, H-Api-Aib-Aib-Lys-Aib-Aib-Lys-Aib-Aib-Api-
NH2, where Aib is a-aminoisobutyric acid and Api is
4-aminopiperidine-4-carboxylic acid. The design results in an
amphipathic 310-helix that places the two Api residues and the
two glutamic acids on the same face (i, i + 3) of the 310-helix
(Fig. 1). The i, i + 3 placement of the Glu and Api residues
potentially introduces ionic interactions that can provide
additional 310-helix stability relative to the alternative a-helix
conformations, since i, i + 3 salt bridges do not stabilize
a-helices.9a

Sb-10 was synthesized via a combination of manual and
automated solid-phase peptide synthesis. The first three
C-terminal residues were coupled to PAL-PEG-PS (PerSeptive
Biosystems) by refluxing the preformed fluoren-9-ylmethox-
ycarbonyl (Fmoc)-amino acid fluorides (8 equiv.) and Pri

2NEt
(3 equiv.) in CH2Cl2 until quantitative Fmoc cleavage tests11

showed at least 90% coupling for each step.12 The remainder of
the peptide was synthesized on a PerSeptive Biosystems 9050
peptide synthesizer using preformed Fmoc-acid fluorides.12

The peptide was purified by RP-HPLC on a C4 column with a
H2O–MeCN–0.5% TFA gradient. Peptide purity was greater
than 95% according to an analytical RP-HPLC using C18
column and a similar gradient. Molecular weight was verified
by MALDI-MS and amino acid analysis gave the expected
amino acid content. Peptide concentrations for circular dichro-
ism (CD) studies were determined by quantitative amino acid
analysis.
a- and 310-Helical peptides have minima centered about 222

(n?p*) and 207 nm (p?p*) in the CD spectra. The ratio, R, of
the n?p* band over the p?p* band differentiates the a- and
310-helix.13 The ratio is near 1 for the a-helix and is
approximately 0.4 for a 310-helix.13‡

The CD spectra of Sb-10 and Ipi-10 for comparison were
taken in 50–100% aqueous–organic solvent mixtures [1:1
MeCN–H2O, 9:1 MeCN–H2O, 9:1 MeCN–trifluoroethanol
(TFE)]. Ipi-10 has a CD spectra indicative of a weak 310-helix
only in 100% organic solvent [Fig. 2(A)].§ Sb-10 exhibits
moderate a-helicity in 1:1 MeCN–H2O and begins to show
310-helical character in 9:1 MeCN–H2O. In 9:1 MeCN–TFE,

Fig. 1 Helical wheel diagrams of Ipi-10 and Sb-10

Fig. 2 Circular dichroism spectra with 0.2 mM peptide: (A) Ipi-10 in 9:1
MeCN–TFE (-); (B) Sb-10 in 1:1 MeCN–H2O (-), 9:1 MeCN–H2O (:)
and 9:1 MeCN–TFE (/); (C) Sb-10 with 0.1 M TMAT in 9:1 MeCN–TFE
(-), 0.01 M TMAT in 9:1 MeCN–TFE (:), 0.001 M TMAT in 9:1 MeCN–
TFE (5) and 9:1 MeCN–TFE (/)
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the CD spectrum of Sb-10 has strong 310-helical character (71%
310-helicity). The transition of Sb-10 from an a-helix to a
310-helix as the solvent dielectric is decreased agrees with the
theoretical calculations of the solvent effects on the 310/a-helix
equilibrium.14 Marshall’s calculations predict Aib-rich peptides
should favor the a-helix in water and the 310-helix in less polar
media.14

The percent 310-helicity of Sb-10 is estimated to be higher
than that of Ipi-10 (71 vs. 45%5) suggesting that the two salt
bridges significantly stabilize the 310-helical conformation. The
CD spectral changes upon titration of Sb-10 with an organic
solution (9:1 MeCN–TFE) of tetramethylammonium trifluor-
oacetate¶ (TMAT, 0.0 to 0.1 M) are consistent with side-chain
ionic interactions stabilizing 310-helical conformation. Sb-10
makes a transition from a 310-helix to a partial a-helical
structure as the TMAT concentration is increased. The
decreasing 310-helix stability of Sb-10 as the salt concentration
is increased parallels what has been observed for a-helical
peptides stabilized by side chain ionic interactions.9a

Ipi-10 and Sb-10 have the same number of residues, the same
percentage of aaAAs, and the same amphipathic design. The
a-helix forming propensities of lysine and glutamic acid are
similar15 so the additional 310-helicity of Sb-10 compared to
Ipi-10 must result from side-chain interactions. The decreasing
stability of the 310-helical conformation of Sb-10 as salt
concentration is increased also supports the idea that i, i + 3 salt
bridging or ion pairing stabilize 310-helices.

We thank the National Science Foundation and the National
Institutes of Health for support of this research via an NSF grant
(CHE-9500992 to RPH) and an NIH grant (GM 42101, to
Professor Mary D. Barkley and M. L. M). M. G. B. was an
undergraduate researcher supported by a grant to the Louisiana
State University, College of Basic Sciences, from the Howard
Hughes Medical Institute.
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Table 1 Circular dichroism data and derived structural parameters for Sb-
10

Solvent [q]p?p*
a,b [q]n?p*

a,c R
Helicityd

(%)

9:1 MeCN–TFE 215230 26579 0.43 71 (310)
9:1 MeCN–H2O 212749 26461 0.50 e
1:1 MeCN–H2O 28673 27433 0.85 31 (a)
0.1 M TMAT in 9:1 MeCN–TFE 215774 29576 0.61 f
0.01 M TMAT in 9:1 MeCN–TFE 215038 29235 0.61 g
0.001 M TMAT in 9:1 MeCN–
TFE 215333 26531 0.43 71 (310)

a Units for [q] are deg cm2 dmol21. b The minimum for the [q]p?p* band is
in the range from 205–209 nm. c The minimum for the [q]n?p* band is in
the range from 222–225 nm. d The percentage of a-helix is estimated using
the equation: a-helix (%) = 2100([q]n?p*+ 3000)/33000 and the
percentage of 310-helix is estimated using the equation: 310-helix (%) =
2100([q]p?p*)/21 500]. e This peptide probably forms a mixture of
a-helical, 310-helical and coil structures. The percentage of a-helix is
estimated at 29% and the percentage of 310-helix is estimated at 59%. f This
peptide probably forms a mixture of a-helical, 310-helical and coil
structures. The percentage of a-helix is estimated at 57% and the percentage
of 310-helix is estimated at 73%. g This peptide probably forms a mixture of
a-helical, 310-helical and coil structures. The percentage of a-helix is
estimated at 54% and the percentage of 310-helix is estimated at 70%.
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Consecutive catalytic hydroformylation-acetalization of glucal derivatives with
rhodium–phosphite and pyridinium toluene-p-sulfonate as catalysts: the
influence of protecting groups.

Elena Fernández,a Alfonso Polo,b Aurora Ruiz,a Carmen Clavera* and Sergio Castillón*a†
a Departament de Química, Universitat Rovira i Virgili, Pl Imperial Tarraco 1, 43005 Tarragona, Spain
b Departament de Química, Universitat de Girona, Girona, Spain

Consecutive catalytic hydroformylation-acetalization of un-
saturated carbohydrates (glucals) to give the dimethyl acetal
of 2-C-formyl-D-alditol derivatives using the catalytic sys-
tem [Rh(µ-OMe)(cod)]2/P(O-o-ButC6H4)3/PPTS is strongly
dependent on the protecting groups on the carbohydrate.

Sequential reactions have emerged as a direct and economic
synthesis procedure, because different reactions can be carried
out without isolating any intermediates, which means greater
economy in solvents and purification.1 The most popular
sequential reactions are the so-called domino2 (cascade) or
tandem3 reactions, in which several bonds are formed through
different intermediates. In the consecutive ‘one-flask’ reactions,
the product of one reaction is the starting material for a second
reaction that occurs in the same flask. Although many examples
of this methodology have been published, there are few
examples of catalytic consecutive reactions which require
different catalysts.1–3

We have already reported the synthesis of acetals from
alkenes by means of a consecutive hydroformylation-acetaliza-
tion process with rhodium–phosphine and pyridinium toluene-
p-sulfonate (PPTS) as hydroformylation and acetalization
catalysts respectively.4 Since the catalyst for the hydro-
formylation process requires the presence of basic phosphine
ligands, and the acetalization reaction requires an acid catalyst,
the main goal of that process was to find two compatible
catalytic systems. The solution was to use phosphonium or
pyridinium salts in the presence of phosphine.
Here we show that the consecutive hydroformylation-acetaliza-
tion of unsaturated carbohydrates (glucals) using rhodium
complexes and PPTS as catalysts, respectively, is strongly
dependent on the protecting groups in the carbohydrate.

We have previously reported5,6 the hydroformylation of
3,4,6-tri-O-acetyl-D-glucal 1 using the [Rh(µ-OMe)(cod)]2/
P(O-o-ButC6H4)3

7 catalytic system to give a mixture of
aldehydes which are the result of introducing the formyl group
at position 2 of the sugar ring (Scheme 1). The low selectivity
was due to the elimination of AcOH from 2 to give an a,b-
unsaturated aldehyde 3, under the drastic reaction conditions
required. In order to prevent this elimination we intend to
convert in situ the aldehyde function formed in the hydro-
formylation reaction into the acetal function (Scheme 2).
Moreover, this will enable us to deprotect and transform the
hydroxy groups and then to take advantage of the reactivity of
the acetal or aldehyde function.

Thus, the hydroformylation of 1 was carried out with the
catalytic system [Rh(µ-OMe)(cod)]2/P(O-o-ButC6H4)3, under

standard hydroformylation conditions (50 bar, 100 °C,
CH2Cl2).5,6 A mixture of aldehydes 2 and 3 was principally
obtained (Table 1, entry 1). When the reaction was performed in
CH(EtO)3 under the same reaction conditions, the main
compounds obtained were 2 and 3 together with small amounts
of several hydroformylation-acetalization products such as the
acetal 4a (entry 2). Adding 60 mg of PPTS per 5 mmol of
substrate to the reaction mixture gave a complex mixture, in
which the hydroformylation-acetalization product 4a was
predominant, but the aldehydes had not completely disappeared
(entry 3). By increasing the amount of PPTS, higher percent-
ages of diethyl acetal 4a were obtained, although conversion
was low (entry 4). When the solvent was CH(OMe)3 conversion
decreased, although the selectivity in the dimethoxy derivative
4b‡ was similar (entry 5). The use of 2,2-dimethoxypropane,
another useful reagent for acetal formation, as the solvent did
not allow the acetal to form and the elimination product 3 was
obtained instead (entry 6). Interestingly, when PPTS was added,
acetal 4b was principally obtained in 66% yield (entry 7). Small
quantities of the less reactive a,b-unsaturated aldehyde 3
remained in the mixture.

In the presence of PPTS the acetalization reaction is faster
than the elimination of AcOH from 2 to give 3. Moreover, it is
interesting to note that there were fewer secondary reaction
products, such as isomeric aldehydes ( < 10%) and hydro-
genation ( < 10%) products, under these slightly acid condi-
tions.

Scheme 1

Scheme 2

Table 1 Hydroformylation-acetalization of 3,4,6-tri-O-acetyl-D-glucal 1
with the catalytic system [Rh(µ-OMe)(cod)]2/P-(O-o-ButC6H4)3/PPTSa

Products (%)c

Entry PPTS/mg Solvent Conversion (%)b 2 3 4a 4b

1 — Cl2C2H4 90 54 22 — —
2 — HC(OEt)3 87 9 24 27 —
3 60 HC(OEt)3 98 28 10 51 —
4 120 HC(OEt)3 74 6 11 55 —
5 60 HC(OMe)3 75 3 2 — 52
6 — DMPd 94 22 43 — —
7 60 DMPd 92 0 9 — 66

a Standard conditions: glucal (5 mmol), [Rh(µ-OMe)(cod)]2 (0.05 mmol),
P(O-o-ButC6H4)3 (0.5 mmol), PPTS, solvent (15 ml), 100 °C, 50 bar, CO/
H2 = 1, 48 h. b Percentage of transformed product. c Detected by GC. Other
minor aldehydes and small amounts of the hydrogenation product were also
observed. d DMP = 2,2-dimethoxypropane.
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The glucal 5 reacted in similar hydroformylation-acetaliza-
tion conditions to give the acetal 8 in a 65% yield (Table 2).

When the hydroxy groups in the carbohydrates were
protected with other acyl derivatives such as pivaloyl (6) or
benzoyl (7), the hydroformylation-acetalization products 9 and
10 were also obtained as the main products although in lower
yields. This was probably because the steric hindrance of these
bulkier groups decreases the rate of hydroformylation.

Unexpectedly, benzyl protected glycal 11 gave only the
methyl a-glycoside 12 under the hydroformylation-acetaliza-
tion conditions. As a result, both the rhodium complex and the
acidic proton compete to attack the double bond so that when
the protecting groups in the hydroxy groups are acyls, the
double bond is deactivated. Therefore, the electrophilic attack
cannot take place and rhodium coordination is preferred.
However, when hydroxy groups are converted to ethers (e.g. the
benzyl derivative 11) the double bond is relatively activated and
the attack of the acidic proton is faster. The fact that the
reactivity of the double bond in the glucal depends on the
protecting group can be rationalised as an ‘armed-disarmed’

effect.8 This effect has been successfully used in disaccharide
synthesis with glycals as glycosyl donors,9 but to the best of our
knowledge this is the first example of this effect being observed
in competitive catalytic reactions.

In conclusion, the catalytic system [Rh(µ-OMe)(cod)]2/P(O-
o-ButC6H4)3 in the presence of PPTS allows the consecutive
hydroformylation-acetalization reaction of glucals, depending
on the protecting groups present in the carbohydrate ring. Thus,
when hydroxy groups are protected as acyl derivatives the
hydroformylation-acetalization leads to the dimethyl acetal of
2-C-formylalditol derivatives such as 4a,b, 8, 9 and 10.
However, when the protecting groups are benzyl, the methyl
glycosides resulting from the addition of MeOH to the double
bond of glucal are observed, but not the hydroformylation
products.

This research was supported by DGR (Direcció General de
Recerca, de la Generalitat de Catlunya), Grants QFN95-
4725-C03-2 and 1995DGR 00528.
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4.22 (dd, J 4.8, 1.9, 1H, H7), 4.24 (dd, J 11.7, 4.8, 1H, H1e), 4.95 (t, J 9.1,
1H, H4), 5.19 (dd, J 11, 9.1, 1H, H3): dC(CDCl3) 20.5, 20.6, 20.6, 43.6, 54.7,
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Table 2 Hydroformylation-acetalyzation of glucal derivativesa

Substrate Product Yield (%)b

a Standard conditions: glucal (5 mmol), [Rh(µ-OMe)(cod)]2 (0.05 mmol),
P(O-o-ButC6H4)3 (0.5 mmol), PPTS (0.25mmol), solvent (15 ml), 100 °C,
50 bar, CO/H2 = 1, 48 h. b Isolated yield.
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Reactions of metalloalkynes.‡ The reaction of the ethyne-1,2-diyl complex,
[{Ru(CO)2(h-C5H5)}2(m-C·C)], with [Mo2(CO)4(h-C5H5)2]. An example of
m3,h1-C·C coordination of a carbide ligand

Christopher S. Griffith, George A. Koutsantonis,*† Brian W. Skelton and Allan H. White

Department of Chemistry, University of Western Australia, Nedlands, Perth, WA, Australia, 6907

Reaction of [{Ru(CO)2(h-C5H5)}2(m-C·C)] with
[Mo2(CO)4(h-C5H5)2] gave [MoRu2(m2-CO)3[m3-C·C{Ru-
(CO)2(h-C5H5)}](h-C5H5)3] as the major product after
chromatography and not the expected dimolybdenum ‘alky-
nyl’ adduct; this new complex contains a carbide (C2) ligand
bound, in triply bridging mode to the MoRu2 triangle,
through one carbon and the other in a monohapto fashion to
the other ruthenium atom.

We are interested in the reactivity of metalloalkynes in so far as
their reactivity is similar to that of simple organic alkynes.1 The
dimetalloalkynes, or ethyne-1,2-diyl complexes, are a special
class of these complexes and their reactivity has been of
particular interest to us.2–14 Ethyne-1,2-diyl complexes contain
the C2 ligand which is often implicated in catalytic CO
hydrogenation mechanisms. Multinuclear homo- and hetero-
metallic complexes containing the C2 molecule offer the
opportunity to study and observe the reactivity of such
species.15

Herein we report the unexpected course of the reaction
between [Mo2(CO)4(h-C5H5)2] 1 and the dimetalloalkyne,
[{Ru(CO)2(h-C5H5)2}2(m-C·C)] 2. We have recently found16

that metalloalkynes of ruthenium and iron, viz. [M(CO)2(h-
C5H5)(C·CR)], react readily with complex 1, giving, in the case
of ruthenium, the expected ‘alkyne’ adduct A. The analogous

iron compounds underwent Fe–C bond cleavage, by a yet to be
determined mechanism, and resulted in the formation of
complexes B in their reaction with 1. It is of note that the
analogous reaction with an iron congener of 2, viz.
[{Fe(CO)2(h-C5Me5)2}(m-C·C)], resulted in carbonyl transfer
to 1 to give [Mo2(CO)6(h-C5H5)2] with decomposition.2b

The reaction (Scheme 1)§ in refluxing toluene gave a mixture
of products and some unreacted starting material that were
readily separated using column chromatography. The major
red–black fraction provided a good yield of [MoRu2(m-
CO)3[m3-C·C{Ru(CO)2(h-C5H5)}](h-C5H5)3] 3, an electron
deficient 45-electron cluster considering the m3,h1-C·C{Ru-
(CO)2(h-C5H5)} unit as only a two-electron donor. The
compound remarkably contains a m3-CC fragment bound to the
MoRu2 triangle and is, to our knowledge, the only example of
this type of coordination to any metal cluster other than those of
Cu17 or Li.18 Moreover, the bonding mode of the C2 ligand
observed here is also unique in so far as it is surrounded by
metals but not ‘buried’. The range of bonding modes so far
observed for the interaction of four metals with a carbide ligand

(Fig. 1) implicates the p system of the triple bond more fully in
bonding in multi-metallic systems.

The 1H NMR spectrum of 3 comprises two signals at d 5.26
and 4.90 in a 1 : 3 ratio which are assigned to the Mo(h-C5H5)
and Ru(h-C5H5) moieties, respectively. These signals remain
unchanged in the temperature range 296–233 K. This implies
that the Mo(h-C5H5) and Ru(h-C5H5) vertices are undergoing
fluxional motion giving rise to an averaged signal for the three
Ru(h-C5H5) vertices and a separate signal for the Mo(h-C5H5)
vertex. This fluxionality is also reflected in the 13C NMR
spectrum of 3. This contains two signals for cyclopentadienyl
ligands and two signals are observed at d 234.2 and 232.4 which
are assigned to the terminal and bridging CO ligands. The
signals observed at d 308.4 and 87.2 are assigned to the m3-C
and h1-C of the carbide ligand, respectively.

These data and those reported in the footnote were in-
sufficient to unequivocally assign the connectivity and as such
a room-temperature single-crystal X-ray structure study¶ was
undertaken. The structure determination is of limited utility
given that the cell obtained in the tetragonal setting P4/m
contains a pseudo-inversion centre, relating two independent
molecules in the asymmetric unit, and with a crystallographic
mirror plane coincident with the molecular symmetry plane in
each of the independent molecules. In addition, the specimen
obtained after many attempts was of marginal suitability for the
experiment. However, the results are consistent with the

Scheme 1

Fig. 1 Bonding modes for a carbide ligand bound to tetrametallic systems
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stoichiometry and connectivity as expressed in 3 and Fig. 2,
albeit with interatomic parameters of a higher than desired
uncertainty. The molecules are best considered as being
composed of trinuclear heterometallic MoRu2 triangles with
each metal atom coordinated by a pentahapto cyclopentadienyl
ligand which is essentially perpendicular to the plane of the
triangle. The structure determination cannot rigorously exclude
the possibility of scrambling of the molybdenum atom among
other metal sites of the triangle in the solid. The metal cores are
coordinated from ‘above’ by the m3,h1-C·C{Ru(CO)2(h-
C5H5)} unit which has its CC axis at right angles to the metal
triangles with the m3-C symmetrically bridging to each of the
metal core atoms. Three bridging carbonyls complete the
coordination of the metal core and these are directed ‘below’ the
plane of the core.

The formal electron count gives this substituted triangular
cluster 45 cluster valence electrons (CVE) with each Ru atom
achieving an 18-electron count and the Mo formally electron
deficient with a 16-electron count. In the various bonding
modes and their valence bond representations hitherto observed
for the carbide ligand bound to four metals (Fig. 1)19 the CC unit
has a formal bond order of three in mode C while in mode D the
bond order is two and in E and F it is one. Theoretical
calculations19 have been performed that rationalise the bonding
observed for D–F and it is noteworthy that complex 3 (mode C)
does not adopt mode F where the electron deficiency experi-
enced by the Mo atom could be alleviated.

The mechanism operating in this reaction is unclear.
However, it is likely that the CC bond of 2 interacts initially
with the unsaturated metal–metal bond in 1 to give a structure
similar to G which presumably undergoes fragmentation,
evidenced by the isolation of [Ru(CO)2(h-C5H5)]2 from the
reaction. The reason for this fragmentation is presumably
steric.16 It is possible that G undergoes homolytic cleavage of a
Ru(CO)2(h-C5H5) group and that this is the source of the dimer
isolated from the mixture; this, however, seems unlikely given
the ultimate stoichiometry of the product.

Work is in progress to identify the minor products from the
reaction in the hope that they will shed further light on the
mechanism operating in this reaction.

We thank the Australian Research Council for supporting this
work. C. S. G. is the holder of an Australian Postgraduate
Award.
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Fig. 2 Projection of one molecule of 3 approximately through the MoRu2

plane. 20% thermal ellipsoids are shown for the metal atoms; other non-
hydrogen atoms are shown as isotropic spheres; hydrogen atoms have
arbitrary radii of 0.1 Å. Selected bond lengths (Å) and angles (°): Ru(n2)–
Mo(n3) 2.701(2), 2.700(2); Ru(n2)–Ru(n2A) 2.704(2), 2.710(2); Ru(n1)–
C(0n2) 2.01(1), 1.77(2); C(0n2)–C(0n1) 1.39(2), 1.46(3); Ru(n1)–C(0n1)–
C(0n2) 179(1), 175(2); Ru(n2)–Mo(n3)–Ru(n2A) 60.09(6), 60.24(6);
Mo(n3)–Ru(n2)–Ru(n2A) 59.96(4), 59.88(4) for the two molecules (mole-
cule 1, n = 1; molecule 2, n = 2).
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A mild, efficient and selective oxidation of sulfides to sulfoxides

José M. Fraile, José I. García, Beatriz Lázaro and José A. Mayoral*†

Departamento de Química Orgánica y Química Física, Instituto de Ciencia de Materiales de Aragón, Universidad de
Zaragoza-C.S.I.C., E-50009 Zaragoza, Spain

Several titanium derivatives supported on silica have been
investigated as catalysts in the sulfide?sulfoxide oxidation;
the supported titanium/tartaric acid catalyst is highly suited
to reactions carried out with H2O2, leading to high yields and
high sulfoxide/sulfone selectivities, while small asymmetric
inductions (up to 13%) are observed.

The selective oxidation of sulfides to sulfoxides has been a
challenge for many years, partly due to the importance of
sulfoxides as intermediates in organic synthesis.1 In recent
years selective oxidation of sulfides to sulfoxides has been
carried out with a large number of supported reagents.2
Recently, the use of H2O2 has taken on a new importance due to
environmental implications, however, a catalyst is necessary to
activate this oxidant. TS-13,4 and TS-2,5 promote sulfide
oxidation, but the use of bulky sulfides is precluded by their
limited access to the Ti active sites. In order to overcome this
limitation other molecular sieves have been used.3–6 Ti-MCM-
41 allows the oxidation of bulky sulfides,6 but with low
sulfoxide/sulfone selectivity.

Following a methodology closely related to that used by Shell
to prepare TiCl4-modified silica,7 we have treated silica with
Ti(OPri)4 and shown8 that this solid is an efficient catalyst in the
epoxidation of alkenes of any size with hydroperoxides. We
considered it interesting to test these silica-supported titanium
compounds as catalysts in the selective oxidation of sulfides to
sulfoxides (Scheme 1).

Firstly we tested the silica treated with Ti(OPri)4 (cat-1, Ti
content: 1.02 mmol g21) as a catalyst in the oxidation of methyl
p-tolyl sulfide with TBHP and with H2O2 (Table 1, entries 1–4).
Although the oxidation is faster with TBHP, a better sulfoxide/

sulfone selectivity is obtained with H2O2. The recovered
catalysts show a similar activity, but the product selectivity
increases, mainly in the reaction carried out with H2O2, which
indicates that the recovered catalyst does not have the same
structure. It seems logical that in the presence of a large excess
of water (we use 30% H2O2), the isopropoxy groups are
hydrolysed to hydroxy groups, and that this modification of the
Ti environment influences the course of the reaction.

In view of these results we decided to assess the effect of the
introduction of polar groups near the titanium and we treated the
original catalyst with diethyl (R)-tartrate (Scheme 2) to obtain
cat-2 (1.06 mmol Ti g21). The modification of the catalyst was
monitored by IR spectroscopy, which shows the appearance of
a broad carbonyl band. The width of this band indicated the
presence of several kinds of carbonyl groups, and Scheme 2
shows only one of the possibilities. The catalytic tests (Table 1,
entries 4–7) show that the introduction of diethyl tartrate
reduces the catalytic activity and increases the sulfoxide/sulfone

Table 1 Results obtained in the oxidation of methyl p-tolyl sulfide 1a promoted by different supported titanium catalystsa

Yield (%)

Entry Catalyst Sulfide Oxidant t/h Total sulfoxide 2 sulfone 3 2:3

1 cat-1 1a TBHP 0.5 79 59 20 75:25
2 cat-1b 1a TBHP 2 85 71 14 83:17
3 cat-1 1a H2O2 3 87 75 12 86:14
4 cat-1b 1a H2O2 3 88 84 4 95:5
5 cat-2 1a TBHP 4 90 83c 7 92:8
6 cat-2 1a H2O2 3 89 77d 12 87:13
7 cat-2b 1a H2O2 3.5 85 84 1 99:1
8 cat-3 1a TBHP 4 91 82e 9 90:10
9 cat-3 1a H2O2 4 96 95f 1 99:1

10 cat-3b 1a H2O2 4.5 96 95 1 99:1
11 — 1a H2O2 24 49 47 2 96:4
12 cat-3 1a H2O2 24 97 94 3 97:3
13 cat-3 1b H2O2 4 100 100 0 —
14 cat-3 1c H2O2 24 97 94 3 97:3
15 cat-3 1d H2O2 4 98 96 2 98:2
16 cat-3 1e H2O2 24 94 93 1 99:1
17 cat-3 1f H2O2 24 97 95 2 98:2
18 cat-3 1g H2O2 24 97 94 3 97:3
19 cat-3 1h H2O2 24 95 92 3 97:3

a At 25 °C with 187 mg cat per mmol sulfide and 1 equiv. oxidant, in CH2Cl2 (with TBHP) or MeOH (with H2O2). The reactions were monitored by GC
and the final results determined by 1H NMR spectroscopy after filtering and washing the catalyst. b Catalyst recovered from a reaction with the same oxidant.
c 7% ee. d 2% ee. e 8% ee. f 13% ee.

Scheme 1
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selectivity in the reaction carried out with TBHP, while the
catalytic performance is almost unchanged when H2O2 is used.
The recovered catalyst gives an exceptional sulfoxide/sulfone
selectivity (entry 7), which points to a new structure of the
catalytic sites after recovery, as shown by the modification of
the IR carbonyl band, which suggests the hydrolysis of the ester
groups.

In view of this we decided to treat the initial catalyst with
(R)-tartaric acid and to test the catalytic activity of this solid
(cat-3, 0.82 mmol Ti g21). The results obtained with TBHP
(entry 8) are very similar to those obtained using the catalyst
containing diethyl (R)-tartrate (cat-2). However, the reactions
carried out with H2O2 (entries 9 and 10) lead to an excellent
sulfoxide/sulfone ratio and a very high selectivity (97%) with
respect to the H2O2.

(R)-Tartaric acid is strongly adsorbed onto silica, thus it is
important to assess the modification of the titanium centres and
the catalytic role of these centres. The modification of the
environment of titanium can be estimated from the amount of
PriOH lost during the preparation of the catalyst. Although it is
not possible to obtain quantitative conclusions, given that some
PriOH may remain adsorbed on the silica surface, GC analysis
shows that 65 ± 5% of the PriO groups present in the original
solid are lost during treatment. This result agrees with the
modification of most of the titanium atoms. The catalytic role of
the titanium was confirmed by adsorbing onto silica gel the
same amount of (R)-tartaric acid used to modify the catalyst and
carrying out the reaction in the presence of this solid. The results
obtained are the same as those reached in the absence of
catalyst, showing that the catalytic activity is related to the
presence of titanium.

Although it was not the aim of the present work, the
introduction of chiral centers may produce an asymmetric
reaction, and so this possibility was considered. The ee of the
sulfoxides was determined as previously described,9 and the
absolute configuration was determined by polarimetry.10 The
low ee obtained for the (R)-sulfoxide provides additional
evidence for the modification of the catalytic centers.

Given that the catalyst obtained by treatment with (R)-tartaric
acid (cat-3) leads to the best selectivity, we tested the effect of
using a smaller amount of catalyst. Very good results were
obtained, with a sulfide/titanium ratio = 140, by simply
increasing the reaction time. In order to test the general scope of
this method it was applied to several other sulfides (Scheme 1,
Table 1, entries 12–19).

This solid promotes the reaction with a very small amount of
catalyst and leads to high yields and selectivities. The
methodology is applicable to bulky sulfides and is compatible
with the presence of other oxidisable functions, as shown in the
last two examples where epoxidation of the double bond (1g) or
Baeyer–Villiger oxidation of the ketone (1h) were not ob-
served.

As far as the mechanism is concerned, either the H2O2 may be
the oxidation agent, via a Ti–OOH intermediate, or a supported
peracid intermediate may be formed.

We tested the recovery of the catalyst in the oxidation of
dibutyl sulfide 1b (Table 2). A gradual leaching of titanium
takes place. However, this leaching is very slow given that after
five reactions each mmol of titanium has been treated with
about 5000 mmol of water. Furthermore, even the fifth reaction
takes place with reasonable yield and selectivity. The existence
of leaching suggests that the reaction can take place, at least in

part, in the homogeneous phase. In order to clarify this point we
treated cat-3 with H2O2 for 4 h. The solid was separated by
filtration and the filtrate used in the oxidation of a correspond-
ing amount of sulfide 1a. The filtrate promotes the reaction with
a 83:17 sulfoxide/sulfone ratio. In another experiment we
carried out the reaction of 1a until 85% conversion (15 min),
then the catalyst was separated by filtration and both the solid
and the filtrate were used in a new reaction. The sulfide was
consumed in both reactions at almost the same rate.

In our opinion these results indicate the co-existence of the
homogeneous and heterogeneous reactions and that a very
active homogeneous catalyst is obtained under these conditions.
Therefore, it seems that the identification of the homogeneous
species and the improvement of the behaviour of the heteroge-
neous system against leaching are important aims.

These results clearly show that modification of the environ-
ment of titanium via introduction of organic molecules can
modify the performance of the catalysts. This strategy opens the
way to the preparation of new families of supported chiral
catalysts in which grafting is carried out through the metal
instead of through the chiral auxiliary.

This work was made possible by the generous financial
support of the C.I.C.Y.T. (Project MAT96-1053).
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Scheme 2

Table 2 Recovery of the catalyst in the oxidation of 1b with H2O2 promoted
by cat-3

Yield (%)

Run t/h Total Sulfoxide 2b Sulfone 3b Ti/mmol g21a

1 4 100 100 0 0.82
2 5 98 96 2 —
3 8 96 92 4 —
4 8 90 82 8 —
5 9 91 82 9 —
6 — — — — 0.22

a Determined by plasma emission spectroscopy.
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A novel cyclic formal, 1,3,5,7-tetraoxacyclononane, from the direct reaction of
1,3,5-trioxane and ethylene oxide

J. Masamoto,*a† N. Yamasaki,a W. Sakai,a T. Itoh,a N. Tsutsumia and H. Nagaharab

a Kyoto Institute of Technology, Matsugasaki, Sakyo, Kyoto 606-8585, Japan
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A new reaction between 1,3,5-trioxane and ethylene oxide
has been observed and a novel cyclic formal, which is the
reaction product of 1 equiv. of 1,3,5-trioxane and 1 equiv. of
ethylene oxide, has been isolated and identified.

Weissermel and co-workers1,2 proposed the reaction of formal-
dehyde with ethylene oxide to form 1,3-dioxolane as the
initiation mechanism of the copolymerization of 1,3,5-trioxane
and ethylene oxide. Collins et al.3 confirmed that ethylene oxide
was converted to 1,3-dioxolane and then from 1,3-dioxolane,
1,3,5-trioxepane was formed. They stated that the direct
reaction of ethylene oxide with 1,3,5-trioxane was impossible
because of the weak basicity of 1,3,5-trioxane. Weissermel and
co-workers1,2 and Collins et al.3 proposed the formation
mechanism of 1,3-dioxolane from ethylene oxide and formal-
dehyde, and for a long time this was thought plausible for the
initiation mechanism of copolymerization of trioxane and
ethylene oxide.

We have performed the direct reaction of ethylene oxide with
1,3,5-trioxane, which was thought impossible for a long time,
and isolated a novel cyclic formal. From this novel cyclic
formal, 1,3,5-trioxepane was formed and then 1,3-dioxolane
was also generated. This reaction identified the precise
initiation mechanism of the copolymerization of 1,3,5-trioxane
and ethylene oxide.

Purified 1,3,5-trioxane (30 g) was melted under an N2
atmosphere in a glass vessel immersed in an oil bath and held at
70 °C. Gaseous ethylene oxide (4.5 mol% with respect to
1,3,5-trioxane) was introduced into the molten 1,3,5-trioxane
which was stirred with a magnetic mixer. A cyclohexane
solution of BF3·OBu2 (7 3 1023 mol% with respect to
1,3,5-trioxane) was introduced into the molten mixture of
1,3,5-trioxane and ethylene oxide through the cap of the glass
vessel with a microsyringe. The mixture was stirred using a
magnetic mixer in an oil bath to maintain the reaction
temperature at 70 °C. The reaction mixture was sampled with a
syringe and then poured into PrOH containing a small amount
of KOH. The reaction mixture was analyzed by gas chromatog-
raphy. This showed a 33% yield of the novel compound based
on the initial amount of ethylene oxide.

The novel compound was separated using a micro-distillation
apparatus (bp 180 °C at 1 atm; mp 8.4 °C and bp 95 °C at 25
torr). Its chemical structure was confirmed using 1H NMR, 13C
NMR and mass spectral and elemental analysis.

Fig. 1 shows the 1H NMR pattern of the new compound. The
ratio of Ha (proton of formal linkage, d 5.05) to Hb (proton of
formal linkage, d 4.93) and Hc (proton of ether linkage, d 3.85)
is 1:2:2. Fig. 2 shows the 13C NMR pattern of the new
compound, and shows three different types of carbon: Ca

(formal carbon, d 96.9), Cb (formal carbon, d 97.1) and Cc (ether
carbon, d 70.5). Fig. 3 shows the EI mass spectrum of the new
compound, which shows the molecular weight of 134 and
composition formula of C5H10O4, which is in accordance with
the molecular weight and composition formula of 1,3,5,7-tetra-
oxacyclononane (TOCN). The observed elemental analyses are
in accordance with the theoretical values (Found: C, 44.76; H,
7.75. Calc.: C, 44.78; H, 7.50%).

The reaction concentration profile is shown in Fig. 4. The
profile begins when the initiator (a cyclohexane solution of
BF3·OBu2) is injected into the molten mixture of 1,3,5-trioxane
and ethylene oxide. At first, as the ethylene oxide concentration
(4.5 mol% with respect to 1,3,5-trioxane) decreases, the TOCN
concentration increases proportionally. Later, as the TOCN

Fig. 1 1H NMR spectrum of the new compound

Fig. 2 13C NMR spectrum of the new compound
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concentration decreases again, the concentration of 1,3,5-triox-
epane increases. Soon after the appearance of 1,3,5-trioxepane,
1,3-dioxolane appeares, and with the decrease in concentration
of 1,3,5-trioxepane, the concentration of 1,3-dioxolane in-
creases.

Although the equilibrium concentration of 1,3,5-trioxepane
and 1,3-dioxolane exist, there is no equilibrium concentration of
TOCN. This might be attributed to the higher ring strain energy

of the nine-membered ring compound of TOCN compared to
those of the seven- and five-membered ring compounds. In the
case of the cycloalkane, the ring strain energy of the nine-
membered ring compound is 27 kJ mol21 higher compared to
those of the seven- and five-membered ring compounds.4

The newly isolated intermediate, the novel cyclic compound
TOCN, identifies a new direct reaction between 1,3,5-trioxane
and ethylene oxide, as well as the precise initiation mechanism
of the copolymerization of 1,3,5-trioxane and ethylene oxide.
First, ethylene oxide directly reacts with 1,3,5-trioxane to
produce TOCN (Scheme 1). The 1,3,5-trioxepane is then
formed from TOCN, and 1,3-dioxolane is formed from
1,3,5-trioxepane.

Using gas chromatography, we observed compounds of
higher molecular weights than TOCN as minor components,
which were presumed to be the addition product of ethylene
oxide and TOCN. Confirmation of this point will be discussed
in the near future.

Notes and References

† E-mail: masamoto@ipc.kit.ac.jp
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3 G. L. Collins, R. K. Green, F. M. Beradinelle and W. H. Ray, J. Polym.
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Fig. 3 EI mass spectrum of the new compound

Fig. 4 Profile of reaction of 1,3,5-trioxane and ethylene oxide: (2) ethylene
oxide, (-) 1,3,5,7-tetraoxacyclononane, (8) 1,3,5-trioxepane, (5) 1,3-di-
oxolane. [EO]0 = 4.5 mol% with respect to 1,3,5-trioxane. t = 0 indicates
the time at which the initiator is injected into the molten mixture of
1,3,5-trioxane and ethylene oxide. Percentage on the vertical axis indicates
the relative molar concentration of ethylene oxide or related compounds to
the initial concentration of ethylene oxide.

Scheme 1
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Enhanced catalytic activity of MCM-41-grafted aluminium isopropoxide in
MPV reductions

R. Anwander,*a† C. Palm,b G. Gerstberger,a O. Groegerb and G. Engelhardtb

a Anorganisch-chemisches Institut, Technische Universität München, Lichtenbergstr. 4, D-85747 Garching, Germany
b Institut für Technische Chemie I, Universität Stuttgart, Pfaffenwaldring 55, D-70569 Stuttgart, Germany

Aluminium alkoxide moieties are grafted onto purely
siliceous mesoporous MCM-41 via siloxide linkages, produc-
ing materials which reveal enhanced catalytic activity in the
MPV reduction of cyclic ketones; nitrogen physisorption and
27Al MAS NMR spectroscopy are applied to characterise the
catalytically active hybrid systems.

The potential of aluminium reagents, in particular ‘Al(OPri)3’,
in Meerwein–Ponndorf–Verley (MPV) reductions and Oppe-
nauer oxidations is well documented.1,2 Although these trans-
formations formally proceed catalytically, an excess of the
aluminium compound is commonly required.3 Heterogeneously
performed MPVO reactions utilising, for example, oxidic or
zeolitic materials have also been reported to cope better with
catalyst separation.4,5 Recently, we and others envisaged the
mesoporous silicate MCM-41 as a versatile support material for
metalorganic moieties.6,7 As part of this program, we present
our preliminary findings on the catalytic MPV reduction of
4-tert-butylcyclohexanone mediated by grafted aluminium
alkoxide species, including a detailed 27Al MAS NMR study.

MCM-41-supported aluminium isopropoxide 2 was initially
prepared according to a one-step solution impregnation by
contacting Al(OPri)3 and MCM-41 1 in n-hexane.‡,§8,9

Assuming a monofunctional surface reaction, a ligand/metal
ratio of ca. 2.0 can be derived for material 2 from elemental
analysis (Table 1). Furthermore, an aluminium surface coverage
of ca. 1.3 Al nm22 can be calculated from the metal content and
the BET surface area of material 1 (1059 m2 g21). A
considerable amount of unreacted isolated silanol groups is still
present after the grafting procedure as indicated by the n(OH)
vibration mode at 3695 cm21 in the IR spectrum. Al(OPri)3
immobilisation in the mesopores of material 1 drastically
decreases the pore volume and pore diameter as revealed by
nitrogen physisorption (Table 1). However, the obtained
adsorption/desorption isotherm is still of type IV.

We found that careful drying of the solvent isopropanol ( =
reductant) significantly increased the catalytic activity of
Al(OPri)3 in this MPV reduction (Table 2, run 1 vs. 2). In

contrast, material 2 exhibits dramatically enhanced catalytic
activity, producing 86% of the 4-tert-butyl cyclohexanol
isomers after 5 h even at ambient temperature (run 5). At 80 °C
material 2 afforded almost quantitative conversion after 30 min
(run 6).¶10 Hybrid material 2 could easily be separated from the
reaction mixture of run 5 by centrifugation. After washing with
HOPri the catalytic activity of the recovered solid material (2b)
remained unchanged (run 7). The combined HOPri fractions
showed no further activity upon addition of new substrate. We
also found no catalytic activity for parent material 1 (run 3).

For comparison, recent studies by others revealed that
H-MCM-41 and Na-MCM-41 (Si/Al = 15, activation tem-
perature 450 °C) gave only 10% conversion of 4-tert-
butylcyclohexanone after 6 h at 80 °C.4 A zirconium hybrid
system obtained according to the synthesis sequence: silica +
Zr(CH2But)4 + HOPri, showed 75% conversion of cyclohex-
anone after 20 h at 80 °C.5

The efficiency of the MPV reduction is known to depend on
the Lewis acidity of the metal center and the ligand exchange
ability.1,2 These factors are markedly affected by the type of
(co-)ligand and co-ordination geometry at the metal center. In
order to gain further insight into the co-ordination geometry of
the catalytically active species, a detailed 27Al MAS NMR
study was performed. The 27Al MAS NMR spectrum of
Al(OPri)3 shows a sharp resonance at 0 ppm typical of
octahedral aluminium, accompanied by weak and broad signals

Table 1 Analytical data, pore volume and pore diameter

Elemental analysisb

Samplea wt.% C wt.% Al Vp
c/cm3 g21 dp,max

d/nm

1 — — 0.89 2.8
2 15.61 6.2 0.33 1.75
2a 8.61 6.6 0.46 2.0
2be 10.39 6.9 0.45 2.0
3 9.97 2.5 0.35 1.7
4 9.89 2.5 0.40 1.85

a Pretreatment temperature: 250 °C, 3 h, 1023 Torr for 1; 100° C, 3 h, 1023

Torr for 2a, 2b and 4; 25 °C, 3 h, 1023 Torr for 2 and 3. b Al by ICP analysis.
c BJH desorption cumulative pore volume of pores between 1.5 and 4.5 nm
diameter. d Pore diameter according to the maximum of the BJH pore size
distribution calculated form the desorption branch. e Recovered material
from run 5 (Table 2).

Table 2 Catalytic activities of aluminium isopropoxide species in the MPV
reduction of 4 tert-butylcyclohexanonea

Conversion (%) (trans:cis)

Run Precatalyst 5 h 24 h

1b [Al(OPri)3] < 1 7 (4.0)
2 [Al(OPri)3] 16 (2.1) 59 (2.1)
3c 1 — < 1
4d 1 (silylated) — < 1
5 2 86 (2.3) > 99 (2.2)
6e 2 > 99 (2.1) > 99 (2.2)
7 2b 85 (2.3) > 99 (2.3)
8 4 88 (2.6) > 99 (2.6)

a Conditions: 25 g HOPri, 0.1 g n-nonane, 0.78 g ketone, ca. 5 mol% of
precatalyst, 25 °C (mol% = 100 naluminium/nsubstrate). b HOPri not predried.
c 0.20 g mesoporous material. d 0.20 g SiMe3-silylated material. e 80 °C.
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at about 60 and 30 ppm attributable to distorted 4- and 5-co-
ordinated aluminium (Fig. 1A).∑11 In contrast, the spectrum of
hybrid material 2 (Fig. 1B) exhibits, besides the sharp resonance
at 0 ppm (15%), an intense broad signal pattern in the range of
75 to 225 ppm, clearly indicating the formation of additional
aluminium sites. Deconvolution by computer simulation
(Bruker WINFIT) yields a Gaussian line at 54 ppm (25%) of
regular tetrahedral aluminium sites, and a quadrupolar line
shape (diso = 49, QCC = 7.5 MHz, 60%), typical of heavily
distorted 4-co-ordinated aluminium.12 Interestingly, this signal
pattern did not change after the first catalytic run (material 2a,
Fig. 1C), proving the preservation of the lower-co-ordinated,
surface constrained and hence stronger Lewis acidic aluminium
centres which are proposed to contribute to the enhanced
catalytic activity of material 2. This is in accord with a previous
kinetic study.13 where the ‘melt’ form of Al(OPri)3 which
consists of the predominantly trimeric form with 4- and 5-co-
ordinated aluminium centres was found to be 103 times more
reactive in MPV reductions than the tetrameric form containing
4- and 6-co-ordinated aluminium.

This finding could be corroborated by applying a synthetic
approach which exclusively produces lower-co-ordinated alu-
minium surface species. Novel 4-co-ordinate Al[N(SiH-
Me2)2]3·thf was reacted with material 1 to yield material 3 via a
siloxide formation/silylation sequence (ca. 0.5 Al nm22).**6

Subsequent treatment of hybrid material 3 with a slight excess
of HOPri afforded material 4 (Table 1). The pore texture of
material 4 is roughly comparable to that of material 2,
supporting a disruption of the tetrameric form of Al(OPri)3 upon
grafting. The 27Al MAS NMR spectrum of material 3 revealed
poor signal intensity (not shown in Fig. 1), probably due to the
formation of surface-docked alumoxo-silylamide sites in highly
distorted co-ordination environments.14 Upon silylamide/
HOPri ligand exchange the co-ordination geometry at the
aluminium center is markedly relaxed. The resulting 27Al MAS

NMR spectrum now features a broad, asymmetric signal with a
maximum at 55 ppm, indicating the presence of predominantly
4- and 5-co-ordinated aluminium species (Fig. 1D). Material 4
displayed catalytic activity comparable to that of material 2 (run
8). Although silylated 1 was shown to be catalytically inactive
(run 4), the partly silylated surface of material 4 may affect its
catalytic performance by hydrophobicity effects.15 Spectrum E
in Fig. 1 shows the 27Al resonances of a completely hydrolysed
sample of material 2. The three overlapping signals of
tetrahedral (58 ppm), 5-co-ordinated (34 ppm) and octahedral (0
ppm) aluminium sites are now clearly visible.

We have shown that MCM-41-grafted aluminium isoprop-
oxide is an efficient catalyst in the MPV reduction of 4-tert-
butylcyclohexanone. A detailed 27Al MAS NMR study revealed
that the enhanced catalytic activity can be ascribed to the
formation of low-co-ordinated (4-, 5-), geometrically distorted
aluminium species. Surface confinement prevents the alumin-
ium alkoxide moieties from self-association, while the silicate
material simultaneously acts as an electron-withdrawing ma-
trix.

We thank the Deutsche Forschungsgemeinschaft for gen-
erous support.
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‡ All manipulations were performed in a nitrogen-filled glovebox (MB
Braun MB150B-G-II) as described elsewhere.6 Purely siliceous MCM-41
was prepared according to the literature and dehydrated at 280 °C, 1025

Torr prior to use. All of the resulting hybrid materials were synthesized in
n-hexane at ambient temperature in 24 h and subsequently washed several
times with n-hexane to remove unreacted educt compounds.
§ A similar post-synthetic aluminium incorporation was recently applied to
produce mesoporous aluminosilicates.9
¶ Although it was shown earlier that addition of Al(OPri)3 to alumina
significantly enhanced its catalytic activity at 80 °C, this phenomenon was
not further explained.10

∑ The solution spectrum of Al[(µ-OPri)2Al(OPri]3 in toluene at 25 °C gives
a similar spectrum with the very broad signal of the 4-co-ordinated Al
disappearing into the base line.11

** The formation of both surface bonded metal silylamide ‘[mSiO]x–
Al[N(SiHMe2)2]y’ [n(SiH) = 2102 cm21], silylated species ‘°SiO–
SiHMe2’ [n(SiH) = 2151 cm21] and the consumption of all surface silanol
groups was revealed by FTIR spectroscopy.
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Fig. 1 27Al NMR spectra: (A) Al(OPri)3 as received from Aldrich; (B)
material 2; (C) recovered material 2a; (D) material 4; (E) material 2 exposed
to air for several days (completely hydrolysed); all hybrid materials were
evacuated for 5 h at 25 °C, 1022 Torr prior to measurement
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New paradigms in cycloaddition face-selectivities: remarkable effect of remote
substituents in singlet oxygen addition to
hexacyclo[7.5.1.01,6.06,13.08,12.010,14]pentadeca-2,4-diene system

Goverdhan Mehta,*a R. Uma,a M. N. Jagadeeshb and Jayaraman Chandrasekhar*b†
a School of Chemistry, University of Hyderabad, Hyderabad 500046, India
b Department of Organic Chemistry, Indian Institute of Science, Bangalore 560012, India

Different modes of direct through-space interactions be-
tween remote substituents and an approaching reagent are
indicated as important additional controlling factors of face
selectivity in singlet oxygen cycloaddition to facially differ-
entiated cyclohexa-1,3-dienes.

Evaluation of stereoelectronic effects that influence p-face
selection and control diastereoselectivity in [4+2]-cycloaddi-
tions to cyclic dienes continues to be an area of intense scrutiny
and new explorations.1 In this context, substrates in which the
1,3-diene moiety is grafted on to a rigid polycyclic frame to
eliminate conformational ambiguities are particularly advanta-
geous, as the facial discrimination and stereoelectronic pertur-
bations can be effected through distal modulation of functional-

ities.2,3 In recent years, several polycyclic systems 1–4
embodying a cyclic 1,3-diene substructure have been devised
and probed for diastereoselection employing a variety of
dienophiles, but among these, 4 has been more enduring3

because of its rigidity, ready accessibility,4 reactivity and
functional group manoeuvrability. In the hexacyclic diene 4,
facial discrimination in the cyclohexadiene moiety is mani-
fested through the interplay of the steric effects of cyclobutyl
hydrogens and the electronic interactions of the carbonyl
groups. The diastereoselectivities observed in cycloadditions to
several derivatives of 4 (obtained through substitutions on the
diene moiety as well as modifications of the carbonyl group)
have led to the identification of steric effects, filled orbital and
electrostatic repulsions, the Cieplak effect and transition state
geometrical distortions as the main determinants of face-
selectivity.3 We have now observed that even the simplest
derivatisation can lead to a reversal in diastereoselectivity
which we interpret in terms of transition state interactions, some
of which have not been recognised before as contributors to face
selectivity. These subtle effects, though promoted in the present
case by the geometry of the hexacyclic system 4 and the relative
spatial orientation of the diene unit and the remote functionality,
can be operative in other substrates as well and in the absence of
other dominant effects, can be the principal determinants of face
selectivity; inter alia caution must be exercised in extrapolating
stereoselectivities, even when seemingly inconsequential func-
tional group changes are effected at distal sites.

The hexacyclic endo,endo-diol 5a, its diacetate 5b and
dimethyl ether 5c readily underwent cycloaddition with 1O2
generated in the presence of Methylene Blue (500 W tungsten
lamp, O2, CHCl3, 5–10 °C, 4–5 h) to furnish a diastereomeric
mixture of endoperoxides 6a–c and 7a–c in 80–85% yield.5
While the gross structures of both the ‘bottom’ and ‘top’

addition endoperoxides 6a–c and 7a–c, respectively, were
apparent from the spectral characteristics (1H and 13C NMR),
their stereochemistry was unambiguously determined via X-ray
crystal structure determination‡ of the major endoperoxides 6b
and 7c. The diastereoselectivities observed in the 1O2 additions
(Scheme 1) indicated that while in the endo,endo-diol 5a and
diacetate 5b ‘bottom’ face addition was preferred, complete
reversal occurred in the case of the dimethyl ether 5c and the
‘top’ addition product was exclusively obtained. The expecta-
tion from earlier studies and interpretations3 with substrates
such as 4b was that repulsion between endo-directed oxygens in
5a–c and the 1O2 reagent should uniformly favour addition from
the ‘top’ face. While the observed selectivity in 5c was fully in
consonance with this reasoning, the unpredicted outcome of
diastereoselectivities in the case of 5a,b suggested intervention
of some additional, unrecognized interactions and these needed
to be probed through transition state modelling.

The origin of the variations in face selectivities in 5a–c was
examined through AM1 calculations6 on 1O2 addition transition
states. Saddle points with vanishing gradients and characterized
by a single imaginary vibrational frequency were located for the
top and bottom face addition. The possibility of conformational
variation in the OR groups was considered by using different
initial geometries.

For the methoxy derivative 5c, two sets of transition
structures are obtained, both favoring the top face attack by
varying degrees. While the energy preference is marginal (0.2
kJ mol21) in the structures in which the methyl groups are
pointed towards the diene moiety, a strong bias (10.3 kJ mol21)
is predicted when the methyl groups are oriented away from the
diene. In the latter, repulsive interactions involving the oxygen
lone pairs towards the approaching 1O2 evidently come into
play [Fig. 1(a)]. Hence the exclusive formation of the top face
adduct in 5c is entirely consistent with electrostatic control of
face selection.

For the 1O2 addition to the dihydroxy derivative 5a, a
significant bottom face preference (7.9 kJ mol21) is computed,
qualitatively in accord with the experimental trend. The
transition structures for both the top and bottom face approach
lack any symmetry (C1) due to an intramolecular O–H···O
hydrogen bond. In the bottom face attack saddle point, an
additional hydrogen bonding interaction is evident. The second
OH group in the structure interacts with one of the oxygen

Scheme 1
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atoms of the approaching dienophile [Fig. 1(b)]. The cyclic,
cooperative hydrogen bonds seem to provide enough stabiliza-
tion to overcome electrostatic repulsions noted in 5c. Additional
proof for the role of hydrogen bonding with the singlet oxygen
was obtained by computing the energies of transition states with
Cs symmetry constraints which led to conformations similar to
those of the dimethoxy derivative. The face selectivity calcu-
lated in these high energy conformations is revealing. With both
the OH groups pointing towards the diene, the bottom face
approach of 1O2 is favored by 25.6 kJ mol21. In this structure,
the two OH groups form strong hydrogen bonds with either end
of the dienophile. In the alternative transition structures in
which the OH groups point away from the diene, an electrostatic
preference for top face attack (12.6 kJ mol21) similar to that
calculated for the corresponding conformation of 5c is ob-
tained.

Transition state energies favoring the bottom face attack for
the diacetoxy derivative 5b are also consistent with experiment.
Remarkably, the computed preference (6.9 kJ mol21) is similar
to that obtained in the most stable transition state structures of
5a. While the latter allows hydrogen bonding between the
substituent and 1O2, the origin of the selectivity in 5b is
intriguing. The calculated transition state structure for the
bottom face attack suggests a possible mode of stabilisation.
The oxygen atoms of the dienophile make fairly short contacts
(2.9 Å) with the carbonyl carbon atoms of the symmetrically
oriented ester groups [Fig. 1(c)]. The O···C§O angles of 91°
support the possibility of a favorable interaction between the
lone pairs on 1O2 with the p* orbitals on the ester linkages.
Similar long range attractive interactions have been recog-
nised,7 on the basis of several solid state structures, as key
factors governing the nature of the reaction coordinate in
nucleophilic additions to carbonyl groups. We now propose that
such orbital interactions between the reagent and the remote
substituent direct the approach of 1O2. The attractive effects are
not translated into any reaction at the substituent, but only result
in the delivery of the reagent to the nearby diene face. Evidence
for this model comes from calculations on a different conforma-
tion of the diester groups, with the acyl units pointing away
from the diene. While the energy of the transition state for top
face addition was virtually unaffected by the conformational
change, in the case of the bottom face addition transition state,

the ester groups were reorientated to attain the conformation
shown in Fig. 1(c), implying the stabilizing interactions present
in this structure.

In summary, a subtle change of functionality in 5 leads to
remarkable variations in the face selectivities of 1O2 additions.
Our results indicate that direct through-space interactions
between remote substituents and the approaching reagent via
three distinct modes, viz. electrostatic, hydrogen bonding and
stabilizing orbital interactions, need to be considered as
additional stereoelectronic factors in determining face se-
lectivity.

We thank Mr B. K. Dirghangi and Mr S. Mondal for solving
an X-ray structure and DST for support of X-ray facilities at the
University of Hyderabad and IACS, Calcutta.

Notes and References
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‡ Crystal data for 6b: C19H20O6, M = 344.35, colourless crystals from
CH2Cl2–hexane, triclinic, space group P1̄, a = 8.381(1), b = 8.620(1), c =
12.508(3) Å, a = 87.52(1), b = 85.08(1), g = 62.32(1)°, V = 797.3(2) Å3,
Z = 2, Dc = 1.434 Mg m23, T = 293 K, F(000) = 364, µ(Mo-Ka) = 0.107
mm21, crystal dimensions 0.143 0.213 0.16 mm. Data were collected on
Enraf-Nonius MACH-3 diffractometer, graphite-monochromated Mo-Ka
radiation (l = 0.71073 Å), by the w scan method in the range 2 @ q@ 25°,
2804 unique reflections [Rint = 0.0], of which 2213 had Fo > 4s(Fo), were
used in all calculations. At final convergence R1[I > 2s(I)] = 0.0497, wR2

= 0.1936 for 228 parameters, GOF = 1.334, Drmax = 0.403 e Å23, Drmin

= -0.357 e Å23. The data were reduced using XTAL (ver. 3.4), solved by
direct methods, refined by full-matrix least-squares on F2 with the non-H
atoms anisotropic, and H atoms isotropic (ref. 8).

For 7c: C17H20O4, M = 288.3, colourless crystals from CH2Cl2–hexane,
monoclinic, space group I2/a, a = 26.035(8), b = 8.259(3) and c =
26.04(1) Å, b = 90.05(3)°, V = 5599(3) Å3, Z = 16, Dc = 1.372 Mg m23,
T = 296 K, F(000) = 2464, µ( Mo-Ka) = 0.097 mm21, crystal dimensions
0.253 0.203 0.45 mm. Data were collected on Siemens R3m/V
diffractometer, graphite-monochromated Mo-Ka radiation (l = 0.71073
Å), by the w scan method in the range 3 @ 2q@ 42°, 3077 unique reflections
[Rint = 0.03], of which 1961 had F > 4s(F), were used in all calculations.
At final convergence R1 = 0.0564, wR2 = 0.0588 for 309 parameters, GOF
= 1.47, Drmax = 0.23 e Å23, Drmin = 20.22 e Å23. The structure was
solved by direct methods, refined by full-matrix least-squares on F2 with all
non-hydrogen atoms anisotropic, except C4–C9, C17, C25–C30, C38 and H
atoms, which were isotropic (ref. 9). CCDC 182/942.
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Okamoto, T. Ohwada and K. Shudo, J. Org. Chem., 1996, 61, 3155 and
references cited therein.

2 W. D. Fessner, C. Grund and H. Prinzbach, Tetrahedron Lett., 1991, 32,
5935; G. Mehta, S. Padma, S. H. K. Reddy and M. Nethaji, J. Chem. Soc.,
Perkin Trans. 1, 1994, 2049.

3 J. M. Coxon, M. J. O’Connell and P. J. Steel, J. Org. Chem., 1987, 52,
4726; B. Pandey, U. R. Zope and N. R. Ayyangar, Synth. Commun., 1989,
19, 585; J. M. Coxon, R. G. A. R. Maclagan, D. Q. McDonald and P. J.
Steel, J. Org. Chem., 1991, 56, 2542; J. M. Coxon, S. T. Fong, D. Q.
McDonald and P. J. Steel, Tetrahedron Lett., 1993, 34, 163; J. M. Coxon,
S. T. Fong, K. Lundie, D. Q. McDonald, P. J. Steel, A. P. Marchand, F.
Zaragoza, U. R. Zope, D. Rajagopal, S. G. Bott, W. H. Watson and R. P.
Kashyap, Tetrahedron, 1994, 50, 13037; G. Mehta, R. Uma, A.
Pramanik, J. Chandrasekhar and M. Nethaji, J. Chem. Soc., Chem.
Commun., 1995, 677; G. Mehta and R. Uma, Tetrahedron Lett., 1995, 36,
4873.

4 A. S. Kushner, Tetrahedron Lett., 1971, 12, 3275; G. Mehta, V. Singh and
K. S. Rao, Tetrahedron Lett., 1980, 21, 1369.

5 All new compounds were fully characterized on the basis of spectral and
analytical data.

6 J. J. P. Stewart, J. Comput. Aided Mol. Des., 1990, 4, 1.
7 H. B. Bürgi and J. D. Dunitz, Acc. Chem. Res., 1983, 16, 153.
8 G. M. Sheldrick, SHELX-97, University of Göttingen, Germany, 1997.
9 G. M. Sheldrick, SHELXTL PLUS, structure determination software

program, Siemens Analytical X-Ray instruments Inc., Madison, WI,
1990.
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Fig.1 AM1 optimised transition state structures for the bottom face addition
of 1O2 to (a) 5c, (b) 5a and (c) 5b
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Facile a-b isomerisation of the s-p phenylethenyl ligand at the diiron centre

Simon Dohertya and Graeme Hogarth*b†
a Department of Chemistry, University of Newcastle, Bedson Building, Newcastle-upon-Tyne, UK NE1 7RU
b Department of Chemistry, University College London, 20 Gordon Street, London, UK WC1H 0AJ

At 110 °C a-substituted [Fe2(CO)6(m-PhC§CH2)(m-PPh2)] 1
is cleanly converted into the b-isomer [Fe2(CO)6(m-
HC§CHPh)(m-PPh2)] 2, a process which is accelerated in
the presence of arylphosphines; with P(OMe)3 mono- and di-
substituted adducts of 1 are isolated at 70 °C, which cleanly
isomerise at higher temperatures.

The alkenyl ligand has been proposed as a key intermediate for
the Fischer–Tropsch process1 and as a result, the chemistry of
this important ligand has been studied at a variety of metal
centres, the emphasis of this work being based on carbon–
carbon bond forming reactions.2–4 Monosubstituted alkenyl
complexes can adopt isomeric forms I–III with the substituent

on either the a- or b-carbon. Interconversion of b-isomers II and
III has been noted in a number of instances, and results from
rotation about the carbon-carbon bond.5,6 In contrast, as far as
we are aware, and despite the large volume of literature
concerning alkenyl complexes, a,b-isomerisation of alkenyl
complexes has not been reported. Herein we describe the clean
conversion of an a-substituted alkenyl ligand (I) to its b-isomer
(II) at the diiron centre, a process which is accelerated in the
presence of arylphosphines.

A convenient route to alkenyl complexes involves the
hydrometalation of alkynes, primary alkynes giving both a- and
b-substituted isomers depending upon the regioselectivity of the
process. Hydrodimetalation of PhC°CH by [Fe2(CO)7(m-H)(m-
PPh2)] is reported to afford a mixture of a-[Fe2(CO)6(m-
PhC§CH2)(m-PPh2)] 1 and b-[Fe2(CO)6(m-HC§CHPh)(m-
PPh2)] 2 substituted isomers in a 4:1 ratio.7 In our hands, and
provided that the temperature is not raised during work-up, the
a-isomer 1 is the sole product as shown by 1H NMR
spectroscopy. However, when a toluene solution of 1 was
heated at 110 °C for 1 h clean conversion to b-isomer 2 was
noted, being isolated in > 90% yield after chromatography.
Conversion of 1 to 2 is easily followed by 1H NMR
spectroscopy. Under these conditions conversion was quantita-
tive, the appearance of a low-field multiplet being characteristic
of the a-proton of an alkenyl ligand. Following the reaction by
NMR and IR spectroscopy failed to reveal any intermediates.

In the presence of arylphosphines, alkenyl isomerisation was
accelerated. Heating a toluene solution of 1 and PPh3 to 110 °C
for 10 min lead to the quantitative formation of the b-substituted
phosphine adduct [Fe2(CO)5(PPh3)(m-HC§CHPh)(m-PPh2)]
3a.‡ The 1H NMR spectrum clearly showed that both carbonyl
substitution and alkenyl isomerisation had occurred, the
a-proton appearing at d 8.35. Monitoring the reaction by 31P
NMR spectroscopy again failed to reveal any intermediates.
The acceleration of alkenyl isomerisation was found for other
phosphines, including P(p-tolyl)3 and P(m-tolyl)3 (Scheme 1).
In contrast, addition of the more sterically demanding isomer

P(o-tolyl)3 did not result in accelerated isomerisation, 2 being
the sole product, and suggesting that it is carbonyl substitution
which accelerates alkenyl isomerisation.

Further insight was gleaned from the reaction of P(OMe)3
with 1 (Scheme 2). This proceeded rapidly (10 min) at 70 °C and
led to a mixture of [Fe2(CO)5{P(OMe)3}(m-PhC§CH2)(m-
PPh2)] 4d and [Fe2(CO)4{P(OMe)3}2(m-PhC§CH2)(m-PPh2)]
4e.‡ Pertinently, the a-substituted alkenyl ligand is maintained
throughout. Warming both 4d and e to reflux in toluene resulted
in their rapid ( < 10 min) conversion into the b-substituted
isomers [Fe2(CO)5{P(OMe)3}(m-HC§CHPh)(m-PPh2)] 3d and
[Fe2(CO)4{P(OMe)3}2(m-HC§CHPh)(m-PPh2)] 3e, respec-
tively, also obtained from the direct reaction of P(OMe)3 with 2,
while reaction of the latter with PPh3 afforded 3a in a similar
manner.

Conversion of 3 to 4 involves both carbonyl substitution and
alkenyl isomerisation. For the arylphosphines utilised to date,
carbonyl substitution is rate-determining, being followed by
rapid alkenyl isomerisation. In contrast, with the less sterically
demanding P(OMe)3, carbonyl substitution is more facile and
alkenyl isomerisation becomes rate-determining. While the

Scheme 1

Scheme 2
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origin of the rate acceleration of alkenyl isomerisation is not
clear, since the b-phenylethenyl ligand is generated in all cases
it must be thermodynamically preffered. It is difficult to see how
this can be a result of steric effects in the hexacarbonyl
complexes and we believe that their must be an electronic
preference for the adoption of the b-isomer, while the
hydrodimetalation reaction affords the a-isomer preferentially
as a result of Markovnikov addition.

The precise manner in which alkenyl isomerisation occurs is
as yet unknown. It may simply occur via a direct 1,2-proton
shift, although it is difficult to see how the rate of such a process
would be strongly affected by ligand substitution. A second
possibility is that it results from a reversible C–H addition to the
diiron centre (Scheme 3). Such a process would afford a
hydrido–alkyne intermediate, with the alkyne lying parallel to
the diiron vector and acting as a two-electron donor in order to
preserve the EAN count of 34. Carbon-hydrogen bond forma-
tion from this intermediate would either regenerate the a-isomer
or irreversibly afford the thermodynamically favoured
b-isomer. Both oxidative addition and reductive elimination are
likely to be sensitive to the steric and electronic nature of the
other ligands, and this may account for the observed changes in
the rate of alkenyl isomerisation.

We are currently investigating whether a–b alkenyl iso-
merisation is general by studying analogous reactions of other
a-substituted complexes [Fe2(CO)6(m-RC§CH2)(m-PPh2)].
Further we are trying to gain more mechanistic insight into this
transformation via reaction of 1 with a wider range of
phosphines, phosphites and related reagents, while we are
looking for alternative low-temperature routes to phosphine
substituted a-alkenyl complexes in order to obtain kinetic
information concerning the rate acceleration.

Notes and References

† E-mail: g.hogarth@ucl.ac.uk
‡ All compounds exhibit satisfactory spectroscopic and analytical data.
Selected data for 3a: n(CO)(CH2Cl2)/cm21 2034m, 1983vs, 1947s, 1917m,
1884w; dH(CDCl3) 8.35 (dd, J 27.9, 12.9, 6.5, 1H, Ha), 7.9–6.4 (m, 30H,

Ph), 4.12 (dd, J 12.9, 5.4, 1H, Hb); dP(CDCl3) 181.2 (d, J 93.4, m-PPh2), 73.0
(d, J 93.4, PPh3). For 3b: n(CO)(CH2Cl2)/cm21 2030m, 1982vs, 1946s,
1917m, 1885w; dH(CDCl3) 8.35 (ddd, J 27.8, 12.9, 6.5, 1H, Ha), 7.8–7.0
(m, 25H, Ph), 6.62 (d, J 7.5, 2H, Ph), 4.13 (dd, J 12.9, 5.3, 1H, Hb), 2.36 (s,
9H, Me); dP(CDCl3) 180.6 (d, J 93.9, m-PPh2), 72.0 (d, J 93.9, PPh3). For
3c: n(CO)(CH2Cl2)/cm21 2033m, 1982vs, 1970sh, 1949m, 1915m;
dH(CDCl3) 8.31 (ddd, J 27.8, 12.9, 6.5, 1H, Ha), 7.8–7.0 (m, 25H, Ph), 6.58
(d, J 7.1, 2H, Ph), 4.08 (dd, J 12.8, 5.4, 1H, Hb), 2.37 (s, 9H, Me); dP(CDCl3)
180.6 (d, J 94.4, m-PPh2), 70.6 (d, J 94.4, PPh3). For 3d (two isomers A:B
in 2:1 ratio): n(CO)(CH2Cl2)/cm21 2035s, 1987vs, 1971m, 1958s;
dH(CDCl3) 7.8–7.1 (m, Ph), 3.65 (d, J 11.2, Me, 9H, A), 3.60 (d, J 11.2, Me,
9H, B), 3.16 (d, J 15.2, 1H, B), 3.01 (dt, J 15.4, 3.3, 1H, A), 2.28 (dt, J 12.1,
3.3, 1H, A), 2.24 (d, J 10.5, 1H, B); dP(CDCl3, 213 K) 188.1 [d, J 52.7,
P(OMe3), B], 186.6 [d, J 70.2, P(OMe3), A], 165.0 (d, J 70.2, PPh2, A),
152.5 (d, J 52.7, PPh2, B). For 3e: n(CO)(CH2Cl2)/cm21 1997vs, 1962s,
1932m; dH(CDCl3) 7.8–7.1 (m, 15H, Ph), 3.55 (d, J 11.2, 9H, Me), 3.51 (d,
J 11.2, 9H, Me), 3.00 (d, J 16.1, 1H), 2.15 (d, J 10.8, 1H); dP(CDCl3, 213
K) 189.8 [d, J 47.0, P(OMe)3], 189.1 (d, J 71.6), 145.9 (br, PPh2). For 4d:
n(CO)(CH2Cl2)/cm21 2037s, 1989vs, 1976s, 1956s, 1928m; dH(CDCl3,
223K) 8.73 (ddd, J 31.8, 12.7, 8.1, 1H, Ha), 7.8–6.8 (m, 15H, Ph), 3.79 (d,
J 11.1, 9H, Me), 3.73 (t, J 14.0, 1H, Hb); dP(CDCl3, 223 K) 182.6 [d, J
154.7, P(OMe)3], 177.7 (d, J 154.7, PPh2). For 4e (two isomers A:B in 6:1
ratio): n(CO)(CH2Cl2)/cm21 1995s, 1963vs, 1930s, 1910m; dH(CDCl3, 223
K) 8.74 (ddd, J 30.2, 13.0, 8.1, 1H, Ha, A), 8.63 (br, 1H, Ha, B), 7.85–6.8
(m, Ph), 3.96 (br, 1H, Hb, B), 3.79 (d, J 11.2, 9H, A), 3.73 (d, J 11.2, 9H,
Me, B), 3.50 (d, J 11.5, 1H, Hb, A), 3.32 (d, J 11.0, 9H, A), 3.28 (br, 9H, Me,
B); dP(CDCl3, 223 K) 196.8 [d, J 45.5, m-P(OMe)3, B], 188.6 [d, J 145.7,
P(OMe)3, A], 181.0 [d, J 150.7, P(OMe)3, B], 180.3 [d, J 59.8 P(OMe)3, A],
165.4 (dd, J 145.7, 59.8, PPh2, A), 159.0 (dd, J 150.7, 45.0, PPh2, B).
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A stereoselective synthesis of a 2-functionalized-methyl-1b-methylcarbapenem
key intermediate via decarboxylation

Woo-Baeg Choi, Jaemoon Lee, Joseph E. Lynch,*† R. P. Volante, Paul J. Reider and Robert A. Reamer

Process Research, Merck Research Laboratories, PO Box 2000, Rahway, NJ 07065, USA

An efficient synthesis of a key intermediate 2a for the
synthesis of 2-functionalized methyl-1b-methylcarbapenem
antibiotics 1 has been realized via a stereoselective decarbox-
ylation reaction.

The emergence of multiple drug resistant bacteria and the
alarming increase in the number of infections resulting from
these organisms have clearly demonstrated an urgent need for
new antimicrobial agents. Methicillin resistant Staphylococcus
aureus (MRSA) is one of the more common of these infectious
agents and in the early 1990s accounted for about 20% of the
bacterial cultures isolated in hospitals.1 MRSA remains a
challenging target of antimicrobial research programs through-
out the pharmaceutical industry. 2-Functionalized-methyl-
1b-methylcarbapenem antibiotics 1 have drawn much attention
due their potent activity against a variety of pathogens including
MRSA.2 However, the lack of an efficient synthesis of these
carbapenems has hindered their development as clinical
candidates. The 2-hydroxymethyl-1b-methyl ketone 2a is a key
intermediate in the synthesis of 1 and several syntheses of 2a in
variously protected forms have appeared in the literature.2a,3

Some time ago, we (and others) reported that the malonic acid
3b underwent a highly stereoselective decarboxylation/protona-
tion to give the 1b-methyl carboxylic acid 2b.4a,b We envi-
sioned that the keto acid 3a or 3c should undergo a similar
decarboxylation to give 2a or 2c, respectively.

After several unsuccessful attempts to generate the requisite
b-keto acid 3a via aqueous ester saponification, we adjusted our
strategy to allow preparation of a b-keto acid in a nonpolar
solvent via hydrogenolysis of a suitable benzyl ester. Benzyl
4-benzyloxy-2-methyl-3-oxobutyrate 5 was prepared by the
Claisen condensation of benzyl propionate (2 equiv. + 2 equiv.
LDA) and methyl O-benzylglycolate in 80% yield (Scheme 1).
The acetoacetate 5 was then coupled with acetoxyazetidinone 6
(K2CO3 in DMF at 45 °C, 1 h) to give ca. 2:1 diastereomeric
mixture 7 in 85–90% yield. N-silylation of 7 was carried out
using TBDMSOTf and Et3N in DMF to give 8 in quantitative
yield. In our previous work on the malonic acid series we had

observed a remarkable diastereospecificity in the decarboxyla-
tion reaction.4d We found that only the (1R)-ester 3d underwent
decarboxylation to give 2d. The (1S)-diastereomer underwent
decarboxylation only under forcing conditions resulting in ring
cleavage and giving 4b as a major product. We were concerned
that such diastereospecificity would be problematic with the 2:1
mixture of diastereomers 8. We thus separated the two isomers
of 8 (silica gel chromatography) and investigated the decarbox-
ylation of each isomer individually. Each benzyl ester 8 was
subjected to hydrogenolysis conditions (3 equiv. HCO2H, 5%
Pd/C, 30 psi, room temp., 1 h) in EtOAc. Surprisingly both
isomers cleanly gave 9 as a single stereoisomer ( > 99:1 b:a).5
Encouraged by the individual results, the 2:1 mixture of 8 was
subjected to hydrogenolysis/decarboxylation to give the desired
b-methyl product 9 in 95% yield along with 3–4% of 4a.
N-desilylation of 9 was achieved using TBAF in CH2Cl2 at 0 °C
giving 2c in 85% yield.6 Debenzylation of 2c was accomplished
under more vigorous hydrogenolysis conditions in EtOH (10%
Pd/C, 45 psi H2, 1 h) to give 2a in 90% yield.7,8

Although the malonic acid series demonstrated a ster-
eospecific decarboxylation,4d this was not an issue in the
decarboxylation of 8 (via 3c). This could be due to the greater
stability of the enol intermediate and the corresponding lower
transition state energy vs. the ketene acetal intermediate in the
malonic acid series. The greater selectivity in the protonation
step may be a result of the lower reaction temperature (20 °C for
2a vs. 80 °C for 2b) as well as the relative energetics of the two
systems.

The Authors thank Dr Mark Greenlee for helpful suggestions
during the preparation of this manuscript.

Notes and References

† E-mail: joe_lynch@merck.com
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Scheme 1 Reagents and conditions: i, K2CO3, DMF, 45 °C, 1 h; ii, Et3N,
TBDMSOTf, DMF; iii, HCO2H, EtOAc, 5% Pd/C, 30 psi H2, room temp.,
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4NF, CH2Cl2, 0 °C; v, 10% Pd/C, EtOH, 45 psi H2
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Circular dichroism and absolute conformation of D4-uronate derivatives: a
semi-empirical rule for inherent chiral a-alkoxy acrylates

Iontcho R. Vlahov,a Hélène G. Bazinb and Robert J. Linhardt*b†
a Baker Norton Pharmaceuticals, Inc., 4400 Biscayne Boulevard, Miami, Florida 33137, USA
b Division of Medicinal and Natural Products Chemistry and Department of Chemical and Biochemical Engineering, University of
Iowa, Iowa City, Iowa 52242, USA

The theoretical basis for using CD spectroscopy to predict
the conformation of D4-uronates is reported.

As part of ongoing research into the chemistry of glycosami-
noglycans, our laboratory has been exploring the use of
D4-uronate derivatives as building blocks for the synthesis of
heparin. Circular dichroism (CD) spectroscopy was used to
study the conformation of these D4-uronate derivatives in an
effort to better understand differences in their reactivity.1

Qualitative molecular orbital (MO) theory, frequently used to
explain molecular properties (e.g. geometry,2 photoelectron
spectra3 or reactivity4) can also help in better understanding CD
spectra. Rotational strength (R),5 a substance property, can be
defined as the area under a CD band multiplied by a factor [eqn.
(1)].

R = 0.229 3 10238 ∫ (De/ldl (1)

R is theoretically given by the scalar product of the electronic
(m) and the magnetic (m) transition moments for the absorption
observed [eqn. (2)].

R = mm = ımı ımı cos b (2)

When light is absorbed by the electron cloud of a molecule,
electron charge can be shifted in the direction of the electric
field vector of the light wave, and it may also be rotated. This
first phenomenon corresponds to m, the latter to m. The values
of m and m can be determined by identifying the molecular
orbitals (MOs) at which the electron excitation mainly occurs.
From the cosine term of eqn. (2) it follows that the CD is
positive if the angle between m and m is acute (0 < b < 90°),
and negative if the angle is obtuse (90 < b < 180°). In limited
cases the vectors m and m are prependicular to each other, so the
scalar product is zero (cos 90 = 0) and the Cotton effect
vanishes.

Qualitatively m and m can be determined by multiplying
together the two MOs between which the transition occurs
(Snatzke MO recipe).6 The absolute directions of m and m
depend on the arbitrary choice of the orbital phases and have no
physical meaning.7 However, their relative orientation deter-
mines the sign of the CD. This single CD argument only gives
information about the absolute conformation of a molecule (i.e.
the sign of a torsion angle around a bond) and not about the
absolute configuration. A second method is required to correlate
the absolute conformation with the determined absolute con-
figuration.

The D4-uronate derivatives as shown in Fig. 1(a) are formally
a-alkoxy acrylates. Their CNC–O moiety is locked into the
chiral conformation of the dihydropyran ring, making this
chromophore inherently chiral8 [Fig. 1(b)]. We propose a semi-
empirical rule for predicting the absolute conformation of cyclic
a-alkoxy acrylates based on the sign of the Cotton effect.
Snatzke has already suggested such a semi-empirical rule for
chiral dihydropyrans incorporating an enol ether chromophore,
present, for example, in glycals and in many iridoids.6,7,9

The CD spectra of the D4-uronates (Fig. 2) show a Cotton
effect around 235–240 nm. This band is negative for the
compounds 1–5, and positive for compounds 6 and 7. Since this

CD band corresponds to a strong UV absorption, it must come
from a p?p* transition and not from a forbidden n ? p*
transition. Application of the Snatzke MO recipe to such an
a-alkoxy acrylate chromophore is shown in Fig. 3. Here the
relevant MOs approximate the two possible HOMOs and the
LUMO of the isoelectronic 2,3-dimethylbutadiene dianion,
although the LCAO coefficients are not identical. The terminal
AOs are twisted to reflect the chirality (left-handed twist
chosen). The formal multiplications pap* and pbp* reveal the
generation of an electronic transition moment m. For the pa?p*
transition, m is localized nearly exclusively in the achiral part of
the chromophore, so this excitation cannot correspond to the
strong Cotton effect measured. The latter must then come from
the pb?p* transition. The translation of charge during the
pb?p* excitation generates m. Part of the charge is transferred

Fig. 1 The structure of (a) the a-alkoxyacrylate moiety in D4-uronate
derivatives and (b) the half-chair conformers of the D4-uronate deriva-
tives
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within the dihydropyran ring and this is done for the absolute
conformation 1H2 chosen on a left-handed helical path. Such
rotation of charge along the line connecting C4–Oring generates
m which, by the right-hand rule, is oriented antiparallel to m. The
resulting Cotton effect is, therefore, negative and the absolute

conformation of the dihydropyran ring in compounds 1–5 is
1H2.

For compounds 6 and 7 (a positive Cotton effect measured)
the charge is transferred on a right-handed helical trajectory,
thus predicting a 2H1 absolute conformation for their ring
systems.

The 1H NMR data for the compounds are in full agreement
with the prediction of their absolute conformation concluded
from this new semi-empirical rule. CD spectroscopy provides
the absolute conformation, information that is simply not
obtainable using NMR analysis.

We thank Professors Dan Quinn and Lei Geng for their
helpful suggestions and the National Institutes of Health
(GM38060) for supporting this research.
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Fig. 3 Application of Snatzke MO formalism to D4-uronates: (a) chiral a-alkoxy acrylate chromophore (absolute conformation of the dehydropyran ring is
chosen as 1H2; (b) relevant MOs of the isoelectronic 2,3-dimethylbutadiene dianion; (c) formal multiplication of pb and p* giving the electron density; (d)
charge translation and m; (e) concomitant charge rotation and m

Fig. 2 Superposition of CD curves with (a) negative (1–5) and (b) positive
Cotton effects (6 and 7). These compounds show a single absorption peak
at 235–240 nm.
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Molecular recognition using b-cyclodextrin-modified dendrimers: novel
building blocks for convergent self-assembly

George R. Newkome,*† Luis A. Godínez, and Charles N. Moorefield

Center for Molecular Design and Recognition, University of South Florida, Tampa, FL, 33620, USA

The synthesis of b-cyclodextrin-based dendrimers 3 and 5 is
described; using phenolphthalein as a UV–VIS active probe,
it is shown that the binding cavities of these modified
receptors retain their molecular recognition properties and
can be employed as polyfunctional monomers in self-
assembly.

Cyclodextrins (CDs) constitute a popular family of cyclic
oligosaccharides whose molecular structures resemble trun-
cated cones.1 These polyhydroxylated materials have been the
subject of numerous investigations in the area of molecular
recognition due to their combined solubility in aqueous media
and their ability to embrace a wide variety of molecular guests
in a well-defined cavity.2 Also, the n primary hydroxy groups at
the narrow side of the receptor’s cavity exhibit greater reactivity
with sterically demanding electrophiles than the 2n secondary
OH groups on the wider, bottom side of the molecule.1
Therefore, using the appropriate reagents, CDs can be se-
lectively modified to incorporate specific functional groups on
the narrow side of the receptor’s hydrophobic cavity. Many
researchers have capitalized on this property and have subse-
quently reported the synthesis of modified CDs that have been
successfully used as catalysts,3 receptors for nucleotides4 and
ions,5 molecular tube precursors,6 modified electrodes7 and
chemical sensors,8 to mention but a few applications.9 Recently,
a single CD has been attached to a dendritic surface and
investigated with respect to ester hydrolysis activity.10 b-CDs
have also been coordinated to ferrocenyl-terminated dendrimers
to study redox characteristics.11

As a complementary part of our research program, we are
exploring the use of non-covalent interactions and molecular
recognition concepts12 to promote the ordered self-assembly of
dendritic structures. These concepts have been eloquently
employed by Zimmerman and co-workers.13

We herein report the synthesis of two water-soluble dendritic
b-CD monomers that retain their molecular recognition proper-
ties. These materials therefore belong to a new family of
modified receptors that can be envisioned as synthons for
convergent, molecular recognition-based assembly of more
complex structures and, ultimately, dendritic networks.

Recently, we reported the synthesis of isocyanate14 1 and its
use in the synthesis of combinatorial-based dendrimers.15

Attempted treatment of b-CD with triester 1, under different
reaction conditions, afforded no addition products, presumably
due to combined steric hinderance. To circumvent this inert-
ness, we prepared 6-heptaamino-b-CD heptahydrochloride16 3‡
(Scheme 1) since isocyanate 1 was known to react with amines
under mild conditions.14 Thus, treatment of heptaamine 3 with
7 equiv. of isocyanate 1 (Pri

2EtN, DMF, 25 °C, 5 h) afforded
(85%) the first tier polyester dendritic CD monomer. Formic
acid hydrolysis (12 h) and dialysis afforded (40%) the
polycarboxylic acid 4, as supported by the 13C NMR spectral
data [d(D2O) 158.9 (NHCONH), 178.0 (CO2).

Construction of the second tier was accomplished by
treatment of 4 with 21 equiv. of Behera’s amine17 2 [DCC,
HOBT, DMF–DMSO, 2 d, 25 °C]. Formic acid hydrolysis
subsequently afforded (25%) the desired dendritic CD polyacid

5, whose spectral data supported the conversion [d(D2O)158.6
(NHCONH), 179.6 (CO2).

An important requirement for the synthesis of ‘dendri-
merized’ CDs, that are to be subsequently used as monomers of
more complex structures, is that the complexation site, i.e. the
hydrophobic cavity of the receptor, must remain basically
unchanged. In order to verify that CDs 4 and 5 had retained the
critical binding locus, displacement experiments, exploiting the
well-known association properties of b-CD, were performed.

In moderately basic aqueous medium, phenolphthalein
solutions are characterized by a deep purple color that
essentially turns colorless upon addition of b-CD.2b This
dramatic decrease in the UV absorption of the indicator is not

Scheme 1 Reagents and conditions: i, 1 (7 equiv.), base, DMF; ii, HCO2H;
iii, 4 (21 equiv.), DCC, HOBT, DMF–DMSO

Fig. 1 The effect of CD addition to a 30 µM solution of phenolphthalein pH
10.5 buffer solution (I = 0.6) on the UV spectra for (a) b-CD, (b) 4 and (c)
5: (i) dye only, (ii) dye and CD (2 mM) and (iii) dye, CD and adamantan-
2-amine hydrochloride (5 mM). (d) UV spectra of (i) dye, (ii) dye and 4, (iii)
dye, 4 and the bis(adamantane ester) of tetraethylene glycol and (iv) dye, 4,
bis(adamantane ester)and 18-crown-6.
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due to a change on the protonation state of the molecule but
rather to a specific host–guest inclusion interaction involving
hydrogen-bonding, van der Waals forces, and the hydrophobic
effect.18 Complexation of the indicator by inclusion into the
b-CD hydrophobic cavity can be thus conveniently followed by
UV–VIS spectroscopy. It can be seen in Fig. 1, by comparing
spectra (a)(i) and (a)(ii), that the absorbance at l = 552 nm of
a 30 µM solution of phenolphthalein in a pH 10.5 buffer
solution19 drops dramatically upon the addition of 60 equiv. of
b-CD. Consistent with the complexation properties of the
unmodified b-CD, spectra (b), (c) and (d) showed similar
changes in the absorbance of basic phenolphthalein solutions
[spectra (i)] after addition of either CDs 4 or 5 [spectra (iii)].
This decrease in the absorbance of phenolphthalein in the
presence of the modified receptors suggests that the indicator is
either included in the hydrophobic cavity of the CD or
interacting in a similar way with the hyperbranched structure of
either 4 or 5. To rule out the later possibility, we added non-UV-
active adamantane derivatives which are known20 to bind very
strongly to b-CD molecules by forming 1:1 inclusion com-
plexes with stability constants on the order of 104 M21.

As observed in Scheme 2, the addition and subsequent
inclusion of an adamantane in the CD cavity should promote, if
in fact the phenolphthalein is included in the CD cavity, the
displacement of the indicator into the bulk of the basic aqueous
medium. As a consequence, the solution should become purple

and the absorbance at l = 552 nm should increase. Figs.
1(a)(iii), (b)(iii) and (c)(iii), indicate that addition of 2.5 mol of
2-adamantanamine hydrochloride per mol of CD increases the
absorption of light of the three aqueous solutions; therefore, as
with simple b-CD, the dendritic CDs 4 and 5 retain their binding
sites and can incorporate, on the basis of molecular recognition,
hydrophobic guests in basic aqueous media. Reappearance of
the solution color and absorbance observed in Fig. 1(d)(iii),
while not as dramatic, was promoted by the addition (0.5 equiv.)
of a bis(adamantane ester) of tetraethylene glycol (prepared by
the addition of 2 equiv. of adamantanecarbonyl chloride to
tetraethylene glycol in the presence of Et3N). The smaller shift
in equilibrium [as compared to Figs. 1(a)–(c)] to uncomplexed
dye in the bulk solution was postulated to arise, at least in part,
from Na+ binding of the polyethylene glycol chain promoting a
compact, non-linear structure and thus inhibiting chain elonga-
tion and bis-dendrimer assembly. Saturating the solution with
18-crown-6 [Fig. 1(d)(iv)] supports this conjecture by further
slightly shifting the equilibrium toward displaced absorbing dye
and increasing the concentration of the bis-complex (Scheme
3). Another explanation for diminished absorption using the
bis(adamantane) could center on other aggregation phenomena
as suggested by a heightened spectral baseline. For all cases the
percent displacement of dye via the addition of adamantane was
determined: Fig. 1(a), 71.5%; 1(b), 89.5%; 1(c), 69.5%; 1(d),
23%; 1(d) with 18-crown-6, 33%.

The National Science Foundation (DMR-96-22609) is grate-
fully acknowledged for partial financial support of this work.
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Scheme 2

Scheme 3 Reagents and conditions: i, 4, aq. NaOH–NaHCO3 buffer (I =
0.6) (ref. 19).
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An efficient preparation of ditopic receptors based on
polyaza[n]paracyclophanes

M. Isabel Burguete,a Enrique García-España,*b Santiago V. Luis,*a† Juan F. Miravet,a Lorena Payá,a Manuel
Querola and Conxa Sorianob

a Department of Inorganic and Organic Chemistry, ESTCE, University Jaume I, E-12080 Castellón, Spain
b Departaments of Inorganic and Organic Chemistry, University of Valencia, c/ Doctor Moliner 50, E-46100, Burjassot,
(Valencia), Spain

Coordination patterns of tetraaza[n]paracyclophanes allow
for the selective protection of three out of the four nitrogen
atoms via the use of simple Zn2+ salts; accordingly, a simple
method for the preparation of ditopic receptors based on
polyaza[n]paracyclophanes has been devised.

Ditopic polyaza receptors containing two macrocyclic subunits
have become a very important synthetic target, in particular
since the discovery of the anti-HIV activity associated to some
of those systems.1 Accordingly, a number of different synthetic
strategies have been put forward in recent years to achieve this
goal. In this way, several families of receptors having the
general structure 1 have been recently prepared.2

One of the most general synthetic routes for the preparation
of this class of compounds is based on the selective protection
of the nitrogen atoms in such a way as to leave only one
unprotected, reactive nitrogen atom in the macrocycle.2,3 This
intermediate is then reacted with a dihalide to afford, after
N-deprotection, the expected ditopic receptor (Scheme 1). As a
matter of fact, preparation of ditopic receptors has been one of
the central motifs for the development of synthetic strategies for
the selective N-functionalization of polyazamacrocycles.

Polyaza[n]paracyclophanes 2 represent a very interesting
kind of polyaza macrocyclic receptors.4 One of their most
remarkable ligational features is the fact that the presence of the
aromatic spacer precludes the simultaneous involvement of all
the nitrogen atoms in the coordination to a metal centre (see
structure 3). Thus, for instance, 2,6,9,13-tetraaza[14]paracyclo-
phane 2a coordinates M2+ ions with just three out of its four

nitrogen atoms. One of the benzylic nitrogen atoms remains
non-coordinated, thus being able to act as a base or as a
nucleophile. This property has allowed the development of a
simple and novel procedure for selective mono- and di-
functionalization of this kind of macrocycle with a variety of
reactive alkyl halides, according to the general scheme shown in
Scheme 2, to give compounds 4 and 5.5 In this way, the
otherwise experimentally difficult selective protection of three
of the nitrogen atoms can be easily achieved via the use of
simple metal ions, like Zn2+, without the need of more elaborate
reagents or synthetic routes.

This synthetic approach can be further extended to the
preparation of ditopic bis-macrocyclic receptors 8 based on

Scheme 2

Scheme 1
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polyaza[n]paracyclophanes when a bis(halomethyl)benzene is
used as the alkylating agent (Scheme 2).

The low coordination of the metal centre in the complexes
formed by polyaza[n]paracyclophanes 2 has been shown to
provide mechanisms for the participation of the coordinated
cation in biomimetic catalytic proceses.4 In this sense, the
preparation of ditopic receptors 8 represents an interesting
synthetic target.

Results obtained for different macrocycles and aromatic
spacers are summarised in Table 1. Careful control of the
reaction conditions is required. We used the cyclic polyamines
as free bases or as their hydrobromides, and different ratios of
macrocycle/base were tested in the range of ca. 1 to 10. Best
results were obtained when an excess (ca. 7:1) of base
(anhydrous K2CO3) is used and the polyamine is introduced as
its hydrobromide. The use of 1,4-bis(halomethyl)arenes gives
better yields than the 1,3-substituted analogues. The expected
products could not be obtained for 1,2-bis(halomethyl)ar-
enes.‡

The nature of the aliphatic chains between the nitrogen atoms
is also very important. Good results were only obtained when
propylenic sub-units are present and the expected ditopic
receptors could not be prepared starting from cyclophanes
containing only ethylenic spacers. This can be related with the
different coordination patterns of the macrocycles used.5b In
this context it is worth mentioning that tetraazacyclophanes
containing only ethylenic sub-units have been shown to be able
to form dinuclear Cu2+ complexes in which all four nitrogen
atoms are coordinated.4b

Preliminary analyses of the acid-base and coordination
tendencies of these compounds have shown some interesting
trends. Protonation constants obtained from pH titrations show
that in the pH range 2–11 all ligands can take up to seven
protons, the eighth protonation not being generally detected
under our experimental conditions. At neutral pH values the
main species for all ligands are the tetraprotonated ones.§ The
high positive charge achieved by these ligands at neutral pH
allows us to consider them as potential receptors for anionic
species. Thus, for instance, compound 8b (obtained from 2b and
6a) strongly interacts with the barbituric acid derivative 1H,3H-
pyrimidine-2,4,5,6-tetrone 5-oxime (violuric acid) 9 with
complexation percentages around 90–100% in a wide pH range
(pH < 8).6¶

On the other hand, when the interaction with metal cations is
considered, compounds 8 revealed the possibility of forming

mono- as well as di-nuclear complexes. Thus, for instance, 8d
(obtained from 2b and 6b) in the presence of Cu2+ salts is able
to form both CuL and Cu2L species with stability constants of
logKCuL = 13.46(3) and logKCu2L = 8.8(1). These results also
open the possibility for the study of those complexes as
potential biomimetic catalysts in aqueous media. Such studies
are being presently carried out.
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Table 1 Results obtained in the preparation of ditopic receptors 8 derived
from tetraaza[n]paracyclophanes

Starting macrocy-
clea

Alkylating
agentb

Polyamine:base
ratio t/days

Yieldc

(%)

2a 6a 1:1 1 30
2a 6a 1:1 3 37
2a·4HBr 6a 1:5 3 40
2a·4HBr 6a 1:7 3 87
2b 6a 1:7 3 24
2b·4HBr 6a 1:7 3 75
2a·4HBr 6b 1:7 3 78
2a·4HBr 6b 1:7 5 78
2b·4HBr 6b 1:7 3 59
2b·4HBr 6b 1:7 5 60
2a·4HBr 6c 1:7 3–5 < 10d

2b·4HBr 6c 1:7 3–5 < 10d

a Compound 2a (B323): 2,6,9,13-tetraaza[14]paracyclophane; Compound
2b (D323): 2,6,9,13,tetraaza-16,17,19,20-tetramethyl[14]paracyclophane.
b Compound 6a: 1,4-bis(bromomethyl)benzene; Compound 6b: 1,3-bis-
(bromomethyl)benzene; Compound 6c: 1,2-bis(bromomethyl)benzene.
c Product obtained after chromatographic purification. d Estimated from the
crude product after the reaction.
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Covalent coupling of an organic chromophore into functionalized MCM-41
mesophases by template-directed co-condensation

Christabel E. Fowler,a Bénédicte Lebeaub and Stephen Mann*a

a Department of Chemistry, University of Bath, Bath, UK BA2 7AY
b Laboratoire des Matériaux Minéraux, CNRS UPRES-A 7016 - NSCMu, 3 rue Alfred Werner, 68093 Mulhouse Cedex, France

An ordered organo-silica-surfactant mesophase containing a
covalently-linked chromophore was synthesized with MCM-
41-type architecture by template-directed co-condensation
of tetraethoxysilane and 3-(2,4-dinitrophenylamino)propyl-
(triethoxy)silane: a dye-functionalized mesoporous silica
with hexagonal order was produced by surfactant extraction
of the as-synthesized material prepared under acidic con-
ditions.

The synthesis and properties of ordered mesostructured and
mesoporous inorganic-based materials are currently receiving
much attention.1 The ability to prepare these organized
materials depends on the use of surfactant,2,3 block copoly-
mer,4,5 microemulsion,6,7 colloidal8 or bacterial9 templates
which pattern the deposition of the mineral phase by physical
and chemical interactions at the inorganic-organic interface.
More chemically complex ordered mesophases are being
prepared either by post-synthetic grafting10,11 or via direct
routes involving the co-condensation of tetraalkoxysilanes and
organo-functionalized trialkoxysilanes.12–16 Such hybrid mate-
rials are intrinsically interesting as new forms of organized
matter, as well as being of potential technical importance in
catalysis16,17 metal-ion extraction18 and adsorption proc-
esses.19

Previously, we have described the synthesis of a range of
organo-silica-surfactant mesophases with MCM-41 architec-
tures containing covalently-linked chemically active groups
such as alkyl, aryl, allyl, thiol, amino, epoxy, or imidazole
moieties.12,13 Here we extend this approach and show that an
intact chromophore can be covalently incorporated into the
MCM-41 mesostructure by direct chemical synthesis involving
co-condensation of tetraethoxysilane (TEOS) and 3-(2,4-dini-
trophenylamino)propyl(triethoxy)silane (DNPTES) in the pres-
ence of hexadecyl(trimethyl)ammonium bromide (C16TMABr)
micelles. Although a previous report has described the synthesis
of phthalocyanine-doped MCM-41, the chromophore was
present as an additive within the surfactant micelles.20 Post-
synthetic grafting of a Schiff-base moiety to the surface of
MCM-41 silica produced a mesoporous material which showed
a characteristic absorption spectrum for the organic ligand.21

Thus, to the best of our knowledge, the work reported here is the
first example of the direct synthesis of an ordered mesoporous
silica containing covalently linked organic chromophore func-
tionalities.

A silica-surfactant mesophase was synthesised from either an
alkaline or acidic mixture containing the following molar
composition, respectively: C16TMABr:NaOH:TEOS:DNPTE-
S:H2O = 0.12:0.5:0.9:0.1:130 and C16TMABr:HCl-
:TEOS:DNPTES:H2O = 0.12:9.2:0.9:0.1:130.‡ In both meth-
ods, small-angle X-ray powder diffraction (SAXRD) of the
bright yellow as-synthesized materials gave peaks correspond-
ing to hexagonally-ordered organo-silica-surfactant mesopha-
ses with unit cell parameters of 4.55 (basic mixture) and 4.31
nm (acidic mixture)§ (Fig. 1). The product prepared under basic
conditions showed sharper reflections than the analogous
material synthesized at low pH. Acid extraction of the
C16TMABr surfactant template from the latter was achieved

without loss of the hexagonally ordered MCM-41 structure or
contraction in the unit cell parameter (Fig. 1), to produce a dye-
functionalized inorganic replica with channel-like mesopores.§
In contrast, similar treatment of the product prepared at high pH
resulted in a disordered organo-silica hybrid. TEM images,
which showed hexagonal sets of lattice fringes, as well as
parallel fringes corresponding to side-on projections of the
mesostructure (Fig. 2), were consistent with the long range
order parameters determined by SAXRD.

Nitrogen adsorption studies confirmed that surfactant extrac-
tion of the dye-functionalized material produced under acidic
conditions was predominantly mesoporous. A type IV isotherm,
with a distinct capillary condensation step that was character-
istic of a MCM-41 mesoporous material with a relatively large
pore size distribution, was observed. The BET surface area was
760 m2 g21, with an average BJH pore diameter of 2 nm. These
values are less than those typically reported for pure MCM-41
silicas. As no significant lattice contraction was observed by

Fig. 1 SAXRD profiles for dye-functionalized ordered silica mesophases:
(a) as-synthesized material prepared at high pH, (b) as-synthesized material
prepared at low pH, and (c) after surfactant-extraction of material prepared
under acidic conditions

Fig. 2 TEM image of as-synthesized dye-functionalized MCM-41 material
showing hexagonally ordered mesostructure. Scale bar = 10 nm.
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SAXRD, we attribute this reduced porosity to pendent chromo-
phore moieties that extend into the channel spaces.

29Si DP MAS NMR spectroscopy showed distinct resonances
for siloxane [Qn = Si(OSi)n(OH)42n, n = 2–4] and organosi-
loxane [Tm = RSi(OSi)m(OH)32m, m = 1–3] centres in both the
as-synthesized and surfactant-extracted materials.¶ The pre-
dominance of T3 compared with T2 and T1 organosiloxane
centres indicated that condensation of the organo-functionality
in the MCM-41 wall structure was extensive. 13C CP MAS
NMR spectroscopy indicated that the dinitrophenylaminopro-
pyl chromophore was covalently linked into the mesophase as
an intact unmodified moiety both before and after surfactant
extraction.∑ This was consistent with FTIR spectra of the as-
synthesised and surfactant-extracted materials which showed
characteristic Si–O–Si framework vibrations [1050 (large
band), 1200 (shoulder), 480, 750 and 900 cm21), a Si–C band at
1150 cm21, as well as vibrations indicative of the chromophore
(1338, 1621, 2880–2980, and 3365 cm21). The intensities of
these vibrations were equal in the as-synthesised and surfactant-
extracted materials, suggesting no disintegration or loss of the
dinitrophenylaminopropyl functionality during the solvent
extraction procedure. CHN analysis indicated that ca. 20 mol%
of the dye functionality was incorporated into the MCM-41
structure.

Diffuse reflectance UV–VIS spectroscopy of the as-syn-
thesised materials showed two broad absorbance bands at 317
and 417nm. These bands were characteristic of the o- and
p-nitro groups, respectively, of the chromophore,22 and indi-
cated that the optical properties of the dye moiety were
maintained when covalently linked into the MCM-41 structure.
Extraction of the surfactant resulted in a shift in the position of
the band with highest intensity from 317 to 341nm, indicating
that the dinitrophenylaminopropyl groups were preferentially
located in the pore spaces rather than internalized within the
mineral walls. This band was observed at 350 nm for both an
acetone solution of non-hydrolysed DNPTES and a sol-gel film
of amorphous silica containing hydrolysed DNPTES, suggest-
ing that the blue shift observed for the as-synthesized MCM-41
mesophase was due to specific interactions of the organic
moiety with the surfactant micelles. As the infrared spectra of
the surfactant-extracted and as-synthesized materials were
unchanged, protonation of the chromophore can be ruled out as
a cause of the shift in the absorption band.

Our results suggest that it should be possible to incorporate a
range of organic chromophores into surfactant-silica meso-
phases and corresponding mesoporous replicas without ex-
tensive modification of the optical properties. Although further
work is required, the covalent attachment of dye molecules into
ordered or semi-ordered porous MCM-type materials could be
of general importance in a number of areas. In principle, the
organic moieties can be dispersed and isolated from each other,
which for some systems, for example with rhodamine deriva-
tives, should minimize intermolecular quenching of fluores-
cence properties. Furthermore, the combination of meso-
porosity and optical properties should give rise to interesting
materials, particularly when host–guest interactions are being
examined. Similarly, covalently linked chromophores could be
used as sensors in separations technologies to detect molecules
within the channel-like pores of MCM-41 phases fabricated in
the form of thin membranes. Finally, as the optical properties of
the chromophore can be highly sensitive to the local environ-
ment, such moieties could be used to probe the internal structure
and dynamics of silica mesophases in general.

We thank Dr David C. Apperley at the University of Durham,
UK, for solid state NMR data, Dr Christine G. Göltner and
Ingrid Zenke at the Max Planck Institute of Colloids and
Interfaces, Teltow, Germany, for help with initial SAXRD data,
and the University of Bath for financial support.
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and 2.8% (H). For preparations under acidic conditions, TEOS (3.43 g) and
DNPTES (0.71 g) were added to acetone (1.34 ml) and co-hydrolysed by
addition of 3.85 M HCl acid (0.33 ml) (TEOS:DNPTES:acetone:HCl =
0.9:0.1:1.0:1.0). The mixture was stirred for 15 min at room temperature,
and the resulting sol added with stirring to 42.8 ml of a solution of
C16TMABr (18.7 mg ml21; 51.3 mM) in 3.85 M HCl. The final solution was
stirred and heated at 90 °C overnight (16 h). The yellow precipitate was
filtered, washed repeatedly with distilled H2O and EtOH, and dried in an
oven at 70 °C. Surfactant extraction was performed as described above.
§ SAXRD d spacings (hkl): DNPTES-MCM (as-synthesized, high pH): 3.95
(100), 2.30 (110), 1.99 (200) and 1.51 nm (210); DNPTES-MCM (as-
synthesized, low pH): 3.74 (100), 2.15 (110) and 1.98 nm (200); DNPTES-
MCM (surfactant-extracted, low pH): 3.76 (100), 2.20 (110) and 2.00 nm
(200). Unit cell parameter, a = 2d100/A3.
¶ 29Si DP (direct polarization) MAS NMR data (60 MHz, TMS, 20 °C) for
DNPTES-MCM (as-synthesized, high pH): d250.9 (T1, 3.1%), 258.1 (T2,
4.7%), 266.7 (T3, 12.5%), 290.3 (Q2, 7.5%), 298.7 (Q3, 34.4%), 2108.6
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∑ 13C CP MAS NMR data for DNPTES-MCM (as-synthesized, high pH): d
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(surfactant-extracted, high pH): d 10.2, 22.6, 46.3, 115.0, 123.4, 129.8
135.5, 148.5.
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Formation of triumphene, C60F15Ph3: first member of a new trefoil-shaped
class of phenylated [60]fullerenes
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Reaction of C60F18 with benzene/FeCl3 during two weeks at
room temperature produces the phenylated trefoil-shaped
derivative C60F15Ph3; higher reaction temperatures produce
C60Ph18 from replacement of all fluorines by phenyl
groups.

Arylated fullerenes may ultimately constitute the largest class of
fullerene derivatives. Many have been made and some fully
characterised, e.g. C60Ar5X, (X = H, Cl),1–3 C60Ph5OH (two
isomers),4 C60Phn (n = 2, 4),5 C70Phn (n = 2, 4, 6, 8, 10),6
C70Ph9OH,7 C70Ph8(OH)2,4 C60PhH and C70PhH,8 a benzo-
[b]furo[60]fullerene9 and an isoquinolino[60]fullerene.10 A
number of other derivatives have been identified but so far by
mass spectrometry only.11,12 Most have been made by Friedel–
Crafts reactions of fullerenes or halogenofullerenes with the
aromatics. They are reasonably soluble and stable, especially
towards EI mass spectrometry, and some are luminescent.6 In
C60Cl6, the least accessible chlorine was not readily re-
placed.1,2

Recently we described the formation and characterisation of
C60F18, a polar crown-shaped molecule, shown in Fig. 1.13

Fluorofullerenes are very susceptible towards nucleophilic
substitution,14 and fluoroalkanes are the most reactive of the
halogenoalkanes in Friedel–Crafts alkylation of aromatics.15

We now describe the successful isolation and characterisation
of the first derivative that results from replacement of fluorine
by phenyl, and which shows a unique arylation pattern.

Two samples of C60F18 (5 mg) were each added to solutions
of anhydrous FeCl3 (ca. 5 mg) dissolved in anhydrous benzene
(2 ml). One solution was set aside for two weeks, the other was
heated to ca. 70 °C for 1 h. The mixtures were evaporated to
dryness and the resultant solids extracted with CCl4 (to separate
unreacted catalyst). Removal of this solvent under vacuum gave
deposits that were dissolved in 1 : 1 hexane–toluene and purified
by HPLC using a 4.6 mm 3 25 cm Cosmosil Buckyprep
column, with a flow rate of 1 ml min21. From both samples a
main fraction of C60F15Ph3 eluted at 49.6 min, and from the
heated sample, minor fractions eluted at 14.3 and 17.7 min,
these being C60F15Ph5 and C60F15Ph7, respectively. Compar-
ison with the retention time of C60F18 (ca. 45 min with elution
by toluene) shows that replacement of F by Ph reduces the
retention time. As in the case of phenylated [60]fullerenes,12 the
retention time is reduced by increasing the phenylation level.

The mass spectrum of the crude extract showed also the
presence of C60Ph18, but attempted separation resulted in
degradation, with a broad peak indicated to be C60Ph18O(OH)2,
2142 amu, eluting at 9.3 min (1 : 1 hexane–toluene, 0.5 ml
min21).

The mass spectrum (Fig. 2) shows the C60F15Ph3 parent ion
at 1236 amu, with peaks at 1159, 1082 and 1005 amu due to
successive loss of phenyl groups. The structure of C60F18
suggests that the three fluorines which have been replaced by
phenyl are the most accessible ones giving a product of C3v
symmetry. This is confirmed by the 1H NMR spectrum (Fig. 3)
which shows only one set each of the o-, m- and p-hydrogens of
the phenyl groups; a spectrum run at 260 °C is identical,
proving that the phenyl groups rotate freely and are thus not in
a hindered environment.

The structure is further confirmed by the 19F NMR spectrum
(Fig. 4) which shows three peaks in a 1 : 2 : 2 intensity ratio at d
2137.22, 2138.36 and 2145.0, with respective half-height
peak widths are ca. 12, 12 and 8 Hz respectively. Comparison
with the 19F NMR spectrum for C60F18 (four peaks in a
2 : 2 : 1 : 1 intensity ratio) shows that it is one of the latter (due to
three equivalent fluorine atoms) that is replaced. The 2D-COSY
spectrum (inset to Fig. 4), shows that the single intensity
fluorine is directly coupled to one of the (adjacent) double
intensity peaks. Thus it is the most accessible fluorine that has
been replaced, the ease of replacement of the chlorines in
C60Cl6.

The structure of C60F15Ph3, which has encouraged us to name
it as ‘triumphene’, is therefore as shown in Fig. 5. The
simplicity of preparation suggests that it will be possible to
make a large range of other aryl derivatives, the limiting step
being only the low availability at present of C60F18.

Previously, one of us suggested that nucleophilic replace-
ment of fluorine (in the absence of a catalyst) occurs via
addition-elimination, because SN1 substitution (giving a cation
on the strongly electron-withdrawing cage) seemed improbable,
and SN2 substitution is impossible.14 However, if C60F15Ph3

Fig. 1 Schlegel diagram for C60F18

Fig. 2 EI mass spectrum (70 eV) for C60F15Ph3

Fig. 3 1H NMR spectrum for C60F15Ph3
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was formed by addition-elimination, it could not have C3v
symmetry since the phenyl groups would necessarily lie off the
symmetry plane of the original C60F18. The present work
therefore provides unambiguous evidence for direct fluorine
replacement in nucleophilic substitution of fluorofullerenes,
and is here facilitated by the presence of the Friedel–Crafts
catalyst. This reinforces our conclusions concerning replace-
ment of chlorine by phenyl in C60Cl6.2 Moreover, the reaction
of C60Ph5Cl with AlCl3 produces a free isolable carbocation,16

and it is clear now that in the presence of these catalysts,
substitution in halogenofullerenes takes place via an SN1
mechanism, though necessarily involving frontside attack
only.

We have insufficient C60F15Ph7 and C60F15Ph5 at present for
full characterisation, but the addition of phenyl groups in pairs
suggests that they add across a 6,6-double bond, e.g. that which
lies on the symmetry plane (the bond across which oxygen adds
to give C60F18O).16 One could expect that with longer reaction
times, C60F15Ph9 may be observed as a further derivative.

Remarkably, we observed the presence of more volatile
C60Ph18 (2108 amu) in an early acquisition of the mass
spectrum of the crude material (Fig. 6); the mass spectrum
shows also the doubly charged M+/2 ions. The spectrum is
notable in being less contaminated by the lower phenylated
components that we have seen with other phenylation meth-
ods.

Despite the anticipated steric hindrance, the addition pattern
in C60Ph18 is likely to be the same as in the fluoro precursor. The
mass spectrum shows the presence of a nineteenth phenyl group
at much lower intensity. This is due to further phenylation of the
cage (well-known to occur with fullerenes and benzene in the
presence of Friedel–Crafts catalysts)11 and indicated in this
work by the formation of C60F15Ph7 etc. However, the markedly
lower intensity of C60Ph19 compared to that of C60Ph18 provides
very strong circumstantial evidence that the eighteen phenyl
groups are indeed located at the sites previously occupied by
fluorine, giving rise to a fascinating structure of extreme
aromaticity.

We have been unable to obtain substitution of F by Ph in
C60F36 (or in C60F48) under the conditions described above.

We attempted also to purify the C60Ph18 by HPLC but were
unsuccessful because it appeared to oxidise to a diol,
C60Ph18(OH)2, and the epoxide derivative, as shown by peaks of
2142 and 2158 amu in the mass spectrum (inset to Fig. 6).
Oxygenated derivatives of phenylated fullerenes are prone to
form readily.12

We thank the Royal Society for a Joint Project Award.
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Fig. 4 19F NMR spectrum for C60F15Ph3 with 2D-COSY spectrum inset.
The peak labels correspond to the fluorine atoms identified as in Fig. 5.

Fig. 5 Schlegel diagram of the structure of C60F15Ph3

Fig. 6 EI mass spectrum for C60Ph18; inset is the mass spectrum for
C60Ph18(OH)2 showing also traces of the epoxide derivative
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The neutron structure of [Mo(NC6H3Pri
2)-2,6)2Me2] reveals

two highly distorted methyl ligands; this distortion is due to
the presence of multiple C–H···M a-agostic interactions.

Since the formalisation of the three-centre C–H···M ‘agostic’
interaction by Brookhart and Green in the mid 1980s,1 these
interactions have been found to occur in many coordinatively
unsaturated alkyl, aryl and polyhapto hydrocarbon metal
complexes.2 They are relatively readily observed and detected
in alkyl derivatives possessing b-hydrogens, either in solution
for rapidly averaging agostic hydrogens via the effect of
isotopic perturbation on C–H coupling constants and chemical
shift positions, or in the solid state by X-ray crystallography.‡
Agostic interactions in metal–methyl species have proved more
difficult to detect because (1) any isotopic perturbation of the
resonance effect is diluted over a greater number of hydrogen
environments and (2) in X-ray structure determinations, there
are no obvious ligand distortions of the type seen in longer chain
alkyls and it is inherently difficult with X-rays to locate the
methyl hydrogen atom positions with any accuracy. The only
reliable method of establishing the presence of agostic inter-
actions in metal–methyl complexes is via diffraction.

To date, the only metal methyl complex to have been
characterised by neutron diffraction that shows clear evidence
for an a-agostic methyl C–H···M interaction is [TiMeCl3-
(Me2PCH2CH2PMe2).3 Here, we describe the neutron struc-
ture of the coordinatively unsaturated molybdenum a-agostic
dimethyl complex [Mo(NC6H3Pri

2-2,6)2Me2] which was pre-
pared from the reaction of [Mo(NC6H3Pri

2-2,6)2Cl2(dme)] with
2 equiv. of methylmagnesium chloride. Full synthetic details
will be reported elsewhere.4 A crystal of dimensions 6.0 3 2.0
3 1.0 mm was grown from a saturated pentane solution at
235 °C. The molecular structure of [Mo(NC6H3Pri

2-2,6)2Me2]
is shown in Fig. 1, along with selected bond lengths and
angles.

The geometry about the metal centre is best described as
distorted tetrahedral with inter-ligand angles in the range
107–114°. The bond distances for the Mo–N and N–C(ipso)
bonds [1.756(2) and 1.382(2) Å, respectively] in combination
with Mo–N–C angles [159.6(1)°] are consistent with linear
imido ligands.5 The two methyl groups are crystallographically
equivalent so the following discussion concentrates on only one
methyl group. Each methyl group shows a partial positional
disorder amongst the hydrogen atom sites, which can be
described as resulting from a slight rocking motion about C(13),
the pivot atom for a fluxional rotation which, averaged over all
possible sites in all unit cells, gives the ‘static average’ picture
shown. H(13A) can be resolved into two positions [(H13A) and
(H13A)] with occupancies in the ratio 2 : 1 and these refine
independently both isotropically and anisotropically. The latter
tends to a distortion and an overlap in the two density
distributions, but with derived molecular parameters very close
to those reported herein, which result from an isotropic
description of the disordered sites.

A large amount of librational motion therefore exists, thus
disguising the precise position of the hydrogen atoms. However,
despite the librational effects, the average geometry gives
conclusive results. The coordination of each methyl group is
markedly distorted from regular tetrahedral geometry and of
special note are the particularly small angles Mo(1)–
C(13)–H(13A) [103.7(4)°] and Mo(1)–C(13)–H(13B)
[104.7(3)°] which are consistent with the hydrogen atoms being
drawn towards the metal centre. Consequently, the angles,
Mo(1)···H(13A)–C(13) (52.6°) and Mo(1)···H(13B)–C(13)
(51.8°) are noticeably larger than those corresponding to the
hydrogen atoms H(13C) and H(13A) (43.0 and 43.9° re-
spectively).

The Mo(1)···H(13A) and Mo(1)···H(13B) distances [2.585(8)
and 2.598(5) Å, respectively] are also significantly shorter than
Mo(1)···H(13C) and Mo(1)···H(13A) [2.755(5) and 2.76(1) Å]
and the Mo(1)–C(13) bond length of 2.112(2) Å is very short,

Fig. 1 The molecular structure of [Mo(NC6H3Pri
2-2,6)2Me2] with 50%

probability thermal ellipsoids shown on the methyl hydrogen atoms, thus
indicating the extent of libration. Selected bond dimensions (Å and °):
Mo(1)–N(1) 1.756(2), Mo(1)–C(13) 2.112(2), Mo(1)···H(13A) 2.585(8),
Mo(1)···H(13A) 2.76(1), Mo(1)–H(13B) 2.598(5), Mo(1)···H(13C) 2.755(5),
N(1)–C(1) 1.382(2), C(13)–H(13A) 1.07(1), C(13)–H(13A) 1.09(1),
C(13)–H(13B) 1.068(7), C(13)–H(13C) 1.049(8); N(1)–Mo(1)–N(1A)
112.5(1), N(1)–Mo(1)–C(13) 107.86(7), C(13)–Mo(1)–C(13A) 114.1(2),
C(13)–Mo(1)···H(13A) 23.7(2), C(13)–Mo(1)···H(13A) 21.0(3),
C(13)–Mo(1)···H(13B) 23.4(2), C(13)–Mo(1)···H(13C) 19.8(2), Mo(1)–
N(1)–C(1) 159.6(1), Mo(1)–C(13)–H(13A) 103.7(4), Mo(1)–C(13)–C(13A)
115.1(6), Mo(1)–C(13)–H(13B) 104.7(3), Mo(1)–C(13)–H013C)
117.2(3).
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comparing with literature values of 2.554 Å (mean) and 2.189 Å
(lower quartile).6 This short Mo–C distance is also likely to be
a consequence of the agostic interactions. All C–H distances are
identical within experimental error. Of the two a-agostic
hydrogen atoms per methyl group (therefore, four agostic
interactions per molecule) both appear strong and of the same
strength, judging by their relative geometries.

More than one agostic interaction in [Mo(NC6H3Pri
2-

2,6)2Me2] is not unreasonable since this molecule is quite
severely coordinatively unsaturated. It is not possible to place a
precise electron count on the complex since, for symmetry
reasons, the two cis imido ligands are in direct competition for
one of the metal dp orbitals. This means that the electron count
must be below 16 electrons (the count derived from assuming
that both imido ligands can form two p bonds) and formally
could be as low as 14 electrons (i.e. the count arising from three
p-bonds between the molybdenum and the two imido groups).
In general, the results described here underscore the notion that
agostic interactions will occur whenever a metal centre
possesses a suitably oriented and energetically accessible
vacant orbital, and that multiple interactions of this kind may
occur at a single metal centre. The neutron diffraction study
described here shows clear evidence for four a-agostic methyl
C–H···M interactions within [Mo(NC6H3Pri

2-2,6)2Me2]. It
represents the second metal–methyl complex showing
a-agostic interactions and the first one to show multiple agostic
interactions.

The authors wish to thank the Institut Laue Langevin,
Grenoble, France (J. M. C.) and the EPSRC (J. M. C. and
G. L. P. W.) for financial support.
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§ Crystal data for [Mo(NC6H3Pri

2-2,6)2Me2] : C26H40MoN2, Mr = 475.94,
deep orange–red rectangular crystal (6.0 3 1.8 3 1.0 nm), monoclinic,
space group C2/c, a = 20.240(4), b = 6.550(1), c = 19.910(4) Å,
b = 103.99(3)°, V = 2561.2(8) Å3, Z = 4, T = 150.0(2) K, Dc = 1.234
g cm23, F(000) = 348, m = 0.233 mm21, 2110 unique reflections (6.56 @
2q @ 60.02°) were measured on the D9 four circle diffractometer at the

Institut Laue Langevin (ILL), Grenoble, France in a beam of wavelength
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Background corrections following Lehmann and Larsen7 and Lorentz
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made using the local program ABSCAN and the DATAP program8
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refined by full-matrix least-squares refinement using SHELXL-939 against
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ment parameters for all atoms [except for isotropic H(13A) and H(13A)]
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[Cu8(m8-Se)[Se2P(OPri)2]6}, the first discrete CuI
8 cubane in

which each face of the cube is bridged by a diselenophos-
phate ligand and has an interstitial selenide ion (Se22), is
reported.

The interests in combining transition metals and main group
elements in clusters stem from two possibilities that these
compounds could be useful precursors for the synthesis of new
materials and provide a search for new coordinations and
geometries.1 We are interested in the synthesis of molecular
cubic clusters having an interstitial main-group atom because
they are not only extremely rare2 but also particularly
interesting in view of their unusual bonding characteristics.3
Although there are several examples of metal carbonyls having
m8-E (E = C,4 Si,5 P,6 S7 and As8) bridges, the metallic
frameworks surrounding the interstitial atom are largely
tetragonal (square) antiprisms.

In 1990, Fenske and Krautscheid reported a beautiful mega
cluster, Cu20(m8-Se)Se12(PEt3)12 1,9 which consists of an
undistorted, selenide centered Cu8 cube, each of whose edges is
bridged by a peripheral copper atom. The resulting 20 copper
atom polyhedron is surrounded by twelve selenium ligands
which are arranged in such a fashion as to form a near regular
icosahedron. The peripheral copper atom is further coordinated
by a PEt3 ligand. The average formal oxidation state of each
copper atom of the cluster is 1.3. In 1995, a sulfide centered CuI

8
cube, {Cu8(m8-S)[S2P(OPri)2]6} 2, whose core geometry is
analogous to the central portion of Fenske’s compound was
reported by Fackler.1 Unlike compound 1 in which each edge of
the cube is bridged by a copper atom, 2 is bridged by a sulfur
atom of the dithiophosphate ligand. This brings to our attention
as to whether a discrete Cu8 cube with a selenium atom in its
center can be isolated.

In order to synthesize a molecule having a selenide centered
CuI

8 cube, we focused our attention on the ligand dialkyl
diselenophosphate, Se2P(OR)2

2 (dsep). In sharp contrast to
many studies on compositions and structures of phosphor-
1,1-dithiolato metal complexes,10 the chemistry of phosphor-
1,1-diselenolato metal compounds has received scant attention.
Consequently, there are very few papers referring to this
ligand.11 Among these, are the preparation of various dialkyl
diselenophosphates and investigations of the spectroscopic
properties of several main group and transition metal com-
plexes. Powder X-ray patterns of some of the compounds are
also included. Herein, we report the first discrete CuI

8 cubane
encapsulating a selenide ion (Se22), {Cu8(m8-Se)[Se2P(O-
Pri)2]6} 3. To our surprise this is also the first phosphor-
1,1-diselenolato complex of any element studied by single
crystal X-ray diffraction.

Treatment of NH4Se2P(OPRi)2 and Cu(MeCN)4PF6 in a 2 : 1
ratio in diethyl ether at 0 °C for 4 h results in a pale yellow
solution. After chromatographic work-up (silica gel, eluent
CH2Cl2–hexane = 3 : 2), a yellow material identified as 3 can
be isolated in 40% yield. Compound 3 was fully characterized
by positive FAB mass spectrometry, NMR† (1H, 31P) and X-ray

diffraction.‡ In the positive FAB mass spectrum, a peak at m/z
2429 corresponds to the intact selenide-centered diselenolate
CuI cluster. Also appearing in the mass spectrum is a peak at m/z
2122 which can be attributed to loss of a dsep ligand giving
{Cu8(m8-Se)[Se2P(OPri)2]5}+. The 31P NMR spectrum displays
a singlet with satellites (JPSe 671 Hz) at d 73. This clearly
implies all dsep ligands of 3 are equivalent in solution.

One and a half molecules of 3 exist in the asymmetric unit
with the Se(02) atom located at a crystallographic inversion
center. Fig. 1 shows a thermal ellipsoid drawing of one of the
two independent molecules of 3. The copper atoms are arranged
at the corners of an almost regular cube. Each selenium atom of
the dsep ligand bridges two copper atoms. Thus dsep exhibits a
‘tetrametallic tetraconnective’10f (m2, m2) coordination pattern
and each occupies a square face of the cube. The average ‘bite
distance’ is 3.784(2) Å, which is ca. 0.2 Å longer than that
observed for the sulfur analogue.2a Each copper atom of the
cube is coordinated to three selenium atoms of three different
ligands. The averaged Cu–Se(dsep) bond length is 2.447 Å and
the Se–Cu–Se bond angles range from 113.15(11) to
118.09(11)°. In addition to the distorted trigonal planar
geometry around the copper atom, there is a strong interaction
to the central selenium atom. The average Cu–Cu distance of 3
is 2.928 Å, which is ca. 0.08 Å shorter than that observed for
Fenske’s compound. Consequently, the bond length between

Fig. 1 The thermal ellipsoid drawing (50% probability) of one of the two
independent molecules of 3. The isopropyl groups are omitted for clarity.
Selected bond lengths (Å): Se(01)–Cu(1) 2.550(3), Se(01)–Cu(2) 2.524(3),
Se(01)–Cu(3) 2.577(3), Se(01)–Cu(4) 2.520(3), Se(01)–Cu(5) 2.546(4),
Se(01)–Cu(6) 2.506(3), Se(01)–Cu(7) 2.532(3), Se(01)–Cu(8) 2.532(3),
Cu(1)–Cu(2) 2.919(3), Cu(1)–Cu(4) 2.929(3), Cu(1)–Cu(5) 2.921(3),
Cu(2)–Cu(6) 2.917(3), Cu(2)–Cu(3) 2.941(3), Cu(3)–Cu(4) 2.974(3),
Cu(3)–Cu(7) 2.955(3), Cu(4)–Cu(8) 2.859(3), Cu(5)–Cu(6) 2.920(4),
Cu(5)–Cu(8) 2.966(4), Cu(6)–Cu(7) 2.875(4), Cu(7)–Cu(8) 2.966(4).
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the central selenide and the peripheral copper atoms ranges
from 2.506(3) to 2.577(3) Å and is slightly shorter than that of
[Cu20Se13(PEt3)12], [2.605(3) Å]. Astonishingly the averaged
Cu–Secen bond length, (2.535 Å), in 3 is even shorter than that
of the corresponding sulfide analogues (2.6942a and 2.585 Å2b).
Overall owing to the lack of fourfold symmetry, molecule 3 has
an idealized Th point group symmetry. The central selenide
atom in conjunction with the twelve selenium atoms of the
ligands forms a body-centered icosahedron. Previously this type
of geometry has only been observed upon two occasions, for 1
and Cu26Se13(PEt2Ph)14.12

Besides Fenske’s cluster 1, compound 3 is the only
coordination complex possessing a m8-Se bridge. Nevertheless,
m8-Se bridges do exist in several solid state materials of the type
A2Se (A = Li, Na, and K) with antifluorite structure.13 It is
worth noting that a metal atom in the center of a metallic cube
is known for Ni14 and Pd15 and a remarkable solid state
material, K4Cu8Te11, in which a potassium ion is encapsulated
in the center of a cubic Cu8 core has also been reported.16

The P–Se distances of 3, [2.144(7)–2.177(6) Å], are slightly
shorter than those observed for bridging PSe2 fragments in the
solid state compounds A2AuP2Se6 (A = K, Rb)
[2.197(6)–2.258(6) Å],17 [Cs2Cu2P2Se6] [2.186(4)–2.202(5)
Å],18 and the molecular complexes [Hg4(Se2)2(PSe4)4]82

[2.221(5)–2.237(5) Å]19 and [Fe2(CO)4(PSe5)2]22

[2.214(6)–2.216(6) Å.20 Observation of a m2, m2 bridging mode
in 3 is unusual and unprecedented for selenophosphate
complexes. Three new clusters containing dsep ligands, Ag8(m8-
Se)[Se2P(OPri)2]6, Ag9(m7-Se)[Se2P(OPri)2]8 and Ag10(m7-Se)-
[Se2P(OPri)2]8 have also been characterized and details will be
reported in due course.

The research grant (NSC 87-2113-M-033-003 to CWL,
NSC87-2113-M-031-002 to JCW) from the National Science
Council of Taiwan is greatly appreciated.

Notes and References

† 31P{1H} NMR (CDCl3), d 73 (JSeP 671 Hz); 1H NMR (CDCl3), d 1.37 [d,
72H, CH(CH3)2], 4.88 [m, 12H, CH(CH3)2]; 77Se{1H} NMR (CDCl3), d
259 (JSeP 671 Hz). Unfortunately we were unable to detect the resonance
frequency of the central selenide ion in the 77Se NMR which might be
caused by the long T1 value. FAB MS, m/z 2429 (M+), 2122 (M 2 dsep);
Anal. Calc. for C36H84Cu8O12P6Se13: C, 17.80; H, 3.46. Found: C, 17.66;
H, 3.34%.
‡ Crystal data: C36H84Cu8O12P6Se13, M = 2429.65; monoclinic, space
group P21/n, a = 13.8341(8), b = 36.969(2), c = 21.9728(12) Å, b =
93.2630(10)°, V = 11219.3(11) Å3, Z = 6, Dc = 2.158 Mg m23, F(000) =
6960, T = 298(2) K.

An orange crystal with dimensions 0.20 3 0.20 3 0.40 mm was used for
X-ray structural analysis. Intensity data were collected over one quadrant
using the w scan mode on a Siemens SMART CCD diffractometer equipped
with graphite monochromated Mo-Ka radiation (l = 0.710 73 Å). A total
of 11 805 unique reflections were measured. The structure was solved by
direct methods using SHELXTL-PLUS software package.21 All Cu and Se
atom positions were revealed on the first refinement. Other non-hydrogen
atoms were located from subsequent difference Fourier syntheses. Parts of
oxygen and carbon atoms of the isopropyl groups (7 out of 18) were found
disordered. These disordered atoms were treated in an equal population
model. Bond distances were constrained for disordered atoms and atoms
connected to the disordered atoms during the structure refinement. These
constraints were: P–O = 1.600 Å, O–C = 1.500 Å and C–C = 1.550 Å.
The structure was refined by full-matrix least-squares method on F2. All but
disordered atoms and atoms attached to them were refined anisotropically.
H-atoms were not included. Refinement converged to R1 = 0.0748 [I >

2s(I)], wR2 = 0.1664 (all data) and S = 1.143 based on 940 variables, 43
restraints, and 11 805 reflections. CCDC 182/947.
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The intercalation compound Li(Mn0.9Co0.1)O2 as a positive electrode for
rechargeable lithium batteries

A. Robert Armstrong, Robert Gitzendanner, Alastair D. Robertson and Peter G. Bruce*
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By replacing only 10% of the Mn by Co in the layered lithium
intercalation compound LiMnO2 the amount of lithium that
can be removed and reinserted is increased by 50%
corresponding to an increase in the ability to store charge
from 130 to 200 mA h g21 at 100 m A cm22 and rendering
this low cost/toxicity material of potential interest as a
positive electrode in rechargeable lithium batteries; fur-
thermore the cooperative Jahn–Teller distortion due to
localised high spin Mn3+(3d4) in LiMnO2 appears to be
suppressed for Lix(Mn0.9Co0.1)O2; x < 0.9 (80% Mn3+ assum-
ing Co3+).

First generation rechargeable lithium batteries are now a major
commercial success.1 They utilise the layered intercalation
compound, LiCoO2, as the positive electrode from which
lithium is removed on charging the cell and reinserted on
discharge.2,3 Only half the lithium may be removed and
reinserted reversibly (LixCoO2; 0.5 < x < 1) limiting the prac-
tical capacity to store charge to ca. 130 mA h g21. In order to
develop much needed second generation batteries, new lithium
intercalation hosts are essential. The challenge facing solid state
chemistry is to synthesise lithium intercalation compounds that
possess a higher capacity to cycle lithium in a host which is
cheaper and less toxic than LiCoO2.2 Several systems have been
extensively investigated including those based on layered
LiNiO2 and the spinel LiMn2O4.4–11 The former offers
improved capacity of ca. 170 mA h g21 while the latter (110 mA
h g21) is cheaper and less toxic than LiCoO2. Recently we
reported the first synthesis of layered LiMnO2, isostructural
with LiCoO2.12–14 Key to the preparation was the use of a low
temperature ion exchange route. Being  a manganese oxide it
has the potential to deliver a low cost/toxicity electrode. Most of
the lithium may be removed on initial charging ( > 200 mA
h g21 at 100 mA cm22) but only a proportion of this can be
reinserted (ca. 130 mA h g21) rendering this otherwise
attractive cathode of less interest. By replacing only 10% of the
Mn by Co, a material is obtained, the cost and toxicity of which
remain sufficiently low to be of industrial interest and for which
the ability to sustain a high capacity on cycling (200 mA h g21

on cycling at 100 mA cm22) is enhanced.
Synthesis of Li(Mn0.9Co0.1)O2 employed the ion exchange

method reported previously.12 Na(Mn0.9Co0.1)O2 was syn-
thesised by mixing Na2CO3, Mn(CH3CO2)2·4H2O and Co-
(CH3CO2)2·4H2O in water, drying by rotary evaporation then
heating initially at 250 °C for 3 h then 670 °C for 1 h in air. The
resulting solid was subjected to ion exchange by refluxing in a
5–10 fold excess of LiBr in hexanol at 150 °C for 8 h. Rietveld
refinement using powder neutron data collected on POLARIS
(ISIS, RAL, Oxfordshire) confirmed that the structure is layered
and isostructural with LiCoO2 (a-NaFeO2 structure). A good fit
was obtained between the observed and calculated powder
diffraction profiles [Rwp = 0.026, rhombohedral cell with
lattice parameters a = 2.8750(2) Å and c = 14.3930(8) Å, c/a
= 5.006], Fig. 1. The structure is composed of close packed
oxide ion layers stacked to yield a cubic close packed
arrangement, a sheet of octahedral sites is located between each
pair of oxide layers and alternate sheets are occupied by
transition metal and lithium ions. The very different scattering

lengths of Mn and Co made it possible to refine their
occupancies on the shared transition metal sites. Values for Mn
and Co of 0.93(1) and 0.07(1) were obtained. We have also
synthesised Co substituted compounds up to Li(Mn0.5Co0.5)O2
and refinement with neutrons shows a continuous increase of
the Co content on the transition metal sites and an associated
contraction of the a-axis corresponding to shortening of the
TM-O distances (TM = transition metal), as expected for a
continuous solid solution. The a-axis contracton is consistent
with replacement of Mn3+ by Co3+ rather than Co2+/Mn4+.
Atomic emission analysis revealed a slightly lithium deficient
composition of Li0.85(Mn0.9Co0.1)O2 which agrees well with the
amount of lithium that can be removed and inserted electro-
chemically and with the neutron refinement of the Li site
occupancy.

Mn3+ is a Jahn–Teller active ion and in pure LiMnO2 it results
in a distortion from the ideal rhombohedral structure to
monoclinic symmetry.12 The cooperative Jahn–Teller distortion
persists on deintercalation giving rise to a two phase mixture of
monoclinic LiMnO2 and rhombohedral Li0.5MnO2 until the
Li0.5MnO2 composition is reached at which the structure
becomes a single rhombohedral phase. At this point only 50%
of the transition metal sites are occupied by the Jahn–Teller
active Mn3+ ion. It appears that a combination of cobalt
substitution and slight lithium deficiency is enough in the case
of Li0.85(Mn0.9Co0.1)O2 to suppress the cooperative Jahn–Teller
distortion despite 75% of the transition metal sites being
occupied by Mn3+ (assuming Co3+). We have inserted lithium
into Li0.85(Mn0.9Co0.1O2) and find that even for Li0.9(Mn0.9-
Co0.1O2) (80% Mn3+ if Co3+) there is no evidence for a
cooperative distortion in the X-ray or neutron data. The Jahn–
Teller distortion in LiMnO2 is driven by the localised high spin
3d4 configuration of Mn3+. It is interesting that such a low level
of Co3+ suppresses the distortion. Understanding the electronic
structure in detail and particularly investigating the origin of the
suppression of the cooperative Jahn–Teller distortion is beyond
the scope of this paper and necessitates a subsequent study,

Fig. 1 Powder neutron diffraction data for Li0.85(Mn0.9Co0.1)O2. Dots,
experimental points points; solid line, fit by a layered structure and lower
solid line, difference plot. The peak at d = 2.15 Å arises from the vanadium
sample can.
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already underway, which will include establishing the oxidation
states of Mn and Co.

The performance of the material as an intercalation electrode
in a cell was investigated by forming a composite between the
intercalation compound, super S carbon and Kynar Flex 2801
binder (a copolymer based on PVDF) in the weight ratios
85 : 10 : 5. The electrode was cast onto Al foil. Cycling was
performed in three-electrode cells (Li counter and reference) in
1 m LiPF6 in EC–DMC (2 : 1) as electrolyte and at a constant
current density of 100 mA cm22 (14 mA g21) within the
potential range 2.6–4.8 V, Fig. 2. The discharge capacity on the
first cycle is 210 mA h g21 and ranges between this value and
200 mA h g21 up to twenty cycles (the variation between
different cells is < 5%), demonstrating a substantial improve-
ment in capacity compared with LiMnO2 and eliminating the
capacity loss on the first cycle. Why might this be so?

Cycling lithium in the spinel host LiMn2O4 over the range
Li1+xMn2O4(0 < x < 1), involves a two phase reaction between
cubic LiMn2O4 and tetragonal Li2Mn2O4, arising from the
Jahn–Teller distortion which occurs when more that 50% of the
octahedral 16d sites in spinel are occupied by Mn3+.6 As a
result, there is an abrupt change in the unit cell volume on Li
cycling as one phase converts to the other, leading to
disconnection of the particles and the formation of isolated
regions in the electrode incapable of storing lithium.15 A similar
first order phase change occurs in the case of layered LiMnO2
within the first cycle. We also know from extensive X-ray and
neutron diffraction studies, HREM and electrochemical data
that LiMnO2 converts to a spinel phase on cycling.16 The
absence of a Jahn–Teller distortion in Li0.85(Mn0.9Co0.1)O2 may
be related to the elimination of the abrupt capacity loss suffered
by LiMnO2 within the first cycle. Further work will be carried
out, including longer term cycling, to better understand the
mechanism of intercalation in the Co doped materials and to
understanding how a small proportion of Co modifies the
process compared with pure LiMnO2.

Results from compositions which neighbour Li0.85(Mn0.9-
Co0.1)O2 are also shown in Fig. 2. The data indicate that the
capacity retention is even better for compositions with more

than 10% Co, however the overall capacity is somewhat
reduced.

Only a proportion of the capacity is delivered above 4 V vs.
Li+/Li, Fig. 3. However, the move to 2.3 V electronics in mobile
communications and other portable applications coupled with
the use of graphite anodes which deliver a large proportion of
their capacity at a voltage near that of lithium metal, makes 3 V
electrodes attractive for future lithium-ion batteries. The intense
current interest in a-MnO2 and its derivatives, which operate at
3 V, bears witness to this.17

P. G. B. is indebted to the EPSRC, the EU and NEDO for
financial support and to the staff of the Rutherford–Appleton
Laboratory for assistance with neutron data collection.
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Fig. 2 Variation of specific discharge capacity with cycle number at 100 mA
cm22 and 2.6–4.8V; for layered LiMnO2 and three Co doped samples. («)
Li(Mn0.95Co0.05)O2, (») Li(Mn0.90Co0.10)O2, (2) Li(Mn0.85Co0.15)O2, (-)
LiMnO2.

Fig. 3 Discharge curves for: (.) layered LiMn0.9Co0.1O2, (©) LiMn2O4

spinel and (Ω) layered LiCoO2
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Synthesis and characterization of an oxasapphyrin-uranyl complex
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Reaction of monooxasapphyrin with uranyl diacetate in the
presence of triethylamine leads to the formation of a stable,
in-plane aromatic uranyl complex.

Sapphyrin (e.g. 1) is an aromatic 22 p-electron expanded

porphyrin that has been known for more than 30 years.1,2 Its
pioneering role in expanded porphyrin research2a–c and the
more recent finding that it2d and other related materials3 bind
anions in their protonated forms continues to inspire interest in
these pentapyrrolic systems. In spite of this increased attention,
the metal coordination chemistry of sapphyrin remains woefully
underdeveloped.2 At first blush this seems surprising since one
of the most intuitively appealing aspects of sapphyrin2a is that it
should act to stabilize complexes with larger cations than those
normally coordinated by porphyrins (e.g. Gd3+, UO2

2+, etc.).
However, efforts to obtain such complexes have so far

failed.2a,4† Recently, we prepared an organic-soluble, furan-
containing analogue of sapphyrin, system 2,8 and now wish to
report that this monooxa species supports the formation of a
stable, in-plane uranyl complex (3).

The rationale for using 2 as a possible uranyl chelating ligand
derived from an appreciation of what happens when sapphyrin
1b is treated with UO2

2+. Under most reaction conditions the
macrocycle is either returned unchanged or suffers decomposi-
tion. However, in the presence of methanol a uranyl complex (4)
of what is a formally a reduced form of sapphyrin may be
isolated.4 This finding was rationalized in terms of inter-
mediates I, II and III (Scheme 1) playing a critical role in
mediating the key nucleophilic attack step leading to the
formation of the reduced, methoxy-functionalized product 4.

This led us to consider that a stable, aromatic uranyl complex
might be obtainable were the central pyrrole of the tripyrrane
‘replaced’ by a furan. Such a replacement would also create a
ligand that, once deprotonated, would be dianionic and hence
well suited to coordinate the uranyl cation on a charge matching
basis.

As it transpired, treatment of the bis-hydrochloride salt of 2,
but not 1·2HCl,4 with uranyl diacetate dihydrate in acetonitrile
containing triethylamine led, after column chromatographic
purification, to the formation of a green metallic solid. This
material displays a UV–VIS spectrum typical of a sapphyrin

species with one strong Soret band at 483 nm and three weaker
Q-type absorption bands at 624, 647 and 708 nm (Fig. 1). The
significant bathochromic shift (29 nm) of the Soret band
compared to the starting oxasapphyrin bis-HCl salt (Soret band
at 454 nm, Q-type bands at 625, 633, 669 and 689 nm), together
with the bathochromic shift and different aspect of the Q-type
bands (Fig. 1), provided a preliminary ‘hint’ that (i) the metal
insertion process was successful and (ii) the monooxasapphyrin
skeleton was still intact.

Proton NMR spectroscopic studies revealed the presence of
two sets of peaks at the low field frequencies (i.e. 10.37 and
10.78 ppm, respectively) typical of aromatic sapphyrin meso
protons.9 On the other hand, no signals ascribable to internal
NH protons were observed. Since sapphyrins such as 1 and 2 are
known to be quite basic (i.e. easily protonated),2,10 this finding
is interpreted as being consistent with the formation of a metal
complex wherein the key metal-to-ligand contacts involve, at a
minimum, all four of the nitrogens present in the macrocyclic
core (i.e. structure 3). The presence of a uranyl moiety was also
implied by the identification of a n(ONUNO) band in the IR
spectrum at 936 cm21. Final proof for the formation of the
proposed 1 : 1 uranyl complex then came from an X-ray
crystallographic analysis.

Crystals of 3 were grown by allowing a dichloromethane
solution of the complex to diffuse slowly into hexanes.‡ As
illustrated in Fig. 2(a) the uranyl cation is located almost in the
center of the sapphyrin. The uranyl-to-nitrogen distances of
2.449(4) Å (U–N1), 2.470(3) Å (U–N5), 2.582(4) Å (U–N2),
and 2.587(3) Å (U–N4) are all very similar to one another. By
contrast, the oxygen of the sole furan subunit, at a distance of
2.791(3) Å (U–O3), is significantly further away. The ur-

Scheme 1 Proposed intermediates in the formation of 4

Fig. 1 UV–VIS spectrum of the monooxasapphyrin-uranyl complex 3 (—)
as recorded in CH2Cl2. Also shown for comparison is the spectrum (---) of
the starting monooxasapphyrin macrocycle (2·2HCl).
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anium(vi) cation is found to sit within a distorted pentagonal
bipyramidal ligand environment (the relevant angles are:
75.00(11)° (N1–U–N2), 72.97(10)° (N2–U–O3), 74.18(10)°
(O3–U–N4), 74.75(11)° (N4–U–N5), 64.11(12) (N1–U–N5)
and 176.29(13) (O1–U–O2), respectively.

Complex 3 possesses a saddle-shaped conformation as
illustrated in Fig. 2(b). However, the distortion found is much
less than that observed in the case of an earlier reported
pentaphyrin uranyl complex 5 (cf. Fig. 2).6b To the extent that

the binding core of pentaphyrin is expected to be larger than that
of sapphyrin, this comparative finding lead us to suggest that the
saddle-shaped distortion of the uranyl pentaphyrin 5, and to a
lesser extent that of the oxasapphyrin complex 3, is caused by a
macrocyclic core that is too big (as opposed to too small) for the
uranyl cation. This is reflected in the average N–UO2

2+ bond
distances; these are 2.522 and 2.541 Å, in the case of 3 and 5,
respectively.

Complex 3 was also studied by cyclic voltammetry.§ Here,
one quasi-reversible reduction wave was observed at 0.62 V
(100 mV s21) that most likely belongs to the UO2

2+–UO2
+

couple. In addition, one irreversible reduction wave at 1.58 V
(100 mV s21), assignable to a UO2

2+ to U4+ reduction process,
and one irreversible oxidation wave at 0.64 V (100 mV s21),
ascribed to the oxasapphyrin ligand, are also observed. The
quasi-reversible wave of the UO2

2+–UO2
+ couple is found to

fall at a significantly more positive potential than the corre-
sponding uncomplexed UO2

2+–UO2
+ couple (E0 = 0.163 V),11

as would be expected in light of the favorable bonding
interactions present in complex 3.

Complex 3 was found to be very stable when stored as a solid
or in CH2Cl2 solution over long periods of time at room temp.
in the presence of air. It was also found to be stable, as a CH2Cl2
solution, when exposed briefly to aqueous solutions of pH = 2

(70% decomposition after 72 h), or when treated with those of
pH = 11 for longer periods (no apparent decomposition after 72
h). By contrast, almost complete decomplexation was observed
within a few min when HOAc (10% v/v) was added to a solution
of 3 in CHCl3.

In summary, we have described the first example of a stable
in-plane metal cation complex of a sapphyrin derivative. It
provides a further cogent demonstration of how small changes
in ligand structure (in the present instance an O for NH
‘replacement’) can influence significantly the metal chelation
chemistry of a given system.

Support of this research by the National Science Foundation
(Grants CHE 9122161 and CHE 9725399 to J. L. S.) is
gratefully acknowledged.
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† Uranyl complexes of two other pentapyrrolic systems, namely super-
phthalocyanine5 and pentaphyrin6 are known. Also known are sitting-atop
h2-RhI and -IrI complexes as well as 1 : 1 ZnII and CoII derivatives.2a,e,7

‡ Crystal data for 3: dark green crystals, monoclinic, P21/n, Z = 4, a =
11.990(1), b = 15.351(1), c = 18.954(1) Å, b = 104.53(1)°, V = 3377.1(5)
Å3, Dc = 1.65 g cm23, m = 48.49 cm21. 11 387 reflections were measured,
of which 9466 were unique [Rint (F2) = 0.021]. The structure was refined
on F2 to a Rw(F2) = 0.0857 with a goodness of fit = 1.074 for 416
parameters, while the conventinal R(F) = 0.0358. CCDC 182/945.
§ Cyclic voltammetry was carried out (25 ± 2 °C) under dry argon using a
Bioanalytic Systems Inc. (BAS) CV-59W version 2 MF9093 voltammetric
analyzer. Dry MeCN was the solvent, 0.1 m NBun

4PF6 the electrolyte, a 1.6
mm Pt disk the working electrode, and a Pt wire the auxilary electrode. A
Ag–AgCl couple, separated from the bulk solution by means of a porous
Vycor plug, was used as the reference electrode.
¶ Determined by recording the change in absorption at 455 nm as a function
of time.
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Fig. 2 (a) Front view of C38H42N4O3U (3) showing the heteroatom labeling
scheme. Thermal ellipsoids are scaled to the 30% probability level. H atoms
are scaled to an arbitrary size. (b) Overlay of the side views of 3 (ball-and-
stick model) and the pentaphyrin–uranyl complex 5 (dashed lines). The
b-substituents of both have been omitted for clarity.
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An unprecedented triply interpenetrated chiral network of ‘square-planar’
metal centres from the self-assembly of copper(ii) nitrate and
1,2-bis(4-pyridyl)ethyne
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Copper(II) nitrate reacts with 1,2-bis(4-pyridyl)ethyne (bpe-
thy) in ethanol to yield mixtures containing, beside to a one-
dimensional ladder-like polymer, a networked [Cu(bpe-
thy)2] species, with a triply interpenetrated chiral frame
based on pseudo-square planar metal centres, showing a
topology theoretically predicted but never observed before,
and containing uncoordinated ligands as guest molecules.

The crystal engineering of networked coordination polymers, of
potential utility as zeolite-like materials, has produced in recent
times novel interesting assemblies by using suitable bidentate
spacer ligands. Among these an important class is represented
by ligands containing two 4-pyridyl donor units interconnected
by chains or groups of different types, which can afford variated
lengths, linear or non-linear geometries, and conformationally
rigid or non-rigid molecular skeletons. With the most simple of
these ligands, i.e. 4,4A-bipyridyl, a variety of architectures have
been obtained in the past years.1 The use of longer bis(4-
pyridyl) spacers has afforded very interesting structural motifs,
as double helices,2 double sheets,3 interpenetrated ladders4,5

and brick-wall frames,4 interpenetrated diamondoid nets6 and
other noteworthy species.7,8 We have studied the self-assembly
process of one of these ligands, the rigid linear 1,2-bis(4-
pyridyl)ethyne (bpethy), with copper(ii) nitrate.

The choice of such building elements was performed with the
aim to gain some control of the networking process, since the
nitrate anions, due to their donor ability, are known to give rise
either to T-shaped metal centres (metal to ligand molar ratio
1 : 1.5)1a,4 or to pseudo-square planar metal centres (metal to
ligand molar ratio 1 : 2).1b Moreover, in the latter case an array
of single sheets of squares, commonly observed with
4,4A-bipyridyl,1b,9 seemed to us rather unlikely, taking into
account the increased length of bpethy (ca. 9.8 vs. 7.1 Å).
Looking, therefore, for a 3D network of square planar centres as
the target, besides the prototypical frame of NbO (topology
6482, A in Scheme 1) we have found only two other examples,

suggested by O’Keeffe,10 and referred to as the tetragonal
CdSO4 (B)† and the so-called ‘dense’ net (C). In a very recent
communication a product from the self-assembly of copper(ii)
nitrate and 1,2-bis(4-pyridyl)ethane has been described,11

containing a (twofold interpenetrated) 3D net based on pseudo-
square planar copper centres, which has been erroneously
ascribed to the NbO topological type (A) but, indeed, belongs to
the CdSO4 one (B). We report here the first example of a (triply
interpenetrated) coordination network of the third topological
type (C). Again a theoretically anticipated topology, of unlike
existence within simple inorganic compounds, can be accom-
plished in the area of coordination polymers. The reactions of
Cu(NO3)2·3H2O with bpethy afford mixtures of products. On
layering over an ethanolic solution of the salt an ethanolic
solution of the ligand (molar ratio 1 : 2) the formation of small
elongated blue crystals is observed after few days. The product,
investigated by single crystal X-ray analysis,‡ corresponds to
[Cu(bpethy)(NO3)2]·0.5EtOH 1. On allowing the solution to
concentrate almost to dryness by evaporation, the reaction
further proceeds, giving flat hexagonal blue crystals of a second
species 2, also characterized by X-ray analysis,‡ together with
other minor unidentified products. Compound 1 consists of one-
dimensional linear chains of CuII ions linked by bpethy ligands,
which run in parallel pairs joined by bridging nitrate anions, in
a ladder-like fashion. The metal ions exhibit Jahn–Teller
distorted octahedral coordinations (2 N atoms of bpethy, 2 O
atoms of a chelating nitrate, and 2 O atoms of two asymmetric
m-h1-anions, see  Fig. 1, top). The ladders propagate in two
different directions (rotated by 39.6°) as shown in Fig. 1,
bottom. Compound 2 is a more complex and interesting species,
formulated as [{Cu(bpethy)2(H2O)2}{Cu(bpethy)2(NO3)-
(H2)}2][NO3]4·bpethy·1.33H2O. It contains a fascinating tridi-
mensional polymeric architecture consisting of three inter-
woven nets, each belonging to the topological type C of Scheme
1. A single net (Fig. 2) presents linear –Cu–bpethy–Cu–bpethy–
chains both parallel and perpendicular to the trigonal crystallo-
graphic c axis, joined at the square-planar metal centres
(Cu···Cu contacts all ca. 13.6 Å). The chains perpendicular to

Scheme 1
Fig. 1 A view of one mesh of the ladder in 1 (top) and a schematic view of
the packing of the ladders (bottom)
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the c axis are rotated by 120° about this axis on passing to each
successive layer, in a 31 helical disposition, thus resulting in a
chiral network. The topology of this network exhibits some
peculiar features among the known four-connected nets:10 (i) it
is unique in not containing circuits shorter than heptagons; (ii)
it has the highest ‘topological density’§ (and is thus termed
‘dense’); (iii) each metal node is ideally surrounded by eight
equidistant neighbours but directly connected only to four of
these. The voids present in a single net are too large to be left
filled only by the counter ions. Thus three [Cu(bpethy)2] nets of
the same topology interpenetrate as illustrated in Fig. 3.¶
Indeed, the three nets are not identical because of the difference
in the coordination of the CuII ions: the octahedral metal
environments show in all cases four equatorial N-bonded
pyridyl groups, but the axial (loosely bonded) ligands are two
water molecules in one of the three nets (net I, black), and a
water molecule and a h1-nitrate anion in the other two (nets II
and III, white and dotted). In spite of the threefold inter-
penetration there are still voids that contain, besides free nitrate
anions, disordered water molecules and uncoordinated bpethy
ligands (Fig. 3). These molecules, moreover, form hydrogen

bonds involving the two nitrogen atoms and two water
molecules coordinated to the copper ions of nets II and III
(N···O 2.82 Å), giving rise to hydrogen bond bridges Cu–
(H2O)–bpethy–(H2O)–Cu, of length 17.59 Å. Taking into
accout these interactions nets II and III together can be
described as an unique tridimensional five-connected array,
interpenetrated by the four-connected net I. Interpenetration
phenomena involving different types of nets are quite rare; we
have found only one previous example, i.e. the interpenetration
of two different diamondoid networks in K2PdSe10.12 Though
the preference of compound 2 for the C type topology, rather
than A or B, remains unexplained, the unusual features
observed (new topology, interpenetration of different motifs,
network chirality, guest molecules anchored to the frame) make
this species an interesting solid state rarity, as well as a
notewhorty reference structure for the engineering of frames
based on square-planar metal centres.

Notes and References

† This net can be sligthly distorted in such a manner to tolerate the presence
of tetrahedral centres substituting the square planar centres. This is the case
for CdSO4 itself as well as for the coordination polymer [Ag2(hex-
amethylenetetramine)][NO3]2; O. M. Yaghi, H. Li and M. O’Keeffe, Mater.
Res. Soc. Symp. Proc., 1997, 453, 127.
‡ Crystal data: 1 [Cu(bpethy)(NO3)2]·0.5EtOH, monoclinic, space group
C2/c (no. 15), a = 25.540(8), b = 9.186(3), c = 15.482(12) Å, b =
117.08(4)°, V = 3234(3) Å3, Z = 8, Dc = 1.605 Mg m23, final R value
0.0933 for 1039 independent absorption corrected (y-scan) reflections [I >
2s(I)].

2: [{Cu(bpethy)2(H2O)2}{Cu(bpethy)2(NO3)(H2O)}2](NO3)4·bpethy·
1.33H2O, trigonal, space group P3121 (no. 152), a = b = 13.652(1), c =
40.648(2) Å, V = 6560.9(8) Å3, Z = 3, Dc = 1.450 Mg m23, final R value
0.0789 for 3952 independent absorption corrected (SADABS) reflections [I
> 2s(I)]. 

The data collections were performed by the w-scan method, Mo-Ka
radiation (l = 0.710 73 Å), at 293 K on an Enraf-Nonius CAD-4
diffractometer for 1 and at 243 K on a SMART-CCD area-detector
diffractometer for 2, within the limits 3 < q < 25° (1) and 1 < q < 26° (2).
The structures were solved by direct methods (SIR97)13 and refined by full-
matrix least squares (SHELX97).14 Anisotropic thermal factors were
assigned in 1 to Cu and the NO3

2 atoms and in 2 to all the non-hydrogen
atoms except for a disordered nitrate and a solvated water molecule. The
assignment of the absolute structure for 2 was confirmed by the statistics
and the refinement of the absolute structure parameter as implemented in
SHELX-97, to a value of 0.07(4).15 All the diagrams were obtained using
the SCHAKAL97 program.16 CCDC 182/953.
§ The topological density has been defined10 as the cumulative sum of the
numbers of topological neighbours for the first ten coordination shells (1186
for A, 1488 for B, 2078 for C and 980 for diamond).
¶ In the one-dimensional helical coordination polymer [Ag(pytz)](NO3)
[pytz = 3,6-di(4-pyridyl)-1,2,4,5-tetrazine]8 the nitrate ions show weak
interactions with the metal ions (Ag···O 2.79 Å). We have rationalized that,
by assuming these contacts also as bonds, the overall topology is of type C,
three-fold interpenetrated; however, given the long Ag···O distances, a one-
dimensional chain description is perhaps more appropriate.
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Fig. 2 A view of part of a single dense net C in compound 2

Fig. 3 A schematic view of the three interpenetrated nets C in 2. Net I
(black) is crystallographically independent, while nets II and III (white and
dotted) are related by twofold axes. The solvated ligand molecules are also
shown with their hydrogen bonds (dashed lines).
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Aluminosilicate mesoporous molecular sieves with enhanced stability obtained
by reacting MCM-41 with aluminium chlorohydrate 
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Aluminosilicate MCM-41 materials prepared by post-syn-
thesis alumination using aqueous aluminium chlorohydrate
exhibit remarkably high mechanical and hydrothermal
stability and in addition the materials, after steaming at high
temperatures, possess stronger Brønsted acid sites compared
to the parent material.

Recently, heteroatom substituted mesoporous molecular sieves
such as MCM-41 have attracted much interest due to their
potential use as hosts, adsorbents or catalysts.1 Of particular
interest are Al-containing materials which may be used as solid
acid catalysts.2,3 The structural stability of such aluminosilicate
mesoporous molecular sieves is very important to their
application as catalysts. Indeed the thermal and hydrothermal
stability of Al-containing MCM-41 has been the focus of much
recent research.3,4 Despite good thermal stability, AlMCM-41
materials generally suffer from poor (and unpredictable)
structural ordering and low hydrothermal stability and are easily
destroyed by boiling in water or by steaming at high
temperatures.3,4 Studies on the mechanical stability of meso-
porous molecular sieves have concentrated on pure silica
materials5 and to the best of our knowledge there is no data on
the mechanical stability of silica-alumina materials. The
structural stability of mesoporous molecular sieves can be
improved by increasing the thickness of the pore walls and/or by
enhancing the local ordering of the walls. This may be achieved
by post-synthesis treatments such as pore wall grafting6 or
recrystallisation.7 We have recently discovered that structurally
well ordered AlMCM-41 can be prepared by reacting purely
siliceous MCM-41 with aluminium chlorohydrate (ACH)
solution containing Al polycations. Herein we report on the
remarkable stability of the resulting aluminosilicate materials.

The starting material, a purely siliceous MCM-41 (desig-
nated PSMCM), was prepared according to ref. 8. AlMCM-41
was prepared by adding 1.0 g of calcined PSMCM to a 50 ml
solution of ACH at 80 °C and stirring for 2 h (at 80 °C). The
precursor Al-grafted MCM-41 was obtained by filtration and
thoroughly washed with distilled water (until free of Cl2 ions),
dried at room temperature and calcined in air at 550 °C for 4 h.
The physical properties of the purely siliceous material
(PSMCM) and AlMCM-41 samples prepared from ACH

solutions with Al concentrations of 0.12, 0.30 and 0.48 mol l21

(designated AlMCM2 (Si/Al = 9.7), AlMCM4 (Si/Al = 6.5)
and AlMCM5 (Si/Al = 6.1) respectively) are given in Table 1.
The d spacing of the AlMCM materials is higher than that of the
starting PSMCM material and generally increases with the
amount of aluminium incorporated. This is consistent with the
incorporation of increasing amounts tetrahedral Al into the
framework and is in part due to the longer Al–O bond length
compared to the Si–O bond. The effect of the incorporation of
Al onto the framework is clearly illustrated by the changes in the
thickness (calculated by subtracting the pore diameter from the
lattice parameter) of the pore walls. At 16 Å the wall thickness
of PSMCM is comparable to the largest reported values for
MCM-41.8 On Al incorporation the wall thickness pro-
gressively increases up to 23.9 Å (for AlMCM5). The increase
in wall thickness is at the expense of pore diameter which
reduces from 31.6 Å for PSMCM to 25.8 Å for AlMCM5. The
surface area reduces slightly while the pore volume shows a
larger decrease. However, the lowest surface area (753 m2 g21)
and pore volume (0.62 cm3 g21) obtained for the most
aluminous sample (AlMCM5) is still high.

The mechanical stability of the Al-grafted materials was
investigated by pressing the materials in a steel die of diameter
13 mm for 10 min. The effects of compression (external
pressures were calculated from the applied force and the die
diameter) on the ordering and textural properties of AlMCM4
(Si/Al = 6.5) are shown in Fig. 1 and Table 1. Except for a
slight decrease in the d spacing, compaction at 185 MPa does
not have any significant effect on the XRD pattern of AlMCM4.
The retention of structural integrity is confirmed by the minimal
decrease in the surface area and pore volume (Table 1).
Compaction at 370 MPa resulted in a decrease in XRD peak
intensity (with no further decrease in d spacing) and was
accompanied by a 29% decrease in surface area and 25%
decrease in pore volume. After compaction at the higher
pressure of 740 MPa the surface area and pore volume reduced
by 60%. However, the XRD pattern still indicates retention of
some hexagonal symmetry. The mechanical stability exhibited
here is remarkable especially in the light of previous studies
which have shown that pure silica MCM-41 is essentially
destroyed at 224 MPa.5 It is likely that the stability observed

Table 1 d spacing and textural properties of the studied materials

Sample d100/Å Surface area/m2 g21 Pore volume/cm3 g21 APDa/Å ao
b/Å Wall thickness/Å

PSMCM 41.2 887 0.85 31.6 47.6 16.0
AlMCM2 42.0 760 0.69 29.3 48.5 19.2
AlMCM4 42.8 767 0.65 26.5 49.4 22.9
AlMCM4 (185 MPa)c 755 0.57 27.4
AlMCM4 (370 MPa))c 547 0.49 28.5
AlMCM4 (740 MPa))c 284 0.26 30.6
AlMCM5 43.0 753 0.62 25.8 49.7 23.9
ST-AlMCM5)d 558 0.45 22.6
REF-AlMCM5)e 834 0.70 24.9

a APD = average pore diameter (determined using BJH analysis). b a0 = Lattice parameter, from the XRD data using the formula a0 = 2d100/ 3. c Sample
AlMCM4 compressed at the pressures shown in parentheses. d Sample AlMCM5 steamed at 750 °C for 4 h. e Sample AlMCM5 refluxed in distilled water
for 16 h.
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here is due to the much thicker walls of the Al-grafted sample;
a direct (mixed-gel) synthesised Al-MCM-41 material (with a
Si/Al ratio of 23 and 11 Å thick walls) was destroyed after
compaction at 370 MPa. We also investigated the mechanical
stability of the pure silica starting material (PSMCM) and
observed good structural integrity (not unlike that of AlMCM4)
up to 370 MPa. However, after compaction at 740 MPa the
degradation of PSMCM (as indicated by XRD) was much
greater than that of AlMCM4.

To investigate hydrothermal stability, the Al-grafted materi-
als were subjected to steaming at 750 °C for 4 h or refluxing in
distilled water for 16 h (at a water to sample ratio of 1 l g21).
The effects of these treatments on the ordering and textural
properties of AlMCM5 (Si/A/ = 6.1) are shown in Fig. 2 and
Table 1. After steaming, the Al-grafted sample exhibits an XRD
pattern which indicates retention of structural ordering albeit
with reduced peak intensity and lower d spacing. This is
accompanied by a 3.2 Å reduction in pore diameter and a 25%
decrease in both the surface area and pore volume. Previous
studies have shown that whereas pure silica MCM-41 is
relatively stable to steaming, Al-containing MCM-41 materials

are on the other hand highly unstable.3 It is therefore noteworthy
that the Al-grafted material reported here is able to maintain
structural ordering and considerably high surface area and pore
volume. To ascertain the effect of steaming on catalytic
properties we compared the acid content2 and activity (for
cumene cracking)2 of AlMCM5 with its steamed analogue (ST-
AlMCM5). The acid content of ST-AlMCM5 was 0.257 mmol
H+ g21 compared to 0.605 mmol H+ g21 for AlMCM5.
However, despite a lower acid content, the conversion of
cumene was higher for the steamed sample; ST-AlMCM5 had
an initial rate (in mmo l g21 h21 and taken at 10 min time on
stream) of 1.225 compared to a rate of 0.843 for AlMCM5. This
translates to an apparent turnover frequency (TOF) of 4.75 over
ST-AlMCM5 and 1.4 over AlMCM5. This results indicate that
the acid sites in the steamed sample (though fewer in number
due to some dealumination) are stronger than those on
AlMCM5. This observations are reminiscent of the behaviour
of steam stabilised Y zeolites. To the best of our knowledge, this
is the first example of an Al-containing MCM-41 material,
which exhibits such stability to high temperature steaming.
Indeed a direct (mixed-gel) synthesised Al-MCM-41 material
(Si/Al = 23) was destroyed by similar hydrothermal treatment
with its surface area decreasing by 75%.

The hydrothermal stability of the Al-grafted materials is
further illustrated by their stability in boiling water. Fig. 2
indicates that heating (refluxing) of AlMCM5 in boiling water
for 16 h had virtually no deleterious effect on its XRD pattern
which suggests excellent retention of structural ordering. This is
confirmed by the fact that the surface area and pore volume, far
from decreasing, actually increase (Table 1). When subjected to
similar treatment the structural ordering of the pure silica
starting material (PSMCM) was destroyed and its surface area
reduced by 65%. The direct (mixed-gel) synthesised Al-MCM-
41 material (Si/Al = 23) was even less stable and was rendered
amorphous after refluxing in water for a shorter time of 6 h.

We have demonstrated that Al-containing MCM-41 with
good structural stability can be prepared by reacting purely
siliceous MCM-41 with aluminium chlorohydrate. The en-
hanced mechanical and hydrothermal stability of materials
reported here may be due to recrystallisation effects, involving
the grafted Al, which act to heal defect sites in the structure of
the MCM-41 materials. This is likely because the Al is initially
grafted onto the pure silica material via silanol groups which are
known to occur at defect sites. Similar recrystallisation effects
are known to occur in zeolites.9 Stable aluminosilicate MCM-
41 materials are expected to find use as solid acid catalysts
especially for processes which require catalyst regeneration
under severe conditions.

R. M. is grateful to the EPSRC for an Advanced Fellow-
ship.
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Fig. 1 Powder XRD patterns of sample AlMCM4; (a) original material and
after compaction at (b) 185 MPa, (c) 370 MPa and (d) 740 MPa

Fig. 2 Powder XRD patterns of sample AlMCM5; (a) original material and
after (b) refluxing in water for 16 h and (c) steaming at 750 °C for 4 h
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A manganese-containing molecular sieve catalyst designed for the terminal
oxidation of dodecane in air
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MnIII ions that replace a few percent of the framework AlIII

sites in a microporous aluminophosphate—number 18, with
a pore aperture of 3.8 Å—function as catalytically active
centres for the selective oxidation of dodecane preferentially
at C1 and C2.

The activation and functionalisation of alkanes are notoriously
difficult to execute and control—far more so than the processes
involved in their complete oxidation (combustion).1 Taking
cues from the general field of redox metallo-enzymes2–4 that
catalyse shape- and regio-selectively the oxidation of hydro-
carbons, but also from framework-substituted, transition-metal-
ion-incorporated microporous aluminium phosphates
(AlPOs),5–7 we have designed a heterogeneous catalyst that
selectively converts dodecane in air, without the need for
stoichiometric donors such as alkyl hydroperoxides or H2O2.

The catalyst consists of so-called AlPO-18,8 in which a small
fraction, typically 4 atom%, of the AlIII ions has been
isomorphously replaced, during synthesis,9 by MnII ions.
Separate experiments, involving combined in situ X-ray
absorption spectroscopy and X-ray diffractometry10,11 plus ex
situ scanning transmission electron microscopy, have estab-
lished that, in O2 or dry air, at temperatures up to ca. 550 °C, the
MnII ions (like those of isomorphously substituted CoII) are all
converted to the +3 oxidation state while remaining tetra-
hedrally coordinated (i.e. coordinatively unsaturated) without
loss of structural integrity of the AlPO host or exsolution from
it of its embedded transition-metal ions. EXAFS and other
analyses show that the individual MnIII active sites are spatially
well separated throughout the three-dimensional internal sur-
face of the catalyst. Whereas all these active centres are
accessible to small molecules, because of the structural
characteristics of AlPO-18 (see Fig. 1) only those situated at the

mouths of the pores that emerge at exterior surfaces are
accessible to the extremities of the linear dodecane.

The details of the synthesis of MnII-containing AlPO-18 are
exactly the same as for that of other MeAlPO-18 (Me = Co, Zn,
Mg, Mn, etc.) catalysts.6 Briefly, the MnII ion is introduced to
the template-containing precursor gel from which small crystals
of phase pure product appear. Upon gentle calcination in O2, the
template (N,N-diisopropylethylamine) is entirely gasified, leav-
ing the cages of the resulting catalyst empty. In a typical
experiment, 0.5 g of catalyst was added to 50 g of dodecane in
a stainless steel high pressure catalytic reactor (Cambridge
Reactor Design) lined with PEEK (poly ether ether ketone), and
equipped with a mechanical stirrer and liquid sampling valve.
Removal of samples for analyses during the course of the
reaction is possible without perturbing the pressure in the
reactor. Dry air was pressurised into the reaction vessel (1.5
MPa) and the reactor was heated to the desired temperature (373
K). Samples were periodically removed, analysed by gas
chromatography (GC; Varian 3400 CX} equipped with a BPX5
column (25 m 3 0.32 mm) and a flame ionisation detector
(FID), and the total conversion and product distribution
(estimated in moles and normalised with respect to the GC
response factor) were determined as a function of time (using
1,2-dichlorobenzene as internal standard). The acids formed
were esterified and analysed as methyl esters.12 The identity of
the products was confirmed by injecting authenticated standard
samples. The mass balance was calculated for each run and the
estimated error in the analysis arising from handling or
sampling loss is less than 6.0 mol%.

Exactly analogous experiments were carried out with another
manganese-containing AlPO, MnAlPO-3613 in which the pore
diameter is appreciably larger (6.5 Å 3 7.5 Å), thereby
permitting much greater access to the dodecane. Fig. 2 and
Table 1 summarise the results. It is obvious that the small pore
aperture of MnAlPO-18 (and of CoAlPO-18) results in

Fig. 1 Energy-minimised configuration adopted by n-dodecane at 0 K inside
an AlPO-18 framework. The terminal methyl group (C1) and C2 of the
dodecane are significantly closer to a tetrahedral framework site containing
the metal ion (manganese, in this case) than either C3, C4 or C5, implying
that the MnIII ions in the framework of the AlPO-18 cage, along with
intracage O2, exert a greater influence on the C1 and C2 than on other
carbons on the dodecane backbone.

Fig. 2 Bar chart summarising the various degrees of regio-selectivity in the
oxidation of dodecane over four microporous MnAlPO catalysts. The regio-
selectivity for terminal oxidation with MnAlPO-18 far exceeds that of any
of the other three.
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oxidation of the dodecane (total conversion = 5.5 wt.%) only at
C1 and C2, whereas in MnAlPO-36 (possessing essentially the
same concentration of the active site) (total conversion = 5.2
wt.%) the oxyfunctionalization occurs at essentially all the
carbon atoms of the dodecane backbone, and more predom-
inantly at the C4 and C5 positions. The kinetics of oxidation of
dodecane using MnAlPO-18 was studied in detail (Fig. 3), and
after an initial period of induction (4 h), dodecan-1-ol and
dodecan-2-ol were formed simultaneously, and were subse-
quently oxidised to dodecanal, lauric acid and dodecan-2-one at
prolonged contact times. In an identical experiment, the solid
catalyst was filtered off (when hot) after 8 h (conversion = 2.4
wt.%) and the reaction was continued for a further 16 h. But, no
further conversion was observed, showing that the MnIII ions in
the framework of the molecular sieve are solely responsible for
the catalysis. (The reaction mixture was independently analysed
by ICP analysis and no detectable quantities of Mn or Co were
observed.) MnAlPO-18 and CoAlPO-18 (and possibly other
transition-metal ion substituted AlPO-18) are therefore good
candidates for suitable catalysts in the production of function-
alised hydrocarbons required as surfactants and detergents. We
know from parallel work14 that a CoAlPO-18 (total conversion
= 7.1 wt.%) catalyst preferentially activates the terminal and
secondary methyl groups of n-hexane.

We believe that the key to the catalytic activity is the
coordinatively unsaturated MnIII ion. Just as with the tetra-
hedrally coordinated TiIV ions in TS-1,15 metallocene derived
Ti—MCM-4116,17 and especially the CoIII ions in CoAlPO-
18,14 expansion of the coordination shell in the transition state
is likely to be facile. Moreover, after the departure of the
products, the retention of the isolated MnIII ions in the

framework of the microporous host favours the regeneration of
the catalyst’s activity. Its selectivity, however, is solely due to
the pore size dimensions that govern access of the hydrocarbon.
It should be mentioned that, after the reaction, the catalyst
(MnAlPO-18) was washed thoroughly with methanol and
activated at 550 °C for 12 h in the presence of dry air. It was then
recycled twice without significant loss in catalytic activity
(conv. = 15.65 mmol) and selectivity (C1 = 48% and C2 =
47.6%).

We thank EPSRC, UK for financial support (rolling grant to
J. M. T.), the Royal Commission for the Exhibition of 1851 for
a Research Fellowship to R. R., Dr G. Sankar for help in sample
preparation and useful discussions and Dr R. G. Bell for
computer guidance.
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Table 1 Oxidation of dodecanea in air: comparison of catalysts

Productb distribution/mmol

Catalyst Conv./mmol C1-ol C1-al Lauric acid C2-ol C2-one C3-ol C3-one C4-ol C4-one C5-ol C5-one Othersc

Mn-ALPO-18 (0.04) 16.08 1.27 4.71 1.65 4.47 3.25 — — — — — — 0.73
Mn-ALPO-36 (0.04) 15.20 0.47 — 0.55 0.95 1.27 1.37 1.45 2.63 2.07 1.65 1.89 0.90
Mn-ALPO-5 (0.04) 13.75 — — — — — 2.28 1.97 2.07 2.83 1.59 2.46 0.55
Mn-ALPO-11 (0.04) 6.82 0.24 — — 0.91 0.53 0.75 1.19 0.58 1.03 0.43 0.91 0.25

a Dodecane = 49.7 g; catalyst = 0.5 g; air = 1.5 MPa; temp. = 373 K; time = 24 h. b C1-ol = dodecan-1-ol; C1-al = dodecanal; C2-ol = dodecan-2-ol;
C2-one = dodecan-2-one; C3-ol = dodecan-3-ol; C3-one = dodecan-3-one; C4-ol = dodecan-4-ol; C4-one = dodecan-4-one; C5-ol = dodecan-5-ol; C5-one
= dodecan-5-one. c Others = mainly CO2, CO, water and lower olefins/hydrocarbons in the gas phase.

Fig. 3 Typical kinetic plots for the oxidation of dodecane over MnAlPO-18
catalyst under the conditions given in Table 1
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Displacement of a cyclopentadienyl ligand by a crown ether from a
lanthanocene(II) [LnCp''2]; crystal structures of the first cationic lanthanoid(II)
complexes, [SmCp''([18]-crown-6)][SmCp''3]·0.5C6H6 and
[YbCp''([18]-crown-6)][Cp'']·3C6H6 [Cp'' = h5-C5H3(SiMe3)2-1,3]

Yurii K. Gun’ko, Peter B. Hitchcock and Michael F. Lappert*†

The Chemistry Laboratory, University of Sussex, Brighton, UK BN1 9QJ

Treatment of [SmCp''2] or [YbCp''2] with [18]-crown-6 in
benzene at ambient temperature yields the X-ray charac-
terised, crystalline salts [SmCp''([18]-crown-6)][SmCp''3]·
0.5C6H6 1 and [YbCp''([18]-crown-6)][Cp'']·3C6H6 2; 1 with
K in toluene affords [K([18]-crown-6)(h2-PhMe)2]-
[SmCp''3], also accessible from [SmCp''2], K[Cp''] and
[18]-crown-6 in toluene [Cp'' = h5-C5H3(SiMe3)2-1,3].

The use of crown ethers to solubilise lanthanoid (Ln) halides or
nitrates is well documented.1 By contrast, the chemistry of
(crown ether)Ln organometallic complexes is still undeveloped,
although we have recently studied the reactions of some
tri(cyclopentadienyl)lanthanoid(III) complexes with potassium
in the presence of [18]-crown-6 and an arene, which have
yielded the crystalline salts [K([18]-crown-6)(C6H6)2]-
[{LaCp'2}2(µ,h-C6H6)]2a and [K([18]-crown-6)(h2-PhMe)2]-
[(LnCp''2)2(µ,h-PhMe)] [Cp' = h5-C5H3But

2-1,3; Cp'' =
h5-C5H3(SiMe3)2-1,3; Ln = Ce or Pr].2b

We now report (a) two facile, but diverse, cyclopentadienyl
displacement reactions from a lanthanocene(II) [LnCp''2] (Ln =
Sm or Yb) by a crown ether, affording (Scheme 1) the
crystalline [SmCp''([18]-crown-6)][SmCp''3]·0.5C6H6 1 or
[YbCp''([18]-crown-6)][Cp'']·3C6H6 2; (b) the partial redis-
tribution of 2 in toluene into 2 and [YbCp''2([18]-crown-6)];
(c) the synthesis from a toluene solution of another
crystalline tri(cyclopentadienyl)samarate(II) [K([18]-crown-
6)(h2-PhMe)2][SmCp''3]·0.5PhMe 3 from either 1 and K, or
[SmCp''2], K[Cp''] and [18]-crown-6 (Scheme 1); and (d) the
X-ray structures of 1–3.‡ Further features of interest are that 1
and 2 are the first examples of cationic lanthanoid(II) com-
plexes, 2 the first lanthanoid salt containing a cyclopentadienide
counter-ion, and 1 and 3 are new members of the rare family of
salts containing a lanthanate(II) anion.3

Each of the crystalline salts 1–3 gave satisfactory micro-
analytical results, as well as IR and NMR§ spectra. The latter in
[2H8]toluene or [2H6]benzene for 1 and 3 were complicated by
the paramagnetism of the f6 SmII causing strongly shifted
signals, but were substantially temperature-invariant in the
range 0 to +50 °C. The 29Si{1H} NMR spectra of 1 at 25 °C
showed two signals at d 98.50 ([SmCp''([18]-crown-6)]+) and d

258.59 ([SmCp''3]2) in the appropriate 1 : 3 ratio. By contrast,
for the case of the diamagnetic f14 YbII salt 2, there was partial
redistribution in toluene solution, readily monitored, especially
by 171Yb{1H} and 29Si{1H} (three signals at d 44.47, 22.49 and
219.68 in a 1 : 1 : 3 ratio at 25 °C), but also 1H NMR spectra
in the same temperature regime; cooling below 210 °C led to
crystallisation of 2. The 171Yb{1H} NMR spectra in [2H8]to-
luene revealed two signals at 25 °C: d 282.46, assigned to 2,
and d 14.44, assigned to [YbCp''2([18]-crown-6)] {cf.4 d 0 for
[Yb(h5-C5Me5)2(thf)2] in thf at 296 K}; whereas at 50 °C a
single broad signal at d21.77 was observed, indicative of a fast
exchange process between the two species but a decrease in the
relative contribution of 2. Lowering the temperature to 210 °C
led to a decrease in relative intensity and shift of the higher
frequency signal to d 30.35, and simultaneously an enhance-
ment in relative intensity and shift of the lower frequency signal
to d 232.43. These data show that in toluene or benzene there
is an equilibrium between 2 and the neutral complex
[YbCp''2([18]-crown-6)], with the latter favoured at higher
temperatures.

Crystalline 1 consists of well separated ions, Fig. 1. The
cation [SmCp''([18]-crown-6)]+ has a sandwich-like structure;
the Sm is located within the cavity of the quasi-parallel Cp'' and
the crown ligand, the latter being distorted due to strong O(6)
atom deviation. The centroid of the Cp'' ring and the six oxygen
atoms of the crown ether form a strongly distorted pentagonal
bipyramidal arrangement around Sm. The crown ether is
disordered 0.57 : 0.43 over two orientations, approximately
related by mirror symmetry, with two carbon positions in
common. The Sm(1)–Csp2 distances are in the range 2.828(6) to
2.913(6) Å [to C(5) shortest, to C(3) longest] with Sm(1)–
Cp''(centroid) 2.606(6) Å; this compares with 2.553 Å in
[Sm(Cp'')Cp'''(thf)] [Cp''' = h5-C5H2(SiMe3)3-1,2,4)].5 The
average Sm(1)–O distance of 2.714 Å [ranging from 2.571(9) to
2.829(9) Å, to O(5) shortest, to O(3) longest] is ca. 0.15–0.2 Å
longer than in SmIII crown ether complexes.1e The [SmCp''3]2

anion in 1 has the Sm in an almost trigonal planar arrangement
with respect to the centroids of the three C̄p'' ligands, as in
[SmCp''3].6 The Sm(2)–Csp2 distances are in the range 2.816(6)
to 3.092(6) Å [to C(39) shortest, to C(26) longest], with two
Sm–Cp''(centroid) distances of 2.701(6) and one of 2.670(6) Å,
compared with 2.698(5) to 2.807(5) Å in [SmCp''3].6

Crystalline 2, likewise, has well separated ions, the nearest
Yb contact to the anion being 6.58 Å. The sandwich-like nature
of the cation [YbCp''([18]-crown-6)]+ resembles that of 1. The
Yb(1)–Csp2 distances, ranging from 2.739 to 2.814 Å [to C(5)
shortest, to C(3) longest], as well as d[Yb–Cp''(centroid)]
2.508(7) Å, are significantly longer than in [{YbCp''2}∞],
having Yb–Csp2 from 2.654(5) to 2.684(6) with Yb–Cp''(cent-
roid) 2.382 and 2.366 Å.7 The Yb–O distances range from
2.519(5) to 2.583(6) Å [to O(4) shortest, to O(1) longest]. The
anion is such that two Cp' groups lie across inversion centres
with the disorder only partially resolved and hence the
dimensions are unreliable.

Scheme 1 Synthesis of the crystalline cyclopentadienyllanthanoid(II) salts
1–3. Reagents and conditions: i, [18]-crown-6, benzene, 12 h, ca. 20 °C; ii,
K (mirror), toluene, 3 h, ca. 230 °C, iii, toluene, 5 h, ca. 20 °C.
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Crystalline 1 and 3 have identical anions. The asymmetric
unit contains two cations and two anions and one toluene
solvate molecule. The six K–O bond lengths range from 2.72(2)
to 2.83(2) Å and the K···C(from h2-PhMe) contacts are
3.53(3) Å.

A reaction which has some analogy with the formation of salt
1 from [SmCp''2] is that between MgR2 or Mg(Br)R and a
cryptand or an azacrown ether to yield [MgR(macrocy-
cle)][MgR3] or [MgR(macrocycle)][Mg(Br)R2], which show
fluxionality in [2H6]benzene involving exchange of R as
between cation and anion (e.g. R = Bui).8

The formation of the [SmCp''3]2 counter anion in 1 contrasts
with the [Cp'']2 of 2 in the related ytterbium reaction. We
suggest that [SmCp''([18]-crown-6)][Cp''] is first formed, but
captures a further molecule of [SmCp''2] to give 1; the lack of
reaction between 2 and [YbCp''2] is attributed to steric
hindrance, Yb2+ being significantly smaller than Sm2+.

The results here presented open up a new chapter in
organolanthanoid chemistry; the cationic lanthanoid(II) com-
plexes, in particular 1, are expected to have a rich chemistry. For
2, we shall replace [Cp]2 by a weakly coordinating anion.

We thank EPSRC for the award of a fellowship to Yu. K. G.
and for other support.
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Fig. 1 The structure of cation (A) and anion (B) in 1; selected bond lengths
and angles are in the text
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Novel intramolecular rearrangement of 3-bromo-3,3-difluoroalanine Schiff
bases via radical ipso-substitution at the aromatic ring

Hideki Amii, Susumu Kondo and Kenji Uneyama*†

Department of Applied Chemistry, Faculty of Engineering, Okayama University, Tsushimanaka 3-1-1, Okayama  700-0082, Japan

3-Bromo-3,3-difluoroalanine Schiff bases are synthesized by
bromodifluoromethylation of the corresponding glycine
Schiff bases with CF2Br2; their intramolecular rearrange-
ment involving radical ipso-substitution at the aromatic ring
of the imine moiety provides 3,3-difluoro-3-arylpropanoates
in good yields.

Organofluorine compounds are receiving increasing attention in
the medicinal, agricultural, and material sciences. In particular,
interest in fluorine-containing amino acids and their derivatives
has existed for many years, since they have potentially unique
biological activities and thus are a current synthetic target.1
Herein we report a new approach to the preparation of 3-bromo-
3,3-difluoroalanine Schiff bases 2 and their intramolecular
rearrangement via radical ipso-substitution at the aromatic ring,
which provides b,b-difluoroalkanoates.2,3

3-Bromo-3,3-difluoroalanine Schiff bases 2 are synthesized
using commercially available CF2Br2, the simplest CF2 unit.4
Appropriate choice of reaction conditions was essential to avoid
the decomposition of the bromodifluoromethyl moiety of 2 due
to nucleophilic attack of the bases, such as NaH and even LDA.
When Schiff base 1 was treated with lithium 2,2,6,6-tetra-
methylpiperidide (LTMP) in THF at 278 °C followed by
CF2Br2, difluoromethylene compounds 2 were obtained in good
yields [eqn (1)].

3-Bromo-3,3-difluoroalanine Schiff bases 2 are interesting
fluorinated synthetic building blocks, and their transformations
were examined next. Firstly, we explored Bu3SnH/AIBN
mediated radical cleavage of the carbon–bromine bond in 2.
Treatment of 2a with Bu3SnH/AIBN/benzene at 80 °C for 2.5 h
gave not only the reduction product 3a (10%), but also
unexpectedly gave ethyl 3,3-difluoro-3-phenylpropanoate5 4a
(60%) as the major product [eqn (2)]. Raising the reaction

temperature ( > 110 °C) favoured the rearrangement (2a?4a).
The formation of 4a can be explained by assuming the pathway
pictured in Scheme 1. Initially, Bu3SnH/AIBN mediated
homolytic fission of the C–Br bond in 2 generates a,a-
difluoroalkyl radical species 5. The resultant a-fluorinated
carbon radical 5 undergoes intramolecular ipso attack to the
aromatic group6–10 of the imine moiety of 5, forming the spiro

cyclohexadienyl radical 6. Extrusion of aromatic nitrile 7 from
6 then occurs to furnish the carbon radical 8.11 Subsequent
hydrogen abstraction gives rise to b,b-difluorocarboxylic acid
ester 4 as the final product.

Other examples of selective formation of 4 are given in Table
1. The Schiff bases 2 which possess either electron-donating or
-withdrawing substituents on the aryl ring of the imine moiety
provide 4 in high yields. It is noted that the reactions of 2c and
2d, which have electron-donating substituents, required more
forcing conditions (entries 2 and 3), whereas electron-with-
drawing substituents enhanced the reaction rates (entries 4 and
5).

The Schiff bases 1 are easily synthesized in one pot from the
corresponding arylmagnesium bromides, aryl cyanides and
glycine ethyl ester hydrochloride [eqn (3)].12 In the net
transformation to 4, aryl cyanides were regenerated after
completion of the intramolecular radical rearrangement, as
shown in Scheme 1. Thus, the construction of 4 was formally

Scheme 1

Table 1 Radical rearrangement of Schiff base 2a

Entry Ar T/°C t/h Product Yieldb (%)

1 Ph 110 2.5 4a 93
2 4-MeC6H4 130 7.0 4c 90
3 4-MeOC6H4 130 7.0 4d 99
4 4-FC6H4 110 1.5 4e 80 (99)c

5 4-CF3C6H4 110 2.0 4f 90

a All reactions were carried out in sealed glass tubes containing 2, Bu3SnH
(2 equiv.) and AIBN (0.1 equiv.). After the reactions were completed, an
equimolar amount of aromatic nitrile was generated (90–95% isolated yield
in each case). b Reported yields are isolated yields unless specified. c The
number in parentheses is the yield determined by 19F NMR analysis.
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ArMgBr

Ar N CO2R

Ar

Ar
CO2Et

F F
H2N CO2Et

CF2Br2

HCl•H2NCH2CO2RArMgBr

1

(3)

+ ArCN +

achieved by the coupling of three components, i.e. ArMgBr,
CF2Br2 and glycine derivatives.

In conclusion, the synthesis and a novel reaction of 3-bromo-
3,3-difluoroalanine Schiff bases were developed, which provide
a new route to difluoromethylene compounds via intra-
molecular rearrangement involving radical ipso-substitution at
the aromatic ring.

We thank to the SC NMR laboratory of Okayama University
for 19F NMR analyses and the Ministry of Education, Science,
Sports and Culture of Japan for financial support (Grant-in-Aid
for scientific research, No. 09305058).
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‡ Representive experimental procedures. (i) To a solution of 2,2,6,6-tetra-
methylpiperidine (106 mg, 0.75 mmol) in freshly distilled THF (1 ml)
cooled down to 0 °C under argon atmosphere, 1.53 M BuLi in hexane (0.50
ml, 0.75 mmol) was added dropwisely and then stirred for an additional 30
min. The LTMP solution was cooled to 278 °C, and the solution of glycine
Schiff base (0.5 mmol) in THF (1 ml) was added dropwisely to the LTMP
solution. After 1 h, CF2Br2 (525 mg, 2.5 mmol) was added, and the mixture

was stirred at 278 °C for a further 5 h. The reaction mixture was quenched
with aq. NH4Cl, and the organic layer was washed with brine and dried over
Na2SO4. Purification of the products by recrystalization from hexane gave
colorless plates. (ii) A solution of 2a (19.9 mg, 0.05 mmol), Bu3SnH (34.9
mg, 0.12 mmol) and AIBN (1.0 mg, 6.0 mmol) in benzene (2 ml) was heated
at 110 °C in a sealed glass tube for 2.5 h. The reaction mixture was cooled,
reduced in volume, and purified by chromatography on silica gel (hexane–
EtOAc) to afford 4a (10.0 mg, 93%) as a colorless oil.
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Photo-induced depolymerization of reversible supramolecular polymers

Brigitte J. B. Folmer, Esther Cavini, Rint P. Sijbesma and E. W. Meijer*†

Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology, PO Box 513, 5600 MB Eindhoven,
The Netherlands

The degree of polymerization of supramolecular polymers
based on quadruple hydrogen bonding of 2-ureido-4-pyrimi-
done units is decreased upon the photochemical formation of
reversibly interfering end-caps.

Photo-induced processes to control the molecular weight of
polymers are well-known and used in many advanced applica-
tions, like coatings and photolithography.1–3 In all of these
processes, the photochemical event changes the molecular
structure by either polymerization of monomers, the cross-
linking of polymers, the depolymerization of polymers or the
side-chain modifications of polymers by, for example, the
photo-induced formation of initiators or catalysts. The changes
in the chemical composition of the material and, hence, in
properties like solubility or viscosity, are the result of the
breaking or making of covalent bonds of the polymer.

Recently, we introduced the concept of using quadruple
hydrogen bonding to prepare reversible supramolecular poly-
mers.4 Linear polymers 1 (Fig. 1) are formed by the self-
assembly of two 2-ureido-4-pyrimidone units, which dimerize
strongly in solvents like CHCl3 and in the solid state with
dimerization constants (Kdim) exceeding 106 m21. The polymers
obtained exhibit true polymer properties illustrated by high
solution viscosities, shear thinning in the melt and viscoelastic
properties of the neat materials. The reversibility of the
supramolecular polymers, with degrees of polymerization (DP)
of more than 500, is demonstrated by experiments where
monofunctional 2-ureido-4-pyrimidone 2 is added as a chain
stopper to polymer 1. A rapid exchange controls the DP, leading
to a strong decrease in viscosity upon addition of 2 to 1. This
control of DP resembles the way the DP of condensation
polymers is tuned,5 but now in an unprecedented rapid way
under ambient conditions.

Here we report on the photo-induced generation of chain
stopper 2, and how the viscosity of the solution of supramole-
cular polymer 1 is triggered by a photochemical process
(Scheme 1). We designed precursor 3, being the o-nitrobenzyl

ether protected derivative of chain stopper 2. This protecting
group is well-known for its clean cleavage upon UV irradia-
tion,6 by which compound 3 is converted into chain stopper 2
(Scheme 2).

Compound 3 was prepared by the reaction of o-nitrobenzyl
chloride with 2, that in turn was made by the reaction of butyl
isocyanate with the corresponding isocytosine. Bifunctional
compound 1 was prepared by the reaction of the same
isocytosine and hexane-1,6-diyl diisocyanate following a
procedure published previously.4 When 1 is more than 99.9%
pure, a DP of around 700 is obtained and a 40 mm solution of 1
in CHCl3 exhibits a hrel of 13.16.

The photolability of 3 was investigated by UV irradiation of
a 9.9 mm solution of 3 in CDCl3.‡ The progress of the
deprotection was readily monitored via 1H NMR spectroscopy;
the H-5 signal of pyrimidine 3 at d 6.25 decreased in intensity
as the upfield H-5 signal of pyrimidone 2 at d 5.81 increased.
Also the characteristic NH signals of 2, downfield in compar-
ison to the NH signals of 1 due to dimerization, appear upon
formation of 2.

The photogeneration of 2 (0.1 equiv.) in the presence of
polymer 1 was monitored via viscosity measurements (hrel in
CDCl3), as presented in Fig. 2. The addition of 0.1 equiv. of
precursor 3 produced a small decrease in the viscosity (hrel went
from 13.16 to 10.79) versus the enormous drop in viscosity (hrel
went from 13.16 to 1.92) upon the addition of 0.1 equiv. of
chain stopper 2. After 2 h irradiation of the mixture of 1 and 3,
the hrel is similar to the hrel of a solution of 1 and 0.1 equiv. of
chain stopper 2. The shape of the plot of the decrease in hrel with
time is consistent with the monoexponential formation of 2
from 3 and the way 2 directly affects the DP of 1.

In order to check for artefacts in the approach used, we have
performed a number of reference experiments. A decrease in

Fig. 1 Difunctional compound 1, which forms supramolecular polymer
chains, and monofunctional compound 2, which acts as an end-cap

Scheme 1

Scheme 2
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hrel from 13.16 to 12.83 was found after 4 h irradiation of 1
without end-caps. The addition of 0.1 equiv. of o-nitrobenzyl
ether protected phenol to a solution of 1 in CDCl3 followed by
UV irradiation for 3 h resulted in a decrease in hrel from 13.16
to 8.46, while the addition of 0.1 equiv. of phenol to a 40 mm
solution 1 in CDCl3, resulted in a relative viscosity of 11.00.
Hence, the large decrease in viscosity of the photoactive system
is mainly caused by the formation of chain stopper 2.

In conclusion, we have demonstrated the triggering of the DP
of a reversible supramolecular polymer. These experiments also

confirm the selectivity and specificity of polymer formation by
quadruple hydrogen bonding.

Part of this investigation was supported by The Netherlands
Foundation for Chemical Research (SON), with financial aid
from The Netherlands Organization for Scientific Research
(NWO). E. C. acknowledges the EU for an Erasmus grant.
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Fig. 2 Relative viscosity of a 40 mm solution of 1 with 0.1 equiv. of 3 in
CHCl3 upon UV irradiation
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Novel single molecule precursor routes for the direct synthesis of highly
monodispersed quantum dots of cadmium or zinc sulfide or selenide

B. Ludolph, M. A. Malik, P. O’Brien* and N. Revaprasadu

Department of Chemistry, Imperial College of Science, Technology and Medicine, South Kensington, London, SW7 2AY UK.
E-mail: p.obrien@ic.ac.uk

Good quality highly mono-dispersed nanoparticles of II–VI
binary chalcogenides ME (M = Zn or Cd, E = S or Se) have
been prepared in a ‘one-pot’ synthesis by the thermolysis in
tri-n-octylphosphine oxide (TOPO, e.g. at 200 °C for 45 min,
ca. 50 Å ± 2.5 Å diameter) of the corresponding bis[me-
thyl(n-hexyl)di-thio or -seleno]carbamato {M[E2CN-
Me(C6H13)]2, E = S or Se} complexes; the CdS, CdSe and
ZnSe particles have been characterized by electronic spec-
troscopy, photoluminiscence, X-ray diffraction and electron
microscopy (SAED, SEM and TEM).

Compound semiconductors as isolated quantum dots1–7 are the
subject of considerable interest. Cadmium selenide has been
extensively studied and is an attractive material because its band
gap can be tuned across the visible region by varying the size of
the material in the range 400–800 nm. One particularly useful
approach to the synthesis of CdSe is the pyrolysis of metal–
organic species in tri-n-octylphosphine oxide.8 We have
successfully developed a variation of this method in which
single molecule precursors, often based on carbamato com-
plexes, have been used. A wide range of quantum dots have
been prepared including CdSe, CdS, PbS, PbSe and ZnSe.9–11

However, we have now developed some novel air stable
precursors based on bis[methyl(n-hexyl)diselenocarbamato]-
zinc or -cadmium which decompose cleanly in MOCVD to
selenides.12–14 Here, we have used these compounds in a novel
‘one pot’ synthesis of quantum dots of the II–VI semi-
conductors ME (M = Zn or Cd and E = S or Se). Highly
monodispersed CdSe, CdS, ZnSe, and ZnS with good optical
properties can be prepared.

In a typical synthesis,† 1.0 g of the precursor was dissolved
in 15 ml trioctylphosphine (TOP). This solution was then
injected into hot trioctylphosphine oxide (TOPO) (200 °C) and
kept at this temperature for 30–40 min. The resulting solution
was cooled to ca. 70 °C and an excess of methanol added and a
flocculant precipitate formed. The solid was separated by
centrifugation and redispersed in toluene. The toluene was
removed under vacuum to give TOPO capped ME nano-
particles. The absorption edge of the nanoparticles were
calculated using the direct band gap method.15‡ The optical
absorption edge for CdSe nanoparticles showed a clear blue
shift (614 nm, 2.02 eV, fraction 1 to 599 nm, 2.09 eV, fraction
5) as compared to the bulk band gap (716 nm, 1.73 eV). A
similar but smaller shift (498 nm, 2.48 eV, fraction 1 to 493 nm,
2.51 eV, fraction 5) was shown by CdS nanoparticles (bulk 512
nm, 2.42 eV).

Accurate measurement of the absorption edge for ZnS
nanoparticles (bulk ZnS 340 nm, 3.65 eV) was difficult owing
to the overlap with TOPO absorption (300 nm). Different
fractions of ZnSe nanoparticles showed a blue shift in the
absorption spectra (362 nm, 3.42 eV to 345 nm, 3.59 eV) as
compared to the bulk band gap (480 nm, 2.58 eV). The average
size of the particles decreases from fraction 1 to 5. The
relatively small shift in the absorption edge from fraction 1 to 5
for both CdS and ZnSe samples reflects the relatively narrow
size distribution in these samples.

TEM images show well defined, spherical particles with the
size range of 53–59 Å (CdS), 54–59 Å (CdSe) (Fig. 1), and
35–42 Å (ZnSe). The XRD patterns for CdSe, CdS (Fig. 1 and
2) and ZnSe show broad peaks typical of small particles. The
SAED pattern exhibits broad diffuse rings owing to the small
size of the crystallites. The indexing of the lattice parameters
patterns of XRD and SAED for CdSe, CdS and ZnSe indicate
the formation of the hexagonal phase.§ The EDAX pattern
clearly confirmed the presence of the corresponding elements
for ME nanoparticles. The strong peak for phosphorus in each
case was due to the capping of the particles by TOPO which was
further confirmed by shift in the IR band (PNO) for TOPO.

The photoluminescence spectra for CdS nanoparticles show a
broad band edge emission from 589 to 504 nm for excitation at
370 nm depending upon the concentration of samples. A shift in
luminescence maxima at higher concentration was observed
which is due to filtering effects which became important at such
concentrations. Near band edge luminescence was observed for
CdSe for a excitation wavelength at 465 nm which indicates a
fluorescence activation by surface derivation. The maximum of
the emission band is gradually blue shifted as the size
distribution become weighted with particles of the smaller
dimensions. Fig. 3(a) and (b) show the photoluminescence and
band edges for CdSe and CdS nanoparticles. The luminescence
spectrum of ZnSe nanoparticles showed a broad emission at 440

Fig. 1 (a) XRD and SAED pattern for CdSe nanoparticles and (b) HRTEM
image of a CdSe Q-dot (diameter: 5 nm)
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nm for an excitation wavelength of 345 nm. The emission
spectrum is red shifted in relation to the band edge by ca. 0.04
eV. As the particle size decreases the surface/volume ratio
increases thereby increasing the number of surface traps. These
surface states or defects normally associated with semi-
conductor nanoparticles are passivated by TOPO. Therefore the
deep trap emission associated with these states are absent.

In conclusion, good quality highly mono-dispersed nano-
particles of ME have been prepared for the first time by
thermolysis in TOPO using M[E2CNMe(C6H13)]2 type single
molecule precursors in a one pot synthesis. These are the first
stable, non-air sensitive single molecule precursors which can
easily be used to give high yields of TOPO capped quantum

dots. The CdS, CdSe and ZnSe particles have been charac-
terized by UV–VIS, PL, EDAX, XRD, SAED and TEM
whereas the ZnS particles were characterized by UV–VIS, PL
and EDAX only and are being investigated for other proper-
ties.

Paul O’Brien is the Royal Society Amersham International
Research Fellow (1997/98) and the Sumitomo/STS Professor of
Materials Chemistry. We thank the EPSRC for a grant
supporting work on single molecule precursors for quantum
dots. B. L. was supported by the Socrates program of the EU and
N. R. by a Royal Society/FRD development program between
ICSTM.
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and IR spectroscopy.
‡ A Philips PU 8710 spectrophotometer was used to carry out the optical
measurements, the samples were placed in silica cuvettes (1 cm path
length). For photoluminescence spectroscopy a Spex FluoroMax instrument
with a xenon lamp (150 W) and a 152 P photomultiplier tube as a detector
was used to measure the photoluminescence of the particles. Good spectra
were obtained with the slits set at 2 nm and an integration time of 1 s. The
samples were placed in quartz cuvettes (1 cm path length). The wavelength
of excitation is indicated in the text and was shorter than the onset of
absorption of the particular sample being studied. X-Ray diffraction
patterns were measured using a Philips PW 1700 series automated powder
diffractometer using Cu-Ka radiation at 40 kV and 40 mA with a secondary
graphite crystal monochromator. Samples were supported on glass slides (5
cm). A concentrated toluene solution was slowly evaporated at room
temperature onto a glass slide to obtain a sample for analysis. A JOEL 2000
FX MK 1 electron microscope operating at 200 kV with an Oxford
Instrument AN 10000 EDS analyser was used for the conventional TEM
images. Selected area electron diffraction (SAED) patterns were obtained
using a JEOL 2000 FX MK2 electron microscope operated at 200 kV. The
samples for TEM and SAED were prepared by placing a drop of a dilute
solution of sample in toluene on a copper grid (400 mesh, agar). The excess
of solvent was wicked away with a paper tip and the sample allowed to dry
completely at room temperature. EDAX (energy dispersion analytical X-ray
spectroscopy) was performed on the sample deposited by evaporation on
glass substrates by using a JEOL JSM35CF scanning electron micro-
scope.
§ The X-ray diffraction pattern of the CdS particles gave peaks with the
following observed d/Å values (% relative intensity, hkl): 3.55 (76, 100),
3.35 (52, 002), 3.16 (100, 101), 2.06 (43, 110) and 1.90 (26, 103)
corresponding to hexagonal cadmium sulfide; 3.57 (62, 100), 3.36 (91,
002), 3.16 (100, 101), 2.45 (29, 102), 2.07 (48, 110) and 1.90 (50, 103)
(ASTM). CdSe: 3.50 (100, 002), 2.13 (80, 110), 1.84 (50, 112) and 1.48 (10,
211) corresponding to hexagonal phase; 3.51 Å (70, 002), 2.15 (85, 110),
1.83 (50, 112) and 1.38 Å (8, 211) {ASTM}. ZnSe: 3.06 (70, 101), 1.99
(100, 110), 1.24 (35, 105), 1.10 (40, 302) corresponding to hexagonal phase;
3.05 (70, 101), 1.99 (100, 110), 1.22 (40, 105), 1.09 (40, 302){ASTM}.
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Fig. 2 (a) XRD and SAED pattern for CdS nanoparticles and (b) HRTEM
image of a CdS Q-dot (diameter: 5 nm)

Fig. 3 Optical absorption spectrum and photoluminescence spectrum
showing the band edge and emission maximum of (a) CdSe (fraction 3) and
(b) CdS (fraction 3)
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Chemoenzymatic total synthesis of the sesquiterpene (2)-patchoulenone

Martin Banwell*† and Malcolm McLeod

Research School of Chemistry, Institute of Advanced Studies, The Australian National University, Canberra, ACT 0200, Australia

Monochiral cis-1,2-dihydrocatechol 2, obtained by microbial
oxidation of toluene, has been converted, via intermediate 3,
into the cyperene-type sesquiterpene 1.

(2)-Patchoulenone 1 is a prominent member of the cyperene
class of sesquiterpenes and was first isolated in 1964 from
Cyperus rotundus Linné (Cyperaceae), a plant common in
Sudan, India, China, Thailand and Japan.1,2 The compound has

also been identified as a constituent of, inter alia, the root bark
of Uvaria narum Wall. (Annonaceae)3 and Piptostigma fugax.4
Despite a number of the source plants being used in traditional
medicines, only a modest amount is known about the biological
properties of (2)-patchoulenone. Thus, compound 1 shows2 in
vitro activity (EC50 1.08 3 1024 M) against the malarial parasite
Plasmodium falciparum, strong anti-fungal activity against
Rhizoctonia solani and Saprolegnia asterophora,4 and sig-
nificant toxicity in a brine shrimp bioassay.4

The 1,4,9,9-tetramethyl-2,4,5,6,7,8-hexahydro-3H-3a,7-me-
thanoazulene framework associated with the cyperene-type
sesquiterpenes has been the subject of a number of synthetic
studies5 and the title compound itself has been synthesised by
Hikino et al6 who used (+)-camphor as the starting material.
The racemic modification of patchoulenone has also been
prepared via the Lewis acid catalysed addition of a diazo ketone
to a tethered olefin.7 We now report a quite distinct and
chemoenzymatic total synthesis of (2)-patchoulenone which
employs the monochiral cis-1,2-dihydrocatechol 2, obtained by
microbial oxidation of toluene, as starting material.8

In connection with synthetic approaches to taxoids, we have
recently described9 the conversion of compound 2 into the
bicyclo[5.3.1]undecenone 3. As has been observed in a closely
related system,10 the carbon–carbon double-bond and carbonyl
group within compound 3 are in close proximity. As a
consequence the molecule readily engages in a tin(II) chloride
catalysed intramolecular Prins reaction (Scheme 1) to give the
tricyclic isomer 4 {97%, [a]D232 (c 2.0)‡}. Hydrogenation of
compound 4 using H2 at 60 psi and with palladium on carbon as
catalyst provided a ca. 3:1 mixture of the saturated cis-diol 6§
{59%, mp 209–211 °C (sealed tube), [a]D221.4 (c 0.6)} and its
C4-epimer {21%, mp 207–209 °C (sealed tube), [a]D +37.2 (c
0.7)} which could be separated from one another by flash
chromatography. An alternative route to the pivotal compound
6 involved subjecting compound 3 to reductive cyclisation
using samarium(II) iodide11 and a chromatographically separa-
ble mixture of 5 {39%, mp 53–54 °C, [a]D +17.9 (c 0.9)} and
the D4(10)-isomer {54%, [a]D +65 (c 0.4)} of compound 4 was
produced. Hydrogenolysis of compound 5 could be achieved
under standard conditions and the resulting diol 6 (95%) was
oxidised to the acyloin 7 {91%, [a]D 20.2 (c 1.0)} using the
Swern reagent. Dehydration of compound 7 to the enone 8
{68%, [a]D 2150 (c 0.5)} could be effected using thionyl
chloride in pyridine at 40 °C. This latter compound was
subjected to reaction with the Gilman reagent derived from
methyllithium and copper(I) bromide–dimethyl sulfide (DMS)
complex12 and the ensuing enolate anion trapped with trime-
thylsilyl chloride to give the unstable silyl enol ether 9, which
was obtained as a single diastereoisomer. Dehydrogenation of
compound 9 with DDQ/2,6-lutidine13 then gave (2)-patch-
oulenone 1 {77% from 8, mp 50–51 °C (lit.,1 52.5 °C), [a]D
2101 (c 0.4) [lit.,1 297.1 (c 8.0)]}, the 1H and 13C NMR
spectral data for which matched those reported2 for the natural
product.

We thank the Institute of Advanced Studies for financial
support including the provision of a Postdoctoral Fellowship to
M. M. Drs G. Whited and L. Kwart of Genencor International
Inc. (Palo Alto) are thanked for providing generous supplies of
the cis-1,2-dihydrocatechol 2.

Notes and References

† E-mail: mgb@rsc.anu.edu.au
‡ All optical rotations were determined in chloroform solution at 20 °C
§ All new and stable compounds had spectroscopic data (IR, NMR, mass
spectrum) consistent with the assigned structure. Satisfactory combustion
and/or high resolution mass spectral analytical data were obtained for new
compounds and/or suitable derivatives.

Scheme 1 Reagents and conditions: i, SnCl2 (0.25 equiv.), CHCl3, 18 °C, 1
h; ii, H2 (60 psi), 10% Pd/C, MeOH, 18 °C, 48 h; iii, SmI2 (1.6 equiv.),
HMPA, THF, 0 °C, 0.25 h; iv, H2 (1 atm), 10% Pd/C, THF, 18 °C, 0.75 h;
v, (COCl)2 (3.0 equiv.), DMSO (5.0 equiv.), CH2Cl2, 278 °C, 0.25 h, then
6, 0.25 h then Et3N (6.0 equiv.) 278 to 0 °C, 0.25 h; vi, SOCl2, pyridine, 40
°C, 1 h; vii, MeLi (10 equiv.), CuBr·DMS (5.0 equiv.), THF, 240 °C, 0.5
h, then 8, Me3SiCl (10 equiv.), HMPA, 278 °C, 0.5 h; viii, DDQ (4.0
equiv.), 2,6-lutidine (6.5 equiv.), CH2Cl2, 18 °C, 0.1 h
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Fabrication of a covalently attached multilayer via photolysis of layer-by-layer
self-assembled films containing diazo-resins
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Construction of highly stable covalently attached multilayer
films was achieved by UV irradiation of ionic self-assembled
multilayer films of diazo-resins and poly(sodium styrene
sulfonate).

A layer-by-layer self-assembly technique based on electrostatic
interaction as the driving force has attracted much attention in
recent years.1–3 This technique has proved to be a rapid and
experimentally very simple way to produce complex layered
structures with precise control of layer composition and
thickness. However, the stability of such assembled films
depends on the nature of solvent and is not always adequate.4
How to improve the stability of such films is thus still a
challenge. Here, we report on photoreactive multilayer films
containing diazo-resins as polycations and poly(sodium 4-sty-
rene sulfonate) as polyanions held together by electrostatic
interactions. Upon UV irradiation, the adjacent interfaces of the
multilayer films react to form a crosslinking structure which
greatly improved the stability of the films. These changes were
confirmed by UV–VIS and FTIR spectroscopy.

UV–VIS spectra were obtained using a Shimadzu 3100 UV–
VIS-NIR spectrophotometer and IR spectra were obtained using
a Bruker IFS66V FTIR instrument. The synthesis of the diazo-

resin, DAR has been reported elsewhere.5 The fabrication
process of multilayer films containing DAR and PSS was
conducted in the dark. The freshly cleaned substrate (quartz or
CaF2 slide) was first immersed in 0.9 vol% aqueous cationic
poly(diallyldimethylammonium chloride) (PDDA) solution for
20 min. After rinsing with deionized water, the substrate was
alternately dipped into aqueous solutions of PSS (1 mg ml21)
and then DAR (1.5 mg ml21) for 20 min, with intermediate
water washing and N2 drying. Multilayer films can be formed
by repeating the last two steps repeatedly.

UV–VIS spectroscopy was used to follow the fabrication
process. Fig. 1 shows the UV–VIS absorption spectra for 2, 4,
6 and 8 bilayers of DAR/PSS assembled on a quartz slide. The
absorbance at 380 nm is attributed to the p–p* transition of the
diazonium group.6 The linear increase in absorbance at 380 nm
with the number of layers indicates a progressive deposition.
The assembled films were immersed in a ternary mixture of
H2O–DMF–ZnCl2 (3 : 5 : 2, w/w/w) to investigate their stability.
This ternary system was chosen because of the high solubility of
the polyelectrolyte complex of DAR/PSS in this solvent. Nearly

30% of the assembled films were dissolved after 5 min
immersion according to the decrease of absorbance at 250 and
380 nm, and indicates that this type of ionic self-assembled film
is not adequately stable in the ternary solvent.

Owing to the well known reactivity of diazonium and
sulfonate groups, the above assembled films containing 8
bilayers of DAR/PSS were irradiated with a 30 W medium
power mercury lamp at a distance of 10 cm. Fig. 2 shows the
changes in UV–VIS spectra of the films with different time of
irradiation, from which, we can clearly see that the absorbance
at 380 nm decreases dramatically due to the decomposition of
the diazonium group and within 5 min, the decomposition had
proceeded completely. We then immersed the irradiated films
into the same ternary solvent as for the untreated film and
sonicated it for 0.5 h. No detectable damage of the films was
observed, according to the absorbance at 250 nm, indicating a
much greater stability.

From the change of the stability of the multilayer films before
and after UV irradiation, it is proposed that photoreaction takes
place between the diazonium and sulfonate groups. First, DAR
is converted into its phenyl cationic form after released N2 upon
UV irradiation, then an SN1 type of nuclear displacement by
sulfonate occurs7 as shown in Scheme 1.

Photoreaction changes the crosslinking structure of the
multilayer film from ionic to covalent so that a three
dimensional network forms which covers the whole substrate
including four side faces. This can explain, despite the
interaction between the substrate and the first layer of
multilayer films not being covalent, the stability of the films in

Fig. 1 UV–VIS absorption spectra of multilayer films of DAR/PSS, from
the lower to upper, the number of bilayers is 2, 4, 6 and 8. Inset shows the
absorption at 380 nm vs. the number of bilayers.
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all solvents, such as MeOH, DMSO, DMF, CHCl3 as well as the
ternary solvent described above.

The photoreaction of diazonium and sulfonate groups in
multilayer films was further confirmed by IR spectroscopy (for
IR spectra see http://www.rsc.org./suppdata/cc/1998/1853).
Two absorption peaks at 2166 and 1178 cm21 are observed in
the IR spectra of 12 bilayers of DAR/PSS assembled on a CaF2
substrate before UV irradiation, which originate from the
asymmetric stretching of CN2 and symmetric stretching of
SO3

2, respectively. After UV light irradiation, the absorption at
2166 cm21 disappeared completely, indicating the decomposi-
tion of the diazonium group. Meanwhile, a new absorption at
1162 cm21 appears which corresponds to the symmetric
stretching of the sulfonate coupled with the phenyl group. In
layer-by-layer multilayer films, photoreaction should be facili-
tated to some extent by the close proximity of the diazonium and
sulfonate groups.

In conclusion, a new type of covalently attached multilayer
film has been fabricated by exploiting the layer-by-layer
technique and then by photoreacting diazonium and sulfonate
groups at the interface. Owing to the formation of three-
dimensional crosslinking structure based on covalent bonding,
the resulting multilayer films are much more stable than those
based on ionic interactions. Further studies are in progress to
assemble functional semiconductor nanoparticles and organic
dye molecules into this covalently attached three-dimensional
network.

This work was supported by National Natural Science
Foundation of China.
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Fig. 2 UV–VIS absorption spectra of eight bilayers of DAR/PSS upon
irradiation with UV light for (a) 0, (b) 0.5, (c) 1 and (d) 5 min

Scheme 1 Photoreaction of DAR and PSS
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Anionically induced decomposition of 2-ethoxycarbonylprop-2-enyl peroxides
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Treatment of 2-ethoxycarbonylprop-2-enyl peroxides with
potassium alkylperoxylate, the sodium enolate of diethyl
malonate and a primary or secondary amine yields epoxides
via a two-step process: (i) addition of the nucleophile to the
acrylic unsaturated bond and (ii) intramolecular anionic
substitution on the peroxidic bond.

2,3-Epoxy esters are useful synthons, in particular for the
production of 2-, 3- , 2,3-di-hydroxy and 3-amino-2-hydroxy
esters.1 The general methods of synthesis are the Darzen’s
condensation2 and the various epoxidations2 of 2,3-ethylenic
esters. Many years ago the formation of epoxides was
identified3 in the homolytically induced decomposition of allyl
tert-butyl peroxide. Subsequently, the free radical addition of
reactive hydrogen donor solvents to allylic peroxides was used
to prepare functionalised epoxides4,5 (Scheme 1). Such a
reaction, applied to acrylic peroxy derivatives, led to the
formation of an epoxide with the simultaneous creation of a
C–C bond, affording a new method for generation of 2,3-epoxy
esters.6 However, in some cases, synthetic interest in this
reaction was limited by the formation of a mixture of several
epoxides in low yields. For example, an attempt to prepare
1-ethoxycarbonyl-1-[2,2-bis(methoxycarbonyl)ethyl]oxirane7

by free radical addition of dimethyl malonate to tert-butyl
2-ethoxycarbonylprop-2-enyl peroxide 1 failed mainly for two
reasons:7 (i) both possible radicals were generated from
dimethyl malonate by hydrogen abstraction by radicals ButO·
and Me· and (ii) inefficient addition of the electrophilic radical
·CH(CO2Me)2 to the electron-poor double bond of the acrylic
peroxide.

The selective production of the desired radical from dimethyl
malonate was brilliantly solved by Roberts et al.8 by application
of reverse polar effects resulting from the addition of an
aminoborane to the medium in the induced decomposition of
allyl tert-butyl peroxide. Following the same approach and
considering the existence of an umpolung effect on changing
from the radical (electrophilic) to the anion (nucleophilic)9 we
designed an anionic-induced decomposition of 1 to produce
epoxides 2 (Scheme 2). Indeed, the Michael addition10 of
2CH(CO2Et)2 to ethyl acrylate suggested a possible addition of
this carbanion to the unsaturation of 1. The formation of an
epoxy peroxide as a by-product in the synthesis of 111 has to be
considered as a good argument in favor of the feasibility of the
intramolecular attack of the O–O bond, even if Yang and
Finnegan12 identified the adduct peroxide in the addition of
ButOOH to ethyl acrylate under basic conditions. The capacity
of the tert-butoxide anion to abstract a proton from malonate
would make this anionic-induced decomposition a chain
process. The validity of this proposal was verified via the

formation of 2 (R = Et, yield 60%) by the addition of 1 equiv.
of peroxide 1, at 210 °C, to a THF solution of diethyl malonate,
previously treated with 0.1 equiv. of NaOEt.

The success of this reaction, the first synthetic example of an
anionic decomposition of an allylic peroxide, prompted us to
extend this work to other nucleophiles with the objective of
gaining a better knowledge of its mechanism. The possible
existence of either a concerted, or a two-step process must be
considered. The simple way to prove that the adduct carbanion
was a real intermediate was to offer it a chance to take a pathway
other than the SNi reaction on the tert-butylperoxy group. This
was arranged in the anionically induced decompositions of
peroxide 1 induced by the potassium cumylperoxide anion, with
the formation of two different epoxy peroxides, or by piperidine
with the simultaneous production of an amino peroxide and an
amino epoxide (Scheme 3). In the addition of potassium tert-
butylperoxide to peroxide 3 the generation of two peroxy
epoxides (Scheme 4) confirmed the existence of a general two-
step process for the anionic-induced decomposition of un-
saturated peroxides.

These preliminary results showed that allylic peroxides
having an electron-poor double bond can suffer an anionically-
induced decomposition consisting of two steps: (i) Michael
addition of a nucleophile to the unsaturation and (ii) SNi
reaction on the peroxidic function. Such steps may be part of a
chain mechanism if the eliminated alkoxide is sufficiently basic
to regenerate the nucleophile by proton abstraction from NuH,
as in the reaction using diethyl malonate or an hydroperoxide;
then only catalytic amounts of base are necessary. In the case of
amines there is no need for a base because the nucleophile is
provided by the lone pair of the nitrogen atom. The third case of
interest appears to be when the eliminated alkoxide is not
efficient enough to produce the nucleophile: it is then necessary
to provide a stoichiometric amount of nucleophile to react with
the unsaturated peroxide. This last possible induced decomposi-
tion was checked using ethyl 2-methylpropanoate as the
precursor of the nucleophile,13 the base being LDA. The
addition at 278 °C of a THF solution of Me2C2CO2Et13 to
peroxide 1 afforded after classical treatment the expected epoxy
diester in a yield of 74%.

Scheme 1 Scheme 2
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In conclusion, anionically-induced decomposition of un-
saturated peroxides having electron-poor double bonds by an
addition-SNi process was clearly identified for the first time and
appears a promising way to obtain oxygenated heterocycles
such as epoxides (these reactions are currently under study in
our group). This approach complements the homolytically
induced decomposition of such unsaturated peroxides accord-
ing to the umpolung effect identified in the replacement of a
radical by the corresponding anion.
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Biosynthesis of isoprenoids in Escherichia coli: The fate of the 3-H and 4-H
atoms of 1-deoxy-D-xylulose
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The ubiquinone obtained from E. coli after feeding of
1-deoxy[3-2H]xylulose shows labeling of the E-methyl group
in the terminal unit and of all other positions derived from
the terminal methylene group of isopentenyl pyrophosphate,
whilst label from 1-deoxy[4-2H]xylulose is retained ex-
clusively in the double bond corresponding to the dimethy-
lallyl pyrophosphate starter unit.

Recent studies have indicated that in E. coli the early steps of
isoprenoid biosynthesis, i.e. formation of isopentenyl pyr-
ophosphate (IPP) 3 and dimethylallyl pyrophosphate (DMAPP)
4, occur via a mevalonate-independent pathway,1,2 known to be
operative also in other bacteria1 as well as in green algae3 and
higher plants.4 This alternative route proceeds via the inter-
mediacy of 1-deoxy-D-xylulose 1a (or the corresponding
5-phosphate 1b) as first demonstrated for the formation of
ubiquinone and menaquinone in E. coli,2 and subsequently
confirmed for the formation of a variety of terpenes in higher
plants.5

The first committed step in the formation of IPP and DMAPP
from 1a or 1b (Scheme 1) is believed to be a rearrangement to
the branched aldehyde 2, as suggested by the labeling patterns
observed for the biosynthesis of the related tetrol 5 in
Corynebacterium ammoniagenes6 and the demonstration that
1a indeed serves as a precursor of 5 in leaves of Liriodendron
tulipifera.7 Clearly, the overall conversion of 1a to IPP and
DMAPP requires inter alia three reductive steps, but the
sequence of events remains unknown. To narrow down the
number of mechanistic possibilities we have now investigated
the fate of the H-atoms at positions 3 and 4 of 1-deoxyxylulose
1a during the biosynthesis of ubiquinone in E. coli by using
specifically deuterated forms of the precursor.

The required labeled substrates were prepared by exploitation
of a recently described synthetic route centered on the Sharpless
asymmetric dihydroxylation of 8 to 9 (Scheme 2).8 For the

preparation of 1-deoxy[3-2H]xylulose 1c, 1-triphenylphosphor-
anylidenepropan-2-one 7 was deuterated at the 1-position by
deuterium-exchange in CH2Cl2–D2O–CD3OD (10:1:1) in the
presence of 0.1% TFA. The resulting 1-deoxyxylulose was
shown to contain 85% deuterium at C-3 and 5% at C-1 by a
combination of 1H and 2H NMR spectroscopy of its 5-benzyl
ether. The [4-2H]-labeled 1-deoxyxylulose 1d was assembled
from benzyloxy[1-2H]acetaldehyde, itself available from the
unlabeled compound 6 through reduction with LiAlD4 ( > 99
atom%) and subsequent Swern oxidation of the resulting
deuterated alcohol. A deuterium content of 70% was estimated
for 1d by 1H NMR analysis of the corresponding 5-benzyl
ether.

Samples of the labeled precursors (640 mg) were fed to 1 l
cultures of E. coli (K-12 strain). The cells were grown for 24 h
at 37 °C in a minimal medium containing 3.0 g l21 glucose.9
Ubiquinone 10 was obtained in a yield of 2.5 mg l21, which is
twice as high as normally observed in the absence of the
precursor. The biosynthetic samples were analyzed by mass
spectrometry and NMR spectroscopy.10

The ubiquinone produced in the presence of 1c was shown by
integration of the 500 MHz 1H NMR spectrum to contain 31%
CH3 and 69% CDH2 in the (E)-31'-methyl position (signals at d
1.679 and 1.661, respectively). In addition, integration of the
signal cluster at d 1.91–2.0 also indicated 69% monodeuteration
of the CH2 groups labeled with a square in formula 10. These
data correspond to a specific incorporation rate of 81% per unit
derived from added 1c.† The location of the deuterium was
confirmed by peaks at d 1.976 and 1.689 in the 2H NMR
spectrum in a ratio of approximately 7:1; an additional minor
peak at d 1.608 is due to the labeling of the (Z)-methyl groups
by the small amount of deuterium present at C-1 of the
precursor. The retention of deuterium from the 3-position of
1-deoxyxylulose 1c in the positions arising from the terminal
methylene group of IPP was further verified by 13C NMR

Scheme 1 Scheme 2
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analysis. The signal for the (E)-31'-methyl group bearing one
deuterium was observed as a triplet (JC–D = 19.1 Hz) shifted by
2288 ppb from the signal of the unlabeled compound at d
25.672. Monodeuteration of the labeled methylene positions
was evidenced by the appearance of a broad triplet (JC–D = 19.5
Hz) with an a-shift of 2385 ppb from the normal signals at d
39.735 and 39.714. The presence of deuterium at the positions
indicated in 10 also resulted in b-shifts of 230 ppb for the
adjacent quaternary olefinic carbons (d 137.6–134.8) and of
272 ppb for the adjacent methylene carbons (d 26.5–26.8). The
signals due to the methyl group at C-3’ (d 16.334) and the other
internal methyl groups (d ca. 16.0) displayed g-shifts of 230
ppb, while a g-shift of 217 ppb was observed for the (Z)-methyl
group at C-31' (d 17.660).

Mass spectral analysis (EI) of the ubiquinone sample from
the feeding experiment with 1d disclosed the presence of an
amount of d1 molecular ions corresponding to ca. 45% of the
total. From this value an approximate 65% specific incorpora-
tion of the label from 1d into a single C5 unit of 10 can be
estimated. As a first indication that the label was localized at
C-30' the same proportion of d1 ions was observed for the C5H9

+

fragment expected to originate from the terminal C5 unit of the
isoprenyl chain. In keeping with this, the 2H NMR spectrum
displayed a single sharp signal at d 5.138 and the 1H NMR
spectrum showed by integration the loss of ca. 0.36 H from the
olefinic region, but no diminution of the resolved olefinic
signals at d 4.938 (2'-H) and 5.061. Independent proof for the
location of the label came from the 13C NMR spectrum which
showed a marked diminution of peak intensity for the signal at
d 124.435. This signal must be assigned to C-30' since a b-shift
of 299 ppb was observed for C-31' (d 131.263) and g-shifts
were observed for the (E)- and the (Z)-methyl groups at C-31'
(263 and 221 ppb, respectively).‡

Thus, the deuterium label from C-4 of the precursor 1d is
retained in the 30'-position, i.e. in the double bond correspond-
ing to the DMAPP starter unit, but not in any of the remaining
double bonds generated from IPP in the elongation process.
This is in striking contrast to the situation observed for the
mevalonate pathway in eukaryotic organisms where the same
H-atom of IPP (HRe) is lost both in the isomerization to DMAPP
and in the elimination step of the elongation process.11 An IPP
isomerase has been partially purified from E. coli;12 if DMAPP
is generated in the organism mainly through the action of this
enzyme, then one has to conclude that in E. coli different
H-atoms are lost from IPP in the isomerization and in the
elongation process. The alternative that IPP and DMAPP may
be formed independently from a common intermediate of the
new pathway seems less plausible but cannot be dismissed on
the basis of our results.

The difference in the metabolic origin observed in this study
for the olefinic hydrogens of ubiquinone may prove relevant in
connection with hitherto unexplained reports based on natural
abundance 2H NMR analysis of cyclic monoterpenes from
higher plants which had disclosed a substantial relative

enrichment of deuterium at the carbon atom stemming from C-2
of the starter DMAPP unit with respect to the other vinylic
hydrogen atom of the geranyl pyrophosphate precursor.13
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Observation of 18O solvent-induced isotope shifts in 19F NMR signals
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H2
18O solvent-induced isotope shifts, which have differing

dependence on the level of 18O-enrichment, have been
observed in the 19F NMR signals of F2 and 5-fluorouridine,
but are absent in 5-fluorouracil.

The chemical shift of an 19F NMR signal is highly sensitive to
its environment, and as such it is well-suited to the observation
of the solvent-induced isotope shift (SIIS). This is the shift
observed when the solvent is changed to a heavier isotope form,
usually by an H to D substitution, and most commonly this is a
change from H2O to D2O.1 Fluorine-modified amino acids and
heterocyclic bases have been incorporated into biomolecules,
and subsequent H2O/D2O SIIS measurements have enabled
evaluation of the solvent exposure of specific residues in
proteins2,3 and nucleic acids.4–7 An alternative heavy isotope
form of water is H2

18O. Thirty years ago a study of NaF, made
without the benefit of today’s high magnetic fields and FT
techniques, gave the H2

16O/H2
18O SIIS (herein the 18O-SIIS) as

being ‘ < 0.05 ppm’ upfield.8 The origin of the fluorine H2O/
D2O SIIS has been considered in terms of hydrogen bonding
with the solvent and the different vibrational behaviour of H2O
and D2O.9 It has been calculated that an OH bending vibration
can account for about 30% of the H2O/D2O SIIS observed for
F2.10 Lower frequency librational modes are also potential
contributors to the SIIS, but a failure to detect any 18O-SIIS for
50 mM F2 led to the conclusion that these librational modes do
not play a significant role in the SIIS of fluorine.9 Here we
report a re-examination of the 18O-SIIS of fluorine.

We investigated the fluoride ion, which has been used in a
number of previous studies of 19F SIIS,1,8–10 together with
5-fluorouridine and 5-fluorouracil, which represent subunits
commonly used to incorporate fluorine into nucleic acids to
probe structure and function, as well as being important anti-
cancer chemotherapy agents.11 The experimental arrangement
placed fluoride, fluorouridine and fluorouracil in the same
sample, so that the solution conditions for each were identical.‡
With the 18O enrichment at 86%, the fluoride and fluorouridine
resonances both displayed small but distinct upfield shifts,
whilst fluorouracil showed no such effect (Fig. 1 and Table 1).§
On reducing the 18O enrichment to 53%, the fluoride SIIS was
reduced whilst the fluorouridine SIIS was downfield; with
fluorouracil still showing no isotope shift. A further decrease in

18O enrichment to 43% reduced the isotope shifts of F2 and of
fluorouridine (still downfield). Further significant reduction of
the 18O content was impractical due to the difficulty in
measuring the diminishing isotope shifts. Thus the effect of 18O
enrichment of the solvent water for F2 is an upfield shift
proportional to the level of 18O enrichment (within experi-
mental error). For fluorouridine the effect is more complicated,
but can be explained by the observed isotope shift being the sum
of one term which is upfield and proportional to the 18O content,
and a second term which is downfield and non-linear. The
change from an upfield to a downfield isotope shift with
decreasing 18O enrichment of the solvent meant that at some
point the 18O-SIIS would be zero. This behaviour is illustrated
by Fig. 2, where at 66% 18O, the 18O-SIIS was not detectable
(i.e. being less than the linewidth). Both solvent-induced and
intra-molecular isotope shifts are generally upfield on heavy
atom substitution.1 However, a few cases of downfield isotope
shifts have been reported,1,12 and other than where noted above,
we know of no previous reports of 18O-induced isotope shifts of
19F, nor of 18O-SIIS for any other NMR-active nucleus.

Table 1 SIIS values for fluoride, 5-fluorouridine and 5-fluorouracil‡§

SIISc (ppm)
Solvent system Concentrationsa/mM Enrichmentb (%) F2 5-Fluorouridine 5-Fluorouracil

H2
16O/H2

18O 4, 1, 1 86 20.0120 20.0227 0
H2

16O/H2
18O 4, 1, 1 53 20.0068 +0.0089 0

H2
16O/H2

18O 4, 1, 1 43 20.0060 +0.0080 0
H2

16O/H2
18O 30, 1, 1 53 20.0056 +0.050 0

H2
16O/H2

18O 50, 1, 1 53 20.0040 +0.044 0
H2O/D2O 4, 1, 1 100 22.771 20.243 20.199
H2O/D2O 50, 1, 1 100 22.679 20.255 20.190

a In the order of fluoride ion (as NaF), 5-fluorouridine, 5-fluorouracil, present in the same sample. b Enrichment of the heavier-isotope solvent in its chamber
of the concentric NMR tubes. c Negative values indicate upfield shift for heavier-isotope solvent, positive for downfield shift. 18O-SIIS values have estimated
error span of ±0.0005 ppm. H2O/D2O SIIS estimated error margin ±0.001 ppm.

Fig. 1 19F NMR spectra (1H-decoupled) of fluoride ion (left), 5-fluorour-
idine (centre) and 5-fluorouracil (right). Smaller signals are due to
18O-induced shifts. (a) 18O-enrichment in central chamber of concentric
tube was 86%, solute concentrations 4 mM fluoride, 1 mM for both
fluorouridine and fluorouracil. (b) 18O-enrichment 53%, concentrations 30
mM fluoride, 1 mM for both fluorouridine and fluorouracil.
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In order to approach the conditions used in a previously
reported study9 (i.e. 50 mM NaF), we increased the flouride ion
concentration from 4 to 30 and then 50 mM, whilst using 53%
18O. With this increasing concentration, the SIIS of fluoride ion
decreased in an approximately linear fashion so that it was only
0.004 ppm at 50 mM. The combination of lower magnetic field
strengths and relatively high fluoride concentration would thus
account for the previous negative results.9 Increasing the
fluoride ion concentration also made the SIIS of fluorouridine
significantly more pronounced, but did not cause any change to
the absence of a perceptible 18O-effect for the resonance of
fluorouracil (Table 1 and Fig. 1).

The H2O/D2O SIIS values are also given in Table 1; those for
F2 are in fair agreement with previous reports.1,8,10 Values for
fluorouridine and fluorouracil have not previously been re-
ported, but 0.39 ppm has been given for closely related
2'-deoxy-5-fluorouridine6 for 10–100% D2O (since seperate
tubes were used) under different sample conditions. Our value
for fluorouridine is some 25% larger than that for fluorouracil.
This may be related to the absence of an observable 18O-SIIS for
the latter, if the internal vibrations of solvent water make a
stronger contribution to the 19F chemical shift of fluorouridine
than to that of fluorouracil. Alternatively, for fluorouracil,
upfield and downfield contributions to the 18O-SIIS may more
consistently balance than would seem to be the case in
fluorouridine. Pyrimidine bases have been noted to weakly self-
associate in aqueous solution,13 but with the relatively low
concentrations used here the effect of this should be small (i.e.
in the order of 0.1% of the molecules being associated, based on
typical association constants13).

We have shown that an 18O-SIIS for 19F is detectable, and can
be of relatively significant magnitude. Thus the librational
motions within the water molecule cannot be discounted from
contributing to the fluorine chemical shift, but clearly other
terms are also involved, at least for fluoropyrimidines. The 19F
18O-SIIS may prove to be a useful complement to the H2O/D2O
SIIS in the study of fluorine-labelled proteins and nucleic
acids.

This work was supported by the Wellcome Trust. J. R. P. A.
is a Senior Wellcome Fellow.

Notes and references

† E-mail: genjrpa@leeds.ac.uk
‡ Samples for NMR analysis were prepared as follows: a solution of NaF (4
mM), 5-fluorouridine (1 mM), 5-fluorouracil (1 mM), and EDTA (0.1 mM) in
25 mM sodium phosphate buffer, pH 6.8 was divided into portions which
were then lyophilised to dryness. The residues were then re-dissolved in
appropriate volumes of 90% H2

16O/10% D2O or 90% H2
18O/10% D2O. In

this way the 16O and 18O portions contained identical concentrations of all
solutes. The solutions were placed in an NMR tube containing a concentric
insert, with typically 80 µl of 18O-enriched sample in the central chamber,
and 330 µl of 16O sample in the outer part. An 18O-shifted signal is thus
identified by its size compared to the 16O resonance. Reduction of the 18O
enrichment was achieved by diluting with the 16O solution. The concentra-
tion of NaF was increased by evaporating to dryness appropriate volumes of
NaF solution in H2O, and then redissolving these in the 18O and 16O
solutions. For measurements of H2O/D2O effects, lyophilised solutions
were redissolved in either H2O or D2O, and placed in concentric NMR
tubes.
§ All 19F NMR spectra were acquired on a GE-Omega 500 spectrometer at
470.5 MHz using a 5 mm 19F/1H probe. Broadband 1H decoupling was
applied by waltz-16 modulation of the decoupler. All spectra were acquired
with a sample temperature of 25 °C. FIDs were multiplied by Gaussian
functions and zero-filled prior to Fourier transformation. The digital
resolution of the 19F NMR spectra were at least 0.12 Hz (0.00026 ppm) per
point. Chemical shifts are shown with respect to 5-fluorouridine (in the
lighter isotope solvent) as the internal reference.
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Fig. 2 19F NMR spectra (1H-decoupled) of 5-fluorouridine (5 mM) with
varying 18O-enrichment in the central chamber of concentric tubes: (a) 87,
(b) 66 and (c) 44%. 18O-SIIS values are 20.0060, 0 and +0.0084 ppm
respectively (all ± 0.0005 ppm).
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[Re9Se11Br6]22: the first example of an Re9 condensed cluster†
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A new type of rhenium condensed cluster [Re9Se11Br6]22

has been synthesized by the reaction of Re3Br9 and PbSe at
550 °C and structurally characterised; the structure of
[Re9Se11Br6]22 contains the bioctahedral rhenium cluster
Re9 which can be considered as the result of progressive
uniaxial condensation of three Re3 clusters.

Condensation of fragments with the formation of polyhedral
clusters is one of the most promising methods in synthetic
cluster chemistry.1 The most remarkable examples of the
applicability of this method are seen in the syntheses of some
octahedral clusters, for example, the zirconium halide cluster
[Zr6Cl12(PMe2Ph)6] which is formed from three binuclear
complexes [Zr2Cl6(PMe2Ph)4],2 or of sulfide and selenide
cluster complexes of molybdenum and tungsten [M6Y8(PEt3)6]
by reductive dimerization of two triangular cluster complexes
[M3S4Cl4(PEt3)x].3 Recently4 we have developed a condensa-
tion method for the high yield synthesis of the octahedral
rhenium cluster chalcobromides Re6E4Br10 and Re6E8Br2 (E =
S, Se, Te) using the triangular cluster rhenium bromide Re3Br9
and lead or cadmium chalcogenides (PbE or CdE where E = S,
Se and Te) as starting compounds. We have found that given
condensation reactions can yield not only octahedral clusters
but also other cluster complexes.

Here we present the preparation‡ and structural character-
isation§ of a new cluster complex [PPh4]2[Re9Se11Br6] contain-
ing the bioctahedral rhenium cluster anion [Re9Se11Br6]22. This
type of cluster was not known for rhenium previously. It can be
considered as the result of progressive uniaxial condensation of
three Re3 clusters.

[PPh4]2[Re9Se11Br6] crystallises with triclinic symmetry to
form dark red prisms. The [Re9Se11Br6]22 unit (Fig. 1) is
structurally identical to that of Co9Se11(PPh3)6

7 and Mo9E11 (E
= S, Se) which was found in some ternary molybdenum
chalcogenides.8–14 In the crystal structures of the latter, the
metal ion is bonded to six X atoms belonging to the adjacent

Mo9E11 cluster units, so [Mo9E11X6/2] units similar to [Re9-
Se11Br6]22 are formed.

The environments of the external Re atoms (Re1–3 and Re7–
9) in [Re9Se11Br6]22 are similar and consist of four Re atoms,
four Se atoms forming a quasi-planar square, and one Br atom.
The internal Re atoms Re4–6 are connected to six Re and four
Se atoms.

The Re–Re distances within the Re9 cluster can be classified
into three groups. The first corresponds to the distances within
the two external Re3 triangles formed by the Re1–3 and Re7–9
atoms, here the mean distances are 2.596(1) and 2.594(1) Å
respectively; these are the shortest Re–Re distances in the Re9
cluster. The second group is formed by Re4–6 atoms of the
internal Re3 triangle, these Re–Re distances are the longest in
the cluster with a mean of 2.687(1) Å. And finally, the third
group comprises the Re–Re bonds between these Re3 triangles
(inter-triangle distances) which range from 2.645(1) to 2.663(1)
Å. So, in the [Re9Se11Br6]22 cluster the two external Re3Se3
triangles are compressed whereas the middle Re3Se3 triangle is
expanded by comparison.

It is well known that the metal–metal distances in octahedral
condensed clusters depend on the number of the valence
electrons on the metal atom [the so-called valence electron
concentration (VEC)], which are available for the metal–metal
intracluster bonding.15 Comparing the Re9 obtained here and
the Mo9 cluster which is found in some ternary molybdenum
selenides,8–14 we can see that an increased charge on this cluster
leads mainly to an increase in the size of the median triangle.
For example, going from In2Mo15Se19 to In3.33Mo15Se19, the
corresponding Mo–Mo distances increase from 2.681 to 2.768
Å8 showing that the same tendency is found here.

To provide a further strategy for the synthesis of other
condensed rhenium clusters, it is interesting to consider the
VEC and the stability of related compounds. For example, in the
series of condensed clusters [Mo9E11]0, [Mo12E14]22,
[Mo18E20]42, [Mo24E26]62, [Mo30E32]82, [Mo6/2E6/2]22 the
number of valence electrons per metal atom (VEC) available for
M–M bonding is increased from 3.56, 3.83, 4, 4.08, 4.13 to 4.33,
respectively,16 to allow an increase in the order of the metallic
bonding. In other words, the formal oxidation state of metal
atoms is lowered. In rhenium cluster chemistry, the situation is
the same, namely, the VEC for [Re6E8]2+ and [Re9Se11Br6]22

Fig. 1 Structure of the [Re9Se11Br6]22 anion showing the atom labelling
scheme and highlighting the bioctahedral Re9 core Fig. 2 Intercluster interactions via Se···Br short contacts
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cluster units is 4 and 4.11, respectively. Here it is interesting to
remark that for the hypothetical [Re12E14Br6]22 dianion (the
unknown member from the next step of progressive condensa-
tion of Mo3X3 units) the VEC would be 4.33, that is the same as
in [Mo6/2E6/2]22 clusters.

An interesting feature of the structure is the infinite chains of
clusters along the crystallographic c axis: each cluster unit
[Re9Se11Br6]22 exhibits interactions to two neighbours via
Se···Br short contacts across inversion centres (Fig. 2): Br1–
Se5A 3.547 Å, Br3–Se7B 3.840 Å.

We would like to thank the EPSRC for provision of the X-ray
equipment and Professor William Clegg for the use of this
equipment and associated computing facilities. This work was
also supported by Russian Foundation for Basic Research (grant
N 96-03-32955).
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† Dedicated to Professor Achim Müller on the occasion of his 60th
birthday.
‡ Experimental procedure: Re3Br9, PbSe and KBr in molar ratio 1 : 4 : 6
were heated in an evacuated fused-silica tube at 550 °C for 2 d. The reaction
mixture was washed with water and a small amount of boiled HBr. The
resulting solid was washed with MeOH to give a dark red solution. An
excess of [PPh4]Br was added to this solution causing precipitation of a
brown powder. Recrystallisation from MeCN leads to the formation of two
types of crystals, dark red prisms and pyramids. The prism crystals were
used for X-ray analysis.
§ X-Ray structure analysis: (PPh4)2Re9Se11Br6, dark red prism, crystal
dimensions, 0.33 3 0.19 3 0.18 mm, triclinic, space group P1̄, a =
13.3335(9), b = 15.3791(11), c = 17.1175(12) Å, a = 84.687(2), b =
73.086(2), g = 77.672(2)°, Z = 2, V = 3279.1(4) Å3 [T = 160(2) K]. Dc

= 3.750 g cm23, Bruker SMART CCD diffractometer, 2qmax = 50.00; Mo-
Ka radiation, l(Ka1) = 0.710 73 Å; w rotation with narrow frames, 20 611
reflections measured, 11 412 independent reflections (Rint = 0.0399) all of
which were included in the refinement; data corrected for Lorentz and
polarisation effects5 and for absorption by a semi-empirical method based
on high data redundance, m = 263.8 cm21, min, max. transmission =
0.0257, 0.0659, solution by direct methods,6 anisotropic refinement on F2

by full-matrix least squares6 to give: Rw = {S[w(Fo
2 2 Fc

2)2/
S[w(Fo

2)2]}1/2 = 0.0901, conventional R = 0.0371 for 8028 reflections
having Fo

2 > 2s(Fo
2), goodness of fit on F2 values = 0.956 for 686 refined

parameters. The largest features in the final difference electron density map
were within ±2.87 e Å23 close to the Re atoms. CCDC 182/956.
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Chelating diphosphine–palladium(II) dihalides; outstandingly good catalysts for
Heck reactions of aryl halides

Bernard L. Shaw* and Sarath D. Perera
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Contrary to previously held views, chelating diphosphine–
palladium dihalide complexes are excellent catalysts for
Heck reactions involving aryl halides; the undesirability of
trying to prepare such catalysts in situ is discussed.

The Heck vinylation or olefination reaction [eqn. (1)] is very

important in organic synthesis.1a–c A Heck catalyst is frequently
generated in situ from Pd(OAc)2 and a tertiary phosphine, L =
PPh3 or P(o-tolyl)3; commonly 1–5 mol% of Pd is used which
means that the maximum turnover numbers are only 100–20.
When discussing arylation with aryl halides1b Heck stated that
‘chelating diphosphines do not give as good catalysts’; this was
in comparison with the catalysts commonly used and mentioned
above and which are therefore a benchmark for comparing
reactivity and performance. Cabri and co-
workers2a agreed with this statement of Heck and in a review2b

wrote that his statement ‘Chelating diphosphines...in general do
not produce useful catalysts’ was valid only because aryl
halides were used but also wrote ‘with bidentate ligands a
decrease in reaction rates or sometimes a complete suppression
of the reaction is observed’. Ditertiary phosphine–palladium
complexes are effective catalysts for Heck reactions with aryl
triflates or with aryl halides in the presence of a halide
scavenger (Ag or Tl).1c,2a–c Overman and coworkers have
demonstrated that diphosphine (e.g. BINAP)–Pd catalysts
promote intramolecular Heck reactions with aryl iodides, with
high ee.2c However, very large amounts of catalyst, 3–10 mol%,
have been used for these reactions. The prevailing belief is that
chelating diphosphine–Pd complexes are not good catalysts for
the classical Heck reaction [eqn. (1)].

We have now investigated 2a and 2c and ditertiary phos-
phine–palladium(II) dihalide complexes 3a–d and 4 and find
them to be outstanding as catalysts for Heck olefination
reactions with aryl iodides and bromides in several respects.
Our results are summarised in Table 1. High yields and very
high turnover numbers (TONs; up to 225 000) were obtained,
with good rates; catalysts were active over the temperature
range 50–150 °C, which could probably be extended; in some
cases reaction times could probably be reduced, we left some
reactions for prolonged times to show that the catalysts were
stable; in no case was any metallic Pd produced. The yields
were isolated yields and chromatography was not necessary, the
Pd being removed by a simple wash with a very small amount
of aqueous sodium cyanide solution and the product was then
purified by crystallisation. We have used this very effective
isolation procedure for Heck reactions catalysed by pallada-
cycles.3 The very stable complex 2a can be easily made in high
yield, from 1 and [PdCl2(NCPh)2]4 by a transannular reaction;
we also reported the crystal structure of 2b and prepared 2c by
metathesis.4 Treatment of PhI (2.0 g, 10 mmol), styrene and
NBun

3 with catalyst 2a (0.044 mg) in dmf at 95 °C for 12 d gave
a pale orange solution. This was taken up in CH2Cl2 and after a
water wash and then a wash with a solution of NaCN (2 mg) in

water the organic layer was essentially colourless. The stability
constant for [Pd(CN)4]22 is about 1052,5 and this wash
presumably took the Pd into the aqueous layer. Crystallisation
from methanol then gave trans-stilbene in 67% yield corre-
sponding to a TON of 101 200. The other reaction mixtures
summarised in Table 1 were worked up in an analogous manner,
except that for reactions with methyl acrylate the work up was
done in diethyl ether. In example 2, with 9 days reaction time at
95 °C, the isolated yield of methyl cinnamate was 92%, TON =
139 000. We also studied catalyst 2a at higher temperatures,
125 and 150 °C, and shorter reaction time (48 h, entries 4 and 5)
with very good yields and excellent TONs (110 200 and 60 400)
and no sign of decomposition to metallic Pd. Bromide 2c was a
good catalyst for converting methyl acrylate and iodobenzene
into methyl cinnamate (example 3). 2a catalysed the olefination
of 4-bromoacetophenone to acetylstilbene; 91% yield, TON =
27 500. Bases other than NBun

3 were used, entries 7–10, viz.
NaOAc, K2CO3 with NBun

4Cl, K2CO3 or KHCO3, in example
8 a reaction temperature of only 50 °C was used. Reaction 11,
with 4-bromocyanobenzene was carried out at 125 °C for 12 h.
Products were identified by their proton NMR spectra.

The 4-membered ring chelated dppm complex 3a6,7 (0.032
mg) converted PhI (1 g) plus styrene into stilbene at 150 °C/48
h in 87% yield with a TON of 76 300 and no sign of
decomposition. 3a also converted 4-bromoacetylbenzene into
4-acetylstilbene at 125 °C in 88% yield. The 5-membered
chelate ring complex catalysts 3b8 and 49 gave very good yields
(76% to 95%) of stilbene derivatives and 4 gave acetylstilbene
in 82% yield, using KHCO3 as base. The 6-membered ring
chelate 3c gave a particularly high TON (224 700) and 80%
yield for the conversion of iodobenzene/styrene to stilbene, with
reaction conditions 3 d/125 °C; the 7-membered chelate dppb
complex 3d under these conditions gave a TON of 170 300. 3c
and 3d also catalysed reactions of 4-bromoacetylbenzene with
styrene in high yields and with good TONs. We favour a
mechanism for the syntheses summarised in Table 1 involving
a PdII–PdIV cycle similar to those we proposed for Heck
reactions catalysed by palladacycles or in the phosphine free
systems (Jeffery conditions).3,10

Typically, in Heck syntheses involving chelating diph-
osphines, the diphosphine and the equivalent amount of
palladium, e.g. palladium acetate, has been added to the mixture
of reactants in the belief that a compound of type [(L–L)PdX2]2b

will form in situ. However, there are very good reasons for
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thinking that in some cases only a fraction of the Pd will do this.
In PdII and PtII chemistry, in many cases, on addition of one
equivalent of a chelating diphosphine or diarsine to [MX4]22,
half of the PdII or PtII is converted into [M(L–L)2]2+, i.e. in eqn.
(2) half the metal will remain as [MX4]22.12a–d This follows
from the very high trans-effect (trans-labilising effect) of a
tertiary phosphine (arsine) compared with a chloride ligand. We
showed that a chloride ligand trans to a tertiary phosphine such
as PEt3 was substituted by pyridine about 104 times faster than
chloride trans to another chloride ligand,11 i.e. in eqn. (2) the

rate of substitution (ii) will be much greater than that of
substitution (i). Thus a Magnus type salt [M(L–L)2][MX4] is
formed, which is often of very low solubility. Conversion of
such a salt to cis-[(L–L)MX2] is often difficult; boiling it in dmf
(bp 153 °C) or with a mixture of hydrochloric acid and ethanol
will often effect the conversion12a–c but in some cases even such
extreme conditions are not sufficient or satisfactory.12c,d A
satisfactory method of synthesising complexes of type
[(L–L)PdX2] is to treat a compound of type [PdX2(NCR)2], e.g.
the well known [PdCl2(NCPh)2], with the chelating di-
phosphine in a suitable solvent system, e.g. CH2Cl2 or
acetone,12a–d and this is the method we have used in the present
work. Complexes 3a–d and 4 have been studied exten-
sively6–9,12a–d and 3a–c have had their crystal structures
determined.7

As will be gathered from the above, process (iii) in eqn. (2)
may be exceedingly slow and it is not known in detail how it
occurs. Palladium acetate is a trimer, the acetate ligand is labile
and one might expect that on adding a chelating diphosphine
and the equivalent amount of palladium acetate to a mixture of
reactants for a Heck synthesis, in situ, much of the Pd would be
converted into [Pd(L–L)2]2+ but not much [(L–L)PdX2] (X =
OAc etc.) would be formed. If so it calls into question some
arguments which have been put forward when discussing Heck
reactions involving Pd–chelating diphosphine catalysts.2b,c It is
recommended that catalysts for Heck reactions should be
preformed and the source of Pd and the phosphine not added

separately to the reactants; this could become especially
important when very small amounts of Pd and diphosphine are
used.

Even when catalysts are generated from a Pd0 complex, such
as Pd2(dba)3, the resultant complex(es) will oxidatively add aryl
halide to give PdII complexes which could then participate in a
catalytic cycle involving PdII/PdIV.
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Table 1 Selected results of the Heck reactions catalysed by P–P palladium chelatesa

No. Aryl halide Olefin
ArX/olefin
mmol/mmol Catalyst (mmol) Time (T/°C)

Yield (%)
(TON)

1 PhI sty 10/15 2a (6.6 3 1025) 12 d (95 °C) 67 (101000)
2 PhI mac 10/15 2a (6.6 3 1025) 9 d (95 °C) 92 (139000)
3 PhI mac 10/15 2c (4.6 3 1023) 24 h (95 °C) 81 (1760)
4 PhI sty 10/15 2a (6.6 3 1025) 48 h (125 °C) 73 (110200)
5 PhI sty 5/7.5 2a (6.6 3 1025) 48 h (150 °C) 80 (60400)
6 bab sty 2/3 2a (6.6 3 1025) 66 h (125 °C) 91 (27500)
7b PhI sty 2/3 2a (1.7 3 1022) 20 h (95 °C) 69 (81)
8c PhI mac 10/15 2a (5 3 1022) 42 h (50 °C) 68 (136)
9d bab sty 10/15 2a (1.08 3 1022) 40 h (125 °C) 85 (787)
10e bab sty 10/15 2a (1.08 3 1022) 30 h (125 °C) 76 (703)
11 bcb sty 2/3 2c (4.6 3 1023) 12 h (125 °C) 75 (326)
12 PhI sty 5/7.5 3a (5.7 3 1025) 48 h (150 °C) 87 (76300)
13 bab sty 10/15 3a (5.8 3 1023) 24 h (125 °C) 88 (1520)
14 bab sty 10/15 3b (6 3 1023) 24 h (125 °C) 87 (1450)
15e bab sty 10/15 4 (5.2 3 1023) 24 h (125 °C) 82 (1580)
16 PhI sty 10/15 3c (3.56 3 1025) 3 d (125 °C) 80 (224700)
17 bab sty 2/3 3c (9.3 3 1023) 24 h (125 °C) 75 (161)
18 PhI sty 10/15 3d (3.64 3 1025) 3 d (125 °C) 62 (170300)
19 bab sty 2/3 3d (3 3 1024) 24 h (125 °C) 79 (5270)

a For all except examples 7–10 and 15, 1.2 equiv. NBun
3 to the aryl halide were used as base; dmf was used as solvent to dissolve the catalyst, e.g. in examples

6, 11, 17 and 19, 1 cm3 of dmf was used; in examples 1–5, 12, 16 and 18, 2 cm3; in examples 9, 13, 14 and 15, 5 cm3; in examples 8 and 10, 10 cm3. sty
= styrene, mac = methyl acrylate, bab = 4-bromoacetylbenzene, bcb = 4-bromocyanobenzene. b NaOAc·3H2O (2.65 mmol) used as base. c K2CO3 (25
mmol, base) and Bun

4NCl (10 mmol) were used. d K2CO3 (15 mmol) used as base. e KHCO3 (25 mmol) used as base.
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Enzymatic synthesis of a chiral gelator with remarkably low molecular weight

Vassil P. Vassilev, Eric E. Simanek, Malcolm R. Wood and Chi-Huey Wong*†

Department of Chemistry and the Skaggs Institute for Chemical Biology, The Scripps Research Institute, 10550 North Torrey
Pines Road, La Jolla, CA 92037, USA

In one enzymatic step, two products of low molecular weight
are obtained: one is a gelator of organic solvents, the other
crystallizes to form an extended hydrogen-bondednetwork.

One product synthesized during our investigations of the
enzymatic synthesis of b-hydroxy-a-amino acids using threo-
nine aldolases was an optically-active, low molecular weight
gelator of organic solvents.1 Compound 1 is remarkably
effective: only 0.2–0.4% of 1 is required for gel formation.
Herein we report our investigations of 1 and 2 utilizing
transmission electron microscopy, single crystal X-ray diffrac-
tion, and computation.

The products of the enzymatic aldol reaction between glycine
and 2,3-O-isopropylideneglyceraldehyde (Scheme 1) are two
diasteriomers which differ only in their absolute stereochem-
istry at C3. While 1 forms a gel in most organic solvents (Table
1), 2 crystallizes. This difference led us to investigate this
system further.

While gel formation in aqueous and non-aqueous media by
high molecular weight molecules is a well documented
phenomenon, the study of low molecular weight gelators is in
its infancy.2 Their potential as nucleating agents for synthetic
polymers and in health care products has been recognized.3–8

All of these molecules contain chiral centers, hydrophobic
regions, and groups capable of forming intermolecular inter-
actions such as hydrogen bonds. Beyond such a description, our
ability to predict which molecules will form gels in not possible:
their discovery occurs serendipitously. In addition to the above
cited small molecules, other recently published examples
include derivatives of cholesterol,9 2,3-bis(n-decyloxy)an-
thracenes,10 calixarenes,11 and fluorinated hydrocarbons.12 A
majority of the gelators identified—especially those which give
quartenary structure visible in electron micrographs—incorpo-
rate large aliphatic (hexadecyl, octadecyl) chains.13–16

Due to the low solubility of 1 in organic solvents, a MeOH
quench strategy is used to form gels. Gels are obtained by first
dissolving 1 in a small volume of MeOH, and then adding the

solvent of choice warmed to ~ 40 °C: MeOH is typically present
in < 10% v/v. Subsequent cooling of the solution to room or low
temperature affords the gel. Excess solvent is removed by
allowing the gel to stand at room temperature and decanting.
After solvent release is complete, the molar ratio of 1:solvent
can be calculated (Table 1).

Compound 1 can be visualized by transmission electron
microscopy following staining with OsO4 vapor. At ca. 40 °C
the gel becomes a viscous solution which can be transferred via
pipet to a carbon-coated EM grid. After air drying for 5 min, the
grid is placed in a sealed chamber next to a vial containing aq.
OsO4. After sitting overnight, the sample is examined in the
EM. We observe fibers that are similar in appearance to those
observed in related systems. Fig. 1(A) shows a low magnifica-
tion image of the fibril network obtained. Fig. 1(B) shows a
higher magnification image in which the dimensions of
individual fibers can be measured. To our eyes, while the fibers
all appear to be greater than 1 µm in length, they appear to
terminate by forming a larger diameter fiber. Their widths also

Scheme 1

Table 1 Compound 1 forms gels from a variety of solvents

Solvent
Phase
formation

1/solvent
(mol/mol) 1/wt% T/°Ca

H2O solution — 20.5 —
H2O–EtOH (1:5) gel 125 4.5 3
MeOH solution — 2.4 —
MeOH gel 117 4.9 3
THF gel 702 0.4 room temp.
EtOH gel 509 0.9 3
BunOH gel 1456 0.2 3
PriOH gel 1245 0.3 room temp.
MeCN gel 1251 0.4 room temp.
Et2O gel 443 9 3
PhCH2CH2OH gel 723 0.24 3
BusOH gel 1369 0.2 3
C5H11OH gel 330 0.7 3
Isoamyl alcohol solution — 0.16 0
C8H17OH gel 630 0.25 3
Solketal solution — 0.48 0

a Refers to temperature at which the solution of 1 in the indicated solvent
was left to stand before gel formation was observed: 3 °C indicates a cold
room at ca. 3 °C; 0 °C indicates an ice bath.

Fig. 1 Transmission electron micrographs of 1. The scale bars shown
represent (A) 2 µm and (B) 200 nm.
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appear to be well defined. That is, we can identify three distinct
sizes: narrow fibers ( < 5 nm); medium fibers (20 nm); and wide
fibers ( > 20 nm). In Fig. 1(A) the wide fibers run from right to
left, while medium fibers run between wide fibers. Narrow
fibers are difficult to see at this magnification, but are seen in
Fig. 1(B). Many of the gel fibers formed by higher molecular
weight gelators containing one or more long chain alkanes show
quarternary structure within a fibril: they appear woven like a
rope. While some of the fibers suggest such a helicity, the
images are not as satisfying as those reported by Thierry3 and
Demharter.16d

To infer reasonable patterns of intermolecular interactions in
1, we investigated the crystal structure of 2, which gave crystals
suitable for single-crystal X-ray diffraction from an EtOH–
water solution (similar to that in which 1 gives gels).‡ Fig. 2
shows the packing of these molecules in the solid state which
contains a hydrophobic domain comprising the isopropylidene
ring, and the hydrophilic domain comprising carboxylate,
amine, and hydroxy groups. In general, hydrophobic groups of
one molecule pack against the hydrophobic groups of neighbor-
ing molecules in either an edge-to-edge or face-to-face
arrangement.17 The hydrophilic regions pack to form a 3D
network of interactions that are depicted as hydrogen bonds in
Fig. 2.18 Incorporated into the lattice is a highly-coordinated
water molecule. All potential hydrogen bonding interactions are
satisfied with the exception of the oxygen atoms of the
isopropylidene group.

We envisioned that the difference between the gel and
crystalline states might arise from the dimensionality of
directional intermolecular interactions. That is, in the crystalline
state, highly directional hydrogen bonds extend in three
dimensions: one dimension is communicated along the hydroxy
group at C3. Changing the geometry of this hydroxy group—
changing from 2 to 1—might change directional ordering in the
third dimension leading to a gel state. To investigate this
possibility we performed Monte Carlo calculations in Macro-
model. Unfortunately, we find no conformational preference for
the C3 hydroxy group in any of the four diasteriomers.19

To better evaluate the structure of the gel, we attempted to
prepare gels from acidic or basic solutions of aq. MeOH and
n-butanol—the solvent which most readily forms gels with 1.20

We observed no gel formation even when ca. 103 the
amount of 1 required for gel formation from ‘pH-neutral’
organic solvents was added. It seems very likely that the proton
balance must be maintained for hydrogen bonding or ion-
pairing to facilitate gel formation.

The molecular basis for the formation of a gel state instead of
a crystal state remains unclear. We are pleased, however, that
molecules like 1 and 2—which contain three chiral centers and
are available in one enzymatic step—display such interesting
properties.

This work was supported by the Division of Materials
Sciences of the U.S. Department of Energy under Contract No.
DE-AC03-76SF-00098. The authors thank Dr Raj K. Chadha
(Scripps) for crystallographic studies.
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Fig. 2 Packing of 2 occurs with the inclusion of a water molecule
(hydrogens omitted). Hydrogen bonds (calculated) are shown as dashed
lines.
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New and efficient selenium reagents for stereoselective selenenylation reactions
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The simple substitution of an aryl proton by a methoxy
substituent improves the selectivity of the stereoselective
selenenylation reaction dramatically, leading to addition
products with diastereomeric ratios up to 50 : 1 in the
methoxyselenenylation reaction of styrene.

Stereoselective reactions using chiral selenium compounds
have been investigated recently by us1 and other research
groups.2 These reagents can be employed in asymmetric
selenenylation reactions or as ligands in metal-catalyzed
transformations. For this purpose we have developed readily
available chiral diselenides of type 1. Diselenide 1a (R' = H),

which can be synthesized via a two-step procedure, has already
been used in many stereoselective reactions with good results.
We have shown that an oxygen atom in the chiral side chain in
close proximity to the selenium is responsible for the efficient
transfer of chirality.3

C2-Symmetrical chiral diselenides with an additional chiral
side chain at the second ortho-position are also very efficient
reagents in selenenylation reactions, however, they have to be
prepared by multistep synthesis.2a Because an additional simple
substituent in 1 (R'  = Me, CF3) does not improve the selectivity
in the selenenylation reaction,4 we decided to prepare com-
pounds 2 with heteroatom-containing substituents such as the
methoxy group.

Diselenides 2a,b were synthesized from the optically active
alcohols 3a,b, respectively (Scheme 1). Alcohol 3a was
obtained by chiral reduction of 3-methoxyacetophenone with
(2)-B-chlorodiisopinocampheylborane in 97% ee.5 Through
diethylzinc addition to 3-methoxybenzaldehyde catalyzed by
(R,R)-bis{2-[1-(pyrrolidin-1-yl)ethyl]phenyl} diselenide,6 al-
cohol 3b was obtained in 97% ee. The alcohols 3a,b were first
deprotonated with BunLi in the presence of TMEDA and then
lithiated in the ortho-position with an excess of PhLi.7
Successive reaction with selenium and oxidative work-up yields
the diselenides 2a,b in 63 and 47% overall yield, re-
spectively.‡

From diselenide 2a crystals suitable for X-ray analysis were
obtained. The structure of 2a (Fig. 1)§ is substantially different
from other diselenides bearing heteroatom-containing side-
chains. In other structures we found a strong interaction
between the heteroatom of the sidechain and the selenium atom.
In the structure of 2a a strong interaction with the oxygen of the
methoxy group is observed [Se–O (mean): 2.977 Å] while the
distance from the selenium to the oxygen in the side chain
(4.22 Å) is clearly greater than the sum of the van der Waals
radii (3.40 Å).

As a consequence of these interactions the smallest sub-
stituent, namely the hydrogen atom, is placed in the plane of the
benzene ring. Because solid state geometries may not be
adopted in solution, further structural investigations have been
performed.

The structure in solution has been determined through NOE
measurements of diselenide 2a in [2H6]DMSO. Irradiation at
the frequency of the proton in the 5-position (the proton ortho to
the side chain) showed a strong NOE with the protons of the
methyl group and the proton of the hydroxy group. No
interaction could be detected with the benzylic proton. There-
fore, we suggest that the structure is similar to that in the solid
state.

To analyze the substrate efficiency in stereoselective synthe-
sis, we employed these two diselenides in the methoxy-
selenenylation of styrene. The diselenides 2a,b were trans-
formed in situ into the electrophilic triflates 4a,b by
bromination and exchange of the bromine ion with AgOTf
(Scheme 2). The reaction with 4a yielded b-methoxy selenide
5a with a diastereomeric ratio of 50 : 1 in 55% yield.¶ By
carrying out the reaction with 4b bearing an ethyl substituent in
the side chain the addition product 5b was obtained with a
diastereomeric ratio of only 11.5 : 1 and 60% yield. This is in

Scheme 1 Reagents and conditions: i, BunLi, TMEDA; ii, PhLi; iii, Se,
O2

Fig. 1 ORTEP plot of the crystal structure of diselenide 2a. Thermal
ellipsoids are at the 30% probability level.
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contrast to our previous observations where diselenides bearing
ethyl substituents gave better selectivities than those with
methyl substituents. Comparison of these results with those
obtained using the arylselenenyl triflate 6 generated from
diselenide 1a (16 : 1) showed that selenenyl triflate 4a repre-
sents a more efficient reagent for stereoselective selenenylation
reactions (Table 1).

Encouraged by these results, we carried out further investiga-
tions with the electrophilic selenenyl triflate 4a generated from
diselenide 2a. The methoxyselenenylation reaction of 4-fluoro-
styrene as well as b-methylstyrene showed increased facial
selectivity compared to the reaction with the selenenyl triflate 6
derived from diselenide 1a (entries 2 and 3). The selenolactoni-
zation of the unsaturated carboxylic acid (entry 4) was
improved to a ratio of 26 : 1 by using the electrophile 4a. The
product of the cyclization of (E)-hex-3-enol and electrophile 6
(entry 5) was isolated as a racemate.8 Cyclization with 4a
showed a modest facial selectivity of 1.5 : 1 in the resulting
product. The stereochemistry of the major diastereomer could
not be assigned in this case. The product of the cyclization of a
carbamate (entry 6) is obtained with a diastereomeric ratio of
12 : 1. After radical removal of the selenium moiety and
deprotection, (S)-salsolidine is obtained.9 The absolute ster-
eochemistry is in all cases the same as that observed with
diselenide 1a.

In summary, we present herein a new, readily available
organoselenium reagent bearing a methoxy substituent ortho to
the selenium. The electrophilic methoxyselenenylation of
styrene was performed with a diastereomeric excess of 96%.

The increased transfer of chirality is due to the forced
interaction of the ortho-oxygen atom with the selenium. An
X-ray diffraction structure and NOE measurements underline
this assumption.
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schen Industrie (fellowship for G. F.), the Schweizer Natio-
nalfonds and the Treubel-Fonds (fellowship for T. W.) is
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† E-mail: wirth@ubaclu.unibas.ch
‡ Alcohol 3a (1.37 g, 9 mmol) and TMEDA (1.86 g, 9.6 mmol) were
dissolved in dry pentane (12 ml) under argon, cooled to 0 °C, treated slowly
with BunLi (9 mmol, 1.6 M solution in hexane) and allowed to stir for 15
min. Then PhLi (27 mmol, 3.0 M solution in cyclohexane–Et2O) was added
and the mixture was stirred for 14 h. After cooling to 0 °C, selenium powder
(54 mmol, 4.32 g) was added. The mixture was allowed to warm up to room
temperature and stirred for an additional 5 h, then 1 M HCl (50 ml) was
added. After extraction of the resulting mixture with ButOMe (3 3 50 ml)
and drying of the combined organic phases with MgSO4, powdered KOH
(100 mg) was added. The solvent was removed under vacuum and the
residue purified by flash chromatography (silica gel, ButOMe–pentane 1 : 2)
and recrystallized from EtOH to yield 2a (1.37 g, 66%) as orange crystals:
mp 146–148 °C (Calc. for C18H22O4Se2: C, 46.98; H, 4.82. Found: C, 46.80;
H, 4.90%); [a] +914.5 (c 0.96, CHCl3); dH(CDCl3) 1.26 (t, J 6.5, 6H), 2.22
(br s, 2H), 3.83 (s, 6H), 5.06 (q, 6.5 Hz, 2H), 6.84 (d, J 8.2, 2H), 7.18 (d, J
7.8, 2H), 7.36 (t, J 8.0, 2H); dC(CDCl3) 24.2 (q, 2C), 56.3 (q, 2C), 69.3 (d,
2C), 110.0 (d, 2C), 118.0 (d, 2C), 118.7 (s, 2C), 131.3 (d, 2C), 151.4 (s, 2C),
159.7 (s, 2C); dSe(CDCl3) 365.6; m/z (EI) 462 ([M+], 54%), 230 (60), 214
(100), 214 (100), 198 (28), 182 (16), 134 (35), 107 (22), 91 (26), 77 (21);
n(CHCl3)/cm21 3478, 3376, 3005, 2939, 1568, 1464, 1422, 1136, 1051,
1016.
§ Crystal data for 2a: C18H22O4Se2, M = 460.29, monoclinic, space group
P21, a = 8.1601(5), b = 13.8981(22), c = 16.5883(13) Å, b = 99.903(6)°,
U = 1853.2(3) Å3, Z = 4, T = 293 K, l = 1.54180 Å3, Dc = 1.65 g cm23,
m = 5.28 mm21, for 7767 observed reflections, R1 = 0.0258, wR2 =
0.0313. CCDC 182/957.
¶ The methoxyselenenylations and selenocyclizations were performed as
described in refs. 4 and 8. Selected data for 5a: [a] 21.2 (c 0.55, CHCl3);
dH(CDCl3) 1.48 (d, J 6.5, 3H), 1.65 (br s, 1H), 3.13 (d, J 5.3, 1H), 3.14 (d,
J 8.1, 1H), 3.21 (s, 3H), 3.88 (s, 3H), 4.29 (dd, J 8.1, 5.3, 1H), 5.41 (q, J 5.8,
1H), 6.79 (d, J 8.0, 1H), 7.14 (dd, J 7.8, 0.8, 1H), 7.22–7.35 (m, 6H);
dC(CDCl3) 24.1 (q), 34.9 (t), 56.1 (q), 56.8 (q), 69.8 (d), 83.4 (d), 109.9 (d),
117.1 (s), 118.2 (d), 126.6 (d, 2C), 128.0 (d), 128.5 (d, 2C), 129.7 (d), 141.0
(s), 150.0 (s), 162.8 (s). MS(EI): m/z (%) 366 (18) [M+], 230 (37), 184 (30),
151 (27), 135 (21), 121 (100), 103 (14), 91 (18), 77 (15); n(CHCl3)/cm21

3666, 3382, 3005, 2937, 2838, 1570, 1464, 1431, 1136, 1103, 1052, 1016
(HRMS found: 366.0747. Calc. for C18H22O3Se: 366.0734).

1 Review: T. Wirth, Liebigs Ann./Recueil, 1997, 2189 and references cited
therein.
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Tetrahedron Lett., 1997, 38, 4753; (b) Y. Nishibayashi, S. K. Srivastava,
H. Takada, S.-I. Fukuzawa and S. Uemura, J. Chem. Soc., Chem.
Commun., 1995, 2321; (c) K.-I. Fujita, K. Murata, M. Iwaoka and S.
Tomoda, Tetrahedron, 1997, 53, 2029; (d) T. G. Back and B. P. Dyck,
Chem. Commun., 1996, 2567; (e) S.-I. Fukuzawa, K. Takahashi, H. Kato
and H. Yamazaki, J. Org. Chem., 1997, 62, 7711.

3 T. Wirth, G. Fragale and M. Spichty, J. Am. Chem. Soc., 1998, 120,
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Soc., 1988, 110, 1539.
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1957.
7 D. L. Comins and J. D. Brown, J. Org. Chem., 1989, 54, 3730.
8 G. Fragale and T. Wirth, Eur. J. Org. Chem., 1998, 1361.
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Scheme 2 Reagents and conditions: i, Br2; ii, AgOTf; iii, styrene, MeOH

Table 1 Results of stereoselective reactions with selenium electrophiles
generated from diselenides 2a and 1

Ratio (% yield)

Entry Alkene Product With 4a With 6
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New branched carbohydrate building block from a tandem
elimination-Farvorski rearrangement

Mikael Bols*† and Ib B. Thomsen

Department of Chemistry, University of Aarhus, Langelandsgade 140, DK-8000, Aarhus, Denmark

3-Methoxycarbonyl-1,5-anhydro-b-D-erythro-pentofura-
nose 1 was obtained when 2,3,4-tri-O-tosyl-1,6-anhydro-b-D-
glucopyranose 2 was treated with NaOMe.

Carbohydrates are a rich and cheap source of chiral compounds
for use in stereospecific synthesis.1 One such popular chiral
starting material is 1,6-anhydroglucose 3 (levoglucosan),2 and
its decendants the Cerny epoxides 4 and 5.3 Compound 4 is
routinely obtained from 3 in two steps: conversion of 3 to
1,6-anhydro-2,4-di-O-tosyl-b-D-glucopyranose 6 followed by
epoxidation of 6 via treatment with NaOMe.4,5 The tritosylate 2
is sometimes obtained as a byproduct in the tosylation of 3, but
can also be converted to 4 in high yield by treatment with base
(Scheme 1).6

When recently requiring some 4 we tried to obtain it from 2
using NaOMe as base. However, to our surprise, inspection of
the reaction product revealed besides small quantities of 2 and
4 a large amount of another compound. After purification the
compound could be isolated in 44% yield and identified by 1H,
13C and COSY NMR and EI mass spectroscopy:7 a mass peak
at m/z 159 (M+1) corresponded to C7H10O4; 13C NMR peaks at
d 52 and 178 identified a methyl ester; 13C NMR peaks at d 38
and 43 and 1H NMR peaks at d 2.0 and 2.7 were consistent with
deoxygenated CH and CH2 moieties; and COSY correlations
showed anomeric C next to CH2 next to CH. All were consistent
with structure 1. The stereochemistry at C-3 could be deter-
mined by comparison with spectra of the four isomeric
acetylated 1,5-anhydropentosides. Only the isomers with the 3
substituent exo had a J45 value of 0 Hz.

The compound 1 was not formed from epoxide 4, as 4 was
completely stable to prolonged treatment with NaOMe. Forma-

tion of compound 1 can be explained by a Farvorski
rearrangement of an intermediate ketone 7 (or its regioisomer)
as outlined in Scheme 1. The ketone can be formed by
elimination of a tosylate. Attack by methoxide and ring opening
of the intermediate cyclopropanone 8 apparently occur with
high regioselectivity.

Compound 1 is a highly strained compound. On standing in
CDCl3 or when subjected to silica gel chromatography under
non-basic conditions, 1 was spontaneously and quantitatively
transformed to a new crystalline compound. X-Ray crystallo-
graphic structure determination revealed it to be the dimer 9
(Scheme 2). This structure determination also confirmed the
structure and stereochemistry of 1. To avoid the conversion of
1 to 9, chromatography of the former was carried out with 1%
Et3N present.8

The tandem elimination-Farvorski rearrangement of a trito-
sylate is to the best of our knowledge unprecedented. To
investigate its generality we also subjected tritosylarabinoside
10 and methyl 2,3,4-tri-O-tosyl-a-L-rhamnopyranoside to reac-
tion with NaOMe. From the reaction of 10 Farvorski products
11 and 12 were isolated in 8 and 5% yield, respectively, together
with 22% of epoxides 13 (Scheme 3). From the reaction of the
tritosylrhamnoside, 29% of a mixture of Farvorski products was
formed. Thus the reaction is apparently general but much less
favored in these other cases.

Farvorski product 1 is a useful chiral building block.
Although the yield of its formation, as is common for many
Farvorski rearrangements, is relatively low this is compensated

Scheme 1

Scheme 2

Scheme 3
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for by the fact that branched carbohydrate chains are usually
synthesised via multistep procedures.

We acknowledge financial support from the Danish National
Science Research Council (SNF) grant No. 9502986. We also
thank B. O. Pedersen for mass spectra and Rita Hazell for X-ray
structure determination of 9.
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Remarkable acceleration of dimethyl phosphate hydrolysis by ceric cations

Robert A. Moss*† and Kaliappa G. Ragunathan

Department of Chemistry, Rutgers, The State University of New Jersey, New Brunswick, New Jersey 08903, USA

Ce4+ cations in aqueous solution at pH 1.8 and 60 °C reduce
the half-life of dimethyl phosphate hydrolysis from 8454
years (pH 7, 60 °C) to 22 min.

Dimethyl phosphate 1 (DMP) strongly resists hydrolysis. A
recent meticulous study reports k = 1.6 3 10213 s21 at 25 °C,
equivalent to a half-life of ~ 137 000 years for the pH 7
uncatalyzed cleavage (by Me–O scission) of DMP by water.1
This extraordinary stability makes the phosphodiester linkage
ideal for its role in the backbone of DNA and RNA.1,2

The hydrolysis of DMP can be accelerated; below pH 5, acid
catalysis is apparent.1 Bunton et al. reported that at pH 1.24 and
100 °C, the P–O2 of DMP was protonated, and hydrolysis of
neutral 1 proceeded with k = 3.13 3 1026 s21 (t1/2 = 2.5 days,
78% Me–O scission).3 More recently, Kim and Chin found that
[(cyclen)Co(OH2)2]3+ at pD 6.3 and 60 °C catalyzed the
hydrolysis of DMP (presumably by P–O scission) with k = 2 3
1027 s21 (t1/2 ~ 40 days).2

Various transition metal, lanthanide and actinide cations are
known to accelerate the hydrolytic cleavage of phosphodie-
sters.4 Our own studies of the metal-ion mediated hydrolysis of
phosphodiesters have focused on Th4+, Ce4+ and Zr4+ cleavage
of activated substrates such as bis(p-nitrophenyl) phosphate 2
(BNPP) and 2-hydroxypropyl (p-nitrophenyl) phosphate 3
(HNPP).5–7 Rate enhancements > 109, relative to the un-
catalyzed hydrolyses, were observed in the Th4+ or Ce4+

cleavage of BNPP.5,6 A high value of the charge/cation
diameter ratio appears necessary for optimal cation reactivity in
phosphodiester hydrolysis.5–8

In view of our results with substrate 2,6 and the known ability
of Ce4+ to accelerate the cleavage of DNA (at P–O),9 we have
now examined the Ce4+ acidic hydrolysis of DMP. The
remarkable kinetic results indicate an acceleration of 2 3 108,
relative to the uncatalyzed hydrolysis at 60 °C, and a reduction
in t1/2 from ~ 8450 years to 22 min.

Hydrolyses of DMP 1 and of methyl phosphate 4 (MP)
mediated by ceric ammonium nitrate (CAN) were followed in
D2O at 60 °C by 400 MHz proton NMR spectroscopy,
monitoring the disappearance of the Me signals at d 3.9, relative
to an internal pyrazine standard. Solutions of CAN were not
buffered, but were adjusted to pH 1.6 or 1.8 (pD 2.0 or 2.2) by
addition of pD 13.4 NaOD solution prior to reaction. The pH
typically declined by 0.25 during the reaction. Reactions were
followed for two half-lives and the infinity titer was obtained
after 24 h at 60 °C. Rate constants were duplicated and agreed
to ±7%.

With 1 mM DMP at pH 1.6,‡ the measured hydrolytic rate
constants varied from 9.3 3 1025 s21 at [Ce4+] = 2.5 mM to
4.25 3 1024 s21 at [Ce4+] = 20 mM. A graphical representation
of the dependence of k on [Ce4+] appears in Fig. 1, where
‘saturation’ behavior is apparent. Michaelis–Menten analysis
provides Km ~ 0.0105 M and a binding constant of ~ 95 M21,
with kcat ~ 6.5 3 1024 s21.§ Unfortunately, the fit of the data in

Fig. 1 to the Michaelis–Menten equation is not very precise.
Although saturation (binding of DMP to Ce4+) is observed, the
Km and kcat are approximate.

Our highest observed rate constant for the cleavage of 1 mM

DMP by 10 mM Ce4+ was at pH 1.8, 60 °C, where k =
5.28(±0.38) 3 1024 s21. At higher pH, precipitation of Ce was
apparent.

Comparisons of the hydrolytic kinetics of DMP under
neutral,1 acidic,3 Co3+-assisted,2 or Ce4+-mediated conditions
appear in Table 1, where the extraordinary acceleration due to
Ce4+ is manifest. At 200 million, the rate enhancement by acidic
Ce4+ exceeds those provided by H+ alone or Co3+-cyclen by
factors of 103–104. The 8454 year ‘benchmark’ half-life of
DMP under neutral conditions at 60 °C is reduced to 22 min by
Ce4+ at pH 1.8.

The Ce4+ cleavage of DMP produces 2 equiv. of MeOH
(NMR), so that the reaction is hydrolytic, not oxidative;
hydrolysis also occurs in the Ce4+ cleavage of deoxyr-
ibodinucleotides.10 Hydrolysis of 1 mM MP 4 by 10 mM CAN at
pH 1.8 and 60 °C liberates 1 equiv. of MeOH and proceeds with
k = 6.3 3 1024 s21, about 1.2 times faster than the
corresponding cleavage of DMP. Accordingly, MP does not
accumulate during the hydrolysis of DMP. A similar rate
ordering prevails during the acid catalyzed hydrolyses of DMP
and MP.3,11

We briefly examined several other sets of conditions and
catalysts for the hydrolysis of DMP. A ten-fold excess of Ce3+

at pH 8 (gel) also cleaved DMP at 60 °C, but much more slowly
than Ce4+ at pH 1.8; the Ce3+ hydrolysis was only ~ 50%
complete after 48 h. Surprisingly, Th4+ (10 mM) was unreactive
toward DMP at pH 3.5 and 60 °C, while Zr4+ (10 mM, pH 2.0,

Fig. 1. Pseudo-first order rate constants (s21) for the hydrolysis of 1 mM

DMP by CAN as a function of [Ce4+] at pH 1.6. The points are the
experimental values; the solid line is generated from the Michaelis–Menten
equation with KM = 0.0105 M and kcat = 6.48 3 1024 s21.

Table 1 Comparison of DMP hydrolyses at 60 °Ca

Conditions khydrol/s21 krel t1/2

Neutralb 2.6 3 10212 1.0 8454 years
H+, pH 1.24c 5.2 3 1028 2.0 3 104 154 days
Co3+-cyclend 2.0 3 1027 7.7 3 104 40 days
Ce4+, pH 1.8e 5.3 3 1024 2.0 3 108 22 min

a The first two entries are extrapolated to 60 °C from data in the original
references. b Ref. 1. c Ref. 3. d Ref. 2; pH 5.9. e This work.
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60 °C) cleaved DMP slowly (k ~ 7.6 3 1026 s21). Addition of
5 mM PrCl3 to 10 mM CAN did not significantly accelerate the
cleavage of DMP at pH 2.5, 60 °C; k = 5.7 3 1024 s21,
comparable to the rate constant with Ce4+ alone (Table 1). Rate
enhancement due to Pr3+–Ce4+ clusters12 did not occur. Finally,
neither added chloride or nitrate ions (120 mM) further
enhanced the Ce4+ hydrolysis of DMP.

The mechanism of the Ce4+-mediated hydrolysis of DMP is
not yet fully defined. The saturation behavior (Fig. 1) implicates
binding of substrate P–O2 by Ce4+. The pKa of the waters of
hydration bound to Ce4+ is ~ 0.7,13 so that the Ce4+-DMP
complex will have Ce-bound OH nucleophiles available for
attack at the substrate P. One can imagine a P–O(Me) scission
mechanistically analogous to that suggested for the Co3+-
cyclen/DMP reaction.2 However, the neutral ( > 99.5%)1 and
the acid catalyzed (78%)3 hydrolyses of DMP occur mainly by
O–Me cleavage. Although it seems unlikely that Ce4+ com-
plexation of DMP would enhance subsequent H2O attack at the
MeO (rather than the P–O) linkage by the enormous factors
observed here, a definitive mechanism requires H2

18O studies
of the Ce4+ hydrolyses of both DMP and MP. These studies,
together with comparable examinations of phosphonate mono-
ester hydrolyses, are in progress.

We are grateful to the U.S. Army Research office for
financial support.
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‡ The pKa of DMP is 1.06 at 60 °C (extrapolated from the data in ref. 3), so
that > 77% of the DMP will be in the monoanionic form at pH 1.6, available
for binding to Ce4+.
§ From the initial four points of Fig. 1, [Ce4+] = 2.5–10 mM, we can
estimate a second order rate constant for the Ce4+/DMP cleavage: k2 = 3.5
3 1022 M21 s21 at pH 1.6 and 60 °C. This may be compared with k2 = 6.2

3 1027 M21 s21 at pD 6.3 and 60 °C for the Co3+-cyclen/DMP reaction (ref.
2).
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A metal-containing synthon for crystal engineering: synthesis of the hydrogen
bond ribbon polymer [4,4A-H2bipy][MCl4] (M = Pd, Pt)

Gareth R. Lewis and A. Guy Orpen*

School of Chemistry, University of Bristol, Bristol, UK BS8 1TS. E-mail: Guy.Orpen@bristol.ac.uk 

The utility of the cis-MCl2···HN+ chelated hydrogen bond as
a synthon in preparation of crystalline [4,4A-H2bipy][MCl4]
(M = Pd 1, Pt 2) is demonstrated; the structure of 2 contains
anions and cations linked by hydrogen bonds to form a
ribbon polymer.

Desiraju1 and others2 have argued persuasively that crystal
engineering or synthesis may be a realistic goal for modern
chemistry. The means to this goal is the identification and
application of reliable synthons which can control molecular
aggregation and lead to crystal structures with (partly) con-
trolled structures, containing sheets, ribbons and other desired
motifs in the pattern formed. The synthons listed1,2 and used to
date are drawn in the main from the field of organic chemistry
and almost all exploit the directionality of hydrogen bonds to
afford the desired control of aggregation. The ability to
incorporate metals in the structure offers promise of novel
functionalities (chemical, magnetic, optical or electronic) which
complement those available in purely organic molecular
crystals. Here, we show that the metal assisted hydrogen bond
affords a new class of synthon, one which may yield both
desirable structures and desirable properties.

Recently,3 we reported a crystallographic database analysis
which demonstrated the ability of metal chloride complexes to
act as hydrogen bond acceptors, as others had noted in specific
examples.4 Our study showed that these metal-assisted hydro-
gen bonds typically showed M–Cl···H angles of between 90 and
120°. The geometry at the hydrogen in these systems is normal5
with all the shorter M–Cl···HE (E = N, O) bonds having
E–H···Cl !140°. These geometric preferences are compatible
with the formation of acceptor chelate hydrogen bonds in which
a pair of cis-chloride ligands at a metal form a chelate hydrogen
bond with a single H–N moiety (see A in Scheme 1). Indeed,
such an interaction in [HNC5H3Ph2][AuCl4] has attracted
attention.4a

We therefore sought to establish the utility of the cis-
MCl2···HN interaction (A in Scheme 1) as a synthon for the
preparation of a hydrogen bonded polymer (B in Scheme 1)
incorporating both inorganic ([MCl4]22) and organic
([4,4A-H2bipy]2+) components. The planarity and opposite
charges of the component ions led us to expect the formation of
planar polymeric ribbons of type B shown in Scheme 1.

Reaction of aqueous [MCl4]22 salts (M = Pd or Pt) with
[4,4A-H2bipy][PF6]2 leads to instantaneous formation of crystal-
line precipitates [4,4A-H2bipy][MCl4] (M = Pd 1, Pt 2).† Single
crystal structure analysis‡ of 2 shows the desired structure has
indeed been formed (Fig. 1). The component ions have normal,
planar geometries with exact C2h symmetry. The N–H···Cl
bonds are of dimensions (N–H 0.86 Å, H···Cl 2.51 Å, N···Cl
3.219 Å; N–H···Cl 140°, Pt–Cl···H 95°) similar to those
typically observed in our database study.3 The anion···cation···
anion···cation··· ribbons formed are planar (mean atomic
deviation 0.038 Å) and all ribbons lie parallel to one another
although they are not coplanar. The ribbons lie perpendicular to
the crystallographic mirror planes and extend along 2x 2 z.
Each ribbon lies 5.81 Å above its face-to-face neighbour and is
in closer contact with four other ribbons through edge-to-edge
interactions (CH···Cl 2.84 Å, Cl···Cl 3.510 Å, Fig. 2). This
apparently efficient packing is presumably facilitated by the
planarity of the component ions.

That this synthon may have some general applicability is
indicated by the similarity of the structure of 2 and those of
[4,4A-H2bipy][Cu2(m-X)2X4] (X = Cl 3;6 X = Br 47). In
crystalline 3 and 4, which were prepared for rather different
reasons, hydrogen bonded ribbon motifs are present. In contrast,
the structure8 of [4,4A-H2bipy][CoCl4] is markedly different
with the tetrahedral [CoCl4]22 units forming two-centre

Scheme 1

Fig. 1 Structure of one polymeric ribbon in crystalline [4,4A-H2bipy][PtCl4] 2.

Fig. 2 The crystal structure of [4,4A-H2bipy][PtCl4] 2.
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Cl···HN interactions in a dimeric cyclic [4,4A-H2bipy]2[CoCl4]2
motif.

The utility of the cis-MCl2···HE (E NO, N) synthon, the effect
of the charges and geometry of the component species, the
consequent structures formed and their properties are under
investigation.

Financial support of the EPSRC is gratefully acknowledged.
Our thanks go to Professor W. Clegg and Drs S. J. Cole and
S. J. Teat and the EPSRC for use of station 9.8 at the Daresbury
SRS and assistance in the data collection for compound 2. We
thank Professor N. G. Connelly for helpful discussions and
advice.

Notes and References

† Synthesis of [4,4A-H2bipy][MCl4] (M = Pd 1, Pt 2): addition of a
colourless solution of [4,4A-H2bipy][PF6]2 (156 mg, 0.347 mmol) in H2O
(10 cm3) to a brown solution of Na2PdCl4·1/3H2O (101 mg, 0.335 mmol) in
H2O (6 cm3) caused the formation of a light brown insoluble precipitate of
1. The product was washed with H2O and dried in vacuo, yield 121 mg
(88%). Orange crystalline compound 2 was prepared similarly from
[4,4A-H2bipy][PF6]2 and K2[PtCl4], yield 83%. Both complex salts gave
satisfactory microanalytical data.
‡ Crystal structure analysis of [4,4A-H2bipy][PtCl4] 2. The crystal structure
of 2 was determined from data collected on a Siemens SMART
diffractometer (l = 0.6978 Å) at 160 K on station 9.8 at the Daresbury SRS.
The structure was refined by least-squares against all F2 data corrected for
absorption, and hydrogen atoms were located in difference maps. Crystal
data: [4,4A-H2bipy][PtCl4], C10H10Cl4N2Pt, M = 495.09, monoclinic, space

group I2/m (no. 15), a = 6.6172(3), b = 11.6264(6), c = 8.0962(5) Å, b =
91.266(2)°, U = 622.76(6) Å3, Z = 2, m = 12.10 mm21, 512 unique data,
R1 = 0.034. CCDC 182/946.
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Diastereoselective SmI2-mediated cascade radical cyclisations of
methylenecyclopropane derivatives—a synthesis of paeonilactone B

Raymond J. Boffey,a Marco Santagostino,a William G. Whittinghamb and Jeremy D. Kilburn*a†
a Department of Chemistry, University of Southampton, Southampton, UK SO17 1BJ
b Zeneca Agrochemicals, Jealott’s Hill Research Station, Bracknell, Berkshire, UK RG42 6ET

The SmI2-mediated cascade reaction of methylenecyclopro-
pyl ketone 9 proceeds with high diastereoselectivity, which is
critically dependent on the presence of HMPA, and provides
a short route to paeonilactone B.

Cascade radical cyclisation reactions have proved to be very
popular as a synthetic strategy as they allow the construction of
several C–C bonds in one step and can provide elegant synthetic
routes to complex polycyclic compounds and natural products.1
Tandem reactions, initiated in particular by the versatile
lanthanide reagent SmI2, have also been a focus of recent
attention.2 We now report that SmI2-promoted cascade cyclisa-
tions of methylenecyclopropyl ketone derivatives lead to
bicyclic products in good yield and with excellent diaster-
eoselectivity. This approach provides a short synthetic route to
(±)-paeonilactone B 1, one of several structurally related
monoterpenes isolated from paeony roots,3 all of which feature
a highly oxygenated cyclohexane nucleus.4

A retrosynthetic analysis of paeonilactone B (Scheme 1)
suggested that the cis-fused bicyclic methylenecyclohexane 2
could be prepared by a 5-exo cyclisation of methylenecyclo-
hexyl radical 3 onto a pendant alkyne, and 3 could, in turn, arise
from cyclisation of ketyl radical 5 onto a methylenecyclopro-
pane unit with subsequent ‘endo’ ring opening of 4.5 Whether
such a sequence would prove to be diastereoselective and
provide the correct relative stereochemistry of the tertiary
alcohol required for the natural product remained to be tested by
experiment.

Addition of lithiated methylenecyclopropane to aldehyde 6,6
produced the desired alcohols as a readily separable mixture of
diastereoisomers 7 and 8 (Scheme 2).7 The relative ster-
eochemistry for the two diastereoisomers was established by
X-ray crystallographic structure analysis of the p-nitrobenzoate
ester derived from alcohol 8.8 Alkylation of the alcohols gave
the corresponding prop-2-ynyl ethers, and subsequent ketal
deprotection provided the two diastereomeric cyclisation pre-
cursors, 9 and 10 respectively, in essentially quantitative
yield.

Treatment of ketone 9 with SmI2, under standard conditions9

(slow addition of 9 to 2.2 equiv. SmI2, ButOH, HMPA, THF,
0 °C) gave the desired bicyclic products as a readily separable
mixture of diastereoisomers, 11 and 12, in 57 and 6% isolated
yields respectively (ratio 11:12 = 10 : 1 by analysis of the 1H
NMR spectrum of the crude reaction mixture) (Table 1). In
contrast, treatment of diastereoisomeric ketone 10 with SmI2,
under identical conditions, gave the bicyclic product 12 in 73%
isolated yield, and only a trace of the diastereoisomer 11 (ratio
12:11 > 30 : 1).

In order to rationalise the observed diastereoselectivity we
repeated the cyclisations under identical conditions, but replac-
ing HMPA with the less effective chelator DMPU.10 These
cyclisation reactions gave the bicyclic products with reduced
overall yields and required a larger excess of SmI2 ( ~ 6 equiv.)
for consumption of starting material.2b Notably, for the
cyclisation of 9, the diastereoselectivity was reduced (ratio
11:12 = 1.5 : 1), whereas for the cyclisation of 10 the

Scheme 1

Scheme 2 Reagents and conditions: i, BuLi, THF, 278 °C; ii, compound 6;
iii, NaH, DMPU, THF; iv, HC°CCH2Br; v, TsOH, acetone, H2O

Table 1 Reaction of 9 or 10 with different additives

Starting material Additive Yield (%) 11 : 12

9 HMPA 63 10:1
9 DMPU 40 1.5:1
9 — ~ 20 1:1.3

10 HMPA 79 < 1:30
10 DMPU 62 < 1:30
10 — 0 —
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diastereoselectivity was seemingly unaffected (ratio 12:11 >
30 : 1). In the absence of either DMPU or HMPA the cyclisation
was, as expected, a poor reaction. Thus 9 gave an overall yield
of ~ 20% of 11 and 12, but with a reversal of stereoselectivity
(ratio 11:12 = 1 : 1.3), while cyclisation of 10 yielded none of
the desired bicyclic compounds.

The selectivity for the cyclisation of 9 in favour of 11, in
which the tertiary alcohol and ether oxygen are cis in the
bicyclic product, might be the consequence of chelation control
from the weakly basic prop-2-ynylic ether oxygen to the
samarium(III) bound to the ketyl radical. However, the decrease
in selectivity for the cyclisation of 9 as HMPA is replaced by the
weaker chelator DMPU, and reversal of selectivity when neither
is present, effectively rules out this possibility. It seems
probable that the first step of the cyclisation of 9, which
effectively sets the relative stereochemistry of the product,
proceeds through a chair-like transition state, allowing the prop-
2-ynyl ether substitutent to adopt a pseudo-equatorial position
(Scheme 3). As a consequence of the bond angles of the
methylenecyclopropyl group, the alkene appears to be essen-
tially staggered between the ketyl radical oxygen and the ketyl
methyl group. Thus the preference for conformer 13 over 14
may largely result from the preference for the bulky OS-
mIII(HMPA)n moiety to also adopt a pseudo-equatorial position
and avoid a 1,3-diaxial interaction with HA. Replacement of
HMPA with DMPU may effectively reduce the steric bulk of
the OSmIIILn moiety,10 leading to a lower selectivity for
conformer 13. In the absence of either HMPA or DMPU the
ketyl methyl becomes sterically dominant, leading to a reversal
in selectivity.

In contrast, the first step of the cyclisation of 10 may well
proceed through a boat-like transition state, since a chair-like
transition state would force the prop-2-ynyl ether substituent
into a severely hindered axial orientation. In the boat-like
transition state the alkene now appears to be largely eclipsed
with either the ketyl methyl group (15) or the ketyl radical
oxygen (16). Conformer 15 may now be preferred over 16 since
it alleviates the electronic repulsion between the ketyl oxygen
functionality and the alkene p-system,11 and this preference is
unaffected by replacing HMPA with DMPU.

Completion of the synthesis of paeonilactone B firstly
required protection of the tertiary allylic alcohol as the
triethylsilyl ether,12 followed by oxidation of the allyl ether to
the desired a-methylene lactone 17 using CrO3 and pyridine
(Scheme 4).13 The selective oxidation of the ostensibly more
electrophilic cyclohexyl alkene of 17 proved to be impossible
with both alkenes reacting rapidly with ozone at 2110 °C in
EtOH in almost quantitative yield. Even more frustratingly,
treatment of 17 with OsO4 led to dihydroxylation of just the the
a-methylene lactone, presumably due to steric congestion
around the cyclohexyl alkene. Instead, base-mediated Michael
addition of PhSH to 17 gave the thioether which was then
successfully ozonolysed to give the desired ketone, with
concomitant oxidation of the thioether to the corresponding
sulfoxide 18. Thermal elimination of phenylsulfenic acid14 then
reinstalled the a-methylene lactone and deprotection of the silyl

ether was successfully achieved using pyridine·HF,15 to give
(±)-paeonilactone B, whose structure was confirmed by com-
parison of its NMR and IR spectroscopic data to those reported
previously for the natural paeonilactone.3

We thank the EPSRC and Zeneca Agrochemicals for a CASE
award (R. J. B.) and the EC for a TMR Fellowship (ERBCH-
BICT930286) (M. S.). We also thank Ms J. Street (South-
ampton University) and Mr M. Kipps (Zeneca Agrochemicals)
for assistance with NMR studies.

Notes and References

† E-mail: jdk1@soton.ac.uk

1 M. Malacria, Chem. Rev., 1996, 96, 289.
2 (a) For a review on SmI2-initiated tandem reactions, see: G. A.

Molander and C. R. Harris, Tetrahedron, 1998, 54, 3321. Surprisingly
few cascade radical process initiated by SmI2 have been reported. Two
notable examples are: (b) T. L. Fevig, R. L. Elliott and D. P. Curran,
J. Am. Chem. Soc., 1988, 110, 5064; (c) R. A. Batey, J. D. Harling and
W. B. Motherwell, Tetrahedron, 1996, 52, 11 421.

3 T. Hayashi, T. Shinbo, M. Shimizu, M. Arisawa, N. Morita, M. Kimura,
S. Matsuda and T. Kikuchi, Tetrahedron Lett., 1985, 26, 3699.

4 For previous syntheses of paeonilactones see: M. Rönn, P. G. Andersson
and J.-E. Bäckval, Acta Chem. Scand., 1998, 52, 524; S. Hatakeyama,
M. Kawamura, Y. Mukugi and H. Irie, Tetrahedron Lett., 1995, 36, 267
and references cited therein.

5 For previous studies on cyclisations of methylenecyclopropylalkyl
radicals see: C. Destabel, J. D. Kilburn and J. Knight, Tetrahedron,
1994, 38, 11 267; M. Santagostino and J. D. Kilburn, Tetrahedron Lett.,
1995, 36, 1365 and references cited therein.

6 T. Oishi, M. Nagai and Y. Ban, Tetrahedron Lett., 1968, 491.
7 All compounds were characterised by 1H and 13C NMR and IR

spectroscopy, and by HRMS or microanalysis.
8 We thank Dr M. Webster, University of Southampton, for carrying out

the X-ray crystallographic analysis. Details will be published else-
where.

9 G. A. Molander and J. A. McKie, J. Org. Chem., 1995, 60, 872.
10 For a study on the effects of HMPA and DMPU as additives in SmI2-

mediated cyclisations of unactivated olefinic ketones, see: G. A.
Molander and J. A. McKie, J. Org. Chem., 1992, 57, 3132. See also ref.
2b.

11 Electronic repulsion between the ketyl oxygen functionality and the
alkene p-system is generally accepted as being a major factor
determining stereoselectivity in SmI2-mediated cyclisations of un-
activated olefinic ketones: see refs. 10 and 2(b).

12 C. H. Heathcock, S. D. Young, J. P. Hagen, R. Pilli and U. Badertscher,
J. Org. Chem., 1985, 50, 2095.

13 T. J. Brocksom, R. B. dos Santos, N. A. Varanda and U. Brocksom,
Synth. Commun., 1988, 18, 1403.

14 D. J. Cram and C. A. Kingsbury, J. Am. Chem. Soc., 1960, 82, 1810.
15 D. Boschelli, T. Takemasa, Y. Nishitani and S. Masamune, Tetrahedron

Lett., 1985, 26, 5239.

Received in Glasgow, UK, 8th June 1998; 8/04297G

Scheme 3

Scheme 4 Reagents and conditions: i, Et3SiOTf, Et3N, CH2Cl2, 0 °C; ii,
CrO3, pyridine, CH2Cl2, room temp.; iii, PhSH, Et3N, MeOH; iv, O3,
MeOH, 278 °C; v, Me2S; vi, CCl4, reflux; vii, HF·pyridine, THF
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The reaction of ketene silyl acetals and silyl enol ethers with CCl4 without a
promoter

Michiharu Mitani*† and Hideo Sakata

Department of Chemistry and Material Engineering, Faculty of Engineering, Shinshu University, Wakasato, Nagano, 380-8553,
Japan

The reaction of CCl4 with ketene silyl acetals and silyl enol
ethers in the absence of a promoter at ambient temperature
or at reflux, or under photo-irradiation, was performed to
form products via addition of the trichloromethyl group to
those silyl substrates.

The reaction1 of ketene silyl acetals or silyl enol ethers with a
variety of carbon nucleophiles, including carbonyl compounds,
conjugated enones or organic halides, with promotion by a
Lewis acid or in the presence of a desilylative reagent, such as
a fluoride compound, is well known to give a-functionalized
carbonyl compounds. As with organic halides, while mono-
halogen compounds such as tertiary, benzyl and allyl halides
afford alkylated products in the presence of a Lewis acid, e.g.
titanium(IV) chloride,2 zinc(II) chloride3 or silver(I) perchlor-
ate,4 polyhalides such as carbon tetrachloride give b-halo-a,b-
unsaturated carbonyl derivatives in the reaction catalyzed with
copper(I) chloride,5 triethylborane6 or a RuII complex.7 We
have found that ketene silyl acetals and silyl enol ethers react
with CCl4 at ambient temperature or under reflux, or under
photo-irradiation conditions, in the absence of a promoter to
form products derived from addition of the trichloromethyl
group to the ene moieties of those silyl substrates.

A CCl4 solution of the ketene silyl acetal 1a8 from N,N-
dimethylglycine methyl ester was stirred at ambient tem-
perature for 3 h; VPC analysis of the resulting mixture revealed
consumption of 1a and the appearance of one product
(Scheme 1). The product was assigned as N,N-dimethyl(tri-
chloromethyl)glycine methyl ester 2a via its spectral data after
isolation (57% yield). Raising or lowering the reaction
temperature resulted in the reduction of the yield of 2a (18 and
27% at 76 and 0 °C, respectively). The ketene silyl acetal 1b9

from methyl methoxyacetate in a CCl4 solution furnished the
a-trichloromethyl ester 2b in 81% yield under reflux condi-
tions; no reaction occurred at ambient temperature. The ketene
silyl acetal 1c from methyl propionate, which lacks a strongly
electron-donating substituent like the amino or alkoxy moieties
in 1a or 1b, afforded the a-trichloromethyl ester 2c in a good
yield (81%) upon photo-irradiation,‡ while 2c was formed in
only low yield (29%) under reflux conditions. The ketene silyl

acetals 1d–g from linear or branched aliphatic esters also gave
a-trichloromethylation products 2d–g upon photo-irradiation.
In the case of 1b, however, photoreaction diminished the yield
of 2b compared with that obtained via thermal reaction.

Next, the silyl enol ethers were subjected to photoreaction in
CCl4 solution. The silyl enol ethers 3a–c derived from aliphatic
aldehydes formed the aldehydes 4a–c bearing
a-trichloromethyl substituents in good yields (85, 79 and 68%,
respectively) (Scheme 2). Photoreaction of the silyl enol ethers

derived from aliphatic ketones afforded products other than the
above-mentioned ones, i.e. while 3-trimethylsiloxypent-2-ene
5a and 4-trimethylsiloxyhept-3-ene 5b, derived from un-
branched ketones, gave the products 6a,b via addition of the
trichloromethyl group followed by migration of the C§C double
bond while retaining the silyl group, 3,3-dimethyl-2-trime-
thylsiloxybut-1-ene 5c effected the b,b-dichloro-a,b-unsat-
urated ketone 7 based on dehydrochlorination after addition of
the trichloromethyl group (Scheme 3). These results are
collected in Table 1.

Concerning the reaction mechanism, it is postulated that the
trichloromethyl radical fragment from CCl4 attacks the C§C
double bond moiety of the silyl substrate to form the product.
The spontaneous bond scission of CCl4 at ambient temperature
or under reflux conditions is difficult and thus the formation of
2a,b may be derived from the reaction of the trichloromethyl
radical generated via single electron transfer (SET) between
CCl4 and the ketene silyl acetals 1a,b bearing strongly electron-
donating substituents. Actually, in reactions using either polar
(THF) or non-polar (hexane) solvents, the yields of 2a were
better in the former compared with the latter (34 and 2%,

Scheme 1

Scheme 2

Scheme 3
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respectively). The reaction of the ketene silyl acetals upon
photo-irradiation should also proceed via a SET process, as is
suggested by the fact that the formation of 2c from 1c was
enhanced by addition of LiClO4

10 (Table 2). However, the
homolytic scission of the C–Cl bond may preferentially operate

in the case of the silyl enol ethers, judging from the fact that the
formation of the trichloromethylated product 4b from 3b was
enhanced in a non-polar solvent compared with a polar solvent
(77% in hexane; 68% in THF; 51% in MeCN) and suppressed
by addition of LiClO4. The reaction of polyhalides other than
CCl4 with ketene silyl acetals and silyl enol ethers is under
way.
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Table 1 Reaction of silyl substates 1,3 and 5 with CCl4

Substrate Conditions Product Yielda (%)

1a 3 h/room temp. 2a 57
1a 3 h/76 °C 2a 18
1a 20 h/0 °C 2a 27
1b 3 h/76 °C 2b 81
1b 4 h/room temp. 2b 0
1b 3 h/hn 2b 65
1c 3 h/76 °C 2c 29
1c 1 h/hn 2c 81
1d 1 h/hn 2d 73
1e 4 h/hn 2e 62
1f 1 h/hn 2f 50
1g 1 h/hn 2g 18
3a 1 h/hn 4a 85
3b 1 h/hn 4b 79 (65)b

3c 1 h/hn 4c 68
5a 1 h/hn 6a 67
5b 2 h/hn 6b 61
5c 1 h/hn 7 69

a Determined by VPC analysis. b Based on TLC isolation

Table 2 Effect of LiClO4 on reaction of 1c with CCl4 in THFa

Conditions Yield of 2c (%)

hn/LiClO4 32
hn 14
76 °C/LiClO4 3
76 °C 0

a Conditions: 1c (2 mmol), CCl4 (4 mmol), LiClO4 (2 mmol) and THF (5
ml), 3.5 h.
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Three-centre dihydrogen bond with fast interchange between proton and
hydride: a very active catalyst for D+–H2 exchange†
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Protonation of a ruthenium hydride containing the hemila-
bile ligand PPh2py gave a complex with a three-centre
dihydrogen bond (Ru–H···H–Py2), and this system exhibits a
fast proton/hydride interchange and is a very active catalyst
for D+–H2 exchange.

The term dihydrogen bond1 was introduced by Crabtree to
designate hydrogen bonds in which the proton acceptor is the
s-electron pair of a transition metal hydride. This type of
hydrogen bond has now largely been enlightened by intra-
molecular examples from Crabtree et al.2 and Morris and
coworkers,3 or by intermolecular cases described by Crabtree
and coworkers4 in the solid state and Epstein and coworkers5 in
solution. The study of such chemical bonds is not only of
academic importance, but these types of interaction may also be
present in intermediates related to hydrogenation, hydrogen
transfer and H–D exchange.3 We envisaged the synthesis of
RuII complexes possessing several PPh2py ligands. The affinity
of the RuII centre for phosphorus, and the predicted strain of the
resulting four-membered cycles when this phosphine is che-
lated, anticipates its hemilabile behaviour, the easy accessibility
of unsaturated species and the presence of basic pyridine groups
near the Ru centre, which could operate as efficient proton
abstractors from weak acids such as alcohols or hydrogen, could
give rise to interesting catalytic properties. We describe the
preparation of PPh2py–ruthenium complexes including an
unprecedented three-centre dihydrogen bond that has special
properties.

The reaction of RuCl2(bpzm)(cod) or RuClH(bpzm)(cod)6

[bpzm = bis(pyrazol-1-yl)methane, cod = cycloocta-
1,5-diene] with 3 mol equiv. of PPh2py gives, after the
appropriate work up procedure, the new complexes [RuCl(h1-
PPh2py)(h2-PPh2py)2]Cl 1 and RuClH(h1-PPh2py)2(h2-
PPh2py) 2, respectively. Two isomers of 2 are present in
solution, 2a and 2b (Scheme 1), and their ratio depends on the
solvent and temperature. This supports the existence of an
equilibrium in solution between the two species. The facial
structure of 1 and 2a and the mer for 2b (Scheme 1) are deduced
by considering characteristic JPP couplings for the three

observed resonances for each compound.7 The chelating h2

coordination of some PPh2py groups, as proposed in Scheme 1,
is supported by the characteristic upfield shift of the corre-
sponding 31P NMR signals with respect to the free phosphine
ligand.8 The hydride resonance in the 1H NMR spectrum of 2a
appears at d27.46 and shows a distinctly higher H–P coupling
constant with one phosphorus, while that of the mer isomer 2b
(d 211.58) exhibits typical cis coupling constants to the three
phosphorus centres.7 This chemical shift is characteristic of a
hydride in a trans disposition to an N-donor ligand,9a as has
been found in polyphospine derivatives of Ru, and is in contrast
with the values expected for analogous compounds with a Cl2
in a trans disposition.9b The cationic nature of 1 has been
confirmed by conductivity measurements in acetone solution.

In order to investigate the ability of complexes 2b and 2a to
transfer a proton to the hydride with the formation of a
dihydrogen bond, 3 equiv. of CF3CO2H were added to a 2b : 2a
(7 : 2 ratio) CD3CN solution at 240 °C. Under these conditions
both isomers were transformed into a unique cationic com-
pound: [RuClH(h2-PPh2py){(h1-PPh2py)2H}]CF3CO2 3
(Scheme 1). The identical integration of the hydride and proton
resonances of 3 indicates that only one proton has been
transferred from CF3CO2H. The signal of the newly introduced
proton was strongly shifted downfield and appeared at d ca. 20.
Such a strongly deshielded resonance has been ascribed to
acidic protons in very fast exchange between two basic
centres.9a,10 Consequently, this proton must be in fast exchange
between the pyridine fragments of the two monodentate
phosphines. The resonance of the surplus acid proton appeared
separately at d ca. 5. The chemical shifts of the hydride and
phosphorus atoms of 3 were only slightly modified with respect
to 2b7 and therefore the relative disposition of the ligands must
be similar in these two complexes. On raising the temperature,
both the pyridinium proton and hydride resonances of 3
broadened. The enormous chemical shift difference between the
exchanging resonances ( > 9000 Hz) prevented the observation
of the coalescence. However, kinetic parameters can be
calculated by lineshape analysis in the temperature range below
the coalescence. This study was undertaken in (CD3)2CO (290
to 210 °C), which allows lower temperatures than CD3CN. An
Ea value of 13.6 ± 2.7 kcal mol21 was obtained (A = 3.8 3
1014). The exchange between the hydride and the pyridinium
proton was also confirmed by spin saturation transfer. The
irradiation of the hydride resonance of 3 reduced the pyridinium
proton integral by ca. 50% at 240 °C. Above room tem-
perature, both in (CD3)2CO or CD3CN solution, H2 was lost and
a new product, [RuCl(h1-PPh2py)(h2-PPh2py)2]CF3CO2 4
(Scheme 1) was formed with an identical structure to 1, as
deduced from its 31P NMR spectrum.7

In order to show the existence of a dihydrogen bond in 3, the
T1(min) of the hydride group both for 2b and 3 was determined
(300 MHz). CD2Cl2 was used as the solvent in order to prevent
the possible participation of basic or protic solvents in the
relaxation rate of the pyridinium proton and, indirectly, over the
exchanging hydride. An addition of exactly 1 equiv. of
CF3CO2H was performed in order to avoid the relaxation rate
average with free protons. Under these conditions, the hydrideScheme 1
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of 2b shows a T1(min) of 217 ms at 235 °C, whereas the
T1(min) for both the hydride and pyridinium proton of 3 is 85 ms
at 220 °C. In the latter complex the T1 values determined are
identical for the pyridinium proton and the hydride over the
temperature range studied (290 to 210 °C). This must be a
consequence of the observed exchange between these two
protons. We have considered that the excess of the hydride
relaxation in 3, as compared to 2b, is due to the Ru–H···H–py2
dipole–dipole interaction. In this relaxation the two 14N
pyridinium atoms must also participate because the proton,
which is bonded to these two groups, is exchanging with the
hydride with a half-life of 0.5, according to the aforementioned
magnetization transfer experience. The contribution for each
14N has been estimated to be 1.85 s21.11 Hence, the relaxation
rate due exclusively to the dipole–dipole interaction with the
pyridinium proton is deduced to be 5.30 s21. Using Morris’
approximation,12 a dHH = 1.70 Å has been calculated, a value
that is in the range for a dihydrogen bond and demonstrates its
existence in 3.

Although the phenomenon has been previously described,2b

the proton–hydride exchange already discussed for a dihy-
drogen bond is very rare, and Crabtree has postulated the
participation of non-classical species as intermediates. Neither
Crabtree nor our group have detected this intermediate in
solution (3b in Scheme 1). However, Chaudret and coworkers13

have recently reported some examples where an intermolecular
exchange between coordinated molecular dihydrogen and weak
acid protons has been observed.

The loss of H2 near room temperature shows the lability of
the proposed non-classical species 3b and this opens up the
possibility of interchange with free H2. Besides, the heterolytic
cleavage of an H2 molecule coordinated in this hypothetical
complex would be possible considering the observed higher
basicity of the pyridine centres with respect to the hydride in 2.
These two characteristics point to a possible activity of 2 toward
D+–H2 exchange in protic deuterated solvents.

As a consequence of this possibility, H2 (1 atm) was
introduced at room temperature in a sealed NMR tube in contact
with a solution of 2 in CD3OD as a deuteron source. The
evolution of the mixture was monitored by 1H NMR spectros-
copy during several hours. The change with time of the relative
concentration of H2 and HD observed in this way is depicted in
Fig. 1. The relative concentration of D2 was calculated
accepting the constant concentration of the total dihydrogen
isotopomers in solution. According to these results, a very
efficient catalyst for D+–H2 exchange was present in solution.
After 33 min, > 90% of H2 was transformed. In 18 min the HD
concentration reached its maximum and afterwards decreased
as a consequence of D2 formation. An increase in the residual
CD3OD OH signal, and not that of the CHD2 group, was
concomitantly observed. 2a was the major isomer observed in
solution and, surprisingly, during the experience the intensity of
the hydride signal due to 2a was scarcely reduced. Only after 7

days did this signal disappear and [2H1] 2a was formed.
However, very small signals for 2b were detected at room
temperature (2a : 2b = 30 : 1, 20 °C) before the addition of H2,
and these disappeared instantaneously when the gas was
present. Therefore, we propose that, although only small
amounts of 2b are present, this is the efficient catalyst for the
process. This example shows a dramatic relationship between
structure and reactivity.

In conclusion, we present an example where the addition of a
proton to the ruthenium monohydrides 2b and 2a forms a
dihydrogen bond of three centres, and this system shows a fast
exchange between the proton and hydride moieties. 2b, and not
2a, is extremely active in D+–H2 interchange processes.
Experiments to assess the catalytic properties of these types of
compounds in hydrogen transfer processes are in progress.
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Fig. 1 Relative intensities of the NMR signals of the dihydrogen
isotopomers vs. time in the D+–H2 exchange experiment with 2 CD3OH;
(/) H2, (8) HD, (:) D2
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A SiO2 material with the lowest framework density (15.4
SiO2 nm23) and the largest void volume fraction (nearly
50%) ever reported for crystalline silica polymorphs has been
synthesised, and its structure solved by direct methods and
fully refined using low-resolution powder X-ray diffraction
data.

The synthesis of pure silica polymorphs of decreasing density is
a scientific challenge which may result in potential applications,
including adsorption and separation of organic molecules but
also storage of gases such as H2 and CH4. Compared to zeolites
of the same structure type pure silica polymorphs may in
principle offer (1) a larger void space owing to the absence of
counter cations in their pores, (2) distinct adsorption properties,
characterised by their extreme hydrophobicity,1 and (3) a far
superior thermal stability. Recent calorimetric measurements2

and theoretical calculations3 have shown that the enthalpy of
formation relative to quartz is very small and increases only
slightly with the decreasing framework density (FD, the number
of SiO4/2 tetrahedra per nm3). This suggests the synthesis of
low-density materials is not thermodynamically hindered and
new phases (though normally considered as still metastable with
respect to quartz) could be obtained through a kinetic control of
the synthesis process. Actually, the synthesis of microporous
SiO2 polymorphs involves a two-step process: the synthesis of
a host–guest compound in the presence of a suitable (normally
organic) structure-directing agent (SDA), and its calcination to
remove the guest organics. Apparently, the use of SDAs affords
the required kinetic pathway and/or the additional stabilisation
energy that makes the synthesis feasible. However, until
recently only silica phases with a relatively high framework
density (above 17 SiO4/2 nm23) have been obtained. We have
recently found that a modification of a known method for the
synthesis of pure silica materials offers new opportunities for
decreasing the framework density of the phases obtained.4 We
illustrate here the success of this strategy which has now
afforded the synthesis of a new pure silica polymorph
isostructural with zeolite chabazite having the lowest ever
reported framework density amongst these materials, 15.4 SiO2
nm23 (14.6 T nm23 for the type material, structure code
CHA).5

Pure silica chabazite was synthesised hydrothermally using
N,N,N-trimethyladamantammonium (TMAda+) in hydroxide
form as the structure-directing agent at near to neutral pH in the
presence of fluoride. In a typical synthesis 13.00 g of
tetraethylorthosilicate were hydrolysed in 31.18 g of a 1.0 m
TMAdaOH aqueous solution and the mixture was stirred to
allow the ethanol and water to evaporate to a final H2O/SiO2
molar ratio of 3.0. Then, 1.33 g of HF (aq., 46.9%) were added
and the mixture, which was homogenised by hand, was
transferred to Teflon lined stainless steel 60 ml autoclaves. The
autoclaves were heated at 150 °C whilst rotated at 60 rpm. After
40 h crystallisation time (pH = 8.5) the solid product was
collected, washed and dried, and recognised as chabazite by
powder X-ray diffraction (XRD). Its chemical analysis indicates
a composition close to [C13H24NF0.5]3[Si36O72(OH)1.5] [Anal.
Found: C, 17.49; H, 2.98; N, 1.56; F, 1.06. The above
composition requires: C, 16.78; H, 2.60; N, 1.51; F, 1.02%]. A

charge imbalance between F2 and TMAda+ suggests the
presence of connectivity defects in this material (see below),
and to maintain electrical neutrality we have included 1.5 OH2
per uc in the above idealised composition.

It is interesting that an aluminosilicate isostructural to
chabazite (denoted as SSZ-13) may be prepared using the same
structure-directing agent in OH2medium.6 However, it appears
that in the absence of F2 in alkaline medium aluminium is
needed for the synthesis of SSZ-13 to succeed.6 From our
experience in OH2 medium using TMAda+ as the structure
directing agent an increase in the Si/Al ratio above 50 favours
the crystallisation of either ITQ-17 or SSZ-23 (depending on the
alkali metal cation present) while higher aluminium contents
favours SSZ-13 with the CHA topology.8

Thermogravimetric analysis in air (10 °C min21) shows no
weight losses below 260 °C, suggesting no water is occluded as
a guest in this material, as expected for a pure silica host. The
organics and fluorine are removed in the range 300–650 °C
through two overlapping exothermic processes (the first centred
at 450 °C). Calcination at 580 °C for 3 h is required to prepare
the pure silica host, whose adsorption capacity is exceptionally
high. From N2 adsorption experiments at 77 K a micropore
volume of 0.30 cm g21 (calculated by the t-plot method or by
the amount of adsorbed N2 at any relative pressure between 0.1
and 0.9), a surface area of 602 m2 g21 (BET method) and a
micropore area of 594 m2 g21 were calculated. The micropore
volume of silica chabazite is by far the largest ever reported for
a crystalline pure silica polymorph and exceeds by over 30%
those of the beta, ITQ-3 and ITQ-4 materials (0.22, 0.23 and
0.22 cm3 g21 respectively). The void volume fraction of silica
Chabazite is almost 50% (0.46 cm3 cm23).

The 29Si MAS NMR spectrum of calcined pure silica CHA
(Fig. 1) shows two bands at d 2101.4 and 2111.4. The first is
assigned to Si(OSi)3OH defect groups and the second to
Si(OSi)4 species. Their relative intensities allow us to quantify
the amount of defects in pure silica CHA and shows that an
appropriate formulation for this material is [Si36O70.5(OH)2.9].
The number of defect groups is relatively small compared to
silica materials synthesised in OH2 medium, where the Si–OH
concentration is typically about four times larger than the

Fig. 1 29Si MAS NMR spectrum of calcined pure silica chabazite (reference
SiMe4 = 0)
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amount of occluded cations9 (this would lead in this case to over
30% Si–OH defects with respect to total Si sites). However, it is
noticeable that this defect concentration is much larger than
expected for a silica material synthesised at near neutral pH in
the presence of fluoride.10 In view of a plausible control of the
defect concentration by the synthesis pH and the pKa of the
condensing silicate species,11 we have tried to reduce the defect
concentration of this material by further decreasing the
synthesis pH, but with no success. We are currently trying to
understand the unexpected behaviour of this system.

The Si(OSi)4 resonance in Fig. 1 is noticeable because of its
sharpness (26 Hz), which is probably due to a combination of
the absence of Al substitution for Si, the presence of a single Si
site in the structure (see below) and the relatively low
concentration of defects. We have calculated an average Si–
O–Si angle of 148.4° for CHA by applying the equation of
Thomas et al.12 to the chemical shift of the Si(OSi)4 resonance.
This is in excellent agreement with the value obtained by
Rietveld refinement (148.0°, see below).

Powder X-ray diffraction (XRD) techniques were used to
examine the new pure silica Chabazite material. Laboratory Cu-
KaXRD data were recorded on a freshly calcined sample of the
title compound. Inspection of the diffraction pattern and
refinement of the unit cell parameters taken from Smith et al.13

verified the phase purity and rhombohedral symmetry (space
group R3̄m). The high crystallinity of the material after
calcination enabled the structure to be solved routinely by direct
methods in the program Sirpow14 using Le Bail15 extracted
intensities from the Mprofil16 program suite. Subsequent
Rietveld17 refinement of the model produced from direct
methods was undertaken in the program GSAS18 using a
manually interpolated background together with a pseudo-
Voigt19 function to describe the peak shape. The refinement
proceeded smoothly with no constraints used. The crystallo-
graphic data are summarised in Table 1, the final atomic
positions in Table 2 with the final Rietveld plot depicted in Fig.

2. The average Si–O bond length (1.603 Å) and average O–Si–
O and Si–O–Si angles (109.47 and 148.0°, respectively) are in
excellent accord with those expected for zeolite materials.
These refinement results clearly verify the formation of a highly
crystalline chabazitic material.

The authors greatly acknowledge financial support by the
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Table 1 Data collection and crystallographic parameters for calcined pure
silica chabazite

Wavelength Cu-Ka (graphite monochromated)
Profile range (2q/°) 5–100
Step size/° 0.01
Step count time/s 2 (5–40° 2q); 4 (40–100° 2q)
Number of data points 7740
Number of reflections 609
Profile range used (2q/°) 22–100
Number of profile parameters 8
Number of structural parameters 14
Number of constraints 0
Unit cell a/Å 13.52923(8)

c/Å 14.74828(13)
Space group R3̄m (no. 166)
Residuals Rexp 7.76

Rp 8.66
Rwp 11.18
c2 2.083
Rb 3.96

Table 2 Fractional coordinates and thermal parameters from Rietveld
refinement of the pure silica chabasite with esds in parentheses

Atom x y z UISO/Å2

Si(1) 0.22862(10) 0.00002(12) 0.10389(7) 0.0313(7)
O(1) 0.11978(11) 20.11978(11) 0.12991(18) 0.0308(11)
O(2) 0.33333 0.01978(20) 0.16667 0.0315(10)
O(3) 0.19744(24) 0.09872(12) 0.12173(21) 0.0354(10)
O(4) 0.26344(19) 0 0 0.0335(10)

Fig. 2 Rietveld plot for the title compound, observed (+), calculated (solid
line) and the difference (lower trace). The tick marks represent the positions
of allowed reflections.
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E-mail: loles.marcos@uv.es and pedro.amoros@uv.os

Supramolecular self-assembling of organic CTA+ micelles
and inorganic [VO(H2O)PO4]n

q2 2D-anions for the isolation
of hexagonal mesostructured materials can be reached by
charge tuning in the inorganic phase through the adjustment
of the vanadium mean oxidation state.

When researchers of the Mobil company reported the discovery
of new mesoporous silica based materials denoted MCM-41,1
the scientific community imagination was newly stimulated and
a large amount of related work was published in a very short
time.2 Originally, the synthesis of mesoporous silica materials
was related to a liquid-crystal templating mechanism in which
surfactant micelles act as supramolecular templates. However,
for low surfactant concentrations another model based on the
cooperative organisation of inorganic and organic molecular
species has been developed. In that case, the most important
point in the synthesis of a mesostructured solid is charge density
matching at the organic–inorganic interface.3

Although much work has been reported on the influence that
variation of surfactant characteristics has in the isolation of
mesoporous materials,4 very little has been done regarding the
inorganic counterpart. In contrast with silica based materials,
other metal oxides show, in general, shorter progression of their
hydrolysis and condensation reactions and hence strong limiting
problems related with charge matching at the interface appear.
In this sense we present here, to the best of our knowledge for
the first time, the possibility of controlling the formation of
mesostructured solids by tuning the charge density at the
inorganic phase through the adjustment of the metal oxidation
state in a mixed-valence system.

We have succeeded in the preparation of mesostructured
mixed-valence oxovanadium phosphates with different
VIV : VV content (ICMUV-2 materials) using CTAB (cetyl-
trimethylammonium bromide) as a surfactant directing agent in
water. A constant V : H3PO4 : CTAB : H2O molar ratio of
1 : 5 : 0.1 : 150 was always used in the starting reactants and the
VIV : VV content was adjusted in a continuous way by adding
variable amounts of H2O2.

Owing to the complexity of the V–H3PO4–CTAB–H2O
system our approach has been based on the independent
consideration of the organic and inorganic species present in the
mother-liquor. Regarding the organic subsystem, we have used
low surfactant concentration to favour a cooperative mechanism
in which the charge density matching at the interface must be
the leading force to the supramolecular organisation for the
preparation of ICMUV-2 solids.

In relation to the inorganic moieties, we have carried out our
synthesis at very low pH value since under this condition the
oxovanadium cations are present as isolated aqua cations5 and,
in the presence of oxophosphorus anions (H2PO4

2 at the
working pH), should lead to successive hydrolysis and
condensation reactions which would lead to the formation of the
[VO(H2O)PO4]n

q2 two-dimensional anions.6 Supramolecular
assembling between organic and inorganic species into a
mesostructured solid will take place when the charge density of

the inorganic moieties matches with that of CTA+ micelles. We
have calculated an approximate charge density at the rod-like
micelles surface of q = +0.014 e Å22 presuming a hexagonal
close packing of surfactant head groups at the micelle surface
and using the micelle diameter (37.5 Å) and the van der Waals
radius of the head groups (4.5 Å).7 From this value and taking
into account the bond topology of the [VO(H2O)PO4]n

q2

moieties,6 the VIV : VV molar ratio which matches the surfactant
micelles charge should be 0.54 : 0.46. According to this simple
calculation we have experimentally found that it is only possible
to obtain hexagonal mesostructured solids when the VIV : VV

molar ratio lies between 0.20 : 0.80 (sample 1) and 0.61 : 0.39
(sample 4), the most crystalline solids being those for which the
VIV : VV molar ratio has a value around unity (0.54 : 0.46;
sample 3) (see Fig. 1). The existence of a VIV : VV range in
which charge density matching must somehow occur, is
consistent with the ability of the micelle to change its molecular
packing and in this way to accommodate its charge density at
the surface to the inorganic phase charge. Hence, the highest
crystallinity must correspond to the solid with the most ordered
micelles, i.e. that with close packing of surfactant head groups
at the surface. Also, the VIV : VV matching range can be
extended to a greater degree below the best calculated value of
0.54 than above since the micelle can easily adopt a looser
packing but not a closer one.

In a typical sample preparation, an aqueous suspension (50
ml) containing V metal (0.226 g, 4.44 mmol), V2O5 (1.617 g,

Fig. 1 X-Ray powder diffraction patterns of ICMUV-2 materials having
different VIV : VV molar ratios and CTA+ content; (a) sample 1, (b) sample
3, (c) sample 4
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8.88 mmol) and 7.6 ml of 85% H3PO4 was refluxed until
complete dissolution. Amounts of V metal and V2O5 were
adjusted in order to obtain a VIV starting solution and the
VIV : VV ratio in the solution was then adjusted by controlled
addition of H2O2. Subsequently, a 10 ml aqueous solution of
CTAB (0.81 g) was added. After stirring for 1 h at room
temperature the ICMUV-2 solid was isolated by filtration.
Although ICMUV-2 solids can be prepared with slightly higher
CTAB concentration (up to CTAB : H2O = 0.3 : 150) the
surfactant concentration used here allows us to obtain the most
ordered solids. Table 1 summarises the main synthesis variables
and compositional data of selected ICMUV-2 materials.
Vanadium oxidation states in the solids were determined by
atomic absorption and a redox titration procedure. All the
samples were analyzed and characterized by X-ray powder
diffraction (Seifert 3000TT diffractometer using Cu-Ka radia-
tion in steps of 0.02° (2q) for 10 s per step) and TEM on a
Philips CM10 instrument operated at 120 kV. Fig. 1 shows the
XRD patterns of selected ICMUV-2 materials. Although
differences in crystallinity can be observed among solids with
different composition, all of them present a similar regular
hexagonal array according to TEM analysis and Fig. 2 shows a
representative TEM image.

Previously to this work, it was reported the preparation of
solids in the V–O–P system which consisted of mixtures of
amorphous vanadium and phosphorus oxides8,9 with a V : P =
2 : 1 molar ratio rather than a genuine vanadyl phosphate.
However, in order to obtain an adequate (VO)2P2O7 catalyst
precursor it is necessary to maintain a V : P = 1 molar ratio.10

In our experiences neither vanadium(v) starting solutions (zero
global charged ([VOPO4]n

0) species, S+X2I0 mechanism) nor
vanadium(iv) ones ([VOPO4]n

2 species, S+I2 mechanism)
allowed us to synthesize any kind of solid, only when we
reached the necessary charge density matching at the organic-
inorganic interface by adjustment of the VIV : VV molar ratio
were mesostructured solids obtained. Hence, instead of ran-

domly varying the charge density at the organic phase employed
up to now, our approach has allowed us not only a wider range
of charge variation when comparing with possible variations
offered by changing surfactant characteristics, but a continuous
modulation of the charge density at the inorganic phase from q
= 0 to q = 21 per vanadium atom.

The approach reported here suggests that it should be
possible to design synthetic strategies for the preparation of
hexagonal mesostructured/mesoporous materials for inorganic
systems in which different accessible oxidation states are
possible for the metallic centre by the simple adjustment of the
charge at the inorganic framework.

This work was supported by DGES under grant PB95-1094.
J. E. H. and S. C. thank the A.E.C.I. for doctoral grants.
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Table 1 Selected synthetic and compositional parameters for ICMUV-2
solids: [CTA]x[(VIVO)y(VVO)12yPO4]·zH2O

VIV in
Sample solution % y x z

1 35 0.20 0.20 2.01
2 55 0.33 0.33 1.41
3 60 0.54 0.53 1.01
4 85 0.61 0.60 0.65

Fig. 2 Representative TEM micrograph of the mesostructured ICMUV-2
materials corresponding to sample 3
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Reaction of methane with CO or CO2 in aqueous solution in
the presence of O2 (catalysed by NaVO3) or H2O2 (catalysed
by NaVO3–pyrazine-2-carboxylic acid) at 25–100 °C affords
acetic acid and in some cases also methanol, methyl
hydroperoxide and formaldehyde.

The direct conversion of methane, the least reactive representa-
tive of the very inert saturated hydrocarbon family, into
valuable chemical products under mild conditions is a challeng-
ing problem of metal complex catalysis.1 A very small number
of publications have appeared that describe the homogeneous
carboxylation of methane in the absence2a or in the presence2b–e

of soluble metal compounds (see also recent works on
theoretical study of carbonylation3a and carboxylation with the
participation of solid metals3b).

We have found that heating an aqueous solution of sodium
vanadate in the presence of methane, carbon monoxide and air
gives rise to the formation of acetic acid, as well as, in smaller
amounts, of methanol and formaldehyde (Table 1).† The yield
of acetic acid attains 3700% based on vanadium after 50 h at
100 °C, the total turnover number being 49. In the absence of
either VV or CH4, no products have been detected. When a
larger concentration of vanadate (1.0 3 1023 mol dm23) was
used, in the absence of air, only 0.2 3 1023 mol dm23 of
MeCO2H was formed after 16 h at 100 °C. While in the course
of the reaction with air the solution remains pale yellow, in the
case when air is absent the colour of the solution becomes blue
indicating the formation of a VIV derivative. Thus it can be
concluded that atmospheric oxygen is capable of reoxidizing the
VIV species formed in the reaction between methane, VO3

2 and
CO. The yield of acetic acid and its relative content in the
mixture of the products increases with the increase of partial CO
pressure (Table 2). A comparison to Sen’s catalytic system
(RhCl3/KI), which gives 790% of acetic acid (based on Rh) after
20 h at 80 °C,2e shows that the inexpensive sodium vanadate is
more active giving a yield of 3300% of acetic acid (based on V)
after 25 h at 100 °C.

Hydrogen peroxide can be used instead of molecular oxygen
as reoxidizing agent in the carboxylation using pyrazine-
2-carboxylic acid (PCA)4 as a co-catalyst; no products are
detected in the absence of PCA. In this case the selectivity of the
reaction depends strongly on temperature and CO pressure
(Table 3),‡ the carboxylation at room temperature and relatively
high CO pressure yielding acetic acid as a sole product. The
initial rate of acetic acid accumulation depends linearly on the
initial pressure of methane (when this pressure < 50 bar) and on
initial concentration of hydrogen peroxide (when [H2O2] < 0.1
mol dm23). The role of PCA in aqueous solution is not
completely clear; on the basis of preliminary investigations we
can assume that PCA stabilises an active vanadium peroxo
species, while the protons from PCA simultaneously facilitate
the substitution of coordinated water ligands by H2O2 in the
coordination sphere of vanadium. The reaction of ethane (20
bar) with CO (5 bar) and H2O2 (0.1 mol dm23) in the presence
of NaVO3 (1.0 3 1024 mol dm23) gave after 2 h at 40 °C
propionic acid (3.0 3 1024 mol dm23) and acetic acid (3.3 3
1023 mol dm23).

Interestingly, the carboxylation of methane also occurs, when
carbon dioxide is used instead of carbon monoxide. Under the
conditions described in Table 3, the yield of acetic acid is
2000% based on vanadium after 30 h at 40 °C; methanol was
also observed (1024 mol dm23). No acetic acid can be detected,
when the reaction was carried out in the absence of either CH4
or CO2.

We believe that the reaction involves hydrogen atom
abstraction from methane by a radical or radical-like species. In
the case of hydrogen peroxide as an oxidising agent, this species
could be a hydroxyl radical or vanadium peroxo complex.4 The
vanadate anion (like permanganate or chromate ions) can also
add hydrogen from an alkane to one of oxygen atoms reducing
VV into VIV.5 The methyl radicals thus formed will react6 with
CO to give the radicals RCO· and then, after interaction with O2,
produce the radicals RCOOO· and peroxyacetic acid. If carbon
dioxide is used as carboxylating reagent, in the first stage CO2
is apparently reduced into CO by methyl or/and hydroxyl

Table 1 Carboxylation of methane by carbon monoxide in the presence of
air catalysed by NaVO3 in aqueous solutiona

Products (concentration/103 mol dm23)

T/°C t/h MeCO2H MeOH HCHO

80 5 0.3 0.2 0.03
15 0.6 0.4 0.1
25 1.0 0.6 0.5

100 6 2.0 0.9 0.6
25 3.3 1.1 1.0
50 3.7 1.9 1.2

a Conditions, see Footnote †. Pressures and concentrations: CH4, 50 bar;
CO, 15 bar; synthetic air, 15 bar; NaVO3, 1.0 3 1024 mol dm23; initial pH
= 7.30.

Table 2 Carboxylation of methane by carbon monoxide in the presence of
air catalysed by NaVO3 in phosphate aqueous buffer solution at various
pressures of COa

Products (concentration/103 mol dm23)

Pressure CO/bar MeCO2H MeOH HCHO

5 0.0 1.3 0.1
10 0.2 1.4 0.3
15 0.4 1.4 0.3
30 0.5 0.6 0.1

a Conditions, see Footnote †. Pressures and concentrations: CH4, 50 bar;
synthetic air, 15 bar; NaVO3, 1.0 3 1024 mol dm23; pH = 7.01 constant in
the course of the reaction; 100 °C; 15 h.
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radicals (dry CO2 reforming of methane in the presence of solid
catalyst at high temperatures is well-known process7).

We thank BASF, the Russian Basic Research Foundation,
and the Swiss National Science Foundation for support. Authors
are indebted to Dr Arthur Höhn, Dr Michael Slany (BASF AG,
Ludwigshafen, Germany) and Dr Yuriy N. Kozlov (Institute of
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† The oxidations were carried out in a stainless steel autoclave with
intensive stirring (volume of the reaction solution = 30 ml and total volume
of autoclave = 100 ml). The autoclave was charged with synthetic air (78%
N2, 21% O2, 1% Ar), and consecutively with carbon monoxide and methane
to the appropriate pressures. The reactions were stopped by cooling with ice,
and the reaction solution was analysed for MeCO2H and MeOH by GC
(DANI-86.10; fused silica capillary column 25 m 3 0.32 mm 3 0.25 mm,
CP-WAX52CB; integrator SP-4400), as well as by GC–MS (NERMAG R
30-10, capillary column 25 m 3 0.32 mm 3 0.25 mm, CP-WAX52CB) and
1H NMR (Varian spectrometer, 200 MHz; in D2O; in this case GC–MS
analysis testified partial H–D exchange in methyl groups of MeCO2H and

MeOH formed). The concentration of formaldehyde was measured
spectrophotometrically after its transformation into 2,6-dimethyl-3,5-diace-
tyl-1,4-dihydropyridine as described previously.4b

‡ The reaction was carried out in a glass tube placed into the stainless steel
autoclave (100 ml, volume of the solution = 10 ml). (CAUTION: the
combination of air and H2O2 with organic compounds at elevated pressures
and temperatures may be explosive!). The resulting solution was analysed
by GC (the concentration of MeOOH was measured as concentration of
MeOH after reduction of the solution with sodium tetrahydroborate4), as
well as by GC–MS and 1H NMR.
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Table 3 Carboxylation of methane by carbon monoxide in the presence of
H2O2 catalysed by NaVO3 and PCA in aqueous solutiona

Products (concentration/103

mol dm23)

Pressure CO/bar T/ °C t/h MeCO2H MeOOH

5 25 2 0.9 0.0
8 1.1 0.0

16 1.3 0.0
48 1.6 0.0

40 2 1.1 0.8
4 1.3 1.4
8 1.7 1.7

16 1.8 2.1
48 1.9 2.6

60 2 0.4 0.9
4 0.5 1.6
7 0.5 2.3

16 0.5 2.8

30 25 2 0.4 0.0
4 0.7 0.0
8 0.9 0.0

16 1.1 0.0
50 1.6 0.0

40 2 0.5 0.0
4 0.8 0.0
8 1.2 0.0

16 1.4 0.0
50 2.2 0.0

a Conditions, see Footnote ‡. Pressures and concentrations: CH4, 50 bar;
H2O2, 0.1 mol dm23; NaVO3, 1.0 3 1024 mol dm23; PCA, 4.0 3 1024

mol dm23. Value 0.0 means below detection limit (0.5 3 1024

mol dm23).
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Synthesis and molecular structure of the first tetranuclear copper(I)
silylphosphido cluster [Cu(CyPSiMe2PHCy)]4
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The reaction of N,N-diethylamino(cyclohexylphosphino)di-
methylsilane 1 with the benzene solvate of copper(I)
trifluoromethylsulfonate furnishes the title complex 2, which
has been structurally characterized by X-ray diffraction; the
same product results on conversion of bis(cyclohexylphos-
phino)dimethylsilane 3 with copper(I) trifluoromethylsulfo-
nate in the presence of lithium diisopropylamide as an
auxilliary base.

Secondary phosphido anions [RRP]2 are of considerable
interest as ligands in the coordination chemistry of transition
metals and clusters thereof.1 Such complexes are also attractive
as soft nucleophilic transphosphination reagents for selective
synthesis of functionalized phosphane ligands. This has re-
cently been shown for oligomeric copper(I) phosphido com-
plexes.2 Hitherto knowledge of the structural chemistry and the
structure–reactivity relationship of copper phosphido aggre-
gates has been relatively scarce and a silylphosphido cluster has
not been described. A convenient method for the preparation of
phosphido bridged transition metal complexes and clusters is
the electrophilic cleavage of Si–P bonds in silylphosphanes
through the corresponding metal halides and alkoxides.3
However, we recently reported on the template synthesis of the
first hexaphosphahexasilacyclododecane by the reaction of a
triphosphatrisilacyclohexane with copper(I) or silver(I) tri-
fluoromethylsulfonate, where the building up of new Si–P
bonds instead of cleavage was observed.4 In order to extend this
building up method for the preparation of acyclic silylphos-
phane and 2phosphido chelate ligands, we are exploring the
reactivity of Si-functionalized silylphosphanes toward coin
metal(I) complexes.

Here we report on two preparation routes to the first
tetranuclear copper(I) silyl phosphido complex 2 (Fig. 1),
containing the [CyPHSiMe2CyP]2 ligand, and we describe its
molecular structure which was elucidated by single-crystal
X-ray diffraction.

While it was anticipated that the P–H bond in a secondary
silylphosphane of the type R3Si–PH–R would be metalated by
copper(I) trifluoromethylsulfonate ([CuOTf]), surprisingly,

transphosphination–silylation reactions were observed, leading
to a CuI silylphosphidophosphane aggregate. Hence the N,N-
diethylamino(cyclohexylphosphino)dimethylsilane 1 reacts
with the benzene solvate of [CuOTf] in toluene to give 2 in the
form of dark red crystals in 75% yield (Scheme 1).

Compound 1 (colourless liquid, bp0.01Torr = 85 °C) is readily
accessible via a procedure analogous to that for the synthesis of
N,N-diethylamino(methylphosphino)dimethylsilane.5 The reac-
tion mechanism for the formation of 2 is unknown, but we
suggest the stepwise process as outlined in Scheme 2.

Apparently, the first step is the electrophilic cleavage of the
Si–P bond in 1 to give the corresponding copper phosphide as
intermediate and the corresponding silyl(amino)triflate. The
copper phosphide intermediate could then co-ordinate another
molecule of 1 and subsequent replacement of the NEt2 group
leads to the PSiP chelate moiety in the co-ordination sphere of
the CuI centre. Compound 2 (Fig. 2) is also accessible starting
from bis(cyclohexylphosphino)dimethylsilane 3 and [CuOTf]
in the presence of LDA (lithium diisopropylamide) as base in
70% yield. Compound 3 was prepared through phosphination of
dimethyldichlorosilane with LiAl(PHCy)4 (Cy = cyclohexyl).5
The composition of 2 was confirmed by elemental analysis. As
expected, the 1H NMR spectrum of 2 shows two signals at d 0.3
and 0.4 for the diastereomeric methyl groups of the SiMe2
moiety. The cyclohexyl groups exhibit unresolved multiplets
between d 0.7 and 2.9, and the signal of the chemically
equivalent P–H protons is observed as a doublet at d 3.7 (1JPH
= 267 Hz). The 31P NMR spectrum of 2 shows multiplets at d
2100 and 272, which are relatively broad due to the
quadrupole moment of the 63/65Cu nuclei (I = 3/2) . The P–H
stretching vibration is observed in the IR spectrum at 2290
cm21.

Fig. 1 Chelated cluster 2

Scheme 1

Scheme 2
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The X-ray crystallographic analysis‡ proves that 2 exists as a
discrete tetramer and its core consists of a distorted Cu4
tetrahedron. The latter is the result of the chelate property of the
(CyPSiMe2PHCy) ligand and, at the same time, of ‘metal-
lophilic’ dispersion-type interactions between the co-ordina-
tively unsaturated CuI centres. Each phosphane-like P atom is
only bonded to one Cu centre while the phosphido-like P atoms
are µ2-co-ordinated. Therefore, two of the six edges of the Cu4
tetrahedron are not bridged by phosphorus. Accordingly, each
Cu center has six neighbouring atoms, three of which are copper
and three are phosphorus. The Cu–Cu distances are different:
those for the four edges bridged by phosphorus (2.91 Å) are
about 0.16 Å shorter than for the two unbridged edges (3.07 Å)
of the Cu4 tetrahedron. Other compounds containing cluster
cores of four or more Cu atoms have also been reported. For
example, the tetrameric compound Cu4I4[As(C2H5)3]4

6 and
others with sulfur and nitrogen ligands7,8 possess a tetrahedral
core of CuI centres. A structurally related Cu4 cluster to 2 was
reported, where O,O-diisopropyldithiophosphate coordinates
via h1 and µ2 sulfur centres to the Cu centres of the Cu4

tetrahedron. The Cu–Cu distances in the latter are shorter (2.74
Å for the bridged and 2.95 Å for the unbridged edges of the
tetrahedron) than in 2. The Cu–Cu and Cu–P distances in 2 are
within the range observed in other phosphido bridged Cu
clusters.2,7 According to the different co-ordination modes of
the phosphino and the phosphido P centres of the ligands, the
Si–P distances are not identical: the Si(1)–P(1) distance of the
µ2-coordinating phosphido group (2.207 Å) is about 0.5 Å
shorter than the Si(2)–P(1) bond of the h1-coordinating P atom.
The present results underline the value of silylphosphanes for
the synthesis of new oligophosphane ligands in the co-
ordination sphere of CuI centres.

Notes and References

† E-mail: driess@ibm.anch.ruhr-uni-bochum.de
‡ Crystal data for 2: C56H112Cu4P8Si8, M = 1399.7, tetragonal, space group
I41/a, a = 23.952(6), c = 12.799(4) Å, U = 7342 Å3, Z = 4, intensity data
were collected on a Siemens P4 diffractometer (Mo-Ka radiation, l =
0.71707 Å, w-scan, T = 203 K), 2qmax = 45°, 2381 measured reflections,
164 parameters, m = 1.414 mm21 R1 = 0.070 for 921 observed reflections
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4)]_}. The structure was solved by direct methods and refined by full-
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refined using anisotropic thermal parameters; hydrogen atoms were
included by use of a riding model and fixed isotropic thermal parameters.
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Fig. 2 Molecular structure of 2. Hydrogen atoms omitted for clarity.
Selected distances (Å) and angles (°): P(1)–Si(1) 2.207(5), P(2)–Si(1)
2.263(5), P(1)–C(1) 1.882(9), Si(1)–C(7) 1.890(11), P(2)–Cu(1) 2.261(4),
P(1)–Cu(1) 2.270(3), P(1)–Cu(1”) 2.235(4), Cu(1)–Cu(1) 3.071(3), Cu(1)–
Cu(1”) 2.911(2); P(1)–Si(1)–P(2) 98.7(2), Cu(1)–P(1)–Cu(1”) 80.5(1),
Cu(1”)–Cu(1)–Cu(1”) 63.67(6).
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Palladium-catalysed reaction of aryl bromides with metallocenes to produce
pentaarylated cyclopentadienes
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Aryl bromides can efficiently react with some metallocenes,
typically zirconocene dichloride, in the presence of a
palladium/phosphine catalyst system and an appropriate
base to produce the corresponding pentaarylated cyclo-
pentadienes.

Palladium-catalysed coupling reactions of aryl halides with
alkenes, alkynes and organometallic species are now recognized
to be highly useful and are widely employed for the preparation
of substituted aromatic compounds.1 It has been recently shown
that intermolecular arylation of certain aromatic substrates, such
as acenaphthylene,2a–c azulene2a and 2-phenylphenols,3a and a
number of five-membered heteroaromatic substrates, including
indoles,4a furans,2b,4b thiophenes3b,4b and azoles,3b,4c i.e. imida-
zole, oxazole and thiazole derivatives, with aryl halides can also
proceed under palladium catalysis without the stoichiometric
metalation of the aromatic compounds. In our investigation into
the arylation of metallocenes as five-membered aromatic
substrates, we observed an unprecedented reaction in which aryl
bromides can efficiently react with some of them to produce the
corresponding pentaarylated cyclopentadienes in good yields
(Schemes 1 and 2), which is reported herein. Note that
pentaphenylcyclopentadiene as well as cyclopentadienes hav-
ing other bulky substituents are known to form stable com-
plexes with various metals, and the synthesis and properties of
the complexes have been the subjects of intense study.5
Recently, the pentaphenyl compound was applied as a ligand of
an iron-containing asymmetric catalyst6 and also as a compo-
nent of electroluminescent devices.7 Thus, new, effective
methods for the synthesis of its derivatives appear to be of
widespread interest. However, only a limited number of the
methods have been so far reported.8–11

The catalytic reaction was first examined using bromo-
benzene 1a (6 mmol) and a number of metallocenes 2 (0.5
mmol) in the presence of Pd(OAc)2 (0.125 mmol), PPh3 (0.5
mmol), and Cs2CO3 (6 mmol) in DMF at 130 °C for 6 h
(Scheme 1). From the reaction was obtained pentaphenylcyclo-
pentadiene 3 as the major product; the reaction efficiency was
found to be a marked function of the identity of metallocenes:
The yields of 3 using 2a–e (M = Fe, Co, Ni, TiCl2, ZrCl2) were
< 1, 23, 62, 64 and 70% (based on the cyclopentadiene moiety,
i.e. 1 mmol = 100%), respectively. Thallium cyclopentadienide
was only as effective as 2b. It should be noted that the use of

iodobenzene and K2CO3 in place of 1a and Cs2CO3, re-
spectively, in the reaction with 2c significantly reduced the
product yield, giving biphenyl as the major product. Analysis of
the reaction mixture with 2c or 2e after a reaction time of 3 h by
GLC–MS confirmed the formation of tri- and tetra-phenyl-
cyclopentadienes together with 3 in comparable amounts, while
the peaks of the tri- and tetra-substituted compounds dis-
appeared after 6 h. From the reaction with 2e using reduced
amounts of 1a (3 mmol) and of palladium acetate (0.0125
mmol) for 20 h, the intermediary products could also be isolated
and identified to be 1,2,4-triphenyl- (21%) and 1,2,3,4-tetra-
phenylcyclopenta-1,3-diene (9%). These results suggest that
phenylpalladium species generated in the medium can react
with 2c or 2e effectively in the initial stages of the reaction, and
the cyclopentadienyl moiety is further phenylated in a stepwise
manner to the end product 3.

When the reaction using 4-fluorobromobenzene 1b in place
of 1a was carried out, contamination by phenyl groups from
PPh3 in the product was observed.12 Therefore, the applicability
of Pd(OAc)2/P(o-Tol)3 and Pd2(m-OAc)2/(P-C)2 [P-C =
o-CH2C6H4P(o-Tol)2], which would avoid the scrambling of
aryl moieties,12 was examined for the reaction of 1a with 2e.
The latter complex has recently been proven to be an efficient
catalyst for the Heck reaction.12 However, the use of these
catalyst systems considerably retarded the reaction and it could
not be completed. Consequently, the reaction of 1b with 2e was
carried out using P(4-FC6H4)3 as ligand. As expected, the
corresponding product 4 could be cleanly isolated, although the
yield was only moderate (Scheme 2 and Table 1).

One of the possible ways to promote the reaction could be the
use of relatively more basic and sterically hindered phos-
phines.13,14 It was found that PBut

3 can considerably enhance
the reaction of 1a and 2e: the reaction was completed within 3
h to give 3 in an isolated yield of 77%. Furthermore, in the
reactions of 1b and 4-methyl-, 4-methoxy-, and 3-methyl-
bromobenzenes 1c–e using PBut

3, no incorporation of tert-butyl
groups in the products was detected, giving the expected
compounds 4–7§ in fair to good isolated yields. The use of this
phosphine was essential for the reaction of 1d to take place.
Remarkably, under the optimized conditions the amount of
palladium catalyst can be reduced to 0.0125 mmol (0.25 mol%
per transferred aryl group) while still achieving an acceptable
isolated yield of 5 (60%).

In the reaction of a relatively bulky bromide, 2,5-dimethyl-
bromobenzene 1f, with 2e, however, PPh3 afforded a con-
siderably better yield of product 8§ (70%) compared with PBut

3
(31%). While the analysis of 8 obtained using PPh3 by MS
indicated contamination with C5H(Ph)(2,5-Me2C6H3)4 (8%),
fortunately the purity could be increased to 98% via a single
recrystallization from MeOH–C6H6. The formation of 8 is of
special interest, since it should be sterically very crowded.
Compound 8 was found to consist of at least six rotamers at
room temperature: its 1H NMR showed six obvious methine
proton peaks (three minor ones at d 4.85, 5.07 and 5.25 andScheme 1
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three major ones at d 5.10, 5.29 and 5.46 in CDCl3) together
with more than 20 methyl peaks. This resembles the previously
reported spectrum for tetra(2-methylphenyl)cyclopentadienone
at a lower temperature of 243 °C.15 The peaks in the 1H NMR
spectrum of 8 in DMSO-d6 were still notably sharp even at
100 °C, reflecting its crowded nature, while they were com-
pletely broadened at 150 °C.

In summary, we have shown that various homosubstituted
pentaarylcyclopentadienes can be prepared via the treatment of
aryl bromides with metallocenes, typically zirconocene dichlo-
ride, under palladium catalysis. This novel synthetic method
represents an efficient and straightforward alternative to the
rather tedious ‘tetracyclone route’,5,8 opening up opportunities
for the construction of even extremely sterically crowded
pentaarylcyclopentadienes. Its synthetic application as well as
the detailed reaction mechanism are currently under in-
vestigation.

Notes and References
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Scheme 2

Table 1 Reaction of 1a–f with 2ea

Bromide
R in Yield

1 X Y Z PR3 t/h Product (%)b

a H H H Ph 6 3 70
a H H H But 3 3 77
b F H H 4-FC6H4 24 4 38
b F H H But 1 4 60
c Me H H But 1 5 78
cc Me H H But 20 5 60
d MeO H H But 1.5 6 45
e H Me H But 1 7 80
f H Me Me But 22 8 31
f H Me Me Ph 24 8 70d

a See also Scheme 2. Reaction conditions: 1 (6 mmol), 2e (0.5 mmol),
Pd(OAc)2 (0.125 mmol), PR3 (0.5 mmol), Cs2CO3 (6 mmol), DMF (10
cm3), 130 °C. Workup was carried out by adding TsOH (12 mmol) and
filtering through a silica gel column, followed by chromatographic
purification. b Isolated yield based on the amount of cyclopentadiene moiety
(1 mmol = 100%). Satisfactory elemental and spectral (1H and 13C NMR
and mass) analyses data were obtained for each compound. c Reaction with
0.0125 mmol of Pd(OAc)2 and 0.05 mmol of PBut

3. d Contaminated with
C5H(Ph)(2,5-Me2C6H3)4 (8%).
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Enantioselective sulfoxidation mediated by vanadium-incorporated phytase: a
hydrolase acting as a peroxidase
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Netherlands

Phytase (E.C. 3.1.3.8), which in vivo mediates the hydrolysis
of phosphate esters, catalyses the enantioselective oxidation
of thioanisole with H2O2, both in the presence and absence of
vanadate ion, affording the S-sulfoxide in up to 66% ee at
100% conversion.

In the last decade peroxidases, notably chloroperoxidase (CPO;
E.C. 1.11.1.10) from Caldariomyces fumago, have been shown
to catalyse a variety of synthetically useful (enantioselective)
oxygen transfer reactions with H2O2,1 including enantiose-
lective oxidation of sulfides.2 However, a major shortcoming of
all heme-dependent peroxidases, such as CPO, is their low
operational stability,3 resulting from facile oxidative degrada-
tion of the porphyrin ring. In contrast, vanadium haloperox-
idases, such as vanadium chloroperoxidase from Curvularia
inaequalis4 are non-heme enzymes and, hence, are much more
stable. Unfortunately, the active site of vanadium-dependent
haloperoxidases can accommodate only very small substrates,
such as halide ion, which severely curtails their utility, although
Andersson et al.5 recently found that the vanadium-dependent
bromoperoxidase from Corallina officinalis mediates the en-
antioselective oxidation of aromatic sulfides. Recently, it was
established6 that vanadium chloroperoxidases are structurally
closely related to the acid phosphatases and the apoenzyme was
shown to exhibit phosphatase-like activity. Moreover, vanadate
and other transition metal oxoanions are known to be potent
inhibitors of acid phosphatases7 and the related phytases8 and
sulfatases.9 Hence, we reasoned that incorporation of vanadate
ion in these enzymes should produce novel, semi-synthetic
peroxidases.

To test this hypothesis we investigated the oxidation of
thioanisole with H2O2 (Scheme 1) catalysed by vanadium-
incorporated phytase (from Aspergillus ficuum). At low vana-
date concentrations ( < 15 µM) we observed quantitative
conversion to the sulfoxide, the S-enantiomer being preferen-
tially formed in 56% ee. At higher vanadate concentrations
( > 25 µM), in contrast, further oxidation to the corresponding
sulfone also occurred.

In the standard procedure thioanisole (5 mM) and phytase [30
mg dry weight; 12 mg protein ( > 95 % phytase); 0.18 µmol;
1400 U] were dissolved in formate buffer (7 ml; 0.1 M; pH 5.1;
containing 0 to 30 µM Na3VO4). At this pH vanadate is
predominantly present10 as H2VO4

2. After 10 min H2O2 (5.5
mM) was added and the course of the reaction was followed by
chiral HPLC (Chiralcel OD column; Daicel Chemical In-
dustries, Ltd.) using 1,2,3-trimethoxybenzene as an internal

standard. Of a wide variety of structurally related enzymes
tested (details to be reported elsewhere) only phytase exhibited
substantial peroxidase activity.

We studied the influence of the vanadate concentration on the
reaction rate and ee of thioanisole oxidation. As shown in Fig.
1 the reaction rate showed saturation kinetics with respect to the
vanadate concentration. From these data we calculated a
maximum rate of 120 µmol h21 (which represents a turnover
frequency of 11 min21) and a dissociation constant (Kd) for the
vanadate ion of 15.4 µM, which is in the same order of
magnitude as its reported KI value for phosphatases and
sulfatases.9 The ee of the formed sulfoxide increased from 47%
to a plateau (from 2.5 to 20 µM) of 56% at room temperature. At
4 °C this value was improved to 66% (see Table 1). At a
vanadate concentration of 20 µM the rate of the non-enzymatic
reaction was 0.5 µmol h21. Surprisingly, phytase also catalysed
the enantioselective sulfoxidation of thioanisole, giving the

Scheme 1

Fig. 1 Influence of the vanadate concentration on the oxidation of
thioanisole

Table 1 Sulfoxidation of thioanisole mediated by phytasea

Phytase/mg
protein VO4

32/µM T/°C t/h
Conversion/
mol% Ee (%)

0 10 25 5 10 0
12 10 25 3 100 56
12 10 4 3 100 66
0 0 25 5 10 0
1.7 0 25 5 15 25
4.2 0 25 5 23 37

12 0 25 5 47 47
16 0 25 5 81 51
12 0 4 23 44 54
12 0 40 5 68 33
0 0 40 5 34 0

a For experimental conditions see text.
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S-sulfoxide in 47% ee, even in the complete absence of
vanadium.

We subsequently studied the metal-free phytase-catalysed
sulfoxidation in more detail (Table 1). The conversion and ee
increased with increasing enzyme concentration, consistent
with the reaction being enzyme catalysed. At room temperature
the enzyme activity for the two enantiomers was 0.16 µmol h21

(mg protein)21 and 0.04 µmol h21 (mg protein)21 respectively
for the S- and the R-enantiomer. In consequence, the intrinsic
enantioselectivity of the enzyme is 58% ee (S) at room
temperature. In the absence of enzyme, a 34% conversion to
racemic sulfoxide was observed in 5 h at 40 °C. Decreasing the
temperature from 40 to 4 °C reduced the rate of the blank
reaction from 9.52 1028 to 3.42 1029 M s21, resulting in a
corresponding increase in enantioselectivity from 33 to 54%
ee.

The highest ees were observed in formate buffer, but a
carboxylate buffer was not essential. Ammonium chloride and
MES‡ were also effective, giving conversions and (ee values)
after 5 h of 74% (35%) and 71% (43%), respectively, in
experiments performed at 4 mM H2O2. This rules out the in situ
formation of peroxycarboxylic acids (from the carboxylate
buffers) as observed with lipases11 and metal-free bacterial
haloperoxidases.12 The optimum pH was 5.1 which coincides
with that of the natural reaction of phytase. The enantioselectiv-
ity decreased from 33 to 18% with increasing H2O2 concentra-
tion from 5.5 to 20 mM, owing to an increased contribution from
the blank reaction at higher H2O2 concentrations.

A few experiments were performed aimed at providing
insights into the origins of the observed metal-free catalysis.
Reactions performed under nitrogen showed no difference with
the reactions performed under air. When the reaction was
performed with H2

18O2 (Campro Scientific) analysis of the
sulfoxide product by GC–MS showed that the oxygen (100%) is
derived from H2O2. Addition of the radical scavenger Tro-
loxTM-C,§ a water soluble analog of vitamin E, had no influence
on the conversion or enantioselectivity, consistent with hy-
droxyl radicals not being involved in the enantioselective
oxidation.

This leaves us with the question of the origin of the observed
oxygen transfer catalysis. It is not metal-based as there is no
metal ion in the active site. Although the chelating agent EDTA
completely inhibited the enantioselective oxidation this is
probably due to removal of calcium ions required for the
stability of the enzyme. The crystal structure of phytase from
Aspergillus ficuum was recently resolved to 2.5 Å, showing that
an aspartate residue (Asp339) is located in the active site.13

Similarly, acid phosphatases are also known to contain aspartate
in the active site.7 Hence, it is tempting to speculate that this
aspartate plays a key role in the observed catalysis. Reaction of
the free carboxylate group with H2O2 would give the corre-
sponding peroxycarboxylic acid which could be the active
oxidant. When the reaction was performed with tert-butyl
hydroperoxide (TBHP) no catalysis was observed consistent

with the above proposed formation of peroxycarboxylic acids.
Appropriate site-directed mutagenesis studies should be able to
confirm the key role of Asp339 in the catalytic mechanism.

In conclusion, we have demonstrated the feasibility of
rationally designing a semi-synthetic peroxidase via incorpora-
tion of vanadium into the active site of phytase by exploiting the
structural similarity of vanadate to phosphate. Surprisingly, the
metal-free phytase also catalyses enantioselective oxidation and
further studies are underway aimed at clarifying the mechanism
and exploring the scope of this novel oxygen transfer catalysed
by a hydrolase.

We gratefully acknowledge a gift of phytase by Gist-
brocades N.V. The financial support of the Dutch Innovation
Oriented Program on Catalysis (IOP catalysis; IKA94013) is
gratefully acknowledged.
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The structure of the ionophoric antibiotic Na-tetronasin (M139603) in solution
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The structure of the ionophoric antibiotic sodium tetronasin
(M139603) in chloroform solution has been determined
using NMR spectroscopic methods and is shown to contain
a water molecule bound to the sodium which is hydrogen
bonded to oxygens in the molecule.

The ionophoric antibiotics are an intriguing series of com-
pounds that have widespread biological action.1 In particular
they are efficient mediators of the transport of metal ions and H+

through the limiting membranes of cells. This property is
presumed to be responsible for their biological activity through
the dissipation of trans-membrane ion concentration gradients.
It is believed that in most cases the transport occurs by the
ionophore forming a 1 : 1 complex with the metal ion which then
diffuses through the membrane.

The discovery of M139603 1 (subsequently called tetronasin)
an ionophoric antibiotic from the aerobic fermentation of
Streptomyces longisporoflavus NCIB 11426, was announced by
ICI in 1980.2 Its structure is rather different from those of the
other common acidic ionophoric antibiotics in that it possesses
a biosynthetically rare acid group in the form of an acyl tetronic
acid moiety. Tetronasin and several of its derivatives have
shown useful properties as coccidiostats and as growth
promoters in ruminant animals, reducing methane production
and increasing the propionate/acetate ratio in the rumen.2–4

A substantial amount of experimental work on the bio-
synthesis5 via a polyketide mechanism and the synthesis6–9 of
tetronasin has been reported in recent years.

Experiments on the transporting ability of tetronasin for Li+,
Na+ and K+ through model biological membranes were
performed by Riddell and Arumugam.10 According to this work
tetronasin is one of the faster transporting ionophoric antibiotics
for the alkali metal ions. Interestingly, tetronasin displays the
fastest association and dissociation rates in the membrane
surface yet measured for the sodium salt of an ionophoric
antibiotic.

The structure of tetronasin has been determined crystallo-
graphically from the 4-bromo-3,5-dinitrobenzoyl derivative 2
of the sodium salt.11 The sodium ion was observed to be six-

coordinated in the solid through five oxygen atoms from the
molecule, two of which come from the tetronic acid, and a water
molecule which occupies the sixth position. The sodium ion was
observed to be at the centre of a very distorted octahedron.

An early report of the NMR spectra of tetronasin12 suggested
that the solution conformation of the ionophore is similar to that
determined crystallographically. The solution conformation
must, however, differ from that of the solid because ester
formation at C(31) removes a hydroxy group which would
undoubtedly be involved in hydrogen bonding in the original
molecule. It seemed to us that modern NMR methods for the
determination of the structure of biomolecules in solution would
be appropriate to be applied to the sodium salt of tetronasin. The
interest in the solution structure is two-fold. First, it would assist
in explaining the rapid association and dissociation rates of the
sodium salt during the transport process. Secondly, it might be
possible to locate the bound water molecule, observed by
crystallography, using NMR methods. Water molecules bound
to biologically important molecules are potentially of functional
importance and an ability to identify bound water molecules is
of considerable significance. Other ionophoric antibiotics
whose structures in solution have been solved by NMR methods
include sodium salinomycin13 and sodium monensin.14

The assignment of the 1H NMR spectrum of sodium
tetronasin15 in CDCl3 was straightforward. The resonances for
H(12), H(19) and H(20) can readily be identified in the 1D 1H
NMR spectrum. Starting from these resonances the use of
COSY and DQF COSY connectivities gave most of the
assignments. The region between 1 and 2 ppm is rather crowded
and so the chemical shifts of geminal hydrogen pairs were
determined by a 2D HSQC experiment at natural abundance.
Conformationally relevant scalar couplings were obtained from
the 1D spectrum, from a J-resolved 2D spectrum and from an E.
COSY spectrum.

NOESY spectra were obtained with mixing times of 100,
200, 300, 450 and 600 ms and NOE build up rates proved to be
essentially linear in the 0–200 ms range. The NOESY cross
peak intensities at 200 ms were used to establish distance
restraints. The NOESY spectra contained cross peaks due to
exchange between C(31)OH and a broad peak at around 1.77
ppm. At ambient temperature no additional NOESY cross peaks
were observed from either of these peaks. However, as the
temperature is lowered to 220 and 225 °C additional cross
peaks of low intensity were observed from the 1.77 ppm peak
which had shifted to 2.20 and 2.28 ppm respectively. Im-
portantly, these cross peaks moved with changes in the position
of the diagonal peak. At 225 °C these cross peaks are to
C(31)H2 (two cross peaks), C(19)H and C(29)H3. The existence
of these cross peaks clearly shows that the broad resonance in
the 2.0 ppm region is from a bound water molecule. The absence
of these cross peaks at ambient temperature is presumably due
to rapid exchange of the bound water molecule.

Starting from the structure derived from X-ray crystallog-
raphy and employing standard methods16 including simulated
annealing with the use of 49 NOE distance constraints, applied
as ±7% of the measured NOE distance, a structure of the
molecule was derived without the additional bound water
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molecule. The C(31) hydroxy group is found to hydrogen bond
to the C(4) oxygen. The sodium is surrounded by five oxygen
atoms. At this point the additional water molecule was
introduced which was held close to the sodium with a 5 Å tether.
No NOE constraints from the four cross peaks due to the bound
water were introduced because the quantification of the NOE
intensities was complicated by chemical exchange. The final
structure, shown in Fig. 1, emerged after initial minimisation
followed by restrained simulated annealing from 400 to 10 K
and a final minimisation.

To test the goodness-of-fit a back calculation of the NOE
intensities was performed on the model without the bound water
molecule, which gave a relative root mean square deviation of
0.16.17

Molecular modelling without the NOE constraints led to the
molecule unfolding after 100 ps of molecular dynamics at 303
K. A similar calculation on the coupling constants, which had
not been used as restraints in the molecular modelling, gave a
root mean square deviation of 0.05.18 The model is thus seen to
be in very satisfactory agreement with the experimental data.

The sodium is seen to be at the centre of a distorted
octahedron of oxygen atoms with sodium to oxygen distances in
the region 2.42 to 2.67 Å. The C(31) hydroxy group remains
hydrogen bonded to the C(4) oxygen and the additional water
molecule, whose oxygen is 2.67 Å from the sodium, is hydrogen
bonded at one end to the C(31) hydroxy group and at the other
to the C(26) (methoxy) oxygen.

In contrast to the other ionophoric antibiotics such as
monensin, tetronasin has no tail to head hydrogen bond to ‘close
the circle’ within the ligand. The only hydrogen bond involving
a hydroxy group occurs across the molecule near the head
between the C(31) hydroxy group and the C(4) oxygen. The
water forms an additional ‘brace’ in a ‘head to tail’ fashion but
this is expected to be less strong than a direct hydrogen bond.
The C(31) hydroxy group thus has a defined role of structural
importance for the sodium tetronasin complex. The design of
other ionophoric materials with five oxygen ligands may well
require water to be incorporated in the structure in a similar
manner to the water in tetronasin. Also, unlike the other
ionophoric antibiotics tetronasin takes a water molecule with it
into the hydrophobic environment of a chloroform solution and,
by implication, into the fatty interior of the membrane. Finally,
during the initial series of simulated annealing all of the

conformations observed had the acid head group of the
molecule close to the sodium ion but in some of these
conformations the oxygens remote from the tetronic acid had
broken free. These three factors suggest why the on–off rates for
sodium with tetronasin are the fastest yet observed for the
ionophoric antibiotics. The lack of a direct head to tail hydrogen
bond and the presence throughout of one molecule of water will
lead to fewer steps in the association/dissociation processes.
The lower number of steps in turn could lower the activation
energies for these recognition processes.
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Fig. 1 Stereoview of the finalised structure of sodium tetronasin in solution
incorporating the bound water molecule found from molecular modelling
and incorporating the NMR distance constraints
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Synthesis of endo,exo-furofuranones using a highly diastereoselective C–H
insertion reaction

Richard C. D. Brown*† and Jeremy D. Hinks

Department of Chemistry, University of Southampton, Highfield, Southampton, UK SO17 1BJ

A highly stereoselective ring closure of a-diazo-
g-butyrolactones to form the 2,6-diaryl-3,7-dioxabicy-
clo[3.3.0]octane ring system is reported; a formal synthesis
of the furofuran lignan asarinin 1 is also described.

The 2,6-diaryl-3,7-dioxabicyclo[3.3.0]octane ring system is a
key structural element in a large sub-class of lignan natural
products, the furofuranoids (i.e. 1, 2, sesamin and aptosimon).1,2

The electron rich aromatic substituents, which are characteristic
of lignans, occupy endo- or exo-orientations on the 3,7-dioxabi-
cyclo[3.3.0]octane core, which itself may be present at various
levels of oxidation. The challenge of correctly establishing the
four contiguous stereogenic centres present within the fur-
ofuranoids combined with their diverse biological activities has
provoked substantial interest in their synthesis.1–3 Our synthetic
interest lay in the possibility of employing a C–H insertion
reaction of an a-diazo-g-lactone to form the 2,6-diaryl-
3,7-dioxabicyclo[3.3.0]octane ring system. By targeting a
furofuranone such as 4 as an advanced intermediate (Scheme 1),
we hoped to develop a versatile route which could also be
applied to the synthesis of other furofuranoids like asarinin 1
and cinnamonol 2.

Our retrosynthetic analysis of the furofuranone 4 identified
diazolactone 5 as a potential precursor (Scheme 1). Intra-
molecular C–H insertion into one of the diastereotopic C2–H
bonds present in 5 would be expected to provide the

furofuranone scaffold. We did not consider that the ster-
eochemistry at the ring junction would be an issue, assuming
that the 1,5-cis-adduct would be obtained. However, we were
more reluctant to predict the stereochemical outcome at C2,
hoping that we might control the stereoselectivity at this
position through the use of different catalysts and conditions.
The trans-relationship of the C5 and C6 substituents would be
established in the cyclobutanone 6 which would arise from a
[2+2] olefin–keteniminium salt cycloaddition reaction between
7 and 8.

Initial synthetic studies focused on the synthesis of a simple
furofuranone 12a (Ar = Ph, Scheme 2). According to Ghosez’s
protocol,4 amide 9a5 was converted in situ to the corresponding
keteniminium salt which underwent cycloaddition with benzyl
allyl ether 7a.6 After hydrolysis of the intermediate cyclobuta-
none iminium salts, a mixture of diastereomeric cyclobutanones
10a (trans:cis, 7:1) was obtained which was further enriched in
the trans-isomer by careful chromatography. Due to the
instability of the cyclobutanone 10a it was immediately
oxidised to the g-lactone 11a‡ using either MCPBA or H2O2 in
AcOH.7

A search of the literature only revealed one previously
reported synthesis of an a-diazo-g-butyrolactone 13 which does
not possess an additional stabilising group adjacent to the diazo
functionality.8 Although the deformylative diazo transfer
procedure used to prepare 13 did provide our desired diazo-
lactone 5a, the yield was very poor, so alternative diazo transfer
procedures were investigated. In view of our reluctance to

Scheme 1

Scheme 2 Reagents and conditions: i, Tf2O, CH2Cl2, 220 °C; ii, 7a or 7b,
2,6-di-tert-butylpyridine, CH2Cl2 (followed by 1equiv. K2CO3 for 7b); iii,
NaHCO3 (aq.); iv, H2O2, AcOH; v, LiHMDS, THF; vi, p-NO2C6H4SO2N3,
THF, 278 °C; vii, AcCl; viii, DMAP, THF; ix, 2 mol% Rh2(OAc)4,
CH2Cl2, room temp.
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pursue other methods of decarbonylative diazo transfer,9,10 and
the existence of encouraging reports of direct diazo transfer to
ester and imide enolates, we focused our efforts on the later
approach.11,12

The conditions reported for direct diazo transfer to ester
enolates failed to give satisfactory yields of the diazo lactone 5a,
with azide 14 isolated as the major product. Although
disappointing, the isolation of substantial amounts of azide 14
strongly implied that the intermediate triazine anion 17 was
being formed efficiently (Scheme 3). An earlier study of the
decomposition of triazines had shown that the relative propor-
tions of diazo transfer and azide transfer were influenced by the
reaction conditions.12 In our case the triazine 18 proved to be
too unstable to isolate,§ however, treatment of the reaction
mixture with AcCl provided a mixture of isomeric
N-acetyltriazines 19.13¶ When the acetyl triazines 19 were
treated with an equivalent of DMAP smooth conversion to a 1:1
mixture of azide 14 and the desired diazo lactone 5a was
observed. The reason for the increased proportion of diazo
lactone 5a are not clear at present although it is tempting to
suggest that generation of a metal-free triazine anion, by the
nucleophilic deacylation of 19 with DMAP, is important.

Gratifyingly, the key C–H insertion reaction required to set
up the furofuranone framework proceeded extremely cleanly
when diazo lactone 5a was treated with a catalytic amount of
Rh2(OAc)4, providing a single diastereoisomeric product 12a.
The relative stereochemistry of the furofuranone 12a was
assigned as endo,exo on the basis of NOE experiments. We
were intrigued by the possibility of conducting the same
intramolecular C–H insertion reaction under thermal condi-
tions, which might provide altered stereoselectivity. In fact,
heating the diazo lactone 5a in 1,2-dichloroethane cleanly
afforded the same cyclised product 12a, again in excellent yield
and stereoselectivity.

Relatively few of the published approaches to the synthesis of
furofuranoid lignans have addressed the stereoselective synthe-
sis of the less common endo,exo structures.14–19 To demonstrate
the scope of our approach to the synthesis of furofuranoid
containing natural products the synthesis of epi-aptosimon 12b
was investigated. The conversion of epi-aptosimon 12b to the
furofuran lignan asarinin 1 has been reported previously.17

Initial attempts to carry out the [2+2] cycloaddition reaction of
allyl ether 7b6 (Ar = 3,4-methylenedioxyphenyl) with the
keteniminium salt derived from amide 9b20 failed to provide

10b. Instead the major isolated product was the alcohol 15
arising from acid-catalysed cleavage of the benzylic ether bond
which was assisted by the electron donating methylenedioxy
group. The problem was almost certainly due to the formation of
di-tert-butylpyridinium triflate under the reaction conditions.
Fortunately this problem was easily resolved by the addition of
anhydrous K2CO3 to the reaction mixture, allowing the desired
cycloadduct 10b to be obtained in good yield.

Baeyer–Villager oxidation of 10b followed by diazo transfer
to the resulting lactone 11b afforded the cyclisation precursor
5b in a yield of 37% from ketone 4b. As was the case for the
model diazo lactone 5a, the C–H insertion reaction of 5b
proceeded cleanly to give the known furofuranone (±)-epi-
aptosimon 12b in good yield.

In summary, we have achieved a concise and diaster-
eoselective synthesis of the 2,6-diaryl-3,7-dioxabicy-
clo[3.3.0]octane ring system. Significant contributions include:
the development of conditions for conducting the ketenimin-
ium–olefin [2+2] cycloaddition reaction with alkenes bearing
acid-sensitive functionality; and a method for effecting diazo
transfer on g-butyrolactones to provide the a-diazo-
g-butyrolactones 5 in acceptable yield. Finally, (±)-epi-aptosi-
mon 12b has been synthesised using this approach, representing
a formal synthesis of the natural product (±)-asarinin 1.

We thank the Royal Society for a University Research
Fellowship (R. C. D. B.). We would also like to acknowledge
the use of the EPSRC funded Chemical Database Service at
Daresbury.21
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Scheme 3 Reagents and conditions: i, p-NO2C6H4SO2N3, THF, 278 °C; ii,
AcCl, 278 °C to room temp.
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High-temperature reduction/oxidation cycles promote the
oxygen storage capacity of mesoporous ceria; this is asso-
ciated with the formation during reduction of a hexagonal
CeOx phase which on reoxidation gives amorphous ceria.

Ceria has long been recognized as a key component of catalysts
for the treatment of emissions from automobiles. One of the
most important functions that it performs is to act as an oxygen
buffer, releasing oxygen for CO and hydrocarbon oxidation in a
rich environment (excursion on the reducing side of the
stoichiometric point) and storing oxygen from O2 and NO
during lean operations (excursion on the oxidizing side of the
stoichiometric point).1 This fast oxygen release/uptake is a
consequence of the ease with which ceria can be reduced/
oxidized and shift reversibly from the +4 to the +3 oxidation
state in accordance with eqn. (1).

CeO2[| CeOx + 0.5(2 2 x)O2 (1.5 < x < 2) (1)

Under conditions typically encountered in auto-exhaust cataly-
sis, this reaction occurs easily and reversibly, and CeO2 is able
to accommodate a large number of oxygen vacancies while
maintaining its fluorite-type lattice.

The ability to store and release oxygen under actual operating
conditions is affected by several parameters, particularly ageing
and the consequent loss of surface area, which strongly
influences the ability of ceria to perform its action.2 To partly
overcome these problems, much effort has been devoted to the
preparation of ceria with enhanced textural and oxygen storage
properties. Several strategies have been adopted, including the
use of ceria doped with lanthanide or transition metal and/or the
development of novel preparation methodologies.3,4 We have
recently described the preparation of mesoporous ceria with
enhanced textural properties, demonstrating that by using
surfactants as templating agents, CeO2 with surface area
exceeding 200 m2 g21 could be obtained.5 Here, we report the
preliminary results on the redox and oxygen storage behaviour
of this high-surface area ceria after study of its structural and
morphological evolution under a reducing and oxidizing
environment. For the first time, a direct relation between the
formation of a new reduced phase and fast oxygen uptake has
been established. This adds to the basic understanding of the
mechanism of oxygen storage in these materials. In addition, a
comparison of mesoporous ceria with conventionally prepared
CeO2 will show the importance of the preparation method in the
development of materials with novel properties.

High-surface area ceria was prepared according to the
methodology previously described.5 The sample used in this
study had a surface area of 194 m2 g21 after calcination at 723
K, which compares favorably with the value of 92 m2 g21

obtained with ceria prepared by conventional precipitation.
Fig. 1 shows the X-ray powder diffraction pattern of

mesoporous ceria (MSCeO2) treated under H2 at 1373 K for 1 h.
For the purposes of comparison, the XRD pattern of conven-
tionally prepared ceria (CVCeO2) subjected to the same
treatment under H2 is also shown. In contrast to the pattern of
CVCeO2, the diffractogram of MSCeO2 reduced at 1373 K

clearly shows the presence of more than one phase. Peaks
belonging to cubic CeO2 are indicated with an arrow. All the
other signals originate from a single reduced ‘CeOx’ phase.
Careful analysis of the CeOx phase diffraction peaks enables us
to identify a hexagonal unit cell with a = 9.626(4) and c =
7.076(3) Å. This hexagonal phase, which is isostructural with
ternary compounds of the type Pr8Si6O24 or Sm4Si3O12, has not
previously been reported in the phase diagram of non-
stoichiometric cerium oxide at this composition range.

The stability of the new hexagonal phase on reheating under
air was followed by in situ temperature-programmed XRD
experiments. As the treatment temperature increases, the
relative intensities of all the peaks attributed to the new
hexagonal CeOx phase progressively decrease while maintain-
ing their relative proportions, providing additional evidence that
all the indexed lines correspond to the same phase. Increasing
amorphization of the CeOx phase is observed between 673 and
773 K, whereas at 1073 K reoxidation is complete and the CeOx

phase has been totally transformed to cubic CeO2. Analysis of
the shape of the diffraction signals indicates that during this
process small CeO2 crystallites originate from amorphous ceria.
The process is fully reversible and subsequent redox treatments
alter neither the structural features and morphology of the
observed phase nor the dynamics of its formation. The presence
of both cubic and hexagonal phases in reduced mesoporous
ceria was confirmed by high-resolution transmission electron
microscopy and electron diffraction technqiues. Fig. 2 shows an
HREM image and the oriented SAED pattern of a near-discrete
hexagonal CeOx phase particle. From the ED pattern it is
inferred that the particle belongs to the hexagonal system with
lattice parameters a = 9.62(4) and c = 7.07(1) Å. These values
are in excellent agreement with those obtained by XRD.
Reduction carried out under temperature-programmed condi-
tions (5% H2 in Ar, 10 K min21) indicates that the stoichiometry
of this phase is CeOx with x close to 1.66. Reoxidation of the

Fig. 1 X-Ray diffraction pattern of MSCeO2 (a) and CVCeO2 (b) treated
under hydrogen for 1 h at 1373 K. Before measurements, the samples were
cooled at room temperature under hydrogen.
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phase (1% O2 in He, 10 K min21) occurs slowly at room
temperature and complete reoxidation is observed near 800 K.
In contrast, oxidation of reduced ceria (obtained from CVCeO2)
occurs easily even at room temperature and most of the
reoxidation is observed at temperatures lower than 400 K.

The oxygen storage behaviour under dynamic conditions of
CeO2 obtained after oxidation of the CeOx phase at different
temperatures was studied by the method of alternately pulsing
O2 (2% in He) and CO (4% in He) over the catalyst (0.5 ml pulse

size) at a temperature of 673 K and following CO2 evolution.6
The results, reported in Fig. 3, indicate that there is an optimum
temperature for the reoxidation of CeOx at which the highest
conversion to CO2 occurs. In contrast, reduction and oxidation
of CVCeO2 does not produce any variation of oxygen storage
capacity. This unique behaviour can be related to the different
phases formed in the two samples. Reduction under hydrogen at
high temperature causes cubic ceria to lose oxygen and to form
non-stoichiometric suboxides which finally give Ce2O3. How-
ever if the temperature is below 1373 K, only intermediate
stoichiometries, which maintain the fluorite structure, are
formed from cubic ceria. On reoxidation at room temperature,
these oxides easily transform back to CeO2.7 In the case of
reduced CVCeO2, the fluorite structure is maintained and
reoxidation merely fills up the oxygen vacancies. In contrast,
the reoxidation of the CeOx phase to pure CeO2 in reduced
MSCeO2 implies the transformation of a hexagonal phase to a
cubic one. This transformation does not occur directly but takes
place through the formation of an intermediate amorphous
phase whose concentration reaches a maximum in the range
673–773 K. The transformation of amorphous CeO2 to
crystalline ceria originates small CeO2 crystallites deposited on
bulk CeO2. It is suggested that the presence of this amorphous/
crystalline ceria on the top of large CeO2 crystallites is
responsible for enhancement of the oxygen storage capacity in
this temperature range for it is known that small CeO2
crystallites display unusually high defect and transport proper-
ties8 which could enhance surface and bulk ion mobility.
consequently increasing the rate of fast oxygen uptake/release
over reduced/oxidized ceria. Reoxidation at temperatures
higher than 823 K results in the transformation of amorphous or
small ceria crystallites into bulk sintered ceria with a loss of
oxygen storage. At this point, to recover activity, the material
should be subjected to another redox cycle to form hexagonal
CeOx.
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Fig. 2 High-resolution transmission electron microscope image and
associated electron diffraction pattern (inset) corresponding to hexagonal
CeOx phase present in reduced mesoporous ceria. The particle is oriented
along [4̄84̄3]. Planes close to origin are (1̄104̄) at 1.73 Å and (1̄010) at 8.34
Å.

Fig. 3 Oxygen storage capacity of MSCeO2 (gray bar) and CVCeO2 (black
bar) measured at 673 K after a redox cycle. Reduction under H2(5%)–Ar at
1373 K for 1 h and oxidation under air for 1 h at the temperature
indicated.
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Ti-MCM-41 materials with methylated silicons have been
prepared in one step synthesis; the resultant organic–
inorganic composites are highly stable and present the
highest activity and selectivity ever reported on Ti contain-
ing mesoporous catalysts for the epoxidation of olefins using
organic peroxides.

The synthesis of molecular sieve mesoporous materials1 have
expanded the possibilities of zeolites and zeotypes, opening
new possibilities in the fields of adsorption and catalysis.2
Postsynthesis treatments devoted to prepared inorganic–organic
composites have been carried out by silylating MCM-41 and
MCM-48 materials, and in this way their stability, adsorption
and catalytic properties have been improved.3–7 Following the
methodology used in sol–gel chemistry to functionalize amor-
phous silica, organically functionalized mesoporous silicas
have been prepared by the co-condensation of tetraethoxysilane
and organoalkoxysilanes in the presence of surfactant tem-
plates.8 This method has been successfully extended to the
introduction of thiol, amine, epoxide, imidazole and alkyl
functionalities.9 Taking this into account, and the fact that
titanium containing molecular sieves increase their activity and
selectivity by a postsynthesis silylation,5,10 prompted us to
prepare by direct synthesis, in one step, organic–inorganic self-
assembled Ti-MCM-41 materials. Here, we will show that the
process is successful, resulting in epoxidation catalysts much
more active and selective than any similar materials reported up
to now.

The synthesis of organo-silica containing Ti-MCM-41 mate-
rials were carried out with gels having the following molar
compositions: (1 2 x) Si(OCH3)4 : x CH3Si(OCH2CH3)3 : 0.26
TMAOH : 0.15 CTABr : 24.3 H2O : y Ti(OCH2CH3)4 where x
was varied from 0.15 to 0.35 and y between 0.0166 and 0.0075
(Table 1). Crystallisation was performed at 135 °C for 24 h in
Teflon lined stainsteel autoclaves. The final solids were
recovered by filtration, washed with water and dried at 60 °C,
overnight. The occluded surfactant was removed by a two step
extraction procedure. First, the solid was refluxed in a solution

of 0.05 m H2SO4 in ethanol for 1 h. Then, the remaining
occluded surfactant was extracted by refluxing the solid in a
0.15 m solution of HNO3 in heptane–ethanol (52 : 48) over 24 h.
In both steps, a liquid/solid ratio of 50 was used.

The materials before and after surfactant extraction were
characterized by XRD, 29Si MAS NMR, UV–VIS, IR spectros-
copies and elemental analysis. The catalytic epoxidation of
cyclohexene with tert-butylhydroperoxide (TBHP) on the Ti
organosilica containing MCM-41 catalysts was carried out at
60 °C using an olefin/TBHP molar ratio of 4 and a liquid/
catalyst ratio fixed at 20 (m/m). Aliquots of the reaction mixture
were withdrawn at different reaction times and analysed by
GC.

Si(OCH3)4 (TMOS) was chosen as the silica source because
the structural order of the organo-silica MCM-41 samples
obtained by using this precursor is superior to those of samples
obtained using Si(OEt)4 (TEOS).

The XRD patterns of samples prepared in the presence of
different concentrations of MeSi(OEt)3 (MTEOS) shown in Fig.
1, indicate that there is a limit for the incorporation of
organosilica entities in the MCM-41 structure. It was found that
the maximum MTEOS/Si ratio, for which a well ordered
material is obtained, occurs at a value at 0.35.

Elemental analysis of the samples (Table 1) indicates that the
C/N ratio is always > 19, which is the expected value if only
CTA+ filled the pores, and consequently this is an indication
that CH3Si groups are also incorporated into the MCM-41
structure. This assumption has been further established by 29Si
MAS NMR and IR spectroscopy. The 29Si MAS NMR spectra
of the methyl containing Ti-MCM-41 materials show four
signals centred at 2110, 2100, 290, 265 and 255 ppm that
can be assigned, respectively, to Si(OSi)4 [Q4], HOSi(OSi)3
[Q3], (HO)2Si(OSi)2 [Q2], MeSi(OSi)3 [MQ3] and MeHO-
Si(OSi)2 [MQ2] environments around silicon.11 The integrated
intensity of MQ2 + MQ3 signals increases as the MTEOS
concentration is increased in the synthesis gel, indicating that
there is correspondence between the MTEOS concentration in
the gel and the incorporation of CH3Si groups in the final
organosilica material. The presence and stability of CH3Si

Table 1 Synthesis gel compositions for preparing methyl-tethered-Ti-
MCM-41 in a single step synthesis

Synthesis gel Elemental analysis (wt.%)

Silica source

Sample TMOS MTEOS Ti/Si C N C/N

1 1a 0 0.0075 33.28 2.29 16.95
2 0.75a 0.25 0.0075 33.78 2.07 19.04
3 0.85 0.15 0.0075 33.84 1.95 20.25
4 0.75 0.25 0.0075 34.33 1.98 20.23
5 0.65 0.35 0.0075 33.14 1.87 21.16
6 0.5 0.5 0.0075 — — —
7 0.75 0.25 0.0111 33.91 2.04 19.39
8 0.75 0.25 0.0166 33.84 1.95 20.25

a TEOS.

Fig. 1 XRD patterns showing the influence of the concentration of
MeSi(OEt)3 on the structural order of the methyl containing Ti-MCM-41
catalysts
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groups have been also studied by IR spectroscopy. The IR
spectra of the sample heated under vacuum at different
temperatures, show bands at 2974 and 1411 cm21, that can be
assigned to methyl groups directly linked to silicon,12 while,
bands appearing at 2956, 2927 and 1464 cm21 can be assigned
to the CTA+ cations located within the pores of the MCM-41
structure.3 It is observed that the bands attributed to CTA+

cations decrease in intensity with increased temperature, while
bands assigned to methyl groups directly bonded to the silica
wall remain nearly unchanged up to temperatures as high as
700 °C, indicating that the Si–C bond in the MCM-41 structure
is highly stable to heat.

The UV–VIS spectra of the Ti containing inorganic–organic
mesoporous silica materials for the as-prepared and extracted
materials containing different methyl group concentrations on
the silica walls are shown in Fig. 2(a) and (b), respectively
where a narrow band centred at 220 nm, is taken as proof of Ti
incorporation into the silica wall.14,15 Also, when the UV–VIS
spectra of the extracted samples is compared with those of the
as-prepared samples, it was found that the 220 nm band is even
narrower in the extracted samples than in the as-prepared
materials. This indicates that Ti is located in a more distorted
tetrahedral environment when the surfactant fills the pores of
the MCM-41 structure, similarly to Ti-MCM-41 without any
Si–C bonds.

The UV–VIS spectra for samples containing different
amounts of Ti [Fig. 2(a) and (b)] in the synthesis gel showed that
the 220 nm band becomes broader and a shoulder at 240 nm
appears when the Ti content increases. However, after extrac-
tion all the samples show a very similar UV–VIS spectra,
indicating that during extraction the tetrahedral coordination
around the Ti centers becomes more regular.

The catalytic activity of the methyl containing samples for
the epoxidation of cyclohexene pass through a maximum when
ca. 25% of the silicon atoms are methylated. However, the
selectivity to the epoxide decreases with increased methyl
content, while the efficiency of TBHP increases with level of
organic groups on the silica wall [Fig. 3(a)–(c)].

The production of epoxide calculated after 30 min of reaction
was 10.6 mol min21 (mol Ti)21 which gives an initial reaction
rate, assuming a pseudo-first order reaction, of 21 mol min21

(mol Ti)21 with a selectivity of 94% to the epoxide at a level of
conversion of 98%. These results are, so far, the best ever
obtained on Ti-MCM-41 incorporating Ti either by direct
synthesis16 or by anchoring titanocene17 [0.4 and 2.1 mol min21

(mol Ti)21 respectively], and they are much better than those
obtained on titanium–silica cogels18 [4.7 mol min21 (mol
Ti)21].

The inorganic–organic Ti-MCM-41 is highly stable in the
presence of water and it represents one step forward in the
preparation of epoxidation catalysts.

We gratefully acknowledge CICYT for financial support
(MAT 97-1207-C03-01 and MAT 97-1016-C02-01), Ministerio
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Fig. 2 UV–VIS DRS spectra of the methyl containing Ti-MCM-41
materials of as prepared (b) and extracted (b) samples

Fig. 3 Influence on the catalytic performance of the methyl concentration on
the surface of the methyl containing Ti-MCM-41 catalysts; (a) catalytic
activity, (b) selectivity to the epoxide and (c) efficiency of TBHP. Reaction
conditions: 56.3 mmol of cyclohexene, 14.0 mmol TBHP, reaction
temperature = 333 K and 0.3 g catalyst.
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Co-crystallization of C60 with p-bromocalix[4]arene propyl
ether results in a remarkably well packed structure; the
calixarene molecules pack with their dipole moments
aligned unidirectionally and the unusually close van der
Waals contact between the C60 molecules is most likely a
result of an opposing induced dipole.

Solid-state supramolecular systems involving fullerenes are of
interest with regard to the development of novel nanostructures
with potentially interesting properties.1 Although the exploita-
tion of non-covalent interactions is an area of especially intense
focus in the field of crystal engineering,2 this approach cannot
be applied effectively to the supramolecular manipulation of
fullerenes since these molecules simply lack the necessary
functionality. Thus, in order to ‘engineer’ a desired arrangement
of C60 molecules in the solid state, one needs to consider their
size and shape as the principal structure-directing properties. In
addition to optimizing their energies of interaction, molecules
will tend to arrange in a manner that makes efficient use of the
available space and it is because these two mechanisms
cooperate in a subtle manner that crystal structures are generally
difficult to predict with accuracy.

Pure C60 crystallizes in a face centered cubic (fcc) lattice as
a cubic close packed (ccp) arrangement of spheres.3,4 An array
of this type results in the formation of large voids in the lattice
(the packing efficiency is only ca 74 %) and it follows that co-
crystallization with small molecules, or even irregularly shaped
larger molecules, may lead to more efficiently packed structures
of enhanced stability. Indeed, this statement is supported by
several crystal structures of supramolecular complexes of C60
that have been reported in recent years.5 In some cases, it
appears that the structure entails only a slight modification of
the pure C60 structure with small molecules or ions occupying
the voids between the spheres, while in other cases, the structure
bears little or no resemblance to the pure fullerene phase.

We are currently investigating supramolecular systems
composed of co-crystals of calixarenes and fullerenes. The
structural chemistry of calixarenes is usually focused on
exploitation of their intramolecular cavities for molecular
inclusion and in this regard we and other workers have recently
reported inclusion complexes of calix[5,6]arene derivatives
with C60 and C70.6 In contrast, the calix[4]arenes are not suited
to the formation of analogous inclusion complexes with
fullerenes because their cavities are relatively small. Moreover
the well-known C4v cone conformation of these molecules is
usually dependent on the presence of hydroxyl groups at the
lower rim (i.e. the cone is stabilized by a cyclic hydrogen
bonded arrangement), and substitution at this position gives rise
to the so-called ‘pinched-cone’ C2v conformation with an even
smaller cavity. Despite the reduced possibilities for the
formation of true inclusion compounds, simple calix[4]arene
derivatives are similar in dimensions to C60 (ca 10 Å) and thus
co-crystallization of these species may result in interesting and
efficiently packed arrangements of the molecules in stoichio-
metric proportions.

As part of our ongoing study of the interactions between
calixarenes and fullerenes, we are currently investigating the
effects of substitution at both the upper and lower rims of

calix[4]arene (compounds 1–4) on solid-state packing arrange-
ments when co-crystallized with fullerenes.

We now present the results of a remarkably interesting
packing mode for a co-crystal of C60 with 1.

Slow diffusion of propan-2-ol into a solution of 1 and C60
(5:1 molar ratio) in o-dichlorobenzene resulted in the formation
of crystals suitable for single-crystal X-ray diffraction analy-
sis.† The molecular structure of the final model is shown in Fig.
1 and the overall packing arrangement of the structure is shown
in Fig. 2. The structure is acentric and all the calixarene
molecules are arranged in one-dimensional strands (in a head-
to-tail arrangement) parallel to [001] such that their dipole
moments have the same orientation throughout the crystal. One
set of distal propyl groups on each calixarene molecule
protrudes down into the small voids between the bromine atoms
of the calixarene directly below. The remaining two propyl
groups flare out to fill lattice voids associated with the packing
of adjacent calixarene strands.

The C60 molecules are also arranged in one-dimensional
strands running parallel to [001] at 0,0,z and 1

2,12,z. Since the
space group symmetry is consistent with an orientationally
disordered C60 molecule manifesting as a sphere of uniform
electron density, the exact positions of the fullerene atoms
cannot be determined. However, it is fortuitous that the
center···center distance of the fullerenes is represented by the
crystallographic c axis, which it was possible to determine

Fig. 1 Projection showing the molecular structure of the calixarene and C60

molecules. The calixarene assumes the pinched-cone conformation as a
result of substitution at its lower rim. The C60 molecule was modeled as
being fourfold rotationally disordered with two separate orientations.
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accurately as 9.8782(5) Å at 2100 °C [9.9231(6) Å at room
temperature]. In contrast to the close spacing of the C60
molecules within the linear strands, the individual nearest-
neighbor strands are separated by 12.81 Å (half the diagonal
distance of the ab unit cell face). Within the linear strands, the
C60···C60 separation is 0.05 Å shorter than in the structure of
pure C60.3 Taking the mean atom-to-atom diameter of the C60
molecule as being approximately 7.07 Å,3,7 the short C60···C60
separation along [001] implies that the shortest possible
intermolecular C60 C···C distance for a spherically disordered
molecule ranges from 2.81 to 3.15 Å. The upper limit compares
favorably with previously reported values.8,9

The present structure is a striking example of the size–shape
complementarity between 1 and C60 that allows the formation of
an efficiently packed two-component system. This is evidenced
by the observation that the crystallographic c axis is the repeat
distance for both the calixarenes and fullerenes within their
respective linear strands as shown schematically in Fig. 3.
Although one-dimensional arrangements of C60 molecules have
been observed in previously reported structures,10 the complete
structural isolation of such strands is unprecedented. Perhaps
the most interesting and surprising aspect of the structure is that
all the calixarene molecules align themselves in the same
direction rather than adopting an overall centrosymmetric
arrangement. As a consequence of this polar arrangement, the
C60 molecules undergo dipole induction and this phenomenon

satisfactorily accounts for the rather close spacing of the
fullerenes within their linear strands.

We are grateful for funding from the National Science
Foundation.

Notes and References

† Crystal data for C100H44Br4O4: M = 1628.99, dark red needle-shaped
crystal, 0.40 3 0.20 3 0.20 mm, tetragonal, space group P4bm (no. 100), a
= b = 18.1160(6), c = 9.8782(5) Å, Z = 2, V = 3241.9(2) Å3, Dc = 1.669
g cm3, Siemens SMART CCD diffractometer, Mo-Ka radiation, l =
0.7107 Å, T = 2100 °C, 2qmax = 54.3º, 19179 reflections collected, 3735
unique (Rint = 0.0327), m = 2.548 mm21. SHELX-TL structure solution
and refinement software, final GOF = 1.179, R1 = 0. 1174, wR2 = 0.3472,
R indices based on 3111 reflections with I > 2s(I) (refinement on F2), Lp

and absorption corrections applied, m = 2.548 mm21, min. transmission
factor = 0.621. The structure was solved by direct methods and expanded
by difference electron density synthesis. The asymmetric unit consists of a
quarter each of a calixarene and a spherically disordered C60 molecule. The
calixarene molecule is situated on the intersection of two mutually
perpendicular mirror planes running along x,x + 1⁄2,z and 1

2 2 x,x,z. The
propyl groups are disordered across the mirror planes and their hydrogen
atoms were not placed. The fullerene molecules are positioned on the
fourfold rotation axes at 0,0,z and 1

2,12,z. CCDC 182/952.
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Fig. 2 Packing diagrams (hydrogen atoms omitted) viewed along (a) [001]
looking down the linear columns of calixarene and C60 molecules, and (b)
[2110] showing a side view of the columns and the space-optimization of
the calixarene propyl groups.

Fig. 3 Schematic representation of the packing arrangement between the
calixarene and C60 molecules. The view is perpendicular to the c axis and
the C60 molecules are represented by shaded circles. The calixarenes stack
in a modular fashion with their dipoles all aligned in the same direction. The
calixarene repeat distance exactly matches that for the C60 molecules while
an opposing polarity is induced in the latter.
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Metal-based chirality and spin state change in 16-electron CpML2 systems: a
computational study of CpW(NO)(PH3)
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Density functional theory calculations indicate that
CpW(NO)(PH3) possesses a planar triplet ground state, a
result with significant implications for the inversion of
configuration of 16e, d6 CpML2 species.

Several highly reactive Cp*W(NO)L intermediates
(L = PMe3,1 PPh3,2 NCHCMe3,3 HCCPh4–6) have previously
been shown to be generated by reductive elimination of CMe4
or SiMe4.† These proposed 16 electron, d6 Cp*W(NO)L species
are not observed as they proceed to activate C–H bonds,1–4

coordinate weak p-acceptor ligands,7 or engage in coupling and
rearrangement reactions5,6 with available trapping reagents.
Previous theoretical studies8–10 have demonstrated that the
geometries and orbital energies of 16e, d6 CpML2 species are
influenced by the bonding properties of their ligands. For
example, p-donor ligands enforce a planar-at-metal conforma-
tion (i.e. the metal sits on the plane defined by the two ligands
L and the Cp center of gravity), while pyramidal geometries are
preferred for complexes containing either s-donor (p-neutral)
or p-acceptor ligands. However, these studies were carried out
using semiempirical methods and so were confined to the spin
singlet energy hypersurface. The computational studies that we
report here for the CpW(NO)(PH3) model system indicate that
the spin state can play a previously unsuspected yet critical role
in 16e, d6 CpML2 species.

The optimised geometries and relative energies of the singlet
and triplet CpW(NO)(PH3) complexes are shown in Table 1 and
Fig. 1.‡ The singlet is pyramidal at W, as expected for a CpML2
species containing p-acceptor and s-donor ligands.9,10 How-
ever, triplet CpW(NO)(PH3) is calculated to possess a planar
geometry at W, and to be 3.3 kcal mol21 (1 cal = 4.184 J) more
stable than the pyramidal singlet species. No significant
variation in W–NO bond distance is observed between the two
different spin configurations since the W–NO p-bonding
orbitals are fully occupied in both cases.17 There is, however,
the expected18,19 slight overall extension of all bond lengths in
the triplet, as well as an increase in CNT–W–P angle.

While triplet Cp*W(NO)(PR3) complexes have yet to be
detected spectroscopically, the intermediacy of such a species
where R = Ph is consistent with kinetic measurements of the
reaction between Cp*W(NO)(h2-PPh2C6H4)H and
CNCMe3.7,20 Replacing the Cp and PH3 ligands of the model
complex with bulkier Cp* and PR3 groups would be expected to
enforce a larger CNT–W–P angle and a planar-at-W geometry,
thereby further destabilising the singlet state. The steric
shielding of the metal centre coupled with the expected reduced
reactivity21 of the high-spin configuration should impart
additional stability, making triplet Cp*W(NO)(PR3) com-
pounds reasonable synthetic targets.§

In order to explore the role of the triplet spin state in the
inversion of pyramidal, diamagnetic CpML2 species, further
calculations were performed at various values of f for both spin
states (Fig. 1). The highest energy singlet conformation is the
planar geometry (f = 180°), leading to an inversion barrier of
7.7 kcal mol21 along the singlet spin surface, which compares
well with previous studies on other 16-electron systems.10 The
energy of triplet CpW(NO)(PH3) increases relatively gradually
as the geometry is distorted away from the planar-at-W
conformation. As a result, the f angle at which both spin states
are equal in energy corresponds to a high degree of pyramidal-
ization (f ≈ 130°), only 0.8 kcal mol21 higher in energy than
the singlet ground state.

The one-dimensional energetic situation illustrated in Fig. 1
would suggest a low-energy inversion mechanism for diamag-
netic, pyramidal CpW(NO)(PH3) via the spin triplet surface.¶
However, the two geometries at the spin-crossover point are
significantly different (Table 1). According to the Franck–
Condon principle, both the geometries and the energies must be
very similar for the spin flip process to occur. At the crossover

Table 1 DFT-B3LYP optimized geometries and energies for
CpW(NO)(PH3)

Energy minima Spin-crossover point

Parameter Singlet Triplet Singlet Triplet

f (N–W–CNT–P) 125.0 180.0 130.0 130.0
W–CNT 2.018 2.093 2.023 2.107
W–P 2.482 2.522 2.481 2.528
W–N 1.791 1.794 1.792 1.795
N–O 1.251 1.252 1.251 1.253
CNT–W–P 121.38 132.82 122.37 129.37
CNT–W–N 128.55 133.55 128.35 133.48
P–W–N 93.33 93.63 95.36 85.64
W–N–O 175.34 176.71 175.37 176.90
Relative energy/kcal mol 0 23.3 +0.8 +0.8 Fig. 1 B3LYP/LANL2DZ energies of optimized singlet (-) and triplet (8)

CpW(NO)(PH3) at various fixed dihedral N–W–CNT–P (f) angles
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point (f = 130°), the vertical excitation energies of singlet and
triplet geometries (energy of the triplet configuration at the
singlet geometry and of the singlet configuration at the triplet
geometry) are 6.9 and 8.2 kcal mol21, respectively. These
numbers give an estimate of the upper bound of the spin flip
barrier.∑

The energetic proximity of these vertical excitation energies
and the inversion barrier along the singlet surface (within ca. 1
kcal mol21) prohibits the definitive identification of the
inversion mechanism (two-state vs. one-state) for the
CpW(NO)(PH3) species. It is readily apparent, however, that
the involvement of the triplet spin state represents a distinct and
realistic alternative to a process restricted to the singlet spin
surface, the only mechanism which has hitherto been con-
sidered for this class of compounds. Further experimental and
theoretical work is unquestionably required to explore this
possibility for Cp*W(NO)L species, as well as for CpML2
compounds in general.

Several 16e, d6 Cp*M(PR3)X species have been invoked in
intra- and inter-molecular C–H bond activation reactions (M
= Ir, X = CH3

+;25 M = Os, X = CH2SiMe3;26 M = Ru,
X = CH2CMe3;27 M = Re, X = CO, PMe3;28–30 M = W,
X = NO1). In particular, much recent theoretical, synthetic, and
mechanistic work has been focused on the low-temperature
alkane C–H bond activation reactions of the Cp*Ir(P-
Me3)(CH3)+ complex,31–34 but to the best of our knowledge,
only one study has addressed the possible involvement of triplet
species in this system.19 The role of the spin state in the
reactivity of unsaturated Cp*W(NO)L species is currently
under theoretical investigation.35

R. P. thanks the Région Bourgogne for supporting this
research, and K. M. S. is grateful for a TMR Marie Curie
Postdoctoral Fellowship.

Notes and References

† Cp = h5-C5H5; Cp* = h5-C5Me5; CNT = Cp ring centroid.
‡ Calculations were performed using Gaussian 94.11 The LanL2DZ basis set
was employed to perform geometry optimisations with a density functional
theory (DFT) approach. The three-parameter form of the Becke, Lee, Yang
and Parr functional (B3LYP)12 was employed. The LanL2DZ basis set
includes both Dunning and Hay’s D95 sets for H and C13 and the relativistic
electron core potential (ECP) sets of Hay and Wadt for the heavy
atoms.14–16 Electrons outside the core were all those for H, C, N and O, the
5s, 5p, 5d and 6s electrons for W and the 3s and 3p electrons for P. The mean
value of the first-order electronic wavefunction, which is not an exact
eigenstate of S2 for unrestricted calculations on open shell systems, was
considered suitable for the unambiguous identification of the spin state.
Ground state energies are based on complete geometry optimisations. The
singlet geometry for f = 180° was optimised with an imposed mirror plane.
For all other values of f, the C5 ring of the Cp ligand was fixed as a regular
pentagon, the degree of pyramidalisation was set at a specific N–W–CNT–P
dihedral angle (f), and the geometry was optimised with no other
constrained parameters.
§ For the use of steric bulky ligands in stabilising Cp*Ru(PR3)X species, see
refs. 9, 22 and 23.
¶ For discussion of similar examples of ‘two-state reactivity’ see ref. 24 and
references therein.
∑ For a discussion of the problems inherent in estimating spin-crossover
energies, see refs. 18, 21 and 24.

1 P. Legzdins, J. T. Martin, F. W. B. Einstein and R. H. Jones,
Organometallics, 1987, 6, 1826.

2 J. D. Debad, P. Legzdins, S. A. Lumb, R. J. Batchelor and
F. W. B. Einstein, Organometallics, 1995, 14, 2543.

3 E. Tran and P. Legzdins, J. Am. Chem. Soc., 1997, 119, 5071.
4 J. D. Debad, P. Legzdins, S. A. Lumb, R. J. Batchelor and

F. W. B. Einstein, J. Am. Chem. Soc., 1995, 117, 3288.
5 P. Legzdins and S. A. Lumb, Organometallics, 1997, 16, 1825.
6 P. Legzdins, S. A. Lumb and V. G. Young, Jr., Organometallics, 1998,

17, 854.
7 D. J. Burkey, J. D. Debad and P. Legzdins, J. Am. Chem. Soc., 1997,

119, 1139.
8 C. C. Bickford, T. J. Johnson, E. R. Davidson and K. G. Caulton, Inorg.

Chem., 1994, 33, 1080.
9 T. J. Johnson, K. Folting, W. E. Streib, J. D. Martin, J. C. Huffman,

S. A. Jackson, O. Eisenstein and K. G. Caulton, Inorg. Chem., 1995, 34,
488.

10 T. R. Ward, O. Schafer, C. Daul and P. Hofmann, Organometallics,
1997, 16, 3207.

11 M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson,
M. A. Robb, J. R. Cheeseman, T. A. Keith, G. A. Petersson,
J. A. Montgomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzew-
ski, J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B. Stefanov,
A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen,
M. W. Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L. Martin,
D. J. Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M. Head-
Gordon, C. Gonzales and J. A. Pople, Gaussian 94 (Revision
E.1). Gaussian Inc., Pittsburgh, PA, 1995.

12 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.
13 T. H. Dunning, Jr. and P. J. Hay, in Modern Theoretical Chemistry, ed.

H. F. Schaefer, III, Plenum Press, New York, 1976, p. 1.
14 P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 270.
15 W. R. Wadt and P. J. Hay, J. Chem. Phys., 1985, 82, 284.
16 P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 299.
17 P. Legzdins, W. S. McNeil, K. M. Smith and R. Poli, Organometallics,

1998, 17, 615.
18 P. E. M. Siegbahn, J. Am. Chem. Soc., 1996, 118, 1487.
19 M.-D. Su and S.-Y. Chu, J. Am. Chem. Soc., 1997, 119, 5373.
20 D. J. Burkey and P. Legzdins, manuscript in preparation.
21 R. Poli, Chem. Rev., 1996, 96, 2135.
22 B. K. Campion, R. H. Heyn and T. D. Tilley, J. Chem. Soc., Chem.,

Commun., 1988, 278.
23 H. E. Bryndza, P. J. Domaille, R. A. Paciello and J. E. Bercaw,

Organometallics, 1989, 8, 379.
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The effect of substitution of the C–F group for the C–H group in crystal
packing as well as thermal behaviour
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The packing motif and/or thermal stability of a crystal is
controlled by intermolecular C–F···p interactions.

The C–F group is similar to the C–H group in size. However,
when the C–F group is substituted for the C–H group, the crystal
structure is generally no longer identical.1 In a few cases, the
change in the packing motif has been explained in terms of
C–H···F–C interaction,2 p–p interaction,3 etc. Here we report
the first example of an intermolecular C–F···p interaction which
controls the packing motif as well as the thermal stability of the
crystal, on the basis of comparison of four crystalline complexes
which are composed of triphenylmethanol derivatives, i.e.
triphenylmethanol (F0), (4-fluorophenyl)diphenylmethanol
(F1), bis(4-fluorophenyl)phenylmethanol (F2) and tris(4-
fluorophenyl)methanol (F3), and MeOH.

By slow evaporation from MeOH solution, F1 and F2
afforded 1:1 complexes, as F1·MeOH‡ and F2·MeOH,‡
respectively, their stoichiometric ratios being the same as that of
F0.4 Interestingly, an X-ray analysis revealed that both
F1·MeOH and F2·MeOH are isostructural to F0·MeOH;5 one
host and one guest molecule exist in an asymmetric unit, and
two hosts and two guest molecules comprise a molecular
assembly with the aid of a hydrogen bond (Fig. 1). The fact that

none of the fluorine atoms take part in hydrogen bonding with
the hydroxy groups is consistent with the reports of Dunitz and
Taylor.6 It is noteworthy that the fluorine atom is disordered in
F1·MeOH. The disordered fluorines are observed only on two
phenyl moieties [i.e. plane A and B, in Fig. 1(a)], occupancy
factors of which are evaluated to be 0.69 and 0.31 for F(A) and
F(B), respectively. Disorder of the fluorine atoms is also found
in F2·MeOH, but it is not identical to that in F1·MeOH. The
fluorine atoms in F2·MeOH are observed on all the three phenyl
rings; the occupancy factors are 0.95, 0.80, and 0.25 for F(A),
F(B), and F(C), respectively [Fig. 1(b)].

Despite their isomorphous characteristics, the thermal behav-
iour of F0·MeOH, F1·MeOH and F2·MeOH upon DSC
(differential scanning calorimetry) measurement§ are some-
what different. On heating, the guest molecule in F0·MeOH and
F1·MeOH was lost at very similar temperatures (Tonset = 78.54

and 76.0 °C, respectively), whereas F2·MeOH released the
guest at rather lower temperature (Tonset = 64.8 °C).

This finding can be explained in terms of C–H···p and
C–F···p interactions: Fig. 2 shows that two phenyl rings in
F1·MeOH, i.e. plane C and B, are arranged in an edge-to-face
manner. The interplanar angle and centroid-to-centroid distance
of the two planes are estimated to be 91.5° and 5.39 Å,
respectively. No C–H···p interactions could be observed among
the other pairs of phenyl rings. Such a T-shaped arrangement of
two benzene rings is known to be energetically favourable.7 If
a fluorine atom is substituted onto plane C in this packing motif,
the energetic advantage due to the C–H···p interaction will be
lost. This is one of the principal reasons that the disordered
fluorine atom in F1·MeOH was observed solely on plane A and
B. On the other hand, the disordered fluorine atoms, F(A) and
F(B), play no role with respect to the thermal stability of the
lattice.

In the case of F2·MeOH, the disordered fluorine atoms are
observed on the plane C as well. It causes the loss of the
energetically favorable C–H···p interaction as well as introduc-
ing an electrostatic repulsion between the electronegative
fluorine atom and the p-electrons. In addition to these, a steric

Fig. 1 Perspective views of (a) F1·MeOH and (b) F2·MeOH. For clarity,
fluorine and oxygen atoms are represented by discriminated ellipsoids, and
hydrogen atoms are omitted. Hydrogen bonds are specified by dotted
lines.

Fig. 2 Projection of the host–guest structure of F1·MeOH. Dashed lines
represent CH–p interactions.
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repulsion arises, since the distance from the fluorine to the plane
B is calculated to be 2.87 Å, which is significantly shorter than
the sum of van der Waals radii’s of each moiety (F = 1.47, Car
= 1.77 Å).8 The sum of these factors should lead the instability
of the lattice of F2·MeOH, so that the guest MeOH is lost more
readily than that of F0·MeOH and F1·MeOH.

Although F3 also afforded 1:1 complex with MeOH, the
crystal structure of F3·MeOH‡ is quite different from those of
the others. The hydrogen-bonded cyclic network (H–G–H–G) is
found in the other complexes, whilst the –H–G–H–G– sequence
of an infinite chain of hydrogen bonding is observed in
F3·MeOH (Fig. 3). Among the four MeOH complexes
described here, F3·MeOH is thermally most unstable: the guest
MeOH was released just at 48.3 °C (onset). The exceptional
packing motif of F3·MeOH is ascribable to the unfavorable
C–F···p interaction again. The C–F···p interaction is not critical
in F2·MeOH with respect to the packing motif, because only
one fourth of the para positions of plane C are substituted by
fluorine atoms. However, complete occupation would make it
too disadvantageous in energy for F3 to adopt a similar packing
motif to the other complexes, so that F3·MeOH crystallized in
a distinct manner.

These results demonstrate new aspects of a fluorine in
crystalline chemistry as well as in medicinal and biological
chemistry. Further investigations on the effect of fluorine on

crystal structure as well as thermal behaviour are currently
underway.

Notes and References

† E-mail: hayashi@alchemy.jinkan.kyoto-u.ac.jp
‡ Crystal data for F1·MeOH: C20H19F1O2, M = 310.36, triclinic, P1̄ (no.2),
a = 9.348(4), b = 11.756(5), c = 8.537(3) Å, a = 98.93(4), b =
114.31(3), g = 77.66(4)°, V = 832.8(6) Å3, T = 298 K, Z = 2, µ(Mo-Ka)
= 0.86 cm21, refined using 1438 reflections R = 0.066. For F2·MeOH:
C20H18F2O2, M = 328.34, triclinic, P1̄ (no.2), a = 9.489(3), b = 11.698(3),
c = 8.595(3) Å, a = 99.35(2), b = 113.47(2), g = 77.68(2)°, V = 851.8(4)
Å3, T = 298 K, Z = 2, µ(Mo-Ka) = 0.96 cm21, refined using 1427
reflections, R = 0.047. For F3·MeOH: C20H17F3O2, M = 346.32,
monoclinic, Cc (no.9), a = 10.402(2), b = 23.251(4), c = 8.170(1) Å, b =
115.79(1)°, V = 1779.1(6) Å3, T = 288 K, Z = 4, µ(Mo-Ka) = 1.03 cm21,
refined using 1616 reflections, R = 0.045. All the structures were solved by
direct methods and refined on teXsan (ref. 9). CCDC 182/948.
§ DSC analysis was performed as follows: crystals were removed from the
mother liquor, blotted dry on filter paper and crushed before analysis.
Sample weight in each case was 7–10 mg. The temperature range was from
ambient temperature to 200 °C at a heating rate of 10 °C min21.
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Fig. 3 Perspective view of F3·MeOH. For clarity, fluorine and oxygen
atoms are represented by discriminated ellipsoids, and hydrogen atoms are
omitted. Hydrogen bonds are specified by dotted lines.
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The synthesis of water soluble isoindoline nitroxides and a pronitroxide
hydroxylamine hydrochloride UV–VIS probe for free radicals

Damien A. Reid, Steven E. Bottle*† and Aaron S. Micallef

CIDC, School of Physical Sciences, Queensland University of Technology, GPO Box 2434, Brisbane Q 4001, Australia

The novel water soluble nitroxides 5-trimethylammonio-
1,1,3,3-tetramethylisoindolin-2-yloxyl iodide 8 and 5-car-
boxy-1,1,3,3-tetramethylisoindolin-2-yloxyl 10 are prepared
by nitration of the parent nitroxide 2 and bromination of its
amine precursor 1; the stable (t1/2 > 580 h in MeOH; ca 72 h
in physiological saline) pronitroxide 2-hydroxy-1,1,3,3-tet-
ramethylisoindoline hydrochloride 6 was synthesised by
treatment of 2 with HCl gas in dry EtOH and reacts with
radicals to form 2; the transformation can be followed by
UV–VIS spectroscopy.

Nitroxide radicals have long been used as spin labels and probes
in biological systems, where, in some cases, their presence also
affords protection from oxidative stress and radiative dam-
age.1–4 However, the 1,1,3,3-tetramethylisoindolin-2-yloxyl
(TMIO) nitroxides 2 (Scheme 1) have been largely overlooked
for these applications, their main use to date being in spin
trapping experiments.5,6 The TMIO system enjoys a number of
advantages over the commercially available nitroxides, the most
significant being its excellent thermal and chemical stability and
superior EPR linewidths.7 However, its use in biological
systems has been limited because of the near absence of any
water soluble derivatives. The sulfonate has been reported,8 but
has not been fully characterised. We here report the synthesis of
two water soluble TMIO derivatives, 5-carboxy-1,1,3,3-tetra-
methylisoindolin-2-yloxyl 10 and 5-trimethylammonio-
1,1,3,3-tetramethylisoindolin-2-yloxyl iodide 8. We also report
an alternative strategy for converting the hydrophobic TMIO
into a water soluble derivative, with the synthesis of 2-hydroxy-
1,1,3,3-tetramethylisoindoline hydrochloride 6, the first stable

water soluble pronitroxide incorporating the isoindoline sys-
tem.

Compounds 1 and 2 were prepared according to the literature
procedures of Griffiths et al.9 Treatment of 1 with Br2 (6 equiv.)
in the presence of AlCl3 (12 equiv.) resulted in oxidative
debenzylation and bromination giving 2,5-dibromo-
1,1,3,3-tetramethylisoindoline 5 (40%).10 The slow addition of
BunLi (3.6 equiv.) to a solution of 5 in dry THF and quenching
gave 5-carboxy-1,1,3,3-tetramethylisoindoline 9 (not isolated)
upon aqueous workup [dH([2H6]DMSO) 1.70 (12H, s, Me), 7.45
(1H, d, ArH), 7.88 (1H, d, ArH), 7.94 (1H, dd, ArH), 9.55 (2H,
br, NH2

+); dC([2H6]DMSO) 28.5 (Me), 68.0 (C1, C3), 122.3
(ArC), 123.3 (ArC), 123.7 (ArC), 130.7 (ArC), 143.0 (ArC),
146.8 (ArC), 166.8 (C§O)]. Tungstate oxidation9 of 9 gave 10
[23% (based on 5), mp 214–218 °C; CHCl3, g = 2.00585, aN =
14.45 G (Found: C, 66.57; H, 6.92; N, 6.28; Calc. for
C13H16NO3: C, 66.67; H, 6.84; N, 5.98%); m/z (EI) 234, 220,
219, 204, 189].

The synthesis of 3 was achieved via the quantitative nitration
of 2 according to the method of Bolton et al.11 Hydrogenation
of 3 (H2, Pd/C, 10 psi, 4 h) followed by treatment with PbO2 (0.5
equiv.) to reoxidise to the nitroxide gave 4 as a yellow solid
[98%; mp 195–196 °C (from EtOH) (lit.,12 198 °C)]. This
material possesses substantial synthetic utility, the amine
providing a pathway for coupling to amino acids and proteins as
well as incorporating into sugars.13

The water soluble ammonium nitroxide 8 was prepared via
basic methylation of 4 (MeI, 120 equiv.; NaH, 10 equiv.) in a
sealed vessel (65 °C, 96 h). The product was isolated via
extraction into water (CAUTION: excess NaH) and recovered

Scheme 1 Reagents and conditions: i, Br2, AlCl3, 0 °C, 40%; ii, BunLi, 278 °C, then CO2; iii, H2O2, Na2WO4, 23 (from 5); iv, HNO3, H2SO4, > 95%; v,
H2, Pd, then PbO2, > 95%; vi, MeI, NaH, 65 °C, 90%; vii, AIBN, 90 °C, 90%; viii, 170 °C, 0.1 mmHg; ix, HCl, EtOH, > 95%
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by evaporation. The crude solid was taken up in hot EtOH (ca.
80 ml) and passed through a short Al2O3 column [Al2O3
(neutral, act. I), eluent: EtOH–EtOAc (1:4), 700 ml]. Evapora-
tion yielded a yellow crystalline solid 8 [90%; mp 173–174 °C
(decomp.) (from H2O), 175–176 °C (decomp.) (from EtOH,
slightly contaminated with inorganics) (Found: C, 46.70; H,
6.58; N, 7.21. Calc. for (C15H24N2OI)2·H2O: C, 46.88; H, 6.56;
N, 7.29%); m/z (FAB) 248; (EI) 233 (M2 15), 142 (MeI+), 127
(I+) (accurate to ca. 1 ppm)]. The nitroxide 8 has also been
characterised by EPR (H2O, g = 2.00562, aN = 15.83 G, aN =
0.204 G), NMR analysis of its 2-cyanopropyl adduct 11a and by
its characteristic thermal decomposition product 7 [mp 126–129
°C (Found: C, 72.10; H, 9.18; N, 11.90. Calc. for C14H21N2O:
C, 72.06; H, 9.07; N, 12.01%); m/z (EI) 233]. The nitroxide 8 is
soluble in water at a concentration of ca. 120 mM, exceeding the
typical14,15 solubility requirement for spin probes.

The synthesis of 6 was achieved by bubbling dry HCl into a
stirred solution of 2 in EtOH. The reaction was complete when
the strong orange colour of the nitroxide had reduced to a faint
yellow (ca. 0.5 h). Evaporation yielded a white solid 6 [98%;
mp 196–198 °C (decomp.) (from MeCN) (Found: C, 63.54; H,
8.05; N, 6.07. Calc. for C12H18NOCl: C, 63.29; H, 7.97; N,
6.15%); dH(CDCl3) 1.79 (12H, s, Me), 7.18 (2H, d, ArH), 7.39
(2H, d, ArH); dC(CDCl3) 25.5 (Me), 75.9 (C1, C3), 121.9
(ArC), 129.7 (ArC), 139.3(ArC)]. The hydroxylamine hydro-
chloride 6 is soluble in water at concentrations greater than
1 M.

Hydroxylamines have been used16 as oxygen sensitive probes
in MRI and recently17 in the determination of reactive oxygen
species by EPR analysis with ten-fold greater sensitivities than
can be achieved using conventional nitrone spin traps. We have
found that the transition from 6 (and its unprotonated equiva-
lent) to 2 can be monitored by UV–VIS spectroscopy and have
followed the reaction of 6 with the 2-cyanopropyl radicals
generated from the thermolysis of AIBN (see Fig. 1). Blank
reactions confirmed this transition did not occur in the absence
of AIBN under identical conditions. The ability to observe the

formation of a nitroxide spectroscopically, without the use of
EPR methods, is quite novel and demonstrates the potential for
6 to act as a UV–VIS probe for free radicals. The hydrox-
ylamine hydrochloride 6 is particulary inert in the solid form
and is even stable in solution, having a half life (t1/2) > 580 h
at 0.26 mM in MeOH exposed to the atmosphere at room
temperature (determined by UV–VIS analysis). Treatment with
base, however, greatly reduces the stability of 6, the free
hydroxylamine having t1/2 < 4 h in MeOH solution. This
pronitroxide also possesses significant stability in physiological
saline phosphate buffer (pH 6.9) where it has t1/2 ca. 72 h at 0.26
mM. Notably, when converted to the nitroxide in physiological
media this species remains in solution (at this concentration),
again demonstrating the potential of 6 as a water soluble radical
scavenger.

We thank the CIDC, QUT and the ARC for financial
support.
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Fig. 1 UV–VIS spectra following the reaction of 6 (2.6 3 1024 M) with
AIBN (0.5 equiv.), 90 °C, in degassed MeOH under N2 after (a) 0.0, (b) 1.5,
(c) 3.0, (d) 7.5 and (e) 9.0 h. Chromatography confirmed only trace amounts
of 2-cyanopropyl adduct 11b.
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Observation of supramolecular p–p dimerization of a dinuclear ruthenium
complex by 1H NMR and ESMS

Eléna Ishow, André Gourdon* and Jean-Pierre Launay

Groupe Electronique Moléculaire, CEMES-CNRS, UPR 8011, BP 4347 29 Rue Jeanne Marvig, 31055 Toulouse, France. E-mail:
gourdon@cemes.fr

The dinuclear ruthenium complex of bis{dipyrido[3,2-f:2A,3A-
h]quinoxalo}[2,3-e:2A,3A-l]pyrene (bqpy) forms dimers in
solution maintained only by p–p stacking of the bridging
ligand, stable enough to be observed not only by 1H NMR
spectroscopy but also by electrospray mass spectrometry at
low accelerating cone voltage.

In recent years much attention has been drawn to supramo-
lecular architectures maintained by weak interactions.1 We
report here the first evidence, by 1H NMR and electrospray
mass spectrometry, of the supramolecular dimerization of a
dinuclear metallic complex only maintained by p-p stacking.

We have recently observed by 1H NMR spectroscopy the
supramolecular aggregation in solution of the monometallic
complex [(bpy)2Ru(tpphz)]2+ where tpphz is the fully aromatic
tetrapyrido[3,2-a:2A,3A-c:3B,2B-h:2AB,3AB-j]phenazine.2 This di-
merization by p–p stacking of the tpphz part, was not observed
for the dinuclear complex [(bpy)2Ru(tpphz)Ru(bpy)2]4+. In-
deed, the relatively short intermolecular Ru–Ru distance (12.77
Å determined by X-ray diffraction), and therefore the high
intermolecular coulombic repulsions, preclude any efficient
stacking. Along these lines we have synthesized the dinuclear
complex 1 of bis-{dipyrido[3,2-f:2A,3A-h]quinoxalo}[2,3-
e:2A,3A-l]pyrene (bqpy). In this complex, the calculated inter-
metallic distance is ca. 20 Å, long enough to allow an efficient
aggregation of two complexes.

Attempts to synthesize bqpy from 5,6-diamino-1,10-phenan-
throline and tetraketopyrene3 gave only intractable mixtures of
insoluble bqpy and by-products. This lack of solubility
emphasizes the very important p–p interactions in this type of
compound. We have used instead the alternative synthetic route
depicted in Scheme 1 which involves successive functionaliza-
tions of soluble precursor complexes.† Reaction of 6-amino-
5-nitro-1,10-phenanthroline, obtained by nucleophilic amina-
tion of 5-nitro-1,10-phenanthroline,2 with Ru(bpy)2Cl2·2H2O in
refluxing ethanol gave the corresponding amino–nitro complex
in 82% yield which was then reduced by hydrazine hydrate over
Pd/C to provide the diamino complex 2 in 89% yield.
Condensation with tetraketopyrene3 gave first 3 and then 1 on
prolonged heating in acetonitrile–methanol–acetic acid (yield
64%). In contrast to the free ligand bqpy, 1 is soluble in various
solvents depending on its counter anions.

As expected by analogy with the mononuclear [(bpy)2R-
u(tpphz)]2+ complex, the 1H NMR spectra are very sensitive to
concentration.

On one hand, the bqpy protons are clearly the most affected
with displacements up to 0.9 ppm between extreme conditions.
Their signals are significantly broadened and move upfield with
increasing concentration, the most influenced ones being the
pyrene protons Hd and He; on the other hand, the bpy proton
signals are only slightly broadened and move downfield in a
smaller extent (maximum 0.1 ppm). We have attributed this
concentration effect to the aggregation in solution of dinuclear
species by p-stacking of the central bqpy aromatic parts.
Consistent with this hypothesis, a temperature increase causes
similar effects as dilution. This aggregation, which must be
rapid with respect to the NMR timescale, modifies the local

electron density and/or the ring current effects in the vicinity of
the bqpy ligand. As a matter of fact, the p-stacking localizes the
electron density on the central quinoxalopyrene part and
decreases the electron density on the ruthenium atoms. These
1H NMR spectra modifications are in agreement with those
encountered in some host–guest organic complexes, catenanes
and rotaxanes4 in which inclusion induces shielding and
broadening of the aromatic hosts and guest signals. The
association constant monomer–dimer has been estimated at 830
m21 by standard curve-fitting to a plot of chemical shift vs.
concentration (at concentrations below 1.9 3 1023 m).

This dimerization in solution can also be observed by
electrospray mass spectrometry (ESMS). This soft ionisation
method5 has been recently used for the direct characterization of
weakly bonded species containing non-covalent interactions
such as receptor–ligand,6 enzyme–substrate,7 heme–protein
complexes,8 oligonucleotide duplexes9 and hydrogen-bonded
supramolecular assemblies.10 Moreover, it has also been
possible to observe by this technique the formation of
multinuclear metal coordination complexes under equilibrium
conditions.11 As low ionisation energies are involved, non-
covalent molecular architectures, the stability of which depends
on weak interactions, are not destroyed so that ion distributions
in the mass spectra reflect with confidence the species
arrangement in solution. In our case, we have been able to
isolate and discriminate the formation of the supramolecular
dimer of 1 only maintained by weak p–p interactions by
varying the accelerating cone voltage to control the fragmenta-
tion during the ionisation process. The ESMS spectrum
recorded at cone voltage of 60 V showed four major peaks at
m/z 1873, 864, 526 and 359.9 corresponding to pseudomono-
molecular ions with the loss of 1, 2, 3, and 4 PF6

2, and also a
fifth intense peak at m/z 1200. A state of charge of 3+ was found
for this peak by optimizing the resolution of the isotopic pattern.
Both values, charge and mass unity, are in total agreement with
the formation of the dimeric entity {[(bpy)2RuII(bqpy)-
RuII(bpy)2]2 + 5PF6

2}3+ corresponding to a dimeric neutral

Scheme 1 Reagents and conditions: i, ii, tetraketopyrene, MeCN–MeOH–
AcOH (20:15:1 v/v), reflux, 4 d, 64%
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species 12 after loss of three PF6
2 counter anions PF6

2. And
likewise, the peak at m/z 1873 is also clearly an isotopically
resolved overlap of {1-PF6}+ and {12-2PF6}2+ species. More-
over, by raising the cone voltage to 90 and 120 V (Fig. 1), this
peak intensity decreased and finally vanished, whereas the four
other peaks remained nearly unchanged; simultaneously, the
voltage increase engendered the partial fragmentation of the
dinuclear complex 1 as a novel peak appeared at m/z 1169,
assigned to the fragmentation product [(bpy)2Ru(bpqy)]2+ with
one PF6

2.
Although the exact geometry of this dimer in solution cannot

be determined with accuracy by experimental techniques, some
insights can be inferred from theories and experiments on small
polyaromatic organic molecules and from molecular mechanics
calculations. The steric crowding of the bulky RuII(bpy)2
extremities imposes a geometry in which the metal–metal axes
are more or less perpendicular to each other to allow a quite
short bqpy–bqpy distance. In that conformation, both bqpy
planes can be either perpendicular (T-shape) or parallel
(stacked). On the basis on previous studies,12 it seems
reasonable to assume a stacked geometry for the dimer 12 in
which the ligand bqpy exhibits a large aromatic extension.
Stability of such stacked large systems actually results from a
compromise between the dominant favourable van der Waals
attraction, which seems to be linearly correlated with the
number of aromatic moieties, and the repulsive coulombic
interactions. In the case of the dimer 12, these repulsive
coulombic interactions are considerably reduced by the strong
electron-acceptor ruthenium extremities which decrease the
electronic density on the central pyrene-type regions.13 By
positioning two complexes in this perpendicular conformation
(Fig. 2), with the bqpy planes parallel at 3.5 Å, the distance
between two ruthenium centres belonging to two different
molecules is estimated to 14.5 Å which precludes any
significant couloumbic repulsion between the metallic moie-
ties.

Additionally, such a geometry often exhibits an offset of the
aromatic parts from the face-to-face aggregation for the stacked
molecules to accommodate with the repulsive coulombic
interactions allowed here by the length of the bridging ligand.

This work was supported by the CNRS and the EEC program
Electron and Energy Transfer in Model Systems(CHRXCT-
94-0538). S. Richelme and C. Claparols are acknowledged for
ES–MS experiments.
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Fig. 1 Detail of the ESMS spectra of 1 in MeCN/H2O 1 : 1 at cone voltages
of 60, 90 and 120 V in the range m/z 1000–2000. a refers to the dimeric
species {[12](PF6)5}3+ and b to the superimposition of the monomer
{[1](PF6)3}+ and of the dimer {[12](PF6)6}2+. Note the scale change at 60
V.

Fig. 2 CPK representation of the dimer 12
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Three stereogenic centers bearing azide, methoxy, and
ethylthio groups, have been constructed stereoselectively
using the sole chirality of the Fe(CO)3 group with concurrent
1,2-migration of the Fe(CO)3 group and the obtained
product was converted to an anti-aminoalcohol derivative to
determine the absolute stereochemistry.

Nucleophilic attack on coordinated polyenes is an important
reaction in p-organometallic chemistry.1 If reactions of this
type occur with predictable regio- and stereo-selectivity, they
can be of synthetic utility. For example, the reactivity of acyclic
(pentadienyl)iron(1+) cations has been the subject of recent
intense investigations.2 However, compared with cyclic
iron(1+) cation complexes,3 regio- and stereo-selective nucleo-
philic addition to the acyclic (pentadienyl)iron(1+) cations
seems to be difficult due to their configurational flexibility.
Thus far, several efficient methods, which skip the isolation of
the acyclic (pentadienyl)iron(1+) cations (in situ generation),
have been developed and applied to natural product synthesis.4
Previously, we described the regio- and stereo-selective 1,5-nu-
cleophilic substitution of the cyanophosphate Fe(CO)3 com-
plexes with several heteroatomic nucleophiles, giving the
1,2-migrated products of the Fe(CO)3 group with (E,Z)-
configuration.5 Here, we wish to describe the regio- and stereo-
selective synthesis of (E,E)-1,5-substituted adducts and their
novel application to construction of contiguous stereogenic
centers in acyclic alkenes (Scheme 1).

During our studies on the 1,5-nucleophilic substitution of the
cyanophosphate 1† with methanol, we found that the 1,5-sub-
stitution of 1 into the (E,E)-adducts was catalyzed by trityl
perchlorate (TrClO4) in the presence of various nucleophiles.
Indeed, treatment of 1 with 10 equiv. of heteroatomic
nucleophiles such as methanol, ethanol, and TMSN3 in the
presence of 1.1 equiv. of TrClO4 in THF at room temperature
gave the desired products 2a–c‡ in moderate yields in all cases
(Scheme 2). Furthermore, TrClO4 also promoted the isomeriza-

tion of the (E,Z)-adduct 3‡ to the (E,E)-adduct 2a‡ in 81%
yield.

We next examined the possibility of iterative manipulation of
this 1,5-nucleophilic substitution with the obtained azide 2c
(Scheme 3). The requisite cyanophosphate 4 was prepared from
2c as follows. The reduction of 2c with diisobutylaluminium
hydride (DIBAL-H) was followed by the reaction with
diethylphosphoryl cyanide6 to afford the desired cyanophosp-
hate 4.† The crude cyanophosphate 4 was subjected to a
catalytic amount of BF3·OEt2 in methanol at 0 °C to give rise to
the (E,Z)-1,2-migrated product 5‡ as a single isomer in 53%
yield in two steps (method A).5 On the other hand, the
subjection of 4 to 1.1 equiv. of TrClO4 and 10 equiv. of
methanol in THF at room temp. afforded the (E,E)-1,2-migrated
product 6‡ as a single isomer in 52% yield in two steps (method
B). These results indicate that the second nucleophile was
introduced regio- and stereo-selectively with the 1,2-migration
of the Fe(CO)3 group without influence of the azide group.

In order to determine the absolute stereochemistry of 6 and
also to extend this method to the asymmetric synthesis of a
natural product such as 2,3-anti-aminoalcohol7 14 (Scheme 4),
we next applied this iterative manipulation to the chiral
compound (+)-2c. Although we have already reported the
efficient asymmetric synthesis of the chiral Fe(CO)3 complexes
by the catalytic asymmetric alkylation of meso-hexadienal
Fe(CO)3 complex 7, the reaction with dimethylzinc resulted in
low yield and poor enantioselectivity.8 So, we first investigated
other reaction conditions to obtain (+)-2c enantioselectively.
After many experiments, we found that Kobayashi’s procedure9

Scheme 1 Utility of an iron–tricarbonyl complex as a mobile chiral
ligand

Scheme 2 Reagents and conditions: i, NuH (10 equiv.), TrClO4 (1.1 equiv.),
THF, r.t., 49% (Nu = MeOH) for 2a; 41% (Nu = EtOH) for 2b; 56%
(Nu = TMSN3) for 2c; ii, MeOH (10 equiv.), TrClO4 (1.1 equiv.), THF, r.t.,
81%

Scheme 3 Reagents and conditions: i, DIBAL-H, CH2Cl2, 278 °C, 78%; ii,
(EtO)2P(O)CN, LiCN, THF, r.t.; iii, BF3·Et2O, MeOH, 0 °C, 53%; iv,
TrClO4, MeOH, THF, r.t., 52%

Chem. Commun., 1998 1911



was suitable for the purpose. The reaction of 7 with 1.8 equiv.
of dimethylzinc and 1.8 equiv. of titanium(iv) isopropoxide in
the presence of the chiral ligand (A) in toluene at 0 °C gave rise
to monomethylated complex 8 in 71% yield with 96% ee. After
acetylation of 8, an azide group was introduced stereose-
lectively by the treatment of 9 with TMSN3 and Sc(OTf)3 in
CH2Cl2 to afford (+)-2c.§ Here we undertook the same
manipulation developed above (method B) with (+)-2c to obtain
the anti-adduct (+)-6‡ in a comparable yield without any
racemization. The further introduction of an ethylthio group
into (+)-6 by a similar procedure using TrClO4 and ethanethiol
(method B) also proceeded successfully to give the desired
(E,E)-adduct 10‡ as a single isomer in 61% yield. The
hydrogenation in the presence of di-tert-butyl dicarbonate and
sequential reduction with DIBAL-H of 10 gave the carbamate
11, which was converted to 12 by a three-step sequence [Wittig
reaction, hydrogenation over 10% Pd/C, and decomplexation].
This compound 12 was identical to the synthetic sample which
was prepared from the known (2R,3S)-aminoalcohol derivative
1310 by the methylation (MeI, Ag2O, MeCN, reflux; 53%) in
respect of 1H NMR, IR, mass, and [a]D. Based on these results,

it is revealed that all substituents in 6 and 10 would be
introduced from the opposite side of the Fe(CO)3 group to give
all anti-adducts in this iterative manipulation using method B.
In conclusion, we have achieved the highly stereoselective
synthesis of 12, a key compound for the asymmetric synthesis
of the natural product 14, by using the (diene)Fe(CO)3 group as
a sole and mobile chiral auxiliary. This is the first example in the
p-organometallic chemistry that the p-coordinated metal-group
controls the contiguous stereogenic centers in acyclic com-
pounds with concurrent 1,2-migration.

Notes and References

† Owing to the instability of 1 and 4 towards column chromatography, these
compounds were used as a diastereomixture (2 : 3) without purification.
‡ The relative and absolute stereochemistry of 2a–c, 3, 5, 6 and 10 were
elucidated from the reported examples2 and conversion of 10 and the
reported product 13 to 12.
§ Under these reaction conditions, the aldehyde group was converted to a
nitrile group.
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Scheme 4 Reagents and conditions: i, Me2Zn, Ti(OPri)4, chiral ligand (A),
220 ? 0 °C, toluene, 71%; ii, Ac2O, pyridine, CH2Cl2, r.t., 80%; iii,
TMSN3, Sc(OTf)3, CH2Cl2, r.t., 90%; iv, DIBAL-H, CH2Cl2, 278 °C, 88%
for 2c, 77% for 6a, 78% for 10; v, (EtO)2P(O)CN, LiCN, THF, r.t.; vi,
TrClO4, MeOH (10 equiv.), THF, r.t., 52%; vii, TrClO4, EtSH (10 equiv.),
THF, r.t., 61%; viii, H2 (5 atm), 10% Pd/C, (BOC)2O, MeOH, r.t., 81%, ix,
C5H11PPh3Br, BunLi, toluene, 278–0 °C, 73%; x, H2 (3 atm), 10% Pd/C,
MeOH, r.t., 81% xi, Me3NO, benzene, 60 °C, 85%; xii, MeI, Ag2O, MeCN,
reflux, 53%
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An alternative interpretation of the HETCOR NMR spectra of poly(lactide)
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An alternative to the assignments proposed recently by
Chisholm et al. for the 1H and 13C NMR resonances of
poly(lactide) based on their HETCOR spectra is presented;
we find that the HETCOR spectra are consistent with older
assignments of the tetrad and hexad stereosequence reso-
nances in the 1H and 13C NMR spectra and we believe that
the influence of adjacent chiral units on the NMR chemical
shift extends asymmetrically and is opposite in the case of 1H
and 13C nuclei; this is in contrast to the assumption that the
observed chiral repeat unit for any particular stereosequence
resonance is the same for 1H and 13C NMR spectra as used
by Chisholm et al. in their analysis.

NMR spectroscopy has been shown to be an effective method
for characterizing the stereosequence distribution in poly(lac-
tide) (PLA) samples.1,2 Homonuclear decoupled 1H NMR and
proton-decoupled 13C NMR spectra have been used to explore
the kinetics and predict the stereoisomer composition in
PLA.2–5 Recently, Chisholm et al have proposed an alternative
set of stereosequence assignments for the 1H and 13C NMR
resonances based on heteronuclear correlation (HETCOR)
spectra for poly(rac-lactide) and poly(meso-lactide).6 The
nomenclature for stereosequence assignments of NMR reso-
nances of PLA has been detailed in a number of previous
reports.1,2,6 Fig. 1 reproduces the spectra and assignments
obtained for poly(rac-lactide) and poly(meso-lactide) from one
of those reports.2

Chisholm et al. found cross-peaks between sis resonances in
the 1H NMR spectra and isi and iss/ssi resonance in the 13C
spectra in the HETCOR of poly(meso-lactide).6 In the HET-
COR of poly(rac-lactide), they found cross-peaks between the
sis and iis/sii resonances in the 1H spectra and the isi resonance
in the 13C spectra. Since these results appeared to contradict the
previous assignments, they proposed a new set of stereose-
quence assignments. However, we believe these are incon-
sistent with the intensity distribution predicted from simple
probability rules. For example, in the 13C NMR spectrum of
poly(meso-lactide), their assignment of the isi and sis reso-

nances are reversed such that the isi resonance has a higher
intensity than the sis resonance. The sis stereosequence is
formed by isotactic addition of two meso-lactides, and should
have a significantly larger intensity than the isi stereosequence,
which requires two isotactic additions of three meso-lactide
monomers. Under polymerization conditions such that no
transesterification or epimerization occurs, the sis intensity
should always be greater than the isi intensity.

The observed nucleus in a resonance representing a tetrad (or
hexad) stereosequence is from one of the two chiral repeat units
at the center of the sequence. The tetrad sensitivity arises due to
an asymmetrical extent of influence of adjacent chiral repeat
units on NMR chemical shifts. If the influence were symmet-
rical, only triad or pentad stereosequence resonances would be
observed in the NMR spectra. The cause of the asymmetrical
influence in a tetrad stereosequence resonance in PLA is not
known. It may be related to the presence of asymmetric repeat
units having a carbonyl on one side and an ester oxygen on the
other. It is also possible that the asymmetrical influence on the
chemical shift in the 1H NMR spectra is opposite as compared
to the 13C NMR spectra. The consequence is that the observed
repeat unit for a given stereosequence resonance is not identical
in the 1H and 13C NMR spectra, but are adjacent chiral repeat
units at the center of the sequence. For example, in the
stereosequence –RRSS–, represented by isi, the observed repeat
unit could be either –R– or –S–. The HETCOR spectra reported
by Chisholm et al. would result if in case of the 1H NMR spectra
the observed nucleus comes from –R, and in the case of the 13C
NMR spectra, the observed nucleus is from –S– (or vice versa).
Our justification for the analysis of the specific cross peaks
present in the HETCOR spectra of poly(rac-lactide) and
poly(meso-lactide), based on the assumption of opposite
asymmetrical influence for 1H and 13C NMR, follows.

In poly(rac-lactide), –RRSSR– and –RRSSS– sequences may
be represented as isi adjacent to sis and sii, respectively. If in the
13C spectra the observed repeat unit representing isi is –S–, this
would appear in the 1H NMR spectra as either sis or sii
depending on which repeat unit (R or S) is adjacent to the isi
stereosequence. Unfortunately, due to equal probability of
occurrence, it is not possible to experimentally distinguish and
identify the iis resonance from the sii resonance.1,2,6 Hence as
observed in the HETCOR, the isi resonance in 13C NMR
spectrum should have cross peaks with sis and one of the sii/iis
resonances in the 1H NMR.

In poly(meso-lactide), –RRSSR– and –SRSSR– are repre-
sented as isi and ssi, respectively, adjacent to a sis. Assuming a
similar relationship as above, the –S– would appear as a sis in
the 1H NMR spectrum and either isi or ssi (not iss) in the 13C
NMR spectrum. And as observed in the HETCOR, the sis
resonance in the 1H NMR should have cross peaks with isi and
one of the ssi/iss resonances in the 13C NMR spectrum.

Table 1 shows the cross peaks expected to occur if the
observed repeat unit in 13C NMR is on the right side and in the
1H NMR it is on the left side of the central two units for
poly(rac-lactide), and Table 2 shows similar information for
poly(meso-lactide). It is also possible that the reverse is true, i.e.
the observed repeat unit in 13C NMR is on the left side and in 1H
NMR is on the right side of the central two units. Owing to

Fig. 1 Methine resonances in 1H and 13C NMR spectra of poly(rac-lactide)
(a,b), and poly(meso-lactide) (c,d). The poly(meso-lactide) contained 6%
rac-lactide as an impurity.
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limitations in the experimental data and equal probability of
asymmetric stereosequences,1,2,6 it is not possible to determine
the direction of the asymmetric influence on 13C and 1H NMR
chemical shifts. However, we have clearly shown that the
asymmetric influence must be opposite in 13C and 1H NMR, and
the observed repeat unit for a given stereosequence resonance is
not identical in 13C and 1H NMR.

Further work is in progress to uniquely identify the direction
of the asymmetric influence with respect to the molecular
coordinates. These and other experiments using 13C labeled
PLA to conclusively identify the stereosequence resonances are
in progress and will be reported in the near future.

Support for this work was provided by a NIST ATP grant to
Cargill Incorporated.
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Table 1 poly(rac-lactide); ss not possible

13C 1H

sis isi
isi sii/sis
ssi sii/sis
iis isi
iii iii/iis

Table 2 poly(meso-lactide) ii not possible

13C 1H

ssi sis
sis isi/iss
iss ssi/sss
sss ssi/sss
isi sis
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Synthesis and crystal structure of an arenesulfenyl iodide with unprecedented
stability
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An arenesulfenyl iodide with unprecedented stability was
synthesized by oxidation of a thiol bearing a novel bowl-type
substituent with iodine, whose monomeric structure was
determined by X-ray crystallographic analysis.

Sulfenyl iodides (RSI) have been suggested to play decisive
roles as reaction intermediates in iodination reactions in the
human thyroid gland1 as well as in iodine oxidation of thiols.2
Although more information concerning simple well defined
sulfenyl iodides is desirable, the study of their chemistry has
been hampered by their instability resulting from the ready
disproportionation reaction (2RSI ? RSSR + I2), the DH value
of which is 24.30 kcal mol21.3 In the solid state they are much
less stable partly because of the large sublimation energy of
solid I2 (14.9 kcal mol21). Several aromatic acylsulfenyl
iodides have been isolated and shown to be stable at room
temperature for several hours, but they decompose below 50
°C.4 The only structural analysis of a sulfenyl iodide was carried
out for Ph3CSI at 2118 °C,5 which is stable in the solid state at
278 °C and in solution in the dark.6 Thus, no sulfenyl iodide
stable at room temperature has so far been structurally
characterized.7 On the other hand, the reported value of the S–I
bond dissociation energy is not so small (49.4 ± 2 kcal mol21 for
HS–I),8 suggesting that this species will be stable if the
disproportionation process is suppressed. Recently, we reported
that a stable arenesulfenic acid can be obtained by direct
oxidation of a thiol by taking advantage of a novel bowl-type

substituent 1 (denoted as Bmt hereafter).§9,10 Here we describe
the synthesis of an arenesulfenyl iodide with unprecedented
stability by iodine oxidation of the corresponding arenethiol,
along with its crystal structure.

The sulfenyl iodides isolated so far have been synthesized
mostly by halide exchange reaction of the corresponding
sulfenyl chloride6 or oxidation of the corresponding heavy
metal thiolates.4,11 There has been no example of the synthesis
of a stable sulfenyl iodide by iodine oxidation of a thiol although
this reaction has been considered to involve a sulfenyl iodide as
an intermediate and seems to be the most straightforward
synthetic pathway to it. Oxidation of thiol 212 bearing the Bmt
group with an equimolar amount of I2 in the presence of
triethylamine in CDCl3 resulted in the quantitative formation of
sulfenyl iodide 3, which was isolated by silica gel chromatog-
raphy as dark brown crystals in 92% yield (Scheme 1).¶ The
stability of 3 was remarkable both in the crystalline state and in
solution; it showed a melting point at 257 °C and no

decomposition was observed even after heating at 80 °C for 12
h in toluene-d8. It is stable at room temperature in air for more
than several months. In the UV–VIS spectrum, 3 showed an
absorption maximum at 328 nm in chloroform.

The structure of 3 was finally established by X-ray crystallo-
graphic analysis.∑ An ORTEP drawing of 3 is shown in Fig. 1
with selected bond lengths and angles. The figure clearly shows
that the two rigid m-terphenyl units surround the S–I function-
ality like the brim of a bowl, thus preventing the disproportiona-
tion process effectively. It was reported that in the crystal
structure of Ph3CSI at 2118 °C the molecules are linked via
short S···I contacts of 3.210(4) Å so that a zig-zag chain is
formed.5 By contrast, the shortest intermolecular S···I distance
in 3 is 6.654(2) Å, clearly indicating its monomeric nature. The
S–I bond length [2.386(2) Å] is distinctly shorter than that of
Ph3CSI [2.406(4) Å] probably because of the absence of the
intermolecular interaction. The S–I moiety is almost perpendic-
ular to the benzene plane [I(1)–S(1)–C(1)–C(2) angle,
87.7(6)°].

In spite of its high thermal stability, sulfenyl iodide 3
undergoes ready reactions with some reagents. Treatment of 3
with butane-1-thiol (8 equiv.) in the presence of triethylamine
reduced it to the parent thiol 2 with the formation of a small

Scheme 1

Fig. 1 Crystal structure of 3 (ORTEP drawing; thermal ellipsoids at 30%
probability level). Selected bond lengths (Å), bond angles (°), and torsion
angle (°): S(1)–I(1), 2.386(2); S(1)–C(1), 1.783(7); I(1)–S(1)–C(1),
101.3(2); I(1)–S(1)–C(1)–C(2), 87.7(6).

Chem. Commun., 1998 1915



BuSH (8 eq), Et3N
BmtSH

2 (85%)aCDCl3, r.t.
BmtSI 

3
BmtSSBu
4 (15%)a

+

BmtS-NHCH2Ph
5 (74%)

PhCH2NH2 (10 eq)

CH2Cl2, r.t.

BmtSH 
2

2 BmtSH 
2

I2, Et3N
BmtSI 

3CDCl3, r.t.
+ BmtSSBmt

r.t., 24 h

ArSH 2 ArSH 
I2, Et3N

ArSI 
CDCl3, r.t.

+ ArSSArr.t.

(Ar = Mes, Mes*)

amount of disulfide 4 (Scheme 2). The reaction of 3 with
benzylamine (10 equiv.) readily afforded sulfenamide 5. On the
other hand, 3 was found to be unreactive toward thiol 2 bearing
the same substituent. Oxidation of 2 with 0.5 equiv. of I2 in the
presence of triethylamine afforded a 1 : 1 mixture of 2 and 3, no
disulfide formation being detected even after 24 h at room
temperature (Scheme 3). These results imply that two species
which are otherwise incompatible can be present in the same
system with retention of their reactivities toward other reagents
when they bear a bowl-type substituent. Under the same
conditions, 2,4,6-trimethylbenzenethiol (MesSH) was imme-
diately oxidized to MesSSMes and even 2,4,6-tri-tert-bu-
tylbenzenethiol (Mes*SH) afforded Mes*SSMes* although the
reaction was much slower. Apparently, the bowl-shaped
structure of the Bmt group is more effective for prevention of
dimerization than a Mes* group, where the functionality is more
closely shielded.
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Effects of electron donation into C–F s* orbitals: explanations,
predictions and experimental tests

Weston Thatcher Borden†

Department of Chemistry, Box 351700, University of Washington, Seattle, Washington, 98195-1700,
USA 

The ability of C–F s* orbitals to act as electron acceptors is
shown to be capable of explaining and predicting a wide
variety of apparently unrelated phenomena. Among these
are (i) pyramidalization of fluorinated radical centers, (ii)
the much weaker p-bond in tetrafluoroethylene (TFE) than
in ethylene, (iii) the stepwise reaction of TFE with butadiene
to form 2,2,3,3-tetrafluoro-1-vinylcyclobutane, rather than
the Diels–Alder adduct, (iv) the thermodynamic favorability
of replacing C–H with C–C bonds at fluorinated carbons, (v)
the preference for disrotatory ring opening and closure of
1,1-difluorocyclopropanes, and (vi) the change from a triplet
to a singlet ground state upon substitution of fluorines for
the pair of hydrogens at C-2 of cyclopentane-1,3-diyl.

Over the past ten years my research group at the University of
Washington has been carrying out computational research on
organic molecules containing geminal fluorines. The unifying
principle that has emerged from our research is that C–F
s-bonds have low-lying antibonding s* orbitals, which are
capable of accepting electrons from nonbonding p-p AOs,
either on the same carbon or on adjacent carbons, and also from
s- and p-bonds on adjacent carbons. We have applied this
understanding to explaining otherwise puzzling results, already
in the literature, and to making new predictions that we have
subsequently verified experimentally.

There is now good evidence, both computational1a and
experimental,1b that the ability of C–F s* orbitals to accept
unshared electron pairs from adjacent carbons (negative
hyperconjugation) stabilizes fluorinated carbanions. However,
as will be shown in this article, the electron-accepting ability of
C–F s* orbitals is also capable of explaining and predicting a
wide variety of additional and apparently unrelated phenomena.
Among these are the following: (i) in contrast to methyl radical,
trifluoromethyl radical is non-planar and has a high barrier to
inversion;2 (ii) tetrafluoroethylene (TFE) has a much weaker
p-bond than ethylene;3 and, (iii) unlike ethylene, TFE does not
undergo a Diels–Alder reaction with butadiene but, instead,
forms 2,2,3,3-tetrafluoro-1-vinylcyclobutane [eqn. (1)];4 (iv)

heats of formation show that transfer of the geminal fluorines
from difluoromethane to C-2 of propane [eqn. (2)] is exothermic

CH2F2 + H3CCH2CH3? CH4 + H3CCF2CH3 (2)

by 14.5 kcal mol21;5 (v) although 1-ethyl-2-methylcyclopro-
pane undergoes stereorandom ring opening and closure,6
replacement of the geminal ring hydrogens by geminal fluorines
has been both predicted7 and found8 to lead to a very large
preference for stereomutation by coupled disrotation of the
alkylated ring carbons [eqn. (3)]; and (vi) cyclopentane-1,3-diyl
has a triplet ground state;9 but, as predicted,10 a derivative of
2,2-difluorocyclopentane-1,3-diyl appears to have a singlet
ground state.11

In showing how these diverse phenomena can all be
explained by the electron accepting ability of the s* orbitals of
C–F bonds, I will take advantage of the possibility in a review
of this type of revealing the intellectual threads that connect
what might otherwise appear to be a collection of unrelated
research projects. This review is written from a historical
perspective and describes how one research project led to
another and how each contributed to our understanding of the
effects of geminal fluorines on the structure, energetics, and
reactivity of fluorinated alkanes, alkenes, radicals, and di-
radicals.

Why do some radical centers have significant barriers to
planarity?

In 1976 I taught a course on MO theory at the University of
Washington. The text for the course12 used second-order
perturbation theory to explain the shapes of simple molecules.
Bill Cherry, who was a graduate student in the course, saw how
this theoretical framework could be used to explain the greater
degree of pyramidalization and much higher barrier to inversion
in phosphine, compared to ammonia, and why successive
replacement of the hydrogens by fluorines in AH3 molecules
with seven or eight valence electrons also increases the barriers
to inversion.13,14 Subsequent conversations between Bill, his
thesis adviser, Nick Epiotis, and myself resulted in the three of
us coauthoring an article for Accounts of Chemical Research on
this subject.15

The crucial factor in determining how favorable pyramidal-
ization is in a planar AH3 molecule is the amount of net
stabilization provided by the mixing of the nonbonding pz AO
(a2B) on A with the antibonding 2a1AMO.13,15 These orbitals are
shown in Fig. 1, which also illustrates how their mixing upon
pyramidalization transforms the nonbonding pz AO in planar
AH3 into an MO that consists of a hybridized AO on A whose
smaller lobe interacts in a bonding fashion with the three
hydrogens.

According to second-order perturbation theory, the amount of
net stabilization that arises from mixing between a2B and 2a1A is
inversely proportional to the size of the energy gap between
these orbitals.12,13,15 Therefore, in two similar AH3 molecules
(e.g. NH3 and PH3 or CH3 and SiH3), the energy lowering
caused by pyramidalization and, hence, the amount of pyram-
idalization at the equilibrium geometry will both be larger in the
molecule with the smaller energy difference between the
antibonding 2a1A and the nonbonding a2B orbitals.

Calculations find that planar AH3 molecules have much
lower-lying 2a1A antibonding MOs when A is a second-row,
rather than a first-row atom.13,15 Consequently, second-order
perturbation theory rationalizes the greater pyramidalization
and higher barriers to inversion found in phosphines than in
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amines16 and in silyl radicals, compared to alkyl radicals.17 The
existence of low-lying 2a1AMOs in planar PH3 and SiH3 can be
traced to the fact that, unlike the case with 2s and 2p AOs, the
maximum density of a 3s AO is significantly closer to the
nucleus than that of a 3p AO.18

Another way to lessen the energy difference between the
nonbonding a2B AO on A and the antibonding 2a1AMO in AH3
is to replace the three hydrogens with more electronegative
atoms, such as fluorines.13,15 The reduction in the energy
difference between a2B and 2a1A that results from the substitu-
tion of fluorine for hydrogen makes mixing of these two orbitals
by pyramidalization more energetically favorable.The physical
reason that this substitution leads to pyramidalization is that, as
shown in Fig. 1, the filled MO that results from mixing of these
two orbitals is no longer localized just on A, but is delocalized
onto the more electronegative fluorines. Experimentally, it is
known that electronegative substituents increase the barriers to
inversion at nitrogen16,19 and, as noted in the Introduction, it has
also been found that successive replacement of hydrogens by
fluorines results in increased pyramidalizaion and higher
barriers to inversion in carbon-centered radicals.2

The effect of pyramidalization on the p-bond dissociation
energy of tetrafluoroethylene and on the barriers to
rotation in fluorinated allyl radicals

In a footnote in our 1977 paper in Accounts we pointed out that
the favorability of pyramidalization of silyl,17 cyclopropyl,20

and fluoroalkyl2 radical centers should tend to weaken the
p-bonds in silenes, methylenecyclopropane, and tetrafluoro-
ethylene (TFE), thus possibly accounting, at least in part, for the
high reactivity of these compounds.15 As illustrated in Fig. 2, if

a p-bond is formed between two radical centers, one or both of
which prefer a pyramidal geometry, the p-bond dissociation
energy (BDE) will be less than the intrinsic strength of a p-bond

formed between the planar radical centers by the amount of
energy that is released by their pyramidalization. We have
investigated the impact of this effect on the pBDEs of silenes,21

disilenes,22 methylenecyclopropane,23 and tetrafluoroethylene
(TFE).24

The electronegative substituents attached to each carbon in
TFE have a substantial effect on reducing the p-bond strength in
TFE from that in ethylene. The strength of the p-bond in
ethylene can be obtained experimentally from either the kinetics
of cis–trans isomerization of 1,2-dideuterioethylene25 or from
the thermodynamics of the reaction shown in eqn. (4).26 Both
methods give a p-bond energy of ca. 65 kcal mol21.

H2CNCH2 + CH3CH3? 2 CH3CH2· (4)

Obviously, the kinetics of cis–trans isomerization cannot be
used to provide an experimental value for the p-bond energy of
TFE, but the thermodynamics of the reaction in eqn. (5) with

F2CNCF2 + CF2XCF2X ? 2 CF2XCF2· (5)

X = F has been employed to yield an experimental value of
52 ± 2 kcal mol21 for this quantity.3

Computationally, either the barrier to rotation or the energy
of the reaction in eqn. (5) can be used. Both types of calculations
concur with experiment in finding that the p-bond in TFE is ca.
15 kcal mol21weaker than that in ethylene.24

We used ab initio calculations to show that the lower p-bond
energy in TFE, compared to ethylene, is due entirely to the
energetic cost of planarizing the radical centers in TFE. The
energy of 18.0 kcal mol21that is computed to be necessary to
planarize the carbons in the singlet diradical transition state for
rotation about the double bond27 is very close to the calculated
increase of 18.4 kcal mol21when the energy of the reaction in
eqn. (5) is recomputed with the radical center in CF2XCF2 (X =
H) constrained to planarity.24 The intrinsic strength of the
p-bond in TFE is actually ca. 3 kcal mol21 larger than that in
ethylene.27

Dr Bruce Smart suggested that we investigate whether the
much lower barrier to rotation that EPR experiments had found
in 1,1,3,3-tetrafluoroallyl radical,28a compared to the un-
fluorinated radical,28b,c might have a similar explanation. We
found that pyramidalization of the twisted CF2 group did indeed
lower the barrier to rotation in 1,1,3,3-tetrafluoroallyl radical by
about 10 kcal mol21.29 In the corresponding anion pyramidal-
ization was calculated to provide so much stabilization that a Cs
geometry, with one CF2 group pyramidalized and twisted out of
conjugation, was computed to be 17 kcal mol21 lower in energy
than the planar, conjugated, C2v structure and only 1 kcal mol21

higher in energy than a C2 structure in which both CF2 groups
are pyramdalized but oriented so that they are in conjugation
with the central carbon.30

It was known experimentally that 1,1-difluoroallyl radical
does not have a particularly low barrier to CF2 rotation.28a,b If
CF2 group pyramidalization were the sole reason for the low
barrier to rotation found in 1,1,3,3-tetrafluoroallyl radical, one
would have expected 1,1-difluoroallyl to have a similarly low
barrier to rotation of the CF2 group.

In agreement with experiment, our calculations found the
barrier to CF2 rotation to be 6.9 kcal mol21 higher in
1,1-difluoroallyl than in 1,1,3,3-tetrafluoroallyl. The results of
our CISD calculations are summarized in Fig. 3.27

As shown in Fig. 3, pyramidalization of the rotated CF2 group
actually contributes more to lowering the barrier to rotation in
1,1-difluoroallyl than in 1,1,3,3-tetrafluoroallyl radical. The
barrier to CF2 rotation is higher in difluoro- than in tetrafluoro-
allyl radical because the intrinsic barrier to rotation of a planar
CF2 group is 9.7 kcal mol21 larger in the former than in the
latter radical. The reason for the intrinsically higher barrier to
planar CF2 rotation in difluoroallyl is that, after CF2 rotation,
the CH†CH2 p-bond that remains in difluoroallyl is about 10
kcal mol21 weaker than the CH†CF2 p-bond that remains in
tetrafluoroallyl. A similar difference between the intrinsic

Fig. 1 Effect of mixing the a2B nonbonding MO with the 2a1A antibonding
MO of planar AH3 on pyramidalization

Fig. 2 Thermocycle showing that the p BDE of an alkene is reduced from
the intrinsic strength of a p-bond between the planar radical centers by the
energy released by their pyramidalization
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p-bond energies of ethylene and 1,1-difluoroethylene (DFE)
was calculated.27 This explains why these two molecules have
similar p BDEs, despite the fact that the latter contains a CF2
group, pyramidalization of which is calculated to lower the
intrinsic p BDE by 11.4 kcal mol21.

The origin of the much higher intrinsic p-bond energy in DFE
than in either ethylene or TFE is the asymmetric substitution of
fluorine on the p-bond in DFE. This allows much better
donation of the p-p fluorine lone pairs into the p-bond in DFE
than in TFE. The 14.6 ± 1.5 kcal mol21 exothermcity of the
reaction in eqn. (6) can be viewed as a specific example of

H2CNCH2 + F2CNCF2? 2 F2CNCH2 (6)

Paulings finding that the reaction, A2 + B2 ? 2 AB is always
exothermic and that the exothermicity increases with the
elecronegativity difference between A and B.27

Why does TFE not undergo a Diels–Alder reaction with
butadiene?

Although the reaction of ethylene with buta-1,3-diene yields a
trace of vinylcyclobutane,31 by far the major product (99.98%)
is cyclohexene, formed by a concerted Diels–Alder reaction. In
contrast, as shown in eqn. (1), TFE reacts with buta-1,3-diene to
give, as the only isolated product, 2,2,3,3-tetrafluoro-1-vinyl-
cyclobutane,4 formed via a stepwise mechanism involving a
diradical intermediate.32

Although the p-bond in TFE is considerably weaker than the
p-bond in ethylene,3,27 this fact, by itself, does not explain why
a transition state involving formation of a bond to just one
carbon of TFE is apparently lower in energy than the transition
state for a Diels–Alder reaction, in which bonds are simultan-
eously formed to both carbons. In fact, our calculations found
that, despite the weaker p-bond in TFE, the energy difference
between the reactants and the transition state for a concerted
Diels–Alder reaction is nearly the same for TFE and ethylene.33

Moreover, syn pyramidalization of TFE to f = 26°, as in the
transition state for its Diels–Alder reaction with butadiene, was
computed to raise the energy of TFE by 5 kcal mol21 more than
the same distortion in ethylene. Presumably, repulsions between
the fluorines make pyramidalization of TFE in a syn fashion
energetically costly, so that CF2 pyramidalization in the Diels–
Alder transition state does not accelerate this reaction.

The prediction that the Diels–Alder reactions of butadiene
with both TFE and ethylene have approximately the same
activation energy cannot be verified experimentally, because, as
noted above, TFE reacts rapidly with butadiene to form a
diradical intermediate. The energy of this diradical, relative to
the reactants, was calculated to be ca. 26 kcal mol21 lower for
TFE than for ethylene. Clearly this is why TFE, unlike ethylene,
reacts with butadiene by forming just one C–C bond.

As expected, the CF2 radical center is highly pyramidal (f =
47°) in the diradical; and, of course, the CF2 group at which the

new C–C bond is formed also becomes non-planar. Relief of the
18 kcal mol21 ‘strain’ that is associated with having two planar
CF2 groups in TFE is obviously the major factor that favors the
diradical pathway by 26 kcal mol21 in the reaction of TFE with
butadiene. However, this diradical intermediate is apparently
stabilized by an additional 8–10 kcal mol21 when it is formed
from TFE than from ethylene.

We were able to show that the source of this additional
stabilization of the fluorinated, over the unfluorinated, diradical
is the greater strength of the C–C bond that is formed in the
reaction of butadiene with TFE than with ethylene. This bond is
not only stronger, but it is also 0.05 Å shorter in the fluorinated
than in the unfluorinated diradical. Our calculations indicated
that about 90% of the greater strength of this bond comes from
the geminal pair of fluorines on the carbon to which this bond is
formed.

Calculations and experimental heats of formation both show
the favorability of forming C–C bonds to fluorinated carbons.
For example, the reaction in eqn. (7) can be thought of as

H3CCH2CH3 + HCF2CH3? H3CCH3 + CH3CF2CH3 (7)

replacing a hydrogen in 1,1-difluoroethane with a methyl group
from propane. Without corrections for DZPE, we calculated this
reaction to be exothermic by 8.0 kcal mol21 at the MP2 level of
theory,33 which is slightly larger than the value of 6.2 kcal
mol21 obtained from experimental heats of formation.5 An even
more dramatic example is provided by the reaction in eqn. (2),
in which both hydrogens in difluoromethane are replaced by
methyl groups. As noted in the introduction, experimental heats
of formation5 show that this reaction is exothermic by 14.5
kcal mol21.

Electron delocalization into C–F s* orbitals in neutral
molecules

One possible explanation of the preference for attachment of
electronegative elements, such as fluorine33,34c and oxygen,34 to
the more highly alkylated of two carbons is that the electrons in
the C–H bonds at the b carbons delocalize electrons into the
low-lying C–F and C-O s* orbitals. This would explain not only
the energetics of the reactions shown in eqns. (2) and (7), but
also why our calculations found that the lengths of C–F bonds
increase with increasing alkylation of the carbon to which they
are attached, and why the lengths of C–C bonds decrease with
the addition of fluorines to one of the carbons.

It is generally accepted that electron delocalization into C–F
s* MOs stabilizes carbanions1 and is also responsible for the
anomeric effect observed when fluorine and a heteroatom with
unshared p electrons are attached to the same carbon.35

However, it is much less clear to what extent delocalization of
electrons from C–H bonds into C–F s* MOs actually is
responsible for the energetic preference for attachment of alkyl
groups to fluorinated carbons and the accompanying changes in
bond lengths. In order to test whether delocalization of electrons
into C–F s* orbitals is of any importance in neutral molecules,
we performed additional calculations.36

Computational evidence, supporting the delocalization of
p-electrons into C–F s* orbitals, was actually published in 1983
by Greenberg et al.37 Their calculations found the reaction in
eqn. (8) to be exothermic by 9.6 kcal mol21.

They attributed the exothermicity to electron donation from the
p-bonding orbital of 3,3-difluorocyclopropene into the out-of-
phase combination of C–F s* orbitals. This interaction, which
can be represented schematically by the ionic resonance
structure shown in Fig. 4, confers a degree of aromaticity on
3,3-difluorocyclopropene. The calculated and observed bond

Fig. 3 Intrinsic rotation barriers and planarization energies (kcal mol21)
calculated for allyl, difluoroallyl, and tetrafluoroallyl radicals (ref. 27). The
net barriers to rotation are given by DE (rotation) = DE (intrinsic) 2 DE
(planarization) 2 DZPE, where the zero-point energy corrections (kcal
mol21) are DZPE = 20.9 for X = Y = H, 1.3 for X = Y = F, 20.5 for
X = H, Y = F, and 1.3 for X = F, Y = H. The origin of the different signs
of the DZPE corrections for X = H and X = F resides in the
pyramidalization that occurs for X = F in the transition state for rotation
(ref. 27).
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lengths and dipole moment of this molecule are consistent with
the delocalization of electron density from the p-bond into the
C–F s* orbitals that is depicted in Fig. 4.36

The differences in symmetry between the HOMO and LUMO
of the ethylene p-bond in cyclopropene and the butadiene
p-bonds in cyclopentadiene should make hyperconjugative
electron donation from the C–H bonds at C-5 of cyclopenta-
diene much more stabilizing than delocalization of electron
density into the C–F s* orbitals of 5,5-difluorocyclopentadiene.
These hyperconjugative interactions should make cyclopenta-
diene somewhat aromatic and 5,5-difluorocyclopentadiene
somewhat anti-aromatic. Therefore, it is not surprising that our
calculations found the reaction in eqn. (9) to be endothermic by
14.1 kcal mol21.36

Hyperconjugative delocalization into C–F s* orbitals in
1,3-diradicals

If the C–F s* orbitals in 1,1-difluorocyclopropene can accept
electron density from the p-bonding orbital, they should
certainly be able to accept electron density from the in-phase
combination of non-bonding p-p AOs in 2,2-difluoropropane-
1,3-diyl. Similarly, if the C–H bonds at C-5 of cyclopentadiene
can donate electron density into the antibonding butadiene
LUMO, they certainly ought to be able to donate electron
density into the in-phase combination of non-bonding p-p AOs
in propane-1,3-diyl. These hyperconjugative interactions are
depicted by the resonance structures in Fig. 5.

Thirty years ago Hoffmann analyzed the results of his
extended Hückel calculations on propane-1,3-diyl in terms of
interaction of the C–H bonds at C-2 with the in-phase
combination of p-p AOs at C-1 and C-3.38 This interaction
destabilizes the latter orbital, making it advantageous for the
two non-bonding electrons to occupy preferentially the out-of-
phase combination of p-p AOs at C-1 and C-3. This combina-
tion is the highest occupied MO (HOMO) of the allylic anion in
the hyperconjugated resonance structure for propane-1,3-diyl in
Fig. 5.

An orbital interaction diagram for 2,2-difluoropropane-
1,3-diyl shows that the in-phase combination of p-p AOs at C-1
and C-3 is stabilized by interaction with the C–F s* orbitals at
C-2.7,36 Therefore, the two non-bonding electrons preferentially
occupy the orbital that results from this mixing. This orbital has

the same symmetry as the HOMO of the allylic cation in the
hyperconjugated resonance structure for 2,2-difluoropropane-
1,3-diyl in Fig. 5.

The difference in the symmetry of the HOMO between
propane-1,3-diyl and 2,2-difluoropropane-1,3-diyl is predicted
to result in a difference in the preferred mode by which these
two diradicals are formed from, and undergo closure to, the
corresponding cyclopropanes. More specifically, although ring
opening and ring closure are predicted to be conrotatory in
cyclopropane,38 they are predicted to be disrotatory in 1,1-di-
fluorocyclopropane.7,36

The difference in the symmetry of the HOMOs between
unfluorinated and fluorinated diradicals can explain some
otherwise puzzling experimental results that were obtained by
Dolbier and co-workers39 and which are summarized in Fig. 6.

Derivatives of bicyclo[3.1.0]hex-2-ene (X = H) undergo
vinylcyclopropane rearrangements, presumably via a diradical
intermediate; but Dolbier found that 6,6-difluorobicyclo-
[3.1.0]hex-2-ene (X = F) gives no vinylcyclopropane re-
arrangement product; only the two products of hydrogen shifts
in a putative diradical intermediate were detected.

The hyperconjugated resonance structures shown in Fig. 6
can readily account for the different reactions observed for X =
H and X = F.36 Hyperconjugative electron donation from the
C–X bonds for X = H gives the diradical intermediate some
character of a pentadienyl anion. Disrotation, which is the only
stereochemically feasible mode of ring closure in the diradical,
is allowed by orbital symmetry for a pentadienyl anion; but the
node in the LUMO at the distal CH2 group makes [1,2]-hydro-
gen shifts from this carbon symmetry forbidden. In contrast, for
X = F, hyperconjugative electron delocalization into a C–X s*
orbital in the diradical confers on it some character of a
pentadienyl cation. For such a species disrotatory ring closure is
forbidden by orbital symmetry, but the symmetry of the LUMO
makes [1,2]-hydrogen shifts allowed. 

The hyperconjugated resonance structures for propane-
1,3-diyl and 2,2-difluoropropane-1,3-diyl in Fig. 5 also allow
one to predict that p-electron donation from alkyl groups at C-1
and C-3 should compete with electron donation from a filled
combination of C–H bonding orbitals at C-2. In contrast, it is
clear from Fig. 5 that electron donation from alkyl groups at C-1
and C-3 should enhance electron donation into the C–F s*
orbitals of the fluorocarbon. Both predictions have been
confirmed by ab initio calculations7,36 and are consistent with
the experimental results that are discussed in the next section.

Fig. 4 Resonance structures for 3,3-difluorocyclopropene. The ionic
resonance structure schematically depicts the effect of electron donation
from the p-bonding orbital into the out-of-phase combination of C–F s*
orbitals.

Fig. 5 Resonance structures depicting hyperconjugative electron donation
from the C–H bonds of the central CH2 group into the in-phase combination
of p-p AOs at C-1 and C-3 in propane-1,3-diyl and electron donation from
the in-phase combination of p-p AOs at C-1 and C-3 into the C–F s*
orbitals at C-2 in 2,2-difluoropropane-1,3-diyl

Fig. 6 Rearrangement pathways followed by bicyclo[3.1.0]hex-2-ene and
its 6,6-difluoro derivative. The hyperconjugated resonance structure shown
for the diradical intermediate formed in each reaction can be used to
rationalize the difference between the reaction pathways followed by the
hydrocarbon and fluorocarbon (ref. 36).
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Before discussing the effect on cyclopropane stereomutations
of replacing the hyperconjugatively electron-donating CH2
group in propane-1,3-diyl with the electron-accepting CF2
group in 2,2-difluoropropane-1,3-diyl, it is important to address
the question of whether two hydrogens or two fluorines at C-2
provide more stabilization for the diradical formed by cyclopro-
pane ring opening. After correcting eqn. (10) for the fact that the

H3CCF2CH3 + ·H2CCH2CH2·?
·H2CCF2CH2· + H3CCH2CH3 (10)

C–H BDE of 2,2-difluoropropane is computed to be 2.4 kcal
mol21 larger than that of propane, the CF2 group in 2,2-di-
fluoropropane-1,3-diyl is calculated to provide 3.2 kcal mol21

more stabilization for this diradical than the CH2 group at C-2
provides for propane-1,3-diyl.36

Stereomutation of cyclopropanes and
1,1-difluorocyclopropanes

The publication of Hoffmann’s 1968 paper on propane-
1,3-diyl38 inspired a huge amount of computational and
experimental work on the stereomutation of cyclopropane. Our
own computational efforts in this area were initially motivated
less by an interest in propane-1,3-diyl per se than by the desire
to have calculations on the hydrocarbon diradical with which
we could compare our computational results on 2,2-di-
fluoropropane-1,3-diyl.7

The most important results of the computational and
experimental studies of the hydrocarbon diradical can be
summarized as follows. (i) Ab initio calculations predict only a
1–2 kcal mol21 preference for con- over dis- and mono-
rotation,40 a much smaller preference than was found by
Hoffmann’s Extended Hückel calculations.38 (ii) As already
noted, ab initio calculations also predict that alkyl substituents
will greatly reduce the small preference for conrotation that is
computed for unsubstituted cyclopropane.36 (iii) Presumably
for this reason, experiments on the stereomutation of substituted
cyclopropanes have found no preference for coupled rota-
tion.6,40

For cyclopropane substituted only by deuterium, (iv) Berson
and co-workers41a,b and, later, Baldwin41c reported a preference
for coupled rotation in their studies of the stereomutation of
[1,2-2H2]cyclopropane. (v) However, Baldwin and co-workers
found no evidence for coupled rotation in their subsequent study
of the stereomutation of [1,2,3-2H3, 1-13C]cyclopropane.41d,e

(vi) Calculations show that isotope effects are incapable of
reconciling the results of these two experiments.40a,b (vii) The
results of reaction dynamics calculations42 are more consistent
with the experimental results for [2H2]cyclopropane41a–c than
for [2H3]cyclopropane.41d,e

Since the dynamics calculations predict that the coupled
rotation found in [2H2]cyclopropane consists of not only orbital
symmetry-allowed conrotation but also of symmetry-forbidden
disrotation, the experimental results on [2H2]cyclopropane
should not be taken as confirmation of Hoffmann’s prediction
of a preference for coupled conrotation in the stereomutation of
cyclopropane. There is currently no method available for
distinguishing between conrotation and disrotation in the
experimental study of the stereomutation of [1,2-2H2]cyclopro-
pane; so there is no known experimental technique that could
disprove the mischievous conjecture of a devil’s advocate who
asserted that the coupled methylene rotation observed in the
stereomutation of [2H2]cyclopropane consists entirely of dis-
rotation rather than conrotation.

What a difference geminal fluorines make! As already noted,
the greater ability of C–F s* orbitals at C-2 to accept electrons
in 1,3-diradicals, compared to the ability of filled C–H orbitals
at C-2 to donate electrons, is calculated to make hyper-
conjugative stabilization of the so-called (0,0) geometry38 of
2,2-difluoropropane-1,3-diyl larger than that of the same
geometry of the hydrocarbon diradical.36 This should make

disrotation much more favorable in the stereomutation of
1,1-difluorocyclopropane than conrotation is in the stereomuta-
tion of cyclopropane. The results of ab initio calculations on the
ring opening of the fluorocarbon show that the transition state
for disrotation is, in fact, ca. 4 kcal mol21 lower in energy than
the transition states for conrotation, monorotation, or cleavage
of a ring bond to C-1.7,36

As discussed above, 2,3-dialkyl-1,1-difluorocyclopropanes
are expected to show an even greater preference for disrotatory
ring opening and closure than 1,1-difluorocyclopropanes. As
shown in Fig. 7, the calculated preference for ring opening of

1,1-difluoro-2,3-dimethylcyclopropane to the s-trans,s-trans
(0,0) geometry of 3,3-difluoropentane-2,4-diyl, over rotation of
just one methylene group, to form the so-called (0,90)
geometry,38 amounts to 6.6 kcal mol21 when the effects of
dynamic electron correlation43 are included at the CASPT2
level.8

As also shown in Fig. 7, ring opening of 2,3-dimethyl-
1,1-difluorocyclopropane to the s-trans,s-cis (0,0) geometry of
3,3-difluoropentane-2,4-diyl is calculated to be more favorable
than opening to the (0,90) geometry, but only by 2.2 kcal
mol21.8 The very large calculated preference of ca. 4 kcal
mol21 for ring opening to the s-trans,s-trans, rather than the
s-trans,s-cis geometry of 3,3-difluoropentane-2,4-diyl has been
shown to have its origin in the symmetry of the HOMO in this
fluorinated diradical.36

The large predicted preference for opening of a 2,3-dialkyl-
1,1-difluorocyclopropane to an s-trans,s-trans, rather than an
s-trans,s-cis, geometry can be used to design an experiment to
distinguish between conrotatory and disrotatory ring open-
ing.7,36 If, as predicted, ring opening is disrotatory, the cis
cyclopropane stereoisomer will open to the preferred s-trans,
s-trans geometry of the 1,3 diradical, whereas the trans
cyclopropane stereoisomer must open to the s-trans,s-cis
geometry. Therefore, if ring opening is, in fact, disrotatory,
an optically active cis-2,3-dialkyl-1,1-difluorocyclopropane
should racemize faster than its trans stereoisomer.

In collaboration with the group of Professor William Dolbier,
we prepared optically active cis- and trans-2-ethyl-3-methyl-
1,1-difluorocyclopropane and studied the stereomutations of
these two isomers.8 At 274.5 °C, racemization of the cis isomer
was found to be 107 times faster than its epimerization to the
trans isomer by any pathway that effects one-center rotation. At
this temperature, racemization was also found to be favored
over epimerization in the trans isomer, but only by a factor of
6.6. The finding that the ratio of the rate constants for
racemization and epimerization is 16.2 times larger for the cis
cyclopropane than for its trans isomer shows that the coupled
rotation that is observed in both isomers is disrotation, as
predicted.7,36

Effect of electron delocalization into C–F s* orbitals on
singlet-triplet energy differences in 1,3-diradicals

Increasing the energy separation between the HOMO and
LUMO in a diradical selectively stabilizes the lowest singlet
state, relative to the triplet, since in the former state more than
one electron can occupy the HOMO, whereas in the latter the
HOMO and the LUMO are each occupied by one electron.44

Thus, either the presence of filled s orbitals at C-2 that are good
hyperconjugative electron donors or unfilled s* orbitals that are
good hyperconjugative electron acceptors can, in principle,

Fig. 7 Relative CASPT2 energies (kcal mol21) of three conformations of
3,3-difluoropentane-2,4-diyl (ref. 8)
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result in singlet ground states for derivatives of propane-
1,3-diyl. Therefore, it is not surprising that, although cyclo-
pentane-1,3-diyl has been both calculated10,45 and found9 to
have a triplet ground state, the ground state of 2,2-di-
fluorocyclopentane-1,3-diyl has been predicted to be a singlet
(Fig. 8).10

In order to test this prediction, we collaborated with the
research groups of Professors Waldemar Adam and Jakob Wirz
on the generation and study of the derivative of 1,3-diphenyl-
2,2-difluorocyclopentane-1,3-diyl shown in Scheme 1.11 As

shown, the diradical was generated by flash photolysis of an azo
compound. A strong absorption with lmax = 530 nm appeared
with a time constant of t = 8 ± 1 ps, and in pentane it
disappeared with t = 80 ± 3 ns. In this solvent the diradical
reacts to form both the tricyclic difluoride and the bicyclic
difluoroalkene. The former was observed by 19F NMR
spectroscopy at low temperatures, but at room temperature it
rearranges with t = 225 ± 20 µs to the latter.

The temperature dependence of the rate of disappearance of
the diradical was measured and gave log A = 12.8 ± 0.4 and Ea
= 7.8 ± 0.5 kcal mol21. These Arrhenius parameters are very
different from those of log A = 6.7 and Ea = 2.6 kcal mol21

measured for disappearance of the hydrocarbon diradical,
lacking the geminal fluorines. The fluorocarbon and hydro-
carbon diradicals also differ in the rate of their reaction with O2.
The former cannot be trapped by oxygen, making kO2 < 4 3
107 M21s21; whereas, the latter reacts with O2 with a rate
constant of kO2 = 33 109 M21s21.

The hydrocarbon diradical gives a triplet EPR spectrum and,
like the parent cyclopentane-1,3-diyl, it appears to have a triplet
ground state. This accounts for the low values of log A and Ea
for the disappearance of the hydrocarbon diradical, since
intersystem crossing to a slightly higher energy singlet state is
the rate determining step. The reaction of the triplet hydro-
carbon diradical with triplet oxygen is fast, because the two
triplet species can give a singlet product by forming two C–O
bonds in a concerted fashion.

The high Ea for disappearance of the fluorocarbon diradical
allowed frozen solutions of it to be studied at low temperatures.
At 77 K the red color of the diradical persisted for a day, but no

triplet EPR signal was detected. The conclusion that the
fluorinated diradical has a singlet ground state is supported by
the activation parameters for its disappearance, which are
typical of those for a spin-allowed process, and the rate at which
it is trapped by oxygen, which was too slow for us to measure.
These experimental results11 are consistent with our prediction
that the ability of C–F s* orbitals to accept electrons is
sufficiently large to make the singlet the ground state of
2,2-difluorocyclopentane-1,3-diyls.10

Future research

In the course of the theoretical studies described in the previous
sections, we moved from explaining phenomena that were
already known to predicting new phenomena. Prediction is the
ultimate goal of any theory, and the experimental confirmation
of our predictions that geminal fluorine substituents should
result in disrotatory cyclopropane ring-opening and in singlet
ground states for 1,3-diradicals shows that delocalization of
electrons into C–F s* orbitals is a very useful theoretical
construct.

If the presence of low-lying empty s* orbitals at C-2 can
stabilize the singlet states of 1,3-diradicals, it follows that high-
lying filled s orbitals at C-2 should have the same effect.
Therefore, replacement of the C–H bonds at C-2 of propane-
1,3-diyl by weaker bonds to less electronegative elements, for
example silicon, should also favor formation of the (0,0)
geometries of such diradicals by coupled rotation of the
methylene groups in the ring-opening reactions of the corre-
sponding cyclopropanes. The hyperconjugated resonance struc-
ture for 2,2-disilylpropane-1,3-diyl in Fig. 9 allows the

prediction that ring-opening to form this diradical should be
conrotatory.

To the extent that the hyperconjugated resonance structures,
like that in Fig. 9, are important, it seems likely that
2,2-disilylcyclopentane-1,3-diyls should, like 2,2-difluoro-
cyclopentane-1,3-dilyls, have singlet ground states. However,
since disrotatory closure is expected to be an orbital-symmetry
forbidden reaction in 2,2-disilylcyclopentane-1,3-diyls, unlike
their difluoro-substituted counterparts, they should be kinet-
ically stabilized against ring closure.

These qualitative predictions have already survived the tests
of calculations performed at levels that are deemed to provide
quantitatively accurate results.46,47 It remains to be seen if, as
predicted, geminal disilylcyclopropanes will be found experi-
mentally to undergo stereomutation by coupled conrotation46

and whether 2,2-disilylcyclopentane-1,3-diyls will be found to
have singlet ground states and appreciable kinetic barriers to
ring closure.47
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Addition of nitriles to dilithiated allenes results in a unique
domino cyclization which involves the so far highest number
of nitrile molecules added to an organolithium reagent to
form unambiguously characterized oligomers.

The development of domino reactions is of ongoing interest in
organic synthesis.1 Interestingly, although the base-catalyzed
polymerization of nitriles has been followed for a long time and
the mixtures obtained were among the first organic polymers,
only a few structurally unambiguously characterized oligomers
derived from multiple addition reactions of nitriles have been
reported so far. In contrast, the palladium-catalyzed oligomer-
ization of six isonitrile molecules has recently been reported.2
Addition of 2 equiv. of a nitrile to an organometallic reagent has
been achieved by reaction of 2,3-bis-lithiated methylbutadiene
with PhCN,3a by 1,4-addition of nitriles to (butadiene)zircono-
cene3b,c and by base-induced oligomerization of glycoloni-
trile.3d Very recently, a domino reaction initiated by addition of
a Grignard reagent to a tris-nitrile has been reported.4a Herein
we report the addition of up to 4 equiv. of a nitrile to dilithiated
allenes, a process which we believe includes a novel type of
rearrangement reaction.5

1,1-Diphenyl-3,3-dilithioallene 2 was generated in one pot by
treatment of the TBDMS enol ether 1 with an excess of LDA in
THF, a reaction recently developed by us.6 This process
presumably proceeds via a mechanism involving initial lithia-
tion of the allyl system of the silyl enol ether, elimination of
lithium silanolate and lithiation of the 1,1-diphenylallene
formed (Scheme 1). The elimination could either occur directly
(path A) or proceed via a O?C silyl migration/Peterson
elimination sequence (path B).

Reaction of lithiated allenes with nitriles was expected to
result in formation of allenylimines. Selected examples of these
compounds have recently been prepared in moderate yields by
reaction of allenic aldehydes with amines.7 Reaction of 2 with
2.2 equiv. of PhCN resulted in a complex reaction mixture from
which two products, 3 (9%) and 4 (14%) (Scheme 2), were
isolated by column chromatography in low yields. Much to our
surprise, FAB-MS suggested that products derived from

reaction of the allene with three and four nitriles, respectively,
had been formed. The yield of 4 was significantly improved by
use of 4.5 equiv. of the nitrile. Yellow-coloured imidazole 3 and
colourless 5-imidazol-5-yl-1,4-dihydropyrimidine 4 were iso-
lated in 12 and 51% yield, respectively.§ Similar results were
obtained when 10 equiv. of PhCN were employed. Reaction of
dilithioallene 2 with pivalonitrile afforded as the sole isolated
product the colourless imidazole 5 (66%). The imine group was
hydrolyzed during aqueous work-up to generate an a,b-
unsaturated keto group. Reaction of 2 with p-tolunitrile gave the
orange coloured imidazole 6 (28%).

Formation of the sterically crowded imidazoles 3–6 can be
rationalized by the mechanism shown in Scheme 2. The

Scheme 1 Scheme 2
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terminal carbon atom of the allene dianion 2 initially reacts with
two molecules of the nitrile. Presumably, the negative charge
will mainly be localized at the nitrogen atoms. A third nitrile
molecule is attacked (intermediate I) and the amidine anion thus
formed attacks the terminal allene carbon atom to give
intermediate II which contains a five-membered ring and a
vinyl carbanion function. An aromatic imidazole anion (inter-
mediate III) is generated next by elimination of 1 equiv. of the
nitrile. The vinyl carbanion subsequently reacts with the nitrile
to give intermediate IV. The fourth nitrile molecule is attacked
by the imine anion of intermediate IV to generate an amidine
anion (intermediate V). The amidine anion attacks the terminal
allene carbon atom bearing the phenyl groups to give a
dihydropyrimidine anion (intermediate VI). Aqueous work-up
furnishes heterocycles 4 and 3 derived from intermediates VI
and IV, respectively.

Reaction of PhCN with the dianion of 1,3-diphenyl-
1,3-dilithioallene 8 (formed in situ by reaction of silyl enol ether
7 with 3.3 equiv. of LDA) afforded after hydrolytic work-up a
mixture of 2,4,6-triphenyltriazine 98 (formed by trimerization
of the nitrile) and imidazole 10 (a 1:4 product). The formation
of 10 can be explained by a reaction sequence similar to that
leading to oligonitrile 4 (Scheme 3). This reaction seems to
involve migration of a phenyl rather than a phenylimino
group.

It is noteworthy that all carbon atoms of the allene system are
involved sequentially in the reaction leading to cyclic oligoni-
trile 4. The intramolecular attack of the amidine anion on the
terminal (rather than on the central) allene carbon atom and the
subsequent rearrangement reaction (I?IV, Scheme 2) are
surprising. However, this process can be explained by the
stability of the aromatic imidazole anion formed. Steric
hindrance seems to be the reason that no addition of a fourth
nitrile molecule takes place for 5 and 6. Interestingly, treatment
of the dianion of 2-methylbenzimidazole or of amide derived
dianions with 4.5 equiv. of PhCN resulted in addition of only 1
equiv. of the nitrile to the dianion rather than in formation of an

open-chained oligonitrile.9 This striking difference to the
reaction of the allene dianion 2 suggests that the addition of the
imine anion to the nitrile is a reversible process which becomes
irreversible when the amidine anion generated can undergo a
consecutive reaction to form a more stable intermediate (such as
IV and VI in Scheme 2).¶ It is noteworthy that the number of
nitrile molecules added to the dianion does not depend on the
number of equivalents of the nitrile employed in the reaction.
Therefore, there is some relationship between the reaction
reported and self-assembly processes.
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colour changed to yellow. The reaction mixture was extracted (Et2O–THF
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purification by column chromatography (silica gel, Et2O–light petroleum =
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An enantiocontrolled synthesis of a key intermediate to (+)-lactacystin

Sung Ho Kang*† and Hyuk-Sang Jun

Department of Chemistry, Korea Advanced Institute of Science and Technology, Taejon. 305-701, Korea

An asymmetric synthesis of a key intermediate 16 to
(+)-lactacystin 1 has been established starting from epoxide
2 via intramolecular mercurioamidation of allylic tri-
chloroacetimidate 4 and concomitant addition-reduction of
ester 13 by Pri MgBr, in which reduction of the intermediate
ketone proceeded with complete stereoselectivity.

Since neurotrophic factors are responsible for the survival and
function of neurons,1 they might be useful in the treatment of
various nerve diseases.2 Omura et al. screened a number of
microbial culture samples to isolate the first non-protein
neurotrophic agent (+)-lactacystin 1 from Streptomyces sp.
OM-6519.3 Its structure, elucidated by NMR spectroscopy and
X-ray crystallographic analysis, is composed of (R)-N-acet-
ylcysteine and a unique pyroglutamic acid via a thioester
linkage.4 (+)-Lactacystin inhibits cell proliferation, induces
neuritogenesis and increases the intracellular cAMP level
transiently in the Neuro 2A neuroblastoma cell line.3,5 Its
intriguing structural features as well as potential therapeutic
utility have engendered considerable interest in the fields of
synthetic and medicinal chemistry. Here we describe a
stereoselective synthetic route to (+)-lactacystin.6–9 The key
steps of our synthesis comprise tertiary amination of the olefinic
double bond in allylic trichloroacetimidate 4 via mercur-
ioamidation,10 facile differentiation of the hydroxymethyl
groups in 10 by ring formation and diastereoselective deriva-
tization of ester 13 into alcohol 14.

The known epoxide 2,11 [a]D
20 224.7 (c 1.15, CHCl3), was

treated with LDA to give allylic alcohol 3, [a]D
21 +10.4 (c 1.44,

CHCl3), in 91% yield (Scheme 1). Only the primary hydroxy
group of 3 was functionalized to a trichloroacetimidate. The
crude monoimidate 4 was subjected to intramolecular mercur-
ioamidation using mercuric trifluoroacetate with K2CO3 to
furnish a 1:1 diastereomeric mixture of oxazolines 5 in 92%
overall yield after aqueous KBr work-up. Since oxidative
demercuration12 of 5 using O2 failed under a variety of reaction
conditions, it was attempted by exposing 5 to TEMPO in the
presence of LiBH4 to provide the oxidized products 6 in 78%
yield. The secondary hydroxy groups of 6 were protected with
MeOCH2Cl (MOMCl) and then the silyl groups were removed
to afford the corresponding primary alcohols in 84% overall
yield. While PDC oxidation of the alcohols in DMF was
sluggish, they were efficiently oxidized to carboxylic acids 8 in
78% yield by Swern oxidation13 followed by KMnO4 oxida-
tion.14 Complete hydrolysis and the ensuing cyclization were
effected by heating 8 at reflux with ethanolic HCl in AcOH. The
2,2,6,6-tetramethylpiperidyl (TEMP) groups of the generated
pyrrolidinones 9 were reductively cleaved in situ by adding zinc
to the hot reaction mixture to produce trihydroxy pyrrolidinone
10, [a]D

19 +9.5 (c 0.95, MeOH), in 72% overall yield from 8.
For the appropriate elaboration of the a-hydoxymethyl

groups in 10, it was chemoselectively reacted with acetone
under acidic conditions to give a 7:1 mixture of acetonides 11
and 12 in 95% combined yield (Scheme 2). After chromato-
graphic separation, the primary alcohol 11, [a]D

20 +31.4 (c
1.10, CHCl3), was oxidized under Swern conditions and the
resulting aldehyde reacted with PriMgBr under various reaction
conditions to furnish a 1 : 1 mixture of alcohols 14 and 15 along
with an appreciable amount of the reduced starting alcohol 11.

Owing to the inefficient Grignard addition, 11 was converted
into ester 13, [a]D

21 +57.1 (c 1.70, CHCl3), in 90% yield.
Subjection of 13 to 1 equiv. of PriMgBr provided the
corresponding isopropyl ketone in 80% yield, the stereose-
lective reduction of which was attempted employing several
reducing agents such as oxazaborolidine,15 Ipc2Cl,16 sodium
triacetoxyborohydride,17 NaBH4 in the presence of diethylme-
thoxyborane,18 and so forth. However, the best stereoselectivity
turned out to be 5 : 1 in favor of 14 with NaBH4 in MeOH at
0 °C. Some experimentation revealed that an excess amount of
PriMgBr reduced the generated isopropyl ketone to the alcohol
14. Accordingly, 13 was treated with > 2 equiv. of PriMgBr to
give selectively only the desired diastereomeric alcohol 14,
[a]D

20 +40.5 (c 1.20, CHCl3), in 91% yield. Acidic hydrolysis
of 14 yielded trihydroxy pyrrolidinone 16, mp 198–199 °C
(decomp.), [a]D

20 +16.2 (c 0.62, MeOH), quantitatively, the
spectroscopic data of which are identical to those reported in the
literature and which is a known intermediate to (+)-lactacystin
1.8,19

We have developed an enantioselective synthetic route to
(+)-lactacystin 1 via several crucial steps, including animo
hydroxylation of the olefinic double bond in 3, the hydrolytic
cyclization of 8, and the regio- and stereo-selective functional-
ization of one hydroxymethyl group in 10; these should have
versatility in the synthesis of its analogues.

Scheme 1 Reagents and conditions: i, LDA, THF, 0–24 °C; ii,Cl3CCN,
DBU, EtCN, 278 °C; iii, Hg(O2CCF3)2, K2CO3, THF, 0 °C, then aq. KBr;
iv, TEMPO, LiBH4, THF, 24 °C; v, MOMCl, Pri

2NEt, CH2Cl2, 0–24 °C; vi,
Bu4NF, H2O, THF, 45 °C; vii, (COCl)2, DMSO, Et3N; viii, 1 M KMnO4,
1.25 M NaH2PO4, ButOH, 24 °C; ix, conc. HCl, EtOH, AcOH, reflux, then
Zn, reflux
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Scheme 2 Reagents and conditions: i, TsOH, acetone, 24 °C; ii, Jones’
reagent, acetone, 0 °C; iii, CH2N2, THF, 0 °C; iv, PriMgBr, THF, 220 to
0 °C; v, TsOH, MeOH, 60 °C
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Generation of cyclobutadiene derivatives from 1-metallo-4-halobuta-1,3-diene
derivatives

Haruka Ubayama,a Wen-Hua Sun,a Zhenfeng Xib and Tamotsu Takahashi*a†
a Catalysis Research Center and Graduate School of Pharmaceutical Sciences, Hokkaido University, Sapporo 060, Japan
b Department of Chemistry, Peking University, Beijing 100871, China

1-Zircona-4-halobuta-1,3-diene derivatives react in the pres-
ence of CuCl to produce cyclobutadiene derivatives which
afford their dimers, or Diels–Alder adducts with dimethyl
maleate or fumarate.

Cyclobutadiene is one of the most attractive molecules.1
Several methods have been reported to generate cyclobutadiene
derivatives,1,2 such as (i) irradiation in argon matrix, (ii)
preparation from diazo compounds or 3,4-dichlorocyclobutenes
or (iii) dimerization of alkynes promoted by metal compounds.
A conceptually new and simple method using intramolecular
coupling of 1-metallo-4-halobuta-1,3-diene 1 can be considered
as a preparative method for cyclobutadiene derivatives, as
shown in eqn. (1). However, this simple method has not to the

best of our knowledge been reported.
Here we report that 1-zircona-4-halobuta-1,3-diene deriva-

tives afford in situ cyclobutadiene derivatives 2 in the presence
of CuCl.

Recently, we reported the highly selective monohalogenation
reaction of zirconacyclopentadienes 3 giving 1-zircona-4-halo-
buta-1,3-diene derivatives 4 [eqn. (2)].3 Addition of 1 equiv. of

CuCl to 4 in THF at room temperature afforded stereodefined
tricyclo[4.2.0.02,5]octa-3,7-diene derivatives 5 within 1 h in
good isolated yields (5a:‡ R = Et, 72%; 5b: R = Me, 53%; 5c:§
R = Pr, 78%) [eqn. (3)]. The 1H and 13C NMR spectra of 5b

were identical with those of authentic syn-5b prepared accord-
ing to the literature procedure.4

This result indicated that cyclobutadienes were formed in situ
in this reaction. This reaction can be explained by intra-

molecular coupling between the 1,4 sp2 carbon centers of 1
followed by dimerization of cyclobutadienes, as shown in
Scheme 2.

Alternatively, addition of 2 equiv. of CuCl to 3a and
monohalogenation of dicopper species 65 formed in situ with 1
equiv. of stilbene dibromide also afforded 5a in 78% yield along
with the formation of 98% of stilbene [eqn. (4)].

Cyclobutadiene derivatives 2 formed in situ by this method
were trapped with dimethyl maleate and dimethyl fumarate.1,2,6

As expected, bicyclic compounds, dimethyl 1,4,5,6-tetra-
ethylbicyclo[2.2.0]hex-5-ene-2-endo,3-endo-dicarboxylate 7a6

and its analogue 7b, dimethyl 1,4,5,6-tetraethylbicy-
clo[2.2.0)hex-5-ene-2-endo,3-exo-dicarboxylate 8a and its ana-
logues 8b and 8c6 were formed in fairly good yields from
dimethyl maleate and dimethyl fumarate, respectively (Scheme
1). The stereochemistry of 7 and 8 was determined by

comparison of their NMR data with those of authentic 7a and 8c
prepared according to the literature.6 Other bicyclohexene
derivatives 9 were also formed via the same procedures as
described above.7

Scheme 1 Reagents and conditions: i, NBS (1 equiv.), 0 to 25 °C, 1 h; ii,
dimethyl maleate (2 equiv.), CuCl (1 equiv.), 0 °C. 12 h; iii, dimethyl
fumarate (2 equiv.), CuCl (1 equiv.), 0 °C, 12 h
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The formation of 7, 8 and 9 supports the in situ generation of
cyclobutadiene derivative 2.1,6,7 The reactions described here
are summarized in Scheme 2.

Further investigations towards practical application of this
simple method in organic synthesis are in progress.
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† E-mail: tamotsu@cat.hokudai.ac.jp
‡ Selected data for 5a: dH(CDCl3, Me4Si) 0.94 (t, J 7.5, 12 H), 1.06 (t, J 7.6,
12 H), 1.58–1.66 (m, 4 H), 1.67–1.75 (m, 4 H), 1.83–1.92 (m, 4 H),
2.03–2.17 (m, 4 H); dC(CDCl3, Me4Si) 12.06, 13.18, 20.50, 21.89, 53.35,
144.97.
§ Selected data for 5c: dH(CDCl3, Me4Si) 0.87–0.91 (m, 24 H), 1.31–1.57
(m, 24 H), 1.72–1.79 (m, 4 H), 1.95–2.02 (m, 4 H); dC(CDCl3, Me4Si)
14.95, 15.55, 20.86, 22.01, 31.31, 31.72, 53.04, 144.07.
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Tetrahedron, 1980, 36, 343; (c) G. Maier, Angew. Chem., Int. Ed. Engl.,
1988, 27, 309; (d) M. Regitz, H. Heydt and U. Bergstrasser, Adv. Strain
Org. Chem., 1996, 5, 161.
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A. Yamazaki, Y. Liu, K. Nakajima and M. Korora, J. Am. Chem. Soc.,
1998, 120, 1672.

6 J. B. Koster, G. J. Timmermans and H. van Bekkum, Synthesis, 1971,
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1978, 34, 569.

Received in Cambridge, UK, 3rd July 1998; 8/05136D

Scheme 2

1932 Chem. Commun., 1998



Synthesis and X-ray crystallographic structure of
Ga4(OH)6(3-ButpzH)10I6·2MeCN: a quasi double heterocubane

Paul Hodge and Brian Piggott*

Chemistry Department, University of Hertfordshire, College Lane, Hatfield, Hertfordshire, UK AL10 9AB. E-mail:
b.piggott@herts.ac.uk

The reaction of K[HB(3-Butpz)3] with GaI3 resulted in
breakdown of the ligand and formation of a novel Ga/O
cluster. This compound can be described as four edge-
sharing Ga/O,N octahedra or as two face sharing partial Ga/
O heterocubanes, i.e. a quasi double heterocubane.

In a previous publication we reported the reaction of Na[Me-
Ga(pz)3] with GaCl3 to give Ga8(pz)12O4Cl4·2THF, which is
based on a Ga4O4 core.1 However, this core contains edge
bridging groups and we therefore refer to this and analogous
structures as ‘non-discrete’. ‘Discrete’ Ga4N4, Ga4S4, Ga4Se4
and Ga4Te4 cubanes are known,2,3 but to date no ‘discrete’
Ga4O4 cubane has been reported. A similar situation existed in
indium chemistry with ‘discrete’ In4N4, In4S4, In4Se4 and
In4Te4 cubanes2,4 and a ‘non-discrete’ In4O4 cubane5 being
known. However, very recently, a ‘discrete’ In4O4 cubane,
In4O4(C(SiMe3))4 has been reported.6

As an extension of our work on Ga/O cubanes we attempted
to synthesise a ‘discrete’ Ga4O4 cubane by replacing Na[Me-
Ga(pz)3] with K[HB(3-Butpz)3], thus eliminating the possibility
of Ga–pz bridging, and GaCl3 with GaI3, since I2 is a better

leaving group than Cl2. HB(3-Butpz)2 was chosen in prefer-
ence to less hindered trispyrazolylborates because of the
stabilisation that would be conferred on the cubane by the bulky
(3-ButpzH) groups, a known breakdown product of HB(3-
Butpz)3

2.7 We therefore reacted K[HB(3-Butpz)3] with GaI3 in
THF. The clear diamond shaped plate crystals, 1, isolated from
the reaction mixture were subjected to elemental analysis, IR,
1H and 13C NMR, and mass spectral analysis.† It was not
possible to deduce the structure of 1 from this data and so an
X-ray crystallographic study was undertaken.‡ The results are
shown in Fig. 1 from which the six I2 ions, all the hydrogen
atoms and the two molecules of MeCN have been omitted for
clarity. From Fig. 1 it is evident that the target compound has
not been synthesised but instead Ga4(OH)6(3-ButpzH)10-
I6·2MeCN, 1. The structure of 1 can be described in terms of
four, edge sharing, Ga/O,N octahedra. However, given the main
thrust of this work we describe it as two face sharing
heterocubanes each of which is missing a Ga ion on the long
diagonal through the centre of the shared face, an inversion
centre. This particular structure is unprecedented in Ga
chemistry although [(CpAl)6P4]8 and Al10(OH)16(OSiEt3)14

9

Fig. 1 Structure of 1 with the I2, H and MeCN removed. Selected bond lengths (Å) and angles (°): Ga(1)–O(1) 1.896(5), Ga(1)–O(2) 2.090(6), Ga(1)–O(3)
1.912(5), Ga(1)–O(2A) 2.106(5), Ga(2)–O(1) 1.963(6), Ga(2)–O(2) 2.021(5), Ga(2)–O(3A) 1.951(5); Ga(1)–O(1)–Ga(2) 106.3(2), Ga(1)–O(2)–Ga(2) 97.4(2),
Ga(1)–O(2)–Ga(1A) 101.8(2), Ga(1)–O(3)–Ga(2A) 106.4(2), Ga(2)–O(2)–Ga(1A) 97.1(2), O(1)–Ga(1)–O(2) 77.7(2), O(3)–Ga(1)–O(2) 91.0(2), O(1)–Ga(1)–
O(2A) 90.5(2), O(3)–Ga(1)–O(2A) 77.4(2), O(2)–Ga(1)–O(2A) 78.2(2), O(1)–Ga(2)–O(3A) 89.7(2), O(2)–Ga(2)–O(3A) 78.6(2), O(1)–Ga(2)–O(2) 77.0(2).
Symmetry transformation used to generate primed atoms: A 2x, 2y, 2z + 1.

Chem. Commun., 1998 1933



can be claimed to be structurally analogous. Each Ga in 1 attains
six coordination by bonding to either two or three 3-ButpzH
groups and it is thought that the presence of these bulky groups
help stabilise the complex. The Ga/O bond lengths and angles
that define 1 are given in Fig. 1, from which it can be seen that
the corresponding parameters in Ga8(pz)12O4Cl4·2THF viz.
Gac–O–Gac 98.26(6)°, O–Gac–O 81.08(6)° and Gac–O 2.003(1)
Å are within comparable range.1 Given the reducing properties
of HB(3-Butpz)3

2,7 the Ga–Ga distances were examined for
evidence of metal–metal bonding. However, since these
distances fall within the range 3.089–3.256 Å, whereas the Ga–
Ga distances in a series of GaI dimers range from 2.34 to 2.54
Å,8 such bonding is precluded. However, the Ga–Ga distances
in 1 are less than the sum of the van der Waals radii of Ga (3.80
Å).10 Similarly the O–O distances, which are in the range
2.50–2.76 Å, are less than the sum of the van der Waals radii of
O (3.00 Å).10 These observations indicate some degree of strain
within the cluster. The corresponding distances in Ga8-
(pz)12O4Cl4·2THF are Ga–Ga 3.022 Å and O–O 2.61 Å.1

A number of important questions are raised by the structure
of 1 with, perhaps, the most important being the origin of the
hydroxyl groups. This question was raised in our previous
publication with reference to the formation of Ga8-
(pz)12O4Cl4·2THF, where it was suggested that the source of the
oxygen was either air or moisture entering the system on
prolonged standing at low temperature.1 Although dried
solvents and Schlenk techniques were used in the synthesis of 1
the conditions for air/moisture exclusion were not the most
stringent possible. This was part of the synthetic strategy.
However, it is now proposed to repeat this experiment under the
most strictly controlled conditions to investigate the method of
oxygen inclusion through 17O studies.

Given that, at present, examples of quasi double hetero-
cubanes are extremely rare it would seem that this structural
type is an oddity with little relevance to cubane chemistry.
However, we do not subscribe to this view and are confident
that other examples will be identified thus establishing quasi
double heterocubanes as a significant structural type with
implications for the synthesis of compounds of higher nuclear-
ity. The reason for this confidence is that we believe the
difference between a quasi double cubane and a cubane, in this
case [Ga4(OH)6(3-ButpzH)10]6+ and [Ga(OH)4(3-ButpzH)12]8+,
is finely balanced sterically and by judicious choice of ligand
and control of stoichiometry interconversion can be achieved.

Notes and References

† Synthesis: all manipulations were performed under argon using standard
Schlenk techniques and all solvents dried prior to use. To a Schlenk tube
charged with GaI3 (1.05 g, 2.33 mmol) was added K[HB(3-Butpz)3] (0.98
g, 2.33 mmol) and 60 cm3 of THF. The pale yellow slurry was stirred for 18
h after which the solvent was removed in vacuo. Dichloromethane (60 cm3)
was added to the off-white residue, stirred, and the suspension filtered to
remove KI. CH2Cl2 was removed in vacuo and 60 cm3 of MeCN was added
to the off-white residue. The pale yellow solution was reduced to one third
of its original volume and placed in a freezer. After one week clear diamond
shaped plates formed which were filtered off and used in the X-ray analysis.
Yield: 1.04 g, 75% (Found: C, 33.73; H, 5.35; N, 11.15; Ga, 11.49; I, 34.26.
Calc. for C78H132N24O6Ga4I6: C, 36.85; H, 5.23; N, 13.22; Ga, 10.97; I,
29.25%). We attribute the poor analysis to solvent dependency. NMR (250
MHz): dH 10.42 (br s, NH + OH), 7.70 (br s, H3), 6.27 (br s, H4), 5.23 (s,
MeCN), 1.38 (s, CMe3); D2O addition, d 7.50 (d, H3), 6.18 (d, H4), 4.20 (br
s, NH + OH), 1.50 (s, CMe3); dC 156.6 (C5), 134.9 (C3), 102.6 (C4), 30.2
(CMe3). IR 3197 [n(NH)], 3100 [n(CH)], 2966 [n(CH)], 1495 (ring
breathing).
‡ Crystal data for 1: C78H132N24O6Ga4I6, M = 2536.31, orthorhombic,
space group Pbca, a = 16.00(3), b = 25.051(5), c = 26.424(5) Å, U =
10591(4) Å3, Z = 2, Dc = 1.591 Mg m23, F(000) = 5008, l = 0.71069
Å, T = 150 K, m(Mo-Ka) = 2.811 mm21. Data were collected on a Delft
Instruments FAST TV area detector diffractometer. Of a total of 38 055
collected reflections 8332 were unique. The structure was solved by direct
methods. Refinement was by full matrix least squares on F2. Non hydrogen
atoms were refined anisotropically and all hydrogen atoms except those on
the hydroxyl groups were included in fixed positions and refined with the
riding model. Final R indices [I > 2s(I)] R1 = 0.0538, wR2 = 0.1188. One
of the two solvent molecules, MeCN, showed slight disorder but this was
not modelled. CCDC 182/951.
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Engl., 1996, 35. 129.
9 A. W. Apblett, A. C. Warren and A. R. Barron, Chem. Mater., 1992, 4,

167.
10 J. E. Huheey, E. A. Keiter and R. L. Keiter, Inorganic Chemistry, Harper

Collins, New York, 1993.

Received in Cambridge, UK, 12th June 1998; 8/04460K

1934 Chem. Commun., 1998



H
M

O
M

O

H

O
Pd

O

H
Ph CO2Me

H
Pd

CO2Me

DH

Ph

CO2Me

HD

Ph

+  CO2

1

   HCO2H*

2

  HCO2D

+  CO2

(a)

M

Pd/C

H* H*

(b)

3

D

D

Heterogeneous transfer hydrogenation involves pairwise hydrogen transfer
from the same position of two molecules of formic acid

Jinquan Yu and Jonathan B. Spencer*†

University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW

Using the reduction of an alkyne to cis-alkene as a hydrogen
trap, differentially deuterium labelled formic acid is shown
to deliver a pair of hydrogen atoms either from the formyl or
the carboxy position, which suggests that palladium di-
formate is a key intermediate in heterogeneous transfer
hydrogenation.

The oxidation of formic acid to carbon dioxide has been widely
used as a source of hydrogen for the reduction of organic
compounds.1–3 This reaction has been shown to be one of the
most effective methods for transfer hydrogenation that could
potentially replace traditional hydrogenation conditions, such as
asymmetric reduction where high pressure is often required.4
The reverse reaction involving conversion of carbon dioxide to
formic acid using catalytic hydrogenation has attracted much
interest in recent years because it offers an environmentally
friendly approach to the use of carbon resources as a raw
material for the chemical industry.5–8 The advantage of using
heterogeneous catalysts in industrial processes has prompted us
to investigate the mechanism of this reversible reaction
catalysed by palladium on carbon.

A major effort has already been directed to the understanding
of the mechanism of this reaction in homogeneous systems with
the formato-(hydrido) metal complex proposed as a key
intermediate 1 [Scheme 1(a)], based on deuterium labelling
studies and ab initio calculations.9–11 Recent studies using
NMR spectroscopy have provided evidence for the existence of
this intermediate,12,13 however, as discussed by Halpern,14 such
thermodynamically stable compounds may not be the active
species on hydrogenation pathways.

It has been proposed that the formato-(hydrido) metal
complex 1 collapses to give a metal dihydrido species 2
[Scheme 1(a)] which can then carry out the reduction.9 If this
mechanism is operating in heterogeneous systems then the two
hydrogen atoms from the same formic acid molecule will
always be transferred as a pair in one catalytic cycle.
Correspondingly, when the catalytic cycle proceeds from
carbon dioxide to formic acid, one hydrogen molecule will

provide both hydrogen atoms for the reduction of one molecule
of carbon dioxide to give the same intermediate 1.

To investigate whether 1 is the active intermediate that
provides the hydrogen on the catalytic cycle, the reduction of
the triple bond of phenylpropiolate to the cis-double bond was
employed to trap the hydrogen liberated by the collapse of 1
[Scheme 1(b)]. If differentially deuterium labelled formic acid
(HCO2D or DCO2H) is used then the distribution of deuterium
across the cis-double bond can determine the origin of the
hydrogen transferred to the triple bond. The reduction of a
double bond was not used as a reporter molecule for the
hydrogen transfer because of the possible additional incorpora-
tion of deuterium through isomerization of the double bond
before saturation occurs.15,16

When the reduction was carried out with HCO2D the results
show that the major product is the cis-double bond containing
two hydrogen atoms (Table 1), rather than mono-deuterated cis-
double bond which would be predicted to dominate if both
hydrogen atoms came from the same molecule of formic acid as
proposed previously for the homogeneous system.9 It is
possible that the major product containing two hydrogen atoms
on the double bond could be formed by the preferential donation
of hydrogen from the metal surface (H–Pd–D, intermediate 2,
Scheme 1) owing to a favourable kinetic isotope effect.
However, when 3 was reduced with an equal mixture of
hydrogen and deuterium the results show that there is no

Scheme 1

Table 1 Reduction of methyl phenylpropiolate

Product distribution (%)a

Hydrogen source H + H H(D) + D(H) D + D

HCO2Db 72 10 18
DCO2Hb 25 18 57
XCO2Dc 28 37 35
H2 + D2

d 25 51 24

a Errors for the data are ±5%. b Labelled formic acids were prepared by
treating sodium formate (either DCO2Na or HCO2Na) with 1 M HCl or DCl,
extracted with Et2O and dried over anhydrous Na2SO4. Distillation of the
extracts gave DCO2H or HCO2D (99% atom excess as determined by 1H
NMR analysis and mass spectrometry). Pd/C (10%, 38 mg) was added to a
mixture of HCO2D or DCO2H (235 mg, 5.0 mmol), Et3N (2.8 g) and
phenylpropiolate 3 (80 mg, 0.5 mmol) and vigorously stirred under a
blanket of argon. The progress of the reaction was monitored by TLC and
stopped at approximately 40% conversion to avoid formation of the fully
saturated product. This precaution was taken because the protons a to the
carbonyl group of the saturated product can exchange under these
conditions and could potentially lead to scrambling of the label. The
reaction mixture was filtered to remove the catalyst and evaporated to give
residue (81 mg) which was purified by column chromatography (eluted with
hexane–Et2O, 50:1) to afford 25 mg of cis-alkene. The distribution of
deuterium across the double bond of the cis-alkene was determined by 1H
NMR analysis and mass spectrometry. c X = a mixture of D and H (2:1).
d Pd/C (10%, 19 mg) was added to a mixture of Et3N (2.8 g) and
phenylpropiolate 3 (80 mg, 0.5 mmol) and purged with hydrogen and
deuterium (1:1). The reaction mixture was stirred at room temperature and
stopped at approximately 40% conversion. The isolation and analysis of the
cis-alkene was carried out as detailed above.
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substantial isotope effect (Table 1), which was also found in an
earlier study using a homogeneous catalyst.17 Furthermore, this
mechanism cannot account for the fact that more double
deuterated than mono-deuterated cis-double bond is formed.

These results would be consistent with a direct pairwise
hydrogen transfer from either the formyl or the carboxy position
of two different formic acid molecules. It is feasible that two
hydro-formato species 1 on the surface of the metal could line
up in such a way that the two adjacent formyl groups can donate
hydrogen in a pairwise manner. However, palladium is known
to react with acetic acid to form palladium diacetate 4 with the
liberation of hydrogen from the carboxy position [Scheme
2(a)]18 which has prompted us to propose that palladium
diformate 5 is formed in a similar manner and is reponsible for
pairwise transfer of two formyl hydrogens [Scheme 2(b)].
Although palladium diformate has not been isolated, maybe
owing to its instability, other metal diformate species have been
characterised, such as vanadyl diformate,19 triarylbismuth
diformate20 and ruthenium diformate.21 This last example is
particularly important because it was identified during the
hydrogenation of carbon dioxide using a homogeneous ruthe-
nium catalyst.

The formation of the palladium diformate would give one
molecule of hydrogen solely from the carboxy end of the two
formic acid molecules that can be used for the reduction of the
triple bond (Scheme 3). The palladium diformate can then
transfer another pair of hydrogen atoms from the formyl
positions to another triple bond. The results with DCO2H also
show that the major cis-alkene produced from the alkyne
contains two deuterium atoms on the double bond (Table 1).
The minor monodeuterated product is probably formed by
scrambling of the deuterium label. This could occur either via
reduction of the carbon dioxide to give formic acid9 or by
collapse of intermediate 5 [Scheme 2(b)], if not immediately

trapped by the triple bond, to give deuterium which can then
mix with the hydrogen from the carboxy end to form HD. The
formation of HD from hydrogen and deuterium on the surface of
the metal has been shown to readily occur in a control
experiment (Table 1).

The combined results with HCO2D and DCO2H strongly
suggests that the hydrogen comes directly from the palladium
diformate intermediate 5 rather than intermediate 1, since this
latter species would give the same distribution of deuterium on
the double bond in both cases. The high level of pairwise
addition of hydrogen from HCO2D or deuterium from DCO2H
demonstrates the greater reactivity of the formyl position. It is
noteworthy that there is a higher incorporation of hydrogen
from the formyl position of HCO2D than deuterium from the
same position of DCO2H, suggesting an isotope effect is
involved in the cleavage of the carbon–hydrogen bond of the
palladium diformate (Table 1).

The theory was further tested by using a mixture of DCO2D
and HCO2D in a ratio of 2:1 to reduce the triple bond. The
results show that there is a large increase in product containing
one hydrogen and one deuterium compared to the product
obtained using soley HCO2D (Table 1). The increase in
monodeuterated cis-alkene can only be accounted for by
pairwise transfer from the formyl position rather than from the
formato-hydride intermediate 1 which would be predicted to
produce less of the monodeuterated product with the addition of
DCO2D.

The results clearly show that heterogeneous transfer hydro-
genation involves the transfer of a pair of hydrogen atoms either
from the formyl or the carboxy position of two molecules of
formic acid. This provides evidence that palladium diformate is
a key intermediate in this reaction and suggests that the
reduction of carbon dioxide must also proceed through the
diformate intermediate.
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University Research Fellowship (J. B. S.) and the British
Council and the Chinese Government for the award of Sino-
British Friendship Scholarship (J. Y.).
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Self-assembly of a novel nanoscale giant cluster: [Mo176O496(OH)32(H2O)80]†

Chang-Chun Jiang, Yong-Ge Wei, Qun Liu, Shi-Wei Zhang,* Mei-Cheng Shao and You-Qi Tang

Department of Chemistry, Peking University, Beijing 100871, PR China. E-mail: zsw@ipc.pku.edu.cn

Reduction of an acidified solution of Na2MoO4·2H2O by iron
powder results in the formation of the title compound
[Mo176O16O480(OH)32(H2O)80]; the compound is tyre shaped
and consists of sixteen {Mo8} subunits being linked by forty-
eight MoO6 octahedra; remarkable features are the size and
mass (which is of the order of a protein) and its nano-
dimensional cavity of ca. 3 nm in diameter.

One of the challenges chemists are facing today is how to
synthesize larger mesoscopic molecules from molecular frag-
ments. The aim of such research is not only to improve the
understanding of the extreme complexity of natural process, but
also to synthesize molecular materials with novel properties,
e.g. electric and magnetic, which may be anticipated for
mesoscopic compounds. Indeed, considerable progress has
been made in the field of polymetalate chemistry.1,2 We have
evolved the so-called ‘reduction–reconstitution’ self-assembly
process and synthesized a class of large mixed-valent, nano-
scale polyoxomolybdate anions3–7‡ constructed of {Mo8} or
{Mo17} fragments:2 [Mo36O108(NO)4(H2O)16]122 1,3 [Mo57V6-
O180(NO)6(OH)3(H2O)18]212 2,4 [Mo57FeIII

6O174(NO)6(OH)3-
(H2O)24]152 3,5 [Mo57FeII

6O177(NO)6(OH)2(H2O)22-
(MoO)2]182 46 and {{(H2O)MoO2.5[Mo36O108(NO)4-
(H2O)16]O2.5Mo(H2O)}122}n 57 and some of them were also
obtained later by Müller’s group.2 By slightly changing the
reaction conditions in the same system, Müller et al. succeeded
in isolating a giant cluster [Mo154-
(NO)14O420(OH)28(H2O)70]142 6.2,8 Now we have succeeded in
synthesizing an even larger nanocompound
[Mo176O496(OH)32(H2O)80] 7 which is also constructed of
{Mo8} fragments.

Compound 7 was prepared following the general method
leading to ‘molybdenum blue’. A solution of Na2-
MoO4·2H2O (5.0 g, 20.7 mmol) in H2O (50 ml) was adjusted to
a pH of ca. 1.0 with 36.5% hydrochloric acid. After addition of
iron powder (50 mg, 0.9 mmol), the mixture was left to stand for
one month to crystallize. The preparation yields blue–black,
tetragonal-bipyramidal well defined crystals of 7 in ca. 30%
yield. Reduction with elemental Al or Zn as well as N2H4·2HCl
yields the same well defined crystals. The compound was
characterized by IR and UV–VIS spectroscopy, cerium(iv)
sulfate redox titration and elemental analysis,§ as well as by
single-crystal X-ray diffraction.¶

The rather intricate single-crystal X-ray structure analysis
reveals that the ring-shaped compound 7 consists of 160 MoO6
octahedral and 16 pentagonal bipyramids of type MoO7 (Figs. 1
and 2). The structure has approximate D8d symmetry. Sixteen
{Mo8} fragments are linked with sixteen Mo atoms in the
equatorial plane and another sixteen {Mo2} groups.2 Each of the
sixteen subunits has a pentagonal-bipyramidal MoO7 center
about which seven other MoO6 octahedral are grouped by
corner- and edge-sharing to form an {Mo8} fragment. This
{Mo8} fragment also occurs in 1–6, which, however, possess a
pentagonal bipyrimidal Mo(NO)O6 centre.

The structure type of 1–5 is different from that of 6 and 7. In
1–5 two {Mo8} fragments above and below the equatorial plane
are linked through one equatorial Mo atom and are transformed
into each other by reflection across the equatorial mirror plane.
Thus anion 1 has approximate C2h symmetry and anions 2 and

3 have D3h symmetry. In other words, this kind of linking
manner implies that there are {Mo17} fragments as building
blocks in these anions. By contrast, the arrangement of {Mo8}
fragments in 7 (D8d symmetry), which is like that of 6 (D7d
symmetry), are twisted relative to each other. This shift means
that in 6 and 7 two equatorial Mo atoms are required to link two
{Mo8} fragments and so there are sixteen Mo atoms in the
equatorial plane in 7 (fourteen in 6). Two neighbouring {Mo8}
fragments on the same side of the equatorial plane are linked

Fig. 1 Ball-and-stick model of the nanoscale cluster (view parallel to the C8

axis)

Fig. 2 Packing of the {Mo176} molecules in the crystal (view parallel to the
c axis)
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through two Mo atoms (or one {MoO2(H2O)(m2-O)-
MoO2(H2O)} group) i.e. a {Mo2} unit, instead of only one V or
Fe center as in 2 and 3, respectively. However, the central
{MoNO}3+ group of the {Mo8} fragment of 6 is replaced by
{MoO}4+ group in 7.

Whereas the basic structure of compound can be determined
unambiguosly, it will probably never be possible to ascertain the
exact number of crystallization waters by XRD owing to
disorder of the lattice water molecules, the tendency to lose
solvent and the weak diffraction of the crystal to X-rays.
According to elemental analysis and TGA, the number of water
is ca. 600 ± 50.

A remarkable feature of 7 is its nanoscale cavity and
corresponding host properties. The cavity itself, which is like
the inside of a tyre, measures about 3 nm in diameter. A further
characteristic of 7 is that it dissolves extremely well in water,
ethanol or acetone. This high solubility can be attributed to the
large surface built up of a large number of H2O molecules and
OH groups. It is noteworthy that crystals of 7 are obtained from
‘molybdenum blue’. ‘Molybdenum blue’ used to be regarded as
amorphous, but recently Müller et al. have made some
suggestions about its structure9 and they also succeeded in
isolating a compound Na15{Mo144O409(OH)28(H2O)56}, ca.
250 H2O 8 from it10 whose structure resembles 6 apart from
some defects in 8. Now it can be proposed that ‘molybdenum
blue’ is a mixture of compounds which have a similar basic
ring-shaped structure.

Polyoxoanions constitute a large class of inorganic com-
pounds,11 however, the number of different structural types is
small. There are indications that 1–8 belong to the same kind
structural type of compounds as they are all synthesized by a
similar method and linked up via {Mo8} fragments in different
ways. It can be presumed that under suitable reaction condi-
tions, a variety of novel nanoscale clusters with high complexity
and multifunctionality could be synthesized by the reduction–
reconstruction self-assembly process developed in our labo-
ratory.

Financial support from the National Natural Science Fonda-
tion of China No. 29371004 and No. 29733080 is gratefully
acknowledged.
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Preparation and structural characterization of
naphtho[2,1-d:6,5-dA]bis([1,2,3]dithiazole) NT and p-stacked mixed valence salt
[NT]3[BF4]2

Tosha M. Barclay,a Ian J. Burgess,b A. Wallace Cordes,a Richard T. Oakleyb† and Robert W. Reedb

a Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas, 72701 USA
b Department of Chemistry, University of Waterloo, Waterloo, Ontario, N2L 3G1 Canada

Naphtho[2,1-d:6,5-dA]bis([1,2,3]dithiazole) NT, prepared by
a ‘double Herz’ condensation of 2,6-diaminonaphthalene
with S2Cl2, can be electrooxidized to the conductive,
p-stacked mixed valence salt [NT]3[BF4]2.

The bis([1,2,3]dithiazoles) 11 and 22 represent the first members
of a new family of redox active heterocycles with potential

applications in the design of molecular conductors.3 While their
oxidation potentials are relatively high, the resulting radical
cations are extremely stable, forming crystalline 1:1 salts with
inorganic counterions. Compound 1 must be prepared by the
condensation of diaminobenzenedithiol with sulfur mono-
chloride, as the use of Herz chemistry,4 i.e. a double ring closure
of p-phenylenediamine with sulfur monochloride, is not
effective; the products of this reaction are largely polymeric.5
We now report that, in contrast to this behavior, the condensa-
tion of 2,6-diaminonaphthalene6 with sulfur monochloride
leads, with remarkable regiospecificity and in good yield, to the
‘double Herz’ cyclocondensation product naphtho[2,1-d-
:6,5-dA]bis([1,2,3]dithiazole) NT 3. We also describe the
structure and redox chemistry of NT, and its use in the
formation of the conductive, p-stacked mixed valence salt
[NT]3[BF4]2.

In contrast to the complex reaction of 1,5-diamino-
naphthalene with S2Cl2,7 the condensation of 2,6-diamino-
naphthalene with S2Cl2 in the presence of pyridine as auxiliary
base proceeds via electrophilic ring closure at both peri-
positions8 to afford what we presume is an oxidized form
(radical cation or dication) of the title compound NT 3.
Chlorination of the remaining C–H positions does not occur. In
a typical preparation S2Cl2 (30 ml) was added to a slurry of
2,6-diaminonaphthalene (3.00 g, 19.0 mmol) in 20 ml of
CH2Cl2 and the mixture stirred overnight. Pyridine (9.1 g, 115
mmol) in 15 ml of CH2Cl2 was then added dropwise and the
mixture stirred for another 2 h. The resulting mixture was
filtered, and the solid washed with MeCN (3 3 75 ml) to
remove pyridine hydrochloride. The remaining solid was
slurried in 100 ml MeCN and reduced with Ph3Sb (6.8 g, 19.0
mmol) overnight. The resulting red–black precipitate was
filtered off, washed with 50 ml of MeCN and dried in vacuo.
This solid was extracted repeatedly with hot chlorobenzene to
give deep blue solutions which yielded golden needles of 3 (NT)
(2.5 g, 8.9 mmol, 47%) upon cooling. Further purification by
fractional sublimation at 180–130 °C/1022 Torr afforded
golden blocks, mp 316–320 °C, UV–VIS (C2H4Cl2) lmax (log e)
622 (4.6) nm.‡

Cyclic voltammetry on solutions of NT in THF (with Pt
electrodes and 1 M Bun

4NPF6 as supporting electrolyte) reveals
two reversible oxidation waves with E1/2 = 0.41 and 0.66 V vs.
SCE. These potentials are significantly lower than those
observed for 1 (0.93, 1.5 V) and 2 (0.80, 1.25 V),1,2 and
comparable to those found for TTF.9 Consistently, the intense
p–p transition in NT (622 nm) is to longer wavelength of the
corresponding absorption maxima in 1 (522 nm) and 2 (565
nm).1,2 In order to test the potential of NT as a donor for the
formation of charge transfer salts we have explored the use of
electrocrystallization methods.10 To date we have found that
electrooxidation of NT in a 2:1 mixture of CS2:C2H4Cl2
containing 0.1 M Bun

4NBF4 as supporting electrolyte, and using
Pt electrodes, currents of 3–5 mA, and growth periods of 10–14
days, affords lustrous black needles of the mixed valence salt
[NT]3[BF4]2. When dissolved in liquid SO2, lilac colored
solutions of [NT]3[BF4]2 exhibit a strong and persistent EPR
signal of the [NT]+ radical cation (Fig. 1), with g = 2.0106 and
a hyperfine coupling pattern based on aN = 0.235 mT.
Additional coupling to two pairs of hydrogens with aH = 0.079
and 0.048 mT is also observed.

The crystal structures of both NT and [NT]3[BF4]2 have been
determined by X-ray diffraction.§ In the structure of NT itself
the molecules lie on a center of inversion; the packing pattern
consists of slipped p-stacks of NT molecules running in the x
direction (Fig. 2). In the asymmetric unit of the mixed valence
salt [NT]3[BF4]2 one NT molecule (A) lies on a center of
inversion, while the other molecule (B), along with the BF4

2

ion, adopt general positions. The molecules are packed in layers
(Fig. 3) in which the B molecules form dimer units across a
center of inversion. These dimers are linked by S···S contacts of
3.407(2) (S3···S5) and 3.250(2) (S4···S6) Å.11 The B dimers and
A molecules adopt an alternating p-stacked arrangement, in
which the unique A molecules are slipped relative to the B
dimers (Fig. 3). The BF4

2 anions are located between the
stacks, bridging B dimers on one side to A molecules on the
other.

Fig. 1 X-Band EPR spectrum of the [NT]+ radical cation (in liquid SO2 at
298 K). Sweep width = 2.5 mT.
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While the 3:2 stoichiometry of the salt formally implies the
presence of a 2/3 positive charge per heterocyclic layer,
comparison12 of the intramolecular distances in NT and
[NT]3[BF4]2 suggests that the B molecules are nominally
oxidized to the radical cation (+1) state, while the A molecules
are neutral. The unusual triple-decker13 stacking pattern found
for [NT]3[BF4]2 is thus comprised of closed shell ([NT]2

2+ and
NT) units, and the material is expected to be a semiconductor.
Preliminary pressed pellet conductivity measurements on
[NT]3[BF4]2 nonetheless indicate a relatively high value of s =
ca. 1022 S cm21, indicative of a well developed band structure.

More detailed transport property measurements are in progress.
Meanwhile, the present results augur well for the use of NT and
related bis([1,2,3]dithiazoles) in the design of new conductive
charge transfer salts.

We thank the NSERC, the NSF/EPSCoR program and the
State of Arkansas for financial support. We also acknowledge
the US Department of Education for doctoral fellowship to
T. M. B.
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an Enraf-Nonius CAD-4 automated diffractometer with graphite-mono-
chromated Mo-Ka radiation (l = 0.71073 Å) using q–2q scans to a 2qmax

= 50°. The structures were solved by direct methods and refined by full-
matrix least-squares analysis which minimized Sw(DF)2. For NT:
S4N2C10H4, M = 280.39, monoclinic, space group P21/n, with a =
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Fig. 2 Crystal packing of NT, viewed along the x direction

Fig. 3 Crystal packing of [NT]3[BF4]2, showing (a) layers of neutral
molecules and radical cation dimers and (b) alternating slipped p-stacks
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An yttrium aluminium oxide dodecyl sulfate mesophase
with a hexagonal structure has been synthesized by a
homogeneous precipitation method using urea and was
converted into a porous material with a specific surface area
of 662 m2 g21 by anion exchange of the surfactant with
acetate ion.

Increasing attention has been paid to mesoporous materials,
mainly because of their great applicabilities as catalysts,
molecular sieves and host materials based on their large internal
surface areas and narrow pore size distributions. The first
examples of such materials, MCM-411 and FSM-162 silicas,
were synthesized by calcining their mesostructured precursors
formed in the presence of a cationic surfactant. This approach
has been applied to the preparation of niobium, zirconium and
other binary metal oxide-based mesophases.3,4 Much less study,
however, have been reported concerning similar but ternary
metal oxide-based materials such as those containing AlPO4

5

and AlBO3
6 as their skeleton.

Our previous studies demonstrated the synthesis of alumin-
ium-based dodecyl sulfate mesophases by the homogeneous
precipitation method using urea, in which the surfactant
mesophases occurred initially in the layer structure and grew
into their hexagonal form with versatile morphologies such as
winding-rod, spherical, tubular and funneled shapes depending
on the urea concentration.7,8 A similar observation was made
for the gallium-based dodecyl sulfate system.9 Coincorporation
of dodecyl sulfate and alkyl alcohols in the aluminium-based
system also led to a lamellar structure with biomimetic surface
patterns such as cone-shaped or terraced hollows and domed
scales.10 Recently, we also succeeded in the synthesis of a
mesoporous yttrium oxide by the anion exchange method with
acetate anion.11

Yttrium aluminium oxide is useful as hosts for solid-state
lasers such as YAG (Y3Al5O12) or YALO (YAlO3) and
luminescence systems and window materials for a variety of
lamps. Therefore, if we could obtain a ordered mesoporous
yttrium aluminium mixed oxide, it would be useful not only for
adsorbing or separating agents and catalytic bodies but also as
a host for the homogeneous dispersion of optically functional
species, followed by its post-sintering. The aluminium compo-
nent combined with yttrium oxide units would also be effective
for increasing the solid acidity of the resulting oxide. Here, we
report the synthesis of an yttrium aluminium oxide mesophase
templated by dodecyl sulfate assemblies with a hexagonal
structure and its conversion into a porous material by anion
exchange of the surfactant species with acetate ion.

The yttrium aluminium oxide surfactant mesophases with
lamellar and hexagonal structures were synthesized by the
homogenous precipitation method using urea. Yttrium nitrate
hexahydrate [Y(NO3)3·6H2O] was used as the yttrium source
and aluminium nitrate nonahydrate [Al(NO3)3·9H2O] was used
as the aluminium source and sodium dodecyl sulfate [SDS,Me-
(CH2)11OSO3Na] was used as the templating agent. Yttrium
nitrate, aluminium nitrate, SDS, urea and water were mixed at a
molar ratio of 0.375 : 0.625 : 2 : 30 : 60 and stirred at 40 °C for
1 h to obtain a transparent mixed solution. The nominal Y to Al

molar ratio of 3 : 5 corresponds to that for YAG. Urea was used
to gradually raise the pH of the reaction mixture since on
heating at above 60 °C it is hydrolyzed and releases ammonia.
The mixed solution was heated at 80 °C and then kept at that
temperature. The pH of the reaction mixture increased from an
initial value of 3.6, due to hydrolysis of urea, and precipitation
occurred. Immediately after 3 or 20 h, the resulting mixtures
were cooled to room temperature to prevent further hydrolysis
of urea. After centrifugation, the resulting solids were washed
with water a few times and then dried at 60 °C. Powder X-ray
diffraction (XRD) measurements were made on a Simadzu XD-
D1 diffractometer with Cu-Ka radiation. X-Ray microanalysis
(XMA) was conducted with a HORIBA EMAX-5770 instru-
ment. Transmission electron microscopy (TEM) was carried out
using a Hitachi H-800MU instrument.

Precipitation at 80 °C commenced when the pH of the
reaction mixture reached 6.1 after 1.5 h. Two white solid
samples, 1 and 2, were separated after 3 and 20 h, respectively.
The XRD pattern of 1 is characterized by three diffraction peaks
at 2q = 1–7°, along with a halo band near 2q = 20° [Fig. 1(a)].
The former three peaks are attributable to the 001, 002 and 003
reflections for a lamellar phase with an interlayer spacing of
3.9 nm and the halo band suggests that the short-range
arrangement of constituent atoms is completely disordered.
According to XMA, the dodecyl sulfate (S) to metal (Al + Y)
mole ratio was 0.63, and the Y to Al mole ratio was 0.18. In
contrast to the layered mesophase 1, the XRD pattern of 2 is
characterized by a major peak located at 2q ≈ 2.3° and two
weak peaks at 2q = 3–5° along with a halo at 2q ≈
20°[Fig. 1(b)]. On the basis of a hexagonal unit cell with a =
4.3 nm, these three peaks can be assigned to the 100, 110 and
200 reflections. Thus, these two XRD patterns indicate that the

Fig. 12 XRD patterns of yttrium aluminium oxide mesophases templated
by dodecyl sulfate assemblies; (a) 1, (b) 2 and (c) 3
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yttrium aluminium mixed oxide mesophase undergoes a layer to
hexagonal structural transition, as observed in the Al-, Ga- and
Y-based systems.7–11 The unit cell parameter of 4.3 nm for the
Y–Al based hexagonal mesophase 2 is equal to that for the Al-
based mesophase, but is much less than that for the Y-based
mesophase (6.1 nm). A transmission electron micrograph of 2
showed a regular hexagonal array of channels extending for
several hundred nanometers or more as shown in Fig. 2. This
ordered hexagonal arrangement is similar to the atomic
arrangement for the Al-based hexagonal mesophase and MCM-
41, but is different from a disordered arrangement observed for
the Y-based one. Furthermore, the S to metal mole ratio of 0.31
for the Y–Al based mesophase 2 is close to 0.33 and 0.28 for the
Al- and Y-based analogues, indicating that nearly the same
amount of surfactant per metal is incorporated in these three
mesophases. The Y to Al mole ratio for the Y–Al based
mesophase 2 is only 0.34, being nearly half its nominal value.
Details for the control of Y to Al mole ratio in the resulting
mesophases will be described elsewhere.

A further attempt was made to remove the surfactant species
from the hexagonal mesophase 2 by anion exchange with
acetate anions in a manner similar to that reported by Holland
et al. for mesoporous aluminophosphate;12 the mesophase
sample (0.5 g) was mixed with a 0.05 m ethanol solution of
sodium acetate (40 ml), and then stirred at 40 °C for 1 h. The
centrifuged solid was then washed repeatedly with ethanol. The
100 reflection for the acetate-treated solid 3 shifted slightly to
higher angle relative to that of 2, and the 110 and 200 reflections
for the former disappeared, as shown in Fig. 1(c). No sulfur
species were detected by XMA of 3, suggesting the complete
removal of dodecyl sulfate species. Since the Y to Al molar ratio
of 0.36 for 3 is nearly equal to 0.34 for 2, the resulting decrease
of unit cell parameter a from 4.3 to 3.8 nm would be attributable
to partial condensation of hydroxide groups induced by the
removal of surfactant. Preliminary data suggested that the solid
3 become completely disordered upon calcination at 300 °C for
5 h in air.

Fig. 3 shows an N2 adsorption isotherm for 3, measured after
heating at 150 °C for 1 h to remove adsorbed water. The rapid
adsorption in the range of P/P0 = 0–0.25 for the sample is due

to the monolayer coverage of pores and particle surface and
capillary condensation in the pores. The specific surface area
determined by the BET method was as large as 662 m2 g21 and
the pore size determined by Clanston–Inkley method13 was
1.6 nm. Pre-heating of 3 at 150 °C for dehydration led to a
decrease of its crystallinity, as suggested from a slight shift of
the 100 reflection from 2.6 to 2.9°. Upon similar acetate-
treatment, the Al-based hexagonal mesophase collapsed in
structure to yield a specific surface area of only 12 m2 g21,
whereas the Y-based analogue was converted into a mesoporous
solid with a specific surface area of as large as 545 m2 g21

without any radial contraction.11 Thus, the pore structure
change observed in the Y–Al mixed system is a result of the
stabilization of the inorganic framework due to the combination
of yttrium-based species with Al-based structural units.

In conclusion, we have synthesized, for the first time, a
hexagonal yttrium aluminium oxide mesophase by a homoge-
neous precipitation method using urea, and demonstrated its
conversion into an acetate-exchanged porous material. The
present approach and findings using the homogenous precipita-
tion method will contribute to further development of functional
mesostructured ternary or even more complex metal-based
oxides.
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Fig. 2 TEM image of yttrium aluminium oxide mesophase 2 viewed along
the axis of the hexagonal channel

Fig. 3 N2 adsorption isotherm for 3
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De novo design of microporous transition metal oxides
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Ab initio Hartree–Fock calculations are performed on the
molybdenum and tungsten trioxides and bronzes, obtained
by inserting alkali metal atoms or larger species in the MO3
framework; we examine four known polymorphs and two
new structures with a microporous architecture, and charac-
terise their relative stability; we also explore the synthesis
conditions under which the microporous polymorphs may be
obtained, by designing potential organic templates.

The structural chemistry of the Mo and W trioxides and bronzes
comprises several known polymorphs, such as the perovskite
(PV) structure of WO3, NaMoO3 and NaWO3, the layered (L)
a-MoO3, hexagonal (Hex) K0.33WO3 and pyrochlore (PY)
CsxWO3. The bronzes are obtained by inserting extra species
into the empty interstices of the host MO3 lattice, and can be
described as comprising an MO3 framework, in whose pores are
located the inserted, or extra-framework, cations.

In the PV, Hex and PY structures, the framework is built
entirely of corner-sharing MO6 octahedra, which connect into
4-membered rings in the PV, and 6-membered rings in the Hex
and PY polymorphs. The 6-membered rings form hexagonal
channels, which are parallel in the Hex, and intersect in the PY
structure; the dimension of the extra-framework voids increases
therefore in the order of PV < Hex < PY. In the L polymorph, the
MO6 octahedra connect corner- and edge-sharing in the bc
plane, leaving a layered structure along a. Interstices are present
in the interlayer region.

In recent work, we highlighted the importance of the M–O
bonding pattern,1–2 of Coulomb2 and structural forces,3 and of
steric constraints4 in the solid state chemistry of Mo and W
oxides and bronzes. We now examine the relative stability of the
framework structures in the insertion compounds.

A common feature of transition metal oxides (TMOs) are
structural distortions due to off-centerings of the metal ions M
in their coordination octahedra. In PV materials, the off-
centering of M hybridises a set of levels, which in the cubic
phase are of M–O non-bonding character, into pM–O bonding
(in the valence band) and antibonding (in the conduction band)
combinations.1 When the metal ion has formal electronic
configuration d0, as in MoO3 and WO3, only the M–O bonding
level is filled, and the distortion is stable; in the bronzes, the
inserted atoms ionise and cede electrons to the host lattice,
populating the M–O antibonding level at the bottom of the
conduction band, which opposes the distortion. The PV-
structured W bronzes are stable in the cubic phase.1 The M–O
bonding pattern in the valence and conduction bands is common
to all the polymorphs examined, and a partial population of the
conduction band will oppose off-centerings of M. Here, we are
interested in the insertion compounds AxMO3, in which the
metal ion has configuration dx; we shall therefore consider only
framework structures in which the M ions are on-centre in their
coordination octahedra. We have optimised,  under the above
constraint, the structure of the four cited polymorphs of WO3
and MoO3, using a periodic restricted Hartree Fock Ha-
miltonian, as implemented in CRYSTAL95.5 Basis set, toler-
ances and computational conditions are the same as described in
refs. 2 and 3; a convergence criterion of 1026 Eh was used in the
geometry optimisation. From the calculated energies, we have

constructed a scale of relative stability for the host MO3
framework; results are summarised in Table 1. We note that the
undistorted L polymorph is highly unstable with respect to the
other three structures examined, suggesting that insertion
compounds based on L-MoO3 would not be stable following the
cation insertion. The relative stability of the other three
polymorphs (PV, Hex and PY) parallels their relative density, as
higher electrostatic energies stabilise the densest structures.

Moving from the binary oxides to the insertion compounds,
the relative stability of the polymorphs is altered; a balance
between the Coulomb and steric effects stabilises the structures
whose interstices have dimensions comparable with the size of
the inserted ions. The experimentally reported crystal struc-
tures, for instance of the W bronzes, on increasing the size of the
inserted ion, move from the cubic-PV form of NaWO3 towards
the Hex KxWO3 and RbxWO3, to the PY structure obtained by
insertion of Cs and of primary and secondary ammonium salts.6
The importance of the short-range repulsion between the
inserted ion and the MO3 framework increases with increasing
ionic size of the extraframework ion; in ref. 4 we estimated it as
0.52 eV for the relatively small K+ ion in the hexagonal
channels of Hex-WO3. The energy arising from the short-range
repulsion is therefore sufficient to offset the energy difference
between the framework structures examined, shifting the
stability towards the polymorphs with interstices of the
appropriate dimensions. Extraframework ions present during
the synthesis of the host MO3 framework may therefore
effectively act as inorganic templates, or structure-directing
agents.

The use of organic cationic templates is a standard procedure
in the synthesis of microporous aluminosilicates (zeolites),
where the correlation between the shape of the organic cation
and that of the pore structure obtained is now recognised.7 The
energy difference between the silica polymorphs is in the range
of 0.1–0.2 eV per formula unit, much smaller than that we
calculated in the Mo and W trioxides (excluding the L
polymorph, the energy range of the PV, Hex and PY structures
is of ca. 0.5 eV per formula unit). We attribute the higher energy
difference in the trioxides to two effects: (i) the higher ionic
charges, which increases the Madelung field, and (ii) the
rigidity of the octahedral framework of TMOs, compared to the
more flexible tetrahedral framework of silicates. We note
however that the difference in framework energy is still in the
range of the steric repulsion, and can be reversed, as confirmed
by the different stable structures of the alkali W bronzes. We
believe therefore that a template/host approach, similar to that
employed in the synthesis of zeolites, can also be applied to
obtain novel TMO frameworks. The advantages of TMOs with
larger pores are manyfold: for example, such materials would
better satisfy the requirement for high ionic conductivity and

Table 1 Relative energy (in eV per formula unit) of the MO3 frameworks
examined

Material PV Hex PY L H231 H232

MoO3 0.00 0.238 0.607 4.281 0.943 1.128
WO3 0.00 0.315 0.725 5.471 0.902 1.393
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structural stability, necessary in electro- and photo-chromic
applications, and in Li batteries. Furthermore, if the pore sizes
reach the dimension of small organic molecules, microporous
TMOs would allow heterogeneous catalytic applications, and
combine the molecular-sieve characteristics of zeolites with the
higher acidic strength and redox properties of early transition
metal cations.

Attempts to use organic cations, usually quaternary ammo-
nium salts, to template novel TMO frameworks have been
reported,8 but resulted in the formation of inorganic polyanions,
the Keggin structures, rather than extensive M–O frameworks.
We now examine the topic with a more analytic approach,
exploiting the insight that can be obtained from computer
modelling to provide information on the relative stability and on
the required synthesis conditions for new, microporous struc-
tures of TMOs. In particular, we employ a strategy recently
developed for the de novo design of structure-directing agents in
zeolites:9 given a target microporous architecture, the organic
template is gradually grown within the pores, to design
molecules which provide optimal space filling and maximum
interaction energy with the selected porous system, thus helping
to direct the synthesis towards the target structure.

The method requires the knowledge of the porous TMO
structure as starting point. This is a challenging task by itself,
since microporous structures built up on MO6 octahedra have so
far never been reported; the only exceptions are the OMS sieves
based on edge-sharing of MnIVO6 units,10 in which the
framework has stoichiometry MO2 and not MO3 as required for
the MO and W oxides. The first problem to solve is therefore
that of designing a suitable target structure.

The PV and Hex structures can be imagined as a 2D
arrangement, repeated by corner-sharing of the axial oxygens
along the third direction; in the design of new structures we
retained this 2D approach, as a useful starting point. If we define
a new building block, as a chain of n aligned edge-shared
octahedra, a series of new structures can be obtained from the
same connectivity of the PV and Hex phases, replacing single
octahedral units with alternating chains of m and n edge-shared
octahedra. Given the method of construction, we denote the new
structures PVm3n and Hm3n (the 1 3 1 structures reproduce the
PV and Hex polymorphs). All the new structures have an MO3
framework stoichiometry. We have calculated the electronic
distribution, geometry and energy of the first two members of
the Hm3n series: H231 and H232 (Fig. 1). The new structures
represent local minima in the potential energy surface; hence, if

synthesised, they would have a non-zero activation barrier
towards phase transformations. The calculated internal energy
is compared in Table 1 with that of the known polymorphs. The
new structures are unstable, as expected; the energy difference
has nonetheless the same order of magnitude as that between the
known polymorphs and is within the range of the steric energy.
It may therefore be possible to overcome this difference with
steric effects; given the relative instability of the framework, the
template must be selected carefully, and must fit tightly in the
porous structure to stabilise these particular polymorphs; which
is probably why previous attempts with ‘randomly’ selected
templates failed.

Finally, we applied the de novo method to design templating
agents specific for the H231 and H232 structures. The
interactions between the framework and the organic template
were evaluted via interatomic potentials;11 energy-minimised
structures were obtained for each template in a rigid host MO3
framework, ignoring the M-template terms. Candidate tem-
plates are ranked by their calculated binding energy (EB) with
the host lattice: the higher the EB the more favourable the
molecule is considered as a template.7 The pores of the H231

structure have dimensions comparable to unsubstituted hydro-
carbon chains, suggesting that n-amines or n-diamines, as used
in zeolite synthesis may be suitable as templates. The pores of
the H232 polymorph have a size comparable to the 12-mem-
bered rings in zeotypes, and allow the insertion of more
structured organic moieties. Our calculations reveal that
adamantane and diazobicyclooctane derivatives are of suitable
dimensions, the latter [Fig. 1(c)] having the highest EB. Future
experimental studies will test the prediction of these calcula-
tions.

In summary, our computational study has shown the
feasibility on energetics grounds of an extensive range of
microporous chemistry based on octahedral MoO3 and WO3,
and has suggested that such structures may be synthesised using
a host/guest templating approach.

F. C. thanks ICI Katalco and MSI for funding; the provision
of time on the IBM/SP2 computer at the Daresbury Laboratory
is gratefully acknowledged. D. W. L. acknowledges funding
from the Oppenheimer Trust and the Royal Society.
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3 F. Corà, A. Patel, N. M. Harrison, C. Roetti and C. R. A. Catlow,
J. Mater. Chem., 1997, 7, 959.
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Fig. 1 Disposition of octahedra in the MO3 framework of the H231 (a) and
H232 (b) structures; diazobicyclooctane molecule, as located by the
program ZEBEDDE9 inside the pores of the H232 structure (c)
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Transformation of cyclohexene to enantiopure cyclitols mediated by sequential
oxyselenenylation with (S,S)-hydrobenzoin: synthesis of D-chiro-inositol and
muco-quercitol

Kwan Soo Kim,*† Jong Il Park, Hoi Kyung Moon and Hann Yi

Department of Chemistry, Yonsei University, Seoul, 120-749, Korea

Oxyselenenylation of cyclohexene with (S,S)-hydrobenzoin
and subsequent oxidation-elimination allows isolation of an
allylic ether in which further phenylselenenylation is com-
pletely regioselective, thus allowing entry to the cyclitols
D-chiro-inositol and muco-quercitol.

Cyclitols have attracted a great deal of attention from synthetic
chemists due to their diverse biological activity and their
versatility as synthetic intermediates.1 Although several meth-
ods are available for the synthesis of cyclitol derivatives, there
still remains a need for new methodology starting from simple
starting materials because the cyclitol derivatives are structur-
ally very diverse and the new methodology could be applied for
the synthesis of other highly functionalized cyclic compounds.
In this regard, it is noteworthy that cyclohexadiene cis-diols
obtained from halobenzene by microbial oxidation2 and from
PhMe2SiCl by reduction and subsequent asymmetric
dihydroxylation3 have been used for the synthesis of cyclitols
and other natural products.

Oxyselenenylation of a cycloalkene with an appropriate
alcohol and the subsequent oxidation-elimination of the re-
sultant oxyselenide would afford a cyclic allylic alcohol
derivative. If a second oxyselenenylation of this cyclic allylic
alcohol derivative was followed by oxidation-elimination to
give a cycloalk-3-ene-1,2-diol derivative, a correctly protected
cyclitol might be efficiently synthesized. However, it has been
documented that the oxyselenenylation of both cyclic4 and
acyclic5 allylic alcohol derivatives usually provides 1,3-diol
rather than 1,2-diol derivatives. Therefore, in order to make this
serial oxyselenenylation methodology work for the synthesis of
enantiopure cyclitols, not only the stereochemistry but also the
regiochemistry of the oxyselenenylation must be controlled. We
have solved this problem by using a chiral diol, (S,S)-
hydrobenzoin, for the oxyselenenylation of cyclohexene.
Herein we report the successful conversion of cyclohexene into
various enantiopure cyclitols and the synthesis of important
natural cyclitols muco-quercitol 1 and D-chiro-inositol 2, which

is valuable due to its physiological activity as an insulin
mediator6 and its limited availability.

To a solution of N-(phenylseleno)phthalimide (N-PSP) (3.44
mmol), (S,S)-hydrobenzoin (4.13 mmol), and cyclohexene
(4.13 mmol) in CH2Cl2 (60 ml) was added slowly BF3·OEt2
(0.34 mmol) at 0 °C. Stirring the reaction mixture at room
temperature for a further 2 h afforded two diastereomeric
oxyselenides [3 plus the (1R,2R)-diastereomer; ca. 1:1 ratio] in
80% yield (Scheme 1). Although oxyselenenylation with other
selenium reagents such as PhSeCl, PhSeBr and PhSeOTf was
also possible, they frequently generated the undesired halosele-

nide or hydroxyselenide. Oxyselenide 3‡ was separated by
column chromatography and converted into olefin 4 {[a]D
282.3 (c 0.7)} by the oxidation with NaIO4 in the presence of
NaHCO3 followed by elimination of the resulting selenoxide.
Intramolecular oxyselenenylation of 4 using PhSeOTf§ at
278 °C gave only cis-fused bicyclic dioxane 5{[a]D 234.5 (c
0.4)}. Thus, both regiochemistry and stereochemistry were
completely controlled in the second oxyselenenylation step.
Oxidation of selenide 5 and subsequent elimination provided
olefin 6.

Dihydroxylation of 4 with OsO4 and NMO and subsequent
hydrogenolysis of the resulting 7 afforded triol 8. The absolute
configuration of 8 was assigned on the basis of its 1H NMR
spectrum and by comparison of its specific rotation with that of
authentic material {[a]D +72.8 (c 1.0)}.7 Reduction of selenide
5 with Bu3SnH gave compound 9. Dihydroxylation of 6 and
subsequent hydrogenolysis of the resulting diol 10 gave tetrol
11, which, by acetylation, afforded tetraacetate 12. Examination
of 1H NMR spectrum of 9 and comparison with the 1H NMR
spectra of 12 with that of its known racemate8 clearly indicated
that the relative stereochemistry of compound 6 is cis.
Consequently, the C1 and C2 configurations of cyclohex-3-ene-

Scheme 1 Reagents and conditions: i, (S,S)-hydrobenzoin, N-PSP,
BF3·OEt2 (cat.), CH2Cl2, room temp., 2 h, 40% of 3 and 40% of its (1R,2R)-
diastereomer; ii, NaIO4, NaHCO3, MeOH–H2O, room temp., 10 min, then
90 °C 48 h, 92%; iii, PhSeOTf, CH2Cl2, 278 °C, 2 h, 68%; iv, OsO4 (cat.),
NMO, acetone–H2O, room temp., 24 h, 76%; v, H2, Pd-C (cat.), EtOH, 50
psi, room temp., 12 h, 85%; vi, NaIO4, NaHCO3, MeOH–H2O, room temp.,
10 min, then 90 °C 48 h, 90%; vii, K2OsO4H2O (cat.), NMO, acetone–H2O,
reflux, 20 h, 92%; viii, H2, Pd-C (cat.), EtOH, 50 psi, room temp., 8 h, 98%;
ix, Ac2O, pyridine, 50 °C, 12 h, 86%
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1,2-diol derivative 6 were unambiguously determined to be S
and R, respectively. On the other hand, a 1H NMR decoupling
experiment with compound 3 showed trans diaxial coupling
(8.2 Hz) between H1 and H2 and thus the C1 and C2
configurations of 3 were assigned as S and S, respectively.

Epoxidation of 6 with MCPBA in CH2Cl2 afforded trans-
epoxide 13 {Rf = 0.30 (silica gel, hexane2EtOAc, 10:1); [a]D
2126.9 (c 0.11)} along with its cis isomer {Rf = 0.11, [a]D
2112.0 (c 0.1)} (trans:cis = ca. 7:3) (Scheme 2). Epoxidation
in other solvents gave poorer results. Diaxial opening of the
epoxide ring of 13 with PhSeNa gave exclusively hydrox-
yselenide 14, whereupon oxidation with 30% H2O2 followed by
elimination provided allylic alcohol 15 {[a]D + 3.0 (c 0.2)}.
Dihydroxylation of 15 occurred on the opposite face to the
allylic hydroxy group to afford exclusively triol 16 {[a]D250.5
(c 0.11)} in 92% yield. Hydrogenolysis of 16 provided muco-
quercitol 1, of which the spectroscopic data and physical
properties were identical with those of authentic material.
Further characterization of 1 was performed via transformation
to the known pentaacetate 17.9

Protection of the hydroxy group in 15 with the sterically
demanding TBDPS group and subsequent epoxidation of the
resulting TBDPS ether 18 {[a]D +17.8 (c 1.1)} with MCPBA
afforded the desired trans-epoxide 19 {Rf = 0.40 (silica gel,

hexane–CHCl3–EtOAc, 20:5:1); [a]D 222.3 (c 0.74)} along
with cis-epoxide {Rf = 0.35; [a]D233.2 (c 0.80)} (trans:cis =
3:2). Diaxial opening of the epoxide ring in 19 with PhSeNa
afforded exclusively hydroxyselenide 20, which turned out to
be a mixture of two rotational isomers (3:2) about one of the
single bonds in the OTBDPS group. The mixture of two stable
atropisomers 20 was separated by flash chromatography, and
each was converted into allylic alcohol 21, which was also a
stable and separable mixture of atropisomers (3:2). Evidence for
the atropisomerism in compounds 20 and 21 could be readily
obtained by removal of their TBDPS groups. Thus, treatment of
each atropisomer of 20 with TBAF gave the diol 22 which did
not show any atropisomerism. Diol 23 {[a]D +23.0 (c 0.10)},
obtained from both atropisomers of 21 by deprotection with
TBAF, also showed no atropisomerism.

Dihydroxylation of 23 followed by hydrogenolysis of the
resultant 24 {[a]D 2 68.1 (c 0.32)} with Pd(OH)2-C (Degussa
type) in the presence of a trace amount of conc. HCl gave
D-chiro-inositol 2, the physical properties of which are identical
with those of authentic 2.10 Perbenzoate 2511 was prepared for
further characterization of 2. A similar synthesis starting with
the (1R,2R)-diasteromer of 3 would provide L-chiro-inositol.
The development of the highly diastereoselective oxyselenen-
ylation of cyclohexene with various chiral alcohols including
hydrobenzoin derivatives is now in progress.

This work was supported by a grant from Basic Research
Institute Program (BSRI-97-3422), Ministry of Education,
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Scheme 2 Reagents and conditions: i, MCPBA, NaHCO3, CH2Cl2, reflux,
16 h, 60% of 13 and 26% of its cis isomer; ii, PhSeSePh, NaBH4, EtOH,
reflux, 4 h, 95%; iii, 30% H2O2, THF–EtOH, room temp., then reflux, 6 h,
96%; iv, K2OsO4H2O (cat.), NMO, acetone–H2O, reflux, 20 h, 92%; v, H2,
Pd(OH)2 (cat.), conc. HCl (trace), EtOH, 15 psi, room temp., 1 h, 93%; vi,
Ac2O, pyridine, room temp., 12 h, 85%; vii, TBDPSCl, imidazole, DMF,
reflux, 14 h, 87%; viii, MCPBA, NaHCO3, CH2Cl2, reflux, 20 h, 51% of 19
and 34% of its cis isomer; ix, PhSeSePh, NaBH4, BunOH, reflux, 24 h, 83%
(a mixture of two atropisomers, 3:2); x, NaIO4, NaHCO3, MeOH–H2O,
room temp., 10 min, then 90 °C, 48 h, 90% (a mixture of two atropisosmers,
3:2); xi, Bun

4NF, THF, room temp., 5 h, 92%; xii, K2OsO4H2O (cat.),
NMO, acetone–H2O, reflux, 18 h, 87%; xiii, H2, Pd(OH)2 (cat.), conc. HCl
(trace), EtOH, 15 psi, room temp., 1 h, 82%; xiv, BzCl, pyridine, 12 h, room
temp., 86%
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Polymer-supported selenium reagents for organic synthesis

K. C. Nicolaou,*† Joaquín Pastor, Sofia Barluenga and Nicolas Winssinger
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Organoselenium resins 1–4 were prepared from polystyrene
via lithiation and quenching with MeSeSeMe, and shown to
react with a variety of substrates, aiding in useful func-
tionalizations.

Combinatorial chemistry and solid phase synthesis have
recently emerged as powerful tools for the drug discovery
process.1 The latter technique is particularly useful for combi-
natorial library construction due to its adaptability to the
powerful and elegant split-pool methods2 and because of the
well recognized purification advantages associated with it. The
utilization of polymer-bound reagents,3 in particular, has gained
popularity due to the non-requirement for tethering the substrate
to the polymer. Here we describe the preparation of a series of
solid-supported selenium resins4,5 2–4 (Scheme 1) and their
application as linkers and reagents for solid phase synthesis. A
distinct advantage of the new reagents is the convenience of
handling and their totally odorless nature as compared to the
non-bound reagents, whose toxicity and foul smell is often
problematic.

Scheme 1 summarizes the preparation of the new resins 2–4
from readily available starting materials. Thus, polystyrene
beads suspended in cyclohexane were treated with BunLi–
TMEDA6 and the lithiated species was quenched with MeSe-
SeMe,7 furnishing selenium reagent 1 as a pale yellow resin (the
loading of selenium was controlled by addition of MeSeSeMe
in substoichiometric amounts to the lithiated polystyrene).
Exposure of 1 to bromine resulted in quantitative conversion8 to
the polymer-supported selenenyl bromide 2, which was isolated
after filtration and washing as a deep red resin. The selenium

Scheme 1 Reagents and conditions: i, BunLi (2.5 M in hexanes, 24 equiv.),
TMEDA, cyclohexane, 65 °C, 4 h, then filtration and washing with THF,
then dimethyl diselenide (2.0 mmol g21 of polystyrene), THF, 0 °C, 30 min,
100%; ii, Br2 (0.9 equiv.), CHCl3, 0 °C, 10 min, 100% (based on
consumption of Br2), then filtration and washing, then EtOH, 70 °C, 1 h,
> 95%; iii, potassium phthalimide (1.5 equiv.), 18-crown-6 (1.5 equiv.),
benzene, 23 °C, 5 h, > 95% yield; iv, LiBH4 (2.0 M in THF, 2.0 equiv.),
THF, 23 °C, 1 h, > 95%

Scheme 2 Reagents and conditions: i, 2 (1 equiv.), CH2Cl2, 23 °C, 30 min;
ii, Bun

3SnH (4 equiv.), AIBN (0.01 equiv.), PhMe, 110 °C, 6 h, 92% (2
steps); iii, 2 (1.5 equiv), THF, 278 °C, 30 min, then H2O2 (30%, 2 equiv.),
278 ? 23 °C, 20 h, 94% (2 steps); iv, 3 (0.5 equiv.), H2O (1 equiv.), CSA
(0.05 equiv.), CH2Cl2, 24 h; v, Bun

3SnH (2 equiv.), AIBN (0.005 equiv.),
PhMe, 110 °C, 6 h, 82% (2 steps), 10 : 11 = 2 : 1; vi, 3 (0.5 equiv.), H2O (1
equiv.), CSA (0.05 equiv.), CH2Cl2, 24 h; vii, Bun

3SnH (2 equiv.), AIBN
(0.005 equiv.), PhMe, 110 °C, 6 h, 80% (two steps); viii, 4 (0.5 equiv.),
THF, 23 °C, 12 h; ix, Bun

3SnH (2 equiv.), AIBN (0.005 equiv.), PhMe,
110 °C, 6 h, 89% (2 steps); x, H2O2 (30%, 1 equiv), THF, 23 °C, 12 h, 78%
(2 steps)
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phthalimide reagent 3 was obtained as a yellow resin from 2 by
displacement with potassium phthalimide in the presence of
18-crown-6 ( > 95% yield),9 while the lithium selenide 4 (a pale
yellow resin) was prepared by LiBH4 reduction of 2 (95%
yield). All new reagents appeared to be quite stable in the air at
ambient temperature (inert atmosphere is recommended, how-
ever, for their storage and use).

Scheme 2 displays chemistry demonstrating the use of resins
2–4 both as solid phase linkers and polymer-bound reagents.
Thus, olefin 5 was quantitatively loaded onto the polymer by
treatment with the polymer-bound selenium bromide resin 2
and, subsequently, released reductively under the influence of
Bun

3SnH–AIBN (cat.) to recover the starting olefin 5 in 92%
overall yield. The polymer-bound selenium bromide 2 was also
shown to be as effective as phenylselenium bromide for the
known two-step transformation10 of PGF2amethyl ester 7 to the
PGI2 analogues 8 (94% yield, ca. 2 : 1 ratio of C-6 epimers,
Scheme 2). Hydration of an olefin was demonstrated to proceed
smoothly with the selenium phthalimide resin 3.9 Thus, terminal
olefin 9 was converted to the regioisomeric alcohols 10 and 11
in 82% overall yield (10 : 11 ca. 2 : 1 ratio) by the action of
reagent 3 and CSA in the presence of H2O, followed by
reductive cleavage from the solid support with Bun

3SnH–
AIBN. Furthermore, cyclic olefin 12 was converted to alcohol
13 in 80% overall yield by the same two-step procedure. The
use of the resin 4 was demonstrated as follows. Alkyl iodide 14
was efficiently loaded onto the polymer through mild alkylation
conditions in THF. The substrate was then released from the
polymer (15) by either free radical chemistry to obtain the
corresponding alkyl compound 16 (89% overall yield) or
oxidative conditions leading to olefinic product 17 (78% overall
yield).

Table 1 summarizes applications of polymer-bound selenium
bromide 2 and selenium phthalimide11 3 to the synthesis of
2-deoxyglycosides.12 Most noteworthy is the inverse glycosida-
tion stereoselectivity obtained under different reaction condi-
tions. Thus, glycosidation of tri-O-benzylglucal 18 with BnOH
using the polymer-bound selenenyl bromide reagent 2 (X = Br)
followed by Bun

3SnH–AIBN (cat.) cleavage of the newly
formed selenium–carbon bond released the 2-deoxy glycosyl-
ated product 19 in 86% yield with 5 : 1 selectivity in favor of the
a-anomer (entry 3), whereas the same transformation carried
out with the polymer-bound selenenyl phthalimide reagent 2
yielded the product in 72% with a 5 : 1 selectivity in favor of the
b-anomer (entry 5).

In conclusion, we have successfully prepared a series of
polymer-bound selenium reagents/linkers and demonstrated a
number of their uses in organic synthesis. These reagents should
find useful applications in solid phase and combinatorial
synthesis due to their versatility and ease of handling.
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financially supported by the Skaggs Institute for Chemical
Biology, the National Institutes of Health, USA, and grants
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Table 1 Polymer-bound selenium promoted synthesis of 2-deoxyglyco-
sidesa

Entry ROH Reagent Solvent t/h Yield (%)
Ratio
a :b

1 BnOH 2 CH2Cl2 24 87 2 : 1
2 BnOH 2 PhMe 24 96 2 : 1
3 BnOH 2 MeCN–CH2Cl2

(2 : 1)
24 86 5 : 1

4 BnOH 3 CH2Cl2 48 68 1 : 5
5 BnOH 3 PhMe 48 72 1 : 5
6 BnOH 3 MeCN–CH2Cl2

(2 : 1)
48 23 1 : 1

7 2 MeCN–CH2Cl2
(2 : 1)

24 61 8 : 1

8 3 PhMe 48 45 1 : 1

9 2 MeCN–CH2Cl2
(2 : 1)

96 50 20 : 1

a All reactions were carried out under an atmosphere of argon in the
presence of 4 Å molecular sieves. Reagents and conditions: i, (for reagent
2) ROH (1 equiv.), 2,6-di-tert-butyl-4-methylpyridine (1 equiv.), 2 (0.5
equiv.); (for reagent 3) ROH (1 equiv.), CSA (1 equiv.) and 3 (0.5 equiv.);
solvent and time as shown in Table; ii, Bun

3SnH (2 equiv.), AIBN (0.005
equiv.), PhMe, 110 °C, 8 h.
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Catalytic oxidation of alkyl aromatics using a novel silica supported Schiff base
complex
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A new heterogeneous catalyst based on a chemically
modified mesoporous silica gel and possessing immobilised
chromium ions has been prepared and successfully applied
to the aerial oxidation of alkyl aromatics at atmospheric
pressure and in the absence of solvent.

The oxidation of organic substrates provides routes to a wide
range of functionalised molecules. Traditional methods involve
the use of large quantities of poisonous high oxidation state Cr,
Mn and Os reagents.1 Lower oxidation state metals such as CoII,
MnII and CuII in AcOH may be used2 with O2 as the consumable
oxidant. However, the conditions are often harsh, the reagent
mixture is corrosive (bromide is used as a promoter), and the
chemistry is rarely selective. Environmentally acceptable
catalytic oxidations that operate under moderate conditions in
the liquid phase with high selectivity are clearly desirable. A
range of supported reagents has been used in the liquid phase
oxidation of organic substrates. Advantages of supported
reagents include ease of handling, use and recovery, low
toxicity and the avoidance of solvents. However, in oxidations,
supported reagents have generally acted as stoichiometric
reagents, making their large scale use difficult and expensive.
We have proven the possibility of developing genuinely
catalytic supported reagents which are active in some oxida-
tions.3,4 More recently, catalysts based on chemically modified
silicas, which have higher catalytic site densities, have been
prepared.5,6 We now report a novel heterogeneous catalyst for
the liquid phase partial oxidation of alkyl aromatic substrates
based on a chemically modified mesoporous silica gel which
possesses significantly enhanced activity. The material strongly
binds chromium ions and is robust, reusable and active in the
oxidation of ethylbenzene and methyl aromatics.

The preparation of the chromium catalyst (CHRISS) is shown
in Scheme 1. Salicylaldehyde (1 equiv.) was added to excess
absolute EtOH, to which 3-aminopropyl(trimethoxy)silane (1
equiv.) was added. The solution instantly became yellow due to
imine formation. Chromium(III) acetate (0.5 equiv.) was then
added to the solution, and the mixture stirred for a further 30
min to allow the new ligands to complex the chromium. The
silica (Kieselgel 100) was then added and the mixture stirred
overnight. The final product was washed with water, EtOH and
finally Et2O until the washings were colourless. Further drying
of the solid product was carried out on a rotary evaporator at
70 °C for 2 h. The loading achieved is ca. 0.10 mmol g21

[determined by atomic absorption spectroscopy (AAS)]. The
catalyst has an average pore size of 100 Å and a particle size of
30–140 mm. The infrared spectrum of the free ligand (i.e. prior
to complexation with the metal) shows a band at 1642 cm21

attributed to the C§N stretching vibration of the imine. This is
reduced to 1593 cm21 upon complexation of Cr3+. Apart from
bands in the 250–450 nm region, the diffuse reflectance UV
spectrum of the catalyst shows a band at ca. 600 nm
corresponding to d-d transition for the metal complex. The band
is shifted to higher wavelength by about 30 nm from the
corresponding band in pure Cr(OAc)3 or Cr(OAc)3 physisorbed
on silica, consistent with a change in ligand environment.

The catalytic oxidation of ethylbenzene (used as a model
substrate) was carried out in neat substrate using 1.5 g catalyst
and air as the consumable source of oxygen. The reaction was
performed in a baffled glass reactor with overhead stirring and
fitted with a Dean–Stark trap to facilitate the removal of water
from the reactor. After a short induction period the conversion
rate in the first 5 h of operation was ca. 5% h21, corresponding
to a frequency of 1225 turnovers h21 per catalytic site
(assuming 0.10 mmol g21 loading of the active site). After the
first 5 h, the rate of conversion dropped significantly; this is
attributed to the inefficient removal of water from the reaction
system, and poor adsorption of ethylbenzene onto the catalyst
surface as the acetophenone concentration increases. In addi-
tion, catalyst reuse studies were performed by recycling 1.5 g of
catalyst twice without any regeneration or conditioning by
decanting the liquid from the reactor and adding fresh substrate
and then repeating the experiment. The results shown in Fig. 1
demonstrate that the recycled catalyst retains its activity and the
catalytic rate is equal to that of the fresh catalyst. Furthermore,
the induction period observed with the use of fresh catalyst was
eliminated when the catalyst was recycled. This suggests that
poor product desorption when the catalyst is not saturated with
the product was the cause of the induction periods observed.

Scheme 1
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After 5 h the activity of the recycled catalyst begins to decrease;
the effect is more pronounced on the second recycle. The reason
for this deactivation is not fully understood. Further reuse
studies are in progress, including regeneration and conditioning
of spent catalyst.

It is believed that the imprinted method of synthesis allows
the chromium to become very tightly bound to the support. To
verify that oxidation is occurring due to heterogeneous
catalysis, several test reactions were carried out which were
designed to encourage the formation of leached chromium. In
one test reaction, an unimprinted version of the catalyst was
made. Unlike the original catalyst, where the ligands are
complexed with the metal and then grafted onto the silica
support, the unimprinted version involves the grafting of the
ligands before the complexation with the metal ions. This
method of production gave a lower loading (0.05 mmol g21 by
AAS) and it is likely that the metal–ligand binding is
significantly reduced in strength due to the less favourable
spatial orientation of the ligands on the surface, leading to a less
robust catalyst. In the second experiment, a catalyst based on
physisorbed chromium(III) on the silica surface was made. The
catalyst was formed by dissolving chromium(III) in EtOH, and
stirring with the silica gel. The solvent was then removed by
rotary evaporation, leaving a grey solid. The results shown in
Fig. 2 indicate that the imprinted version of the CHRISS
catalyst is the most active of the species studied. Both the

unimprinted and the physisorbed materials show little activity
above that of a control reaction, containing no catalyst.

We have successfully extended catalytic chemistry to the
commercially important oxidation of methyl aromatics.
p-Chlorotoluene, p-xylene and o-xylene all undergo aerial
oxidation at atmospheric pressure in neat substrate with the
supported chromium catalyst (Table 1). Again it was necessary
to prove that the catalysis was not due to leached chromium.
Following the method described by Lempers and Sheldon,7 a
p-xylene reaction was hot filtered after 1 h (i.e. at an early stage
of the reaction) to remove the catalyst. The reaction was then
restarted without the catalyst, and the product isolated after 24
h. The reaction yielded 15 g of p-toluic acid (compared to 166
g from the reaction with CHRISS) which corresponds to the
amount formed during an oxidation without the catalyst, i.e. the
formed product is due to autoxidation. Analysis of the reaction
mixture after hot filtration of the catalyst showed < 0.5 ppm of
chromium.‡

The activity of the catalyst is significantly greater than the
commercial supported chromium catalyst and other supported
reagents based on chemically modified surfaces.3–6 The fact
that we were not able to detect Cr, that experiments with less-
robustly held catalysts proceeded at the background rate, and
that the reaction after filtration failed to exceed the background
rate leads us to believe that the active species is the surface
bound Cr complex. The efficiency of the catalytic systems, the
use of air as the only consumable source of oxygen and the
avoidance of solvent makes them excellent examples of
environmentally friendly processes.
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of Engineering for a Clean Technology Fellowship (to J. H. C.)
and the Royal Society for a University Research Fellowship (to
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Fig. 1 Production of acetophenone in the oxidation of ethylbenzene using 5
g of the immobilised chromium on silica catalyst: (8) fresh catalyst, (2)
first recycle and (.) second recycle

Fig. 2 Production of acetophenone in the oxidation of ethylbenzene using
(8) an unimprinted catalyst, (2) a physisorbed chromium(III) catalyst, (.)
the imprinted catalyst and (Ω) no catalyst

Table 1 Oxidation reactions using CHRISSa

Substrate T/°C Product(s) Isolated yield (%)

Ethylbenzene 130 acetophenone 50
p-Xylene 138 p-toluic acid

terephthalic acid
29

5
o-Xylene 145 o-toluic acid 7
p-Chlorotoluene 130 p-chlorobenzoic acid 12

a Reactions were carried out using the supported chromium catalyst (1.5 g)
in neat substrate (4.1 mol) with an air feed rate of 800 ml min21 and an
agitation rate of 1500 rpm, for a period of 24 h.
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The synthesis and aggregation properties of a novel anionic gemini surfactant

Kevin Jennings,a Ian Marshall,a Helen Birrell,a Andrew Edwards,a Neville Haskins,a Olle Sodermann,b

Anthony J. Kirbyc and Patrick Camilleri*a†
a SmithKline Beecham Pharmaceuticals, New Frontiers Science Park, Third Avenue, Harlow, Essex, UK CM19 5AW
b Physical Chemistry 1, University of Lund, PO Box 124, S-221 00, Lund, Sweden
c University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW

The aggregation of a peptide-based anionic gemini surfac-
tant has been found to be highly dependent on the
environment in which this property is measured; dimensions
of aggregates varied from those generally observed in
micellar species to those in fibrillar material.

About 25 years ago a rather unusual type of surfactant molecule
consisting of dimeric amphiphiles, made up of two long
hydrocarbon chains and two ionic groups linked by a spacer,
was reported by Bunton et al.1 The name ‘gemini’ was used by
Menger in 1991 to identify these detergents.2

The unusual structures of gemini surfactants result in surface
and bulk properties that differ from those observed for more
conventional single-chain monomeric surfactants having the
same number of carbon atoms per polar ‘head’ group. Thus
whereas monomeric surfactants tend to form spherical micelles
in dilute solution, geminis usually form thread-like aggregates.
Geminis generally have lower critical micelle concentration
(cmc) values; their foaming and wetting properties are ex-
cellent, resulting in a more efficient lowering of the surface
tension of water; they also show unexpected viscosity changes
as their concentration is increased.

Most gemini surfactants synthesised over recent years
contained bisphosphate or bis(quaternary ammonium) ionic
groups linked by spacers ranging from a rigid aromatic group to
a more flexible short aliphatic chain. The length of the saturated
hydrocarbon tails has ranged from 8 to 18 carbon atoms. The
length, flexibility and polarity of the linker group can have a
profound effect on the resulting shapes of aggregates formed by
gemini surfactants.2,3

We have synthesised a peptide-based gemini surfactant 1,
starting from the reaction of L-cysteine with dibromoethane to
form the bisthioether. Reaction of the latter with Boc-protected
glycine-O-succinimide, followed by deprotection, gave com-
pound 2. This reacted further as shown in Scheme 1 to give 1 as
the dipotassium salt. The structure of 1 was confirmed by its 1H
and 13C NMR spectra, measured in D2O. A FAB mass spectrum
of 1 in a glycerol matrix, scanning in negative ion mode, gave
an isotopic distribution corresponding to the calculated pattern
fitting C40H74N6OO12S4K, as shown in Fig. 1.

Gemini 1 was soluble in aqueous media even at neutral pH.
The presence of 1 in solutions of the hydrochloride of
1-(1,3-dichloro-6-trifluoromethyl-9-phenanthryl)-3-dibutyl-
aminopropan-1-ol, an anti-malarial drug known as halofantrine
and marketed by SmithKline Beecham,4 caused a substantial
change in the fluorescence spectrum of this compound (Fig. 2).
From a plot (not shown) of the increase in the intensity of this
drug with the increase of the concentration of 1, an approximate
measurement of the cmc was obtained as 1024 mol dm23. This
value is lower than those reported for single hydrocarbon chain
surfactants, such as sodium dodecyl sulphate, where the cmc
was measured5 as 7 3 1023 mol dm23. Low cmc values have
been reported for other gemini surfactants.2 Fig. 2(c) shows that
the intensity of the spectrum of halofantrine increases sub-
stantially on standing for 24 h, indicating that the organisation
of micelles had changed during this period. Electron micros-

Scheme 1 Reagents: i, C11H23COCl, NaOH, H2O; ii, N-hydroxy-
succinimide, DCC, THF; iii, taurine, K2CO3, H2O, THF

Fig. 1 FAB mass spectrum of 1: (a) calculated and (b) experimental isotopic
distribution. The spectrum was obtained using a Micromass 70-VSEQ mass
spectrometer, negative ionization effected by a primary beam of caesium
ions.
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copy measurements (see later) confirm morphological changes
in the organisation of micelles at periods shorter than 24 h.

The diffusion coefficient of 1 was measured as 5.2 3 10211

m2 s21 by carrying out diffusion experiments on a sample which
was 0.1% (1 mg ml21) by weight. This value indicated the
presence of rather small micelles with a hydrodynamic radius of
about 3.5 nm. As the cmc is so low, the diffusion coefficient
measured is that of the micelles, with a negligible contribution
from the free surfactant.

Attempts to study the morphology of these micelles (1 mg
ml21) in deionised water by transmission electron microscopy
(TEM) by negative staining (using 5% w/v ammonium
molybdate containing 1% w/v trehalose) at early time points
after preparation proved problematic due to surfactant/stain
interactions and poor sample spreading; images were obtained
that showed discrete globular structures 3 to 5 nm in diameter
and globular strings, ~ 40 nm in length [Fig. 3(A)]. Further
analysis of the surfactant solutions after storage at 4 °C for 24 h
or longer periods proved easier to prepare by spreading on a grid
and staining.

TEM analysis of this aged solution by negative staining gave
distinct fibrillar/ribbon structures with periodic ‘twist-like’

features [Fig. 3(B)]. Fibrils appeared in excess of 10 mm long
and ranged between 6 ± 1.5 (n = 23) and 40 ± 13 nm (n = 11)
in width. Three populations were identified based on the
periodic features exhibited. Low numbers of flat ribbon-like
fibrils with irregular spaced twists were seen interspersed
among fibrils with 145 ± 23 nm (n = 37) periodicity and a
smaller population of shorter 63 ± 8nm (n = 23) period
fibrils.

Cryogenic transmission electron microscopy (TEM) of
samples incubated at 4 °C for 9 days confirmed the presence of
fibrils similar to those seen by negative staining after 24 h [Fig.
3(C)]. Fewer fibrils showed periodic features than were seen by
negative staining—those present also appeared longer at 211 ±
4 nm (n = 20). Other fibrils (10–20 nm wide) appeared to lack
any periodicity. A noticeable inter-fibrillar regular parallel
spacing of 20 to 40 nm observed may reflect electrostatic
repulsion between surfactant anionic head groups in aqueous
solution.

Atomic force microscopy (AFM) images of 1 were also
obtained for samples, dried on mica from filtered deionised
water, immediately after dissolution and 6 h after dissolution.
Images of surfactant immediately after dissolution showed
orientated fibrils on top of a relatively flat substructure. Fibrils
showed heights of 0.3–0.5 nm above the underlying structure
and widths of 37 ± 8 nm. Spreading artefacts due to drying
would be expected to result in underestimates of fibril height
and overestimates of fibril width (due to tip-sample inter-
actions).

At 6 h after dissolution [Fig. 3(D)] three distinct morpholo-
gies were observed by AFM for dried surfactant: sheets, ca. 3–4
nm in thickness; globules, 44 nm ± 14 nm (n = 12) in cross-
section and 1–5 nm in height; and fibrils, 48 nm ± 10 nm (n =
8) in cross-section and 2–5 nm in height. Fibrils were found to
settle predominantly on top of the underlying sheets: areas of
exposed mica were largely free of fibrils or contained fibril
fragments. This may reflect the strong electrostatic repulsion
between the anionic head groups, which would be expected to
lie on the outer surface of fibrils in aqueous solution, and the
negatively charged mica surface. Approximately 80% of fibrils
displayed clear periodicity (mean periodic length = 106 ± 18
nm; n = 8). Periodic features were conserved when the scan
direction was rotated through 90° (data not shown) suggesting
that it was not caused by a scanning artefact.

The disappearance of smaller fibrils and the appearance of
larger, periodic fibrils with time is consistent with a time-
dependent aggregation/twisting of early fibrils into larger
structures. The fibrilisation phenomena, observed in the TEM
and AFM analysis of aggregates of 1, are reminiscent of those
observed in the aggregation of b-amyloid protein (b-AP),6
which has been implicated in the development of Alzeimer’s
disease. b-AP contains both hydrophobic and hydrophilic
peptide sequences, and has been reported to have micellar
properties.7 Further studies are in progress aimed at identifying
the structural features of 1 that lead to the observed aggregation
properties.
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Fig. 2 Emission spectra (lex 310 nm) of a 10 mM solution of halofantrine: (a)
in water, (b) in water containing 1 mg ml21 of 1 (fresh solution) and (c) in
water containing 1 mg ml21 of 1 (24 h standing). Spectra were recorded on
a Perkin-Elmer LS50 spectrofluorimeter.

Fig. 3 (A) Negative stained TEM images of 1 immediately after dissolution;
(B) negative stained TEM images recorded after 21 h; (C) cryogenic TEM
images recorded after 9 days dissolution; and (D) AFM images of surfactant
dried onto mica (sample taken from a solution which was 6 h old). TEM and
AFM images were obtained using a Hitachi H7100 microscope and a
TopoMetrix Explorer microscope, respectively.
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Metal catalyst-free by design. The synthesis of amides from alkyl iodides,
carbon monoxide and amines by a hybrid radical/ionic reaction

Ilhyong Ryu,*† Kiyoto Nagahara, Nobuaki Kambe, Noboru Sonoda,‡ Sergio Kreimerman and Mitsuo
Komatsu

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565-0871, Japan

Amides can be synthesized from alkyl iodides and amines in
the presence of CO (20–25 atm), without using transition
metal catalyst; the radical cascade is initiated thermally
using AIBN and allyltributyltin.

Transition metal catalysts facilitate many useful synthetic
transformations. However, metal catalyst-free procedures,
which do not require complicated techniques for recovering the
expensive metals and ligands, would have a distinct advantage.1
We recently discovered that irradiation conditions enable us to
synthesize carboxylic acid esters from alkyl iodides, CO, and
ROH.2 This ester synthesis represents an intriguing example of
a reaction which was previously possible only in the presence of
a catalyst, but can now be carried out under metal catalyst-free
conditions. The role of irradiation was unclear, especially as to
whether it was generating an alkyl/iodine radical pair in a non-
chain process or simply initiated a radical chain process. Here
we report the synthesis of amides from alkyl iodides, CO and
amines under thermal initiation conditions [eqn. (1)], expanding
the utility of the metal catalyst-free approach and demonstrating
the involvement of a radical chain transfer step in this hybrid
radical/ionic reaction.

Thermally initiated conditions for the catalyst-free synthesis
of amides were examined for the conversion of 2-iodooctane 1a,
diethylamine, and CO into N,N-diethyl amide 2 [eqn. (2)]. No
reaction took place under thermal conditions without a radical
initiator. However, the results with conventional radical
initiators, such as AIBN and BPO, were disappointing, since
only low yields of the desired 2 were obtained. For example,
when a hexane solution of 1a and Et2NH was heated under 25
atm of CO at 80 °C for 8 h in the presence of AIBN (30 mol%),
2 was obtained in 10% yield. A dramatic increase in the yield of
2 up to 91% was achieved when both AIBN (25 mol%) and
allyltributyltin (10 mol%) were used. The combination of AIBN
and tris(trimethylsilyl)silane also gave a good result but AIBN–

tributyltin hydride gave inferior results. On the other hand, in
the presence of 20 mol% of galvinoxyl, the reaction was
inhibited, and 81% of iodide 1a was recovered. These results
convinced us that the pathway by which amide 2 is formed
includes a radical chain transfer.

Encouraged by the above results, we then examined the
generality of the amide synthesis using AIBN–allyltin as
thermal initiator. Table 1 shows that amides can be successfully
prepared from RI, medium pressure CO (20–25 atm) and
amines.3 In general triethylamine was added as a base to trap HI,
whereas in entry 3, for convenience 2 equiv. of the amine were
used as both nucleophile and base. Solvents can be varied, and
even in the case where MeOH was used as the solvent, the
amide was the only product of the carbonylation reaction (entry
4). Both primary and secondary amines were useful. In general
carbonylation of tertiary radicals is relatively inefficient
compared with secondary and primary alkyl radicals due to the
facile reverse reaction.4,5 However, the unique radical/ionic
cooperation driving the carbonylation/decarbonylation equilib-
rium in the forward direction could provide an enormous
advantage for the carbonylation of tertiary radicals. Using bis(2-
ethylhexyl)amine, diamide 8 was prepared (entry 7). On the
other hand, when an o-aminobenzyl alcohol was treated with
1d, an N-acylated product 10 was obtained (entry 9). In these
examples, standard flash chromatography on silica gel was used
for the isolation of products, whereas in one case, Renaud’s
recently reported procedure for removing small amounts of tin
residue was tested and found to be convenient (entry 8).6

It should be noted that the use of irradiation conditions, which
were employed in our previous study,2 can also be used for the
amide synthesis, and are especially useful for the reaction of
primary alkyl iodides.7 Scheme 1 illustrates the three step

Scheme 1
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mechanism: (i) radical initiation via either irradiation or thermal
initiator, (ii) radical chain propagation, composed of two
reversible type radical reactions (carbonylation and iodine atom
transfer), and (iii) ionic quenching to shift the equilibria of the
reversible radical reactions.

In this study, we have achieved a new metal-free synthesis of
amides from organic iodides, CO and amines using AIBN and
allyltributyltin, which previously could only be accomplished in
the presence of a transition metal catalyst.8 We are now
examining the applications of this approach to bifunctional
substrates which hold promise for the synthesis of a variety of
nitrogen heterocycles and designed polyamides.
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Table 1 Amide synthesis via catalyst-free carbonylation of alkyl iodidesa

Entry Alkyl iodide
Amine (equiv.)/
solvent/conditions Product

Yield
(%)b

a In general reactions were conducted on 1 mmol scale with AIBN (20–30
mol%)–allyltributyltin (10%) as initiator. For typical procedure: see ref. 3.
b Yields after isolation by chromatography on silica gel. c N-Hexyl-
N-(1-methylheptyl)amine was formed as a by-product by direct aminolysis.
d Molar ratio: 1c:piperazine:Et3N = 2.5:1.0:3.0. e Renaud’s NaOH workup
(ref. 6) was performed to eliminate tin residues.

1954 Chem. Commun., 1998



HO

Nu
HO

NH2

O
N

Boc

O

(2) Hydrolysis

(1) Nu–

1 or ent-1 2 or ent-2

O
N Cl

HO

Boc

O
N

Boc

O

CHO
O

N
Boc

B

Cl

89 %

2

5

3 4

1

i, ii

iii

72 %

Serinal-derived vinyl oxiranes as novel and versatile building blocks for the
stereoselective synthesis of D- and L-erythro-sphingosines

Christian Hertweck,a Helmar Goerlsb and Wilhelm Boland*a†
a Max-Planck-Institute for Chemical Ecology, Tatzendpromenade 1a, D-07745 Jena, Germany
b Institute for Inorganic and Analytical Chemistry, Friedrich-Schiller-University, Jena, Germany

Oxazolidine vinyl oxirane 1, a novel and highly versatile
building block for the preparation of enantiopure
D-(+)-erythro-sphingosine and analogues, has been prepared
by chloroallylboration of the Garner aldehyde with absolute
stereocontrol and in good yield.

Over the last decade, interest in the biological functions of
sphingosine, and its derivatives, has increased dramatically.
While ceramide has been shown to be an important regulatory
component of programmed cell death,1 sphingosine-1-phos-
phate (SPP) has been implicated as a secondary messenger in
cell proliferation and survival.2 In addition, sphingosine and its
N-methylated derivatives were found to be involved in cell
signalling,3 the induction of cancer cell apoptosis4 and in the
regulation of inflammatory processes.5 Since the biological
activity of these molecules varies substantially with structural
modifications of the alkyl side chain,6 unnatural and function-
alized sphingosines are an inviting target for synthesis.

Many protocols for sphingoid base synthesis have been
reported.7 However, a versatile building block, easily accessible
in high optical purity, that may be linked to a large variety of
functionalized residues has not been available to date. Here, we
report the synthesis of such a precursor, vinyl oxirane 1, that
leads directly to isomerically pure protected sphingoid bases,
without the need for further synthetic manipulations of the side
chain (Scheme 1).

Following the protocol of Oehlschlager, readily available and
configurationally stable L-Garner aldehyde 38 was alkylated
with an in situ formed g-(Z)-chloroallyl-(+)-diisopinocam-
pheylborane 59 to give chlorohydrin 4 in good yield (72% after
cleavage of the borinic ester with 8-hydroxyquinoline,10 68%
after buffered oxidative work-up11) (Scheme 2). Subsequent
treatment of 4 with a sterically hindered base (DBU) provided
vinyl oxirane 1 in high yield under mild conditions.12 Analyses
of 1H and 13C NMR spectra of the crude reaction mixture
showed the relative diastereoselectivity to be higher than 97:3
(anti:syn), which clearly resulted from matched stereochemical
bias of the double diastereoselection. With achiral
g-chloroallyl-BBN,9 similar diastereospecificity was observed,
resulting from substrate controlled si-facial attack of the
allylation reagent. Thus, use of 9-MeO-9-BBN is an inex-
pensive alternative to the pinene-based borane, provided that a
slightly lower degree of diastereoselection (anti:syn = 95:5),
and the formation of trans-1 (4%) as a by-product, is acceptable.
Irrespective of the borane used, the entire sequence could be
conducted as a ‘one-pot’ synthesis with an overall yield of
48–57% starting from 3. Moreover, the protocol does not

require tedious purification of any of the intermediates between
commercially available serine and the vinyl oxirane building
block 1, and is suitable for multigram synthesis.8 Upon
recrystallisation of the crude product, colourless needles [mp
49–50.5 °C (pentane–Et2O = 1:1 v/v)]; [a]D

25 +40.37 (c 1.08,
CHCl3)] were obtained and, in all cases, only a single isomer
could be detected by NMR spectroscopy. The ORTEP plot (Fig.
1) shows the X-ray structure‡ of vinyl oxirane 1. The crystal
structure shown and semiempirical calculations of the energy
minimised conformation of 1 (data not shown) proved to be in
good agreement. Both the ORTEP and energy minimised plots

Scheme 1

Scheme 2 Reagents and conditions: i, (+)-Ipc2BOMe (or 9-MeO-9-BBN),
allyl chloride, Et2O, Cy2NLi, THF, BF3·OEt2, 2100 °C; ii, 8-hydroxy-
quinoline, MeOH or H2O2, NaHCO3 buffer; iii, DBU, CH2Cl2, 0 °C

Fig. 1 The molecular structure of vinyl oxirane 1 (ORTEP plot) showing the
absolute stereochemistry. Selected bond lengths (Å) and angles (°):
C(2)–C(3) 1.472(3), C(3)–C(4) 1.478(3), O(1)–C(4) 1.444(2), O(1)–C(3)
1.461(2); C(4)–O(1)–C(3) 61.1(1), O(1)–C(3)–C(2) 116.0(2), O(1)–C(3)–
C(4) 58.8(1), O(1)–C(4)–C(3) 60.0(1), O(1)–C(4)–C(5) 115.3(2);
C(1)–C(2)–C(3)–C(4) 2159.2(1).
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demonstrated that the vinyl oxirane moiety is exposed in such a
fashion that nucleophiles, for example lower order or hetero-
cuprate reagents, would be predicted to react preferentially via
a SN2A type nucleophilic substitution. Electronic and steric
factors are expected to determine the initial cuprate–olefin
complex, leading to an anti-g s-allyl cuprate intermediate that
suffers reductive elimination to yield the desired SN2A
E-configured product.13

In fact, excellent selectivity was observed upon treatment of
1 with an in situ prepared organocuprate as depicted in general
in Scheme 1. Introduction of the alkyl side chain occurred
smoothly and proceeded with exclusive formation of the
(E)-double bond according to 13C and 1H NMR analysis. For the
synthesis of native C18-sphingosine,7 dodecyl bromide was
subjected to Br–Li exchange with ButLi in Et2O at 2100 °C,
followed by transmetallation with CuCN. Coupling of the
resulting cuprate with vinyl oxirane 1 provided the protected
sphingosine as a single diastereomer in high yield (82%).14 The
free sphingoid base was liberated by mild acid hydrolysis.§
Since cuprates containing sensitive functional groups are
readily available by transmetallation of organozinc precursors,
this approach promises to be a particularly simple route to a
wide range of native and modified sphingosines, under
exceptionally mild conditions (e.g. for the introduction of
isotopes or their attachment on stationary phases for affinity
chromatography).

In conclusion, the isomerically pure key intermediate 1 (or
ent-1) is readily available from D- or L-serine on a large scale.
This versatile reagent should find general use in the ster-
eoselective synthesis of natural products with special emphasis
on D- and L- sphingoid bases and nitrogen heterocycles,15 which
are often difficult and time-consuming to prepare via published
protocols. Methods for the syn-selective chloroallylation of 3
are also under investigation with a view to making the threo-
series of sphingoid bases equally accessible.

Financial support by the Deutsche Forschungsgemeinschaft,
Bonn, and the Fonds der Chemischen Industrie, Frankfurt, is
gratefully acknowledged. We thank the BASF AG, Ludwig-
shafen, and the Bayer AG, Leverkusen, for generous supplies of
chemicals and solvents.
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Synthesis of 1,4-bis(1,3,4-oxadiazol-2-yl)-2,5-dialkoxybenzene–oligothiophene
copolymers with different emissive colors: synthetically tuning the
photoluminescence of conjugated polymers

Wang-Lin Yu,a Hong Meng,a Jian Pei,a Yee-Hing Lai,b Soo-Jin Chuaa and Wei Huang*a†
a Institute of Materials Research and Engineering, National University of Singapore, Singapore 119260, Republic of Singapore
b Department of Chemistry, National University of Singapore, Singapore 119260, Republic of Singapore

The copolymers of oligothiophenes and 1,4-bis(1,3,4-oxa-
diazol-2-yl)-2,5-dialkoxybenzene were synthesized with
blue, green and orange emissive light depending on the
length of the oligothiophene.

In the past few years, p-conjugated polymers have been
intensively studied for applications in polymer light-emitting
diodes (PLEDs).1–3 One of the significant advantages of
polymer electroluminescent materials is the ease with which the
emissive wavelength can be tuned, especially for the realization
of blue light.1 The emissive spectrum of a conjugated polymer
basically depends on its p–p* band gap, which can be tailored
using different backbone structures.1,2 For polymers with the
same backbone structure, the emissive spectra could also be
tuned by attaching different functional groups or/and by
controlling the steric conformation of the backbone through
synthetic methodology.4,5 Another effective approach to tuning
emissive color is to block the extension of conjugation by
inserting non-conjugated groups or other conjugation-blocking
groups into the backbone of a conjugated polymer.6–10 For the
conjugation-interrupted approach, thiophene-based polymers
have attracted special attention because of the environmental
stability of polythiophenes and the ease of synthesis and
modification of oligothiophenes. It has been proven that
oligothiophenes with different numbers of thiophene rings can
emit from blue to red fluorescence.11 We present here a new
synthetic approach to tune the emissive spectra of totally
conjugated polymers based on oligothiophenes.

Our new approach incorporates two types of conjugated
blocks together to construct a conjugated polymer backbone.
One of the two conjugated blocks has a small band gap, while
the other has a relatively large band gap. With the fact that head-
to-tail regioregular poly(3-alkylthiophenes) may emit light with
lmax at around 725 nm,12 oligomers of 3-alkylthiophene can
therefore be used as the smaller band gap blocks in our design.
On the other hand, most 1,3,4-oxadiazole-containing conju-
gated polymers and molecular materials exhibit quite large band
gaps (larger than 3.0 eV).13 Therefore 1,4-bis(1,3,4-oxadiazol-
2-yl)benzene was chosen as the larger band gap block in the
newly designed polymers 1–3. These polymers may be seen as
polythiophene-based polymers, in which the 1,4-bis(1,3,4-
oxadiazol-2-yl)benzene group is inserted into the backbone.
The extension of conjugation along the backbone of poly-
thiophene is limited or changed, but not interrupted, due to the
existence of the 1,4-bis(1,3,4-oxadiazol-2-yl)benzene groups.
The conjugated length of the oligothiophenes can be controlled
and different functional groups can be attached to the thiophene
ring and the benzene ring in the 1,4-bis(1,3,4-oxadiazol-
2-yl)benzene moiety, which will result in variation of the
emission spectra of the resultant polymers and enhance the
solubility of the polymers. 

The general synthetic procedure for polymers 1–3 is
displayed in Scheme 1. The dicarbonyl chlorides 4–6 were
prepared from the corresponding monomer, dimer and trimer of
3-alkylthiophene, which were synthesized as described in the

literature,14,15 by carboxylation at the a-positions of the
thiophene rings with BunLi and dry ice and subsequent reaction
with SOCl2.15 The dihydrazide 7 was prepared from diethyl
2,5-dioctyloxyterephthalate, which was obtained from diethyl
2,5-dihydroxyterephthalate via reaction with 1-bromooctane,
through a reaction with excess hydrazine monohydrate. The
chemical structures and purity of all the compounds were
identified by 1H and 13C NMR, mass and elemental analyses.
The polycondensation between the dicarbonyl chlorides and the
dihydrazide in N-methylpyrrolidinone (NMP) in the presence of
LiCl and pyridine afforded the polyhydrazides 1A–3A. The
polyhydrazides were isolated by pouring the reaction mixtures
into water and then filtering and washing with water and EtOH.
The polyhydrazides were converted to the final polymers 1–3
by refluxing in POCl3. Pouring the reaction mixtures into water

Scheme 1 Reagents and conditions: i, LiCl, pyridine, NMP, 4 h; ii, POCl3,
reflux, 6 h
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precipitated the final polymers. Polymers 1–3 were obtained as
gray, yellow and orange powders, respectively, after being
washed with water, EtOH and Et2O and dried under reduced
pressure at room temperature. Polymers 1 and 3 are partially
soluble in both CHCl3 and THF. Polymer 2 is completely
soluble in CHCl3 and partially soluble in THF. However, all the
three polymers readily dissolve in a mixture of CHCl3 with a
small amount of TFA to give clear solutions. By means of gel
permeation chromatography (GPC) using THF as eluent and
polystyrene as standard, the molecular weights of the THF
soluble parts of the polymers were measured to be Mn = 5419
(Mw/Mn = 1.9) for polymer 1, 7574 (2.0) for polymer 2, and
2814 (1.4) for polymer 3. The actual molecular weights of the
polymers should be much higher than these measured values
because of the insolubility of the parts with higher molecular
weights. The structures of the polymers were confirmed by 1H
and 13C NMR and elemental analyses.‡

The absorption and fluorescence spectra of polymers 1–3 as
films are shown in Fig. 1. The films were prepared via spin-
coating on a quartz plate using solutions of the polymers in
CHCl3 with a small amount of TFA. The expected gradual
bathochromic shift of the absorption spectra is exhibited with
the increasing length of oligothiophenes in the polymers. The
absorption maximum increases from 1 (lmax = 420 nm) to 2
(lmax = 441 nm) to 3 (lmax = 461 nm). The absorption spectra
of all the three polymers are structured, as indicated by the well-
defined sub-peaks or shoulders at 360 and 443 nm for 1, 419 and
471 nm for 2, and 439 and 494 nm for 3. It is worth noting that
the structures in the spectra become less defined on going from
1 to 3. This phenomenon implies that the polymers with shorter
oligothiophenes have a more regular structure in the solid state.
Polymers 1–3 in the solid state emit intense blue, green and
orange light, respectively, upon UV–VIS excitation (l > 350
nm). The peak wavelengths in the emission are 489 nm for 1,
530 nm for 2, and 579 nm for 3, respectively. The emissive
spectra are much less structured than the absorption spectra. The
Stokes shifts were determined to be 69 nm for 1, 89 nm for 2,
and 118 nm for 3. The spectral difference among the three
polymers could be further ascribed to differences in the internal
charge transfer along the backbones of the polymers in their
excited states.

Comparing the spectral data with those of alkyl-substituted
oligothiophenes and conjugation-interrupted polymers based on
oligothiophenes,8–10, 16–18 polymers 1–3 correspond to the
effective conjugated length of about three, four to five, and five
to six extended thiophene rings, respectively. It is evident that
the 1,4-bis(1,3,4-oxadiazol-2-yl)benzene moiety does not play a
role as a conjugation-interrupting block in the polymers, but is
a part of the whole conjugated structure. Its contribution to

conjugation is equivalent to about two to three extended
thiophene rings.

In conclusion, we have synthesized a new series of totally
conjugated copolymers consisting of oligothiophenes and
1,4-bis(1,3,4-oxadiazol-2-yl)-2,5-dioctyloxybenzene. The
emissive color of the copolymers could be tuned from blue to
green to orange by increasing the number of thiophene ring in
the oligothiophene blocks from one to three. The 1,4-bis(1,3,4-
oxadiazol-2-yl)-2,5-dioctyloxybenzene block acts as part of the
whole conjugated structure and is equivalent to about two to
three thiophene rings. Another important aspect of this
contribution to electroluminescent polymeric materials is that it
might provide an effective approach to the synthesis of n-doped
type electroluminescent materials with different emissive colors
due to the high electron affinity of 1,3,4-oxadiazole.

Notes and References

† E-mail: wei-huang@imre.org.sg
‡ Selected data for Polymer 1: dH(CDCl3–CF3CO2D, 20:1) 7.93 (s, 1H),
7.74 (d, 2H), 4.23 (s, 4H), 3.20 (t, 2H), 2.00–1.60 (br, 6H), 1.60–1.15 (br,
30H), 0.83 (m, 9H) (Calc. for C38H54N4SO4: C, 68.85; H, 8.21; N, 8.46; S,
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dH(CDCl3) 7.84 (s, 2H), 7.75 (s, 2H), 4.19 (t, 4H), 2.62 (t, 4H), 1.93 (br,
4H), 1.59 (br, 8H), 1.23 (br, 44H), 0.84 (t, 12); dC(CDCl3) 162.71, 160.99,
150.84, 144.39, 132.19, 131.09, 125.30, 116.36, 114.57, 69.65, 31.78,
30.50, 29.52, 29.48, 29.30, 29.23, 28.88, 26.05, 22.56, 13.99 (Calc. for
C54H80N4S2O4: C, 71.01; H, 8.83; N, 6.13; S, 7.02. Found: C, 70.46; H,
9.14; N, 6.11; S, 7.13%). For Polymer 3: dH(CDCl3–CF3CO2D, 20:1) 7.92
(s, 2H), 7.76 (s, 2H), 7.38 (s, 2H), 4.28 (t, 4H), 2.94 (br, 4H), 1.97 (br, 4H),
1.78 (br, 4H), 1.65–1.00 (br, 34H), 0.87 (br, 12 H); dC(CDCl3) 162.42,
160.92, 150.84, 140.86, 135.82, 135.14, 132.38, 127.20, 122.49, 116.40,
114.56, 69.72, 31.79, 30.37, 29.60, 29.38, 29.21, 26.11, 22.58, 14.00 (Calc.
for C54H74N4S3O4: C, 69.04; H, 7.94; N, 5.96; S, 10.24. Found: C, 67.54;
H, 8.83; N, 6.08; S, 10.29%).
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Inter-anion O–H2···O2 hydrogen bond like interactions: the breakdown of the
strength–length analogy
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It is demonstrated that inter-anion O–H2···O2 interactions,
commonly regarded as strong hydrogen bonds, are not
associated with energetically stable anion–anion inter-
actions; inter-anion O–H2···O2 act as a tugboat interaction
that control anion aggregation and minimise anion–anion
repulsions.

Strength and directionality render the hydrogen bond1 (HB) the
masterkey interaction in supramolecular chemistry2 and in
crystal engineering.3 Commonly the HB is defined as a stable
interaction between an A–H donor and a B acceptor, being A
and B electronegative atoms or electron rich groups.1,4,5 Strong
HB are recognised in the solid state by the presence of H···B and
A···B separations shorter than van der Waals contact distances
and by A–H···B angles that tend to linearity. In these cases the
length–strength analogy is believed to hold, i.e. the shorter the
acceptor–donor distance the stronger the bond. It is customary
to distinguish between neutral HB, when both A–H and B
belong to neutral fragments, and ionic HB when ions are
involved as donors and/or acceptors.1,4 The case in which both
donor and acceptor belong to negatively charged systems, i.e.
A–H2···B2, falls in this latter category.

In the following we demonstrate, in the prototypical case of
inter-ionic O–H2···O2 interactions commonly found in salts of
polyprotic acids [such as KHCO3 and KHC2O4 (vide infra)],
that ionic HB are not energetically stable because they are
associated with inter-anion electrostatic repulsions.

Experimentally, O–H2···O2 interactions possess the same
geometrical properties as neutral O–H···O bonds. The distribu-
tion of inter-molecular/ionic O···O distances for neutral
O–H···O and O–H2···O2 interactions, as obtained from a search
of systems containing carboxylic–carboxylate groups within the
Cambridge Structural Database6 (CSD), are compared in Fig. 1.
Inter-anion O–H2···O2 interactions constitute a very well
defined subset and are distinct from neutral O–H···O bonds.
O2···O2 separations are significantly shorter, both as mean
values and as lowest deciles, than O···O distances. Such a
decrease in length is traditionally taken as indicative of a
substantial increase in HB strength. This observation is in
apparent contradiction with another seemingly simple argu-
ment: when the charge is delocalised the electrostatic inter-
action between small anions is repulsive. We face the intriguing
question: how possibly the interaction between anions, which
are supposed to repel each other electrostatically, can lead to
shorter O···O separations than in the corresponding neutral
aggregates?

In order to tackle this problem we have used the HF and
B3LYP methods with the 6-31 + G (2d,2p) basis set8 to compute
at the ab initio level the first-neighbour inter-anion energies7 for
several crystals taken from the CSD sample.9a–d Both methods
are well suited to deal with the type of ionic interactions
discussed herein.9a,e

We have chosen to discuss the representative case of
potassium hydrogen oxalate, KHC2O4.10 An analysis of the
charge distribution on the [HC2O4]2 anion shows that the

negative charge is delocalised over the whole anion, with a
slightly more negative charge on the deprotonated oxygen
atom.11 Fig. 2 allows to rationalise the ion packing in crystalline
KHC2O4. The [HC2O4)2 anions form chains separated by O···O
distances of 2.522 Å. The crystal can be described as a stacking
sequence of corrugated layers formed by K+ cations and by
[HC2O4]2 chains, respectively (Fig. 2b).

The presence of short O···O separations along the [HC2O4]2
chains is the first point to address. The interaction energy
computed for two consecutive [HC2O4]2 units in the experi-
mental orientation is repulsive [+39 and +46 k cal mol21 (1 cal
= 4.184 J) at the HF and B3LYP levels, respectively]. The
molecular electrostatic (MEP) map12 of the isolated anion (Fig.
3) shows that a +1 charge always experiences an attractive
interaction except at very short distance from the nuclei. The
most negative regions in the [HC2O4]2 MEP map are on the
oxygens of the deprotonated group, whereas the least negative
ones are on the OH region of the protonated group. The absence
of positive regions in the MEP map indicates that, irrespective
of the relative orientation, two [HC2O4]2 anions repel each
other electrostatically. The stability of the anionic chain arises
from the presence of the K+ cations. This can be demonstrated
by calculating8 the interaction energy within the subunit
K2(HC2O4)2 which is stable against its dissociation into two K+

and two [HC2O4]2 ions (2232 and 2334 k cal mol21 at the HF
and B3LYP levels, respectively). This indicates that
K+···[HC2O4]2 attractive interactions largely predominate over
repulsive K+···K+ and [HC2O4]2···[HC2O4]2 terms. In accord
with the observed packing, the geometry of the subunit does not

Fig. 1 Histograms of the two populations of O···O separations for neutral
O–H···O (top) and inter-anion O–H2···O2 (bottom). Mean values for the
O···O separations are 2.652(1) and 2.528(5) and lowest deciles are 2.615 and
2.462 Å, respectively. Intermolecular search on systems containing
carboxylic/carboxylate groups based on a cut-off distance of 2.8 Å;
duplicate hits manually removed.
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change significantly when fully optimised. To understand why
hydrogen bond-like short distances and geometry are main-
tained on packing [HC2O4]2 anions we computed the inter-
action energy by varying systematically the relative orientation
of two [HC2O4]2 anions at a fixed distance of 7 Å between the
centres of mass. The two most stable (i.e. least repulsive)
orientations correspond to the chain present in crystalline
KHC2O4 and to the dimer found in other salts, respectively.
Thus the inter-anion HB corresponds to the orientations that
favour overlap of the  least repulsive MEP regions on the
anions. It is important to emphasise that, since
[HC2O4]2···[HC2O4]2 repulsions are much smaller than
K+···[HC2O4]2 attractions, the inter-anion O···O equilibrium
distance along the chain is attained at a shorter O···O separation
than in neutral HBs. This is a manifest break-down of the widely
accepted length–strength relationship in hydrogen bonded
solids.

If a bond between two atoms/molecules/ions is taken as
anything that requires energy to be broken (whether large or
small amount of energy does not matter) then the O–H2···O2
interaction cannot be considered a bond because the ionic

chains (or dimers) would ‘fall apart’ if the cations were
removed. Therefore, the O–H2···O2 interaction should be
regarded as a pseudo-HB because it minimises inter-anion
repulsions, but it is not stabilising on an absolute scale.

What is it, then? It is a tugboat interaction, that does not link
ions (as an intermolecular chemical bond would do) but rather
organises the ions in space, hence conferring directionality to
anion–anion electrostatic interactions. The OH group on the
anion becomes a probe capable, in the process of crystal
nucleation and construction, of exploring the potential energy
hypersurface of another anion to find the site of higher
nucleophilicity even within the ‘thick fog’ of a negative field.
This understanding has enormous implications in crystal
engineering studies, mainly when ionic building blocks are
involved,13 as in organic conductors and superconductors,14 and
in the devise of new synthetic strategies to obtain robust
materials.15 Ionic solids are much more stable than most
molecular solids, including those formed of hydrogen bond
connected molecules. The inter-anion HB allows the utilisation
of molecular synthons within strong ionic fields.

DB and FG acknowledge financial support by MURST
(project ‘Dispositivi Supramoleculari’) and University of
Bologna (project ‘Materiali Innovativi’). J. J. N. thanks DIGES
(project PB95-0848-C02-02) and CIRIT for their support, and
CESCA-CEPBA for the allocation of computer time.
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Fig. 2 The experimental packing in crystalline KHC2O4. (a) Chains of
[HC2O4]2 anions. (b) Space filling representation of the ion organisation.

Fig. 3 Molecular electrostatic (MEP) map of an isolated [HC2O4]2 anion
computed at the HF/6-31 + G (2d,2p) level. Dark regions correspond to
2170 kcal mol21, light grey to 2100 kcal mol21, and light regions around
the nuclei to +10 kcal mol21.
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Sonoelectrochemical production of hydrogen peroxide at polished boron-doped
diamond electrodes
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Power ultrasound applied to erosion resistant and mechani-
cally stable free standing highly boron-doped diamond
electrodes allows the electrochemical reduction of dioxygen
to hydrogen peroxide under conditions of extremely high
rates of mass transport and in the presence of cavitation.

The ability to manufacture boron-doped CVD (chemical vapour
deposited) diamond routinely is opening the way to the use of
this material for technically demanding applications such as a
novel electrode material.1 Advantages of CVD diamond in this
new application include its extreme hardness, chemical inert-
ness, and dimensional stability.2 The electrode material used in
this study is in the form of a 5 3 5 3 0.6 mm diamond square
with a typical boron-doping level of 1020 cm23 corresponding
to a B/C atom ratio of 1/1000 which allows a resistivity of 3 3
1024Wm to be achieved. The use of the free standing diamond
plate allows problems with substrate interference and adhesion3

to be overcome. Further, polishing of the electrode surface
produces an essentially flat (surface roughness 20–30 nm RA)
and therefore, in the electrochemical sense, ideal electrode
surface with properties which are likely to be different to those
reported for ‘as grown’ diamond electrodes.

In sonoelectrochemistry4 electrode materials are exposed to
extreme conditions with mechanical strain induced by pressure
waves of some 10 bar amplitude and cavitation induced liquid
jets5 strong enough to cause severe erosion.6 As an extremely
hard material diamond has been extensively characterised e.g.
for its resistance to water jet erosion.7 In this test a diamond
surface withstands a 0.8 mm diameter water jet with a velocity
in excess of 500 m s21. This compares to a value of 150 m s21

for the erosion of soda lime glass and to jets caused by
cavitation in aqueous media with a velocity in the order of 200
m s21. Therefore diamond appears to be a promising alternative
replacing especially the commonly employed carbon based
materials graphite and glassy carbon.

An AFM image of the surface of a highly boron-doped and
polished diamond plate electrode is shown in Fig. 1. Owing to

the polishing the surface is flat down to the nanometer scale and
the characteristic faceting typically observed on a 10–100 mm
scale for the polycrystalline material has been removed. Raman
spectroscopy (excitation wavelength 632.8 nm) reveals this
material to be high quality diamond with a strong and sharp
signal at 1331 cm21 (FWHM 4.4 cm21) characteristic for
diamond sp3-carbon.

In Fig. 2(a) a cyclic voltammogram† for the one electron
reduction of 1 mM Ru(NH3)6

3+ in aqueous 0.1 M KCl is shown
[eqn.(1)].

The well defined voltammetric responses remain symmetric
even at fast potential scan rates of up to 1 V s21. The separation
between the peak potentials for the cathodic and the anodic

Fig. 1 AFM image of the surface topography of a polished highly boron-
doped diamond electrode.

Fig. 2 (a) Cyclic voltammogram obtained for the reduction of 1 mM

Ru(NH3)6
3+ in 0.1 M KCl at a polished 5 3 5 mm diamond electrode with

a scan rate of 0.1 V s21. (b) Sonovoltammogram obtained under the same
conditions with 90 W cm22 ultrasound intensity and 10 mm electrode to
horn distance. Cyclic sonovoltammograms obtained in 0.1 M phosphate
buffer at pH = 2 (c) in the absence and (d) in the presence of ca. 0.87 mM

dioxygen.
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current responses increases with scan rate from 66 mV at a scan
rate of 10 mV s21 in agreement with a quasi-reversible electron
transfer process with k° = 0.01 ± 0.003 cm s21 similar to
standard rate constants for electron transfer observed on other
diamond and glassy carbon type materials.9 Data are sum-
marised in Table 1.

In the presence of power ultrasound the current observed for
the reduction of 1 mM Ru(NH3)6

3+ in aqueous 0.1 M KCl is
considerably enhanced [Fig. 2(b)]. This mass transport en-
hanced current response now exhibits ‘steady-state’ character-
istics and the limiting current which can be controlled by
changing the ultrasound intensity or the horn to electrode
distance may be described by eqn. (2):

In this expression the limiting current, Ilim, is related to the
number of electrons transferred per substrate molecule, n, the
Faraday constant, F, the electrode area, A, the diffusion
coefficient, D, and the diffusion layer thickness, d(D), which in
aqueous media has been shown8 to be proportional to D1/3. The
resulting limiting currents from the sonovoltammetric measure-
ments for the reduction of Ru(NH3)6

3+ with D = 0.91 3 1029

m2 s21 may therefore be used for the calibration of the diffusion
layer thickness at constant ultrasound intensity and over a range
of different electrode to horn distances.

It has recently been shown that the sonoelectrochemical
reduction of oxygen at Ni–Cu alloy materials11 (also known to
be very hard and erosion resistant) and at Ti alloy sonotrodes12

predominantly leads to the 4-electron reduction from dioxygen
to water. Sonovoltammograms obtained by scanning the
potential over a wide range in the absence [Fig. 2(c)] and in the
presence [Fig. 2(d)] of dioxygen in 0.1 M phosphate buffer at pH
= 2 at a highly boron doped diamond electrode show some
characteristic features different to those previously observed at
metal alloy electrodes. A wide solvent window with dioxygen
evolution beginning to occur at a potential of +2.2 V vs. SCE is
observed. Hydrogen evolution commences at a very negative
potential of 21.5 V vs. SCE. However, after scanning the
potential negative and reversing the scan direction the current
appears to be increased and a ‘crossing’ occurs at 21.2 V vs.
SCE. This feature is a ‘tell-tale’ sign for a chemical change at
the electrode/solution interface, e.g. the reduction of surface
functional groups of the polished diamond which then cause an
increase in the rate of the proton reduction process.

This chemical change on the surface of the polished diamond
electrode causes even more pronounced changes in the kinetics
for the reduction of ca. 0.87 mM dioxygen in aqueous 0.1 M

phosphate buffer at pH = 2 [Fig. 2(d)]. After the onset of the
reduction process at a potential of 21.2 V vs. SCE and reversing
the scan direction at 22.1 V vs. SCE a sustained limiting current
with Ilim = 20.86 mA can be detected which finally decays

with a half wave potential of 20.8 V vs. SCE. The calculation
of the number of transferred electrons, n, per dioxygen molecule
based on eqn. (2) and the above calibration procedure with a
diffusion coefficient14 for dioxygen of D = 1.65 3 1029 m2 s21

gives n = 2.1 ± 0.1 consistent with the two electron reduction
of oxygen to hydrogen peroxide [eqn. (3)].

A colorimetric test reaction with iodide13 was used to confirm
the formation of hydrogen peroxide after a period of 20 minutes
electrolysis at an applied potential of 22.0 V vs. SCE. In
contrast, under the same experimental conditions but without
electrolysis the sonolytic formation of H2O2 was found to be
negligible. The change of the surface properties of the boron-
doped diamond electrode which has been reported to be present
to a much smaller extent for ‘as grown’ boron-doped diamond14

was found to be reversed by scanning into the region of positive
potentials and the nature and mechanistic significance of the
surface functional groups on the surface of the polished highly
boron-doped diamond is currently the topic of a more detailed
study by both electrochemical and spectroscopic techniques.

F. M. thanks the Royal Society for the award of a University
Research Fellowship and New College (Oxford) for a Stipendi-
ary Lectureship.

Notes and References

† In electrochemical experiments an Autolab PGSTAT 20 system (Eco
Chemie, NL) was used for recording voltammetric data in conjunction with
a special thermostated three-electrode cell of 25 cm3 volume which has been
described recently.8 Experimental details for Raman and AFM measure-
ments have been published.3 Industrially polished boron-doped diamond
was treated with oxidising acid in order to remove sp2 type carbon from the
polished surface and has been used as received from De Beers Industrial
Diamond Division. Experiments were carried out after degassing with pure
argon or dioxygen (BOC) at a temperature thermostated to 20 ± 2 °C.
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Table 1 Electrochemical data obtained from cyclic voltammograms for the
reduction of 1 mM Ru(NH3)6

3+ in 0.1 M KCl at a polished highly boron-
doped diamond electrode at T = 20 ± 2 °C

Scan rate/
V s21

E1/2
a/V vs.

SCE DEp/mV
Ip,cath./
1026 A k°b/cm s21

0.02 20.18 72 22 9.5 3 1023

0.05 20.18 81 34 9.4 3 1023

0.10 20.18 84 47 11 3 1023

0.20 20.18 96 66 10 3 1023

a Obtained as mid potential E1/2 = 0.5(Ep,cath. + Ep,anod.). b Standard rate
constant for heterogeneous electron transfer calculated from DEp.10

1962 Chem. Commun., 1998



A highly ordered ferrocene system regulated by podand peptide chains
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The ferrocene bearing the podand dipeptide chains, Ala-
Pro-OEt, which are aligned parallel in solution by the two
rigid intramolecular hydrogen bonds, manifests a novel
helically ordered arrangement with one turn of 14.70 Å pitch
height in the crystal packing possibly due to the intra-
molecular hydrogen bonds (the N–H···ONC distance is 2.06
Å) and the hydrophobic interaction of the podand dipeptide
chains (the distance between the nearest ferrocene units is
4.54 Å).

Architectural control of molecular assemblies utilizing specific
interactions as observed in biological systems is considered to
be one of the most convenient approaches to highly ordered
supramolecular systems, most of which are expected to exhibit
novel functions.1 In particular, hydrogen bonding has been
exploited for the elaboration of regulated supramolecules such
as dendrimers2 and artificial peptides.3 Crystal engineering has
also contributed to a key technique for this purpose.4 The
incorporation of transition metal complexes into such highly
structured biomolecules is envisioned to provide new bio-
materials and efficient redox systems.5 Ferrocenes, which
possess a reversible redox couple and rotatory cyclopentadienyl
moieties, have been regarded as useful organometallic scaffolds
for molecular receptors6 and peptide mimetic models.7 We have
already focused on such properties to demonstrate a unique
coordination behavior of the ferrocenes bearing podand
N-heterocyclic pendant groups.8 Our system design described
here is addressed by an efficient communication of podand
peptide chains both intramolecularly and intermolecularly to
order the redox-active ferrocene system.

A chiral dipeptide, l-alanyl-l-proline, which is considered to
consist of a hydrogen bonding site (Ala) and a hydrophobic
moiety (Pro), is incorporated into a redox-active ferrocene
scaffold.‡ Ferrocene derivatives 1 and 2 bearing two and one
Ala-Pro-OEt chains, respectively, exhibited a reversible oxida-
tion/reduction wave attributable to the Fe(III)/Fe(II) couple at
740 mV and 567 mV vs. SCE, respectively, which are indicative
of the electron-withdrawing amide function.

X-Ray crystallography studies revealed several interesting
structural features. The X-ray crystal structure of 1§ is depicted
in Fig. 1. Surprisingly, the two dipeptide chains of 1, which have
C2 symmetry, are oriented in the same direction despite the free
rotary cyclopentadienyl rings and sterically bulky proline
moieites. This structure is considered to be stabilized by two
C2-symmetrical intramolecular hydrogen bonds between CO
(Ala) and NH (another Ala) of each podand peptide chain. The
N–H···ONC distance of the hydrogen bonds is 2.06 Å.
Intermolecular hydrogen bonding was not observed even in the
molecular packing. In contrast to the structure of 1, each
molecule of 2¶ is connected by an intermolecular hydrogen-

bonding network, in which the peptide chain is not arranged
parallel to the chain of the next molecule. It is also noteworthy
that the b-angle of 2 (defined as the angle between the plane of
the cyclopentadienyl ring and C(ipso)–CO(bridging) bond) is
24.6° or 23.3°. This value is unexpectedly large compared with
those of 1 (5.6°), probably due to the intermolecular hydrogen
bonding. The conjugation between the cyclopentadienyl ring
and carbonyl group of 2 is disturbed to some extent.

A striking feature is that 1 is found to be packed in a helical
molecular arrangement with one turn of 14.70 Å pitch height
[Fig. 1(b)], within which the distance between the closest
ferrocene units is 4.54 Å. The proline rings and ethyl groups
individually form the hydrophobic cores, which are considered
to be one of the factors that control the crystal packing and
permit the helical assembly. Such an assembly was not observed
in the crystal structure of ferrocene 3∑ bearing podand glycyl-
l-leucine chains although the isobutyl group is expected to form

Fig. 1 (a) X-Ray crystal structure of ferrocene 1. The hydrogen bonds are
shown as dotted lines. (b) Crystal packing of ferrocene 1.
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a hydrophobic core. A helical molecular arrangement is only
characteristic of 1.

The CD spectrum of 1 in the solid state (KBr pellet) showed
Cotton effects corresponding to the absorbances of the ferro-
cene moiety in the UV–VIS spectrum [Fig. 2(a)]. The Cotton
effects seem to be caused by the reflection of chirality of the
regulated podand peptide chains possessing two rigid intra-
molecular hydrogen bonds. Furthermore, a similar CD spectrum
for 1 was obtained in acetonitrile [Fig. 2(b)] in sharp contrast
with the finding that such effects were not observed with 2 in
both solid and solution states. This result suggests that the
podand peptide chains of 1 are also regulated even in solution by
the intramolecular hydrogen bonds.

The 1H NMR spectrum of 1 exhibited only one kind of NH
peak at lower field (d = 8.95, 5.0 mm) as compared with 2
(d = 6.58, 10.0 mm). These results indicate that the intra-
molecular hydrogen bonds of 1 are identical in CD2Cl2
solution.7b Such bonding is also confirmed by the IR spectrum
(CH2Cl2, nN–H 1: 3301 cm21; 2 3418 cm21).7b

The oxidation of 1 to a ferrocenium species 1+ was achieved
with CAN [cerium(iv) diammonium nitrate] to show the broad
absorption around 657 nm in the UV–VIS spectrum. Interest-
ingly, the Cotton effects were observed even in the CD spectrum
of 1+. A similar oxidative transformation was performed
electrochemically, and monitored by in situ CD measurement at
1.2 V vs. SCE. The Cotton effects of the above-mentioned
ferrocenium species are independent of the presence of CAN.
These results suggest that the rigid structure of 1 is maintained
even in the oxidized form, presumably by the intramolecular
hydrogen bonding.

In conclusion, we have designed and synthesized the novel
peptide 1 containing a ferrocene unit, in which the podand
dipeptide chains (Ala-Pro-OEt) are regulated in both solid and
solution states by the two rigid intramolecular hydrogen bonds.
Also, a novel helically ordered arrangement is achieved in the
crystal packing, where the proline rings and ethyl groups
individually form the hydrophobic cores. The present system is
likely to be related to helical electron hopping. Studies on the
effects of peptide chains and redox-switching properties are
now in progress to disclose the scope of an ordered system
based on peptide interactions.

This work was financially supported in part by a Grant-in-
Aid for Exploratory Research from the Ministry of Education,
Science and Culture, Japan and the Shorai Foundation for
Science and Technology.
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† E-mail: hirao@chem.eng.osaka-u.ac.jp
‡ Typical procedure for the synthesis of 1. To a stirred mixture of
1,1A-ferrocenedicarboxylic acid chloride (0.10 mmol) and H-Ala-Pro-

OEt·HCl (0.22 mmol) in dichloromethane (2 mL) was dropwise added
triethylamine (0.50 mmol) under argon at 0 °C. After stirring at room
temperature for 1 h, water (20 mL) was added to the mixture. Extraction
with dichloromethane (3 3 10 mL) followed by evaporation gave the crude
ferrocene 1. Chromatography on an alumina column eluting with dichloro-
methane and recrystallization from dichloromethane afforded an orange
solid in 58% yield. 1: IR (KBr) 3315, 2991, 1740, 1632, 1544, 1434, 1372,
1336, 1292, 1186, 1026 cm21; IR (CH2Cl2, 1.0 mm) 3301 (N–H) cm21; 1H
NMR (600 MHz, CD2Cl2) d 8.77 (d, 2H, J = 7.6 Hz), 4.85–4.78 (m, 6H),
4.59 (dd, 2H, J = 4.6, 4.3 Hz), 4.45–4.44 (m, 2H), 4.27–4.26 (m, 2H),
4.14–4.05 (m, 4H), 3.89–3.85 (m, 2H), 3.69–3.66 (m, 2H), 2.33–2.27 (m,
2H), 2.12–2.07 (m, 4H), 2.01–1.96 (m, 2H), 1.32 (d, 6H, J = 7.3 Hz), 1.26
(q, 6H, J = 7.0 Hz). 2: IR (KBr) 3312, 2982, 1743, 1652, 1626, 1535, 1436,
1298, 1183 cm21; IR (CH2Cl2, 1.0 mm) 3418 (N–H) cm21; 1H NMR (600
MHz, CD2Cl2) d 6.60 (d, 1H, J = 6.9 Hz), 4.83 (quint. 1H, J = 6.9 Hz),
4.69–4.63 (m, 2H), 4.47 (dd, 1H, J = 8.6, 8.2 Hz), 4.35–4.33 (m, 2H),
4.21–4.10 (m, 7H), 3.77–3.73 (m, 1H), 3.66–3.62 (m, 1H), 2.27–2.22 (m,
1H), 2.12–1.94 (m, 3H), 1.42 (d, 3H, J = 6.9 Hz), 1.26 (t, 3H, J = 7.2 Hz).
3: IR (KBr) 3283, 2959, 1745, 1634, 1552, 1454, 1371, 1304, 1197, 1028
cm21; IR (CH2Cl2, 1.0 mm) 3415, 3320 (N–H) cm21; 1H NMR (600 MHz,
CD2Cl2) d 8.49 (t, 2H, J = 6.1 Hz), 6.48 (d, 2H, J = 10.8 Hz), 4.81–4.79
(m, 4H), 4.63–4.59 (m, 2H), 4.43–4.39 (m, 4H), 4.19 (q, 4H, J = 6.6 Hz),
3.95 (dd, 2H, J = 16.2, 6.1 Hz), 3.87 (dd, 2H, J = 16.2, 6.1 Hz), 1.74–1.57
(m, 6H), 1.28 (t, 6H, J = 6.6 Hz), 1.02–0.97 (m, 12H).
§ Crystal data for 1: C32H42N4O8Fe, M = 666.55, tetragonal, space group
I41, a = 14.978(4), c = 14.699(7) Å, V = 3297(1) Å3, Z = 4, T = 23.0 °C,
Dcalc = 1.343 g cm23, m(Mo-Ka) = 5.12 cm21, R = 0.048, Rw = 0.048 for
1975 independent observed reflections (2qmax = 55.0°).
¶ Crystal data for 2: C21H26N2O4Fe, M = 426.29, orthorhombic, space
group P212121, a = 17.834(3), b = 18.012(2), c = 12.623(2) Å,
V = 4054.8(8) Å3, Z = 8, T = 23.0 °C, Dcalc = 1.397 g cm23, m(Mo-
Ka) = 7.72 cm21, R = 0.058, Rw = 0.056 for 5222 observed reflections
(2qmax = 55.1°).
∑ Crystal data for 3: C32H46N4O8Fe, M = 670.58, triclinic, space group P1,
a = 9.294(1), b = 11.783(1), c = 8.924(1) Å, a = 98.65(1),
b = 116.481(9), g = 81.41(1)°, V = 861.0(2) Å3, Z = 1, T = 23.0 °C,
Dcalc = 1.293 g cm23, m(Mo-Ka) = 4.90 cm21, R = 0.045, Rw = 0.040 for
3991 independent observed reflections (2qmax = 55.1°). CCDC 182/965.
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Fig. 2 (a) CD spectrum of ferrocene 1 in the solid state (KBr pellet) and (b)
CD spectra of ferrocenes 1 and 2 in CH3CN (5.0 3 1024 m)
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Solid-state solvolysis induced via charge-transfer complexation by solid-phase
grinding followed by contact with solvent vapor
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When 9-thienothienylfluoren-9-ol derivatives were ground
together with DDQ then exposed to methanol vapor,
solvolysis occurred to yield 9-methoxyfluorenes via the
generation of a radical cation by solid-state single-electron
transfer.

While organic reactions are usually carried out in solvents,
solid-state reactions have also been extensively investigated.1
The solid-state reactions between two different compounds
have been realized by grinding a mixture of powdered reactant
and reagent2 or by using co-crystals in which two reactant
molecules are preorganized in reactive positions.3 Both of these
methodologies, however, cannot be applied to solvolysis, for
which dissolution of substrates in solvents is inevitable. We
have recently achieved solid-state photosolvolysis4 in the
crystalline host–guest inclusion complexes with EtOH as a
guest component.5 We now report here on novel solid-state
solvolysis by solvent vapor induced by solid–solid contact
followed by gas–solid contact, from which a new consequence
of solid-state grinding can be deduced.

In a typical run, an equimolar mixture of 9-thienothienyl-
fluoren-9-ol 1a and dichlorodicyanoquinone (DDQ) was
ground in a mortal and pestle and the resulting dark green solids
were exposed to MeOH vapor below 5 °C for 6 h (Scheme 1).
The resulting solids were shown to include a methoxy-
substituted product 2a in 42% yield. DDQ was recovered
quantitatively. When substrate 1a was ground alone and then
exposed to MeOH vapor, the reaction did not occur at all,
indicating that DDQ acts as a catalyst.6

Similarly, ethanolysis and propanolysis were accomplished
for 1a as well as for naphthyl-substituted 1b and diols 1c and 1d
to give the corresponding alkoxy derivatives in 5–32% yields.
For 1a and 1d, tetracyanoethylene (TCNE) also promoted the
solvolysis to give the methyl ethers in 70 and 51% yields,
respectively, along with 16% of the dimethyl ether in the latter.

On the other hand, tetracyanoquinodimethane (TCNQ) and
p-chloranil caused no solvolysis. In all cases, the solid states
were retained throughout the procedure of grinding and
exposure.

The colored solids obtained by solid-state grinding of 1a with
DDQ exhibited an absorption maximum at 650 nm ascribed to
a CT band, as measured by solid-state reflectance spectroscopy.
EPR signals were observed for these solid samples.‡ Crystalline
charge-transfer complexes were not obtained via recrystalliza-
tion of 1a and DDQ from MeCN solution. This was also the case
for 1b and 1c; the charge-transfer complexation was realized
only by grinding these compounds with the electron acceptor in
the solid-state. The resulting solids exhibited EPR signals and
solvolysis occurred upon solid–vapor contact.

For 1d, a crystalline 1:1 charge-transfer complex was
obtained from a highly concentrated colored solution of 1d and
DDQ in MeCN. In sharp contrast to the solids obtained by solid-
state grinding, those obtained by recrystallization exhibited no
EPR signals and did not undergo solvolysis upon exposure to
solvent vapor. Furthermore, the ground mixture of 1d and DDQ
exhibited a charge-transfer band maximum (653 nm) at longer
wavelength than the complex obtained by recrystallization (629
nm). All the above observations indicate that the solid-state
grinding generates radical ions and that these species are
essential to promote the solvolysis by vapor.

Catalytic effects of p-donors in the acetolysis of 2,4,7-tri-
nitro-9-fluorenyl p-toluenesulfonate has been reported,7 in
which the p-donors are assumed to polarize the C-O bond
leading to easy heterolytic bond cleavage. The present results
appear to be different from such type of catalytic solvolysis in
a solution. It has been quite often observed that radical cations
generated via single-electron transfer undergo the cleavage of a
s-bond.8 In order to see if such reaction occurs in the radical
cation of 1a, we have carried out the electrochemical oxidation
of 1a in MeOH and ascertained the formation of 2a. This
finding, however, does not settle the mechanism, because the
precursor species to 2a are only slightly generated in the ground
solids; the spin concentration of the ground solids is estimated
to be only 2% at most from the EPR signal intensity and
furthermore 2a is formed in mear trace amounts when the
ground mixture is dissolved in MeOH. Thus the carbocationScheme 1
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species should be propagated in the solid phase upon gas-solid
contact.

As a most plausible mechanism at this stage, we assume that
the methoxy substitution occurs in a catalytic chain process
initiated by a small amount of the cation generated from the
radical cation of 1a, as depicted in Scheme 2.§ The acid-
catalysed ether formation in the solid state was supported by the
occurrence of the ethoxy substitution in a crystalline inclusion
complex9 1d·(EtOH)2 upon grinding with toluene-p-sulfonic
acid without solvent.

The reasons why only the ground mixtures of the substrates
and acceptors show EPR signals and hence undergo the
solvolysis by vapor should be discussed. The substrates used in
this work are not planar molecules, and have irregular shape and
conformational freedom. For such molecules, close packing in
a periodic donor–acceptor arrangement is not easily attained
upon recrystallization,¶ as noted already. On the other hand,
solid-state grinding would force some of the molecules closer
together while still being free from lattice control, and hence

permit much stronger charge-transfer interactions than those in
crystalline charge-transfer complexes derived from a solution.

The above explanation is in line with the results of a powder
X-ray diffraction study. The diffraction intensities of the ground
solids of 1a with DDQ decrease significantly as compared with
those of each component (Fig. 1), indicating the collapse of the
crystalline phase without reorganization into a new charge-
transfer crystal phase. Despite the inability of the mixtures to
give co-crystal packing, the charge-transfer contacts are strong
enough to induce single-electron transfer, which could be
partially due to the use of the planar moieties on 1a. It has been
reported that crystalline charge-transfer complexes can be
formed by grinding together solid donor and acceptor compo-
nents.10 Such behavior has also been encountered for planar
donor and acceptor molecules that can also co-crystallize from
solution. Thus, it seems reasonable that the reactivity of the
present solvolysis system using solvent vapor depends not only
on the electron accepting and donating abilities, but also on the
molecular shape, of the substrates and electron acceptors.
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Scheme 2

Fig. 1 Powder X-ray diffraction patterns of (a) 1a, (b) DDQ and (c) a ground
mixture of 1a and DDQ
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Alkane oxidation with manganese substituted polyoxometalates in aqueous
media with ozone and the intermediacy of manganese ozonide species

Ronny Neumann*† and Alexander M. Khenkin
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91904, Israel

Manganese substituted polyoxometalates (POMs), such as
Li12[MnII

2ZnW(ZnW9O34)2] were effective catalysts for the
oxidation of alkanes to ketones with ozone in an aqueous
reaction medium; a green intermediate compound observ-
able by UV–VIS and ESR at 278 °C was postulated to be a
reactive manganese ozonide species.

Transition metal substituted polyoxometalates have been stud-
ied as oxidatively resistant analogues of metalloporphyrins. The
difference between the porphyrin ligand and the oxotungstate
ligands when using peroxygen compounds is considerable
because with polyoxometalates reaction can occur both at the
transition metal center and the tungstate sites.1 However,
‘metalloporphyrin type’ formation of stable Cr(v)NO species2

and manganese catalyzed oxidation of alkenes has been
observed using iodosylbenzene as oxidant.3 A ruthenium
substituted polyoxometalate has also been shown to activate
dioxygen in a manner similar to a ruthenium porphyrin system.4
Ozone is an environmentally benign (dioxygen is the co-
product), single oxygen donor. The bond cleavage of alkenes
with ozone5 and the facile deactivation of organic ligands such
as porphyrins6 preclude the use of ozone for catalytic epoxida-
tion of alkenes. The oxidative stability of polyoxometalates now
presents an ideal opportunity for investigating the oxidation of
alkanes with ozone catalyzed by manganese substituted poly-
oxometalates.

Catalysis with transition metal substituted polyoxometalates
is commonly practiced by transferring the polyoxoanion into an
organic solvent using a quaternary ammonium cation. With
ozone such an approach is unacceptable due to self-oxidation of
the counter cation. Use of lithium cations and 40–50% t-butyl
alcohol–water allows formation of a neutral homogeneous
reaction medium. Typically, 10 mmol Li12[MnII

2-
ZnW(ZnW9O34)2] was dissolved in 2.5 mL 40% t-BuOH–water
and 1 mmol substrate was added. The mixture was cooled to
≈ 2 °C and ozone as 2.5 mol% O3/O2 was bubbled at 30 mmol
O3 h21 through the solution for 45 min. Ethylbenzene, 82 mol%
conversion, yielded acetophenone (major product, ≈ 85 mol%)
and 1-phenylethanol (minor product, ≈ 15 mol%). Conversion
for a control reaction without catalyst was 15 mol% with similar
selectivities. Other manganese containing polyoxometalates
such as K5PMnIIW11O39, K6SiMnIIW11O39, K6H6Si-
MnII

2W10O40 and K10[Mn4(PW9O34)2] gave (based on man-
ganese equivalents) similar (±3 mol%) conversions in 50%
t-BuOH–water. All other polyoxometalates,
Kx[M2ZnW(ZnW9O34)2] or KxSiMW11O39, with M = Zn2+,
Co2+, Cu2+, Ru3+, Cr3+ or Fe3+ showed essentially no catalytic
activity. The reaction was general for alkylaromatics, and cyclic
and acyclic alkanes as may be observed in Table 1. The
reactivity was as expected, i.e. alkylaromatics > cyclic alkanes
> acyclic alkanes. The selectivity of the oxidation to ketones as
the major product is contrary to what has been observed in
manganese porphyrin hydroxylations with ozone where 1-phe-
nylethanol is the major product in ethylbenzene oxidation.6,7

Also notable is the carbon–carbon bond scission in cumene.
Oxidation of cyclohexanol yielded only 20% cyclohexanone
under identical reaction conditions and both cumyl alcohol and

tert-butyl alcohol were ( < 1% conversion) inert. These results
indicate that alcohols were not intermediate products.

The reactivity of alkanes was further probed by oxidation of
cis-decalin. Oxidation at the tertiary position yielded a trans-
decalol–cis-decalol ratio of ≈ 4 : 1 for both the catalysed and
non-catalysed reaction.8 Oxidation of 1 : 1 cyclohexane–cyclo-

Table 1 Oxidation of alkanes with ozone catalyzed by Li12[MnII
2-

ZnW(ZnW9O34)2] in 40% t-BuOH–watera

Conver-
Substrate Product, mol% sion, mol%

Ethylbenzene Acetophenone, 85 82 (15)
1-Phenylethanol, 15

Diphenylmethane Benzophenone, > 98 62
Tetrahydronapthalene a and b-Tetralone,b > 98 56
Cumene Acetophenone, > 98 38
Cyclohexane Cyclohexanone, > 98 41
Cyclooctane Cyclooctanone, > 98 38
n-Decane 2-, 3-, 4- and 5-Decanone,b

> 98 28

a Reaction conditions: 1 mmol substrate, 10 mmol Li12[MnII
2-

ZnW(ZnW9O34)2], 2.5 mL 40% t-BuOH–water, 45 min, 2 °C. b The
amounts of ketone were not quantified.

Fig. 1 UV–VIS spectra of various [Mn2ZnW(ZnW9O34)2]q2 species and the
ESR spectrum of the active species. (a) —— [MnII

2ZnW(ZnW9O34)2]122,
(b) - - - - [MnIII

2ZnW(ZnW9O34)2]102, (c) ····· brown manganese(iv)
species, (d) -·-·-· green manganese(v)–oxo species. The concentration of
[Mn2ZnW(ZnW9O34)2

q2 was 5 3 1024 M and the UV–VIS spectra are
slightly offset for clarity. Spectra (a) and (b) were taken at ambient
temperature, (c) was taken at 2 °C and (d) was taken immediately after
removal from 278 °C using a diode array spectrometer. In (d), the optical
density is a superposition of the light scattering because of condensation of
water on the cuvette and the absorption from the manganese poly-
oxometalate. The peaks are distorted resulting in a truncated (from the
bottom) appearance and with narrow peak widths. The ESR spectrum was
taken at 120 K after purging the ozone with N2.
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hexane-d12 gave a low kinetic isotope effect (KIE), kH/kD
= 1.2.9 The findings that cumene selectively formed acet-
ophenone, cis-decalin gave trans-decalol as the major product
and the low KIE in the oxidation of C6H12–C6D12 all point to an
alkyl radical intermediate in the oxidation of alkanes.

The reaction mechanism was further studied by UV–VIS,
Fig. 1. The original catalyst, Li12[MnII

2ZnW(ZnW9O34)2], is
yellow. Upon addition of ozone at 2 °C, the solution within a
minute turns pink, (MnIII) lmax = 560 nm, as is known for
[MnIII

2ZnW(ZnW9O34)2].9–10 Further addition of ozone turns
the solution brown forming a MnIV–oxo compound.11 The later
was inactive in a stoichiometric reaction with alkenes.11 The
brown compound was not stable slowly reverting within an hour
to the pink manganese(iii). In a further experiment, a solution of
Q12[MnII

2ZnW(ZnW9O34)2] (Q = trioctylmethyl ammonium)
in acetone was cooled to 278 °C and ozone was passed through
the solution yielding a green solution, lmax = 486, 580 nm,
Fig. 1(d). Further characterization of the green solution by ESR,
Fig. 1 (inset), showed an anisotropic spectrum with peaks at
g∑ = 2.09 and g4 = 2.06.

After purging the solution of excess ozone with N2,
stoichiometric amounts of alkenes were added. The solution
was brought to 240 °C and turned pink after a few minutes.
2,3-Dimethyl-2-butene and cyclooctene, 80 and 63% conver-
sion respectively, reacted selectively to give epoxides as sole
products whereas norbornene (74% conversion) gave 94% exo
epoxide and 6% 2-norbornanone. cis-Stilbene was epoxidized
95% stereoselectively with no formation of the cleavage
product, benzaldehyde. An identical experiment carried out
with stoichiometric addition of ethylbenzene gave a darkish
brown solution and yielded (28 mol% based on manganese)
acetophenone–1-phenylethanol, ≈ 20 : 1.

Our interpretation of the results of the catalytic and
stoichiometric oxidation reactions, and the UV–VIS and ESR
spectra is summarized in Scheme 1. The initial yellow MnII–
POM is first oxidized to the pink MnIII–POM. The catalytic
cycle begins by reaction of MnIII–POM with ozone to give the
stipulated active intermediate, the green manganese species.
Based on the spectra and the reactivity profile, we assign the
green compound as a manganese ozonide complex. The ESR
spectrum is attributable to an anisotropic oxygen centered
radical species12 formulated here as POM–MnIV–O–O–O·,
formed by reaction of MnIII–POM and O3. Other canonical
forms, POM–MnIII–O–O–O+ or POM–MnV–O–O–O2 are
possible. The UV–VIS spectrum is supportive of this assign-
ment, since peaks at 450–480 nm are typically observed for
ozonides.12 In the absence of a substrate and/or at higher
temperatures the compound quickly decays by reduction or
disproportionation to a brown manganese(iv) oxo or hydroxy
species (a typical ESR spectrum with peaks at g = 2 and 4 was
also observed)11 and then more slowly to MnIII–POM. The
formulation of the green species as an ozonide is consistent with

the oxidation reaction profiles observed. In alkane oxidation
non-catalytic and catalytic reactions showed practically identi-
cal selectivity with a preponderance of the ketones as products,
a low KIE, formation of acetophenone from cumene and the
formation of an equilibrium mixture of trans-decalol–cis-
decalol from cis-decalin. This reactivity clearly supports a
reaction occuring through a free alkyl radical intermediate13 as
opposed to a oxygen-rebound mechanism often invoked in
metalloporphyrin oxidation.14 Epoxidation of alkenes with
retention of stereochemistry is explainable through reaction of
the ozonide, POM–MnIII–O–O–O+ canonical form, as an
electrophile with the nucleophilic alkene with co-formation of
molecular oxygen and MnIII–POM.

This research was supported by the Basic Research Founda-
tion administered by the Israel Academy of Sciences and
Humanities.
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Supramolecular metallocalixarene chemistry: linking metallocalixarenes
through imido bridges
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The synthesis and structures of two novel extended-array
metallocalixarenes, derived from the ring-opening of imido–
molybdenum precursors, are described.

The ability of calixarenes to act as receptors for a variety of
guest molecules is a feature of central importance to their
chemistry.1 The development of supramolecular structures
incorporating calixarenes offers an opportunity to extend
calixarene host–guest interactions to two- and possibly three-
dimensional lattices. Although supramolecular structures have
been seen as a result of guest–host interactions,2 and metal–oxo
bridges,3 clear methodologies for covalently linking metal-
localixarenes have not, to our knowledge, been described. Here,
we report the synthesis and solid state structures of two novel
metallocalixarenes derived from the ring-opening of imido–
molybdenum precursors. In one case the metallocalixarenes are
linked by hydrogen bonding between pendant amino groups and
in the other by a covalent linkage between imido ligands that
gives rise to a two-dimensional array of ‘cup-to-cup’ metal-
localixarene units.

Treatment of the tetraimido dimolybdenum complex 14 with
two molar equivalents of H4L (H4L = calix[4]arene) in
refluxing toluene affords, after work-up, the bridged complex
{[Mo(NCMe)L]2[3,5-Pri

2-4-NC6H2)2CH2]} 2 according to
Scheme 1.‡ Complex 2 is presumed to form via initial
displacement of two chloride ligands (per molybdenum),
followed by proton transfer to one of the imido ligands to

release the para-bridged dianiline. Crystals suitable for X-ray
diffraction§ were grown from acetonitrile at room temperature.
The molecular structure is shown in Fig. 1(a) and selected bond
lengths and angles are given in the caption. Each molybdenum
possesses a pseudo-octahedral geometry similar to that found in
the monometallocalix[4]arene analogue of 1.5 The molybde-
num atoms are displaced from the O4 mean planes towards the
imido nitrogens of the bridging ligand by 0.246 and 0.247 Å.
The molecule has approximate C2 symmetry, the rotation axis
running through the C(13) atom. Significantly, the metallocal-
ixarenes are organised in a ‘cup-to-cup’ arrangement which
gives rise to a calixarene ‘socket’ [Fig. 1(b)], thus offering the
potential for hosting guest molecules in the cooperatively
aligned calixarene cavities.

In an extension of this work, we then targetted metallocalix-
arene species with pendant amino functionalities which we
envisaged would allow the linking of metallocalixarene units
via, for example, amide bonds. Treatment of the chelating
bis(imido)molybdenum complex {Mo(OBut)2[(2-NC6H4)2-
CH2CH2]} 3 with H4L (one equivalent) in toluene affords, after
work-up, the monoimido calixarene complex {[Mo(N-
CMe)L][2-NC6H4CH2CH2C6H4NH2-2A]} 4 in which the imido
ligand contains a ‘free’ amino functionality (Scheme 1).
Complex 4 is presumed to form via loss of two tert-butanol
ligands followed by transfer of two protons to one of the imido
ligands to release the pendant amino group.5 The IR spectrum of
4 has a strong n(N–H) stretch at 3165 cm21, indicative of an

Scheme 1
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uncoordinated NH2 group, together with a strong n(C–N)
stretch at 1287 cm21. The structure was confirmed by an X-ray
crystallographic study and is shown in Fig. 2(a). Each of the two
aromatic rings of the imido ligand interact weakly with two
aromatic carbons on an adjacent imido ligand [C(5)···C(12A)
3.449, C(6)···C(13A) 3.561 Å], and there is a hydrogen-bonding
interaction between one of the amine hydrogens and a
calixarene oxygen atom [O(4)···H(2AA) 2.188 Å] [Fig. 2(b)].

The complexes described here represent the first steps
towards the covalent linking of metallocalixarene units and the
development of tailored supramolecular metallocalixarene
arrays.

The Engineering and Physical Sciences Research Council is
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Fig. 1 Molecular structure of 2 without H atoms: (a) showing the atom
labelling; (b) the crystal packing diagram showing the ‘cup-to-cup’
alignment of the metallocalixarene units. Selected bond lengths (Å) and
angles (°): Mo(1)–N(1) 1.735(5), Mo(1)–O(1) 1.936(5), Mo(1)–O(2)
1.941(4), Mo(1)–O(3) 1.936(5), Mo(1)–O(4) 1.949(5), Mo(1)–N(3)
2.304(6), Mo(2)–N(2) 1.716(5), Mo(2)–O(5) 1.948(5), Mo(2)–O(6)
1.942(4), Mo(2)–O(7) 1.920(4), Mo(2)–O(8) 1.953(5); Mo(1)–N(1)–C(1)
176.7(5), Mo(2)–N(2)–C(14) 178.8(5), C(4)–C(13)–C(17) 112.2(5) (a
colour version is provided at: http://www.rsc.org./suppdata/cc/1998/1969.

Fig. 2 Molecular structure of 4 without hydrogen atoms: (a) showing the
atom labelling; (b) showing the intermolecular interactions between
adjacent metallocalixarene units. Selected bond lengths (Å) and angles (°):
Mo(1)–N(1) 1.729(2), Mo(1)–O(1) 1.9419(18), Mo(1)–O(2) 1.9334(16),
Mo(1)–O(3) 1.9323(18), Mo(1)–O(4) 1.9713(16), Mo(1)–N(3) 2.326(2);
Mo(1)–N(1)–C(1) 171.60(19).
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Dediazoniation reactions of arenediazonium ions under solvolytic conditions:
fluoride anion abstraction from trifluoroethanol and a-hydrogen atom
abstraction from ethanol

Peter S. J. Canning, Katharine McCrudden, Howard Maskill*† and Brian Sexton

Chemistry Department, University of Newcastle upon Tyne, Newcastle upon Tyne, UK NE1 7RU

Arenediazonium salts decompose thermally and photo-
chemically in trifluoroethanol to yield trifluoroethyl ethers
and (in part by fluoride abstraction from the solvent)
fluoroarenes; the less reactive compounds in trifluoroethanol
decompose readily in ethanol to give arenes in a radical
reaction involving abstraction of the a-hydrogen from the
ethanol.

Dediazoniation reactions are amongst the oldest known in-
dustrial organic chemical reactions, and their mechanisms are
also amongst the earliest to have been investigated.1 For some
years, thermal decomposition of arenediazonium tetrafluoro-
borates has been used as a route for making fluoroarenes—
compounds of increasing importance for the production of
pharmaceuticals and agrochemicals. The Balz–Schiemann
reaction is one method which involves isolation of the salt and
its subsequent thermal decomposition,2 a potentially hazardous
process. Other methods involve decomposition of diazonium
salts in liquid hydrogen fluoride,3 but these also have obvious
potential for danger. We have been investigating alternative
procedures for decomposing diazonium salts with a view to (i)
understanding better the mechanisms involved, and (ii) devel-
oping a method more environmentally acceptable and less
hazardous than ones currently available. In the course of these
investigations, we have discovered that aryl cations (generated
by loss of dinitrogen from the arenediazonium ions) are able to
abstract fluoride from fluoro alcohols in competition with being
captured by the hydroxylic residue of the alcohol. We have also
shown that the intermediates involved in the decomposition in
ethanol of arenediazonium cations with electron-withdrawing
substituents abstract an a-hydrogen from the ethanol. Addition-
ally, we have demonstrated that, under photolysis in tri-
fluoroethanol (TFE), otherwise very unreactive arenediazonium
ions react very readily. This product analytical evidence, and
the attendant kinetics studies, contribute further to ongoing
investigations world-wide of the chemistry of exceedingly
short-lived reactive intermediates.

Table 1 gives kinetics results for arenediazonium tetra-
fluoroborates investigated by our normal UV method.4,5 In
TFE, a solvent which generally promotes heterolytic reactions,
we observe high enthalpies of activation and appreciably
positive entropies of activation in agreement with previous
results.5,6 Such findings are accommodated by the Zollinger
heterolytic mechanism7 [Scheme 1, where Nu = nucleophile

(e.g. solvent)] except that under our reaction conditions, the first
two steps will be essentially irreversible. In accord with earlier
workers, we also observe that electron-withdrawing sub-
stituents decrease reactivity,5,6,8 an effect brought about
principally through increases in the enthalpy of activation
(Table 1). For the m-methoxy compound, the most reactive of
these compounds in TFE, we note comparable reactivity in
ethanol. However, for the much less reactive m-fluoro analogue
in TFE, we note unexpectedly high reactivity in ethanol, and
quite different activation parameters; DH‡ is now much lower
and DS‡ strongly negative, signalling a different mechanism.

In TFE, the products of the thermally induced solvolyses are
principally the aryl trifluoroethyl ethers, but between 10 and
35% of aryl fluorides are observed (Table 2). These compounds

Table 1 Kinetics resultsa for the solvolysis of arenediazonium tetra-
fluoroborates XC6H4N2

+ BF4
2

Solvent X k25/1026s21 DH‡/kJ mol21 DS‡/J K21 mol21

TFE m-NO2 0.60 124 54
TFE m-F 1.18 124 59
TFEb H 92.1 114 62
TFE m-OMe 873 103 42
EtOH m-OMe 409 97 14
EtOH m-F 941 64 287
EtOH H 232 75 264

a Rate constants at 25 °C were extrapolated using the Eyring equation from
average values obtained at other temperatures. Standard deviations on
individual rate constants were generally about 1% and reproducibility was
better than about 5%. The estimated uncertainty on DH‡ is ca. 6 kJ mol21

and 12 J K21 mol21 on DS‡. b Previously reported values (ref. 5): k25 =
68.3 3 1026 s21, DH‡ = 114 kJ mol21 and DS‡ = 58 J K21 mol21.

Scheme 1

Table 2 Product analysesa from solvolytic decompositions of arenediazon-
ium salts XC6H4N2

+ Z2 Products (%)

Solvent/ROH X Z2 Mode ArOR ArF ArH

TFE H BF4
2 thermal 72 28 < 0.1

TFE H Cl2 thermal 90 10 —
TFEb H BF4

2 thermal 66 34 —
TFE H BF4

2 hn 57 43 —
TFE m-F BF4

2 thermal 65 35 < 0.1
TFE m-F BF4

2 hn 67 33 < 0.1
TFE m-NO2 BF4

2 hnc 57 43 —
EtOH H BF4

2 thermal 96 4 < 1
EtOH m-F BF4

2 thermal 20 < 0.1 80
EtOH m-F BF4

2 hn 15 < 0.1 85
EtOH m-NO2 BF4

2 thermal 8 < 1 92d

a Analyses were carried out by GLC, usually with undecane as internal
standard. Each reaction was carried out at least twice, and up to ca. six
chromatograms were obtained for each reaction. Yields quoted are
normalised (total = 100%), absolute recoveries being variable between ca.
80–100%. b Reaction contained 0.63 mol dm23 NaBF4. c This reaction was
too slow thermally for a reliable product analysis to be obtained. d When the
reaction was carried out in CH3CD2OH, m-DC6H4NO2 was isolated by
preparative GLC, and characterised by mass spectrometry and 1H NMR
spectroscopy.
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were identified by comparison with authentic samples, and in
some cases were isolated by preparative GLC and characterised.
If aryl radical intermediates are the source of this fluorine
transfer, the same intermediates would also be expected to give
some degree of hydrogen transfer. No appreciable yields of
reduction product were detected in reactions in TFE, so aryl
cations are implicated as the source of fluorine abstraction. Aryl
fluorides had previously been detected from reactions of very
dilute arenediazonium tetrafluoroborates in aqueous TFE in
which the reactants will have been fully dissociated. Since aryl
cations are exceedingly short lived,9 they cannot diffuse
through the medium and select very dilute tetrafluoroborate as
a reaction partner. Consequently, the TFE component of the
solvent was implicated as the source of the fluorine in the
product aryl fluorides. This was confirmed by solvolysing
benzenediazonium chloride in TFE and obtaining 10% fluoro-
benzene (compared with 28% from the tetrafluoroborate). We
conclude that the fluoroarenes generated from arenediazonium
tetrafluoroborates in TFE arise from fluoride abstraction by the
aryl cation in part from the solvent and in part from the
tetrafluoroborate anion within undissociated ion-pairs (Scheme
2) (where possible involvement of ion-molecule pair inter-
mediates, as in Scheme 1, has been omitted for clarity). In
agreement with this proposal, addition of sodium tetra-
fluoroborate (which will increase the degree of ion-pair
association) led to a modest increase in the yield of fluoroarene
in TFE. We have no evidence yet regarding the identity of the
species remaining after fluoride abstraction from the tri-
fluoroethanol, (CF2CH2OH)+, or about whether the fluoride
abstractions are concerted or stepwise.

Strongly electron-withdrawing substituents decrease the
reactivity of benzenediazonium tetrafluoroborate in TFE, and
high temperatures or long times are required for their reactions
(Table 1). However, we observed that photolysis using a low
wattage UV source at room temperature of a dilute solution in
TFE effected complete reaction within minutes; similar ob-
servations in liquid hydrogen fluoride have already been
reported.3 Analysis by GLC confirmed that the products (aryl
fluoride and aryl trifluoroethyl ether) are the same as in the very
slow thermal reaction, and that the yields are rather similar
(Table 2). It appears, therefore, that photolysis in TFE involves
the same aryl cation intermediates as the much slower thermal
reaction.

Analytical results using ethanol as solvent confirmed the
kinetics results—the reaction is qualitatively different from that
in TFE for compounds with electron-withdrawing substituents.
It was already known that ethanol can act as a reducing agent for
some arenediazonium ions,10 and that analogous reactions in
methanol involve radical intermediates.11 Additionally, there is
a report that the reaction in methanol involves abstraction of the
a-hydrogen.12 Ethanolysis of m-fluoro- and m-nitro-benzene-
diazonium tetrafluoroborates gives high yields of the reduction
product, and the former gives a very similar product analysis
under photolysis at room temperature. The parent compound (X
= H) gives very little reduction and (not surprisingly) very little

fluorobenzene under these reaction conditions. The product
analysis of the parent compound, therefore, does not provide
evidence of a change in mechanism upon transfer from TFE to
ethanol intimated by the changed kinetics parameters; at the
present we have no ready explanation of this. When
m-nitrobenzenediazonium tetrafluoroborate was solvolysed in
[1,1-2H2]ethanol (CH3CD2OH), [3-2H]nitrobenzene was iso-
lated by preparative GLC and identified by 1H NMR spectros-
copy and mass spectrometry. Given the characteristically
different kinetics parameters for these arenediazonium salts
deactivated in the heterolytic pathway by electron-withdrawing
substituents and the different product analytical profiles in
ethanol, a different mechanism must be involved. Taking into
account the previous evidence for reactions in methanol,11 and
proof that the intermediate abstracts an a-hydrogen from the
ethanol, we propose the radical chain mechanism in Scheme 3
based upon earlier proposals by DeTar13 and Bunnett.11 The
reductant in the initiating step has not yet been identified, but is
almost certainly ethanol itself.

We thank the EPSRC for studentships to P. S. J. C., K. M. and
B. S., and Zeneca (formerly ICI) for financial support; we also
thank Drs J. H. Atherton and D. J. Moody of Zeneca for helpful
and stimulating discussions.
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Multiple pathways in the cleavage of benzyl groups from phosphonium salts by
lithium aluminium hydride

Neil Donoghue and Michael J Gallagher*†

School of Chemistry, University of New South Wales, Sydney 2052, Australia

Reduction of benzylphosphonium salts by LiAlD4 affords a
phosphine and PhCH2D, 2-DC6H4CH3 and PhCH3; path-
ways involving PV and PVI intermediates are proposed to
account for these products.

Benzyl groups are readily removed from benzylphosphonium
salts by LiAlH4 in THF to give a phosphine and toluene in good
yields.1,2 The reaction forms the basis of a general method for
the preparation of unsymmetrical phosphines1b and has found
use in the synthesis of cyclic phosphines,3 but attempts to
extend the utility of the reaction to the cleavage of phenyl
groups from the more readily accessible arylphosphonium salts
have met with limited success,4 loss of either alkyl or aryl
groups or both occurring in an apparently inconsistent way.
Reduction of ylides from alkyltriphenylphosphonium salts
proceeds exclusively with loss of phenyl4,5 even when the ylidic
carbon is benzylic, establishing that reduction of salts does not
proceed via ylide formation. Reduction of resolved chiral
benzylic salts occurs with partial or complete racemisation at
phosphorus,6 implying that the reaction proceeds via a config-
urationally mobile phosphorane of the type R4PH. Such
compounds have only been observed to form from phosphon-
ium salts in the specialised case of the spirobisbiphenylyl
system 1.7

Theoretical considerations8 suggest that the decomposition,
shown in eqn. (1), is an allowed concerted process for two

R5P ? R3P + RR (1)
substituents in the equatorial plane of a trigonal bipyramid,
suggesting a reasonable pathway for the overall reduction, but it
is not obvious why benzyl groups are a favoured leaving group
if ionic stability of the leaving group were not an important
factor, as had been generally supposed.2 A possible reason
could be a cheleotropic rearrangement of an intermediate
phosphorane 2 with transfer of hydrogen from phosphorus to
the ortho carbon of the benzyl group, followed by aromatisation
of the methylenecyclohexa-2,4-diene thus expelled (Scheme
1).

A similar pathway (Scheme 2) can be visualised for
allylphosphonium salts and reported reductions of these by

LiAlH4 appear to proceed exclusively with allylic inversion
(‘SN2’ substitution’).2b Thus, reduction of
(E)-cinnamyltriphenylphosphonium bromide with LiAlD4
yields triphenylphosphine and 1-phenyl[1-2H]but-2-ene. Fur-
ther, these allylic cleavages proceed more rapidly with
phosphonium salts than they do with the analogous ammonium
salts, which are similarly cleaved but largely without allylic
inversion.9

We now report that reduction of benzyltriphenylphosphon-
ium bromide with LiAlD4 in refluxing THF (5 h) affords
toluene, [a-2H]toluene and [o-2H]toluene in a ratio of approx-
imately 1:1:1 as determined by 1H, 2H and 13C NMR
spectroscopy; the other product, Ph3P, showed no deuterium
incorporation. The identity of the o-deuterated toluene was
further confirmed by HSQC 2D 1H/13C{1H} NMR and by
comparison with authentic material obtained by quenching
2-CH3C6H4MgBr with D2O. Analogous comparisons con-
firmed the absence of detectable amounts of m- or p-deuterated
toluene in the salt reduction. No exchange is observed when
toluene is refluxed with LiAlD4 in THF or when the product
mixture of toluenes is treated with LiAlH4, indicating that the
three hydrocarbons all arise in the reduction process.

We extended the examination to the products from the
LiAlD4 reduction of all the phosphonium salts, BnnP+Ph42n

Br2 (n = 0–4) and the results are summarised in Table 1. Ph4P+

Br2 cannot, of course, give toluene but under the same
conditions it affords a mixture of PhH (21%) and PhD (79%)
measured by mass spectrometry.

We have elsewhere presented evidence that the reduction of
phosphonium salts with metal hydrides proceeds via a number
of intermediates,10 4–6 (Scheme 3). Clearly, formation of R2,
which subsequently abstracts a proton from THF, could account
for the formation of undeuterated hydrocarbon and decomposi-
tion of 2 by concerted processes could lead to either a- or
o-deuterated toluene. Part of the [a-2H]toluene will arise during
the conversion of the 6-[2H]methylenecyclohexa-1,3-diene to

Scheme 1

Scheme 2

Table 1 Yields of toluenes formed by reduction of BnnP+Ph42n Br2 with
LiAlD4

Yield (%)

n PhCH3 PhCH2D 2-DC6H4CH3

4 9 86 5
3 7 84 9
2 11 62 27
1 31 31 38
0 21a 79b

a C6H6. b C6H5D.
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toluene but there is too much deuterium on the benzylic carbon
to be all accounted for in this way, since the 1H–2H isotope
effect should ensure that the bulk of the deuterium originally in
the ortho position, remains there. Therefore, most of the
deuterium in PhCH2D arises by other processes of which there
seem to be two, either a concerted loss of deuterium and PhCH2
from 4, or SN2 type displacement at the benzylic carbon by
hydride ion equivalent. We are unable to determine the relative
contributions of these two pathways but we have observed that
benzyldimethylphenylammonium bromide exclusively loses
PhCH2D when refluxed in THF with LiAlD4 [eqn. (2)], and,

Ph(CH3)2N+CH2Ph Br2 + LiAlD4? PhNMe2 + PhCH2D (2)

since an NV intermediate is very improbable, this presumably
goes via an SN2 related process. Also, thermal decomposition of
R5P has resulted in products understandable in terms of
concerted loss of two groups [eqn. (1)], e.g. the dissociation of
PCl5 to PCl3 and Cl2.11 The exclusive ortho selectivity is, we
believe, best explained by a concerted intramolecular hydride
transfer since an SN2A attack on the ring might reasonably be
expected to give some of the [4-2H]toluene. An alternative
process involving radicals, formed by homolysis of P–C (or
P–H) bonds, has not been excluded but the exclusive ortho

deuterium transfer and the absence of the coupling product,
1,2-diphenylethane, lead us to favour a concerted pathway.

We thank the Australian Research Council for support.
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Chemical recycling of poly(ethylene) by catalytic degradation into aromatic
hydrocarbons using H-Ga-silicate
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H-Ga-silicate exhibits excellent catalytic activity towards
the formation of aromatic hydrocarbons, mainly benzene,
toluene and xylenes (BTX), in the degradation of poly(ethyl-
ene), indicating its high potential as a catalyst for the
advanced chemical recycling of polyolefins.

It is currently very important to recycle waste plastics from the
standpoints of environmental protection and conservation of
energy. A chemical method that converts plastics into valuable
chemical feedstocks or fuels is of great interest because it
provides a viable means to contributing to the solution of
problems caused by waste disposal. The conversion of plastics
can be achieved thermally or catalytically. Since thermal
degradation of polyolefins, the main components of waste
plastics, is a low selectivity reaction, successful application of
catalysts to these conversion processes would be a key step
towards the development of the plastic recycling technolo-
gies.

Catalytic degradation of polyolefins has mostly been carried
out with a view to obtaining valuable hydrocarbon mixtures as
fuels.1–4 There have been only a few reported studies on
chemical recycling (otherwise termed feedstock recycling, raw
material recycling or tertiary recycling) which aims to yield
chemical feedstocks.5–7 To achieve chemical recycling, poly-
olefins must be decomposed in high yield into useful feed-
stocks. This step is usually more difficult than conversion into
fuels. In other words, chemical recycling requires cracking
catalysts with selectivities much higher than those required for
fuel recovery. This is the reason why catalytic chemical
recycling of polyolefins has not been developed. Here we report
that H-Ga-silicate is highly effective as a catalyst for producing
aromatic hydrocarbons selectively in the degradation of poly-
(ethylene). This successful result means that chemical recycling
of polyolefins is now a feasible operation.

Catalytic degradation of low-density poly(ethylene) (Aldrich
LDPE, density 0.915 g cm23) has been carried out using a flow
reactor at 400–525 °C, at atmospheric pressure and under a He
stream (10 cm3 min21). The poly(ethylene) melt, heated at 270
°C, was fed at a feed rate of 0.02 g min21 into the reactor loaded
with 0.2 g of catalyst for 15 min. The degradation products were
classified into gas (C1 to C4), liquid ( > C5) and coke
(carbonaceous deposit on the catalyst surface). The composition
of the gaseous and liquid products was analysed by gas
chromatography. The details of the reaction procedures have
been given elsewhere.1 A commercially available H-Ga-silicate
(Si/Ga = 25, N. E. CHEMCAT) was pressed into a disk,
crushed and sieved to 16–32 mesh granules, and finally calcined
at 500 °C for 3 h in air. The Ga catalyst was compared with
H-ZSM-5 (Si/Al = 15, N. E. CHEMCAT) and amorphous
silica–alumina (Si/Al = 5.4, Nikki Chemical N631L). These
alternatives have been extensively used for the conversion of
polyolefins into liquid fuels. The acidic properties of the
catalysts were evaluated from their catalytic activities for three
model reactions: n-hexadecane cracking was carried out at 400
°C, using 1 mg of catalyst, cumene dealkylation at 250 °C and
10 mg, and propan-2-ol dehydration at 175 °C and 3 mg. In each
case, a pulse reactor loaded with the powdered catalyst was
operated under flowing He (30 cm3 min21).

Fig. 1 shows the activities of the catalysts for the acid-
catalysed model reactions. The highest conversions were shown
by H-ZSM-5, followed by H-Ga-silicate. The Ga catalyst was
much more active than silica–alumina for the cracking of
cumene and n-hexadecane, which occurs on strong acid sites,
while both catalysts showed almost the same activity for the
dehydration of propan-2-ol, which proceeds on weakly acidic
sites. It is suggested from these results that H-Ga-silicate is less
acidic than H-ZSM-5, but has acid sites that are significantly
stronger than those on silica–alumina, which exhibited low
cracking activities.

The catalysts thus characterised showed quite different
activities and selectivities in the degradation of poly(ethylene).
The results are summarised in Table 1. H-Ga-silicate is highly
effective as a catalyst for the production of aromatic hydro-
carbons. A high temperature was favourable to producing the
aromatics selectively. A yield of more than 70 wt% was
obtained at 525 °C and the liquid product substantially consisted
of aromatic hydrocarbons. Benzene, toluene and xylenes
(BTX), important raw materials, accounted for most of the
aromatics produced. H-ZSM-5 also produced considerable
amounts of aromatics at 525 °C. However, the yield was lower
than that obtained over H-Ga-silicate at 400 °C. On the other
hand, silica–alumina was not suitable for producing aromatics.
About 40 wt% yield of aromatics has also been reported in the
degradation of poly(ethylene) over metal/carbon catalysts at
526 °C with longer contact times.5 H-Ga-silicate gives superior
results.

Fig. 2 shows the product distributions as a function of carbon
number. The products obtained over H-Ga-silicate were
distributed over carbon numbers 1–13. The proportion of C6–C8

Fig. 1 Catalytic activities for model reactions

Table 1 Yields of products from degradation of poly(ethylene)

Yield/wt%

Catalyst T/°C Gas Liquid Aromatics BTX Coke

H-Ga-silicate 400 40.3 59.4 44.1 30.1 0.3
H-Ga-silicate 525 28.0 72.0 71.6 61.8 —a

H-ZSM-5 525 58.0 42.0 40.8 33.5 —a

SiO2–Al2O3 525 57.2 42.1 9.5 3.7 0.4

a Less than 0.05%.
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components, mostly BTX, increased with reaction temperature,
probably indicating greater aromatisation of the gaseous
fractions at higher temperatures. The Ga catalyst showed good
stability when reused, as expected from the very small amount
of coke deposited on the catalyst surface (Table 1). The ZSM-
5-type structure of H-Ga-silicate is likely to resist coke
formation.

Ishihara et al.8 reported that the degradation of poly(ethyl-
ene) over silica–alumina proceeds as follows: polymer?oligo-
mer?liquid?gas. We believe the consecutive degradation
mechanism is applicable to the present work and the aromatics
are formed from the oligomer, liquid and/or gas, not directly
from the polymer itself. That is, the aromatisation and cracking
proceed competitively, and their relative contributions deter-
mine the product distributions. Cracking is probably a pre-
dominant reaction with H-ZSM-5, over which the liquid
hydrocarbons corresponding to the aromatic precursors were

converted into gaseous fractions. Thus, the cracking activity of
H-ZSM-5 with strong acidity seems to be too high to give a
good yield of aromatics. On the other hand, H-Ga-silicate has
moderate cracking ability, whilst greatly enhancing aromatisa-
tion via the catalytic action of Ga species on the catalyst
surface.9,10 Aromatisation would predominate over cracking at
high temperature and, hence, the yield of aromatics greatly
increased with reaction temperature. It is therefore reasonable to
consider that a good balance between cracking and aromatisa-
tion activities is the origin of the excellent catalytic performance
of H-Ga-silicate. Both aromatisation routes, by direct dehy-
drocyclisation of the liquid intermediates and by oligomerisa-
tion of gaseous fractions and subsequent cyclisation, must be
involved in the degradation over the Ga catalyst. The latter
should be important at high temperature.

Notes and References

† E-mail: uemichi@muroran-it.ac.jp

1 Y. Uemichi, M. Hattori, T. Itoh, J. Nakamura and M. Sugioka, Ind. Eng.
Chem. Res., 1998, 37, 867.

2 J. Aguado, D. P. Serrano, M. D. Romero and J. M. Escola, Chem.
Commun., 1996, 725.

3 A. R. Songip, T. Masuda, H. Kuwahara and K. Hashimoto, Energy
Fuels, 1994, 8, 136.

4 W. Ding, J. Liang and L. L. Anderson, Energy Fuels, 1997, 11, 1219.
5 Y. Uemichi, Y. Makino and T. Kanazuka, J. Anal. Appl. Pyrolysis,

1989, 14, 331.
6 A. A. Garforth, Y.-H. Lin, P. N. Sharratt and J. Dwyer, Appl. Catal. A,

1998, 169, 331.
7 W. Kaminsky, B. Schlesselmann and C. M. Simon, Polym. Degrad.

Stab., 1996, 53, 189.
8 Y. Ishihara, H. Nanbu, T. Ikemura and T. Takesue, Fuel, 1990, 69,

978.
9 H. Kitagawa, Y. Sendoda and Y. Ono, J. Catal., 1986, 101, 12.

10 Y. Ono, Catal. Rev. Sci. Eng., 1992, 34, 179.

Received in Cambridge, UK, 29th June 1998; 8/04927K

Fig. 2 Carbon number distributions of the products: (+) H-ZSM-5 (525 °C),
(.) H-Ga-Si (400 °C) and (5) H-Ga-Si (525 °C)
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Stabilisation of b-hairpin conformations in a protein surface mimetic using a
bicyclic template derived from (2S,3R,4R)-diaminoproline

Marc E. Pfeifer and John A. Robinson*†

Institute of Organic Chemistry, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland

A trifunctional template, derived by formal coupling of
(S)-aspartic acid and (2S,3R,4R)-diaminoproline (available
from vitamin C) as a diketopiperazine, was incorporated by
solid-phase peptide synthesis into a protein loop mimetic
containing the sequence -Ala-Asn-Pro-Asn-Ala-Ala-; this
was shown by NMR analysis to adopt a stable b-hairpin
conformation in DMSO.

Many proteins exert their biological activity through inter-
actions involving relatively small regions of their exposed
surfaces. Small synthetic molecules that mimic surface features
of proteins are therefore of potential interest in the design of
novel drug candidates. Unlike folded proteins, however, short
linear peptides are inherently flexible molecules. To overcome
this problem, much attention has been focused recently on the
design of templates to constrain peptide chains into biologically
relevant secondary and tertiary structures.1,2 We report here a
novel bicyclic template, comprising a diketopiperazine derived
from aspartic acid and (2S,3R,4R)-diaminoproline, which was
designed to stabilize b-hairpin conformations, as typically
found in protein loops connecting adjacent antiparallel
b-strands.

In previous work,3,4 we described the synthesis of template 1,
and its incorporation into the loop mimetic 2, containing the
NPNA (Asn.Pro.Asn.Ala) motif found in a tandemly repeated
form in the circumsporozoite protein of Plasmodium falci-
parum.5 Based on NMR and MD studies, we could show that 2
adopts a stable b-turn conformation within the NPNA motif,
while the 4-amido N-atom in the 4-aminoproline moiety of the
template prefers a pseudo-equatorial position,3,6 as depicted in
Fig. 1. Here, we set out to introduce an additional amino group
in an axial position at the 3-position of the pyrrolidine ring, as
in 3, which could then be used as an anchoring group to more
accurately position a peptide loop in a b-hairpin geometry, as in
4.

A convenient gram-scale synthesis of (2S,3R,4R)-diamino-
proline was established by exploiting a known route to the
bicyclic b-lactam 5 from vitamin C, which has been imple-

mented already on a multi-kilogram scale in a commercial
synthesis of b-lactamase inhibitors.7 As shown in Scheme 1, 5

Fig. 1 Average solution structures of (a) 2 and (b) 4 deduced by SA (see
text). The side-chains of Ala and Asn, and all hydrogen atoms apart from
peptide NHs, are omitted for clarity. N, O and amide H atoms = white, C
atoms = grey.

Scheme 1 Reagents and conditions: i, PhthH, Ph3P, THF, DEAD (61%); ii,
MeNHNH2, DMF, 80 °C; iii, Bz2O, Et3N, CH2Cl2 (66% over 2 steps); iv,
K2S2O8, Na2HPO4, aq. MeCN, 78 °C (77%); v, Boc2O, Et3N, DMAP,
CH2Cl2 (60%); vi, Na2CO3, aq. THF; vii, CH2N2, Et2O (98% over 2 steps);
viii, H2, Pd/C, DMF (96%); ix, Z-Asp(OBut)-OH, HATU, HOAt, Pri

2EtN,
CH2Cl2 (80%); x, H2, Pd/C, DMF (100%); xi, TFA, CH2Cl2 (89%); xii,
Fmoc-OSucc, Pri

2EtN, CH2Cl2 (60%)
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was converted into 6 by a Mitsunobu reaction8 and exchange of
protecting groups, and the b-lactam ring was then opened to
yield after esterification the orthogonally protected (2S,3R,4R)-
diaminoproline derivative 7. Thereafter, coupling to
Z-Asp(OtBu)-OH, cyclisation to afford the diketopiperazine,
and further manipulation of the protecting groups gave 3 in
good overall yield.

The template 3 could be incorporated into the cyclic peptide
4 using standard solid-phase methods and Fmoc chemistry.9 For
example, 3 was coupled to Tentagel S-AC resin, and the peptide
chain was then elaborated to afford H-Ala-Asn(Mtt)-Pro-
Asn(Mtt)-Ala-Ala-Template-Resin. After cleavage from the
resin with 1% TFA in CH2Cl2, the linear precursor was cyclized
using HATU/HOAt‡ in DMF, and all side-chain protecting
groups were then removed with TFA in CH2Cl2 (35:60) and
TIPS (5% v/v). After purification by HPLC, the cyclic peptide
4 was obtained from 3 in 11% yield.

The preferred conformation of 4 was studied in d6-DMSO (4
has low solubility in water at pH 5) at 305 K, a temperature at
which the amide NH protons are optimally resolved in 1D 1H
NMR spectra. A relatively stable b-hairpin conformation in the
peptide backbone was indicated in NOESY spectra of 4 by
NOEs connecting Ala1 H(a) as well as Asn2 NH with Ala5 NH,
which were not observed in earlier studies3,6 of 2. A b-turn in
the NPNA motif was also indicated, in particular, by a relatively
strong Asn4 to Ala5 dNN NOE, as well as NOEs between Asn2

H(b)s and Ala5 NH, as observed in earlier studies3,4,6 of 2.
Average solution structures were determined by dynamic
simulated annealing§ (SA) using distance restraints derived
from NOE build-up curves in a series of NOESY spectra with
increasing mixing times. The SA structures showed no major
distance restraint violations (e.g. > 0.2 Å) and revealed a well
defined b-hairpin backbone conformation, including a bI turn in
the NPNA motif, as in the representative structure 4 shown in
Fig. 1.

A critical test of the accuracy of the SA structures is to
examine how well they also account for other experimental
data, in particular, 3J coupling constants, relative H/D exchange
rates of amide protons, and amide proton chemical shift
temperature coefficients. Structure 4 predicts intramolecular
hydrogen-bonding across the hairpin, involving the C(b)-NH
with O(d) of the template, as well as Asn2 NH with Ala5 CO
(indicated by dotted lines in 4 and in Fig. 1). We observe very
low amide proton temperature coefficients for these two amide
NH groups, as well as relatively slow amide NH exchange rates,
measured in d6-DMSO with 10% v/v d4-methanol (Table 1),
data which indicate the involvement of these NH groups in
intramolecular hydrogen-bonding. In addition, the 3J values for

protons in the template, in particular within the diaminoproline
moiety, show values consistent with the geometry found in the
SA structures, with the C(b)-NH axial, and the C(g)-NH
equatorial. To a first approximation, therefore, the experimental
data are interlocking and consistent with the derived SA
structures, which indicate a significantly populated b-hairpin
conformation in the backbone of 4. The molecule should not be
viewed as rigid, however, and MD simulations may provide a
more detailed description of allowed conformational dynamics
on the MD time-scale in this system.

Studies are now underway to determine how general this
approach is to the construction of conformationally defined
b-hairpin loop mimetics of diverse size and sequence. The
amino functionality at C(g) in the template may be useful in this
context to allow its attachment to a solid-support for solid-phase
syntheses, as well as for coupling to other carrier molecules.

The authors thank the Swiss National Science Foundation for
financial support, and Dr Pflieger, F. Hoffmann-La Roche,
Basel, for a generous gift of compound 5.
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‡ Abbreviations: HATU = O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetra-
methyluronium hexafluorophosphate; HOAt = 1-hydroxy-7-azabenzo-
triazole; TIPS = triisopropylsilane.
§ The method used for SA calculations has been described in detail
elsewhere (refs. 3 and 6).
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Table 1 Temperature coefficientsa (2Dd/T), H/D exchange ratesb (t1/2) for amide protons, and 3J coupling constantsc measured for 4

3J/Hz

Residue 2(Dd/T)/ppb K21 t1/2/min 3Ja,NH
3Ja,b

3Jb,g 3Jg,d

Ala1 6.0 33 7.5 6.9 — —
Asn2 3.2 280 7.6 5.0, 4.1 — —
Asn4 1.4 350 9.4 10.3, 3.9 — —
Ala5 0.0 260 7.0 6.8 — —
Ala6 5.1 23 9.1 6.9 — —
dApro7 1.9d 4.2e > 104 d 240e 8.9d 7.0e 3.5 4.3 10.1, 9.6
Asp8 5.1 4.5 < 2.0 3.1, 4.1 — —

a The temperature coefficients for the peptide amides are given; dApro7 refers to the diaminoproline and Asp8 to the aspartate moieties, respectively, of the
template. Measurements were made in d6-DMSO in the range 295–320 K. b The half-lifes (t1/2) of amide resonances were determined by fitting residual peak
intensities after dissolution in d6-DMSO + 10% d4-methanol to an exponential function. The exchange rates may be classified as: fast [Asp8 NH and Asn2/
Asn4 side chain NHs (data not shown)]; medium (Ala1, Ala6); slow [Asn2, Asn4, Ala5, dApro7 C(g)-NH]; and very slow [dApro7 C(b)-NH]. c Measured using
1D and/or E.COSY spectra. d For C(b)-NH. e For C(g)-NH
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Unsymmetric dipnictenes—synthesis and characterization of
MesPNEC6H3-2,6-Trip2 (E = As or Sb; Mes = C6H2-2,4,6-Me3, Trip =
C6H2-2,4,6-Pri

3)

Brendan Twamley and Philip P. Power*

Department of Chemistry, University of California, Davis, California  95616, USA

The use of terphenyl substituents enables the isolation of
unsymmetrical dipnictenes with PNAs or PNSb double bonds
by a new synthetic route.

The first stable diphosphene Mes*PNPMes* (Mes* = C6H2-
2,4,6-But

3) was synthesized by Yoshifuji and coworkers in
1981, via the magnesium reduction of Mes*PCl2 in THF.1 Since
that report many further examples of diphosphenes2 have been
synthesized. In contrast, the number of analogous compounds
involving double bonds to the heavier pnictogens has remained
quite small. For example, there are only two structurally
characterized molecules with As–As double bonds,3 and just
one with a P–As double bond.4 Stable compounds with Sb–Sb5a

and Bi–Bi5b double bonds have only been reported recently.
The latter were synthesized by a novel synthetic method
involving the deselenation of 1,3,5,2,4,6-triselenatrispnictane
(ArESe)3 (Ar = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl, E
= Sb or Bi), whereas the related phosphorus or arsenic species,
i.e. diphosphenes, diarsenes and phosphaarsenes, have usually
been prepared via reduction with magnesium or sodium
naphthalenide or in the case of the unsymmetrical compounds,
by the coupling of ArECl2 and ArAEAH2 in the presence of DBU
(1,8-diazabicyclo[5.4.0]undec-7-ene).4,6,7a Other methods for
synthesizing phosphaarsenes have used Me3SiCl elimina-
tion7b–d or coupling of the RECl2 (E = P, As) precursors in the
presence of ButLi.7e Currently, there is only one report of a
phosphastibene, Mes*PNSbCH(SiMe3)2,4,6 which was synthe-
sized by the coupling of Mes*PH2 with (Me3Si)2CHSbCl2.
However this compound is unstable under ambient conditions
and it was characterized by high resolution mass spectrometry
and 31P NMR. Using a novel direct elimination method, we now
report the isolation of the stable unsymmetric phosphastibene
MesPNSbC6H3-2,6-Trip2 (1) and phosphaarsene MesPN
AsC6H3-2,6-Trip2 (2) (Trip = 2,4,6-Pri

3).
Reaction of the dilithiophosphide Li2PMes8 in a 1 : 1

stoichiometry with 2,6-Trip2H3C6ECl2 (E = Sb, As) in Et2O at
278 °C affords the corresponding phosphastibene
MesPNSbC6H3-2,6-Trip2 (1) and phosphaarsene MesPN
AsC6H3-2,6-Trip2 (2) (see Scheme 1). Both 1 and 2 were

isolated† in low but reproducible yields of 1% and 7%
respectively, and their structures were determined by X-ray
crystallography (see Figs. 1 and 2).‡

Compound 1 is the first example of a stable species with a
P–Sb double bond [P–Sb = 2.335(2) Å]. The molecule has a
trans configuration with a Sb–C bond distance of 2.174(7) Å
and C–Sb–P and C–P–Sb angles of 100.9(2) and 95.7(3)°. There
is a torsion angle of 4.2° in the C(37)–P(1)–Sb(1)–C(1) array.
The 31P NMR spectrum displays a singlet at 543 ppm which is
77 ppm upfield from Mes*PNSbCH(SiMe3)2 (620 ppm),4,6

which demonstrates the shielding effect of the bulky terphenyl
substituent. In the solid state 2, which also has a trans
conformation, has an As–P bond distance of 2.134(2) Å. The
As–C bond distance is 1.975(6) and C–As–P and C–P–As
angles are 101.4(2)° and 96.7(2)° respectively. These parame-
ters are in reasonable agreement with the only other structurally
characterized analogue Mes*PNAsCH(SiMe3)2

4,6 which has an

Scheme 1 Synthesis route to unsymmetric dipnictenes

Fig. 1 ORTEP diagram of the structure of 1 (30% probability). H atoms
omitted for clarity.

Fig. 2 ORTEP diagram of the structure of 2 (30% probability). H atoms
omitted for clarity.
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As–P distance of 2.125(1) Å, and C–As–P, C–P–As angles of
101.35(9)°, 96.37(9)°. 2 has a torsion angle of 3.2° for the array
C(37)–P(1)–As(1)–C(1). The 31P NMR spectrum of 2 shows a
sharp singlet at 534 ppm which is 41 ppm upfield from that of
Mes*PNAsCH(SiMe3)2 (575 ppm) and is almost identical to
those of (Me3Si)2CHPNAsMes* (533 ppm),6 and ArPNAsAr
(537 ppm) Ar = 2,6-dimesityl-4-methylphenyl.7a

The As–P and Sb–P bonds are ca. 8% shorter than the
calculated covalent single bond distances (2.33 and 2.54 Å)9

which indicates considerable double bond character. The
percentage shortening is comparable to that seen in symmetrical
double bonded compounds.2 In addition 1 and 2 display bond
angles of 100.9(2) and 101.35(9)° at antimony and arsenic and
narrow angles of 95.7(3) and 96.7(2)° at the phosphorus atoms.
The wider angles at arsenic and antimony are somewhat
surprising but are probably due to the larger size of the aryl
substituents at these atoms. It may be noted that the angles at all
the pnictogens are considerably smaller than would be expected
for approximately sp2 hybridization, indicating a concentration
of s-character in the lone pair orbitals.

The electronic spectra for 1 and 2 each exhibit two absorption
maxima, 512 nm (e 373), 397 nm (e 3417) and 467 nm (e 216),
356 nm (e 2477) respectively. The spectrum of 2 closely
matches those of Mes*PNAsCH(SiMe3)2 [454 nm (e 280), 353
nm (e 7500],4 and ArPNAsAr [463 nm (e 870), 385 nm (e 9549)
(Ar = 2,6-dimesityl-4-methylphenyl)], 7a whereas the spectrum
of 1 shows a characteristic red-shift for double-bond systems of
heavier group 15 elements as seen in e.g. ArSbNSbAr,5a 599 nm
(e 170), 466 nm (e 5200) and ArBiNBiAr,5b 660 nm (e 100), 525
nm (e 4000), where Ar = C6H2-2,4,6-{CH(SiMe3)2}3.

The reaction of 2,6-Trip2H3C6BiCl2 with either Li2PMes or
H2PMes with DBU does not lead to the formation of the
bismuth analogue MesPNBiC6H3-2,6-Trip2. Instead, the purple
symmetrical dibismuthene 2,6-Trip2H3C6BiNBiC6H3-2,6-Trip2
is formed. The details of this structure as well as those of the
corresponding distibenes, diarsenes, and diphosphenes will be
reported in the near future.

We thank the National Science Foundation for financial
support.
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† Experimental: 1: under anaerobic and anhydrous conditions, a solution of
2,6-Trip2H3C6SbCl2 (0.5 g, 0.74 mmol), in Et2O (40 mL) was added to a
suspension of MesPLi2 (0.122 g, 0.74 mmol) in Et2O (20 mL) at 278 °C,
dropwise (10 min). The mixture was stirred at 278 °C (1 h) before warming
to room temperature and stirred overnight. The solvent was removed in
vacuo and the orange residue was extracted with hexane (40 mL) and
filtered through Celite to give a deep orange solution. Concentration of the
solution and prolonged cooling at 225 °C for 15 days yielded orange
crystalline 1, 62 mg, 1%. Mp 184–188 °C. 1H NMR (300 MHz, C6D6) d
1.15 [d, 12H, o-CH(CH3)2, 3JHH = 6.9 Hz], 1.23 [d, 12H, p-CH(CH3)2,
3JHH = 6.9 Hz], 1.36 [d, 12H, o-CH(CH3)2, 3JHH = 6.9 Hz], 1.97 (s, 6H
o-Me), 2.18 (s, 3H, p-Me), 2.798 [sept., 2H, p-CH(CH3)2, 3JHH = 6.9 Hz],
3.20 [sept., 4H, o-CH(CH3)2, 3JHH = 6.9 Hz], 6.73 (s, 2H, m-Mes),  7.13 (s,
4H, m-Trip),  7.32 [t, 1H, p-C6H3, 3JHH = 7.4 Hz], 7.46 (d, 2H, m-C6H3,
3JHH = 7.2 Hz). 13C{1H} NMR (75 MHz, C6D6) d 20.66 (Mes-CH3), 22.3
[o-CH(CH3)2], 24.29 [p-CH(CH3)2], 26.53 [o-CH(CH3)2], 31.33
[o-CH(CH3)2], 34.78 [p-CH(CH3)2], 121.14 (m-Trip), 128.28 (p-C6H3),
129.27 (m-C6H3), 130.02 (m-Mes), 137.43 (i-Trip), 137.73 (o-C6H3),
138.69 (o-Mes), 146.78 (p-Trip, p-Mes), 147.19 (o-Trip), 149.32 (d, i-Mes-

P, JCP = 5.7 Hz), 201.56 (i-C6H3). 31P{1H} NMR (121.7 MHz C6D6) d 543.
UV–VIS. (lmax, e) 512 nm, 373; 398 nm, 3417. 2: this compound was
prepared in a similar manner to that described for 1; 2,6-Trip2H3C6AsCl2
(0.5 g. 0.79 mmol) and MesPLi2 (0.131 g. 0.79 mmol) were reacted in Et2O
and 2 was isolated as pale orange crystals 40 mg, 7%. Mp 239–241 °C. 1H
NMR (300 MHz, C6D6) d 1.16 [d, 12H, o-CH(CH3)2, 3JHH = 6.6 Hz], 1.25
[d, 12H, p-CH(CH3)2, 3JHH = 6.9 Hz], 1.32 [d, 12H, o-CH(CH3)2, 3JHH =
6.9 Hz], 1.82 (s, 6H, o-Me), 2.04 (s, 3H, p-Me), 2.82 [sept., 2H,
p-CH(CH3)2, 3JHH = 6.9 Hz], 3.16 [sept., 4H, o-CH(CH3)2, 3JHH = 6.9
Hz], 6.62 (s, 2H, m-Mes), 7.13 (s, 4H, m-Trip), 7.28 (t, 1H, p-C6H3, 3JHH =
7.35 Hz), 7.38 (d, 2H, m-C6H3, 3JHH = 7.35 Hz). 13C{1H} NMR (75 MHz,
C6D6) d 20.86 (Mes-CH3), 22.6 [o-CH(CH3)2], 24.37 [p-CH(CH3)2], 26.4
[o-CH(CH3)2], 31.43 [o-CH(CH3)2], 34.783 [p-CH(CH3)2], 121.06
(m-Trip), 128.15 (p-C6H3), 128.85 (m-C6H3), 130.03 (m-Mes), 137.63
(i-Trip), 137.99 (o-C6H3), 138.4 (o-Mes), 146.68 (p-Trip, p-Mes), 147.07
(o-Trip), 144.59 (d, i-Mes-P, JCP = 4.3 Hz). 31P{1H} NMR (121.7 MHz
C6D6) d 534. UV–VIS. (lmax, e) 467 nm, 216; 356 nm, 2477.
‡ Crystal data at 130 K with Cu-Ka (l = 1.54170 Å) radiation: 1
C45H60PSb, M = 753.65, triclinic, space group P1̄, a = 12.848(3), b =
13.095(3), c = 13.642(3) Å, a = 102.97(3), b = 112.31(3), g = 96.31(3)°,
V = 2020.2(7) Å3, Z = 2, Dc = 1.239 Mg m23, m = 5.986 mm21, scan type
2q, q range 3.55 to 56.25°. GoF on F2 1.027 for 5307 unique observed data
and 434 parameters, R1 6.04%, wR2 13.46%; 2 C45H60PAs, M = 706.82,
triclinic, space group P1̄, a = 12.846(2), b = 12.918(3), c = 13.806(4) Å,
a = 114.606(16), b = 102.508(17), g = 93.932(16)°, V = 2000.7(8) Å3,
Z = 2, Dc = 1.173 Mg m23, m = 1.725 mm21, scan type 2q, q range 3.58
to 56.45°. GoF on F2 1.017 for 5272 unique observed data and 439
parameters, R1 6.96%, wR2 13.31%. Solution and refinement (full matrix
least-squares on F2) were performed using SHELXTL Plus 1994. CCDC
182/967.
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A macrocyclic [60]fullerene–porphyrin dyad involving p–p stacking
interactions

Elke Dietel,a Andreas Hirsch,*a Emerich Eichhorn,b Anton Rieker,b Steffen Hackbarthc and Beate Röderc

a Institut für Organische Chemie, Universität Erlangen-Nürnberg, Henkestraße 42,  D-91054 Erlangen, Germany
b Institut für Organische Chemie, Universität Tübingen, Auf der Morgenstelle 18, D-72076 Tübingen, Germany
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The very regioselective twofold cyclopropanation of C60
with a porphyrin bismalonate leads to a C2 symmetrical
[60]fullerene–porphyrin dyad with pronounced electronic
interactions between the two p–p stacked chromophores.

In a project aimed at the synthesis of stereochemically defined
architectures involving fullerene and porphyrin building
blocks1 we became interested in the development of a model
compound with a face-to-face arrangement of the two
p-systems and an electronic interaction between the two
chromophores. In order to achieve this goal, we decided to
restrict the conformational freedom within a dyad by introduc-
ing two covalent linkages via a tether controlled synthesis2 with
the porphyrin itself being an integral part of the tether.

For this purpose we synthesized the bifunctionalized por-
phyrin 1 using a mixed aldehyde approach (Scheme 1).3
Benzaldehyde, 3-[2-(methoxymalonyloxy)ethoxy]benzalde-
hyde and pyrrole were stirred with BF3·Et2O as catalyst and
Ph4PCl in CH2Cl2 for one hour. After the addition of chloranil
the mixture was refluxed for another hour. Separation of 1 from
other reaction products required repeated purification with
column chromatography (silica gel, CH2Cl2–ethyl acetate
20 : 1). The free base porphyrin was converted into the

metallated compound 2† by stirring with ZnCl2 in refluxing
acetone. 2 was attached to C60 via a twofold cyclopropanation
achieved by the action of iodine and DBU.4 This bisaddition
proceeds with outstanding regioselectivity, since next to
uncharacterized oligomeric material, bisadduct 3 with a trans-2
addition pattern (out–out isomer2) was formed as the only
regioisomer (HPLC) and isolated in 41% yield by flash
chromatography (silica gel, toluene–ethyl acetate 9 : 1).

The dyad 3 was completely characterized‡ allowing for an
unambiguous structure assignment. The symmetry of 3 is C2.
This is clearly reflected by the splitting of the porphyrin signals
to a doublet, for example four signals instead of two observed in
2 for the b-pyrrole C atoms at 131.74, 131.79, 132.03 and
132.08 ppm. Moreover, the C2 symmetric binding of the tether
is revealed by only one signal for the equivalent methoxy
protons at 53.87 ppm, two signals for the two different carbonyl
groups at 163.49 and 163.53 ppm, two signals for the two
different sp3-C atoms at 70.06 and 70.72 ppm and 26 resolved
signals for the 28 different sp2-C atoms of the fullerene core.
Next to the cis-3 and trans-3 adducts (with in–in or out–out
bridging and C2 symmetry) the depicted structure of 3 is the
only one consistent with the NMR spectra. The correct structure
assignment of 3 as the trans-2 out–out isomer was provided by
a combination of molecular mechanics calculations and UV/
VIS spectroscopy: (1) the other C2 symmetric isomers are
inaccessible for this tether (MM+ force field), since their strain
energy is considerably higher; (2) each addition pattern gives
rise to a characteristic electronic absorption spectrum in both
the visible and the UV part.5 The latter is not covered by the
absorptions of the porphyrin moiety and therefore the presence
of a trans-2 addition pattern within 3 is unambiguously revealed
by the comparison with the UV/VIS spectra of a variety of series
of corresponding bisadducts.5

Scheme 1
Fig. 1 Space-filling model of the PM3 (Spartan 4.1) calculated structure of
3. The meso-phenyl ring in the front is omitted for clarity.

Chem. Commun., 1998 1981



OMe

O

O

5

O
O

N
N

N
N

Ph

Ph

Ph
Zn

In the MM+ minimized structure of 3 (Fig. 1) the average
distance between the four pyrrole N atoms and the Zn atom of
the macrocycle and their nearest neighbours on the fullerene
moiety is 3.4 Å. The shortest distance between the Zn atom and
a fullerene C atom is only 3.0 Å and therefore even shorter than
the interplanar distance in graphite.

Electroanalytical investigations on 3 using cyclic voltam-
metry and differential pulse voltammetry reveal two oxidative
and six reductive electron transfer processes which are also
present in either the parent porphyrin 2 or the trans-2-bis(di-
ethylmalonate) 4.5 Only slight shifts, for example of 16 mV, to
a more negative potential for the first porphyrin oxidation are
detected.§ Compared with 2 the Soret- and Q-bands of 3 show
a bathochromic shift and decrease of the molar absorption
coefficients indicating a considerable photoinduced interaction
between the two chromophores (Fig. 2). Also photophysical
analyses of 3 reflect the close proximity and stacking interaction
between the corresponding p-systems. Time-dependent lumi-
nescence measurements reveal a complete quenching of the
typical porphyrin fluorescence with a maximum at about 500
nm which is present in the monoadduct dyad 5.1 However, a

new luminescence band at 850 nm was found. The lumines-
cence intensity increases with decreasing temperature. The
luminescence decay can be fitted double exponentially with the
decay times t1 = 2.84 ns and t2 = 0.42 ns. The relative
amplitudes of the decay times were calculated to be 2.12 : 1.

This, together with a complete lack of photosensitized 1O2
generation typical for porphyrins,6 C60 and many of its
derivatives,7 suggests an efficient photoinduced energy transfer
from the porphyrin to the fullerene.

Detailed comparative investigations on electron and energy
transfer processes of 3 and related systems including those with
different central metals and additional addends like electron
acceptors and dendrimers are currently under way.

We thank the ‘Volkswagen Stiftung’ for financial support.

Notes and references

† Detailed procedures for the synthesis and spectroscopic data of 1 and 2
will be reported elsewhere.
‡ Spectroscopic data for 3: 1H NMR (400 MHz, CDCl3, 25 °C) d 8.82–8.75
(8 H, m), 8.27 (2 H, d), 8.19 (2 H, d), 7.93 (2 H, d), 7.80–7.64 (10 H, m),
7.37 (2 H, d), 5.15 (2 H, dt), 4.77 (2 H, dt), 4.49 (4 H, t), 3.93 (6 H, s); 13C
NMR (100.5 MHz, CDCl3, 25 °C) d 163.53, 163.49, 156.57, 150.19,
150.08, 150.04, 147.91, 145.07, 144.98, 144.67, 144.60, 144.03, 143.47,
143.43, 142.81, 142.74, 142.63, 142.33, 142.08, 142.00, 141.82, 141.62,
141.51, 141.44, 141.38, 141.33, 141.16, 140.85, 140.74, 139.96, 139.59,
138.44, 138.41, 138.00, 137.95, 137.91, 134.40, 134.15, 132.08, 132.03,
131.79, 131.74, 127.72, 127.41, 126.77, 126.55, 126.42, 125.27, 121.40,
120.43, 115.17, 70.72, 70.06, 67.30, 65.11, 53.87, 49.16; UV/VIS
lmax(CH2Cl2)/nm (e/dm3 mol21 cm21) 240 (109000), 260 (110200), 315
(50900), 407 (sh, 38400), 429 (273900), 552 (26200); FT-IR (KBr) n/cm21

3053, 3021, 2950, 2922, 2867, 1750, 1596, 1576, 1480, 1433, 1237, 1108,
1069, 1003, 796, 702, 527; FAB-MS m/z 1714 (M+).
§ Formal potentials (E°/V): 2 Eox

1 = 0.273, Eox
2 = 0.712, Ered

1 = 21.898,
Ered

2 = 22.234; 3 Eox
1 = 0.257, Eox

2 = 0.712, Ered
1 = 21.156, Ered

2 =
21.487, Ered

3 = 21.741, Ered
4 = 21.898, Ered

5 = 22.085, Ered
6 =

22.300; 4 Ered
1 = 21.102, Ered

2 = 21.467, Ered
3 = 21.910, Ered

4 =
21.987, Ered

5 = 22.325. The redox potentials E° were determined from
cyclic voltammograms (mean value of corresponding Ep

r and Ep°) and
differential pulse voltammograms in 0.22 mmolar solutions of 3 in CH2Cl2–
NBu4PF6 (0.1 M) at Pt/Ir using a Ag–AgClO4 (0.01 M)/NBu4PF6 (0.01
M)/acetonitrile reference electrode and were recalculated against internal
Fc/Fc+ (DV = 0.21 V).

Note added in proof. A macrocyclic trans-1 fullerene–porphyrin
conjugate was recently obtained by F. Diederich (personal communica-
tion).
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Fig. 2 Electronic absorption spectra of 2 (dashed line) and 3 in CH2Cl2 at c
= 3.5 3 1026 mol dm23.
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Rhodium catalysed diboration of unstrained internal alkenes and a new and
general route to zwitterionic [L2Rh(h6-catBcat)] (cat = 1,2-O2C6H4)
complexes†

Chaoyang Dai,a Edward G. Robins,b Andrew J. Scott,c William Clegg,c Dmitri S. Yufit,b Judith A. K. Howardb

and Todd B. Marder*a,b
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Reactions of [L2Rh(acac)] (L = alkene or phosphine) with
B2cat3 yield the zwitterionic complexes [L2Rh(h6-catBcat)]
and [(acac)Bcat] cleanly; [(dppm)Rh(h6-catBcat)], the
X-ray structure of which is reported, is an excellent catalyst
for the diboration of vinylarenes and unstrained internal
alkenes cis- and trans-stilbene and trans-b-methylstyrene.

Catalysed 1,2-diborations of alkynes, 1,4-diboration of
1,3-dienes and a,b-unsaturated ketones, as well as additions of
B–Si and B–Sn bonds to alkynes, a,w-diynes and enynes have
been the subject of a recent review.1 These reactions are
catalysed by platinum or palladium complexes and usually a
single catalytic pathway leads to a single product. In contrast,
the catalysed diboration of alkenes can lead to up to nine
products owing to the competition between B–C reductive
elimination and b-hydride elimination from the
LnM(Bcat)[CHRCHRA(Bcat)] intermediate formed by alkene
insertion into the M–B bond. Initially, we examined2

[(dppb)Rh(h6-catBcat)], [dppb = Ph2P(CH2)4PPh2] an out-
standing hydroboration catalyst,3 for the addition of B2cat2 to
4-vinylanisole and obtained the desired 1,2-diboration product
4-MeOC6H4CH(Bcat)CH2(Bcat) in 44% yield. The remaining
products included 23% of 4-MeOC6H4CH(Bcat)CH3 and 22%
of the unusual 2,2,2-tris(boronate) ester 4-MeOC6H4CH2C(B-
cat)3, both arising from intermediates generated by the
b-hydride elimination process. A catalyst system composed of
[AuCl(PEt3)] + Cy2P(CH2)2PCy2 gave exclusive formation of
the 1,2-bis(boronate) ester; however, catalyst activity and
stability were lower than desired. Miyaura and coworkers4

reported the addition of B2pin2 (pin = OCMe2CMe2O) to
terminal alkenes and cyclic alkenes having internal ring strain
using a catalytic amount of Pt(dba)2 at 50 °C, but attempts to
diborate internal alkenes such as stilbene were unsuccessful.
Iverson and Smith5 reported similar results using Pt(cod)2 or
Pt(norbornene)3 as catalyst precursors at ambient temperatures.
Clean diboration was observed for norbornene and norborna-
diene, but not for other internal alkenes, apparently as a result of
complications arising from b-hydride elimination. In addition,
neither of the base-free Pt systems is appropriate for modifica-
tion with chiral ligands. We report herein the first catalyst
system capable of diborating internal alkenes including cis- and
trans-stilbene, and trans-b-methylstyrene without significant
by-products.

Several zwitterionic [L2Rh(h6-catBcat)] complexes had been
prepared previously3 by addition of HBcat to either [L2Rh(h3-
2-Me-allyl)] or [L2Rh(acac)] precursors; however, with L =
arylphosphine the reaction had to be carried out under
hydroboration conditions (i.e. in the presence of excess alkene
and HBcat) in order to isolate the [(dppb)Rh(h6-catBcat)]
cleanly. In addition, this approach is obviously inappropriate for
L2 = (alkene)2 or diene. We have now found that reactions
(Scheme 1) of [L2Rh(acac)] with B2cat3 yield quantitatively the
zwitterionic complexes [L2Rh(h6-catBcat)] [L2 = (C2H4)2 1a,

(C8H14)2 1b, cod 1c, (PPh2Me)2 1d, dppm 1e, dppe 1f, dppp =
Ph2P(CH2)3PPh2 1g, dppb 1h, dppf = 1,1-bis(diphenylphos-
phino)ferrocene 1i] and (acac)Bcat 2 as evidenced by 1H, 11B,
and 31P NMR spectroscopy, full details of which will be
reported elsewhere.

Of particular interest is the fact that 4 mol% of
[(dppm)Rh(h6-catBcat)] 1e,‡ prepared in situ from
[(dppm)Rh(acac)] and B2cat3 in THF, and whose molecular
structure§ is shown in Fig. 1, catalyses the diboration of
(addition of B2cat2 to) vinylarenes, norbornene and the

Scheme 1 Synthesis of zwitterionic rhodium complexes

Fig. 1 View of the molecular structure of [(dppm)Rh(h6-catBcat)] 1e with
ellipsoids shown at 50% probability and H atoms omitted for clarity.
Selected distances (Å) and angles (°) Rh(1)–P(1) 2.2332(5), Rh(1)–P(2)
2.2134(5); P(1)–Rh(1)–P(2) 72.938(17).
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unstrained internal alkenes cis and trans-stilbene and trans-
b-methylstyrene at room temp. (Table 1).¶ Syn-addition of the
B2 unit to the alkene was evident in the NMR spectra of the
norbornene diboration product (entry d). A crystal structure§ of
the trans-stilbene diboration product (entry f) is also consistent
with syn-addition. The disorder observed in the crystal structure
results from the apparent superposition in space of the two
enantiomers of the racemic compound; attempts to solve the
structure based on the meso-model gave an unreasonable central
C–C bond length. Likewise, in CD2Cl2, the signal for the unique
benzylic C–H proton at d 3.71 is distinct from that for the cis-
stilbene diboration product (entry g) which occurs at d 3.78 the
latter thus being assigned to the meso compound. Diboration of
trans-b-methylstyrene (entry e) proceeds in > 99% yield,¶
generating two adjacent and distinct chiral carbon centres.

Significantly reduced hapticity of the p-coordinated cate-
cholate must be required in order to generate vacant sites for
alkene and B–B activation. Although reaction times were found
to be somewhat longer than in THF, the diborations can also be
carried out in less polar C6D6 suggesting that complete
dissociation into L2Rh+ and [Bcat2]2 is unlikely. The success of
the dppm based catalyst system compared with the dppb system
indicates that the relative rates of B–C reductive elimination vs.
b-hydride elimination are a sensitive function of the bite angle
of the chelating phosphine ligand.

This is the first report of the catalysed diboration of
unstrained internal alkenes and of an efficient phosphine-

containing catalyst system for alkene diboration. Further work
will examine the mechanism of the reaction, the diboration of
other unsaturated substrates and the use of chiral bis(phos-
phine)-containing zwitterionic Rh complexes for asymmetric
diboration reactions.
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EPSRC for an equipment grant, A. J. S. thanks EPSRC for a
studentship, and J. A. K. H. thanks the University of Durham for
a Sir Derman Christopherson Fellowship.

Notes and References

† Dedicated to Professor Warren Roper on the occasion of his 60th birthday.
Preliminary results were presented at the Fifth Chemical Congress of North
America, Cancun, Mexico, November 1997, Abstract No. 1493.
‡ NMR spectroscopic data for 1e in C6D6: 31P{1H}, d 222.97 (d, 1JRhP

184.6 Hz); 11B{1H}, d 15.76; 1H, d 3.62 (td, 3JRhH 2.0, 2JPH 10.8 Hz, 2 H,
CH2), 4.74 (m, 2 H, h6-C6H4O2), 6.28 (m, 2 H, h6-C6H4O2), 6.60 (m, 1 H,
C6H4O2), 6.76 (overlapping m, 2 H, C6H4O2), 6.87–7.13 (overlapping m, 13
H, C6H4O2 and C6H5), 7.65 (m, 8 H, C6H5).
§ Crystal data: for 1e from C6D6: C37H30BO4P2Rh·C6D6, M = 798.42,
orthorhombic, space group P212121, a = 13.2932(7), b = 15.2327(8), c =
17.8046(10)Å, U = 3605.3(3)Å3, Z = 4, Dc = 1.471 g cm23, m(Mo-Ka)
= 0.606 mm21, T = 160 K. Full-matrix least-squares refinement on F2

(G. M. Sheldrick, SHELXTL manual, Bruker AXS Inc., Madison, WI,
USA, 1994, version 5) anisotropic for all non-H atoms and isotropic for H
(461 parameters) using 8415 unique data (including 3634 Friedel pairs;
26 554 total collected; Rint = 0.0251) from a Bruker AXS SMART CCD
diffractometer (q < 28.46°) gave R1 [I > 2s(I)] = 0.0212, wR2 (all data) =
0.0473. Residual electron density within ± 0.28 e Å23.

For rac-PhCH(Bcat)CH(Ph)(Bcat) from [2H8]THF: C26H20B2O4·C4D8O,
M = 498.16, monoclinic, space group P21/m, a = 6.1548(5), b =
19.853(2), c = 10.4004(9)Å, b = 95.933(3)°, U = 1264.1(2) Å3, Z = 2, Dc

= 1.309 g cm23, m(Mo-Ka) = 0.085 mm21, T = 100 K. Full-matrix least-
squares refinement on F2 as above, anisotropic for all non-disordered non-H
atoms, isotropic for H and disordered atoms with disordered H atoms not
included in the refinement (198 parameters) using 2970 unique data (14 317
total collected; Rint = 0.060) (q < 27.50°) gave R1 [I > 2s(I)] = 0.0827,
wR2 (all data) = 0.1931. Residual electron density within ± 0.572 e Å23.
CCDC 182/949.
¶ A representative procedure for the diboration of trans-b-methylstyrene: in
a N2-filled glove-box, [(acac)Rh(dppm)] (0.010 mmol) and B2cat3 (0.010
mmol) were charged into a 20 ml vial and dissolved in THF (0.5 ml). The
solution was stirred rapidly for ca. 5 min and then a solution of trans-
b-methylstyrene (0.250 mmol) in THF (0.5 ml) was added. Finally, B2cat2
(0.250 mmol) was added portionwise and the resulting reaction mixture
allowed to stir rapidly at room temperature. Aliquots (1 ml) were removed
regularly to monitor the disappearance of alkene via GC–MS. Crude
product was isolated by reduction of the THF volume by ca. 50% followed
by addition of n-hexane (2–3 ml). Spectroscopic data for PhCH(Bcat)CH-
(Me)(Bcat) in C6D6: 1H NMR, d 1.12 (d, 3 H, J 7.5 Hz), 2.39 (dq, 1 H, J
11.4, 7.5 Hz), 3.05 (d, 1 H, J 11.4 Hz), 6.69 (m, 4 H), 6.88 (m, 4 H), 7.02
(m, 1 H), 7.14 (m, 2 H), 7.29 (m, 2 H). 11B{1H} NMR, d 35.6 (br s, 2B).
HRMS. Calc. for C21H18B2O4: m/z 356.1391. Found m/z 356.1391.

1 T. B. Marder and N. C. Norman, Top. Catal., 1998, 5, 63.
2 R. T. Baker, P. Nguyen, T. B. Marder and S. A. Westcott, Angew. Chem.,

Int. Ed. Engl., 1995, 34, 1336; Angew. Chem., 1995, 107, 1451.
3 S. A. Westcott, H. P. Blom, T. B. Marder and R. T. Baker, J. Am. Chem.

Soc., 1992, 114, 8863.
4 T. Ishiyama, M. Yamamoto and N. Miyaura, Chem. Commun., 1997,

689.
5 C. N. Iverson and M. R. Smith III, Organometallics, 1997, 16, 2757.
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Table 1 [(acac)Rh(dppm)]/B2cat3-catalyzed diboration of alkenesa

a All reactions were carried out in THF or [2H8]THF at room temp. in the
presence of 4 mol% catalyst [(acac)Rh(dppm)]/B2cat3, and alkene : B2cat2
= 1:1; product yields determined by 1H and 13C NMR spectroscopy.
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Catalytic asymmetric Diels–Alder reactions of a-thioacrylates for the
preparation of norbornenone

Varinder K. Aggarwal,*a† Emma S. Anderson,a D. Elfyn Jones,a Kerstin B. Obiereya and Robert Gilesb

a Department of Chemistry, University of Sheffield, Sheffield, UK S3 7HF
b SmithKline Beecham, Old Powder Mills, Tonbridge, Kent, UK TN11 9AN

CuII–bisoxazoline complexes catalyse the asymmetric Diels–
Alder cycloaddition of a-thioacrylates with cyclopentadiene
to give the cycloadducts in up to 92% yield, 88% de and
> 95% ee for the endo product; deprotection gives good
yields of (1S,4S)-norbornenone with high enantioselectiv-
ity.

The catalytic asymmetric Diels–Alder reaction has been an area
of considerable interest over the last two decades and a large
number of metals, ligands and dienophiles have been studied.1–4

The most successful systems have common features associated
with them: a bidentate ligand which complexes to the metal and
a dienophile which acts as a two point binder to the ligand–
metal complex.5–7 Two point binding of both the ligand to the
metal and dienophile to the complex results in limiting the
number of accessible conformations of the dienophile bound to
the Lewis acid and can result in high enantioselectivity.

We have been interested in developing ketene equivalents for
Diels–Alder reactions8 and have therefore sought dienophiles
that could be easily converted to carbonyl compounds. To
achieve good levels of enantioselectivity we also needed
dienophiles that could act as two point binders to appropriate
metals. a-Thioacrylates seemed ideal for our purpose as it was
known that a-methylthioacrylates underwent Diels–Alder reac-
tions with cyclopentadiene, for example, and that the adducts
could be readily converted into norbornenones.9–11 Such
dienophiles may also act as two point binders to appropriate
metals through carbonyl and sulfur coordination. We therefore
prepared a range of a-thioacrylates.12 We chose copper as the
metal due to its known propensity to bind to both the sulfide and
ester moieties and as ligands we chose bisoxazolines13,14 due to
the success of copper–bisoxazoline complexes in Diels–Alder
reactions.15–25

Diels–Alder reactions were conducted between cyclopenta-
diene and the various acrylates26 using the copper bisoxazoline
complex 827 (Scheme 1) and the results are shown in Table 1.

It was found that the selectivity of the Diels–Alder reaction
was highly dependent on the nature of the ester and thio

substituent. Higher selectivity was obtained with phenylthio-
compared to methylthio-acrylates (entries 1 and 3) and higher
selectivity was obtained with small or moderately sized ester
substituents [Me, Et, Pri > > But (entries 2, 3, 6, 8 and 9)]. The
But ester was much less reactive than the other esters and the
reaction had to be conducted at 0 °C (entry 8). This presumably
was the cause of the reduction in enantioselectivity. Higher
selectivity was obtained at lower temperature (compare entries
3 and 4) and the use of cationic complexes16 led to high
reactivity even at 278 °C (entries 5 and 7) and high exo/endo
selectivity as well as high enantioselectivity. The optimum
reagents and conditions required ethyl a-phenylthioacrylate as
dienophile, the cationic phenyl-substituted bisoxazoline–cop-

Table 1 Diels–Alder reactions of a-thioacrylates with cyclopentadiene catalysed by Cu–bisoxazoline complexes

Dienophile

Entry R RA Catalysta t/h T/°C Yield (%) exo:endob Eec (%)

1 1 Et Me Cu(OTf)2 6 240 53 1:2.4 40
2 2 Me Ph Cu(OTf)2 6 240 44 1:3.7 84
3 3 Et Ph Cu(OTf)2 6 240 50 1:4 80
4 3 Et Ph Cu(OTf)2 9 278 76 1:7 > 95
5 3 Et Ph CuBr2/AgSbF6

d 1 278 92 1:15 > 95
6 4 Pri Ph Cu(OTf)2 4 240 70 1:2.3 85
7 4 Pri Ph CuBr2/AgSbF6

d 2.5 278 90 1:5 81
8 5 But Ph Cu(OTf)2 5.5 0 91 1:2.5 26
9 6 CF3CH2 Ph CuBr2/AgSbF6

d 1.5 278 92 1:13 > 95

a 20 mol% Cu(OTf)2, 30 mol% bisoxazoline 7, 1 equiv. dienophile and 4 equiv. cylopentadiene. b Determined by NMR integration of crude reaction mixtures.
c Determined by NMR integration in the presence of Pirkle’s reagent, (R)-(2)-2,2,2-trifluoro-1-(9-anthryl)ethanol. d 10 mol% of CuBr2/AgSbF6, 10 mol%
bisoxazoline 7, 1 equiv. dienophile and 4 equiv. cylopentadiene.

Scheme 1
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per complex, and reaction at 278 °C in CH2Cl2 (entry 5); under
these conditions good diastereoselectivity and essentially
complete enantioselectivity was observed.

Conversion of the a-phenylthio ester to a carbonyl group was
initially problematic. Hydrolysis of the ester to the acid
occurred efficiently but attempts to convert the a-phenylthio
acid 10 to the carbonyl group using NCS was unsuccessful. This
reagent had previously been used to convert an a-methylthio
acid to a carbonyl group.9 We were eventually successful using
a different strategy: instead of activating the sulfide we
activated the acid and reacted the a-phenylthio acid with
diphenylphosphoryl azide28 and obtained the corresponding
ketone 11 directly in high yield and with 88% ee29 (Scheme 2).
The lower enantioselectivity observed for 11 is due to the
presence of the exo isomer in 10.

A transition state involving bidentate binding of the dieno-
phile via sulfur and the carbonyl oxygen to a square planar CuII

complex15,16,21,23,24,30,31 may be used to rationalise the enantio-
and diastereo-selectivities. However, the high enantioselectivity
observed is perhaps surprising as the alkene of the dienophile
lies close to the C2 axis of the metal catalyst where it encounters
the minimum steric influence from the phenyl groups of the
oxazoline moiety. Indeed, all successful dienophile–metal–
oxazoline combinations place the alkene moiety directly over
one of the oxazoline substituents where it has maximum
influence on the enantioselectivity of the reaction.32 In our case
we believe that the substituent on sulfur plays a major role in
controlling enantioselectivity. We believe there is very high
diastereoselectivity in formation of the dieneophile–metal–
oxazoline complex (only one of the two enantiotopic lone pairs
binds to the copper) and it is the orientation of the sulfur
substituent which controls the facial attack on the dienophile
(Fig. 1). This substituent is forced below the plane of the
complex and when this group is large it effectively blocks the Si
face of the dienophile and therefore forces the diene onto the Re
face. From analysis of molecular models, the opposite enantio-
mer would be expected if the dienophile was bound to Cu in a
tetrahedral arrangement. This provides further circumstantial
evidence for a square planar complex.

The size of the ester group of the dienophile is critical; an
excessively bulky group may prevent the essential two-point
binding, as seems to be the case with tert-butyl. Equally, the
substituent on sulfur of the dienophile is also critical. Although
the same discrimination between the lone pairs on sulfur may be
observed with the S-methyl substituted dienophile, the methyl
group is not sufficiently sterically hindering to effectively block
the Si face to approach of the diene component, resulting in
significantly reduced enantioselectivity in this case.

We thank the EPSRC and SB for a CASE award (E. A.), the
European Union and Sheffield University for additional
support. We thank Ian Davies (Merck) for valuable discus-
sions.
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Scheme 2 Reagents and conditions: i, KOH, BuiOH, H2O; ii, recrystallisa-
tion (light petroleum); iii, (PhO)2P(O)N3, Et3N, MeCN, H2O

Fig. 1 The dienophile–metal–oxazoline complex
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Stereoselective and N-terminal selective a-alkylation of peptides using a
pyridoxal model compound as a chiral N-terminal activator
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Graduate School of Pharamceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, Japan

Stereoselective and N-terminal selective a-alkylation of
peptides is achieved using a pyridoxal model compound as
an N-terminal activator which also functions as a chiral
auxiliary.

Peptides containing unnatural amino acid(s) are gathering much
attention because of their biochemical and medicinal properties.
Although such peptides are generally synthesized by sequential
coupling of the respective amido acids prepared independently,1
several methods for the direct modification of peptides have
also been reported.2–4 Most of these methods, however, deal
with the alkylation of peptides at sites other than the N-terminal
position and seem to lack generality. In addition, their
stereoselectivities depend on the stereochemistries of the
peptides employed and are not always sufficient.2,3 In contrast,
direct N-terminal modification of peptides appears to be of great
utility for the synthesis of peptides including unnatural amino
acids, particularly where applied to combinatorial chemistry, as
both liquid- and solid-phase peptide syntheses are generally
achieved by sequential coupling from a C-terminal amino acid.
O’Donnell and co-workers recently reported an interesting
method utilizing this idea: direct N-terminal selective
a-alkyltion of peptides via imine formation.4 The only serious
problem with their method is the lack of stereoselectivity. If the
a-alkylation takes place with predictable stereoselectivity, this
method would be more useful and versatile. In order for this
method to be applicable to the synthesis of various peptides with
predictable stereochemistry, it is desirable that the stereo-
selectivity of the a-alkylation is induced only by an external
chiral auxiliary, and is not influenced by the neighbouring chiral
centre on the peptide sequence. Here we report a useful method
for N-terminal selective and stereoselective a-alkylation of

peptides using a chiral pyridoxal model compound bearing an
ionophore function.

Taking into account the application of the reaction not only to
liquid-phase synthesis but also to solid-phase synthesis, we
investigated the benzylation of the aldimines prepared from
l-Ala-NHBn and some chiral pyridoxal models under various
conditions.‡ As a consequence, we found that the reaction with
pyridoxal model 1 having a chiral ansa-structure§ in the
presence of LiClO4

5 and DBU was the most effective for the
present purpose and stereoselectively afforded the a-benzylated
product (R)-4 (X = NHBn) and recovered 1 (79%) after an
acidic treatment (run 1 in Table 1 and Scheme 1).

These conditions were employed for the alkylation of
peptides 2 (X = AA-OBn) and the results are summarized in
Table 1.¶ The peptide-aldimine 3 (X = l-Ala-OBn) prepared
from l-Ala-l-Ala-OBn and 1 was also stereoselectively
benzylated at the N-terminal position without any detectable
racemisation at the C-terminal a-position via these sequential
reactions (run 2).∑ As expected, the stereochemistry at the
N-terminal a-position was not related to the stereoselectivity at
all (run 3). In order to examine the influence of the stereogenic
centre at the neighbouring C-terminal a-position on the
stereoselectivity of the alkylation, dipeptides l-Ala-Gly-OBn,
l-Ala-l-Val-OBn, l-Ala-d-Ala-OBn, and l-Ala-d-Val-OBn
were chosen as substrates. The reaction of peptides without a
stereogenic centre or with a bulkier alkyl group at the
C-terminal position similarly gave good R-stereoselectivity
(runs 4 and 5). Moreover, in the reactions of the peptides having
a d-amino acid at the C-terminal position, the same predom-
inantly R-configuration was gained with slightly lower stereo-
selectivity (runs 2 vs. 6 and 5 vs. 7). It is noteworthy and quite
significant that neither the stereochemistry nor the size of the

Table 1 Alkylation of aldimines 3 with RBr

Substrate 2 Product 4

Run R1 R2 X R M+ t/h Yield (%)a R : Sb

1 Me H NHBn Bn Li 2.5 60 83 : 17
2 Me H l-Ala-OBn Bn Li 4 51 86 : 14
3 H Me l-Ala-OBn Bn Li 4 53 86 : 14
4 Me H Gly-OBn Bn Li 4 46 83 : 17
5 Me H l-Val-OBn Bn Li 4.5 50 88 : 12
6 Me H d-Ala-OBn Bn Li 4 49 74 : 26
7 Me H d-Val-OBn Bn Li 5 51 73 : 27
8 Me H l-Ala-OBn 4-O2NC6H4CH2 Li 4 50 85 : 15
9 Me H l-Ala-OBn CH2NCHCH2 Li 4.5 48 73 : 27

10 Me H l-Ala-OBn CH·CCH2 Li 4.5 56 84 : 16
11 Me H l-Ala-l-Ala-OBn Bn Li 5 48 86 : 14
12 Me H l-Ala-OBn Bn none 7 38 21 : 79
13 Me H l-Ala-OBn Bn Na 5 38 26 : 74
14 Me H l-Ala-OBn Bn K 7 32 23 : 77

a Isolated yield based on substrate 2. b The stereochemistries of the products (R)- and (S)-4 (X = l-Ala-OBn) were confirmed by comparing with an authentic
sample (S)-4 (X = l-Ala-OBn) prepared from l-Ala and (S)-(a-Bn) Ala-OBn, which had been obtained using our previous method (ref. 5). The
stereochemistries of other products 4 were assigned as shown from their (R)-MTPA amides by comparing their 1H and 19F NMR data with those of the
(R)-MTPA amide of authentic (S)-(a-Bn)Ala-l-Ala-OBn and (S)-(a-Bn)Ala-OBn. Excepting runs 1 and 4, the ratio was determined from the 1H NMR
spectra. In the runs 1 and 4, the ratios were determined from the 1H and 19F NMR spectra of the corresponding (R)-MTPA amides.
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substituent at the C-terminal a-position of the peptides affected
the stereoselectivity. In addition, alkylation with other alkyl
bromides proceeded successfully with similar stereoselectiv-
ities (runs 8–10). Tripeptide l-Ala-l-Ala-l-Ala-OBn was also
stereoselectively benzylated under the same conditions (run 11).
These findings show that compound 1 can work as an external
chiral auxiliary as well as an N-terminal activator, at least in the
synthesis of peptides with neutral amino acids at the neighbour-
ing position.

Interestingly, the reaction without Li+ or with other alkali
metal ions was found to show the reverse stereoselectivity (runs
12–14). Concerning the reaction mechanism, 1H NMR analysis
of the peptide-aldimine 3 in the absence and presence of Li+
revealed that the rotation of the C4–C4A bond shown in Fig. 1
was induced only by the addition of Li+.5 The stereoselectivities
obtained in the absence and presence of Li+ appear to be
attributable to these preferred conformations. Although the
detailed mechanism has yet to be determined, predominant
attack of the electrophile on the enolates from the side of the
ansa-loop (i.e. upper side in Fig. 1) in the respective conforma-
tions could explain the stereoselectivities.**

In the present study, we have demonstrated the first example
of stereoselective and N-terminal selective a-alkylation of
peptides using a chiral pyridoxal model as an N-terminal
activator which also functions as a chiral auxiliary. This
a-alkylation reaction could be incorporated into standard
sequential peptide syntheses, and could provide a novel method
for the stereoselective synthesis of unnatural peptides, in
particular, for construction of unnatural peptide libraries.††

This research was financially supported in part by the
Houansha Foundation (HOUANSHA) and by a Grant-in-Aid
for General Scientific Research (09672282) from the Ministry
of Education, Science, Sports and Culture of Japan.
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‡ Although we first applied the pyridoxal model compound and the reaction
conditions which had previously been effective for the asymmetric
alkylation of a-amino esters (ref. 6) to this reaction, the desired
stereoselectivity was not obtained. Hence, reactions with pyridoxal models
having a chiral ionophore chain at C-3 and/or a chiral ansa-structure in the
presence of various organic bases and metal ions were examined. Details
will be reported in a full article.
§ The pyridoxal derivative 1 was synthesized from the 3-hydroxy derivative
(ref. 7) according to the literature procedure (refs. 5, 6).
¶ General procedure: The peptide-aldimine was prepared according to the
previously described procedure (ref. 5). To a stirred solution of peptide-
aldimine 3 (0.10 mmol) and LiClO4 (32.2 mg, 0.30 mmol) in MeCN (1 ml)
was added DBU (29.9 ml, 0.20 mmol) at 0 °C. After stirring for 5 min at the
same temperature, BnBr (13.2 ml, 0.11 mmol) was added and the mixture
was stirred at 0 °C for the period indicated in Table 1. The reaction mixture
was diluted with AcOEt (10 ml) and washed with cold water and cold brine.
To the organic layer, TsOH·H2O (38.6 mg, 0.20 mmol) was added and the
mixture was stirred for 30 min at room temperature and partitioned with
Et2O and water. The Et2O phase was worked-up as usual and the residue
was purified by SiO2 column chromatography (AcOEt–hexane = 1 : 2) to
give recovered 1 (70–80%). The aqueous phase was basified with NaHCO3

and extracted with AcOEt. Usual work-up and purification with SiO2

column chromatography (AcOEt) yielded the benzylated peptide 4.
∑ This was confirmed by the fact that the (R)-MTPA amide derived from the
benzylated dipeptide was shown to be a mixture of only two diastereomers
based on the N-terminal a-position by 1H and 19F NMR analyses.
** The ansa-loop could push the other substituents out of the side of the
ansa-loop and consequently make the other side crowded, which might
allow the electrophile to approach from the same side of the ansa-loop. See
also ref. 8.
†† Further extensions to the synthesis of longer peptides and to solid-phase
synthesis are in progress.
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Scheme 1 Reagents and conditions: i, CH2Cl2, room temp.; ii, RBr, MClO4,
DBU, MeCN, 0 °C; iii, TsOH·H2O, AcOEt, room temp., 30 min

Fig. 1 Selected NOE data for 3 in the absence and presence of Li+
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Zirconocene-catalysed cyclobutene formation by reaction of alkynyl halides
with EtMgBr

Kayoko Kasai,a Yuanhong Liu,b Ryuichiro Harab and Tamotsu Takahashi*b†
a Department of Chemistry, Miyagi University of Education, Sendai 980, Japan
b Catalysis Research Center and Graduate School of Pharmaceutical Sciences, Hokkaido University, Sapporo 060, Japan

Zirconium-catalysed reaction of alkynyl halides with
EtMgBr produced cyclobutene derivatives in which two
carbon–carbon bonds were formed on the ethyl moiety of
EtMgBr via an ethylene group in a catalytic cycle.

The zirconium-catalysed reaction of olefins with EtMgBr was
first reported as an ethylmagnesation reaction by Dzhemilev.1
Recently, we found that the reaction proceeds via a zircono-
cene–ethylene complex and a zirconacycle.2,3 However, so far
the ethyl moiety of EtMgBr has only been incorporated in
products as an ethyl group in the catalytic reaction with
olefins1–4 or acetylenes.5 There has been no example in which
two carbon–carbon bonds were formed on the ethyl moiety in
the catalytic cycle in the strict sense, even though it is converted
into an ethylene group in the cycle. We report here the first
example of the formation of two carbon–carbon bonds to the
ethyl moiety of EtMgBr in a catalytic cycle.

Typically, when 1 mmol of 1-chlorooct-1-yne 1a was treated
with a catalytic amount of (C5H5)2ZrCl2 (10 mol%) and 3 equiv.
of EtMgBr in THF (5 ml) at room temperature for 24 h,
1-hexylcyclobutene 2a was formed in 61% yield [eqn. (1)].

Table 1 shows the results of cyclobutene formation reactions
under the catalytic conditions. The choice of halogen on the
terminal carbon of the alkynes was important. 1-Bromo- and
1-iodo-alkynes did not give cyclobutenes under these condi-
tions; only metal–halogen exchange products were formed. The
yields were also dependent on the amount of EtMgBr, and the
use of 3 equiv. was found to be suitable in all the cases for the
catalytic reactions. Interestingly, when a diyne dichloride 1c

was treated under similar conditions, a bridged dicyclobutenyl
product 2c was obtained.

This reaction was interesting due to the fact that an alkynyl
chloride and ethylene derived from EtMgBr reacted formally in
a [2 + 2] cycloaddition with the loss of halogen. In order to
understand this catalytic reaction, we also carried out stoichio-
metric reactions.6 The results are shown in Table 2. A typical
procedure is as follows. To a solution of (C5H5)2ZrCl2 (0.37 g,
1.25 mmol) in THF (6 ml) was added EtMgBr (1.0 m THF
solution, 2.5 mmol) at 278 °C. The reaction mixture was
warmed up to 240 °C and stirred for 1 h. To the mixture was
added 1-chlorooct-1-yne at 278 °C. The mixture was stirred for
1 h at room temperature. After stirring for 1 h, the reaction
mixture was quenched with 3 m HCl and the usual workup gave
1-hexylcylobutene in 80% yield. The same products were
obtained under both catalytic and stoichiometric conditions;
however, under the latter conditions the reaction proceeded
much faster. It is noteworthy that the intermolecular coupling of
the chloroalkyne moieties with ethylene derived from EtMgBr

Table 1 Formation of cyclobutenes under catalytic conditionsa

XC·CR Product Yieldb (%)

a Unless otherwise noted, (C5H5)2ZrCl2 (10 mol%) and EtMgBr (3 equiv.)
were used for the catalytic reactions. Conditions: room temperature, 24 h.
b Yields were determined via GC using hydrocarbons as internal standards.
c (C5H5)2ZrCl2 (20 mol%) and EtMgBr (6 equiv.) were used.

Table 2 Formation of cyclobutenes under stoichiometric conditionsa

XC·CR Product Yieldb (%)

a Unless otherwise noted, (C5H5)2ZrCl2 (1.25 equiv.) and EtMgBr (2.5
equiv.) were used for the stoichiometric reactions. Conditions: room
temperature, 1 h. b Unless otherwise noted, yields were determined via GC
using hydrocarbons as internal standards. c (C5H5)2ZrCl2 (2.5 equiv.) and
EtMgBr (5 equiv.) were used. d Yield was determined by NMR analysis.
Isolated yields are given in parentheses.

Scheme 1
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predominated over the intramolecular coupling of an alkynyl
group with an olefin moiety, or the second alkynyl group when
1c–e were used.

Deuterolysis of the stoichiometric reaction mixture gave
[2H]-2a in 80% yield with 85% deuterium incorporation.
Iodinolysis gave a 66% yield of iodocylobutene 4. These results
suggest that the intermediate is cyclobutenylzirconium 3
(Scheme 1).

Since the intermediate 3 contains a zirconium–carbon bond,
the further carbon–carbon bond formation reactions of alke-
nylzirconium compounds were examined (Scheme 2). To a
stoichiometric reaction mixture of 1a and (C5H5)2ZrEt2 pre-
pared in situ from (C5H5)2ZrCl2 and 2 equiv. of EtMgBr were
added iodobenzene, CuCl (1.3 equiv.) and Pd(PPh3)4 (0.05
equiv.). The mixture was stirred at 50 °C, and 1-hexyl-
2-phenylcyclobutene 5 was obtained in 66% overall yield based
on 1a. Similarly, treatment of 3 with 1-bromo-2-trimethylsilyl-
acetylene and CuCl (1.3 equiv.) gave alkynylcyclobutene 6 in
78% yield. This procedure is a convenient preparative method
for various 1,2-disubstituted cyclobutenes.

Introducing ethylene gas to a solution of the Negishi reagent
(Cp2ZrBu2)7 and subsequent addition of a 1-chloroalkyne also
gave cyclobutene 2a in good yield as expected [eqn. (2)]. This

clearly showed that ethylene and the ethyl moiety of EtMgBr
are equivalent in the carbon–carbon bond formation described
above.

A plausible mechanism of the catalytic cyclobutene ring
formation is shown in Scheme 3. The zirconocene–ethylene
complex reacts with haloalkyne 1 to form
a-halozirconacyclopentene 7, which undergoes a ring-closing
reaction to give cyclobutenyl–zirconocene complex 3. This
ring-closing reaction might proceed via reductive elimination of

zirconacyclopentenes6 and oxidative addition of the alkenyl
chloride moiety to zirconocene.8 The ethylene complex is
regenerated by the reaction of 3 with EtMgBr to complete the
catalytic cycle.
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Sulfone-linked paracyclophanes

Ian Baxter,a Howard M. Colquhoun,b*† Philip Hodge,c*‡ Franz H. Kohnke*c§¶ and David J. Williams*a∑
a Department of Chemistry, Imperial College, South Kensington, London, UK SW7 2AY
b Department of Chemistry, University of Salford, Salford, UK M5 4WT
c Department of Chemistry, University of Manchester, Manchester, UK M13 9PL

Oxidation of the macrocyclic thioether sulfones (SfSO2f)n
(f = 1,4-phenylene; n = 2 or 3) affords sulfone-linked
paracyclophanes (fSO2)4 and (fSO2)6; single crystal X-ray
analysis reveals the tetramer, (fSO2)4, to be a near-perfect
square box, whilst the hexamer, (fSO2)6, adopts a much
more irregular conformation; exhaustive oxidation of
(SfSO2f)4, leads not to the expected octamer, (fSO2)8, but
to the heptasulfone sulfoxide [(fSO2)7(fSO)].

The recent discovery of a route to macrocyclic aromatic
thioether sulfones containing from four to (at least) 24 aromatic
rings has opened up the possibility of converting these, by
oxidation, to their all-sulfone analogues (Scheme 1).1 The
strongly electron-withdrawing nature of the sulfone group
compared to the electron-donating thioether linkage offers the
potential to create a new family of p-electron deficient receptors
which, unlike those based on bipyridinium systems,2 would
obviate the need for counterions. Moreover, the exceptionally
rigid nature of the diphenyl sulfone unit, coupled with its

preferred ‘open-book’ conformation,3 should provide a high
degree of pre-organisation in any non-covalent complexation
process. From a materials perspective, these all-sulfone macro-
cycles could provide a new approach (ring-opening polymer-
isation)4 to the extremely stable but very high-melting and
currently unprocessable linear poly(1,4-phenylene sulfone).5

Here we report that peroxide oxidation of the macrocyclic
thioethersulfones 1 and 2 in glacial acetic acid does indeed
afford the sulfone-linked paracyclophanes 4 and 5 (sulfur
analogues of the known [1.1.1.1]paracyclophane and
[1.1.1.1.1.1]paracyclophane, respectively).6 Oxidation of 3
cannot however be driven to completion under these condi-
tions,** the reaction ceasing at the heptasulfone sulfoxide stage
(6) rather than affording the expected cyclic octasulfone.

The symmetrical aromatic substitution pattern in macro-
cycles 4 and 5 results in the observation of only a single 1H
NMR resonance (d 8.21) for each compound, replacing the
AAABBA pattern associated with the 1,4 sulfide sulfone
substitution patterns of 1 and 2. However, in keeping with the
presence of a sulfoxide linkage in 6, the 1H NMR spectrum of
this material comprises an AAABBA system integrating as two
aromatic rings, together with a single resonance representing
the remaining six rings, at d 8.21, superimposed on the lower
field component. Confirmation that compound 6 is a single
oxidation product (rather than a mixture) was provided by the
unchanging ratio of the integration values in its 1H NMR
spectrum on repeated recrystallisation from DMA, and by
MALDI-TOF mass spectrometry of 6 (anthracene-1,8,9-triol
matrix, LiBr as cationising agent) which showed a strong parent
ion at m/z 1111, corresponding to [(C6H4SO2)7(C6H4SO)Li]+.

The solubilities of macrocycles 4 and 6 in conventional
organic solvents are very low indeed and, although 1H and 13C
NMR spectra of 4 were obtained (with some difficulty) in
[2H6]DMSO solution, a solvent mixture of TFA and CD2Cl2
was required to obtain NMR spectra of compound 6. The cyclic
hexamer 5, in contrast, was easily soluble in a wide range of
organic solvents including CHCl3 and acetone.

In order to establish the conformational characteristics of the
diaryl sulfone unit as a function of ring size, single crystal X-ray
structures were determined for 4 (DMSO solvate), 5 (acetone

Scheme 1 Reagents and conditions: i, K2CO3, DMA, 150 °C, 48 h; ii, H2O2,
AcOH, 60 °C

Fig. 1 Molecular structure of the cyclic tetrasulfone 4. There is a very slight
tilting from orthogonality of the aromatic rings with respect to the S4 plane;
the C(2)–C(7) ring is inclined at 86° and the C(9)–C(14) ring at 89° to this
plane.
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solvate) and 6 (DMSO solvate).†† The C–S–C bond angles in 5
and 6 lie very close to the conventional unstrained value3 of
105° but in the effectively square cyclic tetramer 4 (Fig. 1) these
angles are sharply reduced to an average value of 99.5°.
Commensurate distortions are evident in the aromatic ring
systems, which in 4 undergo a distinct outward bowing such
that 1,4-related C–S bonds, which would normally be co-linear,
here subtend angles averaging 10°. In contrast, the aromatic
rings of oligomer 5 (Fig. 2) are bowed inwards, with the
corresponding angle averaging 27.5°.

Remarkably, the structure of compound 6 in fact represents
that of the originally-expected octasulfone [(1,4-C6H4SO2)8]. It
thus appears that, when oxidation reaches the heptasulfone
sulfoxide stage, this compound is able to crystallise as though it
were the octasulfone, with the ‘missing’ oxygen atom being
disordered over all sixteen possible sites. In keeping with the
identification of macrocycle 6 as a pseudo-octasulfone, the
average crystallographic occupancy of the oxygen atoms in the
molecule refined to a value significantly less than one (ca. 0.96;
cf. a calculated value of 0.94 for 15/16 occupancy). Macrocycle
6 adopts a ‘figure-of-eight’ conformation (Fig. 3) which is
essentially strain-free, the two halves of the molecule each
approximating the box-like structure of oligomer 4. Contacts
between the sulfone oxygen atoms at S(22) and S(22A) are
avoided by a relative shearing of the two sides of the
macrocycle, though there is evidence for weak but co-operative
C–H···O hydrogen bonding interactions between these sulfone
oxygens and transannular C–H groups (Fig. 3).

The cyclic tetramer 4 provides a rare example of a
structurally characterised organic molecular square.7 The

mutually orthogonal orientation of the four aromatic rings
results in a cylindrical free pathway through the macrocycle
(based on van der Waals surfaces) of diameter ca. 3.3 Å. The
presence of this electrophilic binding site suggests the possibil-
ity of complexation with first-row anions such as fluoride or
cyanide, and of rotaxane formation with linear, electron-rich
species such as the polyalkynes. Complexation studies with 4
are currently in progress.

We wish to thank Mr P. R. Ashton of the University of
Birmingham for the MALDI-TOF mass spectrometric anala-
ysis, and the EPSRC for financial support.
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Fig. 2 Molecular structure of the cyclic hexasulfone 5. Torsion angles about
the S–phenyl linkages are in the range 45–88°, with the exception of an 8°
torsion angle at S(29).

Fig. 3 Molecular structure of the cyclic pseudo-octasulfone 6 showing the
transannular C–H···O interactions; the two independent sets of C–O and
H–O distances and C–H···O angles are: 3.46 and 2.53 Å, 176°; 3.58 and 2.65
Å, 170°
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Synthesis of a biotin functionalized pyrrole and its electropolymerization:
toward a versatile avidin biosensor
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The synthesis of a biotinylated pyrrole and its copoly-
merization with pyrrole for the purpose of constructing an
electronic conducting polymer (ECP) avidin sensor is
reported, using fluorescence detection to determine the
efficiency of the sensing process.

Electronic conducting polymers (ECP) have many interesting
features that make them ideal candidates for sensing devices,
and have thus became the subject of many investigations. In
addition to their ease of electrodeposition, these polymers can
be functionalized by insertion of specific moieties1 that provide
desirable features such as the selective recognition of alkaline
cations.2 The application of ECP in the field of sensors has also
been extended to biological species,3–5 including DNA, pep-
tides and enzymes. The detection of these species is based on
the specific recognition between a biological moiety that is
inserted in the ECP film, and its complementary target in
solution. The subsequent recognition is detected either by
radioactive labels,5 or by a significant change in the electro-
chemical3,4 or spectrochemical response6 of the ECP.

An important aspect of these biosensors is the immobilization
of desired biological species in the ECP film. This has been
accomplished by the entrapment of the species in the polymer
matrix during electrodeposition, and by the use of grafted
monomers which are then copolymerized with ungrafted
monomers. In the case of the former, the electropolymerization
conditions must be compatible with the stability of the
biomolecule; in addition for the latter case, specific conditions
must be developed for each of the grafted species. These
approaches were successfully carried out for the construction of
DNA biochips.7

A recent approach for immobilization is postpolymerization
functionalization. In this case, a two-step chemical procedure is
needed. First, starting monomers with an activated ester are
grafted onto the polymer that will form the ECP film. Secondly,
after electrodeposition the biological species is covalently
coupled to the hanging ester via a reactive amino group.8

Here we report an original approach for the insertion of
biochemical entities in the ECP film via the synthesis of a
biotinylated polypyrrole. Because of the biotin–avidin affinity,
biochemical entities bearing avidin units can bind to the biotin
units grafted on the polypyrrole network. This approach allows
immobilization of biomolecules on the ECP surface in an easy
one-step process, without the use of harsh chemical reagents,
since the biotin–avidin system requires only mild immobiliza-
tion conditions.

The biotinylated polypyrrole film described here is a
copolymer electrosynthesized from pyrrole and biotinylated
pyrrole, in which the biotin is linked to the nitrogen atom of a
pyrrole unit by a hydrophilic spacer arm. The choice of this
spacer arm is crucial. It has to be long enough to ensure
unrestricted recognition of the biotin by avidin, and a length of
eleven atoms or more is deemed necessary.9 In addition, its
chemical composition is important in order to guarantee
solubility during the preparation of the active layer, and to

achieve good solvation of biotin in order to optimize the
recognition. We thus selected a spacer with a hydrophobic/
hydrophilic balance originating from three oxygen atoms and
ten methylene groups.

The synthesis of the biotinylated pyrrole (Scheme 1) is
achieved by coupling an aminoalkylpyrrole and a biotin entity.
The aminoalkylpyrrole synthesis was carried out using the
reaction pathway described by Jirkowsky and Baudy.10 While
the yields we obtained were consistent with the reported values
for the ethanediamine, the equivalents of diamine and the reflux
time were increased from 1 to 3 equiv. and 1 to 5 h, respectively.
In the second step, the amino group was reacted with the
activated ester of biotin to produce the biotinylated pyrrole in
54% yield after purification by column chromatography.

The copolymerization of the film was carried out on
microelectrodes (50 3 50 mm) arrayed on a silicon chip, using
different ratios of biotinylated pyrrole to pyrrole monomers
(from 5 3 1023 to 5 3 1027). The presence and activity of
biotin to avidin was verified by incubating the film with
streptavidin–phycoerythrin (Aldrich) and measuring the fluo-
rescence using a microscope equipped with a DCC camera. We
used a conjugate between streptavidin and a fluorescent
phycobiliprotein, namely R-phycoerythrin, in order to maxi-
mize fluorescence and to minimize quenching. The support was
previously washed by a phosphate buffer then blocked by
Denhardt’s reagent‡ in order to avoid non-specific adsorption of
the avidin; proteins11,12 are readily adsorbed onto polypyrrole
surfaces without this pretreatment.

The results of these measurements on the microelectrode
array are summarized in Fig. 1. The intensity of the fluorescence

Scheme 1 Reagents and conditions: i, 4,7,10-trioxatridecane-1,13-diamine
(3 equiv.), AcOH, dioxane, reflux, 5 h, 32%; ii, 10% KOH, reflux, 5 h, 65%;
iii, D-biotin N-hydroxysuccinimide ester (1equiv.), DMF, room temp., 16 h,
54%
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is related to the amount of biotin involved in the copoly-
merization reaction and yields the amount of accessible biotin at
the surface of the film. The measured fluorescence intensity
decreased with a decreasing biotinylated pyrrole to pyrrole

ratio. Taking the area marked (a) as the standard, the intensity
decreased to 18 and 10.5% of this value when the ratio was
decreased to 1:10 and 1:100 [areas (b) and (c)], respectively. In
the case of the pure polypyrrole film [without biotin, indicated
by region (pp) in Fig. 1(A)], a weak fluorescence was still
observed, but only about 2% of the value for (a) and noticeably
weaker than the thousand-fold dilution. This indicates that the
immobilization of the avidin conjugate on the different dots is
specific of the biotin–avidin interaction.

In conclusion, we have reported a simple way of preparing an
ECP active layer that is capable of the recognition of avidin
conjugates, which would facilitate study of the behavior of
many commercial biomolecules. Indeed, this system is very
versatile due to the availability of a wide variety of avidin
conjugates, which would allow for the elaboration of a large
number of biosensors. However, in order to use this sensor on
real biological samples, the signal/noise ratio should be
increased. In addition, this method has the advantage of
miniaturization via the use of electrochemical addressing of the
electrodeposition.
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Fig. 1 (A) Pattern of the biotin repartition on the microelectrode array.
Electrosyntheses were carried out at 100 mV s21 by repetitive potential
scans between 20.35 and 0.85 V vs. SCE of 20 mM pyrrole and a decreasing
amount of biotin pyrrole with a synthesis charge of 18 mC cm22 (about 60
nm thickness) in 0.1 M LiClO4/H2O containing 3% of MeCN on
microelectrodes (50 3 50 mm2) arrayed on a silicon chip. Biotinylated
polypyrrole synthesized in presence of (a) 100, (b) 10, (c) 1, (d) 0.1 and (e)
0.01 mM of biotin pyrrole respectively; (pp) = polypyrrole. Each
electropolymerization was followed by a thorough washing step and
blocking step (see text). (B) Differential interference contrast view of
microelectrodes to check the effective deposition of a biotinylated
polypyrrole film on the plots. (C) Fluorescence results after a revelation
process using a solution of streptavidin–R-phycoerythrin followed by
washing in a phosphate buffer.
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A new route to functionalised p-allyltricarbonyliron lactam complexes from
aziridines and their use in stereoselective synthesis and oxidative conversion to
b-lactams

Steven V. Ley*† and Ben Middleton

Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, UK CB2 1EW

Aziridinyl enones can be converted in good yield into
p-allyltricarbonyliron lactam complexes bearing ketone
functionality in the side chain; addition of a variety of
nucleophiles into the side chains of these complexes proceeds
in good yield and excellent ( > 95%) de to afford secondary
and tertiary alcohols which on treatment with trimethyl-
amine N-oxide form the corresponding b-lactams in good
yield.

p-Allyltricarbonyliron lactam complexes have been previously
investigated as precursors to stereodefined b- and d-lactams,1
and have been utilised in the synthesis of several natural
products in our laboratory.2 Previous preparation of these
complexes involved the treatment of p-allyltricarbonyliron
lactone complexes with a primary amine3 or the sonochemical
reaction of an alkenyl carbamate with Fe2(CO)9.2a In an isolated
example, Aumann has also shown that UV irradiation of the
vinyl aziridine 1 in the presence of Fe(CO)5 leads to the
formation of a p-allyltricarbonyliron lactam complex 2 in 71%
yield (Scheme 1).4

We have additionally demonstrated that ketone function-
alised p-allyltricarbonyliron lactone complexes, available from
epoxy enone precursors, are versatile chiral templates for
organic synthesis.5 Here we show that the corresponding
p-allyltricarbonyliron lactam complexes may be prepared from
functionalised alkenyl aziridines by treatment with Fe2(CO)9
under ultrasonication.6 This allows the rapid, large scale
synthesis of p-allyltricarbonyliron lactam complexes bearing
carbonyl functionality in the side chains and facilitates
investigation into the potential of these lactam-tethered
p-allyltricarbonyliron units as chiral templates. We also show
that oxidative decomplexation of the stereodefined alcohols
generated by diastereoselective addition of nucleophiles to
ketone-bearing p-allyltricarbonyliron lactam complexes can be
effected by treatment with trimethylamine N-oxide, providing
an efficient route to highly functionalised b-lactams.

Racemic enones 6a,b were synthesised in a four step
sequence from a known common precursor, dibromo ester 37

(Scheme 2). Treatment of 3 with excess BnNH2 in boiling
benzene8 afforded a 1:1 mixture of methyl esters 4a,b which
were separated by flash column chromatography. Reduction
with LiAlH4 and Swern oxidation9 of the crude product yielded
the aldehydes 5a,b. Horner–Wadsworth–Emmons coupling
with diethyl (2-oxopropyl)phosphonate10 afforded 6a,b re-
spectively in good yield. Sonication of 6a in benzene in the
presence of nonacarbonyldiiron afforded the exo-lactam com-
plex 7a in good yield, with only a small proportion of the
chromatographically separable isomeric endo complex 7b

being formed (dr 14:1). Similarly, treatment of enone 6b under
the same conditions yielded a 10:1 ratio of 7b and 7a in 77%
yield.

Enantiomerically enriched exo complex 10 could be syn-
thesised in five steps from enantiomerically enriched methyl
ester 9 (Scheme 3), accessible via cyclisation of the known
L-threonine derivative 8.11 Reaction as above afforded exo

Scheme 1 Reagents and conditions: i, Fe(CO)5, benzene, hn, 71%

Scheme 2 Reagents and conditions: i, BnNH2, benzene, reflux, 16 h, then
chromatographic separation, 35% (4a), 35% (4b); ii, LiAlH4, Et2O, 0 °C,
2 h; iii, (COCl)2, Me2SO, NEt3, CH2Cl2, 270 °C, 3 h, 63% (5a), 56% (5b)
(over 2 steps); iv, (EtO)2P(O)CH2COMe, NaH, THF, 0 °C, 10 min, 91%
(6a), 83% (6b); v, Fe2(CO)9, benzene, sonication, 30 °C, 3 h, 68% (dr 14:1)
(7a), 77% (dr 10:1) (7b)

Scheme 3 Reagents and conditions: i, PPh3, CCl4, MeCN, 25 °C, 16 h, 83%;
ii, LiAlH4, Et2O, 0 °C, 2 h; iii, (COCl)2, Me2SO, NEt3, CH2Cl2, 270 °C,
3 h, 59% (over 2 steps); iv, (EtO)2P(O)CH2COMe, NaH, THF, 0 °C, 10 min,
83%; v, Fe2(CO)9, benzene, sonication, 30 °C, 3 h, 68% (dr 18:1)
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complex 10 in > 95% ee [determined by 200 MHz 1H NMR
spectroscopy in the presence of the chiral shift reagent
(+)-Pr(hfc)3].12

In order that the addition of nucleophiles to the ketone group
in the sidechain proceeds with high diastereocontrol, it is
necessary that the tricarbonyliron group blocks one face of the
carbonyl group, thus forcing approach of the nucleophile to
occur from the opposite side, and that the ketone adopts only
one reactive conformation. The solution conformation of
complex 7b was investigated by the use of NOE experiments.
These results clearly show that the s-cis conformation is
adopted preferentially (Fig. 1). These results are consistent with
earlier studies carried out on p-allyltricarbonyliron lactone
complexes.5a Reaction of complexes 7a,b with a variety of
nucleophiles (Table 1) afforded the addition products 11a–13a
and 11b–13b in good yield and excellent diastereoselectivity
(de > 95%).13 Reduction of enantiomerically enriched 10 with
NaBH4 to form alcohol 14 proceeded in 76% yield without loss
of enantiopurity, as determined by 600 MHz 1H NMR analysis
of the ester formed with (S)-(+)-a-methoxy-
a-(trifluoromethyl)phenylacetyl chloride.14

Furthermore, it was discovered that treatment of complexes
11–13 with excess Me3NO in THF at room temperature affords
the functionalised b-lactams 15–17 in good yield (Table 2). This
result is an improvement over the published method of
oxidative decomplexation with ceric ammonium nitrate3 which

has given markedly lower yields of b-lactams with this type of
substrate.15

In summary, a convenient route to racemic and homochiral
p-allyltricarbonyliron lactam complexes bearing ketone func-
tionality in the side chain has been developed. It has been shown
that the tethered tricarbonyliron moiety is able to direct
nucleophilic attack on an appended methyl ketone group,
affording complexes bearing secondary and tertiary alcohol
functionality in good yield and with excellent diastereoselectiv-
ity. A novel oxidative decomplexation method allows the
generation of highly functionalised b-lactams bearing ster-
eodefined secondary and tertiary alcohol centres. These results
should extend further the utility of p-allyltricarbonyliron
complexes for natural product synthesis.

We gratefully acknowledge financial support from the
EPSRC, the Isaac Newton Trust and Zeneca Pharmaceuticals
(to B. M.) and the BP Endowment and the Novartis Research
Fellowship (to S. V. L.).
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Figure 1 Selected NOE enhancements of complex 7b

Table 1 Reaction of nucleophiles with p-allyltricarbonyliron lactam
complexes bearing methyl ketone functionality in the side chain

Starting
material Conditions R3 Producta

Yield
(%)b

7a NaBH4, MeOH–CH2Cl2,
270 °C

H 11a 77

7b NaBH4, MeOH–CH2Cl2,
270 °C

H 11b 65

10c NaBH4, MeOH–CH2Cl2,
270 °C

H 14d 76

7a AlBui
3, CH2Cl2, 0 °C H 11a 77

7b AlBui
3, CH2Cl2, 0 °C H 11b 70

7a AlEt3, CH2Cl2, 0 °C Et 12a (11a) 52 (26)
7b AlEt3, CH2Cl2, 0 °C Et 12b (11b) 62 (32)
7a Allyltributyltin, BF3·OEt2,

CH2Cl2, 0 °C
allyl 13a 86

7b Allyltributyltin, BF3·OEt2,
CH2Cl2, 0 °C

allyl 13b 89

a De determined by 600 MHz 1H NMR, determined to be > 95%. b Figures
in parentheses refer to isolated yield of reduction side product. c Ee > 95%
[determined by 200 MHz 1H NMR analysis in the presence of Pr(hfc)3].
d Ee > 95% [determined by 600 MHz 1H NMR analysis of the
corresponding (S)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl ester].

Table 2 Decomplexation of functionalised p-allyltricarbonyliron lactam
complexes to b-lactams

Starting material R1 R2 R3 Product Yield (%)a

11a Me H H 15a 63
11b H Me H 15b 65
12a Me H Et 16a 61
12b H Me Et 16b 65
13a Me H allyl 17a 54
13b H Me allyl 17b 69

a Isolated yield after treatment with excess Me3NO in THF at 0 °C for 2 h,
followed by chromatography on Florisil.
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UV-induced strand break damage in single stranded
bromodeoxyuridine-containing DNA oligonucleotides

Zara A. Doddridge, Jane L. Warner, Paul M. Cullis* and George D. D. Jones*†

Centre for Mechanisms of Human Toxicity and the Department of Chemistry, University of Leicester, Leicester, UK LE1 7RH

Aerobic UVB photolysis of single stranded bromodeoxyur-
idine (BrdU)-containing DNA oligonucleotides produces
immediate and latent strand break products consistent with
a specific BrdU base radical-mediated abstraction of the C1A
hydrogen atom from the 5A neighbouring deoxyribose.

Substitution of genomic thymidine with bromodeoxyuridine
(BrdU) renders aerobic cell cultures more sensitive towards the
lethal effects of UV and g-radiation.1,2 One mechanism
proposed to contribute to sensitisation is an increase in the yield
of radiation-induced strand breaks caused by the presence of
BrdU in DNA.1,2 From examinations of the duplex structure it
was initially proposed that the additional radiation-induced
BrdU-mediated strand breakage occurs via the formation of
reactive uracil(U)-5-yl base radicals, which in turn abstract
hydrogen atoms from the 5A neighbouring deoxyribose.2,3

Subsequent molecular studies have indeed demonstrated that
under anaerobic conditions UV photolysis of BrdU-containing
DNA yields both immediate and latent (alkali labile) breaks at
the nucleosides 5A to the site of BrdU.4–7 To date, however, there
have been few definitive molecular studies of BrdU-mediated
DNA strand breakage in the presence of oxygen8 (conditions
under which cellular sensitisation is observed) and none in
single-stranded DNA.

Here we have examined immediate and alkali-induced strand
break products from a 5A- or 3A-32P-end labelled single stranded
(ss) BrdU-containing DNA oligonucleotide upon UVB photol-
ysis (ca. 0.41 mW cm22), using high resolution denaturing
polyacrylamide gel electrophoresis (PAGE). The strand break
products were assigned by reference to the products of Maxam
and Gilbert reactions,9 and by enzymatic end-group analysis.
Aerobic UVB photolysis of 5A-GCTAGCTATT-BrdU-TTATC-
GATCG-3A 1 results in specific strand cleavage at the
nucleoside situated immediately 5A to BrdU and proceeds with
the loss of this 5A-nucleoside. Thus, photolysis of 1 yields a
strand break product 6 nine nucleotides in length [Fig. 1(a)]
together with a strand break product 7 eleven nucleotides in
length [Fig. 2(a)] (Scheme 1). Co-migration of the photo-
induced fragments with products of Maxam and Gilbert
reactions implies the presence of phosphate moieties at both
termini of the induced breaks. This was confirmed by
demonstrating that 6 was a substrate for the 3A-phosphatase
activity (+3AP) of T4 polynucleotide kinase (T4PNK), yielding
8 [Fig. 1(b)], and that 7 was a substrate for the 5A-phosphatase
activity of shrimp alkaline phosphatase (SAP), yielding 9 [Fig.
2(b)] (see also Scheme 1).

Piperidine treatment of photolysed 1 yields an approximate
five-fold increase in the yield of 6 [Fig. 1(c)] suggesting that the
majority of BrdU-mediated damage induced at the 5A-nucleotide
are alkali labile lesions and not immediate strand breaks.2,10

This observation of the majority of piperidine-induced breaks
occurring at exactly the same location as immediate breaks, and
yielding the same 3A-termini, implies a common mechanistic
route for both types of strand break at this site. This is consistent
with H-atom abstraction occurring from C1A of the
5A-deoxyribose leading the formation of a deoxyribolactone
lesion within the oligonucleotide (5)11 and a small number of
direct breaks possessing phosphate termini,12,13 although the

precise mechanism for the direct strand break pathway remains
to be elucidated. Structure 5 is sensitive to the strand cleaving
effects of alkali and subsequent piperidine treatment would
yield further breaks possessing phosphate termini.11 Inter-
estingly, piperidine treatment of photolysed 1 also appears to
produce minor fragmentation about the BrdU moiety possibly
the consequence of an induced diffusible species giving rise to
piperidine sensitive lesions.

UV illumination under anaerobic conditions yields higher
levels of strand breakage plus a markedly different pattern of
3A-termini damage, consisting of both phosphates and other
unidentified moieties [Fig. 2(c)]. It is known from other studies
that generation of a C1A radical under both oxic and anoxic
conditions leads to immediate and latent strand breaks possess-
ing phosphate termini, with release of the undamaged base and
the damaged sugar (probably as methylenefuranone 10).11–13

The present observation of different end groups following
anaerobic photolysis of ss BrdU-containing oligonucleotides
indicates that, in the absence of oxygen, H-atom abstraction
must occur from a site other than (or in addition to) C1A,
presumably C2A. These observations are similar to those of
Cook and Greenberg7 for duplexed BrdU-oligonucleotides. On
the basis of kinetic isotope measurements these workers

Fig. 1 Autoradiograms of the strand break products of 5A-32P-labelled
1 upon aerobic photolysis and PAGE analysis. (a) Photolysis of 1
showing the specific formation of 6 (lane 1: no UV exposure; lane 2:
15 min UV; lane 3: 45 min UV; lane 4: nascent 1 (containing T in
place of BrdU), 45 min UV); also shown are the fragment products of
Maxam and Gilbert reactions specific for cleavage at G and G+A in
5A-GCTAGCTAGGTGGATCGATCG-3A; the bracketed numbers indicate
fragment length with (*) indicating the location of BrdU in the BrdU-
oligonucleotides. (b) Susceptibilty of 6 towards the 3A-phosphatase activity
of T4 polynucleotide kinase (T4PNK) to give 8. In these experiments the
released strand break products were 5A-32P-end labelled after photolysis
using [g-32P]ATP plus T4PNK either possessing 3A-phosphatase activitity
(+ 3AP) (from USB) or T4PNK lacking 3A-phosphatase activity (2 3AP)
(from Boehringer Mannheim). {lane 1: 20 min UV + (+ 3AP); lane 2: 45 min
UV + (+ 3AP); lane 3: 20 min UV + (2 3AP); lane 4: 45 min UV + (2 3AP)}.
(c) Alkali lability of photolysed 1 revealing an enhanced formation of 6
upon piperidine treatment [lane 1: 15 min UV; lane 2: 15 min UV +
piperidine (1 M, 90 °C, 30 min)].
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conclude that under anaerobic conditions U-5-yl radicals
abstract the C2A hydrogen atom of the 5A-deoxyribose, ulti-
mately yielding cleavage products containing 3A-phosphate and
a labile 2A-deoxy-3A-ketonucleotide.7 Clearly, if the anaerobic
U-5-yl-mediated abstraction of C2A–H is occuring in our system
then specific C2A abstraction in duplexed BrdU-DNA is not
simply a result of conformational effects imposed by the double
helix, as it persists in ss systems under anaerobic conditions.

It is difficult to rationalise the aerobic abstraction of C1A–H
and the anaerobic abstraction of C2A–H by simply evoking
U-5-yl as being the sole abstracting species. We therefore
propose that under anaerobic conditions it is the initial U-5-yl
base radical that abstracts from a site other than C1A (or a
number of different sites), whilst under aerobic conditions the
U-5-yl base peroxyl radical (U-5-yl-OO·), formed by the
addition of oxygen to the 5-yl radical centre, mediates
abstraction specifically from C1A (Scheme 1).

Support for the above proposal, that in the presence of oxygen
abstraction is from C1A, comes from the recent published
observation of Greenberg et al. that direct strand breaks,
mediated by the 5,6-dihydrothymid-5-yl radical in ss oligonu-
cleotides in the presence of oxygen, proceed via the specific
abstraction of the C1A hydrogen atom by the corresponding base
peroxyl radical species.14 These authors also refer to their
preliminary unpublished observations of C1A–H abstraction on
photolysis of ss BrdU-oligonucleotides under aerobic condi-
tions which directly supports our present observations.14

Additional support for the specific abstraction of C1A–H by a
peroxyl radical comes from calculations of enthalpies for
H-atom abstraction in deoxyribose15 which suggests that the
C1Amay be the sole position from which a peroxyl radical could
abstract.

Our observations are in broad agreement with those of
Sugiyama et al.8 who have demonstrated that under aerobic
conditions it is the C1A hydrogen atom which is predominatly
abstracted in duplexed BrdU-containing oligonucleotides; how-
ever, they do not propose the base peroxyl radical intermediate
as being formed and they propose some abstraction from C2A,

both possibly resulting from constraints imposed by the more
rigid duplex structure. Our present studies are continuing with
examinations of duplexed BrdU-containing oligonucleotides, to
investigate the effect of strandidness on BrdU-mediated radical
reactions, and to allow for the examination of possible bi-strand
lesions leading to double strand breaks and multiply damaged
sites.16

The authors acknowledge funding from the MRC [project
grant to G. D. D. J. (G95277655MA), studentship stipend to
Z. A. D. (G609/1490), and Fellowship to G. D. D. J.] and the
University of Leicester (Fellowship to G. D. D. J.).

Notes and References

† E-mail gdj2@leicester.ac.uk

1 C. F. Webb, G. D. D. Jones, J. F. Ward, D. J. Moyer, J. A. Aguilera and
L. L. Ling, Int. J. Radiat. Biol., 1993, 64, 695.

2 F. Hutchinson, Quart. Rev. Biophys., 1973, 6, 201.
3 J. D. Zimbrick, J. F. Ward and L. S. Myers Jr., Int. J. Radiat. Biol., 1969,

16, 525.
4 J. Cadet and P. Vigney, in Bioorganic Photochemistry, ed. H. Morrisn,

Wiley-Interscience, New York, 1990, vol 1, pp. 3–229.
5 I. Saito, Pure Appl. Chem., 1992, 64, 1305.
6 H. Sugiyama, Y. Tsutumi and I. Saito, J. Am. Chem. Soc., 1990, 112,

6720.
7 G. P. Cook and M. M. Greenberg, J. Am. Chem. Soc., 1996, 118, 10

025.
8 H. Suigiyama, K. Fujimoto and I. Saito, Tetrahedron Lett., 1996, 37,

1805.
9 A. M. Maxam and W. Gilbert, Methods Enzymol., 1980, 65, 499.

10 R. O. Rahn and H. G. Sellin, Photochem. Photobiol., 1983, 37, 661.
11 A. P. Breen and J. A. Murphy, Free Radical Biol. Med., 1995, 18,

1033.
12 B. K. Goodman and M. M. Greenberg, J. Org. Chem., 1996, 61, 2.
13 M. M. Meijler, O. Zelenko and D. S. Sigman, J. Am. Chem. Soc., 1997,

119, 1135.
14 M. M. Greenberg, M. R. Barvian, G. P. Cook, B. K. Goodman, T. J.

Matray, C. Tronche and H. Venkatesan, J. Am. Chem. Soc., 1997, 119,
1828.

15 K. Miaskiewicz and R. Osman, J. Am. Chem. Soc., 1994, 116, 232.
16 J. F. Ward, Int. J. Radiat. Biol., 1994, 66, 427.

Received in Glasgow, UK, 10th June 1998; 8/04416C

Fig. 2 (a),(b) Autoradiograms of the strand break products of 3A-32P-ddA-
labelled 1 upon aerobic photolysis and PAGE analysis. (a) Photolysis of 1
showing the specific formation of 7 (lane 1: no UV exposure; lane 2: 30 min
UV; lane 3: 60 min UV); also shown are the fragment products of Maxam
and Gilbert reactions specific for cleavage at G in 1; the bracketed numbers
indicate fragment nucleotide length (excluding 3A-ddA) with (*) indicating
the location of BrdU. (b) Susceptibilty of 7 towards the phosphatase activity
of SAP to give 9 (lane 1: 30 min UV; lane 2: 30 min UV + SAP; lane 3: 60
min UV; lane 4: 60 min + SAP). (c). Autoradiogram of the strand break
products of 5A-32P-labelled 1 upon aerobic or anaerobic photolysis and
PAGE analysis. Photolysis of 1 showing the specific formation of 6 plus
other unidentified products (denoted as ?) (lane 1: 45 min UV, aerobic; lane
2: 45 min UV, anaerobic); also shown are the fragment products of Maxam
and Gilbert reactions specific for cleavage at G and G+A in 1; the bracketed
numbers indicate fragment nucleotide length with (*) indicating the location
of BrdU.

Scheme 1
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Unusual results in the liquid phase alkylation of naphthalene with isopropyl
alcohol over zeolite H-beta

Changqing He,a Zhongmin Liu,a François Fajulab and Patrice Moreaub*†
a Dalian Institute of Chemical Physics, 457 Zhongshan Road, PO 110, Dalian, 116023, PR China
b Laboratoire de Matériaux Catalytiques et Catalyse en Chimie Organique, UMR 5618 CNRS, ENSCM, 8 rue de l’Ecole Normale,
34296 Montpellier, Cedex 5, France

Unexpected compounds are formed with high selectivity in
the liquid phase alkylation of naphthalene with isopropyl
alcohol over large pore zeolite H-beta; these have been
confirmed to be cyclized products from naphthalene deriv-
atives.

2,6-Dialkylnaphthalenes are valuable compounds for the pro-
duction of high-quality polyester fibres, plastics and thermo-
tropic liquid crystal polymers.1 Taking into account that these
compounds are manufactured inefficiently by the nonselective
alkylation of naphthalene over conventional Friedel–Crafts
catalysts2 or solid silica–alumina catalysts,3 considerable atten-
tion has recently been paid to the development of new processes
for the selective preparation of 2,6-dialkylnaphthalenes using
environment-friendly zeolite catalysts. Owing to the steric
hindrance of naphthalene, medium pore zeolites, such as
HZSM-5, show moderate activity in naphthalene alkylation.4,5

Large pore zeolites, such as Mordenite, beta, Y, and more
recently mesoporous aluminosilicates, have been investigated.
Alkylating agents bulkier than MeOH, such as isopropyl5–9 or
cyclohexyl derivatives7,10 and butanol,11,12 have been also
applied successfully to the selective formation of 2,6-dialkyl-
naphthalenes. Among these studies, substantial advances have
been made in naphthalene isopropylation for both the under-
standing of the alkylation mechanism and the design of catalysts
leading to high selectivity in forming 2,6-diisopropyl-
naphthalenes.5–9 H-beta has been shown to be more active and
selective than HY in the alkylation of benzene with propylene13

but did not demonstrate selectivity in the alkylation of
polyaromatics until recently.5,9,11,12 Nevertheless, it has been
reported that H-beta shows an unexpected high selectivity for
sec-butylbenzene in the alkylation of benzene with isobutyl
alcohol.14 In our search for suitable catalysts for the selective
synthesis of 2,6-dialkylnaphthalenes, we have recently found
another peculiar characteristic of H-beta zeolite in the liquid
phase alkylation of naphthalene with isopropyl alcohol, in
which a series of unexpected compounds were formed with high
yield under given conditions. Here we report on the unusual
results thus obtained and the identification of the new
compounds.

Zeolite catalyst H-beta (Si/Al = 12.5) was obtained from PQ
Corporation (CP 810 B-25). HY (Si/Al = 15) was prepared by

standard ion-exchange, calcination, steam dealumination and
acid leaching procedures from a parent synthetic zeolite.
Activation of H forms was achieved by calcination at 773 K for
5 h with a heating rate of 60 K h21 in a flow of dry air. The
isopropylation of naphthalene was carried out in a 0.16 dm3

stirred autoclave reactor (Parr Instrument Company). Under
standard reaction conditions, 10 mmol of naphthalene, 20 mmol
of PriOH, 10 mmol of undecane as an internal standard sample
and 0.1 dm3 of cyclohexane as solvent were mixed together in
the autoclave, and then freshly calcined zeolite (0.5 g) was
added. The reaction temperature was set at 473 K and the
pressure was maintained at 2 MPa with nitrogen. Samples were
withdrawn periodically and analysed on a Varian Series 30 gas
chromatography equipped with HP-5 capillary column (25 m)
and a FID detector. GC–MS (HP5970) with an OV1 capillary
column (25 m) and NMR (Brücker AC200) analysis were used
for the identification of the new compounds.

Typical reaction results are listed in Table 1. The activity of
H-beta is much lower than that of HY, as shown by the
naphthalene conversion which reaches a maximum of 30%
under standard reaction conditions, compared with 90% for HY.
GC–MS analysis indicates that the new compounds have
molecular mass (m/z) of 210, 252 and 292, respectively,
different from the products usually obtained in naphthalene
isopropylation over large pore zeolite catalysts5–9 which are
isopropylnaphthalene (IPN), diisopropylnaphthalene (DIPN),
triisopropylnaphthalene (TIPN) and tetraisopropylnaphthalene
(TetIPN) with molecular mass of 170, 212, 254 and 296,
respectively. As shown in Table 1, H-beta possesses a peculiar
catalytic function for the production of the new compounds.
After 2 h, the selectivity (around 50 mol%) of total new
compounds is higher than that of alkylated derivatives, mainly
IPN (43 mol%). DIPN selectivity is unexpectedly low and no
TIPN is detected. Such a result is totally different from those
obtained by Chu and Chen5 who used continuous fixed-bed
reactor conditions. In agreement with previous results, HY
zeolite shows a higher activity and selectivity for DIPN and
TIPN than H-beta. It is observed that the new compounds are
also formed over HY, but in much smaller amounts than over
H-beta. Moreover, the distribution of the new compounds
produced over the two zeolites are different. H-beta gives more
than 80 mol% of ‘210’ and less ‘252’ or ‘292’, while HY

Table 1 Reaction results of isopropylation of naphthalene over different zeolites at 473 Ka

Product distribution (mol%) New compound distribution (mol%)

Catalyst t/h Conv. (%) IPN DIPN TIPN New Othersb ‘210’ ‘252’ ‘292’ ‘294’

H-beta 1 18.7 49.6 2.6 0 46.3 1.5 86.2 10.8 2.8 0.0
7 28.5 42.6 3.1 0 48.1 6.2 84.0 10.2 6.0 0.0

HY 1 92.3 36.9 41.1 14.7 5.9 1.4 0.0 88.9 0.0 11.1
7 94.6 31.1 46.2 14.2 7.1 1.4 0.0 91.7 0.0 8.3

a Reactions conditions: catalyst (0.5g), naphthalene (10 mmol), PriOH (20 mmol), undecane (10 mmol), cyclohexane (100 ml), 2.0 MPa. b Others include
methyl(isopropyl)naphthalene and ethyl(isopropyl)naphthalene
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produces mainly ‘252’ and almost no ‘210’. There were also
many isomers among the new compounds. In fact, there were at
least five isomers of ‘210’ and seven isomers of ‘252’ and
‘292’.

The identification of these new compounds has been made
possible by GC-MS and 13C NMR analysis. First, a simple
conclusion can be drawn from GC–MS results. Products ‘210’
and ‘252’ could be derived from DIPN and TIPN respectively
by removing H2, and ‘292’ could be produced from TetIPN by
removing two equiv. of H2, suggesting that in a ‘210’ molecule,
for example, a branched double bond or an additional
hydrocarbon ring might be formed. Second, no dehydrogenated
derivative (e.g. m/z 168) from IPN (m/z 170) is detected,
implying that dehydrogenation takes place only between two
isopropyl groups, resulting in the cyclization. Therefore, the
new compounds are most likely the cyclized products from
DIPN, TIPN and TetIPN. That is, one or two additional rings
have been formed on naphthalene in the reaction process.

A mixture of the new compounds was isolated by distillation
from the products of naphthalene isopropylation over H-beta
with the following composition: 79 mol% of ‘210’ (which
contains 72% of the main ‘210’ isomer), 9.5 mol% of ‘252’ and
10.6 mol% of ‘292’. 13C NMR measurements have been applied
to this mixture and the obtained spectrum has been compared to
those of methyl styrene, indane and tetralin, selected as possible
comparable samples, and those of related compounds such as
benzocyclobutane, octamethylcyclobutane and dimethylcyclo-
butanes.15 The characteristic signals near d 145.8 in the 13C
NMR spectrum of this enriched mixture are similar to those of
benzocyclobutane (d 145.2)15 or indane (d 144.3), possibly due
to the quaternary carbon atoms of a four- or five-membered ring
fused to a benzene ring. This signal position is different in
tetralin, where the chemical shift of the corresponding quater-
nary carbon is at d 137.4. Therefore, the new additional ring
cannot be six-membered. Moreover, the two other signals near
d 45.1 given by the enriched mixture are similar to those
obtained with octamethylcyclobutane or 1,1-dimethylcyclo-
pentane for the corresponding quaternary carbon atom.15

Accordingly, the new ring formed on naphthalene might be
five- or four-member. Furthermore, the GC analysis of the
products of naphthalene isopropylation over H-beta indicates

that there is one main isomer (72%) among the five ‘210’
species and two main isomers ( > 90%) among the seven ‘252’
and ‘292’ species. Such a distribution suggests that the new ring
formed in naphthalene is a five-member ring substituted by
methyl groups at positions 2',2' and 4', which is the only
structure able to give one ‘210’ and two ‘252’ isomers.

Thus, according to the mass, 13C NMR and GC analyses of
the new compounds, the structures of the main isomers of ‘210’,
‘252’ and ‘292’ might be consistent with those depicted in Fig.
1, minor isomers possibly resulting from methyl migration and/
or ring contraction. The assignment of the 13C NMR chemical
shifts of the main ‘210’ isomer (as an example) is indicated in
Fig. 2.

Further studies are in progress to elucidate the mechanism
and driving force leading to the formation of the new
compounds.

The authors thank the France-China PICS-program (No.299)
for financial support.
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Fig. 1 Proposed structures for the main isomers in new compounds

Fig. 2 13C NMR chemical shifts of the main ‘210’ isomer
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Vesicle–enzyme communication

Fredric M. Menger,* Kingsley H. Nelson and Yingbo Guo

Department of Chemistry, Emory University, Atlanta, Georgia, 30322, USA

Acetylcholinesterase and chymotrypsin are able to catalyze
hydrolyses of vesicle-bound substrates at rates that depend
upon the ability of the substrates to project beyond the
membrane surface.

Pathogenic cells have been identified that produce specific
enzymes in excessive amounts. For example, bone cancer has
been shown to exude unusually large quantities of alkaline
phosphatase,1 while neuroblastomas generate high levels of
acetylcholinesterase.2 Earlier investigations from our labo-
ratory have exploited this phenomenon in connection with a
new and potentially specific mode of drug delivery involving
compound 1.3 There were two key reasons for synthesizing 1:

(i) It possesses a pair of hydrophobic tails plus a charged
headgroup, the components essential for vesicle formation; (ii)
It is a substrate for acetylcholinesterase, an enzyme that
removes the acetate from the acetylcholine-like moiety. When
enzymatic hydrolysis occurs on the ‘vesiclized’ compound, the
freed hydroxy group reacts with one of the ester groups to form
a six-membered lactone, thereby eliminating a hydrocarbon tail.
But since amphiphiles with a single tail are generally unable to
maintain a bilayer structure, the vesicle ruptures and releases its
internal contents. The process is enzyme-specific, leading to the
possibility of selective release near a cancer cell that over-
produces the particular enzyme.

The preceding mechanism presupposes a reaction between a
water-soluble enzyme and a vesicle-bound substrate. Somehow,
in a manner not yet understood, the substrate within the bilayer
membrane is able to find its way to the active site. It seems
unlikely that, prior to enzyme binding, a substrate migrates in
toto from the membrane into the aqueous domain. If this were
possible, vesicles would lose and exchange their water-
insoluble lipids rapidly, which they do not.4 A reasonable
alternative is that substrates only partially extend themselves
beyond the membrane surface. Thus, a lipid molecule might
transiently expose its polar moiety (and even portions of its
hydrocarbon chains) to the bulk solvent. In this way an enzyme
would have an opportunity to grasp the substrate.

An X-ray structure of acetylcholinesterase (Torpedo cal-
ifornica) shows that the active site (containing a Ser-His-Glu
triad) lies at the bottom of a ‘deep and narrow gorge’.5 Hence,
a membrane-bound substrate must seemingly endure a tortuous
journey as it leaves the membrane and travels down the cleft to
the active site. In actual fact, the journey may not be as difficult
as it appears. The cleft is lined with aromatic amino acids that
are believed to guide into the active site a substrate molecule
reaching the outer rim of the cleft. If this is correct, then one
could visualize the escorting of a substrate molecule, which
happens to protrude from the membrane, to the active site as
soon as a vesicle and a properly oriented enzyme come into

contact. It was the purpose of the work reported herein to learn
more about such enzyme–vesicle communication.

Substrates in our study consisted of acylated N-methyl-
7-hydroxyquinolinium iodide derivatives 2.6 Acetylcholinester-

ase-catalyzed ester hydrolysis leads to a highly fluorescent
7-hydroxyquinolinium salt (lex = 400 and 500 nm), allowing
kinetics to be carried out spectrofluorimetrically at substrate
concentrations of only 5 mM (phosphate buffer; pH 6.0; 25.0
°C), a concentration far too low to cause membrane disruption.
Substrates with hydrophobic R groups were incorporated into
the vesicle bilayers during their formation. Vesicles, consisting
of dilauroylphosphatidyl choline plus 5% dimyristoyl phospha-
tidic acid (to inhibit floculation),7 were prepared with the aid of
a LiposoFast low-pressure extruder equipped with a 0.1 mm
polycarbonate filter.8 Monodisperse unilamellar vesicles of
about 100 nm diameter (dynamic light scattering) at a total lipid
concentration of 1.7 mM were thereby achieved. The concentra-
tion of acetylcholinesterase (Sigma electric eel, type V-5) added
to the vesicular substrates was about 0.7 mM as determined by
enzyme titration.9

In the absence of vesicles, but otherwise under the conditions
specified above, the acetyl form of 2 (called ‘C2’) reacts
instantly with acetylcholinesterase. Longer-tailed derivatives
are slower: the octanoyl, dodecanoyl, and tetradecanoyl esters
(‘C8’, ‘C12’ and ‘C14’) have half-lives varying from 20–60 s.
The hexadecanoyl ester (‘C16’) is not completely hydrolyzed
even after half an hour. Although micellization of C16 is not a
factor in the slow rate (its concentration lies well below the
critical micelle concentration), it is quite possible that chain-
coiling, as discussed in another context,10 sterically impedes
access to the headgroup by the enzyme.

Introducing vesicles into the system had no effect upon the
fluorescence vs. time plots for C2 even at elevated phospholipid
concentrations (Fig. 1). Apparently, the hydrophilic substrate
fails to bind to the lipid bilayers. C8 also displays little rate
change when co-mixed with phospholipid, a result explainable
by either an absence of vesicle binding or by an efficient
enzyme catalysis on bound ester. NMR data, given below,
strongly favor the latter. In contrast, vesicular substrates
C10–C16 experience substantial rate inhibitions, the magnitude
of which depend on the length of the chain (Fig. 1). Thus, C10
has a half-life of 300 s, whereas C14 and C16 are, for all practical
purposes, inert. The C14 and C16 tails likely serve to anchor the
substrates, i.e. to impede the ability of the headgroups to project
beyond the membrane surface where reactive encounters with
the enzyme’s cleft become possible. Note that the data in Fig. 1
have practical implications for prodrug design because release
of a membrane-bound moiety depends critically upon the
structure of the disposable addendum.11

NMR spectra in the absence and presence of vesicles leave no
doubt that C8 (and, by inference, all substrate with chains longer
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than eight) is substantially vesicle-bound under the experi-
mental conditions.12 It was found that the sharp aromatic peaks
in free solution are obliterated by the vesicles, an observation
consistent with substrate immobilization due to bilayer inter-
actions. As would be expected, hydrophilic C2 was shown to
preserve its sharp signals in the presence of vesicles. The results
with C8 prove that an enzyme can maintain a normal rate despite
membrane adsorption of its substrate. In terms of our ‘protru-
sion model’, the octanoyl group, but not the more hydrophobic
tetradecanoyl or hexadecanoyl group, permits escape of the
headgroup from the membrane surface into the clutches of the
enzyme. The term ‘escape’ could signify either a dynamic
process (in which C8 rapidly relocates itself in the presence of
an enzyme) or a static process (in which C8 exists in equilibrium
among multiple sites regardless of enzyme).

Two additional experiments are relevant to the above
conclusions. (i) Tripling the vesicle concentration at a constant
5 mM substrate had little impact on the kinetics. Total binding of
the C12 and higher substrates is thus assured. (ii) Instead of
mixing C10 with the phospholipid prior to vesicle formation, C10
was added after substrate-free vesicles had been extruded. Since
no difference in the kinetics was observed, the substrate in
solution must associate with the vesicles rapidly.

To obtain additional information on enzyme–vesicle inter-
actions, we examined a second water-soluble enzyme, chymo-
trypsin, operating on substrates 3 and 4. Fig. 2 compares the

hydrolysis of 3 in the absence of vesicles (phosphate buffer; pH
7.0; 25.0 °C; [substrate] = 5.5 mM; [enzyme] = 0.46 mM) with

the hydrolysis of 3 in the presence of vesicles (5.3 mM total
phospholipid). A two-order-of-magnitude inhibition by the
vesicles is evident. With the goal of further modifying vesicular
rates, the ‘spacer’ between the chain and ester group was
extended via additional amino acids (e.g. dodecanoyl-Gly-Gly-
Phe-COOAr) or via oxyethylene units (e.g. dodecyl-(OCH2-
CH2)8OCO-Phe-COOAr).13 Unfortunately, the non-vesicular
rates were too slow to allow the dependency of rate on spacer
length to be systematically examined. Compound 4 behaved
well, however, and showed actually a 2.5-fold faster initial rate
when incorporated into vesicles under our standard conditions.
The cationic charge on the pyridinium ring likely positions the
ester group into the water away from the membrane surface.
Both electric charge (to prevent burying of the reactive
headgroup) and spacer rigidity (to prevent looping back of
headgroups onto the membrane surface) should favor enzyme–
vesicle reactions. These features will be incorporated into future
prodrug design.

Vesicle membranes clearly offer an attractive means of
controlling enzymatic rates and specificities.

We thank the Army Research Office for supporting this
work.
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Fig. 1 Change in fluorescence intensity at 500 nm as a function of time in
the acetylcholinesterase-catalyzed hydrolysis of vesicular substrates (-)
C2, (5) C8, (~ ) C10, (/) C12, (8) C14 and (2) C16 under conditions
specified in the text. Note how the reaction rate under standard conditions
diminishes with the length of the acyl group.

Fig. 2 Change in absorbance at 400 nm as a function of time in the
a-chymotrypsin-catalyzed hydrolysis of 3 under conditions specified in the
text. (a) with no vesicles and (b) with vesicles. Absorbance values are higher
for the vesicular system owing to scattering by the vesicles.
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How to circumvent plastic phases: the single crystal X-ray analysis of
norbornadiene
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The single crystal structure of the ordered phase of
norbornadiene was determined using a new method of
growing crystals at low temperatures, via an in situ
technique utilising IR light from a CO2 laser focused on a
capillary filled with an organic solution of a sample that
usually forms plastic crystals.

The properties of norbornadiene (bicyclo[2.2.1]hepta-
2,5-diene), have been discussed extensively with respect to
strain, conjugation and reactivity. The molecular structure has
been investigated using spectroscopy,1 gas electron diffraction2

and theoretical calculations.3 However, structural parameters
from an X-ray analysis are hithero unknown.

Norbornadiene is a molecule of globular shape4 and thus
tends to form plastic crystals which have in general unusually
high melting points and very low entropies of melting ( < 21
J K21 mol21).4 Such plastic phases are orientationally dis-
ordered and do not permit acquisition of detailed structural data.
Transitions to ordered low temperature phases are often
observed upon further cooling; however, in most of the cases,
the plastic crystals shatter during the phase transition. In these
cases there are only a few methods available for obtaining a
single crystal in the ordered low-temperature phase: (i)
sublimation of the sample onto a cold finger cooled below the
transition point; (ii) crystallization from a solution of the correct
concentration such that saturation is reached at a temperature
below the transition point; and (iii) using the shattered crystals
of the low temperature phase as seeds and thus grow a single
crystal by applying a high temperature gradient in a zone
melting procedure. In order to circumvent the above problems,
we report here a technique of crystal growth that allows direct
access to low-temperature phases.

A DSC5 investigation of norbornadiene revealed a melting
point at 216.02 °C (lit.,6219.1 °C) and a transition temperature
at 264.23 °C. In the cooling diagram it solidifies at 219.66 °C
and exhibits the phase transformation at 292.79 °C. According
to the characteristics of plastic phases, the energy of melting is
ca. five times lower than that of the phase transition.7

X-ray powder diffractograms, taken at different temperatures
covering the range of the phase transition,8 show the character-
istics of the high temperature (HT) and low temperature (LT)
phases (Fig. 1). The hexagonal lattice symmetry of the HT
phase [a = b = 6.056(7), c = 9.711(12) Å, 233 °C] agrees
with literature data.9 The LT phase was indexed for a
monoclinic cell [a = 6.291(2), b = 17.873(7), c = 5.157(3), b
= 113.95(5), 2163 °C], in contrast to reported data which
assumed a tetragonal cell.10 The calculated densities for the HT

and LT phases are 0.993 and 1.154 g cm23, respectively. The
density of the liquid, 0.906 g cm23, is close to that of the HT
phase and is in agreement with the expected properties for
plastic phases.

In order to evade the HT phase, we modified the in situ
technique utilizing a focused CO2 laser beam on a capillary11

such that, instead of filling the capillary with the neat material,
we used an almost saturated solution. The main problems were
to find an adequate solvent and an appropriate concentration in
order to keep the point of saturation below the transition
temperature. A wide variety of different solvents possessing
very low melting points and/or low crystallization tendencies as
well as good solubility properties were examined. Experiments
with common solvents such as pentane failed; however,
previous trials to crystallize 1,1-diethenylcyclopropane12 (mp
2131 °C) suggested that this liquid had the desired properties as
it remained metastable (oily) down to 2193 °C.

Gratifyingly, a 2:1 mixture of norbornadiene–1,1-diethenyl-
cyclopropane produced a single crystal at 2163 °C after a few
refinement cycles, i.e. moving the CO2 laser beam focus along
the capillary over 12 h. The structure was determined by
standard procedures.13

The most important geometrical parameters are given as
mean values, based on the molecular symmetry C2v, in Fig. 2(a).
Librational corrected data14 together with a comparison of the
experimental structural data and theoretical calculations are
given in Table 1. The best agreement with the X-ray data is
found for the MP2/6-31G(d) ab initio level15 and the MW data.1
Most remarkable are the lengths of the single bonds C1–C2,
C1–C6, C3–C4 and C4–C5 [1.536(1) Å]; a value of 1.510 Å16

would be expected for an sp2–sp3 carbon bond. The same holds

Fig. 1 X-Ray powder diffractograms of norbornadiene at (a) 233 and (b)
2163 °C

Fig. 2 (a) Molecular structure of norbornadiene with the most important
bonding parameters. Probability plots 50%. (b) Static difference isoelectron
density maps based on multipole refinements in the plane of (midpoint of
C2–C3)–C7–(midpoint of C5–C6) and (c) in the plane of C1–C7–C4,
distances at 0.05 e Å23; zero line = broken, negative = dotted.
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for the sp3–sp3 bonds between C1–C7 and C4–C7 [1.555(1) Å];
the expected value is 1.544 Å.16

In norbornadiene two different types of intramolecular
interactions are assumed: homoconjugation, as a through space
interaction between the two p-systems, and hyperconjugation,
as a through bond interaction between the p-systems and the
s-frame.17 The latter effect may explain the elongation of the
single bonds because the filled p-orbitals of the double bonds
have a destabilizing effect on the filled s-orbitals of the opposite
positioned single bonds. The double bonds [1.337(1) Å],
however, are close to standard bond lengths (1.335 Å).16

Multipole refinements18 with this data set permitted the
production of two-dimensional experimental static electron
density maps [Fig. 2(b) and (c)]. The double bond region in the
plane intercepting the double bonds and C7 [Fig. 2(b)] shows
the typical elliptic distortion. The section through the atoms C1,
C7 and C4 [Fig. 3(c)] demonstrates the strain produced by the
small angle at the bridgehead atom (see Table 1) as the maxima
of the electron density of the bent bonds at C1–C7 and C4–C7
are clearly shifted from the internuclear lines. This is empha-
sized by the dashed interconnective lines [Fig. 2(c)]. Another
interesting feature in Fig. 2(c) is the residual electron density at
the internal part of the molecule (marked with an arrow). This
electron density is similar to that found in the center of a
cyclopropane molecule and which is attributed to s-aromaticity
and rehybridization by angular strain.19

Over the last 30+ years various theories have been introduced
to describe the high reactivity and the exo-selectivity of
bicyclo[2.2.1]alkenes compared to similar non-cyclic mole-
cules. A reasonable explanation is the pyramidalisation of the
double bonds.20 The amount of pyramidalisation is described by
the interplanar angle b between planes C1–C2–C3–C4 and
H2–C2–C3–H3 H. The atoms at the double bonds are displaced
to the endo-region of the molecule. The X-ray analysis gives b
= 4.5(2)° (Table 1). This value agrees well with the
theoretically calculated (3.7°) and experimentally determined
(4.0°, by microwave and NMR spectroscopy) values.

Houk et al.21 suggested the high frame strain as a cause for
the pyramidalisation. An explanation for the direction of the
pyramidalisation is not only strain alone, but also a contribution
from a torsional interaction.21 The results from our investigation
suggest an additional repulsive effect of the hyperconjugation as
the main cause for the pyramidalisation of the double bonds in
the direction of the ‘exo’ area. The effect of the pyramidalisation
is expected to be even stronger for norbornene for which the ab
initio calculations [MP2/6-31G(d)] predict an angle b of 7.9°.

In summary, molecular and crystal structures for a wide range
of orientationally disordered materials should now be accessible
with this new method. Crystal growth of the low temperature
phase of similar molecules which form plastic crystals in the
high temperature phases are in progress.

We thank Dr Sergei Kozhushkov (Universität Göttingen) for
the preparation of 1,1-diethenylcyclopropane.
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Table 1 Comparison of experimental and calculated bond lengths and
angles for norbornadiene; mean values according to C2v symmetry (XRD:
X-ray diffraction, this study; MW: microwave; GED: gas electron
diffraction)

Length/Å Angle (°)

Method C1–C2 C1–C7 C2§C3 C1–C2–C3 C1–C7–C4 ba

XRD 1.536(1) 1.555(1) 1.337(1) 107.2(1) 92.5(1) 4.5(2)
XRDb 1.542(1) 1.560(1) 1.342(1)
MWc 1.530(3) 1.557(3) 1.336(3) 107.1(1) 91.9(2) 4.0(3)
NMRc 1.533 1.571 1.339 107.0 92.2 4
GEDd 1.535(7) 1.573(14) 1.343(3) 94.1(30) 0
HF/
6-31G(d) 1.539 1.550 1.319 107.7 92.3 2.7
MP2/
6-31G(d) 1.533 1.552 1.345 107.0 92.3 3.7

a Interplanar angle between C1–C2–C3–C4 and H2–C2–C3–H3. b Libra-
tional corrected data, see ref. 14. c Ref. 1. d Ref. 2.
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Organic–inorganic composite oxide phases: one-dimensional molybdenum
oxide chains entrained within a three-dimensional coordination complex
cationic framework in [{Cu2(triazolate)2(H2O)2}Mo4O13]

Douglas Hagrman and Jon Zubieta

Department of Chemistry, Syracuse University, Syracuse, NY 13244, USA. E-mail: jazubiet@syr.edu

The hydrothermal reaction of MoO3, CuSO4·5H2O,
1,2,4-triazole and H2O produces a 50% yield of [{Cu2-
(triazolate)2(H2O)2}Mo4O13], a material constructed from
{Mo4O13}n

2n2 chains entrained within the three dimensional
framework provided by the {Cu2(triazolate)2(H2O)2}n

2n+

polymeric complex.

Inorganic oxides constitute a vast family of materials which are
ubiquitous as both naturally occurring and synthetic materials1

and are endowed with a range of physical properties giving rise
to applications in areas as diverse as heavy construction,
sorption, catalysis, biomineralization and microelectronics.2,3

The recent elaboration of the chemistries of zeolites,4 mesopor-
ous materials of the MCM-41 class,5 biomineralized materials,6
and organically templated transition metal phosphates7 has led
to an appreciation of the dramatic influence of organic
components on the microstructures of inorganic oxides.

We have recently described a fifth major class in which
organic materials exert a significant structural role in control-
ling the architecture of the inorganic oxide: the organically
templated molybdenum oxides.8–13 A subclass of these new
materials was inspired by the diversity of topologies adopted by
metal–dipodal organonitrogen ligand complexes,14 whose vari-
ability of channel dimensions suggested that metal oxide
anionic units could be incorporated into the void space of the
cationic skeleton. This strategy has provided a variety of novel
molybdenum oxides coexisting with mononuclear, binuclear,
trinuclear, and one- and two-dimensional coordination complex
cations, of which [{Cu(4,4A-bpy)}4Mo15O47],8 [Cu(4,4A-bipyr-
idylamine)0.5MoO4], and [Cu{1,2-trans-(4-pyridyl)ethene}-
MoO4]15 are representative examples. However, in no instance
of a dipodal ligand was a three-dimensional cationic framework
observed for the molybdate family of composites, despite
introduction of MII sites with octahedral coordination prefer-
ences. Recent studies on crystal engineering of three-dimen-
sional frameworks16 suggested that tripodal or higher denticity
ligands with appropriate donor group orientation may favor
three-dimensional architectures, although the coordination
preferences of the MII site and interactions with the oxide
substructure may also influence the structure. Inspired by these
results, 1,2,4-triazole was introduced as the organic component
for a copper molybdate phase. The expectation of a three-
dimensional cationic framework was realized in the isolation of
[{Cu2(triazolate)2(H2O)2}Mo4O13] 1.

The hydrothermal reaction of MoO3, CuSO4·5H2O,
1,2,4-triazole and H2O in the mole ratio 1 : 1 : 1 : 1817 for 72 h
at 200 °C yielded blue crystals of 1 as a monophasic material in
ca. 50% yield. The IR spectrum of 1 exhibited a strong band at
954 cm21 ascribed to n(MoNO) and a series of bands in the
720–920 cm21 region characteristic of n(Mo–O–Mo).

As shown in Fig. 1, the structure† of 1+ consists of one-
dimensional {Mo4O13}n

2n2 chains entrained within the three-
dimensional framework of the {Cu2(triazolate)2(H2O)2}n

2n+

polymeric coordination cation. There are two unique copper
sites in the cationic framework. One site Cu(A) is effectively
square pyramidal {CuN4O} through ligation to four triazolate

nitrogen donors, one from each of four triazolate ligands and to
a terminal oxo-group of the molybdate chain. The second site
Cu(B) is octahedral {CuN2O4}, exhibiting coordination to two
trans disposed triazolate nitrogen donors, two aquo ligands, and
two terminal oxo-groups of the molybdate chains. The organic
moiety adopts the anionic triazolate form in a three connect
ligation mode. The resulting cationic framework is constructed
from undulating chains of Cu(A) sites bridged through the
1,2-nitrogen donors of the triazolate ligands and linked to
adjacent chains through the Cu(B) centers which coordinate to
the remaining 4-nitrogen donors of the triazolate ligands (Fig.
2). This connectivity pattern produces a honeycomb network
when viewed along the crystallographic c axis. Furthermore, the
disposition of bridging triazolate ligands about a chain results in
linkage to four adjacent parallel chains (Fig. 1) giving rise to
large tunnels which are occupied by the molybdate chains.

The undulating molybdate chain, Fig. 3, is constructed from
edge-sharing molybdenum octahedra and tetrahedra. It is
noteworthy that the polyhedral connectivity within these
{Mo4O13}n

2n2 chains is distinct from that reported for other
one-dimensional molybdenum oxides: K2Mo3O10,
(NH4)2Mo3O10, (H3NCH2CH2NH3)Mo3O10, [H3N(CH2)6NH3]-
Mo3O10, Na(NH4)Mo3O10 and [{Cu(4,4A-bpy)}4Mo15O47].8 The
chain structure conforms to the constraints imposed by the
copper–triazolate framework and the coordination requirements
of the CuII sites of the framework.

The title compound demonstrates that the structural variabil-
ity of the cationic scaffolding constructed from appropriately
linked transition metal sites extends to 3-D coordination
polymers as well as 1-D and 2-D types, with tunable void
volumes, providing a domain for the formation of low
dimensional metal oxides. The synthetic approach appears to
provide a facile method for modification of the structures of
metal oxides, employing a ‘ship in the bottle’ approach, and

Fig. 1 A view parallel to the crystallographic b axis and to the molybdenum
oxide chain of the structure of 1. The molybdate chain is depicted in
polyhedral form. The large lighter spheres are the Cu(A) sites, the smaller
darker spheres are the Cu(B) sites.
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ultimately for tuning of electronic, magnetic and optical
properties of these phases.

This work was supported by NSF Grant CHE 961723.
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† Crystal data for C4H8Cu2Mo4N6O15 1: M = 891.00, monoclinic, space
group P21/n, a = 13.6939(3), b = 7.7967(1), c = 17.2311(4) Å, b =
89.8570(9)°, V = 1839.71(6) Å3, Z = 4, Dc = 3.206 g cm23, T = 243(2)
K, m = 5.004 cm21, F(000) = 1680; solution and refinement based on 4364
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182/958.
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Fig. 2 (a) A view parallel to the crystallographic a axis of the chain formed
by triazolate bridged Cu(A) sites (large, lighter spheres) and the linkage
through Cu(B) centers (large, darker spheres) to adjacent chains. (b) The
honeycomb pattern of the {Cu2(triazolate)2(H2O)2}n

2n+ framework when
viewed parallel to the crystallographic c axis. The bonding of the copper
sites to the oxide substructure has been omitted for clarity. Selected bond
lengths (Å): Cu(A)–N(34) 1.993(5), Cu(A)–O(10) 2.343(4), Cu(B)–N(32)
1.947(5), Cu(B)–O 2.000(5)(32) 2.328(4)(32).

Fig. 3 A polyhedral view of the molybdenum oxide {Mo4O13}n
2n2 chain
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First synthesis of sterically hindered cofacial bis(corroles) and their bis(cobalt)
complexes
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Syntheses of face-to-face bis(corroles) exhibiting electronic
interactions between the two chromophores.

During the past few decades, numerous research has been
devoted to the synthesis of dimeric and higher order porphyrins
and, to a lesser extent, other macrocyclic tetrapyrroles cova-
lently linked by rigid linkers.1,2 Bis(porphyrins) with a gable or
face-to-face spatial arrangement are effective catalysts for the
four-electron reduction of dioxygen to water3 and the oxidation
of organic substrates.4 A few years ago, ‘Pacman’ porphyrins
achieved the microscopic reverse of dinitrogen fixation.5 As a
result of these significant data, many bisporphyrins and higher
oligomers have been prepared with a wide variety of linking
units.6 Except for a few examples,7 most of these rigidly linked
dimeric and higher order oligomeric systems have consisted of
porphyrin subunits. At the same time, corrole macrocycles were
gaining considerable attention due, in part, to their very rich
chemistry and to their ability, compared to porphyrins, to
stabilize higher oxidation states of certain coordinated metals.8
Very recently, symmetrical and unsymmetrical linear bis(cor-
role) and porphyrin–corrole dyads possessing para-phenyl
linking units have been described.7b Herein, we wish to report
the first synthesis of cofacial bis(corroles) H6BCA and
H6BCB9 as well as their bis(cobalt) complexes in order to study
metal–metal interactions.

In the course of our work on the syntheses of cofacial
bis(porphyrins),10 it occurred to us that the conjugate addition
of a 3,4-disubstituted-2-formylpyrrole to a face-to-face bis(di-
pyrromethane) followed by a cyclization step should represent
a versatile method for new cofacial bis(corroles) formation.
Indeed, reaction of compound 1A10 with 4 equivalents of 2 in
methanol and in the presence of 30% hydrobromic acid in acetic
acid led in a first step to the bis(a,c-biladiene) salt 3a (Scheme
1), the progress of the reaction being monitored by UV–VIS
spectroscopy. In-situ addition of sodium hydrogencarbonate
and p-chloranil followed by addition of 50% hydrazine in water
gave 3 as a crude compound after solvent removal. Final
purification by chromatography on basic alumina afforded 3 in
5.5% yield. The proton NMR spectrum of the C2 symmetric
derivative 3 exhibits the characteristic patterns of two corrole
units cofacially linked by an anthracenyl bridge.11a Compound
3 displays a pseudo-molecular peak at m/z = 1163 [M + H]+, a
Soret band at 402 nm and three Q bands at 510, 548 and 598 nm.
Unfortunately, the free-base bis(corrole) 3 was found to be too

unstable for a full characterization. Indeed, when left in solution
in the presence of air and light, 3 readily decomposed over a
period of a few minutes into a small amount of less-polar
compounds, along with a large amount of base-line materials
presumably due to the decomposition reaction with dioxygen of
the free-base bis(corrole) which acts as a sensitizer. Such an
instability has been pointed out for 10-monophenyl corrole 4
(Scheme 2).11b Indeed, compound 4 (as a free-base) was found
to be air-sensitive when left in solution and one of its

Scheme 1

Scheme 2
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decomposition products was identified as an open chain
tetrapyrrole structure 5.11b To our knowledge, this is the first
example of molecular oxygen oxidation of a corrole macrocycle
to a biliverdin structure. Our data led to a possible reaction
mechanism involving addition of dioxygen at the 1,19-double
bond of the corrole derivative followed by bond cleavage giving
two amide groups as terminal functions. In order to prevent
oxidative attack of the corrole ring and cleavage of the
1,19-double bond, the four b-pyrrole positions (positions 2,3,17
and 18) were substituted by phenyl groups. As expected, free-
base corrole 611b,12 is far more stable than its alkyl-substituted
counterpart 4 as the presence of the bulky phenyl groups prevent
dioxygen oxidation of the 1,19-double-bond. Indeed, the
decomposition of 6 in solution in the presence of air and light
only occurred over a period of a few days.

According to these results, we were able to synthesize a stable
free-base bis(corrole) 8 (Scheme 1) by reacting first 1A10 with
7,13 and then by cyclizing the bis(a,c-biladiene) intermediate
8a, using p-chloranil as an oxidant. The free-base derivative 814

was isolated in 12.5% yield. Starting from 1,8-diformylbiphe-
nylene as a spacer and using the same experimental procedure,
compound 915 was obtained in 12% yield. LSIMS mass spectra
confirms the dimeric structure of 8 and 9 (m/z 1549 [M + H]+

and 1523 [M + H]+, respectively). Cofacial bis(corroles) 8 and
9, containing phenyl rings at eight b-pyrrole positions, are really
more stable than the unprotected one 3. Indeed, when 8 and 9
are exposed in solution to air and light, no major decomposition
is observed after a period of 48 h. Interestingly, the UV–VIS
absorptions of 8 and 9 show that the spectra are not simply
superpositions of the absorptions of the two corrole chromo-
phores. In particular, the Soret bands of 8 and 9 are red-shifted
with respect to those of the simple corrole possessing the same
substitution patterns due to the electronic interactions occurring
between the two corrole units in 8 and 9. It is also worthy to note
that no electronic interaction has been observed in the recently
published linear dimers.7b

Standard procedures were employed to metallate the corrole
core with cobalt acetate.16 Compound 8 was heated at 80 °C in
pyridine with 2.5 equivalents of Co(OAc)2, the metallation
reaction being monitored by UV–VIS spectroscopy. Comple-
tion of the reaction occurring within 1–2 h was indicated by the
complete disappearance of the absorption at 607 nm and the
appearance of a Q band at 597 nm; the Soret band being
simultaneously slightly red-shifted (lmax 414 and 435 nm).
After purification, the homobimetallic BCA(Co)2(py)2 deriva-
tive 10 was isolated in 23% yield. Interestingly, the two axial
pyridine ligands can easily be removed under vacuum (20
mmHg, 50 °C) to yield quantitatively 11. The electronic
absorption spectra of 11 shows a 37 nm blue-shift of the Soret
band [lmax (e/dm3 mol21 cm21) = 377 (117 000), 398
(144 000), 529 (47 900) nm] compared to 10. In LSIMS mode,
the molecular peak for the BCA complex is observed at m/z =
1660 [M + H]+ (100%). It is also worthy to note that 11
decomposes rapidly in the absence of coordinated axial
ligands.

In conclusion, these cofacial bis(corroles) can be easily
prepared in four steps (starting from the bridging unit) and on a
large scale. Moreover, the synthesis of 8 and 9 described here
integrate well for the development of coordination chemistry of
cofacial bis(corroles) on a broad basis; work is currently
underway in these directions.
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Stabilisation of an endiolate by co-ordination to vanadium(iv)
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The redox reaction between [VCl2(tmeda)2] (tmeda =
N,N,NA,NA-tetramethylenediamine) and benzil yielded the
non-oxo VIV benzoin complex [V(tmeda){Ph(O)CN
C(O)Ph}2]·thf (C2 symmetry), the first structurally charac-
terised vanadium–endiolate complex.

VII is a versatile reducing agent which has been used to
effectively reduce, inter alia, nitrogen to ammonia,1 protons to
hydrogen,2 bromoalkanes to alkanes3 or sulfidophenylsulfanyl-
ethane to ethylene and thiocatecholate.4 VII is also the active
intermediate in many reductive hydrogenation and C–C cou-
pling reactions carried out in the presence of the catalyst system
VCln–H+–Zn.5–8 In an effort to establish general pathways
leading to non-oxo vanadium-(iv) and -(v) complexes, we have
now exploited the reducing potential of VII, stabilised in the
form of [VCl2(tmeda)2], to reduce benzil to 1,2-dihydroxy-
ethylene and to concomitantly coordinate this tautomeric form
of benzoin to vanadium. The use of [VCl2(tmeda)2]9 allows the
reaction to be carried out in solvents which, unlike water or
alcohols, do not straight away provide an oxo group which
would otherwise give rise to the formation of the favoured
vanadyl [oxovanadium(iv)] moiety. Non-oxo (sometimes also
termed ‘bare’) complexes of high-valent vanadium are of
interest in the context of amavadin, a molecular compound of
VIV isolated from mushrooms of the genus Amanita,10 and of
vanadium nitrogenase, which presumably contains a {V(m-
S)3(his)(homocitrate)} coordination site.11

Non-oxo complexes of vanadium in its oxophilic oxidation
states +IV and +V are still scarce. Examples include [V(sa-
len)(benzilate)],12 [V(tben)] [H4tben = N,N,NA,NA-tetrakis(2-
hydroxybenzyl)ethylenediamine],13 and [V(salhan)] [H2salhan
= bis(salicylaldehyde-2-hydroxyanil)].14 Nor has the chem-
istry of vanadium complexes containing 1,2-diolates as li-
gands15–18 yet been developed to a great extent, although this
class of complexes is of some interest with respect to model
compounds for the physiologically relevant interaction of
vanadium with sugars and sugar derivatives such as nucleotides
and nucleosides. One such complex, a dimeric adenosyl-
dioxovanadate, has recently been structurally characterised.19

In contrast to simple a-hydroxycarbonyl compounds, the
equilibrium between enediol and the a-hydroxycarbonyl form
may be in favour of the former in the case of sugars. Complexes
containing the enediol tautomeric form of an a-diketone bound
to a vanadium centre have so far not been described. They are
known in the dinuclear systems [W2X6(O2C2R2)2] (X = Cl,
ORA)20 and [Mo2O5(O2C2Ph2)2].21 Vanadium coordination to
enolate22a and ynolate22b has also been reported.

[V(tmeda){Ph(O)CNC(O)Ph}2] forms on addition of benzil
to [VCl2(tmeda)2] (molar ratio 1:1) dissolved in refluxing,
absolute thf. Black, crystalline material of [V(tmeda){Ph(O)CN
C(O)Ph}2]·thf,† suitable for the X-ray structure determination,
is obtained as n-pentane is allowed to diffuse into the saturated
thf solution within a few days. Since the conversion of benzil to
benzoin is a two-electron reduction, half of the vanadium is lost
in a side-reaction, the nature of which has not yet been revealed.
The exclusive formation of the Z isomer of the enediol
tautomeric form of benzoin hints at a reaction mechanism where
benzil is associated with and thus activated by the VII centre
prior to reduction. The coordination of bidentate oxo-functional

ligands such as b-diketonates23 and b-diolates24 to VII has been
noted before (cf. also ref. 9). 

An ORTEP drawing of [V(tmeda){Ph(O)CNC(O)Ph}2]·thf‡
is shown in Fig. 1. The overall geometry is distorted octahedral.
V, N1, N1A, O2 and O2A form an approximate plane
(deviations: V 0.000, O2 +0.240, O2A 20.240, N1 20.265,
N1A +0.265 Å), O1 and O1A are in the axis, which is slightly
bent; the angle O1–O1A amounts to 169.77(8)°. The point
symmetry is C2, with the twofold axis bisecting the angles
O2–V–O2A, N1–V–N1A, and the ethylene backbone of the
tmeda ligand. Distorted octahedral geometries have also been
reported for other non-oxo vanadium complexes,12–14 while the
trigonal-prismatic or distorted trigonal-prismatic arrangements
are realised in [V(hazb)2] [H2hazb = bis(2,2A-dihydroxy-
azobenzene],25 and in non-oxo vanadium(iv) complexes con-
taining ONS donor sets.26 The carbon–carbon bond length
[1.369(3) Å] and the bond angles (average 120°) at the carbons
forming the benzoin backbone clearly indicate that the enediol
form (sp2 hybridisation at both carbons) prevails. The V–O
bond lengths [1.896(1) and 1.922(1) Å] exceed those of
V–O(alkoxide) with a sp3 hybridised carbon of the alkoxo group
(typically 1.77–1.81 Å12,15a,16–18); they compare to
V–O(phenolate) (1.87–1.91 Å) and V–O(enolate)22a [1.928(2)
Å], and also to the V–O bond lengths to the non-bridging sugar
alkoxides in [VO2(m-adenosine)2]22 [1.939(2) and 1.916(2)
Å];19 but they are exceeded by V–O(b-diketonate) bond lengths
(1.98–2.02 Å).27

The +IV state of vanadium has further been established by
EPR spectroscopy and cyclic voltammetry.§ The CV exhibits a
reversible one-electron reduction step (VIVÛVIII) at E1/2 =
21.080 V, and an irreversible oxidation (VIV?VV) at +0.27 V
vs. SCE. The EPR parameters (g0 = 1.962 , A0 = 89.0 G; in thf)
compare to those commonly found for VIV complexes with a
coordination environment dominated by oxygen functionali-

Fig. 1 ORTEP drawing, showing the 50% probability ellipsoids, and
numbering scheme for [V(tmeda){Ph(O)CNC(O)Ph}2]. Selected bond
distances (Å) and bond angles (°): V–N1 2.204(2), V–O1 1.896(2), V–O2
1.921(2), C1–C2 1.369(3), O1–C1 1.342(2), O2–C2 1.354(2), C1–C10
1.474(3), C2–C20 1.472(3); N1–V–N1A 80.35(11), O1–V–O2 79.19(6),
O1–V–O1A 169.80(9), O2–V–O2A 108.93(9), N1–V–O1 100.29(7),
N1–V–O2 87.10(7) O1–C1–C2 113.3(2), O1–C1–C10 116.4(2), C2–C1–
C10 130.3(2).
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ties.28 The BVS analysis, using the parameters provided by
Carrano et al.,29 leads to a valence state for vanadium of 3.9.

We are presently expanding this novel route to non-oxo VIV

complexes by redox-interaction between a low-valent vana-
dium centre and a ‘pre-ligand’ system that serves as the
oxidising agent and, in its reduced form, a ligand to the oxidised
vanadium.

Notes and References

† [V(tmeda){Ph(O)CNC(O)Ph}2]·thf was prepared in 44% yield. A
satisfactory microanalysis was obtained. The n(CNO) bands are at 1610 and
1588 cm21 (KBr pellet).
‡ Crystal data for [V(tmeda){Ph(O)CNC(O)Ph}2]·thf, C38H44N2O5V, M =
659.69, orthorhombic, space group Pccn, aN27.887(10), b = 8.916(2), c =
14.154(6) Å, Z = 4, V = 3519(2) Å3, Dc = 1.245 g cm23, m = 2.71 mm21,
an absorption correction (DIFABS) was applied. Data were collected at
173(2) K on an Enraf Nonius CAD4 diffractometer (Cu-Ka irradiation, l =
1.541 78 Å, graphite monochromator) in the 2q scan mode, q =
3.17–76.35°. Measured reflections 3716, independent reflections 3680 (Rint

= 0.0152); refined parameters 234. The solution of the structure (SHELXS
97) and refinement (SHELXL 97) converged to a conventional [i.e. based
on the I > 2s(I0) criterion] R1 = 0.0454 and wR2 = 0.1284. Non-hydrogen
atoms were refined anisotropically, hydrogen atoms were calculated into
ideal positions and included in the final FMLS refinement. Maximum and
minimum residual electron densities were 0.540 and 20.637 e Å23. Only
one half of the structure, including one complete enediolate ligand, is
crystallographically unique. The thf of crystallisation was treated with a 1:1
disorder model, as required by the crystallographic C2 axis (symmetry
transformation 2x + 1, 2y, 2z + 1). CCDC 182/955.
§ X-Band EPR spectra (Bruker ESP 300E) were obtained at 9.74 GHz in ca.
1 mm solutions. CV measurements (Princeton Applied Research potentio-
stat 273A; working electrode: Pt foil, counter electrode: Pt wire) were
carried out in ca. 1 mm DMF solution with 0.2 m TBAP as conductance salt.
The potentials are referenced against SCE. The same crystalline material
used for the X-ray structure determination was employed for the EPR and
CV studies.
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Observing and modelling energetically close a- and b-carbon–hydrogen agostic
interactions in an isopropyl tris(pyrazolyl)boratoniobium complex

Joëlle Jaffart,a René Mathieu,a Michel Etienne,*a† John E. McGrady,b Odile Eisenstein*b‡ and Feliu
Maseras*b

a Laboratoire de Chimie de Coordination du CNRS, UPR 8241, 205 Route de Narbonne, 31077 Toulouse Cedex 4, France
b Laboratoire de Structure et Dynamique des Systèmes Moléculaires et Solides, UMR 5636, Université de Montpellier II, 34095
Montpellier Cedex 5, France

An equilibrium between a- and b-agostic interactions has
been observed in Tp*Nb(Cl)(CHMe2)(PhC·CMe) 1 [Tp* =
hydridotris(3,5-dimethylpyrazolyl)borate] while only
a-agostic interactions have been observed for the analogous
ethyl complex; calculations using the hybrid QM/MM
method IMOMM (B3LYP:mm3) methodology properly
account for the experimental results, and suggest that steric
effects are responsible for the presence of distinct minima in
the isopropyl complex.

Agostic interactions have been found to play an important role
in the olefin polymerization reactions and also in the isomeriza-
tion and dynamics of alkyl groups.1–5 One of the central issues
has been the competition between a- and b-agostic interactions.
While theoretical studies have suggested that the two situations
could correspond to stable minima, the b-agostic interaction has
always been calculated to be energetically favored.6 To our
knowledge, the two types of agostic interactions have never
been observed in any single system, since fast rotation of alkyl
chain makes characterization of secondary minima unlikely on
the NMR time scale. We report here the first observation of an
equilibrium between a-C–H and b-C–H agostic forms of an
isopropyl group in the formally d2 complex
Tp*Nb(Cl)(CHMe2)(PhC·CMe) 1 [Tp* = hydridotris(3,5-
dimethylpyrazolyl)borate]. We have previously shown that
n-alkyl complexes such as Tp*Nb(Cl)(CH2R)(PhC·CMe) ex-
hibit only a-agostic interaction.7

The isopropyl complex Tp*Nb(Cl)(CHMe2)(PhC·CMe) 1
has been isolated in 75% yield from the reaction of
Tp*NbCl2(PhC·CMe)8 with 1 equiv. of (CHMe2)MgCl.9
X-Ray diffraction10 on a single crystal at 160 K reveals a
b-agostic structure as shown in Fig. 1. Interaction of one b-H
with Nb results in a pronounced distortion of both the alkyl
ligand and the metal coordination sphere. An acute Nb–Ca–Cb
angle, a shortened Ca–Cb bond, a close Nb–Hb contact and a
markedly obtuse Ca–Nb–Cl angle are noteworthy data.1 The
conformation of the isopropyl group is such that the non-agostic
Me sits in the wedge formed by two cis-pyrazole rings, as do the
R groups in Tp*Nb(Cl)(CH2R)(PhC·CMe) complexes, all of
which exhibit a-agostic structures.7 NMR studies on 1,
however, reveal a more complex situation in solution.

The 1H NMR spectra of 1 in CD2Cl2 indicate dynamic
behavior due to an unprecedented equilibrium between a b- and
an a-agostic form, 1b and 1a respectively (Scheme 1). In the
slow exchange regime (193 K), the equilibrium constant
measured as the ratio 1b : 1a is 3.9 (DG°193 = 22.2 kJ mol21).
1b is characterized by isopropyl methyls at d 1.29 and 0.05
(both d, J 7 Hz) and a methine proton at d 2.10. The ‘in-plane’
rotation of the agostic Me is not frozen out as observed in other
b-agostic complexes of the early transition metals. Evidence for
the b-agostic interaction thus comes from the 13C NMR data
which are consistent with the rehybridization of Ca towards
sp2(d 72.0, 1JCH 141 Hz). Spectroscopic data for 1a, including
a shielded Ha at d21.13 and a broad deshielded Ca at d 126.4

with a reduced 1JCH (100 ± 5 Hz), testify to the a-agostic
interaction. Significantly, there is no NMR evidence for a
putative third Nb–C rotamer, which might or might not have a
b-agostic interaction, namely that with Ha in the wedge formed
by the two cis pyrazole rings (see discussion of the X-ray
data).

The synthesis of Tp*Nb(Cl)[CH(CD3)2](PhC·CMe) (1-d6),
selectively deuterated at the isopropyl methyls, has been
achieved.9 Owing to the preference for H rather than D to
occupy an agostic position,1,11 a thermodynamic isotope effect

Fig. 1 Plot of the molecular structure of 1. Located and refined H are shown.
Selected bond lengths (Å): Nb(1)–C(1), 2.228(4); Nb(1)···C(2), 2.608(4);
C(1)–C(2), 1.476(7); C(1)–C(3), 1.535(6); Nb(1)–H(21), 2.17(5). Selected
bond angles (°): Nb(1)–C(1)–C(2), 87.0(3); Nb(1)–C(1)–C(3), 121.2(3);
Cl(1)–Nb(1)–C(1), 122.1(1); C(2)–C(1)–C(3), 115.3(4); Cl(1)–Nb(1)–
C(1)–C(2), 5.3; Nb(1)–C(1)–C(2)–H(21), 2.4.

Scheme 1

Chem. Commun., 1998 2011



should lead to an equilibrium shift towards the formation of
1a-d6, i.e. to a smaller equilibrium constant. An isotopic
perturbation of the equilibrium is indeed observed. At 193 K the
ratio 1b-d6 : 1a-d6 is 3.2 (DG°193 = 21.9 kJ mol21), which
translates to a DDG°193 of 0.3 kJ mol21 in favor of 1a, giving
further evidence for the proposed equilibrium between b- and
a-agostic forms of the isopropyl group.

The electronic structure of the isopropyl complex 1, along
with that of the ethyl complex,7b were examined using the
integrated molecular orbitals and molecular mechanics
(IMOMM) methodology,12,13 which has recently been used
successfully to model agostic interactions.15 Only one mini-
mum was located for the ethyl complex, corresponding to the
structurally characterized a-agostic isomer.7b In contrast, two
minima are obtained for the isopropyl complex, one corre-
sponding to the b-agostic structure described above, and the
other, 9.3 kJ mol21 higher in energy, to an a-agostic isomer
related to the first by rotation of 120° about the Nb–CH(CH3)2
bond. All three minima show features typical of agostic
interactions, namely short Nb···H distances (2.35–2.58 Å), long
agostic C–H bonds (1.112–1.116 Å), obtuse Cl–Nb–Ca angles
(110.8–126.9°) and angles substantially less than 109.5°
(86.3–92.4°) between the Nb–Ca bond and the agostic group (H
or CH3).

The location of two distinct minima for the isopropyl system,
lying very close in energy, raises the question of the origin of the
barrier to rotation about the Nb–C bond. The absence of a
b-agostic minimum for the ethyl complex suggests that the
barrier is not caused by the intrinsic stability of the agostic
interactions themselves. The hindered rotation may be thus
caused by the steric constraints of the Tp* ligand. The most
sterically favorable conformation for the alkyl chain places one
Me group along a wedge defined by two cis-pyrazole rings,
where the pendant methyl groups of Tp* present a significant
barrier to rotation about the Nb–C bond. This ‘locking’ of the
non-agostic Me group leaves an a-C–H bond and a Me group to
compete for the electron deficient Nb centre in the isopropyl
complex, but only two a-C–H groups in the ethyl analogue,
thereby accounting for the presence of two distinct isomers in
the former, but only one in the latter.
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Synthesis and characterization of a chelating 2-dimethylsilylpyridine complex
of titanocene(iii)
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The complex Cp2Ti[2-SiMe2(C5H4N)] 1, the first example of
a chelating silyl, and a tertiary silyl complex of Cp2Ti(III), is
prepared by reaction of 2-SiHMe2(C5H4N) with Cp2TiMe2,
and its X-ray structure, EPR spectrum and reactions with
C5H5N and PMe3 are reported.

Titanocene silyl complexes have been implicated as inter-
mediates in a number of catalytic reactions of hydrosilanes.1–3

Although several such complexes with primary, secondary and
unsubstituted silyl ligands have been synthesised and charac-
terised, they still remain quite rare.4–8 To our knowledge, only
two titanocene complexes with tertiary silyl ligands have been
reported, both of which are titanocene(IV) compounds.9,10 We
report here the first example of a tertiary silyl titanocene(III)
complex in which the silyl group is part of a chelating ligand.

Reaction of Cp2TiMe2 with 2-(dimethylhydrosilyl)pyridine
(2.2 equiv.) in hexane resulted in a slow evolution of CH4,
identified by the characteristic rotational fine structure in its gas
phase infrared spectrum, and a color change of the solution from
orange to purple over a period of 2 to 3 days. Upon cooling to
220 °C for 24 h, deep purple crystals of 1 precipitated and were
isolated in 63% yield. In solution ([2H8]toluene), 1 gave no
discernible 1H or 29Si NMR resonances, as is often the case with
strongly paramagnetic Ti(III) complexes. The EPR spectra of 1
(Fig. 1) in solution at both low (220 °C) and room temperature
exhibit a well resolved triplet at g = 1.9872 with aN = 1.9 G,
due to coupling of a single unpaired electron to the 14N nucleus
(I = 1) in the pyridine, and satellites due to hyperfine
interactions with Ti nuclei [I = 7/2, 49Ti (5.5%); I = 5/2, 47Ti
(7.75%)] with aTi = 8.8 G.

The single crystal X-ray structure of a molecule of 1 shows
that this complex is mononuclear (Fig. 2).† The geometry about
the titanium center is very similar to those found in the
analogous non-chelating silyl(tertiaryphosphine) complexes
with the exception of the very acute N–Ti–Si angle of 64.72(7)°
compared to the P–Ti–Si angles [84.8(1) to 86.2(2)°] in the
latter complexes.4 The bonding parameters are close to those
observed for other titanocene(III) silyl complexes.4

Solutions of 1 are air sensitive, but relatively stable at room
temperature under inert atmosphere. They decompose slowly
over a period of days to give an unidentified paramagnetic
product (broad single EPR resonance; g = 1.9778). Such a
signal is often observed in the decomposition products of
titanocene(III) complexes.1 The enhanced thermal stability of
the chelating tertiary silylpyridine complex 1 is in sharp contrast
to the analogous non-chelating silyl(tertiarylphosphine) com-
plexes Cp2Ti(PMe3)(SiHRRA) (R = H or Ph, RA = Ph) which
are stable only for minutes at ambient temperature.4,5 We
attribute the unusual stability of 1 to the absence of the Si–H
hydrogens for further dehydrocoupling reactions.5

The pyridine ligand in 1 is labile and can be replaced by other
donor ligands as shown in eqn. (1). Solutions of 1 treated with
excess PMe3 in toluene give 2a [eqn. (1)] identified by its
characteristic EPR spectrum which displayed a simple doublet
at g = 1.9936 with aP = 29.3 G, aTi = 7.7 G (cf. ref. 4) and
observed by a color change of the solution from purple to bright
violet. This reaction is reversible. Removal of the solvent along
with the volatile PMe3 by pumping, followed by redissolution
of the residue, gave the starting complex 1. Similarly, reaction
of 1 with excess pyridine gave the silyl(pyridine)titanocene
complex 2b.‡

Fig. 1 EPR spectrum of 1 (220 °C; toluene)

Fig. 2 A view of the structure of 1 (30% probability ellipsoids). Selected
bond lengths (Å) and bond angles (°): Ti–N 2.229(2), Ti–Si 2.651(2),
N–C(12) 1.340(4), N–C(16) 1.360(4), Si–C(16) 1.922(3), Si–C(17)
1.901(3); N–Ti–Si 64.72(7), Cp(cent)–Ti–Cp(cent) 137.2(1), Ti–N–C(16)
110.0(2), Ti–Si–C(16) 79.64(9), N–C(16)–Si 105.6(2).
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We are continuing to explore the reactions with group 4
metallocenes by modifying the chelating ligand and preparing
other novel group 14/15 chelating ligands.
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† Crystal data for 1: C17H20NSiTi, M = 314.33, monoclinic, space group
P21/c, a = 14.786(9), b = 7.814(3), c = 14.488(4) Å, b = 106.48(4)°, V
= 1605(1) Å3, Z = 4, Dc = 1.301 g cm23, F(000) = 660, m =
5.130 mm21, crystal size: 0.49 3 0.36 3 0.05 mm. Data were collected at
220 K on an Enraf Nonius CAD4 diffractometer using Cu-Ka radiation (l
= 1.54056 Å) in the w/2q scan mode. A total of 11485 reflections were
measured in the range 3.11° < q < 69.96° of which 2638 with I > 2s(I)
were considered observed. The structure was solved by direct methods
using SHELXS96 and refined by full-matrix least-squares on F2 using
SHELXL-96.11 R = 0.0599 [for I > 2s(I)] and wR2 = 0.1695 (for all data).
CCDC 182/982.

Elemental analysis of 1: Calc. for C17H20NSiTi: C: 64.97; H: 6.37; N:
4.46. Found C: 65.25; H: 7.08; N: 4.42%.
‡ EPR data for 2b in toluene at 20 °C: g = 1.9878, aTi = 9.5 G, aN = 2.0
G.
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2,6-Bis(2,4,6-triisopropylphenyl)phenyl as an extraordinarily bulky ligand in
organometallic chemistry. Synthesis and molecular structure of
[(Mes*2C6H3)MCl2]2 (M = Ga, In; Mes* = C6H2Pri

3-2,4,6)
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Gallium chloride or indium chloride interacts with
2,6-bis(2,4,6-triisopropylphenyl)phenyllithium, (Mes*2C6-
H3)Li (Mes* = C6H2Pri

3-2,4,6), affording
[(Mes*2C6H3)MCl2]2 (M = Ga 1, In 2), interesting group 13
organometallic crystalline dimers, characterized by ele-
mental analyses, 1H and 13C NMR spectroscopy, and single-
crystal X-ray diffraction.

The utilization of bulky ligands in organometallic chemistry is
a proven means to compounds which may be particularly
sensitive, reactive, or otherwise unstable. This practice has
achieved great prominence in the organometallic chemistry of
the heavier group 13 elements, particularly where aryl ligands
are concerned. The simplest aryl derivatives, triphenylalumi-
nium and triphenylgallium, have been known for decades while
the bulkier trimesityl derivatives of aluminium1 and gallium2

were first reported in 1986. Herein we report the synthesis† and
molecular structure‡ of gallium (1) and indium (2) derivatives
of the very sterically demanding 2,6-bis(2,4,6-triisopropylphe-
nyl)phenyl ligand, Mes*2C6H3 (Mes* = C6H2Pri

3-2,4,6),3
[(Mes*2C6H3)MCl2]2, isolated from reaction of (Mes*2C6H3)Li
with the respective metal chloride [eqn. (1)].

The title compounds, characterized by elemental analyses, 1H
and 13C NMR spectroscopy and single-crystal X-ray diffrac-
tion, are noteworthy as they represent interesting organome-
tallic group 13 halide derivatives of the sterically demanding
2,6-bis(2,4,6-triisopropylphenyl)phenyl ligand. The molecular
structure of [(Mes*2C6H3)MCl2]2 (M = Ga 1, In 2) is shown in
Fig. 1.

Sterically demanding arylgallium dihalides have been shown
to play a critical role in the preparation of novel low-valent
organometallic gallanes containing Ga–Ga bonds. For example,
2,6-dimesitylphenylgallium dichloride, upon alkali metal re-
duction, has been shown to afford Ga3

22 three-membered
dianionic metalloaromatic rings.4–7 Conversely, the gallium
dichloride of 2,6-bis(2,4,6-triisopropylphenyl)phenyl, (Mes*2-
C6H3)2GaCl2, prepared in situ and allowed to interact with
sodium, has recently been shown by this laboratory to give an
unprecedented gallium–gallium triple bond in Na2[Mes*2-
C6H3Ga·GaC6H3Mes*2]—the first gallyne, a dianionic organo-
gallium congener of acetylene.8,9 That adjusting the steric
demands of an arylgallium halide may afford such interestingly

Fig. 1 Molecular structure of 1. Selected bond distances (Å) and angles (°):
for 1: Ga–C(1) 1.949(8), Ga–Cl(1) 2.196(5), Ga–Cl(1A) 2.201(5), Ga–Cl(2)
2.230(3), Ga(A)–Cl(1) 2.201(5); C(1)–Ga–Cl(1) 112.3(3), C(1)–Ga–
Cl(1A) 114.0(3), Cl(1)–Ga–Cl(1A) 90.3(2), C(1)–Ga–Cl(2) 127.3(3),
Cl(1)–Ga–Cl(2) 104.0(2), Cl(1A)–Ga–Cl(2) 102.3(2), Ga–Cl(1)–Ga(A)
89.7(2). For 2 (the atom numbering scheme is the same as that for 1): In–
C(1) 2.129(5), In–Cl(1A) 2.233(4), In–Cl(1) 2.236(4). In(A)–Cl(1)
2.233(4); C(1)–In–Cl(1A) 115.3(2), C(1)–In–Cl(1) 114.0(2), Cl(1A)–In–
Cl(1) 81.6(2), C(1)–In–Cl(2) 130.7(3), Cl(1A)–In–Cl(2) 103.2(2), Cl(1)–
In–Cl(2) 100.7(2), In–Cl(1)–In(A) 98.4(2).
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diverse products is sufficiently intriguing to warrant examina-
tion of the structural dynamics of this sterically demanding aryl
with group 13 metal halides.

Compounds 1 and 2, soluble in diethyl ether, hexane, and
aromatics, assume isostructural dimeric structures possessing
two m2-bridging chlorine atoms. The bridging chlorine atoms
and the metal atoms constitute a planar four-membered M2Cl2
ring about a center of symmetry with the two aryl ligands and
the two terminal chlorine atoms residing alternately above and
below this ring. The environment about the metal centers may
be described as distorted tetrahedral as the bond angles about
gallium range from 90.3(2) to 127.3(3)°. Considering the steric
bulk of the given ligand it is somewhat surprising that these
complexes are not monomeric. The most convenient compar-
ison relative to the title compounds concerns the respective
2,6-dimesitylphenyl derivatives. Although the structure of 1
compares with the bis[(dimesitylphenyl)gallium dichloride]
derivative, [(Mes2C6H3)GaCl2]2,10 it is noteworthy that in 1 the
Ga–Clbridging bond distances [2.196(5) and 2.201(5) Å] are
shorter than the Ga–Clterminal bond distance [2.230(3) Å]. By
contrast, for [(Mes2C6H3)GaCl2]2, the Ga–Clbridging bond
distance [2.334(5) Å] is considerably longer than the Ga–
Clterminal distance [2.172(5) Å]. This trend is also observed for
2 wherein the In–Clbridging distances [2.236(4) and 2.233(4) Å]
are shorter than the In–Clterminal bond distance [2.448(7) Å]. In
[(Mes2C6H3)lnCl2]2

11 the situation is just the opposite with the
In–Clbridging bond distances [2.519(2) and 2.514(2) Å] being
considerably longer than the In–Clterminal bond distances
[2.344(3) Å]. Thus, it is interesting to note that for both gallium
and indium the bridging M–Cl bonds are shorter than the
terminal M–Cl bonds where the sterically more demanding
ligand is involved. Indeed, it is noteworthy that the bridging In–
Cl distance in 2 of 2.233(4) Å appears to be the shortest In–Cl
distance on record. Lastly, it is significant that 2 represents only
the third example of a dimeric organoindium halide: [(Mes2-
C6H3)InCl2]2 and [Mes2InCl]2

12 being the other two exam-
ples.

We are grateful to the National Science Foundation
(G. H. R.: CHE 9520162) and to the donors of The Petroleum
Research Fund, administered by the American Chemical
Society, for support of this work.
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† Syntheses: in a dry box a 100 ml flask was charged with GaCl3 (0.88 g, 5
mmol) or InCl3 (1.11 g, 5 mmol) and ether (30 ml). To this solution at
278 °C a diethyl ether solution (30 ml) of (Mes*

2C6H3)Li·OEt2 (2.81 g, 5
mmol) was added dropwise with vigorous stirring. The mixture was stirred
for 3 h at this temperature and then allowed to warm slowly to room
temp. After stirring for one day the solvent was removed from the mixture
in vacuo. The residue was extracted with hexane (60 ml) and the white
precipitate (LiCl) was separated by filtration. The volume of the colorless
filtrate was reduced and placed in a freezer (220 °C) for 2 days to give cubic
colorless crystals. Both 1 and 2 crystallize with one unit of hexane in the unit
cell. For 1: 2.2 g, 65% yield; melting point, 256 °C; Anal. Calc. (found) for
C72H98Cl4Ga2 (E + R Microanalytical Laboratories, Corona, NY): C, 69.50
(68.69); H, 7.90 (8.43%). 1H NMR (300 MHz, 297 K, C4D8O), d 0.89 [d,
12H, CH3 (Pri)], 1.03 [d, 12H, CH3 (Pri)], 1.09 [d, 12H, CH3 (Pri)], 1.22 [d,

12H, CH3(Pri)], 1.26 [d, 12H, CH3 (Pri)], 1.42 [d, 12H, CH3 (Pri)], 2.81 [m,
12H, CH(Pri)], 6.61–7.37 [m, 6H, CH (aromatic)], 6.94 [s, 4H, CH
(aromatic)], 6.99 [s, 4H, CH (aromatic)]. 13C NMR (300 MHz, 297 K,
C4D8O), d 27.67, 33.58, 33.98, 34.12, 37.85, 38.29 (Pri); 123.3, 123.9,
130.1, 131.2, 131.6, 150.2, 150.3, 151.7 (aromatic). For 2: 2.66 g, 75%
yield; melting point, 233 °C; Anal. Calc. (found) for C72H98Cl4In2: C, 64.80
(62.20); H, 7.40 (7.87%). 1H NMR (300 MHz, 297 K, C4D8O), d 0.90 [d,
12H, CH3(Pri)], 1.04 [d, 12H, CH3(Pri)], 1.09 [d, 12H, CH3(Pri)], 1.22 [d,
12H, CH3 (Pri)], 1.27 [d, 12H, CH3(Pri)], 1.43 [d, 12H, CH3(Pri)], 2.82 [m,
12H, CH(Pri)], 6.63–7.39 [m, 6H, CH (aromatic)], 6.96 [s, 4H, CH
(aromatic)], 7.01 [s, 4H, CH (aromatic)]. 13C NMR (300 MHz, 297 K,
C4D8O), d 28.15, 34.03, 34.46, 34.59, 38.31, 38.77 (Pri); 123.8, 124.4,
130.5, 131.8, 132.1, 150.6, 150.8, 152.3 (aromatic). The solvent present in
the crystal lattice contributes to the less than ideal elemental analyses.
‡ Molecular structures: crystals were mounted in glass capillaries under an
atmosphere of nitrogen and sealed. X-Ray intensity data were collected at
22 °C on a Siemens P4 diffractometer (Mo-Ka radiation; l = 0.710 73 Å)
using w-scan technique to a maximum 2q value of 45°. Both structures were
solved by direct methods using the SHELXTL 5.013 system of programs.
Non-hydrogen atoms were refined anisotropically while the hydrogen
atoms were placed in ideal positions with their coordinates and thermal
parameters riding on the attached carbon atoms. These two crystalline
compounds are isostructural: monoclinic, space group P21/c (no. 14). The
asymmetric unit contains one half [(Mes*2C6H3)MCl2]2 (M = Ga, In) and
one half hexane molecule situated on inversion centers, thereby generating
the other half molecules.

Crystallographic data: [(Mes*2C6H3)GaCl2]2 1: a = 13.863(8),
b = 15.775(9), c = 18.02(1) Å, b = 106.04(4)°, V = 3789(4) Å3, Z = 2,
R = 0.077, wR2 = 0.235 for 2613 [I > 2s(I)]. [(Mes*2C6H3)InCl2]2, 2:
a = 14.273(3), b = 15.671(3), c = 18.048(3) Å, b = 106.45(1)°,
V = 3872(1) Å3, Z = 2, R = 0.039, wR2 = 0.122 for 3226 [I > 2s(I)]. A
slight disorder was observed for the terminal chlorine [Cl(2)] atom in 2.
CDCC 182/959.
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Stabilisation of duplex DNA by 7-halogenated 8-aza-7-deazaguanines

Frank Seela*† and Georg Becher

Laboratorium für Organische und Bioorganische Chemie, Institut für Chemie, Universität Osnabrück, Barbarastr.7, D-49069
Osnabrück, Germany

Oligonucleotides containing 7-halogenated 8-aza-7-deaza-
2A-deoxyguanosine (c7z8Gd) derivatives such as d(Br7c7z8

G-C)4 8 (Tm = 88 °C) and d(I7c7z8 G-C)4 9 (Tm = 84 °C) are
significantly more stable than d(G-C)4 5 (Tm = 59 °C).

The introduction of 7-halogenated 7-deazapurines (pyrrolo-
[2,3-d]pyrimidines A) into oligonucleotides reveals that these
residues are well accommodated in the major groove of the
duplex DNA. Furthermore, this modified DNA is stabilised and
the particular DNA structure is retained.1,2 Consequently, the 7
position of 7-deazapurines is an ideal site for the introduction of
functional residues into the DNA which can serve later as
reporter groups, cleaving agents or residues useful in sequenc-
ing by mass spectrometry or by atomic force microscopy.3 In
the series of modified nucleobases related to purines, the 8-aza-
7-deazapurines (pyrazolo[3,4-d]pyrimidines B) depict another
heterocyclic system which can be derivatised at the same
position while retaining the Watson–Crick recognition site of a
purine base (C), but not showing the unfavourable properties of
8-substituted purine residues.4

Regular pyrazolo[3,4-d]pyrimidine nucleosides have already
been incorporated into oligonucleotides.5–7 Also, the mono-
meric 7-bromo and 7-iodo derivatives of 8-aza-7-deaza-
2A-deoxyguanosines (1a,b) have been synthesised.8 As we
wanted to prove whether compounds 1a,b show the same
favourable properties as the corresponding 7-deazapurines,
building blocks for oligonucleotide solid-phase synthesis were
prepared. For this purpose the isobutyryl residue was introduced
as an amino protecting group yielding the protected nucleosides
2a (64%) and 2b (66%) (Scheme 1). The protecting group
stability was determined UV spectrophotometrically at 300 nm
in conc. NH3 at 40 °C. The half-lives of 7-bromo-8-aza-
7-deaza-2A-deoxyguanosine 2a (Br7c7z8Gd; 38 min) and 7-iodo-
8-aza-7-deaza-2A-deoxyguanosine 2b (I7c7z8Gd;41 min) were
similar to that of the parent 8-aza-7-deaza-2A-deoxyguanosine
(c7z8Gd; 37 min).7 Subsequently, 4,4A-dimethoxytrityl (DMT)
groups were introduced under standard conditions furnishing
the 5A-protected compounds 3a and 3b (74 and 71% yield),
respectively. They were then converted into the phosphor-
amidites 4a and 4b (80 and 76%). All monomeric compounds
were characterised by 1H, 13C and 31P NMR spectra as well as
by elemental analyses.9

Next, the self-complementary hexanucleotides d(Br7c7z8G-
C)3 13 and d(I7c7z8G-C)3 14 as well as the octamers
d(Br7c7z8G-C)4 8 and d(I7c7z8G-C)4 9 were prepared using the
building blocks 4a,b. The oligonucleotides were removed from
the solid support (conc. aq. NH3), deprotected and purified on
OPC cartridges.10 Their purity was proven by ion-exchange
chromatography on a 4 3 50 mm NucleoPac PA-100 column
(DIONEX), and MALDI-TOF mass spectra11 were obtained.

Their base composition was confirmed by enzymatic hydroly-
sis. Furthermore, their thermodynamic stability was determined
by temperature dependent UV–melting profiles. Table 1
summarises Tm values as well as thermodynamic data (Melt-
Win12) of the duplex formation of the self-complementary
oligonucleotides 5, 7–9 and 12–14 as well as of the correspond-
ing oligomers containing 7-deazaguanine (c7Gd) (6, 10 and
11).2

According to Table 1 it is apparent that the 8-aza-
7-deazaguanine moiety which has no 7-substituent stabilises the
oligonucleotide duplex [d(c7z8G-C)4] 7 (Tm = 72 °C) com-
pared to the parent 2A-deoxyguanosine [d(G-C)4] 5 (Tm =
59 °C, DTm = 13 °C), while the 7-deaza-2A-deoxyguanosine in
[d(c7G-C)4] 6 shows a destabilisation (Tm = 53 °C, DTm =
26 °C).2 These findings are in agreement with earlier observa-
tions made on other oligonucleotides as well as on polynucleo-
tides.13–15 The octanucleotides with halogenated 8-aza-7-deaza-
guanine residues [d(Br7c7z8G-C)4] 8 (Tm = 88 °C) and
[d(I7c7z8G-C)4] 9 (Tm = 84 °C) show considerable duplex
stabilisation. The stability of these duplexes was even higher
than those of the related oligomers with the 7-halogenated
7-deazaguanine residues (10 and 11). Due to the high Tm values
of 8 and 9 it was not possible to obtain a complete melting
profile, which is necessary to determine the thermodynamic
data. Therefore, a set of hexanucleotides was measured showing
ca. 15 °C lower Tm values. Again, the iodo compound 14

Scheme 1 Reagents and conditions: i, HMDS, Bui
2O, DMF, room temp.,

13 h, 64% (2a), 66% (2b); ii, DMTCl, py, room temp., 4 h, 74% (3a), 71%
(3b); iii, (Pri

2N)(NCCH2CH2O)PCl, THF, room temp., 30 min, 80% (4a),
76% (4b)
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exhibits a somewhat lower Tm value than the bromo derivative
13 (Table 1). When comparing the thermodynamic data of the
duplexes 13·13 and 14·14 with the unmodified duplex 12·12 it
is apparent that a more favourable enthalpy term leads to duplex
stabilisation. This effect was much more pronounced in the
series of oligonucleotides containing 7-halogenated 8-aza-
7-deazaguanine than in those containing halogenated 7-deaza-
guanine.

From the chromatographic behaviour of the 7-halogenated
nucleosides 1a,b on RP-18 HPLC (Fig. 1) as well as of the
corresponding oligonucleotides 8, 9, 13 and 14 it is apparent
that the halogen substituents make the compounds more
hydrophobic. Thus, the major grooves of such DNA duplexes
become hydrophobic and water molecules, normally being
present in these grooves, are expelled. This can influence both
the enthalpy and the entropy of duplex formation. However,
enthalpic changes play the major role.

Another difference which is observed for the 7-halogenated
8-aza-7-deazaguanine nucleosides compared to the non-ha-

logenated compounds is the change of the pK values of
deprotonation (7-deaza-8-aza-2A-deoxyguanosine = 9.3; com-
pounds 1a,b = 9.0). This effect also increases the N-glycosylic
bond stability8 and is most likely explained by the electron-
withdrawing effect caused by the 7-substituents. As a result, the
hydrogen bonds within the G-C base-pair are strengthened and
the duplex becomes stabilised. It was also shown that the
triphosphates of 8-aza-7-deazaguanine nucleosides are effi-
ciently incorporated into DNA using DNA polymerases;16 they
are useful for introducing reporter groups into a sterically
unproblematic position of the DNA molecule.

We thank Dr N. Ramzaeva for helpful discussions. Financial
support by the Bundesministerium für Bildung, Forschung und
Technologie (BMBF) is gratefully acknowledged.
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Table 1 Tm values and thermodynamic data of duplex formation of oligonucleotidesa,b

Compound Tm/°C DH/kcal mol21
DS/cal K21

mol21
DG298/kcal
mol21

d(G-C)4·d(G-C)4 5·5 59 267 2179 211.9
d(c7G-C)4·d(c7G-C)4 6·6 53 265 2178 210.2
d(c7z8G-C)4·d(c7z8G-C)4 7·7 72 274 2193 214.5
d(Br7c7z8GC)4·d(Br7c7z8GC)4 8·8 88 c c c

d(I7c7z8G-C)4·d(I7c7z8G-C)4 9·9 84 c c c

d(Br7c7G-C)4·d(Br7c7G-C)4 10·10 67 271 2188 213.0
d(I7c7G-C)4·d(I7c7G-C)4 11·11 67 266 2171 212.6
d(G-C)3·d(G-C)3 12·12 47 255 2150 28.4
d(Br7c7z8G-C)3·d(Br7c7z8G-C)313·13 73 270 2181 214.3
d(I7c7z8G-C)3·d(I7c7z8G-C)3 14·14 71 263 2162 212.9

a Oligonucleotide conc. is 10 mM. b Measured in 10 mM Na cacodylate, 10 mM MgCl2, 0.1 M NaCl. c Not measurable.

Fig. 1 HPLC profile of (a) 6-amino-1H-pyrazolo[3,4-d]pyrimidin-
4(5H)-one, (b) 8-aza-7-deaza-2A-deoxyguanosine, (c) 1a and (d) 1b on a RP-
18 (200 3 10 mm) column. The following solvent systems were used: 0.1
M (Et3NH)OAc (pH 7.0)–MeCN (95:5) (A) and MeCN (B). They were used
according to the following profile: 20 min 5–20% B in A, 35 min 20–50%
B in A, 35 min 5% B in A.
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Chameleon catches in combinatorial chemistry: Tebbe olefination of polymer
supported esters and the synthesis of amines, cyclohexanones, enones, methyl
ketones and thiazoles

Christopher P. Ball,a Anthony G. M. Barrett,*a† Alain Commerçon,*b Delphine Compère,a Cyrille Kuhn,a

Richard S. Roberts,a Marie L. Smith*a and Olivier Veniera

a Department of Chemistry, Imperial College of Science, Technology and Medicine, London, UK SW7 2AY
b New Lead Generation, Rhône-Poulenc Rorer, Vitry, France

Tebbe olefination of supported esters R1CO2CH2–polymer
gave the corresponding vinyl ethers R1C(§CH2)OCH2–
polymer which were released, under acidic conditions, to
produce methyl ketones R1COMe; by reductive amination,
to produce amines R1CH(Me)NHR2; by bromination and
reaction of R1CBr(CH2Br)OCH2-polymer with thioureas to
produce thiazoles; or, for supported dienyl ethers derived
from a,b-unsaturated esters, by Diels–Alder reaction and
acid mediated cleavage to produce cyclohexanone deriva-
tives.

Solid phase synthesis is invaluable for the construction of
libraries of small organic compounds for biological evaluation.1
Such bioassay is frequently carried out in solution using an
appropriate enzyme or receptor. The method of attachment and
detachment of the requisite substrates to the resin is critical. In
many solid phase syntheses, the substrates are conveniently
attached to the polymer support through a carboxylic acid
function. This is readily achieved using supports including
Merrifield, Wang and Tentagel resins etc.2 Following substrate
modification, cleavage affords a carboxylic acid, ester, amide
or, via reductive cleavage, a primary alcohol. Methods that
allow for the cleavage of resin bound carboxylate derivatives
yet which access alternative and variable functionality would be
extremely desirable. Herein we report the conversion of
supported esters into enol ethers,3 with subsequent on-resin
functionalisation and detachment with amplification of di-
versity.

Methylenation of the resin bound esters 1‡ with the Tebbe
reagent4 12 (PhMe–THF 25 °C, 12 h) gave the corresponding
vinyl ethers 2 (Scheme 1). The reaction mixtures were quenched
with 15% aq. NaOH and the resin washed consecutively with
THF, H2O, EtOAc, EtOAc–MeOH (1:1) and MeOH followed
by removal of solvent in vacuo. In this reaction, commercial
Tebbe reagent (Aldrich) proved to be superior to either 12
generated in situ,5 where premature cleavage from the support
was a problem, or the Petasis reagent (Cp2TiMe2).6 Hydrolysis
(1 M H2SO4 in DMF or 1% TFA in CH2Cl2) of ethers 2 brought
about cleavage from the resin and gave the corresponding
ketones 3§ (41–92%). Alternatively, acid mediated hydrolysis
and reductive amination7 using amine 13 and NaBH(OAc)3
gave the corresponding amines 4¶ (13–89%).

The ethers 2 were found to be useful intermediates for further
transformations prior to detachment from the resin. Thiazoles,
important pharmacophores with diverse biological activities,8
are available from a-bromo ketones via the Hantzsch thiazole
synthesis. Thus reaction of the vinyl ether 2 (R = Bn) with Br2
(1 M in CH2Cl2, 2 equiv., 1 h) and washing (CH2Cl2) gave the
corresponding supported dibromide 5 as indicated by the
disappearance of the enol ether (IR), gel phase magic angle
spinning 1H NMR [400 MHz; CDCl3: d 4.25(CH2Br)] and
elemental analysis (loading 0.65 mmol g21). Reaction of the
dibromide 5 (R = Bn) with thiourea (4 equiv., MeOH at reflux,
12 h), neutralisation (K2CO3), filtration with MeOH and

evaporation gave thiazole 6 (R = Bn) contaminated with excess
thiourea. This impurity was removed by reverse phase HPLC
or, more simply, using the polymer supported a-bromo ketone
scavenger 149 (200–400 mesh, 0.96 mequiv.g21, 2 equiv.).
Using either of these purification methods, thiazole 6 (R = Bn)
was obtained in 40% yield based on the loading of the
Merrifield resin (1.0 mmol g21) to which the phenylacetic acid
had been attached. This methodology, which has been extended
to a range of thiazoles 6,∑ has the major advantage of starting
from readily available carboxylic acids rather than less diverse
commercial a-bromo ketones.

Tebbe methylenation of the resin bound a,b-unsaturated
esters 710‡ (nmax/cm21 1720–1740) gave the corresponding
supported dienyl ethers 8 (1635–1650 cm21) which could be
either hydrolysed (1% TFA in CDCl3) to provide the enones
9** or converted into the Diels–Alder adducts 10. The diene

Scheme 1 Reagents and conditions: i, 12, PhMe, THF, 25 °C; ii, 1% TFA,
CH2Cl2, 25 °C; iii, 1 M H2SO4, DMF, then 13, NaBH(OAc)3, 25 °C; iv, Br2,
CH2Cl2 (1 M, 2 equiv.), 25 °C; v, R3CSNH2 (4 equiv.), MeOH, reflux, then
14 (2 equiv.), MeOH, reflux; vi, 15, PhMe, 25 °C (maleimide) or 80–100 °C
(other dienophiles)
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resins 8 may be stored for up to six months without loss of
activity but were generally used directly. Diels–Alder reaction
with N-methylmaleimide (PhMe, 25 °C) or 2-chloroacrylo-
nitrile, methyl vinyl ketone, dimethyl fumarate or 2-ethylacro-
lein (PhMe, 80–100 °C) gave the immobilised cyclohexene
derivatives 10. Subsequent cleavage from the resin (1% TFA in
CH2Cl2) gave the corresponding cyclohexanone derivatives
11.†† We observed high endo-selectivity with
N-methylmaleimide consistent with the solution phase reactions
of 2-silyloxy dienes with maleimides11 and in contrast with
Diels–Alder reactions of resin bound 4-substituted 2-amino-
butadienes.12

In summary, we have developed a novel detachment method
for the removal of substrates from a solid support which allows
for the concomitant introduction of further diversity. This
strategy using chameleon‡‡ catches should be applicable to the
generation of diverse libraries from polymer supported car-
boxylic esters. Further reactions of the supported enol ethers
will be reported in due course.

We thank Rhône-Poulenc Rorer for the most generous
support of our programmes on parallel and combinatorial
syntheses under the auspices of the TeknoMed project. In
addition we thank GlaxoWellcome Research Ltd. for their
endowment (to A. G. M. B.), the Royal Society for a Dorothy
Hodgkin fellowship (to M. L. S) and the Wolfson Foundation
for establishing the Wolfson Centre for Organic Chemistry in
Medical Science at Imperial College.
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were carried out both manually, using single bead FT-IR spectroscopy to
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†† The cyclohexanones 11 [R4, R5, dienophile, (%, diastereoselectivity)]
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A tailor-made hexagonal system in a molecular conductor
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A unique hexagonal system based on an organic p-donor has
been tailored by the strong and directional I···N intermole-
cular interaction, and its highly symmetrical structure
including two types of channels and high conductivity are
reported.

The development of highly symmetrical systems is always of
interest in materials science as in the cases of molecular
conductors based on fullerenes,1,2 and the introduction of a
characteristic intermolecular interaction is necessary to con-
struct a unique molecular-based crystal system. One of the
major techniques for controlling solid-state molecular assem-
blies is the use of the hydrogen bond,3 however, it is not always
enough to fix the direction of the interaction. Recently, we have
found that the strong and directional I···X (X = CN, S or
halogen atoms) type cation···anion interaction is useful to
control the molecular arrangement of organic conductors.4 An
example of the above I···N interaction is the impressive one-
dimensional chain structure in the crystal of p-iodobenzo-
nitrile.5 In the course of our study to extend and generalize the
new I···N architecture for molecular-based materials, we have
designed diiodo(pyrazino)diselenadithiafulvalene (DIPS, 1;
Scheme 1) which contains two interaction sites, the iodine atom
and the nitrogen atom on the edges of the skeleton. Here we
report the synthesis, structure and physical properties of a
unique hexagonal system with high conductivity and two types
of channels tailored by the strong and directional I···N
intermolecular interactions.

Synthesis of 1† was achieved by the cross-coupling reaction
of 4,5-diiodo-1,3-dithiole-2-one6 and pyrazine-fused 1,3-di-
selenole-2-one.7 Long rod-like single crystals (average size 1
mm long, 0.1 mm diameter) of (1)3(PF6)(solv.)x [solv. = chlor-
obenzene, dichloromethane or trichloroethane] were obtained
by the galvanostatic oxidation (1.0 mA) of a solution (20 ml)
containing 1 (ca. 8 mg) and tetrabutylammonium hexa-
fluorophosphate (ca. 20 mg) as a supporting electrolyte. Single
crystals were grown on the anode within a few days and the
hexagonal section of the rod is in accordance with the hexagonal
crystal system (Fig. 1). Elemental analyses indicate that the
donor-anion ratios of the salts are 3 : 1 and the solvent used in
the crystallization is included in the crystal.‡

Temperature dependences of the conductivity for the salts
were measured by the standard four-probe method. They are all
semiconductive from room temperature, however, the room

temperature conductivity is rather high (srt ≈ 10 S cm21) and
the activation energy is small (ca. 50 meV).

X-Ray structural analyses were performed on the single
crystals and all salts crystallize into a hexagonal P63/mcm space
group and are isostructural.§ Fig. 2 shows the unit cell of the
PF6–chlorobenzene salt and there are two types of triangular
units of the donor molecules within the ab plane, ordered
clockwise and anticlockwise, respectively. The hexagonal
lattice is constructed by the alternating repetition of these
triangular units. The shortest intermolecular I···N distance is
2.879(6) Å and it is almost 20% shorter than the sum of the van
der Waals radii (3.53 Å; Bondi8). This characteristic I···N
contact is much shorter than that of the above-mentioned
p-iodobenzonitrile crystal (3.18 Å)5a and indicates the existence
of a very strong intermolecular I···N interaction. The value of
the C–I···N angle is almost linear [178.3(2)°] and it is in good
agreement with the direction of the ps LUMO along the
carbon–iodine single bond and the lone pair on the pyrazine ringScheme 1 Schematic view of molecular structure of a new iodine-bonded

p-donor 1 and directions of lone pair on the pyrazine ring and sp LUMO on
the C–I bond (see text)

Fig. 1 Photographic SEM image of single crystals for (1)3(PF6)(chloro-
benzene)1.15

Fig. 2 Crystral structure of (1)3(PF6)(chlorobenzene)1.15 viewed along the
crystallographic c axis. Chlorobenzene molecules are omitted for clarity.
The shortest I···N intermolecular distance (dotted line) is 2.879(6) Å.
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(Scheme 1). The donor molecule also forms a one-dimensional
column along the c axis within the head-to-tail mode, this is the
regular manner for unsymmetrical p-donors. The topology of
the donor network should be recognized as the combination of:
(i) characteristic I···N intermolecular interaction parallel to the
molecular plane, and (ii) columnar stack perpendicular to the
molecular plane.

Fig. 3 shows the extended donor network projected onto the
ab plane and we can see that there are two types of channels
along the c axis. One is hexagonal and surrounded by the edges
of donor molecules (channel site A, ca. 4 Å diameter) and the
other is an equilateral triangle surrounded by the sides of donor
molecules (channel site B, side length ca. 7.5 Å). The PF6 anion
is in channel site A and the phosphorus atom is on the
crystallographic special position. The included solvent is in
channel site B and is highly disordered due to the low symmetry
of the molecule compared with the crystallographic symmetry.
Comparing the structures of the salts including different solvent
molecules, the whole crystal system is not affected by changing
of the solvent and the hexagonal arrangement is identical. The
guest-independent channel structure is similar to those of the
inorganic ‘zeolite’ systems9 and it would be promising to
introduce functionalized guest molecules to obtain multi-
functionalized materials. Preliminary thermogravimetric ex-
periments indicated that the PF6–dichloromethane single crys-
tals began to release the included solvent around 80 °C. The
decrease in the sample weight had stopped after annealing at
110 °C for 5 days in the case of the powdered sample and the
amount of weight loss (ca. 6% vs. initial weight) is in
accordance with the calculated weight percent of dichloro-
methane included in the crystal.

We thank Professor R. Kato for the use of his conductivity
measurement apparatus, and the Material Design and Charac-
terization Laboratory of ISSP (University of Tokyo) for the use

of their X-ray diffractometers and SEM-EPMA. This work was
partially supported by Grant-in-Aids for Scientific Research
from the Ministry of Education, Science, Sports and Culture,
Japan.
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† Selected data for 1: orange–red wool; mp > 250 °C (decomp.); 1H NMR
(CDCl3, 500 MHz); d 8.12 (s, 2H); MS (EI, 70 eV): 602 (C8H2N2I2S2

80Se2,
M+), 475 (M+ 2 I), 348 (M+ 2 I2); Calc. for C8H2N2I2S2Se2: C, 15.96; H,
0.33; N, 4.65. Found: C, 16.05; H, 0.48; N, 4.66%.
‡ Contents of the solvent molecules based on elemental analyses are:
chlorobenzene ca. 1.15, dichloromethane ca. 1.66, trichloroethane ca.
1.30.
§ X-Ray diffraction data were collected on a Mac Science four-circle
diffractometer (solv. = chlorobenzene) or a Rigaku AFC6S automatic four-
circle diffractometer (solv. = dichloromethane, trichloroethane) with
monochromated Mo-Ka(l = 0.71069 Å) radiation up to 2q = 60° at
293 K. The structures were solved by direct methods and refined with full-
matrix least-squares methods using reflections with I ! 3s(I). The data
were corrected for Lorentz and polarization effects. Anisotropic thermal
parameters were used for non-hydrogen atoms except disordered solvent
molecules. All calculations were performed with use of the ‘teXsan’
program package of MSC. Crystal data for (1)3(PF6)(chlorobenzene)1.15:
(C24H6N6I6S6Se6)(PF6)(C6H5Cl)1.15, M = 2080.30, hexagonal, space
group P63/mcm (no. 193), a = 20.242(2), c = 7.274(2) Å, V = 2581.2(6)
Å3, m = 82.32 cm21, Dc = 2.676 g cm23, F(000) = 1891.40, Z = 2,
R = 0.031, Rw = 0.021, GOF = 1.70 for 912 observed reflections out of
2647 unique reflections. (1)3(PF6)(dichloromethane)1.66: (C24H6N6I6S6-
Se6)(PF6)(CH2Cl2)1.66, M = 2091.85, hexagonal, space group P63/mcm
(no. 193), a = 20.165(5), c = 7.28(1) Å, V = 2562(2) Å3, m = 84.02 cm21,
Dc = 2.711 g cm23, F(000) = 1897.44, Z = 2, R = 0.050, Rw = 0.036,
GOF = 2.28 for 721 observed reflections out of 1513 unique reflections.
(1)3(PF6)(trichloroethane)1.30: (C24H6N6I6S6Se6)(PF6)(C2H3Cl3)1.30, M =
2124.29, hexagonal, space group P63/mcm (no. 193), a = 20.20(2),
c = 7.263(8) Å, V = 2565(3) Å3, m = 84.23 cm21, Dc = 2.750 g cm23,
F(000) = 1929.60, Z = 2, R = 0.044, Rw = 0.023, GOF = 1.33 for 547
observed reflections out of 1512 unique reflections. CCDC 182/978.
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Fig. 3 Extended hexagonal donor-column arrangement of the (1)3(anion)-
(solv.)x crystal system

2022 Chem. Commun., 1998



             

C5H11 (CH2)3O

O

O(CH2)3SO3Na

O

O

O(CH2)3SO3Na

(CH2)3C5H11

C5H11 (CH2)3 O

O

O(CH2)3SO3Na

O

O(CH2)3SO3Na

(CH2)3C5H11

O

C10H21O

O

O(CH2)3SO3Na

C10H21O

O(CH2)3SO3Na

O

C10H21O

O

O(CH2)3SO3Na

O

C10H21O

O(CH2)3SO3Na

3

2

4

1

Ozone-cleavable gemini surfactants, a new candidate for an environmentally
friendly surfactant

Araki Masuyama,*† Chikara Endo, Shin-ya Takeda and Masatomo Nojima

Department of Materials Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565-0871, Japan

Three types of gemini surfactants bearing carbon–carbon
double bond(s) showed excellent surface-active properties,
and readily decomposed into non-surface-active fragments
and/or single-chain surfactants with different surface-active
properties upon exposure to ozone in water.

Surfactants are one of the representative chemical products
which are consumed in large quantities every day on a world-
wide scale. Special regard concerning environmental safe-
guards should be paid to the development of the next generation
of new surfactants. Application of ozone in waste water
treatment is noted as a modern key technology for the
environmental protection of rivers and lakes.1 Many sewage
treatment plants in which an ozonation process is incorporated
are operating around the world.

We herein propose a new design of novel surfactant featuring
‘environmentally-friendly’ characteristics. The concept is based
on the following two points: (i) lowering the quantity of
surfactant used will contribute greatly to reducing the load on
the natural purification system, and (ii) breaking down the
original surfactant molecules into smaller fragments after they
have fulfilled their original applications will assist the waste
water treatment process. Concerning the first point, double-
chain surfactants bearing two hydrophilic ionic head groups,
generally called ‘gemini surfactants’,2 are an attractive motif

because many types of gemini surfactants, such as 1,3 have very
small CMC (critical micelle concentration) values and have the
ability to significantly lower surface tension, both of which
properties cannot be achieved via simple modification of the
structure of conventional single-chain monoionic surfactants.4

The second point is connected with ‘chemocleavable’ or
‘destructive’ surfactants, which are one of the stimulating
targets of research in the chemistry of amphiphilic compounds.5
Taking into account these backgrounds, we have recently
designed and prepared three types of gemini surfactants bearing
carbon–carbon double bond(s) in their lipophilic chains and/or
the connecting part (2–4). Ozonation is applied as a trigger for
the destruction of these unsaturated gemini surfactants in water.
In connection with our latter approach, Piasecki and co-workers
have investigated the reactivity of long-chain alkyl-substituted
cyclic acetals toward ozone in water.6

Preparation of the target compounds 2–4 was achieved
according to the established method.3 Thus they were syn-
thesised by the reaction of 1,2:9,10-diepoxy-4,7-dioxadecane
(for preparation of 2) or (Z)-1,2:11,12-diepoxy-4,9-dioxadodec-
6-ene (for 3 and 4) with (Z)-dec-4-en-1-ol (for 2 and 3) or
decan-1-ol (for 4) in the presence of base, followed by
sulfopropylation of the resulting double-chain diols with
propane-1,3-sultone.‡ Table 1 summarises the data for their
CMC, gCMC (the surface tension at CMC, as an indication of the
effectiveness of adsorption at the air/water interface)7 and pC20
(the efficiency of adsorption)7 values, which were obtained
from respective surface tension vs. concentration (on a log
scale) curves measured by the Wilhelmy method. The corre-
sponding data for the gemini surfactant 13 and the single-chain
sulfonate [C10H21O(CH2)2SO3Na] 57 are also included in Table
1 as reference amphiphiles.

The CMC of a surfactant bearing carbon–carbon double
bond(s) in its lipophilic chain is generally higher than that of the
corresponding saturated compound.7 This is also the case for the
CMC of gemini surfactants 1–3. It should be noted, however,
that the CMC values of 2 and 3 are two orders lower than that
of the conventional single-chain analogue 5. Interestingly, the
CMC of the gemini surfactant 4 is very similar to that of the
corresponding saturated gemini surfactant 1, indicating that the
CMC is not affected by an unsaturated bond in the connecting
part of these gemini surfactants. In summary, both effectiveness
and efficiency of adsorption on the surface for a series of gemini
surfactants 1–4, regardless of the presence or the absence of
double bond(s) in the molecule, are much higher than those for
the single-chain surfactant 5.

Ozonolysis of gemini surfactants 2–4 was easily accom-
plished by passing ozone through their micellar aqueous
solutions (1 3 1022 mol dm23) at room temperature. Sub-
sequent treatment of the reaction mixture with NaBH4 afforded

Table 1 Interfacial properties of surfactants 1–5 measured by the Wilhelmy
method at 20 °C in water

Surfactant CMC/mol dm23 gCMC/mN m21 pC20

1a 3.2 3 1025 30.0 5.2
2 9.0 3 1025 34.0 5.1
3 1.0 3 1024 33.5 5.2
4 2.5 3 1025 33.0 5.7
5b 1.6 3 1022 41.0 2.1

a Ref. 3. b Ref. 7.
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the corresponding degradation products, as shown in Scheme
1.§ These products could be extracted as a mixture in each case
with CHCl3–MeOH (3:1, v/v). Their structures were confirmed
by comparison of their 1H and 13C NMR data with those of
hexan-1-ol and authentic samples of 6–8.¶ Judging from the
TLC results of the extracted mixtures and their 1H NMR spectra
in D2O, other degradation products were not observed and
compounds 6–8 were found to be produced almost quantita-
tively.

After ozonolysis and successive reduction of micellar
solutions of gemini surfactants 2 and 3, oil droplets (i.e. hexan-
1-ol) appeared in the solutions; stable foams were not observed,
even immediately after shaking the solutions. Stable foams
were generated, however, by shaking solutions containing
ozonolysis product 8. Compound 8 was still surface-active and
its surface-active properties were: CMC = 8.0 3 1024 mol
dm23; gCMC = 35 mN m21; pC20 = 3.8. Thus the interfacial
properties of the parent gemini surfactant 4 and the single-chain
surfactant 8 are quite different. Thus, surfactant 4 is categorised
as a second generation type of cleavable surfactant.8

In summary, the readily accessible gemini surfactants 2–4
possess considerable potential as high-performance surfactants.
Fragmentation of 2–4 in water smoothly takes place on
exposure to ozone, followed by reduction with NaBH4 under

mild conditions. Studies on various surface-active properties of
a homologous series of gemini surfactants and their bio-
degradability are now in progress.

This work was supported in part by the Fund for Environ-
mental Protection Research from the Nihon-Seimei Founda-
tion.
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† E-mail: toratora@chem.eng.osaka-u.ac.jp
‡ All new compounds gave satisfactory spectroscopic and microanalytical
data.
§ A suitable reductant is required to give stable degradation products in
water because the corresponding unstable a,aA-dihydroxy peroxides are
formed by ozonolysis of the substrates. NaBH4 was chosen because it is an
inexpensive industrial reductant and can be used in water.
¶ Authentic compound 6 was prepared by the reaction of THPO(CH2)4OH
(THP = tetrahydropyranyl) with ethylene glycol diglycidyl ether, followed
by sulfopropylation with propane-1,3-sultone and successive deprotection
of the THP group by treatment with sulfuric acid. The reaction of
THPO(CH2)4OH with mono-THP-protected ethylene glycol glycidyl ether,
or the reaction of decyl glycidyl ether with mono-THP-protected ethylene
glycol, followed by sulfopropylation and successive deprotection afforded
authentic compounds 7 and 8, respectively.
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Scheme 1 Reagents and conditions: i, 2, 3 or 4 in water (1 3 1022 mol
dm23), O3 (10 equiv.), room temp.; ii, NaBH4 (1.5 equiv.), 5 min., room
temp.
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Carbonyl propargylation or allenylation by 3-haloprop-1-yne with tin(II)
halides and tetrabutylammonium halides

Yoshiro Masuyama,*† Akihiro Ito, Mamiko Fukuzawa, Kohji Terada and Yasuhiko Kurusu

Department of Chemistry, Sophia University, 7-1 Kioicho, Chiyoda-ku, Tokyo 102-8554, Japan

3-Bromoprop-1-yne causes carbonyl propargylation with
tin(II) chloride and tetrabutylammonium bromide in water
to produce 1-substituted but-3-yn-1-ols, while 3-chloroprop-
1-yne causes carbonyl allenylation with tin(II) iodide and
tetrabutylammonium iodide in 1,3-dimethylimidazolidin-
2-one to produce 1-substituted buta-2,3-dien-1-ols.

Carbonyl propargylation or allenylation by 3-haloprop-1-yne
with tin(II) chloride is one of the most convenient methods for
introduction of propargyl (prop-2-ynyl) or allenyl functions.1–3

The propargylation or allenylation is promoted by NaI or LiI; it
has been presumed that the actual starting material, which reacts
with tin(II) chloride, is 3-iodoprop-1-yne derived from the in
situ reaction 3-bromoprop-1-yne with NaI or LiI.1,3 We have
found that carbonyl allylation by allylic acetates, allylic
bromides, allylic chlorides and vinyl epoxides with rin(II) halide
can be promoted by tetrabutylammonium bromide (TBABr).4–8

A lack of reaction with TBABr might suggest that LiI is
required to form the intermediate 3-iodoprop-1-yne.3 Tetra-
butylammonium halide (TBAXAAA) probably reacts with tin(II)
halide (SnXB2) to form tetrabutylammonium trihalostannate,
which is more nucleophilic than SnXB2. We thus envisioned that
TBAXÚwould promote carbonyl propargylation or allenylation
by 3-haloprop-1-yne with SnXB2.9,10 We here report that using
different halogens in SnXB2 and TBAXÚ affects the selectivity
between carbonyl propargylation and allenylation by 3-halo-
prop-1-yne; carbonyl propargylation occurs with SnCl2 and
TBABr, while carbonyl allenylation occurs with SnI2 and
TBAI.

The reaction of 3-haloprop-1-yne 1 and benzaldehyde (2, R =
Ph) with SnXB2 and TBAXAAA was investigated under various

conditions. The results are summarized in Table 1. The reaction
of 3-bromoprop-1-yne (1, XA = Br) with SnCl2 and TBABr at
50 °C in water led to carbonyl propargylation to produce
1-phenylbut-3-yn-1-ol (3, R = Ph) (entry 7, Method A), while
the reaction of 3-chloroprop-1-yne (1, XA = Cl) with SnI2 and
TBAI at 25 °C in 1,3-dimethylimidazolidin-2-one (DMI) led to
carbonyl allenylation to produce 1-phenylbuta-2,3-dien-1-ol (4,
R = Ph) (entry 13, Method B) [eqn. (1)]. TBAXÚ accelerated

the carbonyl propargylation or allenylation; > 0.1 equiv. of
TBAXAAA was required (entries 5–8). In the propargylation the
use of SnCl2 and TBABr (or TBACl) is superior to other
combinations of reagents, while SnI2–TBAI is the best
combination of reagents for the allenylation. 3-Chloroprop-
1-yne (1, XA = Cl) did not react under the same conditions as
those of the propargylation with 1 (XA = Br). Water is a more
effective solvent in the propargylation than some organic polar
solvents, such as DMI and THF, in which both organic
substrates and SnCl2 are soluble (entries 1, 2 and 8). The by-
product produced during the propargylation, 4-phenylbut-3-en-
2-one (5, R = Ph), was probably formed by the hydration of
allenylated product 4 (R = Ph).3 The reaction of 1 (XA = Cl)
and 2 (R = Ph) with SnI2–TBAI did not occur in water, and
proceeded with lower selectivity for the allenylation in DMI–
water (entry 14). Thus, water is unsuitable for the allenylation,
in which DMI is a better solvent than DMF or THF (entries
11–13).

Table 1 Propargylation and allenylation of 2 (R = Ph) with SnXAA2 and
TBAXAAA a

TBA Yield (%)
Entry XA XAA XAAA (mmol) Solvent t/h 3 + 4b 5c

1 Br Cl Br (1) DMI 24 25 (100:0) 4
2 Br Cl Br (1) THF 10 60 (100:0) 9
3 Br Cl Br (1) THF–H2Od 8 70 (100:0) 8
4 Br Cl Br (1) CH2Cl2–H2Od 8 58 (100:0) 12
5 Br Cl — H2O 24 17 (100:0) 0
6 Br Cl Br (0.1) H2O 8 61 (100:0) 13
7e Br Cl Br (0.3) H2O 8 70 (100:0) 9
8 Br Cl Br (1) H2O 7 72 (100:0) 10
9f Br Cl Br (1) H2O 70 44 (100:0) 9

10 Br Br Br (1) H2O 10 58 (100:0) 15
11f,g Cl I I (0.1) THF 70 91 (31:69) 0
12f,g Cl I I (0.1) DMF 28 91 (19:81) 0
13f,g,h Cl I I (0.1) DMI 23 78 (4:96) 0
14f,g Cl I I (0.1) DMI–H2Od 47 57 (33:67) 11

a The reaction of 3-haloprop-1-yne (1.5 mmol) and benzaldehyde (1.0
mmol) was carried out with SnXAA2 (1.5 mmol) and TBA in solvent (3 ml)
at 50 °C. b Yields of a mixture of 3 (R = Ph) and 4 (R = Ph). The ratio in
parentheses was determined by 1H NMR analysis (JEOL GX-270 or
L–500). c Isolated yields of 5 (R = Ph). d Organic solvent–H2O = 1:1.
e Method A. f The reaction was carried out at 25 °C. g NaI (1.5 mmol) was
added. h Method B.

Table 2 Either propargylation or allenylation with SnXB2 and TBAXÚ

Yield (%)
R Methoda t/h 3 + 4b 5c

4-MeO2CC6H4 A 7 75 (100:0) 14
4-MeO2CC6H4 B 24 80 (17:83) 0
4-NCC6H4 A 16 77 (100:0) 4
4-NCC6H4 B 23 62 (2:98) 0
4-MeC6H4 A 20 70 (100:0) 4
4-MeC6H4 B 23 53 (7:93) 0
4-MeOC6H4 A 16 62 (100:0) 4
4-MeOC6H4 B 25 50 (5:95) 0
Me(CH2)6 A 12 63 (100:0) 0
Me(CH2)6 B 90d 50 (7:93) 0
c-C6H11 A 12 48 (100:0) 7
c-C6H11 B 88d 71 (20:80) 0

a Method A: Entry 7 in Table 1. Method B: Entry 13 in Table 1. b Yields of
a mixture of 3 and 4. The ratio in parentheses was determined by 1H NMR
analysis (JEOL GX-270 or L–500). c Isolated yields. d The reaction was
carried out at 0 °C.
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The propargylation (Method A) and allenylation (Method B)
of various aldehydes by 3-haloprop-1-yne 1 was carried out
under the conditions which gave the best results for benzalde-
hyde, as summarized in Table 2. Aromatic aldehydes bearing an
electron-donating or 2withdrawing group and aliphatic alde-
hydes can be used to afford the corresponding 1-substituted but-
3-yn-1-ols 3 using the SnCl2–TBABr/water system or the
corresponding 1-substituted buta-2,3-dien-1-ols 4 with the
SnI2–TBAI/DMI system in moderate yields.

A plausible mechanism was illustrated with Scheme 1. The
difference between propargylation using the SnCl2–TBABr/
water system and allenylation using the SnI2–TBAI/DMI
system may be due to the Lewis acidity of the tin, reaction
temperature and reaction medium. 1H NMR (JEOL L–500)
observation in [2H7]DMF at 25 °C revealed that prop-
2-ynyltriiodotin (7, X = I) was first formed via the reaction of

3-chloroprop-1-yne (1, XA = Cl) with SnI2 and NaI. Prop-
2-ynyltriiodotin (7, X = I) probably proceeded via g-addition to
the aldehyde (carbonyl allenylation), without isomerizing to
propa-1,2-dienyltriiodotin (8, X = I), in dry polar solvents such
as DMI and DMF to produce buta-2,3-dien-1-ols 4.‡ In contrast,
the isomerization of prop-2-ynylbromodichlorotin (7, X3 =
BrCl2), derived from reaction of 3-bromoprop-1-yne (1, XA =
Br) with SnCl2 and TBABr at the organic–aqueous interface, to
propa-1,2-dienylbromodichlorotin (8, X3 = BrCl2) probably
occurred more rapidly at 50 °C than carbonyl allenylation by 7
(X3 = BrCl2).§ The carbonyl propargylation by 8 (X3 = BrCl2)
at 50 °C in water thus produced but-3-yn-1-ols 3.¶

Notes and References

† E-mail: y-masuya@hoffman.cc.sophia.ac.jp
‡ The carbonyl allenylation by 7 (X = I) seems to have proceeded via an
acyclic antiperiplanar transition state, because of the weakly Lewis acidic
tin in 7 (X = I). See ref. 7 and 8.
§ It was shown by 1H NMR analysis (JEOL L–500) that prop-
2-ynyltriiodotin (7, X = I), derived from 3-chloroprop-1-yne (1, XA = Cl)
via reaction with SnI2 and NaI in [2H7]DMF, isomerized easily to propa-
1,2-dienyltriiodotin (8, X = I) at 50 °C; J. A. Marshall, R. H. Yu and J. F.
Perkins, J. Org. Chem., 1995, 60, 5550.
¶ The carbonyl propargylation by 8 (X3 = BrCl2), which has a strongly
Lewis acidic tin, seems to have proceeded via a usual six-membered cyclic
transition state.
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Unexpected regioselectivity in the coupling of p-coordinated tritylallene with
an amido ligand in molybdenum complex

Bor-Chen Huang, Ying-Chih Lin,* Yi-Hong Liu and Yu Wang
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Coupling of p-coordinated tritylallene with an amido ligand
was unexpectedly found to take place at the terminal carbon
in the reaction of [Cp(CO)3Mo(h2-CH2NCNCHCPh3)][BF4]
1, with three secondary amines (dimethylamine, piperidine,
morpholine).

The synthesis and reactivity of organometallic complexes
containing h3-allyl,1 h1-allenyl2 and h1-propargyl3 ligands have
attracted a great deal of attention owing to their wide
applications in organic synthesis. We recently reported distinc-
tive regiospecificity of C–C bond formation in the reactions of
tungsten allenyl and propargyl complexes. In the allenyl
system,4 reactions with amines and with alcohols afforded high
yields of azametallacycles and oxametallacycles, respectively.
The C–C bond formation takes place solely at Ca of the allenyl
ligand in both cases. By contrast, the corresponding propargyl
complex afforded exclusively the b-coupled allylic complex,
the latter regiospecificity was assumed to proceed via a
h2-allene intermediate.5 In a particular system, the
h2-tritylallene complex [Cp(CO)3M(h2-CH2NCNCHCPh3)]-
[BF4], (M = Mo 1, M = W 1A, Cp = h5-C5H5) could be isolated
and displays coupling reactivity with the expected regiospeci-
ficity in reactions with alcohols and some amines.6 However,
when we studied more reactions of 1 with amines, three amines
were found to display different regioselectivity. Herein we
report the unexpected regioselectivity in the reaction of 1 with
these three amines, yielding the a-amido substituted allylic
complex as the major product and the b-amido allylic complex
as the minor product.

Reaction of 1 with neat piperidine at room temperature for 1
h afforded two amido-substituted allylic products. The major
product Cp(CO)2Mo[h3-CH(CONC5H10)CHCHCPh3] 2a,† has
a surprising a-amido-substituted geometry, and the minor
product Cp(CO)2Mo[h3-CH2C(CONC5H10)CHCPh3] 3a, a
normal b-amido-substituted geometry (Scheme 1). The two
isomers can be separated by chromatography over silica gel.
Complexes 2a and 3a were collected as orange–yellow and
light-yellow microcrystalline powders upon re-crystallization
from hexane–CH2Cl2 in ca. 65 and 17% yields, respectively.
Similar results were found with morpholine and dimethylamine
to yield the a-amido-allylic complexes 2b, c† respectively as
the major product and the b-amido-allylic complexes 3b, c as
the minor product and an X-ray analysis was carried out on a
crystal of 2b.‡ An ORTEP drawing of 2b is shown in Fig. 1. The
most salient feature of the molecule is the presence of an amido-
substituted tritylallyl ligand. The amido substituent is attached
to the a-carbon C(5) of the allyl ligand with a geometry syn to
the central hydrogen and the trityl moiety is in an anti
configuration.

Two possible mechanisms are proposed to account for the
formation of 2a. In both cases, it is necessary to consider
nucleophilic attack of amine to the terminal carbonyl giving the
amido ligand. Deprotonation7 of the tritylallene ligand in the
presence of amine may result in formation of an allenyl ligand
and coupling of the amido ligand with the a-carbon of the
s-allenyl followed by protonation would give the major
product.8 Alternatively, coupling of the amido group with allene
leading to C–C bond formation may precede hydrogen

migration and the selectivity would be controlled by the
presence of the trityl group. To better understand the detail and
with the hope to see an intermediate the reaction was monitored

Scheme 1 HNR2 = piperidine a, morpholine b or dimethylamine c

Fig. 1 ORTEP drawing of 2b with thermal ellipsoids shown at the 50%
probability level. Selected bond distances (Å) and angles (°): Mo–C(3)
2.379(2), Mo–C(4) 2.212(2), Mo–C(5) 2.359(2), C(3)–C(4) 1.417(3),
C(4)–C(5) 1.409(3), C(5)–C(6) 1.500(3), C(6)–N(1) 1.356(3), C(6)–O(3)
1.228(3); C(4)–C(3)–C(11) 125.1(2), C(4)–C(5)–C(6) 115.4(2), C(1)–Mo–
C(2) 77.13(11).
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spectroscopically. When the reaction was carried out at 260 °C,
an intermediate was indeed observed. Upon addition of
piperidine at 260 °C, the light yellow complex 1 dissolved and
the solution turned deep red, to give a mixture of an unstable
intermediate 4a as well as 3a. In the IR spectrum of the mixture
the intermediate displays two peaks at 1927 and 1828 cm21 as
well as one amido CO stretching absorption at 1577 cm21. The
latter suggested the presence of O-coordinated amido carbonyl.9
Complex 4a† transforms to 2a in 1 h at room temperature but at
lower temperature this process is slowed and the structure of 4a
can be assigned on the basis of the spectroscopic data of the
mixture obtained at 260 °C. In the 1H NMR spectrum, two
doublet resonances at d 2.28 and 2.74 with JHH 22.4 Hz indicate
the presence of a CH2 group while a singlet resonance at d 6.55
is assigned to the NCH– group for 4a. Two-dimensional
HSQC10 data confirms the CH2

13C resonance at d 47.2 and
13CH group at d 147.5. In the HMBC11 spectrum, the cross-peak
between the CH2 (dH 2.28, 2.74) and the CON (dC 180) groups12

indicate C–C bond formation at the terminal CH2 group. These
observations imply that the intermediate could be a vinyl13

complex, (Scheme 1) and the first mechanism is thus ruled out.
Hydrogen migration of 4a may proceed through b-elimination
to give the metal hydride allene followed by coupling of the
hydride at Cb of the allene to give the final product 2a.

Reactions of 1 with other amines such as methylamine,
ethylamine, propylamine, phenylamine, benzylamine, diethyl-
amine, diisopropyl amine, di-sec-butylamine, diisobutyl amine
and hydrazine gave only the b-coupled product. The pKa values
of the three unique amines (8.30 for morpholine, 10.90 for
Me2NH and 11.20 for piperidine) giving the a-coupled product
are in the range of regular amines (4.69 for aniline to 11.1 for
diisopropyl amine) while no striking steric effect is seen for
these three amines. While we cannot explain their different
reactivity, this is the first case where coupling at the a-position
of a h2-allene has been found. A detailed mechanism for this
unusual coupling, the reactivity of compound 1 with other
nucleophiles and the corresponding reaction for the tungsten
system is currently under investigation.

We are grateful for support of this work by the National
Science Council, Taiwan, the Republic of China.

Notes and References

† Selected spectroscopic data: 1H and 13C{1H} NMR were recorded in
CDCl3 relative to SiMe4 and IR in CH2Cl2. 2a: IR, 1954s, 1873s, 1605m
cm21. 1H NMR, d 7.28–7.11 (m, 15H, aromatic H), 5.39 (t, JHH 10.0 Hz,
1H, Hcentre), 5.28 (5H, s, Cp), 5.06 (d, JHH 10.0 Hz, 1H, CHsyn), 3.60, 3.24,
2.83 (m, 4H, H2CNCH2), 1.52 (m, 6H, CH2CNCH2C3H6), 0.99 [1H, d, JHH

10.0 Hz, HCC(O)N]. 13C{1H} NMR, d 241.4, 238.4 (CO), 169.9 (CNO),
130.3, 127.2, 126.1 (Ph), 94.1 (Cp), 70.1 (CHcentre), 68.6 (CHsyn), 61.2
(CPh3), 50.2 (CHanti), 46.3, 43.3 (CH2NC2H), 26.8, 25.7, 24.7
(NC2H4C3H6). FAB MS: m/z 614 (M+ + 1), 585 (M+ 2 CO), 557 (M+ 2

2CO). 2b: IR (KBr), 1937s, 1858s, 1623m cm21. 1H NMR, d 7.29–7.15 (m,
Ph), 5.40 (t, JHH 10.2 Hz, 1H, Hcentre), 5.29 (s, 5H, C5H5), 5.07 (d, JHH 10.2
Hz, 1H, Hsyn), 3.57–2.73 (m, 8H, NC4H8O), 0.88 (d, JHH 10.2 Hz, 1H,
Hanti); 13C{1H} NMR, d 241.6, 237.8 (CO), 170.5 (CNO), 130.3–126.1 (Ph),
94.2 (Cp), 69.9 (CHcentre), 68.8 (CHsyn), 66.9 (CH2OCH2), 61.2 (CPh3),
49.0 (CHanti), 45.8, 42.5 (CH2NC2H). FAB MS: m/z 616 (M+ + 1), 587 (M+

2 CO), 559 (M+ 2 2CO). 2c: IR (KBr), 1939s, 1855s, 1611m cm21. 1H

NMR, d 7.28–7.15 (m, Ph), 5.36 (t, JHH 10.2 Hz, 1H, Hcentre), 5.29 (s, 5H,
C5H5), 5.05 (d, JHH 10.2 Hz, 1H, Hsyn), 2.81, 2.46 (s, 2H, NCH3), 1.12 (d,
JHH 10.2 Hz, 1H, Hanti). 13C{1H} NMR, d 241.8, 238.3 (CO), 171.8 (CNO),
130.3–126.2 (Ph), 94.2 (Cp), 70.3 (CHcentre), 61.1 (CPh3), 50.8 (CHsyn),
37.1, 36.1 (NCH3). FAB MS: m/z 574 (M+ + 1), 545 (M+ 2 CO), 515 (M+

2 2CO). 4a: 1H NMR (CDCl3): d 7.27–7.08 (m, Ph), 6.55 (s, 1H, NCH),
5.33 (s, 5H, C5H5), 2.74 (d, JHH 22.4 Hz, 1H, CHH), 2.28 (d, JHH 22.4 Hz,
1H, CHH), 3.26–2.66 (m, 4H, CH2NCH2), 1.96 (m, 6H,
CH2NCH2CH2CH2CH2). 13C NMR [(CD3)2CO], d 180 (CON), 162.5 (Mo–
C), 147.5 (NCH–), 47.2 (CH2).
‡ Crystal data for 2b: C34H31O4NMo, M = 613.54, monoclinic, space
group P21/c, a = 13.6809(4), b = 9.8539(3), c = 21.6322(7) Å, b =
104.061(1), V = 2828.9(2) Å3, Z = 4, DC = 1.441 g cm23, m = 5.03 cm21,
F(000) = 1264, 20 869 reflections collected on Smart CCD [T = 295(2) K],
6481 independent reflections (Rint = 0.0436) observed with I > 2s(I), 362
parameters, no restraints. The final discrepancy indices R1 and wR2 were
0.0357 and 0.0734 respectively. CCDC 182/980.
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Electrospray mass spectrometric studies of the rhenium hydroxy and methoxy
carbonyl complexes [Re2(m-OR)3(CO)6]2 (R = H, Me)
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Exchange reactions of [Re2(m-OR)3(CO)6]2 (R = H, Me)
with alcohols and phenol have been established by electro-
spray mass spectrometry (ESMS); dehydration of [Re2(m-
OH)3(CO)6]2 and the b-hydride elimination reaction of
[Re2(m-OMe)3(CO)6]2 have also been observed under ESMS
conditions.

Transition-metal carbonyl hydroxides and alkoxides have been
proposed as intermediates in a number of important reactions,
such as metal-catalysed hydrogenation of CO,1 the water–gas
shift reaction,2 and carboalkoxylation of alkenes.3 Although the
syntheses of the complexes [Re2(m-OR)3(CO)6]2 (R = H, Me,
Et, Pri) were reported more than two decades ago,4 the
chemistry of these complexes have received relatively little
attention.5 This is perhaps due to the perceived limited scope of
reactivity of these compounds. Simpson and Bergman recently
reported the facile alkoxide-exchange reactions of the terminal-
alkoxo complexes fac-[Re(h1-OR)(L)2(CO)3] (L = phosphine
or arsine, R = Me, Et, Pri) with alcohols and phenols.6 It is of
interest to investigate the feasibility of analogous exchange
reactions involving the bridging-alkoxo complexes [Re2(m-
OR)3(CO)6]2, which have in principle three exchangeable
alkoxide or hydroxide ligands. Such exchange reactions have
been briefly alluded to in the literature4b,7 but no systematic
study has been carried out on them.

The study of the alkoxide exchange reactions of the tris-
alkoxo-bridged complexes is expected to be complicated by the
formation of singly, doubly and triply-exchanged species which
exist in equilibrium with each other (Scheme 1). Identification
of these inter-converting species in solution by IR or NMR
spectroscopy is expected to be very difficult, especially when
the R group (e.g. n-octyl) gives a complex 1H NMR spec-
trum.

We wish to report here that electrospray mass spectrometry
(ESMS) is a very convenient yet informative technique that is
appropriate for the study of the exchange reactions of the
complexes [Re2(m-OH)3(CO)6]2 1 and [Re2(m-OMe)3(CO)6]2
2.† Ionic species existing in equilibrium in solution are
transferred intact into the gas phase in the spectrometer and can
be directly identified by their m/z values, regardless of their rate
of inter-conversion on the NMR timescale. Thus, the various
exchanged species arising from the reactions of 1 and 2 with
different alcohols can be unambiguously identified in the mass

spectra and the relative abundance of these species at different
times after addition of alcohol can be monitored.

At a cone voltage of 5 V, solutions of complex 1 in MeCN
(typically 0.1 mg ml21) give a clean strong signal of the parent
ion at m/z 591/593, together with a weak ion signal at m/z 879
corresponding to [Re3(OH)4(CO)9]2.8 The latter ion is most
probably a side product during the synthesis of 1.5 This impurity
can be converted to 1 simply by adding a drop of aqueous NaOH
to the ESMS solution.9

About 1 min after addition of a few drops of methanol to the
ESMS solution of 1, the spectrum showed low intensity peaks at
m/z 605/607, 619/621 and 633/635, corresponding respectively
to the singly, doubly and triply (OH ? OMe) exchanged
species. The peaks of the exchanged species rapidly grew in
intensity with respect to that of the parent ion [Re2(m-
OH)3(CO)6]2 over 10 min. (Fig. 1), although the exact relative
intensities of these peaks at 10 min showed some variability
between experiments. On standing the solution overnight (16 h)
the main ion observed was [Re2(m-OMe)3(CO)6]2, with the bis-
and mono-methoxy ions still present in successively lower
abundance, and no parent ion remaining. A clean intense peak
of the permethoxylated ion was obtained on letting the solution
stand for two weeks, with trace peaks of only the bis-methoxy
species remaining. It is also noteworthy that throughout the
experiment, the trirhenium ion [Re3(OH)4(CO)9]2 appeared to
be unaffected by methanol. These results indicate that (OH ?
OMe) exchange is quite facile on complex 1, with all three
hydroxy ligands being replaceable.

The (OH ? OMe) exchange is readily reversible, as
indicated by the ESMS detection of small amounts of [Re2(m-

Scheme 1

Fig. 1 High-resolution negative ion electrospray mass spectrum of a
solution of complex 1 in MeCN, 10 min after addition of MeOH (cone
voltage 5 V), showing the presence of the ions [Re2(OH)n(O-
Me)32 n(CO)6]2 (n = 0–3)
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OMe)2(m-OH)(CO)6]2 even in a freshly made solution of
complex 2 in MeCN (not rigorously dried). Other than this
hydrolysis product, the spectrum contained only the strong
signal of the intact 2 ion at m/z 633/635. On adding two drops
of water to the ESMS solution, hydrolysis occured over a period
of minutes to generate a mixture of mono-, bis- and tris-hydroxy
complexes, and after 35 min the dominant ion was [Re2(m-
OH)3(CO)6]2. Addition of four drops of methanol to this
solution quickly (within 1 min) removed [Re2(m-OH)3(CO)6]2
and regenerated [Re2(m-OMe)3(CO)6]2 as the most abundant
ion. These results suggest that (OH ? OMe) exchange is more
facile than (OMe ? OH) exchange, possibly due to the greater
steric accessibility of the {Re(m-OH)Re} unit compared to its
methoxy analogue.

Exchange reactions of 1 and 2 with other protic compounds
have also been investigated by ESMS, as summarised in Table
1. The results are consistent with an exchange mechanism that
involves proton transfer to the hydroxy or methoxy ligands as
the first step, since compounds with very weakly acidic protons
such as malononitrile and ferrocenylmethylphosphine10 do not
displace the OH and OMe ligands. In this context, it is
noteworthy that the electrospary mass spectrum of a solution of
a 1 : 1 mixture of 1 and 2 in alcohol-free MeCN showed no OH/
OMe scrambled species even after 24 h. Steric factors also play
an important role in determining facility of reaction, as
indicated by the ability of complex 1 to exchange for only one
tert-butoxide group.

By themselves, complexes 1 and 2 also exhibit interesting
fragmentation behaviour at higher cone voltages. Dehydration
of 1 begins to occur at 20 V, when a low abundance peak due to
[Re2(O)(OH)(CO)6]2 (m/z 573/575) appears in the mass
spectrum. At 40 V, this is the most abundant ion, with very little
parent ion remaining. Decarbonylation of the dehydrated
species begins to occur at a cone voltage of 60 V, as indicated
by the presence of the ions [Re2(O)(OH)(CO)n]2 (n = 3–5).
Decarbonylation without dehydration apparently does not
occur, since ions such as [Re2(m-OH)3(CO)n]2 (n = 3–5) are
not detected throughout. This result clearly indicates that
dehydration of complex 1 is energetically much more favour-
able than decarbonylation.

Dehydration does not occur with complex 2, which fragments
via b-hydride elimination instead, at a cone voltage of 50 V. The
parent ion eliminates formaldehyde to form [Re2(H)(O-
Me)2(CO)6]2 (m/z 603/605), [Re2(H)2(OMe)(CO)6]2 (m/z
573/575), and finally the known species4b [Re2(H)3(CO)6]2
(m/z 543/545). Decarbonylation of the b-eliminated species also
occur at 50 V to give [Re2(H)(OMe)2(CO)5]2 (m/z 575/577)
and [Re2(H)2(OMe)(CO)5]2 (m/z 545/547). The peaks of these
decarbonylated ions overlap with the peaks at m/z 573/575 and
543/545 respectively to give characteristic ‘triplet’ patterns.
Confirmation of these ions was achieved by deuterium
labelling, the species [Re2(OCD3)3(CO)6]2 being generated by
addition of excess CD3OD to 1. At high cone voltages, the

expected mass shifts corresponding to the ions [Re2(D)n-
(OCD3)32 n(CO)6]2 (n = 0–3) were observed. Elimination of
acetaldehyde also occurs in an analogous fashion from the ion
[Re2(OEt)3(CO)6]2, which was generated by addition of
ethanol to 1. As far as we are aware, b-hydride elimination from
coordinated alkoxide ligands has not been observed by ESMS
previously.

In conclusion, this study has shown that the complex anions
[Re2(m-OH)3(CO)6]2 1 and [Re2(m-OMe)3(CO)6]2 2 undergo
facile exchange reactions with alcohols and phenol. The
feasibility and extent of these reactions can be conveniently and
unambiguously determined by electrospray mass spectrometry.
The results also suggest that complex 1 can be used as a
versatile starting material for the synthesis of a wide range of
analogous [Re2(m-OR)3(CO)6]2 and [Re2(m-SR)3(CO)6]2 com-
plexes, by simple reaction of 1 with an excess of the appropriate
alcohol or thiol. Other protic or electrophilic compounds can
also be investigated for their reactivity with 1, simply by adding
the compound to a solution of 1 and recording the electrospray
mass spectrum of the solution. Thus, ESMS can be used as a
quick but accurate technique to screen for potentially useful
reactions. The prospect of 1 showing interesting biological
activity via interaction with the OH, SH and NH functional
groups of biomolecules is also attractive and is currently being
investigated in our laboratories.11
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950695), the University of Waikato, the National Institute of
Education, Singapore (RP 15/95 YYK) and the New Zealand
Lottery Grants Board for financial support. The award of an
NUS research scholarship to C. J. is also gratefully acknowl-
edged, together with a travel grant (to W. H. and L. McC.) from
the Asia 2000 Foundation.

Notes and References

† Electrospray mass spectra were obtained in the negative-ion mode with a
VG Platform II quadrupole mass spectrometer using HPLC-grade MeCN as
the mobile phase. The samples (in MeCN solution) were injected via a
Rheodyne injector fitted with a 10 ml sample loop, and delivered to the
spectrometer source (60 °C) at 0.01 ml min21. Nitrogen was used as the
drying and nebulising gas, and the capillary voltage was 3.5 kV. Cone
voltages were typically varied between 5 and 80 V in order to investigate the
formation of fragment ions.
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Table 1 Exchange reactions of complexes 1 and 2 with various reagents

Complex Reagent

Maximum number of
OH/OMe groups
exchanged

1 tert-Butanol 1
1 Methanol 3
1 Ethanol 3
1 n-Octanol 3
1 Phenol 3
1 p-Toluenethiol, MeC6H4SH 3
1 Benzeneselenol, PhSeH 2
1 FcCH2PH2 (Fc = ferrocenyl) 0
1 H2C(CN)2 0
2 Water 3
2 Ethanol 3
2 Phenol 3
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Multimetallic porphyrin monomers
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Complexation of triosmium clusters to pyridyl function-
alised metalloporphyrins gives heterometallic derivatives
that possess the overall recognition and spectroscopic
properties of the porphyrin fragment, while incorporating
the electronic and structural characteristics of the cluster.

In recent years a range of porphyrin complexes incorporating
numerous metal centres have been prepared as components for
molecular-scale devices,1 conjugated porphyrin polymers,2
supramolecular systems3 and light harvesting models.4 These
designs exploit the ability of the metal centre to control the
manner in which a supramolecular assembly is constructed, and
therefore dictate the properties of the final arrangement. Here
we report on the preparation and characterisation of a series of
triosmium cluster zinc porphyrin derivatives.

The porphyrin monomers 1–3 were synthesised by routes
analogous to those previously reported.5 Their key feature is the
incorporation of one or more peripheral pyridyl groups
available for metallation by an osmium cluster.6 The pyridyl
ring nitrogen is situated in either the 3-position, from which we
might expect two cluster substitution products, or the 4-position
from which only one product is possible. Treatment of 1 or 2
with Os3(CO)10(NCMe)2 (1.1 equiv.) in dichloromethane at
room temperature affords, after purification by preparative TLC
(SiO2, hexane : chloroform : ethyl acetate, 20 : 1 : 1), the
metallated products 4 and 5 in 42% (Rf = 0.28) and 31% (Rf =
0.32) yields respectively (Scheme 1). Under similar reaction
conditions, the bis-coordinated cluster compound 6 was isolated
in 35% yield from the reaction of Os3(CO)10(NCMe)2 (2.2
equiv.) with 3 after preparative TLC (SiO2, hexane : chloroform
: ethyl acetate, 10 : 1 : 1, Rf = 0.29).†

Single crystals of 4 and 5 suitable for X-ray crystallographic
analysis were obtained by slow solvent diffusion of methanol
into a toluene solution at room temperature.‡ The molecular
structure of 4 is as expected: the pyridyl ring of the porphyrin is
orthometallated and bridges one edge of the Os3 triangle to
afford a four membered ring containing Os, Os, C and N with
the hydride ligand bridging one Os–Os edge. This is consistent
with the structure of [(m-H)Os3(CO)10(m-NC5H4)].6 The molec-
ular structure of 5 is isostructural with 4, the Os3 unit residing
on the 3- and 4-positions on the pyridyl ring (Scheme 1). The
unoccupied site nearest to the porphyrin ring (2-position) is
presumably inhibited to metallation on steric grounds.

The 1H NMR spectra of 4 and 5 are consistent with the
unsymmetrical nature of the molecule: in the spectrum of 4 we
observe the porphyrin ring methyl groups as three singlets in a
1 : 2 : 1 intensity ratio. The peripheral methyl groups nearest to
the appended cluster are inequivalent, appearing as two singlets
because the cluster is not symmetrically disposed about the
pyridine ring. However, the furthest methyl groups are
unaffected by the presence of the cluster and are effectively
equivalent, giving rise to one singlet. The protons of the first
methylene group of the hexyl side chains are diastereotopic;
additionally two equal intensity meso proton resonances are
observed. Both of these observations are consistent with the
expected slow rotation on the NMR chemical shift timescale
about the cluster substituted aryl–porphyrin bond. Since
complex 5 follows the same cluster coordination mode as 4, the
spectrum of 5 exhibits similar resonances to 4.

For 6 the coordinated clusters can be cis or trans to one
another (relative to the porphyrin plane) as shown in Scheme 2.§
At ambient temperature the 1H NMR spectrum of 6 exhibits one

Scheme 1 Reagents and conditions: i, 1.1 equiv. Os3(CO)10(NCMe)2, CH2Cl2, RT, 3 h; ii, 2.2 equiv. Os3(CO)10(NCMe)2, CH2Cl2, RT, 4 h. Selected chemical
shifts for complexes 4–6.
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meso resonance which splits into a 1 : 2 : 1 multiplet at 280 K
indicating the presence of at least two species (cis and trans
isomers). A NOESY experiment at 280 K shows NOE cross-
peaks for the outer signals, Ha and Hb, of the 1 : 2 : 1 multiplet
only with the central resonance, Hc indicating that the cis and
trans isomers are interconverting on the NOESY timescale. For
the methyl groups at room temperature two equal intensity
resonances are observed, which remain essentially unchanged at
280 K. The NOESY spectrum at 280 K reveals that these methyl
resonances exhibit exchange cross-peaks with each other; in
addition the bridging hydride shows a strong NOE cross-peak to
the methyl resonance at 2.30 ppm, and a weak NOE cross-peak
to the resonance at 2.77 ppm due to magnetisation transfer (Fig.
1). The above observations show that the meso protons are
sensitive to the overall symmetry of the molecule, while the
methyl resonances are only sensitive to the local environment
dominated by the orientation of the clusters.7

The absorption spectra of 4–6 were similar to 1–3, except for
a hypochromic shift of 4, 3, and 7 nm of the Soret band
respectively and an increase in absorption between 220 and 420
nm where the cluster absorption bands are evident. More
pronounced changes were observed in the luminescence spectra
of 4–6. At both room temperature and 77 K the fluorescence
spectra intensities and excited state lifetimes of 4–6 were
somewhat quenched compared to 1–3.¶ Excitation spectra
acquired at room temperature at 590 nm, where the fluorescence
of the porphyrin is observed, indicate the absence of the cluster
bands. In addition, the phosphorescence bands of 4–6 compared
to 1–3 at 77 K show an increase in intensity and a decrease in the
triplet lifetime. Collectively, these observations suggest that the
quenching observed can be ascribed to a heavy atom effect
arising from the cluster rather than to energy- or electron-
transfer processes between the cluster and the porphyrin.

The mild preparation and spectroscopic eloquence of com-
plexes 4–6 provide potential for the development of functional
and structural derivatives. Variation in the nature of the
appended cluster, and the porphyrin periphery can be envis-
aged.

We thank the Engineering and Physical Sciences Research
Council, Singapore Government and Università di Bologna
(Funds for Selected Research Topics) for financial support.
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† Selected spectroscopic data for 4: 1H NMR (CDCl3, 400 MHz) d 10.18 (s,
1 H), 10.17 (s, 1 H), 8.56 (d, J 5.6 Hz, 1 H), 8.26 (d, J 1.5 Hz, 1 H), 7.92 (br
s, 2 H), 7.82 (t, J 1.8 Hz, 1 H), 7.53 (dd, J 2.0, 5.8 Hz, 1 H), 3.94 (m, 8 H),
2.78 (s, 3 H), 2.43 (s, 6 H), 2.29 (s, 3 H), 2.16 (m, 8 H), 1.74 (m, 8 H), 1.51
(s, 18 H), 1.48 (m, 8 H), 1.38 (m, 8 H), 0.89 (m, 12 H), 214.83 (s, 1 H); FAB
m/z 1884.5 (M+); IR (CH2Cl2) nCO/cm21 2103 (m), 2063 (s), 2052 (s), 2018
(br, s), 2010 (br, s), 1989 (br, m), 1969 (br, w); lmax (CH2Cl2)/nm 414, 540,

575 (log [e/M21 cm21] 5.3, 4.1, 3.8). For 5: 1H NMR (CDCl3, 400 MHz)
10.20 (s, 1 H), 10.18 (s, 1 H), 8.92 (d, J 1.4 Hz, 1 H), 7.97 (dd, J 2.0, 7.9 Hz,
1 H), 7.92 (br s, 2H), 7.83 (t, J 1.7 Hz, 1 H), 7.80 (d, J 7.6 Hz, 1 H), 3.96
(m, 8 H), 2.77 (s, 3 H), 2.44 (s, 6 H), 2.21 (s, 3 H), 2.19 (m, 8 H), 1.74 (m,
8 H), 1.51 (s, 18 H), 1.46 (m, 8 H), 1.41 (m, 8 H), 0.92 (m, 12 H), 214.74
(s, 1 H); FAB m/z 2621.1 (M+); IR (CH2Cl2) nCO/cm21 2103 (m), 2063 (vs),
2052 (s), 2017 (vs), 2008 (sh), 1998 (sh), 1970 (sh). lmax (CH2Cl2)/nm 414,
540, 575 (log [e/M21 cm21] 5.2, 4.0, 3.7). For 6: 1H NMR (CDCl3, 400
MHz) 10.17 (s, 2 H), 8.57 (d, J 5.6 Hz, 2 H), 8.23 (d, J 1.0 Hz, 2 H), 7.48
(dd, J 1.7, 4.7 Hz, 2 H), 3.95 (m, 8 H), 2.77 (s, 6 H), 2.30 (s, 6 H), 2.17 (m,
8 H), 1.72 (m, 8 H), 1.49 (m, 8 H), 1.35 (m, 8 H), 0.91 (m, 12 H), 214.83
(s, 2 H); FAB m/z 2621.1 (M+); IR (CH2Cl2) nCO/cm21 2103 (m), 2063 (vs),
2052 (s), 2017 (br, s), 2008 (br, s), 1998 (br, m), 1970 (br, w); lmax

(CH2Cl2)/nm 417, 541, 578 (log [e/M21 cm21] 5.3, 4.1, 3.8).
‡ Crystal data for 4: C77H91N5O10Os3Zn, 0.35 3 0.25 3 0.20 mm, T =
180(2) K, M = 1882.5, triclinic, space group P1̄, a = 18.139(5), b =
19.184(7), c = 12.811(5) Å, a = 103.81(3), b = 108.47(3), g =
102.88(3)°, U = 3884(2) Å3, Z = 2, Dc = 1.60 Mg m23, l = 0.71069 Å,
F(000) = 1852, m = 5.253 mm21, R1 = 0.0672 [18337 reflections with
I > 2s(I)], wR2 = 0.1580 for 17790 independent reflections and 810
parameters. The crystal data for 4 were collected on a Rigaku AFC7r
diffractometer. For 5: C77H91N5O10Os3Zn, 0.12 3 0.10 3 0.10 mm, T =
180(2) K, M = 1882.5, triclinic, space group P1̄, a = 18.135(5), b =
19.048(6), c = 12.739(5) Å, a = 103.55(3), b = 108.74(3), g =
102.88(3)°, U = 3833(2) Å3, Z = 2, Dc = 1.63 Mg m23, l = 0.71069 Å,
F(000) = 1852, m = 5.324 mm21, R1 = 0.0615 [36807 reflections with
I > 2s(I)], wR2 = 0.1624 for 13666 independent reflections and 832
parameters. The crystal data for 5 were collected on a R-Axis IIc
diffractometer. All non-hydrogen atoms except the disordered carbons of
the hexyl chains are anisotropic in both crystals. CCDC 182/989.
§ Each cluster has the possibility of the hydride bridges being cis (i.e. both
at the back or front) or trans, with one at the front and one at the back
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¶ The fluorescence lifetimes at 298 K were 0.76, 0.70, 0.76, 0.30, 0.37 and
0.21 ns for 1–6 respectively.
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Scheme 2 Exchange between the cis and trans isomeric forms of 6

Fig. 1 The orientation of the coordinated cluster relative to the peripheral
methyl groups. The CO ligands of the cluster have been omitted.

2032 Chem. Commun., 1998



A concise enantio- and diastereo-controlled synthesis of (2)-quinic acid and
(2)-shikimic acid

Kou Hiroya and Kunio Ogasawara*†

Pharmaceutical Institute, Tohoku University, Aobayama, Sendai 980-8578: Japan

(2)-Quinic acid and (2)-shikimic acid, both recognized as
the key intermediates in the shikimate pathway in plants
and microorganisms, have been synthesized concisely in an
enantio- and diastereo-controlled manner starting from a
synthetic equivalent of (R)-4-hydroxycyclohex-2-enone.

Both (2)-quinic acid 1 and (2)-shikimic acid 2 occur widely in
both plants and microorganisms in which they have been
recognized as the pivotal biogenetic precursors in the biosyn-
thesis of a variety of aromatic natural products in the biogenetic
pathway known as the shikimate pathway.1 Since the shikimate
pathway is only operative in plants and microorganisms,
development of a flexible synthetic procedure for both (2)-qui-
nic acid 1 and (2)-shikimic acid 2 as well as a variety of their
derivatives is of great importance in biogenetic studies as well
as in the search for herbicidal, antifungal or antibacterial agents
that do not affect mammals.1,2 Although a number of proce-
dures including enantiocontrolled approaches have been devel-
oped for the construction of (2)-shikimic acid3,4 2, only three
racemic5 and one chiral6 procedures have been reported for the
synthesis of (2)-quinic acid 1 to date. To explore a unified
enantiocontrolled route to both (2)-quinic acid 1 and (2)-shi-
kimic acid 2, we selected the enantiomerically pure tricyclic
ketol silyl ether7 3, obtained from the catalytic asymmetriza-
tion7,8 of the meso tricyclic ene-1,4-diol bis-silyl ether 4 and
which serves as a synthetic equivalent of
(R)-4-hydroxycyclohex-2-enone,9 as the starting material. We
describe here a diastereoselective conversion of (2)-3 into both
(2)-quinic acid 1 and (2)-shikimic acid 2 in a concise manner
in good overall yields (Scheme 1).

Ketol silyl ether7,8 (2)-3 ( > 99% ee) was treated with
OC(OMe)2 in THF in the presence of NaH to afford in good
yield the b-keto ester which existed in the single enol form‡ 5,
[a]29

D 2191.0 (c 1.71, CHCl3). On hydroxylation in DMSO
containing KF and P(OEt)3,10,11 the enol 5 gave dia-
stereoselectively the a-hydroxy-b-keto ester 6, [a]30

D 259.8 (c
1.09, CHCl3), as a single stereoisomer. As expected, NOE
experiments indicated the exo-stereochemistry of the hydroxy
functionality, which was confirmed by the later conversion.

After acetylation, the resulting tertiary acetate 7, [a]30
D 261.3 (c

1.17, CHCl3), was subjected to thermolysis in Ph2O (ca.
280 °C) to give the cyclohexenone 8, [a]29

D +83.5 (c 0.53,
CHCl3), by retro-Diels–Alder reaction.

Although the stereochemistry of the catalytic osmylation of
(+)-8 could not be predicted, the reaction gave a readily
separable 15 : 1 mixture from which the cis-diol 9, [a]28

D +82.8
(c 1.22, CHCl3), having syn configuration to the acetoxy group,
was obtained in 86% yield as the major product. The observed
high diastereoselectivity may be due to the axially disposed
acetoxy group in the molecule, which directs the ster-
eochemistry of the dihydroxylation by interaction with OsO4
forming a complex such as 8a. After protection of the cis-diol
functionality of 9 via reaction with (MeO)2CMe2 in the
presence of PPTS,12 the resulting acetonide 10 was reduced
with NaBH4 in MeOH at low temperature to give dia-
stereoselectively the single alcohol 11, [a]30

D 215.5 (c 1.23,
CHCl3), which served as the common intermediate for (2)-qui-
nic acid 1 and (2)-shikimic acid 2. The overall yield of 11 from
(2)-3 was 57% (Scheme 2).

To obtain (2)-quinic acid 1, 11 was first transformed into the
imidazo-1-ylthiocarbonate13 12, which then was treated with
Bu3SnH13 to give the deoxygenated product 13, [a]30

D 223.2 (c
1.39, CHCl3). Removal of the three oxygen protecting groups

Scheme 1

Scheme 2 Reagents and conditions: i, NaH, OC(OMe)2, THF, room temp.,
23 h (86%); ii, O2, KF, P(OEt)3, DMSO, room temp., 22 h (90%); iii, Ac2O,
pyridine, room temp., 38 h (100%); iv, Ph2O, reflux, 1 h (100%); v, OsO4

(cat.), NMO, THF–H2O (2 : 1), 0 °C, 72 h (86% 15 : 1 de); vi, Me2C(OMe)2,
PPTS (cat.), 65 h; vii, NaBH4, MeOH, 278 °C, 1.5 h (85% from 9)
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was carried out in one step by refluxing 13 with CBr4 in
MeOH14 to give methyl quinate 14, [a]30

D 231.6 (c 1.45,
MeOH), which was identical with authentic material derived
from natural (2)-quinic acid 1. Finally, 14 was hydrolyzed with
NaOH to give (2)-quinic acid 1, mp 167–168 °C, [a]30

D 243.6
(c 2.03, H2O) {lit.,15 162–163 °C, 242 to 244 (H2O)}.

On the other hand, to obtain (2)-shikimic acid 2, 11 was first
deacetylated to give the cis-1,2-diol 15, which afforded the
cyclohexene 17, [a]29

D 219.7 (c 1.12, CHCl3), via the cyclic
amino acetal 16 on treatment with N,N-dimethylformamide
dimethyl acetal followed by Tf2O.16 Exposure of 17 with dilute
HCl in MeOH allowed spontaneous desilylation and removal of
the acetonide group to give methyl shikimate 18, [a]29

D 2130.0
(c 0.91, EtOH), which was identical with authentic material.4
Finally, 18 was hydrolyzed with NaOH to give (2)-shikimic
acid 2, mp 184–185 °C, [a]25

D 2164.0 (c 0.59, H2O) {lit.,4

184–186 °C, 2163.7 (c 0.59, H2O); lit.,17 184–186 °C, 2170 (c
0.86, H2O)} (Scheme 3).

We thank the Takeda Science Foundation for financial
support.
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Scheme 3 Reagens and conditions: i, thiocarbonyl-1,1A-diimidazole, 50 °C,
14 h (100%); ii, Bu3SnH, toluene, reflux, 9 h (80%); iii, CBr4, MeOH,
reflux, 19 h (86%); iv, NaOH, H2O, roo temp., 13 h (100%); v, DBU,
MeOH, 220 °C, 20 h; vi, (MeO)2CHNMe2, room temp., 23 h; vii, Tf2O,
Pri

2NEt, toluene, 50 °C, 1 h (80% from 11); viii, 2% HCl–MeOH, room
temp., 40 h (95%); ix, NaOH, THF–H2O (1 : 1), room temp., 1 h (96%)
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Spermine and thermine conjugates of cholic acid condense DNA,
but lithocholic acid polyamine conjugates do so more efficiently

Andrew J. Geall, Dima Al-Hadithi and Ian S. Blagbrough*†

Department of Pharmacy and Pharmacology, University of Bath, Claverton Down, Bath, UK BA2 7AY

Polyamine amides have been prepared from cholic and
lithocholic acid by acylation of tri-Boc protected spermine
and thermine and their binding affinities for calf thymus
DNA were determined using an ethidium bromide fluores-
cence quenching assay; these polyamine amides are models
for lipoplex formation with respect to gene delivery (lipofec-
tion), a key first step in gene therapy.

Amongst polyamine-containing natural products,1 polyamino-
steroids form a novel, small group whose members and their
analogues display a variety of interesting biological activities.
Following DNA binding studies with synthetic polyamino-
steroids such as dimer 1, up to four structural features contribute
to the strength and type of DNA interactions: total number of
positive charges, cation type, regiochemical distribution of the
ammonium groups, and steroid hydrophobicity.2–4 Recently, a
so-called molecular umbrella 2 has been constructed from
cholic acid 3 and spermidine, creating structures that can mask
an attached agent (dansyl as a drug mimetic) from the
surrounding environment.5 Polyamino-steroid squalamine, iso-
lated from liver and gallbladder tissues of the dogfish shark,
Squalus acanthias, is a spermidine-containing sterol sulfate
which displays antimicrobial and fungicidal properties, and
induces osmotic lysis of protozoa.6–8 Walker and co-workers

have recently reported the DNA binding affinity and in vitro
gene delivery potential of various polyamines conjugated to
cholic and lithocholic acids 3 and 4.9 Although most of their
transfection agents contained a cationic head group attached to
a hydrophobic tail (e.g. cholic and lithocholic acid derivatives 5
and 6), the more hydrophilic bile acid conjugate 7 had the
greatest transfection activity.9

As part of our continuing studies on polyamine-mediated
DNA condensation,10–12 we have synthesized polyamine con-
jugates of cholic and lithocholic acids 3 and 4 in order to
investigate the effects of changes in hydrophobicity on their
binding affinity to DNA. Cholic acid 3 is a sterol nucleus with
a hydroxylated hydrophilic surface and an all-hydrocarbon
hydrophobic surface, possessing the 5b-cholane ring structure
(a cis-fused A,B-bicycle). The binding of polyamines to DNA is
not a trivial process,2–4,11–13 spermine and spermidine may bind
preferentially to GC-rich major groove and to AT-rich minor
groove regions.11 Structure-activity relationships for the bind-
ing of polyamines to DNA, and the subsequent condensation of
DNA, indicate that polyammonium ions are suitable for use as
gene delivery systems.10–14 Covalent attachment of a lipid
moiety, such as an aliphatic chain or a steroid, further enhances
polyamine-mediated DNA condensation. The mechanism by
which these compounds cause lipofection is poorly under-
stood.12–15 Therefore, it is important to determine their
physicochemical properties for the design of lipoplexes capable
of efficient lipofection.12,16

Herein we report the design and synthesis of polyamine
amides of lithocholic acid 4, using our orthogonal protection
strategy with polyamines thermine (1,11-diamino-4,8-diazaun-
decane, norspermine, 3.3.3) and spermine (1,12-diamino-
4,9-diazadodecane, 3.4.3) affording 8‡ and 9 respectively, and
the corresponding cholic acid amides 10 and 11.10–12 The 1H
NMR spectra ([2H6]DMSO) of their poly-TFA salts all
displayed broad ammonium signals at d 8.00, 8.79 and 8.98
(exchanged with 2H2O). In addition, signals at d 7.20 (1:1:1 t, 1J
= 51 Hz, 14N-1H) were observed for these ammonium ions
which we interpret as due to the symmetry of the R14NH3

+

cations.17 The DNA binding affinities of these polyamine bile
acid conjugates were determined using calf thymus DNA and a
fluorescence quenching assay based upon ethidium bromide
exclusion.18 The pKa values of these compounds were assumed
to be similar to their 3-cholesteryl carbamate analogues.12 In
our hands, all members of this series of polyamine amides 8–11
were water soluble (at 1 mg ml21).9 The binding affinities of
these polyamine conjugates have been critically compared as a
function of the charge ratio at which 50% (CR50) of the
ethidium bromide fluorescence was quenched (measured in 20
mM NaCl). Lithocholic acid conjugates 8 and 9 displayed CR50
values of 0.5 and 0.7 respectively (Fig. 1), and these results
compare favourably with those obtained using the 3-cholesteryl
carbamate of spermine (CR50 = 0.62).12 However, cholic acid
conjugates 10 and 11 have significantly weaker binding
affinities, displaying CR50 values of 5.4 and 5.9 respectively,
comparable with spermine ( > 4.0) (Fig. 1). Applying the
calculation of Burrows and co-workers,2 and using 330 Da as
the mean weight per nucleotide,16 the C50 values of 8, 9, 10 and
11 are 3.5, 5.4, 42.0 and 45.9 mM respectively. The poly-
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electrolyte theory of Manning19 predicts that when 90% of the
charge on the DNA is neutralized, condensation will occur.13

DNA condensation is clearly an efficient process with litho-
cholic acid polyamine amides 8 and 9 and with 3-cholesteryl
carbamates (CR50 < 1.0), however an excess of positive
charges is required for cholic acid polyamine amides 10 and 11
and for free spermine (CR50 > 4.0) to condense calf thymus
DNA, reflecting their significantly weaker binding affinities for
DNA. Whilst hydrophobicity is important for minor groove
recognition,20 DNA condensation is dependent upon hydro-
phobicity and distance between positive charges,21 as well as
total number of charges.13 These data give support to our
hypotheses that DNA binding and DNA condensation are also a
sensitive function of the lipid attached to the polyamine, as well
as a function of the positively charged polyamine moiety.
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Fig. 1 Ethidium bromide exclusion assay results (calf thymus DNA, [DNA
base-pair] = 3.0 mM, 1.3 mM ethidium bromide, 20 mM NaCl, excitation l
= 260 nm, emission l = 600 nm) showing (/) spermine, (-) lithocholic
acid-thermine conjugate 8, (:) lithocholic acid-spermine conjugate 9, (5)
cholic acid-thermine conjugate 10 and (3) cholic acid-spermine conjugate
11
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Oxygenation of alkynes to a,b-acetylenic ketones with dioxygen catalyzed by
N-hydroxyphthalimide combined with a transition metal

Satoshi Sakaguchi, Tomoyuki Takase, Takahiro Iwahama and Yasutaka Ishii*†

Department of Applied Chemistry, Faculty of Engineering and High Technology Research Center, Kansai University, Suita, Osaka
564-8680, Japan

Alkynes were successfully converted into a,b-acetylenic
carbonyl compounds through radical-catalyzed aerobic oxi-
dation using N-hydroxyphthalimide (NHPI) combined with
a transion metal under mild conditions.

a,b-Acetylenic carbonyl compounds, ynones, are highly valua-
ble precursors in the preparation of a variety of heterocyclic
compounds,1 a,b-unsaturated ketones,2 cyclopentenones,3
C-nuclosides4 and chiral pheromones.5 The conjugated ynones
are usually prepared by a coupling reaction of acetylenides with
activated acylating reagents such as acid chloride6b or anhy-
drides.6c,d Although the oxygenation of prop-2-ynylic C–H
bonds is straightforward in the preparation of ynones, only a
limited number of methods are available for this purpose. For
instance, some chromium complexes are reported to oxidize
internal alkynes to conjugated ynones in moderate yields,7
while the oxidation of alkynes by Th(NO3)2,8a OsO4,8b

permaganates8c or RuO4
8d results in ketones and/or cleaved

products such as carboxylic acids as major products. Using
electrophilic oxidants such as dimethyldioxirane9a,b or H2O2,9c

alkynes are converted into conjugated enones or diketones
rather than ynones.

For the synthesis of ynones, one candidate methodology is
thought to be the direct introduction of oxygen into a prop-
2-ynylic C–H bond via a free-radical process, since the
abstraction of the hydrogen atom from alkynes by a radical
would occur at the energetically favorable prop-2-ynylic
position. Recently, we have developed a mild generation
method of an active radical species, phthalimide N-oxyl radical
(PINO), which can readily abstract a benzylic hydrogen atom
from toluene, from N-hydroxyphthalimide (NHPI) under the
influence of dioxygen. Thus, toluene and ethylbenzene could be
oxidized to benzoic acid and acetophenone, respectively, under
a dioxygen atmosphere (1 atm) at room temperature.10 Since the
bond dissociation energy of the prop-2-ynylic C–H bonds of
alkynes (87.3 ± 2 kcal mol21 for pent-2-yne) is approximately
equal to that of the benzylic C–H bond of alkylbenzenes (88.0
± 1 kcal mol21 for toluene),11 our interest was directed toward
the NHPI-catalyzed oxidation of alkynes.

Here we report the first successful catalytic aerobic oxidation
of alkynes to conjugated ynones under mild conditions.

Oct-4-yne 1a was chosen as a model substrate and allowed to
react with dioxygen in the presence of a catalytic amount of
NHPI and a transition metal [eqn. (1), Table 1]. Surprisingly,
the oxidation of 1a with molecular oxygen (1 atm) under the
influence of NHPI (10 mol%) at room temperature produced
oct-4-yn-3-one 3a (69%) along with oct-4-yn-3-ol 2a (23%) at
34% conversion (run 1). In analogy with the aerobic oxidation

of alkylbenzenes by NHPI,10b the oxidation of 1a was found to
be significantly accelerated by adding a transition metal such as
Co(acac)2. Thus, the oxidation of 1a catalyzed by NHPI (10
mol%) in the presence of Co(acac)2 (0.5 mol%) gave 3a (75%)
and 2a (20%) with 70% conversion (run 2).‡ The same
oxidation using Cu(acac)2 (0.5 mol%) in place of Co(acac)2 (0.5
mol%) afforded 3a with 77% selectivity together with 2a (22%)
at 69% conversion (run 3). However, no reaction took place
when Mn(acac)2 was employed in place of Co(acac)2 under
these conditions. When the reaction of 1a with NHPI/Co(acac)2
was carried out at elevated temperature (50 °C), the oxidation
was almost complete after 6 h to give 3a with 72% selectivity
along with a small amount of a cleaved product, butanoic acid
5a (run 6). Similar results were also obtained in the oxidation
with NHPI/Cu(acac)2. In the oxidation of 1a using the NHPI/
Mn(acac)2 system at 50 °C, 3a was formed with 62% selectivity
at 63% conversion.

It is reported that dodec-5-yne, upon treatment with ButOOH
in the presence of SeO2 catalyst, leads to the acetylenic alcohol
dodec-5-yn-4-ol rather than the ynone dodec-5-yn-4-one.12

However, the present aerobic oxidation of 1a by the NHPI
catalyst formed ynone 3a in preference to ynol 2a. In a previous
paper, we showed that the NHPI-catalyzed oxidation of
alcohols affords ketones in good yields.10d In fact, treatment of
oct-1-yn-3-ol under dioxygen in the presence of NHPI and
Cu(acac)2 gave oct-1-yn-3-one, with 95% selectivity at 57%

Table 1 Aerobic oxidation of 1a catalyzed by NHPI under selected
conditionsa

Selectivity (%)b

Run Metal Conversion (%) 2a 3a 4a 5a

1 – 34 23 69 < 1 < 1
2 Co(acac)2 70 20 75 < 1 < 1
3 Cu(acac)2 69 22 77 < 1 < 1
4 Mn(acac)2 no reaction
5c – 48 18 63 < 1 < 1
6c Co(acac)2 85 2 72 2 2
7c Cu(acac)2 83 5 70 2 3
8c Mn(acac)2 63 4 62 3 5

a Compound 1a (2 mmol) was allowed to react under O2 atmosphere (1 atm)
in the presence of NHPI (10 mol%) and a metal species (0.5 mol%) in
MeCN (5 cm3) at room temperature (25 °C) for 30 h. b Selectivity of the
products was determined by GC analysis using an internal standard. c The
reaction was carried out at 50 °C for 6 h.
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conversion, but in the absence of Cu(acac)2 oct-1-yn-2-ol was
converted into the ynone in low yield [eqn. (2)]. This shows that

Cu(acac)2 plays an important role in the conversion of ynol into
ynone.

Conventionally, oxidation of alkynes with molecular oxygen
is carried out at higher temperatures, i.e. 110–150 °C. Under
such conditions the reaction results in undesired over-oxidation
products such as oxidatively cleaved carboxylic acids.13 For
instance, the oxidation of dodec-6-yne under 70 atm of air at
110 °C is reported to lead to cleaved products such as hexanoic
acid and pentanoic acid as principal products.

It is noteworthy that the NHPI-catalyzed oxidation of alkynes
with molecular oxygen could be achieved at room temperature,
since undesired side reactions arising from high reaction
temperatures could be suppressed.

The present successful conversion of alkynes into ynones is
believed to result from the fact that the phthalimide N-oxyl
radical (PINO) can be generated from NHPI under the influence
of dioxygen and 1a at room temperature. Thus, EPR analysis of
PINO formed from NHPI under atmospheric dioxygen in the
presence or absence of alkyne 1a at room temperature was
performed. As expected, the EPR signal attributed to PINO was
observed in the presence of 1a after 14 h, but in the absence of
1a no EPR signal was observed. At this stage, we cannot make
an accurate assessment of the interaction between NHPI and the
alkyne 1a. The generation of PINO from NHPI in the presence
of alkyne 1a may be facilitated by the weak coordination of
NHPI, which is a weak acid having pKa = 7.0,14 to the
acelylenic p-bond of the alkyne.

Table 2 summarizes the results for the NHPI-catalyzed
oxidation of a variety of alkynes in the presence of Co(acac)2 or
Cu(acac)2 under oxygen atmosphere. The conversions of
substrates were generally high except for terminal alkynes, and
the corresponding a,b-acetylenic carbonyl compounds were
obtained in moderate to good yields. Symmetric alkynes such as
hex-3-yne 1b and dodec-6-yne 1c were oxidized into conju-
gated ynones hex-3-yn-2-one 3b and dodec-6-yn-5-one 3c,
respectively, in good yields, (runs 1–3). Unsymmetrical alkyne,
oct-3-yne 1d gave a 1:1 mixture of the corresponding
conjugated ynones, 3d and 3dA (run 4), although the oxidation of

dec-3-yne with ButOOH catalyzed by CrO3 produced only dec-
3-yn-2-one.7c Under the same conditions, oct-2-yne 1e afforded
oct-2-yn-4-one 3e with high regioselectivity (run 5). The
terminal alkyne oct-1-yne 1f was oxidized to oct-1-yn-3-one 3f
with high selectivity, although the conversion was moderate
(50%) (run 6). On the other hand, for oct-2-yn-1-al 1g, the
aldehyde moiety was selectively oxidized rather than the prop-
2-ynylic C–H bond, giving oct-2-ynoic acid 6g (run 7).

In conclusion, various alkynes were converted into a,b-
acetylenic carbonyl compounds by aerobic oxidation using
NHPI combined with CoII or CuII complexes. The present
method provides a facile method for preparing conjugated
ynones from alkynes.

This work was financially supported by the Research for the
Future program JSPS.
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‡ Typical procedure for the aerobic oxidation of alkyne: To a solution of
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mol%) in MeCN (5 cm3) was added alkyne (2 mmol), then the flask was
flushed with oxygen and equipped with a balloon filled with O2. The
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under reduced pressure. The products were purified by column chromatog-
raphy on silica gel [hexane–EtOAc (10:1 to 3:1)], and characterised by 1H
and 13C NMR, GC–MS and IR spectroscopy.
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Table 2 Aerobic oxidation of several alkynes catalyzed by NHPI combined
with Co(acac)2 or Cu(acac)2

a

Run Substrate Product
Conversion
(%)

Selectivity
(%)b

1c EtC·CEt 1b AcC·CEt 3b 93 81
2d,e EtC·CEt 1b AcC·CEt 3b 96 75
3e C5H11C·CC5H11 1c BuC(O)C·CC5H11 3c 89 75
4c BuC·CEt 1d PrC(O)C·CEt 3d 92 70f

BuC·CAc 3dA
5e C5H11C·CMe 1e BuC(O)C·CMe 3e 94 70
6c,e C6H13C·CH 1f C5H11C(O)C·CH 3f 50 80
7c,e C5H11C·CCHO 1g C5H11C·CCO2H 6g 43 74g

a Substrate (2 mmol) was allowed to react under O2 atmosphere (1 atm) in
the presence of NHPI (10 mol%) and Cu(acac)2 (0.5 mol%) in MeCN (5
cm3) at 50 °C for 6 h. b Yields of the products were determined by GC
analysis using an internal standard. Other products were a-alkynyl alcohols
( ~ 5%) and cleaved products such as carboxylic acids ( ~ 3%) except for run
7. c 20 h. d Co(acac)2 was used instead of Cu(acac)2. e 70 °C. f A 1:1
regioisomeric mixure was obtained. g Isolated yield.
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Synthesis of oligomers of tetrahydrofuran amino acids: furanose carbopeptoids

Martin D. Smith,a Daniel D. Long,a Daniel G. Marquess,b,c Timothy D. W. Claridge and George W. J. Fleet*a†
a Dyson Perrins Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QY
b Glaxo Wellcome Ltd., Gunnels Wood Road, Stevenage, Herts, UK SG1 2NY
c Advanced Medicine Inc., 270 Littlefield Avenue, Suite B, South San Francisco, CA 94080, USA

An acid catalysed ring rearrangement of a triflate derivative
of D-mannono-g-lactone 6 is the key step in the synthesis of
the C-glycosyl sugar amino acid derivatives 3 and 4,
examples of carbohydrate amino acid building blocks with
specific conformational preferences suitable for incorpora-
tion into combinatorial amide libraries; homo-oligomerisa-
tion via solution phase coupling procedures affords furanose
carbopeptoids 1 which adopt novel solution state secondary
structures.

Carbohydrate amino acids are attractive building blocks for the
routine incorporation of carbohydrate moieties into combinato-
rial libraries by standard peptide coupling techniques.1 The
conformational influence of the sugar backbone on peptide
chains has been exploited in the rational design of non-peptide
peptidomimetics.2 Homo-oligomeric sugar amino acids (‘car-
bopeptoids’3) based upon a pyranose template have been
prepared by solution4 and solid5 phase approaches, though to
date there are no furanose6 analogues. Here we describe the
synthesis of a C-glycofuranosyl sugar amino acid analogue and
its oligomerisation to materials which adopt a well-defined
secondary structure.

2-O-Triflates (trifluoromethanesulfonates) of g- and
d-lactones in basic7 or acidic8 MeOH give good to excellent
yields of highly substituted tetrahydrofurancarboxylates. Such a
procedure has recently been utilised for the synthesis of
C-glycosides of glucofuranose,9 which have provided scaffolds
for the generation of glucofuranose libraries. For the synthesis
of the C-arabinosyl derivative 2, the triflate 6 is required; in
order to effect esterification at C-2, it is necessary to protect the
primary hydroxy group at C-6 in D-mannonolactone as its
kinetic monoacetonide 5, easily accessible in 74% yield from
the diacetonide of D-mannose.10 Treatment of the diol 5 with
Tf2O in CH2Cl2 in the presence of pyridine caused highly
regioselective esterification of the hydroxy group at C-2 to give
the stable triflate 6, which may be isolated in 85% yield; 6 has
previously been described but in a significantly poorer yield.11

Treatment of the crude triflate 6 with HCl in MeOH gave the
required ester 2 in 84% yield from 5, providing multigram
quantities of 2 in an overall yield of 62% from D-mannose. The
key transformation of 6 to 2 by treatment with acidic MeOH
involves hydrolysis of the side chain acetonide, methanolysis of
the lactone, followed by intramolecular SN2-like closure of the
resulting open chain hydroxy triflate 7 with inversion of
configuration at C-2 (Scheme 1). Although it is possible that
intermediates such as 7 could undergo alternative closure to a
tetrahydropyran, resulting from attack by the C-6 rather than the

C-5 hydroxy group, no C-glycopyranosides were isolated; ring
closures to C-glycopyranoses by nucleophilic displacement at
C-2 of a sugar are rare.12

The strategy adopted for the synthesis of carbopeptoids 1
utilises well-established peptide bond forming methodology.
For the synthesis of sugar amino acid building blocks 3 and 4,
it is necessary to introduce nitrogen at C-6. Selective esterifica-
tion of 2 with toluene-p-sulfonyl chloride in pyridine (to give
the 6-O-tosyl derivative 8) and subsequent displacement of the
sulfonate ester with NaN3 in DMF at 90 °C gave the azide 9 in
72% yield over two steps.13 Hydrolysis of the methyl ester with
aq. NaOH and purification by ion exchange chromatography
afforded the carboxylic acid 3 in quantitative yield. Catalytic
hydrogenation of the methyl ester 9 gave the bicyclic lactam 10
via a non-isolable amine; a more hindered ester is required to
enable isolation of the required 6-amino component 4. Accord-
ingly, transesterification of the methyl ester 9 with K2CO3 in
PriOH gave the isopropyl derivative 11 in 79% yield.14

Hydrogenation of the azide 11 in the presence of Pd-C in PriOH
afforded the amine 4 as the major product together with an
unidentified and inseparable minor component; the highly polar
amine 4, characterised as its triacetate 12, (90% yield from
11),was used without purification in all further reactions.

Coupling of 4 and 3 was then performed using 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) in
DMF in the presence of 1-hydroxybenzotriazole (HOBt). This
reaction allowed the isolation of the dimeric compound 13 in
74% yield (from the azide 11) as an easily handled solid
(Scheme 2). No protection of the secondary hydroxy groups is
necessary during the coupling procedure. Iteration of the
coupling procedure gave ready access to the tetramer 1 (n = 2)
and the hexamer 1 (n = 4). The dimer 13 was treated with aq.
NaOH and purified by ion exchange chromatography to afford

Scheme 1 Reagents and conditions: i, Tf2O, Py, CH2Cl2; ii, 1% HCl in
MeOH; iii, TsCl, Py; iv, NaN3, DMF; v, 0.5 M aq. NaOH, dioxane, ion
exchange; vi, H2, Pd, EtOH; vii, K2CO3, PriOH; viii, H2, Pd, PriOH; ix,
Ac2O, Py
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the free acid 14 in quantitative yield. Additionally the
N-terminal azide in 13 was reduced with H2 in the presence of
Pd-C to afford the amine 15. Coupling of the dimeric building
blocks 14 and 15 was performed using EDCI in DMF in the
presence of HOBt. The reaction mixture was treated with Ac2O
in pyridine to facilitate isolation of the tetramer 1615 (55% from
13) from which the acetate groups can be removed with NaOMe
in MeOH to afford the deprotected carbopeptoid 17 in
quantitative yield. Hydrogenation of the tetramer 16 in the
presence of Pd gave the N-terminal amine 18 which was
coupled crude to the dimeric acid 14 using EDCI in DMF in the
presence of HOBt. Treatment of the reaction mixture with Ac2O
in pyridine gave the hexamer 19 in 68% yield from the tetramer
16.

The ease with which highly functionalised tetrahydrofurans,
such as 4, can be synthesised is likely to offer opportunities for
the production of a range of carbohydrate amino acid building
blocks with specific conformational preferences suitable for
incorporation into combinatorial amide libraries. The diversity
of possible structures afforded by a carbohydrate template in
terms of backbone stereochemistries and protecting group
manipulations allows formation of hydrophobic or hydro-
philic—and thus water soluble—derivatives. Efficient unpro-
tected oligomerisation to give compounds with well-defined
secondary structure emphasizes the versatility of the sugar
amino acid building block and alludes to the possibility of a
more rational design tailored to specific applications. The
following paper provides evidence for conformational prefer-
ences of the hexamer 19 and the tetramer 16; NMR and
molecular dynamics indicate that both adopt a well-defined
secondary structure based around a repeating b-turn mimic
stabilised by intramolecular hydrogen bonds.16
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3.38 (1H, dd, J 4.7, 12.7, H-6A), 3.62, (1H, dd, J 7.5, 12.7, H-6A),
3.91–3.94 (1H, m, H-5), 3.95 (1H, dd, J 2.8, 5.7, H-4), 4.26 (1H, dd, J
2.8, 5.1, H-3), 4.61 (1H, d, J 5.1, H-2), 5.07 (1H, septet, J 6.2,
Me2CH).

15 Selected data for 16 (500 MHz, CDCl3, 298 K):

Ring A Ring B Ring C Ring D

dC(C1) 167.81 168.11 167.68 167.15
dH(C2) 4.669 4.692 4.708 4.687
dC(C2) 81.02 81.74 81.38 78.93
dH(C3) 5.646 5.559 5.495 5.475
dC(C3) 76.08 75.57 76.01 76.66
dH(C4) 4.904 4.837 5.003 5.250
dC(C4) 78.40 78.06 77.68 77.57
dH(C5) 4.153 4.027 4.123 4.055
dC(C5) 85.00 85.18 85.00 83.19
dH(C6) 3.708/

3.461
4.027/
3.224

3.861/
3.228

3.781/
3.481

dC(C6) 51.43 41.28 41.28 40.48
dH(NH) — 6.910 8.025 8.191

Carbopeptoids are identified alphabetically from the N- to the C-terminus;
protons on each ring are numbered according to IUPAC recommendations
on carbohydrate nomenclature.
16 M. D. Smith, T. D. W. Claridge, G. E. Tranter, M. S. P. Sansom and

G. W. J. Fleet, Chem. Commun., 1998, 2041. 
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Scheme 2 Reagents and conditions: i, EDCI, HOBt, Pri
2NEt, DMF; ii, 0.5

M aq. NaOH, dioxane, then Amberlite IR-120 (H+); iii, H2, Pd, PriOH; iv, 14
(1 equiv.), EDCI, HOBt, Pri

2NEt, DMF, then Ac2O, Py; v, NaOMe, MeOH,
then Amberlite IR-120 (H+)
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Secondary structure in oligomers of carbohydrate amino acids

Martin D. Smith,a Timothy D. W. Claridge,a George E. Tranter,b Mark S. P. Sansomc and George W. J.
Fleet*a†
a Dyson Perrins Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QY
b GlaxoWellcome Ltd., Gunnels Wood Road, Stevenage, Herts, UK SG1 2NY
c Laboratory of Molecular Biophysics, University of Oxford, The Rex Richards Building, South Parks Road, Oxford, UK OX1 3QU

Short oligomeric chains of tetrahydrofuran amino acids
exhibit a novel repeating b-turn type secondary structure in
solution stabilised by hydrogen bonds and provide clear
evidence that carbopeptoids will allow control of conforma-
tion in peptidomimetics.

Secondary structural elements such as a-helices and b-sheets
are involved in the processes leading to the folding of proteins
into functional conformations. The design and synthesis of
novel materials which are predisposed to fold into these ordered
structures has been an area of intense interest in recent1 years as
they may have interesting catalytic or selective recognition
properties. Oligomers2 based upon a range of templates have
been shown to form helices in solution and the solid state. Our
approach involves the use of carbohydrate-like frameworks
bearing both an amino and a carboxylic acid functionality3

which have been proposed as non-peptide peptidomimetics4 by
virtue of their rigidity and conformational influence on peptide
backbones. Oligomers of pyranose sugar amino acids5 (‘carbo-
peptoids’6) have been synthesised by solution7 and solid phase8

methods, but there are few reports of their conformational
preferences.9 Here we describe oligomers of sugar amino acid
derivatives based upon a b-D-arabino-furanose scaffold which
adopt a novel repeating b-turn type structure stabilised by
intramolecular hydrogen bonds in solution.

An efficient synthesis of the tetrameric 2 and hexameric 3
carbopeptoids utilising solution phase coupling procedures is
reported in the previous paper.10

Solution conformations in CDCl3 were investigated by 1H
NMR spectroscopy. All resonances were unambiguously as-
signed by a combination of 2D NMR techniques. Proton spin
systems within each residue were identified via DQF-COSY
and T-ROESY11 spectra, with the configuration within each
sugar ring being confirmed by the observed NOE correlations
(cross peaks in NOESY spectra were positive but rather weak,
indicating the molecular correlation time, tc, to approach the
wotc = ca. 1 condition). NOE data also allowed the sequential
placement of each residue from the observation of H2i to HNi + 1

interactions. To confirm that these were indeed sequential,
rather than longer-range correlations brought about by folding
of the molecule, semi-selective gradient-enhanced HMBC
experiments12 of the carbonyl region were used to establish
unambiguous through-bond 1H–13C connectivities between
adjacent residues via correlations with the carbonyl carbons (in
particular, H2i to COi and COi to H6i + 1). Finally, the NOE data
were further used to establish the solution conformation of the
molecule in which tetramer 2 appears to adopt a novel repeating
‘b-turn’ type structure stabilised by (i, i 2 2) inter-residue
hydrogen bonds (Fig. 1). Each repeating tetrahydrofuran unit
can be considered as a dipeptide isostere with each H-bond

completing a turn that is structurally reminiscent of a conven-
tional peptide b-turn.13

Proton chemical shift dispersion of 2 is high despite the
repeating unit, which is itself suggestive of a well defined
solution structure. The 1H NMR spectrum of the amide region
for tetramer 2 and its hexameric homologue 3 is shown in Fig.
2. The chemical shifts of amide protons are sensitive to the
presence of hydrogen bonding; a decrease in diamagnetic
shielding due to the population of hydrogen bonded states
should result in a high-frequency dNH shift:

For the tetramer 2, such a shift is observed for two of the three
amide protons (dH 8.19 and 8.03), subsequently identified as
NHD and NHC, whose shifts are therefore indicative of
involvement in hydrogen-bond formation. The remaining amide
(NHB) resonates at significantly lower frequency (dH 6.91),
characteristic of an amide which experiences little or no
hydrogen-bonding. This shift is similar to that observed for the
dimeric unit 1 (dH 7.18) which is itself unable to form the inter-
residue hydrogen-bond proposed herein for the higher homo-
logues. An equivalent pattern is observed in the hexameric
analogue 3 which exhibits four high-frequency amide protons
and one again at lower frequency (Fig. 2). The chemical shifts
of all three amide protons of the tetramer are, in contrast, similar
in DMSO (Table 1), indicating similar solvent hydrogen-
bonding interactions for all three. However, temperature
coefficients of the amide protons of the tetramer 2 in DMSO
indicate that NHD and NHC experience greater shielding from
these solvent interactions than does NHB (Table 1) and
correlates with the higher chemical shifts of NHD and NHC

observed in CDCl3.

Fig. 1 Representation of the observed solution secondary structure of the
tetramer 2 indicating ring labelling. Rings are identified by labelling each
residue alphabetically from ‘A’ at the N-terminus.

Fig. 2 Amide regions of the 1H NMR (500 MHz) spectrum of (a) tetramer
2 and (b) hexamer 3. Proton assignments are indicated. The spectra were
recorded on a Bruker AMX-500 spectrometer at 298 K in CDCl3 and
referenced to residual solvent at d 7.27.
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The pattern of deshielded vs. shielded amide protons for 1–3
is consistent with a repeating structural unit, rather than simply
the formation of hydrogen bonds between amide protons and
acetate groups on the same or adjacent residues, as is further
supported by the NOE data. With only one exception (H3A to
H6C-pro-S), all NOEs that were observed between residues
involved the amide protons and no inter-residue ring–ring
interactions could be detected. Significant inter-residue NOEs
were NHi to H2i 2 1, NHi to H6i 2 1 (stereospecifically) and
NHi to H3i 2 2 (Fig. 3) as observed from both NHD and NHC,
and are suggestive of the proposed (i, i 2 2) inter-residue
hydrogen bonds.

Using these data, molecular dynamics simulations14 utilising
NOE derived distance constraints were performed for the
tetramer (Fig. 4). This resulted in the generation of five low
energy structures, all of which exhibit the anticipated geometry
(backbone atom RMS deviation between the five structures is
0.6 Å). Superposition of these structures [Fig. 4(A)] shows the
expected fraying at the C-terminus, which does not participate
in hydrogen bonding. The conformer which most satisfies the
distance restraints is shown in Fig. 4(B)). This structure is
consistent with the lack of ring–ring NOEs and reflects the
strong conformational preferences from each sugar ring ster-
eochemistry.

In conclusion, we have shown that short oligomeric furanose
sugar amino acid chains—even a tetramer—can adopt well-
defined novel secondary structures stabilised by intramolecular
hydrogen bonds; this is the first example of a ‘carbopeptoid’ of
any length in which secondary structure has been experimen-
tally demonstrated. The ease of synthesis of a wide range of
structures such as the tetrahydrofuran 4 is likely to give
flexibility and control in the design and applications of
peptidomimetics with well-defined secondary structure, low
molecular weights and thus good bioavailablity.

The support of the EPSRC is gratefully acknowledged.
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Table 1 Amide proton temperature coefficients and chemical shifts for the
tetramer 2

Dd([2H6]DMSO)/
ppb K21

dH([2H6]DMSO)/
ppm

dH(CDCl3)/
ppm

NHD 4.3 8.20 8.19
NHC 3.9 8.29 8.03
NHB 5.3 8.12 6.91
H2O 5.1 — —

Fig. 3 Representation of the significant inter-residue NOE enhancements
observed for each ‘turn’. Relevant protons are numbered individually.

Fig. 4 (A) Five lowest energy structures of the tetramer 2 generated by
restrained molecular dynamics simulations performed using the program
QUANTA with the CHARMM forcefield. (B) The conformer in best
agreement with the experimental restraints from the five structures of the
tetramer 2 illustrated in (A). The two hydrogen bonds are indicated by
broken lines.
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The cyanate ion as a bridging ligand between lanthanide and transition metals.
Formation of one-dimensional extended arrays {(DMF)6Ln2Ni(NCO)8}∞ (Ln =
Sm, Eu) and monomeric complexes (DMF)8Ln2Ni(NCO)8 (Ln = Sm, Eu) with
three bridging cyanate ligands

Jianping Liu, Edward A. Meyers, James A. Cowan* and Sheldon G. Shore*
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Syntheses and molecular structures of the first cyanate
bridged lanthanide-transition metal complexes,
(DMF)8Ln2Ni(NCO)8 and {(DMF)6Ln2Ni(NCO)8}∞ (Ln =
Sm, Eu) with three bridging cyanate ligands are reported;
magnetic properties of (DMF)8Ln2Ni(NCO)8 (Ln = Sm, Eu)
complexes are described.

The cyanate ion1 [NCO]2 offers features as a bridging ligand
that have not yet been adequately exploited by linking metal
ions through two types of bonding modes: terminal N-bonding,
1,1-m-N (I)2–7 and both ends-bonding, 1,3-m (II).8–10 Com-
plexes that have been reported, with two exceptions, are
molecular entities that form a single cyanate or a double cyanate
bridge between two metals. Exceptions are a silver cyanate
complex, a chain-like array with single cyanate bridges4 and a
copper 2,4-lutidine cyanate complex, a chain-like array with
two cyanate bridges.5

Here we report syntheses and molecular structures of the first
examples of cyanate bridged complexes with three bridging
cyanate ligands between a lanthanide and a transition metal.
These are the monomeric complexes (DMF)8Ln2Ni(NCO)8 (Ln
= Sm 1, Eu 2) that can be converted into one-dimensional,
extended arrays {(DMF)6Ln2Ni(NCO)8}∞ (Ln = Sm 3, Eu
4).

The complexes (DMF)xLn2Ni(NCO)8 (x = 6 or 8; Ln = Sm,
Eu) were synthesized quantitatively by the reaction of 2 : 1 : 8
molar ratios of LnCl3, NiCl2, and K(NCO) in DMF at ambient
temperature over a two day period.† Under slightly different
crystallization conditions, two unique types of crystals, mono-
meric complexes (DMF)8Ln2Ni(NCO)8 (Ln = Sm 1, Eu 2) and
one-dimensional, extended arrays {(DMF)6Ln2Ni(NCO)8}∞
(Ln = Sm 3, Eu 4) were obtained.† Both 1 and 2 as well as 3 and
4 are isomorphous. The molecular structures of 2 and 4 are
shown in Figs. 1 and 2.‡

In complex 2, the formula is [(DMF)8Eu2Ni(NCO)8]. Since
the Ni2+ ion is located on the crystallographic inversion center,
the formula of the asymmetric unit is one-half the molecular
formula. The Eu3+ and Ni2+ ions are linked together by three
bridging cyanate ligands to form a slightly distorted trigonal
bipyramidal Eu(m-N)3Ni unit. Interestingly, the distance be-
tween Ni2+–Eu3+ [3.256(1) Å] is approximately equal to the
sum of their atomic radii (3.20 Å),11 which is probably a result
of the three bridging [NCO]2 groups. The forth cyanate ion is
a terminal ligand bonded to an Eu3+ center. In addition, four
DMF molecules are coordinated to the Eu3+ ion through their
oxygen atoms. Compound 4 is very similar to compound 2,
except that in complex 2 one DMF molecule around Eu3+ is
replaced by a cyanate ion thereby resulting in the formation of

the extended array complex 4. In complex 4 two cyanate ions
form two cyanate bridges to link another Eu3+ and a one-
dimensional infinite array is formed. The distance between the
two adjacent Eu(1)3+ and Eu(2)3+ centers is 4.081(1) Å. The
distances of Ni2+–Eu(1)3+ [3.231(1) Å] and Ni2+–Eu(2)3+

[3.235(1) Å] are similar to that observed in complex 2.
In complexes 1–4, only nitrogen atoms in the cyanate ligands

are coordinated to the metal centers; oxygen atoms remain free.
During the structure refinements assignments for N and O peaks
on the difference map were interchanged. Assignments shown
in Fig. 1 and 2 gave the lowest wR2 which provides support that
nitrogen and oxygen atoms in the [NCO]2 groups are properly
identified. Infrared studies of these complexes in the nCN + nCO,
nCN and dNCO regions are consistent with those observed in
complexes2,3,12,13 for which only M–NCO bonding is
claimed.

Fig. 1 Molecular structure of (DMF)8Eu2Ni(NCO)8 with 50% thermal
ellipsoids showing the atomic labelling scheme. DMF hydrogen atoms were
omitted for clarity. Selected bond lengths (Å) and angles (°): Eu–O
2.384(5)–2.435(5), Eu–N 2.422(6)–2.563(6), Ni–N 2.081(6)–2.114(6);
N–C 1.14(1)–1.18(1) Å, C–O 1.18(1)–1.20(1); N–Ni–N 84.1(2)–85.4(2),
Ni–N–Eu 88.4(2)–89.5(2), C–N–Ni, 127.5(6)–142.3(6), C–N–Eu,
127.4(5)–137.8(6), N–C–O 177(1)–179(1).

Fig. 2 Molecular structure of {(DMF)6Eu2Ni(NCO)8}∞ with 50% thermal
ellipsoids showing the atomic labelling scheme. Only oxygen atoms in
DMF were shown for clarity. Selected bond lengths (Å) and angles (°): Eu–
O 2.366(9)–2.411(9), Eu–N 2.476(10)–2.517(9), Ni–N 2.096(10)–2.139(9)
N–C 1.15(2)–1.20(2) C–O, 1.17(2)–1.21(2); N(7)–Eu–N(8)
69.6(3)–69.8(3), N–Ni–N 178.1(4)–179.2(5), N–Ni–N 82.8(4)–97.4(4),
Ni–N–Eu, 88.3(4)–89.5(4), Eu–N–Eu 110.3(4)–110.3(4), C–N–Ni
118.3(8)–129.0(9), C(1,6)–N(1,6)–Eu 142.0(9)–151.4(9), C(7,8)–N(7,8)–
Eu 121.0(9)–128.7(9), N–C–O 177(2)–179(2)°.
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Six [NCO]2 groups coordinate to a Ni2+ ion through the
nitrogen atoms to form an approximately octahedral geometry
around Ni2+ in both 2 and 4. The coordination geometry around
the Eu3+ center is a slightly distorted square antiprism in both 2
and 4. In 2, four nitrogen atoms from the [NCO]2 groups and
four oxygen atoms from the DMF molecules are coordinated to
Eu3+. In 4, five nitrogen atoms from the [NCO]2 groups and
three oxygen atoms from the DMF molecules are coordinated to
Eu3+. Bridging [NCO]2 groups between Eu(1)3+ and Eu(2)3+

ions share an edge of one antiprism base which is the
cornerstone for the formation of the one-dimensional infinite
chain.

Magnetic properties of 1 and 2 were studied.§ The complex-
ity of the magnetic systems precludes a detailed theoretical
analysis at this time, however, several significant observations
were made. Both complexes show approximately Curie be-
havior below 30 K, and deviations at higher temperatures that
are manifest as increased susceptibilities (Fig. 3). The devia-
tions normally expected from Curie behavior at low temperature
are small relative to the deviations shown at higher temperature
for these compounds. Therefore it is the larger effect at higher
temperature on which we focus our attention. Ground terms of
6H5/2 and 3F4 are assumed for the Sm3+ and Ni2+ centers in
complex 1, respectively.14 For Sm3+ the first electronic excited
state is typically too high in energy to contribute to the magnetic
behavior, and so the magnetic properties may arise from
antiferromagnetic coupling of the Ln3+ and Ni2+ ions with
population of higher magnetic states at elevated temperature.
For Eu3+ in complex 2, a ground state term of 7F0 is assumed.
Since the ground state of Eu3+ is diamagnetic, the deviation
from Curie behavior above 30 K requires a significant
contribution from antiferromagnetic coupling of the low lying
first excited electronic state of Eu3+ to be considered, although
the coupling phenomenon may be more complex than the case
of Sm3+. Consistent with such a scheme, the low temperature
magnetic moment of the europium complex 2 is approximately
that of the free Ni2+ ion.

We thank the National Science Foundation to support this
work through Grant CHE94-09123 and CHE97-00394. We
thank Professor Susan M. Kauzlarich and Julia Y. Chan of the
University of California at Davis for collecting SQUID data and
Professor Samaresh Mitra for helpful comments.
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† Preparation of 2 and 4 are described here. Complexes 1 and 3 were
prepared in a similar manner. In a dry box, EuCl3 (258.3 mg, 1.0 mmol),
NiCl2 (64.8 mg, 0.50 mmol), K(NCO) (324.5 mg, 4.0 mmol), and DMF (ca.
15 ml) were placed in a flask and the mixture was stirred for 2 days at
ambient temperature under N2. Filtration separated the KCl precipitate from
the deep blue solution. DMF was removed from the filtrate under dynamic
vacuum. After 12 h, colorless crystals of (DMF)8Eu2Ni(NCO)8 were
collected. Yield: nearly quantitative. IR (KBr pellet, cm21): nCN + nCO:
3518w, 3487w, 3463w, 3397w, 3391w; nCN: 2188vs, 2180vs, sh, 2122m,
(unresolved), dNCO: 679s, 645w, 631m, 625m, sh, 621m; the remainder of
absorption bands belong to DMF: 2940w, 2813vw, 1649s, 1500w, 1440m,
1420w, sh, 1376m, 1251w, 1115m, 1066w, 1015vw, 866vw, 661m. IR
(DMF solution, cm21): nCN + nCO: 3516w, 3491w, 3369w, nCN: 2194s, sh,
2177vs, nCO: 1326w, 1260w, dNCO: 677s, 632m, 619m. Anal: Calc. for
C32H56N16O8Eu2Ni: C, 29.94; H, 4.40; N, 17.46. Found: C, 29.93; H, 4.30;
N, 17.50%.

When the filtrate was pumped on for a longer period of time, a viscous oil
was formed. After 12 h, colorless crystals consisting of both (DMF)8Eu2-
Ni(NCO)8 and {(DMF)6Eu2Ni(NCO)8}∞ were collected.
‡ Diffraction data were collected with an Enraf-Nonius CAD4 dif-
fractometer using Mo-Ka radiation. All data were corrected for Lorentz and
polarization and empirical absorption effects. Crystallographic computa-
tions were carried out using SHELXTL program,15 with trial structures
obtained by direct method.

Crystal data: (DMF)8Eu2Ni(NCO)8 2 (260 °C), monoclinic, space
group P21/c, a = 11.199(2), b = 17.581(7), c = 13.492(6) Å, b =
110.34(2)°, V = 2490.6 Å3, M = 1283.56, Z = 4, Dc = 1.712 g cm23, m
= 2.940 mm21, F(000) = 1284.0, R1 [3569 independent reflections with I
> 2s(I)] = 0.0484 (R1 = S||Fo|2|Fc||/S|Fo|), wR2 (4684 reflections
measured) = 0.1496 [wR2 = {S[w(Fo

2 2 Fc
2)2]/S[w(Fo

2)2]}1/2).
{(DMF)6Eu2Ni(NCO)8}∞ 3 (260 °C), monoclinic, space group P21, a =
9.404(2), b = 21.060(8), c = 10.915(5) Å, b = 96.41(3)°, V = 2148.1(3)
Å3, M = 1137.37, Z = 2, Dc = 1.758 g cm23, m = 3.391 mm21, F(000)
= 1124.0, R1 [3486 independent reflections with I > 2s(I)] = 0.0340 (R1

= S||Fo| 2 |Fc||/S|Fo|), wR2, (4209 reflections measured) = 0.0886 [wR2 =
{S[w(Fo

2 2 Fc
2)2]/S[w(Fo

2)2]}1/2). CCDC 979.
§ DC magnetization data were obtained with Quantum Design MPMS
Superconducting Quantum Interference Device (SQUID) magnetometer
with a 5.5 Tesla superconducting magnet. Data were collected and analyzed
with the Magnetic Property Measurement System (MPMS) software
supplied by Quantum Design. All samples were measured in zero field and
then field cooled. Temperature dependent magnetization data were obtained
by first measuring the zero field cooled (ZFC) magnetization in the field
while warming from 5 to 300 K, then measuring magnetization while
cooling back to 5 K with the field applied to obtain the field cooled (FC)
data.
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Glow discharge synthesis and molecular structures of perchlorofluoranthene
and other perchlorinated fragments of buckminsterfullerene

Su-Yuan Xie, Rong-Bin Huang,*† Li-Hua Chen, Wei-Jie Huang and Lan-Sun Zheng

State Key Laboratory for Physical Chemistry of Solid Surfaces, Department of Chemistry, Xiamen University, Xiamen 361005,
China

A series of perchlorinated fragments of buckminsterfuller-
ene were prepared by glow discharge using chloroform
vapor; their structural features are of significance in
understanding the formation mechanism of fullerenes.

Although there have been a great many achievements in the
experimental and theoretical investigation of fullerenes, their
formation mechanism is still a puzzle to chemists and
physicists.1 Various schemes have been put forward to explain
the formation of fullerenes.2–7 Each of these schemes rationalise
the available experimental evidence. None of them, however,
can explain the formation process of the mid-sized inter-
mediates (about 20–30 carbon atoms) and none show the
formation of five-membered carbon rings that is known to be
critical for fullerene formation. In order to understand the
process, there has also been tremendous interest in the trapping
of intermediates.8,9 In our laboratory, a series of perchlorinated
polycyclic compounds with a five-member ring and various six-
member rings, such as perchloroacenaphthylene (C12Cl8),
perchlorofluoranthene (C16Cl10) and perchlorocorannulene
(C20Cl10), have been synthesized via discharge in liquid CHCl3
rather than via conventional organic synthesis. These com-
pounds were characterized as perchlorinated fragments of
fullerene, so the work is helpful in understanding the formation
mechanism of fullerenes.10 Recently, we extended the discharge
reaction to the vapor phase, and detected fullerenes and other
larger perchlorinated fragments among the products. We were
able to obtain single crystals of perchloroacenaphthylene and
perchlorofluoranthene, and their structures, determined by
X-ray diffraction, may provide more information about the
formation mechanism.

The synthesis‡ described here was carried out using a typical
procedure developed by this group in recent years. After
separation procedures, the pure products were collected, and
single crystals of high enough quality for X-ray diffraction
analysis were obtained after four months growing in solution.
The crystals were characterized as perchloroacenaphthylene
(C12Cl8) and perchlorofluoranthene (C16Cl10) by X-ray diffrac-
tion.§ As shown in Fig. 1, octachloroacenaphthylene is a flat
molecule, with all its carbon and chlorine atoms effectively
located in the same plane. In contrast, perchlorofluoranthene is
a very crowded molecule. If it were planar, some of the
intramolecular Cl···Cl distances between neighboring chlorine
atoms would be about 2.5 Å, whereas the sum of their van der
Waals radii is 3.6 Å; the shortest Cl···Cl distances found in
similar compounds are about 3.0 Å, as in perchloronaphthalene
(3.032 Å),11 perchloropyrene (3.003 Å),12 perchlorophenan-
threne (3.037 Å)13 and 1,10-dichloro-3,8-dimethyl-4,7-phenan-
throline (3.082 Å).14 Thus, 3 Å is likely to be the shortest
possible distance between chlorine atoms in this kind of
overcrowded perchlorinated polycyclic compound. The struc-
tural data§ shows that the mean planes of the benzene and
naphthalene rings are not in a same plane, and the dihedral angle
between the planes is 26.09(5)°. Distortion of the molecule is
due to the steric effects of its component chlorine atoms and
mainly involves its five-member ring, so the molecule bends
with the axis through its five-membered ring. Compared with

the sandal structure of perchloropyrene,12 one isomer of
perchlorofluoranthene which has four six-membered rings but
no five-membered ring, the twisted structure of perchloro-
fluoranthene is distorted more severely. The difference can also
be found from comparison of another pair of isomers,
fluoranthene and pyrene. The structure of the former is non-
planar,15 but the latter is nearly planar.16 Obviously, formation
of the five-membered ring makes the molecule more flexible, so
that it can relieve the strain caused by the steric effect of the
chlorine atoms. In fact, the five-membered ring is also found in
the structures of other perchlorinated polycyclic compounds
synthesized in the experiment.

Formation of the cage structure of the fullerenes also involves
the five-membered rings. In fact, C60 and other fullerenes were
also produced in the glow discharge experiment and were
detected by laser-desorption mass spectrometry (Fig. 2). In the
mass spectrum, in addition of various fullerene products, some
larger perchlorined fragments, such as C22Cl10 and C24Cl10, are
also observed. Although the fullerene products were not
seperated, they can be characterized by their particular size
distribution.

Products from discharge reactions were expected to be very
complicated. However, the products from the discharge reaction
of CHCl3 are quite selective: The products were either
fullerenes or their perchlorinated fragments. The distorted
structure of perchlorofluoranthene suggests that it is the steric
effects of the chlorine atoms that limits the possible number of
the products and favors the formation of the five-membered
ring. Although CHCl3 only contains a single carbon atom, in the

Fig. 1 Molecular structures of perchloroacenaphthylene and perchloro-
fluoranthene
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discharging reaction it serves as a C1 building block for
aggregation into fullerenes or their perchlorinated fragments.

This work was supported by the National Natural Science
Foundation of China and by the State Educational Commission
of China.
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† E-mail: rbhuang@xmu.edu.cn
‡ Typical procedure: CHCl3 was evaporated from a flask containing 100 ml
liquid CHCl3 into a quartz tube with a diameter of ca. 40 mm and a length
of ca. 250 mm; a pair of copper pipes, which acted as both electrodes and
a gas passageway, were mounted at the two ends of the tube. When the
vacuum pressure of the tube was reduced to less than 300 Pa and an ac
voltage of > 10 kV with 25 kHz frequency was applied to the electrodes, a
stable glow discharge emerged in the gap between the two electrodes which
could be maintained by adjusting the gap. After reacting for several hours,
ca. 5 g of black deposit was collected, followed by sublimating at 160 °C to
separate hexachlorobenzene and the other volatile matter. The residue was
extracted with toluene and separated via chromatography (Al2O3, light
petroleum); the third (yellow) component part was perchlorofluoranthene,
the fourth (red) component part was perchloroacenaphthylene, and the
remainder were other larger perchlorined fragments, C60 and other
fullerenes products.
§ Crystal data for perchloroacenaphthylene: C12Cl8, M = 428, monoclinic,
P21/a, a = 7.079(5), b = 22.396(5), c = 10.661(5) Å, b = 93.046(5)°, U
= 1687.8(15) Å3, T = 298 K, Z = 4, l = 105418 Å, m(Cu-Ka) = 24.687

cm21, F(000) = 532, red crystals with dimensions 0.16 3 0.17 3 0.79 mm.
Data were collected on a Enraf-Nonius CAD-4 diffractometer in the w–2q
scan mode, and corrected for absorption by y. A total of 3768 independant
reflections were collected in the range 4 < 2q < 75°, of which 1628
reflections with I > 2s(I) are considered observed.The SIR92 and
SHELXL93 program packages were used to solve and refine the structure,
respectively. The final deviation factor Rw = 0.0749, wR = 0.1955.

Crystal data for perchlorofluoranthene: C16H10, M = 546.66, triclinic,
space group P1̄, a = 7.4590(7), b = 11.4920(7), c = 11.8800(8) Å, a =
112.346(5), b = 90.858(6), g = 106.277(6)°, U = 895.60(12) Å3, T = 298
K, Z = 2, Dc = 2.02 Mg cm23, l = 1.5418 Å, m(Cu-Ka) = 24.68 cm21,
F(000) = 532, orange crystals with dimensions 0.04 3 0.07 3 0.075 mm.
Data were collected on an Enraf-Nonius CAD-4 diffractometer in the w–2q
scan mode, and corrected for absorption by y. A total of 3889 independent
reflections were collected in the range 4 < 2q < 75°, of which 2111
reflections with I = 2s were considered observed. The SIR92 and
SHELXL93 programme packages were used to solve and refine the
structure, respectively. The final deviation factor Rw = 0.064, wR =
0.1362. CCDC 182/981.
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Fig. 2 Laser desorption mass spectrum of fullerenes and other products
synthesized from the glow-discharge reaction of CHCl3
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Is Ti(h8-pentalene)2 a 20-electron complex? A theoretical investigation of a
pseudo electron-rich molecule

Karine Costuas and Jean-Yves Saillard*

LCSIM-UMR 6511, Université de Rennes 1, 35042 Rennes Cedex, France. E-mail: saillard@univ-rennes1.fr

DFT calculations confirm the D2d conformation of the title
compound proposed by Jonas et al; only 9 of the 10
combinations of the p-type ligand orbitals interact with the
metal atom: the remaining one, of a2 symmetry, does not
match with any metal orbital and therefore the title
compound is not a 20-electron system, but a regular
18-electron complex; calculations predict that the 18-elec-
tron [Ti(h8-pentalene)2]2+ cation should also be attainable.

Jonas and coworkers recently synthesised and characterised a
very interesting series of transition metal complexes of V, Ti, Zr
and Hf which exhibit a new type of coordination mode of
pentalene (C8H6).1–3 In these compounds, exemplified below

by CpV(C8H6) 1 and Ti(C8H6)2 2, the pentalene ligand is folded
in such a way that all its carbon atoms are bonded to the metal.
Considering the h8-bonded pentalene ligand in 1 as being
formally a dianion, it is expected to provide the metal centre
with its 10 p electrons, leading to a VIII 18-electron complex. A
similar reasoning leads to the surprising count of 20 electrons in
the case of 2. Such an electron-rich situation generally
corresponds to a Jahn–Teller instability due to the presence of
two electrons in one (or two) antibonding orbital(s). Unlike 1
and other CpV systems, there is no X-ray characterisation
published so far for 2 or related complexes. Its D2d conforma-
tion was established on the basis of NMR data.2 Simple
symmetry considerations are fully consistent with the 18-elec-
tron count of 1. Indeed, there is a perfect match between the five
empty frontier orbitals of the CpV fragment (four of d-type and
one sp-type hybrid)4 and the five occupied p-type orbitals of
(C8H6)22,5 leaving two electrons in a ds non-bonding level. On
the other hand, of the ten occupied p-type combinations of the
two (C8H6)22 ligands in the D2d complex 2, only nine have the
correct symmetry to match with the nine vacant orbitals of the
TiIV atom. The remaining one, being of a2 symmetry, cannot
overlap with the metal and should remain non-bonding. Thus,
symmetry and frontier orbital theory predict an 18-electron
count for the D2d conformation of 2.

Our current interest in transition metal sandwich complexes
which do not obey the 18-electron rule6 as well as in the
coordination variability of pentalene with respect to electron
count5 prompted us to perform density functional theory (DFT)
calculations7 on 2, in order to predict its structure (D2d or less
symmetrical), rationalise its electron count and understand its
bonding. A full geometry optimisation carried out without any
symmetry constraint confirmed the D2d structure (see Fig. 1).
The pentalene optimised folding angle is 149°, a value larger
than that reported in 1 and related V and Ti complexes
(119–127°).1,2 As a consequence, the Ti–C(pentalene) distances
are somewhat larger than those reported for the CpTi(pentalene)

derivatives.1,2 The MO diagram of 2 is shown in Fig. 2, based
on the interaction of the (C8H6)22 ligands with the TiIV center.
With an a2 HOMO deriving from the p-type orbitals of
pentalene, it shows clearly that the symmetry-based predictions
are correct.11 The significant HOMO–LUMO gap computed
agrees with the stability of these diamagnetic species. The
existence of an even larger energy gap below the HOMO
suggest that 22+ or isoelectronic species should also be stable
diamagnetic compounds.12 The optimised geometry of 22+, for
which a HOMO–LUMO gap of 1.93 eV was computed, is very
similar to that of 2. The major metrical data are given in Fig. 1.
The folding angle of pentalene is also 149°. Since the a2 HOMO
of 2 has no metal participation, its depopulation in 22+ has no
effect on the Ti–C separations. Since this a2 orbital derives from

Fig. 1 DFT optimised molecular structure of 2 and 22+. The values in
parentheses correspond to 22+.

Fig. 2 MO interaction diagram of 2
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the C–C non-bonding 1au HOMO of (C8H6)22 (Fig. 2), there is
also little difference between the ligand geometries of 2 and 22+.
The shortening by ca. 0.02 Å of the central C–C bond upon
oxidation is probably due to the s/p mixing within the non-
planar ligands. The smaller folding of pentalene in 2 and 22+, as
compared to 1, is consistent with the fact that in the bis-
pentalene systems each ligand [(C8H6)22 in 2 and (C8H6)2 in
22+] is a 9-electron donor whereas in 1 (C8H6)22 is a 10-electron
donor.

In order to check the possibility of extending the peculiar
bonding mode of pentalene in 2 to other ligands, we are
currently investigating the electronic structure of hypothetical
sandwich complexes of fused conjugated rings such as indacene
and naphthalene.

The authors thank the Centre de Ressources Informatiques
(CRI) of Rennes and the Institut de Développement et de
Ressources en Informatique Scientifique (IDRIS-CNRS) of
Orsay for computing facilities.
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The first synthesis of promothiocin A

Christopher J. Moody*† and Mark C. Bagley

School of Chemistry, University of Exeter, Stocker Road, Exeter, UK EX4 4QD

The first total synthesis of the naturally occurring macro-
cyclic thiopeptide promothiocin A 1 is described.

Promothiocin A 1, isolated from Streptomyces sp. SF2741, is a
member of the thiopeptide family of antibiotics.1 These natural
products, which inhibit protein synthesis in bacteria, are
characterised by their complex structure in which an array of
heterocyclic rings is incorporated into a macrocyclic peptide
framework. Despite the fascinating biological activity of the
thiopeptide antibiotics, little synthetic work has been carried out
to date, although the synthesis of the pyridine fragments of the
micrococcins, sulfomycin and nosiheptide has been ad-
dressed,2–5 and very recently micrococcin P has yielded to
synthesis.6 In continuation of our interest in the synthesis of
heterocyclic natural products,7 we now report the first total
synthesis of promothiocin A 1, thereby confirming the structure
and stereochemistry.

The structure of promothiocin A 1 was established by NMR
spectroscopy, although the stereochemistry of the natural
product was not reported.1 Therefore we have assumed that the
three stereocentres result from natural amino acids (see Fig. 1)
and could be incorporated from suitable derivatives of
(S)-alanine and (S)-valine. The overall plan, indicated by the
arrows in Fig. 1, was to form the macrocycle by two peptide
coupling reactions (1 and 2), followed by introduction of the
dehydroalanine side chain (3).

The starting point was the synthesis of the two oxazoles 2 and
3 from (S)-alanine and glycine, respectively. This was readily
achieved using our previously published method;8 thus rho-
dium(ii) acetate catalysed reaction of the N-protected amino
acid amides with methyl 2-diazo-3-oxobutanoate resulted in
clean insertion of the metallocarbenoid into the amide N–H
bond. Cyclodehydration of the resulting keto amides using the
Wipf protocol (Ph3P, I2, Et3N)9 gave the required oxazoles 2
and 3 in 56 and 49% overall yield respectively (Scheme 1). The
glycine derived oxazole 3 was deprotected to give the
2-aminomethyloxazole 4 for subsequent coupling, whereas the
alanine derived oxazole 2 was converted into the oxazole-
thiazole-pyridine fragment 5 using our previously developed

method,10 based on the Bohlmann–Rahtz pyridine synthe-
sis.11

The lower valine-oxazole-thiazole fragment 9 was obtained
as shown in Scheme 2. Thus N-Boc-valine was coupled to the
aminomethyloxazole 4 in high yield by mixed anhydride
methodology using isobutyl chloroformate and N-methylmor-
pholine (NMM) to give the oxazole 6. The alanine derived
thiazole 7 was obtained from the known N-Boc derivative,
prepared using the modified Hantzsch reaction,12 the standard
conditions leading to extensive racemisation, and coupled to the
carboxylic acid derived by hydrolysis of the ester 6 to give the
valine-oxazole-thiazole 8 in excellent yield (Scheme 2). Finally

Fig. 1 Promothiocin A 1 and proposed disconnections

Scheme 1 Reagents and conditions: i, methyl 2-diazo-3-oxobutanoate cat.
Rh2(OAc)4, CHCl3, heat (80% for 2, 76% for 3); ii, Ph3P, I2, Et3N, CH2Cl2
(70% for 2, 64% for 3); iii, H2, Pd-C, MeOH (100%); iv, see ref. 10

Scheme 2 Reagents and conditions: i, BuiO2CCl, NMM, THF, then 4
(87%); ii, LiOH, aq. THF (93%); iii, BuiO2CCl, NMM, THF then 7 (84%);
iv, AcCl, EtOH (100%)
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deprotection of the N-terminal Boc group with ethanolic HCl
gave the free amine 9 for subsequent coupling.

The coupling of the lower and upper fragments of the
promothiocin macrocycle was achieved using mixed anhydride
methodology (Scheme 3). Hydrolysis of the ester group in the
oxazole-thiazole-pyridine 5 was followed by activation with
isobutyl chloroformate/NMM and coupling with the amine 9 to
give the terminally protected ‘linear peptide’ 10 in good yield.
Although there are several methods available for macro-
lactamisation, we have found the Schmidt protocol,13 used in
our recent synthesis of nostocyclamide,7 to be particularly
reliable. Hence the ester group in 10 was hydrolysed and
converted into the corresponding pentafluorophenyl ester by
coupling with pentafluorophenol in the presence of 1-(3-di-
methylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDCI). The pentafluorophenyl ester was not purified but
underwent deprotection at the N-terminus on treatment with
HCl in dioxane. Work-up and treatment with triethylamine
resulted in lactamisation to give the promothiocin macrocycle
11 in 55% yield. The synthesis was completed by elaboration of
the dehydroalaninamide side chain, although these final steps
proved far from trivial. Deprotection of the benzyl ether to give
the pyridine-2-methanol derivative 12 was followed by conver-
sion to the aldehyde 13 using o-iodoxybenzoic acid (IBX) in
DMSO,14 and further oxidation with sodium chlorite15 to give
the desired acid 14. Coupling of the acid 14 with the tert-
butyldimethylsilyl ether of (S)-serinamide using EDCI gave the
amide 15; deprotection of the serine side-chain with TBAF was
followed by dehydration (MsCl, Et3N) to give promothiocin A
1 (Scheme 3). The synthetic material had 400 MHz 1H and 100
MHz 13C NMR spectra identical to those reported for the natural
product,1 and its specific rotation of [a]23

D + 87.3 (c 0.34,
CHCl3–MeOH, 1 : 1) [lit.,1 +79.2 (c 0.69, CHCl3–MeOH, 1 : 1)]
strongly implies that the natural product does indeed have the
stereochemistry indicated in Fig. 1. Thus we have completed the
first total synthesis of the thiopeptide promothiocin A 1, and
established the stereostructure of the natural product.

We thank the EPSRC and the Leverhulme Trust for support
of our research, Claire Hesketh for preliminary experiments,
and Dr Vladimir Sik for detailed NMR experiments.
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Scheme 3 Reagents and conditions: i, LiOH, aq. THF (94%); ii, BuiO2CCl,
NMM, THF, then 9 (69%); iii, LiOH, aq. THF (97%); iv, C6F5OH, EDCI,
CH2Cl2 (100%); v, 4 m HCl in dioxane, then aq. KHCO3; vi, Et3N, CHCl3
(55% over 2 steps); vii, BCl3·SMe2, CH2Cl2 (39%); viii, IBX, DMSO
(81%); ix, NaClO2, KH2PO4, 2-methylbut-2-ene, aq. ButOH (70%); x,
O-TBDMS-serinamide, EDCI, CH2Cl2 (50%); xi, TBAF, THF (57%); xii,
MsCl, Et3N, CH2Cl2, then Et3N (59%)
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Enamine-assisted facile generation of trifluoroacetaldehyde from
trifluoroacetaldehyde ethyl hemiacetal and its carbon–carbon bond forming
reaction leading to b-hydroxy-b-trifluoromethyl ketones

Kazumasa Funabiki,*† Miwa Nojiri, Masaki Matsui and Katsuyoshi Shibata*

Department of Chemistry, Faculty of Engineering, Gifu University, Yanagido, Gifu, 501-1193, Japan

Trifluoroacetaldehyde ethyl hemiacetal 1 readily reacts with
various enamines 2 in hexane at room temperature for 1 h to
give the corresponding b-hydroxy-b-trifluoromethyl ketones
in good yields.

Much attention has been recently addressed to trifluoromethy-
lated compounds, since they are widely used for the construc-
tion of new types of biologically active compounds and liquid
crystals. In connection with these circumstances, the develop-
ment of new strategies and methodologies for the efficient
synthesis of trifluoromethylated molecules has become the
subject of growing interest.1 Among the many approaches to
such compounds, trifluoroacetaldehyde is one of the most
useful compounds, and is employed for the construction of
functionalized trifluoromethylated components via reaction
with a number of reagents, such as metal enolates,2 ketene silyl
acetals3 (phenylthio)bis(trimethylsilyl)methyllithium,4 aro-
matic compounds,5 olefins3,6 and dienes.7 In previous methods
for the generation of trifluoroacetaldehyde, however, there exist
serious disadvantages, including high reaction temperatures and
the use of an excess amount of concentrated H2SO4.8 In

addition, trifluoroacetaldehyde is gaseous (bp 218 °C) and very
miscible with water, and therefore it must be carefully
handled.

Here we describe for the first time the enamine-assisted facile
generation of trifluoroacetaldehyde under extremely mild
conditions from trifluoroacetaldehyde ethyl hemiacetal,‡ and its
carbon–carbon bond forming reaction with enamines in the
absence of additives, which permits highly efficient and
convenient access to b-hydroxy-b-trifluoromethyl ketones.

When hemiacetal 1a was allowed to react with an equimolar
amount of enamine 2a, prepared from acetophenone with
morpholine, in hexane at room temperature for 1 h, the
corresponding b-hydroxy-b-trifluoromethyl ketone 3a was
obtained in 88% yield (Scheme 1 and Table 1, entry 1).

The use of other solvents, such as dichloroethane, THF,
PhMe and MeCN, gave comparable yields of 3a, irrespective of
their polarities (entries 2–5). It is noteworthy that the reaction of
1a proceeded smoothly to furnish the product 3a in satisfactory
yield in the presence of water (entry 6). The substituents on the
nitrogen atom of the enamines did not influence the yields of 3a
(entries 1 and 7). Various enamines bearing aromatic and
heteroaromatic substituents could successfully participate in the
reaction to afford the corresponding b-hydroxy-
b-trifluoromethyl ketones 3 in good to excellent yields (entries
8–11, 14–15). The reaction with enamine 2f carrying a nitro
group on the aromatic ring was very sluggish, producing 3e in
only 13% yield because of the lower solubility of 2f, which
could be improved by replacing hexane with toluene as solvent
(entries 12 and 13). The electronic character of the aromatic ring
has little influence on the rate of the reaction, according to the
yields of 2 for the same reaction time (p-NO2 < 2-thienyl =

Scheme 1 Reagents and conditions: i, room temp., 1 h

Table 1 Reactions of trifluoroacetaldehyde ethyl hemiacetal with
enaminesa

Entry Enamine X R Solvent Product Yield (%)b

1 2a O Ph hexane 3a 88
2 2a O Ph ClCH2CH2Cl 3a 78
3 2a O Ph THF 3a 73
4 2a O Ph PhMe 3a 88
5 2a O Ph MeCN 3a 75
6 2a O Ph hexane–H2O (40:1) 3a 68
7 2b CH2 Ph hexane 3a 86
8 2c O p-MeC6H4 hexane 3b 87
9 2c O p-MeC6H4 PhMe 3b 87

10 2d O p-MeOC6H4 hexane 3c 72
11 2e O p-ClC6H4 hexane 3d 86
12 2f O p-O2NC6H4 hexane 3e 13
13 2f O p-O2NC6H4 PhMe 3e 52
14 2g O o-MeC6H4 hexane 3f 87
15 2h O 2-thienyl hexane 3g 75
16c 2i O Pri hexane 3h 25

a All the reactions were carried out with trifluoroacetaldehyde ethyl
hemiacetal (1 mmol) and enamine (1 mmol) in solvent (4 ml) at room
temperature for 1 h. b Isolated yields of analytical pure products. c A mixture
of enamines 2i and 4 (29:71) was employed.
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p-Cl = p-H = p-Me = p-MeO). The reaction of 1a with the
mixture of aliphatic enamines 2i and 4-(3-methylbut-2-en-
2-yl)morphorine 4 (29:71) (1 equiv.) resulted in the exclusive
formation of 3h in 25% yield, and none of the product derived
from enamine 4 was detected in the reaction mixture (entry 16).
According to these results, the steric effect of the substituents at
the b-carbon of the enamines is more important for the the
reaction than the electronic effect of the substituents at the
a-carbon.

The formation of 3 can be explained by assuming the
mechanism shown in Scheme 1. It is significant that the reaction
requires only an equimolar amount of enamine, which may act
as a base, counter ammonium cation and carbon nucleophile.

More significantly, the reaction of lithium alcoholate 1b§
with the enamine 2a did not proceed at all; the acetophenone
was recovered in quantitative yield (Scheme 2). According to
this result, the ammonium cation, which is generated via
protonation of the enamine, plays a very important role in the
effective generation of trifluoroacetaldehyde in the reaction.

In conclusion, we have demonstrated the enamine-assisted in
situ generation of trifluoroacetaldehyde and its reaction with
enamines, producing the corresponding b-hydroxy-
b-trifluoromethyl ketones 3 in high yields. The present method
can serve as a synthetically useful entry to b-hydroxy-
b-trifluoromethyl ketones, with simple manipulations and high
yields of the products. Application of the present methodology
to stereoselective synthesis using asymmetric secondary amines
or b-monosubstituted enamines is currently in progress in our
laboratory.

We thank Dr H. Muramatsu for valuable discussions.
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Synthesis of fluorine-containing cyclic amino acid derivatives via ring closing
olefin metathesis

Sergey N. Osipov,*a Christian Bruneau,b Michel Picquet,b Alexey F. Kolomietsa and Pierre H. Dixneuf*b†
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New N-protected a-CF3 amino esters with two alkene chains
(1,7-dienes 3 and 1,6-dienes 5) were reacted with the ring
closing metathesis catalyst Ru§CHPh(Cl)2(PCy3)2 to give
the a-CF3 dehydropipecolinate and prolinate derivatives 6
and 7.

Among various classes of fluorine-containing biologically
active compounds, fluorinated amino acids attract considerable
attention. They are especially useful candidates for peptide
modification, and b-fluoro-containing amino acids offer poten-
tial as irreversible inhibitors of pyridoxal phosphate dependent
enzymes.1 A major drawback of peptide drugs is their rapid
degradation by proteases, low lipophilicity and high conforma-
tional flexibility and the lack of transport systems to direct
peptides into cells.2 The incorporation of a,a-disubstituted
amino acids into key positions in peptides is an efficient strategy
to retard proteolytic degradation and to stabilize secondary
structures.3,4 Due to the unique properties of the CF3 group
(high electronegativity, lipophilicity and steric hindrance),
a-trifluoromethyl amino acids are a special class of a,a-
disubstituted amino acids that can profoundly improve the
above mentioned characteristics of peptides.5

The preparation of rigidified a-amino acids to effect
conformational constraints in peptides has played an important
role in  drug design and development.6 An efficient access to
a-difluoromethyl and a-trifluoromethyl substituted a-amino
acids from electrophilic imines of type XF2CC(§NPG)CO2R
has recently been reported.7,8 This reaction enabled the direct
synthesis of a-fluoromethyl a-amino acids, but the restriction
of their conformational flexibility by incorporation into an
N-heterocycle was necessary. However, one possible approach
is based on intramolecular Ring Closing Metathesis (RCM).
The use of olefin metathesis has expanded tremendously in
recent years, with applications including the construction of
carbo- and hetero-cycles, macrocycles in peptides and other
systems.9 Especially useful are metathesis catalysts based on
ruthenium, which have demonstrated remarkable tolerance
towards oxygen, protic solvents, and a variety of functional
groups.10

We now disclose a new effective synthesis of
a-trifluoromethyl substituted derivatives of dehydropipecolinic
acid and dehydroproline, from a-trifluoromethyl a-amino
esters containing two terminal alkene chains, using ring closing
olefin metathesis (RCM), according to Scheme 1.

Several imines with different protecting groups on nitrogen,
including PhSO2, Boc and Z groups, were successfully applied
for the synthesis of a-CF3 containing a-amino acid deriva-
tives.11,12 Thus, the preparation of a-CF3 amino acid derivatives
3 and 5 with two alkene chains was achieved via a two-step

procedure starting from the electrophilic imine 1. The imine 1a
smoothly reacts with allylmagnesium bromide in THF to give
the amino acid derivative 2a in 75% yield. The latter is
transformed on deprotonation with NaH and subsequent
reaction with allyl bromide into the 1,7-diene derivative 3a
(72%). Similarly, imine 1a reacts with vinylmagnesium bro-
mide at 290 °C to give 4a (69% ). N-Allylation of 4a via
successive treatment with NaH and allyl bromide affords the
1,6-diene 5a (81%) (Scheme 2).

Following the same procedure but starting from the Z and
Boc N-protected imines 1b,c, it was possible to isolate in two
steps the 1,6-diene 5b (65%) and the 1,7-diene 3c (55%) via 4b
and 2c, respectively.

The intramolecular ring closing metathesis reaction was
attempted from the 1,7-diene 3a in CH2Cl2 at room temperature
in the presence of 10 mol% of the Grubbs catalyst
Ru§CHPh(Cl)2(PCy3)2 A.9a The cyclisation of 3a took place
and was completed within 10 h to give the dehydropipecolinate
derivative 6a13 in high yield (93%) (Scheme 3). The RCM
reaction with catalyst A (10 mol%) applied to 3c led to the
formation of the six-membered heterocycle 6c which, after 10 h
of reaction, was isolated in 98% yield.

Special interest in a-CF3 proline derivatives is connected
with the fact that proline is known to be unique among the
natural amino acids in its abilities to induce b-turns and initiate
the folding of an a-helix. Because of these structurally
important properties, proline is often suggested as the primary
contributor to the biological activity of several proteins, as well
as having a key role in biological recognition phenomena.14

Scheme 1

Scheme 2 Reagents and conditions: i, CH2§CHCH2MgBr, THF, 2100 °C
(1 h) to room temp. (2 h), then aq. HCl (1 M); ii, CH2§CHMgBr, THF,
290 °C to room temp., then aq. HCl (1 M); iii, NaH, DMF, 0 °C, then allyl
bromide, 10 h, room temp., then H2O

Scheme 3
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Dehydroproline derivatives have also found use as starting
materials for kanic acid derivatives.15

Recently, attempts to prepare dehydroproline derivatives via
ring closing metathesis from a BocN(CH2CH§CH2)CH(CO2-
Me)CH§CH2 precursor have been made and failed. In the
presence of Ru§CHCH§CPh2(Cl)2(PCy3)2 B as catalyst, the
acyclic a,b-unsaturated ester {BocN[C(CO2Me)§CH-
Me]CH2CH§}2 has been obtained.9a This is likely due to the
high lability of the vinylglycine a-proton of the precursor.

The absence of an acidic a-proton in the vinylglycine
structure of compounds 5 was crucial to the suucessful first
formation of the desired dehydroprolinates 7. Under standard
RCM conditions in the presence of 11 mol% of catalyst A, at
room temperature, 5a (0.23 mmol) was slowly cyclised into
7a.13 However, full conversion of 5a could not be achieved even
after 60 h (conversion ~ 55%) and derivative 7a was separated
from the starting product 5a by chromatography over silica gel
and isolated in 46% yield.

The benzyloxycarbonyl derivative 5b (0.2 mmol) was also
reacted with 10 mol% of catalyst A and after 50 h at room
temperature the separation of the starting material 5b by
chromatography led to the isolation of 50% of 7b.

To the best of our knowledge, the above results show the first
use of ruthenium-based RCM catalysts for access to a-CF3
containing heterocycles (the six- and five-membered cyclic
a-CF3 substituted a-amino acid derivatives). Based on known
transformations of amino acid derivatives this direct access
should open a route to a variety of fluorine-containing
substrates.

The authors thank the E.U. INTAS Programme No. 96-1176
for financial support.

Notes and References

† E-mail: pierre.dixneuf@univ-rennes1.fr

1 J. T. Welch and S. Eswarakvishnan, Fluorine in Bioorganic Chemistry,
Wiley, New York, 1991, 54 and references cited therein.

2 A. Giannis and T. Kolter, Angew. Chem., Int. Ed. Engl., 1993, 32,
1244.

3 C. Toniolo and E. Benedetti, Macromolecules, 1991, 24, 4004.

4 G. R. Marshal, J. D. Clarc, J. B. Dunbar, G. D. Smith, Y. Zabrocki,
A. S. Redlinski and M. T. Leplawy, Int. J. Pept. Protein Res., 1988, 32,
544.

5 K. Burger, K. Mütze, W. Hollweck and B. Koksch, Tetrahedron, 1998,
54, 5915.

6 M. Goodman and H. Shao, Pure Appl. Chem., 1996, 68, 1303; W. F.
Degrado, Adv. Protein Chem., 1988, 39, 53 and references cited
therein.

7 S. N. Osipov, A. S. Golubev, N. Sewald, T. Michel, A. F. Kolomiets,
A. V. Fokin and K. Burger, J. Org. Chem., 1996, 61, 7521.

8 K. Burger and N. Sewald, Synthesis 1990, 115.
9 (a) S. J. Miller, M. E. Blackwell and R. H. Grubbs, J. Am. Chem. Soc.,

1996, 118, 9606; (b) A. Fürstner and K. Langemann, J. Org. Chem.,
1996, 61, 3942; (c) F. P. J. Rutjes and H. E. Schoemaker, Tetrahedron
Lett., 1997, 38, 677; (d) M. A. McKenvey and M. Pitarch, Chem.
Commun., 1996, 1689.

10 B. Mohr, D. M. Lynn and R. H. Grubbs, Organometallics, 1996, 15,
4317; (b) P. Schwab, R. H. Grubbs and J. W. Ziller, J. Am. Chem. Soc.,
1996, 118, 100.

11 S. N. Osipov, N. D. Chkanikov, A. F. Kolomiets and A. V. Fokin, Bull.
Acad. Sci. USSR, Chem. Sect. (Eng.), 1986, 1256.

12 N. Sewald and K. Burger, in Fluorine-containing Amino Acids:
Synthesis and Properties, ed. V. P. Kukhar and V. A. Soloshonok,
Wiley, Chichester, 1995, 139 and references cited therein.

13 Satisfactory spectroscopic data and elemental analyses were obtained
for compounds 3–7. Selected data for 6a: dH(CDCl3) 2.71 (m, 1 H,
CH2), 2.92 (m, 1 H, CH2), 3.65 (m, 1 H, NCH2), 3.83 (m, 1 H, NCH2),
3.88 (s, 3 H, OCH3), 5.72 (m, 2 H, HC§CH), 7.51(m, 3 H, Ph), 7.95 (m,
2 H, Ph); dF(CDCl3) 271.1 (s, 3 F, CF3). For 6c: dH(CDCl3) 1.52 [s, 9
H, (CH3)3], 2.77 (m, 2 H, CH2), 3.82 (m, 1 H, NCH2), 3.85 (s, 3 H,
OCH3), 4.25 (m, 1 H, NCH2), 5.75–6.00 (br m, 2 H, HC§CH);
dF(CDCl3) 271.9 (s, 3 F, CF3). For 7a: dH(CDCl3) 3.89 (s, 3 H, OCH3),
4.07 (m, 1 H, CH2), 4.62 (m, 1 H, CH2), 5.63 (m, 1 H, HC§CH), 6.22
(m, 1 H, HC§CH), 7.51 (m, 3 H, Ph), 7.85 (m, 2 H, Ph); dF(CDCl3)
272.1 (s, 3 F, CF3). For 7b (two conformers): dH(CDCl3) 3.39 and 3.74
(2 s, 3 H, OMe), 4.27 (dm, 1 H, J 15.9, NCH2), 4.41–4.61 (m, 1 H,
NCH2), 4.93–5.41 (m, 2 H, OCH2), 5.59–5.76 and 5.83–6.00 (2 m, 1 H,
§CH), 6.16–6.35 (m, 1 H, §CH), 7.24–7.40 (m, 5 H, Ph); dF(CDCl3)
271.91, 271.89 (2 s, CF3).

14 D. J. Barlow and J. M. Thornton, J. Mol. Biol., 1988, 201, 601;
A. M. P. Koskinen and H. Rapoport, J. Org. Chem., 1989, 54, 1859; H.
H. Ibrahim and W. D. Lubell, J. Org. Chem., 1993, 58, 6438.

15 M. Horikawa and M. Shirahama, Synlett, 1996, 95.

Received in Liverpool, UK, 22nd June 1998; 8/04792H

2054 Chem. Commun., 1998



New sulfide-bridged heterocubanes [MVI(S)ReI
3(CO)9(m3-S)4]2, M = Mo or W,

with transition metals in very different oxidation states

Fridmann M. Hornung, Karl Wilhelm Klinkhammer and Wolfgang Kaim*†

Institut für Anorganische Chemie, Universität Stuttgart, Pfaffenwaldring 55, D-70550 Stuttgart, Germany

The cluster anions [MVI(S)ReI
3(CO)9(m3-S)4]2, M = Mo or

W, contain three six-coordinate tricarbonylrhenium(I) frag-
ments, held together by one m3-sulfide ion and by one
reducible and charge transfer-active m3-MVIS4

22 unit.

The coordinative versatility of the tetrathiometallates has given
rise to a vast number of oligonuclear cluster compounds with
intact or altered MS4

n2 units (e.g. M = Mo or W, n = 2;
M = Re, n = 1) as essential constituents.1–4 However, there are
not many kinds of heterocubanes containing the MS4

n2 motif
except for species [MS(MAL)3(m3-S)4]n2 with four-coordinate
centres MA = CuI or AgI and L = PR3 or halogen.4,5

Heterocubanes with the MMA3(m3-S)4 core are generally of
interest because of their relevance as models for cluster sites in
proteins or on surfaces of industrial catalysts.6–8

Herein we present first examples of organometallic hetero-
cubanes with a tetrathiometallate (Mo or W) corner and three
six-coordinate low-valent metal centres, i.e. rhenium(i) stabi-
lized by three facially arranged carbonyl ligands. The com-
pounds [M(S)Re3(CO)9(m3-S)4](NEt4), M = Mo 1 or W 2 were
obtained from Re(CO)5(CF3SO3),9 Li2S and (NEt4)2MoS4 or
(NEt4)2WS4.‡ Both compounds were crystallised and analysed
by X-ray diffraction.§ Fig. 1 illustrates the molecular structure
of the cluster anion by example of compound 2.

Compounds 1 and 2 crystallise in isomorphous fashion with
channel structures (Fig. 1). The molecular anions show
heterocubane arrangements with fairly ideal tetrahedral MoS4
or WS4 and approximately octahedral ReS3(CO)3 entities. The
rigidity of the tetrahedral MS4 core has been demonstrated
recently in the species (CH3CN)(OC)3MA(S2WS2)MA-
(CO)3(NCCH3), M = Mn or Re.10 The main differences
between 1 and 2 concern the M–S bond lengths in an otherwise
qualitatively similar C3v symmetric setting (Fig. 1). Apart from
the distortion brought upon the heterocubane by the close to
tetrahedral m3-MS4 units (ca. 109° angles for S–M–S) there are
slightly widened angles of about 95° for Re–S–Re and (m3-S1–
S3)–Re–(m3-S1–S3) but generally compressed bond angles
M–S–Re and (m-S1–S3)–Re–S5 (Fig. 1). All Re···Re distances
lie above 3.74 Å whereas the M···Re distances are significantly
smaller between 2.93 and 2.97 Å.

The combination between three (OC)3Re+ groups and a
tetrathiometallate(vi) acceptor2,10–12 function causes a nar-
rowing of the frontier orbital gap as evident from electroche-
mistry and absorption spectroscopy (Fig. 2). Whereas even the
first oxidation occurs irreversibly at +0.48 V (1) and +0.45 V (2)
vs. ferrocenium–ferrocene in acetonitrile–0.1 mol dm23

Bu4NPF6, cyclic voltammetry at 200 mV s21 revealed revers-
ible first one-electron reduction processes at 21.24 V (1) and
21.61 V (2). The corresponding values for (NEt4)2MS4 at
22.94 V (M = Mo) and 23.16 V (M = W)10–12 illustrate
the effect of tetrathiometallate coordination by {(m3-S)-
[Re(CO)3]3}+.¶ Accordingly, the long-wavelength ligand-to-
metal charge transfer (LMCT1)2 absorption bands (t1? 2e) at
562 nm (1, Fig. 2) and 458 nm (2) in acetonitrile are lower in
energy when compared to the 472 nm for (NEt4)2MoS4 and 397
nm for (NEt4)WS4. Similar shifts were observed for the LMCT2
transitions (3t2 ? 2e) at 331 nm (1, Fig. 2) and 310 nm (2).
Additional long-wavelength absorption bands at 408 nm (1,

Fig. 1 Crystal structure (top, view along a axis) of 2 and molecular structure
of the cluster anion. Selected bond lengths (Å) and angles (°) for
isomorphous 1 and 2 (in parentheses): M–S4 2.131(8) [2.110(5)], M–(m3-S)
2.262(7)–2.285(7) [2.258(5)–2.263(4)], Re–(m3-S) 2.502(7)–2.515(7)
[2.502(5)–2.522(5)]; S4–M–(m3-S) 107.4(3)–110.3(3) [107.3(2)–110.1(2)].
(m3-S)–M–(m3-S) 109.5(3)–111.2(3) [109.6(2)–111.4(2)], M–(m3-S)–Re
75.5(2)–76.4(2) [75.6(2)–76.7(1)], (m3-S1–S3)–Re–(m3-S1–S3)
96.0(2)–96.5(2) [94.9(2)–95.9(2)], (m3-S1–S3)–Re–S5 81.8(2)–83.5(2)
[81.3(2)–82.802)], Re–(m3-S)–Re 96.3(2)–98.2(2) [96.8(2)–98.8(2)],
C–Re–(m3-S) 171.6(8)–176.4(9) [171.4(6)–176.5(6)].

Fig. 2 Absorption spectrum of 1 in acetonitrile solution
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Fig. 2) and 362 nm (2) may tentatively be attributed to metal-to-
metal intracluster charge transfer from the electron-rich rhe-
nium(i) centres to molybdenum(vi) (1) or tungsten(vi) (2).

Notes and References

† E-mail: kaim@iac.uni-stuttgart.de
‡ Synthesis (general procedure): 1 equivalent of lithium sulfide and 3 molar
equivalents of Re(CO)5(CF3SO3)9 were reacted under argon in dichloro-
methane–THF (5 : 1) for 6 h at room temperature. After filtration and
removal of the solvent from the filtrate the remaining residue were
redissolved in CH2Cl2 and treated with 1 equivalent of (NEt4)2MS4

(M = Mo or W), dissolved in acetonitrile. After brief reflux the dark-brown
solutions were reduced to dryness, the residue redissolved in CH2Cl2–
CH3CN (9 : 1) and chromatographed on a silica gel column. The eluted dark
brown (1) or red fraction (2) was collected, the solvent removed under
vacuum, and the dark purple (1, 10%) or orange–red (2, 34%) product
crystallised from acetonitrile at 220 °C. Correct C, H, N analyses. 13C
NMR ([2H8]THF): d = 7.4 (CH3), 52.8 (NCH2), 193.0 (COax), 197.6
(COeq). IR (CH3CN): nCO = 2049, 2017, 1961, 1926 cm21 (1);
nCO = 2050, 2017, 1961, 1926 cm21 (2).
§ Crystallography: single crystals were obtained from acetonitrile solutions
at 225 °C. Crystals were poured into degassed Nujol and transferred into a
capillary. This was sealed and immediately brought into the cold gas stream
of a Siemens P4 diffractometer (graphite monochromator, Mo-Ka radiation
(l = 0.71 073 Å)) equipped with low temperature device (183 K). Unit cell
dimensions were derived from the least-squares fit of the angular settings of
25 reflections. Crystal and refinement data for 1 (2): C17H20MoNO9Re3S5

(C17H20NO9Re3S5W), M = 1197.18 (1285.09), crystal size 0.30 3 0.25 3
0.25 (0.30 3 0.30 3 0.20) mm, monoclinic, space group P21/n (no. 14),
a = 11.595(4) [11.593(3)], b = 18.226(5) [18.188(3)], c = 13.527(4)
[13.460(3)] Å, b = 95.80(2) [95.89(2)]°, U = 2844.1(14) [2823.1(11)] Å3,
Dc = 2.796 (3.024) g cm23, m(Mo-Ka) = 13.569 (17.297) mm21,
F(000) = 2192 (2320), w scans, 5836 (8269) measured reflections, 5569
(6814) independent reflections, wR2 = 0.194 (0.164) for 5323 (6437)
reflections with I > 2s(I), R1 = 0.090 (0.068) for reflections with I >
2s(I). Due to the failure of finding appropriate reflection for y scans, the
data were corrected in both cases using the DIFABS program. The
structures were solved using direct methods (SHELXS 86). Site and
displacement parameters were refined by full-matrix least-squares tech-
niques (SHELXL 93) based on Fo

2 values. All non-hydrogen atoms were
treated anisotropically. The hydrogen atoms were treated isotropically, their
sites riding on the appropriate carbon atom with fixed C–H lengths and
H–C–H angles. CCDC 182/969.

¶ A second reversible reduction occurs at 21.86 V (1) and 21.82 V (2),
respectively. Attempts to characterise the one-electron reduced forms by
EPR were unsuccessful even at 3.5 K, probably due to rapid relaxation.
Anodic peak potentials for the second irreversible oxidation are at +0.66 V
(1) and +0.74 V (2), respectively.
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Liquid crystals with restricted molecular topologies:
supermolecules and supramolecular assemblies

John W. Goodby,*a† Georg H. Mehl,a Isabel M. Saez,a Rachel P. Tuffin,a Grahame
Mackenzie,a Rachel Auzély-Velty,b Thierry Benvegnub and Daniel Plusquellecb

a The Department of Chemistry, The Faculty of Science and the Environment, The University of Hull,
Hull, UK HU6 7RX
b Ecole Nationale Supérieure de Chimie de Rennes, Laboratoire de Synthèses et Activations de
Biomolécules, associé au CNRS, Avenue du Général Leclerc, 35700 Rennes, France

The term liquid crystal is often associated with fascinating
compounds that exhibit unusual melting or solubilisation
properties, however, it also represents a unique collection of
mesophases that exist between the solid state and the
amorphous liquid. As such, this unique state of matter can be
accessed by a wide variety of materials from low molar mass
to polymeric systems. In this Feature Article we describe
some recent studies concerning the liquid-crystalline behav-
iour of ‘in-between’ materials that have discrete molecular
structures, and which are oligomeric but not low molar mass
or polymeric systems. Thus, these materials could be
described as having supermolecular architectures. We exam-
ine some of their mesophase properties and their abilities to
form supramolecular assemblies. The development of liquid
crystals that have large molecular structures or consist of
large scale assemblies is one step towards creating novel self-
organising systems which are of a similar dimension to
certain biological materials, such as proteins.

Introduction

Over the past two and a half decades low molar mass liquid
crystals (LMMLCs) have been the quintessential molecular
electronic materials. The invention of the twisted nematic
display (TNLCD) in the early 1970s coupled with Gray and
Harrison’s development of stable room temperature nemato-
gens based on cyanobiphenyls, 1, ensured that liquid crystals
would be synonymous, across the world, with flat-panel, low
voltage visual display units (VDUs).1 This association has
continued with the invention and development of surface
stabilised ferroelectric smectic C* displays (SSFLCDs)2,3

which are near to commercialisation, and the recent extension of
this work to device configurations utilising antiferroelectric
materials.4 All devices based on liquid crystal technology are, of
course, non-emissive and depend on the reflection of incident
light or an artificial light source for viewing. As a consequence,
however, materials designed for, and utilised in, LCDs are not
usually subject to optical damage. In addition, in-plane
switching devices such as SSFLCDs, AFLCDs and bistable
nematic displays possess wide viewing angles making them
ideal candidates for exploitation in large area, high pixel density
devices.

Ever more so, therefore, has the development of materials for
use in display devices become a challenge of ‘precision’
molecular engineering.1,5 Materials, thus, need to be designed
to be chemically and optically stable, possess wide temperature
ranges for their liquid crystal phases, have low melting points,
low viscosities, suitable birefringences, desirable dielectric
properties, low conductivities—in fact the demands on the
quality and properties of organic liquid crystals approach those
placed on conventional inorganic and semi-conductor materials
used in the electronics industry. As a consequence, the design of

nematogens is now focused on creating materials based on
fluorinated systems because they have low conductivities and
viscosities, and suitable positioning of fluoro-substituents
allows them to have appropriate dielectric anisotropies for
applications,1,5 see 2. Similarly, the development of ferro-
electric materials is centred on the creation of materials with
low viscosities, wide mesophase temperature ranges and low
melting points.6 The design of fast switching low viscosity
materials has therefore become akin to the utilisation of
aerodynamics in the design of fast sports cars, i.e. narrow, stiff,
rod-like molecules being the most suitable, cf. the phenyl

pyrimidines 3 and the difluoroterphenyls 4.7 Although high
technology applications of liquid crystals tend to catch the eye,
it should be noted that by far and away the highest consumption
of liquid crystals is by the soap and detergents industry,8
followed by that of companies involved in the production of
structural polymers (PLCs), for example, poly(p-phenylene
terephthalamide) is used commercially as the basis for spinning
fibres such as Kevlar® (Du Pont) and Twaron® (Akzo).9
Cationic, anionic, and non-ionic surfactants (e.g. 5–7) have
been shown to be capable of exhibiting either thermotropic10 or
lyotropic mesophases,11 and in some cases materials have been
shown to exhibit both forms of mesophase, thereby making
them amphotropic. Glyco- and phospho-lipids, akin to those
found in cell membranes, provide numerous examples of
compounds that self-assemble to form lyotropic liquid crystals
and self-organise to form thermotropic phases. Octyl 1-O-b-
d-glucopyranoside, 8, which is a commercially available non-
ionic detergent (Sigma) exhibits a smectic A* phase upon
heating, and lamellar, cubic and hexagonal lyotropic phases on
progressive addition of water,12 for example see Fig. 1.

Liquid crystals thus have many wide and varied applications
apart from high profile uses in displays. However, because there
is such a short amount of time between discovery/innovation
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and application in this field there is an impression that liquid
crystals are primarily of technological importance. Conversely,
the prevalence of many applications of liquid crystals is mainly
due to the fact that liquid crystals offer a unique and delicate
collection of phases of matter that are precariously balanced
between the organised solid state and the amorphous liquid, and
which can be accessed by all types of materials, and not just
organic compounds. Thus, inorganic, ionic, metal–organic
complexed, organic complexed, zwitterionic, elastomeric, den-
drimeric, and oligomeric systems, to name a few, have been
shown to exhibit mesomorphism.13

However, given that much of the research into liquid crystals
has been concerned with their potential applications, there still

remain two large windows of opportunity for innovation and
design of novel materials. Firstly, the gap between conventional
low molar mass systems and polymers is relatively unexplored.
Little has been reported on large, but discrete, molecular
systems, i.e. from dimers to trimers to oligomers and den-
drimers. When the molecular structures of such systems are well
defined, then the materials can be classed as supermolecular
entities with clearly defined and unique physical properties.
Secondly, the self-assembly of materials to form clusters,
aggregates, and complexes etc., and then their self-organisation
to give mesophases has scarcely been investigated.14 Both
super- and supra-molecular systems are scientifically intriguing
and challenging because they involve the rational design and
development of large scale structures leading on towards
molecular materials of similar dimensions to those of complex
systems found in nature, e.g. proteins, enzymes, etc.

Molecular shape dependency

A primary factor in the formation of liquid crystal phases is the
overall, or gross, molecular shape of a compound.15 Three
separate species can be defined where the molecules have the
following rotational volumes; spheroid, ellipsoid and discoid.
Spheroid mesomorphic materials generally give rise to plastic
crystals, ellipsoid or rod-like molecules give rise to calamitic
liquid crystals, which include nematic and smectic liquid
crystals, and discoid molecules produce nematic–discotic and
columnar liquid crystals. Molecules with combinations of these
shapes can also be mesomorphic. For instance molecules that
possess both disc- and rod-like attributes can exhibit nematic,
smectic and columnar phases. Such materials often have
polycatenar structures, i.e. they possess more than two terminal
aliphatic chains (usually four, five or six). Depending on the
relative proportion of aliphatic to non-aliphatic regions in the
molecular structure, tetracatenar materials can exhibit both

Fig. 1 The phase behaviour of octyl 1-O-b-d-glucopyranoside, 8, when heated to give a thermotropic smectic A* phase, and on addition of water to give
lyotropic lamellar, cubic and hexagonal phases. Compound 8 is therefore amphotropic.
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smectic/nematic and columnar phases, whereas hexacatenar
materials tend to exhibit columnar phases.16 Similarly molec-
ular structures that combine the features of both discs and
spheres can have bowl-like shapes and can produce bowlic or
pyramidal mesophases. In most cases, the lowest energy static
molecular shape defines mesophase type/formation, however,
dynamical variations in molecular structure, such as conforma-
tional and geometrical changes, can also impinge on meso-
morphic behaviour, particularly if the changes occur as a
function of temperature or concentration of solvent.

When a large number of mesogenic units, be they spheroid,
ellipsoid or discoid in shape, are linked together they form
polymeric liquid crystals. Polymer systems, however, usually
have associated problems of dispersity (g) and degree of
polymerization (DP) which impinge on their physical proper-
ties. A material that possesses more than one mesogenic unit but
with a defined DP and a dispersity of one, i.e. a discrete
molecular system, could be considered as a supermolecular
system. The simplest architectural form of a supermolecular
liquid crystal then is a dimer. Dimers may have a number of
structural variants, for example the mesogenic units may be
joined end to end, side to side, or they may be joined together as
Siamese twins.17 Luckhurst and Imrie,18 in particular, have
made many detailed investigations of dimeric systems, but
principally of those where the mesogenic units are linked end to
end. Trimers on the other hand can have their mesogenic units
joined together in a linear chain, or they may be tethered to a
central point, or they may be part of a cyclic system. From these
simple examples it can be seen for a system which has available
a defined number of structural moieties/units to be used in
molecular construction, that a limited variety of molecular
topologies are possible, see Fig. 2. However, once a super-
molecular architecture has been defined, conformational, geo-
metrical, and configurational factors have to be taken into
account in the way a mesophase is formed and stabilised. In this
Feature Article, the mesomorphic behaviour for systems that
possess restricted molecular topologies and limited molecular
flexibilities will be discussed; the first examples involve
supermolecular mesogens where the mesogenic units are linked
to a central focal point thereby limiting the molecular geometry
and conformational structure.

Materials with defined molecular topologies

The possibility of creating liquid crystals that have large
discrete molecular structures with defined molecular topologies
is an intriguing prospect because the materials might be
expected to exhibit unusual physical properties. For example,
on paper an oligomeric material possessing mesogens tethered
to a central point could be designed to have a spherical shape
with its mesogenic units spread symmetrically about that point.
However, if such a material were constrained in a liquid crystal
environment, molecular distortion would be expected to occur
in order to allow the mesogenic units to pack together.

Examples of simple model tetrahedral systems with cubic
symmetry were created by reacting tetrakis(dimethylsil-

oxy)silane with a variety of alkenyloxy-cyanobiphenyls,19

thereby generating a set of tetrahedrally substituted mesogenic
supermolecules, e.g. 9a–c, where four mesogenic units are
tethered to a central point. Although such a molecular shape
would be expected to disfavour mesophase formation, Table 1
shows that the tetramers exhibit smectic A liquid crystal phases.
It is also interesting to note that smectic A phases are preferred
over the nematic phase exhibited by the mesogenic monomers
themselves. In this sense, these supermolecules are similar in

Fig. 2 Various molecular scaffolds for the design of large discrete
supermolecules
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mesophase behaviour to conventional side-chain liquid crystal
polysiloxanes which have cyanobiphenyl moieties as the
mesogenic side group.

In general the smectic A phase has a structure where rod-like
molecules pack in diffuse layers where there is no positional
ordering of the molecules in the plane and out of the plane of the
layers.15 The only way in which the tetramers can form such a
phase is by molecular distortion away from a spherical shape

[see Fig. 3(a)] to give a rod-like conformational structuring.
Molecular modelling studies reveal that, even in the gas phase
at absolute zero, the conformation where the mesogenic side-
chains are aligned is the more energetically favoured conforma-
tion [Fig. 3(b)], thereby allowing the supermolecules to achieve
rod-like molecular shapes.

Materials 9a and 9b exhibit only a smectic A phase, whereas
9c shows, upon heating, a transition to an additional un-
identified phase at 38.7 °C. When the number of methylene
units is increased, the isotropization temperatures increase
accordingly. Furthermore, the isotropization temperatures of
the materials were found to be comparable with those of cyclic
siloxanes bearing four side-chains of a similar structure.20

However, the solidification temperatures of the tetrahedrally
substituted systems were found to be much lower. For example,
the cyclic analogue of compound 9b exhibits a glass transition
or recrystallisation well above room temperature (ca.
50–60 °C), whereas the tetrahedrally substituted equivalent
material produces a non-crystalline material that has a low
solidification temperature (214.7 °C). Thus the symmetrically
substituted systems show low melting behaviour and primarily

glass formation on cooling. This effectively widens the relative
temperature ranges of the liquid crystal mesophases.

X-Ray diffraction shows that the trichotomous nature of the
tetramers allows for different packing characteristics to exist for
the molecules in the smectic A phase. Thus, the separate
interactions of the mesogenic units, the alkyl spacers and the
silicon cores have to be considered in the formation of the A
phase. For the shorter methylene spacer lengths, 9a and b,
internal phase separation leads to the smectic A phase being
described as a smectic Ad phase with respect to the mesogens
and a monolayer smectic A1 phase with respect to the silicon
cores, see Fig. 4. In the smectic Ad phase the mesogenic units
are partially interdigitated giving a layer spacing d, where l < d
< 2l, and l is the molecular length. The smectic A1 phase is a
disordered layered phase where the layer spacing is approx-
imately equal to the molecular length. For the longer methylene
spacer lengths, 9c, the co-existence of smectic Ad and smectic
A2 phases is probable (the smectic A2 phase is a bilayer system
where the layer periodicity is twice the molecular length). The
occurrence of these structures can be explained by the presence
of biphasic or incommensurate smectic A phases, or even a
smectic A anti-phase.

For the tetramers there is adequate free volume for the
cyanobiphenyl ‘mesogenic arms’ to rotate so as to give a
distorted rod-like molecular shape. Increasing the number of
mesogenic units attached to the central point, however, has the
effect of reducing the free volume for the packing of the
mesogenic groups, which in turn reduces their freedom of
movement and suppresses the ability of the supermolecular
system to generate a rod-like conformational form. Increasing
the number of mesogens attached to a central point is difficult to
achieve without moving in the direction of dendrimer forma-
tion, but the substitution of polyhedral core units with
mesogenic groups can provide an alternative route to packing a
larger number of mesogenic units about a central focal point.
The use of various polyhedral siloxane-substituted systems as
the central cores of the supermolecular systems allows for
meaningful comparisons to be made as the free volume
available to the mesogens is reduced as the degree of
substitution about the polyhedral core is increased.21

The hexakis(dimethylsiloxy)silsesquioxane, 10, and octa-
silsesquioxane, 11, core systems are caged polyhedral units,
where silicon atoms are situated at the corners of the cage and
oxygen atoms in between. The hexakis-core can be substituted
with up to six mesogenic units, whereas the octasilsesquioxane
core can be substituted with up to eight mesogenic groups.
Comparative materials with similar mesogenic cyanobiphenyl
side chains have been prepared. In both cases the cores are not
much different in size to the tetrakis(dimethylsiloxy)silane core
discussed in the synthesis of the tetramers, optical microscopy
shows that, on cooling from the amorphous liquid, smectic A

Table 1 Transition temperatures (°C) for the tetramers of structure 9a–c

Compound n tg SmX–SmA SmA–Iso Liq

9a 2 29.6 — 88.7
9b 4 214.7 — 118.7
9c 9 26.3 38.7 129.7

Cyclic 6 57 — 118.0

Fig. 3 The molecular shape of tetramer 9c, (a) shows the shape of the
molecule where the four arms were symmetrically positioned about the
core; (b) shows the minimised structure in the gas phase at absolute zero
using a Silicon Graphics system operating with Quanta and CHARMm
software

Fig. 4 The structure of the interdigitated smectic Ad phase of tetramers 9a
and b. The mesogenic units form an interdigitated bilayer, whereas the
silyloxy cores have a monolayer arrangement.
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liquid crystal phases are formed for the hexakis(dimethylsil-
oxy)silsesquioxane and octasilsesquioxane systems. Table 2
shows that for the octasilsesquioxane based systems, com-
pounds 12a–c, the clearing temperatures are in a similar
temperature regime to those found for the tetrahedrally
substituted materials 9a–c. However, the rise in the clearing
temperatures, with increasing spacer length, was less steep.22

As with the tetramers, the mesogenic arms of the octa-
silsesquioxane based materials again rotate so that they lie
parallel to one another. This creates a rod-like structure where

the supermolecules can pack together in layers to form a smectic
A phase. Molecular simulations in the gas phase at absolute zero
serve to reinforce this point of view. Fig. 5 shows the minimised
structure of the cyanobiphenyl substituted octasilsesquioxane

Table 2 Transition temperatures (°C) for the octamers 12a–c based on the
octasilsesquioxane core unit

Cryst– Sm2– Sm3– Sm1– SmA– 
Compound n tg Sm3 Sm3 SmA SmA Iso Liq

12a 4 11.0 — — — — 93.9
12b 6 3.0 — — — 22.5 116.5
12c 11 27.5 34.4 54.6 64.5 — 128.5

Fig. 5 The minimised structure of the octamer 12a in the gas phase at
absolute zero using a Silicon Graphics system operating with Quanta and
CHARMm software
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with a tetramethylene spacer unit. In this structure the
cyanobiphenyl ‘mesogenic arms’ pack together in a parallel
arrangement thereby producing a supermolecular system that
has a rod-like gross shape which is conducive to the formation
of smectic A phases.

Similar results are obtained for systems based on the
hexakis(dimethylsiloxy)silsesquioxane core system, 13. Again
smectic A phases are formed indicating that the molecules must
adopt a rod-like structure. Mehl and Saez21 have reported
several other variants of liquid crystals based on polyhedral core

units, and where cyanobiphenyl moieties were used as the
source of mesogenic units smectic A phases were found.
Kreuzer et al.23 have reported that silsesquioxane cores with six,
eight and ten mesogenic units, with structures based on that of
cholesterol, still appear to exhibit smectic A phases, thus
demonstrating the power of the mesogenic environment to
inflict conformational changes on the supermolecules so as to
distort their shapes from being spherical to being tactoidal, and
preventing the formation of nematic, or in the last example from
Kreuzer et al.23 chiral nematic phases.

Table 3 Transition temperatures (°C) and enthalpies (in parentheses, J g21) of transition for a variety of materials that combine the
4A-(2-methylbutylbenzoyloxy)biphenyl-4-carboxylate mesogenic unit, A, with siloxy moieties based on the tetramer, B, octasilsesquioxane, E, cyclic
siloxanes, C and D, and polysiloxane, F, systems
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Substitution of the silsesquioxane cores with mesogenic
groups that are more conducive to smectic mesophase forma-
tion, as with the other systems described above, yields
supermolecular materials that as expected exhibit smectic
phases. However, for the many cases studied, the formation of
smectic phases and mesophase temperature ranges are con-
siderably enhanced. For example the use of the
4A-(2-methylbutylbenzoyloxy)biphenyl-4-carboxylate meso-
genic unit, which favours the formation of orthogonal smectic A
and tilted smectic C, I and F phases, results in the preference for
tilted smectic C phases, see compounds 14 and 15. For
compound 14 the smectic C phase is present from 11.5 to
191.5 °C, i.e. a temperature range of over 180 °C, whereas it is
only present over a temperature range of 22–23 °C for the
mesogenic monomer unit. The coupling of the potential stability
of the smectic C phase with chirality built into the mesogenic
units allows for the possibility of synthesising supermolecular
ferroelectric materials which may have interesting non-linear
physical properties, e.g. antiferroelectric, pyroelectric and
piezoelectric properties.

Table 3 shows a comparison of the mesomorphic behaviour
for a variety of materials that combine the 4A-(2-methyl-
butylbenzoyloxy)biphenyl-4-carboxylate mesogenic unit with
siloxy moieties based on the tetramer, octasilsesquioxane,
cyclic siloxane and polysiloxane systems. It can be seen from
the table that in all cases for the supermolecules and the side
chain polymer, considerable stabilisation of the liquid crystal
properties, and in particular the tilted smectic C phase, is found.
However, although the polymer version exhibits similar phase
behaviour to the supermolecular systems, its viscosity is very
much higher. Conversely, the viscosities of the supermolecular
materials are similar to low molar mass liquid crystals.

Further increase in the number of mesogenic units positioned
around a central core unit can be achieved only via the synthesis
of dendrimers. Examples of liquid crystalline dendrimers,
however, are surprisingly scarce. The first thermochromic

liquid crystalline dendrimer was reported by Percec and
Kawasumi for a hyperbranched polyether structure that consists
of an AB2 monomer.24 Recently, however, the groups of
Shivaev and Frey reported simultaneously the synthesis of
liquid crystalline carbosilane dendrimers,25,26 which are similar
in structure to the silsesquioxane liquid crystals described
above. Some of the reported dendrimers combine a flexible,
dendritic carbosilane inner core with an outer region that is
functionalised on the surface with cyanobiphenyl mesogenic
groups, see Fig. 6. As discussed previously this structural
concept appears to be at odds with the formation of liquid
crystal phases at first sight, because the rod-like mesogenic
units are attached to a molecular scaffolding of globular
geometry. Thus, it might be expected that the densely packed
mesogenic groups in the outer shell of the dendrimer would
ensure a spherical disposition of the supermolecule. However,
the dendrimers formed exhibit smectic A phases which again
requires that the giant molecules must have conformational rod-
like shapes which pack in disordered layers. This suggests that
the shapes of the dendritic molecules must be deformed by
being in a liquid crystal environment. The possibility of being
able to control molecular deformation could lead towards novel
applications.

Supermolecules with reduced molecular flexibility

So far the materials discussed have had structures where there is
reduced flexibility caused by the tethering of the mesogens to a
central point and filling the space about this point with
mesogenic groups. Internal flexibility, however, can also be
reduced by increasing the number of bridging chains between
the mesogenic units; which have so far been limited to one in the
above discussion. Fig. 7 for example shows the architectural
situation for dimers. When one flexible chain links two
mesogenic units together, the odd or even parity of the chain can
affect the orientation of the mesogenic units relative to one
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another. For an odd number of methylene units the mesogenic
groups will lie at an angle to one another, whereas for an even
number of methylene units they will be in line with one another.
Thus, the transition temperatures for the even members will be
much higher than those of the odd because the even members
will have approximately a linear shape rather than a bent one.18

This effect on molecular shape is particularly important for
shorter spacer lengths where the flexibility of the spacer chain
is less and the dependency of liquid crystal properties on shape
is more pronounced. For dimers where two bridging chains are
used to link the mesogenic groups together the degree of
flexibility around the centre of the supermolecular structure is
further reduced. For instance, if carbocyclic ring systems are
introduced between the mesogenic groups, as shown in the
middle part of Fig. 7, they will be able to bend in and out of the
page, but not so easily in the plane of the page. Carbocyclic
rings that are appropriately substituted with mesogenic groups
are difficult to synthesise, however, for the purposes of
producing model systems it is easier to prepare liquid crystals
where two mesogenic groups are attached to a macrocyclic aza-
crown ether ring as shown in Fig. 7. Tuffin has taken this
approach forward in such a way that she has been able to
replicate all forms of liquid crystal behaviour in materials that
possess a macrocyclic ring.27

When a macrocyclic ring is inserted between two mesogenic
units, then the liquid crystal groups do not need necessarily to be
symmetrically positioned on the ring, and they can be located
asymmetrically. This allows control of molecular shape so that
bent or linear systems can be produced. Materials with bent
structures will of course exhibit different mesophase properties
to those of linear systems.28 For example compounds 16 and 17
have identical mesogenic groups, but linear compound 16

exhibits a nematic phase, whereas 17 has an additional smectic
C phase, and interestingly, because 17 is bent ferroelectric or
antiferroelectric properties become a possibility.

Not only can the position of the substituents be varied on the
central ring, but so too can the flexibilty of the aza-crown ring.
For instance, by increasing the size of the aza-crown ring the
degree of flexibility can increased, and as a consequence the
mesogenic units become increasingly decoupled from one
another.29 Table 4 clearly demonstrates the effect of increasing
the size of the macrocyclic ring. For small ring sizes, nematic
phases predominate because the macrocyclic ring acts as part of
the rigid central core of the mesogen. As the material ‘thinks’ it
is a ‘seven ring’ mesogen, high transition temperatures are
obtained. When the ring is increased in size the aromatic
mesogenic groups start to become decoupled, and smectic
phases are introduced. As the ring size is increased further to the
extent that the macrocyclic ring can flex and bend more easily,
and the mesogenic groups become further decoupled from one
another, the smectic phases become destabilised. At this point
the motions and orientations of the mesogenic units are
relatively independent of one another and the material ‘thinks’
it is now a quasi-dimer. The flexibility was increased further by
substituting oxygen for sulfur in the macrocyclic ring unit, and
slightly lower clearing points were obtained and further
destabilisation of the smectic state occurred. NMR studies in
dilute solution as a function of temperature confirm that the
macrocyclic moiety can bend and flex easily about its middle.
At low temperatures the molecules were shown to have linear
rod-like structures, however when the temperature was raised
the population of molecules with hair-pin shaped conforma-
tional structures grew.27 Preliminary X-ray diffraction experi-
ments on the neat mesophases exhibited by a selection of the

Fig. 6 The structure of a dendrimer that possesses 32 cyanobiphenyl units. The dendrimer exhibits a smectic A phase.
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materials confirm the presence of a number of sub-phases which
have structures based on either linear or bent molecular
conformations. Bilayer phases based on molecules that have
bent conformational structures, and monolayer phases where
the molecules have fully extended rod-like structures were
observed, see Fig. 8. In addition, phases where the long axes of
the molecules are either orthogonal (SmA1 and SmA2) or tilted
(SmC1 and SmC2) with respect to the layer planes were found,
and in the case of bent molecular conformations even
‘antiferroelectric-like’ phases (SmCalt) were detected.

Supramolecular assemblies of supermolecules

The shapes of the above systems can be varied further by
increasing the number and lengths of terminal aliphatic chains
attached to the mesogenic aromatic cores. By varying the
number and the length of the peripheral aliphatic chains, hair-
pin shaped molecular structures can be advantaged over
stretched-out conformational structures. Table 5 shows the
transition temperatures for a series of compounds based on the
tetracatenar macrocyclic liquid crystal structure 18.30 It can be
seen from the table that as the terminal aliphatic chain length is
increased lamellar smectic phases give way to disordered
columnar mesophases, and for the hexadecyl homologue, at
least, both calamitic and columnar phases are exhibited by the

same material. How then can this be rationalised in terms of
molecular shape? One possibility is that clusters of rod-like
molecules in their most extended conformations come together,
usually in numbers of three, to form disc-like clusters, as
postulated for hexacatenar materials.16 The supramolecular
disc-like clusters aggregate and stack in a disordered way to
form a columnar architecture. Alternatively, as noted earlier, it
is possible that compounds of general structure 18 bend to give
hair-pin gross molecular shapes. The bent molecules can

Fig. 7 Schematic representation of mesogenic dimers containing either
identical or different mesogenic groups. The linking units between the
mesogenic moieties can be either single methylene chains or macrocyclic
units. The macrocyclic ring can be an aza-crown etc., and the mesogenic
groups need not be positioned symmetrically on the ring, i.e. x ≠ y.

Table 4 Dependency of the transition temperatures (°C) on macrocyclic
ring type G, monotropic phase transition given in parentheses

Fig. 8 Packing of the fully extended molecules produces a layered smectic
phase, whereas molecular folding about the macrocyclic ring can produce a
smectic bilayer structure. As the layer spacing is approximately the same for
both conformers mixtures of both structures probably exist.
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effectively assemble together in clusters to give quasi-discs
which are the basis for column formation. Thus, in this case we
have a supermolecular system, where the conformational
structure can change from being linear to being bent in order to
support the formation of supramolecular assemblies, which in
turn generate a columnar mesophase,30 as shown in Fig. 9. It is
not necessary that the molecules cluster to form flat discs, and
in fact the molecules probably remain disordered along the
column axes. In this arrangement of the molecules there will be
‘pores’ running down the column axes, thereby indicating the
possibility that such systems might act as ion channels. This
arrangement is not too dissimilar to the one proposed previously
by Percec et al. for synthetic mimics of tobacco mosaic
virus.31

At the centre of each supermolecular mesogen, of course, is
a cavity associated with the aza-crown macrocyclic unit. This
cavity is capable of accepting a guest ion, and such resulting
guest–host systems have remarkably different phase behaviour
to the host system. The guests tested included various metal ions
associated with a number of different counter ions.27 From these
studies it is possible to compare the effects produced on
sequentially changing the metal ions, e.g. Li+, Na+, K+ etc., with
respect to a common counter ion, such as triflate. Similarly it is
also possible to maintain the same metal ion but vary the counter
ion. Table 6 shows the variation in mesophase types and
transition temperatures for 1 : 1 mixtures obtained in doping
studies on the tetradecyloxy tetracatenar material 18b, and Fig. 10 shows a schematic representation of the structure of the self-

assembled columnar phase of 18b when doped with K+. The
results for the transition temperatures show a strong dependency
on the metal ion (and although not shown here, the counter ion).
The transition temperatures are markedly affected by the
addition of guests, and in some cases mesophases were found to
be introduced where other phases exist for the pure host
material. The full phase diagrams show there is a strong
dependency of phase type and transition temperatures on
concentration of the dopant, and therefore these systems could
be used as qualitative or quantitative sensors for certain
dopants.

Table 5 Transition temperatures (°C) for the tetracatenar compounds
18a–d, monotropic phase transition given in parentheses

Compound Cryst–Liq Cryst SmC–Iso Liq SmC–Col Col–Iso Liq

18a 137.8 (88.0) — —
18b 134.9 (129.8) — —
18c 134.0 — (114.0) (119.0)
18d 120.0 — — (90.0)

Table 6 Dependency of the transition temperatures (°C) on the nature of the
metal ion in 1 : 1 mixtures of compound 19a with the listed metal triflates

Metal salt Phase behaviour on cooling

None Iso liq 129.8 SmC 120.0 Cryst
Lithium triflate Glassy
Sodium triflate Iso liq 156.0 col 147.0 lamellar 119.0 glass
Potassium triflate Iso liq 138.0 col 93.0 lamellar 93.0 glass

Fig. 9 Self-assembly of folded macrocyclic materials can lead to the
formation of disc-like structures which in turn self-organise to give
columns. The molecules are disordered along the column axes.
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For some macrocyclic systems mesomorphic properties can
be injected into guest–host systems where for the host material
alone no liquid crystal properties are found. Tetracatenar
compound 19a exhibits no liquid crystal phases because the
aromatic groups responsible for inducing mesomorphic proper-

ties are too short, however the material will still have latent
tendencies to produce liquid crystal phases. Upon the addition
of potassium triflate, the resulting guest–host supramolecular
system, 19b, exhibits a nematic phase.27 One explanation for
such remarkable behaviour is that the host tetracatenar material
has a folded or globular structure that is not conducive to
mesophase formation because the rigid aromatic cores are too
short. However, upon inclusion of potassium ions into the
cavities of the macrocyclic unit the molecular structure of the
host either unfolds to give a combined guest–host assembly
which is much longer and narrower than that of host, or else it
forms a rod-like hair-pin complex, see Fig. 11. Either way, the
guest–host assembly is now much more rod-like in shape and

now more capable of supporting mesomorphic phase behaviour.
Thus, as with the other systems described above, this potential
guest–host assembly could be used as a sensor because the
introduction of liquid crystal properties are sensitive to the
concentration of the ionic guest species.

Chiral macrocyclic systems which exhibit chiral nematic
phases have also been investigated. The resulting chiral nematic
liquid crystals have the property of being able to selectively
reflect light of a relatively narrow wave band, c.f. non-invasive
LC thermometers,5 and it has been found that when chiral
macrocyclic hosts are doped with chiral ionic species, such as
amino acids, the wavelength of the reflected light and the degree
of circular polarization is dependent on the concentration and
spatial configuration of the dopant. Hence the macrocyclic
liquid crystal is capable of distinguishing qualitatively and
quantitatively between certain types of enantiomers.

Biological systems

Molecular self-assembly and self-organization are becoming
increasingly significant in the elucidation of life processes, and
to the generation of new supramolecular structures/ensembles
and molecular materials.32–40 As a consequence, the most
important inspirations for the conceptual development of such
structures and materials are those provided by biological cells,
which exemplify the assembly of a variety of microstructures of
different sizes and functions. Archaebacteria, with their re-
sistance to extreme conditions, are one class of organisms that
have been found to provide a rich source of inspiration. Of
particular interest to our studies on molecular topology are
lipids derived from thermophilic Archaea. These molecules are
characterized by a bipolar architecture with two polar heads
linked together by two C40 polyisoprenoid chains which are
thought to span the membrane, and therefore determine the lipid
layer thickness. Although such lipids are classified as bola-
philes, in relation to the glycolipids discussed earlier (and
shown in Fig. 1) they are essentially dimers. A unique feature of
tetraether-based lipids lies with (i) the high proportion of
glycosylated lipids in the membranes of both methanogenous
and sulfur depending thermophiles and (ii) the occurrence of
unusual carbohydrate moieties, i.e. b-d-galactofuranosyl
units.41–43 These structural units may further stabilise the
membrane structure through cooperative inter-glycosyl hydro-
gen bonding, i.e. via the formation of supramolecular assem-
blies.44,45

However, in spite of growing attention to archaeal glycolipid
structure and function, very few studies have been performed so
far to elucidate the relationships between the molecular
structure of the glycolipids and the architecture of their
supramolecular aggregates. This is in part due to the difficulty
of obtaining sufficient amounts of chemically pure compounds
from natural sources or by synthetic methods. Some synthetic
mimics, however, have been prepared46 and their self-assem-
bling properties investigated. For instance, compound 20 is a
typical representative member of a number of quasi-macro-
cyclic bolaphiles that have prepared by Auzély-Velty.47 This
material is very similar in structural design to those found in the
membranes of archaebacteria and in essence it is an ampho-
tropic dimer.

When the thermal properties of compound 20 were investi-

Fig. 10 The self-assembly and self-organisation of folded macrocyclic
materials into columns. The inclusion of metal ions stabilises the structure
and increases the clearing point of the mesophase.
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gated, the material was found to melt just above room
temperature from a glassy state directly into a liquid crystal
phase which persisted up to a temperature of 128 °C before the
isotropic liquid was formed. Upon cooling from the liquid state,
the liquid crystal phase was retained via supercooling to
temperatures well below 0 °C (and under certain conditions
down to 250 °C). Thermal cycling served to demonstrate the
stability of the mesophase. Thermal optical microscopy showed
that the mesophase formed had a columnar structure, Fig. 12(a).
The addition of water to the material, plus heating from room
temperature, revealed the formation of a lyotropic hexagonal
mesophase, Fig. 12(b). The fact that the hexagonal columnar
thermotropic phase was found not to be continuously miscible
with the hexagonal lyotropic phase indicates that the two
columnar structures are not the same. A model for the
thermotropic phase based on mixture studies is shown in Fig.
13. In this model the aliphatic chains are on the outside of the
columns and the polar head groups are on the inside. This
implies that the bolaphiles, just like the macrocycles described
earlier, must bend in the centre so that the polar head groups of
each end of the glycolipid can interact with one another through
hydrogen bonding. Again the hair-pin shaped molecules, just
like those shown in Fig. 9 for the macrocyclic systems, cluster
together to form quasi-discs which pack in columns (in fact

Figs. 9 and 13 could be easily interchanged). In addition, the
molecules have no positional order along the column axis.
Much the same situation applies for the lyotropic phase
structure except for the probability that the columns are
composed of double layers with head groups positioned on the
outside and on the inside of the columns in order to allow access
of water through the system.

In addition to forming thermotropic and lyotropic liquid
crystals these bolaphiles also form large scale aggregates on
sonication in water, i.e. they form vesicles and tubules. These
structures are on a much larger scale than those of the columnar
structures of lyotropic and thermotropic liquid crystals, how-
ever, their existence serves to demonstrate that the process of
self-assembly can extend far beyond the level of simple one on
one intermolecular interactions.

Conclusions

In conclusion, we have shown that oligomeric materials with
unusual discrete large scale molecular structures can exhibit
mesomorphic phase behaviour. In order to exhibit such
properties molecular deformation takes place. In certain

Fig. 11 A globular shaped macrocyclic system undergoes conformational changes upon inclusion of a metal ion. The resulting complex is rod-like in shape
and hence the complex is mesomorphic and exhibits a nematic phase.
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circumstances molecular deformation stabilises the formation
of mesophases through a clustering process where the mole-
cules form supramolecular assemblies. The so-formed assem-
blies self-organise to give mesophases of various types, for
example molecules with rod-like molecular structures can fold
in the middle to give wedge-shaped conformers which in turn
can self-assemble into discs that self-organise into columns.
Thus it is possible that materials of this type will have unique
properties and hence applications.
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Visualising intermolecular interactions in crystals: naphthalene vs. terephthalic
acid

Joshua J. McKinnon, Anthony S. Mitchell and Mark A. Spackman*†

Division of Chemistry, University of New England, Armidale NSW 2351, Australia

A recently-devised scheme for partitioning crystal space into
smooth molecular volumes is used to visualise inter-
molecular interactions in the crystal structures of naph-
thalene and terephthalic acid.

The detailed description and classification of intermolecular
interactions in molecular crystals is of considerable current
interest in crystal engineering,1 ab initio crystal structure
prediction,2 and studies of polymorphism.3 We have recently
described4 a remarkable new way of exploring molecular
crystals by isosurface rendering of smooth, non-overlapping
molecular surfaces arising from a partitioning of crystal space
based on Hirshfeld’s stockholder scheme.5 These molecular
Hirshfeld surfaces partition space in the crystal into regions
where the contribution from the sum of spherically-symmetric
electron distributions for atoms in the molecule (the promole-
cule) exceeds the contribution from the corresponding sum over
the crystal (the procrystal). Following Hirshfeld, a weighting
function w(r) is defined by eqn. (1).

    

w a
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The Hirshfeld surface for the particular molecule is defined
by w(r) = 0.5, and the volume occupied by the molecule in the
crystal is that region where w(r) ! 0.5. For a given crystal
structure and set of spherical atomic electron densities, the
isosurface defined by w(r) = 0.5 is unique. The first
quantitative applications of this partitioning scheme, including
measures of molecular size and shape as well as 3D isosurface
pictures of these Hirshfeld surfaces, have recently been
reported6 for a variety of van der Waals and hydrogen-bonded
crystals.

In a recent article1a Desiraju highlighted the way in which
crystal engineering is presently at ‘an exciting intersection of
structural and supramolecular chemistry’ and outlined three
broad areas in which progress is needed if designer crystals are
to become a reality. One of these is the visualisation of a crystal
structure in its entirety, rather than focusing on assumed
important interactions. This objective recognises the increas-
ingly evident one-upmanship of nature in thwarting attempts to
engineer structures for specific purposes,7 and points to a
compelling need for new tools to explore and analyse molecular
crystals, taking into account all manner of forces and inter-
actions, strong and directional as well as weak and isotropic.
Desiraju gave an example of such a tool, NIPMAT,8 an
interaction display program which produces a pictorial grey-
scale matrix from the deviation between all close intermolecular
atom-atom contacts in the crystal and the sum of their van der
Waals radii, thereby summarising all of the intermolecular
interactions simultaneously. In that work, Desiraju demon-
strated the application of NIPMAT to two dissimilar molecular
crystals: naphthalene and terephthalic acid [see Fig. 6 of ref.
1(d)]. Inspired by this example, we decided to apply our
Hirshfeld surface partitioning to the same molecular crystals, in
the process demonstrating the potential for Hirshfeld surfaces to
provide detailed information on all intermolecular interactions

at the same time, as well as the relationship between Hirshfeld
surfaces in crystals and more conventional representations of
molecular surfaces: fused van der Waals spheres and surfaces of
constant electron density.

Fig. 1 shows Hirshfeld surfaces for the two molecules, and
close examination of them confirms how elegantly and
beautifully these surfaces summarise the utter difference
between intermolecular packing patterns in these two crystals.‡
The Hirshfeld surface for naphthalene reflects the weak and
largely non-directional forces in the crystal, with smoothly
varying curvature over the entire surface, and the edge-to-face
C–H···p interaction evident as a broad depression above the
plane of one ring, in much the same way as seen for benzene.6
In contrast to this, the Hirshfeld surface of terephthalic acid is
characterised by abrupt changes of curvature, especially in the
vicinity of the O–H···O hydrogen bonds where the surface is
extremely flat, and above and below the molecular plane, where
the surface is essentially flat, but with subtle undulations which
echo the packing of neighbouring molecules. From Fig. 1 it is
evident that naphthalene does not pack in a planar arrangement,
while terephthalic acid utilises hydrogen-bonded ribbons which
pack slightly offset to, and on top of, one-another.

Fig. 2 illustrates the relationship between the Hirshfeld
surfaces in the crystal (mesh in this case) and space-filling
representations of the isolated molecules as fused van der Waals
spheres. The van der Waals representation of naphthalene fits
snugly within the Hirshfeld surface, leaving ample room within
this volume in all directions. The same pattern is also seen for
terephthalic acid in the vicinity of the phenyl C–H bonds, but
the regions around the carboxy groups are dramatically
different. Here, as expected, the van der Waals spheres for O
and H clearly protrude well beyond the Hirshfeld mesh surface
at the ends of the molecule. More subtle is the way in which the
oxygen spheres and one H sphere just protrude beyond the
Hirshfeld surface on the side of the molecule, corresponding to
close C–H···O contacts in the crystal.

Fig. 3 superimposes the Hirshfeld surfaces of these two
molecules (mesh) on surfaces of constant electron density on
which the molecular electrostatic potential has been colour

Fig. 1 Hirshfeld surfaces for (a) naphthalene and (b) terephthalic acid beside
stick molecular models. Models and surfaces are all drawn to the same
scale.
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coded.§ The slightly polar nature of naphthalene (green around
the C–H bonds, yellow above the rings) contrasts with the
highly localised nature of polarity in the carboxy group of
terephthalic acid, and the protrusion of O and H atoms in the
latter is evident. A new feature seen in Fig. 3 is the way in which
the Hirshfeld surface dips below the surface of constant electron
density above the benzene rings for the isolated molecules, just
perceptibly in the case of terephthalic acid, but far more so for
naphthalene, where it is strikingly evident that, whereas the two
rings are essentially equivalent in the electron density surface
for the isolated molecule, there is a much closer C–H···p contact
to one ring than the other in the crystal structure. The C–H···O
contacts on the edge of the terephthalic acid molecule are also
more obvious here than in Fig. 2

We believe that the information on intermolecular inter-
actions which is implicitly contained in an accurate crystal
structure analysis is reliably encoded on these Hirshfeld
surfaces. The illustrations in this article show how, in a very
qualitative manner, this appears to be the case, while at the same

time highlighting how the Hirshfeld surfaces, defined as they
are for molecules in the crystal, differ fundamentally from
representations of isolated molecules. Curvature of the Hirsh-
feld surface seems to be intimately related to the nature and
strength of intermolecular interactions for all examples we have
investigated so far, and our future lines of inquiry with these
intriguing surfaces will explore this connection further.
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Fig. 2 Front and side views of Hirshfeld surfaces (mesh) for (a) naphthalene
and (b) terephthalic acid superimposed on fused van der Waals sphere
representations [van der Waals radii: 1.40 (H), 1.70 (C) and 1.50 Å (O)]

Fig. 3 Front and side views of Hirshfeld surfaces (mesh) for (a) naphthalene
and (b) terephthalic acid superimposed on surfaces of constant electron
density (0.002 au) for the isolated molecules, upon which the molecular
electrostatic potential has been colour-coded. Colours range from red (–190
kJ mol–1 for a unit charge) to blue (+370 kJ mol–1); the same colour range
has been used for both molecules.
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Synthesis of novel a-functionalized phosphinic acid derivatives of thiophene
and the first crystal structure of an a-hydroxyalkylphosphinate

S. W. Annie Bligh,*a† Carlos F. G. C. Geraldes,b Mary McPartlin,a Mahesh J. Sanganeea and Thomas M.
Woodroffea

a School of Biological and Applied Sciences, University of North London, Holloway Road, London, UK N7 8DB
b Department of Biochemistry and Centre of Neurosciences, University of Coimbra, 3000 Coimbra, Portugal

Reaction of 2,5-diformylthiophene with Ph2CHNH2 and
hypophosphorus acid yields novel a-hydroxy- or a-amino-
methylphosphinic acid derivatives depending on reaction
conditions; the X-ray structure analysis of diphenylmethy-
lammonium 5-formyl-2-thienyl(hydroxy)methylphosphi-
nate provides the first direct structural information on the
a-hydroxyalkylphosphinate class of compounds.

Compounds containing an a-aminoalkylphosphinic acid func-
tional group are of considerable importance because of their
anti-bacterial,1 herbicidal2 and fungicidal3 activities. Protona-
tion studies of a-aminomethylphosphinic acids
[R2NCH2P(H)O2H] have shown that the nitrogen atom is very
weakly basic compared to those of a-aminomethylphosphonic
acids (R2NCH2PO3H2) and a-aminocarboxylic acids
(R2NCH2CO2H), and that the phosphinic acid group is strongly
acidic.4 In contrast to the widely studied
a-aminoalkylphosphinic acid derivatives, relatively few papers
have been reported on the chemistry of
a-hydroxyalkylphosphinic acids, although there is evidence
that a-hydroxyalkylphosphinate esters are pharmaceutically
active.5 Many effective methods for the preparation of
a-aminoalkylphosphinic acids have been developed,6 but few
synthetic routes to a-hydroxyalkylphosphinic acids have been
reported and these involve prolonged heating of hypophosphor-
ous acids with aldehydes or ketones,7 or reaction of ketones
with bis(trimethylsilyloxy)phosphine.8 Here we have success-
fully prepared both types of a-functionalised phosphinates
(Scheme 1); of particular importance is the isolation for the first
time of the a-hydroxyalkylphosphinate compound using rela-

tively mild reaction conditions, and the first characterisation by
X-ray crystallography of this class of compound.

The reaction of 2,5-diformylthiophene (prepared as described
in ref. 9) with Ph2CHNH2 and aqueous hypophosphorous acid
(50%) gives an unexpected mono(a-hydroxyalkylphosphinate)
derivative 1 rather than the bis(a-aminoalkylphosphinate)
derivative 5. The remaining thiophene carbonyl group is not
electrophilic towards the addition of a second water molecule to
form the intermediate gem-diol; all attempts to prepare the
bis(a-hydroxyalkylphosphinate) derivative proved unsuccess-
ful.

The presence of the a-hydroxy group in 1 was confirmed by
X-ray structure analysis‡ of the (diphenylmethyl)ammonium
salt and the structure of the ions, linked by a hydrogen bond
between one of the phosphinate oxygen atoms and a proton of
the ammonium cation [O(2)···H(1N) = 1.86 Å] is shown in Fig.
1(a). The remaining two protons of the (diphenylmethyl)-
ammonium counterion are also involved in hydrogen-bonding
to phosphinate oxygen atoms of adjacent symmetry related
anions [O···H(N) = 1.72–1.90 Å], resulting in a complicated
spiral hydrogen bonded chain of alternating cations and anions
running parallel to the b axis of the crystal [Fig. 1(b)]. Along
this helix, adjacent anions (separated by the b axis length) are
linked by hydrogen-bonding between the a-hydroxy group of
one and a phosphinate oxygen of the next [H(1O)···O(3A) = 1.98
Å] as can also be seen in Fig. 1(b).

In order to prepare the bis(a-aminoalkylphosphinate) deriva-
tive 5 from the dialdehyde a two stage process was required.
The carbonyl groups were first converted to the imine functions
by condensing the dialdehyde and Ph2CHNH2 in MeOH to give
4, and addition of hypophosphorous acid (100%) to 4 in
1,4-dioxane gives a diastereoisomeric mixture of 5 in good
yield. However, the addition of hypophosphorous acid (100%)
to the mono-imine derivative 2 readily converts the imine to the
a-aminoalkylphosphinate, and the presence of excess hypo-
phosphorous acid reduces the a-hydroxy functional group to
yield 3. Attempts to remove the Ph2CH protecting groups have
proved difficult. The new compounds 1–5 give satisfactory
elemental analysis and their 1H, 13C and 31P NMR data§ agree
with the structures proposed. Both compounds 1 and 2 have
been tested in the antibacterial screen and showed no activity.

Compound 1 is the first example of an
a-hydroxyalkylphosphinate as a substituent of a heterocyclic
ring. The ability to derivatize only one of the two aldehyde
groups to afford the mono(a-hydroxyalkylphosphinate) opens
up the possibility that the remaining carbonyl can be used in
further reaction with an amine [e.g. Scheme 1(ii)]. This
availability of an additional active carbonyl in an
a-hydroxyalkylphosphinate derivative is thus potentially bene-
ficial for its coupling to biological macromolecules or to
polymers for selective metal complexation applications.
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Scheme 1 Reagents and conditions: i, Ph2CHNH2, 50% aq H3PO2, 30%; ii,
Ph2CHNH2, DMSO, 88%; iii, H3PO2, 1,4-dioxane, 26%; iv, Ph2CHNH2,
MeOH, 51%; v, H3PO2, 1,4-dioxane, 72% 

Chem. Commun., 1998 2073



for financial support. C.F.G.C.G. thanks Junta Nacional de
Investigaç:̆o Cientifica e Technológic, Portugal for financial
support.
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† E-mail: a.bligh@unl.ac.uk
‡ Crystal data for 1: C19H20NO4PS, M = 389.2, pale brown crystal (0.50 3
0.38 3 0.34 mm3), monoclinic, space group P21/n (No. 14), a = 15.773(3),
b = 5.894(2), c = 21.404(4) Å, b = 104.06(4)°, U = 1930.2 Å3, Z = 4,
F(000) = 776, Dc = 1.278 g cm23, m(Mo-Ka) = 0.26 mm21, l = 0.71069
Å (graphite monochromator). Data were collected on a Philips PW1100

diffractometer in the q range 3–23° with a scan width of 0.90°. The structure
was solved by direct methods (ref. 10); the H-atoms of the ammonium and
hydroxy group were located from difference-Fourier syntheses, but were
not refined, and the remaining H-atoms were included at idealised positions.
Anisotropic displacement parameters were assigned to all non-hydrogen
atoms (apart from the phenyl C-atoms, which were constrained to idealised
hexagons, C–C 1.395 Å) in the final cycles of full-matrix refinement based
on F (ref. 11) which converged at R = 0.0561 (Rw = 0.0581, w = 1/s2Fo)
for 1259 unique reflections having I/s(I) ! 3.0 and 174 variables. CCDC
182/972.
§ Selected data for 1: dH(250 MHz, [2H6]DMSO) 9.81 (s, 1H, CHO), 9.37
(s, NH), 7.64 (m, 1H, thiophene), 7.35 (m, 10H, Ph), 7.10, (m, 1H,
thiophene), 6.77 (d, 1H, JPH 552, PH), 5.51 (s, 1H, CHPh2), 4.70 (d, 1H,
2JP–CH 10.0, CH); dP 19.35; dC 183.6 (HCO), 147.2, 137.2, 132.4, 124.5,
134.6 (thiophene), 138.2, 128.6, 128.1, 127.1 (Ph), 69.1 (d, JPC 107, CP),
56.9 (CHPh2). For 2: dH(250 MHz, [2H6]DMSO) 8.87 (s, NH), 8.55 (s, 1H,
HCN), 7.25 (m, 21H, Ph and thiophene), 6.90 (m, 1H, thiophene), 6.64 (d,
1H, JPH 489, PH), 5.62, 5.47 (s, 2H, CHPh2), 4.49 (d, 1H, 2JP–CH 11.8, CH);
dP 20.49; dC 1854.8 (HCN), 150.0, 139.5, 131.4, 123.4 (thiophene), 144.2,
139.2, 128.5, 128.1, 127.8, 127.1, 126.6 (Ph), 71.2 (d, JPC 149, CP), 75.7,
56.9 (CHPh2). For 3: dH(250 MHz, [2H6]DMSO) 7.46–7.19 (m, 11H, Ph
and thiophene), 6.84 (s, 1H, thiophene), 6.91 (d, 2H, JPH 530, PH), 6.82 (d,
2H, JPH 510, PH), 5.05 (s, 1H, CHPh2), 3.78 (d, 1H, 2JP–CH 16.5, CH), 3.26
(d, 1H, 2JP–CH 17.5, CH2); dP 27.76, 27.00; dC 146.6, 145.5, 141.5,
137.0,132.5, 131.3, 131.1, 130.7 (thiophene and Ph), 67.4 (CHPh2), 60.1 (d,
JPC 101, HCP), 36.2 (d, JPC 88.2, H2CP). For 4: dH(250 MHz, [2H6]DMSO)
8.66 (s, 2H, HCN), 7.52 (s, 2H, thiophene), 7.41–7.19 (m, 20H, Ph), 5.70 (s,
2H, CHPh2); dC 154.9 (HCN), 144.5, 132.1 (thiophene), 143.9, 128.4,
127.1, 126.8 (Ph), 75.8 (CHPh2). For 5: diastereoisomers (*) dH(250 MHz,
[2H6]DMSO) 7.35 (m, 21H, Ph and thiophene), 6.95, 6.88* (s, 1H,
thiophene), 6.92 (d, 1H, JPH 546, PH), 5.07, 5.04* (s, 1H, CHPh2), 3.89,
3.83* (d, 1H, 2JP–CH 17.0, CH); dP; 27.26, 27.01*; dC 146.6, 146.3*, 145.3,
145.1*, 142.6, 142.0, 132.7, 132.5, 132.2, 131.4, 131.0 (Ph and thiophene),
67.5, 67.4* (CHPh2), 60.3, 60.1* (d, JPC 101, CP).
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Fig. 1 The structure of 1: (a) the anion and cation linked by one of the
H-bonds (only the major component of the rotationally disorder formyl
group is shown); (b) part of the helical H-bonded chain generated by the 21

screw axis parallel to b (the symmetry related ions are at A: x, 21 + y, z; B:
0.5 2 x, 20.5 + y, 0.5 2 z; C: 0.5 2 x, 21.5 + y, 0.5 2 z; D: x, 1 + y, z; E:
0.5 2 x, 0.5 + y, 0.5 2 z)
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Preparation of novel HIV-protease inhibitors

Manfred T. Reetz,*† Claudia Merk and Gerlinde Mehler

Max-Planck-Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Mülheim/Ruhr, Germany

The synthesis and biological properties of new HIV-
1-protease inhibitors involving amino acids or dipeptides
attached to binaphthol, biphenol or embonic acid are
described.

Inspite of recent progress in the development of therapeutics for
the treatment of AIDS, a number of problems persist.1 A well-
known approach concerns the design and synthesis of HIV-
protease inhibitors. The HIV-protease is a well characterized
viral enzyme consisting of two units, each composed of 99
amino acids, which join together to form the C2-symmetric
active homo-dimer. Consequently, one strategy has been to
prepare C2-symmetric inhibitors in the form of peptide
mimetics, one family of active compounds being C2-symmetric
1,2-diols flanked by short peptide units.2 The hydroxy moities
have been shown to participate in the interaction with the HIV-
protease via H-bonding, the configuration at the two stereogenic
centers of the diol playing an important role with respect to the
degree of binding. We speculated that similar compounds based
on chiral binaphthol or biphenol units in place of the traditional
diols could constitute a new class of HIV-1-protease inhibitors,
specifically because the enhanced acidity of such moieties
would be expected to lead to stronger H-bonding. Here we
present the initial results of this strategy.

We first envisioned peptides of the type 2b and 5b based on
racemic 2,2A-dihydroxy-1,1A-binaphthyl-3,3A-dicarboxylic acid
1. Direct coupling with valine methyl ester resulted in a 14%
yield of the desired diastereomeric dipeptide esters 2a, which
were hydrolyzed to the acids 2b. In order to improve the

synthesis, the hydroxy functions of 1 were first protected by
benzyl groups (Scheme 1). The diastereomeric mixture of 2b
was separated by HPLC to provide analytically pure (R,S,S)-2b
and (S,S,S)-2b. In the case of the dipeptide 5b with two
vinylogous amino acid residues, only direct coupling was
carried out (Scheme 2).

Although there is a limited degree of rotational freedom with
respect to the axis going through the two naphthyl units, the
C2-symmetric dipeptides 2b and 5b are in fact fairly rigid. In
order to introduce more conformational flexibility, we prepared
dipeptide 7b based on embonic acid 6 (Scheme 3). Although the

Scheme 1 Reagents: i, NaOH, N-hydroxysuccinimide (NHS), DCC,
L-H2NCHPriCO2Me; ii, LiOH, H2O; iii, BnBr, K2CO3; iv, NHS, DCC,
L-H2NCHPriCO2Me; v, Pd(OH)2, cyclohexene

Scheme 2 Reagents: i, NaOH, NHS, DCC; NEt3,
L-HCl·H2NCHPriCH§CHCO2Et; ii, LiOH, H2O

Scheme 3 Reagents: i, NaOH, NHS, DCC, L-H2NCHPriCO2Me; ii, LiOH,
H2O; iii, BnBr, K2CO3, KOH, H2O; iv, NHS, DCC, L-H2NCHPriCO2Me; v,
Pd(OH)2, cyclohexene
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latter is achiral, conformational enantiomers (or diastereomers
in the case of 7b) are likely, especially upon binding to the
C2-symmetric HIV-protease. The dipeptide 10b incorporating
vinylogous valine was synthesized analogously.

In order to test the biological effect of extending the peptidic
side-arms, the tetrapeptide 11b was prepared in a direct manner
by NHS–DCC-mediated coupling of 6 with L-valinyl-L-valine
ethyl ester. Here, as in all previous cases, the compounds were
purified by HPLC and characterized by standard spectroscopic
and analytical means.

Finally, the biphenol derivative 13 was prepared by oxidative
coupling3 of N-benzyloxycarbonyl-L-tyrosine methyl ester 12.
Deprotection delivered the dipeptide 14 (Scheme 4).

In order to screen the ability of the compounds to inhibit the
HIV-1-protease, the IC50 values were measured using standard
procedures.4 Table 1 shows that several compounds have
activities similar to a number of other HIV-protease inhibitors
which have been reported in recent years.2 It is interesting to
note that in the case of 5b (but not 2b) the absolute
configuration of the binaphthol backbone plays a significant
role in the degree of HIV-protease inhibition. Specifically, the
(R,S,S)-compound is considerably more active than the (S,S,S)-
diastereomer. However, the conformationally more flexible
compounds based on embonic acid 6 are more active, especially
the tetrapeptide 11b.

Theoretically, the mode of action of the above compounds
can either be due to active-site inhibition of the HIV-protease or
to a possible inhibition of dimerization of the two 99-amino acid

units (i.e. prevention of homo-dimer formation). In order to
shed some light on these aspects, kinetic studies using the model
of Zhang were carried out on select compounds, i.e. dissociative
inhibition constants (Ki) and competitive inhibition constants
(Kc) were measured.5 Accordingly, in the case of the most
active compound 11b, the Ki and Kc values turned out to be 6.9
and 2.0 mM, respectively. This means that active site (com-
petitive) inhibition dominates, although dissociative inhibition
plays some role. Mixed inhibition also pertains to the related
dipeptide 7b (Ki = 15.8 mM; Kc = 6.2 mM). In contrast, the
mechanism of action of the tyrosin derivative 13b appears to be
based primarily on the inhibition of dimerization of the
monomeric HIV-protease units (Ki = 6.8 mM; Kc = 229 mM).
This still needs to be studied more closely, e.g. using light
scattering. However, preliminary molecular modelling is in line
with these conclusions.

In summary, we have designed and prepared new HIV-
1-protease inhibitors based on naphtholic and phenolic units to
which amino acids or dipeptides are attached. Although the
respective activities are lower than those of the most potent
drugs currently known,1,2 the discovery of these new lead
structures allows for the (combinatorial) synthesis of analogs
which may show improved performance.

We thank H.-J. Schramm, J. Büttner and T. Wenger (group of
R. Huber at Max-Planck-Institut für Biochemie, Martinsried)
for help in the determination of IC50 values and kinetic data and
for stimulating discussions.
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Scheme 4 Reagents: i, VOF3; ii, LiOH, H2O; iii, H2, Pd-C

Table 1 Properties of synthesized compounds

Compound Solubility/mM IC50/mM

(R,S,S)-2b > 65 47
(S,S,S)-2b > 65 48
(R,S,S)-5b > 50 46
(S,S,S)-5b > 50 13

7b > 100 40
10b ~ 30 8
11b > 10 2.8
13b > 100 24
14 > 100 240
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Diphosphonites as highly efficient ligands for enantioselective
rhodium-catalyzed hydrogenation

Manfred T. Reetz,*† Andreas Gosberg, Richard Goddard and Suk-Hun Kyung

Max-Planck-Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470 Mülheim/Ruhr, Germany

Chiral ligands with achiral backbones such as ethano- or
ferroceno-bridges linking two phosphonites derived from
chiral diols such as binaphthol (BINOL) have been prepared;
the corresponding Rh complexes are excellent catalysts in
the hydrogenation of prochiral olefins such as itaconic acid
dimethyl ester or 2-acetamido methyl acrylate, the ee values
being 90–99.5%.

Although a number of chiral diphosphanes and diphosphinites
have been shown to be effective ligands in transition metal
catalyzed asymmetric reactions,1 the search for new types of
chiral auxiliaries continues.2 Surprisingly, very little is known
concerning chiral diphosphonites as ligands in these reactions.3
Perhaps this is due to the fact that in all cases reported so far the
enantioselectivity is poor (ee = 0–32%).3 We speculated that
chelating diphosphonites derived from a proper combination of
an achiral backbone and a chiral diol might constitute useful and
easily accessible ligands.4

Using ferrocene and (R)- or (S)-BINOL as cheap building
blocks,5 the diphosphonite 1 was easily assembled in three steps
(Scheme 1).6 1 is an orange–brown crystalline compound,
which in the solid state‡ shows some interesting features (Fig.
1). In spite of their different environments, the two independent
molecules in the unit cell have almost identical conformations
[P1–Cp1–Cp2–P2 29(1)°, P3–Cp3–Cp4–P4 27(1)°; Cp, cen-
troid], with the two P atoms in each molecule situated close to
one another [P1···P2 3.506(3), P3···P4 3.428(3) Å]. 

The ethano-bridged analog 2 was also readily synthesized
(Scheme 2).

In order to prepare hydrogenation catalysts, the ligands were
treated with Rh(cod)2BF4 under standard conditions,7 affording
the corresponding complexes (R,R)-(1)Rh(cod)BF4 or (R,R)-
(2)Rh(cod)BF4, which were characterized by NMR, ESI-MS
and IR spectroscopy. Thus far it has not been possible to obtain
crystals suitable for crystallographic investigations. Two differ-
ent types of olefins were chosen as substrates for asymmetric

Scheme 1 Reagents and conditions: i (a) 2.2 equiv. BuLi–TMEDA, hexane,
r.t., 12 h; (b) 2.2 equiv. ClP(NEt2)2, THF, 278 °C, 67%; ii, excess HCl,
Et2O, 278 °C, 95%; iii, 2 equiv. (R)-(+)-BINOL, toluene, heat, 36 h,
90%

Fig. 1 Molecular structures of the two independent molecules of 1. Side
(upper structure, molecule 1) and top views (the toluene solvent of
crystallization has been omitted for clarity).

Scheme 2 Reagents and conditions: i, 1.95 equiv. (R)-(+)-BINOL, THF,
heat, 48 h, (70–85%)
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hydrogenation, namely itaconic acid dimethyl ester 3 and
2-acetamido methyl acrylate 5, leading to the products 4 and 6,
respectively. The results of the hydrogenation experiments with
formation of the R-configurated products 4 and 6 are remark-
able in several ways (Table 1).

In the case of substrate 3 both catalysts afford essentially
enantiomerically pure product 4. However, in the hydro-
genation of 5 pronounced differences in enantioselectivity were
observed (Table 1). Thus, the ferrocene-based catalyst (R,R)-
(1)Rh(cod)BF4 leads to complete enantioselectivity for both
substrates (ee > 99.5%). Although experiments directed
towards elucidating mechanistic and structural aspects need to
be carried out, the present study shows that catalyst (R,R)-
(1)Rh(cod)BF4 is not only readily accessible, but also highly
effective. It remains to be seen how well ligand 1 performs in
other hydrogenation reactions and in C–C bond forming

processes, metals other than rhodium constituting further
possibilities.

Notes and References
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‡ Crystal data for 1: C50H32FeO4P2

.C7H8, Mr = 906.7, orange–brown plate,
crystal size 0.08 3 0.59 3 0.66 mm, a = 9.7235(3), b = 16.5610(4), c =
27.5239(7) Å, b = 97.765(1)°, U = 4391.6(2) Å3, T = 100 K, monoclinic,
space group P21 (no. 4), Z = 4, Dc = 1.37 g cm23, m = 0.47 mm21.
Siemens SMART diffractometer, Mo-Ka X-radiation, l = 0.71073 Å.
39615 measured reflections, analytical absorption correction (Tmin 0.7343,
Tmax 0.9626), 15179 unique, 11532 observed [I > 2.0s(Fo

2)]. The structure
was solved by direct methods (SHELXS-97) and refined by full-matrix
least-squares (SHELXL-97) on F2 for all data (C atoms of toluene solvate,
isotropic) with Chebyshev weights to R = 0.089 (obs.), wR = 0.232 (all
data), absolute stereochemistry determined [Flack parameter 0.00(3)], S =
1.17, H atoms riding, max. shift/error 0.001, residual rmax = 1.039 e Å23.
CCDC 182/964.
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Table 1 Enantioselective hydrogenation of dimethyl itaconate (3) and
2-acetamido methyl acrylate (5)a

Entry Ligand Substrate S/Cd Yield (%)e ee (%)e

1 1 3 1000 100 > 99.5
2 1 3 2000 100 > 99.5
3b 1 3 5380 100 > 99.5
4 2 3 1000 100 97–99
5 2 3 2000 100 97–99
6c 1 5 1000 100 99.5
7c 2 5 1000 100 90

a Hydrogenations were carried out under the following general conditions:
1.3 bar H2, dichloromethane, r.t., 20 h, c(substrate) = 0.1 mol l21, catalysts
prepared in situ with Lig/Rh = 1.1 (4 runs each). b Using preformed (R,R)-
(1)Rh(cod)BF4. c Lig/Rh = 1.0. d Substrate to catalyst ratio. e Determined
by GC analysis.
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A well-defined metallocene catalyst supported on polystyrene beads

Anthony G. M. Barrett* and Yolanda R. de Miguel

Department of Chemistry, Imperial College of Science, Technology and Medicine, London, UK SW7 2AY

A spacer-modified polystyrene support with alcohol func-
tionality was prepared using solid-phase organic reactions,
and this resin was further derivatised to give a supported
peralkylated titanocene which was active in ethylene poly-
merisation.

The rapid growth in combinatorial chemistry1 has generated
interest in the development of novel polymers, spacers and
linkers for the adaptation of well-known solution method-
ologies to the solid phase. Transition metal catalysts anchored
onto insoluble supports have also received much attention2 as
they are of great use in industrial scale processes, facilitating
purification and catalyst recycling. So far, the use of supports
for the latest generation of olefin polymerisation catalysts has
mainly involved preadsorption of metallocenes on MAO-coated
silica3 or MCM-41.4 The silica-based catalysts have been
successfully used in large scale processes and the polymers
obtained appear to be enlarged replicas of the original grains.
However catalyst leaching can occur and neither are ideal
supports for these unstable catalysts which are subject to facile
deactivation. New ways to covalently attach metallocenes and
to characterise the resulting complexes are needed, so that
superior catalysts may be developed. The recent report by
Frechet et al.5 on the preparation of polyolefin spheres and
related earlier studies prompts us to report our own work on
supported metallocene catalysts.

The objectives of our investigations were to develop a new
support 3 for solid-phase chemistry (Scheme 1) that would
contain a spacer covalently attached to the resin via a stable C–C
bond, with an alcohol end group, and to convert it into a well-
defined supported titanocene 7. Grubbs et al. have previously
reported6 polymer immobilised Ti-centred metallocene species,

but have used these only as the basis of alkene hydrogenation
catalysts.

The synthesis of the spacer unit was carried out in solution by
sequential monoprotection of tetraethylene glycol (TEG) and
monoalkylation with excess 1,5-dibromopentane (Scheme 1).
The resulting bromide was attached onto the gel polystyrene
support, by alkylation with polystyryllithium, prepared from
p-bromopolystyrene (Fluka; 1.2–1.3 mmol g21, 100–400 mesh,
2% DVB) and n-butyllithium.7 The loading level of the desired
alcohol resin 3 was estimated during removal of the protecting
group from 2b using UV spectroscopy. FT-IR microspectro-
scopy, microanalysis and gel phase MAS NMR spectroscopy
were used to fully characterise the alcohol resin product 3.† The
derivatisation of this alcohol support 3 was also studied and
compared to that of some commercial supports. The nosylate
derivative 4 was successfully prepared by treatment with excess
4-nitrobenzenesulfonyl chloride twice. Single bead FT-IR
microspectroscopy and microanalysis (%N) were used to
determine the extent of conversion. The reaction of the nosylate
resin 4 with the tetraalkyl cyclopentadienyl anion was easily
monitored by FT-IR and microanalysis (0%N), and gave the
peralkylated cyclopentadienyl ligand 5. The loading level of the
cyclopentadienyl resin 5 was estimated by derivatisation with
Cookson’s reagent,8 and %N analysis and FT-IR micro-
spectroscopy of the resulting Diels–Alder adduct 6.

The polymer-supported ligand 5 was converted into the
titanocene complex 7 by deprotonation and reaction with
cyclopentadienyltitanium trichloride. The titanium content of
the beads was determined using inductively coupled plasma-
atomic emission spectroscopy. The diffuse reflectance far-IR
spectrum of the resin-bound catalyst 7 showed new sharp peaks
in the region of 200–400 cm21, which are typical for Ti–Cl

Scheme 1 Reagents and conditions: a, TEG, CSA, CH2Cl2; b, NaH, THF; c, Br(CH2)5Br; d, polystyryllithium, toluene, 65 °C, 24 h; e, CSA, THF–H2O, D;
f, p-O2NPhSO2Cl, pyridine, DCM; g, NaCpMe3Et, THF; h, Cookson’s reagent, 278 °C, CH2Cl2; i, MeLi, THF; j, CpTiCl3, toluene
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stretches.6 X-Ray photoelectron spectroscopy of a single bead
gave a peak for the Ti 2p binding energy (at 457.5 eV) which is
identical to that reported for other titanocene dichloride
complexes.9 This was good evidence that the structure of the
species on the polymer was indeed analogous to that of the
homogeneous catalyst. Scanning electron microscopy showed
that the overall condition of the beads 7 (Fig. 1) was excellent.
The chemical composition of the beads was also confirmed by
X-EDS (X-ray energy dispersive spectroscopy) of clusters of
beads. Analysis of the sample showed the presence of chlorine
(Cl-Ka line = 2.6 keV) and titanium (Ti-Ka line = 4.5 keV)
and the Cl : Ti ratio was roughly 2 : 1; in agreement with the
catalyst structure.

This resin-bound complex 7 was tested for polymerisation
activity by treatment with MAO (103 equiv.) and ethylene gas.
The activity per bar per hour was estimated to be 41 g
polyethylene per mmol catalyst, which was not as high as
expected, probably due to diffusion problems into the active
sites within the bead. The resulting noodle-like polyethylene
chains emanating from the beads could be directly observed by
scanning electron microscopy (SEM; see Fig. 2).‡ Kaminsky’s
work10 on the coating of cellulose also described noodle-like
morphology and it has been suggested that this only formed on
very active catalytic centres. The high local activity of these
centres on the polystyrene beads 7 could be due to site-isolation
of the active species.

In conclusion, we have successfully prepared an active
polymer-bound metallocene catalyst for olefin polymerisation.
The full characterisation of this catalyst was made possible by
the use of many new analytical techniques for on-the-bead
characterisation as well as some novel monitoring methods for
solid-phase reactions.§

We thank Professor Vernon C. Gibson and Brian Kimberley
for carrying out the catalytic assay of 7 in their laboratories. We
would also like to thank BP for financial support (fully-funded
PhD studentship).

Note added at proof: Subsequent to the submission of this
manuscript, Gibson and co-workers have reported the use of a

polystyrene imidovanadium catalyst system for the polymer-
isation of ethylene: M. C. W. Chan, K. C. Chew, C. I. Dalby,
V. C. Gibson, A. Kohlmann, I. R. Little and W. Reed, Chem.
Commun., 1998, 1673.

Notes and References

† Selected data for 3: dC 71, umax 3300–3600 cm21, 0.5–0.8 mmol g21; for
4: umax 1534, 1349 cm21, 0.21 mmol g21; for 5: 0% N, 0.21 mmol g21; for
6: umax 1718 cm21, 0.28 mmol g21; for 7: see above, 0.07 mmol g21.
‡ GPC of the polymer was also performed (by extracting PE with
trichlorobenzene at 160 °C) and showed a molecular weight peak at 734000
[Mn 358000, Mw 872000] and a polydispersity value (Mw/Mn) of 2.4. The
Mn and polydispersity values were similar to those obtained from the
soluble titanocene dichloride catalyst10 [Mn 400000; Mw/Mn 2].
§ Taken from the PhD Thesis of Yolanda R. de Miguel, Imperial College,
London 1997.
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Fig. 1 SEM image of catalyst-containing beads 7 Fig. 2 SEM image of noodle-like polyethylene
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Electrogenerated poly(thiophenes) with extremely narrow bandgap and high
stability under n-doping cycling

Said Akoudad and Jean Roncali*†

Ingénierie Moléculaire et Matériaux Organiques, CNRS UMR 6501, Université d’Angers, 2 Bd Lavoisier, 49045 Angers Cedex,
France 

The  synthesis  of  a  poly(thiophene)  polymer  with  an
extremely narrow bandgap is described.

The synthesis of narrow bandgap (Eg) conjugated polymers1 has
been a focus of considerable interest, motivated by their high
visible transparency, their ability to be p- and n-doped, allowing
their use in electrolytic supercapacitors2 or dual polymer
electrochromic devices,3 and by the ultimate aim of synthesiz-
ing zero bandgap polymers with metallic conduction.

Various routes have been developed to synthesize low
bandgap polymers with increased quinoid character in the
conjugated backbone,4 alternating electron-releasing and elec-
tron-withdrawing groups5 or covalent rigidification of the
conjugated backbone.6 Based on a combination of the two first
strategies, Yamashita et al. have synthesized polymers with the
smallest bandgaps known to date (Eg ≈ 0.50 eV) by
electropolymerization of precursors based on three-ring sys-
tems with a median pro-quinoid acceptor such as thieno[3,4-
b]pyrazine (TP) or benzo[1,2-c:4,5-cA]bis[1,2,5]thiadiazole and
two external thiophene or pyrrole rings.7

We report here preliminary results on a new electrogenerated
small bandgap polymer derived from a bithiophenic precursor
involving 3,4-ethylenedioxythiophene (EDOT) and TP. This
precursor structure combines the superior polymerizability of
bithiophenic structures over more conjugated ones,8 the sol-
ubility imparted by dihexyl chains on the TP system,9 the high
HOMO level of EDOT and the well-known stability of its
polymers,10 and the possibility of achieving an alternating
sequence of EDOT and TP units in the polymer.

The synthesis of 1 is depicted in Scheme 1. A Stille coupling
between 2,5-dibromo-3,4-dinitrothiophene 511 and 2-tributyl-
stannyl-3,4-ethylenedioxythiophene 4 gave the bromodinitro
compound 3 in 17% yield. Reduction of 3 with concomittant
dehalogenation using SnCl2 in HCl afforded diamine 2 (33%

yield) which was then condensed with tetradecane-7,8-dione to
give the target compound 1 in 57% yield.‡

Compound 1 has its absorption maximum at lmax = 456 nm;
the 237 nm red shift compared to the EDOT dimer12 underlines
the effect of the TP moiety on the HOMO–LUMO gap of the
molecule.

The cyclic voltammogram of 1 shows an anodic peak
potential at 0.72 V. This low oxidation potential results from the
incorporation of EDOT in the structure. Consequently electro-
polymerization can be readily achieved at unusually low applied
potential, under either potentiostatic or potentiodynamic condi-
tions. Another interesting point is the very low substrate
concentration needed for electropolymerization. Thus; applica-
tion of recurrent potential scans between 20.50 and +0.60 V to
a 5 3 1024 m solution of 1 in MeCN leads to rapid growth of a
new redox system centered at 20.10 V (Fig. 1). The CV of the
polymer in a monomer-free electrolytic medium shows a redox
system corresponding to the doping process with anodic and
cathodic peak potentials at 0.10 and 20.16 V. These values lead
to a redox potential ca. 0.60 V lower than that of the parent
polymer derived from a thiophene–TP–thiophene precursor.7b

The n-doping system shows cathodic and anodic peaks at 21.12
and 21.30 V (Fig. 1). The potential difference between the
onset for oxidation and reduction leads to an estimated bandgap
of ca. 0.50–0.60 V.

Preliminary stability tests under redox cycling in an oxygen-
free medium shows that poly(1) retains 80% of its electro-
activity after 1000 reduction cycles between 20.20 and 21.50
V at a scan rate of 500 mV s21, or after 250 full cycles of both
oxidation and reduction at 100 mV s21 between +0.60 and
21.50 V. These results contrast with the limited cyclability
generally observed for small bandgap polymers.7a,13

Electrodeposition of poly(1) on indium-tin oxide (ITO)
coated glass electrodes gave free-standing films which were

Scheme 1
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submitted to electrochemical reduction followed by immersion
in aqueous ammonia over two days. The optical spectrum of
neutral poly(1) on ITO shows a single absorption band with a
maximum at 0.86 eV (1430 nm) and a weak shoulder at ca. 1.25
eV (Fig. 2). Unlike the spectra of most of the known small
bandgap polymers, this spectrum exhibits a small width at half
maximum of the absorption band (0.72 eV) and low absorbance
in the whole visible range. These characteristics are consistent
with a well-defined polymer structure with a narrow distribution
of conjugated chain lengths. Extrapolation to the baseline of the
low energy absorption edge crosses the ITO absorption wall and
leads to an optical bandgap of 0.36 eV, which is to the best of
our knowledge the lowest ever reported for a conjugated
polymer. Poly(1) shows negligible solubility in CH2Cl2 and in
hot chlorobenzene it is limited to a few percent. The resulting

solutions show lmax at 800 and 1000 nm, respectively. While
this limited solubility might be due to insufficient length in the
alkyl substituents, the expected rigid quinonoid structure of the
neutral polymer14 probably contributes to limit the solubility.
The improvement of solubility by attachment of longer alkyl
chains on both components is presently under investigation.

To summarize, we have shown that a dimeric precursor
combining dihexyl-TP and EDOT allows the efficient electro-
synthesis of a well-defined polymer with extremely narrow
bandgap and excellent stability under n-doping redox cycling.
These attractive properties make poly(1) an interesting elec-
trode material for various applications, in particular in electro-
lytic supercapacitors, and work in this direction is now
underway.

Notes and References

† E-mail: jean.roncali@univ-angers.fr
‡ Selected data for 1: Brown solid, mp 119 °C; dH (CDCl3) 7.57 (1s, 1H),
6.42 (1s, 1H), 4.44 (t, 2H), 4.31 (t, 1H), 2.93 (t, 4H), 2.87 (t, 2H), 1.99 (q,
2H), 1.77 (q, 2H), 1.5–1.2 (m, 12H), 0.9 (m, 6H); dC (CDCl3) 156.8, 154.7,
141.3, 141.2, 138.2, 136.8, 125.3, 111.5, 111.3, 100.5, 65.4, 64.7, 35.7,
35.0, 31.9, 31.7, 29.5, 29.2, 28.2, 26.9, 22.7, 22.6, 14.2, 14.1; m/z (EI) 444
(M+ 100%), [found (calc.): C, 64.40 (64.63); H, 7.29 (7.25); N, 6.05 (6.30);
S, 14.25 (14.42)].
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Fig. 1 (a) Potentiodynamic electropolymerization of 1 on Pt, t 3 1024 m
substrate in 0.10 m Bu4NPF6–MeCN, scan rate 100 mV s21. (b) Cyclic
voltammogram of poly(1) in 0.10 m Bu4NPF6–MeCN, Pt electrodes, scan
rate 100 mV s21.

Fig. 2 Optical spectrum of neutral poly(1) on ITO (the straight line at 0.40
eV is due to ITO absorption)
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A novel polynuclear palladium(II) complex with asymmetric coordination of
palladium atoms

Rong Cao,*a Weiping Su,a Maochun Hong,*a Wenjian Zhang,a Wing-Tak Wongb and Jiaxi Lua

a State Key Laboratory of Structural Chemistry, Fujian Institute of Research on the Structure of Matter, Fuzhou, Fujian 350002,
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The oxidation of [Pd2(dppm)2Cl2] with selenium in the
presence of NaSCH2Ph in DMF gives rise to a novel
polynuclear complex [Pd4(m3-Se)2(m-SCH2Ph)2(m-
dppm)2Cl2]; a single crystal X-ray diffraction analysis shows
that all the palladium atoms in the compound are tetra-
coordinated with distorted square-planar geometry, of
which two are asymmetrically coordinated with selenium,
sulfur, chlorine, and phosphorus atoms.

Bis(diphenylphosphine)methane (dppm), as a constraining
ligand, prefers to lock together two metal atoms in close
proximity and favors unusual oxidation states; thus, most
palladium complexes containing dppm are binuclear complexes
doubly bridged by dppm and related ligands, such as [Pd2(m-
dppm)2X2] (X = halogen, 1),1–4 and the oxidation state of
palladium is mainly +1. Many studies have been carried out on
the insertion of small molecules, such as CO, SO2, RCN etc.,
into the Pd–Pd bond in 1 to yield the so-called A-frame
complexes with the maintenance of the oxidation state of
palladium.5 Studies on the insertion of an S or Se bridge into 1
to give rise to complexes [Pd2(m-E)(m-dppm)2X2] (E = S, Se; X
= halogen) with a change of the oxidation state of palladium
from +1 to +2 have also been reported,6 whilst reports on the
palladium complexes with mixed thiolate and diphosphine
ligands, especially those having a palladium formal oxidation
state of +2 and containing both dppm and thiolate ligands, are
very scare. Very recently, Usón and co-workers have charac-
terised octanuclear {[Pd(m-SC6F5)(m-dppm)Pd](m-SC6F5)}4, in
which the oxidation state of palladium remains +1.7 We have
been interested in the chemistry of metal–thiolate–diphosphine
complexes and a series of complexes, such as
[Co{Ph2P(CH2)3PPh2}(SPh)2],8a [Co2(SPh)4(dppx)],8b,c and
[Pd(SR)2(dppx)] [dppx = Ph2PCH2PPh2, Ph2P(CH2)2PPh2]9

have been isolated. Herein we report the synthesis, crystal
structure, and properties of a novel tetranuclear palladium(II)
complex with asymmetric coordination of palladium atoms,
[Pd4(m3-Se)2(m-SCH2Ph)2(m-dppm)2Cl2]·2DMF 2.

In DMF solution, [Pd2(dppm)2Cl2] was reacted with Se and
NaSCH2Ph giving rise to 2.† In this reaction, Pd(I) was oxidised
to Pd(II) and an Se atom was inserted into the binuclear complex
to form the A-frame complex [Pd2(dppm)2Cl2(m-Se)]; one of
the dppm ligands in the A-frame complex was oxidised to
dppmSe by excess Se and was cleaved in the presence of
NaSCH2Ph, one of the Cl2 ligands was removed and the
A-frame complex was then condensed into the tetranuclear
complex 2 through forming m3-Se and m-SCH2Ph.

A crystallographic analysis‡ reveals that the complex is a
tetranuclear neutral complex. As shown in Fig. 1, two kinds of
palladium environments are present: two of the four palladium
atoms are each surrounded by two selenium, one sulfur, and one

phosphorus atom forming a distorted square-planar arrange-
ment; the other two are each asymmetrically surrounded by one
selenium, one phosphorus, one sulfur, and one chlorine atoms in
a highly distorted square-planar arrangement. The sulfur atom
of each thiolate ligand is shared by two Pd atoms forming a
m-bridge, while each selenium acts as m3-bridge linking three
palladium centres. The four palladiums form a zigzag chain
with a Pd–Pd distance of 3.191(3) Å, much longer than that in
Pd2(SCH2CH2S)2(PPh3)2 [3.038(2) Å],10a but shorter than that

Fig. 1 Molecular structure of [Pd4(m3-Se)2(m-SCH2Ph)2(m-
dppm)2Cl2]·2DMF with solvent molecules and H atoms omitted. Selected
bond lengths (Å) and bond angles (°): Pd(1)–Pd(2), 3.181(3), Pd(2)–Pd(3)
3.228(3), Pd(3)–Pd(4) 3.166(3), Pd(1)–Se(1) 2.387(3), Pd(1)–Cl(1)
2.339(7), Pd(1)–P(1) 2.261(7), Pd(1)–S(1) 2.374(6), Pd(2)–Se(1) 2.432(4),
Pd(2)–Se(2) 2.397(3) Pd(2)–P(3) 2.263(7), Pd(2)–S(1) 2.331(6), Pd(3)–
Se(1) 2.383(4), Pd(3)–Se(2) 2.446(3), Pd(3)–P(2) 2.262(6), Pd(3)–S(2)
2.326(7) Pd(4)–Se(2) 2.393(4), Pd(4)–Cl(2) 2.345(8), Pd(4)–P(4) 2.264(7),
Pd(4)–S(2) 2.381(8); Pd(1)–Pd(2)–Pd(3) 77.9(1), Pd(2)–Pd(3)–Pd(4)
77.0(1), Se(1)–Pd(1)–Cl(1) 173.1(2), Se(1)–Pd(1)–P(1) 94.7(2), Cl(1)–
Pd(1)–P(1) 91.1(2), Se(1)–Pd(1)–S(1) 79.5(2), Cl(1)–Pd(1)–S(1) 94.5(2),
P(1)–Pd(1)–S(1) 173.3(2), Se(1)–Pd(2)–Se(2) 83.7(1), Se(1)–Pd(2)–P(3)
171.7(2), Se(2)–Pd(2)–P(3) 97.8(2), Se(1)–Pd(2)–S(1) 79.4(2), Se(2)–
Pd(2)–S(1) 157.4(2), P(3)–Pd(2)–S(1) 101.1(2), Se(1)–Pd(3)–Se(2)
83.7(1), Se(1)–Pd(3)–P(2) 96.8(2), Se(2)–Pd(3)–P(2) 169.6(2), Se(1)–
Pd(3)–S(2) 159.1(2), Se(2)–Pd(3)–S(2) 79.8(2), P(2)–Pd(3)–S(2) 101.7(2),
Se(2)–Pd(4)–Cl(2) 174.6(2), Se(2)–Pd(4)–P(4) 95.5(2), Cl(2)–Pd(4)–P(4)
89.4(3), Se(2)–Pd(4)–S(2) 79.8(2), Cl(2)–Pd(4)–S(2) 95.2(3), P(4)–Pd(4)–
S(2) 173.8(2), Pd(1)–Se(1)–Pd(2) 82.6(1), Pd(1)–Se(1)–Pd(3) 115.2(1),
Pd(2)–Se(1)–Pd(3) 84.2(1), Pd(2)–Se(2)–Pd(3) 83.6(1), Pd(2)–Se(2)–Pd(4)
112.5(1) Pd(3)–Se(2)–Pd(4) 81.7(1), Pd(1)–S(1)–Pd(2) 85.1(2), Pd(3)–
S(2)–Pd(4) 84.5(2).
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in Pt2{SCH2CH2C(CH3)§CH2}2(PPh3)2I2 [3.539(1) Å].11 The
average Pd–S–Pd angle [98.6(2)°] is much more obtuse than
that in Pd2(SCH2CH2S)2(PPh3)2 [80.63(6)°]10a and the average
Ni–S–Ni angles in Ni2(SCH2CH2S)2(PPh3)2 (82.41°)10b and
Ni2{SCH(CH3)CH2S}2(PPh3)2 (81.11°).10c The average Pd–P
bond length of 2.291(6) Å is similar to those reported in the Pd–
S–P complexes.

31P NMR spectra of the complex show two peaks at 18.595
and 14.493 ppm. It is clear that the P nucleus is deshielded to
downfield, indicating that the electrons are transferred from
phosphorus atoms to the metal atoms to cause the P nucleus to
be deshielded to downfield and the chemical shifts increased.

The authors acknowledge the National Natural Science
Foundation of China, the Natural Science Foundation of Fujian
Province and the Youth Fund of Chinese Academy of Sciences
for financial support.

Notes and References

† Synthesis of [Pd4(m3-Se)2(m-SCH2Ph)2(m-dppm)2Cl2]·2DMF: NaSCH2Ph
(0.42 g, 3 mmol) and selenium powder were dissolved in 15 cm3 of DMF
and the solution was stirred for 12 h. A suspension of [Pd2(dppm)2Cl2] (1.52
g, 6 mmol) in 15 ml of DMF was then added to the solution which turned
gradually red-brown with a small amount of black precipitate. The final
reaction solution was filtered and the dark-red filtrate was kept at 4 °C. After
two weeks, red plate crystals of 2 were collected and washed with distilled
water and acetone(yield 22%). Found: C, 45.90; H, 4.12; N, 1.58. Calc. for
C70H72N2O2P4S2Cl2Se2Pd4: C, 46.30; H, 4.00; N, 1.54%. IR(KBr): 445(m),
426(m), 375(w), 340(w), 318(w), 300(w), 270(w) cm21.
‡ Crystallographic data: crystal dimensions: 0.25 3 0.30 3 0.30 mm,
C70H72N2O2P4S2Cl2Se2Pd4, M = 1815.7, space group P1̄ (no. 2), a =
11.203(2), b = 14.928(2), c = 22.354(3) Å, a = 82.27(2), b = 86.86(2),
g = 74.62(2)°, V = 3890(1) Å3 , m = 2.091 mm21, Z = 2, R(Rw) =
0.086(0.097). Cell dimension measurements and data collections were
performed on a Siemens Smart CCD diffractometer with graphite-
monochromated Mo-Ka radiation at 23 ± 1 °C. Intensity data were obtained
in the range 3.0 @ 2q @ 50.0° by using the w scan technique. The data
reductions were performed on a Silicon Graphics computer station with
Smart CCD software. For the structural analyses, all calculations were
performed on an HP/586 computer using SHELXL-PC. The positions of all
the palladium, selenium, sulfur, and phosphorus atoms were determined by
direct methods, and successive difference electron density maps located the
remaining non-hydrogen atoms. All non-hydrogen atoms were refined
anisotropically. The positions of all hydrogen atoms were generated
geometrically (C–H bond fixed at 0.96 Å), assigned isotropic thermal
parameters, and allowed to ride on their respective parent C atoms before
the final cycle of least-squares refinement. One phenyl ring exhibiting
disorder was fixed as an idealized rigid group. The final anisotropic

refinement of all non-hydrogen atoms on Fo for 5438 observations [F !
4.0s(F)] and 593 variables led to convergence. CCDC 182/985.
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Octakis[4-(2-phenylpropan-2-yl)phenylthio]naphthalene: a conformationally
unique host allowing direct observation of a well-defined solid-state acetone
conformation

Gary A. Downing,a Christopher S. Framptonb and David D. MacNicol*a†
a Department of Chemistry, University of Glasgow, Glasgow, UK G12 8QQ
b Roche Discovery Welwyn, Broadwater Road, Welwyn Garden City, Herefordshire, UK AL7 3AY

In its stoichiometric 1:1 clathrate with acetone, studied by
X-ray diffraction at 123 K, the title host molecule possesses
a unique abbbabbb conformation with six side-chain units
anti-parallel to the other two; the guest acetone’s conforma-
tion exhibits non-crystallographic C2 symmetry, and the
observed lowering in symmetry from C2v in the vapour is
accompanied by a significant opening of the guest’s C–C–C
angle, in accord with a key theoretical prediction in the
literature (J. Chem. Phys., 1993, 98, 2754).

In the design of new spider host molecules, suitably per-
substituted naphthalenes, a challenging goal is to establish the
precise way in which the structure of the side-chain unit of a
given host controls its ability to form crystalline inclusion
compounds.1 For this host series we have stressed the critical
role of the host’s molecule conformation; this is well illustrated
in the case of octakis(3,4-dimethylphenylthio)naphthalene
which, in the course of its self-assembly to form nano-scale
cavities capable of trapping diverse guest species,2 adopts an
exactly D2-symmetric aabbaabb conformation, (a and b
denoting side-chain units projecting, respectively, above and
below the aromatic core). We now report the synthesis of the
new spider host octakis[4-(2-phenylpropan-2-yl)phenylthio]-
napthalene 1, possessing a more extended side-chain unit,

which was initially characterised by 1H NMR, 13C NMR and
microanalytical data.‡ The new host 1, contrasting with the
broad inclusion spectrum found for its above-mentioned
counterpart, appears to be specific3 to acetone alone, suggesting
the efficiency with which this guest is embedded in the host
lattice of 1. A strictly 1:1 crystalline inclusion compound was
formed on recrystallisation of unsolvated 1 from neat acetone.

A low-temperature (123 K) X-ray diffraction analysis was
undertaken to determine the host conformation, the conforma-
tion of the acetone guest, and the nature of host–guest
interactions in this unique adduct of 1. The 1:1 acetone adduct
of 1 is triclinic, space group P1̄, with two host and two acetone
guest molecules per unit cell.§ The striking host conformation
of 1, illustrated in Fig. 1(b) (the enantiomeric form is also
present in the centrosymmetric crystal), is of the previously
unknown abbbabbb type, with six of the eight side chain units
projecting in the opposite direction to the other two. The
conformation is close to C2-symmetric, with the non-crystallo-
graphic two-fold axis running normal to the mean plane of the
naphthalene core, and bisecting its central carbon–carbon bond.
The naphthalene core is markedly non-planar, but almost

exactly C2 in character; corresponding displacements form the
ten-carbon mean plane are C(1), C(5), 20.22, 20.23; C(2),
C(6), 20.25, 20.25; C(3), C(7), 0.07, 0.08; C(4), C(8), 0.31,

Fig. 1 (a) Atomic numbering scheme for the central region of 1 in its
acetone clathrate; (b) a view illustrating the structure and conformation of
the host molecule 1 in its 1 : 1 triclinic adduct with acetone. The host
molecule’s non-crystallographic C2 axis is vertical in this view. The
distribution of bond lengths (Å) about the naphthalene core is: C(1)–C(2),
1.386(3); C(3)–C(4), 1.386(3); C(5)–C(6), 1.393(3); C(7)–C(8), 1.388(3);
C(2)–C(3), 1.424(3); C(6)–C(7), 1.424(3); C(1)–C(9), 1.442(3);
C(4)–C(10), 1.439(3); C(5)–C(10), 1.444(3); C(8)–C(9), 1.439(3);
C(9)–C(10), 1.427(3). The core bond angles (°) are C(9)–C(1)–C(2),
120.4(2); C(1)–C(2)–C(3), 119.3(2); C(2)–C(3)–C(4), 120.9(2);
C(3)–C(4)–C(10), 119.8(2), C(10)–C(5)–C(6), 120.0(2); C(5)–C(6)–C(7),
119.5(2); C(6)–C(7)–C(8), 120.7(2); C(7)–C(8)–C(9), 120.0(2);
C(10)–C(9)–C(1), 118.7(2); C(8)–C(9)–C(10), 117.0(2); C(8)–C(9)–C(1),
124.2(2); C(9)–C(10)–C(5), 118.4(2); C(4)–C(10)–C(9), 116.8(2);
C(4)–C(10)–C(5), 124.5(2).
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0.30 Å. The average esd for the carbon displacements is 0.002
Å. The corresponding displacements for S(1), S(5); S(2), S(6);
S(3), S(7); S(4), S(8): 20.92, 20.89; 20.78, 20.76; 0.18,
20.05; 1.03, 1.00 Å [for other structural data, see caption to Fig.
1(b)].

The acetone guest molecule, which also occupies a general
position in the unit cell, is shown in Fig. 2. As for the host
molecule 1, all hydrogen atoms were located and, again, the
molecule possesses non-crystallographic C2 symmetry. The
non-hydrogen atoms of the guest are exactly coplanar, the
angles being C(132)–C(131)–C(133) = 118.3(3),
O(1)–C(131)–C(132) = 120.7(3) and O(1)–C(131)–C(133) =
121.0(3)°. The bond lengths are similar to those found for
acetone in the vapour phase from a combined analysis of
microwave and electron diffraction data4 [given in parenthesis,
for comparison]: O(1)–C(131) = 1.211(3) [1.210(4)],
C(131)–C(132) = 1.499(4) [1.517(3)] and C(131)–C(133) =
1.498(4) [1.517(3) Å].

The acetone conformation in host 1, subject to a number of
weak host–guest hydrogen–hydrogen interactions (vide infra),
is distinct from the C2v equilibrium symmetry situation in the
vapour phase, where the in-plane methyl hydrogens eclipse the
oxygen atom. It is interesting to note that Smeyers and
coworkers5 have predicted that methyl group rotation, away
from the above C2v conformation, will lead to an increase in the
C–C–C bond angle. This is in keeping with observation; the
C–C–C bond angle for the C2 guest conformation, 118.2(3)°, is
indeed significantly opened compared to the value, 116.0(3)°,
for this angle in the C2v vapour phase conformation of acetone.
It must be said, of course, that the guest acetone’s skeletal
geometry may be subject to other host–guest influences, in
addition to conformational control by the host lattice.6 The
acetone guest molecule experiences no strong host–guest
interactions, and is present in an environment of low polarity.
There are no fewer than 17 hydrogen–hydrogen host–guest
contacts in the range 2.340–2.959 Å. The closest contact
between the host molecule 1 and acetone is of the C–H···O type7

and has length 2.320 Å. In all, there are five intermolecular
contacts between O(1) and hydrogen atoms of 1 and these span
the distance range 2.320–2.912 Å.

We thank the EPSRC (UK) for support (to G. A. D.).

Notes and References

† E-mail: D.MacNicol@chem.gla.ac.uk
‡ Compound 1 was prepared by persubstitution of perfluoronaphthalene
with an excess of the appropriate thiolate nucleophile in dipolar aprotic
solvent, the required thiol, 4-(2-phenylpropan-2-yl)benzenethiol, being
prepared from the corresponding phenol by a general literature method
(M.S. Newman and H.A. Karnes, J. Org. Chem., 1966, 31, 3980), and
having mp 43–44 °C (Calc. for C15H16S: C, 78.90; H, 7.02. Found: C, 78.78;

H, 7.15%). Perfluoronaphthalene (0.26g, 0.96 mmol) and sodium 4-(2-
phenylpropan-2-yl)benzenethiolate (3.74g, 15.3 mmol), prepared from the
above thiol and sodium in absolute ethanol, were stirred in dry, degassed
1,3-dimethylimidazolidin-2-one (DMEU) (40 ml) for 3 h at ambient
temperature, under N2. The red–orange reaction mixture was then added to
toluene (200 ml), washed with water (10 3 250 ml), and evaporation of the
solvent gave a red oil, from which compound 1 was obtained by column
chromatography (silica, hexane–EtOAc) as a orange–red microcrystalline
material, 1.51g (81%), mp 161–162 °C. Selected data for 1: dH(200 MHz,
CDCl3) 1.51 (s, 24H), 1.54 (s, 24H), ca. 6.6–6.9 (two AAABBA spectra,
32H), ca. 7.0–7.3 (m, 40H); dC(50 MHz, CDCl3) 30.6, 30.7, 42.6, 42.7,
125.6, 125.7, 126.6, 126.7, 126.9, 127.4, 127.5, 128.0, 128.1, 128.9, 134.8,
135.7, 139.6 (overlapping resonances), 143.7, 148.4, 148.9, 150.1, 150.5
(Calc. for C130H120S8: C, 80.57; H, 6.20. Found: C, 80.52; H, 6.29%).
§ Crystal data for 1·(CH3)2CO: C133H126O1S8, Mr = 1996.82, triclinic,
space group P1̄, a = 19.299(9), b = 20.235(11), c = 16.338(5) Å, a =
92.15(4), b = 104.71(3), g = 118.47(4)°, U = 5330(4) Å3, Z = 2, rcalc =
1.244 Mg m23, F(000) = 2120, m = 0.221 mm21, T = 123(1) K. Crystal
dimensions, orange prism, 0.80 3 0.38 3 0.22 mm. Mo-Ka radiation
(0.71069 Å), qmax = 25.02°, 19 349 reflections collected, 18 743 unique
reflections Rint = 0.0216, 15 294 reflections observed [ > 2s(I)]. Final R (on
F using observed data) a wR2 (on F2 using all data) were 0.0372 and 0.1044
respectively for 1279 parameters. Final GOF = 1.002. Maximum and
minimum residual density 0.416 and 20.415 e Å23 respectively. Data were
collected on a Rigaku AFC7R diffractometer equipped with an Oxford
Cryosystems cryostream cooler (ref. 8). The structure was solved using
direct methods (SHELXS-86) (ref. 9) and refined on F2 using all unique
data by full-matrix least-squares (SHELXL-93) (ref. 10). All non-hydrogen
atoms have anisotropic displacement parameters. All hydrogen atoms were
located in difference syntheses, these were assigned a common temperature
factor and included in the model but not refined. CCDC 182/983.

1 For a review see, D. D. MacNicol and G. A. Downing, in Compre-
hensive Supramolecular Chemistry, ed. D. D. MacNicol, F. Toda and R.
Bishop, Pergamon, Oxford, 1996, vol. 6, ch. 14, pp. 434–444.

2 G. A. Downing, C. S. Frampton, J. H. Gall and D. D. MacNicol, Angew.
Chem., Int. Ed. Engl., 1996, 35, 1547.
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Vacherand, B. P. Van Eijck, J. Burie and J. Demaison, J. Mol. Spectosc.,
1986, 118, 355.
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Phys., 1993, 98, 2754 and references cited therein.

6 With regard to the crystalline state, 1109 X-ray crystal structure
analyses have been reported for systems in which acetone is present as
a ligand component coordinated to a metal (e.g. R. Amstutz, J. D.
Dunitz, T. Laube, W. B. Schweizer and D. Seebach, Chem. Ber., 1986,
119, 434; M. Hoyer and H. Hartl, Z. Anorg. Allg. Chem., 1992, 612) or
is ‘anchored’ in the lattice by one or more hydrogen bonds (e.g. C. P.
Brock and G. L. Morelan, J. Phys. Chem., 1986, 90, 5631). Both these
situations tend to attenuate thermal motion, favouring direct observation
of the acetone’s hydrogen atoms, but represent relatively strong host–
guest interactions. When such motion-reducing interactions are absent,
the acetone molecule normally exhibits high thermal motion and/or
disorder, however, see for example, A. Dietrich, K. A. Fidelis, D. R.
Powell, D. van der Helm and D. L. Eng-Wilmot, J. Chem. Soc., Dalton
Trans., 1991, 231; A. Avdeef and W. P. Scheafer, J. Am. Chem. Soc.,
1976, 98, 5153. Interestingly, no X-ray results from the molecular
crystal of acetone itself have yet appeared in the literature.

7 For a recent review of C–H···O interactions see, T. Steiner, Chem.
Commun., 1997, 727.

8 J. Cosier and A. M. Glazer, J. Appl. Crystallogr., 1986, 19, 105.
9 G. M. Sheldrick, Acta Crystallogr., Sect. A., 1990, 46, 467.

10 G. M. Sheldrick, SHELXL-93, program for the refinement of crystal
structures, University of Göttingen, Germany, 1993.
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Fig. 2 The near C2-symmetric conformation of acetone in its 1:1 adduct with
host 1 as viewed at a narrow angle to the CNO bond direction
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A new and easy method for making micrometer-sized carbon tubes

Chien-Chung Han,*† Jyh-Tsung Lee, Reen-Woei Yang, Hua Chang and Chein-Hwa Han‡

Department of Chemistry, National Tsing Hua University, Hsinchu, Taiwan, ROC

Highly crystalline and single-walled micrometer-sized car-
bon tubes several centimeters in length have been prepared
via the pyrolysis of composite fibers consisting of a thermally
stable polypyrrole skin layer and a thermally degradable
PET core fiber.

Studies on the formation and growth mechanism1 of nano-size
carbon tubes have attracted a lot of research interest in recent
years, due to their potential in applications like electron field
emitters,2 nanowires,3 catalytic micro-reactors and natural gas
storage. Various methods have been reported for the preparation
of carbon tubes; these include carbon-arc discharge,4 laser
ablation,5 condensed-phase electrolysis,6 and the catalytic
pyrolysis of hydrocarbons on various substrates such as porous
anodic aluminium oxide,7 fine metal particles8 and patterned
cobalt layers.9 Regarding nano-tubes, their potential as micro-
reactors might be significantly limited due to their relatively
small inner diameters, which could preclude the entry of large
reactive species or reactants. However, for micrometer-sized
carbon tubes, with their relatively larger inner diameter, it
would be easier to perform inner surface modifications via
treatment with various chemicals and render the inner surface
active, thus enabling selective separation (or extraction) of
interested compounds. Likewise, it would also be easier to
embed desired transition metal complexes (with sizes often
larger than 2–3 nm) on the inner surface of micrometer-sized
tubes, to impart specific catalytic functions. It is envisaged that,
with their larger inner tube diameter, the throughput of
micrometer-sized tube micro-reactors should be acceptable for
practical applications. Similarly, it should also be relatively
easier to activate chemically both the inner and outer surfaces of
micrometer-sized tubes to facilitate the formation of micro- or
meso-porous features, making them suitable for natural gas
storage. Although hollow carbon fibers of sub-millimeter size,
with 0.4 mm inner diameter and 0.6 mm outer diameter, had
been prepared via the carbonization of spun poly(acrylonitrile)
hollow fibers,10 there is still a lack of a feasible and reliable
method for making thin-walled carbon tubes with diameters in
the range of 1–100 mm.

Here, a new and feasible method for the preparation of
micrometer-sized single-walled carbon tubes is proposed. The
method also enables convenient control of both the diameter
and wall thickness of the resultant carbon tubes. Tubes several
centimeters in length and pre-organized in one- or two-
dimensional matrices have been obtained experimentally.

These carbon tubes were prepared from polypyrrole (PPy)-
coated poly(ethylene terephthalate) (PET) fibers by heating the
composite fibers at 1000 °C for 3–6 h under an N2 atmosphere.
The PPy coatings were applied via a typical reaction-coating
approach,11 by suspending commercially available PET fibers
in an aqueous pyrrole solution that contained 2 equiv. of
toluene-p-sulfonic acid, followed by the addition of oxidants to
initiate the polymerization of pyrrole. The resulting PPy thus
formed presented itself as a homogeneous black coating on the
surface of the PET fibers. The thickness of such PPy coatings
could be controlled by altering the pyrrole concentration of the
reaction solution, and by the number of reaction-coating
treatments conducted. The resulting PPy-coated PET fibers
were then slurry-washed with copious amounts of de-ionized

water and air-dried for 48 h. The PPy/PET composite fibers, as
shown in Fig. 1(a), were then placed in a quartz oven and heated
from room temperature to 1000 °C at a heating rate of 10 °C
min21 under an N2 atmosphere. An annealing time of between
3 to 6 h was employed after the temperature reached 1000 °C.
During the heating and annealing process, some white solid
sublimed out of the oven and was identified as a mixture of
terephthalic acid and 4-(vinyloxycarbonyl)benzoic acid.§ Most
of this solid was collected at between 400 and 500 °C,
consistent with the decomposition temperature of the PET
fibers. All the carbon fibers obtained after the thermal treatment
were found to be hollow tubes with uniform diameters and wall
thicknesses, as illustrated by the SEM micrographs in Fig. 1.
The wall thickness of such carbon tubes was found to be directly
proportional to the thickness of the original PPy coating layer.
For example, composite fibers with PPy layer thicknesses of 1.2
(±0.2), 1.5 (±0.3) and 2.0 (±0.3) mm yielded carbon tubes with
an average wall thicknesses of 0.38 (±0.05), 0.63 (±0.08) and
1.3 (±0.2) mm, respectively. The electron micrographs of these
carbon tubes are illustrated in Fig. 1(b)–(d). Thermogravimetric
analysis of the same composite fibers also showed similar
trends on mass retention, with composite fibers having thicker
PPy layers displaying higher mass retention after annealing at

Fig. 1 SEM micrographs for (a) PPy/PET composite fibers, (b)–(d) resultant
carbon-tubes of similar diameter (ca. 7.5 mm), but with different wall
thickness, (e) collapsed thin-walled carbon tubes and (f) carbon tubes of ca.
15 mm diameter
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1000 °C. Interestingly, it was found that a minimum thickness
of the PPy layer was required to provide sufficient mechanical
strength to keep the tubes intact and maintain their round shape
during the carbonization process. Fig. 1(e) illustrates that, when
the PPy layer was less than ca. 100 nm in thickness, all the
resulted carbon tubes collapsed. Carbon tubes of different sizes
can also be prepared from PET fibers with different diameters.
For example, carbon tubes with 15 mm in inner diameter [Fig.
1(f)] were prepared from PET fibers with a diameter of 16
mm.

All the carbon tubes prepared by the present method were
found to be rich in carbon. Elemental analysis results indicated
that these tubes consisted essentially of pure carbon, accom-
panied by small amount of N ( < 3 wt%) and H ( < 1 wt%).
Similar results were obtained by scanning auger microscopy
(SAM). A typical SAM spectrum for the outer wall of the
carbon tubes clearly reveals that only the C peak at 275 eV is
present. The N peak of the original PPy layer at 388 eV had
almost completely disappeared. The reduction in N was
probably caused by de-nitrogenation of the PPy coating during
thermal treatment. Similar de-nitrogenation phenomena had
also been reported for the thermal carbonization treatment of
poly(acrylonitrile) at ca. 800 °C.12 The de-nitrogenation reac-
tion for the carbon tubes in this study appeared to have taken
place throughout the entire tube, as indicated by the SAM
spectra for the cross-section and the inner wall of the tubes.
Furthermore, the SAM spectrum for the inner wall of the tubes
showed hardly any sign of the O peak at 514 eV due to PET core
fiber. This suggested that the PET core fiber had decomposed
completely, and the tube wall was essentially converted from
the original PPy skin layer of the composite fiber.

The use of single-pulse magic-angle-spinning solid-state 13C
NMR showed that the carbon of these tubes was unsaturated in
nature, with its spectrum showing a complicated broad band
between d 70–160 and a maximum at ca. d 120. The unusual
peak broadening may be attributed to the slightly different
chemical environment of each carbon atom in the network and
its corresponding pair of spinning side-bands. No saturated sp3

carbons in the range d 0–70 nor any significant amount of
carbonyl carbons between d 160–300 were observed. The
infrared spectra of ground-up carbon tubes as KBr pellets were
completely featureless, probably due to the highly symmetric
bonding nature of the tubes, as in the case of a carbon matrix
with an extensive network. The Raman spectrum for the
ground-up carbon tubes showed two bands at ca. 1354 and 1584
cm21, similar to those bands for graphite.

The most intriguing finding in the present study is that,
although the carbonized product of PPy powder [annealed at
1000 °C for 3 h] was totally amorphous, the carbon tubes
prepared in this study from PPy/PET composite fibers were
highly crystalline. The X-ray diffraction spectrum for the
ground-up carbon tubes, obtained using a Shimadzu X-ray
diffractometer XD-5 with a Cu-Ka radiation source, showed
two rather strong and sharp peaks at 2q = 21.4 and 23.8°,
equivalent to a d-spacing of 4.15 and 3.74 Å, respectively.
Although the X-ray diffraction results indicated the presence of
highly crystalline carbons in the tube wall, the lattice structure
appeared to be different from the sheet-like morphology of
graphite,¶ as the strongest diffraction peak for graphite is at 2q
= 26.6°. Further exploration of the crystalline nature of these
carbon tubes with high resolution transmission electron micros-
copy (TEM) is in progress. It is believed that the surface of the
highly stretch-oriented PET fibers might have acted as a
template for the arrangement of deposited PPy chains during the
polymerization coating process. The formation of more ordered
and pre-arranged PPy matrices could increase the possibility of
crystalline carbon formation during the carbonization process.
The formation of induced structural order in carbon layers on

fibres has also been observed for resin-based matrices in
carbon–carbon composites.13

Using the present new method, carbon tube bundles several
centimeters in length have been prepared with little difficulty,
and SEM inspection of tubes thus prepared confirmed that they
were completely hollow. Similarly, a two-dimensional matrix
of carbon tubes has also been successfully prepared for the first
time via the carbonization of a PPy-coated PET cloth.

A possible carbon tube formation mechanism is suggested as
follows. The core PET fibers first melt at ca. 254 °C when the
crystalline melting point of PET is reached. The PET then
decomposes into terephthalic acid and 4-(vinyloxycarbonyl)-
benzoic acid by-products via intra-chain b-elimination of the
ester group between 400 to 500 °C.∑ The resultant by-products
then sublime at these elevated temperatures, forming the hollow
cores.** Meanwhile, the PPy skin layer also starts to decom-
pose at its decomposition on-set temperature (i.e. 310 °C for
undoped PPy powder), with the resulting active intermediate
species very likely to induce efficient cross-linking of the highly
p-bond-conjugated PPy, thus setting up the three-dimensional
network of carbon tubes.

We acknowledge financial support from the National Science
Council of ROC.
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Valence tautomeric cobalt o-quinone complexes in a dual-mode switching
array
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The characterization of valence tautomeric cobalt complexes
with an array of four states, each with different optical and
magnetic properties, is reported and it is shown that they can
interconvert reversibly between the four states either ther-
mally or by redox processes.

Complexes of the composition [Co(3,5-DTBCat)(3,5-
DTBSQ)(NN)], where 3,5-DTBCat22 and 3,5-DTBSQ2 refer,
respectively, to the catecholate (Cat22) and semiquinonate
(SQ2) forms of 3,5-di-tert-butyl-o-quinone, and NN is a
chelating diiminium ligand such as 2,2A-bipyridine (bpy,
complex 1) or 1,10-phenanthroline (phen, complex 2), exhibit
valence tautomerism.1,2 These complexes can be interconverted
in solution or in the solid state by means of different external
stimuli such as temperature, pressure or irradiation between a
high-spin [CoII(SQ)2(NN)] (hs-CoII) or a low-spin [CoIII-
(Cat)(SQ)(NN)] (ls-CoIII) form with appreciable changes in
their electronic absorption spectra and magnetic ground
states.3–6 In solution, the equilibrium in eqn. (1) can be induced
by variations of temperature and monitored by UV–VIS
spectroscopy.
[CoIII(SQ)(Cat)(NN)] (ls-CoIII) " [CoII(SQ)2(NN)] (hs-CoII)

(1)
At low temperatures, there is a band at ≈ 600 nm characteristic
of the ls-CoIII tautomer. As the temperature of the solution is
increased the intensity of the 600 nm band decreases and a band
at ≈ 770 nm characteristic of the hs-CoII tautomer increases in
intensity. Here we report how this valence tautomerism
equilibrium may be converted into an array of four states with
different magnetic and optical properties that interconvert
reversibly between them, where the additional switching
capacity results from an electrochemical process.

The reversible redox characteristics of complexes 1 and 2
were employed to develop the square array shown in Fig. 1. A
CH2Cl2 solution of complex 1 at 273 K with 0.1 M NBun

4PF6
as a supporting electrolyte is mostly in the 1,ls-CoIII form, as
determined by UV–VIS spectroscopy. The CV of 1,ls-CoIII

under these conditions exhibits a reversible reduction at E0 =
20.34 and a reversible oxidation at +0.25 V vs. a Ag wire (E0
of ferrocene under the same experimental conditions is +0.36
V). Previous studies of different o-quinone metal complexes
have shown that the redox processes occur at the quinone
ligands.7 Therefore, the first process at 20.34 V for complex
1,ls-CoIII involves the reduction of the semiquinonate ligand to
the catecholate form, whereas the second process involves the
oxidation of the catecholate ligand of 1,ls-CoIII to the semi-
quinonate ligand form. A CH2Cl2 solution of complex 2 at 305
K with 0.1 M NBun

4PF6 as a supporting electrolyte is mostly in
the 2,hs-CoII form. The CV of 2,hs-CoII exhibits a reduction
process at E0 = 20.2 V vs. a Ag wire. This process corresponds
to the reduction of both semiquinonate ligands to catecholate
ligands. Examination of the scan rate (u) dependences for the
processes observed for both tautomers showed a linear
dependence of the peak current with respect to u1/2, indicating
that these redox processes are diffusive. Constant-potential

electrolysis experiments have confirmed the reversibility of the
different processes. Thus, both of the valence tautomers in eqn.
(1) can be reduced reversibly. This allowed us to establish the
square array shown in Fig. 1.

Treatment of complex 1,ls-CoIII in CH2Cl2 at 273 K with 1
equivalent of Co(Cp)2 yielded [Co(Cp)2][CoIII(3,5-
DTBCat)2(bpy)] (3,ls-CoIII) as a dark-green polycrystalline
solid (70% yield).† The S = 0 ground state was confirmed by
variable-field magnetization data collected at 2.3 and 5.0 K. The
presence of two catecholate ligands was also confirmed by an
increase (relative to complex 1) in the intensity of the
characteristic catecholate C–O IR bands seen at ≈ 1250 cm21.
Our interest in complex 3 was considerably enhanced when it
was found that the electronic absorption spectrum of this
complex in acetone exhibited a temperature dependence
consistent with the following valence-tautomeric equilibrium:

[CoIII(Cat)2(bpy)]2 (3,ls-CoIII) "
[CoII(SQ)(Cat)(bpy)]2 (3,hs-CoII) (2)

Fig. 1 Diagram of a dual-mode switching array. Complexes 1 and 3 each
undergo a valence tautomeric interconversion and the tautomers of complex
3 are obtained reversibly by one-electron reduction of the tautomers of
complex 1. An array of four different states with different optical and
magnetic ground states is then obtained.
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As shown in Fig. 2, at low temperatures there is an intense band
at 405 nm and a second less intense transition at 610 nm, where
both bands are characteristic of the (3,ls-CoIII)2 isomer.
Increasing the temperature converts this ls-CoIII tautomer to the
[CoII(3,5-DTBSQ)(3,5-DTBCat)(bpy)]2 tautomer, identified
as (3,hs-CoII)2. The acetone solution changes from green at low
temperatures to purple at higher temperatures. Two isosbestic
points are seen at 360 and 470 nm, indicating that there are two
species in equilibrium. When the sample was cooled, the
spectrum characteristic of the (3,ls-CoIII)2 form was recovered.
The cycle was repeated several times, confirming the reversibil-
ity of the interconversion although a gradual decrease of the
absorbance was observed due to decomposition of the hs-CoII

form that reacts even with traces of oxygen. A toluene solution
of complex 1 at high temperatures is mostly in the 1,hs-CoII

form as confirmed by UV–VIS spectroscopy. Therefore, direct
reaction of a toluene solution of complex 1 with 1 equivalent of
Co(Cp)2 was used to directly give [Co(Cp)2][CoII(3,5-
DTBSQ)(3,5-DTBCat)(bpy)] (3,hs-CoII) as a purple precipitate
obtained after filtration from the solution (20% yield).† This
solid is highly air-sensitive, however, it was characterized by
variable-temperature magnetic susceptibility, electronic absorp-
tion and EPR spectroscopies. The value of meff varies gradually
from 4.24 mB at 320 K to 4.04 mB at 70.0 K, whereupon there is
an increase to 5.14 mB at 20.0 K, followed by a decrease to 3.07
mB at 3.0 K. These results are consistent with a hs-CoII(S = 3/2)
complex with one S = 1/2 semiquinonate ligand, where there is
a weak ferromagnetic exchange interaction between the ligand
and the metal. Dissolution of 3,hs-CoII in acetone gave the same
reversible temperature dependence in the UV–VIS electronic
spectrum as shown in Fig. 2 for (3,ls-CoIII)2, confirming the
existence of the valence tautomeric equilibrium 3,ls-CoIII2 "

3,hs-CoII2. X-Band EPR spectra showed the eight-line cobalt
hyperfine splitting characteristic of Co–quinone systems [A(Co)
≈ 12 G]. Finally, it must be emphasized that additional
constant-potential electrolysis experiments confirmed the reox-
idation of the anionic complexes to the neutral species
demonstrating the validity of the array detailed in Fig. 1. Thus,
an array of four states is controlled by two temperature-
controlled valence tautomeric equilibria and two reversible
redox processes. The possibility of entering the cycle at each
state and advancing through the square array in a clockwise and
counter-clockwise direction was also established.

Reduction of complex 2 with 1 equivalent of Co(Cp)2 in
CH2Cl2 and toluene gave the tautomers [Co(Cp)2][CoIII(3,5-
DTBCat)2(phen)] (4,ls-CoIII) and [Co(Cp)2][CoIII(3,5-
DTBSQ)(3,5-DTBCat)(phen)] (4,hs-CoII).† The magnetic and
spectroscopic characterization as well as the variable-tem-
perature UV–VIS spectra of acetone solutions of these two phen
Co(Cp)2

+ salts were also found to be similar to those obtained

for the corresponding bpy complexes. In short, the neutral phen
complex 2 can be reduced and the reduced CoIII and CoII species
are involved in a valence-tautomeric equilibrium, i.e. 4,ls-
CoIII2 " 4,hs-CoII2, establishing a similar array of four states
for the phen complex.

Oxidation of complex 1 could also establish another valence-
tautomeric equilibrium, in addition to the two pictured in Fig. 1.
Toward this goal, complex 1 was oxidized in 95% ethanol at
273 K (where complex 1 is mostly in the 1,ls-CoIII form) by a
H2O2–HCl mixture, following a procedure described by
Wicklund et al.8 for the oxidation of catecholate ligands. This
oxidation gave [CoIII(3,5-DTBSQ)2(bpy)]Cl, the Cl2 salt of
(5,ls-CoIII)+.† Variable-temperature UV–VIS spectroscopy pro-
vides convincing evidence of the presence of a valence-
tautomeric equilibrium for the oxidized form of the bpy
complex in EtOH, i.e. for the equilibrium of 5,ls-CoIII+" 5,hs-
CoII+. At low temperatures (200 K) an intense band at 570 nm
is seen that is characteristic of the (5,ls-CoIII)+ tautomer. An
increase in temperature to 300 K leads to a decrease in the
intensity of this band as a band at 720 nm, that is characteristic
of (5,hs-CoII)+, grows in. Two isosbestic points are seen.
However, we must emphasize that when the temperature of the
EtOH solution of (5,hs-CoII)+ is increased above 300 K, the
intensity of the 720 nm band does not increase. Instead, the
intensities of both the 720 and 570 nm bands decreased as the
temperature was increased above 300 K. We attribute this
thermal instability of (5,hs-CoII)+ to loss of the quinone
ligand.

In summary, complexes of the composition [Co(Cp2)]-
[CoIII(3,5-DTBCat)2(NN)] have been shown to undergo va-
lence tautomerism. In addition, the reversibility of the tauto-
meric equilibria permitted the establishment of an array of four
states with different magnetic and optical properties, reversibly
interconvertible by means of electrochemical and thermal
switching. Such an array of states is suitable to be used in the
future as a building block for molecular electronic devices.

Notes and References

† The complex [Co(Cp)2][CoIII(3,5-DTBCat)2(bpy)] (3,ls-CoIII) analyzed
satisfactorily (C,H,N). [Found: C, 68.07; H, 7.04; N, 3.63. C48H58N2O4Co2

requires C, 68.23; H, 6.93; N, 3.31%]. The complex [Co(Cp)2][CoII(3,5-
DTBSQ)(3,5-DTBCat)(bpy)] (3,hs-CoII) analyzed satisfactorily (C,H,N).
[Found: C, 56.86; H, 6.91; N, 3.12. C48H58N2O4Co2 requires C, 68.23; H,
6.93; N, 3.31%]. The complex [Co(Cp)2][CoIII(3,5-DTBCat)2(phen)] (4,ls-
CoIII) analyzed satisfactorily (C,H,N). [Found: C, 69.90; H, 6.55; N, 2.88.
C50H58N2O4Co2 requires C, 69.10; H, 6.70; N, 3.20%]. The complex
[CoIII(3,5-DTBSQ)2(bpy)]Cl (5,ls-CoIII) analyzed satisfactorily (C,H,N).
[Found: C, 65.35; H, 7.18; N, 4.28. C38H48N2O4CoCl requires C, 65.80; H,
7.00; N, 4.04%]. The complex [Co(3,5-DTBCat)(bpy)2](BF4)·2CH2Cl2 (6)
analyzed satisfactorily (C, H, N). [Found: C, 59.00; H, 5.60; N, 7.90.
C34H40N4O2CoBF4 requires C, 59.80; H, 5.80; N, 8.20%].
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Fig. 2 Temperature dependence of the electronic absorption spectrum of an
acetone solution of complex 3
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Phosphazene P4-But base for the Ullmann biaryl ether synthesis

Claudio Palomo,*† Mikel Oiarbide, Rosa López and Enrique Gómez-Bengoa

Departamento de Química Orgánica, Facultad de Química, Universidad del País Vasco, Apdo. 1072, 20080 San Sebastián, Spain

In the presence of phosphazene P4-But base and CuBr, aryl
halides couple with phenols to give biaryl ethers at ca.
100 °C

The reaction of aryl halides with sodium or potassium
aryloxides promoted by copper additives results in the forma-
tion of aryl ethers, the classical Ullmann biaryl ether synthesis.1
The major problems of this reaction are the competitive
reduction of the aryl halide to the dehalogenated arene2 and the
requirement for extremely harsh conditions, i.e. 200–300 °C,
long reaction times and strong polar and often toxic solvents.3
These reaction conditions probably account for an additional
problem, namely the formation of isomeric biaryl compounds
via substitution through an elimination-addition mechanism. On
the other hand, the reductive homocoupling of the aryl halide
component is also another inherent problem of this reaction.4
Despite considerable success to date, these efforts have
identified the same solution to these problems, namely, the
preactivation of the aryl halide component via, for instance, the
use of transition metals5 or by placing an electron-withdrawing
substituent ortho or para to the leaving group.6 Although these
variants have a prevalent position in the synthesis of complex
macrocyclic peptides,6,7 there exists no general solution for the
direct coupling of aryl halides with phenols.8

Recently Buchwald et al.9 described the first case of biaryl
ether synthesis with unactivated aryl halides. The reaction
occurs at ca. 110 °C using Cs2CO3 as the key reaction
element.

We describe here an efficient method for the direct coupling
of aryl halides with phenols that is based on the so-called ‘naked
anion’ phenomenon.10 Our procedure‡ combines this concept
with the use of Schwesinger’s phosphazene bases.11 The
synthesis and properties of these bases have been described
recently.12 We have found that P4-But base in combination with
CuI salts in either dioxane or toluene effects the Ullmann
reaction of electron-rich, electron-neutral and electron-poor aryl
halides with a variety of phenols (Scheme 1). For example,
iodobenzene reacted with 2,4-dimethylphenol to produce the
corresponding biaryl ether in 81% isolated yield under condi-
tions where the use of other conceptually different bases
produced only traces of the expected product, if at all.§ Other
copper salts such as CuCl, CuI and (CuOTf)2–benzene were
also effective, but CuII salts did not give the coupling product.
As shown in Table 1, the best results were attained using
stoichiometric quantities of CuBr, although in some cases the
reaction also proceeded well under CuBr catalysis (entries 1, 4,
5 and 8). The method is particularly suitable for electron-neutral
aryl halides and ortho-substituted phenols. For example 2,6-di-
methylphenol (entry 2) provided the corresponding biaryl ether
in good yield and even the o-tert-butyl phenol (entry 3) coupled
with p-iodotoluene to give the desired biaryl ether in 56% yield.
The coupling reaction of o-iodotoluene and o-cresol (entry 4)

also proceeded well to afford the corresponding biaryl ether in
69% yield. In these two latter cases, once again, no coupling
reaction was observed when either DBU or TBD§ were used.
Under the established reaction conditions, both electron-rich
(entry 6) and electron-poor (entries 7–9) aryl halides also were
effective in their coupling with phenols.

On the other hand, from the examples in Table 1 it also seems
that the reaction conditions used are compatible with various
functional groups. Nevertheless, neither the amino or the amido
functionalities were inert under these reaction conditions. In
fact, treatment of 3,5-dimethyliodobenzene with both aniline
and p-toluidine afforded, under the above reaction conditions,
the corresponding biaryl amines in 78 and 71% yield,

Scheme 1 Reagents and conditions: i, P4-But, CuBr, toluene, reflux

Table 1 The Ullmann reaction promoted by P4-But base in combination
with CuBra

Entry Halide Phenol Product Yield (%)b

a Reactions conducted on a 1 mmol scale; aryl halide:phenol:CuBr = 1:2:2
in toluene as solvent unless otherwise stated. b Yields in parentheses refer to
the reaction under catalytic conditions for CuI (20 mol% of CuBr).
c Dioxane as solvent. d Reaction carried out in the presence of DMF (10%
v/v). e Reaction carried out in the presence of galvinoxyl radical (10 mol%);
in the absence of this radical inhibitor undesired byproducts were dominant.
f Under catalytic conditions a mixture of isomeric biaryl ethers was
formed.
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respectively.13 Although the precise role played by the
phosphazene P4-But base in the outcome of the reaction is not
clear at present, two observations may give some clue: (i) the
well-known ability of such a base to form highly nucleophilic
‘naked’ anions and, (ii) the complete solubility that the
otherwise insoluble CuBr exhibits in the presence of P4-But.
Both factors may facilitate the formation of the reactive
intermediate aryloxycopper species,14 which can then react with
the aryl halide under essentially homogeneous conditions. In
any case, the use of this phosphazene base appears to be critical
for performing the coupling reaction under reaction conditions
that are unsuitable for conventional bases.

This work was financially supported by the Basque Govern-
ment (Project EX-1997-108). A grant from the Basque
Government to R. L. is gratefully acknowledged.
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† E-mail: goppanic@sc.ehu.es
‡ General procedure: A mixture of the aryl halide (1 mmol), the
corresponding phenol (2 mmol), P4-But (2 mmol) and CuBr (2 mmol or 0.2
mmol for the catalytic version) in dry, deoxygenated toluene or dioxane (3
ml) was refluxed under a nitrogen atmosphere until the aryl halide was
consumed as determined by GC analysis (typically 16–20 h). The reaction
mixture was then allowed to cool to room temperature, diluted with EtOAc
and washed sequentially with saturated aq. NH4Cl (25 ml), 0.1 M NaOH (25
ml) and water (25 ml). The organic layer was dried over Na2SO4 and
concentrated in vacuo. Purification by flash chromatography on silica gel
using hexane afforded the analytically pure product.
§ Among the bases tested, Na2CO3, K2CO3 and 3,3,6,9,9-pentamethyl-
2,10-diazabicyclo[4.4.0]dec-1-ene (PMDBD) were completely uneffective;
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,5,7-triazabicyclo[4.4.0]-
dec-5-ene (TBD) afforded the coupling product in less than 20% yield along
with the starting material and unidentified side products.
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Control of reaction course of the excited state of charge-transfer complexes by
the free energy of backward electron transfer

Naoki Haga,*a Hiroaki Takayanagia and Katsumi Tokumarub

a School of Pharmaceutical Sciences, Kitasato University, Minato-ku, Tokyo 108, Japan. E-mail: hagan@pharm.kitasato-u.ac.jp
b University of Tsukuba, Tsukuba, Ibaraki 305, Japan

Selective excitation of charge-transfer (CT) complexes
between acenaphthylene and various electron acceptors
gives net reaction products when the resulting radical ion
pairs lie at sufficiently higher energy than the ground state
(large 2DGBET); however, with decrease of 2DGBET, these
tend to become less reactive and finally non-reactive.

During active works on photoinduced electron transfer reac-
tions, attention has been paid to the behavior of the excited
states of charge-transfer complexes.1–9 It was found that, for the
combination of aromatic hydrocarbons with electron acceptors,
contact radical ion pairs (CIPs) produced on excitation of their
charge-transfer complexes facilely undergo backward electron-
transfer (BET), the rate constant of which, kBET, increases with
decrease of the net free energy difference, 2DGBET, between
the ground state and the radical ion pair, whereas solvent
separated radical ion pairs (SSIPs) resulting from encounters of
excited states of either donors or acceptors with counterparts
follow a bell-shaped kBET versus 2DGBET relationship.1–5 The
above difference in behavior between CIPs and SSIPs might
reflect a much smaller reorganization energy for BET from the
former than from the latter.8 However, the above energy gap
effect on the reactivity of CT complexes has been investigated
mostly by means of transient absorption spectroscopy, therefore
whether the excited states of the CT complexes do or do not give
the final reaction products remains unclear. Previously, we
found that selective excitation of the CT complex of acena-
phthylene (ACN) and TCNE with 546.1 nm light in acetonitrile
or dichloroethane did not give any product, whereas excitation
of ACN with 435.8 nm light in the presence of TCNE afforded
products by way of electron transfer.10,11

This finding has led us to examine how 2DGBET affects the
net chemical reactivity of the excited states of CT complexes
between ACN and a series of electron acceptors such as nitriles,
acid anhydrides, and quinones,† and we found that the 2DGBET
value very dramatically controls the net reactivity of the excited
state as reported below. The CT complexes‡ were selectively
excited in dichloromethane with 546.1 nm light to determine the
quantum yields of the reaction, or with > 500 nm light to
investigate the reaction products, since the CT complexes show
absorption at wavelengths longer than 500 nm but ACN shows
absorption at wavelengths shorter than 500 nm.

Fig. 1 plots the quantum yields of reaction, FR, against
2DGBET.§ This indicates that CT complexes with large
2DGBET values give net products; however, with lowering of
2DGBET, FR tends to decrease and finally reaches zero when
2DGBET is lower than 1.7 eV.¶ When 2DGBET is lower than
the threshold, excitation of the CT complexes of ACN with
acceptors did not result in any reaction products but excitation
of ACN in the presence of the same acceptors afforded reaction
products. In these cases, for the same combination of ACN and
an acceptor, the SSIP resulting from excitation of ACN is
reactive but either the excited state of the CT complex or the
CIP resulting therefrom is unreactive. On the other hand, the
CIP resulting from the excited CT complex, when lying with
2DGBET larger than the threshold, can undergo charge

separation to give definite products via SSIPs competing with
BET.

The FR is composed of efficiencies for charge separation
from the excited CT complex, FCS, and for the generation of
products from the dissociated radical ions, FAR, according to FR
= FCS 3 FAR. Therefore, the above results certainly indicate
that charge separation practically does not occur when 2DGBET
is smaller than the above threshold, and the efficiency for charge
separation tends to increase with increase of 2DGBET as shown
in Scheme 1, since the radical ions, once produced from the
SSIP, can give reaction products; i.e. FAR is always > 0. In fact,
excitation of ACN in the presence of the electron acceptors
examined afforded reaction products and these were essentially
the same as those resulting from excitation of CT complexes
when they gave net reaction products.∑ In Scheme 1, A and AA
represent, for example, TCNB and TCNE, respectively.

When the CT complexes afford net reaction products, the
resulting products are classified into two classes, i.e. those
derived from benzoquinones (BQs) and those from non-BQs as
shown in Scheme 2. Selective excitation of the CT complexes
between ACN and non-BQs, namely acid anhydrides or nitriles,
gave mainly two isomeric dimers of ACN, cisoid-1 and
transoid-1, in a ratio of 3–7 : 1, as observed in the excitation of
ACN in the presence of electron acceptors such as TCNE which
results in electron transfer from the excited ACN to the
acceptors followed by the formation of a dimeric radical cation
of ACN (ACN2

+·) affording cisoid- and transoid-1 in the same
ratio as above (Scheme 2).10

Excitation of the CT complexes of BQs, when affording
products, gave addition products (2, 3, and 4), together with
cisoid-1 and transoid-1 (Scheme 2), but no reduction products
of BQs such as hydroquinones. For example, selective excita-
tion of the CT complex between ACN and 2-CBQ gave 2, 3, and
4 in 13, 32, 7% yields, respectively, together with 20% of 1 with
a cisoid : transoid ratio of 4.0 : 1 on consumption of 21% of

Fig. 1 Plots of quantum yield (FR) at 546.1 nm for the reaction of ACN with
various acceptors versus the energy gap between the ground state and the
CIP (2DGBET)
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ACN. Similarly, direct excitation of ACN with > 400 nm light
gave cisoid-1, transoid-1, 2, 3, and 4 in 9, 4, 18, 36, 8% yields,
respectively, on consumption of 94% of ACN.

In conclusion, 2DGBET clearly controls the reactivity of
excited CT complexes by affecting the BET rate from the
resulting CIP as schematically drawn in Scheme 1. Details of
the present study will be published elsewhere.

To our knowledge, this is the first report to show, in a series
of CT complexes between an electron donor with various
acceptors, 2DGBET dramatically controls the course of reaction
leading to final isolable products.

This work was partly supported by a Grant-in Aid for
Scientific Research (No. 08640696) from the Ministry of

Education, Science, and Culture, Japan, and Kitasato University
Research Grant for Young Researchers (N. H.).

Notes and References
† Abbreviations of acceptors in this study: TCNB, tetracyanobenzene;
DMDCF, dimethyl dicyanofumarate; MA, maleic anhydride; PA, pyr-
omellitic dianhydride; BQ, 1,4-benzoquinone; 2-CBQ, 2-chloro-1,4-benzo-
quinone; 2,5-DCBQ, 2,5-dichloro-1,4-benzoquinone; 2,6-DCBQ,
2,6-dichloro-1,4-benzoquinone; TCBQ, chloranil; TFBQ, fluoranil.
‡ The CT complexes show absorptions extending to 400–700 nm in organic
solvents depending on the acceptors. The equilibrium constants, Keq, for
formation of the 1 : 1 CT complex were spectrophotometrically12

determined in DCE in the range 1.6–6.2 M21 depending on the acceptors.
§ The quantum yields, FR, for reaction on selective excitation of the CT
complexes were determined based on the amount of converted ACN under
irradiation by 546.1 nm monochromatic light in DCE.13

¶ In the threshold region, 2-CBQ (2DGBET 1.92 eV) showed higher FR

than BQ (2.03 eV), and moreover 2,6-DCBQ (1.76 eV) and 2,5-DCBQ
(1.76 eV) exhibited much larger FR values than DMDCF (1.85 eV). This
fact might be attributed to the heavy atom effect of the chlorine atom in
these chloroquinones to enhance conversion of the initially resulting singlet
radical ion pair (RIP) to a triplet RIP which will more effectively lead to
separation of free radical ions.
∑ An equimolar mixture (0.005–0.02 M) of ACN and an acceptor in DCE
was irradiated using a 400 W high pressure mercury lamp in a merry-go-
round apparatus at 20 °C as described for TCNE.10 The products were
isolated by flash column chromatography and identified by spectral
properties and/or elemental analysis.
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Orthopalladated triaryl phosphite complexes as highly active catalysts in biaryl
coupling reactions

David A. Albisson,a Robin B. Bedford,*a†‡ Simon E. Lawrenceb and P. Noelle Scullya

a Department of Chemistry, Trinity College Dublin, Dublin 2, Ireland
b Department of Chemistry, University College Cork, Cork, Ireland

Orthopalladation of inexpensive, commercially available
tris(2,4-di-tert-butylphenyl) phosphite gives a dimeric com-
plex 3 which proves to be an extremely active catalyst in
biaryl coupling reactions, giving unprecedented turnover
numbers of up to 1 000 000 [mol product (mol Pd)21] and
turnover frequencies of nearly 900 000 [mol product (mol
Pd)21 h21] in the Suzuki reaction and turnover numbers of
up to 830 000 in the Stille reaction.

The use of triaryl phosphite complexes in catalysis has recently
enjoyed a renaissance as a result of the activity they show in
hydroformylation,1 asymmetric hydrocyanation2 and enantiose-
lective alternating co-polymerisation of CO and propene.3 Our
interest lies in the synthesis and catalytic behaviour of
orthometallated triaryl phosphite complexes and the role that
the metallation plays in their activities.4 So far the exploitation
of such systems has been limited to a few catalytic re-
ductions4b,5 and only one example of catalytic C–C bond
formation.6

One particularly important class of C–C coupling reaction is
the catalytic formation of non-symmetric biaryls (Scheme 1) by
the coupling of aryl halides with either arylboronic acids (the
Suzuki reaction) or aryltin reagents (the Stille reaction). In
general, catalyst loadings in such reactions are high (1–10
mol%) which imposes financial constraints on scaling up
reactions and problems associated with catalyst removal.
Therefore the synthesis of high activity catalysts which can be
used in low concentrations is a desirable goal. Recently, Beller
and co-workers reported the use of the metallated tris(2-

methylphenyl)phosphinepalladium(II) complex 1 as an efficient
catalyst for the Suzuki reaction.7 The ready ability of triaryl
phosphites to undergo analogous metallation reactions as well
as their ease of synthesis, commercial availability and very low
cost prompted us to examine the possibility of designing well-
defined orthometallated PdII–triaryl phosphite complexes capa-
ble of catalysing biaryl coupling reactions.

The reaction of bulky tris(2,4-di-tert-butylphenyl)phosphite
2 with PdCl2 gives the orthometallated dimer 3 in 96% yield.
Compound 3 has been characterised by satisfactory elemental
analysis, 1H and 31P NMR spectroscopy and by single crystal

X-ray analysis (Fig. 1).§ Compound 3 shows remarkable
stability to air and moisture—in solution it shows no sign of
decomposition after several weeks, whilst solid samples can be
kept in air for at least six months. No decomposition is observed
when 3 is heated at 130 °C in toluene for 24 h, demonstrating
that the catalyst also shows good thermal stability.

The coupling of aryl halides and phenylboronic acid
catalysed by 3 was investigated and representative results are
summarised in Table 1. With 4-bromoacetophenone as sub-
strate, extraordinarily high turnover numbers (TONs) of up to
1 000 000 [mol product (mol Pd)21] and turnover frequencies
(TOFs) of nearly 900 000 [mol product (mol Pd)21 h21] were
obtained at 110 °C. The previous highest activity with this
substrate was achieved with complex 1 which gave a TON of 74
000 at the higher temperature of 130 °C over 16 h.7 In the
present reaction, lowering the temperature to 70 °C leads to a
reduction in activity, but even at 20 °C high levels of activity are
observed relative to previous reports of ambient temperature
reactions.8 The reaction is strongly influenced by a change of
solvent or base, thus replacing toluene with THF at 70 °C leads
to a substantial drop in rate. Similarly, with NaOAc as the base
in DMA lower rates are observed.

With 4-bromobenzophenone as substrate high rates and
ultimate conversions are also seen. As expected, activity
decreases with increasing electron density on the aryl bromide.
For instance, when 4-bromoanisole is employed TOFs are about
two orders of magnitude lower than with 4-bromoacetophe-
none, however the ultimate TONs—up to 30 000—are, we
believe, without precedent.

Scheme 1 Suzuki [E = B(OH)2] and Stille (E = SnR3) biaryl coupling
reactions

Fig. 1 Molecular structure of 3. Thermal ellipsoids set at 50% probability.
All H-atoms omitted for clarity, as are all but the ipso-carbons of the non-
metallated aryl rings. Three But groups are disordered, only major
orientation of C7–10 shown. Selected distances (Å) and angles (°): Pd–C1
1.998(6), Pd–Cl 2.4180(16), Pd–Cla 2.4073(17), Pd-P 2.1668(17), P–O1
1.592(4), P–O2 1.585(4), P–O3 1.584(4), C1–Pd–P 80.7(2), P–Pd–Cl
100.35(6), Cl–Pd–Cla 83.92(6), Cla–Pd–C1 95.0(2), Pd–P–O1 108.3(2),
Pd–P–O2 120.4(2), Pd–P–O3 120.6(2).
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In the coupling reactions with higher catalyst concentrations
(!0.1 mol% Pd) deposition of palladium is observed in the later
stages of the reaction. Similarly, reaction of 3 with 1 equiv. of
PhB(OH)2 and K2CO3 in the absence of an aryl bromide leads
to deposition. When this reaction was repeated with 1 equiv. of
2 included, decomposition was inhibited and it was possible to
monitor the reaction by 31P NMR spectroscopy. The spectrum
after 30 min showed the mixture to be predominantly 2 and 3
but amongst other minor peaks two relatively major low field
double doublets were apparent.¶ We have tentatively assigned
these to the two isomers of [Pd(Ph){P(OC6H2-2,4-But

2)-
(OC6H3-2,4-But

2)2}{P(OC6H3-2,4-But
2)3}] in which the P

atoms are disposed trans (major) or cis (minor). Also apparent
is a small peak at d 218.3. Such a high field shift is consistent
with the formation of a Pd0–phosphite complex. We postulate
that reductive elimination of the orthometallated phosphite aryl
and a phenyl groups occurs, yielding a catalytically active zero
valent palladium species. This is in accord with findings for the
use of 1 in the Stille reaction.9 However, a PdII/PdIV couple has
recently been suggested to be active in the Heck arylation of
alkenes catalysed by 1 and related complexes10 and at this stage
we cannot rule out a related pathway.

Encouraged by the results obtained in the Suzuki reaction we
decided to investigate the application of 3 to the Stille reaction.
Representative results for the coupling of tributylphenyltin with
aryl bromides are summarised in Table 2. With 4-bromoaceto-
phenone as substrate TONs of up to 840 000 were achieved
within 18 h at 120 °C. To the best of our knowledge this is the
highest reported activity to date, comparing well with that
obtained with 1 which gives a TON of 1650 in the coupling of
4-bromoacetophenone with PhSnMe3 at the same temperature.9
The reaction is again somewhat more sluggish with 4-bromo-
anisole, but useful conversions are still obtained.

In summary the complex 3 is extremely active in biaryl
coupling reactions under both Suzuki and Stille conditions and

consequently can be used in very low concentrations. In view of
this unprecedented activity and the low cost of 2—at least two
orders of magnitude cheaper than tris(2-methylphenyl)phos-
phine—we believe that it will be the catalyst of choice in such
reactions. We are currently investigating its application to
further catalytic processes. Preliminary investigations show it to
be extremely active in the Heck arylation of alkenes, showing
TONs of up to 5.75 million for activated aryl bromides, and
these findings will be published elsewhere.

This work was supported by Forbairt and the Trinity Trust
Foundation. We thank Johnson-Matthey for the generous loan
of palladium salts and Cork University Foundation for the
purchase of an X-ray diffractometer.

Notes and References

† E-mail: bedfordr@tcd.ie
‡ New address: Department of Chemistry, University of Exeter, Exeter, UK
EX4 4QD
§ Crystal data for 3: C84H124Cl2O6P2Pd2, M = 1575.47, triclinic, space
group P1̄, Z = 1, a = 11.957(1), b = 12.911(3), c = 15.300(3) Å, a =
81.08(2), b = 69.46(1), g = 76.45(1)°, V = 2143.3(6) Å3, T = 293(2) K,
m = 0.566 mm21, the final R-factor was 0.057 for 4257 reflections with I
> 2s(I). CCDC 182/978.
¶ NMR data: dP 155.2 and 118.1 (2JPP = 29.8 Hz) (minor isomer) and 141.4
and 117.3 (2JPP = 868.4 Hz ) (major isomer).

1 K. Nozaki, N. Sakai, T. Nanno, T. Higashijima, S. Mano, T. Horiuchi
and H. Takaya, J. Am. Chem. Soc., 1997, 119, 4413 and references cited
therein; A. van Rooy, E. N. Orij, P. C. J. Kamer, F. van den Aardweg and
P. W. M. N. van Leeuwen, J. Chem. Soc., Chem. Commun., 1991, 1096;
A. Polo, C. Claver, S. Castillón, A. Ruiz, J. C. Bayon, J. Real, C. Mealli
and D. Massi, Organometallics, 1992, 11, 3525; N. Sakai, K. Nozaki
and H. Takaya, J. Chem. Soc., Chem. Commun., 1994, 395.

2 T. Horiuchi, E. Shirakawa, K. Nozaki and H. Takaya, Tetrahedron:
Asymmetry, 1997, 8, 57.

3 K. Nozaki, N. Sato and H. Takaya, J. Am. Chem. Soc., 1995, 117,
9911.

4 (a) R. B. Bedford, P. A. Chaloner and P. B. Hitchcock, J. Chem. Soc.,
Chem. Commun., 1995, 2049; (b) R. B. Bedford, S. Castillon, P. A.
Chaloner, C. Claver, E. Fernandez, P. B. Hitchcock and A. Ruiz,
Organometallics, 1996, 15, 3990.

5 L. N. Lewis, J. Am. Chem. Soc., 1986, 108, 743; L. N. Lewis, Inorg.
Chem., 1985, 24, 4433.

6 L. N. Lewis and J. F. Smith, J. Am. Chem. Soc., 1986, 108, 2728
7 M. Beller, H. Fischer, W. A. Herrmann, K Öfele and C. Brossmer,

Angew.Chem. Int. Ed. Engl., 1995, 34, 1848.
8 J. C. Anderson, H. Namli and C. A. Roberts, Tetrahedron, 1997, 53, 15

123; J. C. Anderson and H. Namli, Synlett, 1995, 765.
9 J. Louie and J. F. Hartwig, Angew. Chem., Int. Ed. Engl., 1996, 35,

2359.
10 B. L. Shaw, New J. Chem., 1998, 77; B. L. Shaw, S. D. Perera and E. A.

Staley, Chem. Commun., 1998, 1361.

Received in Cambridge, UK, 3rd August 1998; 8/06041J

Table 1 Suzuki coupling of aryl bromides with phenylboronic acid catalysed by 3. Reaction conditions: 10 mmol aryl bromide, 15 mmol PhB(OH)2, 20 mmol
base in 30 ml solvent

Aryl bromide Solvent [Pd]/mol% Base T/°C t/h Conversion (%)a
TON/mol product
(mol Pd)21

4-bromoacetophenone DMA 0.1 NaOAc 130 18 66 660
4-bromoacetophenone DMA 0.1 K2CO3 130 1 19 190
4-bromoacetophenone DMA 0.1 K2CO3 130 15 98 980
4-bromoacetophenone toluene 0.1 K2CO3 110 1 100 1000
4-bromoacetophenone toluene 0.0001 K2CO3 110 1 87 870 000
4-bromoacetophenone toluene 0.0001 K2CO3 110 2.25 100 1 000 000
4-bromobenzophenone toluene 0.0001 K2CO3 110 1 33 330 000
4-bromobenzophenone toluene 0.0001 K2CO3 110 15 60 600 000
4-bromoacetophenone toluene 0.1 K2CO3 70 2 100 1000
4-bromoacetophenone THF 0.1 K2CO3 70 2 20 200
4-bromoacetophenone toluene 0.1 K2CO3 20 2 95 950
4-bromoanisole toluene 0.1 K2CO3 110 1 97.5 975
4-bromoanisole toluene 0.001 K2CO3 110 1 5 5000
4-bromoanisole toluene 0.001 K2CO3 110 15 16 16 000
4-bromoanisole toluene 0.001 K2CO3 130 15 30 30 000

a Determined by GC and/or 1H NMR analysis of reaction mixture samples, based on aryl bromide.

Table 2 Stille coupling of aryl bromides with PhSnBu3 catalysed by 3.
Reaction conditions: 4 mmol aryl bromide, 5 mmol PhSnBu3 in 20 ml
toluene

Aryl bromide [Pd]/mol% T/°C t/h
Conversion
(%)a

TON/mol
product
(mol Pd)21

4-bromoacetophenone 0.2 100 17.5 54 270
4-bromoacetophenone 0.2 120 15 100 500
4-bromoacetophenone 0.0001 120 18 83 830 000
4-bromoanisole 0.1 120 15 84 840

a Determined by GC and/or 1H NMR analysis of reaction mixture samples,
based on aryl halide.
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Friedel–Crafts reactions in room temperature ionic liquids
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Friedel–Crafts reactions in the ionic liquid system 1-methyl-
3-ethylimidazolium chloride–aluminium(III) chloride can be
performed with excellent yields and selectivities, and in the
case of anthracene, have been found to be reversible.

The possibility of carrying out chemical transformations in low
temperature ionic liquids has, to date, received little attention.1
Ionic liquids such as the [emim]Cl–AlCl3 ([emim]+ =
1-methyl-3-ethylimidazolium cation) system have been shown
to demonstrate catalytic activity in reactions such as Friedel–
Crafts acylations,2,3 alkylation reactions,4 isomerisation of
alkanes,5 and the alkylation of isobutane with butene.6 Here, we
present a series of reactions of AcCl with carbocyclic aromatic
compounds in acidic compositions (X = 0.67)‡ of [emim]Cl–
AlCl3 (Fig. 1) and compare their performance with similar
reactions in ‘conventional’ molecular solvents.

To date, there have been very few publications detailing
reactive chemistry in ionic liquids.1 With the development of
ambient temperature ionic liquids, the possibility of investigat-
ing chemical processes in these new solvents provides an
interesting challenge. One of the most studied ionic liquids is
the [emim]Cl–AlCl3 system.7,8 An investigation of the Friedel–
Crafts reactions of simple benzene derivatives in this medium
has been performed by Wilkes.3 With a view towards
developing reactions for clean synthesis in ionic liquids, a
number of Friedel–Crafts acetylation reactions have now been
performed. The Friedel–Crafts reactions of five simple aromatic
compounds has been investigated and are shown in Table 1.

The reactions work efficiently, giving the stereoelectron-
ically-favoured product. In the acetylation reaction of naph-
thalene 1, the major product was the thermodynamically
unfavoured 1-isomer, with a 2% yield of the 2-isomer. This is in
accordance with best literature yield and selectivity.9,10 It has
been suggested that the position of attack on naphthalene is
determined to a large extent by steric factors.11 For example, if
the reaction is carried out in nitrobenzene or nitromethane,11 the
2-isomer is the major product and the acylating agent is thought
to be an AcCl–AlCl3–nitrobenzene complex. In the ionic liquid,
the acylation agent is thought to be the free acylium ion.3,12,13

Since the acylium ion is much smaller than the adduct, attack at

sterically more hindered positions can occur.3,13 In the ionic
liquid, subsequent rearrangement of 1- or 2-acetylnaphthalene
was not observed to occur. This was confirmed when the
products were heated to 100 °C and in the presence of added
hydrogen chloride,14 and no further reaction was observed. In
the acetylations of toluene 2, chlorobenzene 3 and anisole 4, all
the major products were the 4-isomers. In these cases, the
2-isomers were present, but at levels less than 2%. These yields
and selectivities were as good as the best published results.15–17

With the reaction of 1,1,2,6-tetramethyl-3-isopropylindane 5,
the fragrance traseolide (5-acetyl-1,1,2,6-tetramethyl-3-iso-
propylindane) was obtained in 99% yield as a single isomer. The
stereochemical arrangement of the indane ring was unaffected
by the reaction.

The acetylation reactions of anthracene were found to behave
in a different manner to those of simpler aromatic compounds.
Anthracene is generally considered to undergo acetylation
reactions primarily at the 9-position.18 Furthermore, the possi-
bility of diacetylation exists, and deacetylation reactions
complicate the chemistry, leading to a complex mixture of
products. Owing to the complexity of the reaction, it was
decided to monitor the variation of composition of the reaction
mixture with time by gas chromatographic analysis.

It can be seen from Table 2 that 9-acetylanthracene 7 is the
initial product in the reaction, formed rapidly in under 5 min, but
this subsequently undergoes a slow disproportionation to
anthracene and the two isomers of diacetylanthracene, 10 and
11. Also, small amounts of 1- and 2-acetylanthracene are
formed transiently. This implies that the monoacetylation of
anthracene is reversible. Since the 1,5- and 1,8-diacetylan-
thracenes are the only isomers found in the final products, only
the 1-acetylacthracene intermediate can undergo diacetylation.
A plausible mechanistic scheme for this reaction is given in
Scheme 1.

Fig. 1 The structure of the [emim]+ cation

Table 1 Friedel–Crafts acylation of aromatic compounds 1–5 with AcCl in
[emim]Cl–AlCl3 (X = 0.67)

Aromatic
compound T/°C t/h Products (% yield)

1 0 1 1-AcAr (89), 2-AcAr (2)
2 20 1 4-AcAr (98), 2-AcAr (1)
3 20 24 4-AcAr (97), 2-AcAr (2)
4 210 0.25 4-AcAr (99)
5 0 1 5-AcAr (99)

Table 2 The acetylation of anthracene 6 in [emim]Cl–AlCl3 (X = 0.67) at
0 °C

Composition (%)

Reaction time AcCl/equiv. 6 7 10 11

5 min 1.1 23 69 0 0
24 h 1.1 34 0 32 24
5 min 1.5 15 73 3 1

24 h 1.5 25 0 42 33
5 min 2.1 13 69 5 3

24 h 2.1 1 1 57 42
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It was decided to investigate the behaviour of 9-acetylan-
thracene in the ionic liquid. 9-Acetylanthracene dissolves in the
[emim]Cl–AlCl3 (X = 0.67) ionic liquid at 0 °C, and undergoes
a slow conversion to anthracene (33%), 8 (12%), 10 (31%) and
11 (22%) (Scheme 1). Initially, a very slow reaction was
observed. When a proton source (water) was introduced to the
reaction vessel, a more rapid reaction occurred suggesting a
proton-catalysed mechanism. The addition of small quantities
of water to the reaction vessel leads to the formation of
hydrogen chloride, which in chloroaluminate ionic liquids
behaves in a superacidic manner.14

From these observations, it is possible to propose a plausible
mechanism for the behaviour of 9-acetylanthracene in
[emim]Cl–AlCl3 (X = 0.67). It behaves in a manner that is very
similar to that shown in Scheme 1. The key initial step must
involve the protonation of 7 followed by loss of the acylium
ion.

The acetylation reactions of pyrene and phenanthrene were
also investigated (Table 3). The reaction of pyrene with AcCl in
the ionic liquid appeared to behave in a similar manner to that
of anthracene. The major products were the 1,6- and 1,8-iso-
mers of diacetylpyrene, 12 and 13, and the minor product was
identified as 1-acetylpyrene 14. This behaviour has not been
reported in previous acetylation studies.19 In the acetylation of
phenanthrene, the mono-acetyl derivatives are the major
products, with very little of the diacetyl products formed. As
expected, 9-acetylphenanthrene 15 is the major product, and the
minor products are the 1- and 2-isomers, 16 and 17. This is very
similar to conventional AlCl3 catalysed reactions of AcCl with
phenanthrene.20

Based on these initial results, ionic liquids appear to provide
an excellent medium for performing Friedel–Crafts reactions.
Simple aromatic compounds, such as toluene, anisole or
chlorobenzene are easily acetylated in yields that are equal to
the best literature yields.9–14 In addition, the regiochemical

control of these reactions is excellent. In the acetylation of
electron-rich polyaromatics, there is evidence that the reaction
is reversible and that deacetylation reactions are proton
catalysed. As for the mechanism of these reactions, the reaction
of naphthalene appears to show that the acetylating agent is
sterically small, and is probably the free acylium ion. It should
also be noted that carbocyclic aromatics, such as naphthalene,
phenanthrene and pyrene, form highly coloured compounds in
acidic [emim]Cl–AlCl3, probably p-complexes as they are
paramagnetic.21,22 The fact that paramagnetic species are
present, and that protons play a significant part in these
reactions, suggests that the classical mechanisms proposed for
the Friedel–Crafts reaction may need modification.

We are indebted to Unilever Research Laboratories, Port
Sunlight, for financial support, and wish to thank James Travers
for conducting preliminary studies and the EPSRC and the
Royal Academy of Engineering for the award of a Clean
Technology Fellowship (to K. R. S.).
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liquids with X(AlCl3) < 0.5 contain an excess of Cl2 ions over [Al2Cl7]2
ions, and are called ‘basic’; those with X(AlCl3) > 0.5 contain an excess of
[Al2Cl7]2 ions over Cl2, and are called ‘acidic’; melts with X(AlCl3) = 0.5
are called ‘neutral’.
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Scheme 1

Table 3 The acetylation of pyrene and phenanthrene in [emim]Cl–AlCl3

Composition (%)
Aromatic
compound T/°C Time

AcCl/
equiv.

Starting
material Products

Pyrene 20 2 h 1.2 32 13 (14), 55 (12 + 13)
Phenanthrene 210 5 min 1.5 0 55 (15), < 5 (17), 30 (16)
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Characterization of chlorine atom adducts of dimethyl and diphenyl sulfide in
CCl4
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The equilibrium constants for the association of chlorine
atom with dimethyl and diphenyl sulfide to form chlorine
atom adducts have been determined spectroscopically and
indicate that both adducts should be considered three
electron bond complexes.

Dimethyl sulfide (Me2S) is known to be the major natural
source of sulfur in the atmosphere.1 Removal of Me2S from the
atmosphere is believed to occur by the reaction of Me2S with
photolytically generated free radicals and halogen atoms.
Therefore, there has been considerable interest recently in
kinetic and mechanistic investigations of halogen atom reac-
tivity with sulfur containing species.2–6 An important aspect of
these investigations is the possibility of forming chlorine atom
adducts to sulfides. It is also important to understand the
physiochemical nature of the chlorine adducts in differing
physical environments, e.g. gas, interfacial and liquid phases.
This report presents a spectroscopic and kinetic methodology
for the determination of equilibrium constants (Keq) for the
formation of chlorine atom molecular complexes in carbon
tetrachloride solution. The equilibrium constants determined in
this work were compared to values of Keq for known p- and
s-chlorine atom complexes to determine the bonding nature of
the dimethyl sulfide and diphenyl sulfide chlorine atom
adducts.

The reason it is important to understand the strength of
interaction of chlorine atom adducts is that Keq will influence
subsequent reactivity of the individual components of the
system. Recently, in reports describing the photochemistry of
the diphenyl sulfide/chlorine atom adduct (Ph2S/Cl.), the
complex was assigned to a p-molecular complex7 owing to
similarities in its absorption spectrum to Cl./arene p-com-
plexes.8 The assignment is extremely intriguing in that the
dimethyl sulfide/chlorine adduct (Me2S|Cl) has been charac-
terized as a sulfur–chlorine three electron bond (2c–3e) adduct
by matrix isolation EPR spectroscopy,9 and in aqueous solution
by pulse radiolysis.10 Therefore, the question arises as to
whether Ph2S/Cl. may demonstrate dual complexation, that is,
p-interaction of Cl. with the aromatic rings and s-bond
formation with the sulfur center. This question may be
addressed by measuring the apparent reactivity of the Ph2S/Cl.
adduct with 2,3-dimethylbutane (DMB) at low concentrations
of complexing agent,11,12 and in turn determining Keq. The
results obtained then may be compared with the reactivity of the
known Cl·/benzene p-complex8 and the Cl./pyridine
s-complex.11,12

Chlorine atoms, and in turn Ph2S/Cl., were independently
generated by both pulse radiolysis† and 266 nm laser flash
photolysis (LFP) of CCl4‡ containing 1 3 1023 m Ph2S. Each
method of generation produced the same result, namely
absorption spectra containing two absorption bands
(lmax = 340 nm, 500 nm; see graphical abstract) that were
consistent with the absorption spectrum of Ph2S/Cl. previously
reported.7 Also consistent with the previous report was 1 3 1010

m21 s21 rate of formation of the Ph2S/Cl. complex and the 340
nm and 500 nm absorption bands of the Ph2S/Cl. complex
demonstrated identical kinetic behavior. From a detailed kinetic

analysis of selectivity in the photochlorination of DMB in the
presence and absence of benzene, Ingold and coworkers8

determined Keq = 200 m21 for the Cl./benzene p-complex, i.e.
Kbenzene = 200 m21. It has been demonstrated11,12 that Keq of
other Cl. complexes (Cl./M) may then be determined by
monitoring the apparent reactivity (kapparent) of the complex
with DMB using time resolved spectroscopy and the relation-
ship, KM = Kbenzene 3 kapparent(benzene)/kapparent(M). By
directly monitoring the formed complex, Cl./M, the apparent
reactivity reflects the extent of reversible dissociation§ to free
Cl., which then may be scavenged by DMB. The Ph2S/Cl.
complex demonstrated little reactivity towards DMB,
kapparent = 9.9 3 104 m21 s21. This results in Keq for formation
of the adduct (KPh2S) to be 3.2 3 1025 m21 according to Scheme
1 and the equation above with Kbenzene and kapparent(benzene),
see Scheme 2, being 200 m21 and 1.6 3 108 m21 s21,
respectively. For comparison, Keq for formation of the Cl./
pyridine s-complex is 1.2 3 105 m21 and
kapparent(pyridine) = 2.6 3 105 m21 s21.11 The Me2S/Cl· adduct
was also generated by both pulse radiolysis and LFP of CCl4
(lmax = 365 nm, see graphical abstract). Similar to the Ph2S/Cl.
results, Me2S/Cl. also demonstrted little reactivity toward
DMB, kapparent = 1.8 3 1025 m21 s21, yielding Keq = 1.73 3
105 m21, Scheme 3. This is true even at [Me2S] = 5 3 1024 m.
It should also be noted that in aqueous solution K for neutral
disssociation of Me2S|Cl ? Me2S + Cl. is << 10210 m21,
whereas K ≈ 4 m21 for the ionic dissociation to Me2S.+ + Cl2.10

In CCl4 there was no spectroscopic evidence of Me2S.+

Scheme 1

Scheme 2

Scheme 3
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formation, owing to the lack of solvating power of this
solvent.

In summary, the values of Keq for the Cl. adducts with
benzene, pyridine, Me2S and Ph2S in CCl4 are: 200 m21,
120000 m21, 173000 m21 and 320000 m21, respectively.
Gratifyingly, these results are in accordance with recent
theoretical determinations of the 0 K binding energies5,6 of 11.4
kcal mol21 for the Cl./pyridine complex [Table 2 in ref 5;
method used G2 (MP2, SVP)] and 12.32 kcal mol21 for the
Me2S|Cl complex [Table 5 in ref. 6; method used QCISD
(T)/DZP + ZPC]. The results presented demonstrate that the
bonding nature of the Ph2S/Cl adduct is not consistent with a
loosely bound p-molecular complex, and should be considered
a three-electron bond Ph2S|Cl adduct, as is the Me2S|Cl
complex. The methodology presented may prove useful in
future characterizations of R2S|Cl complexes in interfacial
and mixed-solvent systems.

The work described herein was supported in part by the
Office of Basic Energy Sciences of the U.S. Department of
Energy (Contribution No. NDRL-4075) and by Western
Michigan University. I would also like to thank Professor Yi-
Ping Liu for helpful discussions.
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† Pulse radiolysis experiments were performed using a 10 ns pulse of 8 MeV
electrons from the Notre Dame Radiation Laboratory linear accelerator
(LINAC). The pulse radiolysis apparatus has been described elsewhere.13

‡ CCl4 (Fisher Spectranalyzed) was distilled from K2CO3 (35 cm Vigreux
column) prior to use.

§ This methodology is only valid in the absence of radical chain
regeneration of Cl. which is not possible in the present experiments.
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A blue photoluminescent [Zn(L)(CN)2] (L = 2,2A-dipyridylamine) material
with a supramolecular one-dimensional chain structure

Kin-Ying Ho, Wing-Yiu Yu, Kung-Kai Cheung and Chi-Ming Che*

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong

A novel blue luminescent [Zn(L)(CN)2] complex (L =
2,2A-dipyridylamine) is synthesized and characterized by an
X-ray diffraction study; the crystal packing in the Zn
complex reveals that the molecules self-assemble by inter-
molecular hydrogen bonds [N–H···N·C distance =
2.965(7) Å] and face-to-face p–p aromatic stacking inter-
actions to form two-dimensional sheets.

Cyanometallates are useful motifs for the construction of
supramolecular structures having novel photoelectronic proper-
ties; the superstructure formation is usually achieved through
bridging linear covalent M–C·N–M bonding interactions.1
There have been relatively few attempts to harness terminal
cyanide ligand as a binding site for hydrogen bonding in the
synthesis of supramolecular assemblies. As part of our
endeavour to explore the potential application of some blue
luminescent metal complexes for molecular light-emitting
diode device fabrications,2 we are interested in the coordination
chemistry of zinc(ii) cyanides,3 the luminescence properties of
which have been little studied. Herein is decribed a blue
luminescent cyanozinc(ii) complex with 2,2A-dipyridylamine
ligand L, [Zn(L)(CN)2], and the solid state structure of which
shows cooperative N–H···N·C hydrogen bonding and p–p
stacking interactions.

The zinc(ii) complex was prepared by prolonged reflux of a
methanolic suspension of Zn(CN)2 with L.† Using hot methanol
the product was isolated as pale yellow crystals suitable for an
X-ray crystallographic study.‡ Fig. 1 depicts a perspective view
with atom numbering of the molecule. The Zn atom adopts a
distorted tetrahedral coordination geometry and the measured
Zn–N(1)/(3) distances are 2.037(4) and 2.046(4) Å, and the Zn–
C(1)/(2) distances are found to be 1.987(6) and 2.007(6) Å. The
observed Zn–N distances are comparable to the corresponding
bond distances [2.148(9) and 2.082(9) Å] found for a related

[Zn(L)(dien)](NO3)2 complex [dien = bis(2-aminoethyl)-
amine].4 The C(1)–Zn–C(2) bond angle is 108.3(2)°, whereas
the N(1)–Zn–N(3) angle is 92.3(2)°.

As shown by the crystal packing (Fig. 2), the molecules are
self-organized by extensive intermolecular hydrogen bonds
between the amino and the cyano groups (N–H···N·C) of the
adjacent molecules, with obvious directionality and short
intermolecular contact between successive nitrogen atoms
[N···NA distance = 2.965(7) Å]. The N(2)–H(1)···N(4A) bond
angle is 154(5)°, therefore a polymeric one-dimensional zigzag
chain results. A related report by Cotton and co-workers5 also
revealed that the pseudo-tetrahedral [Co(L)2] molecules stack
together to form a one-dimensional ribbon with molecules
linked through intermolecular hydrogen bonding. In the present
[Zn(L)(CN)2] complex face-to-face p–p stacking interactions
between the aromatic rings of the 2,2A-dipyridylamine ligand are
also evident, the interplanar separations are in the range 3.5–3.7
Å, and the glide-related complexes are linked in a head-to-head
fashion to generate a supramolecular architecture of an infinite
two-dimensional sheet. Inspection of the crystal packing shows
that there are two kinds of two-dimensional sheets constituted
by the same array of intermolecular forces but having the p–p
stacking interactions aligning along different directions, hence a
herringbone-type pattern is created.6

The spectroscopic and emission data of [Zn(L)(CN)2]
complex are listed in Table 1. In MeOH, the absorption
spectrum of the complex is dominated by intraligand p–p*
transitions at 255 and 315 nm. In solution, the complex displays
a high energy emission with lmax = 359 nm and t = 10 ns at
298 K. Because there is no significant shift in emission energy
for the related [Zn(L)X2] (X = CN, OAc, Cl) complexes,† the
emission is neither MLCT (metal-to-ligand charge transfer) nor
LMCT (ligand-to-metal charge transfer) in nature. We tenta-
tively assign it to the intraligand 1(p–p*) fluoresence since a
similar emission with lmax at 357 nm is also observed for the
free ligand. Interestingly, in both solid state and in 77 K MeOH–
EtOH glassy solution, the corresponding intraligand 3(p–p*)

Fig. 1 Perspective view of [Zn(L)(CN)2] [50% thermal ellipsoids except for
H(1)] and atom-numbering scheme. Significant bond distances (Å) and
angles (°): Zn(1)–N(1) 2.037(4); Zn(1)–N(3) 2.046(4); Zn(1)–C(1)
1.987(6); Zn(1)–C(2) 2.007(6); N(2)–H(1) 0.91(6). N(1)–Zn(1)–N(3)
92.3(2); N(1)–Zn(1)–C(1) 116.3(2), N(1)–Zn(1)–C(2) 108.4(2);
N(3)–Zn(1)–C(1) 108.4(2); N(3)–Zn(1)–C(2) 110.0(2); C(1)–Zn(1)–C(2)
118.3(2).

Fig. 2 Herringbone-type crystal packing pattern of [Zn(L)(CN)2] molecules.
The molecules are self-assembled to form extended 2-D sheets by
cooperative p–p stacking interactions and extensive intermolecular hydro-
gen (N–H···N·C) bonds.
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phosphorescence has also been observed. As shown in Fig. 3,
the lower energy 3(p–p*) emission at 392 nm (lifetime = 0.33
ms) shows a well resolved vibronic structure with a vibrational
spacing of ca. 1350 cm21 that is assigned to the skeletal
stretching of the ligand.

The [Zn(L)(CN)2] complex shows an extended two-dimen-
sional structure through cooperative hydrogen bonding and p–p
stacking interactions. Its polymeric structure and the blue
photoluminescence highlight the potential application of the
zinc(ii) cyanide complex as an advanced material for blue-light
emitting diode devices.

We acknowledge the support from The University of Hong
Kong and The Hong Kong Research Grants Council.
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† Preparation of [Zn(L)(CN)2]. A methanolic solution (20 cm3) of L
(0.17 g, 1 mmol) was added to a refluxing suspension of Zn(CN)2 (0.12 g,
1 mmol) in MeOH (30 cm3). The mixture was refluxed overnight. After
cooling to room temperature, the white solid was collected by filtration. The
product complex was extracted from the white solid into boiling methanol,
and pale yellow crystals were obtained on cooling of the hot methanolic
extract (overall yield: 60%). FT-Raman: 2164, 2153, 1619, 1587 and 1436
cm21. 1H NMR (270 MHz, CD3OD, TMS): d 10.11 (s, 1H), 8.20 (d, 2H, 3J
= 4.3 Hz), 781 (t, 2H, 3J = 7.3 Hz), 7.56 (d, 2H, 3J = 7.2 Hz), 7.02 (t, 2H,
3J = 6.0). FAB-MS: m/z 289 [M]+, 261 [M 2 CN]+. Anal. Calc. for
C12H9N5Zn (Mr = 288.62): C, 49.94; H, 3.14; N, 24.27. Found: C, 49.99;
H, 3.02; N, 24.41%.

Preparation of [Zn(L)(OAc)2]. A methanolic solution (20 cm3) of L (0.17
g, 1 mmol) was added to a refluxing solution of Zn(OAc)2·2H2O (0.22 g, 1
mmol) in MeOH (30 cm3). The mixture was refluxed overnight. After
cooling to room temperature, the solvent was removed by rotary
evaporation, and the white residue was recrystallized by slow diffusion of
diethyl ether into methanolic solution to afford colorless crystals (overall
yield: 85%). 1H NMR (270 MHz, CD3OD, TMS): d 8.38 (dd, 2H, 4J = 1.2
Hz, 3J = 5.6 Hz), 7.93 (td, 2H, 4J = 1.9 Hz, 3J = 7.9 Hz), 7.20 (d, 2H, 3J
= 8.6 Hz), 7.16 (td, 2H, 3J = 6.5, 4J = 1.0 Hz). FAB-MS: m/z: 294 [M -
OAc]+. Anal. Calc. for C14H15N3O4Zn (Mr = 354.67): C, 47.41; H, 4.26; N,
11.85. Found: C, 47.25; H, 4.21; N, 11.92%.

Preparation of [Zn(L)Cl2]. A similar procedure as for [Zn(L)(OAc)2]
was employed, except that hot DMF was used for recrystallization (overall
yield: 80%). 1H NMR (270 MHz, CD3OD, TMS): d 8.20 (d, 2H, 3J = 2.6
Hz), 7.80 (m, 2H), 7.58 (d, 2H, 3J = 8.4 Hz), 7.01 (t, 2H, 3J = 6.3 Hz).
FAB-MS: m/z = 270 [M 2 Cl]+. Anal. Calc. for C10H9Cl2N3Zn (Mr =
307.49): C, 39.06; H, 2.95; N, 13.67. Found: C, 38.93; H, 2.99; N,
13.75%.
‡ Crystal data for [Zn(L)(CN)2]: Mr = 288.62, monoclinic, space group Cc
(no. 9), a = 16.305(1), b = 6.445(2), c = 13.166(3) Å, b = 115.24(1)°, U
= 1251.5(5) Å3, Z = 4, Dc = 1.532 g cm23, m(Mo-Ka) = 19.51 cm21,
F(000) = 584, T = 301 K, 1084 unique reflections (2q < 48°, Rint = 0.012)
were measured and 931 with I > 3s(I) were used in the refinement. R =
0.024, Rw = 0.030 with a goodness-of-fit of 1.62. CCDC 182/974.
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C.-M. Che, Chem. Commun., 1998, in press.
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4 N. Ray and B. Hathaway, J. Chem. Soc., Dalton Trans., 1980, 1150.
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Table 1 Photophysical data for [Zn(L)(CN)2] and derivatives

Emission l/nm

Complex
UV–VIS l/nm
(e/dm3 mol21 cm21)a 298 Kb 77 Kc Solid stated

[Zn(L)(CN)2] 257 (18000), 316
(16000)

359 351, 392 363, 418

[Zn(L)(OAc)2] 257 (20000), 315
(18000)

359 349, 389 378

[Zn(L)Cl2] 255 (18000), 315
(17000)

360 348, 390 378

a In MeOH at 298 K. b In degassed MeOH. c In MeOH–EtOH (1 : 2). d At
298 K.

Fig. 3 Emission spectrum of [Zn(L)(CN)2] (excited at 315 nm) in MeOH–
EtOH (1 : 2) glassy solution at 77 K.
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Synthesis and characterisation of a pair of azo anion radicals bonded to
ruthenium(II)

Maya Shivakumar, Kausikisankar Pramanik, Prasanta Ghosh and Animesh Chakravorty*

Department of Inorganic Chemistry, Indian Association for the Cultivation of Science, Calcutta 700 032, India. E-mail:
icac@iacs.ernet.in

The reactions of 1-methyl-2-(p-chlorophenylazo)imidazole
(L1) and 2-(phenylazo)pyridine (L2) with [Ru(H)(X)-
(CO)(PPh3)3] (X = Cl, Br) have afforded the green
paramagnetic (S = 1⁄2) and EPR-active (g ≈ 2.00) title anion
radical complexes [Ru(L1·2)(Cl)(CO)(PPh3)2] 1 and
[Ru(L2·2)(Br)(CO)(PPh3)2] 2 in which the N–N bond lengths
lie near 1.35 Å.

Familiar systems with nitrogen–nitrogen single and double
bonds are hydrazines and azobenzenes. One-electron reduc-
tion1–3 of the azo group can lead to a bond order of 1.5 due to
population of the azo p* orbital, but no such species have so far
been isolated in pure form. Herein we describe the successful
synthesis and structural characterisation of a pair of azo anion
radicals bonded to bivalent ruthenium. The specific azo ligands
used are the 2-(arylazo)heterocycles L1 3 and L2 (general

abbreviation, L).4,5 The corresponding radical anions will be
represented as L1·2 and L2·2 respectively.

Addition of [Ru(H)(Cl)(CO)(PPh3)3]6 (0.1 mmol) to a solution
of L1 (0.26 mmol) in dry benzene (10 ml) followed by heating

Fig. 1 ORTEP diagram of [Ru(L1·2)(Cl)(CO)(PPh3)2] 1 (hydrogen atoms
are omitted for clarity). Selected bond distances (Å) and angles (°): Ru–
Cl(1) 2.416(2), Ru–P(1) 2.385(2), Ru–P(2) 2.393(2), Ru–N(1) 2.093(6),
Ru–N(3) 2.107(6), Ru–C(47) 1.854(8), N(2)–N(3) 1.369(8), O(1)–C(47)
1.116(8), P(1)–Ru–P(2) 175.25(8), Cl(1)–Ru–N(3) 162.6(2), N(1)–Ru–
C(47) 175.8(3), N(1)–Ru–N(3) 76.0(2), Ru–C(47)–O(1) 179.5(8).

Fig. 2 (a) ORTEP diagram of [Ru(L2·2)(Br)(CO)(PPh3)2] 2 (hydrogen
atoms are omitted for clarity). Selected bond distances (Å) and angles (°):
Ru–Br 2.521(3), Ru–P(1) 2.415(4), Ru–P(2) 2.399(4), Ru–N(1) 2.111(13),
Ru–N(3) 2.069(13), Ru–C(48) 1.843(17), N(2)–N(3) 1.341(17),
O(1)–C(48) 1.125(18), P(1)–Ru–P(2) 176.3(2), Br–Ru–N(3) 168.8(3),
N(1)–Ru–C(48) 175.5(6), N(1)–Ru–N(3) 76.3(5), Ru–C(48)–O(1)
175.3(14). (b) Powder EPR spectrum of 2 in the X-band (9.11 GHz) at 298
K. Instrument settings: power, 28 dB; modulation, 100 kHz; sweep center,
3200 G; sweep width, 1000 G; sweep time 240 s.
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to reflux for 1 h and subsequent cooling afforded the deep green
crystalline complex [Ru(L1·2)(Cl)(CO)(PPh3)2] 1 in 85% yield
(all operations were carried out in an oxygen free environ-
ment).† A similar reaction of L2 with [Ru(H)(Br)(CO)(PPh3)3] 6

in dry heptane furnished [Ru(L2·2)(Br)(CO)(PPh3)2] 2.† The
key to our success is the use of hydridic starting materials which
provide the reducing equivalent that is necessary for anion
radical generation, eqn. (1), via Ru–H bond cleavage.

[Ru(H)(X)(CO)(PPh3)3] + L ? [Ru(L·2)(X)(CO)(PPh3)2]
+ 1⁄2 H2 + PPh3 (1)

The solid complexes which are quite stable in dry air behave
as one-electron paramagnets (meff: 1, 1.80 mB and 2, 1.78 mB)
and display a single-line strong powder EPR signal (298 K) with
g = 2.000 for 1 and g = 1.999 for 2, the respective peak-to-
peak line-widths being 9 G and 18 G. This is consistent with the
azo anion radical description. The expected small 14N hyperfine
splitting is not resolved probably due to dominant anisotropic
contributions.2,7

The X-ray structures‡ of 1 and 2 are shown in Fig. 1 and 2;
Fig. 2 also displays the EPR spectrum of 2. In each case the L
ligand forms a planar five-membered chelate ring to which the
trans-RuII(PPh3)2 fragment lies nearly orthogonally. The halide
and carbon monoxide ligands are positioned trans to the azo and
heterocyclic nitrogen atoms respectively. The N–N distances,
1.369(8) Å in 1 and 1.341(17) Å in 2, are intermediate between
those of double ( ≈ 1.25 Å8) and single ( ≈ 1.45 Å9) bonds as
expected for the radical anion description.

Aerial oxidation of 1 and 2 in polar solvents gives
[Ru(L1)(Cl)(CO)(PPh3)2]+ 1+ and [Ru(L2)(Br)(CO)(PPh3)2]+

2+ which have been isolated as diamagnetic PF6
2 salts.† In

dichloromethane solutions the E1
2

values of the 1+/1 and 2+/2
couples are respectively 20.47 V and 20.39 V vs. SCE.
Reversible coulometric recycling between 1 and 1+ and between
2 and 2+ can be repeatedly performed in an inert atmosphere. A
wider application of our synthetic procedure for anion radical
generation is under scrutiny.

We thank the Indian National Science Academy, Department
of Science and Technology and the Council of Scientific and
Industrial Research, New Delhi for financial support. Affilia-
tion with the Jawaharlal Nehru Centre for Advanced Scientific
Research, Bangalore, India, is acknowledged.

Notes and References

† Satisfactory elemental analyses were obtained. Selected spectral data: 1,
UV–VIS (C6H6): lmax/nm (e/dm3 mol21 cm21) 568 (5000), 507 (4500),
390 (16400); IR (KBr, cm21) 1287m (N§N), 1918s (C°O). 2, UV–VIS
(C6H6): lmax/nm (e/dm3 mol21 cm21) 570 (2300), 540 (2200), 380 (7800);

IR (KBr, cm21) 1288m (N§N), 1925s (C°O). 1+PF6
2, UV–VIS (CH2Cl2):

lmax/nm (e/dm3 mol21 cm21) 524 (2940), 415 (12500), 294 (18500); IR
(KBr, cm21) 1312m (N§N), 1945s (C°O); dH (CDCl3; 300 MHz), 7.05 (s,
1H), 6.91 (d, J 8.9, 2H), 6.66 (d, J 8.9, 2H), 6.32 (s, 1H), 4.13 (s, CH3, 3H).
2+PF6

2, UV–VIS (CH2Cl2): lmax/nm (e/dm3 mol21 cm21) 515 (1970), 450
(2070), 380 (6600); IR (KBr, cm21) 1320m (N§N), 1960s (C°O); dH

(CDCl3; 300 MHz) 8.73 (d, J 7.8, 1H), 8.25 (t, J 7.9, 1H), 7.80 (d, J 5.4, 1H),
6.92 (t, J 8.1, 2H), 6.77 (t, J 6.0, 1H), 6.73 (d, J 8.4, 2H).
‡ Crystal data for 1: C47H39N4OP2Cl2Ru, M = 909.73, monoclinic, space
group P21/n, a = 10.029(2), b = 33.984(7), c = 12.386(3) Å, b =
97.15(3)°, U = 4189(2) Å3, Z = 4, m = 0.620 mm21, total reflections
collected 6866, unique reflections 6218, final R indices for 4109 observed
[I > 2s(I)] reflections: R1 = 0.0547, wR2 = 0.1015; 2:
C48H39N3OP2BrRu, M = 916.74, monoclinic, space group P21/c, a =
10.226(5), b = 17.443(7), c = 22.760(8) Å, b = 97.75(3)°, U = 4023(3)
Å3, Z = 4, m = 1.506 mm21, total reflections collected 6186, unique
reflections 5703, final R indices for 3402 observed [I > 2s(I)] reflections:
R1 = 0.1010, wR2 = 0.2591. All crystallographic measurements were
performed using a Siemens R3m/V four-circle diffractometer and data were
collected by the w-scan method. The structures were solved by the Patterson
heavy-atom method (SHELXTL-Ver. 5.03) and refined on F2 by full matrix
least squares using all unique data.10 All nonhydrogen atoms for 1 and 2 are
anisotropic with H-atoms included in calculated positions (riding model).
Empirical absorption corrections for both cases were carried out on the basis
of azimuthal scans.11 One phenyl ring of P(1)Ph3 and one of P(2)Ph3

displayed two-fold disorder around C(13)–C(16) and C(31)–C(34) axes
respectively in 1. The crystal of 2 was relatively poorly diffracting and the
peaks were broad. CCDC 182/977.
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Selective synthesis of MeCHO by C2H4–(O2+NO) cell system

I. Yamanaka,† A. Nishi and K. Otsuka

Department of Chemical Engineering, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152-8552, Japan

The formation rate of MeCHO and current for the C2H4 ¡ Pd
¡ H3PO4 ¡ graphite ¡ O2 + NO (NO2) cell are ten times higher
than those for the C2H4 ¡ Pd ¡ H3PO4 ¡ Pt ¡ O2 cell.

The selective synthesis of MeCHO has been demonstrated by
a C2H4–O2 cell system that was assembled as [C2H4, H2O(g) ¡
Pd-black/graphite/PTFE anode ¡ aq. H3PO4 in silica wool ¡ Pt-
black/graphite/PTFE cathode ¡ O2].1 Oxidation of C2H4 to
MeCHO at the anode [eqn. (1)] and reduction of O2 to H2O at
the cathode [eqn. (2)] proceeded respectively.

C2H4 + H2O ? MeCHO + 2 H+ + 2e2 (1)

1/2 O2 + 2 H+ + 2 e2 ? H2O (2)

The cell system has several advantages compared with the
current Wacker process using a mixture of C2H4 and O2
catalysed by PdCl2 and CuCl2 in HCl solution.2 For example, (i)
the cell system is chloride free, and (ii) no separation processes
for products and catalysts are required. Recent attractive
heterogeneous catalytic systems have the same advantages.3,4

The cell system has additional advantages, (iii) the reaction rate
and the current are easily controlled by variable resistance, and
(iv) the danger of explosion is reduced because C2H4 and O2 are
separated by the membrane.1,5–7 However, the rate of MeCHO
formation attained in this C2H4–O2 cell system (1 ~ 2 TON per
Pd atom in 1 h)1 has to be improved dramatically. The TON
obtained in the current Wacker process is greater than 10.2
Therefore, the purpose of this work is to demonstrate the
enhancement of the formation rate of MeCHO by one order of
magnitude for the C2H4–O2 cell system.

First, the potentials at the anode and the cathode for the
C2H4–O2 cell were measured at 353 K. The details of
electrochemical measurement have been described elsewhere.8
The potentials at the anode and the cathode were +0.26 V (vs.
Ag ¡ AgCl) and +0.86 V respectively under open circuit
conditions: the electromotive force (EMF) was 0.60 V. The
potentials were changed to +0.65 and +0.67 V under short
circuit conditions. The difference in the anode and the cathode
potentials under short circuit conditions is due to an Ohm
resistance. Thus, the over-potential at the anode was larger than
that at the cathode. However, it should be noted that a
considerable over-potential existed at the cathode, 32% of the
EMF, for the electrochemical reduction of O2.

If the over-potential at the cathode could be decreased by
some means, an additional electrochemical potential could be
applied at the anode which should increase the formation rate of
MeCHO and the current. On the basis of this concept, many
trials were performed for improving the rate of MeCHO
formation. In conclusion, it is found that the addition of nitric
oxide in a stream of O2 dramatically enhances the current and
the formation rate of MeCHO.

Fig. 1 shows a time profile for the formations of MeCHO and
CO2 [Fig. 1(a)] and for the current [Fig. 1(b)] with and without
addition of NO into an O2 stream. The apparent surface areas of
the electrodes were 2 cm2. The content of Pd in the anode was
120 mmol. When the circuit was shorted, a current of 3 mA
cm22 flowed and MeCHO was selectively produced ( > 97%).
When NO was added to the stream of O2, a drastic increase in
the current (35 mA cm22) and the formation rate of MeCHO

were observed. When the NO addition was stopped, the current
and the formation rate of MeCHO immediately decreased.
Then, the current and the formation rate of MeCHO increased
again with the addition of NO. It is clear that the addition of NO
to the O2 stream reversibly accelerates both the current and the
formation rate of MeCHO. Although the formation rate of CO2
was also increased by the addition of NO, the selectivity to
MeCHO was still quite high ( > 95%).

The cathode and anode potentials for the C2H4–(O2+NO) cell
system were measured. The cathode potential under open circuit
conditions is 1.0 V, which was considerably higher than the
value (0.86 V) for the C2H4–O2 cell. A separate experiment
showed that the cathode potential for the C2H4–NO cell was
0.85 V. When NO was added to the O2 stream in the cathode
compartment, formation of a dark brown gas was observed,
indicating the formation of NO2 [eqn. (3)]. The increase in the
cathode potential by the addition of NO and O2 must be due to
the formation of NO2, which could be a stronger oxidant than O2
or NO.

NO + 1/2 O2? NO2 (3)

The anode potential under open circuit conditions is 0.26 V.
The EMF for the C2H4–(O2+NO) cell is 0.74 V, which is larger
than the value (0.60 V) for the C2H4–O2 cell. When the circuit
was shorted, the potentials of the anode and the cathode were
changing to 0.88 and 0.93 V, respectively. The over-potentials
at the anode and cathode were 0.62 and 0.07 V. The over-
potential of 0.07 V at the cathode was smaller than that of 0.19
V for the C2H4–O2 cell, although the current was one order of

Fig. 1 Effects of NO addition into the O2 stream at the cathode on the
formation of MeCHO with the C2H4–O2 cell: (5) MeCHO and (Ω) CO2.
C2H4 (39 kPa), H2O (13 kPa), anode ¡ aq. H3PO4 in silica wool ¡ cathode,
O2 (51 kPa), He (50 kPa) or NO (50 kPa). T = 353 K. Anode: Pd-black/CF/
PTFE, total flow rate = 32 ml min21. Cathode: Pt-black/graphite/PTFE,
total flow rate = 32 ml min21.
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magnitude larger than that for the C2H4–O2 cell. This fact
suggests that the electrochemical reduction of NO2 is very easy
compared with that of O2.

The cathode used so far in this work was Pt-black/graphite/
PTFE. If the reduction of NO2 occurs quite easily, we may
exclude Pt-black from the cathode. In fact, a cathode without Pt-
black (graphite/PTFE cathode) showed very good electro-
catalytic performance; a high current of 40 mA cm22 and
selective MeCHO formation (3% yield and 8 TON in 1 h). The
optimum reaction conditions were studied for the C2H4–
(O2+NO) cell using the graphite/PTFE cathode. Then, a
maximum yield of 15% and 31 TON in 1 h were obtained,
which is fairly good productivity for MeCHO formation.

The results for the oxidation of C2H4 using different oxidants
are compared in Fig. 2. The cathode in these experiments was
graphite/PTFE. A current of 18.5 mA cm22 flowed and
MeCHO was selectively produced with the C2H4–NO2 cell,
although the pressure of NO2 was only 5 kPa. A mixture of O2

and NO was an excellent oxidant but O2 or NO alone were not
effective oxidant at the graphite cathode. When PNO was
reduced from 50 to 6 kPa for the C2H4–(O2+NO) cell, the
formation rate of MeCHO and the current were slightly
decreased. The influences of PNO on the formation rate and the
current were small. When NO2 (5 kPa) was introduced into the
anode compartment, catalytic oxidation of C2H4 to CO2 (1.2
mmol min21 cm22) and MeCHO (0.4 mmol min21 cm22)
proceeded under open circuit conditions. The selective synthe-
sis of MeCHO from C2H4 with NO2 catalysed by the Pd anode
does not proceeed. No enhancing effects due to the addition of
NO2 into the anode compartment on the formation of MeCHO
and the current were observed under short circuit conditions.
These facts confirm that NO2 produced from a mixture of O2
and NO works as a strong oxidant at the cathode.

The products for the reduction of NO2 and NO at the cathode
were trace formation of N2 and N2O in the gas phase and a small
amount of NH2OH or NH3 ( < 4% current efficiency) in the
diaphragm. There are no other products containing nitrogen.
These observations suggest that NO2 is being reduced to NO
and H2O [eqn. (4)].

NO2 + 2 H+ + 2 e2 ? NO + H2O (4)

The NO produced here would regenerate NO2 according to
[eqn. (3)]. Thus, NO works as a mediator (or catalyst) for the
electrochemical reduction of O2.
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Fig. 2 Effects of some oxidants of the C2H4–oxidant cell with graphite/
PTFE cathode on the Wacker oxidation. C2H4 (39 kPa), H2O (13 kPa),
anode ¡ aq. H3PO4 in silica wool ¡ cathode, oxidants. Oxidants: NO2 (5 kPa),
NO (20 kPa), O2 (50 kPa), NO (50 kPa) + O2 (51 kPa), and NO (6 kPa) +
O2 (51 kPa). T = 353 K.
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Simultaneous determination of dopamine, uric acid and ascorbic acid at an
ultrathin film modified gold electrode

Zhiqiang Gao*† and Hai Huang

Department of Chemistry, National University of Singapore, Kent Ridge, Singapore 119260, Republic of Singapore

Well-separated square wave voltammetric peaks for uric
acid, dopamine and ascorbic acid were observed at an
ultrathin polypyrrole–tetradecyl sulfate film modified gold
electrode, which can be used for simultaneous determination
of these species in the range of 1 to 500 mM with good
reproducibility.

Recently there has been a considerable effort in the develop-
ment of voltammetric methods for the determination of uric acid
(UA), dopamine (DA) and ascorbic acid (AA) in biological
samples. It is generally believed that direct redox reactions of
these species at bare electrodes are irreversible and therefore
require high overpotentials.1 Moreover the direct redox reac-
tions of these species at the bare electrodes take place at very
similar potentials and often suffer from a pronounced fouling
effect, which results in rather poor selectivity and reproducibil-
ity. The ability to determine UA, DA and AA selectively has
been a major goal of electroanalytical research.2 Since the basal
concentrations of UA, DA and AA in biological samples vary
from species to species in an extremely wide range, from 1.0 3
1027 to 1.0 3 1023 M,3 both sensitivity and selectivity are of
equal importance in developing voltammetric procedures.
Various approaches, mainly based on ion-exchange membrane
coated electrodes, have been attempted to solve the UA, DA and
AA determination problems.4–8 Ion exchange membranes of
both anionic and cationic nature have been developed to
electrostatically accumulate/trap oppositely charged analyte
molecules. Among them are Nafion,5 poly(ester sulfonic acid),6
poly(4-vinylpyridine)7 etc. However, the drawbacks of these
ion exchange membrane modified electrodes are their memory
effect, non-uniform thickness and poor reproducibility arising
from the solvent evaporation method used in the film prepara-
tion. Moreover, some of the valuable information is lost when
working with these ion exchange membrane modified elec-
trodes because the membranes only allow oppositely charged
species access to the electrode.

The electropolymerization of conducting polymers generally
results in polymer films which are uniform and strongly
adherent to the electrode surface. In addition the polymer films
can be deposited onto a small area with a high degree of
geometrical conformity and controllable thickness; this aspect
is particularly important in the manufacture of microsensors. In
short, fabrication of conducting polymer films is flexible and
easily controlled, hence provides an attractive means of
overcoming the problems caused by the solvent evaporation
method.

In this work, the feasibility of modifying gold electrodes in an
attempt to develop a sensitive voltammetric procedure for UA,
DA and AA was studied. A remarkable improvement in square
wave voltammetric responses of UA, DA and AA (voltam-
metric peaks were separated by about 150 mV from each other)
and a noticeable enhancement of voltammetric sensitivity were
observed at the polypyrrole–tetradecyl sulfate (PPy–TDS) film
modified gold electrode. All of these were brought about by the
combined catalytic function of the PPy–TDS film and the
minimized background current in square wave voltammetry.

The PPy–TDS film was deposited onto the gold electrode
galvanostatically in a deaerated solution saturated with pyrrole

and sodium tetradecyl sulfate. The film thickness was con-
trolled in the range of 20–25 nm by measuring the charge passed
during electrodeposition. The electrode was then rinsed thor-
oughly with water and conditioned by cycling the potential for
2 min between –0.20 and 0.50 V at a scan rate of 50 mV s21 (vs.
Ag/AgCl) in a 0.10 M pH 7.0 phosphate buffer solution. The
electrode was ready after a final rinse with water. Under
optimum experimental conditions for the deposition of PPy–
TDS film, the gold electrode was perfectly covered with an
ultrathin PPy–TDS film, confirmed by surface coverage
measurement using the copper under potential deposition
method.9

Fig. 1 shows square wave voltammograms of 0.50 mM DA,
UA and AA at both bare gold and the PPy–TDS film coated
gold electrodes. As can be seen in Fig. 1(a), a rather broad
oxidation peak appeared at about 0.32V at the bare gold
electrode and the peak potentials for UA, DA and AA were
indistinguishable. It is impossible to deduce any conclusive
information from the broad voltammetric peak. Depending on
the history of the electrode surface and the concentration ratios
of UA, DA and AA, the peak potential could vary from 0.30 to
0.5 V. As shown in Fig. 1(b), the presence of the PPy–TDS film
at the electrode surface resolved the mixed voltammetric
response into three well-defined voltammetric peaks at poten-
tials of 0.32, 0.17 and 0.015 V, corresponding to the oxidations
of UA, DA and AA, respectively. Furthermore, as indicated in
Fig. 1(b), substantial increases in peak currents were observed
due to the improvements in the reversibilities of the electron
transfer processes.10 This suggests an efficient catalytic reaction
between the modified electrode and the three species in
solution. When cyclic voltammetry was conducted with the
modified gold electrode at different scan rates, good linearities
between the peak currents and the square roots of the scan rates
for UA, DA and AA were obtained, indicating diffusion-
controlled processes in solution. Rotating disk electrode
experiments also reached the same conclusions as those
obtained by voltammetry for all modified electrodes. No

Fig. 1 Square wave voltammograms of 0.50 mM UA, DA and AA at (a) a
bare gold and (b) a PPy–TDS film modified gold electrode (0.10 M pH 7.0
phosphate buffer, initial potential = 20.2 V, SW amplitude = 25 mV, SW
frequency = 15 Hz, SW step = 2 mV)
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obvious changes in the peak currents were observed when
increasing the film thickness from 20 nm to 1.0 mm, suggesting
that the PPy–TDS film has genuine catalytic function towards
the oxidation of UA, DA and AA, and that the electron transfer
processes within the film and at the film–solution interface are
sufficiently fast that they do not affect the catalytic currents of
UA, DA and AA. However, the charging current increased with
increasing film thickness, thus preventing us from determining
UA, DA and AA at micromolar levels. A similar catalytic effect
was also observed at PPy films doped with other anions, but
large charging currents were observed at PPy films doped with
small anions such as chloride, nitrate and sulfate.11 For practical
purpose, in order to minimize the charging current, the PPy–
TDS film should be kept as thin as possible, as long as the
electrode is completely covered by the PPy–TDS film.
Moreover, there is no memory effect at all since analytes cannot
penetrate into the highly compact and conductive PPy–TDS
film and the electron exchange process takes places at the PPy–
TDS film–solution interface.

The overall facility of the modified electrode for simultane-
ous determinations of UA, DA and AA was demonstrated in
solutions with simultaneous changes of concentrations. The
peak currents obtained increased linearly with increasing UA,
DA and AA concentrations in the range of 1.0 to 500 mM with
a correlation coefficient of 0.997–0.998. The detection limits
(signal-to-noise ratio = 3.0) for UA, DA and AA were found to
be 0.4, 0.4 and 0.6 mM respectively. The modified electrode
showed excellent anti-fouling properties. A series of 50
repetitive voltammetric determinations of sample solutions
containing 25 mM UA, DA and AA were used to evaluate the
stability of the modified electrode. The coefficient of variation
was found to be 5.5%, indicating that the modified electrode is
not subject to surface fouling by the oxidation products, which
are notorious for their surface fouling effects at the bare
electrodes.12 High stability was also observed in phosphate
buffer solutions containing high concentrations of chloride. For
example, no obvious deterioration was observed after 50
repetitive voltammetric runs in a 0.10 M pH 7.0 phosphate
buffer solution containing 0.15 M NaCl. The advantages
accruing from the catalytic function of the film improved the
selectivity of the voltammetric measurement of UA, DA or AA
in the presence of the other two. As demonstrated in Table 1, the
peak current obtained for a 25 mM of UA, DA or AA sample
solution was practically constant in the presence of a wide range
of concentrations of the other two species. In addition the slopes
of the calibration curves were almost the same as those obtained

with simultaneously changing concentrations of UA, DA and
AA.

In conclusion, we have demonstrated the possibility of using
the PPy–TDS film modified electrode for the simultaneous
determination of UA, DA and AA. The modified electrode
showed excellent sensitivity, selectivity and anti-fouling prop-
erties. The high selectivity was proved to be mainly attributed to
the catalytic function of the PPy–TDS film.
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Table 1 Square wave voltammetric data (SW amplitude = 25 mV, SW
frequency = 15 Hz, SW step = 2 mV) for 25 mM UA, DA and AA in mixed
solutions at the PPy–TDS film modified gold electrode

AA DA UA

DA + UA/
mM ipAA/mA

UA + AA/
mM ipDA/mA

DA + AA/
mM

ipUA/
mA

0.0 + 0.0 0.250 0.0 + 0.0 0.600 0.0 + 0.0 0.510
10 + 10 0.247 10 + 10 0.590 10 + 10 0.512
50 + 50 0.248 50 + 50 0.608 50 + 50 0.505

200 + 200 0.247 200 + 200 0.575 200 + 200 0.498
500 + 500 0.245 500 + 500 0.580 500 + 500 0.490

1000 + 500 0.225 500 + 1000 0.535 1000 + 1000 0.445
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Deep cavity [CpFe(arene)]+ derivatized cyclotriveratrylenes as anion hosts
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Even in the absence of hydrogen bonding functionality,
[CpFe(arene)]+ derivatized cyclotriveratrylenes 5 will bind
anionic substrates (i.e. [PF6]2, halides) deep within their
preorganized molecular cavities. The crystal structure of
5b[PF6]3·(CH3CH2OCH2CH3)1.5·(H2O) demonstrates the
[5b—(PF6)]2+ complex and solution halide binding is mon-
itored by 1H NMR spectroscopy.

The development of receptor molecules for the specific
complexation and/or detection of anions has over the years
proven to be a formidable task. In consequence, a rather large
and diverse array of supramolecular anion hosts has appeared.1
Currently, work in our group is aimed at designing anion hosts
by arranging positively charged organometallic moieties around
the bowl shaped cavities of polyaromatic macrocycles such as
calix[n]arenes and cyclotriveratrylene (CTV).2 Similar organo-
metallic anion receptors, including an amide functionalized
[CpFe(arene)]+ host,3c have been used extensively by Beer et al.
for the sensing of anionic species with remarkable selectivity,
although these hosts typically couple the function of charge
pairing interactions with hydrogen bonding residues.3 We
have found that the tetrametallated calixarene
[{(p-cymene)Ru}4(calix[4]arene 2 2H)]6+ 1, the dimetallated
CTV [{(p-cymene)Ru}2CTV]4+ 2, and related derivatives can
function as anion receptors, despite the absence of hydrogen
bonding functionality. The solution anion binding properties of
hosts such as 1 and 2, however, are typically complicated by the
ability of the host to bind anions at sites exterior to the host
cavity, as well as within.2 We herein report new deep-cavity
[CpFe(arene)]+-based anion hosts whose upper rim charge
preorganization allows binding of anions exclusively within the
host cavity, and without the use of hydrogen bonding resi-
dues.

Racemic cyclotriveratrylene-based hosts 5 were synthesized
as their [PF6]2 salts in good yield (75–85%) by SNAr
substitution of the respective [CpFe(chloroarene)][PF6]3a–c
complex with rac-cyclotriguaiacylene (CTG)4 4 in DMF
containing excess K2CO3 (Scheme 1).5 Neutralization of the
reaction mixture with 2 M HCl(aq.) followed by addition of
NH4PF6(aq.) and precipitation with water led to the products,
which were further purified by passing through a short column
of neutral alumina with acetone and reprecipitating with diethyl
ether.

The crystal structure of 5b [PF6]3·(CH3CH2OCH2-
CH3)1.5·(H2O)† demonstrates an approximate C3 symmetric
host conformation, with all of the [CpFe(arene)]+ substituents
directed up from the rim of the CTG moiety, and exemplifies the
ability of these new hosts to complex large anions deep within
their cavities (Fig. 1). One [PF6]2 ion is located central to the
host cavity with its three-fold symmetry axis matching that of
the pseudo three-fold axis of the host cation. The depth of cavity
penetration is highlighted by the fact that the phosphorus atom
lies approximately 0.6 Å below the plane defined by the iron
atoms. Short P···Fe distances of 5.16, 5.14, and 5.08 Å to the
three iron atoms of the host are representative of significant
charge pairing interactions between the included [PF6]2 anion
and all three metal centers of the host, whereas the other two
[PF6]2 anions each only exhibit similar close contacts to one
iron atom at 5.09 and 5.12 Å respectively.

The solution anion binding properties of hosts 5 become
evident upon examination of the 1H NMR spectrum of
[5b][PF6]3. In NO2CD3 the para substituted aromatic rings of
the upper rim [CpFe(arene)]+ moieties appear as a typical AB
pattern, indicative of fast rotation of this group on the NMR
timescale. Addition of [NBu4]Br results in the concomitant
splitting of this AB pattern into two separate patterns as the
rotation of the [CpFe(arene)]+ moieties is slowed as a
consequence of bromide binding. Thus, separate signals are
observed for sets of protons on the inside and outside of the
molecular cavity of 5b. In acetone-d6,‡ 5b displays inhibited
[CpFe(arene)]+ rotation even in the absence of bromide,

Scheme 1 Synthesis of deep cavity [CpFe(arene)]+-based hosts 5

Fig. 1 X-Ray crystal structure of 5b[PF6]3·(CH3CH2OCH2CH3)1.5·(H2O)†
depicting side and top views of [5b—(PF6)]2+ (see http://www.rsc.org/
suppdata/cc/1998/2109 for full colour version of this figure)
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probably indicating binding of the [PF6]2 anion in a fashion
similar to that observed in the crystal structure. A 1H–1H
NOESY experiment allows assignment of the four unique
protons according to Scheme 1 (e.g. Htop,inside = Hti). Although,
from this experiment, it is not possible to determine which set of
top (Ht_) and bottom (Hb_) protons (dark or light shaded)
correspond to the inside (H_i) of the cavity and which
correspond to the outside (H_o), 1H NMR titration experiments
with [NBu4]Br make this apparent. Fig. 2 shows that as up to
one equivalent of bromide is added, the chemical shifts of one
top/bottom set (dark shaded) of protons are more dramatically
affected than the other (Ddmax = 0.17, 0.29 ppm for Hti and
Hbi). This behavior is indicative of the difference in [PF6]2 and
bromide binding and these protons are thus assigned as those
corresponding to the inside of the molecular cavity (Hti and Hbi).
Similar effects are observed with the addition of NBu4Cl
(Ddmax = 0.30, 0.14 ppm for Hti and Hbi) although the
magnitude of the chemical shift change is larger for Hti than Hbi.
Conversely, addition of iodide affects Hbi more than Hti and also
more than the addition of bromide (Ddmax! 0.07, 0.35 ppm for
Hti and Hbi). No changes in chemical shifts are observed with
the addition of [NBu4][PF6].

In all instances precipitation of 5b[X]3 onsets when any
amount greater than one equivalent of halide is added and
association constants could not be determined due to these
constraints. This in itself is a significant feature of hosts 5,
however, since typical non-preorganized [CpFe(arene)]+ cati-
ons are acetone soluble and display essentially no 1H chemical
shift changes even in the presence of a large excess of halide.
Furthermore, the near linear dependence of the chemical shifts
of H_i on the amount of added halide suggests large association
constants and extremely efficient complexation of halides (vs.
[PF6]2) by the host in this solvent. That precipitation onsets
when more than one equivalent of halide is present is indicative
of a soluble [5b—X]2+ (X = Cl2, Br2, I2) species which will
precipitate in the presence of significant concentrations of
unbound halide. It is difficult to interpret the differences in
chemical shift behavior of Hti and Hbi with the different halides
but it is likely an artifact of the relative differences in host
conformations of [5b—(PF6)]2+ and the [5b—X]2+ species. On
the basis of these data, the relative preference of 5b for the

different sized halides cannot be definitively established, but the
overall greater changes in chemical shift for iodide complexa-
tion may suggest a preference for the larger halide.

The new anion hosts reported represent a new class of anion
receptor molecules whose binding properties are a direct
consequence of only appropriately arranged sites of positive
charge in the molecule. 5a–c have distinct advantages over
molecules such as 1 and 2 in that they do not possess significant
binding sites exterior to the molecular cavity. We anticipate that
the reactive chlorine substituents at the upper rim of 5b will
allow extension of the host cavity. Moreover, we are currently
investigating the distinct possibility of synthesizing new
metallated cryptophane6 host molecules by capping off 5b with
another cyclotriguaiacylene moiety. Finally, the chiral nature of
4, which can be resolved into its two optically active forms,4
may provide a unique opportunity to investigate enantio-
selective binding of anionic species using chiral hosts similar to
5.

We are grateful to the U.S. National Science Foundation for
support and NATO for the award of a Collaborative Research
Grant (ref. CRG 960320).
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Fig. 2. 1H NMR spectrum of 5b[PF6]3 (acetone-d6, 2.5 mM) with: (a) 0; (b)
0.35; (c) 0.60; (d) 1.00 equivalent of added NBu4Br; (e) 1.00 equivalent of
added NBu4Cl
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Raw montmorillonites treated with mixed Al–Fe pillaring
solutions, with Fe/(Al + Fe) molar ratio between 0.1 and 1,
and heated at 300 °C lead to large d-spacings according to
XRD which increase from 52 Å for the sample with the
lowest iron content to 76 Å for the pure Fe-treated clay
sample.

Pillared clay minerals (PILCs) are usually obtained by inter-
calation of large inorganic polymeric cations which exchange
the compensating cations from the clay, then dehydration and
dehydroxylation occur upon calcination to give metal oxide
clusters which act as pillars. These pillars separate adjacent
silicate layers which then increases the interlayer distance and
creates a permanent porosity between them.1

The synthesis of pillared clays has been investigated
extensively in the past two decades as a function of the nature of
the clays, the nature of the pillars and the conditions of pillaring.
Usually, polyoxo-cations of Al, Zr, Ti, Fe, etc. are incorporated
as pillars. Many reviews have been published.2,3 The synthesis
of pillared clays from mixed pillaring species is less common
and the formation of truly mixed pillars is not easy to confirm
when two cationic species are simultaneously intercalated.4

In most of the pillared clays reported to date the free height is
comparable to the van der Waals thickness of the host layers.
The term ‘supergallery’ has been used previously to describe
some pillared clays having high basal spacing and where the
thickness of the layer ( ≈ 10 Å) is smaller than the free
interlamellar heights. For example, iron-pillared clays are
obtained with basal spacing of ca. 23–27 Å5 and free heights of
ca. 13–17 Å. In an international patent, McCauley claimed
larger basal spacings ( > 40 Å) of pillared clays obtained by
incorporation of various rare earth metals in the trivalent state
with aluminium polycations in the clay layers.6 However claims
for gallery heights have never exceeded 40 Å.

In the present work, addition of Al and Fe pillaring solutions,
with Fe/(Al + Fe) molar ratio of 0–1 leads to a series of modified
Al–Fe-clays with very high distances according to XRD. The
products were obtained without incorporation of any non-ionic
surfactant or other organic polymeric compounds. The nature of
the iron pillaring oligomers is still not well known. In addition,
methods for preparing thermally stable Fe-PILCs have not been
established.

To study the diffraction patterns of the materials having
peaks at very low 2q angle, proper alignment and calibration of
the diffraction instrument is necessary to obtain a good accuracy
in the diffraction analysis. To verify that the following obtained
results are not an artefact, a low-angle diffraction calibration
standard product7 (silver behenate), considered as a standard
which has a set of well-defined (00l) diffraction peaks at 2q
angles down to 1.5° with Cu-Ka radiation, was used to calibrate
the XRD Siemens D 500 instrument (Fig. 1). The raw Wyoming
montmorillonite was received from Comptoir des Minéraux
(France). The elemental analyses of this crude montmorillonite
obtained by XRF, and corrected by the weight loss which is ca.
15%, are: 66.35% SiO2, 21.61% Al2O3, 4.29% Fe2O3, 2.70%
MgO, 0.02% MnO, 0.21% TiO2, 2.23% Na2O, 1.58% CaO,
0.61% K2O and 0.09% P2O5. The cation exchange capacity of

this clay was ca. 80 mequiv. per 100 g of calcined clay. This
material was used without further purification.

The oligomeric pillaring solutions were prepared by the
following methods: (i) Al13 oligomer: a solution containing
hydroxy-Al oligocations with OH : Al ratio of 2.2, was prepared
from 0.4 m AlCl3·6H2O and 0.4 m NaOH. Seven days ageing
was carried out at room temperature before use. (ii) Fe
oligomer: following the procedure of Rightor et al.,5 Na2CO3
powder was added gradually to an aqueous solution of 0.2 m
FeCl3, up to a base : Fe ratio of 2. The freshly resulting oligomer
was used immediately without ageing.

A 2% suspension of raw clay was prepared by dispersing 2 g
of montmorillonite in deionized water. Different amounts of Al
and Fe oligomers (Al + Fe = 100%), prepared by the methods
described above, were then added simultaneously to this clay
slurry to give the ratio of M : clay = 10 mmol (g of clay)21. The
suspension was aged for one day at room temperature. The clay
products were centrifuged and then washed by successive
agitations/centrifugations with deionized water until Cl2 free.
Specimens of the clay suspensions were dried on glass slides at
room temp. The samples were heated at 300 °C for 3 h. XRD
patterns were recorded using Ni-filtered Cu-Ka radiation.

XRD patterns of the various clay samples are shown in Fig. 2.
The d(001) spacing of the Al-sample is nearly 18 Å [Fig. 2(a)].
This value is similar to those generally reported for Al-PILCs
and indicates the success of pillaring. The mixed Al–Fe sample
[Fe/(Al + Fe) = 0.1] shows an additional peak at 52 Å which is
lower in intensity than the peak at 18 Å. The d(004) of this first
peak which must appear at nearly 13 Å, could be the origin of
the assymetrical behaviour of this reflection [Fig. 2(b)]. The Al–
Fe sample [Fe/(Al + Fe) = 0.2] gives two better defined peaks,
one at ca. 64 Å which indicates that increasing the amount of Fe
results in an increase in the d-value for the peak appearing at
low angle and the other at 16.7 Å with high intensity [Fig. 2(c)].
The position of this second peak coincides with the fourth order
(ca. 16 Å) of the 64 Å reflection, this again could explain the
high intensity of this second peak. The mixed Al : Fe sample
[Fe/(Al + Fe) = 0.5] has one peak at 72 Å and a second less
intense broad peak centered at ca. 15.7 Å [Fig. 2(d)]. In the pure

Fig. 1 Low angle XRD pattern of silver behenate powder deposited on glass
slide (——) and the glass slide support without sample (- - - -)
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Fe sample, the distance of the first peak reaches its maximum at
ca. 76 Å and the second very broad peak position shifts to a
lower distance of ca. 12 Å [Fig. 2(e)]. The general observation
in all these spectra is that increasing the amount of iron in the
initial solutions leads to (i) a shift of the first peak to lower angle
and (ii) to a shift of the second peak in the opposite direction
with an almost linear decrease in this case of the corresponding
basal spacing from 18 to 12 Å.

The high distance observed here for the iron pillared sample
was previously suspected by Yamanaka and Hattori,8 but not
shown by XRD. In fact, these authors comparing the adsorption
isotherms of different molecules by Al-, Zr- and Fe-PILCs
noticed that even though the basal spacings were similar in all
these pillared samples, a BET isotherm (presumably, type IV or
II) was observed for Fe whereas Langmuir isotherms (type I)
were obtained for Zr and Al. From this, they concluded that the
pore dimensions of the iron oxide pillared clay are probably
larger than those expected from the 16.7 Å obtained basal
spacing. They suggested that XRD analysis only reflects the
partial well-ordered stacking of the silicate layers, since the
remaining disordered parts are not revealed by XRD.

At this stage, the questions are what kind of iron species lead
to these high distances of the peaks and do these increasing
distances correspond to the interlamellar spaces between the
layers? TEM studies are in progress to answer to these
questions. In a study on partial hydrolysis of FeCl3, Tchoubar
et al.9 have shown in similar experimental conditions that the
sizes, which varied with time, of the obtained iron polymers,
were centered around 100 Å: thus our d values are perhaps not
so surprising. However, it is the first time, to our knowledge,
that the synthesis of montmorillonites treated by pillaring
solutions leading to such unexpectedly large distances of ca. 70
Å (XRD) is reported from a regular smectite clay.

The N2 BET specific surface areas, pore, mesopore and
micropore volumes of the treated clays are presented in Table 1.
The starting raw montmorillonite clay, heated at 300 °C,
exhibits a low surface area of 18.5 m2 g21, a low pore volume
of 0.06 cm3 g21 and a microporosity of 0.004 cm3 g21. Al-PILC
has, as expected, a surface area of 246 m2 g21, a pore volume of
0.18 cm3 g21 and a microporosity of 0.104 cm3 g21. With
increasing Fe/(Al + Fe) initial ratio, the surface areas of the
mixed treated clays decrease and reach 148 m2 g21 for the pure
Fe sample which is still 7 times higher than the surface area of
the heated starting clay. Here, the situation is very complex
because as shown in our previous studies,10 some precipitated
oxyhydroxide Fe species are retained by the clay outside the
interlamellar spaces and the intrinsic surface area is difficult to
define. Rather, a comparative global evolution has to be taken
into account in these clay materials. Moreover, the total pore
volumes of the mixed treated clays remain almost constant, ca.
0.23 ± 0.01 cm3 g21, while the microporosity of these clays
decreases with increased iron content and the residual micropo-
rosity value of the iron clay is very low. This indicates that
montmorillonite treated with Al–Fe pillared species, creates
essentially some mesoporosity between the clay particles,
which could be at the origin of these high distances. The pillars
may prevent access to the interlamellar spaces and the
microporosity decreases to zero, and other unknown species of
Al and Fe compounds could be obtained. All these possibilities
have to be quantitatively analysed and interpreted from TEM
images.

In conclusion, in this work unexpectedly large interlayer
distances for montmorillonites treated by mixed Al–Fe and Fe-
pillaring solutions are observed by XRD. These distances vary
from 52 to 72 Å and reach a maximum at 76 Å in the pure Fe
sample. Nevertheless, increasing the amount of iron leads to an
increase of mesoporosity instead of microporosity.

This work was supported by an Avicenne European Pro-
gramme No. 83. We thank D. Tchoubar and B. Jones for helpful
discussion.
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Table 1 XRD spacings and textural properties: surface area, porous (VP) and microporous (VmP) volumes of the treated montmorillonites (Mt) as a function
of Fe/(Al + Fe) molar ratio in the initial solutions, and of the starting raw clay heated at 300 °C. Mesoporous volume (VmP) is obtained by subtracting
microporous volume from total porous volume

Fe/(Al + Fe) Specific
initial molar First peak surface area/

Clay sample ratio d/Å m2 g21 VP/cm3 g21 VmP/cm3 g21 VmP/cm3 g21

Mt.Al 0 18.3 246 0.18 0.104 0.076
Mt.Al-Fe 0.1 52 230 0.22 0.082 0.138
Mt.Al-Fe 0.2 64 210 0.23 0.047 0.183
Mt.Al-Fe 0.5 72 202 0.24 0.034 0.206
Mt.Fe 1 76 148 0.22 0.002 0.218
raw Mt heated at 300 °C 0 ~ 10 18.5 0.06 0.004 0.056

Fig. 2 XRD patterns with oriented specimen, heated at 300 °C, of the clays
initially treated by the Al and Fe oligomer solutions in different ratios: (a)
Fe/(Al + Fe) = 0; (b) Fe/(Al + Fe) = 0.1; (c) Fe/(Al + Fe) = 0.2; (d) Fe/(Al
+ Fe) = 0.5 and (e) Fe/(Al + Fe) = 1
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Stereoselective debromination of aryl-substituted vic-dibromide with indium
metal

Brindaban C. Ranu,*† Sankar K. Guchhait and Arunkanti Sarkar

Department of Organic Chemistry, Indian Association for the Cultivation of Science, Jadavpur, Calcutta 700 032, India

Debromination of both meso and dl (erythro and threo) aryl-
substituted vic-dibromides with indium metal in MeOH
leads to trans-alkenes exclusively.

The protection-deprotection of olefins via bromination-debro-
mination is an important process in organic synthesis. Although
bromination generally proceeds smoothly and stereospecifically
to give high yields of dibromides, debromination at a later stage
in the synthesis often proves more difficult. This is primarily
because the efficiency of this process greatly depends upon the
stereoselectivity in the debromination step and compatibility of
the reagent with the carbon–carbon double bond formed and
other functionalities present in the substrates. Many reagents1

including metals like Zn,1d Mg1d and Sm,1h have been reported
in the literature for this reaction, but most of them are also
associated with the limitations regarding selectivity and com-
patibility. Thus, an efficient and selective procedure for
debromination of vic-dibromides is needed.

In recent times there has been increasing interest in indium-
mediated transformations because of certain unique properties
inherent to indium.2 However, although indium has been used
extensively in carbonyl addition reactions,2,3 its potential in
other domains has not been explored to any great extent.4
Because of the close resemblance of indium to magnesium and
zinc in several respects, including first ionization potential,
indium could also be a potential reducing agent. This prompted
us to initiate an investigation of indium-promoted reductive
debromination of vic-dibromides. We have observed that aryl-
substituted vic-dibromides undergo smooth debromination to
produce the corresponding (E)-alkenes when treated with
indium metal in MeOH (Scheme 1).

The experimental procedure is very simple. A mixture of vic-
dibromide (1 mmol) and indium metal (1 mmol,‡ cut into small
pieces) in dry MeOH (10 ml) was refluxed for a certain period
of time (Table 1) until completion of the reaction (TLC). MeOH
was removed and the residue was extracted with Et2O.
Evaporation of solvent followed by purification by silica gel
chromatography furnished the pure alkene in high yields.

A wide range of structurally varied aryl-substituted vic-
dibromides underwent debrominations by this procedure to
provide the corresponding alkenes. The results are summarised
in Table 1. Very interestingly, only trans olefins are obtained
from all the substrates, whether they are meso/erythro or dl/
threo (entries 1, 2, 4, 5, 8, 9). If debromination occurs by the
usual trans-elimination, meso/erythro- or dl/threo-vic-di-
bromides would give trans- or cis-alkenes, respectively. It is
therefore suggested that the reaction occurs via a common,
relatively stable radical or anion intermediate which directly
collapses to (E)-alkene. This speculation gains support from the
observations that cis-stilbene does not undergo isomerisation to
the trans isomer upon reflux with indium metal or oxidised

indium products§ from debromonation of erythro-1,2-dibromo-
1-phenyl-2-benzoylethane in MeOH, even after 8 h. The
presence of cis-stilbene was also not detected upon quenching
the debromination reaction of vic-dibromides of stilbene at an
intermediate stage.

In general, the reactions are very clean and high-yielding.
MeOH has been found to be the best solvent for this reaction; in
pure MeCN the debromination does not proceed at all. Several
sensitive functional groups, such as ketone carbonyl, carboxylic
ester, hydroxy, methoxy and chloro groups on aromatic rings,
remained unaffected under the present reaction conditions. No
over-reduction of the produced alkene was observed with any

Scheme 1 Reagents and conditions: i, In, MeOH, reflux

Table 1 Debromination of aryl-substituted vic-dibromides with indium
metal in MeOH

Entry Substrate t/h Product Yield
(%)a

a Yields refer to pure isolated products fully characterised by spectral and
analytical methods. b The reaction was performed at room temperature
(30 °C) with stirring. c MeOH–MeCN (1:1) was used as solvent instead of
MeOH to dissolve the vic-dibromide. d MeOH–MeCN (10:1) was used. e 2
equiv. of indium were used.
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substrate, unlike those reactions reported using Sm1h and Mg.5
As this reagent is inert to alkyl-substituted dibromides (entries
14, 15), selective debromination of aryl-substituted vic-di-
bromide moieties is achieved in the presence of alkyl-
substituted dibromide moieties (entry 16). This procedure is
also effective for the debromination of vic-dibromoalkenes to
the corresponding alkynes (entries 17, 18).

In conclusion, the present procedure provides an efficient and
general methodology for reductive debromination of aryl-
substituted vic-dibromides to the corresponding (E)-alkenes; to
the best of our knowledge this is the first report of indium-

promoted debromination of vic-dibromides.6 The significant
improvements offered by this method over other existing
debromination procedures1 are: no overreduction of the double
or triple bond formed, tolerance to several reducible functional-
ities, exclusive formation of (E)-alkenes from cis- as well as
trans-dibromides, selective debromination of aryl-substituted
dibromide moieties in presence of alkyl-substituted ones, and
the easy availability and apparently nontoxic nature of indium
metal.¶ Thus, this reaction is endowed with considerable
synthetic potential and may provide a new method for reductive
debromination and conversion of a cis-alkene to its trans-
isomer. Further investigations of more useful applications are in
progress.

We gratefully acknowledge financial support from CSIR,
New Delhi [Grant No. 01(1504)/98] for this investigation.
S. K. G. and A. S. are also thankful to CSIR for their
fellowships. We thank Mr A. Som for his help with this work
during his tenure as a summer project student in this laboratory
from IIT, Kanpur.
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‡ Debromination also proceeds in the presence of < 1 equiv. of indium;
however, the reaction is very slow, e.g. erythro-1,2-dibromo-1-phenyl-
2-benzoylethane (entry 8) takes 9 h with 0.5 equiv of In compared to 1 h
with 1 equiv under identical reaction conditions.
§ We thank one of the referees for this suggestion.
¶ Indium metal is not affected by air and moisture and thus does not require
any activation before reaction. Indium can be handled easily without any
special precautionary measures and is relatively inexpensive.
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Table 1 (cont.) Debromination of aryl-substituted vic-dibromides with
indium metal in MeOH

Entry Substrate t/h Product Yield
(%)a

a Yields refer to pure isolated products fully characterised by spectral and
analytical methods. b The reaction was performed at room temperature
(30 °C) with stirring. c MeOH–MeCN (1:1) was used as solvent instead of
MeOH to dissolve the vic-dibromide. d MeOH–MeCN (10:1) was used. e 2
equiv. of indium were used.
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A copper(I)-catalysed template synthesis of solvatochromic aryl-arsonium and
-stibonium systems and a synchrotron structural study of a tetraarylstibonium
di-iodocuprate

David W. Allen,*a Joanne P. L. Mifflina and Simon Colesb†
a Division of Chemistry, Sheffield Hallam University, Sheffield, UK S1 1WB
b Department of Chemistry, University of Wales, Cardiff, Cardiff, UK CF1 3TB

A route to solvatochromic tetraaryl-arsonium and -stibon-
ium phenolate betaines is described, together with a
synchrotron structural study of a precursor arylstibonium
di-iodocuprate salt in which both cation and anion have
unusual geometries.

Methods for the synthesis of aryl-arsonium or -stibonium salts
from tertiary arsines or stibines and aryl halides are limited, the
usual route being the reaction of the tertiary arsine or stibine,
commonly the triphenyl derivative, and an aryl halide, in the
presence of aluminium chloride at > 200 °C.1 We have shown
that tertiary phosphines react with aryl halides bearing appro-
priate donor atoms in the ortho position to the halogen in the
presence of catalytic quantities of nickel(II) or copper(II)
compounds under mild conditions in refluxing ethanol,2 and
were interested in exploring similar template-assisted reactions
of triaryl-arsines and -stibines. As triaryl-arsines and -stibines
coordinate readily to copper(I) halides to form complexes which
are labile in solution,3 we have investigated their reactions with
a series of template aryl halides in the presence of copper(I)
iodide, in acetonitrile, and wish to report the formation of
tetraaryl-arsonium and -stibonium systems in high yield under
these remarkably mild conditions. We have also applied this
procedure in the synthesis of the first solvatochromic tetraaryl-
arsonium and -stibonium iminophenolate betaines, the proper-
ties of which are compared with those of the related phosphon-
ium system. A synchrotron structural study of one
tetraarylstibonium salt is also reported, which reveals a
significant intramolecular coordinative interaction between the
onium centre and the donor atom in the ortho position of the
template system, and also the presence of a di-iodocuprate(I)
anion which interacts with a second di-iodocuprate anion via a
short copper–copper interaction to give a dinuclear anion.

The reaction of the aryl halides 1 (X = H, Z = OMe; X = Cl,
Br, or Ph, Z = OH) with triphenylarsine and copper(I) iodide in
acetonitrile under reflux for several hours gave, after pouring
into aqueous potassium iodide solution and solvent extraction
into dichloromethane, the tetraarylarsonium salts 2 (E = As, Y
= I or CuI2) as yellow-brown crystalline solids. 1H and 13C
NMR spectra were consistent with the proposed structures.
Under FABMS conditions, the arsonium salts gave a character-
istic molecular ion for the cation present. The structure of the
salt 2 (X = H, Z = OMe, E = As, Ar = Ph, Y = I) was also
confirmed by a full X-ray crystallographic study.4 Similarly,
treatment of the aryl halides 1 (X = H, Z = OMe; X = Cl, Br,
or Ph, Z = OH) and 3 with triphenyl- or tri-p-tolyl-stibine and
copper(I) iodide in acetonitrile under reflux gave the related
arylstibonium salts 2 (E = Sb; Ar = Ph or p-tolyl, Y = CuI2)
and 4 (Ar = Ph or p-tolyl, Y = CuI2). Again, 1H and 13C NMR
spectra were consistent with the proposed structures, and under
FABMS conditions, each stibonium salt gave a characteristic
molecular ion for the cation present. The nature of the anion
present was confirmed by negative ion mass spectrometry. The
stibonium salts formed more quickly than the related arsonium
salts under the same conditions. Attempts to prepare the related

phosphonium salts using copper(I) iodide as catalyst in
acetonitrile were unsuccessful. Clearly, the group 15 ligand
must influence crucial stages of the reaction, for which the
mechanism is uncertain. A kinetic study of related nickel(II)-
catalysed reactions of phosphines with template aryl halides
supported a mechanism in which oxidative insertion of an
intermediate phosphine–nickel complex into the carbon–halo-
gen bond was the key step, followed by reductive elimination of
the arylphosphonium salt and regeneration of the effective
catalyst.5 It is likely that a similar mechanism applies in the
above reactions, perhaps involving a copper(I)–copper(III)
redox cycle, in which the triaryl-arsine and -stibine ligands are
able to stabilise intermediate organometallic species more
effectively than the related triarylphosphines.

A structural study‡ has been made of the stibonium salt 2 (E
= Sb; Ar = Ph; X = Br; Z = OH, Y = CuI2). Routine
investigations, using a rotating anode X-ray source, failed to
provide data of sufficient intensity to produce a fully refinable
structure. Data were therefore collected, upon a crystal of
dimensions 200 3 20 3 20 mm, using station 9.8 of the
Daresbury SRS.6 The cation of the observed structure is
displayed in Fig. 1 (together with selected bond lengths and
angles for both cation and anion). Significant points of interest
are the close intramolecular approach of the imino nitrogen to
the stibonium centre, the antimony–nitrogen distance (2.65 Å),
lying well within the sum of the van der Waals’ radii (3.75 Å),7
and the consequent distortion of the bond angles at antimony
from the idealised tetrahedral angle towards a five-coordinate
arrangement, consistent with an intramolecular coordinative
interaction from nitrogen to antimony to form a five-membered
ring. Tetraarylstibonium halides also show considerable distor-
tion from idealised tetrahedral geometry as a result of weak
interactions of the stibonium centre with the halide ion,
resulting in essentially trigonal bipyramidal structures in which
the antimony–halogen bond is unusually long.8,9 The structure
co-crystallises with a 50% occupied CH2Cl2 solvent and the
counter-ion, which was found to be di-iodocuprate(I). The CuI2
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moiety shows a considerable distortion from the expected linear
arrangement as a result of a very short copper–copper
interaction (2.73 Å) with a second di-iodocuprate anion in the
lattice. The stabilisation of poly[dihalocuprate(I)] anions by
large phosphonium cations has been documented,10,11 but the
only stibonium salt involving a related anion is that of the
copper(II) complex, (SbPh4)2·Cu2Cl6.12 However the Cu–Cu
separation in this structure is much greater (3.394 Å) than that
in the di-iodocuprate(I) counter-ion discussed here. Comparison
with other di-iodocuprate(I) anions crystallizing in the same
manner shows the Cu–Cu separation to be somewhat greater
than in our example (average = 2.95 Å).13,14

Treatment of the salts 2 (E = As or Sb; Ar = Ph; X = Cl, Br,
or Ph), dissolved in dichloromethane, with aqueous sodium
hydroxide solution, resulted in a marked colour change from
yellow to red-purple with formation of the related betaines 5,

which were subsequently isolated and purified by trituration
with diethyl ether. Again, 1H and 13C NMR spectra were
consistent with the proposed structures, showing some sig-
nificant chemical shift changes compared to the parent salts.
Under FABMS conditions, cationic molecular ions were again
observed. Conversion to the betaines resulted in a significant
shift of the visible absorption maximum to longer wavelength.
Thus, e.g. lmax for the salt 2 (E = Sb; Ar = Ph; X = Cl, Y =
CuI2) in dichloromethane was observed at 358 nm, whereas for
the related betaine 5 in the same solvent, lmax = 536 nm.
Significantly, in view of the potential link with non-linear
optical properties, the betaines exhibited negative solvatochro-
mism, the visible absorption maximum moving to longer
wavelength on moving to a solvent of lower polarity. In the case
of the above betaine, lmax moved from 536 nm in dichloro-

methane to 576 nm in THF. The solvatochromic behaviour of
the arsonium and stibonium betaines is almost identical to that
of the related phosphonium betaines 5 (E = P, Ar = Ph; X =
Cl, Br, or Ph) which we reported recently.15 There is currently
growing interest in the optical properties of organic derivatives
of the main group 15 elements.16,17

We thank the EPSRC National Mass Spectrometry Service
Centre, University of Wales, Swansea, for high resolution
FABMS determinations, and also Neotronics Scientific Ltd for
financial support.
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‡ Crystal data: C31.5H23NOClSbBr2·CuI2, Mr = 1065.87, monoclinic,
space group P21/n, a = 9.259(5), b = 24.785(11), c = 15.100(7) Å, b =
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mm21, F(000) = 2000, crystal size 0.2 3 0.02 3 0.02 mm. Data were
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Fig. 1 Structure of the tetraarylstibonium cation with selected bond lengths
(Å) and angles (°) for cation and di-iodocuprate anion: Sb–N1 2.65(4), Sb–
C1 2.09(2), Sb–C7 2.13(2), Sb–C13 2.13(2), Sb–C19 2.114(14), C25–N1
1.28(2), Cu1–I1 2.508(2), Cu1–I2 2.576(2), Cu–Cu 2.732(4); C1–Sb–C7
106.7(7), C1–Sb–C13 119.2(6), C1–Sb–C19 113.6(6), C7–Sb–C13
102.0(7), C7–Sb–C19 101.4(6), C13–Sb–C19 115.9(6), C19–C24–C25
121.2(14), N1–C25–C24 118.9(13), N1–Sb–C1 83.9(7).
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New and improved catalysts for transition metal catalysed radical reactions

Floryan de Campo, Dominique Lastécouères and Jean-Baptiste Verlhac*†
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New CuI and FeII complexes displayed considerable im-
provements in atom transfer radical addition reactions.

Inter- and intra-molecular radical addition reactions are power-
ful tools for synthetic organic chemistry. In particular, those
reactions initiated by reductive methods such as organotin
hydride reduction of w-haloolefins are well-known processes
for the promotion of carbon–carbon bond formation for
intramolecular addition and ring construction.1,2 In contrast,
atom transfer radical addition (ATRA) reactions make use of
the redox properties of transition metal complexes in order to
initiate the reaction by homolytic cleavage of a carbon–halogen
bond. As a result, and in contrast to the Kharash addition, the
termination step introduces a versatile halogen atom into the
product which is then useful for further functionalisation. Thus,
a new class of catalysts, most commonly transition metal
complexes such as RuCl2(PPh3)2,3 FeCl2(P(OEt)3)3,4 Co(Di-
Meglyoxime)2,5 CuCl(bpy)3 or a mixture of iron metal and
copper bromide,6 can be used in ATRA reactions. However,
only limited success has been reported and only a few examples
have appeared which describe cyclisations of allylic tri-
chloroacetates7 or trichloroacetamides8 to produce g-lactones
and lactams, respectively, or additions of trihalo compounds
such as CCl4,9 trichloroacetic acid or esters10 to olefins.
Competing telomerisation is often considered to be a draw-
back.

Here we report that the use of new copper and iron
complexes, for such reactions as the addition of CCl4 to oct-
1-ene and the cyclization of unsaturated trichloroacetates,
which lead to a considerable improvement in terms of catalytic
activity.

Ligands L1, L2 and L3 were synthesised according to
literature procedures.11 The catalyst was prepared in situ by
reacting copper(I) or iron(II) chloride with 1 equiv. of ligand.
Whatever the ligand used, the addition of CCl4 to oct-1-ene
proceeds smoothly and affords the corresponding 1:1 adduct. In
a typical procedure, oct-1-ene (0.2 M in 1,2-dichloroethane) and

CCl4 (1.1 equiv.) were allowed to react under argon with
various amounts of complex (from 30 to 3%) at 80 °C for 18–48
h. Flash chromatography through a short silica gel column and
distillation under reduce pressure afforded 1,1,1,3-tetrachloro-
nonane in almost quantitative yield (Scheme 1).

The remarkable solubility of the catalysts, even in concen-
trated mixtures, and the low quantity of catalyst required in
order to complete the reaction represent the major improve-
ment. Thus, even with only 0.003 equiv. of an equimolar
mixture of CuCl and ligand L2, the tetrachloro adduct is formed
in 70% yield, making these systems truly catalytic.

The most significant result was the possibility of using a
simple tridentate polyamine (L2). This ligand is obtained in a
one step procedure from a very cheap starting material. These
new complexes induce a faster addition reaction than the widely
used Cu(I)Cl/bpy complex. In order to find a catalyst which is
less oxygen and water sensitive, we have also investigated the
activity of the corresponding iron(II) complexes. Although the
iron(II)(bpy) complex was almost inactive, those obtained with
L1 and L2 exhibit good catalytic activity.‡

Emboldened by these results, we then studied the ability of
these catalysts to induce the cyclisation of unsaturated tri-
chloroacetates and particularly pent-4-enyl trichloroacetate 1a
and hex-5-enyl trichloroacetate 2a. We report herein the
synthesis of the eight- and higher-membered lactones by a
cyclisation process via an endo mechanism (Scheme 2). The
trichloroacetates were treated at 80 °C (0.1 M in 1,2-dichloro-
ethane) with various amounts of catalyst under argon.

The complexes reported herein are far better catalysts than
the previously described CuCl–bpy system.3 For instance,
ligand L1 in the presence of copper(I) (0.1 mol%) converted
quantitatively pent-4-enyl trichloroacetate 1a into lactone 1b.
Using the same conditions the yield reached only 47% with
CuCl–bpy. The CuCl–L2 system proved to be not as effective in
the catalysis of intramolecular reactions, but when FeCl2 was
used instead of CuCl, it was possible to obtain a good yield of
cyclisation product.§ In all of the experiments described, no
significant amount of telomers could be detected. It has been
previously reported that with a high stoichiometric ratio of
CuICl–bpy (30%), significant telomer formation occurs. The
lactone formation yield remains average (60%), but all the ester
is consumed. The same phenomena could be observed when
more that 10% catalyst was used, whatever the final concentra-
tion. These results indicate that the concentration of radicals
(free or metal-bonded) remains high during the reaction and that
the kinetic constant of cyclisation might be smaller than the
telomerisation constant.

Scheme 1 Reagents and conditions: i, CuCl–ligand, CCl4
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The cyclisation of hex-5-enyl trichloroacetate 2a gave only a
low yield of lactone 2b in the presence of CuCl–bpy (0.1
mol%), but this yield is subsequently improved by the use of
either the CuCl–L1 or the FeCl2–L2 systems.¶ In the cyclisation
experiments with 2a, a substantial difference between the yield
of cyclisation products and the total conversion, based on the
disappearance of 2a, was noted. The difference in mass balance
is probably due to the tendency for 2a to give oligomers and
particularly dimers, which have been characterised by mass
spectrometry, because of the increase in ring size.

We have also observed reactions which were impossible to
perform with CuCl–bpy;7 for instance the cyclisation of hept-
6-enyl trichloroacetate 3a afforded the cyclic endo lactone 3b in
70% yield in the presence of CuCl–L3 (Scheme 3). It was also
possible to catalyse the exo cyclisation of prop-2-enyl tri-
chloroacetate 4a with 48% yield in the presence of the same
catalyst. In the latter case the FeCl2–L2 system also proved to
be effective.

As previously observed,3,12 the cyclisation of esters with long
unsaturated chains (1a, 2a, 3a) proceeds via an endo pathway.
This is due to the fact that the most stable conformation for the
ester function (s-trans) does not impede the cyclisation process
if the carbon chain is long enough. With the unsaturated ester
4a, only the less favourable conformation (s-cis) can give rise to
the cyclisation product. In this case the formation of a five-
membered ring via an exo pathway is preferred. The but-3-enyl
trichloroacetate lies in an intermediate position. It was im-
possible for us to obtain cyclisation products, we could only
detect cyclic dimers and telomers by mass spectrometry. The
formation of a six-membered ring lactone via the s-cis
conformation is not favourable and the butenyl chain is not long
enough to allow a cyclisation process via the s-trans conforma-
tion. These results are consistent with those reported by O-Yang
in the case of a-iodo esters.12

As a conclusion, the use of new ligands represents a
significant improvement for the catalytic activity of copper(I)
and iron(II) complexes in ATRA reactions by reducing the
required amount of complex by a factor of 10 to 100. Moreover,
they are soluble in the reaction mixture and catalyse reactions
which are impossible to perform with the CuICl–bpy complex.
The metal could also act as a template and allow the notoriously
difficult cyclisation of eight- and nine-membered ring lactone
precursors as suggested previously.7 We are currently trying to
relate the redox potentials of these complexes to their catalytic
activity.

We are indebted to Dr B. Maillard for fruitful discussion and
to the Région Aquitaine for financial support.
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Scheme 2 Reagents and conditions: i, CuCl–ligand, 1,2-dichloroethane,
80 °C

Scheme 3 Reagents and conditions: 1,2-dichloroethane, 80 °C, CuCl–L3 or
FeCl2–L2 catalysts (0.1 mol%)
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A highly cytotoxic L-rhamnose analogue of the antitumour agent spicamycin

Angeles Martín,a Terry D. Buttersb and George W. J. Fleet*a†
a Dyson Perrins Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QY
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Rhamnospicamycin 2, a rhamnose analogue (containing
adenine, a carbohydrate, an amino acid and a fatty acid) of
the naturally occurring combinatorial library spicamycin 1,
is prepared from L-rhamnose and shown to be highly
cytotoxic towards human myeloma cells (IC50 = 120 nM).

Nucleoside analogues linked to a sugar through the NH2 group
of adenine are very rare.1 Spicamycin 1, an antitumour

antibiotic isolated from Streptomyces alanosinicus,2 is a
naturally occurring combinatorial library of fatty acids linked
through glycine to a seven carbon sugar and then through the
anomeric position of the carbohydrate to the amino group of
adenine.3 The potential of spicamycin as a new class of
antitumour agent4 stimulated structure activity studies5 that
found that the dodecanoyl derivative 1 (R = decanoyl) had
antitumour activity against human gastric cancer SC-9 superior
to that of mitomycin C, which is clinically used for many kinds
of tumours.6 A semi-synthetic analogue of spicamycin 1 with a
tetradecadienoyl side chain7 potently inhibits the growth of
certain human tumour lines in vitro and displays marked in vivo
activity in Colo 205 colon carcinoma xenografts;8 it will shortly
be available for Phase 1 clinical trials in the USA. Exposure of
cells to spicamycin at low concentrations of the drug alters
glycoprotein processing and induces some accumulation of
oligomannosides; while the molecular mechanism for the
activity of spicamycin needs to be clarified, the effects of the
compound are consistent with a prominent early effect on the
enzymatic machinery or organelles important for proper
glycoprotein processing and emphasise the novelty of this
agent’s likely mechanism of action.9

Spicamycin 1 contains a nucleoside base, a carbohydrate, an
amino acid and a lipid fragment and thus provides an interesting
target for synthesis, and for constructing a wide range of
combinatorial libraries from suitable building blocks in which
of these components may be varied. No studies on the total
synthesis of spicamycin have been reported, all modifications to
the structure arising from semi-synthetic procedures from
degradation of the natural material. The absolute configuration

of the carbohydrate component in 1 was determined by X-ray
crystallographic analysis;10 1 is a seven carbon sugar analogue
of L-mannose, and is thus closely related to L-rhamnose. The
total synthesis of closely related carbohydrate analogues of
spicamycin would allow the importance of structural features of
the carbohydrate to be determined and provide materials for the
elucidation of the mechanism of activity of this class of
antitumour agent.

Here we report the synthesis of the spicamycin analogue 2
from L-rhamnose and its cytotoxicity against human myeloma
cells. The synthesis of rhamnospicamycin 2 requires introduc-
tion of nitrogen with retention of configuration at C-4 of
L-rhamnose, following by elaboration at the anomeric position
of the sugar and at the nitrogen group in C-4. Introduction of the
nitrogen as an azide at C-4 permits flexibility in the approach to
spicamycin analogues by allowing development of the amino
acid side chain or the introduction of the adenine moiety at the
anomeric position of rhamnose in either order. Here, the purine
is introduced first, but there are clearly many approaches with
opportunities for the development of libraries at different stages
of the synthesis.

The acetonide 3, prepared from L-rhamnose in 87% overall
yield as previously described,11 has only the hydroxy group at
C-4 of rhamnose unprotected. Oxidation of 3 with PCC in
CH2Cl2 and subsequent reduction of the resulting ketone with
NaBH4 afforded the inverted alcohol 4 in 95% yield over the
two steps. Esterification of 4 with Tf2O and pyridine in CH2Cl2
gave the triflate 5 in 82% as a relatively unstable oil. Treatment
of 5 with NaN3 in DMF, followed by cleavage of the acetonide
with aqueous TFA, gave the 4-azidorhamnose derivative 6 [mp
81–82 °C (acetone–hexane) [a]D

212123.5 (c 0.72, MeOH)] in
60% yield over two steps (40% from rhamnose). More vigorous
hydrolysis of 6 with aqueous TFA at reflux yielded the azido
lactols 712 in 86% as a mixture of anomers (a:b, 2:1).

The anomeric amine 8 was obtained from treatment of 7 with
aqueous NH3. All attempts to introduce the adenine moiety
directly by addition of 6-chloropurine to 8 were unsuccessful;
the principal products were dimeric amines derived from 8.
Accordingly, 8 was reacted with the more electrophilic
4,6-dichloro-5-nitropyrimidine (in the presence of Et3N as base)
to afford the pyrimidine derivative 9 [mp 142–144 °C; [a]D

21

+23.2 (c 0.59, MeOH)] in 20% yield from 7, which was
converted into the more easily manipulated acetonide 10 [mp
127–129 °C; [a]D

21 +50.9 (c 0.55, Me2CO)] in 70% yield.
Studies to improve the yield of this key step are in progress.

Reaction of 10 with aqueous NH3 resulted in nucleophilic
displacement of the chloride to give the corresponding amine 11
[mp 180–182 °C, [a]D

21 +3.5 (c 0.60, Me2CO)] in 97% yield.
Investigation of the activity of a range of reducing agents with
the nitro azide 11 failed to identify any reagent with significant
selectivity for the nitro group over the azide. Accordingly, the
additional carbon necessary for purine formation was added to
the free amino group in 11 prior to reduction; treatment of 11
with triethyl orthoformate gave, after work-up in the presence of
MeOH, a mixture of the compounds 12 and 13 in a ratio of 1:1
in 65% yield. Hydrogenation of the azides 12 and 13 in MeOH
in the presence of Pd/C effected the reduction of the azide and
nitro groups to the corresponding diamines which sponta-
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neously cyclised to give the purine 1413 [oil; [a]D
21 +25.4 (c

0.22, MeOH)] in 53% yield.
Condensation of the amine 14 with dodecanoylglycine5

in DMF in the presence of N-hydroxysuccinimide and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(WSC·HCl) gave the glycopeptide 15 in 71% yield.14 Finally,
removal of the acetonide in 14 with aq. AcOH gave rhamnospi-
camycin 2, mp 224–226 °C (decomp.) [a]D

21 +9.71 (c 0.35
MeOH) in 82% yield; rhamnospicamycin is columnable in
organic solvents and easy to purify. The NMR of 2 in DMSO is
temperature dependent (in contrast to the NMR in CD3OD) and
may indicate some propensity for intramolecular hydrogen
bonding between the carbohydrate hydroxy protons and the
adenine nucleus.15

In a preliminary study rhamnospicamycin 2 was found to be
highly cytotoxic with an IC50 value for cell growth (assessed
over 15 h in culture using human myeloma cells, HL60 cells) is
120 nM; thus 2 displays much the same potency as that reported
for the dodecanoyl derivative of spicamycin 1.

While there are a number of steps in the synthesis that have
yet to be optimised, we have shown that variation in the
carbohydrate fragment of spicamycin may allow a wide range
of novel materials with cytotoxic activity to be prepared.
Spicamycin incorporates a nucleoside, a fatty acid, a sugar and
an amino acid all into one component; the potent cytotoxicity
with the possibility of a novel mode of action as an anti-cancer
agent in regard to modification of glycoprotein processing,
together with the opportunity to generate combinatorial

libraries, makes this class of compound an attractive one for
further synthetic study and biological evaluation of the
mechanism.
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(1H, s); dH(500 MHz, [2H6]DMSO, 25 °C) 0.83 [3H, t, J 6.9,
CH3(CH2)10CO], 0.99 (3H, m, H3-6A) 1.20–1.25 [16H, m,
CH3(CH2)8CH2], 1.48 [2H, t, J 6.8, CH3(CH2)8CH2CH2CO], 2.12 [2H,
t, J 7.4, CH3(CH2)8CH2CH2CO], 3.50–3.71 (4H, m), 3.68 (2H, d, J 5.7,
RNHCH2CONH), 3.80 (1H, s), 4.75 (1H, br s), 5.44, 5.55 (1H, 2 3 br
s), 7.15 (1H, br. s), 7.60 (1H, d, J 9.3), 7.99, 8.00 (1H, 2 3 d, J 5.7), 8.21,
8.22 (1H, 2 3 s), 8.27, 8.29 (1H, 2 3 s); dH(500 MHz, [2H6]DMSO,
80 °C) 0.86 [3H, t, J 7.0, CH3(CH2)10CO], 1.05 (3H, d, J 6.1, H3-6A)
1.25–1.31 [16H, m, CH3(CH2)8CH2], 1.53 [2H, t, J 7.2,
CH3(CH2)8CH2CH2CO], 2.16 [2H, t, J 7.5, CH3(CH2)8CH2CH2CO],
3.48 (1H, dq, J 6.1, 9.4, H-5A), 3.65 (1H, dd, J 2.9, 10.3, H-3A), 3.70 (1H,
m), 3.72 (2H, d, J 5.5, RNHCH2CONH), 3.86 (1H, d, J 2.1, H-2A), 5.00
(1H, br s), 5.73 (1H, br s, H-1A), 6.90 (1H, br s), 7.27 (1H, d, J 8.6), 7.60
(1H, br s), 8.11 (1H, s), 8.27 (1H, s); dC(125 MHz, [2H6]DMSO, 80 °C)
13.51 (q), 17.82 (q, C-6A), 21.74, 24.92, 28.37, 28.49, 28.54, 28.66,
28.71, 28.73, 31.01, 35.19 [10 3 t, CH3(CH2)10CONHCH2CONH],
52.89, 70.00, 71.44, 71.86, 78.40 (5 3 d, C-1A, C-2A, C-3A, C-4A, C-5A),
118.60 (s), 140.36 (d), 151.89 (d), 151.89 (s), 152.36 (s), 169.45, 172.55
(2 3 s, 2 3 C§O)

Received in Liverpool, UK, 27th July 1998; 8/05878D

Scheme 1 Reagents and conditions: i, PCC, molecular sieves 3Å, CH2Cl2,
then NaBH4, EtOH–H2O, 0 °C; ii, Tf2O, Py, CH2Cl2, 210 °C; iii, NaN3,
DMF, then TFA–H2O 3:7; iv, TFA–H2O 1:1, 1,4-dioxane, reflux; v, NH3

(aq), then 4,6-dichloro-5-nitropyrimidine, Et3N, DMF; vi, Me2C(OMe)2,
CSA, acetone; vii, NH3 (aq), MeOH, 60 °C; viii, HC(OEt)3, 140 °C, then
MeOH, silica; ix, H2, Pd/C, MeOH; x, dodecanoylglycine, DMF,
N-hydroxysuccinimide, WSC·HCl; xi, 70% AcOH (aq), 60 °C
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Synthesis and luminescence behaviour of rhenium(I) diynyl complexes. X-Ray
crystal structures of [Re(CO)3(tBu2bpy)(C°C–C°CH)] and
[Re(CO)3(tBu2bpy)(C°C–C°CPh)]

Vivian Wing-Wah Yam,* Samuel Hung-Fai Chong and Kung-Kai Cheung

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, People’s Republic of China.
E-mail: wwyam@hkucc.hku.hk

Luminescent rhenium(I) diynyl complexes [Re(CO)3(tBu2-
bpy)(C°C–C°CH)] and [Re(CO)3(tBu2bpy)(C°C–
C°CPh)] were synthesized and their photophysical proper-
ties studied; the crystal structures have also been deter-
mined.

There has been a rapidly growing interest in the chemical and
physical properties of Cn-bridged metal-containing materials,1
in view of their potential applications as nonlinear optical
materials, molecular wires, and molecular electronics. With the
recent reports on the successful isolation of acetylide-bridged
rhenium(I) organometallics1a–g,2 and our recent efforts in
incorporating metal-to-ligand charge transfer (MLCT) excited
states into rhenium(I) acetylide units to make luminescent rigid-
rod materials,3 we have extended our work to employ the diynyl
unit as the ligand to extend the carbon chain. Herein are reported
the synthesis, structure and luminescence behaviour of two
rhenium(I) diynyl complexes, [Re(CO)3(tBu2bpy)(C°C–
C°CH)] 1 and [Re(CO)3(tBu2bpy)(C°C–C°CPh)] 2.

Reaction of a mixture of [Re(CO)3(tBu2bpy)Cl],4 KF, AgOTf
and Me3SiC°C–C°CSiMe3 in a 1 : 1 : 1 : 3 ratio in MeOH
under reflux conditions in an inert atmosphere of nitrogen for 24
h afforded [Re(CO)3(tBu2bpy)(C°C–C°CH)], which was
isolated as orange crystals after purification by column
chromatography on silica gel using dichloromethane as eluent,
followed by recrystallization from dichloromethane–diethyl
ether. On the other hand, reaction of a mixture of
[Re(CO)3(tBu2bpy)Cl], AgOTf, NEt3 and PhC°C–C°CH5 in
a 1 : 1 : 2 : 1.5 ratio in refluxing THF under nitrogen for 24 h
afforded [Re(CO)3(tBu2bpy)(C°C–C°CPh)]. Purification by
column chromatography on silica gel using dichloromethane–
light petroleum (1 : 1 v/v) as eluent, followed by subsequent
recrystallization from dichloromethane–light petroleum yielded
[Re(CO)3(tBu2bpy)(C°C–C°CPh)] as yellow crystals. The
identities of both complexes 1 and 2 have been confirmed by
satisfactory elemental analyses, 1H NMR spectroscopy, FAB-
MS,† and X-ray crystallography.‡

Fig. 1 and 2 depict the perspective drawings of complexes 1
and 2 with atomic numbering, respectively. Both structures
show a slightly distorted octahedral geometry about Re with the
three carbonyl ligands arranged in a facial fashion. The N–Re–
N bond angles of 74.6(2) and 73.9(1)° for 1 and 2, respectively,
are less than 90°, as required by the bite distance exerted by the
steric demand of the chelating bipyridine ligand. The two C°C
bond lengths are 1.199(10) and 1.19(1) Å for 1 and 1.198(7) and
1.189(7) Å for 2, which are comparable to those found for
diynyl systems.1d,6 The Re–C°C–C°C units are essentially
linear with bond angles of 175.2(6)–179.8(10) and
175.7(5)–178.6(6)° for 1 and 2, respectively.

The electronic absorption spectra of 1 and 2 show intense
absorption bands at ca. 404 and 416 nm, respectively, in
tetrahydrofuran. With reference to previous spectroscopic work
on rhenium(I) diimine systems,3,4,7 the intense low energy
absorption is tentatively assigned as the dp(Re) ?p*(tBu2bpy)
MLCT transition. The lower MLCT absorption energy for 2

than 1 is consistent with the better s- and p-donating abilities of
PhC°C–C°C than HC°C–C°C,1j,8,9 which render the Re(I)
centre more electron rich, and raise the Re dp orbital energy.
Similar trends have been observed in the related alkynyl system
[Re(CO)3(tBu2bpy)X],3 in which the MLCT absorption band
occurs at higher energy for X = HC°C than when X =
PhC°C.

Excitation of 1 and 2 both in the solid state and in fluid
solutions at room temperature at l > 400 nm resulted in strong
orange luminescence, attributed to the 3MLCT phosphores-
cence. The excitation spectra of 1 and 2 in THF show excitation
bands at ca. 400 nm and 410 nm, respectively, which closely
resemble those of the MLCT absorption maxima. The photo-
physical data are summarized in Table 1. The slightly lower
MLCT emission energy of 2 than 1 in THF is in line with the
stronger s- and p-donating abilities of the phenyldiynyl unit
than the butadiynyl ligand, i.e. PhC°C–C°C (625 nm) <
HC°C–C°C (620 nm). Similar trends have been observed in
the monoacetylide analogues [PhC°C (688 nm) < HC°C (670
nm)].3 It is interesting to note that both 1 and 2 emit at higher
energies than their respective monoacetylide counterparts, i.e.
in the [Re(CO)3(tBu2bpy)X] system, the emission energies in
THF follow the order: HC°C–C°C (620 nm) > HC°C (670
nm); PhC°C–C°C (625 nm) > PhC°C (688 nm). The
observation of a blue shift in emission energies upon increasing

Fig. 1 Perspective drawing of complex 1 with atomic numbering. Hydrogen
atoms have been omitted for clarity. Thermal ellipsoids are shown at the
50% probability level. Selected bond distances (Å) and bond angles (°):
Re(1)–C(1) 1.946(9), Re(1)–N(1) 2.168(5), Re(1)–N(2) 2.183(4), Re(1)–
C(4) 2.114(8), C(4)–C(5) 1.199(10), C(6)–C(7) 1.19(1), N(1)–Re(1)–N(2)
74.6(2), N(1)–Re(1)–C(2) 171.1(2), C(1)–Re(1)–C(4) 174.4(3),
C(4)–C(5)–C(6) 178.3(8), C(5)–C(6)–C(7) 179.8(10).
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the C°C unit is in line with the assignment of a 3MLCT [dp(Re)
? p*(tBu2bpy)] origin and disfavours the assignment of a
3MLCT [dp(Re) ?p*(C°C–C°CR)] or a metal-perturbed 3IL
[p(C°C–C°CR) ? p*(C°C–C°CR)] origin. Given the
similar s-donating properties of the monoacetylide versus the
diynyl unit,9 the much better p-accepting ability of RC°C–
C°C than RC°C would become the dominating factor,
stabilizing the Re dp orbitals to a greater extent, and hence give
rise to a higher energy 3MLCT emission.

V. W.-W. Y. acknowledges financial support from the
Research Grants Council and The University of Hong Kong,
and S. H.-F. C. the receipt of a postgraduate studentship,
administered by The University of Hong Kong.

Notes and References

† 1: 1H NMR (300 MHz, acetone-d6, 298 K, relative to TMS): d 1.40 (s,
18H, tBu), 1.75 (s, 1H, C°CH), 7.70 (dd, 2H, 5- and 5A-pyridyl Hs), 8.60 (d,
2H, 3- and 3A-pyridyl Hs), 8.80 (d, 2H, 6- and 6A-pyridyl Hs). Positive FAB-
MS: ion clusters at m/z 588 {M}+, 560 {M 2 CO}+, 539 {M 2 [C°C–
C°CH]}+. UV–VIS [l/nm (e/dm3mol21cm21)]: THF, 248(16410),
284(17130), 404(3470); CH2Cl2, 310(6100), 396(2690). Elemental analy-
ses. Found: C 50.44, H 4.31, N 4.31. Calc. for 1·0.5H2O: C 50.29, H 4.36,
N 4.69%. 2: 1H NMR (300 MHz, acetone-d6, 298 K, relative to TMS): d
1.50 (s, 18H, tBu), 7.25 (s, 5H, Ph Hs), 7.80 (dd, 2H, 5- and 5A-pyridyl Hs),
8.70 (d, 2H, 3- and 3A-pyridyl Hs), 8.90 (d, 2H, 6- and 6A-pyridyl Hs).
Positive FAB-MS: ion clusters at m/z 665 {M}+, 636 {M 2 CO}+, 539 {M
2 [C°C–C°CPh]}+. UV–VIS [l/nm (e/dm3mol21cm21)]: THF,
298(48570), 340(14610), 416(3220).
‡ Crystal data for 1: [C25H25O3N2Re], M = 587.69, monoclinic, space
group P21/n (no. 14), a = 11.273(3), b = 12.748(1), c = 17.168(2) Å, b =
97.60(4)°, V = 2445.7(7) Å3, Z = 4, Dc = 1.596 g cm23, m(Mo-Ka) =
49.97 cm21, F(000) = 1152, T = 301 K. Convergence for 280 variable
parameters by least-squares refinement on F with w = 4Fo

2/s2(Fo
2), where

s2(Fo
2) = [s2(I) + (0.025Fo

2)2] for 2847 reflections with I > 3s(I) was
reached at R = 0.028 and wR = 0.034 with a goodness-of-fit of 1.22. For
2: [C31H29O3N2Re], M = 663.79, monoclinic, space group P21/c (no. 14),
a = 11.048(2), b = 11.795(2), c = 21.935(3) Å, b = 94.23(2)°, V =
2859.9(7) Å3, Z = 4, Dc = 1.542 g cm23, m(Mo-Ka) = 42.83 cm21,
F(000) = 1312, T = 301 K. Convergence for 334 variable parameters by
least-squares refinement on F with w = 4Fo

2/s2(Fo
2), where s2(Fo

2) =
[s2(I) + (0.030Fo

2)2] for 3876 reflections with I > 3s(I) was reached at R
= 0.031 and wR = 0.040 with a goodness-of-fit of 1.40. CCDC
182/995.

1 (a) M. Appel, J. Heidrich and W. Beck, Chem. Ber., 1987, 120, 1087; (b)
J. Heidrich, M. Steimann, M. Appel and W. Beck, Organometallics,
1990, 9, 1296; (c) T. Weidmann, V. Weinrich, B. Wagner, C. Robl and
W. Beck, Chem. Ber., 1991, 124, 1363; (d) Y. Zhou, J. W. Seyler, W.
Weng, A. M. Arif and J. A. Gladysz, J. Am. Chem. Soc., 1993, 115, 8509;
(e) J. W. Seyler, W. Weng, Y. Zhou and J. A. Gladysz, Organometallics,
1993, 12, 3802; (f) M. Brady, W. Weng and J. A. Gladysz, J. Chem. Soc.,
Chem. Commun., 1994, 2655; (g) U. H. F. Bunz, Angew. Chem., Int. Ed.
Engl., 1996, 35, 969; (h) T. Weyland, C. Lapinte, G. Frapper, M. J.
Calhorda, J-F. Halet and L. Toupet, Organometallics, 1997, 16, 2024; (i)
H. Schimanke and R. Gleiter, Organometallics, 1998, 17, 275; (j) J.
Manna, K. D. John and M. D. Hopkins, Adv. Organomet. Chem., 1995,
38, 79; (k) N. L. Narvor, L. Toupet and C. Lapinte, J. Am. Chem. Soc.,
1995, 117, 7129.

2 (a) W. Weng, T. Bartik and J. A. Gladysz, Angew. Chem., Int. Ed. Engl.,
1994, 33, 2199; (b) W. Weng, T. Bartik, M. T. Johnson, A. M. Arif and
J. A. Gladysz, Organometallics, 1995, 14, 889; (c) W. Weng, T. Bartik,
M. Brady, B. Bartik, J. A. Ramsden, A. M. Arif and J. A. Gladysz, J. Am.
Chem. Soc., 1995, 117, 11922.

3 (a) V. W. W. Yam, V. C. Y. Lau and K. K. Cheung, Organometallics,
1995, 14, 2749; (b) V. W. W. Yam, V. C. Y. Lau and K. K. Cheung,
Organometallics, 1996, 15, 1740.

4 (a) M. S. Wrighton and D. L. Morse, J. Am. Chem. Soc., 1974, 96, 998;
(b) M. S. Wrighton, D. L. Morse and L. Pdungsap, J. Am. Chem. Soc.,
1975, 97, 2073.

5 R. Eastmond and D. R. M. Walton, Tetrahedron, 1972, 28, 4591.
6 (a) M. Akita, M-C. Chung, A. Sakurai, S. Sugimoto, M. Terada, M.

Tanaka and Y. Moro-oka, Organometallics, 1997, 16, 4882; (b) J. Gil-
Rubio, M. Laubender and H. Werner, Organometallics, 1998, 17,
1202.

7 (a) G. Tapolsky, R. Duesing and T. J. Meyer, Inorg. Chem., 1990, 29,
2285; (b) J. K. Hino, L. D. Ciana, W. J. Dressick and B. P. Sullivan,
Inorg. Chem., 1992, 31, 1072.

8 J. Manna, S. J. Geib and M. D. Hopkins, J. Am. Chem. Soc., 1992, 114,
9199.

9 (a) D. L. Lichtenberger and S. K. Renshaw, Organometallics, 1993, 12,
3522; (b) D. L. Lichtenberger, S. K. Renshaw and R. M. Bullock, J. Am.
Chem. Soc., 1993, 115, 3276.

Received in Cambridge, UK, 23rd June 1998; 8/04775H

Fig. 2 Perspective drawing of complex 2 with atomic numbering. Hydrogen
atoms have been omitted for clarity. Thermal ellipsoids were shown at the
50% probability level. Selected bond distances (Å) and bond angles (°):
Re(1)–C(1) 1.913(6), Re(1)–N(1) 2.188(4), Re(1)–N(2) 2.175(4), Re(1)–
C(4) 2.126(5), C(4)–C(5) 1.198(7), C(6)–C(7) 1.189(7), N(1)–Re(1)–N(2)
73.9(1), N(1)–Re(1)–C(1) 171.8(2), C(2)–Re(1)–C(4) 176.3(2),
C(4)–C(5)–C(6) 177.4(6), C(5)–C(6)–C(7) 178.6(6).

Table 1 Photophysical data for complexes 1 and 2

Complex Medium (T/K)
Emission,
lem/nm (to/ms)

1 THF (298) 620 ( < 0.1)
CH2Cl2 (298) 604 ( < 0.1)
Solid (298) 565 ( < 0.1)
Solid (77) 580
EtOH–MeOH glass (4 : 1 v/v) (77) 540

2 THF (298) 625 ( < 0.1)
Solid (298) 570 ( < 0.1)
Solid (77) 570
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Atomic nitrogen adduct formation at sp3 carbon in the electrospray ionization
process
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Atomic nitrogen attachment to an sp3 carbon during the
electrospray ionization process was proved by experiments
using 15N2 and other evidence.

Electrospray ionization (ESI) has been adopted for the study of
various small organic compounds as well as large biomolecules
in recent years.1–5 In the course of our mass spectrometric
studies of unstable organic compounds in solution, we have
found some unexpected mass shifts of 14 atomic mass units
(u).‡ This phenomenon was observed in some aliphatic and
aliphatic ether compounds containing sp3 carbons (Fig. 1).
Since this shift was found in compounds that mainly consisted
of aliphatic moieties, the participation of a CH2 unit was the
most promising hypothesis to explain this mass difference.
However, we propose here that atomic nitrogen attachment in
the ESI process is the reason for this shift, based on several
electrospray mass spectrometric studies including an 15N2
experiment.

An electrospray is produced under atmospheric pressure
using a strong electric field. This field induces a charge
accumulation at the liquid surface located at the end of the
nebulizing capillary, which will break to form highly charged
droplets.6–8 In this process, N2 is frequently used as a sheath gas
and sometimes as a drying gas to evaporate the droplets.

Ionspray (IS), a form of electrospray using the sheath gas as a
pneumatic nebulizer, made it possible to introduce relatively
large amounts of solution.9 The ionization of non-polar
compounds is also possible using IS. This method was adopted
for our study using N2 as the sheath gas. A double focus tandem
mass spectrometer equipped with an atmospheric ESI source
was used for this experiment in order to obtain detailed
characteristics of the single charged ion species to be discussed
here. Typical conditions for the ESI measurement were as
follows: acceleration voltage; 5 kV, resolution; 2000–5000,
needle voltage (current); 2.5–5.0 kV (700 to > 20000 nA),
desolvation chamber temperature; 100 °C, sample flow; 7 mL
h21 and sheath gas flow; 1.5 l min21 (JEOL, JMS–700T). The
neat chemicals were sprayed without dilution. In the case of
THF, for instance, the [M + 14]+ ion is clearly detected using
molecular nitrogen as a pneumatic nebulizing gas in the
atmospheric ESI source, as can be seen in Fig. 1(b). The ions of
m/z 71 [THF 2 H]+ and 145 [(THF)2 + H]+ are also observed10

in this spectrum. The results from ESI-MS experiments using
[2H12]cyclohexane proved that the mass shift is not ascribed to
the elimination and intermolecular attachment of CH2 (14u) in
cyclohexane itself [Fig. 2(a)]. A similar result was obtained
from the experiment using [2H8]THF [Fig. 2(b)]. We could not
help but consider that this shift might be caused by a nitrogen
atom at this point.

It is strongly suggested that the attached nitrogen atom comes
from the nebulizing gas because no ion signals corresponding to
the atomic nitrogen adducts were observed in the experiment
using Ar as a nebulizing gas. Moreover, using 15N2 as the
nebulizing gas (99.7 atom% 15N), a clear mass shift of 15u was
observed based on the generation of the [THF + 15N]+ ion [Fig.
3(b)]. The ions assigned as monomeric and dimeric THF were
not interfered with. The 15N2 experiments for cyclohexane,
Et2O and n-hexane are also shown in Fig. 3.

These results prove the formation of an atomic nitrogen
adduct during the ESI process. How does it happen? Does the
generation of atomic nitrogen species under atmospheric
electric discharge11 constantly occur? Although this behavior is

Fig. 1 Electrospray ionization mass spectra exhibiting mass shift of 14u; (a)
cyclohexane, (b) THF, (c) Et2O and (d) n-hexane

Fig. 2 Electrospray ionization mass spectum of (a) [2H12]cyclohexane and
(b) [2H8]THF
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thought to be similar to that of the singlet nitrene,12 a detailed
mechanism and the structures of the products are unknown. A
methoscopic cluster ion generated from an associative ioniza-
tion is one of the possible adducts obtained from this process.
However, this species is thought to contain a covalently bonded
nitrogen because of the potent reactivity of absolute atomic
nitrogen. Our result that atomic nitrogen attachment isn’t
observed in similar compounds that do not contain sp3 carbons,
such as furan and benzene, suggests particular reactivity of this
species. In addition, we obtained an ESI mass spectrum of
cyclohexylamine, which is identical to the spectrum of
nitrogen-attached cyclohexane [Fig. 1(a)]. Thus, one of the
probable structures of the nitrogen adduct in the case of
cyclohexane is cyclohexylamine (Scheme 1).

Detailed structure determination of this cation generated
from the nitrogen attachment is our current task. We believe that
the interpretation of various mass spectra displaying the
unexpected mass shift of 14u will be made easier if the
participation of atomic nitrogen attachment is taken into
account.

In summary, atomic nitrogen attachment to sp3 carbons in
positive electrospray ionization mass spectrometry was ob-
served. Experiments using 15N2 and other evidence definitely
suggest that the mass shift of 14u comes from an absolute
nitrogen atom. This result points to a facile nitrogen fixation
which will be useful in synthetic organic chemistry.13

Notes and References

† E-mail: yamaguchi@crystal.cac.chiba-u.ac.jp
‡ The ion assigned as [M – H]+ was observed together with [2M + H]+.
Constitution of a 14u shifted species was confirmed by exact mass
measurements using these two peaks as the reference ions, m/z 86.0604
(C4H8NO requires 86.0606, [THF + N]+).
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Fig. 3 Electrospray ionization mass spectra exhibiting mass shift of 15u
using 15N2; (a) cyclohexane, (b) THF, (c) Et2O and (d) n-hexane

Scheme 1
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Polymers containing backbone acetylene, anthracene and tetra-, penta- or
hexa-coordinate silicon units: UV–visible, photoluminescence and solution c(3)

non-linear optical properties
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Poly(aryleneethynylenesilylene)s of general structure
(C°CSiR2C°CX)n (X = 9,10-anthrylene) containing tetra-,
penta- or hexa-coordinate silicon exhibit high c(3) values, the
absorbance and emission spectra being red-shifted with
respect to those for the corresponding monomers R2Si-
(C°CAr)2 (Ar = 9-anthryl); these properties are consistent
with extensive through-Si conjugation along the backbone.

As recently reviewed, conjugated poly(aryleneethynylene)s are
of current interest on account of their photo- and electro-
luminescent properties and large third order harmonic genera-
tion, the c(3) values being similar to those for poly(diacetyl-
ene)s.1 The incorporation of electron-rich anthracene units into
poly(aryleneethynylene)s has been found to have a marked
influence on the luminescence properties,2 and is particularly
effective in p-electron delocalisation along the backbone of
such polymers containing Pt.3 The silicon-containing analogues
(C°CSiR2C°CX)n [poly(aryleneethynylenesilylene)s] have
been known for some years,4 those where X is phenylene
exhibiting blue photoluminescence5 with a solution Re(c(3))
value of 29.3 3 10213 esu.6 Few polymers containing
hypercoordinate silicon are known although the latter exhibits
very different chemical and electronic behaviour from tetra-
coordinate silicon.7 Recently we prepared
poly(aryleneethynylenesilylene)s containing backbone hex-
acoordinate silicon groups,8 and the series has now been
extended to the corresponding polymers with pentacoordinate
silicon incorporating the 8-dimethylamino-1-naphthyl (NpN)
ligand known to give stable hypercoordinate species.9

The pentacoordinate compounds were obtained from the
previously characterized10 dichlorosilane 1 which was treated
with monoethynyl Grignard reagent (Scheme 1) to give the new
(4 + 1)-coordinate11 diethynylsilane 2.‡ Likewise, tetra-
coordinate monomer 5 with two 1-naphthyl groups was
prepared from dichlorosilane 4 (Scheme 2), the spectral data
being similar to those for Ph2Si(C°CH)2.4,12

Monomers 2 and 5 undergo palladium-catalysed cross-
coupling polymerization with 9,10-dibromoanthracene afford-
ing, respectively, 3 containing pentacoordinate Si (Scheme 1)
and 6 with tetracoordinate (1-Np)2Si groups (Scheme 2), the
latter being similar to the Ph2Si analogue 7.13 Size exclusion
chromatography (SEC) showed both materials to be low
molecular weight polymers (Table 1) similar to previously

reported polymer 8 containing hexacoordinate Si.8 Reflecting
the change in the electronic environment, the SiC°C 13C and
29Si NMR resonances are shifted upfield with increasing
coordination number, there being little effect on the nC°C IR
absorbance (Table 1).

Model monomers 9 and 10 containing tetracoordinate Si were
prepared by palladium-catalysed cross-coupling with 9-bromo-
anthracene (Scheme 2, Table 2). The spectral data are similar to
those for the analogous polymers (Table 1), the second IR nC°C
band in the polymers appearing in the monomers as an ill-
defined shoulder around 2150 cm21.

Table 1 Properties of polymers

dC
d

Si Coord. no. Polymer Colour Mw
a Mw/Mn

a nb nC°C/cm21 c dSi
d SiC°Ce SiC°Ce Ff

f

4 7 red 23 500 3.2 56 2124 247.4 102.2 106.1 0.15
4 6 orange 8 800 2.8 17 2130 248.0 103.1 107.3 0.41
5 3 red 12 400 2.7 28 2129 254.9 102.2 110.1 0.01
6 8 orange 20 000 3.2 34 2128 261.0 90.8 103.1 0.02

a Determined by SEC with reference to polystyrene standards. b Number of units calculated from value of Mw. c In Nujol mull. d In CDCl3 solution. e Assigned
by analogy with results of 13C–1H coupling experiments on (1-Np)2Si(C°CPh)2. f Quantum yield, Ff, determined in THF solution with an excitation
wavelength of 370 nm and with reference to 9,10-diphenylanthracene standard.

Scheme 1 Reagents and conditions: i, excess MeSiCl3, Et2O, room temp.,
5 h; ii, HC°CMgBr, THF, 278 °C to room temp.; iii, 9,10-dibromo-
anthracene, (PPh3)2PdCl2, CuI, PPh3, Et3N, PhMe, 4 h, 89 °C

Scheme 2 Reagents and conditions: i, HC°CMgBr, THF, 278 °C to room
temp.; ii, 9,10-dibromoanthracene, (PPh3)2PdCl2, CuI, PPh3, Et3N, PhMe,
16 h, 89 °C; iii, 9-bromoanthracene, (PPh3)2PdCl2, CuI, PPh3, Et3N, PhMe,
4 d, 89 °C
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The UV–VIS spectra in CH2Cl2 solution [Fig.  1(A)] show
intense absorption bands with fine structure most probably
arising from transitions similar to those for anthracene. With
respect to the bands in anthracene, those for 9 and 10 are red-
shifted with increased extinction coefficients, the bathochromic
shift being greater than for 9-ethynylanthracene.14,15 The
corresponding bands in the polymers are further red-shifted
with respect to those in (i) 9 and 10, (ii) 9,10-diethynyl-
anthracene (lmax, 356, 377, 423 nm),16 and (iii) 9,10-bis-
(trimethylsilylethynyl)anthracene (lmax, 391, 414, 439 nm). In
addition, the polymers (except 6) show a new broad absorption
peak around 520 nm tailing off towards 575 nm, corresponding
to an optical gap of ca. 2.2 eV. Monomers 9 and 10 show a
similar new absorption occurring at lower wavelength than for
the polymers (e.g. 9: lmax 451 nm). These properties suggest the
presence of through-Si conjugation.

Likewise, the fluorescence spectra [Fig. 1(B)] show a red-
shift on going from anthracene to 9 and 10 and then a further
such shift on going to the polymers, the apparent Stokes shifts17

lying in the range 8–13 nm (cf. anthracene 5 nm). For the
polymers, the low energy band at ca. 540 nm is probably due to
excimer formation since (i) the relative intensity is concentra-
tion dependent, and (ii) anthracene compounds are known to
dimerize on absorbing 320–400 nm light.18 A picosecond time-
resolved photoluminescence study of 7 (1 g l21 in THF) at 532
nm showed maximum emission at 470 nm and a decay time
constant of ca. 6 ns. Unlike polymers 3, 7, 8 and poly(p-
phenyleneanthryleneethynylene)s,19 9 and 10 are highly emis-
sive (cf. anthracene: Ff = 0.3220).

The sign and the magnitude of the real and imaginary parts of
c(3) were determined for polymers 3, 7 and 8 by solution Z-scan
measurements21 in the near-resonant region at 1064 nm (Table
3),§ the polymers being of sufficient chain length for the c(3)

effects to be at a maximum.22 High activity was found [in
particular Im(c(3)) for 3 containing pentacoordinate Si], the
value of Re(c(3)) being comparable to that determined in the
resonant region at 590 nm for poly(phenyleneethynylenesilyl-

ene).6 At 595 nm, a rather fast dominant relaxation time of ca.
20 ps was observed for the three polymers;¶ under non-resonant
conditions the materials are expected to be considerably
faster.

In conclusion, the UV–VIS, photoluminescence and high c(3)

properties of the polymers are consistent with extensive
through-Si conjugation along the backbone.

Notes and References
† E-mail: douglas@crit.univ-montp2.fr
‡ Selected data for 2: 76%; mp 102.4–104.3 °C; dSi(CDCl3) 256.6;
dC(CDCl3) 91.3 (SiC°C), 93.0 (SiC°C); nC°C(Nujol)/cm21 2036, 2021.
§ The values of n2 were extracted from the Z-scan results with large
uncertainties since the data could not be fitted well (no satisfactory result
could be obtained for 3).
¶ Excite-probe experiments on dilute polymer solutions with 0.6 ps pulses
at 595 nm showed appreciable linear absorption and bleaching nonlinearity
or saturable absorption. The relaxation dynamics could not be described
with a single excited-state lifetime.
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Table 2 Properties of model monomers

dC
b

Monomer Colour nC°C/cm21 a dSi
b SiC°Cc SiC°Cc Ff

d

9 red 2122, 2142 248.1 101.1 107.7 0.65
10 orange–red 2122, 2148 247.2 100.1 106.6 0.88

a In Nujol mull. b In CDCl3 solution. c Assigned by analogy with results of
13C–1H coupling experiments on (1-Np)2Si(C°CPh)2. d Quantum yield, Ff,
determined in THF solution at an excitation wavelength of 370 nm with
reference to 9,10-diphenylanthracene standard.

Fig. 1 (A) UV–VIS spectra in CH2Cl2 solution and (B) fluorescence spectra
in THF solution at an excitation wavelength of 370 nm of (a) anthracene, (b)
10, (c) 9, (d) 7, (e) 6, (f) 3 and (g) 8

Table 3 Solution c(3) propertiesa

Si
Coord.
no. Polymer

b/cm
GW21 Im(c(3))/esu n2/cm2 W21 Re(c(3))/esu

4 7 0.27 1.8 3 10213 5.0 3 10215 4.0 3 10213

5 3 1.20 8.0 3 10213 — —
6 8 0.27 1.8 3 10213 5.0 3 10215 4.0 3 10213

a Z-scan measurements in CHCl3 solution (50 g l21) at 1064 nm, pulse
duration 140 ps, intensity 20 GW cm22.
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Stereoselective radical aryl migrations from sulfur to carbon

Armido Studer*† and Martin Bossart

Laboratorium für Organische Chemie, Eidgenössische Technische Hochschule, ETH-Zentrum, Universitätstrasse 16, CH-8092
Zürich, Switzerland

Stereoselective radical 1,5 aryl migrations from sulfur (in
arenesulfonates) to carbon with diastereoselectivities of up
to 14:1 are presented.

C(sp2)–C(sp3) bonds occur in many natural products and new
methods for their stereoselective formation are important. In the
literature, there are only a very few methods for stereoselective
C(sp3)–aryl bond formation. The Heck1 and Michael2 reactions
have to be mentioned at this point. Numerous examples of
radical aryl transfers (C?C,3 N?C,4 O?C5 and S?C6) have
been published, however, we were surprised to find only three
reports of stereoselective radical aryl migrations.7 Herein we
describe highly diastereoselective 1,5 aryl migrations from
sulfur to carbon.

Motherwell, in his pioneering studies, has shown that
intramolecular ipso substitution in arenesulfonates by aryl
radicals is an efficient method for biaryl synthesis.6 Based on
our work on the stereoselective phenyl migration from Si to C8

we decided to test arenesulfonates as possible ‘arene sources’ in
the intramolecular stereoselective radical ipso substitution
reaction. To this end, arenesulfonates 1–5 were prepared in
moderate to good yields (50–90%) from (like)-4-iodopentan-
2-ol and the corresponding commercially available sulfonyl
chlorides in pyridine.9 The racemic‡ iodo alcohol was easily
prepared from (meso)-pentan-2,4-diol according to established
procedures.10 We were pleased to find that ipso substitution
occurs smoothly (Scheme 1, Table 1). Slow addition of tin
hydride to 1 in refluxing benzene under optimized conditions§
afforded the known11 alcohol 6 in 76% yield with high
selectivity (u:l = 13:1, entry 1). Both electron poor and electron
rich arenes can be stereoselectively transferred. Thus, the
p-fluorophenyl derivative 7 was obtained in 59% yield with a
slightly lower selectivity (10:1, entry 2).¶ In the case of the
electron rich anisyl and dansyl derivatives a lower yield was
observed (8, 50%, 9:1; 10, 52%, 11:1, entries 3 and 5). Even
heteroarenes can be used in the ipso substitution as shown for

the thienyl transfer (9, 74%, 9:1, entry 4). As a side product, the
corresponding reduced (dehalogenated) sulfonate was always
observed in these aryl migration reactions.

In order to study the 1,2-stereoinduction, sulfonate 11 was
prepared as a 1:1 mixture of diastereoisomers. Aryl migration
under analoguous conditions provided alcohol 12 in 49% yield
(l:u = 7:1, Scheme 2). The relative configuration of the major
isomer was assigned after oxidation (Swern) to the correspond-
ing known12 aldehyde.

From the stereochemical outcome of the reactions discussed
above, we suggest the following model to explain the observed
selectivities: radical 13 undergoes intramolecular ipso attack at
the aryl group of the sulfonate to form cyclohexadienyl radical
14. Products derived from 1,7 addition were not observed. We
assume that the low energy transition state for the formation of
14 resembles a chair with the substituents in equatorial
positions. Fragmentation (re-aromatization) then affords radical
15 which after SO2 extrusion and reduction leads to the
corresponding alcohol. It is not clear how fast the SO2 extrusion
process is by which the corresponding alkoxyl radical is formed.
However, in the crude product mixture of the aryl migration
reactions, we never observed sulfur-containing products de-
rived from 15; therefore, we assume that the SO2 extrusion is
faster than trapping of the intermediate radical 15 with
Bu3SnH.∑ According to this model, the observed 1,3- (? unlike
products) and 1,2-selectivity (? like product) can be readily
understood.

As a first application of this method we studied a one pot
reaction sequence where a radical addition reaction is followed
by a stereoselective phenyl migration. Sulfonate 16 was
prepared from the corresponding homoallylic alcohol and
benzenesulfonyl chloride as described above (43%).9 Radical
acceptor 16 and ethyl iodoacetate (1.5 equiv.) were reacted
under atom transfer conditions13 in benzene [Bu3SnSnBu3
(10%), hn, 300 W sun lamp, 0.1 M] to afford iodide 17, which
after dilution (? 0.05 M) was directly transformed upon slow
addition of Bu3SnH (1.8 equiv. over 7 h) and AIBN (0.25

Scheme 1 Reagents and conditions: i, Bu3SnH, AIBN, syringe pump,
benzene (0.03 M)

Table 1 Stereoselective aryl transfer from sulfur to carbon

Entry Sulfonate Aryl Product
Yield
(%)

Ratio
(u:l)a

1 1 Ph 6 76 13:1
2 2 4-FC6H4 7 59 10:1
3 3 4-MeOC6H4 8 50 9:1
4 4 thienyl 9 74 9:1
5 5 5-Me2N-naphthyl 10 52 11:1b

a Determined by GC analysis. b Determined by 1H NMR spectroscopy.

Scheme 2 Reagents and conditions: i, Bu3SnH, AIBN, syringe pump,
benzene (0.05 M)
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equiv.) to 18 (Scheme 3). Hydroxy ester 18 was isolated in 24%
yield (unoptimized) as a 14:1 (u:l) mixture of diastereoisomers.
The intermediate iodide 17 was formed with no selectivity, as
shown in a separate experiment by 1H NMR analysis of a
sample taken after the iodine transfer reaction.

In summary, we have shown that the intramolecular ipso
substitution is an efficient method for the stereoselective
C(sp2)–C(sp3) bond formation. Since many sulfonyl chlorides
are commercially available, a variety of aryl groups can be
stereoselectively transferred to form products which are
difficult to prepare by any other method.

We are grateful to Professor Dr D. Seebach for generous
financial support and to Professor Dr D. P. Curran for helpful
discussions.
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† E-mail: studer@org.chem.ethz.ch
‡ All the compounds described herein were prepared as racemic mixtures.
In the schemes only one enantiomer is shown.
§ General procedure: Bu3SnH (1.5 equiv.) and AIBN (0.3 equiv.) in
benzene (0.8–1.2 M) were added over 7 h (syringe pump) to a refluxing
solution of the iodide in benzene (0.03 M). After complete addition the
reaction mixture was stirred under reflux for additional 30 min. The mixture
was then allowed to cool to room temperature and MeLi (5 equiv.) was
slowly added. After stirring for 30 min the reaction mixture was hydrolyzed
with saturated aq. NH4Cl. Extraction with Et2O and washing of the organic
phase with brine afforded, after drying (MgSO4) and purification by flash
column chromatography (SiO2, pentane–Et2O), the corresponding alcohol.

(MeLi treatment is not neccessary but advantageous since the tin halide
formed is transformed to the corresponding methylated compound which is
easily removed.)
¶ The relative configurations of the alcohols 7–10, and 18 were assigned by
analogy to 6 based on the characteristic chemical shift of the hydrogen atom
(of the major isomer) at the newly formed stereogenic center.
∑ We believe that the products are formed under kinetic control; however,
Motherwell has shown that SO2 extrusion is rather slow in his systems and
that in the biaryl synthesis the entire process is probably reversible [ref.
6(c)]. Experiments to elucidate the mechanism are planned.
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Scheme 3 Reagents and conditions: i, Bu3SnSnBu3 (10%), hn, ICH2CO2Et,
benzene (0.1 M); ii, Bu3SnH, AIBN, syringe pump, benzene (0.05 M)
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Stereoselective O-glycosylation reactions employing diphenylphosphinate and
propane-1,3-diyl phosphate as anomeric leaving groups

Vankayalapati Hariprasad, Gurdial Singh*† and Isabelle Tranoy

Department of Chemistry, University of Sunderland, Sunderland, UK SR1 3SD

Glycosidation of tetra-O-benzyl-D-glucose using diphenyl-
phosphinate as the leaving group afforded b-O-linked
glycosides as the major products, whilst the use of propane-
1,3-diyl phosphate as the leaving group resulted in the
exclusive formation of b-O-linked glycoside.

The essential role that glycoconjugates play in a large number of
molecular processes is now well recognised. The impact of
these complex molecules in biological processes such as
neuronal development, fertilisation, proliferation of cells and
the organisation into specific tissues is truly remarkable.1
Furthermore in tumours there are changes in the carbohydrate
structures found at the cell surface and these appear to be
intimately involved with metastasis.2 Carbohydrates are also
important in inducing protective antibody response which is
responsible for the protection of the organism during infection.3
As a direct consequence of these properties there has been a
resurgence of interest in the chemistry of carbohydrates by both
chemists and biologists and thus an enormous amount of
methodology has been developed for O-glycosylation.4 In
particular there have been a number of reports regarding
glycosyl donors that have a phosphorus atom in the leaving
group at the anomeric centre. Interest in this has arisen due to
the fact that phosphorus compounds can be readily modified by
several other atoms allowing the preparation of a range of
leaving groups. The coupling reactions of glycosyl diphenyl
phosphates, glycosyl diphenylphosphinimidates and glycosyl
phosphoramidates have received much attention;5 in all of these
reports 1,2-trans-b-linked glycosides are formed with a stereo-
selectivity of ca. 3 : 1 in favour of the b-isomer. The employ-
ment of S-glycosyl phosphorodimidothioates has also been
reported and affords 1,2-cis-glycosidic linkages,6 and the use of
dimethylphosphinothioate as glycosyl donors has also been
investigated.7

In order to extend the scope of this methodology we decided
to investigate the possibility of using the diphenylphosphinyl
group for coupling of sugars with peptides/amino acids. Our
attraction to this approach was derived from the fact that its use
had been elegantly demonstrated for the coupling and
N-protection of amino acids.8 One of the major considerations
in adopting this approach was the principle that one should be
able to utilise the same coupling reagent for the synthesis of
oligosaccharides and peptides, although in the former case we
are forming a glycosidic bond rather than an amide bond;
however the leaving group is the same in both reactions. In
addition the employment of the diphenylphosphinate and
propane-1,3-diyl phosphate groups9 should result in the prepa-
ration of O-glycosides with improved stability, enabling ready
isolation and storage of these compounds. Additionally we
chose to study propane-1,3-diyl phosphate as the leaving group
as this would provide a comparison of the effect of pKa on
leaving group ability. Furthermore the introduction of the cyclic
phosphate group would allow us to assess the influence of steric
requirements at the anomeric centre.

We chose to investigate the coupling at the anomeric centre
of tetra-O-benzyl-d-glucopyranose. Our attraction to this was
multi-faceted, with the major consideration being that there
would be no participation by the C-2 substituent in the coupling

reaction; furthermore, these processes had received scant
attention in the literature and in addition we would have a
flexible method that would allow the synthesis of O-glyco-
pyranosides.

Treatment of tetra-O-benzyl-d-glucopyranose 1 with di-
phenylphosphinyl chloride and N-methylimidazole resulted in
the formation of the phosphinates 2‡ and 3 (ratio 10 : 1) in 95%
yield (Scheme 1), which could be separated by column
chromatography. However for ease we conducted all of our
reactions with this anomeric mixture, which could be stored at
220 °C for 3–4 months without decomposition.10 Similar
treatment of 1 with the cyclic phosphoroyl chloride 4 resulted in
formation of the phosphates 5‡ and 6, which were inseparable
by chromatography, in 65% yield, (ratio ca. 10 : 1).

We thus proceeded to study the reactions of the phosphinates
2 and 3 and also of the cyclic phosphates 5 and 6 with a range
of nucleophiles (Scheme 2, Table 1). In the case of the reaction
of n-butanol with pure 2 there was little difference in the
stereochemical outcome of the reaction to that found using the
anomeric mixture. In general the chemical yield was excellent,
however the observed stereoselectivity in these cases was poor,
being in the order of 3 : 1 in favour of the desired b-isomer. The
stereochemistry of products was established by 1H and 13C
NMR analysis. The 13C NMR spectra were particularly useful
as the b-isomers 7 had chemical shifts above d 100 whilst the
a-isomers 8 had a resonance at ca. d 96,11 allowing assignment
of the newly formed stereocentre.

In the case where we employed propane-1,3-diyl phosphate
as the leaving group the stereoselectivity was improved, with
the b-isomer being the major compound in the case of oxygen
nucleophiles. To our surprise the use of serine- and thereonine-
derived nucleophiles resulted in the formation of 8 as the major
isomer; this may be as a result of a hydrogen bonding interaction
with the N–H, resulting in delivery from the a-face of the

Scheme 1 Reagents and conditions: i, N-methylimidazole, Ph2POCl

Scheme 2 Reagents and conditions: i, nucleophile (1 equiv.), TMSOTf (1
equiv.), 278 °C, 25 min
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glucose. We were gratified to observe that we had attained our
goal of excellent selectivity in the formation of 7 in the cases
where we employed sugar-derived nucleophiles. This is partic-
ularly encouraing as we have a 2-O-benzyl protecting group
which is non-participating in glycosylation reactions and would
be expected to result in the formation of the a-glycosides. As a
result of these findings one could, in principle, use O-benzyl
protected sugars as starting materials and by changing the
activating group of the glycosyl donor either desired stereo-
isomer can be obtained, thus alleviating the need for differ-
entially protected starting sugars.

We have thus established that tetra-O-benzyl-d-gluco-
pyranose can be converted into O-linked glycosides with high
stereoselectivity in the cases where we employed propane-
1,3-diyl phosphate as the leaving group, adding to the
methodology available for the synthesis of complex carbohy-
drates.

We thank Professor R. Ramage (Edinburgh University) for
helpful discussions and encouragement. We also thank the
EPSRC for access to the mass spectrometry service at the
University of Wales, Swansea (Director, Dr J. A. Ballantine).
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† E-mail: gurdial.singh@sunderland.ac.uk
‡ All compounds gave satisfactory spectral and microanalytical data.
Selected data for 2:10 [a]D +83.3 (c 4.3, CHCl3); dH(400 MHz, CDCl3)
3.62–3.77 (4H, m), 3.86–4.07 (2H, m), 4.36 (1H, d, J 11.87), 4.47 (1H, d,
J 10.50), 4.51 (1H, d, J 11.87), 4.60 (1H, d, J 11.22), 4.73 (1H, d, J 11.22),
4.80 (1H, d, J 10.56), 4.85 (1H, d, J 10.56), 4.96 (1H, d, J 11.21), 5.99 (1H,

dd, J 3.3, 11.9), 7.10–7.84 (m, 30H); dC(100.40 MHz, CDCl3) 68.08 (C-6),
72.10, 73.21, 74.64, 76.67, 79.14 (C-4), 79.20 (C-2), 81.13 (C-3), 84.28
(C-5), 92.79 (C-1), 127.41–128.24 (Ar-C), 130.31–132.40 (Ar-C),
137.57–138.40 (Ar-C); dP(161.70 MHz, CDCl3) 32.50. For 5: mp 101–103
°C; [a]D +65.7 (c 1.4, CHCl3); dH(270 MHz, CDCl3) 1.55–1.63 (1H, m, JPH

15.2), 2.14–2.28 (1H, m, JPH 15.2), 3.61–3.78 (4H, m), 3.89–3.99 (2H, m),
4.15–4.41 (4H, m), 4.44 (1H, d, J 11.87), 4.52 (1H, d, J 11.87), 4.56 (1H,
d, J 11.87), 4.63 (1H, d, J 11.21), 4.71 (1H, d, J 11.87), 4.80 (1H, d, J 10.56),
4.84 (1H, d, J 11.22), 4.94 (1H, d, J 11.22), 5.85 (1H, dd, J 10.56, 3.30),
7.13–7.37 (20H, m); dC(67.8 MHz, CDCl3) 25.84 (1C, d, J 7.01), 68.14,
68.65 (d, J 7.01), 68.86 (d, J 7.01), 75.51, 76.94, 79.03, 94.78,
127.60–128.09 (Ar-C), 137.50–138.47 (Ar-C); dP(109.25 MHz, CDCl3)
210.99; m/z (EI) 660.6 (M+) (Found: C, 67.4; H, 6.3; P, 4.7. C37H41O9P
requires C, 67.3; H, 6.3; P, 4.7%). For 6: (selected features) dH(270 MHz,
CDCl3) 5.24 (1H, app t, J 13.19, 7.26); dC(67.8 MHz, CDCl3) 98.44;
dP(109.25 MHz, CDCl3) 210.60. For 7 (Nu = OBu): mp 69–71 °C; [a]D

+16.5 (c 1.3, CHCl3); dH(270 MHz, CDCl3) 0.91 (3H, t, J 7.26), 1.35–1.71
(4H, m), 3.41–3.50 (2H, m), 3.52–3.69 (4H, m), 3.73 (1H, dd, J 10.55, 1.98),
3.97 (1H, dt, J 12.53, 5.93), 4.39 (1H, d, J 7.91, H-1), 4.51 (1H, d, J 11.21),
4.55 (1H, d, J 11.87), 4.61 (1H, d, J 12.54), 4.71 (1H, d, J 10.55), 4.76 (1H,
d, J 11.21), 4.80 (1H, d, J 10.56), 4.91 (1H, d, J 10.55), 4.93 (1H, d, J 10.56),
7.10–7.37 (20H, m); dC(67.8 MHz, CDCl3) 13.85, 19.29, 31.82, 67.88,
69.02, 69.78, 73.45, 74.85, 74.98, 75.66, 77.96, 82.29, 84.72, 103.60 (C-1),
127.58–128.37 (Ar-C), 138.23, 138.32, 138.61, 138.74 (Found M+,
596.3138. C38H44O6 requires 596.3138). For 7 (Nu = 13):12 [a]D +65.5 (c
3.3, CHCl3); dH(270 MHz, CDCl3) 1.99 (3H, s), 2.02 (3H, s), 2.08 (3H, s),
3.29 (3H, s), 3.41–3.55 (3H, m), 3.64–3.80 (2H, m), 3.84–3.97 (4H, m), 4.38
(1H, d, J 8.57), 4.46 (1H, d, J 11.87), 4.49 (1H, d, J 11.87), 4.56 (1H, d, J
11.87), 4.58 (1H, d, J 10.55), 4.64 (1H, d, J 11.21), 4.74 (1H, d, J 11.22),
4.81–4.85 (3H, m), 4.89 (1H, d, J 10.55), 4.91 (1H, d, J 11.21), 5.36 (1H,
app t, J 4.62), 7.03–7.27 (20H, m); dC(67.8 MHz, CDCl3) 20.68, 20.70,
29.59, 66.83, 68.43, 69.51, 70.24, 70.82, 73.15, 74.67, 74.82, 75.12, 75.47,
80.21, 81.27, 82.49, 84.71, 96.61 (C-1A), 102.93 (C-1), 127.52–128.51 (Ar-
C), 137.72, 138.06, 138.34, 138.50, 170.10, 170.29, 170.40.
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Table 1 Results of reaction of 2, 3, 5 and 6 with nucleophiles

Phosphinate/
phosphate Nucleophile Yield (%)a Ratio 7 : 8

2 BunOH 89 2 : 1
2 and 3 BunOH 90 2 : 1
2 and 3 MeOH 94 4 : 1
2 and 3 PriOH 93 3.5 : 1
2 and 3 9 88 2.5 : 1
2 and 3 10 94 1 : 2
2 and 3 11 85 2 : 1
2 and 3 12 92 2 : 1
2 and 3 13 84 3 : 1
5 and 6 BunOH 99 7 only
5 and 6 MeOH 96 7 : 3
5 and 6 PriOH 98 7 : 3
5 and 6 9 91 1 : 2
5 and 6 10 83 1 : 2
5 and 6 11 88 4 : 1
5 and 6 12 68 7 only
5 and 6 13 72 7 only

a All yields are for isolated products.
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First of a new family of tetraamine bis(m-thiolate)-containing macrocycles:
structure and stepwise oxidations and reductions of the dinickel(II) complex

Sally Brooker,a* Paul D. Croucher,a Tony C. Davidson,a Geoffrey S. Dunbar,a A. James McQuillana and
Geoffrey B. Jamesonb

a Department of Chemistry, University of Otago, PO Box 56, Dunedin, New Zealand. E-mail: sbrooker@alkali.otago.ac.nz
b Institute of Fundamental Sciences, Chemistry, Massey University, Palmerston North, New Zealand

Reduction of a dinickel(II) dithiolate Schiff-base macrocyclic
complex with sodium borohydride results in a ‘bowl’-shaped
dinickel(II) dithiolate amine macrocyclic complex which
exhibits four separate one-electron redox processes.

The active site of the [Ni,Fe]-hydrogenases, metalloenzymes
which catalyse H2 = 2H+ + 2e2, has only recently been
established to be dimetallic.1 There has been considerable
debate as to the oxidation state(s) of the nickel centre during the
catalytic cycle.2 As the overall reaction is a redox process it
seems likely that either one or both of the doubly cysteinate-
bridged metal ions, nickel and iron, change oxidation state
during the catalytic cycle, although a third possibility, of the
thiolate residues being non-innocent, has yet to be ruled out.
Early studies of mononickel thiolate model compounds estab-
lished many important chemical and electrochemical points,2
and indicated that interactions with species such as carbon
monoxide and hydrogen occur in the Ni(I) oxidation state.2,3 In
order to better mimic the dimetallic active site, studies are now
probing the impact of the presence of a second metal ion, doubly
bridged to the nickel ion by thiolate residues, on the properties
of the complexes.4–8 We have prepared a family of dinickel
thiolate model complexes in which the two incorporated
nickel(II) ions are bridged by thiolate(s): the polydentate ligands
employed supply N2S2 or N2X1S1 (X = O or N) coordination to
each nickel ion.5–7 Here we present the substantial effects on
structure and electrochemistry of varying the nature of the
nitrogen donors from imine to amine in a dinucleating
macrocycle which provides N2S2 coordination environments to
each of the pair of bound nickel(II) ions.

The red, diamagnetic, tetraimine macrocyclic complex 2 was
prepared as reported (CAUTION: Perchlorate salts are poten-
tially explosive and should therefore be handled with appro-
priate care).6 The first of this new generation of tetraamine
macrocyclic complexes, complex 1, was prepared from 2 by
sodium borohydride reduction in MeOH in air followed by an
acid workup.9 Red single crystals of 1 were obtained in 60–80%
yield by recrystallisation of the crude product from MeCN by

vapour diffusion of diethyl ether and an X-ray structure
determination carried out.†‡ The nickel(II) ions in 1 have an
N2S2 square planar environment (Fig. 1) as observed in the
tetraimine complex 2.6 However, in complex 1 the overall shape
of the complex is very different to that of 2. Specifically, in
addition to the folding of the two phenyl planes, which is
observed in both complexes (angles between phenyl planes:
98.8 and 105.9° in 2 vs. 111.5° in 1), the ligand in complex 1
exhibits a second folding at right angles to the first, which leads
to a ‘bowl’-shaped complex overall (Fig. 1) rather than the
‘bowed’ shape observed for 2.6 This additional fold is possible
in 1 because of the change from conjugated trigonal imine
groups in 2 to flexible tetrahedral amine groups in 1, and this is
readily seen by comparison of the distances of the nitrogen
atoms from the plane of the respective phenyl rings (2, N
0.25–0.52 Å out-of-plane; 1, N 1.10 and 1.11 Å oop). This leads

Fig. 1 Perspective diagrams of the cation of 1, [Ni2L1]2+. No hydrogen
atoms, except those on the amine nitrogen atoms, are shown. Selected bond
lengths (Å) and angles (°): Ni(1A)–N(2) 1.951(4), Ni(1A)–N(1) 1.951(4),
Ni(1A)–S(1) 2.1685(18), Ni(1A)–S(2) 2.177(2), N(2)–Ni(1A)–N(1)
88.72(18), N(2)–Ni(1A)–S(1) 174.37(14), N(1)–Ni(1A)–S(1) 96.45(14),
N(2)–Ni(1A)–S(2) 96.62(14), N(1)–Ni(1A)–S(2) 174.22(14),
S(1)–Ni(1A)–S(2) 78.13(8), C(15)–S(1)–Ni(1A) 107.3(2), C(15)–S(1)–
Ni(1Aa) 107.3(2), Ni(1A)–S(1)–Ni(1Aa) 88.19(9), C(25)–S(2)–Ni(1Aa)
106.8(2), C(25)–S(2)–Ni(1A) 106.8(2), Ni(1Aa)–S(2)–Ni(1A) 87.76(12),
where symmetry transformation a is x, 2y 2 1/2, z.
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to the N2S2 mean planes of the two encircled nickel atoms
intersecting at an angle much closer to 90° in 1 (124°) than is
observed in 2 (146.3 and 146.4°), which in turn results in shorter
Ni···Ni separations in 1 (3.14 and 3.15 Å in 2 vs. 3.02 Å in 1):
a shortening of the S···S separations (2.84 and 2.85 Å in 2 vs.
2.74 Å in 1) is also observed in 1, along with changes in the
angles at sulfur (Fig. 1 caption).6 The ‘bowl’ created by this new
macrocyclic ligand distinguishes the two axial sites on the
nickel atoms, producing an ‘inside’ and ‘outside’ surface which
may lead to interesting features when reactivity studies are
carried out. All of the amine hydrogen atoms point in the same
direction (cis) with respect to the macrocyclic ‘bowl’.

The cyclic voltammograms obtained for complexes 1 and 2
are shown in Fig. 2. In both cases a series consisting of four
separate one-electron steps is readily identified: the dinickel(II)
complexes can be oxidised in two steps or reduced in two steps.
From EPR studies and comparisons with related N2X1S1 (X =
O or N) square planar dinickel thiolate complexes and dizinc
complexes these processes are believed to be largely metal-
centred (i.e. NiI2ÔNiINiIIÔNiII2ÔNiIINiIIIÔNiIII2).6,7 The
mixed valent forms of the complexes prepared by electro-
chemical oxidation or reduction exhibit axial EPR spectra
consistent with metal-based Ni(III) or Ni(I) species respectively.
In the former, g values are of the order of g∑ 2.02 and g4 2.20
and in the latter, g∑ 2.01 and g4 2.08. These values are consistent
with those derived for the oxidised and reduced forms of the
metal with equatorial tetraaza-donors. Precise data will be
reported elsewhere.7 Interestingly the potentials at which the
two sequential oxidation processes of [NiII2Ln]2+ (n = 1 or 2)
occur do not vary much with the change from imine to amine
nitrogen donors. In contrast the potentials of the two sequential
reduction processes of [NiII2Ln]2+ (n = 1 or 2) differ
significantly: there is a substantial shift to more negative
potentials on changing from imine to amine nitrogen donors, as
expected given that this equates to a reduction of p-acceptor
ability.10 A second feature is that the two waves have a greater
DE, corresponding to the mixed valent species [Ni2L1]+ being
more stable with respect to disproportionation. It is curious that
the dramatic differences in the reductive processes of 1 when
compared with 2 are not reflected in the oxidative processes and
we are further investigating this point.7

The successful synthesis of this tetraamine complex, 1,
represents a major step towards the production of stable
dimetallic species suitable for redox and binding studies as the
macrocycle is hydrolytically stable in contrast to the parent
Schiff base. The nature and reactivity of the redox products are
of considerable interest both in their own right and due to their
relevance to the redox process catalysed by [Ni,Fe]-hydro-

genases.11 Further work is under way to explore these exciting
aspects of our dinickel thiolates.7

This work was supported by grants from the University of
Otago. We thank Professor W. T. Robinson (University of
Canterbury) for the X-ray data collections and C. Beck
(University of Sydney), Professor A. McAuley and Dr S.
Subramanian (University of Victoria) for the EPR spectra.7 This
work is dedicated to Professor W. Roper on the occasion of his
60th birthday.

Notes and References

† Satisfactory C,H,N,S analyses were obtained for 1 and 2. NMR (300 MHz,
CD3CN, ref. ext. TMS): 1 dH (298 K) 7.18 (4H, s), 3.64 (8H, d), 3.47 (4H,
d), 2.92 (4H, dd), 2.47 (4H, d), 2.27 (6H, s); 2 dH (343 K) 9.48 (4H, s, br),
7.54 (4H, s), ca. 4.50 (4H, br), ca. 4.31 (4H, br), 2.46 (6H, s), 2.24 (2H, d,
br), 1.64 (2H, br).
‡ Crystal data for 1: C28H40Cl2N6Ni2O10S2, dark red square block, crystal
dimensions 0.40 3 0.35 3 0.13 mm, orthorhombic, Pnma, a = 16.825(3),
b = 11.190(2), c = 19.160(4) Å, U = 3607.3(12) Å3, m = 1.37 mm21. Data
were collected at 149 K on a Bruker SMART diffractometer using graphite-
monochromated Mo-Ka, l = 0.71073 Å. A total of 26349 reflections were
collected in the range 3 < 2q < 53° and the 3900 independent reflections
were used in the structural analysis after a semi-empirical absorption
correction had been applied. The structure was solved by direct methods
(SHELXS-86),12 and after resolution of severe disorder problems (elec-
tronic supplementary information: see http://www.rsc.org/suppdata/cc/
1998/2131) the refinement on F2 against all data (SHELXL-97)13

converged satisfactorily to R1 = 0.068 [for 3036F > 4s(F); wR2 = 0.191
and goodness of fit = 1.14 for all 3900 F2; 390 parameters; 230 restraints;
+0.70/20.57 eÅ23]. CCDC 182/993.
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Fig. 2 Cyclic voltammograms of 1 (top) and 2 (bottom). Conditions: 1 mM
complex in MeCN, 200 mV s21, 0.1 M NBu4ClO4 electrolyte, referenced to
Ag/0.01 M AgNO3 (the Fc/Fc+ couple occurred at +0.13 V). Reduction
potentials (V) for the dinickel complexes 1 (Ln = L1) and 2 (Ln = L2)
respectively: E1/2 [Ni2Ln]3+/4+ +1.10QR, +1.07QR; E1/2 [Ni2Ln]2+/3+ +0.69R,
+0.63R; E1/2 [Ni2Ln]+/2+ 21.18R, 21.01R; E1/2 [Ni2Ln]0/+ 21.86QR,
21.46R. Kd (1, ox) = 1.2 3 1027, Kd (1, red) = 1.1 3 10211, Kd (2, ox) =
3.6 3 1028, Kd (2, red) = 2.5 3 1028; R reversible, QR quasi-
reversible.14
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Organisation of long aliphatic monocarboxylic acids in b-cyclodextrin
channels: crystal structures of the inclusion complexes of tridecanoic acid and
(Z)-tetradec-7-enoic acid in b-cyclodextrin
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In the crystalline state, infinite channels of b-cyclodextrin
dimers host infinite arrays of self associated linear aliphatic
monocarboxylic acids, thus enclosing the hydrophilic car-
boxy ends inside the hydrophobic channels.

Non-bonding interactions like H-bonds and hydrophobic inter-
actions comprise the main routes for the assembly of super-
molecules,1a,b entities detectable as distinct from the constituent
molecules. Since the non-covalent bonding interactions are at
least an order of magnitude weaker than covalent bonds, stable
supermolecules require a large number of such interactions, i.e.
the presence of a large area of complementary surface1c,d in
order to compensate for the entropic loss due to organisation.
This requirement is fulfilled in the formation of host–guest
assemblies. Moreover, if the supermolecules possess groups
capable of aggregation via non-covalent bonds, it is possible to
synthesise supramolecular assemblies. Thus the latter can be
generated by introducing groups with a tendency for specific
interactions into strategic parts of the supermolecules.2

The systems reported here, which involve inclusion of one
molecule of a long aliphatic mono-carboxylic acid (tridecanoic
acid 1 and (Z)-tetradec-7-enoic acid 2) into two molecules of
b-cyclodextrin (b-CD), combine host–guest interactions and
supramolecular synthon association of both host and guest to
form supramolecular assemblies. They were designed to form
three-component pseudo-rotaxanes and subsequent stacking of
those into infinite channels. Indeed, such systems were prepared
through precipitation from aqueous solutions of b-CD after the
addition of a two-fold excess of the aliphatic acids at room
temperature. The crystallographic analyses‡ revealed that the
above simple process allowed the formation of systems
exhibiting many levels of supramolecular organisation.

Firstly, b-CD forms dimers via H-bonds between the O3
secondary hydroxy groups of the two monomers, as is common
in b-CD inclusion complexes.3 Each molecule of aliphatic acid
threads into the long cavity of a b-CD dimer to form a
[3]pseudorotaxane [Scheme 1(a)]. The aliphatic guests span the
entire length of the b-CD dimer with the carboxylic groups
slightly protruding from one primary face and the terminal
methyl groups protected at the other end. Threading of two
cyclodextrin units (a-CD, permethylated a-CD) onto one long
aliphatic molecule has also been observed4 in aqueous solutions
and inter-cyclodextrin H-bonds have been invoked to account
for the thermodynamic parameter measurements in solution
studies of polypseudorotaxanes.5

At a second level, the supramolecular units align along the
crystallographic c axis to form channels (Fig. 1). The crystallo-
graphic asymmetric unit contains one [3]pseudorotaxane in

Scheme 1 Schematic representation of (a) the self-assembly of two
b-cyclodextrin molecules and an aliphatic acid molecule into [3]pseudo-
rotaxanes, (b) the formation of a channel supramolecular array and (c)
supramolecular arrays of higher order by channel association

Fig. 1 Channel formation in the b-cyclodextrin complex of (Z)-tetradec-
7-enoic acid. The two terminal guest molecules have the A orientation and
the middle one the B orientation.
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which the aliphatic acid is disordered over two orientations (A
and B) of almost equal probability (occupation factors for
orientations A and B refined to: A = 52%, B = 48% for 1, and
A = 51%, B = 49% for 2; considered as 50% each from the
accuracy of the present data). Therefore, a b-CD dimer encloses
one molecule of the acid in orientation A and the adjacent dimer
along the channel in orientation B in order to form conventional
carboxylic dimers [Scheme 1(b)]. The observed distances
between the adjacent carboxylic oxygen atoms of orientations A
and B are O1A···O1B = 2.50 and OA2···OB2 = 2.74 Å for 1
and OA1···OB1 = 2.70 and O2A···O2B 2.71 Å for 2. The
overall formation of the channel resembles an infinite poly-
pseudorotaxane where the b-CD molecules are not threaded
onto a polymer chain but onto an linear assembly of aliphatic
carboxylic acids held together by intermolecular interactions. In
addition, the b-CD host assists in the formation of the
supramolecular assembly via H-bonds between two primary
hydroxy groups of consecutive dimers (O···O distances 2.93 and
2.98 Å for 1 and 2 respectively) that further strengthen the
channel.

The supramolecular organisation extends to a third level,
since the channels associate via H-bonds along the a and b axes
[Scheme 1(c), Fig. 2]. The H-bonding interactions are either
through direct association of primary and secondary hydroxy
groups (five H-bonds at O···O distances 2.77–2.89 and
2.76–2.91 Å for 1 and 2 respectively) or through intervening
water molecules.

Determination of the unit cells of crystals of b-CD complexes
of aliphatic mono-acids with 12–16 carbon atoms show that
they are isomorphous with the complexes reported here,
showing that they also form [3]pseudorotaxanes aligned in
channels. In contrast, b-CD complexes of aliphatic di-acids with
10–16 carbon atoms also form [3]pseudorotaxanes but they do

not align in channels,6 preferring to interact with the polar
environment. Therefore, in the case of the monocarboxylic
acids we observe the remarkable fact that the carboxylic groups
prefer to be enclosed inside the hydrophobic environment of the
channel rather than interact with the aqueous environment in the
periphery of the b-CD dimers, as in the case of the di-acids. We
believe that what forces them inside the channel is the presence
of the terminal methyl groups of the guest in the other primary
face of the b-CD dimers. Due to the presence of the solvent in
the lattice, these methyl groups would be exposed to the
aqueous environment if channels were not formed. On the other
hand, although the carboxylic groups prefer the polar environ-
ment, they can be stabilised by self-association into carboxylic
dimers. The formation of the latter corresponds to an overall
non-polar moiety7 that can stay inside the hydrophobic
channel.

Summarising, we have achieved the construction of an
infinite channel structure, based on specific features of simple
building blocks, with aliphatic mono-carboxylic acids threaded
through two b-CD molecules. The tendency of cyclodextrins to
form inclusion complexes and simultaneously to self-associate
and form dimers is combined with the tendency of the guest
molecules for self association through a very well known
synthon, the carboxylic dimer. It is shown that the channel
forming ability of similar systems is directly related to the
degree of hydrophobicity/hydrophilicity of the end groups of
the guest emerging from the primary faces, due to one more
variable, the solvent, that influences the packing of the building
blocks. Currently, we are exploiting the properties of the
systems in order to design transitions between the packing
modes8 of dimeric b-CD complexes via the interplay of the
aliphatic chain length and the nature of the end groups.

I. M. M. and K. Y. acknowledge the support of the EU
program VALUE CTT 472. This work was partially supported
by the General Secretariat of Research and Technology of
Greece, Program PENED.

Notes and References

† E-mail: mavridi@cyclades.nrcps.ariadne-t.gr
‡ Crystal data for 1 (C42H70O35)2·(C13H26O2)·(H2O)19.5: triclinic, P1 a =
15.654(6), b = 15.650(6), c = 15.937(6) Å, a = 101.585(12), b =
101.596(14), g = 103.585(13)°, V = 3589(2) Å3, Z = 1, rcalc = 1.286
g cm23, 2qmax = 41°, m(Mo-Ka) = 0.1 mm21, T = 293 K, R1 = 0.0862
for 5862 Fo > 4s(Fo), wR2 = 0.2702 for 7565 independent reflections.
19.5 water molecules were located, distributed over 28 positions. For 2
(C42H70O35)2·(C14H26O2)·(H2O)14.6: triclinic, P1, a = 15.6259(9), b =
15.6226(10), c = 15.9349(10) Å, a = 101.547(2), b = 101.555(2), g =
103.642(2)°, V = 3576.4(4) Å3, Z = 1, rcalc = 1.283 g cm23, m(Mo-Ka)
= 0.1 mm21, T = 293 K, R1 = 0.0862 for 6784 Fo > 4s(Fo), wR2 =
0.2505 for 8004 independent reflections. 14.6 water molecules were
located, distributed over 32 positions. A full description of the structures
will be published elsewhere. CCDC 182/991.
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Synthesis of a novel supported solid acid BF3 catalyst

Karen Wilson and James H. Clark*
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A novel and active form of supported boron trifluoride has
been prepared and the active sites identified.

Tightening environmental legislation on the production of
waste during homogeneously acid catalysed reactions has led to
a demand for heterogenised systems that will aid recovery of the
catalyst and minimise pollution. BF3 is widely used as a Lewis
acid catalyst in many organic reactions, including alkylation,
acylation, polymerisation, isomerisation and addition reac-
tions,1 and may be used directly from the gas phase, or
complexed with an organic or inorganic ligand (e.g. BF3·OEt2
or BF3·H3PO4). Recovery of boron from the reaction however
results in the formation of large amounts of waste, which on an
industrial scale is environmentally unacceptable.

The use of a heterogeneous BF3 system would offer ease of
catalyst recovery and reuse, and minimise the production of
waste currently formed during BF3 recovery. However a
suitable replacement supported system must also exhibit
activities/selectivities comparable to the existing homogeneous
route. To date previous attempts to produce oxide supported
BF3 has focused on the use of gaseous BF3.2–4 In this paper we
report the synthesis, characterisation and reactive properties of
a novel mesoporous SiO2 supported solid acid catalyst prepared
using liquid BF3 precursors. The activity of the catalyst towards
the alkylation of phenol with oct-1-ene to form octyl phenyl
ether or octylphenol (important in the production of lubricants)
was examined.

A range of SiO2 supported BF3 catalysts (4 mmol g21

loading) were prepared from BF3(H2O)2 (Aldrich 96%) and
BF3·OEt2 (Aldrich 99%) precursors. Mesoporous SiO2
(K100-Merck) of surface area 310 m2 g21 was dried for 24
hours at 300 °C, then stirred under a N2 atmosphere with a
mixture of the precursor diluted in 100 ml of ethanol or toluene
at 20 °C or reflux respectively. The catalyst slurry was stirred
for 2 hours, then dried slowly on a rotary evaporator at 50 °C.

Characterisation of the acid sites present on the surface was
performed by recording DRIFT spectra following titration of
the supported BF3 catalysts with pyridine as shown in Fig. 1.

These show that all the catalysts exhibit both Lewis and
Brønsted acidity, as indicated by the absorption bands at 1445
and 1461 cm21, (Lewis sites), and those at 1638 and 1539 cm21

(Brønsted sites). The remaining bands at 1611 and 1489 cm21

are assigned to pyridine bound at either Lewis or Brønsted sites.
There is a striking difference in the nature of the acid sites
depending on catalyst preparation, with the catalyst prepared
from the BF3(H2O)2 precursor in ethanol exhibiting the most
intense Brønsted bands. Brønsted acidity in solid acid catalysts
normally arises from polarised d2O–Hd+ sites. The observation
of strong Brønsted acidity following attachment of a Lewis acid
centre to an oxide support has been reported in other systems,4,5

and might be attributed to polarisation of surface hydroxyl
groups via an inductive effect of the electronegative F atoms on
BF3. However what is remarkable in this instance is how the
Brønsted acidity varies with catalyst preparation, with the
catalysts prepared in ethanol exhibiting higher concentrations of
Brønsted acid sites than those prepared in toluene.

The origin of the acid sites on the ethanol prepared
BF3(H2O)2/SiO2 catalyst was investigated using thermogravi-
metric analysis coupled with evolved gas FTIR (TGIR), which
allows molecules desorbing from the catalyst during thermal
analysis to be identifed by their vibrational spectrum. Fig. 2
shows the thermal analysis results for supported BF3(H2O)2 and
BF3·OEt2 catalysts which had been prepared in ethanol. Heating
both catalysts above 100 °C results in significant weight loss
and the observation of ethanol desorption in the IR. However
the differential mass lost indicates that the ethanol desorption
temperature from BF3(H2O)2/SiO2 is 10 °C higher than from
BF3·OEt2/SiO2, and approximately twice the amount of ethanol
is evolved. This corresponds to approximately 4 and 2.5 mmol
g21 of ethanol present on each catalyst respectively. The uptake
of short chain alcohols has been used as an indication of the
strength and concentration of Brønsted acid sites on zeolites.6
These results therefore suggest that BF3(H2O)2/SiO2 possesses
a higher coverage of stronger Brønsted acid sites compared to
BF3·OEt2/SiO2.

Further heating beyond 400 °C results in an additional weight
loss which is accompanied by the evolution of HF from the

Fig. 1 DRIFTS following pyridine titration of 4 mmol g21 BF3/SiO2

catalysts prepared using BF3(H2O)2 and BF3·OEt2 precursors in ethanol or
toluene

Fig. 2 TGIR comparing 4 mmol g21 BF3(H2O)2/SiO2 and BF3·OEt2/SiO2.
IR spectra recorded during decomposition reveal the evolution of ethanol
and HF. The differential mass loss is also shown to indicate the peak ethanol
desorption temperature.
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catalyst. Corresponding DRIFTS/pyridine titrations of catalysts
calcined to 200 and 400 °C under N2, shown in Fig. 3, indicate
that the Brønsted sites are gradually lost as the calcination
temperature is increased.

While BF3 alone is a Lewis acid, it is often used catalytically
when bound to organic ligands to form strong proton donating
complexes.1 The evolution of ethanol at 120 °C coupled with
the loss of Brønsted acidity indicates that Brønsted acid sites in
the BF3(H2O)2/SiO2 catalyst may arise from the binding of
ethanol to supported BF3 centres resulting in the formation of a
[SiOBF3]2[EtOH2]+ complex. Further evidence in support of
this model comes from 1H MAS NMR of the as prepared
catalyst which show resonances at 1.343, 4.009 and 8.160 ppm
which are consistent with CH3, CH2 and OH2

+ of protonated
ethanol respectively.6 Previous studies have reported that ligand
exchange between BF3·OEt2 and ethanol results in the forma-
tion of H+[BF3OEt]2 complexes.7 However, to form the
protonated ethanol complex proposed in this model interaction
with a more protic BF3 complex is required, e.g. BF3(H2O)2,
which can exist as [H3O]+[BF3OH]2.1 The trend in Brønsted
acidity observed between BF3·OEt2 and BF3(H2O)2 precursors
can thus be understood in these terms.

Desorption of ethanol from the BF3(H2O)2/SiO2 catalyst
following 200 °C calcination lowers the number of Brønsted
sites titratable by pyridine (Fig. 3). We atttribute those
remaining to the polarisation of surface hydroxyl groups on the
support by the BFx centres. By 400 °C dehydroxylation of the
support further reduces the number of Brønsted sites leaving
predominantly Lewis acid character, as evidenced by the
DRIFTS bands at 1627 and 1462 cm21 which are attributed to
the BFx sites. The evolution of HF above 400 °C observed by
TGIR indicates that these BFx groups start to decompose above
this temperature, and by 600 °C no titratable acid sites remain
indicating complete decomposition of the BFx centres. Likewise
BET measurements on calcined BF3(H2O)2/SiO2 catalysts
reveal the surface area is maintained at 258 m2 g21 up to 200 °C,
indicating that the BF3 sites are stable to this temperature. An
increase in surface area to 266 m2 g21 is observed on calcining
to 400 °C, consistent with the decomposition of BF3. It should
be noted that due to outgassing procedures prior to BET
measurements changes in surface area due to ethanol desorption
cannot be observed. We believe that these spectroscopic results
can be summarised by the model presented in Scheme 1.

The catalytic activity of these supported BF3 samples was
tested using the reaction of oct-1-ene with phenol (performed at
85 °C using 0.05 M of each reactant, in 100 ml of 1,2-dichloro-
ethane with 1 g of supported BF3 catalyst). Table 1 shows the
phenol conversion and selectivities towards octyl phenyl ether
obtained after 23 hours reaction time. It is clear that the activity
of the BF3(H2O)2/SiO2 catalyst prepared in ethanol is superior
to the other samples. The activity can thus be correlated with the

number and strength of Brønsted acid sites identified on these
catalysts using TGIR.

Following reuse of BF3(H2O)2/SiO2 samples, a decrease in
conversion and selectivity towards ring alkylation products is
observed relative to the fresh catalyst. Preliminary character-
isation of used catalyst, by DRIFTS and pyridine titration,
indicates the nature of the acid sites remains essentially
unchanged. The loss of activity on recycling the catalyst may
result from organic residue deposited on the catalyst during
reaction causing pore blocking and/or poisoning of active
sites.

In conclusion, we have synthesised a novel form of supported
boron trifluoride which is easy to prepare and handle, shows
unusually high Brønsted acidity which can be controlled by
activation temperature, and exhibits considerable catalytic
activity.

We thank the EPSRC for funding the project, EPSRC/RAEng
for a Clean Technology Fellowship (to J. H. C.), and colleagues
at York and the University of Newcastle Chemical and Process
Engineering Department for helpful discussions.
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Fig. 3 DRIFTS following pyridine titration of 4 mmol g21 BF3(H2O)2/SiO2

after calcination to 200 °C and 400 °C under N2. All spectra were recorded
at 20 °C.

Scheme 1

Table 1 Phenol conversion and selectivities towards octyl phenyl ether after
23 h reaction for the different catalysts

Catalyst
Phenol conversion
(%)

Ether selectivity
(%)

BF3(H2O)2/SiO2 (EtOH) 30 61
BF3(H2O)2/SiO2 recycled 6 97
BF3(H2O)2/SiO2 (PhCH3) 4 78
BF3·OEt2/SiO2 (EtOH) 3 85
BF3·OEt2/SiO2 (PhCH3) < 1 92
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confacial and edge-sharing bioctahedral ditungsten compounds, and a
convenient synthesis of W2(m-Cl)3Cl622

Vladimir Kolesnichenko, Dale C. Swenson and Louis Messerle*

Department of Chemistry, The University of Iowa, Iowa City, IA 52242, USA. E-mail: lou-messerle@uiowa.edu

(NR4)W2Cl9 and (NR4)2W2Cl10, prepared by addition of
NR4Cl (R = alkyl) to (WCl4)x powder in CH2Cl2, have
confacial [W§W, 2.689(1) Å] and edge-sharing bioctahedral
[W§W, 2.792(1) Å] structures, respectively, as NBnEt3

+

salts, and convert with added NR4Cl to (NR4)2W2Cl9 and
(NR4)WCl6 and eventually (NR4)2WCl6; (NR4)W2Cl9 can
be converted to (NR4)2W2Cl10 by NR4Cl at 230 °C.

High symmetry confacial [M2(m-L)3L6, D3h; L = ligand] and
edge-sharing [M2(m-L)2L8, D2h] bioctahedral complexes are
known for many transition metals and are of considerable
importance for understanding metal–metal single and multiple
bonding.1 The effect of orbital population on M–M distance can
be understood by studying isostructural compounds with
various d-electron counts. Confacial bioctahedral congeners
with differing d-electron counts are known for few metals (e.g.
Re,2 W). For tungsten, W2(m-Cl)3Cl632 (d3–d3; one of the first3
metal–metal bonded compounds to be recognized4 as such) and
d2–d3 W2(m-Cl)3Cl622 have been reported.5,6 The W–W
distance in the former, which has been studied theoretically,7 is
a short 2.409(7)–2.4329(6) Å,6,8,9 (depending on cation), and
increases6 by 0.12 Å upon oxidation to W2(m-Cl)3Cl622. While
there are many preparations10 of W2(m-Cl)3Cl632, few are
known for the dianion;5,6,11 W2(m-Br)3Br6

22 is also known.12

We recently developed new syntheses of powdered and
crystalline (WCl4)x and showed that its structure was a linear
polymer of edge-sharing bioctahedra with alternating short
(double bond) and long (no bond) W···W separations.13 The
unusually reactive powder form, prepared from Sn reduction of
WCl6 in ClCH2CH2Cl, reacts with NR4Cl to give the new
chloroditungstates W2(m-Cl)2Cl822 1 and W2(m-Cl)3Cl62 2 as
well as W2(m-Cl)3Cl622 3. We report synthetic and structural
details.

The reaction of NR4Cl (R4 = BnEt3, BnBu3, Bu4) with
(WCl4)x leads to scission of dinuclear fragments, disproportio-
nation, and then comproportionation depending on stoichio-
metry and temperature. At 25 °C, reaction of (WCl4)x with one
equiv. of NBnEt3Cl (a cation which facilitates product separa-
tion) in CH2Cl2 leads to (NBnEt3)2(W2Cl9) [3; 96% isolated
yield, eqn. (1)]† and (NBnEt3)WCl6. The mixture is compro-
portionated by NBnEt3Cl to (NBnEt3)2WCl6 [94% yield, eqn.
(1)]. UV–VIS spectra of products matched literature data.11,14

The reaction between (WCl4)x and NBnEt3Cl in CH2Cl2 at
230 °C yields (NBnEt3)2[W2(m-Cl)2Cl8] 1 which crystallizes
along with undissolved (WCl4)x. Upon warming to 25 °C, 1
redissolves and disproportionates to 3 and (NBnEt3)WCl6 [eqn.
(2)], thus establishing that 1 is an intermediate in eqn. (1). With
additional (WCl4)x, 3 and (NR4)WCl6 comproportionate to
emerald green (NBnEt3)[W2(m-Cl)3Cl6] [2; eqn. (2)]. Com-
pound 2 can be prepared conveniently‡ in one step (90%
isolated yield) by combining (WCl4)x with 0.5 equiv. NBnEt3Cl
in CH2Cl2 at 25 °C, and can be converted§ back to 1 (95%

isolated yield) at 230 °C by NBnEt3Cl in CH2Cl2; isolation is
possible because of the low solubility of the NBnEt3+ salt. We
believe that 1 and 2 have not been observed in previous
studies5,6,14 because they disproportionate in solution (1) or in
the presence of Cl2 (2). Compound 2 is reduced to 3 by either
(NBnEt3)2WCl6 or Cp2Fe in CH2Cl2. Scheme 1 summarizes the
principal transformations.

The syntheses of 1, 2, and 3 are facilitated by the use of
(WCl4)x powder.13 Reactions of (WCl4)x, as prepared by
reduction of WCl6 with red phosphorus, W(CO)6, or Sb,13 with
NR4Cl proceed more slowly and lead to lower purity materials
because the lower solubility of these (WCl4)x materials results
in an excess of NR4Cl in the early stages of the reactions.

Single crystals of (NBnEt3)2[W2(m-Cl)2Cl8]·3CH2Cl2 1 were
obtained from 235 °C CH2Cl2 solution. The solid-state struc-
ture¶ of the centrosymmetric ditungstate portion of 1 (Fig. 1)
consists of an edge-sharing bioctahedron with a W(1)–W(1A)
distance of 2.792(1) Å, a W(1)–Cl(1)–W(1A) angle of
71.88(6)°, and a Cl(1)–W(1)–Cl(1A) angle of 108.12(6)°. The
crystallographically independent axial Cl(2) and Cl(3) in each
bioctahedral hemisphere are bent away from Cl(3A) and Cl(2A)
with Cl(2)–W(1)–W(1A) and Cl(3)–W(1)–W(1A) angles of

Scheme 1

Fig. 1 Thermal ellipsoid plot of the molecular structure of the ditungsten
anion portion of 1
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94.38(6)° and 93.98(6)°, respectively, and a Cl(2)···Cl(3A) non-
bonded distance which is appreciably closer [3.131(3) Å] than
twice the Cl van der Waals (VDW) radius of 1.70–1.90 Å.15

The anion in 1 is similar to that of the W§W bonded portion
of (WCl4)x, and can be formally viewed as the scission of that
edge-sharing bioctahedral portion of the polymeric structure13

and addition of two Cl2 endcaps. The W§W distance in
crystalline (WCl4)x is 2.688(2) Å, with W–Cl–W bridge angles
of 69.4(2)° and bent-back axial Cl [W–W–Cl(axial),
94.99(12)°]. The axial Cl in each bioctahedral hemisphere of
(WCl4)x are also closer [3.085(10) Å] than twice the Cl VDW
radius. There is no similarity between the structures of 1 and
W2Cl10 [i.e. W2(m-Cl)2Cl8] which has a long W···W separation
of 3.814(2) Å and a Clm–W–Clm angle of 81.5(1)°.16

The only other Group 6 M2(m-Cl)2Cl822 compound is edge-
sharing bioctahedral (PPh4)2[Mo2Cl10],17 with no Mo–Mo bond
(Mo···Mo, 3.80 Å). The reason(s) for the substantial differences
between Mo2(m-Cl)2Cl822 and W2(m-Cl)2Cl822 1 are presently
unknown, though the difference in degree of metal–metal
bonding parallels that for Mo2(m-Cl)3Cl632 and W2(m-
Cl)3Cl632.

Single crystals of (NBnEt3)[W2(m-Cl)3Cl6] 2 were obtained
from cooled (235 °C) CH2Cl2/CHCl3 solutions. Single-crystal
X-ray diffractometry∑ confirmed that the anion portion of 2
possesses a confacial bioctahedral structure (Fig. 2) with a
W(1)–W(2) distance of 2.696(3) Å and an acute W(1)–Cl(m)–
W(2) average angle of 66.6(1)° which is smaller than the bridge
angle of 70.53° for an idealized confacial bioctahedron. The
W–W distance and W–Clm–W angles are consistent with a
formal W(1)–W(2) double-bonding (a1A2eA2) interaction.

The W–W distance in W2(m-Cl)3Cl6n2 (n = 3, 2, 1) thus
increases from 2.409(7) to 2.4329(6) Å for n = 3, to 2.540(1) Å
for n = 2, and to 2.696(3) Å for n = 1 (compound 2), as would
be expected from s-bond weakening with increasing nuclear
charge and/or the decrease in formal bond order from 3 to 2.5 to
2.6 The UV–VIS data for 2 correspond to those reported11 for
(Bu4N)2(W4Cl17), whose structure was not determined. The
analytical accuracy, as the authors noted, did not rule out an
alternative formulation such as NBu4(W2Cl9). It is interesting
that W4Cl17

22 was reported11 to react with excess Cl2 to give
products including W2Cl922, as does 2.

The mechanism of formation of 1, 2, and 3 from chloride
attack on (WCl4)x, the solid-state and solution magnetochem-
istry of 1 and 2 (which exhibits a surprisingly low moment of @
1.3 mB in solution by the Evans method), theoretical studies
using the GAMESS program,18 and the reactivity of the new
ditungsten(IV) perchloroanions are under investigation.

The support of Nycomed, Inc. and the University of Iowa
Biosciences Initiative Research Program is gratefully acknowl-
edged, as are the useful comments of a reviewer.

Notes and References
† Synthesis of 3: a stirred mixture of 0.500 g (1.535 mmol) WCl4 and 0.350
g (1.537 mmol) NBnEt3Cl in 10 mL CH2Cl2 converted in 10 min from a
gray suspension to a deep purple-brown suspension with microcrystals, and
eventually to a deep blue-purple precipitate in a green-brown solution. After
several days, the precipitate was filtered off, washed with CH2Cl2 until the

wash became light blue-purple, and dried in vacuo. Weight = 0.525 g (96%
yield). The UV–VIS spectrum (CH2Cl2) matched those of known W2Cl922

salts. Anal: W, 33.7; Cl, 29.01. Calc. for (NBnEt3)2W2Cl9: W, 34.32; Cl,
29.78%. The supernatant was cooled to 230 °C for one day and a first crop
of the brown crystalline product was isolated by filtration for analysis and
dried in vacuo; weight 0.110 g (37% yield) (NBnEt3)WCl6. Anal: W, 31.2;
Cl, 36.43. Calc. for (NBnEt3)WCl6: W, 31.22; Cl, 36.12%.
‡ Synthesis of 2: a stirred mixture of WCl4 (1.00 g, 3.07 mmol), NBnEt3Cl
(0.350 g, 1.54 mmol), and CH2Cl2 (15 mL) gave a deep blue-green solution
after 10–30 min. After one day, the deep blue-green solution was filtered
and rotary-evaporated to a viscous oil, which crystallized to 1.218 g dark
emerald-green product (90% yield). Anal: W, 41.1; Cl, 35.58. Calc. for
(NBnEt3)W2Cl9: W, 41.83; Cl, 36.29%. UV–VIS, l/nm (e/dm3 mol21

cm21): 650 (825), 530 (370), 360 (shoulder), and 305 (22600). MS (FAB,
negative ion mode, m/z): 687 (M+, base peak for W2Cl92 isotope
pattern).
§ Synthesis of 1 via Cl2 addition to W2Cl92: pre-cooled (230 °C) solutions
of 0.052 g (0.228 mmol) NBnEt3Cl in 2 mL of CH2Cl2 and 0.200 g (0.228
mmol) (NBnEt3)(W2Cl9) in 4 mL of CH2Cl2 were mixed. Deep purple-
brown microcrystals formed immediately. After aging at 230 °C for 1 day,
the crystals were filtered off cold, washed with cold CH2Cl2 (ca. 5 mL) and
dried in vacuo. Weight = 0.257 g (95% yield). Anal: W, 30.8. Calc. for
(NBnEt3)2W2Cl10

.CH2Cl2: W, 30.85%.
¶ Crystallographic data for 1: C29H50Cl16N2W2, [(NBnEt3)2(W2Cl10)-
(CH2Cl2)3], M = 680.81, monoclinic, a = 14.620(3), b = 15.430(3), c =
10.860(2) Å, b = 108.38(3)°, V = 2324.9(8) Å3, T = 213 K, space group
P21/n, Z = 2, m = 5.889 mm21, 5553 reflections measured, 4053
independent reflections, R1 = 0.0451, wR2 = 0.0918.
∑ Crystallographic data for 2: C13H22Cl9NW2, M = 879.07, monoclinic, a
= 8.910(2), b = 15.350(3), c = 17.920(4) Å, b = 94.80(3)°, V =
2442.3(9) Å3, T = 213 K, space group P21/c, Z = 4, m = 10.398 mm21,
4672 reflections measured, 3819 independent reflections, R1 = 0.0500,
wR2 = 0.0987. CCDC 182/968.
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Fig. 2 Thermal ellipsoid plot of the molecular structure of the ditungsten
anion portion of 2
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Colloid-roughened surfaces as templates for the heterogeneous nucleation of
lepidocrocite g-FeO(OH) nanoparticles

Marc Nagtegaal, Ram Seshadri and Wolfgang Tremel*

Institut für Anorganische und Analytische Chemie, Johannes Gutenberg-Universität Mainz, Becher Weg 24 D-55099 Mainz,
Germany. E-mail: tremel@indigotrem1.chemie.uni-mainz.de

Lepidocrocite g-FeO(OH) crystals can be specifically nucle-
ated by sulfonate-terminated SAM/gold surfaces from solu-
tions at room temperature; previously ‘roughening’ the gold
surface through the tethering of gold colloids increases
yields.

Extensive studies by Rieke and coworkers1 have established the
propensity of sulfonate modified surfaces (of polymers and of
self-assembled monolayers (SAMs) of alkylsilyl compounds on
silicon) to heterogeneously nucleate the formation of FeO(OH)
crystallites from FeIII solutions. We have been interested in
extending this chemistry to the use of SAMs of w-substituted
alkylthiols on gold as substrates for such heterogeneous
nucleation. This would simultaneously permit greater freedom
for manipulation of the surface chemistry of the nucleating
substrate, facilitate atomic force microscopic (AFM) investiga-
tions and most importantly, permit the use of surface plasmon
spectroscopy (SPS) to monitor in situ, the accretion of material
on the substrate. In the course of these investigations, we have
been able to unambiguously confirm that only on sulfonate-
terminated substrates is there significant nucleation of FeO(OH)
(in the gmodification) at room temperature from FeIII solutions
that are otherwise stable to hydrolysis.

Primarily the influence of the sulfonate head-group on the
nucleation of FeO(OH) is acidity; nucleation usually being
carried out from acidic solutions at pH < 3. Under these
conditions, of the typical w substituents used by us (carbox-
ylates, phosphonates, etc.) only the sulfonate group is ionised,
permitting its binding to FeIII ions. Size is not a consideration
since the O–O distances in SO3 groups are about 20% smaller
than O–O distances in the FeO6 octahedra that are the principal
structural motifs in the different FeO(OH). These points have
been discussed extensively by Reeves and Mann who have
examined binding between different tetrahedral anions and the
iron oxides.2 Epitaxis between substrate and crystallite is thus
not an issue. A strategem to increase the number of nucleation
sites on the substrate would then be to chemically tether (using
alkyl dithiols) nanometre-sized gold colloids to the substrates in
order to microscopically roughen their surfaces. This has
previously proved useful in stabilising aragonite.3

Gold-coated glass substrates were placed overnight in 1 mm
solutions of 1,12-dodecanedithiol (DDDT) in ethanol. After
this, they were dipped in toluene sols of gold colloids† for 2
min. Placing these substrates in solutions of iron(iii) nitrate
resulted in nearly no deposition of material. FeO(OH) does in
fact nucleate heterogeneously on bare gold substrates (because
the high conductivity and surface energy of gold permits ions
that attach initially to be discharged) so we could conclude that
the lack of a deposit on the untreated colloid-tethered surface
arises from the continued presence of amphiphiles (left over
from the colloid preparation). Further treatment of the colloid-
covered gold surfaces through exposure to 1 mm ethanolic
solutions of the sodium salt of 3-mercaptopropane sulfonic acid
(MPS) results in their being able to nucleate the deposition of
thin films of orange–brown powders from the FeIII solutions.‡
The use of MPS/colloid/DDDT/gold architectures resulted in
significantly greater amounts of the orange–brown powders

being deposited than when only MPS/gold substrates are
used.

As at least eighteen different crystalline compounds are
formed in the Fe–O–H system,4 it is important to unambigu-
ously establish the nature of the orange brown powders. This
could be achieved using grazing-incidence X-ray diffraction,
combined with Rietveld profile fitting. Fig. 1 displays experi-
mental and fitted X-ray diffraction profiles,§ acquired with a
fixed grazing angle of W = 0.5°. The lepidocrocite structure5

was used in the fit, refining scale, profile and preferred
orientation parameters. The various parameters of gold (peaks
indicated using asterisks) as a second phase were also refined.
Below the fitted profile is a simulation of crystalline lep-
idocrocite with the hkl indices marked.

Fig. 2(a) displays tapping mode AFM images¶ of the gold
substrate to which colloids were tethered with DDT. The image
is displayed at a magnification wherein it is difficult to
distinguish the individual colloid particles, but is necessary for
comparison with the other images. The crystals were nucleated
under identical conditions on two different substrates, (b) MPS/
gold and (c) MPS/colloid/DDDT/gold. The crystals are lath-
like. On the MPS/gold substrate, they have typical dimensions
of 100 nm 3 20 nm in the plane of the substrate. On the colloid
modified surface (c) the density of crystals is larger presumably
as a result of a greater nucleation,∑ and the crystals are
simultaneously bigger, extending to about 200 nm. The

Fig. 1 Experimental and fitted grazing incidence xrd pattern of the
FeO(OH) crystals on the MPS/colloid/DDDT/gold assembly. The two
profiles have been slightly offset for clarity. The asterisks mark the peaks
due to the gold substrate. At the bottom is a simulation of isotropic
crystalline lepidocrocite with the hkl indices marked.
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morphology is slightly altered, being a little more rounded.
Lepidocrocite is layered,4 and possesses sheets of FeO6 double

octahedra. An analysis of the structure does not reveal any mode
of epitaxy between the O atoms in the structure and a model
sulfonate terminated thiol SAM. The layering however suggests
that the expected growth direction of the crystals with reference
to the substrate would be the direction normal to the sheets
namely [010]. The 0k0 lines are supressed in the XRD pattern,
rather than being enhanced, as one would expect in this case.
This arises from two causes. The first is that employing the
small grazing W angles used in the measurements, one would
expect that the incident X-ray will not sample very many 0k0
layers. The other is that the pattern clearly displays crystalline
correlation lengths that are hkl dependent; the peaks with a finite
h index are more narrow while along those with finite k, the
peaks are broad, reflecting the poor crystallinity along this
direction.

We thank Dr B. Baumgartner of STOE & Cie., Darmstadt for
the grazing incidence X-ray diffraction data, and Professor H.-J.
Butt for providing access to his AFM facilities. The gold used
here was part of a generous gift from Degussa, Hanau, and the
dithiol was provided by Mr J. Küther.

Notes and References

† Gold colloids were prepared in two-phase toluene/water systems
following the procedure of Brust et al.6 Details on the formation and nature
of colloid-tethered gold surfaces can be found in ref. 3.
‡ FeO(OH) crystallisations were performed by placing the substrates in
polypropylene flasks containing 2 mm solutions (freshly prepared) of
iron(iii) nitrate for a period of 48 h at room temperature.
§ X-Ray diffraction data were acquired on a STOE q–2q diffractometer and
were treated using the XND Rietveld program (version 1.16, J.-F. Bérar,
ESRF, Grenoble, France, 1997).
¶ Tapping mode AFM images were acquired using a Nanoscope IIIa,
employing Si cantilevers.
∑ From the present data, we infer that higher initial nucleation results in
greater deposition on the colloid-roughened surfaces. That the FeO(OH)
crystals are simultaneously larger suggests that the small crystals formed
initially could anneal into larger ones. Initial X-ray measurements indeed
suggest that crystallinity increases (linewidths narrow) with time even on
keeping deposited Fe oxides and oxide–hydroxides at room temperature.

1 B. J. Tarasevitch, P. C. Rieke and J. Liu, Chem. Mater., 1996, 8, 292;
P. C. Rieke, B. D. Marsh, L. L. Wood, B. J. Tarasevitch, J. Liu, L. Song
and G. E. Fryxell, Langmuir, 1995, 11, 31; P. C. Rieke, B. Tarasevitch,
L. Wood, M. Engelhard, D. Baer, G. E. Fryxell, C. John, D. Laeken and
M. Jaehning, Langmuir, 1994, 10, 619.

2 N. J. Reeves and S. Mann, J. Chem. Soc., Faraday Trans., 1991, 87,
3875.
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Fig. 2 AFM images of (a) the colloid/DDDT/gold substrate, (b)
lepidocrocite crystals grown on MPS/gold and (c) on MPS/colloid/DDDT/
gold. The shading is indicative of the height with black referring to the
bottom of the scanned image, through gray to white referring to a relative
height of 150 nm.
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Enantioselective synthesis of an axially chiral 1,7-naphthyridine-6-carboxamide
derivative having potent antagonist activity at the NK1 receptor

Yoshinori Ikeura,a Takenori Ishimaru,b Takayuki Doi,a Mitsuru Kawada,c Akira Fujishimaa and
Hideaki Natsugari*a†
a Pharmaceutical Research Division, b Discovery Research Division and c Technology Development Department, Takeda
Chemical Industries, Ltd., 2-17-85, Jusohonmachi, Yodogawa-ku, Osaka 532-8686, Japan

A new and highly potent NK1 antagonist, (aR,9R)-3
[(aR,9R)-7-[3,5-bis(trifluoromethyl)benzyl]-8,9,10,11-tetra-
hydro-9-methyl-5-(4-methylphenyl)-7H-[1,4]diazocino[2,1-
g][1,7]naphthyridine-6,13-dione], was atropdiastereoselec-
tively synthesized in good yield by cyclization of the chiral
intermediate 6b.

In our preceding papers,1 we described the discovery1a,b and
stereochemical characterization1c of the potent NK1 antagonist2
1 {N-[3,5-bis(trifluoromethyl)benzyl]-7,8-dihydro-N,7-di-
methyl-5-(4-methylphenyl)-8-oxo-1,7-naphthyridine-6-carbox-
amide}. Since 1 has a tertiary carboxamide group at the
sterically hindered C6-position, it exhibits two notable ster-
eochemical properties (Fig. 1). First, the trans and cis amide
conformational isomers (rotamers) of 1 are separable at room
temperature;1a the compound isolated by conventional work-up
is the trans-isomer (trans-1), while the thermodynamically
unstable cis-isomer (cis-1) can also be isolated as a minor
product by careful separation procedures. Both isomers inter-
convert and reach an equilibrium state of a ca. 7:1 ratio in
solution. Second, trans-1 and cis-1 exist as a mixture of two
separable and stable enantiomers [(trans,aR)-1, (trans,aS)-1
and (cis,aR)-1, (cis,aS)-1, respectively]3 arising from restricted
rotation around the C6–C(O) bond (Fig. 1).1c Such ster-
eoisomerism due to restricted rotation is known as atropisomer-
ism among biaryl compounds and some sterically hindered
aromatic carboxamides.4 The atropisomers, (trans,aR)-1 and
(trans,aS)-1, which were separated by preparative high per-
formance liquid chromatography (HPLC) using a chiral col-
umn,‡ have significant stability in solution; e.g. they were not
interconverted in DMSO at 37 °C for 16 h and underwent

racemization only after storage at 50 °C for ca. 70 h. Among
these four isomers of 1, the active isomer was shown to be
(trans,aR)-1. From a practical perspective, however, separation
of the active isomer (trans,aR)-1 is difficult, and further studies
using trans-1 as a racemate would encounter difficulties,
especially at the stage of pharmaceutical development.

Thus, in the search for new compounds with an improved
stereochemical profile, we designed cyclic analogues of 1, and
analogues with an eight-membered ring (e.g. 2 and 3) (Scheme
2) became target molecules based on the results of conforma-
tional studies on trans-1. Here we describe the atropdiaster-
eoselective synthesis of the potent NK1 receptor antagonist
(aR,9R)-3 {(aR,9R)-7-[3,5-bis(trifluoromethyl)benzyl]-
8,9,10,11-tetrahydro-9-methyl-5-(4-methylphenyl)-7H-[1,4]-
diazocino[2,1-g][1,7]naphthyridine-6,13-dione} by cyclization
of the chiral intermediate 6b.

General synthesis of tricyclic analogues of 1 (2 and 3) is
outlined in Schemes 1 and 2. The key intermediates 6a–c
[7-(hydroxyalkyl)-1,7-naphthyridine-6-carboxamide deriva-
tives] were prepared from the pyrano[3,4-b]pyridine-6-car-
boxylic acid 4.5 First, the acid 4 was amidated with 3,5-bis(tri-
fluoromethyl)benzylamine via the acid chloride to provide the
amide. Treatment of the amide with the appropriate amines
5a–c,6 followed by deprotection with TsOH and dehydration
with DBU gave 6a–c (Scheme 1). Cyclization of 6a–c was
accomplished by mesylation followed by treatment with NaH in
THF to give 2 and 3 in good yields (Scheme 2).

For the atropisomers in the cyclic analogues of 1 (2 and 3), we
initially supposed that the flipping of this new ring would be too
rapid to enable the separation of stable isomers at room
temperature.7 However, chiral HPLC analysis of 2 showed two
peaks at room temperature, and 2 was separated by preparative
HPLC using a chiral column to give the atropisomers (aR)-2 and
(aS)-2, which have opposite [a]D values (+45.6 and 241.3,
respectively) and show considerable stability in solution; e.g.
they are gradually interconverted in DMSO to ca. 70% ee at
37 °C over 40 h and undergo racemization after storage at 50 °C
for ca. 60 h. These results indicate that 2 exists as a racemate,
making development as a clinical candidate difficult. Thus, we

Fig. 1 The stereoisomers of 1

Scheme 1 Reagents and conditions: i, SOCl2, THF, reflux, 1.5 h; ii,
3,5-bis(trifluoromethyl)benzylamine, Et3N, THF, room temp., 0.5 h (71%
from 4); iii, 5, THF–MeOH, room temp., 16 h ; iv, DBU, toluene–MeCN,
reflux, 1 h; v, TsOH, MeOH, room temp., 0.5 h
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next designed the C9 methyl analogues of 2 (i.e. 3) as target
compounds, expecting asymmetric induction from the C9 chiral
center to obtain the desirable chirality arising from atropisomer-
ism, and achieved the stereoselective synthesis of the atropi-
somer by cyclization of an intermediate with a chiral methyl
group, 6b (Scheme 2). The product ratio of the atropisomer
(aR,9R)-3 to its isomer (aS,9R)-3 was ca. 98:2, and a single
recrystallization step gave (aR,9R)-3 with > 99% de. The minor
isomer (aS,9R)-3, with 98.6% de, was isolated as a powdery
substance by repeated preparative HPLC at 0 °C using the
mother liquor. Both atropisomers, (aR,9R)-3 and (aS,9R)-3,
were found to be gradually interconverted in solution to reach
the same equilibrium state [(aR,9R)-3:(aS,9R)-3 = ca. 98:2]
(e.g. in EtOH at 37 °C in ca. 60 h).

Single crystal X-ray analysis of (aR,9R)-38 revealed that the
N7–C8–C9–C10 moiety in the eight-membered ring is disposed
above the plane of the adjacent 1,7-naphthyridine ring, while
the amide oxygen (C6§O) is below the ring (i.e. aR ster-
eochemistry). The relative spatial orientation of the C9 methyl
group and the N-[3,5-bis(trifluoromethyl)benzyl] group in
(aR,9R)-3 was shown to be such that the two groups are
disposed in opposite directions. This is presumed to be a
thermodynamically stable form which is important for the high
atropdiastereoselectivity in the cyclization of 6b.

The enantiomer of (aR,9R)-3 [i.e. (aS,9S)-3], with > 99% de,
was similarly obtained by the cyclization of the corresponding
enantiomeric intermediate 6c followed by a single recrystalliza-
tion step (Scheme 2).

Compound (aR,9R)-3 exhibited excellent NK1 antagonistic
activities§ both in vitro (IC50 = 0.45 nM) and in vivo (ED50 =
4.3 mg kg21). The structure–activity relationships in the isomers
of 3 [for the atropisomer (aS,9R)-3: IC50 = 20 nM and ED50 =
26 mg kg21¶ and for the enantiomer (aS,9S)-3: IC50 = 340 nM

and ED50 = > 300 mg kg21] indicate that the stereochemistry

around C5a–C6(O)–N7–CH2Ar is the important factor for
receptor recognition.

In summary, the axially chiral compound (aR,9R)-3 and its
enantiomer (aS,9S)-3 were atropdiastereoselectively synthe-
sized by cyclization of the chiral intermediates 6b and 6c,
respectively. Compound (aR,9R)-3 exhibited excellent NK1
antagonistic activities both in vitro and in vivo.

The authors thank Mr T. Tanaka for conformational analysis,
Ms F. Kasahara for NMR analysis, Mr I. Kamo for in vivo
screening and Mr Y. Tajima for in vitro screening.

Notes and References

† E-mail: natsugari_hideaki@takeda.co.jp
‡ Chiralpack AD, DAICEL Chemical Industries, Ltd., Japan.
§ The NK1 antagonistic activities were measured in vitro for inhibition of
[125I] Bolton-Hunter-SP binding in human IM-9 cells (ref. 9) and in vivo for
inhibition of capsaicin-induced plasma extravasation in the trachea of
guinea pigs (ref. 10).
¶ Since the purity of (aS,9R)-3 is 98.6% de [i.e. it contains ca.1% of the
active isomer (aR,9R)-3], its intrinsic antagonistic activities may be lower
than those observed.
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Scheme 2 Reagents and conditions: i, MsCl, Et3N, THF, 0 °C, 0.5 h; ii,
NaH, THF, reflux, 1 h [isolated yields from 6: 79% for 2, 69% for (aR,9R)-3
and 66% for (aS,9S)-3]
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Dramatic rate acceleration in titanocene catalyzed epoxide openings: cofactors
and Lewis acid cocatalysis

Andreas Gansäuer*† and Harald Bluhm

Institut für Organische Chemie der Georg-August-Universität, Tammannstr. 2, D-37077 Göttingen, Germany

High synthetic efficiency concerning yield and catalytic
turn-over in intermolecular C–C bond forming reactions of
radicals derived from epoxides can be achieved by means of
hydrogen bonding with cofactors or by Lewis acid cocatal-
ysis.

Catalytic reactions emerging from stoichiometric transforma-
tions have become increasingly important over the last three
years.1,2 We have developed protonation of carbon–titanium
and oxygen–titanium bonds as an alternative to silylation for
achieving catalytic turnover.3 This has allowed highly
diastereoselective pinacol couplings and chemo- and regio-
selective reductive openings of epoxides. Here we describe an
efficient method for the addition of radicals derived from
epoxides to a,b-unsaturated carbonyl compounds yielding
synthetically important d-lactones, hydroxy esters and hydroxy
nitriles in high yield, with low catalyst loading in short times.

Under the standard conditions for the reductive opening of
epoxides with hydrogen atom donors3a dodec-1-ene oxide gives
only 21 and 40% yield of the addition products to methyl
acrylate (7) and acrylonitrile (6), respectively, after 72 h in the
presence of 5 mol% Cp2TiCl2 (Scheme 1). Moreover, the
products are contaminated with polymeric material derived
from the radical acceptor. We reasoned that low yields and
turnovers are due to product inhibition. Compound 6 and MeOH
formed after lactonization seemed to be able to efficiently
complex at least one of the titanocene species in the catalytic
cycle. Similar problems were noticed in reactions of higher
substituted epoxides as well as in addition reactions to tert-butyl
acrylate. Since this type of product inhibition could be a general
problem in the de novo design of catalytic electron transfer
reactions with densely functionalized molecules, a widely
applicable solution is of interest for this rapidly expanding
field.

Two conceptually different and novel approaches towards
binding of the reaction products and thus catalyst activation

seemed to be at hand. Since alcohols are formed during the
course of the reaction, complexation of the products by
hydrogen bond formation with a suitable acceptor, e.g. a
sterically demanding amine, should be possible.4 On the other
hand a Lewis acid stronger than Cp2TiCl25 should be com-
plexed by the reaction products and thus allow for catalyst
activation and thus higher turnover.6 Table 1 summarizes the
results of our initial optimization studies. Other Lewis acids not
included, e.g. AlCl3, gave vastly inferior results.

Gratifyingly, using Zn as stoichiometric reductant7 led to a
distinct acceleration of the reaction. It seems that ZnCl2 formed
during the course of the reduction of Cp2TiCl2 acts as a Lewis
acid strong enough to bind MeOH and restore catalyst activity.
This effect is even more pronounced when 1 equiv of ZnCl2 is
added to the reaction mixture. The same effect could be
observed in addition reactions to tert-butyl acrylate. Inter-
estingly in the reaction of 1 with 3, lactone 7 is isolated as the
sole product of the reaction in high yield after aqueous work-up
when Zn is used as stoichiometric reductant. A detailed kinetic
analysis reveals formation of 85% of 6 after 3 h. Subsequently,
ZnCl2-initiated cyclization occurs. Thus, it seems that ZnCl2
first allows for efficient formation of 6 and then activates the
nitrile strongly towards intramolecular attack by the hydroxy
group. The resulting imino ester is hydrolyzed during work-up.
Compared to other methods of lactone formation from hydroxy
nitriles8,9 our reaction conditions are clearly milder and a wider
variety of functional groups is tolerated. Also the product is
formed in a one step procedure without the necessity of isolating
and purifing any intermediates.10 However, with Mn as
reductant and ZnCl2 as an additional Lewis acid only 6 is
formed after 8 h. Thus, MnCl2 seems to coordinate the nitrile
group without allowing activation towards cyclization. Accord-
ingly, the beneficial role of ZnCl2 involves prevention of
product inhibition by complexation of the hydroxy group. The
utility of our approach was further demonstrated by the fact that
catalyst loading in these reactions can be reduced to 1 mol%
without significant decrease in yields when reaction times are
prolonged.

Table 2 summarizes some of the examples conducted under
the optimized reaction conditions. While sterically more

Scheme 1 Reagents and conditions: i, ZnCl2, Zn, collidine·HCl; ii, ZnCl2,
Mn, collidine·HCl; iii, ZnCl2, Zn, collidine·HCl, or collidine, collidine·HCl;
iv, ZnCl2, Zn, collidine·HCl, or collidine, collidine·HCl

Table 1 Optimization of the addition of 1-dodecene oxide to a,b-
unsaturated carbonyl compounds

Acceptor Reductant Additive t/h Product Yield (%)a

2 Mn — 66 5 68
2 Zn ZnCl2 16 5 81
2 Znb — 44 5 73
3 Zn — 16 7 83
3 Znb — 43 7 73
3 Zn ZnCl2 12 7 88
3 Mn ZnCl2 14 6 80
4 Mn — 65 7 21
4 Zn ZnCl2 16 7 72

a As 94:6 mixture of 5-substituted pyran-2-one 7 and 6-substituted pyranone
or 94:6 mixture of 4-hydroxymethyltetradecanenitrile or ester 6 or 5 and
5-hydroxypentadecanenitrile or ester. b 1 mol% of catalyst employed.
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demanding hydroxy nitriles can be readily obtained in the
presence of ZnCl2, refluxing of the reaction mixture yields the
lactones in good yields. The reaction conditions tolerate a
number of functional groups, e.g. ketones and halides, sensitive
to stronger SET reagents, e.g. SmI2.11

Lewis acid cocatalysis thus offers an attractive means for
catalyst activation and alteration of selectivity in titanocene-
catalyzed addition reactions of radicals derived from epoxides
to a,b-unsaturated carbonyl compounds. Compared to the
stoichiometric parent system12 the amount of Cp2TiCl2 to be
utilized is reduced by a factor of 200 and only 1.2 equiv. of
radical acceptor have to be used compared to the 10 equiv.
usually employed under stoichiometric conditions. No sig-
nificant reduction in isolated yields is observed. Also deoxygen-
ation, constituting a major side reaction under stoichiometric
conditions especially for monosubstituted epoxides, was never
observed.12 Our catalytic conditions are therefore clearly
superior to the stoichiometric conditions.

Hydrogen bonding also constitutes a convenient way to
achieve catalyst activation and to obtain the desired products
under mild conditions. However, care has to be taken in
choosing the appropriate hydrogen bond acceptor. If the
acceptor represents a powerful ligand, e.g. DMPU, catalyst
deactivation was observed. If a base is chosen as acceptor
instead, it should not constitute a sterically accessible ligand and
its hydrochloride must not have a higher pKa

13 than collidine
hydrochloride. Otherwise proton transfer precludes catalytic
turnover.3

Accordingly we decided to test collidine and ran the reaction
under buffered protic conditions. Table 3 summarizes the
results of our investigations. Clearly collidine has a beneficial
role on both catalytic activity and yields of the products.

Addition to 3 proceeded smoothly to give the desired product 6
in good yields and in reasonable reaction times. It seems that
collidine is indeed able to bind hydroxy groups of the reaction
products via hydrogen bonding. Thus, collidine acts as a
cofactor to restore catalytic activity via hydrogen bonding.
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Table 2 Addition reactions of other epoxides to a,b-unsaturated carbonyl
compounds with Lewis acid cocatalysis

Substrate
Reductant/
additive t/h Product Yield (%)

a Reaction performed in the presence of 4-phenyl-2-butanone (95%
recovery). b Compound 3 as acceptor, 12 h reflux to complete the
reaction.

Table 3 Collidine as cofactor in addition reactions

Substrate t/h Product Yield (%)
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MTO catalyzed oxidation of aldehyde N,N-dimethylhydrazones with hydrogen
peroxide: high yield formation of nitriles and N-methylene-N-methyl N-oxide

Henri Rudler*† and Bernard Denise

Laboratoire de Synthèse Organique et Organométallique, UMR 7311, Université Pierre et Marie Curie, Tour 44-45, 4 Place
Jussieu, 75252 Paris Cedex 5, France

N,N-Dimethylhydrazones of aldehydes react with hydrogen
peroxide at 250 °C in the presence of catalytic amounts of
methyltrioxorhenium (MTO) to give in high yield the
corresponding nitriles and N-methylene-N-methyl
N-oxide.

The transformation of aldehydes into nitriles is an important
process in organic synthesis.1,2 Several procedures are available
for that purpose and very recently the oxidative conversion of
N,N-dimethylhydrazones of aldehydes using dimethyldioxirane
has been described.3 Such a transformation has also been
achieved by the use of peracids.4 Both methods suffer from
serious drawbacks: they both use stoichiometric amounts of
oxidants which are either expensive (low yield formation of
dimethyldioxirane from potassium peroxysulfate) and/or are
waste-forming processes (acids from peracids). The use of
hydrogen peroxide alone2 or associated with a catalyst (either
phosphomolybdic acid or sodium tungstate)5 has also draw-
backs: in the first case satisfactory yields were observed only in
the case of hydrazones derived from aromatic aldehydes,
whereas in the second case side reactions took place.

During our search for new applications of MTO6 in organic
synthesis, mainly based on the analogy which exists between
dimethyldioxirane and the peroxo derivatives obtained upon
oxidation of MTO with hydrogen peroxide (e.g. the epoxidation
of olefins, Scheme 1),7–11 we surmised that this system might be
a good and efficient candidate for the catalytic transformation of
N,N-dimethylhydrazones of aldehydes into nitriles.

Indeed, the mechanism which was suggested for the
oxidative cleavage of dimethylhydrazones involved an electro-
philic oxygen transfer from dioxirane to the terminal nitrogen
atom leading to an N-oxide.3 An intramolecular elimination of
dimethylhydroxylamine was then supposed to lead to the nitrile
(Scheme 2).

It is known that MTO catalyzes the oxidation of tertiary
amines to N-oxides (Scheme 3).12 Moreover, hydroxylamines

are also catalytically converted into nitrones by the same system
(Scheme 4).13,14 Taken together, these two reactions would
imply the formation of nitriles and N-methylene-N-methyl
N-oxide from N,N-dimethylhydrazones of aldehydes. This
indeed turned out to be the case (Scheme 5).

Thus, an ethanolic solution of the N,N-dimethylhydrazone of
heptanal15 (0.45 g, 2 ml of EtOH) was added dropwise to a
yellow solution of MTO and H2O2 (1.5%, 2 equiv. of 35%
H2O2) in EtOH at 250 °C. The solution was then allowed to
warm to room temperature over 1 h. Evaporation of most of the
solvent followed by the addition of water and extraction with
Et2O gave, after evaporation of the organic solvent, the
expected nitrile (0.29 g, 90%). The aqueous layer was also
evaporated in vacuo to give an oily yellow liquid, which was
also soluble in CH2Cl2. The mass spectrum of this product
confirmed the molecular formula C2H5NO (m/z 59). The 1H
NMR spectrum disclosed two signals: a singlet at d 3.60 for the
NMe group and an AB system for two hydrogens at d 6.67. The
13C NMR spectrum confirmed the presence of a methyl and a
methylene group (DEPT experiment), respectively, at d 132.5
and 50.85.11

An NMR experiment with stoichiometric amounts of pre-
formed MTO diperoxide9 and the N,N-dimethylhydrazone of
benzaldehyde clearly demonstrated the formation of the
expected nitrone. It appears therefore that the transformation of
the hydrazones into a mixture of nitriles and nitrone 3‡ via
dimethylhydroxylamine requires indeed 2 equiv. of H2O2.

Similar results, shown in Table 1, were observed under the
same experimental conditions, starting from a series of
hydrazones, and giving high yields of the expected nitriles.

Interestingly, epoxidation of the carbon–carbon double bonds
of the hydrazones 4–7 was not observed under these precise
reaction conditions. However, addition of an excess of H2O2
(3–4 equiv.) led, in the case of 6, to the expected epoxy-nitrile

Scheme 1

Scheme 2

Scheme 3

Scheme 4

Scheme 5
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arising from the oxidation of the non-conjugated double bond.
Thus, the low temperature formation of the nitriles in the
presence of stoichiometric amounts of H2O2 is compatible with
the presence of less reactive functional groups.

Under the same conditions, N,N-dimethylhydrazones of
ketones (e.g. phenyl ethyl ketone) led to the corresponding
ketones, whereas imines derived from aldehydes (e.g.
N-benzylidenemethylamine) gave essentially the corresponding
amides (55%) and those derived from ketones (e.g.
N-cyclohexylidenepropylamine), mixtures of oxaziridines and

nitrones. Work is in progress to assess the scope of these latter
transformations.

Notes and References

† E-mail: rudler@ccr.jussieu.fr
‡ All new compounds exhibited appropriate 1H and 13C NMR spectra and
elemental analyses. Selected data for 3: dH (200 MHz, D2O, SiMe4) 6.71 (d,
JHH 6, NNCH), 6.63 (d, JHH 6, NNCH), 3.60 (s, NCH3); dc (50 MHz, D2O)
132.50 (NNC), 50.85 (NCH3).

1 D. Barton and W. D. Ollis, in Comprehensive Organic Chemistry,
Pergamon, Oxford, UK, 1979, vol. 2, ch. 8, pp. 534–535.

2 R. F. Smith, J. A. Albright and A. M. Waring, J. Org. Chem., 1966, 31,
4100.

3 A. Altamura, L. D’Accolti, A. Detomaso, A. Dinoi, M. Fiorentino, C.
Fusco and R. Curci, Tetrahedron Lett., 1998, 39, 2009.

4 R. Fernandez, C. Gasch, J. M. Lassaletta, J. M. Llera and J. Vazquez,
Tetrahedron Lett., 1993, 34, 141.

5 S. I. Murahashi, T. Shiota and Y. Imada, in Organic Synthesis, Wiley,
New York, 1991, vol. 70, pp. 265–271.
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Table 1 Synthesis of nitriles via oxidation of N,N-dimethylhydrazones with
MTO and H2O2 yield (%)a

Entry Hydrazone Nitrile Yield (%)a

a Isolated yield.
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Mesoporous MCM-48 membrane synthesized on a porous stainless steel
support

Norikazu Nishiyama,* Akihiro Koide, Yasuyuki Egashira and Korekazu Ueyama

Department of Chemical Engineering, Faculty of Engineering Science, Osaka University, 1-3 Machikaneyama, Toyonaka, Osaka
560-8531, Japan. E-mail: nisiyama@cheng.es.osaka-u.ac.jp

A mesoporous MCM-48 membrane with high thermal
stability has been synthesized on a porous stainless steel
support by hydrothermal treatment.

Inorganic membranes made of ceramics or metals have been of
interest for separation processes owing to their superior
characteristics of thermal stability, structural stability and
chemical resistance. Mesoporous inorganic membranes with an
average pore diameter of 2–10 nm have been studied, mainly
with respect to g-alumina, titania and zirconia membranes
prepared by the sol–gel method. However, since they have a
wide pore size distribution, other inorganic membranes possess-
ing uniform pore channels have been in demand for high
performance applications in nanofiltration, ultrafiltration, per-
vaporation and membrane reactors.

Mobil scientists discovered a new family of mesoporous
molecular sieves designated as M41S in 1992.1,2 The M41S
family includes members having uniform pore structures of
hexagonal (MCM-41), cubic (MCM-48) and lamellar (MCM-
50) symmetry. In their method, surfactant liquid-crystal struc-
tures serve as an organic template for the polymerization of
silicates. Parallel to the discovery of M41S materials, Yanagi-
sawa et al.3 and Inagaki et al.4 treated a layered kanemite
polysilicate in an aqueous solution of a quaternary ammonium
bromide surfactant and prepared a mesoporous silicate desig-
nated as FSM-16.

Recently, Ogawa5,6 developed a rapid synthesis route for
mesoporous films under acidic conditions using a mixture of
tetramethoxysilane and an aqueous solution of a trimethyl-
ammonium salt. The products were transparent films of the
hexagonal phase of periodic silica–surfactant composites with a
unidimensional pore structure parallel to the surface of a glass
substrate. Yang et al.7 fabricated continuous mesoporous silica
films on mica under acid conditions. They stated that the surface
structure and reactivity of the mica surface controls the
orientation of the micellar precursor species.

Straight pores should be oriented perpendicularly to the
membrane surface in order to utilize the materials with
unidimensional pores for separations. Tolbert et al.8 have
synthesized mesostructured silica (MCM-41) particles with
orientated hexagonal pores from a hexagonal silicate–surfactant
liquid crystal in a high magnetic field. This method has promise
for the production of oriented mesopores in thin membranes for
use in separations and in chemical sensors. On the other hand,
MCM-48 has a three-dimensionally ordered pore structure.
Therefore, the MCM-48 membrane is a promising material
showing great potential applications such as in filtration,
pervaporation and membrane reactors. In this study, a mesopor-
ous membrane made of MCM-48 was synthesized on a porous
stainless steel support by hydrothermal treatment.

The MCM-48 membrane was prepared as follows: a stainless
steel support with an average pore diameter of 1 mm was placed
in tetraethylorthosilicate (TEOS). Then, a solution which
consisted of the quaternary ammonium surfactant
C16H33(CH3)3NBr, NaOH and deionized water was added to the
TEOS. The molar composition of the mixture was 0.6
C16H33(CH3)3NBr : 1.0 TEOS : 0.5 NaOH : 60 H2O. Although

a clear solution was obtained after mixing, the solution became
inhomogeneous after 30 min of stirring. After the mixture was
stirred for 90 more minutes, the mixture and support were
transferred to an autoclave. The stainless steel support was
placed horizontally in the bottom of the autoclave. The reaction
was carried out without stirring at 363 K for 96 h. The product
was rinsed with deionized water and calcined at 773 K for 4 h.
Powder and a membrane were simultaneously obtained after the
reaction. The BET surface area of the powder was measured by
nitrogen adsorption at 77 K.

With respect to the mechanical strength of the membrane, it
is preferable that the MCM-48 grows in the pores of the support.
When the support was covered with a silica layer ca. 0.5 mm
thick, the layer was removed from the surface of the support by
polishing with a spatula until the surface of the stainless steel
support appeared. Fig. 1 shows the SEM images for the surface

Fig. 1 Scanning electron micrographs of (a) the stainless steel support and
(b) the MCM-48 membrane
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of the original stainless steel support and the polished
membrane before calcination. Particles with diameters of about
1 mm can be observed in the pores of the stainless steel.

The X-ray diffraction pattern of the polished membrane
before calcination is shown in Fig. 2(a). The peaks for MCM-48
were found in the X-ray diffraction pattern even after the
removal of the MCM-48 layer on the support, which indicates
that MCM-48 grew in the pores of the stainless steel support.
Fig. 2(b) shows the X-ray diffraction pattern of the polished
membrane after calcination. The d211 values decreased from 3.9
nm to 3.3 nm after calcination because of the shrinkage of the
structure. However, the peak intensity was not reduced even
after calcination, showing that the ordered structure was
maintained even after the removal of the surfactant. This result
shows that the MCM-48 membrane prepared in this study has
high thermal stability up to 773 K. The powder formed in the
solution was MCM-48 with a BET surface area of 1025 m2 g21,
showing its high quality.

We performed gas permeation tests using the MCM-48
membrane before and after calcination. The tests were carried

out using a pressure drop of 100 kPa at room temperature. The
permeances of nitrogen are shown in Table 1. Only pinholes and
cracks between the MCM-48 particles can be gas permeable
before calcination because the mesopores of MCM-48 are
blocked by surfactant molecules. The MCM-48 membrane
before calcination was impermeable to nitrogen gas. This result
shows that MCM-48 particles were densely packed in the pores
of the support and formed a compact composite membrane
before calcination. The calcined membrane was permeable to
nitrogen gas. The compactness of the MCM-48 membrane and
the effect of the shrinkage of the structure by calcination on
permeation properties will be reported in the near future.

In conclusion, we have prepared a mesoporous inorganic
membrane made of MCM-48 which has a three-dimensionally
ordered pore system. A composite layer of stainless steel/
MCM-48 was obtained in a compact form.

We thank GHAS at the Department of Chemical Engineering
at Osaka University for SEM and XRD measurements. This
study was partly supported by the Shimadzu Science Founda-
tion.
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Fig. 2 X-Ray diffraction patterns of MCM-48 membranes (a) before
calcination and (b) after calcination

Table 1 The permeance of N2 through MCM-48 membranes

Permeance/1025 mol
m22 s21 Pa21

Before calcination 0.0
After calcination 1.5
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Formation of separated versus contact ion triples in heavy alkaline-earth
thiolates

Scott Chadwick, Ulrich Englich and Karin Ruhlandt-Senge*
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The synthesis and structural characterization of the alka-
line-earth thiolates [Sr(18-crown-6)(hmpa)2][SMes*]2 and
[Ba(18-crown-6)(hmpa)(SMes*)][SMes*], displaying rare
ion association modes with only one or no cation–thiolate
linkages are presented.

In contrast to the well explored chemistry of separated
organometallic lithium and sodium derivatives, little is known
about the ionic association in heteroatomic systems. To date no
separated alkoxide or aryloxide ion pairs have been described,
and, to the best of our knowledge, only one thiolate, [Li(12-
crown-4)2][SMes*] (Mes* = C6H2But

3-2,4,6), has been re-
ported.1 The ion association chemistry of alkaline-earth deriva-
tives is even less explored, which might be explained by the
potentially more complex chemistry with three different types
of ion association: contact triples with two cation–anion
linkages, separated ion triples with no contacts between cation
and anions, and semi-separated ion triples displaying one
cation–anion contact, while the second anion does not interact
with the metal center.

Only few examples of separated heteroatomic alkaline-earth
derivatives such as [Mg(12-crown-4)2][TeSi(SiMe3)3]2,2 and
[Ca(18-crown-6)(NH3)3][SMes*]2 have been reported.3 All
known strontium and barium chalcogenolates are contract
triples, as observed in [Sr(thf)4(NEMes*)2] (E = S, Se),4
[Sr(NH3)(Py)(m-SCEt3)2]H,5 [Sr(tmen)2{SeSi(SiMe3)3}2],2 and
[Ba(Py)5{TeSi(SiMe3)3}2].2 We present herein the synthesis
and structural characterization of the separated [Sr(18-crown-
6)(hmpa)2][SMes*]2 1 (Fig. 1), and the semi-separated [Ba(18-
crown-6)(hmpa)(SMes*)][SMes*] 2 (Fig. 2). Compounds 1 and
2 represent examples of the least known association modes for
alkaline-earth derivatives.

Several synthetic routes can be utilized for the synthesis of
heavy alkaline-earth chalcogenolates, the most efficient of
which is the treatment of the ammonia solvated metals with
thiol. The insoluble powders, obtained after evaporation of

ammonia and addition of thf can be transferred into soluble
species by addition of a slight excess of hmpa.†

The Sr center in 1 is eight coordinate, with two strong hmpa
donor interactions [2.420(2) Å] in addition to six crown-ether
linkages in the range of 2.712(1)–2.736(1) Å. Both, the Sr–
hmpa and the crown-ether connections compare well with
literature data.10 The S–C bond length in 1 is observed at
1.771(2) Å, which is slightly shorter than in
[Sr(thf)4(SMes*)2],4 but compares well with Li(12-crown-
4)2][SMes*]1 and [Ca(18-crown-6)(NH3)3][SMes*]2.3

The comparison of 1 with [Sr(thf)4(SMes*)2] and
[Sr(NH3)(Py)(m-SCEt3)2]H clearly shows that the presence of a
multidentate donor (18-crown-6) in combination with a very
strong donor (hmpa) greatly affects the ionic association of the
resulting complexes. To make the rupture of a Sr–S bond
thermodynamically favorable, a significant amount of solvation
energy must be provided. Apparently, the donors thf, pyridine
or NH3 which are present in the reaction mixtures resulting in
the contact triples, do not provide sufficient solvation energy to
stabilize a separated Sr cation.

The Ba derivative 2, which crystallizes with two independent
molecules per asymmetric unit, consists of a monocation
[Ba(18-crown-6)(hmpa)(SMes*)], and a separated SMes*
anion. The Ba centers are eight coordinate with one thiolate
[Ba–S 3.012(2) and 3.025(2) Å] and one hmpa contact [Ba–O
2.592(5), 2.594(5) Å], in addition to six crown-ether linkages
[2.772(5)–2.807(5) Å]. The Ba atom is slightly displaced from
the plane of the six crown-ether oxygen atoms [0.256 and 0.264
Å] towards the hmpa donor, indicating a strong Ba–hmpa
interaction. The Ba–S–C angles are observed at 150.8(2) and
153.7(3)°, S–C distances in the contact thiolate are observed at
1.792(7) and 1.805(7); those for the separated anion are
identified at 1.777(7) and 1.753(7) Å. The shortest Ba–S
distance for the non-coordinating anion is observed at 6.533
Å.

Fig. 1 Computer generated plot of [Sr(18-crown-6)(hmpa)2][SMes*]2 1. H
atoms have been eliminated for clarity. Sr–O(hmpa) 2.420(2) Å; Sr–
O(crown) 2.712(1), 2.718(1), 2.736(1) Å; S–C 1.771(2) Å.

Fig. 2 Computer generated plot showing part of the unit cell in 2. Ba–S
3.012(2), 3.025(2) Å; Ba–O(hmpa) 2.592(5), 2.594(5) Å; Ba–O(crown)
2.772(5)–2.807(5) Å; S–C (contact) 1.792(7), 1.805(7) Å; S–C (separated)
1.777(7), 1.753(7) Å; Ba–S–C 153.7(3), 150.8(2)°; O(hmpa)–Ba–S
172.8(1), 174.1(1)°.
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Several complexes containing Ba–S moieties, where the S
atom is part of a S–C–N resonance delocalized system are
available for structural comparison to 2.6 While the Ba–crown-
ether or –hmpa interactions fall in expected ranges,7 significant
differences are observed in the Ba–S distances. The Ba–S
lengths in a series of seven-coordinate compounds bearing the
2-mercaptobenzoxazole ligand were observed at a mean value
of 3.31(1) Å,8 while Ba–S interactions in a ten-coordinate
trimercaptotriazine derivative are displayed over a range of
3.396(2)–3.692(2) Å.9 The shorter Ba–S bonds in 2 can be
attributed in part to the absence of a second thiolate ligand in the
coordination environment of the cation. In addition, the
chelating nature of both the mercaptotriazine and the 2-mer-
captobenzoxazole ligands might result in the lengthening of the
Ba–S bond. The strong Ba–S bond in 2 is further demonstrated
by the repeated isolation of 2, even if very large excesses (up to
12 fold) of hmpa was added to the reaction mixture. The
unusually wide Ba–S–C angles of 150.8(2) and 153.7(3)°
compare well with those observed in [Ca(18-crown-
6)(SMes*)2], where one strong [2.785(2) Å] and one weaker
[2.859(2) Å] Ca–S interaction was observed.7 The environment
at the S atom involved in the stronger bond is very similar to that
in 2 [Ca–S–C 154.1(2)°].

Several factors affect the ion association in alkali and
alkaline-earth chalcogenolates. The balance between steric
congestion about the cation and tendency towards maximization
of cation–anion interactions is nicely demonstrated in the ion
triples [Sr(18-crown-6)(hmpa)2][SMes*]2 1 and [Ba(18-crown-
6)(hmpa)(SMes*)][SMes*] 2. The smaller Sr cation (CN 8: 1.40
Å)10 is unable to accommodate one SMes* ligand while
maintaining strong crown ether coordination. In the presence of
the strong donor hmpa, the Sr–S bond is ruptured (shortest
resulting Sr–S 6.301 and 7.252 Å), and hmpa donor molecules
occupy the coordination sites perpendicular to the crown ether
plane. Ligation by hmpa provides the needed cation coordina-
tion while being sterically less demanding than the thiolate
anions. This result might be compared to [Ca(18-crown-
6)(SMes*)2],3 isolated in the absence of hmpa. This reaction
was carried out in thf, which is apparently unable to provide the
necessary solvation energy for the stabilization of a separated
cation. The addition of hmpa to the corresponding Ba reaction,
results in 2: the larger Ba cation (CN 8: 1.56 Å)10 enables the
close approach of one thiolate ligand and one hmpa donor.

The synthesis and characterization of the first Sr separated
ion triple, 1, and the novel, unusual intermediate between a
contact and a separated ion triple 2, contributes significantly to
the understanding of the association chemistry of the alkaline-
earth elements. The detailed analysis of structural parameters
gives important insight into the nature and strength of alkaline-
earth metal–ligand and –donor interactions, while providing
information about the preferred alkaline-earth metal environ-
ment. Our work in this area of chemistry is continuing and will
be subject of forthcoming publications.

This work was supported by the National Science Foundation
(CHE-9702246) and the Deutsche Forschungsgemeinschaft
(Postdoctoral stipend for U. E.). Purchase of the X-ray
diffractometer was made possible with grants from NSF (CHE-
95-27898), the W. M. Keck Foundation and Syracuse Uni-
versity.
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† Synthetic procedures: all reactions were performed under anaerobic and
anhydrous conditions. HSMes* was prepared by published procedures.11

CAUTION: hmpa [hexamethylphosphoramide, P(O)(NMe2)3] is a sus-
pected carcinogen and should be handled in a well ventilated fumehood
using gloves. General procedure for 1 and 2: a 100 ml Schlenk flask was

charged with 1.0 mmol of metal, 0.26 g (1.0 mmol) of 18-crown-6 and 0.56
g (2.0 mmol) of HSMes*. Approximately 25 ml of predried NH3(1) was
condensed into the flask. The deep-blue solution was stirred at 278 °C for
1 h and then warmed up to room temp. 25 ml of thf was added. A heavy
yellow–white suspension persisted even after brief heating. As hmpa was
added dropwise (0.70 ml, 4.0 mmol), the reaction gradually cleared then
became cloudy-white once again. The solution was heated briefly to reflux
and immediately filtered through a Celite padded frit. 1: colorless blocks
formed on cooling to room temperature in 16% yield (0.20 g). Mp: shrinking
at approximately 215 °C and an irreversible melt at 245–250 °C. 1H NMR
([2H8]thf), d 7.06 (s, 4H), 3.83 (s, 24H), 2.62 (d, 36H), 1.74 (s, 36H), 1.24
(s, 18H); 13C{1H}NMR ([2H8]thf), d 150.16, 150.10, 120.77, 71.01, 39.15,
37.34, 32.44, 32.03; IR (Nujol), 2920s, 1592w, 1461s, 1377s, 1354m,
1285s, 1190m, 1155s, 1095s, 1024m, 981s, 966s, 876w, 839w, 757s, 616w,
483m cm21. 2: colorless crystals formed almost instantly out of a yellow
filtrate in 19% yield (0.21 g). Melting to an oily residue at 175–180 °C,
decomposition above 200 °C. 1H NMR ([2H5]py) d 7.59 (s, 4H), 3.82 (s,
24H), 2.58 (d, 18H), 2.19 (s, 36H), 1.46 (s, 18H); 13C{1H}NMR ([2H5]py),
d 139.37, 121.37, 70.98, 39.52, 37.31, 34.80, 32.61, 32.03; IR (Nujol),
2854s, 1593w, 1462s, 1377s, 1349w, 1283w, 1246w, 1195w, 1166w,
1087m, 1042w, 979w, 957m, 875w, 833w, 723m, 480w cm21.
‡ The crystals were mounted as described earlier.12a Crystal data for 1 and
2·0.5C7H8 were collected at 150 K with Mo-Ka radiation (l = 0.710 73 Å),
Bruker SMART CCD diffractometer, graphite monochromator, Oxford
Instruments Cryojet low temperature device. Both structures were solved
and refined using the SHELXTL program package.12b An absorption
correction was applied using the program system SADABS.12c 1:
M = 632.64, crystal dimensions 0.20 3 0.15 3 0.15 mm, m = 0.882 mm21,
scan range 3° < 2q < 57°, monoclinic, space group P21/n, a = 10.5771(3),
b = 17.5403(5), c = 19.8293(7) Å, b = 91.152(1)°, V = 3678.1(2) Å3,
Z = 2, Dc = 1.142 g cm23, 22232 measured, 8569 independent reflections
(Rint = 0.0329), 358 refined parameters. R1 [I > 2s(I)] = 0.0441, R1 (all
data) = 0.0667. 2·0.5C7H8: M = 2363.73, crystal dimensions 0.30 3 0.30
3 0.30 mm, m = 0.744 mm21, scan range 2 < 2q < 50°, monoclinic, space
group P21/n, two independent molecules per asymmetric unit, one
disordered solvent toluene molecule, a = 21.2127(3), b = 14.2323(2),
c = 43.2258(1) Å, b = 90.613(1)°, V = 13049.4(3) Å3, Z = 4, Dc = 1.203
g cm23, 63 151 measured, 22 564 independent reflections (Rint = 0.0681),
1222 refined parameters, R1[I > 2s(I)] = 0.0855, R1 (all data) = 0.1436.
Some of the hmpa donors and But groups in 2 are disordered and have been
refined utilizing split positions and a set of restraints. CCDC 182/1005.
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Characterization of poly(carbon monofluoride) by 19F and 19F to 13C cross
polarization MAS NMR spectroscopy

Thomas R. Krawietz and James F. Haw*†

Department of Chemistry, Texas A&M University, PO Box 300012, College Station, TX 77842-3012, USA

High speed 19F MAS NMR and 13C MAS NMR with 19F to
13C cross polarization allows spectroscopic identification of
monofluorinated and geminally difluorinated carbon species
in poly(carbon monofluoride).

Poly(carbon monofluoride), (CFx)n, is a stable, hydrophobic
material prepared from graphite and elemental fluorine at high
temperatures.1 (CFx)n materials, where x is greater than 0.60, are
currently being produced on an industrial scale for use in Li/
(CFx)n batteries, and these are characterized by high energy
density, wide operating temperatures and long storage life.2
Poly(carbon monofluoride) is also used as a solid lubricant with
wear performance better than that of graphite or MoS2,
especially in high temperature or oxidizing environments.3,4 It
is agreed that covalent incorporation of fluorine results in a
puckering of the graphite structure into extended sheets of fused
cyclohexane rings,5–8 but other details of the structure of (CFx)n,
including defect sites, are more poorly understood. Previous
applications of NMR to this material have been wide-line 19F
investigations. One such study concluded that (CFx)n is an array
of cis-trans-linked boats, with all fluorine in axial positions. A
more recent student used similar methods to support a trans-
trans-linked chair structure, and that conclusion is supported by
the available X-ray data.6–9 The availability of technology for
very rapid sample rotation has made possible high resolution
NMR analysis of solids,10,11 and several such 19F magic angle
spinning (MAS) NMR investigations have appeared in the
literature.12–15 Here we have used high speed MAS to obtain 19F
NMR spectra of (CFx)n materials that are dominated by the
isotropic chemical shifts of bulk and defect structures. Fur-
thermore, we have confirmed our assignments by acquiring 13C
NMR spectra of the same materials using cross polarization
from 19F and fluorine decoupling.

Two samples of carbon monofluoride were obtained from
Aldrich. Fast neutron activation determined the empirical
formulae to be (CF0.87)n and (CF1.12)n. Samples for NMR
investigation were loaded and sealed under an inert nitrogen
atmosphere in 4.0 and 5.0 mm zirconia MAS rotors using Delrin
[poly(oxymethylene)] endcaps. High speed 19F MAS NMR was
performed on a home built spectrometer operating at a fluorine
resonance of 188.8 MHz utilizing a 4.0 mm spinning module
from Otsuka Electronics. The fluorine chemical shift was
externally referenced to an ampoule of trichlorofluoromethane
at 0 ppm. p/2 pulses of 3 ms or less were used. Reported spectra
are the result of 1024 transients, utilizing a composite Bloch
decay sequence16 for probe background suppression and a 1 s
recycle delay. 19F to 13C CP MAS NMR spectra were acquired
on a Chemagnetics CMX-360 operating at 337.8 (19F) and 90.5
MHz (13C) using a probe from Otsuka Electronics spinning 5.0
mm rotors. The magic angle was optimized using the 79Br
resonance of KBr.17 The 13C chemical shift was referenced
(17.4 ppm) and the 1H–13C Hartmann–Hahn matching condi-
tion was set using hexamethylbenzene. The 19F–13C match was
then optimized on polytetrafluoroethylene (PTFE) by adjust-
ment of the 19F power level to coincide with the previously
determined 13C p/2 pulse width. The double-resonance NMR
probe contained sufficient fluoropolymer that 13C Bloch decay
spectra obtained with 19F decoupling were dominated by

background signals, even with background-suppression pulse
sequences. Fortunately, probe background was greatly dimin-
ished with 19F–13C cross polarization, and background was
negligible when the 13C magnetization was generated using
composite CP sequences. We optimized the CP contact time by
measuring the important relaxation rates. For a sample of
(CF0.87)n we measured a 19F T1r of 33.4 ± 5.0 ms and 147 ± 18
ms for TFC.18 We selected a 1.5 ms contact time to provide
excellent CP efficiency without unnecessary radio-frequency
heating. The 13C p/2 pulse width was 4.3 ms and high-power 19F
decoupling was used. Each 13C NMR spectrum is the result of
2048 transients and a 3 s recycle delay.

Fig. 1 reports 19F MAS NMR spectra of samples of (CF0.87)n

and (CF1.12)n obtained with a spinning speed of 18 kHz. This
spinning speed was necessary to average the 19F–19F homo-
nuclear dipolar interaction as well as to place spinning
sidebands away from spectral regions of interest. The most
intense peak in both spectra, at 2187 ppm, is assigned by
comparison to the fluorines on C9 and C10 of either trans- or
cis-perfluorodecalin, each at 2186 ppm. Therefore, the 2187
ppm resonance in Fig. 1 is confidently assigned to C–F
groups.19 A second isotropic peak, at 2116 ppm, is present in
both samples but is clearly larger for the sample with the higher
fluorine content. This signal can also be assigned by comparison
to perfluorodecalins, for which both the axial and equatorial
fluorines in CF2 groups in the 1, 4, 5, and 8 positions have shifts
of 2124 ppm.19 The line widths of both 19F resonances are
likely due to chemical heterogeneity, as modest variations in
sample temperature or spinning speed suggested no further line
narrowing.

Further evidence for these assignments came from the 19F to
13C CP MAS spectra (Fig. 2). Both spectra have a majority
resonance at 89 ppm and a shoulder that spectral deconvolution
shows to be centered at 111 ppm. The latter feature is distinctly
larger in the sample with the higher fluorine content. We assign
the 13C resonances by comparison to an earlier study of graphite
hydrofluoride, CxF12d(HF)d, by Mallouk and co-workers.20

CxF12d(HF)d has a resonance at 88 ppm that was assigned to

Fig. 1 188.8 MHz 19F MAS NMR spectra of graphite monofluoride having
empirical stoichiometries of (a) (CF0.87)n and (b) (CF1.12)n. Spectra were
acquired at 298 K using a spinning speed of 18 kHz. Asterisks denote
spinning sidebands.
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monofluorinated carbons, and this strongly supports a similar
assignment for (CFx)n. CxF12d(HF)d also showed a small 13C
signal at 112 ppm which Mallouk and co-workers assigned to
CF2 groups at the edge of grains. This supports assignment of
the 111 ppm shoulder in Fig. 2 to the carbons in CF2 groups. Our
spectra clearly show that CF2 groups are enhanced at higher
fluorine incorporation, in agreement with Lagow’s proposal for
the fluorine siting in ‘superstoichiometric’ poly(carbon mono-
fluoride).21 However, we have also demonstrated the presence
of smaller amounts of CF2 in a sub-stoichiometric material. In
this case, CF2 groups are still reasonable as peripheral groups at
sheet edges or in other defected structures. In principal, we
should be able to establish a quantitative relationship between
the levels of CF2 in the 19F and 13C spectra, but the use of cross
polarization in the latter case prevents such a comparison.

In conclusion, 19F high speed MAS NMR analysis has
permitted resolution of majority and defect sites in highly
fluorinated graphite derivatives, and the interpretation of these
experiments is supported by 13C MAS NMR with 19F to 13C
cross polarization and high power 19F decoupling.

This work was supported by the National Science Foundation
(Grant No. CHE-9528959). We would also like to thank Judith
A. Sharp and R. Malcolm Brown, Jr. at the University of Texas

in Austin for providing transmission electron microscopy and
discussions of sample morphology.
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Fig. 2 90.5 MHz 13C MAS NMR spectra of graphite monofluoride obtained
with 19F to 13C cross polarization and high power 19F decoupling. Spectra
were acquired at 298 K with a spinning speed of 8 kHz. (a) (CF0.87)n and (b)
(CF1.12)n.
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Stable [60]fullerene carbocations
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[60]Fullerene derivatives, C60Ar5Cl (Ar = Ph or 4-FC6H4),
react with AlCl3 in solution at room temperature to form Cs
symmetrical pentaaryl[60]fullerene carbocations,
C60(Ar)5

+.

A number of stable [60]fullerene derivatives which are anions
have been synthesised and characterised in solution.1 In contrast
no carbocationic [60]fullerene derivatives have been described
to date. However, the non-functionalised [60]fullerene radical
carbocation, C60

+·, has been identified by in situ EPR and NMR
spectroscopy in super acid media2 and the fullerene cationic salt
[C76

+][CB11H6Br6
2] has been fully characterised.3 Photo-

induced electron transfer (PET) has recently been used to
generate C60

+· which was functionalised in situ by reaction with
hydrogen donor molecules, such as alcohols, resulting in the
formation of 1-substituted 1,2-dihydro[60]fullerene deriva-
tives.4 Our studies of Friedel–Crafts reactions between chloro-
fullerenes and aromatic compounds with FeCl3,5 a moderately
strong Lewis acid, imply the formation of either fullerene
carbocation intermediates (or of donor–acceptor complexes
which subsequently undergo front-side displacement by an
aromatic group, which is unlikely). We have now prepared and
characterised the first examples of [60]fullerene derivative
carbocations, C60Ar5

+ (Ar = Ph or 4-FC6H4), which are formed
by cleaving the fullerene–Cl bond of C60Ar5Cl (Ar = Ph 1;5a

4-FC6H4 25c) using a strong Lewis acid, AlCl3.
The reaction of either 1 or 2 in CH2Cl2, CHCl3 or CS2 with

AlCl3 at room temperature over 30 min results in a change from
an orange solution to an intense purple–red indicating the
formation of new [60]fullerene derivatives. In situ 1H NMR
spectra (CS2–CD2Cl2) of the above reactions showed that, in
each case, complete conversion to a new Cs symmetric
pentaarylated [60]fullerene derivative occurs as each spectrum
has the same number and intensities of signals as the Cs
symmetric starting material; however, the chemical shifts of the
signals are significantly different. For example, in the reaction
of 2 with AlCl3 the two multiplets due to the Hs of the unique
aryl ring (A) are shifted downfield in the reaction product (Fig.
1). Unequivocal assignments for the signals of the pairs of aryl
rings (BC and DE) are not possible as NOE experiments result
in equal saturation transfer to all similar signals in the spectrum.
Irradiation of the highest field 3-H multiplet of the spectrum in
Fig. 1(a), which is due to one of the two pairs of aryl rings of the
reaction product from 2, results in the equal collapse of the two
other 3-H signals (including that of the unique aryl ring). The
foregoing data is consistent with the proposal that the AlCl3 is
able to abstract the chlorine atom from 1 or 2 generating the
carbocations 3 or 4 which are expected to have considerable
anti-aromatic character due to their 4p electron systems
(Scheme 1). 1,2-Phenyl migration then occurs producing the
carbocations 7‡ and 8.§ The fact that the NOE data shows equal
saturation transfer to all five aryl rings in both of the reaction
products implies that there is a dynamic equilibrium between
the initial carbocation formed, which can be viewed as the C5
symmetric anti-aromatic cyclopentadienyl carbocations, 5 and
6, and the subsequent major reaction products, 7 and 8,
respectively. However, variable temperature NMR spectra of

both reaction products to 233 K failed to produce any evidence
for the presence of 5 or 6.

The in situ 13C NMR spectra of both 7 and 8 have the required
number of signals due to the fullerene carbon atoms [28 sp2 (26
3 2C and 2 3 1C), three sp3 (2 3 2C and 1 3 1C) and one
carbocationic carbon (1 3 1C+)] in addition to those of the aryl
carbons. The signal due to the ipso-carbon attached to the
fullerene cage of the unique aryl ring A is not observed in the
spectrum of 8 and is most probably masked by one of the other
ipso-signals. The formation of donor–acceptor type complexes
can be ruled out as the chemical shifts, d 173.74 and 171.67, of
the signals due to the carbon atoms bearing the positive charge
in 7 and 8 respectively are much too low field. However, these
values are relatively high-field for carbocationic centres and
reflect the exchange of the aryl groups detected by 1H NMR
spectroscopy. Other factors, such as the positively charged
carbon atom having an empty sp3-like orbital due to the strained
ring system being unable to rehybridise to form a planar sp2

orbital, should however also be considered. The positive charge
is localised mostly at or near to the site of its generation in both
7 and 8. Consequently the carbon atoms immediately adjacent
to the carbon atom bearing the positive charge undergo a large
downfield shift ( > d 4) compared with those more remote to the
positive centre. This situation is analagous to the observed
localisation of either the negative charge in the monoaddended
fullerene anions1a–e or to the radical electron in mono-radical
addition to fullerenes.7 The signals due to the readily identifi-

Fig. 1 The 1H NMR spectra of (a) 2 and (b) the reaction product 8 from the
in situ reaction of 2 with AlCl3
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able (single intensity) symmetry plane sp2 carbon atoms
(C55/C60 carbons), which are located at the opposite pole of the
[60]fullerene cage, undergo anomalously large downfield shifts
of d 2.67 and 2.66 in 7 and d 1.86 and 1.72 in 8 probably due to
the presence of endohedral homoconjugation, i.e. overlap of the
rear nodes of the orbitals of the sp2 carbons C55 and C60 with
those of the carbocationic carbon C1 and the sp3 carbon C2
through the interior of the cage. A transannular interaction of
this type was first suggested by Olah et al. to explain the
observed downfield shift of the bridgehead Hs in the 1H NMR
spectrum of the 1-adamantyl carbocation.8 Moreover, endohe-
dral homoconjugation has recently been observed by cyclic
voltammetry in the pentaphenylcyclopentadienyl[60]fullerene
anion, C60Ph5

2.9
Further studies to examine the scope, nature, properties,

spectroscopy and chemical reactivity of this new fullerene
species are in progress.

We thank the EPSRC (for an Advanced Fellowship to
P. R. B.) and the Royal Society for financial support.

Notes and References

† E-mail: p.r.birkett@sussex.ac.uk
‡ Selected data for 7: dH[500 MHz; CS2–CD2Cl2 (lock)] 7.14 (t, J 7.3, 4 H,
H-3 and H-5 aryl BC/DE), 7.19 (d, J 7.0, 4 H, H-2 and H-6 aryl BC/DE),
7.28 (t, J 7.2, 2 H, H-4 aryl BC/DE), 7.32 (t, 2 H, H-3 and H-5 aryl A), 7.36
(d, 2 H, H-2 and H-6 aryl A), 7.30–7.38 (1 H, H-4 aryl A), 7.39 (t, J 7.2, 4
H, H-3 and H-5 aryl BC/DE), 7.46 (t, J 7.3, 2H, H-4 aryl BC/DE), 7.66 (t,
J 7.1 J 7.3,, 4 H, H-2 and H-6 aryl BC/DE); dC[125.76 MHz; CDCl3 (lock)]
(number of carbon atoms) 58.56 (2 C), 63.06 (2 C), 66.77 (1 C), 127.50 (2

C, Ar), 127.71 (3 C, Ar), 128.84 (1 C, Ar), 129.11 (4 C, Ar), 129.32 (2 C,
Ar), 129.46 (2 C, Ar), 129.69 (2 C, Ar), 133.61 (2 C, Ar), 134.31 (1 C, ipso-
Ar A), 136.03 (2 C, ipso-Ar BCDE), 137.42 (2 C, ipso-Ar BCDE), 139.39
(2 C), 141.46 (2 C), 141.52 (2 C), 141.94 (2 C), 142.25 (2 C), 142.58 (2 C),
142.80 (2 C), 144.18 (2 C), 145.03 (2 C), 145.09 (2 C), 145.48 (2 C), 145.69
(2 C), 146.06 (2 C), 146.11 (2 C), 146.71 (2 C), 146.80 (2 C), 147.64 (2 C),
147.69 (2 C), 148.36 (2 C), 148.86 (2 C), 148.89 (2 C), 149.14 (2 C), 149.53
(1 C, C55/C60), 150.45 (1 C, C55/C60), 152.15 (2 C), 153.91 (2 C), 154.81
(2 C), 163.54 (2 C), 173.74 (1 C, C1); l(cyclohexane)/nm 429, 562.
§ Selected data for 8: dH[500 MHz; CS2–CD2Cl2 (lock)] 6.89–6.93 (m, 4 H,
H-3 and H-5 aryl BC/DE), 7.06–7.11 (m, 2 H, H-3 and H-5 aryl BC/DE),
7.11–7.15 (m, 4 H, H-3 and H-5 aryl BC/DE), 7.16–7.19 (m, 4 H, H-2 and
H-6 aryl BC/DE), 7.28–7.31 (m, 2 H, H-2 and H-6 aryl A), 7.57–7.61 (m,
4 H, H-2 and H-6 aryl BC/DE); dC[125.76 MHz; CS2–CD2Cl2 (lock)]
(number of carbon atoms) 57.81 (2 C), 62.26 (2 C), 65.70 (1 C), 116.95 (4
C, d, C-3,5 aryl BC/DE, 2JCF 22), 116.90 (4 C, d, C-3,5 aryl BC/DE, 2JCF

22), 117.99 (2 C, d, C-3,5 aryl A, 2JCF 22), 128.00 (2 C, d, C-2,6 aryl A, 3JCF

9), 129.42 (4 C, d, C-2,6 aryl BC/DE, 3JCF 8), 129.57 (4 C, d, C-2,6 aryl BC/
DE, 3JCF 9), 131.83 (2 C, d, C-1 aryl BC/DE, 4JCF 3), 133.08 (2 C, d, C-1
aryl BC/DE, 4JCF 3), 139.31 (2 C), 140.89 (2 C), 141.69 (2 C), 141.72 (2 C),
142.41 (2 C), 142.48 (2 C), 142.76 (2 C), 144.08 (2 C), 144.83 (2 C), 145.24
(2 C), 145.40 (2 C), 145.72 (2 C), 146.21 (2 C), 146.29 (2 C), 146.65 (2 C),
146.77 (2 C), 147.15 (2 C), 147.73 (2 C), 148.40 (2 C), 148.95 (2 C), 149.04
(2 C), 149.32 (2 C), 149.73 (1 C), 150.43 (1 C), 152.44 (2 C), 153.95 (2 C),
154.46 (2 C), 162.32 (2 C), 163.00 (2 C, d, C4 aryl BC/DE, 1JCF 251),
163.05 (2 C, d, C-4 aryl BC/DE, 1JCF 252), 163.35 (1 C, d, C-4 aryl A, 1JCF

253), 171.66 (1 C); dF[282.2 MHz; CS2–CD2Cl2 (lock)] 2113.77 (septet, 2
F, aryl BC/DE), 2112.95 (septet, 2 F, aryl BC/DE), 2111.12 (septet, 1 F,
aryl A); l(cyclohexane)/nm 429, 562.
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Scheme 1 The proposed reaction sequence for the formation of the
carbocations 7 and 8. Only the five-membered ring around which the phenyl
groups are situated in [60]fullerene is shown; the C atoms are numbered
using the IUPAC system6 and the aromatic labels, e.g. ArA, in 7 and 8
correspond to those used in the text.
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Anomalous rearrangements in the reaction of acylpolysilanes with TMSNTf2

Malcolm B. Berry,b Russell. J. Griffiths,a Dmitrii S. Yufita and Patrick G. Steel*a†
a Department of Chemistry, University of Durham, Science Laboratories, South Road, Durham,  UK DH1 3LE
b GlaxoWellcome Research and Development, Gunnels Wood Road, Stevenage, Herts, UK SG1 2NY

Reaction of acylpolysilanes with silylbistriflimides
(R3SiNTf2) leads to novel silanols via a pathway involving
two 1,2-migrations of Me3Si groups from silicon to carbon
and one migration of a R3SiO unit from carbon to silicon; the
X-ray structure of one example is reported.

In the course of an investigation of the use of silenes as reagents
for novel transformations in organic synthesis we had need to
generate silenes from acylpolysilanes in what is effectively a 1,3
silyl migration.1 This is normally achieved through either
thermal (T = ca. 180 °C) or photochemical initiation.1,2 Neither
of these methods is compatible with the range of functionality
which we wished to explore. Consequently, in order to
determine whether it was possible to generate silenes through
the Lewis acid promoted 1,3-silyl shift of acylpolysilanes, we
investigated the reaction of benzoylpolysilane with silyl based
Lewis acids (TMSOTf, TMSNTf2). Here we report that there is
no evidence for the formation of silenes in this process (neither
silene adducts nor silene dimers are detected) but rather a series
of 1,2-migrations occurs to generate a silenium ion intermediate
which subsequently undergoes nucleophilic capture.

Initial experiments involved the addition of trimethylsilyl
triflate (TMSOTf) to a mixture of the polysilane and piperylene.
However, these reactions were complicated by extensive diene
polymerisation. Consequently we turned to the use of the
corresponding silylbistriflimides (R3SiNTf2), readily available
from the corresponding allylsilane and bis(trifluoromethylsul-
fonyl)imide, which has been reported to be more tolerant with
respect to alkene polymerisation.3 Whilst this strategy proved to
be no more successful than TMSOTf in inhibiting diene
degradation, addition of TMSNTf2 to a solution of the
polysilane in CH2Cl2 at 278 °C afforded a deep red colour.
After stirring at this temperature for 12 h, aqueous workup

followed by flash column chromatography afforded a colourless
crystalline material in near quantitative yield. Infra-red spec-
troscopy revealed the presence of an OH group, whilst mass
spectroscopy showed a molecular ion at m/z 442 which
corresponded to the starting material plus Me3SiOH. Chemical
analysis confirmed this formula. However it proved difficult to
fit this data with the NMR spectra which showed four SiMe3
units and five different silicon signals. Fortunately it proved
possible to grow crystals suitable for X-ray diffraction,‡ which
revealed the structure as the silanol 2a (Fig. 1).§

In order to verify that this was a general procedure we then
repeated this experiment with various other acylpolysilanes
(Table 1). Whilst 4-trifluoromethylbenzoylpolysilane 1b and
acetylpolysilane 1d gave similar products, pivaloylpolysilane
1e failed to react and the 4-methoxyphenyl analogue 2c
underwent rapid decomposition on attempted isolation. To
account for these observations we suggest that the reaction
follows the pathway outlined in Scheme 1. Initial activation of
the carbonyl group by the Lewis acid generates the oxa-
carbenium ion 5 which is stabilised by three b-Me3Si units and
R1. In the situation in which the neighbouring alkyl group
provides no stabilisation there is no reaction (R = But). Two
successive 1,2 migrations of a trimethylsilyl group from silicon
to carbon accompanied by a 1,2 shift of a trimethylsilyloxy
group from carbon to silicon then occur. Similar migrations of
trimethylsilyl groups from silicon to an adjacent cationic centre
are precedented.4–7 The precise order of these events is not clear
and these may be either concerted or stepwise pathways. Whilst
a silyl cation may be invoked as an intermediate in this process
we have obtained no evidence for this and Lewis base
coordinated species 6 and 8 (X = NTf2

2 or RCOSiRA3) are
probably more plausible. The resultant ‘silenium ion’ complex
8 is then hydrolysed by water on aqueous workup to produce the
observed silanol. Use of MeOH in this final step leads to the

Fig. 1 Molecular structure of 2a

Table 1 Reaction of acylpolysilanes 1 with trialkylsilylbistriflimides

Entry 1 R1 R2
3Si Product Yield (%)a,b

1 1a Ph Me3Si 2a 93
2 1a Ph Me3Sic 2a 9
3 1a Ph Me3Si 3a 89d

4 1a Ph ButMe2Si 4a 84
5 1b p-CF3C6H4 Me3Si 2b 82
6 1c p-MeOC6H4 Me3Si 2c –––e

7 1d Me Me3Si 2d 77
8 1e But Me3Si 2e n.r.

a Yields refer to purified isolated compounds. b All products gave
satisfactory spectroscopic and analytical data. c 10 mol% of TMSNTf2 was
used. d MeOH was added as the quenching agent. e Product decomposed on
attempted isolation.
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corresponding methoxide analogue 3a in equally good yield
(Table 1, entry 3). Further evidence in support of this pathway
come from the use of TBMSOTf as the Lewis acid. As predicted
this leads to complete incorporation of the TBDMS group at the
silyloxy position (Table 1, entry 4) as confimed by 29Si NMR
spectroscopy (4a: OSiButMe2 d 9.48; 2a: OSiMe3 d 5.44).
Furthermore, use of substoichiometric quantities of the initiator
produces the same product in a corresponding yield together
with recovered starting material (Table 1, entry 2).

Similar structures have been reported by Brook in the
reaction of tertiary alkyl acylpolysilanes (R = But, adamantyl
and bicyclo[2.2.2]octyl) with TiCl4.4 This was accounted for by
a similar mechanistic pathway although, in this latter case, a 1,3
methyl shift from one of the trimethylsilyl groups to the
‘silenium ion’ also occurs. The reason for this difference
between the TiCl4 and the bistriflimide promoted pathways is
not obvious at the present time.

In conclusion we report a novel rearrangement of acylpolysi-
lanes on reaction with silyl triflates. Attempts to tune this
reactivity to generate silenes in a convenient fashion are in
progress and will be reported in due course.

We thank GlaxoWellcome and the EPSRC for financial
support of this work (studentship to R. J. G. and funding for
D. S. Y., repectively), the EPSRC mass spectrometry service at
Swansea for accurate mass determinations, Dr A. M. Kenwright
and Mr I. H. McKeag for assistance with NMR experiments and
Dr M. Jones for mass spectra. The referees are thanked for
helpful comments regarding the mechanism of this trans-
formation.

Notes and References

† E-mail: p.g.steel@durham.ac.uk
‡ Crystal data for 2a: C19H42O2Si5, M = 442.98, monoclinic, space group
P21/n, a = 15.3270(1), b = 10.6851(1), c = 16.8596(1) Å, b = 105.50(1)°,
U = 2659.5(9) Å3, F(000) = 968, Z = 4, Dc = 1.106 mg m23, m = 0.28
mm21 (Mo-Ka, l = 0.71073 Å), T = 120(1) K, 33156 reflections (1.60 @
q @ 30.5°) were collected on a Siemens SMART-CCD diffractometer
(w-scan, 0.3° per frame) yielding 7534 unique data (Rmerg = 0.047). The
structure was solved by direct-methods and refined by full-matrix least-
squares on F2 for all data using SHELXL software. All non-hydrogen atoms
were refined with anisotropic displacement parameters, H-atoms were
located on the difference map and refined isotropically. The H-atom of the
OH group could not be located reliably and was not included in the
refinement. Final wR2(F2) = 0.1095 for all data (399 refined parameters),
conventional R(F) = 0.0411 for 5539 reflections with I ! 2s, GOF =
1.119. The largest peak on the residual map (0.62 e Å23) is located on the
middle of one of the Si–Si bonds. CCDC 182/1000.
§ Attempts to achieve this transformation using TMSOTf afford a viscous
oil which has similar spectroscopic properties to 2a but whose structure is
currently undefined. Details will be given in a full paper.
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Scheme 1 Mechanistic pathway for the reaction of acylpolysilanes 1 with
trialkylsilylbistriflimides
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Electrorheological behaviour at low applied electric fields of microcrystalline
cellulose in BP oils

Jayne L. Davies, Ian S. Blagbrough*† and John N. Staniforth

Department of Pharmacy and Pharmacology, University of Bath, Bath, UK BA2 7AY

Electrorheological fluids have been prepared at low applied
electric fields from BP oils containing microcrystalline
cellulose (MCC); even at a low applied electric field of 500 V
mm21, 10% MCC in oils rich in linoleic or oleic acids behave
as electrorheological fluids with the latter displaying sig-
nificantly higher yield stresses.

Electrorheology describes the rapid and reversible change in
viscosity exhibited by certain suspensions of solid particles in
electrically non-conducting liquids upon application of an
electric field. Electrorheological (ER) fluids can run freely like
water, ooze like honey or solidify like gelatine, depending upon
the applied electric field. Winslow pioneered the use of ER
fluids in the 1940s, with mechanical engineering applications
ranging from a simple hydraulic valve1 to a complex tracking
device for copying machines.2 The appeal of ER fluids is the
rapid response, usually on the millisecond time scale, upon
application of an electric field,3–5 and this response is
completely reversible upon removal of the electric field.5,6

Although typically the electric fields necessary to provide an
ER effect are in the region of 1–5 kV mm21, the power
consumption is small (mW).7

Traditionally, ER fluids are composed of a dispersed
particulate phase,7,8 in the size range 0.5 to 100 mm, in an
insulating base fluid.9–11 In the absence of an electric field, most
ER fluids behave, to a first approximation, as Newtonian fluids.
When a continuous DC electric field E is applied to an ER fluid
and the fluid is sheared in a direction perpendicular to the field,
the relationship between the stress t and the shear rate g can be
described by the Bingham model. According to this equation,
flow only occurs once the applied stress exceeds the static yield
stress tg(E). The flow equation is given in eqn. (1), where hB is

t (E) = tg (E) + hBg (1)

termed the Bingham viscosity. We are investigating the
feasibility of using ER fluids as controllable drug delivery
systems. In the absence of an electric field, a basal level of drug
release will occur by diffusion across a mesh electrode. It is
envisaged that upon application of an electric field, drug release
will be controlled (hindered or halted).

We initially selected the pharmaceutically acceptable tablet
excipient microcrystalline cellulose (MCC) in silicone oil as our
ER fluid. This ER fluid has been recently reported, but only
under high electric fields (in the range 1–3 kV mm21).12,13 This
project encompasses the search for pharmaceutically acceptable
alternatives to traditional (engineering based) ER base fluid
components. Thus, silicone oil (100 cS) or an alternative oil was
used as the base fluid, together with sieved MCC (size fraction
below 45 mm).‡ We have investigated the use of super refined
BP oils as substitutes for silicone oil.‡ Oleic acid [(Z)-octadec-
9-enoic acid] is the major constituent of apricot kernel (68%),14

safflower (63%),‡ peanut (56%),15 and sesame seed oils
(45%).15 Linoleic acid [(Z,Z)-octadeca-9,12-dienoic acid) is the
primary constituent of sweet almond oil (75%)16 and soyabean
oil (50%).15 In pharmaceutics, peanut and sesame seed oils find
their uses as vehicles for sustained-release intramuscular
injections.16 Almond oil is also used as a vehicle for injections17

and soyabean oil has replaced peanut oil in total parenteral
nutrition regimens.15

A CSL2 rheometer (TA Instruments, Leatherhead, UK) has
been specially modified to allow the application of an electric
field across the test fluid. A small electrolyte reservoir
(approximately 0.5 ml) containing a 0.1% w/v solution of aq.
KCl was used to form the electrical connection between the
power supply (Model PS350 High Voltage Power Supply,
Stanford Research Systems, Sunnyvale, CA, USA) and the
rheometer geometry. The draw rod is insulated except for the
threaded portion at the tip which makes contact with the
geometry. In our experiments, we used a small volume (ca. 3.5
ml) concentric cylinder where the diameters of the cup and bob
were 9.33 and 8.60 mm, respectively, resulting in a gap of 730
mm. All ER fluids were prepared using 10% w/w MCC (sieve
fraction below 45 mm) in the appropriate oil, then sonicated
(Decon FS300b) for two periods of 15 min prior to analysis.
Temperature equilibration (37 ± 0.1 °C) of the sample was
carried out for 15 min under the influence of an applied electric
field (500 V mm21) prior to measurement. A continuous ramp
of shear stresses from 0 to 50 Pa at a rate of 0.1 Pa s21 was
applied to each ER fluid with the resultant shear rate measured.
A flow curve was plotted (Fig. 1) and the yield stress was
determined by extrapolation of the experimental shear stress–
shear rate data to zero shear rate using the Bingham model. Five
measurements from each sample were taken and the associated
mean and standard deviation were calculated (see Table 1).

In these studies, we have shown that, at a low applied electric
field of 500 V mm21, suspensions of 10% w/w MCC in a range
of BP oils behave as ER fluids. Furthermore, in general, BP oils
afforded a higher Bingham yield stress than silicone oil (see
Table 1), typically 12 Pa compared to 9 Pa. Using the ANOVA

Fig. 1 Comparison of the flow behaviour at 0 V mm21 [(5) silicone oil; (-)
sesame seed oil] and 500 V mm21 [(2) silicone oil; (8) sesame seed oil]
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test (one way), it was found that there were statistical
differences (p < 0.05) between the oils. A Fisher analysis was
carried out to highlight where differences were present. No
significant difference (p < 0.05) was found between almond oil
and silicone oil. Apricot oil, peanut oil, safflower oil, and
sesame seed oils were also found not to be significantly
different. In the light of these findings, we conclude that the BP
oils which have oleic acid as the major constituent have
significantly higher yield stress values compared with the BP
oils having linoleic acid as their major constituent. Preliminary
studies, using a parallel plate geometry, with 10% MCC in oleic
and linoleic acids (ca. 95%)‡ also exhibited an ER response at
250 V mm21. This demonstration of ER responses below 1 kV
mm21, using pharmaceutically acceptable oils, should find
ready applications.18–22

We thank Hoechst Marion Roussel (Swindon, UK, and
Kansas City, USA) for funding this studentship (to J. L. D.). We
gratefully acknowledge the support and interest of Dr David
Jordan (HMR, Swindon) in our studies.
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‡ Reagents: Microcrystalline cellulose (MCC) (Lot No: E5D7C21, Emcocel
50M, Mendell, Patterson, NY, USA); 100 cS silicone oil, oleic and linoleic

acids (Aldrich, Gillingham, UK); super refined BP oils (Croda Oleochem-
icals, Goole, UK).
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Table 1 The Bingham yield stress values for 10% w/w MCC in various oils
at 500 V mm21 (n = 5)

Oil
Bingham
yield stress/Pa

Standard
deviation

Almond 8.79 0.29
Apricot 12.54 0.39
Peanut 12.78 0.33
Safflower 12.17 0.47
Sesame seed 12.27 0.12
Silicone 8.94 0.26
Soyabean 10.53 0.37
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Bismuth(iii) thioether chemistry: the synthesis and structure of
[Bi4Cl12(MeSCH2CH2CH2SMe)4]n·nH2O, a highly unusual network involving
Bi4Cl4 rings and bridging dithioether ligands

Anthony R. J. Genge, William Levason and Gillian Reid*

Department of Chemistry, University of Southampton, Highfield, Southampton, UK SO17 1BJ. E-mail: gr@soton.ac.uk

The structure of [Bi4Cl12(MeSCH2CH2CH2SMe)4]n·nH2O
involves Bi4Cl12(h1-MeSCH2CH2CH2SMe)4 tetrameric
units which are linked by bridging dithioether ligands to give
a three-dimensional polymeric network; the Bi4Cl4 core is an
eight-membered heterocycle which adopts an open cradle
conformation.

With the exception of complexes with phosphine and amine
ligands,1,2 the coordination chemistry of the heavier p-block
elements such as bismuth is rather poorly developed. A small
number of BiIII complexes involving macrocyclic thioethers has
been described, including [BiCl3([9]aneS3)] ([9]aneS3 =
1,4,7-trithiacyclononane),3 [BiCl3([12]aneS4)] ([12]aneS4 =
1,4,7,10-tetrathiacyclododecane)4 and [BiCl3([18]aneS6)]
([18]aneS6 = 1,4,7,10,13,16-hexathiacyclooctadecane).5 Mac-
rocyclic ligands however offer enhanced binding properties
over acyclic ligands, are conformationally less flexible than
their acyclic counterparts and often exhibit different binding
modes. Structural studies have shown that these macrocyclic Bi
species are discrete molecular entities, with coordination
numbers varying from six to nine. As part of our investigation
into thio-, seleno- and telluro-ether complexes with p-block
elements we report here the preparation and structure of a very
unusual BiIII compound [Bi4Cl12(MeSCH2CH2CH2S-
Me)4]n·nH2O. Other than the macrocyclic compounds described
above, the only structurally characterised BiIII thioether com-
plex is [Bi2I8(SMe2)2][SMe3]2.6

Reaction of BiCl3 with 1 mol equiv. of
MeSCH2CH2CH2SMe in CH2Cl2 affords a light yellow solu-
tion. Following filtration and concentration of the solution, the
flask was left to stand for several days during which yellow

crystals of a compound with the formula [BiCl3-
(MeSCH2CH2CH2SMe)]·H2O were isolated in ca. 20% yield.
The IR spectrum shows the presence of the dithioether, as well
as several peaks in the range 300–230 cm21 assigned to Bi–Cl
stretching vibrations. Microanalyses are also consistent with the
above formulation. Traces of moisture in the CH2Cl2 probably
account for the associated water. A single crystal X-ray
structure determination† revealed a three-dimensional poly-
meric network with the structural formula [Bi4Cl12-
(MeSCH2CH2CH2SMe)4]n·nH2O. The structure involves
Bi4Cl12(MeSCH2CH2CH2SMe)4 tetrameric units (related by
crystallographic 4̄ symmetry) which are linked by bridging
dithioether ligands to give a three-dimensional polymeric
network [Fig. 1(a) and (b)]. Each BiIII ion is therefore
coordinated to two terminal Cl atoms, Bi–Cl(2) 2.538(7), Bi–
Cl(3) 2.533(7) Å, two m2 bridging Cl atoms, Bi–Cl(1) 2.913(7),
Bi–Cl(1*) 2.969(6) Å, and two S-donors from different bridging
dithioether ligands, Bi–S(1) 2.857(7), Bi–S(2*) 2.977(7) Å. The
geometry at each Bi atom therefore approximates to a severely
distorted octahedron, with an open triangular face which we
assume is occupied by the Bi lone pair. The m2-bridging Bi–Cl
distances are much longer than the terminal distances and are
themselves only slightly different, hence an alternative descrip-
tion is that the structure comprises of [BiCl2(h1-
MeSCH2CH2CH2SMe)2]+ cations loosely associated into tetra-
mers through interactions with chloride anions, Cl(1) and
Cl(1*). There are additional long range, weak interactions
which link the m2-bridging Cl atoms to Bi centres across
the Bi4Cl4 ring, forming a pseudo-cuboid arrangement,
Bi···Cl(1*) 3.268(7) Å. This interaction is significantly longer
than one would expect for a genuine m3-bridging Cl.7 The

Fig. 1 (a) View of a portion of the [Bi4Cl12(MeSCH2CH2CH2SMe)4]n structure with the numbering scheme adopted (H atoms are omitted for clarity and
atoms marked with an asterisk are related by a crystallographic 4̄ operation). Selected bond lengths (Å): Bi–Cl(1) 2.913(7), Bi–Cl(2) 2.538(7), Bi–Cl(3)
2.533(7), Bi–S(1) 2.857(7), Bi–S(2*) 2.977(7) Å. (b) View down the c-axis of the three-dimensional polymer, illustrating the channels running through the
structure.
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Bi4Cl4 core forms an eight-membered heterocyclic ring which,
as a result of the weak Bi···Cl interactions adopts an open cradle
conformation (Fig. 2). The secondary Bi···Cl(1*) interaction is
in the general direction of the void assumed to be occupied by
the lone pair, but not in the direction of the maximum electron
density. This behaviour is commonly observed in BiIII and SbIII

chemistry.8
Bismuth halides often form compounds incorporating par-

tially condensed Bi4X4 polyhedra,7 however, the open cradle or
pseudo-cuboid arrangement adopted in the title compound is
very unusual. The Bi–S and Bi–Clterminal bond lengths are
similar to those observed in the reported macrocyclic thioether
complexes of BiIII, e.g. seven-coordinate [BiCl3([12]aneS4)]
[Bi–S 2.987(3)–3.072(3), Bi–Cl 2.569(4)–2.575(3) Å] and
nine-coordinate [BiCl3([18]aneS6)] [Bi–S 3.146(4)–3.225(4),
Bi–Cl 2.607(4) Å]. The polymeric network arises due to
incorporation of bridging MeSCH2CH2CH2SMe ligands. We
have shown previously that this and other related group 16
donor ligands can bind to CuI and AgI centres and in a small
number of cases also yield complex polymeric arrays, although
quite different in detail from the title compound.9

Further work is underway to establish whether this highly
unexpected structural motif is replicated in other BiIII com-
plexes with group 16 donor ligands, and to understand the
factors which influence the assembly of supramolecular arrays
of this type.

We thank the University of Southampton and the EPSRC for
support and thank one of the referees for helpful comments on
the structural description.

Notes and References

† Crystal data for C5H12BiCl3S2·H2O, M = 469.62, tetragonal, space group
P4̄21c, a = 16.440(10), c = 11.843(7) Å, V = 3200 Å3, Z = 8, Dc = 1.949
g cm23, m(Mo-Ka) = 117.26 cm21. A pale yellow block (0.40 3 0.35 3
0.10 mm) grown by slow evaporation of a solution of the compound in
CH2Cl2 was mounted on a Rigaku AFC7S four-circle diffractometer. Data
collection at 150 K using Mo-Ka X-radiation (l = 0.710 73 Å), gave 1668
unique reflections of which 1183 with F ! 4s(F) were used in all
calculations. The structure was solved using direct methods10 and
developed by iterative cycles of least-squares refinement11 and difference
Fourier synthesis which revealed a BiCl3(MeSCH2CH2CH2SMe) unit and a
water molecule in the asymmetric unit. Crystallographic 4̄ symmetry
generates the tetrameric unit and the three-dimensional array. The data were
corrected for absorption using DIFABS12 with the model at isotropic
convergence (max., min. transmission factors = 1.000, 0.309, re-
spectively). Some of the C atoms in the ligand backbone show quite high
thermal motion, although alternative sites could not be identified, hence
these were refined isotropically. Anisotropic thermal parameters were
refined for the Bi, Cl and S atoms and H atoms associated with the
dithioether were included in fixed, calculated positions (the H atoms
associated with the H2O solvent molecule were not located). At final
convergence, R = 0.050, Rw = 0.066, S = 1.80 for 79 parameters. CCDC
182/1002.

Satisfactory spectroscopic and analytical data were obtained.
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Fig. 2 View of the Bi4Cl4 core, illustrating the open cradle conformation.
The dashed lines indicate the secondary Bi···Cl interactions.
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On the efficacy of propeller-shaped, C3-symmetric triarylphosphines in
asymmetric catalysis
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Ligand sets 1 and 2 were prepared and examined for
evidence of C3-symmetric propeller-shaped conformations
in solution, and for their ability to induce enantioselectivity
in an allylation reaction.

There are conflicting arguments with regard to the potential of
optically pure, C3-symmetric triarylphosphines in asymmetric
syntheses. Some researchers may correctly point to the value of
C2-ligands1 and claim that application of C3-ligands is a logical
extrapolation of the field. C3-Symmetric arrangements of three
aromatic groups around a central atom can adopt stable
enantiomeric propeller-shaped conformations that might pro-
vide chiral pockets to facilitate enantiodiscrimination.2 How-
ever, the contrary argument is also convincing. Asymmetric
induction cannot increase indefinitely with the symmetry of the
chiral directing group because a perfectly spherical object
would be useless for inducing a chiral environment.

Experimentally, the value of optically active, propeller-
shaped, C3-symmetric phosphines is hard to assess. This is
because of synthetic difficulties associated with obtaining the
requisite ligands, and due to a lack of techniques to recognize
rigid propeller conformations in solution. Sharpless and co-
workers, for instance, prepared triarylphosphine cage structures
(an example is shown below) by relatively difficult synthetic
routes.3,4 They then found that in an optically active complex,
this ligand stereomutates between enantiomeric propeller-
shaped conformations at room temperature. This ligand design
therefore did not facilitate a test of the efficacy of propeller-
shaped C3-symmetric ligands, hence their value remained
questionable. The work described in this manuscript deals with
attempts to address this issue using phosphines 1 and 2. The
tenet of this project is that a chiral substituent on the aromatic
rings could be easily installed, and may lead to stable
C3-symmetric propeller-shaped aryl arrays in the ligand.

Scheme 1 outlines the route by which the ligand set 1a–1c
(and later 2a–2c) was obtained. The route diverges from the
common chiral alcohol intermediate 3 hence this strategy is
more efficient than ones that rely on different starting materials
for each phosphine prepared.

Evidence for preferred stereoisomeric propeller-shaped con-
formations in solution is hard to obtain. Crystallographic studies
of derivatives such as complex 5a (Fig. 1) indicated the desired
conformations exist in the solid state, but these observations can
give no indication of their dynamic behavior in solution.
Consequently, a set of circular dichroism (CD) spectra was
recorded to elucidate solution state conformations. Chiral
ordering of the aromatic groups should be accompanied by

Scheme 1 Reagents and conditions: i, BH3·SMe2, 5 mol% 4,5,6,7-tetra-
hydro-1-methyl-3,3-diphenyl-1H,3H-pyrrolo[1,2]-[1,3,2]oxazaborolebor-
ane (CBS),8 CH2Cl2, 225 °C, 12 h (94% and 96.2% ee for 1; 85%, 99% ee
for 2); ii, alkylation (yields range from 70 to 99%, e.g. MeI, NaH, DMF for
1a); iii, tBuLi, Et2O, 230 °C, 1 h; iv, PCl3, Et2O, 230 to 25 °C (yields
typically 30–50% for steps iii and iv)

Fig. 1 Comparison of normalized ellipticities (i.e. ellipticities per mole of
aromatic ring) for compounds 4a, 5a and 6a
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increased molar ellipticities at wavelengths corresponding to
aromatic absorptions for palladium complex 5a relative to the
aryl bromide starting material 4a.5 Fig. 1 shows that an
increased ellipticity was not observed for complex 5a derived
from ligand 1a. This led us to suppose that conformational
rigidity could be increased by incorporation of a para-
substituent to disfavor free rotation about the bond to the meta-
chiral center. Consequently, ligand set 2 was prepared and
selected derivatives were examined by CD. Fig. 1 indicates that
complex 6a derived from ligand 2a does indeed show an
enhanced ellipticity relative to intermediate 4a.

High throughput parallel screens6 were used to test ligands 1
and 2 in the palladium mediated allylation reaction illustrated
below. Thus reactions were run simultaneously in wells
contained in a cooled aluminium block, then analyzed using an
autosampler/chiral HPLC apparatus. Details of this approach
applied in other studies from our group have been documented.7
Fig. 2 shows the data obtained. The enantioselectivities reached
an optimum value of 82%. We think that this level of induction
by the distal chiral meta-substituents would not be possible
unless ordering of the aromatic rings were operative. Enhanced
ellipticities when a para-substituent is present (i.e. 2a vs. 1a)
correlates with dramatically increased enantioselectivities. On
average, higher enantioselectivities tend to be observed for the
ligands 2 than for series 1.

The data presented here suggest that phosphines 2 can exist in
conformations in which the aromatic groups are ordered in
propeller-shaped arrays, and that these same phosphines give
significant induction in an allylation reaction. However, it is
unlikely that perfectly C3-symmetric conformations predom-
inate for ligand 2 in complexes because the meta-substituent can
adopt orientations that are exo and endo with respect to the
metal. Work now in progress concerns a ligand system for
which this is not a possibility.

We thank Marcel Jaspars for some informative preliminary
experiments. Support for this work was provided by The
Petroleum Research Fund administered by The American
Chemical Society, and by The Robert A. Welch Foundation.
K. B. thanks the NIH Research Career Development Award,
and The Alfred P. Sloan Foundation for a fellowship.
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Fig. 2 Phosphines 1 and 2 in an allylation reaction (unoptimized yields,
measured by GC using an internal standard: 1a, 72%; 1b, 33%; 1c, 54%; 2a,
50%; 2b, 51%; 2c, 47%)
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Formation of oligomers of methyl- and phenyl-pyrrole at an electrified
liquid/liquid interface
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The formation of oligomers of 1-methylpyrrole and 1-phe-
nylpyrrole has been initiated by a heterogeneous electron
transfer (HET) step at the interface of two immiscible
electrolyte solutions; the HET leads to the formation of a
radical cation of the monomer in the organic phase.

In 1975 Guainazzi et al.1 reported that a direct current applied
across the liquid/liquid interface of a heterogeneous, unreactive
Cu2+/[V(CO)6]2 redox system, with CuSO4 in the aqueous
phase and tetrabutylammonium hexacarbonylvanadate in a
1,2-dichloroethane (DCE) phase, led to the deposition of a
copper layer at the interface. More recently electrochemical–
chemical (EC) type mechanisms have been reported for such
liquid/liquid interfaces.2,3 Here we report on a novel EC type
reaction between an aqueous redox couple and a monomer in
DCE leading to oligomer formation in the organic phase, where
for the first time the electrochemical step is an electron
transfer.

A general scheme for the equilibrium condition for the two
phase electron transfer reaction [eqn. (1)] where a reducible

n2O1(w) + n1R2(o)Ô n1O2(o) + n2R1(w) (1)

species O1 in the aqueous phase reacts with an oxidisable
species R2 in the organic phase can be expressed in terms of
individual ionic activities and the Galvani potential of each
phase, leading to a Nernst type equation of the form shown in
eqn. (2), where E°i is the standard potential of the couples in

Dw
of = E°R2/O2 2 E°R1/O1 + (RT/n1n2F)lnJa (2)

each phase, R is the gas constant, T is the absolute temperature,
F the Faraday constant and Ja is given by eqn. (3), where a is the

Ja = an2

R1an1

O2/an2

O1an1

R2 (3)

activity of the species in each phase. As such, the position of
equilibrium in a two phase redox system is dependent on the
values of the standard potentials and also on the interfacial
Galvani potential difference.4 Hence for a given system the
position of equilibrium can be determined by an externally
imposed Galvani potential difference, using standard electro-
chemical instrumentation. A HET reaction can thus be observed
in the available potential window by careful matching of the
standard potentials of the redox couples in each phase.

Cyclic voltammetry (CV) was the main technique used. A flat
water/1,2-DCE interface with an area of 0.125 cm2 was formed
in a four electrode cell. The potential difference at the interface
was controlled using a four electrode potentiostat (Model 2000,
Sycopel Scientific Ltd., Boldon).

DCE (Fluka 99.5% GC grade) was used as received as the
organic solvent in all experiments. 18.2 MW water used
throughout and was prepared using the Maxima ultra pure water
system. Li2SO4 (Fluka > 98.0%) was used as received as the
aqueous supporting electrolyte. Tetraphenylarsonium chloride
(TPAsCl) (Fluka, 95%) was used as received in the organic
reference phase. Tetraphenylarsonium tetrakis(4-chloro-
phenyl)borate (TPAsTCPB) was the supporting electrolyte in
the organic phase and was prepared using TPAsCl and sodium
tetrakis(4-chlorophenyl)borate (NaTCPB) (Fluka > 98.0%).

Ferrous sulfate·7H2O(Aldrich 99+%), ferric sulfate·5H2O(Al-
drich 97%), 1-methylpyrrole (MPy, Aldrich 99%) and 1-
phenylpyrrole (PPy, Aldrich 99%) were also used as received.

To measure the half-wave potentials (E1/2) of the aqueous
redox couples and the oxidation potentials of the monomers in
DCE a 10 mm platinum microelectrode was used. The E1/2 of
oxidation of 1-methylpyrrole and 1-phenylpyrrole, in the
organic electrolyte system, were found to be 750 and 720 mV
vs. SCE, respectively. Fe2+/Fe3+ in the form of Fe2(SO4)3/
Fe(SO4) was chosen as the aqueous redox couple as it has a
closely matching halfwave potential, with an E1/2 of 650 mV vs.
SCE in the aqueous electrolyte system.

The cell used to observe the electron transfer is shown in
Scheme 1,where the monomer is 1-methylpyrrole or 1-phenyl-
pyrrole and d represents the interface.

When the aqueous redox couple is present and in the absence
of monomer in the organic phase no charge transfer is observed
in the potential window of interest and also no charge transfer is
observed when the monomer is present but in the absence of the
aqueous redox couple.

When both the aqueous redox couple and monomer are
present a charge transfer reaction occurs, this is shown in Fig.
1(a). It was found that on continuous cycling the shape of the
CV trace changes to give a characteristic S-shaped curve [Fig 1
(b)].

From eqn. (2) it can be seen that for a HET reaction, changing
the ratio of concentrations of the aqueous redox couple should
change the E1/2 of the electron transfer reaction and, as can be
seen from Tables 1 and 2, this is indeed the case.

Table 1 shows the variation of E1/2 for the charge transfer
reaction with varying FeIII:FeII when the cell is: Pt/10 mmol
Li2SO4 + x mmol Fe2(SO4)3 and y mmol FeSO4 (aq)/d/1 mmol
TPAsTCPB + 0.5 mmol MPy (DCE)/1 mmol TPAsCl (aq)/
AgCl/Ag.

Table 2 shows the variation of E1/2 for the electron transfer
reaction with varying FeIII:FeII when the cell is: Pt/10 mmol
Li2SO4 + x mmol Fe2(SO4)3 and y mmol FeSO4 (aq)/d/1 mmol
TPAsTCPB + 0.5 mmol PPy (DCE)/1 mmol TPAsCl (aq)/
AgCl/Ag.

Pt/10 mmol Li2SO4 + 10 mmol Fe2(SO4)3 and 10 mmol
FeSO4 (aq)/d/1 mmol TPAsTCPB + 0.5 mmol monomer
(DCE)/1 mmol TPAsCl (aq)/AgCl/Ag

Scheme 1

Table 1 Variation of E1/2 with varying FeIII:FeII for the charge transfer
reaction with MPy

Ratio Fe3+:Fe2+
Fe2(SO4)3/
mmol

Fe(SO4)/
mmol E1/2/mV

1:5 1 10 565
2:1 10 10 640
4:1 10 5 660

10:1 10 2 No e-transfer
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The changing shape of the cyclic voltammogram suggested
that the electron transfer reaction is not reversible and that the
organic phase changes throughout the experiment. UV–VIS
spectroscopy was used to study the organic phase. The organic
phase was removed from the cell and transferred to a quartz
cuvette.

The 1-methylpyrrole monomer shows a characteristic peak at
247 nm when dissolved in DCE. On addition of the base
electrolyte salt TPAsTCPB this characteristic monomer peak
disappears and a new peak is detected at 271 nm. The
disappearance of the monomer peak is probably due to the fact
that this sample is blanked using 10 mmol TPAsTCPB, which
absorbs in the region below 300 nm. After cycling for 10 min a
peak is detected at 293 nm and after 20 min of cycling a peak is
detected at 309 nm.

The 1-phenylpyrrole monomer shows a characteristic peak at
260 nm when dissolved in DCE. On addition of the base
electrolyte salt TPAsTCPB a peak is observed at 292 nm. After
cycling for 10 min a peak is detected at 304 nm, which does not
change significantly with further cycling.

Rohde et al.5 reported that the absorbtion maxima of
oligomers of 1-methylpyrrole increase with increasing chain
length. They found that 1-methylpyrrole monomer has a lmax
value of 250 nm increasing to lmax of 290 nm for oligomers
with eight methylpyrrole units. They extrapolated the lmax of
the insulating polymer, an oligomer of infinite chain length, to
be 310 nm.

This change in lmax is observed here for 1-methylpyrrole
(and 1-phenylpyrrole) with increasing cycling time. This is an
indication that oligomers are being formed in the organic
phase.

We have shown for the first time that an electron transfer
reaction can be brought about between an aqueous-based redox
system and an organic-based monomer unit at an electrified
liquid/liquid interface. It is presumed that the electron transfer
results in the formation of a radical cation in the organic phase.
This radical cation will then undergo various chemical steps
leading to the formation of oligomers in the organic phase.
Further research is investigating the nature of the oligomers
formed and their conducting properties. The system is being
expanded to look at other electroactive monomer and organic
systems.

This work was supported by Forbairt Scientific Programme
(SC/95/255) and by the EU-TMR Network, ODRELLI
(ERBFMRXCT960078).
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Fig. 1 (a) Cyclic voltammograms of the system: Pt/10 mmol Li2SO4 + 10
mmol Fe2(SO4)3 and 10 mmol FeSO4 (aq)/d/1 mmol TPAsTCPB + 0.5
mmol MP (DCE)/1 mmol TPAsCl (aq)/AgCl/Ag. Sweep rates: 10, 25 and
50 mV s21. (b) Cyclic voltammogram of the system: Pt/10 mmol Li2SO4 +
10 mmol Fe2(SO4)3 and 10 mmol FeSO4 (aq)/d/1 mmol TPAsTCPB + 5
mmol MP (DCE)/1 mmol TPAsCl (aq)/AgCl/Ag after cycling for 30 min at
a sweep rate of 100 mV s21.

Table 2 Variation of E1/2 with varying FeIII:FeII for the electron transfer
reaction with PPy

Fe3+:Fe2+
Fe2(SO4)3/
mmol

Fe(SO4)/
mmol E1/2/mV

1:5 1 10 No e-transfer
2:1 10 10 630

20:1 10 1 690
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Por-FeIII

native state of P-450 or peroxidase

Por-FeV      O or (Por • +)FeIV      O
P-450 active species or Cpd I

Por-FeIV      O
Cpd II

‘Oxo-hydroxo tautomerism’ as useful mechanistic tool in
oxygenation reactions catalysed by water-soluble
metalloporphyrins

Jean Bernadou*† and Bernard Meunier*†

Laboratoire de Chimie de Coordination du CNRS, 205 route de Narbonne, 31077 Toulouse cedex 4, France

High valent metal–oxo species have been evoked as active
intermediates in many different oxidation reactions using
manganese or iron porphyrin complexes as catalysts and
oxygen atom donors (H2O2, PhIO, NaOCl, KHSO5, ... etc.) or
dioxygen associated to a reductant as oxygen atom source.
When these metalloporphyrin-catalysed oxidations are per-
formed in water, such metal–oxo species are able to transfer
an oxygen atom coming from either the oxygen source or
from bulk water. This fact has been explained by the so-
called oxo–hydroxo tautomerism, a mechanism involving a
rapid shift of two electrons and one proton from a hydroxo
ligand (electron-rich ligand formed by deprotonation of an
aqua ligand) to the trans oxo species (electron-poor ligand)
leading to the transformation of the hydroxo ligand into an
electrophilic oxo entity on the opposite side of the initial oxo.
This ‘oxo–hydroxo tautomerism’, evidenced by using
18O-labelled water, has been used as mechanistic tool to
unambiguously characterize oxygen atom transfer mecha-
nisms mediated by metal–oxo species in opposition to
mechanisms related to free radical oxidation reactions.

Introduction

High-valent metal–oxo intermediates play an important role in
catalytic processes involving dioxygen activation and O-atom
transfer reactions performed by hemoproteins such as cyto-
chromes P-450 and some peroxidases.1,2 For example, the so-
called Compound I of peroxidases (Cpd I), with two oxidizing
equivalents above the ferric state, has been characterised in
horseradish peroxidase as an iron(iv)–oxo porphyrin p cation
radical, and the great reactivity of P-450 is believed to derive
from a formal iron(v)–oxo porphyrin species acting as ultimate
oxidant.3–6 Compound II (Cpd II), the second catalytic
intermediate of peroxidases, is an iron(iv)–oxo with only one
oxidizing equivalent above the resting state of the correspond-
ing native heme–enzyme. There is no Cpd II intermediate in the
catalytic cycle of cytochrome P-450.

The recent discovery of oxo–hydroxo tautomerism can
contribute to a better characterisation and an improved
understanding of chemical reactivities of these high-valent
metal–oxo species, not only important for the knowledge of
heme-enzymes catalyzing oxidations, but also in the design of
efficient biomimetic or bioinspired oxidation catalysts. After a
short survey on the characteristics of high-valent metal–oxo
complexes, this Feature Article will be focused on the oxo–
hydroxo tautomerism.

High-valent metal–oxo species in heme-enzymes and
related chemical models

The oxidative reactions mediated by cytochrome P-450 are
better described with an iron(v)–oxo as active entity than with
any other putative species. Taking in consideration all the
different experimental data accumulated for the last three
decades on cytochrome P-450, it is reasonable to assume that
hydroxylation of alkanes, epoxidation of electron-rich alkenes
and formation of N-oxides are performed by an electrophilic
high-valent iron(v)–oxo rather than by a nucleophilic FeIII–
OOH intermediate. The high oxidation state of iron in the
perferryl FeVNO species might be reduced by transfering one
electron from the sulfur atom of the cysteinato proximal ligand,
or from the porphyrin ligand like in peroxidases [ferryl is used
for an iron(iv)–oxo species; perferryl is used for an iron(v)–oxo
species or an iron(iv)–oxo with a radical cation on the
macrocyclic ligand, like in Cpd I of peroxidases].5b,7 This
audacious hypothesis has been supported by establishing in
1975 that a single oxygen atom donor, namely iodosylbenzene
PhIO, was a suitable co-factor for a P-450 mediated O-dealky-
lation reaction.8 Then, the modeling of peroxide shunt in the
catalytic cycle of cytochrome P-450 (short cycle in Scheme 1)

was demonstrated with synthetic metalloporphyrins using
PhIO, NaOCl, KHSO5 or H2O2.2,5b,9–12 There is no physical
characterisation of the putative iron(v)–oxo for cytochrome
P-450 itself because of its very short lifetime, but its orbital
diagram based on different calculations has been described by
several groups.13,14 The reactive high-valent iron or man-
ganese–oxo species are usually depicted with a double-bond
between the metal and the oxygen atom [complex A in Scheme
2, case of an iron(v)–oxo species]. This classical way to
represent a metal–oxo bond is convenient to describe the
oxidation state of the metal, but one drawback is that the same
formalism is used for the non-labile TiIVNO derivative as for the
highly reactive FeVNO or MnVNO complex. In fact, the
electronic structure of the form A with a metal–oxygen double
bond is probably higher in energy than the diradical form B, an
iron(iv)–oxoid species, in a similar way as singlet dioxygen,
with a double bond, is higher in energy by 23 kcal mol21 (1 cal
= 4.184 J) compared to the triplet ground state, with a single
O–O bond and two unpaired electrons (the name ‘oxoid’
underlines the reduction of the bond order between the metal

Scheme 1 Catalytic cycle of cytochrome P-450 with the formation of an
iron(v)–oxo species (or an iron(iv) radical-cation as in Cpd I of peroxidases)
via a ‘long catalytic cycle’ with dioxygen, two electrons and two protons or
via a ‘short cycle’ (peroxide shunt) with oxygen atom donors (PhIO,
NaOCl, KHSO5, H2O2)
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center and the oxygen atom). So, the ground state of the high-
valent iron–oxo species of cytochrome P-450 will ressemble the
diradical FeIV–O· (for B) whereas FeVNO with a formal double
bond (form A) represents an excited state. However, Schwarz
and coworkers have recently proposed that both states of the
perferryl entity will be involved in catalytic hydroxylations,
with a spin inversion during the reaction.13

The high-valent iron–oxo species of Cpd I of peroxidases
(horseradish peroxidase HRP, ligninase, . . . etc.) has a lifetime
which is long enough to allow the collection of physical data by
different methods: UV–VIS, EPR, magnetism, resonance
Raman, X-ray absorption and Mössbauer.2 All these different
methods confirmed that Cpd I of horseradish peroxidase is a
perferryl species with a radical-cation on the porphyrin ligand
(Por.+)FeIVNO. X-Ray absorption15 and resonance Raman16

studies respectively indicated that the FeNO bond distance was
1.6 Å with a vibration at 737 cm21. The p-radical-cation of Cpd
I has a predominant 2A2u character, indicative of an electron
abstraction from the a2u orbital of the porphyrin ligand.17 This
porphyrin radical is weackly ferromagnetically coupled with the
spin S = 1 of the ferryl state.18 It should be noted that HRP is
unable to catalyze O-atom transfer reactions, in contrast to
chloroperoxidase, suggesting that the lability of the high-valent
iron–oxo is mainly controlled by the axial ligand (both
chloroperoxidase and cytochrome P-450 have a cysteine as
proximal ligand, instead of a histidine for a horseradish
peroxidase).19,20 The reduced accessibility for substrates in
HRP can not be the only factor to explain the absence of
oxygenation activity for this enzyme, since the amino acids of
the distal site responsible for the heterolytic cleavage of the
peroxidic O–O bond are not oxidized during the catalytic cycle
of HRP despite their close interactions with the active site.

Since the pioneering work of Groves et al.3 on the
characterisation of an iron(iv)–oxo radical-cation porphyrin
complex, many groups have focused their efforts on the
isolation and the description of chemical models of heme-
enzymes. In all these model systems, the exchange between the
spin S = 1 of the ferryl group with the spin SA = 1/2 of the
porphyrin radical-cation was found to be strongly ferromagnetic
in contrast to the weak ferromagnetic coupling usually observed
with Cpd I derivatives.21 The one-electron reduced complex,
namely (Por)FeIVNO equivalent to a peroxidase Cpd II, which
was described early in the cases of six-coordinate22a and five-
coordinate22b porphyrin complexes, can be isolated by a
reductive chromatography of (Por.+)FeIVNO over basic alumina
and is stable at room temperature.22c A (Por)MnIVNO complex
has been characterised by X-ray absorption spectroscopy.23 The
Mn–O bond distance is 1.69 Å and the complex has a S = 3/2
spin state corresponding to a high spin d3 configuration.
Recently, it has been reported the detection and the character-
ization of a manganese(v)–oxo porphyrin complex by rapid-
mixing stopped-flow spectrophotometry.24

High-valent iron–oxo complexes can be prepared with
peracids via the intermediate formation of a acylperoxo–
iron(iii) porphyrin complex. This latter compound undergoes a
heterolytic cleavage of the O–O bond in dichloromethane to
provide the iron–oxo or a homolytic cleavage in toluene to give
rise to a bridged N-oxide porphyrin.25 It must be noted that all
the high-valent metal–oxo porphyrin complexes are highly
electrophilic and as such react with alkanes, alkenes or

heteroatoms in contrast to the nucleophilic (Por)FeIII–OOH
complexes26 (see also ref. 27 for the use of thianthrene-5-oxide
as a probe to distinguish between electrophilic and nucleophilic
oxidants).

The stability of high-valent iron– or manganese–oxo species
is highly dependent on the nature of the ligands. An inert d2

square-pyramidal manganese(v)–oxo stable at room temper-
ature has been prepared with a diamido ligand28 (see also ref. 29
for the design of robust ligands for oxidizing complexes). An
additional example of lability versus stability of high-valent
species is the case of nitrido–manganese(v) porphyrin com-
plexes which is kinetically inert with organic substrates, but
able to transfer the nitrido motif to chromium(iii) porphyrin via
a two-electron redox process mediated by a heterobimetallic m-
nitrido intermediate.30 The same nitrido–manganese(v) por-
phyrin complexes can be transformed into nitrogen atom-
transfer agents after acylation of the nitrido ligand to generate a
labile acylimido–manganese(v) porphyrin complex.31

At the present stage of knowledge, the design of metal–oxo
complexes able to efficiently catalyse oxygenations is still
challenging, since all the parameters involved in the different
O-atom transfer steps are not fully understood.

A new type of tautomerism: the oxo–hydroxo
tautomerism

After the above reminders on high-valent metal-oxo porphyrin
complexes, we wish now to report the recent discovery of an
oxo–hydroxo tautomerism32,33 and its utilisation as mechanistic
tool in oxygenation reactions catalysed by water-soluble
metalloporphyrins.

Using isotopically labelled oxidants or labelled water, it has
been shown that the oxygen of the metal–oxo porphyrin
complex can be quickly exchanged with water via the axial
hydroxo ligand with reaction rates depending on the experi-
mental conditions (pH, temperature, composition of the me-
dium, nature of the axial ligands, . . .). We shall see that, using
the label distribution in oxidation products modulated by this
oxo–hydroxo tautomerism, it is possible to unambiguously
distinguish between oxygenation reactions occurring via an
oxygen transfer from a high-valent metal–oxo complex or via
an autoxidation mechanism (see ref. 34 for a review on this
controversial debate) in metalloporphyrin-catalysed oxygen-
ations carried out in the presence of H2

18O. For short, the
phenomenon termed oxo–hydroxo tautomerism corresponds to
a rapid shift of two electrons and one proton from a hydroxo
ligand (electron-rich ligand) to the trans oxo species (electron-
poor ligand) leading to the transformation of the hydroxo ligand
into an electrophilic oxo entity on the opposite side of the initial
oxo (Scheme 3). The main consequence of this tautomerism is
the incorporation within the substrate of an oxygen atom
coming from either the oxidant or from bulk water, respectively
in the ratio 1 : 1. the degree of 18O-exchange observed into the
product (epoxide, alcohol, . . .) is then mechanistically
informative.

Some previous data on O-exchange of metal–oxo species
with bulk water

In the last fifteen years, several reports mentioned the use of
18O-labelling experiments in order to characterize high-valent

Scheme 2 Different representations of high-valent iron–oxo entities: form A
with a double Fe–O bond and form B with a diradical and a single Fe–O
bond (for a discussion on these two different electronic configurations of
iron–oxo species, see ref. 13). X = anionic axial ligand.

Scheme 3 The oxo–hydroxo tautomerism mediates the incorporation into
the oxidation product of 50% of oxygen coming from the primary oxidant
and 50% from water. X = hydroxo ligand.
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metal–oxo species or to elucidate the mechanism of O-transfer
by these reactive species. For reactions performed in the
presence of water, results varied from 0 to 100% of O-incor-
poration form water, depending on the experimental conditions.
Most of these results can be understood by reference to the oxo–
hydroxo tautomerism (for detailed comments, see the paragraph
on required conditions to observe oxo–hydroxo tautomerism) or
on the basis of a direct O-exchange of the oxo ligand with the
bulk water.

Most of the studies to determine the origin of the incorporated
oxygen atom in alkene epoxidations or alkane hydroxylation
catalysed by metalloporphyrins have been performed in organic
solvents or biphasic media with hydrophobic complexes. From
these data, it has been concluded that the oxygen atom
originated from the primary oxidant (PhIO,35 LiOCl,36

KHSO5
37). When experiments are performed in water or in an

organic solvent containing a sufficient amount of water, several
reports suggested that high-valent metal–oxo complexes ex-
changed the coordinated oxygen atom with water (using either
labelled water or labelled oxygen atom donor). As indicated in
Scheme 4 for a theoretical 100% O-exchange with water, these

experiments were usually based on generating the active species
with 18O-labelled activating agent [H2O2; m-chloro-
peroxybenzoic acid (m-CPBA); O2 in the presence of a
reductant] and washing the label in the presence of unlabelled
water, or at the reverse, using unlabelled oxidant and perform-
ing the reaction in 18O-labelled water.

Resonance Raman investigations on Cpd II of HRP at pH 7,
based on isotopic shift of the FeIVNO stretching mode of Cpd II
(nFeNO was observed at 774 cm21 after activation with either
H2

16O2 or H2
18O2 in H2

16O, at 740 cm21 for activation with
either H2

16O2 or H2
18O2 in H2

18O), provided evidence for the
oxygen atom exchange between the heme-FeIVNO and bulk
water (Table 1).38 In a controversial manner, this exchange was

not observed in the case of stable species of diacetylheme or
manganese substituted HRP: the Raman spectrum of Cpd II
generated with H2

16O2 or H218O2 presented lines at 781 or 745
cm21 (diacetylheme HRP), at 626 or 596 cm21 (Mn–HRP),
respectively. No isotope-induced change was observed at
neutral pH for 1 h at 4 °C in the presence of H2

16O or H2
18O,

indicating no appreciable exchange of the oxo entity with bulk
water.39 In studies performed at 280 °C on a ferryl porphyrin

p-cation-radical derived from the synthetic (meso-tetramesityl-
porphyrinato)iron(iii) chloride [(TMP)FeIIICl], the nFeNO band
was observed at 828 cm21 (activation with [16O]m-CPBA) or
792 cm21 (activation with [18O]m-CPBA), the first one
remaining unshifted in the presence of H2

18O; therefore the oxo
oxygen atom was not easily exchanged with water under these
conditions (Table 1).40

The O-exchange of metal–oxo with bulk water can also be
monitored by analysing the label content of oxygenation
products of reactions catalysed by synthetic metalloporphyrins.
Groves et al.3 reported that the high-valent iron–oxo complex
generated in a first step from (TMP)FeIIICl with m-CPBA in an
organic medium containing 1% H2

18O was able, in a second
step, to epoxidize norbornene with a 99% 18O-incorporation.
This result allowed to discard the hypothesis of either free or
metal coordinated peroxyacid as the oxygen transfer agent and
support an high-valent iron–oxo intermediate with an oxygen
exchangeable with added H2

18O2. Incorporation of 18O from
bulk water was further noticed41 in the course of epoxidation of
b-methylstyrene by manganese(v)–oxo porphyrin in CH2Cl2
saturated in H2

18O, indicating here also a rather fast exchange of
the oxo ligand with water. This 18O-exchange was clearly
slower in the case of manganese(iv) species and was inhibited
by the presence of pyridine as axial ligand.41,42

Oxo-hydroxo tautomerism with water-soluble
metalloporphyrins

Epoxidation reaction
We initially reported oxo–hydroxo tautomerism to explain
isotopic results observed in aqueous phase during KHSO5
epoxidation of carbamazepine (CBZ), an analgesic and anti-
convulsivant drug, catalysed by a cationic water-soluble
manganese porphyrin.33 In such reaction performed at pH 5 in
aqueous solution with various contents of H2

18O, it was shown
that half of the oxygen atoms incorporated in the epoxide came
from the solvent (Fig. 1(a)]. It was checked that neither CBZ-

Scheme 4 Principle of labelling studies: case of theoretical 100%
O-exchange with water. Unlabelled or 18O-labelled water (H2O and H25)
and oxygen atom donor (DO and D5). [Por] = porphyrin ligand;
S = substrate.

Table 1 Resonance Raman data on the possible exchange of the oxygen
atom of high-valent metal–oxo species with bulk water

nMN16O/
cm21

nMN18O/
cm21

Ex-
change Ref.

FeIVNO (HRP Cpd II) 774 740 Yes 38
FeIVNO (diacetylheme HRP Cpd II) 781 745 No 39
MnIVNO (Mn subst HRP Cpd II) 626 596 No 39
(Por.+)FeIVNO (TMP) 828 792 No 40

Fig. 1 (a) The amount of labelled oxygen found in CBZ oxide correlates
with half the content of 18O-label of water present in the reaction mixture.
In abscisse: content (%) of H2

18O in water (from ref. 33 with permission
from the American Chemical Society; see also ref. 44 for a similar
correlation). (b) Dependence on a sufficient concentration of water in non-
aqueous solvent to observe oxo-hydroxo tautomerism. In abscisse: 0.5, 1.0,
1.5, 2.0 and 2.5 mmol of H2

18O correspond to 1, 2, 3, 4 and 5 m H2
18O

concentration, respectively; substrate concentration was 20 mm (from ref.
44 with permission from the American Chemical Society).
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oxide33 nor KHSO5
37,43 exchanged oxygen atoms with water in

the reaction conditions.
To explain the constant ratio of 0.5 for the incorporation of

oxygen from the solvent, we proposed an oxo–hydroxo
tautomerism mechanism32 (formerly named ‘redox tautomer-
ism’ in refs. 33, 43–47) involving a coordinated water molecule
on the manganese(iii) porphyrin precursor 1 (Scheme 5). It must

be noted that a 50% O-exchange corresponds only to the oxo–
hydroxo tautomerism involving the hydroxo ligand trans to the
high-valent metal–oxo complex, but not to a direct exchange of
the oxo ligand with bulk water.

Mn(TMPyP), the pentaacetate of the diaquamanganese(iii)
derivative of meso-tetrakis(1-methyl-pyridinium-4-yl)porphy-
rin, can exist in aqueous medium with one or two metal-bound
water molecules as axial ligands (1 in Scheme 5; see ref. 48 for
a X-ray structure of the bis-aqua-MnTMPyP complex). Increas-
ing the metal oxidation state from iii to v (going from the MnIII

complex 1 to the MnVNO 2) should lower sufficiently the pKa
value of the ligated water to allow, at the pH of the reaction, its
conversion into a hydroxo ligand (3; see ref. 49 for a discussion
on the pKa values of aqua and hydroxo ligands in high-valent
metalloporphyrins). Removal of a proton from this hydroxo
ligands results in the formation of the stabilized anion 4 with
four electrons delocalized on both metal–oxygen bonds (4A is a
mesomeric form with three delocalized electrons and man-
ganese in the formal oxidation state iv). This anion can be
protonated with the same probability at the end of one of the two
metal–oxo-like bonds, giving rise to either form 3 or 5, which
reacts with CBZ to produce CBZ-oxide containing either 16O or
18O, respectively, in the ratio 1 : 1. The conversion of 3 to 5 does
not necessarily involve 4 and 4A as discrete deprotonated
intermediates but might also proceed via a hydrogen-bonded
water molecule in a more concerted fashion (Scheme 6).

Other recent reports support the concept of oxo–hydroxo
tautomerism.24,44,47 Groves et al.24 reported also the 18O-in-
corporation in CBZ-oxide in a Mn(TMPyP)-catalysed oxidation
of CBZ via an oxo–hydroxo interconversion. Lee and Nam
described similar 18O-incorporation in cyclooctene epoxidation
by either m-CPBA, H2O2 or ButOOH catalysed by [meso-
tetrakis(pentafluorophenyl)porphyrinato]iron(iii) chloride
FeIII(F20TPP)Cl, the reaction being performed in a MeOH–
CH2Cl2 mixture containing 10% H2O.44 Even at low pH values,
CBZ epoxidation data obtained in aqueous solutions by H2O2,
ButOOH or KHSO5 in the presence of [meso-tetrakis(2,6-
dichloro-3-sulfonatophenyl)porphyrinato]iron(iii) chloride in-
dicated that the oxo–hydroxo tautomerism was involved.47 In
these latter cases, the experiment strongly supported that a
common high-valent iron–oxo species was generated from the
different oxidants and was the reactive intermediate responsible
for alkene epoxidation.

Hydroxylation reactions (Scheme 7)
The oxo–hydroxo tautomerism was further characterized in the
oxidation of deoxyribose C–H bonds of DNA by the
Mn(TMPyP)–KHSO5 system.45 Hydroxylation at carbon-1A of

deoxyribose gave in several steps 5-methylene-2-furanone
(5-MF), as final sugar residue. In the presence of labelled
H2

18O, 50% of oxygen coming from the primary oxidant (16O
from KHSO5) and 50% from the solvent (18O from H2

18O) were
incorporated in 5-MF, strongly supporting a metal–oxo medi-
ated DNA cleavage with an oxo–hydroxo tautomerism to
explain the 18O-incorporation in the desoxyribose oxidation
product. Another example came from the monopersulfate
oxidation of 4-isopropylbenzoic acid performed in H2

18O and
catalysed by the same water-soluble metalloporphyrin
Mn(TMPyP).43 In the primary hydroxylation product, 4-(1-hy-
droxy-1-methylethyl)benzoic acid, nearly half of the oxygen
atoms incorporated in the alcohol function came from water. In
the cyclohexane hydroxylation by m-CPBA catalysed by
Fe(F20TPP)Cl, the percentage of 18O incorporated in cyclohex-
anol was also found to be close to 50%, with a reaction mixture
containing only 10% of water.44

Quinone formation (Scheme 7)
In an aqueous solution the metalloporphyrin-catalysed oxida-
tion of 2-methylnaphthalene to p-quinones involves two
consecutive oxygen transfers from an intermediate metal–oxo
entity responsible for 30 to 55% indirect incorporation of 18O
from water into the generated quinones.46

Required conditions to observed oxo-hydroxo
tautomerism

An axial ligand competitive to the hydroxo ligand inhibits
oxo–hydroxo tautomerism
In heme-enzymes, the presence of a cysteinato ligand (cyto-
chrome P-450 or chloroperoxidase) or an imidazole from an
histidine (peroxidase) prevents water from coordinating to iron.
This implies that there is no possible exchange between high
valent metal–oxo intermediates and water through an oxo–
hydroxo tautomerism. From this point of view, the experimental
data presented above in Table 1 on Cpd II of HRP is rather
controversial and suggests that an exchange of the oxygen of the
metal-oxo with bulk water on the distal side may occur in some
conditions (probably via a cis-dihydroxo complex and not via a
prototropy betwen the metal–oxo oxygen and the hydroxo
ligand as in the oxo–hydroxo tautomerism).

With synthetic metalloporphyrins the situation is different.
Iron and manganese porphyrins are known to form imidazole
and pyridine complexes when these heterocycles are present in
reaction mixtures. In the epoxidation of cis-b-methylstyrene
with m-CPBA catalysed by MnIII(TMP)Cl, the presence of
pyridine completely prevents isotopic enrichment of epoxide
products when the reaction is performed in the presence of

Scheme 5 General scheme for the oxo–hydroxo tautomerism

Scheme 6 Key step of the oxo–hydroxo tautomerism

Scheme 7 Examples of oxo–hydroxo tautomerism from literature data. 2:
unlabelled oxygen; 5: labelled oxygen; ß: mixed labelled oxygen.
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H2
18O.41 In the epoxidation of cyclooctene by Fe(F20TPP)Cl

and H2O2, it was found that effectively the 18O-incorporation
into the product diminished as the amount of 5-chloro-
1-methylimidazole added to the reaction mixture increased.44

So when the axial position opposition to the oxo group is
blocked by a ligand (not derived from water), the oxo–hydroxo
tautomerism cannot occur and consequently the oxygen incor-
porated in the oxidation product is 100% from the oxidant,
instead of 50% from the oxidant and 50% from water (Scheme
8).

When there is no trans ligand, evidently the oxo–hydroxo
tautomerism does not occur. But, when the trans ligand is a
water molecule instead of an hydroxo ligand [see hereafter for
a discussion on the case of metal(iv)–oxo species], the
tautomerism is largely reduced. This may be an explanation
why the oxo–hydroxo tautomerism was not observed during the
oxidation of polycyclic aromatic hydrocarbons catalysed by
iron tetrasulfophthalocyanine performed in the presence of
H2

18O (the reactive species was shown to be FeIVNO)50 or in
cobalt-mediated alkene epoxidations with potassium mono-
persulfate51 where the oxygen atom was coming only from the
oxidant.

Competitive autoxidation route lowers incorporation of
oxygen from water
Groves et al. noticed that during cyclooctene41 or cis-
b-methylstyrene42 epoxidation by manganese(iv)–oxo por-
phyrin under aerobic conditions, dioxygen was intimately
involved in the oxidation process with oxidation products
partially resulting from an autoxidation process. Evidently, the
consequence is a lowering in isotopic enrichment from solvent.
During the monopersulfate oxidation of ketoprofen catalysed by
Mn(TMPyP),43 trapping of radical intermediates by molecular
oxygen (route i, Scheme 9) was shown to compete with the
oxygen rebound mechanism (route ii), explaining the observed
reduction of 18O-incorporation from solvent in the final product
when ketoprofen was oxidised under air by the system
Mn(TMPyP)–KHSO5–H2

18O system.

Temperature effect
In order to characterize the high-valent reactive species formed
by oxidative activation of metalloporphyrins, many experi-
ments have been performed at low temperature with some of
them concerning 18O-incorporation into the products in the
presence of H2

18O. In the more extensive study, Lee and Nam44

described the cyclooctene epoxidation by H2O2 or m-CPBA in
the presence of Fe(F20TPP)Cl at different temperatures. The
18O-enrichment in the epoxide gradually increased as the
reaction temperature raised from 278 to 45 °C. The authors
suggested that an FeIII–OOR species was involved at low
temperature, with a rate of the O–O bond cleavage (leading to
the high-valent iron–oxo porphyrin complex) lower than the
oxygen atom transfer rate (k1 < k3 in Scheme 10). At higher

temperature the formation of the high-valent iron oxo porphyrin
should be favored (increase of k1). However, since tautomerism
is a phenomenon highly dependent on temperature, the present
results might alternatively be re-interpreted as a fast formation
of the iron–oxo species (k1 > k3), even at low temperature, but
with a slow prototropy (k2 < k4) at this teperature and a faster
one (k2 > k4) at higher temperature (k3 and k4 = oxygen atom
transfer rates; the best conditions to observe the oxo–hydroxo
tautomerism correspond to k1 > k3 and k2 > k4). We must note
that even at low temperature (278 °C) iron–oxo porphyrin
species have been detected and characterized.3,21,22

Differences in exchange kinetics for metal(IV)–oxo and
metal(V)–oxo
From experiments conducted on cis-b-methylstyrene with
manganese(v)–oxo and manganese(iv)–oxo porphyrin com-
plexes, Groves et al. concluded from the 18O results that, in
addition to differences in oxygen transfer occurring with
retention or loss of the stereochemistry, the manganese(iv)–oxo
slowly exchanged its oxo ligand with H2

18O, while the
exchange was very fast for the manganese(v)–oxo complex.41

These data are consistent with Schemes 5 and 11 and with

literature data on the proton acidity of coordinated water in
high-valent species:49,52,53 going from 3 to 5 only needs a
prototropy in the case of a manganese(v)–oxo species (Scheme
5 and 11; the oxo–hydroxo is the major form), whereas in the
case of manganese(iv)–oxo (Scheme 11) the ligand trans to the
oxo is mainly a water molecule owing to the lower acidity of the
ligated water when the metal oxidation state is reduced. So, for
manganese(iv)–oxo complexes, the oxo–hydroxo tautomerism
can only affect the small fraction of metal–oxo species with an
hydroxo ligand, the oxo–aqua form being dominant in this
case.

Role of the ratio water/substrate concentrations
The percentage of 18O incorporated in oxidation products might
be governed by the relative rate to reach the tautomerism
equilibrium (k2 in Scheme 10) which is a function of the water
concentration, and the rate of oxygen transfer (k4) which
depends on the substrate concentration. For reaction performed
in an essentially aqueous medium (a 90% aqueous solution is 50
m in water) and a substrate rather diluted (e.g. 1 mm), the
competition between the tautomerism and the oxygen transfer
was not observed: the water/substrate molar ratio ( ≈ 5 3 104)
was largely in favor of the oxo–hydroxo tautomerism.33 In an
organic medium containing only a small amount of water and at
high substrate concentrations, the situation is opposite and can
affect the tautomerism equilibrium and consequently the level
of 18O-incorporation.44 An example of such an extreme

Scheme 8 Inhibition of the oxo–hydroxo tautomerism equilibrium in the
presence of strong axial ligands. L = neutral ligand, e.g. pyridine or
imidazole.

Scheme 9 Diverted autoxidation route lowers the oxygen incorporation rate.
Route i: radical escaping from the solvent cage (autoxidation route); route
ii: recombination within solvent cage (oxygen rebound mechanism).

Scheme 10 Kinetic parameters depending on temperature. X = hydroxo
ligand.

Scheme 11 Equilibria between oxo–aqua and oxo–hydroxo forms depend-
ing on the oxidation state of the metal center
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condition concerns the epoxidation of 1 m cyclohexene solution
in CH2Cl2–MeOH containing 5% of H2

18O with a metal-
loporphyrin catalyst and H2O2, ButOOH or m-CPBA as oxygen
donor. In these conditions, no 18O-incorporation was observed
in the epoxide (water/substrate molar ratio ≈ 3).35 In inter-
mediate conditions, such as in epoxidation of 20 mm cyclooc-
tene with H2O2 catalysed by Fe(F20TPP)Cl in an organic
medium containing increasing amounts of water, the 50%
O-incorporation from water was observed for a reaction mixture
containing at least 10% of water [water/substrate molar ratio
above 250; Fig. 1(b)].44 In the rare case of a very small
concentration of substrate, then the reaction becomes very slow
and the aqua ligand (form 2 or 6 in Scheme 5) can exchange
with water from solvent and the 18O incorporation from solvent
can raise above 50%.44

Other parameters to take into account
Probably several other parameters may influence the oxo–
hydroxo tautomerism but no systematic study has been done up
to now. Among them, the pH value of the reaction mixture plays
surely a key role in this prototropy mechanism as also the nature
of the metal and the ligand in the metalloporphyrins through
their capacity to form differently coordinated complexes. In
addition, some reported variations of the 18O rate of incorpora-
tion around 50% suggest that the oxo-hydroxo tautomerism
equilibrium is probably tuned by small variations of kinetic
parameters, including solvent effect or differences in the kinetic
parameters of the oxygen transfer from the metal–oxo to the
substrate.

Conclusion

Among the different methods to study the mechanism of
oxidation mediated by high-valent metal–oxo complexes, the
recent discovery of the ‘oxo–hydroxo tautomerism’ provides an
additional useful tool to discuss the mechanism of catalytic
O-atom transfer reactions, the nature of the axial ligand trans to
the oxo species and the oxidation state of these metal–oxo
entities. In particular, when the required conditions to observe
the oxo–hydroxo tautomerism are respected, it appears that the
incorporation into the oxidation product of 50% of oxygen
coming from water constitutes a strong evidence of an oxygen
atom transfer involving an high-valent metal–oxo intermedi-
ate.

In the future, it might be possible to generalize this oxo–
hydroxo tautomerism to other complexes having both the oxo
and hydroxo ligands in a trans configuration as reported in the
present survey for water-soluble metalloporphyrins but also for
complexes having these two ligands in a cis configuration.
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A simple and general computational procedure using the
L–M–L angles for all crystallographic observations of an
MLn coordination sphere generates mappings which reveal
geometrical preferences, deformations from standard poly-
hedral geometries, and interconversions between polyhedral
forms; a systematic analysis of the geometry of seven-
coordination is described.

Systematic knowledge about geometries, deformations and
interconversion pathways of metal coordination spheres is
fundamental to inorganic chemistry.1 For MLn coordination,
where L is any ligand, much knowledge is implicit in the
Na = n(n2 1)/2 values of the L–M–L valence angles. This has
been demonstrated2 for the lower coordination numbers, n = 3,
4, using crystallographic data retrieved from the Cambridge
Structural Database (CSD),3 and using data analysis methods
analogous to those applied to conformational studies of organic
systems based on torsional metrics.4

However, the high topological symmetry of generalised MLn

systems having n ! 5 has so far prevented routine systematic
studies of the associated angular data sets. For a given system,
the topological symmetry gives rise to n! possible enumerations
of the chemically equivalent L atoms, hence to n! permutations
of the valence angle sequence. There are two ways of addressing
this problem so that we can properly visualise and analyse a data
matrix of Na valence angles for Nf occurrences of an MLn

substructure in the CSD, viz.: (a) By completely filling the
parameter space spanned by the valence angles, i.e. by including
all n!Nf permutationally equivalent angular sequences in the
data matrix. This method has frequently been used in the
conformational (torsional) analysis of k-membered cyclic
systems where topological symmetry requires a maximum
2k-fold data expansion.4 Given that n! = 120, 720, 5040, 40320
for n = 5, 6, 7, 8-coordination, visualisation and analysis of
permutationally complete valence angle matrices for MLn

systems becomes increasingly intractable.
(b) By placing each angular sequence into a single asymmet-

ric unit of the valence angle parameter space. This can be
effected by comparing all permutations of each angular
sequence with some predefined set of standard values, so as to
locate the permuted sequence that provides the best numerical
fit to the standard sequence. The numerical overlay therefore
assigns a unique atomic enumeration of the L-atoms to each
example of MLn coordination retrieved from the CSD with
respect to the atomic enumeration chosen for the standard. The
resulting data matrix comprises the Na valence angles for the
basic number (Nf) of fragments retrieved from the database: a
much more tractable proposition for visual display and
numerical analysis.

In this communication, we describe a general computational
procedure in which the topological problem is dealt with
according to method (b), and which also addresses the problems
of data analysis inherent in the dimensionality of the angular
description, i.e. the fact that n(n 2 1)/2 angles are needed to
provide a full description of each coordination sphere. We

illustrate the application of the method to a systematic study of
the geometrical characteristics of the 372 examples of 7-coor-
dination available in the CSD.

Standard and symmetric n-polyhedra [e.g. the tetrahedron
(T), octahedron (O), pentagonal bipyramid (PBP), capped
trigonal prism (CTP), etc.] are archetypal reference frames that
are used to describe coordination sphere geometries. In many
cases, the Na valence angles for the standard are fixed by
symmetry, irrespective of the M–L (or L–L edge) distances. In
others, and notably some of the higher-coordination archetypes,
valence angle sequences may vary under the symmetry of the
archetype. Here, it is necessary to select a set of angles for use
as a standard. This does not obviate our method in any way,
since the purpose of the standard is to provide a fixed origin in
valence angle space that represents an idealised n-polyhedron
appropriate to the problem under investigation.

We denote the standard set of L–M–L angles as qk(std) [k = 1
? Na], and determine how far an observed geometry, defined
by angles qk(obs) derived from the CSD, is distorted from an
appropriate archetype, by computing the Euclidean dissimi-
larity:
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in which (x) identifies the archetypal standard, and the subscript
p indicates that Rc(x) is the minimum value obtained through
application of eqn. (1) to all possible sequences of the qk(obs) that
arise from the n! permutational ligand enumerations. Local
FORTRAN77 code derives and applies the permuted L–M–L
angle sequences and, for each CSD observation, identifies the
specific permutation that is closest to the standard angular
description used for archetype (x). Thus, the procedure
implicitly identifies the specific labelling of the CSD atoms, L,
that best matches the labelling used for the standard.

For 7-coordination, the three common archetypal polyhedra
(Scheme 1) are the pentagonal bipyramid (PBP), capped

Scheme 1 The PBP ) COC ) CTP interconversion path: atomic
movements in 7-coordination. The unique standard angles (°) for CTP:
L1–M–L2 141.8, L1–M–L3 76.4, L1–M–L4 127.3, L1–M–L5 127.3, L1–M–
L6 76.4, L1–M–L7 76.4, L2–M–L4 76.4, L2–M–L5 76.4, L4–M–L5 87.7,
L4–M–L6 152.7, L4–M–L7 85.9.
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octahedron (COC), and the capped trigonal prism (CTP). The
COC can be considered as an intermediate form on the PBP )
CTP interconversion pathway.1 Starting from PBP, one of the
five equatorial ligands (3 in Scheme 1) moves out of the plane
towards apical ligand 1, which then moves away from its apical
position. Small relocations of equatorial ligands 4–7 then
generate the COC geometry, and further small movements of
atoms 3 and 1 generate the CTP polyhedron. The standard CTP
angles used in the present report are given in Scheme 1. In
practice, users may choose their own standard (origin) angles
for the CTP case.

The CSD System program QUEST3D3 was used to locate
372 examples of ML7 coordination (L = any non-H atom), and
to output the (permutationally random) sequence of 21 L–M–L
valence angles for each example. The local code was used to
minimise both Rc(PBP) and Rc(CTP) over the 5040 possible
permutations using eqn. (1). The dataset was visualised by
plotting Rc(PBP) vs. Rc(CTP), and Fig. 1 immediately reveals
a number of significant features: (a) a well populated cluster of
PBP geometries having Rc(PBP) up to ca. 7%, (b) a linear PBP
) CTP interconversion pathway (A in Fig. 1) that passes
through a populated COC area, and (c) interconversion
pathways B and C that connect the PBP and CTP examples with
a loose cluster of observations for which both Rc(x) values are
ca. 15% or higher. Examination of individual structures in these
areas shows that they arise almost entirely from ML7 fragments
having small ligand bite angles. Conversely, the PBP area is
dominated by ML7 species having either seven or two
unidentate ligands. The COC/CTP area is structurally diverse
and requires further detailed study.

Because the Rc(x) minimisation process does assign standard
atomic labels to the seven equivalent ligands in ML7 systems,
we can use this information as a basis for more detailed
multivariate data analyses, e.g. the principal component analy-
sis (PCA) technique5 that is commonly applied to conforma-
tional problems.4 In the ML7 case however, we are now starting
with data that defines a single asymmetric unit of parameter
space. Thus, we can expand the data set in a controlled manner
to reflect full or partial topological symmetries in the resultant
PCA plots. Based on previous PCA studies of the conformations
of five-membered rings,4 we may treat the five ligands that most
closely map to their coplanar equatorial counterparts in the PBP
standard as a cyclic system, which would have exact D5h
symmetry in the planar form (a perfect PBP form). To examine
the deformations in this system exhibited in real structures, we
apply a D5h-expansion to the angular dataset prior to application
of PCA. The analysis generates PC1 and PC2 as a degenerate
pair and Fig. 2, which shows a plot of the PC scores along these
orthogonal axes for the expanded dataset, is a readily inter-
pretable visualisation of the dataset: the central cluster of Fig. 2
maps the PBP examples (five equatorial ligands closely

coplanar), while the five symmetric ‘spokes’ map the PBP )
COC ) CTP pathways that arise from each of the equatorial
atoms of the PBP standard being designated, in turn and
according to the D5h topology, as the mobile ligand 3 in
Scheme 1.

An extraordinary richness of information is immediately
apparent in the simple two-dimensional visual representation of
a 21-dimensional parameter space shown in Fig. 1, while Fig. 2
shows how the analysis can be further enhanced through use of
standard multivariate techniques. We stress that any inter-
pretation of structural diversity, in terms of geometrical
arrangements, distortions from symmetrical forms, and inter-
conversion pathways, is wholly dependent on the investigator
and, as in most structural data mining experiments, a full
interpretation (currently in preparation) involves a close
examination of individual structures. The technique reported
here provides the essential underpinning for such data mining
experiments by treating the most difficult problem of atomic
permutational symmetry that has, until now, presented a serious
disincentive to knowledge discovery in coordination chemistry.
Further, the fact that eqn. (1) generates a one-dimensional
metric, Rc(x), that quantifies how far the shape of an observed
coordination sphere deviates from some idealised standard (x),
raises the possibility of including such metrics in the CSD itself,
to form the basis for simple and rapid searches for coordination
sphere geometries that are close to (or even far from) a
particular reference frame.
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Fig. 1 Rc(CTP) vs. Rc(PBP) for all 372 fragments having 7-coordination

Fig. 2 D5h expanded PCA: PC1 vs. PC2 for all 372 fragments (7440
observations after expansion)
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Is the metallocene (3-THF-CH2-Cp)2ZrCl2 a better catalyst than the
corresponding 2-THF derivative for olefin polymerisation? A molecular
modelling study
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Semi-empirical, ab initio and density functional calculations
performed on the active intermediates (2-THF-CH2-
Cp)2Zr+-CH3 and (3-THF-CH2-Cp)2Zr+-CH3 indicate that
the former is more stable as an intra-molecular complex by
up to 21.6 kcal mol21 and is, therefore, a less efficient
catalyst for olefin polymerisation.

Incorporating metallocenes onto inorganic supports (TiCl3 on
MgCl2) for industrial polymerisation of olefins is a major
technical challenge. Anchoring traditional Group IV metallic
catalysts, e.g. Cp2ZrCl2, to the support by mono-substitution of
each Cp ring with an appropriate ‘tethering’ group containing a
Lewis base is an attractive strategy. Experimentally, in the
homogeneous polymerisation of ethylene1 by (2-THF-CH2-
Cp)2ZrCl2 (Fig. 1), the activity was found to be low compared

to the parent Kaminsky2,3 catalyst. This was rather surprising in
view of the fact that any C-substitution in the Cp rings usually
gives rise to a marginal increase in the activity of the catalyst. It
was, therefore, suspected that the active catalytic site (2-THF-
CH2-Cp)2Zr+-CH3 (generated by MAO alkylation and Cl2
abstraction from the dichloride derivative), could suffer from an
intra-molecular complexation of the ether group to the electro-
philic Zr centre (see Fig. 2). Ether co-ordination would, of
course, compete with ethylene insertion and result in slow
polymerisation.

To verify this hypothesis, we have carried out semi-
empirical,† ab initio‡ and density functional (DFT)§ calcula-
tion on the proposed catalytically active intermediate (Fig. 2).
Since the evidence for or against internal complexation is
unlikely from the study of a single intermediate, we have carried
out these calculations on both the 2-THF and 3-THF (see Fig. 3)
complexes. The results on the optimised energies and geome-
tries are shown in Tables 1 and 2 respectively.

Semi-empirical calculations yielded on geometry optimisa-
tion an energy difference of only 2.9 kcal mol21 between the
2-THF and 3-THF complexes. This is too small a difference to
preclude the formation of an internal complex by one of the

Fig. 1 The structure of (2-THF-CH2-Cp)2ZrCl2

Fig. 2 The structure of the 2-THF cation

Fig. 3 The structure of the 3-THF cation

Table 1 Energies (kcal mol21) of the two cations at the semi-empirical
(PM3), uncorrelated (HF) and correlated (DFT) levels. The bottom row
shows the energy differences

Cation PM3 HF DFT

2-THF -68.5 -629093.9 -677570.5
3-THF -65.4 -629074.5 -677548.9
DE 2.9 19.4 21.6

Table 2 Selected geometry values for the two cations: angles shown in
degrees and distances in Å. The figures in brackets refer to the
corresponding results from semi-empirical (PM3) calculations. Atom
numbering as shown in Fig. 2 and 3

Cation Zr–O5 C1–C3–C5

Angle between Zr–O5 and
plane C3–C5–C4 (2-THF),
C4–C5–C6 (3-THF)

2-THF 2.18 (2.27) 110.5 (112.9) 10.9 (50.8)
3-THF 2.19 (2.29) 117.2 (113.0) 30.8 (65.0)
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systems. On the other hand, the ab initio HF calculations (with
geometry optimisation) carried out gave rise to an energy
difference of 19.4 kcal mol21, clearly indicating that the 3-THF
complex cation is less stable and, therefore, should remain an
active catalytic site. To examine the effects of electron
correlation, non-local single-point DFT calculations were
undertaken on the optimised geometries obtained above. These
DFT calculations indicated a further increase in the energy
difference to 21.6 kcal mol21 between the two cations. Thus all
the above levels of theory and calculations show that the 2-THF
cationic complex is more stable than the 3-THF complex—
clearly predicting that the (3-THF-CH2-Cp)2ZrCl2 is a better
choice between the catalysts. The 3-THF derivative has now
been synthesised and its activity for ethylene polymerisation
was found to be 9.25 g h21 compared to zero activity for the
2-THF complex.1

The results (Table 2) on the optimised geometries reveal the
origin of the relative stabilities of the two cationic complexes. In
both the systems the Zr and O atoms are within bonding
distances of 2.18–2.19 Å. Inspection of the frontier orbitals of
both the systems, particularly the LUMO, shows very little
difference, indicating the same degree of overlap between the
lone pairs of the O and the orbitals of the Zr. We, therefore,
conclude that in the 3-THF complex, the increased internal
strain is steric in origin and arises from the required distortions
in the bond angle between C1–C2–C3 atoms as well as in the
angle between the Zr–O bond and the plane of the THF ring.¶

In summary, we have successfully rationalised the poorer
activity of the (2-THF-CH2-Cp)2ZrCl2 catalyst for ethylene
polymerisation compared to the 3-THF variant (not a common
experimental choice).

We thank Dr Peter Maddox and Dr John McNally for useful
discussions and their contribution to this paper. We thank the
EPSRC for a grant (E. A. H. G.) and BP Chemicals for support
and permission to publish this work.
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Fig. 4 The structure of tetrahydrofurylcyclopentadienyltitanium trichlor-
ide
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Novel lithium 3-sila- and 3-germa-b-diketiminates†‡
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The novel 3-sila- and 3-germa-b-diketiminates [Li{N(R)-
C(Ar)E(R)C(Ar)N(R)}(D)n] (R = SiMe3, Ar = C6H3Me2-
2,6 or Ph, E = Si or Ge, D = thf or ArCN and n = 1 or 2)
were obtained from the reaction of [Li(ER3)(thf)3] with
PhCN or ArCN; the X-ray crystal structures of two
representatives of this new class of compounds were
determined and shown to have, in contrast to related carbon
analogues, the anionic charge localised at Si or Ge.

We have recently reported on the diverse outcome of the
reaction of a trimethylsilylmethyllithium reagent, e.g.
Li(CHR2) or Li(CR3), with an a-H-free nitrile (R = SiMe3).1
E.g. from Li(CHR2) and PhCN, depending on stoichiometry
and conditions the product was the crystalline lithium 1-azaallyl
1,2 b-diketiminate 23 or 3,4 or the isomeric 1,3-diazaallyl 4.2

We now focus on the behaviour of the silicon or germanium
congener Li(ER3) of Li(CR3) towards PhCN or ArCN (E = Si
or Ge, Ar = 2,6-Me2C6H3). This study has led to the isolation
(Scheme 1) and characterisation of the novel crystalline
compounds 5a–c and 6, which are 3-sila (5a–c) or 3-germa (6)
analogues of the ketiminates 3 or 2, respectively. Whereas the
anionic ligands in 2 and 3 are N,NA-centred, in 5 and 6 they are
E-centred.

While [Li(SiR3)(thf)3]5 in pentane with 1 or 2 equiv. of PhCN
yielded a mixture, using the bulkier and less reactive ArCN

afforded (i in Scheme 1) the red, crystalline lithium 3-sila-
b-diketiminate [Li{N(R)C(Ar)Si(R)C(Ar)N(R)}(D)n] 5a or 5b
in high yield. The exact nature of the product was strongly
influenced by the choice of starting material and work-up
procedure. When thf-free LiSiR3 was treated with 3.5 equiv. of
ArCN, 5c [(D)n = (ArCN)2] was isolated, whereas [Li-
(SiR3)(thf)3] with 2 equiv. of ArCN gave either 5b [(D)n =
ArCN; removal of volatiles prior to recrystallisation] or 5a [(D)n

= thf; product directly crystallised from the reaction mix-
ture].

The germyllithium compound [Li(GeR3)(thf)3]6 was less
reactive than its silicon analogue, as evident from its different
behaviour towards the two nitriles. Treatment with ArCN gave
a stable Lewis acid/base adduct by partial replacement of thf by
ArCN. The more reactive PhCN yielded (ii in Scheme 1) bright
yellow, crystalline [LiGe(R){C(Ph)NNR}2]2 6.

Each of 5a, 5b, 5c and 6 gave satisfactory microanalytical
and NMR spectroscopic data.§ In order to investigate the nature
of the bonding, and make comparisons with carbon analogues
such as the b-diketiminates 2 and 3 and a series of alkali metal
cyclopentadienyls M[h5-C4Me4(ER)] (M = Na or K, E = Si or
Ge),7 the X-ray crystal structures of 5b (which is structurally
similar to 5c, to be described in the full paper), 5c (Fig. 1)¶ and
6 (Fig. 2)¶ were determined.

Crystalline 5c is a monomer; the Li atom is surrounded in an
approximately tetrahedral fashion by two nitrogens N(1) and
N(2) from the ligand and two from the coordinated nitriles. The
atoms Li, N(1), C(1), Si(3), C(2) and N(2) are arranged in a six-
membered ring of boat conformation [the angles between the
planes N(1)N(2)C(1)C(2) and LiN(1)N(2) or C(1)Si(3)C(2) are
44.3(3) or 28.2(3)°, respectively]. The negative charge is
probably mainly localised at the silicon Si(3) [see also
d(29Si{1H}) 215.5 in 5b], as is indicated by its pyramidal
configuration [S°Si(3) 336.4(2)°] and the Si(3)–C(1) [1.874(4)

Scheme 1 Some reactions of LiER3 with aryl nitriles (R = SiMe3).
Reagents (ArCN for i or PhCN for ii) and conditions: reagents were mixed
in C5H12 at 278 °C (i) or 250 °C (ii) and the mixture was then warmed to
ca. 25 °C and stirred for 12 h.

Fig. 1 Molecular structure of 5c with selected bond distances (Å): Li–N(1)
2.000(7), Li–N(2) 1.995(7), Li–N(3) 2.106(8), Li–N(4) 2.106(9), Si(3)–
Si(4) 2.334(5), Si(3)–C(1) 1.874(4), Si(3)–C(2) 1.878(5), N(1)–C(1)
1.303(5), N(2)–C(2) 1.308(5)
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Å], Si(3)–C(2) [1.878(5) Å], C(1)–N(1) [1.303(5) Å] and
C(2)–N(2) [1.308(5) Å] bond lengths which are appropriate for
SiC single and CN double bonds. The distance between Si(3)
and Li of 3.125 Å is much longer than the Si–Li bond in, for
example, [LiSiMe3)(tmen)1.5] [2.70(1) Å],8 [{Li(m-SiMe3)}6]
[2.62(1)–2.78(1) Å],9 [Li(SiR3)(thf)3] [2.67(1) Å],5 [Li-
(SiR3)(dme)1.5} [2.630(5) Å],10 or [(Li{m-Si(Me)(Si-
Me2Ph)2})2] [2.664(5), 2.778(7) Å].11 We conclude that 5c has
a zwitterionic structure with only a weak (hence boat)
interaction between the anionic Si(3) and the cationic Li.

The germanium derivative 6, in contrast to 5c, is neutral
donor-free. Crystalline 6 is a dimer, Fig. 2, in which two six-
membered LiNC(1)GeC(1A)NA rings in boat conformation are
connected by a direct Ge–Li bond of 2.657(8) Å. Similar values
are reported for [Li(GeR3)(thf)3] [2.666(6) Å] and [Li-
(GeR3)(pmdeta)] [2.653(9) Å].6 The Ge atoms are in an
approximately tetrahedral environment and the Ge–C(1) and
C(1)–N bond distances of 2.008(3) and 1.288(4) Å are typical
for GeII–C single (e.g.12 2.042(8) Å in {Ge(CHR2)2}2 or
1.961(8) and 2.007(9) Å in [Li(12-crown-4)2][C4Me4-
GeC6H2Me5-2,4,6]7) and CNN double bonds.

The presence of distinct E–C single and CNN double bonds in
crystalline 5c (E = Si) and 6 (E = Ge) contrasts with the
situation in the carbon analogues such as 3, which have an
essentially planar central carbon [E(H), E = C]; this, and the
EÌC (E = C) and CÌN distances of ca. 1.40 and 1.33 Å,
respectively,4 indicates that in 3 there is significant delocalisa-
tion in the b-diketiminate ligand.

Whereas studies on the Si and Ge analogues of cyclopenta-
dienyls [E(RA)C4Me4]2 in M{E(RA)C4Me4} (crown ether) (M =
Li, Na or K; E = Si or Ge; RA = Me, SiR3 or C6H2Me3-2,4,6)
showed that in these systems Si and Ge are similarly reluctant to
form delocalised aromatic anions, the monoanion of [Si-
(But)C4Ph4]2 13a and the dianion [GeC4Ph4]22 13b are aro-
matic.

The 13C{1H} NMR chemical shifts of the skeletal carbon
[EC(Ph)N] in 5c (d 219.4) and 6 (d 238.0) differ considerably
from those in the carbon analogues 2 (d 177.5)2 and 3 (D =
tmen, d 174.9),4 which indicates that the bonding in the
crystalline molecules is retained in solution. This is further
supported by d [29Si{1H}] 215.5 in 5b [cf. refs. 7 and 13(a)].

Compounds 5, unlike 6, were soluble in aliphatic hydro-
carbons. Attempts to convert the dimer 6 into a monomeric
Lewis base (e.g. thf or py) adduct have not provided isolable
products, but colour changes (red) indicated that reactions had
occurred.

It is evident that in the formation of compounds 5 and 6 two
successive E–C couplings, followed by unprecedented
1,3-Me3Si migrations from E to N, are implicated. We propose
that the reactions involve intermediates 7–10 of Scheme 2.

Anionic 1,3-Me3Si shifts from N ? N,14 C ? N,1–3 and P ?
N15 in reactions with nitriles were previously documented.

Complexes 5 and 6 are of interest for the novelty of their
formation and their structures and have potential as ligand
transfer reagents.

We thank EPSRC for a fellowship for M. L.
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Fig. 2 Molecular structure of 6 with selected bond distances (Å): Li–N
1.954(5), Li–GeB 2.657(8), Ge–Si(2) 2.401(1), Ge–C(1) 2.008(3), N–C(1)
1.288(4)

Scheme 2
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A simple ladder tin phosphate built up of the 4-membered
cyclic tecton, [Sn2P2O4], is described along with a related
layered material.

A variety of open-framework metal phosphate materials have
been synthesized and their structures elucidated in the last few
years. Of particular interest to us are the recently-discovered
open-framework tin(II) phosphates containing trigonal-pyrami-
dal SnO3 and or square-pyramidal SnO4 units linked to
tetrahedral PO4 units.1–4 The tin phosphates reported so far
possess three-dimensional,1,2 layered3 or monomeric struc-
tures4 and the Sn/P ratios in these materials are generally greater
than unity. To our knowledge, a pure tin(II) phosphate with a
chain structure has not yet been discovered, although a tin(II)
phosphanate with a chain structure is known.5 Based on a study
of a tin phosphate monomer unit stabilized by hydrogen
bonding with the template amine,4 we suggested recently that
the basic building unit present in all the tin(II) phosphate
materials is the [Sn2P2O4] moiety, forming a four-membered
ring. We, therefore, considered it important to explore the
possibility of synthesizing a simple chain tin(II) phosphate
formed by the [Sn2P2O4] tecton. A systematic study of Sn(II)
phosphates prepared hydrothermally in the presence of various
structure-directing agents has enabled us to obtain two very
simple materials with a Sn/P ratio of unity. One of the tin(II)
phosphates, I, containing only four- and eight-membered rings
forms a layered structure, whereas the second material, II,
contains only four-membered rings forming a ladder structure.
We can, however, show how I can be generated from II, by a
mere shifting of Sn–O–P bonds. Furthermore, the ladder
structure, II, fills the gap left by the absence of one-dimensional
chain structures in the tin phosphate family.

Compounds I and II were synthesized hydrothermally by
employing DABCO (1,4-diazobicyclo[2,2,2]octane) and DEED
(N,NA-diethylethylenediamine) as the structure-directing
agents6a,b and characterized by single crystal X-ray diffraction
studies,7a,b using the Siemens SMART system. The structure of
I, [C6N2H14]2+2[SnPO4]2·H2O, is made up of layers con-
structed by the networking of SnO3 and PO4 units. The
connectivity between these units creates 4- and 8-membered
rings, forming a layer along the bc plane (Fig. 1). The individual
layers are held together by the protonated DABCO molecules
which occupy spaces in between the layers [Fig. 1(b)] along
with a water molecule. This is clearly a simple structure
compared to the known Sn(II) phosphates.1–4 The tin(II)
phosphate, II, [C6N2H18]2+2[SnPO4]2 formed by DEED,
however, is even simpler in that its structure involves edge
sharing of 4-membered Sn2P2O4 rings, forming one-dimen-
sional chains in the form of ladders (Fig. 2). The amine
molecule is situated between the ladders. Indeed, II can be
considered to be an inorganic ladderane, not unlike the organic
counterpart.8 In both I and II, there are strong hydrogen bond
interactions between the anionic framework (layer in the case of
I, and chain in the case of II) and the protonated amine
molecules. The Sn–O distances and angles in both the
phosphates are as expected for 3-coordinated tin(II) atoms, and
the P–O distances and angles are in agreement with those in the

previously reported phosphate structures. The P–O [P(1)–O(4)
for I and P(1)–O(1) for II] distance of ca.1.5 Å corresponds to
the P§O double bond which takes part in hydrogen bonding
with the amine.

The two structures formed by the Sn2P2O4 tecton described
here are the simplest open-framework tin phosphate structures
known so far. The layered structure of I can be made from the
chain structure of II by the scheme shown in Fig. 3 [compare
this with Fig. 1(a)]. In the proposed transformation, every
second alternate 4-membered ring of II is broken (Sn–O–P
bond—forming a new P§O), accompanied by a simple rotation
of the existing P§O group about a P–O single bond giving rise
to a Sn–O–P bond and new 4- and 8-membered rings. The
broken line in Fig. 3 represents the new Sn–O–P bond formed.
Such a formulation is consistent with the doubling of the b axis
in I compared to II. In general, n-edge-sharing 4-membered
rings can give rise to a ring with 4n 2 2(n 2 1) atoms. Or, if we
add n 4-membered rings to a m-membered ring, we get a ring
with m + 2n atoms (m and n represent T atoms; T = Si, P in
aluminosilicate zeolites and Sn, P in the present case). We thus

Fig. 1 Structure of I, [C6N2H14]2+2[SnPO4]2·H2O showing (a) the 4- and
8-membered rings and the connectivity within the layer, and (b) the
arrangement of anionic layers, the amine and the water molecules
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see how 6-, 8-, 10- and 12-membered rings can be formed from
the 4-membered units.

The authors thank Unilever Plc for support of a joint research
project between MRL, UCSB and JNCASR.
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Fig. 2 Structure of II, [C6N2H18]2+2[SnPO4]2 showing the ladders and the
amine (inset shows oxygen positions and the dotted lines represent the
bonding with the disordered oxygens)

Fig. 3 Conversion of the chain (II) into the layered structure shown
schematically. Note that the 4-membered rings are broken to form the
8-membered rings. The dotted lines represent the new 4- and 8-membered
rings that are formed due to the Sn–O–P bonding and subsequently the layer
(oxygens are not shown).

2182 Chem. Commun., 1998



N

N

Ar

Ar

R2

R2

R1

R1

2 TfO–

N

N

Ar

Ar

R2

R2

R1

R1

Ph2PH

N

N

Ar

Ar

R2

R2

R1

R1

PPh2

1a–d 2a–d

3a–d

TfO– 2 TfO–

a   R1 = R2 = Me
b   R1 = R2 = Et
c   R1

2N = R2
2N = morpholino

d   R1
2N = Me2N, R2

2N = morpholino

Ar = 4-MeC6H4

+

+

+

+

+

+ TfOH

– TfOH

First three-component addition reaction in a series of
1,5-bis(dialkylamino)pentamethinium salts: a simple and efficient approach to
tridentate chelating ligand systems

Vadim D. Romanenko,*a,b Jean-François Colom Toro,a François Rivière,a Jean-Gérard Wolfa and Michel
Sanchez*a†
a Université Paul Sabatier, Synthèse et Physicochimie Organique, UPR ESA 5068, 118 Route de Narbonne F-31062, Toulouse
Cedex 4, France
b Institute of Biochemistry and Petrochemistry, Academy of Sciences of the Ukraine, Kiev-94, 253660, Ukraine

A new approach to tridentate chelating NPN, NPO and OPO
ligand systems is described via a tandem reaction of easily
available 1,5-bis(dialkylamino)pentamethinium salts (strep-
tocyanine dyes) with diphenylphosphine in the presence of
TfOH.

The role of polymethine dyes as components of industrially
important technologies has long been acknowledged.1 It is
surprising, therefore, that the reported chemistry of polymethine
salts is rather sparse.2,3 This is due to the relatively high
thermodynamic stability of the polymethine chain and its
tendency to be regenerated after reaction. In the pentamethin-
ium series this enables introduction of nucleophilic or electro-
philic groups into the chain by substitution rather than addition
to the double bonds.

To exploit the synthetic potential of easily available pentame-
thinium salts2,4 we now report the application of tandem
methodology in the preparation of chelating polyheteroatomic
compounds,5 starting from 1,5-diaryl-substituted pentamethin-
ium salts 1.

Since non-ionic protic nucleophiles are not capable of direct
addition to pentamethinium salts, activation of the latter
towards the addition of phosphines might be achieved in the
presence of strong protic acid, thus facilitating nucleophilic
attack on the intermediate dicationic species.

Treatment of the pentamethinium salts 1 with the Ph2PH and
TfOH in the molar ratio 1:1:1 in a CH2Cl2 solution at 235 °C
resulted in the quantitative formation of the diiminium salts 3
(Scheme 1). We obtained 3‡ as colorless crystals in 83–95%
yield. NMR signals at ca. d 1.9 (HCP) and 3.2 (CH2CHP, d,
3JHH 7 Hz) in the 1H NMR spectra and ca. d 187 (C§N+), 35
(C3, 1JCP 22 Hz) and 39 (C2, C4, 2JCP 9 Hz) in the 13C NMR
spectra are diagnostic for structure 3. The 31P NMR signal is
observed as a singlet in the range expected for alkyldiphenyl-
phosphines (dP ca. 3).

Single crystals of salt 3b were obtained from MeCN at 20 °C
and X-ray data were collected at 160 K.§ The compound
crystallizes along with 1 equiv. of MeCN in space group P1̄ Fig.
1. The C(3) atom in 3b displays a slightly distorted tetrahedral
geometry. The P–C(3) bond length [1.873(2) Å] lies at the
higher limit of the normal P–C(sp3) range, as in the sterically
overcrowded compound HC(PPh2)3 (av. 1.872 Å).6 Iminium
nitrogens are sp2-hybridized. The distances between the C(sp2)
atoms and nitrogen atoms [C(1)–N(1) and C(5)–N(2), av. 1.294
Å] are considerably shorter than in 1,5-diaryl-substituted
pentamethinium salts (ca. 1.325 Å)7 but comparable with those
observed in other iminium salts.8 The C(1)–C(2) and C(4)–C(5)
distances are 1.498(3) and 1.507(3) Å, approximately 0.035 Å
shorter than the C(2)–C(3) and C(3)–C(4) bonds. This may
imply hyperconjugation in the [HCC(Ar)N]+ bond system.

To gain some insight into possible intermediates leading to 3,
we treated 1b with TfOH in CH2Cl2 at 250 °C. Monitoring the
reaction via 13C NMR spectroscopy clearly showed the
reversible build-up of 2b [d 186.7 and 176.3 (C1, C5), 155.8
(C3), 128.3 (C4), 40.1 (C2)]. The protonation of 1b was achieved
when 1.5-fold molar excess of TfOH was added. Subsequent
warming of the solution in the NMR probe resulted in the
disappearance of the signals due to 2b due to its degradation
with the loss of the [Et2NH2

+TfO2] salt. The yield of 3 sharply
decreased if Ph2PH was not added to the pentamethinium salt at
the same time as the TfOH. The reaction pathway begins with
an attack of the proton at the C2 methine carbon of the substrate.
The non-isolable dicationic intermediate 2 allows the efficient
trapping of Ph2PH in the subsequent nucleophilic addition.

An important aspect of salts 3 is their ability to release
Ph2PH. According a variable-temperature 31P NMR study, the
reversible cleavage of 3 in MeCN occurs above 50 °C. The

Scheme 1 Fig. 1 Molecular structure of 3b with atomic numbering scheme
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addition of 3 mol% TfOH or an equimolar amount of pyridine
to a CH2Cl2 solution of 3 promotes rupture of the C–P bond and
the appearance of a broadened singlet at dP 238, indicating a
fast proton exchange for the three-component system (1/Ph2PH/
TfOH). The cleavage of 3 proceeds slowly at 20 °C in alcohols
and very fast in highly polar basic solvents such as HMPA,
DMF or NMP. Evaporation of the solvent allows the recovery of
3. Strong acids (catalytically) and weak bases tend to cleave the
P–C(3) bond in 3 due to reversible protonation at the P centre
and deprotonation of the chain methylene group. The treatment
of 3 in EtOH at 20 °C with 2 equiv. of KOH affords the neutral
compounds 4¶ (Scheme 2). The deprotonation of the dication 3
and the formation of 4 is a highly regioselective reaction if the
alternative pathway including protonation of the P atom and
subsequent splitting up Ph2PH is blocked or inhibited. The
products 4 were isolated as crystalline materials and, in the case
of 4c, characterised by single-crystal X-ray structure determina-
tion.§ The most interesting difference between 3b and 4c is a
lengthening of the P–C(3) bond [1.892(2) Å for 4c vs. 1.873(2)
Å for 3b]. Meanwhile, compounds 4 do not display evidence for
structural lability. Thus factors favouring P–C bond scission in
3 are of electronic rather than steric character.

When 3 was allowed to react with 2 equiv. of KOH in aq.
EtOH at 60 °C for 2 h (Scheme 2) the dicarbonyl derivative 5¶
was obtained. The conversion includes the intermediate forma-
tion of 4 and its subsequent hydrolysis. Efforts to synthesize 7
under similar conditions (1 equiv. of KOH, EtOH–H2O, 60 °C)
were not successful. However, reaction of 1c with 1 equiv. of
KOH in EtOH gave a yellow microcrystalline precipitate 6
(78%). Compound 7 was then constructed via treatment of 6
with Ph2PH.¶ Finally, the reduction of 3a with NaBH4
proceeded smoothly in EtOH at 220 °C to give 8 (62%).¶

In summary, these results illustrate the ability of strong
electrophiles to interact with the electron deficient pentamethin-
ium chain, leading to the formation of adducts which are
stabilised by addition of proton-donor nucleophiles. Poly-
methine salts are prospective starting materials for organo-
element and coordination chemistry.

V. D. R. acknowledges fellowship support of the University
Paul Sabatier (France) and the authors thank Dr B. Donnadieu
for crystallographic data collection.
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Scheme 2 Reagents and conditions: i, KOH, EtOH, 20 °C, 1 h; ii, KOH,
EtOH–H2O (5:1), 70 °C; iii, KOH EtOH–H2O (5:1), 20 °C, 1 h; iv, Ph2PH,
KOH (cat.), MeCN, 20 °C, 24 h; v, NaBH4, EtOH, 220 °C
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Mechano-catalysis, a novel and simple method to decom-
pose water into H2 and O2 in which mechanical energy is
directly converted into chemical energy, is demonstrated.

H2 production from water decomposition is one of the most
attractive candidates for future clean energy resources. Elec-
trolysis of water is a familiar way to accomplish overall water
splitting. Photoelectrochemical and/or photocatalytic decom-
position of water have also been pursued from the viewpoint of
solar energy utilization.1–4 Recently, the authors have been
studying the decomposition of water on magnetically stirred
Cu2O powder under visible light irradiation.5 At the stage when
H2 and O2 evolved steadily in a stoichiometric ratio, we
tentatively concluded that the reaction proceeded ‘photo-
catalytically’.5 In the subsequent study of the system, however,
we found several characteristics of the reaction which are
unusual for conventional photocatalytic ones. The most striking
aspect of the reaction was the continuous evolution of H2 and O2
even after the light was turned off. This cannot be understood by
the model of a semiconductor photocatalyst in which photo-
excited electrons and holes are postulated to directly react with
reactant water molecules (or H+ and OH2 ions).1 The lifetime of
the photoexcited electronic states is at most of the order of
milliseconds. We then hypothesized that photon energy was
stored in the Cu2O particle as some chemical species and the
excess energy was gradually released to decompose water. To
our surprise, however, the evolution of H2 and O2 in the dark
continued for several hundred hours, and eventually the
amounts of evolved H2 and O2 exceeded that of Cu2O used.
Another noticeable feature of this reaction is the marked
dependence of the H2 and O2 evolution rates on the rate of
stirring, i.e. the rate of H2O decomposition increases mono-
tonically with the rate of rotation. Without stirring, no H2 and
O2 evolution occurred.

From these observations, we ended up with the following
working hypothesis: the mechanical energy supplied by stirring
was converted to chemical energy of H2 and O2 with Cu2O
functioning as a mediator or a catalyst. To work out this
hypothesis, we have carried out rather extensive experiments by
using various binary oxides. Here we report some phenomeno-
logical results which seem to be enough to prove our
hypothesis. The detailed and atomic scale mechanism is an open
question.

The reaction was carried out in a flat-bottomed reaction
vessel made of Pyrex glass. Typically 0.1 g of oxide powder was
suspended by magnetic stirring (F205, Tokyo Garasu Kikai) in
200 cm3 of distilled water. The stirring rod was sealed by PTFE
(polytetrafluoroethylene, Teflon®). The reaction vessel was
attached to a closed gas circulation system (about 800 cm3)
equipped with an evacuation line. Before the reaction, the gas
phase was completely evacuated and only water vapor re-
mained. The evolved gas was accumulated and was analyzed by
gas chromatography (TCD, Ar carrier, MS 5A column). When
performing reactions in the dark, the reaction vessel was
completely covered with aluminium foil, and when performing

the reaction under photoirradiation, a 500 W Xe lamp placed at
the side of the reaction vessel was used. The reaction
temperature was at or somewhat lower than room tem-
perature.

Various kinds of binary metal oxides which are stable in
water were surveyed in the dark reaction. Cu2O, NiO, Co3O4,
and Fe3O4 exhibited H2 and O2 evolution. Much lower yet
definite activity was also exhibited by RuO2 and IrO2.
Specifically, CuO and Fe2O3 did not show activity for the
reaction. Typical photocatalysts such as TiO2, ZnO and WO3
were also completely inert.

Fig. 1 shows a typical time course of H2 and O2 evolution on
NiO in the dark. The NiO sample used was a yellow green
powder with a BET surface area of about 1 m2 g21 and the
particle size was about 0.5 mm [purchased from Kanto
Chemical, high purity reagent (3 N)]. H2 and O2 kept evolving
exactly in the stoichiometric ratio of water decomposition. The
rate of H2 and O2 evolution gradually decreased with the
accumulation of the evolved gas probably due to the effect of O2
pressure. A similar effect was observed for the other three active
oxides, i.e. Cu2O, Co3O4 and Fe3O4. Almost the same time
course was reproduced in the second run after evacuation. The
total amount of evolved H2 after the second run was 1.7 mmol,
which exceeded the amount of NiO used, i.e. 1.3 mmol (0.1 g).
No appreciable degradation of the activity was observed even
after the second run. It was thus confirmed that this dark
reaction proceeds catalytically.

Another point worth noting is the effect of the shape of the
stirring rod: when a stirring rod with a flat bottom was used, the
rate of H2 and O2 evolution was increased by more than an order
of magnitude compared with that obtained when a round
bottomed rod was used. This indicates that a mechanical effect
such as the rubbing of the catalyst powder by the stirring rod is
essential for the decomposition of water.

Two further experiments were conducted. First, double-sided
adhesive tape was stuck to the flat bottom of the stirring rod and

Fig. 1 Time course of H2 (open circles) and O2 (filled circles) evolution on
NiO in the dark. The gas phase was evacuated at a reaction time of 22 h.
Catalyst (NiO): 0.1 g, H2O: 200 cm3.
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ca. 0.01 g of NiO powder was stuck onto the other side of the
tape. The stirring rod was rotated in distilled water without any
suspended NiO powder in it, and almost the same rate of H2 and
O2 evolution as seen in Fig. 1 was achieved. This indicates that
at least the major part of the water splitting reaction proceeded
in between the stirring rod and the bottom of the glass reaction
vessel. This result also excluded the possibility that the Teflon
which coated the stirring rod took part in the reaction. Second,
a Ni metal foil (35 mm 3 9 mm 3 0.2 mm) was oxidized at
800 °C for 1 h in air and was rotated in distilled water at the
bottom of the reaction vessel by using a stirring rod attached on
top of the foil. Again H2 and O2 evolution was observed with a
rate of about half that obtained in the above experiment using
adhesive tape. These results suggest that the rubbing of the
oxide materials against the bottom wall of the glass reaction
vessel is essential, but the collisions between the oxide particles
or at the stirrer surface are not.

In the above experiments, we did not pay much attention to
the influence of magnetic fields generated by the stirring device.
To avoid magnetic field effects, a motor driven mechanical
stirrer was used for the abrasive stirring. The motor rotated the
catalyst powder (NiO) stuck on the tip of the driving shaft,
which was pressed on the bottom of the reaction vessel. Even in
the reaction cell, stoichiometric H2 and O2 evolution was
observed. Therefore, the magnetic field exerted by the stirrer
has nothing to do with the present phenomenon.

From all the above experimental results, we conclude that the
H2 and O2 evolution is regarded as ‘mechano-catalytic’ overall
water splitting. Because of the first and second laws of
thermodynamics, it is not probable that heat of friction leads to
the observed water decomposition. We, therefore, consider that
these catalysts directly convert mechanical energy to chemical
energy.

We now turn to the influence of photoirradiation. When the
reaction vessel containing a suspended powder catalyst was
irradiated with a Xe lamp, essentially no appreciable change in
H2 and O2 evolution rate was observed for NiO, Co3O4, and
Fe3O4. However, in the case of Cu2O, a difference of the rate of
H2 and O2 evolution was observed as shown in Fig. 2. During
the first 50 h, the reaction was carried out under irradiation
( > 460 nm) and then the reaction was continued in the dark for
another 50 h after the evacuation of the gas phase. The rate of H2
and O2 evolution under the irradiation was faster by about 3
times than that in the dark. Because of the difference of the
activity between reaction in the dark and under photoirradiation,
we previously concluded the observed phenomenon as photo-
catalysis, which should be corrected. At present, we do not have
a satisfactory explanation for the effect of photoirradiation on
Cu2O.

As we have shown, the rate of H2 and O2 evolution strongly
depends on the rubbing method of the catalytic materials, and
thus much more efficient systems could be constructed by a
suitable reactor design.

This work was partly supported by the Research Institute of
Innovative Technology for the Earth (RITE), and also by a
Grant-in-Aid for Scientific Research on Priority Area of
‘Catalytic Chemistry of Unique Reaction Fields-Extreme
Environment Catalysts’ from the Ministry of Education,
Science, Sports and Culture, Japan, and also by the Research for
the Future Program, the Japan Society for the Promotion of
Science.
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Fig. 2 Time course of H2 (open circles) and O2 (filled circles) evolution on
Cu2O under visible light ( > 460 nm) irradiation and in the dark. The
reaction system was evacuated at a reaction time of 50 h. Catalyst (Cu2O):
0.1 g, H2O: 200 cm3.
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The hydrothermal reaction of KVO3, PhPO3H2 and water at
180 °C for 116 h yields the tubular mixed valence VV/VIV

polymer (H3O)[(V3O4)(H2O) (PhPO3)3]·xH2O (x = 2.33).

The widespread contemporary interest in metal phosphonate
materials1–3 reflects their potential applications as sorbents, ion
exchangers,4 ionic conductors,5 nonlinear optical materials,6
sensors7 and catalysts.8 The vanadyl organophosphonate sys-
tem has proved particularly fruitful and is represented by
molecular clusters of various nuclearities, and one-, two- and
three-dimensional phases.9–11 In common with metal organo-
phosphonates in general, lamellar structures predominate for the
vanadyl organophosphonate subclass, with [(VO)-
(H2O)(PhPO3)]12 providing the structural prototype. Lamellar
vanadyl organophosphonates possess structurally well defined
internal void spaces and coordination sites which allow
intercalation of substrate molecules. Modifications of organic
substituents, introduction of templating reagents, and variations
in metal–phosphonate compositions can be exploited to change
substrate-specific recognition and to design novel phases. It is
also apparent that variations in reaction conditions can result in
significant structural reorganization.13–15 Thus, the novel
tubular material (H3O)[(V3O4)(H2O)(PhPO3)3]·xH2O 1 (x =
2.33) was prepared by relatively minor modification of the
synthetic procedure employed in the isolation of the lamellar
[(VO)(H2O)(PhPO3)].12

The reaction of MVO3 (M = NH4
+, Na+, K+), PhPO3H2 and

water in the mole ratio 1 : 2.33 : 340 at 180 °C for 116 h yielded
dark green hexagonal rods of (H3O)[(V3O4)(H2O)(Ph-
PO3)3]·xH2O 1 (x = 2.33)† in 75% yield. Although the
inorganic cation of the vanadate starting material does not
appear in the product, it is absolutely required for the synthesis
of 1, an observation which highlights the often critical role of
sacrificial cations in hydrothermal synthesis. Consequently, the
reaction of V2O5 with PhPO3H2 under identical conditions
yields only [VO(H2O)(PhPO3)]. It is noteworthy that hydro-
thermal treatment of [VO(H2O)(PhPO3)] with Na+ at pH 2
results in quantitative conversion to 1. However, compound 1
was not isolated in more basic environments, where an
undefinable powder was observed to form. Attempts to prepare
1 from oxovanadium phenylphosphonate clusters such as
[V5O7(OMe)2(PhPO3)5]2,16 and Na+ in nonaqueous solvents
proved fruitless. However, such clusters proved perfectly
adequate for synthesis under hydrothermal conditions, suggest-
ing that a solvent of a high dielectric constant is required and
that the synthesis of 1 occurs through disassembly of ox-
ovanadium phosphonate units rather than fusion of discrete
clusters or unzipping of layered structures into infinite chains
which subsequently fuse into the tubular form.

As illustrated in Fig. 1, the structure of 1‡ consists of
[(V3O4)(H2O)(PhPO3)3]n

n2 tubes running parallel to the c-axis.
The phenyl groups extend outward from the periphery of the
tube, while the vanadyl oxo groups are directed both to the
interior and exterior of the cavity. The hydronium cation and the

water molecules are contained within the hydrophilic interior of
the tube, while the phenyl groups of the tube interdigitate with
phenyl groups from adjacent tubes to provide a hydrophobic
exterior.

The walls of the tube are constructed from three independent
oxovanadium centers, an aqua group and three phosphonate
bridging ligands, shown in Fig. 2. Two of the vanadium sites

Fig. 1 A view along the crystallographic c axis of the tubular structure of the
anions of 1. The hydronium cations and water molecules of crystallization
occupy the hydrophilic interior of the tube. The phenyl groups project
outward from the tubes and interdigitate in the hydrophobic domains
outside the tubes.

Fig. 2 A view of the V–O–P building blocks of the tube walls, showing the
atom-labeling scheme and 50% probability ellipsoids. Selected bond
lengths (Å): V1–O10 1.563(3), V1–O11 1.928(3), V1–O3 1.946(3), V1–O9
1.974(3), V1–O4 1.979(3), V2–O12 1.621(4), V2–O11 1.880(3), V2–O7
1.905(3), V2–O2 1.929(3), V2–O8 1.987(3), V3–O13 1.596(4), V3–O5
1.902(3), V3–O6 1.955(3), V3–O1 1.970(4), V3–O14 2.005(4).
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form a binuclear unit of corner-sharing square pyramids with
the terminal oxo-groups in anti-orientation with respect to the
V–O–V bridge. The remaining three coordination sites on each
vanadium center are occupied by oxygen donors from the
phosphonate ligands. The third vanadium site V3 is an isolated
square pyramid (no V–O–V interactions). The oxo-group is
directed toward the interior of the tube, while the coordinated
aqua ligand forms parts of the tube wall. The complex pattern of
phosphonate bridging of metal centers provides four distinct
heteronuclear ring motifs as fundamental building blocks18 of
the tube wall: six atom (VOVOPO), eight atom (VOPO)2, ten
atom (VOVOPOVOPO) and sixteen atom (VOPO)4 cycles.

The temperature dependence of the magnetic susceptibility of
1 is shown in Fig. 3. Above 40 K, the magnetic susceptibility
conforms to the Curie–Weiss law with a Curie constant
corresponding to 3.27 mB and a Q value of 227 K. The effective
moment for each of two VIV ions is 2.33 mB, indicating a
significant orbital contribution to the moment as anticipated for
the 2T2g ground state. The negative Q value indicates the
presence of antiferromagnetic spin interactions, and the devia-
tion from Curie–Weiss behavior below 40 K can be ascribed to
the coupling of the spins of the d1 VIV sites. These observations
are consistent with charge balance and valence sum calcula-
tions17 which give an average oxidation state of 4.33 per
vanadium site, or 1 VV and 2 VIV centers.

Thermogravimetric analysis of 1 shows weight losses
corresponding to 1 and ca. 1.5 water molecules of crystalliza-
tion at 50–60 and 120–140 °C, respectively. A weight loss
corresponding to two additional water molecules occurs
between 245 and 275 °C. The material decomposes sharply at
305 °C with an additional 30% weight loss to produce a blue
amorphous material.

While 1 represents the first example of a tubular structure for
the vanadium–organophosphonate system, tubular uranyl phos-
phonates have been reported recently.13–15 However, the
structure of the wall of 1 is quite distinct from the uranyl species
which do not form U–O–U bonds. When viewed down the tube
axis, the structure of 1 presents the circular projection also
observed for (UO2)(PhPO3)·0.7H2O, whereas [(UO2)3(Ph-
PO3H)2]·H2O exhibits a rectangular profile. Although the
uranyl materials exhibit neutral tubes, the tube in 1 is anionic
with charge compensation provided by hydroxonium cations,
which occupy the interior of the tube and hydrogen bond to oxo-

groups of the tube wall and water molecules which stuff the tube
interior. Furthermore, the vanadyl sites of 1 are five coordinate,
a geometry achieved through coordination to terminal and
bridging oxo-groups and h3,m3-phosphonate ligation. In con-
trast, the uranyl centers of the circular tubular material
(UO2)(PhPO3)·0.7H2O are seven coordinate, exhibiting the
common trans dioxo unit and requiring that the phosphonate
adopt the h3, m5-coordination mode. The structure of 1 exhibits
two of the phenomena that critically influence the organization
of organic–inorganic composite materials, namely, multipoint
hydrogen bonding and hydrophilic–hydrophobic interac-
tions.18

The research was supported by NSF grant CHE9617232.
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Fig. 3 A plot of 1/c vs. temperature, showing the Curie fit to the data
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Structure and phosphodiesterase activity of Bis-Tris coordinated
lanthanide(iii) complexes
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A commonly used buffer, 2,2-bis(hydroxymethyl)-2,2A,2B-
nitrilotriethanol (Bis-Tris) coordinates lanthanide(iii) ion
strongly in water to form molecular species that are highly
active for the hydrolysis of a phosphate diester, bis(4-
nitrophenyl) phosphate.

Ligand free lanthanide ions have been shown to be highly
reactive for hydrolyzing phosphate esters including RNA and
DNA.1 There has been considerable interest in developing
organic ligands that bind tightly around lanthanide ions in order
to increase the solubility of the metal ions, and to develop
artificial restriction enzymes by covalently anchoring the metal
to molecules that bind nucleic acids sequence specifically.2
Over the last several years, many elegant ligands (1–7) that bind

lanthanide ions have been developed for the purpose of
hydrolyzing phosphates.2–5 Negatively charged ligands tend to
bind tightly to lanthanide ions but greatly lower the reactivity of
the metal ions for hydrolyzing phosphates.† On the other hand,
neutral ligands tend to release the lanthanide ions by deligation
(1, 2).3,4 Here we report a remarkably simple neutral ligand
(8)6‡ that binds tightly around lanthanide ions without lowering
their reactivity for hydrolyzing phosphates.

Compound 8 is a commonly used buffer 2,2-bis(hydroxy-
methyl)-2,2A,2B-nitrilotriethanol (Bis-Tris). An equimolar mix-
ture of LaCl3 and Bis-Tris in methanol yielded white crystals.
The structure of [La(8)2]Cl3 (Fig. 1) reveals that the metal has
ten coordination sites occupied by two molecules of Bis-Tris.§
Each molecule of Bis-Tris acts as a pentacoordinate ligand with
four of its oxygen atoms and its nitrogen atom. The remaining
oxygen of Bis-Tris cannot coordinate due to its structural
position. Although the crystal structure is that of a 2 : 1 ligand to

metal complex, other data shown below indicate that the major
species in aqueous solution of an equimolar mixture of LaCl3
and Bis-Tris is a 1 : 1 ligand to metal complex.

Potentiometric titration of an equimolar mixture of LaCl3 and
Bis-Tris in water showed that there is no ligand-free La(iii) ion
or metal-free Bis-Tris. The pKa of Bis-Tris shifts from 6.5 to 4.0
in the presence of an equivalent of LaCl3 (24 mm), indicating
that the formation of the complex is quite favorable in the
aqueous solution (Kf = 5 3 104 m21).¶ It is rather surprising to
observe such a large binding constant for the neutral ligand,
given that the formation constant of the europium(iii) cryptand
221 complex is smaller than 0.5 m21.3a∑ Other buffers of the
similar structure such as Tris, Bis-Tris Propane, Taps, Tapso,
and Tes do not bind to lanthanide ions as well as Bis-Tris. In
particular, a binding constant of 2.75 3 102 m21 for Tris has
been reported.7

In the titration of the equimolar mixture, consumption of 2
equiv. OH2 is observed at around pH 9.8. The low steepness of
the titration curve suggest that a dimer 9 is formed at the pH. In
the absence of any organic ligands, LaCl3 itself also gives a
curve of the similar shape. Based on the slope of the titration
curve, it has been suggested that ligand-free lanthanide ions also
form dimers or higher order aggregates under alkaline condi-
tions. Thus lanthanide ions tend to form gels under alkaline
conditions (pH > 9) even at low concentrations (0.5 mm).
Interestingly, equimolar mixtures of LaCl3 and Bis-Tris remain
in solution even at 40 mm LaCl3 and pH 11.5. It may be that Bis-
Tris prevents aggregation of La(iii) ions and enhances solubility
by capping the two ends of the dimer 9 (Scheme 1).

Fig. 1 ORTEP diagram of the lanthanum(iii) complex coordinating two
molecules of Bis-Tris. Distances between the coordinated oxygen atoms
and the metal center are between 2.515(14) and 2.622(13) Å. Distances
between the nitrogen atoms and the metal center are between 2.863(14) and
2.948(13) Å. Hydrogen atoms and non-coordinating chloride anions are
removed for clarity.
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Time-resolved luminescence spectroscopy is a valuable
method for investigating Eu(iii) complexes in aqueous solu-
tion.8 The number of coordinating waters (q) per Eu(iii) center
in solution can be obtained by measuring the luminescence
lifetimes of each species in water and deuterated water. Fig. 2
shows the excitation spectra of an equimolar mixture of EuCl3
and Bis-Tris in water with 0–2.5 equiv. NaOH added. In the
absence of any added NaOH, a single sharp peak at 579.7 nm
with the q value of 6 suggests an 1 : 1 Eu to Bis-Tris complex
with less than six coordinating water molecules. When two
equiv. OH2 is added, a major peak at 580.4 nm with a
significantly reduced q (2.5) value appears, which is consistent
with structure 9.

The reactivity of a 1 : 1 LaCl3 to Bis-Tris solution for
hydrolyzing bis(4-nitrophenyl)phosphate (BNPP) initially in-
creases with added NaOH but reaches a maximum at 2 equiv.
NaOH. Therefore, complex 9 or its kinetic equivalent is the
active species for hydrolyzing BNPP. The phenomenon is
observed at a wide range of concentration (0.5–20 mm).
Although Bis-Tris increases the solubility of lanthanide ions by
tightly complexing them, it does not reduce the reactivity of the
metal center for hydrolyzing BNPP. For comparison, the
activities were measured at low concentration, where precipita-
tion of free lanthanide ions is not problematic. The hydrolytic
activity of a 1 : 1 LaCl3 to Bis-Tris solution (0.5 mm) with 2
equiv. NaOH (k = 7.3 3 1023 s21) is comparable to a solution
of LaCl3 (0.5 mm) with 2 equiv. NaOH (k = 8.2 3 1023 s21).
We propose that the hydrolytic mechanism involves nucleo-
philic attack of the phosphate bridging the two metal centers by
one of the bridging hydroxides (10).9
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Pohang University of Science and Technology and the Korea

Foundation of Science and Engineering (96-0501-01-01-3). The
authors thank Professor J. Chin for his helpful discussion, and
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Scheme 1

Fig. 2 Excitation spectra of the europium(iii) complex in the presence of
1 equiv. of Bis-Tris. Spectra were recorded in water upon addition of (a) 0,
(b) 1.0, (c) 2.0 and (d) 2.5 equiv. NaOH.
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novel alkoxycyclopropanation reaction
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Alkoxycyclopropanes are readily prepared by reaction of an
orthoformate with an alkene in the presence of Me3SiCl and
zinc.

We have previously shown that a useful range of organozinc
carbenoids1 can be generated from the reaction of simple
carbonyl compounds with zinc in the presence of a silicon
electrophile and that these intermediates can then undergo a
variety of reactions including C–H insertion to give alkenes,2
dicarbonyl coupling3 and cyclopropanation.4 More recently, in
the light of reports on the preparation of isolable organochro-
mium5 and organoiron6 carbenoids via two-electron delivery
from a metal salt to a preformed carboxonium salt, we have
demonstrated that acetals and ketals may be used as precursors
for the formation of related organozinc carbenoids via reduction
of their derived oxonium ions, once again with zinc in the
presence of Me3SiCl.7

As a logical consequence of the above sequence, and in view
of the proven versatility of alkoxycyclopropanes as highly
useful intermediates for organic synthesis,8 we therefore
reasoned, as outlined in Scheme 1, that the Lewis acid assisted
cleavage of an orthoformate 1 could give rise, in similar fashion,
to hitherto unknown a-alkoxy and a-aryloxy organozinc
carbenoids 2.

A preliminary study using allylbenzene and trimethyl
orthoformate as a convenient methoxycarbenoid source served
to confirm the above hypothesis (Table 1, entry 1) and also
allowed us to develop a convenient experimental method. Thus,
a typical experimental procedure would involve slow addition
over 24 h of two separate portions of trimethyl orthoformate
(1.4 ml, 8 mmol) and Me3SiCl (1.0 ml, 8 mmol) in Et2O to a
vigorously stirred mixture of the alkene (2 mmol), Me3SiCl (1.2
ml, 0.9 mmol) and zinc amalgam (2.5 g, 50 mmol) in refluxing
Et2O, each completed addition being followed by a 24 h
reflux.

Further inspection of the results in Table 1 using a series of
simple alkenes not only emphasises that preparatively useful
yields of methoxycyclopropanes can be obtained under mild
conditions, but also confirms that cyclopropanation occurs with
retention of the original stereochemistry of the alkene (entries 3
and 4), that mono-, di- and tri-substituted alkenes can be used

(entries 1–5) and that, as for other organozinc carbenoids,1,4

there is a distinct stereochemical preference for formation of the
more hindered cis (or endo) isomer (entries 1, 3 and 5).

Our attention was then directed towards the use of a variety
of readily available orthoformates in order to assess their
relative efficiencies for alkoxy- and aryloxy-carbenoid genera-
tion. Comparison of the results in Table 2 using allylbenzene as
the standard alkene trap reveals several features of interest.
Thus, the selection of tripropyl orthoformate (entry 1) led to a
significant decrease in the isolated yield when compared with
its trimethyl congener (Table 1, entry 1), presumably as a result
of increased steric hindrance for incipient oxonium ion
formation and/or electron delivery. However, the ability to
preselect an unsymmetrical orthoformate with improved leav-
ing group ability can be advantageous, as in the case of diethyl
phenyl orthoformate (entry 2) which afforded only the ethoxy-
cyclopropane in good yield. Furthermore, the obvious parallel
which can be drawn in terms of the relative contributions of
relief of ring strain and entropic factors involved in the

Scheme 1

Table 1 Methoxycyclopropanation of alkenes using trimethyl ortho-
formate

Entry Alkene Products
Isomer  
ratioa

Yield
(%)

a Determined using NMR spectroscopy. For convenience, the major cis
isomer is shown.
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hydrolysis of acetals, ketals and orthoesters9 can be used to
exercise some degree of predictive power, as evidenced by the
selective transfers involved in the use of the 2-methoxydiox-
olane (entry 3) and the catechol derivative (entry 4).

Clearly a useful range of functionalised alkoxy- and aryloxy-
cyclopropanes can now be constructed in this way.

Finally, we have also carried out a preliminary study in order
to probe the electronic character of a-alkoxyorganozinc
carbenoids. A priori it might be argued that such species could
be more nucleophilic, and exhibit a chemoselective preference
for an electron-deficient alkene. In the event however, as shown
by some representative examples in Table 3, the enol ester
(entry 1) and the acrylate (entry 2) give comparable yields of
cyclopropanated product. However, the result of a direct
competition experiment using the monoterpene ester (entry 3)
clearly demonstrates that the more electron-rich alkene is
favoured over the acrylate.

From a practical standpoint, as in the classical Simmons–
Smith reaction,10 the above method clearly requires the use of
an excess of reagents for efficient organozinc carbenoid
generation and trapping. This is reflected in the (potentially
intramolecular) aryloxycyclopropanation of the unsaturated
orthoformate 4 (Scheme 2), where of course only 1 equiv. of
alkoxycarbenoid can be produced.

In summary, the above results exemplify a simple and
inexpensive method for the preparation of alkoxy- and aryloxy-
cyclopropanes under mild neutral conditions via a novel class of
organozinc carbenoids. Furthermore, in comparison to tradi-
tional methods for the generation of alkoxycarbenoids, the
present method obviates the necessity for handling toxic a-halo

and a,a-dihalo ether precursors,11 or the multistep procedures
involved in the preparation of stoichiometric Fischer carbe-
noids.12

We thank the EPSRC for the award of a postdoctoral
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provision of a postgraduate studentship (to M. E. P.).
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Scheme 2 Reagents and conditions: i, Zn/Hg (34 equiv.), Me3SiCl (5 equiv.) Et2O, reflux

Table 2 Alkoxy- and aryloxy-cyclopropanation of allylbenzene using
orthoformates

Entry Orthoformate R Isomer ratioa
Yield
(%)

a Determined using NMR spectroscopy. For convenience, the major cis
isomer is shown in 3.

Table 3 Alkoxycyclopropanation of various alkenes with orthoformates

Entry Orthoformate Substrate Product
Isomer
ratioa

Yield
(%)

a Determined using NMR spectroscopy. For convenience, the major isomer
is shown. b In this case the major isomer was not assigned. c 3 : 1 (E/Z)
mixture of isomers was employed as substrate.
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A new type of tricolor electrochromic system based on the dynamic redox
properties of hexaarylethane derivatives

Takanori Suzuki,*† Jun-ichi Nishida and Takashi Tsuji
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Electrochemical interconversion between 9,9,10,10-tetra-
aryldihydrophenanthrene 1 and 2,2A-bis(triarylmethylium)
22+ has been proven to proceed via open form cation radical
2+· as a stable intermediate; using these three species, a novel
tricolor electrochromic system that exhibits hysteretic color
change (color 1 ? color 2 ? color 3 ? color 1) is formed.

Molecular systems whose properties can be controlled electro-
chemically are attracting much attention because they might be
applicable to the construction of molecular devices such as
redox switches.1 From this point of view the redox couples of
hexaarylethanes 1d,e and bis(triarylmethane) dyes 2d,e2+ are

interesting;2 their noteworthy features include electrochromic
behaviour with vivid changes in color and very high bistability
due to reversible C–C bond making/breaking3 upon two-
electron transfer (dynamic redox properties). During the course
of our mechanistic investigation on the interconversion between
1 and 22+, we have found that a unique tricolor electrochromic
system could be achieved using 1a,b and 2a,b2+ possessing two
different triarylmethane moieties, whose properties are reported
herein. Although several multi-color electrochromic systems
have been reported (color 1 Ô color 2 Ô color 3 Ô etc.),4 the
hysteretic chromicity of the present systems (color 1 ? color 2
? color 3 ? color 1) is unprecedented.

Unsymmetric diols 3a‡ and 3b‡ were prepared in 12 and 8%
yield, respectively, by the reaction of 2,2A-dilithiobiphenyl5
with a mixture of the corresponding two ketones followed by
chromatographic separation on SiO2 from the symmetric diols
3c–e. Deeply colored dication salts 2a2+(BF4

2)2‡ [lmax-
(MeCN)/nm (log e) 632 (4.93), 519 (4.72), 319 (4.25), 272
(4.24)] and 2b2+(BF4

2)2‡ [632 (4.92), 488 sh (3.76), 425 (4.22),
377 (4.46), 321 (4.23), 261 (4.63)] were obtained in 91 and 93%
yield, respectively, by treating these diols with 42% HBF4–
(EtCO)2O. Reduction of the dication salts with SmI2 in THF
gave colorless ethanes 1a‡ [lmax(MeCN)/nm (log e) 268 (4.61)]
and 1b‡ [270 (4.58)] in 97 and 78% yield. X-Ray analysis§ has

revealed that 1b has a very long C–C bond [1.643(6) Å] (Fig.
1).¶ Thus, oxidation of 1a,b with 2 equiv. of
(p-BrC6H4)3N+·SbCl62 in CH2Cl2 led to the fission of the weak
bonds to regenerate the dications 2a,b2+, which were isolated as
SbCl62 salts‡ in 82 and 79% yield, respectively. C2-Symmetric
ethane 1c‡ [lmax(MeCN)/nm (log e) 282 (4.27), 230 sh (4.71)]
and orange-colored 2c2+(BF4

2)2‡ [495 sh (3.62), 460 (3.79),
382 (4.56), 263 (4.82)] containing two xanthene moieties were
also prepared from diol 3c‡ for comparisons.

The cyclic voltammogram of 1c is quite similar to those of
1d,e; it shows irreversible 2e oxidation peak at +1.42 V, and the
corresponding cathodic peak is largely shifted to +0.50 V,
which was assigned to the 2e reduction peak of 2c2+ (Table 1).
In contrast, unsymmetric ethanes 1a,b behave rather differently
from 1c–e. Although their oxidation potentials are close to that
of the tetrakis(dimethylamino) derivative 1d, in the return cycle
of the voltammograms there appeared two cathodic peaks
(Fig. 2). From independent measurements on 2a,b2+ it was
confirmed that these peaks are due to two-stage 1e reduction

Fig. 1 Molecular geometry of ethane 1b determined by X-ray analysis. The
bipheny skeleton is nearly planar (the dihedral angle between planes 1 and
2: 16.2°), and the central six-membered ring adopts a pseudo-half chair
conformation (planes 3 and 6: axial; 4 and 5: equatorial). The xanthene
moiety is deformed slightly into the butterfly shape (the dihedral angle
between planes 3 and 4: 15.2°). There is no disorder around the ethane bond
in 1b, unlike the symmetric ethane 1e (ref. 2).

Table 1 Redox potentials of ethanes 1 and dications 22+ in CH2Cl2a

E/V vs. SCE

Compound Eox (1) E1
red (22+) E2

red(22+)

a X = p-Me2N, Y = p-MeO +0.83b,c +0.10 20.45c

b X = p-Me2N, Y–Y = o-O-o +0.76b,c +0.24 20.19c

c X–X = Y–Y = o-O-o +1.39b,c +0.53b,c

dd X = Y = p-Me2N +0.74b,c 20.42b,c

ed X = Y = p-MeO +1.44b,c +0.21b,c

a 0.1 mol dm23 Bun
4NBF4, Pt electrode, scan rate 100 mV s21. b Two-

electron process. c Irreversible wave, values were calculated as Eox = Epeak

2 0.03 and Ered = Epeak + 0.03, respectively. d Ref. 2.
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processes of the dications; the first one corresponding to the
Y-C6H4-C+-C6H4-Y moiety is completely reversible. Fur-
thermore, the anodic peak due to the oxidation of 1a,b appears
in the voltammograms of 2a,b2+ after scanning the irreversible
second 1e reduction wave. Such redox properties can be
accounted for only by assuming the reaction mechanism shown
in Scheme 1, in which the weakened C–C bond of hexaaryl-
ethane 1 is cleaved after 1e oxidation∑ to 1+· whereas two-fold
1e reduction of 22+ to 22· is necessary before the ring closure to
1. It should be noted that 2+· produced from 1+· is more easily
oxidized than 1 [Eox(1a,b) is much more positive than
Eox(2a,b+·) = E1

red(2a,b2+)], thus the steady-state concentra-
tion of 2+· is negligible during the electrochemical oxidation of
1, although the same specimen is a long-lived intermediate in
the reduction process of 22+.

Thanks to the hysteretic interconversion between 1, 2+· and
22+, novel tricolor electrochromic systems could be constructed
using the unsymmetric derivatives. Thus, upon electrochemical
oxidation of colorless 1a, both the blue (X = p-Me2N) and red
(Y = p-MeO) triarylmethylium chromophores grow simultane-
ously to develop the violet color of 2a2+ [Fig. 3(a)]. On the other
hand, the red chromophore disappears first upon reduction of
2a2+ [Fig. 3(b), stage 1], and next the blue cation radical 2a+· is
converted to colorless 1a [Fig. 3(c), stage 2] even under the
constant-current electrolytic conditions. Similar behaviour but
with a different color was observed for the interconversion of
2b2+ (green) (isosbestic points: 248, 270, 300 nm) ? 2b+· (blue)
(296 nm) ? 1b (colorless) (309 nm) ? 2b2+ (green), showing
the generality of the unprecedented pattern of color change.

This work was supported by the Ministry of Education,
Science, and Culture, Japan (No. 08640664 and 10146101). We
thank Professor Tamotsu Inabe (Hokkaido University) for the
use of X-ray analytical facilities. Elemental analyses were
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Fig. 2 Cyclic voltammogram of ethane 1a (1023 mol dm23) in CH2Cl2 (E/V
vs. SCE 0.1 mol dm23 Bun

4NBF4, Pt electrode, scan rate 500 mV s21). The
reduction peaks are absent when the voltammogram is first scanned
cathodically. As shown by the dotted line, the first reduction wave at +0.07
V is reversible when the scanning was reversed at 20.10 V.

Scheme 1

Fig. 3 Changes in the UV–VIS spectra of (a) 1a (3.6 ml; 4.1 3 1025

mol dm23 in MeCN containing 0.04 mol dm23 Bun
4NBF4) upon

electrochemical oxidation (15 mA) at 10 min intervals, and 2a2+ (3.6 ml
soln; 6.6 3 1026 mol dm23 in MeCN containing 0.05 mol dm23 Bun

4NBF4)
upon electrochemical reduction (70 mA): (b) stage 1, at 0.5 min intervals; (c)
stage 2, at 1 min intervals
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Novel reductive olefination mediated by Ti(O-i-Pr)4 and Ph3P. One-pot
synthesis of trifluoromethylated trans-allylic alcohols

Yanchang Shen,*† Yuming Zhang and Yuefen Zhou
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A novel reductive olefination mediated by Ti(O-i-Pr)4 and
Ph3P and its application to the ‘one-pot’ synthesis of
perfluoroalkylated trans-allylic alcohols are described.

One-pot synthesis has attracted much interest in recent years
because it provides a simple and efficient route to compounds
by including two or more transformations in a single operation
to increase the complexity of a substrate starting from
commercially available, relatively simple precusors.1 In our
laboratory ‘one-pot’ carbon–carbon double bond formation has
been observed between a-bromo carboxylic derivatives (esters,
amides and nitriles) and aldehydes in the presence of
n-Bu3P(As) and catalyst (Pd, Zn, Cd) forming a,b-unsaturated
esters, amides and nitriles.2 This reaction greatly simplifies the
traditional Wittig reaction into a stereospecific alkenylation
methodology and compresses the three steps of a Wittig
reaction to a one-step, one-pot synthesis.3 Allylic alcohols are
employed as useful building blocks in many synthetic applica-
tions, particularly in the synthesis of biologically active
compounds.4 Therefore there has been much interest in the
development of an effective ‘one-pot’ method for the prepara-
tion of allylic alcohols, especially fluoro species. Numerous
methods by which to prepare allylic alcohols are known,5 but
either multiple steps are necessary or the starting materials are
not commercially available. Very recently a new stereoselective
method for the preparation of allylic alcohols using nickel
catalyzed alkylative cyclization of ynals or coupling of
aldehydes, alkynes and organozincs has been reported.6 How-
ever, the syntheses of trifluoromethylated allylic alcohols7a–d

and difluoro species7e–h are still limited. Herein we report a
novel reductive olefination mediated by Ti(O-i-Pr)4 and Ph3P
and its application to the ‘one-pot’ synthesis of trifluoromethy-
lated trans-allylic alcohols (Scheme 1). The results are
summarized in Table 1.

At present, the tentative hypothesis shown in Schemes 2–4
appears to be consistent with the information currently
available. The reaction is postulated to be initiated by the
Meerwein–Pondorf–Verley-like reduction of 3-bromo-
1,1,1-trifluoroacetone with Ti(O-i-Pr)4 (Scheme 2).8

The halophilic reaction occurred between intermediate 4 and
the Ph3P forming ion pair 5 and 6 as reported in the literature

(Scheme 3).9 Compound 6 might be stabilized by a strong
electron-withdrawing trifluoromethyl group. Subsequently the
active species 5 and 6 reacted with the aldehyde forming the six-
membered intermediate 7. After elimination of triphenylphos-
phine oxide and HBr the intermediate 8 was formed which was
hydrolysed to give the product 3 (Scheme 4).10

3-Bromo-1,1,1-trifluoroacetone was proved to be able to
react with Ti(O-i-Pr)4 by independent experiment. When 2 was
reacted with Ti(O-i-Pr)4 at 80 °C for 2 h, 4 was isolated and
characterized, 11 and further reacted with 4-chlorobenzaldehyde
in the presence of Ph3P giving the desired product 3d.‡

A possible mechanism involving Ph3P attack on 3-bromo-
1,1,1-trifluoroacetone to give the enolate, followed by an aldol
condensation, transferring the Ph3PBr onto the hydroxylic
oxygen, followed by elimination of HBr from 7, and a
Merrwein–Pondorf–Verley 1,2-reduction of the enone product,
seems to be discounted, since in the absence of Ti(O-i-Pr)4, no
olefination occurred under the same conditions. If the above
mentioned mechanism does occur, the olefination product

Scheme 1

Scheme 2

Table 1 Preparation of perfluoroalkylated allylic alcoholsa mediated by
Ti(O-i-Pr)4 and Ph3P

Compound R (Bp/°C)/(p/torr) Yield (%)b

3a C6H5 114–115/2.5c 90
3b 4-CH3C6H4 110/2.5 99
3c 4-FC6H4 102–104/2.6 87
3d 4-ClC6H4 112/2.5 77
3e 4-CH3OC6H4 120/2.5 54
3f 4-NO2C6H4 103–104d 55
3g 3-BrC6H4 105/2.0 71
3h 3-ClC6H4 110/2.0 78
3i 2-BrC6H4 81/2.5 95
3j (E)-C6H5CHNCH 118/2.5 81

a All reactions were carried out neat at 80 °C for 24 h, using 1.0 equiv. of
Ti(O-i-Pr)4, Ph3P, 3-bromo-1,1,1-trifluoroacetone and aldehyde. b Isolated
yields. All new compounds were characterized by microanalyses, IR, NMR
and mass spectroscopy. c Lit.7a data 76–77 °C/1 torr. d Mp.

Scheme 3

Scheme 4
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should be obtained in the absence of Ti(O-i-Pr)4. The detailed
mechanism is being pursued.

These studies provide, to our knowledge, the first example of
organotitanium compounds combined with Ph3P mediated
reductive olefination giving trifluoromethylated trans-allylic
alcohols efficiently and stereoselectively. This ‘one-pot’ syn-
thesis is a very convenient starting point using commercially
available substances for the preparation of trifluoromethylated
allylic alcohols, and the widespread use of these allylic alcohols
is quite important in organic synthesis. They are interesting
fluorinated building blocks, not easily available by existing
synthetic methods.
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Novel highly extended and sulfur rich tetrathiafulvalene (TTF) derivatives
through an unprecedented TTF core building process
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A new and unexpected tetrathiafulvalene (TTF) core
building process is observed via reaction of a 1,3-dithiole
phosphonate anion with a 2-oxo-1,3-dithiole functionality.

Since their discovery, the transport properties of the charge-
transfer salts related to the TTF series have been improved.1 In
particular, chemical modifications2 of the donor have allowed
enhancement of the dimensionality of the related materials, thus
preventing metal-to-insulator transitions (Peierls distorsions).
With this aim, space extended and sulfur-rich analogs of TTF as
the donors constitute very good candidates.3 Thus, bis(1,4-
dithiafulven-6-yl)TTFs were found able to afford interesting 2D
electroconductive materials thanks to intermolecular intra- and
inter-chain S···S contacts. Unfortunately, under acidic or
oxidative conditions, these donors may undergo unwanted
internal cyclization reactions when R1 = H (Scheme 1).4

Following our efforts to suppress such side reactions, which
have a spoiling effect during the slow electrooxidation pro-
cess,3c,d we have designed new donors 1 related to benzoTTF,
bearing no hydrogen atom in the R1 position, in which the
1,3-dithiol-2-ylidene moieties are connected via the R1–R1

vinylene substituent. We report here on their straightforward
synthesis and on their electrochemical properties.

As outlined in Scheme 2, our synthetic strategy was based on
three main steps: (i) a Diels–Alder cycloaddition between
2-oxo-4,5-bis(methylene)-1,3-dithiole 2 and paraquinonic die-
nophiles with further aromatization of the cycloadduct, (ii) a
bis-Horner–Wadsworth–Emmons olefination of the quinonic
carbonyl functionalities of 3 with Akiba’s reagents,5 and (iii) a
final coupling reaction of the resulting compound 4 with
2-(thi)oxo-1,3-dithioles.

Thus, in the first step, diene 2 was generated via two
independent routes,6 either by an annulating reaction involving
the thermal decomposition of S-propargyl xanthate7 (Route A),
or by an iodide induced reductive elimination on 2-oxo-
4,5-bis(bromomethyl)-1,3-dithiole8 (Route B). This diene was
trapped with a quinone (p-benzoquinone or 1,4-naphthoqui-
none) and further addition of DDQ9 to perform the aromatiza-
tion, furnished the corresponding target compounds 3a and 3b
(Scheme 3).

For the second step, we checked the behaviour of 3a and 3b
with the anion of 5 generated upon treatment of the correspond-
ing phosphonate with BuLi in THF at 278 °C. From 3a, the

olefination was unsuccessful, this failure being interpreted as
resulting from an electron transfer between the quinonic
compound acting as the p-acceptor (Ep1

red = 20.56 V vs.
SCE)10 and the phosphonate anion acting as the donor.3d From

Scheme 1

Scheme 2 Reagents and conditions: i, Diels–Alder cycloaddition with
further aromatization; ii, bis-Horner–Wadsworth–Emmons olefination; iii,
coupling reaction

Scheme 3 Reagents and conditions: (Route A): i, reflux, chlorobenzene,
p-benzoquinone or 1,4-naphthoquinone; ii, DDQ (3a: 30%, 3b: 46%);
(Route B): i, Et4N+I2, MeCN, p-benzoquinone or 1,4-naphthoquinone; ii,
DDQ (3a: 83%, 3b: 54%); iii, 5, BuLi, THF, 278 °C
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the less oxidizing compound 3b (Ep1
red = 20.84 V vs. SCE),

upon treatment with a large excess of the anion of 5, the bis-
olefinated product 4b could be isolated in 28% yield after silica
gel column chromatography (hexane–CH2Cl2 1 : 1).

In order to perform the required olefination of 3a, we decided
to suppress the accepting quinonic character thanks to a prior
Diels–Alder cycloaddition of cyclopentadiene, this latter being
possibly subsequently removed (Yamashita’s methodology11).
Thus, cyclic voltammetry confirmed that the corresponding
cycloadduct 3c is a poor p-acceptor (Ep1

red = 21.42 V vs.
SCE). Unexpectedly, after reaction of 3c (0.33 mmol) with a
large excess of the anion of 5 (1.98 mmol) in THF (35 ml) and
silica gel column chromatography (CS2–CH2Cl2 8 : 1), we
observed that the bis-olefinated compound 4c appearing as the
main product (50% yield) was accompanied by the tris-
olefinated compound 1c (25% yield), this latter corresponding
to a TTF core building through an unprecedented Horner–
Wadsworth–Emmons olefination of the 2-oxo-1,3-dithiole
functionality with Akiba’s reagent (Scheme 4). We also noted
the partial decomposition of the phosphonate anion of 5 to
tetrakis(methylsulfanyl)TTF and elimination of dimethyl phos-
phite.12 The yield of 1c was increased to 43% by using 10 equiv.
of Akiba’s reagent and BuLi. Cyclic voltammetry of 1c
exhibited an irreversible process, suggesting the possible loss of
cyclopentadiene which obviously could be induced electro-
chemically. Nevertheless, this reaction was more readily
performed by classical thermal treatment of 1c in
o-dichlorobenzene or, directly, in the dry state, in a Kugelrohr
apparatus13 in quantitative yield.

Cyclic voltammetry of 1a exhibited three reversible oxida-
tion peaks (Table 1), the first one corresponding to a 2e2
process arising from the p-extended p-quinodimethane analog
of TTF (by analogy with the voltammogram of 4a and similar
observations on such conjugated quinonic systems3g,11a) fol-

lowed by two 1e2 oxidation peaks related to the TTF moiety.
These features are in agreement with the sequence: 1a" 1a2+

" 1a3+· " 1a4+.
Given the good p-donor ability of 1a, efforts are now in

progress to generalize this methodology to the synthesis of
varied compounds 1 and formation of their corresponding
cation radical salts.

Notes and References

† E-mail: pietrick.hudhomme@univ-angers.fr
‡ All new compounds gave satisfactory spectroscopic data. Selected data
for 1a: dH(o-C6D4Cl2) 2.51 (s, 18H, SMe), 7.14 (s, 2H, CH quinone), 7.40
(s, 2H, CH arom) (Calc: C, 39.86; H, 2.83. Found: C, 39.05; H, 2.85%). For
4a: dH(CDCl3) 2.45 (s, 12H, SMe). 6.32 (br s, 2H, CH quinone), 7.71 (s, 2H,
CH arom); m/z (EI) 604 (M+, 1%), 94 (100). For 1c: dH(CDCl3) 1.54 (s, 2H,
CH2), 2.36 (s, 6H, SMe), 2.44 (s, 6H, SMe), 2.45 (s, 6H, SMe), 3.03 (br s,
2H, CH), 3.35 (br s, 2H, CH), 5.43 (t, J 1.7, 2H, HCNCH), 7.09 (s, 2H, CH
arom); m/z [FAB (+, m-NBA)] 848 (M+, 36%), 782 (100), 632 (28).
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Scheme 4 Reagents and conditions: i, 5, BuLi, THF, 278 °C; ii, thermal
treatment

Table 1 Cyclic voltammetry of compounds 1a and 4aa

E/V vs. SCE

In CH2Cl2 In o-dichlorobenze

Eox
1 Eox

2 Eox
3 Eox

1 Eox
2 Eox

3

1a 0.27 0.71 1.12 0.39 0.76 1.15
4a 0.28 0.49

a 1.5 mm in solvent–Bu4NPF6 (0.1 m), v = 100 mV s21.
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Synthesis and structural characterisation of a novel 2,3-distibene-1,4-dione
complex, [Pt(PEt3)2{h2-ButC(O)SbNSbC(O)But}]
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The reaction of cis-[PtCl2(PEt3)2] with 2 equiv. of [{[Li{h2-
OC(But)EC(But)O}(DME)0.5]2}∞ ], E = Sb or As, affords
either the first distibene-dione complex, cis-[Pt(PEt3)2{h2-
ButC(O)SbNSbC(O)But}], or the related diarsenide-dione
bridged complex, trans-[{Pt(PEt3)Cl}2{m-h1,h1-ButC(O)-
AsAsC(O)But}], the X-ray crystal structures of which are
described.

Since the preparation of the first diphosphene, Mes*PNPMes*,
Mes* = C6H2But

3-2,4,6; by Yoshifuji in 19811 the chemistry of
these species has developed into a well explored field.2 By
contrast, the heavier Group 15 analogues of diphosphenes have
remained scarce and in the case of distibenes can be confined to
one very sterically protected example, (Tbt)SbNSb(Tbt) 1 {Tbt
= C6H2[CH(SiMe3)2]3-2,4,6}.3 In addition, three structurally
characterised distibene complexes have been reported, viz.
[Fe(CO)4{h2-[(SiMe3)2CHSb]2}] 24 and [{W(CO)5}3(h2-,
h1-,h1-RSbNSbR)] R = Ph,5 But;6 none of which contain
functionalised distibene substituents. Our interest in low co-
ordination antimony chemistry has recently led to us reporting
the first example of a 2-stiba-1,3-dionatolithium complex 3
(E = Sb),7 which we have begun to investigate as a possible
transfer reagent in the formation of transition metal–stibadio-
nate complexes (cf. b-diketonate chemistry). This work has led
to some unexpected results which include the metal mediated
synthesis of the first distibene-dione complex which is reported
herein. Several related complexes are also described.

Treatment of cis-[PtCl2(PEt3)2] with 2 equiv. of 3 (E  = Sb)
in DME led to a moderate yield (39%) of 4 after recrystallisation
from hexane (Scheme 1). Following this reaction by 31P NMR
revealed that the formation of 4 occurs over 5 h without any
observable intermediate in the process. The orange crystalline
material is air stable, thermally robust in the solid state (mp
112–114 °C decomp.) and stable in solution for days at 25 °C.
If the reaction is carried out in a 1 : 1 stoichiometry, compound
4 is the only observable product, and ca. 50% of the platinum
starting material remains unreacted. Interestingly, when the
analogous 2 : 1 reactions of 3 (E = Sb) with cis-[MCl2(PEt3)2]
(M = Ni, Pd) were carried out antimony mirrors were deposited
from the reaction mixtures and the mono-acyl nickel or
palladium complexes were isolated in moderate yields, 5 (39%)
and 6 (56%), respectively.8 It is noteworthy that none of the
platinum analogue of 5 and 6 was found in the preparation of 4,
and similarly no distibene-dione complexes were identified in
the preparations of 5 and 6. Finally, in an attempt to form the
arsenic counterpart of 4 the 2 : 1 reaction of 3 (E = As) with cis-
[PtCl2(PEt3)2] was carried out but in this case the only tractable
product was the diarsenide-dione bridged complex, 7, which
was formed in a low yield (5%, mp 124–126 °C decomp.).

The spectroscopic data† for 4 and 7 support their proposed
structures. Of note are the 31P NMR spectra of each complex
which display one signal with 1JPtP satellites in the normal
coupling range, thus suggesting the equivalence of all phos-
phine ligands in both complexes in solution. No molecular ions

were seen in the mass spectra of 4 and 7, but in the case of 4 a
cluster of signals corresponding to the free distibene-dione
ligand was observed. In contrast, the base peak in the mass
spectrum of 7 coincides with the loss of a chloride ligand, while
a signal relating to the cleavage of the As–As bond (monomer
formation) was also detected.

The molecular structures‡ of 4 and 7 are depicted in Figs 1
and 2, respectively. The Pt centres in each have a distorted
square planar coordination environment with the PEt3 ligands
cis- in 4 and trans- in 7. Not surprisingly, the acyl substituents
are trans- to each other in both compounds. The Sb–Sb distance
in 4 lies almost midway between those for uncoordinated Sb–Sb
double and single bonds [e.g. 2.642(1) Å in 13 and 2.837 Å in
Ph4Sb2,9 respectively] and is slightly shorter than in the only
other h2-distibene complex 2, 2.774(1) Å.4 As has been
described for 2 and closely related diphosphene complexes, e.g.
cis-[Pt(dppe)(h2-PhPNPPh)],10 the bonding in 4 can be thought
of as lying somewhere between two canonical forms, one an
h2-distibene-Pt(0) complex and the other a three membered
s-bonded metallacycle containing a Pt(ii) centre. Consistent
with this description is the CSbSbC torsion angle of 173° (cf.
153° in 2) which shows the ligand to be slightly distorted from
planarity. In contrast to the distibene-dione ligand in 4, the
ligand in 7 can be thought of as a diarsenide-dione, the As
centres of which have distorted trigonal pyramidal geometries
(S angles = 311.8°). The As–As distance is in the expected
region for single bonds and compares well with that in the only
other structurally characterised example of a dinuclear complex
containing a bridging diarsenide ligand, 2.456(2) Å in trans-

Scheme 1 Reagents and conditions: i, E = Sb, 1/2 cis-[PtCl2(PEt3)2], 2
LiCl, 2 {ButC(O)}2; ii, E = Sb, 1/2 cis-[MCl2(PEt3)2] (M = Ni or Pd); iii
E = As, 1/2 cis-[PtCl2(PEt3)2]
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[{CpFe(CO)2}2(m-h1,h1-Ph2As2)].11 All other bond lengths and
angles in 4 and 7 lie in the expected regions.

At present the mechanism of formation of 4 can only be
speculated upon but it seems that the likely intermediate is cis-
[Pt(PEt3)2{h1-Sb[C(O)But]2}2] 8, from which each h1-Sb
coordinated stibadionate ligand eliminates an acyl fragment,
·C(O)But, in a homolytic process. This would leave two

coordinated [·SbC(O)But]2 fragments which could couple, with
an accompanying electron transfer to the Pt(ii) centre, to give 4.
Although there is no spectroscopic evidence for the Sb-
coordinated intermediate, 8, its existence seems feasible
considering that related 2-arsa-1,3-dionato ligands generally
prefer h1-As coordination over h2-O,O-chelation in late transi-
tion metal complexes.12 The fate of the acyl fragment is also a
coupling reaction to give the known diketone, ButC(O)C(O)-
But, which was detected as the major product in the GC–MS
analysis of the reaction volatiles.

We are currently investigating the mechanisms of formation
of 4–7 which, when elucidated, should shed light on why such
a variety of products result from supposedly similar reactions.
These studies will form the basis of a forthcoming publica-
tion.

We acknowledge funding from the Leverhulme Trust (for
S. J. B.), and King’s College London and the EPSRC for
provision of the diffractometer systems.

Notes and References

† Spectroscopic data 4: 1H NMR (400 MHz, C6D6, 298 K) d 0.89 [dt, 18H,
3JPH 17.2 Hz, 3JHH 7.1 Hz, P(CH2CH3)3], 1.22 (s, 18H, But), 1.95 [dq, 12H,
2JPH 22.4, 3JHH 7.1 Hz, P(CH2CH3)3]; 13C NMR (100.6 MHz, C6D6, 298 K)
d 9.3 [d, 2JPC 2.0, 3JPtC 25.0 Hz, P(CH2CH3)3], 24.6 [d, 1JPC 27.6 Hz, 2JPtC

43.1 Hz, P(CH2CH3)3], 27.25 [s, C(CH3)3], 53.26 [s, C(CH3)3], 242.0 (s,
SbCOBut); 31P NMR (101.4 MHz, C6D6, 298 K) d 12.75 (s, 1JPtP 3251.5 Hz,
PEt3); IR (Nujol) n/cm21 1689m), 1641m; FABMS (NBA matrix) m/z 431
[M+ 2 (SbCOBut)2, 100%], 414 [M+ 2 Pt(PEt3)2, 5%]; Found C 31.42; H
5.47; Calc. for C22H48P2O2Sb2Pt: C, 31.44; H, 5.76. 7: 1H NMR (400 MHz,
C6D6, 298 K) d 1.12 [dt, 36H, 3JPH 16.1, 3JHH 7.4 Hz, P(CH2CH3)3], 1.26
[dq, 24H, 2JPH 25.2 Hz, 3JHH 7.4 Hz, P(CH2CH3)3], 1.55 (s, 18H, But); 31P
NMR (101.4 MHz, C6D6, 298 K) d 10.15 (s, 1JPtP 2401.1 Hz, PEt3; IR
(Nujol) n/cm21 1675m FABMS (NBA matrix) m/z 1217 (M+2 Cl, 100%),
626 [M+ 2 PtCl(PEt3)2AsCOBut, 20%].
‡ Crystal data: 4, C22H48O2P2PtSb2, M = 845.13, monoclinic, space group
P21/n, a = 19.919(2), b = 16.062(4), c = 20.132(2) Å, b = 108.48(1), V
= 6109(2) Å3, Z = 8, Dc = 1.838 g cm23, F(000) = 3248, m = 64.44
cm21, crystal 0.30 3 0.25 3 0.15 mm, radiation Mo-Ka (l = 0.71069 Å),
150(2) K, 8946 data, 547 parameters, R1[F2 > 2s(F2)] = 0.0377, wR2 =
0.0826 (all data). 7: C34H78As2Cl2O2P4Pt2, M = 1253.76, monoclinic,
space group P21/n, a = 11.2307(4), b = 18.2118(7), c = 11.6766(5) Å, V
= 2353.3(2) Å3, Z = 2, Dc = 1.769 g cm23, F(000) = 1228, m = 76.10
cm21, crystal 0.10 3 0.10 3 0.10 mm, radiation Mo-Ka (l = 0.71070 Å),
100(2) K, 4621 data, 209 parameters, R1[F2 > 2s(F2)] = 0.0374, wR2 =
0.0928 (all data). Full details of data collections and solution and refinement
of both structures are included as supplementary material, CCDC
182/1008.
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Fig. 1 Molecular structure of cis-[Pt(PEt3)2{h2-ButC(O)SbNSbC(O)But}] 4.
Selected bond lengths (Å) and angles (°): Sb(1)–Sb(2) 2.7551(12), Sb(1)–
Pt(1) 2.6667(9), Sb(2)–Pt(1) 2.6501(10), Sb(1)–C(1) 2.279(12), Sb(2)–C(6)
2.224(12), Pt(1)–P(1) 2.281(3), Pt(1)–P(2) 2.286(3), C(1)–O(1) 1.205(13),
O(2)–C(6) 1.235(13); C(1)–Sb(1)–Sb(2) 90.8(3), C(6)–Sb(2)–Sb(1)
108.0(3), Pt(1)–Sb(1)–Sb(2) 58.50(3), Pt(1)–Sb(2)–Sb(1) 59.08(2),
O(1)–C(1)–Sb(1) 119.0(9), O(2)–C(6)–Sb(2) 112.6(9).

Fig. 2 Molecular structure of trans-[{Pt(PEt3)Cl}2{m-h1,h1-ButC(O)As-
AsC(O)But}] 7. Selected bond lengths (Å) and angles (°): As(1)–As(1A)
2.4595(9), Pt(1)–As(1) 2.4425(5), As(1)–C(1) 2.010(5), Pt(1)–P(1)
2.3320(13), Pt(1)–P(2) 2.3078(13), Pt(1)–Cl(1) 2.4003(13); C(1)–As(1)–
As(1A) 91.86(14), O(1)–C(1)–As(1) 119.3(4), Pt(1)–As(1)–As(1A)
110.63(3), C(1)–As(1)–Pt(1) 109.23(14), Cl(1)–Pt(1)–As(1) 170.95(4),
P(1)–Pt(1)–P(2) 166.49(5).
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Naphthalene intercalation into molybdenum disulfide
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Exfoliation of LiMoS2 followed by reflocculation permits the
intercalation of naphthalene guest molecules into the van
der Waals gap of MoS2.

Layered transition-metal disulfides are versatile intercalation
hosts which can accommodate the steric demands of a wide
variety of guest species.1 Their ability to form intercalation
compounds is known to be strongly dependent on the electronic
structure of the dichalcogenide.2 This may be traced to the
requirement for the host structure to possess low-lying empty
electronic states, as a result of the redox process which
accompanies the intercalation reaction. Hence, dichalcogenides
of group 4 and group 5 transition metals readily form
intercalation compounds with a wide variety of guest species.
This may be achieved electrochemically or chemically, either
by direct reaction with electron donors such as organic Lewis
bases or with chemical reducing agents. In contrast, the
presence of a low-lying dz2 band in the group 6 materials results
in a more limited intercalation chemistry, mainly restricted to
alkali metals as guest species.3

An alternative route to intercalation compounds of transition-
metal disulfides via ‘single’ molecular layers, involving
reaction of a colloidal dispersion of the layered host with a
solution containing the guest species, has been described.4 This
has successfully been applied to the insertion of sterically
disfavoured molecules5 and those which are poor electron
donors including substituted aromatics,6 polymers7 and ferro-
cene.8 This route potentially provides access to a wide range of
intercalation compounds of layered materials and in particular,
affords a means of extending the intercalation chemistry of
group 6 dichalcogenides to encompass novel guest species. In
this work, by describing the synthesis and initial character-
isation of a novel naphthalene intercalation compound of MoS2,
we illustrate that guest molecules which are both poor electron
donors and non-polar may be introduced by this method.

LiMoS2 was prepared by adding three equivalents of
standardised 1.6 M n-butyllithium to a dispersion of 2H-MoS2
in distilled light petroleum (bp 60–80 °C) and stirring for 48 h
under N2. The product, LixMoS2, was washed with several 20
ml portions of light petroleum and dried under vacuum. Powder
X-ray diffraction showed it to be single phase with a hexagonal
unit cell; a = 3.312(45), c = 6.394(18) Å. The lithium content,
x, was determined to be 1.02(2), by flame emission spectros-
copy.

All further stages of the reaction were carried out in air.
Sufficient de-ionized water was added to LiMoS2 to produce a
suspension of 0.08 g ml21 exfoliated MoS2 (denoted {Mo-
S2}exf). The suspension was sonicated for 30 min, a saturated
solution of naphthalene in dichloromethane added (in the molar
ratio of C10H8: {MoS2}exf = 5 : 1) and the mixture stirred for 24
h. The single layer dispersion reflocculated after acidification to
pH = 2 using concentrated HCl. Stirring was then continued for
periods between one day and three weeks, after which the solid
was separated, washed with water and dichloromethane and
vacuum dried. The degree of intercalation was found to vary
with the length of stirring time following acidification. It was
found that repetition of this method consistently led to
intercalation providing the reaction was stirred for 7 days or
more following acidification.

Upon exposure of LiMoS2 to water, gas evolution was
observed together with the formation of a black opaque
suspension. This is consistent with a proposed mechanism for
exfloliation.9 Spontaneous movement of the exfoliated material
up the walls of the reaction vessel was also seen to occur.

The powder X-ray diffraction pattern of the intercalated
material [Fig. 1(a)] shows two strong lines corresponding to the
001 and 002 reflections, whose shift to lower angle indicates an
increase in interlayer spacing. It exhibits a characteristic saw-
tooth shape comprising asymmetrically broadened peaks. This
is a consequence of the Warren effect10 which arises from the
fact that for a two-dimensional layer, the reciprocal lattice
becomes a line perpendicular to the layer and so, for higher
diffraction angles, a continuous distribution of diffraction
intensity appears. The broadness of the Bragg peaks results
from the small particle size, estimated from the degree of
broadening to be < 150 Å. Omission of naphthalene from the
final preparative step produced a material whose powder X-ray
diffraction pattern [Fig. 1(b)] is consistent with the formation of
poorly crystalline restacked MoS2.

The content of the intercalated naphthalene in all product
materials was determined by C, H elemental microanalysis and
by thermogravimetry. A hydrogen content slightly in excess of
that required for a C : H ratio corresponding to naphthalene, was
found by C, H analysis. This suggested that some residual water
was present. An initial low-temperature mass loss observed in
thermogravimetric analysis was consistent with this conclusion,
and was used to determine the water content independently.
This residual water appears to be on the surface of the product

Fig. 1 Powder X-ray diffraction patterns for (a) (C10H8)0.130(H2O)0.05MoS2

and (b) restacked MoS2
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material since repeated preparation of samples indicated that
there was no relationship between the interlayer expansion and
the water content of the sample (Table 1). DSC measurements
showed an endothermic transition at 100 °C, again consistent
with surface water. It is also unlikely that naphthalene, a
hydrophobic molecule, would co-intercalate with water.
Atomic absorption analysis of the intercalation product showed
it to be free of significant amounts of lithium ( < 0.005 moles of
Li per mole of MoS2).

Table 1 shows repeated preparations, only varying in the
period of stirring following acidification; their corresponding
final interlayer expansion and composition. The length of
stirring was found to affect the degree of intercalation observed
such that no significant change in the extent of intercalation was
observed for stirring times of less than seven days. Beyond this,
the extent of intercalation of naphthalene increased with stirring
time up to a maximum of 0.20 mole of naphthalene per mole of
MoS2 at 14 days stirring. Longer stirring times did not lead to
any increase in the degree of intercalation beyond this value.

The interlayer expansion with respect to MoS2 is ca. 3.8 Å.
Molecular modelling calculations11 indicate the van der Waals
size of naphthalene to be ca. 6.8 3 5.1 Å. Hence the observed
Dc value would suggest that the plane of the aromatic species is
parallel to the MoS2 layers. The smaller values of Dc observed
at short reaction times may indicate the occurrence of staging.
Further evidence for naphthalene intercalation with this orienta-
tion is provided by the fact that the pz orbitals in naphthalene
project above and below the plane of the ring in such a way as
to give the ring an effective thickness of ca. 3.7 Å12 which is
consistent with the interlayer expansion observed in the product
reported here. The area of a naphthalene molecule is ca. 35 Å2

which compares with an interlayer area of ca. 8.6 Å2 per
molybdenum atom in MoS2. Such a geometric constraint
suggests that the maximum uptake of naphthalene is approx-
imately 0.25 per molybdenum atom: the maximum guest

content observed is 0.20. Steric repulsion between neighbouring
naphthalene molecules is likely to prevent maximum occupancy
of the interlayer spacing from being attained.

Insertion of a non-polar species into a group 6 disulfide has
been achieved using the synthetic method reported here. An
organic/inorganic composite material is obtained with a limiting
content of 0.20 moles of naphthalene per molybdenum atom.
The interaction of the organic and inorganic fragments of this
material would be expected to lead to changes in the physical
properties of the host. Studies of the structural, transport and
magnetic properties of the material are currently in progress and
will be reported in due course.
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Table 1 Characterisation of intercalation compounds

Stirring
time/days Dc/Å Empirical formula (C, H analysis) Empirical formula (TG)

1 2.43 (C10H8)0.07(H2O)0.11MoS2 (C10H8)0.07(H2O)0.06MoS2

7 2.91 (C10H8)0.08(H2O)0.33MoS2 (C10H8)0.08(H2O)0.28MoS2

9 3.74 (C10H8)0.11(H2O)0.26MoS2 (C10H8)0.11(H2O)0.20MoS2

13 3.53 (C10H8)0.13(H2O)0.19MoS2 (C10H8)0.13(H2O)0.14MoS2

14 3.81 (C10H8)0.13(H2O)0.05MoS2 (C10H8)0.13(H2O)0.05MoS2

14 4.26 (C10H8)0.20(H2O)0.19MoS2 (C10H8)0.20(H2O)0.12MoS2
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Ozone treatment for the removal of surfactant to form MCM-41 type materials
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Ozone has been used to remove the organic surfactant
species at 250 °C from as synthesised organic/inorganic
composite (or mesophase) materials to form mesoporous
MCM-41 type solids with higher surface area, larger pores
and narrower pore size distribution than those obtained by
conventional calcination at 550 °C.

The relatively large interest of MCM-type mesoporous materi-
als that has arisen since 19921,2 lies in the fact that they can be
tailored to form pores of narrow distribution, from 2 to 10 nm.
This opens up a field of fundamental and applied science where
a narrow mesopore size distribution and high surface area could
be required. Surprisingly for these tailor-made materials where
a control of the pore size can be important, a limited number of
studies have been published concerning the specific removal of
organic material from the as synthesised organic/inorganic
composite or mesophase.3–6 In effect, the removal of the
‘templating’ surfactant molecules, occluded within this material
during the synthesis, is quite often carried out by thermal
methods. Commonly, a heating ramp of 1 °C min21 up to a
plateau temperature of 550 °C in air is used.1,2 However,
methods such as plasma and supercritical fluid extraction3 are
other possible means to remove this organic material. Several
studies have also used washing or ionic exchange of the
surfactant.4–7

Ozone, is commonly used as a treatment in numerous
applications ranging from environmental technology (e.g.
ozone in water treatment8) to physics (e.g. cleaning of polished
flat surfaces). To date, however, ozone treatment has not been
used to eliminate organic species from porous materials. For
microporous materials such as zeolites, the elimination of the
organic template could be hampered by the steric hindrance of
the micropores themselves. This is not the case for slightly
larger pores where the elimination of the organic moieties from
the pores is hindered to a far lesser extent. The present
preliminary study has used ozone at room temperature to
remove the organic surfactant to form mesoporous MCM-41
type materials.

The silica mesophase was prepared using the synthesis
outlined by Grün et al.9 This particular synthesis route uses
tetraethoxysilicate as the silica source and is carried out at
25 °C. The surfactant used was cetyltrimethylammonium
bromide (CTABr). After filtering and washing in distilled
water, the sample was dried in air at 20 °C overnight. For
comparison, part of the sample was calcined under a nitrogen
flow, at a heating rate of 1 °C min21, up to a 550 °C plateau for
4 h. For the ozone treatment, around 0.1 g of sample was placed
on a watch glass which was then placed for 24 h under a UV
lamp (electrical power 20W : UV power 6.8 W at 254 and 180
nm) whose wavelength is known to create ozone from
atmospheric oxygen. To verify the effect of the UV light on the
sample, a separate sample was treated by a flow of gaseous
ozone produced by an electric arc. Both samples showed similar
results on further characterisation. The sample was charac-
terised by X-ray diffraction (Fig. 1), DRIFT (Fig. 2) and argon
adsorption manometry at 77 K (Fig. 3). The ozone treated
sample was also treated by thermogravimetry up to 1000 °C that

showed a 1% weight loss, essentially from silanol condensation
forming water.

The XRD patterns shown in Fig. 1 are typical for hexagonal
mesoporous materials. For the ozone treated sample, the d100
spacing of 4.15 nm is surprising in that it is the same as that
found in the initial mesophase. Normally, thermal extraction
and ion exchange of the template leads to an appreciable
shrinkage of the structure of up to 25%.4 This is illustrated in the
lower pattern obtained for a traditionally calcined sample with
a d100 spacing of 3.67 nm.

Fig. 1 X-Ray powder diffraction patterns of an ozone treated sample (upper
curve) and a sample calcined to 550 °C (lower curve)

Fig. 2 DRIFT spectra of an ozone treated sample (upper curve) and original
mesophase (lower curve)
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The IR spectrum of the silica mesophase before ozone
treatment (lower curve, Fig. 2) clearly shows the peaks resulting
from C–H stretching (2924 and 2854 cm21) as well as a broad
signal (3600–3200 cm21) assigned to hydrogen bonded Si–OH
groups.10 After ozone treatment (upper spectrum, Fig. 2), the
C–H peaks are no longer observed whereas a large signal
assigned to hydrogen bonded Si–OH persists.

The argon adsorption isotherms at 77 K obtained with the
ozone treated sample (circles) and a traditionally calcined
sample (squares) (Fig. 3) are both of type IV character11 and
show distinct capillary condensation steps. The capillary
condensation step obtained with the ozone treated sample is in
reality sharper and slightly higher in relative pressure (p/p0 =
0.37 compared with 0.30) than that obtained for a sample
calcined using a standard thermal treatment. This would seem to
indicate that a larger pore size and a narrower pore size
distribution can be obtained for MCM41 using ozone treatment.
The t-plot analysis shows that there are no micropores and
relatively little external surface area (ca. 25 m2 g21) when
compared to the calcined sample (ca. 40 m2 g21). The argon
BET surface area obtained is 710 m2 g21 for the ozone treated
sample, which is similar for the same sample calcined using a
standard treatment. Using the geometric formula for the
diameter d = 4V/A, leads to a pore diameter of 3.6 nm for the
ozone treated material.

These results highlight that for mesoporous materials, such as
MCM-41, treating by ozone could prove interesting from
several points of view. First of all, such treatment is relatively
strightforward, as a simple UV lamp can be used. Secondly, it
could be envisaged that samples in situ can be treated after the
synthesis of the mesophase. That is to say that, the elimination
of the organic template can be possible within the synthesis
medium limiting the total number of synthesis steps required.
Thirdly, the ozone treatment is carried out at room temperature,
although the temperature reached within the pores themselves
could be higher. For this reason ozone treatment could prove
well adapted to materials with a fragile structure where, for
example, the nature of metal species occluded within the walls
during synthesis could be altered on thermal treatment. Finally,
this ozone treatment is a clean technology for the removal of
organic species as the majority of products formed are thought
only to be water and carbon dioxide. However, questions
remain of in what forms the nitrogen and bromine are
eliminated from the pores. From these points of view ozone
treatment could prove more cost effective with respect to
thermal treatment for the removal of organic species from these
materials.

The authors would like to thank Dr J. Blanchard at the
University of Frankfurt for the XRD spectra and the EC TMR
program (ERB FM RX CT 960084) for financial support of
M. T. J. K.
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Fig. 3 Argon adsorption–desorption isotherm obtained at 77 K for (i) an
ozone treated sample: (5) adsorption, (2) desorption, and (ii) a sample
calcined at 550 °C: (-) adsorption
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Unusual reactivity and isomerisation in dicobalt s-indacene complexes
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Di-{Co(Cp)} derivatives of But
4-s-indacene (IcA) have been

prepared, they exist as both cis and trans isomers which can
interconvert in solution; the solution electrochemistry of
these complexes show that these bimetallic complexes can
exhibit up to four redox events; unusually, attempted
oxidation by a protic oxidising agent of (CoCp)2Ic results in
attack at the central carbons of the indacene rings.

Organometallic polymers are known to show interesting
magnetic and electronic properties arising from the communica-
tion of adjacent metal centres. For example, polyferroceno-
phanes exhibit two oxidation waves for the alternate iron sites.1
Manriquez et al. have reported substantial intramolecular
metal–metal communication for bimetallic complexes contain-
ing bridging indacene and pentalene ligands,2 however attempts
at synthesis of oligo- and poly-meric transition metal complexes
incorporating these ligands have met with limited success
owing to their insolubility.

We have been investigating the organometallic chemistry of
IcA (IcA = 1,3,5,7-tetra-tert-butyl-s-indacene)3 with the view of
making soluble oligomeric complexes with significant intra-
molecular electron–electron correlation.4 So far, bimetallic
transition metal complexes of IcA have only exhibited cis
coordination of the two metal centres to the planar ligand,
however, the transition metal starting materials were dimeric
thus favouring this geometry. Thus, syntheses involving
suitable monomeric transition metal starting materials should
afford a mixture of both cis and trans bimetallic IcA com-
plexes.

Reaction of IcA and 2 equiv. of monomeric [CoCp(C2H4)2]
gave a brown solution, from which analytically pure [(CoC-
p)2IcA] 1† can be isolated (Scheme 1). The room temperature 1H
NMR spectrum of a solution of 1 in [2H8]toluene shows two sets
of uncorrelated resonances in the ratio 8 : 1, upon cooling the
solution to 233 K this ratio changes to 5 : 1. We believe the
resonances attributable to the major species are due to the cis
isomer of 1 (Scheme 1) vide infra. In fact, on warming a
solution of 1 in [2H8]toluene we can observe exchange
broadening and eventual coalescence of some of the proton
resonances due to the cis and trans isomers for 1 indicating
rapid interconversion on the NMR timescale. The mechanism
for this interconversion is presently under investigation. The
fact that compound 1 is diamagnetic suggests that we should
consider the Ic ligand as an L4 donor in this case coordinated to
two monovalent CoCp moieties.5

The cyclic voltammetric response of a tetrahydrofuran
solution of 1 and tetrabutylammonium hexafluorophosphate
(0.1 M) gave four quasi reversible waves at 20.12, 20.75,
21.18 and 21.49 V vs Fc–Fc

+.6 [Fv(CoCp*)2]7 (Fv =
fulvalene) is reported to give a cyclic voltammogram containing
four waves, attributable to the mono- and di-anionic, neutral,
mono- and di-cationic species. The fact that we observe
stepwise redox events indicates significant intramolecular
interaction between the cobalt centres. Astruc and coworkers
have demonstrated that [Fv(CoCp*)2] may be conveniently
oxidised to the dication with HPF6.7 We therefore employed a
similar approach to the synthesis of the dication of 1.

Reaction of 1 with 2 equiv. of ammonium tetrafluoroborate at
room temperature, after work up, afforded a yellow air stable

crystalline powder characterised as [(CoCp)2(IcAH2)][BF4]2 2.
The 1H and 13C NMR spectra of 2 showed that the IcA ligand has
been protonated at the 4,8 carbon positions (Scheme 1) giving a
mixture of cis and trans isomers. However, in this case the 1H
NMR does allow us to assign the resonances due to the cis
isomer, since the two protons on each of the 4,8 carbon atoms
are now chemically inequivalent. We observe no evidence for
any interconversion on the 1H NMR timescale between the cis
and trans isomers in the temperature range 223–322 K. When
the reaction is carried out at room temperature the cis : trans
ratio of 2 is 8 : 1, which reduces to 5 : 1 when the reaction
temperature is lowered to 233 K. The reaction of 1 with
ND4BF4 affords [2H2]2, the 1H NMR spectrum of the cis isomer
indicates exclusive deuteration at one site. Geiger has showed
that the protonation of [CoCp2]2 proceeds exclusively at the
exo position, implying that it does not occur via the metal
centre.8

Suitable crystals for single crystal X-ray diffraction analysis
of trans-2 were grown from a concentrated mixture of
dichloromethane and acetonitrile. The molecular structure of
trans-2 (Fig. 1)‡ contains a crystallographic inversion centre at
the middle of the six membered ring of the IcAH2 ligand and
cocrystallised with one molecule of each of acetonitrile,
dichloromethane and tetrafluoroborate in the asymmetric unit.
The Cp moiety is only slightly staggered with respect to the

Scheme 1. Reagents and conditions: i, [CoCp(C2H4)2] (2.2 mol. equiv.),
THF, 24 h, room temp.; ii, NH4BF4 (2 mol. equiv.), THF, room temp.; iii,
Ag(OTf) (2 mol. equiv.), THF, room temp.
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IcH2 ligand being out of phase by 7.8°, compared to cobaltocene
and cobaltocenium cation which are staggered by 30°.9 Thus 2
can be considered as two doubly bridged cobaltocenium
cations. In contrast to the reported dimethyl silyl doubly bridged
cyclopentadienyl complexes which are bent, the IcAH2 fragment
is planar.10 The cyclic voltammetric response of a tetra-
hydrofuran solution of 2 and tetrabutylammonium hexa-
fluorophosphate (0.1 M) gave an irreversible oxidation wave at
0.65 V and an irreversible reduction wave at 21.31 V vs Fc–
Fc+.

Typically, electrophilic addition of a proton to cobaltocene
occurs with a one electron reduction to afford the monovalent
complex [Co(h5-Cp)(h4-C5H6)].11 However the synthesis of 2
proceeds with a two electron oxidation at the cobalt atom. This
is possible as the IcA undergoes electrophilic addition at the 4,8
carbon positions, which appear to be more reactive than the
carbon atoms in the five membered rings.

The successful synthesis of the dication of 1 was achieved by
employing aprotic oxidising reagents. Reaction of 1 with 2
equiv. of silver triflate afforded dark red crystalline [(CoCp)2-
IcA]2+[OTf]2 3. We presume that compound exists as both cis
and trans isomers. Compound 3 is paramagnetic, solutions in
CD3CN give a magnetic moment of 2.1 mB per cobalt atom. The
molecular structure of cis-3 (Fig. 2) shows the IcA ligand is
slightly distorted to a convex structure with respect to the two
CoCp fragments, thus reducing their steric interaction. The Co–
C(Cp) bond lengths are all essentially equivalent
[2.02(1)–2.05(1) Å], however, the Co–IcA bond lengths vary
slightly, shifting the cobalt atoms towards the outside carbon
atoms [cf. Co(1)–C(1–3) 2.03–2.05 Å, Co(1)–C(9,10)
2.11–2.15 Å]. This is similar to that found in trans-
[(CoCp*)2(s-indacene)]. The Cp(centroid)–Co–IcA bond angle
of 175° further reducing the steric interaction between the CoCp
moieties.

The cis isomer of 1 displays greater thermodynamic stability
in solution over the trans isomer as indicated by the NMR
experiments. The prevalence of the cis isomer seems somewhat
strange from the distortion observed of the Ic ligand in the
molecular structure of 3 and that only trans isomers are
observed in unsubstituted s-indacene bimetallic transition metal
complexes. We are presently undertaking density functional
theory calculations on 1 in an effort to explain this unusual
phenomenon.

We thank the EPSRC for financial support and a studentship
(M. J. D.).
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† Characterisation data: 1: Anal. Calc. for C38H50Co2: C, 73.06; H, 8.07.
Found C, 72.19; H, 8.21%. 1H NMR (293 K, C6D6) cis-1, d 5.14 (s, 2H,
CH), 4.95 (s, 2H, CH), 4.47 (s, 10H, Cp), 1.33 (s, 36H, But). trans-2, d 6.36
(s, 2H, CH), 5.18 (s, 2H, CH), 4.47 (s, 10H, Cp), 1.33 (s, 36H, But). For 2:
Anal. Calc. for C38H40B2F8Co2: C, 57.03; H, 6.55. Found C, 57.45; H,
6.44%. 1H NMR (293 K, CD3CN) cis-2, d 5.81 (s, 10H, Cp), 5.49 (s, 2H,
CH), 4.11 (d, J 20.5 Hz, 2H), 3.65 (d, J 20.5 Hz, 2H), 1.41 (s, 36H, But).
trans-2, d 5.55 (s, 10H, Cp), 5.34 (s, 2H, CH), 3.95 (s, 2H, CH), 1.47 (s,
36H, But). For 3: Anal. Calc. for C40H50O6F6S2Co2: C, 52.06; H, 5.46%.
Found: C, 52.29; H, 5.42.
‡ X-Ray crystal structure analysis: 2 monoclinic, space group P21/c, a =
10.564(7), b = 12.721(9), c = 18.019(6) Å, b = 90.578(4)°, U =
2421.35(5) Å3, Z = 4, Dc = 1.44 g cm23, m = 0.97 mm21, crystal size 0.3
3 0.25 3 0.05 mm, T = 150 K, 90 frames, 31 054 total (5256 independent)
reflections, R = 0.08 and Rw = 0.095 for 4749 reflections with I > 5s(I);
3: monoclinic, space group P21/n, a = 11.166(1), b = 14.461(1), c =
27.361(2) Å, b = 86.167(4)°, U = 4408.14(5) Å3, Z = 4, Dc =
1.52 g cm23, m = 1.03 mm21, crystal size 0.3 3 0.2 3 0.05 mm, T =
150 K, 90 frames, 30 179 total (5533 independent) reflections, R = 0.068
and Rw = 0.073 for 3257 reflections with I > 5s(I). CCDC 182/1013.

1 I. Manners, Adv. Organomet. Chem., 1995, 37, 131.
2 J. M. Manriquez, M. D. Ward, W. M. Reiff, J. C. Calabrese, N. L. Jones,

P. J. Carroll, E. E. Bunel and J. S. Miller, J. Am. Chem. Soc., 1995, 117,
6182.

3 K. Hafner, B. Stowasser, H. P. Krimmer, S. Fischer, M. C. Bohm and
H. J. Linder, Angew. Chem., Int. Ed. Engl., 1986, 25, 630.

4 D. R. Cary, C. G. Webster, M. J. Drewitt, S. Barlow, J. C. Green and D.
O’Hare, Chem. Commun., 1997, 953.

5 M. L. H. Green, J. Organomet. Chem., 1995, 500, 127.
6 DE = 150 mV at 200 mV s21 with ipa/ipc ≈ 1.0.
7 S. Rigginger, D. Buchholz, M. Delville-Desbois, J. Linares, F. Varret,

R. Boese, L. Zsolnai, G. Hutter and D. Astruc, Organometallics, 1992,
11, 1454.

8 W. E. Geiger, W. L. Bowden and N. El Murr, Inorg. Chem., 1979, 18,
2358.

9 D. Barga, L. Scaccianoce, F. Grepioni and S. M. Draper, Organo-
metallics, 1996, 15, 4675; W. Bunder and E. Weiss, J. Organomet.
Chem., 1975, 92, 65.

10 U. Siemeling, P. Jutzi, B. Neumann and H. Stammier, Organometallics,
1992, 11, 1328.

11 N. El Murr, J. Organomet. Chem., 1981, 208, C9.

Received in Cambridge, UK, 13th August 1998; 8/06391E

Fig. 1. Molecular structure of the trans isomer of 2 (CH2Cl2, MeCN, BF4
2

and H atoms have been omitted for clarity). Selected bond lengths (Å): Co–
IcA(centroid) 1.647(1), Co–Cp(centroid) 1.633(1), Co–C(1) 2.055(7), Co–
C(2) 2.018(8), Co–C(3) 2.035(8), Co–C(4) 2.028(7), Co–C(5) 2.035(7),
Co–C(6) 2.034(9), Co–C(7) 2.028(8), Co–C(8) 2.022(8), Co–C(9) 2.025(8),
Co–C(10) 2.022(9).

Fig. 2. Molecular structure of the cis-isomer of 3 (CH2Cl2, CF3SO3
2 and H

atoms have been omitted for clarity). Selected bond lengths (Å): Co(2)–
Cp(centroid) 1.66(1), Co(1)–C(1) 2.05(1), Co(1)–C(2) 2.03(1), Co(1)–C(3)
2.04(1), Co(1)–C(9) 2.15(1), Co(1)–C(10) 2.11(1), Co(1)–C(13) 2.04(1),
Co(2)–C(5) 2.05(1), Co(2)–C(6) 2.01(1), Co(2)–C(7) 2.06(1), Co(2)–C(11)
2.18(1), Co(2)–C(12) 2.14(1), C(4)–C(10) 2.03(1).
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5-endo-dig Cyclisations of homopropargylic sulfonamides: a new route to
2,3-dihydropyrroles and b-iodopyrroles

David W. Knight,*a† Adele L. Redferna and Jeremy Gilmoreb

a Chemistry Department, Cardiff University, PO Box 912, Cardiff, UK CF1 3TB
b Eli Lilly and Co. Ltd., Lilly Research Centre, Erl Wood Manor, Windlesham, Surrey, UK GU20 6PH

5-endo-dig Iodocyclisations of the homopropargylic sulfo-
namides 12a–c and 13 give excellent yields of the iododihy-
dropyrroles 14a–d and thence the b-iodopyrroles 15a–d,
following base-catalysed elimination of sulfinic acid.

We have recently reported that (E)-homoallylic tosylamides 1
(R1, R2 = alkyl, aryl) undergo highly efficient and stereoselec-
tive iodocyclisations to give the 2,5-trans iodopyrrolidines 2 in
the presence of a base such as K2CO3, seemingly via a well-
defined chair-like transition state conformation. In contrast, in
the absence of a base, the corresponding 2,5-cis diastereo-
isomers 3 are obtained exclusively by acid-catalysed isomeriza-
tion of the initial products 2 (Scheme 1).1 Although apparently

5-endo-trig cyclisations, we do not regard these as exceptions to
Baldwin’s rules2 as the process is electrophile- rather than
nucleophile-driven; other aspects of our own studies and those
of other research groups appear to substantiate this principle.3
More recently, we have found that the method can be readily
extended to include preparations of both 2,5-trans and 2,5-cis
isomers of the substituted prolines 4 and that these undergo a
double elimination of both HI and toluene-p-sulfinic acid upon
warming with DBU in DMF, giving excellent yields of the
pyrrole-2-carboxylates 5 (Scheme 2).4

While this is a useful route to such pyrroles and is related to
the established Kenner method, we felt that it was something of
a backward step to lose this degree of functionality during the
elimination, especially the iodine atom which could otherwise
provide a handle for further elaboration. It was with this in mind
that we wondered if it might be possible to effect similar
cyclisations of related homopropargylic amine derivatives,
inspired by our recent success in an approach to highly
substituted furans.5 The idea of working at this higher oxidation
state is outlined in Scheme 3. If a suitably protected propargylic
(prop-2-ynylic) amine 6 were to undergo a 5-endo-dig cyclisa-
tion, the resulting dihydropyrroles 7 might then be amenable to
elimination of the protecting group, leading to pyrroles 8, in
which the electrophilic species used to trigger cyclisation is
retained and hence would be available for additional reactions.
Further, the dihydropyrrole species 7 might well be useful for

further elaboration; however, at the outset, we had no idea
whether these would be stable compounds. We were en-
couraged by the fact that, perhaps at first sight surprisingly and
in direct contrast to the 5-endo-trig mode, 5-endo-dig cyclisa-
tions are favoured under Baldwin’s rules.2 Herein, we report on
a first successful implementation of the approach shown in
Scheme 3.

The success of the pyrrolidine and pyrrole syntheses
(Schemes 1 and 2) naturally led us to choose as a first option the
toluene-p-sulfonyl (tosyl) group to mask the amine nitrogen; the
routes used to obtain representative substrates are shown in
Scheme 4. The benzophenone imine of methyl glycinate 96 was

Scheme 1

Scheme 2

Scheme 3

Scheme 4 Reagents and conditions: i, propargyl bromide, K2CO3, Bu4Nl,
MeCN, reflux, 7 h; ii, 2 m aq. HCl, Et2O, 20 °C, ca. 1 h, then TsCl, Et3N,
DMAP (cat.), CH2Cl2, 20 °C, 15 h; iii, Arl, CuI (cat.), Pd(PPh3)4 (cat.),
Et2NH, 20 °C, ca. 3 h (TLC monitoring); iv, as i, using 1-bromopent-
2-yne
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alkylated7 with propargyl bromide and the N-protecting group
of the resulting propargyl glycine 10 exchanged for a tosyl
group. Sonogashira coupling8 of the sulfonamide 11 so obtained
with representative iodides provided excellent yields of the
cyclisation substrates 12. An alkyl derivative 13 was obtained
using 1-bromopent-2-yne as the alkylating agent, followed by
protecting group exchange.‡ An alternative strategy involving
couplings between aryl iodides and the imine 10 was un-
successful. We were delighted to find that exposure of the
sulfonamides 12 and 13 to 3 equiv. of I2 and K2CO3 in dry
MeCN at ambient temperature resulted in slow but clean
cyclisation to give excellent isolated yields of the iododihy-
dropyrroles 14 (Scheme 5).9 The aryl derivatives 14a–c turned
out to be stable crystalline solids with sharp melting points,
whereas the alkyl derivative 14d was a somewhat sensitive oil
which nevertheless could be fully characterized.‡ Further, by
stirring these dihydropyrroles 14 with DBU in DMF at ambient
temperature, excellent yields of the corresponding iodopyrroles
15 were obtained by elimination of toluene-p-sulfinic acid
(Scheme 5).‡ It was important to use 2 equiv. of the base; if only
1 equiv. was used, then approximately 50% of the product was
the deiodopyrrole 16, along with the expected product 15
(Scheme 6). We assume that the released sulfinic acid is
responsible for this deiodination, perhaps by attack at iodine by
sulfur, leading to the sulfonyl iodide, a process greatly reduced
by the presence of an additional equivalent of base. Proton-
catalysed cycloreversion, with loss of iodine, cyclisation and
elimination is another possibility.

Both iodinated species 14 and 15 have potential for further
elaboration, especially using one of the many transition metal-
catalysed coupling procedures currently available. b-Io-
dopyrroles have recently been shown to undergo both Stille10

and Sonogashira couplings.11 In the present work we have
established that the iododihydropyrroles 14 are compatible with
palladium catalysts. Thus, a rapid Sonogashira coupling
between dihydropyrrole 14a and phenylacetylene [CuI (0.2
equiv.), Pd(PPh3)4 (0.1 equiv.), Et2NH, 20 °C, 2 h] delivered an
82% isolated yield of the enyne 17, suggesting that they will
prove to be useful synthetic intermediates. These aspects and
further studies of the scope and limitations of this chemistry are
currently being pursued.

We thank the EPSRC Mass Spectrometry Centre, Swansea
University, for the provision of high resolution MS data and Eli

Lilly and Co. Ltd and the EPSRC for financial support through
the CASE Scheme.
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Scheme 5 Reagents and conditions: i, I2, K2CO3 (3 equiv. each), dry MeCN,
0–20 °C, 14 h; ii, DBU (2.1 equiv.), DMF, 20 °C, 14 h

Scheme 6
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A Ru-allenylidene complex with an appended redox-active substituent:
spectroscopic characterization of three oxidation states†
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A Ru allenylidene complex with a ferrocenyl substituent in
the aliphatic side chain has been prepared and the effects of
the consecutive oxidations of the ferrocenyl group and the
Ru have been probed by IR and UV/VIS spectroelec-
trochemistry.

The reactivity of metal-vinylidene and 2allenylidene com-
plexes is now well established and may be employed in a variety
of useful transformations.1,2 In contrast, it is only recently that
a similar chemistry of the butatrienylidene ligand has begun to
emerge. The reactions of the C4H2 ligand present in cationic
[Ru]NCNCNCNCH2

+ intermediates include the addition of
aprotic nucleophiles to the electrophilic Cg3,4 and the addition of
protic nucleophiles to the terminal double bond generating
methyl substituted allenylidene complexes. Some interesting
cycloaddition/cycloreversion chemistry5 as well as an unusual
Aza-Cope rearrangement following the addition of allyl
substituted tertiary amines were also reported.4

We have initiated a program aimed at synthesizing novel
heteroatom substituted Ru-allenylidene complexes [Ru]NC
NCNC(ERn)RA+ from butatrienylidene precursors trans-
[ClRu(L2)2NCNCNCNCH2]+ (L2 = chelating diphosphine) and
investigating their spectroscopic and electrochemical properties
as a function of the heteroatom and the oxidation state of Ru. In
this context we are striving for model compounds which allow
us to reversibly alter the electronic properties of the unsaturated
ligand by attaching redox active substituents to the allenylidene
side chain. Here we report our findings on trans-
[ClRu(dppm)2NCNCNC(NMe2)C2H4Fc]+ SbF6

2, 2 [dppm =
bis(diphenylphosphino)methane; Fc = ferrocenyl,
(C5H4)Fe(C5H5)], which constitutes the first example of such
compounds. 2 was prepared in good yield by trapping the in situ
generated [ClRu(dppm)2NCNCNCNCH2]+ with ferrocenylme-
thyldimethylamine, FcCH2NMe2. Due to the inherent reactivity
of the organometallic amine toward dichloromethane,6 chlor-
obenzene had to be employed as solvent. As to the formation of
2, we assume that the initially generated addition product 1
evolves to the title compound by migration of the resonance
stabilized ferrocenylcarbenium ion7 from the quaternary ni-
trogen to the neighbouring nucleophilic Cd (Scheme 1). Thus,
the overall reaction closely resembles that observed for Ph2NH
with FcCH2

+ instead of a proton. In the crude reaction mixture,
1 was identified as a minor product along with a third, as yet
unidentified component.‡ Although numerous attempts to
obtain X-ray quality crystals failed the spectroscopic data leave
no doubt as to the identity of 2.‡ The most characteristic
features are the intense allenylidene IR stretch at 1992 cm21

(KBr pellet), the low field quintet in the 13C NMR spectrum at
d 201.8 with a 2JP-C coupling of 13.6 Hz and the two triplets for
the ethylene spacer as well as the signals of a monosubstituted
ferrocenyl unit in the 1H NMR spectrum. The methyl groups
attached to the nitrogen give rise to two separate resonance
signals in the 1H and 13C NMR spectra, indicating a double
bond character of the CNN bond. Even at 368 K these signals
remain separate without any indication of exchange broadening.
The energy barrier for rotation must therefore well exceed 73 kJ
mol21. These data are in agreement with the iminiumalkynyl

resonance form B being the predominant contributor to the
electronic structure of 2 as was noted before for other
aminoallenylidene complexes.4,8

Cyclic and square wave voltammetry of 2 in CH3CN§ reveal
three electrochemical processes within the solvent window, one
reduction and two oxidations. At room temperature the
reduction is essentially irreversible. At lower temperatures, just
above the melting point of the solvent, the chemical decomposi-
tion is slowed to a degree that allows us to determine the E1/2 of
this couple as 22.13 V vs. the ferrocene/ferrocenium standard.
The first oxidation is a chemically and electrochemically
reversible Nernstian process with an E1/2 of + 0.02 V, i.e. close
to that of ferrocene itself. We attribute this feature to the
oxidation of the appended ferrocenyl substituent, which is
further supported by spectroelectrochemistry (vide infra). The
second oxidation occurs on the Ru fragment. Under appropriate
experimental conditions, the Ru(II/III) couple constitutes a
chemically reversible one electron step at E1/2 = + 0.62 V
which suffers, however, from somewhat slow electron transfer
kinetics. Quasireversible behavior has been observed for the
Ru(II/III) couples in similar systems.9 Most significantly, the
E1/2 of this couple is shifted anodically by 50 mV with respect
to otherwise identical complexes but containing a butenyl4 or
CHEtCNCNCH2 side chain10 instead of the ferrocenylethyl
group. We attribute this shift to the increasing electron
withdrawing ability of the allenylidene side chain as the
appended ferrocenyl substituent is oxidized.

This effect is also evident from following the stepwise in situ
oxidation of 2 by UV/VIS and IR spectroscopy. The first
oxidation is accompanied by the growth of an absorption band
at 642 nm, a region which is characteristic of the ferrocenium
chromophore (see insert of Fig. 1). At the same time the intense
metal-to-ligand charge transfer absorption band of the [Ru]NC

Scheme 1
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NCNC(NR2)RA+ chromophore experiences a bathochromic shift
from 386 nm to 394 nm (Fig. 1). A similar, albeit smaller effect
just above the resolution power of our spectrometer is seen
during IR monitoring of the first oxidation. Here, the intense
allenylidene absorption band moves from 1999 cm21 to 1997
cm21. Essentially no metal–metal coupling is observed over the
partially saturated carbon spacer in the formally mixed valent
heterobimetallic monooxidation product as shown by the
absence of any absorption in the near IR region.

A larger effect is obtained when 2 is further oxidized. Both
the UV/VIS and IR absorption bands exhibit a shift in the
opposite direction to that found for the first oxidation process.
In the fully oxidized trication the visible band is now positioned
at 348 nm (Fig. 2). Another weak, broad band centered at 580
nm does also appear, which we attribute to a d–d transition
within the Ru(III) fragment (insert of Fig. 2). The ferrocenium
band remains essentially unchanged. In IR spectroelectrochem-
ical experiments the intense absorption of the dication is
replaced by a much weaker band at 2022 cm21 as the oxidation
of Ru(II) proceeds. We wish to emphasize that under our in situ
conditions all oxidized species are reasonably stable. In fact,
rereducing 22+ reproduced the starting material in near quantita-
tive (UV/VIS) and about 80% yields (IR). The lesser reversibil-
ity in the IR experiment is due to the longer electrolysis time
required to convert the higher concentrated samples. We can
therefore exclude that the loss of intensity in the IR experiment
is caused by extensive decomposition rather than being an
intrinsic characteristic of our system. Both the decrease in
absorptivity of the IR band as well as its blue shift upon
oxidation have also been observed in Ru(II)-cyanide com-
plexes11 thus emphasizing that, in this special situation, there
may indeed be an analogy between the CN2 and an electron

poor acetylide ligand.12 The shifts of the visible and the infrared
bands do also point to an increase in bond order of the Ca–Cb
entity as the ruthenium is oxidized.

In summary, we have generated a novel functionalized
aminoallenylidene complex by trapping a still elusive
[Ru]NCNCNCNCH2

+ intermediate with a suitable tertiary amine.
The appended ferrocenyl substituent allows us to reversibly
alter the electronic properties of the allenylidene ligand.
Ferrocenyl oxidation influences both the Ru(II/III) oxidation
potential and the spectroscopic properties of the allenylidene
chromophore despite the rather remoteness of the ferrocenyl
group and the saturated nature of the connecting bridge. Much
larger effects are to be expected if the redox-active tag is
attached directly to the delocalized allenylidene system. Work
along these lines is in progress.

I am indebted to the Deutsche Forschungsgemeinschaft,
DFG, for financial support of this work. The contributions of
Stephan Hartmann are also gratefully acknowledged.
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Fig. 1 Spectroscopic changes during the first electrochemical oxidation (Fc/
Fc+) of 2 in the UV/VIS region

Fig. 2 Spectroscopic changes during the second electrochemical oxidation
[Ru(II/III)] of 2 in the UV/VIS region
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Two strategies to improve the catalytic activity of Ti-MCM-
41 materials in the epoxidation of olefins are described; the
first approach involves silylation of the surface of Ti-MCM-
41 which produces a very hydrophobic catalyst whereas the
second approach is based on removal of water from the
reaction media; the increase in activity is not due to a change
in the intrinsic activity of the Ti sites, but rather to a decrease
of the catalyst deactivation by reducing the formation of
diols produced by ring opening of the epoxide.

The discovery of TS-1,1 and its extension to Ti-beta2 and Ti-
MCM-413 have broadened the scope of these interesting
catalysts to include the oxidation of large hydrocarbon mole-
cules.3–6 It has been shown with these catalytic systems that the
hydrophobic/hydrophilic properties of the surface are just as
important as the number of active sites. Control of the
hydrophobicity of the molecular sieve allows the optimization
of the adsorption of reactants and products.7,8 This is especially
true for the epoxidation of olefins where, irrespective of the
nature of the oxidant, the epoxide has higher polarity than the
olefinic substrate. Consequently, the epoxide competes more
favorably for adsorption on the hydroxylated surfaces of the Ti-
silicates.5 In this respect, the presence of silanol groups as well
as the presence of NTi–OH groups allows adsorption of the
epoxide and results in ring opening of the epoxide and the
formation of diols. As discussed later, the diols tend to strongly
adsorb on the Ti sites and lead to partial deactivation of the
catalyst.

We have shown that by decreasing the concentration of the
internal silanol groups in Ti-beta, it is possible to significantly
increase the selectivity to the epoxide.7 In the case of materials
such as Ti-silica and Ti-MCM-41, which contain a large number
of silanol groups, the silanol content can be reduced by reaction
with organosilanes9,10 or by introducing organosilanes directly
to the synthesis gel of mesoporous materials,11–13 and this
modification is reflected in the final properties of the cata-
lyst.13,14 In this manner it has recently been shown that silylated
Ti-MCM-41 gives better selectivity to the epoxide when
hydrogen peroxide is used as an oxidant.14 However, the
cyclohexene conversion was 13% of the maximum conversion
achievable and the selectivity to the epoxide was only 13%.
Thus, as shown previously by us,15 hydrogen peroxide is not an
appropriate oxidant for Ti-MCM-41 and consequently the poor
performance is not surprising.

It appears that Ti-MCM-41 has the greatest potential as an
epoxidation catalyst when organic hydroperoxides are used as
the oxidant.16 Here we will describe two different strategies that
give results superior to those that have been reported up to now.
In this way, two different samples of Ti-MCM-41 were
prepared. The first sample was obtained from a gel having the
following molar composition: SiO2 : 0.015 Ti(OEt)4 : 0.26
CTABr : 0.26 TMAOH : 24.3 H2O where CTABr is cetyl-
trimethylammonium bromide and TMAOH is tetramethyl-
ammonium hydroxide. The silica source, Aerosil-200, was

obtained from Degussa. The crystallization was performed at
100 °C for 48 h in Teflon lined stainless steel autoclaves. The
occluded surfactant was completely removed following a two
step extraction procedure.

Ti-MCM-41 was silylated with hexamethyldisilazane
(HMDS) as the silylating agent. The silylated samples are
referred to as Ti-MCM-41S. The silylation was carried out at
120 °C with a solution of HMDS in toluene under inert
atmosphere.

The MCM-41 structure was preserved after silylation and
the surface area of the silylated sample was close to 1000
m2 g21.

Samples with different levels of silylation were obtained by
changing the HDMS/Ti-MCM-41 ratio as shown in Table 1.
The carbon content, determined by elemental analysis, was used
to calculate the degree of surface coverage (Table 1).

The catalytic activity of these materials was measured in the
epoxidation reaction of cyclohexene with tert-butylhydroper-
oxide (TBHP) at 60 °C. The olefin/TBHP ratio was to 4
mol mol21 and the liquid/catalyst ratio was 20 g g21.

The results shown in Fig. 1 clearly indicate that the catalyst
activity and selectivity increase with the level of silylation and
much higher conversions and selectivities than those reported
up to now have been achieved in this work. It is of interest that
relatively low levels of silylation significantly improve the
catalyst selectivity to the epoxide, but that over the range of
silylation there is very little influence on the catalytic conver-
sion. On the other hand, a significant improvement in catalytic
activity is observed when the silylation gives rise to a surface
coverage of > 40%. In this case, the selectivity to the epoxide is
close to 100%.

The hydrophobicity of Ti-MCM-41S materials was estimated
from the weight loss of the fully hydrated sample at 150 °C. We
found that there is a linear correlation between the hydro-
phobicity and the surface coverage with trimethylsilyl groups as
shown in Fig. 2. Therefore, one can conclude from Figs. 1 and
2 that in order to obtain a highly active and selective catalyst for
epoxidation it is necessary to silylate Ti-MCM-41 above 40% or
preferably close to 100%.

Table 1 Silylation conditions and degree of silylation achieved on Ti-
MCM-41 catalysts

Sample
Ti content
(wt.% TiO2)

HMDS/
sample

C content
(wt.%)

Surface
coveragea

(%)

Ti-MCM-41 1.9 — — 0
Ti-MCM-41S1 1.9 0.026 4.2 33
Ti-MCM-41S2 1.8 0.034 7.9 63
Ti-MCM-41S3 2.1 0.123 10.3 82
Ti-MCM-41S4 2.0 0.260 11.9 95

a The calculated surface coverage per trimethylsilyl group is 47.6 Å2

molecule21.17
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Nevertheless, it was surprising to find that every hydrophobic
Ti-MCM-41 catalysts were required in order to have highly
active and selective epoxidation catalysts even when only
organic reactants were used. This motivated us to analyze the
amount of water contained in the reactants, and it was found by
means of 1H NMR that the TBHP contained 8 wt.% water.
Then, we carried out the epoxidation of cyclohexene with
TBHP which was dried using 4 Å molecular sieves. With 1H
NMR we determined that no decomposition of TBHP occurred
and the remaining amount of water was below the detection
limit of 1H NMR. Under these conditions and using the non-
silylated catalyst Ti-MCM-41, which contains 13.5 wt.% water
adsorbed on the catalyst, the total conversion and selectivity to
the epoxide obtained after 30 min of reaction were 85 and 97%,
respectively. These results are very similar to those obtained
with the completely silylated sample Ti-MCM-41S4 when
using the as-received commercial TBHP.

An additional experiment was carried out with dry TBHP and
dry catalyst Ti-MCM-41. After 30 min the conversion was 91%
and the selectivity was 100%. These results are the best
conversion and selectivity to epoxide ever reported using Ti-
based catalysts for epoxidation processes.

We conclude that the presence of water is responsible for the
ring opening of the epoxide. However, its influence goes
beyond the selectivity effect, since the diols resulting from the
ring opening of the epoxide strongly decrease the catalytic
conversion. We have seen this effect by performing the
epoxidation reaction using dried TBHP, but adding 3.07 mmol
of cyclohexanediol which corresponds to a typical amount of
the diol formed during the catalytic experiments when non-
dried TBHP is used. Under these conditions, the conversion is
significantly reduced to 13% after 30 min of reaction. This
result suggests that the increase in activity observed when using
either silylated Ti-MCM-41 or non silylated Ti-MCM-41 with
dry reactants is due to the significant decrease in the formation
of diols which act as catalyst poisons for the Ti sites.

In conclusion we have presented two different strategies that
can be used to obtain remarkably active and selective epoxida-
tion catalysts based on Ti-MCM-41. The first strategy relies on
the use of highly silylated samples and greater than 40%
silylation coverage is required. In this case water can be present
in the reaction media up to levels of 3 wt.%. On the other hand,
one can use non-silylated catalysts, but in this case water must
be removed from the reaction media.

It is also concluded in this work that the increase in activity
observed with the silylated hydrophobic catalyst or with the
absence of water in the reaction medium, is probably not due to
a change of the intrinsic activity of the Ti catalytic sites but
rather to a decrease in catalyst deactivation. An increase in
catalyst stability is obtained by reducing the formation of diols
that are produced by ring opening of the epoxide in the above
conditions.
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Fig. 1 Catalytic activity in the epoxidation of cyclohexene with TBHP of
silylated Ti-MCM-41 at different degrees of surface coverage; (a) catalytic
conversion after 30 min of reaction, (b) selectivity to epoxide and efficiency
of TBHP at 85% cyclohexene conversion

Fig. 2 Variation of the hydrophobicity, calculated as the weight loss at
150 °C by thermogravimetry, with the degree of silylation of Ti-MCM-41
catalysts
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Cyclodepolymerisation of bisphenol A polysulfone: evidence for
self-complementarity in macrocyclic poly(ether sulfones)

Ian Baxter,a Abderrazak Ben-Haida,b Howard M. Colquhoun,*c† Philip Hodge,*b‡ Franz H. Kohnkeb§ and
David J. Williams*a¶
a Department of Chemistry, Imperial College, South Kensington, London, UK SW7 2AY
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The engineering thermoplastic generally referred to as
‘bisphenol A polysulfone’ undergoes fluoride-promoted
cyclodepolymerisation; high molar mass polymer is thus
transformed into a series of macrocyclic oligomers contain-
ing up to at least 72 aromatic rings; those containing up to 24
rings have been isolated as pure compounds, and single-
crystal X-ray studies of the cyclotrimer and cyclotetramer
reveal shape-complementary pairs and chains of macro-
cyles, respectively.

Polycondensation reactions generally afford not only high
molar mass linear polymers, but also (in amounts depending on
reaction conditions) homologous series of macrocyclic oligo-
mers.1 As a result, significant quantities of cyclic materials are
found in many important commercial polymers. Under equilib-
rium conditions, linear and cyclic species can interconvert via
ring-opening polymerisation of macrocyclic oligomers and/or
ring-closing depolymerisation (cyclodepolymerisation) of lin-
ear chains. Such interconversions have recently been demon-
strated for polyesters,2 polycarbonates,3 and certain aromatic
polyethers.4 A theoretical framework for ring–chain equilibria
in dilute solution has been developed by Mandolini and co-
workers, indicating the existence of a threshold concentration
below which only cyclic species should be present.5

Here we report that the high-performance engineering
thermoplastic 1, generally referred to as ‘bisphenol A poly-
sulfone’ (formed by polycondensation of bisphenol A with
4,4A-dichlorodiphenyl sulfone, and trademarked as Udel by the
Amoco Corporation and Ultrason-S by BASF) undergoes clean
cyclodepolymerisation at high temperatures in the presence of
fluoride ion. The polymer is transformed, via fluoride-promoted
ether interchange reactions,6 into a series of macrocyclic
oligomers, ranging from the [2+2] cyclodimer to the [18+18]
cyclooctadecamer (Scheme 1).

Heating a 0.5 wt% solution of bisphenol A polysulfone at
reflux in DMA with 0.5 equiv. of CsF per polymer repeat unit
leads to the disappearance of high molar mass polymer and
formation (as evidenced by GPC and HPLC) of a well-defined
series of oligomeric compounds.∑ Analysis of the isolated
products by MALDI-TOF mass spectrometry (Fig. 1) demon-
strates that the oligomers comprise exclusively macrocyclic
species, with molar masses in the range m/z 906 (cyclodimer) to
7980 (cyclooctadecamer). Chromatographic fractionation
yielded a series of pure, monodisperse oligomers from cyclodi-
mer (2) to cyclohexamer, characterised by elemental analysis,
1H and 13C NMR spectroscopy, mass spectrometry and, in the
cases of the cyclotrimer (3) and cyclotetramer (4), by single
crystal X-ray diffraction.**

The cyclodimer (2), which crystallises spontaneously from
solutions of the commercial polymer, has already been
characterised in some detail;7 the higher macrocycles were
however previously unknown. The macrocyclic oligomers from
cyclotrimer to cyclohexamer may be isolated as crystalline
solvates from solvents such as CHCl3 and CH2Cl2, but these

readily lose solvent on heating to give amorphous, glassy
materials. Single crystal X-ray analysis of the cyclotrimer 3, as
its MeCN solvate, shows the molecule to adopt a folded
geometry, reminiscent of a tennis ball seam (Fig. 2). As with the
cyclodimer,7 the diphenyl sulfone units adopt ‘open book’ type
conformations, while the diphenylisopropylidene rings are
skewed. The diphenyl ether linkages on the other hand appear to
be conformationally rather flexible, here adopting both near-
orthogonal and skewed geometries.

Remarkably, it appears that centrosymmetrically-related
pairs of cyclotrimers have self-complementary surfaces, since
these interact in the solid state to create supramolecular ‘dimers’
as shown in Fig. 3. Isopropylidene groups centred on C(71)
mutually insert through the loops of complementary oligomer
chains between O(8) and S(57). Residual clefts in the surface of
the dimer are populated by included MeCN solvent molecules.
Dimer stabilisation appears to be achieved through a combina-
tion of electronically-complementary face-to-face p-stacking

Scheme 1

Fig. 1 Partial MALDI-TOF mass spectrum of the macrocyclic products (M
+ Na+) formed by cyclodepolymerisation of bisphenol A polysulfone (the
small peak at m/z 2063 is due to an impurity in the dithranol matrix.)
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between ring ‘A’ of one molecule and ring ‘B’ of another, as
well as a C–H···p interaction between the ortho-hydrogen syn to
O(64) and the ‘C’ ring of an adjacent molecule.

The X-ray structure of the cyclo-tetramer 4 (Fig. 4) shows it
to possess crystallographic inversion symmetry. The individual

conformational features closely resemble those of the cyclo-
trimer and generate an elongated macrocycle, of approximately
33.6 3 15.5 Å, containing two distinct cavities. Again there is
significant interpenetration of the isopropylidene unit of one
macrocycle into the cavity of an adjacent molecule but here,
instead of generating isolated pairs of cyclic oligomers,
continuous chains of intertwined macrocycles are created.

A valuable new approach to the structural characterisation of
non-crystalline polymers emerges from the present work, as it is
becoming clear that even very large cyclic oligomers of such
materials, when monodisperse, can afford single crystals of a
size and morphology suitable for X-ray analysis. The position is
somewhat analogous to that in protein crystallography, where
macromolecules are monodisperse for genetic reasons and
where strong intramolecular interactions lead to the adoption of
compact conformations, allowing macroscopic single crystals
to be obtained.

We wish to thank Mr P. R. Ashton of the University of
Birmingham for the MALDI-TOF mass spectrometric anala-
ysis, and the EPSRC for financial support.
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Fig. 2 Structure of 3, illustrating the tennis ball seam-like conformation
adopted in the solid state. Ring torsion angles relative to the plane of the
C–X–C bridge (X = S, C, or O) are: at S(1), 86 and 86°; at S(29), 85 and
81°; at S(57), 84 and 79°; at C(15), 76 and 19°; at C(43), 62 and 31°; at
C(71), 49 and 46°; at O(8), 79 and 7°; at O(22), 64 and 13°; at O(36), 73 and
4°; at O(50), 60 and 29°; at O(64), 85 and 3°; at O(78), 74 and 28°.

Fig. 3 Space-filling representation of 3, showing the mutual interpenetration
of enantiomeric macrocycles. The centroid···centroid and mean interplanar
spacings between rings ‘A’ and ‘B’ in centrosymmetrically related
molecules of the cyclotrimer are 3.96 and 3.57 Å respectively; the H···p
distance and C–H···p angle are 2.71 Å and 175°, respectively; and the
H···centroid vector is inclined by 82° to the ‘C’ ring plane.

Fig. 4 Structure of 4. Ring torsion angles relative to the plane of the C–X–C
bridge (X = S, C, or O) are: at S(1), 89 and 84°; at S(29), 89 and 76°; at
C(15), 57 and 26°; at C(43), 62 and 34°; at O(8), 70 and 27°; at O(22), 76
and 1°; at O(36), 79 and 33°; at O(50), 79 and 2°.
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Effective biocatalytic transgalactosylation in a supercritical fluid using a
lipid-coated enzyme
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A lipid-coated b-D-galactosidase is soluble and acts as an
efficient trangalactosylation catalyst (the reverse hydrolysis
reaction) in supercritical carbon dioxide (scCO2).

Supercritical fluids (scFs) have become attractive as media for
chemical reactions, as well as for extraction and chromatog-
raphy, in the last decade;1 their physical properties can be
manipulated by small changes in pressure or temperature, and
several of these properties (e.g. density, diffusion and viscosity)
are intermediate between those of gases and liquids.2 The larger
diffusion rate in a scF compared to a liquid can be expected to
increase the reaction rate.

Several organic reactions in scF have been achieved using
homogeneously soluble organometallic complexes as cata-
lysts.3 Application of scFs for enzymatic reactions has also been
reported using immobilized enzymes, as well as native
enzymes.4 However, since the immobilized and native enzymes
are not soluble or particularly not stable in scFs, results
comparable to those found in aqueous or organic solvents have
not been obtained.4 We have reported that the lipid-coated
enzymes such as lipases,5 phospholipases6 and glycosidases7

are soluble in most organic solvents and can catalyze reverse
hydrolysis reactions such as esterification and transglycosyla-
tion in homogeneous organic media. We expected that lipid-
coated enzymes would be homogeneously soluble in scFs as
well as organic media, and would show efficient catalytic
activity due to the high diffusion rates and the low viscosity
found in scFs.

Here we report the high catalytic activity of transgalactosyla-
tion using a lipid-coated b-D-galactosidase in supercritical
carbon dioxide (scCO2). The reasons carbon dioxide was
chosen as the scF are as follows: (i) CO2 becomes a scF above
31.0 °C and 73.8 atm, conditions which are easily accomplished
with gentle heating from ambient temperature and a commercial
liquid chromatography pump, (ii) the solvent properties of
scCO2 can be continuously varied by changing the pressure or
temperature, and (iii) CO2 is non-toxic and the medium is easily
removed by decompression to atmospheric pressure.

A lipid-coated b-D-galactosidase (from Bacillus circulans)
was prepared by mixing aqueous solutions of enzyme and lipid
molecules in the same way as reported previously.5–7 It was
confirmed from elemental analysis, UV absorption, and gel
chromatography in CH2Cl2 that one enzyme is covered by about
200 ± 50 lipid molecules as a monolayer and that the protein
content in the complex is 7 ± 1 wt%.5–7 The lipid-coated
enzyme was also found to be soluble (ca. 0.1 mg ml21) in scCO2
in the range of 32–60 °C and 74–200 atm, by the observation
using a pressure-resistant glass vessel (Taiatsu Techno, Co.,
Tokyo, volume: 10 ml), but not very soluble in liquid CO2 (at 20
°C and 100 atm) and insoluble in gaseous CO2 (at 40 °C and 40
atm).

Transgalactosylation reactions were carried out as follows. In
a stainless steel or pressure-resistant glass vessel, both the
substrates (1-O-p-nitrophenyl-b-D-galactopyranoside and
5-phenylpentan-1-ol) and a lipid-coated b-D-galactosidase were
added, then liquid CO2 was injected at 100–150 atm using a LC
pump (Jasco PU-980 HPLC pump) connected to a CO2 gas
cylinder. The vessel was warmed with magnetic stirring above

40 °C to create the supercritical state, and the pressure was kept
constant (±0.1 atm) by a back pressure regulator (JASCO
880–81). At the appointed time, the vessel was degassed
carefully under cooling at 0 °C. The residual powder was
solubilized in MeCN and analyzed by a HPLC.

Fig. 1 shows typical time courses of the transgalactosylation
from 1-O-p-nitrophenyl-b-D-galactopyranoside (0.1 mM) to
5-phenylpentan-1-ol (1.0 mM) catalyzed by a lipid-coated b-D-
galactosidase at 40 °C both in scCO2 at 150 atm and in isopropyl
ether at atmospheric pressure. In scCO2, 1-O-(5-phenylpentyl)-
b-D-galactopyranoside was obtained as the only transgalactosy-
lated product in 72% yield after 3 h, at which point the reaction
reached equilibrium. We have reported that the lipid-coated
b-D-galactosidase can catalyze the same transgalactosylation in
conventional organic solvents such as isopropyl ether.7 The
transgalactosylation in scCO2 was 15-fold faster than in
isopropyl ether. In this case, both the enzyme and the substrate

Fig. 1 A schematic illustration of a lipid-coated b-D-galactosidase and time-
courses of transgalactosylation from 1-O-p-nitrophenyl-b-D-galactopyrano-
side (0.1 mM) to 5-phenylpentan-1-ol (1 mM) at 40 °C catalyzed by
b-D-galactosidase (1 mg of protein) in 10 ml: (a) a lipid-coated enzyme in
scCO2 with 150 atm, (b) a lipid-coated enzyme in isopropyl ether, and (c)
a native enzyme in scCO2 with 150 atm
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were soluble in scCO2, so the increase in the rate may be due to
a decrease in the degree of solvation of the substrate.
Transgalactosylations also occurred rapidly with acceptor
alcohols having large alkyl groups, such as
1,2-O-bis(dodecyl)glycerol (conversion 45%) and cholesterol
(conversion 15%).

When a lipid-coated lipase (from Rhizopus delemar) was
prepared and applied as an esterification catalyst for monolaurin
and lauric acid, the esterification rate increased 10-fold in
scCO2 over that in atmospheric isooctane (data not shown).8
Although several studies on enzyme reactions in scCO2 using
native or immobilized enzymes have been performed, an
improvement of reactivity over the reaction in atmospheric
liquid media has not been reported.4 Actually, the native b-D-
galactosidase was observed to hardly catalyze the trans-
glycosylation in scCO2, as shown in Fig. 1(c). This is due to the
insolubility and instability of native enzymes in scCO2.

FT-IR spectra usually provide information about secondary
structures, such as the content of a-helix and b-sheet domains in
proteins.9 FT-IR spectra were taken of the lipid-coated b-D-
galactosidase in scCO2

10 and a native b-D-galactosidase in D2O
solution. It was indicated from the peak strength of the amide I
band at 1600–1700 cm21 that the content of a-helix (21%) and
b-sheet (26%) structures of the lipid-coated enzyme in scCO2
agreed reasonably well with those (a-helix: 19%; b-sheet: 30%)
of a native enzyme in D2O solution. Thus, the structure of the
lipid-coated enzyme in scCO2 is not significantly changed from
that in aqueous buffer solution.

One of the advantages of scFs as reaction media is that their
physicochemical properties, such as diffusiion rate, density,
polarity and viscosity, can be continuously changed by varying
the temperature or pressure of the scCO2 state.2 The effects of
changing temperature and pressure on the initial rates of the
transgalactosylation catalyzed by a lipid-coated enzyme are
shown in Fig. 2.11 When the temperature was changed at a

constant pressure of 150 atm [Fig. 2(a)], galactosylations were
very slow below 31 °C, where the medium exists as liquid CO2
and the lipid-coated enzyme is barely solubilized. The reactivity
increased above 31 °C, where the lipid-coated enzyme is
solubilized. Since the enzyme activity in aqueous buffer
solution increased gradually with increasing temperature from
20 to 60 °C, this activity change depending on temperature is
explained by the special physical property changes of scCO2. A
similar tendency was observed when the pressure was changed
from 50 to 150 atm at 40 °C [Fig. 2(b)]. Gaseous CO2 could not
solubilize the lipid-coated enzyme below 72.9 atm (the critical
pressure) and the enzyme activity drastically increased in scCO2
depending on the pressure. When the temperature and pressure
were changed repeatedly in the region in Fig. 2, the enzyme
activity could be controlled reversibly over at least 10 cycles.

In conclusion, lipid-coated enzymes such as b-D-galactosi-
dase and lipase are soluble and can catalyze transgalactosylation
and esterification in supercritical CO2. The enzyme activity was
10–15 times larger than that in conventional organic media. We
could switch the enzyme activity on and off by adjusting the
pressure or temperature of the CO2 media across or within the
scCO2. In addition, compared with organic solvents scCO2 is
non-toxic and easily removed by decompression to atmospheric
pressure, and thus is suitable for the biotransformation of food
products and drugs. We believe that the combination of a lipid-
coated enzyme and a scCO2 reaction medium will form a
versatile new system for biotransformation studies.
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Fig. 2 Effect of (a) changing temperature at 150 atm and (b) changing
pressure at 40 °C on the initial rate of transgalactosylation
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Depending on the reaction conditions and the ionic radius of
the lanthanide ion, tetraphenyldisiloxanediol, (Ph2SiOH)2O,
reacts with [Ln{N(SiMe3)2}3{LiCl(thf)3}3] (Ln = Eu, Gd,
Sm) to afford novel heterobimetallic rare earth disilox-
anediolates, some of which can be regarded as ‘inorganic
lanthanide metallocenes’; a ring expanded uranium(vi)
derivative, [U{Ph2Si(OSiPh2O)2}2{(Ph2SiO)2O}] 4, is formed
upon treatment of uranocene, [U(h8-C8H8)2], with
(Ph2SiOH)2O.

The chemistry of metallasiloxanes derived from silanediols,
disiloxanediols and related Si–OH species is an area of active
research1 because such compounds are valuable precursors for
metal oxides and silicates2,3 as well as models for silica-
supported heterogeneous catalysts.1,4,5 A particularly useful
ligand is the tetraphenyldisiloxanediolate dianion,
[(Ph2SiO)2O]22, which gives rise to a variety of unusual and
unexpected structures especially when combined with alkali
metals6 and early transition metals.2b,6,7 Apparently this ligand
has not yet been employed in f-element chemistry, with
[(C5Me5)2Sm(thf)(m-OSiMe2OSiMe2O)Sm(C5Me5)2(thf)]8

being the only closely related rare earth siloxane derivative. We
report here the synthesis of novel lanthanide and uranium
complexes derived from [(Ph2SiO)2O]22.

Treatment of [Ln{N(SiMe3)2}3{LiCl(thf)3}3] (Ln = Eu, Gd,
Sm) (prepared from LnCl3 and 3 equiv. of LiN(SiMe3)2 in thf
solution9) with (Ph2SiOH)2O10 in different stoichiometries
afforded the new lanthanide disiloxanediolates 1–3 (Scheme 1).
The use of in situ prepared lanthanide silylamide reagents in
order to maintain the necessary high Li ion concentration is

essential for the success of the preparations. The colorless
crystalline solids have been fully characterized by elemental
analyses, spectroscopic data and X-ray crystallography.§

The X-ray structure of 1 (Fig. 1) shows a heterobimetallic
metallasiloxane, in which the central Eu ion is octahedrally
surrounded by three mono-anionic chelating (Et2O)Li{Ph2-
SiO)2O}2 units.

The molecular structures of 2 and 3 (Figs. 2 and 3) are
especially remarkable. Both complexes are disubstituted lantha-
nide metallasiloxanes comprising two lithium disiloxanediolate
ligands while retaining one functional ligand [Cl or N(SiMe3)2,
respectively]. The latter should make these compounds suscep-
tible for further reactions. It is noteworthy that the outcome of
these preparations depends not only on the stoichiometry but
also on the size of the Ln3+ ion (Gd vs. Sm). In each case the
coordination sphere of lithium is completed by addition of
solvent molecules. The most striking feature of the gadolinium
and samarium complexes, however, is their similarity with
certain lanthanide metallocenes such as (C5Me5)2LnN-
(SiMe3)2

11 (cf. 2) or (C5Me5)2LnCl(thf)12 (cf. 3). There is only
one other report on Li-containing anionic ligands formally
replacing the cyclopentadienyls in lanthanide metallocenes, i.e.
the [(dad)Li]2 units (dad = 1,4-diazadiene dianion).13 It can be
anticipated that the lithium disiloxanediolate units in the
‘inorganic lanthanide metallocenes’ 1–3 are quite robust
spectator ligands owing to the presence of only Ln–O bonds.

For the synthesis of a related uranium cyclometallasiloxane
the long-known sandwich complex uranocene, [U(h8-
C8H8)2],14 was chosen as soluble starting material. Replace-
ment of both cyclooctatetraenyl ligands upon treatment with an
excess of [(Ph2SiOH)2O] (an unprecedented reaction pathway

Scheme 1 Synthesis of complexes 1–3. Reagents and conditions: i, Ln =
Eu, n = 3, toluene–Et2O; ii, Ln = Gd, n = 2, thf; iii, Ln = Sm, n = 2, DME
(four phenyl groups in 2 and 3 have been omitted for clarity). Fig. 1 Molecular structure of complex 1
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for uranocene) resulted in the formation of colorless [U{Ph2-
Si(OSiPh2O)2}2{(Ph2SiO)2O}] 4 in 80% yield.

An X-ray structure analysis (Fig. 4) revealed the presence of
a hexacoordinated uranium(vi) cyclometallasiloxane contain-
ing expanded trisiloxanediolate chelating ligands. This type of
ring expansion has been reported earlier and studied in detail by
Sullivan and coworkers.7c However, compound 4 represents the
first example of a mixed-ligand complex containing both the
ring expanded ligand and the original tetraphenyldisilox-
anediolate dianion.

We conclude that siloxanediolate ligands derived from
(Ph2SiOH)2O are interesting new spectator ligands for
f-elements which in the case of the lanthanides make inorganic
analogues of synthetically useful lanthanide metallocenes
available.

We thank the Deutsche Forschungsgemeinschaft (Schwer-
punktprogramm Siliciumchemie) and the Otto-von-Guericke-
Universität Magdeburg for financial support.
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Fig. 2 Molecular structure of complex 2

Fig. 3 Molecular structure of complex 3

Fig. 4 Molecular structure of complex 4
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The structures of the title compounds exhibit short Sb–Sb
bonds besides a multitude of bonding M–M interactions, i.e.
the M atoms (Zr and V) in low valent states.

Partial electron transfer from the anionic to the cationic
component has been used for a variety of so-called ‘chimie-
douce’ reactions.1 Whereas the distances between the tellurium
atoms decrease in the structures of the ditellurides from ZrTe2 to
PdTe2 with increasing electronegativity of the metal atoms, the
systematics of the Sb–Sb distances of the monoantimonides is
less clear.

No Sb–Sb contacts < 350 pm occur in the structures of many
monoantimonides of valence-electron poor transition metals
like ScSb2 and YSb3 (both NaCl type), TiSb,4 VSb5 and NbSb6

(all NiAs type). This may be considered as a hint to completely
reduced Sb(-iii). On the other hand, the structure of ZrSb7

consists in part of puckered layers containing Sb6 units with Sb–
Sb distances of ca. 325 pm, which point to weak bonding
interactions. This was the motivation to study Zr-rich anti-
monides. Here, the most metal-rich polyantimonides are
presented, whose structures exhibit Sb–Sb bonds besides
bonding metal–metal interactions. This observation is in
contrast to related metal-rich tellurides8 and arsenides9 where
neither Te–Te nor As–As bonds were found.

The isostructural pnictides Zr7.5V5.5Sb10 and Zr6.5V6.5Sb10
10

were synthesized by arc-melting of stoichiometric cold-pressed
mixtures of Zr, V, and previously prepared ZrSb2.11 The metal
sites are in part statistically mixed occupied by Zr and V in
different ratios. The configurational entropy provides a sig-
nificant contribution to the stability of these phases, which
decompose during annealing at lower temperatures, namely at
900 and 1100 °C. The metal sites may be devided into two
classes: the seven independent sites of the first class (white
circles in Fig. 1) consist mainly of Zr atoms and form alternating
triangles and rectangles parallel to the b axis. Five of these
positions are surrounded by seven Sb atoms forming distorted
pentagonal bipyramides, whereas the other two are located in

pentagonal Sb6 pyramides. The three independent positions of
the second class (black circles in Fig. 1, mainly V atoms) are
situated in distorted Sb6 octahedra and Sb5 square prisms,
respectively.

Considering to a first approximation the sites of the first class
solely as Zr sites and those of the second class as V sites,
corresponding to a hypothetical ‘Zr7V6Sb10’, the Zr/V ratio per
metal site decreases with increasing total M–Sb Pauling bond
order, calculated with rZr = 145 pm, rV = 122 pm.12 It is
concluded that the site preferences of Zr and V are mainly
dominated by the different radii of the M atoms rather than by
the different number of valence electrons which should
influence basically only the metal–metal interactions.13 Given
the fact that Zr7.7V5.3Sb10 and Zr6.5V6.5Sb10 crystallize in a new
structure type in addition to the occurrence of differential
fractional site occupancies, these phases may be classified as
typical DFSO stabilized materials,14 being the first with the
very different metal atoms, Zr and V. However, only three
(Zr6.5V6.5Sb10) or four (Zr7.5V5.5Sb10) of the ten M sites show
mixed Zr/V occupancies. On the other hand, complete ordering
of the Zr and V atoms is observed in the structure of
Zr2V6Sb9.15

The metal atoms are interconnected via short metal–metal
bonds with lengths between 260 and 310 pm. The majority of
these interactions are found between atoms of class II parallel to
[010] and between the atoms of the classes I and II, whereas
only one of these relatively short bonds connects two atoms of
class I, being situated in the ac plane [thick line in Fig. 2(a)].
The atoms of the first class form channels which include linear
chains of Sb atoms with short alternating Sb–Sb distances of
280 and 288 pm for Zr7.5V5.5Sb10 (Zr6.5V6.5Sb10: 281 and 288
pm). It is interesting that the surrounding electropositive Zr

Fig. 1 Projection of the structure of Zr7.5V5.5Sb10 along [010]. Large white
circles: M atoms of class I (mainly Zr); small white: M atoms of class II
(mainly V); medium black: Sb.

Fig. 2 (a) Part of the infinite (Zr, V)7Sb2 chain. Thick solid line between M
atoms: distance d = 305 pm, thinner lines: 350 pm < d < 370 pm; dashed
lines: 380 pm < d < 430 pm. (b) Schematic band structure of an infinite
Zr7Sb2 unit.
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atoms use some electrons for Zr–Zr bonds instead of reducing
antimony to Sb(-iii). Other Sb–Sb distances in this structure
range from 330 to 350 pm (dashed lines in Fig. 1) which is
comparable to the second shortest Sb–Sb bonds in elemental
antimony (336 pm). Whereas the bonding character of these
interactions remains questionable, the shorter distances, being
shorter than in elemental antimony (291 pm), may be compared
to the lengths of two-electron–two-center bonds found in other
polyantimonides, namely in KSb (283 and 285 pm),16 cyclo-
Sb5

52 (between 281 and 291 pm),17 and Sb11
32 (between 276

and 285 pm).18

However, the linearity of the Sb chain stands against two-
electron–two-center bonds, as can be derived from a compar-
ison with the zigzag Sb(-i) chains in KSb or the Te chains in
elemental tellurium. In order to obtain more information about
bonding in the Sb chain, the band structure of an infinite Zr7Sb2
chain with the atomic positions of the structure of Zr7.5V5.5Sb10
(Fig. 2) was calculated using an extended Hückel approxima-
tion19 with parameters listed previously.15 As a consequence of
the Peierls distortion, a gap occurs between the highly disperse
ps and the ps* band of the Sb atoms. With the exception of the
ps* band, all p states of the Sb atoms are located well below the
Zr centered states [Fig. 2(b)]. Since the Zr states are partially
occupied because of the bonding Zr–Zr interactions, seven
bands of the two Sb atoms of the unit are completely filled, i.e.
with two electrons per band. This leads to a formal considera-
tion of these Sb atoms being Sb22 which form (delocalized)
one-electron–two-center Sb–Sb s bonds. The latter gives a
straightforward explanation for the linearity of the 1∞ [Sb22]
chain, but not for the short bond lengths. The shortness of the
Sb–Sb bonds is most likely a consequence of matrix effects,
enabling a relatively short b axis and thus strong bonding metal–
metal interactions parallel to the b axis. In a crude approxima-
tion, the formal electron counting schemes (ignoring the Sb–Sb
interactions > 330 pm) of (Zr4+)7.5(V5+)5.5(Sb22)2-
(Sb32)8(e2)29.5 and (Zr4+)6.5(V5+)6.5(Sb22)2(Sb32)8(e2)30.5
show a multitude of electrons (ca. 2.3 per M atom) being
available for (delocalized) M–M bonds and result in a
reasonable averaged oxidation state of 22.8 for the Sb atoms.

This work was financially supported by the Bundesministe-
rium für Bildung, Wissenschaft, Forschung und Technologie,
the Deutsche Forschungsgemeinschaft, and the Fonds der
Chemischen Industrie. I am grateful to Professor Dr B.
Harbrecht for his interest and support.
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Unexpected formation of a sterically protected nitrogen pentasulfide ArNS5

(Ar = 2,6-dimesityl-4-methylphenyl) and the X-ray crystallographic analysis

Shigeru Sasaki, Hiroya Hatsushiba and Masaaki Yoshifuji*

Department of Chemistry, Graduate School of Science, Tohoku University, Aoba, Sendai 980-8578, Japan.
E-mail: yoshifj@mail.cc.tohoku.ac.jp

A stable cyclic nitrogen pentasulfide ArNS5 (Ar = 2,6-dime-
sityl-4-methylphenyl) was unexpectedly obtained by passing
the corresponding N-thiosulfinylaniline through a silica gel
column and the chair form of the six-membered ring was
revealed by X-ray crystallographic analysis.

Cyclic nitrogen polysulfides NSx other than the eight-mem-
bered ring were not known for many years due to the lack of an
appropriate method of preparation and their instability. Re-
cently, Steudel et al. discovered a route to NSx heterocycles (x
= 5, 6, 8, 9, 11)1 by using titanocene complexes, but most of
them turned out to be unstable materials. On the other hand,
introduction of sterically demanding groups has played an
important role in the isolation of several cyclic polysulfides
such as CSx,2 but such an attempt at kinetic stabilization of
cyclic nitrogen polysulfides has not been reported. Recently,
we3 and Protasiewicz4 have reported the synthesis of group15
element compounds such as diphosphenes and phosphaarsene
possessing sterically protecting groups of the 2,6-diarylphenyl
type, which have been successfully used by Power et al. for the
stabilization of a wide range of compounds from low valent
transition metals to main-group element compounds.5 One of
the noteworthy points of the 2,6-dimesityl-4-methylphenyl
group is the difference of reactivity of the ortho substituents as
compared with the widely used 2,4,6-tri-tert-butylphenyl group,
in spite of the comparable sterically protecting effect.3 During
our systematic study on group 15 compounds possessing the
2,6-dimesityl-4-methylphenyl group, we became interested in
N-thiosulfinylaniline 3, since the 2,4,6-tri-tert-butylphenyl
derivative cyclizes to form a five membered heterocycle despite
the bulkiness of the tert-butyl group.6 However, 3 was not so
stable as expected and we obtained the stable cyclic nitrogen
pentasulfide ArNS5 1 unexpectedly (Scheme 1).

2,6-Dimesityl-4-methylaniline (2) was prepared by LiAlH4
reduction of the corresponding phenyl azide in 96%, which was
synthesized from the corresponding iodobenzene by lithiation
followed by quenching with p-toluenesulfonyl azide in 95%.
Oxidation of 2 with MCPBA afforded the corresponding
nitrosobenzene‡ as a stable pale green solid in 72% yield

similarly to other sterically protected anilines.7 Sulfurization of
2† with S2Cl2 in the presence of triethylamine6,8 gave a reddish
purple oil, which was assigned as N-thiosulfinylaniline 3.
Almost quantitative formation of 3 was confirmed by 1H NMR.
However, 3 decomposed during attempted purification by
column chromatography (SiO2–n-hexane) and cyclic nitrogen
pentasulfide 1 was isolated in 21% as a yellow solid. N,NA-
Bis(2,6-dimesityl-4-methylphenyl)sulfurdiimide 4 (10%) was
another identified product and 61% of aniline 2 was recovered.
Pale yellow prisms suitable for X-ray crystallographic analysis
were obtained after recrystallization from n-hexane.§

Fig. 1 shows the molecular structure of 1. The NS5 ring takes
a chair form like CS5,9 S6,10 and TiS5

11 heterocycles and the
torsion angles within the six-membered ring range from
67.42(5) to 74.88(8)°, which deviate markedly from values of
ca. 100° of the stable eight-membered rings such as HNS7

12 and
S8.13 On the other hand, the bond lengths and angles do not
differ greatly from those for HNS7.12 The nitrogen atom takes
almost planar geometry with the sum of the bond angles around
N(1) as 359.57°, and the dihedral angle between the plane

Scheme 1 Reagents and conditions: i, n-BuLi, THF; ii, TsN3; iii, LiAlH4,
diethyl ether; iv, S2Cl2, Et3N, diethyl ether; v, SiO2

Fig. 1 Molecular structure of 1 in the crystal. ORTEP drawing with 50%
probability ellipsoids. Selected bond lengths (Å), bond angles (°), and
torsion angles (°): S(1)–N(1) 1.699(1), S(1)–S(2) 2.0612(7), S(2)–S(3)
2.0803(6), S(3)–S(4) 2.0718(6), S(4)–S(5) 2.0704(7), S(5)–N(1) 1.700(1),
N(1)–C(1) 1.442(2), S(2)–S(1)–N(1) 104.40(5), S(1)–S(2)–S(3) 100.89(3),
S(2)–S(3)–S(4) 99.14(2), S(3)–S(4)–S(5) 102.12(2), S(4)–S(5)–N(1)
104.01(5), S(1)–N(1)–S(5) 116.01(8), S(1)–N(1)–C(1) 121.61(10),
S(5)–N(1)–C(1) 121.95(10), S(1)–S(2)–S(3)–S(4) –70.01(3), S(1)–N(1)–
S(5)–S(4) 73.29(8), S(2)–S(1)–N(1)–S(5) –74.88(8), S(2)–S(3)–S(4)–S(5)
69.64(3), S(3)–S(2)–S(1)–N(1) 69.20(5), S(3)–S(4)–S(5)–N(1) 69.20(5).

Chem. Commun., 1998 2221



defined by N(1), S(1), S(5), and C(1) and the central benzene
ring is 55.07°. The NS5 ring aligns in the direction of the b axis
with the short contact less than the sum of van der Waals radii
between S(2) and S(5*), S(1) and S(4*) of the neighboring
molecules (marked with*), being 3.4102(6) and 3.6219(6) Å,
respectively. Although the mechanism of the formation of 1 is
not clear at present, oligomerization (stoichiometrically trimer-
ization) of N-thiosulfinylaniline 3 followed by elimination of a
stable sulfurdiimide 4 might afford 1, since the electrophilicity
of 3 might be enhanced by an acid on the silica gel surface. The
ring size could depend on the steric demand or the cavity size
made by the two mesityl groups.
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Japan Securities Scholarship Foundation and Grants-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports and Culture (Nos. 08454193 and 09239101). Shin-Etsu
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Center for Chemistry, Graduate School of Science, Tohoku
University for the measurement of mass spectra.

Notes and References

† To a solution of 2 (300 mg, 0.873 mmol) in a mixture of triethylamine (0.3
ml, 2.15 mmol) and diethyl ether (15 ml), a solution of disulfur dichloride
(0.09 ml, 1.13 mmol) in diethyl ether (10 ml) was added dropwise at 0 °C
to give a red mixture. After being stirred for 1 h at 0 °C, the reaction mixture
was poured into ice-water, extracted with diethyl ether, dried over MgSO4,
and concentrated to give crude 3 as a red oil almost quantitatively. The oil
was submitted to silica-gel column chromatography (gradient elution with
n-hexane and chloroform) to give 1 (21%) and 4 (10%), together with
recovery of 2 (61%). Further recrystallization of 1 from n-hexane afforded
pure 1 as yellow prisms. 3: reddish brown oil; 1H NMR (200 MHz, CDCl3)
d 7.05 (2H, s, arom.), 6.87 (4H, s, Mes-arom.), 2.43 (3H, s, CH3), 2.28 (6H,
s, Mes-p-CH3), 2.10 (12H, s, Mes-o-CH3); LRMS (EI, 70 eV) m/z 405 (M+,
8), 341 (M+2 2S, 62), 326 (M+2 2S 2 CH3, 100), 311 (M+2 2S 2 2CH3,
25); UV–VIS (CH2Cl2) lmax 465 nm. 1: yellow prisms; mp 133.0–134.0 °C;
1H NMR (200 MHz, CDCl3) d 7.04 (4H, s, Mes-arom.), 6.84 (2H, s, arom.),
2.37 (6H, s, Mes-p-CH3), 2.34 (3H, s, CH3), 2.10 (12H, s, Mes-o-CH3); 13C
NMR (50 MHz, CDCl3) d 145.3, 137.6, 137.5, 137.5, 136.4 , 130.7, 128.7,
21.3, 21.2, 20.9 (one quarternary carbon peak was missing at 295 and 323
K, probably due to dynamic behavior); IR (KBr) 3016, 2947, 2916, 2854,
1612, 1452, 1444, 1423, 1375, 1205, 1182, 1039, 1030, 870, 849, 758 cm21;
UV–VIS (hexanes) lmax(e) 246.4 (17900) nm ; LRMS (EI, 70 eV) m/z 501
(M+, 0.4), 405 (M+2 3S, 6), 373 (M+2 4S, 5), 341 (M+2 5S, 58), 326 (M+

2 5S 2 CH3, 100), 311 (M+ 2 5S 2 2CH3, 24), 296 (M+ 2 5S 2 3CH3,
11); HRMS (EI, 70 eV) Found: m/z 501.0757, calc. for C25H27NS5: M
501.0748.
‡ 2,6-Dimesityl-4-methylphenylnitrosobenzene: light green crystals; mp
195.0–196.0 °C; 1H NMR (200 MHz, CDCl3) d 7.03 (2H, s, arom.), 6.93
(4H, s, Mes-arom.), 2.44 (3H, s, CH3), 2.34 (6H, s, Mes-p-CH3), 1.87 (12H,
s, Mes-o-CH3); 13C NMR (50 MHz, CDCl3) d 162.6, 146.0 , 136.6, 135.6,
135.5, 133.8, 131.0, 128.7, 21.7, 21.1, 20.6; LRMS (EI, 70 eV) m/z 357 (M+,
100), 340 (M+ 2 CH3, 87); UV–VIS (CH2Cl2) lmax 810 nm.
§ Crystal data for 1: C25H27NS5, M = 501.79, pale yellow prisms, crystal
dimensions 0.60 3 0.50 3 0.40 mm3, monoclinic, space group C2/c (no.

15), a = 28.445(7), b = 12.653(2), c = 17.078(2) Å, b = 125.79(1)°, U =
4985(1) Å3, Z = 8, Dc = 1.337 g cm23, m = 0.479 mm21, T = 112(1) K,
F(000) = 2112.00. Rigaku RAXIS-IV imaging plate area detector with
graphite monochromated Mo-Ka radiation, l = 0.71070 Å. No. of
reflections measured 4405. No. of observations [I > 3.00s(I)] 4060. The
structure was solved by direct method (SAPI9114), expanded using Fourier
techniques (DIRDIF9415), and refined by full matrix least squares on F for
389 variable parameters. The non-hydrogen atoms were refined anisotrop-
ically. Hydrogen atoms were refined isotropically. R = 0.031 Rw = 0.054
for observed reflections [I > 3.00s(I)] and R = 0.034, Rw = 0.058 for all.
Goodness of fit S = 1.42. The maximum and minimum peaks on the final
difference Fourier map corresponded to 0.26 and 20.29 e Å23, re-
spectively. Structure solution, refinement, and graphical representation
were carried out using teXsan package.16 CCDC 182/994.
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Cleavage of a phosphorus carbon triple bond in the reaction of
2,2-dimethylpropylidynephosphine with [Os3(CO)10(m3-h1 :h2 :h1-C2Me)]
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The reaction of 2,2-dimethylpropylidynephosphine with the
cluster [Os3(CO)10(m3-h1 :h2 :h1-C2Me)] 1 results in P–C
bond cleavage and an insertion of the precoordinated but-
2-yne ligand into the phosphorus carbon triple bond of the
incoming phosphaalkyne with formation of a novel bridging
C3P-moiety in the structurally characterised complex
[Os3(CO)8(m2-PCBut){m3-PC(Me)C(Me)C(But)}] 2, together
with a second m2-h2,h2-ligated phosphaalkyne.

The coordination chemistry of phosphaalkynes RC·P is of
current interest and its similarity to the coordination behaviour
of alkynes has been summarised in several recent reviews.1 In
particular, the use of phosphaalkynes as alkyne-like building
blocks in the formation of phosphorus containing unsaturated
ring systems is of considerable synthetic use.1,2 Despite several
examples of controlled alkyne–alkyne coupling reactions at
polynuclear carbonyl clusters,3 in all our previous attempts to

achieve an oligomerisation of phosphaalkynes in the coordina-
tion sphere of triruthenium and triosmium carbonyl clusters, we
isolated products exclusively resulting from a carbonylation of
the incoming ButC·P to afford the phosphinidene ligand
m3-PC(CO)But, e.g. in the complexes [M3(CO)9{m3-PC(CO)-
But}2] (M = Ru, Os) and their derivatives.4 The thermody-
namic sink represented by the formation of these complexes is
apparently efficient enough to prevent any phosphaalkyne
oligomerisation. In an attempt to avoid this dominating pathway
and also to facilitate alkyne-like reactions, we decided to
modify the reaction system by introducing a precoordinated
alkyne unit, a strategy that also proved to be successful in case
of an Ir4 carbonyl cluster system.5 Here, we wish to present the
results of the reaction between 2,2-dimethylpropylidynephos-
phine and the alkyne cluster [Os3(CO)10(m3-h1,h2,h1-C2Me2)]
1.

The reaction of cluster 1 with 1 equiv. of ButC·P in refluxing
CH2Cl2 resulted in the formation of cluster [Os3(CO)8(m2-
PCBut){m3-PC(Me)C(Me)C(But)}] 2, which was formulated on
the basis of spectroscopic data† and the results of a single
crystal structure analysis.‡

In addition to an edge-bridging m2-h2 :h2-coordinated phos-
phaalkyne moiety, this unusual complex bears an additional
ligand formed by the coupling of the initial m3-h1 :h2 :h1-butyne
ligand with a second phosphaalkyne molecule. The insertion of
this ligand into the bond between Os(1) and Os(3) opens the
metal triangle forming a bent three metal chain, with the
phosphorus atom P(1a) bridging all three osmium atoms.

Together with the central osmium atom Os(2), this ligand
forms a 1-osma-2-phosphacyclopentadiene ring which binds to
the terminal osmium atom Os(1) in the h5-coordination mode.
This central five membered ring is essentially planar with the
atoms deviating from the best plane by ±0.0579 Å.

It is of special significance, that it is not the ring carbon atom
C(1a) vicinal to the phosphorus atom P(1a) which bears the But

substituent of the former phosphaalkyne moiety but carbon
atom C(3a). Therefore, the phosphorus carbon triple bond of
this precursor is completely cleaved during the course of the
reaction leading to the formation of 2, and a plausible
explanation for this finding is represented in Scheme 1. The
insertion of the osmium atom Os(2) into a phosphorus carbon
bond of an intermediate phosphacyclobutadiene ligand, formed
in a [2 + 2]-cycloaddition of the but-2-yne and the phosphaalk-
yne, leads to the formation of the observed 1-osma-2-phospha-

Fig. 1 Molecular structure of [Os3(CO)8(m2-PCBut){m3-PC(Me)C(Me)C-
(But)}] 2 with atom numbering scheme. The carbonyl carbon atoms bear the
same numbers as the respective oxygen atoms. Selected bond lengths (Å)
and angles (°): Os(1)–Os(2) 2.8130(8), Os(2)–Os(3) 2.8217(7), Os(1)–
P(1A) 2.701(3), Os(2)–P(1A) 2.368(3), Os(3)–P(1A) 2.666(3), Os(1)–
C(1A) 2.227(11), Os(1)–C(2A) 2.271(12), Os(1)–C(3A) 2.283(12), Os(2)–
C(3A) 2.209(12), P(1A)–C(1A) 1.790(12), C(1A)–C(2A) 1.42(2),
C(2A)–C(3A) 1.43(2), C(1A)–C(1M) 1.501(14), C(2A)–C(2M) 1.53(2),
C(3A)–C(4A) 1.56(2), Os(2)–P(1B) 2.423(3), Os(2)–C(1B) 2.257(12),
Os(3)–P(1B) 2.424(3), Os(3)–C(1B) 2.111(11), P(1B)–C(1B) 1.731(12),
C(1B)–C(2B) 1.53(2), mean Os–C(CO) 1.929(25), mean C(CO)–O(CO)
1.141(18); Os(1)–Os(2)–Os(3) 117.09(2), P(1A)–Os(2)–Os(1) 62.14(8),
P(1A)–Os(2)–Os(3) 61.08(8), C(3A)–Os(2)–P(1A) 83.8(3), C(3A)–Os(2)–
Os(1) 52.4(3), C(1A)–P(1A)–Os(1) 55.1(4), C(1A)–P(1A)–Os(2) 99.8(4),
C(1A)–P(1A)–Os(3) 108.8(4), P(1A)–C(1A)–C(2A) 118.4(8), P(1A)–
C(1A)–C(1M) 116.8(8), C(2A)–C(1A)–C(1M) 123.6(11), C(1A)–C(2A)–
C(3A) 120.8(11), C(1A)–C(2A)–C(2M) 114.0(10), C(3A)–C(2A)–C(2M)
125.2(10), C(2A)–C(3A)–C(4A) 119.6(11), C(1B)–Os(2)–Os(3) 47.5(3),
C(1B)–Os(2)–P(1B) 43.2(3), P(1B)–Os(2)–Os(3) 54.41(7), C(2B)–C(1B)–
P(1B) 132.3(9).

Scheme 1 Hypothetical mechanism for the formation of the
{m3-PC(Me)C(Me)C(But)}-subunit in 2
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cyclopentadiene ring. There are relatively few examples of co-
cyclodimerization reactions of alkynes and phosphaalkynes at
transition metal centres resulting in phosphacyclobutadiene
metal complexes that are comparable to the proposed inter-
mediate.6 Although no information regarding the detailed
mechanism outlined in Scheme 1 is available, it is interesting to
note that, since only one regioisomer is isolated, insertion into
the proposed phosphacyclobutadiene intermediate occurs ex-
clusively at the bond between the phosphorus and the carbon
atom bearing the But substituent.

The fact that the basic open Os3-triangle in the framework of
2 requires a total of 50 valence electrons with a contribution of
four valence electrons from the second m2-h2,h2-coordinated
phosphaalkyne ligand indicates that the central ligand formed
by the coupling of butyne and ButC·P acts as a six electron
donor. Therefore, it can be concluded that the lone pair centred
on P(1a) does not contribute to the cluster framework. The
coordination around phosphorus atom P(1a) can be described as
a distorted square based pyramid with the three osmium atoms
forming the base together with the carbon atom C(1a), while the
lone pair of P(1a) points into the direction of the apex.

While the distances between Os(2) and either P(1a) or C(3a)
are 2.368(3) and 2.209(12) Å, respectively, lying within the
range of normal Os–P and Os–C single bonds,7 the distances
between P(1a) and either Os(1) or Os(3) are ca. 30 pm longer
than the average [2.701(3) and 2.666(3) Å, respectively]. This
indicates a very unusual bonding situation because steric
reasons for the observed bond lengthening can be excluded at
least in the case of the interaction between Os(3) and P(1a).

The second phosphaalkyne ligand in 2 bridges Os(2) and
Os(3) in the m2-h2,h2-coordination mode with the participation
of both P–C p-MOs. The P–C distance of the side on
coordinated phosphaalkyne is 1.731(12) Å, which is too short
for the expected single bond but easily fits the range of typical
P–C double bonds.7 The But substituent on the methylidyne
carbon atom C(1b) bends away from the osmium atoms as a
result of a rehybridisation caused by the coordination, thereby
reducing the angle P(1b)–C(1b)–C(2b) from 180° in the free
phosphaalkyne to 132.3(9)°. Similar features have been re-
ported for the only other structurally characterized example of a
side on-coordinated phosphaalkyne ligand, [Mo2Cp2(CO)4(m2-
h2 :h2-PCBut)],8 where the P–C distance is 1.719(3) Å and the
P–C–C angle 127.9(3)°.

We thank the Deutsche Forschungsgemeinschaft (Bonn, Bad
Godesberg) for a postdoctoral fellowship (M. N.) and the
EPSRC for support.

Notes and References

† Synthesis of 2: A mixture of 37.9 mg (0.042 mmol) [Os3(CO)10(m3-
h1 :h2 :h1-C2Me2)] 19 and 4.2 mg (0.042 mmol) 2,2-dimethyl-propylidyne-
phosphine10 in 50 ml of dry CH2Cl2 was heated under reflux for 24 h under
an inert atmosphere. After filtration and concentration in vacuo, 2 was
separated from unreacted starting material by thin layer chromatography
[silica gel, CH2Cl2–hexane (3 : 7)] as the only major product (6%). Yellow
crystals suitable for X-ray crystallography were grown by vapor diffusion of
hexane into a CH2Cl2 solution. 1H NMR [(CD3)2CO], d 1.43 (s, 9H, But(b)),
1.60 (s, 9H, But(a)), 2.41 (s, 3H, Me2m), 2.68 (s, 3H, Me1m); 31P NMR
(CDCl3), d 2118.0 (P1b), 229.7 (P1a); IR (CH2Cl2), nCO 2080s, 2050vs,

2023s, 2014s, 1993m, 1970m cm21; FABMS (MeCN/3-noba), m/z 1054 2
28n, 0 @ n @ 8, [M 2 n CO]+.
‡ Crystal data for 2·0.5 CH2Cl2: C22H24O8Os3P2 + 0.5 CH2Cl2, Mw =
1091.41, monoclinic, space group C2/c, a = 31.052(4), b = 11.315(2), c =
17.258(2) Å, b = 108.394(10)°, U = 5753.9(13) Å3, Z = 8, Dc = 2.520 Mg
m23, T = 150 ± 2 K, F(000) = 3992, m(Mo-Ka) = 13.463 mm21, yellow
needle, 0.23 3 0.08 3 0.06 mm. Intensities of 5861 reflections were
collected between 2.73 @ q @ 25.06° on a STOE Stadi 4 diffractometer
using Mo-Ka radiation (graphite monochromator, w scan mode). Absorp-
tion corrections were applied using y-scan data: Tmin = 0.136, Tmax =
0.224. The structure was solved by direct methods11 and refined by full-
matrix least-squares on F2. A molecule of CH2Cl2 lies disordered over four
positions about the crystallographic two-fold axes (two unique orienations
plus their symmetry equivalents; Z for the CH2Cl2 is thus 4, compared to 8
for the Os cluster and hence this is the hemidichloromethane solvate). The
occupancy ratio of the unique molecules refined to 0.29 : 0.21(1), with two
common isotropic displacement parameters being respectively refined for
the C and Cl atoms. The positional parameters were refined subject to
explicit geometry restraints [C–Cl 1.80(2), Cl–Cl 2.93(2) Å]. All other non-
H atoms were refined freely with anisotropic displacement parameters.12

Final R values: R1 = 0.0418 and wR2 = 0.0805 [based on F2 and 5082 data
with I > 2s(I) and 345 parameters]. The final Fourier difference map
showed no residual density outside of 21.378 and 1.303 e Å23. CCDC
182/1010.
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Synthesis and electrochemical properties of new star-shaped thiophene
oligomers and their polymers

Frédéric Cherioux,*† Laurent Guyard and Pierre Audebert‡

Laboratoire de Chimie et Electrochimie Moléculaire, Université de Franche-Comté, UFR Sciences, 16, route de Gray, F-25030
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The efficient synthesis of some 2,4,6-tris[5-(2,2A-bithienyl)]-
1,3,5-triazines and 1,3,5-tris[5-(2,2A-bithienyl)]benzenes and
their electrochemical properties are discussed.

Branched conducting polymers with electronically connected
nodes are excellent candidates among the family of super-
structured conducting polymers. In fact, with such polymers,
there should be no need for interchain coupling or interchain
electronic transfer in order to insure high electronic con-
ductivity.1 Moreover, this type of material possesses a three
dimensional structure which could also assist the conductiv-
ity.

There are few previous reports of this type of conducting
polymer because the starting precursors are difficult to
synthesise. Previous approaches2 were made to reticulated
conducting polymers, but electronic conjugation was only
weakly, or not at all, insured through the nodes. Also, star-
shaped oligomers were used but in low proportions to prepare
polythiophene gels which were no longer soluble in classical
solvents and had high degrees of swelling.3

Here we present an efficient method for the synthesis of some
2,4,6-tris[5-(2,2A-bithienyl)]-1,3,5-triazine or 1,3,5-tris[5-
(2,2A-bithienyl)]benzene derivatives which are precursor of
two-dimensional conducting polymers. Their electrochemical
properties have been investigated. A new polymer has been
synthesised via chemical or electrochemical oxidation of
1,3,5-tris[5-(2,2A-bithienyl)]benzene and the charge transfer
kinetics inside has been determined by chronoamperometry
experiments.

The 2,4,6-tris[5-(2,2A-bithienyl)]-1,3,5-triazine derivatives 2
were obtained by a triple aromatic nucleophilic substitution of
2,2A-dithienyllithium salts on cyanuric chloride (see Scheme 1).
This reaction is very efficient4 because such substitutions are
activated by the mesomer attractive power of the nitrogen
atoms, which stabilises the intermediate species. So, 3 equiv. of
2,2A-dithienyllithium salt were added in one portion to 1 equiv.
of cyanuric chloride in THF. The crude products were purified
by column chromatography with light petroleum–CH2Cl2 (1 : 1)

as eluent. Only the tri-substituted products 2§ were formed with
yields close to 90% (2a: 95%, 2b: 90%).

However, the tris(2,2A-bithienyl)benzene derivatives 4 were
synthesised via an another route, as aromatic nucleophilic
substitution on an inactivated benzene is very difficult.
Moreover, there is only one report in the literature of
1,3,5-trisubstitution on a tri-substituted benzene.5 Therefore, we
adapted a recently described procedure based on a triple
ketolisation and dehydration of an aromatic methyl ketone with
tetrachlorosilane (TCS)–EtOH.6 However, this method was
developed to afford b-methylchalcone stereoselectively, with-
out polymer formation. The authors obtained some 1,3,5-triar-
ylbenzene derivatives as side products. We modified this
reaction so that the major products were the 1,3,5-triar-
ylbenzene derivatives. This was achieved using 5 rather than 1
equiv. of TCS, and increasing the reaction time from the 2–4 h
given in the original paper to 18 h. Thus the more general
character of this method is demonstrated.

The 5-(2,2A-bithienyl) methyl ketone 3 is made via the action
of 2,2A-dithienyllithium salts on N,N-dimethylacetanilide (see
Scheme 2). TCS–EtOH (5 equiv.) was added to
5-(2,2A-bithienyl) methyl ketone in anhydrous toluene under
nitrogen atmosphere. The mixture was stirring of 18 h at room
temperature (see Scheme 2). It was then poured in water,
extracted with CH2Cl2, and the organic phase was separated,
dried, and the solvent removed under reduced pressure. The
residue was purified by column chromatography with light
petroleum–CH2Cl2 (1:1) as eluent. The pure products 4§ were
obtained with good yield (4a: 65%, 4b: 55%).

All the thiophene oligomers described are electrochemically
oxidizable. In the cases of the oligomers 2a and 4a (with
unblocked a-positions), entirely irreversible voltamograms are
obtained whatever the scan rate up to 1000 V s21 (peak

Scheme 1 Reagents and conditions: i, BunLi; ii, 2,4,6-trichloro-1,3,5-tria-
zine

Scheme 2 Reagents and conditions: i, BunLi; ii, DMA; iii, TCS, EtOH, 18
h, room temp.
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potentials at 1 V s21 are 1.41 and 1.02 V vs. SCE for 2a and 4a,
respectively). This demonstrates the very high reactivity of the
electrogenerated cation radicals despite the presence of seven
aromatic rings. On the other hand, as expected with oligomers
2b (oxidation peak potential 1.27 V vs. SCE at 1 V s21) and 4b
[redox potentiel E° (half sum of reversible peaks in CH2Cl2) of
1.00 V vs. SCE is obtained], a return peak is obtained in all
cases. As a consequence of the presence of the propylthio group
blocking the a-positions, the cation radicals cannot undergo
either coupling nor nucleophilic attack due to the steric
hindrance of the substituents. It is possible to obtain a standard
reversible voltamogram with the benzenic derivative 4b in
CH2Cl2. However, in the case of the triazine 2b, the return peak
always features the oxidation of an adsorbed species whatever
the solvent, showing that the propyl chains on sulfur are not
sufficient in this case to insure sufficient solubility of the
electrogenerated cation radical. Similarly in MeCN the cation
radical of 4b also precipitates. The irreversible dication
formation is also observable at potentials of 2.13 and 1.97 V vs.
SCE for 2b and 4b, respectively.

Upon oxidation of 2a, no polymer formation was observed
whatever the conditions, therefore probably the cation radicals
favour nucleophilic attack on the s-triazine nitrogen atoms to
coupling. Conversely the oxidation of 4a gives an electro-
deposited polymer, which displays electroactive characteristics
analogous to polythiophene, with a broad reversible peak at an
average potential of 0.9 V vs. SCE. Chronoamperometry was
performed on average thickness films (300 nm) and the
diffusion coefficient of the charge transfer is equal to 2 3 1028

cm2 s21 (on the basis of one electron for every four thiophene
units and a density of 1.5 g cm23) which is in accordance with
values obtained with other conducting polymers.7 Owing to the
ease of the monomer synthesis, larger quantities of polymer can

be made by chemical polymerisation with iron(III) chloride. The
electrochemical behaviour of the blocked oligomers, especially
p-dimer formation, is also being studied.

Notes and References
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§ HRMS analysis 2a: M+ = 573, 2b: M+ = 795, 4a: M+ = 570, 4b: M+ =
792. All NMR data are in agreement with the proposed structures.

1 J. M. Tour, Chem. Rev., 1996, 96, 537; W. J. Feast, J. Tsiboulis, K. L.
Pouwer, L. Groenendaal and E. W. Meijer, Polymer, 1996, 37, 5017.

2 J. Roncali, P. Marque, A. Yassar, R. Garreau and M. Lemaire, J. Phys.
Chem., 1987, 91, 6706; J. Roncali, R. Garreau and M. Lemaire,
J. Electroanal. Chem., 1990, 278, 373; S. Courric, Y. Gache and J.
Simonet, J. Electroanal. Chem., 1993, 362, 291; Y. Gache and J.
Simonet, J. Phys. Chem., 1992, 89, 1027; J. Rault-Berthelot, M.
Massaoudi, H. Le Deit and J. Simonet, Synth. Met., 1995, 75, 11.

3 E. Rebourt, B. Pépin-Donat and E. Dinh, Polymer, 1995, 36, 399; B.
Sixou, B. Pépin-Donat and M. Nechtschein, Polymer, 1997, 38, 1581;
K. Yoshino, S. Morita and K. Nakao, Synth. Met., 1991, 41-43, 1039; K.
Yoshino, K. Nakao, M. Onoda and R-I Sugimoto, Solid State Commun.,
1989, 70, 609.

4 A. R. Katrisky and B. Nowak-Wydra, Chem. Scr., 1984, 24; F.
Cherioux, P. Audebert and P. Hapiot, Chem. Mater., 1998, 10, 1984.

5 R. Weiss, B. Pohmrehn, F. Hampel and W. Bauer, Angew. Chem., Int.
Ed. Engl., 1995, 34, 1319.

6 S. S. Elmorsy, A. G. M. Khalil, M. M. Girges, and T. A. Salama,
J. Chem. Res. 1997, (S) 232; (M) 1537.

7 P. Audebert, M. Maumy and P. Capdevielle, New J. Chem., 1992, 16,
697 and references cited therein.

Received in Cambridge, UK, 26th August 1998; 8/06691D

2226 Chem. Commun., 1998



Se
N

O

Ph

1

Se

N
Ac

OH

2

Se

N
R

R′

)
2

Se)
2

3  R = R′ = Me

4  NRR′ =

5  R = Me, R′ = c-C6H11

N

6

SeFe )
2

7

SeFe )
2

8  (R,S;R,S) (+)
9  (S,R;S,R) (–)

NMe2

H Me

Se

N

O

R

R′

)
2

10  R = R′ = Me
11  R(–), R = Et, R′ = H

NMe2

Se)
2

12

Diferrocenyl diselenides: excellent thiol peroxidase-like antioxidants

G. Mugesh,a Arunashree Panda,a Harkesh B. Singh,*a Narayan S. Punekarb and Ray J. Butcherc
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Synthesis, structure and thiol peroxidase-like antioxidant
activity of several diaryl diselenides having intramolecularly
coordinating amino groups are described; the diselenides
having both tertiary amino groups and redox-active ferroce-
nyl units show excellent peroxidase activity.

Glutathione peroxidase (GPX) is a well known selenoenzyme
which functions as an antioxidant.1 This selenoprotein catalyses
the reduction of harmful peroxides by glutathione and protects
the cell membrane from oxidative damage. Recently, much
attention has been devoted to the synthesis of simple organose-
lenium compounds that mimic the action of GPX. After the
discovery of Ebselen 1,2 several other mimetics have been
reported which include the Ebselen homologue,3 benzoselena-
zolinones,4 selenenamide 25a and related derivatives,5b diaryl
diselenides,6 various tellurides and ditellurides,7 and the
enzyme selenosubtilisin.8

Recently, diaryl diselenides 3–5 with basic amino groups
have attracted much attention as GPX mimics because the
Se···N intramolecular non-bonded interactions, (i) activate the
Se–Se bond towards the oxidative cleavage and, (ii) stabilize the
resulting selenenic acid intermediate against further oxidation.6
In continuation of our work on intramolecularly coordinated
organochalcogens,9 we report here the synthesis, structure and
thiol peroxidase activity of a series of closely related novel
diselenides 7–12.

Diselenides 3,9a 7,10 8,11 and 911 used in the present study
were prepared by the methods indicated. Novel diselenides

10–12 were prepared by the ortholithiation method.† The
structures of 8, 10, 11 and 12 were determined by X-ray
diffraction.‡ The catalytic activity was studied according to the
method reported by Tomoda and coworkers6b using benzene-
thiol (PhSH) as a glutathione alternative. The initial rates (v0)
for the reduction of H2O2 (3.75 mm) by thiol (1 mm) in the
presence of various catalysts (0.01 mm) [eqn. (1)] were
determined in methanol medium by monitoring the UV
absorption at 305 nm due to the formation of diphenyl disulfide
(PhSSPh).

  H O PhSH H O PhSSPh2 2
Catalyst

2+ æ Ææææ +2 2 (1)

Diselenide 6 showed a slight enhancement in the rate (v0 =
0.55 ± 0.18 mmol dm23 min21) as compared with the
uncatalyzed rate (v0 = 0.15 ± 0.04 mmol dm23 min21).
Ferrocene was inactive, however, N,N-dimethyl(ferrocenyle-
thyl)amine, a ferrocene compound containing a basic amino
group showed a much better activity (v0 = 3.16 ± 0.52 mmol
dm23 min21). The rate (v0 = 3.83 ± 0.32 mmol dm23 min21)
observed for 6 together with N,N-dimethyl(ferrocenylethyl)a-
mine was equal to the sum of the rates observed for the
individual cases (v0 = 3.71 ± 0.70 mmol dm23 min21). There
was a significant improvement in the activity when the phenyl
groups in 6 were replaced by redox active ferrocenyl groups, 7
(v0 = 3.39 ± 0.37 mmol dm23 min21). The activity of 7 could
not be enhanced by the addition of N,N-dimethyl(ferrocenyle-
thyl)amine as the rate of the mixed case (v0 = 5.78 ± 0.79 mmol
dm23 min21) was almost equal to the sum of their rates in the
individual cases (v0 = 6.55 ± 0.45 mmol dm23 min21). The
initial rate in the presence of crystalline Wilson’s catalyst (3),
which has been previously used as liquid or HCl salt,6a was
28.38 ± 3.88 mmol dm23 min21. Surprisingly, under similar
conditions, the initial rates for the redox-active diselenides 8
and 9 were 574.01 ± 23.98 and 466.49 ± 28.26 mmol dm23

min21, respectively. Diselenides 10, 11 and 12 did not show any
noticeable activity under identical conditions.

Almost 18 fold enhancement in the initial reduction rate of 8
and 9 compared with the Wilson’s catalyst and ca. 900 fold
enhancement compared with PhSeSePh under identical experi-
mental conditions was observed. Although compounds 3, 8 and
9 have similar amino groups, the large increase in the activities
of 8 and 9 as compared with 3 indicates that the presence of
redox-active group is crucial for high peroxidase activity of 8
and 9. On the other hand, while compound 7 is much more
reactive than 6, the observation that 7, whose redox potential§
is as low as those of 8 and 9, is much less reactive than 8 or 9
clearly suggests that the nearby nitrogen moiety should be
equally responsible for activity enhancement of 8 and 9. In other
words, these two functionalities (tertiary amino and redox-
active) individually show moderate effects on the activity,
however, when present together (8 and 9), the effect is
synergistic.

The Se···N interaction of an intermediate strength (2.856 and
2.863 Å) in 3 shows moderate effect on the activity whereas, the
most active compounds 8 and 9 do not have any such
interactions in the solid state as the Se···N bond lengths (3.697
and 4.296 Å for 8; 3.98 and 4.12 Å for 911b) are greater than the
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sum of their van der Waals radii (3.54 Å). However, the activity
of 8 and 9 cannot be regarded as evidence for unimportance of
nearby nitrogen since the nitrogen atoms present in the
compounds may come closer to the selenium in solution. The
inactivity of 10, 11 and 12 [in which the Se···N interactions are
quite strong; 10 (2.705, 2.891 Å), 11 (2.778, 2.794 Å) and 12
(2.628, 2.652 Å)], may be ascribed not only to steric effect, but
also to the nature of the nitrogen lone pairs which are either
imine lone pair (10, 11) or a lone pair in p-conjugation (12),
suggesting that they are not basic enough to incorporate in the
redox cycle.

In conclusion, we observe that the diselenides which have
quite strong Se···N intramolecular interactions do not show any
noticeable activity whereas the diselenides which have in-built
coordinating basic amino group but do not have Se···N
interaction show excellent activity. Secondly, the diselenides in
which the selenium atom is directly bonded to a redox active
group (ferrocenyl) show a dramatic increase in the peroxidase
activity thus supports the supposition made by Back and
Dyck.5a

We are grateful to the Royal Society of Chemistry, London
for funding this work. R. J. B. wishes to acknowledge the DoD-
ONR program for funds to upgrade the diffractometer.
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† Compound 10: yield: 60%, mp 158–160 °C. Compound 11: yield: 40%,
mp 120–122 °C. Compound 12: yield: 60%, mp 136 °C (decomp.).
Satisfactory elemental analyses were obtained for all new compounds.
‡ Crystallographic data: 8: C28H36Fe2N2O2Se2, M = 670.21, orthorhombic
space group P212121, a = 10.7903(11), b = 15.1341(12), c = 17.7815(14)
Å, V = 2903.7(4) Å3, Z = 4, Dc = 1.533 Mg m23, R(Rw) =
0.0511(0.0870), T = 293(2) K, m = 3.524 mm21, observed reflections =
4597. 10: C22H24N2O2Se2, M = 506.36, rhombohedral, space group R3̄ a =
33.198(4), c = 10.564(2) Å, V = 10083(2) Å3, Z = 18, Dc = 1.501 Mg
m23, R(Rw) = 0.0500(0.0837), T = 293(2) K, m = 3.319 mm21, observed
reflections = 4884. 11: C22H24N2O2Se2, M = 506.35, orthorhombic, space
group P212121, a = 8.778(3), b = 12.643(3), c = 20.268(4) Å, V =
2249.2(11) Å3, Z = 4, Dc = 1.495 Mg m23, R(Rw) = 0.0456(0.0869), T =
293(2), m = 3.306 mm21, observed reflections = 2167. 12: C24H24N2Se2,
M = 498.37, orthorhombic, space group P212121, a = 7.6738(10), b =
11.0274(11), c = 26.127(3) Å, V = 2210.9(4) Å3, Z = 4, Dc = 1.497 Mg
m23, R(Rw) = 0.0564(0.1015), T = 293(2) K, m = 3.356 mm21, observed
reflections = 2839. CCDC 182/1016.
§ Supporting electrolyte 0.1 m Et4NClO4 in MeCN, SCE reference
electrode, scan rate 50 mV s21. Compounds 7–9 undergo two quasi-

reversible one-electron oxidations at relatively low potentials (7: 0.60, 0.79
V; 8: 0.44, 1.02 V; 9: 0.45, 1.08 V) whereas the other diselenides undergo
irreversible oxidations at higher potentials (3: 1.02 V; 6: 1.82 V; 10: 0.97 V;
11: 1.04 V; 12: 0.95 V); ferrocene: 0.45 V.
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Observation of a photochemical reaction on the TiO2 (110) surface by atomic
force microscopy
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A photocatalytic surface reaction—the decomposition of a
submonolayer of stearic acid mediated by a rutile TiO2 (110)
single crystal—is examined by atomic force microscopy and
the results reveal that the reaction occurs at substantially
distinct rates at randomly distributed nanoscale surface
sites.

The photocatalytic properties of TiO2 are very interesting and
are utilised in many situations. For example, ultraviolet
irradiation of TiO2 produces an amphiphilic surface with both
antifogging and self-cleaning properties.1–3 TiO2 photocatalytic
reactions, like many other surface reactions, have been studied
for many years by macroscopic techniques such as vibrational
spectroscopy. However, in the last decade, scanning probe
techniques such as atomic force microscopy (AFM) have
brought new insight on the morphology and molecular structure
and periodicity of surfaces. In the present study, we examine the
surface reactivity of rutile TiO2 (110) during the photo-
decomposition of monolayer islands of stearic acid
(C17H35COOH) using the AFM.

The submonolayer film of stearic acid was deposited onto a
clean and polished rutile TiO2 (110) single crystal substrate by
way of the Langmuir–Blodgett (LB) technique. Film transfer
was performed at 15 mN m21 (area ≈ 0.201 nm2 molecule21)
at 20 °C in a clean room. The obtained film was imaged by
contact-mode AFM (Seiko Instruments: SPA300 AFM system
with a SPI3700 controller) under ambient conditions (T ≈
20 °C, relative humidity = 40%) using a commercially
available triangular Si3N4 sharpened cantilever. The force
between the tip and sample was typically 1 nN. The UV light
source was a Hypercure 200 UV lamp (Yamashita Denso, long
wave UV lmax ≈ 365 nm) equipped with a light guide. Incident
UV light intensity (measured using a UV radiometer: Topcon
UVR-1) at the sample surface was ca. 2.5 mW cm22. In a
typical experiment, the tip was withdrawn from the sample
before UV light irradiation. After irradiating for a pre-
determined period, the light was switched off and the tip re-
engaged for image recording. A representative AFM image
before irradiation is shown in Fig. 1(a). A notable feature is the
perfectly circular nature of the islands. In two-dimensional
phase separated systems, circular domains are thermodynam-
ically favourable and are formed as a result of the minimisation
of surface energy through a reduction in interfacial length and
curvature.4,5

The surface morphological changes upon UV light irradiation
are depicted in Fig. 1(b)–(e). The reactivity pattern and reaction
trends are very intriguing. Fig. 1(b) imaged at 5 min reaction
shows the inhomogeneous pitting or etching of the island as
stearic acid molecules photodecomposed. Typical hole diame-
ters were in the range of 24 nm to 100 nm, with an average depth
of ca. 0.9 nm (hole-depth range ≈ 0.0–2.25 nm, cf. a fully
extended stearic acid molecule6 has a chain length of ≈ 2.5 nm),
corresponding to an estimated 2250 to 40000 stearic acid
molecules having undergone photodecomposition, respectively.
It should be noted that at this stage of the reaction the organic

film comprises a mixture of adsorbed stearic acid as well as
possible oxygenated alkyl intermediate molecules.7 Likewise,
we note that imaging of the island edges at higher resolutions
revealed no clear trends in bulk island contraction. An island

Fig. 1 Sequential 3-D AFM images of the rutile TiO2 (110) mediated
photodecomposition of stearic acid islands. Image (a) is 4 3 4 mm in size
whereas all the other images are 3 3 3 mm. The images were obtained after:
(a) 0, (b) 5, (c) 10, (d) 20, and (e) 60 min of UV light irradiation,
respectively. Incident light intensity at the sample surface ≈ 2.5
mW cm22.
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contraction scenario would arise if molecules at the edges
photodecomposed at a faster rate than those in the interior.
However, inhomogeneous decomposition at the edges as well as
the interior suggests that the distribution of surface active sites
governs surface reactivity. On analysing numerous other
islands, we obtained the same randomisation phenomenon.
With further irradiation, an even more peculiar reactivity
pattern unfolds as depicted in Fig. 1(c) and (d). The surface
morphology after irradiating for 10 min reveals a startling
merging of holes to generate a mosaic, which eventually
disappears with progress of reaction. At 20 min reaction [Fig.
1(d)], the island structure is no longer discernible. Prolonged
irradiation resulted in the complete photodecomposition of the
stearic acid molecules to CO2 and H2O.8,9 That the reaction
goes to completion was corroborated by parallel FT-IR
experiments. Further control experiments in which monolayers
of stearic acid were deposited onto CaF2 substrates revealed that
TiO2 is essential for the photodecomposition of stearic acid.

The photodecomposition process is considered to proceed via
two main oxidative routes, direct hole oxidation and ·OH
oxidation.10–12 The observed inhomogeneous reactivity pattern
appears to mirror the momentary distribution of the surface
active sites. Thus, the spatial localisation of the reaction appears
to be largely influenced by the nature and composition of the
photocatalyst. Spatially localised electrochemical reactions on
TiO2 surfaces have also been observed by scanning electro-
chemical microscopy.13,14 In conclusion, this study reveals that
a TiO2 photocatalytic reaction is spatially localised and occurs
at different rates at randomly distributed surface sites.

P. S. gratefully acknowledges financial support from the
Science and Technology Agency. We thank Dr L. Jiang for
assistance with the AFM measurements.
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A new strategy for the elaboration of pyrrolidine N-oxides using the
reverse-Cope elimination

Jane R. Hanrahan and David W. Knight*†

Chemistry Department, Cardiff University, PO Box 912, Cardiff, UK CF1 3TB

Condensations of the unsaturated nitrones 13 with lithiated
methyl phenyl sulfone provide excellent yields of the
unsaturated hydroxylamines 14 as single stereoisomers,
which undergo rapid reverse-Cope elimination at ambient
temperature, assisted by the constraint of the acetonide ring,
leading to the pyrrolidine N-oxides 15 as single enantio-
mers.

As its name suggests, the reverse-Cope elimination is a reaction
wherein a hydroxylamine and an alkene contained within the
same molecule 1 undergo an addition reaction to give a cyclic
N-oxide 2. Originally discovered by the groups of House,1
Black2 and Oppolzer,3 it is only relatively recently that the
method has come to prominence, particularly due to the
pioneering studies of Ciganek4 who defined much of its scope
and limitations as a useful approach to pyrrolidine N-oxides.
Despite some earlier speculation,1 results reported in a seminal
paper by Oppolzer’s group5 provide excellent evidence that the
transformation is a thermal pericyclic process related to the ene
reaction. Subsequently, the latter group applied the reaction as
a key step in a synthesis of the alkaloids lycorane and
trianthine;5 other neat applications by the Holmes group have
further served to demonstrate the synthetic potential of the
reverse-Cope process in the formation of pyrrolidines and also
of cyclic nitrones, by related intramolecular additions of
hydroxylamines to acetylene groups.6 Our own contributions
(Scheme 1) to this area have been centred around the use of
condensation reactions between various unsaturated nucleo-
philes 3 and aldonitrones 4 to generate suitable hydroxylamines
5 which then undergo the reverse-Cope reaction to give a
variety of five-membered heterocycles 6 [Nu = NMe, S,
PhSO2CH] and derivatives thereof.7 With a view to extending
the flexibility of the latter pyrrolidine N-oxide synthesis, we
wondered whether suitable unsaturated hydroxylamines 8 could
be generated by nucleophilic additions to molecules 7 contain-
ing both nitrone and alkene functions, with the idea of obtaining
N-oxides 9 (Scheme 2). This idea also gave us an opportunity to
test another speculation regarding the reverse-Cope elimina-
tion: would the rate of the reaction be increased if the two

reacting groups were held together by a second ring? In general,
when a substituent is present on the terminus of the alkene group
[i.e. 7: R2 ≠ H], the rate of the reaction is slowed substantially,
which can be a serious constraint when the sensitivity of the
product precludes significant heating to induce cyclisation.2,7

Ciganek in particular4 has demonstrated the value of remote
geminal substituents in aiding reverse-Cope cyclisations, pre-
sumably by a Thorp–Ingold effect, and we therefore felt that
incorporation of a second ring would prove at least as effective.
Herein, we report our first experiments in this area which have
resulted in a new and highly stereoselective approach to
pyrrolidine N-oxides and a somewhat unexpected stereochem-
ical outcome.

We reasoned that an ideal starting material to test these ideas
was D-ribose; protection of the primary hydroxy group as a silyl
ether and acetonide formation8 provided derivative 10 in which
the acetonide ring provided the required constraint and the
residual functionality the opportunity to incorporate the nitrone
and alkene groups (Scheme 3). Subsequent Wittig homologa-
tion, crucially using potassium tert-butoxide as the base, led to
good yields of the alkenes 11, with the E/Z ratios shown. As the
distal stereocentre would be removed if the reverse-Cope
cyclisations were to be successful, we made no attempt to
separate these isomers. Desilylation and diol cleavage then
delivered the aldehydes 12 which were smoothly converted into
the corresponding nitrones 13 under standard conditions.

Scheme 1

Scheme 2

Scheme 3
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Addition of lithiated methyl phenyl sulfone (Scheme 4) to the
nitrones 13 at 278 °C in THF, followed by warming to ambient
temperature, quenching with aq. NH4Cl and extractive work-up,
delivered the expected7 hydroxylamines 14, essentially as
single stereoisomers, according to 1H and 13C NMR analyses.
At this stage, we did not know the configuration of the newly
created stereocentre, although comparative spectroscopic data
not unreasonably indicated that this was the same sense in each
example. However, we suspected that the isomers shown (14)
were formed, based on the work of the Dondoni group and the
associated Houk model for such additions.9 Further meaningful
measurements was precluded when we were pleased to observe
that the desired reverse-Cope elimination was already taking
place as these analyses were being carried out. As indicated in
Scheme 4, the cyclisations proceeded to completion remarkably
quickly at ambient temperature in CHCl3 solution, the slowest
being the phenyl substituted analogue 14c which, even so, only
required 5 h. The final products 15 were purified by rapid
column chromatography; following a brief elution with 5%
MeOH–CH2Cl2, the rather polar N-oxides 15 were eluted as
pure compounds using neat MeOH in the isolated yields shown
(Scheme 4).

Each product was isolated as a single enantiomer, according
to 1H and 13C NMR data. Detailed NMR analysis, in particular
NOE measurements,10 supported the all-cis structures 15 shown
and was also consistent with the Dondoni–Houk conclusions
concerning the initial carbanion addition.9 This, perhaps at first,
surprising result can be explained by the transition state
conformation 16 wherein the alkene and hydroxylamine
functions can line up in such a way as to allow for maximum
orbital overlap, as indicated in the alternative view 17.
Molecular models indicate that such overlap is less favourable
in the alternative chair-like conformation; attempts to quantify
this argument are in progress. Such a transition state conforma-
tion is similar to one we have previously deduced to explain the
stereochemical outcome of the reverse-Cope cyclisations sum-
marized in Scheme 1.7

The remarkable ease with which the present cyclisations
occur, presumably due to the additional ring constraint, together
with the fact that this allows for the incorporation of additional
functionality, suggests that this route should find many
applications in the stereoselective synthesis of highly substi-

tuted pyrrolidines and derivatives thereof, in particular, the
more difficult to obtain all-cis isomers. Studies aimed at
exploiting this are in progress.

We are very grateful the EPSRC for generous support of this
work (PDRA to J. R. H.) and to the EPSRC Mass Spectrometry
service at Swansea University for the provision of high
resolution mass spectral data..
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[Tl(OPPh3)2][Au(C6F5)2]: the first extended unsupported gold–thallium linear
chain
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Li[Au(C6F5)2] reacts with TlNO3 in the presence of OPPh3
affording a complex of stoichiometry [AuTl(C6F5)2-
(OPPh3)2]n, which presents different luminescence proper-
ties depending on the conditions and whose crystal structure
reveals the existence of unsupported Au–Tl bonds forming a
polymeric linear chain.

There is a renewed interest in mixed gold–transition metal
compounds because of their fascinating and unique chemical
and physical properties. A central issue in their chemistry is the
study of closed-shell metal–metal interactions, which have been
attributed to correlation effects that are strengthened by the
relativistic effects for gold.1 Structural and theoretical evidence
has been accumulated for an entire family of cation–cation
interactions between d8–d10–s2 systems.2 Particularly inter-
esting are extended linear chain compounds, because the
rationalization of the bonding of these structures still remains as
a challenge.3,4 For instance, Tl2Pt(CN)4,5 with a Tl–Pt distance
of 3.14 Å, was expected to be ionic with some covalent
character6 although correlation effects and the crystal-field
contributions seem to be also important.7 In contrast,
[AuTl{Ph2P(S)CH2}2],3,8 with a shorter Tl–Au distance (3.003
Å), displays mainly ionic bonds between Tl+ and [AuX2]2
moieties.2 This latter unit is also present in the polymeric
species [AgAuX2L2],9,10 where X is a pentafluorophenyl group,
thus avoiding any bridging effect. Mössbauer spectroscopic
studies of such species indicate that [Au(C6F5)2]2 groups act as
Lewis bases; the presence of perfluorophenyl groups seems to
be the key for their donor properties,11 which are similar to
those postulated for dinuclear units of the form [Au(y-
lide)]2.12–14

Despite the results previously reported, [Au(C6F5)2]2 has not
hitherto been employed in the synthesis of other heterometallic
compounds. We report here the synthesis and characterization
of [Tl(OPPh3)2][Au(C6F5)2] (1), the first extended unsupported
gold–thallium linear chain. This material is formed by reacting
a mixture of triphenylphosphine oxide and a solution of TlNO3
in MeOH with a freshly prepared solution of Li[Au(C6F5)2] in
diethyl ether at 278 °C. The LiNO3 formed is filtered off and
the colourless solution is layered with pentane. Yellow-green
crystals of complex 1 are collected after three days in a 40%
yield. Compound 1 shows analytical and spectroscopic data in
accordance with the proposed structure† and behaves as a 1 : 1
electrolyte in acetone. The absence of colour in ether or acetone
solution implies that the interactions between the metal centres
are restricted to the solid state.

In contrast, when the same reaction is carried out with the
NBu4

+ instead of the lithium salt, the complex is not formed and
the gold(I) starting material is recovered unaltered. However,
treatment of [Au(C6F5)2Cl(PPh3)] with equimolecular amounts
of thallium acetylacetonate surprisingly affords complex 1. The
mechanism of such a reaction is not clear, but it involves the

reduction of the gold(III) centre and the oxidation of the
triphenylphosphine.

The structure of 1 was determined by single-crystal X-ray
diffraction15‡ (Fig. 1). The two independent gold atoms lie on
inversion centres and thus display exact linear co-ordination by
the C6F5 groups with Au–C distances of 2.058(5), 2.053(6) Å,
whereas the thallium centre is bonded to two OPPh3 ligands
[O(1)–Tl–O(2) = 80.61(3)°] with typical Tl–O distances of
2.483(3) and 2.550(4) Å. The compound forms a one-
dimensional polymer parallel to the crystallographic x axis.
Including the metal–metal interactions, the geometry at gold is
almost square planar and that at thallium is distorted trigonal
bipyramidal with a vacant equatorial co-ordination site, pre-
sumably associated with the stereochemically active lone pair.
The Tl–Au distances [Au(1)–Tl = 3.0358(8), Au(2)–Tl =
3.0862(8) Å] are nearly equal and similar to the sum of thallium
and gold metallic radii (3.034 Å). They are similar to those
found in [AuTl(Ph2P(S)CH2)2]n [Tl–Au(intramolecular) =
2.959(2), Tl–Au(intermolecular) = 3.003(2) Å],3,8 where two
‘supporting’, Ph2P(S)CH2 ligands are C-bonded to each gold
centre and S-bonded to each thallium atom of a linear chain in
which the metallic centres exhibit similar geometries as in 1.
Complex 1 may be considered as containing [Au(C6F5)2]2 and

Fig. 1 Molecular structure of complex 1. Selected distances (Å) and angles
(°): Au(1)–C 2.058(5), Au(2)–C 2.053(6), Au(1)–Tl 3.0358(8), Au(2)–Tl
3.0862(8), Tl–O(1) 2.483(3), Tl–O(2) 2.550(4), C(11)–Au(1)–Tl 90.8(2),
C(11)i–Au(1)–Tl 89.2(2), C(81)–Au(2)–Tlii 88.0(2), C(81)–Au(2)–Tl
92.0(2), O–Tl–O 80.61(13), O(1)–Tl–Au(1) 94.73(11), O(2)–Tl–Au(1)
86.16(11), O(1)–Tl–Au(2) 99.04(11), O(2)–Tl–Au(2) 105.55(11), Au(1)–
Tl–Au(2) 163.163(8). Symmetry operators: i 2x, 2y + 1, 2z; ii 2x + 1, 2y
+ 1, 2z.
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[Tl(OPPh3)2]+ ions, which are linked by weak M–MA bonds thus
forming the first unsupported Au–Tl linear chain. Four weak
Tl···F contacts (3.313–3.488 Å) may also contribute to the
stability of the system.

Furthermore, the heteronuclear complexes
[AuTl(Ph2P(S)CH2)2] and [Au2Pb(Ph2P(S)CH2)4]3,8 with d10

and s2 electronic configurations are luminescent and also form
linear Au–M linear chains. Similarly, complex 1 luminesces
both at room temperature (293 K) (excitation at 421 nm,
emission at 494 nm) and at 77 K (maximum excitation at 403
nm, emission at 494 and 530 nm) in the solid state (Fig. 2). The
excitation and emission spectra for 1 are virtually mirror images
of each other with only a small separation between excitation
and emission peaks, suggesting that the dominant emission in
this complex is perhaps fluorescence.

Previous Fenske–Hall molecular orbital calculations for a
gold–thallium complex3,8 indicated that although no formal
metal–metal single bond is present, the HOMO is a s* orbital
mainly of Tl(I) and the LUMO is a s orbital of both Au(I) and
Tl(I) orbitals. Thus, a feature of this excited state is that the
transfer of an electron from an antibonding orbital to a bonding
orbital results in a net increase of intermetallic bonding in the
excited state, but the luminescence spectrum suggests that there
is no change in the Au–Tl distances in this linear chain
species.

Neither the gold(I) nor Tl(I) precursor complexes are
luminescent under similar conditions suggesting that the
emission is a result of interactions between the metals.
Moreover, when the product is dissolved in non-halogen
solvents the green colour of the solid disappears and the
resultant colourless solution is non-emissive. Evaporation of the
solvents regenerates the colour and its optical properties.
Another interesting feature is when 1 is saturated with

halogenated solvents and irradiated with UV light, the emission
is also quenched but, upon evaporation of the solvent, it does not
regenerate the green product, but instead an uncharacterized
grey solid appears which shows an emission at higher energy
(476 nm). If the process of dissolution in CH2Cl2 is carried out
in the dark, the green product is recovered without any change.
This promising result seems to indicate that under UV radiation
the excited state is able to react with halocarbons in an electron
transfer reaction, perhaps making this product appropriate for
practical applications.

We are grateful to Professor J. P. Fackler, Jr. for his helpful
discussions and the facilities for using his laboratory material.
This work was supported by the D.G.E.S. (PB97-
1010-C02-02), the University of La Rioja (API-98/B09) and the
Fonds der Chemischen Industrie.
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Fig. 2 Excitation and emission spectra of complex 1 in the solid state at 293
K (dashed line) and at 77 K (solid line) (excitation in curve A, emission in
curve B)
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A novel [2,3] intramolecular rearrangement of N-benzyl-O-allylhydroxylamines

Stephen G. Davies,*† Simon Jones, Miguel A. Sanz, Fátima C. Teixeira and John F. Fox

The Dyson Perrins Laboratory, University of Oxford, South Parks Road, Oxford, UK OX1 3QY

A novel [2,3]-sigmatropic rearrangement whereby N-benzyl-
O-allylhydroxylamines undergo transformation to the corre-
sponding N-allylhydroxylamines, which can subsequently be
reduced to the corresponding allylamines, is described and
evidence for the intramolecular nature of this process
presented.

Intramolecular sigmatropic rearrangements have found wide-
spread use in synthetic organic chemistry primarily due to the
high selectivities observed in these transformations. In partic-
ular, effective use has been made of a variety of [2,3] processes,
such as the Meisenheimer1 and Stevens rearrangements2 to
control stereochemistry as they tend to proceed at significantly
lower temperatures than [3,3] processes3 and thus lead to better
observed selectivities. For example, Anderson et al. have
recently developed an aza-[2,3]-Wittig rearrangement which
proceeds with excellent stereocontrol.4

During continuation of our lithium amide studies5 we
discovered that N-benzyl-O-allylhydroxylamine gives N-allyl-
N-benzylhydroxylamine when treated with n-BuLi, a process
which may be attributed to a novel [2,3] sigmatropic rearrange-
ment analogous to the [2,3] Wittig rearrangement.6 We now
report our initial investigations into the nature of this rearrange-
ment and demonstrate its synthetic use.

The substrates for all of the rearrangements were easily
prepared in two steps and high yield starting from syn-
benzaldehyde oxime 1 (Scheme 1). O-Allylation was achieved
by formation of the potassium salt of the oxime and subsequent
quenching by treatment with the appropriate allyl bromide.7
The O-allyl oximes 2a–d were reduced with pyridine–borane
complex in EtOH–10% HCl to give the desired substrates 3a–d
in excellent overall yield.8 In most cases purification of the
intermediates and substrates was achieved by distillation.

The rearrangement was carried out by treatment of the simple
N-benzyl-O-allylhydroxylamine 3a in dry THF with 1 equiv. of
n-BuLi at 278 °C for 1 h, followed by warming to room
temperature for 30 min before quenching with water. This

afforded the [2,3] rearrangement product 4a in essentially
quantitative yield by examination of the crude 1H NMR
spectrum. Purification of this compound proved to be difficult
due to decomposition, although it was finally achieved by
chromatography on previously deactivated silica gel (1% Et3N).
The hydroxylamine thus obtained as an oil was isolated in 61%
yield and the structure confirmed by 1H and 13C NMR
spectroscopy and HRMS. With conditions for the rearrange-
ment identified,‡ it was repeated for the other substrates
(Scheme 2). All gave the [2,3] rearrangement product, although
in the case of the rearrangement to a trisubstituted centre (3c ?
4c), the reaction was found to be only 10% complete by 1H
NMR spectroscopy after 48 h. However, by heating the reaction
mixture to reflux for 2 h after the initial addition of n-BuLi at
278 °C, the reaction proceeded to completion and the [2,3]
product was obtained in 60% isolated yield. The hydroxyl-
amines formed in all of these reactions were all very prone to
decomposition during purification. Thus, isolated yields of the
allylhydroxylamines were always considerably lower than the
quantitative yields for the crude reaction observed by 1H NMR
spectroscopy. Attempted thermal rearrangement of 3a by
heating under reflux in xylene for 7 h led to only a trace amount
of the desired rearrangement product in the 1H NMR spectrum
( < 5%).

The rearrangement of the crotylhydroxylamine 3b rules out
the possibility of a 1,2 anionic shift which would have given rise
to the N-benzyl-N-crotylhydroxylamine instead of the observed
product. However the possibility still existed that the reaction
was intermolecular and not intramolecular. In order to demon-
strate that the process was indeed intramolecular the rearrange-
ment was carried out with two different substrates 3b and 5 with
2 equiv. of n-BuLi (Scheme 3). If an intermolecular process was
being observed then the mixed products 4a and 7 from this
rearrangement would be observed. All four of the possible
products that could arise from this reaction were prepared in an
analogous manner to the hydroxylamines prepared earlier.
When the crude 1H NMR spectrum of the mixed reaction was
analysed, only peaks due to the respective intramolecular
rearrangement products 4b and 6 were present, and not the
crossover products 4a and 7 confirming that this reaction was
indeed an intramolecular process.

Based on these results the reaction is comparable to a
[2,3]-Wittig rearrangement, and thus reasonably proceeds via a
transition state which is similar to that suggested for this process
(Scheme 4).6 Deprotonation of the N–H proton affords the

Scheme 1 Scheme 2
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lithium amide which rearranges through an envelope transition
state 8. The driving force for this reaction lies in the relative
stability of the lithium oxy-anion 4 formed compared to the
lithium amide precursor 8, which is illustrated in the pKa values
of the corresponding alcohol and amine (pKa EtOH = 15.9, pKa
EtNH2 = 35). A similar [1,2] anionic process has been
previously reported in which the anion derived from N,O-
bis(trimethylsilyl)hydroxylamine rearranges to N,N-bis(tri-
methylsilyl)hydroxylamine.9

As already eluded to, the hydroxylamines produced were
relatively unstable and were thus difficult to isolate or store for
prolonged periods of time. However, the allylamines from
which the hydroxylamines are derived are stable and are also
useful synthons.10 Thus, reduction of the hydroxylamines 4a–d
with Zn/2 M HCl at 80 °C for 1 h followed by neutralisation
(NaOH) and extraction with Et2O gave the respective amines
9a–d in excellent yields (Scheme 5).

The versatility of this method for the synthesis of allylamines
was demonstrated in the synthesis of N-allyl-N-benzylamine 9a

which was prepared in a two step process by rearrangement of
the parent hydroxylamine 3a and subsequent reduction of the
crude material to afford the desired allylamine 9a in excellent
overall yield (91%).§ In a similar manner the crotyl- and
cinnamyl-hydroxylamines 3b and 3d were rearranged then
immediately reduced to give the allylic amines 9b and 9d in 93
and 92% overall yield respectively.

In conclusion we report a novel [2,3] rearrangement of
N-benzyl-O-allylhydroxylamines to give the corresponding
N-allyl-N-benzylhydroxylamines, which may be reduced to the
N-benzylallylamines with Zn/HCl. This provides a novel
approach to the synthesis of allyl substituted hydroxylamines
and amines.

We would like to thank the Ministerio de Educación y
Ciência (M. A. S.) and J.N.I.C.T. (Programa Ciência and Praxis
XXI) (F. C. T.) for provision of funding and Oxford Asymmetry
for technical and financial support.

Notes and References

† E-mail: steve.davies@dpl.ox.ac.uk
‡ Typical experimental procedure: n-BuLi (1.66 M, 0.81 mL, 1.35 mmol)
was added to a solution of 3a (200 mg, 1.23 mmol) in anhydrous THF (15
mL) at 278 °C under N2. After stirring for 1 h the reaction was allowed to
warm to room temp. and stirred for a further 30 min. The reaction was
quenched with distilled water (25 mL) and extracted with Et2O (3 3 25
mL). The combined organic extracts were dried (MgSO4) and concentrated
in vacuo. The residue was purified by column chromatography on
deactivated silica gel (1% Et3N–petroleum ether) eluting with petroleum
ether–Et2O (6:1) to give the desired hydroxylamine 4a as a clear yellow oil
(122 mg, 61%).
§ Typical proceedure for the reduction of the hydroxylamines: 4a (0.100 g,
0.61 mmol) was dissolved in 2 M HCl (5 mL) and zinc dust (0.200 g, 3.1
mmol) added cautiously. The reaction was heated at 80 °C for 1 h, cooled
and neutralised with 2 M NaOH. The white suspension was extracted with
Et2O (3 3 15 mL) and dried (MgSO4). Evaporation afforded 9a (0.081 g,
90%).

Alternatively, the crude product 4a obtained from rearrangement of 3a
was directly reduced by addition of 2 M HCl (3 mL) and zinc dust (0.200
g, 3.065 mmol) and heating at 80 °C. After 1 h the reaction was cooled,
neutralised with 2 M NaOH, extracted with Et2O (3 3 20 mL) and dried
(MgSO4). Evaporation afforded 9a (0.082 g, 91% overall yield).
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Highly selective chiral recognition on polymer supports: preparation of a
combinatorial library of dihydropyrimidines and its screening for novel chiral
HPLC ligands

Kevin Lewandowski, Peter Murer, Frantisek Svec and Jean M. J. Fréchet*†

Department of Chemistry, University of California, Berkeley, California, 94720-1460, USA

A library of more than 140 racemic 4-aryl-1,4-dihydropyr-
imidines has been synthesized using the single step Biginelli
multicomponent condensation; the individual compounds
were screened for enantiomer resolution, and the best
candidate attached to a solid macroporous polymer support
to afford a highly selective separation medium for chiral
HPLC.

Combinatorial chemistry is a powerful tool for the rapid
preparation of large numbers of different compounds that may
be used in the development of new drug candidates and drugs,1
metal complexing ligands,2 polymers,3 materials for electron-
ics,4 sensors,5 peptidic ligands for affinity chromatography,6
and in supramolecular chemistry.7 The increasing awareness
that individual enantiomers of drugs, agrochemicals, pher-
omones, flavors, fragrances and some other compounds have
different interactions with biological systems drive both
industry and academia to find means to replace racemates with
their single enantiomers. Although the liquid chromatographic
separation of enantiomers using chiral stationary phases (CSPs)
has emerged only recently, a large number of chiral stationary
phases (CSPs) are now commercially available.8 Despite the
variety of CSPs, none of these is universal and new chiral
separation media must often be developed for the separation of
specific compounds. The well-defined small molecule selectors
pioneered by Pirkle9 using chiral blocks derived from natural
sources (amino acids) and porous silica as a support afford the
most flexibility in the development of many different chiral
stationary phases.

We have now designed an approach that uses combinatorial
chemistry as a tool for the rapid development of novel, highly
selective, chiral stationary phases for HPLC. Our approach
applies the so-called principle of reciprocity, which has been
introduced by Pirkle for the development of CSPs capable of
separating important classes of pharmaceuticals. This principle
states that if a single molecule of a chiral selector has different
affinities for the enantiomers of another substance, then a single
enantiomer of the latter will have different affinities for the
enantiomers of the initial selector molecule.10

The reciprocal method is especially suitable for situations in
which the target enantiomer is known and its separation from a
racemate is required. Since chromatographic techniques are
readily automated, a broad variety of novel chiral ligands may
be considered. Scheme 1 illustrates the general concept of our
approach. In the first step, a single enantiomer (+)-T of the
target racemate is immobilized onto a suitable polymeric
support11 and the resulting CSP is used for the HPLC screening
of a library of racemic compounds (potential selectors) that
have been prepared using parallel combinatorial synthesis. The
best separated member of this library (±)-S is then prepared as
the single enantiomer [e.g. (2)-S], coupled to an optimized
solid support,11,12 and used in the second step for the required
separation of the racemic target. While only two columns are
required in this technique, the tradeoff for the simplicity of this
approach is that the developed CSP is optimized for the
enantioseparation of only one compound. In reality, this column

may well separate other racemates as a result of cross
selectivity, however, the a values may be lower.

We have demonstrated the feasibility of this concept with a
parallel library of racemic 4-aryl-1,4-dihydropyrimidines
(DHPMs) (±)-1 [Scheme 2(A)]. The DHPM scaffold resulted
from our search for novel chiral selectors that do not rely on
chiral starting materials from natural sources. DHPMs are easily
accessible by the Biginelli multicomponent cyclocondensation
developed more than 100 years ago.13 This simple one-pot
reaction combines a b-keto ester or b-keto amide, with an
aldehyde and a urea or thiourea. Since a large number of
components for the condensation are commercially available,
over 140 various DHPMs have been prepared using combina-
tions of 25 aldehydes with six ureas or thioureas, and seven
acetoacetates or acetoamides and tested in this initial study.

The library was screened with a chiral stationary phase that
contains (S)-(3,5-dinitrobenzoyl)leucine (model target) at-
tached to poly[(N-methyl)aminoethyl methacrylate-co-methyl
methacrylate-co-ethylene dimethacrylate] beads12 [Scheme
2(B)] using normal-phase mode HPLC conditions. The separa-
tion factor a = (t22 t0)/(t12 t0), where t0 is the retention time
of an unretained compound or column void volume determined
using 1,3,5-tri-tert-butylbenzene as a marker and t1 and t2 are
the retention times of the individual enantiomers, was calcu-
lated to measure the selectivity of the separation.

While some racemic DHPMs in the library are not resolved at
all (a = 1.0), a values of 5.2 and 11.7 were achieved for the top
candidates 4-(9-phenanthryl)-2-oxo-DHPM (±)-2 and its thioxo
analogue (±)-3 [Scheme 2(C)], respectively. A single crystal
X-ray structure analysis of the 2-oxo compound reveals a cleft-
like conformation of the aromatic and heterocyclic ring systems

Scheme 1
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that appears particularly well suited for sterically controlled
interactions.

For the next step, the preparation of the actual CSP requires
the preparation of one of the lead compounds in enantiomer-
ically pure form, followed by attachment to a support. Although
different routes to the desired single enantiomer can be
designed, we simply separated it from the racemate using a
semi-preparative column packed with CSP 1 used previously
for the screening process. Attachment of the enantiopure
selector to the amino functionalized macroporous polymetha-
crylate support requires its modification to include a suitable
coupling site. Although hydrolysis of the ester group to a free
carboxy group seems to be attractive, rather harsh conditions
have to be used resulting in decomposition of the DHPM.
Therefore, a more convenient route—bromination of the methyl

group at the C6 position—was applied instead. Since the
bromination step is not well suited for the 2-thioxo-DHPM, we
used the best 2-oxo-DHPM compound from the library:
4-(9-phenanthryl)-2-oxo-DHPM (2)-2. Coupling of the bromi-
nated DHPM to the amino functionalized support affords CSP 2
[Scheme 2(D)] which contains 0.20 mmol g21 of the selector. A
variety of racemates including amino acid and non-steroid anti-
inflammatory drug (profens) derivatives, and dihydropyr-
imidines were separated on CSP 2 with a values up to 8. These
a values are rather high, especially if one considers that the
unoptimized methodology used in this demonstration leads to a
CSP with a loading of only 0.20 mmol g21. Although the
selectivity may not always be a linear function of loading, the
specific selectivity of DHMP selectors is actually higher than
that of amino acid based selectors. Since dihydropyrimidines
possess well-established pharmacological potential,8 the ability
of CSPs with DHPM selectors to separate these drugs is a very
promising tool for the development of these and similar drugs in
their single enantiomeric form.

Funding of this research by the National Institute of General
Medical Sciences, National Institutes of Health (GM-44885) is
gratefully acknowledged. P. M. thanks the Swiss National
Science Foundation for a postdoctoral fellowship.
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One step transformation of tricyclopentabenzene (trindane) [C15H18] to
4-[1R,2S,4R,5S)-1,2,5-trihydroxy-3-oxabicyclo[3.3.0]octane-4 spiro-1A-
(2A-oxocyclopentan)-2-yl]butanoic acid [C15H22O7]

Subramania Ranganathan,*a† K. M. Muraleedharan,a Parimal Bharadwaj*b and K. P. Madhusudananc

a Biomolecular Research Unit, Regional Research Laboratory, Trivandrum 695019, India
b Department of Chemistry, Indian Institute of Technology, Kanpur 208016, India
c Medicinal Chemistry Division, Central Drug Research Institute, Lucknow 226001, India

The complete, Ru(viii) mediated oxidation of the benzene
ring of trindane 1 is contained within the framework of
peripheral methylenes to yield the unfragmented product
2.

This communication reports the formation of 2 on oxidation of
trindane 1 with in situ generated Ru(viii) species.

Trindane 1, despite its ready availability,1‡ and being
endowed with a three-fold symmetry, has hitherto attracted little
synthetic interest.2§ In connection with the synthesis of benzene
anchored three-fold symmetric systems, having pairs of donors
and acceptors, that could lead to surfaces by self assembly, 1
was reacted with Ru(viii) species, in anticipation of the
oxidation of the six benzylic positions.§ The reaction gave no
product from benzylic oxidation, but consistently afforded
~ 15% yields of a crystalline compound, mp 148–150 °C. The
13C NMR spectrum coupled with DEPT studies suggested that

the methylenes were intact and showed the presence of two
types of carbonyls. The FAB (normal and negative ion) mass
spectrum showed a molecular weight of 314. Elemental analysis
was consistent with a molecular formula C15H22O7 which when
compared to the starting trindane (C15H18) amounts to the
introduction of seven oxygens. The FTIR indicated the presence
of hydroxy groups, cyclopentanone and another carbonyl peak
at 1709 cm21.¶

Single crystal X-ray analysis∑ revealed the structure of the
oxidation product as 2. The crystal structure of 2 and selected
interatomic parameters are presented in Fig. 1. All the bond
distances and angles are within normal statistical bounds. The
three five-membered rings are puckered.

A plausible reationalization of the 1? 2 conversion, where
oxidation is contained by the peripheral methylenes, is
presented in Scheme 1.**

The basic framework of 2 is similar to that of ginkgolides,3 a
class of cytotoxic substances having therapeutic value. The one
step transformation of hydrocarbon trindane to such condensed,
highly oxygenated systems is noteworthy.

Fig. 1 The single-crystal X-ray structure of 2 with ellipsoids shown at 50%
probability. For clarity the hydrogen atoms are not labelled. Selected bond
lengths (Å) and angles (°): O(1)–C(1) 1.314(7), O(2)–C(1) 1.20(1), O(3)–
C(5) 1.385(7), O(4)–C(6) 1.426(7), O(5)–C(10) 1.435(8), O(6)–C(15)
1.201(8), O(7)–C(5) 1.419(7), O(7)–C(11) 1.435(6); O(1)–C(1)–O(2)
122.6(6), O(1)–C(1)–C(2) 112.9(6), O(2)–C(1)–C(2) 124.5(5), O(3)–C(5)–
O(7) 110.9(5), O(3)–C(5)–C(4) 108.1(4), O(3)–C(5)–C(6) 110.5(5), O(4)–
C(6)–C(5) 110.0(4), O(4)–C(6)–C(7) 109.3(5), O(4)–C(6)–C(10) 112.7(5),
O(5)–C(10)–C(6) 112.9(4), O(5)–C(10)–C(9) 112.9(5), O(5)–C(10)–C(11)
104.9(5), O(6)–C(15)–C(11) 124.6(5), O(6)–C(15)–C(14) 107.2(6), O(7)–
C(11)–C(10) 106.3(4), O(7)–C(11)–C(12) 110.5(5), O(7)–C(11)–C(15)
110.2(5). Scheme 1
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The resemblance of 2 to sugars was highlighted by simultane-
ous isolation of 3, by replacement of the anomeric hydroxy
group during workup.††

The formation of highly functionalized complex condensed
systems in one step, by the containment of aromatic ring
oxidation within peripheral, methylene groups should be a
general reaction. The unpredictable course of such reactions
coupled with the delineation of their structures, largely by X-ray
crystallography, should provide incentives for exploration
along these lines, and which are currently being pursued.‡‡

We are grateful to Indian National Science Academy, New
Delhi for support.
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† E-mail: ranga@csrrltrd.ren.nic.in
‡ A standardized procedure for 1 based on early reports (ref. 1) is given
below:

Cyclopentanone (16 ml, 0.18 mol) in dry EtOH (18 ml) was mixed with
conc. H2SO4 (8 ml dropwise), refluxed for 15 h, poured on to ice ( ~ 70 g),
neutralised with sodium carbonate and extracted with CH2Cl2 (3 3 30 ml),
washed with water, dried (MgSO4), evaporated and chromatographed on a
silica gel column using petroleum ether to get 4.0 g (33%) of 1 [mp 92 °C
(lit.1 95–97 °C)].
§ To the best of our knowledge, the only report (ref. 2) pertains to benzylic
hexabromination followed by zinc reduction to afford mixtures of
dehydrogenated tricyclopentabenzenes.
¶ A mixture of trindane (0.495 g, 2.5 mmol), CH3CN–CCl4–H2O
(10 : 10 : 20 ml), NaIO4 (9.63 g, 45 mmol), RuCl3·3H2O (2.2 mol%, ~ 0.015
g) was sealed, shaken for 3 h, cautiously opened, filtered, the residue
washed with EtOAc (3 3 20 ml), the organic layers washed with water,
dried, evaporated and chromatographed on a silica gel column. Elution with
EtOAc–hexane (1 : 1) gave fractions containing 2 (TLC: Rf 0.25, CHCl3–
MeOH 9 : 1) which on concentration deposited crystals, mp 148–150 °C
(0.120 g, ~ 15%), Anal. Found: C, 57.55; H, 7.33%. Calc. for C15H22O7: C,
57.32; H, 7.00. n(KBr, cm21) 3396, 2972, 1736, 1709, 1432, 1143; dH(300
MHz, CDCl3–DMSO-d6) 1.6–2.5 (m, CH2), 4.4 (br, OH 3 2), 5.9 (br, OH
3 1), 7.7 (s, COOH); dC(CDCl3–DMSO-d6) 16.19–34.66 (9 3CH2), 85.99,

87.32, 93.04, 103.78 (4 3 C-O), 174.40 (CO), 221.01 (CO);
m/z (FAB) (neg) 313 (78%), m/z (FAB) (pos) + Na+ 337 (77%).
∑ Crystal data: C15H22O7, Mr = 314.332, triclinic, P1̄, a = 7.510(4), b =
10.465(1), c = 10.624(4) Å, a = 110.62(4), b = 99.42(8), g = 91.12(4)°,
U = 768.2(6) Å3, Z = 2, Dx = 1.359 g cm23, m(Mo-Ka) 0.11 mm21. Data
were collected at 298(1) K, for a crystal of dimensions 0.20 3 0.20 3 0.30
mm, on an Enraf–Nonius CAD4-mach 2 diffractometer. A total of 2939
unique data were collected. The data were corrected for Lorentz polarisation
and decay. The structure was solved by the direct method and refined on F
using the full matrix least-squares technique using XTAL 3.2 program
package and a total of 2195 reflections [I ! 3 s(I)]. The final R,Rw indices
were 0.061 and 0.067 for 205 parameters (non-hydrogen atoms, anisotropic
hydrogen atoms in idealized positions, C–H 0.96 Å, O–H 0.87 Å with a
fixed Uiso of 0.10. CCDC 182/1018.
** The nature of 2 would need the oxidation of each carbon centre of the
aromatic ring. However, the sequence of events envisaged in Scheme 1 is
largely notional. The step leading to cis hydroxylation, envisaged as the first
step, is required to control the stereochemical outcome of the reaction.
Preference, if any, of the reagent addition in the second step is obliterated
since the process leads to oxidative C–C scission. Molecular models clearly
show that the critical third step requires addition of the reagent from the side
anti to the cis hydroxy grouping—which seem to be dictated by steric
factors—to enable the generation of the oxabicyclooctane unit in 2 by
transannular addition with correct stereochemical disposition at centres 2
and 4 (Scheme 1).
†† The formation of 3, which was isolated as a gum, in ~ 7% yield has been
traced to the use of small amounts of MeOH as the co-eluent. A spectral
comparison of 2 with this compound indicated a simple replacement of a
HO group by MeO, which was confirmed by analytical and detailed spectral
studies. n (neat)/cm21 3434, 1735, 1445, 1175; dH(300 MHz, CDCl3)
1.4–2.4 (m, CH2), 3.48, 4.21 (s, s, OH 3 2, exchangeable), 6.42 (s, COOH,
exchangeable), 3.66 (OMe); dC(CDCl3) 17.05–38.05 (9 3 CH2), 51.48
(CH3O), 85.95, 88.35, 95.17, 105.00 (4 3 C-O), 174.00, 222.90 (2 3 CO)
(DEPT studies showed 9 3 CH2 and 1 3 CH3]; m/z (FAB) (neg) 327.
‡‡ The immediate higher homologues of trindane can be readily prepared
from the cyclanones (ref. 1). They would be the natural targets of further
studies.

1 R. Mayer, Chem. Ber., 1956, 89, 1443; F. Petru and V. Galik, Chem.
Listy, 1957, 51, 2371.

2 T. J. Katz and W. Slusarek, J. Am. Chem. Soc., 1980, 102, 1058.
3 P. Braquet, Ginkgolides-Chemistry, Biology, Pharmacology and Clinical

Perspectives, J. R. Prous Science Publishers, Barcelona, 1988, vol. 1, p.
xv; E. J. Corey and A. Y. Gavai, Tetrahedron Lett., 1989, 30, 6959; E. J.
Corey, M.-C. Kang, M. C. Desai, A. K. Ghosh and I. N. Houpis, J. Am.
Chem. Soc., 1988, 110, 649; D. Luca and P. Magnus, J. Chem. Soc.,
Perkin Trans. 1, 1991, 2661.
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The first fluoroalkylation of amino acids and peptides in water utilizing the
novel iodonium salt (CF3SO2)2NI(Ph)CH2CF3

Darryl D. DesMarteau*† and Vittorio Montanari

Department of Chemistry, Box 341905, Clemson University, Clemson, SC 29634-1905, USA

The novel iodonium salt (CF3SO2)2NI(Ph)CH2CF3 is a
powerful alkylating reagent which can be utilized in water to
trifluoroethylate amino acids and peptides.

Fluorine-containing amino acids have been actively investi-
gated in view of their high potential for biological studies and
medical applications.1 In particular, the use of 19F NMR as a
sensitive mechanistic probe has been intensively studied.2
Synthetic routes to fluorinated amino acids normally involve
several steps using fluorinated building blocks, mostly obtained
by the conversion of carbon–heteroatom bonds to C–F bonds. A
more direct approach to the introduction of fluorine into
biochemically significant substrates might involve fluoroalk-
ylations.3 Cysteine and related amino acids and peptides can be
alkylated by alkyl halides or esters if both the substrate and
alkylating reagent can be solubilized in mixed water–organic
solvents or in liquid ammonia.4 However, simple fluorine
containing alkyl halides and esters are of low reactivity in
analogous alkylations. Increasing the reactivity by incorpora-
tion of fluoroalkyl groups into iodonium salts such as
CF3CH2I(Ph)O3SCF3 is successful3 but until now such com-
pounds could not be employed in aqueous media or basic
solvents since they are instantly destroyed under these condi-
tions.

In contrast the novel iodonium salt (CF3SO2)2NI(Ph)CH2CF3
(1) is unexpectedly stable to water. Herein we report the first
fluoroalkylations in aqueous media and the application of 1 to
the alkylation of representative biochemically significant sub-
strates (Scheme 1).

Bis(trifluoromethylsulfonyl)imide, (CF3SO2)2NH (2), origi-
nally devised for establishing the existence of Xe–N bonds,5 is
one of the strongest acids known in the gas phase.6 Derivatives
of the acid typically have unusual properties as exemplified by
the N-fluoro compound which is a powerful fluorinating
reagent.7,8 Perfluoroionomers and ionene polymers made in this
laboratory, containing the repeating (RfSO2NXSO2R’f) unit (X
= H or other cation) have high potential in solid polymer
electrolyte fuel cells and polymer lithium batteries, and are
promising superacid catalysts.9 In connection with this re-
search, it is useful to synthesize novel salts of 2 as model
compounds for structure and reactivity studies. The first
iodine(III) compound we prepared, [Ph2I]+[N(SO2CF3)2]2 (3),
is a stable, low-melting compound (67 °C) and a strong
arylating agent.10 Encouraged by this result, a high-yield
synthesis of 1 was developed.‡ We found that 1 immediately
transfers the trifluoroethyl group to nucleophiles, such as
aniline, in organic solvents. Surprisingly 1, which is very
slightly soluble in water, is hydrolyzed only slowly. This fact
led us to investigate fluoroalkylation reactions in water as a
solvent. Using simple amines as model compounds, we
observed high yields of trifluoroethylamines from 1 equiv. each
of 1, substrate, and NaHCO3.

Based on this novel result, our goal became the alkylation of
amino acids. The reactive side-chain of cysteine and lysine were
considered, anticipating that the products would be of interest
for biochemical studies. S-Trifluoroethyl-L-cysteine (4) was
readily obtained in 60–90% isolated yields.§ Fig. 1 shows the
X-ray crystal structure of 4.¶

Under the same conditions the commercially available Na-
Z-protected L-lysine unexpectedly reacted with 3 equiv. of 1 to
give the ester (CF3CH2)2N(CH2)4CH(NH-Z)COOCH2CF3 (5).
Hydrolysis of 5 in 37% HCl gave Ne-bis(trifluoroethyl)-L-lysine
hydrochloride (6) in 60% overall yield.

Compounds 4 and 6 are modified in the side-chains but are
otherwise normal amino acids: they can be converted into the
Fmoc-protected acyl fluorides in good overall yield. This form
of protection–activation is very useful in the assembly of
peptides of any size according to many literature examples.11

By means of these acyl fluorides the unlikely event of extensive
racemization under our alkylation conditions could be easily
ruled out: reaction with (R)- or (S)-phenethylamine gave

Scheme 1 Reaction of 1 with cysteine Na-Z-lysine and glutathione and the
trifluoroethylated products obtained

Fig. 1 Crystal structure of S-trifluoroethylcysteine 4 showing one of the two
unique molecules in the unit cell
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diastereoisomeric amides that are clearly distinguishable by 1H
and 19F NMR.12

A different approach to the use of 1 is the direct reaction with
a peptide having unprotected side-chains. We tested the reaction
on glutathione (GSH, g-Glu-Cys-Gly) because of its bio-
chemical relevance and commercial availability in preparative
amounts. Under the same conditions used for the preparation of
4, we obtained complete conversion to a mixture of the desired
S-trifluoroethylglutathione (7) and oxidized glutathione (8) in
an 8:2 ratio. Compound 7 was separated from 8 by precipitation
from water–ethanol.

In summary, we have reported that 1 reacts rapidly in water,
under mildly alkaline conditions, with unprotected cysteine and
glutathione, and with Na-protected lysine, to give the novel
amino acids 4 and 6, and tripeptide 7.

The covalent polar residue CF3CH2 can now be readily
introduced into a variety of peptide building blocks or into
suitable preassembled peptides. These results provide inter-
esting potential for modifying the bioactivity of peptides and as
probes for biochemical reactions.

The promise of 1 for the synthesis of other useful compounds,
such as fluorine-tagged ligands for metal complexes,13 is
obvious, considering that the successful reactions described
above were those with the greatest potential for failure, in our
view. In fact, recent results show that the bis-fluoroalkylation
observed with lysine is a general and facile reaction.14

Financial support of this research by the National Science
Foundation is gratefully acknowledged. Crystallographic data
were supplied by W. T. Pennington and G. Schimek.

Notes and References

† E-mail: fluorin@clemson.edu
‡ Bis(trifluoromethylsulfonyl)imide was obtained from its lithium salt (HQ-
115™, 3M Co., St. Paul, MN) by vacuum sublimation from H2SO4 (see ref.
7). The other starting material CF3CH2I(OCOCF3)2, a hygroscopic solid
that melts at 39–40 °C without decomposition, was prepared by oxidation of
CF3CH2I with 50% H2O2 (available from Aldrich, Inc.) in TFAA under N2

(3–5 d, RT). The preparation of 1 is simple, but anhydrous conditions must
be maintained throughout the reaction. In a typical small-scale reaction, 2
(1.40 g, 5 mmol) was added under N2, in one portion, into a solution of
CF3CH2(OCOCF3)2 (2.16 g, 5 mmol) in CFC 113 (20 mL). This addition is
endothermic. After 10 min, benzene (0.43 ml, 5 mmol) was rapidly added
with ice–water cooling. The reaction mixture was allowed to return to 25 °C
during 30 min and then stirred at 25 °C for 6 h. The volatiles were removed
under vacuum and the residue was stirred with ice–water (50 ml) for 15 min.
The precipitate was collected on a glass frit and freeze-dried to yield 1, 1.28
g (46%) as a white powder, mp 77–79 °C. On a larger scale (up to 30 g of
1) we have routinely obtained yields greater than 70%.

All other materials are commercially available and were used as received.
The novel products 4–7 were fully characterized by 1H, 19F and 13C NMR
and elemental analysis.
§ Typical procedure. Cysteine (606 mg, 5 mmol), CsHCO3 (968 mg, 5
mmol), and 1 (3.2 g, 5.6 mmol) were added into a degassed mixture of pH
10 buffer (Hydrion, Na2CO3–NaHCO3, 20 mL) and CH2Cl2 (10 mL) at 5 °C
under nitrogen with rapid stirring. The reaction mixture was allowed to
return to 23 °C during 30 min. The aqueous phase was separated,
neutralized and evaporated to a crystalline solid. This solid was refluxed
twice in 30 mL CH3CN to extract the Cs salt of 2. The resulting powder was
suspended in 10 mL water at pH 7, filtered through a syringe filter to remove
insoluble cysteine and slowly evaporated to yield crystalline 4 (874 mg,
82%), [a]D

25 215 (c 0.37, 4 M HCl).
¶ Crystal data of 4: formula, C5H8F3NO2S; M = 203.2; monoclinic;
P21(#4); T = 25 °C; a = 9.503(3), b = 5.166(3), c = 16.957(3) Å, b =

91.45(2)°; V = 832.2(6) Å3; Dcalc = 1.622 g cm23; Z = 4 (2 unique); m =
0.40 mm21; empirical absorption correction (0.94–1.00); Mo-Ka radiation
with graphite monochromator, l = 0.71073 Å; Rigaku AFC7R dif-
fractometer; 2119 measured reflections (Rint = 1.61%); 1676 reflections
used with F > 2s(F); 2qmax = 55°; 217 parameters; non-H atoms refined
anisotropically; H atoms fixed in calculated positions (C–H = 0.96 Å); full-
matrix least-squares refinement; R = 4.68%/Rw = 5.93%. CCDC
182/1019.
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Stereochemical study on cyclic acetal formation during anodic oxidation of
naphthalene derivatives by transformation of chiral alcohol to achiral acetal

Morifumi Fujita,*† Masaki Ohshiba, Shohei Shioyama, Takashi Sugimura* and Akira Tai

Faculty of Science, Himeji Institute of Technology, Kanaji, Kamigori, Ako-gun, Hyogo 678-1297, Japan

A novel stereochemical approach is employed in anodic
oxidation of naphthalene derivatives to discriminate the
intramolecular radical addition vs. intermolecular radical
addition paths; the contribution of the latter is revealed to be
important, judging from the stereodifferentiating addition of
MeOH at C-4 during the anodic oxidation of (1AS,3AR)-
1-(3A-hydroxy-1A-methylbutoxy)-4-methylnaphthalene.

The anodic oxidation of arenes in alkaline MeOH provides
oxidative 1,4-addition of the aromatic ring to give acetals or
p-quinol ethers.1,2 Swenton et al. have revealed that the anodic
oxidation proceeds via coupling of the arene radical cation with
the methoxyl radical (MeO·) generated by the one-electron
oxidation of the methoxide anion, followed by nucleophilic
addition of a second molecule of MeOH.3 Introduction of an
intramolecular alcoholic function in the substrate through a
proper length of linker increases the product yield resulting in
cyclic acetal formation on the oxidative product.3 In this case,
there are two possible modes for the coupling of the arene
radical cation, i.e. with the intramolecular alkoxy radical (Path
A) or the intermolecular one (Path B). Swenton et al. proposed
that the intramolecular radical coupling is an important path for
the anodic oxidation, based on the increase in product yield due
to the effective trap of the arene radical cation by the
intramolecular alkoxyl radical.3 However, it is difficult to
distinguish between the intramolecular radical coupling path
and the intermolecular one using the usual product analyses
because these paths give the same product. To discriminate the
reaction pathways, we introduce a novel stereochemical
approach,‡ named ‘chiral eclipse’ methodology. The essentials
of this stereochemical analysis are as follows (Scheme 1). The
intramolecular radical coupling path (Path A) gives a meso
intermediate 3 from the chiral substrate. Therefore, no optically
active product is expected in Path A because the chirality of the
side chain has already disappeared at the time of the addition at
C-4. In contrast, the intermolecular coupling path (Path B)
maintains the chirality of the side chain in the C-4 addition,
which is expected to give an optically active product. Here the
importance of the intermolecular coupling path (Path B) is
revealed during the anodic oxidation of naphthalene derivatives
having a (1AS,3AR)-3A-hydroxy-1A-methyl butoxy moiety 1
judging from the result that the optically active alcohol moiety
can act as a chiral auxiliary to give a stereodifferentiating
product.

Stereochemically pure substrates 1 were prepared in 90–59%
via the Mitsunobu reaction4 with the corresponding naphthol
and (2R,4R)-pentane-2,4-diol. The anodic oxidation of 1a in 1%
methanolic KF solution at constant current at a platinum anode§
afforded 2a in 75% yield at room temperature and 69% yield at
278 °C as a single diastereomer. The two possible products,
2-si or 2-re, shown in Fig. 1 are produced by si- or re-face attack
in the intramolecular acetal formation, respectively. The
exclusive si-face attack of the intramolecular alcohol (2 = 2-si)
was proven by the NOE signal between the olefin proton and the
methine protons. The diastereoface differentiation may be due
to the steric repulsion between the peri-proton of the naph-
thalene core and the cyclic acetal moiety. The chirality of the
alcohol moiety of 2 disappears due to the cyclic acetal forming.

In this case, the enantiomer ratio of the oxidative product shown
in Table 1 directly gives the stereodifferentiation at the C-4
position.

During the anodic oxidation of 1a at 278 °C, definite
p-facial differentiation (67:33) at C-4 was observed, whereas
the enantiomer ratio dropped to 53:47 at room temperature. The
cyclic acetal 1a was readily hydrolysed to give the correspond-
ing dienone 4a in 97% under acidic conditions. The enantiomer
ratio of 4a (67:33) is in good agreement with that of 2a (67:33),

Scheme 1

Fig. 1
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indicating that the hydrolysis proceeds without epimerisation.
The stereodifferentiation indicates the significant participation
of Path B during the anodic oxidation of 1 because in Path A the
chirality of the linker is eclipsed before the methanolic addition
at C-4 resulting in a racemic product. A decrease in the
stereodifferentiation was observed when bulky alkyl groups (Et,
Pri) were introduced at C-4 (1c, d). The poor stereodifferentia-
tion may be caused by a decrease in the contribution for path B
due to steric hindrance for the intermolecular MeO· addition at
C-4. In contrast, the enantiomer ratio slightly increased to 72:28
in the anodic oxidation of 1,8-dimethyl substituted naphthalene
1b at 278 °C. The peri strain may partially inhibit the
intramolecular alkoxyl radical coupling (Path A). Thus, the
stereodifferentiating addition at C-4 is a general phenomenon
during anodic oxidation of 1, and reflects the contributions of
Path A and Path B to the anodic oxidation mechanism.

As already mentioned, radical addition to the radical cation of
the naphthalene derivatives is a key step for the stereodiffer-
entiation during the anodic oxidation as well as the anodic
oxidation itself. The regioselectivity for the radical attack at the
arene radical cation is strongly influenced by the spin density of
the arene radical cation. A high spin density (0.14) is observed
at C-4 rather than at C-1 (0.04) in the 4-methylanisole radical

cation by EPR measurements.5,6a This indicates that radical
attack on C-4 is more favorable than on C-1 during the anodic
oxidation and supports the importance of the intermolecular
radical addition (Path B). The intramolecular solvation for arene
radical cations has been reported using transient absorption
spectra in low polarity media.6b The intramolecular alcohol
solvates the arene radical cation without attacking it nucleophi-
lically.6b,7 Such intramolecular association by the chiral alcohol
to the arene radical cation may contribute to the stereodiffer-
entiating radical addition at C-4.

This work was partially supported by a Grant-in-Aid for
Encouragement of Young Scientists from the Ministry of
Education, Science, Sports and Culture, Japan (to M. F.).
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‡ Recent examples of mechanistic probes using the stereochemical
approach are shown in ref. 8. In these cases, the contribution of achiral
intermediates was tested using a stereochemical approach.
§ All anodic oxidations were conducted in a single cell at constant current,
employing a bulk electrolysis cell set with a circular platinum gauze anode
and a platinum wire as the cathode (Bioanalytical System Inc.). Typically,
a methanolic solution (40 ml) containing 1 (40 mg) and KF (0.4 g) was
deaerated by argon bubbling and electrolysed at 45 mA and 10 V at 278 °C
for 135 min.
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Table 1 Anodic Oxidation of 1 at 278 °Ca

Yieldb (%) Enatiomer ratioc

a 67 (73) 67:33 (53:47)
b 26 (56) 72:28 (53:47)
c 74d 57:43e

d 59d 54:46e

a The values in parentheses are those obtained at room temperature. b Two
step yield from 1 to 4. c The values were determined by GC analysis of 4
using a CHROMPACK-Chirasil-DEX CB (i.d. 0.25 mm 3 25 m) column.
d Yield from 1 to 2. e Enantiomer ratio of 2.
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Regioselective alkylation in ionic liquids

Martyn J. Earle,† Paul B. McCormac‡ and Kenneth R. Seddon§

The School of Chemistry, The Queen’s University of Belfast, Stranmillis Road, Belfast, Northern Ireland, UK BT9 5AG

The room temperature ionic liquid 1-butyl-3-methylimida-
zolium hexafluorophosphate, [bmim][PF6], is used as a
‘green’ recyclable alternative to dipolar aprotic solvents for
the regioselective alkylation at the heteroatom of indole and
2-naphthol.

Efficient alkylation of the ambident nucleophiles indole 1 or
2-naphthol 4 is usually achieved by pre-formation of the
ambident indolyl1 or 2-naphtholate2 anions and subsequent
treatment with alkyl halide. Regioselective alkylation at the
heteroatom for these anions is solvent dependant and can be
achieved by use of a dipolar aprotic solvent such as DMF.2,3

The procedure of Heaney and Ley for N-alkylation of indoles in
DMSO with solid KOH is probably the most convenient method
known and obviates the need for strong bases such as NaH or
alkyllithiums.4 However, despite the well known ability of
solvents such as DMSO and DMF to accelerate nucleophilic
displacements,5 the relatively high boiling points of these
solvents, their thermal instability, considerable odour problems
and miscibility with both aqueous and organic phases can make
product isolation difficult and solvent recovery almost im-
possible.

The introduction of air and moisture stable ambient tem-
perature ionic liquids by Wilkes and Zaworotko6 in 1992
considerably widened the possible applications of ionic liquid
systems as solvents and reagents for organic synthesis. Recently
room temperature ionic liquids have been reported as solvents
for polymerisation,7 hydrogenation8 and as catalysts for the

Diels–Alder reaction.9 The ionic liquid [bmim][PF6] is conven-
iently prepared,10 fluid at room temperature, moisture stable
and has no detectable vapour pressure. It is an excellent solvent
for carbonyl compounds, alkyl halides, alcohols and amines, but
is immiscible with saturated hydrocarbon solvents, dialkyl
ethers and water. The unique solvating properties of this
moisture stable ionic liquid makes it a strong candidate as a
recyclable solvent.11 Our recent interest has been in the area of
clean synthesis12 and as part of a programme to investigate the
range of organic reactions possible in ionic liquids, we were
interested in the reactions of 1 and 4 with alkyl halides in
[bmim][PF6].

The reaction of 1 with simple alkyl halides at room
temperature was examined in [bmim][PF6] using solid KOH as
base; the products were conveniently extracted with Et2O, and
almost exclusive N-alkylation to form 2 was seen in all cases.
The results for the alkylation of 1 with four typical alkyl halides
in this solvent are outlined in Table 1. These reactions were
carried out, typically as 10% w/v solutions of 1 in [bmim][PF6]
using 1.3 to 2 equiv. of alkyl halide and 2 equiv. of KOH.
Reactions were complete in 2–3 h with almost quantitative
extraction of products. The dialkylated products 3 were
identified from the proton NMR spectra of the crude extracts
and were only observed for the more reactive alkyl halides,
PhCH2Br and MeI. Analogous results were seen for the
alkylation of 2-naphthol, 4, to give predominantly O-alkylated
products 5 (Table 1). The solvent can be typically recovered by
filtering to remove residual insoluble KOH and precipitated
potassium halide followed by vacuum drying. The NMR spectra
(1H, 13C, 19F) of recovered solvent indicate no evidence of ionic
liquid degradation during the course of the reactions and the
recovered solvent has been recycled numerous times with no
appreciable decrease in yield or regioselectivity, with only
small mechanical losses. The ionic liquid [bmim][PF6] can truly
be compared with classical molecular solvents, with the added
advantage of in situ generation of anion, and the non-
nucleophilic hexafluorophosphate anion avoids problems asso-
ciated with halide exchange which had been encountered by
Brunet and co-workers in their study.13 Further studies indicate
that the related ionic liquid 1-butyl-3-methylimidazolium
tetrafluoroborate [bmim][BF4]14 is also an efficient solvent for
alkylation of 1 and 4.

In conclusion, room temperature ionic liquids are an
attractive clean synthetic alternative to classical dipolar aprotic
solvents for alkylation of ambident nucleophiles. There are
many obvious advantages including simplicity of the method-
ology, the ease of product isolation, the lack of measurable
solvent vapour pressure, the regioselectivity and the potential
for recycling. Room temperature ionic liquids are neoteric
solvents, and studies are underway to demonstrate their obvious
potential as an alternative to classical molecular solvents for
organic synthesis.

We are indebted to the EPSRC for funding this research, to
the EPSRC and the Royal Academy of Engineering for the
award of a Clean Technology Fellowship (to K. R. S.), and to

Table 1 Data for the reaction of indole, 1, and 2-naphthol, 4, with a selection
of alkyl halides in the room temperature ionic liquid [bmim][PF6]

Substrate Alkyl halide Yield (%)a Products Ratiob

1 EtBr 92 2+3 > 99 : 1
1 BuBr 93 2+3 > 99 : 1
1 MeI 91 2+3 93 : 2
1 BnBr 94 2+3 95 : 5
4 EtBr 94 5+6 > 99 : 1
4 BuBr 98 5+6 > 99 : 1
4 MeI 97 5+6 97 : 3
4 BnBr 95 5+6 95 : 5

a Isolated yield. b The ratio of either 2 : 3 or 5 : 6 was determined by 1H NMR
and gas chromatographic analysis.
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Drs John Holbrey and Charles Gordon for assistance and
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Enhancement of Candida antarctica lipase B enantioselectivity and activity in
organic solvents

Marie-Claire Parker,*a† Stuart A. Brown,b Lindsey Robertsonb and Nicholas J. Turnerb
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The enantioselectivity and catalytic activity of Novozym
435® [Candida antarctica lipase B (CALB)] in organic
solvents was found to dramatically increase upon the
addition of a non-reactive organic base, such as Et3N, to the
reaction system.

It has been shown that the unusual microenvironment of
enzymes in organic solvents can affect a number of parameters,
including the degree of protein hydration,1,2 secondary struc-
ture,3 the susceptibility of the protein to inactivation and
variations in the ionisation state4 of side-chain residues.
Frequently, these differences have been shown to result in
interesting changes in the enzymes, including reversal of
substrate specificity and changes in stereoselectivity, although
the underlying reasons remain poorly understood.

It is commonly accepted that the best predictor of enzyme
catalytic activity in low water organic media is thermodynamic
water activity (aw).1‡ Over the past few years although much
has been reported on enzyme enantioselectivity in organic
media there are as yet no predictive rules available. Crude lipase
preparations have proved to be simple and effective biocatalysts
for kinetic resolutions, e.g. chiral carboxylic acids and alcohols.
However, the low purity of these preparations (presence of other
lipases and competing hydrolases) can, in specific reactions,
lead to low and unpredictable enantioselective behaviour. This
effect can be compounded when using organic solvents, due to
the effect of different solvent properties on catalytic activity.

The starting point for the work described herein was the
lipase (Lipozyme® Mucor miehei) catalysed dynamic resolution
of 4-substituted oxazol-5(4H)-ones, a reaction we have pre-
viously employed for the synthesis of enantiomerically pure
(S)-L-tert-leucine.5 It was previously found that the modest
enantioselectivity in toluene (ca. 68% ee) could be enhanced
(ca. 97% ee) by the addition of a catalytic amount of Et3N to the
reaction; the role of Et3N is not to facilitate racemisation of the
substrate.

We decided to investigate this effect in more detail by using
a commercially available immobilised lipase,§ Novozym 435
(Candida antarctica lipase B6 (CALB), since a larger substrate

range could be tested with this enzyme. The catalytic activity
and enantioselectivity of the alcoholysis of (±)-2-phenyl-
4-benzyloxazol-5(4H)-one 1 using butan-1-ol as the nucleo-
phile (Scheme 1) was monitored¶ under a range of reaction
conditions, including controlled water activity. Hydration was
controlled by equilibrating∑ enzyme and solvent with the
appropriate saturated salt solution7 of known thermodynamic
water activity aw. Therefore a low aw system will be one in
which the solvent is poorly hydrated and the enzyme, similarly,
has a low level of hydration, and at high aw (e.g. 0.97) the
solvent is near water saturation and the enzyme is fully hydrated
(as would be found in an aqueous system). Table 1 shows the
effect of hydration on the initial catalytic rate and enantiose-
lectivity, in three different solvents, n-hexane, toluene and
MeCN, either with or without Et3N.**

It can immediately be seen that the lipase-catalysed reaction
is very sensitive to water activity. The addition of a non-reactive
organic base,†† Et3N, to the reaction enhances significantly
both the enantioselectivity and catalytic activity of the enzyme.
Even low levels of hydration, present in the more nonpolar
solvents such as n-hexane and toluene, are detrimental to the
overall catalytic performance of CALB. We find that generally
for optimum yield and enantioselectivity, both the enzyme and
solvent should be rigorously dried prior to addition of Et3N. We
were interested to see if addition of Et3N to a reaction already in
progress and of poor enantioselectivity, could reverse this
effect. As can be seen from Fig. 1, the addition of Et3N after 140
min immediately results in enhanced catalytic rate and en-
antioselectivity.

In order to examine the generality of the effect of Et3N we
investigated a second reaction, namely the CALB-catalysed

Table1 Effect of water activity on initial catalytic ratea,b and enantiospecificity as a function of hydration, with and without Et3N

No Et3N Et3N

Solventc aw

Initial rate/nmol
min21 mg21 Ee (%)

Initial rate/nmol
min21 mg21 Ee (%)

n-hexane ~ 0 (anhydrous) 26 (± 1.5) 85 (± 3) 30 (± 1.5) 90 (± 3)
n-hexane 0.69 4 (± 0.5) 55 (± 2) 20 (± 1) 87 (± 3)
n-hexane 0.97 1.5 (± 0.15) 30 (± 5) 18 (± 0.9) 80 (± 5)
toluene ~ 0 15 (± 0.8) 85 (± 4) 27 (± 1.5) 93 (± 3)
toluene 0.22 3 61 (± 6) 17 (± 1) 95 (± 2)
MeCNd ~ 0 15 > 99 10 97 (± 2)
MeCNd 0.1 (0.5% v/v H2O) NRe — 5 (± 0.3) 90 (± 4)
MeCNd 0.4 (2% v/v H2O) NRe — NRe —

a Initial rate for (S)-butyl ester enantiomer 2. b Results reported are the average of three separate measurements. c Note ∑. d Ref. 8. e No reaction.

Scheme 1
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reaction between 1-phenylacetoxy-2-methylcyclohexene and
butanol yielding 2-methylcyclohexanone and butyl phenyl-
acetate.9,15 Using n-hexane (aw = 0) and MeCN (0.5% H2O, aw

= 0.1) as the solvents, we observed that the addition of Et3N to
the solvent resulted in a dramatic increase in the catalytic
activity. An approximate 200-fold increase in activity was
observed in MeCN (aw = 0.1) and a 700-fold one for that in
n-hexane (aw = 0.97). The higher activity found in n-hexane is
presumably due to a more intimate contact between the enzyme
and Et3N in a more nonpolar environment. Similarly, the
activation effect for (±)-2-phenyl-4-benzyloxazol-5(4H)-one
ring-opening in MeCN is similar to that described above and is
expected to be a result of less Et3N adsorption to the enzyme in
MeCN.

The ability of organic bases to increase the enantioselectivity
of lipase-catalysed reactions in water-saturated organic solvents
has previously been reported.10–13 In some cases11,12 this effect
has been attributed to the formation of an ion-pair between the
base and any by-product acid. Using electrospray ionisation
mass spectrometry (ESI-MS)‡‡ we have detected the formation
of carboxylic acid 3 during the course of the oxazolone reaction
at intermediate to high water activities (e.g. aw = 0.69–0.97).
We have also found that addition of acid 3 to an already
hydrated system results in loss of activity, which can be fully
recovered upon addition of an organic base, presumably via
formation of an ion pair. Ion pair formation is observed in both
low and high dielectric non-hydrogen bonding solvents such as
n-hexane and MeCN. In a high dielectric, non-hydrogen
bonding solvent such as MeCN, where the acid was found to be
more soluble, we find experimentally that dissolution of acid 3
in n-hexane and MeCN occurs upon addition of Et3N, thus
removing acid from the immediate microenvironment of the
enzyme. However, the enhancement of catalytic performance
and enantioselectivity for rigorously dried samples, and those of
low water activity (aw < 0.7) where we find no evidence for
hydrolysis over the course of the initial rate measurement,
cannot be explained in terms of hydrolysis products affecting
enantioselectivity, since for an unrelated substrate, an activating
effect on the catalytic activity has been demonstrated.

The addition of co-solvents, such as DMF and DMSO, was
found to solubilise the acid and thus it was anticipated that they
would perform a similar role to Et3N in removing any acid from
the immediate vicinity of the enzyme. Both DMF and DMSO
were chosen as additives to the bulk organic solvent (toluene at
aw = 0.22). Although both DMF and DMSO increased the
enantioselectivity of the reaction to 85% ee, there was no
significant effect on the catalytic rate as found with Et3N. Since
the solvation of the carboxylic acid by these co-solvents occurs
by a different mechanism to that of Et3N, i.e. the additives are
unable to form ion-pairs, they have limited use in reducing the
overall effect.

The role of Et3N therefore appears to be dual in nature, i.e.
increasing both the enantioselectivity and catalytic activity of
lipase-catalysed reactions. The addition of Et3N therefore

provides an additional strategy for improving the enantiose-
lectivity of lipase-catalysed reactions. We are currently in-
vestigating this effect with other lipolytic enzymes.

We are grateful to Boehringer Mannheim, Germany, for the
generous gift of lipase samples. The BBSRC is acknowledged
for a David Phillips Fellowship (M. C. P.) and a studentship
(S. A. B.).
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§ Polyacrylamide gel electrophoresis of CALB desorbed from the solid
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¶ (±)-2-Phenyl-4-benzyloxazol-5(4H)-one 1 (0.16 mmol) was placed in a 4
ml screw top vial together with the solvent, (either anhydrous or hydrated),
butan-1-ol (0.24 mmol, 1.5 equiv.) CALB (40 mg) and Et3N (14 mol%).
The reaction vial was shaken at 250 rpm on a rotary shaker at 37 °C and the
progress and ee (%) of the reaction were monitored by chiral HPLC
(Chiralcel-OD, 250 3 4.6 mm, Mallinckrodt Baker, n-hexane–PriOH
(90:10 v/v), UV detection l = 254 nm).
∑ Candida antarctica lipase B (CALB) was received as an immobilised
preparation (Novozym 435, Boehringer Mannheim, Germany) and was
dehydrated over P2O5 (at room temp.) for 2–3 days. Rehydration of dried
lipase to the desired water activity (aw) was carried out using saturated salt
solutions (equilibration period 48–72 h). (±)-2-Phenyl-4-benzyloxazol-
5(4H)-one 1 was stored over P2O5 at 0 °C; anhydrous solvents were stored
over freshly reactivated 3 Å or 4 Å molecular sieves. The water content of
dried solvents was measured using Karl Fischer water titration (ref. 15) and
found to be < 0.001 wt%. Solvents were hydrated separately from the
enzyme using the same water equilibration procedure as described above,
approximately 24 h before use.
** Control reactions showed that no detectable ester (as judged by HPLC)
was formed in the absence of enzyme, either with or without Et3N, over a
48 h analysis period.
†† Other organic bases give very similar results to Et3N, e.g. DABCO and
lutidine. Insoluble inorganic bases, e.g. KHCO3 and K2CO3, had no effect
and did not result in the high catalytic rate and enantioselectivity observed
with the soluble organic bases.
‡‡ Electrospray ionisation mass spectrometry (ESI-MS) and atmospheric
chemical ionisation (APCI) were performed on a Micromass Platform II
spectrometer (cone voltage 20 V).
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Fig. 1 Effect of Et3N on ee. Reactions A (~ ) and B (-) were carried out
under identical conditions (aw = 0.69). At t = 140 min, 14 mol% Et3N was
added to reaction B (arrow).
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Catalytic synthesis of 3-vinyl-2,5-dihydrofurans from yne-enes promoted by
photochemically activated metal–allenylidene LnRu§C§C§CR2 complex

Michel Picquet, Christian Bruneau, and Pierre H. Dixneuf†

UMR 6509 CNRS - Université de Rennes, Organométalliques et Catalyse, Campus de Beaulieu, F-35042 Rennes, France

The ruthenium(II)–allenylidene salt [(p-cymene)(PCy3)-
ClRuNCNCNCPh2]PF6 acts as an olefin metathesis catalyst
precursor for the yne-ene transformation of the mixed
propargylic allyl ethers HC°C–CR2OCH2CHNCH2 into
3-vinyl-2,5-dihydrofurans; initial photochemical irradiation
efficiently promotes the catalytic activity.

3-Vinyl-2,5-dihydrofurans have potential as Diels–Alder dienes
and for access to optically active derivatives via asymmetric
catalysis.1 To the best of our knowledge, no direct preparation
of these compounds has been reported, whereas a stereo-
selective route to 3-vinyltetrahydrofuran derivatives from
cyclic allylsiloxanes has just been found.2 However, it appears
that the 3-vinyl-2,5-dihydrofuran structure II should be
reached, in a straightforward way, from oxygenated yne-enes of
type I via catalytic ring closing metathesis (RCM) reaction
(Scheme 1). Indeed, since the pioneering work of Katz,3
carbocycles have been made by RCM reactions using tungsten3

or chromium4 carbene catalysts. Recently, neutral 16-electron
ruthenium carbenes (PCy3)2Cl2RuNCHR (R = CHNCPh2, Ph),
which tolerate functional groups, have been shown to efficiently
promote access to N- and O-containing heterocycles, via ring
closing metathesis.5,6 However, these RuNCHR complexes
appear to be less efficient for the ring closing metathesis of yne-
ene derivatives containing a terminal C°CH bond.5,7

We now report (i) a general method for the preparation of
new 3-vinyl-2,5-dihydrofurans of type II directly from mixed
propargylic allyl ether derivatives I, via a RCM reaction in the
presence of a novel olefin metathesis catalyst, the 18-electron
cationic ruthenium allenylidene complex [(arene)(PCy3)Cl-
RuNCNCNCPh2]PF6, which has just been shown to perform the
ring closing metathesis of 1,6- to 1,20-dienes,8 and (ii) that the

catalytic species formation is favoured by photochemical
activation of the catalyst precursor.

The allyl prop-2-yn-1-yl ethers of type I were conveniently
prepared from the corresponding prop-2-yn-1-ols on treatment
by NaH and allyl bromide in DMF at room temperature
(60–97%). The derivatives 1 and 2 were first reacted with 2.5
mol% of [(p-cymene)(PCy3)ClRuNCNCNCPh2]PF6 (A) in tolu-
ene at 80 °C. The conversion was completed after 24 h and 6.5

Scheme 1

Scheme 2

Table 1 Catalytic synthesis of 3-vinyl-2,5-dihydrofurans 8–14 with
photochemically activated ruthenium–allenylidene catalyst Aa

Substrate Product

Heating
period at
80 °Ca/h

Isolated
yield (%)b

a Initial UV irradiation (300 nm) at room temperature for 0.5 h in toluene
followed by heating at 80 °C until complete conversion of 1–7. b Yields
were obtained after distillation under reduced pressure. c Reaction
performed in refluxing CH2Cl2 after irradiation.
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h, respectively, and derivatives 8 (77%) and 9 (65%) were
obtained as the sole reaction products (Scheme 2).

The 18-electron catalyst precursor is expected to give an
active catalytic species after partial decoordination or loss of the
arene ligand to generate a highly coordinatively unsaturated
ruthenium species. In order to check this hypothesis and in the
search for better activity, the previous reaction was performed
under UV irradiation [Hg lamp, 300 nm] in order to displace the
p-cymene ligand, as was suggested for
(p-cymene)RuCl2(PR3).9 After 0.5 h irradiation at room
temperature in toluene followed by thermal reaction at 80 °C for
4 h, the conversion of 1 was completed (vs. 24 h at 80 °C
previously without initial irradiation) and the 3-vinyl dihy-
drofuran 8 was obtained in 84% yield. Similarly, the complete
conversion of 2 was achieved after only 1 h at 80 °C instead of
6.5 h without irradiation, and 9 was obtained in 62% yield
(Table 1).

Preliminary UV irradiation tremendously favours the genera-
tion of the active catalytic species as the period of heating at
80 °C was significantly reduced. The allyl ethers 3–5 were
reacted under the latter conditions and the 3-vinyldihydrofurans
10–12 were isolated in 62–84% (Table 1). It is noteworthy that
these 3-vinyl-2,5-dihydrofurans are stable in solution at moder-
ate temperature (80 °C) but decompose rapidly when isolated as
pure compounds.

The increasing of the steric hindrance at the ether carbon
atom C1 slows down the conversion of the ether (2 > 1 > > 3).
The RCM reaction applied to derivative 6, easily made from
cyclohexanone, led after 1 h at 80 °C to the spirodihydrofuran
13 (63%), and showed reactivity similar to that of the
disubstituted derivative 2. The transformation of compound 7
into the 3-isopropenyldihydrofuran 14 in 83% yield, after
irradiation and 24 h of reaction at 80 °C, compared with that of
compound 1 (4 h, 84%), indicates that the ring closing
metathesis reaction of enynes involving a disubstituted C°C
triple bond is disfavoured. This contrasts with the RCM of yne-
enes containing amido or tosylamido functional groups.5,7 It is
noteworthy that the formation of the bis(dihydrofuran) was
obtained previously from the disubstituted yne-ene

CH2NCHCH2OCH2C°CCH2OCH2CHNCH2 and the
LnRuNCHCHNCPh2 catalyst.6

The above results show the second use of (arene)-
RuNCNCNCR2 complexes in catalysis.8 They are not only able
to promote non-conjugated diene metathesis, they are also
efficient catalysts for the ring closing metathesis of terminal
yne-enes. These results bring evidence for the first time that the
(arene)RuNCNCNCR2 complex A can be photochemically
activated for improved generation of the active catalytic species
and that this catalyst tolerates the presence of a terminal C°CH
bond.

The authors are very grateful to Dr A. Fürstner for creative
discussions.
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Asymmetric cycloadditions of dienes to chloronitroso compounds derived from
carbohydrate ketones: syntheses of (2)-physoperuvine and (+)-epibatidine

Adrian Hall,a Patrick D. Bailey,a David C. Reesb and Richard H. Wightman*a†
a Department of Chemistry, Heriot-Watt University, UK EH14 4AS
b Organon Laboratories Ltd., Newhouse, Lanarkshire, UK ML1 5SH

An a-chloronitroso compound derived from D-xylose under-
goes cycloadditions with cyclic dienes to give bicyclic
dihydrooxazines of high enantiomeric purity; such adducts
were used in a synthesis of (2)-physoperuvine and a formal
synthesis of (+)-epibatidine, whilst a pseudoenantiomeric
chloronitroso compound is also available from L-sorbose.

There has been considerable interest in recent years in the
development of asymmetric versions of the hetero-Diels–Alder
cycloaddition1 of dienes with C-nitrosocompounds to form
3,6-dihydro-1,2-oxazines, since the further manipulation of the
initial cycloadducts can be used to prepare a wide range of
nitrogen-containing organic compounds. Most work has been
done using acylnitroso compounds bearing a chiral auxiliary,2
although the removal of the auxiliary can involve conditions
that are not compatible with sensitive functionality. Studies
have also been carried out using chiral a-chloronitroso
compounds, since in the presence of a nucleophilic solvent
solvolysis of the initial cycloadduct occurs to liberate the
dihydrooxazine directly. After initial work with steroidal
chloronitroso compounds,3 there has been emphasis on the use
of chloronitroso compounds derived from carbohydrate hydrox-
imino lactones.4,5 We were attracted to the use of chloronitroso
compounds derived from readily-available and sterically-rigid
carbohydrate ketones; we now report that such systems can give
very high degrees of enantioselectivity, whilst also regenerating
the auxiliary in high yield and in a form in which it can be easily
recycled. We also describe the use of one of our auxiliaries6 in
asymmetric syntheses of two natural products.

Thus, 1,2-O-isopropylidene-a-D-xylofuranose,7 was selec-
tively silylated and then oxidized (PCC, molecular sieves) to
give ketone 1 (Scheme 1). Conversion of 1 to its oxime (mixed
isomers) and subsequent treatment with tert-butyl hypochlorite
gave the a-chloronitroso compound 2 (69% overall from
D-xylose) as a blue crystalline solid. That chlorination had

occurred from the exo-face was confirmed by X-ray crystallog-
raphy, which also indicated the eclipsed nature of the chloroni-
troso unit8 (dihedral angle Cl–C–N–O, 0.8°).

Treatment of 2 with cyclohexa-1,3-diene in CHCl3–PriOH
containing water (1%) gave the cycloadduct (2)-4 (94%),
together with ketone 1 (95%), which could be recycled. The
absolute configuration of (2)-4 followed from the sign of its
optical rotation,4a,5 and the enantiomeric excess (ee) was shown
to be 96% by reaction of (2)-4 with (+)-camphor-10-sulfonyl
chloride and integration of the two pairs of doublets for the
diastereotopic protons at C-10 [major isomer from (2)-4, d 2.91
and 3.37; minor isomer from (+)-4, d 2.76 and 3.47].4a In
contrast, when the reaction of 2 with cyclohexadiene was
carried out in a non-nucleophilic and non-coordinating solvent
(CHCl3), only the nitrone 5 (69%) was obtained, a result that
can be rationalized as occurring by attack of chloride ion on the
intermediate iminium ion 3.‡

Reaction of 2 with cyclopentadiene (Scheme 2) did not give
any bicyclic dihydrooxazine under any conditions investigated.
Instead, the only product isolated, even in the presence of
nucleophilic solvents, was the nitrone 6 (93% in CHCl3), and
attempts to divert the course of reaction by addition of silver
salts were unsuccessful. The structure of 6, including the
stereochemistry of the C§N double bond, was confirmed by
X-ray crystallography. On the other hand, reaction of 2 with
cyclohepta-1,3-diene in the presence of water gave only the
bicyclic adduct (2)-7 {[a]D 211.0 (c 1.0, EtOH)} (93%) and
ketone 1 (93%). Derivatization of 7 with camphor-10-sulfonyl
chloride and analysis by 1H NMR spectroscopy led to an
estimated ee of !96%. The pattern of reactivity shown by 2 as
the diene is varied presumably reflects the degree of ring strain
present in the intermediate iminium ions (3 and the equivalent
structures). The stereochemistries of (2)-4 and (2)-7, and of 6,
can be rationalized in terms of cycloadditions occurring through
exo-transition states on the less hindered si-face of the nitroso
group, away from the isopropylidene unit.

The cycloadduct (2)-7 was used in an enantioselective
synthesis of (2)-(R)-physoperuvine [(2)-13] (Scheme 3), the
S-enantiomer of which is the major alkaloid of Physalis
peruviana Linne.9 Physoperuvine has been synthesized as a
racemate,10 and in one prior enantioselective synthesis.11

Reduction of (2)-7 gave the amino alcohol 8, (95%) which was
converted to the N-methyl compound 10 (69% overall) by
reduction of the benzyloxycarbonyl derivative 9. Direct oxida-

Scheme 1 Reagents and conditions: i, NH2OH·HCl, NaHCO3, EtOH–H2O;
ii, ButOCl, CH2Cl2; iii, cyclohexa-1,3-diene, CHCl3–PriOH–H2O
(100:100:1), 0 °C; iv, cyclohexa-1,3-diene, CHCl3, 0 °C

Scheme 2 Reagents and conditions: i, cyclopentadiene, CHCl3, room temp;
ii, cyclohepta-1,3-diene, CHCl3–PriOH–H2O (100:100:1), 4 °C
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tion of 10 with Jones’ reagent10 gave (2)-13, but the isolation
of the product in good yield was troublesome and the sequence
shown in Scheme 3, involving protection of the basic nitrogen,
gave (2)-13 {[a]D 250.0 (c 0.46, CH2Cl2)}§ in higher overall
yield. Benzoylation of (2)-13 gave the crystalline N-benzoyl
derivative (2)-14, [a]D 279.4 (c 0.97, CH2Cl2) {lit. for the
enantiomer, [a]D +78.0 (c 0.44, CHCl3),11 [a]D +95.6 (c 1.3,
CHCl3)9c}.

The potent non-opioid analgesic activity shown by (2)-epi-
batidine [(2)-17], isolated from the poison frog Epipedobates
tricolor, has led to many syntheses,12 including some enantiose-
lective approaches.13 The availability of essentially enantiomer-
ically pure cycloadduct (2)-4 permitted a formal synthesis of
(+)-epibatidine [(+)-17] (Scheme 4). Reductive cleavage of the
N–O bond, and reaction with di-tert-butyl dicarbonate gave 15
(67%), and benzoylation of this gave (2)-16, mp 78–79 °C,
[a]D 287.6 (c 0.89, CH2Cl2), enantiomeric with an inter-
mediate {mp 78–79 °C, [a]D +86.6 (c 1.26, CH2Cl2)} used, via
ent-15, in Trost and Cook’s synthesis of (2)-epibatidine.13b

Although the use of a chiral auxiliary derived from D-xylose
leads in both the above syntheses to the enantiomers of the
natural products, the commercial availability of L-xylose makes
it possible to employ identical chemistry in either enantiomeric
series. However, L-xylose is relatively expensive, and so we
have prepared (Scheme 5) a chloronitroso compound 20
pseudoenantiomeric with 2 from the cheap L-sorbose, via the

monoisopropylidene compound 18,14 prepared using the same
procedure as for the equivalent xylose derivative.7

When 20 was treated with cyclohexa-1,3-diene in the
presence of water, the cycloadduct (+)-4 was isolated in 76%
yield, together with ketone 19 (86%). The ee of (+)-4 was
estimated as !97% by derivatization with (+)-camphor-
10-sulfonyl chloride.4a It thus appears that the two ketones 1
and 19 can be used to gain ready access to the two enantiomeric
series through cycloadditions of the pseudoenantiomeric chlor-
onitroso compounds 2 and 20.

We thank the EPRSC for a studentship (A. H.) and for access
to the National Mass Spectrometry Service Centre, Organon
Laboratories Ltd for additional financial support, and Dr
Georgina Rosair for X-ray crystallography.
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Scheme 3 Reagents and conditions: i, H2, Pd(OH)2/C, MeOH; ii, ClCO2Bn,
Na2CO3, acetone; iii, LiAlH4, THF, reflux; iv, (ButOCO)2O, EtNPri

2,
CH2Cl2; v, PCC, CH2Cl2; vi, TFA, then Na2CO3 aq; vii, BzCl, pyridine,
CH2Cl2

Scheme 4 Reagents and conditions: i, Zn, AcOH; ii, (ButOCO)2O, Na2CO3,
acetone–MeOH; iii, BzCl, DMAP, pyridine, CH2Cl2

Scheme 5 Reagents and conditions: i, TBDMSCl, Et3N, DMF; ii, PCC,
mol. sieves, CH2Cl2; iii, NH2OH·HCl, NaHCO3, EtOH–H2O; iv, ButOCl,
CH2Cl2, 0 °C; v, cyclohexa-1,3-diene, CHCl3–PriOH–H2O (100:100:1),
0°C
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1,2-Asymmetric induction in the aldol addition reaction of malonate ester
enolate to a-alkoxy aldehyde

Shinji Marumoto, Hiroshi Kogen*† and Shunji Naruto

Exploratory Chemistry Research Laboratories, Sankyo Co., Ltd., 2-58, Hiromachi 1-chome, Shinagawa-ku Tokyo, 140-8710 Japan

Stereoselective aldol reactions between the lithium enolate of
tert-butyl malonate and various a-alkoxy aldehydes in the
presence of zinc chloride gave anti-1,2-diols in high yields;
2-trityloxypropanal yielded the syn-1,2-diol under the same
conditions.

The stereoselective aldol reaction represents one of the major
challenges of modern synthetic organic chemistry.1 Many
useful methodologies have been reported during the last few
decades. For instance, 1,2-asymmetric induction in the aldol
reaction of a-alkoxy aldehydes with silyl enol ethers or ketene
silyl acetals is well-established.2 The aldol reaction between
a-alkoxy aldehydes and a malonate ester is especially useful for
the synthesis of biologically active compounds.3 For example,
our recent synthesis of the neuritogenic agent epolactaene4

relied exclusively on this operation for the formation of the
1,2-diol. However, Saba et al.5 have been the only ones to report
this type of aldol reaction, and the examples are limited.
According to their report, when optically active dimenthyl
malonate was added to chiral a-alkoxy aldehydes, the anti aldol
adduct was obtained in ratios from 3:1 to 5:1, even in matched
cases. Here we demonstrate simpler and more general method-
ologies for these aldol reactions which give higher anti product
stereoselectively.

Initially, we attempted an 1,2-asymmetric aldol reaction
between the lithium enolate of tert-butyl malonate and 2-benzy-
loxypropanal 1a,6 derived from methyl lactate, at 278 °C
(Table 1). When this reaction was carried out without Lewis
acid, aldol adduct 4a was obtained with low diastereoselectivity
(60:40, entry 1). However, when we added MgBr2 to coordinate
to the carbonyl group, the diastereoselectivity was slightly
increased (68:32, entry 2). The reaction was further examined in
the presence of various Lewis acids under various conditions.‡
The results are shown in Table 1. High anti-selectivity was
observed using ZnCl2 (82:18) or BF3·OEt2 (91:9) (entries 4, 5).
Moreover, when the reaction was carried out at 298 °C in the

presence of ZnCl2, the anti aldol adduct was obtained in
excellent yield with high stereoselectivity (87:13).

In order to further evaluate the effect of the addition process
on stereoselectivity, various a-alkoxy aldehydes were exam-
ined in this aldol reaction in the presence of ZnCl2 at 278 °C.
The results are summarized in Table 2. The stereoselectivity
decreased somewhat when a bulky silyl group was used in place
of the benzyl group as the protective group (entries 1–3). In
contrast, when the alkyl group was changed from methyl to a
more bulky isopropyl group (2a–d) high anti-selectivity was
obtained using any aldehyde, although the chemical yield was
affected by the size of the protective group (entries 4–7). The
aldehyde 3a, derived from mandelic acid, also gave a good
result (entry 8).

To determine the extent to which the ratio of stereoisomers is
affected by the protecting groups on the a-oxygen, we
examined 2-trityloxypropanal 1e12 under the same conditions
(Scheme 1). Surprisingly, the stereoselectivity was reversed and
the syn-aldol product 4e was preferred with high selectivity
(90:10) in 53% yield (85% yield based on 62% conversion of
the aldehyde 5 by 1H NMR analysis). In this case, no aldol
product was obtained in the absence of Lewis acid.

Table 1 Aldol addition reaction of malonate ester enolate to 2-benzyl-
oxypropanal

Entry Lewis acid Yield (%) anti:syna,b

1 None 71c 60:40
2 MgBr2 80 68:32
3 ZnBr2 68 73:27
4 ZnCl2 81 82:18
5 ZnCl2 89d 87:13
6 BF3·Et2O 52 91:9

a Ratios were determined by HPLC analysis of the crude mixture.
b Stereochemical assignments were secured through deprotection to diol
(see note §). c Reaction was carried out for 2 h. d Reaction was carried out
at 298 °C.

Table 2 Influence of the substitution of the aldehyde in the aldol reaction in
the presence of ZnCl2

Entry Aldehyde R P Yield (%) anti:syna

1 1ab Me Bn 81 82:18c

2 1cd Me ButPh2Si 92 76:24e

3 1df Me Ph3Si 94 58:42e

4 2ag Pri Bn 75 97:3c

5 2bf Pri ButMe2Si (90)h 98:2e

6 2ci Pri ButPh2Si (39)h 97:3e

7 2df Pri Ph3Si (52)h 97:3e

8 3aj Ph Bn 83 94:6c

a Stereochemical assignments were secured through deprotection to the diol
(see note §). b Ref. 6. c Ratios were determined by HPLC analysis of the
crude mixture. d Ref. 7. e Ratios were determined by 1H NMR analysis of
the crude mixture. f Ref. 8. g Ref. 9. h Figures in parenthesis are the NMR
yield. i Ref. 10. j Ref. 11.

Scheme 1
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To explain the reaction mechanism responsible for the
observed stereoselectivity, we considered the following. The
preferential formation of the anti- rather than syn-aldol product
may be rationalized in terms of the normal Felkin–Anh
transition state model13 A described in Fig. 1. On the other hand,
the remarkable syn-selectivity observed in Scheme 1 could not
be explained by this Felkin–Anh transition state model. In this
case, we postulate dipolar models C and D, avoiding steric
interaction between the extremely bulky trityl group and
aldehyde in model B. Because of the steric interaction between
the trityl group and the methyl group in model D, model C,
which provides a syn-aldol product, is favored over model D.

In conclusion, we have demonstrated 1,2-asymmetric induc-
tion in the aldol reaction between the lithium enolate of tert-
butyl malonate and a-alkoxy aldehydes in the presence of a
Lewis acid. Anti- or syn-aldol products were obtained in high
yield with high stereoselectivity.

Dedicated to Professor Kenji Koga on the occasion of his
60th birthday.
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278 °C. A solution of di-tert-butyl malonate (34 ml, 0.15 mmol) in THF (1
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Outstanding effect of SO2 addition on the rate of carbon oxidation with a Pt
catalyst

Junko Oi-Uchisawa,*† Akira Obuchi, Ryuji Enomoto, Atsushi Ogata and Satoshi Kushiyama

Atmospheric Environmental Protection Department, National Institute for Resources and Environment, 16-3 Onogawa, Tsukuba,
Ibaraki 305-8569, Japan

Addition of trace SO2 (ca. 8 ppm) to a reactant gas
containing NO substantially enhanced the oxidation rate of
carbon black mixed with a Pt/SiO2 catalyst, which is
attributed to SO3 (or H2SO4) catalyzing the oxidation of
carbon by NO2.

The emission of soot from diesel engines is a serious
environmental problem. Among the many catalysts for soot
oxidation that have so far been reported, Pt exhibits high levels
of catalytic activity.1–5 Platinum is thought to promote soot
oxidation indirectly, i.e. by oxidizing the NO normally
coexisting in the exhaust gas into NO2, which actually oxidizes
soot to CO and CO2. Here we report the effect of adding SO2 to
the reactant gas, which dramatically promoted the oxidation of
carbon black.

Platinum (1 wt%) supported on silica gel (Pt/SiO2) was
prepared by impregnating SiO2 (0.1 to 0.25 mm in diameter,
374 m2 g21) with a solution of Pt(NH3)4(OH)2, followed by
drying, reduction with H2 at 400 °C and calcination in air at
600 °C. Commercially available carbon black (CB; Nippon
Tokai carbon 7350F; primary particle size = 28 nm; specific
surface area = 80 m2 g21; CHN analysis: C, 97.99; H, 1.12; N,
0.06%; H2O = 0.58 wt%) was used as model soot. The Pt/SiO2
catalyst (0.5 g) and CB powder (0.005 g) were simply mixed
together with a spatula and placed in the reactor. Mixing in this
way results in a ‘loose’ contact between the catalyst and carbon,
which is thought to be close to that found in practical cases.6
Temperature-programmed reactions (TPRs) were carried out in
a tubular quartz reactor. Reactant gases—10% O2, 7% H2O, 0 or
1000 ppm NO, 0 to 100 ppm SO2 and N2, a composition which
is typical of diesel exhaust gas, except for the absence of CO2—
were passed through the mixture of catalyst and CB at a flow
rate of 0.5 dm3 (STP) min21. The temperature of the reactor was
raised from 80 to 700 °C by 10 °C min21. A non-dispersive IR
gas analyzer was used to continuously measure the concentra-
tions of CO and CO2 emitted by the carbon oxidation. In
addition, TPR measurements using an FTIR gas analyzer were
separately conducted to measure the concentrations of NO, NO2
and SO2 in the product gas.

Fig. 1 shows the effect of the composition of the reactant gas
on the CO2 emission during the TPR. The CO concentration was
almost zero in all cases (@0.8 ppm). In the gas mixture N2 + O2
+ H2O [Fig. 1(2)], carbon was not oxidized at all below 500 °C,
above which temperature the reaction rate increased abruptly
and the oxidation was finished at 675 °C. Platinum had no
accelerating effect on the carbon gasification under these
conditions, since the TPR result using SiO2 alone (not shown)
was almost the same as that shown in Fig. 1(2). Fig. 1(5)
shows the result when 100 ppm SO2 was added to the reactant
gas. Sulfur dioxide had no effect on the oxidation under these
conditions. On the other hand, the addition of NO instead of SO2
brought about an acceleration of carbon oxidation Fig. 1(Ω).
The initial temperature, which we define as the point where the
CO2 concentration exceeds 100 ppm, was about 200 °C lower
than that in N2 + O2 + H2O. In the case of SiO2 alone, such a
promotional effect of NO was not observed, but when NO2 was
used instead of NO, the CO2 emission curve shifted to nearly the

same temperature region as Fig. 1(Ω). These results suggest
that NO2, which is formed by the oxidation of NO over Pt,
oxidizes carbon black more strongly than O2. The effect of NO2
on soot oxidation has been already reported by several
researchers.4,5,7

The striking effect of SO2 was observed when it was further
added to N2 + O2 + H2O + NO over the Pt/SiO2. By adding only
1 ppm of SO2, the CO2 emission level at 350 °C increased by
210 ppm [Fig. 1(:)]. As the concentration of SO2 was
increased, a new peak appeared at around this temperature;
when the SO2 concentration exceeded 23 ppm, CO2 emission
was at its maximum at this temperature [Fig. 1(.) and (/)].
The temperature of maximum CO2 emission was about 300 °C
lower than that in the N2 + O2 + H2O mixture and more than 200
°C lower than that in N2 + O2 + H2O + NO. The initial
temperature decreased to as low as 250 °C. The CO2
concentrations at 350 °C in the experiments containing NO
were plotted as a function of SO2 content in the reactant gas
(Fig. 2). The CO2 concentration dramatically increases until the
SO2 content reaches 8 ppm and then almost levels off with
further increases in SO2 content. Such a promotional effect of
SO2 is not observed with SiO2 alone, even when NO2 is used
instead of NO.

Fig. 1 TPR profiles of Pt/SiO2 in carbon oxidation. Conditions; catalyst =
0.5 g, carbon = 0.005 g, flow rate = 0.5 dm3 min21 (0 °C, 1 atm) (X = 10%
O2 + 7% H2O in N2, Y = 10% O2 + 7% H2O + 1000 ppm NO in N2): (2)
X, (5) X + 100 ppm SO2, (Ω) Y, (:) Y + 1 ppm SO2, (8) Y + 4 ppm SO2,
(-) Y + 8 ppm SO2, (.) Y + 23 ppm SO2, (/) Y + 100 ppm SO2.
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Separate TPR experiments using an FTIR gas analyzer were
also carried out under the conditions of 10% O2, 0.5% H2O,
1000 ppm NO, 100 ppm SO2 and N2. Over Pt/SiO2, NO starts
to be oxidized to NO2 at 160 °C. The concentration of NO2
reached a maximum at 330 °C and then decreased in accordance
with levels expected from the thermodynamic equilibrium
between NO2, NO and O2. The concentration of SO2 in the
product gas started to decrease at 165 °C, reached a negligible
level between 220 to 500 °C, and then gradually increased in
accordance with levels expected from the thermodynamic
equilibrium between SO3, SO2 and O2. Evidently, the oxidation
of NO into NO2 and SO2 into SO3 (or H2SO4 below 300 °C)
proceeded over Pt/SiO2. Incidentally, the oxidation of SO2 to
SO3 by gaseous NO2 did not proceed to an observable extent
over SiO2 alone under the conditions of 10% O2, 0.5% H2O,
1000 ppm NO2, 100 ppm SO2 and N2. Nitrogen dioxide is
regarded as an oxidizer that directly attacks the carbon and turns
into NO; the NO may be oxidized to NO2 over Pt/SiO2 and
reused. On the other hand, the outstanding effect of SO2 with Pt/
SiO2 only appeared in the presence of NO suggesting that SO3,

produced from SO2 over Pt, plays a role as a catalyst that
accelerates the oxidation of carbon by NO2.

To confirm this possible role of SO3 (or H2SO4), we tested
the effect of NO2 and H2SO4 addition on the carbon oxidation
over SiO2 alone. When 1000 ppm NO2 and 100 ppm H2SO4
were added to the feed containing 10% O2 + 7% H2O in N2, the
oxidation was initiated at 280 °C and there were peaks in CO2
concentration at 380 and 490 °C. By contrast the addition of 100
ppm H2SO4 alone did not have any effect on the CO2 emission
rate: the initial and peak temperatures were around 560 and 680
°C, respectively. These results strongly suggest that SO3 (or
H2SO4) formed over Pt surfaces catalyzes the oxidation of
carbon by NO2.

Lur’e et al.7 reported that the process of CO2 formation from
the interaction of NO2 with soot proceeds through the oxidation
of active sites on the soot surface, via abstraction of oxygen
atoms from NO2, to produce partially oxidized surface species
( > C§O) and NO. We suspect that the effect of SO3 (or H2SO4)
can be attributed to the enhancement of decomposition of the
partially oxidized surface species. It is well known that H2SO4
promotes dehydration and decarboxylation of organic com-
pounds.8 The partially oxidized surface species created by NO2
may be rather inactive against further oxidation, but can be
readily decomposed by a strong acid such as SO3 or H2SO4.
After this secondary process, the ability of the carbon surface to
be oxidized may be restored.
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Fig. 2 Effect of the concentration of SO2 on the activity of Pt/SiO2 catalyst
in carbon oxidation (T = 350 °C). Conditions are as in Fig. 1.
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19F/23Na Cross polarization NMR study of hydrofluorocarbon–zeolite binding
on zeolite NaY

Kwang Hun Lim and Clare P. Grey*†

Department of Chemistry, SUNY Stony Brook, Stony Brook, NY 11794-3400, USA

19F/23Na Cross polarization (CP) MAS NMR experiments of
various asymmetric hydrofluorocarbons (HFCs) such as
CF3CFH2 (HFC-134a) and CF2HCFH2 (HFC-143) adsorbed
on zeolite NaY, demonstrate that the hydrogen-containing
groups are bound more strongly to the zeolite framework, in
the order CF3 < < CF2H < CFH2; the results help explain the
preferential binding of CF2HCF2H (HFC-134) over HFC-
134a, and hence the effectiveness of basic zeolites in the
separation of HFC-134/134a gas mixtures.

The complete phase-out of chlorofluorocarbon (CFC) produc-
tion in developed countries by the year 2000 has resulted in the
development and production of a variety of environmentally-
friendly alternatives (the HFCs) for different applications.1 The
syntheses of the HFCs are more complex than the syntheses of
the CFCs and unwanted HFC and hydrochlorofluorocarbon
isomers are often produced. For example, HFC-134 is a
common byproduct in the synthesis of HFC-134a, the replace-
ment for the refrigerant CFC-12 (CF2Cl2).1 Basic molecular
sieves have been proposed as a method for separating some of
these isomer mixtures.2 We have, therefore, been applying a
variety of NMR and X-ray powder diffraction methods to
determine the importance of different interactions in controlling
the sorption properties of these gases on faujasite zeolites, and
to rationalize trends in separations behavior and HFC re-
activity.3,4 Our previous work on the binding of HFC-134 on
zeolite NaY demonstrated that Na-F interactions are very
important in these systems, and are strong enough to cause
migration of cations from the sodalite cages into the supercage
where they can bind to both ends of the HFC molecule.4

The efficiency of 19F magnetization transfer in a 19F–23Na CP
experiment, from the different ends of the HFC molecule to the
sodium cations present in the supercages of the zeolite, has been
explored in research described here. The CP efficiency is very
sensitive to the offset-frequency of the 19F radio frequency (rf)
field: as the offset frequency (Dn) of the rf field (n1) is
increased, the polarization transfer rate is decreased by a factor
n1

2/(n1
2 + Dn2).5 Thus, if the CP experiment is performed with

low rf power, the effect of offset-frequency on the transfer rate
will be significant. Since the 19F NMR spectra of the
asymmetric HFCs show well separated resonances for the
different CF32nHn groups (for example, the chemical shifts for
the CF3 and CFH2 groups of HFC-134a are 281 and 2246 ppm,
respectively), it is possible to study the CP dynamics of the end-
groups separately.

Methods used to prepare the samples are identical to those
described elsewhere4 and the samples are labeled xHFC/NaY,
where x indicates the number of HFC molecules per unit cell.
The 23Na MAS NMR spectrum of the fully loaded HFC134a/
NaY sample (x ≈ 44–48) at 2150 °C is shown in Fig. 1(a). The
narrow resonance at 27 ppm is assigned to the site I cations of
the faujasite structure (in the double six-rings), and the broader
resonance centered at 240 ppm contains overlapping reso-
nances from sodium nuclei originally in the site II and IA
positions, in the super and sodalite cages respectively.4 The
narrowing of this resonance, in comparison to that of bare NaY,
suggests that some cation migration from site IA to sites in the
supercages may also be occurring on adsorption of HFC-134a.

Variable-temperature 19F MAS NMR was initially performed to
confirm that the isotropic motion of the HFCs was frozen out at
2150 °C. Rf field strengths of 10–20 and 20–40 kHz were used
for 23Na and 19F, respectively, in order to match the Hartmann–
Hahn condition for quadrupolar nuclei with non-zero quadru-
pole coupling constants5,6 and low rf field strengths and fast
spinning speeds were used to help ensure effective 23Na spin-
locking.7

Fig. 1(b) and (c) show the 19F?23Na CP MAS spectra of the
fully-loaded HFC134a/NaY at 2150 °C, where the 19F
irradiation frequency is placed on the 19F CFH2 and CF3 group
resonances, respectively. Only one broad 23Na resonance at
approximately 240 ppm is observed and the site I resonance is
absent, indicating that polarization is only transferred to cations
in close proximity to the HFCs. Surprisingly, the CP intensity
from the CFH2 group is much higher than that from the CF3
group which contains more fluorine spins. In order to
investigate this behavior more fully, CP experiments were
performed as a function of fluorine irradiation offset: A
dramatic decrease in 23Na CP intensity for 32HFC-134a/NaY
was observed, as the fluorine irradiation offset Dn1 is changed
from on-resonance for the CFH2 group (258 kHz) to on-

Fig. 1 (a) The 23Na MAS NMR spectra of fully-loaded HFC-134a/NaY at
2150 °C. Spinning speeds of 10 kHz were used; (b) and (c): The 19F?23Na
CP MAS spectra of fully-loaded HFC-134a/NaY at 2150 °C. The 19F
frequency was placed on resonance for the CFH2 resonance and CF3

resonance in (b) and (c), respectively. Spinning speeds of 9.5 kHz, a 400 ms
CP contact time (ct) and an 19F rf field strength, n1, of 40 kHz were used,
and 1640 FIDs were recorded for each spectrum. 19F?23Na CP intensity as
a function of fluorine irradiation offset of (d) 32HFC-134a/NaY at 2150 °C
(spinning speed = 9 kHz; ct = 333 ms; n1, = 40 kHz) and (e) 32HFC-
143/NaY at 2150 °C (spinning speed = 8 kHz; ct = 250 ms; n1 = 20 kHz).
(f) 32HFC-134a/NaY at 2150 °C, as a function of contact time (n1 = 20
kHz). The two curves drawn in (f) were obtained with equations for CP
intensity given in refs. 11 and 13 (see text). Spectra were acquired with a
double-tuned Chemagnetics probe, on a CMX-360 spectrometer with
resonance frequencies for 19F and 23Na of 338.7 MHz and 95.2 MHz,
respectively. The 23Na chemical shifts reported were referenced to solid
NaCl at 0.0 ppm.
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resonance for the CF3 group (0 kHz) [Fig. 1(d)]. The same
experiment was performed for 32HFC-143/NaY and the CP
intensity for on-resonance irradiation of the CFH2 group was
higher than that for the CF2H group [Fig. (e)].

The 19F?23Na CP intensity was studied as a function of the
contact time for both samples and the CP curve for HFC-134a
is shown in Fig 1(f). In order to fit these curves, T1r values for
the 23Na spins and the 19F in the different groups were all
independently measured. The 19F T1rs (150–300 ms) were much
shorter than those for 23Na (ca. 600 ms) and are responsible for
the relatively rapid decrease in CP intensity for contact times of
greater than ca. 250 ms. Fits to these curves using the measured
T1rs, using modified versions of expressions given in refs. 5 and
6, demonstrate that the polarization transfer rates (1/TIS) are
considerably larger for the more hydrogenated groups. For
example, using the T1r values of 230 ± 5 and 205 ± 5 ms
obtained for the CFH2 and CF3 and groups of HFC-134a, values
of T1S of 480 ± 20 and 1000 ± 50 ms were obtained assuming that
each end group is close to only one sodium cation.

Partial charges for the hydrofluorocarbons, calculated with
Hartree–Fock methods, are slightly higher for the CFH2
fluorine in comparison to those found on the CF3 fluorine atoms
of HFC-134a,8 which should result in an increased Na–F
electrostatic interaction. Inelastic neutron scattering and Raman
spectroscopy studies of HFC-134 and HFC-134a molecules
adsorbed on zeolite NaX have shown that hydrogen bonding to
the framework oxygen may also be important.9 Our 1H MAS
NMR studies of HFC-143 (CFH2CF2H) and HFC-134a
(CF3CFH2) adsorbed on NaY are consistent with this: the 1H
NMR resonance is shifted to higher frequency by 2 ppm on
lowering the temperature to 2150 °C, suggesting that the
hydrogen-containing groups are hydrogen-bonded to the frame-
work oxygens of the zeolite. These results imply that the
hydrogen-bonding plays an important role in the binding of the
asymmetric HFC molecules. Thus we propose that it is the
combination of this hydrogen bonding, and the strong Na–F
interaction, that tethers the CFH2 group tightly to the framework
at 2150 °C, resulting in efficient fluorine-to-sodium magneti-
zation transfer. The CFH2 group is more strongly bound than the
CF2H group of HFC-143: again this may be a consequence of
the higher partial charge for the CFH2 group and the potential
for more hydrogen bonding.

In conclusion, the double resonance experiments clearly
show very different binding for the different end groups of
asymmetric HFCs, and demonstrate that the hydrogen-contain-

ing groups are bound more strongly to the zeolite framework.
The results are consistent with the higher heat of adsorption of
CF2HCF2H (HFC-134) over HFC-134a,2 the former containing
two hydrogen-containing groups. These findings help provide a
fundamental understanding of the role of basic zeolites in the
separation of HFC-134/134a gas mixtures. Finally, the NMR
results suggest new methods for probing interactions and gas
binding in systems involving larger molecules with multiple
gas–surface interactions. In these systems, while methods such
as calorimetry and adsorption isotherm measurements will
provide measures of the average heat of adsorption of the
molecule, experiments sensitive to local structure and inter-
actions will be extremely useful in helping to deconvolute the
relative importance of the different, sometimes competing,
interactions. The CP technique will be particularly applicable
when one or more NMR nucleus has a large chemical shift
range.
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Phosphorus monoxide as a quadruply bridging ligand: syntheses and X-ray
crystal structures of Ru5(CO)15(m4-PF) and [H2NCy2][Ru5(CO)15(m4-PO)]

John H. Yamamoto,a Konstantin A. Udachin,a Gary D. Enrighta and Arthur J. Carty*a,b†
a Steacie Institute for Molecular Sciences, National Research Council of Canada, 100 Sussex Drive, Ottawa, Ontario, Canada
K1A OR6
b Ottawa-Carleton Chemistry Institute, Department of Chemistry, University of Ottawa, Ottawa, Ontario, Canada K1N 6N5

The reaction of Ru4(CO)13(m3-PNCy2) 1 with Ru(CO)5 in
refluxing hexane yields Ru5(CO)15(m4-PNCy2) 2 in high
yield; treatment of 2 with HBF4·Et2O forms Ru5(CO)15(m4-
PF) 3 which is the first cluster complex to contain a
m4-fluorophosphinidene ligand, while refluxing 2 with
HBF4·H2O in CH2Cl2 yields 3 and the title compound
[Ru5(CO)15(m4-PNO)][H2NCy2] 4, an unprecedented exam-
ple of a cluster complex containing a m4-PO ligand.

Phosphorus monoxide (PO) and diphosphorus monoxide (P2O)
are the simplest binary oxides of phosphorus. They have both
been spectroscopically characterized in matrices and in molec-
ular beams,1 but they are not ‘reagents in a bottle’ since they are
unstable with respect to the normal oxides P4O6 and P4O10.

In contrast to nitric oxide, the coordination and organome-
tallic chemistry of PO and P2O is poorly developed and only
recently have methods of synthesizing complexes of these
ligands been described.2–6 To date only two types of coordina-
tion modes for phosphorus monoxide are known. Triply
bridging m3-PO ligands have been trapped or generated in
clusters by the direct oxidation of naked phosphide ligands2,4,5

or by the hydrolytic cleavage of P–N bonds in aminophosphini-
dene (m3-PNR2) clusters.3 Examples of terminal, h1-PO coor-
dination, as in Mo{[NC(CD3)2Me](C6H3Me2-3,5)}3(h1-P§O),5
have also been described. Doubly and quadruply bonded PO
ligands are as yet unknown. In this communication we report the
synthesis and structural characterization of an anionic cluster
[Ru5(CO)15(m4-PNO)]2 containing a quadruply bridging phos-
phorus monoxide ligand. The designed synthesis of this
molecule (Scheme 1) also affords the first example known to us
of a m4-fluorophosphinidene ligand in the neutral cluster
Ru5(CO)15(m4-PF).

We recently described a rational, versatile route to PO ligands
which essentially involves the acid promoted substitution of
NR2 groups in aminophosphinidene (m-PNR2) ligands by
hydroxyl groups followed by deprotonation of the latter by base,
as follows:7

To apply this strategy to the synthesis of a m4-PO ligand, we
needed a reliable route to a cluster containing a m4-PNR2 ligand.
Treatment of Ru4(CO)13(m3-PNCy2)8 1 (770 mg, 0.78 mmol) in
hexane for 8 h with an excess of Ru(CO)5

9 forms Ru5(CO)15(m4-
PNCy2) 210 (867 mg, 0.76 mmol) in greater than 95% yield. The
cluster 2 consists of a square based pyramid of five ruthenium
tricarbonyl groups, with the square face capped by the
m4-aminophosphinidene ligand.

Reaction of a CH2Cl2 solution of 2 (503 mg, 0.51 mmol) with
dry HBF4·OEt2 (300 ml) at RT for 3 h afforded Ru5(CO)15(m4-
PF) 311 (503 mg, 0.51 mmol) as green crystals in 96% yield. The

19F and 31P NMR spectra of 3 consist of doublets [d(19F)
220.49; d(31P) 548.6] with JP–F = 1121 Hz. Since 3 appears to
be the first m4-PF cluster a single crystal X-ray analysis was
carried out.12 Within the Ru5 square pyramid (Fig. 1) there are
two distinctively different sets of Ru–Ru distances with the
bond lengths within the base (Ru–Ru av. 2.9196 Å) being
distinctly longer than those to the apical atom Ru(5) (Ru–Ru av.
2.8252 Å). The stereochemistry at the phosphorus atom is that
of a flattened square pyramid with a P–F distance of 1.595(2) Å
which compares well with a value of 1.58 Å13 for the axial P–F
bonds in PF5 where the phosphorus atom is also pentacoordi-
nate.

In contrast to the reaction with anhydrous HBF4, treatment of
2 (57 mg, 0.05 mmol) with an excess of HBF4·H2O for 6 h gave
smaller amounts of 3 (15 mg, 0.01 mmol, 31%) and afforded as
the major product [H2NCy2][Ru5(CO)15(m4-PO)] 4 (37 mg, 0.03
mmol, 64%). Spectroscopically, 414 is characterized by a
medium strong n(P§O) band in the infrared spectrum at 1060
cm21 and by a 31P resonance at low field (d 515). The
structure15 of 4 (Fig. 2) consists of tetrahedral dicyclohex-
ylamino cations packed in the crystal lattice with
[Ru5(CO)15(m4-PO)] cluster anions. In contradistinction with
[H2N(iPr2)][Ru4(CO)12(m3-PO)] there are no significant hydro-
gen bond interactions between the PO oxygen atom and the
cation (PO···HN = 1.75 Å). The geometry of the Ru5P skeleton
resembles that in 3 but the substitution of a PO ligand in 4 for
m4-PF in 3 causes significant changes in P–X (X = O, F), Ru–P
and basal Ru–Ru bond lengths. The P–O distance in 4 [1.516(4)
Å] is 0.08 Å shorter than the P–F value [1.595(2) Å] in 3 and is
consistent with P§O bond lengths of 1.48–1.52 Å in m3-PO
clusters.2–5 However the P–Ru bond lengths in 4 (av. 2.374 Å)
are significantly elongated compared to 3 (av. 2.308 Å) and the
basal Ru–Ru distances in 4 (av. 2.878 Å) are shorter than in 3

Scheme 1
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(av. 2.9196 Å). A simplistic explanation of these facts is that
stronger phosphorus bonding to the exo-cage oxygen atom
weakens cluster phosphorus bonding and strengthens metal–
metal bonding.

Although 3 and 4 are obtained in the same reaction of 2 with
HBF4·H2O, attempts to directly convert 3 to 4 in the presence of
H2O and HO2 have not been successful.

The synthesis and characterization of a quadruply bridging
P§O ligand in 4 adds to the terminal and triply bridging modes
now known for this transient ligand. We are currently

attempting to expand the range of m4-PO complexes and
compare the chemistry of these coordinated ligands.

This work was supported by grants from the National
Research Council of Canada and the Natural Sciences and
Engineering Research Council of Canada (to A. J. C.)
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Fig. 1 An ORTEP diagram of Ru5(CO)15(m4-PF) 3 showing 30% probability
thermal ellipsoids. Hydrogen atoms are omitted for clarity. Selected bond
lengths not mentioned in the text (Å): Ru(1)–Ru(2) = 2.9558(4), Ru(1)–
Ru(4) = 2.9310(4), Ru(2)–Ru(3) = 2.8983(4), Ru(3)–Ru(4) = 2.8932(4),
Ru(5)–Ru(3) = 2.8535(4), Ru(1)–Ru(5) = 2.7771(4), Ru(4)–Ru(5) =
2.8432(4), Ru(5)–Ru(2) = 2.8271(4).

Fig. 2 An ORTEP diagram of [Ru5(CO)15(m4-PO)][H2NCy2] 4 showing
30% probability thermal ellipsoids. Hydrogen atoms and the cation
[H2N(Cy)2] are omitted for clarity. Selected bond lengths not mentioned in
the text (Å): Ru(1)–Ru(2) = 2.850(1), Ru(1)–Ru(4) = 2.876(1), Ru(2)–
Ru(3) = 2.893(1), Ru(3)–Ru(4) = 2.908(1), Ru(5)–Ru(3) = 2.908(1),
Ru(1)–Ru(5) = 2.836(1), Ru(4)–Ru(5) = 2.803(1), Ru(5)–Ru(2) =
2.843(1).
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Unprecedented luminescence behaviour and structural characterization of a
novel class of ruthenium(ii) 2,2A-bipyridine complexes with orthometallated
aminocarbene ligands

Vivian Wing-Wah Yam,* Ben Wai-Kin Chu and Kung-Kai Cheung

Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong SAR, People’s Republic of China.
E-mail: wwyam@hkucc.hku.hk

Novel luminescent ruthenium(II) bipyridine complexes with
orthometallated aminocarbene ligands have been prepared
and their photophysical properties studied.

The chemistry of metal s-acetylide complexes has attracted
considerable interest because of the unique properties of the
delocalizable p systems. While most studies on ruthenium
s-acetylide complexes were focused on the use of phosphine
ligands,1 corresponding studies on nitrogen donor ligands are
relatively rare.2 In view of the rich photophysical and
photochemical behaviour of ruthenium(ii) polypyridyl com-
plexes, we have started a program to design and synthesize
luminescent organometallic ruthenium(ii) s-acetylide com-
plexes containing polypyridyl ligands. In an attempt to prepare
these complexes, we obtained the novel ruthenium(ii) orthome-
tallated aminocarbene complexes instead. Here we report the
synthesis, characterization, electrochemistry, photophysical
behaviour and X-ray crystal structure of this new class of
ruthenium(ii) orthometallated aminocarbene complexes with
2,2A-bipyridyl ligands, which represents the first of its kind.

Reaction of cis-[Ru(bpy)2(Me2CO)2](OTf)2 with phenyl-
acetylene or 4-methoxyphenylacetylene in the presence of
sodium ethoxide in ethanol, followed by metathesis reaction
using NH4PF6 and subsequent recrystallization from MeCN–
Et2O, afforded cis-[Ru(bpy)2(CO)(h-CH2Ph)]+ 1a3 or cis-
[Ru(bpy)2(CO)(h-CH2C6H4OMe)]+ 1b as the PF6

2 salt in
reasonable yield; the structure of 1b was confirmed by X-ray
diffraction studies.4 On the other hand, treatment of cis-
[Ru(bpy)2(Me2CO)2](OTf)2 with phenylacetylene in the pres-
ence of aniline in dry acetone under an inert atmosphere of
nitrogen gave a stable orthometallated aminocarbene complex,
[Ru(bpy)2NC(CH2Ph)NHC6H4]+ 2a. Similar reaction with p-
anisidine in place of aniline gave [Ru(bpy)2NC(CH2Ph)NHC6-
H3OMe]+ 2b (Scheme 1).5–7 The formulation of which were
confirmed by satisfactory elemental analyses, FABMS, 1H
NMR and 13C NMR spectroscopy† and the structure of 3b was
further established by X-ray crystallography (Fig. 1).‡

Complex 2b shows a distorted octahedral structure. The
N–Ru–N bond angles subtended by the chelating diimines are
77.0(2) and 77.6(2)°. A C(1)–Ru(1)–C(2) bond angle of
79.5(3)° subtended by the orthometallated N-arylcarbene has
also been observed. The deviation from the ideal 90° for a
regular octahedral geometry is a result of the steric requirement
of the bidentate ligands. The bond angles around C(1) are
128.7(5), 116.9(5) and 114.3(6)°, consistent with the sp2

hybridization of the carbene carbon. The bond distances of
Ru(1)–N(1) [2.060(6) Å] and Ru(1)–N(4) [2.058(6) Å] are
similar to those reported in other ruthenium(ii) polypyridyl
complexes (ca. 2.05 Å)8 but those of Ru(1)–N(2) [2.141(5) Å]
and Ru(1)–N(3) [2.120(5) Å] are longer than normal. This may
be accounted for by the strong trans effect of the carbon atoms
in the orthometallated N-arylcarbene ligand. The Ru(1)–C(2)
bond distance [2.047(6) Å] is similar to that observed in other
ruthenium(ii) complexes with s-bonded carbon ligands,9 while

the Ru(1)–C(1) bond distance [1.963(7) Å] is shorter than an
average Ru–C bond [2.105(5) Å],9e which can be ascribed to the
presence of Ru–C double bond character.9f,10 A substantial
double-bond character between the heteroatom and the carbene
carbon is noticed as the C(1)–N(5) distance [1.318(9) Å] is
reduced below that characteristic of a single bond between N
and an sp2 C, typical of Fischer type aminocarbenes (ca. 1.31
Å).10

The electronic absorption spectra of complexes 2a and 2b
show moderately intense bands in the visible region which are
tentatively assigned as MLCT transitions (Table 1). The intense
absorptions in the UV region are assigned as intraligand

Scheme 1 Synthetic route to orthometallated ruthenium(ii) aminocarbene
complexes; L = Me2CO
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transitions. Excitation of 2a and 2b at l > 350 nm at room
temperature produces red luminescence. It is likely that the
origin of the emission is 3MLCT in nature, arising from states
derived from either a dp(Ru) ? p*(bpy) or a dp(Ru) ?
p*(alkylidene) MLCT transition. The close similarity of the
absorption and emission characteristics of complexes 2a and 2b
suggests that the methoxy substituent on the N-aryl ring of the
aminocarbene unit has relatively little influence on the charge-
transfer transition in these complexes.

The redox properties of the complexes 2a and 2b are
investigated by cyclic voltammetry in acetonitrile using 0.1 mol
dm23 NBu4PF6 as the supporting electrolyte. Reversible to
quasi-reversible reduction couples are observed at 21.66 and
21.89 V vs. SCE for 2a and 21.65 and 21.88 V vs. SCE for 2b;
the potentials of which are relatively independent of the scan
rate with D(Epa2 Epc) values of ca. 60–90 mV, assigned to the
successive reduction of the bipyridine ligand. The relative
insensitivity of the reduction potentials to the substituent effect
on the aminocarbene unit in 2a and 2b further confirms its
assignment as bpy-centered reduction. A quasi-reversible
oxidation couple is observed at +1.42 V vs. SCE for 2b and an
irreversible oxidation wave is noted at Epa = +1.67 V vs. SCE
for 2a, which are assigned as metal-centered oxidation. The

irreversible nature of the oxidation in 2a is indicative of the
instability of the Ru(iii) aminocarbene complex in which the
electron-rich methoxy substituent capable of stabilizing the
electron-deficient Ru(iii) metal center is absent, which may lead
to its decomposition.

Further spectroscopic studies to elucidate the nature of the
lowest lying excited state are in progress.

V. W.-W. Y. acknowledges financial support from the
Research Grants Council and The University of Hong Kong.
B. W.-K. C. acknowledges the receipt of a postgraduate
studentship, administered by The University of Hong Kong.
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† 2a: Elemental analysis: Calc. for 2a (found) %: C 54.18 (54.22), H 3.85
(3.56), N 9.30 (9.23); positive FABMS: m/z 607 [M2 PF6]+; 1H NMR (300
MHz, CD3CN, 298 K): d 4.3 (s, 2H, CH2), 6.2–8.3 (m, 25H, aromatic H),
11.2 (s, 1H, NH); 13C NMR (67.8 MHz, CD3CN, 298 K): d 52.71 (CH2),
113.98–176.58 (aromatic C), 266.01 (RuNC). 2b : Elemental analysis: Calc.
for 2b (found) (%): C 57.07 (57.24), H 4.08 (4.08), N 9.51 (9.74); 1H NMR
(300 MHz, CD3CN, 298 K): d 3.5 (s, 3H, OCH3), 4.3 (s, 2H, CH2), 5.8–8.3
(m, 24H, aromatic H), 11.2 (s, 1H, NH); 13C NMR (125.76 MHz, CD3CN,
298 K): d 53.25 (OCH3), 55.70 (CH2), 105.90–180.09 (aromatic C), 262.70
(RuNC).
‡ Crystal data for 2b : {[C35H30ON5Ru]+ClO4

2}, Mr = 737.18, triclinic,
space group P1̄ (no. 2), a = 9.398(4), b = 12.843(4), c = 14.994(4) Å, a
= 67.74(3), b = 77.36(3), g = 71.07(3)°, V = 1574(1) Å3, Z = 2, Dc =
1.555 g cm23, m(Mo-Ka) = 6.35 cm21, F(000) = 752, T = 301 K.
Convergence for 436 variable parameters by least-squares refinement on F
with w = 4 Fo

2 / s2(Fo
2), where s2(Fo

2) = [s2(I) + (0.018Fo
2)2] for 3911

reflections with I > 3s(I) was reached at R = 0.049 and wR = 0.066 with
a goodness-of-fit of 2.75. CCDC 182/1023.
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Fig. 1 Perspective drawing of the complex cation 2b with atomic numbering
scheme. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids
are shown at the 50% probability levels. Selected bond lengths (Å) and
angles (°): Ru(1)–N(1) 2.060(6), Ru(1)–N(2) 2.141(5), Ru(1)–N(3)
2.120(5), Ru(1)–N(4) 2.058(6), Ru(1)–C(1) 1.963(7), Ru(1)–C(2) 2.047(6),
C(1)–C(8) 1.514(9), C(8)–C(9) 1.519(10), C(1)–N(5) 1.318(9), C(3)–N(5)
1.426(9); N(1)–Ru(1)–N(2) 77.6(2), N(3)–Ru(1)–N(4) 77.0(2), C(1)–
Ru(1)–C(2) 79.5(3), Ru(1)–C(1)–C(8) 128.7(5), C(8)–C(1)–N(5) 114.3(6),
Ru(1)–C(1)–N(5) 116.9(5).

Table 1 Photophysical data for complexes 2a and 2b

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

a/nm t0/ms

2a 250 (37 960), 298
(46 400), 370 (11 630),
484 (6230), 572 (6605)

MeCN 298 808 < 0.1

Solid 298 775 < 0.1
Solid 77 704
Glassb 77 742

2b 250 (37 680), 298
(52 720), 370 (12 645),
482 (6850), 571 (7090)

MeCN 298 813 < 0.1

Solid 298 767 < 0.1
Solid 77 701
Glassb 77 745

a Excitation wavelength at 580 nm. Emission maxima are corrected values.
b EtOH–MeOH (4 : 1, v/v).
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Synthesis and structural characterization of novel silver(I) complexes of
tetradehydro[16]annulene annelated with bicyclo[2.2.2]octene units

Tohru Nishinaga, Tetsu Kawamura and Koichi Komatsu*

Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan. E-mail: komatsu@scl.kyoto-u.ac.jp

The first silver(I) complexes of tetradehydro[16]annulene
annelated with bicyclo[2.2.2]octene units were prepared and
the incorporation of a silver atom into the cavity center was
shown by X-ray crystallography.

The versatility of tribenzotridehydro[12]annulene (1) as a
ligand in metal complexes was demonstrated by Youngs et al.1
The cavity size of ligand 1 was shown to be suitable for the
incorporation of first row transition metals into the cavity
center, while the size is too small for a second row transition
metal. For example, silver gave only a sandwich complex.1
Even for a higher homologue, tetrabenzotetradehydro[16]annu-
lene (2), there has been no example of incorporation of a second
or third row transition metal within its cavity. Only a dicobalt
complex has been reported, in which two of the triple bonds are
coordinated from the outer side.2

Recently we synthesized a series of dehydroannulenes
annelated with bicyclo[2.2.2]octene (abbreviated as BCO)
including tetradehydro[16]annulene (3),3 which are charac-
terized by a rather low oxidation potential indicative of a raised
HOMO level by the annelation of the BCO units.3 The raised
HOMO level should be effective for an interaction between the
occupied 2p orbital of the ligand and empty 5s orbital of the
silver,4 which would strengthen the coordination bond by
donation from the ligand to the metal.5 Here we report the
synthesis of novel silver-dehydro[16]annulene 3 complexes
prepared based on such a rationale.

Annulene 3 was stirred with 1 equiv. of silver(I) triflate
(AgOTf) or silver(I) hexafluoroantimonate (AgSbF6) in THF at
room temperature for a few days. After concentration of the
solution, hexane was added to give precipitates of silver
complex 4 (3·AgOTf) or 5 (3·AgSbF6) both as red powders in
84% or 92% yield respectively. These complexes are stable to
air, moisture, and light, in contrast to many silver-alkene,
-alkyne, and -arene complexes which are essentially light- or
air-sensitive.6,7

Single crystals of 4 containing 0.5 equiv. hexane and of 5
containing 1 equiv. dichloromethane were obtained and exam-
ined by X-ray crystallography.† As shown in Fig. 1, the silver
atom is present in the center of the cavity for both complexes
and the counter anions are located above the silver atom. The
structure of the central ring of the ligand is still tub-like but the
folding angles are smaller compared with the X-ray structure of
3.3 The shortest distances between the silver and the counter
anions, i.e. Ag–O in 4 and Ag–F in 5, were 2.31(1) and 2.67(1)
Å respectively. The Ag–O distance is shorter than those
(2.36–2.53 Å) in nine reported complexes of AgOTf with arenyl
or alkynyl ligands,7–10 whereas the Ag–F distance is longer than

Fig. 1 ORTEP drawing showing (a), (c) side views and (b), (d) top views of
4 and 5. The counter anions are omitted in the top views for clarity.
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the average (2.63 Å) of those (2.54–2.71 Å) in three reported
complexes of AgSbF6 with arenyl ligands.11

These Ag–anion distances are reflected in the modes of
coordination with ligands. The Ag–C(alkyne) distance of
complex 4 varies only from 2.714(7) Å to 2.863(7) Å, indicating
almost equal coordination with the four acetylene units. On the
other hand, the ligand of complex 5 is deformed due to the
stronger coordination with a pair of acetylene units which are
opposite to each other. The Ag–C distance at the stronger
coordination site is 2.52(1)–2.54(1) Å whereas that at the other
site is 2.85(2)–3.05(2) Å. Accordingly, the C·C–C angle for 4
varies only from 170.0(8)° to 174.1(8)°, whereas for 5 the C·C–
C angle is 164(1)–170(1)° at the more strongly coordinated site
and 174(1)–178(1)° at the other site.

In order to compare the degree of coordination in 4 and 5, the
Mulliken charge was calculated at the HF/STO-3G level for the
silver atoms of AgOTf and AgSbF6 using the X-ray structures
with and without the ligand. The charge of silver in the structure
with the ligand was calculated to be +0.20 for AgOTf and +0.29
for AgSbF6, while that for the structure without the ligand was
+0.50 for AgOTf and +0.77 for AgSbF6. These results indicate
that this annulene-type ligand reduces the positive charge on the
silver atom and the extent of this reduction is larger for the case
of AgSbF6. This type of coordination is presumed to be
principally due to the electron donation from the HOMO of the
ligand to the LUMO of the metal, and the annelation of the BCO
units which raises the HOMO level of the p-system would
strengthen this coordination.

The IR spectrum of complex 4 showed that the energy of the
C·C stretching band became weak [2155 cm21 (br)] compared
with the free ligand 3 (2251, 2173 cm21), while the absorption
for 5 was too weak to observe. As shown in Table 1, both the 1H
and 13C NMR spectra for 4 and 5 also showed slight changes
from those of the free ligand. Particularly noteworthy is the
downfield shift for the NMR signal for the acetylenic carbon.
For the methylene carbon of complexes 4 and 5, only one NMR
signal was observed, indicating that the central ring of the ligand
was inverting rapidly on the NMR time scale, like the free
ligand 3.

In summary, we prepared a novel silver complex of
tetradehydro[16]annulene annelated with BCO units. This

[16]annulene-type ligand was found to have a cavity size
suitable for the incorporation of second-row metals, i.e. silver,
into the center of the ring. Calculated Mulliken charges for the
complexes of 4 and 5 indicated that there is considerable
electron donation from the ligand to the silver atom.

The present work is supported by Grant-in-Aid from the
Ministry of Education, Science, Sports and Culture, Japan.
Computation time was provided by the Super Computer
Laboratory, Institute for Chemical Research, Kyoto Uni-
versity.
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† Crystal data for 4·0.5(C6H14): C44H47AgF3O3S, M = 820.78, monoclinic,
space group P21/c, a = 11.780(5), b = 14.766(3), c = 22.502(2) Å, b =
98.79(2)°, V = 3868(1) Å3, Z = 4, m(Cu-Ka) = 51.20 cm21, T = 293 K,
for 4265 observed reflections within 2q = 120.1° and I > 3.00s(I). Data
were corrected for absorption (Y scan; min., max. correction factors 0.56,
1.00) and Lorentz polarization effects. There is disorder in the tri-
fluoromethyl moiety and two oxygen atoms not directly contacted to the
silver atom. The final R value was R = 0.080. For 5·CH2Cl2:
C41H42AgCl2F6Sb, M = 949.30, triclinic, space group P1̄, a = 12.381(3),
b = 15.412(4), c = 12.067(3) Å, a = 109.78(2), b = 117.45(2), g =
84.00(2)°, V = 1919.1(10) Å3, Z = 2, m(Cu-Ka) = 114.32 cm21, T = 293
K, for 2617 observed reflections within 2q = 120.1° and I > 3.00s(I). Data
were corrected for Lorentz polarization effects. The final R value was R =
0.055. CCDC 182/1014.
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Table 1 1H and 13C NMR spectra for 3–5

1H NMR, d 13C NMR, d

Compd. CH CH2 CNC C·C CH CH2

3a 2.47 1.47 (32H) 132.8 95.4 37.2 25.3
3b 2.49 1.54 (16H) 132.5 95.0 36.9 24.9

1.44 (16H)
4a 2.61 1.55 (32H) 133.4 97.4 36.7 25.1
5b 2.64 1.65 (16H) 133.4 98.3 36.5 24.7

1.44 (16H)

a In CDCl3. b In CD2Cl2.
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Acceleration of a hetero-Diels–Alder reaction by cyclic metalloporphyrin
trimers

Maurus Marty, Zöe Clyde-Watson, Lance J. Twyman, Moshe Nakash and Jeremy K. M. Sanders*†

Cambridge Centre for Molecular Recognition, University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW

The hetero-Diels–Alder reaction between a pyridylbutadiene
and 3-nitrosopyridine is accelerated by a variety of metal-
loporphyrin trimers; there is a weak correlation between rate
acceleration and product binding strength.

The acceleration of Diels–Alder reactions by artificial receptor
molecules is well documented,1 but there are few systematic
studies of how the rate of an intra-cavity reaction can be
influenced by fine-tuning the size and flexibility of the host.2
The examples described so far are special cases of Diels–Alder
reactions that have been carefully chosen to match the available
hosts, in part because of the synthetic difficulties associated
with producing a range of hosts. We now show that the
regiospecific hetero-Diels–Alder reaction3,4 of pyridyl diene 1
with 3-nitrosopyridine 2 to give oxazine 3 (Scheme 1) is a
second pericyclic reaction that can be influenced by porphyrin
trimer systems such as 5–8. This cycloaddition is more readily
monitored kinetically than our original Diels–Alder reaction as
the process is essentially irreversible‡ and forms only a single,
fairly robust product. The product has been rearranged to the
1,2-disubstituted pyrrole 4;5 if this rearrangement could be
induced to occur under conditions compatible with the por-
phyrin trimers then the possibility of catalytic turnover
arises.§

Trimers 56¶ and 67 each contain three conventional porphyr-
ins while the new8 heterotrimers 7 and 8 contain one or two
dioxoporphyrins respectively. The control (host-free) Diels–
Alder reaction between diene 1 and dienophile 2 was monitored
by 1H NMR spectroscopy in CDCl3 and in [2H8]toluene, and
showed clean transformation of the starting substrates to the
oxazine without significant formation of side products. How-
ever, HPLC was the preferred analytical technique for host-
accelerated kinetic investigations. In a typical reaction, diene 1,
dienophile 2 and host were mixed in equimolar amounts, each at
a concentration of 0.333 mM. The reaction was carried out at 25
°C in CH2Cl2 (and also in toluene for trimer 5 ) and monitored
by HPLC.∑ It proved to be first order with respect to both the
diene and dienophile with a rate constant of 3.9 3 1023 M21s21

(Table 1). The host-induced rate accelerations (calculated
relative to the host-free reaction) for the different hosts are
summarised in Table 1.

In order to gauge the affinity of the substrates and product to
the various hosts, a series of UV–visible titrations were
performed using the established procedure;9 results for the
oxazine product 3 are also summarised in Table 1, together with
the effective molarity for binding 3 relative to the two
substrates.** For trimer 6, the values represent an average of all
the possible binding interactions to that host (inside/outside for
the monodentate substrates, or across acetylene/butadiyne for
the bidentate oxazine). Complications arise for the mixed dioxo
hosts because pyridine-binding gives no noticeable shift in the
Soret band:8 monitoring the shift of the porphyrin Soret band in
these species can thus only yield information about binding
interactions at the porphyrin sites and not at the dioxo sites.

In CH2Cl2 an acceleration of 1030-fold (relative to the
control reaction) was observed for the unsymmetrical host 6.
This is coupled with a particularly high binding affinity of
oxazine 3 to 6, suggesting that the ‘product-like’ transition state

Scheme 1
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for the reaction prefers to bridge the shorter acetylene linker
present in this host, rather than the butadiyne link in 5. Further
evidence to support this is obtained from molecular modelling
of the oxazine using CERIUS2 which confirms that the
geometry is more complementary to the smaller porphyrin–
porphyrin distance. A similar rate acceleration (820-fold) was
observed for the mono-dioxo host 7.

As the magnitude of binding constants and reaction rate
constants are likely to display solvent dependence, and as this
may subsequently lead to a different rate acceleration, the
control reaction and the 5-host accelerated reaction were also
studied in toluene: the 830-fold rate acceleration is significantly
higher in toluene than the 280-fold in CH2Cl2 (Table 1). The
control reaction is 1.7 times faster in CH2Cl2 than in toluene,
while the host-accelerated reaction is 1.7 times faster in toluene
than in CH2Cl2 (Table 1). It is possible that in the control
reaction the solvent stabilises the Diels–Alder transition state
better than the reactants, and that this stabilisation is more
significant in CH2Cl2 than in toluene, leading to a higher
reaction rate in CH2Cl2. This is consistent with the observed
binding constants being larger in toluene than in CH2Cl2.**
This stronger binding in toluene will also lead to an increased
concentration of the host–substrate reactive complex and to a
larger rate enhancement. In addition, it is also possible that the
reactants and transition state are not well solvated inside the
trimer cavity. In this case, therefore, solvent stabilisation is not
as significant as in the control reaction, where the reactive
species are not shielded by the host and are easily solvated.

In order to prove that the cycloaddition reaction occurs inside
the cavity of the trimeric porphyrin hosts, an inhibition
experiment was carried out in which 1 equiv. of oxazine 3 was
added to the reaction mixture in the presence of 5. The resulting
rate acceleration is reduced by roughly 20-fold in CH2Cl2 and
270-fold in toluene, giving a reaction rate similar to that
observed in the presence of porphyrin monomer. Pyrrole 4 is a
less effective inhibitor when added to the CH2Cl2 or toluene
reaction mixture in the presence of 5: although the initial
reaction rate drops to one third of that observed for the
5-accelerated reaction, complete inhibition does not occur and
catalytic turnover is still feasible. The observed decrease is
readily explained: if the pyrrole occupies one site inside the
cavity, this leaves only two sites to bind the diene and
dienophile, decreasing the number of constructive binding
possibilities from six to two.

Preliminary results indicate that the hetero-Diels–Alder
reaction described is well suited for intra-cavity kinetic studies.
Future investigations will focus on initiating the pyrrole
formation under conditions compatible with the Diels–Alder
cycloaddition, exploring solvent effects, and exploring the
influence of changes to the host geometry.

We thank the EPSRC, CIBA Jubiläumsstiftung, British
Council, Israel Academy and Ministry of Science, and B’nai
B’rith for financial support.
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10 equiv. of cyclopentadiene were added to a solution of the oxazine in
CH2Cl2 at 25 °C; after 48 h, 1H NMR analysis showed no evidence for a new
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1 See for example B. Wang and I. O. Sutherland, Chem. Commun., 1997,
1495; J. Rebek, Jr. and J. Kang, Nature, 1997, 385, 50; A. D. Hamilton
and S. C. Hirst, J. Am. Chem. Soc., 1991, 113, 382; T. R Kelly, V. S.
Ekkundi and P. Meghani, Tetrahedron Lett., 1990, 31, 3381; W.-S.
Chung, N.-J. Wang, Y.-D. Liu, Y.-J. Leu and M. Y. Chiang, J. Chem.
Soc., Perkin Trans. 2, 1995, 307.

2 Z. Clyde–Watson, A. Vidal-Ferran, L. J. Twyman, C. J. Walter, D. W. J.
McCallien, S. Fanni, N. Bampos, R. S. Wylie and J. K. M. Sanders, New
J. Chem., 1998, 22, 493.

3 J. Streith and A. Defoin, Synthesis, 1994, 1107; H. Waldman, Synthesis,
1994, 535; C. Chapuis, J. Y. de Saint Laumer and M. Marty, Helv. Chim.
Acta, 1997, 80, 146; G. Krezse and J. Firl, Tetrahedron, 1963, 19,
1329.

4 For an antibody-catalysed hetero-Diels–Alder reaction, see M. Resmini,
A. A. P. Meekel and U. K. Pandit, J. Chem. Soc., Chem. Commun., 1995,
571.

5 J. Firl and G. Krezse, Chem. Ber., 1966, 99, 3695; R. M. Rodebaugh and
N. H. Cromwell, Tetrahedron Lett., 1967, 2859.

6 H. L. Anderson and J. K. M. Sanders, J. Chem. Soc., Perkin Trans. 1,
1995, 2223.

7 A. Vidal-Ferran, N. Bampos and J. K. M. Sanders, Inorg. Chem., 1997,
36, 6117.

8 Z. Clyde-Watson, N. Bampos and J. K. M. Sanders, New J. Chem., 1998,
22, in the press.

9 H. L. Anderson, S. Anderson and J. K. M. Sanders, J. Chem. Soc., Perkin
Trans. 1, 1995, 2231.

Received in Cambridge, UK, 3rd August 1998; 8/06070C

Table 1 Kinetic and equilibrium constant data for formation and binding of 3 with various hosts

Host Solvent k/M21 s21

Rate
acceleration
(approx.)

Binding
constant/m21 E.M.a

Control CH2Cl2 0.0039 —
Control PhMe 0.0023 —
9 CH2Cl2 0.0064 2 6.9 3 103 0.0035
9 PhMe 0.0025 1 8.2 3 103 0.0012
5 CH2Cl2 1.1 280 7.3 3 106 3
5 PhMe 1.9 830 5.6 3 107 3
6 CH2Cl2 4.0 1030 2.3 3 108 13
7 CH2Cl2 3.2 820 2.4 3 108 23
8 CH2Cl2 2.2 560 1.2 3 108 2

a See note **.
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Gel phase MAS 1H NMR as a probe for supramolecular interactions at the
solid–liquid interface

Yolanda R. de Miguel,a Nick Bampos,a K. M. Nalin de Silva,a Stephen A. Richardsb and Jeremy K. M.
Sanders*a†
a Cambridge Centre for Molecular Recognition, University Chemical Laboratory, Lensfield Road, Cambridge, UK CB2 1EW
b Glaxo Wellcome Medicines Research Centre, Gunnels Wood Road, Stevenage, UK SG1 2NY

ArgoGel beads functionalised with mono- and bi-dentate
pyridyl ligands give excellent gel phase (MAS) 1H NMR
spectra that allow detailed structural characterisation of
their non-covalent complexes with metalloporphyrins.

We show here that, in favourable circumstances, gel phase
magic angle spinning (MAS) 1H NMR spectroscopy can
provide a powerful new tool for probing non-covalent inter-
actions at the solid–liquid interface: such interactions lie at the
heart of much of separation science, especially affinity
chromatography, and of solid-phase organic synthesis. The
recent explosion of polymer-supported chemistry has been
accompanied by the development of techniques for coding,
tagging and releasing the resulting resin-bound molecules, but
there have been few rapid or non-destructive techniques that
provide subtle analytical or spatial information for the resin-
bound species themselves.1 Gel phase MAS NMR2 has recently
been applied to structure analysis of molecules attached onto
solid supports, and we now demonstrate the potential of this
new analytical tool for investigating molecular recognition at
interfaces by probing events that occur between polymer-bound
pyridyl ligands and a range of porphyrins.

In a conventional solution-state spectrometer, organic solids
generally give 1H and 13C NMR resonances with linewidths of
104–105 Hz due to a combination of strong dipolar interactions
and spatial inhomogeneities.3 If the species of interest is a small
molecule attached to a solvent-swollen polystyrene bead via a
flexible tether, then its molecular mobility can approach that of
the solution state. In such circumstances, dipolar interactions
are dramatically reduced by averaging and the major line
broadening mechanism that remains is the spread of chemical
shifts due to spatial inhomogeneities, i.e. different effective
magnetic fields are experienced by molecules on the inside and
outside of a bead or by beads in different parts of the sample
tube.4 This spread of chemical shifts (ca 103 Hz) can be
eliminated by magic angle spinning at relatively low speeds (ca
103 Hz) in a solution-state spectrometer to give spectra with
linewidths that are comparable with small molecules in free
solution.

Given our interests in porphyrin-accelerated reactions5 and in
approaches to catalyst discovery that involve selecting potential
catalysts via strong binding of transition state analogues
(TSAs),6 we wished to investigate the molecular recognition
properties of pyridines and TSAs that were covalently bound to
polymer beads. Both for the spectroscopic reasons outlined
above, and to give maximum molecular accessibility, we chose
to attach these ligands to ArgoGel beads: these contain highly
flexible PEG chains, grafted to lightly cross-linked polystyrene
beads via a stable bifurcated linkage, thereby allowing bound
molecules to experience a solution-like environment. The
attachment of pyridyl ligand 1 onto the beads was performed by
deprotonation of the alcohol (Scheme 1) followed by treatment
with ArgoGel chloride beads. After reaction, microanalysis
suggested complete displacement of chlorine but the nitrogen
content was 0.39% instead of the expected 0.59%, highlighting

the danger of relying on microanalysis to monitor solid-phase
organic reactions. However, after removal of residual broad
polymer signals using a CPMG spin-echo sequence,3 the gel
phase MAS 1H NMR spectrum of the beads gave ca 1 Hz
resolution and allowed direct structural determination of the
bound molecules without the need for cleavage [Fig. 1(a)].‡ As
well as the signals a–e for 2, three unexpected signals (f, g and
h) were observed. These were assigned to the terminal enol
ether by-product 3 resulting from HCl elimination from the
resin. Although this is an inconvenient side-product, it proved to
be a useful internal standard for binding studies.

Ruthenium porphyrins bind very strongly to pyridine ligands
(K ca 105 M21),7 so the pyridyl beads were treated with an
excess of ruthenium porphyrin 4. The dark orange colour of the
porphyrin present in the resulting beads did not leach out on
washing with a non-coordinating solvent (e.g. CH2Cl2). After
displacement of the solvent molecule in the starting porphyrin,
a 1:1 complex had formed on the beads. The CPMG 1H NMR
spectrum [Fig. 1(b)] showed the characteristic large chemical
shift changes experienced by the bound pyridyl ligand due to the
porphyrin ring current (Scheme 2); a COSY spectrum con-
firmed the assignments shown. The CO ligand in the bound
complex was evident in a new sharp peak at 1945 cm21 in a
spectrum obtained by single bead FT-IR microspectroscopy.7

The analogous complex with zinc porphyrin 5 was also
prepared. In this case, dark purple beads were obtained which
leached porphyrin on washing with CH2Cl2. This is not
surprising as zinc porphyrins bind relatively weakly (K ca 103

M21) to pyridine ligands in solution. The non-spin echo 1H
NMR spectrum [Fig. 1(c)] of the complex exhibited (super-
imposed on a broad polymer background) sharp enol ether
peaks and two sets of aryl and b signals for the porphyrin itself;
these appear to correspond to bound porphyrin within the bead
and free porphyrin exchanging with surface-accessible bound
porphyrin. The set of inner bound porphyrin signals was
assigned by its greater attenuation in a CPMG spectrum [Fig.
1(d)]. All the resonances belonging to ligand 2 were broadened
beyond detection in this spectrum, presumably due to an
exchange process, the details of which are still unclear.

A bipyridyl ligand (which is a TSA for a hetero-Diels–Alder
reaction8 was attached to the resin by the same method as in

Scheme 1 Reagents and conditions: i, NaH, THF, 5 h, room temp.; ii, THF,
45 h, 60 °C
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Scheme 1. The gel phase NMR spectrum of the beads allowed
characterisation of the supported bidentate ligand, and again
demonstrated formation of enol ether 3. Treatment of these
beads with a flexible porphyrin dimer in CH2Cl2 gave the
corresponding complex 6 as dark purple beads that did not leach
colour on washing, which is consistent with an expected binding
constant of more than 106 M21. The one-dimensional and
NOESY spectra of these beads allowed assignment of all the
bound aromatic resonances of 6 and confirmed that the
chemical shifts of ligand and host were essentially identical to
the corresponding solution-state complex.

Finally, the bipyridyl beads were treated with our symmet-
rical Zn3-butadiyne-linked cyclic porphyrin trimer.5 Again the
bound chemical shifts were as expected, but now all resonances
including the enol ether were somewhat broadened. The
implication of this result is that overall polymer mobility is
reduced, even in chains that are not directly bound to host. We
tentatively assign this observation to cross-linking of separate

ligand chains via binding to the same trimer molecule within
bead cavities. As expected, this is reversible: virtually all colour
is removed from the beads by addition of the strongly-binding
tri-functional ligand tripyridyltriazine.

We have shown that gel phase MAS 1H NMR spectroscopy
allows the study of non-covalent interactions between hosts and
tethered guests. A wide range of two-dimensional techniques is
available, and use of CPMG sequences of variable length should
give access to subtle molecular mobility information. Fur-
thermore this powerful technique holds out the prospect of
studying the kinetics of molecular penetration into, and exit
from, the interior of beads, and of characterising non-covalent
cross-linking of ligand chains.

We thank Argonaut Technologies for providing ArgoGel
resins and the EPSRC for financial support.
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obtained typically with 32 scans, in ca 10 min. The CPMG sequence
contained 2000 p-pulses with a repetition time of 2 ms.
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Fig. 1 400 MHz gel phase MAS 1H NMR spectra: (a) CPMG spectrum of
functionalised beads showing resonances due to 2 and 3; (b) the same beads
complexed to porphyrin 4; (c) non-CPMG spectrum of the beads in (a) in
the presence of excess porphyrin 5; (d) CPMG spectrum of same sample as
in (c)

Scheme 2
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Crystal structure of b-MNX (M = Zr, Hf; X = Cl, Br)
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Superconductivity with critical temperatures of up to 25.5 K
has recently been reported for alkali metal intercalates of
b-MNX (M = Zr, Hf; X = Cl, Br); we have investigated the
structures of these host lattices and found that they are not
as reported in the literature but are isostructural with
rhombohedral SmSI.

b-ZrNX (X = Cl, Br) was first prepared by Juza and Heners.1
The crystal structures were reported by Juza and Friedrichsen to
consist of a random stacking sequence of hexagonal
XZrNNZrX layers leading to cell parameters of a = b = 2.08
Å, c = 9.22 Å (a = 3.60 Å using conventional axes).2 A second
synthetic route to b-ZrNCl via chemical vapour transport was
reported by Ohashi et al. who demonstrated that a supercell with
A3a and 3c relative to the previous study was required to index
their diffraction data though no further structural details were
reported.3

The intercalation of lithium into b-ZrNCl was first reported
by Yamanaka et al. in 1984.4,5 It was subsequently shown that
these and other alkali metal intercalates become super-
conducting below 15 K for doping levels of up to 0.4 mol alkali
metal per ZrNCl.6,7 These compounds represent the first
examples of superconducting layered metal nitrides. More
recently, b-Li0.48(THF)yHfNCl was shown to undergo a
superconducting transition at 25.5 K, the highest of any nitride.8
Any understanding of these materials will require a correct
structural model of both the host lattice and its intercalation
compounds. We have thus redetermined the structure of the
b-MNX (M = Zr, Hf; X = Cl, Br) host lattices and find the true
structure to be different from that generally accepted.
b-MNX (M = Zr, Hf; X = Cl, Br) were synthesised by the

reaction of ZrH2 or Hf with NH4X followed by crystal growth
via vapour transport under conditions reported previously.3,9

Powder X-ray diffraction data for b-ZrNCl, b-ZrNBr and
b-HfNCl indicated that in each case the three layer supercell
proposed previously was necessary to index the diffraction
patterns. Structural studies on b-ZrNCl are complicated by a
number of factors relating to its crystal morphology. Firstly, the
prevalence of stacking faults along the c-axis makes single
crystal analysis extremely difficult. These stacking faults are
presumably related to the disordered hexagonal cell reported
previously.2 Secondly, the plate-like morphology of the crystals
causes preferred orientation to be extreme in microcrystalline
samples. Indeed in conventional Bragg–Brentano geometry the
preferred orientation is so great that the 00l class of reflections
are frequently the only ones observed. Attempts to alleviate this
problem by grinding and subsequent annealing of the sample
resulted in significant loss of crystallinity. In order to obtain
suitable data for structural analysis diffraction data were
collected in two distinct geometries. The microcrystalline
samples were sieved to less than 90 mm and either loaded into a
0.3 mm glass capillary or sprinkled onto a thin Mylar sheet and
recorded in transmission geometry on a Siemens D5000
diffractometer using Cu-Ka radiation and a Braun linear
position sensitive detector. In this manner data sets were
obtained showing either artificially enhanced or diminished 00l
intensity. The capillary data together with a calculated diffrac-
tion pattern based on the reported structural coordinates of the

original structure are shown in Fig. 1. The calculated diffraction
pattern was produced for a rhombohedral stacking sequence of
layers with the layer structure suggested by Juza et al. The poor
agreement is apparent.

The structure was solved by constructing trial solutions based
on ClZrNNZrCl layers with differing stacking sequences and
calculating their diffraction patterns within the InsightII
software package.10 The structure showing the closest agree-
ment between the observed and calculated diffraction patterns
was found to have rhombohedral symmetry (space group R3̄m)
and was used as the starting point for a combined Rietveld
refinement of both sets of data within the GSAS software
suite.11 The final refinement consisted of 52 parameters (7
structural and 45 instrumental and background) with 3549 data
points (9–80° 2q, step = 0.02°,46 reflections) for the capillary
data and 4098 data points (8–90° 2q, step = 0.02°, 59
reflections) for the flat plate data. Isotropic temperature factors
for the Zr and N atoms were constrained to be equal. A
refinement in which all the temperature factors were allowed to
refine freely led to no improvement in the agreement factors.
Convergence was achieved at c2 = 2.07, Rwp = 2.40%
(capillary), Rwp = 6.40% (flat plate), Rwp = 3.81 (combined),
RF2 = 16.4 (capillary) and RF2 = 16.3% (flat plate) for a
rhombohedral cell with a = 3.6052(1), c = 27.6716(7) Å.
Whilst these agreement factors are higher than those normally
reported, we believe our model to be essentially correct. The
diffraction data shown in Fig. 2 illustrate the dramatic effect
which preferred orientation can have on the intensities of Bragg
reflections of this phase. The structural model reported
simultaneously provides a satisfactory fit to both data sets with
only a simple March–Dollase type preferred orientation correc-
tion.12,13 For the capillary data, the preferred orientation
parameter for the 001 direction is 0.72 and for the flat plate data
is 2.14. The atomic coordinates of b-ZrNCl are given in Table
1 and the final Rietveld fits of both sets of data are shown in Fig.
2. Bond valence calculations gave values of 4.51 for Zr, 3.56 for
N and 0.96 for Cl.14,15

The structure of b-ZrNCl is shown in Fig. 3(a) and it is
isostructural with SmSI.16,17 This structure is known to support
intercalation as shown, for example, by the insertion of pyridine
into YbOCl.18 In this structure each Zr atom is seven coordinate
in a distorted monocapped octahedral arrangement with three Cl

Fig. 1 (a) Powder X-ray diffraction pattern of b-ZrNCl and (b) calculated
diffraction pattern based on the fractional coordinates of the original
structure
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atoms at 2.754(3) Å and three N atoms at 2.086(1) Å in a fac-
arrangement with a fourth capping nitrogen at 2.492(1) Å as
shown in Fig. 3(b). The octahedra are distorted by the
displacement of the Zr atom from the centre towards the capped
N3 face to such an extent that the Zr and N atoms become

essentially coplanar. These monocapped octahedral units are
arranged in an edge sharing manner forming the ClZrNNZrCl
layer structure. The ClZrNNZrCl layers are held together by van
der Waals interactions. Alternatively the structure can be
viewed as originating from the NaCl structure in a rhombohe-
dral setting. Removal of alternate layers of cations and
replacement of one half of the chloride layers in the sequence
ClNNCl gives the b-ZrNCl structure. The vacant Zr layers can
then collapse down so that one face of the fac-ZrN3Cl3
octahedron is capped by an additional N atom. The close
relationship between the ZrN slabs in b-ZrNCl and the rock salt
structure adopted by ZrN is perhaps of relevance to the
superconductivity in the intercalates of b-MNX as the binary
nitrides themselves undergo superconducting transitions at 9.05
K (ZrN) and 8.3 K (HfN).19,20 Perhaps the most significant
difference between this structure and the one originally reported
is the absence of a short Zr–Zr distance which is instead
replaced by the fourth capping N atom.2,21,22 This Zr–Zr
interaction had been thought to play an important role in the
superconducting intercalates.

Further confirmation that this is the correct structure can be
sought by simulating a structure in DIFFaX in which there is
random stacking of the layers.23 If this model is correct then it
should be able to reproduce the data reported by Juza et al. This
is found to be the case, suggesting that the chemical transport
synthesis of Ohashi et al. produces a material with the same
constituent layers as that produced by Juza, but with sig-
nificantly enhanced ordering of layer stacking.

Refinement of the structures of b-ZrNBr and b-HfNCl using
the same structural model showed that these compounds are
indeed isostructural with b-ZrNCl as reported here. Full details
of these refinements, the metallocene intercalation chemistry of
b-ZrNCl and intercalation of b-ZrNBr will be published
elsewhere.

Notes and References
1 R. Juza and J. Heners, Z. Anorg. Allg. Chem., 1964, 332, 159.
2 R. Juza and H. Friedrichsen, Z. Anorg. Allg. Chem., 1964, 332, 173.
3 M. Ohashi, S. Yamanaka, M. Sumihara and M. Hattori, J. Solid State

Chem., 1988, 75, 99.
4 S. Yamanaka, M. Ohashi, M. Sumihara and M. Hattori, Chem. Lett.,

1984, 1403.
5 M. Ohashi, S. Yamanaka, M. Sumihara and M. Hattori, J. Inclusion

Phenom., 1984, 2, 289.
6 S. Yamanaka, H. Kawaji, K. Hotehama and M. Ohashi, Adv. Mater.,

1996, 8, 771.
7 H. Kawaji, K. Hotehama and S. Yamanaka, Chem. Mater., 1997, 9,

2127.
8 S. Yamanaka, K. Hotehama and H. Kawaji, Nature, 1998, 392, 580.
9 M. Ohashi, S. Yamanaka and M. Hattori, J. Solid State Chem., 1988, 77,

342.
10 InsightII Software Package, MSI Simulations Inc., San Diego, 1994.
11 A. C. Larson and R. B. v. Dreele, GSAS—Generalised Structure

Analysis System, LA-UR-86-748, Los Alamos National Laboratory,
California, 1987.

12 A. March, Z. Kristallogr., 1938, 81, 285.
13 W. A. Dollase, J. Appl. Crystallogr., 1986, 19, 267.
14 I. D. Brown and D. Altermatt, Acta Crystallogr., Sect. B, 1985, 41,

244.
15 N. E. Brese and M. O’Keefe, Acta Crystallogr. Sect. B, 1991, 47,

192.
16 N. Savigny, P. Laurelle and J. Flahaut, Acta Crystallogr., Sect. B, 1973,

29, 345.
17 H. P. Beck and C. Strobel, Z. Anorg. Allg. Chem., 1986, 535, 229.
18 D. A. Odink, K. Song and S. M. Kauzlarich, Chem. Mater., 1992, 4,

906.
19 B. T. Matthias and J. K. Hulm, Phys. Rev., 1952, 87, 799.
20 B. W. Roberts, J. Phys. Chem. Ref. Data, 1976, 5, 581.
21 M. Ohashi, T. Shigeta, S. Yamanaka and M. Hattori, J. Electrochem.

Soc., 1989, 136, 1086.
22 P. M. Woodward and T. Vogt, J. Solid State Chem., 1998, 138, 207.
23 M. M. J. Treacy, J. M. Newsam and M. W. Deem, Proc. R. Soc. London.

A, 1991, 433, 499.

Received in Cambridge, UK, 14th August 1998; 8/06415F

Fig. 2 Final Rietveld fit for b-ZrNCl: (a) capillary data (b) flat plate data;
crosses represent the observed data, the solid line is the calculated pattern
and the allowed reflection positions and difference profile are shown
underneath

Table 1 Fractional atomic coordinates and isotropic thermal parameters for
b-ZrNCl (esds in parentheses)

Atom x y z U/Å2

Zr 2/3 1/3 0.7142(1) 0.0080(7)
N 2/3 1/3 0.0425(5) 0.0080(7)
Cl 2/3 1/3 0.4460(2) 0.0117(11)

Fig. 3 (a) Structure of b-ZrNCl and (b) local coordination geometry of Zr in
b-ZrNCl
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Synthesis of carbyne nano-particles by dehydrochlorination of
1,1,1-trichloroethane
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Chemical dehydrochlorination of 1,1,1-trichloroethane with
anhydrous KOH in the presence of a poly(ethylene glycol)
oligomer as phase transfer catalyst leads to the formation of
carbyne particles with diameters in the range of 30–50 nm.

Synthesis of carbynes or cumulenic carbons has attracted the
attention of many researchers,1 as we still know much less about
this material than about the other carbon polymorphs such as
graphite, fullerenes and diamond.2 Several synthetic routes to
carbynes have been developed,3–5 however, none of them
concerned dehydrochlorination of low molecular weight carbon
halides. Presented here is a novel chemical approach for
synthesizing a carbyne analogue from 1,1,1-trichloroethane.

Carbyne can be prepared by reaction of 1,1,1-trichloroethane
with a large amount of anhydrous KOH powder (the molar ratio
of the base and the halide should be greater than 5 : 1) in the
presence of a poly(ethylene glycol) with molar mass greater
than 200 g mol21 as phase transfer catalyst. The reaction can be
represented by eqn. (1).

HO(CH2CH2O)mH (m > 3)
n CH3CCl3 + 3n KOH –––––––––––––––––––?

20–30 °C, 4 h

–(C·C–)n + 3n KCl + 3n H2O (1)
42%

KOH in excess acts as a water absorbent and removing of water
forces the reaction to the right hand. Otherwise, as a large
amount of water exist in the system, the reaction produces only
1-chloroacetylene or 1,1-dichloroethylene and no carbon is
obtained.

The black powdery carbon obtained by this technique had a
particle size of 30–50 nm as shown by its transmission electron
micrograph (Fig. 1). Powder X-ray diffraction analysis showed
a broad peak at 2q = 21°, showing the product to be
amorphous.

The FT-IR spectrum of the product (Fig. 2) shows no C–Cl
bands in the region 520–700 cm21, indicating extensive
dehydrochlorination of the halide. New absorption bands appear
in 1600 and 2130 cm21. They are typical of valence vibrations
of carbon–carbon double and triple bonds, respectively.6,7 The
band in the region of 1700 cm21 may be attributed to
cumulative double bonds.8 The very strong band at 1100 cm21

is assigned to the stretching vibration of the C–C bond.6
Absorption bands typical of valence vibrations of CH2 were
found in the region of 2800–2990 cm21. No band was observed
above 3000 cm21, which demonstrated that no substitution side
reaction was present during the carbonization process.

In the FT-Raman spectrum (Fig. 2) there appears a broad
band centered at ca. 1900 cm21, which is attributed to
conjugated carbon–carbon triple bonds. A much weaker band
centered at ca. 1600 cm21 is of ‘inner layer’ graphite bound by
two adjacent graphite planes and the band centered at ca. 1400
cm21 is the A1g mode of D6h

4 symmetry for small graphitic
crystallites.9 The intensity ratio of the 1900 cm21 (IC°C) band
and 1600 cm21 band (Ig–C) is calculated to be 4.0 ± 0.5. There
exists no other solid carbon material showing such intense
Raman signals for triple-bonded carbon (the IC°C/Ig–C of
carbynes made via other systems was found to be lower than
2.2).2 The conjugation length of carbyne estimated by the
equation developed by Kuzmany et al. is ca. 15. This value is
higher than those of the carbynes reported previously
(6–10).2,4

While the existence of carbyne has been repeatedly doubted,
all the criticisms are not convincing enough to reject the concept
of linear carbon allotropes.10 On the other hand, the FT-IR and
FT-Raman spectra results described above provide strong
evidence of carbon particles made from 1,1,1-trichloroethane
having a polyyne structure with high concentrations of
relatively long conjugated triple-bonded carbon sequences.

Fig. 1 Transmission electron micrograph of the carbon made from
1,1,1-trichloroethane.

Fig. 2 (a) FT-IR and (b) FT-Raman spectra of the carbon made from
1,1,1-trichloroethane.
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In conclusion, 1,1,1-trichloroethane can be carbonized by
anhydrous KOH powder into amorphous carbyne nano-parti-
cles. This is the first example of dehydrochlorination of low
molecule weight carbon halides into carbynes.

I thank the Natural Science Foundation of China for support
of this work (No: 29773019).
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A stereoselective and novel approach to the synthesis of 1,3-diols: simple
control of diastereoselectivity

Rainer Mahrwald*† and Bilgi Gündogan

Institut für Organische und Bioorganische Chemie der Humboldt-Universität Berlin, Hessische Str. 1-2, D-10115 Berlin, Germany

Complete control of simple diastereoselectivity in the
synthesis of 1,3-diols was realized through the use of a one-
pot aldol addition and reduction process.

The diastereoselective synthesis of syn and anti 1,3-diols is
currently of considerable interest, as these synthons are
frequently found in a variety of polyketide natural products.
Those diols with two chemically distinct hydroxy groups are of
particular interest, as they are suitable building blocks for
further stereoselective transformations. Multistep and more
particular syntheses were found in the literature (hydro-
silylation1 or alkylmagnesation2 of suitable alkenes, oxidative
cleavage of double bonds,3 reductive rearrangement of alkenyl
acetals4). Moreover there are only a few examples of procedures
for synthesising anti diols.5

Herein, we describe a simple and more general one-pot
procedure for the synthesis of both syn and anti 1,3-diols by the
utilization of titanium Lewis acids. Our studies on diaster-
eoselective aldol additions in the presence of titanium Lewis
acids have outlined a new series of highly regio-6 and stereo-
selective reactions.6,7 Very recently, we described the ster-
eoselective aldol addition of aldehydes with enolizable alde-
hydes in the presence of titanium(IV) chloride.7 The reactions
were accomplished with the aid of an amine base. Surprisingly,
substituting a titanium(IV) alkoxide as a base resulted in
complete reduction of the intermediate b-hydroxy aldehydes
when used in a one-pot procedure (Scheme 1).

Importantly, equimolar amounts of titanium(IV) alkoxides
were added to a mixture of each starting aldehyde and 1 equiv.
titanium(IV) chloride. When using a chloroisopropoxytitanium
agent [i.e. ClTi(OPri)3, Cl2Ti(OPri)2 or Cl3Ti(OPri)] in place of
both titanium(IV) chloride and the titanium(IV) alkoxide no
reactions occurs; neither aldol additions nor reduction processes
are observed.‡

Reactions were carried out in toluene or CH2Cl2; when using
oxygen-containing solvents (Et2O, THF) this described aldol
addition-reduction sequence failed to occur.

The reaction mechanism is thus likely to be very similiar to a
Meerwein–Ponndorf reduction. No reduction was observed by
using tertiary titanium(IV) alkoxides [e.g. titanium(IV) alkoxides
derived from from ButOH or BINOL]. Thermodynamic equili-
bration occurs during the reduction process. The isolated
1,3-diols were formed with a high degree of anti selectivity
(entries 1–4, Table 1). Similar observations were made in
catalytic equilibration processes of hydroxy aldehydes.7

Utilizating the TiCl4/Ti(OPri)4 system at low temperature
(278 °C) only equilibration of the formed 3-hydroxy aldehydes
is observed, whereas at higher temperatures (0–10 °C) an

additional reduction process to the corresponding diols takes
place.

Reversal and thus complete control of the simple diaster-
eoselectivity using this one-pot aldol addition-reduction se-
quence was realized through the synthesis of the corresponding
syn 1,3-diols. This was achieved by reduction of the crude aldol
reaction mixture7 with LiAlH4. The 1,3-diols thus obtained
were isolated with a high degree of syn selectivity (see entries
5–8, Table 1 and Scheme 2).

This work was supported by Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie.
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Table 1 Diastereoselective synthesis of 1,3-diols

Entry R1 R2 Method Compound
Yielda

(%)
Ratiob

syn/anti

1 Ph Me A 1ac 73 9/91
2 Ph Et A 1bd 68 12/88
3 Et Me A 1ce 81 13/87
4 Pri Me A 1df 48 15/85
5 Ph Me B 1ac 81 92/8
6 Ph Et B 1bd 72 90/10
7 Et Me B 1cg 71 86/14
8 Pri Me B 1dh 43 92/8

a Isolated yields. b Determined for the crude products by 1H and 13C NMR
spectroscopy. Method A: Ti(OPri)4 was added to a mixture of 1 equiv. of
TiCl4 and 1 equiv. of the corresponding starting aldehyde (ref. 5).
(Scheme 1). Method B: the b-hydroxy aldehydes were synthesized by a
literature procedure (ref. 7). After 16 h, 1 equiv. of LiAlH4 was added to the
crude reaction mixture (Scheme 2). c Ref. 8. d Ref. 2. e Ref. 1 and 12.
f Ref. 11. g Ref. 1 and 9. h Ref. 10.

Scheme 2 Reagents and conditions: i, TiCl4, base, 278 °C; ii, LiAlH4
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The use of polymer resin beads as an aid to synthesis is
becoming an increasingly common feature in both academic
and industrial synthesis laboratories. The large majority of
users employ materials sourced commercially and adopt or
adapt procedures already described in the literature without
thinking too deeply about the physico-chemical aspects of the
support. Success can be immediate, but more often a learning
curve needs to be traversed. The present article seeks to describe
the chemistry of synthesising supports and to present a user-
friendly description of their key physico-chemical properties. A
qualitative and pictorial view of how specific morphologies can
be generated, and the relevance of these, is also presented. It is
hoped that this insight will be of advantage to users in planning
and pursuing their chemistry using polymer supports.

Background
Following the discovery and exploitation of ion exchange resins
based on suspension polymerised styrene–divinylbenzene
(DVB) beads during the 1950s, an enormous amount of effort
was directed towards investigating styrene–DVB sulfonic acid
resins as potential heterogeneous catalysts. Patenting activity
was extensive and throughout the following decades many key
large-scale chemical processes have been established employ-
ing sulfonic acid resins as the catalyst.1,2 These include the
manufacture of bisphenol A, isopropyl alcohol, alkylated
phenols, branched ethers (petrol organic ‘anti-knocks’) such as
methyl tert-butyl ether (MTBE), and a variety of alkyl esters
including important (meth)acrylate esters. Despite this, there
remains a dearth of knowledge amongst synthetic chemists
regarding the usefulness of these polymer-based catalysts.

In 1963 Merrifield took the first step towards introducing
polymer-supported chemistry to the wider world of synthesis
with the publication of his ‘solid phase’ peptide synthesis
methodology.3 Notwithstanding this however a more wide-
spread appreciation of the advantages that polymer (and other)
supports have to offer to synthesis has only really occurred in
the last five years or so, with the explosion in the use of solid

phase combinatorial synthetic methodologies,4,5 spurred on by
the need for rapid synthesis and screening of potential lead
compounds in drug discovery programmes within the pharma-
ceutical industry. Increasing familiarity with, and confidence in,
the use of polymer resins in solid phase synthesis has stimulated
even mainstream organic synthetic groups6,7 to investigate the
prospects of employing polymers as catalyst supports for use,
for example, in solution phase combinatorial synthesis. Thus
those of us who have been struggling with these systems for
many years now find ourselves joined by more illustrious and
no doubt more imaginative and skilful colleagues.

Recently the areas of polymer-supported organic reactions4,8

and polymer-supported catalysts9,10 have been reviewed from
the point of view of the solid phase synthetic chemistry which
can be carried out on resins and the reactions that have been
catalysed by polymer-supported metal complexes etc. The main
objective of the present article is to focus on the polymer
support itself, and to bring a more informed picture of the
molecular structure, porous morphology and physico-chemical
nature of the support to hard-pressed users and would-be users
of these polymers. The hope is that this insight might explain
some of the advantages already experienced in the use of
supports and, perhaps more importantly, might help overcome
some of the disadvantages or downright failures experienced
with attempts to use polymer supports.

Linear polymers
Most polymer supports are based on addition polymers typified
by polystyrene, the latter conveniently synthesised from styrene
via a free radical chain propagation reaction (Fig. 1). Since

polystyrene-based supports are particularly widely employed,
this is a very convenient model upon which to base a description
of the relevant polymer physical chemistry. The principles to be
described, however, are widely applicable to other polymer
types. Synthetic polymers are generally devoid of any sig-
nificant secondary or tertiary structure, such as commonly
occurs with natural polymers (e.g. proteins, DNA), and so
individual isolated polymer molecules exist as a random coil
typically ~ 10–20 nm in size, depending upon the molecular
weight.11

A collection of chemically similar polymer molecules exist as
a mass of interpenetrating random coils—not unlike a bowl of
spaghetti. In the case of polystyrene in the solid state, at room
temperature, individual polymer chains cannot migrate relative
to each other, and indeed even rotation about the bonds in the
polymer backbone is very inhibited. Only rotation A (Fig. 2) of

Professor D. C. Sherrington graduated from the University of
Liverpool with a B.Sc. (Hons) in Chemistry in 1966 and with a
Ph.D. in 1969. He was appointed Lecturer at the University of
Strathclyde, Department of Pure and Applied Chemistry, in
1971, then Senior Lecturer and Reader, and finally Professor of
Polymer Chemistry in 1987. Professor Sherrington has broad
interests covering many aspects of polymer chemistry but, in
particular, has pioneered the use of polymers as supports for
reagents and catalysts in organic chemistry. He has published
220 papers and reviews, and is co-editor of two seminal
research texts on polymer-supported species (1981 and 1988).
He was international editor of the journal Reactive Polymers
(1987–1996), was elected Fellow of The Royal Society of
Edinburgh (1990) and was awarded his D.Sc. (1992) from the
University of Liverpool. Finally, he was awarded the RSC/SCI
Beilby Medal (1993) for the ‘Advancement of Chemistry and its
Practice’.

Fig. 1 Polymerisation of styrene to form linear polystyrene, which is a
random coil macromolecule.
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the phenyl sidechains occurs freely at room temperature.
Overall therefore the polystyrene ‘bowl of spaghetti’ is
essentially frozen at room temperature. Technically the material
is said to be below its glass transition temperature, Tg, and the
material is amorphous and very glass-like in its general physical
nature. The Tg for polystyrene is ~ 100 °C.12 Above this
temperature free rotation B (Fig. 2) about the bonds of the main
chain occurs and the polymer becomes pliable or ‘plastic’. The
analogy now would be a bowl of ‘rubbery spaghetti’. Complete
movement (translation) of individual polymer chains relative to
each is still inhibited until ~ 250 °C. This is the melting point,12

Tm, above which polymer chains can flow over and through
each other and the polymer becomes a viscous liquid or ‘melt’
(i.e. the ‘spaghetti’ is now hot and mobile and ready to eat). In
the glass-like solid state diffusion of even small non-interacting
molecules through solid polystyrene is extremely slow.

Solvation behaviour of polymers
The changes described above brought about by an increase in
temperature can also be induced at ambient temperatures by the
introduction of small interacting organic solvent molecules.
Depending upon the relative strength of the interactions of the
solvent–solvent, polymer–polymer, and polymer–solvent mole-
cules, an organic solvent may sorb into polystyrene and allow
backbone rotation to occur. This is termed ‘plasticisation’ and
the polymer changes from a glass-like solid material into a soft
plastic material. A sorbed solvent may interact even more
favourably with the polymer chains, heavily solvate them, and
allow them to move apart. Such solvents are called thermody-
namically ‘good’ solvents or ‘swelling’ solvents (see later).
This is the onset of the process of dissolution and if enough of
such a solvent is added the individual polymer coils will move
completely apart to form an isotropic (uniform) solution in the
solvent (Fig. 3). Some solvents interact hardly at all with a given

polymer and are termed thermodynamically ‘bad’ solvents, i.e.
non-solvents, or precipitants. If a polymer is dissolved in a
‘good’ solvent, and an excess of a ‘bad’ solvent is added, then
the polymer can be precipitated as a solid material. Some typical
‘good’ solvents and ‘bad’ solvents for polystyrene are shown in
Table 1.

In discussing the compatibility or otherwise of different
materials a useful thermodynamic parameter is the solubility

parameter d. This is a measure of the attractive strength between
molecules in a material. A solvent and a polymer are likely to be
compatible, i.e. the solvent is likely to be a ‘good’ solvent for
the polymer, if they have very similar solubility parameters. If
the solubility parameters differ, the solvent is likely to be a ‘bad’
solvent or precipitant for the polymer. The solubility parameter
for polystyrene (and copolymers of styrene and divinylbenzene,
see later) is ~ 17–18 (MPa)0.5. The corresponding values for a
number of ‘good’ and ‘bad’ solvents are shown in Table 1.13

Note that one group of ‘bad’ solvents has solubility parameters
below that of polystyrene, while the other group has values
above that of polystyrene.

Soluble polymer supports
In principle therefore soluble linear polymers seem excellent
candidates as reaction and catalyst supports, and indeed they
have been well-researched in this context.14 Dilute solutions of
linear polymers should allow rapid unimpeded access of
reactants and reagents to functional groups on the support, and
the recovery and separation of the polymer might be achieved
by addition of a suitable precipitant, by micro- or ultra-
filtration, and in some cases by thermal cycling. A major
disadvantage of linear polymers as supports is that in general
they are useful only with solvents in which they will dissolve. If
a solvent is used or required, which will not dissolve the
polymer, essentially all the advantages of using a linear polymer
as a support are lost. In many instances therefore reagents and
catalysts are excluded from use, or possible reaction conditions
eliminated, simply because a suitable solvent for the polymer
and the reaction cannot be found. Furthermore, in practice
micro- and ultra-filtration processes are relatively costly and are
not convenient, especially for the hard-pressed laboratory
organic synthetic chemist, for laboratory automation, or an
industrial chemical manufacturer. While precipitation of many
polymers by addition of a suitable non-solvent yields a hard
granular product which is readily filtered, linear polymers can
selectively sorb a ‘good’ solvent and be precipitated as a sticky
mass, impossible to filter. It is also important to realise that
linear polymer coils in solution remain isolated from each other
only at concentrations below ~ 1–2 wt%. Above this threshold,
polymer coils interact and start to interpenetrate, and at more
practical synthetic organic chemical concentrations, say > 5
wt%, solutions can become impractically viscous. Bearing in
mind that lightly crosslinked polymer networks can be prepared
such that they can swell to imbibe > 5 times their own mass of
solvent (see shortly) and yet remain in a physical form useful for
manipulation, the attractiveness of linear polymers as supports
is rather limited.

Nevertheless there are situations where linear soluble
polymers can be extremely useful and a key factor in this is that
chemical reactions performed on such polymers can be

Fig. 2 Molecular motions in polystyrene: Tg = glass transition temperature;
Tm = melting point.

Fig. 3 Dissolution of interpenetrating polymer coils to form independent
solvated coils.

Table 1 Polystyrene solvents and non-solvents solubility parameters da

d/
Good solvents (MPa)0.5 Bad solvents d/(MPa)0.5

Aromatic hydrocarbons Water 47.9
Benzene 18.8 Aliphatic alcohols
Toluene 18.2 Methanol 29.7
Xylenes 18.0 Ethanol 26.0 
Chlorocarbons 2-Ethylhexanol 19.4
1,2-Dichloroethane 20.1 Aliphatic hydrocarbons
Chloroform 19.0 Hexane 14.9
Cyclic ethers Dodecane 16.2
Tetrahydrofuran 18.6 Others
Dioxane 20.5 Diethyl ether 15.1

Acetic acid 20.7

a d for polystyrene and styrene–divinylbenzene copolymers is ~ 17–18
(MPa)0.5
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monitored by, for example, high resolution solution phase 1H
and 13C NMR spectroscopy.15 Though the resonances due to
backbone protons are usually broadened, signals arising from
mobile groups in the sidechain are often as sharp as resonances
from analogous low molecular weight groups in isotropic
solution. Recently, however, considerable advances have also
been made in 1H and 13C NMR analysis of crosslinked
polymers16 (see later).

Copolymers and copolymerisation
The introduction of functionality onto a polymer support can
often be readily achieved simply by treating the polymer as a
structural analogue of a low molecular weight species and then
utilising identical chemistry to achieve a desired derivatisation
or structural elaboration. Thus polystyrene can be treated as
isopropyl benzene and, for example, subjected to electrophilic
substitution. An enormous amount of chemistry has been
developed using this approach.1,4,5,17,18 An alternative or
complementary approach is to introduce a specific functionality
during free radical polymerisation, by utilising a comonomer
which already carries the required function, or some precursor
group which can subsequently be readily transformed. For
example, copolymerisation of styrene and 4-vinylphenyl(diphe-
nyl)phosphine yields polystyrene with pendant triphenylphos-
phine residues. This approach can be useful in producing a
structurally well-defined polymer, for controlling the propor-
tion of functional groups introduced and for providing some
information on the distribution of the groups along the polymer
chain.

It is important in this context to appreciate that all monomers
are not incorporated at the same rate. In a free radical
copolymerisation of two vinyl monomers, A and B, the rate at
which a given monomer is copolymerised depends on the
reactivity of the monomer, the reactivity of the free radical
derived from the monomer, and how these two reactivities
compare with the corresponding reactivities of the other
monomer and its derived radical. These factors are all
incorporated in so-called pairs of reactivity ratios, rA and rB.
Reactivity ratios are determined experimentally and are ex-
tensively tabulated19 for pairs of most common monomers. The
values generally fall in the range 0 to 1, but can be much higher
in special cases. A low value indicates low reactivity, a high
value high reactivity. If two monomers each have a moderate
value ( ~ 0.5) then the copolymer they form will have similar
composition to that of the comonomer solution. If both
monomers have a low value ( ~ 0) then copolymerisation will be
slow and a rather regular alternating 1 : 1 copolymer will form,
with alternate segments comprised of the different monomer
residues. If one reactivity is low ( ~ 0) and the other high ( ~ 1),
then the initially formed polymer will be essentially a
homopolymer of the most reactive monomer, with extremely
low incorporation of the less reactive monomer. In all cases the
processes are subject to some statistical distribution and, in
addition, in a batch copolymerisation, if the monomers are
initially incorporated at different rates the more reactive
monomer will be depleted from solution more quickly, and this
in turn will start to slow its incorporation. The composition of
the copolymer formed will therefore alter with time as
polymerisation proceeds (composition drift).

A simple kinetic treatment20 shows that the copolymer
composition, Apol/Bpol, is given by eqn. (1),
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where [A] and [B] are the concentrations of the respective
comonomers. Knowledge of the rA and rB values also allows
computation of the mean sequence lengths, S̄A and S̄B, of A
monomer and B monomer segments respectively in the
copolymer from eqn. (2).
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Thus the reactivity ratios for 4-vinylphenyl(diphenyl)phosphine
and styrene are 1.43 and 0.52 respectively, so that the phosphine
monomer is considerably the more reactive. For a comonomer
mixture of 1:1 therefore the corresponding copolymer composi-
tion Apol/Bpol will be 1.6, and the values of S̄A and S̄B, 2.4 and
1.5 respectively. Hence the copolymer formed initially is
enriched in phosphine monomer residues and these occur on
average in blocks of 2–3 segments. In contrast the reactivity
ratios for 4-vinylpyridine and styrene are very similar ( ~ 0.55),
so that these comonomers polymerise more or less in a random
fashion, with the copolymer backbone composition being
controlled essentially by the initial composition of the comono-
mer mixture. These effects are extremely important, for
example, in designing functional copolymers where it is desired
to ensure that functional groups are remote from each, and
essentially ‘site isolated’.21

Crosslinked polymers
If styrene is polymerised in a mixture with divinylbenzene
(DVB) then the latter becomes a constituent of two polymer
chains, effectively linking (crosslinking) the chains together.
When all the polymer chains are mutually connected an ‘infinite
network’ is formed (Fig. 4). In our ‘bowl of spaghetti’ analogy,

all the spaghetti strands have been interconnected. Other useful
crosslinking monomers are ethylene glycol dimethacrylate
(EGDMA) (ethane-1,2-diyl dimethacrylate), trimethylolpro-
pane trimethacrylate (TRIM) [1,1,1-tris(methacryloyloxyme-
thyl)propane] and N,N-methylenebisacrylamide (MBA). Note
that each TRIM residue effectively links three polymer chains
together. DVB has three positional isomers (o-, m- and p-) and
there are two routinely available commercial grades of DVB,
each of which is a complex mixture. There are four major
components, m- and p-DVB, typically in a ratio of ~ 2 : 1, and
m- and p-ethylstyrene in a similar ratio. In one commercial
grade the DVB isomer content is ~ 50%, and in the other

Fig. 4 Polymerisation of styrene and divinylbenzene to form an infinite
polymer network.
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~ 80%. Care is therefore required in defining or interpreting the
DVB content of crosslinked polymers since this might be
quoted as a percentage of technical DVB used to make the
polymer, or the figure can be adjusted to reflect only the content
of actual DVB isomers present. Since for convenience the
nominal crosslink ratio or degree of crosslinking of a polymer
network is often quoted as the mol% of crosslinker used to
prepare the network, defining the actual percentage of DVB
isomers employed is more informative since this equates with
the nominal crosslink ratio (Fig. 4). Bearing in mind that there
is no unambiguous method, and certainly no simple and rapid
method, for determining the real crosslink ratio in a polymer
network, the nominal figure based on the actual DVB feed is a
very useful parameter.

Other structural complications also arise which make defin-
ing and measuring the real crosslink ratio even more problem-
atical. Although a defined level of crosslinker can be used to
synthesise a polymer matrix there is no guarantee that both vinyl
groups of all crosslinker molecules will react. Indeed, it is well-
known that, particularly when higher levels of DVB are used, a
significant number of vinyl groups remain unreacted; indeed
these can be exploited as sites for further chemical modification.
Much effort has been expended in trying to quantify accurately
the levels of residual pendant double bonds, and single pulse
excitation (SPE) 13C solid state NMR analysis has recently
allowed this.22 Rather remarkably a crosslinked resin prepared
from 100% p-divinylbenzene has ~ 45% of vinyl groups
unreacted, i.e. the effective crosslink ratio is ~ 55%. For a resin
prepared with the 80% grade of technical DVB, 45% of initial
vinyl groups remain, i.e. the effective crosslink ratio is ~ 45%,
while for a resin prepared with the 50% grade of technical DVB,
~ 32% of initial vinyl groups remain, i.e. the effective crosslink
ratio is ~ 35%.

During formation of a crosslinked network it is also possible
to produce additional (mobile) crosslinks by virtue of spurious
entanglements which cannot disassemble (Fig. 5). Generally

‘entanglement crosslinks’ increase when the rate or speed of
polymerisation is increased. This in turn can be induced by
increasing the free radical flux in the polymerisation by
increasing the temperature of the reaction and/or the quantity of
free radical initiator used. Entanglement crosslinking is also
high in a non-agitated polymerisation system, whereas vigorous
agitation tends to minimise entanglements. Detecting and
quantifying the level of entanglement crosslinking is very
difficult.

Further uncertainty in the real level of crosslinking can arise
following chemical modification of a polymer network. Some
reactions, for example, chloromethylation and sulfonation of
polystyrenes, are well known to be accompanied by intra-
molecular side-reactions which introduce additional crosslinks
(Fig. 6) depending upon the conditions used. Again much
investigative work has been carried out to try and quantify these
reactions and SPE 13C solid state NMR has proved very
valuable in the case of the methylene bridging which accom-
panies chloromethylation.23 Using the typical conditions to
secure essentially quantitative chloromethylation of aromatic

groups in polystyrene resins simultaneously induces ~ 50% of
the aromatic groups to become methylene bridged. While
industrial manufacturers of anion exchange resins have learnt to
live with, indeed exploit, the methylene bridging side reaction,
the discovery of such high levels of these structural units came
as a surprise.

Returning to the styrene–DVB copolymerisation, the rA, rB

values quoted19 for styrene and m-DVB are 0.58 and 0.58, and
for styrene and p-DVB are 0.26 and 1.2, where the DVB figure
refers to the first double bond in the molecule. After this first
vinyl group is reacted the now pendant second double bond will
assume a reactivity close to that of styrene. In the case of
styrene–DVB mixtures these data predict (or imply) that
initially the p-DVB isomer is incorporated into the copolymer
significantly more quickly than styrene (and the m-DVB
isomer) and that the initially so-formed copolymer is enriched
in p-DVB residues relative to the composition of the solution
phase. The latter becomes progressively more depleted in p-
DVB and hence its rate of incorporation into the copolymer also
falls. These reactivity data therefore predict a copolymer
primary structure relatively rich in DVB residues at the start of
a chain and somewhat depleted at high chain lengths. The
situation however is complex and extensive unpublished data
from industrial sources24 suggest that overall there seems to be
a strong tendency for styrene and DVB residues to be
incorporated more or less evenly initially to produce a rather
regular structure along the backbone tending towards a 1 : 1
alternating relationship; to some extent this occurs irrespective
of the initial styrene–DVB composition of the comonomer
solution.

As pointed out earlier, with a divinyl comonomer the polymer
formed becomes crosslinked as the second pendant double bond
is reacted. Initially this is a local phenomenon with the
formation of small volumes of microgel (microgelation) (Fig.
7). Eventually however the mass of growing polymer molecules
dissolved in solution becomes crosslinked into one infinite
network; the system reaches its ‘gel-point’. At the point of
macrogelation the comonomer swollen crosslinked polymer
mass becomes a monolith soft gel filling the containing vessel
(Fig. 7). At this point macroscopic diffusion of molecular
compounds in the gel starts to become impaired, with the
problem growing more acute as crosslinking increases. Further

Fig. 5 Permanent entanglement crosslink.

Fig. 6 Secondary crosslinking reactions.
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incorporation of comonomers into the crosslinked copolymer
becomes less controlled by solution reactivity parameters and
more controlled by the composition of the comonomers in the
swollen gel, i.e. the composition of the copolymer formed tends
towards the composition of the comonomers in solution at the
gel-point, with formation of a structurally fairly uniform
copolymer. If polymerisation is allowed to continue, the liquid
comonomers are gradually consumed, the polymer mass
becomes increasingly desolvated and finally an amorphous
crosslinked glassy monolith is formed in the shape of the
containing vessel (Fig. 7). The monolith can be recovered,
crushed, solvent extracted and dried to form crosslinked
polymer particles or powder with irregular size and shape.

Suspension polymerisation
In practice the size, shape, and often the uniformity of
crosslinked polymer particles is vital in most applications. For
example, irregularly shaped particles are much more susceptible
to mechanical attrition and breakdown to ‘fines’. One of the
major advantages in using crosslinked polymers as supports is
the ease of handling, and robust spherical particles of an
appropriate size and size distribution are essential in most
applications. The technique of suspension polymerisation
allows such particles to be produced fairly readily and highly
reproducibly. The methodology is used widely on a laboratory
scale but it is also a major large-scale industrial technology as
well. Typically a styrene and DVB liquid mixture is dispersed
as spherical liquid droplets (the dispersed or non-continuous
phase) in a excess of an immiscible water phase (the continuous
phase). The styrene–DVB mixture also contains a source of free
radicals, the polymerisation initiator, and the aqueous phase
generally contains a low level of some dissolved ‘suspension
stabiliser’, a surface active species, often a water-soluble
polymer, which helps to maintain the organic monomer droplets
separate from each other. The suspension is maintained stable
by continuous stirring and the reaction typically heated to
~ 80 °C for 12 h. During this period the spherical liquid
monomer droplets are converted into hard glassy polymer
particles, still retaining the spherical symmetry of the original
liquid droplets (Fig. 8). The rather attractive ‘beads’ or ‘pearls’

are referred to as ‘resins’ (Fig. 9). In the laboratory, when the
reaction is complete the resin particles can be collected by

filtration and traces of unreacted monomer, initiator and other
organic fragments removed by solvent extraction in a Soxhlet,
and finally the particles are vacuum dried. Fig. 10 shows the

type of suspension polymerisation reactor used in the author’s
laboratory. Further extensive details of suspension polymer-
isations are available in the literature.25,26

Resin morphology
Gel-type resins

When the comonomer mixture in a suspension polymerisation
consists only of styrene and DVB (plus the polymerisation
initiator) the product generally consists of hard glassy trans-
parent resin beads (see left-hand sample Fig. 9). The percentage

Fig. 7 Polymerisation of a monomer and crosslinker to undergo initially (a)
microgelation, then (b) macrogelation, and finally (c) forming a solid
glass.

Fig. 8 Schematic representation of suspension polymerisation: (a) organic
comonomer mixture (with porogen) containing dissolved initiator; (b)
aqueous continuous phase containing dissolved polymeric suspension
stabiliser; (c) shearing to form comonomer liquid droplets; (d) thermal
polymerisation to form solid polymer resin beads.

Fig. 9 Optical photograph of (left) gel-type bead, (right) macroporous bead,
and (centre) mixed morphology.

Fig. 10 Suspension polymerisation reactor, internal volume 1 l, used in the
author’s laboratory.
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of DVB can be varied in principle from 0–100% but typically
for most resin applications the range 0.5–20% is more usual and
for combinatorial synthesis resins, 0.5–2%. As described earlier
such materials are composed of an amorphous crosslinked
infinite network of interpenetrating polymer chains without any
fine structure. The polymer chains are in molecular contact with
each other, and the resins have very low surface area in the dry
state when measured by, for example, N2 sorption and
application of the BET theory, typically less than 10 m2 g21 of
dry resin. The diffusion of even small molecules through this
polymeric glass is very slow indeed. These materials will,
however, swell in a ‘good’ solvent, e.g. toluene (i.e. a solvent
with a solubility parameter similar to that of the polymer), with
the percentage swelling typically being inversely related to the
DVB content or nominal crosslink ratio. Swelling creates space
or ‘solvent porosity’ within the resin and allows ready access by
small molecules to the polymer network. The swelling process
itself occurs largely ‘from the outside to the interior’ and this
behaviour has been treated quantitatively using the so-called
‘shrinking core’ model. In this the polymer network on the
geometric exterior of resin beads becomes swollen first,
forming an expanded pellicular layer and leaving a central
unswollen glassy core. As time goes on the thickness of the
swollen layer increases and the central core gradually shrinks
and finally disappears (Fig. 11).

Unlike linear polymers (see earlier) even a very ‘good’
solvent cannot make the individual polymer chains migrate
apart because each chain is connected to at least one other by a
crosslink—the polymer chains are part of a continuous infinite
network. With a very ‘good’ solvent, the network will swell to
its elastic limit, where further expansion is limited by the
crosslinks. Note that no swelling occurs with ‘bad’ solvents for
the network, and gel-type resins cannot be exploited in such
solvents.

Providing the degree of crosslinking is low, sufficient
swelling occurs in appropriate solvents to allow all the network
to be penetrated and exploited in chemical reactions. The
resultant resin particles, typically ~ 0.1-1 mm in diameter, have
a molecular structure analogous to a ball of rubbery spaghetti,
with all spaghetti strands interconnected and the network
saturated with free flowing ‘sauce’. Very low levels of
crosslinker ( < 1%) however yield mechanically weak swollen
resin networks, easily damaged by shear. On the other hand,
highly crosslinked gel-type resin networks, although mechani-
cally stronger, may swell too little even in a very ‘good’ solvent
to allow all the network to be penetrated and exploited.

If a gel-type resin is fully swollen in a ‘good’ solvent and then
introduced into an excess of ‘bad’ solvent, the solvent types will
exchange and the resin starts to shrink. This is the reverse of the
swelling process, but again shrinking takes place ‘from the
outside to the interior’. This can cause very high levels of stress

in the resin and if there are any microscopic flaws, e.g. cracks,
the resin particles can fracture or burst (Fig. 11). The effect is
known as osmotic shock, and gel-type resins are only useful if
the matrix is able to undergo many cycles of swelling and
deswelling without mechanical damage. 

With regard to the stepwise synthesis of a complex structure
on a gel-type resin, especially when the synthesis is performed
under high load conditions (i.e. a large proportion of polymer
segments are derivatised) it is important to realise that the
swelling behaviour of the resin can change enormously as each
modification to the resin is made. A very simple example is a
chloromethylated polystyrene resin which is highly swollen in
toluene and completely collapsed in water. On reaction with
trimethylamine to form benzyltrimethylammonium chloride
residues the resultant resin is collapsed in toluene yet swollen in
water. Such dramatic changes can, for example, give rise to
sudden attenuation of reaction and hence low conversion, or can
result in the trapping of reagents or by-products. Careful
assessment of such possibilities before reaction and an appro-
priate choice of a (compromise?) solvent or solvent mixtures
can be invaluable.

Generally highly swollen gel-type resins are soft and
compressible and this can restrict their use in packed columns,
particularly on a large scale, when large back pressures can
build-up as the resins particles compress into the restricted
geometric shape available to them. Many of the above
shortcomings can be overcome by the use of macroporous
resins.

Macroporous resins

The term ‘macroporous’ resin is somewhat misleading because
its use is not intended to convey anything about the size of pores
in a resin. Instead the expression is used simply to indicate a
class of resins which have a permanent well-developed porous
structure even in the dry state.

If a suspension polymerisation of a styrene–DVB mixture is
carried out with the comonomer mixture also containing an
appropriate organic solvent (diluent or porogen) at some
appropriate level then the internal structure (morphology) of the
product resin beads can be very different to that of a gel-type
resin. In particular, removal of the solvent or porogen at the end
of the polymerisation can leave resin beads which are hard but
opaque and with a rough surface which might be visible even
with a good optical microscope (see right hand sample, Fig. 9).
The polymer matrix is rather heterogeneous or non-uniform.
Some areas consist of impenetrable crosslinked and entangled
polymer chains, other areas are devoid of polymer. Most
importantly, these materials can have much higher surface areas
in the dry state (again measured by N2 BET) than gel-type
resins, typically ranging from ~ 50 to ~ 1000 m2 g21. Unlike
gel-type resins these materials do not need to swell in a solvent
to allow access to the interior because they possess a permanent
porous structure, i.e. a permanent network of pores whose
dimensions can be manipulated by the precise conditions used
in polymerisation. Such materials are called ‘macroporous’
resins. Providing the surface of the pores is wetted with a
compatible solvent, the pore structure can be accessed by
essentially all solvents whether categorised as ‘good’ or ‘bad’,
e.g. even water can penetrate macroporous styrene–DVB resins.
When a ‘good’ solvent is contacted with a macroporous resin
then as well as filling the pore volume, the solvent may also
swell the polymer matrix (i.e. the microgel particles—see next
section) to some extent. This swelling often occurs rather
rapidly because the permanent pore structure gives rapid access
to the solvent throughout the whole resin. The swelling (and
deswelling) is not restricted in direction ‘from the outside to the
interior’ as with gel-type resins, and no ‘shrinking core’ effect
is manifest. Consequently macroporous resins show much
better resistance to osmotic shock.

Fig. 11 Solvent response of gel-type resins: (a) shrinking glassy core to
form an expanded gel in a good solvent; (b) contraction of swollen gel on
addition to a bad solvent with bursting of resin due to osmotic shock.
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There is no universally accepted definition of a macroporous
resin but in the case of styrene–DVB resins Millar et al.27

suggested that ‘The criterion of macroporosity … is that the up-
take of cyclohexane in 16 h should not be less than 0.1 m2 g21

dry polymer’ with cyclohexane falling into the category of a
‘bad’ solvent for this resin. Recently28 Millar has suggested the
use of n-heptane in place of cyclohexane since the latter has a
low but finite tendency to sorb into styrene–DVB glassy
matrices.

For many years there has been confusion in the literature over
the terms ‘macroreticular’ resins and ‘macroporous’ resins. A
recent patent settlement now allows a clearer definition: a
macroreticular resin being one produced in a suspension
copolymerisation in which the presence of an appropriate
porogen or inert diluent at an appropriate level in the
comonomer phase gives rise to phase separation or precipitation
of the crosslinked polymer. The resultant isolated dried resin is
permanently porous, i.e. macroporous, having been produced in
this ‘macroreticulation process’. The description therefore
distinguishes these macroporous species from others where the
porosity is created by a different mechanism, e.g. gas blowing.
The term ‘macroreticular’ was coined by scientists from Rohm
and Haas Co.,29 although other groups were reporting similar
resins around the same time.27,28,30 In principle, in a suspension
polymerisation it is possible to employ a porogen or inert
diluent with an appropriate solubility parameter with a partic-
ular comonomer composition which does not induce phase
separation, or to employ sufficiently low levels of porogen that
phase separation does not occur.

Macroporous resins are therefore formed when a porogen is
present in the comonomer mixture which causes phase
separation of the polymer matrix. At full conversion each
polymer bead is composed of a crosslinked polymer phase and
a discrete porogen phase, the latter acting as a template for the
permanent porous structure of the resin (Fig. 12). Removal of
the porogen and drying yields rigid opaque permanently porous
beads (see right hand sample, Fig. 9). The point at which phase
separation occurs depends upon the nature of the porogen, its
compatibility with the incipient polymer matrix and the level at
which it is used. These are the key factors that control the fine
detail of the resin porous morphology and are discussed in detail
in the next section.

In practice the level of crosslinker employed also influences
the onset of phase separation and for some commercially
produced styrene–DVB resins, the DVB level is adjusted
upwards such that even with toluene, a thermodynamically
good solvent (for polystyrene) as a porogen, phase separation
occurs eventually, since pure poly(DVB) is less compatible
with toluene than is polystyrene itself. Thus a matrix prepared
from ~ 25% DVB and ~ 75% styrene requires ~ 70% phase
volume toluene for phase separation, whereas a mixture with
~ 80% DVB and ~ 20% styrene requires only ~ 30% phase
volume of toluene for phase separation as a result of the reduced
compatibility arising from the higher DVB level.24

It is also worth emphasising that gel-type resins can be made
in the presence of a porogen providing the latter is present at a
level which does not cause precipitation of the growing
polymer. Generally this also requires a low level of crosslinking

and the network is formed in a solvent expanded form relative
to a normal gel-type species. Hence, for example, a resin
prepared with ~ 5% DVB and ~ 95% styrene with ~ 65% phase
volume of toluene shows very similar physical characteristics to
a normal gel-type resin prepared with ~ 2% DVB and no
toluene present.31 To some extent therefore the presence of the
solvating toluene compensates for the higher level of DVB.

Morphology generation and control

Within each comonomer droplet many polymer molecules
begin to grow via free radical chain propagation, and indeed
with a styrene–DVB mixture these start to crosslink. Initially
microgelation occurs but eventually macrogelation of each
droplet ensues. In the presence of a porogen sooner or later
precipitation of the polymer occurs and this can be before or
after macrogelation. Irrespective of this, eventually a well-
developed system of microgel particles or microspheres can be
detected within each resin bead. These are of approximate
spherical symmetry since this represents the form of lowest
surface energy. Thus macroporous resin beads ( ~ 50–500 µm
diameter) are composed of a mass of microgel particles
(typically ~ 1000 Å in diameter) and the molecular structure of
an individual microgel particle is very similar to that of a whole
gel-type resin bead. To a good approximation therefore a
macroporous resin particle can be regarded as comprised of a
mass of tiny gel-type particles between which is a complex pore
structure or labyrinth of channels (Figs. 13 and 14). The
microgel particles are referred to as the ‘gel-phase’ and the pore
structure as the ‘pore-phase’. In reality the manner in which the
porous morphology develops is very complex, and indeed
difficult to study. Further details are available in references 32
and 33, and the references cited therein.

From a practical point of view macroporous resins can be
prepared with a wide range of porous structures. These can vary
from species with rather low surface area ( ~ 50 m2 g21

determined by N2 sorption and application of the BET theory)
and a large proportion of macropores (IUPAC definition:
micropores < 20 Å; mesopores 20–500 Å; macropores > 500
Å) to species with a very high surface area ( ~ 800 m2 g21) with
a large proportion of micropores. Control of the fine detail of
this morphology is exercised by choice of the nature and
proportion of the porogen, and the level of crosslinker
employed. In particular, controlling the point during polymer-
isation when phase separation of the polymer network occurs is
crucial.

Thus, when a porogen with good compatibility with the
polymer network is utilised the network remains fully solvated
up to high conversion of monomers into polymer. When phase
separation finally occurs the microgel particles are small and
discrete, and are swollen with residual monomer and cross-
linker. Likewise the separate porogen phase contains unreacted
monomer and crosslinker. Further polymerisation in the
porogen phase creates additional polymer which acts to fuse
microgel particles together; however, relatively low levels of
polymer are formed in this way since the conversion of
monomer to polymer at the point of phase separation is already
rather high. The microgel particles therefore tend to retain their

Fig. 12 Action of porogen in forming porous morphology in a macroporous resin: (a) monomer, crosslinker and porogen isotropic solution; (b)
polymerisation; (c) polymer network forming; (d) porogen and network start to phase separate; (e) porogen phase acts as pore template; (f) porogen phase
removed to yield pores (hatched area = crosslinked polymer; dots = porogen phase).
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individual identity and the network of micro- and meso-pores,
generated between the microgel particles when first formed, is
essentially retained [Fig. 15(a)]. Such resins therefore have high

surface area and a pore size distribution with a maximum in the
micropore/mesopore region. Typically, for styrene–DVB mix-
tures, porogens such as toluene and xylene are useful in this
respect but they must be used with relatively high levels of DVB
( > 50%) in order to achieve satisfactory phase separation.

When a porogen is used which induces polymer network
phase separation at much lower conversion, then again microgel

particles are formed, now swollen with a high level of monomer
and crosslinker, and likewise the separate porogen phase
contains significant levels of monomer and crosslinker. A great
deal more copolymer is therefore formed in the porogen phase
after the phase separation process, and this has the effect not
only of fusing the microgel particles together, but also causing
significant in-filling of small pores between the microgel
particles. In an extreme case the individual microgel particles
can lose their identity and in scanning electron micrographs
large fused aggregates of microgel particles can be seen
interconnecting to form a labyrinth mainly of macropores, all
the micropores having long since been in-filled [Fig. 15(b)].
Typically, for styrene–DVB mixtures porogens such as ali-
phatic hydrocarbons or higher alcohols (e.g. 2-ethylhexanol) are
useful in this context. Phase separation of styrene-based
networks with formation of stable microgel particles occurs
readily even with DVB levels down to ~ 12% and resins are
formed with a surface area typically ~ 50 m2 g21 and a pore size
distribution skewed towards the macropore region. Note that
generally the total pore volume is controlled largely by the
amount of porogen employed and is less influenced by the
nature of the porogen.

Appearance of resin beads

Dry gel-type resin beads appear clear and transparent (or
translucent) because the system is an amorphous glassy solid
with no discontinuities to allow interaction with visible light
and hence scattering and opacity. Various mechanisms can arise
giving rise to light scattering. However, for strong scattering
some particulate or porous structure is required where the
discontinuous features of differing refractive indices have
dimensions similar to the dimensions of the wavelength of
visible light. The arrays of aggregated microgel particles
described above generally are of this size and so macroporous
resins prepared with thermodynamically bad porogens are
particularly opaque. The microgel particles themselves are
usually individually much smaller than the wavelength of light,
and so cannot scatter strongly by this mechanism. They can
scatter by a less efficient process and so those macroporous
species with microgel particles which retain substantially their
individual identify (i.e. those formed with good porogens and
not aggregated) are often less opaque and can even be quite
translucent. Depending on the refractive index of the solvent
employed all macroporous resins tend to become much less
opaque when imbibed with solvent.

Morphology diagram

Putting all the available experimental data together it is possible
to generate an idealised morphology or pseudo-phase dia-
gram27,28,33 defining resin systems in terms of the morphology
anticipated from a given type and level of porogen, coupled with
the level of crosslinker (Fig. 16). This has been developed for
styrene–DVB resins but extensive data now exists for methacry-
late resins crosslinked with trimethylolpropane trimethacrylate,
and a similar treatment seems possible for this system as
well.34,35 In any event the principles embodied here are more
widely applicable. Compositions of polymerising mixtures
falling within the macroporous domain yield porous resins
whereas those compositions outside this domain yield essen-
tially gel-type or related resins. Thus, for a DVB content of X%,
porogen levels below A% do not cause phase separation of the
polymer matrix and the network formed is a lightly solvated gel-
type which collapses to form a glassy amorphous gel-type resin
on drying. For porogen levels between A and B%, phase
separation of the polymer network does occur and the dried
resins are macroporous types. The total pore volume of the
resins increase in going from A to B% and phase separation
occurs more quickly as the porogen content increases from A%.
The surface area of the so-formed resin therefore falls while the

Fig. 13 Enlarged macroporous resin bead showing individual microgel
particles (A = 1000 Å).

Fig. 14 Scanning electron micrograph of a macroporous resin fracture
section (magnification = 50003).

Fig. 15 Connectivity of microgel particles showing formation of small pores
(a) from a network of interconnecting individual microgel particles (b) and
large pores (c) from a network of fused or aggregated microgel particles
(d).
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average pore diameter rises. On approaching B% porogen the
total concentration of polymer formed can become too low for
stable beads to be formed (i.e. the microgel particles are not
well-fused) and above B% porogen the microgel particles
appear as a fine powder.

Those porogens falling into the category of thermodynam-
ically good solvents push the macroporous domain towards
higher crosslink ratios, whereas thermodynamically poor por-
ogens shift the macroporous domain to lower crosslink ratios. A
rather interesting and much less studied class of porogens are
oligomers or polymers.28,33 Different polymer types tend to be
very incompatible and so rather low levels of a polymer can be
employed as a porogen to induce phase separation in polymer-
isation, with or without a solvent coporogen. The overall trend
is to cause phase separation at much lower levels of porogen and
at much lower levels of crosslinker. In addition, polymeric
porogens tend to create large pores in keeping with the idea that
earlier phase separation allows more aggregation of microgel
particles and in-filling of small pores.

Bearing in mind that the quantity of initiator, polymerisation
temperature and degree of agitation are additional variables that
can influence morphology generation, albeit in a less dramatic
manner, it is quite clear that these systems are very complex in
physico-chemical terms. Not surprisingly therefore the bound-
ary between the formation of a macroporous and an essentially
gel-type resin is by no means as sharp as that indicated in Fig.
16. A particularly intriguing regime for styrene–DVB resins is
that ~ 7–12% DVB. Within this range there are polymerisation
compositions that can be employed which generate a well-
defined macroporous morphology, but the latter is apparently
lost on removal of the porogen phase, i.e. the pore structure
collapses (reversibly) resulting in the formation of a clear glassy
amorphous bead.26,36–38 However, these species are not conven-
tional gel-types since on addition of a suitable solvent the resin
re-swells and reforms its macroporous morphology. The
transparent glassy beads can indeed swell and become opaque,
depending on the refractive index of the solvent used. Whether
such resins fold and collapse on drying, and the extent to which
the pore structure is lost, depends also on the solvent from
which drying is undertaken. Though superficially such resins
seem to embody the weaknesses of both gel-types and
macroporous species, they do offer macroporous morphologies
in the swollen state with rather low levels of crosslinker in the
microgel particles, and there are applications where this might
be a significant advantage.

Composite resin supports
With regard to performing stepwise synthesis of oligopeptides
on a support, Merrifield39 and others settled for very simple gel-
type lightly crosslinked polystyrene–DVB beads as optimum.
Later, Atherton and Sheppard40 introduced a more polar N,N-
dimethylacrylamide-based resin, together with an orthogonal
protecting group strategy, but again the resin was a gel-type.
Rigid macroporous resin beads more suitable for automated use
in packed columns, and having greater versatility in terms of use
of solvents, gave problems associated with omission of peptide
residues, and truncation of peptide growth, probably arising
from chemistry taking place in the heavily crosslinked microgel
particles. In an attempt to overcome these difficulties two
composite supports were developed and commercialised. One
employs Kieselguhr as a rigid inorganic primary support, within
which is deposited a soft highly swollen polyamide gel and
upon which peptide synthesis is performed.41 The other
employs rigid particles of polystyrene in the form of a
PolyHIPE®.42 The latter is a low density ( ~ 0.1 g ml21)
macrocellular ( ~ 5–10 µm cell diameter) material which allows
incorporation of a high level of a soft highly swollen polyamide
gel, again the locus for the assembly of peptides. The latter
composite functions well in a packed column and offers loading
capacities up to ~ 5 mmol g21.

More recently those involved in solid phase combinatorial
synthesis5 initiated their work using lightly crosslinked
(0.5–2%) gel-type resins developed typically for use with
peptide chemistry. These however have been quickly shown to
have considerable limitations in terms of both the organic
synthetic chemistry that can be carried out on them, and the
maximum capacity available. A major limitation in terms of the
chemistry is the range of solvents which are capable of swelling
styrene–DVB gel-type resins, to the extent that reactions in
aliphatic hydrocarbons, alcohols and water are not applicable. A
major step forward in this context has been the polystyrene–
poly(ethylene glycol) (PEG) composite resin beads developed
by Bayer and Rapp43,44 which form the basis of the TentaGel®
range of supports available from Rapp Polymere (Tübingen,
Germany) and known also as the ‘Rapp resin’. These have a
1–2% crosslinked styrene–DVB resin as their basis, but grafted
onto this are long PEG sidechains or ‘tentacles’ (Fig. 17), the

free termini of which are the sites for solid phase synthesis.45

The materials are unusual and very versatile because of the

Fig. 16 Resin pseudo-phase diagram: I = gel-type resins; II = macroporous
resins; III = microgel powder.

Fig. 17 Tentagel® or Rapp resin showing PEG chains grafted onto gel-type
polystyrene–DVB resin; the PEG chains form separate microdomains.
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broad solvent compatibility range they offer, and also for the
high flexibility and accessibility of the functional endgroups.
Typically these composites swell 2–4 times in water, alcohols
and ether, and 5 times in CH2Cl2 and toluene. The PEG chains
have a molecular weight of ~ 3000, and typically the composite
comprises ~ 70 wt% PEG and ~ 30 wt% crosslinked poly(sty-
rene–DVB).43 Such high levels of PEG are needed to generate
the advantageous broad solvation properties, and unfortunately
brings with it some limitations. The composite can therefore be
very sticky and difficult to dry; the capacity of the endgroups is
necessarily low and so the synthetic capacity of the resin is
likewise low. A specific chemical limitation is the benzyl ether
linkage between the PEG chains and the polystyrene backbone
which can be readily cleaved yielding PEG contamination of
products. Some of these problems have been addressed by
second generation analogues produced in the USA;46 in
particular it is claimed that the capacity has been improved, and
the cleavage problem much reduced. The simple model that
synthesis occurs on a long PEG spacer arm from polystyrene is
too naive. Undoubtedly in polymer physical chemistry terms
these composites represent microphase-separated systems (Fig.
17) in which solid phase synthesis occurs in the microdomains
of PEG rather than polystyrene, and both the solvation effects in
synthesis and the gel-phase 13C NMR spectroscopy of bound
species tend to confirm this.47

Thermo-oxidatively stable supports
Polymer supports based on vinyl-type monomers (styrene,
methacrylates and acrylamides) have found wide applicability,
but a serious limitation is their restricted thermo-oxidative
stability. Typically the maximum temperature at which these
supports can be operated continuously is currently ~ 120 °C,
although under highly reductive conditions more extreme
regimes may be tolerable. Many potentially useful hydrocarbon
oxidation catalysts function optimally at higher temperatures
under highly oxidative conditions, and there is therefore an
opportunity for the development and exploitation of much more
thermally stable polymer supports than those routinely availa-
ble. In this context the use of polyacrylonitrile, polyamides,
polysulfones, polyaniline and polysiloxanes has been reported,
but these materials have not been produced in the spherical
porous particulate form so useful for application in both batch
and continuous catalytic processes.

Recently the preparation of spherical particulate forms of
polybenzimidazoles,48 polyimides49 and polysiloxanes50 have
been reported, and their successful exploitation as supports for
alkene transition metal complex oxidation catalysts demon-
strated.51,52 In each case paraffin oil is used as the continuous
medium within which droplets of the appropriate polymer-
isation phase are dispersed using the principles of suspension
polymerisation.

For polybenzimidazole (PBI) it is necessary to condense an
aromatic tetraamine with an aromatic dicarboxylic acid
(Scheme 1) usually in the presence of polyphosphoric acid at
~ 250 °C.48 The reaction is difficult to control and reproduce in
the laboratory, but samples are now available from a commer-
cial source.53 Typically the surface area of the dry beads is
rather low ( ~ 10 m2 g21) but remarkably they will sorb ~ 1 ml
of toluene per gram of resin to allow catalyst preparation and
exploitation.

The polyimide (PI) species are prepared by condensation of
an aromatic dianhydride and an aromatic diamine in a two step
process (Scheme 2). Initially polyamide formation occurs at
ambient temperature in a solvent such as dimethylacetamide,
then imidisation can be induced very conveniently by treatment
with acetic anhydride and pyridine at ~ 65 °C. This dispersion
polycondensation is conveniently carried out in the laboratory,
and functional groups can be introduced by utilising appro-
priately derivatised diamines into the polymerisation. Using

also a tetraamine as a crosslinker some of the methodology of
macroporous resin preparation has been exploited to prepare
species with surface area up to ~ 80 m2 g21.49

Most recently a similar dispersion methodology has been
exploited in producing spherical particulate polysiloxanes.50

Typically an oligomeric silanol is dispersed with a tetraalk-
oxysilane and a SnII catalyst (Scheme 3) in paraffin oil, and the

polycondensation performed at ~ 70 °C. The highly elastomeric
spherical particulate products are most unusual, have essentially
no surface area in the dry state, but swell readily in non-polar
solvents. While their potential for exploitation is still being
explored, the value of PBI and PI particulates as metal complex
catalyst supports has already been well-demonstrated. In
particular, PBI has been shown to offer highly active, long-lived

Scheme 1

Scheme 2

Scheme 3
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and thermo-oxidatively stable Mo-based alkene epoxidation
catalysts, perhaps limited only by cost factors. Overall however
all of these support species live up to expectation in terms of
their thermo-oxidative stability, with thermogravimetric analyt-
ical data typically showing little evidence for decomposition in
these resins in air below 400 °C.

Technological prospects for polymer supports in
synthesis
The two main areas where technological application already
exists, and further growth will undoubtedly occur, are polymer-
supported catalysts and solid phase combinatorial synthesis and
related methodologies. Polystyrene sulfonic acid resins are
important industrial catalysts,1,2 and polymer-supported transi-
tion metal complex catalysts are poised to make an important
contribution in both the commodity chemicals and speciality
fields. A partially Pd2+-exchanged sulfonic acid resin is already
used in the B.P. Chemicals Etherol Process54 in which a mixed
C4 alkane/alkene/diene feedstream is converted in the presence
of H2 and methanol into a mixture of alkanes and branched
ethers for direct use in the blending of unleaded petrol. A
recently announced methanol carbonylation technology for the
production of acetic acid utilises a poly(4-vinylpyridine) resin
to immobilise the active Rh catalyst.55 If ultimately commer-
cialised this will add considerable impetus to the further use of
polymer-supported metal complex catalysts. Until recently
most polymer-heterogenised versions of asymmetric catalysts
have performed rather poorly and, in particular, have given
levels of asymmetric induction significantly lower than their
homogeneous counterparts.9,10 We have, however, developed
an insoluble branched poly(tartrate ester)56 with technological
potential, since this acts as a very efficient heterogeneous
asymmetric ligand in the Sharpless epoxidation of allylic
alcohols using Ti(OR)4–tert-butylhydroperoxide. Seebach et
al.6 have also reported the synthesis of a number of polymer-
supported TADDOL ligands and use of these to generate, for
example, asymmetric Ti-based Lewis acids. The latter have
been shown to function as enantioselective reagents and
catalysts in a number of reactions with, in many instances,
activity and selectivity very comparable to their homogeneous
analogues. Recently also we have developed a number of
polymer-supported analogues of Jacobsen’s asymmetric alkene
epoxidation catalyst with emphasis on ensuring site isolation of
the catalyst and pendant attachment of the chiral salen ligand.57

Scheme 4 shows a typical route we have adopted and in this case
the steps in the synthesis can be monitored qualitatively by the
obvious colour changes that occur in the resin at each stage (1,
white; 2, cream; 3, pale pink; 4, sandy yellow; 5 orange; 6,
yellow; 7, yellow; 8 dark red-brown).‡ The resin catalyst
performance compares favourably with the soluble catalyst but
is very substrate dependent.

In solid phase combinatorial chemistry primarily gel-type
resins have been used as the support, based on experience from
solid phase peptide synthesis. However, the more diverse
chemistry that must be achieved on supports nowadays is
encouraging the use of a broader range of resin morphological
variants, and commercial sources of these are becoming
available.46,58

Automation is also a key factor in combinatorial synthetic
methodology, and so scope exists for ingenious development of
supports with novel formats to facilitate automation. In this
context there is the important concept of inverting the whole
solid phase strategy, and carrying out all the combinatorial
assembly in solution, by employing an array of supported
reagents, catalysts and protecting groups (inverse solid phase
combinatorial synthesis). This approach overcomes the major
weakness of the normal solid phase method, i.e. the limitation in
achieving precise molecular structural characterisation at each
step of a synthesis. Though magic angle spinning 13C and 1H

gel-phase NMR16 and single bead FTIR, Raman and mass
spectral techniques have impinged significantly on this prob-
lem, very often the analytical capability still falls far short of
that which is achievable with soluble molecules. Interestingly
therefore the areas of (inverse) solid phase combinatorial
synthesis and polymer-supported catalysts and reagents seem
destined to converge and there may be much to be gained by
practitioners combing the early literature in this area.59,60

Whenever separation problems arise in synthesis, polymer-
supported species may have something very positive to offer.
These need not involve complex species, e.g. poly(4-vinylpyr-
idine)-based resins are useful scavengers of HCl and can avoid
the need for aqueous/organic liquid-liquid extractions. The resin
is also readily regenerated with aqueous NaOH. At the other
extreme, if there is a requirement to trap a particular metal ion
from a mixture of ions, then synthesis of a selective chelating
ion exchange resin may provide the way forward. A number of
groups are also synthesising small libraries of compounds for
various applications, and then using a resin-bound specific
binding group to ‘fish-out’ any compound showing a partic-
ularly high binding constant.

Not always obvious to the bench/batch chemist are the
processing and operational advantages that supported systems
can offer. Indeed the option to operate a process under
particularly favourably physico-chemical conditions, not acces-

Scheme 4
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sible when using soluble catalysts, may prove an important
driver in the successful application of supported systems.
Interestingly, detecting such advantages is not always readily
possible until industrial process conditions are probed. So, for
those of us committed to this area, a further period of patience
and dedication may be required but there is no doubt that the
future for polymer-supported synthesis has never been so
optimistic.
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Novel nonionic ABCs are shown to be versatile templates for
the sol–gel synthesis of nanoporous silicas, the structure can
be fine-tuned by varying the template concentration.

Amphiphilic block copolymers (ABCs), consisting of one
hydrophilic and one hydrophobic block, are gaining increasing
importance as structure-directing agents in the synthesis of
nanoporous ceramic oxides.1,2 When mixed with water, these
polymers undergo aggregation into lyotropic liquid crystalline
phases, which are stable over a wide range of composition and
temperature. These self-organizing systems, although not
mechanically robust in their own right, are well suited as
nanotemplates to imprint structure and porosity onto an
otherwise dense and amorphous material, such as sol–gel-
derived silica.3–6 ABC templates help to extend the boundaries
for pore size, wall thickness and mechanical strength beyond
those of previously known nanoporous ceramic oxides.7,8

Cylindrical pores represent the closest approximation of one-
dimensional cavities, which are of growing importance for a
number of topochemical or spectroscopic applications and the
generation of anisotropic nanostructured materials. The latter
has been elegantly demonstrated by preparing monodisperse
carbon nanotubules within nanopores of alumina.9 Ordered
nanoporous arrays were also utilized as tubular membrane
separation devices.10 There is a demand to increase the density
of cylindrical pores to a filling factor (i.e. volume fraction of the
voids) of 0.7 in hexagonally ordered silica to make similar
‘nanocapillary’ reactors very efficient.

Existing templating routes towards hexagonal porous silica,
however versatile they may be, produce defect sites, which are
reflected in the physical properties or even reproduced in the
secondary cast of the porous material. For example, ABC
templates of the poly(butadiene-b-ethylene oxide) (PB–PEO)
type were shown recently to be suitable templates for the
generation of a rich variety of pore structures in silica.11

Although these polymers show good solubility in water, their
structural polymorphism in these mixtures is such that often
wide biphasic ranges occur. This phenomenon increases the
number of defect sites over the statistically determined
measure.

Therefore, there is a demand for self-organizing templates
with a more pronounced tendency to form well ordered phases,
which possess a smaller number of defect sites. In this
contribution, we present new low-cost, nonionic polymer
templates which form superbly stable, homogeneous lyotropic
liquid crystalline phases. Such nanocasting media facilitate the
control over correlation and architecture by simply varying
synthetic parameters during the templating procedure, as
opposed to selecting from a library of ABCs.

The results demonstrate the great potential inherent in ABC
nanocasting as the method of choice for pore design in ceramic
oxides. Poly[(ethylene-co-butylene)-b-(ethylene oxide)] (KLE-
3729 and KLE-3736, see Table 1) were obtained from Th.
Goldschmidt AG, Essen, Germany, and freeze-dried prior to
use.

TMOS was obtained from Aldrich and used as received. HCl
(1 m solution from Aldrich) was diluted using distilled water.

Sol–gel synthesis of silica in the presence of ABC templates has
been described in detail elsewhere.1 Typically, the ABC (30, 50
or 70 mass% with respect to water) was dissolved in 2 g TMOS
before adding 1 g of hydrochloric acid (pH 2). After the
hydrolysis had abated, the flask was evacuated for 5–10 min in
order to remove methanol, formed during the hydrolysis of
TMOS. The birefringent, viscous mixture was then left to
polycondense in an open container at 60 °C. The resulting
inorganic–organic hybrid materials were calcined at 500 °C
(12 h under nitrogen, 16 h under oxygen).

The birefringence of the lyotropic phases was studied
between crossed polarizers of an Orthoplan-Pol microscope
(Leitz) equipped with a hotstage. Nitrogen sorption measure-
ments were recorded on a Micromeritics Gemini surface
analyzer. The sample morphologies were studied with a Zeiss
DSM 940 scanning electron microscope operating at an
acceleration voltage of 20 kV. Standard TEM investigations
were carried out on ground samples. TEM pictures were
recorded with a Zeiss EM 912 Omega TEM operating at an
acceleration voltage of 120 kV. Optical textures of the ABCs in
water revealed that both polymers presented here form lyotropic
liquid crystalline phases between 15 and 85% (m/m). Both
ABCs show lyotropic phases of normal topology only, as
expected from the length ratios of the blocks. This was
confirmed by the water-miscibility of the polymer–water phases
at all compositions within the phase diagrams.

Sol–gel synthesis of silica in the lyotropic phases of KLEs
resulted in homogeneous hybrid materials, which showed no
indication of phase separation, as estabished by SEM analysis.
The silica monoliths were calcined to completely remove the
template.

At low polymer concentrations, casts of spatially non-
correlated, cylindrical micelles with low degree of intermicellar
order are observed [Fig. 1(a)]. At higher concentrations (50%),
these cylinders are closely packed into hexagonal arrays [Fig.
1(b)]. Further increasing the template concentration causes the
formation of a lamellar/vesicular structure [Fig. 1(c)], which
collapses upon calcination. The deterioration of the lamellar/
vesicular structure is expected, as calcination removes the
‘scaffolding’ ABC template, which keeps individual lamellae
apart.

The nitrogen adsorption–desorption isotherms show pro-
nounced hysteresis, making the determination of the pore size
distribution by non-imaging methods unreliable. However, the
transition from the cylindrical morphologies into a lamellar
structure is manifested in the different shape of the nitrogen
adsorption-desorption isotherm, with the lamellar sample

Table 1 Physical data of the amphiphilic block copolymers used as
templates

ABC Mn Mw/Mn NA
a NB

a Block ratio

KLE-3729 6.6 1.069 68 66 1 : 1
KLE-3736 7.3 1.103 68 82 1 : 1.2
a Number of repeat units.
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lacking distinctive pore condensation. For the cylindrical
systems, the specific surface area increases with increasing

template content, demonstrating the contribution of each
individual ABC molecule to the overall interface area (Fig.
2).

Amphiphilic block copolymers of the KLE type have proven
to be exceptionally well suited for the synthesis of nanoporous
silica with cylindrical pore shape. The pore density can be
controlled via the template content between 30 and 50%.
Traversing this concentration regime, isolated cylindrical pores
with low spatial correlation evolve into correlated ones with
high degree of packing order. Adjusting the pore density and
thus the packing order of the cylindrical pores allows control
over the pore curvature, as the packing into an hexagonal array
automatically goes along with a considerable straightening.
Future work will focus on the synthesis of curved and straight
nanowires with high aspect ratios. For this purpose, KLE-
templated silicas appear to be the most promising candidates
presently available.

The authors would like to thank R. Pitschke for graphical
work, Th. Goldschmidt AG for generously providing the KLE-
type ABCs, the Max-Planck Society and the Deutsche For-
schungsgesellschaft (Sfb 1623) for financial support.
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6 G. S. Attard, M. Edgar and C. G. Göltner, Acta Mater., 1998, 46,
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Fig. 1 TEM micrographs of KLE-3729-templated silicas: (a) 30% template
(m/m with respect to water): isolated cylinders (diameter 14 nm) display no
spatial order with respect to each other and are separated by up to 50 nm
thick walls; (b) 50% template: hexagonally packed cylinders (diameter 16
nm, wall thickness 7 nm), (c) 70% template collapsed lamellae and
multilamellar vesicles.

Fig. 2 Nitrogen adsorption–desorption isotherms of KLE-3729-templated
silicas depending on the template content: 30% and 50%: typical isotherms
showing pore condensation with pronounced hysteresis; 70%: the lamellar/
vesicular structure, which is partially collapsed, expectedly does not show
distinct pore condensation in the mesopore regime.
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Reaction between ButGeCl3 and mercaptoacetic acid af-
forded a novel type of pentacoordinate germanium com-
pound via ButGe(SCH2CO2H)3 which loses one mole of
SCH2CO2H to afford the pentacoordinate species.

Hypercoordination of organosilicon compounds has been
extensively investigated by Corriu and coworkers.1 Thus, they
described a variety of penta-, hexa- or hepta-coordinate silicon
compounds where in most cases the donor is a nitrogen moiety
(e.g. dimethylamino), and the geometrical relation between the
silicon and the donor is more or less sterically congested as is
the case with 1,8-disubstituted naphthalenes 12 or o-substituted
tribenzylsilanes 2.3,4 They have shown that hypercoordination
was also observed for o-substituted tribenzylgermanes 3. We
recently reported that, in the related compounds 4 and 5, the
germanium atom is either hexa- or hepta-coordinate although
the incipient bonding between germanium and oxygen or sulfur
is not very strong.5

These findings prompted us to examine a further possibility;
i.e. to observe hypercoordination of germanium atom where the
geometrical relation between germanium and the donor atoms is
more flexible. Initially we expected that the reaction of tert-
butyltrichlorgermane (ButGeCl3) with mercaptoactetic acid
(HSCH2CO2H) (molar ratio 1 : 3) under basic conditions would
afford 2,2A,2B-[tert-butylgermanetriyltris(thio)]trisacetic acid,
ButGe(SCH2CO2H)3 which would form heptacoordinate ger-
manium species 6.

The product, (colorless crystals, mp 152–154 °C from ethyl
acetate) corresponds, however, to the molecular formula

C8H14GeO4S2 [mass spectrum (FBMS): m/z = 310.9630
(M + H)+; calc. for C8H14

72GeO4S2 = 310.9633], indicating
the loss of one mole of HSCH2CO2H. The product was
confirmed by X-ray analysis† as 2-(2-tert-butyl-5-oxo-
1,3,2-oxathiagermolan-2-ylthio)acetic acid 7. It is likely that 6
was indeed formed since its yield was substantially decreased
when lower amounts (e.g. 1 : 2) of mercaptoacetic acid were
used. Subsequently an intramolecular nucleophilic substitution
takes place on germanium, where one of the 2SCH2CO2H
moieties of 6 acts as a nucleophile while the other is the leaving
group to give 7.

The ORTEP drawing of 7 is shown in Fig. 1, while the
molecular packing in crystal is depicted in Fig. 2. The question

Fig. 1 Molecular structure of 7 showing the atomic labeling. Relevant bond
lengths (Å) and angles (°): Ge–C1 1.989(2), Ge–O1 2.045(1), Ge–O3
2.043(1), Ge–S2 2.2143(5), Ge–S1 2.2191(5), S1–C5 1.808(2), S2–C7
1.810(2), O1–C6 1.258(2), O2–C6 1.265(2), O3–C8 1.259(2), O4–C8
1.262(2); C1–Ge–O3 98.89(6), C1–Ge–O1 94.39(6), O3–Ge–O1
166.71(5), C1–Ge–S2 119.73(5), O3–Ge1–S2 86.73(4), O1–Ge1–S2
86.91(4), C1–Ge1–S1 120.05(5), O3–Ge1–S1 86.25(4), O1–Ge1–S1
86.88(4), S2–Ge1–S1 120.19(2), C5–S1–Ge1 97.97(6), C7–S2–Ge1
96.46(6).

Fig. 2 Molecular packing of 7. Intermolecular hydrogen bonds are shown by
dotted lines. Important distances (Å) and angle (°): O4–H 0.74, H–O2A 1.73,
O4–O2A 2.453(2); O4–H–O2A 165.9.
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of whether the carbonyl oxygen or the hydroxyl oxygen is
coordinated to Ge was resolved by the location of the hydrogen
atom which was achieved by refining the analysis.‡ The result
shown in Fig. 2 is very conclusive; there is a hydrogen atom
between O4 of one molecule and O2 of the adjacent molecule
(O2A) to indicate hydrogen bonding in 7 between the CO2H of
one molecule and the lactone carbonyl oxygen of an adjacent
molecule. Thus it is the carbonyl oxygen which was coordinated
to Ge.

Characteristic points observed for 7 are as follows: (1) The
germanium atom is pentacoordinate with trigonal bipyramidal
structure. (2) The Ge1–S1, Ge1–S2 and Ge1–C1 bonds are
equatorial while the Ge1–O1 and Ge1–O3 bonds are apical with
equal length (ca. 2.04 Å, a little longer than the standard Ge–O
covalent bond length (ca. 1.7–1.8 Å). (3) Four atoms, Ge1, S1,
S2 and C1 are coplanar with S1, S2 and C1 in a trigonal planar
arrangement around Ge. (4) The O1–Ge1–O3 hypercoordinate
bond is nearly perpendicular to the S1–S2–C1 plane though the
angle (166.7°) slightly deviates from the ideal trigonal bipyr-
amidal structure.

In the case of pentacoordination of group 14 elements,
deviation from the ideal trigonal bipyramidal structure is often
observed. Thus, Corriu and coworkers6 reported that the C–
Si···N angle of a pentacoordinate compound, 1-(8-dimethylami-
no)naphthylphenylsilane, is 166.9°.

Altogether it is clear that we obtained a pentacoordinate
organogermanium compound where no steric enforcement is
involved to enhance the hypercoordination. It should be noted
that rotation about the S–CH2 bond, which should be feasible,
would move the CO2H group far apart from germanium. This in
turn appears to suggest that the Ge–O interaction is strong
enough to lead to hypercoordination. It should be noted that the
solid state, trigonal bipyramidal structure of 7 can be regarded
as a model for the intermediate of the SN2 type reaction on
germanium.

The 1H and 13C NMR spectra of 7 exhibit only one signal for
both CH2 protons and carbonyl carbon nuclei. This can be
interpreted only if we assume a rapid equilibrium between two

identical pentacoordinate species in solution as indicated
below.

Notes and references
† Crystal data for 7: recrystallized from AcOEt, C8H14GeO4S2, M =
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The 2E state lifetime of the C3 ion [Cr(fac-Me5-D3htrico-
saneN6)]3+ is 235 ms in H2O and 1.5 ms in D2O at 298 K, the
longest lifetimes yet reported for a saturated Cr(III)N6
chromophore at room temperature.

The Cr(iii) sarN6 cage complexes (example shown in I) feature
surprisingly short 2E lifetimes at 298 K ( < 10 ns)1,2 in
comparison with that of the parent [Cr(NH3)6]3+ ion (2.2 ms at
293 K).3 In contrast, the larger [Cr(fac-Me5-D3htricosaneN6)]3+

complex (II) has a considerably longer 2E lifetime of 235 ms in
aqueous solution at the same temperature. This latter complex
was obtained recently from the reaction of [Cr(py)3Cl3] and the
free Me5-tricosaneN6 ligand in the presence of zinc dust under
anaerobic conditions and was characterised by microanalysis,
X-ray crystallography, electrochemistry and electronic spec-
troscopy.4–6

Cooling the [Cr(fac-Me5-D3htricosaneN6)]3+ ion to 77 K
merely doubles the 2E lifetime (to 440 ms) and deuteration of the
secondary amines extends it to 1.5 ms at 298 K. In contrast, the
2E lifetime for the [Cr(sar)]3+ ion increases by ! 104-fold upon
cooling to 77 K (Fig. 1), to 60 ms, a value consistent with those
for a range of related Cr(iii) hexaamine complexes.1,2 Why
these apparently similar cage complexes have markedly
different photophysical properties needs to be explored.

The rate of excited state relaxation is determined by radiative
and non-radiative processes. In the latter instance, electronic
energy is dissipated into vibrational energy of the chromophore
or the solvent molecules. Photochemical processes such as bond
dissociation and redox processes can also contribute to the
decay. The Cr(iii) cage complexes I and II have no discernible
photochemical ligand dissociation from either the 2E or 4T2
states, unlike the parent [Cr(NH3)6]3+ ion and related di-, tri-
and multi-dentate Cr(iii)N6 complexes.1–4,6–9 It should also be

noted that a proposed associative pathway9–11 is unlikely since
the steric constraints of the cage complexes hinder the
coordination of a seventh donor group.1,2 There is also no redox
quenching in the presence of a reductant,4 so it is unlikely that
such a process contributes significantly to the 2E decay rate.
Back intersystem crossing (2E ? 4T2) can sometimes provide a
deactivation route for Cr(iii) complexes; however, the 4T2 state
is ca. 7000 cm21 higher in energy than the 2E state for both cage
complexes. This energy gap is similar to that of other Cr(iii)
hexaamine complexes where back intersystem crossing has
been considered negligible.8,12–15

The 2E lifetimes of most saturated amine Cr(iii)N6 complexes
lie in the range 60–440 ms in the temperature-independent
regime1,2,8,9,13,15–18 and quantum efficiencies for the lumines-
cence are ca. 1%.1,13,15–17,19 The relaxation rate is thus
dominated by non-radiative deactivation, a multiphonon proc-
ess and as such, strongly dependent on the energy of vibrations
accessible in ground and excited states (accepting and promot-
ing modes, respectively). High energy acceptors include N–H
stretching modes in this instance and the 2E lifetime dependence
on the number of N–H modes in the first coordination sphere
has been addressed for a range of Cr(iii)N6 complexes.17,20

Although deuteration of the coordinated amines increases the
lifetime for both cage complexes roughly tenfold at 77 K, the
N–H acceptors alone do not account for their very different
temperature dependences.

The promoting modes couple the excited state and the ground
state and modify the electronic gap by their frequency.13,21 The
population of promoting modes can lead to a strong temperature
dependence of the 2E lifetime. In particular, the rapid decrease
in the 2E lifetimes from 150 to 200 K for the Cr(iii) sar
complexes2 indicates the existence of such an efficient

Fig. 1 Temperature dependences of the 2E lifetimes for [Cr(fac-Me5-
D3htricosaneN6)]Cl3 (5) and [Cr(sar)]Cl3 (™) in ethylene glycol–water
(2 : 1 and 1 : 1, respectively).

Chem. Commun., 1998, 2291–2292 2291



promoting mode which becomes thermally activated. In
contrast, the lifetime of the [Cr(fac-Me5-D3htricosaneN6)]3+ ion
is decreased only slightly at 298 K, inferring that there is no
corresponding and effective promoting mode for this com-
plex.

The 0–0 transition is accompanied by relatively intense
vibrational sidelines in the [Cr(fac-Me5-D3htricosaneN6)]3+

spectrum, characteristic of magnetic dipole-allowed transitions
[Fig. 2(a)]. In contrast, the 0–0 transition dominates the
emission spectrum of the [Cr(sar)]3+ ions [Fig. 2(b)] and the
vibrational fine-structure is poorly resolved due to more
pronounced inhomogeneous broadening.22,23 As the N–H
interactions for the two types of complexes with the surround-
ing matrix are likely to be similar, the magnitude of this
broadening can be ascribed to the [Cr(sar)]3+ ion existing in
different conformations. The sar complexes are able to undergo
conformational changes such as twisting the ligand caps to
change the symmetry from C3 to D3. This movement is coupled
to other conformational changes involving the alignment of the
C–C bond of the ethylenediamine chelate strap with the C3 axis.
The C–C bond may be oblique (ob) or parallel (lel) to the C3
axis, giving rise to ob3, ob2lel, oblel2 or lel3 conformations. The
same conformational lability is anticipated in the 2E state, since
its electronic configuration and thus equilibrium geometry are
similar to that of the ground state. The number of effective
accepting modes is governed by symmetry and interconversion
results in variations in microsymmetry about the Cr(iii)N6
chromophore which induces more accepting modes. It follows
that the conformational changes may result in a promoting
mode which can be thermally activated.

Conformer interconversion is rather more difficult for the
[Cr(fac-Me5-D3htricosaneN6)]3+ ion. Topological constraints

require that cap twisting converts the six-membered chelate
rings forming the straps from the stable chair to the less stable
skew-boat conformations. The equatorial methyl groups are
thereby driven to more axial and less stable positions. Both
factors restrict the conformational changes. It is anticipated that
the excited state complex also has the same conformational
preference and conformational interconversion therefore would
not act as a promoting mode in this case. This rigidity may
account for the remarkably long 2E state lifetime at 298 K, in
contrast to those of the Cr(iii) sar complexes. The greater
inhomogeneous broadening in the emission spectra of the
smaller cage complexes independently supports this argu-
ment.
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Fig. 2 Emission spectra of (a) [Cr(fac-Me5-D3htricosaneN6)]Cl3 at 298  and
77 K (2 : 1 ethylene glycol–water) and (b) [Cr(sar)](CF3SO3)3 at 15 K (2 : 1
ethylene glycol–water).
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The novel polyoxothioanion [Mo9S8O12(OH)8(H2O)2]22 was
prepared from the acido-basic condensation of four
{MoV

2S2O2} building units around a central {MoVIO6}
octahedron, the anion was characterized by X-ray diffrac-
tion as a tetramethylammonium salt.

The field of polyoxometalates, although explored for several
years, still attracts significant attention,1 because of its large
number of potential applications, especially in the domain of
heterogeneous catalysis.2 We are currently interested in the
synthesis of sulfur-containing polyoxoanions, a first step
towards the design of sulfur-containing (possibly microporous)
three dimensional frameworks. We thus developed a strategy
based on the acido-basic condensation of the oxothio building
block {Mo2S2O2}. The efficiency of this method was recently3

evidenced by the preparation of [Mo12S12O12(OH)12(H2O)6], a
cyclic oxothio compound prepared from the one-step self-
condensation of [Mo2S2O2]2+. The condensation reaction was
performed by controlled addition of potassium hydroxide to an
acidic aqueous solution of the thiocation.† [Mo12-
S12O12(OH)12(H2O)6] appeared to be a convenient starting
material for further syntheses because of its ability to regenerate
straightforwardly the {Mo2S2O2} unit either in acidic solution,
as the [Mo2S2O2(H2O)6]2+ dithiocation,3 or in basic solution.
Indeed, there is strong evidence that [Mo12-
S12O12(OH)12(H2O)6] hydrolyses, at pH > 11, into the dark
red, air sensitive, [Mo2S2O2(OH)4(H2O)2]22 dianion.‡ In this
way, the condensation of the {Mo2S2O2} building blocks occurs
when the pH of the solution is lowered. Accordingly, in the
absence of any other reactants, the cyclic compound [Mo12-
S12O12(OH)12(H2O)6] is reformed, around pH = 1.5. This
procedure is convenient when the reactants are unstable in
acidic media; this is the case, for example, for MoO4

22, which
can self condense to give various types of oxoanions.4

We thus report here the results of the reaction of MoO4
22

with [Mo2S2O2(OH)4(H2O)2]22, at pH about 5. The synthesis§
is quite straightforward, starting from MoO4

22 and a solution of
the dianion. Four building units condense around the central
[MoO4(H2O)2]22 anion, which serves as a template, to form the
novel polyoxothio anion [Mo9S8O12(OH)8(H2O)2]22. This
compound has been fully characterized by IR spectroscopy,
microanalysis and single crystal X-ray diffraction.¶

The molecular structure of the compound is shown in Fig. 1.
The anion has crystallographically imposed inversion sym-
metry. It can be described as an eight-membered ring encapsu-
lating an MoVIO6 octahedron. As already observed3 the
{Mo2S2O2} unit has a strong tendency to form cyclic arrange-
ments. This eight-membered ring compares well with the one
obtained by the condensation of the oxo analog [Mo2O4]2+ in
the presence of oxalic acid.5 The MoV atoms have a slightly
distorted octahedral coordination: they are connected to a
terminal oxygen atom, two hydroxo and two sulfido bridging
ligands; the coordination sphere of the Mo centers is completed
by a bridging oxygen bound to the central MoVI atom. The
octahedra within the {Mo2S2O2} building blocks share edges
but they are connected by faces as shown in Fig. 1. Short (ca. 2.8
Å) Mo–Mo distances characteristic of a single MoV–MoV bond
alternate with longer (ca. 3.2 Å) Mo–Mo distances within the

ring. The inner MoVI atom is disordered over four positions
around the inversion centre, with a 25% occupancy,6 this
disordered Mo atom exhibits a distorted octahedral coordination
[Mo–O distances from 1.745(7) to 2.391(7) Å]. In this mixed-
valence compound, the electrons are thus strictly localized, as
demonstrated by the absence of the blue colour characteristic of
electron delocalization in the so-called ‘molybdenum blue’
species.4,7

In conclusion, the synthesis and isolation of the tetra-
methylammonium salt of the novel polyoxo anion [Mo9-
S8O12(OH)8(H2O)2]22 is straightforward, with a good yield, by
simply mixing starting materials which are readily available.
The complexity of the anions can be increased by replacing the
central MoO6

22 octahedron with a more sophisticated anionic
template. The synthesis of [Mo9S8O12(OH)8(H2O)2]22 there-

Fig. 1 Molecular structure of the polyoxothioanion [Mo9S8O12(OH)8-
(H2O)2]22. Top: ball-and stick model showing the eight-membered ring and
the central {MoO6} octahedra. Thermal ellipsoids are drawn at the 50% proba-
bility level. For clarity, the disordered Mo(5) atom has been located at its mean
position on the inversion centre, with a mean isotropic factor. Bottom: polyhe-
dral representation showing the connectivity of the building blocks.
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fore demonstrates that the acido-basic condensation of the
{Mo2S2O2} fragments, either starting from an acidic solution or
a basic solution, is a promising approach for the preparation of
a variety of polyoxothio compounds.

Notes and references
† It should be noted that the crude product, obtained by the synthetic
procedure described in ref. 3, before recrystallization has the composition
K2.6(NMe4)0.4I3[Mo12S12O12(OH)12(H2O)6]·30H2O as shown by elemental
microanalysis: Calc. (Found) C 0.62(1.23); I 12.31(12.13); K 3.29(3.27);
Mo 37.23(36.71); N 0.18(0.40); S 12.42(12.72)%.
‡ [Mo2S2O2(OH)4(H2O)2]22 was precipitated as a potassium salt from a 1
M KOH solution, and isolated as a dark red powder. Elemental
microanalysis confirmed the molecular formula K2[Mo2S2O2(OH)4-
(H2O)2]·13H2O: Calc. (Found) K 15.85(15.34); Mo 38.88(38.75); S
12.97(13.45)%.
§ As the intermediate [Mo2S2O2(OH)4(H2O)2]22 dianion is sensitive to air
oxidation, the synthesis has to be carried out under a constant flow of N2

gas. 20 ml of 1 M NaOH was first degassed for 10 min and 1 g (0.33 mmol)
of K2.6(NMe4)0.4I3[Mo12S12O12(OH)12(H2O)6]·30H2O was added. The
solution was stirred vigorously until the yellow powder dissolved to give a
dark red solution of the [Mo2S2O2(OH)4(H2O)2]22 dianion. 0.16 g (0.66
mmol) of Na2MoO4·2H2O was then rapidly added and the pH was adjusted
to 4.5 with a solution of 4 M HCl. The precipitation of the polyoxothio anion
was achieved by the addition of 0.44 g (4.4 mmol) of [NMe4]Cl and gave
0.76 g of a thin yellow powder [yield = 86% (based on Mo)]. This powder
was collected by filtration, washed with water and ethanol and dried with
diethyl ether. IR spectra (KBr pellet, n/cm21) gave absorptions at ca. 1480s,
1446w, 948s, 830m, 745m, 512s, 415w, 348w. Elemental microanalysis
confirmed the molecular formula [N(CH3)4]2[Mo9S8O12(OH)8-
(H2O)2]·8H2O: Calc. (Found) C 5.46 (5.94); H 2.96 (2.79); Mo 49.09
(48.61); N 1.59 (1.61); S 14.55 (14.26)%. A few single crystals, suitable for
X-ray diffraction, were grown in a solution containing only a small amount
of tetramethylammonium cations.
¶ X-Ray crystal structure analysis for [N(CH3)4]2[Mo9S8O12(OH)8-
(H2O)2]·5H2O: Intensity data collection was carried out on a yellow crystal
of 0.28 3 0.18 3 0.02 mm, with a Siemens SMART three-circle
diffractometer equipped with a CCD bidimensional detector, using
monochromatized l(Mo-Ka) = 0.71073 Å. T = 293 K. The absorption

correction was based on multiple and symmetry-equivalent reflections in
the data set using the SADABS program8 based on the method of Blessing.9
Crystal data for C8H24Mo9N2O27S8: a = 15.0752(2), b = 12.9951(2), c =
12.6676(1) Å, b = 113.530(1)°, U = 2275.3(5) Å3, Z = 2, M = 1700.22,
Dc = 2.505 g cm23, monoclinic, space group P21/c (no. 14), m = 28.40
cm21, index ranges 212 @ h@ 20, 217 @ k@ 17, 217 @ l@ 13; total data
15389; unique data 5817 (Rint = 0.037), data with Io > 2s(Io) 4419. The
structure was solved by direct methods and refined by full matrix least-
squares, based on F2, using the SHELX-TL software package.10 All non-
hydrogen atoms were refined anisotropically except for the disordered
molybdenum atom and the water oxygen atoms. No. of variables, 242; final
R(F) = 0.040, wR(F2) = 0.098; GOF 1.08; minimum and maximum peak
in difference electron density map 20.96 and 1.57 e Å23. CCDC
182/1006.
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Diphenylphosphinopropanoic acid (Ppa) is utilised for the
self-organisation of a luminescent organoplatinum poly-
meric material, the crystal structure of which features
intermolecular hydrogen bonding and p-stacking inter-
actions.

Tertiary phosphines are versatile ligands in coordination and
organometallic chemistry, but functional groups which are
capable of complementary hydrogen bonding, such as car-
boxylic acids,1 are rarely incorporated.2 Molecular self-assem-
bly employing hydrogen bonding has generated considerable
interest in the domain of supramolecular chemistry and
molecular recognition.3 From an organometallic perspective,4,5

the resultant materials have potential applications in non-linear
optics, conductivity and ferromagnetism. The use of p–p
stacking interactions in crystal engineering has also been
prominent.6 Their importance is further emphasised by their
manifestation, in tandem with hydrogen bonding, in the
structures of biological molecules such as DNA and proteins.
Our earlier work on cyclometallated-(6-phenyl-2,2A-bipyridine)
platinum(II) complexes revealed favourable p–p interactions in
solid and solution states.7 Herein, we describe the employment
of diphenylphosphinopropanoic acid8 (Ppa) as a building block
in the supramolecular assembly of an organometallic polymer
directed by p-stacking and hydrogen-bonding interactions.

Treatment of Pt(L)Cl [HL = 4-(p-tolyl)-6-phenyl-2,2A-
bipyridine]7 with Ppa in CH3CN–H2O (1 : 1 v/v) at room
temperature in the presence of excess NH4PF6 yielded
[Pt(L)(Ppa)]PF6 1 as an orange crystalline solid in 75% yield.†
Absorption bands at 1709 and 3448 cm21 in the IR spectrum are
assigned to n(CO) and n(OH) respectively of the Ppa ligand,
while 195Pt satellites (JPtP 3943 Hz) are observed in the 31P
NMR spectrum.

The structure of 1 has been determined by X-ray crystallog-
raphy (Fig. 1).‡ The tridentate cyclometallated ligand L and the
phosphine are arranged in a distorted square-planar geometry
about the platinum atom. The platinum–nitrogen bond length
trans to the phenyl group [Pt(1)–N(1) 2.128(8) Å] is noticeably
longer than that trans to the phosphine ligand [Pt(1)–N(2)
2.018(8) Å]; this is consistent with the greater trans influence
exerted by the phenyl substituent. The crystal packing in 1 [Fig.
1(b)] reveals hydrogen bonding between two carboxylic acids in
adjacent molecules, with clear directionality and short inter-
molecular contacts [2.65(1) Å] between successive oxygen
atoms (O–H···ONC). p-Stacking between the aromatic planes of
L (mean 3.68 Å) is more distant than that in [Pt(6-phenyl-2,2A-
bipyridine)(PPh3)]ClO4 (mean 3.35 Å), although an identical
‘head–tail’ orientation of the overlapping ligands is evident in
both structures.7 Infinite one-dimensional polymeric zig-zag
chains linked by alternating hydrogen-bonding and p–p

Fig. 1 (a) Perspective view of cation in 1 [40% thermal ellipsoids, all hydrogens are omitted including H(1) attached to O(1)]. Selected bond distances (Å)
and angles (°): Pt(1)–P(1) 2.249(3), Pt(1)–N(1) 2.128(8), Pt(1)–N(2) 2.018(8), Pt(1)–C(31) 2.03(1), O(1)–C(3) 1.31(1), O(2)–C(3) 1.21(1), N(1)–Pt(1)–N(2)
76.7(3), N(1)–Pt(1)–C(31) 158.0(4), N(2)–Pt(1)–C(31) 82.1(4), P(1)–Pt(1)–N(2) 172.7(2), O(1)–C(3)–O(2) 124(1). (b) Crystal packing in 1, showing infinite
polymeric zig-zag chains linked by alternating hydrogen-bonding and p–p interactions (anion and all hydrogens are omitted for clarity).
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interactions are therefore created. This combination of supra-
molecular synthons is rarely encountered in coordination
compounds.9

The absorption spectrum of 1 [Fig. 2(a)] contains a broad
low-energy absorption at 430 nm (emax 1560 dm3 mol21 cm21)
which is tentatively assigned, like analogous cyclometallated
platinum(II) derivatives,10 to a metal-to-ligand charge transfer
(MLCT) transition, namely (5d)Pt?p*(L). Complex 1 exhibits
luminescence in solution and in the solid state. Emission at 542
nm in CH3CN solution at room temperature is similarly ascribed
to 3MLCT. The solid-state emission is red-shifted to 568 nm
with a shoulder at 604 nm [Fig. 2(b)] and is at a higher energy
than the metal–metal-to-ligand charge transfer (MMLCT)
emission (630 nm) of [Pt2(6-phenyl-2,2A-bipyridine)2(m-
dppm)]2+ which exhibits close intramolecular Pt–Pt contacts
[3.270(1) Å].7 The emission is therefore proposed to originate
from 3MLCT accompanied by partial excimeric character.
Similar shifts in emission energy have recently been found for
transmetallated gold(III) complexes.11 A blue shift to 528 nm
with well-resolved vibronic structure is observed in the frozen
state, where the vibrational spacing of 1240 cm21 is comparable
to the skeletal stretching of the free ligand L.

Finally, it is pertinent to note that ligation of diphen-
ylphosphinopropanoic acid does not necessitate the formation
of complexes with complementary hydrogen bonding in the
solid state. The molecular structure of the silver(I) dimer
[(PPh3)(Ppa)Ag]2(m-Cl)2 2, synthesised from the reaction of
[AgCl(PPh3)]4 with Ppa, is comprised of bulky peripheral
phenyl groups and no hydrogen bonding is apparent.12 This
situation is expected for complexes with congested geometry
where possible hydrogen-bonding motifs are segregated and
such interactions are precluded. Our future work will exploit

phosphinocarboxylic acids as versatile building blocks in
transition metal-based crystal engineering.

We acknowledge support from The University of Hong Kong
(for a Post-doctoral Fellowship to M. C.-W. C.), the Hong Kong
Research Grants Council, and the Croucher Foundation of Hong
Kong.

Notes and references
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2), a = 9.715(2), b = 20.479(8), c = 9.245(2) Å, a = 101.76(3), b =
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squares refinement on F with w = 4Fo

2/[s2(I) + (0.024Fo
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Fig. 2 UV–VIS absorption (a, in CH3CN ) and solid-state emission (b, Eex

350 nm) spectra of 1 at room temperature.
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Peptide strands coupled at the C terminus to bis[p-
(aminomethyl)phenyl] ether allow in CHCl3 solution asso-
ciation of lipophilic N-protected peptides with hydrogen
bonds in the mode of antiparallel b-sheets; the enantiose-
lectivity observed with a phenylalanine derivative is charac-
terized by a binding constant ratio of around 15.

The formation of b-sheets in peptide strands is an important part
of protein folding and is of general interest with respect to
peptide recognition. Models showing typical b-sheet patterns
have until now invariably been formed between covalently
bound peptide strands with intramolecular hydrogen bonds. For
the construction of b-sheet patterns Feigel et al. used amino acid
fragments within macrocycles,1 whereas in the models of Kemp
et al.,2 Kelly et al.,3 Nowick et al.,4 Gellman et al.5 and Ogawa
et al.,6 special scaffolds between peptide chains secure a
possible intramolecular binding in such hairpin-type structures.
In line with our earlier analyses of energetic contributions of
hydrogen bonds in such amide-type structures7 we wanted to
measure association constants between separate peptide
strands; at the same time we were looking for biomimetic
receptors which could distinguish enantiomers on the basis of
hydrogen bonds between peptide strands.

Computer aided molecular modelling suggested two peptide
strands coupled via the para positions to a diphenyl ether spacer
(or diphenylamine, or diphenylmethane) as suitable host. Such
an entity could bind a single strand peptide in the fashion of an
antiparallel b-sheet, e.g. with two hydrogen bonds per amino
acid at each side of the guest molecule (see Fig. 1). In order to
avoid steric interference with the spacer the N-terminus of the
guest peptide had to bear a formyl group, whereas the C-
terminus can in principle take up any amine (or amino acid
sequence ). The semi-open structure makes this type of receptor
a promising starting point for the building-up of longer b-
sheets.

As in most other studies8 relying on hydrogen bonds for
complex formation, both host and guest compounds had to be

soluble in hydrophobic media such as CHCl3. We tried to
achieve this first by introduction of long alkyl chains at the end
of the peptide strands. The corresponding derivatives (e.g. with
R = C15H31), however, turned out to be sparingly soluble in
CDCl3. Only introduction of the more bulky and spherical
adamantyl groups avoid lattice stabilization in the solid state via
parallel aligned n-alkane chains, and provided materials soluble
in CHCl3. Scheme 1 shows the synthesis of the host and guest
derivatives; the cleft compound 1 was obtained in 10% overall
yield, with [a]D

25 = 267.3 (c 0.2 M in EtOH) and only one set
of 1H and 13C NMR signals at 400 and 100 MHz, respectively,
indicating the absence of racemization. The enantiomers D-2
and L-2, synthesized from commercially available amino acids,
show [a]D

25 values of 214.7 and +15.2, respectively (c 0.2 M in
EtOH).

Fig. 2 shows titration curves with host 1 and the enantiomeric
guest compounds D-2 and L-2. Whereas the complex with the L-
isomer is strong enough to be evaluated via non-linear least-
squares fitting of the N–H NMR shift change, the complexation
constant for the D-isomer can only be obtained from theFig. 1 Antiparallel b-sheet structure of host 1 and guest 2.

Scheme 1 Reagents and conditions: i, HCO2H, Ac2O, 278 K; ii, PCl5; iii,
NH3; iv, BH3·THF; v, DCC, room temp.; vi, SOCl2; vii, aq, NH3; viii,
BH3·THF; ix, MeOH, HCl; x, carbonyldiimidazole; xi, NaOH; xii, HCl;
xiii, carbonyldiimidazole.
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observed two N–H shifts of host compound 1 in comparison to
the CIS value of 1.8 ppm which is expected for a 100% complex
formation. The corresponding CIS for the L-enantiomer com-
plex calculated from the least-squares fit is close to the N–H
shielding effects observed in related amide-type associations,7b

in line with the structure proposed in Fig. 1. The expected
downfield shifts of the CH(a) protons could not be evaluated
due to small shift changes and/or overlapping with other signals
during the titration. Control experiments with related peptide
derivatives, also bearing adamantyl groups for solubility reason,
showed no self-association in CHCl3; this supports the
suggestion that an effective recognition requires hydrogen
bonds from two sides of the guest as depictet in Fig. 1.

The total binding free energy DG (Table 1) for the ‘best’
isomer L-2 (11 kJ mol21) is relatively small in comparison with
values observed with related systems, which for CHCl3 as

solvent predict up to 5 kJ mol21 per hydrogen bond.7 The reason
for the relatively weak binding might be due to some geometric
mismatch, but must be seen primarily as a consequence of
unfavourable secondary interactions between donor and ac-
ceptor groups. These have been elucidated by Jorgensen et al.,9
and were found to be as large as e.g. 2.8 kJ mol21 by systematic
analysis of many amide-type associations in CHCl3.7b

The degree of chiral discrimination (DDG ≈ 7 kJ mol21)
compares favourably with the few enantioselective peptide
receptors hitherto available.8a,10 Molecular mechanics calcula-
tions (gas phase, e = 3) using CHARMm11 shed light on the
origin of the observed stereoselectivity: only with the L-isomer
does one obtain after energy minimization a structure with the
four hydrogen bonds, as depicted in Fig. 3. Minimizations with
the D-isomer invariably lead to structures without hydrogen
bonds: Unfavourable interactions of the guest (D-2) and host
benzyl groups lead to deformation of the backbone, preventing
the formation of hydrogen bonds. As is often the case, the
observed stereoselectivity of association is a consequence of
repulsion between groups which are not involved in the
formation of non-covalent bonds, and which are remote from
the actual binding sites.
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Fig. 2 Titration curves of host 1 with guests (-) L-2 and (!) D-2 in CDCl3
at 298 K. The line represents the best fit.

Fig. 3 Quanta/CHARMm minimized structures of the complex of host 1 and
guest L-2. Hydrogen bonds are marked as dashed bonds.

Table 1 NMR titration results of host 1 and guests D-2 and L-2 in CDCl3 at
298 K (The data represent the mean values of two observed N–H signals)

Complex K/M21 DG/kJ mol21 CIS (ppm)

1·L-2 80 ± 6% 210.8 1.79
1·D-2 D 5 ± 10% 24.1 (1.79)
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Conducting poly(3,4-ethylenedioxythiophene)/poly(styrene-
4-sulfonate) composites containing Pt catalyst nanoparticles
produce currents as high as 0.4 A cm22 at 0.5 V vs. NHE for
oxygen reduction in gas diffusion electrodes.

Composites consisting of a conducting polymer and a polyanion
could be the ideal catalyst supports for proton exchange
membrane fuel cells (PEMFC) because they possess both high
electronic and proton conductivities as well as being permeable
to gases and water. We have reported the chemical deposition of
Pt and platinum oxide nanoparticles on a polypyrrole/poly(sty-
rene-4-sulfonate) (PSS) composite, and demonstrated oxygen
reduction performances superior to those previously obtained
with conducting polymer supported catalysts.1,2 However, one
of the biggest challenges we faced was that the electronic
conductivity of the polypyrrole was seriously degraded by the
deposition of the catalyst particles under both reducing
(formaldehyde, hydrogen, or citrate) and oxidizing conditions
(H2O2).1 We found that polyaniline also suffered irreversible
conductivity losses when catalysed under similar conditions,
and so we turned our attention to poly(3,4-ethylenediox-
ythiophene) (PEDOT) which is reported to be more stable than
polypyrrole under oxidizing conditions3 and at elevated tem-
peratures.4 Preliminary results on the chemical synthesis of
PEDOT/PSS particles and their use as a catalyst support are
reported here. PSS was used as the counter anion during
synthesis so that the resulting polymer composite would be a
cation (proton) conductor.5

Since the EDOT monomer has a low solubility in water (2.1
g l21 at 20 °C) and NaPSS is not soluble in suitable organic
solvents, polymerization from solution can only be done under
dilute conditions. This is known to lead to conducting polymers
with inferior conductivities6 and this was confirmed in our
preliminary experiments. A better approach was to polymerize
EDOT from a suspension in NaPSS(aq). In a typical procedure,
0.8 ml of EDOT (7.5 mmol; Bayer) was added to 15 ml of 0.1
m NaPSS (1.5 mmol; Aldrich), and the mixture was stirred
vigorously for 30 min. EDOT dispersed much better in 0.1 m
NaPSS than in pure water, and this is a key factor in the
formation of highly conducting PEDOT/PSS. Upon addition of
15.3 g Fe(NO3)3·9H2O (38 mmol) in 5 ml of water, EDOT
polymerized immediately leading to a dark blue mixture. A
deep blue powder was collected by filtration after 2 h and dried
overnight at 50 °C under vaccum. The electronic conductivity of
this composite measured with a four-point probe assembly
described elsewhere7 was 9.9 S cm21. For comparison, the
conductivity of carbon black (Vulcan XC-72R) measured
similarly was 3.0 S cm21. After 11 months storage in air, the
conductivity of the PEDOT/PSS sample had dropped to 2.2
S cm21.

Pt deposition (20% by mass) on this PEDOT/PSS composite
was then performed in the following way. 0.2010 g PEDOT/
PSS and 0.1330 g H2PtCl6·xH2O were stirred in 50 ml of
aqueous formaldehyde (18%) for 1 h at room temperature. The
mixture was then heated to reflux for 1 h, followed by filtration
and vacuum drying. A 95% yield of Pt/PEDOT/PSS was
obtained. Transmission electron microscopy and X-ray diffrac-
tion revealed that this deposition method produces Pt particles
on the polymer composite with an average diameter of ca. 4
nm.

The electronic conductivity of the catalyzed material was 4.0
S cm21 (Vulcan XC-72R catalyzed with 20% Pt (Elec-
trosynthesis) gave a conductivity of 3.3 S cm21 under the same
conditions). Thus PEDOT/PSS is relatively stable to the
reducing conditions (formaldehyde) required for Pt decompo-
sition. This is in dramatic contrast to other conducting polymers
such as polypyrrole and polyaniline whose conductivities
decreased by 3–4 orders of magnitude when refluxed in
formaldehyde for 15 min.

After 11 months storage in air, the conductivity of the Pt
catalysed PEDOT/PSS sample had dropped to 5 mS cm21.
Other Pt/PEDOT/PSS samples were found to be stable over
extended periods when stored in methanol, suggesting that the
instability in air is due to overoxidation8 by O2 which is
activated by the Pt particles. This instability must clearly be
overcome before conducting polymer supported catalysts can
be considered as viable materials for commercial applications.

Since it has been reported that PEDOT has good stability
under oxidizing conditions, we attempted to deposit platinum
oxide on PEDOT/PSS via the oxidation of Na6Pt(SO3)4 by
0.35% H2O2.9 However, we found that the polymer composite
was destroyed by the H2O2, and only a ca. 3% yield of a poorly
conducting material was obtained.

A number of Pt catalysed (formaldehyde reduction of
H2PtCl6) polymer composites were tested for oxygen reduction
in a cell2,7 designed to approximate the conditions in an ambient
temperature PEMFC. For comparison, a commercial catalyst
(Electrosynthesis; 20% Pt on Vulcan XC-72R carbon black)
was tested in the same way. Polarization curves for the catalysed
polymers and Pt on XC-72R are shown in Fig. 1. The best Pt/
PEDOT/PSS electrode achieved a current density of 0.47 Å
cm22 at 0.45 V (vs. NHE), which is much better than any
previously reported conducting polymer supported system.2
This electrode gave comparable performance to one with the
commercial carbon supported catalyst although a higher Pt

Fig. 1 Polarization curves for oxygen reduction in gas diffusion electrodes
at ambient temperature (ca. 25 °C). The catalyst was mixed with a PTFE
binder and sandwiched between carbon fibre paper exposed to O2 (1 atm)
and a Nafion membrane in contact with 1 m H2SO4(aq) containing a
reference and counter electrode. (-) Commercial 20% Pt on carbon (0.31
mg Pt cm22), (8) 37% Pt on PEDOT/PSS prepared at high dilution (0.89
mg Pt cm22), (2) 19% Pt on PEDOT/PSS prepared at high dilution (0.29
mg Pt cm22), (/) 20% Pt on emulsion polymerized PEDOT/PSS (0.40 mg
Pt cm22). Data collected after 2 s at each potential.
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loading was required (there was no significant dependence on Pt
loading for the commercial catalyst for loadings from 0.2 to 1.0
mg cm21). Surprisingly, the catalysts prepared with PEDOT/
PSS synthesized under dilute conditions performed signifi-
cantly better than that prepared with the PEDOT/PSS synthe-
sized from an EDOT suspension, despite their lower electronic
conductivities (ca. 0.3 S cm21). The active Pt areas and proton
conductivities of the two catalysts were similar, suggesting that
the different performances are due to different oxygen per-
meabilities. The factors that determine the activities of Pt/
PEDOT/PSS catalysts are under current investigation and will
be discussed in detail elsewhere.

The results presented here show that high performance fuel
cell catalysts can be prepared with conducting polymer
supports. Further optimization can be expected to lead to
catalysts that are competitive with the current state of the art in
PEMFC catalysts. However, a significant problem that must be
overcome is the long term stability of the conducting polymer
support in the presence of oxygen and catalytic Pt particles.

This work was supported by the Natural Sciences and
Engineering Research Council of Canada and Memorial
University. We would also like to thank Mark Lefebvre for
making the long term conductivity measurements.
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Natural abundance deuterium auto-correlation 2D NMR
experiments of enantiomers orientated in a chiral polypep-
tide liquid crystalline solvent (PBLG) are used as a novel
analytical tool for the study of chiral solutes.

Enantiomeric analysis via NMR spectroscopy is a real challenge
for organic chemists.1–3 In a recent study we have shown the
feasibility of visualisation of chiral molecules orientated in the
poly(g-benzyl L-glutamate) (PBLG) liquid crystalline system
using proton-decoupled natural abundance deuterium NMR
spectroscopy.4 The proton-decoupled deuterium (2H-{1H})
NMR spectrum of an oriented molecule containing a single
deuterium nucleus (I = 1) consists of a quadrupolar doublet
separated by DnQ = 3/2(e2qQ/h)SC–D, where (e2qQ/h) is the
quadrupole coupling constant and SC–D is the order parameter
along the C–D bond.2,4,5 In a chiral medium the enantiomeric
discrimination is observed via the measurement of the quad-
rupolar splitting differences (DnQ

R 2 DnQ
S) and we have

shown that the sensitivity of natural abundance deuterium NMR
is sufficient to measure the ‘Differential Ordering Effects’
(DOE) without isotopic enrichment.4

In natural abundance deuterium NMR spectroscopy the
spectral analysis in an anisotropic medium is simplified due to
the absence of residual dipolar couplings between two rare
atoms. However, since all deuterons of the chiral solute are
simultaneously probed, the spectrum may appear extremely
complex for large molecules, due to the excessive overlapping
of peaks. In order to illustrate this, the natural abundance 2H-
{1H} NMR spectrum of (±)-but-3-en-2-ol dissolved in the
PBLG–CHCl3 phase at 301 K is shown in Fig. 1(a).‡ The
spectrum was recorded at 38.4 MHz using a Bruker AM 250
spectrometer equipped with a 5 mm diameter inverse broadband
probe in the unlocked mode.§

In the racemic mixture of but-3-en-2-ol, twelve different
chiral isotopomers exist. Consequently, a maximum of 24 peaks
(12 doublets), disregarding the solvent doublet, are expected in
the natural abundance 2H spectrum, assuming that all deuteron
sites are discriminated in a chiral medium. In the experimental
1D spectrum 14 lines of various intensities are clearly observed
[Fig. 1(a)]. A first analysis of the spectrum based on the
chemical shifts allowed us to attribute some of the signals, such
as the two quadrupolar doublets for the methyl group (d 1.19)
[Fig. 1(a),(b)] and the doublet of solvent, which is used as
internal reference (d 7.30) [Fig. 1(a),(g)]. But we were enable to
assign easily the other signals visible in the spectrum. When the
assignment problem becomes acute, the use of 2D auto-
correlation deuterium NMR experiments is needed in order to
attribute the two components of each quadrupolar doublet. A
method for the assignment of quadrupolar doublets in perdeut-
erated liquid crystal molecules was developed many years ago
by Emsley and Turner using the pulse sequence p/2 2 t1/2 2 p/
2 2 t1/2 2 acq.(t2).6 However, the analysis of the 2D spectrum
is only possible when the deuterons are dipolar coupled, which
is not the case in natural abundance 2H-{1H} NMR. In order to
resolve specifically the analysis of overcrowded natural abun-
dance deuterium spectra, we propose applying a new 2D pulse
sequence developed using the product-operator formalism for

spin I = 1 nuclei. The basic idea of this sequence is to maximise
the intensity of cross peaks which auto-correlate the compo-
nents of each quadrupolar doublet in the 2D contour plot. This
2D experiment is then complemented by a composite pulse
decoupling using the WALTZ-16 sequence to remove the
proton–deuterium scalar and dipolar couplings.

The sequence proposed is derived from a COSY experiment
in which a p read pulse must be used to transfer coherences in
the proper way. In this experiment the diagonal peaks cancel out
and only the ‘N-type’ cross peaks7 are observed in the 2D
spectrum with a single scan. Disregarding all relaxation terms
and phase factors, the expression of the signal during the
acquisition period (t2) is given by eqn. (1).

S(t1,t2) = e[2i(w + pDvQ)t1].e[i(w 2 pDvQ)t2]
+ e[2i(w 2 pDvQ)t1].e[i(w + pDvQ)t2] (1)

Fig. 1 (a) Natural abundance 2H-{1H} NMR spectrum of (±)-but-3-en-2-ol.
(b)–(g) Fitted subspectra of all deuterated isotopomers in the mixture: (b)
CDH2, (c) Da, (d) Dt, (e) Dc, (f) Dg and (g) CDCl3. The signals of the
hydroxy group (*)  could not be clearly separated from noise and were not
fitted.
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The pulse scheme and the phase cycling of the sequence
denoted ‘Quadrupole-COSY’ (Q-COSY) are shown in Fig. 2
and Table 1, respectively. The phase cycling is identical to that
used in a classical COSY experiment. As the pulse sequence
basically produces a ‘pseudo-quadrature’ in the F1 dimension,
the 2D spectrum should be displayed in the magnitude mode to
avoid the so-called ‘phase-twist’ lineshape.7 The analysis of the
Q-COSY sequence using the product operator-formalism shows
that during the t2 period only single quantum coherences are
different from zero. Thus, this sequence is more sensitive, by a
factor of 2, than the sequence of Emsley and Turner.6 In other
words it means that the Q-COSY sequence drives to maximum
sensitivity, which is a major advantage for the observation of
molecules via natural abundance deuterium NMR spectros-
copy.

In order to explore the potentialities of the sequence, the
natural abundance 2H Q-COSY 2D spectrum of (±)-but-3-en-
2-ol dissolved in the PBLG–CHCl3 phase at 301 K was
recorded (Fig. 3). The 2D spectrum was obtained using a
spectral digitisation of 256 (t1) 3 1024 (t2) data points, 848
transients per FID were added, leading to a total number of
217088 scans and a total experiment time of around 53 h.¶

As expected, the observation of the cross peaks in the 2D
surface enable us to separate all sets of quadrupolar doublets.
The comparison with the 1D spectrum recorded under the same
conditions then allows us to attribute unambiguously each
doublet. Thus, from the 2D contour plot, we can clearly deduce
that the peak located at d 9.05 on the 1D spectrum is fortuitously
made of three different lines corresponding to three different
isotopomers. The same situation arises for the NMR line at
d 1.95. These two examples illustrate the usefulness of 2D auto-
correlation experiments in enantiomeric analysis via natural
abundance 2H-{1H} NMR.

From the spectral analysis of the 2D spectrum all the clearly
observable quadrupolar doublets in the 1D spectrum could be
independently fitted for each isotopomer of mixture as pre-
sented in Fig. 1(b)–(g). The analysis shows that only three out
of the six possible couples of chiral isotopomers are discrimi-
nated, i.e. the methyl group, the chiral centre (Da) and trans-
position (Dt) in the vinyl group. In addition, because the C–D
bonds for the cis- and gem-deuterons (Dc and Dg) in the vinyl
group are more or less parallel, they show a very similar
orientation relative to the magnetic field and they must then
exhibit the same behaviour relative to the chiral discrimination.
In our case the quadrupolar splitting difference between the cis-
and gem-positions is < 3%, and both are not discriminated, thus
confirming our spectral assignment.

In conclusion we have demonstrated that natural abundance
deuterium 2D auto-correlation experiments with routine mag-
netic field strengths (5.87 T) and standard NMR instrumenta-

tion are feasible and provide crucial information for enantio-
meric analysis in chiral liquid crystals. The total experimental
time needed to obtain a reasonable signal-to-noise ratio for each
deuterium signal on a 250 MHz spectrometer may appear as an
important limitation of this technique. However the use of
higher magnetic fields will greatly reduce the experimental
time.4 Thus, operating on a 400 MHz spectrometer, only ca. 15
h would be needed to reach the same signal-to-noise ratio for
(±)-but-3-en-2-ol. Finally, we note that natural abundance
deuterium 2D experiments have sensitivities comparable with
those of the carbon-13 2D INADEQUATE experiments which
are commonly used.7 Additional studies of the scope of the Q-
COSY sequence (sensitivity, resolution improvement and phase
sensitive mode) are currently underway. The sequence reported
in this study belongs to a new class of 2D auto-correlation
experiments for the NMR analysis of spins I = 1 in oriented
media that we denote ‘QUadrupole Ordered SpectroscopY’
(QUOSY). Other 2D auto-correlation experiments are currently
under development to assess their analytical potential in natural
abundance deuterium NMR spectroscopy.
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in both dimensions (LB1 = 24 Hz, GB1 = 20% and LB2 = 23 Hz, GB2

= 15%) and a symmetrisation procedure were applied.
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3 A. Meddour, P. Berdagué, A. Hedli, J. Courtieu and P. Lesot, J. Am.

Chem. Soc., 1997, 119, 4502.
4 P. Lesot, D. Merlet, A. Loewenstein and J. Courtieu, Tetrahedron:

Asymmetry, 1998, 9, 1871.
5 J. W. Emsley and J. C. Lindon, NMR Spectroscopy Using Liquid Crystal

Solvents, Pergamon, Oxford, 1975.
6 J. W. Emsley and D. L. Turner, Chem. Phys. Lett., 1981, 82, 447.
7 R. R. Ernst, G. Bodenhausen and A. Wokaun, Principles of Nuclear

Magnetic Resonance in One and Two Dimensions, Clarendon, Oxford,
1987.
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Fig. 2 Schematic diagram of the 2D Q-COSY pulse sequence.

Table 1 Phase cyclinga of the Q-COSY sequence

f1 f2 f3

x x x
x y 2x
x 2x x
x 2y 2x

a The total phase cycling (16 steps) is obtained by applying the CYCLOPS
procedure.

Fig. 3 2D Contour plot of proton-decoupled natural abundance deuterium
Q-COSY experiment obtained for (±)-but-3-en-2-ol.
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[Ru(H2O)6]2+ + H2 [Ru(H2O)5(H2)]2+(1)
Keq ≈ 4 kg mol –1

Formation and in situ characterization of the first dihydrogen aqua complex:
[Ru(H2O)5(H2)]2+
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The product of the reaction between [Ru(H2O)6]2+ and
pressurized H2 in water is [Ru(H2O)5(H2)]2+ whose nature
was unambiguously demonstrated by 1H and 17O NMR and
which is the first characterized dihydrogen aqua complex.

[Ru(H2O)6]2+ 1 is an ideal starting material for the preparation
of a great variety of new Ru(ii) aqua complexes. For example,
the easy reaction of 1 with dissolved gases (CO,1 N2

2 and
C2H4

3) to form the corresponding [Ru(H2O)5L]2+ complex is of
particular interest for its simplicity and its cleanliness. More
interestingly, the dimerization of ethylene catalyzed by 1 in
water and under very soft conditions was described.3 The
products of the reaction were identified as different butene
isomers, but no indication about the mechanism was given. The
existence of a hydride complex may be an intermediate in the
reaction pathway. However, no ruthenium(ii) aquacomplex
containing either a hydride or a dihydrogen ligand has ever been
described.

Morris et al. proposed a way to predict the stability of a H2
complex.4 If a N2 complex exhibits a stretching frequency, nNN,
in the range 2060–2150 cm21, the corresponding H2 complex
will be stable vs. thermally unstable complexes for n > 2150
cm21 and hydrides for n < 2060 cm21. In the case of
[Ru(H2O)5(N2)]2+, a nNN of 2156 cm21 was reported for the
solid compound (Nujol mull), and of 2141 cm21 in aqueous
solution.2 These values indicate thus that a dihydrogen complex
of limited stability could be prepared but not the hydride
complex.

To a 0.1 mol kg21 aqueous solution of [Ru(H2O)6]2+,
prepared in a home-made 10 mm sapphire tube,5 we applied 4.0
MPa of dihydrogen pressure.† The appearance of only one new
peak at 27.68 ppm (beside the peaks of the starting materials)
was detected in the 1H NMR spectra. After 1.5 h, Ru(0) started
to deposit on the wall of the tube, probably due to the reduction
of the metal by dihydrogen. A new solution was prepared
containing [Ru(H2O)6]2+ (0.110 mol kg21), toluene-p-sulfonic
acid (Htos, 0.130 mol kg21) in 99.95 % D2O. Subsequently, 3.9
MPa of dihydrogen was applied. After 20 min, beside the
signals of the solvent and of the tosylate anion, two singlets at
27.65 and at 4.62 ppm (bound and free dihydrogen) could be
observed in the 1H NMR spectrum. The solution was kept under
H2 pressure for 19 h and shaken from time to time. Then, two
1 : 1 : 1 triplets could be observed [Fig. 1(a)] in addition to the
previously mentioned singlets. The first triplet at 4.59 ppm
exhibits a coupling constant, 1JHD, of 42.8 Hz and is typical of
free HD dissolved in bulk water. The second triplet at 27.68
ppm exhibits a 1JHD value of 31.2 Hz and an isotopic shift, dHH
2 dHD, of +0.023 ppm compared to the signal of bound H–H.
The chemical shift as well as the coupling constant of this latter
signal are characteristic of a dihydrogen ligand bound to a metal
center.6 No reduction was observed after keeping the solution
for three days under H2 pressure, showing the increased stability
of the complex in more acidic medium.

The simplest conceivable dihydrogen complex has the
formula [Ru(H2O)5(H2)]2+. To verify the formation of such a
complex, a new solution was prepared containing [Ru(H2O)6]2+

(0.0994 mol kg21) and Htos (0.562 mol kg21) in 10%

oxygen217 enriched water.‡ Then, 54.0 MPa of dihydrogen
pressure was applied to this solution at 297.0 K in a home made
high gas-pressure NMR microreactor which assured a constant
mixing between the solution and the gas.7 After 35 min, a
singlet at 27.54 ppm was the only new peak in the 1H NMR
spectrum. Simultaneously, the 17O NMR spectrum revealed the
appearance of two new peaks at 280.4 and 2177.4 ppm beside
the signal of bulk water (at 0 ppm) concomitant to the decrease
of the Ru(ii) hexaqua complex signal at 2191.0 ppm [Fig. 1(b)].
The ratio of the integral of the two new peaks is 4.1, with is in
very good agreement with the theoretical value of 4 expected for
a complex of the formula [Ru(H2Oax)(H2Oeq)4(H2)]2+. The
formation reaction of the dihydrogen complex is summarized in
eqn. (1), where an estimated value of the equilibrium constant,
calculated from the integrals of the 17O NMR signal, is also
given.

An empirical equation has been proposed to calculate the H–
D bond distance (in Å) from the 1JHD coupling constant [in Hz,
eqn. (2)].8 With a 1JHD value of 31.2 Hz (vide supra), we can

dH–D  20.0167 JHD + 1.42 (2)

calculate a H–H bond length of 0.899 Å, only slightly longer
than the experimental bond length of free dihydrogen (0.740 Å).
This indicates little electron back donation from the metal to the
s* antibonding orbital of the dihydrogen ligand. The main
contribution to the Ru–H2 bond is thus probably an electron
donation from the s orbital of H2 to the metal. This should cause

Fig. 1 (a) 400 MHz 1H NMR spectrum, recorded at 298.4 K, of a solution
containing initially [Ru(H2O)6]2+ (0.110 mol kg21), toluene-p-sulfonic acid
(0.130 mol kg21) in 99.95 % D2O and kept for 19 h at ambient temperature
and under 3.9 MPa of dihydrogen pressure in a 10 mm sapphire tube; (b) 54
MHz 17O NMR spectrum, recorded at 297.0 K, of a solution containing
initially [Ru(H2O)6]2+ (0.099 mol kg21) and toluene-p-sulfonic acid (0.562
mol kg21) in 10% H2

17O and kept for 40 min under 54.0 MPa of dihydrogen
pressure at 297.0 K.
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[Ru(H2O)5(H2)]2+ {Ru(H2O)5(H)+}
(intermediate)

[Ru(H2O)5(HD)]2+
– H+

+ H+

+ D+

– D+
(3)

an electron depletion of the H–H bond and thus gives an acidic
character to the dihydrogen ligand. This may explain the
enhanced stability of the dihydrogen complex with the decrease
of the pH, possibly by displacing an equilibrium between
dihydrogen–hydride complexes [eqn. (3)]. The increase of the

acidic character of h2-coordinated H2 is in accord with the
formation of both bound and free HD molecules observed in the
1H NMR spectra, resulting from an activation of the H–H bound
by the metal center.

The longitudinal relaxation time of the 1H NMR signal of
bound dihydrogen was also determined at different tem-
peratures by inversion–recovery experiments.§ The T1 values
decreased as a function of the temperature, yet the minimum of
the T1 values was not reached. Nevertheless, all the measured
values, < 100 ms, confirm the dihydrogen nature of the ligand.
It was shown that dihydrogen ligand has T1 values < 100 ms but
for hydride ligand the value is usually > 350 ms.6

The [Ru(H2O)5(H2)]2+ complex is the first example of an h2-
dihydrogen complex containing only water as other ligand in
the first coordination sphere. There is thus no p-acid ligands to
discharge the ruthenium center from some of its electronic
density. This situation is similar to the previously reported
[Os(NH3)5(H2)]2+,9 and [Os(NH3)4(H2O)(H2)]2+,10 complexes
where, similarly, no p-acid ligands are present in the first shell.
However, for these two latter examples, very long relaxation
times determined at 20 °C and 400 MHz (T1 = 345 and 346 ms,
respectively) and very small coupling constants (1JHD = 15.2
and 8.1 Hz, respectively) were reported, indicating long H–H
distances. This is due to electron back2donation from the
osmium center to the s* orbital of H2 causing the elongation of
the H–H bond. A similar trend was reported for the complex
[Os(en)2(H2)H2O]2+ , where a dissociative mechanism for the
substitution of the water molecule was assigned, with a
stabilization of the penta2coordinate intermediate by re-
arrangement to the dihydride of Os(iv) complex,
[Os(en)2(H)2]2+.11 In [Ru(H2O)5(H2)]2+, the situation is com-
pletely different as short relaxation times and large coupling
constants were determined. This indicates little p-back-dona-
tion to the s* orbital of H2. This is a surprising result, as it is
well known that Ru(ii) aqua complexes bind strongly to p2acid
ligands with efficient back-donation from the metal to the
ligand which stabilizes the metal center towards oxidation.12 A
similar behavior was reported for [Ru(H2O)5(N2)]2+ where it
was shown using density functional calculation results that there
was no p back-bonding from Ru to N2, resulting in a weak Ru–
N2 binding energy.12

We report here the characterization of the first dihydrogen
aquacomplex containing water as the only other ligand. The
dihydrogen nature of the ligand was demonstrated by the value
of the 1H NMR chemical shift of the bound H2 signal, by the

longitudinal relaxation time, T1, of this signal and by the
characteristic 1JHD value of the coordinated H–D ligand.
Moreover, the [Ru(H2Oax)(H2Oeq)4(H2)]2+ structure of the
complex was demonstrated by 17O NMR. The activation of the
H–H bond was also demonstrated by the appearance in D2O of
the 1H NMR signals of coordinated and free HD molecules.
These observations may be of primary importance in under-
standing the catalytic activity of [Ru(H2O)6]2+ in the ring
opening metathesis polymerisation reaction or in the dimerisa-
tion of ethylene. It may also open a new perspective in
designing new H2 activators with very simple chemical
structure and efficient catalytic activity in water.

Notes and references
† All the solutions were prepared in a glove box, the solvent was previously
degassed using a 20 min argon stream before use and all the observations
were carried out under inert atmosphere. For the 1H NMR spectra, the
methyl of the toluene-p-sulfonic anion signal was taken as a reference at
2.38 ppm.
‡ The solution was kept for half an hour in the glove box to enrich the Ru(ii)
aquacomplex and reach the isotopic equilibrium. Under these conditions,
the half life of the water exchange < 1 min (k ex

H2O = 0.018 s21 at 298
K).13

§ The variation as a function of the temperature of the longitudinal
relaxation time, T1, of the signal of H2 bound in [Ru(H2O)5(H2)]2+ were
determined on a 400 MHz NMR spectrometer for a solution containing
initially [Ru(H2O)6]2+ (0.101 mol kg21), toluene-p-sulfonic acid (0.598
mol kg21) and under 5.0 MPa of dihydrogen pressure. The following values
were obtained: T1 (400 MHz) = 55.7 ms (at 296.4 K), 67.1 ms (305.9) and
99.7 ms (321.7).
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An analysis of a thermodynamic cycle for the formation of
ligand-bound dimers gives a simple illustration as to how a
cooperative binding energy (DG°coop) can be expressed over
a range of interfaces, rather than at just one of the interfaces
within the array.

The phenomenon of cooperativity has been shown to be
important in a variety of molecular recognition processes
throughout Nature.1 In such systems, cooperative enhancements
to binding are important in conferring relatively large Gibbs
free energies of association and also high specificities on
binding processes. Different mechanisms for the operation of
cooperative binding exist, including conformational changes in
the receptors involved, or more subtle structure tightening
which may occur without a significant change in receptor
conformation.2–7 This paper gives a simple illustration as to
how cooperativity occurring without a significant conforma-
tional change can potentially result in large Gibbs free energies
of binding and how binding to one part of a receptor can result
in the strengthening of binding at other interfaces within that
receptor.

In previous work, we have shown that the dimerisation of
vancomycin group of antibiotics is cooperative with the binding
of ligands (peptides terminating in the sequence –Lys-d-Ala-d-
Ala).8 That is, dimerisation constants are typically greater in the
presence of cell wall precursor analogues than in their absence,
and ligand binding constants to antibiotic dimers are greater
than those to monomers. As a result, dimerisation, with the
resultant formation of a tetrameric cooperative array (two
ligands binding to an antibiotic dimer), is beneficial to
antibacterial activity.8,9

Recently, we have identified correlations between the
chemical shifts of particular antibiotic protons and the Gibbs
free energies of ligand binding (DG°lig) and dimerisation
(DG°dim).10–12 In both cases, the parameters under considera-
tion (chemical shift) were determined under limiting conditions,
i.e. antibiotic fully bound by ligand or antibiotic fully dimerised.
We have used these monitored proton resonances as micro-
scopic probes of the local tightness of the ligand binding and
dimerisation interfaces; when the association constant is large,
the resonance related to that interface shows a greater chemical
shift change relative to the unassociated state.11 Using these
microscopic probes, we have been able to analyse the interfacial
origins of the cooperative binding energy expressed upon
formation of a ligand-bound dimer for a number of vancomycin
group antibiotics.12 We describe here a new analysis of this
extended cooperative array, based on a thermodynamic cycle,
from which it is possible to illustrate in a simple way useful
conclusions regarding the expression of cooperative binding
energy.

The enhancements to dimerisation and ligand binding
resulting from cooperativity can be represented in a thermody-
namic cycle showing the formation of a fully ligand-bound
dimer from the constituent elements of two antibiotic monomers
and two ligand molecules (Fig. 1).8 There are four binding
events occurring in this cycle. The left-hand half of Fig. 1 shows
the formation of a fully ligand-bound dimer through the
formation of a ligand-free antibiotic dimer followed by the

binding of two ligand molecules to that dimer (A ? B ? D/E).
The right-hand half of Fig. 1 shows the formation of the same
fully ligand-bound dimer, but through the formation of two
ligand-bound antibiotic monomers followed by dimerisation of
these two monomers (A ? C ? D/E). Two possible scenarios
(D and E) are considered for the formation of the fully ligand-
bound dimer. D is the hypothetical situation where there is no
cooperativity between dimerisation and ligand binding. In this
case, there are no net influences on ligand binding due to
dimerisation, and vice versa, i.e. no net influences on dimerisa-
tion due to ligand binding. E is the situation for the majority of
vancomycin group members where dimerisation and ligand
binding are cooperative processes, and the resultant Gibbs free
energy benefit due to cooperativity is defined as DG°coop. We
can use this thermodynamic cycle to illustrate the means by
which a measured cooperative binding energy can, in theory, be
expressed at any of the interfaces within an extended array.

In Fig. 1, the local tightness of the respective ligand binding
and dimerisation interfaces (as evidenced from NMR data11,12)
is represented schematically simply by greater distances
between associating entities when the association at that
interface is looser. The experimental data show that locally
looser interfaces correlate with smaller Kdim and Klig (i.e. less
negative DG°dim and DG°lig) values.11,12 If there is no
cooperativity between ligand binding and dimerisation (D),
then the dimerisation and ligand binding interfaces are antici-

Fig. 1 Schematic thermodynamic cycle showing the formation of a fully
ligand-bound antibiotic dimer from the constituent elements of two ligand
molecules and two antibiotic monomers (A) via either a ligand-free
antibiotic dimer (B) or two ligand-bound antibiotic monomers (C). The
ligand-bound dimer at (D), is formed with no cooperativity between
dimerisation and ligand binding. The ligand-bound dimers at (E) are formed
with a cooperative Gibbs free energy (DG°coop) between dimerisation and
ligand binding. For the two ligand binding events (A? C and B? D/E),
the Gibbs free energies of binding are multiplied by 2 since each event
involves the binding of two ligand molecules. See text for further
analysis.

Chem. Commun., 1998, 2305–2306 2305



pated to be unchanged from those in B and C, respectively. If
dimerisation and ligand binding are cooperative (E), however,
then the cooperative binding energy (DG°coop) can, in theory, be
expressed by tighter binding at either of the two interfaces, i.e.
at the dimerisation interface and/or at the ligand binding
interface.

There are two extreme states to consider for the expression of
the cooperative binding energy, DG°coop. In E(a), DG°coop is
expressed solely at the dimerisation interface and the tightness
of the ligand binding interface remains the same as that in C. In
E(b), DG°coop is expressed solely at the ligand binding interface
and the tightness of the dimerisation interface remains the same
as that in B. In practice, ligand-bound dimers are likely to
express cooperative binding energy across both ligand binding
and dimerisation interfaces as shown in E(c). However, if we
consider one of the extreme cases, e.g. E(a), where all the
cooperative binding energy is expressed at the dimerisation
interface, then DG°coop can still potentially be determined via
measurement of either of two quantities: the ligand binding
constant to dimer (B ? E), or the dimerisation constant of
ligand-bound antibiotic (C ? E). For both measurements,
DG°coop is the same (D ? E) and can be calculated from the
increase in DG°dimL over DG°dim, or from the increase in
2DG°ligD over 2DG°lig. It is clear from this that in E(a),
although DG°coop is being expressed solely at the dimerisation
interface and there is no increase in the tightness of the ligand
binding interface, 2DG°ligD will show the same cooperative
enhancement over 2DG°lig as will DG°dimL over DG°dim. The
same situation will exist even if DG°coop is expressed solely at
the ligand binding interface [E(b)]. In this case, although there
will be no tightening of the dimer interface, DG°dimL will still
show an enhancement of DG°coop over DG°dim. Thus, when
DG°coop is actually measured, e.g. by an increase in DG°dimL
over DG°dim, it is not possible to say, without further analysis of
the complexes formed, at which interface the cooperative
binding energy is expressed. (We have recently performed such
an analysis of the partitioning of the cooperative Gibbs free
energy between the dimerisation and ligand binding interfaces
using the chemical shift of a proton at the dimer interface as a
probe of interface tightness.12)

Analogous diagrams would simply illustrate that in any
system of weak interactions where there is a cooperative
binding energy (DG°coop) expressed through the formation of
an extended aggregate, then DG°coop can potentially occur at
any of the interfaces which go to make up that extended array.

Also, if cooperativity is observed for a particular binding event
in such an extended array, it does not necessarily follow that the
bonding at the interface for that particular binding event has
been improved.

One consequence of the above discussion is that the size of an
extended array (number of non-covalent interactions making up
the array) will affect the amount of cooperative binding energy
(DG°coop) which can potentially be expressed. In the case of a
fully ligand-bound antibiotic dimer, DG°coop can be expressed
over three binding interfaces whereas, if only one ligand was
bound to the dimer, the cooperative binding energy could only
be expressed over two binding interfaces. More generally, the
greater the number of cooperatively-linked binding interfaces,
the greater the scope for cooperative enhancements to binding.
It thus follows that the greatest potential for expressing
cooperative binding energies that would be expected in Nature
are those involving the associations of large arrays of weak
interactions, e.g. DNA duplexes, ligands binding to proteins.

B. B. thanks the EPSRC for financial support.
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A search of the Cambridge Structural Database reveals that
the methylene group of coordinated bis(diphenylphos-
phino)methane and related ligands can act as a hydrogen
bond donor, with H···O distances as short as 2.20 Å;
analogous C–H···Cl2 interactions are a feature of the
packing of dppmSe complexes of silver(i) and gold(i).

Secondary bonding interactions have been the focus of
increased interest for several years. The classical hydrogen
bond is a well known structural phenomenon; the C–H···O
hydrogen bond, at first a controversial postulate, is now
accepted as an important factor in determining the nature and
stability of solid-state structures.1 It has been recognised that
more acidic C–H groups are likely to provide stronger (shorter)
hydrogen bonds, although the inverse correlation between
length and strength may not be totally reliable.1

It is normal practice in X-ray structure determination to check
newly determined structures for possible hydrogen bonds, and
indeed this process can now be performed automatically for
classical hydrogen bonds.2 The search for C–H···X interactions
is less well integrated into common program systems; corre-
spondingly, it may be assumed that many such interactions fail
to be reported. In this Institute, such searches have only recently
become routine;3 we use a default cutoff of 2.6 Å for the H···O
distance, although appreciably longer interactions (up to 3 Å)
have often been considered genuine hydrogen bonds.

In a recent study of six-membered heterocycles involving the
P–CH2–P unit, we observed some strikingly short inter-
molecular C–H···O interactions (H···O 2.25, C···O 3.24 Å)
involving the methylene group between the phosphorus atoms.4
This prompted us to re-inspect some of our older structures
involving organic phosphorus heterocycles, and we discovered
two cases where we had overlooked short intermolecular
contacts between the H atoms of a P–CH2–P unit and keto
oxygens (H···O 2.38, 2.29 Å).5

Another molecule involving the P–CH2–P group is the
common ligand bis(diphenylphosphino)methane (dppm),
Ph2PCH2PPh2. The methylene hydrogens of dppm are known to
be acidic, particularly in metal complexes; the deprotonated
form of the ligand contains an additional donor, the methanide
group.6 It thus seemed likely that dppm complexes might
display C–H···O hydrogen bonds.

A search of the Cambridge Structural Database7 (Oct. 1997
version) was conducted for the fragment P–CH2–P with an
intermolecular H···O contact of < 2.5 Å to any O–C bond. The
search was restricted to error-free, ordered structures. Apart
from the two structures previously mentioned, a total of 23
structures (all of them complexes or clusters involving dppm or
related ligands) with 28 C–H···O substructures were found. The
geometry was in all cases acceptably linear (one C–H···O angle
of 133°, all others > 143°). The shortest H···O contact was 2.20
Å.

The hydrogen bonds can be classified as follows: M–
COterminal···H, 10 cases; M–CObridging···H, 2; Osolvent···H, 8;
Oanion···H, 3; ligand CNO···H, 5. In no case were the C–H···O
hydrogen bonds mentioned in the original publication; in
several cases it was explicitly stated that no unusual inter-
molecular contacts were observed. It should be noted that these
relatively few examples represent the shortest such interactions;

there are presumably many more with somewhat longer H···O
distances.

Although this initial search was restricted to oxygen
acceptors, it is clear that other electronegative elements should
accept hydrogen bonds from dppm. In view of our interest in
coinage metal complexes with selenium ligands,8 we therefore
determined structures of the type [(dppmSe)2M]+Cl2 (1a, M =
Ag, dichloromethane solvate; 1b, M = Ag, ethanol solvate; 2a,
M = Au, chloroform solvate; 2b, M = Au, ethanol solvate).‡§
These are the first complexes involving P2Se2 coordination at
silver(i) and gold(i). The coordination at the metal atoms is
distorted tetrahedral; angular distortions arise from the re-
stricted bite of the ligands, but the gold complexes additionally
display a major difference in Au–Se bond lengths (0.16 Å in 2b
and 0.30 Å in 2a; values are given in Figs. 1 and 2). The
structure of a two-coordinate gold(i) complex of the same
ligand has been reported by Schmidbaur, et al.9 and by chance
belongs to the set of 23 compounds discussed above; it displays
two C–H···Oacetone hydrogen bonds.

Fig. 1 The structure of 1a in the crystal. Hydrogen atoms of the phenyl
groups are omitted for clarity, radii are arbitrary. Dashed lines represent H
bonds. Selected bond lengths (Å) and angles (°): Ag–Se1 2.7086(12), Ag–
Se2 2.7749(13), Ag–P2 2.453(3), Ag–P4 2.439(2); bite angles P2–Ag–Se1
92.49(6), P4–Ag–Se2 91.40(6); H···Cl2···H 164. The structures of 1b
(isostructural) and 2b (equivalent packing) are similar to 1a: 1b Ag–Se1
2.7179(10), Ag–Se2 2.7643(10), Ag–P2 2.454(2), Ag–P4 2.440(2); P2–
Ag–Se1 92.69(5), P4–Ag–Se2 91.64(5); H···Cl2···H 159. 2b Au–Se1
2.9459(12), Au–Se2 2.7891(12), Au–P2 2.306(3), Au–P4 2.319(2); P2–
Au–Se1 89.64(7), P4–Au–Se2 91.61(7); H···Cl2···H 160.

Fig. 2 The structure of 2a in the crystal. Hydrogen atoms of the phenyl
groups are omitted for clarity, radii are arbitrary. Dashed lines represent H
bonds. Selected bond lengths (Å) and angles (°): Au–Se1 3.0571(10), Au–
Se2 2.7535(9), Au–P1 2.298(2), Au–P3 2.329(2); P1–Au–Se1 83.46(5),
P3–Au–Se2 92.65(5), H···Cl2···H 112.
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All four structures 1a,b, 2a,b display C–H···Cl hydrogen
bonds (Table 1), which play a central role in determining the
crystal packing. In each structure, the ions are connected into
chains (Figs. 1 and 2) by hydrogen bonds C–Hdppm···Cl2,
whereby the chloride accepts two hydrogen bonds. Addition-
ally, there is a C–Hsolv···Cl2 contact from a solvent molecule in
1a and 2a, an O···Cl contact involving the ethanol of 2b, and a
similar contact in 1b, in which however the ethanol is poorly
resolved.

A second database search,7 this time for C–H···Cl contacts,
also proved fruitful; a total of 28 hydrogen bonds in 21
structures were found with H···Cl < 2.8 Å and C–H···Cl >
130°. These contacts can be classified as: 14 C–Hdppm···Clcoord;
12 C–Hdppm···Cl2, 2 C–Hdppm···Cl(other anions). Only one of these
contacts was mentioned explicitly as an interaction with dppm
in the original publications;10 it should however be stressed that
it was until recently not usual to look for hydrogen bonds
involving C–H units. As an example of an unrecognised
hydrogen bond, we can again cite our own work; the structure of
[(dppm)2Au3Cl2]+[(C6F5)3AuCl]211 involves a contact C–
Hdppm···Clanion with H···Cl 2.70 Å, C–H···Cl 139°.

It may be concluded that coordinated dppm is capable of
acting as a C–H···X hydrogen bond donor; in such cases it
presumably exerts a significant influence on structure and
stability, although to the best of our knowledge this possibility
has not previously been discussed in detail. An obvious
corollary is that structures of complexes of dppm and related
ligands should be routinely screened for such hydrogen
bonds.

We thank the Fonds der Chemischen Industrie (Frankfurt) for
financial support and Dr C. Thöne for helpful discussions.

Notes and references
† Dedicated to Professor Armand Blaschette on the occasion of his 65th
birthday.
‡ Bis[(diphenylphosphino)(diphenylphosphineselenido)methane]silver(i)
chloride  1 was obtained from dppmSe and AgCl in 2 : 1 molar ratio in
acetone; after filtration, the product was precipitated in 67% yield with light
petroleum. Crystals were grown by diffusion of light petroleum into a
solution of 1 in dichloromethane (1a) or by diffusion of diethyl ether into a
solution of 1 in ethanol (1b).

Bis[(diphenylphosphino)(diphenylphosphineselenido)methane]gold(i)
chloride 2 was obtained from the reaction of dppmSe with a suspension of
(tht)AuCl (tht = tetrahydrothiophene) in 2 : 1 molar ratio in toluene,
followed by precipitation with diethyl ether (yield 66%). Crystals were
grown by diffusion of diethyl ether into a solution of 2 in chloroform (2a)
or ethanol (2b).

Satisfactory elemental analyses and consistent NMR spectra (1H, 13C,
31P, 77Se) were obtained.
§ X-Ray structure determinations: data were measured at 2100 °C on a
Siemens P4 diffractometer using Mo-Ka radiation. Absorption corrections
using psi-scans (2b: SHELXA2). Structures were refined on F2 using all
reflections (program SHELXL-932). Hydrogen atoms were included using
a riding model; C–H bond lengths (and H···X contacts) are thus
systematically shortened with respect to the true values.

Crystal data: 1a, 1·3CH2Cl2: C53H50AgCl7P4Se2, M = 1324.75,
monoclinic, C2/c, a = 38.984(7), b = 14.010(2), c = 21.952(4) Å, b =
101.534(12)°, V = 11747(4) Å3, Z = 8, m = 2.0 mm21, 10 989 reflections,
10 260 unique, wR2 0.201, R1 0.066.

1b, 1·3.5EtOH: C57H65AgClO3.5P4Se2, M = 1231.21, monoclinic, C2/c,
a = 39.315(7), b = 14.026(2), c = 22.214(3) Å, b = 100.538(10)°, V =
12 043(3) Å3, Z = 8, m = 1.7 mm21, 21 045 reflections, 10 577 unique,
wR2 0.101, R1 0.051.

2a, 2·2CHCl3: C52H46AuCl7P4Se2, M = 1397.80, monoclinic, P21/c, a =
12.917(2), b = 22.285(3), c = 19.050(3) Å, b = 99.850(10)°, V =
5403.0(13) Å3, Z = 4, m = 4.6 mm21, 14 225 reflections, 9509 unique, wR2
0.108, R1 0.046.

2b, 2·EtOH: C52H50AuClOP4Se2, M = 1205.14, orthorhombic, Pna21, a
= 22.425(3), b = 13.713(2), c = 16.035(2) Å, V = 4930.9(11) Å3, Z = 4,
m = 4.7 mm21, 11 215 unique reflections, wR2 0.104, R1 0.048. CCDC
182/987.
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Table 1 Hydrogen bond geometry in compounds 1a,b, 2a,b

Compound, H bond H···Cl2/Å C···Cl2/Å C–H···Cl2/°

1a, C–Hdppm···Cl2 2.87 3.839(9) 168
1a, C–Hdppm···Cl2 2.61 3.556(9) 160
1a, C–Hsolv···Cl2 2.58 3.467(14) 149
1b, C–Hdppm···Cl2 2.82 3.779(6) 164
1b, C–Hdppm···Cl2 2.75 3.705(7) 163
2a, C–Hdppm···Cl2 2.64 3.576(7) 157
2a, C–Hdppm···Cl2 2.57 3.535(7) 166
2a, C–Hsolv···Cl2 2.70 3.554(12) 144
2b, C–Hdppm···Cl2 2.68 3.616(9) 157
2b, C–Hdppm···Cl2 2.61 3.567(10) 163
2b, O–Hsolv···Cl2 3.042(10)

2308 Chem Commun., 1998



(MeO)3SiC6H4Si(OMe)3 +  6.6 NaOH O– SiC6H4Si

O–

O–

–O

–O

–O

6 Na+ (1)

+  6 MeOH  +  0.6 Na+

New sodium organobis(silantriolates)

Bruno Boury,* Francis Carré, Robert J. P. Corriu* and Rosario Nuñez

UMR 5637, CC 007, Université Montpellier II, Sciences et Techniques du Languedoc, 34095 Montpellier Cedex 05,
France. E-mail: boury@crit.univ-montp2.fr

Received (in Basel, Switzerland) 3rd June 1998, Accepted 16th September 1998

The sodium salt (NaO)3SiC6H4Si(ONa)3 has been prepared
by reaction of the corresponding methoxysilane with an
aqueous solution of NaOH and was fully characterized by X-
ray crystallographic studies, which indicates the presence of
13 water molecules and one hydroxide group in the crystal
structure.

An enormous variety of silicates of general formula SiO4M4 is
known, based on the different possibilities to associating the
basic tetrahedral unit SiO4 forming linear or cyclic, infinite
chains and sheets.1 By comparison, organosilanolates of general
formula RxSi(OM)4 - x (M = group 1 or 2) metal cation are less
well known. The preparation of such organosilanolates was first
reported by reacting chlorosilane2 with strong bases, and later,
using siloxanes3 and silanols4 treated directly with metallic
alkali or alkali metal hydroxides. These reaction conditions do
not lead to cleavage of the Si–C bond and the organic part
remains intact in the silicate. Compounds R3SiOM (M = Na,5
K,6 Cs and Rb7) and R2SiO2M2 (M = Li and Na8) were isolated
and fully characterized by crystal X-ray diffraction. More
recently, the possibility to prepare siloxanes and silsesquiox-
anes with silanolate functionalities was demonstrated.9 Here,
we report the synthesis and structural characterization of the
first organosilanolate isolated from the reaction of a 1,4-bis-
(trialkoxysilyl)benzene with NaOH in aqueous solution.

The growing interest for the elaboration of hybrid materials
from molecular precursors led us to investigate the formation of
such organosilanolates from precursors of the general formula
(MeO)3Si–R–Si(OMe)3, this type of compound is currently
under investigation for the preparation of hybrid materials by
sol–gel polycondensation.10 We were particularly attracted by
the possibility to form lamellar or pillared materials and to
consider the possibility to organize the organosilanolate
molecules through the interaction of ionic Si–O2 groups with
the associated cation. We first looked at (MeO)3SiC6H4-
Si(OMe)3 since the regidity of the phenylene group will favor
construction of the corresponding organosilanolate.

The preparation of the sodium salt of 2O3SiC6H4SiO23 was
carried out in water by treatment of 1 with a slight excess of
NaOH (1 : 6.6) [eq. (1)].† The compound obtained after

evaporation of water is a hygroscopic crystalline white powder
2.‡ Colorless crystals of 3 were isolated from a solution of 2 at
4 °C.† They were poorly stable to air at 25 °C due to loss of
water, however, they could be stored for several weeks at 220
°C in a atmosphere saturated in water and this allowed a full
characterization by X-ray diffraction crystal structure analysis.§
Fig. 1 shows the ORTEP drawing and important bond lengths
and bond angles for 3.¶ This crystal structure is triclinic and an
inversion center is present. In this structure, 13 molecules of
water and one hydroxide group are involved in coordination to
the sodium cations. The presence of ligated water also results in
a high number of strong hydrogen bonds (only some of these are

shown is Fig. 1 for clarity, and because the lack of accuracy in
the position of some of the hydrogen atoms, prevented location
of all of them). The presence of an extended network of strong
hydrogen bonds is similar to layered sodium polysilicate
hydrates.11 Another general feature of the sodium phenyl-
1,4-bis(silantriolate) packing is the organisation of the phenyl-
ene groups which are all parallel to each other and oriented in
the same direction, however the interaction between the organic
moieties (C6H4) are limited since they are surrounded by
coordinated Na+ cations.

In the crystal structure, each silicon atom is bonded to three
oxygen atoms and to a carbon atom of the phenyl group. The Si–
C bond length of 1.89(8), is typical for such arylsilicon
compounds [Si–Caryl (average) 1.88(1) Å]. The geometry
around the silicon atom is slightly distorted tetrahedral, one of
the three Si-O2 bonds being longer than the other two: Si1–O1
1.679(5) Å, Si1–O2 and Si1–O3 1.605(6)– and 1.609(5) Å,
respectively. All these values are typical of Si–O2 bond lengths
[ ≈ 1.63(4) Å] found in silicates.12 This distortion is also
reflected in the differences between angles O2–Si1–O3
[115.8(3)°] and O3–Si1–O1 [106.6(3)°], both being close to
those reported for the sodium trimethylsilanolate trihydrate5

and sodium silicates.12 These distortions can be related to the
different environment involving the oxygen atoms of the

Fig. 1 ORTEP drawing of compound 3. Select bond distances (Å) and
angles (°): Si1–O1 1.679(5), Si1–O2 1.605(6), Si1–O3 1.609(5), Si1–C1
1.887(8), C1–C2 1.389(11), C2–C3 1.396(12), C1–C3 1.402(11), Si2–O4
1.679(5), Si2–O5 1.603(6), Si2–O6 1.601(5), Si2–C4 1.890 C4–C5
1.387(11), C5–C6 1.384(12),. C4–C6 1.397(11), Na1···O17 2.347(6),
Na1···O14 2.367(6), Na1···O20 2.399(7), Na1···O22 2.428(7), Na1···O23
2.496(7), Na1···O12 2.582(7), Na3···O14 2.344(6), Na3···O13 2.344(6),
Na3···O1 2.491(6), Na3···O4 2.500(6), Na3···O17 2.573(6), Na3···O16
2.576(6), Na4···O12 2.329(7), Na4···O18 2.334(8), Na4···O24 2.363(8),
Na4···O15 2.495 Na4···O21 2.603(8), Na6···O5 2.655(8), Na6···O4
2.765(7), Na6···O19 2.774(8), Na6···O24 2.781(8), C1–S1–O1 107.2(3),
C1–S1–O1 111.1(3), C1–S1–O3 107.2(3), O1–Si1–O2 108.5(3), O2–Si1–
O3 115.8(3), O3–Si1–O1 106.6(3), Si1–C1–C2 123.2(6), Si1–C1–C3
120.8(6), C2–C3–C1 122.1(7).
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–SiO3
32 group, especially through their interaction with the

sodium atoms.
In the crystal structure of 3, four kinds of sodium atoms are

present, with deficiency coordination number and nature of
ligating atoms. Hexacoordination is typical for Na+ cations in
ionic organic structures.13 In compound 3 some of the sodium
atoms are coordinated only to oxygen atoms of water or
hydroxide ligands: atoms Na1 and Na2 are hexacoordinated
(octahedral geometry) while atoms Na4 and Na5 are penta-
coordinated (square pyramidal geometry). For the other Na
atoms, interaction with oxygen atoms of the Si-O2 group is
observed: Na6 and Na7 are tetracoordinated to two water
molecules and to two Si–O2 from the same –SiO3

32 group
(tetrahedral geometry) while Na3 is hexacoordinated by water
molecules, O13, O14, O16, O17, and by the oxygen atoms O1
and O4 of two Si–O2 of two different phenylene-1,4-bis(silan-
triolate) anions (octahedral geometry). In addition, some of the
ligands are shared between two sodium atom, e.g. Na7 shares
atom O1 with Na3, as well as Na6 shares O4 and O19 with
respectively Na3 and Na2. Similarly, O13 of a water molecule
is coordinated to Na3 and Na2.

For the hexa- and penta-coordinated sodium cations, the
Na···O interatomic distances are in the range of the Si-O···Na
bond lengths (2.303 < d/Å < 2.549 Å) typical of sodium
silicates12 or ionic organosilicate hydrates,5 and are character-
istic of a strong ion-dipole interaction. For sodium atoms in
tetrahedral geometry, longer Na···O distances are observed
[2.645(8)–2.781(8) Å]. In addition, a distorted tetrahedral
arrangement is seen for atoms Na6 and Na7, the O4-Na6-O24
[137.1(3)°] and O1–Na7–O23 [138.0(3)°] angles being much
larger than O19–Na6–O24 [92.1(2)°] and O4–Na6–O24
[91.9(2)°]. This distortion can be explained by the participation
of the oxygen atoms in ionic interactions and to H bonding.

In conclusion, this type of organobis(silantriolate) species
can be easily prepared by treatment of the corresponding
organoalkoxysilane with a strong base. Their structure and their
crystallization with water present some similarities with mineral
and synthetic silicates. Our current investigations of this types
of organosilantriolate in our laboratory are mainly directed to
the preparation of organized organomineral materials, espe-
cially on the role of the cation and the elimination or
replacement of water ligands.

Notes and references
† Typical experimental procedure: 1: The synthesis of 1,4-bis(trimethox-
ysilyl)benzene 1 has been described previously.14 2: To a Schlenk tube
containing 1,4-bis(trimethoxysilyl)benzene 1 (2.95 g, 9.28·1023 mol) were
added 6.6 equiv. of NaOH (2.45 g, 6.12·1022 mol.) dissolved in 30 ml of
deionized water (pH = 6). The mixture was stirred at room temperature for
several hours to obtain a transparent and homogeneous solution. The water
was evaporated under reduced pressure at 25 °C to give a crystalline white
solid, which was dried in vacuo (1 mm Hg) at 25 °C for 16 h to give 6.52
g of compound 2. 3: Colorless crystals of 3 (0.51 g) were obtained from a
solution of 5 g of 2 in 100 ml of deionized water cooled to 4 °C, at pH =
12.3.
‡ Selected spectroscopic and analytical data for 2: 1H NMR (200 MHz,
D2O, 20 °C): d 7.55 (s, 4H, C6H4). FTIR (KBr, cm21): 3384 n(H–OH), 3030
n (Car-H), 1448, 1131, 1008 n(Si–O), 880 n(Si–OH), 778 n(Si–C).
§ Crystal data for 3: Nonius CAD 4 automated diffractometer, crystal fixed
in oil under nitrogen, C6H31Na7O20Si2, Mr = 640.4, triclinic, space group

P1 crystal dimensions 0.05 3 0.07 3 0.11 mm, a = 6.265(2), b =
11.949(1), c = 18.844(2) Å, a = 101.594(8), b = 99.56(1), g =
105.23(1)°, U = 1297.0(4) Å3, Dc = 1.640 g cm23, T = 193 K, Z = 2, F
= 664, m(Mo-Ka) = 3.22 cm21, A* = 0.55, 2qmax = 44° , R,Rw =
0.0554,0.0586 (statistical weights), N0 = 1912 observed [I > 2s(I)]
reflections out of N = 2686 unique, l(Mo-Ka) = 0.71069 Å The hydrogen
atoms of the phenyl groups were placed calculated positions (SHELX-76).
After four least-squares refinement cycles with anisotropic thermal
parameters for all non-hydrogen atoms some water hydrogen atoms were
positioned in a difference Fourier map. These hydrogen atoms were taken in
account in the next refinement and Fourier calculations, but their positional
parameters were then kept fixed. After six such refinements and difference
Fourier maps, the refinement converged to a final R value of 0.0554 (Rw =
0.0586). One of the last peaks searched as a possible hydrogen atom. (on
O23) was rejected in view of the unacceptable resulting H–O–H angle value
(88°). In the same way, no more than one relevant peak was observed on
oxygen atom O22. The list of hydrogen atoms coordinates is available in the
supplementary data. Absorption corrections were neglected. Direct methods
(SHELXS-86) succeeded in locating the bis-silanolate anion. The other
non-hydrogen atoms were located in a Fourier map and two subsequent
difference Fourier maps. CCDC 182/1022
¶ Studies have been undertaken to demonstrate if the crystal structure of 3
is representative of the bulk white solid 2.
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3,6-Disulfated p-nitrophenyl b-D-galactopyranoside 3 and
3A,6A-disulfated p-nitrophenyl b-lactoside 7, which were
regioselectively obtained via organotin methodology, were
subjected to enzymatic desulfation: limpet and abalone
sulfatases (EC 3.1.6.1) hydrolyzed regioselectively the 3- and
3A-sulfate moieties of 3 and 7 to afford 6-monosulfated
galactopyranoside 4 and 6A-monosulfated lactoside 8, re-
spectively.

Various sulfated analogues of sialyl Lea and Lex have been
prepared by different groups1–9 as artificial ligands of the
selectin families, which include artificial glycoconjugate poly-
mers and dendrimers carrying sulfated carbohydrates.10–13 As
part of our project to develop biofunctional glycoconjugate
polymers able to adsorb certain pathogenic bacteria and their
toxins,14,15 our interests have been directed to regioselectively
sulfated sugars as substitutes for natural sialyl oligosaccharides
and sulfatides known to bind with various viruses and
pathogenic bacteria.16 Here we report a new chemoenzymatic
synthetic approach towards regioselectively sulfated p-ni-
trophenyl (pNP) b-D-galactopyranosides and lactosides.

Regioselective sulfations of carbohydrate molecules reported
in recent years may be divided into the following types;
chemical methods using stannylated sugars17 and enzymatic
approaches using sulfotransferase for non-sulfated sugar accep-
tors18 or glycosyltransferases for sulfated acceptors.19 Here we
describe a convenient synthetic approach using sulfatases.
Although various types of sulfatases are commercially available
at low cost, their utility for chemoenzymatic syntheses has not
yet been fully explored. Now we propose a new practical
approach which involves introduction of plural sulfates into
sugars via organotin methodology and then regioselective de-
sulfation with sulfatases. pNP b-D-Galactopyranoside 1 and
pNP b-lactoside 5 (Scheme 1) were employed as model
compounds to demonstrate our approach. The pNP group is
used due to its ready conversion to a p-N-acryloylaminophenyl
group ready for subsequent polymerization.20,21 Moreover,
sulfated galactoses and lactoses are promising ligand candidates
for influenza viruses and the other microbes.

The initial chemical approach to 1 and 5 was as follows.
Reaction of 1 with Bu2SnO (1 equiv.) and then SO3NMe3 (1
equiv.) gave 3-monosulfated galactoside 2 in 77% yield, while
the use of (Bu3Sn)2O (0.75 equiv.) and an excess of SO3NMe3
(5 equiv.) gave 3,6-disulfated derivative 3 in 97% yield.§ Thus,
these chemical methods afforded 3-mono- and 3,6-di-sulfated
galactosides in a regioselective manner, while not affording
directly the 6-monosulfated galactose 4. A similar process for 5
using Bu2SnO (1 equiv.) and then SO3NMe3 (1 equiv.) gave
selectively 3A-monosulfated pNP b-lactoside 6 (57% isolated
yield).¶ Use of Bu2SnO (3 equiv.) and SO3NMe3 (3 equiv.)
afforded 3A,6A-disulfated lactoside 7 as the main product (40%
yield).∑ Similar reaction of 5 using (Bu3Sn)2O instead of
Bu2SnO gave a complex mixture of sulfated products.

The location of sulfate groups in sulfated lactosides 6 and 7
was determined by 2D NMR experiments (1H-1H COSY). The

signal of H-3A of a galactose residue (d 4.32–4.38, dd, J 3.0–3.3
and 9.5–9.8 Hz) of 6 and 7 showed downfield shift due to the
sulfation at the geminal O-3A, while the H-3 of glucose (d 3.796
and 3.805, br t, J 9.5–9.9 Hz) did not show the corresponding
downfield shift. These results showed that the sulfate group was
located at O-3A in the galactosyl residues for both 6 and 7.

3,6-Disulfated galactoside 3 and 3A,6A-disulfated lactoside 7
were subjected to enzyme-catalyzed desulfation with sulfatases
(EC 3.1.6.1) (Table 1).** Three types of commercially available
sulfatases were tested, and each of the desulfated products was
analyzed by 1H NMR spectroscopy. The enzyme reaction of 3
with snail sulfatase in NaOAc–AcOH buffer (pH 6.8, 37 °C)
was completed in 2 days to afford a less polar product. The

Scheme 1 Reagents and conditions: i, Bu2SnO (azeotropic), SO3NMe3,
then Dowex Na+; ii, (Bu3Sn)2O, (azeotropic), SO3NMe3, then Dowex Na+,
97%; iii, sulfatase, 0.25 M NaOAc–AcOH buffer (pH 6.8), 37 °C, 80%.

Table 1 Regioselectivity of sulfatase-catalyzed desulfation

Substrates Sulfatases originsa t/daysb
Conversion
(%) Product

3 snail 2 94c 4
3 abalone 2 > 95d 4
3 limpet 2 > 95d 4
7 snail 3 0 —
7 abalone 3 40c 8
7 limpet 3 > 95d 8
a Commercially available sulfatases from snail (Helix pomatia), abalone
and limpet (Patella vulgata) were used. b Typical procedure is shown in
footnote ††. c Isolated yield. d Determined by 1H NMR analysis or TLC. 
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product was isolated in > 90% yield and identified as
6-monosulfated galactoside 4.†† The 6-sulfated structure could
be determined by 1H NMR analysis, via comparison of the
spectral data with those of 3 and pNP b-D-galactopyranoside 1.
The downfield shift of H-3 (d 4.484, dd, J = 3.3 and 9.6 Hz for
3) due to the 3-sulfate could not be observed for 4, while the
downfield shift of the H-6 signals remained. The structure of 4
was further confirmed by an alternative synthesis via multiple
protections and deprotections. A reference reaction of 3 without
the enzyme gave no product. This eliminated the possibility of
non-enzymatic hydrolysis. The other two sulfatases (abalone
and limpet) showed similar reactivity and regioselectivity. This
is the first regioselective desulfation by sulfatases of sulfated
sugars bearing more than two sulfate groups in one molecule.
3A,6A-Disulfated lactose 7 showed characteristic behavior to-
wards each of the three enzymes as shown in Table 1; this
compound is not a substrate for the snail enzyme, but is an
excellent substarte for the limpet enzyme and an acceptable one
for the abalone enzyme. The desulfated product of both
enzymes could be identified as the 6A-monosulfated lactoside
8.‡‡ Thus, the sulfatases studied here showed a clear tendency
to hydrolyze the 3-sulfate group of galactose and the 3A-sulfate
of lactose. This activity can be ascribed to the ability of
arylsulfatase A to catalyze desulfation for sulfatides.22

In conclusion, we have presented a convenient, regio-
selective, chemoenzymatic method of sulfating pNP-b-D-
galactosides 2–4 and pNP-lactosides 6–8. Synthesis and
application of glycoconjugate polymers carrying each of these
sulfated sugars are in progress and will be reported in due
courses.
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† E-mail: uzawa@home.nimc.go.jp
‡ E-mail: nishida@mol.nagoya-u.ac.jp
§ Synthesis of 3. A mixture of 1 (600 mg, 1.99 mmol) and (Bu3Sn)2O (0.764
ml, 1.5 mmol) was refluxed in THF–benzene (1:1, 50 ml) for 3 h with
continuous azeotropic removal of water. The reaction mixture was
concentrated in vacuo and the stannylene acetal intermediate treated with
SO3NMe3 (1.4 g, 0.01 mol) in DMF at 60 °C for 3 h. The reaction mixture
was diluted with BnOH (8 ml) and concentrated in vacuo. The residue was
then purified by sequential column chromatography with sephadex LH-20,
ODS and anionic ion exchange resin (Dowex Na+) to afford 980 mg of 3
(97%). Selected data for 3: dH(300 MHz; D2O) 5.33 (H-1, d, J 7.8), 4.48 (H-
3, dd, J 3.3 and 9.6), 4.43 (H-4, d, J 3.3), 4.34–3.93 (m, H-6 and H-6A), 4.01
(H-2, dd, J 7.8 and 9.6).
¶ Synthesis of 6. A procedure similar to that used for 1 was performed using
5 (79 mg, 0.17 mmol), Bu2SnO (43 mg, 0.17 mmol) and SO3NMe3 (24 mg,
0.17 mmol) to give 6 (56 mg, 57%). Selected data for 6: dH(600 MHz, D2O)
5.283 (H-1, J 7.8), 4.596 (H-1A, J 8.1), 4.342 (H-3A, J 3.0 and 9.8), 4.297 (H-
4A, J 3.0), 4.03–3.97 (br d, H-6 of glucose residue, J 11.0), 3.89–3.74 (m, H-
6, H-6A and H-6B of glucose and galactose residues), 3.796 (br t, H-3, J
9.5).
∑ Synthesis of 7. A procedure similar to that used for 1 was performed using
5 (79 mg, 0.17 mmol), Bu2SnO (128 mg, 0.51 mmol) and SO3NMe3 (71 mg,
0.51 mmol) to give 7 (53 mg, 40%). Selected data for 7: dH(600 MHz, D2O)
5.313 (H-1, J 8.1), 4.629 (H-1A, J 7.7), 4.38–4.32 (H-3A, J 3.3 and 9.5 and H-

4A, J 3.3), 4.27–4.20 (H-6 and H-6A of galactose residue), 4.07–4.02 (br t, H-
5A, J 6.2), 4.02–3.97 (br d, H-6 of glucose residue, J 12.0), 3.805 (br t, H-3,
J 9.9), 3.90–3.77 (m, H-5).
** Enzymes available from Sigma Co. Ltd. were used without purification.
The activities and sources were as followings; snail (Helix pomatia), 16.1
units mg21; abalone (not specified), 23 units mg21; limpet (Patella
vulgata), 7.6 units mg21.
†† Synthesis of 4. A mixture of 3 (80 mg) and sulfatase (from Helix pomatia,
5 mg) was dissolved in 0.25 M NaOAc–AcOH buffer (pH 6.8, 2 ml) at
37 °C for 2 days. The reaction mixture was purified by sequential column
chromatography with Sephadex LH-20, ODS and anionic ion exchange
resin (Dowex Na+) to give 60 mg (94%) of 4. Selected data for 4: dH(300
MHz, D2O) 5.17 (H-1, d, J 7.3), 4.29–4.17 (H-6 and H-6A, m), 4.07 (H-4, br
d, J 3.0), 3.87 (H-2, dd, J 7.3 and 9.9), 3.82 (H-3, dd, J 3.0 and 9.9).
‡‡ Selected data for 8: dH(600 MHz, D2O) 5.304 (H-1, J 8.1), 4.506 (H-1A,
J 7.8), 4.25–4.20 (m, H-6 and H-6A of galactose residue), 4.03–3.96 [H-4A (J
3.3), H-5A and H-6 (glucose residue), J 12.0], 3.90–3.74 (m, H-5), 3.756 (br
t, H-3, J 9.0), 3.73–3.66 (m, H-3A and H-2).
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A novel synthetic route to diarylethenes fixed in a cyclo-
pentene based on titanium-mediated carbonyl coupling
leads to bis(3-thienyl)cyclopentenes that show photochromic
behaviour similar to that of known diarylethenes.

Diarylethenes constitute an important class of photochromic
molecules, as they are thermally irreversible and show high
fatigue resistance,1 which are promising features for application
in optical data storage2 and as molecular switches.3,4 The aryl
groups are bound to a cycloalkene to prevent cis–trans
isomerization, which might compete with photocyclization.
1,2-Bisaryl-substituted maleic anhydride,5 maleimide6 and
perfluorocyclopentene7 moieties have been employed so far.
Each bridging unit has its advantages and disadvantages.
Diarylmaleic anhydrides are readily accessible, but are sensitive
to acidic conditions and need certain types of aryl derivatives to
maintain their photofatigue resistance in the presence of air.8
Diarylmaleimides are also sensitive to acidic conditions and
furthermore show some degradation in the presence of oxygen.9
Diarylperfluorocyclopentenes exhibit excellent photochromic
behaviour, since up to 80 °C they are stable in the presence of
air during cyclization, unless strong electron-donating and
2withdrawing substituents are introduced at the 5-position of
the thiophene ring.10 Despite these highly attractive properties
the expensive and rather volatile starting material octa-
fluorocyclopentene and the low yields commonly found in
double substitution reactions of octafluorocyclopentene with
lithiated thiophenes are major disadvantages.

Herewith we present a new class of diarylethenes, the
dithienylcyclopentenes, and a novel synthetic route to diaryle-
thenes based on titanium-mediated carbonyl coupling. The
synthesis can be performed on a large scale from rather cheap
starting materials (Scheme 1). We envisioned that an intra-
molecular McMurry coupling of a bisthienyl substituted
1,3-dicarbonyl compound would be a feasible route to 1,2-di-
thienylcyclopentenes. Compounds 1–6† were synthesized start-
ing from 2-methylthiophene, which was chlorinated at the
5-position with NCS in AcOH and benzene, followed by a
Friedel–Crafts reaction with AlCl3 and glutaryl chloride at 0 °C.
The resulting 1,5-bis(5-chloro-2-methyl-3-thienyl)pentadione
was used in a McMurry reaction11 with TiCl3(THF)3 and Zn in
THF at 40 °C to provide 2a. Starting from 2,5-dimethylth-
iophene, 3a was obtained via the same procedure as described
above. By using Mg instead of Zn in the McMurry reaction with
1,5-bis(5-chloro-2-methyl-3-thienyl)pentane-1,5-dione, 1a was
obtained.‡ Dialdehyde 4a was synthesized by double lithiation
of 1a or 2a followed by quenching with DMF. The conversion
of 4a to 5a and 6a was performed according to published
procedures.10,12 Enantiomerically pure (+)-(R)-1-phenylethyla-
mine was used in the synthesis of compound 5.12 Although the
yields in the low-valent titanium coupling step are still modest,
this new route provides ready access to a variety of dithie-
nylcyclopentenes.

The photochromic behaviour was followed by both 1H NMR
and UV spectroscopy. Fig. 1 illustrates the change in absorption
of a solution of 4a in benzene upon irradiation at 313 nm. A new
absorption band appeared at 583 nm due to formation of the
closed form, which has an extended conjugated structure.

Table 1 shows the UV–VIS data for the open and closed forms
of the new photochromic compounds. Compared to the known
diarylethene derivatives the wavelengths at the absorption
maxima of the closed forms show a blue shift; only 6b measured
in benzene showed the same absorption maximum in the closed
form as was reported earlier for the perfluorocyclopentene
analog.10 The diarylethenes 1a, 2a and 3a turn yellow upon UV
irradiation, which is unusual; no diarylethene compounds
showing this behaviour have been described in literature. The

Scheme 1 Reagents and conditions: i, NCS, AcOH, benzene, reflux, 80%;
ii, AlCl3, glutaryl chloride, CS2, 0 °C, 94%; iii, TiCl3(THF)3, Zn, THF,
40 °C, 44%; iv, BunLi, DMF, 39%.

Fig. 1 UV–VIS spectra of 4a (a) before and (b) after irradiation for 5 min
at 313 nm (2.05 3 1025 M in benzene).
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absorption spectra of compounds 1b and 3b show no maxima in
the visible region. Therefore diarylethenes 1–3 are not suitable
for optical switching. Upon photochemical ring closure of 4a,
5a (l = 313 nm) and 6a (l = 405 nm), only one methyl signal
appeared at high field in their 1H NMR spectra.§ In accordance
with the Woodward–Hoffmann rules,13 we anticipate con-
rotatory ring closure and a trans disposition of the methyl
groups.

The half life of the thermal ring opening in benzene at 60 °C
of compound 6b is 4.27 min. Compared to the perfluor-
ocyclopentene analog10 it shows slower thermal ring opening.
Preliminary investigations show that compounds 4b, 5b and 6b
are thermally stable under ambient conditions. Finally a number
of photochemical bleaching and colouring experiments were
performed with compounds 4 and 5. Dialdehyde 4 showed a
±8% decrease in absorption (UV–VIS) after one cycle, but bis-
imine derivative 5 performed very well and after ten cycles no
degradation was detected. For compounds 1–3 it was not
possible to perform such switching cycles, because it was
impossible to bleach the molecules completely due to a minor
difference between the absorption maxima of the open and
closed forms of the compounds.

In conclusion a facile synthetic route to a new class of
diarylethenes, bis(3-thienyl)cyclopentenes, has been developed.

It appears that these bis(3-thienyl)cyclopentenes, which are now
readily accessible, show photochromic behaviour, similar to
known diarylethenes. Provided the proper substituents are
present thermal irreversibility and fatigue resistance are ob-
served. Assessment of the scope of this new methodology and
study of applications of these new photochromic compounds is
in progress.

Notes and references
† All compounds were fully characterized showing spectroscopic and
analytical data in accordance with the structures shown.
‡ Dechlorination occurs during McMurry coupling with low valent titanium
prepared using Mg.
§ 1H NMR chemical shift data the CH3 (thiophene), CHN and CH
(thiophene) resonances for the open and closed forms of compounds 4–6:
for 4a: d 2.04, 9.74, 7.42; for 4b: d 2.17, 9.78, 6.72; for 5a: d 1.97, 8.25,
6.95; for 5b: d 1.94, 8.15, 7.37; for 6a: d 2.14, 7.63, 7.40; for 6b: d 2.05,
7.43, 6.56.
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Table 1 UV–VIS data of the dithienylcyclopentenes

Compound Solvent lmax/nm e/103cm21 M21

1a hexane 268a 10.4
1b hexane 228 15.7
2a hexane 240 19.01
2b hexane 444 1.16
3a hexane 270a 9.5
3b hexane 220 12.6
4a benzene 318 14.7
4b benzene 583 14.3
4a CH2Cl2 317 8.3
4b CH2Cl2 580 6.9
5a hexane 305a 23.5
5b hexane 557 13.1
6a benzene 391 41.6
6b benzene 726 29.8
6a CH2Cl2 395 27.6
6b CH2Cl2 734 20.1
a Shoulder.
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O-Methyl N-(2,2-dimethylbut-3-enoyl)-N-phenylthiocarba-
mate crystallized in the chiral space group P21, and the solid
state photoreaction initiated intramolecular [2+2] thietane
formation followed by rearrangement, leading to optically
active g-thiolactone.

Solid state photoreaction provides product selectivity and
stereoselectivity compared to reactions that occur in solution
due to restriction of molecular movement imposed by the
crystal lattice.1–5 Stereospecific solid state chemical reactions
of chiral crystals formed by achiral materials are defined as
‘absolute’ asymmetric syntheses.6–11 This asymmetric synthe-
sis must involve two aspects: generating chiral crystals and
performing topochemically controlled solid state reactions
which yield chiral products. Now we have found a new example
of ‘absolute’ asymmetric synthesis involving the photochemical
reaction of an achiral N-(b,g-unsaturated carbonyl)thiocarba-
mate leading to optically active thiolactone and a unique
structure in the crystalline state.

O-Methyl N-(b,g-unsaturated carbonyl)-N-phenylthionocar-
bamates 1a,b were synthesized by acylation of O-methyl N-
phenylthiocarbamate with the corresponding acid chloride in
the presence of Et3N. Recrystallization of 1a from a hexane
yielded colorless crystals; however, single crystals suitable for
X-ray crystallographic analysis could not be obtained. On the
other hand, thiocarbamate 1b afforded prismatic single crystals,
which were analysed by X-ray crystallography.† It is notable
that the conformation of the imide chromophore is E,E, and
remarkably twisted from the ideal imide plane. (Fig. 1) The
twist angle of the C(NO)–N moiety is 47.4° and is much greater
than that of the C(NS)–N moiety (19.4°).12 This structure is
consistent with the lone pair electrons of the nitrogen atom
being conjugated through the thiocarbonyl rather than through a
carbonyl group. The phenyl ring is almost orthogonally twisted
to the sp2 nitrogen atom (67°).

Irradiation of a benzene solution of 1a gave tricyclic thietane,
2,2-dimethyl-5-methoxy-4-phenyl-6-thia-4-azatricyclo-
[5.4.01,7.01,5]nonan-3-one 2a, in 83% yield (Table 1, entry 1).
The solid state photolysis also gave racemic 2a (81%, 80%
conversion) (entry 2). The solid state reaction proceeded even at
278 °C (entry 3). The structure of 2a was determined on the
basis of spectroscopic data.

When thiocarbamate 1b was irradiated in benzene solution,
thiolactone 3b was isolated in 90% yield (entry 4). The solid
state photolysis also gave thiolactone 3b in 85% yield when the
reaction conversion was 78% as shown in Table 1, entry 4. The
IR spectrum of 3b showed characteristic absorption due to the
thiolactone carbonyl at 1697 cm21 and the CNN bond at 1666
cm21. The 1H NMR spectrum showed the absence of an alkenyl
group. The 13C NMR spectrum displayed the absence of the
signal due to the thiocarbonyl carbon at dC 190.8 and exhibited
new a sp3 triplet peaks at d 30.7 and a doublet at d 47.7. New
singlet peaks derived from the thioester and imino carbons were
exhibited at d 210.7 and 160.7, respectively.

The stereoselective generation of the chiral center is
exemplified by the formation of 3b at the C-4 position {[a]D

20

= +8 (c 1.0 in CHCl3, 10% ee)} (entry 5). The enantiomeric
purity of 3b was determined by HPLC employing a chiral cell
OJ (Daicel Chemical Industry). The solid state photoreaction
also proceeded at 278 °C and an optically active compound
which showed a better ee value was formed; 20% ee at 84%
conversion (entry 6) and 31%ee at 15% conversion (entry 7).
The space group of the crystal of 1a could not be determined
because 1a did not afford single crystals suitable for X-ray
crystallography; however, the production of racemic 2a shows
that the crystals are achiral (entries 2 and 3).

A plausible mechanism for the formation of 3 is rationalized
on the basis that photolysis of 1 undergoes [2+2] cyclization to
thietane 2 and subsequently rearranges to thiolactone 3 (Scheme
1). Ring opening of the initially formed thietane 2 leading to
zwitterion 5, which is facilitated by the lone pair electrons of the
nitrogen and oxygen atoms, and subsequent nucleophilic
reaction between the thiolate anion and the carbonyl carbon to
give 3.13 For the tricyclic thietane 2a, nucleophilic addition of
thiolate anion is difficult, because of the conjunction of the

Fig. 1 ORTEP drawing of 1b. Selected bond lengths (Å) and angles (°);
S(1)–C(1) 1.608(6), O(2)–C(1) 1.330(7), N(1)–C(1) 1.355(6), N(1)–C(9)
1.446(7), C(10)–C(13) 1.497(9), O(1)–C(9) 1.201(7), N(1)–C(3) 1.446(7),
C(9)–C(10) 1.520(8), C(13)–C(14) 1.301(9), C(1)–N(1)–C(9) 122.6(4),
S(1)–C(1)–O(2) 125.6(4), O(2)–C(1)–N(1) 108.6(5), N(1)–C(3)–C(8)
121.3(5), O(1)–C(9)–C(10) 122.0(5), C(9)–C(10)–C(13) 115.5(5), C(10)–
C(13)–C(14) 127.2(7), C(1)–N(1)–C(3) 120.8(4), C(3)–N(1)–C(9)
115.5(4), S(1)–C(1)–N(1) 125.7(4), O(1)–C(9)–N(1) 117.5(5), N(1)–C(9)–
C(10) 120.1(5), S(1)–C(1)–N(1)–C(9) 2168.0(5), O(2)–C(1)–N(1)–C(3)
2153.3(5), C(1)–N(1)–C(3)–C(4) 2120.6(6), C(8)–C(3)–N(1)–C(9)
2105.6(6), O(1)–C(9)–N(1)–C(1) 2130.5(6), C(3)–N(1)–C(9)–C(10)
2134.8(5).
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cyclohexane ring, which results in the formation of stable
thietane 2a.

It is generally accepted that a solid state reaction proceeds
with minimum atomic and molecular motion. Therefore, the
reactivity is determined the by atomic arrangement, represented
by the distances and angles between the reaction sites. From the
X-ray structural analysis of the starting thiocarbamate 1b, the
distances between the thiocarbonyl sulfur atom S(1) and the
alkenyl carbon C(14) and between the thiocarbonyl carbon C(1)
and the alkenyl carbon C(13) are 4.69 and 3.00 Å, respectively
(Fig. 1). The fact that the reaction proceeded under these
restricted conditions, in which the S(1)···C(14) distance is
significantly longer than the sum of the van der Waals radii
(3.23 Å), is accounted for by the fact that the initial reactions
occurred in a defect in the crystalline lattice, and later reactions
occurred in the increasing number of defective regions formed
during reaction. Furthermore, two plausible factors are respon-
sible for the relatively low enantiomeric excess of 3b. One is
that the process of cyclization results in increasing numbers of
defective regions in the surrounding crystal lattice, in which
racemization of the reactant easily takes place. The other is the
structural interconversion of the biradical intermediate. If the
interconversion of the intermediate seven-membered 1,4-dir-
adical 4 is possible in the space in the crystal lattice or in the

increasing number of defective regions where the C–S bond
formation took place, it would result in lowering of optical
purity.

In conclusion, photoreaction O-methyl N-(b,g-unsaturated
carbonyl)-N-phenylthiocarbamate provides a new example of
absolute asymmetric synthesis using a chiral crystalline envi-
ronment.

Notes and references
† Crystal data for 1b: space group P21, a = 8.6565(7), b = 9.3990(9), c =
8.9395(6) Å, V = 698.8(1) Å3, Z = 2, r = 1.251 g cm23, m(Cu-Ka) =
20.09 cm21. The structure was solved by direct methods and expanded
using Fourier techniques. Final R and Rw were 0.046 and 0.045 for 1194
reflections. CCDC 182/1025.
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Table 1 Photochemical reaction of 1 in benzene and the solid state

Yield (%)a

Entry Substrate Conditions T/°C Conversion
(%)

2 3 [a]D
20 b,c Ee (%)c

1 1a benzene 20 100 83 0 0 0
2 1a solid 0 80 81 0 0 0
3 1a solid 278 50 85 0 0 0
4 1b benzene 20 100 0 90 0 0
5 1b solid 0 78 0 85 +8 10
6 1b solid 278 84 0 84 +16 20
7 1b solid 278 15 0 90 +25 31

a Chemical yields are isolated yields and calculated on the basis of consumed thionocarbamates. b In units of 1021 deg cm2 g21. c Of product (either 2
or 3).

Scheme 1
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Impurity annihilation; a strategy for solution phase combinatorial chemistry
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The selective annihilation of all contaminants in the solution
phase formation of amides or sulfonamides is accomplished
by their incorporation into a polyurea and removal by
filtration.

Combinatorial chemistry has received much attention of late as
an engine for the discovery of new pharmaceuticals, catalysts
and materials. Library generation may be accomplished using
solid phase organic synthesis or by using conventional solution
phase chemistry.1 There is, however, an unending controversy
as to which of the major synthetic strategies for library synthesis
is superior. Polymer supported synthesis has the clear advan-
tages of ease of manipulation, the ability to drive reactions to
completion by use of excess reagent and isolation of the product
by filtration alone. However, many synthetic transformations on
solid phase encounter difficulties of analysis and reaction
tracking. The development of new reactions on a solid phase is
frequently time consuming although once developed they may
be used in rapid automated production of libraries. In contrast,
the primary advantage of solution phase chemistry is its
familiarity to the synthetic chemist. Additionally reactions are
generally amenable to easy tracking and analysis. Nonetheless
the complicated work-up procedures usually associated with
such reactions in solution have been a major hurdle to
automation and the use of multi-step sequences. Recently the
use of polymer supported scavengers has been described as a
method to overcome these problems.2 Disadvantages include
the often slow removal of contaminants and variable quality of
the libraries produced. Other strategies include the use of
fluorous phase chemistry. Disadvantages here include the lack
of fluorinated reagents which often need to be prepared by
highly specialised syntheses.3

Herein we report a novel method which readily addresses the
problem of solution phase library clean-up discussed above.
Our approach is based upon the selective annihilation of all
contaminants which are then removed by simple filtration as an
insoluble product. The procedure is exemplified by the
synthesis of amides from the condensation reaction of acid
chlorides with amines. Reaction of an acid chloride with excess
amine may be used to prepare pure amides in the solution phase
without chromatography simply by the polymerisation of the
excess amine and filtration (Scheme 1). Co-polymerisation of
1,4-phenylene diisocyanate and pentaethylenehexamine was
used to effectively remove the excess amine as a highly
insoluble easily filtered polyurea (Table 1).‡ The procedure
appears widely applicable with both primary and secondary
amines affording the corresponding amides in excellent yield
and purity. One caveat is the presence of a second unprotected

indole NH function (entry 7, Table 1) which affords none of the
desired amide due to its propensity to undergo reaction with
1,4-phenylene diisocyanate and thence to polymer. Sulfona-
mides may be prepared by the reaction of a sulfonyl chloride
with excess amine (Scheme 2 and Table 2).‡ The use of an
arenesulfonyl chloride generally gave superior results, both in
terms of yield and purity, compared with an alkanesulfonyl
chloride.

Amide and sulfonamide formation may also be accomplished
by the reaction of amine with an excess of acyl or sulfonyl
chloride, respectively (Scheme 3). Under these circumstances it
is necessary to add an excess of poly(vinylpyridine) to capture
liberated hydrogen chloride and enable amide or sulfonamide
formation to proceed to completion. The excess acyl or sulfonyl
chloride is then scavenged by the addition of the polyamine (3

Scheme 1 Reagents: i, 1,4-phenylene diisocyanate (excess); ii, pentaethy-
lenehexamine.

Table 1 Formation of amides using impurity annihilationa

Entry Amine Yield (%) Purity (%)b

1 1 92 92
2 2 96 99
3 3 93 93
4 4 90 95
5 5 85 98
6 6 90 99
7 7 0 —

a Reagents: i, amine (3 equiv.); ii, 1,4-phenylene diisocyanate (6 equiv.); iii,
pentaethylenehexamine (2.5 equiv.). b Determined by GC–MS and 1H NMR
spectroscopy.

Scheme 2 Reagents: i, 1,4-phenylene diisocyanate (excess); ii, pentaethy-
lenehexamine.
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equiv.) followed by the addition of the diisocyanate (3 equiv.) to
induce polymerisation to the polyurea. Both the polyurea and
poly(vinylpyridine) are then simply removed by filtration. Once
again excellent yields and purities are obtained (results for
various chlorides are listed in Table 3).§ Thus component
annihilation is suitable for the removal of either excess
electrophilic or nucleophilic components.

In summary, we have developed a method for the efficient
‘clean-up’ of a number of solution phase reactions that affords
the desired products in excellent yields and purities in a
reasonable time frame. This methodology has been successfully
carried out manually and with the use of automation.¶ Extension
of this methodology to the synthesis of esters and for the
annihilation of other common reagents∑ will be reported in due
course.

We thank RPA and the BBSRC for a studentship (F. J. Z.),
Glaxo Wellcome Research Ltd. for their endowment
(A. G. M. B.) and the Royal Society for a Dorothy Hodgkin
fellowship (M. L. S.).

Notes and references
† E-mail: m.stow@ic.ac.uk
‡ Typical procedure for the formation of amides or sulfonamides using an
acid chloride or sulfonylchloride respectively with excess amine: To a
solution of the acid chloride or sulfonamide (0.1 mmol) in CH2Cl2 (1 ml)
was added a solution of the amine (3 equiv.) in CH2Cl2 (1 ml). The mixture
was stirred at room temperature for 30 min and a solution of 1,4-phenylene
diisocyanate (6 equiv.) in CH2Cl2 (4 ml) was added. The mixture was stirred
at room temperature for 40 min and a solution of pentaethylenehexamine
(2.5 equiv.) in CH2Cl2 (4 ml) was added. After stirring for 1 h, the
heterogeneous mixture was filtered. Evaporation of the solvent under
reduced pressure afforded the expected amide in high yield and purity (see
Tables 1 and 2 respectively).
§ Typical procedure for the formation of amides or sulfonamides using an
amine with excess acid chloride or sulfonyl chloride respectively: To a
solution of the amine (0.1 mmol) in CH2Cl2 (1 ml) was added a solution of
the acid chloride or sulfonyl chloride (3 equiv.) in CH2Cl2 (1 ml) and
poly(vinylpyridine) (100 mg). The mixture was stirred at room temperature
for 30 min when a solution of pentaethylenehexamine (3 equiv.) in CH2Cl2
(4 ml) was added. The mixture was stirred at room temperature for 40 min.
and a solution of 1,4-phenylene diisocyanate (3 equiv.) in CH2Cl2 (4 ml)
was added. After stirring for 1 h, the heterogeneous mixture was filtered.
Evaporation of the solvent under reduced pressure afforded the expected
amide or sulfonamide in high yield and purity (see Table 3).
¶ Automated synthesis was carried out using a NautilusTM 2400 Organic
Synthesizer (Argonaut Technologies, Inc.).
∑ Kurth has recently reported the use of 1,4-phenylene diisocyanate as a
convenient reagent for the generation of nitrile oxides from nitroalkanes
since the by product urea readily polymerises (see ref. 4).
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Table 2 Formation of sulfonamides using impurity annihilationa

Entry Amine Yield (%) Purity (%)b

1a 1 90 95
1b 1 74 81
2a 2 79 94
2b 3 68 80
3a 3 85 89
3b 3 64 67
4a 4 92 92
4b 4 81 57
5a 5 97 98
5b 5 92 92
6a 6 81 92
6b 6 80 61

a Reagents: i, amine (3 equiv.); ii, 1,4-phenylene diisocyanate (6 equiv.); iii,
pentaethylenehexamine (2.5 equiv.). b Determined by GC–MS and 1H NMR
spectroscopy.

Scheme 3 Reagents: i, pentaethylenehexamine (excess); ii, 1,4-phenylene
diisocyanate.

Table 3 Formation of sulfonamides and amides using impurity annihila-
tiona

Entry Chloride Yield (%) Purity (%)b

1 3,5-Cl2C6H3COCl 90 99
2 c-C6H11COCl 98 97
3 2-furylCOCl 95 92
4 4-MeC6H4SO2Cl 84 92

a Reagents: i, chloride (3 equiv.), poly(vinylpyridine); ii, pentaethylenehex-
amine (3 equiv.); iii, 1,4-phenylene diisocyanate (3 equiv.). b Determined by
GC–MS and 1H NMR spectroscopy.
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Thermal decomposition of 1-(aminophenyl)-5-tert-butyl-4,4-dimethyl-
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normal fragmentation of 1,2-dioxetanes
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A dioxetane (ortho-3a) decomposes thermally to give the
normal carbonyl product while dioxetanes (ortho-3b–c)
decompose at low temperature to afford heterocycles 6 and
7 in high yields.

Thermal decomposition of rather simple 1,2-dioxetanes gives in
general two carbonyl products.1 Charge transfer (CT)-induced
decomposition of dioxetanes bearing an electron donor also
affords two carbonyl fragments, although its mechanistic
aspects and accompanying luminescence should be differ-
entiated from those of simple thermolysis.2–4 A dioxetane

bearing p-(N,N-dimethylamino)phenyl groups (1) is a typical
example of species that undergo CT-induced decomposition.5
In the course of our investigations on highly efficient chem-
iluminescent substrates, we found that dioxetanes (ortho-3b–c)
bearing a phenyl substituted with an N-methylamino or N,N-
dimethylamino group at the ortho position suffer unusual
decomposition competing with normal fragmentation, although
their unsubstituted o-amino (ortho-3a), p-amino (para-3), and
m-amino analogues (meta-3) undergo thermal decomposition to
afford normal carbonyl products.

When a dihydrofuran (para-2a) (100 mg) was irradiated in
the presence of catalytic amount of tetraphenylporphin (TPP) in
CH2Cl2 (10 ml) with a 940 W Na lamp under O2 atmosphere at
0 °C for 1 h, a dioxetane (para-3a) bearing a p-aminophenyl
group† was selectively produced (Scheme 1), although it
decomposed considerably during isolation by chromatography
(SiO2) (colorless crystals melted at 83.0 °C, 23% yield). Similar
singlet oxygenation of dihydrofurans para-2b and para-2c gave
dioxetanes para-3b (N-methylamino) and para-3c (N,N-dime-
thylamino),‡ respectively. These dioxetanes (para-3a–c) de-
composed via a first-order process to afford the corresponding
keto esters (para-4a–c) exclusively in hot toluene-d8. The
decomposition rates were measured at various temperatures
(70–110 °C) in toluene-d8 and activation parameters for
thermolysis of para-3a–c were estimated as shown in Table 1,
where those for dioxetanes bearing a p-methoxyphenyl (para-
3d) and a phenyl moiety (3e), which were synthesized similarly,
are also cited. Table 1 discloses that (i) the thermal susceptibil-
ity of p-amino derivatives (para-3a–c) is prominent, (ii) the
order of half-life (t1/2) (at 25 °C) is para-3c < para-3b < para-
3a < < para-3d < 3e, and (iii) this order is in good agreement
with the order of formal oxidation potential of the parent arenes
(5) corresponding to dioxetanes (para-3a–e): 5c < 5b < 5a < <
5d < 5e.6 These results are consistent with a report on 1 by
Schaap5 and show that CT-induced decomposition takes place
most likely for a dioxetane bearing an aryl moiety with low
oxidation potential. However, it should be noted that these
marked differences in rates of thermal decomposition of para-3
were not observed for meta-analogues (meta-3a, meta-3d,7 3e):
even meta-3a is very persistent thermally, as shown in Table 1.

These facts prompted us to next examine thermolysis of ortho-
analogues of 3a–c.

An o-aminophenyl moiety was first expected to induce
decomposition of dioxetanes (ortho-3a–c) into 4 similarly to
para-3a–c. A dioxetane bearing an o-aminophenyl moiety
(ortho-3a) was synthesized from a dihydrofuran (ortho-2a)
similarly to the case of para-3a (62% isolated yield). Dioxetane
(ortho-3a) was as unexpectedly stable as its meta-analogue
(meta-3a), although it decomposed into the normal product
(ortho-4a) exclusively on heating (see Table 1). The result
suggests that the CT from an o-aminophenyl moiety most likely
occurs far less easily than from a p-aminophenyl moiety. The
significant difference in ease of CT may be attributed mainly
not to electronic factors but to the steric characteristics of the
aromatic electron donor: the aryl group for ortho-3a does not
rotate around the C–C bond to the dioxetane ring as freely as
that for para-3a because of steric hindrance by the o-amino
group.§ This tendency was also observed for the o-methoxy
derivative (ortho-3d) which is far more persistent than para-3d,
meta-3d and the parent dioxetane 3e.

Singlet oxygenation (278 °C) of an olefin (ortho-2b)
substituted with an o-(N-methylamino)phenyl group also gave

Scheme 1

Table 1 Activation parameters for the thermolysis of 1-aryl-5-tert-butyl-
4,4-dimethyl-2,6,7-trioxabicyclo[3.2.0]heptanes 3a

Dioxetane
DEa/kcal
mol21 log A

t1/2/years
at 25 °C

E1/2/Vb

of 5

para-3a 28.8 12.6 4.3 0.98
para-3b 29.1 13.4 2.0 0.77
para-3c 27.7 12.5 1.4 0.73
para-3d 30.6 13.4 27 1.76

3e 30.2 12.8 51 2.38
meta-3a 29.9 12.7 33
meta-3d 30.2 12.8 50
ortho-3a 30.1 12.9 28
ortho-3d 30.7 12.0 660
a Thermolysis was carried out in toluene-d8 or in p-xylene-d10.
b Oxidation half-wave potential (ref. 6); solvent system: R4N+ClO4

2. (R =
Bu or Pr)/MeCN, reference electrode = SCE, working electrode = Pt.
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the corresponding dioxetane (ortho-3b). The thermal decom-
position of ortho-3b exhibited features completely different
from those for the dioxetanes described above. On standing for
several hours at room temperature in toluene or CDCl3, ortho-
3b changed into an unusual product (6) (pale yellow granules
melted at 59.0 °C)† without any detectable amount of the
normal product (ortho-4b) expected initially. Dioxetane ortho-
3b decomposed, however, into ortho-4b in high yield on
heating in refluxing toluene. It should be noted that both
products 6 and ortho-4b are thermally stable and do not change
into each other upon heating. Thus, we carried out thermolysis
of ortho-3b at various temperatures in toluene-d8 and measured
the product ratio of 6 : ortho-4b) by 1H NMR spectroscopy:
6 : ortho-4b = 93:7 at 50 °C, 72:28 at 70 °C, 35:65 at 90 °C,
11:89 at 110 °C. These results suggest that decomposition to
ortho-4b (mode A) and unusual decomposition to 6 (mode B)
take place concurrently in a temperature-dependant manner for
dioxetane ortho-3b.

The decomposition of mode B is most likely rationalized by
a mechanism similar to the Adam reaction,9¶ comprising the
intramolecular nucleophilic attack of an N-methylamino group
at the O–O moiety of the dioxetane and successive O–O bond
fission accompanying a proton exchange in an intermediary
twitterion (8, R1 = H, R2 = Me), as illustrated in Scheme 2.
Although the proposed mechanism includes multi-step reac-
tions, the decomposition of ortho-3b to 6 should be essentially
a unimolecular reaction as in the pathway to ortho-4b (mode A).
Consequently, the product ratio (6/ortho-4b) described above
should be equal to the ratio of rate constants (kB/kA) for the
corresponding modes at a given temperature. By plotting log(6/
ortho-4b) vs. 1/T, we estimated differences in activation energy
Ea and log A between modes A and B as DEa = Ea (A) 2 Ea (B)
= 18.9 kcal mol21 and DlogA = logA (A) 2 logA (B) = 11.7.
The result suggests that the mode B requires far a lower
activation energy and proceeds through a transition state far
more highly ordered than mode A. As such in the transition
state, one can image a structure where the o-aminophenyl
moiety lies in or near the plane comprising O–C–C shown as T-
1.

Finally, we attempted to synthesize a dioxetane (ortho-3c)
bearing an o-(N,N-dimethylamino)phenyl moiety. When singlet
oxygenation of a dihydrofuran (ortho-2c) was carried out
similarly to the case of ortho-2a in CH2Cl2 at 0 °C, ortho-2c
gave none of the expected dioxetane (ortho-3c) but gave instead
an unprecedented oxygenation product 7 (colorless granules,
mp 140.0 °C, 93%)† and a small amount of a keto ester (ortho-
4c) (7%). The low-temperature singlet oxygenation of ortho-2c
gave similar results, so that we could obtain little direct
evidence for formation of a dioxetane (ortho-3c). However, the
reaction is reasonably thought to proceed through an unstable
dioxetane (ortho-3c), because both 7 and ortho-4c are products
in which both carbons in the CNC moiety of the starting
dihydrofuran (ortho-2c) are oxygenated. Formation of the
unique cyclic aminal 7 is probably attributed to an intra-
molecular nucleophilic reaction of a dimethylamino group with

O–O as in the case of ortho-3b to 6; the initially formed
zwitterionic intermediate (8, R1, R2 = Me) may undergo
Stevens-like rearrangement10 to afford 7 as shown in Scheme
2.¶∑

In conclusion, the present results show that, for dioxetanes
bearing a substituted phenyl moiety, a p-amino group accel-
erates significantly decomposition of the dioxetane in the order
of H < OMe < < NH2 < NHMe < NMe2, while meta-
analogues are insensitive to this substituent effect. On the other
hand, o-methylamino and o-dimethylamino groups cause
preferentially unusual decomposition of dioxetane by their
intramolecular nucleophilic attack at O–O of the dioxetane,
though their unsubstituted amino analogue decomposes to give
the normal carbonyl product.

Notes and references
† Structures of all products obtained here were characterized by 1H NMR ,
13C NMR, IR, and mass spectral analysis. Selected data for 6: dH(400 MHz,
CDCl3) 0.92 (s, 9H), 1.22 (s, 3H), 1.54 (s, 3H), 3.14 (s, 3H), 3.72 (qAB, J
7.3, 2H), 4.01 (s, 1H), 6.78 (d, J 7.8, 1H), 7.05 (ddd, J 7.8, 7.3, 1.0, 1H), 7.33
(ddd, J 7.8, 7.3, 1.0, 1H), 7.54 (d, J 7.8, 1H); dC(100 MHz, CDCl3) 21.4,
25.7, 28.2, 39.4, 46.7, 47.6, 80.7, 88.4, 110.8, 119.5, 122.3, 127.5, 127.5,
129.8, 151.8. For 7: dH(400 MHz, CDCl3) 0.70 (br s, 9H), 1.19 (s, 3H), 1.50
(s, 3H), 2.86 (s, 3H), 3.73 (qAB, J 7.8, 2H), 4.40 (s, 1H), 4.42 (qAB, J 7.3,
2H), 6.76 (d, J 8.3, 1H), 6.86 (m, 1H), 7.26 (m, 1H), 7.75 (dd, J 7.8, 1.5, 1H);
dC(100 MHz, CDCl3) 22.7, 26.2, 28.2, 35.1, 40.2, 48.0, 78.5, 79.5, 90.6,
108.0, 112.7, 118.6, 125.2, 129.3, 132.0, 148.9.
‡ Dioxetanes para-3b,c were unstable under the chromatographic condi-
tions, so that the crude para-3b,c including little other than a trace amount
of keto ester (para-4b,c) was used without purification for thermolysis.
§ The rate of the CT-induced decomposition of a dioxetane bearing a
phenoxide anion as an electron donor has been reported to decrease via
restriction of rotation of the aromatic ring (ref. 8).
¶ Nucleophilic cleavage of a dioxetane with an aromatic amine is
unprecedented, although a sec-alkylamine has been reported to cause
decomposition of a dioxetane to yield N,N-dialkyl-O-(2-hydroxyethyl)hy-
droxylamine (Adam reaction) (ref. 9). The possibility cannot be ruled out
that the reaction of ortho-3b to give 6 proceeds by a mechanism including
attack of a diradical formed initially by homolytic O–O bond cleavage on an
amino group, although ortho-3a should also give an analogue of 6 by this
mechanism. The marked difference in decomposition mode between ortho-
3a and ortho-3b is most likely attributed to a difference in nucleophilicity
between NH2 and NHMe: the order of nucleophilicity would be NH2 <
NHMe < NMe2. The thermal instability of ortho-3c might be also
rationalized by the high nucleophilicity of the NMe2 group.
∑ Nucleophilic attack of a tert-alkylamine on a dioxetane has been reported
to lead only to normal carbonyl products through Grob fragmentation (ref.
11) of an intermediary zwitterion (ref. 9). For an intramolecular reaction as
presented here, a zwitterion such as 8 might, however, cause predominantly
Stevens-like rearrangement, because an oxy anion would lie so close to a
methyl of the ammonium ion (ON+Me2) that the oxy anion is able to easily
abstract a methyl proton. The formation of a minor product (ortho-4c) may
be due to Grob fragmentation of 8 and/or direct decomposition of ortho-3c
as in the case of para- and meta-3.

1 A review: C. R. Saha-Moler and W. Adam, Four-membered Rings with
Two Oxygen Atoms in Comprehensive Heterocyclic Chemistry II, ed. A.
Padwa, Pergamon, NY, 1996, vol. 1B, pp. 1041–1082.

2 G. B. Schuster, Acc. Chem. Res., 1979, 12, 366.
3 L. H. Catalani and T. Wilson, J. Am. Chem. Soc., 1989, 111, 2633.
4 F. McCapra, Mechanism in Chemiluminescence and Bioluminescence-

Unfinished Business, in Bioluminescence and Chemiluminescence, ed.
J. W. Hastings, L. J. Kricka and P. E. Stanley, Wiley, NY, 1996, pp.
7–15.

5 K. A. Zaklika, T. Kissel, A. L. Thayer, P. A. Burns and A. P. Schaap,
Photochem. Photobiol., 1979, 30, 35; A. P. Schaap, S. D. Gagnon and
K. A. Zaklika, Tetrahedron Lett., 1982, 23, 2943.

6 H. Siegerman, Oxidation and Reduction Half-Wave Potentials of
Organic Compounds, in Techniques of Electroorganic Synthesis, ed.
N. L. Weinberg, Wiley, NY, 1975, pp. 667–826.

7 M. Matsumoto, N. Watanabe, N. C. Kasuga, F. Hamada and K.
Tadokoro, Tetrahedron Lett., 1997, 38, 2863.

8 M. Matsumoto, N. Watanabe, T. Shiono, H. Suganuma and J.
Matsubara, Tetrahedron Lett., 1997, 38, 5825.

9 W. Adam and M. Heil, J. Am. Chem. Soc., 1992, 114, 5591.
10 S. H. Pine, Org. React., 1970, 18, 403.
11 C. A. Grob, Angew. Chem., Int. Ed. Engl., 1969, 8, 535.
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Chloride ion effects on kinetic resolution in Pd-catalysed allylic alkylation
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Chloride ion (5 mol%) accelerates and stabilises the oxida-
tive addition of the slow-reacting enantiomer of cyclopente-
nyl pivaloate to Pd0 complexes bearing the Trost modular
ligand.

Astute chemical design and serendipity have led to a range of
very effective ligands for enantioselective Pd-catalysed allylic
alkylation.1 Cyclic substrates have proven the hardest systems
to substitute with high enantiomeric excess (ee) and the modular

ligand systems of Trost,2 e.g. (R,R)-1, have been almost3
uniquely successful for this reaction type.

We recently reported a mechanistic study4 of the ‘memory
effect’5 in the ‘[Pd(R,R)-1]’-catalysed reaction of 2a with sodio
dimethyl malonate (NaCHE2; E = CO2CH3) in THF to give
(S)-3. Herein we report on the effect of catalytic chloride ion on
the kinetic resolution6 of 2 and 4 by ‘[Pd(R,R)-1]’.

Pro-catalysts generated in situ from a bidentate ligand (L2)
and [Pd(allyl)Cl]2 are often employed in Pd-catalysed allylic
alkylation with NaCHE2. Entry into the catalytic cycle is
assumed to proceed via alkylation–reduction of [(L2)PdII-p-
allyl][Cl] to generate NaCl, allyl-CHE2 and ‘[Pd(L2)]’.7 Using
2.25 equiv. NaCHE2 and 5 mol% of ‘[Pd(R,R)-1]’ generated in
situ from (R,R)-1 and [Pd(allyl)Cl]2 (1/Pd = 3/2) complete

conversion of both enantiomers of deuterium labelled pivaloate
(±)-4b to a mixture of isotopomeric a- and g-5 occurs, in THF,
within 10 min at room temp. (Table 1, entry 1).

When the reaction was quenched after 5 s, there was evidence
of a moderate kinetic resolution (kS/kR ≈ 9): recovered 4b
(25%) was 88% ee (R) and a/g-5 were obtained in 38% yield.†
However, when the ‘[Pd(R,R)-1]’ was generated under chlo-
ride-free conditions8 from [Pd2dba3.CHCl3] (dba = dibenzyli-
deneacetone) or [Pd(allyl)(MeCN)2][OTf] (1/Pd = 3/2) the rate
of reaction was reduced and kinetic resolution enhanced. After
10 min, a-5 and g-5 arising exclusively (!97%) from matched
(S)-4b were obtained in 38–43% yield and mismatched (R)-4b
had been partially resolved (47–51% ee) (Table 1, entry 2).
After a further 2 h (R)-4b was recovered in 28–32% yield and
!90% ee.‡ There was no racemisation or further conversion9 of
(R)-4b (despite a large excess of NaCHE2) over a period of 48
h. However, with substoichiometric (0.5 equiv.) NaCHE2 rapid
(@60 s) partial resolution of (±)-2c was followed by Pd-
catalysed racemisation of remaining (R)-2c (Fig. 1).

With excess nucleophile, labelled substrates were recovered
unscrambled—there was no evidence of the g-2H isotopomer of
(R)-4b and reaction of (±)-6b (95% 18O) afforded (R)-6b
(!90% ee) and no acyl-18O isotopomer 7b. These results
suggest non-reversible Pd-allyl formation from (R)-4 and (R)-6
under turn-over conditions10§ and implicate the nucleophile in
the catalyst deactivation process.

The efficient kinetic resolution of (±)-4b by ‘[Pd-(R,R)-1]’ is
not in itself surprising—the tight ‘chiral pocket’11 of (R,R)-1 is
known to effect highly enantioselective (matched) ionisation of
meso-diesters 8.2b More remarkable however, is that 5 mol%
chloride ion increases the conversion (not via racemisation) of
mismatched12 (R)-4b (Table 1, compare entries 1 and 2) and
inhibits catalyst deactivation. The importance of halide ions, at

Table 1 The effect of chloride on kinetic resolution with PdII vs. Pd0 catalyst pre-cursors, in THF and CH2Cl2

Yield (%) (R/S)
Entry Pda (S)-a-5 (R)-g-5 (R)-4b

1 [Pd(allyl)Cl]2 50 (42:58) 29 (36:64) 0 (—)
2 PdII a or Pd0 a 32 ( < 5:95) 11 ( > 95:5) 36 (74:26)
3 PdII a + dbab + LiClc or Pd0 a + LiClc 33 ( < 5:95) 14 ( > 95:5) 17–28 ( > 95:5)
4 PdII a + LiClc 46 (43:57) 31 (39:61) 0 (—)
5d PdII a 20 (11:89) 5 (66:34) 74 (64:36)
6d [Pd(allyl)Cl]2 60 (33:67) 27 (19:81) 0 (—)

a PdII = [Pd(allyl)(MeCN)2][OTf]; Pd0 = Pd2dba3·CHCl3. b 7.5 mol% dba. c 5 mol% LiCl. d In CH2Cl2, 145 min.
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both the Pd0 and PdII oxidation state in cross-coupling and Heck
reactions is well documented.13 However, although a variety of
halide effects have been reported in Pd-catalysed allylic
substitution14 these are all mechanistically implicated at the
PdII-p-allyl stage.

To gain further information, we compared the effect of
chloride on the selectivity with different pro-catalyst systems in
THF. Use of 5 mol% of the Pd0 pro-catalyst derived from (R,R)-
1, [Pd2dba3·CHCl3] and LiCl (1/Pd/Cl = 3/2/2) resulted in even
more effective kinetic resolution giving (R)-4b (28% yield) in
!95% ee in under 10 min (Table 1, entry 3). At this point (S)-a-
5 (!95% ee) and (R)-g-5 (!90% ee) were derived almost
exclusively ( > 97%) from matched (S)-4b and this suggests kS/
kR! 100.¶ However, complete conversion of residual (R)-4b to
a/g-5 occurred in less than 12 h to give a/g-5 in 74% yield.
Hence the LiCl retarded catalyst deactivation but not kinetic
resolution.

With 5 mol% of the PdII pro-catalyst derived from (R,R)-1,
[Pd(allyl)(MeCN)2][OTf] and LiCl (1/Pd/Cl = 3/2/2), com-
plete conversion of (±)-4b to 5 occurred within 10 min (Table 1,
entry 4). When dba (7.5 mol%) was also added to the pro-
catalyst mixture, catalysis slowed dramatically and the system
behaved similarly to that derived from a Pd0 source (Table 1,
entry 3). When the LiCl was omitted initially but added after 10
min of catalysis, powerful kinetic resolution of (±)-4b and
catalyst deactivation occurred in the first 10 min and, on
addition, the LiCl did not reactivate the catalyst.

The effect of solvent was also briefly studied. In CH2Cl2
reactions were slower. There was moderate kinetic resolution
(kS/kR ca. 9) under chloride-(ion)-free conditions (Table 1, entry
5) and a greater ‘memory effect’ in the presence of 5 mol%
chloride (Table 1, entry 6).

Taken together, the results suggest the following: (i) chloride
coordination to Pd0 results in a more reactive and less selective
palladate-type catalyst, (ii) palladate formation is disrupted by
dba, and (iii) in the absence of chloride and in the presence of
NaCHE2, mismatched ionisation of slower reacting (R)-4b
tends to lead to catalyst decomposition.

Generous donations from the Zeneca Strategic Research
Fund are gratefully acknowledged. S. C. S thanks the University
of Bristol for a Postgraduate Scholarship.

Notes and references
† The deuterium label and stereospecific mechanism allows the distinction
of 5 arising from (R)- and (S)-4. Ratios were determined by NMR analysis
in C6D6 with (+)-Eu(hfc)3: (S)-4b/(R)-4b by 1H NMR analysis and (S)-a-
5/(R)-g-5/(R)-a-5/(S)-g-5 by 13C NMR analysis (see ref. 4).
‡ Analogous results were obtained with (±)-4a and (±)-4c. Pd-catalysed
reaction (5 mol% [(dppf)Pd(allyl)][OTf], THF, 25 °C, 60 s) of the resultant
(R)-4a with 2.25 equiv. NaCHE2 afforded (R)-a-5 and (S)-g-5 exclusively
( > 96%).
§ Reversible ionisation cannot be completely ruled out if a very tight ion-
pair {[(1)-Pd-(hx-c-C5H7)]+[O2CCMe3]2} is formed and there is slow
relaxation of nucleofuge orientation (i.e. equilibration of 18O/16O) relative
to exclusive internal return at the mismatched (a) carbon.
¶ For 98% selective conversion of (S)-4b over (R)-4b to a/g-5 at 43%
conversion, (kS/kR)calc = 107. This calculation assumes that the slow
mismatched ionisation of (R)-4 gives no side products. Thus (kS/kR) may be
much lower.
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Fig. 1 Kinetic resolution (A) then racemisation (B) of (±)-2c on reaction
with 0.5 equiv. NaCHE2, catalysed by chloride-free pro-catalyst generated
from 7.5 mol% (R,R)-1 and 5 mol% [Pd(allyl)(MeCN)2][OTf].
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In the presence of templating anions, 2 : 3 molar mixtures of
triphos and silver(i) cations unexpectedly give novel hex-
anuclear cages, which result from an unusual ‘endo-methyl’
geometry of the triphos ligands.

Multidentate ligands in general tend to promote the formation of
metal clusters or aggregates by forming radial metal–ligand
bonds which place the metal atoms at the centre of the molecule.
For example, 2 : 2 (ligand : metal) diphosphine complexes of
silver(i) or copper(i) generally form dinuclear rings shown in
Fig. 1(a) and (b), with terminal or bridging anions.1 Metallo-
cage assembly is receiving increasing attention,2 and the use of
appropriate tripodal phosphines in a 2 : 3 ratio might be
expected to give trinuclear cages of the type shown in Fig. 1(c).
The only triphos [MeC(CH2PPh2)3] silver(i) complex to be
structurally characterised so far is the mononuclear 1 : 1
complex [Ag(triphos)I].3 Here we report our unexpected
observation that a 2 : 3 molar mixture of triphos and silver(i)
ions in fact gives a novel hexanuclear cage of formula
[Ag6(triphos)4X4]2+. The triphosphine ligands assemble with
their methyl groups concentrating in the central region of the
molecule, and the dative bonds to the complexed phosphino
substituents lead to an aggregate of silver ions on the surface.
Anions are further complexed to the outside of the cage and
appear to play an important templating role.

When solutions of triphos are titrated against a silver(i) salt of
an oxo anion [AgX] (X = SO3CF3, ClO4, NO3) and monitored
by 31P{1H} NMR spectroscopy, broad featureless signals are
seen until a molar ratio of 2 : 3 (triphos : silver) is reached, when
only a very sharp pattern with well defined 109Ag–31P and
107Ag–31P coupling is observed. Crystals of the 2 : 3 adduct 1 (X
= SO3CF3 1a, ClO4 1b, NO3 1c)† suitable for X-ray analysis
were grown by diffusion of hexane into a tetrachloroethane–
acetonitrile solution of the complex.‡ The molecular structure
(Fig. 2) is based on a cage of stoichiometry [Ag6(triphos)4-
(O3SCF3)4]2+ with approximate T symmetry.§ It may be simply
represented as a truncated tetrahedron in which the four triphos
ligands define the truncated apices and the six silver ions
occupy the edges (Fig. 3). The four faces of the cage correspond
to fused 18-membered rings each having local C3 symmetry,
containing six phosphorus atoms and three silver(i) centres.
Approaching each facial trio of silver(i) atoms is a triflate ion
with its oxygen atoms directed inwards. A novel feature is the

‘endo-methyl’ conformation of the triphos ligands, in which
their methyl groups point toward the centre of the cage, leaving
only a small cavity of van der Waals radius ca. 2.4 Å at the
centre. This arrangement differs markedly from the ‘exo-
methyl’ conformation observed when triphos acts as a face
capping ligand.4 As a consequence, the in-pointing methyls
generate an ordered hydrophobic interior and the Ag+ and
O3SCF3

2 ions form a polar spherical surface.
The average Ag–O distance is 2.66 Å indicating a significant

degree of interaction [cf. 2.639(4), 2.712(6) and 2.74(2) in
[Ag2{m-Ph2P(CH2)6PPh2}2(m-ClO4)2]1a]. The resulting geome-
try at each Ag(i) centre can best be described as distorted
tetrahedral, the angles subtended at the two independent metal
centres by the phosphorus atoms being 144.6(1) and 147.9(1)°,
and by the oxygen atoms 128.2(5) and 126.8(5)° respectively.
The O–Ag–O and P–Ag–P planes at each silver ion are
essentially orthogonal (between 88 and 90°). The Ag–P

Fig. 1 Macrocyclic diphosphine silver(i) and copper(i) complexes with
terminal (a) or bridging (b) anions and postulated trinuclear cages based on
triphos ligands (c).

Fig. 2 The central core of complex 1a. The phenyl and methyl groups on the
triphos ligands have been omitted for clarity.

Fig. 3 Truncated tetrahedral representation of complex 1a.
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distances are in the range 2.405(4)–2.416(4) Å. The ability of
triflate to coordinate to the cage is perhaps surprising given the
steric bulk of the triphos phenyl substituents. However, the
space filling representation of 1a (Fig. 4) reveals how the phenyl
groups are arranged in such a way as to provide channels
through which the triflate anions can approach the silver ions.
These channels are chiral and could potentially discriminate
between enantiomeric anions.

The presence of four faces which are tetrahedrally disposed,
each with approximate C3 symmetry (as in adamantane) but
composed of 18-membered rings (cf. six-membered as in
adamantane) suggests the description ‘super-adamantoid’ for
the cage. In the super-adamantoid cage, bridgehead atoms are
replaced by tridentate triphos ligands, and the bridging atoms
are replaced by silver ions.

As mentioned above, in solution, sharp 31P NMR spectra are
observed at room temperature which indicate chemically
equivalent phosphorus atoms. The silver–phosphorus coupling
constants 1J109Ag–31P for 1a–c lie in the range 588–561 Hz which
is consistent with the silver(i) centres being coordinated to two
phosphine groups.5,6 In addition the, albeit small, variations in
chemical shift and silver–phosphorus coupling constants be-
tween 1a, 1b and 1c imply that some degree of anion
coordination occurs at the silver(i) centres in solution. This is
further supported by the 19F NMR spectrum of the triflate
complex 1a, which consists of two singlets at d 277.9 and
278.6 in a 4 : 2 intensity ratio, as expected for four coordinated
and two free triflate anions. On the basis of the closely related
NMR spectra of complexes 1a–c, we assume that similar cage
structures are formed, at least in solution, for complexes 1b (X
= ClO4) and 1c (X = NO3). By contrast, under similar
conditions, a mixture of triphos and AgBF4 gave a solution
whose 31P NMR spectrum consisted for the main part (98% of
the total intensity) of a broad signal lacking any evidence of
109Ag–31P couplings. The remaining 2% consisted of sharp
signals indicative of cage formation. With AgSbF6, only the
broad featureless signal was observed. It therefore seems that
the less nucleophilic BF4 and SbF6 anions are unable to promote
the selective formation of the cage structure in solution.

The anion-specific behaviour noted above, i.e. selective
formation of a rigid cage when X = SO3CF3, ClO4 or NO3 vs.
more labile species in which phosphine dissociation occurs on
the NMR timescale at room temperature when X = BF4 or
SbF6, may be related to the m3-face-capping coordination mode
of the anion in the structure. The anion is required to be
tridentate and reasonably nucleophilic. These criteria are
satisfied by the O3SCF3, ClO4 and NO3 anions, but not BF42

and SbF62.
In conclusion, complexes 1 have a unique super-adamantoid

structure which results from the phosphines adopting a novel
tetramer at the centre of the molecule, providing an outer
surface which enables the coordination of six silver ions in an
octahedral aggregate. This unusual geometry is stabilised by

tridentate anions capable of capping the faces of the octahe-
dron.

We would like to thank Dr J. S. Fleming and Mr C.-A. Carraz
for obtaining 19F NMR spectra.
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intensity is a broad signal from d 25 to 212, 2% is sharp, with d 23.67
(1J109Ag–31P 588 Hz); AgSbF6: broad signal from d 25 to 212.
‡ Crystal data for 1a: [(C164H156P12Ag6)(CF3SO3)4](CF3-
SO3)2·6(C2H2Cl4), M = 5047.2, rhombohedral, space group R3̄ (no. 148),
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crystallographic C3 symmetry), Dc = 1.371 g cm23, m(Cu-Ka) = 79.5
cm21, F(000) = 15 192, T = 183 K, clear prisms, 0.53 3 0.53 3 0.37 mm,
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reflections. The structure was solved by direct methods and all of the non-
hydrogen atoms of the complex and its associated counter-ions were refined
anisotropically. The solvent molecules and the remaining counter-ions were
found to be highly disordered and could not be resolved. They were thus
modelled by the assignment of appropriate partial occupancy atoms to fit the
electron density throughout the diffuse area. Refinements were by full
matrix least-squares based on F2 to give R1 = 0.109, wR2 = 0.283 for 5962
independent observed absorption corrected [semiempirical based on y-
scans, max. and min. transmission factors 0.23 and 0.08 respectively]
reflections [|Fo| > 4s(|Fo|), 2q @ 120°] and 720 parameters. CCDC
182/1030.
§ The crystallograpic symmetry is C3 only about an axis passing through
one of the triflate anions, though the departures from this symmetry about
the other three anions are only slight.

1 (a) S. Kitagawa, M. Kondo, S. Kawata, S. Wada, M. Maekawa and M.
Munakata, Inorg. Chem., 1995, 34, 1455; (b) E. R. T. Tiekink, Acta.
Crystallogr., Sect. C, 1990, 46, 1933; (c) D. M. Ho and R. Bau, Inorg.
Chem., 1983, 21, 4073; (d) S. P. Neo, Z.-Y. Zhou, T. C. W. Mak and
T. S. A. Hor, ibid., 1995, 34, 520; (e) A. F. M. J. van der Ploeg, G. van
Koten and A. L. Spek, ibid., 1979, 18, 1052; (f) A. F. M. J. van der Ploeg
and G. van Koten, Inorg. Chim. Acta, 1981, 51, 225; (g) Y. Ruina, Y. M.
Hou, B. Y. Xue, D. M. Wang and D. M. Jin, Transition Met. Chem., 1996,
21, 28; (h) Acta Crystallogr., Sect. B, 1976, 32, 2521; (i) F. Caruso, M.
Camalli, H. Rimml and L. M. Venanzi, Inorg. Chem., 1995, 34, 673; (j)
J. Org. Chem., 1980, 45, 2995; (k) Inorg. Chim. Acta, 1997, 69, 262.

2 R. W. Saalfrank, R. Burak, A. Breit, D. Stalke, R. Hirbstirmer, J. Daub,
M. Porsch, E. Bill, M. Muther and A. X. Trautwein, Angew. Chem., Int.
Ed. Engl., 1994, 33, 1621; D. L. Caulder, R. E. Powers, T. N. Parac and
K. N. Raymond, ibid., 1998, 37, 1840; T. Beissel, R. E. Powers and K. N.
Raymond, ibid., 1996, 35, 1084; C. Bruckner, R. E. Powers and K. N.
Raymond, ibid., 1998, 37, 1837; A. J. Amoroso, J. C. Jeffrey, P. L. Jones,
J. A. McCleverty, P. Thornton and M. D. Ward, ibid., 1995, 34, 1443;
J. S. Fleming, K. L. V. Mann, C. A. Carraz, E. Psillakis, J. C. Jeffrey,
J. A. McCleverty and M. D. Ward, ibid., 1998, 37, 1279; R. Vilar,
D. M. P. Mingos, A. J. P. White and D. J. Williams, ibid., 1998, 37,
1258.

3 M. Camalli and F. Caruso, Inorg. Chim. Acta, 1990, 169, 189.
4 H. Zimmerman, M. Gomm, E. Kock and J. Ellerman, Acta Crystallogr.,

Sect. C, 1988, 44, 48; M. R. Churchill, C. H. Lake, W. G. Feighery and
J. B. Keister, Organometallics, 1991, 10, 2384.

5 Methods in Stereochemical Analysis, Volume 8, Phosphorus-31 NMR
spectroscopy in Stereochemical Analysis, ed. J. G. Verkade and L. D.
Quin, VCH Publishers Inc., Deerfield Beach, FL, 1987; M. Barrow, H. B.
Buergi, M. Camalli, F. Caruso, E. Fischer, L. M. Venanzi and L.
Zambonelli, Inorg. Chem., 1983, 22, 2356.

6 Camalli et al. (ref. 3), in broad agreement with our observations, report
that reaction between triphos and [AgX] (X = ClO4 or NO3) was found
to give complexes with silver–phosphorus coupling constants ‘higher
than expected for complexes of the type AgP3’ (P = phosphine). While
noting that definitive structure assignments could not be made, it was
postulated that these complexes were two-coordinate with one arm of the
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Fig. 4 Space-filling representation of the solid state structure of 1a viewed
along the crystallographic C3 axis.
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A synthetase enzyme catalyses formation of the monocyclic
b-lactam ring during clavulanic acid biosynthesis.

The most important inhibitor of serine b-lactamases is cla-
vulanic acid 1,1 which is produced by some Streptomyces spp.2
Whilst the central portion (i.e. 2 to 3) of the clavulanic acid 1
biosynthesis pathway is established, significant gaps remain
(Scheme 1). Nearing the end of the pathway the process by
which the stereochemistry of the ring junction and C-3 positions
of clavulanic acid are inverted to give the aldehyde 4 is
unknown. At the beginning of the pathway, the intermediates
leading to monocyclic b-lactam 2 are unclear. Labelling
experiments have demonstrated that likely direct primary
metabolic precursors of the 3 and 5-carbon portions of the
clavulanic acid skeleton are pyruvate3,4 and arginine.5 Further
studies have indicated that 5 is an intermediate in the
pathway.6

Our sequencing studies demonstrated that within the bio-
synthesis gene cluster7 of 1 an open reading frame (ORF3)
displays a ca. 25% sequence identity over 434 of its 513
residues with Asn synthetase B (AS-B), the first 50 amino acids
showing no homology. AS-B catalyses the ATP dependent
synthesis of Asn from Asp and Gln; in vitro Gln can be replaced
with NH3 (Scheme 2).8 We speculated that the ORF3 gene
encoded the enzyme responsible for the conversion of 5 to 2.
Instead of catalysing the intermolecular formation of an amide
bond as for AS-B, we envisaged that a synthetase catalysed the
cyclisation of 5 to 2, which in one sense may be viewed as a
‘reverse’ b-lactamase.

The ORF3 gene was PCR amplified from a cosmid
containing the genetic information for the biosynthesis of 1 and
sub-cloned into the pET-24a(+) vector,‡ which expressed

native recombinant enzyme in Escherichia coli BL21(DE3) at
ca. 10% of total soluble cell protein. The recombinant ORF3
protein was purified by standard methodologies. N-Terminal
sequencing, Western blot, and SDS-PAGE analyses demon-
strated the expression and purification of the desired 56 kDa
protein.§ Synthetic standards of 5 and 2 were prepared by
published methods9 and used to devise HPLC assays for these
compounds. Crude extracts of the recombinant E. coli contain-
ing the ORF3 gene product and purified protein product were
tested for the ability to catalyse the conversion of synthetic 5 to
b-lactam 2. The most sensitive assay involving the derivatisa-
tion of guanidino side chains based on the work of Kai et al.10

showed clear conversion of 5 to 2, when using either crude or
purified recombinant protein, but only in the presence of Mg2+,
enzyme and ATP. The production of 2 was confirmed by
preparative HPLC leading to its isolation. Spectroscopic
characterisation of 2 showed it to be identical to the authentic
synthetic material [dH(500MHz; D2O) 1.48–1.55 (2H, m,
CH2CH2CH2N), 1.65–1.73 and 1.76–1.80 (2 3 1H, 2 3 m,
CH2CH2CHN), 2.82–2.89 (2H, m, NCH2CH2CO), 3.13 (2H, t,
J 5, CH2CH2CH2N), 3.29–3.31 and 3.35–3.38 (2 3 1H, 2 3m,
NCH2CH2CO), 3.99 (1H, dd, J 5 and 10, CHCO2H); m/z (ESI)
229 (MH+)]. The ORF3 product catalysing the conversion of 5
to 2 was named b-lactam synthetase 1 [BLS (1)].

AS-B possesses an N-terminal cysteine residue and is a
member of the family of Ntn (N-terminal nucleophilic)
amidotransferases.11 Studies on AS-B suggest that the N-
terminal cysteine attacks the carbonyl of the amide of Gln, in
order to increase the nucleophilicity of the amide nitrogen for
reaction with the acceptor carbonyl.12 The b-carboxylate of Asp
is activated by reaction with ATP to form b-Asp-AMP and
pyrophosphate (PPi). The timing of nitrogen transfer from the
activated glutamine is uncertain, but may proceed via a complex
to which AMP is still bound 6 or an imide intermediate 7.13

Amongst Ntn enzymes, BLS has an unusual N-terminus
lacking an N-terminal cysteine (or serine/threonine), and is
probably incapable of activating the nitrogen of the Gln amide
for nucleophilic attack. We propose BLS activates the b-amino
acid 5 by reaction with ATP to form an acyl adenylate 9
(Scheme 3). Instead of being attacked by Gln this intermediate
undergoes cyclisation to 2 and AMP. The N-terminal residue of

Scheme 1 Outline of the biosynthetic pathway leading to clavulanic acid.
CAS = clavaminate acid synthase, PAH = proclavaminate amidino-
hydrolase, CAD = clavulanic acid dehydrogenase. Each CAS catalysed
step is coupled to the conversion of 2-oxoglutarate and dioxygen to
succinate.

Scheme 2 Reactions catalysed by E. coli asparagine synthetase B (AS-B):
(a) in vivo reaction, and (b) and (c) reactions also catalysed in vitro.
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BLS is Gly, implying an Ntn type mechanism is not operating
in BLS catalysis, unless the N-terminal amino group acts as the
general base presumably required to deprotonate the b-amino
group of 5. The proposed BLS mechanism leads to the
possibility that the transfer of NH3 from Gln to Asp during AS-
B catalysis also proceeds via a b-lactam, 8. Whatever, the
structural and mechanistic relationships between AS-B en-
zymes and BLS suggest a close evolutionary relationship.
Studies aimed at converting AS-B into a b-lactam synthetase
and vice versa have been initiated.

An open reading frame (carA) encoding for an enzyme with
sequence similarities to AS-B/BLS has also been found within
the biosynthetic gene cluster encoding for enzymes making
1-carbapenem-3-carboxylic acid.14,15 The particular step cata-
lysed by the CarA enzyme is unknown, but it has been proposed
that it catalyses the formation of the b-lactam ring.15,16 Our
results support this proposal, but suggest the CarA enzyme
catalyses an ATP/synthetase type reaction rather than a b-
lactam cyclisation reaction proceeding via a thiol ester inter-
mediate.17,18

The only other b-lactam forming enzyme to be so far
described is isopenicillin N synthase,19 which catalyses the
oxidation of the peptide L-d-(a-aminoadipoyl)-L-Cys-D-Val to
give isopenicillin N, the first b-lactam formed in the bio-
synthesis of penicillins. Thus, b-lactam formation during the
biosynthesis of clavams, which is driven by the hydrolysis of
ATP, occurs via a very different mechanism to that during
penicillin formation, which is driven by the reduction of
dioxygen.

Since AS-B and related enzymes are widespread, and
relatively minor modifications of them might lead to BLS type
enzymes, BLS activity may have evolved before the less
common and seemingly more complex secondary metabolic
machinery required for penicillin and cephalosporin bio-
synthesis. Simple b-lactams such as 8 might have been (and

may still be?) present in metabolism before other b-lactams
which are more well known because of their antibacterial
activity. b-Lactamases may have initially evolved to hydrolyse
these monocyclic b-lactams, suggesting they may be ancient
enzymes, and it is possible the chromosomal location of some
b-lactamase genes reflects this.

Analogous modifications of other Ntn enzymes may result in
the formation of enzymes catalysing intramolecular cyclisation
rather than intermolecular reactions. Thus, for example, mod-
ification of Ntn glutamine synthetases would lead to enzymes
catalysing the formation of pyroglutamate from glutamate or
other g-lactams from appropriate g-amino acid precursors.

Note: After acceptance of our manuscript we became aware
of the work of Bachmann et al.,20 which also demonstrates that
ORF3 encodes for a BLS involved in clavam biosynthesis.

Dedicated to Professor Jack E. Baldwin on the occasion of his
60th birthday.
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the native protein.
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The synthesis of the germanium(II) azide TpAGeN3 (3) from
TpAGeCl (2) [TpA = HB(3,5-Me2pz)3] and NaN3 is reported
and the crystal structures of 2 and 3 are compared.

Silicon(IV) and tin(IV) azides have been reported to be versatile
reagents in main-group element chemistry1 and in organic
synthesis.2 In comparison, studies on germanium(IV) azides are
still limited3 and germanium(II) azides are to our knowledge not
known, probably due to their propensity to decompose to
germanium(IV) nitrides. This has prompted us to carry out the
following work describing the synthesis and characterization of
the germanium(II) azide TpAGeN3 (3). 3 was obtained from
GeCl2(1,4-dioxane) (1)4 in two steps. In the first step 1 was
converted with KTpA to TpAGeCl (2), which then was treated
with NaN3 to afford selectively 3 (Scheme 1).

Compounds 2 and 3 were isolated as white, slightly air
sensitive solids, which are soluble in CH2Cl2, moderately
soluble in THF and insoluble in pentane, and were fully
characterized.† Thus, the IR spectra of 2 and 3 in KBr display
the expected absorption bands for the TpA ligand. In addition, the
azide group in 3 gives rise to two absorptions at 2043 cm21 and
1272 cm21, which are assigned to the N3 asymmetric and
symmetric stretching vibrations, respectively. The nasym(N3)
absorption of 3 appears at lower frequency than that of the
germanium(IV) azide Me3GeN3 [nasym(N3) = 2103 cm21]3b and
higher than that of the azide anion [nasym(N3) of [N(PPh3)2]N3
in CH2Cl2 = 2005 cm21]. The 1H and 13C{1H} NMR spectra of
2 and 3 display resonances for three equivalent pyrazolyl rings
and indicate, taking into consideration the crystal structures of
2 and 3, that these compounds are fluxional at room tem-
perature.† The activation barrier to the process which equili-
brates the pyrazolyl rings is low, since the static structures of 2
and 3 were not observed in CD2Cl2 solution even at 283 °C
(300 MHz spectrometer).

Compounds 2 and 3 were characterized by X-ray diffraction
as shown in Figs. 1 and 2.‡ Single crystals of 2 and 3 were
obtained upon diffusion of pentane into a CH2Cl2 solution of 2
at ambient temperature and diffusion of an Et2O–pentane

mixture into a THF solution of 3 at 230 °C respectively. Both
compounds show a distorted pseudo trigonal bipyramidal
coordination geometry around the germanium atom, which is
similar to that of related tin(II) compounds.5 The halogen atom
(pseudohalogen) occupies one axial site and the tridentate TpA
ligand spans the other axial and two equatorial sites. The
stereochemically active lone pair at germanium presumably is
oriented towards the remaining equatorial vertex. Conse-
quently, the Nax(pz)–Ge–Cl bond angle in 2 [163.15(9)°] and
the Nax(pz)–Ge–Nazide bond angle in 3 [162.8(2)°] deviate from

Scheme 1

Fig. 1 ZORTEP plot of the molecular structure of 2 with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths (Å) and angles (°): Ge–N(1) 2.023(3), Ge–N(3)
2.013(4), Ge–N(5) 2.379(3), Ge–Cl 2.536(1), N(1)–Ge–N(3) 88.7(1), N(1)–
Ge–N(5) 79.9(1), N(3)–Ge–N(5) 79.9(1), Cl–Ge–N(1) 88.4(1), Cl–Ge–
N(3) 87.8(1), Cl–Ge–N(5) 163.15(9).

Fig. 2 ZORTEP plot of the molecular structure of 3 with thermal ellipsoids
drawn at the 50% probability level. Hydrogen atoms are omitted for clarity.
Selected bond lengths (Å) and angles (°): Ge–N(1) 2.034(3), Ge–N(3)
2.013(3), Ge–N(5) 2.297(3), Ge–N(7) 2.262(4), N(7)–N(8) 1.136(5), N(8)–
N(9) 1.179(6), N(1)–Ge–N(3) 88.5(1), N(1)–Ge–N(5) 81.9(1), N(3)–Ge–
N(5) 80.2(1), N(1)–Ge–N(7) 89.4(1), N(3)–Ge–N(7) 84.8(1), N(5)–Ge–
N(7) 162.8(2), Ge–N(7)–N(8) 136.8(3), N(7)–N(8)–N(9) 176.9(5).
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180°, the Nax(pz)–Ge–Neq(pz) bond angles are smaller than 90°,
and the Ge–Nax(pz) bond [2: 2.379(3) Å; 3: 2.297(3) Å] is
considerably longer than the Ge–Neq(pz) bonds [2: 2.013(4) and
2.023(3) Å; 3: 2.013(3) and 2.034(3) Å].5,6 Striking features of
the structures of 2 and 3 are the bonding parameters of the Ge–X
groups (X = Cl, N3). Thus, the Ge–Cl bond of 2 [2.536(1) Å]
is considerably longer than those of other germanium(II)
chlorides [e.g. (C5Me5)GeCl: 2.3841(8) Å; GeCl2(1,4-diox-
ane): 2.265 Å; GeCl2 (g): 2.186(4) Å],7 and the Ge–Nazide bond
of 3 [2.262(4) Å] is considerably longer than that of H3GeN3 (g)
[1.845(6) Å].3e Furthermore, the angle at the germanium-
bonded nitrogen atom of the azide group is, at 136.8(3)°, larger
than those found in covalent main-group element azides, the
azide group is almost linear as shown by the angle N(7)–N(8)–
N(9) of 176.9(5)°, and the N(7)–N(8) bond is, at 1.136(5) Å,
shorter than the N(8)–N(9) bond [1.179(6) Å]. These bonds
have lengths between those of a N–N double [1.24 Å] and a N–
N triple bond [1.10 Å].8 All these data let us suggest in valence
bond terms a certain contribution of the ionic resonance form
[TpAGe]+X2 to the Ge–X bond in 2 and 3.

In conclusion, we have shown that germanium(II) azides can
be stabilized using a combination of electronic and steric
properties as found in the TpA ligand.9 Preliminary studies show
that this concept can be extended also to other ligands providing
a valuable access to this interesting class of compounds.

We thank the Deutsche Forschungsgemeinschaft for finan-
cial support.

Notes and references
† Synthesis of 2: KTpA (500 mg, 1.49 mmol) and GeCl2(1,4-dioxane) (344
mg, 1.49 mmol) were weighed into a Schlenk tube and suspended in THF
(20 ml). The suspension was stirred for 2 h at room temperature and the
solvent was removed in vacuo. The residue was treated with CH2Cl2 (20 ml)
and the solution was filtered through KCl. The filtrate was evaporated to
dryness and the residue was washed with pentane (3 3 20 ml) to afford 2
(593 mg, 98%) as a white, microcrystalline solid, 295 °C (decomp. TG–
DTA). Anal. Found: C, 44.55; H, 5.59; Cl, 8.79; N, 20.76; C15H22BClGeN6

(405.26) requires: C, 44.46; H, 5.47; Cl, 8.75; N, 20.74%. IR (KBr, cm21):
2552 [n(BH)], 1540 [n(CN)]. 1H NMR (CD2Cl2, 300.1 MHz, 298 K): d 2.39
(s, 9H, CH3), 2.54 (s, 9H, CH3), 5.87 (s, 3H, CH). 1H NMR (CD2Cl2, 300.1
MHz, 190 K): d 2.32 (s, 9H, CH3), 2.49 (s, 9H, CH3), 5.90 (s, 3H, CH).
13C{1H} NMR (CD2Cl2, 75.5 MHz, 298 K): d 12.2 (CCH3), 12.5 (CCH3),
106.7 (CH), 146.2 (CCH3), 150.4 (CCH3). EI-MS (70 eV): m/z (rel.
intensity), 406 (1) [M]+, 405 (2) [M 2 H]+, 371 (100) [M 2 Cl]+, 311 (23)
[M 2 3,5-Me2pz]+, 275 (9) [M 2 Cl 2 3,5-Me2pzH]+, 169 (35) [M 2 Cl
2 HB(3,5-Me2pz)2]+, 128 (14) [M 2 Cl 2 HB(3,5-Me2pz)2 2 CH3CN]+.
Synthesis of 3: A Schlenk tube was charged with 2 (330 mg, 0.81 mmol) and
NaN3 (98 mg, 1.51 mmol) and the mixture was suspended in THF (30 ml).
The suspension was stirred for 8 h at room temperature and the solvent was
removed in vacuo. The residue was treated with CH2Cl2 (20 ml) and the
solution was filtered. The filtrate was concentrated in vacuo to approx-
imately 1 ml and Et2O (10 ml) was added. The resulting precipitate was
washed with Et2O (10 ml) and dried in vacuo to afford 3 (243 mg, 72%) as
a white solid, 216 °C (decomp. TG–DTA). Anal. Found: C, 42.87; H, 5.18;

N, 31.01; C15H22BGeN9 (411.80) requires: C, 43.75; H, 5.38; N, 30.61%.
IR (KBr, cm21): 2544 [n(BH)], 2043 [nasym(N3)], 1541 [n(CN)], 1272
[nsym(N3)]. 1H NMR (CD2Cl2, 300.1 MHz, 298 K): d 2.40 (s, 9H, CH3),
2.46 (s, 9H, CH3), 5.88 (s, 3H, CH). 13C{1H} NMR (CD2Cl2, 75.5 MHz,
298 K): d 12.3 (CCH3), 12.9 (CCH3), 106.5 (CH), 145.6 (CCH3), 149.7
(CCH3). EI-MS (70 eV): m/z (rel. intensity), 371 (100) [M 2N3]+, 275 (24)
[M 2 N3 2 3,5-Me2pzH]+, 169 (33) [M 2 N3 2 HB(3,5-Me2pz)2]+, 128
(24) [M 2 N3 2 HB(3,5-Me2pz)2 2 CH3CN]+.
‡ Crystal data: for 2: C15H22BClGeN6, M = 405.26, triclinic, space group
P1̄ (no. 2), a = 7.9795(14), b = 8.683(2), c = 13.350(2) Å, a =
100.860(16), b = 90.781(12), g = 99.118(16)°, U = 896.0(3) Å3, Z = 2,
Dc = 1.502 g cm23, m(Mo-Ka) = 1.803 mm21, F(000) = 416, l = 71.073
pm, T = 180 K. A colourless column of dimensions 0.57 3 0.11 3 0.08 mm
was used. STOE-STADI4 four circle diffractometer, w–2q scan, 3° < 2q <
50°, 4158 total reflections, 3113 unique. Refinement of the 221 parameters
by full-matrix least-squares resulted in R1 = 0.0448, wR2 = 0.1128 for I >
2s(I), GOF = 1.034. For 3: C15H22BGeN9, M = 411.80, monoclinic, space
group P21/n (no. 14), a = 8.913(3), b = 8.0587(18), c = 25.908(8) Å, b =
96.56(4)°, U = 1848.8(9) Å3, Z = 4, Dc = 1.480 g cm23, m(Mo-Ka) =
1.614 mm21, F(000) = 848, l = 71.073 pm, T = 170 K. A colourless prism
of dimensions 0.38 3 0.30 3 0.15 mm was used. STOE-IPDS area detector,
f-rotation mode 4.7° < 2q < 52.1°, 12579 total reflections, 3508 unique.
Refinement of the 235 parameters by full-matrix least-squares resulted in R1

= 0.0496, wR2 = 0.1204 for I > 2s(I), GOF = 1.014. Both structures were
solved using the Patterson Method (SHELXS-86) and refined anisotrop-
ically versus F2 (SHELXL-97). Hydrogen atoms were placed on calculated
positions and refined using a riding model. CCDC 182/1027.
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Synthesis and structure of ITQ-9: a new microporous SiO2 polymorph
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The new pure silica polymorph ITQ-9 has been synthesised
and its structure, comprising medium pore channels and
cages, has been solved by direct methods using low
resolution powder X ray diffraction data.

Crystalline silica occurs in nature in a small variety of non-
porous structural forms. However, it is also possible to
synthesise SiO2 as microporous solids by hydrothermal crystal-
lisation in the presence of organic additives. These additives,
which typically remain occluded within the porous silica
framework, are called structure directing agents (SDA) and may
generally be removed by calcination giving stable, crystalline
pure silica polymorphs. A recent viewpoint considers that the
role of SDA molecules is to select between different possible
silica structures1 with similar enthalpies of formation.2 In our
opinion, the SDA either kinetically or thermodynamically
directs the crystallisation toward a specific phase. When the
crystallisation is carried out at near to neutral pH (7–9.5) in the
presence of fluoride anions which act as mineralisers, the
crystalline silica obtained after calcination generally shows a
very high degree of perfection. More specifically, those phases
present essentially no Si–O–Si connectivity defects, which are
by contrast frequent if the synthesis is carried out in basic
medium (with OH2 acting as mineraliser). Owing to the lack of
defects the final materials prepared in fluoride aqueous media
are very attractive since they show strict hydrophobic proper-
ties3 and a high degree of both short and long range order.4 We
describe here the synthesis of a new crystalline form of SiO2,
denoted ITQ-9 (Instituto de Tecnología Química, no. 9), which
possesses a large micropore volume. In addition, we also show
that the high degree of crystallographic order presented by this
material afforded the resolution of its low symmetry structure
by direct methods using low resolution powder X ray diffraction
data (PXRD).

Pure silica ITQ-9 has been synthesised using N,N-dimethyl-
6-azonium-1,3,3-trimethylbicyclo(3.2.1)octane (I) as SDA.
24.89 g of tetraethylorthosilicate were hydrolysed in 36.65 g of
an aqueous solution of this cation in hydroxide form (1.63
moles per 1000 g of solution) under stirring and allowing
evaporation of all the ethanol produced plus 16.7 g water. Then,
2.48 g of HF (48% aq.) were added and the thick paste obtained
was homogenised by hand stirring before pouring into Teflon
lined stainless steel autoclaves. These were heated at 150 °C
under slow rotation (60 rpm). After 16 days of heating the
contents were filtered, washed and dried. A highly crystalline
solid was obtained and its PXRD pattern was indexed as
monoclinic, space group I2/m, I2 or Im, a = 14.7906, b =
18.1528, c = 7.4547 Å, b = 110.76°. Chemical analysis
suggests the chemical formula for as-made ITQ-9 is
[C12H24NF]2[SiO2]32 (based on the unit cell of the calcined
material determined in this work, see below) and that the
organic SDA is intact within the zeolite.

Calcination in air at 800 °C for 3 hours allows complete
removal of the guest species yielding a pure SiO2 framework
with a large micropore volume of 0.21 cm3 g21 (determined by
the t-plot method from the N2 adsorption isotherm at 77 K). This
framework is essentially free of connectivity defects, as
demonstrated by the lack of significant Si(3Si,1OH) resonances
near 2101 ppm in the 29Si MAS NMR spectrum (Fig. 1, top).
The spectrum shows only Si(4Si) resonances in the 2107 to

2116 ppm chemical shift range. As a consequence of the
absence of defects and high short range order there is a high
resolution of Si(4Si) sites corresponding to framework Si in at
least 6 different crystallographic sites.

After calcination splitting of a number of peaks in the PXRD
pattern of ITQ-9 was observed. All the peaks could be indexed
as a triclinic cell close to that for the as-prepared material, whilst
maintaining the I centering (space group I-1). Direct methods
using the Sirpow5 program with Le Bail6 extracted intensities
from the Mprofil7 program gave no satisfactory solution (a cell
content of 32 SiO2 derived from the density of 1.662 g cm23

determined by pycnometry was used). We thus decided to use
the PXRD data of the as-made sample due to its higher
monoclinic symmetry. Le Bail extraction and direct methods
were repeated as before using space group I2/m for which a
good solution for the framework lacking no Si or O atoms and
consisting of a 3D 4-connected net was obtained. Small
fragments of organic matter were also found. Hence, the SiO2
framework obtained for the as-made sample was used, after
generation of the additional atomic positions in space group I-1,
as a starting model for the Rietveld8 refinement of the calcined
triclinic phase, using conventional laboratory PXRD data in the
program GSAS9 with a manually interpolated background
together with a pseudo Voigt10 function to describe the peak
shape. Constraints on the Si–O distances were used in the first
stages of the refinement and finally removed before the model
was refined to convergence. The crystallographic data are
summarised in Table 1 and the final atomic positions are

Fig. 1 29Si MAS NMR (vs. TMS) spectrum of calcined pure silica ITQ-9
(top) together with a simulation (middle) obtained by applying the equation
of Thomas et al.11 to the average Si–O–Si angles of each Si site in the
refined structure (calculated resonances for each individual site are shown
at the bottom). Note the absence of Si(3Si,1OH) resonances near 2101 ppm
and the high resolution of crystallographic sites in the experimental
spectrum.
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available as Electronic Supplementary Information (http:/
/www.rsc.org/suppdata/cc/1998/xxxx), with the final Rietveld
plot depicted in Fig. 2. The average Si–O bond length (1.596 Å)
and average O–Si–O and Si–O–Si angles (109.4 and 149.9°
respectively) are in excellent accord with those expected for
zeolite materials. Moreover, simulation of the 29Si MAS NMR
spectrum using the average Si–O–Si angles determined by
Rietveld refinement for each Si site and the empirical equation
of Thomas et al.11 is in excellent agreement with the
experimental spectrum (Fig. 1). Energy minimisation calcula-
tions using the GULP code12 together with the potential model
of Saunders et al.13 reveal the symmetry lowering to be
favourable by ca. 5 kJ mol21.

A projection of the structure of ITQ-9 is presented in Fig. 3.
ITQ-9 is a new pure silica polymorph containing one dimen-
sional sinusoidal pores running along [001] with access through
ten membered ring windows (10MR windows). The windows
are nearly circular in shape and have an average free diameter of
around 5.7 Å (assuming the van der Waals radius of O to be 1.35
Å). The maximum and minimum diameters are 6.0 and 5.4 Å,
respectively. Between two adjacent 10MR windows there are
wider spaces with approximate free dimensions 10.9 Å 3 7.4 Å
3 4.7 Å. Thus, the pores in essence may be regarded as a one-
dimensional arrangement of cages joined through single 10MR
windows. In some directions the separation between adjacent
pores is a wall with a single O atom (Fig. 3). This and the
presence of cages explains the sizeable micropore volume of
ITQ-9 (0.21 cm3 g21) which is exceedingly large compared to
other one-dimensional 10MR (ZSM-23, 0.04 cm3 g21), 12MR

(SSZ-24, 0.12 cm3 g21) or even 14MR (CIT-5, 0.13 cm3 g21)14

zeolites.
Finally, Al can be introduced by direct synthesis into the

structure of ITQ-9. The aluminosilicate ITQ-9 presents strong
Brønsted acid sites attributed to [Al(OSi)4]2 framework groups,
as revealed by pyridine adsorption and desorption at increasing
temperatures monitored by IR spectroscopy. This, together with
the large micropore volume of the zeolite, renders ITQ-9 an
attractive material for the catalytic transformation of hydro-
carbons. Its activity and shape selectivity properties (due to the
peculiar pore system encompassing medium sized windows and
large cages) are currently under investigation.

The authors gratefully acknowledge financial support by the
Spanish CICYT (project MAT97-0723). P. A. B. is grateful to
the European Union TMR program for a postdoctoral fellow-
ship.
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Table 1 Data collection and crystallographic parameters for calcined
ITQ-9

Wavelength Cu-Ka

Temperature/K 298
2q range/° 5–85 (Range used 15–85)
Step size, 2q/° 0.01
Count time/s step21 10 (5–50° 2q); 40 (50–90° 2q)
Number of data points 6910
Number of reflections 2527
Number of profile parameters 11
Number of structural parameters 81
Number of constraints 32
Unit cell a/Å 14.7685(13)

b/Å 18.1793(17)
c/Å 7.3823(7)
a/° 89.1402(21)
b/° 110.6790(26)
g/° 90.945(4)

Space group I-1
Residuals Rexp 7.45

Rwp 9.57
Rp 7.72
Rb 9.16
c2 1.719

Fig. 2 Rietveld plot for calcined pure SiO2 ITQ-9: observed data (+),
calculated profile (solid line) and difference (lower trace). The tick marks
represent the positions of allowed reflections.

Fig. 3 A perspective view of the framework structure of ITQ-9 down [001],
showing the nearly circular one-dimensional 10MR pores (average free
diameter  5.7 Å). Large spheres represent tetrahedral Si, while small
spheres are two-coordinated O.
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meso-h1-Palladio- and platinioporphyrins have been iso-
lated for the first time by means of oxidative addition of
bromoporphyrins to Pd(0) and Pt(0) complexes; the X-ray
crystal structure of the title complex was determined.

Palladium-catalysed coupling reactions have been employed by
a number of research groups to prepare novel porphyrins.
Mercuration/palladation was used by Smith and co-workers to
introduce unsaturated substituents into mono-porphyrins,1 and
one of us first applied palladium/phosphine catalysis to the
formation of bis(porphyrins).2 Numerous coupling reactions of
the Heck, Suzuki, Sonogashira, and Stille types have since been
used to prepare substituted porphyrins and multi-porphyrin
arrays linked by alkenes and alkynes, with or without
accompanying aryl linkers.3,4 The most direct entry to this
chemistry is via meso-haloporphyrins,4 which are readily
prepared in the case of b-unsubstituted porphyrins of the
5,15-diaryl type, such as 5,15-diphenylporphyrin, DPP.5 For
example, 5-bromoDPP and 5-iodoDPP [as the nickel(II) or
zinc(II) complexes], couple easily with terminal alkynes,
organotin or organozinc compounds, in the presence of Pd(II) or
Pd(0) phosphine complexes.4,6 An essential process in these
catalytic cycles appears to be the oxidative addition of the meso-
carbon-to-halogen bond to a zerovalent palladium precursor.
However, until now there were no examples of isolated and
characterised meso-h1-palladioporphyrins. Here we report the
stoichiometric (rather than catalytic) preparations of a number
of such novel organometallic porphyrins, and the single crystal
X-ray structure of one example.

The palladioporphyrins 1–5 were prepared by addition of the
appropriate stoichiometric amount of palladium(0) precursor

[Pd(PPh3)4 or Pd2dba3† + PPh3, AsPh3, or dppe] to 5-bro-
moDPP or 5,15-dibromoDPP or the corresponding nickel(II)
complexes, in argon-purged toluene at 105 °C. The mono-
adducts with the monodentate Group 15 ligands were formed
quantitatively within a few minutes, while the double addition
to form 4 required 40 minutes heating, and the dppe complex 5
required 8 hours heating. The complexes were readily isolated
in high yield by evaporation of the toluene and trituration with
ether. The palladioporphyrins are air-stable solids which
undergo some Br/Cl exchange when dissolved in chlorinated
solvents. We have also extended this chemistry to the analogous
meso-platinioporphyrins. The addition of Pt(PPh3)3 to either
5-bromoDPPNi or 5-bromoDPP free-base in refluxing toluene
initially leads within about 20 minutes to the cis adducts 6 and
8, respectively, as shown by the characteristic 1J(PtP) coupling
constants in the 31P NMR spectra [e.g. for 6, J trans to
porphyrin = 1790 Hz, J trans to Br = 4250 Hz, 2J(PP) = 17
Hz]. These initial adducts isomerise over a period of 6 hours to
the respective trans isomers 7 and 9. The complexes were
characterised by 1H and 31P NMR, electronic absorption, and
FAB-mass spectra,‡ and in the case of the diphosphine
derivative 5, by X-ray crystallography.§ For all the Pd
complexes except 5, the 31P NMR spectra showed that the Pd(II)
centres have the trans geometry.

The crystal structure of 5 comprises two independent
molecules in the asymmetric unit. Molecules A and B both
display slightly distorted square-planar coordination about the
Pd(II) atom, which is h1-bonded to the meso-carbon of a weakly-
ruffled porphyrin core (maximum deviation from the 24-atom
mean plane = 0.28 Å in molecule A). Molecules A and B differ
most markedly in the dihedral angles between the mean planes
of the porphyrin and the 10,20-phenyl groups. In molecule A,
these angles are 88 and 58°, and in molecule B, 56 and 59°.
There is no obvious reason for the unique orthogonality of the
phenyl ring in molecule A. Fig. 1 shows the coordination plane
of the Pd atom for molecule A. The view from above the
porphyrin ring, shown in space-filling form in Fig. 2, indicates
how the phenyl groups of the diphosphine ligand shield the face
of the porphyrin. This suggests immediately a use for this
methodology in the engineering of cavities with tailored shape
and hydrophobicity above and below a porphyrin ring, without
the typically difficult and tedious synthetic work associated
with ‘capping’ and ‘strapping’ opposite sides of a porphyrin.
Moreover, the use of a chiral diphosphine may offer the
intriguing possibility of generating chiral catalytic metal-
loporphyrins based on the present structural class.

The second insertion of the Pt(0) fragment into 5,15-di-
bromoDPPNi is so slow that the interesting compound 10
(containing all three members of the nickel triad) could be
prepared by addition of Pt(PPh3)3, heating for 3 hours, followed
by addition of Pd2dba3/PPh3, and a further 3 hours heating. A
similar but weaker deactivating effect of the Pt(II) fragment was
noted by Stang and co-workers in their work on simpler arylene-
bridged dipalladium and diplatinum organometallics, examples
of which have also recently been reported by Kim et al.7
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The electronic absorption spectra of our compounds are
unexceptional, and the bromobis(phosphine/arsine)metallo
moiety exerts a bathochromic effect of similar magnitude to that
of a simple bromo substituent. The high polarizability of the
heavy metal atoms(s) in direct communication with the
porphyrin p-electrons may confer interesting third-order non-

linear optical properties on this new class of organometallic
compound. We will be exploring their potential applications in
this field, as well as in catalysis and for the construction of
multi-porphyrin supramolecular arrays.8

We thank Q.U.T. for a Special Small Grant, and the Centre
for Instrumental and Developmental Chemistry for financial
support.
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Fig. 1 Molecular structure of 5 (molecule A), showing the Pd coordination
plane. Selected bond lengths and angles: Pd(1)–Br(1) 2.469(3), Pd(1)–P(1)
2.240(6), Pd(1)–P(2) 2.327(6), Pd(1)–C(5) 2.05(2) Å; P(1)–Pd(1)–P(2)
85.2(2), Br(1)–Pd(1)–P(2) 96.2(2), Br(1)–Pd(1)–C(5) 91.9(5), P(1)–Pd(1)–
C(5) 87.2(6)°.

Fig. 2 Space-filling version of the molecular structure of 5, viewed from
normal to the porphyrin plane.
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The nearly non-luminescent ruthenium(II)-terpyridine chro-
mophore, functionalized with an uncoordinated terpyridine
fragment, 2, undergoes Zn(II)-induced association leading to
a luminescent rod-like 2 : Zn2+ : 2 species with a lumines-
cence enhancement factor, EF ! 10.

In the field of transition metal chemistry the assembly of Ru(II),
Os(II), and Re(I) complexes to yield polymetallic species is
being pursued both for fundamental and practical reasons.1–4

Examples include (i) the investigation of energy and electron
transfer processes in geometrically well defined systems where
the metal-based components are held together by covalent
bonds,5–7 (ii) the exploitation of spectroscopic properties
(particularly luminescence) for testing the sensing ability of
appended groups towards protons, cations, and anions,1–3 and
(iii) the building up of dendritic species comprising tens of
metal centres for light-harvesting and energy-collection pur-
poses.8,9

An interesting Ru-based chromophore to be employed in
such type of assemblies is [Ru(tpy)2]2+ {tpy is 2,2A:6A,2AA-
terpyridine; Scheme 1 shows the related complex
[(ttp)Ru(ttp)]2+ 1, containing the 4A-tolyl-tpy ligand, ttp}.10 This
is because substitution at the 4A position of tpy allows the
construction of geometrically well-defined rod-like rigid spe-
cies.11 The luminescence properties of both [Ru(tpy)2]2+ and 1
are rather poor (their room temperature luminescence quantum
yield and lifetime in acetonitrile solvent are F ≈ 1025 and
t < 1 3 1029 s, respectively10) but the incorporation of these
or related complexes in polynuclear species may result in
significant luminescence improvements.7,12

By using luminescence spectroscopy we have investigated
the properties of acetonitrile–water solutions of the complexes
[(ttp)Ru(tpy-tpy)]2+ 2 and [(ttp)Ru(tpy-ph-tpy)]2+ 3, Scheme
1,† in the presence of Zn2+ [ph = 1,4-phenylene]. We found
that Zn2+ coordination of the free tpy fragments of 213 is
accompanied by a substantial enhancement of luminescence
intensity; by contrast no such effect is observable for 3.
Luminescence results are collected in Table 1. In addition we
could use luminescence spectroscopy to monitor the formation
of the tripartite species, 2 : Zn2+ : 2.

The absorption spectra of 2 and 3 in acetonitrile–water (1 : 1
v/v) display intense absorption bands in the UV region
(250–350 nm, e ≈ 105 M21 cm21) and moderately intense

bands in the visible region (450–550 nm, e ≈ 104 M21 cm21).
The former bands are due to ligand centered (1LC) transitions
and those occurring in the visible are due to metal-to-ligand
charge-transfer (1MLCT) transitions, of Ru?L electronic
configuration.6,11 Owing to the presence of the uncoordinated
tpy fragment in 2 and 3, addition of Zn2+ causes13 some changes
in the absorption features. These changes are only modest in the
region of the ligand-centred transitions of both complexes;
however, for 2 the longest-wavelength band maximum (MLCT
region) undergoes a bathochromic shift from 491 to 498 nm (for
3 the corresponding absorption maximum at 491 nm is not
affected by the presence of Zn2+). This indicates that for 2, the
Zn2+ ion causes stabilization of the lowest-lying Ru?L CT
energy level, which involves the tpy-tpy fragment, Scheme 1.
For 3 no such effect is apparent.

The excited states responsible for the luminescence, Table 1,
are formally triplet levels of Ru?L CT nature, and involve in

Table 1 Luminescence propertiesa

In the presence of Zn2+b

lmax
c/nm t/ns 104Fd lmax

c/nm t/ns 104Fd

[(ttp)Ru(ttp)]2+ (1)e 640 0.9 0.32
[(ttp)Ru(tpy-tpy)]2+ (2) 660 6.3 1.6 710 84 16
[(ttp)Ru(tpy-ph-tpy)]2+ (3) 648 2.4 0.6 650 3.3 0.9
a Room temperature aerated acetonitrile–water (1 : 1 v/v). b More than 3 equiv. c Band maxima for uncorrected spectra. d From corrected spectra. e Acetonitrile
solvent, ref. 10.

Scheme 1
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each case the larger size ligand present on either side of the
Ru(II) centre, i.e. tpy-tpy and tpy-ph-tpy for 2 and 3,
respectively.10 The luminescence properties gathered in Table 1
indicate that Zn2+ remarkably affects the luminescence band
maximum, intensity and lifetime for the case of 2. In contrast,
for 3 no substantial changes can be registered. This different
behaviour may be understood in terms of the role of the
phenylene group in decoupling the Ru-based chromophore and
the tpy appended site.14

The results of a titration experiment on the luminescence
intensity of 2are illustrated in Fig. 1. For this complex, subsequent
additions of Zn2+ cause gradual shifts of the band maximum from
660 to 700 nm, with a concomitant increase of the luminescence
intensity. The inset of Fig. 1 shows that the change in
luminescence intensity at 700 nm vs. the Zn2+ concentration is
consistent with formation of a 2 : Zn2+ : 2 species.

The same conclusion is supported by the time resolved
luminescence properties exhibited upon titration of complex 2
with Zn2+. The luminescence decayed according to a dual
exponential law, I(t) = A1exp(2t/t1) + A2exp(2t/t2), and a
global analysis as performed on 12 decay profiles gave t1 = 7.8
ns and t2 = 75.2 ns, with varying amplitudes (A) depending on
the added equivalents of Zn2+, see Fig. 2. Comparison of the
results depicted in Fig. 2 with the luminescence properties
reported in Table 1 suggests that the two species responsible for
the dual exponential behavior are 2 and 2 : Zn2+ : 2. Based on
the coordination number of 6 for the Zn(II) centre and on the
geometry of the tpy coordination site,7,13 the 2 : Zn2+ : 2
complex is most likely linearly arranged with an estimated
Ru–Ru distance of 2.2 nm, Scheme 2.

With respect to the starting complex 2, it is noteworthy that
the 2 : Zn2+ : 2 complex exhibits improved luminescence
properties, EF = 10 (with respect to 2 in neat acetonitrile, EF ≈
50). This is due to the delocalizing ability of the tpy-tpy ligand12

combined with the stabilizing effect of the Zn2+ centre. Our
results, which are in line with those of a recent report on
polynuclear complexes where the bridging ligands contain the
highly delocalizing ethynyl group,7 suggest that it is possible to
use Ru(II)-terpyridine derivatives both to develop Zn2+ lumines-

cent sensors and to construct nanometric rod-like assemblies
with tuneable luminescence properties.

Notes and references
† The synthesis and characterization of complexes 1, 2, and 3 were
described previously.11 Absorption and luminescence spectra of dilute
solutions ( ≈ 1025 M) in acetonitrile–water (1 : 1 v/v) were recorded with a
Perkin Elmer Lambda 5 spectrophotometer and with a Spex Fluorolog II
spectrofluorimeter, respectively. Uncorrected luminescence band maxima
are used throughout the text. In order to determine corrected band maxima
and luminescence quantum yields we followed a procedure described in ref.
12. Luminescence lifetimes were obtained with an IBH single-photon-
counting apparatus. The titration experiments were conducted with Gilson
P20 Pipetman microburettes by using concentrated solutions (1023 M) of
ZnCl2.
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Scheme 2

Fig. 1 Luminescence spectrum of complex 2 after Zn2+ addition. Excitation
wavelength is at 494 nm, where the changes in absorbance intensity are
within 5%. The inset shows the luminescence intensity taken at 700 nm vs.
the added Zn2+ equivalents.

Fig. 2 Changes in the relative amplitudes A1 and A2 for the dual
luminescence decay of complex 2 (concentration 1 3 1025 M) upon Zn2+

addition. The decays are monitored over the full emission range.
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Macrocyclic polyamine lactam synthesis by diphenyl ether closure of 23-, 24-
and 28-membered rings
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Novel 23-, 24- and 28-membered cyclic polyamine amides
(cinnamamides) have been prepared by closure of diphenyl
ethers; functionalized conjugates of spermidine and sper-
mine underwent intramolecular aromatic nucleophilic sub-
stitution to afford nitro-substituted analogues of cadabicine
class (24-membered polyamine lactam) alkaloids.

Polyamines such as triamine spermidine 1 and tetraamine
spermine 2 are widely distributed in nature and display a variety
of biological activities.1 Cinnamic acid (3-phenylpropenoic
acid) conjugates are commonly isolated as the corresponding N-
substituted amides from plant sources.2 Ferulic acid (4-
hydroxy-3-methoxycinnamic acid) 3 is found as feruloyl-
putrescine, a conjugate of 1,4-diaminobutane.3 N1,N3-Di-(E)-
feruloylspermidine 4 has been isolated from Corylus avellana
L.3,4 Spermidine conjugates have also been found asymmet-
rically substituted with both ferulic and caffeic (3,4-dihydrox-
ycinnamic) acids 5.3 Maytenine,5 from Maytenus chuchuhua-
sha, is the unsubstituted dicinnamamide of spermidine 1.
Dicinnamamides of spermine 2 include kukoamine A, a
biologically active bis(dihydrocaffeoyl) conjugate.6,7

Cyclic polyamine amide containing cinnamamides are less
common natural products whose biological activities are largely
unknown.2,8 Spermine 2 containing macrocyclic polyamine
lactams include inter alia chaenorhine and ephedradine A.8
Spermidine 1 containing polyamine lactams include codono-
carpine 6, from Codonocarpus australis,9 and capparisinine 7.10

Cadabicine 8 is a diphenyl ether 24-membered ring containing

spermidine 1, from Cadaba farinosa Forsk. The regiochemical
substitution of the diphenyl ether moiety is reversed with
respect to the unsymmetrical spermidine moiety in 6 and 7.11

We are unaware of a synthesis2,8 of a cadabicine 8 class
alkaloid, although a regiocontrolled synthesis of the Lunaria
diphenyl ether alkaloid codonocarpine 6 has been reported.12

Macrocycles containing diphenyl ethers are of chemical and
biological interest as they occur in vancomycin and ristocetin
antibiotic families.13–15 Also, these substitution patterns are
found in anti-cancer peptide conjugate RA-VII and ACE
inhibitor K-13.15,16 Macrocyclic polyamine lactams incorporat-
ing a diphenyl ether have been prepared using intermolecular
Ullmann diaryl ether synthesis followed by lactam forma-
tion.8,12 Herein we report the first design and synthesis of 23-,
24- and 28-membered ring polyamine lactam conjugates that
are nitro-substituted analogues of cadabicine 8 class alkaloids.

The required substituted cinnamic acids were prepared from
the corresponding benzaldehydes by Knoevenagel condensa-
tion.17,18 Isoferulic acid (3-hydroxy-4-methoxycinnamic acid) 9
was prepared in good yield (92%) under standard conditions
starting with malonic acid (EtOH, piperidine, pyridine, 3 h,
reflux).17 4-Fluorobenzaldehyde was similarly converted into
4-fluorocinnamic acid 10 (85%). Nitration ortho to fluorine, in
order to activate the final intramolecular nucleophilic substitu-
tion (SNiAr) reaction, achieved with conc. nitric acid, afforded
4-fluoro-3-nitrocinnamic acid 11 (1 h, 0 °C, 72%).

For the 23-membered ring 12, N-(3-aminopropyl)-1,3-di-
aminopropane was protected with trifluoroacetyl groups on the
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primary amino groups (2 equiv. CF3CO2Et, THF, 10 min,
25 °C).19–21 This was followed by immediate Boc protection of
the central, secondary amine (Boc2O, THF, 18 h, 25 °C). Conc.
aq. ammonia was added to the solution of tri-protected triamine
until the pH was greater than 11 to remove the trifluoroacetyl
protecting groups (24 h). Mono-Boc protected amine was
isolated and purified by flash column chromatography (15 : 5 : 1,
CH2Cl2–MeOH–conc. aq. NH3, v/v/v, Rf 0.13). The cinnamic
acid moieties17,18 were coupled sequentially (first the iso-
feruloyl 9 then the 4-fluoro-3-nitro 11) to the primary amines by
pre-activation with 2-mercaptothiazoline (2-thiazoline-2-thiol,
thiazolidine-2-thione)5 (DCC, 0.01 equiv. DMAP, CH2Cl2, 1 h,
25 °C, followed by filtration to remove the urea). Mono-Boc
protected triamine was added to the yellow CH2Cl2 solution of
the N-acylated 2-mercaptothiazoline and the coupling was
typically complete after 3 h (ca. 50% each acylation). Cyclisa-
tion was brought about by stirring with 5 equiv. CsF in
anhydrous DMF (18 h) to give 23-membered ring polyamine
lactam 12 (79% isolated yield). O-Arylation has occurred by
intramolecular aromatic nucleophilic substitution (SNiAr) reac-
tion of o-nitro-activated fluoride by the remote phenol.

For the 24-membered ring 14, spermidine 1 was reacted with
formalin to give a hexahydropyrimidine adduct (0.95 equiv.
37% w/w aq. formaldehyde, H2O, 1 h, 91%) as developed
independently by Ganem and Hesse and their co-workers.22,23

Isoferulic acid 917,18 was coupled to the primary amine of this
regioselectively protected spermidine through the 2-mercapto-
thiazoline activated intermediate (278 to 25 °C, 55%). After
chromatography, this hexahydropyrimidine was deprotected by
heating with malonic acid and pyridine (EtOH, reflux, 2 h,
79%).22 4-Fluoro-3-nitrocinnamic acid 11 was coupled to the
uncovered primary amine and then the secondary amine was
protected by a Boc group (1.1 equiv. Boc2O, MeOH, 18 h,
25 °C, 89%) to afford a linear precursor of cadabicine analogue
13. Cyclisation was carried out by stirring with 3 equiv. CsF in
anhydrous DMF (18 h, 71% isolated yield), final purification by
RP-HPLC (5 mm C8 inertpak column eluting with 1:4 aq. TFA
(0.1%)–MeOH, v/v, l = 250 nm). TFA catalysed deprotection
(1:1 TFA–CH2Cl2, v/v, 45 min, 0 °C, 90%) of the Boc group in
diaryl ether 15 was followed by O-demethylation with BBr3
(1.2 equiv., CH2Cl2, 3 h, 278 °C) to give 2A-nitrocadabicine 14
in 60% isolated yield.

For the 28-membered ring 15, spermine 2 was protected in a
similar fashion to N-(3-aminopropyl)-1,3-diaminopropane vide
supra. Trifluoroacetyl groups were used to block the two
primary amines then two Boc groups were introduced at the
secondary amines. Conc. aq. ammonia was used to remove the
trifluoroacetyl protecting groups and the N2,N3-diBoc spermine
was then purified by chromatography. The two cinnamic acid
moieties17,18 were introduced in a stepwise fashion using
2-mercaptothiazoline activation to yield the cyclisation pre-
cursor. Cyclisation was carried out in anhydrous DMSO with 3
equiv. K2CO3 and 10 equiv. 18-crown-6, the oxygen nucleophi-
licity was found to be too low without the crown ether. The
cyclisation reaction did not proceed to completion at 25 °C
(starting material still present after 24 h). However, heating the
mixture to 50 °C, in the presence of 18-crown-6, led to complete
reaction after 5 h, yielding the desired macrocycle 15 (66%).

The previously proposed mechanism of cyclisation involved
bringing the two sites of reaction into proximity by p-orbital
stacking interactions between the electron rich guaiacol (2-
methoxyphenol) ring and the electron deficient o-fluoro-
nitrophenyl ring.15 However, macrocycle formations of this
type have recently been demonstrated to proceed in good yield
when the aryl hydroxy group is replaced by an alkyl hydroxy
group, proving that such p–p interactions are not necessary for
successful cyclisation.24 As the isolated yields are high, this
practical approach by aromatic nucleophilic substitution (intra-

molecular SNiAr reaction) should find ready application in the
synthesis of natural products and their analogues with particular
reference to cyclic spermidine and spermine alkaloids of the
codonocarpine 6 and cadabicine 8 classes.

We thank the Department of Pharmacy and Pharmacology,
University of Bath, for a studentship (to S. C.). We acknowl-
edge useful discussions with Dr William N. Hunter (University
of Dundee), Professor Manfred Hesse (University of Zürich)
and Dr Ian S. Haworth (University of Southern California).
I. S. B. and I. S. H. are recipients of a NATO grant (CRG
970290). A. H. F. is funded by the Wellcome Trust.

Notes and references
† E-mail: prsisb@bath.ac.uk

1 R. J. Bergeron, Acc. Chem. Res., 1986, 19, 105; I. S. Blagbrough, S.
Carrington and A. J. Geall, Pharm. Sci., 1997, 3, 223 and references
cited therein.

2 T. A. Smith, J. Negrel and C. R. Bird, The cinnamic acid amides of di-
and polyamines, in Advances in Polyamine Research, ed. U. Bachrach,
A. Kaye and R. Chayen, 1983, vol. 4, p. 347; A. Guggisberg and M.
Hesse, The Alkaloids, Academic Press, 1983, vol. 22, p. 85; A.
Guggisberg and M. Hesse, The Alkaloids, Academic Press, 1998, vol.
50, p. 219 and references cited therein.

3 B. Meurer, V. Wray, L. Grotjahn, R. Wiermann and D. Strack,
Phytochemistry, 1986, 25, 433.

4 A. Husson, R. Besselievre and H.-P. Husson, Tetrahedron Lett., 1983,
24, 1031.

5 Y. Nagao, K. Seno, K. Kawabata, T. Miyasaka, S. Takao and E. Fujita,
Chem. Pharm. Bull., 1984, 32, 2687.

6 J. McManis and B. Ganem, J. Org. Chem., 1980, 45, 2041; K.
Chantrapromma and B. Ganem, Tetrahedron Lett., 1981, 22, 23; P.
Page, S. Burrage, L. Baldock and M. Bradley, Bioorg. Med. Chem. Lett.,
1998, 8, 1751.

7 A. H. Fairlamb and A. Cerami, Annu. Rev. Microbiol., 1992, 46, 695;
J. A. Ponasik, C. Strickland, C. Faerman, S. Savvides, P. A. Karplus and
B. Ganem, Biochem. J., 1995, 311, 371.

8 P. Dätwyler, H. Bosshardt, S. Johne and M. Hesse, Helv. Chim. Acta,
1979, 62, 2712; H. H. Wasserman, R. P. Robinson and C. G. Carter,
J. Am. Chem. Soc., 1983, 105, 1697.

9 R. W. Doskotch, A. B. Ray and J. L. Beal, J. Chem. Soc., Chem.
Commun., 1971, 300; R. W. Doskotch, A. B. Ray, W. Kubelka, E. H.
Fairchild, C. D. Hufford and J. L. Beal, Tetrahedron, 1974, 30, 3229.

10 V. U. Ahmad, S. Arif, A. U. R. Amber and K. Fizza, Liebigs Ann.
Chem., 1987, 161.

11 V. U. Ahmad, A. U. R. Amber, S. Arif, M. H. M. Chen and J. Clardy,
Phytochemistry, 1985, 24, 2709; V. U. Ahmad, K. Fizza, A. U. R.
Amber and S. Arif, J. Nat. Prod., 1987, 50, 1186.

12 M. J. Humora, D. E. Seitz and J. Quick, Tetrahedron Lett., 1980, 21,
3971.

13 D. H. Williams, Acc. Chem. Res., 1984, 17, 364.
14 A. V. Rama Rao, M. K. Gurjar, K. L. Reddy and A. S. Rao, Chem. Rev.,

1995, 95, 2135.
15 J. Zhu, Synlett, 1997, 133.
16 D. L. Boger, D. Yohannes, J. Zhou and M. A. Patane, J. Am. Chem. Soc.,

1993, 115, 3420.
17 F. R. Blase and K. Banerjee, Synth. Commun., 1995, 20, 3187.
18 J. K. Luo, S. L. Castle and R. N. Castle, J. Heterocycl. Chem., 1990, 27,

2047.
19 M. C. O’Sullivan and D. M. Dalrymple, Tetrahedron Lett., 1995, 36,

3451.
20 D. Xu, K. Prasad, O. Repic and T. J. Blacklock, Tetrahedron Lett., 1995,

36, 7357.
21 I. S. Blagbrough and A. J. Geall, Tetrahedron Lett., 1998, 39, 439; A. J.

Geall and I. S. Blagbrough, Tetrahedron Lett., 1998, 39, 443.
22 B. Ganem, Acc. Chem. Res., 1982, 15, 290.
23 H. Kühne and M. Hesse, Helv. Chim. Acta, 1982, 65, 1470
24 T. Laïb and J. Zhu, Tetrahedron Lett., 1998, 39, 283.

Communication 8/06688D

2336 Chem Commun., 1998



Strong intramolecular exchange interactions between nitronyl nitroxide
radicals bridged by olefinic spacers

Christophe Stroh,a Philippe Turekb and Raymond Ziessel*a

a Laboratoire de Chimie, d’Électronique et de Photonique Moléculaires, École de Chimie, Polymères et Matériaux
(UPRES-A 7008), 1 rue Blaise Pascal, 67008 Strasbourg, France. E-mail: ziessel@chimie.u-strasbg.fr

b Institut Charles Sadron (UPR 022), Université Louis Pasteur, 6 rue Boussingault, 67083 Strasbourg, France

Received (in Cambridge, UK) 3rd August 1998, Accepted 25th September 1998

Nitronyl nitroxide radicals bridged by olefinic spacers
display strong intramolecular and antiferromagnetic ex-
change interactions, the magnitude of which depends on the
length of the spacer and on steric crowding around the
radicaloid subunits.

An essential concern for the development of organic molecular
magnetic materials involves minimizing undesired radical–
radical interactions whilst promoting efficient exchange cou-
pling along the molecular axis. Because of the inherent
difficulty in coupling organic radicals through a bridging
framework the use of bis-radicaloid systems has proved less
popular than the alternative approach of using transition metals
to separate monoradicals.1 For example, nitronyl nitroxide
(NIT) radicals interact only weakly through the p orbitals of an
interspersed aromatic spacer because of stereoelectronic inhibi-
tion of cross-conjugation2,3 while directly-linked NIT diradicals
exhibit through-space antiferromagnetic coupling.4 We now
report that olefinic spacers promote strong through-bond (TB)
interaction between terminal NIT radicals in such a way that
complexation to paramagnetic cations might provide novel
ferrimagnetic materials.

The deep green diradicals 15 and 2 were synthesised as
outlined in Scheme 1.† The all-trans conformation of the
polyenic skeleton of each diradical was confirmed by X-ray
crystallography (Fig. 1).‡ In 1, the two radicals lie coplanar with
the olefinic moiety while the crystal packing shows that the
molecules are quasi-isolated with the shortest intermolecular
NO···ONA distances being > 5 Å. In contrast, the two radical
centres in 2 are tilted from coplanarity by 24.9°, due to steric
crowding with the neighbouring methyl groups. The crystal
packing of 2 reveals relatively short contacts [NO···ONA at 3.70
and 3.65 Å, respectively, for OOA and ONA] between neighbour-
ing molecules within a crystallographic chain [x + 1, y, z + 1].
Here, the head-to-tail arrangement of the NO subunits, and their
relative orientation, are favourable for intermolecular anti-
ferromagnetic interactions. This is indicated by an a angle of
82° for the ON···OA and by a b angle of 90° formed between a
vector normal to the p* orbitals of the NIT radicals and the
N2O2 plane.6

The magnetic properties of these two diradicals were studied
with a SQUID susceptometer. At 300 K, the product of molar
susceptibility and temperature (cT) for both 1 (0.373 emu K
mol21) and 2 (0.613 emu K mol21) is lower than that expected
for two independent spins [0.75 emu K mol21]. This indicates
the predominance of antiferromagnetic interactions. With
decreasing temperature, cT for 1 shows a monotonous decrease
to zero while a maximum in the susceptibility curve is seen at 75
K for 2 (Fig. 2). The Curie tail observed at low temperature is
due to a weak amount (ca. 0.1%) of paramagnetic impurities.

In order to avoid intermolecular interactions, compounds 1
and 2 were dispersed in a polystyrene matrix and studied over
the 200–300 K temperature range. The cT vs. T and the c vs. T
plots, respectively, for 1 and 2 display features similar to those
found for microcrystalline samples. For 2, maximal susceptibil-
ity is again found around 75 K [inset in Fig. 2(b)]. No relevant
intermolecular contacts are seen for 1, such that a good fit of the
experimental data was obtained using the Bleaney–Bowers law
for an isolated two-spin 1/2 model7 where the magnetic
exchange coupling constant J corresponds to a Hamiltonian of
the form H = 22JS1S2. Here, a large singlet–triplet splitting of
2J/kB = 2469 K was found, indicating strong TB anti-
ferromagnetic interaction.

In order to fit the susceptibility data for 2, the Bleaney–
Bowers expression for the magnetic susceptibility of a dimer
had to be modified by including a mean-field approximation,
estimated by a Weiss temperature q. This describes the average
intermolecular interactions throughout the crystal. With respect
to 1, a much weaker TB antiferromagnetic coupling (2J/kB =
290 K) was found, after correction for a mean field temperature
of q = 232 K.

EPR spectra of 1 and 2 were recorded at room temperature in
deoxygenated CH2Cl2 solutions (ca. 5 3 1025 mol dm23) and
in polystyrene matrices (ca. 3.6% w/w). In solution, the EPR

Scheme 1 Reagents and conditions: i, MeOH, H2O, N,NA-dihydroxy-
2,3-diamino-2,3-dimethylbutane sulfate salt, 20 h; ii, NaIO4, H2O, CH2Cl2,
1 h; iii, Benzene, N,NA-dihydroxy-2,3-diamino-2,3-dimethylbutane, azeo-
tropic distillation, 0.5 h. Fig. 1 ORTEP view of a molecular unit of (a) 1 and (b) 2.
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signal obtained from 2 consists of nine well-separated lines
centred at giso = 2.0065, corresponding to an isotropic
hyperfine coupling constant aN = 3.76 G. This pattern is
consistent with strong exchange interaction between a pair of
NIT radicals. The solution EPR spectrum of 1 is distorted and
centred at giso = 2.0067, with the observable peaks being
separated by ca. 3.75 G and lying within the strong exchange
limit. In frozen solution, each compound exhibits fine structure
(dipolar) lines and a half-field signal (g = ca. 4) due to the so-
called forbidden (DMS = 2) transitions (Fig. 3).8 The zero field
splitting (ZFS) parameters are estimated as D = 168 G for 1 and
D = ca. 31 G for 2, in rough agreement with the values
calculated from the crystal structure on the basis of the point
dipole approximation (146 < D < 302 G for 1, and 34 < D <
41 G for 2).

The experimental data can be well explained by taking into
account strong TB antiferromagnetic interaction between the
NIT radicals. The geometry and availability of a conductive
pathway combine to favour TB interaction rather than through-
space exchange. Indeed, the bridging polyenic spacer shows a
high propensity for exchange interactions between remote NIT
radicals. This is presumably due to efficient orbital overlap
between the radicals and the conjugated framework. In this
respect, the olefinic spacer is much more effective than aromatic

groups. However, a marked stereoelectronic effect is present in
2, owing to the presence of methyl substituents at the a position
relative to the radicals, which curtails exchange interaction.

In summary, in the absence of steric crowding an olefinic
bridge favors a planar diradical in the solid state whose
conformation is ideal for TB exchange interaction. This is in
marked contrast to bis-NIT coupled directly4 or via aryl spacers.
Moreover, the magnetic and electronic properties observed in
the crystals are conserved in a diluted polymeric matrix. The
pronounced TB interaction inherent in these simple systems
might provide access to ferrimagnetic scaffolds by judicious
coordination to magnetic metal ions.

Notes and references
† On the basis of spectroscopic evidence, including EI-MS and elemental
analysis, the structures of the new compounds were unequivocally
authenticated. Selected data for 1: m/z 338.2 (M); Found: C, 56.60; H, 7.55;
N, 16.37%. For 2: m/z 418.3 (M); Found: C, 62.86; H, 8.05; N, 13.15%.
‡ Crystal data for 1: C16H26N4O4, monoclinic, space group P121/c, a =
6.1877(5), b = 11.095(2), c = 13.130(1) Å, b = 99.828(7)°, Z = 2, 1199
independent reflections with I > 3s(I), R = 0.053, Rw = 0.073. For 2:
C22H34N4O4, monoclinic, space group P121/n, a = 7.0087(4), b =
16.270(1), c = 10.3874(5) Å, b = 99.244(4)°, Z = 2, 1566 independent
reflections with I > 3s(I), R = 0.048 and Rw = 0.076. Collection: MACH3
Nonius diffractometer, Mo-Ka, l = 0.71073 Å, graphite monochromator,
T = 294 K. CCDC 182/1034.
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Fig. 2 Temperature dependence of the product of the magnetic susceptibility
and temperature (H = 0.5 tesla): (a) cT vs. T for 1 and (b) c vs. T for 2. The
solid line represents the best fit to the experimental data. Insets: cT vs. T for
1 and c vs. T for 2 dispersed in a polystyrene matrix.

Fig. 3 Fine structured lines observed in the first derivative EPR absorption
spectrum (X-band; n = 9.73 GHz) of 1 dispersed in a polymer matrix and
recorded at room temperature. The inset shows the half-field signal.
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The two diastereoisomers of ArCH2P(S)(NMeR*)Cl
(Ar = 4-NO2C6H4, R* = CHMePh) react with Et2NH (0.2
mol dm23) in CH2Cl2 to give mixtures of the diastereoi-
somers of ArCH2P(S)(NMeR*)NEt2 in practically the same
ratio (54.5 : 45.5 or 53 : 47); such non-stereospecificity points
to a thiophosphene intermediate ArCHNP(S)NMeR* as the
product-forming species.

Nucleophilic substitution at a phosphoryl (PNO) or thiophos-
phoryl (PNS) centre generally proceeds by an associative SN2(P)
mechanism with a five-coordinate intermediate or transition-
state.1 An alternative dissociative mechanism, involving elim-
ination–addition (EA) and a transient three coordinate PV

intermediate 2, is sometimes favoured when the substrate 1

(X = leaving group) has an acidic ligand HZ,1,2 i.e. when Z is
an oxygen,3 sulfur4 or nitrogen5 atom. When Z is just a saturated
carbon atom however, elimination–addition seems unable to
compete with the normal SN2(P) reaction.6 An exception may
be the benzylic phosphonamidothioic chloride 3, at least when
it is substituted with a nitro group (Ar = 4-NO2C6H4).7 Then it
displays remarkably high reactivity towards basic nucleophiles
such as Et2NH, perhaps because the Ca–H bonds are suffi-
ciently acidic for reaction to proceed rapidly by an EA
mechanism. To substantiate such a mechanism, and in particular
the intermediacy of a three-coordinate methylenethioxophos-
phorane (thiophosphene) intermediate [ArCHNP(S)NMe2],
there is a need of stereochemical information. Working with the
individual enantiomers of 3 (Ar = 4-NO2C6H4) would present
problems, both preparative and analytical, so our attention
turned to the related compound 4 (Ar = 4-NO2C6H4) (Scheme
1). This is chiral at carbon as well as phosphorus so both
substrate and substitution product will exist as diastereoi-
somers.

The phosphonamidothioic chloride 4 was prepared using
4-nitrobenzylphosphonothioic dichloride [ArCH2P(S)Cl2]7 and
(S)-(2)-PhMeCHNHMe. It is known that benzylic phosphono-
thioic dichlorides tend to go directly to the diamide when they
react with secondary amines,8 but by keeping the amine
concentration low [addition over 5–6 h to a dilute CH2Cl2
solution of ArCH2P(S)Cl2], and having some of the amine
hydrochloride (the byproduct of the reaction) present in solution
from the outset, the amidic chloride 4 was the major product.
Chromatography (silica gel; 15% EtOAc in light petroleum)
followed by crystallisation of appropriate fractions afforded
pure samples of the two diastereoisomers (A and B) of 4 [m/z
370, 368 (M+, 6%): A, mp 108–109 °C, dP(CDCl3) 90.00;
dH(CDCl3) 3.92 (2H, m, CH2Ar), 2.575 (3H, d, JPH 15, NMe)
and 1.525 (3H, d, JHH 7, CHMePh); B, mp 87–88 °C, dP(CDCl3)
90.57; dH(CDCl3) 3.91 (2H, m, CH2Ar), 2.61 (3H, d, JPH 15,
NMe) and 1.30 (3H, d, JHH 7, CHMePh)].†

The amidic chloride 4 reacted readily with Et2NH as a dilute
solution in CH2Cl2, giving the expected diamide product 6 as a
mixture of diastereoisomers [dP(CDCl3) 81.24 and 81.20;
dH(CDCl3) 2.475 and 2.435 (d, JPH 10.5, NMe), 1.48 and 0.97
(d, JHH 7, CHMePh) and 1.135 and 1.015 (t, JHH 7, CH2Me), m/z
405 (M+, 15%)]. Whichever diastereoisomer of the substrate
was used, the product 6 was obtained as practically the same
54 : 46 mixture having the low-field diastereoisomer (dP 81.24;
dH 2.475, 1.48 and 1.135) in slight excess. As long as the
diastereoisomers are configurationally stable under the condi-
tions of reaction, it follows that substitution is non-stereo-
specific but slightly stereoselective. Such behaviour is not
compatible with the normal SN2(P) mechanism of nucleophilic
substitution,9 but it is entirely reasonable for an EA mechanism
in which both diastereoisomers of substrate form the thiophos-
phene intermediate 5 (Scheme 1). This is planar (trigonal) at
phosphorus and can be attacked by Et2NH at either face (non-
stereospecificity), but the two faces are diastereotopic (chirality
in NMeR*) so they will not necessarily be attacked with equal
ease (diastereoselectivity).

To assess the stability of the configuration at phosphorus the
reactions of the two diastereoisomers of 4 were monitored by
31P NMR spectroscopy, using a 0.2 mol dm23 solution of
Et2NH (large excess) in CH2Cl2. In both cases the diastereo-
isomer composition of the product 6 (ca. 54 : 46) remained
constant throughout the reaction (t1

2
= 35–40 min at 19 °C) and

the stereochemical integrity of the substrate was retained
(!95% one diastereoisomer at !90% completion).‡ It is
therefore certain that non-stereospecificity is an integral part of
the process of substitution.

In the course of the NMR experiments it became apparent
that the products from the two diastereoisomers of the substrate
were in fact not quite identical, the diastereoisomer ratios being
54.5 : 45.5 for A and 53 : 47 for B. The most obvious explanation
is that elimination–addition is not completely dominant, so that
a small proportion (1.5%) of the substrate is able to react
stereospecifically by the normal SN2(P) mechanism. This,
however, is difficult to reconcile with the behaviour observed
using an amine less bulky than Et2NH. As a base there is not
much difference between Et2NH and Me2NH but as a
nucleophile at a tetrahedral phosphorus centre there is;10 with
PhP(S)(NMe2)Cl, for example, Me2NH reacts at least a hundred
times faster than Et2NH.7 If SN2(P) does compete with the EA

Scheme 1
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mechanism, it will surely do so much more effectively in the
case of Me2NH. In fact the reaction of 4 with Me2NH is hardly
more stereospecific at all. Using 0.2 mol dm23 Me2NH in
CH2Cl2 the diamide product (6 with Me2N in place of Et2N)
[m/z 377 (M+, 15%)] was formed (t1

2
= ca. 15 min at 19 °C) with

diastereoisomer ratios of 52.5 : 47.5 and 50.5 : 49.5 from A and
B respectively, and again the low-field diastereoisomer
[dP(CDCl3) 85.04; dH(CDCl3) 2.58 (d, JPH 13, NMe2), 2.46 (d,
JPH 10.5, NMe) and 1.45 (d, JHH 7, CHMePh)] was formed in
slight excess of the other (dP 84.97; dH 2.41, 2.41 and 0.88).‡
Here too, then, substitution is almost completely non-stereo-
specific. Any contribution from SN2(P) must be slight (2%)
even with Me2NH, and with Et2NH it will surely be negligible.
That being so, it seems likely that the reaction of 4 with Et2NH
proceeds entirely by an EA mechanism, with a thiophosphene
intermediate, and that slight differences in the composition of
the product from the two diastereoisomers are a consequence of
the structure of the thiophosphene and/or the environment in
which it is formed.§

Notes and references
† The substrate 4 and the products derived from it were fully characterised
by NMR (1H and 31P) and IR spectroscopy, mass spectrometry (EI), and
elemental analysis and/or accurate mass measurement.
‡ In CH2Cl2 the relative 31P NMR chemical shifts of the two diastereo-
isomers of the diamide product are reversed (relative to CDCl3) so the
product formed in excess appeared at high field [dP(CH2Cl2) 80.96 and
81.02 with Et2NH; 84.71 and 84.82 with Me2NH].
§ The thiophosphene 5 has a (formal) C–P double bond so (in principle) it
exists as E and Z isomers; these may be formed in differing proportions from
the two diastereoisomers of the substrate and react with the nucleophile with
differing stereoselectivities. Also, the thiophosphene may be so short-lived

that some of it is trapped by the nucleophile before it is able to diffuse away
from the chloride ion (or amine hydrochloride) released in the elimination
step of the EA mechanism. In these ways the stereochemistry of the product
could be influenced by the configuration of the substrate, notwithstanding
the planarity at the phosphorus atom of the thiophosphene intermediate.
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High-melting phosphonium tosylates are synthesised and
applied for the first time as solvents in catalytic hydro-
formylation reactions; variation in the substituents attached
to phosphorus can lead to markedly different results; the
catalyst systems are non-corrosive, easily manipulated and
can readily be recovered and reused.

One of the major problems associated with homogeneous
catalysts is that they are difficult to recover at the end of the
reaction. Frequently distillation is used as a separation tech-
nique, but this is a very energy-intensive process. High-boiling
products can remain with the catalyst and lead to catalyst
deactivation or product contamination. This problem, especially
for expensive and/or toxic precious metal catalyst systems, has
precluded their more widespread application in the catalysis
industry.

In today’s environmentally conscious world, another prob-
lem with homogeneous catalysts has emerged, viz. many of the
solvents traditionally used in transition metal catalysis, such as
chlorinated hydrocarbons, acetonitrile, DMF to name but a few,
are currently on the ‘environmental blacklist’. It is rapidly
becoming apparent that the way in which solvents are used in
organic synthesis needs rethinking. The way forward may thus
be to choose the solvent on environmental grounds and then
optimise the reaction in that solvent.1 In this respect, the use of
high-melting ionic solvents (molten salts/ionic liquids) will be
highly advantageous if the product(s) can readily be decanted
off the stable catalyst system. The advantages of these systems
will be manifold: in addition to facilitated catalyst recovery,
they may exhibit low viscosity, high thermal and air stability,
good electrical conductivity, low vapour pressure and they will
readily solubilise the reagents and catalyst. They also exhibit a
large ‘liquid range’, allowing for extensive kinetic control.2
Room temperature ionic liquids such as alkylimidazolium
chloride/AlCl3 have been developed by Seddon and others2,3

and have been found to function as highly efficient catalytic
systems for reactions such as dimerisation and alkylation.
However, much less attention has been paid to higher melting
ionic solvents such as tetraalkyl ammonium and phosphonium
salts. These offer advantages over the room temperature
systems in that (i) they are not corrosive and (ii) being solid at
room temperature, they are more easily manipulated and
product separation is simple, being accomplished by decanta-
tion rather than by biphasic extraction. They are also stable to
much higher temperatures, thereby enabling more forcing
reaction conditions to be applied. We now report our results on
the synthesis of tetraalkyl/aryl phosphonium tosylates and their
application as solvents in hydroformylation reactions.

Salts 1–4 were synthesised by reaction of the tosylate esters
[eqn. (1)] with the appropriate tertiary phosphine [eqn. (2)].

All four salts were fully characterised; selected data are
shown in Table 1. They were then applied as solvents in the
hydroformylation of hex-1-ene to heptanal (A) and 2-me-
thylhexanal (B) [eqn. (3)] in the presence of [Rh2(OAc)4], both

with and without added phosphine ligand. Selected results are
shown in Table 2.

In some instances, trace amounts (ca. 1–2%) of additional
reaction products were observed. The isomerisation products
2-methylhexanal (B) and 2-ethylpentanal (C) (derived from the
isomerisation of hex-1-ene to hex-2-ene and subsequent
hydroformylation) were typically present in small amounts. In
the case of Ph3PBu+OTs2 and Ph3POc+OTs2, the correspond-
ing C5 aldehyde and C9 aldehyde were observed, respectively.
These are most likely to derive from elimination of the bulky
alkyl moiety (butyl or octyl) to form the corresponding alkene,
analogous to Hoffmann eliminations in ammonium salts. The
alkene is then hydroformylated to the corresponding aldehydes
(F–J; see Scheme 1). This elimination process does not occur
with Bu3PEt+OTs2 or with Ph3PEt+OTs2; presumably, in these
cases, the ethyl group is small enough to remain bound to the P
atom and does not eliminate.

Table 1 Characterisation of phosphonium salts

Salt Melting point/°C [literature value] Yield (%) d(31P) n(P–C)/cm21

Ph3PEt+OTs2; 1 94–95 [93–94]4 98 26.6 1460 (P–Caryl); 1380 (P–Calkyl)
Ph3PBu+OTs2; 2 116–117 [139–140]4 98 24.8 1470 (P–Caryl); 1380 (P–Calkyl)
Ph3POc+OTs2; 3 70–71 95 26.7 1450 (P–Caryl); 1390 (P–Calkyl)
Bu3PEt+OTs2; 4 81–83 [70–78]4 94 24.6 1380 (P–Calkyl)
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The results in Table 2 indicate that the substituents attached
to the central phosphorus atom of the phoshonium salt exert a
significant effect on the catalyst performance. With no added
phosphine ligand, the conversions range from 66% (for
Ph3POc+OTs2) to 100% (for Bu3PEt+OTs2) and the n : iso
ratios range from 2.5 : 1 (for Bu3PEt+OTs2) to 1 : 4 (for

Ph3POc+OTs2). This solvent effect is remarkable and is almost
unparalleled in conventional homogeneous catalysis. In addi-
tion, our catalyst systems offer the advantage of extremely
facile catalyst recovery post-reaction. Upon the addition of
excess PPh3, the catalytic results are very similar to each other
(conversions range from 95 to 100% and n : iso ratios range
from 1.5 : 1 to 2.2 : 1). We propose that in this case
(Ph3P)3Rh(CO)(H) forms initially (from [Rh2(OAc)4], PPh3,
CO and H2) and is then the catalytically active species in every
reaction. Thus, one would expect very similar results, with only
small influences being exerted by the phosphonium solvent.

At the end of the reaction, the reaction mixture was cooled
and the liquid organic product was decanted and analysed by
GC, GC-MS and NMR. This facile product recovery is the most
significant advantage of these systems. The recovered solid was
characterised in order to determine that the phosphonium salt
had not changed during the course of the reaction, which was
indeed the case. The organic products were analysed for
rhodium content (by atomic absorption); in all cases, negligible
amounts (if any) were observed, indicating that the rhodium
catalyst remains within the (crystalline) structure of the solid
solvent. These catalyst systems have been re-used several times
and gave reproducible results.

Studies are now under way with a larger range of salts,
substrates and reaction types to investigate the general applica-
bility of these novel solvents which are analogous to conven-
tional dipolar aprotic solvents but also offer the considerable
advantage of facile catalyst recovery and cleaner, efficient
catalytic reactions.

We thank the Royal Society of Edinburgh (J. A.), the EPSRC
(N. K.) and the Carnegie Trust, University of St Andrews
(C. N.).
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Table 2 Hydroformylation of hex-1-ene in the presence of phosphonium salts as solventsa

Yield (%)

Salt PPh3

Conversion
(%)

Product n : iso ratio
(A : [B + C])A B C

1 No 80 29.4 36.0 14.6 1 : 1.3
Yes 95 55.7 29.8 9.5 1.5 : 1

2 No 96 18.4 34.1 32.3b 1 : 4
Yes 99 20.8 30.2 37.7b 1 : 3.2

3 No 49 18.9 22.5 7.6b 1 : 1.7
Yes 100 69.1 25.0 4.9b 2.2 : 1

4 No 90 62.6 22.5 4.9 2.5 : 1
Yes 100 69.3 22.7 7.0 2.2 : 1

1 Noc 100 65.2 27.4 7.4 1.9 : 1

a [Rh2(OAc)4], 0.02 g (0.045 mmol); R3PR*+OTs2, 1.0 g; PPh3, 0.1 g (0.38 mmol); hex-1-ene, 1.5 ml (12 mmol); 40 bar, 120 °C, 4 h. b Trace amounts of
elimination products observed. c (Ph3P)3Rh(CO)(H), 0.085 g (0.093 mmol) added to reaction mixture in place of [Rh2(OAc)4].

Scheme 1 Hydroformylation of hex-1-ene.
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silylation of alkynes and alkenes
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The reaction of o-bis(dimethylsilyl)carborane with Ni(PEt3)4
in  pentane  affords  the  reactive  intermediate,
[o-(SiMe2)2C2B10H10]Ni(PEt3)2 2; the facile double silylation
of alkynes catalyzed by 2 is reported.

The double silylation of unsaturated organic substrates cata-
lyzed by group 10 metals has been well documented for two
decades.1 Nickel complexes, in particular, provide excellent
catalysts for the transformation of silicon-containing linear
compounds. Cyclic bis(silyl)nickel complexes have been impli-
cated as important intermediates in the nickel-catalyzed double
silylation of arenes,3 alkynes,4 alkenes5 and aldehydes.6
However, the intermediates have not been isolated due to their
instability. We now describe (i) the isolation of the reactive
intermediate cyclic bis(silyl)nickel compound with a bulky
o-carborane unit; (ii) the facile double silylation of alkynes
catalyzed by the intermediate under mild conditions; and (iii)
the double silylation of alkenes by the stoichiometric reaction
with the intermediate.

Addition of 1.2 equiv. of o-bis(dimethylsilyl)carborane,
prepared from 1,2-Li2C2B10H10 and 2 equiv. of SiMe2ClH, to
Ni(PEt3)4 in pentane at 25 °C gave a dark red solution,
concomitant with the evolution of gas. Standard workup and
crystallization from toluene–pentane gave [o-(SiMe2)2C2
B10H10]Ni(PEt3)2 2 as a spectroscopically pure, dark red
crystalline solid sensitive to air and stable during brief heating
to 100–110 °C in 86% yield [eqn. (1)].† The unusual thermal

stability of the nickel bis(silyl) compound is attributed to the
advantageous properties of the carboranyl unit, including
electronic and steric effect.

The 1H, 13C, 31P and 29Si NMR spectra for 2 support the
proposed structure. In particular, the 29Si NMR chemical shift
of d 43.19 as a triplet (JSi–P(cis) 40.11 Hz) resembles the
literature value reported for the cis-NiSi2PC complex.7 The
structure of 2 was unambiguously established by a single-
crystal X-ray analysis (Fig. 1).‡ Complex 2 has a distorted
tetrahedral geometry with the dihedral angle between P(1)–Ni–
P(2) and Si(1)–Ni–Si(2) being 86.03°. Such bis(silyl)nickel
complexes are rare as indicated by a search of the Cambridge
Data Base which revealed only a few previous examples.8 As
expected, the average Ni–Si bond length [2.2424(9) Å] is
slightly longer than that of 2.171(3) Å in [(m-Cl)2Ni2(SiCl3)4]
[(CMe3)2C5H3NH]2.8 The Ni–P bond distance [2.2305(8) Å] is
consistent with those observed in other phosphine nickel
compounds.9

Compound 2 was found to be a good reactive intermediate for
the double silylation reaction. The reaction of o-bis(dimethyl-
silyl)carborane 1 with 1-phenylprop-1-yne (1 equiv.) in the
presence of a catalytic amount of 2 (0.03 equiv.) for 6 h afforded
the double-silylated product 3 in 94% (GC) yield. The reaction

was quite sensitive to the reaction conditions. When the same
reaction was carried out at higher temperature (70–75 °C), the
major component was identified as the acetylene cyclotrimer-
ization product 4 (Scheme 1), which has been characterized by
spectroscopic techniques.

When hex-1-yne is employed as a terminal alkyne in the
reaction with 1 under the same conditions, the five-membered
disilyl ring compound 5 is isolated as a colorless liquid in 71%
yield. All the spectral data of 5 was consistent with the proposed
formulation.

The reaction of 2 with 1 equiv. of styrene takes place at a
higher temperature (80 °C) and affords a moderate yield of the
five-membered disilyl ring compound 6 (Scheme 2). A key
feature in the 1H NMR spectrum of 6 includes a singlet at d 7.71
assigned to the vinyl proton. A characteristic low frequency 13C
NMR resonance at d 139.75 provides evidence for a tethered
carbon atom of the two silicon moieties. The structure of 6 has
been determined by X-ray crystallography.‡ Such formation of
the disilyl ring compound has been observed during the nickel-
catalyzed reaction of benzo-disilacyclobutene with styrene.5
Treatment of 2 with 1 equiv. of 1,1-diphenyl-ethylene in toluene
at 80 °C resulted in a brown solution from which the five-
membered disilyl ring compound 7 was isolated in a yield of

Fig. 1 Molecular structure of 2 showing the atom numbering scheme.
Selected distances (Å) and angles (°): Ni(1)–P(1) 2.2265(8), Ni(1)–P(2)
2.2346(8), Ni(1)–Si(1) 2.2371(9), Ni(1)–Si(2) 2.2477(9), Si(1)–C(1B)
1.941(3), Si(2)–C(2B) 1.940(3), C(1B)–C(2B) 1.669(4); P(1)–Ni(1)–P(2)
101.95(3), Si(1)–Ni(1)–Si(2) 83.69(3), P(1)–Ni(1)–Si(1) 96.06(3), P(2)–
Ni(1)–Si(1) 140.35(4).
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74%. The formulation of 7 was confirmed by a spectrometric
analysis. The mass spectrum of the product showed a molecular
ion at m/z 440.

Two doublets (d 3.93, 1.81) in the 1H NMR spectrum of 7 are
assigned to the methine protons. A low-frequency 13C NMR

resonance at d 49.87 provides evidence for the tethered carbon
atom of the two silicon moieties.

In summary, we have isolated the reactive intermediate, the
cyclic bis(silyl) nickel complex, which reacts with unsaturated
organic substrates such as an alkyne and alkene, generating a
new class of heterocyclic compounds. The intermediate 2 is
quite reactive and readily attacked by a variety of organic
substrates. This potential has been further exploited in a series
of novel chemical transformations with this system.

We are grateful to KOSEF for the generous financial
support.

Notes and references
† Experimental procedure for 2: compound 1 (0.48 g, 1.85 mmol) in 20 ml
of pentane was added to a stirred solution of Ni(PEt3)4 (0.98 g, 1.85 mmol)
in 20 ml of pentane pentane at 220 °C. The solution was warmed to room
temperature for 2 h. The solution was filtered. The residue was dissolved in
toluene (20 ml) and this solution was covered with a layer of a pentane (20
ml) at 215 °C. Dark red crystals of 2 formed over a period of several days
(0.88 g, 86% yield). 1H NMR (C6D6): d 1.13 (dq, JHH 5.6, JHP 6.4 Hz, CH2),
0.63 (dt, JHH 5.6 Hz, JHP 14.2 Hz, CH3), 0.42(s, SiCH3). 13C{1H} NMR
(C6D6): d 71.08, 17.05 (d, JCP 16.64 Hz, CH2), 6.737 (s, CH3), 4.105 (s,
SiCH3). 31P{1H} NMR (C6D6) : d 5.58. 29Si NMR(C6D6) : d 43.19 (t, JSiP

40.11 Hz).
‡ Crystal data: 2: C18H52B10NiP2Si2, M = 553.53, monoclinic, space group
P21/n, a = 9.4833(6), b = 19.2061(13), c = 16.8724(10) Å, b = 93.029(2),
V = 3068.8(3) Å3, Z = 4, Dc = 1.198 g cm23, m(Mo-Ka) = 0.823 mm21,
6498 reflections observed [I > 2s(I) ], 298 parameters, largest difference
peak 0.401 e Å23. final R, Rw on [I > 2s(I)] data were 0.0545, 0.1072,
goodness of fit on F2 = 1.083.

7: C14H28B10Si2, M = 360.64, monoclinic, space group P21/n, a =
9.6874(4), b = 18.2763(15), c = 12.7310(7) Å, b = 106.587(4)°, V =
2160.2(2) Å3, Z = 4, Dc = 1.109 g cm23, m(Mo-Ka) = 0.160 mm21, 4239
reflections observed [I > 2s(I)], 255 parameters, largest difference peak
0.243 e Å3, final R, Rw on [I > 2s(I)] data were 0.0506, 0.1316, goodness
of fit on F2 = 0.967. CCDC 182/1017.
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Scheme 1 Reagents and conditions: i, PhCCMe (1 equiv.), 1 (1 equiv.), 2
(0.03 equiv.), toluene, 25 °C, 94%; ii, HCCC4H9 (1 equiv.), 1 (1 equiv.), 2
(0.03 equiv.), toluene, 25 °C, 71%.

Scheme 2 Reagents and conditions: i, PhCHCH2 (1 equiv.), 2 (1 equiv.),
toluene, 80 °C, 84%; ii, Ph2CCH2 (1 equiv.), 2 (1 equiv.), toluene, 80 °C,
74%.
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TiO2 photocatalytic reduction of bis(2-dipyridyl)disulfide to
2-mercaptopyridine by H2O: incorporation effect of nanometer-sized Ag
particles
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A highly endothermic reduction of bis(2-dipyridyl)disulfide
to 2-mercaptopyridine by H2O selectively proceeds using
TiO2 as a photocatalyst, being significantly enhanced upon
incorporation of nanometer-sized Ag particles on TiO2.

Thiols are the most important of the sulfur containing
molecules, owing to their usefulness as starting materials for the
syntheses of agrochemicals, pharmaceutical products, petro-
chemicals, etc. Several methods for reducing disulfides to the
corresponding thiols use reducing agents, including lithium
aluminium hydride, sodium hydride, chromium(ii), and triphe-
nylphosphine–H2O.1 On the other hand, sulfur compounds
frequently have a poisoning effect on transition metal catalysts,
which was also observed in the reduction of disulfides to thiols
by Pd/charcoal catalyst.2 Poisoning is generally caused by the
high adsorption strength of sulfur compounds for the surface
active sites of transition metals. This is the first report on TiO2
photocatalytic reduction of bis(2-dipyridyl)disulfide (RSSR) to
2-mercaptopyridine (RSH) by H2O. Particular emphasis was
placed on the promoting effect with loading of nanometer-sized
Ag particles on TiO2 (Ag/TiO2).

TiO2 and Ag/TiO2
3 absorb light intensely below 385 nm due

to the band gap transition. Nanometer-sized Ag particles have a
surface plasmon absorption in the wavelength range 300 < l <
500 nm.4 In the spectrum of RSSR, there are two absorption
bands above 220 nm, at 233 and 281 nm. Light with l < 300 nm
was cut off by a Pyrex glass filter and both TiO2 and Ag were
excited by irradiation. When the TiO2 or Ag/TiO2 suspension
containing RSSR [solvent : H2O–acetonitrile (99 : 1 v/v)] is
irradiated under deaerated conditions, the peak intensities of
RSSR weaken concurrently with the appearance of new two
bands at 272 and 342 nm, which are in complete agreement with
the peak positions of authentic RSH. The production of RSH
was also confirmed by HPLC and negligible amounts of by-
products were detected. A stoichiometric relation with a ratio of
[RSH]/[RSSR] of ca. 2 was obtained in the conversion of RSSR
to RSH, indicating the selective reduction of RSSR to RSH.

Photoillumination of either Ag/TiO2 or TiO2 was required to
reduce RSSR. This reaction is thus induced not by Ag
photoexcitation but by the band gap transition of TiO2. During
the reaction, a gradual decrease in pH of the solution from 5.8
to 4.8 was observed. A small amount of O2 was detected in a
closed reaction system by gas chromatography. This is probably
due to its consumption through the successive reduction by the
excited electron and/or the reaction with RSSR. The possibility
of the oxidation of acetonitrile, which was added to H2O in
order to dissolve RSSR, was excluded, since no reduction
occurred upon using dehydrated acetonitrile as the solvent.
From these results above, the overall reaction can be written as
eqn. (1).

This highly endothermic reaction may also be attractive from
the viewpoint of converting light energy to chemical energy.

Fig. 1 shows time course of the RSH production in the
presence of TiO2 (a) and Ag/TiO2 (b). The rate of the reaction
calculated from the concentration of RSH formed after 100 min
illumination (v) is increased by a factor of 5.2 with Ag loading.
The continuous formation of RSH for more than 150 min
suggests high chemical stability of the Ag deposits under the
present conditions. The dependence of v on the amount of Ag
loaded (0 < x < 1 wt.%) was examined. It was shown that v
goes through a maximum near x = 0.24 wt.%. A possible
explanation for the decrease in v at x > 0.24 wt.% is light
shielding by Ag. This fact again precludes the possibility of Ag
photoinduced reduction of RSSR.

Adsorption isotherms of RSSR on TiO2 (a) and Ag/TiO2 (b)
were measured at 28.5 ± 0.5 °C. From the analyses of the
Langmuir plots, the saturated adsorption amount (Gs) and the
constant indicative of adsorption strength (b) were calculated to
be 1.07 3 1026 mol g21 and 1.27 3 105 dm3 mol21 for TiO2,
and 1.92 3 1025 mol g21 and 1.56 3 106 dm3 mol21 for Ag/
TiO2. Various self-assembled monolayers (SAMs) of surface
active organosulfur compounds such as thiols (RASH), sulfides
(RASRA) and disulfides (RASSRA) that adsorb on Ag or Au, owing
to the specific interaction of RAS–Ag or RAS–Au, have been a
topic in the field of surface science.5 It has been revealed that
RASSRA chemisorbs on the surface of Ag(111) or Au(111) via S–
S bond cleavage.5 The RS group was previously confirmed by
other workers to adsorb on Ag stably without S–C bond fission.6
The areas occupied by one RS group in the Ag/TiO2 were
calculated to be 6.4 nm2 group21 for TiO2 and 0.1 nm2 group21

for Ag. The corresponding areas for the RS group adsorbed in

(1)

Fig. 1 Time courses of the RSH production in the presence of TiO2 (a) and
Ag/TiO2 (b). A 5.41 3 1025 M RSSR solution (50 ml of H2O–acetonitrile
(99 : 1 v/v) was irradiated in the presence of 50 mg TiO2 or Ag/TiO2 at 22
± 1 °C. The light intensity integrated from 320 to 400 nm was 4.62
mW cm22. Irradiation was commenced after removal of dissolved O2 by 15
min N2 bubbling and attainment of adsorption equilibrium by stirring for 1
h in the dark; N2 bubbling was continued throughout the reaction.
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the closest packing states were estimated to be ca. 0.16
nm2 group21 for the flat lying orientation and 0.1 nm2 group21

for the vertical orientation using the PM3 optimized molecular
structure. Clearly, the RS groups adsorb on the surface of
nanometer-sized Ag particles in a close packed state analogous
to those in SAMs, while most of the TiO2 surface is directly in
contact with H2O.

A plausible reaction mechanism is summarized as follows. In
the initial stage of the reaction, selective RSSR adsorption on
the surface of Ag accompanied by S–S bond cleavage takes
place. Electron–hole pairs are generated by the band gap
excitation of TiO2. Most of the pairs are lost by recombination
but a portion of the electrons excited to the conduction band
(CB) flow into Ag, while the holes are left in the valence band
(VB) of TiO2. The Schottky barrier at the Ag/TiO2 interface
would assist the charge separation. The hole has enough
potential to oxidize H2O to yield H+ and O2. The coupling of H+

and RS2, driven to desorb reductively by the excited electron,
forms RSH. A similar reductive desorption of n-alkanethiols
from an Au electrode has been reported by Widrig et al.7 In the
TiO2 system, the reduction of RSSR is thought to proceed in a
similar manner as in the Ag/TiO2 system; however, the
alternative reduction site would be surface Ti3+ ions. Three
factors for reaction enhancement effect of the Ag loading can be
proposed. The first is enhanced adsorption of RSSR, the second
is the separation of reduction (Ag) and oxidation sites (TiO2)
and the third is that the oxidant (RSSR) and the reductant (H2O)
selectively adsorb on the reduction and oxidation sites,
respectively, resulting in a highly selective reaction.

Since the turnover number is calculated to be ca. 6.7 3 1014

molecules cm22, this reaction is qualified to be catalytic. The
strangest and most intriguing question raised by this reaction is
why RS adsorbed on Ag desorbs from the surface upon
irradiation despite its strong adsorption strength as evidenced by
the large b value of 1.56 3 106 dm3 mol21 for Ag/TiO2. Fig. 2
depicts the energy diagram of the reaction system. A couple of
bonding and antibonding orbitals are formed as the result of the
interaction between the highest occupied molecular orbital
(HOMO) of RS·11 and an unoccupied molecular orbital (UMO)
above the Fermi energy (Ef) of Ag.12 In the ground state, the
bonding orbital is occupied by two electrons, each of which
originally belongs to RS· and Ag, respectively, leading to a
strong interfacial RS–Ag bond. The contribution of the HOMO
of RS· to the bonding orbital is much greater than that of the
UMO of Ag. Thus the interfacial bond can approximately be
described as RS2–Ag+, which is confirmed by XPS measure-
ments of SAMs.13 On the other hand, in the photoexcitation
state, Ef is raised by several hundreds of meV (EfA),14 which

corresponds to the bonding energy of RASSRA on Au (ca. 0.5 eV
per RAS group).15 If EfA exceeds the energy of the interfacial
antibonding orbital, it would be occupied by the two electrons
from Ag. The destabilizing energy will enable the desorption of
RS2 upon illumination, and further the photocatalytic cycle in
this reaction. We refer to this as photodesorption with an
upward shift of the Fermi energy. Essentially, the electro-
chemical reductive desorption of n-alkanethiol monolayers
from Ag and Au electrodes can be interpreted as desorption with
an upward shift of the Fermi energy induced by the application
of external electric voltage. Widrig et al. explained the fact that
the reductive desorption from Ag as compared to Au occurs at
0.30 V more negative potential due to the differences in the
point of zero charge for the two metals.7 According to our
theory, this can alternatively be attributed to the differences in
the work function (Ag = 4.0 ± 0.15 eV, Au = 5.1 ± 0.1 eV),8
assuming comparable interaction energy (DE in Fig. 2).

In conclusion, it has been demonstrated that a highly
endothermic reduction of RSSR to RSH by H2O proceeds
selectively and efficiently using Ag/TiO2 as a photocatalyst.
The essential reaction mechanism is presented on the basis of
the adsorption and kinetic data. Photodesorption with an
upward shift of the Fermi energy is proposed as a key process in
the catalytic cycle. This action of Ag/TiO2 may open up a new
field of photocatalytic reactions of heterocompounds, whose
thermal catalytic reactions using transition metal catalysts are
usually not straightforward due to their poisoning effect.

Support of this work by the ESRI (Kinki University) under
the artificial photosynthesis program is gratefully acknow-
ledged.
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Fig. 2 Energy diagram of the reaction system. The following values were
used for its construction: work function of Ag = 4.0 eV;8 electron energy
for the standard hydrogen electrode (SHE) = 24.5 eV vs. SHE;9 flat band
potential of TiO2 at pH 5.5 = 20.45 V from the vacuum level;10 band gap
energy of TiO2 = 3.2 eV;10 oxidation potential of H2O at pH 0 = 1.23 V
vs. SHE;10 HOMO of RS· radical = 26.4 eV (this value was obtained from
PM3 MO calculations).
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Triple-stranded bimetallic helicates [Ln2(LC22H)3] form in
water by a strict self-assembly process and are shown to be
thermodynamically very stable (log b23 > 26) and lumines-
cent (Ln = Eu).

To cope with the demand for efficient light-converting devices
arising from the development of time-resolved fluoroimmu-
noassays, signalling and luminescent labelling technologies,1–4

including bimetallic probes which provide two probe signals in
one stain, co-ordination chemists have developed several
strategies. Among these, self-assembly processes5 based on the
induced fit concept6 have proved efficient in designing
lanthanide building blocks with predetermined structural and
physicochemical properties.7 The ditopic ligand LA was

designed to produce the cationic triple-stranded helicate
[Ln2(LA)3]6+ by strict self-assembly and the resulting com-
plexes exhibit a large stability in MeCN.8 The [Eu2(LA)3]6+

helicate is, however, only weakly luminescent and is water
sensitive, two severe handicaps for its use as a probe. A
substantial improvement was achieved upon replacing the
terminal benzimidazole groups in LA by carboxamide binding
units in LB, with a large increase in the Eu-centred luminescence
and a good resistance of the triple-stranded helicate
[Eu2(LB)3]6+ toward hydrolysis in MeCN containing up to 2.5 m
water.9 However, biomedical applications require water soluble
probes and, to our knowledge, self-assembly of bimetallic
lanthanide-containing edifices in water have only been reported
for [Ln2L2] supramolecular boxes where L is 2,6-bis[N,N-
bis(carboxymethyl)aminomethyl]-4-benzoylphenol and in
which the LnIII cations are linked to each other by an aqua
bridge inside the cage.10 In order to test whether the energetic
drive leading to the formation of bimetallic helicates in water is
able to compensate the large dehydration enthalpy of the
lanthanide aquo-ions, we have introduced two carboxylic acid
functions in LC, which led to the quantitative formation of
neutral [Ln2(LC 2 2H)3] triple-stranded helicates. These new

compounds are thermodynamically highly stable and lumines-
cent (Ln = Eu) and they are the first examples of such structures
self-assembled in water.

Ligand LC was obtained from the hydrolysis of LB† and the
pKa of the carboxylic groups were determined by potentiometry
to be 4.15 ± 0.05 and 7.05 ± 0.05 (0.1 m Et4NClO4). 1H NMR
titration of LC with Eu(ClO4)3·xH2O, in D2O at pD = 12.74,
points to the exclusive formation of a 2 : 3 species (break at
[Eu]/[LC] = 0.64, no hydroxide precipitation before the break
point). This speciation is confirmed by spectrophotometric data
obtained at pH 7.2 and 298 K in H2O ([LC] = 1.05 3 1025 m,
0 < [Ln] < 1.6 3 1025 m), which can be fitted to eqn. (1) for
Ln = La (log b23 = 30 ± 1), Eu (26.1 ± 0.4) and Lu (27.3 ±
0.6).‡ Titrations with solutions in MeOH–H2O 98 : 2 (v/v) yield
similar log b23 values, 29.6 ± 0.8 (La), 27.8 ± 0.6 (Eu) and 25.9
± 0.3 (Lu), but data for Eu and Lu have to be fitted to eqns. (1)
and (2) with log b22 = 21 ± 0.6 (Eu) and 19.1 ± 0.5 (Lu). As a

2 Ln3+ + 3 (LC 2 2H)22 " [Ln2(LC 2 2H)3] log b23 (1)

2 Ln3+ + 2 (LC 2 2H)22 " [Ln2(LC 2 2H)2]2+ log b22 (2)

comparison, helicates formed by LB in aprotic MeCN display
log b23 values in the range 24–25 and log b22 values in the range
19–20.9 The large thermodynamic stability of the [Ln2(LC 2

2H)3] helicates in water is further demonstrated by the partial
decomplexation observed in the 1H NMR spectrum of [Eu2(LC

2 2H)3] 3.2 3 1023 m in D2O upon adding a 20-fold excess of
H2EDTA22.

Solid complexes have been isolated for Ln = La, Pr, Nd, Eu,
Gd, Tb, Tm, Yb, Lu and crystals suitable for crystallographic
investigation were obtained for Eu, Tb and Yb.§ The structure
of the Eu-helicate is presented in Fig. 1.¶ The asymmetric unit
contains two slightly different neutral bimetallic helicates
without imposed crystallographic symmetry but with pseudo-
D3 symmetry, as well as 41 water molecules. Molecule A has an
Eu···Eu separation of 8.807(3) Å and features two nine-
coordinate EuIII ions with marginally different environments
[mean Eu–N distances 2.59(3)/2.62(4) Å, mean Eu–O distances
2.40(2)/2.39(2) Å, ionic radius 1.12(3)/1.13(5) Å]. Molecule B
displays a larger Eu···Eu separation, 9.044(3) Å, and co-
ordination to carboxylic groups is less symmetrical [mean Eu–N
distances 2.60(3)/2.59(5) Å, mean Eu–O distances

Fig. 1 ORTEP III stereoview of molecule A [Eu2(LC 2 2H)3]·20.5H2O,
perpendicular to the pseudo-C3 axis (upper ion: Eu1A, lower ion: Eu2A).

Chem. Commun., 1998, 2347–2348 2347



2.40(6)/2.41(4) Å, ionic radius 1.12(5)/1.12(4) Å]. As the pH of
the mother liquor is ca. 7.5–8.2, a partial protonation of the
carboxylic groups associated with the presence of hydroxide
counter-anions in the asymmetric unit11 is not likely especially
that the mean C–O distances for coordinated (1.27 Å, A and B)
and non-coordinated (1.23 Å, A and 1.24 Å, B) O atoms closely
match those found in the tris(dipicolinate)anion.12 Analysis of
the coordination polyhedra13 of the four different metal ions
reveals slightly distorted tricapped trigonal prisms. The facial
planes of the two distal tripods defined by the three coordinated
O atoms from the carboxylates and the three N atoms from the
benzimidazole moieties are almost parallel with mean dihedral
angles of 3.4° (A) and 6.8° (B) and the interligand wi angles13,14

are in the ranges 11.1–13.6° (A) and 8.1–14.9° (B) (ideal
trigonal prism: 0°). The distances between these facial planes,
3.16 Å (A) and 3.23 Å (B), are substantially shorter than that
found in the monometallic tris(dipicolinate) Eu-complex (3.44
Å),12 pointing to a significant compression along the pseudo C3
axis. The helical twist of the ligand strands (pitch: 23.7 Å, A and
24.4 Å, B) is achieved through rotation about the methylene C–
C bond with interplanar angles between the benzimidazole units
in the range 66.5–74.6° (A) and 62.4–72.7° (B). The entire
structure is held together by an extensive network of water
molecules. Preliminary results on the structure of the Tb and Yb
helicates reveal an isotypic series of complexes with LnIII

environments comparable to those found for EuIII.
The triple helicate structure is maintained in solution, as

demonstrated by the observed 1H NMR spectra in D2O, which
imply the formation of a single, inert and compact complex with
D3 symmetry (Fig. 2).8,9 A preliminary analysis for the
complete Ln series, including separation of the contact and
dipolar contributions to the chemical shifts points to an
isostructural set of helicates. The [Ln2(LC 2 2H)3] complexes
display interesting photophysical properties. The quantum yield
of the ligand-centred luminescence with respect to quinine
sulfate (0.044–0.047 at pH 6.8–12.1 in H2O) increases 10-fold
in the LaIII and LuIII helicates (0.52 at pH 6.8), while it
decreases by a factor 2.5 in the GdIII helicate (0.017 at pH 6.7).
The 1pp* luminescence disappears in the EuIII and TbIII

helicates and the characteristic f–f emission bands are observed.
The emission spectrum of the [Eu2(LC2 2H)3](aq) is similar to
the solid state spectrum, and the Eu(5D0) lifetime of 1028 m
solutions amounts to 2.5 ms (H2O) and 4.6 ms (D2O). This
substantiates the conclusion based on the NMR spectra
regarding the solution structure of the helicates and proves that
no OH oscillator is interacting directly with the metal ion, the
lengthening of the lifetime in D2O, formally corresponding to
an inner-sphere interaction with 0.2 water molecule,4 can be
assigned to second sphere effects.15 The quantum yield QEu

rel of

the metal-centred luminescence has been measured for solu-
tions in H2O (pH 7.0) with respect to 1023 m [Eu(tpy)3[(ClO4)3
in MeCN9 and is equal to 1.00 (absolute yield: 1.3%), leading to
a detection limit of 1029–10210 m in H2O and 10210–10211 m
in D2O. Although TbIII appears to be effectively sensitized by
LC, QTb

rel is low (0.038) due to an efficient back transfer process
which was evidenced by measuring the Tb(5D4) lifetime of the
helicate between 77 K (2.1 ms) and 270 K (0.05 ms), and which
arises from a too close proximity of the LC(3pp*) and Tb(5D4)
levels.

In conclusion, strict self-assembly of LC with LnIII ions in
water leads to the formation of a new class of lanthanide
carboxylates. The resulting triple-stranded helicates are ther-
modynamically highly stable and luminescent (Ln = Eu) and
the structural control achieved for these architectures is similar
to the one provided by pre-organized receptors.

We thank the Swiss National Science Foundation for
supporting grants, the Werner Foundation for a grant to C. P.
and the Herbette Foundation (Lausanne) for spectroscopic
equipment.

Notes and references
†LC: 1H NMR [(CD3)2SO]; d 1.38 (t, J 6.59 Hz, ethyl CH3), 4.20 (s,
bridging CH2), 4.87 (q, J 6.55 Hz, ethyl CH2), 8.10 (d, J 6.12 Hz, H3 or H5),
8.46 (dd, J 7.45/1.76 Hz, H3 or H5), 8.14 (t, J 7.45 Hz, H4), 7.64 (s, H4A), 7.26
(d, J 8.35 Hz, H6A), 7.58 (d, J 8.35 Hz, H7A). 13C NMR [(CD3)2SO, HSQC];
d 61.86 (bridging CH2), 60.54 (CH2, ethyl), 34.76 (CH3, ethyl), 158.95 (C3

or C5), 144.36 (C3 or C5), 145.98 (C4), 138.24 (C4A), 131.10 (C6A), 145.12
(C7A). ES-MS: m/z 547.5 (M + H+), 588.8 (M + H+ + MeCN), 607.4 (M +
H+ + MeCN + H2O). IR (KBr): 1718 (s, CNO), 2931, 2966 (m, aliphatic C–
H), 3030, 3066 (w, aromatic C–H), 3421 cm21 (OH). Elemental analysis for
C31H26N6O4·1.5H2O. Calc: C, 64.91; H, 5.10; N, 14.65. Found: C, 65.09; H,
5.15; N 14.70%.
‡ These data correspond to pLn values ([LnIII]t = 1026 m, [LC]t = 1025 m.
F. Vögtle, Supramolecular Chemistry, Wiley, Chichester, 1991, pp. 92–95)
of 11.55 (La), 9.60 (Eu) and 10.19 (Lu).
§ [Eu(LC2 2H)3]·9H2O. Calc. C, 53.36; H, 4.32; N, 11.30. Found: C, 53.20;
H, 4.32; N, 12.01%.
¶ C93H72N18O12Eu2·20.5H2O, M = 2306.93, monoclinic, space group P21/
c, a = 24.808(10), b = 36.285(10), c = 23.701(10) Å, b = 110.30(3)°, U
= 20 009(13) Å3, Z = 8, m = 1.333 mm21, T = 185 K, 93 431 reflections
measured, 28 393 independent reflections, 2630 parameters, RF = 0.0609,
wR2 [I > 2s(I)] = 0.1402. CCDC 182/1036.
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Fig. 2 1H NMR spectrum of 1024 m [La2)LC2 2H)3] in D2O at pD = 7 and
303 K, with assignment (b-CH2: bridging methylene; DMF as internal
reference*).
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The ortho-quinacridine compounds OQ1 and OQ2 bind
strongly to double stranded DNA and effect efficient
cleavage in the presence of Cu2+ and in the absence of
reducing agent; their activity increases further in the
presence of hydrogen peroxide.

Artificial metallonucleases have proven to be efficient tools for
the footprinting and sequence-specific targeting of nucleic
acids.1 They are composed of a transition or lanthanide metal
ion and of a ligand which plays two major roles: it modulates the
reactivity of the metal and interacts with the nucleic acid,
delivering the reactive metallic species in the vicinity of the
sensitive functionnalities of the biopolymer. Among these
compounds, copper(ii) complexes were found to cleave DNA,
most of them in an oxidative manner.1–3 They usually require
high concentrations of the complex and of an external reducing
agent (such as dithiothreitol, DTT) to form in situ a reactive
copper(i) species, two features which may limit their scope for
biological applications at the cellular level. A recent article
reports the cleavage of double stranded (ds) plasmid DNA by
low concentrations of a tambjamine–copper complex; in this
case the ligand is acting as an internal reducing agent.4

These considerations prompt us to report on results obtained
with water-soluble dibenzo[b,j]phenanthroline (i.e. quinacri-
dine) ligands, fused heteroaromatic pentacycles that display a
crescent-shaped structure and were designed to present a large
overlap area with pairs or triplets of nucleobases. We recently
described their synthesis5 and their ability to stabilise DNA
triple helices through putative intercalation.6 Among them, the
ortho-quinacridines (OQ) OQ1 and OQ2 possess the ortho-
phenanthroline (OP) substructure, which forms stable copper
complexes. Indeed Cu(OP)2

2+ is well known for its ability to
cleave nucleic acids oxidatively in the presence of a reducing
agent, via the formation of Cu(i) and subsequently of copper–
oxo species.1,7 At pH 6, OQ1 and OQ2 bear respectively two and

four positive charges located on the ammonium groups of the
two side chains.† The ability of OQ to bind to ds DNA was
monitored by thermal denaturation experiments and by fluores-
cence quenching assay8 (Table 1).

Significant stabilisation of poly(dA.dT)–poly(dA.dT) and
efficient displacement of ethidium bromide were observed,
indicating that OQ1 and OQ2 bind strongly to DNA. OQ2 was
found to be a better DNA ligand than OQ1 due to its additional
positive charges; in addition it seems to have an affinity for
DNA comparable to that of the reference compound Hoechst
33258 (stability constant ca. 107 dm3 mol21).9 Furthermore, the
observation of fluorescence contact energy transfer10 from
DNA nucleobases to both dyes gave evidence that intercalation
is occurring (data not shown).

The ability of OQ to cleave ds plasmid DNA in the presence
of Cu2+ was then examined (Fig. 1). A slow cleavage was
observed (lanes 4–8), with conversion of supercoiled form I to
nicked form II at 37 °C over 4 h, in the absence of any reducing
agent. In the presence of 100 mm H2O2, the nuclease activity of
OQ1–Cu2+ and OQ2–Cu2+ was greatly enhanced: Fig. 2 shows
a comparison of the cleavage of plasmid DNA (0.4 mg) with low
concentrations of OQ or OP (12 mm, [DNA]/[drug] = 10)§ and
Cu2+ (12 mm), after 5 min incubation at 37 °C, in the absence or
presence of 1 mm DTT. In these conditions, all controls were
negative including OQ/Cu2+ (not shown) and Cu2+/H2O2 (lanes
2–3). In the absence of DTT, OQ1–Cu2+ (lane 4) and OQ2–Cu2+

(lane 6) convert effectively form I to forms II (nicked) and III

Table 1 Interaction of OQ1 and OQ2 with Poly(dA.dT)–Poly(dA.dT)

Ethidium H33258 OQ1 OQ2

DTm
a/°C +12 +27 +15 +25.5

C50
b/mm — 0.082 0.65 0.081

a Variation of the melting temperature of DNA (40 mm in phosphate
units) upon addition of the various ligands (6 mm), accuracy ± 1 °C,
determined in 30 mm cacodylate buffer (pH 6.0)–10 mm NaCl; the Tm of
DNA alone in these conditions was 53.5 °C. b Concentration of drug
necessary to displace 50% of the DNA-bound ethidium bromide; concentra-
tion of DNA 1 mm (in phosphate units) and ethidium 1.26 mm in 30 mm
cacodylate buffer (pH 6.0)–10 mm NaCl; the fluorescence emission of
ethidium at 595 nm (lexc = 546 nm) was used to follow this titration.8

Fig. 1 Cleavage of pUC18 plasmid DNA by OQ2 in the presence of Cu2+.
DNA (0.4 mg) was incubated with OQ2 in the presence of CuSO4 in 50 mm
cacodylate buffer (pH 6.0, total volume 10 ml) at 37 °C and different time.
Lane 1, DNA control, 4 h; lane 2, Cu2+ 160 mm, 4 h; lane 3, OQ2 24 mm, 4
h; lanes 4–8, OQ2 24 mm + Cu2+ 160 mm, 15-30-60-120-240 min. OQ1

exhibited a similar cleavage pattern (data not shown).‡

Fig. 2 Cleavage of pUC18 DNA by OQ and OP in the presence of Cu2+ and
H2O2. DNA (0.4 mg) was incubated with the dye in the presence of CuSO4

and H2O2 for 5 min at 37 °C in the same buffer as in Fig. 1. Lane 1, DNA
control; lane 2, Cu2+ 12 mm + H2O2 100 mm; lane 3, lane 2 + DTT 1 mm; lane
4, lane 2 + OQ1 12 mm; lane 5, lane 3 + OQ1 12 mm; lane 6, lane 2 + OQ2

12 mm; lane 7, lane 3 + OQ2 12 mm; lane 8, lane 2 + OP 12 mm; lane 9, lane
3 + OP 12 mm.‡
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(linear) whereas, as expected, the (OP)2Cu2+ complex (lane 8)
does not do so. OQ2–Cu2+ seems more efficient than OQ1–Cu2+

in accordance with the binding affinity of the ligands alone. In
presence of DTT, which reduces in situ Cu2+ to Cu+, the OP
complex becomes active (compare lanes 8 and 9) whereas the
activity of the OQ complexes is decreased (lanes 4 to 5 and 6 to
7) though remaining comparable to that of the OP complex.
Increasing the time of incubation with OQ1–Cu2+ and OQ2–
Cu2+ leads to additional scissions, with increasing percentage of
linear form III and appearance of smearing bands.

The efficiency of the DNA cleavage by OQ2 is dependent on
the concentration of copper, with a maximum around 5 equiv. of
metal per ligand. A UV titration of OQ2 by Cu2+ indicated the
formation of a 1 : 1 complex with a stability constant of 4.7 (in
log units). The plateau of the titration is reached at 5 equiv. of
Cu2+, in accordance with the copper dependence of the DNA
cleavage. The steric hindrance in the vicinity of the two
heterocyclic nitrogens prevents a square-planar 1 : 2 Cu2+

coordination with OQ2. Thus a 1 : 1 complex is observed,
(OQ2)Cu2+, which is likely the active species responsible for the
DNA cleavage. Its relatively weak stability might be ascribed to
the effect of the positively charged ammonium linkers of the
ligand, which also decreases the basicity of the lone pairs of the
heterocyclic nitrogens.5 By contrast, OP forms a stable square-
planar (OP)2Cu2+ complex11 that is itself unable to cleave DNA.
These differences in metal coordination in the (OQ2)Cu2+ and
(OP)2Cu2+ complexes might explain the unusual reactivity
observed for the former toward DNA. Upon addition of a
reducing agent like DTT, the reactive tetrahedral (OP)2Cu+ is
formed in situ with subsequent oxidative scission of DNA. The
reduced cleavage observed with OQ in these same conditions
might be ascribed to the formation of the tetrahedral (OQ2)2Cu+

species, which nevertheless retains an activity comparable to
that of (OP)2Cu+ itself.

Table 2 displays the features of the UV spectra of OQ2 alone
and of (OQ2)Cu2+ in the absence and presence of H2O2. Upon
addition of Cu2+ to a solution of OQ2, a modification of the
spectrum is observed with a decrease of the band at 317 nm
concomitant to the increase of the band at 325 nm (slightly red-
shifted), both bands corresponding to p–p* transitions of the
quinacridine moiety; a new band ascribable to d–d transitions of
the copper is also emerging at 576 nm. When H2O2 is added, a
hypochromism of the major band of the ligand (325 nm) is noted
along with a hyperchromism of the band at 576 nm, which
indicates a strong modification of the metal coordination.

The cleavage of DNA by (OQ)Cu2+ complexes and H2O2 was
inhibited by various radical scavengers: ethanol, thiourea (HO•

scavengers), Tiron (O2
•2 scavenger), KI and catalase (H2O2

scavengers). These results suggest that the scission mechanism
involves the formation of a coordinated peroxide species, with
subsequent production of reactive oxygen species that induce
oxidative DNA strand scissions. The cleavage in the absence of
H2O2 (i.e. Fig. 1) was not inhibited by reasonable amounts of
such scavengers, which does not allow to rule out the
intervention of reactive oxygen species.

In conclusion, the (OQ)Cu2+ complexes are able to perform
an efficient oxidative cleavage of DNA in absence of reducing
agent. These new artificial metallonucleases might be inter-
esting lead compounds for the scission of various DNA targets.
Further investigations on the reaction mechanism as well as on
the structure and sequence selectivity of these reagents are
currently underway.

We would like to thank Dr Mireille Fauquet for providing us
with generous amounts of pUC18 plasmid and Dr David M.
Perrin for helpful discussions.
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† All experiments were conducted at pH 6 (cacodylate buffer) where OQ1

and OQ2 exist respectively as biprotonated and tetraprotonated species.5
‡ All experiments were conducted in the dark in order to avoid
photocleavage of DNA by the dyes. Reactions were quenched by adding 1
M KCN and analysed by electrophoresis on 1% agarose gels in 1 m Tris-
acetate buffer (80 V, 1 h). The gels were photographed on a UV
transilluminator after staining with ethidium bromide.
§ [DNA] in phosphate units.
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Table 2 Variation of the absorption maxima of OQ2 upon addition of Cu2+

and H2O2
a

l1 e1 l2 e2 l3 e3

OQ2 317 36700 325 34800 — —
(OQ2)Cu2+ 317b 29700 328 35400 576 200
(OQ2)Cu2+

+ H2O2 317b 26900 326 29600 577 1400
a Wavelength (l) in nm and molar absorption coefficients (e) in dm3

mol21 cm21. Concentration of OQ2 12 mm in 50 mm cacodylate buffer (pH
6.0); added CuSO4 and H2O2 120 mm and 100 mm, respectively. Controls
with Cu2+ alone (120 mm) and in the presence of H2O2 (100 mm) did not
show any significant absorption. b Present as a shoulder in the major
band.

2350 Chem Commun., 1998



 

N
CH3

CH3
NS

Au
S

I

I

+

2(D • 2I2) + Au I3– + Products
i

A powerful new oxidation agent towards metallic gold powder:
N,NA-dimethylperhydrodiazepine-2,3-dithione (D) bis(diiodine). Synthesis and
X-ray structure of [AuDI2]I3
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The oxidation of gold powder by a new safe and powerful
oxidising reagent, the bis-diiodine adduct of N,NA-dime-
thylperhydrodiazepine-2,3-dithione (D), to produce
[AuI2D]I3 under ambient conditions is described.

The potential of dihalogen or interhalogen adducts as new
oxidising reagents towards elemental metals has been pointed
out in recent years by the pioneering work of the McAuliffe
group.1 The used adducts were mainly halogeno-phosphoranes
and -thioethers and a variety of complexes with unusual features
(for stoichiometries, oxidation numbers and geometries) have
been obtained. In particular in the reaction of Me3As·I2 with the
noble metal gold, the square-planar [AuI3-(Me3As)] complex
was obtained, while [AuI3(Me3P)2], where gold(III) shows a
trigonal-bipyramidal geometry, was produced using Me3P·I2.2
The importance of these results, apart from their intrinsic
interest in the field of inorganic chemistry, lies in the new
perspectives opened by these reaction routes in many applica-
tions, such as in the recovery of noble metals from exhausted
catalysts or in the metal refining industry. In the case of gold,
treatments with cyanide are still in use.† The desirable reagents
should fulfill the following requirements: they should be
inexpensive, easy to handle, non polluting and hopefully also
selective. Moreover, it is preferable that they react rapidly.

Based on our extensive past experience in the area of the
dihalogen adducts of sulfur and selenium-rich donors, we are
now investigating the above mentioned metal activation
reaction using the adducts of polyfunctional thione donors.3 Our
working hypothesis is that the proper choice of polyfunctional
donors, which can favour the preferred geometry required by
the metal undergoing oxidation and give chelation, will add a
favourable condition to the spontaneity and selectivity of the
oxidation reaction.

Here we present the results obtained using the bis-diiodine
adduct of N,NA-dimethylperhydrodiazepine-2,3-dithione4 to-
wards gold. This ligand is a cyclic dithio-oxamide where the
two vicinal thioamido groups are suitable to accommodate the
square-planar geometry demanded by AuIII. The adduct was
prepared by mixing the donor and diiodine in a 1 : 2 molar ratio
in CHCl3 at room temperature. The orange-brown shiny crystals
obtained by slow evaporation were characterized as D·2I2. The
presence of a strong Raman peak at 146 cm21 assignable to
n(I–I) suggests that the interaction strength in the adduct is
medium–strong.5,6

The reaction of D·2I2 with gold powder is given in Scheme 1.
The reaction is performed under mild conditions and without
any protection from the air and/or moisture. The solution of the
adduct turns from red-orange to red-brown on addition of the
metal and after a relatively short time the gold powder
disappears. This solution is allowed to stand and the obtained
solid is recrystallized from THF–Et2O giving well-shaped
crystals of [AuDI2]I3. The molecular structure of the cation of

[AuDI2]I3
7 is shown in Fig. 1. The gold atom has an

approximately square-planar configuration [max. dev.
20.037(4) Å for S(1)]. N,NA-Dimethylperhydrodiazepine-
2,3-dithione acts as an S,S-chelating ligand, and bond distances
show that electron delocalization does not involve C(1)–C(2).

One of the iodides coordinated to the metal strongly interacts
with the anion [I(1)···I(5) (x, y 2 1, z) 3.582(2) Å], while the
other participates in the formation of chains of monocationic
complexes running parallel to c by interacting with a sulfur
atom of another cation [I(2)···S(1) (x, y, z 2 1) 3.790(5) Å].

Scheme 1 i, THF, room temperature, 30 min to dissolve 14 mg of gold.

Fig. 1 Molecular structure of [AuI2(C7H12N2S2)]+. Thermal ellipsoids are
drawn at the 30% probability level. Selected bond lengths [Å] and angles
[°]: Au–I(1) 2.609(1), Au–I(2) 2.593(2), Au–S(1) 2.351(4), Au–S(2)
2.371(3), S(1)–C(1) 1.672(12), S(2)–C(2) 1.697(13), N(1)–C(1) 1.332(16),
N(1)–C(5) 1.484(17), N(1)–C(6) 1.475(17), N(2)–C(2) 1.324(16), N(2)–
C(3) 1.455(18), N(2)–C(7) 1.449(17), C(1)–C(2) 1.488(16), C(3)–C(4)
1.51(2), C(4)–C(5) 1.53(2). I(1)–Au–I(2) 92.24(4), I(1)–Au–S(1) 88.07(8),
I(2)–Au–S(2) 88.71(9), S(1)–Au–S(2) 90.98(12), C(1)–S(1)–Au 98.3(4),
C(2)–S(2)–Au 96.9(4).
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The triiodide counterion is asymmetric and essentially linear:
I(3)–I(4) 2.863(2), I(4)–I(5) 2.987(2) Å, I(3)–I(4)–I(5)
177.73(5)°. The Raman spectrum in the low frequency range
shows peaks at 106s and 138m cm21, which are assigned to the
symmetrical and antisymmetrical stretching of the triiodide
units,5a,b and peaks at 153s, 166sh cm21 which are likely to be
related to the Au–I vibrations.

In conclusion a new oxidation reagent towards the noble
metal gold has been synthesized. Since it reacts rapidly under
ambient conditions in a one-step reaction and is scarcely
polluting, inexpensive and easy to handle, this reagent can be
used in practical applications. For the oxidation of noble metals,
it represents a significant improvement over the previously
reported reagents, Me3E·I2 (E = P, As), which use polluting
materials and are impractical since they require strictly
anhydrous, anaerobic conditions and long reaction times.

This research was carried out as part of the project ‘Materiali
Speciali per Tecnologie Avanzate II’ supported by the Con-
siglio Nazionale delle Ricerche (CNR).

Notes and references
† The use of thiourea to accomplish gold dissolution from ore under
oxidation conditions avoiding the cyanide process has been reported (see for
example R. Schulze, Ger. Offen. DE. 3401961 (Cl. C22B3/00) 23 Aug.
1984).
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A new chiral bisferrocenyl quinone with C2 symmetry was
prepared by asymmetric synthesis; further condensation
with 1,2-diamines led to enantiopure polyaromatic hetero-
cycles into which two ferrocene units are fused.

Due to their unique structural and electronic properties, o-
benzoquinones1 and their diimine derivatives have received a
great deal of attention as transition metal ligands in coordination
chemistry and catalysis.2 Their 1,2-diketone structure allows
the construction of polyaromatic systems via various types of
condensation reactions. This has led to numerous applications
in material sciences3 and supramolecular chemistry.4

We report here the asymmetric synthesis of a new chiral
orthoquinone in which two electron-rich ferrocene units are
fused. Diastereoselective ortholithiation of enantiopure ferroce-
nyl acetal (2S,4S)-1 by the reported method5 and further
oxidation of the lithio intermediate by iron(III) acetylacetonate
led, after removal of the acetal protecting groups, to the chiral
bisferrocene bisaldehyde (RFc,RFc)-2† in a 70% yield (Scheme
1). Due to the high diastereoselectivity of the deprotonation
(98%), only the C2 symmetric isomer was formed and no meso
isomer was detected. Pinacolisation of (RFc,RFc)-2 was effi-
ciently realised by reaction of an excess of SmI2 in THF and
gave a mixture of air sensitive diols which were directly
oxidised by MnO2 in dry CHCl3. After chromatographic
purification, the new C2 symmetric o-quinone (RFc,RFc)-3‡ was
isolated in 55% yield (starting from 2) and was fully
characterised. This deep blue complex proved to be air stable
and could be easily prepared on a multigram scale using this
procedure.

As a first application, we turned to the condensation of
(RFc,RFc)-3 with various aromatic 1,2-diamines. After optimisa-

tion, it was found that condensation of quinone 3 with an excess
of 1,2-diaminobenzene in refluxing toluene gave a quantitative

yield of the quinoxaline derivative 5a when freshly activated 4
Å molecular sieves or alumina6 were used as a dehydrating
agent. In the case of adducts 5b,c, longer reaction time were
required and optimised yields reached 70% after purification.
We found as well that N-alkylation of the pyridine nitrogen of
adduct 5b by iodomethane gave a quantitative yield of the stable
green pyridinium salt 6. The structure of the quinoxaline
adducts as well as the starting quinone could be unambiguously
confirmed by standard 1H and 13C NMR methods as well as
HRMS. The electrochemical behaviour of bisferrocene (FeII,
FeII) complexes such as 3 and 5a was studied by cyclic
voltammetry7 (Fig. 1). This allowed us to study the stability in
solution of the higher oxidation states (FeII, FeIII) and (FeIII,
FeIII). Recording the CV at low sweep rate for 5a gave two
reversible one electron oxidation waves at low potential. In the
time scale of the analysis, the mixed valence complex (FeII,
FeIII) is completely stable as well as the corresponding
bisferricinium (FeIII, FeIII). As expected, quinone 3 proved to be
more difficult to oxidize, showing an increase of +0.34 V for the
first oxidation compared to 5a. The first oxidation wave giving
the mixed valence state is reversible at all sweep rates, but the
second oxidation wave remains irreversible for sweep rates up
to 1000 V s21, thus showing chemical evolution of the
bisferricinium complex. Increasing the sweep rate up to
2000–3000 V s21 shows that this evolution is slow and a life
time for the bisferricinum (FeIII,FeIII) was evaluated at 3 3 1022

s. It was also noted that 3 didn’t display any reduction wave, in
agreement with the electron-rich nature of the carbonyl
groups.

We are currently studying the chemistry and the electro-
chemical behaviour of those enantiopure bimetallic complexes
as well as the isolation of the mixed valence complexes.

Scheme 1 Reagents and conditions: i, ButLi (1.1 equiv.), Et2O, 278 to 25
°C, 1 h, then Fe(acac)3 (1.4 equiv.), 25 °C, 15 h; ii, TsOH, CH2Cl2, H2O, 25
°C, 3 h (70% from 1); iii, SmI2 (2.4 equiv.), THF, 25 °C, 15 min, then MnO2,
CHCl3, 25 °C, 30 min (55–60% from 2); iv, 1,2-diamine (2–3 equiv.),
PhMe, 4 Å MS or Al2O3, reflux.
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Fig. 1 Cyclic voltammogram of 5a (2 mM) in 0.1 M Bu4NBF4–CH2Cl2 at a
Pt electrode with a sweep rate of 0.1 V s21.
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Cruciform porphyrin pentamers
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Cruciform porphyrin pentamers 15 and 16 are obtained in
good yield by acid-catalyzed tetramerization of ZnII–
pyrroloporphyrin 14, followed by oxidation with DDQ;
pyrroloporphyrins are in turn obtained from the correspond-
ing pyrrolochlorins by Diels–Alder type reactions of por-
phyrins involving thermal extrusion of sulfur dioxide from a
pyrrole-fused 3-sulfolene.

Syntheses of covalently-linked porphyrin arrays have recently
attracted much attention due to their unique photoelectronic
properties and potential applications as mimics of light-
harvesting in photosynthesis, and as electron/energy transfer
moieties in molecular wires.1–4 A variety of model structures
have been reported, mostly containing two or three porphyrin
units, either directly coupled,2 bridged by coplanar aromatic
systems,3 or beta-fused.4 Coplanar-linked porphyrin arrays are
believed to lead to more efficient energy- and electron-transfer
superstructures. Recently, a linear beta-fused trimer4 was
prepared from a fused pyrroloporphyrin.5 Herein we describe
the first synthetic route to covalently-linked cruciform pentamer
porphyrins, one of which is planar and fully conjugated.

One of our long term objectives is to modify porphyrin
macrocycles for use both as dienes and dienophiles. The
synthesis and cycloaddition reactions of a pyrrole-fused
3-sulfolene 1 with standard dienophiles were recently reported,6
and porphyrins have also been shown to react with electron-rich
dienes.7 Thus, when TPP 2 was heated at 240 °C in the presence
of an excess of pyrrole 1 and 4 Å molecular sieves, the
pyrrolochlorin 3 was produced as a mixture of enantiomers in
20–22% yield. Two minor products are also obtained from this
reaction: pyrroloporphyrin 4 (6–10% yield) and isoindolopor-
phyrin 5 (usually < 1% due to its ready transformation into
further products). Trace amounts of bacteriochlorin were also
detected by spectrophotometry. Based on recovered starting

material 2, the yield of products 3–5 was quantitative. Products
obtained simply from the dimerization and polymerization of
the reactive pyrrolodiene, generated in situ from 1, were also
identified by 1H NMR and mass spectrometry. Products 4 and 5
were obtained from pyrrolochlorin 3 by oxidation with p-
chloranil or DDQ. The NiII and ZnII complexes of TPP reacted
under similar conditions to afford the same products in lower
yields due to increased susceptibility toward unwanted oxida-
tion reactions. When the same reaction conditions were applied
to octaethylporphyrin 6, the pyrrolochlorin 7 was obtained in
low yield (2–5%). Under the same conditions the iron(III)
complex 8 afforded pyrrolochlorin 9 in 6% yield (unoptimized).
In contrast, the electron-deficient meso-tetra(pentafluoro-
phenyl)porphyrin 10 readily reacted to afford only two
products, the pyrrolochlorin 11 (32–39% yield) and the
bacteriochlorin 12 (5–10%). When the same reaction was
applied to a porphyrin or chlorin bearing a b-vinyl substituent
the cycloaddition reaction took place predominantly at the vinyl
group. Reactions of pyrrole 1 with functionalized chlorins led to
mixtures of products which include bacteriochlorins, isoindolo-
chlorins, and products resulting from addition of another
pyrrole to the isoindolochlorin.

All new compounds possessed spectroscopic data in accord
with the assigned structures. Pyrrolochlorins 3, 7, 9 and 11
possess typical chlorin absorption spectra, with a strong band at
lmax 652 nm; pyrroloporphyrin 4 shows an electronic absorp-
tion spectrum similar to that of TPP 2, and isoindoloporphyrin
5 shows a type of rhodo-visible spectrum characteristic of
monobenzoporphyrins. Compound 12 (lmax 746 nm) displayed
an optical spectrum characteristic of a bacteriochlorin.

Insertion of zinc into pyrroloporphyrin 4 yielded complex 13
in 85–90% yield. The ester function of compound 13 was
reduced with LiAlH4 to give alcohol 14 which afforded the
crude pentamer 15 after treatment (e.g. ref. 8) with acid and
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oxidation with p-chloranil. Filtration through Sephadex G-25
resulted in isolation of 15 in 65–75% yield. Mass spectrometry
was performed on 15 using matrix-assisted laser desorption
ionization (MALDI) with a Fourier transform mass spectrom-
etry (FTMS) analyzer.† This technique has been shown to be
highly effective for high resolution MS determinations of large
porphyrin compounds.9 The 1H NMR spectrum of 15 showed
only broad bands, even upon addition of TFA, possibly due to

aggregation effects of these high molecular-weight molecules.
Treatment of pentamer 15 with an excess of DDQ gave the fully
conjugated pentamer 16 in quantitative yield (Scheme 1).
Compound 16 was also characterized by MALDI-FTMS;† its
absorption spectrum showed a long-wavelength band at lmax
774 nm (838 nm in acid). Pentamers 15 and 16 display good
solubilities in most organic solvents. The methodology de-
scribed above offers the opportunity for synthesis of novel
heterobimetallic cruciform porphyrin pentamers, and this work
is in progress.

This research was supported initially by a grant from JNICT-
Portugal (PBIC/C/QUI/2156/95 to MGHV), and subsequently
by the National Institutes of Health (HL 22252).

Notes and references
† Selected data for 15: C204H134N20 requires 2863.1099; found: 2862.8791
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The first examples of intramolecular cyclizations of pro-
chiral cyclohexanones with chiral lithium amide bases have
been effected in good yields and enantiomeric ratios.

The use of an amide base and an electrophile to form a carbon–
carbon bond at the a-position of a ketone is a fundamental
method in organic chemistry. The enantioselective inter-
molecular version of this reaction, in which a chiral lithium
amide base is used with a prochiral ketone, is becoming
increasingly widespread.1–3 As part of an ongoing project in
natural product total synthesis, we were interested in applying
an intramolecular variation of this chiral alkylation method-
ology to the preparation of a scalemic intermediate. To the best
of our knowledge, this type of enantioselective cyclization has
not been previously reported. Here we describe the first
examples of the use of chiral lithium amide bases in the
enantioselective intramolecular deprotonation–alkylation of
two prochiral cyclohexanones.

The readily available iodo ketones 17 and 28 which were
examined in this methodological study are shown in Scheme 1.
The chiral lithium amides used are represented by structures 5,9
610 and 7.11 Using published work on intermolecular enantiose-
lective deprotonations of cyclohexanones as a guide, experi-
ments were conducted on cyclization of ketones 1 and 2 to
bicyclic systems 3 and 4, respectively, with amide bases 5–7.
Representative results are listed in Table 1.

Initial exploratory experiments were conducted with iodo
ketone 1 and amide base 5. This system leads preferentially to
the (R,R )-enantiomer of 3.12,13 This absolute configuration is in
accord with published results on deprotonation of simple

4-substituted cyclohexanones with base 5.14 Using HMPA as an
additive in the intramolecular deprotonation–alkylation of 1 led
to bridged ketone 3 in poor to moderate ers (enantiomeric ratios)
(entries 1 and 2). These results are in accord with previously
reported observations which suggest that HMPA is most
effective in inducing high ers with a base that contains one or
more internal ligation sites.1b However, LiCl has been shown to
be a beneficial additive when employing bases either with or
without internal ligation sites.1f In fact, the best yield and er of
(R,R)-3 (62% and 87:13, respectively) were achieved using
amide 5 along with 2.5 equiv. of LiCl (entry 4).

Cyclization of ketone 1 with amide base 6 led preferentially
to the (S,S)-enantiomer of 3, whereas base 7 afforded the (R,R)-
enantiomer, although ers were only moderate with both systems
(73:27–80:20, entries 5–9). Unlike base 5, amide base 6 gave

Table 1 Enantioselective intramolecular cyclization of prochiral cyclohexanones with chiral lithium amidesa

Entry Ketone
Lithium amide
(equiv.) Additive (equiv.) T/°C Product Yield (%) Erb (RR:SS)

1 1 5 (1.3) HMPA (2.4) + LiCl (1.3)c 240?room temp. (R,R)-3 58 59:41
2 1 5 (1.3) HMPA (2.5) + LiCl (1.3)c 250?210 (R,R)-3 29 82:18
3 1 5 (1.3) LiCl (1.3)c 250?210 (R,R)-3 44 87:13
4 1 5 (1.5) LiCl (1.0) + LiCl (1.5)c 260?220 (R,R)-3 62 87:13
5 1 6 (1.5) LiCl (2.0) 260?220 (S,S)-3 38 27:73
6 1 6 (1.5) LiCl (1.0) 260?220 (S,S)-3 39 22:78
7 1 6 (1.5) LiBr (1.0) 260?220 (S,S)-3 42 20:80
8 1 7 (1.5) LiCl (2.0) 260?220 (R,R)-3 61 76:24
9 1 7 (1.1) LiCl (1.0) 260?220 (R,R)-3 60 76:24

10 2 5 (1.5) LiCl (1.0) + LiCl (1.5)c 260?220 (R,R)-4 53 79:21
11 2 5 (1.05) LiCl (1.0) + LiCl (1.05)c 280?240 (R,R)-4 58 90:10
12 2 6 (1.5) LiCl (1.0) 260?220 (S,S)-4 61 20:80
13 2 6 (1.05) LiCl (1.0) 280?240 (S,S)-4 45 11:89
14 2 6 (1.5) LiCl (1.0) 280?240 (S,S)-4 70 10:90
15 2 7 (1.1) LiCl (1.0) 260?220 (R,R)-4 57 68:32
16 2 7 (1.05) LiCl (1.0) 280?240 (R,R)-4 79 73:27

a The experimental procedure for entry 14 is typical: Under an argon atmosphere, a solution of BuLi in hexane (0.30 ml, 1.67 M, 0.502 mmol) was
added to a solution of chiral amine (0.102 g, 0.502 mmol) and LiCl (0.014 g, 0.335 mol) in THF (13 ml) at 280 °C affording amide base 6. The mixture
was stirred for 30 min and ketone 2 in THF (0.5 ml) was then added via cannula. The solution was allowed to warm to 240 °C and was stirred for 18 h. The
reaction mixture was quenched with saturated NH4Cl (5 ml) and extracted with Et2O (3 3 15 ml). The organic extracts were sequentially washed with brine
(1 3 20 ml), 10% Na2S2O3 (1 3 20 ml), 5% HCl (2 3 20 ml) and brine (1 3 20 ml). After drying with Na2SO4, and evaporation in vacuo, flash
chromatography (SiO2; pentane–Et2O, 10:1) of the residue gave ketone 4 (0.029 g; 70%). b Ers (enantiomeric ratios) were determined by GLC using a chiral
Supelco b-DEX 390 column. c Formed in situ from the hydrochloride salt.
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the best results (39% yield and a 78:22 er) when using only 1.0
equiv. of LiCl (entry 6). These results could be improved
slightly by substitution of LiBr as the additive in place of LiCl
(entry 7). Amide base 7 gave a slightly higher chemical yield of
3 (61%, entry 8) than did amide 6, but the er was not improved
significantly. Thus, of the three bases tested, amide 5 provided
the best overall results in cyclization of iodo ketone 1 (entry
4).

As was the case for cyclization of ketone 1, iodo ketone 2
gave predominantly the (R,R)-enantiomer of bicyclic ketone 4
with bases 5 and 7, and the (S,S)-enantiomer with 6.12

Interestingly, the results of the cyclization of ketone 2 were not
optimal under the best reaction conditions determined for
ketone 1 (cf. entries 10, 12 and 15). It was eventually found that
of the three bases, lithium amide 6 gave the best results in
cyclization of 2 with a 70% yield and a 90:10 er of (S,S)-4 using
the experimental conditions outlined in entry 14.

In conclusion, we have demonstrated that intramolecular
enantioselective cyclizations of prochiral ketones using chiral
lithium amide bases are feasible, and can be effected with good
ers. The cyclization of ketone 1 was best accomplished to give
(R,R)-3 in 62% yield and an 87:13 er using lithium amide base
5, while the cyclization of homologous ketone 2 was effected to
afford (S,S)-4 in 70% yield and a 90:10 er with amide base 6. It
appears that the chemical yields and ers in these intramolecular
cyclizations are highly dependent upon the reaction conditions,
base, additive and substrate used, and no obvious trends are
evident at this very early stage of development. We are hopeful,
however, that with additional work some empirical rules can be
devised for this type of enantioselective cyclization.

We are grateful to the National Institutes of Health (CA-
34303) for generous financial support. We also thank Professor
Xumu Zhang and his research group for help with GLC
analyses.
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Water soluble palladium(ii) complexes of bidentate diamine
ligands, such as bathophenanthroline disulfonate, are stable,
recyclable catalysts for the selective aerobic oxidation of
terminal olefins to the corresponding alkan-2-ones in a
biphasic liquid–liquid system.

The aerobic oxidation of ethylene to acetaldehyde and terminal
olefins to the corresponding alkan-2-ones [eqn. (1)–(4)] cata-
lysed by an aqueous solution of palladium(ii) and copper(ii)
salts are collectively known as Wacker oxidations.1 The
function of the copper co-catalyst is to mediate the reoxidation
of palladium(0).

Although commercially successful, this process has several
drawbacks. Substantial concentrations of copper salts (ca. 1 m)
and chlorides (ca. 2 m) are added to achieve favourable redox
potentials of the PdII/Pd0) and CuII/CuI couples and to solubilise
CuI as CuICl22. Acid (HCl) is required to circumvent clustering
of transient atomic palladium. This not only renders the system
highly corrosive, but also reduces the catalyst activity, since the
rate2 is inversely proportional to [H+] and [Cl2]2. Furthermore,
the presence of large amounts of chloride leads to the formation
of chlorinated by-products. Hence, much effort has been
devoted1 to the development of alternative co-catalysts, notably
the heteropolyacid, H3PMo6V6O40, which still requires chlo-
ride, albeit in much lower amounts than the conventional
Wacker process,3 and two-component systems involving ben-
zoquinone in combination with iron(ii) phthalocyanine4 or
heteropolyacid.5

The oxidation of higher olefins introduces additional compli-
cations. Rates are much lower owing to their low solubilities in
water and raising the temperature results in palladium black
formation. Moreover, the products are contaminated with
chlorinated by-products and isomerised olefins. Rates can be
improved by using water-miscible cosolvents, e.g. DMF,6 or
phase transfer catalysis with tetraalkylammonium salts7 or
polyethylene glycols8 or modified cyclodextrins9 as inverse
phase transfer catalysts. Immobilised catalysts have also been
described, e.g. palladium-on-vanadium pentoxide,10 organic
polymer-anchored palladium11 and supported aqueous phase
catalysts.12 However, these systems employ copper/chloride
combinations and/or exhibit poor activities and selectivities.

There still remains a definite need, therefore, for a system which
avoids the use of copper ions, chloride ions and polar organic
solvents and which is active, selective and recyclable. We report
here a new catalytic system, based on water soluble palladium
diamine complexes, which appears to meet these criteria.

Our approach was to stabilise Pd0 via complexation with
oxidatively stable (di)amine ligands. In an initial screening we
tested ligands 1–5 in the oxidation of hex-1-ene at 100 °C.

Promising results were observed with the chelating diamines
1–3, while the monodentate ligands 4 and 5 were less effective
(Table 1). The best results were observed with bathophenan-
throline disulfonate 1. The catalyst solution was prepared by
stirring Pd(OAc)2 (0.0224 g; 0.1 mmol) and 1 (0.0546 g; 0.1
mmol) overnight with 42.5 g of water to afford a clear orange
solution. In a typical procedure a 175 ml autoclave was cooled
to 0 °C and charged with the catalyst solution, olefin (10 mmol)
and internal standard (n-alkane). The autoclave was pressurised
with air, heated to 100 °C (30 bar) and kept at this temperature
for 10 h. After reaction the autoclave was cooled to 0 °C and
depressurised, collecting any volatile material in a liquid
nitrogen trap. The mixture was extracted with Et2O, the extract

† For Part 9, see G. Verspui, G. Papadogianakis and R. A. Sheldon, Chem.
Commun., 1998, 401.
‡ Present address: Laboratory of Industrial Chemistry, Department of
Chemistry, University of Athens, Panepistimiopolis - Zogrofou, 15771
Athens, Greece.

Table 1 The palladium catalysed oxidation of olefinsa

Olefin Ligand
Olefin conversion
(%)

Selectivity to
alkanone (%)

Hex-1-ene 1 48 99
Hex-1-ene 2 42 99
Hex-1-ene 3 36 97
Hex-1-ene 4 12 40b

Hex-1-ene 5 2 50b

Pent-1-ene 1 50 99
Oct-1-ene 1 25 99
Cyclopentene 1 2 47c

Cyclohexene 1 2 50d

Cyclooctene 1 30 100
a Conditions: 0.1 mmol Pd(OAc)2, 0.1 mmol ligand, 10 mmol olefin, 10
mmol NaOAc, 10 h at 100 °C and 30 bar in 42.5 g H2O. b Main by-products
were hex-2-ene and hex-3-ene. c Main by-products were cyclopent-2-en-
1-ol and cyclopent-2-en-1-one. d Cyclohex-2-en-1-ol, cyclohex-2-en-1-one,
benzene and cyclohexane were detected as by-products.
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dried over MgSO4 and analysed by GC using a Varian Star 3400
instrument equipped with a CP Sil 5-CB column (50 m 3 0.53
mm).

Under these conditions hex-1-ene underwent 48% conver-
sion to give hexan-2-one in > 99% selectivity. No isomerisation
of hex-1-ene and no palladium black formation was observed.
Up to 50% conversion (50 turnovers) the rate was independent
of [hex-1-ene], indicative of saturation kinetics. Thereafter, the
reaction became first order in [hex-1-ene]. When the substrate/
catalyst ratio was increased from 100 to 200 the reaction was
zero order in hex-1-ene up to 100 turnovers.

Similarly, various terminal and cyclic olefins were oxidised
using Pd(OAc)2–1 under the same conditions (Table 1).
Terminal olefins were oxidised selectively, whereas oxidation
of cyclopentene and cyclohexene underwent competing allylic
oxidation and tended to stop after a few turnovers. At higher
temperatures (150 °C) cyclohexene was dehydrogenated into
benzene in ca. 90% selectivity, in the presence of ionol, as a
radical scavenger.

The catalyst could be recycled as is shown in Table 2. The
addition of sodium acetate was necessary to stabilise the
catalyst. Without NaOAc, formation of palladium black was
observed after the second and third cycles. The beneficial effect
may be due to preventing the formation of inactive dimers,13

giant palladium clusters,14 or even colloidal palladium.15 Thus,
when a solution of the orange complex was heated at 120 °C in
the absence of NaOAc the solution became brown–black,
indicative of giant cluster or colloidal palladium formation.

In the experiments described in Table 1 stoichiometric
amounts of NaOAc were added, but in separate experiments
with hex-1-ene it was shown that several equivalents with
respect to palladium were sufficient for maintaining stability.
The turnover frequency of hex-1-ene was measured as a
function of the temperature in the range 70–120 °C. From these
data the activation energy was calculated to be 90.2 kJ mol21.
In the presence of sodium acetate the selectivity to hexan-2-one
was ca. 99% even at 120 °C.

In conclusion, the water soluble bathophenanthroline palla-
dium complex is an effective catalyst for the aerobic oxidation
of terminal olefins to the corresponding alkan-2-ones. Catalyst
recycling is simple, and due to the absence of CuCl2 and acid,
chlorinated and isomerised side products are completely
avoided. We are currently investigating the scope of this
system, e.g. in intramolecular oxypalladation reactions.16
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Table 2 Recycling of the catalysta

Hex-1-ene conversion (%)

Cycle with NaOAc without NaOAc

1st 48 (99%) 47 (99%)
2nd 44 (96%) 28 (97%)
3rd 40 (95%) 15 (96%)

a Conditions as in Table 1, with and without NaOAc (10 mmol).
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Glycerol has been incorporated mid-chain into the polyke-
tide soraphen A 1 at C-3,4 and C-11,12; the pro-(S)-
hydroxymethyl group of glycerol is lost and one of the
hydrogens in the pro-(R)-hydroxymethyl group is retained at
C-11 which excludes hydroxymalonate as the immediate
precursor to the vicinal methoxy groups at C-11,12.

In polyketide biosynthesis, both the chain starter and extension
units are bound via thioester linkages to the polyketide synthase
(PKS) where condensation takes place. Subsequent condensa-
tions occur with the growing acyl chain remaining enzyme
bound, until a chain of the correct length is formed. This is
released to give the first enzyme free intermediate which can
undergo further enzymically catalysed modifications to yield
the final product. Acetate and propionate per se are not used as
the chain extension units, but are activated by carboxylase
enzymes to generate malonyl CoA and methylmalonyl CoA,
respectively, which undergo a decarboxylative condensation
with the enzyme bound acyl chain to add a C2 or C3 unit.1

The carbon skeleton of the potent antifungal polyketide
metabolite, soraphen A 1, is derived from a benzoyl CoA starter
unit, three acetate and three propionate chain extender units and
three methionines (Fig. 1);2 the vicinal hydroxy groups at
carbons 3,4 and 11,12 were not labelled by acetate. Unpublished
work from Höfle’s laboratory has shown that [2-13C]glycerol
was incorporated into 1 at carbons 4 and 12.3 The incorporation
of glycerol mid-chain into polyketide metabolites is highly
unusual and has been observed in only two other metabolites:
leucomycin4 and concanomycin.5 It has been postulated in both
cases that glycerol is converted to glycolate (or an activated
form such as 2-phosphoglycolate) prior to incorporation into the
final metabolite. The incorporation of glycolate into geldana-
mycin6 has also been observed and it is postulated to be an
intermediate in niddamycin biosynthesis,7 however, it is
possible that for all four polyketides, activation of this C2 unit
by a carboxylase enzyme to generate hydroxymalonyl CoA or
methoxymalonyl CoA occurs. Here we report the results of
preliminary labelling experiments which establishes that the
incorporation of glycerol mid-chain into soraphen A is
stereospecific and that hydroxymalonate cannot be the im-
mediate precursor for the C2 unit incorporated at C-11,12.

When [1,3-13C2]glycerol 2a was administered to the organ-
ism,† enhanced signals in the 13C NMR spectrum were
observed in the resulting 1 compared with an unlabelled control

sample. The feeding experiment resulted in a complex labelling
pattern as glycerol had been extensively metabolised through
glycolysis, the Krebs cycle and the shikimate pathway.
Consequently, enrichments were observed for all the b-
positions of acetate-derived carbons, for all positions which
originate from propionate, and the phenylalanine-derived
carbons C-17, 2A/6A, and 4A (Fig. 2). Enrichment of the
methionine-derived carbon atoms was also observed due to the
metabolism of glycerol to S-adenosylmethionine via serine. The
highest level of incorporation of 13C label into 1, however, was
observed at C-3 and 11 (11–15-fold). The feeding experiment
with [2-13C]glycerol also gave rise to a complex labelling
pattern which was similar but not identical to that obtained by
Höfle.3 The 13C label was incorporated into C-4 and 12 as well
as the carboxylate-derived positions of acetate and the phenyl-
alanine-derived carbons 3A/5A (data not shown). However, the
enrichment levels we observed were much higher (e.g.
8–13-fold for C-4 and 12, cf. 3-fold) and we also observed
enrichments of the carboxylate-derived positions of propionate
and the phenylalanine-derived carbon 1A (data not shown).

The above results demonstrated that glycerol was being
metabolised via glycerate to acetate. Glycerate can also be
oxidised to give serine, and subsequently glycine, which is a
source of glycolate.4 Hence, we decided to investigate the
possible involvement of glycolate as the C2 source for the
vicinal hydroxy groups at carbons 3,4 and 11,12 by feeding
[2-13C]glycine. When [2-13C]glycine was fed to Sorangium
cellulosum, however, no enhanced signals in the 13C NMR
spectrum were observed in the resulting 1 compared with an
unlabelled control sample. Labelling studies with [1-13C]gly-
cine and [1-13C]glycolate to investigate leucomycin A bio-
synthesis resulted in the incorporation of neither precursor into
the metabolite, which the authors explained was due to a cell-
membrane permeability problem.4 Hence, it is possible that we
have the same problem and that glycolate is still a possible
precursor in soraphen A biosynthesis.

To investigate the mechanism of glycerol incorporation into
soraphen A further, [2H8]- and rac-, (R)- and (S)-[1-2H2]-
glycerol‡ were administered to S. cellulosum and the resulting
1 analysed by 2H NMR spectroscopy. Deuterium was observed
at D-11 and D-14a but it was not incorporated at the same level
in all cases (Table 1): the highest percentage incorporation was
observed for [2H8]glycerol and (R)-[1-2H2]glycerol 2b. The C-3
propionate-derived positions (i.e. H-18, 20 and 21) and
methionine-derived positions (i.e. H-19, 22 and 23) were
labelled for the racemic glycerol samples (data not shown)
indicating that extensive metabolism had once again occurred.

Fig. 1 Biosynthetic origin of soraphen A 1 (ref. 2).
Fig. 2 Incorporation of [1,3-13C2]- and (R)-[1-2H2]-glycerol (2a and 2b) into
soraphen A 1.
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No deuterium was observed at H-4 in 1 from the [2H8]glycerol
feeding experiment, indicating that oxidation at C-2 had taken
place before incorporation into H-4. It was not possible to say
with certainty that H-12 was not labelled as its signal overlaps
with those of H-19 and 23. The incorporation of deuterium at H-
11 was 5-fold higher for (R)-glycerol compared to its antipode;
moreover, incorporation into H-14 was also higher for the (R)-
enantiomer, demonstrating that this enantiomer was metabo-
lised by the organism in preference to (S)-glycerol. Recent
experiments conducted with chiral glycerols have shown that
(R)-glycerol is metabolised in preference to its enantiomer in
the biosynthesis of fluoroacetate and 4-fluorothreonine in
Streptomyces cattleya,8 and in the biosynthesis of macrophomic
acid by the fungus Macrophoma commelinae.9 It is notable that
the three different organisms, producing structurally diverse
compounds, all metabolise glycerol such that the pro-(R)-
hydroxymethyl group is retained in the metabolite and the pro-
(S)-hydroxymethyl group is lost.

The results from these experiments are consistent with the
following observations: the pro-(R)-hydroxymethyl group is
retained and incorporated into 1 at C-3 and 11 [consequently the
pro-(S)-hydroxymethyl group is lost] and C-2 of glycerol is
incorporated into C-4 and 12 of 1. Oxidation of C-2 takes place
prior to incorporation into C-4 and possibly also for C-12.

These results raise some interesting questions on how the C2
unit is incorporated by the soraphen A PKS. Chain extender
units, such as malonyl CoA, are attached to the PKS via
thioester linkages. Clearly, glycerol itself cannot be the
immediate precursor in soraphen A biosynthesis. Oxidation of
the pro-(S)-hydroxymethyl group would provide a carboxy
group which could be used in the decarboxylative condensation
step with the enzyme bound tri- and hepta-ketide intermediates.
However, how the pro-(R)-hydroxymethyl group attaches itself
to the PKS is a much more difficult problem. It is possible that
glycerol is metabolised to glycolate and then hydroxymalonate
(or even methoxymalonate). This mechanism would require
oxidation of the pro-(R)-hydroxymethyl group to a carboxylic
acid or coenzyme A thioester, which could then attach to the
PKS via a thioester linkage. This mechanism is consistent with
the 13C labelling experiments, but it would result in complete
loss of the deuterium label on the pro-(R)-hydroxymethyl
group, which is inconsistent with the 2H labelling experiments.
Hence, while it is possible for the C2 unit incorporated into C-
3,4 of 1 to derive from hydroxy- or methoxy-malonate,
retention of the deuterium label at H-11 excludes these
precursors as the source for the C2 unit incorporated at C-11,12.
The pro-(R)-hydroxymethyl group of glycerol must remain as
an alcohol (or phosphorylated derivative) or be oxidised to an
aldehyde before incorporation into C-11,12; it cannot be
oxidised to a carboxylic acid or coenzyme A thioester. An

alternative, but less likely, explanation is that the pro-(R)-
hydroxymethyl group of glycerol is oxidised to a carbonyl
moiety and subsequent reduction, with redelivery of deuterium
from a co-factor, results in deuterium enrichment at H-11.
Experiments are in progress to further probe the mechanism of
glycerol incorporation into soraphen A and to identify a more
immediate precursor than glycerol in its biosynthesis. Possible
candidates include hydroxypyruvate and glycerate.
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three compounds contained 94% deuterium at C-1.
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Table 1 Incorporation of [2H8]- and rac-, (R)- and (S)-[1-2H2]-glycerol into
soraphen A 1

2H Enrichment (%)a

Glycerol D-11 D-14

[2H8] 6.6 2.3
rac-[1-2H2] 1.5 2.0
(R)-[1-2H2] 5.4 4.3
(S)-[1-2H2] 1.1 0.5

a Expressed as % deuterium calculated from natural abundance chloro-
form signal.

2362 Chem Commun., 1998



RO2C CO2R

O

•

RO2C

H

H

CO2R
(S)-1

•

RO2C

H

CO2R

H
(R)-1

+

i

•

RO2C

H

CO2R

H
(R)-1

2
R = (–)-L-menthyl

ii
Asymmetric 
Transformation

5 : 4

RO2C

H

•
CO2R

H

(R)-1
R = (–)-L-Menthyl

RO2C

H

•
H

CO2R

(S)-1

RO2C

H

•

H

O–

OR

Et3N+

+Et3N

–Et3N

+Et3N –Et3N

New asymmetric transformation of optically active allene-1,3-dicarboxylate
and its application to the formal asymmetric synthesis of (2)-epibatidine

Manabu Node,* Kiyoharu Nishide, Toshio Fujiwara and Shogo Ichihashi

Kyoto Pharmaceutical University, Misasagi, Yamashina, Kyoto, 607-8414, Japan. E-mail: node@mb.kyoto-phu.ac.jp

Received (in Cambridge, UK) 17th August 1998, Accepted 23rd September 1998

A new efficient synthesis of di-(2)-L-menthyl (R)-allene-
1,3-dicarboxylate [(R)-1] involving asymmetric transforma-
tion through epimerization–crystallization with the assis-
tance of a catalytic amount of Et3N was developed; the
highly endo-selective asymmetric Diels–Alder reaction of
(R)-1 with   N-Boc-pyrrole   for   the   asymmetric   synthesis
of 7-tert-butoxycarbonyl-7-azabicyclo[2.2.1]heptan-2-one
[(2)-6], a synthetic intermediate of (2)-epibatidine, is
described.

Allene-1,3-dicarboxylates are useful for [4 + 2] cycloaddition as
dienophiles.1 Kanematsu and his colleagues have reported the
highly diastereoselective Diels–Alder reaction of cyclopenta-
diene with optically active dimenthyl allene-1,3-dicarboxylate
1, which was prepared by optical resolution using crystalliza-
tion from a diastereomeric mixture of di-(2)-L-menthyl allene-
1,3-dicarboxylates.2 Naruse and his colleagues recently re-
ported the enantiomeric enrichment of allene-1,3-
dicarboxylates by a chiral organoeuropium reagent.3 For the
synthesis of optically active allene, the former method using
optical resolution provides a low yield ( < 25%), and the latter
method has major drawbacks, i.e. the need for an equimolar
amount of expensive Eu(hfc)3, and the partial decomposition of
the substrate due to the long reaction times needed. Therefore,
a more efficient method for the preparation of optically active
allene-1,3-dicarboxylate is required. Although several crystal-
lization-induced asymmetric transformations by racemization
have been reported,4 the asymmetric transformation of dissym-
metric compounds such as allenes has not been examined. We
report here a new efficient synthesis of optically active allene-
1,3-dicarboxylate by asymmetric transformation through epi-
merization–crystallization with the assistance of a catalytic
amount of Et3N, and its application to the formal total synthesis
of (2)-epibatidine using the Diels–Alder reaction as a key
step.

Since allene-1,3-dicarboxylate is an excellent Michael ac-
ceptor,5 the epimerization of optically active allene-1,3-di-
carboxylate, which was prepared from di-L- or -D-menthyl
acetone-1,3-dicarboxylate by a new method6 using 2-chloro-
1,3-dimethylimidazolinium chloride (DMC), as shown in
Scheme 1, was examined in the presence of a catalytic amount
of Et3N.

Thus, an optically pure di-(2)-L-menthyl (R)-allene-1,3-di-
carboxylate [(R)-1]2 was treated with Et3N (0.1 equiv.) in an
NMR tube to give a diastereomeric mixture of 1 (R:S = 4:5)
within 30 min. This experiment shows that these diastereomers
are in equilibrium in the presence of a catalytic amount of Et3N,
as shown in Scheme 2. This result suggests that crystallization-
induced asymmetric transformation of 1 would be possible,
since the R diastereomer formed good crystals.2a

To crystallize the R diastereomer, a pentane solution of a
diastereomeric mixture (R:S = 4:5) of di-(2)-L-menthyl allene-
1,3-dicarboxylate 1 and 0.01 equiv. of Et3N was kept below
220 °C for 2 days. After removal of the mother liquid, the
precipitated crystals were washed with cooled pentane. This
crystallization procedure of the mother liquid was repeated
twice. Colorless crystalline (R)-1 was obtained in 90% yield
( > 98% de). Similarly, the enantiomer (S)-1 was also obtained

by the above asymmetric transformation using (+)-D-menthol as
a chiral auxiliary.

Next, we applied di-(2)-L-menthyl (R)-allene-1,3-dicarbox-
ylate (R)-1 to an asymmetric synthesis of (2)-epibatidine,
which was isolated from the skin of the Ecuadorian poison frog
Epipedobates tricolor, and possesses a unique 7-azabicyclo-
[2.2.1]heptane skeleton and a potent non-opioid analgesic
effect.7 There have been only a few reports8 on the asymmetric
synthesis of (2)-epibatidine, although there have been many
reports on its total synthesis.9,10 We planned the asymmetric
synthesis of a synthetic intermediate for (2)-epibatidine using
the Diels–Alder reaction of 1 according to Kanematsu et al.,2a

as shown in Scheme 3.
The Diels–Alder reaction of (±)-dimethyl allene-1,3-di-

carboxylate with N-Boc-pyrrole (10 equiv.) gave almost
equimolar amounts of the endo and exo adducts, both at a low
temperature with the assistance of a Lewis acid [AlCl3 (1.2
equiv.), CH2Cl2, 278 °C, 12 h, 73%], and at a high
temperature9d [toluene, 90 °C, 12 h, 89%]. On the other hand,
we found that the same reaction of di-L-(2)-menthyl allene-
1,3-dicarboxylate (R)-1 with N-Boc-pyrrole and AlCl3 in
CH2Cl2 at 278 °C for 13 h gave the endo adduct (2)-3 as a sole
product in 86% yield. The absolute stereochemistry of the endo

Scheme 1 Reagents and conditions: i, DMC, Et3N, CH2Cl2, room temp.,
86%; ii, Et3N (0.01 equiv.), pentane, crystallization (33), 90%.

Scheme 2
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adduct (2)-3 was elucidated by an X-ray crystallographic
analysis.

The observed significant difference in endo/exo selectivity
between the dimethyl ester and the di-L-(2)-menthyl ester
could be explained on the basis of steric repulsion between the
N-Boc group of the diene and the methyl or menthyl group in
the dienophile 1, based on an X-ray crystallographic analy-
sis.2a

The endo adduct (2)-3 was subsequently converted into a
synthetic intermediate (2)-610 for (2)-epibatidine. Thus,
regioselective hydrogenation of non-conjugated olefin on (2)-3
with 10% Pd/C gave the dihydro derivative (2)-4 quantita-
tively. After ozonolysis of the remaining double bond, the
obtained b-keto ester 5 was subjected to hydrolysis, decarbox-
ylation, and N-tert-butoxycarbonylation (reprotection of the
deprotected secondary amine) to give (2)-6 in moderate yield;
its specific rotation {[a]D

17 274.5 (c 1.02, CHCl3), lit.10a

[a]D
26 275.1 (c 1.56, CHCl3)} and spectroscopic data were

identical to those in the literature.10 This transformation
constitutes a formal asymmetric synthesis of (2)-epibatidine.

In conclusion, we have developed the first asymmetric
transformation of dissymmetric allene-1,3-dicarboxylate
through epimerization based on addition–elimination with a

tertiary amine, and a quite efficient synthesis of (2)-6 from di-
(2)-L-menthyl acetone-1,3-dicarboxylate.
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Scheme 3 Reagents and conditions: i, AlCl3, CH2Cl2, 278 °C, 13 h, 86%;
ii, 10% Pd/C, H2, EtOAc, room temp., 99%; iii, O3, PPh3, CH2Cl2, 278 °C,
52%; iv, 10% HCl, heat, then Boc2O, Et3N, CH2Cl2, room temp., 55%.
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An efficient binuclear catalyst for decomposition of formic acid
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The complex [Ru2(m-CO)(CO)4(m-dppm)2] is more active
than mononuclear ruthenium complexes as a catalyst for
decomposition of formic acid to CO2 and H2; under
conditions of highest activity, a coordinatively unsaturated
diruthenium dihydride [Ru2H(m-H)(m-CO)(CO)2(m-
dppm)2] is present and can be isolated from solution.

This paper reports the first study of the decomposition of formic
acid to hydrogen and carbon dioxide using a locked binuclear
catalyst and presents evidence that this is an unusual catalytic
reaction in which two metals can act cooperatively to give
enhanced activity.† The reversible reaction between HCO2H
and H2 + CO2 has been the subject of considerable interest,
either for catalytic transfer hydrogenation using formic acid or
for utilization of CO2 as a reagent in organic synthesis.1,2

The reaction of [Ru2(m-CO)(CO)4(m-dppm)2] 1,3 dppm =
Ph2PCH2PPh2, in acetone (5 3 1023 m) with formic acid (1021

m) in a closed tube at 20 °C was monitored by NMR. The
products were H2 [d(1H) 4.5] and CO2 [d(13C) 125.8] only and
the reaction was complete in 0.3 h, corresponding to a mean
turnover rate of ca. 70 h21, and considerably higher activity was
observed when the reaction was carried out in an unsealed
vessel, for reasons discussed below. The activity is significantly
higher than for comparable mononuclear ruthenium complex
catalysts: for example, [RuHBr(CO)(PEt2Ph)3] gives a turnover
rate of ca. 4 h21 in refluxing acetic acid (117 °C).1a

The high catalytic activity of 1 prompted a more detailed
study and some important features of the binuclear catalysis
have been elucidated. The catalysis is more efficient in the
dipolar aprotic solvent acetone than in solvents such as toluene
or dichloromethane. The catalytic reaction is strongly or
completely inhibited by the presence of excess CO; in a sealed
vessel, CO dissociates from 1 at intermediate stages of reaction
and then acts as inhibitor, whereas, in a vessel in which evolved
gases sweep CO from the system, this effect cannot occur and so
the catalysis is faster. The reaction appears not to be wholly
intramolecular since decomposition of either HCO2D or
DCO2H leads to formation of a mixture of H2, HD and D2 rather
than HD alone, but the conclusion is weakened by the
observation that decomposition of HCO2H in the presence of D2
gives both H2 and HD. The final product mixture from
decomposition of HCO2D or DCO2H is approximately that

expected from statistical considerations (H2 : HD : D2 = 1 : 2 : 1,
determined by MS) but in the very early stages of reaction H2 is
predominant. Under these reaction conditions, there was no
evidence for reversibility which would lead to isomerization
between HCO2D and DCO2H. Decomposition of H13CO2H
gave only H2 and 13CO2, with no free or coordinated 13CO
detectable by either IR or 13C NMR.

There were interesting changes in the ruthenium complexes
present at various stages of the catalytic reaction and several of
these could be isolated or identified spectroscopically. When
the reaction was carried out in a sealed tube, the only ruthenium
complex present when reaction was complete was unchanged 1
but other complexes were present during catalysis (Scheme 1).
The first complex formed at 230 °C was [Ru2(m-H)(m-
CO)(CO)4(m-dppm)2]+ 2, as the formate salt.‡ This complex is
formed by protonation of the Ru–Ru bond of 1 and the same
cation is formed by protonation with other acids such as
H[BF4].4 Next to be formed was the cation [Ru2(m-HCO2)-
(CO)4(m-dppm)2]+ 3 (also as the formate salt), whose spectro-
scopic properties‡ are very similar to the known m-acetate
analogue;4,5 the first formation of H2 could be detected at this
stage. When most formic acid was consumed, two more
complexes were formed transiently. The major complex was
characterized as [Ru2H2(CO)4(m-dppm)2] 5, by the following
spectroscopic data.‡6 In the 1H NMR spectrum, a hydride
resonance at d(1H) 29.25 [qnt, J(PH) 9 Hz] integrated for two
protons and a single resonance at d(CH2P2) 4.6 were observed,
in the 13C NMR spectrum a single terminal carbonyl resonance
was observed at d(CO) 196.8, and in the 31P NMR spectrum a
singlet was observed at d(P) 34.3. These data indicate structure
5, having D2h symmetry; a less symmetrical but fluxional
structure is also possible6 though no change in the NMR spectra
was observed at 270 °C. The second transient complex was
tentatively identified as [Ru2H(HCO2)(CO)4(m-dppm)2] 4.‡ It is
characterized in the 1H NMR by resonances at d26.7 (br s, 1H,
RuH) and at d 8.5 (s, 1H, HCO2), in the 13C NMR (in a reaction
using H13CO2H) by d 165 (s, CH, HCO2) (the concentration of
4 was never great enough to allow identification of the metal
carbonyl resonances even using 13C enriched starting material
1) and in the 31P NMR by a single resonance at d 39.8.5 If
structure 4 is correct, it is required to be fluxional in order to
give a single resonance in the 31P NMR spectrum.4 Further

Scheme 1 Reagents: i, H+; ii, HCO2H, 2H2; iii, H2, 2H+; iv, HCO22, 2CO; v, 2CO2; vi, CO, 2H2; viii, 2CO; viii, H+, CO, 2H2.
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study indicated that the concentration of 5 with respect to 2 was
pH dependent, since addition of Et3N led to an increase in the
relative concentration of 5. Overall then, at high [HCO2H],
complex 1 reacted to give 2 and 3 and, as HCO2H was
consumed, the concentrations of these complexes decreased and
the transient complexes 4 and 5 appeared, quickly followed by
reformation of 1. These observations are readily rationalized
since 5 is expected to be very reactive towards formic acid, and
formate probably dissociates easily from 4 in the presence of
formic acid to give the less nucleophilic anion [H(O2CH)2]2;
hence the concentration of these complexes 4 and 5 only builds
up to detectable levels when the concentration of formic acid is
low.

When the reaction was carried out in an unsealed vessel, the
initial reactions were similar but a new complex [Ru2H(m-H)(m-
CO)(CO)2(m-dppm)2], 6, was formed in the later stages rather
than 4 or 5. Complex 6 is a unique example of a coordinatively
unsaturated binuclear ruthenium dihydride;4,6 it could be
crystallized from the reaction mixture and was fully charac-
terized by an X-ray structure determination (Fig. 1) as well as by
spectroscopic methods.‡ Complex 6 was stable in the solid state
but in solution it was stable only in the presence of hydrogen
and in the complete absence of oxygen; it reacted rapidly with
CO to give 1 with loss of H2. Clearly, this high reactivity of 6
with CO explains why no 6 is formed when the reaction is
carried out in a sealed tube; 6 reacts with one equivalent of CO
to give 5 and then with a second equivalent of CO to give 1 and
H2. Solutions containing the coordinatively unsaturated com-
plex 6 were particularly active for further catalytic decomposi-
tion of formic acid.

It is interesting to speculate on why the binuclear system
described above is so reactive for decomposition of formic acid.
The key steps in the initial catalytic reaction are likely to be the
overall oxidative addition of formic acid to ruthenium(0) to give
a hydrido(formato) complex and then probably a ß-elimination
from the formate to give a transient dihydrido(CO2) complex
which ultimately yields H2 and CO2. Both of these proposed
steps require a vacant coordination site, and the necessary
dissociation of two CO ligands is probably easier to accomplish
in the binuclear system. There is some independent evidence for
CO labilization cis to the bridging hydride ligand in complex 2.
Thus, exposure of 2 to 13CO led to carbonyl exchange but the
substitution in the terminal carbonyl sites cis to the m-H ligand
[d(13C) 198.6] was much faster (exchange detected in < 1 h)

than in the trans terminal [d(13C) 200.8] or bridging [d(13C)
278.6] carbonyl sites (exchange detected after one day).§ While
the reactions of Scheme 1 provide a viable route for the catalytic
reaction in the presence of CO, the data suggest that CO-
deficient complexes, such as 6, are most active and it is likely
that other key intermediates are too short-lived to be detected. A
reasonable catalytic cycle involving 6 is shown in Scheme 2.

In summary, this article describes a novel binuclear catalytic
system for formic acid decomposition, in which the major
ruthenium complexes in solution are dependent on both reaction
conditions and the stage of the catalytic reaction. It suggests that
binuclear and cluster complexes, especially those that can easily
achieve coordinative unsaturation, may have distinct advan-
tages over mononuclear transition metal catalysts for this and
related catalytic reactions.7

We thank the NSERC (Canada) for financial support.

Notes and references
† Binuclear complexes have been identified in formic acid decomposition
previously but were not thought to be involved in the catalytic cycle.1c

‡ Selected spectroscopic data: 2: d(1H) 28.9 [qnt, 1H, J(PH) 9 Hz, Ru2(m-
H)]; d(13C) 199, 201 (terminal CO), 278.6 (m-CO); d(31P) 27.8 (dppm).
Preliminary X-ray data on the [BF4]2 salt gives d(Ru–Ru) 2.960(3) Å
compared to 2.903(2) Å in 1. 3: d(13C) 188, 206 (terminal CO); 181 (HCO2);
d(31P) 30.9 (dppm). 4: d(1H) 26.7 (m, 1H, RuH), 8.5 (s, 1H, HCO2); d(13C)
165 (HCO2); d(31P) 39.9 (dppm). 5: d(1H)  29.2 (qnt, 2H, RuH) d(13C) 197
(terminal CO); d(31P)  34.3 [dppm]. 6: d(1H) 29.3 [t, 1H, RuH], 29.6
[quint, 1H, Ru2(m-H)]; d(31P) = 42.5, 46.5 (m, dppm). Crystal data for 6:
monoclinic, space group P2̄1/n, a = 11.583(1), b = 28.557(3), c =
16.783(2) Å, b = 97.817°, V = 5499(1) Å3, T = 296 K, m = 7.1 cm21,
7115 reflections, R1 = 0.0466, wR2 = 0.0918. CCDC 182/1033.
§ The assignments are based on the observation of J(CC) coupling between
the mutually trans bridging and terminal carbonyl ligands in the fully 13CO
enriched complex.
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Fig. 1 A view of the structure of [Ru2H(m-H)(m-CO)(CO)2(m-dppm)2].
Distances (Å): Ru(1)–Ru(2) 2.8769(5), Ru(1)–C(1) 1.857(5), Ru(1)–C(2)
2.198(5), Ru(2)–C(2) 2.006(4), Ru(2)–C(3) 1.841(5). The hydride H-atoms
were located but not refined; approximate distances Ru(1)–H(1) 2.16,
Ru(2)–H(1) 2.16, Ru(1)–H(2) 1.66.

Scheme 2 A possible mechanism of catalysis.
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N-Methylimidazole and acetonitrile are suitable solvents for
the direct reactions of europium metal with 2,6-Me2C6H3OH
and 2,6-Pri

2C6H3OH, which lead to crystallographically
characterizable (N-methylimidazole)3Eu(m-OC6H3Me2-
2,6)3Eu(N-methylimidazole)2(OC6H3Me2-2,6) 1 and
[(MeCN)2(2,6-Pri

2C6H3O)Eu]2(m-OC6H3Me2-2,6)2(m-NCMe)
2, a complex which contains a m-h1-acetonitrile ligand.

Owing to the special fluorescent properties of europium,1 it is
desirable to be able to synthetically manipulate this element in
a variety of ways in order to optimize its incorporation into
devices of practical utility.2 Syntheses starting from the metal
are best since they avoid the preparation of starting materials,
such as chlorides or nitrates, require no drying of these
materials, and eliminate the possibility of incorporating some of
the starting material ligands into the final product. Europium
alkoxide and aryloxide complexes, potentially useful in sol-gel
processing,3 can be made by direct reaction of europium with
alcohols and phenols in liquid ammonia,4–6 by reaction of
europium with Hg(C6F5)2 in phenols,7 by reaction of europium
with Tl(OAr) in THF,7 and by reaction of europium with PriOH
in the presence of HgII catalysts,8 but more convenient are the
direct reactions of europium solely with liquid alcohols.9,10

However, the latter route is not as suitable for solid 2,6-dialkyl-
phenols, which provide good ligands for stabilizing and
solubilizing europium ions and for making polyeuropium
complexes.4–6,9 We report here that by using N-methylimida-
zole and acetonitrile as solvents, direct reactions of europium
with 2,6-dialkylphenols can be achieved to form fully character-
izable europium aryloxide complexes. In addition, we report a
new type of bonding mode for acetonitrile.

Europium reacts slowly with 2,6-Me2C6H3OH and 2,6-Pri
2-

C6H3OH at room temperature in N-methylimidazole or acetoni-
trile to form yellow solutions of paramagnetic divalent
europium complexes.† Each 2,6-R2C6H3OH reacts in each
solvent, but the R = Me/N-methylimidazole and R = Pri/
MeCN combinations readily provide crystallographically char-
acterizable complexes.‡ (N-methylimidazole)3Eu(m-
OC6H3Me2-2,6)3Eu(N-methylimidazole)2(OC6H3Me2-2,6) 1
(Fig. 1) and [(MeCN)2(2,6-Pri

2C6H3O)Eu]2(m-OC6H3Me2-
2,6)2(m-NCMe) 2 (Fig. 2).

The bimetallic nature of 1 and the arrangement of the anionic
ligands are identical to those reported for (DME)2Eu(m-
OC6H3Me2-2,6)3Eu(OC6H3Me2-2,6)(DME) 3 (DME = 1,2-
dimethoxyethane), isolated from a Eu/HOC6H3Me2-2,6 liquid
ammonia reaction.4 This unsymmetrical arrangement has also
been observed in some calcium and barium alkoxide and
siloxide complexes.11 The structures of 1 and 3 differ in that
three N-methylimidazole ligands in 1 take the place of two
bidentate DME ligands in 3 and hence both europium atoms in
1 are six coordinate, whereas 3 contains one six- and one seven-
coordinate europium atom.

Each europium atom in 1 is surrounded by a distorted face
sharing bioctahedral arrangement of oxygen and nitrogen donor
atoms with the shared face consisting of anionic oxygen atoms.
The 2.365(3) Å Eu–O(terminal) and 2.479(3)–2.632(3) Å Eu–

O(bridging) bond lengths in 1 are in the range of analogous
bond lengths in the literature.4,12

Complex 2, like 1, is also bimetallic and has a face sharing
bioctahedral arrangement of ligand donor atoms. However, its
structure differs in that each metal atom has the same set of
ligands. Although reactions in liquid ammonia and coordinating
solvent yielded structurally similar complexes 1 and 3, complex
2 is substantially different from the product obtained from
europium and HOC6H3Pri

2-2,6 in liquid ammonia, Eu4(m-
OC6H3Pri

2-2,6)4(OC6H3Pri
2-2,6)2(m3-OH)2(NCMe3)6 4.5 The

2.286(6) and 2.289(5) Eu–O(terminal), 2.438(6), 2.463(5),
2.487(5) and 2.494(6) Eu–O(bridging), and the
2.625(9)–2.667(9) Å Eu–N(terminal) bond lengths in 2 are not
unusual for europium(ii) aryloxide complexes.5,12

The most remarkable feature in 2 is that it contains a m-h1 :h1-
acetonitrile ligand, which, to our knowledge, is the first
observation of this binding mode for acetonitrile. The 2.847(8)
and 2.913(9) Å Eu–N bond lengths of the bridging acetonitrile
are longer than the Eu–N(terminal) distances in 2, as expected.

Fig. 1 Plot of Eu2(OC6H3Me2-2,6)4(N-methylimidizole)5 1 with thermal
ellipsoids drawn at the 50% probability level and hydrogen atoms omitted
for clarity.

Fig. 2 Thermal ellipsoid plot of Eu2(OC6H3Pri
2-2,6)4(NCCH3)5 2 with

thermal ellipsoids drawn at the 50% probability level and hydrogen atoms
omitted for clarity.
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The bridging is unsymmetrical with 164.5(8) and 105.0(7)° Eu–
N(5)–C(57) angles. This places C(57) closer to Eu(1) than
Eu(2), but the 3.391 Å Eu(1)–C(57) distance is too long to
constitute a Eu–C bond. Structurally characterized by m-h2-
acetonitrile ligands have M–C(nitrile) interactions in the range
of 1.876(9) to 2.114(7) Å.13 The Eu(1)–N(5)–Eu(2) angle is
79.9(2)° and the Eu(1)–C(57)–Eu(2) angle is 59.9°. A space
filling model of 2 suggests that the m-h1 :h1-nature of this ligand
and the inequivalence of the Eu–N(5)–C(57) angles arise
because there is only a limited space available for the
acetonitrile to fit between the bulky 2,6-diisopropylphenoxide
ligands.

The results to date on divalent europium aryloxide chemistry
suggest that isolable, crystalline complexes more readily form
with either a combination of larger 2,6-dialkyl substituents,
such as isopropyl groups, and relatively small ligands, such as
acetonitrile, or with a combination of smaller 2,6-dialkyl
substituents, such as methyl groups, and larger ligands, such as
N-methylimidazole or 1,2-dimethoxyethane. Variable binding
modes are undoubtedly helpful in accommodating crowded
ligand environments and the structure of 2 demonstrates another
variation in the binding capacity of acetonitrile.

For support of this research, we thank the Division of
Chemical Sciences of the Office of Basic Energy Sciences of
the Department of Energy.

Notes and references
† Compounds 1 and 2 are obtained by reaction of europium ingots (typically
5–10 mm in diameter) with HOC6H3Me2-2,6 in N-methylimidazole or
HOC6H3Pri

2-2,6 in acetonitrile, respectively, over 2 days at room
temperature followed by centrifugation and recrystallization from the
supernatant. Single crystals of complex 2 were isolated in 40% yield from
the concentrated acetonitrile solution after several days. Single crystals of
complex 1 was isolated from the N-methylimidazole solution. However,
since the yield was low and the high boiling point of N-methylimidazole
made solvent removal tedious, an alternate procedure was developed. The
direct reaction of europium metal with HOC6H3Me2-2,6 in a dilute solution
of N-methylimidazole (0.5 ml) in toluene (7.0 ml), followed by centrifuga-
tion and removal of the toluene under vacuum, forms crystalline 1 in 20%
yield, based on reacted Eu. Both 1 and 2 give satisfactory elemental analyses
and the effective magnetic moments of 7.5 and 8.0 mB for 1 and 2,
respectively, are consistent with EuII.
‡ Crystal data for 1: C52H66Eu2N10O4, M = 1199, triclinic, space group P1̄,
a = 12.142(2), b = 12.763(9), c = 18.906(5) Å, a = 71.60(4),
b = 73.718(10), g = 76.48(3)°, V = 2634.3(20) Å, Z = 2, T = 158 K,
m = 2.412 mm21, Mo-Ka radiation, graphite monochromator. The raw data
were processed with a local version of CARESS. All 9678 data points were
corrected for Lorentz and polarization effects and were placed on an
approximately absolute scale. All calculations were carried out using the
SHELXL program. The structure was solved by direct methods and refined
on F2 by full-matrix least-squares techniques. Hydrogen atoms were
included using a riding model. At convergence, wR2 = 0.0787 and
GOF = 1.036 for 613 variables refined against all 9199 unique data [in

comparison, for refinement on F, R1 = 0.0282 for those 7984 data with F >
4.0s(F)]. For 2: C58H83Eu2N5O4, M = 1218, monoclinic, space group Pn,
a = 11.8317(12), b = 21.6202(16), c = 12.9773(13) Å, b = 112.917(7)°,
V = 3057.6(5) Å, Z = 2, T = 158 K, m = 2.077 mm21, Mo-Ka radiation,
graphite monochromator. All 7348 data were collected using a Siemens P4
diffractometer, and handled as described for 1. All calculations were carried
out as described for 1 above and hydrogen atoms were included using a
riding model. At convergence, wR2 = 0.1141 and GOF = 0.766 for 627
variables refined against all 7348 unique data [in comparison, for
refinement on F, R1 = 0.0382 for those 6939 data with F > 4.0s(F)].
CCDC 182/1031.
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Sulfated zirconia (S-ZrO2) is a well-known solid superacid
catalyst used in various reactions of commercial importance
such as isomerisation, alkylation and acylation, nitration,
etc. The selectivity towards the formation of isopulegol, a
potential intermediate in the synthesis of menthol, can be
drastically increased by using carbon molecular sieve (CMS)
with S-ZrO2.

Isopulegol is an important intermediate for the manufacture of
menthol, used extensively in pharmaceuticals, cosmetics,
toothpastes, chewing gum, and other toilet goods as well as in
cigarettes.1 Isopulegol is manufactured from the cyclisation of
citronellal. Bogert and Hasselstrom2 have reported the use of
UV in the cyclisation reaction. Activities and selectivities of
acid clinoptilolite, mordenite, and faujasite zeolites in the
isomerisation of citronellal in n-hexane, chloroform and
dichloromethane as solvents have been investigated.3 The
activities of the acidic zeolites for the isomerisation of
citronellal were found to be in the following order: HY(max.) >
HCC > (clinoptilolite) > HMCP (clinoptilolite + mordenite) >
HX at 84 °C in dichloroethane, and the selectivities to
isopulegol were HCC (90%) > HMCP (85%) > HY (80%) >
HMP (72%) at 80% conversion level. The activity in these
studies is related to the total amount of Brønsted acid sites of the
catalysts and only a fraction of these sites, located mainly on the
external surface of the crystal, were accessible to the reactants
due to the diffusional resistance. It was found that the selectivity
increases to the isopulegol ether as the accessibility to the acidic
centres increases. There are several reports whereby Cu–Cr and
Cu–Cr–Mn,4 tris(triphenylphosphine)rhodium chloride5 and
micellar6 catalysts have been employed to catalyse the cyclisa-
tion reaction. Several Lewis acids as catalyst for the preparation
of l-isopulegol from D-citronellal have been used.7 Dean and
Whittaker8 have studied this reaction with superacids (e.g.
FSO3H/SO2) to observe that the cyclisation follows the same
path as the normal acids, yielding isopulegol and neoisopule-
gol.

We present here the efficacy of a novel shape selective
catalyst synergistically produced from sulfated zirconia (S-
ZrO2) and carbon molecular sieve (CMS) in the cyclisation of
citronellal to isopulegol. S-ZrO2 is a very well-known solid
superacidic catalyst used in various reactions. The activity of
this catalyst is superior to many other solid acid catalysts. But
one of the major drawbacks of S-ZrO2 is that it is not a shape
selective catalyst. Hence it cannot be employed in reactions
where selectivity is of utmost importance. However, S-ZrO2
when combined with other materials can produce the desired
shape selective catalyst. In this respect, carbon molecular sieve
(CMS) can be used in combination with S-ZrO2 to get a
composite shape selective catalyst. The selectivity engineering
aspects of catalysts are embodied in this CMS–S-ZrO2
composite media where one acts as a siever and the inside core
as the true catalyst. The isomerisation of citronellal was
considered to be interesting in view of the fact that the reaction
has been studied by others using zeolites and there are several
products generated depending on the type of carbocation and
hence on the type and strength of acidic sites.

Zirconium oxychloride, 25% ammonia solution, polyvinyl
alcohol, toluene and 98% sulfuric acid were obtained from S.D.
Fine Chemicals Ltd. Citronellal containing about 14% iso-
pulegol was obtained from Arofine Industries Ltd.

The catalyst was prepared using the conventional precipita-
tion method.9 100 g of zirconium oxychloride were dissolved in
distilled water. The solution was then filtered. This solution and
25% aqueous ammonia were added dropwise simultaneously in
a beaker with constant stirring while a white precipitate of
zirconium hydroxide was obtained at pH 9–10. After complete
precipitation it was digested in the vessel for 6 h. The precipitate
was filtered through a Buchner funnel and washed thoroughly
with distilled water until free of ammonia and chloride ions. The
filtered precipitate was dried in an oven at 120 °C for 24 h. The
dried catalyst was then crushed to make a fine powder, which
was treated with 0.5 M H2SO4. 15 ml of 0.5 M H2SO4 was
required for 1 g of the catalyst. The catalyst so prepared was
dried in an oven at 120 °C for 24 h followed by calcination at
230 to 650 °C.

To 10 g of the above prepared catalyst 7.2 ml polyvinyl
alcohol (PVA) solution (2 g PVA dissolved in 25 ml distilled
water) was added dropwise until it was just wet. It was mixed
well to get a uniform coating. It was dried at 100 °C for 1 h and
calcined at different temperatures. This catalyst is referred to as
S-ZrO2/CMS catalyst.

In another method, S-ZrO2 was initially soaked with different
solvents such as benzene, cyclohexane, carbon tetrachloride,
hexane till wetness. This was coated with the same amount of
PVA solution as was done without wetting the catalyst with
solvent. These were calcined at different temperatures. Eight
different catalysts were prepared as shown in Table 1 where the
nomenclature S-ZrO2/Benzene/CMS refers to S-ZrO2 soaked
with benzene followed by coating with CMS.

All experiments were conducted in a 100 ml fully baffled
glass reactor of 5 cm internal diameter. The reactant and solvent
were charged to the reactor and the temperature was raised to 95
°C. 0.5 g (2.13 3 1022 g cm23) of the desired catalyst was then
added to the reactor under constant stirring.

Table 1 Activities of catalysts for cyclisation of citronellal

Catalyst
Time/
min

Conversion
of citronellal
(%)

Selectivity
for
isopulegol
(%)

ZrO2[230–350] 90 0 —
S-ZrO2[230–350] 10 96 46
S-ZrO2[650] 05 95 35
S-ZrO2[230–350]/CMS 30 91 65
S-ZrO2[230–350]/Benzene/CMS 20 95 52
S-ZrO2[230–350]/Cyclohexane/CMS 20 96 61
S-ZrO2[230–350]/CCl4/CMS 30 88 53
S-ZrO2[230–350]/Hexane/CMS 20 95 58

Solvent: toluene = 15 g, reactant: citronellal = 5 g, temperature: 95 °C.
Values inside square brackets indicate the calcination temperature.

Chem. Commun., 1998, 2369–2370 2369



CHO

*

citronellal

C
O H

H
H+

isopulegol

OH

Menthoglycol Ether

O OH

HOHO

Isopulegol Ether 2

O OH

Isopulegol Ether 1

O
CHO

An initial sample was drawn and the progress of the reaction
was monitored on a Perkin Elmer (Model 8500) Gas Chromato-
graph using an FID detector and coupled with an integrator/
plotter. A 2 m 3 1/8A S.S. column of Carbowax with
Chromosorb W and 10% C-20M + 2% KOH washed, 80–100
mesh was used. The by-products obtained were predicted, from
GC-MS, to be an ether of citronellal–isopulegol (isopulegol
ether 1), diisopulegol (isopulegol ether 2) and dimenthoglycol
ether (Fig. 1). The mechanism given in Fig. 1 shows the
cyclisation of citronellal to isopulegol and the different ethers
obtained from isopulegol.10 There are different stereoisomers of
isopulegol.

Table 1 lists the results of the experiments conducted under
otherwise similar conditions of mole ratio of reactant and
solvent, catalyst loading, speed of agitation and temperature.

It is well established that the formation of isopulegol ether
takes place if citronellal is easily accessible to the Brønsted acid
sites of the catalyst. Hence, in the case of S-ZrO2[650] as
catalyst, where the calcination temperature is high, the average
pore size was found to be 41 Å by nitrogen adsorption isotherm
using a Micromeritics surface area analyser (ASAP 2010
Model). When S-ZrO2[650] was compared with S-ZrO2[230–

350] the selectivity towards the formation of isopulegol was
found to increase in the latter. The pore size of S-ZrO2[230–
350] was found to be 28 Å. Hence, even though the Brønsted
acidity is expected to be more in case of S-ZrO2[230–350] as
compared to S-ZrO2[650], which is a Lewis acid catalyst, the
pore size is smaller than the latter. This leads to the diffusion
controlled formation of isopulegol ether which is kinetically
much bulkier than isopulegol and hence the subsequent increase
in the formation of the latter. The same reason is true for the
decrease in the rate of the reaction. Further, when S-ZrO2[230–
350] is coated with CMS a uniform barrier of pore size 27 Å is
obtained. This marginal drop in pore size provides further
resistance to the formation of isopulegol ether and hence favour
the formation of isopulegol. Also, the external surface of the
catalyst which may consist of Brønsted acid sites becomes
inaccessible to citronellal which further decreases the formation
of isopulegol ether.

In other catalysts used S-ZrO2[230–350] was initially soaked
with different solvents which were immiscible with polyvinyl
alcohol solution, before coating with CMS, to prevent the
diffusion of polymers into the pores of the catalyst, if any. The
initial soaking was not found to be very effective though there
was a slight increase in the formation of isopulegol.

S-ZrO2 modified carbon molecular sieve can be prepared
using different polymers as precursors and hence the catalysts
can be tailor-made by fine-tuning the pore size according to the
requirements. Thus eclectically engineered S-ZrO2/CMS cata-
lysts lead to much greater selectivity to isopulegol in the
cyclisation of citronellal.

Research support from the Department of Science and
Technology (DST), Government of India and Darbari Seth
Endowment is gratefully acknowledged.
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Fig. 1 trans addition and cyclisation mechanism.

2370 Chem Commun., 1998



 

Os

N

Cl

Cl

N

N

NN

N

N
B

H

Co H

C6F5

Os

N

Cl

Cl
N

N

NN

N

N

BH

Co

Os

N

Cl

Cl
N

N

N N

N

N

B H

2 +

2

1

(1)

1   +   PtCl2(SMe2)2 Os

N

Cl

Cl

N

N

N
N

N

N
B

H

Pt SCl

Cl Me

Me

3

(2)
–Me2S

An osmium nitrido complex as a p-acid ligand for late transition metals
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The Os(VI) nitrido complex, TpOs(N)Cl2 (1), acts as a p-acid
ligand in the cobalt and platinum complexes CpCo-
[NOs(Tp)Cl2]2 (2) and (Me2S)Cl2Pt–N·Os(Tp)Cl2 (3).

Transition metal nitrido complexes LnM·N typically act as
nucleophiles, being alkylated or binding to other metals.1 The
two dozen or so known hetero-bimetallic m-nitrido complexes
all involve nucleophilic nitrido complexes and are described as
dative adducts LnM·N?MALm (A) or metalloimido complexes
LnM_N–MALm (B).2 We have recently prepared an Os(VI)
nitrido complex, TpOs(N)Cl2 [1; Tp = hydrotris(1-pyr-
azolyl)borate],3 that acts as an electrophile. Electrophilic
multiply-bonded ligands are less common but such ligands are
important in various processes, including atom and group
transfers, and dihydroxylation and aminohydroxylation of
olefins.4 Complex 1 is unreactive with protic acids, methyl
triflate (MeOTf), BF3·Et2O, and [Ph3C][BF4], but it reacts with
PPh3 and carbanions at nitrogen.3 Despite its lack of reaction
with simple electrophiles, we report here that 1 is a good ligand
for Co(I) and Pt(II) centers. We propose that the complexes
reported herein are a new type of m-nitrido compound, in which
the multiply bonded nitrido fragment is best described as a p
acid ligand for the heterometal.

CpCo(h4-C5H5C6F5)5 was chosen as a source of the electron-
rich CpCo(I) fragment since the h4-diene should be easily
displaced. Indeed, addition of 1 to a benzene solution of
CpCo(h4-C5H5C6F5) causes an immediate darkening of the
solution and precipitation of purple CpCo[NOs(Tp)Cl2]2 (2)† in
good yield [eqn. (1)]. NMR data are consistent with a

diamagnetic compound with two TpOs fragments per CpCo
unit. Slow evaporation of a chloroform solution of 2 forms
single crystals suitable for X-ray diffraction.‡ The structure
(Fig. 1) shows a two-legged piano stool geometry about the
cobalt atom with the two legs being octahedral osmium centers,
connected to the cobalt by m-nitrido ligands. The structure is
quite similar to other CpCoL2 complexes, such as
Cp*Co(CO)2.6 The Co–N–Os angles are essentially linear
[171.6(6), 171.8(7)°], which is typical of such m-nitrido
linkages1a and indicates sp hybridization at nitrogen. The Os–N

distances of 1.704(9) and 1.741(10) Å are indicative of
substantial multiple bonding (as is the significant trans
influence of the nitrido ligand), but these distances are longer
than all crystallographically characterized terminal osmium–
nitrido bonds (1.525–1.703, av. 1.629 Å).7 The Co–N bonds are
very short [1.696(11) and 1.737(9) Å], much shorter than would
be expected for a simple dative interaction. For instance, they
are substantially shorter than all reported cobalt–nitrile bonds,
which also involve an sp hybridized nitrogen (Co–N
1.883–2.179, av. 1.997 Å).7 The Co–N bonds in 2 are most
similar to those in linear nitrosyl complexes (1.590–1.720, av.
1.658 Å) and are close to cobalt–carbonyl bond lengths (CpCo–
CO 1.615–1.782, av. 1.721 Å).7

Complex 2 is thermally robust, showing only minor decom-
position over two weeks at 75 °C in chloroform solution by 1H
NMR. There is no reaction under these conditions with 1 equiv.
of PPh3. Since 1 reacts rapidly with PPh3, this shows that 2 does
not dissociate to 1 at 75 °C. There is also no reaction when a
chloroform solution of 2 is heated under 100 Torr of CO at
75 °C for several days.

Complex 1 reacts slowly with PtCl2(SMe2)2 in benzene with
with loss of Me2S to give (Me2S)Cl2Pt–N·Os(Tp)Cl2 (3) in
good yield [eqn. (2)].† Single crystals of 3 were obtained by

slow evaporation of a benzene solution. The X-ray structure
(Fig. 2)‡ shows a molecule of 1 bound to a square planar
platinum center. The Pt–N bond of 1.868(8) Å is at the short end
of the range of Pt–N bonds in cis-dichloroplatinum complexes
(1.848–2.371 Å),7 again closer to those in nitrosyl rather than
nitrile complexes. The Os–N bond [1.687(8) Å] is apparently

Fig. 1 ORTEP drawing of CpCo[NOs(Tp)Cl2]2 (2), with hydrogen atoms
and two CHCl3 of crystallization omitted for clarity. Selected bond lengths
(Å) and angles (°): Os(1)–N(14) 1.704(9), Os(2)–N(7) 1.741(10), Co(1)–
N(7) 1.696(11), Co(1)–N(14) 1.737(9), Os(2)–N(1) 2.189(11), Os(2)–N(3)
2.054(12), Os(2)–N(5) 2.086(10), Os(1)–N(8) 2.198(10), Os(1)–N(10)
2.070(10), Os(1)–N(12) 2.060(11), Os(1)–N(14)–Co(1) 171.6(6), Os(2)–
N(7)–Co(1) 171.8(7), N(7)–Co(1)–N(14) 101.3(5).
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shorter than those in 2, although it is presumably slightly longer
than in 1.

The data are most consistent with 1 acting as a p acid ligand
in 2 and 3, as opposed to simply a dative (A) or s only (B)
ligand. The CpCo(i) fragment forms two legged piano stool
structures only with soft and/or p-acid ligands; related
CpCo(iii) complexes adopt three-legged stool geometries.8,9

The short Co–N and Pt–N distances and the kinetic inertness of
the Co–N bonds are indicative of multiple bond character. The
other known platinum m-nitrido complexes are (Et2PhP)3Cl2-
Re·N–PtCl2(PEt3),2d (Me3SiO)3V·N–Pt(Me)(PEt3)2,2a and
three complexes with [Os(N)O3]2.10 The first is a labile adduct
with dative bonding (resonance form A), while the others have
N–Pt bond distances [VN–Pt, 2.030(7); O3OsN–Pt, 2.03(4),
2.040(7), 1.958(7), 2.05(1) Å] which are indicative of single
bonding (form B) and significantly longer than that in 3. Ab
initio DFT calculations on 1 show that the LUMO and
LUMO+1 are low-lying Os–N p* orbitals, with significant
density at nitrogen.11 These empty orbitals are quite similar to
the p* orbital of CO, the prototypical p acid (Fig. 3).§ The small
apparent lengthening of the Os·N bond in 2 is reminiscent of the
small change in the C·O distance on coordination. This
lengthening is smaller if present in 3, consistent with Pt(ii)
being a poorer p-donor than Co(i). The bonding in 2 and 3 could
alternatively be described as a resonance hybrid of A or B with
a multiple bond form OsNN=MA or OsNNNMA, the latter well
known for homonuclear m-nitrido complexes.1a

The ability of 1 to act as a strong ligand to late transition
metals is perhaps surprising in light of its lack of reaction with
main group Lewis acids such as BF3·Et2O and [Ph3C][BF4].
Complex 1 should be contrasted with the more nucleophilic
hydrocarbyl derivatives TpOs(N)Ph2

3a,12 and CpOs(N)(CH2Si-
Me3)2.2c The latter forms a BF3 adduct with BF3·Et2O, is
alkylated by MeOTf, and binds to Ag+ giving a m-nitrido
complex [Cp(R)2OsN]2Ag+.2c The Ag–N distances [2.15(1),
2.12(2) Å] are 0.27 Å longer than the Pt–N distances in 3, much
larger than the differences in ionic radii (2-coordinate Ag+, 0.81
Å; 4-coordinate Pt2+, 0.74 Å13). TpOs(N)Ph2 does not react

with CpCo(h4-C5H5C6F5) and an analog of 2 is not observed.
The observation that the more nucleophilic osmium nitrides
bind more poorly and form longer M–N bonds is not consistent
with 1 acting as a simple s donor ligand (type A or B bonding).
We propose that the osmium nitrido unit in 1 acts as a p-acid
ligand as a result of the low lying empty Os–N p* orbitals (Fig.
3). Further studies of 2 and 3, and preparations of other
compounds containing 1 as a ligand, are in progress.

We thank the National Science Foundation for financial
support of this research. We also thank Dr B. Bennett for
providing results prior to publication, Dr D. Hrovat for
assistance in preparing Fig. 3 and Dr K. Goldberg and D. Wick
for PtCl2(SMe2)2.
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Fig. 2 ORTEP drawing of (Me2S)Cl2Pt–N·Os(Tp)Cl2 (3), with hydrogen
atoms omitted for clarity. Selected bond lengths (Å) and angles (°): Os(1)–
N(7) 1.687(8), Pt(1)–N(7) 1.868(8), Os(1)–N(1) 2.178(7), Os(1)–N(3)
2.071(7), Os(1)–N(5) 2.068(7), Pt(1)–S(1) 2.286(2), Pt(1)–Cl(3) 2.297(2),
Pt(1)–Cl(4) 2.317(2), Os(1)–N(7)–Pt(1) 169.2(5).

Fig. 3 Calculated LUMOs for 1 and CO.§
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The discussion of whether hexaborides need a minimum
electronic stabilisation to exist or not, has now been enriched
by the synthesis of NaB5C, crystallising with the cubic CaB6
structure.

Carbaborides are solids with an anionic framework consisting
of linked boron polyhedra, which are electronically stabilised
by the insertion of carbon. The name already indicates a
similarity to polyhedral molecules, which are called carbabor-
anes: substitution of boron by carbon provides electrons which
stabilise a certain polyhedral arrangement. Recently, we were
able to synthesise a new ternary boron-rich compound, which
crystallises in the cubic CaB6

1 structure type, NaB5C.
The existence of cubic alkali metal hexaborides has been

discussed controversially for a long time. Two compounds,
NaB6

2 and KB6,3 have been reported. In an earlier work, we
were able to show that ‘NaB6’ should actually be described as
Na3B20,4 which does not crystallise in the hexaboride structure
type. According to Longuet-Higgins and de V. Roberts,5 the
reason for the instability of cubic hexaborides with monovalent
cations is the electronic deficiency of their framework.
Following traditional bonding concepts, derived analogous to
Lipscomb’s model for boron molecules, each B6 octahedron
needs twenty electrons: fourteen intramolecular, to fill the
bonding molecular orbitals within the octahedra, plus six
intermolecular to satisfy the 2 electron–2 center bond between
neighbouring octahedra. This requirement of course is fulfilled
for the electron-precise mother compound of the structure type
CaB6, but not for the alkali metal hexaborides, which are low in
electrons. On the other hand, similar compounds with excess
electrons, like LaB6, are well known, the extra electron causing
their metallic behaviour.

Looking for additional experimental evidence to illuminate
the question of bonding and stability of hexaborides, we
succeeded in synthesising a new compound. The reaction of a
mixture of sodium, boron, and carbon at high temperatures6

yields a crystalline powder, which contains carbon and shows

the typical powder diffraction pattern of cubic hexaborides. The
unprecedented combination of these two findings led to the
assumption that carbon atoms are statistically distributed at the
boron positions in NaB5C. The substance is black and consists
of crystallites similar to cubes and with edge lengths between
0.5 and 1 mm (Fig. 1). Electron energy loss spectroscopy
(EELS) at several crystallite fragments proved a boron : carbon
ratio of 5 : 1.

The crystal structure of NaB5C was refined using X-ray
powder data and the CaB6 structure as starting model, boron and
carbon sharing the ‘framework positions’ (Wyckhoff symbol
6f).7,8 In Fig. 2, the fit between the observed data and the
calculated diffraction pattern is shown. As was expected, the

Fig. 1 Scanning electron micrograph of NaB5C. The length of the edge of
the crystallite in the front is 1 mm.

Fig. 2 Observed (+) and calculated (solid line) powder diffraction pattern
(corrected for the background) with the difference curve (bottom). The
vertical dashes indicate the positions of reflections. The uncorrected data are
shown in the insert.

Fig. 3 Section of the structure of NaB5C (Na: black, B/C: grey).
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lattice constant of NaB5C is smaller (4.09 Å) than the lattice
constant which has been predicted for ‘NaB6’9 (4.16 Å). In
addition, we proved the mean B/C–B/C distance to be shorter
than the mean B–B distance in hexaborides (1.706 Å in NaB5C
versus 1.736 Å in CaB6

10). Similar to other boron-rich
compounds, the intramolecular bond distances within the
octahedra are longer than the distances between them (1.716 Å
versus 1.665 Å).

In conclusion, the new compound sodium hexa(carbaboride)
exhibiting a cubic crystal structure (Fig. 311) contains exactly
the amount of carbon atoms in the anionic framework necessary
to balance the electron deficiency of a hypothetical binary Na/B
compound with a three-dimensional octahedral framework—
one carbon atom per octahedron.

We thank Prof. Dr. Johannes Beck, Gieben, Prof. Dr. Martin
Jansen, Stuttgart, Dr. Ulrike Ciesla, Santa Barbara, and Lars-
Peter Zenser, Gieben, for their help. This work was supported
by the Land Nordrhein-Westfalen (Lise-Meitner grant for B. A.,
and Bennigsen-Foerder program) and the Fonds der Chem-
ischen Industrie.
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Peptidomimetics 1 and 2 of RN24 (an RNase A C-peptide
analog) in which the Arg+-10 residue is replaced by 2R,3S-
cyclo-ArgA and by 2S,3S-cyclo-ArgA, respectively, show less
temperature dependence in CD studies than the parent
peptide.

The N-terminal fragment of RNase A has been adopted as a
paradigm for conformational studies of short helical peptides.
For instance, CD and NMR studies of a succinimidyl-capped
analog of the C-peptide, RN24, indicate this 13-mer is ca. 50%
helical in aqueous buffer at around 3 °C.1,2 One of the key
intramolecular interactions that is thought to stabilize this
helical ensemble of conformations is a salt bridge between
Glu2-2 and Arg+-10.3,4 Syntheses of two 2,3-methanoarginine
stereoisomers, 2R,3S-cyclo-ArgA and 2S,3S-cyclo-ArgA,5 gave
us a unique opportunity to manipulate the Glu2-2/Arg+-10
interaction by constraining the guanidine functionality to point
towards the C- and N-termini, respectively. Here we report the
syntheses of these RN24 peptidomimetics, and CD studies to
elucidate their conformational stabilities.

Peptidomimetics 1 and 2 were prepared via stepwise
couplings of Fmoc-amino acid derivatives6 on Rink’s amide
resin7 using a manual shaker system.8 Typical conditions and
side-chain protecting groups were used. Couplings of natural
amino acids were performed by premixing the amino acid with
N-methylmorpholine, HOBt and PyBOP9 in DMF. This
coupling protocol was modified to incorporate the hindered
cyclo-ArgA residues and the amino acid immediately following
(Leu-9). For these couplings, acid fluorides were produced in
situ via the reagent TFFH (i.e. tetramethylfluoroformadinium
hexafluorophosphate)10 with HOAt (1-hydroxy-7-azabenzo-
triazole)11 as an activating agent. The coupling to incorporate
the cyclo-Arg moieties required only 1 h, whereas the
subsequent coupling was more difficult and was run for 12 h.
Deprotection of the side chains and cleavage from the resin was
performed using TFA and a mixture of scavengers (phenol,
ethane-1,2-dithiol and thioanisole). The crude peptide was
further purified by preparative RP-HPLC.† Overall yields of

isolated materials were in the 10% range giving enough sample
for CD studies but not for NMR analysis.

Fig. 1(a) compares the CD spectra obtained for RN24, and
the peptidomimetics at 3 °C (pH 5.1 buffer, 1 mM in each of
sodium citrate, sodium phosphate and sodium borate, was used
throughout this study). Peptide/peptidomimetic concentrations
were accessed by calibration of the UV absorbance at 212 nm.
These data show that the two peptidomimetics adopt helical
conformations, but these are less populated than for RN24. With
regards to the shape of the spectra, the 2R,3S-cyclo-ArgA
derivative 1 had an accentuated negative ellipticity at 222 nm
relative to a classical a-helix. The other peptidomimetic, 2, had
a CD spectrum with a shape like that of RN24.

Variable temperature CD spectra of the peptidomimetics
were particularly informative. The stability of the helical
ensemble can be related directly to the change in the helical CD
signal with temperature. Relative changes in [q]222 requires the
use of only one peptide solution, thus eliminating the error in the
absolute peptide concentration and the variability between
peptides. Fig. 1(b) is an overlay of five CD spectra for RN24
recorded at 5 °C intervals.‡ The molar ellipticity at 222 nm
steadily decreased as the temperature was raised, ultimately
corresponding to a ca. 40% reduction of the helical character.
However, for peptidomimetics 1 and 2 the loss was significantly
less over the same temperature range. Estimates for the loss of
helical character for these two compounds were 30 and 23%,
respectively.

Molecular dynamics simulations of RN24 and the two
peptidomimetics was performed. Briefly, CHARMm parame-
ters and coordinates for an ideal a-helix were modified using
data sets already developed for the 2,3-methanoarginine
analogs.12 A medium of relative permittivity (e = 80), and a
simulated temperature of 276 K was used throughout. Trajecto-

Fig. 1 (a) CD of (i) 2S,3S-cyclo-ArgA 2, (ii) 2R,3S-cyclo-ArgA 1 and (iii) RN-
24. Variable temperature CD of (b) RN-24, (c) 1 and (d) 2 at (i) 3, (ii) 8, (iii)
13, (iv) 18 and (v) 23 °C.
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ries for the three starting structures sampled over a 200 ps
interval showed that helical conformations were maintained for
all three compounds throughout the dynamics run; Fig. 2 shows
representative snap-shots of peptidomimetics 1 and 2, re-
spectively. These demonstrate a general trend observed in the
molecular simulations, i.e. that peptidomimetic 1 tended to
favor more tightly wound helical conformers than the 2S,3S-
cyclo-ArgA-containing peptidomimetic 2.§

In conclusion, we propose that the rigidity of the 2,3-methano
analogs of arginine in peptidomimetics 1 and 2 can be used to

impart conformational constraints. In this study, CD spectra of
peptidomimetics containing these protein amino acids surro-
gates showed less temperature variations than that of RN24,
indicative of a more stable helical structure. We also suggest
that these same constraints distort the helical conformations
such that atypical CD spectra were observed. The 2R,3S-cyclo-
ArgA-containing peptidomimetic 1 has the Arg-side chain
oriented towards the C-terminus where it cannot interact with
the Glu-2 side-chain [Fig. 2(a)]. However, the guanidinium
group locked in this orientation reinforces the helix dipole.13

Conversely, 2S,3S-cyclo-ArgA in peptidomimetic 2 presents the
same side-chain in such a way that its charge opposes the helix
dipole. The guanidinium moiety in this compound is oriented
towards the Glu-2 residue, but the salt bridge is disrupted
relative to RN24 because the cyclo-ArgA has one less side chain
methylene than natural arginine. The latter two effects result in
less perfect helical conformations for peptidomimetic 2 than for
1 [Fig. 2(b)]. Other substitutions of 2,3-methanoamino acids
into the RNase A C-peptide sequence are being investigated in
these laboratories.14
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Fig. 2 Illustrative conformers after 200 ps of molecular dynamics for
peptidomimetics (a) 1 and (b) 2.
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Asymmetric synthesis of 3-phenyl-2,3-methanophenylalanine developed by
panning catalysts in a library format
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Optimal catalysts for the key cyclopropanation step in a
synthesis of the title compound were identified by screening
libraries of metal complex–ligand combinations; the synthe-
sis was completed, and a derivative of the final product was
crystallized to establish its solid state conformation.

Stereoisomers of 2,3-methanophenylalanine, ‘cyclo-Phe’, are
useful phenylalanine surrogates for syntheses of conformation-
ally constrained peptidomimetics.1 They impart very specific
steric perturbations at the C-terminal side or at the N-terminal
side, depending on the cyclo-Phe isomer selected.2 For some
applications, however, it would be desirable to introduce this
type of constraint at the N- and C-termini simultaneously.
Consequently, we set about an asymmetric synthesis of
3-phenyl-2,3-methanophenylalanine, ‘3-Ph-cyclo-Phe’.

Davies and co-workers have developed remarkably direct
and effective syntheses of cyclo-Phe stereoisomers that involve
enantio- and regio-selective cyclopropanations of phenyl-
ethene.3 Doyle and co-workers have also shown 1,2-diph-
enylethene is a good substrate for asymmetric cyclopropana-
tions using phenyl diazoacetate.4 While it was apparent that the
target compound identified above could be obtained using a
modification of this approach (Scheme 1), the ideal catalyst for
the cyclopropanation step was unknown. We therefore decided
to screen some options in a library format.5–9 This was done by

manually weighing and pipetting catalysts and reagents into 24
glass vials set in wells drilled in a cooled aluminium block.
Other papers from this laboratory describe the procedure used,10

but some critical points are given here. All manipulations prior
to the analysis were done in a glove box to maintain an inert
atmosphere. After the reactions were mostly complete (TLC),
the contents of each vial was manually filtered through a silica
plug, an internal standard was introduced, and the sample was
made up to a standard volume. The analysis was performed
using an HPLC instrument equipped with an autosampler and a
chiral column (Whelk-O SS , Regis Technologies). We estimate
this protocol is one or two orders of magnitude faster than a
conventional approach wherein a researcher would screen 2–3
reactions at a time.

Several generalities became apparent early in these investiga-
tions. First, the weighing errors with respect to the catalyst
precursors became significant if the reactions were performed on
10 mg of diazo compound. The test reactions on a plate format
were therefore performed on a 50 mg scale, and the important
ones were checked on a larger scale. Second, pentane appeared to
be the best solvent so this medium was used for all the latter
screens. However, this provided a stringent test of reproducibility
in these experiments because the data obtained using relatively
insoluble catalyst precursors in this very apolar medium were
related to the degree of agitation. Small stirrers were used in each
well, but we were unable to arrange it so that they all spun
smoothly; consequently, some reproducibility issues arose.†
Nevertheless, the data obtained from the library screens did
indicate promising catalysts for further development.

Several libraries of catalysts were screened to check solvent
effects, and metal–ligand combinations/ratios. This data, not
shown here, enabled us to bias the screening process in later
experiments. Consequently, Fig. 1 refers to a plate screen
performed in the latter part of this work.

Scheme 1 Reagents and conditions: i, 1,1-diphenylethene (5 equiv.), Rh2(S-
TBSP)4 (1 mol%), 0 °C, 24 h (86%, 97% ee); ii, cat RuCl3, NaIO4, MeCN–
H2O, CCl4, 25 °C, 5 h then (PhO)2P(O)N3, NEt3, ButOH, reflux, 17 h (90%
for 2 steps); iii, LiOH, aq. MeOH, reflux, 4 h (86%); iv, PriNH2,
Me2NCFNMe2·PF6, CH2Cl2, PriNEt2, 0 °C, 30 min, then 50% TFA in
CH2Cl2, 0–25 °C, 45 min, then 4-BrC6H4CO2H, Me2NCFNMe2·PF6,
CH2Cl2, PriNEt2, 25 °C, 45 min (32% for 3 steps).
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Data given in Fig. 1 and Table 1 indicate that the Davies/
McKervey catalysts 6 and 7 were the most useful for the desired
transformation. Other combinations gave poor yields and/or
enantioselectivities except for the combination of copper triflate
with ligand 1. This gave product with a moderate enantiose-
lectivity and yield, and the product could be crystallized to
optical purity. This could be useful in some situations because
the latter system, and the Davies/McKervey catalysts 6 and 7,
gave opposite enantiomers of the product.§

The synthesis of Boc-protected 3-Ph-cyclo-Phe was com-
pleted as indicated in Scheme 1. Absolute configurations here
are assigned by extrapolation of Davies’ model for enantiose-
lective cyclopropanations with catalysts like 6 and 7,3,11 hence
this must be regarded as a prediction rather than an established
fact. Finally, a sample of this product was converted into
diamide 8, and single crystals of this material were formed for
X-ray diffraction; a Chem3D diagram of the molecular structure
is given in Fig. 2.¶ The observed o,y angles (87.7, 2152°) do
not correspond closely with any idealized turn structure. The
conformation seems to be governed by the phenyl rings
adopting orientations with their faces beneath the N- and C-
termini, with the N- and C-amide bonds in pseudo-parallel
arrangements below these. Further studies are planned to
elucidate less localized effects of 3-phenyl-cyclo-Phe on
secondary structures.

K. B. gratefully acknowledges support from NIH (GM50772
and DA06554) and The Robert A. Welch Foundation; and the
NIH for a Research Career Development Award, and The
Alfred P. Sloan Foundation for a fellowship. D. M. S. thanks

NIH for a predoctoral fellowship and TAMU for a Minority
Merit Fellowship. We would also like to thank Alex Porte and
Mark Powell for helpful discussions.
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in the same library; the worst correspondence of ee values was 26 vs. 6%,
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experiments repeated on a larger scale, run in the conventional way. Five
data points correspond to experiments that were performed in the plate
format. The worst correspondence observed was for entry 5 (98 vs. 69% ee).
In all five cases the ees obtained when the reactions were repeated on a large
scale with efficient stirring were higher than those corresponding to the
plate format.
‡ Percent yield for each well measured vs. an internal standard (1-acena-
phthone): 1A = 12%; 1B = 23%; 1C = 8%; 2A = 18%; 2B = 4%; 2C =
14%; 2D = 6%; 3A = 12%; 3B = 27%; 3C = 2%; 3D = 24%; 4A = 41%;
4B = 13%; 4C = 1%; 4D = 16%; 5A = 29%; 5B = 66%; 5C = 1%; 5E
= 2%; catalyst 7 = 40%.
§ Both enantiomers of Rh2(TBSP)4 and of Rh2(DOSP)4 are commercially
available from Aldrich, but in each case one is more expensive than the
other.
¶ Crystal data for 8: C26H25N2O2Br·1/2CH2Cl2, M = 519.8 amu, triclinic,
P1̄, a = 12.423(3), b = 15.348(3), c = 16.332(3) Å, a = 63.02(2), b =
83.46(2), g = 67.87(2)°, V = 2564(1) Å3, Z = 2, T = 193(2) K, m = 1.35
mm21, l = 0.71073 Å, reflections measured: 5045, independent reflec-
tions: 4611, extinction coefficient = 0.0004(3), R(F) [I > 2s(I)] = 0.0865,
wR(F2) [I > 2s(I)] = 0.1118, S(F2) = 0.953. CCDC 182/1020.
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Fig. 1 Enantioselectivity data obtained from a library screen (% yields inset
in columns). Reaction conditions: 1,2-diphenylethene (5 equiv.), metal (5
mol%), ligand:metal ratio = 1.5:1.0, pentane, 0 °C, 24 h.†

Table 1 Data for catalyst systems tested in conventional waya

Entry
Catalyst
system Metal/mol% Ee (%)b Yield (%)c

1d 1B 5.0 65e 62
2d 2A 5.0 24 2
3 2B 5.0 3 (9) 23 (4)f

4 2C 5.0 > 98 (75) 6 (14)f

5 2D 5.0 > 98 (69 and 78) 10 (6 and 24)f

6d 2D 5.0 > 98 1
7 4D 5.0 86 (75) 9 (16)f

8 6 10 94 85
9 6 5.0 97 88

10 6 1.0 97 86
11 6 0.1 89 63
12 7 1.0 > 98 50
a 50 mg scale, pentane, 0 °C, 1,2-diphenylethene (5 equiv.), ligand:metal
= 1.5:1.0 for catalysts formed in situ. b Values in parentheses indicate data
obtained in library screen. c Isolated yields unless otherwise indicated.
d Reaction run at 25 °C. e > 95% ee after one recrystallization. f Measured
vs. internal standard.

Fig. 2 Chem3D diagram of X-ray structure of 3-Ph-cyclo-Phe diamide.
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Crystal structure of an azo dye rotaxane
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The crystal structure of an anionic azo dye rotaxane shows
that the cyclophane embraces the centre of the dye; sodium
coordinates to both the dye and the cyclophane, as well as
DMSO solvent molecules, resulting in an infinite poly-
rotaxane network.

Recently we prepared the first azo dye rotaxanes, by an azo-
coupling reaction in water, using hydrophobic binding to ensure
that the dye was formed threaded through the cyclophane.1

Formation of rotaxane encapsulated dyes, such as 1, allows the
environment of the chromophore to be precisely controlled,
which may lead to dyes with enhanced chemical and photo-
chemical stability. Here we present the first crystal structure of
a rotaxane of this type. Despite the industrial importance of
anionic sulfonated naphthalene azo dyes, few crystal structure
determinations of these dyes have been reported, which reflects
their reluctance to form suitable crystals.2 The crystal structure
of 1 provides valuable insights into the conformational
behaviour of both the azo dye and cyclophane components, and
shows how these units interact.

Slow diffusion of butanone into a saturated solution of 1 in
DMSO and n-butanol gave small single crystals suitable for
analysis by synchrotron X-ray diffraction at 160 K.† The
crystals were highly solvated; six water and five DMSO
molecules were located in the asymmetric unit, which contains
one rotaxane molecule. 1 crystallises in a centrosymmetric
space group P1̄. The unit cell contains both enantiomeric
conformations of the rotaxane. The cyclophane embraces the
centre of the dye as shown in Fig. 1. There are no face-to-face
stacking p–p interactions between the biphenyl and the
cyclophane, but there may be edge-to-face interactions between
the four central hydrogens of the biphenyl and the cyclophane
aromatic rings (H–centroid distances are 2.87, 3.17, 3.20 and
3.27 Å).3

The two ends of the azo dye dumbbell have essentially the
same geometry; average bond lengths are shown on Fig. 2. A
sodium cation chelates between the b-naphthol oxygen and the

sulfonate, yet, like most b-naphthol azo dyes,2a,b,4 this dye is
predominantly the hydrogen-bonded hydrazone, rather than
azo, tautomer (Scheme 1). This is evident from the short C–O
bond (1.25 Å; cf. 1.36 Å in PhOH and 1.21 Å in cyclohex-
anone),5 short Ca–N bond (1.33 Å; cf. 1.24 Å in E-azobenzene6

and 1.39 Å in 1,2-diphenylhydrazine7) and long Ca–Cb bond
(1.45 Å; cf. 1.37 Å in naphthalene8 and 1.52 Å in cyclohex-
ane9).‡ Each half of the dye is approximately planar, with twists
of 8.6 and 6.7° about the N–N linkages; the twist about the
biphenyl link is 39.8°. The methyl of the tolidine resides near
the b-naphthol oxygen, as observed in solution by NMR
spectroscopy.1

Fig. 1 Molecular structure of rotaxane 1, not showing solvent molecules,
hydrogen atoms and sodium cations.

Fig. 2 Average bond lengths (Å) in the azo dye dumbbell componentof 1.

Scheme 1
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The conformation of the cyclophane is remarkably convo-
luted. Both O(CH2)4O links are in helical ag+g+g+a conforma-
tions, as shown by the torsion angles in Fig. 3. This allows the
cyclophane to contract round its guest, which explains how it
binds strongly to guests which seem too small to fill the cavity.
Three previous crystal structures of cyclophanes of this type
have O(CH2)4O links with three anti and two gauche bonds.10

A sodium cation (Na1) chelates to two ortho oxygens on one
ring of the cyclophane, twisting it away from the cavity.

Pairs of sodium cations act as a ‘glue’, binding together the
naphthalenes of two separate dyes and a cyclophane of a third
rotaxane, as shown in Fig. 4. One sodium cation (Na2) is also
coordinated by two DMSO solvent molecules. The Na–O
interactions marked in Fig. 4 are in the range 2.24–2.60 Å (mean
2.39 Å); the next shortest Na–O distance is 3.25 Å. Thus the
dyes are linked together, generating one-dimensional polymeric
strands in the direction of the a-axis. Sodium coordination to the
cyclophane links these strands together in the b-direction, to
form double strand ladders. Electrostatic attraction between
sulfonates and diethylammonium groups locks these ladders
together in the c-direction (Fig. 5). Many features of the
polyrotaxane network may be unique to this crystal structure,
but the conformations of the azo dye and the cyclophane, and
the coordination of both components with sodium, are relevant
to the behaviour of molecules of this type in solution.

We gratefully acknowledge EPSRC and CCLR for financial
support and Dr M. G. Hutchings (BASF, Manchester) for
helpful discussion.

Notes and references
† Crystal data for 1·5DMSO·6H2O: C102H148N6Na2O37S9, M = 2384.8,
triclinic, space group P1̄, a = 17.1896(12), b = 12.3108(14), c =
19.7639(14) Å, a = 100.579(2), b = 101.242(2), g = 98.719(2)°, U =
6204.7(8) Å3, Z = 2, l = 0.6865 Å, m = 0.25 mm21, T = 160 K, R1 =
0.140 for 12142 ‘observed reflections’ [F2 > 2s(F2)] and wR2 = 0.418 for
all 21076 unique reflections (q < 50°). Disorder in DMSO and water
molecules could be only approximately modelled, with the aid of partial
occupancies and restraints on geometrical and displacement parameters, and
there is residual electron density of up to 1.63 e Å23. Methods and programs
were as described elsewhere (ref. 11). CCDC 182/1039.
‡ Estimated standard deviations in bond lengths and angles involving C, N
and O atoms are 0.01–0.02 Å and 0.5–1.0°.
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Fig. 3 Structure of the cyclophane component of 1, showing selected torsion
angles (°), viewed down the axis of the biphenyl unit of the dye, which is
shown at the centre.

Fig. 4 Two sodium cations coordinate to two anionic dyes; Na1 also binds
to the oxygens of the cyclophane of another rotaxane unit, while Na2 binds
two DMSO molecules, giving irregular six- and five-coordination geome-
tries.

Fig. 5 Packing diagram showing four molecules of 1 in the ac plane (Na:
blue, O: red, S: yellow and cyclophane: magenta; solvent molecules not
shown).
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Novel Te2Cl2 and Te2Br2 were prepared by the reaction of
Li2Te and TeX4 and characterized by mass spectroscopy and
125Te NMR spectroscopy, and by successful syntheses of
1,2-Te2S5 and 1,2-Te2Se5.

Disulfur and diselenium dihalides are relatively stable1 and
form a useful class of reagents for many synthetic applications.
The existence of mixed selenium–sulfur dihalides has also been
reported.1l,2 Here we describe a facile synthesis of Te2Cl2 and
Te2Br2 that have turned out to be surprisingly stable,† though
the phase diagrams of the Te–TeCl4 and Te–TeBr4 systems do
not give any indications about the existence of Te2Cl2 and
Te2Br2.4 The closest known tellurium halides of this type are
polymeric (Te2Cl)x, (Te3Cl2)x (Te2Br)x and (Te2I)x.5

Te2Cl2 and Te2Br2 were prepared by reducing elemental
tellurium with superhydride and treating the resulting telluride
with appropriate tellurium tetrahalogenide [eqn. (1)].‡
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Ditellurium dichloride was obtained as a yellow liquid, and
ditellurium dibromide as an orange–red liquid. Both Te2Cl2 and
Te2Br2 should be stored under an inert atmosphere. Te2Br2
however, is stable for hours at room temperature. Te2Cl2 is not
as stable as Te2Br2, but it can also be stored for hours, especially
in organic solutions. Chlorinated solvents, however, should be
avoided.

Both Te2Cl2 and Te2Br2 exhibit one major 125Te resonance in
their respective NMR spectra (Fig. 1).§ The 125Te chemical
shift of Te2Cl2 in CS2 is at 1336 ppm and that of Te2Br2 at 1253
ppm. The chemical shift of Te2Cl2 in toluene is 1297 ppm.3 The
125Te chemical shifts of the two species bear a relationship that
is expected from the comparison with the 77Se chemical shifts of
Se2Cl2 and Se2Br2.¶ The appearance of only one resonance in
the spectra of both compounds indicate an open-chain X–Te–
Te–X structure rather than a branched X2TeNTe structure. One

minor signal was observed in both spectra (Fig. 1). The
chemical shift of this resonance varies (820–880 ppm) and its
intensity relative to that of the main resonance increases as a
function of time and implies the decomposition of Te2Cl2 and
Te2Br2. We have previously made a tentative assignment of a
weak resonance observed at 849 ppm in the S–Se–Te melt at
145 °C to Te8.6 It is possible that the decomposition of Te2X2 (X
= Cl, Br) produces Te8.∑

The mass spectra of Te2Cl2 and Te2Br2 are shown in Fig. 2.**
The observed isotopic distribution for the molecular ion of
Te2Cl2 as well as those for its fragments are in a good agreement
with the calculated distributions. A reasonable fragmentation
that exhibits the expected isotopic distributions could also be
deduced in the mass spectrum of Te2Br2, though we did not
observe the molecular ion.

It is well established that [Ti(C5H5)2S5] and [Ti(C5H5)2Se5]
react with S2Cl2 or Se2Cl2 to produce cyclic seven-membered
chalcogen compounds (S7, 1,2-Se2S5 and 1,2,3,4,5-Se5S2, Se7,
respectively).7 These titanocene reagents can be used to further
verify the identities of Te2Cl2 and Te2Br2. We present here the
preparation of 1,2-Te2S5 and 1,2-Te2Se5 [eqn. (2)] by treating
Te2Cl2 with [Ti(C5H5)2E5] (E = S, Se) in CS2 in an analogous
manner as described previously for 1,2,3,4,5-Se5S2.8††

[Ti(C5H5)2E5] + Te2X2? 1,2-Te2E5 + [Ti(C5H5)2X2] (2)

Only one 125Te NMR resonance is observed in spectra of both
compounds. The signal at 1732 ppm is assigned to 1,2-Te2S5
and that at 1724 ppm to 1,2-Te2Se5. The latter resonance is

Fig. 1 125Te NMR spectra of (a) Te2Cl2 and (b) Te2Br2 in CS2. Fig. 2 12 eV mass spectra of (a) Te2Cl2 and (b) Te2Br2.
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expectedly upfield, since selenium is less electronegative than
sulfur.11 The 77Se NMR resonances of 1,2-Te2Se5 are 1040,
1019 and 982 ppm (intensity ratio 2 : 1 : 2). These signals are
consistent with the 77Se chemical shifts of 1,2,3,4,5-Se5S2

12 and
imply that 1,2-Te2Se5 is also fluxional. It should be noted that
Te2Br2 is less reactive than Te2Cl2.

Financial support from Academy of Finland is gratefully
acknowledged.

Notes and references
† Preliminary information on Te2Cl2 has been reported previously.3
‡ All reactions were carried out under a dry argon atmosphere. LiBHEt3
(15.7 cm3, 15.7 mmol, ‘Super-Hydride’ 1 m in THF) and elemental
tellurium (1.00 g, 7.84 mmol) were stirred for 15 min under slight warming.
The solution was cooled to room temperature and the solution of TeCl4
(2.11 g, 7.84 mmol) or TeBr4 (3.51 g, 7.84 mmol) in 50 cm3 of THF was
added dropwise. The solution was filtered and solvent removed under a
dynamic vacuum. The product was dissolved in CS2 to remove LiX,
elemental tellurium, and the unreacted TeX4 (yields in both cases ca. 40%
based on the initial amount of TeX4).
§ The 77Se and 125Te NMR spectra were recorded at 300 K on a Bruker DPX
400 spectrometer (76.311 and 126.241 MHz for 77Se and 125Te, re-
spectively). D2O was used as an external 2H lock and saturated D2O
solutions of SeO2 and H6TeO6 as external references. The 77Se and 125Te
chemical shifts were reported relative to neat Me2Se and Me2Te,
respectively [d(Me2Se) = d(SeO2) + 1302.6; d(Me2Te) = d(H6TeO6) +
712].
¶ The 77Se chemical shift in Se2Cl2 is 1271 ppm and that in Se2Br2 1171
ppm.2b

∑ To test this assignment Te2Cl2 was reacted with [Ti(MeC5H4)2(m-
Te2)2Ti(MeC5H4)] (molar ratio 2 : 1) in CS2. This reaction is expected to
form Te8. We observed a single 125Te resonance at 868 ppm.
** EI-MS mass spectra of Te2Cl2 and Te2Br2 were recorded using a Kratos
MS 80 spectrometer at 12 eV electron energy.
†† 0.26 g of [Ti(C5H5)2S5]9 or 0.44 g of [Ti(C5H5)2Se5]10 (0.77 mmol) was
dissolved in 50 cm3 of CS2. Te2Cl2 (0.25 g; 0.77 mmol) in 10 cm3 of CS2

was added into this solution that was subsequently cooled down to 278 °C
to precipitate 1,2-Te2E5 and [Ti(C5H5)2Cl2]. After filtration and redissolv-
ing of [Ti(C5H5)2Cl2] in CHCl3, the remaining product was dried in vacuo

[yields 0.11 g (34.2%) and 0.31 g (47.6%) for Te2S5 and Te2Se5,
respectively].
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A novel route to the preparation of aldehyde end-functionalised oligomers via
catalytic chain transfer polymerisation
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Catalytic chain transfer polymerisation of ethyl a-hydroxy-
methacrylate with cobaloxime boron fluoride is shown to be
an effective route for the production of oligomers with an
aldehyde end-functionality.

Catalytic chain transfer polymerisation has proven to be a very
efficient technique for molecular weight control in free-radical
polymerisation.1 The catalytic nature of this process and the
very high chain transfer constants associated with the used
chain transfer agents (i.e. certain low spin CoII complexes such
as cobaloximes and porphyrins) require only parts per million
quantities for a molecular weight reduction by orders of
magnitude. Numerous experimental investigations have shown
this process to be most efficient for monomers containing an a-
methyl group, such as the methacrylate series of monomers.1,2

Chain transfer constants (i.e. the ratio of the chain transfer and
the propagation rate coefficients) for cobaloxime boron fluoride

1 in methyl methacrylate polymerisation are typically of the
order 104, whereas they are typically an order of magnitude
smaller for styrene (i.e. a monomer without an a-methyl
group).2

The use of catalytic chain transfer agents instead of
conventional chain transfer agents such as mercaptans has a
further advantage in that it introduces an end-functionality in
the form of a terminal double bond, which can subsequently be
modified. In the present investigations, our main aim is to
introduce a different end-functionality without the need for a
post-polymerisation modification. Our target is the acetoacetyl
functionality, which has found interesting uses in the field of
thermoset coatings chemistry.3 This functionality can be used
for a whole series of crosslinking reactions and Michael
additions. Here, we show that this functionality can be
introduced by the catalytic chain transfer polymerisation of
ethyl a-hydroxymethacrylate 2, a monomer which belongs to
the methacrylate series (and hence should readily undergo the
catalytic chain transfer reaction), and whose derived polymeric
radical should give the acetoxyacetal functionality via a
tautomeric rearrangement of the formed enol after the abstrac-
tion of a hydrogen atom of the a-hydroxymethyl group (see
Scheme 1).

Ethyl a-hydroxymethacrylate 2 was prepared according to
the method described by Villieras and Rambaud.4‡ It was found
that the monomer readily undergoes free-radical polymerisation
yielding polymers consisting of approximately 700 monomer
units (at 60 °C, [AIBN] = 1022 M) as determined by gel

permeation chromatography using a poly(methyl methacrylate)
calibration curve. In order to investigate the catalytic chain
transfer behaviour of ethyl a-hydroxymethacrylate with COBF,
we estimated its chain transfer constant [with respect to a
poly(methyl methacrylate) calibration curve] using the conven-
tional Mayo procedure.5 In this procedure, the chain transfer
constant is determined from the slope of a plot of the reciprocal
degree of polymerisation (1/DP) vs. the ratio of [chain transfer
agent] to [monomer]. In Fig. 1, such a plot is shown for the
current system at 60 °C and a chain transfer constant of 700 is
found.§ This value, which we expect to be higher once we can
use the true Mark–Houwink constants in our molecular weight
analysis, clearly indicates that the current monomer is suitable
for catalytic chain transfer polymerisation.

Scheme 1

Fig. 1 Mayo plot for the determination of the chain transfer constant (CS) for
COBF in a free-radical polymerisation of ethyl a-hydroxymethacrylate at
60 °C.
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The homopolymers obtained via catalytic chain transfer
polymerisation were analysed using 300 MHz 1H NMR
spectroscopy (Bruker ACF 300), and the most interesting region
of the obtained NMR spectrum is shown in Fig. 2. The signals
that are shown in this figure do not appear in the spectrum of the
monomer and can be attributed to the formyl proton (d 9.77) and
to enolic hydroxyl protons (d 11.29). Both signals are
characteristic for diketonic systems displaying a keto–enol
tautomeric equilibrium.6 Although further and more detailed
NMR studies are required for a more detailed assignment of the
signals (e.g. whether intramolecular hydrogen bonding oc-
curs),7 the current results are sufficient proof that the aldehyde
end-functionality is indeed formed in significant quantities.

In summary, we have clearly shown that ethyl a-hydroxy-
methacrylate readily undergoes an effective catalytic chain
transfer polymerisation with COBF, and that using this
procedure the very useful aldehyde end-functionality is in-
troduced.

We gratefully acknowledge financial support by the Austra-
lian Research Council, ICI and Orica, as well as helpful
discussions with Professor Mike Gallagher.

Notes and references
† Present address: Dulux Australia, McNaughton Rd, Clayton, VIC 3168,
Australia
‡ Monomer synthesis. The synthesis route of Villieras and Rambaud was
followed exactly, with the only difference that the addition step of the
potassium carbonate solution was carried out at 0 °C instead of room
termperature. Yield: 75%. dH(CDCl3, 298 K, 300 MHz) 5.8 and 6.2 (NCH2),
1.28 (–CH3), 2.63 (–OH), 4.23 (–CH2–); nmax(NaCl)/cm21 1630 (CNC),
1710 (CNO).
§ Chain transfer constant measurements. The monomer was purged with
high purity nitrogen gas for 1 h prior to use. Two stock solutions were
prepared: (i) an initiator stock solution, and (ii) a catalyst stock solution. (i)
The initiator solution was prepared by dissolution of approximately 220 mg
of AIBN in 45 ml of monomer. (ii) The catalyst stock solution was prepared
by dissolution of approximately 3 mg of catalyst into 10 ml of solution (i)
and a subsequent 10-fold dilution with solution (i). Four reaction mixtures
were then prepared, each containing 4.0 ml of initiator solution and 0, 0.2,
0.3 and 0.4 ml of catalyst stock solution, respectively. At all stages of these
preparations, care was taken to exclude oxygen from the reaction mixtures.
The reaction ampoules, specially modified for use with standard Schlenck
equipment, were further deoxygenated by two freeze-pump-thaw cycles and
subsequently placed in a waterbath (thermostatted at 60 °C) for 15 min.
Finally the obtained polymer was isolated and molecular weight analysis
performed with gel permeation chromatography.
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Fig. 2 Expansion of the 300 MHz 1H NMR spectrum of poly(ethyl a-
hydroxymethacrylate) in the region between d 9.5 and 11.5, clearly
indicating the presence of aldehyde (d 9.77) and enol (d 11.29)
endgroups.
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Very stable vesicles, which can keep 5(6)-carboxyfluorescein
trapped inside for months, are obtained from triple-chain
amphiphiles bearing two carboxylate groups derived from
1-O-alkylglycerols.

Numerous endeavours to construct stable liposomes or vesicles
have been made. There are two classical approaches to
suppressing the leakage of trapped substances: one is the
addition of other molecules, such as cholesterol1 or cholesterol
polysaccharides,2 to bilayer systems, and the other is the
introduction of special group(s) or structures into the hydro-
phobic moiety of the amphiphiles. As examples of the latter,
unique amphiphiles bearing polymerisable functional groups3

or phytanyl moieties4 in the hydrophobic chains have been
reported. It should be noted that most of these specially
designed amphiphiles are based on the conventional ‘double-
chain’ structure, like phospholipids.

A series of novel amphiphiles bearing three hydrophobic
alkyl chains and two hydrophilic head groups has been designed
and prepared previously by the authors’ group.5 It was found
that these ‘triple-chain’ compounds showed a greater ability to
lower surface tension and to form micelles at lower concentra-
tions than the corresponding ‘double-chain’ surfactants bearing
two ionic head groups. These results suggest that the three alkyl
chains in the molecule can make a positive contribution to the
surface-active properties because both the inter- and intra-
molecular hydrophobic interactions are strengthened compared
to those of the corresponding double-chain surfactants.6 This
speculation prompted us to prepare vesicles made from the
triple-chain amphiphiles and to compare their ability to suppress
the leakage of substances trapped inside with that of vesicles
made from conventional phosphatidylcholines.

The triple-chain amphiphiles used in this work (1 and 2) were
bis(carboxylate)s prepared from 1-O-alkylglycerols.5† Di-
palmitoyl- and distearoyl-phosphatidylcholines (DPPC and
DSPC, respectively; Nippon Fine Chemical Co., 99.8%) were
also used as the reference lipids because these phosphatidylcho-
lines (PCs) bearing saturated acyl chains are known to form

relatively stable bilayer membranes at room temperature.7
Small unilamellar vesicles containing concentrated 5(6)-
carboxyfluorescein (CF) in an aqueous buffer solution were
prepared by the conventional hydration–sonication method.‡
Fig. 1 shows the released percentage of CF from vesicles made
from phospholipids or triple-chain amphiphiles during storage
at 40 °C.

Upon comparing the results for the triple-chain amphiphiles
with those for the corresponding phospholipids bearing the
same number of carbon atoms in one hydrophobic chain (1 vs.
DPPC, 2 vs. DSPC, respectively), we found that the vesicles
made from the triple-chain amphiphiles were much more stable
toward the leakage of trapped CF. In particular, vesicles made
from 2 released less than 10% of the CF after 12 months under
the experimental conditions used in this work. The transition
temperatures from the gel state to the liquid crystal state (Tc),
measured via DSC, of aqueous dispersions of these lipids or
amphiphiles are as follows: 45.3 °C (for 1), 59.3 °C (2), 41.1 °C
(DPPC) and 56.3 °C (DSPC). In the case of vesicles made from
1 or DPPC, the relatively fast release of trapped CF may be
attributed to the high fluidity of the membrane because the Tc of
these two compounds is only a little higher than the storage
temperature. The large difference in the ability to suppress the
leakage between 2 and DSPC, however, cannot be explained by
the Tc value.

The microfluidity of the bilayer membrane was estimated by
the established method using pyrene as a fluorescent probe.8
The Ie/Im ratio (Ie and Im are fluorescence intensities of the
pyrene eximer at 468 nm and the pyrene monomer at 394 nm,
respectively) increases as the microfluidity of the hydrophobic
phase in the membrane increases. The relation between the Ie/Im
ratio and the measured temperature is shown in Fig. 2.
[conditions: amphiphile or lipid (10 mM), pyrene (0.15 mM),
100 mM NaCl, 20 mM Tris-HCl (pH 7.5), excitation at 335
nm]

Fig. 1 Release (%) of 5(6)-carboxyfluorescein (CF) trapped inside vesicles
of (Ω) DPPC, (:) DSPC, (2) 1 and (5) 2 as a function of storage time
(days) at 40 °C.
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Although the Ie/Im ratios for 1 and DPPC increased gradually
from 30 °C up to about 45 °C, there was very little change in the
ratios for 2 and DSPC until 50 °C. These results agree well with
the Tc of each compound. It is noteworthy that the Ie/Im ratio of
the triple-chain amphiphile is much lower than that of the
corresponding phospholipids bearing the same number of
carbons in a hydrophobic chain, meaning lower microfluidity of
the membrane made from the triple-chain amphiphiles than that
of the phospholipids. In summary, it is possible to say that the
long-term stability of vesicles made from 2 toward the leakage
of trapped CF may result from the three much more closely
packed octadecyl chains in the bilayer of 2, as compared to other
lipids.

Because the triple-chain compounds in this work have two
carboxylate groups, vesicles made from these amphiphiles are
expected to have some pH-sensitive functions. Detailed in-
vestigation of their vesicles under various pH conditions is now
in progress.

Notes and references
† The structure and purity of new compounds 1 and 2 were confirmed using
the corresponding dimethyl esters because bis(carboxylate) compounds 1
and 2 were hygroscopic. Selected data for the dimethyl ester of 1 (R = n-
C16H33), mp 78–79.5 °C (from EtOH); dH(400 MHz; CDCl3) 0.88 (t, 9 H),
1.25–1.77 (m, 84 H), 3.40–3.60 (m, 21 H), 3.75 (s, 6 H), 4.35 (m, 4 H); m/z
(FAB) 1095 [(M+K)+, 100%], 1057 [(M+1)+, 4] (Calc. for C63H124O11: C,

71.54; H, 11.81. Found: C, 71.52; H, 11.92%). For the corresponding
dimethyl ester of 2 (R = n-C18H37), mp 80–81 °C (from EtOH); dH(400
MHz; CDCl3) 0.88 (t, 9 H), 1.17–1.60 (m, 96 H), 3.34–3.62 (m, 21 H), 3.73
(s, 6 H), 4.33 (m, 4 H); m/z (FAB) 1095 [(M+K)+, 100%], 1057 [(M+1)+, 4]
(Calc. for C69H136O11·H2O: C, 71.45; H, 11.99. Found: C, 71.55; H,
11.95%).
‡ A film of lipid or amphiphile (40 mmol) was prepared on the inside wall
of a test tube by evaporation of its CHCl3 solution and stored in a desiccator
overnight under reduced pressure. After addition of 4 ml of a Tris-HCl
buffer (20 mM, pH 7.5) containing 100 mM of CF to the test tube, the mixture
was vortex-mixed for 10 min and successively sonicated for 5 min at about
10 °C higher than its Tc using a probe-type sonicator under a stream of
nitrogen. Small unilamellar vesicles containing trapped CF were separated
from untrapped CF by eluting the vesicle dispersion through a Sephadex G-
50 gel column with 20 mM Tris-HCl buffer containing 100 mM of NaCl (pH
7.5). The formation of vesicles from compounds 1 and 2 was confirmed by
a well-established gel-filtration method (ref. 9). Thus two fractions
containing CF were observed in a series of eluates. The first fraction, which
was eluted with an excluded volume of the column, indicated the presence
of particles including a water phase separated from the outside phase. The
second fraction contained a large quantity of untrapped CF only. This was
also the case for DPPC and DSPC experiments in this work. The amount of
CF released (%) from the vesicles was calculated by means eqn. (1),

CF released % = (Ix 2 I0)/(It 2 I0) 3 100 (1)

where I0 is the fluorescence intensity of the vesicle suspension containing
CF at initial time, Ix is the intensity of the suspension after a definite period
of storage, and It is the fluorescence intensity after addition of an aqueous
solution of Triton X-100 (100 g l21) to the suspension. The fluorescence
intensity at 530 nm was measured at 25 °C using an excitation wavelength
at 490 nm.
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Fig. 2 Effect of temperature on the Ie/Im ratio of pyrene buried in the
membrane of (Ω) DPPC, (:) DSPC, (2) 1 and (5) 2 vesicles. Conditions:
amphiphile or lipid (10 mM), pyrene (0.15 mM), 100 mM NaCl, 20 mM Tris-
HCl (pH 7.5), excitation at 335 nm.
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Prepared in a three-step sequence including acid-catalysed
cycloaddition of cyclopentadiene to 6-oxo-6H-1,3,4-oxadi-
azines, dehydrogenation with DDQ of the dihydro-a-
pyrones formed and reduction of the resulting a-pyrones
with DIBAL-H, 1,4-disubstituted cyclopenta[c]pyrans are
shown to undergo electrophilic substitution; the molecular
structures of 1-(4-anisyl)-4-phenylcyclopenta[c]pyran and
4-isopropyl-1-phenylcyclopenta[c]pyran-7-carbaldehyde
have been determined by single crystal X-ray diffraction
studies.

Iridoids with a cyclopenta[c]pyran skeleton occur widely.2 For
example, plagiolactone 1 is a constituent of the defence
secretion produced by the larvae of Plagiodera versicolora3a

and viburtinal 2 was obtained by hydrolysis of the esters

extracted from the leaves of Viburnum tinus.4a One synthesis
for each of these compounds is known.3b,4b

We report here on a simple route to compounds having the
bicyclic systems of 1 and 2 as well as to aldehydes that differ
from 2 only by the substituents in the six-membered ring.
Hitherto, only three cyclopenta[c]pyrans without an acceptor
substituent have been described: the parent heterocycle 3, its
tert-butyl derivative 45 and its tert-butyldiphenyl derivative 5.6
No reactions were performed with 3–5. Being 10p-electron
systems, they should be aromatic7 and thus amenable to
electrophilic substitution.

The non-catalysed reaction of diphenyl-1,3,4-oxadiazin-
6-one 6a with cyclopentadiene proceeded unsatisfactorily.
However, as in the case of norbornene,8 the presence of TFA led
to a strong acceleration of the desired cycloaddition with
subsequent formation of the regioisomeric dihydro-a-pyrones
7a and 8a. Eleven further oxadiazinones9 were utilised. Scheme
1 summarises the best results. We had shown previously that the
methyl oxooxadiazinecarboxylate 6c reacts rapidly with cyclo-
pentadiene in the absence of a catalyst.10 On treatment with
triflic acid, the resulting g-oxoketene now cyclised smoothly to
give pure exo-8c.

The next step was the conversion of 7 and 8 into the a-
pyrones 9 and 10, respectively, with DDQ with yields ranging
from 27 (10c) to 76% (9b/10b). In order to improve the yield of

10c, we added bromine to 8c and treated the resulting dibromide
11 with DBU, giving rise to a 1:8 mixture of 9c and 10c in 81%
overall yield.

To our surprise, the a-pyrones 9 and 10 were directly
transformed to the target compounds 12 by DIBAL-H (Scheme
2). The low yield of 12c has its origin in the attack of the reagent
at the ester group. Applying 4 equiv. of DIBAL-H afforded the
alcohol 12g (36% yield). An effect analogous to that of DIBAL-
H could be achieved by AlMe3, which converted 9a/10a into the
methyldiphenylcyclopenta[c]pyran 13 (50%).

† Cycloadditions of 6H-1,3,4-oxadiazin-6-ones (4,5-diaza-a-pyrones). Part
17. For Part 16, see ref. 1.

Scheme 1

Scheme 2
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The availability of compounds 12 and 13 made us try
electrophilic substitutions. Formylation with DMF/POCl3 at 0
°C furnished mainly the aldehydes 14 and 15 (61–84%). TFAA/
NEt3 at 20 °C produced the trifluoromethyl ketones 16a,d,g (74,
46, 11%). In the case of 16g, the alcohol 12g had to be
transformed to the TMS ether 12h prior to trifluoroacetylation.
Nitration was achieved with tetranitromethane/Py at 0 °C giving
rise to the products 17a,g (56, 38%).

The cyclopenta[c]pyrans 12 and 13 are orange to deep red,
rather sensitive compounds, which could be purified by
chromatography on basic alumina of activity IV. Only the
crystalline products (12a,b,c, 13) were persistent at room
temperature, whereas the oils and solutions could only be stored
at 230 °C for a short time.

Detailed information on the structures of 12b and 14d is
provided by X-ray analyses (Fig. 1).‡ The formyl group of 14d
is almost coplanar with the five-membered ring (angle between
their best least-squares planes 172°). Astoundingly, the CC
bond lengths in the five-membered ring of 14d hardly differ
from those of 12b. Thus, the distances C(4a)–C(5), C(5)–C(6)
and C(6)–C(7) are nearly the same (138.2–139.3 pm) and

similar to those of benzene and the corresponding ones of
azulene.11 Also C(4a)–C(7a) and C(7)–C(7a) resemble each
other closely (144.5–145.1 pm), but are significantly shorter
and longer than the respective bonds of azulene (ca. 150 and
140 pm). Unlike its effect in the five-membered ring, the formyl
group causes remarkable changes of several bond lengths in the
pyran subunit.

In the UV–VIS spectra (MeCN) of 12a,b and 13 the
absorption maxima at longest wavelengths are found at
437–450 nm (log e 3.13–3.20). As compared to those of 12a and
13, the absorptions of the aldehydes 14a and 15 show hardly any
shift in the wavelengths, but an increase of the molar extinction
coefficient (log e 3.73, 3.82). The methyl carboxylate 12c
absorbs at the longest wavelength (490 nm, log e 2.95).

We thank the Deutsche Forschungsgemeinschaft as well as
the Fonds der Chemischen Industrie for financial support, and
Degussa AG for gifts of chemicals.

Notes and references
‡ Crystal data for 12b: C21H16O2, M = 300.34, orthorhombic, space group
Pbca, a = 1269.4(2), b = 735.97(9), c = 3245.4(6) pm, V = 3.0320(8)
nm3, Z = 8, Dc = 1.316 Mg m23, F(000) = 1264, l = 71.073 pm, T = 193
K [shock-frozen crystal (0.5 3 0.5 3 0.1 mm) in a drop of oil], m = 0.084
mm21. Data were collected on an Enraf-Nonius CAD4 diffractometer using
Mo-Ka radiation. A total of 3009 reflections were measured in the scan
range of 6.4 @ 2q@ 41.7°, of which 1587 were independent (Rint = 0.073).
The structure was solved by direct methods (SHELXS-97) and refined by
full-matrix least-squares (SHELXL-97). R1 = 0.076, wR2 (all data) =
0.239.
For 14d: C18H16O2, M = 264.32, orthorhombic, space group Pbca, a =
1555.4(3), b = 969.3(2), c = 1898.0(4) pm, V = 2.862(1) nm3, Z = 8, Dc

= 1.227 Mg m23, F(000) = 1120, l = 71.073 pm, T = 293 K, m = 0.08
mm21. Crystal size 0.3 3 0.2 3 0.15 mm. Data were collected on a Siemens
P4 diffractometer using Mo-Ka radiation. A total of 4663 reflections were
measured in the scan range of 3.5 @ 2q @ 55.0°, of which 1534 were
independent (Rint = 0.051). The structure was solved by direct methods and
refined by full-matrix least-squares (SHELXTL PLUS). R = 0.081, Rw =
0.061. CCDC 182/1041.
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Fig. 1 Molecular structures of (a) 1-(4-anisyl)-4-phenylcyclopenta[c]pyran
12b and (b) 4-isopropyl-1- phenylcyclopenta[c]pyran-7-carbaldehyde 14d,
together with the atomic numbering scheme and some selected bond lengths
(pm).
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Around room temperature, photoinduced coupling of meth-
ane proceeds without any oxidant molecules on silica-
alumina and alumina evacuated at 1073 K; many coupling
products in the gaseous phase are obtained from silica-
alumina, while most of products on alumina are obtained
only through thermal desorption.

The oxidative coupling of methane is an expedient reaction to
convert natural gas into useful chemicals. However, it is very
difficult to obtain the coupling products in high yield, because
oxidation of the coupling products to COx proceeds more
selectively than the coupling reaction. If the oxidant molecules
are removed to avoid complete oxidation, the reaction requires
very high temperature1 and has no practical use. Photoinduced
reactions are one of the most available reactions taking place at
low temperature where complete oxidation could be minimized.
Recently, it was reported that photo-induced coupling of
methane proceeded at 373–473 K in the presence of oxygen
over TiO2

2 which is the most widely used photocatalyst.
However the selectivity of COx was very high and the yield of
coupling products was only ca. 0.5%. Use of N2O as oxidant
improved the selectivity of coupling products on MgO, but the
yield was < 0.2%.3,4 The possibility of the photoinduced non-
oxidative coupling, where no oxidant molecules are employed,
was suggested by using transition metal oxides, such as
V/SiO2,5 TiO2

6 and Mo/SiO2.7 However, the highest yield was
only ca. 0.007% in the gaseous phase and < 0.4% even after
forced desorption by heating or by admission of water vapor.7

Here, we describe that the coupling products are obtained in
yields as high as 5% without formation of CO and CO2 in the
non-oxidative coupling of methane over silica-alumina and
alumina under photoirradiation. Silica-alumina, which is a
member of silica-based materials recently attracting a great deal
of attention as a new photocatalyst family,8–13 was found to be
photoactive; it exhibited a characteristic phosphorescence
emission spectrum.9 The photoreactivity of silica-alumina
toward gaseous molecules, however, has not been investigated,
and the present report is the first in this area.

The silica sample was prepared from Si(OEt)4 by the sol–gel
method followed by calcination in dry air at 773 K14 and its

specific surface area was 679 m2 g21. The silica-alumina
samples, SiO2–Al2O3(L) and SiO2–Al2O3(H), employed were
reference catalysts of the Catalysis Society of Japan, JRC-SAL-
2 and JRC-SAH-1, respectively.15,16 The alumina contents were
13.75 and 28.61 mass% and the specific surface areas were 560
and 511 m2 g21, respectively.15,16 The alumina sample was also
the JRC sample, JRC-ALO-4 (surface area; 174 m2 g21).15,16

The reaction tests were carried out in a closed quartz reaction
vessel (82 cm3). The sample (1.0 g) was spread on the flat
bottom of vessel (19.6 cm2), and was treated with 60 Torr (1
Torr = 133 Pa) O2 for 1 h at 1073 K, followed by evacuation for
1 h at 1073 K. Methane (99.95%) was purified by a vacuum
evaporation before use and introduced into the reactor. The
initial pressure of methane (100 mmol) in the reactor was 21
Torr and no oxidant molecules were introduced. The sample
was irradiated with a 250 W Xe lamp for 18 h. Under
photoirradiation, the temperature of the sample bed was
measured to be ca. 310 K. Products in the gaseous phase were
collected with a liquid-N2 trap and analysed by GC. Then
adsorbed products were thermally desorbed by heating (573 K,
15 min), collected, and analysed by GC.

Table 1 shows the product yields in photoinduced non-
oxidative coupling of methane, in the absence of gaseous
oxidants, over silica, silica-alumina and alumina. Note that in all
cases no oxygenates (MeOH, HCHO, CO2, CO) were de-
tected.

For the empty reactor (run 1), only a trace amount of C2H6
was formed upon photoirradiation. On the silica sample (run 2),
a small amount of C2H6 and C3H8 were obtained in the gaseous
phase, and a trace amount of C2H4 and C3H6 were observed as
the thermally desorbed products.

Over the silica-alumina samples (runs 3 and 4), the
conversions were obviously much higher than that over silica.
In the gaseous phase, a large amount of C2–C4 alkanes was
obtained while smaller amounts of C2–C6 alkanes and alkenes
were desorbed upon heating. Among the thermally desorbed
products, alkenes were the major products. In the dark (in an
electric furnace, run 6) at 473 K, no products were detected,
clearly indicating that photoirradiation is necessary for the
above reaction. On SiO2–Al2O3(L), the total yield reached

Table 1 Results of photoinduced non-oxidative coupling of methanea

Yield of gaseous phase product (C%)b Yield of thermal desorption product at 573 K (C%)b

Total
Run Sample C2H6 C3H8 C4H10 Total C2H4 C2H6 C3H6 C3H8 C4H8 C4H10 C5,6 Total (C%)b

1c — tr. 0 0 tr. — — — — — — — — tr.
2 SiO2 0.08 0.01 0 0.09 tr. 0 tr. 0 0 0 0 tr. 0.09
3 SiO2–Al2O3(L) 3.54 0.85 0.14 4.53 0.42 0.01 0.27 0.02 0.20 tr. 0.45 1.37 5.90
4 SiO2–Al2O3(H) 1.82 0.27 0.03 2.12 0.29 0.02 0.24 0.01 0.12 tr. 0.22 0.90 3.02
5 Al2O3 0.48 0.02 0 0.50 0.33 2.64 0.03 1.18 0 0.49 0.16 4.83 5.33
6d SiO2–Al2O3(L) 0 0 0 0 0 0 0 0 0 0 0 0 0
7d Al2O3 0 0 0 0 0 0 0 0 0 0 0 0 0
a Reaction temperature = ca. 310 K, reaction time = 18 h, CH4 = 100 mmol. b Based on the initial amount of CH4. c A blank test. d Reaction at 473 K
without UV-irradiation. tr. = trace.
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5.90% and the yield of gaseous phase products reached 4.53%,
much higher than those in any other reports on photoinduced
coupling of methane.2–7 It should be noted that no oxidant
molecules were introduced in the reaction system and that the
temperature of the sample bed, measured by a thermocouple,
was only 310 K. The total yield on SiO2–Al2O3(L) was higher
than that on SiO2–Al2O3(H). It is reported that SiO2–Al2O3(L)
has a larger phosphorescent emission spectrum with fine
structure and a clearer peak in its excitation spectrum than
SiO2–Al2O3(H). From this result, it is proposed that highly
dispersed aluminum species in the silica tetrahedral matrix are
responsible for the photoactivity of silica-alumina. In the
present case, such species would also play an important role in
the photoinduced reaction.

On the alumina sample (run 5), the total yield (5.33%) was as
high as that on the silica-alumina sample [SiO2–Al2O3(L)].
Alumina exhibited no activity in the dark (run 7), indicating that
photoirradiation is also necessary for the reaction over alumina.
However, the feature of reaction on alumina was different from
that on silica-alumina; on alumina, the yields of gaseous phase
products (C2H6 and C3H8) were much lower and the most of
products were obtained on heating. Among the thermal
desorption products, alkanes were dominant on alumina, while
they were minor products on silica-alumina.

In conclusion, it was found that the coupling of methane
proceeded under photoirradiation on silica-alumina and alu-
mina in the absence of any oxidant molecules. A meaningful
amount of coupling products was obtained without the forma-
tion of CO and CO2. Specially, silica-alumina, whose alumina
content is lower, exhibited the highest activity without any
thermal desorption.
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ButN(H)Li  +  ButOK

+  other products (1)
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TMEDA

Synthesis and structure of the novel heptalithiumtetrarubidium mixed alkoxide
peroxide [{(ButOLi)5(ButORb)4(Li2O2)·2tmeda}∞ ]: twenty-two vertex cage
molecules linked by Rb–TMEDA–Rb bridges
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Made by a metal–metal partial exchange reaction involving
lithium tert-butylamide, rubidium tert-butoxide and
TMEDA, the title compound represents the first mixed
lithium–rubidium organoelement species of its type.

Recent times have witnessed a revival of interest in metal
alkoxides. Considerable attention has been paid to them as
precursors for the deposition of metal oxides used in the
electronics and ceramics industries.1 Within preparative chem-
istry, they are best known for their role in two-component
superbasic mixtures, typified by ‘BuLi·KOBut’, which often
succeed where orthodox alkyllithium reagents fail in difficult
proton abstraction applications.2 Also, the stereochemical
rigidity of the ButO2 ligand frequently aids the crystallisation
process, thus permitting the gathering of valuable structural
information from X-ray crystallographic studies. Recent im-
portant crystal structures in this category of
[(C6H11O2)4(ButO2)4(Li+)4(K+)4(KOH)·5THF],3 [(ButOLi)10-
(LiOH)6],4 [{[PhN(H)]2(ButO)LiNaK·2TMEDA}2],5 and
[{(cyNLi)3Sb}(ButOK)3·xPhMe],6 respectively give insight
into the nature of alkoxide–enolate interactions, the interme-
diates involved in the hydrolytic degradation of lithium
alkoxides, the architecture of an amide–alkoxide model super-
base, and the assembling of large polyamidoantimony anionic
cage complexes. In earlier work we reported the crystal
structure of an octalithium dipotassium mixed oxide alkoxide,
which can be formally represented as [(ButOLi)6-
(ButOK)2(Li2O)·2TMEDA] 1.7 This was prepared by a permu-
tational metal–metal exchange reaction [eqn. (1)], which was
incomplete in the sense that a proportion of the potassium tert-
butoxide reactant molecules remains in the product as part of 1.
We pondered whether this same synthetic strategy applied to
rubidium tert-butoxide could generate a mixed lithium–
rubidium compound, in the knowledge that hitherto no such
compound exists in the Cambridge Crystallographic Database.8
The dearth of studies in organorubidium chemistry generally,
flagged in a recent review,9 provided another incentive for
pursuing this topic. As revealed herein, our goal has been
realised through the synthesis and crystallographic character-
isation of the heptalithiumtetrarubidium mixed alkoxide per-
oxide [{(ButOLi)5(ButORb)4(Li2O2)·2TMEDA}H] 2, the com-
position, structure, and bonding of which are unprecedented.

Standard inert-atmospheric (argon) Schlenk techniques were
employed throughout the preparative procedure. Rubidium tert-
butoxide was pre-prepared as a white powder by a literature
method,10 and subsequently suspended in hexane. To this was
added an equimolar amount of ButN(H)Li (in hexane), prepared
in situ beforehand by lithiation of tert-butylamine. The resulting
mixture was heated to reflux for 1.5 h, then filtered to remove
fine solids leaving a transparent brown solution. Addition of

TMEDA (1 mol equivalent) caused the solution to darken.
Refrigerating the solution at ca. 4 °C for 48 h afforded
colourless crystals of 2 [eqn. (2)]. Based on consumption of
butoxide molecules the yield obtained was 51%. Satisfactory C,
H, Li, N, Rb analyses were obtained. No other product could be
crystallised despite prolonged cooling of the solution remaining
following removal of 2 (analogous to the situation found with
1). This is perhaps not surprising since the leftover solutions in
containing a mixture of amide (mainly) and butoxide molecules
can be likened to a type of superbase, which is a class of
compound notoriously difficult to crystallise.

The structure of 2 (Fig. 1)† consists of polynuclear
(ButO)9(O2)Li7Rb4 cages (Fig. 2) which link together via Rb–
TMEDA–Rb bridges. As Fig. 3 shows, this produces polymeric
sheets, arranged in layers such that the cages in one sheet run
orthogonal to those in the next sheet. The cage possesses exact
twofold rotation symmetry about the O(5)···Li(2) axis which
bisects the peroxide O(6)–O(6A) bond; the But group on O(5) is
disordered over two orientations. Thus there are three pairs of Li

Fig. 1 Double asymmetric unit of 2. Hydrogen atoms have been omitted for
clarity. Selected bond lengths (Å): Rb(1)–N(2) 3.267(7), Rb(2)–N(1)
3.126(7), Rb(1)–O(1) 2.743(5), Rb(1)–O(2) 2.748(5), Rb(1)–O(4) 3.393(5),
Rb(2)–O(6) 2.749(4), Rb(2)–O(1) 2.841(5), Rb(2)–O(2) 2.851(5), Li(1)–
O(1) 1.873(12), Li(1)–O(3A) 1.944(12), Li(1)–O(4) 2.038(13), Li(1)–O(6)
2.333(11), Li(2)–O(4) 1.844(6), Li(2)–O(6) 1.937(17), Li(3)–O(2)
1.907(13), Li(3)–O(3) 1.934(13), Li(3)–O(4A) 2.101(14), Li(3)–O(6)
2.278(13), Li(4)–O(5) 1.830(14), Li(4)–O(3) 1.876(13), Li(4)–O(6)
1.968(12), Li(4)–O(6A) 1.971(13).
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centres [Li(1), Li(3), Li(4) and their symmetry equivalents] and
a unique Li(2), each in a distorted tetrahedral environment; two
pairs of distorted tetrahedral Rb centres [Rb(1), Rb(2) with their
equivalents]; three pairs of four-coordinate [O(1), O(2), O(3)]
and one pair of five-coordinate [O(4)] butoxide O centres and a
unique three-coordinate O(5); and a single peroxo unit [O(6)–
O(6A)]. The (butoxide) O–Li bond lengths span a wide range
[1.830–2.101 Å] reflecting the various coordination numbers
involved. This compares with a range of 1.856–2.063 in 1.
Excluding the long O(4)–Rb(1) contact [length 3.393(Å)], the
(butoxide) O–Rb bond lengths in 2 have a mean value (2.796 Å)
close to that in the [(ButORb)4] cubane (2.757 Å).10 To the best
of our knowledge, 2 provides the first example of Rb–TMEDA–
Rb bridging (mean N–Rb bond length, 3.197 Å), though bridges
of this type have long been known for lithium, e.g. in
[{(MeLi)4·2TMEDA}H]11 and [{(BunLi)4·TMEDA}H].12 The
peroxo O(6)–O(6A) molecule in 2 is side-on coordinated by
Li(2), Li(4) and Li(4A) (mean length, 1.958 Å) forming three
OOLi triangles. A similar arrangement exists within the
peroxide fragment of the triple-anion structure of
[{(Me3SiOLi)4·Li2O2·(Me3Si)2NLi}·2THF] [mean peroxo O–
Li bond length, 2.002 Å],13 which coincidentally also contains
seven Li centres. Additional end-on coordinations of O(6) and
O(6A) in 2 occurs via Li(1), Li(3) and Rb(2) (mean lengths: O–
Li 2.306 Å, O–Rb 2.749 Å). The O–O bond itself measures
1.541(9) Å, in good agreement with that (1.557 Å) in the
aforementioned triple-anion structure. Here the presence of the

peroxide molecule demonstrates again the strong oxophilic
nature of metal alkoxides, which in 1 manifests itself in the form
of oxo (O22) ions. Peroxide incorporation has also been
reported in the barium diketonate [(thd)10(O2)(H2O)6Ba6]
(thd = 2,2,6,6-tetramethylheptane-3,5-dionate),14 while both
peroxo and oxo ions appear in the mixed lithium–magnesium
amide [{(Me3Si)2N}4Li2Mg2(O2)x(O)y].15 Obviously the mode
of formation of such anions is complex and as such, is not yet
understood.

Recorded in [2H8]toluene solution at 300 K, the 1H NMR
(400 MHz) spectrum of 2 exhibits two broad ButO resonances
centred at 1.25 and 1.44 ppm in an approximate ratio of 5 : 4.
The former resonance can be tentatively assigned to the five
cage ButO2 ligands bound only to Li centres (provided the long
O–Rb contacts are disregarded). Significantly, pure ButOLi
comes at a near-identical chemical shift (1.26 ppm). Likewise,
the latter resonance can be assigned to the four cage ButO2
ligands bound to mixed Li/Rb centres. Interestingly, the order
and chemical shifts of the TMEDA resonances (CH2, 2.32 ppm;
Me, 2.11 ppm) are characteristic of uncoordinated molecules.
Hence the implication is that the Li7Rb4 cage remains intact, but
that the Rb–TMEDA–Rb bridges linking them together in the
solid state, cleave in solution. This could explain why 2 is
soluble in arene solvents.

In conclusion, we have demonstrated that a metal–metal
partial exchange methodology between a rubidium alkoxide and
a lithium amide can successfully yield a mixed lithium–
rubidium crystalline product, the first of its type. Future work
will examine whether the presence of amide ligands is essential
for the crystallisation of such novel compositions; or are they
accessible by simply mixing together the appropriate homo-
metallic alkoxides?

We thank the EPSRC (for equipment to W. C.) and the
University of Strathclyde (for studentship to A. M. D.).
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Fig. 2 Twenty-two O11Li7Rb4 vertex cage core of 2, with atom labelling.

Fig. 3 View showing layer arrangement of polymeric 2, without But and
TMEDA methyl groups. For clarity, only one cage unit is shown in the
further layer.
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Two carbohydrate-functionalized silsesquioxanes 2 and 3
have been prepared by the reactions of
(H2NCH2CH2CH2)8Si8O12 1 with O-b-D-galactopyranosyl-
(1?4)-D-gluco-1,5-lactone and O-a-D-glucopyranosyl-
(1?4)-D-gluco-1,5-lactone; the latter (i.e. 3) possesses eight
maltose-derived substituents and binds with Concanavalin
A, while the former possesses eight lactose-derived sub-
stituents that demonstrates selective binding to the hepatic
asialoglycoprotein receptor.

Cell surface carbohydrates play an important role in cell
recognition processes and have been implicated in a variety of
pathological disorders.1 In many instances the mechanisms by
which these carbohydrates function as signals for cell recogni-
tion and subsequent biochemical transformations are not well
understood, but the development of new drugs to block
undesirable interactions could provide powerful tools for
treating or preventing a variety of diseases.2 One interesting
approach for elucidating molecular-level details of recognition
phenomena and developing new chemotherapeutics involves
the use of polyfunctional molecules as ‘scaffolds’ to organize
structurally well defined assemblies of oligosaccharide units.3

Here, we report the first use of polyhedral oligosilsesquiox-
anes (POSS) as scaffolds for the presentation of multiple
carbohydrate units.

We recently introduced the use of (H2NCH2CH2CH2)8Si8O12
1 as a core for dendrimer synthesis4a and as a scaffold for the
presentation of polypeptide chains.4b This water-soluble frame-
work can be prepared via neutralization of its octahydrochloride
salt, which is obtained in one step ( > 35% yield) by the
hydrolytic condensation of readily available
H2NCH2CH2CH2Si(OEt)3. Carbohydrate substituents can be
attached to the eight amine groups of 1 via standard coupling
protocols with carbohydrate-derived lactones.3a–e For example,
the reaction of 1 with O-b-d-galactopyranosyl-(1?4)-d-gluco-
1,5-lactone affords octagalactose-substituted framework 2,
which is obtained in high yield as a white powder after dialysis
against water and precipitation by methanol.† Similarly, the
reaction of 1 with O-a-d-glucopyranosyl-(1?4)-d-gluco-
1,5-lactone produces an excellent yield of 3, which possesses
eight equivalent maltose-derived substituents. The course of
these lactone coupling reactions can be conveniently monitored
by 1H NMR spectroscopy [(CD3)2SO] because the chemical
shift for the CH2N group of 1 (d 2.8) shifts downfield by ca. 0.2
ppm upon acylation. The prominent product amide NH
resonance at d 7.7 can also be integrated and used to determine
the extent of reaction. Both carbohydrate-functionalized frame-
works are stable in solution (water or Me2SO, 25 °C, 7 days)
and elevated temperatures (100 °C) for short durations; both
frameworks are also stable in the presence of acids (e.g. 1 m HCl
or conc. HOAc) and non-nucleophilic bases (e.g. DIEA in
DMSO).

Both 2 and 3 were characterized by a variety of techniques,
including combustion analysis, MALDI-TOF mass spec-
trometry and multinuclear (1H, 13C, 29Si) NMR spectroscopy
[D2O or (CD3)2SO]. Assignment of all 1H and 13C resonances

for 2 and 3 could be made on the basis of COSY, HMQC and
DEPT experiments, but at concentrations normally required to
obtain good signal-to-noise, aggregation of these highly polar
frameworks causes marked broadening of many resonances.
Dynamic light scattering measurements indicate that aggrega-
tion occurs at ca. 0.4 mm in water and that aggregates with an
effective radius of 100 nm are present at 1.0 mm. The nature of
this aggregation is not known, but at 3 mm the 29Si, 1H and 13C
spectra [D2O and (CD3)2SO] are consistent with two distinct
environments (ca. 4 : 1) for the pendant groups. The integrated
intensities of the featureless resonances attributable to each
environment do not appear to change over a concentration range
of 1–8 mm and a temperature range of 25–60 °C, but the ratio
abruptly changes below 1 mm and is ca. 1 : 1 over the
concentration range of 0.05–0.5 mm. 1H NMR spectra (D2O)
recorded below 1 mm also exhibit dramatically better resolution
with well defined first-order multiplets for the aminopropyl
spacers. We suspect that the two different environments are due
to restricted rotation about the amide C–N bonds, which can
create distinct cis and trans conformations for the pendant
groups. If this is indeed the case, our results are consistent with
strong inter- and intra-molecular interactions between pendant
carbohydrate groups because cis–trans isomerization is slow on
the NMR timescale at 25 °C and the cis/trans ratio changes
upon the onset of intermolecular aggregation.

We have explored biological binding affinities of 2 and 3
using the asialoglycoprotein receptor (ASGPR) and Conca-
navalin A (Con A). The ASGPR is an integral mammalian
hepatocyte membrane receptor which has selective binding to
terminal non-reducing b-d-galactopyranosyl residues and dem-
onstrates increased binding with an increased number of
antennary b-d-galactopyranosyl groups.2,5,6 Early suggestions
that enhanced binding to the ASGPR occurs when three
galactosyl residues are situated 15, 22, and 25 Å apart and
separated by flexible organic spacers (e.g. PEG)7 were
supported by observations that three galactose residues tethered
to glycerol6c or TRIS2,6a,8 with this approximate spacial
relationship exhibit enhanced binding to the ASGPR over
mono- or di-valent analogs. Stochastic dynamics calculations3h

(Macromodel v. 5.5) on 2 show inter-galactose separations
comparable to the distances required for enhanced-binding to
the ASGPR.

The results from a competitive inhibition study of binding to
ASGPR of HepG2 cells are shown in Fig. 1. As illustrated in
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Fig. 1, neither the octahydrochloride of 1 nor the octa-glucose-
terminated framework (i.e. 3) substantially inhibit ASGPR-
mediated uptake of 125I-labeled Asialoorosomucoid (125I–
ASOM) into HepG2 cells (37 °C). In contrast, the
octa-b-d-galactose substituted framework (i.e. 2) strongly
inhibits uptake of 125I–ASOM. These results are consistent with
selective recognition and binding of ASGPR to the b-galactose
residues of 2 and no binding to the glucosyl residues of 3 or the
ammonium groups of 1.

It is interesting that the IC50 of 2 (57 mm at 37 °C) is
comparable to the inhibition potency observed in a similar
experiment for a glycerol molecule possessing three pendant
lactose residues (IC50 = 9.83 mm at 4 °C).6c This clearly
indicates that the rigid Si8O12 core of 2 does not hinder binding
of the galactosyl residues to the ASGPR, and it suggests that
each ASGPR is interacting with three of the eight pendant
groups from a single molecule of 2.

The specific binding affinities of 2 and 3 were also assessed
using Concanavalin A (Con A), which has four domains
available for the binding of non-reducing d-glucosyl and d-
mannosyl residues. As shown in Fig. 2, mixtures of Con A (35
mm) and 3 at concentrations as low as 7 mm display immediate
turbidity and precipitation of a Con A-crosslinked aggregate
while there is no significant turbidity when Con A (35 mm) is
added to 2 at concentrations as high as 420 mm. These results are
consistent with selective recognition and binding of Con A to
the d-glucosyl residues of 3 and no binding to the galactosyl
residues of 2. Precipitation of the Con A/3 aggregate can be
reversed by adding d-maltose. The addition of 1.5 mol equiv. of
d-maltose leads to a slight decrease in turbidity (ca. 25%), but
the effect is minor and comparable to the decrease observed
upon addition of 75 mol equiv.; complete loss of turbidity
occurs upon addition of 750 mol equiv. of d-maltose. These
results are similar to results for Con A binding to glycosylated
PAMAM dendrimers,3c,g a macrocyclic sugar cluster3a,b and
polystyrene derivatives having pendant oligosaccharides.3h

In summary, we have synthesized carbohydrate-function-
alized silsesquioxanes that exhibit highly selective and reversi-
ble complexation to carbohydrate-binding proteins. In light of
the fact that R8Si8O12 frameworks can be selectively
monofunctionalized and subsequently modified to create new
R1

7R2Si8O12 frameworks,9 these observations have exciting
implications for molecular recognition and the design of new
site-specific drugs.
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Notes and references
† Synthesis of 2: a solution of 1 (216 mg, 0.245 mmol) in MeOH (3.3 ml)
was added to a solution of O-b-d-galactopyranosyl-(1?4)-d-glucono-
1,5-lactone lactone3e,5 (1.16 g, 3.41 mmol) in dry Me2SO (ca. 3 ml); the
MeOH was immediately removed by stirring under vacuum (25 °C, 0.001
Torr). The solution was stirred under nitrogen (25 °C, 24 h), filtered, and
then evaporated (30 °C, 0.01 Torr) to afford a colorless resin, which was
dialyzed against H2O (25 °C, 3 3 4 l) over a period of 24 h. Evaporation (30
°C, 0.01 Torr) of the resulting solution afforded 2 as a spectroscopically
pure white powder (472 mg, 53%), which was further purified by
reprecipitation from H2O–MeOH at 230 °C. Yield: 340 mg (40%). 1H
NMR [500.0 MHz, 5 mm in (CD2)2SO, 25 °C]: d 7.66 (br, NH, 8H),
5.17–3.38 (m, carbohydrate, 168H), 3.10, 3.04 (br, CH2N, 16H), 1.47 (br,
SiCH2CH2, 16H), 0.56 (br, SiCH2, 16 H). 13C{1H} NMR [125.7 MHz, 5
mm in (CD3)2SO, 25 °C]: d 172.36 (s, CO), 104.66 (s, 1A-C), 83.16 (s, 4-C),
75.69, 73.22, 72.00, 71.70, 71.43, 71.17, 70.55, 68.23 (4A-C), 62.34 (s, 6-C),
60.72 (6A-C), 40.89 (br, CH2N), 22.57 (br, SiCH2CH2), 8.77 (br, SiCH2).
29Si{1H} NMR (99.38 MHz, 5 mm in D2O, 25 °C): d 265.9 (80%), 266.9
(20%). Mass spectrum (MALDI-TOF, DHB-HIQ matrix) m/z calc. for
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Fig. 1 Competitive inhibition of HepG2-ASGPR mediated uptake of 125I-
ASOM (1 mm, 0.5 ml/well) by the hydrochloride salt of 1 («), 2 (2) and 3
(5) as measured by scintillation counting of the 125I label. The reaction was
performed in binding media (0.5 ml/well, pH = 7.4), incubated at 37 °C for
2 h before lysis with 10% SDS (0.5 ml/well). The inhibitory potency (IC50)
for unlabelled ASOM was determined to be 0.65 mm from a separate control
experiment.

Fig. 2 Interaction of Con A (35 mm) with 2 (420 mm, 2) and 3 (7 mm, 5) as
measured by absorbance at 450 nm. The reaction was performed at 25 °C
and pH = 7 (0.01 m PBS).
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Metal-catalysed multiple boration of ketimines†
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Metal-catalysed addition of B2catA2 (catA = 4-But-
1,2-O2C6H3) to ketimines affords N-borylenamines and
HBcatA. Analogous catalysed reactions of ketimines with
HBcatA in tetrahydrofuran afford multiply borated products,
providing the first examples of metal-catalysed hydro-
boration of enamines.

Transition metal catalysed diboration of alkenes and alkynes is
receiving considerable attention as a convenient and efficient
method of generating alkyl- and alkenyl-boronic esters with
well defined selectivities.1 These compounds are valuable
substrates for Suzuki coupling,2 and new developments in this
field include the direct synthesis of arylboronic esters from the
corresponding aryl halides using diboron compounds3 or
dialkoxyboranes.4 To date, catalysed diborations have been
restricted to functionalizing unsaturated hydrocarbons, with the
exception of a recent report by Marder and coworkers
describing the 1,4-diboration of a,b-unsaturated ketones.5 Our
interest in aminoboron chemistry prompted us to investigate the
diboration of imines. Transition metals can be used to catalyse
the hydroboration of imines6 and we recently found that the
corresponding diboration of aldimines provides a direct route to
the potent enzyme inhibitors, a-aminoboronic acids.7,8 In this
report we describe the versatility of metal-catalysed boron
additions to ketimines which give a variety of novel aminobor-
onate esters and provide the first examples of metal-catalysed
enamine hydroboration.

Reaction of acetophenone-derived imine, PhNNC(CH3)Ph
1a, with B2catA2 (catA = 4-But-1,2-O2C6H3) did not proceed
without a catalyst, even at elevated temperatures (90 °C for 1
week).9 Using 2 mol% RhCl(PPh3)3 at 25 °C, the reaction
produced equal amounts of N-borylenamine 2a and N-bor-
ylamine 3a, as ascertained by NMR spectroscopy.10 These
products arise presumably from initial oxidative addition of the
diboron compound to the metal center, followed by coordina-
tion of the ketimine with subsequent regioselective insertion
into the M–B bond. Finally, b-H elimination generates N-
borylenamine 2a and 1 equiv. of HBcatA which can subse-
quently add to unreacted 1a to give 3a (Scheme 1). Similar
boration reactions have been observed previously in analogous
diboration1c and hydroboration11 reactions of alkenes. Ketimine
diborations carried out using a catalytic amount of Pt(dba)2 (dba

= dibenzylidene acetone) gave primarily 2a and HBcatA, as the
resulting Pt complex is less effective in catalysing the
competitive hydroboration of 1a. Variation of the steric and
electronic properties of the ketimine had a nominal effect on the
product distribution as analogous reactions with a variety of
ketimines 1b–e gave similar results, as determined by NMR
spectroscopy.‡

In order to obtain evidence for the mechanistic pathway
discussed above, we examined the stoichiometric reaction of the
unsaturated bis(boryl) complex RhCl(BcatA)2(PPh3)2 (generated
in situ from RhCl(PPh3)3 and B2catA2) with ketimine 1a and
observed quantitative formation of dihydride
RhH2Cl(PPh3)3

11a,12 along with 2 equiv. of N-borylenamine 2a.
This surprising result suggests that intermediate RhHCl-
(BcatA)(PPh3)2,13 arising from the boration step, reacts with 1a
to give 2a at a comparable rate to that of the bis(boryl) complex.
Previous theoretical studies of metal-catalysed hydroboration
indicated that alkene insertion into both M–H and M–B bonds
is energetically feasible.14 Our observation of quantitative
formation of N-borylenamine indicates that only insertion of
ketimine into the M–B bond results in product formation.

These intriguing results prompted us to investigate the metal-
catalysed hydroboration of ketimines. Uncatalysed addition of
HBcatA to 1a in toluene, THF, or chloroform proceeds slowly
(days) at 25 °C to give 3a.15 Using 2 mol% RhCl(PPh3)3 in
toluene, however, gave a mixture of 2a and 3a along with a
small amount of the 1,3-diboration product, catABN-
(Ph)CH(Ph)CH2BcatA 4a, derived from an unprecedented
catalysed hydroboration of enamine 2a. Remarkably, reactions
carried out in CDCl3 gave predominantly hydroborated keti-
mine 3a, while those in THF afforded predominantly 4a and the
1,1,3-triboration product, catABN(Ph)CH(Ph)CH(BcatA)2 5a in a
3 : 1 ratio.‡ The 4a : 5a ratio determined by 1H NMR was
confirmed by hydrolysis, which gives elimination products
styrene and E-vinylboronate ester,1a respectively.16

Several reactivity trends were observed in the catalysed
hydroborations of substituted ketimines.‡ Reaction of the
electron poor ketimine, (p-CF3C6H4)NNC(CH3)Ph 1b, with
HBcatA in THF gave more rapid conversion (cf. 1a) of the
intermediate enamine and afforded analogous multiply borated
amines 4b and 5b in a 5 : 1 ratio. The sterically hindered,
electron-rich ketimine, (o-MeOC6H4)NNC(CH3)Ph 1c, on the
other hand, gave primarily enamine 2c and amine 3c. Deoxy-
benzoin-derived imine, (p-MeOC6H4)NNC(CH2Ph)Ph 1d, gave
both E- and Z-enamines and only one isomer was hydroborated
to a single diastereomer of the 1,3 diboration product 4d. Steric
hindrance also precludes formation of the triborated product and
gives rise to Rh-mediated HBcatA degradation leading to minorScheme 1
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amounts of aminoborane side-products derived from ‘BH3’
addition.11a Propiophenone-derived imine, (p-CF3C6H4)-
NNC(CH2CH3)Ph 1e, is readily converted to isomeric N-
borylenamines, but subsequent catalysed hydroboration is
accompanied by significant HBcatA degradation.

We propose that formation of the multiply borated products is
due to competitive insertion of enamine 2 into M–H and M–B
bonds to give 4 and N,C-diborylenamine 6; the latter is
subsequently hydroborated to 5 (Scheme 2). The enamine
hydroboration/boration ratio depends on the substrate, solvent,
and catalyst, and further catalyst development is ongoing.

In summary, we have shown that metal-catalysed diboration
of ketimines affords N-borylenamines and that catalysed
hydroboration of these products gives multiply borated amines
proposed to result from competing enamine insertion into M–H
vs. M–B bonds. The first examples of metal-catalysed enamine
hydroboration reported herein afford boronate esters which may
subsequently be used as substrates to prepare novel function-
alized amines. This work is currently in progress.

R. T. B. thanks the Science and Technology Based programs
at Los Alamos and S. A. W. thanks the Natural Sciences and
Engineering Research Council of Canada.
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The reaction of the gold(III) cyclometallated complexes
[Au(L)Cl][BF4] [L = N2C10H7(CHMeC6H4)-6 1 or
N2C10H7(CMe2C6H4)-6 2, where N2C10H8 = 2,2A-bipy] with
AgBF4 in acetone solution affords the acetonyl derivatives
[Au(L){CH2C(O)Me}][BF4], 3 and 4, and the dinuclear oxo-
bridged complexes [Au2(L)2(m-O)][BF4]2, 5 and 6; the crystal
structure of complex 6 gives evidence for an unprecedented
unsupported Au–O–Au bridge.

Oxo-bridged units are an important structural feature in the
chemistry of early transition metals.1 These units are also
present in the active sites of a number of biological systems such
as metalloproteins and metalloenzymes where the m-oxo
bridged moieties are responsible for a wide range of reactions.
For this reason the study of synthetic models for these functions
has been well developed.2 In contrast, the chemistry of Group
9–11 late transition metal oxo-complexes has been less
investigated3 despite indications that such complexes may be
intermediates in several important catalytic processes.

In a recent paper4 we have reported the syntheses and
characterization of a series of stable gold(iii) bis oxo-bridged
compelxes with 6-alkyl-2,2A-bipyridines. The crystal structures
of trans-[Au2{N2C10H7(CH2CMe3)-6}2(m-O)2][PF6]2 and cis-
[Au2{N2C10H7(CHMe2)-6}2(m-O)2][AuCl4][PF6], the first
gold(iii) oxo-complexes, gave evidence for an Au2(m-O)2 core.
The reactivity of these species is currently under investiga-
tion.

In a preliminary study of the reactivity of a series of gold(iii)
C,N,N cyclometallated derivatives [Au(L)Cl][BF4]5 (HL = 6-
benzyl- and 6-alkyl-2,2A-bipyridines) we have found that in the
presence of AgBF4 these species can activate acetone to give the
corresponding acetonyl derivatives [Au(L){CH2C(O)-
Me}][BF4], similar to those described by Vicente et al. for C,N
cycloaurated complexes and reported to be efficient starting
materials for the synthesis of ketones via C–C coupling.6 Now
we report that from the reaction of [Au(L)Cl][BF4]
[L = N2C10H7(CHMeC6H4)-6 1 or N2C10H7(CMe2C6H4)-6 2]
with AgBF4 in acetone at room temperature, besides the
acetonyl derivatives [Au(L){CH2C(O)Me}][BF4], 3† and 4,
dinuclear oxo-bridged complexes [Au2(L)2(m-O)][BF4]2, 5 and
6, are formed.‡

To the best of our knowledge, the latter compounds are the
first examples of gold(iii) oxo-bridged cyclometallated deriva-
tives. The oxo species are likely to result from aqua complexes
[Au(L)(H2O)]2+ due to adventitious water. Deprotonation of the
most acidic coordinated water molecule should give mono-
nuclear hydroxo intermediates [Au(L)OH]+. An ‘oxolation’
reaction involving an hydroxo intermediate could give the oxo-
bridged species as proposed, e.g. in the case of iron(iii) oxo
complexes.1

In the IR spectra a strong absorption at ca. 780 cm21 is
assigned to the asymmetric stretch of the Au–O–Au moiety by
comparison with bent oxo-bridged complexes of other metals.7
In the FAB mass spectra (positive ions) of compounds 5 and 6

peaks of medium intensity are observed at mass values that
correspond to ([M + BF4]+); in addition, peaks corresponding to
the species [Au(L)OH]+ are found in both cases. In the 1H NMR
spectrum of complex 5 [(CD3)2CO or CD2Cl2, room tem-
perature] two sets of signals are observed, as expected due to the
presence of diastereomers. In the spectrum of complex 6
(CD3CN, room temp.) one set of signals is observed, never-
theless a broad signal (at d 1.4) for the methyl substituents
indicates that either rotation about the Au–O bonds or inversion
of the six-membered cyclometallated ring are somewhat slowed
down. In fact, two well separated singlets at d 0.85 and 1.88
appear at 240 °C.

The crystal structure of [Au2{N2C10H7(CMe2C6H4)-6}2(m-
O)][BF4]2·MeCN 6·MeCN, has been determined by single
crystal X-ray diffraction.§ It consists of the packing of
[Au2(L)2(m-O)]2+ cations, BF4

2 anions and MeCN molecules in
the molar ratio 1 : 2 : 1 with normal van der Waals contacts. A
perspective view of the complex dication is shown in Fig. 1 with
selected interatomic distances and angles in the caption. The
cation displays an idealized C2 symmetry, with the twofold axis
passing through the oxygen atom and the midpoint of the
Au(1)···Au(2) vector. The environments of the two gold atoms
are very similar to each other; in particular, corresponding bond
lengths involving Au(1) and Au(2) are all coincident within
three esds. The two gold atoms are in distorted square-planar
coordinations, with Au, O, N and N atoms essentially coplanar
[maximum deviations from the respective best planes being
+0.009(5) for O and 20.016(1) for Au(1), and +0.004(5) for O
and 20.008(1) Å for Au(2)], with C(15) and C(35) lying

Scheme 1: 1, 3 and 5: R = H, RA = Me; 2, 4 and 6: R = RA = Me.
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0.487(6) and 0.403(6) Å above these planes. The dihedral angle
between these best planes is 58.0(1)°. The distortion is very
similar to that found in the cation of complex 25 where atom
C(15) is displaced 0.417(6) Å out of the best plane of atoms Au,
Cl(1), N(1) and N(2). The present Au(1)–O and Au(2)–O bond
lengths, 1.971(5) and 1.956(5) Å, can be compared with the Au–
O, 1.976(3), and Au–OA, 1.961(3) Å, distances found in trans-
[Au2{N2C10H7(CH2CMe3)-6}2(m-O)2]2+,4 The Au–N and Au–
C bond lengths are very similar to the corresponding distances
found in 2, i.e. Au–N(1) 2.121(5), Au–N(2) 2.009(4), and Au–
C(15) 2.009(6) Å. As previously observed in 2, in the present
cation the six-membered metallacycles are in boat conforma-
tions, and one of the hydrogen atoms of the Me groups in
pseudo-axial position is rather close to the respective gold atom:
Au(1)···H(131) 2.70 and Au(2)···H(331) also 2.70 Å; the
corresponding Au···H separation in 2 is 2.62 Å. The Au(1)–O–
Au(2) angle is 121.3(2)° and the distance Au(1)···Au(2)
3.422(1) Å, a distance too long to be considered bonding
although slightly shorter than the sum of the estimated van der
Waals radii (3.60 Å).8

We thank the MURST (40%) and CNR for financial
support.

Notes and references
† Complex 3 has been described in ref. 5. It was obtained from the reaction
of complex 1 with AgBF4 in refluxing acetone; under these conditions
complex 5 was not isolated.
‡ Reactions of compounds 1 and 2 with AgBF4: to a solution of 1 (0.289 g,
0.5 mmol) in acetone (20 cm3) was added a solution of AgBF4 (0.097 g, 0.5
mmol) in acetone (10 cm3): a precipitate of AgCl was formed immediately.
The resulting mixture was stirred for 24 h at room temperature and then
filtered off. The solution was evaporated to dryness and the residue was
extracted with CHCl3 (3 3 10 cm3). The filtered chloroform solution was
concentrated to small volume and diethyl ether was added to give a whitish
precipitate of compound 3 (0.120 g). The residue insoluble in CHCl3 was
dissolved in CH2Cl2, filtered and concentrated to small volume. Addition of
diethyl ether gave a white precipitate of compound 5 (0.080 g).

Compounds 4 and 6 were obtained similarly from 2 (0.222 g, 0.37 mmol).
Complex 4 was recrystallized from acetone–diethyl ether to give the

analytical sample (0.091 g). At variance with complex 5, complex 6 is
insoluble in acetone so it was abstracted with MeCN from the insoluble
product containing AgCl, the filtered solution was concentrated to small
volume and diethyl ether added to give a white precipitate of 6 (0.098 g).
§ Crystal data for 6·MeCN: C40H37Au2B2F8N5O, M = 1171.3, monoclinic,
space group Cc (no. 9) (after refinement), a = 12.744(2), b = 22.309(3),
c = 14.062(1) Å, b = 96.72(1)°, U = 3970.4(9) Å3, Z = 4, Dc = 1.959
g cm23, m = 74.4 cm21, F(000) = 2240. Reflections measured 23 557,
independent (Friedel pairs not merged) 9339 with Rint = 0.033. Empirical
absorption correction, SADABS (Tmax = 1.00, Tmin = 0.66). Final R2 (F2,
all reflections) = 0.044, R2w = 0.062, conventional R1 = 0.032 for 506
parameters. For the inverted structure, final R2 = 0.047, R2w = 0.071.
Siemens SMART CCD area-detector, Mo-Ka radiation (l = 0.710 73 Å),
w scan mode, qmin = 3°, qmax = 26°. Structure solved by Patterson and
Fourier methods and refined by full-matrix least squares with anisotropic
thermal parameters for cation and anions. Cation hydrogen atoms placed in
calculated positions, acetonitrile hydrogen atoms ignored. Program used
was Personal SDP on a PC-486 computer. An attempt to refine the structure
in space group C2/c was unsuccessful (many thermal parameters of cation
atoms were non-positive, heavy disorder was introduced for anions and
MeCN with occupancy factors of 0.5, final R1 was 0.12). CCDC
182/1029.
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Fig. 1 Perspective view of the complex dication in 6·MeCN. Selected
interatomic distances (Å) and angles (°): Au(1)–O 1.971(5), Au(1)–N(1)
2.103(5), Au(1)–N(2) 2.029(5), Au(1)–C(15) 2.009(6), Au(2)–O 1.956(5),
Au(2)–N(3) 2.096(5), Au(2)–N(4) 2.040(5), Au(2)–C(35) 2.009(6),
Au(1)···Au(2) 3.422(1), Au(1)–O–Au(2) 121.3(2), O–Au(1)–N(1) 91.9(2),
O–Au(1)–N(2) 172.7(2), O–Au(1)–C(15) 94.6(2), N(1)–Au(1)–N(2)
80.9(2), N(1)–Au(1)–C(15) 165.4(2), N(2)–Au(1)–C(15) 92.8(2), O–
Au(2)–N(3) 90.5(2), O–Au(2)–N(4) 170.7(2), O–Au(2)–C(35) 96.8(2),
N(3)–Au(2)–N(4) 80.3(2), N(3)–Au(2)–C(35) 165.9(2), N(4)–Au(2)–C(35)
92.1(2).
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Hexagonal mesoporous silica-supported molybdenum oxide
exhibits much higher catalytic activity for the metathesis of
oct-1-ene in the liquid phase, compared with MoO3 on
normal porous silica and MoO3 on g-alumina.

The application of mesoporous materials for various catalysts in
organic reactions has been intensively investigated since a
Japanese research group1 and researchers at Mobil Oil2
independently discovered mesoporous molecular sieves such as
FSM-16 and MCM-41 with uniform pore openings in the range
2.0–10.0 nm as well as a tunnel pore structure. For example,
acidic FSM-16 containing Al2O3 is an effective and recyclable
solid acid promoter for meso-tetraarylporphyrin synthesis from
the corresponding aromatic aldehydes and pyrrole.3 It has also
been shown that titanocene-derived MCM-41 shows high
efficiency in the epoxidation of cyclohexene and more bulky
cyclic olefins,4 while rac-ethenebis(indenyl)zirconium dichlo-
ride-grafted MCM-41 provides highly isotactic polypropenes
with a unique spherulite morphology.5

Supported molybdenum oxides have received much attention
as solid metathesis catalysts because they can be practically
used in industrial petrochemical processes such as the Shell
higher olefin process for producing detergent-range olefins.6
Their surface properties and catalytic activity are critically
influenced by the oxide support, the surface molybdenum oxide
content, the activation conditions, and the oxidation state of the
molybdenum species. Supported molybdenum catalysts have
generally been prepared in the following ways: (i) by impregna-
tion of the support with molybdate solution;7 (ii) by treatment of
the support with Mo(CO)6;8 and (iii) by reaction of the support
with p-allylmolybdenum compounds.9

This paper focuses on hexagonal mesoporous silica (HMS) in
terms of developing a new silica support for molybdenum-based
olefin metathesis catalysts, and demonstrates that HMS impreg-
nated with molybdenum oxide (MoO3/HMS) is an efficient
catalyst for oct-1-ene metathesis [eqn. (1)].

HMS was first prepared from tetraethylorthosilicate (TEOS)
and primary amine as a templating agent.10 The preparation of
HMS has several advantages over that of MCM-41: (i) the use
of more commercially available primary alkylamines as
templating agents in place of expensive alkyltrimethylammon-
ium halides; (ii) the applicability of shorter alkylamines as
templating agents; and (iii) easier procedures for sol–gel
processing than those for hydrothermal preparations for MCM-
41. In work, three HMSs were synthesized by the use of three
alkylamines with different alkyl chain lengths (C8, C12, C16).†
HMS(Cn) shall hereafter stand for the HMS obtained using Cn-
alkylamine.

MoO3-supporting catalysts were prepared by impregnation of
the HMSs with molybdate solution.‡ The HMS(Cn) supports
and MoO3/HMS catalysts were characterized using powder X-
ray diffraction and N2 adsorption. As shown in Table 1, all

MoO3/HMS samples exhibited a single diffraction peak corre-
sponding to a d100 spacing of > 3.0 nm,10 and high BET surface
areas of > 800 m2 g21, proving that the MoO3/HMSs were
mainly composed of mesopores. No diffraction peaks intrinsic
to MoO3 crystallites were observed, indicating that MoO3 was
finely dispersed on the interior surface of mesoporous HMS.

As a control, MoO3 was supported on commercially available
silica, CARIACT Q-3 (Fuji Silysia Chemical), which has a
narrow mesopore-size distribution centered at 3 nm, a specific
surface area of 619 m2 g21, a pore volume of 0.45 ml g21, and
75–500 mm particle sizes. The 3.5 and 7 wt% MoO3/SiO2 were
applied to the metathesis of oct-1-ene in a similar way to MoO3/
HMS.

By the use of 7 wt% MoO3/SiO2 (0.15 g) and 3.5 wt% MoO3/
SiO2 (0.3 g), the metathesis products were scarcely obtained at
323 K, as shown in Fig. 1. Surprisingly, MoO3-supporting HMS
catalysts could induce metathesis of oct-1-ene.§ The catalytic
activity is critically dependent on the kind of alkylamine which
functioned as templating agent in the formation of HMSs. In
particular, MoO3-supporting HMS(C8) prepared with the aid of
octylamine had the highest activity. At the early stage of the
metathesis, 7 wt% MoO3/HMS(C12) and 7 wt% MoO3/
HMS(C16) converted oct-1-ene more rapidly than 7 wt%
MoO3/HMS(C8). However, after this stage on 7 wt% MoO3/
HMS(C12) and 7 wt% MoO3/HMS(C16), the conversion

Table 1 Structural properties of HMS, MoO3/HMS, and MoO3/SiO2

Mesoporous silica or
Mo-supported catalyst

d100

Spacing/nm

Surface
area/m2

g21

HMS(C8) 3.0 1350
7 wt% MoO3/HMS(C8) 3.0 854
HMS(C12) 3.5 1450
7 wt% MoO3/HMS(C12) 3.4 1060
HMS(C16) 4.0 1230
7 wt% MoO3/HMS(C16) 3.5 844
SiO2

a — 619
7 wt% MoO3/SiO2

a — 514
3.5 wt% MoO3/SiO2

a — 563
a CARIACT Q-3.

Fig. 1 Metathesis of oct-1-ene on MoO3/mesoporous silica: - 7 wt%
MoO3/HMS(C8). 5 7 wt % MoO3/HMS(C12), / 7 wt% MoO3/
HMS(C16), ~ 7 wt% MoO3/SiO2 (CARIACT Q-3), ! 3.5 wt% MoO3/
SiO2 (CARIACT Q-3).
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reached the highest limit owing to the deactivation of the
catalysts, and the yield of tetradec-7-ene and the selectivity to
tetradec-7-ene decreased [7 wt% MoO3/HMS(C12), yield: 23%
(at 4 h), 17% (at 16 h), selectivity: 75% (at 4 h), 55% (at 16 h);
7 wt% MoO3/HMS(C16), yield: 29% (at 4 h), 19% (at 16 h),
selectivity: 81% (at 4 h), 52% (at 16 h)] due to the fact that the
olefinic products gradually decomposed when in contact with
the catalysts. In contrast, on 7 wt% MoO3/HMS(C8), the yield
of tetradec-7-ene steadily increased from 14% (at 4 h) to 44%
(at 16 h) while maintaining high tetradec-7-ene selectivity [74%
(4 h), 77% (at 16 h)], indicating that the metathesis product,
tetradec-7-ene,¶ did not undergo further metathesis, polymeri-
zation, isomerization, or degradation on the catalyst. In this
case, the products other than tetradec-7-ene are mainly highly
polymerized products from oct-1-ene.

The SEMs in Fig. 2 of HMS(C8) and HMS(C12) indicate that
HMS(C8) is made up of small silica particles of < 50 nm in
diameter, while HMS(C12) is spherical silica of 200–700 nm.
The shape and size of HMS(C16) (not shown in Fig. 2) are
almost the same as those of HMS(C12). Based on the powder X-
ray and SEM analysis, HMS(8) has not only smaller pore
diameter, but also shorter pore length than HMS(12) and
HMS(16). Therefore, it is supposed that at the initial stage of the
metathesis (in Fig. 1), MoO3/HMS(12) and MoO3/HMS(16)
showed higher conversions of oct-1-ene owing to easier passage
of the olefin in the wider pores, but MoO3/HMS(8) was
suffering from less deactivation of the Mo sites or less blockage
of the pores by polymeric side-products owing to the shorter
channel structure, leading to retention of the high yield and high
selectivity of the metathesis product.

There are also distinct differences in the catalytic activities on
olefin metathesis between MoO3-supporting HMS and normal
silica. Although the reasons why the MoO3/HMS shows much
higher catalytic performance have yet to be elucidated, it is
likely that silica with hexagonal channel-type pores is adequate
for fixing finely dispersed molybdenum oxides and for
stabilizing the molybdenum species in the oxidation state which
is essential to the metathesis catalysis. Disordered normal silica
could not play such a role.

Silica-supported molybdenum catalysts are normally acti-
vated by cocatalysts such as tetraalkyltin11 or by photoreduc-
tion.12 Neither the presence of such volatile and poisonous
cocatalysts nor the photoactivation process is necessary for the
MoO3/HMS system to show high catalytic performance.

MoO3/HMS(C8) was also compared not only with traditional
Al2O3-supported13 molybdenum catalyst (MoO3/Al2O3)14 but
also with MoO3/Al2O3 modified with CoO14 or K2O15 in the
metathesis of oct-1-ene at 323 K.16 In the light of the yield of
tetradec-7-ene as well as the selectivity to tetradec-7-ene, 7 wt%
MoO3/HMS(C8) is much superior to 7 wt% MoO3/Al2O3
[yield: 3.8% (at 4 h), 12.5% (at 16 h), selectivity: 35% (at 4 h),
35% (at 16 h)], 7 wt% MoO3/2 wt% CoO/Al2O3 [yield: 4.9% (at
3 h), 3.4% (at 16 h), selectivity: 52% (at 3 h), 27% (at 16 h)], and
7 wt% MoO3/0.3 wt% K2O/Al2O3 [yield: 3.6% (at 3 h), 4.5% (at
16 h), selectivity: 51% (at 3 h), 51% (at 16 h)].

In conclusion, MoO3-supporting hexagonal mesoporous
silica which was prepared in the sol–gel reaction directed by
relatively short alkylamine shows remarkable catalysis in oct-

1-ene metathesis in the liquid phase under mild conditions. The
interior properties of hexagonal mesoporous silica are quite
different from those of normal porous silica and g-alumina,
hence HMSs can be expected to work as effective, new supports
for heterogeneous metal-catalyzed reactions.

Notes and references
† Under vigorous stirring, TEOS (100 mmol) was added to a mixture of
ethanol (650 mmol), deionized water (3000 mmol) and n-octylamine (25
mmol). The resulting mixture was aged by stirring for 48 h at room
temperature. Then, the resulting gel was filtered, washed with ethanol, dried
in vacuo at 393 K, and calcined at 873 K for 4 h in dry air. When n-
dodecylamine and n-hexadecylamine were used as templating agents, the
molar compositions of TEOS : amine : EtOH : H2O were 1.0 : 0.25 : 8.5 :
28.4 and 1.0 : 0.3 : 14 : 23, respectively.
‡ A representative preparation procedure for the 7 wt% MoO3/HMS catalyst
is given: HMS (1.0 g) was kept in contact with saturated steam in a
desiccator for 12 h. To the wet HMS was added an aqueous solution (5 ml)
of (NH4)6Mo7O24·4H2O (0.0923 g). The mixture was stirred gently for 10
min, and dried to almost complete dryness at room temperature under a
stream of dry N2. Five ml of deionized water was added to the supported
HMS. The mixture was stirred for 10 min, and exposed again to a N2 stream
reaching almost complete dryness. Then, the catalyst was dried further at
393 K for 2 h under reduced pressure of 1 mmHg.
§ A representative metathesis reaction was performed as follows: the MoO3/
HMS catalyst (0.15 g), which had been predried at 873 K for 2 h in dry air,
was weighed and placed in a 20 ml round-bottomed Pyrex flask. The Mo
catalyst contained in the flask was again treated at 773 K under reduced
pressure of 0.6 mmHg in a tubular electric furnace. After cooling, to the
catalyst was added oct-1-ene (3.5 mmol) in dry n-heptane (5 ml), and the
mixture was stirred at 323 K under a dry N2 stream. After a specified time,
the solid catalyst was filtered off, and the organic products were collected
and analyzed by GC using an internal standard of n-decane. Tetradec-7-ene
was isolated from the organic products through distillation on a Kugelrohr
apparatus at 373 K bath temperature under 3 mmHg.
¶ When the distilled products from the metathesis of oct-1-ene on 7 wt%
MoO3/HMS(C8) were oxidatively cleaved upon treatment with RuCl3 and
NaIO4, no aldehydes other than heptanal were detected. This result indicates
that during the metathesis, no isomerization of the CNC bonds in the olefinic
substrates or products took place.
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Fig. 2 SEM micrographs of (a) HMS(C8) and (b) HMS(C12) (scale: 30 mm
= 1.5 mm).
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The compound [Hg(o-C6H4PPh2)2] behaves as a trans-
spanning bidentate ditertiary phosphine in its PdCl2 com-
plex, the two metal atoms being forced into close contact; the
palladium(0) complex [Pd{(o-Ph2PC6H4)2Hg}2] undergoes
reductive elimination on heating with formation of the
coupled product o-Ph2PC6H4C6H4PPh2-o.

The formation of transition metal complexes containing the
four-membered ring M(o-C6H4PPh2) by ortho-metallation (C-
H activation) of coordinated triphenylphosphine is well estab-
lished.1 In some cases dinuclear or polynuclear species
containing bridging o-C6H4PPh2

2–5 or o-C6H4P(Ph)-
CH2CH2PPh2

6,7 units can be generated from coordinated PPh3
or Ph2PCH2CH2PPh2, respectively. Lahuerta et al. have
reported that the carbon–halogen bonds of o-Ph2PC6H4X (X =
Cl, Br) can undergo oxidative addition to rhodium(I)8 and
palladium(0)9 to give o-C6H4PPh2 complexes of rhodium(III)
and palladium(II), and we have shown that trans-metallation of
o-Ph2PC6H4Li provides access to o-C6H4PPh2 complexes of
platinum10 and gold.11

Aryl groups are readily transferred from mercury(II) to both
divalent and zerovalent palladium and platinum;12–14 reactions
of this type have been used in the synthesis of cyclometallated
N- and O-donor complexes.15 We wondered if the method could
be extended to o-C6H4PPh2 complexes and report here some
preliminary results.

The required bis(aryl)mercury(II), [Hg(o-C6H4PPh2)2] 1, is
obtained as a colourless solid in 75% yield from the reaction of
o-Ph2PC6H4Li with HgCl2 in a 2 : 1 molar ratio (Scheme 1).†
Use of a 1 : 1 molar ratio gives mainly a poorly soluble,
probably polymeric solid [HgCl(o-C6H4PPh2)]n 2, which
disproportionates on heating with aqueous–ethanolic KCN to
give 1.

The small magnitude of 3J(HgP) observed in the 31P and
199Hg NMR spectra of compound 1‡ indicates that the
phosphorus atoms are probably not coordinated; they readily
add oxygen, sulfur and BH3 to give the corresponding dioxide
3, disulfide 4, and bis(borane) adduct 5 (Scheme 1), and react
with mercuric halides to form dinuclear complexes [HgX2{(o-
Ph2PC6H4)2Hg}] (X = Cl 6a, Br 6b) (Scheme 2).†‡ Compound
6a is more soluble in organic solvents than its isomer 2.

Coordination via phosphorus also takes precedence over aryl
group transfer in the reactions of compound 1 with transition

metal complexes. Thus, from [PtCl2(cod)] or [PtR2(m-SEt2)]2
(R = Me, Ph) colourless platinum(II) complexes of general
formula [PtR2{(o-Ph2PC6H4)2Hg}] (R = Cl 7, Me 8, Ph 9) are
obtained, whose Pt–P coupling constants (3624, 1802 and 1592
Hz, respectively) indicate that 1 behaves as a cis-bidentate
ligand. Complexes 8 and 9 also show well-resolved 195Pt–199Hg
coupling in their 199Hg NMR spectra.‡ In contrast, a single-
crystal X-ray diffraction study§ of the yellow complex
[PdCl2{(o-Ph2PC6H4)2Hg}] 10 isolated as a CH2Cl2 solvate
from compound 1 and [PdCl2(SEt2)2] shows the PdCl2 unit to be
coordinated in an only slightly distorted planar array by
mutually trans-phosphorus atoms (Fig. 1). The coordination
geometry about mercury is close to linear and the Pd–P, Pd–Cl
and Hg–C distances are normal, but the atomic arrangement
imposes a close contact between the metal centres, their
separation [2.8797(8) Å] being only slightly greater than the
sum of the covalent radii of Pd and Hg (2.77 Å). Similar
distances have been reported in platinum(II) complexes that are
believed to contain a PtII?HgII donor interaction,16 e.g.
[Pt{CH2C6H4P(o-MeC6H4)2}(S2CNMe)HgI(m-I)]2 [2.768(1)
Å].17 In its geometrical features ligand 1 resembles ferrocene-
1,1A-diylbis(diphenylphosphine), Fe(h5-C5H4PPh2)2 11, which
behaves as a trans-spanning ligand in the complex
[Pd(PPh3){(h5-C5H4PPh2)2Fe}](BF4)2.18 In contrast to 1, how-
ever, 11 adopts a cis-bidentate mode in its PdCl2 complex.19

The initially formed P-donor complexes of ligand 1 can
behave as precursors either for coupling or transfer of o-
C6H4PPh2 groups. For example, reaction of [Pd(dba)2] with 1 in
a 1 : 2 molar ratio gives an orange, crystalline, trimetallic
palladium(0)–mercury(II) complex [Pd{(o-Ph2PC6H4)2Hg}2]
12, whose precise structure as a solid and in solution remains to

Scheme 1 Reagents: i, HgCl2 (0.5 equiv); ii, H2O2; iii, S; iv, BH3SMe2.

Scheme 2 Reagents (1 : 1 ratio in all cases): i, HgX2 (X = Cl, Br); ii,
[PtX2L2] (X = Cl, L2 = cod; X = Me, Ph, L = SEt2); iii,
[PdCl2(SEt2)2].
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be established. In refluxing toluene, complex 12 eliminates
metallic palladium and mercury, and the coupled product 2,2A-
biphenyldiylbis(diphenylphosphine), o-Ph2PC6H4C6H4PPh2-o
13,11,20 can be isolated in 60% yield. A similar C–C bond
coupling by reductive elimination occurs in the isomerisation of
the digold(II) complexes Au2X2(m-o-C6H4PPh2)2 (X = Cl, Br,
I) and Au2X2(o-Ph2PC6H4C6H4PPh2-o),11 although in this case
the ligand remains in the coordination sphere. Reaction of 1
with trans-[PtHCl(PPri

3)2] in hot toluene gives the monomeric
cycloplatinated complex [PtCl(o-C6H4PPh2)(PPri

3)] 14, again
with elimination of mercury; the presumed P-donor precursor
cannot be detected or isolated.

The coordination chemistry of [Hg(o-C6H4PPh2)2] and
transfer reactions of o-C6H4PPh2 to other transition metals are
being investigated. We thank the Universidad Pública de
Navarra (Spain) for a postdoctoral grant to M. C.

Notes and references
† Data describing full experimental details and analytical data for 12 are
available as electronic supplementary information (http://www.rsc.org/
suppdata/cc/1998/2401).
‡ Selected NMR data for compounds 1–3, 6a, 7–10, 12–14 at 23 °C in
CD2Cl2, except where stated; 31P{1H} NMR spectra at 80.96 MHz,
199Hg{1H} NMR spectra at 89.40 MHz referred to neat [Hg(CH3)2]
(CAUTION: extremely toxic and volatile); coupling constants in Hz;
reported peak multiplicities omit satellites except for the 199Hg resonances
of 8 and 9: 1: dP 0.38 [s,3J(HgP) 212], dHg [470 t, 3J(HgP) 214]. 2: dP

(DMSO) 29.7 [s, 1J(HgP) 4798]. 3: dP 31.7 [s, 3J(HgP) 148], dHg 2750 [t,
3J(HgP) 147]. 6a: dP (DMSO) 30.5 [br s, 1J(HgP) 4835, 3J(HgP) 554]. 7: dP

(DMSO) 15.5 [s, 1J(PtP) 3624, 3J(HgP) 320]. 8: dP 24.6 [s, 1J(PtP) 1802,
3J(HgP) 241], dHg 2418 [7-line m, 3J(HgP) 244, 4J(HgPt) 220]. 9: dP 18.1
[s, 1J(PtP) 1592, 3J(HgP) 264], dHg2400 [7-line m, 3J(HgP) 268, 4J(HgPt)

280]. 10: dP 19.1 [s, 3J(HgP) 260], dHg2619 [t, 3J(HgP) 259]. 12: dP (C6D6)
14.2 (br s). 13: dP 213.0 (s). 14: dP (C6D6) 38.0, 264.8 [ABq, 2J(PP)
425,1J(PtP) 2943, 2064].
§ Crystal data and data collection parameters for 10:
C36H28Cl2HgP2Pd·CH2Cl2, M = 985.39, yellow needle, crystal size 0.32 3
0.12 3 0.06 mm, monoclinic, space group P21/c (no. 14), a = 11.684(1), b
= 25.135(2), c = 12.036(2) Å, b = 93.66(1)°, U = 3527.5(8) Å3, Z = 4,
Dc = 1.855 g cm23, m(Cu-Ka) = 151.77 cm21, F(000) = 1940, analytical
absorption correction; 5399 unique data (2qmax = 120.1°), 4278 with I >
3s(I), R = 0.045, wR = 0.051, GOF = 2.42. CCDC 182/1043.
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Communication 8/06494F

Fig. 1 ORTEP (50%) representation of 10. Important bond lengths (Å) and
angles (°): Pd(1)–Hg(1) 2.8797(8), Pd(1)–Cl(1) 2.308(2), Pd(1)–Cl(2)
2.296(2), Pd(1)–P(1) 2.356(3), Pd(1)–P(2) 2.335(3), Hg(1)–C(1) 2.094(9),
Hg(1)–C(7) 2.096(9), C(1)–Hg(1)–C(7) 177.5(4), P(1)–Pd–P(2) 168.45(9),
Cl(1)–Pd(1)–Cl(2) 176.75(9).
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A novel, symmetrical trinuclear copper(I)–copper(II) com-
plex, bis[bis(triphenylphosphine)copper(I)][bis(thiosali-
cylate)copper(II)], [{Cu(PPh3)2}2{Cu(C7H4O2S)2}], has been
prepared by anodic dissolution of copper into a solution of
triphenylphosphine and thiosalicylic acid in acetonitrile and
characterized by single crystal X-ray structure determina-
tion as its acetonitrile solvate; characterized also is the 1 : 3
copper(I) complex, [tris(triphenylphosphine)(thiosalicylic
acid-S)copper(I)], formed as an intermediate in the electro-
synthesis.

In our ongoing studies on the synthesis, structural and
spectroscopic characterization of the adducts of triphenylphos-
phine with copper(i) carboxylates, [Cu(PPh3)n(O2CR)],1,2 we
have been investigating the feasibility of preparing the com-
pounds by anodic dissolution of copper into an acetonitrile
solution of RCO2H and PPh3 with concomitant reduction of the
acidic protons to hydrogen gas at a platinum cathode
[eqn. (1)].

Cu + nPPh3 + RCO2H  ? [Cu(PPh3)n(O2CR)] + 1/2H2 (1)

As part of this work, we recently turned our attention to the
reaction with thiosalicylic acid in order to ascertain the effects
on the products obtained due to the presence of the thiol group
ortho to the carboxylic acid. Initial electrolysis† resulted in the
deposition of colourless crystalline material which was shown
by X-ray structure determination‡ to be the acetonitrile solvated
[tris(triphenylphosphine)(thiosalicylic acid-S)copper(i)] com-
plex [Cu(PPh3)3(C7H5O2S)]·MeCN 1 with a four-coordinate
distorted tetrahedral CuP3S copper coordination sphere (Fig. 1).

In this complex the carboxylic acid proton forms a strong
internal hydrogen bond (O–H…S 1.91 Å) between the oxygen
and sulfur atoms. This result is reflected in the IR spectrum of
the complex which shows a broad absorption band centred at
2540 cm21 and ascribed to the hydrogen-bonded O–H stretch-
ing vibration, together with a moderately strong carbonyl
vibration at 1703 cm21. Continued electrolysis resulted in
change in colour of the solution from pale yellow to pale green
and then to a darker green during which time crystals of 1
redissolved and new deep green–black crystals slowly formed
in their place. The broad absorption band at 2540 cm21 was
absent from the IR spectrum of this compound and the band at
1703 cm21 was replaced by two bands at 1620 and 1434 cm21

assignable to asymmetric and symmetric carboxylate stretching
vibrations with the difference in wavenumbers indicative of
unidentate coordination.3 This complex was shown by X-ray
structure determination to be the acetonitrile solvate of a
trinuclear copper(i)–copper(ii) complex, bis[bis(triphenyl-
phosphine)copper(i)] [bis(thiosalicylate-O, S)copper(ii)] [{Cu-
(PPh3)2}2{Cu(C7H4O2S)2}]·MeCN 2. Here we report a descrip-
tion of the structural characteristics of this unusual and
interesting compound.

The structure determination shows 2 to crystallize as discrete
neutral molecules with one acetonitrile molecule of solvation.
Views of the molecule in Figs. 2(a) and 2(b) reveal a
symmetrical cylindrical topology built about a central axis
defined by the three copper atoms with approximately D∞h
local symmetry. The stoichiometry of the molecule and the
coordination geometries about the coppers are consistent with
oxidation states of +2 for the central and +1 for the two
peripheral coppers. The phenyl groups on the triphenylphos-
phine and thiosalicylate ligands form a hydrophobic surface to
the molecule which encapsulates the P2CuO2CuS2CuP2 core.
The respective CuP2, CuO2, CuS2 and CuP2 planes spiral
around the central copper axis with dihedral angles that appear
to be determined primarily by C–H…p interactions between the
phenyl groups [Fig. 2(b)]. The dianionic thiosalicylate ligands
coordinate to the central copper(ii) atom as bidentate ligands to
give a cis S2O2 distorted square planar coordination sphere
(Fig. 3). The S–Cu–S, O–Cu–O and cis S–Cu–O angles range
from 86.2(3) to 99.7(1)° while the trans S–Cu–O angles are
148.1(2) and 149.0(2)°. The sulfur and oxygen atoms also
function as bridging ligands between the copper(ii) and
copper(i) sites with the Cu(ii)–S and Cu(ii)–O bonds both ca.
0.2 Å shorter than the Cu(i)–S and Cu(i)–O bonds. The PPh3
ligands coordinated to the copper(i) sites each adopt a distorted
three-bladed propellor type conformation of the same chirality
with each pair of ligands eclipsed with respect to each other and
related by an approximate twofold rotation axis bisecting the P–
Cu–P angle. We have shown previously that the transition from
oxygen donor atoms in [Cu(PPh3)2(O2CPh)] to sulfur donor
atoms in the isomorphous [Cu(PPh3)2(S2CPh)] complex results
in an increase in the Cu–P distances and a decrease in the P–Cu–
P angle, these variations being justified on the grounds of the
greater covalency of Cu–S bonds compared to Cu–O bonds.2
No such trends in the Cu–P bond lengths are apparent for the

Fig. 1 View of the molecular structure of 1. Copper coordination sphere:
Cu–S 2.369(1), Cu–P(n) 2.367(2), 2.345(2), 2.362(2) Å; S–Cu–P(n)
110.71(7), 96.06(5), 108.94(8)°, P(n)–Cu–P(n + 1) 109.68(6), 112.02(6),
117.37(5)°. Carboxylate: C–O(n) 1.34(1), 1.197(8) Å.
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present molecule while the P–Cu–P angle of 125.0(1)° for the
P2CuS2 site is, in fact, greater than the value of 120.4(1)° for the
P2CuO2 site.

Compound 2 is a new and unusual member of an interesting
class of polynuclear adducts between [M(PPh3)2]+ (M = Cu,
Ag) and anionic metal complexes that were prepared over 20
years ago by Coucouvanis and coworkers by the reaction of
[MX(PPh3)2] with salts of dianionic metal dithiolate complexes
(e.g. refs. 4 and 5). The electrochemical synthesis used in the
present study provides a new, uncomplicated approach to the
preparation of this type of complex with the advantage that prior

synthesis of the parent dianionic copper(ii) complex is not
required. In addition, the formation of crystalline products from
the reaction mixtures is favoured by the very slow rate of
dissolution of the metal as a result of the inherently low
concentration of ionic species in the solution.

Notes and references
† Experimental details: electrosynthesis. A copper anode and platinum coil
cathode were inserted into a solution of 0.154 g (0.001 mol) of thiosalicylic
acid (TSA) and 1.05 g (0.004 mol) of triphenylphosphine in 80 ml
acetonitrile. Potentiostatic oxidation of the copper anode at 5 V resulted in
the colourless solution initially turning a pale and then deeper shade of
yellow. After 6–7 h compound 1 crystallized from the solution as large
colourless blocky crystals (yield 0.6 g). After electrolysis for ca. 15 h, the
solution changed to pale green and then to a darker green. During this time
some of the crystals of 1 re-dissolved and deep green–black crystalline
material (2) slowly formed (yield 0.2 g). Repetition of the experiment with
PPh3 to TSA mole ratios ranging from 2 : 1 to 5 : 1 resulted in the synthesis
proceeding as above with only variations in the amount of 1 isolated.

Microanalysis: 1. Found: C, 72.4; H, 5.1; N, 1.3. C63H53CuNO2P3S
requires C, 72.4; H, 5.1; N, 1.3%. 2. Found: C, 66.8; H, 4.4; N, 0.5.
C88H71Cu3O4NP4S2 requires C, 66.7; H, 4.5; N, 0.9 %.
‡ Crystal data: C63H53CuNO2P3S, 1: M = 1044.6, triclinic, space group P1̄
(C2

2 no. 2), a = 13.11(1), b = 19.41(3), c = 12.72(1) Å, a = 97.9(1), b =
115.87(5), g = 104.1(1)°, U = 2713 Å3, Z = 2, m (Mo-Ka) = 5.74 cm21,
T = 295 K, N = 9576, No [I > 3s(I)] = 5006; R = 0.044, Rw = 0.054.

C88H71Cu3O4NP4S2 2: M = 1585.2, triclinic, space group P1̄, a =
13.017(2), b = 13.642(1), c = 22.475(2) Å, a = 97.915(8), b =
101.929(9), g = 100.666(4)°, U = 3772 Å3, Z = 2, m(Mo-Ka) = 10.3
cm21, T = 295 K, N = 13257, No [I > 3s(I)] = 5904; R = 0.061, Rw =
0.045.
§ We thank Karl Byriel, University of Queensland, for collection of the X-
ray data set for compound 2.
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Fig. 2 View of the molecular structure of 2 (a) along and (b) down the
Cu…Cu…Cu axis. Copper (ii) coordination sphere: Cu(1)–O(n1) 1.97(1),
1.94(1) Å, Cu(1)–S(n) 2.196(3), 2.208(3) Å, S(1)–Cu(1)–S(2) 99.7(1)°,
O(11)–Cu–O(21) 86.2(3)°; S-Cu(1)–O 148.1(2), 149.0(2), 96.4(2) and
93.6(2)°. Copper(i) P2S2 coordination sphere: Cu(2)–P(n) 2.257(3),
2.258(3), Cu(2)–S(n) 2.451(3), 2.396(3) Å; P(1)–Cu(2)–P(2) 125.0(1)°,
S(1)–Cu(2)–S(2) 88.0(1)°. Copper(i) P2O2 coordination sphere: Cu(3)–P(n)
2.254(4), 2.229(3) Å, Cu(3)–O(n1) 2.20(1), 2.18(1) Å, P(3)–Cu(3)–P(4)
120.4(1)°, O(11)–Cu(3)–O(21) 75.1(2)°. Cu3 geometry: Cu(1)…Cu(2),
3.159(2), Cu(1)…Cu(3), 3.160(2) Å, Cu(1)–Cu(2)–Cu(3), 178.90(6)°.

Fig. 3 View of the coordination sphere about the copper(II) atom.
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The preparation of allylic zinc reagents using the fragmenta-
tion of sterically hindered tertiary homoallylic alcohols is
described

The development and use of allylic organometallic reagents in
synthesis has been an underlying theme of modern organic
synthesis.1,2 Despite the plethora of methods currently available
for the introduction of allylic moieties into complex molecules
several problems remain, most notably that of cross contamina-
tion of the product with the Wurtz coupling adduct. Secondly,
there are the problems associated with generating stoichio-
metric amounts of inorganic salts and thirdly, the functionally
group tolerance of the reagent due to the highly polar nature of
most carbon–metal bonds.

There are several reports in the literature that the addition of
allylic organometallics to electrophiles is reversible;3–6 in
particular one report by Miginiac has inspired us.5a Therefore it
was rationalised that generation of a zinc alkoxide of a sterically
hindered tertiary allyl alcohol would result in decomposition to
the parent ketone and an allyl zinc reagent, which in the
presence of a suitable electrophile could be utilised synthet-
ically. Recently, Nokami has described a related allyl transfer
reaction of homoallylic alcohols catalysed by tin(II) triflate
which has caused us to disclose our results.7

Accordingly a series of tertiary homallylic alcohols 1a,b
were prepared. Treatment of the tertiary alcohol bearing two
isopropyl groups 1a first with BunLi and then with zinc bromide
gave the zinc alkoxide. At room temperature no migration of the
allyl group was observed in the presence of benzaldehyde, but
after heating at reflux for 6 h the benzylic alcohol 2 could be
isolated in 70% yield (Scheme 1). Clearly, as hypothesised the
zinc alkoxide had fragmented in situ to give an allyl zinc
reagent. The reaction could be improved by the addition of a
polar co-solvent; after 6 h in a THF–HMPA mixture 98% of the
secondary alcohol 2 was observed. Increasing the steric
congestion around the zinc alkoxide also resulted in a faster
reaction; by using two tert-butyl groups 1b the migration was
complete within 1 h at room temperature, resulting in 89%
isolated yield of the secondary alcohol 2.† In both cases, control
experiments with lithium and magnesium alkoxides in the
absence of zinc salts showed no migration of the allyl group.

Inspired by this reaction the compatibility of these reagents
with a range of aldehydes and ketones was investigated (Table
1). Treatment of the zinc alkoxide with heptanal gave dec-1-en-
4-ol in 83% yield (entry 1), whilst an a,b-unsaturated aldehyde
was also tolerated (entry 2), giving exclusively the 1,2-addition
product in 84% yield. In a similar manner, aldehydes bearing an

a-substituent reacted well, within 2 h at room temperature, to
give the desired allylated product in good yields (entries 3 and
4). Transfer of the allyl group to a ketone required slightly
longer reaction times, the reaction usually taking between 2 and
4 h at room temperature to go to completion. Reaction with
cyclohexanone gave the allylated adduct in 82% (entry 5), while
a,b-unsaturated ketones gave the desired products in reasonable
yields (entries 6 and 7). a-Tetralone also reacted well to give the
desired material in excellent yield (entry 8).

The reaction is not just limited to carbonyl compounds. It was
discovered that nitriles also react well to give b,g-unsaturated
ketones in good yields (Scheme 2). Generation of the zinc
alkoxide as previously and addition of the nitrile generates the
corresponding imine, which upon hydrolysis liberates the
ketones 3a–c in good yield; both aromatic and enolisable
nitriles reacted well.
b,g-Unsaturated amines can also be prepared using these

masked organozinc reagents through reaction with imines
(Scheme 3). Addition of BunLi and then zinc chloride to a
solution of the tertiary allyl alcohol 1b in THF generates the

Scheme 1

Table 1 Reaction of masked organozinc reagent 1b with carbonyl
compounds

Entry Electrophile Product Yield (%)a

a Isolated yield of analytically pure products. b 3:1 mixture of erythro:threo
isomers.
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zinc alkoxide that fragments in a retro-allylation reaction to give
the allylzinc reagent in situ; in turn this reacts with benzylidene-
butylamine to give the secondary amine 4a in 97% yield.
Reaction with benzyl(1-phenylethylidene)amine generates 4b
in 67% yield, whilst the a,b-unsaturated imine, benzyl(3-
methylbut-2-enylidene)amine, reacts to give amine 4c in 90%
yield. The a-substituted imine benzyl(cyclohexyl)methylene-
amine also reacted in 63% yield to give 4d.

Carbozincation reactions are also possible using this ap-
proach with masked organozinc reagents, indeed reaction of the
zinc alkoxide with trimethyl(prop-2-ynyloxy)silane at room
temperature gives, within 2 h, the 1,4-diene 5 in 74% yield after
hydrolysis (Scheme 4).

Although we had eliminated the problems associated with
Wurtz coupling, our reagents were not environmentally
friendly, generating 1 equiv. of zinc waste; consequently we
were delighted to discover that the reaction could be made to
function using catalytic amounts of zinc salts—reduction to 50
mol% gave the benzylic alcohol 2 in 95% yield after 6 h, whilst
further reductions to 10 mol% gave no loss in efficiency, with
the secondary alcohol being isolated in 92%, again within 6 h
(Scheme 5). However, all efforts to make the reaction catalytic
in base have to date been unsuccessful.

A further advantage with this concept is the ability of these
reagents to tolerate functional groups, in a similar manner to
other organozinc reagents.8 The tertiary alcohols 6 and 7 were

prepared9 and treated with BuLi, benzaldehyde and zinc
chloride at 278 °C, followed by warming the reaction mixture
to room temperature. This gave the desired hydroxy ester 8 and
hydroxy nitrile 9 in 60 and 56% yields, respectively.

In summary, we have developed a method for the generation
of allylic organozinc reagents by exploiting a retro-addition
reaction. This method avoids entirely the problem of Wurtz
coupling during formation of the organometallic reagent. The
reaction is also very general and addition to a range of
electrophiles is possible. The mild conditions associated with
this reaction also make it compatible with a range of functional
groups and finally the reaction has been shown to be catalytic in
zinc salts.10

The authors thank the DFG (SFB 260 and Leibniz program)
for generous financial support, and the Royal Society for an
award (to P. J.) under the European Science Exchange
Programme.

Notes and references
† Typical procedure: Preparation of 1-phenylbut-3-en-1-ol 2: A solution of
BunLi (2.71 mmol) in pentane (1.40 M, 1.94 ml) was added dropwise over
2 min to a stirred solution of 3-tert-butyl-2,2-dimethylhex-5-en-3-ol 1b
(500 mg, 2.71 mmol) in THF (4 ml) at 0 °C under argon. The resulting
solution was then stirred for 15 min and a solution of zinc bromide (610 mg,
2.71 mmol) in THF (2 ml) was added, followed by benzaldehyde (275 ml,
2.71 mmol). The reaction was allowed to warm to room temperature and
stirred for 1 h. Saturated aq. NH4Cl solution (15 ml) was added and the
resulting mixture was extracted with Et2O (3 3 15 ml). The combined
organic extracts were washed with brine (10 ml), dried and concentrated
under reduced pressure to give a crude residue, which was purified by
column chromatography on silica using 15% Et2O–hexanes as eluent to give
the desired alcohol 2 (356 mg, 89%) as a colourless oil.

1 W. R. Roush, in Comprehensive Organic Synthesis, ed. B. M. Trost, I.
Fleming and C. H. Heathcock, Pergamon, Oxford, 1991, vol. 2, pp.
1–53.

2 Y. Yamamoto and N. Asao, Chem. Rev., 1993, 93, 2207.
3 For reaction of Grignard reagents see: R. A. Benkeser and M. P. Siklosi,

J. Org. Chem., 1976, 41, 3212; R. A Benkeser, M. P. Siklosi and E. C.
Mozdzen, J. Am. Chem. Soc., 1978, 100, 2134; R. A Benkeser, W. G.
Young, W. E. Broxterman, D. A. Jones and S. J. Piaseczynski, J. Am.
Chem. Soc., 1969, 91, 132; F. Barbot and P. Miginiac, Bull. Chim. Soc.
Fr., 1977, 113.

4 F. Gerard and P. Miginiac, Bull. Chim. Soc. Fr., 1974, 2527; F. Gerard
and P. Miginiac, Bull. Chim. Soc. Fr., 1974, 1924.

5 (a) F. Barbot and P. Miginiac, Tetrahedron Lett., 1975, 3829; (b) P.
Miginiac and C. Bouchoule, Bull. Chim. Soc. Fr., 1968, 4675; (c) F.
Barbot and P. Miginiac, J. Organomet. Chem., 1977, 132, 445.

6 For reversible addition to imines, see A. Bocoum, D. Savoia and A.
Umani-Ronchi, J. Chem. Soc., Chem. Commun. 1993, 1542.

7 J. Nokami, K. Yoshizane, H. Matsuura and S. Sumida, J. Am. Chem.
Soc., 1998, 120, 6609.

8 P. Knochel, J. J. Almena Perea and P. Jones, Tetrahedron, 1998, 54,
8275.

9 These reagents were prepared from 3-tert-butyl-2,2,5-trimethylhex-
5-en-3-ol by NBS allylic bromination and displacement with the
appropriate zinc-copper reagent (ref. 11).

10 A patent has been filed with Chemetall Gmbh (Frankfurt).
11 P. Knochel, M. C. P. Yeh, S. C. Berk and J. Talbert, J. Org. Chem.,

1988, 53, 2390.
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Substituted allylic organozinc reagents have been prepared
using a novel fragmentation reaction; the resulting allylic
zinc species are configurationally stable and give excellent
regio- and diastereo-selectivities.

We have recently documented an entirely new approach for the
generation of allylic zinc reagents based on a retro-allylation, an
allylation sequence starting from the sterically hindered tertiary
alcohol 1 (Scheme 1).1,2 Generation of the zinc alkoxide of this
homoallylic alcohol results in fragmentation and formation of
an allyl zinc reagent 2 in situ; this is itself able to react with a
range of other electrophiles. This method avoids the problems
associated with Wurtz coupling.

Substituted allyl zinc reagents had previously been prepared
by Tamura from allyl benzoates but with mixed results;3 we
hoped that our mild method would give improved selectiv-
ities.

Accordingly, the tertiary alcohol 3 bearing an a-methylallyl
group was prepared (Scheme 2).4 However, we were disap-
pointed to find that upon deprotonation of this material at room
temperature with BuLi a rapid isomerisation to the g-substituted
isomer 4 occurred.5 Undeterred, the deprotonation was at-
tempted at 278 °C, and we were pleased to find no
isomerisation. Addition of benzaldehyde followed by a solution
of zinc chloride gave within 1 h at 278 °C the benzylic alcohol
5 in 83% isolated yield.† More interestingly, the product was
isolated as a 94:6 mixture of anti:syn diastereomers.6 This
reaction is in stark contrast to the addition of crotylzinc bromide
to benzaldehyde, which gives approximately 1:1 mixtures of
diastereomers.7

Inspired by this reaction, a range of aldehydes were screened
(Fig. 1). Reaction of the homoallylic alcohol with cyclohex-
anecarbaldehyde gave the alcohol 6 in 84% yield, again with the
anti diastereomer in excess (96:4). Similarly, reaction with
2-butylacrolein gave solely the product of 1,2-addition, giving
the homoallylic alcohol 7 in 76% isolated yield as a 97:3
mixture of diastereomers. The reaction with 2-ethylbutyr-
aldehyde and 1-naphthaldehyde gave the expected products 8
and 9 in 86 and 92% yields, respectively; in both cases only the

anti-diastereomer was observed by 1H and 13C NMR spectros-
copy. In all cases, none of the g-substituted product was
detected.

Similar results were obtained when we placed other sub-
stituents in the a-position. 3-(tert-Butyl)-2,2-dimethyl-4-ethyl-
hex-5-en-3-ol 10 was prepared using identical chemistry as used
in the preparation of homoallylic alcohol 3.4 This too was found
to exhibit high levels of anti-selectivity. Reaction with BuLi,
benzaldehyde and zinc chloride (Scheme 3) gave 2-ethyl-
1-phenylbut-3-en-1-ol 11 in 91% as a 91:9 mixture of anti:syn
isomers. Likewise, reaction with cyclohexanecarbaldehyde and
2-ethylbutyraldehyde gave rise to the homoallylic alcohols 12
and 13 in 83 and 81% yields, respectively, both solely as the
anti-diastereomers.

Further synthetic investigation revealed that a benzyl group
could easily be incorporated into the a-position of the
homoallylic alcohol (Scheme 4). The precursor was readily
prepared form 2, 2-dimethylhex-5-en-3-one 14 by deprotona-
tion with LDA at 278 °C, followed by a-alkylation with BnBr
in THF–HMPA in 65% yield. Subsequent reaction with ButLi
gave the required precursor 15 in 85% yield. As in all previous
cases, deprotonation and reaction with benzaldehyde in the
presence of zinc chloride gave the desired benzylic alcohol 16
in 89%, again with excellent diastereoselectivity (95:5).
Aliphatic aldehydes also reacted well giving the homoallylic
alcohols 17 and 18 in 88 and 80% yields, respectively.

Surprised by these results we were interested to investigate
the outcome of placing substituents in the g-position of the

Scheme 1

Scheme 2

Fig. 1

Scheme 3
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allylic system. A new synthetic route needed to be adopted and
oxirane 19 was prepared and opened with a variety of lithium
acetylides to give the homopropargyl compounds 20a,b in
reasonable yields (84 and 65%) (Scheme 5). Hydrogenation
with palladium on barium sulfate gave the Z-isomer 21
quantitatively, whilst treatment with LiAlH4 gave the required
E-isomer 22. With these two compounds to hand the migration
was investigated. The resulting zinc alkoxides were found to be
less reactive. Whereas the a-substituted compounds migrated at
278 °C, these compounds required warming to room tem-
perature before migration could be observed. With 21 migration
occurred in 52% yield after 48 h (86% based on recovered
starting material) to give the desired homoallylic alcohol 23,
while the E-isomer 22 gave the corresponding alcohol 24 in
23% yield after 12 h (87% based on recovered starting material).
In both cases the products were isolated as 2:1 mixture of Z:E
isomers. The g-disubstituted compound 25 was also prepared;
however, this compound proved to be stable and no migration
was detected.

These results suggest a plausible mechanism involving a
double allylic transposition. Generation of the zinc alkoxide of
the alcohol 26 results in a cyclic six-membered intermediate
where the zinc is complexed to the reacting carbonyl compound
(Scheme 6). Allylic transposition gives rise to a crotylzinc
reagent 27 complexed to the parent bis(tert-butyl) ketone and
the reaction partner, the zinc reagent bearing solely a trans-
configuration. At 278 °C this species is stable and undergoes
no isomerisation.8 Owing to the complexation of the reacting
partner with the zinc, a new six-centred intermediate 28 is
possible, whereby all the substituents lie in equatorial positions;
allylic transposition then gives rise to the product 29, predom-
inately as the anti-diastereomer. This mechanism is supported
by the unreactive nature of the g-substituted isomer, whereby
steric congestion prevents the first allylic transposition from
occurring.

In summary, we have developed a novel method for the
preparation of substituted allylic zinc reagents. This method is
extremely selective, giving both excellent regiochemical se-
lectivity and excellent diastereoselectivity. The method is
extremely mild and avoids Wurtz coupling products.9

The authors thank the DFG (SFB 260 and Leibniz program)
for generous financial support, and the Royal Society for an
award (to P. J.) under the European Science Exchange
Programme.

Notes and references
† Typical procedure: anti-2-methyl-1-phenylbut-3-en-1-ol 5: A solution of
BuLi (2.52 mmol) in pentane (1.6 M, 1.58 ml) was added dropwise over 5
min to a stirred solution of 3-tert-butyl-2,2,4-trimethylhex-5-en-3-ol (ref. 4)
3 (500 mg, 2.52 mmol) in THF (4 ml) at 278 °C under argon. The resulting
solution was then stirred for 15 min and benzaldehyde (256 ml, 2.52 mmol)
was added and stirred for a further 15 min; finally a solution of zinc chloride
(343 mg, 2.52 mmol) in THF (2 ml) was added over 3 min. The reaction was
stirred at 278 °C for 1 h then allowed to warm to room temperature. The
reaction was worked up as usual to give a crude residue, which was then
purified by column chromatography on silica using 10% Et2O–light
petroleum as eluent to give the desired alcohol (ref. 10) 5 (341 mg, 83%) as
a pale yellow oil.

1 Y. Yamamoto and N. Asao, Chem. Rev., 1993, 93, 2207.
2 P. Jones,  N. Millot and P. Knochel, Chem. Commun., 1998, 2405.
3 M. Shimizu, M. Kimura, S. Tanaka and Y. Tamaru, Tetrahedron Lett.

1998, 39, 609 and references cited therein.
4 R. A. Benkeser, M. P. Siklosi and E. C. Mozdzen, J. Am. Chem. Soc.,

1978, 100, 2134.
5 F. Gérard and P. Miginiac, Bull. Chim. Soc. Fr., 1974, 2527; F. Barbot

and P. Miginiac, Bull. Chim. Soc. Fr., 1977, 113.
6 All diastereomeric excesses were determined by 1H NMR analysis.
7 S. R. Wilson and M. E. Guazzaroni, J. Org. Chem., 1989, 54, 3087.
8 bis (3-Methylallyl)zinc is known to be a rapidly isomerising system at

room temperature, hence explaining the 1:1 anti:syn selectivity in
additions to aldehydes. R. Benn, E. G. Hoffmann, H. Lehmkuhl and H.
Nehl, J. Organomet. Chem., 1978, 146, 103.

9 A patent has been filed with Chemetall GmbH (Frankfurt).
10 S. Kobayashi and K. Nishio, J. Org. Chem., 1994, 59, 6620.
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Facile oxidation of a carbaporphyrin at the internal carbon atom: synthesis of
novel benzo[18]annulene ketals†
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Treatment of benzocarbaporphyrin 2 with refluxing FeCl3 in
CHCl3–alcohol mixtures leads to a remarkably selective
oxidation at the interior carbon atom to produce dialkoxy
products 5; these species show potentially valuable long
wavelength absorptions in their UV–VIS spectra.

The unbounded potential for porphyrins and related macro-
cycles in novel technological1 and medicinal applications2 has
lead to widespread interest in the synthesis of related systems
such as expanded porphyrins3 and porphyrin isomers.4 The
recent rediscovery of the ‘3 + 1’ route for porphyrinoid
synthesis5 has allowed the preparation of novel aromatic species
where a carbocyclic subunit replaces one of the pyrrolic
moieties of the porphyrin macrocycle.6–9 The first example of a
‘carbaporphyrinoid’,‡ oxybenzoporphyrin 1, was first reported

in 1995 and was obtained by the acid catalyzed condensation of
a tripyrrane (2,5-bis[2-pyrrolylmethyl]pyrrole) with 4-hydroxy-
isophthalaldehyde.6 Several related porphyrinoids were subse-
quently synthesized by the ‘3 + 1’ approach.7–9 Perhaps the
most captivating of these new aromatic systems are the true
carbaporphyrins7,9 which incorporate a cyclopentadienyl unit
instead of the usual pyrrole ring. Benzocarbaporphyrin 2 is
particularly easy to synthesize by condensing a tripyrrane with
1,3-diformylindene7 and thus provides a suitable ‘work horse’
molecule for further investigations.

In our initial studies on the chemistry of 2, the possibility of
forming metal chelates was explored. However, attempts to
isolate stable metal complexes by reacting 2 with various
transition metal salts [Zn(OAc)2, Cu(OAc)2, Ni(OAc)2, FeCl2,
CrCl3, etc.] has so far been unsuccessful. On the other hand,
when a solution of 2 in CHCl3 was refluxed with saturated
FeCl3 in MeOH, the mixture rapidly turned from a deep brown
to a bright green color and a polar green species could be
isolated, following chromatography, in high yield.§ No reaction
was observed in control experiments in the absence of FeCl3.
FAB MS gave an [M + H] ion at m/z 560 and confirmed that no
FeIII had been incorporated into the structure. The proton NMR
spectrum for the green material (Fig. 1) showed an upfield 6H
singlet at d21.32 while the meso-bridge protons were strongly
deshielded appearing at d 9.7 and 10.9. The data were consistent
with a dimethyl ketal derivative 3 where the interior carbon

atom has been regioselectively oxidized (Scheme 1). However,
a closer examination of the 1H NMR spectrum (Fig. 1) showed
that a broad peak near d 2.15 integrated for 2H and this was
assigned to two strongly hydrogen bonded NHs, thereby
implying that the isolated compound was in fact a monoproto-
nated species 4a. Elemental analysis further confirmed that the
isolated material corresponded to the monoHCl salt.§ Addi-
tional evidence for the ketal structure was provided by NOE
difference proton NMR experiments, and it is particularly
noteworthy that the internal NH resonance showed a strong
NOE enhancement upon irradiation of the methoxy resonance at
d21.32. The 13C NMR spectrum for 4a in CDCl3 confirmed the
symmetry of the macrocyclic structure, showing the 19
anticipated carbon resonances. DEPT demonstrated the pres-
ence of a quaternary carbon atom at d 96.9, which is consistent
with the presence of an allylic ketal moiety.

We speculate that the regioselectivity for this chemistry may
be due to the FeIII being initially coordinated to the three
pyrrolic nitrogens and thereby held in proximity to the inner
carbon so that oxidation is directed towards this position. The
aromaticity of this structure is maintained by reorganizing the
18p electron delocalization pathway through the fused benzene
ring (pathway shown in bold) and in this respect 3a can be

† Part 14 of the series ‘Conjugated Macrocycles Related to the Porphyrins’.
Part 13: T. D. Lash and D. T. Richter, J. Am. Chem. Soc., 1998, 120,
9965.

Scheme 1

Fig. 1 400 MHz 1H NMR spectrum of benzo[18]annulene 5a in CDCl3.
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5

considered to be a benzo[18]annulene. Interestingly, benzo-
[18]annulene 5 has been shown10 to have a much reduced

diatropic ring current compared to [18]annulene itself (the
difference in chemical shift between the inner and outer protons
in 5 is < 2 ppm), although this is clearly not the case for the
porphyrinoid structure. Protonation is most likely highly
favored due to the ability of the aromatic macrocycle to
delocalize the positive charge and this factor may also explain
the enhanced aromatic character of 4a compared to benzo-
[18]annulene (5). The monocation was essentially uneffected by
using [2H5]pyridine as a solvent, although addition of the
stronger base Et3N lead to decomposition possibly due to the
instability of the free base 3a. Reaction of carbaporphyrin 2 with
FeCl3 in refluxing EtOH–CHCl3, although significantly slower
than for MeOH, gave excellent yields of the diethoxy species
4b.§

The UV–VIS spectra for 4a and 4b showed strong Soret
bands near 423 nm, together with strong Q bands in the far red
at 748 and 828 nm in the case of 4a (Fig. 2). Addition of 5%
TFA lead to the formation of a new species due to protonation
of the remaining nitrogen where the longer wavelength bands
underwent a hypsochromic shift (Fig. 2). Porphyrinoids with
strong absorption bands in the far visible–near IR are of great
current interest and have possible applications in the develop-
ment of solid state optical devices1 and as photosensitizers in
photodynamic therapy.2

The discovery of a straightforward and highly selective
method for derivatizing the inner carbon atom of the carbapor-
phyrin system has great potential for future studies and it should

be possible to fine tune the physical properties of these novel
chromophores by selecting other alcohols as reactants (e.g. long
chain, dendritic). The versatility of this approach will also allow
practical applications to be considered.

This work was supported by the National Science Foundation
under Grant No. CHE-9732054, the Camille and Henry Dreyfus
Scholar/Fellow Program and the Donors of the Petroleum
Research Fund, administered by the American Chemical
Society.

Notes and references
‡ Carbaporphyrinoids are defined as fully aromatic systems where one or
more of the pyrrolyl units of the porphyrin structure have been replaced by
a carbocyclic ring.
§ Selected data for 5a: mp 145–147 °C (decomp.); lmax(CHCl3)/nm (log10

e) 333 (4.55), 374 (4.40), 423 (5.12), 5.96 (3.28), 748 (4.10), 828 (4.61);
lmax(5% TFA–CHCl3)/nm (log10 e) 323 (4.37), 348 (4.54), 435 (5.17), 682
(4.06), 748 (4.44); dH(CDCl3) 21.32 (6H, s, 2 3 OCH3), 1.77 (6H, t), 1.82
(6H, t) (4 3 CH2CH3), 2.15 (2H, br s, 2 3NH), 3.60 (6H, s, 2 3 porphyrin-
CH3), 3.69 (4H, q), 3.84 (4H, q) (4 3 porphyrin-CH2), 8.93 (2H, m) and
10.48 (2H, m) (4 3 benzo-H), 9.68 (2H, s) and 10.93 (2H, s) (4 3 meso-H);
dC(CDCl3) 11.68, 17.29, 18.38, 19.50, 19.60, 47.95, 96.89, 107.37, 112.77,
124.62, 133.24, 135.28, 135.87, 138.63, 139.63, 143.82, 146.01, 147.08,
155.71; HRMS: calc. for C37H42N3O2 + H: 560.3277. Found: 560.3276.
Calc. for C37H42N3O2·HCl·0.1CHCl3: C, 73.27; H, 6.98; N, 6.91. Found: C,
73.61; H, 7.02; N, 6.97%. This compound consistently analyzed as a partial
CHCl3 solvate even after prolonged drying in a vacuum oven. For 5b: mp
149–151 °C (decomp.); lmax(CHCl3)/nm (log10 e) 332 (4.55), 373 (4.42),
423 (5.11), 594 (3.38), 747 (4.11), 827 (4.65); lmax(5% TFA–CHCl3)/nm
(log10 e) 321 (4.36), 350 (4.54), 436 (5.17), 681 (4.06), 746 (4.43);
dH(CDCl3) 22.35 (6H, t, 2 3 OCH2CH3), 21.36 (4H, q, 2 3 OCH2CH3),
1.79 (6H, t), 1.83 (6H, t) (4 3 porphyrin-CH2CH3), 2.41 (2H, br s, 2 3NH),
3.59 (6H, s, 2 3 porphyrin-CH3), 3.68 (4H, q) and 3.83 (4H, q) (4 3
porphyrin-CH2CH3), 8.91 (2H, br) and 10.47 (2H, br) (4 3 benzo-H), 9.64
(2H, s), 10.90 (2H, s) (4 3 meso-H); dC(CDCl3) 11.45, 11.66, 17.29, 18.27,
19.50, 19.58, 56.42, 95.28, 107.12, 112.60, 124.55, 133.11, 134.90, 135.54,
139.30, 139.82, 143.80, 145.74, 146.83, 155.72; HRMS: calc. for
C39H46N3O2 + H: 588.3590. Found: 588.3592. Calc. for C39H46N3O2·HCl:
C, 75.04; H, 7.43; N, 6.73. Found: C, 74.80; H, 7.49; N, 6.60%.
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The chemistry of olefins in zeolites illustrates both the potential
complexity and utility of zeolites as reaction media. Of
particular interest are the changes in product selectivity that
result from carrying out oxidation reactions in the constrained
space of the zeolite cavity. Since zeolites are capable of
promoting proton and electron transfer reactions one needs to
be particularly careful in the choice of a zeolite as a reaction
medium.

Introduction
Much of our understanding of the reactivity of organic
molecules is based on experiments conducted either in the gas
phase or in an isotropic liquid phase. Studies conducted in these
media have provided empirical rules which help us to predict or
rationalize the behavior of moelcules in new environments.
Although this has been successful in some cases, it is still
difficult to predict the behavior of a molecule enclosed in, for
example, a biological matrix or a solid assembly. In part, this is
because many interactions between the reactant and the medium
are often ignored, since it is not always straightforward to
predict the effect of these interactions on chemical reactions.
Recognizing the complexity of natural systems, and being
inspired by them, chemists have utilized a number of organized
media to study, and possibly alter, the behavior of included
molecules. Examples of organized media which have been
investigated include molecular crystals, inclusion complexes,
liquid crystals, micelles and related assemblies such as vesicles,

microemulsions and membranes, monolayers, Langmuir–
Blodgett films, surfaces (silica, clay and zeolites) and, more
recently, natural systems such as proteins and DNA.1 In this
review we are concerned with one such organized/confined
medium, namely a zeolite.2

In the past, most photochemistry in zeolites has been
restricted to reactions of carbonyl systems.3 The extension of
these studies to olefinic systems has demonstrated the complex-
ity of zeolites as reaction media. The chemistry is complicated
by both proton and electron transfer processes in which the
zeolites themselves participate. This review summarizes a
number of studies carried out in our laboratories that demon-
strate this complexity of the chemistry. We aim however to
show that much of the chemistry can be rationalized by careful
characterization of the zeolites and the reaction intermediates by
a variety of techniques including MAS NMR and time resolved
laser spectroscopy. X and Y zeolites are used as the reaction
media.

Structural features of zeolites
Zeolites are inorganic microporous and microcrystalline materi-
als capable of complexing or adsorbing small and medium-sized
organic molecules. [SiO4]42 and [AlO4]52 tetrahedra form the
primary building blocks of zeolites.2 These tetrahedra are linked
by all their corners to form channels and cages or cavities with
discrete sizes. The total framework charge of an aluminium-
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containing zeolite is negative and hence must be balanced by an
exchangeable cation, often an alkali or alkaline-earth metal
cation. Zeolites can, thus, be represented by the empirical
formula M2/n·Al2O3·xSiO2·yH2O, where M are the typically
exchangeable cations of valence n (typically Na, Ca, Mg, etc.),
x and y are integers. The two synthetic forms of faujasite are
referred to as zeolite X and Y and have the following typical
unit cell composition:

X type M86(AlO2)86(SiO2)106·264 H2O

Y type M56(AlO2)56(SiO2)136·253 H2O

where M is a monovalent cation. The faujasite framework has
two main cages. The large supercage results from an assembly
of the basic units, the ‘sodalite cages’. While sodalite cages are
too small to accommodate organic moelcules, the spherical
supercages are approximately 13 Å in diameter. Access to the
supercages is afforded by four 12-membered ring windows
about 9 Å in diameter, which are tetrahedrally distributed about
the center of the supercages. The supercages thus form a three-
dimensional network with each supercage connected to four
other supercages through the 12-ring window. The unit cell of X
and Y zeolite consists of eight supercages.

The charge-compensating cations are known to occupy at
least three different positions in zeolites X and Y.4 As illustrated
in Fig. 1, the first type (site I), with ca. 4–8 cations per unit cell,
is located in the hexagonal prism faces between the sodalite
units. The second type (site II), with 32 ions per unit cell (in both
X and Y), is located in the open hexagonal faces. The third type
(site III) is only substantially occupied in X zeolite (and CsY)
and is located on the walls of the larger cavity. Other sites (IIA
and IA) exist in the sodalite cage, but only cations at sites II and
III are expected to be readily accessible to the organic molecule
adsorbed within a supercage. Note that in certain circumstances
substantial rearrangements of these cations can occur, involving
migrations of cations between the cages.5

Selectivity during singlet oxygen mediated
oxidation of alkenes
Singlet oxygen is known to react with electron-rich alkenes via
a 2 + 2 addition process.6 When the alkene contains allylic
hydrogen atoms, however, the ‘ene reaction’ is the dominant
pathway.7 Alkenes with more than one distinct allylic hydrogen
yield several hydroperoxides (Scheme 1). With a medium such
such as a zeoilite, we envisioned that it should be possible to
achieve high selectivity during the singlet oxygen ene reaction.
The results of this study are presented below, as an example to

illustrate the uniqueness, complexities and challenges of
zeolites as reaction media.

The generation of singlet oxygen for the subsequent oxida-
tion of alkenes requires assembling three species—oxygen,
alkene and a sensitizer—within the internal structure of a
zeolite. Monomeric thionin is a useful sensitizer for the
generation of singlet oxygen; thionin is easily exchanged into
NaY zeolite by stirring the dye with hydrated NaY in water.
While the dye, as exchanged, remains in the dimeric form
within hydrated NaY, careful dehydration of the zeolite results
in a color change.8 The hydrated dye is violet and upon drying
the dye becomes blue. Upon thorough drying, thionin adopts a
monomeric structure (Fig. 2) and excitation of a blue zeolite
containing monomeric thionin shows an emission from singlet
oxygen. Singlet oxygen, thus generated, is capable of under-
going an ene reaction with typical alkenes such as 2,3-dime-
thylbut-2-ene and 2-methyl-4,4-dimethylpent-2-ene. The prod-
uct distribution observed with 1,2-dimethylcyclohexene
suggests that the hydroperoxides so obtained are not the result
of reaction with ground-state triplet oxygen (Scheme 2).9 These
observations confirm that one can generate a reactive singlet
oxygen within the confines of a zeolite and set the stage for us

Fig. 1 The basic structural unit of X and Y zeolites. The entrance diameter of a supercage is shown on the left with the dimensions of a guest molecule, pyrene.
The cation locations within a supercage are shown in colored circles.

Scheme 1
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to explore the initial goal of achieving selectivity during the ene
reaction.

A number of alkenes of structure similar to 1-methylpent-
2-ene were examined. These alkenes contain two distinct allylic
hydrogen atoms and, in an isotropic solution, yield two
hydroperoxides with no appreciable selectivity (Scheme 3).
Within NaY, a single hydroperoxide is preferentially ob-
tained.10,11 Similar selectivity was also observed with related
alkenes such as the 1-methyl-4-arylbut-2-enes and even more
impressive results were obtained with 1-methylcycloalkenes
(Scheme 4).10 These alkenes yield three hydroperoxides in
solution with the hydroperoxide resulting from abstraction of
the methyl hydrogens formed in the lowest yield. Surprisingly,
the minor isomer in solution was obtained in larger amounts
within the zeolite. Thus the selectivity is a characteristic of
hydroperoxidation of alkenes within zeolites. Product hydro-
peroxides were isolated in ca. 75% yield. Generally alcohols
were more easily extracted out of the zeolite than the
hydroperoxides. A number of control experiments ensured that
the observed selectivity is not an artifact. The yields reported in
the schemes are for alcohols.

The above selectivity is rationalized on the basis of two
independent models.11 In one, the zeolite is postulated to control
the conformation of the reactive alkene and, in the other, the
zeolite is suggested to polarize the reactive alkene. We wish to
emphasize that the above models are only working hypotheses
and further experiments are needed (and underway) to identify
the origin of selectivity. Formation of both hydroperoxides 2
and 3 from 1 in solution has been rationalized on the basis that
singlet oxygen attacks the alkene from the top-right side as
shown in Fig. 3 and Scheme 1. In such an approach, the

transition state is stabilized by secondary interactions between
the oxygen and the allylic hydrogens which are situated parallel
to the p–p orbitals. In this model, the methyl group on the top-
left side (Fig. 3) does not participate in the oxidation process.
The results within zeolites clearly suggest that the methylene
hydrogens Ha of 1 and 4 (Fig. 3) are not abstracted by the singlet
oxygen. While the lack of formation of 3 and 6 within zeolites
is an indication that the methylene hydrogens are excluded from
the reaction, selective formation of 2 and 5 does not indicate
which of the two (or both) methyl groups participates in the
oxidation process.

We propose that the R group in the alkene (Fig. 3) plays a
crucial role in the type of product(s) formed. While in solution,
the most favored conformation places both the methyl and
methylene hydrogens in an appropriate geometry for abstraction
(Fig. 3), it is quite likely that such a conformation is not favored

Fig. 2 The diffuse reflectance spectra of thionin included within NaY. The
‘dry’ and ‘wet’ samples show different spectra and are differently colored
(for colored version of this figure please see http://www.rsc.org./suppdata/
cc/1998/2411).

Scheme 2

Scheme 3

Scheme 4

Fig. 3 Cation–alkene interaction within a supercage may control the
conformations of allylic hydrogens. For allylic hydrogen abstraction Ha and
Hb should be parallel to the p orbital (see top).
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within a zeolite. In a supramolecular assembly, one must
consider the interactions that arise between the adsorbent/guest
and the environment. We speculate that within a zeolite, the
alkene will be adsorbed to the surface via cation–p interactions.
The rotation of the C3–C4 bond may occur under such
conditions to relieve the steric strain that develops between the
bulky R group and the surface. Such a rotation will place the
methylene hydrogens away from the incoming singlet oxygen
(Fig. 3), preventing the formation of the tertiary hydroperoxide.
The extent of steric repulsion between the surface and the R
group may depend on the distance between the group and the
surface which, in turn, will be controlled by the size and binding
strength of the cation. This model predicts that the selectivity
should be directly related to the binding energy of the cation
with the alkene; reactions involving larger cations such as Cs+

ion may be expected to yield lower selectivity than those
involving the smaller Na+ ion.

In the second model, the selectivity is attributed to the
polarization of the alkene by the interacting cation. As shown in
Fig. 4, when the alkene is asymmetric, the interacting cation

will be able to polarize the alkene in such a way that the carbon
with the greater number of alkyl substituents will bear a partial
positive charge (d+). Singlet oxygen being electrophilic is
expected to attack the less substituted electron rich carbon (d2)
and lead to an ene reaction in which the hydrogen abstraction
occurs selectively from the alkyl group connected to the d+
carbon. Polarization of molecules such as pyrene, NO, alkene–
oxygen within zeolites has been previously reported.12,13 In our
system, the extent of polarizability will depend on the charge
density of the cation. Smaller cations such as Li+ would be
expected to polarize the alkene more effectively than larger
cations such as Cs+. As per this model, selectivity is expected to
decrease from Li+ to Cs+. Consistent with both the above
models, the observed selectivity decreases with the size of the
cation (Scheme 5; Li+ > Na+ > K+ > Rb+ > Cs+).11

Both of the above models assume that there is an interaction
between the cation and the alkene and that the interaction

energy decreases with the size of the cation.14 2H and double
resonance NMR studies are in progress to probe the interaction
between the adsorbed alkene and the extra-framework cation.
Preliminary ab initio quantum mechanical calculations per-
formed with several alkenes clearly show a decreasing trend in
the binding energy between the cation and the alkene, the
smaller cations binding more strongly.15 Although at pesent we
have no direct evidence for interaction between cations and
alkenes, we have established the existence of such interactions
for aromatics via absorption, emission and solid state NMR
studies.16 These cation–aromatic interactions, which involve
the p-electrons of aromatics, are well established in the
literature.17

Extension of the above oxidation studies to alkenes such as
limonene gave a complex mixture (Scheme 6).18 Control
experiments revealed that the alkenes themselves undergo
rearrangement prior to oxidation. Careful analysis indicated that
the very low concentrations of acidic protons that are present in
NaY ( < 1 per 16 supercages, as determined by NMR and
indicator studies described below), a zeolite which is usually
considered to be non-acidic, are sufficient to catalyze these
rearrangements.19 Acid catalyzed rearrangement of limonene in
solution is well known. In further studies, these very small
concentrations of acidic sites were shown to alter the chemistry
significantly and to result in a variety of unexpected products
that result from the initial protonation of the alkene. We were
able to switch off this chemistry, by simply neutralizing the
acidic sites with stoichiometric amounts of pyridine. Once these
acidic sites are neutralized, oxidation of the alkenes listed in

Fig. 4 Cation–alkene interaction may polarize the alkene. Polarization is
represented in terms of the size of the orbital.

Scheme 6

Scheme 5
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Scheme 6 can be readily performed without any side reac-
tions.

A fundamental understanding of both the major reaction
mechanisms, and the possible side-reactions, clearly requires a
detailed study and quantification of the number of acidic and
cation sites present in these materials. Details on the character-
ization of zeolites for Brønsted acidity are presented in the
following section.

Probing M2+Y, H+Y and M+Y zeolites for
Brønsted acidity: implications for reactivity
NMR characterization
One of our laboratories has developed and applied a variety of
new solid state double resonance NMR methods to probe the
acidic sites present in zeolites and to study gas sorption.20–24

TRAPDOR NMR methods were used, for example, to probe
surface sites which are difficult to observe directly with 27Al
MAS NMR methods20,22,23 since they are associated with large
quadrupole coupling constants. Examples include sites of
catalytic interest such as the aluminium atoms associated with
the Brønsted acid sites in the zeolite [Si–O(H)–Al] and the
Lewis acid sites created by dehydroxylation of the framework
or by steaming. The TRAPDOR experiment22,25 exploits the
dipolar coupling between nearby nuclei to detect the quad-
rupolar nuclei (27Al) indirectly. Two experiments are per-
formed: in a 1H–27Al experiment, for example, the first
experiment performed is a simple 1H spin-echo. This is referred
to as the control experiment. In the second experiment, a 1H
spin-echo sequence is again performed, but now the quad-
rupolar nucleus (in this case 27Al) is irradiated for, typically, the
evolution period (t) of the spin-echo. This is shown schemat-
ically in Fig. 5.

Protons nearby to aluminium spins will no longer be
completely refocussed, on 27Al irradiation, by the p pulse
applied in the middle of this sequence (at nTr) and their signal,
at the echo (at 2nTr), will be reduced. This reduction depends on
a variety of factors, which include the spinning speeds and 27Al
r.f. field strength; more importantly, the loss in signal is
extremely sensitive to the 1H–27Al internuclear distance. This
fact can be utilized to assign 1H resonances to different
aluminium-containing species or to probe proximity between
different spins. Lewis acid sites are readily detected on
absorption of bases such as trimethylphosphine (TMP) or 15N-
labeled monomethylamine: A 31P–27Al or 15N–27Al TRAP-
DOR NMR experiment is performed and the loss of the 31P or
15N signal at the echo, on 27Al irradiation, indicates that these
probe molecules are bound to the Lewis acid site.24,25

A simple probe of acidity involves the reaction of trimethyl-
phosphine (TMP) with the Brønsted acid sites [Si–O(H)–Al]:

Si–O(H)–Al + TMP ? TMPH+ + Si–O–Al

Very different chemical shifts are observed for the TMP
molecule and TMPH+ cations (at ca. 267 and 22 ppm,
respectively).26,23 Since NMR is a quantitative technique, the
concentration of Brønsted acid site follows directly from the
intensity of the TMPH+ resonance. Additional 1H experiments

have been performed to ensure that complete reaction of the
TMP with the Brønsted acid sites occurred. 31P–27Al TRAP-
DOR experiments have also been carried out to assign the 31P
resonances due to TMP bound to the Lewis acid sites. These
methods were applied to characterize HY and CaY.27,24

The 1H–27Al TRAPDOR NMR spectra of CaY, calcined in
an oven at 500 °C, is shown in Fig. 6. The control experiment,
(Fig. 6) obtained without 27Al irradiation, shows a number of

different resonances at 3.7, 2.1 and 1.2 ppm. The large spinning
sideband manifolds result from residual water that is bound to
the calcium cations; (b) shows the spectrum obtained on 27Al
irradiation. 1H resonances that are observed result from proton
species that are distant from aluminium atoms, or that are
mobile. The difference spectrum shown in (c) contains
resonances from proton spins that are nearby to aluminium. The
resonance at 3.7 ppm, due to the Brønsted acid sites [Si–O(H)–
Al], is observed clearly in this spectrum, consistent with this.
The resonance at 2.4 ppm is due to extra framework aluminium
hydroxide species created during activation of the zeolite. The
large sideband manifolds are visible in (c) indicating that the
water molecules are also tightly bound to the zeolite framework.
The resonances at 2.1 and 1.2 ppm are assigned to CaOH+ and
silanol groups, respectively. The CaOH+ groups result from the
following reaction, which is well established in CaY zeolites,
and is a consequence of the large electrostatic field at the
divalent cation:28

Ca(OH2)n
2+? CaOH+ + H+ + (n 2 1)H2O

The observation of Brønsted acid resonances at 3.7 ppm is
consistent with this. TMP was sorbed on this material to titrate
the acid sites and an estimate of ca. 16 Brønsted acid sites per
unit cell was obtained for this sample by integrating the TMPH+

resonance. 31P–27Al TRAPDOR NMR was performed to
confirm the lack of Lewis acidity in these samples. Experiments
were then carried out for samples activated under a variety of
different conditions. CaY activated in an oven at higher
temperatures contains less water, but all the other species are

Fig. 5 The 1H–27Al TRAPDOR NMR sequence. An echo is formed at 2nTr,
where Tr is the rotor period, nTr is the evolution period, and n is an
integer.

Fig. 6 1H–27Al TRAPDOR spectra of CaY-500-oven at 2500 °C obtained
(a) without and (b) with on-resonance 27Al irradiation during t (t = 333 ms,
spinning speed = 3 kHz; 27Al r.f. field strength = 55 kHz). The difference
spectrum [(a) 2 (b)] is shown in (c). The intensity of (c) has been scaled by
a factor of two with respect to (a) and (b).
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still present. In contrast, CaY activated by slow ramping of the
temperature under vacuum to 500, or 600 °C, shows a much
lower concentration of Brønsted acid sites ( < 1 per unit cell,
from TMP titration). Again, no evidence for Lewis acidity was
observed.

Similar experiments can be used to quantify the number of
Brønsted acid sites in HY zeolites.24 Typically, the number is
less than the predicted amount from the Si/Al ratio, as some
dehydroxylation occurs. The 1H MAS NMR spectrum of
monomethylamine (MMA) sorbed on an HY sample dehy-
drated at 400 °C under vacuum is shown in Fig. 7, as a function

of loading level.23 Monomethylammonium cations (MMAH+)
are formed (resonances at 6.7–8.1 ppm), which at temperatures
below 240 °C are rigidly bound to the zeolite framework on the
1H NMR timescale. At loading levels of MMA that exceed the
number of Brønsted acid protons ( > 42 MMA/u.c.), 1H
resonances intermediate in chemical shift between those of
MMA (ca. 2 ppm) and MMAH+ are observed from species
undergoing rapid proton transfer reactions between MMA and
MMAH+. This is seen in (d) where a single resonance at
6.0 ppm is observed. Thus a concentration of between 42 and 47
Brønsted acid sites per unit cell is estimated for this sample. The
Brønsted acid concentration, as a function of the dehydration
temperature, has also been carefully determined from proton
spin counting in ref. 29 and our 1H MAS NMR results are
consistent with this data. Lewis acid sites created as a result of
the dehydroxylation process, are clearly observed on TMP or
MMA sorption (with 31P or 15N MAS NMR).22,23

The indicator method
As discussed earlier, thermal reactions of alkenes were
observed even within alkali-metal ion-exchanged X and Y
zeolites, zeolites not traditionally associated with Brønsted

acidity. The small concentrations of Brønsted acid sites present
in these samples are thought to result from cation deficiencies
(i.e. a M+ : Al3+ ratio of < 1) caused by the replacement of M+

by H3O+ during ion-exchange or synthesis of the zeolites.28,30

Quantification of these Brønsted acid sites was critical in order
to rationalize the observed chemistry within M+X and M+Y
zeolites. The materials were initially studied with 1H MAS
NMR with similar methods to those described above.19 1H MAS
NMR spectra of activated NaY showed a very weak resonance
at 3.6 ppm which could be tentatively assigned to Brønsted acid
sites. Its intensity was, however, extremely small in comparison
to the intensity of the residual water and the silanol groups and
it was difficult to quantify the numbers of Brønsted acid sites
per unit cell. TMP was again sorbed on NaY. The 31P MAS
NMR at 2150 °C showed a very weak signal at 22 ppm (1/50
times weaker than the main resonance at 260 ppm from weakly
bound/physisorbed TMP, for the sample loaded with 26
molecules per unit cell), which was ascribed to TMPH+. From
the intensity of this resonance, we estimated that there could be
no more than approxiamtely 0.5 Brønsted acid sites per unit cell
of NaY. To check the presence of weakly acidic sites, stronger
bases such as dimethylamine and methylamine were used as
probes for NaY. No evidence for protonation of these probes
could be detected with 1H MAS NMR. Note that when these
probe molecules were adsorbed in quantities that exceeded the
number of Brønsted acid sites, considerable mobility of the
probe molecules was typically observed, indicating rapid
exchange of the protons between the probe molecules. Although
the exchange process can be frozen out at low temperatures such
as 2150 °C, this mobility complicates the analysis of spectra
obtained for samples with very low concentrations of Brønsted
acid sites. Based on these studies it was concluded that the
number of Brønsted acid sites within NaY was close to, or
beyond, the detection limis of NMR. Therefore, we employed a
different technique to detect the acidic sites within zeolites. This
involved detecting differences in electronic absorption charac-
teristics between protonated and unprotonated forms of a probe
molecule.

The success of this technique depended upon finding a dye
molecule that would exhibit different colors under acidic and
basic conditions and would easily fit within a zeolite. The set of
cyanine dyes that we used is listed in Scheme 7.31 All are
brightly colored under basic or neutral conditions and turn
colorless under acidic conditions. Two dyes, retinol and retinyl
acetate, are blue under acidic conditions but are light yellow
under basic/neutral conditions. A preliminary test consisted of
monitoring the absorption changes upon addition of a small
amount (50 to 200 mg) of an activated zeolite to a standard
micromolar hexane solution (5 ml) of the dye. When activated
NaY was added to a standard solution of retinol or retinyl
acetate, the zeolite immediately turned a dark blue color which
persisted for nearly an hour. This observation was interpreted as
evidence for the presence of Brønsted acidic sites that are strong
enough to protonate retinol and retinyl acetate. When the
cyanine dye was added to activated NaY, the bright color of the
dye faded and the zeolite remained white. Consistent with this,
NaX did not show a positive blue test with either retinol or
retinyl acetate or with cyanine dyes. This leads us to conclude
that NaX is less acidic than NaY.

The number of Brønsted acid sites was estimated by a
conventional titration method. Either n-butylamine, diethyl-
amine or pyridine was used as a base to quench the acidic sites
present in a zeolite. A typical experiment consisted of stirring a
known amount of NaY with varying amounts of the base. After
at least 6 h of stirring the indicator dye was added and the visible
color change was either observed or recorded. Surprisingly
when the base was present in amounts more than 1 per 16 cages
retinol and retinyl acetate did not become blue and the cyanine
dyes maintained their bright colors. This indicated that no more
than one acidic site per 16 supercages (i.e. 0.5 H+ per unit cell)

Fig. 7 1H MAS NMR spectra of [2H3]monomethyl amine–HY with different
loading levels. Loading levels per unit cell are shown on the figure. Spectra
were collected at spinning speeds of 3 and 4 kHz for (a) and (b)–(d),
respectively. The isotropic resonances are labeled. The small peaks around
0–1 ppm are due to the background signals from the probe head, rotor and
inserts. All other resonances are spinning sidebands.
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can be present in NaY. Although this number is small, it is large
enough to bring about changes in the structure of guest alkenes
via a catalytic process.

Careful characterization of CaY, HY, and NaY zeolites has
shown that these zeolites contain Brønsted acid sites. Of these
HY, as expected, contains the most acidic protons (42–47 per
unit cell). This is followed by CaY activated in an oven which
contains 16 per unit cell. Even NaY, normally considered to be
non-acidic, contain 0.5 protons per unit cell. The acidity of CaY
depends on the activation conditions and that of NaY depends
on the source. As per our analysis NaX is least acidic. In
choosing X and Y zeolites as a reaction media one must be
aware of the consequences of the presence of even small
numbers of Brønsted acid sites in CaY, HY, and NaY
zeolites.32–34

Proton transfer reactions within zeolites
In this section the thermal behavior of three alkenes, indene,35

4-vinylanisole36 and 1,1-diarylethylene,37 within CaY is out-
lined.38 In all cases CaY was activated in an oven at 500 °C;
activation at 400 °C under vacuum resulted in a less active
zeolite. Inclusion of the alkenes in activated CaY gave brightly
colored samples that retained their color for several weeks and,
in some cases, even months (see http://www.rsc.org/suppdata/
cc/1998/2411). For example, 1,1-diphenylethylene gives a
green colored zeolite while 4-vinylanisole red–violet and
indene dark red. The products isolated, the characterization of
the species responsible for the color and a possible mechanism
for formation of both the colored species and the final products
are described below.

Addition of the activated CaY to a hexane solution of indene
resulted in the immediate formation of a dark red color
(absorption maximum at 520 nm) that persisted for several
months. Extraction of the zeolite with dichloromethane gave
products 12–15 (Scheme 8) but, remarkably, did not remove the
red color. The red color remained after three months under
laboratory conditions and was unaffected by refluxing the
zeolite in methanol or water for 24 h or by the addition of dilute
HCl. The behavior of vinylanisole was similar to that of indene
in that addition of activated CaY to 4-vinylanisole in hexane

gave a vibrant red–violet color. The diffuse reflectance
spectrum of the solid zeolite consisted of two broad absorptions
at 340 and 580 nm (Fig. 8). The 580 nm absorption was not

removed by any of the extraction procedures noted above for
indene. In contrast, extraction of the zeolite with dichloro-
methane–THF eliminated the 340 nm absorption and gave
products 16–20 (Scheme 9). The ratio of the products dependent
on the loading level of 4-vinylanisole and on the mode of
activaiton of CaY. Due to lack of space we will not be going into
the details on the relationship between the product distribution
and loading level. The 340 nm absorption is attributed to the
4-methoxyphenylethyl cation (see insert in Fig. 8), in good
agreement with the literature spectrum for this species in
solution.39 While this cation has a lifetime of only a few
microseconds in solution, it is stable for a few days in the
zeolite.

Similarly, addition of CaY to a hexane soluton of 1,1-di-
phenylethylene gave a yellow slurry that turned green and
remained so for several days. The diffuse reflectance spectrum
(Fig. 9) showed two maxima at 430 and 610 nm. Product
extraction (Scheme 10) left a blue zeolite (610 nm). The 430
absorption is attributed to the diphenylmethyl cation, in
agreement with the solution spectrum for this species and its
independent generation from diphenylethanol in CaY.40

The products shown in Schemes 7–9 can be rationalized on
the basis of an initial protonation of the olefin by Brønsted acid
sites in activated CaY. Detailed H, D isotope studies using D2O
and deuterated extraction solvents were carried out for diph-
enylethylene and indicated that the first proton comes from
acidic sites and the second hydride from the solvent. Scheme 9
illustrates the sequence of reactions that we suggest to explain
the formation of the products from 4-vinylanisole; similar
schemes can rationalize the products observed for indene and
diphenylethylene. A common feature for all three alkenes is the

Scheme 7

Scheme 8

Fig. 8 Diffuse reflectance spectra of 4-vinylanisole included within 500 °C-
oven-activated CaY. The sample before extraction shows absorptions due to
two independent carbocations. After extraction with dichloromethane, the
spectrum is mainly due to the allylic cation (see insert for structure).
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formation of a strongly colored stable species within CaY. The
formation of a red color from indene in the presence of Lewis
acids has been reported previously and attributed to carbonium
ion 25 (Scheme 11) formed by abstraction of a hydride ion from
2-a-indanylindene 14.41 In soluiton, this cation is only stable for
a short time, even under an inert atmosphere. We believe that
the 520 nm absorption in CaY is due to the same cation, which
is indefinitely stable in the zeolite. Similarly, the red–violet
color obtained for 4-vinylanisole is assigned to the allylic cation
21 (Scheme 9). This is consistent with the expected absorption
for the 1,3-diphenylpropenyl cation and was confirmed by the
independent generation of this species from an alcohol
precursor.

While there seems to be general agreement in the literature
concerning the structure of the persistent cations from indene
and 4-vinylanisole, the origin of the blue color (after extraction
to remove the yellow component) from diphenylethylene is not
yet resolved. A deep blue or green coloration from diphenyl-
ethylene in acidic media (both in solution and on silica-alumina
surfaces) has been reported previously and several possible
explanations have been suggested (Scheme 12).42,43 One of
these is the monomer radical cation, although there are
conflicting reports on the solution spectrum of the diphenyl-

Scheme 9

Fig. 9 Diffuse reflectance spectra of diphenylethylene included within
500 °C-oven-activated CaY. The sample before extraction shows absorp-
tions due to two independent carbocations. After extraction with dichloro-
methane the spectrum is mainly due to an allylic cation. Scheme 10
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ethylene radical cation. Although we have not been able to
record the spectrum for this species in solution, we have
obtained spectra for two methyl substituted derivatives. Both
the 1,1-diphenylprop-1-ene and 1,1-diphenyl-2-methyl-1-ene
radical cations have absorption maxima at ca. 400 nm with a
weak absorption at > 700 nm (Fig. 10). We expect the

diphenylethylene radical cation to absorb in the same region,
making it unlikely that the blue species in CaY is the monomer
radical cation. An alternate assignment for the colored species is
an olefin–acid p-complex,42i although this proposal has not
received much experimental support. Others have suggested
dimeric cations such as 28 or 29; of these 29 is less likely to
absorb above 600 nm. In fact generation of this species from
alkene 32 gave an absorption identical to that of diphenylmethyl
cation. Therefore, the original suggestion 28 by Rooney and
Hathaway43 is still one of the most likely structures for the blue
colored species; we believe that 30 is also a reasonable
possibility.

The difficulty in assigning a structure to the blue species
obtained from diphenylethylene arises from the fact that a stable

dimeric alkene, that is also a good hydrogen donor, has not been
isolated, unlike the results for indene and 4-vinylanisole. As
shown in Scheme 13, the only alkene that can be formed from
the dimeric cation 31 is 32, which has no hydrogen that can be
easily removed as a hydride. However, alkenes 33 and 34
(Scheme 13) are good hydrogen donors and can give cations 28
and 30 by a similar mechanism to that shown in Schemes 9 and
11. These cations would be expected to absorb above 600 nm.
The two alkenes (33 and 34) can be formed by rearrangement of
31 to a less stable classical cation 35. In the absence of other
competing processes, even this relatively unlikely rearrange-
ment may occur within a zeolite. In fact if one views 35 as a
non-classical phenonium ion (36 in Scheme 13), rearrangement
of 31 to 36 appears feasible. Alkenes 33 and 34 may be formed
from 35 via migration of either a methyl or phenyl group as
illustrated in Scheme 13. Thus, we believe that the colored
species formed from diphenylethylene within CaY is either 28
or 30. We are currently synthesizing precursors of these cations
for studies of their absorption spectra within zeolites.

The extraordinary stability of the carbocations 21, 25 and
28/30 derives partly from the p-conjugation with the aromatic
substituents. This kinetic stability must be augmented by the
highly polar nature of the zeolite supercage. In all these systems,
the cations that are generated serve as a counter ion for the
zeolite framework and thus become part of the zeolite structure.
The unusual ability to stabilize certain carbocations within
zeolites has allowed us to handle them as ‘normal’ laboratory
chemicals. For example we have been able to record emission
from several of these cations. One such example is provided in
Fig. 11. The technique of stabilizing reactive intermediates
within the structures of zeolite should allow us characterize, in
the future, the excited state properties of reactive intermediates
such as  carbocations and radical cations.44

Electron transfer within zeolites
Electron transfer within zeolites has been the subject of
investigation for several decades. Some studies have involved
spontaneous electron transfer in which the guest, upon inclusion
within an activated zeolite, transfers an electron to the zeolite to
form a stable radical cation. Stamires and Turkevich were the
first to observe spontaneous electron transfer between the host
NH4

+Y zeolite and the guests 1,1-diphenylethylene, triphenyl-
amine, quinoline, perylene, aniline and p-phenylene diamine.45

We have generated and stabilized radical ions from a number of
polyenes and oligomers of thiophenes.46 For example, when
activated Na-ZSM-5 (Si/Al = 23) was stirred with a,w-
diphenylpolyenes (trans-stilbene, diphenylbutadiene, diphenyl-
hexatriene, diphenyloctatetraene, diphenyldecapentaene, and
diphenyldodecahexaene) in 2,2,4-trimethylpentane, the initially
white zoelite and colorless to a pale yellow olefins were
transformed into highly colored solid complexes within a few
minutes. The samples all exhibited intense EPR signals with g
values of 2.0028. Diffuse reflectance spectra of these powders
(Fig. 12) were identical to the spectra of the radical cations of a
few a,w-diphenylpolyenes reported in the literature.47 Diffuse
reflectance and EPR results favor the conclusion that the
colored species formed upon inclusion of a,w-diphenyl-
polyenes in Na-ZSM-5 are radical cations. The radical ions thus
generated were unusally long lived (several months). The exact
nature of the electron acceptor within the zeolite had yet to be
unequivocally identified. Although spontaneous generation of
radical cations has been established for a number of substrates
within Na-ZSM-5 and HY, similar results have not been
reported within NaX and NaY zeolites.48

In addition to spontaneous electron transfer, relatively long-
lived radical cations (lifetimes of milli- to micro-seconds) can
be readily generated by direct laser excitation of a variety of
aromatic substrates within X and Y zeolites. This phenomenon
was orginally reported by Iu and Thomas with NaY and NaX

Scheme 11

Scheme 12

Fig. 10 Transient absorption spectra of the 1,1-diphenyl-2-methylprop-
1-ene radical cation generated by 9,10-dicyanoanthracene/biphenyl sensiti-
zation in acetonitrile (5, 0.7 ms after laser excitation; /, 1.8 m).
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zeolites as the acceptors and pyrene and anthracene as the
donors.49 Our recent results demonstate that direct excitation of
aryl and diarylethylenes in zeolites also leads to radical cation
formation, in competition with other excited state decay
processes. For example, diffuse reflectance laser flash photol-
ysis of trans-stilbene included in NaX zeolite leads to the

formation of transient signals assigned to the trans-stilbene
radical cation (475 nm) and zeolite trapped electrons (Na4

3+,
500 nm).50,51 The latter can be removed by purging the samples
with oxygen, leading to the unambiguous characterizaton of the
radical cation. The trans-stilbene radical cation was also

Scheme 13

Fig. 11 Fluorescence emission from two cations trapped within CaY.
Possible structures of the cations are also shown.

Fig. 12 Diffuse reflectance spectra of a,w-diphenylpolyenes included
within Na-ZSM-5 (Si/Al = 23). The absorption is due to stabilized radical
cations of the alkanes.
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observed upon excitation of cis-stilbene, in addition to weak
signals due to photocyclizaton to give dihydrophenanthrene.
There was no evidence for the generation of the cis radical
cation (510 nm). However, a mixture of cis and trans radical
cations was observed upon excitation of the cis-stilbene/
tetranitromethane charge transfer complex in NaX zeolite,
providing evidence that both radical cations were stable with
respect to isomerization on the timescale of the laser experi-
ments. Product studies carried out with laser irradiation
demonstated that substantial cis–trans isomerization of stilbene
occured within a few laser pulses. The combined results lead to
the conclusion that cis–trans isomerization followed by photo-
ionization of trans-stilbene was responsible for the observation
of the trans radical cation upon excitation of cis-stilbene. We
believe that an alternative possibility of photochemical iso-
merizaton within the laser pulse is less likely. The less efficient
photoionization of cis-stilbene was consistent with its shorter
singlet lifetime and the fact that it has an additional decay
pathway involving photocyclization.

Direct excitation of 4-vinylanisole and trans-anethole,52 as
well as several other styrenes,53 in zeolites also leads to the
formation of the respective radical cations. For example, the
tran-anethole radical cation has two characteristic absorption
bands at 620 and 390 nm that agree well with the spectra for the
same species in solution. Similar experiments using direct
excitation of a number of di(4-methoxyphenyl)ethylenes in
NaX zeolites provided evidence for formation of trapped
electrons, indicating that photoionization also occurs for these
alkenes.54 However, the yields were considerably lower than for
the styrenes, making it difficult to characterize the radical
cations.

The products of direct excitation of a hexane slurry of di(4-
methoxyphenyl)ethylene included within NaY zeolite are
shown in Scheme 14.55 Interestingly, no products are formed in

the absence of oxygen and the nature of the products depends on
the excitation wavelength (Scheme 14). The key intermediate in
both the reduction and the oxidation processes is believed to be
the radical cation of di(4-methoxyphenyl)ethylene. The absorb-
ing species during short and long wavelength excitations are
thought to be different: at long wavelength it is in the alkene–
oxygen complex and at short wavelength the uncomplexed
alkene. The formation of hydrocarbon–oxygen complexes
within zeolites had been extensively investigated by Frei et al.56

The diffuse reflectance spectra shown in Fig. 13 indicate that
di(4-methoxyphenyl)ethylene forms an oxygen complex when
present within NaY. A proposed mechanism for the formation
of products upon short and long wavelength excitations is
shown in Scheme 15. Under both conditions an electron transfer
is thought to be the primary step. During short wavelength
excitation the primary electron acceptor is presumed to be the
zeolite and during the long wavelength excitation the oxygen
complexed to the alkene is likely the electron acceptor.
Experiments aimed at a more detailed understanding of these
reactions are in progress.

The stabilization of organic radical cations within zeolites
suggests that the confined interior space of a zeolite should
provide an ideal environment for carrying out photosensitized
electron transfer reactions. This approach has advantages in that
one does not require prior preparation of an activated zeolite
which may have a relatively small number of active sites as in
the spontaneous electron transfer. Photosensitized electron
transfer should also be applicable to a wider range of substrates.
In addition, the zeolite environment promotes charge separation
which is expected to be advantageous, since it will reduce the
rate of the back-electron-transfer process that decreases the
efficiency of these reactions in solution. We have used the
dimerization of arylalkenes to demonstrate the viability of
carrying out photoinduced electron transfer reactions for
independently loaded sensitizers and alkene donors and to
examine the effect of the zeolite environment on the product
selectivity. The results obtained for trans-anethole using
2,3-dicyanonaphthalene and 9-cyanoanthracene as sensitizers
are typical. For example, a combination of steady state and
time-resolved fluorescence measurements indicated that the
singlet excited state of the sensitizer was quenched by the
alkene, predominantly via a static mechanism. Diffuse re-

Scheme 14

Fig. 13 Diffuse reflectance spectra of 4,4A-dimethoxydiphenylethylene
included within NaY. Trace (1) is the difference of spectra taken after and
before loading 800 Torr oxygen into the room temperature zeolite. Trace (2)
is a control spectrum in which nitrogen was loaded instead of oxygen.
Oxygen shows an absorption extending to 500 nm whereas nitrogen shows
no such absorption. (We than S. Vasenkov and H. Frei, University of
California, Berkeley for recording the spectra for us).

Scheme 15
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flectance flash photolysis experiments were carried out using
355 nm excitation which excited the sensitizer only. The results
demonstrated that the efficient singlet quenching of the
sensitizer was accompanied by formation of the trans-anethole
radical cation (Fig. 14). The latter has a spectrum similar to that

obtained by direct excitation of trans-anethole at 266 nm. The
transient spectra also provided evidence for photoionization of
the cyanoaromatic sensitizers in competition with electron
transfer quenching in the zeolite environment. Efficient electron
transfer was observed for 9-cyanoanthracene and 1-cyanona-
phthalene sensitizers with trans-anethole and 4-vinylanisole,
demonstrating the generality of these results. In each case the
radical cation was relatively long-lived, illustrating the potential

of the zeolite environment for overcoming the limitation of back
electron transfer.

The products of the radical cation initiated dimerization of a
series of arylalkenes with cyanoaromatic and quinolinium and
acridinium sensitizers were examined. The results indicate that
the radical cations add to the precursor alkenes to give dimeric
products (Scheme 16), as has been observed in solution. In some
cases oxidation of the alkenes accompanied dimer formation. A
number of control experiments were carried out to ensure that
the observed products resulted from sensitization rather than
direct photolysis of the alkenes and to ensure that the product
ratios did not reflect further reactions of the initial dimers. The
product studies demonstrated that radical cation mediated
dimerization occurred readily in the zeolite environment and
suggested that the radical cations observed in the transient
experiments are reactive. The dimer ratios also illustrated some
important differences between the soluton and zeolite chem-
istry. For example, although both cis/syn and trans/anti dimers
were formed, the zeolite favors the cis/syn product which has a
more spherical shape that is similar to the geometry of the
supercage. We believe that this reflects the fact that the more
linear trans/anti isomers are best accommodated in two
supercages whereas the cis/syn dimer can be formed within a
single cage and therefore its formation is the more favorable
process. It also appears that the zeolite environment is more
important in determining the geometry of the dimeric products
than the method (direct or sensitized photocycloaddition vs.
radical ion initiation) used for their generation.

Concluding remarks
The chemistry of alkenes in zeolites illustrates both the potential
complexity and utility of zeolites as reaction media. For
example, the results discussed above demonstrate that sponta-
neous thermal proton and electron transfer reactions are

Fig. 14 Transient spectra measured after 355 nm excitation of 2,3-dicyano-
naphthalene plus trans-anethole in NaX. The inset shows the spectrum
obtained by direct 266 nm excitation of trans-anethole in NaX.

Scheme 16
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common, particularly for zeolites with relatively large numbers
of active sites. NMR studies are particularly useful in
correlating the number and type of active sites with the
chemistry observed and permit one to select a zeolite and an
activation procedure that can be used to tune the chemistry. In
cases where the zeolite contains fewer active sites, stable
alkenes can undergo a range of photochemical reactions, as
demonstrated with the energy transfer sensitized singlet oxygen
ene reaction and photoinduced electron transfer reactions that
lead to dimeric products. Both examples serve to illustrate the
ease with which bimolecular reactions between independently
loaded donors and acceptors in zeolites can be carried out. A
combination of techniques, including product studies, fluores-
cence and diffuse reflectance flash photolysis, can provide a
detailed picture of the reactive intermediates that lead to the
observed chemistry. Of particular interest are the changes in
product selectivity that result from carrying out these reactions
in the constrained space of the zeolite cavity. The results
discussed herein provide an excellent basis for the development
of sufficient predictive power that one can tune the behavior of
the thermal and photochemical behavior for substrates within
zeolites in order to achieve a desired product outcome.
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A series of mono-cyclopentadiene derivatives of titanium
containing ortho-(1-naphthyl)phenoxide ligands have been
studied; the Ti–Ti distance in the d1–d1 species [Cp(Ar-
O)Ti(m-Cl)2Ti(OAr)Cp] is exactly intermediate between that
found in paramagnetic [Cp2Ti(m-Cl)2TiCp2] and diamag-
netic [(ArO)2Ti(m-Cl)2Ti(OAr)2].

Ortho-phenyl phenoxide ligands, e.g. 1 (Scheme 1) and 2, are an
important subset of aryloxide ligation that have been used to
support inorganic/organometallic chemistry at p-block,1 d-
block2 and f-element3 metal centers. Following our successful
development of cyclometalation resistant, e.g. 3 and 4, and
immune, 5 (Scheme 1) aryloxide ligation4 we have begun to
study the chemistry of potentially chiral o-(1-naphthyl)phen-

oxide ligands. Straightforward synthetic strategies lead to the
non-symmetric 6 and symmetric 7 and 8 (Scheme 1, Np = 1-
naphthyl).† Both 7 and 8 are produced as a 50/50 mixture of
non-chiral meso and dl forms. In the case of 7 inter-conversion
of the two forms occurs on the NMR timescale with the barrier
for naphthyl rotation estimated as 18.0(5) kcal mol21 at 67 °C.
Presumably a similar barrier will be present for other o-
(1-naphthyl)phenols lacking meta substituents. In the case of
meta-phenyl blocked 8 it is possible to isolate the pure,
crystalline meso form from CH2Cl2–heptane and show that
inter-conversion in this case requires days at 100 °C.5 In
contrast an adaptation of the chemistry of the late Sir Derek
Barton6 leads to 9 (Scheme 1) which is produced as a single
isomer whose subsequent chemistry (below) shows it to be the
chiral form.

Reaction of phenols 1, 4–6 and 9 in the presence of pyridine
(py) or the lithium salt of 5 with [CpTiCl3] yields the
compounds 10–12 as orange solids in high yield (Scheme 2).
The solid state structure of 12b (Fig. 1)‡ confirms the chiral
nature of the single isomer of phenol 9 generated by the
particular method of synthesis. The solution NMR spectro-
scopic properties of 10–12 are as expected with single C5H5
resonances and a single set of aryloxide signals in each cause.†
In the 1H NMR spectrum of 12b the C5H5 protons resonate at
significantly higher field, d 5.32 compared to the d 5.6–5.8
region found for the other derivatives. This indicates much
greater diamagnetic shielding of adjacent ligand protons and is
caused by the presence of the two ortho-(1-naphthyl) rings,
which are locked in place by the meta-tert-butyl groups.

Treatment of 10b with sodium amalgam (1 Na per Ti) leads
to a red solution of the dimeric species 13 (Scheme 2). The solid
state structure of 13 (Fig. 2)‡ shows a dinuclear compound with
a Ti(m-Cl)2Ti core and terminal aryloxide and Cp groups. The

Scheme 1 Scheme 2
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Cp ligands are arranged in a transoid fashion, with a
crystallographic inversion center being present. The molecular
structure of 13 is such that each dimeric unit contains two
naphthylphenoxides of opposite chirality.

Table 1 collects some structural parameters for selected
derivatives of Ti(iv/iii), focusing on the effects of replacing Cp
ligands by OAr groups. Some trends can be discerned. The Ti–
Cl distance decreases significantly in both series of compounds
as Cp is replaced by OAr, reflecting an increase in electro-
philicity of the metal center. In the tetrahedral Ti(iv) series the
Cl–Ti–Cl angle opens up as the corresponding X–Ti–Y angle
closes down upon replacement of Cp by OAr.7,8 The most
interesting parameter is the Ti–Ti distances in the d1–d1

dimers.9,10 The 3.95(av.) distance in the Cp2Ti compounds is
consistent with the complete lack of any metal–metal bonding.
In contrast the short distance in the diamagnetic bis(aryloxide)
is consistent with the presence of a Ti–Ti single bond.10 In the
case of the ‘hybrid’ paramagnetic species 13, the Ti–Ti distance
is exactly intermediate between the previous two molecules. In
this case there is clearly no metal–metal bond present and the
observed Ti–Ti distance possibly is purely a consequence of the
Ti–Cl distances within the Ti(m-Cl)2Ti unit.

We thank the National Science Foundation (Grant CHE-
9321906) for financial support of this research.

Notes and references
† Selected spectroscopic data: aromatic signals unless indicated: 1H NMR
(C6D6, unless otherwise stated, 30 °C): 6: (CDCl3) d 7.00–7.90; 4.82 (s,
OH); 1.44 (s), 1.32 [s, C(CH3)3]. 7: (CDCl3) d 6.80–8.20; 4.78 (s), 4.74 (s,
OH). 8: (CDCl3) d 7.00–8.10; 4.95 (s), 4.93 (s, OH). 9: d 7.9–7.23 (m); 4.15
(s, OH); 1.18 [s, C(CH3)3]. 10a: d 7.22–8.20; 5.60 (s, C5H5); 1.67 (s), 1.25
[s, C(CH3)3]. 10b: d 7.20–7.60; 5.70 (s, C5H5); 1.63 (s), 1.27 [s, C(CH3)3].
11: d 7.19–7.36; 6.79 (s, para-H); 5.78 (s, C5H5); 2.03 (s, meta-CH3). 12a:
d 7.72 (s, para-H); 7.30–7.16 (m); 5.91 (s, C5H5); 1.23 [s, C(CH3)3]. 12b:
d 7.87 (s, para-H); 7.71–7.13 (m); 5.32 (s, C5H5); 1.10 [s, C(CH3)3]. 13C
NMR (C6D6, unless otherwise stated, 30 °C): 6: (CDCl3) d 149.3 (O–C);
123.8–141.8; 35.1, 34.4 [C(CH3)3]; 31.7, 29.7 [C(CH3)3]. 7: (CDCl3) d
150.7, 150.6 (CO); 135.1, 135.0, 133.8, 131.95, 131.88, 127.0, 126.93;
131.3, 129.3, 128.4, 128.3, 128.0, 127.8, 126.3, 126.2, 126.0, 125.9, 125.6,
120.3, 120.2. 8: (CDCl3) d 151.43, 151.38 (CO); 124.0–141.0. 9: d 151.7
(O–C); 148.5, 136.2, 133.5, 129.5, 128.1, 128.0, 126.6, 126.1, 125.9, 125.3,
122.8, 118.0, 109.5; 37.2 [C(CH3)3]; 32.4 [C(CH3)3]. 10a: d 165.0 (Ti–O–
C); 120.6 (C5H5); 36.0, 34.7 [C(CH3)3]; 31.5, 30.7 [C(CH3)3]. 10b: d 164.6
(Ti–O–C); 121.1 (C5H5); 35.9, 34.7 [C(CH3)3]; 31.5, 30.6 [C(CH3)3]. 11: d
164.3 (Ti–O–C); 120.2 (C5H5); 20.7 (meta-CH3). 12a: d 165.8 (O–C);
147.9, 138.5, 132.9, 131.1, 128.5, 127.8, 121.4; 119.8 (C5H5); 37.5
[C(CH3)3]; 33.0 [C(CH3)3]. 12b: d 166.2 (O–C); 149.1, 136.6, 135.5, 134.2,
130.4, 128.8, 128.7, 128.3, 127.3, 126.3, 126.1, 125.3, 122.4; 119.6 (C5H5);
37.9 [C(CH3)3]; 32.8 [C(CH3)3].
‡ Crystal data: for 12b at 296 K: TiCl2OC39H38, M = 641.54, space group
P1 (no. 2), a = 10.960(1), b = 11.644(3), c = 15.603(1) Å, a = 71.003(7),
b = 104.23(3), g = 63.402(5)°, V = 1673.5(3) Å3, Dc = 1.273 g cm23,
Z = 2. Of the 6851 unique reflections collected (7.69 @ 2q@ 62.74°) with
Mo-Ka (l = 0.71073 Å), the 6851 with Fo

2 > 2s(Fo
2) were used in the

final least-squares refinement to yield R(Fo) = 0.076 and Rw(Fo
2) = 0.190.

For 13 at 296 K: Ti2Cl2O2C58H64, M = 959.86, space group P21/n (no. 14),
a = 12.5923(5), b = 12.7390(6), c = 17.4609(8) Å, b = 109.814(2)°,
V = 2635.1(4) Å3, Dc = 1.210 g cm23, Z = 2. Of the 6836 unique
reflections collected (5.90 @ 2q @ 61.46°) with Mo-Ka (l = 0.71073 Å),
the 6836 with Fo

2 > 2s(Fo
2) were used in the final least-squares refinement

to yield R(Fo) = 0.074 and Rw(Fo
2) = 0.169.
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Table 1 Structural parameters for [(X)(Y)TiCl2] and [(X)(Y)Ti(m-Cl)2Ti(X)(Y)]; X, Y = Cp or ArO (Np = 1-naphthyl)

Compound X–Ti–Y/° Cl–Ti–Cl/° Ti–Cl/Å Ti–Ti/Å Ref.

Cp2TiCl2 131 94 2.36 (av.) — 7
CpTi(OC6HNp2-2,6-But

2-3,5)2Cl2 12b 118 102 2.23 (av.) — This work
Ti(OC6H3Ph2-2,6)2Cl2 109 113 2.206(1) — 8
[Cp2Ti(m-Cl)]2 133 79 2.55 (av.) 3.95 (av.) 9
[CpTi(OC6H2Np-2-But

2-4,6)(m-Cl)]2 13 125 115 2.40 (av.) 3.336(1) This work
[Ti(OC6H3Ph2-2,6)2(m-Cl)]2 144 102 2.37 (av.) 2.9827(7) 10

Fig. 1 Molecular structure of 12b showing the atomic numbering scheme.
Selected interatomic distances (Å) and angles (°): Ti–O(10) 1.774(3), Ti–
Cl(1) 2.230(2), Ti–Cl(2) 2.244(2); Cl–Ti–Cl 102.36(7), Cp–Ti–O(10)
118.6(2), Ti–O(10)–C(11) 164.1(3).

Fig. 2 Molecular structure of 13 showing the atomic numbering scheme.
Selected interatomic distances (Å) and angles (°): Ti–Ti 3.336(1), Ti–O(10)
1.817(2), Ti–Cl(1) 2.400(1), 2.406(1); Cl(1)–Ti–Cl(1) 92.07(4), Cp–Ti–
O(10) 125.1(3), Ti–O(10)–C(11) 166.7(2).
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A series of dimethyl compounds of Ti(IV) have been isolated
containing both cyclopentadiene and ortho-arylphenoxide
ligation; reaction with [B(C6F5)3] generates corresponding
cationic methyl species which eliminate methane and form
[Cp(ArO)Ti{CH2B(C6F5)2}(C6F5)] derivatives.

There is continued research interest in the chemistry of cationic
Group 4 metal alkyl compounds.1 We have recently isolated a
series of titanium chloride compounds containing both cyclo-
pentadiene and o-arylphenoxide ligation.2,3 We report here on
the structure, dynamics and reactivity of the corresponding
neutral and cationic methyl derivatives.4,5

Treatment of 1–3 with LiMe leads to the corresponding
dimethyl compounds 4–6 as yellow solids (Scheme 1, Np =
1-naphthyl).† The solid state structure of 4b is shown in Fig. 1.‡
The Ti–Me distances of 2.076(4) and 2.091(4) Å are inter-
mediate between those reported for [Cp2TiMe2],6 2.170(2) and
2.181(2) Å, and values of 2.052(2) and 2.069(2) Å found in
[Ti(OC6H3Ph2-2,6)2Me2].7 There is also a corresponding
opening up of the Me–Ti–Me angle upon replacing Cp by OAr;
c.f. 91.3(1)° for [Cp2TiMe2], 97.5(2)° in 4b and 103.9(1)° in
[Ti(OC6H3Ph2-2,6)2Me2]. In the solution NMR spectra of 4a, 5
and 6a, only one signal is present for the Ti–Me groups in the 1H
and 13C NMR spectra. This indicates in the case of 4a that
rotation about the Ti–O–Ar bonds is fast on the NMR time-
scale. In contrast two well-resolved Ti–Me resonances are
observed for the o-(1-naphthyl) derivatives 4b and 6b. In the
case of 6b this is consistent with the presence of the chiral, dl-
form of the ligand. Variable temperature NMR studies of 4b
show that the two methyl signals remain sharp even at 90 °C
(toluene-d8), indicating slow naphthyl rotation on the NMR
timescale at this temperature.

Addition of [B(C6F5)3]8 to 4,5 in benzene or toluene solvent
leads to the rapid (NMR) formation of the thermally unstable
(vide infra) cationic 7,8. Variable temperature spectra of these

species are highly informative. Low temperature 1H and 13C
NMR spectra of 7a and 8 show a single set of Cp and OAr
resonances along with resolved Ti-Me (sharp) and Ti-Me-B
(broad) resonances. Spectra obtained for 7a at ambient
temperature show broadening of these methyl signals, but the
thermal instability precludes obtaining limiting high tem-
perature spectra. We interpret this broadening as due to
exchange of the boron between methyl groups (boron exchange)
which is becoming fast on the NMR time scale. For 7b, two
broad methyl signals and a single, sharp Cp resonance are
present at room temperature. At 210 °C (toluene-d8) the Ti-Me
and Ti-Me-B signals sharpen up, but there is still only a single
Cp resonance. At 230 °C the Cp resonance splits into two
signals in the ratio of 80 : 20 representing the two, diaster-
eoisomeric forms. The methyl signals also split into two large,
equal intensity signals and one resolvable smaller peak
(presumably the second methyl signal is obscured by OAr
resonances). We interpret these changes as representing two
distinct dynamic processes. The faster process involves ex-
change between the two diastereoisomers (80 : 20 ratio) of 7b
(Scheme 2) without methyl exchange. This process involves
cation–anion dissociation and rearrangement and can only be
detected using the chiral o-(1-naphthyl)phenoxide. An alter-
native process for exchange of diastereoisomers would involve
naphthyl rotation. However, the variable temperature NMR
studies on 4b and data presented below show that this process is
too slow to account for the observed process. The slower
process in 7b, which is also detected for 7a and 8, involves Ti-
Me/Ti-Me-B exchange. In the case of 7b this process alone
cannot lead to exchange of methyl signals in the NMR spectra.
However, when coupled with the faster ion-pair dissociation, it
leads to methyl exchange (Scheme 2). Previous work by Marks
et al. has shown similar dynamics are present in [CpA2Zr(Me)-
{MeB(C6F5)3}] species.8 Based upon the spectra obtained for
7b we estimate the free energy of activation for ion-pair
dissociation to be 12.4(5) kcal mol21 at 225 °C (Cp

Scheme 1

Fig. 1 Molecular structure of 4b showing the atomic numbering scheme.
Selected interatomic distances (Å) and angles (°): Ti–O(10) 1.815(2), Ti–
C(6) 2.076(4), Ti–C(7) 2.091(4), C(6)–Ti–C(7) 97.5(2), Cp–Ti–O(10)
123.7(2), Ti–O(10)–C(11) 158.8(2).
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coalescence temperature at 300 MHz) while that for the methyl
exchange is 15.0(5) kcal mol21 at 235 °C.

When monitored by 1H NMR, solutions of 7,8 at ambient
temperatures over hours eliminate methane and form the neutral
species 9,10 (Scheme 2). The solid state structure of 10 (Fig. 2)
confirms the molecular structure and shows that the boron atom
is trigonal planar with no interaction present with the adjacent
Ti-C6F5 unit.9 In the 1H NMR spectra of 9a and 10, a single set
of Cp and OAr resonances are present along with well-resolved
diastereotopic Ti-CH2-B protons. In the case of 9b containing
the chiral o-(1-naphthyl) ligand, two sets of sharp NMR signals
are present representing a 70 : 30 mixture of the two possible
diastereoisomers. The fact that exchange of these isomers is
slow on the NMR timescale at ambient temperature confirms
that naphthyl rotation cannot account for the observed flux-
ionality in 7b.

Notes and references
† Selected spectroscopic data: aromatic signals unless indicated: 1H NMR
(C6D6, 30 °C, unless otherwise stated) 4a: d 6.70–7.60; 5.57 (s, C5H5); 1.68
(s), 1.32 [s, C(CH3)3]; 0.85 (s, CH3). 4b: d 7.10–8.00; 5.41 (s, C5H5); 1.64
(s), 1.26 [s, C(CH3)3]; 0.58 (s), 0.15 [s, CH3]. 5: d 7.07–7.29; 6.82 (s, para-
H); 5.63 (s, C5H5); 2.09 (s, meta-CH3); 0.26 (s, Ti-CH3). 6a: d 7.71 (s, para-
H); 7.31–7.02 (m); 5.75 (s, C5H5); 1.29 [s, C(CH3)3]; 0.10 (s, CH3). 6b: d
7.90 (s, para-H); 7.62–7.15 (m); 5.17 (s, C5H5); 1.21 [s, C(CH3)3]; 20.35,
20.81, (s, CH3). 7a: d 6.87–7.45; 5.44 (s, C5H5); 1.43 (br, Ti-CH3); 1.34 (s),
1.19 [s, C(CH3)3]; 0.90 (br, B-CH3). (C7D8, 210 °C): d 6.91–7.40; 5.37 (s,

C5H5); 1.52 (s, Ti-CH3); 1.32 (s), 1.16 [s, C(CH3)3]; 0.94 (br, B-CH3). 7b:
d 7.05–7.68; 5.36 (s, C5H5); 1.32 (s), 1.19 [s, C(CH3)3]; 0.91 (br, Ti-CH3);
0.81 (br, B-CH3). (C7D8, 210 °C): d 6.97–7.68; 5.27 (s, C5H5); 1.31 (s),
1.15 [s, C(CH3)3]; 0.96 (br, Ti-CH3); 0.77 (br, B-CH3). 1H NMR (C7D8,
230 °C): d 6.96–7.67; 5.23 (s, C5H5-major); 5.14 (s, C5H5-minor); 1.31 (s),
1.21 [s, C(CH3)3]; 0.95 (br, Ti-CH3-major); 0.76 (br, B-CH3-major); 0.54
(br, B-CH3-minor). 8: d 6.80–7.32; 6.74 (s, para-H); 5.44 (s, C5H5); 1.90 (s,
meta-CH3); 0.68 (br, Ti-CH3); 0.53 (br, B-CH3). (C7D8, 220 °C): d
6.63–7.14; 5.39 (s, C5H5); 1.87 (s, meta-CH3); 0.67 (s, Ti-CH3); 0.46 (br, B-
CH3). 9a: d 7.56 (d), 7.13 [d, 4J(1H–1H) = 2.5 Hz, meta-H]; 6.10 (s, C5H5);
4.21 (br), 3.23 (br, Ti-CH2-B); 1.62 (s), 1.26 [s, C(CH3)3]. 9b: d 6.72–7.86;
6.24 (s), 5.80 (s, C5H5); 4.16 (br), 4.14 (br), 3.00 (m, Ti-CH2-B); 1.60 (s),
1.57 (s), 1.19 (s), 1.15 [s, C(CH3)3]. 10: d 6.85–7.18; 6.68 (s, para-H); 5.65
(s, C5H5); 3.56 (br), 2.67 (br, Ti-CH2-B); 1.84 (s, meta-CH3). 13C NMR
(C6D6, 30 °C) 4a: d 160.8 (Ti-O-C); 114.4 (C5H5); 58.4, (Ti-CH3); 35.8,
34.5 [C(CH3)3]; 31.7, 30.5 [C(CH3)3]. 4b: d 161.6 (Ti-O-C); 114.1 (C5H5);
58.4, 57.8 (Ti-CH3); 35.8, 34.6 [C(CH3)3]; 31.7, 30.6 [C(CH3)3]. 5: d 161.1
(Ti-O-C); 113.7 (C5H5); 56.1, (Ti-CH3); 20.8 (meta-CH3). 6a: d 163.0 (O-
C); 147.5, 140.8, 132.6, 130.9, 128.3, 126.9, 118.7; 113.5 (C5H5); 56.9
(CH3); 37.4, [C(CH3)3]; 33.1 [C(CH3)3]. 6b: d 163.6 (O-C); 152.0, 148.7,
138.9, 135.1, 134.0, 129.7, 126.0, 125.3, 119.9; 113.3 (C5H5); 56.5, 56.1
(CH3); 37.7, [C(CH3)3]; 32.0 [C(CH3)3]. 7a: d 163.0 (Ti-O-C); 120.4
(C5H5); 113.0 (br, B-CH3); 77.7 (br, Ti-CH3); 35.1, 34.4 [C(CH3)3]; 30.8,
29.7 [C(CH3)3]. (C7D8, 210 °C): d 163.2 (Ti-O-C); 120.7 (C5H5); 112.9
(br, B-CH3); 77.4 (s, Ti-CH3); 35.4, 34.7 [C(CH3)3]; 31.1, 30.0 [C(CH3)3].
7b: d 163.3 (Ti-O-C); 119.9 (C5H5); 113.1 (br, B-CH3); 79.4 (br, Ti-CH3);
35.1, 34.4 [C(CH3)3]; 30.9, 30.0 [C(CH3)3]. 8: d 162.5 (Ti-O-C); 119.3
(C5H5); 113.0 (br, B-CH3); 77.8 (Ti-CH3); 19.9 (meta-CH3). 9a: d 163.7
(Ti-O-C); 119.4 (C5H5); 107.1 (br, Ti-CH2-B); 35.8, 34.7 [C(CH3)3]; 31.4,
30.6 [C(CH3)3]. 9b: d 164.4, 164.3 (Ti-O-C); 119.2, 119.0 (C5H5); 107.0,
105.5 (br, Ti-CH2-B); 35.9, 35.8, 34.7, 34.7 [C(CH3)3]; 31.4, 31.4, 30.7,
30.6 [C(CH3)3]. 10: d 162.3 (Ti-O-C); 118.1 (C5H5); 114.2 (br, Ti-CH2-B);
20.1 (meta-CH3).
‡ Crystal data for 4b at 296 K: TiOC31H38, M = 474.55, space group P21/c
(no. 14), a = 13.1917(8), b = 11.7251(6), c = 18.788(1) Å, b =
107.115(2)°, V = 2777.4(5) Å3, Dc = 1.135 g cm23, Z = 4. Of the 6750
unique reflections collected (4.54 @ 2q @ 61.36°) with Mo-Ka (l =
0.71073 Å), the 6750 with Fo

2 > 2s(Fo
2) were used in the final least-

squares refinement to yield R(Fo) = 0.064 and Rw(Fo
2) = 0.166. For 10 at

203 K: TiF15OC44BH24, M = 912.37, space group P1̄ (no. 2), a =
12.2084(5), b = 12.3668(2), c = 13.7876(5) Å, a = 71.440(2), b =
84.811(1), g = 83.982(2)°, V = 1958.9(2) Å3, Dc = 1.547 g cm23, Z = 2.
Of the 9835 unique reflections collected (8.00 @ 2q@ 61.10°) with Mo-Ka
(l = 0.71073 Å), the 9835 with Fo

2 > 2s(Fo
2) were used in the final least-

squares refinement to yield R(Fo) = 0.052 and Rw(Fo
2) = 0.126. CCDC

182/996.
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Scheme 2

Fig. 2 Molecular structure of 10 showing the atomic numbering scheme.
Selected interatomic distances (Å) and angles (°): Ti–O(10) 1.770(2), Ti–
C(20) 2.115(2), Ti–C(41) 2.176(2), Cp–Ti–O(10) 126.9(1), C(20)–Ti–
C(41) 98.73(8), Ti–O(10)–C(11) 176.2(1).
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2[Pd2(C^P)2(µ-3,5-dmpz)2]  +  2 AgClO4
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Synthesis and molecular structure of
[{Pd2(CH2C6H4P(o-tolyl)2-kC,P)2(m3-3,5-dmpz-N,NA,C4)2Ag(m-ClO4)}2]
(3,5-dmpz = 3,5-dimethylpyrazolato), a silver derivative showing
unprecedented h1-azolato coordination
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The reaction of [Pd2(CH2C6H4P(o-tolyl)2-kC,P)2(m-
3,5-dmpz)2] (1) with AgClO4 renders [{Pd2(CH2C6H4P(o-
tolyl)2-kC,P)2(m3-3,5-dmpz-N,NA,C4)2Ag(h2-m-ClO4)}2] (2),
a palladium–silver derivative displaying an unprecedented
dmpz bridging ligand h1 bonded to the Ag centers, involving
only the C4 atom of each dmpz ligand.

The chemistry of dimetallic compounds containing two m-
azolato bridging groups has been intensively developed in the
last three decades,1 especially in the case of dirhodium and
diiridium derivatives.2 Studies of these systems have included
substitution reactions,2a,b oxidative additions,2c,d kinetics,2e,f

electrochemistry,2g photochemistry,2h hydroformylation re-
actions2i and theoretical studies.2j Pyrazolate ligands have a
proven ability to hold two metal atoms in close proximity, while
permitting a wide range of intermetallic separations. Com-
pounds with two bridging azolato groups show a boat
conformation of the central ‘M2N4’ six membered ring. The p-
electron rich cleft between the two azolato rings in these
molecules offers a potentially interesting site for further
complexation (Fig. 1). To our knowledge there has been no
previous report of a complex in which a dimetallic ‘M2(m-
azolato)2’ moiety uses its p-electron system to accommodate a
transition metal cation.

In view of the paucity of dipalladium and diplatinum
complexes with m-azolato bridging groups3 we decided to
explore the synthesis and reactivity of compounds of the type
[M2(C^P)2(m-L)2] [M = Pd, Pt; C^P = CH2C6H4P(o-tolyl)2;
HL = pyrazole (Hpz), 3,5-dimethylpyrazole (H3,5-dmpz)].
The reaction of [Pd2(C^P)2(m-3,5-dmpz)2] (1)† with AgClO4
renders 2‡ [eqn. (1)].

Compound 2, as has been established by an X-ray study§
(Fig. 2), is formed by two {Pd2(C^P)2(m3-3,5-dmpz-N,NA,-
C4)2Ag(h2-m-ClO4)} units bridged by two perchlorate groups
and related to each other by a crystallographic center of
symmetry. Each unit contains a dinuclear palladium fragment

‘Pd2(C^P)2(m-3,5-dmpz)2’ and a silver atom located in the cleft
between the two dmpz groups and h1-bonded to the C4 atoms of
the dmpz ligands.

The palladium fragment ‘Pd2(C^P)2(m-3,5-dmpz)2’ consists
of a typical head to tail dimer with bridged 3,5-dmpz anions,
with the usual boatlike conformation of the Pd2N4 six-
membered metallocycle. The Pd···Pd distance (3.2297(7) Å) is
slightly longer than those observed in other Pd (or Pt)
complexes with two pyrazolate bridging ligands.3a–c The bond
distances and angles in the metallocycles in compound 2 are
similar to those observed in palladium and platinum compounds

Fig. 1 Schematic diagram showing a guest atom in the cleft formed by the
two pyrazolate rings of the moiety [Pd2(C^P)2(m-3,5-dmpz)2] .The atom
numbering scheme used in the NMR analyses is shown.

Fig. 2 Molecular structure for compound 2. Selected bond distances: Pd(1)–
C(7) = 2.034(5), Pd(1)–P(1) = 2.2251(13), Pd(2)–C(28) = 2.042(5),
Pd(2)–P(2) = 2.2268(13), Pd(1)–N(1) = 2.138(4), Pd(1)–N(3) = 2.097(4),
Pd(2)–N(2) = 2.092(4), Pd(2)–N(4) = 2.136(4), Ag–C(44) = 2.410(5),
Ag–C(49) = 2.420(5), Ag–O(1) = 2.431(4), Ag–O(2A) = 2.464(4), N(1)–
N(2) = 1.371(6), N(1)–C(43) = 1.331(6), C(43)–C(44) = 1.405(7),
C(44)–C(45) = 1.410(7), N(2)–C(45) = 1.332(6), N(3)–N(4) = 1.375(6),
N(3)–C(48) = 1.342(6), C(48)–C(49) = 1.405(7), C(49)–C(50) =
1.405(7), N(4)–C(50) = 1.330(7) Å. Selected bond angles: Ag–C(44)–
C(43) = 94.5(3), Ag–C(44)–C(45) = 89.1(3), Ag–C(49)–C(48) = 86.7(3),
Ag–C(49)–C(50) = 95.7(3)°.
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containing the same C^P group.4 The dmpz groups are planar,
and the angle between them in each ‘Pd2(C^P)2(m-3,5-dmpz)2’
fragment is 44.8°. Bond lengths and angles around the N and C
atoms of the 3,5-dmpz are identical to those observed in other
complexes.3a

The extraordinary structural feature of this compound is the
unprecedented coordination mode of the 3,5-dmpz groups to
Ag+. The silver cation is located in the cleft between, and
approximately equidistant from, the two 3,5-dmpz rings at a
distance of 2.410(5) Å and 2.420(5) Å from C(44) and C(49)
respectively, the C4 atom of each dmpz ring (Fig. 1). The Ag–
C(49) and Ag–C(44) vectors are nearly perpendicular to the
corresponding dmpz rings, the angles between the perpendicu-
lar to the corresponding rings and the Ag–C4 bonds being 5.9°
[Ag–C(49)] and 4.0° [Ag–C(44)] respectively. The long Ag–
C(48) (2.728 Å), Ag–C(50) (2.917 Å), Ag–C(43) (2.883 Å) and
Ag–C(45) (2.773 Å) distances seem to exclude any bond
interaction between Ag and these atoms. So, both 3,5-dmpz
rings seem to be h1-coordinated [C(44) and C(49)] to the silver
atom. The Ag–C bond lengths (ca. 2.415 Å) are similar to the
shortest values found in Ag–h1-arene complexes such as
[AgB11CH12·2C6H6] [2.400(7) Å],5a [Ag(deltaphane)-
(O3SCF3)] (2.41–2.48 Å),5b [Ag{(Z)-2,2,5,5-tetramethyl-
3,4-diphenylhex-3-ene}(O3SCF3)] [2.579(4) Å],5c and [in-
dene·AgClO4]2 [2.47(2) Å],5d and are clearly shorter than the
Ag–C distances observed in Ag–h2-arene complexes, such
as [Ag(25,26,27,28-tetramethoxycalix(4)arene)(NO3-O,OA)]
[2.504(5), 2.643(5), 2.527(5), 2.549(5) Å],5e

[{AuAg(C6F5)2(C6H6)n}] [2.48, 2.50 Å]5f and [catena(m-h4-
rac(2)(1,5-naphthalino(2)paracyclophane)(m-perchlorato-
O,OA,OAA)silver(I)] [2.365, 2.607 Å].5g

Finally, the Ag coordination is completed by two Ag–O
bonds [Ag–O(1) = 2.431(4), Ag–O(2A) = 2.464(4) Å], one
from each of the two bridging ClO4 groups, in such a way that
Ag shows a distorted tetrahedral coordination environment. The
Ag–O bond distances are in the range found in complexes with
triflate,5b nitrate5e or for m-ClO4 bonded to silver.6

As has been mentioned, the bond distances and angles in the
dmpz groups in 2 are very similar to those observed in
uncomplexed ‘M2L2(m-pz)2’ compounds, indicating that in
spite of the h1 interaction to the silver centre, the pyrazolato
rings maintain their aromaticity. The mass spectrum (FAB+) of
2 shows the molecular peak for the cation [Pd2(C^P)2(m3-
3,5-dmpz-N,NA,C4)2Ag]+ (1119). The sharp 31P, 1H and 13C
NMR signals of 2 at room temperature and their observed shifts
with respect to those in the starting material, 1, indicate that the
silver–h1-dmpz bonds are present in solution. Especially
significant are the changes observed in the 13C NMR spectrum
of 2 with respect to that of 1, mainly in the signal due to the C
atoms h1-bonded to silver, the C4 atom of each dmpz group. For
compound 2 it appears at 86.8 ppm, i.e., shifted upfield by 16.34
ppm, and which becomes a multiplet, probably as a con-
sequence of the coupling of the C4 atoms to the P, 107Ag, and
109Ag nuclei. Due to the poor resolution of this spectrum, no
individual values for the coupling constants could be ex-
tracted.

Studies of the reactivity of other palladium and platinum
pyrazolate complexes towards other Lewis acid metal com-
plexes are in progress.

The authors thank the Dirección General de Enseñanza
Superior (Spain) for financial support (Projects PB95-
0003-C02-01 and PB95-0792).

Notes and references
† [Pd2(C^P)2(m-3,5-dmpz)2] (1): NMR spectra (RT, CD2Cl2) were recorded
on either a Varian Unity-300 or a Bruker ARX-300 spectrometer using the
standard references: dP 35.6 (s); dH 5.57 (s, 2H, H4 3,5-dmpz) 1.68 (s, 6H,
3,5-dmpz), 2.32 (s, 6H, 3,5-dmpz), 2.28 [s, 2H, CH2 (C^P)], 2.83 [s, 2H,
CH2 (C^P)], 2.87 [s, 6H, Me (C^P)], 1.61 [s, 6H, Me (C^P)]; dC 145.7 [d,
3J(C–P) 3.0 Hz], 147.2 [d, 3J(C–P) 2.3 Hz, C3,C5 (3,5-dmpz)], 103.1 [d, C4,
4J(C–P) 3.2 Hz], 14.3 (s, Me, 3,5-dmpz), 12.6 (s, Me, 3,5-dmpz), 28.6 (s,
CH2, C^P), 22.3 [d, 3J(C–P) 13.8 Hz, Me (C^P)], 21.6 [d, 3J(C–P) 8.6 Hz,
Me (C^P)].

‡ [{Pd2(C^P)2(m3-3,5-dmpz-N,NA,C4)2Ag(h2-m-ClO4)}2] (2). To a solution
of [Pd2(C^P)2(m-3,5-dmpz)2] (1; 0.1136 g, 0.112 mmol) in CH2Cl2–OEt2
(50 : 4 mL) was added AgClO4 (0.0233 g, 0.112 mmol), and the mixture was
stirred for 5 h at room temperature. After filtration through Celites, the
resulting solution was evaporated to dryness. Upon addition of 15 mL of
Et2O and 2 mL of CH2Cl2 a white solid formed immediately, 2 (0.08 g,
58.50%). (Found: C, 51.10; H, 3.96; N, 4.58. Ag2C104Cl2H108N8O8P4Pd4

requires C, 51.31; H, 4.47; N, 4.60%). NMR spectra (RT, CDCl3): dP 39.1
(s); dH 5.52 (s, H4, 3,5-dmpz), 2.43 (s, Me, 3,5-dmpz), 1.91 (s, Me,
3,5-dmpz), 2.53 [d, 2J(H–H) 15.0 Hz, CH2 (C^P)], 3.11 [d, CH2 (C^P)],
2.74 [s, Me (C^P)], 1.88 [s, Me (C^P)]; dC 152.1 (s), 151.7 (s) [C3, C5

(3,5-dmpz)], 86.8 [m, C4 (3,5-dmpz)], 14.6 [s, Me (3,5-dmpz)], 13.2 [s, Me
(3,5-dmpz)], 29.0 [s, CH2 (C^P)], 22.7 [d, 3J(C–P) 7.2 Hz, Me (C^P)], 22.2
[d, 3J(C–P) 12.6 Hz, Me (C^P)].
§ Crystal data for 2·CH2Cl2·C5H12: C52H54AgCl-
N4O4P2Pd2·CH2Cl2·C5H12, M = 1374.12; triclinic, space group P1̄ (no. 2),
a = 12.686(2), b = 15.050(2), c = 17.349(3) Å, a = 112.190(15), b =
108.53(2), g = 90.996(15)°, U = 2872.2(7) Å3, Z = 1, T = 150 K, m =
1.201 mm21, graphite monochromated Mo-Ka radiation, l = 0.71073 Å,
yellowish prism with dimensions 0.45 3 0.22 3 0.20 mm, Nonius CAD4
diffractometer, w scans, data collection range 4 < 2q < 50°, semiempirical
absorption correction based on Y scans, transmission factors 0.891–0.861,
653 refined parameters with 10049 unique (Rint = 0.015) reflections (10547
measured). Full-matrix least-squares refinement of this model against F2

(program SHELXL-937) converged to final residual indices R1 = 0.043,
wR2 = 0.111. (R factors defined in ref. 7), g.o.f. 1.03. Final difference
electron density maps showed six peaks above 1 e Å23 (from 2.68 to 1.35;
largest diff. hole 21.45) lying close to the solvent molecules. CCDC
182/1038.
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The application of a water-soluble diphosphine with a
xanthene-type backbone in the biphasic palladium-catalysed
hydroxycarbonylation reaction of alkenes leads to the
selective formation of carboxylic acids.

Water-soluble organometallic compounds have attracted con-
siderable interest as catalysts.1 Application of these compounds
in two-phase catalysis results in easy separation and recycling
of the catalyst.2

Various alkenes can be hydroxycarbonylated with carbon
monoxide and water using transition metal compounds to yield
the corresponding carboxylic acids.3 Recently, the use of
palladium catalysts for the biphasic hydroxycarbonylation of
alkenes was reported.4 The hydroxycarbonylation of alkenes in
a two-phase system with the water-soluble palladium catalyst
[Pd(TPPTS)3] in the presence of a Brønsted acid as promoter
yields carboxylic acids.4,5 The catalyst predominantly affords
carboxylic acids, but in most cases it suffers from low activities
and selectivities. Water-soluble bidentate phosphines have been
used to form active catalysts for palladium-catalysed alternating
copolymerisation, e.g. a catalyst formed with the bidentate
water-soluble phosphine C3H6-1,3-[P(C6H4-m-SO3Na)2]2
(dppp-s) produces polyketone from ethylene and carbon
monoxide.6

Recently, we developed the water-soluble bidentate diph-
osphine 2,7-bis(SO3Na)-Xantphos (1) which was successfully
applied in the two-phase rhodium-catalysed hydroformylation
reaction of alkenes.7 Here, the highly selective palladium-
catalysed formation of carboxylic acids from alkenes and
carbon monoxide in the presence of 1 and a Brønsted acid as a
cocatalyst will be described.

Complex 2 was prepared by reaction of 1 with PdCl2.
Addition of two equivalents of AgOTs (OTs = p-
CH3C6H4SO3

2) to a solution of 2 resulted in the dicationic
palladium complex 3 which was isolated as an orange powder.
The 31P{1H} NMR spectrum in CD3OD shows only a singlet at
25.6 ppm which indicates that a trans complex is formed
exclusively at room temperature.† This is probably due to the
large natural bite angle of the xanthene backbone and the
coordination of the oxygen atom to the dicationic palladium
center.‡ The preferential formation of the trans complex,
excluding copolymerisation activity which requires a cis
coordination,8 prompted us to investigate the applicability of 3
(and 2) toward the selective formation of carboxylic acids.
Indeed, hydroxycarbonylation of ethylene was 100% selective
towards the formation of propionic acid without formation of
oligomers or copolymers as indicated by 1H NMR spectros-
copy.§ The reaction proceeded at relatively low concentrations
of palladium (1.6 mmol l21). As expected, the activity increased
with increasing temperature. The addition of TsOH as a
promoter was necessary to stabilise the catalyst as otherwise
palladium black is formed during the reaction. The use of
propionic acid as the proton donor instead of TsOH gave rise to
formation of metallic palladium as well. More strongly
coordinating anions stabilise the cationic center which results in
a slower reaction and eventually in decomposition of the
catalyst at elevated temperatures.5,6 Run 1 was performed at

95 °C using 50 equivalents of TsOH and a total initial pressure
of 30 bar (CO–ethylene = 1 : 1; Table 1). After the reaction
very small amounts of palladium metal were formed. The
activity (TOF¶ = 133 h21) increased to 180 h21 when the
reaction was carried out at 120 °C (run 2). When an additional
equivalent of 1 was added to the catalyst solution an even higher
activity was observed (TOF = 304 h21; run 3). Furthermore, no
formation of palladium metal was observed during this run
suggesting that the stability of the catalyst system had increased.
Lower activities were found when 2 was used as the catalyst
(TOF = 218 h21 and 272 h21; runs 4 and 5) suggesting the
higher activity for 3. Catalysts prepared in situ (runs 6 and 7)
gave rise to lower rates compared to 3 as well. In this case, the
formation of the active catalyst is slower.

In order to investigate the regioselectivity of the catalytic
system towards the formation of linear (l) and branched (b)
carboxylic acids styrene and propene were also studied as
substrates. The hydroxycarbonylation of styrene catalysed by 3
led to a mixture of 2- and 3-phenylpropionic acid (Scheme 2).
The l/b ratio of the carboxylic acids was ca. 65/35 and a TOF of
40 h21 was observed (run 9). A l/b ratio of ca. 70/30 was found
when Pd(TPPTS)3 was used as the catalyst (60% selectivity
towards the formation of acids). This suggests that 3 does not
induce higher selectivity compared to monodentate phos-
phines.∑ At 70 °C, 30 bar CO pressure and in the presence of
4-tert-butylcatechol as a polymerisation inhibitor less thermal
polymerisation was observed without any change in activity and
l/b ratio.

Scheme 1 Synthesis of the cationic palladium complexes 2 and 3.
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Propene was hydroxycarbonylated at higher temperatures
(100 °C) than styrene since it is not susceptible to polymer-
isation (runs 11–17). Under the given reaction conditions (9 bar
of propene pressure) no polymer formation was detected, but
activities were low (TOF = 55 h21). At 120 °C the TOF
increased significantly [373 h21 after 30 min reaction (run 15)
and 262 h21 after 3 h reaction (run 16)]. For the Pd(TPPTS)3
catalyst high rates [TOF = 2507 h21 (15 min); 1307 h21(30
min)] were observed, but in contrast with our system fast
catalyst deactivation was reported.5 At lower CO pressures the
rate decreased and selectivity increased towards the linear acid
(runs 13 and 14). At low pressures, the observed rates suggest
that the reaction has an approximate first-order dependence on
CO and alkene concentrations. Higher ligand to palladium
ratios did not improve the selectivity, while a somewhat lower
rate was observed (run 17). With a ligand to palladium ratio of
3 (or more) no catalytic activity at all was observed which
suggests that a catalytically inactive coordinatively saturated
bis-ligand Pd(II) species is formed.

In conclusion, we have shown that the dicationic Pd/
Xantphos-s/TsOH system is very effective and 100% selective
in the hydroxycarbonylation reaction of alkenes (no traces of
oligomeric or polymeric species were observed) towards
carboxylic acids. Furthermore, under optimised reaction condi-
tions, no formation of metallic palladium was observed and
initial turnover frequencies dropped only slightly within hours
indicating that the system is highly stable under the reaction
conditions employed. The scope of this useful system is
currently under investigation.

We thank the Netherlands Institute for Catalysis Research
(NIOK) for financial support.

Notes and references
† Selected data for 2: 1H NMR (CD3OD): d 8.32 (s, 2H, ArH), 8.01 (d, J =
7.6 Hz, 2H, ArH), 7.32 (t, J = 5.1 Hz, 8H, ArH), 7.26 (t, J = 5.1 Hz, 8H,
ArH), 7.12 (t, J = 5.1 Hz, 4H, ArH), 1.92 (s, 6H, ArH). 31P{1H} NMR
(CD3OD): d 23.8. (Found: C, 42.2; H, 4.1. Calc. for C39H30O7S2P2PdCl2: C,
42.4; H, 4.2%).For 3: 1H NMR (CD3OD; only the dication): d 8.38 (s, 2H,
ArH), 7.42–7.34 (b, 20H, ArH), 6.99 (b, 2H, ArH), 2.03 (s, 6H, CH3).
31P{1H} NMR (CD3OD): d 25.6. (Found: C, 54.5; H, 4.2. Calc. for
C53H44O13S4P2Pd·2(CH3CN): C, 54.0; H, 4.0%).
‡ These type of trans complexes were also found in the solid state.
§ Catalysis: the appropriate amount of catalyst (15.8 mmol), prepared from
2, 3 or in situ from PdCl2 or Pd(OAc)2 and 1, was mixed with 0.9 or 2.7
mmol of TsOH. The mixture was charged into a 200 mL stainless steel
reaction vessel (ethylene) or a 50 mL Hastelloy C autoclave (styrene and
propene) under an atmosphere of argon. Degassed water (10 mL) was added
and after five pressurizing–depressurizing cycles with CO, to remove traces
of argon/air, the autoclave was pressurized with the appropriate substrates
(ethylene and propene) and CO or charged with styrene and pressurized
with CO. The contents were heated to the desired temperature and
magnetically stirred (840 rpm). After the reaction the autoclave was cooled
to room temperature in a ice bath and slowly depressurized. The
hydroxycarbonylation products were analysed by 1H NMR (300 MHz,
CDCl3).
¶ All TOFs mentioned are average TOFs calculated over the given reaction
time.
∑ Since styrene is susceptible to polymerisation, reactions were carried out
at lower temperatures (70–95 °C). At 95 °C the selectivity towards
carboxylic acids is 65% (35% polystyrene). When no catalyst is present the
same amount of polystyrene is formed thermally. The preference for the
formation of the linear acid is in contrast with that reported for the
Pd(TPPTS)3 catalyst (l/b ratio ca. 27/73; TOF = 49 h21).5
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Table 1 Palladium-catalysed hydroxycarbonylation of ethylene (4), styrene (5) and propene (6)a

Run Olefin
p-CH3C6H4SO3H/
mmol T/°C t/min l/b TOF/h21

1 4 0.9 95 180 — 133
2 4 0.9 120 180 — 180
3b 4 0.9 120 180 — 304
4c 4 0.9 120 180 — 218
5b,c 4 0.9 120 180 — 272
6d 4 0.9 120 180 — 266
7e 4 0.9 120 180 — 259
8 4 2.7 120 180 — 260
9f 5 2.7 95 180 65/35 40

10g 5 2.7 70 180 65/35 40
11 6 0.9 100 180 60/40 55
12 6 2.7 120 80 63/37 300
13h 6 2.7 120 45 65/35 140
14i 6 2.7 120 60 66/34 76
15 6 2.7 120 30 65/35 373
16 6 2.7 120 180 63/37 262
17j 6 2.7 120 180 65/35 163
18k 6 2.7 120 180 64/36 129

a Reaction conditions: 15.8 3 1023 mmol Pd complex 3, Brønsted acid, amount of olefin (15 bar of 4 or 9 bar of 6) without the addition of organic solvent;
initial total pressure at RT: 30 bar unless otherwise stated, 10 mL of H2O. b 1 equiv. Xantphos-s added to 3. c Palladium complex 2 was used as precursor.
d Catalyst prepared in situ from PdCl2 and 1 equiv. Xantphos-s. e Catalyst prepared in situ from Pd(OAc)2 and 1 equiv. Xantphos-s. f 35% of polystyrene
formed. g 4-tert-Butylcatechol (5 mmol) was added; 19% of polystyrene formed. h pressure 6 = 9 bar; pressure CO = 2 bar at RT. i pressure 6 = 9 bar;
pressure CO = 1 bar at RT. j L/Pd ratio = 2; no formation of palladium black observed. k pressure 6 = 4.5 bar.

Scheme 2 Palladium-catalysed hydroxycarbonylation of ethylene (4; R =
H), styrene (5; R = Ph) and propene (6; R = CH3) (L = 1).
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Novel elimination of hydroxylamine and formation of a nickel tetramer on
reactions of glutarodihydroxamic acid with model dinickel hydrolases‡
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Reactions of glutarodihydroxamic acid with the hydrolase
enzyme urease models, [Ni2(m-H2O)(OAc)4(tmen)2] and
[Ni2(OAc)3(urea)(tmen)2][OTf], lead to novel hydroxyla-
mine elimination and formation of [Ni2(OAc)2{m-
O(N)(OC)2(CH2)3}(tmen)2][OTf] and the tetramer
[Ni4(OAc)2(gluA2)2(tmen)4][OTf]2, respectively, both of
which are structurally characterised by X-ray crystallog-
raphy.

Urease is a hydrolytic metalloenzyme1 which catalyses the
hydrolysis of urea and contains a dinickel active site with a Ni–
Ni distance of 3.5 Å.2 Hydroxamic acids inhibit a number of
enzymes including urease.3 The urea complex, [Ni2(OAc)3(ur-
ea)(tmen)2][OTf] A,4 reacts rapidly with acetohydroxamic acid
(AHA) to give the monobridged hydroxamate complex
[Ni2(OAc)2(AA)(urea)(tmen)2][OTf]5 with a very similar struc-
ture to that of the acetohydroxamate inhibited C319A variant of
Klebsiella aerogenes urease.6 Similarly, reaction of the hydro-
lase model [Ni2(m-H2O)(OAc)4(tmen)2] B7 with AHA gives the
dibridged complex [Ni2(OAc)(AA)2(tmen)2][OAc].5 We now
report the reactions of A and B with glutarodihydroxamic acid,
(CH2)3(CONHOH)2, gluH2A2, with novel results. B reacts
rapidly with gluH2A2 at room temperature in both methanol and
dichloromethane in the presence of the triflate ion to give
[Ni2(OAc)2{m-O(N)(OC)2(CH2)3}(tmen)2][OTf] I,§ which
contains a deprotonated bridging N-hydroxyglutarimide with
the deprotonated N–OH oxygen O6 bridging the two divalent
nickel ions Ni1 and Ni2 and the two carbonyl oxygens O5 and
O7, each coordinated to their respective nickel atoms Ni1 and
Ni2 (Fig. 1). Formation of I involves the novel elimination of

hydroxylamine. We suggest that the two nickel centres in B act
as Lewis acids polarising both carbonyl groups of gluH2A2 (C,
Scheme 1). Subsequent protonation of one nitrogen (D, Scheme
1) and attack by the other nucleophilic nitrogen occurs with loss
of NH2OH, ring closure and formation of the tetrahedral
intermediate (E, Scheme 1) which on deprotonation forms I. In
this mechanism the dinickel centre probably prearranges the
electrophilic and nucleophilic reaction centres similar to the
prearrangement of water and urea in urease with the base OH2
formed by deprotonation of a coordinated water molecule
replaced by the nitrogen nucleophile. The dinickel centre is
essential, since reaction of gluH2A2 with nickel acetate gives
simply Ni(gluA2) with properties similar to those reported
previously for analogous complexes.8 In contrast, the longer
chain dihydroxamic acids, (CH2)n(CONHOH)2, n = 4 (adipo-
dihdroxamic acid) and n = 8 (sebacodihydroxamic acid),
reacted with B to give [Ni2(OAc){(CH2)n(CONHO)2}(t-
men)2][X], n = 4 II and n = 8 III, X = OTf or BF4

2 , with no
loss of NH2OH and retention of the characteristic n(NH)
infrared absorption at 3246 cm21.§ Unfortunately, crystals of II
and III were not suitable for X-ray crystallography, but most
likely II and III are the longer chain analogues of IV described
below. Molecular modelling calculations, using SPARTAN
PM3(tm), predict I to be a stable structure for glutardihy-
droxamic acid but not for the longer chain sebacodihydroxamic
acid, confirming the importance of steric factors.

Fig. 1 Molecular structure of the cation of complex I. Selected bond
distances (Å) and angles(°): Ni1–O6 2.059(2), Ni2–O6 2.040(3), Ni1–O5
2.155(3), Ni2–O7 2.128(3), Ni1–O1 2.019(3), Ni2–O2 2.007(3), O6–Ni1–
O5 76.50(10), O7–Ni2–O6 77.97(10), Ni–Ni 3.414(1) and 3.427(1). Scheme 1
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In contrast to the above reaction of gluH2A2 with the
hydrolase model B, reaction with the urease model A gives the
tetrameric nickel hydroxamate complex IV§ [Ni4(OAc)2-
(gluA2)2(tmen)4][OTf]2 (Fig. 2) with accompanying loss of
urea. The tetramer contains two sets of nickels atoms Ni1 and
Ni2 and their symmetry equivalents, each set bridged by one
hydroxamate group of one ligand and one hydroxamate group
of the other ligand. As in the corresponding dibridged
monohydroxamate (II in ref. 5), the deprotonated OH groups
O3 and O5 bridge the two nickel centres Ni1 and Ni2, while the
carbonyl oxygens O4 and O6 each coordinate to their respective
nickel centres Ni1 and Ni2. The bond angles and distances in the
dinickel hydroxamate bridges in IV and in II (ref. 5) are very
similar. The structure is duplicated in the other part of the
tetramer through the centre of inversion (Fig. 2) with opposite
nickel centres, Ni1 and Ni2 being 9.742(1) Å apart. In I the
Ni–O(bridging) distances Ni2–O6 and Ni1–O6 of 2.040(3) and
2.059(2) Å, respectively, are slightly shorter than the hydrox-
amate bridging Ni–O distances Ni1–O3 and Ni2–O3 of
2.061(2) and 2.087(2) Å respectively, in the tetramer IV (Fig. 2)
which may be a factor promoting cyclisation in I.

Replacement of bridging water and carboxylates by the
deprotonated OH group of the hydroxamic acid is probably part
of the driving force of these facile reactions since the resulting
bridging oxygen is a feature of all of the complexes which we
have studied so far as well as in the dinickel complex containing
two salicylhydroxamate bridges.9 This structural feature also
occurs in biological systems such as the acetohydroxamate
complex with the C319A variant of urease6 and the p-iodo-d-
phenylalanine hydroxamate complex with Aeromonas proteoly-
tica aminopeptidase(AAP).10

Finally, the displacement of coordinated urea from A by
gluH2A2 but not by AHA suggests that inhibition of urease by
dihydroxamic acids may also involve displacement of the urea
substrate as well as the water molecules (which act as a base
source) which is probably the mode of their inhibition by
acetohydroxamic acid.

We thank Professor K. Nolan, Royal College of Surgeons in
Ireland, for helpful discussions and the EUCOST D8 pro-
gramme, Project D8/0010/97 for support.

Notes and references
† Present address: Department of Physics, Emory University, Atlanta, GA,
USA
‡ Satisfactory microanalyses were obtained for compounds I–IV.
Preparations of I–III: to a solution of B (1 mM) in CH2Cl2 under nitrogen
was added 1 mM of triflate (OTf) (or tetrafluoroborate BF4

2) and stirred for
1 h followed by 1 mM of gluH2A2 in methanol. The reaction was monitored
by the appearance of IR peaks at 1710, 1750 and 1590 cm21 due to acetic
acid and co-ordinated hydroxamate respectively. After work-up, a solution
in CH2Cl2 was layered with diethyl ether, pentane and 2,2-dimethox-
ypropane to give blue–green crystals of I suitable for X-ray crystallography,
II and III were prepared similarly.

Preparation of IV: as for I–III above but replacing B by the urea
complex A and omitting the addition of triflate ion. Suitable crystals were
obtained in this case by vapour diffusion of diethyl ether into a solution of
IV in methanol/CH2Cl2 (1 : 2).

Crystallography: Crystal data: for I: C22H44F3N5Ni2O10S, M = 745.10,
triclinic, space group P1̄, a = 10.7655(9), b = 15.7266(13), c =
20.8115(18) Å, a = 73.612(3)°, b = 84.827(3) °, g = 81.397(3) ° U =
3338.0(5) Å3 , Z = 4 , l = 0.71073 Å, m = 1.262 mm21. 11303
independent reflections were measured. Final R1 = 0.0435 and wR2 =
0.1158.

For IV: C20H45F3N6Ni2O10S, M = 736.10, monoclinic, space group P21/
c, a = 12.4205(7), b = 12.6790(7), c = 20.8914(12) Å, b =
107.1940(10)°, U = 3142.9(3) Å3 Z = 4 , l = 0.71073 Å, m = 1.340
mm21, 7412 independent reflections were measured. Final R1 = 0.0355
and wR2 = 0.0867.

Data were collected using a Siemens SMART CCD area-detector
diffractometer. Refinement was by full-matrix least squares on F2 for all
data using SHELXL-97.11 Hydrogen atoms were added at calculated
positions and refined using a riding model.
§ Abbreviations: OTf = CF3SO3

2 , OAc = CH3CO2
2, AHA =

acetohydroxamic acid, AA = deprotonated acetohydroxamic acid, gluH2A2

= glutarodihydroxamic acid, gluA2 = deprotonated glutarodihydroxamic
acid.
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Fig. 2 Molecular structure of the cation of complex IV. Selected bond
distances (Å) and angles (°): Ni1–O3 2.061(2), Ni2–O3 2.087(2), Ni1–O5
2.121(2), Ni2–O5 2.096(2) Ni1–O4 2.065(2), Ni2–O6 2.062(2), Ni1–Ni2
3.032(1), O4–Ni1–O3 80.27(6), O4–Ni1–O5 97.90(6), O5–Ni1–O3
84.62(6), O5–Ni2–O3 84.62(6).
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Heterogeneous asymmetric aminohydroxylation of alkenes using a silica
gel-supported bis-cinchona alkaloid
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Excellent enantioselectivities of up to > 99% ee have been
achieved in the heterogeneous asymmetric aminohydroxyl-
ation of trans-cinnamate derivatives using silica gel-sup-
ported (QN)2PHAL [SGS-(QN)2PHAL 1]; the dark brown
1·Os complex, recovered by simple filtration after reaction,
could be reused without any loss of enantioselectivity.

Highly efficient methods for osmium-catalyzed asymmetric
aminohydroxylation (AA) of alkenes in the presence of
(DHQ)2PHAL or (DHQD)2PHAL ligands have been dis-
covered recently by Sharpless and co-workers.1 Initially, the
catalytic AA reaction exploited TsNClNa (Chloramine-T) as
the oxidant/nitrogen source.1a,b Subsequently, with the develop-
ment of new procedures which utilize carbamates-1d and amide-
derived oxidants,1e the substrate scope and selectivity has been
greatly improved. The resulting chiral b-amino alcohol group is
an important structural element in many biologically active
molecules as well as the starting point in the design of many
chiral ligands.

Recently, we prepared silica gel-supported (QN)2PHAL
[SGS-(QN)2PHAL 1],2 which with OsO4 yielded excellent

enantioselectivities in asymmetric dihydroxylation of alkenes
( > 99% ee for trans-stilbene). Moreover the catalytic system,
the SGS-(QN)2PHAL 1–osmium complex, could be reused
after simple filtration without any significant loss of enantio-
selectivity. UV analysis of the filtrate of the simple mixture of
ligand 1 and OsO4 in ButOH–H2O (1:1) in several molar ratios
(1:1, 2:1, 4:1 etc.) showed that the binding affinity of 1 to OsO4
is much greater than that of the homogeneous analogue

(DHQ)2PHAL. No trace amounts of osmium could be found in
all filtrates examined. These results encouraged us to examine
the efficiency of 1 in the heterogeneous AA reactions. We report
here our preliminary findings.

The heterogeneous AA reactions of trans-cinnamate deriva-
tives using 1 were carried out either with EtOCONH2/ButOCl/
NaOH1d or AcNHBr/LiOH1e as the oxidant/nitrogen source
under the same reaction conditions adopted for the analogous
homogeneous process (Scheme 1). The results are summarized
in Table 1. The data show that all reactions examined using 1
exhibited excellent enantioselectivities. Generally, the amide-
based AA reactions (Table 1, entries 4 and 6) gave higher yields
and ees ( > 99% ee) than those employing the carbamate-based
chemistry (entries 1–3). In particular, the AA reactions at 4 °C
with amide as oxidant gave similar chemical yields (71–76%)
and ees ( > 99% ee) to those obtained in homogeneous AA
reactions.1e It is noteworthy that when these reactions were
carried out at room temperature, the chemical yields were
significantly decreased (ca. 30–40% yield), whereas the ees
were maintained. The reactions always stopped after ca. 50%
conversion, and the pH of the mixture at the end of the reactions
was about 5–6. It is probable that Hoffmann rearrangement3 of
the N-bromoacetamide is a significant concurrent reaction at
this temperature.

Table 1 Heterogeneous catalytic AA reaction using SGS-(QN)2PHAL 1a

Entry Substrate Oxidant Solvent t/h Yield (%)b Ee (%)c Configurationc

1 2a EtOCONClNa PriOH–H2O 12 40 88 2R,3S
2 2b EtOCONClNa PriOH–H2O 12 43 92 2R,3S
3 2c EtOCONClNa CH3CN–H2O 12 52 92 2R,3S
4 2d AcNBrLi ButOH–H2O 7 71 > 99 2R,3S
5d 2d AcNBrLi ButOH–H2O 7 30 > 99 2R,3S
6 2e AcNBrLi ButOH–H2O 9 76 > 99 2R,3S
7d 2e AcNBrLi ButOH–H2O 9 32 > 99 2R,3S
8e 2e AcNBrLi ButOH–H2O 7 81 > 99 2R,3S

a In all cases 4 mol% K2OsO2(OH)4 and 5 mol% ligand were used. The reactions in entries 1–3 were carried out at 10 °C under the same reaction
conditions as those reported in ref. 1(d). The reactions in entries 4–7 were carried out at 4 °C under the same reaction conditions as those reported in ref. 1(e).
b Isolated yields by column chromatography. c The ees and absolute configuration were determined by chiral HPLC analysis.† d Reaction was carried out
with 1·Os complex recovered from the reaction in entries 4 and 6 respectively without further addition of K2OsO2(OH)4. e Reaction was carried out with 1·Os
complex recovered from the reaction in entry 6 with the addition of small amounts of K2OsO2(OH)4 (2 mol%).

Scheme 1
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The efficiency with which the catalyst can be recycled has
also been examined. The dark brown-coloured 1·Os complex
was recovered by simple filtration after each reaction (entries 4
and 6), which is not possible in a homogeneous process. XPS
(X-Ray Photoelectron Spectroscopy)-analysis (Fig. 1) of the
samples shows clearly that these recovered complexes contain
osmium. However, the recovery yields were not high enough
( < 50%). The rest of the osmium was obviously lost to the
mother liquor. The AA reactions were repeated with these
samples without further addition of osmate salt. As shown in
entries 5 and 7, the required amino alcohols 3d,e were obtained
in 30 and 32% yield with > 99% ee, respectively. Moreover, the
addition of small amounts of osmium to the recovered catalyst
regenerated completely the reaction conditions (entry 8). These
results indicate the viability of the repetitive use of osmium and

the chiral ligand, which is a current intrinsic limitation of
catalytic AA and AD reactions.

In conclusion, we have achieved excellent ees for the
heterogeneous catalytic AA of alkenes using a silica gel-
supported bis-cinchona alkaloid 1. Moreover, the recovered
dark brown-coloured 1·Os complex can be reused without any
loss of enantioselectivity. We have also determined the Os
content of this complex by XPS analysis. Further studies are
currently in progress to increase the product yield, and the
recovery of both the chiral ligand and the osmium.

This research was supported by a grant (MOST 2N17410)
from the Ministry of Science and Technology in Korea.
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hexane (10:90), 0.7 ml min21; 25.0 min (2R,3S), 29.6 min (2S,3R). For 3b:
Chiralcel AD, PriOH–hexane (10:90), 0.7 ml min21; 36.1 min (2R,3S), 54.0
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(20:80), 1 ml min21; 6.9 min (2R,3S), 10.9 min (2S,3R). For 3e: Chiralcel
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Fig. 1 XPS-spectra of the 1-Os complex recovered after reaction, entry 4 (a)
and entry 6 (b).
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Alkenyl O- and C-glycopyranoside homodimerization by olefin metathesis
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Using ruthenium-catalyzed olefin metathesis, several O- and
C-allyl and O-pentenyl D-galactopyranoside and lactoside
homodimers were prepared in high yields.

Multivalent neoglycoconjugates have been exhaustively util-
ized to probe and enhance carbohydrate–protein interactions at
the molecular level.1 Moreover, glycoclusters2 and dendrimers3

are also emerging as potential carbohydrate-based therapeutic
agents.4 Several examples exist in which ligand-induced
receptor and protein dimerization occurred as a general
mechanism for signal transduction.5 It is conceivable that signal
transduction and receptor shedding could also be triggered by
carbohydrate oligomers.6

Transition metal catalyzed olefin metathesis has gained an
important position in organic syntheses in recent years.7–10

Ruthenium carbene complex 1 developed by Grubbs and co-
workers7 and Schrock’s molybdenum catalyst 28 are very useful
in this respect. Because of its unique properties, high reactivity,
stability to air, and remarkable functional group tolerance,
benzylidenebis(tricyclohexylphosphine)dichlororuthenium 1
has been chosen as the catalyst of the year. Ruthenium and
molybdenum carbenoids have been scarcely used in carbohy-
drate chemistry.9 It seemed appealing to apply the olefin
metathesis reaction toward the synthesis of carbohydrate
homodimers. The only example of carbohydrate homodimeriza-
tion was reported by Descotes et al.10 in his sugar bolaform
syntheses using a tungsten aryloxo complex such as 3.
However, the tungsten-catalyzed alkenyl glycoside homo-
dimerizations were unsuccessful with O-allyl glycosides as well
as benzyl-protected sugar derivatives. Herein, we report the
efficient and high yielding synthesis of some biologically
important carbohydrate homodimers starting from either per-
acetylated or perbenzylated O- and C-allyl as well as O-
pentenyl galactopyranosides using ruthenium benzylidene com-
plex 1 (Scheme 1).

Treatment of allyl 2,3,4,6-tetra-O-acetyl-a-D-galactopyrano-
side 4 with 10 mol% of Grubbs’ catalyst 1 in refluxing CH2Cl2
under a nitrogen atmosphere resulted in the clean formation of
homodimer 5 in 92% yield as a mixture of E and Z
stereoisomers in 5:1 molar ratio (Scheme 1).† The only other
by-products isolated from these sequential [2+2] cycloaddition
and cycloreversion equilibria were the recovered starting
material (3%) along with trace amount of cross-metathesis
product obtained from the initially released styrene. In order to
compare the catalytic activity of Grubbs’ catalyst 1 to that of
Schrock’s catalyst 2, we repeated the reaction between 4 and 10

mol% of 2 in CH2Cl2. The reaction, performed under Schlenk
conditions, provided the same dimer 5 in 80% yield. Since in
both cases the yields were more or less the same, catalyst 1 was
preferred because of its operational simplicity.

The ratio of the inseparable E and Z isomers was determined
from analysis of the 1H NMR spectrum of the crude mixture. It
is generally accepted that the carbon a to a double bond is more
shielded in the Z isomer than in the E isomer due to the g
effect.11 So, the empirical relationship da(Z) < da(E) allowed us
to determine the relative configuration of the E and Z
stereoisomers. For instance, the 13C NMR spectrum of 5
showed the a carbon of the Z isomer at d 63.5, whereas that of
the E isomer appeared at d 67.4 (Dd 3.9 ppm).

Similarly, olefin metathesis of the corresponding peracetyl-
ated b-anomer 6 with 10 mol% of catalyst 1 under the same
reaction conditions provided homodimer 7 in 95% yield as a
mixture of E and Z isomers in a 4:1 ratio (Table 1).‡ To further
explore the scope of this reaction, O-pentenyl b-D-galactopyr-
anoside 8, allyl b-lactoside 9, a-C-allyl galactopyranoside 1012

and b-C-allyl galactopyranoside 1113 were prepared and reacted
with Grubbs’ catalyst under the same reaction conditions to give
compounds 12–15 respectively. The reactions proceeded suc-
cessfully with high yields and the results are summarized in
Table 1. Then we turned our attention to the synthetically more
useful benzyl protected sugars, using allyl 2,3,4,6-tetra-O-
benzyl-b-D-galactopyranoside 16. Treatment of 16 with 1 also
proceeded smoothly to provide 17 in 76% yield.

In conclusion, Grubbs’s ruthenium benzylidene catalyzed
olefin metathesis reaction was applied toward the synthesis of
polyfunctionalized carbohydrate homodimers for the prepara-
tion of potential cross-linkers of biological interest in signal
transduction. The reaction is general, high yielding, and
compatible with the usual carbohydrate protecting groups.
Further work is now in progress to explore the scope of the
reaction.

We are thankful to the Natural Sciences and Engineering
Research Council of Canada (NSERC) for financial support.
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Notes and references
† Typical procedure: 100 mg (0.148 mmol) of 9 was dissolved in 1 ml of dry
CH2Cl2. After addition of 6 mg (10 mol%) of catalyst 1, the resulting purple
colored solution was allowed to reflux under N2 atmosphere for 6 h, to give
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748.7. Found 749.2 (M + 1), dH(CDCl3) 5.78 (t, 1 H, J 2.8, H-2A, E isomer),
5.71 (t, 1H, J 3.9, H-2A, Z isomer), 5.43 (dd, 1H, J 3.4, 1.3, H-4), 5.36–5.30
(m, 1H, H-3), 5.12–5.07 (m, 2H, H-2), 4.22–3.98 (m, 5H, H-1Aa, H-1Ab, H-5,
H-6a, H-6b), 2.11–1.95 (4s, 12 H, 4 ∞ OAc); dC(CDCl3) 170.3, 170.3,
170.1, 169.9 (CNO), 128.8 (C-2A, Z isomer), 128.5 (C-2A, E isomer), 95.6 (C-
1, Z isomer), 95.5 (C-1, E isomer), 67.4 (C-1A, E isomer), 63.5 (C-1A, Z
isomer). For 7: dH(CDCl3 ) 5.69 (t, 1H, J 2.5, H-2A, E isomer), 5.6 (t, 1H, J
4.1 Hz, H-2A, Z isomer); dC(CDCl3 ) 128.6, 64.3 (C-2A and C-1A for Z
isomer), 128.1, 68.7 (C-2A and C-1A for E isomer). For 12: dH(CDCl3)
5.33–5.31 (m, 2H, H-4, H-2A, E and Z); dC(CDCl3) 129.9, 28.5 (C-2A and C-
1A for E isomer), 129.4, 23.3 (C-2A and C-1A for Z isomer). For 14: dH(CDCl3
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dC(CDCl3) 128.0, 29.9 (C-2A and C-1A for E isomer), 126.8, 24.8 (C-2A and
C-1A for Z isomer). For 15: dH(CDCl3) 5.50–5.45 (m, 1H, H-2A, E and Z
isomer); dC(CDCl3) 128.5, 35.4 (C-2A and C-1A for E isomer), 127.3, 30.2
(C-2A and C-1A for Z isomer).
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Table 1 Olefin self metathesis of alkenyl O- and C-glycopyranosides

Entry Substrate R Product (E/Z) Yield (%)
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The ortho position of the aromatic ring of pyridyl group-
substituted aromatic compounds was directly arylated with
tetraarylstannanes in the presence of a catalytic amount of a
rhodium(I)–phosphine complex.

Transition metal-catalysed cross-coupling reactions of aromatic
compounds with arylated typical metal compounds such as Mg,
Zn, B, Si and Sn are useful synthetic routes to biaryl
compounds.1 A variety of aromatic compounds such as ArI (Cl,
Br), ArOTf, ArOMs, ArOP(O)(OR)2, ArOR, ArSR and
ArN2BF4 have been used for the cross-coupling reactions with
typical arylated metal compounds. These reactions involve C–X
bond cleavage [X = halide, OTf, OMs, OP(O)(OR)2, OR, SR
and N2BF4] via the oxidative addition of a low valent transition
metal (M) complexes and subsequent transmetalation between
the resultant C–M–X species and arylated metal compounds.
There has, however, been no report of the cross-coupling
reaction between the aromatic C–H bond and organometal
compounds. In 1993, Murai et al. reported ruthenium-catalysed
ortho alkylation of acetophenones with terminal alkenes, which
represented the first effective catalytic C–C bond formation
involving the cleavage of an aryl C–H bond.2 It is thought that
chelation of the acetyl group of acetophenone directs the
ruthenium complex to cleave the ortho C–H bond. The pyridyl
group has also been known to direct transition metal-catalysed
C–H bond cleavage of an aromatic ring as in the rhodium-
catalysed ortho alkylation of pyridylbenzenes with terminal
alkenes3 and ruthenium-catalysed carbonylation with CO and
terminal alkenes.4 We report herein our finding that the ortho
position of pyridylbenzenes is directly arylated with tetra-
arylstannanes in the presence of a catalytic amount of a
rhodium(I)–phosphine complex.

Initial work was centered on the reaction of 2-phenylpyridine
1a with tetraphenylstannane 2a in the presence of a catalytic
amount of various transition metal complexes (Scheme 1). The
results are summarized in Table 1. The [RhCl(C8H14)2]2–PPh3
catalytic system produced singly phenylated product 3aa in
24% yield (entry 1). Other phosphine ligands such as PCy3,
P(OPh)3 and dppe were less effective, giving 3aa in lower
yields (entries 2–4). The highest yield was obtained using

RhCl(PPh3)3, affording 3aa in 29% yield (entry 5), while the
use of RhCl(CO)(PPh3)2 gave 3aa in only 5% yield (entry 6). In
these cases, only a trace amount of doubly phenylated product
4aa was observed. Other low valent transition metal complexes
of Pd, Pt, Ir and Ru did not show any catalytic activity (entries
7–10). The reaction of 1a with 2a was then carried out in various
solvents in the presence of 5 mol% of RhCl(PPh3)3. The results
are summarized in Table 2. The reactions in toluene, THF and
MeCN afforded the product 3aa in low yields of 14, 16 and
12%, respectively, together with a trace amount of 4aa (entries
1–3). The yield of the products slightly increased using
chlorinated alkanes such as CHCl3, 1,2-dichloroethane and
1,1,1-trichloroethane as solvent, affording 3aa in 32, 37 and
27%, respectively. Surprisingly, 1,1,2,2-tetrachloroethane ex-
hibited a dramatic effect, giving 3aa and 4aa in good yields of
65 and 20%, respectively. In this case, trichloroethylene
originating from the solvent via dehydrochlorination was
detected by GLC after the reaction. In order to study the effects
of this olefin on the reaction, a small amount (0.25 mmol) of
trichloroethylene was added to the reaction of 1a and 2a using
THF as solvent. This experiment afforded 3aa and 4aa in
improved yields of 42 and 3%, respectively, compared to the

Scheme 1

Table 1 Reaction of 1a with 2a in the presence of a catalytic amount of
various transition metal complexesa

Entry Catalyst Yield (%)b

1 [RhCl(C8H14)2]2 + 4PPh3 24
2 [RhCl(C8H14)2]2 + 4PCy3 10
3 [RhCl(C8H14)2]2 + 4P(OPh)3 6
4 [RhCl(C8H14)2]2 + 2dppe 7
5 RhCl(PPh3)3 29
6 RhCl(CO)(PPh3)2 5
7 Pd2(dba)3·CHCl3 + 4PPh3 0
8 Pt2(dba)3·CHCl3 + 4PPh3 0
9 [IrCl(cod)]2 + 4PPh3 0

10 Ru3(CO)12 + 6PPh3 0
a A mixture of 1a (0.5 mmol), 2a (0.75 mmol) and metal complexes (10
mol% of 1a, based on metal) in THF (1.5 ml) was stirred in a sealed vial
under N2 at 120 °C for 20 h. Product was 3aa. b Determined by GLC.

Table 2 Reaction of 1a with 2a in the presence of a catalytic amount of
RhCl(PPh3)3 in various solventsa

Yield (%)b

Entry Solvent 3aa 4aa

1 Toluene 14 0
2 THF 16 1
3 MeCN 12 0
4 CHCl3 32 2
5 ClCH2CH2Cl 37 1
6 MeCCl3 27 1
7 Cl2CHCHCl2 65 (56) 20 (20)

a A mixture of 1a (0.5 mmol), 2a (0.5 mmol) and RhCl(PPh3)3 (5 mol%)
in solvent (1.5 ml) was stirred in a sealed vial under N2 at 120 °C for 20 h.
b Determined by GLC. Yields in parentheses are for isolated compounds.
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original yields of 16 and 1% (see Table2, entry 2). Thus the
trichloroethylene generated in situ during the reaction may
partly be responsible for the remarkable effect of
1,1,2,2-tetrachloroethane.

Results for the reactions of other pyridyl-substituted aromatic
compounds 1 with arylstannanes 2 in the presence of 5 mol% of
RhCl(PPh3)3 in 1,1,2,2-tetrachloroethane are shown in Scheme
2.†‡ The reactions of 2a with 2-(2-methylphenyl)pyridine 1b
and 2-(1-naphthyl)pyridine 1c having only one ortho C–H bond
on the aromatic ring gave singly phenylated products 3ba and

3ca. in good yields. 3-Methyl-2-phenylpyridine 1d containing
two possible reactive ortho C–H bonds gave singly phenylated
product 3da in 78% yield selectively. As was described in ref.
3 and 4, the steric interaction between the phenyl group and the
methyl group in 3da prevented the second phenylation.
2-(2-Naphthyl)pyridine 1e was also phenylated only at the
3-position of the naphthalene ring, affording singly phenylated
product 3ea in 79% yield selectively. In this case, the steric
hindrance of the 8-position of the naphthalene ring would
prevent phenylation at the 1-position. Tetra(p-methoxyphenyl)-
stannane 2b reacted with 1a affording 3ab and 4ab in 36 and
18% yield, respectively.

Although the mechanism of the present reaction is not yet
clear, a reaction pathway involving the N atom-directed
oxidative addition of the low valent rhodium complex to the
ortho C–H bond of the phenyl ring followed by phenylation
with tetraphenylstannane may be possible.

The reaction reported herein represents the first example of
the cross-coupling reaction between aromatic C–H bonds and
organometal compounds, and provides a new method for direct
arylation of the ortho position of pyridyl-substituted aromatic
compounds. Further work is now in progress to determine the
full scope of this reaction.

Notes and references
† The structures of the compounds 3aa, 3ba, 3ca, 3da, 3ea, 3ab, 4aa and
4ab were in a complete accord with the obtained IR, MS, 1H and 13C NMR
and elemental analysis data. The assignment of signals in 1H and 13C NMR
spectra was confirmed by 1H–1H COSY and 1H–13C HMQC spectra.
‡ Typical experimental procedure: A mixture of 1a (74.2 mg, 0.478 mmol),
2a (213.5 mg, 0.500 mmol) and RhCl(PPh3)3 (23.1 mg, 0.025 mmol) in
1,1,2,2-tetrachloroethane (1.5 ml) was stirred in a sealed vial under N2 at
120 °C for 20 h. The reaction mixture was taken up in CHCl3 and washed
with diluted aqueous ammonia and water. After the CHCl3 layer was dried
over K2CO3, the solvent was evaporated, and then the residue was purified
by medium-pressure preparative liquid chromatography (Yamazen Corp.,
Ultra Pack column, silica gel, 40 mm, 60 Å, 26 3 300 mm) eluting with 3%
acetone in CHCl3 to give 3aa (62.5 mg, 56%) and 4aa (28.8 mg, 20%).
Yields shown in Scheme 2 are for isolated compounds.

1 Reviews: D. W. Knight, in Comprehensive Organic Synthesis, ed. B. M.
Trost and I. Fleming, Pergamon, London, 1991, vol. 3, pp. 481–520; M.
Kumada, Pure Appl. Chem., 1980, 52, 669; E. Negishi, Acc. Chem. Res.,
1982, 15, 340; N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457; T.
Hiyama and Y. Hatanaka, Pure Appl. Chem., 1994, 66, 1471; J. K. Stille,
Angew. Chem., Int. Ed. Engl., 1986, 25, 508; T. N. Mitchell, Synthesis,
1992, 803.

2 S. Murai, F. Kakiuchi, S. Sekine, Y. Tanaka, A. Kamatani, M. Sonoda
and N. Chatani, Nature, 1993, 366, 529; S. Murai, F. Kakiuchi, S. Sekine,
Y. Tanaka, A. Kamatani, M, Sonoda and N. Chatani, Pure Appl. Chem.,
1994, 66, 1527; S. Murai, F. Kakiuchi, S. Sekine, Y. Tanaka, A.
Kamatani, M. Sonoda and N. Chatani, Bull. Chem. Soc. Jpn., 1995, 68,
62; F. Kakiuchu, Y. Tanaka, T. Sato, N. Chatani and S. Murai, Chem.
Lett., 1995, 679; F. Kakiuchi, Y. Yamamoto, N. Chatani and S. Murai,
Chem. Lett., 1995, 781; M. Sonoda, F. Kakiuchi, N. Chatani and S.
Murai, J. Organomet. Chem., 1995, 504, 151.

3 Y.-G. Lim, Y. H. Kim and J.-B. Kang, J. Chem. Soc., Chem. Commun.,
1994, 2267; Y.-G. Lim, J.-B. Kang and Y. H. Kim, J. Chem. Soc., Perkin
Trans. 1, 1996, 2201.

4 N. Chatani, Y. Ie, F. Kakiuchi and S. Murai, J. Org. Chem., 1997, 62,
2604.
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The enantioselective Claisen rearrangement of difluorovinyl
allyl ethers was achieved, for the first time, in moderate to
good enantioselectivity using a chiral boron reagent as the
Lewis acid.

The development of a preparative method for chiral organo-
fluorine compounds is very important in the field of medicinal
chemistry.1 The Claisen rearrangement of difluorovinyl allyl
ethers is a powerful tool for the synthesis of b-substituted a,a-
difluorocarbonyl compounds.2 Although enantioselective ver-
sions of the Claisen rearrangement have been studied for the
construction of chiral molecules,3 there has been no report
dealing with the reaction of difluorovinyl allyl ethers. We
recently reported the highly enantioselective aromatic Claisen
rearrangement of o-allyloxyphenol derivatives mediated by the
chiral boron reagent 1.4 The efficiency of this system is based
on the s-bond formation of the chiral boron reagent 15 with the
phenolic hydroxy group in the substrate and the subsequent
coordination of the ethereal oxygen to the boron atom to form a
rigid chiral environment in the substrate and to promote the
reaction at low temperature. We report herein the application of
this system to the enantioselective Claisen rearrangement of
difluorovinyl allyl ethers (Scheme 1).

The substrate 2 having a phenolic hydroxy group was
selected, because of the importance of a binding site to the chiral
boron reagent 1 in forming a coordinated cyclic intermediate

and promoting the reaction. Compound 4a was prepared from
the reaction of 2-methoxymethoxyphenylmagnesium bromide
with gaseous trifluoroacetaldehyde generated easily by the
reaction of 2 equiv. of trifluoroacetaldehyde ethyl hemiacetal
with P2O5 at 100 °C, followed by the allylation of the hydroxy
group by using 1.2 equiv. of NaH and 1.5 equiv. of (E)-
1-bromo-3-trimethylsilylprop-2-ene and deprotection under
acidic conditions (Scheme 2). Other compounds 4b–d were also
synthesized by the same procedure (32–57% yield). Compound
4 was converted to 2 via elimination of fluoride by treatment
with 2.5 equiv. of BunLi at 278 to 0 °C in Et2O. After neutral
workup, the vinyl ether 2 was treated with 1.5 equiv. of (S,S)-1
in the presence of 1.5 equiv. of Et3N in CH2Cl2 at 278 °C and
then the mixture was stirred at ambient temperature to give the
rearranged product 3. The results are summarized in Table 1.

In the chiral boron-mediated Claisen rearrangement, the
reaction temperature and enantioselectivity were found to be
affected by the configuration of the olefin (E or Z) and the steric
bulkiness of the substituent R at the g-position. Thus, in the case
of 4a having a TMS substituent, the reaction proceeded at 278
°C to give 3a with high asymmetric induction (entry 1), while in
the reaction of the substrate derived from 4b having an E
primary alkyl substituent, a slightly higher temperature was
required, giving rise to the product 3b with moderate selectivity
(entry 2).7 With the Z substrate derived from 4c, the direction of
asymmetric induction was opposite to that with E substrate 4b
(entry 3).

The absolute stereochemistry of 3d was determined as shown
in Scheme 3. The diastereoselective Claisen rearrangement of 5

Scheme 1

Table 1 The enantioselective Claisen rearrangement of difluorovinyl allyl ethers

Entry 4 R1 R2 T/°C t/h 3a Yield (%)b Ee (%)

1 4a H TMS 278 3 3a 60 85c

2 4b H Pr 278?220 5 3b 39 41d

3 4c Pr H 278?215 5 3c 55 55d

4 4d Et H 278?215 6 3d 58 43d

5 4e c-Hex H 278?215 3 3e 90 56d

a Ref. 6. b Isolated yield based on 4. c Optical purity determined by HPLC using a Chiralcel OD column. d Optical purity was determined by HPLC
using a Chiralcel AD column.

Scheme 2 Reagents and conditions: i, trifluoroacetaldehyde generated from
its hemiacetal with P2O5, THF, 0 °C, 92%; ii, NaH (1.2 equiv.), (E)-
1-bromo-3-trimethylsilylprop-2-ene, THF–DMF, room temp.; iii, 10%
HCl, MeOH, reflux, 31% over 2 steps.
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smoothly proceeded to give 6 as a major isomer (47%, 5:1),
which has an R configuration at the newly formed chiral center.8
Hydrogenation of the olefin of 6 (79%) and the subsequent
deprotection of the acetonide group by acid treatment gave
compound 8 as an anomeric mixture. After mesylation of the
primary and phenolic hydroxy groups of 8, the product was
converted to the olefin 9 in 65% yield (four steps). The
enantioselective Claisen rearrangement product 3d was also
converted to 9 by mesylation. Determination of the absolute
stereochemistry of 3d as R configuration could be achieved by
comparison of the specific rotation of each compound.

The observed enantioselectivity is possibly explained as
shown in Fig. 1. The six-membered intermediate is formed by
the attachment of the chiral boron reagent 1 to the phenolic
hydroxy group, and the subsequent coordination of the ethereal
oxygen to the boron atom. In the case of (S,S)-1 and the Z isomer
of 2, the Si face of the difluorovinyl ether moiety is shielded by

the tolylsulfonyl group (A), thus the allylic moiety approaches
preferably from the Re face to avoid steric interaction with A in
the chair like transition state.

In conclusion, we have demonstrated for the first time
enantioselective Claisen rearrangement of difluorovinyl allyl
ethers using the chiral boron reagent 1 and the substrate 2
having a phenolic hydroxy group to form an efficient chiral
environment.9

This work was partially supported by a Grant-in-Aid (No.
09672163) from the Ministry of Education, Science, Sports and
Culture, Japan.
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even at room temperature, possibly due to the presence of the phenolic
hydroxy group, to form an intramolecular hydrogen bond between the
ethereal oxygen.

8 The relative stereochemistry of compound 6 was determined via
conversions to 10 and a NOESY experiment, as shown in Scheme 4.

9 Regarding the removal of the hydroxyphenyl moiety, we examined some
conditions, i.e. oxidative degradation of the aromatic ring and cleavage of
the carbon–carbon bond of the aryl ketone moiety (Baeyer–Villiger and
Schmidt rearrangement). In these experiments, although the aromatic
ring was absent from the 1H NMR analysis of the crude mixture, we were
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moiety.

Communication 8/07157H

Scheme 3 Reagents and conditions: i, BunLi, Et2O; ii, toluene, 70 °C, 47%
over 2 steps (5:1); iii, H2, Pd/C, MeOH, 79%; iv, 10% HCl, THF, 60 °C; v,
MsCl, Et3N, CH2Cl2, vi, NaI, butanone, reflux; vii, Zn, AcOH, H2O–THF,
65% from 7.

Fig. 1

Scheme 4 Reagents and conditions: i, 10% HCl, THF, 60 °C; ii, toluene,
100°C, 63% over 2 steps.
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An intramolecular hydrogen bond promotes rate enhance-
ment in both the allylation and the reduction of carbonyl
compounds and also regioselective allylation.

For the design of synthetic reactions, external catalysts or
mediators are usually utilized for improving selectivity and
mildness of reaction conditions.1 In the allylation reaction of
carbonyl compounds with an allylmetal reagent such as an
allylsilane or allyltin, Lewis and Brønsted acid catalysts are
often employed for this purpose.2–4 Usually, the strong acidity
of the Lewis or Brønsted acid is needed to complete the
reaction. However, the strong acid sometimes causes decom-
position of both the allylmetal reagent and the substrate. In order
to overcome this drawback, we have introduced an intra-
molecular hydrogen bond into the substrate to activate the
substrate and to stabilize the transition state of the reaction.
Although active arguments for the contribution of hydrogen
bonds in the transition state of an enzymatic system have been
presented, there are fewer reports on the utilization of the
stabilization effect of the hydrogen bond in the transition state
in C–C bond formation between carbonyl compounds and
organometallic reagents.5,6 To explore the synthetic utility of
the hydrogen bond, we focused our attention on the features of
the intramolecular hydrogen bond. Its moderate acidity and
localization in a specific position in the substrate serve synthetic
utility. Here we describe rate enhancement in the allylation and
the reduction of a carbonyl group and the regioselective
allylation promoted by an intramolecular hydrogen bond.

There are numerous reports on the condensation reaction of
an aldehyde with trialkylallyltin promoted by a Lewis or
Brønsted acid catalyst.3–5 The thermal reactions of trialk-
ylallyltin with carbonyl compounds at high temperature or high
pressure have also been reported. In our first series of
experiments, the activation effect of an intramolecular hydrogen
bond in the nucleophilic reaction of organotin compounds was
measured at low temperature without the addition of an acid
catalyst (Table 1).

Under THF reflux conditions without the addition of a Lewis
acid, no adducts were observed for a mixture of tributylallyltin
and benzaldehyde, which has no intramolecular hydrogen bond.
Although salicylaldehyde 1a reveals a relatively strong intra-
molecular hydrogen bond between the hydroxy group and the
oxygen atom in the carbonyl group, attempts to afford an
allylation product were unsuccessful under the same conditions
(entry 1). Introduction of an electron-withdrawing substituent
para to the hydroxy group provided allylation product 3b in
moderate yield (entry 2). A nitro group para to the hydroxy
group was most efficient and gave products 3c,d in good yields
even at room temperature (entries 3–5). In entry 4, unreacted
allyltin was recovered almost quantitatively. Next, in order to
clarify the role of the hydroxy group in this reaction, we carried
out experiments using carbonyl compounds 1d,e which have no
hydrogen bond, and found that such substrates gave no adduct
under the same conditions described above (entries 6 and 7).
Addition of p-nitrophenol was not effective for the allylation

Table 1 ortho Substituent effect in allylation reaction of carbonyl compoundsa

Entry 1 X R1 R2 R3 T/°C 3 Yield (%)

1 1a H OH Bu H reflux 3a 0
2 1b Cl OH Bu H reflux 3b 49
3 1c NO2 OH Me H room temp. 3c 96
4 1c NO2 OH Bu H room temp. 3c 97
5b 1c NO2 OH Bu Me room temp. 3d quant.
6 1d NO2 H Bu Me room temp. 3e 0
7 1e NO2 OMe Bu Me room temp. 3f 0
8c 1d NO2 H Bu Me room temp. 3g 8

a A mixture of an aldehyde (0.5 mmol) and a trialkylallyltin (1.0 mmol) was stirred in THF (1.0 ml) for 48 h. b 1 equiv. of trialkylallyltin was used.
c 4-Nitrophenol (1.0 equiv.) was added to the reaction.

Scheme 1
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(entry 8). These results clearly show that the hydroxy group of
the substrate enhanced the reaction rate of the allylation. In view
of the reaction mechanism, two paths are proposed for this rate
enhancement (Scheme 1). The first one is that the intra-
molecular hydrogen bond directly promotes the allylation
involving the stabilization of the transition state. In the second
path, metalation of the hydroxy group first occurrs to give
intermediate A. Another nucleophile attacks the carbonyl group
of A activated by coordination to the internal stannyl group to
give the product. The second path is not acceptable on the basis
of the experimental result, namely, that 1 equiv. of trib-
utylallyltin is sufficient to complete the reaction. The low
reactivity of intermediate A, generated in situ by the reaction of
1c with tributyltin methoxide, also suggests the second path can
be ruled out.7,8 These results indicate that the intramolecular
hydrogen bond directly promoted the allylation reaction.

The intramolecular hydrogen bond also mediates reduction of
carbonyl compounds with tributyltin hydride (Scheme 2).
Similar reactivity tendency was also observed in this case. The
substrate having an intramolecular hydrogen bond gave reduced
product 4a in good yield.

The immobility of the proton in the hydrogen bond made
possible regioselective reaction of a multi-functional com-

pound.9 An aldehyde which has two carbonyl groups was
prepared to examine the selectivity of the allylation.10 The
carbonyl group which is activated by the hydrogen bond was
selectively allylated with tributylallyltin (Table 2). The selectiv-
ity was very high and minor product 7 was scarcely observed in
these cases (entries 1 and 2). Substrates that have no hydrogen
bond gave allylated products in poor yield (entries 3 and 4).
These results show that an intramolecular hydrogen bond
activates a particular functional group in the substrate se-
lectively and stabilizes the transition state to enhance the
reaction rate.

In conclusion, a low-acidic intramolecular hydrogen bonding
promotes nucleophilic reaction to a carbonyl group. Although
the precise mechanism of these reactions involving a low-
barrier hydrogen bond (LBHB) is still unclear, this method
offers a new tool in organic synthesis.6
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Scheme 2

Table 2 Site selective allylation of carbonyl compounds using an
intramolucular hydrogen bonda

Entry 5 R1 R2 R3 Yield (%) Ratio 6:7

1 5a OH Bu H 95 > 50: < 1
2b 5a OH Bu Me 99 > 50: < 1
3 5b H Bu H 12 —
4 5c OMe Bu H not found —
a A mixture of an aldehyde (0.5 mmol) and a trialkylallyltin (1.0 mmol)
was stirred in dry THF (2.0 ml) at 50 °C for 48 h. b 5.0 ml of THF was
used.
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A new transition state searching algorithm has been used to
determine the mechanism for methanol condensation to
form dimethyl ether within the microporous environment of
the zeolite, chabazite, using periodic boundary conditions
and density functional theory.

Zeolites are powerful catalytic materials, combining acidity
resulting from framework impurities with shape selectivity due
to the spatial confines of the microporous environment.1
Consequently they have found application in many commercial
processes and as the variety of framework topologies and
dopant ions increases so the possibilities multiply.

Amongst the existing applications of aluminosilicates, the
methanol to gasoline reaction2 is one of the most studied both
from an experimental and theoretical perspective. Despite this,
there still remain many unanswered questions concerning the
precise nature of the role of the zeolite in the reaction
mechanism. What is known for certain is that initially methanol
condenses to produce dimethyl ether and subsequently hydro-
carbons are generated, though it is unclear whether the ether
actually lies on the pathway for C–C bond formation or whether
it is a competing side reaction.3

There are two widely considered mechanisms for the
formation of dimethyl ether from methanol in zeolites. In the
first mechanism methanol is adsorbed at an acid site and
dissociates to produce a framework coordinated methoxy group
and water. Although the activation energy for this to occur
directly has been shown to be too high, several studies have
indicated that the participation of a second methanol lowers the
barrier.4 The second possible mechanism involves the direct
SN2 reaction of one methanol with another. In this scheme, the
coordination of one methanol to the acidic hydrogen of a
Brønsted acid site leads to weakening of the C–O bond making
the methanol more susceptible to nucleophilic attack. The
essential difference between the mechanisms is that in the first
one the zeolite plays an active chemical role in the pathway,
whereas in the second it acts primarily as an acidic solvent.
Previous theoretical studies5,6 have demonstrated that the direct
condensation of methanol leads to a sequence of intermediates
which are lower in energy and is therefore likely to be the
preferred mechanism.

While periodic boundary condition methods have been
previously used to study the structure of zeolites and adsorption
of molecules within them,6,7 these studies have not included the
location of transition states for in situ chemical reactions.
Although methods for locating transition states, with or without
analytical second derivatives, are well establish for conven-
tional molecular quantum chemistry, particularly when working
in internal coordinates, the same is not true for the solid state.

In this work we use for the first time a new refined version of
the synchronous transit method in Cartesian space to locate a
transition state within a periodic zeolite structure. Here a
reaction coordinate is defined—in this case a C–O bond length
that is being broken or formed—and a minimisation is
performed subject to this distance being constrained through the
use of a Lagrange multiplier. Minimisations are performed at
two points, one on the reactant and one on the product side. The
lower energy point is then moved along the reaction coordinate

towards the other point until it is higher in energy, at which
stage the process is reversed. At each stage an unconstrained
minimisation is performed to ensure that the point is on the
correct side of the barrier.

We have used the above approach to locate the transition
states for methanol condensation both in the gas phase and
within the confines of a microporous environment. As in our
previous work8 we have chosen the zeolite chabazite for the
aluminosilicate since the small unit cell of formula HAlSi11O24
is computationally tractable and the high symmetry of the
purely siliceous material greatly reduces the number of
configurational possibilities for the acid site. Furthermore, this
system is known to be an active catalyst for the conversion of
methanol to dimethyl ether. 9

All calculations have been performed using planewaves to
expand the valence electronic wavefunctions up to a cut-off of
620 eV with the nuclei and core electrons being represented by
norm-conserving non-local pseudopotentials.10 The gradient-
corrected density functional of Perdew and Wang (GGA)11 has
been used throughout. Calculations were performed using only
the gamma point in the Brillouin zone as this had previously
been found to be sufficient. All atoms were allowed to relax
freely, except for the distance constraint between the atoms
defining the reaction coordinate and the unit cell was held
fixed.

When two methanol molecules per acid site are adsorbed in
the zeolite the minimum energy configuration has been shown
to consist of a methoxonium cation which is hydrogen bonded
to an oxygen of the framework, adjacent to aluminium, on one
side and to the second methanol on the other.6 This second
methanol is then able to form a hydrogen bond to a more remote
oxygen of an Si–O–Si bridge, though dynamical simulations
show this interaction to be much weaker.12 In order for
condensation to occur, the second methanol has to first migrate
to a configuration which is 61 kJ mol21 higher in energy in
which its dipole aligns with that of the methoxonium cation so
that the geometry is suitable for nucleophilic attack (Fig. 1).

Fig. 1 Reactant configuration for two methanols adsorbed with in
chabazite.
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This we take as the reactant configuration for the transition state
search.

The arrangement of the products, dimethyl ether and water,
as initially formed is shown in Fig. 2. The water molecule
remains coordinated to the aluminium defect site in the
framework while the dimethyl ether is formed in the protonated
state but with no hydrogen bonding possible. Subsequent to this
reaction the dimethyl ether can rotate to form a strong hydrogen
bond to the water molecule and proton transfer can occur.

For the transition state search, the length of the C–O bond of
dimethyl ether which is being formed during the nucleophilic
attack is used as the reaction coordinate. The resulting energy
profile along the reaction coordinate is illustrated in Fig. 3, the

solid line shows a sixth order polynomial fit and is included as
a guide, though it is clear that the shape of the local energy
surface is more complex. The transition state occurs quite late
when the length of the C–O bond being created has reached a
value of 1.8 Å, as compared to the final bond length of 1.45 Å.
The local geometry around the carbon at the saddle point is
trigonal bipyramidal as would be expected for a true SN2
mechanism, with the oxygens being approximately equidistant
and axial while the CH3 group has carbenium ion character
(Fig. 4).

The predicted activation energy for this process is 71
kJ mol21 when starting from the appropriate minimum energy
configuration for two methanol molecules. If the energy
required to reach this state is included in the activation energy
then the overall value is 132 kJ mol21. The comparable values
for these energetics obtained from previous calculations on gas
phase cluster models for zeolites are 89 and 145 kJ mol21.5 If
we assume that any shift in the values due to differences in basis
sets and functionals are small, then we can conclude that the

effect of the full zeolite structure is to lower the activation
energy as would be expected. However, given that the reaction
occurs with the transition state away from the framework itself
this suggests that the primary effect of the zeolite is to act as a
polarisable medium which stabilises any charge separation that
occurs in the transition state. Significantly, there are no strong
directional interactions formed between the activated complex
and the zeolite.

In this work we have studied the condensation of methanol to
form dimethyl ether and shown that the zeolite catalyses the
reaction by acting as a polarisable medium which lowers the
energy of charge separation in the transition state. However, the
real challenge that lies ahead is to explain the full mechanism of
gasoline formation. An advantage of the present method of
locating transition states is that no assumption about the
reaction pathway is necessary, just a knowledge of the reactants
and products. The possibility that there may be multiple minima
and transition states between the two chosen configurations can
be handled straightforwardly in this way and therefore complex
mechanisms may now be determined in combination with a
realistic periodic model of a zeolite catalyst.

These calculations were performed on the Hitachi SR2201
located at the University of Cambridge High Performance
Computing Facility. J. D. G. acknowledges the support of the
Royal Society through a University Research Fellowship.
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Fig. 2 Initially formed local minimum for the products of methanol
condensation, dimethyl ether and water, within the cage of chabazite.

Fig. 3 Plot of energy versus constrained C–O distance for the bond being
formed in dimethyl ether during methanol condensation within chabazite.
Filled circles represent the actual energies, while the solid line is a sixth
order polynomial fit to these values.

Fig. 4 Transition state structure for conversion of methanol to dimethyl
ether.
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Oxidative ring contraction of 2-phenyl-1,3-dithiane in ZSM-5: restricted
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Incorporation of 2-phenyl-1,3-dithiane 1 into ZSM-5 gen-
erated 1,2-dithiolane radical cation 2·+, the EPR spectrum of
which shows an orthorhombic powder pattern (g1 = 2.0293,
g2 = 2.0193, g3 = 2.0030); each g component showed a
1:4:6:4:1 pattern (a1 = 10.5, a2 = 9.3 and a3 = 9.2 G) due to
coupling to four equivalent 1H nuclei, suggesting that the
pseudo-axial and 2equatorial a-protons undergo conforma-
tional equilibration whereas the sulfur centers are held
stationary on the EPR time scale.

In the past three decades the structures and properties of zeolites
have been extensively studied as prototypes of acidic industrial
catalysts.1–3 In addition, a wide range of organic radical cations
have been generated, either spontaneously or upon inclusion of
appropriate precursors into zeolites.4–8 Radical cations gen-
erated by this method typically have extended lifetimes and can
be studied by conventional spectroscopic techniques. We are
interested in zeolite-induced radical cation reactions; our
contributions to intra-zeolite chemistry include oxidative depro-
tonation,9 dehydrogenation10 and cyclization.11

In a recent study of diphenyl disulfide 3 we observed the EPR
spectrum of the ‘extended’ radical cation 3·+,11 even though this
species undergoes rapid conversion to thianthrenium ion 4·+ in
solution. In an attempt to observe the EPR spectrum of a
similarly elusive species, 2-phenyl-1,3-dithiane radical cation
1·+, we incorporated 1 into ZSM-5 (Scheme 1). The resulting
EPR spectrum supports the conversion of 1·+ to 2·+ and offers
unique insights into the mobility of this radical cation in the
zeolite channels.

Incorporation of 2-phenyl-1,3-dithiane 1 into Na-ZSM-5 at
room temperature produced an EPR spectrum that can be
interpreted as an orthorhombic powder pattern with g1 =
2.0293, g2 = 2.0193 and g3 = 2.0030; each g component
showed hyperfine coupling (hfc) due to four equivalent protons
(1:4:6:4:1 pattern, a1 = 10.5, a2 = 9.3 and a3 = 9.2 G; Fig. 1).
The average g value, gavg = 2.0172, is in reasonable agreement
with the isotropic g value, giso = 2.0183, reported for the radical
cation of 1,2-dithiolane, 2·+, in solution.12,13 Likewise, the
average hfc observed in the zeolite, aavg = 9.7 G, agrees well
with the isotropic coupling constant of 9.75 G reported for 2·+ in
solution.12,13 The identity of the species was confirmed by an
essentially identical EPR spectrum obtained upon incorporation
of an independently synthesized14 sample of 2 into ZSM-5.

The generation of 2·+ by oxidative ring contraction of 1 has
precedent in solution; either chemical or electrochemical
oxidation of 1 led to the debenzylated, ring-contracted species,
2·+.15–17 In fact, anodic oxidation of dithioacetals has been used
to remove the dithiane protecting group of carbonyl com-
pounds. The mechanism for the ring-contraction of dithiane

radical cations appears to be understood in general terms.15–17

This conversion has two principal elements, the formation of an
S–S bond and the detachment of the benzyl group. This
conversion is formulated typically via a disulfide dication.

1,2-Disulfide dications have been observed by fast time-
resolved spectroscopy in solution18 and have been invoked
recently in zeolite media.11 The formation of the S–S bond in
the 1,3-dithiane radical cation may favor the second oxidation
step. The benzyl function may be removed by two consecutive
nucleophilic displacements at the dication.15–17 In view of the
limited diameter of the ZSM-5 channels and the dimensions of
1 and its radical cation and dication, these species should not be
accessible to external nucleophiles. Instead, Lewis base sites
within the zeolite framework are the likely reagents.

The dynamic behaviour of 2·+ in the internal voids of the
zeolite is also unusual. The g factor anisotropy of 2·+ at room
temperature indicates that this species is not tumbling or
rotating rapidly on the EPR time-scale. On the other hand, the
conformational re-orientations (‘flickering’) of the methylene
group (C4) is still fast, based on the equivalence of the pseudo-
axial and 2equatorial a-protons at C3 and C5. This implies that
one or both sulfur centers bearing spin and charge are held
rigidly in a potential well or are ‘attached’ covalently to the
zeolite network, whereas the mobility of the trimethylene
segment is unaffected by the ‘anchoring’ of the sulfur centers
(Scheme 2). This observation establishes an interesting differ-

Scheme 1

Fig. 1 Room temperature EPR spectrum obtained upon sequestering 1 into
ZSM-5. The spectrum is interpreted as an orthorhombic powder pattern with
g factors g1 = 2.0293, g2 = 2.0193 and g3 = 2.0030, split into 1:4:6:4:1
patterns (a1 = 10.5, a2 = 9.3 and a3 = 9.2 G) due to coupling with four
equivalent 1H nuclei. The spectrum is assigned to radical cation 2·+.
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ence between the dynamicas of 2·+ in the zeolite and in solution.
In solution, the flickering can be arrested without causing g
factor anisotropy;12,13 in contrast, the zeolite spectrum shows
significant g factor anisotropy even when flickering rapidly.

The dynamics of 2 and its radical cation are well-documented
in fluid solutions as a function of temperature. The five-
membered ring of 2 is slightly twisted around the S–S bond; the
sulfur lone pairs are aligned at a dihedral angle of ca. 30°.19

Oxidation of 2 results in a subtle structure change; the sulfur
lone pairs (and the S–CH2 bonds) in 2·+ become eclipsed,
facilitating the delocalization of spin and charge between the
sulfur centers. The planar arrangement of the CH2–S–S–CH2
segment forces the bridging methylene group out of plane; a
planar structure is a low-lying transition state between two
equivalent ‘envelope’ conformers. At room temperature, the
conformers equilibrate rapidly causing the four a-protons to be
equivalent (a = 9.75 G, 4H). The inversion slows down with
decreasing temperature; the pseudo-axial and 2equatorial 1Hs
become non-equivalent at 180 K (a = 16.25 G, 2H; a = 3.9 G,
2H).

The low temperature dynamic behavior of 2·+ in the zeolite is
similar. At 77 K, the flickering of the methylene group is
sufficiently slowed to render the a-protons non-equivalent;
each g component shows a triplet of triplets (Fig. 2). As in the
room temperature spectrum, the splitting is well resolved in the
downfield component. However, the g tensor of 2·+ remains
orthorhombic, similar to that at room temperature.

The severely restricted mobility of 2·+ in the zeolite channels
was unexpected. Because of its relatively small size (Fig. 3), we
had expected 2·+ to tumble freely in the zeolite channels. Several
radical cations of comparable size showed essentially isotropic
spectra; for example, the sharp lines observed for 2,3-dime-
thylbut-2-ene radical cation in silicalite (a = 11.8 G; 11 of 13
lines are detected) are compatible with essentially free rotation
of this radical cation.20,21 In pentasil zeolites, the corresponding
spectra have considerably greater linewidths, apparently due to
interaction with the zeolite host and the resulting reduced
mobility. Of course, the rotation of bulkier molecules is
expected to be hindered; this is confirmed, for example, by the
broad(ened) lines observed for anethol radical cation10 or by the
anisotropic (powder type) spectra of iminoxyls in ZSM-5.9

Concerning the question of whether the radical cation, 2·+, is
‘held’ in a potential well or covalently linked to the zeolite
network, we can exclude the second possibility. The covalent

link would most likely involve bonding of one sulfur atom to the
zeolite. The resulting aggregate would be unsymmetrical; its
spin density would be localized at the unattached sulfur center,
creating a species in which only one CH2 group is coupled. This
is clearly incompatible with the EPR spectrum.

In summary, the formation of 1,2-dithiolane radical cation,
2·+, upon inclusion of 2-phenyl-1,3-dithiane, 1, into Na-ZSM-5
shows several interesting features. The removal of the benzyl
function requires nucleophilic displacement; since the inter-
mediate is not accessible to an external nucleophile, Lewis base
sites within the zeolite framework are the likely reagent. The
orthorhombic g tensor of 2·+ in the zeolite indicates that the
radical cation is held in a coulombic well within the network of
oxygen centers; however, intramolecular processes, such as the
ring inversion of the b-methylene group, are unaffected.

Support of this work through grant NSF CHE–9714850 and
two NSF equipment grants is gratefully acknowledged.
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Scheme 2

Fig. 2 Low-temperature (77 K) EPR spectrum of 2·+, an orthorhombic
powder pattern with g1 = 2.0298, g2 = 2.0190 and g3 = 2.0023. Each g
component is split into triplet of triplets (interaction with two non-
equivalent groups of two 1H nuclei), a1 = 16.2 and 4.9, a2 = 13.3 and 4.6
and a3 = 14.7 G, unresolved.

Fig. 3 Molecular modeling visualizing the docking of 1,2-dithiolane radical
cation, 2·+, optimized at the UHF/6-31G* level of theory, inside the straight
channels of ZSM-5.
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An amide macrocycle with a highly preorganised cavity
containing both polar and non-polar recognition sites forms
stable complexes with cyclic dipeptides in water via amide–
amide hydrogen-bonds, NH–p hydrogen-bonds and hydro-
phobic contacts.

Host–guest systems have been extensively studied in organic
solvents and the requirements for designing efficient selective
receptors are well-understood.1 In contrast, the development of
comparable systems which function in water has proved much
more challenging, because the compounds are not only more
difficult to handle, but also more difficult to understand due to
the complex behaviour of the solvent. Hydrophobic cavities
have been the focus of synthetic recognition systems in water,2
but there are a limited number of examples where hydrogen-
bonding sites have been used in conjunction with hydrophobic
binding to provide selective binding in water.3 It is this
arrangement that is the characteristic feature of protein binding
pockets which usually have complicated arrays of polar and
non-polar sites, and the interplay of their recognition and
desolvation properties is one of the factors that makes it difficult
to disentangle the complexities of biological recognition.4 Here
we describe a simple synthetic host–guest system which allows
us to study this interplay of polar and non-polar binding
interactions in water.

The synthesis and recognition properties of 1 have been
reported.5 The water soluble analogue 2 was prepared in the

same way. The two quaternary ammonium centres on the
receptor periphery were sufficient to confer good water
solubility on the macrocyle, and 1H NMR dilution experiments
showed no evidence of any aggregation or micelle formation at
millimolar concentrations.

Single crystals of 2 suitable for X-ray crystallography of were
grown from a water–MeCN mixture.‡ The macrocycle cavity is
filled by a cluster of water molecules in the crystal [Fig. 1(a)].
Although the waters are within H-bonding distance of each
other and sites on the macrocycle (2.8–3.1 Å), partial occupancy
and the poor quality of the X-ray data preclude a detailed
assignment of the H-bond network. We have previously
obtained an X-ray crystal structure of the organic soluble

analogue 1 complexed with glycine anhydride 8,5 and Fig. 1(b)
shows this structure superimposed on the structure of 2. The
only difference between the chemical structures of the two
macrocycles is the replacement of cyclohexane by quaternised
piperidine on the periphery of the macrocycle. The only
difference between the conformations of the macrocycles in the
two X-ray structures is the orientation of one of these peripheral
groups: the geometry of the cavity and arrangement of
functional groups is identical, which reflects the high degree of
preorganisation conferred on this system by the intramoelcular
pyridine–amide hydrogen-bonds.

The recognition properties of the new receptor 2 were
investigated by 1H NMR titration experiments in H2O–D2O
(9 : 1). No detectable changes were observed upon addition of
benzoquinone 5 or the diester 7. The binding constants for the

other guests investigated are listed in Table 1. The structures of
the complexes were determined from the limiting complexa-
tion-induced changes in chemical shift and a ROESY experi-
ment for the most stable complex, which is formed with alanine
anhydride 10. The downfield shift for the signal due to the 2
amide protons shows that they form H-bonds with the carbonyl
groups of the guests (Table 1). Characteristic upfield shifts are
observed for the signals due to CH protons (d20.9 to 21.1), the
amide protons (d 20.5) and the methyl protons (d 20.6 to
20.8) of all the guests which shows these protons are shielded
by the aromatic side-walls of the macrocycle on complexation.

Fig. 1 (a) The X-ray crystal structure of 2 showing the positions of the water
molecules which solvate the cavity. (b) The X-ray crystal structure of 2
superimposed on the X-ray crystal structure of the 1·8 complex.
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These changes in chemical shift are very similar to those
observed for complexation with 1 in CHCl3 and suggest that the
structures of all of the complexes are similar to that shown in
Fig. 1(b).

Cyclohexane-1,4-dione 6, glycine anhydride 8 and the bis(N-
methyl) derivative 9 all bind with comparable affinity. We have
previously measured the association constants for 1 with guests
5–8 in CHCl3, and the stabilities are all substantially reduced in
water, which reflects the increase in solvent competition for the
hydrogen-bonding sites (Table 1). However, the selectivity in
CHCl3 is quite different from that in water: the association
constant for 6 is reduced by an order of magnitude in water; for
5 and 7, it is at least two orders of magnitude lower, and for 8,
it is four orders of magnitude lower. This trend reflects the
relative polarity of the guests and the strength of their
interaction with water: more polar guests are more difficult to
desolvate in water and are therefore bound weakly. Clearly,
decreasing the polarity of the guest should increase binding in
water, and we therefore examined three dimethyl derivatives of
glycine anhydride. For 9 and meso-10, there is no increase in
affinity, and CPK models suggest that these guests do not fit
properly into the cavity. However, the association constant for
the other isomer DL-10 is significantly larger, indicating good
shape complementarity which allows additional hydrophobic
interactions with the methyl groups to be realised. Inter-
molecular NOEs observed in a ROESY experiment on the 2·10
complex confirm that the 10 methyl groups are close to the
aromatic side-walls of the receptor in the complex.

Evidence that NH–p hydrogen-bonds are involved in recog-
nition in this system comes from the rates of exchange of the
amide protons with water. H2O–D2O (9:1) was used as the
solvent, so that we could monitor the amide signals during the
NMR titrations. However, this necessitated the use of a solvent
suppression sequence which removed the signals due to the
amides of 8 and 10. These protons are in fast exchange with the
solvent, but the signals due to the amides of receptor 2 were
unaffected by solvent suppression, because they are intra-
molecularly hydrogen-bonded and exchange slowly with sol-
vent. However during the course of the titration, signals due to
the 8 and 10 amide protons appeared and increased in intensity
until they reached a similar intensity to the signals due to the
host. This implies that complexation of these guests protects the
amides from exchange with solvent in the same way as

conventional hydrogen-bonds and provides direct evidence for
NH–p hydrogen-bonding in these complexes.5,6

Thus the functional group interactions responsible for
recognition are amide–amide hydrogen-bonds, NH–p hydro-
gen-bonds and hydrophobic CH–p interactions. Although it is
difficult to interpret simplistic binding experiments of this type
in terms of individual interaction energies,6,7 there are some
interesting observations to be made in these systems. The
association constants for 6 and 8 are very similar: desolvation of
8 is much more difficult than desolvation of 6, which suggests
that either the magnitude of the NH–p interaction in water is
comparable to a hydrophobic CH2–p interaction or that the
amide–amide hydrogen-bonds are stronger than the ketone–
amide hydrogen-bonds despite the competition with water.
Compound 8 is a very polar substrate with very few useful
recognition sites for binding in water, and yet 2 is able to
complex it with reasonable affinity. The water cluster which
solvates 2 presents a polar recognition surface which has a lot of
similarities with that of glycine anhydride [Fig. 1(b)]. However,
the release of these water molecules to bulk solvent on guest
complexation is entropically favourable and may be enthalp-
ically favourable for the water which solvates the non-polar part
of the receptor.2a The most stable complex is formed with DL-
alanine anhydride DL-10, where hydrophobic interactions with
the two methyl groups are responsible for the ten-fold increase
the association constant relative to glycine anhydride 8.
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Government, FICYT (P. L. B.) for funding.
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Table 1 1H NMR titration data: association constants and limiting changes
in chemical shift for formation of 1 : 1 complexes with macrocycle 2 in
water. Data for complexation with macrocycle 1 in CHCl3 are shown for
comparison

Guest
Ka/M21 host 2
in water

Dd (ppm) of 2
amide NH

Ka/M21 host 1
in CDCl3

5 < 5 — 230
6 94 ± 9 +0.1 850
7 < 5 — 340
8 71 ± 8 +0.3 1.0 3 106

9 100 ± 10 +0.1 —
meso-10a 100 ± 10 +0.7 —
DL-10 760 ± 80 +0.5 —
a The values for meso-10 were determined by titrating a mixture of DL-10
and meso-10 into 2. Using the data obtained previously for DL-10, the mixed
titration could be analysed in a straightforward manner, because complexa-
tion with 2 caused the signals due to DL-10 and meso-10, which were
initially coincident, to split (these compounds are clearly bound in slightly
different geometries inside the macrocycle).
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Novel photoinduced aromatization of Hantzsch 1,4-dihydropyridines
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4-Alkyl- and/or aryl-1,4-dihydro-2,6-dimethylpyridine-
3,5-dicarboxylates (Hantzsch 1,4-dihydropyridines) are
quantitatively oxidized to the corresponding pyridine deriv-
atives by irradiation in CCl4 via a photoinduced electron
transfer mechanism.

A plethora of reagents has been used for oxidation of
1,4-dihydropyridine (DHP) derivatives,1 a class of model
compounds of NADH and drugs for treatment of cardiovascular
diseases.2 Generally, strong inorganic oxidants, such as nitric
acid,3 ceric ammonium nitrate4 or ferric or cupric nitrates,5 must
be used to accomplish the oxidation. Recent developments
include using nitric oxide,6 pyridinium chlorochromate7 and
clay-supported cupric nitrate accompanied by ultrasound-
promotion8 to improve the efficiency of the aromatization.
However, yields are generally moderate and/or tedious work-up
procedures are required. We report herein a very convenient,
clean and efficient approach for the oxidation of Hantzsch
1,4-dihydropyridines by direct photolysis of the substrate in
CCl4. To the best of our knowledge, this is the first report on
photochemical aromatization of Hantzsch 1,4-dihydropyridines
(DHPs).

DHP 1 (1 mmol) was dissolved in 25 ml of CCl4 or CCl4–
MeCN (9:1 v/v) and irradiated with a 250 W high pressure
mercury lamp in a Pyrex bottle under argon atmosphere at
ambient temperature. After irradiation the solvent was removed
under reduced pressure and the corresponding pyridine deriva-
tive 2 was obtained in pure form and almost quantitative yield
(Scheme 1). One exception is 4-(2-furyl)-DHP 1g which gave
85% of 2g together with 13% of de-furyl product 2a. The results
are summarized in Table 1.

It was found that CHCl3 was generated during the reaction, as
evidenced by GC, and the solution became acidic after
irradiation. Hence there is no doubt that C–Cl bond cleavage
takes place during the photolysis. Similar CCl4- and/or HCCl3-
promoted photo-fragmentation reactions have recently been
reported from this laboratory9,10 and by Whitten and co-

workers.11 Therefore, a photoinduced electron transfer mecha-
nism is proposed, as outlined in Scheme 2.

The critical step in this mechanism is the extremely fast
dechlorination of the radical anion of CCl4. It is well known that
alkyl and aryl halides are subject to reductive dissociation upon
accepting an electron either electrochemically or photo-
chemically.12 The lifetime of the radical anion of CCl4 was
reported to be extremely short (less than 10 ps).13 Therefore, C–
Cl bond breaking and electron transfer may even take place
concertedly which, in turn, effectively circumvents the back
electron transfer and makes the reaction very efficient. Maslak
and co-workers14 have termed unimolecular fragmentation of
radical ions as mesolytic cleavage and demonstrated the
tremendous facilitation of bond cleavages obtainable from the
mesolytic processes. The present reaction involves mesolytic
cleavages of both radical anions (aniomesolysis) and radical
cations (catiomesolysis), hence, it can be considered as a double
mesolytic fragmentation reaction. The aniomesolysis helps to
prevent back electron transfer, which enhances the quantum
yield of the photolysis, and the catiomesolysis facilitates the
deprotonation from DHP. These two effects make the reaction
very efficient. This strategy may be applicable to the enhance-
ment of the efficiency of other photoinduced electron transfer
reactions. In addition, since no additional oxidant is required
other than the solvent CCl4, and no any waste is produced, this
reaction can also be considered as a facile green chemical
reaction for the synthesis of pyridine derivatives and may be
extended to other synthetic reactions

The authors thank the National Natural Science Foundation
of China for financial support.
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Scheme 1

Table 1 Aromatization of Hantzsch dihydropyridines 1 by direct photolysis
in CCl4

Substrate R t/h Product
Conversion
(%)

Yield
(%)

1a H 1 2a ~ 100 ~ 100
1b Me 3 2b ~ 100 ~ 100
1c Et 3 2c ~ 100 ~ 100
1d Ph 3 2d ~ 100 ~ 100
1e p-MeOC6H4 3 2e ~ 100 ~ 100
1f p-ClC6H4 3 2f ~ 100 ~ 100
1g 2-furyl 3 2g, 2a ~ 100 85, 13

Scheme 2
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Polymer backbone disassembly: polymerisable templates and vanishing
supports in high loading parallel synthesis
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In the synthesis of a library of N-alkyl-3-aza-8-oxabi-
cyclo[3.2.1]octane-6,7-dimethanol derivatives, prepared
from an 7-oxabicyclo[2.2.1]hept-2-ene-5,6-dimethanol
derivative via ring opening metathesis polymerisation using
Cl2(Cy3P)2RuNCHPh, selective alkylation, ozonolytic scis-
sion of the polymer backbone and reductive alkylation,
purification was facilitated by the differential solubility of
the polymer intermediates.

The emergence of combinatorial methodologies and parallel
syntheses have dramatically accelerated synthetic chemistry
and the quest for novel pharmaceuticals and other specialty
chemicals.1 Many state-of-the-art parallel syntheses rely upon
polymer-supported procedures in which the substrate is at-
tached to a support throughout a synthetic sequence. Assay is
either carried out on the support or following late release. Such
supported syntheses are aided by the ‘polymer advantage’
which allows (i) solid phase reactions to be driven to completion
by the addition of excess solution phase reagents which are
simply removed by filtration techniques and (ii) the separation
of reaction products from the polymer post-cleavage. There is
clear merit in maximising substrate loading so that for any given
synthesis, sufficient substrate is produced at a minimum resin
weight such that compound authentication, bioassay and
compound archiving are facilitated. As such there is need to
maximise the loadings yet to also facilitate on-support analysis.
The use of PEG supports clearly addresses the need for easy
solution-based analyses but these supports are not ideal in terms
of loadings. On the other hand, the preparation of polymer
supported dendritic materials2 leads to improved loadings yet
does not greatly facilitate analysis. The use of insoluble
polymers often necessitates the utilisation of time-consuming,
non-standard analytical techniques, e.g. solid state NMR
spectroscopy, in order to determine the character of the
polymer-bound substrates.

Herein, we report the concept of polymer backbone dis-
assembly for the preparation of synthetic libraries. In this
approach the substrate is also the monomer building block for
the polymer. As such the polymer loading should ideally
approach quantitative. The polymerisation of an appropriate
monomer (starting material) to form an insoluble (or differ-
entially soluble) polymeric material is followed by substrate
modification for the introduction of chemical diversity. Finally
oxidative disassembly generates the modified monomers which
are in fact the small molecules of interest. Polymers derived
from ring opening metathesis polymerisation (ROMP)3 fulfil
these criteria and were chosen for initial evaluation in the
strategy outlined in Scheme 1. ROMP polymers are, unlike
cross-linked polystyrene resins, generally soluble in a range of
organic solvents yet insoluble in others. Thus, chemical
modifications may be carried out in a homogenous environment
thereby avoiding poor solvation which often inhibits reactions
carried out with insoluble solid supports. Moreover, reactions
may be probed using standard solution phase spectroscopic
techniques and the ability to rapidly determine the nature of the
attached substrate offers a significant advantage over standard
solid-phase organic synthesis. Following synthesis, the ROMP

polymers may be precipitated by the correct choice of solvent to
afford solids which can be washed to remove excess reagents. In
this respect ROMP polymers show similar behaviour to the
PEG polymers recently further developed by Janda et al.,4 after
the pioneering work by Bayer, Mutter and Shemyakin.5

Norbornene, 7-oxanorbornene and cyclobutene ROMP mon-
omers containing functional groups which are either hydro-
philic or hydrophobic in nature are readily available and many
offer the opportunity for post-polymerisation chemical mod-
ification required for library generation. 7-Oxanorbornene 6
was chosen for initial study as depicted in Scheme 2. The
monomer 6 is readily prepared from diol 5 via mono-silylation
followed by tetrahydropyranyl protection. The use of orthogo-
nal protecting groups6 allows for a stepwise hydroxy group
modification strategy to be utilised in library synthesis.
Polymerisation of 6 using the Grubbs catalyst 137 and chain

termination with ethyl vinyl ether8 gave polymer 7 as an off-
white foam which was most conveniently isolated (90%)
following repeated precipitation from 1,2-dichloroethane solu-
tion with MeOH. Both 1H and 13C NMR spectra were consistent
with polymer 7 having a 1:1 trans:cis stereochemistry.8
Selective desilylation of polymer 7 gave the corresponding
polyol 8 as a THF-insoluble precipitate which was washed with
THF and Et2O and dried in vacuo, whereupon 1H and 13C NMR
spectra (acetone-d6) indicated complete removal of the tert-
butyldimethylsilyl residues. Alkylation of polymer 8 using MeI
or 4-bromobenzyl bromide (R1X) in the presence of NaH in
THF gave the corresponding THF-soluble polymeric ethers 9
which were precipitated from MeOH. In turn, cleavage of the
tetrahydropyranyl ether of 9 using TsOH in a MeOH–THF–
CH2Cl2 (1:2:1) mixture and precipitation from THF followed
by further alkylation with MeI or 4-bromobenzyl bromide
(R2X) afforded the polyethers 10 which were isolated in the
same way as 9. All polymers were isolated cleanly and with
high recovery.

Scheme 1
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The three functionalised polymers 10 were disassembled by
ozonolysis with a Me2S work-up to reveal the corresponding
dialdehydes 11 which were not isolated. Direct in situ reductive
amination9 with BnNH2, BuNH2 and (cyclohexylmethyl)amine
gave the corresponding 3-aza-8-oxabicyclo[3.2.1]octanes 12 in
overall yields of around 30% from the starting polymer 7. The
same nine 3-aza-8-oxabicyclo[3.2.1]octane derivatives 12 were
prepared from monomer 6 by sequential double deprotection
and monoalkylation, ozonolysis and reductive amination.
Overall yields in these reactions were comparable (30–40%).

We have demonstrated the utility and advantage of polymer
backbone disassembly for the rapid generation of small
molecule targets using polymer 7. Advantages include ease of
intermediate purification and facile reaction monitoring. The
modification of polymer 7 for library construction with different
chemistry is ongoing and will be reported in due course.
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Scheme 2 Reagents and conditions: i, NaH, THF, TBDMSCl, 78%; ii,
dihydropyran, cat. PPTS, CH2Cl2, 92%; iii, 13, ClCH2CH2Cl, then
EtOCHNCH2 quench, 90%; iv, Bu4NF, THF; v, NaH, THF, R1X; vi, TsOH,
MeOH–THF–CH2Cl2 (1:2:1); vii, NaH, THF, R2X; viii, O3, CH2Cl2, 278
°C, then EtOH, Me2S; ix, NaBH(OAc)3, R3NH2.
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Density functional theory (DFT) calculations for the crystal
structures of polymorphs of the glycine zwitterion are
reported; with unit cell parameters constrained at experi-
mentally determined values, energy minimized configura-
tions for three known glycine polymorphs are in good
agreement with crystallographically determined structures,
and the calculated energies are in qualitative agreement with
observed lattice stabilities.

Molecular orbital calculations, employing Hartree–Fock,1 den-
sity functional theory (DFT),2 or even an appropriate combina-
tion of both methods3 are standard techniques for the structural
and energetic description of molecular systems. Significant
developments have also recently taken place in the use of first
principles methods to represent ionic and covalently bound
periodic systems, such as silicon and zeolites, typically
employing plane-wave and plane-wave/pseudo-potential ap-
proaches.4–7 However, the simulation of molecular solids using
first-principles methods has received considerably less atten-
tion8 and the use of such methods to address the relative
energies of crystal polymorphs less still. The lack of suitably
refined protocols underlies this comparatively low level of
application. Nevertheless, the results presented here show that
such calculations are now within the compass of contemporary
quantum mechanical methods and computational resources.

To explore the ability of periodic DFT method calculations to
describe molecular crystals, calculations were conducted target-
ing the known polymorphic structures of the glycine zwitterion
and using DMol3.9–11 The level of theory employed has been
shown to be effective in the description of isolated mole-
cules.12†

Initial investigations addressed the selection of a suitable
quantum mechanical Hamiltonian and basis set. These calcula-
tions employed the b-glycine polymorph, which possesses a
unit cell containing two symmetry related molecules and a total
of 20 atoms.13 Here results for the BLYP14–17 functional are
summarized. A minimal basis resulted in a 0.34 Å RMS
deviation between minimized and observed structures, a double
numeric basis (0.33 Å), a double numeric basis with polariza-
tion functions on heavy atoms (0.22 Å) and double numeric
basis with polarization functions on all atoms (0.21 Å). Of the
basis sets sampled then, optimal structural agreement is
achieved on full geometry optimization with a so-called double
numeric basis set with polarization functions on all atoms
(DNP). The DNP basis set has been demonstrated to provide an
efficient route to molecular polarizabilities and charge distribu-
tions as a result of its reasonable representation of the tail of the
wavefunction.10 However, the ability of this computational
approach to describe the relative energetics of polymorphic
crystal structures is perhaps of more interest.

To address the calculation of such relative polymorph
energies, crystallographically determined structural starting
models for a- and g-glycine were employed.18,19 As an
additional test of the simulation protocol two incorrectly packed
arrangements of glycine molecules were used as starting points;
S1, containing four molecules in the unit cell dimensions of the
a-polymorph, and S2, containing two molecules with cell
dimensions of the b-polymorph.

Energetic results for the systems considered are collected in
Table 1. The similarity of the relative energies obtained in the
DFT calculations for the a-, b- and g-polymorphs is mirrored in
the experimental observation that all polymorphs are formed at
temperatures close to room temperature, with the a-polymorph
having the greatest observed stability.18 The energy differences
obtained in the simulations are small and entropic contributions
to the lattice stability have not been considered in the present
calculations. The inclusion of vibrational entropy would, of
course, be possible with increased computation times through
calculation of the system’s dynamical matrix and appropriate
integration of the resulting phonon spectrum. However, the fact
that the relative energies of incorrectly packed molecular
arrangements S1 and S2 are higher than the observed poly-
morph energies is of significant interest. For the polar b- and g-
polymorph crystals such a procedure assumes that the macro-
scopic dipolar energy of the structures is not significant.20,21

This appears to be a reasonable approximation.22

Fig. 1 shows starting structures and optimized structures for
each of the polymorphs investigated. Good agreement is

Table 1 The relative BLYP energies, per glycine molecule, of the a-, b- and
g-glycine polymorphs. Also tabulated are the relative energies of hypothet-
ical packing arrangements S1 and S2 and the root mean squared (RMS)
displacements between the experimental structure and energy minimized
structure

Polymorph

a b g S1 S2

Energy/kcal mol21 0.0 2.3 2.0 5.8 15.9
RMS/Å 0.19 0.21 0.30 0.33a 1.20a

a RMS between starting and energy minimized structure.

Fig. 1 Structural agreement between energy minimized (dashed line) and
experimental structures (solid line) for a-, b- and g-glycine polymorphs.
Hypothetical packing arrangements S1 and S2 (dashed line) show
comparison with starting points (solid line).
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obtained between simulation and experiment for the known
crystal models. The lowest RMS displacement between opti-
mized and experimental structure (0.19 Å) is obtained for the a-
polymorph, a structure determined using neutron diffraction
data with the lowest crystallographic R value of the polymorphs
(R = 0.032).19 The starting geometries of incorrectly packed
arrangements, S1 and S2, are altered by the optimization
procedure to a greater extent than the observed polymorphs. In
neither case do the resulting structures resemble the experi-
mental polymorph structures.

For S1 the structural deviation has an RMS value of 0.33 Å
implying that, in this case, energy minimization is able to locate
a stationary point in the vicinity of the starting structure. S1 was
generated using the unit cell and asymmetric unit of the a-
polymorph and applying the symmetry operations of the P21/c
spacegroup. This procedure yields a packing configuration
similar for half the molecules to that of the a-polymorph
(spacegroup P21/n). For S2 larger structural changes are evident
in both the RMS displacement (1.2 Å) and in Fig. 1. This
polymorph was generated by randomly placing two molecules
within the cell of the b-polymorph.

The present calculations employ the experimental unit cell
dimensions as a constraint. This reduces computation times
through a reduction in the number of variables used to describe
the system. However it is important to note that cell parameter
data, through indexed powder diffraction patterns, are among
the most readily obtained structural information for solid state
materials. The current calculations, which focus on the
optimization of the geometry within the unit cell, provide
valuable information that augments experimental observation
and leads to the full description of the crystal.

The magnitudes of partial charges are key to the accuracy of
models employing classical mechanics. Table 2 collects the
Mulliken23 charges for each of the atoms of the glycine
molecule in the calculations conducted. The calculations are
performed within a P1̄ triclinic simulation cell. However, for
the a-, b- and g-polymorphs symmetry is maintained during the
optimization, hence charges are reported for a single molecule
only. S1 was produced with the P21/c spacegroup and also has
four equivalent molecules, one of which is listed. For S2,
symmetry is not present and charges for both molecules are
listed. Interestingly for the experimental polymorphs there is
little difference between the atomic partial charges obtained,
despite the differences in local environment that each crystal
form necessarily imposes on its constituent molecules. For the
hypothetical packing arrangements S1 and S2, differing charge
distributions are exhibited on several atoms, most notably O1,
O2 and N. Also tabulated in Table 2 are gas phase derived
atomic charges using the same basis set and Hamiltonian for the
structure of the unique molecule of the a-polymorph. The
magnitude of charges on oxygen and nitrogen atoms of the
isolated molecule are lower than in the crystal structure
calculations. The unambiguous definition of atomic partial
charges from supplied molecular orbitals is not straightfor-
ward.24,25 In particular Mulliken analysis is sensitive to the

choice of basis set. However, these findings, using a particular
charge definition method23 and uniform basis set and calcula-
tion type, indicate that the practice of transferring partial
charges from gas phase calculations to the condensed phase
may lead to an inaccurate description of the charge distribution
exhibited by molecules in the crystalline state. Of course, no
such ambiguity affects the first-principles calculations where
charge density and its variation with environment are both
consequences of the molecular orbitals obtained in the solution
of the Schrödinger equation.

The calculations demonstrate that energy minimization
leading to a determination of the relative energetics of
molecular crystals is practical using first principles methods.‡

Notes and references
† The Brillouin zones of the polymorphs were sampled at the G point only.
A detailed report on the effect of the choice of Hamiltonian and basis set on
the structures and energies for molecular solids is in preparation. Geometry
optimization (varying all atomic coordinates within the fixed cell) required
calculation times of a few days on a single processor of an Origin 200 SGI
(180 MHz) workstation.
‡ The computed structures are available from the authors by email.
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Table 2 Mulliken (ref. 23) derived partial electronic charges obtained with the BLYP Hamiltonian and DNP basis sets for a-, b- and g-glycine polymorphs
and hypothetical packing arrangements S1 and S2 (molecules 1 and 2). Also tabulated are partial electronic charges for an isolated molecule in the
configuration of the unique molecule of the a-glycine polymorph

Polymorph
Isolated
molecule a b g S1 S2: 1 S2: 2

O1 20.534 20.640 20.618 20.654 20.630 20.687 20.597
C1 0.401 0.553 0.555 0.546 0.530 0.550 0.514
N 20.222 20.410 20.456 20.425 20.494 20.410 20.447
C2 20.167 20.168 20.185 20.146 20.129 20.185 20.183
H1 0.234 0.352 0.356 0.348 0.357 0.269 0.331
H3 0.258 0.286 0.334 0.293 0.320 0.402 0.329
H2 0.265 0.344 0.344 0.353 0.351 0.260 0.283
H5 0.137 0.133 0.149 0.165 0.118 0.149 0.184
O2 20.509 20.650 20.654 20.629 20.622 20.538 20.606
H4 0.137 0.200 0.174 0.147 0.198 0.196 0.184

2456 Chem Commun., 1998, 2455–2456



   

N

N

NH

N

O

O

OH

HO
OH

HO

N

N

NH

N

O

O

OH

H3N
OH

P

O

O

O–

C6FlOP

O

O–

H3N
OH

P

O

O

O–

TFO:

HIV-1 DNA target (39- or 241-mer duplex)

2 FlC6OH

5'3'

3  R2  = HR1 = 4  R2 =

5  R2
  = H

Strand 2

Flavin-free TFO

R1 = H

Strand 1

6  R2 =

1

R2O–d(TGGGGGGTTTTCTTTT)–OR1

Flavin-TFO conjugates

3' 5'

+

+

A
T

G
C

T
A

C
G

C
G

C
G

C
G

C
G

C
G

T
A

T
A

T
A

T
A

C
G

T
A

T
A

T
A

T
A

A
T

A
T

A
T

A
T

A
T

G
C

T
A

G
C

G
C

C
G

T
A

A
T

A
T

G
C

A
T

T
A

C
G

T
A

A
T

C
G

5'-d(
3'-d(

)-3'
)-5'

TGGGGGGT T T T CT T T T

C
G

d( )Fl

Flavin-oligonucleotide conjugates: sequence specific photocleavage of DNA
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A flavin–oligonucleotide conjugate forms a stable triple helix
with a double-stranded DNA sequence of HIV-1, and
selectively photocleaves it at the 3A-G of a GG doublet
located 7 bases away from the flavin position.

Oligonucleotides can be used as selective inhibitors of gene
expression.1 Binding to double-stranded DNA results in short
triple helix formation which can block transcription.2 Moreo-
ver, attachment to the oligonucleotide of a reactive group that
can irreversibly damage the target DNA in a site-specific
fashion should potentiate the inhibitory properties of the
oligonucleotide.2,3

As a substituent of triple helix forming oligonucleotides
(TFOs), flavins such as riboflavin 1 (vitamin B2, Fig. 1) have
the advantage of displaying low toxicity and might be activated
in vivo by diaphorases to produce oxygen species to damage a
DNA target.4 Flavin–TFOs might also be useful tools for in
vitro studies: riboflavin is one of the most efficient natural

photosensitizers, and has previously been shown to induce
DNA oxidation5 and selective RNA cleavage.6 Upon irradia-
tion, netropsin–flavin conjugates are sequence-specific DNA-
cleaving molecules,7 and flavin–peptide conjugates are able to
repair a cyclobutane uracil dimer incorporated into an oligonu-
cleotide.8 Here, we show that flavin–oligonucleotide conjugates
selectively photocleave a double stranded DNA target present in
the HIV-1 genome and display original DNA photosensitisation
properties.

The flavin–TFO conjugates 3 and 4 (Fig. 1) were prepared as
previously described.9 The selected 16-mer TFO sequence has
been previously shown to allow triple helix formation with
duplexes containing the sixteen consecutive bases of the
polypurine tract (PPT, Fig. 1) of the HIV-1 genome.10 The
target duplex was obtained from a 241-mer PCR fragment
cloned into a pGEM-3Z plasmid. That the triple helix, formed
upon hybridisation of the flavin–oligonucleotide conjugate 4 or
the corresponding oligonucleotide 6 to the target duplex, was
located as predicted was shown from footprinting experiments
(data not shown). The protection of the whole PPT sequence of
the 241 base pair fragment from hydrolysis by DNase I
increased with increased amounts of both oligonucleotides. It
should be noted that only the flavin–TFO conjugate 4 gave rise
in the absence of irradiation to a large cleavage enhancement
selectively at the guanine residue located 7 bases downstream of
the triplex-duplex junction. This could be due to a local
deformation of the duplex specifically induced by the flavin–
TFO.

Triplexes were irradiated for 60 min with UV light and both
strands of the target were analyzed by electrophoresis. The
observed photocleavage was highly selective as it occurred
exclusively on strand 1 and at the closest DNAse I-sensitive GG
sequence, located 7 bases downstream of the triplex–duplex
junction (Fig. 2, lane 13). No cleavage on strand 2 could be
detected in spite of the presence of a GG sextuplet. With the free
flavin 2, alone (lane 7) or in the presence of the flavin-free TFO
6 (lane 11), the photocleavage occured at all G multiplets. No
cleavage was observed with the flavin-free TFO (lane 9).

In all cases, irradiation was absolutely required as no reaction
occured in the dark (lanes 6, 8, 10, 12). It is interesting to note
that the flavin system is very photoreactive; a low intensity light
source is able to induce the cleavage (365 nm, 5 mW cm22, 100
W UV or desk lamp). DNA cleavage was monitored by gel
electrophoresis after removal of the major part of spermine by
precipitation. Reaction yields were found to depend on the
heating time before electrophoresis in the presence of urea (pH
8), suggesting that base damage was heat-labile. Whereas only
25% of the target was cleaved after 3 min heating at 90 °C, the
yield was greater than 50% after 30 min heating. Further
treatment with 1 M piperidine at 90 °C for 30 min did not
increase this yield significantly.

To further characterize the reaction, we used 39-mer
oligonucleotides as the target duplex containing the PPT
sequence (Fig. 1). Again, a remarkably time- and light-
dependent selective cleavage was obtained, with the labile site
almost exclusively located at the 3A-guanine of the 5A-GG-3A

Fig. 1 Structures and sequences (phosphodiester linkages). d(C): 5-methyl-
2A-deoxycytidine; DNA target: PPT sequence in a 39 or 241 base pair duplex
present in the HIV-1 genome. The arrows indicate the sensitive GG
doublet.
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sequence of the target (data not shown). Longer irradiation
times also generated a minor amount of cleavage at the 5A-
guanine. While alkaline treatment did not significantly affect
gel profiles, treatment of the irradiated samples with the enzyme
formamidopyrimidine-DNA glycosylase (Fpg) before electro-
phoresis revealed a second type of damage. The latter, most
likely due to the formation of 8-oxo-7,8-dihydro-2A-deox-
yguanosine (8-oxodGuo),11 was detected exclusively at the 5A-
guanine of the same sensitive 5A-GG-3A sequence (data not
shown).

Similar results were obtained with the flavin–oligonucleotide
conjugate 3. These results provide the first indication of the
potential of flavin–oligonucleotide conjugates as selective
DNA photocleaving agents. Cleavage of a viral target occured
at only one GG site among 26 G multiplets present in the duplex
target (with a total of 111 G). It is likely that the observed DNA

damage is the result of electron transfer from guanine to the
photoexcited flavin acceptor,12 in agreement with GG doublets
being the most efficient donors.13 In addition to this high
selectivity, this system displays several original features which
have yet to be understood: (i) both the 3A- and 5A-G of the GG
doublet are damaged while previous studies indicated a higher
sensitivity for the 5A-G,13 and (ii) the reactive doublet is several
bases away from the presumed flavin site. Whether the reaction
is made possible by a local bending of the HIV DNA in the
proximity of the PPT boundary, thus allowing a direct
interaction between the flavin and the GG doublet (direct H-
abstraction from the sugar or electron transfer), or by a long-
range electron transfer14 is a fascinating question which remains
to be elucidated.

We thank Jacques Laval for the gift of Fpg, and financial
support from Agence Nationale de la Recherche sur le SIDA
(ANRS) is gratefully acknowledged.
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Fig. 2 Phosphoimager picture of a 12% denaturing polyacrylamide gel
showing the cleavage products of a 241 base pair duplex DNA target (10 nM,
Fig. 1), labeled on strand 1 at the 3A-end, alone (lanes 4,5) or incubated with
10 mM of the flavin 2 (lanes 6,7), the flavin-free TFO 6 (lanes 8,9), both 2
and 6 (lanes 10,11) or the flavin–TFO conjugate 4 (lanes 12, 13). Irradiated
samples (lanes 5, 7, 9, 11, 13) are compared to dark samples (lanes 4, 6, 8,
10, 12). Sequencing reactions: T (lanes 1, 16), [G+A] (lanes 2, 15), G (lanes
3, 14). Hybridisation: overnight at room temperature, 20 mM Tris, pH 6.8,
5 mM MgCl2, 0.25 mM spermine, 0.5 mg ml21 of calf thymus DNA;
irradiation (365 nm): 1 h at 4 °C, precipitation in EtOH and then heating in
urea (7 M, pH 8, 10 mM Tris, 1 mM EDTA) at 90 °C for 5 min. The vertical
line shows the presumed position of the flavin–TFO with the flavin moiety
at the 5A-end. The arrows show the unique site of damage in the case of 4.
The starting DNA material contained one contaminant (asterisk).
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Nanometric particles of InP are readily prepared by the
decomposition of the complex In(PBut

2)3 at 167 °C in
4-ethylpyridine; the resulting materials show marked quan-
tum confinement effects, and was investigated using optical
absorption and photoluminescence spectroscopies, and
transmission electron microscopy.

There is considerable current interest in the synthesis of
compound semiconductors as isolated particles with dimen-
sions of the order of nanometers.1 Such materials are small
enough to show quantum confinement effect and the electronic
properties of the material depend on the size of the particles.
The majority of work to date has concerned on II–VI materials2

which are for many reasons easier to prepare than III–V or II–V
semiconductors.3 Initial attempts to prepare III–V materials
focused on the reaction of separate sources in a high boiling
point solvents4 or an electrospray method.5 However, the
properties of the materials were somewhat disappointing.
Recently better quality materials have been prepared by
thermolysis reactions in TOPO (tri-n-octylphosphine oxide), an
adaptation of the highly efficient route first described by
Murray et al. for the preparation of CdSe from dimethylcad-
mium and tri-n-octylphosphine selenide.2 These methods for
III–V TOPO capped quantum dots were initially developed by
Micic et al.6,7 and have been further exploited by Alivisatos and
co-workers8,9 and materials with near band edge luminescence
have been prepared. However, the methods used fairly ill-
defined precursor systems such as an aged solution of InCl3–
TOPO in reaction with neat E(SiMe3)3 (E = As, P). Growth and
annealing to form the final crystalline material can take up to a
week (at 250 °C) and the resulting product is polydispersed and
contaminated with In2O3 waste material

We have recently succeeded in using the phosphide com-
pound [MeCdPBut

2]3
10 for the preparation of high quality

samples of nanocrystalline Cd3P2,11 and have now developed
the use of related compounds for the synthesis of III–V
materials. We report here, the use of a single molecule precursor
in the ‘one pot’ preparation of nanometric InP quantum dots.

The problems encountered in the synthesis of III–V dots can
in part be attributed to covalent nature3 of the semiconductor
and the related effect of strong precursor–solvent interactions.
In these systems, nucleation and growth tend to be high
temperature processes and temporal separation of the two is
difficult, the resulting products are hence often polydispersed
and amorphous. The use of a reactive single-source precursor
overcomes this problem.

The single source precursor In(PBut
2)3 was prepared as

described by Jones and coworkers, by reacting InCl3 with 3
equiv. of LiPBut

2 in hexane.12 Decomposition to InP was
effected by reflux in 4-ethylpyridine (20 ml) for 0.5 h (167 °C,
0.4 g, 0.7 mmol).

heat
In(PBut

2)3 ––––? Q-InP

Addition of a non-solvent (light petroleum) resulted in floccu-
lation of the InP quantum dots. The powder was then re-
dispersed in either pyridine or 4-ethylpyridine and centrifuged
to remove waste material, an optically clear solution of

nanoparticles resulted. At this point, addition of excess non-
solvent produces a nanodispersed powder of the semiconductor.
Electronic spectroscopy of this material showed a band edge of
1.92 eV, as determined by the direct band gap method13 with an
excitonic shoulder at ca. 2.72 eV (455 nm), a significant blue
shift from the bulk band gap of 1.27 eV.14 Luminescence
spectroscopy shows strong broad near band edge luminescence
with lmax. at 2.32 eV (534 nm) (Fig. 1) slightly red shifted from
the absorption. Size fractionation has little effect on band edge,
indicating the system is highly monodispersed. The sample
consists of a large number of relatively monodispersed dots,
with an average diameter of 7.24 ± 1.24 nm which is easily
observed in TEM experiments (Fig. 2).

This work clearly shows that the use of defined precursors
has potential in the preparation of high quality quantum dots.
Indeed, the presently reported procedure is both simpler and

Fig. 1 Luminescence (a) and UV (b) spectra of Q-InP synthesised at
167 °C. Feature at ca. 2 eV is a second order excitation (lexc = 300 nm).

Fig. 2 TEM of Q-InP dispersed on a copper grid: (A) bar = 200 nm,
(B) bar = 20 nm.
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more rapid than those known to date. Work on other III–V
materials is continuing in our laboratory and preliminary results
have been obtained which show that organically passivated GaP
and InAs can be prepared by related methods.

We thank Keith Pell (Basic Medical Science, QMW,
University of London) for TEM and SEM work. Paul O’Brien
is the Royal Society Amersham International Research Fellow
and the Sumitomo/STS Professor of Materials Chemistry. We
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Fine and rod-like silica-based mesoporous powders with
very short diameter and length have been obtained through
(1) the complete dissolution of both sodium metasilicate and
cationic surfactants and (2) subsequent rapid pH-adjust-
ment for the formation of silica-surfactant mesophase
products.

There has been much interest on ordered mesoporous silica
molecular sieves because of their large pore sizes with narrow
pore size distributions, thermal stability, etc.1–4 It is now
apparent that the morphological control as well as handling and
texture of mesoporous silica is extremely important in industrial
applications. Silica-based mesoporous molecular sieves can be
applied to the adsorption and release of moisture and/or lipid
components and can be utilized as an adsorbent of perfume, if
they are available as minutely sized powders, which is
important in the cosmetic industry.

There have been several reports5–15 which describe methods
to control the shape of powders. Rod-like powders were
prepared by controlling the surfactant-water content, the
concentration of aluminium species, and the condensation rate
of silica in the reaction system7–9 or by bacterial templating.10

Schacht et al. controlled the shape of powders by changing the
condensation rate of silica in the phase boundary of O/W
emulsion particles and furthermore they obtained individual
hexagonal mesoporous silica fibers.11,12 Precise morphological

control of ordered mesoporous powders, in particular, control-
ling the length of mesopores has not yet been achieved by the
procedures described above. The present method is a simple
combination of (1) the use of a completely clear solution of both
sodium metasilicate and surfactants at low concentrations and
(2) rapid pH adjustment (from 13 to 8.5) for the formation of
silicate–surfactant mesophase products. Lin et al. reported the
formation of rod-like mesoporous powders by using a clear
surfactant solution and by adjusting the pH value of the final
mixture to ca. 10 followed by heat treatment at 100 °C for 48
h.7–9 However, the uniqueness of the present method is the
utilization of a clear solution containing both silica species and
surfactants and subsequent pH adjustment to 8.5, resulting in
instant gel formation, without further heat treatment.

Fine ordered mesoporous powders (C18-product), which have
a pore length of ca. 100 nm and a particle diameter of ca. 100
nm, were synthesized by using stearyltrimethylammonium
chloride. Rod-shape ordered mesoporous powders (C22-pro-
duct), which have a pore length of ca. 300 nm and a diameter of
ca. 50 nm, were also synthesized using behenyltrimethylam-
monium chloride.

Stearyltrimethylammonium chloride [C18H37NMe3Cl]
(STC) (Wako Chemical) and behenyltrimethylammonium chlo-
ride [C22H45NMe3Cl] (BTC) (Toho Kagaku) were used in this
study. Sodium metasilicate (0.5 mol, Nakarai Tesuku) and STC
or BTC (0.1 mol) were dissolved in 1.0 dm3 deionized water at
70 °C. White precipitates appeared when the pH value of the
clear aqueous solution was adjusted to 8.5 by 2 m HCl within
3–5 min at 70 °C. The precipitates after the pH-adjustment were
filtered at once, washed five times with water and once with
acetone, and dried at room temperature for 12 h. To remove
organic materials, the complexes were calcined at 700 °C in air
for 5 h.

Powder XRD (JDX 3500 diffractometer) peaks of the C18 and
the C22-product show four peaks corresponding to (100), (110),
(200) and (210) of a hexagonal array, being much broader than
those reported for MCM-41 and FSM-16. The d-spacings (d100)
in the powder XRD patterns of the C18-product before and after
calcination were 4.1 and 3.8 nm, respectively. The d100 values
of the C22-product before and after calcination were 4.8 and 4.3
nm, respectively.

Typical morphologies of the calcined products are shown in
Fig. 1. The FE-SEM image at high magnification of the calcined
C18-product [Fig. 1(b)] shows fine particles with rounded
corners and ca. 100 nm diameter.

The morphology of the C22-product is rod-like (ca. 50 nm in
diameter and 300–500 nm in length) [Fig. 1(d)]. The powders
have much shorter diameters and lengths than those of rod-like
mesoporous powders reported previously,7,12 and the rod-like
powders formed a 3D-network structure. These results clearly
show that the shape of powders can be controlled by a change in
alkyl chain lengths of the surfactants.

Fig. 1 Field emission scanning electron microscopic (FE-SEM) images of
calcined mesoporous powders (Hitachi S-4500, acceleration voltage 15
kV). (a) Fine mesoporous powder (C18-product) (magnification; 320 000),
(b) fine mesoporous powder (C18-product) (magnification; 3100 000), (c)
rod-like mesoporous powder (C22-product) (magnification; 330 000), (d)
rod-like mesoporous powder (magnification; 3100 000).
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TEM images (Fig. 2) of the calcined C18 and C22-product also
clarify the uniqueness of the powders. All the images of the C18-
product show ordered mesophases of ca. 100 nm in length
[Fig. 2(a) and 2(b)]. Because such very short channels reduce
the flow time of guest molecules in the mesoporous channels,
the C18-product should be an excellent reaction medium for
organic substances. The TEM image of the C22-product shows
a rod-like shape which has a limited number of channels
[Fig. 2(c)].

The N2-adsorption isotherms (Micromeritics ASAP 2400) of
the C18 and C22-product showed typical behavior of ordered
mesoporous silica. The C18 and C22-product have BET specific
surface areas of 1050 and 900 m2 g21, and pore diameters of 3.0
and 3.5 nm (BJH method), respectively. In addition to the
mesopores, the calcined C22-product had a broader range of
pore size distribution of 30–100 nm, arising from the 3D
network structure of the rods. This finding affords us an
additional larger range of pores indicating a short-range
hierarchical mesoporous structure. The total pore volumes
including mesopores and macropores of the calcined C18 and
C22-product were 1.3 and 2.8 ml g21, respectively. Although the
specific surface area of the C22-product was a little lower than
that of the C18-product, the total pore volume of the C22-product
was approximately twice that of the C18-product, which is due
to the network formation of rod-like mesoporous powders.

The a0 values of hexagonal structure [a0 = 2d100/A3] of the
calcined C18- and C22-product were 4.4 and 5.0 nm, respec-
tively. The wall thicknesses of these mesoporous materials are
estimated from the a0 values and the pore diameters. Although
the calcined C22-product has a different shape from the calcined
C18-product, the wall thicknesses for each showed very similar
values (ca. 1.5 nm). This result suggests that the C18 and C22-
product were obtained via the same formation mechanism.

Because both sodium metasilicate and the surfactants are
dissolved completely in water at 70 °C, the surfactants form
micelles and silicate ions adhere on them. The shape of

surfactant micelles is controlled by several complex factors
including (1) the concentration of surfactants, (2) the alkyl chain
lengths of surfactants, (3) the concentration of formed salts by
adding HCl, and (4) the concentration of silicate species for
which the ionic charge varies with pH. Since an increase of the
aggregation number of micelles in salt–surfactant solution has
been reported,16 the possible increase of aggregation number
(which induces the formation of rod-like micelles) is speculated
to be due to silicate ions which can play the role of a salts and
the shape of micelles will change from spherical to rod-like.
Silicate ions show two condensation steps which depend on the
pH of the solution. The first step is the condensation of silicate
ions on micelles and the second is the condensation between
polymerized silicate species adsorbed on each micelle.17 The
second step gives self-assembled materials with hexagonal
structure. Rapid pH adjustment ( < 3–5 min) prevents further
aggregation of the mesophase, since condensation of silicate
ions occurs instantly and uniformly in the solution.

The shape of mesoporous powders is thought to be controlled
by the competition between the rate of change in the shape of
the surfactant assemblage (from rod-like to spherical by pH
adjustment) and the condensation rate of silicate ions during the
pH adjustment. If the condensation rate of silicate ions is faster
than that of the change in the shape of the surfactant
assemblage, the shape of the surfactant does not change
markedly, therefore, the shape of the product should conform to
the long rod-like shape of the micelles.

Because BTC, with longer alkyl chains, can lead to a longer
assembled state relative to STC, the formation of a rod shape of
the C22-product is speculated to be due to the faster condensa-
tion rate of silicate ions than that of the structural change of the
micelles. The same reaction pathways are expected for the
system with STC, and the appearance of the C18-product
strongly suggests shorter assembled states of STC in aqueous
solution.

The authors express their gratitude to Dr N. Ueno (Shiseido
Laboratories) for fruitful discussion and his critical reading of
this manuscript.
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Fig. 2 Transmission electron microscopic (TEM) images of calcined
mesoporous powders (Hitachi S-800, 200 kV). (a) Fine mesoporous powder
(C18-product) (magnification; 3200 000), (b) fine mesoporous powder
(C18-product) (magnification; 3200 000), (c) rod-like mesoporous powder
(C22-product) (magnification; 3200 000).
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A new 1-D inorganic chain polymer [H2en]4[Hen]2[V6-
B22O53H8]·5H2O, consisting of [V6B20O50H6] cluster sub-
units linked together through diborate bridges, has been
synthesised with high yield and purity by a molten boric acid
‘flux’ method in which V2O5, en and H3BO3 (1 : 6 : 25) were
heated together at 180 °C for 3 days; the clusters have a
central band of six square-pyramidal VIV§O vanadyl
groups, which are capped top and bottom by two raft-like
polyborate ligands of formula [B10O16H3].

There has been much recent interest in mixed organic–inorganic
materials, especially for the formation of new microporous
materials such as metal phosphates.1,2 For these phosphoric acid
is used commonly as a precursor with a variety of basic metal
sources and organic templates. Since the discovery of various
microporous aluminoborates by Xu and coworkers3,4 we have
been interested in the use of boric acid as a possible reagent in
place of phosphoric acid to assist formation of microporous
transition-metal borates. Whilst use of H3PO4 and H3BO3 in
tandem can result in the formation of hybrid borate–phosphate
phases,5,6 recently Haushalter et al. have shown that hydro-
thermal reaction of vanadium oxides with boric acid can give
rise to novel mixed-valence vanadium borate clusters.7,8a

Yamase et al. have also reported a similar vanadoborate.8b

Herein we report that use of molten boric acid as flux can lead
to other boron-rich cluster phases and even allow the direct
connectivity of such clusters to novel inorganic polymers by
additional borate bridges. Furthermore the reaction products are
not only different from analogous hydrothermal syntheses, but
they are typically of higher purity and yield. This becomes
important for strategies in which the formed clusters are to be
used as synthetic intermediates.

We find that flux reaction of V2O5 with 6 mol equiv. of
ethylenediamine (en) and 25 H3BO3 at 180 °C for 3 days results
in the formation of an off-white crude solid. Removal of the
residual boric acid through washing with cold water allows
isolation of pale-green block-shaped crystals of 1 as a phase-
pure material in ca. 75% isolated yield based on V. X-Ray
powder diffraction shows three strong peaks of approximately
1 : 2 : 1 intensity ratio with d-spacings of 11.2 (200), 10.6 (112̄)
and 10.1 (112)/(004) Å respectively. We have found such peaks
in the region of 10 Å d-spacing to be characteristic of vanadyl
polyborate cluster materials and a useful diagnostic tool.9

A single crystal X-ray structure analysis† reveals the
structure of 1 to be [H2en]4[Hen]2[V6B22O53H8]·5H2O consist-
ing of an anionic vanadium polyborate chain polymer, together
with (H2en)2+ and (Hen)+ counterions and five waters of
solvation. The polymer has [V6B20O50H6] cluster subunits
linked together by linear diborate [B2O3H2] bridges. A portion
of the polymer chain is shown in Fig. 1.

The clusters have a central band of six square-pyramidal
VIV§O vanadyl groups, which are capped top and bottom by
two novel raft-like polyborate ligands of formula [B10O16H3].
The charge and oxidation state of the metals and degree of
protonation are often difficult to resolve in such structures,
however bond valence sum calculations10 clearly indicate a
charge of V4+ for each vanadium centre. The six V§O distances

of the asymmetric unit range between 1.607 and 1.618(4) Å and
the 24 basal V–O distances from 1.945 to 1.973(4) Å. The pale-
green colour is also supportive of the purely VIV formulation
and is in contrast with the previous findings of Haushalter and
Zubieta of orange, red and dark-green mixed VIV–VV clus-
ters.7,8 All cluster hydrogens were located in difference Fourier
maps and were found to be involved in short [B–OH···O]
hydrogen bonds with O···O separations @2.8 Å. In addition, the
formulation of the organic counterions was facilitated by the
clear observation of four [N–H···N] hydrogen-bond contacts per
asymmetric unit of less than 3.0 Å. This means that both fully
protonated and partially protonated ethylenediamines must be
present, although there is statistical disorder of the protons on
each side of the H-bond double wells.

The toroidal arrangement of square-pyramidal vanadyl
groups has each neighboring V atom in an edge-sharing
arrangement. All V–V internuclear separations are essentially
equivalent and between 3.029 and 3.059(2) Å, indicating there
is no significant pairing of V centres to form individual V–V
bonds, but rather the contacts are consistent with some weak
delocalised metal–metal bonding character, through use of d(xy)
orbitals. In the crystal structure of 1 all polymer chains run
parallel to the b-axis; studies are being undertaken to investigate
the magnetic behaviour of the polymer.

In addition to the discovery of novel magnetic properties, our
original goal was to make new classes of microporous materials.
The use of cluster subunits is very attractive in this regard since
their large size means that even their close packing must allow
for significantly large cavity formation. A number of open-
framework molybdenum phosphates with cluster subunits have
been reported11,12 and recently an organically templated Fe-PO
was recently synthesised by Lii in which large channels are
found since Fe4 cluster subunits are involved.13

Formation of the 1-D polymer 1 is also suggestive that useful
materials either for magnetic or porous properties might be
formed by connecting metal polyborate clusters together via
suitable cross linking agents. For this purpose however, a
synthetic preparation of the structural building block is
necessary. Through modification of the flux conditions, we
have now isolated a second compound 2, which contains the
cluster building block from 1. Thus reaction of V2O5 : en :
H3BO3 in the ratio 1 : 2 : 8 at 180 °C for 3 days affords 2 as pale-
green bar-shaped crystals in virtually quantitative yield based
on V. From these conditions it is essentially phase-pure based
on optical examination and powder X-ray diffraction, for which

Fig. 1 Structure of 1, showing a portion of the [V6B22O53H8]n polymer
chain.
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there are 3 different characteristic d-spacings of 11.6 (010), 10.6
(001) and 9.8 Å (100)/(101) with an approximate 2 : 1 : 1
intensity ratio.

Single crystal X-ray structure determination† shows 2 to be
[H2en]4[V6B20O50H8]·5H2O. The structure of the
[V6B20O50H8] cluster anion of 2 is illustrated in Fig. 2 and its
condensed raft-like B10 polyborate ligand is shown in Fig. 3. In
this case the central boron is terminated by a hydroxy group,
rather than being connected to a diborate bridge as in 1. Boric
acid was also used to synthesise the interesting copper
polyborate cluster [Cu4O{B20O32(OH)8}]62 from solution.14

Although this also has a B20 formulation, in this compound the
polyborate moiety has an open ring-like structure about a
central Cu4O core.

The crystal structure of 2 is well-ordered and all H-atoms
were located in difference Fourier maps. Once more the bond
valence sums give V4+ for all centres [V§O = 1.605–1.627(2)
Å, V–O = 1.932–1.980(2) Å]. The temperature dependent
magnetization was measured in a constant applied field of 1 T
(MPMS-5S Quantum Design SQUID magnetometer) and
indicates that the compound is paramagnetic down to 1.8 K. The
calculated moment is 4.03 mB per formula unit. This is in
contrast to the layer compound [H2en][V2O5] which shows anti-
ferromagnetic coupling between adjacent edge-sharing square
pyramidal VIV centres at low temperature.15 Modelling of the
magnetic behaviour is being undertaken, but implies only
partial pairing of the six electrons from the d1 metal centres. We
postulate that two electrons are paired in the all-bonding (in-

phase) combination of vanadium d(xy) orbitals and that the
others singly occupy the partially bonding and anti-bonding
combinations to give rise to four unpaired electrons and S = 2
ground state for the cluster, which may explain the observed
magnetic moment. EPR studies will be undertaken to confirm
this hypothesis.

Whereas the polymer 1 is practically insoluble in all solvents,
(except 1.0 M NaOH which destroys it), the salt 2 is sparingly
soluble in hot dmf–water and affords a stable pale-green
solution. In this sense it is similar to the large open polyanionic
Mo154 molybdates and related aggregates.16 We are now
exploring the use of a facile dissolution–precipitation method
for synthesis of further hybrid materials from 2. For example,
addition of Ca2+ ions to a saturated solution of 2 results in ready
precipitation of the calcium salt of the vanadyl cluster as a fine
powder.

The advantage of this two-stage synthetic approach is that the
complex polyborate cluster can be formed under quite different
conditions than are used for its subsequent cross-linking,
affording a reasonable degree of design flexibilty. In summary,
use of a boric acid flux method can give high yields of phase-
pure vanadium borate materials, including both inorganic
polymers and discrete cluster compounds. Synthesis of other
boron-rich transition-metal phases from the boric acid melt and
their potential as synthetic intermediates for formation of
microporous materials is under investigation.

The authors wish to thank Mr Alvin Siu for his help with the
X-ray work and the Research Grants Council of Hong Kong for
financial support. (Grant HKUST 681/96P)
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Fig. 2 Side view of the [V6B20O50H8] cluster anion of 2.

Fig. 3 Raft-like [B10O16H4] ligand from 2.
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The EPR-silent species [Cu(L2)(TpPh)]+ exhibits a UV–VIS–
NIR spectrum that is very similar to that of active galactose
oxidase.

Galactose oxidase (‘GOase’) is a fungal enzyme that catalyses
the oxidation of primary alcohols by molecular oxygen.1 The
active site of GOase contains a [Cu(His)2(Tyr)2(OH2)] centre,
in which a basal tyrosinate ligand has been chemically modified
by an ortho-thioether crosslink formed from a cysteine residue,
and is involved in a p-stacking interaction with a neighbouring
tryptophan side chain.2 In active enzyme this modified
phenoxide ligand is oxidised to a very long-lived radical,3
whose oxidation potential is +0.40 V vs. NHE (compared to
+0.9 V for a ‘normal’ tyrosine side-chain). We describe here a
Cu(ii) phenoxide complex containing a thioether-substituted
phenoxide ligand, designed as a model for the GOase copper
complex, and the spectroscopic characterisation of its Cu(ii)
phenoxyl oxidation product.

2-Hydroxy-3-methylsulfanyl-5-methylbenzaldehyde (HL2)
was prepared from 2-hydroxy-5-methylbenzaldehyde (HL1)4

by the method of Wang and Stack.†5 Complexation of hydrated
Cu(BF4)2 by HL (HL = HL1, HL2) and K[TpPh] ([TpPh]2 =
tris-3-phenylpyrazolylborate)6 in CH2Cl2 at room temperature
affords dark green solutions, from which deep green micro-
crystals of [Cu(L)(TpPh)] ([L]2 = [L1]2, 1, [L]2 = [L2]2, 2)†
can be obtained in 40–45% yield after filtration and addition of
a large excess of hexanes. Weakly diffracting single crystals of
2 were grown from toluene–hexanes.‡ The structure shows a
square pyramidal Cu(ii) centre with a N3O2 donor set and
unexceptional metric parameters (Fig. 1).

The visible spectra of 1 and 2 in CH2Cl2 at 293 K each show
a d–d absorption at lmax = 685 nm (emax = 92–93 dm3 mol21

cm21). The X- and Q-band EPR spectra of 1 and 2 in 10 : 1
CH2Cl2–toluene solution at 110 K exhibit the g∑ > g4 > ge
pattern expected of a {dx2

2y2}1 or {dxy}1 Cu(ii) ion (for 1; g∑ =
2.284, g4 = 2.065, A∑{63,65Cu} = 160 G: for 2; g∑ = 2.286, g4
= 2.065, A∑{63,65Cu} = 163 G), only one species being
detected in solution for both compounds. These spectra are
consistent with 1 and 2 possessing essentially identical
tetragonal coordination spheres in CH2Cl2. Hence, in this
solvent the [L2]2 ligand in 2 is coordinated via both O-donors,
with no isomerisation to a form containing O,S-coordinated

[L2]2 taking place. While the lack of observable A{14N}
couplings for 1 and 2 prevents more detailed EPR studies, we
have recently proven that related [CuII(L)(TpPh)] (L = bi-
dentate ligand) complexes retain their square-pyramidal solid
state geometries upon dissolution in CH2Cl2.7 It is therefore
probable that the solution structures of 1 and 2 closely resemble
those in the crystal.

The cyclic voltammogram (CV) of 2 in CH2Cl2/0.5 M
NBun

4PF6 at 293 K shows a one-electron couple at E1⁄2 = +0.53
V vs. Fc–Fc+, which is chemically reversible for 10 mV s21 @

n @ 1 V s21 and which we assign to a [L2]2/L2· oxidation. The
observation of a chemically reversible oxidation for coordinated
[L2]2 in 2 is very unusual for a phenoxide without encumbering
tert-butyl substituents.8 The CV of 2 also exhibits an irreversi-
ble secondary oxidation of variable broadness and intensity
centered near Epa = + 0.85 V, which is characteristic of partial
adsorption of the initial oxidised species onto the Pt electrode;9
and an irreversible Cu(ii/i) reduction at Epc = 21.29 V with
associated daughter peaks at Epa = 20.41 and 20.11 V.

Electrooxidation of 2 in CH2Cl2–0.5 M NBun
4PF6 at 243 K at

a potential corresponding to the 2/[2]+ couple yields a brown
solution exhibiting only a very weak residual EPR signal from

Fig. 1 View of the complex molecule in the crystal of 2, showing the
disordered thioether group. For clarity, all H atoms have been omitted.
Selected distances (Å) and angles (°): Cu(1)–N(12) 2.337(6), Cu(1)–N(22)
2.009(6), Cu(1)–N(32) 1.996(7), Cu(1)–O(1) 1.941(7), Cu(1)–O(4)
1.967(5), N(12)–Cu(1)–N(22) 89.7(2), N(12)–Cu(1)–N(32) 90.0(2),
N(12)–Cu(1)–O(1) 102.8(2), N(12)–Cu(1)–O(4) 98.7(2), N(22)–Cu(1)–
N(32) 87.7(3), N(22)–Cu(1)–O(1) 91.5(3), N(22)–Cu(1)–O(4) 171.3(2),
N(32)–Cu(1)–O(1) 167.1(2), N(32)–Cu(1)–O(4) 89.9(2), O(1)–Cu(1)–O(4)
88.9(3).
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unreacted 2. A similar experiment using an optically transparent
electrode results in a blue-shift of the [L2]2-derived absorptions
in the UV, and the ingrowth of new peaks in the visible and
near-IR regions. The oxidised solution shows lmax = 317 nm
(emax ≈ 9 000 dm3 mol21 cm21), 419 (4400), 470 (sh), 725 (sh),
818 (sh), 907 (1200) and 1037 (1100) at 243 K (Fig. 2).
Rereduction of this solution at 0 V results in the near-
quantitative regeneration of 2. We ascribe these observations to
the generation of an EPR-silent [CuII(L2·)(TpPh)]+ species [2]+.
The 2/[2]+ preparative oxidation is not quite reversible, since
[2]+ decomposes with a half-life of ca. 10 h under these
conditions; the absorption coefficients quoted above may
therefore be slightly underestimated.

Other known Cu(ii) phenoxyl complexes, although usually
also EPR-silent, give electronic spectra significantly different
from [2]+, with peaks at lmax = 400–450 nm (emax =
3000–16 000 dm3 mol21 cm21) and 600–680 nm (300–8000).10

None of these examples contains a thioether side-chain to the
phenoxyl ligand, however. Active GOase exhibits two spectro-
scopic features attributable to the modified tyrosyl radical: a
peak at lmax = 444 nm (emax = 5200 dm3 mol21 cm21) and a
broad absorption between 600 and 1200 nm, centred at 800 nm
(3200) with several low- and high-wavelength shoulders.11 The
similarity of this spectrum to that shown by [2]+ (Fig. 2) is
striking. The VIS–NIR feature in the spectrum of GOase has
been attributed to an inter-ligand charge transfer process
between the tyrosyl and tyrosinate ligands.12 However, the
observation of an equivalent broad, structured band for [2]+,

which lacks a second phenoxide ligand, suggests that p?p*,
MLCT and/or LMCT transitions involving the tyrosyl radical
should also contribute to this absorption.

The authors thank the Royal Society (M. A. H.), the
government of Singapore (L. M. L. C.), the Committee of Vice-
Chancellors and Principles (X. L.), the EPSRC, the University
of Leeds, the University of Cambridge and the University of
Edinburgh for financial support.
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Fig. 2 UV–VIS–NIR spectrum of [2]+ in CH2Cl2–0.5 M Bun
4NPF6 at 243

K.
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Irradiation of W10O32
42 or PW12O40

32, alkanes and methyl
cyanoformate in CH3CN solution produces either the
corresponding nitriles or a-iminoesters with high selectivity,
depending on the temperature, via a mechanism involving
two roles for the polyoxotungstate.

While a host of C–H bond activation or functionalization
methods developed in the last few years have provided a wealth
of mechanistic information and some unusual or unprecedented
transformations, few of the reactions have been of significant
synthetic value. Organometallic systems that activate C–H
bonds rarely lead to functionalization and are usually not
catalytic in the metal complex,1–5 while more conventional
radical and electrophilic systems usually have selectivity or
compatibility difficulties.4,5 We report here the first catalytic
conversion of unactivated C–H bonds to two desirable groups in
high selectivity: nitriles and a-imino-acetic acid esters (hence-
forth iminoesters) via polyoxotungstate photocatalysis.6,7 Ni-
triles are widely used in synthesis,8 and a-ketoesters (or acids),
readily derived from hydrolysis of the iminoesters, have a rich
photochemistry and could be used to render hydrocarbon
materials, including polyethylene, sunlight degradable and
biodegradable.9 Nitriles have been generated in moderate to
good yields via organic radicals generated from conventional
precursors (not generated catalytically by alkane C–H bond
cleavage), by trapping with tert-butylisocyanide,10 or with aryl
and alkylsulfonyl cyanides.11 Alkanes photolyzed in the
presence of ClCN12 or heated with consumption of considerable
conventional radical initiator (10–24 mol% benzoyl peroxide)
in the presence of methyl cyanoformate also yield nitriles.13 The
latter reaction forms some iminoester but yields were not given.
There appear to be no good routes to iminoesters from
unactivated C–H bonds.

Irradiation (l > 280 nm) of CH3CN solutions of W10O32
42

or PW12O40
32 containing one of a variety of alkanes and methyl

cyanoformate (MCF) produces the corresponding nitriles at T =
90 °C and iminoesters at T = 22 °C. Significantly, the
selectivities for these products and turnovers of the poly-
oxotungstate vary inversely with the concentration of the
polyoxometalate and selectivities approach quantitative values
at [polyoxotungstate] < 0.05 mM. Table 1 gives the products
from many reactions using 1.5 mM polyoxotungstate, a
concentration not optimal for selectivity but one permitting by-
product quantification needed for mechanism elucidation. At
low [polyoxotungstate], the selectivities for nitriles (high T) and
iminoesters (low T) exceed those of all literature reactions.
Significantly, as both nitriles and iminoesters are of comparable
or lower reactivity than the alkanes themselves, these reactions
may be of preparative value. For example, the iminoesters
derived from 2,3-dimethylbutane and cis-1,2-dimethylcyclo-
hexane were isolated in 59 and 67% yields respectively (at 28
and 61% conversions of alkane).

These and other data discussed below rule out many
mechanisms and are consistent with eqn. (1)–(10) for this
chemistry. Previous studies (product, kinetics, spectroscopic
and others) establish that the oxygen-to-tungsten charge-
transfer excited states of polyoxotungstates abstract hydrogen
atoms, eqn. (1) and (2).6,7 The chemoselectivities and re-
gioselectivities exhibited by the products in Table 1 indicate the

same dominant C–H bond cleaving species is operable in the
presence of MCF: (1) the tertiary/primary (3°/1°) C–H cleavage
ratios ( > 200 for 2,3-dimethylbutane and cis-1,2-dimethylcy-
clohexane), (2) the lack of reactivity of tert-butylbenzene (all
primary C–H) and (3) the loss of stereochemistry during
functionalization of cis-1,2-dimethylcyclohexane. The coupling
and disproportionation (alkene only detectable) products in
Table 1 are more consistent with radicals than other organic
intermediates. Three lines of evidence indicate the title
processes, unlike most polyoxotungstate photocatalyzed alkane
functionalizations, involve radical chains. First, there is sig-
nificant inhibition by radical inhibitors. This is seen for
production of both reduced polyoxotungstate and organic
products. For example, the ratio of rates for production of
iminoester from 2,3-dimethylbutane using W10O32

42, without
and with 2.0 mM hydroquinone (HQ) inhibitor, kno HQ/kwith HQ
> 100. This ratio without and with 2.0 mM 2,6-di-tert-
butylphenol (BHT), kno BHT /kwith BHT = 5.7 ± 0.2. For HQ and
BHT, respectively, ca. 10 and < 2% of the light is absorbed by
the inhibitor; the rest by W10O32

42. Second, the quantum yields
for both nitrile and iminoester reactions exceed 1.0 when
[polyoxotungstate] < 0.05 mM. Third, W10O32

42 inhibits
iminoester formation at high [W10O32

42]. In contrast, photo-
catalytic C–H cleavage by W10O32

42 generally exhibits
conventional kinetics (reaction first order in W10O32

42 and in
alkane).6,7

Inhibition at high [W10O32
42] most likely reflects redox

capture of radical by polyoxotungstate.6
The two propagation steps, eqn. (3) and (4), both of which are

precedented in studies involving conventionally generated
radicals,12 sum to the net reaction for production of iminoester.
Several additional experiments establish that the mechanism for
nitrile formation is eqn. (1)–(3), (6) and (7) [eqn. (8)–(10) are
minor processes]: first, quantification of CO2 (via BaCO3) and
CH4 (via GC/TCD) products indicates that [nitrile] ~ [CO2] ~
[CH4]; second, when the reactions are run in N,N-dimethylace-
tamide (DMA), PhCN, or PhCl versus CH3CN, very little
CH3CN [eqn. (10)] and little or no methyl pyruvate derivatives
[eqn. (9)] are formed; third, negligible CH3CH3 from coupling
of CH3· is observed in CH3CN (interestingly [CH3CH3]/[CH4]
~ 1 in DMA). Control experiments demonstrated that reduced
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7

W10O32
42 does not react with either MCF (no CN2 is formed)

or organic products (iminoester or nitrile). Finally, the yields of
iminoester and nitrile correlate strongly (inversely) with each
other between 22 and 90 °C, and iminoester does not convert to
nitrile under the reaction conditions [eqn. (11) is not operative].
These 2 points suggest that both products derive from a
common intermediate, most likely the iminyl radical,
RC(NN·)CO2CH3.
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Table 1 Functionalization of alkanes with methyl cyanoformate via
polyoxometalate photocatalysisa

Polyoxo-
tungstateb Substrate

t/h;
T/°Cc

Organic product (%) of detected
productsd (turnovers, based on Pox)e

1 1a 1b
Na4W10O32 16; 22 < 1 75 (27)
Q4W10O32 16; 22 < 1 90 (9.1)
Q3PW12O40 16; 22 < 1 99 (0.3)
Na4W10O32 8; 90 78 (11) 6 (0.9)
Q4W10O32 8; 90 61 (5.3) 21 (1.8)

2 2a 2b 2c
Na4W10O32 16; 22 < 1 51 (8.4) 11 (1.9)
Q4W10O32 16; 22 < 1 51 (5.6) < 1
Na4W10O32 8; 90 78 (20) 3 (0.8) < 1
Q4W10O32 8; 90 59 (3.0) 20 (1.0) < 1

3 3a 3b 3c 3d
Na4W10O32 16; 22 2 (1.0) 75 (36) < 1 2 (1.0)
Q4W10O32 16; 22 < 1 80 (25) < 1 2 (1.9)
Q3PW12O40 16; 22 < 1 50 (0.4) 50 (0.4) < 1

4 4a 4b 4c
Na4W10O32 16; 22 < 1 51 (8.4) 11 (1.9)
Q4W10O32 16; 22 < 1 51 (5.6) < 1
Na4W10O32 8; 90 76 (18) 2 (0.5) < 1
Q4W10O32 8; 90 71 (9.2) 16 (2.0) < 1

5 5a
Na4W10O32 8; 90 100 (1.0)

6 6a
Na4W10O32 8; 90 100 (0.5)

7
Na4W10O32 8; 90 No reaction
a Acetonitrile solutions of polyoxotungstate (1.5 mM) and alkane (0.5 M)
and MCF (0.25 M) were irradiated (550 W medium-pressure Hg lamp;
Pyrex filter, l > 280 nm). The average conversion (based on MCF) was
15% to simplify product distributions for mechanism elucidation. b Q =
tetra-n-butylammonium. c t = irradiation time. d All new compounds were
purified and their compositions and purities ( > 98%) confirmed by 1H
NMR, high resolution MS, and elemental analysis. Moles of indicated
product/moles of total organic products as determined by GC. e Turnovers
= moles of indicated product/moles of polyoxotungstate.
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A new multiporphyrinic [2]rotaxane has been made in which
a gold(III) porphyrin is part of the ring; rotation of the string-
like fragment within the ring between two diametrically
opposed positions is triggered by metallation–demetallation
of the central coordination site.

In relation to molecular switches,1 machines and motors,2,3 it is
of special interest to be able to control at will, amongst other
properties, the shape of multicomponent molecular systems.
The triggering signal, responsible for the rearrangement of the
compound can be photochemical,4 electrochemical5 or chem-
ical.6 Catenanes and rotaxanes are ideally suited for undergoing
large amplitude motions under the action of an external
stimulus.7,8

In the present work, we show that complexing or decom-
plexing an appropriate metal in a coordination site can bring to
close proximity, or spread a long distance apart, given
porphyrinic components of the system. The principle is depicted
in Fig. 1.

The compound made and studied is a [2]rotaxane in which
the string-like fragment bears two zinc(ii) porphyrins as
blocking groups. The ring through which the string is threaded
incorporates a gold(iii) porphyrin. It should be noted that these
metalloporphyrins are key components of multichromophoric
systems undergoing photoinduced electron transfer and pro-
posed as models of given fragments of the photosynthetic
reaction centre.9

The organic compounds used as intermediates in the
synthesis of the [2]rotaxane are represented in Fig. 2. The
tetraaryl porphyrin 1 was prepared in 6% yield using pyrrole
and a 1 : 1 mixture of the appropriate aldehydes (CF3CO2H, in
CH2Cl2 followed by chloranil treatment10). After metallation
(KAuCl4) to afford 2 (76%), demethylation (BBr3) furnished 3
in almost quantitative yield. 5 was obtained by reacting 411 with
2-bromoethanol (K2CO3, refluxing DMF) and it was converted

to 6 (tosyl chloride, NEt3, CH2Cl2) and subsequently to 7 (NaI,
acetone; 30% yield from 4). Macrocycle 11 was prepared from
3 and 7 (Cs2CO3 in DMF, 55 °C; 31% yield). Rotaxane 14 was
synthesized following a strategy previously developed in our
group for making porphyrin-stoppered rotaxanes.9 An equimo-
lar mixture of 8, 11 and Cu(MeCN)4

+ led quantitatively to
prerotaxane 12 (not drawn) in which the open chain fragment 8
has been threaded through the ring 11 thanks to the gathering
effect of copper(i). The terminal porphyrinic blocking groups of
13 were built from 9, 10 and 12 (CF3CO2H in CH2Cl2;
chloranil). 14† was obtained after metallation [Zn(OAc)2] in
13% yield from 8.

The conformation of 14 is indeed similar to what the drawing
of Fig. 3 suggests. In particular, NOE effects measured on H5,6
and Hpy demonstrate unambiguously that a close proximity

Fig. 1 Control of the mutual arrangement between the gold porphyrin (PAu+

incorporated in the ring, black diamond) and the zinc porphyrins (PZn end-
function of the dumbell, white diamond) by complexation/decomplexation
of a metal centre (black circle) within/from the central coordination site. (a)
The chemical structure of the two organic constitutive fragments of the
rotaxane (ring and thread) is such that, in the complex, the gold porphyrin
is remote from the two zinc porphyrins. (b) After removal of the central
metal, weak forces may favour an attractive interaction between PAu+ and
the PZn nuclei, leading to a situation in which PAu+ is pinched between the
two PZn units. The interconversion between the situations [(a) and (b)]
implies a half-turn rotation of the threaded fragment (axle) within the ring
(wheel), the latter being artificially considered as fixed. This motion is
reminiscent of the process taking place in the rotary motor of ATP-
synthase.3b Fig. 2 Intermediates used in the synthesis of the [2]rotaxane.
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exists between the rear of the 1,10-phenanthroline nucleus
belonging to the dumbbell-like fragment and the endocyclic part
of the ring-embedded porphyrin. As indicated in Fig. 3,
demetallation of 14 affords 15,† this compound displaying a
profoundly modified geometry as compared to 14. In particular,
NOE effects show close proximity between Hm and HoA as well
as between Hpy and HoA and between HoB and HMe, which
indicates that the geometry of the molecule is roughly as
depicted in Fig. 3.

Space-filling models suggest that within the demetallated
rotaxane 15, free rotation of the ‘axle’ within the ring can take
place. The driving force for bringing PAu+ between the PZn
units, playing the role of two jaws, is certainly related to the
extremely different and complementary electronic properties of
PAu+ (electron acceptor) and PZn (electron donor). Very
approximate geometrical features can be estimated from the
models. Of particular interest are the centre-to-centre (Au···Zn)
and the edge-to-edge distances between PAu+ and PZn. The
estimated centre-to-centre separation is ca. 19 and ca. 7 Å for 14
and 15 respectively. The edge-to-edge distance, which is more
relevant to electron transfer, is ca. 12 and ca. 5 Å for 14 and 15,
although it should be kept in mind that 15 is certainly very
flexible, with difficult to estimate interatomic distances.

Interestingly, the interconversion between 14 and 15, although
leading to dramatic geometrical changes, is quantitative and
reversible. This changeover process can be triggered by other
metals such as Ag+ and Li+.

We thank the Ministry of Education for a fellowship (to
M. L.).
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2H), 7.89 (d, 4H), 7.86 (t, 2H), 7.78 (d, 4H), 7.75 (s, 2H), 7.62 (d, 4H), 7.54
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Fig. 3 Metallation–demetallation of the rotaxane induces a complete
changeover of the molecule. The most important proton connectivities, as
determined by 2D 1H NMR, are indicated by double arrows.
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Topological analysis of the experimental and theoretical
electron densities in [EtTiCl3(dmpe)] (dmpe =
Me2PCH2CH2PMe2) suggests the presence of a (3, 21) bond
critical point (CP) between titanium and the b-agostic
hydrogen atom; the characteristic curvature in the Ti–Ca
bond is proposed as a more general criterion for identifying
a b-agostic interaction.

Agostic interactions are of particular interest in organotransi-
tion-metal chemistry in view of their potential relevance to
important processes like C–H activation. Reliable ways of
pinning down these interactions are still at a premium,
notwithstanding the numerous examples reported on the basis of
structural or spectroscopic measurements or of theoretical
studies. Theoretical considerations have lead Popelier and
Logothetis (PL) recently to suggest topological analysis of the
charge density as a means of identifying agostic interactions.1
We have tested this hypothesis on a real agostic system by
analysing experimental and theoretical electron densities. The
ethyltitanium trichloride complex [EtTiCl3(dmpe)] 1 (dmpe =
Me2PCH2CH2PMe2) was chosen since its b-agostic interaction
has been delineated by a variety of independent techniques.2

Long X-ray exposure times hitherto needed for accurate
charge density studies have prevented the study of labile
organometallic compounds like 1; with conventional serial data
collection techniques using a single scintillation counter, data
accumulation may take months. However, Luger and others
have demonstrated very recently that charge density studies can
be accomplished with exposure times in the order of days using
a CCD detector.3 In our study we have been able to contrive
short X-ray exposure times by combining two experiments
using a CCD and an imaging plate detector system, both being
connected to a rotating anode assembly providing highly intense

Mo-Ka radiation. Charge densities were derived from the
experimental X-ray data† using the XD program suite4 based on
a standard multipole model as formulated by Hansen and
Coppens.5 Theoretical charge densities were determined by
B3LYP DFT calculations6 using standard basis sets of triple-z
quality plus polarisation.7 All such calculations were performed
with the Gaussian94 package.8 The topological analysis of
charge densities, based on Bader’s ‘Atoms In Molecules’ (AIM)
theory,9 was effected with the AIMPAC and XD suite.4,10

While the geometrical parameters clearly indicate the
presence of a b-agostic interaction in 1: Ti–C 2.1522(9) [2.159],
C–C 1.5117(12) [1.518], Cb–Hb 1.13 [1.13], Ti…Hb 2.10 [2.12]
Å and Ti–C–C 84.5(1) [85.1]° (calculated values in square
brackets), no significant charge accumulation between Ti and
the CbHb unit is evident from the total electron density. More
information can be gained from the gradient vector field ”r(r)
of the calculated and experimental electron density. Hence all
bond critical points (CPs)‡ along the bond paths connecting the
atoms in 1 can be located [Fig. 1(a,b) and Table 1].

At the bond CP of the C–C bond we determine an electron
density (rb,calc = 1.616 e Å23), slightly higher than the
corresponding value (1.606 e Å23) for the C–C bond in ethane
or EtTiCl3 2 (1.576 e Å23), and significantly lower than that
(2.326 e Å23) for the CNC bond in ethene (Table 1). Since the
magnitude of the charge density at the bond CP provides a
sensitive measure of the bond strength, one might conclude that
the C–C bond order in 1 is only slightly enhanced vs. 2.
However, the bond ellipticity parameter (e)§ of the C–C bond in
1 clearly deviates from zero indicating some double bond
character. This accords with the experimental observation of
shorter C–C bond lengths in 1 vs. 2,2 and with the topology of
the experimental electron densities (Table 1). Like the C–C
bond, the agostic C–Hb bond in 1 combines the high electron

Fig. 1 (a) Calculated gradient vector field “r(r). Bond CPs are denoted by open circles and the ring CP by a filled circle; nuclei on the molecular plane are
denoted by + while the projections of the out-of-plane nuclei are denoted by ÷. Inside the TiCaCbHb four-membered ring all gradient paths originate at the
(3, +1) ring CP and terminate either at the nuclei or at a (3, 21) bond CP (dashed lines). The gradient vectors linking the (3, 21) bond CP with the atoms
constitute the bond paths (thick lines). (b) Bond paths in the TiCaCbHb fragment based on experimental charge densities. (c) Experimental-“2r(r) function
in the TiCaCbHb plane (negative values are marked by broken lines).¶
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density at the bond critical point (rb,calc = 1.67 e Å23) and the
large negative value of the Laplacian¶ (“2rb,calc = 217.6
e Å25) characteristic of covalent bonds [Fig. 1(c)]. The
topologies of the Ti–Ca and Ti…Hb interactions are, however,
different; in each case the electron density at the bond CP (rb,calc
= 0.63 and 0.21 e Å23) is rather low, and the Laplacian
(“2rb,calc = 1.5 and 3.3 e Å25) is positive.

Similar topologies were found for the corresponding bonds in
the agostic model compound EtTiCl2+ 3 studied by PL, who
invoked an ionic, closed shell Ti…Hb interaction.1 It would
seem better to make the distinction between covalent and ionic
bonds on the basis of the wavefunction.11 Compared with 3, the
b-agostic interaction in 1 is significantly weaker,2 and closer
inspection of the gradient vector field indicates that the Ti…Hb
bond CP and the ring CP in 1 are proximal and not very
pronounced. The electron densities calculated for the Ti…Hb
bond CP and the ring CP inside the TiCaCbHb fragment are
nearly identical, differing not significantly by < 0.001 e Å23.
Simultaneously the negative curvature (l2) at the bond CP
associated with the axis directed at the ring CP almost vanishes.
Thus, the bond and ring CPs almost merge into a singularity in
r, a phenomenon characteristic of bond fission. This conclusion
accords with our experimental findings, showing the gradient
path between the ring and the Ti…Hb bond CPs to be extremely
flat. We expect therefore that Ti…H bond CPs may not always
be found in molecules where the agostic interaction is weaker
than in 1.

However, a further characteristic of the agostic interaction
manifests itself in the gradient vector map “r(r) as significant
curvature in the Ti–Ca bond path (Fig. 1a,b). This follows the
ridge of maximum charge density between a pair of bonded
nuclei, the bond CP of the Ti–C bond is displaced outwards by
0.06 Å from the TiCaCbHb ring. Such behaviour complies with
the conclusions of a previous theoretical study,2 namely that the
M–Ca bonding electrons in 1 are delocalised over the entire
ethyl group, reduction of the TiCC valence angle permitting Ti
to establish a significant covalent interaction with Cb, and
perhaps to a lesser extent with Hb. The consequence is a bent
Ti–Ca bond path. Inspection of the Ti–Ca bond path of 1 and all
the model agostic systems suggested by PL1 reveals in every
case curvature of the Ti–Ca bond. Moreover, the agostic Cb–Hb
bonds are bent away from the metal centre. Thus, the bond CP
of the Cb–Hb bond is displaced inside the formal TiCaCbHb
ring, a result in keeping with the calculated Ca–Cb–Hb angle

which is always several degrees larger than the normal value
(ca. 109°).

In conclusion, we have shown that experimental electron
densities can be obtained for a labile transition-metal complex
using now-standard laboratory technology and near-normal
data acquisition times. Some agostic interactions may be
identified solely on the basis of charge densities, but the non-
linearity of the Ti–Ca bond probably offers a more robust
criterion of b-agostic interaction.

Notes and references
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maximum/minimum at the CP in the plane defined by the axes correspond-
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along the third axis which is perpendicular to this plane.
§ The ellipticity e (e = l2/l12 1) of a bond is a measure of the asymmetry
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charge depletion.

1 P. L. A. Popelier and G. Logothetis, J. Organomet. Chem., 1998, 555,
101.

2 W. Scherer, T. Priermeier, A. Haaland, H. V. Volden, G. S. McGrady,
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Table 1 Analysis of bond CPs (r in e Å23; “2 in e Å25; distances in Å, and
angles in degrees) in EtTiCl3 and [EtTiCl3(dmpe)]

Unit Parameter
EtTiCl3
DFTa

EtTiCl3(dmpe)
DFT

EtTiCl3(dmpe)
X-Ray

Ti–Ca Distance 2.042 2.159 2.1522(9)
rb 0.84 0.63 0.55(3)
“2

b 0.28 1.5 3.09(5)
e 0.02 0.06 0.16

C–C Distance 1.529 1.518 1.5117(12)
rb 1.58 1.62b 1.90(4)c

“2
b 212.1 212.4b 218.7(1)c

e 0.04 0.1b 0.02c

C–Hbd Distance 1.096 1.132 1.132
rb 1.83 1.67 1.52(5)
“2

b 221.5 217.6 212.6(2)
e 0.01 0.0 0.12

Ti…Hbd Distance 2.118 2.096
rb 0.212 0.17(1)
“2

b 3.3 1.67(1)
e 11.28 0.70

ring CP rr 0.213 0.16(2)
“r

2 3.5 3.00(2)
Ti–C–C Angle 116.68 85.1 84.5(1)
a Geometry optimisations in Cs symmetry. b Standard (rb, “2

b, e) values
for ethane and ethene at the same level of theory: 1.606, 213.3, 0.0 and
2.326, 224.906 and 0.34, respectively. c Corresponding values of the C–C
bond in the dmpe backbone: 1.76(2), 215.42(6), 0.06. d b-hydrogen atom in
the TiCaCb plane.
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A new alkali-free synthesis system allows us to prepare
aluminosilicate MCM-41 directly in a variety of desirable
forms: M-AlMCM-41 (M = H, Cu, Zn, Cd, Ni), the solution
ion-exchange and subsequent calcination being avoided; the
formation is discussed in terms of a co-assemble process.

Aluminosilicate zeolites with desirable cations compensating
the framework charge may find wide applications in areas of
adsorption, catalysis1–3 and nanostructure manufacturing.4–6 To
modify the channels/cages of zeolites with suitable cations,
various ion-exchange techniques, such as solid-state inter-
action,7,8 impregnation,9 and chemical vapor deposition10 have
been utilized, besides the conventionally used solution ion-
exchange method. However, for the recently developed me-
soporous molecular sieve MCM-41,11,12 which has aroused
wide interest, successful ion-exchange has only been performed
in solution.6,13–15 This step, however, will cause some structural
collapse owing to the weak hydrothermal stability of MCM-41,
especially when the exchange level is high.14 Further, the ion-
exchange occurring in solution will inevitably be incomplete
because there is always an equilibrium between the ions within
the zeolite channels and those in the liquid. In the present report,
we describe a novel co-assemble route for the synthesis of
MCM-41, which allows for the direct formation of aluminosili-
cate MCM-41 in a variety of desirable forms, M-AlMCM-41
(M = H, Cu, Zn, Cd, Ni), the solution ion-exchange step thus
being avoided. In addition to this, this method offers us a
possibility to obtain a deeper understanding into the formation
of MCM type materials. We believe, in the present preparation,
a co-assemble process occurs, involving surfactant cations,
aluminosilicate species and various ammonia coordinated
transition metal complex cations: M(NH3)n

2+ (M = Cu, Zn, Cd,
Ni, n = 4, 6).

This novel method owes much to the synthesis medium,
which involves the substitution of organic weak bases for the
conventionally used NaOH or TMAOH, allowing us to
introduce desirable inorganic cations without competition of
Na+ or TMA+. A typical synthesis of Cu-AlMCM-41 was as
follows: an ethylamine (EtNH2) solution (70 wt%) was added to
a stirred solution containing distilled water, cetyltrimethyl-
ammonium bromide (CTAB) and AlCl3·6H2O. Then to the
mixture was added a solution prepared by addition of ammonia
solution (NH3 25 wt%) to a CuCl2 solution. After this,
tetraethylammonium orthosilicate (TEOS) was added dropwise,
leading to a composition of 1.0SiO2 : xAl2O3 : 2.5xCu2+ : 20xN-
H4OH : 0.14CTAB : 2.4EtNH2 : 100H2O (0.01 < x < 0.03).
The reaction mixture was further stirred for 4 h at room
temperature before being heated at 110 °C for 4 days. The blue
product was recovered by filtration and washed with distilled
water until no Cu2+ could be detected in the filtrate. After being
dried at ambient temperature, the product was heated in air at
600 °C for 7 h, with a heating rate of 1 °C min21 from room
temperature to 600 °C. The as-calcined sample was blue. ICP
(inductively coupled plasma emission spectroscopy) analysis
shows that the Si/Al ratio can be as low as 16, and the Si/Cu
ratio as low as 25. Using same procedures, AlMCM-41 can be

prepared with other transition metals, such as Zn, Cd and Ni
which can form NH3-coordinated complex cations in a basic
medium required for the synthesis. If no metal ion was
introduced, the resultant AlMCM-41 can be obtained in its H-
form after calcination, the NH4

+ exchange and subsequent
calcination being avoided.

For both the as-synthesized and calcined M-AlMCM-41 (M
= H, Cu, Cd, Ni, Zn), XRD shows clear lines characteristic of
well defined hexagonal structures. Especially for H-AlMCM-
41, an intense main peak (100) with low FWHH and three weak
peaks (110), (200), (210) can be clearly resolved, suggesting a
highly ordered structure.

To confirm the successful introduction of desirable cations
into the exchanging sites of zeolite MCM-41, we immersed the
as-calcined sample (typically Cu-AlMCM-41, Si/Al = 16, Si/
Cu = 25), in distilled water or NaNO3 aqueous solution (0.05
M), corresponding to a liquid to solid ratio of 200 ml g21. After
stirring for 1 h, the samples were filtered and the fitrate was
collected in both cases. For the slurry with distilled water, no
copper content was detected, while for the slurry with NaNO3
copper ions could clearly detected. ICP analysis indicates that
up to 65% of copper ions can be exchanged after slurrying
twice. The exchangeable nature of the copper ions within the
AlMCM-41 strongly confirms that the most of the metal ions
are located as charge compensating cations. The as-calcined
Cu-AlMCM-41 shows clear sharp lines (g∑ = 2.34, g = 2.07) in
its EPR spectra at both room temperature and 2197 °C and the
spectra are similar to dehydrated Cu-AlMCM-41 prepared by
solution ion-exchange,13 but different from pure silica MCM-41
containing CuII ions.16 Thus the CuII cations are likely to be
mainly in a six-coordinate environment, as for CuII exchanged
into AlMCM-41 in solution.

To our knowledge, the ion exchanging sites of zeolites are
usually produced by substituting trivalent Al3+ for silicon atoms
and the pure silica MCM-41 shows no or very low ion-exchange
capacity.13 In the present case, the successful incorporation of
Al3+ into the framework of MCM-41 is established by NMR
measurements (Bruker MSL-400 spectrometer), as shown in
Fig. 1 for H-AlMCM-41 and Cu-AlMCM-41 samples before
and after calcination. The as-synthesized samples show only
one signal at 51 ppm, corresponding to four-coordinate Al in the
framework sites. Upon calcination, a small fraction of alumin-
ium becomes extraframework in nature, as shown by a small
peak at 23.5 ppm. The four-coordinate Al3+ within the silica
framework will be compensated by various extraframework
cations. From the synthesis procedure above, it is apparent that
the involvement of EtNH2 as the base source renders the
synthesis mixture alkali-free. However, of EtNH2 is basic
enough (pKb = 3.25) not only to form MCM-41 but also to
dissolve the Al source material and thus Al3+ can be
incorporated into the framework readily. Other lyotropic
organic amines such as dimethylamine and diethylamine are
also suitable for this type of preparation. It is this feature of the
synthesis that allows us to introduce various cations into the
reaction media, and the cations can be occluded within the bulk
product and are subsequently located at the charge-balancing
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sites upon calcination. On the other hand, ammonia is used to
form complex cations with the transition metal ions, preventing
them from being precipitated under the basic conditions used.

The occlusion of complex cations within the silicate
mesophase may be proposed as a co-assemble process. First, the
TEOS molecules are hydrolyzed into oligomeric silicate acids.
Then, the surfactant cations (CTA+) displace the protons of
these acids to form inorganic–organic composites, which would
further assemble into a periodic mesophase. When the basic
conditions are taken into account, the metal cations can also
associate with the silicate species by exchanging protons of the
silicate acids. As a result, when the cross-linking between the
silica leads to solidification of the mesophase the complex
cations are occluded within the bulk product. The most likely

position of these cations is at the interface between inorganic
and organic fractions. Upon calcination to remove the surfac-
tant, the metal complex is decomposed and the remaining metal
cations are located at the exchange sites of MCM-41, com-
pensating the negative charge of the aluminosilicate framework.
Protonic EtNH2 (EtNH3

+), and NH3 (NH4
+) could also be

occluded within the as-synthesized MCM-41 at the interface
between the surfactant and silicate framework. However, both
of these cations can be readily removed by calcination.

Thus, the present co-assemble route offers us not only a
convenient route for direct preparation of AlMCM-41 in
desirable forms, but is also a potential pathway for encapsulat-
ing functional cationic inorganic species within the inorganic–
organic interface in a highly dispersed state.

We acknowledge the support of the National Natural Science
Foundation of China, the State Key Laboratory of Inorganic
Synthesis & Preparative Chemistry of Jilin University and the
State Key Laboratory of Crystal of Shandong University.
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Fig. 1 27Al MAS NMR spectra of (from bottom to top) as-synthesized H-
AlMCM-41, calcined H-AlMCM-41, as-synthesized Cu-AlMCM-41 and
calcined Cu-AlMCM-41.

2474 Chem Commun., 1998, 2473–2474



A rational assembly of a series of exchange coupled linear heterotrinuclear
complexes of the type MAMBMC as exemplified by FeIIICuIINiII, FeIIINiIICuII

and CoIIICuIINiII

Cláudio Nazari Verani, Thomas Weyhermüller, Eva Rentschler, Eckhard Bill and Phalguni Chaudhuri*

Max-Planck-Institut für Strahlenchemie, PO Box 101365, 54513 Mülheim an der Ruhr, Germany.
E-mail: chaudh@mpi-muelheim.mpg.de

Received (in Basel, Switzerland) 20th August 1998, Accepted 23rd September 1998

A general approach for the rational synthesis of linear
trinuclear complexes containing three different metals
MAMBMC is described and a member of the series, FeIIICuII-

NiII, has been characterized by X-ray crystallography and
magnetic susceptibility measurements.

This work stems from our interest in using ‘metal oximates’ as
building blocks for synthesizing hetero- and homopolymetallic
complexes containing two,1 three2 or four3 metal centres that
constitute a common ground for two areas of current interest,
molecular magnetism and metal sites in biology. We have
previously demonstrated that using our synthetic strategy it is
possible to synthesize a series of complexes of the types
MAMBMA,2 MAMBMBMA

4 and (MA)2(m3-O)2(MB)2.3,5 These
series are unique and have been proved to be ideal materials for
the investigations of exchange mechanism. We describe here a
general approach for the rational synthesis of a series of
trinuclear complexes containing three different metals
MAMBMC. To the best of our knowledge these complexes
represent the first examples of exchange coupled linear
trinuclear complexes containing three different metals. The
complexes have been prepared by the general synthetic route
shown in Scheme 1. Yields varied between 30% and 50%.
Satisfactory analyses (C, H, N, MA, MB, MC) were obtained.

The structure of the complex dication containing the
trinuclear core FeIIICuIINiII, 1, is shown in Fig. 1.† The
coordination geometry of the terminal iron, Fe, is distorted
octahedral with three nitrogen atoms, N(1), N(2) and N(3), from
the facially coordinated macrocyclic amine, two oxygen atoms,
O(1) and O(4), from the oxime ligands and a chloride ion, Cl(1),
resulting in the fac FeN3O2Cl cores. The Fe–O and Fe–N
distances are consistent with a d5 high-spin electron configura-
tion of the Fe centre, as is also evidenced by the Mössbauer
spectrum6 at 80 K, d = 0.45 mm s21, DEQ = 0.85 mm s21. The
Fe–Cu–Ni skeleton is almost planar, with an angle Fe–Cu–Ni of
174.0°. The intramolecular separations between the metal
centres, Fe···Cu 3.695 Å, Fe···Ni 6.772 Å and Cu···Ni 3.087 Å,
are in conformity with the values observed earlier for compara-
ble structures.2,7 The dihedral angles between the planes
FeN(2)N(3)O(1)O(4) and CuN(4)N(7)O(3)O(2), and the latter
Cu plane and the Ni plane NiO(3)O(2)N(5)N(6) are 148.5 and
169.4°, respectively.

The geometry of the central Cu(II) centre is square-
pyramidal, with the elongated fifth bond (2.43 Å) to axially
coordinated oxygen atom O(60) of a methanol molecule. The
metrical parameters for the Cu centre are very similar to those
of the Cu dimer with the same Schiff-base oxime ligand
reported in the literature.8

The terminal nickel ion, Ni(II), is coordinated to two
azomethine nitrogens, N(5) and N(6), and two bridging
phenolate groups, O(2) and O(3), from the Schiff-base oxime
ligand. The nickel centre adopts a 6-coordinated environment
by interacting with two trans axially disposed methanol
molecules, O(40) and O(50). The nickel centre is displaced by
0.014 Å from the mean basal plane comprising
O(3)O(2)N(5)N(6) atoms toward O(40) or O(50) of a methanol

ligand. The equatorial Ni–N and Ni–O (phenoxide) distances
are nearly equal, average 2.005(6) Å and 2.025(3) Å, re-
spectively. The Ni–O(methanol) distances are rather long (av.
2.142 Å), as has been observed earlier.9e The bridging angles
Cu–O(2)–Ni and Cu–O(3)–Ni are equal, 101.6°.

Magnetic data (SQUID) with H = 2 T for a polycrystalline
sample of FeCuNi, 1, are displayed in Fig. 2 as meff vs. T. On
lowering the temperature meff of 6.45 mB at 290 K decreases
monotonically, approaching a broad minimum around 180
K(meff = 6.40 mB) and increases upon further cooling to reach a
maximum with a value of 6.91 mB at 15 K, which corresponds
to the spin-only value for S = 3, expected as the ground state for
an antiferromagnetically coupled FeIIICuIINiII complex. The
meff vs. T plot exhibits the expected minimum and indicates an
irregular spin-structure2,9–11 showing a ferromagnetic-like in-
teraction in the temperature range below this minimum. Below
15 K there is a decrease in meff, reaching a value of 4.63 mB at

Scheme 1
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2 K; this behaviour might be due to saturation effects or the
splitting in the zero-field of the ground state ST = 3. We have
confirmed the ground state of ST = 3 by fitting the experimental
magnetization curve (7 T) to the Brillouin function for S = 3
with g = 2.075 in the temperature range 2–290 K. The magnetic
interactions operating in this type of linear trinuclear structure
result in a ground state of high-spin multiplicity, although the
nearest neighbour spin alignments are antiparallel.

A full-matrix diagonalization approach including exchange
(22JS1·S2) and Zeeman interactions, together with axial single-
ion zero-field interaction (DSz

2) for the NiII ion was employed
to fit the experimental data. The best fit shown as the solid line
in Fig. 2 yields JFeCu = 219.8 cm21, JCuNi = 2118.6 cm21,
JFeNi = 0 (fixed), gNi = 2.20 (fixed), gCu = 2.10 (fixed), gFe =
2.0 (fixed), D = 0 (fixed).

Our strategy of using ‘building blocks’ sequentially yields
also the isomeric FeIIINiIICuII, 2, as is evident by its susceptibil-
ity measurements (Fig. 2). The best fit parameters are JFeNi =
210.6 cm21, JNiCu = 2161.5 cm21, JFeCu = 0 (fixed), gFe =
2.0 (fixed), gNi = 2.30 (fixed), gCu = 2.10 (fixed). Thus the
exchange interactions in FeIIINiIICuII, 2, lead to a different
ground state of ST = 2. The exchange interaction between the
neighbouring CuII and NiII ions in another member of the series,
CoIII(l.s.)CuIINiII, 3, also structurally characterized (data not
shown), is of comparable strength, JCuNi = 2125 cm21 (Fig. 2),
to that in 1, FeIIICuIINiII. The angles Cu–O(phenoxo)–Ni and
the distances Cu···Ni are exactly the same in both 1 and 3,
although, in contrast to 1, the Co–Cu–Ni skeleton is not linear
with an angle of 155.6°.

C. N. V. acknowledges thankfully the receipt of a fellowship
from DAAD.
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Fig. 1 Structure of the dication [(tmtacn)Fe(Cl)Cu(CH3OH)(Schiff-base
oxime)Ni(CH3OH)2]2+ with the FeIIICuIINiII core. Selected bond lengths
(Å): Cu–N(4) 1.951(3), Cu–O(3) 1.956(2), Ni–N(5) 2.000(4), Ni–O(2)
2.025(3), Ni–O(50) 2.137(3), Fe–O(4) 1.916(3), Fe–N(1) 2.211(3), Fe–
Cl(1) 2.3383(13).

Fig. 2 A plot of meff vs. T for 1, 2, 3. The solid lines represent the simulations
of the experimental data.
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The length dependence for the family of tris(macrocycle)
channels has been defined by a combination of synthetic and
kinetic studies conducted in phospholipid bilayers.

Two modes of cation transport are known to occur in vivo: they
are designated carrier and channel mechanisms. Both kinds of
transport have been studied extensively. The dynamics of
carrier transport are generally understood for the limited natural
carriers and numerous synthetic ionophores.1 In the channel
mechanism, extensive biophysical and molecular biological
studies have defined structural, functional, and selectivity
aspects of naturally occurring protein channels.2 The recent
crystal structure of the potassium-selective transmembrane
shaker channel has given a view of how the transmembrane
helices are positioned within the phospholipid bilayer but
mechanistic details in this and other transmembrane proteins
remain elusive.3 The complexity of natural channel compounds
has fostered the invention and study of a variety of synthetic
model systems that have proved to be more or less successful as
ionophores.4

We have developed a family of synthetic, transmembrane
ionophores based upon crown ethers which have been proved to
transport sodium.5 These compounds consist of three macro-
cycles connected by hydrocarbon spacers and are terminated by
flexible sidechains. We call these compounds ‘hydraphiles’ in
reference to the monster slain by Hercules that had two heads on
each neck.6 The general structure is shown below.

Several of these macrocycle-based channel compounds have
been shown by fluorescence methods to transport protons and
by dynamic NMR methods to transport alkali metal cations.5
Considerable evidence has accumulated on the function of these
compounds. (1) The central macrocycle is beneficial but not
essential for cation transport in the cases where that issue was
studied and is probably oriented along the lipid axis in the
bilayer. (2) The ionophoretic activity of hydraphiles cannot be
explained either by a simple carrier mechanism or by unadorned
detergent action.7 Specifically, neither bis(benzyl)diaza-
18-crown-6 nor bis(dodecyl)diaza-18-crown-6 shows any
measurable transport in the 23Na NMR experiment. (3)
Transport rates generally show a comprehensible structure–
activity relationship5 and follow the Hammett principle.8 (4)
The channel can be blocked by the presence of a hydrogen bond

donor attached to the distal macrocycles.9 In the present work,
we wished to gain insight into the structural requirement for
spanning the phospholipid membrane’s ‘hydrocarbon slab.’
This insulating portion of the larger bilayer is 30–34 Å across as
judged from work reported by Wiener and White10 and the
shaker potassium channel crystal structure.11 We thus prepared
five tris(macrocyclic) hydraphiles that are identical except for
the lengths of the spacer chains connecting the central
macrocycle to its distal counterpart. It was anticipated that the
synthetic channel compounds would show a higher level of
cation flux when the length was optimal than when the spacer
chains were either too long or too short. In the latter case, a
complete shutdown of cation transport was anticipated if the
ionophore could not span the insulating regime of the
membrane. If the synthetic channel functioned by a carrier
mechanism, such a cut-off would not be expected.

Macrocycles 1–5 were prepared by a three-step sequence.12

First, monobenzyldiaza-18-crown-6 (PhCH2 < N18N > H) was
prepared either by benzylation of diaza-18-crown-6 or by partial
hydrogenolysis of dibenzyldiaza-18-crown-6.13 Alkylation of
PhCH2 < N18N > H with excess Br(CH2)nBr afforded
PhCH2 < N18N > (CH2)nBr which was then allowed to react
with H < N18N > H.14 Compound 6 was prepared in an
analogous fashion except that H < N18N > H was monoalky-
lated with dansyl chloride rather than benzyl bromide.

Sodium cation flux was measured by using the 23Na NMR-
based method of Riddell and co-workers.15 This technique
permits quantitative evaluation of Na+ transport. The observed
rates may be compared with each other and with a standard.
Vesicles for the 23Na NMR studies were prepared from
phosphatidylcholine (0.14 mmol) and phosphatidylglycerol
(0.037 mmol, 4 : 1 w/w). The total Na+ concentration was
adjusted to 100 mm by addition of NaCl. The solutions were
buffered using a phosphate buffer held at pH 7.3. The vesicles
were prepared by a procedure similar to that described by
Papahadjopoulos and Szoka.16 The preparation used here
afforded vesicles having an average diameter of 1750–2000 Å.
The total aqueous encapsulation volume in this preparation was
3% as judged by 23Na NMR spectroscopy.

The shift reagent was prepared according to the procedure of
Gupta and Gupta17 from sodium tripolyphosphate and Dy3+.
The 23Na NMR chemical shifts were measured as differences
between the resonance position in the presence and absence of
the Dy3+ shift reagent. Compound 6 (standard) or 1–5 was
incorporated into the vesicles as a CF3CH2OH solution
([1–6] = 5–20 mm). After addition of the subject compound, the
samples were agitated and warmed (50–60 °C) for 1 h, cooled
to room temperature, and then diluted with D2O (lock signal)
and shift reagent solution. Each solution was allowed to
equilibrate for ~ 1 h before data acquisition. Typically, 240 FID
transients were accumulated per data set at 25 °C. The rate
results, relative to those determined for 6 (simultaneous with
each sample) are recorded in Table 1 and shown graphically in
Fig. 1.

The NMR experiment is somewhat complex and we have
therefore chosen to normalize the data relative to a simul-
taneously determined standard (6). Transport rates for 6 have
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been determined independently more than 10 times and each of
the values shown in Table 1 for 1–5 represents at least three
independent experiments.

Hydraphiles 3 and 6 are both of the form
R < N18N > C12 < N18N > C12 < N18N > R in which R is either
benzyl (3) or dansyl (6). In previous work we noted that the rates
for these compounds, relative to gramicidin ( = 100), were 3918

and 23, respectively. The most important observation is that
cation flux exhibits clear spacer chain length dependence.
Spacer chains having 12 or 14 carbons appear optimal in this
system showing relative Na+ transport rates of 201 and 211,
respectively. When the spacer chain length is either increased or
decreased by two carbons from the 12–14 range to give 2
or 5, cation flux is reduced to about half of the previous
value. The most striking result, however, is that when
the chain length is reduced a further two carbons,
PhCH2 < N18N > C8 < N18N > C8 < N18N > CH2Ph (1) proves
completely ineffective as an ionophore. Since the hydraphiles
are flexible compounds, it seems reasonable that conforma-
tional adaptability would still allow function as the chain length
increased. If the ionophore must be extended in order to
function, the compound must pass a certain size beyond which
it simply cannot span enough of the hydrocarbon slab to be
functional. This limit appears to have been reached for the octyl
spacer chain.

The experimental results presented here resolve two im-
portant issues about the hydraphile channel compounds. First, in
accord with previous evidence, the carrier mechanism as a
possible mode of transport is ruled out. Second, the two-fold
changes in transport rates for 2 and 5 compared to 3 or 4 show
the sensitivity of this system to dimensional changes of only 4 Å

in either direction. This strongly suggests an extended con-
formation and that the critical membrane span is the insulating
hydrocarbon slab rather than the entire phospholipid bilayer.

We thank the NIH for a grant (GM 36262) that supported this
work.
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Table 1 Sodium cation transport by tris(macrocycle) ionophoresa

Cpd. Structure Rel. ratea

1 PhCH2 < N18N > C8 < N18N > C8 < N18N > CH2Ph < 2
2 PhCH2 < N18N > C10 < N18N > C10 < N18N > CH2Ph 96
3 PhCH2 < N18N > C12 < N18N > C12 < N18N > CH2Ph 211b

4 PhCH2 < N18N > C14 < N18N > C14 < N18N > CH2Ph 201
5 PhCH2 < N18N > C16 < N18N > C16 < N18N > CH2Ph 109
6 Dn < N18N > C12 < N18N > C12 < N18N > Dn 100c

a Rate relative to compound 6, arbitrarily set at 100. Comparative rates
are recorded for 10 mm ionophore concentration. b The Na+ transport rate
determined relative to gramicidin ( = 100) was 39.18 c The Na+ transport
rate determined relative to gramicidin ( = 100) was 23.19

Fig. 1 Na+ transport vs. spacer chain length.
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Diastereoselective cyclopropanation of a,b-unsaturated acetals of a novel
camphor-derived chiral auxiliary
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Reaction of selected a,b-unsaturated aldehydes with phenyl
2,3-dihydroxybornane-10-sulfonate affords acetals which
undergo diastereoselective ( > 99% de) Simmons-Smith
cyclopropanation.

The cyclopropyl group occurs in various natural products1 and,
due to its inherent ring strain, finds use as a structural
intermediate in synthesis.2 Barrett and Kasdorf,3 for example,
have exploited the Charette methodology4 in tandem asym-
metric cyclopropanation reactions in the synthesis of a nucleo-
side containing five cyclopropane units. The Simmons-Smith
reaction5 is commonly used to construct cyclopropane deriva-
tives, and asymmetric applications involving the use of chiral
acetals6 and ketals7 have been described. We have recently
reported8 moderate diastereoselectivity (40–70% d.e.) in the
Simmons-Smith cyclopropanation of a,b-unsaturated acetals,
using bornane-2,3-diol as a chiral auxiliary. Increasing steric
demand at C-10 of the bornane skeleton was expected to
enhance diastereofacial selectivity, and here we report the

synthesis and use of phenyl 2-exo,3-exo-dihydroxybornane-
10-sulfonate 4 as a highly efficient chiral auxiliary for the
asymmetric cyclopropanation of a,b-unsaturated acetal deriv-
atives.

Treatment of (+)-camphor-10-sulfonyl chloride 1 with phe-
nol in pyridine at 0 °C afforded the phenyl ester 2 in 81% yield
(Scheme 1), the corresponding camphorquinone 3† being
obtained by subsequent selenous acid (H2SeO3) oxidation.
Reduction of the diketone 3 with NaBH4 gave the required diol
4, which was unambiguously characterised by elemental
(HRMS) and spectroscopic analysis.‡

Following the procedure developed for the synthesis of
bornane-2,3-diol acetals,8 the diol 4 was condensed with the
a,b-unsaturated aldehydes 5a–c to give the corresponding
acetals 6a–c in 64–74% yield. 1H and 13C NMR analyses
indicated the formation of a single diastereomeric acetal in each
case. The presence of heteroatoms and bulky substituents is
known to inhibit pseudorotation in 1,3-dioxolane rings9 and, in
the systems studied here, fusion to the rigid bicyclic bornane
skeleton is likely to lock the 1,3-dioxolane ring into an envelope
conformation. Steric factors are expected to favour formation of
the exo-acetals—an expectation supported by the NOE inter-
actions observed for the cinnamaldehyde acetal 6c (Fig. 1) and
confirmed by single crystal X-ray analysis of this compound
(Fig. 2).§

The Simmons-Smith organozinc reagent exhibits high affin-
ity for ethereal oxygen, and transition state steric demands are
considered to be significant.10 Computer modelling¶ (Fig. 3)
clearly indicates the capacity of the phenyl sulfonate moiety to
hinder access to the ‘front’ face of the unsaturated acetals 6a–c,
and initial coordination of the organozinc reagent to the less

Scheme 1 Reagents and conditions: i, PhOH, pyridine; ii, H2SeO3, dioxane;
iii, NaBH4, MeOH; iv, TsOH, MgSO4, benzene; v, Et2Zn, CH2I2, CH2Cl2,
210 °C; vi, (for R = Ph) TsOH, THF–H2O, reflux, 72 h; vii,
HSCH2CH2SH, TsOH, CH2Cl2.

Fig. 1 NOE interactions observed in the NOESY spectrum of the acetal
6c.

Fig. 2 X-Ray crystal structure of the acetal 6c at 173 K, showing the
crystallographic numbering.
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hindered acetal oxygen O(7) is predicted to precede methylene
delivery from the ‘back’.

Cyclopropanation of the acetals 6a–c was effected by their
dropwise addition (as solutions in dry CH2Cl2) to a cold,
vigorously stirred mixture of Et2Zn and CH2I2 in CH2Cl2.8
Work-up and preparative layer chromatography afforded the
cyclopropyl derivatives 7a–c in good material yield (76–95%)
and with complete diastereoselectivity ( > 99% de).∑ Confirma-
tion of the predicted stereochemical bias was achieved by
hydrolysis of acetal 7c to afford the known11 laevorotatory (1R,
2R)-aldehyde 8c;** the remarkable resistance of the acetal 7c to
acidic hydrolysis under various conditions is attributed to steric
crowding. Release of the chiral auxiliary 4 (in 83–87% yield)
from the cyclopropyl derivatives 7a–c was finally achieved by
transthioacetalisation,12 the corresponding dithiolanes 9a–c
being isolated in 87–92% yield.††

We thank the Foundation for Research and Development
(FRD) and Rhodes University for generous financial support,
and Dr Leanne Cook (University of the Witwatersrand) for the
X-ray crystallographic analysis.
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Fig. 3 Computer-modelled space-filling structure of a rotamer of the acetal
6c, in which the phenyl sulfonate moiety effectively blocks access to one
face of the double bond.
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inhibition of alkene-forming elimination
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Elimination to form a carbon–carbon double bond exocyclic
to a cyclopropane ring is inhibited by factors which increase
from 1.4 to 104.5 as the leaving group becomes poorer; strain
induced in the transition structure can amount to some 50%
of the enthalpy difference between strained and unstrained
products.

The effect of strain on reactivity is a very familiar phenomenon,
but one which has only rarely been quantified.1 In order to
quantify the effects of strain on reactivity properly, systems of
known and defined strain energy are required (not always a
simple matter) and reactions of unambiguous mechanism are
also needed (not always a simple matter either). In this
connection, earlier work from these laboratories has examined
acceleration of 1,2-elimination by incorporation of the leaving
group in a strained ring.2–4 In such cases acceleration results
from the release of strain, effectively lowering the energy of the
transition structure relative to the starting material. We have
also examined the effect of strain in the inhibition of higher
order eliminations leading to strained ring products in which the
effects of strain are remarkably variable.5,6 Both situations have
been examined theoretically7,8 and the correlation between
theory and practice is good.

We now report on the kinetics of formation of methylene-
cyclopropanes in activated 1,2-eliminations which reveal the
impact of strain as the transition structure changes. The systems
we have examined, involving five different leaving groups (Z)
are in Table 1, giving rate constants for the unstrained [eqn. (1)]
and strained reactions [eqn. (2)] respectively. Making the

assumption that strain energies are unaffected by substituents,
the strain energy difference between substrate and product for
the methylenecyclopropane systems of eqn. (2) amounts to 50
kJ mol21. This is the strain energy difference between

cyclopropane and methylenecyclopropane9 although its origin
is under discussion.10

The open-chain halides 1 were obtained by homolytic
addition of sulfonyl halides to 2-methylpropene.11 Addition of
thiophenol to the alkenyl sulfone 2 gave sulfide 3 which on
oxidation gave the bis-sulfone 4 The cyclopropanes were
obtained by the routes of Scheme 1. Reactions were run in
ethanolic sodium ethoxide to allow direct comparisons with
earlier results; the product from the open-chain substrates was
the conjugated alkene 2 and non-conjugated alkene 2a,12 while
the cyclopropanes gave the ethoxy adduct 10 from slow
elimination followed by rapid addition to the electrophilic
methylenecyclopropane 7. The unlikely alternative course of
direct substitution was ruled out by the piperidine test in which,
for example, the bis-sulfone 9 failed to react with piperidine in
ethanol (too weakly basic) but reacted rapidly with piperidine in
ethanolic sodium ethoxide to give the piperidino derivative 11
(piperidine more nucleophilic than ethoxide).

Reactions were followed by UV spectroscopy for reactions in
which the product alkene was detectable and otherwise by GC.
Reactions were first order in substrate and first order in base.

Before comment on the impact of strain differentials can be
made, it is crucial to be certain of the mechanism of the
reactions in each case. Two methods to throw light on the
mechanisms have been adopted; the observed rate constants
have been compared with the rates of ionisation obtained by
interpolation on a Taft plot13 of kionisation in ethanolic sodium
ethoxide versus the inductive constant s*. It can be seen that for
the leaving groups SO2Ph, SPh and OMe, the rate constant for
ionisation is greater than the elimination rate constant. This
points for each case to the (E1cB)R mechanism, in which a pre-
equilibrium with the carbanion is established with the base–
solvent system. The rate-determining step in each case,
therefore, is the expulsion of the leaving group from the
intermediate carbanion. The second procedure was to carry out
reactions in EtOD and to examine by 2H NMR spectroscopy
recovered starting material for deuterium incorporation. In all of
these cases, starting material had exchanged considerably with
the solvent, confirming the conclusions from interpolation. By
contrast, with the halogen leaving groups, the observed rate
constants in all cases are close to or greater than the interpolated
ionisation rate constants and no incorporation of deuterium
occurred in exchange experiments. These observations point

Table 1 Elimination to form unstrained and strained alkenes

Rate constants/mol21 dm3 s21

Open chain Cyclopropane

Z kEtO2
a kion.

a,b kEtO2
a kion.

a,b krel unstrained:strained

Br 2.3 3 102 2.3 3 101 3.2 3 102 3.2 3 101 0.7
Cl 7.8 3 101 4.1 3 101 5.5 3 101 5.7 3 101 1.4
SO2Ph 3.44 8.8 3 102 1.5 3 1022 1.2 3 103 230
SPh 6.6 3 1022 4.8 3 1021 1.0 3 1025 6.7 3 1021 6000
OMe 4.3 3 1025 c 3.1 1.5 3 1029 d 5.3 3 1021 29 000

a For reactions in EtONa–EtOH at 25 °C. b See text. c See ref. 13; d By extrapolation from an Arrhenius plot.
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either to the E2 mechanism, in which departure of the leaving
group is concerted with b-proton removal, or to the (E1cB)I
mechanism, in which it is not. For the latter mechanism, a close
similarity between kEtO

2
. and kionisation is to be expected. This is

true for the chlorides, but the comparison for the bromides
suggests concerted mechanisms.

For 1,2-eliminations, it can reasonably be concluded that the
more difficult the leaving group is to expel, the greater is the
degree of double-bond character in the transition structure
required to expel it. In earlier work14 we were able to compare
accurately the leaving abilities of a series of groups placed b to
a sulfonyl-stabilised carbanion. These groups included SO2Ph,
SPh and OMe in descending order of nucleofugality. Nucleo-
fugalities of halide leaving groups could not be assigned
because, as in the present work, the reactions did not follow the

(E1cB)R mechanism. Our observation of probable E2 and/or
(E1cB)I mechanisms for the halides mentioned above, suggests
higher nucleofugalities for the halogens, as would be ex-
pected.

The results of Table 1 show that as the nucleofugality of the
leaving group decreases, so the ratio of the reactivities of the
unstrained to the strained substrates increases. This reveals a
consistent picture in which as the nucleofugality of the leaving
group decreases, so the degree of double bond character in the
transition structure increases and the additional strain of the
double bond exocyclic to the cyclopropane ring is increasingly
felt.

This leaves the important question of the extent of strain
inhibition in these reactions. In the system with the largest
unstrained to strained reactivity ratio, i.e. with Z = OMe, the
inhibition amounts to a factor of some 29,000 or about 26 kJ
mol21 in DG‡. This amounts to about 50% of the strain energy
difference between strained and unstrained products. When the
leaving group is halogen, the unstrained and strained substrates
have almost identical reactivities and there appears to be so little
double bond character in the transition structure that reactions
are little inhibited by formation of a strained alkene product.

We thank the University of Sheffield for the support of this
work and Elaine Frary for preliminary experiments.

Notes and references
1 C. J. M. Stirling, Tetrahedron, 1985, 41, 1613.
2 H. A. Earl and C. J. M. Stirling, J. Chem. Soc., Perkin Trans. 2, 1987,

1273.
3 D. J. Young and C. J. M. Stirling, J. Chem. Soc., Perkin Trans. 2, 1996,

425.
4 S. W. Roberts and C. J. M. Stirling, J. Chem. Soc., Chem. Commun.,

1991, 170
5 F. Benedetti and C. J. M. Stirling, J. Chem. Soc., Perkin Trans. 2, 1986,

605.
6 S. M. Jeffery and C. J. M. Stirling, J. Chem. Soc., Perkin Trans. 2, 1993,

2163.
7 S. M. van der Kerk, J. W. Verhoeven and C. J. M. Stirling, J. Chem.

Soc., Perkin Trans. 2, 1985, 1355.
8 G. Tonachini, F. Bernardi, H. B. Schlegel and C. J. M. Stirling, J. Chem.

Soc., Perkin Trans. 2, 1988, 705.
9 J. F. Liebman and A. Greenberg, in The Chemistry of the Cyclopropyl

Group, ed. Z. Rappoport, Wiley, Chichester, ch. 18, 1987.
10 W. T. G. Johnson and W. T. Borden, J. Am. Chem. Soc., 1997, 119,

5930.
11 S. Caddick, C. L. Shering and S. N. Woolman, Chem. Commun., 1997,

171.
12 I. Sataty and C. Y. Myers, Tetrahedron Lett., 1974, 4161.
13 P. J. Thomas and C. J. M. Stirling, J. Chem. Soc., Perkin Trans. 2, 1977,

1909.
14 D. R. Marshall, P. J. Thomas and C. J. M. Stirling, J. Chem. Soc., Perkin

Trans. 2, 1977, 1898.

Communication 8/07506I

Scheme 1 Reagents and conditions: i, PhSO2Hal, AIBN, benzene, 90 °C, 72
h; ii, Et3N, PhMe; iii, PhSNa, EtOH; iv, H2O2, AcOH; v, Hal2, THF; vi,
EtONa, EtOH; vii, EtONa, EtOH, piperidine.
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Axially chiral N,N-diethyl 2,6-disubstituted benzamides are
prepared stereoselectively in an optically active form from a
planar chiral (arene)chromium complex.

The tertiary arylamides with 2,6-disubstituents are a class of
atropisomeric compounds1 and the chromatographic separation
of some racemates to optically active axial aromatic carbox-
amides has been achieved by using HPLC on a chiral stationary
phase.2 Clayden and co-workers have reported3 the synthesis of
diastereomeric atropisomers by reaction of N,N-dialkyl 2-li-
thio-1-naphthamides with the aldehydes, or reduction of N,N-
dialkyl-2-acyl-1-naphthamides, or laterally lithiation of N,N-
dialkyl 2-alkyl-1-naphthamides followed by eletrophilic
quenching. The asymmetric deprotonation of N,N-dialkyl-
1-naphthamides with a combination of butyllithium/(2)-spar-
tein followed by quenching with alkylhalides giving the axially
chiral N,N-dialkyl 2-alkyl-1-naphthamides in an optically active
form has been recently reported by Beak.4 However, the optical
purity of the axial aromatic carboxamides obtained by this
asymmetric deprotonation with the chiral base is moderate. To
the best of our knowledge, there is no previous report of
asymmetric synthesis of N,N-dialkyl 2,6-disubstituted aromatic
carboxamides in an enantiomerically pure form.

We wish to report the asymmetric synthesis of axially chiral
N,N-dialkyl 2,6-disubstituted benzamides in an enantiomer-
ically pure form by using a planar chiral arene chromium
complex.

Both enantiomers of the axially chiral 2-ethyl-6-methylben-
zamide were synthesized as shown in Scheme 1. Enantiomer-
ically pure (2)-tricarbonyl(o-methylbenzaldehyde)chromium
(1)5 was oxidized to the corresponding (2)-methyl benzoate
chromium complex 2 ([a]D

26 2100.0)† with active manganese
dioxide and sodium cyanide in acetic acid and methanol in 85%

yield. Conversion of the methyl ester to the corresponding
(+)-N,N-diethylamide complex 3 ([a]D

26 +8.4) was achieved by
treatment with lithium diethylamide in THF at 278 °C in 80%
yield. Directed ortho lithiation6 of N,N-diethyl o-methylbenza-
mide complex 3 with ButLi in the presence of TMEDA
followed by quenching with ethyl iodide gave the axially chiral
(2)-(SAr,Sax)7-tricarbonyl(N,N-diethyl 2-ethyl-6-methylbenza-
mide)chromium (4) ([a]D

25 231.0) in 36% yield, along with
15% yield of tricarbonyl(N,N-diethyl 2-propylbenzamide)chro-
mium via benzyl methyl lithiation. In this ortho lithiation, the
N,N-diethyl benzamide complex 4 was obtained as a single
axially chiral compound without formation of the correspond-
ing (R)-axial isomer. The stereochemistry of the axially chiral
benzamide complex 4 was determined by X-ray crystallog-
raphy,‡ and the axial chirality was found to be the (S)-
configuration in which the diethylamino part was oriented in an
anti-conformation to the tricarbonylchromium moiety, and the
amide carbonyl oxygen is in a syn-orientation. The X-ray crystal
structure shows that the dihedral angle between the plane of the
amide and the aryl ring is approximately perpendicular. The
formation of 4 as the single axial isomer by electrophilic
quenching of the ortho-lithiated intermediate may be attributed
to the stereoelectronic repulsion between the tricarbonylchro-
mium and diethylamino fragments. After producing the axially
chiral N,N-diethyl 2-ethyl-6-methylbenzamide chromium com-
plex 4, we next investigated an oxidative demetalation giving a
chromium free axially chiral N,N-diethyl 2-ethyl-6-methylben-
zamide. Thus, a solution of (2)-4 in ether was exposed to
sunlight at 0 °C until the yellow color of the solution
disappeared. The demetalation product, N,N-diethyl 2-ethyl-
6-methylbenzamide (5) has a positive optical rotation value
([a]D

26 +14.0). Similarly, the corresponding axially chiral
antipode (2)-N,N-diethyl 6-ethyl-2-methylbenzamide (7)
([a]D

26 213.0) was obtained from the antipode (+)-tricarbo-
nyl(2-methylbenzaldehyde)chromium (6)5 by following the
same reaction sequence. The optical purities of the axial N,N-
diethyl 2-ethyl-6-methylbenzamides, 5 and 7, were found to be
~ 94% ee.8 However, the optical rotation values of these
chromium free axial benzamides slowly decreased on standing
at room temperature.

Since the N,N-diethyl 2-ethyl-6-methylbenzamide underwent
slow racemization at room temperature,9 the sterically bulky
substituent was next introduced at the ortho-position to inhibit
the axial isomerization (Scheme 2). The o-lithiated intermediate
derived from 3 was trapped with acetaldehyde to produce a
diastereomeric mixture of 8 at the newly created benzylic center
in a ratio of 54 : 46 in 44% yield. The diastereomeric mixture 8
was acetylated, and then treated with triethylaluminium to give
tricarbonyl(N,N-diethyl 2-methyl-6-isopropylbenzamide)chro-
mium (9) ([a]D

24 254.0) via a tricarbonylchromium-stabilized
benzylic carbocation intermediate10 in 60% yield. Alter-
natively, the hydroxide of diastereoisomeric complex 8 was
oxidized with acetic anhydride and DMSO to afford acet-
ophenone complex 11 which was further converted to tertiary-
alcohol complex 12 ([a]D

25 +37.0) by treatment with MeCeCl2

Scheme 1 i, MnO2, NaCN, AcOH, MeOH, 85%; ii, LiNEt2, THF, 278 °C,
80%; iii, ButLi, TMEDA, THF, 278 °C, then EtI, 36%; iv, hn, O2, diethyl
ether, 0 °C, 90%.
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in 74% overall yield. These tricarbonylchromium-complexed
axially chiral benzamides 9 and 12 gave the (S)-axially chiral
benzamides 10 ([a]D

23 +9.8) and 13 ([a]D
27 +63.2) in > 99%

ee8 by oxidative demetalation, in which the optical purities of
these compounds did not change after prolong standing (36 h) at
room temperature. On the other hand, the corresponding (R)-
axially chiral 2-methyl-6-substituted benzamides 14 ([a]D

23

29.8) and 15 ([a]D
27 263.2) with its optical antipode were

prepared from 6 by the same reaction sequence. Thus, axially
chiral N,N-diethyl 2,6-disubstituted benzamides were ster-
eoselectively prepared in enantiomerically pure form by ortho
lithiation of the planar chiral (benzamide)chromium complex.

Furthermore, the enantiomerically pure axially chiral N,N-
diethyl 2,6-disubstituted benzamide was also stereoselectively
prepared by conversion of the methyl ester of planar chiral
tricarbonyl(methyl 2,6-disubstituted benzoate)chromium to the
diethylamide group as follows (Scheme 3). Thus, the enantio-
merically pure (2)-tricarbonyl(2-bromo-3-methylbenzalde-
hyde)tricarbonylchromium (16) ([a]D

272752.6) was converted

to the corresponding tricarbonylchromium complex of methyl
2,6-disubstituted benzoate 18 ([a]D

27 210.4) by usual method.
Complex 18 was treated with lithium diethylamide at 278 °C in
THF to produce stereoselectively (2)-N,N-diethyl benzamide
19 ([a]D

25 275.2) with (S)-axial configuration as a single
isomer in which the stereochemistry was determined by X-ray
crystallography.‡ No diastereoisomeric (R)-axial benzamide
chromium complex was obtained in this reaction. It is
reasonable to assume that the sterically bulky diethylamino
group approached from the exo-side to the tricarbonylchromium
moiety. Complex 19 was exposed to sunlight to produce the
enantiomerically pure8 axially chiral benzamide 20 ([a]D

27

+33.7). The corresponding (2)-(R)-axial benzamide 21 ([a]D
27

233.2) was also prepared from the antipode (+)-(3-methyl-
2-bromobenzaldehyde)tricarbonylchromium by the same reac-
tion sequence. This axially chiral compound 20 is stable against
axial isomerization at room temperature.

In conclusion, we have demonstrated that axially chiral N,N-
diethyl 2,6-disubstituted benzamides can be prepared with high
optical purities by using planar chiral tricarbonyl(arene)chro-
mium complexes.

Partial financial support for this work was provided by a
Grant-in-Aid for Scientific Research from the Ministry of
Education, Science, Sports and Culture of Japan. We acknowl-
edge the financial support by The Asahi Glass Foundation and
Ciba-Geigy Foundation (for Japan).

Notes and references
† All optical rotation values were measured in CHCl3 solution.
‡ Crystal data for racemic 4: empirical formula C17H21NO4Cr, M =
355.35, yellow prismatic, monoclinic, space group P21, a = 7.363(1), b =
17.4258(7), c = 13.8120(9) Å, b = 96.490(8)°, V = 1760.7(3) Å3, Z = 4,
Dc = 1.340 g cm23, F(000) = 744.00, m(CuKa) = 55.12 cm21, R(RW) =
0.041 (0.058). A total of 2661 data were collected (using w scans with 58.58
< 2q < 59.87°), of which 2443 were unique (Rint = 0.014). For racemic 19:
empirical formula C18H21NO6Cr, M = 399.36, yellow prismatic, mono-
clinic, space group P21/n, a = 7.487(2), b = 19.806(1), c = 12.905(2) Å,
b = 104.93(2)°, V = 1849.0(6) Å3, Z = 4, Dc = 1.435 g cm23, F(000) =
832.00, m(MoKa) = 6.52 cm21, R(RW) = 0.039 (0.052), A total of 4559
data were collected (using w scans with 29.64 < 2q < 30.00°), of which
4246 were unique (Rint = 0.029). CCDC 182/1037.
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Goodfellow, J. Chem. Soc., Perkin Trans. 1, 1990, 393.

6 V. Snieckus, Chem. Rev., 1990, 90, 879.
7 First symbol S indicates the configuration of the tricarbonylchromium-

complexed arene carbon substituted by the diethylamido group, the
second S shows the axial chirality.

8 The optical purities of axial chiral benzamides were determined by 1H
NMR spectroscopy in the presence of chiral shift reagent, Eu(tfc)3.

9 The optical purity of compound 5 decreased with time of standing at
room temperature; 86% ee after 6 h, 70% ee after 24 h.

10 M. Uemura, K. Kobayashi, K. Isobe, T. Minami and Y. Hayashi, J. Org.
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Scheme 2 i, BusLi, TMEDA, THF, 278 °C, then MeCHO, 44%; ii, Ac2O,
pyridine, DMAP; iii, Me3Al, CH2Cl2, 278 °C, 60% from 8; iv, hn, O2,
diethyl ether, 0 °C, 98%; v, DMSO, Ac2O, 88%; vi, MeCeCl2, THF,
278 °C, 94%; vii, hn, O2, diethyl ether, 0 °C, 90%.

Scheme 3 i, HO(CH2)2OH, p-TsOH, MeCN, MgSO4, 84%; ii, BunLi,
TMEDA, diethyl ether, then ClCOOMe, 83%; iii, LiNEt2, THF, 278 °C,
60%; iv, hn, O2, diethyl ether, 0 °C, 90%.
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The low-temperature reactions of [Sb(NMe2)3] with
[CyPH2] and [CyPHNa] (1 : 1 : 1 equiv.) and of [As(NMe2)3]
with [tBuPHLi] (1 : 3 equiv.) in TMEDA–thf [TMEDA =
Me2NCH2)2] produce [{cyclo-(CyP)4Sb}Na·Me2NH·T-
MEDA]2 1 and [{cyclo-(tBuP)3As}Li·TMEDA·thf] 2, re-
spectively; at higher temperatures these reactions generate
Zintl compounds containing Sb7

32 and As7
32 anions.

In earlier work we showed that a variety of dimethylamido
Sb(iii) reagents can be employed in the syntheses of a range of
stable heterometallic imido cages containing Sb(iii) anions
(such as [Sb(NR)3]32 and [Sb2(NR)4]22).1 The reaction of
[Sb(NMe2)3] with [CyPHLi] (1 : 3 equiv. respectively) gives the
Sb(iii)/Li complex [{Sb{PCy)3}2Li6·6Me2NH] (Cy = C6H11)
in which all the Me2NH produced as a byproduct solvates the
six Li+ cations of the core.2 Unlike the imido analogue, thermal
decomposition of this complex occurs (ca. 30–40 °C) to
produce the Zintl compound [Sb7Li3·6Me2NH], the product
resulting from elimination of the phosphinidene groups (as is
illustrated by the isolation of cyclo-[CyP]4).3 This unique
phosphinidene coupling reaction (by which molecular cages are
converted into molecular alloys) provides the means for the
solution deposition of thin photoemissive alkali metal antim-
onate films4 from molecular single-source precursors at low
temperatures (i.e., an ‘alloy paint’ approach) rather than using
metal vapours.

In order to assess the generality of this approach we decided
to investigate a range of reactions of [E(NMe2)3] (E = As, Sb)
with primary phosphines [RPH2] and primary phosphido alkali
metal complexes (RPHM) (M = Li–Cs) (analogous to those we
had used previously for the imido systems1). The low-
temperature reaction ( < 0 °C) of [Sb(NMe2)3] with [CyPH2]
(Cy = cyclohexyl) (1 : 1 equiv.) followed by addition of
[CyPHNa] (1 equiv.) in the presence of excess TMEDA [ =
(Me2NCH2)2] was performed in order to obtain the hetero-
bimetallic cage [{Sb2(PCy)4}2Na4], the imido analogue of
which ([{Sb2(NCy)4}2Na4]) was produced under similar condi-
tions using [CyNHNa] and [CyNH2].5 However, the initial
product of this reaction is [{cyclo-CyP}4SbNa·TMEDA-
·Me2NH]2 1,† containing a heterocyclic [{CyP}4Sb]2 anion.
Similarly, the low-temperature reaction (ca. 25 °C) of [tBu-
PHLi] with [As(NMe2)3] (3 : 1 equiv.) in the presence of
TMEDA–thf leads to the direct formation of [{cyclo-(tBu-
P)3As}Li·TMEDA·thf] 2,† containing a related [{tBuP}3As]2
anion, rather than giving [{As(PtBu)3}2Li6] (cf.
[{Sb(NtBu)3}2Li6] which is obtained by a similar reaction from
[Sb(NMe2)3] and [tBuNHLi]6). At higher temperatures [ca. 60
and 110 °C (in toluene), respectively] Zintl compounds contain-
ing As7

32 are isolated.† The almost quantitative yields of the
latter and the earlier isolation of [CyP]4 from the thermolysis
reaction of [{Sb{PCy)3}2Li6·6Me2NH] to the Zintl compound
[Sb7Li3·6Me2NH]3 suggests that elimination of [RP]n rings
from the [{CyP}4Sb]2 and [{tBuP}3As]2 anions of 1 and 2 is a
fundamental step in the formation of these Zintl ions. The
precise mechanism of this process is still under investigation.

X-Ray crystallographic studies of 1 and 2 were undertaken at
low temperature.‡ Complex 1 (Fig. 1) consists of centrosym-
metric dimers [{cyclo-CyP}4SbNa·TMEDA·Me2NH]2, in
which two heterocyclic [{CyP}4Sb]2 anions are associated by
two Na+ cations. The central Sb2Na2 ring has a planar, rhombic
shape [Sb(1)–Na(1)–Sb(1a) 87.0(1), Na(1)–Sb(1)–Na(1a)
93.0(1)°], with the pattern of alternating Sb–Na bond lengths
[Sb(1)–Na(1) 3.617(4), Sb(1)–Na(1a) 3.229(4) Å] indicating
that the two monomer units are only loosely associated (cf.
estimated 2.98 Å for the Sb–Na bond). Although a similar
metallacyclic [(tBuP)4Ni] fragment has been observed in the
structure of [{(cyclo-tBuP)4Ni}(h2-tBuP)2],7 the closest p block
relatives to 1 are the neutral heterocycle [SbP(2,4,6-
tBu3C6H2)]2 (composed of a four-membered P2Sb2 ring with an
endocyclic Sb–Sb bond)8 and complexes containing the cyclic
[P5]2 anion.9 Alkali metal Li–Sb bonded complexes have been
reported previously;10 however, 1 is the first containing a Na–
Sb bond.

Complex 2 consists of discrete monomers [{cyclo-(tBu-
P)3As}Li·TMEDA·thf], in which a heterocylclic [{cyclo-
(tBuP)3As}]2 anion is bonded by its anionic centre to a Lewis
base solvated Li+ cation (Fig. 2). The As–Li bond length in 2
[2.62(2) Å] is within the range observed in other complexes of
this type (2.46–2.76 Å).11 The formation of a four-membered
P3As anion in 2, as opposed to a five-membered unit similar to
that found in the related Sb(iii) system 1, may simply result
from the smaller covalent radius of As (the shorter As–P bonds
being accommodated into a four membered ring unit without
inducing excessive strain). The closest relative of 2 is
[(tBuP)3As]2, a principal product of the Wurtz coupling reaction

Fig. 1 Molecular structure of 1 with H atoms omitted for clarity. Key bond
lengths (Å) and angles (°): Sb(1)–P(4) 2.489(3), Sb(1)–P(1) 2.541(3), P(1)–
P(2) 2.192(4), P(2)–P(3) 2.192(4), P(3)–P(4) 2.184(4), Sb(1)–Na(1)
3.617(4), Sb(1)–Na(1a) 3.229(4), Na(1)–N(3) 2.46(1), Na(1)–N(1) 2.49(1),
Na(1)–N(2) 2.49(1); P(1)–Sb(1)–P(4) 99.7(1), Sb(1)–P(1)–P(2) 105.7(1),
P(3)–P(2)–P(1) 110.9(2), P(4)–P(3)–P(2) 109.4(2), Sb(1)–P(4)–P(3)
105.6(2), Na(1)–Sb(1)–Na(1a) 93.0(1), Sb(1)–Na(1)–Sb(1a) 87.0(1). Sym-
metry transformations used to generate equivalent atoms 2x + 2, 2y + 1,
2z.
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of AsCl3, tBuPCl2 and Mg, which consists of two [(tBuP)3As]
rings linked by their As centres.12

In conclusion, the aforementioned reactions provide direct
access to a unique family of group 15 heterocyclic anions (1 and
2 being the first examples of this type to be characterised). The
application of these species as sources of [{RP}nE]2 (E = Sb,
As) ligands to other main group and transition metals and the
thermolysis of the resulting complexes is an interesting
prospect.

We gratefully acknowledge the EPSRC (N. C., A. D. H.,
M. McP., A. J. W.) the Royal Society (P. R. R., D. S. W.), the
Leverhulme Trust (M. A. B.), the Spanish Government
(M. E. G. M.), the Gottlieb Daimler- und Karl Benz-Stiftung
(A. R.) and Electron Tubes, Ruislip, UK (Case award for
A. D. H.) for financial support.

Notes and references
† Synthesis of 1: [Sb(NMe2)3] (5.1 ml, 1.74 mol dm23 in toluene, 8.8 mmol)
was added dropwise to a chilled solution of CyPH2 (1.17 ml, 8.8 mmol) in
hexane (20 ml). The solution was allowed to warm to room temperature and
stirred (10 min). The orange solution produced was transferred by syringe
into a chilled (ca. 220 °C) solution of [CyPHNa] [prepared in situ by the
reaction of PhCH2Na (1.0 g, 8.8 mmol) with CyPH2 (1.17 ml, 8.8 mmol) in
hexane (10 ml)–thf (5 ml)]. The reaction mixture was allowed to warm to
ca. 0 °C. An excess of TMEDA (ca. 3.0 ml, 20 mmol) was added and the
solution was filtered while cold. Crystallisation at 235 °C (24 h) gave red
plates of 1. Yield 1.1 g (16% on the basis of Sb supplied). Decomp. 75 °C
to black solid. 1H NMR (+25 °C, 250 MHz, [2H8]toluene), d 1.0–2.0
(overlapping m, 40H, {CyP}4), 2.22 (d, 4H (2J31P–H

ca. 6.4 Hz), C(a)-H of
{CyP}4), 2.10 (br s, 16H, TMEDA), 2.46 (s, 6H, Me2NH). Elemental
analysis. Calc. C, 50.4; H, 8.8; N, 5.5; P, 16.3. Found: C, 49.0; H, 8.6; N,
5.2; P 15.1%.

Synthesis of 2: to a stirred, chilled suspension of [LiPHtBu]n (6.0 mmol
of monomer) in toluene (20 ml) and TMEDA (1.0 ml) was added a solution
of [As(NMe2)3] (2.0 mmol, 0.92 cm3, 2.17 mol dm23 in toluene). The
suspension was stirred and gradually allowed to warm to 0 °C, at which
stage an orange precipitate was observed. Then thf (20 ml) was added and
the mixture stirred for 48 h after which an orange solution (with a fine
precipitate) remained. This was filtered off and the solvent reduced to ca. 8
ml, the solid produced was redissolved by the addition of thf (ca. 1 ml) and
storage at 218 °C (12 h) gave orange crystals of 2 suitable for X-ray
diffraction studies. Isolated samples of 2 (placed in vacuo for ca. 15 min,
1021 atm) contain no thf solvate. The following data refer to this material;
yield 0.27 g (2% on the basis of As supplied to the reaction); mp. 115 °C to
clean orange oil; IR (Nujol), major bands at 1260 m, 1032 s cm21; 1H NMR
(250 MHz, +25 °C, [2H8]thf), d 2.39 (s, 4H, CH2, TMEDA), 2.13 (s, 12H,
Me2N, TMEDA), 1.07 (d, 18H, 3JP–H 11.5 Hz), 1.01 (d, 9H, J31P–H

10.5 Hz);
31P NMR (101.256 MHz, +25 °C, [2H8]thf; rel. to 80% H3PO4–D2O), d 7.87
(t), 274.50 (d) (ratio 1 : 2, 2J31P–31P

179.4 ± 0.8 Hz); Elemental analysis.
Calc. C, 46.8; H, 9.3; N, 6.1; P, 20.1. Found: C, 46.0; H, 9.3; N, 7.2; P,
17.6%.

The syntheses and structures of [Sb7Na3·3TMEDA·3thf] 3 and
[As7Li3·3TMEDA]·PhMe 4 (see last ref. 11) obtained in the high
temperature reactions will be discussed in a later paper.

‡ Crystal data: for 1: C64H134N6Na2P8Sb2, M = 1525.02, monoclinic,
space group P21/n, a = 11.168(3), b = 22.420(4), c = 16.468(3) Å, b =
92.71(2)°, U = 4118.6(14) Å3, Z = 2, Dc = 1.230 Mg m23, l = 0.71073
Å, T = 223(2) K, m(Mo-Ka) = 0.859 mm21. Data were collected on a
Siemens P4 diffractometer. The crystal diffracted very weakly at high angle;
of a total of 5646 data collected (1.82° @ q @ 21.00°) 4439 were
independent (Rint = 0.0532). Relatively high thermal displacement
parameters indicated some disorder of the cyclohexyl rings but it was not
possible to resolve this. Empirical absorption corrections were applied after
initial refinement with isotropic displacement parameters.13 The structure
was solved by direct methods and refined by full-matrix least-squares on F2

to final values of R1[F > 4s(F)] = 0.069 and wR2 = 0.214 (all data);14

largest peak and hole in the final difference map 0.772 and 20.843
e Å23.

For 2: C22H51AsLiN2OP3, M = 534.42, monoclinic, space group P21/n,
a = 12.238(7), b = 15.574(12), c = 16.27(1), b = 105.23(5)°, U =
2993(4) Å3, Z = 4, Dc = 1.186 Mg m23, T = 180(2) K, m(Mo-Ka) = 1.311
mm21, F(000) = 1144. Data were collected on a Siemens-Stoe dif-
fractometer using w–q scans (3.56 @ q @ 22.50). Of a total of 7645
reflections, 3900 were independent (Rint = 0.1036). The structure was
solved using direct methods and refined by full matrix least squares on F2

to final R indices of R1 = 0.086 [F > 4s(F)] and wR2 = 0.200 (all data);14

largest peak and hole in the final difference map 1.269 and 20.622 e Å23.
The C atoms of the thf ligand and one of the C atoms of each of the Me2N
groups of the TMEDA were disordered over two sites and were refined with
half occupancy. CCDC 182/1045.
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Fig. 2 Molecular structure of 2 with H atoms and the disorder on the thf and
TMEDA ligands omitted for clarity. Key bond lengths (Å) and angles (°):
As(1)–P(1) 2.333(4), As(1)–P(3) 2.324(3), As(1)–Li 2.62(2), P(1)–P(2)
2.203(4), P(2)–P(3) 2.198(4), Li–N(1,2) av. 2.10, Li–O(1) 1.92(2); P(1)–
As(1)–P(3) 85.1(1), P–As–Li av. 107.5, As(1)–P(1)–P(2) 88.2(1), As(1)–
P(3)–P(3) 88.5(1), P(1)–P(2)–P(3) 91.4(2).
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Crystal structures of the dicarbonyl 1,12-B12H10(CO)2 and
its hydrated form 1,12-B12H10(CO2H2)2·4H2O show little p-
bond character in their B–C bonds but contain significant
distortions from the regular B12 icosahedron geometry; the
hydrate, until now thought to be a hydroxonium salt,
contains dihydroxycarbene (‘protonated carboxylic acid’)
ligands C(OH)2.

The three-dimensional aromaticity and p-acidity of polyhedral
boranes1 lends interest to their derivative chemistry when
potentially p-bonding ligands are present.2,3 The dianion
[B12H12]22 has particular interest in this connection as it
contains the electronically highly delocalized robust B12
icosahedron4 present in tough ceramic materials like elemental
boron, boron carbide and metal borides. The Ih symmetry of the
dianion is expected to be lowered on attachment of ligands with
p bonding potential. We here report structural studies on two
neutral complexes 1,12-B12H10L2 in which two opposed
hydride ligands of [B12H12]22 are replaced by neutral poten-
tially p-acidic ligands L of a type normally associated with
transition metals, namely the carbonyl ligand L = CO or a
Fischer carbene ligand L = C(OH)2. The known dicarbonyl
B12H10(CO)2 1, synthesized from [B12H12

22] and CO under
high pressure and temperature in low yield,5,6 had been
subjected to a recent photoelectron and theoretical study7 which
suggested it contained single B–C and triple C°O bonds though
this had not been structurally confirmed. The bis(dihydroxy-
carbene) complex B12H10[C(OH)2]2 2, prepared by us in a
neutral hydrated form by hydration of 1, had hitherto been
regarded5,6,8 as a hydroxonium salt [H3O+]2[B12H10-
(CO2H)2]22 3 with two carboxylic acid residues CO2H
replacing two hydrogen ligands of B12H12

22. The hydrate 2
appears to be the first structurally characterized compound with
two carbene diol groups. A preliminary potentiometric titration
of 2 in water gave pKa values of 4.2 and 9.0 for loss of the first
and second protons respectively.

Suitable crystals of B12H10(CO)2 1 for X-ray crystallography
were formed by slow sublimation at 40–50 °C (0.005 mmHg)
for 2–3 days. A crystal of the dicarbonyl 1† was flash-cooled to
100 K and an X-ray diffraction study reveals a well ordered
structure in the space group Cmca.‡ The molecule has 2/m site
symmetry, which results in only nine atoms being crystallo-
graphically unique. The bond lengths of B–C and C–O and the
nearly linear BCO angle in 1 are typical of BCO groups in
neutral borane carbonyls.9 The molecular structure with

significant bond lengths and angles is shown in Fig. 1. A crystal
of the hydrate B12H10(CO2H2)2·4H2O 2,§ formed by re-
crystallization with water, was also flash-cooled to 90 K and
shows a well ordered structure in space group C2/c with two
independent water molecules in the asymmetric unit.¶ The
hydrate 2 has two carbene diol C(OH)2 groups with identical C–
O and O–H bond lengths within experimental error. Fig. 2
shows the molecular structure with significant bond lengths and
angles. The supramolecular structure of 2 consists of sheets of
cages mediated by water molecules on the (101) plane with
hydrogen bond distances (O···H/Å) of 1.73(2) and 1.80(2)
between the diol groups and the water molecules, and 1.92(2)
and 1.97(2) between the water molecules.

Bond order calculations carried out on the molecular
geometries of 1 and 2 using the AM1 program2 show little p
bonding between the borane cluster and the carbonyl groups in
1 and negligible between the cluster and the carbene diol groups

Fig. 1 Molecular structure of 1 (50% ellipsoids). Important interatomic
distances (Å) are: O(1)–C(1) 1.119(2), C(1)–B(1) 1.543(2), average B–B
distances; polar–tropical 1.768, tropical–tropical 1.824, tropical–tropicalA
1.779. Selected angles (°) O(1)–C(1)–B(1) 179.18(12), C(1)–B(1)–B(2)
117.28(9), C(1)–B(1)–B(3) 118.26(5), C(1)–B(1)–B(4) 119.66(8).

Fig. 2 Crystal structure of 2 (50% ellipsoids). Important interatomic
distances (Å) are: O(1)–C(1) 1.289(1), O(2)–C(1) 1.287(1), O(1)–H(10)
0.86(2), O(2)–H(20) 0.84(2), C(1)–B(1) 1.589(1), average B–B distances;
polar–tropical 1.779, tropical–tropical 1.801, tropical–tropicalA 1.783.
Selected angles (°) C(1)–O(1)–H(10) 116.3(12), C(1)–O(2)–H(20)
110.3(12), O(1)–C(1)–O(2) 114.66(9), O(1)–C(1)–B(1) 125.26(9), O(2)–
C(1)–B(1) 120.08(8), C (1)–B(1)–B(2) 119.75(8). 
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in 2 (Table 1). There is p electron delocalization in all C–O
bonds, the carbonyl group bond order is roughly 2.5 in 1
whereas the carbenediol group in 2 has two C–O bond orders of
around 1.5 (like those found in symmetrical chelating carbox-
ylates). AM1 calculated Mulliken charges give an overall
charge of +0.4 for the carbonyl group in 1 and +0.5 for the diol
group in 2. The molecular structures of 1 and 2 remain largely
unchanged in solution as experimental 11B NMR data are in
accord with calculated GIAO/NMR data∑ (using the GAUSS-
IAN94 program) generated from their X-ray geometries.

The distortion of the B12 cage geometry in 1 from regular Ih
is interesting. If one regards the B12 icosahedron as globular,
with the substituted boron atoms occupying polar sites, the
remainder occupying tropical sites, the dicarbonyl 1 show
lengthening of the boron–boron bonds within the tropics,
shortening of the bonds linking tropical to polar boron atoms,
but little change in the distances linking northern to southern
tropical boron atoms (average bond distances shown in the
figure captions) compared to B12H12

22 (average B–B distance
1.784 Å). The icosahedron is thus squashed from pseudospher-
ical to oblate spheroidal along the polar axis (distances: polar–
polar 3.19 Å and tropical–tropicalA 3.45 in 1, cf. 3.39 in
B12H12

22). Compound 2 and the only other known
1,12-B12H10L2 derivative structurally characterized10 (L =
SMe2) show similar distortions but these are not as extreme as
in 1.

The remarkably close structural relationship of the sub-
stituents in boranes 1 and 2 and in carbocations11 MeCO+ (C–O
1.110 Å) and MeC(OH)2

+ (C–O 1.273 Å) respectively implies
that compounds 1 and 2 can be viewed as neutral main group
analogues of bis-carbocations. Further evidence of the close
relationship is shown in the 13C NMR peak seen at 200.2 ppm
in 2 like those carbene carbons in the carbocations RC(OH)2

+

whose peaks are observed in the 215–190 ppm region.12 There
are parallels of the boranes 1 and 2 with transition metal
carbonyl and dioxycarbene C(OR)2 complexes,13 in which the
metal–carbon bonds are always shorter to the carbonyl group
than to the dioxycarbene group.

Our findings have implications for other supposed carboxylic
acid derivatives of other borane anions. Hydration of the borane
dicarbonyls, 1,10-B10H8(CO)2 and 1,7-B12H10(CO)2, have been
reported5,6 to give carboxylic acids, [H3O+]2[1,10-
B10H8(CO2H)2

22] and [H3O+]2[1,7-B12H10(CO2H)2
22], re-

spectively whereas the related mono-anions, 2-B10H9(CO)2
and B12H11(CO)2, were reported14 to produce [H3O+]2[2-
B10H9(CO2H)22] and [H3O+]2[B12H11(CO2H)22]. Carbene-
diol groups are probably present in these hydrates. The
dicarboxylic acid dianion in 3 is likely to exist in metal salts6

generated from 2.
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Table 1 Bond lengths and bond orders for B–C and C–O bonds in 1
and 2

Bond length (Å) Total bond order p-Bond order

B–C C–O B–C C–O B–C C–O

1 1.543(2) 1.119(2) 0.843 2.422 0.114 1.464
2 1.589(1) 1.287(1) 0.828 1.328 0.064 0.407

1.289(1) 1.274 0.369
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Highly distorted hexa-coordinated Al in andalusite can be
detected by very fast ( > 30 kHz) 27Al magic-angle spinning
(MAS) and triple-quantum MAS NMR spectroscopy.

Andalusite is a naturally occurring aluminium silicate named
after Andalusia (Spain) where it has been found, and it is one of
the three known Al2SiO5 polymorphs, the other being sillima-
nite and kyanite. The crystal structure of andalusite consists of
[AlO6] octahedra forming chains parallel to c which are cross-
linked by [SiO4] tetrahedra and [AlO5] trigonal bipyramids.1,2

Several studies reporting 27Al magic angle (and variable angle)
spinning NMR spectra of andalusite are available.3,4 27Al is a
half-integer quadrupole (I = 5/2) nucleus and obtaining a good
MAS NMR spectrum of andalusite presents a great challenge
because all the aluminium nuclei are in highly distorted
environments (characterised by large quadrupole coupling
constants) and, hence, give very broad peaks.4 In particular, the
[AlO6] octahedron is so distorted that its 27Al MAS NMR
resonance has not previously been observed, even when the
sample was spun at 15 kHz.4 Recently, NMR probes capable of
achieving spinning rates of 30–35 kHz became commercially
available. Here, we wish to report that the use of such a probe
and very fast ( > 30 kHz) MAS allows the detection of the broad
hexa-coordinated 27Al NMR andalusite resonance. In addition,
we also show that by combining very fast MAS and very
powerful ( > 250 kHz) radiofrequency (rf) fields a 27Al triple-
quantum (3Q) MAS NMR spectrum5 of andalusite can be
recorded.

Andalusite from Minas Gerais, Brazil, was characterised by
powder X-ray diffraction and 29Si MAS NMR (single peak at
d 279.6). ‘Conventional’ (single-quantum) 27Al MAS NMR
spectra of andalusite recorded at different spinning rates are
shown in Fig. 1. In order to obtain meaningful relative signal
intensities we have used short (0.6 ms, equivalent to 100) and
strong rf pulses. The 32.5 kHz MAS spectrum clearly contains
two broad resonances centred at d ca. 13 and 2110 (with peak
singularities at d 246 and 2184), displaying characteristic
second-order quadrupole lineshapes. The former has been
previously assigned to penta-coordinated aluminium.3,4 In our
9.4 T magnetic field, the presence of the very broad peak
centred at d ca. 2110 becomes apparent at MAS rates in excess
of 20 kHz, but its lineshape is only well defined at ca. 30 kHz.
The second-order quadrupole patterns can be simulated to yield
the isotropic chemical shifts, diso, the quadrupole coupling
constants, CQ, and the asymmetry parameters, h (Fig. 2). The
following values are obtained for the penta- and hexa-
coordinated Al species, respectively: diso 35.5 and 13.0; CQ =
5.8 and 15.3 MHz; h = 0.69 and 0.08. These quadrupole
parameters are in good agreement with previously reported data
(CQ = 5.9 and 15.6 MHz; h = 0.70 and 0.08 for penta- and
hexa-coordinated Al, respectively).3,4,6 The relative intensities
of these two Al peaks (the spinning sidebands arising from the
m = +1/2 Ô m = 21/2, central transition hexa-coordinated Al
line are included) measured directly from the spectrum are in a
1 : 0.85 ratio, respectively. According to the published crystal
structure, this ratio should be 1 : 1 and, thus, NMR slightly
underestimates the hexa-coordinated Al population. A more
precise estimation of the two Al populations requires the
simulation not only of the central transition 27Al MAS NMR

spectrum but also of the (±3/2 Ô ±1/2 and ±5/2 Ô ±3/2)
satellite-transitions spectra. This work is in progress in our
laboratory.

The large CQ values of the andalusite Al species make the
excitation of 27Al NMR multiple-quantum coherences a very
difficult task. We were particularly interested in finding out
whether the hexa-coordinated 27Al NMR resonance (with CQ =
15.3 MHz) could be observed in a triple-quantum experiment.
Fig. 3 shows the 27Al 3Q MAS NMR spectrum of andalusite
recorded with a very fast sample spinning. The penta-
coordinated Al peak is clearly seen and it exhibits an almost
undistorted lineshape (inset in Fig. 3). Although very weak, the
hexa-coordinated Al resonance is observable. Both peaks (in

Fig. 1 27Al MAS NMR spectra of andalusite recorded at 104.3 MHz on a
Bruker MSL 400P spectrometer using a Bruker 2.5 mm double-bearing
probe, 0.3 s recycle delays, and the spinning rates indicated. Chemical shift
reference [Al(H2O)6]3+. The asterisks denote spinning sidebands arising
from the central transition hexa-coordinated Al line.

Fig. 2 Experimental and simulated 27Al MAS NMR spectra of andalusite
(spinning rate 32.5 kHz).
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particular the latter) display strong spinning sidebands along
F1.

In the recent past, the use of relatively slow ( < 15 kHz) MAS
did not allow the detection of Al in highly distorted environ-
ments and, thus, the correct quantification of aluminium by
NMR was sometimes impossible. 27Al NMR resonances with
quadrupole coupling constants in excess of 15 MHz can now be
studied with commercially available MAS probes at sample
spinning rates of ca. 30 kHz. In addition, combining fast MAS
and very strong rf fields ( > 250 kHz) allows the excitation of
27Al 3Q NMR coherences of highly distorted (CQ up to ca.
15 MHz) Al species.

We acknowledge FEDER and PRAXIS XXI for financial
support.
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Fig. 3 Unsheared 27Al triple-quantum MAS NMR spectra of andalusite
recorded with a rf field amplitude of ca. 265 kHz and a spinning rate of
30.2 kHz. 512 data points (864 transients per point) were acquired in the t1
dimension in increments of 1 ms (or 4.1 ms for the inset spectrum). To
produce pure-absorption lineshapes a simple two-pulse sequence was used.7
The ppm scale was referenced to n0 frequency in the n2 domain and to 3n0

in the n1 domain (reference [Al(H2O)6]3+). The inset depicts the penta-
coordinated Al resonance. Asterisks denote spinning sidebands along F1.
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A tetranuclear zinc(II) compound with 7-azaindolate (AID)
as a bridging ligand exhibits an intense blue emission at 425
nm with a quantum yield of 0.21 in acetonitrile solution at
room temperature; a blue-light emitting diode based on the
Zn(II) complex as the active emitting layer attains an EL
efficiency of 0.25% and brightness of 88 cd m22 at 7.1 V
driving voltage with current density of 10 mA cm22.

The search for new bright blue UV-luminescent metal–ligand
compounds is of growing importance in the development of
light emitting diode (LED) technology.1–3 In this regard,
polynuclear d10 metal complexes are of interest since these
compounds are strongly emissive under UV irradiation, and the
emission energies can span over a broad spectral range
[400–700 nm].4,5 Previously, we and Peng reported the
preparation and crystal structure of a tetranuclear zinc(II)
compound [Zn4O(AID)6], here denoted as Zn4, with 7-azaindo-
late as a bridging ligand.6 This compound has the following
desirable features that enable it to be a good advanced material
for blue LED device fabrication: it can be easily prepared and is
stable to air and moisture. Our recent studies revealed that it has
high thermal stability in air below 400 °C and displays an
intense blue photoluminescence with a long lifetime and a high
quantum yield at room temperature. The relevant photophysical
data are summarised in Table 1. Herein is described a blue LED
device with the Zn4 compound as the active emitting layer.

The Zn4 compound was prepared by the reaction of zinc(II)
acetate with 7-azaindole in methanol, and its crystal structure
had already been reported.6 Schematic representations of the
LED devices studied here are shown in Scheme 1. Initially a
single-layer LED was fabricated by vacuum deposition of
[Zn4O(AID)6] ( < 200 °C, 2 3 1026 Torr) onto a glass substrate
coated with indium–tin oxide (ITO; sheet resistance 20 W 721)
to form a thin homogeneous film. The film thickness was found
to be 700 Å, and the surface was examined by atomic force
microscopy (AFM); the roughness of the surface is 3 nm (RMS
amplitude) which is about +4.3% for the film thickness. The
surface topology is stable up to 150 °C. The XRD pattern of the
Zn4 thin film revealed a broad peak at 2q = 15–30°, which
contrasts with the sharp peaks at 2q = 10, 12 and 20° observed
for the crystalline powder sample. This indicates that the Zn4
compound in the vacuum deposited thin film is in an amorphous
state. An aluminium cathode (thickness ≈ 2000 Å) was vacuum
deposited on top of the Zn4 film at an evaporation rate of 3–5 Å
s21. The substrate was kept at room temperature during the
deposition. The active area of the LED is 2 3 2 mm2.

When the single-layer LED was forward biased with the ITO
electrode at positive polarity, blue EL was observed. The EL
spectrum (Fig. 1) resembles the PL spectrum of the Zn4 film

suggesting that it originates from an excited state of
[Zn4O(AID)6]. However, the brightness of the single-layer
device is only 2.5 cd m22 at a driving voltage of 6.5 V and
current density of 10 mA cm22. Because the Zn4 compound has
a high ionisation potential of 5.1 eV [c.f. 4.8 eV for tris(8-
hydroxyquinolinato)aluminium (Alq3)], a hole-transport mate-
rial such as N,NA-diphenyl-N,NA-bis(3-methylphenyl)-1,1A-bi-
phenyl-4,4A-diamine (TPD, thickness ≈ 100 Å)7 was
introduced between the emitting Zn4 and the ITO layers to form
a double-layer device as depicted in Scheme 1. The EL
brightness and efficiency have thus been greatly enhanced.

Fig. 2  shows the current density–voltage and EL intensity–
voltage characteristics of the double-layer LED. When the LED
was forward biased with the ITO electrode at positive polarity,
blue EL was observed. However, when the device was reverse

Table 1 Photoluminescence data for [Zn4O(AID)6] at room temperature

Solvent lmax/nm Lifetime/ms Quantum yield

MeCN 425 0.09 0.21
CH2Cl2 427 0.08 0.19
MeCN glass (77 K) 423 0.11 —
solid state 433 0.05 —

Scheme 1

Fig. 1 (a) Solid state photoluminescence spectrum of Zn4; (b) photo-
luminescence spectrum of vacuum deposition Zn4 thin film; (c) electro-
luminescence spectrum of the single-layer device (ITO/Zn4/Al).
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biased, EL was not observed implying that it is not induced by
the dielectric breakthrough of the layer system. The brightness
of the device is about 88 cd m22 at a driving voltage of 7.1 V
and current density of 10 mA cm22, and an external EL
efficiency of 0.25% (photons per electron) was found, which is
35 times higher than the single-layer device. The double-layer
LED shows a rather low turn-on voltage of about 5 V, compared
with > 12 V usually required for the p-conjugated polymer-
based devices.

The EL spectrum of the double-layer LED shows two
emission maxima at lem = 410 and 430 nm (Fig. 3), and this is
different from the PL spectrum. We suggest that one of the two
emission peaks in the EL spectrum comes from an interface
state originating from the TPD and the Zn4 layers; however, a
precise explanation for this emission is not yet known.

Preliminary studies indicated that the present double-layer
Zn4 LED device configuration is stable in open atmosphere.
Because of its high thermal stability and high photolumines-
cence quantum yield, the Zn4 compound and its related
derivatives may provide an alternative to the widely studied
Alq3 compound for future development of LED devices.

We acknowledge support from the University of Hong Kong,
the Hong Kong Research Grants Council and the Croucher
Foundation.
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Fig. 2 Current density (I)–voltage (V) and EL intensity–voltage charac-
teristics.

Fig. 3 EL spectra of the double-layer device at various driving voltages.
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Ground state C60 does not give C60O in the presence of
singlet oxygen generated thermally from endoperoxides;
evidence is presented that the photochemical formation of
C60O from C60 proceeds via reaction of singlet oxygen with
the lowest triplet excited state of C60.

Since its synthesis and characterization in 1992 by Smith et al.,1
several studies on C60O 1 have appeared, showing that oxide 1
can be generated through both thermal2 and photochemical1
pathways. Dimethyldioxirane,2a ozonolysis,2b–d,f MCPBA,2e

P450 cytochrome models,2g and a methyltrioxorhenium–H2O2
system2h all successfully convert C60 to 1. Oxide 1 can also be

isolated from the byproducts of fullerene synthesis3a and by
extended irradiation of C60 in an oxygen atmosphere.1 Although
much is known about the photophysical and chemical properties
of fullerenes, both the thermal and photochemical mechanisms
for the formation of fullerene oxides largely remain a mys-
tery.3

Foote and co-workers reported in 19914 that C60 is a very
efficient sensitizer for formation of singlet oxygen (F = 0.96 ±
0.02 at 532 nm), and that C60 also quenches 1O2, as shown by
the shortening of the decay time of 1O2 luminescence at 1270
nm5 (kq = 5 ± 2 3 105 M21 s21).4 However, no loss of C60 or
appearance of new products was observed in the presence of
oxygen following hundreds of laser pulses,3b,4 suggesting that
1O2 does not add to ground state C60 in solution. We have
confirmed that C60O 1 is not formed upon reaction of C60 in
toluene with 1O2 when the latter is generated via the thermolysis
of endoperoxides 2 and 3.6 Using an authentic sample of oxide
1, we verified by HPLC analysis7 that 1, if formed, could be
present in quantities no more than 0.01% of the total amount of
C60 present in the solution. The presence of 1O2 in this reaction
system was verified by monitoring its emission at 1270 nm,
which completely disappeared upon addition of b-carotene.5,8

When cyclohexa-1,3-diene was added to toluene solutions of
C60 and endoperoxide 2, the conversion of the diene to its
corresponding 1,4-endoperoxide9 was detected by HPLC,7
confirming that 1O2 had indeed been generated under these
reaction conditions. We also showed that C70 as well as several
functionalized derivatives of C60 were also uneffected by 1O2
generated thermally from endoperoxide 2, according to HPLC
analysis.7 Juha et al. showed some time ago that C60 in
fullerene–solvent clathrate microcrystallites was unreactive to a
stream of chemically generated 1O2.10

The question then remains as to the role played by 1O2 in the
photochemical formation of 1. Could an electronically excited
state of C60 lead to C60O by reaction with 1O2? This question
was addressed by photoexciting C60 in the presence of

endoperoxides 2 and 3 as external sources of 1O2 . While
endoperoxide 2 releases 1O2 readily at temperatures above 0 °C,
endoperoxide 3 does not release 1O2 at room temperature.6a,b

Thus, no emission at 1270 nm was observed from a toluene
solution of 3 at room temperature. Thus, we were able to assess
the reactivity of photoexcited C60 in the presence of two
endoperoxides with very different thermal stabilities. In these
reactions, 50 equiv. of endoperoxide were added to a 20 mM

solution of C60 in benzene-d6. The solutions were thoroughly
degassed on a vacuum line by several freeze-pump-thaw cycles,
and were then irradiated for 18 h.11

In the case of endoperoxide 2, HPLC analysis revealed the
formation of C60O 1 in 10% yield, higher than that (7%)
reported from irradiation of C60 in an oxygen atmosphere under
analogous conditions.1 We also observed (HPLC) two addi-
tional minor products, presumably isomers of C60O2, as well as
a brown precipitate, which were previously observed in the
direct photooxygenation reaction.1 The yield of 1 was far lower
(2%) using endoperoxide 3; furthermore, the higher oxidation
products were not observed by HPLC in this case.

Thus, not only does the initial presence of 1O2 in the
photochemical reaction system increase the yield of fullerene
oxide 1, the absence of 1O2 significantly decreases the
efficiency of formation of 1. This clearly identifies 1O2 as the
key species in the mechanism for fullerene oxide formation
under photochemical reaction conditions, and suggests that
C60O results from reaction of 1O2 (lifetime 24 ms in benzene, 25
ms in toluene)12 with an excited state of C60. Such a mechanism
was previously suggested10 but no supporting evidence was
presented. Given the very short lifetime of the S1 state of C60
(ca. 1.2 ns),13 and the long lifetime of the corresponding T1 state
(variously reported as 40 to 133 ms),4,14 the triplet excited state
is the obvious choice. If 1 were arising from reaction of C60
triplets directly with ground state endoperoxide, the yield of 1
should be similar using 2 and 3. The large disparity in the yields
of 1 suggests that this is at best a minor reaction pathway. We
therefore conclude that the dominant photochemical pathway to
C60O from C60 involves the reaction of C60 triplet excited states
with singlet oxygen.

We are grateful to the National Science Foundation and the
Dean’s Undergraduate Research Fund, New York University
(grant to P. S. B.), for support of this work. We thank Professor
N. E. Geactinov for his assistance in providing access to the
singlet oxygen apparatus.
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Treatment of an overcrowded aryl trihydroborate bearing
2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (Tbt) group with
Cp2TiSe5 followed by the addition of Ar2SnCl2 (Ar = Ph or
Mes) and Ph3P resulted in the isolation of novel selenium-
containing four-membered boracycles, 1,3,2,4-diselenastan-
naboretanes, the thermolysis of which in the presence of
2,3-dimethyl-1,3-butadiene or 2,4,6-tri-tert-butylbenzoni-
trile oxide indicated the formation of a novel class of boron-
containing doubly bonded compound, an arylselenoxobor-
ane (Tbt)BNSe.

The chemistry of boracycles containing heavier group 16
elements has been much less investigated than that of the
oxygen-containing counterpart such as boroxines [(RBO)3] and
other cyclic boronic esters owing to their high sensitivity toward
air and moisture.1 Since a boron atom is known to prefer planar-
tricoordinate geometry strongly, small ring compounds contain-
ing a boron atom generally have a large ring strain and are quite
reactive. Recently, we have reported the synthesis and struc-
tures of several stable 1,3,2,4-dithiametallaboretanes, novel
sulfur-containing four-membered boracycles, bearing a very
bulky and effective steric protecting group, 2,4,6-tris[bis-
(trimethylsilyl)methyl]phenyl (Tbt) group.2 We have also
described that one of those four-membered ring systems, i.e. a
1,3,2,4-dithiastannaboretane derivative, provides us with a new
and facile route to the boron–oxygen and boron–sulfur double-
bond compounds (oxoborane and thioxoborane, respectively),
the synthetic methods to which have, so far, not been well
established.3,4 By contrast, until now there have been very few
reports on selenium-containing organoboranes.5

Here, we report the synthesis and crystal structure of a
kinetically stabilized 1,3,2,4-diselenastannaboretane bearing
the Tbt group, a novel selenium-containing four-membered
boracycle, together with its thermolysis leading to the formation
of an arylselenoxoborane (Tbt)BNSe. Oxoboranes and thioxo-
boranes are known to be important intermediates in the
oxidation or sulfurization of elemental boron or other boron
compounds and are widely studied from the viewpoints of
theoretical and/or gas-phase chemistry.6,7 On the other hand,
selenoxoboranes, selenium analogues of oxoboranes and
thioxoboranes, are thought to be much less stable than
oxoboranes and thioxoboranes, and there has been only one
report on the gas-phase detection of a chloroselenoxoborane in
the reaction of elemental boron with Se2Cl2 at 1000 °C.8
Although the synthesis and structure of 1,3,2,4-diselenadibor-
etane, a dimer of a selenoxoborane, has already been reported
by Nöth and coworkers, no description was given for the
intermediary selenoxoborane.9

The reaction of an overcrowded trihydroborate 2, synthesized
by the reaction of (Tbt)B(OMe)2 1 with LiAlH4,2 with
titanocene pentaselenide followed by treatment with Ph2SnCl2

gave a novel five-membered boracycle, 1,2,4,3,5-triselena-
stannaborolane 3, as yellow crystals in 20% yield from 1
(Scheme 1). Although we have attempted the thermolysis of 3 in
the hope of cycloreversion into the selenoxoborane (Tbt)BNSe,
no change was observed even at 150 °C in the presence of
2,3-dimethylbuta-1,3-diene as a trapping reagent for a selenox-
oborane. We next examined ring contraction of 3 to the
1,3,2,4-diselenastannaboretane by deselenation with Ph3P. The
reaction proceeded smoothly and quantitatively at ambient
temperature to give the desired 1,3,2,4-diselenastannaboretane
4, a novel selenium-containing four-membered boracycle
(Scheme 1). Compound 4 showed satisfactory spectral and
analytical data, but single crystals suitable for X-ray crystallo-
graphic analysis were not obtained owing not only to the low
crystallinity but also to its high instability in solution. On the
other hand, 2,2-dimesityl-1,3,2,4-diselenastannaboretane 5,
which was prepared from 1 and dichlorodimesitylstannane in
24% yield by a synthetic method similar to that of 4,10 gave
single crystals suitable for X-ray crystallographic analysis upon
recrystallization from 1,2-dimethoxyethane. The crystal struc-
ture of 5 is shown in Fig. 1.†

The four-membered ring of 5 is not completely planar with
the dihedral angle between planes B(1)–Se(1)–Se(2) and Sn(1)–
Se(1)–Se(2) being 13.8° due to the steric repulsion between the
Tbt group and one of the mesityl group on the tin atom. The
geometry around the central boron atom is found to be perfectly
trigonal planar (S•B = 360°). The angle between the plane

Scheme 1
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defined by B(1)–Se(1)–Se(2) and the aromatic ring plane of the
Tbt group is 86.6°, suggesting no conjugative interaction of p-
electrons on the Tbt group with the boron atom. These structural
features of 5 are similar to those of the 2,2-dimesityl-
1,3,2,4-dithiagermaboretane derivative reported by us.2b

Since we have already shown that the 2,2-diphenyl-
1,3,2,4-dithiastannaboretane derivative, a sulfur-analogue of 4,
acts as a good precursor of a thioxoborane, (Tbt)BNS, on
thermolysis,4 the thermolysis of 4 was also carried out in the
expectation that it would dissociate into a boron–selenium
double-bonded species (selenoxoborane) (Tbt)BNSe and diph-
enylstannaneselone.

When a toluene-d8 solution of 4 and 2,3-dimethylbuta-
1,3-diene in a sealed NMR tube was heated at 100 °C for 12 h,
the starting material completely disappeared to afford 4,5-di-
methyl-1,2-selenaboracyclohex-4-ene 6 (91%) along with the
trimer 7 of diphenylstannaneselone 9 (75%) (Scheme 2). The
formation of 6 and 7 clearly indicates the initial retro
[2+2]cycloaddition of the diselenastannaboretane ring of 4 into
the two units, i.e. selenoxoborane 8 and diphenylstannaneselone
9, followed by the [4 + 2]cycloaddition reaction of 8 with co-
existing 2,3-dimethylbuta-1,3-diene and the self-trimerization
of 9. To the best of our knowledge, this is the first example of
the trapping reaction of a selenoxoborane. Similarly, thermol-
ysis of 4 at 50 °C in the presence of 2,4,6-tri-tert-butylbenzoni-
trile oxide afforded the [3 + 2]cycloadduct of selenoxoborane
10 (59%)† together with 7 (45%). These results show that the

selenoxoborane has a double-bond character like oxoborane and
thioxoborane previously reported.3,4

In summary, we have succeeded in the isolation and
crystallographic analysis of the first 1,3,2,4-diselenastannabor-
etane 4. Compound 4 undergoes thermal cycloreversion into the
overcrowded selenoxoborane (Tbt)BNSe, the formation of
which was confirmed by the intermolecular [4+2]cycloaddition
reaction with a diene.
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Fig. 1 ORTEP drawing of 2,2-dimesityl-1,3,2,4-diselenastannaboretane 5
with thermal ellipsoid plots (40% probability). Selected bond lengths (Å)
and angles (°). B(1)–C(1) 1.557(13), B(1)–Se(1) 1.962(11), B(1)–Se(2)
1.960(10), Se(1)–Sn(1) 2.557(1), Se(2)–Sn(1) 2.566(1), Sn(1)-C(28)
2.149(10), Sn(1)-C(37) 2.127(10), Se(1)–B(1)–Se(2) 114.1(5), Se(1)–B(1)–
C(1) 123.2(7), Se(2)–B(1)–C(1) 122.7(8), B(1)–Se(1)–Sn(1) 82.4(3), B(1)–
Se(2)–Sn(1) 82.2(4), Se(1)–Sn(1)–Se(2) 79.95(4), C(28)-Sn(1)–C(37)
117.3(3).

Scheme 2
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At ambient temperature and in the solid state C60 degrades
to C120O which is present in up to ca. 1% concentration in
each of thirteen differently sourced samples examined;
traces of C120O2 have also been detected. 

When pure [60]fullerene was first obtained,1 it was observed
that films which had been left on the surface of a flask for a few
days would not redissolve easily, successive extracts being
increasingly dilute and more pink in colour relative to the
magenta of the pure fullerene.2 Oxidation was suspected, but
further analysis was not possible at that time.

Recently, we have found that completely insoluble products
are formed from fullerenes (especially higher fullerenes) on
standing.3,4 These were provisionally described as graphitic due
to this insolubility,3 but more recent work showed that graphitic
planes are absent, and moreover, heating KBr discs of them
produces matrix-isolated CO2.4 Evidently these derivatives
contained oxygen, but no further details of the structures could
be deduced.

[60]Fullerene, available now from numerous suppliers,
comes with a stated purity. Given this assurance, fullerene
researchers have had no need to examine the purity of the
material. This has not been problematical because purification
is usually affected at the derivative stage. Recently however, we
found it necessary to check by HPLC (4.6 mm 3 25 cm
Cosmosil Buckyclutcher column, toluene eluent at 1 ml min21)
the [70]fullerene level in a new batch of [60]fullerene. While the
amount of [70]fullerene was virtually undetectable we were
surprised to find a significant peak with a retention time of 14.6
min compared with [60]fullerene at 7.4 min, Fig. 1 ([70]full-
erene elutes at 11.8 min under these conditions). The retention
time was identical to that for an authentic sample5 of C120O
under our conditions. (NB. The retention times for fullerenes
and derivatives vary slightly according to the ambient tem-

perature, column condition, and injection volume, and for the
above column/eluent/flow have been described6 as 7.8 and 15.8
min for C60 and C120O, respectively.) The eluent solution was
straw-coloured, and removal of the toluene produced a brown
film, which was much less soluble in toluene than either C60 or
its oxides, further indicating it to be a dimeric species.
Examination of twelve commercial samples from various
suppliers, and also one of our own dating from 1990, showed
that this component is present in all of them, with varying
concentrations.

Although an EI mass spectrum of the component showed just
C60, a MALDI-TOF mass spectrum proved it to be C120O (m/z
1457), and this was confirmed by comparison of the IR
spectrum with that of an authentic sample.5 The common bands
are at 1632m, 1463m, 1456sh, 1429, 1384, 1307, 1218, 1183,
1166, 1101m, 1063, 1033m, 1016sh, 960, 849, 831, 807, 780,
765, 746, 711, 606, 589, 574, 551, 527 and 479 nm. The main
bands in our spectrum have also been reported very recently.7

It is thus ironic that although various groups have gone to
some trouble to prepare and isolate C120O,5,8,9 this was actually
unnecessary because it is readily available in the first place, and
we have been able to extract multimilligram quantities (which
crystallise from carbon disulfide as black needles) from
commercial C60 The literature preparation method consists of
converting C60 to C60O which was separated and purified, the
two reagents being then heated together for many hours, either
in the solid state, or under reflux in 1,2-dichlorobenzene, which
results in combination to give C120O.

C60O, which has been produced by oxidation of [60]fullerene
under a variety of conditions viz. using photosensitizers,10

chemically generated singlet oxygen,11 dimethyldioxirane,12

iodosobenzene/metal catalysts,13 methyltrioxorhenium–hydro-
gen peroxide,14 ozone,15 3-chloroperbenzoic acid,16 and elec-
trochemistry.17 It is widely assumed that C60 undergoes
oxidation to C60O on exposure to air, but we believe this has
never been demonstrated. We consider that this does indeed
happen, but given that the mono-oxide is strained and predicted
to be unstable relative to C120O,18 it is quickly captured by a
further C60 molecule in a [2 + 2] reaction (Scheme 1) to produce
C120O.

Fig. 1 HPLC of a 1 ml injection of a saturated toluene solution of C60,
showing C120O andthe absence of C70.

Scheme 1 Conjectured [2 + 2] cycloaddition mechanism for the formation
of C120O from C60 and C60O.
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The possibility that the observed C120O is formed during the
arc-discharge process may be discounted since it elutes after
[70]fullerene, yet samples in which it is present are entirely free
of the latter. Removal of [70]fullerene by chromatographic
purification would remove the later-eluting oxide as well.
Moreover, given the different separation regimes used by
different manufacturers (and none use alumina which was
employed to purify our original in-house sample) it would be
most surprising that no-one managed to remove any pre-
existing C120O. In order to provide further information on this
point and to confirm our belief that the oxide results from a solid
state reaction that occurs at ambient temperature, we exposed a
sample of solid HPLC-purified C60 to air and daylight for 40 h.
Fig. 2(a) and (b) show consecutive HPLC traces for saturated
solutions of the solid before and after this exposure. The
presence of the C120O peak in the exposed material is apparent,
as is the increased intensity of the C60O peak. (The trace of the
latter in the purified material arises during the handling and
concentration of the HPLC eluent.)

Atmospheric oxidation of [60]fullerene beyond the mon-
oxide stage is likely, giving e.g. C60O2 with capture by a further
[60]fullerene to give C120O2. Indeed we find evidence of
C120O2 in some of the samples, with a peak of retention time
under our conditions of 16.9 min, identical to that of an
authentic6 sample. The concentration is however lower than that
of C120O despite its formation being energetically more
favourable.18 We believe this is because C60O, the C60O2
precursor, is rapidly converted to C120O before further oxida-
tion can occur.

We suggest that C120O may add on further oxygens or C60O
molecules (probably remote from the initial addition site,
because of steric considerations) to give ultimately a polymer,
which is very likely the insoluble oxygen-containing material
that we have isolated from various fullerene samples.3,4 In this
connection we find that after a film of HPLC purified C60 had
stood in daylight during four days, most (ca. 70%) would not
redissolve readily in toluene (and some not at all). HPLC of the
slightly soluble material showed the presence of four compo-
nents with retention times either similar to, or considerably
longer than, the dimeric species described above. This suggests
that a mixture of oxygenated dimers and trimers is produced by
the more aggressive oxidation, and we hope subsequently to
examine these further.

Because the absorption coefficient of C120O is not known
(and difficult to measure with any accuracy due to the extremely

low solubility in hexane) the percentage present in the examined
samples (which varies by a factor of ca. 5) is uncertain, but we
visually estimate the maximum levels to be around 1%.

These results have consequences. First, they make it difficult
to account for the reports19 that C60 has been found to occur
naturally. Secondly, the purity levels quoted by suppliers refer
to the as-produced material, and are not characteristic of the
condition at the time it is used. Thirdly, they make it essential to
study the stability of products towards oxidation, if uses are to
be found for fullerenes. We know from our own studies that
some fullerene derivatives, such as phenylated fullerenes
rapidly acquire oxygen on standing,20 and this may be true for
many other derivatives, whilst by contrast, some addends may
actually inhibit oxidation. Resolution of this problem must
feature amongst the goals of fullerene chemists.

We thank David Box of Dynamic Enterprises Ltd, UK, for
providing fullerene samples of different origins.
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Fig. 2 HPLC traces of saturated toluene solutions (50 ml each) of a C60

sample: (a, left) HPLC purified; (b, right) the same material after exposure
of the solid to daylight for 40 h.
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Continuous mesoporous silica thin films with three-dimen-
sional (3-D) accessible pore structures (Pm3n, P63/mmc
space groups) have been prepared by a dip-coating technique
using cationic surfactants as the structure-directing agents
in nonaqueous media under acidic conditions.

The integration of hydrogen bonding interaction at the organic/
inorganic interface with organic/inorganic domain assembly
and the use of sol–gel and emulsion chemistry in acidic
media1–4 has proven to be a general route for the easy
processing of ordered mesoporous materials into desired
morphologies.5–11 Mesoporous silica thin films with highly
ordered mesostructures have numerous potential applications in
catalysis, sensors, separation, and opto-electric devices.4–11 We
have recently described how surfactant and non-aqueous
cosolvents can be used to define mesophase structure,2–4 and to
grow 3-D hexagonal mesostructured silica films at solid–liquid
and liquid–vapor interface7 following the film growth proce-
dures described by Yang et al.5 and Aksay et al.6 for 2-D
hexagonal mesostructured silica thin films that have 1-D
channel structures with the pore channels oriented parallel to the
substrate surface. More recently, the formation of continuous
supported cubic and 2-D hexagonal mesoporous silica thin films
by sol–gel dip-coating using the above acid synthesis proce-
dure1–3 with addition of ethanol has been reported by Brinker
and coworkers;11 fine tuning of the conditions for film
formation yields high quality, pinhole-free films with the
desired thickness.11

Here we report the formation by dip-coating11 of continuous,
stable mesoporous silica thin films with 3-D accessible pore
structures using cationic surfactants. Large-head-group cationic
surfactants such as C16H33N(C2H5)3Br (CTEABr) or gemini
surfactants such as C18H37N(CH3)2(CH2)3N(CH3)3Br2 (C18-3-1)
can be used as the structure-directing agent. The thin films
exhibit highly ordered mesostructures, which can be 3-D cubic
(Pm3n space group) and 3-D hexagonal (P63/mmc) structures
with high BET surface areas (up to 1500 m2 g21) and varying
pore sizes (18–25 Å).

The mesoporous silica films were deposited by dip-coating
on polished (100)-silicon wafers or glass sheets. The coating
solutions were typically prepared by the addition of 0.78 g
CTEABr cationic surfactant dissolved in 10 g ethanol (EtOH) to
polymeric silica sols made by an acid-catalyzed process with
stirring for 1 h at room temperature. The polymeric silica sols
were prepared by heating a mixture of 2.08 g tetraethylorthoxy-
silicane (TEOS), 5.5 g EtOH, 0.5 g water and 0.4 g (0.1 M) HCl
at 70 °C for 1 h. To complete the polymerization of the silicate
species and to further improve the thermal stability of the film,
the as-deposited film was heated at 80 °C in de-ionized water
overnight. After drying, the film supported on the silicon wafer
was calcined in air at 500 °C for 4 h to remove the organic
template.

Generally, supported silica films prepared using cationic
surfactants, such as CTEABr, gemini C18-3-1, and
C16H33N(CH3)3Br (CTAB), in nonaqueous solutions under
acidic conditions are transparent and continuous (see Fig. 1a).
The thickness of the film is uniform, and can be varied from 300

nm to several hundred micrometers by changing the coating
solution concentration or the coating time.

Fig. 2 shows XRD patterns of as-deposited and calcined
supported silica films prepared using cationic surfactants as the
structure-directing agent. As-deposited film with CTEABr
shows seven well-resolved diffractions peaks in the 2q range
1–6° (Fig. 2a), suggesting that the as-deposited film has a highly
ordered cubic (Pm3n) mesostructure with a = 84.4 Å. The
XRD pattern remains the same as the film is rotated by 180°,
suggesting that the film has an isotropic cubic mesostructure.

After calcination, the XRD pattern (Fig. 2b) of the cubic film
shows that the cubic mesostructure is preserved with ≈ 3%
shrinkage (a = 81.7 Å). An additional two peaks indexed as
(400), (332) are apparent, possibly due to different shrinkage
along the 3-D directions. SEM and photomicroscopy images
show that the calcined films with thicknesses < 1 mm are not
cracked. TEM images recorded along the [100], [210] and [111]
orientations of calcined mesoporous silica films prepared using
CTEABr surfactant (Fig. 2b–d) show well-ordered 3-D cubic
arrays of mesopores and confirm that the silica film has a highly
ordered 3-D cubic (Pm3n) mesostructure after calcination.

N2 adsorption–desorption isotherms of calcined silica films
show type IV curves without the hysteresis loop, a pore size of
20 Å, a pore volume of 0.54 cm3 g21, and a BET surface area of
1200 m2 g21 (Table 1).

Fig. 1 a, SEM image of as-deposited 3-D cubic mesoporous silica film
prepared using CTEABr surfactant. b–d, TEM images of calcined cubic
mesoporous silica film with orientations: b, [100] plane; c, [210] plane; and
d, [111] plane.
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3-D cubic mesoporous silica thin films can be grown on the
substrate over a range of reaction compositions: the ratios can
be 1 TEOS : 0.12–0.37 CTEABr : 4.4–8.9 H2O : 0.0004–0.004
HCl : 10–60 EtOH at room temperature. Unlike aqueous media
synthesis [in which CTEABr only favors forming cubic (Pm3n)
silica mesostructures under strongly acidic conditions1], in
nonaqueous solution, higher concentrations of HCl result in the
formation of 2-D hexagonal (p6mm) silica films confirmed by
XRD patterns (Fig. 2c,d) and TEM images. N2 adsorption
measurements show the calcined film to have a pore size of
18 Å, a pore volume of 0.92 cm3 g21, and a BET surface area of
1080 m2 g21 (Table 1).

The 3-D hexagonal mesostructured silica film formed using
C18-3-1 over a range of compositions (1 TEOS : 0.13–0.27
C18-3-1 : 4.4–11 H2O : 0.0002–0.002 HCl : 10–60 EtOH) at room
temperature shows two strong diffraction peaks with d-spacings
of 46.2 and 43.2 Å, and three weak peaks with d-spacings of
30.7, 24.4, 22.5 Å (Fig. 2e). The XRD pattern can be indexed in
the 3-D hexagonal space group P63/mmc with a = 53.3, c =
86.3 Å. After calcination, the XRD pattern (Fig. 2f) shows four
peaks in the 2q range 1–8°, which can be indexed as (002),
(101), (112) and (300). TEM measurements further confirm that
the silica film prepared using C18-3-1 has a highly ordered 3-D
hexagonal mesostructure. N2 adsorption–desorption isotherms
show that the calcined films exhibit type IV curves without the
hysteresis loop, a narrow pore size distribution at a mean value
of 24 Å, and a BET surface area of 1500 m2 g21 (Table 1).

While in aqueous synthesis, C18-3-1 surfactant favors forma-
tion of only 3-D hexagonal SBA-2,3 in nonaqueous media lower
concentrations of C18-3-1 surfactant and higher concentrations of
HCl yield a hexagonal (p6mm) oriented silica film with pore
channels parallel to the substrate plane. On the other hand,

oriented 2-D hexagonal silica films (Table 1) can also be formed
through the use of CTAB as the structure-directing agent over a
wide range of compositions (1 TEOS : 0.05–0.42 CTAB : 0.8–2
H2O : 0.0004–0.04 HCl : 10–100 EtOH). The 2-D hexagonal
mesostructure is preserved upon changing the concentration of
CTAB surfactant and HCl, but the d(100) spacing decreases
linearly from 40.8 to 34.5 Å with increase of the concentration
of CTAB and HCl. Based on N2 adsorption measurements, the
pore sizes (19–24 Å) of the silica film are also variable with
concentration of CTAB and HCl (Table 1). These results
suggest that the formation of the silica film occurs with an
S+X2I+ self-assembly pathway1 and that CTEABr surfactants
have large head group and favor the formation of the 3-D cubic
(Pm3n) mesophase.3 Higher HCl concentration results in
stronger interaction between inorganic and organic species and
favors the formation of the 2-D hexagonal mesophase.
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Table 1 Physicochemical properties of mesoporous silica thin films reported in this paper. In each pair with the same surfactant, the second entry was prepared
with a high concentration of HCl or a low concentration of surfactant

Surfactant Phase
Unit cell
parameter/Å Pore sizea/Å

BET Surface
area/m2 g21

Pore
volume/cm3 g21

C16H33N(C2H5)3Br cubic (Pm3n) a = 81.7 20 1200 0.54
C16H33N(C2H5)3Br hexagonal (p6mm) a = 40.8 18 1080 0.92
C18H37N(CH3)2(CH2)3N(CH3)3Br2 hexagonal (P63/mmc) a = 44.7 24 1500 0.86

c = 74.0
C18H37N(CH3)2(CH2)3N(CH3)3Br2 hexagonal (p6mm) a = 44.0 25 1160 0.81
C16H33N(CH3)3Br hexagonal (p6mm) a = 43.9 24 740 0.67
C16H33N(CH3)3Br hexagonal (p6mm) a = 38.2 19 1490 0.76
a After calcination at 500 °C in air, the pore sizes were calculated by using BJH analysis from the adsorption branch of the isotherms.

Fig. 2 XRD patterns of a, as-deposited and b, calcined 3-D cubic (Pm3n)
mesoporous silica thin film prepared using CTEABr surfactant; c, as-
deposited and d, calcined 2-D hexagonal mesoporous silica thin film
prepared using CTEABr surfactant; e, as-deposited and f, calcined 3-D
hexagonal mesoporous silica film prepared using gemini C18-3-1 surfac-
tant.
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Dendritic hydrogen bonding receptors: enantiomerically pure dendroclefts for
the selective recognition of monosaccharides
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Enantiomerically pure dendritic cleft receptors (dendro-
clefts) with a 9,9A-spirobi[9H-fluorene] core are prepared for
the recognition of glucopyranosides by H-bonding in CDCl3;
the enantio- and diastereo-selectivities in the complexation
processes are modulated by the presence of the dendritic
shell.

The development of functional dendrimers is of great current
interest.1 In particular, the dendritic shell can alter the properties
of a functional core.2 Hydrogen-bonding dendritic hosts have
been reported, but the branching does not appear to play an
active role in modulating guest recognition.3 In addition chiral
recognition inside a dendrimer is as yet unknown, but possesses
great scientific and technological potential.4 Here we report
enantiomerically pure dendritic cleft-type receptors (den-
droclefts) of first [(2)-G1] and second [(2)-G2] generation for
the chiral recognition of monosaccharide guests via H-
bonding.

Dendrocleft (2)-G2 was targeted by the attachment of
flexible branches to a rigid, optically pure 9,9A-spirobi[9H-
fluorene] initiator core bearing 2,6-di(carboxamido)pyridine
moieties in the 2,2A-positions.5 The resulting dendrimer pos-
sesses a buried H-bonding cleft suitable for complexing
carbohydrate guests.5,6 Its periphery is functionalised with
neutral polyether groups, which provide excellent solubility in
a wide range of solvents, including H2O.

For the synthesis of (2)-G1 and (2)-G2 by the convergent
approach,7 the optically active core (2)-3 was prepared from
dicarboxylic acid (2)-(R)-15,8 via (2)-2 and (2)-G0 (Scheme

1). Attachment of the new dendritic branches 4 or 59 to (2)-3
provided the optically pure dendroclefts (2)-G1 and (2)-G2,
respectively, which were isolated in good yield by preparative
gel permeation chromatography {GPC; Biobeads SX-1, CH2Cl2
[(2)-G1] and THF [(2)-G2]}.

Molecular recognition studies were performed by 1H NMR
titrations in dry CDCl3 at 298 K using 1-O-octyl glucopyrano-
sides (6–8) as guests.† Association constants Ka (M21) and
binding free enthalpies DG° (kJ mol21) for the formed 1:1
complexes are summarized in Table 1. The following conclu-
sions can be drawn.

(i) The complexes formed by the dendroclefts (2)-G1 and
(2)-G2, and core (2)-G0 are of similar strength (Ka between
100 and 600 M21). Hydrogen bonds between the O-atoms of the
sugars and the NH groups of the receptors represent major host–
guest interactions in all complexes as evidenced by the large
complexation-induced downfield shifts (up to 1.2 ppm at
saturation binding) of the NH resonances in the di(carbox-
amido)pyridine moieties. Apparently, the bulky dendritic shell
in (2)-G1 and (2)-G2 does not prevent the sugar molecules
from penetrating the receptor and interacting with the core H-
bonding sites. It is actually quite remarkable that the binding by
(2)-G1 and (2)-G2 is not weakened by the dendritic shell,
which contains a relatively high density of potentially com-
petitive donor oxygen atoms.

(ii) The degree of enantioselectivity in the complexation of
the enantiomeric a-glucosides 6 and 7 is reduced upon
attachment of the dendritic shells. The difference in stability
between diastereoisomeric complexes DDG° decreases from
3.6 kJ mol21 [(2)-G0], to 0.8 kJ mol21 [(2)-G1], and to 0.5 kJ
mol21 [(2)-G2].

(iii) On the other hand, the diastereoselectivities of com-
plexation are remarkably enhanced by the presence of the
dendritic branches. Thus, the difference in stability between the
complexes of the diastereoisomeric guests 7 and 8 increases
from 0.7 kJ mol21 [(2)-G0], to 1.4 kJ mol21 [(2)-G1], and to
2.3 kJ mol21 [(2)-G2].

These results indicate that the dendritic shell is controlling
the selectivity of complexation at the core, an unprecedented
result. There are two plausible reasons for this dendritic
modulation of binding selectivity which are currently under
investigation. Firstly, the steric demands of the dendritic
branching may disfavour certain complexes. Secondly, the
oxygen donor atoms in the dendritic shell could participate in
the formation of a hydrogen bonding network with the guest,
changing the binding selectivity.‡

The use of such dendroclefts as chiroptical sensors11 is
currently under active investigation. Profound changes in the
circular dichroism (CD) spectra are observed on addition of the
glucopyranoside guests, the response being selective for
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different sugars and different for (2)-G0 and (2)-G2. In
addition, the dendritic receptor is readily recycled owing to the
very large size difference between host and guest. Gel
permeation filtration through a plug of Sephadex gel LH-20
with MeOH as eluent provides quantitative recovery of pure
(2)-G2 from host–guest solutions.

Efforts are now in progress to synthesise dendritic receptors
with even more deeply embedded optically active cores. This
general approach to dendritic molecular recognition has great
potential, both for modelling the buried active sites of sugar
binding proteins12 and for the development of tunable, recycla-
ble receptors and sensors for various analytes.

Support from the ETH Research Council and the Royal
Society (E.S.E.P. fellowship to D. K. S) is gratefully ac-
knowledged.

Notes and references
† 1H NMR titrations (300 MHz) were performed at [dendrocleft] = 0.5 mM

and [sugar] = 1.25–12.5 mM in CDCl3 de-acidified with K2CO3 and dried
over 4 Å molecular sieves. The complexation-induced downfield shifts (up
to 1.2 ppm at saturation binding) of the resonances of the NH-protons in the
dendroclefts were evaluated by nonlinear least-squares curve fitting. Job
plot analyses were in agreement with the exclusive formation of 1:1 host–
guest complexes. All titrations were repeated with good reproducibility, and
the uncertainty in Ka is estimated as ±10%.
‡ The oxygen atoms in the dendritic shell may control the strength and
selectivity of binding, as polar additives are well-known to modify sugar

recognition in CDCl3 (ref. 10). The core receptor (2)-G0 was investigated
in CDCl3–THF (99:1) to test the effect of intermolecularly added ether (with
oxygen donor atoms) on complexation. The association constants for the
complexes with 7 and 8 were Ka = 320 and 390 M21, respectively. Thus, the
binding strength was reduced compared to pure CDCl3, as a result of
competitive solvation of host and guest by THF molecules. The diaster-
eoselectivity, however, remained low (DDG° = 0.5 kJ mol21), and it is
evident that addition of THF does not induce the same increase in
diastereoselectivity as that caused by the dendritic shell.

1 J. Issberner, R. Moors and F. Vögtle, Angew. Chem., Int. Ed. Engl.,
1994, 33, 2413.

2 D. K. Smith and F. Diederich, Chem. Eur. J., 1998, 4, 1353.
3 G. R. Newkome, B. D. Woosley, E. He, C. N. Moorefield, R. Güther,

G. R. Baker, G. H. Escamilla, J. Merrill and H. Luftmann, Chem.
Commun., 1996, 2737; S. C. Zimmerman, Y. Wang, P. Bharathi and
J. S. Moore, J. Am. Chem. Soc., 1998, 120, 2172.

4 H. W. I. Peerlings and E. W. Meijer, Chem. Eur. J., 1997, 3, 1563.
5 (a) V. Alcázar and F. Diederich, Angew. Chem., Int. Ed. Engl., 1992, 31,

1521; (b) J. Cuntze, L. Owens, V. Alcázar, P. Seiler and F. Diederich,
Helv. Chim. Acta, 1995, 78, 367.

6 (a) K. M. Bhattarai, R. P. Bonar-Law, A. P. Davis and B. A. Murray,
J. Chem. Soc., Chem. Commun., 1992, 752; (b) Y. Kikuchi, Y. Tanaka,
S. Sutarto, K. Kobayashi, H. Toi and Y. Aoyama, J. Am. Chem. Soc.,
1992, 114, 10 302; (c) M. Inouye, T. Miyake, M. Furusyo and H.
Nakazumi, J. Am. Chem. Soc., 1995, 117, 12 416; (d) For a dendrimer
which forms covalent boronic esters with monosaccharides in the
dendritic branches, see: T. D. James, H. Shinmori, M. Takeuchi and S.
Shinkai, Chem. Commun., 1996, 705.

7 C. Hawker and J. M. J. Fréchet, J. Chem. Soc., Chem. Commun., 1990,
1010.

8 The spirobifluorene cleft is R-configured in all compounds reported
here: P. Lustenberger, E. Martinborough, T. Mordasini Denti and F.
Diederich, J. Chem. Soc., Perkin Trans. 2, 1998, 747.

9 D. K. Smith, A. Zingg and F. Diederich, in Supramolecular Science:
Where it is and where it is going, ed. R. Ungaro, NATO ASI Series
Book, Kluwer, Dordrecht, in the press.

10 R. P. Bonar-Law and J. K. M. Sanders, J. Am. Chem. Soc., 1995, 117,
259; T. Mizutani, T. Kurahashi, T. Murakami, N. Matsumi and H.
Ogoshi, J. Am. Chem. Soc., 1997, 119, 8991.

11 T. D. James, K. R. A. S. Sandanayake and S. Shinkai, Angew. Chem.,
Int. Ed. Engl., 1996, 35, 1911.

12 F. A. Quiocho, Pure. Appl. Chem., 1989, 61, 1293.

Communication 8/06596I

Scheme 1 Synthesis of (2)-G1 and (2)-G2. Reagents and conditions: i, SOCl2; ii, 2,6-diaminopyridine, NEt3, THF, 85%; iii, N-Boc-glycine, O-
(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU), NEt3, THF, 81%; iv, TFA, CH2Cl2, 87%; v, NEt3, DMAP, THF,
40–80%.

Table 1 Association constants Ka and binding free enthalpies DG° for
complexes of dendrocleft with glucopyranosides in CDCl3 at 298 K

Host Guest Ka/M21 DG°/kJ mol21

(2)-G0 6 100 211.4
(2)-G0 7 425 215.0
(2)-G0 8 570 215.7
(2)-G1 6 160 212.6
(2)-G1 7 225 213.4
(2)-G1 8 390 214.8
(2)-G2 6 170 212.7
(2)-G2 7 205 213.2
(2)-G2 8 520 215.5
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The structure of monomeric s-trans-acrylic acid, trapped in
an inclusion complex with an hydroxy host, was elucidated
by X-ray analysis.

Studies of the molecular conformations and rotational isomer-
ism of organic compounds are of fundamental importance in
chemical research. There has been especial interest in the
conformations and rotamers of simple organic acids which can
be studied readily using spectroscopic methods. For example,
studies in the gas phase of the simplest organic acid, formic acid

1, show that the s-trans-1 rotamer is the predominant form. This
has been characterized by microwave studies,1–3 electron
diffraction,4–6 and IR spectroscopy.7,8 Structural studies of s-
trans-1 in low temperature matrices have also been accom-
plished.9–11 The other rotamer, s-cis-1, has also been detected
by microwave12,13 and IR spectroscopy.14 On the other hand in
both the liquid and vapor phases of acrylic acid 2, the cyclic
dimer s-trans-2···s-trans-2 is a major component existing in
equilibrium with monomeric 2.15 Microwave spectroscopic

studies have established that in the vapor phase at low pressures,
comparable amounts of s-cis-2 and s-trans-2 coexist with the
dimer.16,17 In the solid state, however, it was demonstrated that
2 exists as two different cyclic dimers, s-trans-2···s-trans-2 and
s-cis-2···s-cis-2 by IR spectroscopy.18 Finally, s-trans-2 and s-
cis-2 have been identified by IR spectroscopy in a matrix.19

Nevertheless, no rotational isomer of 1 or 2 has never been
isolated in the pure state. The challenge to isolate a rotational
isomer of 2 might be met by using inclusion crystallization with
a hydroxy host compound, since this method has been shown to
be useful in trapping an unstable rotamer.20 For example, a
nearly eclipsed rotamer of 1,2-dichloroethane (dihedral angle
Cl–C–C–Cl = 36°) has been isolated as a host–guest inclusion
compound.21 Finally, we succeeded in isolating s-trans-2 as an
inclusion crystal (4) with 2,2A-bis(hydroxydiphenylmethyl)-
1,1A-biphenyl 3 and studied its conformation by X-ray analy-
sis.

When a solution of 3 (1 g) in 2 (10 g) was kept at room
temperature for 1 h, the 2:1 inclusion compound 4 was obtained
as colorless needles [0.84 g, 80% yield, mp 130–150 °C
(decomp.); Calc. for C79H64O6: C, 85.53; H, 5.81. Found: C,
85.37; H, 5.82%]. The 2:1 molar ratio was determined by
elemental analysis and thermogravimetric measurement. X-ray
analysis of 4 showed that six molecules of 3 make a cubic cage
in which three molecules of 2 are accommodated by formation
of a circle (Fig. 1).† The three acrylic acid molecules
comprising the circle were found to be disordered over two sites
of equal occupancy. In both sites of disorder, three hydrogen
bonds between the OH hydrogen of 2 and the OH oxygen of 3
play an important role in constructing the inclusion lattice of 4.
Since the OH hydrogen of 3 does not participate in any
hydrogen bond formation, the nOH of 3 in 4 appeared at higher

Fig. 1 X-Ray analytical data for 4: (a) stereoview of 4 and (b) bond lengths
and dihedral angle for s-trans-2 in 4.
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frequency (3290 cm21) than in pure 3 itself (3230 cm21). The
hydrogen bonds are schematically shown in Fig. 2. It is very
clear that 2 exists here as a monomeric form rather than a
dimeric one, despite 2 existing as a dimer in the crystalline state
at 2115 °C.† The formation of the 2:1 inclusion complex in the
presence of disorder is analogous to that of 3 combining with
acetone molecules in a 2:1 ratio.22 In the latter case, however, 3
functions as a hydrogen donor and hydrogen bonds between the
OH of 3 and CNO of acetone molecule are formed.22

This is the first example of the isolation of the monomeric s-
trans form of 2, although the dihedral angle between the OH and
H2CNCH groups is a little large (46.5°), as shown in Fig. 1. The
CNO and C–OH bonds are also clearly distingishable (Fig. 1). In
the small cavity formed by six host molecules of 3, the dimer of
2 might be too large to be accommodated. The cavity in 4 might
also be too small to accommodate 2 in its s-cis form. When three
s-cis-2 molecules are accommodated to make a similar circle to
that of the s-trans form, the three vinyl groups are directed
inward causing serious steric repulsion, as shown in Fig. 2.
Methacrylic acid did not form an inclusion complex with 3
because even if it is included in its s-trans form, steric crowding
of the methyl groups is significant. These could be the
underlying reasons why the monomeric s-trans-2 molecule is
isolated.

It is impossible to elucidate the mechanism of the molecular
movement of 2 into the cavity, since X-ray analysis can
determine only an average situation of molecules, and not their
dynamic behavior. However, some speculation on this subject
would be worthwhile. For example, the two circles, each
consisting of three s-trans-2 molecules (Fig. 1), are inter-
convertible by either a shift down or up accompanied by a 60°
rotation in the plane of the circle. Since an X-ray analysis of 4
at 2100 °C gave almost the same result as that obtained at room
temperature, such molecular movement would occur quite
easily. DSC trace of 4 showed two endotherm peaks at 126 and

255 °C, which correspond to release of the guest and the melting
point of the host, respectively. Solid-state 13C CP MAS NMR
spectroscopy of 4 showed a broad CNO signal for 2 at d 169.23

On the other hand, the 13C NMR spectrum of 4 in CDCl3
showed a sharp CNO signal at d 170.

It was also found that 2 shows anomalous nOH absorptions in
the IR spectrum of 4. The CNO stretching absorptions are split
into three weak bands at 1726, 1699 and 1687 cm21. Each of
these peaks is comparable in strength to those of the nCHNCH2
absorptions of 2 at 1632 cm21 and of the benzene ring of 3 at
1597 cm21. This is an unusual phenomenon since acetone in its
inclusion complex with 3 showed a normal strong nCNO
absorption at 1710 cm21. In order to know whether this
anomalous nCNO absorption appears only in this case or not,
some other inclusion compounds with 3 were prepared and their
IR spectra studied.

The host 3 formed inclusion compounds with propanoic acid
and ethyl acetate in 2:1 ratios. In these inclusion compounds,
propanoic acid (1740, 1735, 1818, 1707, 1700 and 1685 cm21)
and ethyl acetate (1704 and 1686 cm21) showed similar
anomalous nCNO absorptions as indicated. In both cases, the
nCNO absorptions are split into very weak bands, and the
splitting is especially complicated in the case of propanoic acid.
Nevertheless, 1:1 inclusion compounds of ethyl acrylate and
ethyl propanoate with 3 showed normal strong nCNO bands at
1698 and 1712 cm21, respectively. These anomalies might not
depend on the host:guest molar ratio, since the 2:1 inclusion
compound of 3 with acetone also shows normal nCNO
absorption.24 As far as we are aware, such anomalous behavior
has not been previously observed. Although the reason for this
anomalous behavior is not clear, it is an interesting subject in
solid state chemistry20 and inclusion chemistry, and should be
clarified in the future.

Notes and references
† Crystal data for 4: C79H64O6, colorless hexagonal crystals space group
R3, a = 35.27(3), b = 35.27(3), c = 12.454(9) Å, V = 13416(2) Å3, Z =
18. Data collection at T = 156 K on a Picker (Crystal Logic) with Mo-Ka
radiation, 2q range = 2.4–55.0°, R = 0.069, and Rw = 0.082. CCDC
182/1007.
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Fig. 2 Schematic drawing: (a) a circle of three s-trans-2 molecules in 4 and
(b) a circle of three s-cis-2 molecules, both involving disorder.
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Antimony as a symmetrically bridged ligand in a novel neutral complex
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[LWNSbNWL] 7 (L = N(CH2CH2N(Np))3; Np = CH2CMe3)
is prepared by treatment of [LWCl] 5 with LiSb(SiMe3)2-
(dme)n; the ethylene complex [LWCl(C2H4)] 6 is a side
product in the synthesis of 5; all complexes are structurally
characterised.

Complexes of the general formula [LnM·E] (E = P, As) with
terminal ligands represent a new class of compounds.1 With the
synthesis and structural characterisation of the phosphido
complexes [(ArARN)3Mo·P] (ArA = 3,5-C6H3Me2, R =
C(CD3)2CH3) 12 and [N(CH2CH2NSiMe3)3M·E] [M = W
(2a), Mo (2b)]3 the speculation about the existence of stable
compounds of this class was brought to an end. We have shown
that one possibility to synthesise the phosphido complex 2a is
starting from Li[P(SiMe3)2] according to eqn. (1).4 Using

Li[As(SiMe3)2] in reaction (1), we were also able to synthesise
and structurally characterise the arsenido derivative 3.4 This
raised the possibility of generating complexes with terminal
antimonido and bismuthido ligands. The salts Li[E(SiMe3)2] (E
= P, As, Sb, Bi) have been known for a long time for all
pnictogen elements,5 therefore this seems to be a viable route to
compounds containing terminal Sb and Bi ligands.

We have found, however, that irrespective of reaction
conditions, the conversion between [{N(CH2CH2NSi-
Me3)3}WCl] 4 and Li[Sb(SiMe3)2(dme)n] did not proceed. The
steric demand of the SiMe3 groups in complex 4 obviously
inhibits the substitution of the Cl atom by the Sb moiety. The
use of a sterically less bulky tris(2-amidoethyl)amine ligand
should however enable W–Sb bond formation. Herein we report
the synthesis and characterisation of
[{N(CH2CH2N(Np))3}WCl] 5 (Np = CH2C(CH3)3) and the
reactivity of 5 with Li[Sb(SiMe3)2(dme)n].

The reaction of WCl4(dme) with Li3[N(CH2CH2N(Np))3]
leads to the brown compound [{N(CH2CH2N(Np))3}WCl] 5. A
small quantity of the green ethylene complex
[{N(CH2CH2N(Np))2CH2CH2NH(Np)}WCl(h2-C2H4)] 6 was
also isolated.6 While complex 5 dissolves well in toluene and is
moderately soluble in pentane, compound 6 undergoes decom-
position even in solvents of low polarity, resulting in the
formation of an insoluble solid which could not be charac-
terised. In the mass spectra of 5 and 6 the peaks for the
molecular ions are observed. The 1H NMR spectrum of 5
reveals broad signals at high and low field for the paramagnetic
d2-tungsten complex.†

The source of the ethylene in 6 is uncertain. It is possibly a
result of a fragmentation of the tren ligand itself. Schrock and
co-workers observed C–N bond cleavage of the ligand frame-
work of a tren complex of tantalum, yielding a N-allyl unit.7
Moreover, the low yields generally observed in the reactions of

chlorotungsten(IV) complexes with tren ligands indicate various
side reactions during the synthesis.8

In the structure of the trigonal bipyramidal tungsten complex
5 the W–Cl and the W–Nax distances [2.389(2) and 2.179(5) Å]
are only slightly shorter than the equivalent distances [2.399(2)
and 2.182(6) Å] in the isostructural Me3Si substituted complex
4.‡ In 6 (Fig. 1) the W atom exhibits a distorted octahedral
coordination geometry.‡ This is one of the few examples where
the tetradentate ligand tris(2-amidoethyl)amine does not bind in
C3-symmetrical fashion to a transition metal.9 This is due to the
formation of only two W–N bonds [W–N3 1.964(3), W–N4
2.002(3) Å], whereas N(2) and N(1) coordinate merely with
their lone-pair to the tungsten centre [W–N1 2.254(3), W–N2
2.399(3) Å]. The ethylene experiences strong back donation
from the d2 W atom, which is evident from the elongated C–C
bond [1.416(6) Å] and short W–C distances of 2.170(4) and
2.175(3) Å. The complex [W2(ONp)6(h2-C2H4)2], in which a
bridging ethylene ligand forms a W2C2 tetrahedron with the W
atoms, shows comparable bond lengths [W–C 2.14(2), C–C
1.45(2) Å].10

The reaction of 5 with [LiSb(SiMe3)2(dme)n] for 48 h at 110
°C in the dark leads to Sb–W bond formation as shown in eqn.
(2). Instead of a terminal antimonido complex, the symmet-
rically Sb-bridged complex 7 is formed, which is the first
neutral Sb-containing example for this class of compounds.
Cationic complexes with m-E1 ligands for the heavy group 15
elements were described by Huttner and co-workers.11 Numer-
ous compounds of the form [LnMNENMLn] are known, which
contain a symmetrical nitrogen bridge, but not for pnictogens
heavier than phosphorus.12 Stephan and co-workers succeeded
in the synthesis of the complex [{Cp2Zr}2(m-P)].13 Cummins
and co-workers isolated [{(RARN)3Mo}2(m-P)] (R = Ph; RA =
t-Bu) at 235 °C as a labile intermediate in the transfer reaction
of a terminal P1 ligand from the phosphido complex 1 to the d3

complex [(RARN)3Mo] (RA = C6H5, R = t-Bu).14 It could not be
established whether 7 is the result of such an irreversible

Fig. 1 Molecular structure of 6 (ellipsoids drawn at 30% probability level).
Selected bond lengths [Å] and angles [°]: W–Cl 2.5116(12), W–N(1)
2.254(3), W–N(2) 2.399(3), W–N(3) 1.964(3), W–N(4) 2.002(3), C(1)–
C(2) 1.416(6), W–C(1) 2.175(3), W–C(2) 2.1704(4), C(1)–W–C(2) 38.0(2),
N(1)–W–Cl 94.00(9), N(1)–W–C(1) 165.64(14), N(1)–W–C(2) 156.8 (13),
N(1)–W–N(2) 74.28(11), N(1)–W–N(3) 79.69(12), N(1)–W–N(4)
80.41(12), Cl–W–N(2) 74.57(8), Cl–W–N(4) 92.26(10), N(2)–W–N(3)
87.71(12), N(3)–W–N(4) 102.90(14).
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transfer reaction, or after an Sb–W bond formation an
intermolecular Me3SiCl elimination is followed. The M–E–M
system of such neutral complexes possesses a (1pu)4(1pg)3

electron configuration with one unpaired electron. Therefore 7
is a mixed valent W(IV)/W(V) species.

The molecular structure of 7 (Fig. 2) reveals two W-tren units
bonded to one Sb atom in a staggered configuration.‡ To the
best of our knowledge the Sb–W distance of 2.5738(8) Å is the
shortest Sb–W bond distance known. The W–Neq bond lengths
are consistent with those found in 2 and 3. The axial W–N(1)
bond in 7 is 0.1 Å shorter than the equivalent distance in
compounds containing a W·E triple bond (E = P,3 As4).

The equilibrium structure of 7 was calculated using the B-
P86/SVP approximation.15 The equal W–Sb bond distances of
the paramagnetic compound 7 with respect to an almost linear
W–Sb–W framework of 179.6° are 2.612 Å. The experimental
distance of the exact linear system in 7 with a centre of inversion
at the Sb atom is found to be approximately 0.04 Å shorter.
According to the calculations, the corresponding Np-substituted
complex with a terminal antimonido ligand possesses a W–Sb
bond length of 2.514 Å, an anionic form of complex 7 reveals a
W–Sb distance of 2.609 Å.

The results show that a reduction of the steric demand of the
R group on the tren ligand leads to novel neutral Sb-bridged
complexes. Current work is directed towards the synthesis of
such complexes of the other pnictides and towards an
optimisation of the size of the substituent R on the tren ligand in
order to generate complexes with terminal Sb and Bi ligands.

The authors thank the Deutsche Forschungsgemeinschaft and
the Fonds der Chemischen Industrie for financial support.

Notes and references
† Spectroscopic data: 5: 1H NMR (C6D6) d 9.36 (s, CH3), 226.1 (b, CH2),
256.4 (b, CH2); FI-MS (70 eV, 120 °C) m/z (%): 573 (100) [M+]; 6: FI-MS

(10 kV, 120 °C) m/z (%): 603 (100) [M+], C,H,N, Calc. for C23H50ClN4W:
C 45.89; H 8.37; N 9.31; found: C 45.69; H 8.38; N 9.13; 7: meff (Evan’s
method, C6D8, 300 K) = 2.07 mB; EI-MS (70 eV, 180 °C): 1197 (8) [M+],
660 (91) [WSbN4C21H45

+], 603 (100) [WSbN4C18H39
+].

‡ Crystal structure analyses of 5–7 were performed on a STOE STADI IV
(w-scan mode) diffractometer with Mo-Ka radiation (l = 0.71073 Å) with
empirical absorption corrections (Psi-scans). The structures were solved by
direct methods using SHELXS-86,16a full-matrix-least-squares refinement
on F2 in SHELXL-9316b with anisotropic displacement for non-H atoms.
Hydrogen atoms were located in idealized positions and refined iso-
tropically according to the riding model. Crystal structure analysis: 5:
C21H45ClN4W, M = 572.91, monoclinic, space group P21/c; a =
13.203(3), b = 11.450(2), c = 17.000(3) Å, b = 91.74(3)°, T = 200(2) K,
Z = 4, U = 2568.8(9) Å3, Dc = 1.481 Mg m23, m(Mo-Ka) = 46.13 cm21,
F(000) = 1160. A total of 5441 reflections with 3.08 @ 2q @ 55.02° were
collected, of which 5404 were independent and 4048 reflections with I !
2s(I). Final residuals are R1 = 0.0370 and wR2 = 0.1024 and GOF = 1.129
for 253 variables. Residual electron density was found to be between 1.072
and 20.728 e Å23. 6: C23H50ClN4W, M = 601.97, monoclinic, space group
P21/n; a = 11.185(2), b = 17.142(3), c = 14.216(3) Å, b = 95.13(3)°, T
= 203(2) K, Z = 4, U = 2714.8(9) Å3, Dc = 1.473 Mg m23, m(Mo-Ka)
= 43.69 cm21, F(000) = 1228. A total of 4171 reflections with 3.74 @ 2q
@ 50.04° were collected, of which 4171 were independent and 3835
reflections with I ! 2s(I). Final residuals are R1 = 0.0240 and wR2 =
0.0665 and GOF = 1.045 for 271 variables. Residual electron density was
found to be between 1.735 and 21.880 e Å23. 7: C42H90N8SbW2, M =
1196.67, trigonal, space group R3̄; (no. 148), a = b = 16.409(3), c =
15.669(3) Å, T = 200(2) K, Z = 3, U = 3653.7(12) Å3, Dc = 1.632 Mg
m23, m(Mo-Ka) = 52.97 cm21, F(000) = 1791. A total of 1840 reflections
with 3.86 @ 2q @ 54.96° were collected, of which 1840 were independent
and 1555 reflections with I! 2s(I). Final residuals of R1 = 0.0470 and wR2

= 0.1288 and GOF = 1.112 for 83 variables. Residual electron density was
found to be between 1.634 and 22.153 e Å23. CCDC 182/1058.
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Fig. 2 Molecular structure of 7 (ellipsoids drawn at 30% probability level).
Selected bond lengths [Å] and angles [°]: W–Sb 2.5738(8), W–N(1)
2.243(14), W–N(2) 2.000(7), W–Sb–W 180.0, Sb–W–N(1) 180.0, Sb–W–
N(2) 101.0(2), N(1)–W–N(2) 79.0(2), N(2)–W–N(2) 116.4(1).
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Large-ring sigmatropic migrations do not necessarily follow
the ‘least motion principle’ and can only be rationalized by a
combination of experimental and computational tech-
niques.

Despite the formulation of the Woodward–Hoffmann rules
nearly 30 years ago,1 the selectivities in sigmatropic migrations
in conjugated carbocycles are not easily predictable. The
difficulties in rationalizing a particular shift mechanism arise
from the neglect of, for instance, orbital coefficients and the
‘least motion principle’ (LMP), when the Woodward–Hoff-
mann rules are applied. The possible importance of the LMP is
emphasized by the large number of studies on cyclopentadie-
nyl2 and indenyl3 derivatives, where mostly [1,5]- and very few
[1,3]-sigmatropic migrations are observed. Since [1,5]- and
[1,2]-shifts in cyclopentadienyl systems are formally equal, the
LMP cannot be probed.4 To the best of our knowledge, the
[1,5]-Sn shifts in triphenyl-5 and trimethyl-(cycloheptatrie-
nyl)tin6a are the only examples violating the LMP.

Our recent studies on cycloheptatrienyl(dialkyl)boron deriva-
tives6 showed that both orbital and distance factors govern the
selectivities of sigmatropic migrations. For instance, in the
tricarbonyliron complex of cycloheptatrienyl(dipropyl)borane 1
both [1,3]- and [1,7]-B shifts are observed, whereas [1,5]-B
shifts were not detected.6a This is in accord with orbital control
because dialkylboryl groups migrate with inversion of config-
uration utilizing the unoccupied boron 2p atomic orbital (AO).6b

On the other hand, the [1,7]-B shift is considerably faster than
the [1,3]-B shift in 1;6a the [1,7]-B migration is substantially
energetically favored in uncomplexed 2.6b Hence, as for the
cyclopentadienyl system, the LMP seems to be effective, but
could not be differentiated from other effects. We therefore
present here a combined experimental and computational study
on cyclononatetraenyl(dipropyl)borane 3, which clearly dis-
plays a fast [1,3]-B shift.7

The experimental [1,3]-B shift barrier in 3 is rather low; the
1H NMR data indicate dynamic processes even at 2100 °C.7
Our density functional theory (DFT) computations† show that
the endo-conformer of 3 (the propyl groups were replaced by
methyl groups to speed up the computations) is favored by only
0.3 kcal mol21 over the exo-conformer due to overlap between
the empty boron 2p AO and the p-system of the ring. While the
degenerate [1,3] dipropylboryl migration in 3-all-cis-endo
could be confirmed computationally, we were unable to localize

a [1,3]-B TS for 3-all-cis-exo, despite extensive searches.
Instead, we found that 3-all-cis-exo undergoes a [1,2]-B shift to
3a-mono-trans-exo (Scheme 1 and Fig. 1). However, 3-mono-
trans is thermodynamically unfavorable by 6.5 kcal mol21 and
the [1,2]-B shift is accompanied by a rather high activation
barrier (17.3 kcal mol21; all energies relative to 3-all-cis-exo).
Hence, the observed temperature dependence of the NMR
spectra and the results of EXSY experiments may be explained
by degenerate [1,3]-B shifts in 3-all-cis-endo only.

Although it was impossible to observe the completely
averaged 13C NMR spectrum due to the thermal instability of 3,
the spectrum is well resolved at low temperatures (Fig. 2). The
pronounced lineshape–temperature dependence in the tem-
perature interval 173–233 K allowed the [1,3]-B shift activation
parameters in 3-all-cis-endo to be determined. Lineshape
calculations8 gave: Ea = 6.2 ± 0.5 kcal mol21, D195 KG≠ = 8.8
± 0.1 kcal mol21; the computed Ea for 3 is 6.6 kcal mol21.

As we pointed out earlier,6b the dialkylboron moiety is
partially positively charged; hence, one has to consider the two
degenerate LUMOs (schematically depicted in Fig. 3) to
determine which migrations are favorable based on orbital
phases and coefficients. Inversion of configuration is observed
for boryl group migrations (i.e. a p-orbital perpendicular to the
plane of the p-system connects the migrating termini). Based on
orbital phases only [1,3], [1,5] and [1,9] shifts are symmetry
allowed with inversion of configuration in the cyclononate-
traenyl system. LUMO 1 indistinguishably only allows for [1,3]
and [1,9] shifts, while LUMO 2 permits all three. However,
[1,5] migrations are highly unfavorable due to small orbital
coefficients. Hence, a clear prediction cannot be made from
these considerations.

For direct comparisons, we computed the transition states for
[1,j]-B sigmatropic migrations in cyclononatetraenyl(dime-
thyl)borane 3. As noted above, the Ea for the [1,3]-B shift in 3
agrees very well with the experimental value for 3. The
activation barriers for [1,9]- and [1,3]-B migrations are very

Scheme 1
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similar (within 0.3 kcal mol21). It should be stressed that in
symmetrically conjugated molecules like 3 only the fastest
sigmatropic rearrangement can be reliably characterized by
NMR analysis. At 188 K and a mixing time of 10 ms, all
possible cross-peaks of comparable intensity are observed in the
EXSY spectra of 3. That means that the Ea for the [1,9]-B
migration may be only about 1.1 times higher than that for
[1,3]-B shifts, in agreement with the computed data. The [1,5]
and [1,7] migrations are clearly disfavored by 15.0 and 22.0 kcal
mol21, respectively. They also do not allow the cyclononate-
traenyl moiety to become planar and therefore pseudo-Hückel-
aromatic in the transition structure.

In summary, we have shown that [1,3]-dialkylboryl shifts in
cyclononatetraenyl systems are facile and are slightly favored

over [1,2]-shifts. Neither Woodward–Hoffmann rules nor the
‘least motion principle’ alone can be used for the prediction or
rationalization of the migration pathways. Adequate analyses
require a combination of dynamic NMR techniques and high-
level ab initio calculations.

This work was financially supported by the Russian Founda-
tion for Basic Research (Project No. 97-03-32714). An A. v.
Humboldt Research Fellowship for I. D. G. is gratefully
acknowledged. P. R. S. thanks the Fonds der Chemischen
Industrie (Liebig-Fellowship and Sachmittel), the Deutsche
Forschungsgemeinschaft, and Professor Armin de Meijere for
support. Allotments of computer time from the Höchst-
leistungsrechenzentrum Jülich as well as the Regional Re-
chenzentrum Niedersachsen (RRZN Hannover) also are highly
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Notes and references
† Computations: Geometries of all stationary points were optimized using
analytical energy gradients (ref. 9, 10). We utilized Becke’s three-parameter
exchange-correlation functional (ref. 11) including the nonlocal gradient
corrections described by Lee–Yang–Parr (LYP) (ref. 12), as implemented in
the GAUSSIAN 94 program package (ref. 13). All geometry optimizations
were performed with the 6-31G* basis set (ref. 14); stationary structures
were characterized by inspecting the updated Hessian matrices. Single point
energies were evaluated using a standard 6-311G* basis set (ref. 15); final
energies thus refer to B3LYP/6-311+G*//B3LYP/6-31G*. Standard nota-
tion is used, i.e. // means energy computed at // geometry (ref. 15).
Computational results are available as supplementary data: see http:/
/www.rsc.org/suppdata/cc/1998/2507.
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Fig. 1 B3LYP/6-311G*//B3LYP/6-31G* computed ground and transition
state structures for dimethylboryl group migrations relative to 3-all-cis-
endo. Relative energies (DH) in kcal mol21.

Fig. 2 Temperature-dependent experimental and computed 13C NMR
spectra of 3.

Fig. 3 Simple qualitative presentation of the degenerate Hückel LUMO
orbitals for the analysis of allowed suprafacial shifts in conjugated
cyclononane systems.
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Photochemical reactions of chiral 2,3-dihydro-4(1H)-pyridones: asymmetric
synthesis of (2)-perhydrohistrionicotoxin
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The first chiral auxiliary-mediated asymmetric synthesis of
(2)-perhydrohistrionicotoxin is described.

In an effort to expand the utility of chiral 2,3-dihydro-4(1H)-
pyridones as synthetic building blocks,1 we are exploring their
annulation using intramolecular [2+2] photocycloaddition reac-
tions.2 As was first demonstrated by Neier,3 novel ring systems
can be prepared from dihydropyridones using this approach. We
were able to demonstrate through model studies that the
skeleton of perhydrohistrionicotoxin 1 was accessible using this
strategy.4 Histrionicotoxin 2 is one of the biologically active
alkaloids found in the skin secretions of the neotropical frog
Dendrobates histrionicus.5 Alkaloids 1 and 2 have been used in

studies of the mechanisms involved in transsynaptic transmis-
sion of neuromuscular impulses. The biological activity and
novel structure of these alkaloids have stimulated numerous
synthetic studies.6 Several racemic and two enantioselective
syntheses of 1 have been published. In addition, one asymmetric
route to histrionicotoxin 2 has been reported.6c The enantio-
selective routes used enantiopure intermediates prepared by
resolution7 or derived from L-glutamic acid.6a Here we report a
novel asymmetric synthesis of 1 using a photochemical
conversion of an enantiopure 2,3-dihydro-4(1H)-pyridone as a
key step. The enantiopure dihydropyridone was prepared by an
efficient chiral auxiliary-mediated asymmetric synthesis.1 The
synthetic plan called for a stereoselective intramolecular [2+2]
cycloaddition of an enantiopure dihydropyridone to set the
stereochemistry at C-6 and C-7, and a subsequent cyclobutane
ring opening to provide the azaspiroundecane skeleton of 1.

Reaction of enantiopure 1-acylpyridinium salt 4, prepared in
situ from 4-methoxy-3-(triisopropylsilyl)pyridine 38 and the
chloroformate of (2)-(1R,2S,4R)-2-(a-cumyl)-4-isopropyl-
cyclohexanol (CPC),9 with n-pentylmagnesium bromide in
THF–toluene at 278 °C gave the crude dihydropyridone 5 in
95% yield and 90% de (Scheme 1). Purification by radial PLC
(silica gel, EtOAc–hexanes) afforded a 91% yield of pure 5 [mp
75–78 °C; [a]D

23 248.1 (c 0.88, CDCl3)]. Treatment of 5 with
NaOMe in MeOH followed by aqueous 10% HCl provided
dihydropyridone 6 [[a]D

25 +353 (c 0.18, CHCl3)] in 84% yield,
and the chiral auxiliary [(2)-CPC] was recovered in 95% yield.
Acylation of 6 with BunLi and ClCO2Bn gave a 90% yield of
enantiopure carbamate 7 [[a]D

23283.7 (c 2.24, CHCl3)]. A side
chain was introduced at C-6 of 7 through a 1,4-addition and
oxidation sequence. In the presence of TMSCl, copper-
mediated conjugate addition of Grignard reagent 8 to 7 provided
silyl enol ether 9. Oxidation of crude 9 with Pd(OAc)2 gave
dihydropyridone 10 in 92% overall yield for the two steps.1c

The acetal was hydrolyzed and the resulting alcohol was
converted to iodide 11 in high yield (84%). The C-4 carbonyl of
11 was protected as the triethylsily enol ether 12. The synthesis

Scheme 1 Reagents and conditions: i, ClCO2R*; ii, C5H11MgCl; iii, H3O+;
iv, NaOMe, MeOH, then 10% HCl, v, BunLi; vi, ClCO2Bn; vii, 8, CuBr,
TMSCl; viii, Pd(OAc)2, MeCN; ix, oxalic acid; x, NIS, PPh3; xi, NaHMDS,
TESCl.
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was continued (Scheme 2) by treatment of crude 12 with the
anion of 13, prepared from the corresponding commercially
available aldehyde, to give enone 14 in 94% yield. Protection of
the ketone carbonyl using enantiopure bis-TMS ether 1510

provided ketal 16 (87%). Since the C-2 substituent of 16 is axial,
due to A1,3 strain,11 photocyclization was anticipated to be
highly stereoselective for the less hindered olefin face. On
photolysis in acetone (460 W Hanovia Hg lamp, 16 min, 5 °C),
16 gave a 79% yield of cycloadduct 17 as the sole isolated
product. The (R,R)-hydrobenzoin ketal of 16 is important for
high facial selectivity, for the corresponding ethylene ketal gave
only a 7:1 mixture of photoadducts. At this stage of the
synthesis, installation of three stereogenic centers with the
correct relative and absolute stereochemistry needed for the
construction of 1 had been achieved. Treatment of 17 with SmI2
in THF and DMPU effected cyclobutane ring opening to give
spirocyclic ketone 18 in 70% yield, which was converted to a
mixture of vinyl triflates 19 (90%) using LiHMDS and N-

(5-chloro-2-pyridyl)triflimide.12 Catalytic hydrogenation of
this mixture effected vinyl triflate reduction, cleavage of the
ketal, and removal of the Z group to provide the known amino
ketone 206a in 81% yield. The synthesis of (2)-perhydrohis-
trionicotoxin 1 was completed by reduction of 20 with
LiAl(OBut)3H according to the procedure of Winkler.6a Our
synthetic 1 exhibited spectral data in agreement with reported
data of authentic material.5,6 The optical rotation [[a]D283.8 (c
0.2, CH2Cl2)] was also in agreement with literature values
[[a]D

22 284.1 (c 0.024, CH2Cl2); [a]D
22 283.1 (c 0.0067,

CH2Cl2)].6a

In summary, the first chiral auxiliary-mediated asymmetric
synthesis of (2)-perhydrohistrionicotoxin was accomplished in
15 steps (14% overall yield) with a high degree of ster-
eoselectivity. Key steps include a highly stereoselective intra-
molecular [2+2] photocyclization of dihydropyridone 16 and a
SmI2-promoted cyclobutane ring opening, which provide the
azaspiroundecane skeleton of the alkaloid.

We express appreciation to the National Institutes of Health
(Grant GM 34442) and the Petroleum Research Fund (ACS-
PRF #28394-AC) for financial support of this research.
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Scheme 2 Reagents and conditions: i, 13, LHMDS, THF; ii, 10% HCl, then
2 M NaOH; iii, 15, TMSOTf; iv, hn, acetone, 5 °C, 16 min; v, SmI2, THF,
DMPU; vi, LHMDS, THF; vii, N-(5-chloro-2-pyridyl)triflimide; viii, H2,
Pd(OH)2, Li2CO3, EtOH; ix, LiAl(OBut)3H.
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Conformationally defined piperazine bis(N-oxides) bearing amino acid derived
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The preparation of a number of piperazine derivatives
bearing amino acid substituents on the nitrogen is described;
these compounds undergo oxidation with MCPBA to yield
bis(N-oxides) in which both oxygen atoms are axially
orientated and hydrogen bonded to the amide NHs, giving
highly defined conformations to the molecules; the structure
of the valine derivative (8c) was confirmed by X-ray
analysis.

Biological systems rely on polymers, proteins and RNA to carry
out the chemical transformations necessary for life. Both
proteins and RNA fold into precisely ordered structures which
provide a structural framework and the catalytic site for the
particular transformation. In addition to their role as catalysts,
biopolymers play a central role in the maintenance of structural
integrity in living systems. There is great interest in the design
and synthesis of polymeric molecules which possess the ability
to fold in a discrete and predictable fashion and recently several
groups have shown that poly-b-amino acids adopt a stable
helical structure.1 Indeed, Gellman has coined the term
‘foldamer’ to describe new types of polymeric backbones with
well defined and predictable folding properties.

In previous studies we have shown that N-alkylated deriva-
tives of proline and pipecolic acid undergo highly diaster-
eoselective oxidations to give tertiary amine oxides that are
stabilised by hydrogen bonding (Scheme 1).2 In most cases
these systems are stabilised by the presence of six membered
hydrogen bonds between the N-oxide oxygen and the amide
NH. In addition to their fascinating structural properties, the use
of chiral amine oxides as catalysts in a number of synthetically
useful transformations has been reported recently.3

We considered that we could use this type of hydrogen
bonding to enforce a conformational bias on otherwise flexible
structures and give them a predictable and specific shape. We
were particulary intrigued by the possibility of incorporating a-
amino acid residues into the molecule since this would result in
a peptide-like compound of defined structure. Earlier work from
our group has shown that the oxidation of N-benzylpipecolic
acid gave the syn N-oxide. Interestingly the N-oxide adopted an
axial orientation in the crystal structure (Scheme 2).

We therefore postulated that attachment of a unit containing
a peptide residue possessing an NH residue available for
hydrogen bonding, followed by oxidation of both piperazine
nitrogens, should yield a bis(N-oxide) in which both oxygens
were axial and were stabilised by intramolecular hydrogen
bonds to the NHs of the peptide chains. The synthesis of such
compounds is show in Scheme 3.

Piperazine was alkylated on both nitrogens with a-bromo
amides derived from a range of a-amino acids using literature
procedures.4 The resulting tertiary amines were treated with 2
equiv. of MCPBA. Clean oxidation was observed and the
resulting N-oxides were isolated as stable solids. A range of
different amino acids was used and the results are summarised
in Table 1.

The 1H NMR spectra of the N-oxides were highly in-
formative. They showed that the compounds were formed as

† Present address: Ribotargets Ltd, Kett House, 1 Station Road, Cambridge,
UK CB1 2JP.

Scheme 1

Scheme 2

Scheme 3

Table 1 Synthesis of piperazine bis(N-oxides)

Yield (%)

Bis(N-oxide) R N-alkylpiperazine Bis(N-oxide)

8a H 73 63
8b Me 80 72
8c Pri 67 77
8d Bui 84 74
8e Ph 79 75
8f Bn 86 81
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single diastereoisomers; in addition the NH signals in CDCl3
appeared as a singlet, which had been shifted downfield by
approximately 3.5 ppm in all the compounds after N-oxide
formation. For example, prior to oxidation, the valine derivative
diamine NHs were at d 7.63; after oxidation they had shifted to
d 11.12, and their chemical shift was found to be concentration
independant in CDCl3. The valine derivative gave crystals
suitable for X-ray analysis‡ (Fig. 1).

The crystal structure clearly shows that both oxygen atoms
are axial and are hydrogen bonded to the NH of the amides. The
result is an almost linear molecule of highly defined conforma-
tion. N–O bond distances of both N-oxide moities are in the
same range [N1–O1 1.398(5), N2–O2 1.399(5) Å]. Both
hydrogen positions involved in intramolecular hydrogen bond-
ing toward N-oxide moieties could be detected in difference
Fourier maps and were refined freely. Both show comparable
bonding distances [N11–H1 0.97(5), O1···H1 1.82(5), N21–H2
0.93(5), O2···H2 1.84(5) Å]. In addition, intermolecular inter-
actions via hydrogen bonding are occuring across a water
molecule which is disordered on two positions, resulting in
infinite zig-zag-chains throughout the crystal lattice. One of the
disordered positions (O31) bridges the amine oxide function O2
with an acyl–O (O13) [O2···O31 2.849(9), O13···O31 3.149(11)
Å], while the other position forms a bridge between O2 and an
amide–O (O11) [O2···O31A 2.605(11), O11···O31A 2.970(11)
Å]. In contrast to the above described intramolecular H-bridges,
hydrogen postions of the disordered water molecule could not
be detected in difference Fourier maps.

In order to establish the range of the hydrogen bonding we
prepared the piperazine derivative 10 which bears two amino
acid substituents on each of the piperazine nitrogens (Scheme
4). Oxidation proceeded smoothly to give the bis (N-oxide)
11.

NMR analysis of the product clearly showed that only the
NHs of the alanine residues were hydrogen bonded to the amine
oxide oxygens from their downfield chemical shift from d 7.02
to 10.50. This specificity allows for fine-tuning of molecular
shape.

We are currently examining the incorporation of these units
into larger molecular structures and their use as chiral catalysts
in a number of synthetic transformations.

We would like to thank the EPSRC and BBSRC for their
support of this work (grants GR/K50719 and BO4940). I. O’N.
would like to thank The James Black Foundation for continued
financial support.
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Fig. 1 Crystal structure of 8c illustrating hydrogen bonding to the disordered
water molecule. Thermal ellipsoids set at 50% probability.

Scheme 4
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The NLO properties of a N-(4-nitrophenyl)-L-prolinol sub-
stituted poly(p-phenylene terephthalate) polymer are in-
vestigated.

Organic polymeric NLO materials are of great interest for
practical applications such as electrooptic modulators and
switches, due to their fast NLO response time, low cost, ease of
fabrication, and large susceptibility. Extensive research efforts
have been directed at tailoring organic molecules and their
incorporation into polymeric matrices, and substantial progress
has been made to reduce their relaxation and improve
chromophore loading in the polymer matrix.1–3 In our studies,
we have focussed on rigid chain polymers such as poly(p-
phenylene terephthalate)s with flexibly attached NLO sub-
stituents on the terephthalate moiety. For the pendant chromo-
phore, N-(4-nitrophenyl)-L-prolinol was selected. These
polymers did not exhibit thermotropic mesophases and the glass
transition temperature (Tg) decreased significantly with increas-
ing alkyl tether length, as expected.4 The present paper deals
with domain formation. Most of the results were obtained from
the polyester with alkyl tether length of n = 4 (P4). The
polymer was prepared via solution condensation of a chromo-
phore-containing aromatic dicarboxylic acid chloride with
hydroquinone in pyridine.4 The number average molecular
weight by gel permeation chromatography was 23,000 in
CHCl3 solution based on the polystyrene standard, and the
polydispersity of molecular weight (Mw/Mn) was 7.1. The Tg of
the polymer was about 68 °C. Polymer films were prepared by
spin-coating polymer solutions in tetrachloroethane onto slide
glass at 2000–4000 rpm and then treating the slides in a vacuum
oven at 60 °C for over 24 h to remove the solvent. Second
harmonic generation (SHG) was measured using a Q-switched
Nd:YAG laser (1.064 mm) with a pulse repetition rate of 10 Hz.
All AFM images were recorded with a Park Scientific
Instruments Autoprobe LS, operated in a contact mode.

We studied the surface topographies of the spin coated films
before and after corona poling using AFM. The poling was
performed in a vertical wire 1 cm above the exposed polymer
film. Fig. 1(a) shows an AFM scan of the spin coated film
(thickness = 2.5 mm). The surface of the thin unpoled film is
clean and extremely flat and the root mean squared (rms)
roughness value was 2.4 Å. However, this excellent quality film
was drastically changed after poling. Fig. 1(b) shows an AFM
image of the poled film. Numerous mountain-like structures,
aligned along the poling direction, were formed during poling.
A similar surface morphology of larger size similar to
microphase-separated block copolymers5 was also observed in
other samples by optical microscopy [Fig. 1(c)]. For the
polymer with larger tether length, hills and valleys were also
observed but the steepness and curvature decreased and the
domains were not well developed compared to the polymer P4.
As the length of the alkyl side chain increases, the polymer
shows decreasing Tg values,4 suggesting less prominent side
chain coupling to the main chain; the growth of domains and
their tendency to form would thus decrease. Although the
surface topographies of the hills and valleys were characteristic
of all the samples, their statistical data were different for each of
the samples and preparation conditions studied. Despite the
great variations in domain size, the investigated statistical data

could be taken as a qualitative indicator of domain size when
comparing experimental trends for the samples and poling
conditions specified. Fig. 2 shows the growth of domains as a
function of poling time obtained from the controlled experi-
ments involving growth after quenching at successive poling
times. A high degree of domain growth was achieved at
relatively short poling times, and the height of the domains
increased only moderately upon further poling. This growth
pattern is similar to the two-mode growth in the measured SHG
signals, which reached their stable levels after an initial rapid
growth. From our data, no apparent differences were observed
in the poling dynamics between these domain forming polymers
and conventional side group polymers. However, the voltage
applied in this study was limited to a relatively low voltage of 6
kV by the onset of film whitening. This whitening or clouding
of the film was not associated with chemical degradation of the
sample since the spectroscopic analysis did not indicated

Fig. 1 AFM images for a spin coated film of 2.5 mm thickness (a) before and
(b) after corona poling (92 °C, 5 kV, 15 min). (c) An optical micrograph
recorded at a different location on the poled film exhibiting larger sizes for
the same polymer P4.
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noticeable decomposition at this poling condition. We believe
this whitening is due to light scattering by chromophore
domains of larger size formed during poling. One related
observation for the same film is that relaxation of the SHG
signal occurred by the progressive depression on the top of the
domains removing the applied poling field. These results
suggested that the domain size is apparently correlated with the
observed SHG signal intensity.

It is interesting to note that a positive polarity was proven to
work with our material much more efficiently than a negative
one. When a negative polarity was applied, the observed SHG
signal intensity almost vanished. The electric field in this
polarity environment causes the axes of dipoles to be directed to
the glass substrate, whose barrier effect hinders domain
formation. In fact, the domains were not observed by AFM. A
possible implication of this polarity effect is that the dipoles in
this type of polymers can be oriented to form poled domains in
cases where their alignment induced by the electric field
facilitates cooperative movement of the rigid main chains. The
attempted polings which failed confirmed this. When the corona
poling was performed for films on which any barrier layers,
including a vacuum deposited metallic electrode, were coated,
the resulting SHG response was nearly absent, thus a sandwitch
type poling was not adequate. However in cases where the films
were corona poled first and then a barrier layer deposited on it,
the SHG response remained almost unchanged and its temporal
stability was greatly improved. This preliminary result may
have important implications for obtaining stable materials for
device applications. Design strategies to lock the domain itself
would be valuable for improving geometrically the long term
stability of second order NLO properties. We have also
examined whether the roughened surface or interface had an
important role in the measured SHG intensity by double coating

the surface of the same polymer as the base film and then
remeasuring the SHG intensity. We observed no loss in
properties for this sample. This result indicates that the observed
SHG should be related to the polar order effect of the
chromophores in the domain rather than to the symmetry
breaking nature of the roughened surface.

We have measured the SHG response of the samples for
angles of incidence between 290 and 90° shortly after poling.
The SHG signal of the polymer displayed no fringes, and only
one peak indicative of thin sample films compared to the
coherence length of the NLO process. In this case it is usual to
determine the second order NLO susceptibility d33 by the curve
fitting method using the intensity equation given by Jerphagnon
and Kurtz.6 We tried to determine d33 by fitting the data to the
theoretical equation, but the result was not satisfactory and the
experimental data systematically deviated from the theoretical
values. However, the calculation at a single angle of 58° only
resulted in a relatively large value of 50 pm V21 referenced to
a value of 0.3 pm V21 for quartz, and the order parameter
measured by the UV absorbance ratio was calculated to be 0.58,
which to the best of our knowledge is higher than any reported
values for poled polymer systems. It is still not clear if the fitting
failure is a reflection of morphological changes in the polymeric
films after poling. At this stage, it could be speculated that this
behaviour is associated with the oriented domains largely
formed on the outer surface layer and thus with the efficient
second order NLO effect occurred only over a fraction of the
film thickness. The SHG intensity against film thickness
provides evidence of the inhomogeneous behaviour of chromo-
phore orientations through the film thickness. As the thickness
increased, the surface morphology became much rougher as a
consequence of the larger sizes of the structure, and the more
rugged the surface was, the greater the SHG intensity. However,
the SHG intensity did not increase up to the level expected from
the l2 dependence6 even when the film thickness was far smaller
than the coherence length.

We gratefully acknowledge partial funding support from the
Korea Science and Engineering Foundation
(941-1100-011-2).

Notes and references
1 D. R. Dalton, A. W. Harper, R. Ghosn, W. H. Steier, M. Ziari, H.

Fetterman, Y. Shi, R. V. Mustacich, A. K.-Y. Jen and K. J. Shea, Chem.
Mater., 1995, 7, 1060.

2 D. M. Burland, R. D. Miller and C. A. Walsh, Chem. Rev., 1994, 94,
31.

3 H. S. Nalwa and S. Miyata, Nonlinear Optics of Organic Molecules and
Polymers, CRC Press, New York, 1997

4 S. H. Lee, K. C. Lim, J. T. Jeon and S. J. Song, Bull. Korean Chem. Soc.,
1996, 17, 11.

5 M. A. Dijk and R. Berg, Macromolecules, 1995, 28, 6773.
6 J. Jerphagnon and S. K. Kurtz, J. Appl. Phys., 1970, 41, 1667.

Communication 8/06495D

Fig. 2 SHG signal intensity and growth of the domains as a function of
poling time measured after quenching at successive poling times at a poling
temperature of 75 °C. The error bars were determined by repeating the
measurement at five different positions on the same film.
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Imprinting chiral structures on liquid crystalline elastomers
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Cross-linking achiral liquid crystalline polymers in the
presence of a removable low molecular weight chiral
mesogen produces a liquid crystalline elastomer in which a
chiral structure has been imprinted.

In 1969 de Gennes published a paper speculating on the
properties of a polymer chain lightly cross-linked in a liquid
crystalline phase.1 Using symmetry arguments, he showed that
a chiral nematic would give rise to a permanent chirality of the
polymer network. The essentials of de Gennes ideas2 and other
theoretical scientists3,4 concerning nematic liquid crystalline
elastomers have been confirmed experimentally,5,6 however,
we believe de Gennes’s theory has remained essentially
untested to date, probably because of the difficulty of
incorporating a polymer backbone into a liquid crystalline
phase. Some early work by Tsutsui et al.7,8 attempted to resolve
this issue through cross-linking an acrylate polymer in the
presence of poly(benzyl-L-glutamate), however it is not clear
that this system involved the types of mesogenic interaction
originally envisaged by de Gennes. This issue is clearly of some
importance in view of the volume of work involving cross-
linking in a liquid crystalline solvent.9 Here we show how low
levels of cross-linking can be used to imprint a memory of a
chiral mesophase into an elastomer with no imbalance in
localised chiral centres.

Scheme 1 shows the principal features of our experiment. An
achiral liquid crystalline polymer containing cross-linking sites
was mixed with a chiral liquid crystal. The material was then
cross-linked in the chiral nematic phase and finally the chiral
liquid crystal was removed. Any chiral behaviour would then
reflect a memory of the orientation imposed on the sample at the
time of cross-linking in the same way that a magnetic10 or
mechanical field11 imposes a permanent macroscopic order on
the sample.

The system used was chosen to give a cholesteric phase with
a helical pitch such that the material exhibited the well-known
property of selective reflectivity in the visible portion of the
electromagnetic spectra.12 To this end the 4-cyanobenzoate
containing acrylate I13 was copolymerised with hydroxyethyl
acrylate II (6 mol%, introduced to provide sites for cross-
linking). This random atactic copolymer exhibited a nematic
phase with a nematic–isotropic transition of 128 °C. Solutions
were prepared in CH2Cl2 (dried over alumina) of this polymer
and the chiral cyanobiphenyl III (available from Merck as
CB15) and films were cast from these solutions onto glass slides

coated with a rubbed film of polyimide. The composition range
over which a chiral nematic phase was formed was then
determined. It was found that at compositions below ca. 60
mol% CB15 a chiral nematic phase could be observed. At lower
compositions between ca. 20 and 35% CB15 films of the
mixture showed selective reflection of visible light. For
example, the 30% sample showed a selective reflection at 730
nm at 50 °C and it is this composition which will be used for the
subsequent studies. Further films were cast containing the
polymer, CB15 and a sufficient quantity of the diisocyanate IV
to react with all the hydroxy units in the polymer. The solvent
was removed at room temperature and the film allowed to dry
overnight before heating slowly (2 °C min21) to the required
cross-linking temperature (in this example 50 °C). The sample
was held at this temperature for 1 h, whereupon a polyimide
sheet was placed on the surface, and 12.5 mm polyimide spacers
were used to define the thickness. The material was then cross-
linked for 16 days at 50 °C after which time it was found to
consist of 72% gel by mass, in line with expectations based on
the polydispersity of the sample.14 The level of cross-linking
was light, ~ 1mol% of the monomer units.

A portion of the elastomer produced from the above
procedure was retained for further study, and the remainder of
the sample was treated with refluxing acetone to remove both
the chiral dopant and any soluble polymer. The extraction
process was monitored by UV–visible spectroscopy and as Fig.
1 shows complete removal of both components was achieved
after ca. 40 min.

The phase behaviour of the materials (i.e. mixture, cross-
linked elastomer with dopant and cross-linked elastomer with
dopant removed) was examined by optical microscopy and UV–
visible spectroscopy to probe the pitch of any chiral ordering
within the samples. The mixture and the elastomer samples

Scheme 1 Description of procedure used to imprint a chiral structure onto
a liquid crystalline elastomer: a chiral dopant is added to produce a chiral
nematic phase, the polymer is cross-linked and finally the dopant is
removed.

Chem. Commun., 1998, 2515–2516 2515



cross-linked at 50 °C were visibly coloured, and their absorption
spectra are shown in Fig. 2. Clearly, all three samples exhibited
a cholesteric reflection, and by implication a chiral nematic
phase. In the case of the initial uncross-linked mixture and the
cross-linked material in which the dopant was retained, the
maximum absorption (lmax) was at 730 nm at 50 °C, although
the elastomer showed a much smaller variation of lmax with
temperature. Both these materials could be heated reversibly to
the isotropic phase, but both passed through a biphasic region
on heating in which nematic polymer coexisted with isotropic
dopant. For the sample in which the dopant had been removed
the maxima in the absorption spectrum moved to a much shorter
wavelength, namely 500 nm at 50 °C (if this change were

simply due to the presence of the dopant in lower concentrations
a shift to higher wavelengths would be expected). Initial
measurements suggest that the change in lmax is related in a
proportional manner to the change in volume of the sample
arising from removal of both dopant and the sol fraction.
Interestingly, lmax for this sample remained invariant with
temperature until the material became isotropic at 128 °C. On
cooling from the isotropic the chiral nematic phase reappeared
and an identical absorption spectrum to that initially observed
was obtained.

We have shown that cross-linking an achiral side-chain liquid
crystalline polymer in an induced chiral nematic phase results in
material which retains a memory of the chirality upon removal
of chiral dopant, by virtue of the orientation imposed on the
mesogenic side-groups by the chiral nematic phase, and the
coupling between the mesogenic side-groups and the polymer
backbone. This is a soft imprinting and arises from subtle
molecular interactions in contrast to the properties of rigid
highly cross-linked networks prepared through photopolymer-
isation of multifunctional monomers.9 We believe firstly, these
experiments confirm the theory outlined by de Gennes;
secondly, this represents a novel route to imprinted materials,
not least because of the enhanced behaviour arising from the
relatively low levels of cross-linking (for example, they will
readily uptake solvent and are not glassy); thirdly this represents
a route to materials with new properties which merit further
exploration.

This work is supported by the EPSRC. We thank Dr U. Singh
of the University of the West Indies for discussions and Merck
R&D UK for supplying the chiral dopant CB15.
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Fig. 1 Plot of the mass of the extracted material (expressed as a mass
fraction relative to the initial composition) as a function of the extraction
time in refluxing acetone: (5) CB15 and (2) copolymer. The solid lines
serve as guides.

Fig. 2 Absorption spectra obtained from thin films of the liquid crystalline
polymers and elastomers studied here: (a) mixture, (b) elastomer and (c)
imprinted network. The peaks arise from selective reflection of visible light
from the chiral material and are not observed for samples held at
temperatures above the clearing point of the polymer.
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Cl =
5′-GACIACTT
3′-CTICTGTT

AI =
5′-GAAIACTT
3′-CTTCTGTT

Duplex hydrogen bonding promotes intercalation of Cu(T4) in DNA hairpins
(Cu(T4) = meso-tetrakis(4-(N-methylpyridyl))porphyrincopper(II))
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Inosine-for-guanine replacement in DNA hairpin hosts
reveals that the intercalative binding of Cu(T4) depends
upon strong hydrogen bonding within the stem.

Water-soluble porphyrin derivatives are of interest for photo-
dynamic therapy,1,2 as antiviral agents,3,4 and, in the case of
cationic systems, as versatile ligands for DNA-binding stud-
ies.5,6 A wealth of physical data shows that metalated forms
lacking axial ligands, such as Cu(T4), intercalate into DNA
sequences that are rich in guanine–cytosine (G·C) base
pairs5,6,7 (H2(T4) = meso-tetrakis(4-(N-methylpyridyl))por-
phyrin). On the other hand, adenine–thymine (ANT) base pairs
support external binding in groove regions. A recent report
based on DNA hairpin substrates indicated that robust hydrogen
bonding within the local B-form structure, not the specific base
sequence, promotes intercalative binding.8 The replacement of
a guanine base by inosine provides a strict test of the hypothesis
because it is a small perturbation that noticeably impacts the
hydrogen bonding within DNA. The effect is to weaken the B-
form structure because inosine lacks an NH2 substituent at its
C2 position and can form only two hydrogen bonds with
cytosine. The following results show that even one such
replacement in a six-base-pair run can dramatically alter the
binding of Cu(T4).

The hexadecamers employed all came from the Macro-
molecular Structure Facility of Purdue University as custom
syntheses. In all spectral runs the hairpin-to-copper ratio was
5 : 1. Quantification of the hairpin concentration was possible
via the absorbance of a denatured sample at 80 °C in
conjunction with the e260 values (molar absorptivities at 260
nm) of the component mononucleotides. The extremum in the
derivative of the absorbance versus temperature profile indi-
cated the melting temperature, Tm. The sequence is normally
constant except for residues 3 and 4 and their complements
(positions 13 and 14). The two-letter abbreviation identifies the
bases in the 3,4 positions:

The data in Table 1 show that replacement of a mid-stem
guanine by inosine has a significant impact on the melting
temperature and the reaction chemistry of the hairpin. Thus,
each replacement reduces the melting temperature by about 12
°C. As a result, the CI, IC and AI hairpins all exhibit about the
same Tm, presumably because they have the same number of
hydrogen bonds in the stem. As previously reported, the spectral
and physical data reveal that Cu(T4) intercalates into the CG
hairpin.8 In contrast, with the CI hairpin all indications point to
a complete shift in the mode of binding. More specifically, the
weak emission intensity from the latter adduct is a clear sign of
an exposed copper center that is subject to axial attack by
solvent or basic centers on the surface of the hairpin.6
Furthermore, in the Soret region the CI adduct shows a small
bathochromic shift in the absorption maximum, hyperchromism
and an induced CD signal with a positive amplitude—all signs
of groove binding.5,6,9 Similar spectral changes occur in
switching from the AG to the AI hairpin except for the inversion
in the sign of the induced CD signal (Fig. 1). The remarkable

aspect of the AG system is that the loss of just one of fifteen
possible hydrogen bonds in the stem drastically alters the
binding of Cu(T4).

Regardless of the mode of binding, the DNA must undergo a
structural adjustment to accommodate the Cu(T4) ligand
because there is no pre-organized binding site. In other words,
the uptake of the porphyrin is an induced-fit process. For
intercalation, the minimum necessary structural reorganization
entails partial unwinding of the double helix and creation of a
cavity to house Cu(T4). Even with those modifications, strain is
evident,10,11 and groove binding of Cu(T4) is a competitive
phenomenon in DNA hosts containing a short run of ANT base
pairs amidst long segments of G·C steps.6,12 Groove binding is
also disruptive as Cu(T4) cannot conform to the natural contour
of DNA. Consequently, uptake occurs with partial melting of
the double helix and generation of an appropriate binding
pocket.6,13 Transient Raman studies of Cu(T4) by Nakamoto
and co-workers reveal that a run of four consecutive adenine–
thiamine (ANT) base pairs suffices to provide the surface area

Table 1 Physical data for Cu(T4) adducts with DNA hairpinsa

Absorption CD Emission

Hairpin Tm/°C Dl/nmb %Hc l/nm 
De/M21

cm21 l/nmd Irel
e

CG 74 10 25 434 227 434 0.9
CI 50 4 29 424 16 429 < 0.1
GCf 75 8 20 433 222 432 1.0
IC 50 6 9 432 213 432 0.2
AGf 61 9 25 434 217 433 0.7
AI 53 5 25 428 210 433 0.1
CAf 65 7 12 434 217 433 0.5
CTAg 45 10 29 434 220 0.8
a At a hairpin-to-copper ratio of 5 : 1. b Bathochromic shift of Soret band
from 424 nm. c Percent decrease in absorbance at the Soret maximum.
d Maximum in the excitation spectrum. e Relative intensity of the
(uncorrected) emission signal. f Data from ref. 8. g Bulge derivative of CA
with unmatched T after C3.

Fig. 1 Absorbance and emission data. Left: in order of decreasing intensity,
Soret absorbance of adduct with AI, free Cu(T4), adduct with AG. Right:
emissions from adducts with AG (upper) and AI (lower) hairpins.
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and/or the flexibility necessary for groove binding.12 From the
standpoint of internalization of the ligand, intercalation and
groove binding represent limiting cases of a continuum of
possible interactions. Intermediate situations are certainly
feasible; for example, an extruded base might stack with an
externally bound porphyrin. The adduct with the IC system
may, in fact, be some type of an intermediate case. To be sure,
the modest hypochromism apparent in the Soret absorption is
evidence for some degree of stacking with the DNA bases, and
partial protection of the axial coordination positions at copper
would explain the definite, albeit weak, emission signal of the
adduct.14 However, classical intercalation does not occur
because the emission intensity pales in comparison with that of
the GC adduct. More than one type of association may occur
because the absorption and excitation maxima do not coincide
for the IC or the AI adducts. Yet, the CD spectrum of the latter
is clearly not the sum of the signals of a classical groove binder
and a classical intercalator.

Though questions remain, the present results provide im-
portant insight into the forces influencing the binding of
Cu(T4). The main conclusion is that for intercalation of Cu(T4)
to occur, a robust hydrogen bonding network must exist within
the B-form DNA to compensate for the steric problems posed
by the bulky porphyrin. Two predictions follow. One is that the
presence of a bulge in the stem may promote intercalative
binding by reducing the strain and/or the energy requirement for
cavity creation.15 Indeed, comparisons of the hypochromism
and the emission intensity show that Cu(T4) is a more avid
intercalator for the CTA hairpin, with the bulge thymine, than
the CA control (Table 1). The second prediction is that the mode
of binding known as hemiintercalation, which has been
observed in the solid,11 is unlikely to occur in solution, at least
in sequences rich in G·C base pairs. The reason is that

hemiintercalation would require base extrusion, but the preser-
vation of hydrogen bonding between bases is, in reality, one of
the most important factors that favors internalization over
groove binding.

The National Science Foundation supported this research
through Grant No. CHE-9726435.

Notes and references
1 B. W. Henderson and T. J. Dougherty, Photochem. Photobiol., 1992, 55,

145.
2 L. Milgrom and S. MacRobert, Chem. Br., 1998, 34, 45.
3 D. W. Dixon, L. G. Marzilli and R. F. Shinazi, Ann. NY Acad. Sci., 1990,

616, 511.
4 C. Kasturi and M. S. Platz, Photochem. Photobiol., 1992, 56, 427.
5 R. F. Pasternack and E. J. Gibbs, Met. Ions Biol. Syst., 1996, 33, 367.
6 D. R. McMillin and K. M. McNett, Chem. Rev., 1998, 98, 1201.
7 K. Ford, K. R. Fox, S. Neidle and M. J. Waring, Nucleic Acids Res.,

1987, 15, 2221.
8 M. K. Eggleston, D. K. Crites and D. R. McMillin, J. Phys. Chem., 1998,

102, 5506.
9 R. F. Pasternack, E. J. Gibbs and J. J. Villafranca, Biochemistry, 1983,

22, 2406.
10 R. J. Fiel and B. R. Munson, Nucleic Acids Res., 1980, 8, 2835.
11 L. A. Lipscomb, F. X. Zhou, S. R. Presnell, R. J. Woo, M. E. Peek,

R. R. Plaskon and L. A. Williams, Biochemistry, 1996, 35, 2818.
12 G. D. Strahan, D. Lu, M. Tsuboi and K. Nakamoto, J. Phys. Chem.,

1992, 96, 6450.
13 G. Raner, J. Goodisman and J. C. Dabrowiak, ACS Symp. Ser.,

American Chemical Society, Washington, D.C., 1989, vol. 402, p. 74.
14 B. P. Hudson, J. Sou, D. J. Berger and D. R. McMillin, J. Am. Chem.

Soc., 1992, 114, 8997.
15 L. D. Williams and I. H. Goldberg, Biochemistry, 1988, 27, 3004.

Communication 8/06103C

2518 Chem Commun., 1998, 2517–2518



Ph CO2Me

Br

Ph CO2H

Br

Ph CO2Me

Br

Ph CO2H

Br
H2O (adjusted to pH 7)

M+  Br–(R)-1

(S)-2

(±)-1

(±)-2

Ph

Br

H OMe

O
Ph

Br

H

Br– Br–

O

O

fast slow

_

Ph CO2Me

Br

Ph CO2H

BrPh CO2Me

Br

H2O (adjusted to pH 7)

enzyme
+

1

(S)-2

(R)-1

Ph CO2Me

Br

Ph CO2H

BrPh CO2Me

Br

H2O (adjusted to pH 7)

enzyme
+

1

(S)-2

(R)-11 equiv. phosphonium bromide

Dynamic kinetic resolution in the hydrolysis of an a-bromo ester
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Bromide can be employed to racemise an a-bromo ester
more rapidly than the corresponding acid (carboxylate), and
this rate difference has been employed as the basis of a
dynamic kinetic resolution reaction.

Dynamic kinetic resolution strategies have been enjoying
increasing attention in the last few years.1 For an ideal dynamic
kinetic resolution, the two enantiomers of starting material must
react at very different rates. Furthermore, whilst the starting
material enantiomers must be in equilibrium, the product must
be essentially inert to racemisation. Recent work from this
group has described racemisation procedures which strongly
favour the starting material.2

Herein we report that the racemisation of the a-bromo ester
1 is significantly faster than for the corresponding a-bromo acid
2 under appropriate conditions. Thus, competition experiments
between enantiomerically enriched ester 1 and acid 2 show that
the ester racemises more quickly (Scheme 1 and Table 1).†

We rationalise that the racemisation of the ester 2 occurs via
SN2 displacement by bromide (Fig. 1), which is enhanced by the
neighbouring carbonyl function (p* CNO). However, under the
reaction conditions, the carboxylic acid will be deprotonated,
and the carboxylate is less willing to assist the adjacent SN2

process. We have not ruled out the possibility that racemisation
occurs by simple enolisation, but the racemisation of the ester is
not qualitatively dependent on pH (5–8)

The preferred sources of bromide were quaternary ammo-
nium bromides and quaternary phosphonium bromide. In
particular, the phosphonium salt produced by heating bromi-
nated Wang resin with PPh3 in toluene for 10 h provided a
particularly convenient bromide source.3 Simple salts such as
KBr were significantly less effective for the racemisation of
either ester or acid.

We chose to use an enzymatic procedure for the selective
hydrolysis of the bromo ester, which has some literature
precedent.4 Thus, ester 1 was hydrolysed by various enzymes in
water, using a autotitrater to maintain a constant pH (7.0). A
representative selection of these enzymes in a simple kinetic
resolution reactions are shown in Scheme 2 and Table 2.

We favoured the commercially available cross-linked en-
zyme crystal, Altus 17 (Candida rugosa lipase, cross-linked),5
which provided a fast reaction with reasonably good enantio-
selectivity in the resolution.

By combining the selective racemisation procedure with
simple kinetic resolution, we proceeded to investigate the
dynamic kinetic resolution reaction (Scheme 3 and Table 3).
Gratifyingly, the combination of the Wang phosphonium

Scheme 1

Table 1 Racemisation of ester 1 and acid 2 with bromides

Ee of 1 (%) Ee of 2 (%)

Bromide t/h Initial Final Initial Final

KBr 18 38 28 34 34
CsBr 18 80 77 35 35
Bu4NBra 4 80 0 64 35
Bu4PBr 18 80 4 33 31
C16H33P+Ph3Br2 6 55 5 38 36
Wang polymer-CH2P+Ph3Br2 2 43 0.5 61 58
a Performed in H2O–MeOH (5:1).

Fig. 1 Preferential racemisation by SN2 bromide displacement of an a-
bromo ester.

Scheme 2

Table 2 Kinetic resolution of ester 1a

Enzyme t/h
Conversion
(%)

Ee of 1
(%)

Ee of 2
(%)

CRLb 18 42 69 74
Altus 17c 2.5 47 81 80
Altus 20d 144 32 51 65

a Performed in H2O. b Candida rugosa lipase. c CLEC-CRL - cross
linked enzyme crystal (Candida rugosa lipase) d CLEC-PCL - cross linked
enzyme crystal (Pseudomonas cepacia lipase). In this case the R enantiomer
of acid was formed preferentially.

Scheme 3

Chem. Commun., 1998, 2519–2520 2519



bromide with Altus-17 afforded an effective dynamic resolution
procedure. Thus at 80% conversion, the product 2 was obtained
with good enantioselectivity (79% ee, essentially the same as
for the simple kinetic resolution). The starting material,
although not racemic, was clearly undergoing slow racemisa-
tion under the reaction conditions. Presumably the larger
phosphonium salts (R1 = C16H33) and the immobilised
phosphonium salts are unable to interfere with the immobilised
enzyme, which is beneficial in an effective dynamic resolution
where both the enzyme and bromide source must co-exist.

In conclusion, we have shown that an a-bromo ester can be
successfully racemised in the presence of an a-bromo acid
(carboxylate). This provides the basis for a dynamic kinetic
resolution procedure using a combination of a hydrolytic
enzyme with a source of bromide. Further work extending the
range of substrates will shortly be underway.

We are grateful to the EPSRC Clean Technology Unit for a
studentship (to M. M. J.) and to the University of Bath for
additional support.

Notes and references
† Enantiomeric excess was determined by chiral HPLC. Chiralcel OD,
hexane–PriOH–formic acid (240:10:1), 1 ml min21, methyl ester (1): 5.6
min (R) and 6.2 min (S), acid (2): 9.4 min (R) and 11.7 min (S).

1 S. Caddick and K. Jenkins, Chem. Soc. Rev., 1996, 447; R. S. Ward,
Tetrahedron: Asymmetry, 1995, 6, 1475; H. Stecher and K. Faber,
Synthesis, 1997, 1.

2 P. M. Dinh, J. A. Howarth, A. R. Hudnott, W. Harris and J. M. J.
Williams, Tetrahedron Lett., 1996, 37, 7623; J. V. Allen and J. M. J.
Williams, Tetrahedron Lett., 1996, 37, 1859.

3 Brominated Wang resin contains a benzyl bromide function, and was
purchased from Novo Biochem. See also; I. Hughes, Tetrahedron Lett.,
1996, 37, 7595.

4 For examples, see; P. Kalariitis, R. W. Regenye, J. J. Partridge and D. L.
Coffen, J. Org. Chem., 1990, 55, 812; G. Kirchner. M. P. Scollar and
A. M. Klibanov, J. Am. Chem. Soc., 1985, 107, 7072; S. K. Dahod, Eur.
Pat., 1988, EP257716.

5 CLEC enzymes were purchased from Altus Biologics Inc., 40 Allston St.,
Cambridge, MA 02139-4211, USA.
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Table 3 Dynamic kinetic resolution of ester 1

Bromide t/h
Yield of 2
(%)a

Ee of 1
(%)

Ee of 2
(%)

Bu4PBr 6 26 (30)b 26 22
C16H33P+Ph3Br2 7 65 (70) 6 68
Wang polymer-CH2P+Ph3Br2 4.5 78 (80) 26 79
a Isolated yields. Figures in parentheses are conversions. b Performed in
H2O–MeOH (5 : 1).
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A novel 3-coordinate Cu(I)-phenoxide complex with N-
donor supporting ligation was structurally characterized
and shown to be highly reactive towards dioxygen, similar to
the reduced form of galactose oxidase.

Galactose oxidase (GAO) is a fungal enzyme that couples the
2-electron oxidation of primary alcohols to aldehydes with the
reduction of O2 to H2O2.1 Structural and spectroscopic studies
of this enzyme1,2 and a related system, glyoxal oxidase,3 have
shown that they belong to an important class of metalloproteins
that use metal centers and proximal organic radicals together to
effect multielectron redox chemistry.4 In GAO, 2-electron
transformations are mediated by a single copper ion coordinated
by a cysteine-modified tyrosinate ligand (Y272). A mechanistic
picture has emerged from biochemical studies that involves
cycling of Cu(I)/Cu(II) and Y272/Y272

4 redox states (Fig. 1).1,2,5

The active form (A) contains a unique, antiferromagnetically
coupled Cu(II)–Y272

4 pair. After binding of substrate to A,
proton transfer to a second tyrosinate ligand (Y495) is postulated
to occur, followed by an internal 2-electron oxidation (here
shown as sequential H atom and electron transfers) to yield the
reduced form (R). Oxidation of R by O2 yields the important
enzyme product H2O2 and regenerates the catalytically compe-
tent form A. While extensive spectroscopic and physicochem-
ical evidence supports the postulated structure of A, the
proposed formulation for R is based solely on an analysis of X-
ray absorption near edge and fine structure (XANES and
EXAFS) spectroscopic data.2g These data show that R contains
a Cu(I) ion coordinated to 3 or 4 N,O ligands, with the favored
coordination number being 3 on the basis of the XANES edge
and the average Cu–N,O bond distance from EXAFS of 1.99
Å.

Further understanding of the novel properties and reactivity
of the GAO active site has come from synthetic studies, which,
among other things, have succeeded in providing well-

characterized mononuclear Cu(II)-phenoxyl radical species
analogous to A.6 Few examples of monomeric Cu(I)-phenolates
that might model deprotonated R have been reported,6g,7

although dicopper(I) complexes with bridging phenolate ligands
are relatively common.8 Of the two monomeric compounds that
have been structurally defined by X-ray crystallography, one
contains soft, abiological isocyanide coligands.7a Sorrell et al.
published the X-ray structure of a monocopper(I)-phenoxide
supported solely by N-donors, but it is 4-coordinate and no O2
reactivity was reported.7b Herein we describe the synthesis and
structural characterization of a novel mononuclear Cu(I)-
phenoxide complex with a coordination number and coligand
complement that closely mimic those proposed for form R of
GAO. In addition, preliminary reactivity studies show that, like
R,5a the complex is extremely sensitive to oxidation by O2.

A new sterically hindered, potentially tridentate ligand with
one phenolate and two amine donors, 1-(2-hydroxy-3,5-di-tert-
butylbenzyl)-5-isopropyl-1,5-diazacyclooctane (HL), was pre-
pared by treatment of 1-isopropyl-1,5-diazacyclooctane9 with
3,5-di-tert-butyl-2-hydroxybenzyl bromide10 and Na2CO3 in
CH3CN (Scheme 1).† Attempts to generate a Cu(I) complex by
reacting NaL with CuCl or [Cu(CH3CN)4]X (X = ClO4

2 or
SbF6

2) under an inert atmosphere in a variety of solvents only
led to green mixtures indicative of disproportionation. How-
ever, treatment of HL with CuxMesx (x = 2 and 5)11 in THF
under stringent anaerobic conditions followed by precipitation
with pentane yielded LCu (1) as a white powder (Scheme 1).
Combined 1H and 13C NMR, UV-vis, high resolution MS, and
CHN analysis data corroborate the formulation of 1, which was
ultimately confirmed by an X-ray structure on a crystal grown
from toluene–pentane (Fig. 2).‡ Only one of the two independ-
ent but chemically similar molecules (rotational twins) in the
unit cell is shown. A planar T-shaped coordination geometry is
adopted by the complex with divergent metal–ligand bond
lengths.12 Thus, one bond is quite long [Cu(1)–N(1) = 2.279(4)
Å], one is more typical of Cu(I)–N bonds in 3-coordinate
complexes [Cu(1)–N(2) = 1.979(4) Å],13 and the Cu(I)–
phenoxide distance is shorter than any reported previously for
such a bond [Cu(1)–O(1) = 1.878(3) Å].7 Interestingly, the

Fig. 1 Proposed mechanism for GAO (adapted from ref. 1). Scheme 1
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average of these three disparate bond distances (2.05 Å) is more
typical for 4- rather than 3-coordinate Cu(I) and is slightly
greater than the average metal–ligand bond distance in R
determined by EXAFS analysis (1.99 Å).2g

Cyclic voltammetry of 1 in THF with 0.2 M tetra-
butylammonium hexafluorophosphate revealed a quasirever-
sible wave with E1/2 = 20.10 V vs. SCE (scan rate = 100 mV
s21; DEp = 183 mV; ipa ≈ ipc) and a further irreversible
oxidation at +0.32 V.14 We have been unable to discern whether
the quasireversible wave is a 1- or 2-electron process through
coulometric measurements due to rapid decomposition of the
product of oxidation of 1. Consistent with a high thermody-
namic driving force for oxidation reflected by the negative
potential, 1 is extremely air sensitive; room temperature
exposure instantly yields a light green solution [lmax/nm (e/
M21cm21 per copper) 324 (15000), 394 (sh, 800), 656 (250)] of
Cu(II) species that we presume is(are) multinuclear on the basis
of its(their) EPR silence. By oxygenating a solution of 1 in THF
at 272 °C a dark green intermediate was observed [lmax/nm (e/
M21cm21 per copper) 390 (3800), 418 (3900), 670 (1900); EPR
(X-band, 77 K) silent]. This intermediate is short-lived,
decaying by a first order process to the aforementioned light
green solution at 272 °C with k = 3.9(1) 3 1023 s21 (UV-vis
monitoring). Its spectroscopic properties are consistent with a
copper-dioxygen adduct [Cu(II)-superoxo or Cu(II)2-peroxo]15

or a Cu(II)-phenoxyl radical species (like A),6a,b,d,e,g,i all of
which would be expected to give rise to low energy CT
absorption bands and EPR silence (due to magnetic coupling)
and to decay rapidly. Efforts to discern among these possibil-
ities by further characterizing this highly reactive intermediate
are ongoing.

In summary, we have prepared and structurally characterized
a unique example of a three-coordinate Cu(I)-phenoxide
complex supported by N-donors. Its coordination environment
and high reactivity with O2 bear striking similarities to the
proposed GAO intermediate R. With the aim of gaining insights
into the detailed role of R in the GAO mechanism, aspects of the
reactivity of 1 will be the subject of future studies.16

Notes and references
† Characterized by 1H and 13C NMR, high resolution EI-MS, and CHN
analysis.
‡ Crystal data for 1: C24H41CuN2O, M = 437.15, monoclinic, space group
P21, a = 13.3193(2), b = 10.9789(2), c = 16.0969(1) Å, b = 92.349(1)°,
V = 2351.89(6) Å3, Z = 4, T = 173 K, m = 0.944 mm21. The crystal used
for collection was determined to be twinned (twin law 21.0, 0.0, 20.067;
0.0, 21.0, 0.0; 0.0, 0.0, 1.0; Sparks Twinning Programs, Sparks, R. A.,
Madison, WI, 1977). The rotational twin was modeled by converting the
reflection data to the SHELXTL HKLF 5 format using the twin law, the
reciprocal metric tensor, and ascending partial-overlap groupings by 0.005
Å21 (7 altogether), by use of the UNTWIN program (V. G. Young, Jr.,
1997). Side-by-side comparison of the two twin components (0.49 : 0.21)
shows only minor differences in the diazacyclooctane ring conformation,
and both molecules appear to be the same enantiomer. The final cycle of
full-matrix least-squares refinement (on F2), based on 7455 reflections (2.54
< 2q < 50.64°) and 527 variable parameters, with 1 restraint, converged
with R1 = 0.0482 and wR2 = 0.1121. A total of 5515 of the 7455
reflections were either exactly or partially overlapped, and 1950 reflections

were considered normal data. Data were collected on a Siemens SMART
system and calculations were performed using the SHELXTL-Plus V5.0
suite of programs. CCDC 182/1055.
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Fig. 2 Drawing of the X-ray crystal structure of LCu (1) (only one twin
component shown). All ellipsoids are drawn at the 50% probability level.
Selected bond lengths (Å) and angles (°): Cu(1)–O(1) 1.878(3), Cu(1)–N(1)
2.279(4), Cu(1)–N(2) 1.979(4), O(1)–Cu(1)–N(1) 96.3(2), O(1)–Cu(1)–
N(2) 174.7(2).
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Treatment of the 2,6-bis(imino)pyridines
{[2,6-(ArNCR)2C5H3N]} [R = H, Ar = 2,6-i-Pr2C6H3 or
2,4,6-Me3C6H2; R = Me, Ar = 2,6-i-Pr2C6H3] with AlMe3 at
elevated temperature gives, via migration of a methyl group
to the ligand backbone, the pseudo-five coordinate dimethyl-
aluminium species {2-[ArNCR(Me)],6-(ArNCR)C5H3N}-
AlMe2 (1a–c); upon treatment with B(C6F5)3, 1a–c cleanly
afford the cationic methyl complexes [{2-[ArNCR(Me)],6-
(ArNCR)C5H3N}AlMe]+[MeB(C6F5)3]2 (2a–c) which are
active for ethylene polymerization.

Neutral aluminium alkyls are well known to act as ethylene
oligomerization1 and polymerization2 catalysts. However, the
potential of cationic aluminium alkyls as catalysts is just
emerging. Recent advances by Coles and Jordan3 have utilised
a number of chelating N,N-amidinate ligands, viz. {RC(NRA)2}
(R = Me, RA = i-Pr, Cy; R = t-Bu, RA = i-Pr, Cy, SiMe3)
which, upon reaction with Me3Al, afford complexes of the form
[{RC(NRA)2}AlMe2]. Cationic species are readily generated on
further reaction with B(C6F5)3 or [HNMe2Ph][B(C6F5)4], the
latter giving amine adducts. In the case of R = t-Bu, RA = i-Pr
the derived cation [from B(C6F5)3] polymerizes ethylene at
ambient temperature, albeit with low activity.

In a separate study, we4 and Brookhart and coworkers5 have
recently shown that iron and cobalt complexes bearing neutral,
6-electron donor 2,6-bis(imino)pyridine ligands afford excep-
tionally active polymerization catalysts when activated with
methylaluminoxane (MAO). We became interested in extend-
ing the range of N,N,N-chelate ligands to monoanionic
derivatives in which one of the imino groups is transformed into
an amido functionality, and nucleophilic attack on the imine
carbon using an alkylaluminium reagent offered a convenient
approach.6 The aluminium complexes so-derived can be used to
provide a source of free pyridyliminoamine ligands (via
hydrolysis); details of the synthetic utility of this reaction will
be reported elsewhere.7 Here, we show that the dimethylalumin-
ium complexes bearing such tridentate N,N,N-ligands also can
be converted cleanly to cationic alkyl derivatives which are

active as ethylene polymerization catalysts. The significance of
this observation is highlighted by a recent report that bidentate
N,N-chelate ligand systems can lead to undesirable exchange
reactions which thwart the generation of a polymerization-
active site.8

Reaction of the parent 2,6-bis(imino)pyridines
{[2,6-(ArNCR)2C5H3N]} [R = H, Ar = 2,6-i-Pr2C6H3 or
2,4,6-Me3C6H2; R = Me, 2,6-i-Pr2C6H3] with AlMe3 in
refluxing toluene (12 h) results in alkylation of the ligand
backbone to give the dimethylaluminium species
{2-[ArNCR(Me)],6-(ArNCR)C5H3N}AlMe2 [R = H; Ar =
2,6-i-Pr2C6H3 1a; R = H; Ar = 2,4,6-Me3C6H2 1b; R = Me,
Ar = 2,6-i-Pr2C6H3 1c] in high yield (Scheme 1).†

Crystals of 1b suitable for an X-ray structure determination
were grown from MeCN. The molecular structure‡ of 1b shows
the N(9)–C(9)–py–C(7)–N(7) portion of the ligand to be co-
planar to within 0.06 Å (Fig. 1), a geometry very similar to that
observed for the closely related bis(imino)pyridine ligand in its
iron complex.4 Here the aluminium atom lies 0.33 Å out of this
plane and adopts a severely distorted tetrahedral geometry with

Scheme 1 Reagents and conditions: (i) AlMe3, toluene, 110 °C, 12 h; (ii) B(C6F5)3, toluene, rt.

Fig. 1 The molecular structure of 1b. Selected bond lengths (Å) and angles
(°): Al–N(1) 2.029(4), Al–N(7) 1.876(4), Al–N(9) 2.575(4), Al–C(10)
1.990(6), Al–C(11) 1.951(5), C(7)–N(7) 1.444(6), C(9)–N(9) 1.273(5),
N(7)–Al–C(11) 103.6(2), N(7)–Al–C(10) 113.8(2), C(11)–Al–C(10)
114.0(3), N(7)–Al–N(1) 81.3(2), C(11)–Al–N(1) 136.0(2), C(10)–Al–N(1)
102.8(2).
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angles at aluminium ranging between 81.3(2) and 136.0(2)°.
There is a slight asymmetry in the Al–Me distances [1.990(6) Å
to C(10) and 1.951(5) Å to C(11)] but a more marked difference
between the two Al–N bonds, with that to the formally
negatively charged nitrogen N(7) being significantly shorter [at
1.876(4) Å] than that to the pyridyl nitrogen [2.029(4) Å].
Perhaps the most interesting feature of the structure is the
directing of the imino nitrogen N(9) into the flattened ‘basal’
face of the tetrahedron—the aluminium atom lies only 0.3 Å out
of the N(1)–C(10)–C(11) plane whereas it lies between 0.6 and
0.9 Å out of the other tetrahedral faces. The distance is long at
2.575(4) Å, but bearing in mind the potential for this nitrogen
and the pyridyl nitrogen to adopt an anti relationship in the
absence of a metal ion7 we believe that this interaction is real
and indeed a key feature in the subsequent cation formation in
2.

The 1H NMR spectra are consistent with the solid-state
structures of 1 being maintained in solution. For 1a, the pyridyl
meta-protons resonate at d 8.49 and 7.67 while the coordinated
methyl groups appear as singlets at d 20.67 and 20.89
reflecting the C1 symmetry of the complex.

The cationic complexes [{2-[ArNCR(Me)],6-(ArNCR)-
C5H3N}AlMe]+ (2a–c) are readily generated on treatment of
one equivalent of [B(C6F5)3] in toluene at ambient temperature
(Scheme 1).† For example, the 1H NMR spectrum arising from
2a reveals a sharp singlet at d 20.70 for the methyl group
coordinated to aluminium, while the methyl group coordinated
to boron of the [MeB(C6F5)3]2 counter-anion is clearly seen as
a broad singlet at d 0.43. The upfield shift of this resonance is
consistent with a free anion9 and contrasts with the more
downfield resonance (d 1.67) observed by Coles and Jordan in
which a B–Me···Al association is invoked.3

All the cationic complexes 2a–c are active for ethylene
polymerization (see Table 1) affording solid polyethylene with
activities between 80 and 120 g mol21 h21 bar21. The polymer
products in each case are low molecular weight, with Mws
ranging from 33 000 (run 2) to 13 000 (run 3). It is noteworthy
that by changing the ligand backbone (otherwise identical) in 2a
from a single methyl group to three methyl groups in 2c has the
effect of reducing the molecular weight by almost half (cf. runs
1 and 3).

In a series of experiments on the iron and cobalt catalyst
systems, we have shown that the bis(imino)pyridine ligands
bonded to iron and cobalt are not attacked by AlMe3 or MAO
under the conditions of the polymerization experiment: free
bis(imino)pyridine can be isolated in quantitative yield follow-
ing hydrolytic work-up after the polymerization, i.e. no
alkylation of the ligand backbone occurs of the type described
here.

BP Chemicals Ltd is thanked for financial support. Dr J.
Boyle and G. Audley are thanked for NMR and GPC
measurements, respectively.
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3J(HH) 7.6, Py-Hm], 20.67 (s, 3H, AlMe), 20.89 (s, 3H, AlMe). For 1b: 1H
NMR (CD2Cl2, 293 K): d 8.57 (s, 1H, NNCH), 8.30 [d, 1H, 3J(HH) 7.6, Py-
Hm], 8.11 [app. t, 1H, 3J(HH) 7.6, Py-Hp], 7.68 [d, 1H, 3J(HH) 7.6, Py-Hm],
20.73 (s, 3H, AlMe), 21.01 (s, 3H, AlMe). For 1c: 1H NMR (CD2Cl2, 293
K): d 8.31 [app. t, 1H, 3J(HH) 7.6 Py-Hp], 8.03 [d, 1H, 3J(HH) 7.6, Py-Hm],
7.78 [d, 1H, 3J(HH) 7.6, Py-Hm], 2.31 (s, 3H, NNCMe), 1.82 (s, 6H,
NCMe2), 20.72 (s, 3H, AlMe), 20.89 (s, 3H, AlMe). For 2a: 1H NMR
(CD2Cl2, 293 K): d 8.68 (s, 1H, NNCH), 8.15 [app. t, 1H, 3J(HH) 7.6, Py-
Hp], 8.17 [d, 1H, 3J(HH) 7.6, Py-Hm], 8.13 [d, 1H, 3J(HH) 7.6, Py-Hm], 0.43
(s, 3H, BMe), 20.70 (s, 3H, AlMe). For 2b: 1H NMR (CD2Cl2, 293 K): d
8.57 (s, 1H, NNCH), 8.33 [app. t, 1H, 3J(HH) 7.6, Py-Hp], 8.01 [d, 1H,
3J(HH) 7.6, Py-Hm], 7.98 [d, 1H, 3J(HH) 7.6, Py-Hm], 4.67 [q, 1H, 3J(HH)
6.7, CHMe], 1.26 (d, 3H, CHMe), 0.33 (s, 3H, BMe), 20.85 (s, 3H, AlMe).
For 2c: 1H NMR (CD2Cl2, 293 K): d 8.29 [app. t, 1H, 3J(HH) 7.6, 7.6, Py-
Hp], 8.07 [d, 1H, 3J(HH) 7.6 Py-Hm], 8.03 [d, 1H, 3J(HH) 7.6, Py-Hm], 2.30
(s, 3H, NNCMe), 1.79 (s, 6H, NCMe2), 0.40 (s, 3H, BMe), 20.77 (s, 3H,
AlMe).
‡ Crystal data for 1b: C28H36N3Al, M = 441.6, triclinic, space group P1̄ 
(no. 2), a = 7.992(2), b = 8.169(1), c = 20.979(3) Å, a = 82.28(1), b =
82.93(2), g = 71.92(1)°, V = 1285.4(4) Å3, Z = 2, Dc = 1.141 g cm23,
m(Cu-Ka) = 8.21 cm21, F(000) = 476, T = 183 K; orange/red platy
needles, 0.23 3 0.17 3 0.03 mm, Siemens P4/RA diffractometer, w-scans,
3810 independent reflections. The structure was solved by direct methods
and the non-hydrogen atoms were refined anisotropically using full matrix
least-squares based on F2 to give R1 = 0.073, wR2 = 0.169 for 2432
independent observed reflections [|Fo| > 4s(|Fo|), 2q @ 120°] and 290
parameters. CCDC 182/1059.
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Table 1 Results of ethylene polymerization runs with cations 2a–c

Runa Cationb Yield/g
Activity/
g mol21 h21 bar21 Mn

c Mw
c Mw

c/Mn
c Mpk

c

1 2a 0.10 80 7800 23 000 2.9 19 000
2 2b 0.08 60 5200 33 000 6.3 13 000
3 2c 0.15 120 2400 13 000 5.5 9 800

a All runs performed in toluene at 5 bar of ethylene, 40 °C, 60 min, using 0.25 mmol of cation. b Generated in situ from the reaction of equimolar (0.25
mmol) amounts of 1a–c and B(C6F5)3. c Determined by GPC at 160 °C.
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Stoichiometrically equivalent concentrations of ethylenedi-
aminetetraacetate, EDTA, and of related chelating anions
increase the adsorption of ca. millimolar concentrations
heavy metal aqua-ions on amorphous precipitates of alumi-
nium(III) or iron(III) hydroxide and, although higher concen-
trations decrease the adsorption, poly-EDTA, a poly-
electrolyte containing EDTA functional groups, shows no
such decrease.

Inorganic coagulants, such as aluminium(iii) or iron(iii) salts,
are widely used both for cleaning potable water and also for
treating a variety of aqueous effluents.1 The gelatinous metal
hydroxide or floc is also used in the treatment of effluents
containing heavy metal cations since these are adsorbed2 by the
floc even though they are generally soluble at the pH used. The
method is thought to be less successful in the presence of
coordinating ligands since these often form soluble metal
complexes which are only adsorbed by the floc at pH values3,4

below those customarily used in water treatment by, for
instance, hydrous ferric oxide.1 However, much of the work in
this area is concerned with metal adsorption in sediment or soil
so that hydrated aluminium or iron oxides5 are the absorbents
usually studied. Although solutions of EDTA are believed to
strip metal cations from soils6 where they are supposed to be
bound by aluminium(iii) or iron(iii) oxides, EDTA at concentra-
tions comparable to those of the adsorbed metal ions, can
increase their adsorption at pH values below 7 through
electrostatic binding of the anionic complexes.5 In this work we
have examined the effect of EDTA on heavy metal adsorption
during the precipitation of amorphous aluminium or iron
hydroxide under conditions typical of those used during effluent
treatment. We find that copper, nickel and cadmium show an
enhanced cationic adsorption on aluminium hydroxide at pH 7,
both separately and when mixed in the same solution. Enhanced
adsorption at pH 7 has only been found on an iron(iii) floc in the
single case of mercury(ii). The effect has been studied in more
detail for cadmium on aluminium(iii) but the similar trends
observed in all cases suggest that one theoretical explanation is
common to all.

The adsorption experiments were carried out by mixing
reagent solutions at a pH of ca. 3 and then adjusting the pH to
7 sufficiently slowly to ensure that the final value during
processing was 7.000 ± 0.005. The floc and supernatant solution
were separated by centrifuging, the floc was redissolved in
concentrated nitric acid and then analysed by ICP-AE. A
correction was applied in all cases to allow for the adsorbate
ions present in the solution which was trapped within the floc
gel phase. In some experiments the EDTA present in each phase
was estimated spectroscopically at 460 nm by complexation at
pH 3 with zirconium(iii).

The approach to equilibrium is rapid if all the components are
present prior to the adjustment of the pH to 7 but it is slower if,
for instance, the floc is formed prior to the addition of EDTA or

cadmium. These results resemble the leaching experiments
reported7 previously with a range of hydrous metal oxides. A
typical experiment is shown in Fig. 1 for cadmium(ii) adsorbed
by a floc of aluminium(iii). The fraction of cadmium adsorbed
decreases progressively with increasing concentration of EDTA
as would be expected if the adsorbed ions were being removed
from the floc because of the formation of unadsorbed EDTA–
metal complexes. However the extrapolated adsorption at zero
EDTA is 100% whereas the measured value is 40%. This
apparent discontinuity is explained when the experiments are
extended to much lower EDTA concentrations, Fig. 2. It is now
obvious that the effects of trace amounts of EDTA is to increase
the fraction of the metals adsorbed by the floc. The adsorption
of the Cd2+ in the presence of a stoichiometric equivalent of
EDTA increases as the pH rises showing that it occurs at a
cationic site despite the anionic character of dissolved
[Cd(edta)]22.

The concentration of aluminium found in solution increases
with that of EDTA and may be calculated on the basis of the
accepted values of the solubility product of aluminium
hydroxide and the binding constant of the aluminium–EDTA
complex,8 as shown in Fig. 1.

† A patent has been applied for covering the material presented in this paper,
Application No. GB 9817528.4, August 12th, 1998.

Fig. 1 Effect of EDTA at pH 7,  9.3 mm Al3+ and 22.2 mm Cd2+: (-) %
Cd(exptl.), (:) % Al(exptl.), (–––) % Cd(calc.), (- - - -) % Al(calc.).

Fig. 2 Effect of low concentrations of EDTA,  12.3 mm Al3+ and 29.4 mm
Cd2+: (-) % Cd(exptl.), (–––) % Cd(calc.).
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It has been found that changes in the EDTA structure do not
prevent enhanced metal ion adsorption. Cyclohexylamine-
tetraacetate and nitrilotriacetate will also promote cadmium
retention in aluminium floc although they are much less
effective. The enhanced adsorption of cadmium also occurs
when the EDTA is in the form of a polyelectrolyte, poly-EDTA,
made by the condensation of polyallylamine and ethylenedi-
aminetetraacetic dianhydride.9 However, although the poly-
EDTA enhances adsorption in the same way as does EDTA, the
decline in adsorption at higher concentrations shown in Fig. 1
does not occur and the aluminium floc dissolves to a much
smaller extent, by 1–2%.

The structure of the species present in the gel phase and in
solution have been investigated using EXAFS which reveals the
short range order within an amorphous precipitate as well as the
corresponding order in the dissolved complexes. The results for
cadmium adsorbed on aluminium floc show that the adsorbed
metal in the absence of EDTA is identical with the aqua-cation
whereas in the presence of EDTA it resembles the dissolved
EDTA complex in solution. The compound adsorbed in the gel
phase appears to be a six-co-ordinate complex in which the
nitrogen or oxygen atoms are present at 0.24 nm from the metal
atom. These results suggest that Cd2+,edta,Al3+ complexation
contributes to the binding of cadmium on cationic sites but with
only a slight distortion of the normal Cd2+,edta complexation
found in solution.

The enhanced adsorption and its eventual inhibition by
EDTA can be modelled by an equilibrium system provided a
suitable adsorption inhibition step is postulated. The adsorption
of metal aqua-ions by both aluminium and iron flocs is
generally supposed to take place by binding at metal cation
exchange sites. Corresponding anion binding sites are also
supposed to exist to explain the removal of anions by the same
floc.5 The eventual stripping of the adsorbed metal from the floc
is usually attributed to the formation of soluble metal chelates
by EDTA. However if a cadmium–edta species is responsible
for the enhanced binding, this no longer explains the final
desorption stage. The EDTA cannot be operating by combining
with the floc adsorption sites since the concentration of the
chelate is more than a hundred-fold less than that of the
aluminium atoms present. The simplest equilibrium step
producing a satisfactory model appears to be the formation of a
soluble polynuclear chelate containing both an adsorbent and an
adsorbate atom together with at least two EDTA molecules.
There is considerable evidence that the formation of poly-
nuclear species is promoted by the presence of organic ligands
and solid aluminium hydroxide.10 Although EDTA complexes
of this type have not previously been suggested, polynuclear
carboxylate complexes are well known to exist.11 Equilibria
(1)–(7) below reproduce the essential features of our observa-
tions and the data in Figs. 1 and 2.

Al3+ + 3OH2 " Ggel (1)
Al3+ + edta42 " [Al3+(edta42)]2 (2)

Cd2+ + edta42 " [Cd2+(edta42)]22 (3)
H2O " OH2 + H+ (4)

Ggel + Cd2+" [Cd2+(G)]gel + xH+ (5)
Cd2+ + edta42+ Ggel" [Cd2+(edta42)(G)]gel + yH+ (6)

[Cd2+(edta42)(G)]gel + edta42 "

[Cd2+(edta42)Al3+(edta42)]32 (7)

Gelatinous hydrous aluminium oxide is denoted by Ggel and
all species subscripted by ‘gel’ are adsorbed in the floc. The
number of adsorbent sites was always greatly in excess of the
number of adsorbed species so that the number of sites per gm
atom of aluminium could be taken to be constant. The calculated
concentration of undissolved aluminium, [Al3+]floc, was there-
fore assumed in eqns. (5) and (6) to be linearly related by the
constant a to the concentration of free adsorption sites per unit
volume of solution, G,

G = a[Al3+]floc

The values for the ionic product of water, the solubility product
of aluminium hydroxide and the association constants of EDTA
with aluminium and cadmium were taken from the literature8

and the constants aK5/[H+]x, aK6/[H+]y and K7 were fitted.
There was no need to determine x or y since the pH was constant
at 7. The theoretical curves in Figs. 1 and 2 were calculated by
the iterative solution of the set of equations derived from
equilibria (1)–(7). The agreement of experiment and theory
shows that the explanation is consistent with observation
although further investigation is necessary to establish the
structure of the postulated polynuclear soluble species. The
same model may also be used successfully to reproduce the
effects of pH and the EDTA enhanced metal ion adsorption in
other systems.

The fact that enhanced binding may be produced by a
chelating polymer without the undesirable side-effects of
aluminium and adsorbate solution eventually produced by
EDTA suggests that useful new polyelectrolytes may be
synthesised which could enhance the flocculative treatment of
heavy metal contaminated aqueous wastes.

We thank British Nuclear Fuels plc. for their support, the
Daresbury Laboratory for providing X-ray beam time and
technical assistance and the Department of Education for
Northern Ireland for a CAST award to J. M. M.
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Ion-exchange and dehydration in clinoptilolite are simu-
lated revealing a novel feature, a hydration-controlled nano-
valve, which explains hitherto anomalous behaviour of this
important zeolite system.

Clinoptilolite is a naturally occurring and abundant zeolite with
ideal formula Na6Al6Si30O72·nH2O in the sodium form. It is
known for its high cation exchange and water capacity and has
been used1,2 for water purification, animal feed additives, and in
the treatment of nuclear waste by adsorption of heavy ions. It
also has potential for gas purification, and this was the original
interest behind this study: cations in clinoptilolite are known to
be mobile in the hydrated state, and therefore the choice of
cation and extent of hydration together offer some potential for
design in the zeolite’s function. One would like to fine-tune the
openings within its channels so that one gas molecule is
preferentially admitted over another, and be able to exploit this
in gas purification through technological processes such as
selective temperature/pressure swing adsorption.3 However it is
difficult to predict the ionic behaviour of a given zeolite system:
for example, if two different cations are exchanged into a zeolite
the resultant behaviour is not necessarily a simple mixture of
those of the single cation forms—in other words, the behaviour
is non-additive. This is the case with clinoptilolite: its nitrogen
uptake, relative to methane, increases significantly4 away from
either the pure Ca- or pure K-form. This anomalous result
typifies such non-additivity and requires an explanation that is
currently lacking in the literature.

The simulation of a complete ion-exchange process is an
ambitious venture requiring an adequate combination of atom
potentials and simulation schedule. The exchange route from
pure Ca- to a 50 : 50 Ca/K-clinoptilolite was chosen as an ideal
prototype for study. The potentials used were obtained from the
well characterized universal force-fields of Rappe et al.5 with
modifications by Burchardt et al.6 for atom types which occur in
zeolite frameworks, together with formal charges for the cations
and partial charges for water (Jorgensen7), methane (Righini
et al.8) and nitrogen (Murthy et al.9); cross term parameters for
heterogeneous pairs (e.g. cation–water) were taken as the
geometric mean of the corresponding homonuclear parameters
given in these publications.5,6 The simulation schedule devised
(Table 1) was a combination of various Monte-Carlo and
molecular dynamics stages with key features: first, the cations
are allowed to be mobile, with or without their variable
hydration spheres, and frequent total relaxations permit the
zeolite framework to respond to this mobility; the repeated
simulated annealing ensures that sufficient configurations are
explored away from local minima; and the approach used in the
ion-exchange (step no. 5) is pragmatic, not attempting to
simulate either the thermodynamics or kinetics of the ion-
exchange, but purely to obtain reasonable starting configura-
tions for the exchanged state.

As the water content of the Ca-clinoptilolite is increased
(stages 2 to 4) the Ca2+ cations in the main (10c) channel are
progressively hydrated away from the framework oxygens

towards the centre of the main channel [Fig. 1(a)]. This (50%)
fraction of Ca2+ cations then becomes accessible and can be
easily exchanged by twice the number of K+ cations (to preserve
charge neutrality) resulting in a hydrated 50 : 50 Ca : K-
clinoptilolite [Fig. 1(b)]. After ion-exchange the water con-
tinues to play a key role during dehydration, firstly by allowing
the newly arrived K+ cations to gradually approach their
eventual destination [Fig. 1(b), (c)]: this gradual exploration is
crucial since the simulation fails if this stage is omitted or if the
dehydration is performed too rapidly, and this itself reflects a
well known feature that zeolite stability is generally very
sensitive to mode of dehydration.11 The water plays a second,
more subtle, role during dehydration by mediating the displace-
ment of the K+ cations to their final (dehydrated) positions [Fig.
1(c), (d)]: the mechanism by which this occurs is that during
dehydration the loss of water reduces the effective dielectric
medium so that pairs of neighbouring Ca2+ cations experience
an increasing electrostatic repulsion which is transmitted to the
neighbouring K+ cations. Thus two Ca2+ cations, each just
inside the minor (8c) side channels, push both K+ cations by
approximately 1.7 Å so that they protrude into the main (10c)

† The term ‘valve’ is used here to denote adjustable flow in either channel
direction.

Table 1 Summary of the 7 stages employed in the simulation schedule for
modelling hydration, ion-exchange and dehydration of clinoptilolite. The
starting framework structure (stage 1) is based on the published structure10

using an ideal Si : Al ratio of 5 : 1 so that 1 in 6 tetrahedral atoms is an Al;
these Al sites are chosen randomly except being subject to Loewenstein’s
rule.13 Whereas various initial cation sites can be used for stages 1–4, the
crucial insertion in stage 5 has so far only been attempted using positions
close to those in the published structure,10 and as illustrated in Fig. 1(b).
Cations and waters can move freely during all simulated annealing (stages
2c, 6a) and molecular dynamics (stages 2b, 6b) cycles, whereas the
framework atoms move during just the molecular dynamics (stages 2b, 6b)
cycles. All stages are taken to the equilibration: Monte-Carlo (stages 2a, 6b)
cycles exceed a minimum of 106 configurations; molecular dynamics cycles
are typically 104 steps of 10215 s; simulated annealing cycles are typically
2 3 104 steps of 10215 s, generating an effective annealing temperature
range of 300–600 K

Stage Brief description

1 Start with a suitable clinoptilolite framework structure
2a A sequence of grand canonical Monte-Carlo (GCMC) simulations at

T = 300 K for increasing pressure, in which water molecules are
inserted/destroyed within each fixed framework

2b Molecular dynamics under constant N,P,T for the whole system
(framework atoms plus waters and cations) for each pressure step

2c Simulated annealing for mobile water molecules and cations within
the fixed framework

3 Loop around steps 2a, 2b, 2c until the final water loading, N, and
pressure, P, are achieved

4 Molecular dynamics under constant N,P,T for the whole system
(framework atoms plus waters and cations)

5 Removal of least energetically bound Ca2+ cations and semi-random
insertion of exchange-cations (K+) up to electrical neutrality

6a Simulated annealing for the mobile water molecules and cations
within the fixed framework

6b Molecular dynamics under constant N,P,T for the whole system:
framework atoms plus waters and cations

6b GCMC (or equivalent) simulations with decreasing pressure
7 Cycle around steps 6b + 6a to complete dehydration (N = 0)
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channel reducing its effective diameter from ca. 7.2 to 3.8 Å
(the actual final Ca–K separations are ~ 4.3 Å). This lever effect
produces a constriction in the main channel which can be
described as a ‘nano-valve’ in the sense that the degree of
constriction varies with the degree of dehydration and that the
ensuing flow restriction will be down the main channel in the
direction of the pressure gradient driving the gas flow; the
essential action is illustrated in the graphical abstract.

A difficulty with clinoptilolite is that it is extremely difficult
to synthesise, yet the natural form suffers from poor crystal-
linity. This has prevented11 a definitive location of cation
positions by Rietveld refinement of powder diffraction data as
was possible in other studies.12 However EXAFS spectroscopy
is capable of yielding one-dimensional (angle-averaged) in-
formation on the local cation environment regardless of
specimen crystallinity. Calcium and potassium K-edge EXAFS
measurements (Daresbury SRS) on dehydrated Ca : K-clinopti-
lolite yield average nearest neighbour peaks11 which are indeed
consistent with the nano-valve model described here (the
operative Ca2+ cation coordinated to 3 framework oxygens
( ~ 2.35 Å distance) and K+ to 4 framework oxygens ( ~ 3.0 Å);
details and typical plots are available as electronic supplemen-
tary information; see http://www.rsc.org/suppdata/cc/
1998/2527). However one could conceivably invoke alternative
configurations which satisfy these EXAFS-deduced ion coor-
dinations, and therefore some additional confirmation of the
nano-valve action is desirable. This has been provided by gas
adsorption data (Robinson et al.4) which show (Fig. 2) that the
differential uptake between nitrogen and methane is maximised
with the binary cation forms of clinoptilolite. We see from
simulations11 that the diffusion of methane and nitrogen (Table
2) is entirely via the main channel of the zeolite, and that
methane diffusion is severely restricted relative to nitrogen
since the constricted opening of the nano-valve falls in between
the kinetic diameters of methane (3.8 Å) and nitrogen (3.0 Å,
when axially aligned). Experimental measurements of gas
uptake reflect a combination of such kinetic effects with

thermodynamic aspects (loading capacity), though kinetic
effects would dominate with pressure swing adsorption.

In conclusion, this nano-valve, revealed by simulation,
explains the anomalous CH4 : N2 gas adsorption by the binary
(Ca/K) cation form of clinoptilolite. It also suggests that the
nano-valve might even be continuously controlled by varying
the degree of dehydration during calcination of the zeolite. We
expect that many other properties (e.g. immobilisation in
zeolites) might now be similarly predicted provided the effects
of water are taken into account.

The authors thank EPSRC, BG plc and the Daresbury SRS.
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Fig. 1 Computer graphic snapshots obtained during the nano-valve simulation of clinoptilolite: (a) full hydration with the Ca2+ cation hydrated away from
the framework; (b) a starting configuration after exchange of one Ca2+ by two K+ cations; (c) during dehydration the two K+ cations approach their framework
sites; (d) on complete dehydration the Ca2+–Ca2+ repulsion is transmitted to the K+ cations so that they project into the main (central) 10c channel.

Fig. 2 Dynamic uptake, after 24 seconds exposure of activated clinoptilolite
to nitrogen and methane at approximately 1 atmosphere pressure, as a
function of the Ca/(Ca + K) ratio. The relative uptake increases significantly
away from either the pure potassium (Ca/(Ca + K) = 0) or pure calcium
(Ca/Ca + K) = 1) forms. (Data from Robinson et al.4).

Table 2 Diffusion constants for methane and nitrogen down the main (10c)
channel of the single (K+) and double (50 : 50 Ca2+/K+) cation forms of
clinoptilolite, obtained by impulse molecular dynamics. In this method,
individual methane or nitrogen molecules are released within the main
channel and equilibrated using a 20 ps period of molecular dynamics
(individual steps of 10215 s) followed by a further ≥ 100 ps of molecular
dynamics during which the displacement down the channel is traced; the
mean diffusion constant is then obtained from the straight line slope of the
displacement-squared (versus time) plots, of which typical versions have
been deposited as electronic supplementary information (see text). One
notes that while the absolute values with the Ca/K form are decreased, the
relative ratio of nitrogen over methane increases markedly. Diffusion
constants are given in units of 1029 m2 s21.

Gas K-clinoptilolite K/Ca-clinoptilolite

CH4 0.81 < 1025

N2 6.48 2.88
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B(C6F5)3  +  H2O H2O•B(C6F5)3 [H(solvent)]+  +  [HOB(C6F5)3]–
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1 A

[(F5C6)3B(µ-OH)B(C6F5)3]–

C B
[(F5C6)3B(µ-OH)B(C6F5)3] solvent

+

[H(solvent)]+

–B(C6F5)3 +B(C6F5)3 –B(C6F5)3 +B(C6F5)3

Equilibria in the B(C6F5)3–H2O system: synthesis and crystal structures of
H2O·B(C6F5)3 and the anions [HOB(C6F5)3]2 and [(F5C6)3B(m-OH)B(C6F5)3]2
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Addition of water to the Lewis acid B(C6F5)3 gives the
neutral compound H2O·B(C6F5)3·2H2O while the reaction
between B(C6F6)3 and KOH–H2O in the presence of dibenzo-
18-crown-6 gives [K(dibenzo-18-crown-6)]+-
[HOB(C6F5)3]2 which crystallises together with the adduct
H2O·B(C6F5)3; the new binuclear borate anion [(F5C6)3B(m-
OH)B(C6F5)3]2 is formed as a salt with the cation [Ir(h5-
C5H5)(C8H12)H]+ by addition of H2O to B(C6F5)3 in the
presence of [Ir(h5-C5H5)(C8H12)].

Large and very weakly or non-coordinating anions [BR4]2 [R
= 3,5-(CF3)2C6H3, C6F5] have recently attracted interest due to
their ability to stabilise electrophilic metal cations containing
vacant coordination sites.1a–d These cations can be generated by
interaction of the neutral Lewis acid B(C6F5)3 with a zirco-
nium–methyl bond resulting in abstraction of the anionic methyl
group and giving the anion [MeB(C6F5)3]2. Apart from the role
as a co-catalyst for olefin polymerisation the Lewis and
B(C6F5)3 has been shown to have a versatile chemistry.2
Despite the interest in B(C6F5)3, however, little is known of its
reaction with water. There is a report of the compound
[NHEt3][HOB(C6F5)3]3 and of the platinum complex,
[Pt{HOB(C6F5)3}Me(Bu2bpy)] (Bu2bpy = 4,4A-di-tert-butyl-
2,2A-bipyridine), which is formed by reaction between [PtMe2-
(Bu2bpy)], B(C6F5)3 and H2O. This latter complex has been
structurally characterised and contains the anion
[HOB(C6F5)3]2 as a ligand co-ordinated to the platinum
centre.4 Finally, it has been reported that isobutylene and p-
methylstyrene undergo a ‘carbocationic’ polymerisation initi-
ated by B(C6F5)3 in the presence of water.5 This implies the
presence of acidic protons as reactive species. Herein we report
the isolation and full characterisation of three new boron
compounds by reactions between B(C6F5)3 and H2O under
various conditions which reveal the diverse nature of the
B(C6F5)3–H2O system.

Slow evaporation of a CDCl3 solution of B(C6F5)3 and
several equivalents of water gives colourless crystals of
[H2O·B(C6F5)3]·2H2O 1.6 An X-ray crystal study reveals that
one molecule of water is bound directly to the boron centre,
whilst the remaining two water molecules are dispersed
throughout the crystal lattice (Fig. 1).‡ All hydrogen atoms have
been directly located from the difference map and bond
distances indicate hydrogen bonding from the hydrogen atoms
in the coordinated water molecule to the oxygen atoms of the
remaining two water molecules, as shown in Fig. 1. Variable
temperature multinuclear NMR studies of B(C6F5)3 in the
presence of H2O shown that in 1 there is a rapid exchange of
boron-bound water with the free water molecules.

The existence of 1 and previously reported activity of the
B(C6F5)3–H2O system5 imply the formation of a Lewis acid–
base adduct and subsequent ionisation to generate an acidic
proton and complementary anion as depicted in Scheme 1.

Further evidence for the formation of the Brønsted acid is
provided by the reaction between B(C6F5)3 and H2O in the
presence of the ‘metal base’ [Ir(h5C5H5)(C8H12)],7 which gives
the salt [Ir(h5-C5H5)(C8H12)H][(F5C6)3B(m-OH)B(C6F5)3]

2·2CHCl3, containing the previously unknown binuclear anion,
[(F5C6)3B(m-OH)B(C6F5)3]2. The single crystal structure of 2§
(Fig. 2) shows that there is a large difference of size between the
cation and anion. In the anion, the three pentafluorophenyl
groups on each boron atom are staggered with respect to each
other. The hydroxyl proton is coplanar with the B–O–B unit.
The average B–O bond distance of 1.565(1) Å is consistent with
other reported B–(m-OH) bond lengths.4,8 The B–O–B angle of
139.6(5)° is distinct from those of 144.8(5)° in a diborylcobal-
tocene complex8 and 128.2(2)° in [Pt{HOB(C6F5)3}Me-
(Bu2bpy)].4

In the cation, the hydride ligand on iridium is stereochemic-
ally active as evidenced by an angle of 20.2° between the Cp
ring and the best plane of the coordinating carbon atoms in the
cyclooctadiene ligand.

The only previously reported examples of hydroxy-bridged
diborates are those prepared using the electrophilic chelates,
cis-1,2-diborylalkenes9 or in the coordination sphere of dibor-
ylcobaltocene.8 The cation, [Ir(h5-C5H5)(C8H12)H]+, has pre-
viously been synthesised by protonation of the metal base, using
strong Brønsted acids such as triflic acid (CF3SO3H).7

Fig. 1 Asymmetric unit in the crystal structure of 1·2 H2O. Selected bond
lengths (Å) and angles (°): B(1)–O(1) 1.5769(14), O(1)–H(1) 0.88(2),
O(1)–H(2) 0.86(2), O(1)–O(2) 2.572(2), O(1)–O(3) 2.597(2); B(1)–O(1)–
H(1) 117.0(14), B(1)–O(1)–H(2) 117.8(12).

Scheme 1
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Formation of an anion with a bridging hydroxide between
two B(C6F5)3 groups, B (Scheme 1), could take place either by
binding a second equivalent of B(C6F5)3 to the monoborate
anion [HOB(C6F5)3]2 A, or addition of B(C6F5)3 to 1 to form
the adduct C followed by ionisation to form B. The
[HOB(C6F5)3]2 anion has been characterised as a ligand,4 vide
supra, and we now describe its independent synthesis.

In a further study, B(C6F5)3 in a CH2Cl2 solution containing
dibenzo-18-crown-6 was treated with solid KOH pellets and
gave colourless crystals which may be formulated as
{[H2O·B(C6F5)3]}{[K(dibenzo-18-crown-6)]+[HOB(C6F5)3]2}
·H2O·MeCHO 3 (Fig. 3).‡ We assume the acetaldehyde present
in the crystal is derived either from reaction of the solvent
CH2Cl2 with KOH followed by decomposition of the resultant
diol or by decomposition of the crown ether under highly basic
conditions. There is no interaction of the aldehyde with any of
the boron-containing species, although many Lewis base
adducts of B(C6F5)3 with aldehydes and ketones have been
reported.10 The structure of 3 definitively shows the presence of
only one cation and charge balance therefore requires there to be
only one monoanion. Hydrogen atoms cannot be located on
either of the two {OB(C6F5)3} units of 3, but we can infer that
there is one molecule of [H2O·B(C6F5)3] and one of the anion
[HOB(C6F5)3]2 present. The larger B–O distance in 3 is not
consistent with that of the aqua complex 1 and it is possible that
there is some mixing-in of both species at each site, particularly
as the aryl ring torsion angles of the two species are equivalent
to within a few degrees.

In conclusion, these preliminary studies show that reaction of
H2O with B(C6F5)3 gives a stable adduct and that this adduct
can coexist with its conjugate base although the factors
affecting the equilibrium are not fully understood at present.
The formation of mono- or di-borate anions may be a function
of cation size or relative metal basicity under the reaction
conditions. Further investigations are in progress to elucidate
these factors.

We thank the Wilkinson Trust (A. A. D.), the University of
Oxford for a Violette and Samuel Glasstone Fellowship
(J. R. G.), St. John’s College, Oxford (L. H. D.) and the EPSRC
for financial support.
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Fig. 2 Cation and anion of 2. Chloroform molecules have been removed for
clarity. Selected bond lengths (Å) and angles (°): Cpcent–Ir(1) 1.867(3),
Ir(1)–H(1) 0.7773(19), B(1)–O(1) 1.566(6), B(2)–O(1) 1.564(6), O(1)–
H(2) 0.78(6), B–Cavg 1.644(8); B(1)–O(1)–B(2) 140.4(4), C–B–Cavg
111(1).

Fig. 3 Asymmetric unit in the crystal structure of 3. Selected bond lengths
(Å) and angles (°): B(1)–O(1) 1.521(10), B(2)–O(2) 1.480(11), B(1)–C
1.606–1.655, B(2)–C 1.583–1.699; C–B(1)–C 105.1–114.3, C–B(2)–C
105.6–113.6.
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Reduction potential and lipophilicity of the copper(II)
bis(thiosemicarbazone) complexes can be independently
controlled by alkylation in the diketone backbone and the N-
termini of the ligand, allowing optimisation of radio-
pharmaceuticals strongly selective for hypoxic tissues.

Hypoxia in tumours can affect the outcome of anti-cancer
treatments.1 Hypoxic malignant tissue is relatively resistant to
chemotherapy, and to irradiative therapy because of the lack of
oxygen, a potent radiosensitiser. Hypoxia is also associated with
other important health problems such as heart disease and
stroke. Radiopharmaceuticals for imaging hypoxia have there-
fore been widely sought in recent years.2 The current lead
compound, 18F-fluoromisonidazole,3 shows imageable differ-
ences between normal and hypoxic tissue, but suffers from slow
blood clearance and low tumour-to-muscle ratios.4

Copper radionuclides have attracted considerable attention in
nuclear medicine because they include isotopes with both
diagnostic (Cu-60, Cu-61, Cu-62, Cu-64) and therapeutic (Cu-
64, Cu-67) potential. They are becoming increasingly available
to the medical community through the use of generator systems
and improvements in small cyclotron production.5 The bis(thio-
semicarbazone)s chelate copper(II) to form stable mononuclear,
square-planar complexes. These have been investigated for use
in anti-cancer chemotherapy,6 and, in radiolabelled form, as a
non-tissue-selective blood perfusion tracer 62/64Cu(PTSM).7
The latter complex is capable of rapid entry into cells by passive
diffusion as a consequence of its low molecular weight,
lipophilicity and planarity.8 It then becomes trapped intra-
cellularly, regardless of tissue type, probably as a consequence
of intracellular reduction to a copper(I) complex.9 This redox-
dependent trapping mechanism may allow, through control of
redox potential, synthesis of an analogue that is trapped only in
cells that provide a more reducing environment than normal,
resulting from the absence of molecular oxygen). This approach
could lead to design of imaging agents for hypoxia. Indeed,
Cu(ATSM) has demonstrated significant selectivity for hypoxic
and ischaemic tissue both in vitro10 and in vivo,10,11 while
Cu(PTSM) has little12 or no13 selectivity. It has been suggested
that the difference in selectivity is due to differences in redox
potential.11 Here we show that both lipophilicity and redox
potential can be independently controlled through alkyl sub-
stitution at the terminal nitrogen atoms and the diketone
backbone, respectively, to give complexes with and without
selectivity for hypoxic cells.

We have synthesised a series of thirteen such complexes,
with a variety of alkylation patterns. All gave satisfactory
elemental analysis and FAB-MS results. The Cu-64-labelled
complexes were identified with their non-radioactive analogues
by thin-layer radiochromatography. The electrochemistry of the
complexes was investigated by cyclic voltammetry using a
glassy carbon working electrode in dimethyl sulfoxide contain-
ing tetrabutylammonium tetrafluoroborate as support electro-
lyte. The lipophilicity (log P) was determined by octanol
extraction of the Cu-64 labelled complexes from water. The
labelled complexes were screened for hypoxia selectivity using
mammalian cancer cells (EMT6) in a suspension. The hypoxic
cell suspension was equilibrated for 1 h with an atmosphere of

95% N2–5% CO2 while the control (normoxic) suspension was
similarly equilibrated with 95% air–5% CO2. The oxygen
concentration, measured with a Mettler Toledo 4300 oxygen
electrode, in the hypoxic suspension was then below 0.2%
(where 100% is the equilibrium concentration under an
atmosphere of air). For comparison, the upper limit defining
‘radiobiological hypoxia’ is 0.66%.14 Cu-64 complexes were
introduced into the suspension at tracer levels, and samples
taken at time points over 1 h and centrifuged to isolate the cells.
The ‘hypoxia selectivity’ was determined from the cell uptake
ratios at 1 h incubation, and expressed as log10[(% uptake in
hypoxic cells)/(% uptake in normoxic cells)]. Thus, hypoxia-
selective complexes have positive hypoxia selectivity values
while normoxia-selective complexes have negative values.15

Fig. 1 shows typical cell uptake versus time profiles for two
complexes selected to represent hypoxia-selective and nor-
moxia-selective behaviour. The cyclic voltammograms of all
the complexes showed a reversible one-electron Cu(II/I) pro-

Fig. 1 EMT6 tumour cell uptake profiles selected to typify normoxia-
selective (filled squares), and hypoxia-selective (open squares) copper
complexes under hypoxic (solid line) and normoxic (broken line)
conditions.
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cess. Fig. 2 shows the relationship between lipophilicity (log P)
and hypoxia selectivity, and Fig. 3 shows the relationship
between Cu(II/I) redox potential and hypoxia selectivity.

The inter-relationships between structure, lipophilicity, redox
potential and hypoxia selectivity may be summarised as
follows. (1) From Fig. 3 it is evident that hypoxia selectivity is
strongly dependent on redox potential. (2) On the other hand
lipophilic character (Fig. 2), while presumably necessary to
allow cell membrane penetration (all of the compounds have log
P greater than zero), is not an indicator of hypoxia selectivity.
(3) The overall number of alkyl groups at positions R1–R4 is a
poor predictor of redox potential. However, the number in the
diketone backbone (R1 and R2) is an excellent predictor:
complexes with no alkylation at these sites have potentials in the
range 20.42 to 20.44 V; those with one alkyl group have
potentials in the range 20.50 to 20.53 V; and those with two
have potentials in the range 20.57 to 20.59 V. This rule is
adhered to by all except the phenyl-substituted complex
Cu(PTSP). Alkyl substitution at the N-terminus, on the other
hand, does not influence redox potential significantly. (4) Alkyl
substitution, either in the complex as a whole or separately in
the diketone backbone and N-terminus, is only a very crude
predictor of lipophilicity.

These trends support the notion that the redox behaviour of
transition metal complexes can be exploited to achieve hypoxia-
selective targeting, and that hypoxia selectivity is a function of
redox potential in these complexes. Moreover, they provide a
basis for designing hypoxia-selective complexes of this type
according to redox potential: it appears to be a requirement that
the Cu(I/II) redox potential in dimethyl sulfoxide is more
negative than 20.57 V vs. Ag/AgCl. It might be expected that
on shifting the redox potential to much more negative values
there will come a point at which the selectivity will diminish
again because even hypoxic cells will be incapable of reducing
the complexes. This potential is not reached in the present
series.

The relationship shown in Fig. 3 suggests that redox potential
is not the only factor controlling hypoxia selectivity: although

complexes with potentials in the range 20.57 to 20.59 V are all
hypoxia selective, they differ in degree of selectivity. Indeed it
is to be expected that alkylation pattern would influence
selectivity in a complex way through factors such as membrane
solubility and steric effects on reaction rates as well as through
redox potential. Nevertheless, an appropriate redox potential is
the primary requirement for selectivity. The relationship
between alkylation pattern and redox potential provides a means
of controlling redox potential and lipophilicity separately: R1

and R2 can be varied to control redox potential, while R3 and R4

can be varied to control lipophilicity and other relevant
pharmacokinetic parameters, to produce an ideal radiopharma-
ceutical for PET imaging of hypoxia.

Many facets of the mechanism of hypoxia-selectivity of these
complexes remain to be investigated, including the serum
stability16 of the complexes, whether a single specific intra-
cellular reducing agent is involved, and the reversibility of the
trapping in hypoxic cells. Of the complexes investigated here,
Cu(ATSM) remains the best candidate in terms of absolute
selectivity in vitro, and 60Cu(ATSM) is being investigated at the
Washington University School of Medicine and Fukai Medical
University17 as an agent for the delineation of hypoxia in
humans.
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J. L. J. D. is supported by a studentship and fieldwork grant
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hypoxic and normal cells. Cell concentrations in suspensions were 106

ml21. At this level, 50% uptake corresponds to an intracellular-to-
extracellular 64Cu concentration ratio of approx. 1900 : 1.
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Fig. 2 Plot of hypoxia selectivity (see text for definition) for copper
complexes in relation to their lipophilicity values (log P octanol/water).

Fig. 3 Plot of hypoxia selectivity (see text for definition) for copper
complexes in relation to their Cu(II/I) redox potentials vs. Ag/AgCl.
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Asymmetric Baylis–Hillman reactions: catalysis using a chiral pyrrolizidine
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A novel chiral pyrrolizidine base 5 derived from L-proline
promotes the Baylis–Hillman reaction of ethyl and methyl
vinyl ketones with electron deficient aromatic aldehydes
with moderate levels of enantiomeric excess.

The Baylis–Hillman reaction is a convenient process for the
preparation of a b-hydroxy-a-methylene ketone, nitrile, ester,
etc. in one step from an a,b-unsaturated ketone, acrylonitrile or
an acrylic ester and an aldehyde.1 The reaction is mediated by a
tertiary amine, and DABCO (diazabicyclo[2.2.2]octane) is the
most common catalyst employed. Whilst the Baylis–Hillman
reaction of chiral aldehydes or chiral Michael acceptors has
been shown to proceed, in some cases, with high diastereo-
selectivities, the development of chiral catalysts for the Baylis–
Hillman reaction is less well developed. Hirama and Markó
have respectively reported the use of chiral derivatives of
diazabicyclo[2.2.2]octane2 and of quinidine or cinchonine3 as
enantioselective catalysts. However, these authors observed
only modest levels of enantioselectivities (11–47 and 6–45% ee,
respectively) and the requirement to use elevated pressures
(3–10 Kbar) to ensure acceptable conversions. We have
previously published a two step procedure to effect the
enantioselective (50–96% ee) Baylis–Hillman reaction of an
aldehyde with an a-methylene ketone via a tandem Michael
addition–aldol reaction of (phenylthio)- or (phenylselenyl)-
trimethylsilane catalysed by a chiral borane Lewis acid
followed by oxidative elimination.4 Recently, Soai and co-
workers reported the use of (S)-BINAP as a catalyst for the
enantioselective (9–44% ee) Baylis–Hillman reaction of pyr-
imidine-5-carbaldehydes with acrylate esters.5 This work has
prompted us to report the use of pyrrolizidine (1-azabicyclo-
[3.3.0]heptane) derivatives as alternative chiral catalysts. We
considered that such amines may function as efficient catalysts
for the Baylis–Hillman reaction on account of their enhanced
basicity relative to common tertiary amines6 and the accessi-
bility of the nitrogen lone pair. We were concerned, in our
design, to seek to alleviate the known slow kinetics of the
DABCO catalysed Baylis–Hillman reaction.

Swern oxidation of Boc-L-prolinol7 1 and direct Wittig
homologation gave ester 28 (81%) (Scheme 1). Subsequent
hydrogenation over Raney nickel, deprotection of the Boc
group, under acidic conditions, and lactamisation gave the
pyrrolizidinone9 3 (73%). Aldol reaction of lactam 3 with
4-nitrobenzaldehyde in the presence of BF3·OEt2 gave a
mixture of four b-hydroxy lactams (94%). The less polar
component consisted of a single crystalline diastereoisomer 4†‡
which was readily isolated in 16% yield. The remaining three
diastereoisomers co-chromatographed and were not separable
at the lactam oxidation stage. Finally, BH3·SMe2 mediated
reduction gave the desired pyrrolizidine 5 which was initially
isolated as the robust borane adduct but which could be
converted into the free base following sequential reflux with
methanolic TsOH and K2CO3.

The Baylis–Hillman reaction of ethyl vinyl ketone with
2-nitrobenzaldehyde was examined in MeCN or EtCN solution
in the presence of pyrrolizidine 5 (10 mol%) at variable
temperatures (275 to 25 °C). All reactions gave rise to the
corresponding b-hydroxy-a-methylene ketone 6 (R1 =

2-O2NC6H4, R2 = Et) (Table 1) which was formed in variable
yield and enantioselectivity.§ The yield of the reaction was
significantly improved by cooling and no significant decrease in
rate was observed until 250 °C. Leahy has reported unusual
temperature dependence on conversions in the DABCO medi-
ated Baylis–Hillman reaction of acrylate esters with alde-
hydes.10 Although, the yield of the reaction was optimum at
240 °C, enantioselectivities were superior at higher tem-
peratures with a maximum value at 220 °C (47% ee). Since
Aggarwal has reported rate enhancements on the use of
lanthanide triflates in the Baylis–Hillman reaction,11 a series of
Lewis acid co-catalysts were examined in the synthesis of 6.
Amongst diverse metal salts examined, those of the alkali
metals, in particular sodium, were the most effective additives.
A series of aldehydes were allowed to react with ethyl or methyl
vinyl ketone in the presence of amine 5 (10 mol%) and 1 M

NaBF4 or NaBPh4¶ in MeCN at 220 °C (Table 2). The

Scheme 1 Reagents and conditions: i, Swern oxidation, CH2Cl2, then
Ph3PNCHCO2Me; ii, Raney Ni, H2 (40 psi), MeOH; iii, HCl, EtOAc, 0 °C,
then NaOMe, MeOH; iv, Lithium 2,2,6,6-tetramethylpiperidide, THF, 278
to 230 °C, then 4-O2NC6H4CHO, BF3·OEt2, 278 to 220 °C; v, BH3·SMe2,
THF, reflux, then TsOH, MeOH, reflux, then K2CO3, MeOH, reflux.

Table 1 Temperature variation in the Baylis–Hillman reaction of 2-nitro-
benzaldehyde with ethyl vinyl ketone

T/°C Yield (%) Ee (%) t/d Solvent

25 27 37 3 MeCN
4 21 42 3 MeCN

210 57 30 3 MeCN
220 50 47 2 MeCN
230 53 31 2 MeCN
240 93 26 2 MeCN
275 9a 21 3 EtCN
a This slow reaction was stopped before reaching completion.
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corresponding b-hydroxy-a-methylene ketones 6 were isolated
in modest to excellent yields (17–93%) and with acceptable
levels of enantioselectivity (21–72% ee).∑ The absolute config-
uration of ketone 6 (R1 = 2-O2NC6H4, R2 = Me) was
determined to be R by comparison of the sign of its specific
rotation with that of the antipodal ketone.** The absolute
stereochemistry of the other b-hydroxy-a-methylene ketones 6
were assigned by analogy since all were laevorotatory. It is
reasonable to speculate that the reaction may proceed via the
intermediate 7 rather than the more sterically congested system
8. The importance of hydroxy substitution on enhancing the rate

of Baylis–Hillman reactions is well known1 and is exemplified
by the fact that 3-hydroxyquinuclidine is a superior catalyst to
quinuclidine. Such an effect may also be of significance in both
the catalysis by pyrrolizidine 5 and the enhancement of
enantioselectivity in the presence of sodium ions. Further
studies of this variant of the Baylis–Hillman reaction are now
being investigated in our laboratory.

We thank Zeneca, Chiroscience, the EPSRC and the DTI for
generous support under the Link Asymmetric Scheme; Glaxo-

Wellcome Research Ltd for the most generous endowment (to
A. G. M. B.); the Wolfson Foundation for establishing the
Wolfson Centre for Organic Chemistry in Medical Science at
Imperial College; and George O’Doherty, Oswy Pereira and
D. Christopher Braddock for helpful discussions.

Notes and references
† All new compounds were fully authenticated by spectroscopic data and
microanalysis and/or HRMS.
‡ The structure of 4 and related b-hydroxy lactams and pyrrolizidines,
which were confirmed by X-ray crystallography, will be reported
elsewhere.
§ Enantioselectivities of all reactions were determined by HPLC analyses
on Chiralcel OD-H and AD columns and, in some cases, by 1H NMR
spectroscopy in the presence of the chiral the shift reagent Eu(tfc)3.
¶ For the use of lithium salts to enhance the rate of reactions proceeding via
ionic intermediates, see ref. 12.
∑General experimental procedure (Table 2, entry 4): 6 (R1 = 2-ClC6H4, R2

= Et)·NaBF4 (27 mg, 0.25 mmol) followed by 2-chlorobenzaldehyde (26
ml, 0.22 mmol) were added to a stirred suspension of amine 5 (5 mg, 0.019
mmol) in MeCN (0.25 ml) under nitrogen at –40 °C. The reaction mixture
was stirred for a further 10 min when ethyl vinyl ketone (19 ml, 0.19 mol)
was added and stirring continued for 24 h. The mixture was concentrated in
vacuo and the residue chromatographed (1:6 EtOAc–hexanes, Rf 0.3) to
yield the title compound 6 (R1 = 2-ClC6H4, R2 = Et) (24.8 mg, 58%) as a
colourless oil.
** The absolute stereochemistry of the major adduct 6 (R1 = 2-O2NC6H4,
R2 = Me) was determined by comparison of the sign of the specific rotation
with literature data on (4R)-4-hydroxy-3-methylene-4-(2-nitrophenyl)bu-
tan-2-one, which was prepared by an enantioselective Baylis–Hillman
reaction (11–42% ee) and by the partial kinetic resolution of the racemic
compound by Sharpless epoxidation using L-(+)-diethyl tartrate (see ref.
2).
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Table 2 Baylis–Hillman reactions of aldehydes with ethyl or methyl vinyl
ketones

R1 R2 Yield (%) Ee (%)a t/h

2-O2NC6H4 Et 71 67 18
2-O2NC6H4 Me 71 53 18
2-FC6H4 Et 31 63 48
2-ClC6H4 Et 58 72 14
2-BrC6H4 Et 63 71 72
3-O2NC6H4 Et 51 37 18
2-Pyridyl Et 83 21 14
3-Pyridyl Et 93 49 12
4-Quinolinylb Et 63 70 18
4-O2NC6H4 Et 17 39 48
a Determined by HPLC analyses (Chiralcel OD-H and AD). b Reaction
carried out using NaBPh4 not NaBF4.
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Manganese enolates of allylic esters of dipeptides are
suitable to undergo Claisen rearrangements, giving rise to
unsaturated peptides in excellent yield.

Peptides and cyclopeptides containing unnatural amino acids
are quite common in nature, and are often found in marine
organisms.1 Many of these peptides show antibiotic activity,2
and are therefore highly interesting from a pharmaceutical point
of view.3 For straightforward approaches towards these targets,
efficient target screening and optimization of lead structures,
flexible synthetic concepts are necessary. In addition to
classical peptide coupling of commercially available or synthe-
sized amino acids, the modification of existing peptides is
especially suitable for this purpose. These modifications can be
carried out in the side chain or directly on the peptide
backbone.4 The great advantage of side chain modifications
results from the fact that the chiral center in the newly formed
amino acid can be taken over from the precursor amino acid.5
On the other hand, suitable precursors are necessary. In contrast,
achiral glycine subunits can be used for backbone modifica-
tions, because the whole side chain is transferred.6 As reactive
intermediates, glycine cation equivalents7 as well as glycine
anions (glycine enolates) can be used.8 The major drawback of
this concept results from the difficulty of controlling the
stereochemical outcome of the C–C coupling step.

For quite some time we have been investigating syntheses of
g,d-unsaturated amino acids.9 One approach towards these
structures is based on a variation of the Claisen rearrangement,
proceeding via chelated amino acid ester enolates (Scheme
1).10

Because of the fixed enolate geometry given by chelation,
and the high preference of the Claisen rearrangement for the
chair like transition state, the syn configured rearranged
products are formed in a highly stereoselective fashion. If esters
of chiral allylic alcohols are used, the corresponding enantio-
merically pure amino acids are obtained. 11

Therefore we were interested to see if it was also possible to
transfer this Claisen protocol to peptides, and to use it for
backbone modifications. Our early attempts were carried out
with zinc enolates, which generally give the best results in the
rearrangement of amino acids.12 But with peptides the yields
obtained were modest (20%), although they could be increased
(70–80%) by addition of Pd0 catalysts. However, under these
conditions the allylation of the peptide chains proceeds via p-
allyl–palladium intermediates. This intermolecular process
results in significantly lower diastereoselectivities, and also the
formation of regioisomers if substituted allylic esters are used.
Therefore we undertook an intensive metal tuning to find
suitable chelate complexes which undergo Claisen rearrange-

ment without assistance from a palladium catalyst. By far the
best results are obtained if manganese salts are used for
chelation.13 We investigated the rearrangement of various esters
of dipeptides (Scheme 2) and the results obtained are shown in
Table 1.†

Independent of the protecting groups (PG) used,‡ the yields
obtained with these manganese enolates were always excellent,
with both esters of terminal allylic alcohols (entries 1–3) and
trans configured substituted alcohols (entries 4–11).§ These are
especially interesting, because in their rearrangement two new
stereogenic centers are formed. Therefore we investigated
preferentially the rearrangement of crotyl esters, because the
results obtained with these esters in general can be transferred to
other trans configured esters without problems. In all examples
investigated so far, the simple diastereoselectivity of the
rearrangement was very high (!95%) and comparable to the
results obtained with amino acids.¶ No significant induced
diastereoselectivity was observed. Obviously the N-terminal
amino acid has no notable influence on the rearrangement. This
is also reflected in the high yields obtained, which are also
nearly independent on the peptide used.

This protocol is also suitable for the direct introduction of a-
alkylated amino acids into peptides (Scheme 3). These
derivatives show higher resistances towards proteases, and
therefore they are interesting for the development of peptide

Scheme 1

Scheme 2 Reagents and conditions: i, LDA (4.0 equiv.), MnCl2 (1.2 equiv.),
THF, 278 °C?room temp.; ii, CH2N2.

Table 1 Chelate enolate Claisen rearrangement of peptides

Entry Ester PG AS R1 R2
Yield
(%)

Selectivity
SS:SR

1 1a Boc Val H Me 88 51:49
2 1b Boc Phe H Me 90 63:37
3 1c Z Phe H Me 88 66:34
4 1d Z Val Me H 92 61:39
5 1e Boc Val Me H 93 37:63
6 1f Boc Phe Me H 93 62:38
7 1g CF3CO Phe Me H 98 47:53
8 1h Ts Phe Me H 92 35:65
9 1i Ts Ile Me H 83 35:65

10 1k Boc Met Me H 88 33:67
11 1m Boc Lys(Boc) Me H 78 42:58
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based pharmaceuticals.14 Because of the steric hindrance of
these amino acids, their introduction into peptides by classical
peptide coupling reactions often causes problems, and therefore
special coupling reagents and methods have to be applied.15

Using the peptide Claisen rearrangement even sterically
hindered peptides such as 4 and 10 can be obtained. This
procedure is also suitable for the rearrangement of peptides
containing b-amino acids (5).16 Since the influence of the
adjacent amino acid on the rearrangement can be neglected, this
allows for the stereoselective synthesis of peptides if esters of
chiral allylic alcohols such as 7 and 9 are used.17 The
corresponding dipeptides 8 and 10 were obtained not only in
good to excellent yields but also in a highly diastereoselective
fashion.

These unsaturated peptides obtained by backbone modifica-
tion are suitable substrates for subsequent reactions on the
double bond (side chain modifications). These reactions are
currently under investigation. We are also looking for chelate
complexes which allow chirality transfer from the peptide chain
to the new stereogenic center formed during the rearrange-
ment.

Financial support from the Deutsche Forschungsgemein-
schaft as well as the Fonds der Chemischen Industrie is
gratefully acknowledged.

Notes and references
† General procedure for the peptide Claisen rearrangement: 0.2 mmol of
peptide ester 1 was dissolved in 3 ml of THF, before 0.24 mmol of MnCl2
was added. The mixture was cooled to 278 °C. A freshly prepared solution

of 0.8 mmol LDA in 2 ml of THF was added slowly and the reaction mixture
was allowed to warm to room temperature overnight. The resulting brown
solution was hydrolyzed by vigorous stirring with 5 ml 1 M HCl solution,
until a clear solution was obtained. After separation of the aqueous layer the
rearrangement product was extracted three times with 10 ml of 1 M NaOH
solution. The combined basic aqueous layers were acidified with 1 M HCl
solution (pH 1) and the peptide was extracted twice with CH2Cl2 (15 ml
each). After evaporation of the solvent, the crude product was purified by
flash chromatography. For analytical purposes the rearrangement products
were converted into the corresponding methyl esters with CH2N2.
‡ If a trifluoroacetyl group is used as protecting group, LHMDS should be
applied instead of LDA.
§ The yields and selectivities obtained with cis-configured esters are
generally lower, depending on the substituent. This can be explained by an
increased rearrangement via the boat like transition state (ref. 18).
¶ Determined by NMR and/or HPLC analysis
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Scheme 3 Reagents and conditions: i, LDA (4.0 equiv.), MnCl2 (1.2 equiv.),
THF, 278 °C?room temp.; ii, CH2N2; iii, LHMDS (4.0 equiv.), MnCl2
(1.2 equiv.), THF, 278 °C?room temp.
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Isostructurality in crystalline oxa-androgens: a case of C–O–H···O and C–H···O
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A C–H···O interaction in 2-oxa-4-androstene-3,17-dione is
replaced by a C–O–H···O hydrogen bond in the isostructural
6a-hydroxy analogue, and these compounds form a binary
solid solution, showing the similarity of these two crystal
structures.

As part of an ongoing study on androgens1 and their 2-oxa
analogues,2 the crystal structures of 2-oxa-4-androstene-
3,17-dione 13 and 6a-hydroxy-2-oxa-4-androstene-3,17-dione

22 were determined. Crystals of these compounds were obtained
from EtOAc–MeOH mixtures. Both these lactones were found
to have similar crystal structures. Isostructurality in steroids has
been studied previously for compounds that are related by an
exchange of functional groups or by epimerisation. Thus, the
pairs of compounds gamabufotalin/arenobufagin, cinobufagin/
cinobufotalin and digitoxigenin/digirezigenin form solid solu-
tions which are isostructural with the respective individual
components while the crystal structures of epimeric 5a- and 5b-
androstane-3a,17b-diol are similar, if only to a slightly lesser
degree.4 The conformation of the oxa-steroid skeletons in 1 and
2 are identical.† Accordingly, the crystal structures of 1 and 2
were scrutinised further.‡

Both 1 and 2 adopt the same monoclinic space group, P21 and
the value of the a-axis parameter is nearly equal (6.2321 and
6.2214 Å). This is the direction of the hydrogen bond
interactions and an inspection of Fig. 1–3 is instructive. In
hydroxy lactone 2, O6–H and C6–H are hydrogen bonded to the
lactone carbonyl atom O3 of different screw-axis related
molecules, thereby forming chains of alternating O–H···O (1.86
Å) and C–H···O (2.38 Å) hydrogen bonds5 (Fig. 1 and 3).
Effectively, O6 behaves as an O–H···O donor and O3 as a
bifurcated acceptor. In lactone 1, the C6 methylene hydrogens
are linked to the O3 atom of 21-related molecules to give chains
of C–H···O hydrogen bonds (2.38 and 2.67 Å) (Fig. 2 and 3).
The metrics of these hydrogen bonded chains along [100] in the
two structures are given in Fig. 3, from which it is clearly seen
that the shorter of the C–H···O hydrogen bonds in 1 behaves as
a surrogate of the C–O–H···O bond in 2. We note that the near
equality of the a-axis parameter in the two structures allows for
the replacement of four links between translationally related O3
atoms in 1 (two weak O···H interactions and two C–H bonds) by
five links in 2 (strong O···H interaction, weak O···H interaction,
C–H bond, C–O bond and O–H bond).

When a 1:1 mixture of 1 and 2 was crystallised from EtOAc–
MeOH, crystals 3‡ were obtained in the space group P21 with
cell dimensions very similar to those of pure 2. Structure

solution and refinement with partial positional occupancy for
O6 yielded a converged model with partial occupancies of 0.28
and 0.720(6) for 1 and 2 respectively, showing that 3 is a binary
solid solution.§ While there are examples of equivalence
between N–H···O and C–H···O hydrogen bonds in isostructural
crystals,6 the formation of solid solution has not been reported
in these cases. Additionally, interaction mimicry between
C–O–H···O and C–H···O is a novel occurrence. The present
example is therefore unprecedented and offers valuable clues
regarding crystal packing in general.

Fig. 1 Hydrogen bonding in hydroxy lactone 2 along [100] to show the
O6–H···O3 and C6–H···O3 interactions between 21-related molecules.
Oxygen atoms are shaded.

Fig. 2 Hydrogen bonding in lactone 1 along [100] between C6-methylene
H-atoms and the carbonyl O3 atom of different 21-related molecules.
Oxygen atoms are shaded. Notice the identity of a-axis and the similarity in
hydrogen bonded chains and arrangement of molecules in the structure
shown here and in Fig. 1.
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Firstly, this example shows the equivalence of O–H···O and
C–H···O hydrogen bonding and confirms yet again that the
structure directing effects of these two interactions can often be
the same. It is noteworthy that the C6 H-atoms in D4-steroids
are allylic in nature and, as such, activated as C–H donors.7
Secondly, the formation of a solid solution in such cases is per
se noteworthy. Binary solid solution formation is the most
stringent criterion for isostructurality8 and occurs here because
1 and 2 have similar overall molecular shapes and also because
the hydrogen bonds and recognition patterns in the structure-
forming domain, that is along [100], are virtually identical.
These patterns are the supramolecular synthons9 4 and 5 and
they play a significant structural role in all three crystals.
Thirdly, the fact that the 3 adopts the structure of 2 rather than
that of 1 could be ascribed to the larger size of the OH group
compared to the H substituent,10 while the excess of 2 over 1 in
the solid solution might be because of the relative strengths of
O–H···O and C–H···O hydrogen bonds in the individual
structures.11 Finally, we note that solid solution formation
occurs for this pair of compounds 1 and 2 even though the b, c
and b parameters are significantly different. While the unit cell
similarity index P8,12 is fortituously close to zero (P = 0.002),
this index could be misleading here. Since the monoclinic axial
lengths are quite different (9.926 and 12.050 Å), the other
packing features in the crystals, in this case the general
coordination arrangements of molecules, are different leading to
a degree of isostructurality index,8,12 I21

D of only 75%. Despite
this, solid solution formation has been observed leading to the
thought that isostructurality along one direction is sufficient to
observe mimicry effects,13 if that direction is important as a
structure determinant. The implications of such ‘one-dimen-
sional isostructurality’ have a bearing on the analysis of
similarities in crystal packing that are mediated by robust

supramolecular synthons.14 Such synthons could play an active
role during all stages of crystallisation events from nucleation to
growth to the final appearance of a single crystal.
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space group P21, a = 6.2321(3), b = 9.9264(6), c = 12.8120(8) Å, b =
97.079(5)°, V = 786.54(8) Å3, Z = 2, Dc = 1.218 g cm23, KM-4
diffractometer, T = 293 K, Cu-Ka, w–2q scan mode, 1597 unique
reflections, 1434 with I > 2s(I), no absorption corrections. Structure
solution and refinement with standard methods (SHELXS86 and
SHELX97); H-atoms fixed, final R = 0.0342 (observed), 0.0412 (all), wR
= 0.0865 (observed), 0.0919 (all). For 2: C18H24O4, M = 304.37, mp
244–246 °C, monoclinic, space group P21, a = 6.2214(7), b = 12.050(1),
c = 10.888(1) Å, b = 103.07(1)°, V = 795.10(14) Å3, Z = 2, Dc = 1.271
g cm23, KM-4 diffractometer, T = 293 K, Cu-Ka, w–2q scan mode, 1514
unique reflections, 1458 with I > 2s(I), no absorption corrections.
Structure solution and refinement with standard methods (SHELXS86 and
SHELX97); H-atoms fixed, final R = 0.0359 (observed), 0.0378 (all), wR
= 0.1013 (observed), 0.1033 (all). For 3: solid solution of 1 and 2,
(C18H24O3)0.28 + (C18H24O4)0.72, M = 299.89, mp 244–245 °C, mono-
clinic, space group P21; a = 6.2246(7), b = 12.014(1), c = 10.915(1) Å,
b = 103.09(1)°, V = 795.04(14) Å3, Dc = 1.252 g cm23, KM-4
diffractometer, T = 293 K, Cu-Ka, w–2q scan mode, 1542 unique
reflections, 1497 with I > 2s(I), no absorption corrections. Structure
solution and refinement with standard methods (SHELXS86 and
SHELX97); H-atoms fixed, final R = 0.0321 (observed), 0.0334 (all), wR
= 0.0862 (observed), 0.0880 (all). CCDC 182/1056.
§ The presence of 1 and 2 in single crystals of 3 was further confirmed by
IR analysis and their ratio was found to be in the range 3:7 to 4:6 by 1H
NMR integration.
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Fig. 3 Supramolecular synthons 4 and 5 in the structures of 1 and 2 along
[100]. The geometrical parameters (d, D, q) of the hydrogen bonds with
normalised O–H and C–H distances are for 4: C6–aH···O3: 2.38, 3.381(4)
Å, 154° and C6–bH···O3: 2.67, 3.693(4) Å, 157°; 5: O6–aH···O3:
1.8602(5), 2.831(4) Å, 171° and C6–bH···O3: 2.38 Å, 3.409(4) Å, 158°. a
and b refer to the bottom and top faces of the somewhat flattened steroid
skeleton.
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Synthesis of a 1,2-dihydro[60]fullerylglycine derivative by a novel cyclopropane
ring opening of a methano[60]fullerene
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The 1,2-dihydro[60]fullerylgylcine derivative 2 has been
prepared by a novel cyclopropane ring opening reaction of
the methano[60]fullerene derivative 1.

[60]Fullerenes exhibit a range of interesting biological activities
including inhibition of HIV-1 protease,1 cytotoxicity2 and the
selective cleavage on DNA.3 Furthermore, the covalent tether-
ing of fullerenes to peptides and proteins has been the goal of a
number of studies concerned with the application of fullerene–
peptide conjugates to biological problems.4–8 These conjugates
not only enhance the water-solubility of the fullerene and make
this molecule more amenable to biological studies, but the
fullerene itself can modify the conformation of the tethered
peptide and often enhance its biological activity.6 Such
investigations could be greatly enhanced if an a-substituted
fulleryl amino acid was available that could be directly
incorporated into a peptide sequence. The resulting fulleryl
peptides would be expected to have novel secondary structures
because of the possibility of p–p and hydrophobic interactions
between the peptide and the fullerene surface. Furthermore,
these conjugates may have unique biological properties or
applications. While a number of fullerylproline derivatives have
been prepared9 the synthesis of an acyclic a-fulleryl amino acid
has not been realised. We describe here the synthesis of the
1,2-dihydro[60]fullerylgylcine derivative 2 by a novel ring
opening reaction of the methano[60]fullerene derivative 1
(Scheme 1).

Treatment of a solution of [60]fullerene, under Hirsch
cyclopropanation conditions,10 with tert-butyl N-diphenylme-
thyleneglycinate, CBr4 and DBU gave the cyclopropane
imino ester 1 in 52% yield after purification by column
chromatography. Apart from the signals due to the aryl and tert-
butyl group (d 28.3) the 13C NMR spectrum (C6D6–CS2, 1:1) of
1 showed the expected downfield resonances for the sp2

hybridized carbonyl (d 162.3) and imine carbons (d 153.7), 25
sp2 fullerene carbon resonances (d 149.3–135.0) and resonances
for the quaternary sp3 carbons at d 95.0 (C-61), 84.3 (Me3CO)
and 83.8 (C1, C2). The electrospray ionization mass spectrum
of 1, using PhMe–MeCN (30 : 1) as solvent showed a molecular
ion at m/z 1013. The related ethyl ester 1 (R = Et) could be
obtained in 79% yield from C60 and ethyl N-
diphenylmethyleneglycinate. Attempts at the acid hydrolysis (6
M HCl, TFA or TsOH) of 1 (R = But or Et) have not proven
successful and none of the desired cyclopropane amino acid
could be isolated.

Reduction of 1 (R = But) with NaBH3CN in THF–MeOH at
pH 4 gave not the expected reduced imine compound but the
novel ring opened 1,2-dihydro[60]fullerylglycine derivative 2
in 44% yield after purification by column chromatography on
silica gel. The ring opened structure of 2 was evident from its 1H
NMR (C6D6–CS2, 1:1) spectrum which showed a singlet
resonance at d 6.84 typical of H-2 in a 1-substituted 2-H-
C60.11,12 The structure of 2 was further supported by single
proton resonances at d 5.27 (d, J = 3 Hz, Ph2CHNH), 4.83 (d,
J = 11.7 Hz, H-61) and 3.62 (dd, J = 3, 11.7 Hz, NH). The 13C
NMR spectrum of 2 showed 47 sp2 fullerene resonances in the
region d 154.4–136.2 and resonances for 5 sp3 carbons in the

region d 83–58. These latter resonances were unequivocally
assigned by 1H–13C NMR correlation experiments (HMBC) as
d 82.8 (Me3CO), 70.9 (C-61), 68.1 (C-1) , 66.7 (Ph2CH) and
58.8 (C-2). The two fullerene carbons alpha to C-1 (C-6 and C-
9) and C-2 (C-3 and C-12) were observed downfield of the other
fullerene resonances and occurred in the region d 154.4–152.4.
Interestingly, C-6 and C-9 and C-3 and C-12 appeared as
diastereotopic pairs due to the stereogenicity of C-61 (Fig. 1).
The number of different sp2 fullerene signals suggested that
most other fullerene carbons formed diastereotopic pairs.† The
assignmements made to individual carbons are shown in Fig. 1.
Furthermore, the HMBC experiments confirmed that the
1,2-substituted rather than the 1,4-substituted fullerene had
formed.‡

The formation of 2 can be rationalized as occuring by a
mechanism similar to that shown in Scheme 1, although this
process may not be concerted and the protonation steps may
occur at different stages along the reaction pathway. Clearly the
driving force for such a ring opening must be stabilization of the
incipient C-2 fulleryl carbanion A by delocalization over the
fullerene ring. Such ring opening of cyclopropane amino esters
and acids is known when a b-electron-withdrawing group is

Scheme 1 Reagents and conditions: i, DBU, CBr4, PhCl, room temp.; ii,
NaBH3CN, pH 4.
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present on the ring that can stabilize a developing carbanionic
centre.13 The ring opening of fullerene derivatives has been
observed before but not on cyclopropane derivatives or under
such mild conditions.14

In conclusion, we have discovered a novel ring opening
reaction of a methano[60]fullerene derivative under reductive
conditions that allows the synthesis of 1,2-dihydro[60]fuller-
ylgylcine derivatives that would have potential for many
interesting biological applications.§

We thank the Australian Research Council for financial
support.
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Fig. 1 13C NMR (C6D6–CS2, 1:1) chemical shifts and assignments for 2 (R
= But).
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Thiophenes can be synthesised in high yields from the
reaction of C4+ oxygenates and CS2 at temperatures 140 °C
lower than current industrial catalysts, using novel materials
based upon chromium substituted iron oxide hydroxide.

Thiophene derivatives are widely used as raw materials in the
production of dyes, agrochemicals and pharmaceuticals.1
However, in recent years much research has been devoted to
their catalytic destruction via HDS for obvious environmental
reasons.2 Conversely, the catalytic synthesis of thiophenic
systems has received scant attention. Thiophene and alkylth-
iophenes are currently synthesised on an industrial scale (ca.
1000 tonnes p.a.) via two processes. The first involves the
reaction of C4+ alcohols or carbonyls with CS2 over alkali-
promoted chromia alumina.3 The second is based upon the
reaction of an a,b-unsaturated aldehyde with H2S over alkali/
alkaline earth-promoted g-Al2O3.4 However, the use of alu-
mina-based catalysts results in some disadvantages, chiefly that
at the temperatures required to achieve economic yields of
product (450–500 °C), cracking reactions occur with resultant
losses in yields and premature catalyst deactivation through
coke deposition. Hence it is desirable to design a catalyst that
can operate at lower temperatures and/or give lower by-product
formation. Here we address this problem and present initial data
for CrIII-substituted FeOOH, which has been found to be an
effective thiophene synthesis catalyst at comparatively low
temperatures.

Catalyst synthesis was based upon the method developed by
Flanigen et al.5 for the synthesis of Jarosites. This involved
dissolving the required molar ratios of FeIII and CrIII sulfates in
distilled water at 80 °C. The pH of the resulting solution was
adjusted to 4 using aq. NaOH. The slurry formed was then
refluxed for 20 h and the solid recovered by vacuum filtration,
washed with distilled water and dried (110 °C, 12 h). Samples
were then pelleted and sieved (0.6–1.0 mm), prior to testing for
thiophene synthesis in a fixed bed microreactor.6 A typical
reaction involved passing a mixed vapour/gas stream of
2-methylbutanol (2MB), CS2 and N2 (1:1.5:80 molar ratio) at a
total flow rate of 12000 h21 over 1.0 g of catalyst. Product
analysis was performed on-line by GC FID analysis with a
carbon balance of 98–100% for all data quoted, based upon
conversion of the alcohol.

A series of catalysts with increasing Cr content were prepared
and tested for their efficacy in the synthesis of 3-methyl-
thiophene (3MT), giving the results shown in Fig. 1 and Table
1. As the Cr concentration increased the yield of 3MT and
conversion of alcohol were seen to increase to a maximum at ca.
5% Cr (57 mol% 3MT, conversion of 78 mol%), before
declining to very low yields at higher Cr levels. The optimum
temperature for reaction was found to be 330–350 °C, with
typical temperature profile data for the reaction being shown in
Table 1. Another obvious advantage of these materials was their
very low by-product formation, with only minor levels of alkene
formation, presumably via dehydration, being observed. More-
over, the proportion of cracked fractions was low and mirrored

Fig. 1 The effect of Cr loading on the activity and selectivity of catalysts for
the synthesis of 3-methylthiophene: (-) 3MT (mol% yield) and (5) 2MB
(% conversion). Reaction conditions: 2MB:CS2:N2 (1:1.5:80), GHSV =
12000 h21, all samples taken at optimum temperature of activity (340–360
°C).

Table 1 The effect of Cr content and temperature on catalyst activity.

T/°C
Cr
(%)a Fraction 300 320 340 360 380 400 420

1 3MT/mol% 22.5 22.0 30.4 35.6 41.2 39.7 29.0
2MB (% conversion) 44.9 46.8 56.9 61.1 65.1 63.7 49.7

2.5 3MT/mol% 23.1 31.3 52.4 49.1 43.8 35.4 30.2
2MB (% conversion) 46.7 59.3 76.0 72.7 68.0 58.0 51.7

5 3MT/mol% 36.6 43.8 56.7 43.2 31.6 24.0 23.7
2MB (% conversion) 55.4 66.4 78.4 64.4 53.8 44.8 45.4
Thiophene (%
conversion) 4.4 5.1 4.4 3.7 3.0 5.3 5.7
2-Methylbutene (%
conversion) 10.2 13.0 15.0 13.6 15.6 13.4 13.6
Cracked (%
conversion) 4.3 4.5 4.4 4.1 3.6 6.2 7.5

10 3MT/mol% 22.0 23.0 31.8 45.1 39.2 31.9 22.8
2MB (% conversion) 46.6 45.5 58.5 73.9 69.6 60.8 49.6

15 3MT/mol% 24.2 23.6 27.5 27.2 31.1 48.5 66.1
2MB (% conversion) 40.0 45.9 51.2 50.5 54.5 64.4 79.4

25 3MT/mol% 21.2 16.0 15.6 17.1 28.9 38.0 50.1
2MB (% conversion) 31.1 26.7 26.5 27.5 40.5 50.2 63.3

50 3MT/mol% 0.4 0.3 0.4 0.6 0.9 1.4 1.9
2MB (% conversion) 2.0 2.0 2.4 3.1 4.4 6.5 8.6

a Nominal Cr loading.
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the yield of thiophene, hence this was ascribed to b-methyl
cleavage of the alcohol, rather than skeletal cracking as
observed with Al2O3 based catalysts.

In a further set of experiments the activity of the 5% Cr
catalyst (SA 103 m2g21) was compared to that of a commercial
catalyst (7.5% K2CO3 promoted 11% Cr2O3 on g Al2O3, SA =
125 m2 g21). The results, normalised to surface area, are given
in Fig. 2. It is apparent that the commercial catalyst is only
active at temperatures > 360 °C, and that temperatures as high
as 475 °C are required to attain yields of 75 mol% 3MT, cf. 340
°C for the novel 5% Cr catalyst. Moreover, the commercial
catalyst gave this optimum yield at a 2-methylbutanol conver-
sion of 99 mol%, cf. 95 mol% for the 5% Cr catalyst, reflecting
a lower selectivity and a higher formation of potentially
deleterious reaction by-products for the commercial catalyst.

The changes in catalytic activity with increasing Cr content
(Fig. 1) is not considered to be merely due to variation in surface

area. This is confirmed by the similar BET SAs of samples with
0–10% Cr, which were all in the range 100–120 m2 g21.
However, at higher loadings of Cr, decreases in SA were
recorded (15 m2 g21 for the 49% Cr sample). Hence it is clear
that the intrinsic activity of the 5% Cr sample is significantly
higher than that of catalysts with higher Cr loadings. Moreover,
detailed powder XRD of the samples was performed which
indicated that phase changes occurred as a function of Cr
concentration. Thus, at 0 < Cr < 2.5% the catalyst was found
to comprise of natrojarosite, with traces of a-FeOOH (Goethite)
and a-CrOOH (Bracewellite).7 However, for 3 < Cr < 10%,
samples contained only a mixed a-FeOOH/a-CrOOH phase,
whilst at Cr > 10% only the presence of a mixed FeCr phase
supported on sodium sulfate (Thenardite) was recorded. This
latter observation is consistent with the activity displayed by the
intermediate Cr (15–25%) loaded samples, which exhibited
performance profiles typical of supported oxides.6 We therefore
conclude that the high activities of the low Cr catalysts are
related to the presence of a mixed FeOOH/CrOOH phase.

In these initial studies no attempt has been made to optimise
catalyst performance by increasing the concentrations or
relative proportions of the active phases. However, the data
obtained demonstrate the discovery of a new class of catalysts
for a lower temperature vapour phase synthesis of thiophenes8

and may prove to be a starting point for the development of a
new generation of industrial catalysts.

We are grateful for the financial support of this work by
Synthetic Chemicals Ltd., now Inspec Fine Chemicals Ltd.

Notes and references
1 L. S. Fuller, Thiophene and Thiophene Derivatives, in Kirk-Othmer

Encyclopaedia of Chemical Technology, 4th edn., Wiley, London, 1997,
vol. 24, p. 34.

2 R. Prins, V. J. H. de Beer and G. A. Somorjai, Catal. Rev. Sci. Eng., 1989,
31, 1.

3 N. R. Clark and W. E. Webster, Br. Pat., 1,345,203 (Synthetic Chemicals
Ltd.).

4 J. Barrault, M. Guisnet, R. Lucien and R. Maurel, J. Chem. Res., 1978, (S)
207; (M) 2634 (US Pat. 4,143,052).

5 R. W. Grose and E. M. Flanigen, Preparation of Catalysts 1, eds. B.
Delmon, P. A. Jacobs and G. Poncelet, Elsevier, Amsterdam, 1976, p.
51.

6 B. W. L. Southward, PhD Thesis, University of Liverpool, 1993.
7 NIST XRD database.
8 B. W. L.Southward, G. J. Hutchings, R. W. Joyner, L. S. Fuller and R. A.

Stewart, Eur. Pat. 751,139, 1997.

Communication 8/06829A

Fig. 2 Comparison of the normalised activities of a-Fe0.95Cr0.05OOH and
the current commercial catalyst for the synthesis of 3-methylthiophene: (-)
3MT (FeCrOOH, mol% yield), (5) 2MB (FeCrOOH, % conversion), (:)
3MT, (!) 2MB (commercial catalyst, conversion). Reaction conditions:
2MB:CS2:N2 (1:1.5:80), GHSV = 12000 h21, all samples taken after 15
min equilibration at each temperature.

2542 Chem Commun., 1998, 2541–2542



5 LiBun + {Al[N(H)But]3}2 Li3Al2[N(H)But]3[NBut]3•(LiBun)2 + 3 HBun (1)

1b 2
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The reaction of {Al[N(H)But]3}2, obtained as a 1 : 2 mixture
of cis and trans isomers from the addition of AlCl3 to three
equiv. LiN(H)But in diethyl ether, with LiBun generates a
complex in which a dimeric n-butyllithium fragment is
trapped by the trilithiated derivative Li3Al2[N(H)But]3[N-
But]3.

Current interest in amido derivatives of the Group 13 elements
is stimulated primarily by possible applications in materials
science.1–3 Although there has been a recent spate of publica-
tions describing homoleptic polyimido anions of p-block
elements, e.g. E(NBut)3

22 (E = Te,4 Se,5 S6),
Sb(NCH2CH2Ph)3

32,7 and E(NR)4
x2 (E = S, R = But, x = 2;8

E = P, R = 1-naphthyl, x = 39), no examples of trisimido
trianions, E(NR)3

32 (E = Group 13 element, R = alkyl or aryl
group) have been reported.

Lithiation has been used to prepare complexes of the type
[R2AlNLi(thf)nRA]2 from [R2AlNHRA]2 (R, RA = Me, But or
Bui, Ph; n = 1), although adduct formation is observed for very
bulky groups, e.g. Me2ButAlNH[Li(thf)3](C6H3Pri

2-2,6).10

Nevertheless the trisamido derivatives [Al(NHR)3]n (1a, R =
Pri; 1b, R = But) are potential precursors of Al(NR)3

32. The
isopropyl derivative 1a is obtained by the reaction of AlCl3 with
LiNHPri in a 1 : 3 molar ratio in diethyl ether11 whereas the
analogous reaction with LiNHBut in toluene gives {LiAl[N(H-
)But]4}2 rather than 1b.1 These observations, and the very recent
report of the monomeric complex Li(thf)Al[N(H)R]4 (R =
2,6-Pri

2C6H3),12 prompt us to describe the formation and
structure of the unusual cluster Li3Al2[N(H)But]3[NBut]3·(Li-
Bun)2 (2) in attempts to generate Al(NBut)3

32. Complex 2
consists of an unsolvated n-butyllithium dimer trapped by a
trilithiated derivative of 1b.

Treatment of LiN(H)But with AlCl3 (3 : 1 molar ratio) in
diethyl ether gives the dimer 1b as a ca. 1 : 2 mixture of cis, 1bA

(C2v), and trans, 1bAA (C2h), isomers in 83% yield. The 1H NMR
spectrum of 1b exhibits three equally intense resonances for 1bA
and two resonances in the ratio 1 : 2 for 1bAA.† The gallium
analogue [Ga(NHBut)3]2 has been structurally characterized as
the cis isomer.2 The mixture of isomers 1bA and 1bAA could not
be separated by recrystallization.

The reaction of 1b with six equivalents of LiBun in hexane
produces the novel cluster Li3Al2[N(H)But]3[NBut]3·(LiBun)2
(2). Complex 2 is formed as the major product for stoichiome-
tries ranging from 4 : 1 to 8 : 1, even at reflux, but the optimum
yield is obtained when 5 equiv. of LiBun are used [eqn. (1)].†

The 1H NMR spectrum of 2 shows five unique But environ-
ments (1 : 2 : 1 : 1 : 1) at 23 °C which resolve into six equally
intense resonances at 220 °C, as well as resonances corre-
sponding to Bun groups (Bun : But ~ 1 : 3). These puzzling
observations were clarified by a single crystal X-ray structure
determination, which revealed an unsolvated complex in which
a trilithiated derivative of 1b is coordinated to the dimer
(LiBun)2 (Fig. 1).‡ n-Butyllithium is hexameric in the solid state
if crystallized from a non-coordinating solvent,13 but the dimer
is stabilized by coordination of Li+ ions to TMEDA.14 A
solvated (LiBun)2 moiety has been identified recently in the
complex (Ph2NLi)[Ph(C6H4Li)NLi]2(LiBun)2(Et2O)4 (3),15 but
2 is unique in incorporating unsolvated (LiBun)2 with three-
coordinate Li+ ions.

The average Li–C bond length in the puckered Li2C2 ring is
2.216(12) Å, cf. 2.268 Å for the corresponding distances for 3.15

Although the three N–H hydrogens in the trilithiated fragment
Li3Al2[N(H)But]3[NBut]3 were not located in the X-ray struc-
tural determination, it seems reasonable to associate them with
the three-coordinate nitrogen atoms N(3), N(4) and N(6). Thus
the static structure of 2 contains six inequivalent NBut groups
consistent with the 1H NMR spectrum at 220 °C (vide supra).
However, Li(5) is disordered, with equal occupancies, over two
sites in which it is in close contact with either N(1) or N(2). A
fluxional process involving Li(5) will give rise to equivalence
of the But groups attached to N(1) and N(2) as observed in the
1H NMR spectrum at 23 °C. All five Li+ ions in 2 are three-

Fig. 1 Molecular structure of Li3Al2[N(H)But]3[NBut]3·(LiBun)2 2 (30%
thermal ellipsoids). For clarity only a-carbon atoms of But groups are
shown and a second, disordered position of Li(5) is omitted. The hydrogen
atoms attached to N(3), N(4) and N(6) were not located. Selected bond
distances (Å) and angles (°): Li(1)–C(25) 2.262(12), Li(1)–C(29) 2.187(11),
Li(1)–N(3) 2.043(12), Li(2)–C(25) 2.181(12), Li(2)–C(29) 2.236(12),
Li(2)–N(5) 2.031(12), Li(3)–C(29) 2.238(11), Li(3)–N(1) 2.041(10), Li(3)–
N(5) 2.080(11), Li(4)–C(25) 2.157(12), Li(4)–N(2) 2.037(10), Li(4)–N(5)
2.052(11), Li(5)–N(2) 2.303(19), Li(5)–N(4) 2.064(10), Li(5)–N(6)
2.069(11), Al(1)–N(3)–Li(1) 110.3(4), Al(2)–N(5)–Li(2) 127.4(4).
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coordinate and the Li–N distances are in the normal range of
2.031(12)–2.075(10) Å with the exception of those involving
Li(5) [Li(5)–N(2) = 2.303(19), Li(5)A–N(1) = 2.296(16) Å].
The geometry at aluminium is distorted tetrahedral with NAlN
bond angles in the range 87.96(13)–127.90(19)° and
87.14(13)–134.80(17)° for Al(1) and Al(2), respectively. The
smallest bond angle ( < 90°) is found within the Al2N2 ring. The
significant difference between the values of N(5)–Al(2)–N(6)
and N(3)–Al(1)–N(4) [134.80(17)° vs. 127.90(19)°] presum-
ably reflects the coordination of N(5) to Li(3) and Li(4). The
Al–N distances [average value = 1.872(4) Å, range
1.833(3)–1.895(3) Å] are comparable to the values found for
related lithiated AlN complexes.10a

Although LiBun has been employed successfully for the
dilithiation of the dimer [ButN(H)P(m-NBut)]2

16 and the
trilithiation of MeSi(NHBut)3,17 the use of alternative metal-
lating reagents will be necessary for the generation of
Al(NR)3

32, an isoelectronic analogue of AlO3
32.

We gratefully acknowledge the NSERC of Canada for
financial support and the Killam Memorial Foundation for a
fellowship (J. K. B.).

Notes and references
† Synthesis of 1b: A solution of AlCl3 (1.22 g, 9.15 mmol) in diethyl ether
(10 mL) was added dropwise to a stirred slurry of LiN(H)But (2.17 g, 27.4
mmol) in diethyl ether (30 mL) cooled to 278 °C. After 0.5 h at 278 °C the
reaction mixture was stirred for a further 1.5 h at 23 °C and subsequently
filtered to give a colourless solution. Removal of solvent in vacuo yielded
white microcrystalline 1b (1.84 g, 3.78 mmol, 83%); mp 170 °C (decomp.).
Anal. calc. for AlC12H30N3: C, 59.22; H, 12.42; N, 17.27. Found: C, 59.24;
H, 12.48; N, 17.16%. 1H NMR (C6D6, 23 °C, 200 MHz): d 1.48 (18 H, But),
1.46 (36 H, But), 1.37 (18 H, But), 1.35 (72 H, But), 1.28 (18 H, But). 27Al
NMR [C7D8, 23 °C, 52.12 MHz, Al(NO3)3 in D2O]: d 98.5 (Dn1/2 = 2.08
kHz). IR (KBr, Nujol mulls): 3358 (br) and 3250 (br) cm21 [n(N–H)]. X-
Ray quality crystals (blocks) were obtained in 4 days (23 °C) via
recrystallization from hexane.

Synthesis of 2: A 2.5 M solution of LiBun in hexanes (2.06 mL, 5.15
mmol) was added dropwise to a stirred solution of 1b (0.50 g, 1.03 mmol)
in hexane (30 mL) cooled to 278 °C. After 0.5 h at 278 °C the reaction
mixture was stirred for a further 4 h at 23 °C. Concentration (ca. 2 mL) and
subsequent cooling (0 °C) of the resulting solution yielded colourless cubes
of 2 (0.61 g, 0.97 mmol, 94%); mp 175 °C (decomp.). Anal. calc. for
Al2C32H75Li5N6: C, 60.75; H, 11.95; N, 13.28. Found: C, 60.14; H, 12.06;
N, 13.07%. 1H NMR (C7D8, 23 °C, 400 MHz): d 1.73 [m, 8 H,
CH2(CH2)2CH3], 1.50 (9 H, But), 1.42 (18 H, But), 1.38 (9 H, But), 1.34 (9
H, But), 1.32 (9 H, But), 1.14 [t, 6 H, CH2(CH2)2CH3], 20.52 [m, 4 H,
CH2(CH2)2CH3]. 1H NMR (C7D8, 220 °C, 400 MHz): d 1.73 [m, 8 H,
CH2(CH2)2CH3], 1.53 (9 H, But), 1.43 (9 H, But), 1.41 (9 H, But), 1.38 (9
H, But), 1.35 (9 H, But), 1.31 (9 H, But), 1.14 [t, 6 H, CH2(CH2)2CH3],
20.52 [m, 4 H, CH2(CH2)2CH3]. 7Li NMR (C7D8, 23 °C, 155.51 MHz, 1
M LiCl in D2O): d 0.29 (br), 0.18, 21.16 (approximately 3 : 1 : 1). 27Al
NMR [C7D8, 23 °C, 52.12 MHz, Al(NO3)3 in D2O]: d 98.0 (Dn1/2 = 762
Hz). IR (KBr, Nujol mulls): 3227 (br) cm21 [n(N–H)].

‡ Crystallographic data for 2: Colourless cubic crystals of 2 (0.3 3 0.3 3
0.4 mm) were obtained from hexane and mounted on a thin glass fibre. Data
were collected on a SMART CCD diffractometer with graphite-mono-
chromated Mo-Ka radiation (0.71073 Å) at 20 °C in the range 1.98° < 2q
< 23.50° (10471 reflections collected, 6241 independent reflections, Rint =
0.0457). The structure was solved by direct methods and refinement, based
on F2, was by full-matrix least-squares procedures. All non-hydrogen atoms
were refined with anisotropic displacement coefficients. Hydrogen atoms
for the But groups were treated as idealized contributions. Attempts to locate
the NH hydrogen atoms were unsuccessful and were ignored. Atomic
scattering factors were obtained from the SHELXTL (5.1) program library.
C32H75Al2Li5N6, M = 632.66, monoclinic, P21/c, a = 17.872(5), b =
11.472(3), c = 20.606(5) Å, b = 91.896(5)°, V = 4222(2) Å3, Dc = 1.045
g cm23, Z = 4, m = 0.099 mm21. Refinement converged at R1 = 0.0936,
wR2 = 0.2962. CCDC 182/1063. See http://www.rsc.org/suppdata/cc/
1998/2543, for crystallographic files in .cif format.
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Using the O-alkylation of the lower rim of the calix[4]arene
to impose the 1,3-alternate conformation and the functional-
isation of the upper rim to set-up four nitrile groups pointing
in a divergent fashion, an exo-ligand capable of forming
linear coordination networks was obtained; upon self-
assembly of the latter and silver cation, a linear coordination
polymer was obtained and structurally analysed in the solid
state by an X-ray study.

Due to their foreseeable wide scope of applications, coordina-
tion polymers which may also be described as molecular
networks are currently attracting much attention.1 In these
assemblies, metals in addition to their structural role might also
display functional features. The dimensionality (1-, 2- or 3-D
networks) as well as the topology (linear, helical) of coordina-
tion polymers may be tuned through the interplay between the
metal (coordination requirements, i.e. coordination number and
coordination geometry) and the exo-ligand (number of coor-
dination sites and their location, steric control). Many examples
of coordination polymers based on bis-monodentate1,2 bis-
bidentate3,4 and bis-tridentate ligands5 have been reported. Here
we report the synthesis of an exo-ligand of the calix[4]arene
type bearing four nitrile groups as coordination sites as well as
the structural analysis of the free ligand and of its linear AgI-
coordination polymer.

For the formation of molecular networks, the design of exo-
ligands in which the coordination sites are oriented in a
divergent fashion is crucial. Molecular units possessing four
coordination sites occupying the apices of a pseudo-tetrahedron
may be of interest for construction of linear coordination
polymers using metals requiring a tetrahedral coordination
geometry. The design of such a ligand may be based on a
preorganised backbone offering the possibility of anchoring
four coordination sites in an alternating mode below and above
its main plane. This aspect was previously demonstrated in the
case of mercaptocalix[4]arene derivatives for which in the
lower rim the OH groups were replaced by SH moieties.6
Another design may be based on the use of both the upper and
lower rims. Indeed, one may impose the needed 1,3-alternate
conformation by proper transformation of all four hydroxy
groups, and on the other hand, using para positions one may set-
up, in a controlled manner, coordination sites. This has been
demonstrated in the case of catechol units as the coordination
sites.7 Again, using this strategy, we designed the exo-ligand 1
containing four nitrile groups as a building block for the
formation of linear coordination polymers. It is worth noting
that for ligand 1, due to the donor effect of oxygen atoms, the
binding ability of nitriles is considerably enhanced.

The synthesis of 1 was achieved as follows. The starting
material was the p-tert-butylcalix[4]arene 28 which after
dealkylation in toluene in the presence of phenol and AlCl3
afforded 3 as a mixture of conformers.9 The O-alkylation of the
latter using 2-methoxyethyltosylate in DMF in the presence of
Cs2CO3 afforded 4 which, after recrystallisation, was shown to

adopt the 1,3-alternate conformation.10 The desired tetracyano
compound 1 was obtained after bromination of 4 using NBS in
butanone leading to the tetrabromo compound 5 and followed
by treatment of the latter by CuCN in N-methylpyrrolidone.11

The structural assignment of 1 was achieved by classical NMR
studies as well as by X-ray diffraction† which indeed confirmed
the 1,3-alternate conformation (Fig. 1).

The metal cation, AgI, which is already extensively used for
the formation of coordination networks,12 was chosen because
it forms kinetically labile complexes. Furthermore, coordina-
tion networks based on the binding of silver by bis-,13a tris-13b

and tetrakis-nitrile13c based ligands have been reported. How-
ever, AgI may adopt a wide range of coordination geometries.
We have observed linear,14 trigonal15 and tetrahedral4 coordina-
tion geometries using pyridine, benzonitrile and bipyridine
based ligands respectively.

In principle, for the combination of the ligand 1 and AgI, one
may envisage two types of linear coordination polymers (Fig.
2). The difference between the two possibilities resides in the
difference in the coordination geometry around the silver
cation. Whereas for the di-coordinated Ag adopting a linear
coordination geometry, a 1 : 2 ligand : metal stoichiometry
would be obtained, in the case of tetrahedral coordination
geometry, a 1 : 1 metal : ligand ratio would be expected.

Fig. 1 X-Ray structure of the free ligand 1 adopting the 1,3-alternate
conformation. H atoms are not presented for sake of clarity.
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Upon slow diffusion of a CH2Cl2 (1 ml) solution of ligand 1
(5 mg, 6.6 3 1026 mol) into an EtOH (2 ml) solution of AgAsF6
(20 mg, 6.7 3 1024 mol) in large excess, a colourless crystalline
material was obtained. The analysis of monocrystals by X-ray
crystallography‡ revealed the presence of disordered H2O and
EtOH molecules in the lattice. In addition to the solvent
molecules the crystal (tetragonal, space group P4/nnc) was
composed of linear coordination polymers and disordered AsF6
anions. The ligand 1, as in the absence of AgI cation (Fig. 1),
adopted a 1,3-alternate conformation (Fig. 3). The ether
fragments adopted a gauche conformation with an OCCO
dihedral angle of 73.8°. In order to bind two AgI cations in the
tetrahedral mode of coordination, the calix unit was slightly
pinched at the upper rim, i.e., the N···N and O···O distances
between nitrogen and oxygen atoms located within the same
side of the calix unit were 3.533 and 5.670 Å respectively. The
nitrile groups were almost linear with a CCN angle of 176.8°
and CN distance of 1.104 Å. The cationic network was formed
by mutual bridging between ligands 1 and AgI cations (Fig. 3).
The silver cations were tetrahedrally coordinated to four nitrile
groups with the NAgN angle varying from 100.9 to 121.9°
(average 106.2°), CNAg angle of ca. 144.0° and AgN distance
of ca. 2.292 Å. The packing of the cationic and anionic
components (Fig. 4) showed parallel strands of linear coordina-
tion polymers with columns of disordered AsF6

2 anions
separated by water molecules.

In conclusion, employing the self-assembly strategy, the
formation of a silver coordination network using an exo-ligand
based on calix[4]arene in the 1,3-alternate conformation and

bearing at the upper rim four nitrile groups was achieved. The
structure of the infinite network was established by single-
crystal X-ray analysis.

Notes and references
† (Colorless, 173 K), C44H44N4O8, M = 1756.86, orthorhombic, a =
14.8980(3), b = 35.729(1), c = 14.9520(3) Å, U = 7958.8(5) Å3, Z = 8,
space group Pbca, Dc = 1.26 g cm23, Nonius CCD, Mo-Ka, m = 0.088
mm21, 3543 data with I > 3s(I), R = 0.045, Rw = 0.056.
‡ (Colorless, 173 K), C44H44N4O8Ag·AsF6·2H2O·CH3CH2OH, M =
1135.75, tetragonal, a = b = 14.4450(7), c = 27.129(1) Å, U = 5660.7(7)
Å3, Z = 4, space group P4/nnc, Dc = 1.33 g cm23, Nonius CCD, Mo-Ka,
m = 1.001 mm21, 1078 data with I > 3s(I), R = 0.081, Rw = 0.119.
CCDC 182/1062.
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Fig. 2 Schematic representation of two types of linear coordination
networks which may be envisaged for the self-assembly of the ligand 1 and
AgI cation adopting tetrahedral- (left) or linear- (right) coordination
geometries.

Fig. 3 A portion of the X-ray structure showing fragments of two parallel
cationic linear coordination networks obtained by mutual bridging of AgI

cations and ligands 1 (projection down the polymer axis). H atoms, solvent
molecules and anions are not presented for sake of clarity.

Fig. 4 A portion of the structure showing the packing of the cationic linear
coordination networks and AsF6

2 anions (projection normal to the polymer
axis). The AsF6

2 anions were found to be disordered. H atoms and solvent
molecules (H2O and EtOH) are not presented for sake of clarity.
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Catalytic enantioselective ene reactions of imines: a simple approach for the
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A highly enantioselective ene reaction of readily available
tosyl a-imino esters with alkenes catalysed by only 0.1 mol%
of chiral CuPF6–BINAP complexes is presented.

The development of asymmetric catalytic reactions has in recent
years added a new and very important aspect to chemistry as it
allows one to use a small amount of chiral catalysts to form
directly optically active compounds.1

The ene reaction of alkenes 1 with a-imino esters 2 can give
a-amino acids 3 which are among the most fundamental
compounds in nature (Scheme 1).

Within the last decade the asymmetric catalytic addition
reactions of carbonyl compounds have been developed to a
level where they can be performed with a high degree of
stereoselectivity.2–4 Compared with the highly efficient cata-
lytic enantioselective ene reaction of carbonyl compounds, the
related ene reaction of imines has only met with very limited
success.5 The catalytic enantioselective ene reaction of imines
has, to the best of our knowledge, not yet been achieved
regardless of its potential broad application. One of the
problems with this reaction compared with the related reaction
of carbonyl compounds is that the imine probably competes
with the chiral ligand in coordinating to the Lewis acid and
therefore suppresses the chiral information from the ligand.

Recently the first catalytic enantioselective hetero-Diels–
Alder reaction,6 addition of enol silanes7 and alkylation8 of a-
imino esters 2 have been developed and a recent paper9 dealing
with the catalytic ene reaction of 2 with alkenes prompted us to
present our results at the present stage of investigations.

Here we present a highly enantioselective ene reaction of
alkenes with tosyl a-imino esters catalysed by chiral CuPF6–
BINAP complexes. The strategy behind the catalytic enantiose-
lective ene reaction of a-imino esters is the use of chiral
phosphine ligands in combination with copper(I) salts. The
chiral phosphine ligands (R)-BINAP 4a, (R)-Tol-BINAP 4b,
(R,R)-DIOP 4c and (R,R)-NORPHOS 4d have been found to be

the most promising of the different ligands tested for the ene
reaction of a-methylstyrene 1a with tosyl a-imino ester 2a in
the presence of various Lewis acids. Some representative results
are presented in Table 1.

The results for the screening of the various ligands and Lewis
acids show that (R)-BINAP 4a and (R)-Tol-BINAP 4b in

combination with copper(I) salts catalyse the ene reaction of a-
methylstyrene 1a with tosyl a-imino ester 2a giving adduct 3a
in good yield and up to 95% ee (Table 1, entries 1–6). The ee of
3a is counterion-dependent and the highest ees are obtained
with PF6 and ClO4 as the anions; it is of practical importance
that CuPF6 can be used as this Lewis acid is safer, more stable
and easier to handle than CuClO4. Changing the catalyst to (S)-
BINAP–CuClO4 leads to the opposite enantiomer with the same
yield and ee. Choosing copper(II) as the Lewis acid in
combination with the BINAP ligands leads to a significant
reduction in the ee of 3a (entry 7). The combination of ligand 4b
with other Lewis acids gives only reasonable results in the case
of silver(I) (entries 8–12). The application of the chiral ligands
(R,R)-DIOP 4c and (R,R)-NORPHOS 4d leads only to very low
yield and ee of 3a when tested for the ene reaction in
combination with CuPF6 as the Lewis acid (entries 13, 14). The
results presented in Table 1 are all performed in THF; CH2Cl2
can also be used and similarly good results as those presented in
entries 1–6 are obtained. The latter solvent has the advantage
that the reaction course can easily be monitored by the colour
change; the coordination of 2a to the catalyst complex at the
reaction temperature gives a dark purple colour, and when the
reaction goes to completion the colour becomes a clear light
yellow. We have also tried various chiral bisoxazolines in
combination with different Lewis acids but only low to
moderate ees were obtained.

The potential and scope of the ene reaction of various alkenes
1a–e with the tosyl a-imino ester 2a in the presence of (R)-Tol-
BINAP 4b–CuX as the catalyst are presented in Table 2.10

The results show that both aromatic (1a,b), cyclic (1c,d) and
simple aliphatic alkenes (1e) react with 2a in the presence of

Scheme 1

Table 1 The results for the reaction of a-methylstyrene 1a with the tosyl a-
imino ester 2a in the presence of the various chiral phosphine ligands 4a–d
and Lewis acids (10 mol%) at room temperature in THF

Entry Ligand–metal salt
Yield of
3aa (%) Eeb (%)

1 4a–CuClO4 73 93
2 4b–CuClO4 75 95
3 4a–CuPF6 77 93
4 4b–CuPF6 80 95
5 4a–CuOTf 58 76
6 4b–CuOTf 67 80
7 4b–Cu(OTf)2 75 24
8 4b–AgOTf 75 73
9 4b–AgClO4 72 67

10 4b–AgSbF6 63 68
11 4b–Pd(SbF6)2 61 < 5
12 4b–RuArSbF6 8 5
13 4c–CuPF6 3 < 5
14 4d–CuPF6 25 < 5

a Isolated yield. b Determined by chiral HPLC.
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(R)-Tol-BINAP 4b–CuX (X = PF6, ClO4) as the catalyst. For
alkene 1a it appears that the reaction proceeds well using both
THF and CH2Cl2 as these solvents, giving good yields and high
ees of 3a at room temperature in the presence of 10 mol% of the
catalyst (entries 1, 2). Reducing the catalyst loading to 1, 0.5 and
even 0.1 mol% causes no significant reduction in the yield of 3a
and even higher enantioselectivities (up to 99%) are obtained
(entries 3–5). The p-methoxy substituted alkene 1b reacts in a
similar manner with 2a and an ee of up to 91% is obtained using
only 0.1 mol% catalyst loading (entry 7). Methylenecyclo-
pentane 1c reacts also in a highly enantioselective manner with
2a with only 0.5 mol% of 4b–CuPF6 as the catalyst and up to
92% ee is found (entry 8), while methylenecyclohexane 1d is
less reactive and leads to a small reduction in ee compared with
1c (entry 9). The reaction of isobutylene 1e with 2a in the
presence of (R)-Tol-BINAP 4b–CuPF6 as the catalyst (entries
10, 11) gives also the corresponding ene product 3e in
reasonable yields and with high ee; the latter reaction can be
performed in a gram scale with a catalytic loading of only 1
mol% without affecting the yield and ee. This reaction has been
used to assign the absolute stereochemistry of the ene product
3e as this adduct is easily transformed to the N-tosylleucine
ethyl ester the stereochemistry of which is found to be S by
correlation with the same compound prepared from (S)-leucine.
The absolute stereochemistry of 3e indicates that the alkene
approaches the si-face of the tosyl a-imino ester 2a when
coordinated to the catalyst.

2,3-Dimethylbuta-1,3-diene 1f reacts with the tosyl a-imino
ester 2a in the presence of (R)-Tol-BINAP 4b–CuPF6 (10
mol%) as the catalyst to give both the ene product 3f and the
hetero-Diels–Alder product 5, with a preference for the latter
(3f : 5 = 1 : 9) (Scheme 2). The ee of the ene adduct 3f was 86%
at room temperature, while 65% ee was found for 5.

We have presented a highly enantioselective ene reaction of
alkenes with tosyl a-imino esters catalysed by CuPF6–BINAP
complexes. The substrates for this ene reaction are aromatic,

cyclic and simple alkenes and the reaction provides a simple
method for the preparation of both optically active natural and
non-natural a-amino acids; the potential of the ene reaction
derives from the fact that it proceeds with only 0.1 mol% of the
CuPF6–BINAP catalyst. Work is in progress to develop the
reaction further and to understand the mechanism.

Thanks are expressed to the Danish National Science
Foundation for financial support.
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Table 2 The results for the reaction of various alkenes 1a–e with the tosyl
a-imino ester 2a catalysed by (R)-Tol-BINAP 4b–CuX (X = PF6,
ClO4)a

Entry Catalyst 1
Load
(%) T/°C t/h

Yieldb

(%)
Eec

(%)

1d 4b–CuClO4 1a 10 room temp. 18 75 95
2 4b–CuClO4 1a 10 room temp. 18 85 95
3 4b–CuPF6 1a 1 220 38 80 99
4 4b–CuPF6 1a 0.5 0 22 82 98
5 4b–CuPF6 1a 0.1 0 24 71 95
6 4b–CuClO4 1b 1 0 15 81 91
7 4b–CuClO4 1b 0.1 0 36 80 91
8 4b–CuPF6 1c 0.5 220 18 74 92
9 4b–CuPF6 1d 1 0 60 72 84

10 4b–CuPF6 1e 2 0 17 49 82
11e 4b–CuPF6 1e 1 0 60 62 78
a All reactions were run in CH2Cl2 on a 0.4 mmol scale unless otherwise
stated. b Isolated yield. c Determined by chiral HPLC using a Chiralcel OJ
or OD column. d Solvent THF. e The reaction was performed on a 3 mmol
scale.
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The article emphasizes the contradictory features of the
McMurry reaction. The historical view shows how the chemists
were firmly convinced of the occurrence of pinacolate inter-
mediates and rejected, in spite of some evidence, the alternative
pathway via carbenoid species. The McMurry reaction con-
tinues to find new important applications but suffers from
problems of reproducibility. New practical reagents and simpli-
fied methods have been developed but rather complicated
systems have been designed for obtaining higher selectivities.
Recent investigations confirmed that pinacolates would be the
precursors to alkenes but also revealed the possible involvement
of carbenoid species, putting forward the dual nature of the
mechanism of the McMurry reaction.

The huge interest in the McMurry reaction is expressed by the
number of accounts devoted to its synthetic applications and, to
a lesser extent, its mechanistic aspects;1–4 an excellent review
by Fürstner and Bogdanovic was published in 1996.4 In this
feature article, we would like to focus on the most recent
developments but also recall some older facts, placing this field
in a distinct perspective.

An historical view
The rich and peculiar history of the McMurry reaction will be
more easily assessed after recalling the course of some
important events which are not necessarily brought together,
without confusion, in the chemist’s memory.

In 1972, Sharpless et al. reported that ketones and aldehydes
could be reductively coupled into alkenes by reaction with
WCl6 and RLi reagents.5 One year after, two groups discovered
that low-valent titanium complexes were also efficient in this
coupling process. Tyrlik and Wolochowicz, who used the
TiCl3–Mg system, suggested that tetramethylethylene was
obtained via the carbene species Me2C:, resulting itself from
deoxygenation of acetone. On the other hand, Mukaiyama
et al. proposed that metallopinacols were intermediates in the
reductive coupling of aromatic ketones by means of the TiCl4–
Zn system; the mechanism shown in Scheme 1 explained how
benzaldehyde and acetophenone were selectively transformed
into the corresponding pinacols and alkenes when the reaction
was performed in THF at low temperature or in refluxing

dioxane.7 The pinacolate intermediates would be formed either
by dimerization of ketyl radicals resulting from one electron
transfer from the low-valent metal species to the carbonyl and/
or, in the case of the more easily reducible and reactive aromatic
ketones, by nucleophilic attack of a ketone dianion to the C§O
bond. Therefore, at the very beginning in 1973, two mecha-
nisms were envisaged for the reductive coupling of carbonyl
molecules (Scheme 2).

In 1974, McMurry and Fleming described a ‘new method for
the reductive coupling of carbonyls to olefins’ with TiCl3 and
LiAlH4; they also proposed that pinacolate intermediates were
involved in this reaction since pinacols could be isolated as by-
products in many cases.8 The mechanism of Scheme 1 was then
rapidly and generally accepted.

Meanwhile, several studies on the reductive coupling of
carbonyl compounds to olefins by low-valent molybdenum and
tungsten compounds revealed that this reaction involved
carbenoid intermediates; the relationship with the alkene
metathesis reaction was noted.9 Such carbene species were
detected by Fujiwara et al. in 1978,9 before Bryan and Mayer10

and Chisholm and co-workers11,12 isolated in 1990 tungsten
oxoalkylidene complexes resulting from reductive cleavage of
the ketonic C§O bond. These compounds were found to react
further with the ketone to give the olefin at room temperature,
presumably via a metallaoxetane intermediate, and the mecha-
nism of Scheme 3 could be proposed for the reductive coupling

Michel Ephritikhine obtained his PhD in organic chemistry in
1974 at the University of Paris under the supervision of J.
Levisalles. His postdoctoral work with M. L. H. Green in Oxford
confirmed his interest in organometallic and inorganic chem-
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hydrides and C–H bond activation of alkanes. In 1984, he
joined the Commissariat à l’Energie Atomique in Saclay to
work on uranium chemistry. He presently holds the position of
Research Director in the CNRS.

Scheme 1 Reductive coupling of ketones via a metallopinacol inter-
mediate.

Scheme 2 The two mechanisms proposed in 1973 by Tyrlik and
Wolochowicz (bottom) (ref. 6) and by Mukaiyama et al. (top) (ref. 7).
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of carbonyl substrates. It is noteworthy that Chisholm et al.12

and Cotton et al.13 also found that low-valent tungsten
compounds could react with ketones to give metallopinacols
and demonstrated that these latter species were not the source of
alkenes.

Amazingly, the belief in the mechanism of Scheme 1 was so
strong that another pathway for the titanium catalyzed reaction
did not seem conceivable; Chisholm wrote ‘superficially, the
(W catalyzed) reaction would seem to provide a molecular
model for the McMurry reaction...; however, the mechanisms of
the two reactions differ’.12 We note that the reductive coupling
of carbonyls into pinacols and alkenes by means of titanium
complexes is now called the McMurry reaction; this is justified
by the leading role played by McMurry in establishing the
reputation of this reaction in organic chemistry.

Recent applications
It is no longer necessary to demonstrate the remarkable
efficiency of low-valent titanium compounds for carbon–
carbon bond forming; their use in synthesis has been described
in detail in previous reviews and only a brief reminder of the
main domains of application will be given here, with recent
representative examples shown in Fig. 1.

Low-valent titanium compounds served to prepare sterically
hindered and/or strained olefins;14 the driving force of the
reaction is the formation of strong titanium–oxygen bonds.
Many of these olefins, which exhibit specific physico-chemical
properties and have a theoretical interest, could not be prepared
by other methods. Also particularly notable is the effectiveness
of the McMurry reaction in the synthesis of macrocycles.15 The
exceptional template effect exerted by titanium in intra-
molecular cyclizations of dicarbonyl molecules allowed the

preparation of medium-sized and large rings; the yields are
independent of the size of the cycloalkenes. A more recent
application of the McMurry reaction was developed in polymer
chemistry,16 with the synthesis of polyvinylene or polypinacol
derivatives and the preparation of new monomers with
interesting properties.

But above all, it is with its crucial and elegant use in the key
steps of numerous syntheses of natural products that the
McMurry reaction has known a so great success. After the total
synthesis of (+)-compactin and (+)-mevinolin by Clive et al.,17

and the total synthesis of crassin by Dauben et al.18 and
McMurry and Dushin,19 Nicolaou’s synthesis of taxol20 is
possibly the most famous synthesis of a natural product which
can be prepared with the aid of low-valent titanium com-
pounds.

Very recently, Fürstner and co-workers considerably ex-
tended the scope of the conventional McMurry reaction: they
found that titanium complexes were valuable auxiliaries for the
reductive coupling of acylsilanes21 and, more notably, the
intramolecular cross-coupling reactions of ketones with amides;
these substrates were previously reputed unreactive. The
chemo- and regio-selective heteroarene synthesis (Scheme 4)
represents a new efficient entry to a variety of substituted
pyrrole and indole derivatives.15,22,23

However, it is also recognized that the McMurry reaction
suffers from serious problems of reproducibility, having a bad
reputation as being tricky and highly ‘co-worker dependent’.
The chemist must be aware of the difficulties they will probably
encounter in finding the suitable reagent and experimental
conditions.

New reagents, new methods
Problems of reproducibility

McMurry reactions are usually carried out in two consecutive
steps: reduction of TiCl4 or TiCl3, followed by addition of the
carbonyl substrate; this procedure is imperative when the
carbonyl compound is not inert towards the reducing agent.
Many reducing agents were used: Li, Na, K, KC8, Mg, Mg(Hg),
Zn, Zn(Cu), LiAlH4. This variety does not reflect the chemist’s
fantasy, but rather the problematic outcome of the reaction. The
nature of the titanium reagent, as well as the solvent,
temperature and reaction time, have a strong influence on the
eventual formation and stereochemistry of the coupling prod-
ucts, diols (dl and meso) or alkenes (Z or E); as outlined by
Lenoir,2 a complete rationale for these results has to be found.
In attempts to overcome these problems of reproducibility,
McMurry himself proposed, after his discovery of the TiCl3–
LiAlH4 system (1974),8 several ‘improved procedures’ by using
the TiCl3–K, TiCl3–Li (1976)24 and then TiCl3–Zn(Cu) rea-
gents (1978),25 and finally recommended an ‘optimized proce-
dure’ with the TiCl3(DME)1.5–Zn(Cu) combination, which
‘gave reproducibly high yields in every case it has been used’
(1989).26 The efficacy of this new procedure was illustrated by
the coupling of Pri

2CO which afforded Pri
2C§CPri

2 in 87%
yield, instead of 17% by using TiCl3–LiAlH4 and 37% by using
TiCl3–Zn(Cu). However, Letcka, a collaborator of McMurry,
wrote in 1996, ‘McMurry coupling does not always give high
yields at the first, or even the second attempt, but with some
experience, reproducibly high yields can be attained... We
strongly recommend . . . several test couplings on cyclohex-
anone before venturing a coupling on the more complex

Scheme 3 Reductive coupling of ketones via a carbenoid species.

Fig. 1 Examples of compounds obtained by McMurry reactions: (a) a
strained alkene (ref. 14), (b) a macrocycle (ref. 15), (c) a polymer (ref. 16)
and (d) a key intermediate in the synthesis of taxol (ref. 20).

Scheme 4 Reductive coupling of oxo amide molecules.
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material’.3 Noteworthily, inferior results were attributed to bad
experimental conditions—poor quality reagents or solvents,
intrusion of air—rather than a lack of control of the mechanistic
course of the reaction.

With the aim of obtaining more efficient reactions and better
insights into the mechanisms, new low-valent titanium species
have been designed in the last few years, and simplified
methods have been developed.

Synthesis of alkenes

After the successful use of titanium graphite, especially in
indole synthesis, Fürstner and co-workers reported that reduc-
tion of TiCl3 with high surface area sodium gave a highly active
titanium species supported on Al2O3, NaCl or TiO2. The
titanium–alumina species, which is presumably in the +1
oxidation state, was particularly efficient for the preparation of
large cycloalkenes.21

Barteau and co-workers found that reductive coupling of
aldehydes and ketones could also be carried out as a gas–solid
process on the surface of reduced titania;27–30 the reaction could
be performed catalytically in the presence of hydrogen. Such
reactions are not in need of strong reducing agents and a reduced
oxide catalyst would be cheaper and easier to handle than the
usual McMurry reagents in liquid–solid slurries. Moreover, the
gas–solid reaction represents a potential route for coating of
surfaces by conducting polymers, as suggested by the reductive
coupling of p-benzoquinone.28

For the first time, Fürstner and Hupperts showed that
commercially available titanium powder could be used as a
McMurry reagent, after destruction of the tightly bound oxide
layer by chlorosilane during the activation phase.15 The Ti–
R3SiCl reagent exerted a strong template effect for macro-
cyclization reactions. In contrast to other systems which were
claimed to produce Ti0, this reagent was ineffective with
aliphatic substrates, thus making chemo- and regio-selective
coupling possible. The reaction with the Ti–R3SiCl reagent
could be performed either in two steps, by treating the titanium
powder with the chlorosilane prior to addition of the substrate,
or by heating all the components together.15 Such a one-pot
procedure, which is reliable when the reducing agent is not
strong enough to affect the carbonyl group, had been employed
by Mukaiyama with the TiCl4–Zn system7 and was recently
reintroduced by Fürstner et al., with the so called ‘instant
method’.23 In fact, Bogdanovic and Bolte found that TiCl3
could be reduced by Zn only if its redox potential has been
lowered by co-ordination to the carbonyl substrate and
therefore, a two step procedure is superfluous.31 The simple and
convenient ‘instant’ protocol, which is suitable for conventional
McMurry couplings, has been applied to the synthesis of
strained indoles.23 Moreover, the reaction was rendered cata-
lytic in titanium when carried out in the presence of a
chlorosilane which reconverted the formed titanium oxy-
chloride into TiCl3.15

Synthesis of pinacols

Several works were devoted to the search of low-valent titanium
compounds which would be suitable for the synthesis of
pinacols with high stereoselectivity; these complexes should
allow the McMurry reaction to be stopped at the 1,2-diol stage.
Corey et al.found in 1976 that aromatic and aliphatic ketones
and aldehydes could be coupled into the corresponding pinacols
by treatment with TiCl4 and Mg(Hg), at 0 °C in THF; reaction
of a cyclic ketone with an excess of acetone gave the
unsymmetrical diol.32 Porta and co-workers reported that
pinacols were formed with poor stereoselectivity (dl/meso =
1.3) by coupling of aromatic carbonyl compounds with aqueous
TiCl4 in basic media, but with TiCl3 in anhydrous CH2Cl2 the
pinacolization was highly diastereoselective (dl/meso >
100).33

Most recent studies revealed that such pinacol coupling
reactions could be rendered stereoselective and catalytic with
the use of additives and/or modified ligands. Banerji succeeded
in stopping the reductive dimerization of acetophenone at the
pinacol stage by addition of 10 equiv. of pyridine to the TiCl3–
Mg system. Also, in the presence of a stoichiometric amount of
a mono- or di-hydroxy auxiliary, pinacols were obtained in
higher yields and better stereoselectivity (dl/meso = ca. 4–5);
among these additives, catechol was the most interesting for
total pinacolization of aromatic carbonyl substrates, even under
refluxing conditions.34

Ephritikhine reported on the first pinacol coupling reactions
catalytic in titanium, by using the TiCl4–Li(Hg) system in the
presence of AlCl3; a transmetallation reaction of the titanium
pinacolate intermediates with AlCl3 regenerated the precatalyst
TiCl4 and gave aluminium diolates which were inert towards the
reducing agent and not transformed into the alkene.35

Catalytic pinacolization of benzaldehyde was achieved by
Nelson with 1% TiCl3(THF)3 in the presence of Zn and
Me3SiCl. This combination was not effective for the coupling
reactions of less electrophilic aldehydes and the diastereoselec-
tion was very low, but addition of 5 mol% of ButOH led to a
more reactive system which catalyzed the pinacolization of
aromatic and aliphatic aldehydes and aryl methyl ketones with
dl/meso ratios ranging from 1.5 to 4.8. Moreover, the ster-
eoselectivity of the homocoupling of aryl aldehydes was
substantially enhanced (dl/meso = 6.7 to 10.1) when 30 mol%
of 1,3-diethyl-1,3-diphenylurea was added to the TiCl3(THF)3–
ButOH catalyst.36

Pinacol coupling can be affected by organotitanium com-
pounds, as demonstrated by Corey et al. with the CpTiCl3–
LiAlH4 reagent32 and then by Handa and Inanaga with the
Cp2TiCl2–PriMgCl system.37 Such reactions have known a
significant improvement in the last few years. Barden and
Schwartz reported that [Cp2TiCl]2 was able to reductively
couple aromatic and a,b-unsaturated aldehydes into 1,2-diols in
either anhydrous or aqueous media; the diastereoselectivity was
high, with dl:meso ratios greater than 91:9.38 Pinacol coupling
of aromatic aldehydes was catalyzed by 3 mol% of rac-
ethylenebis(h5-indenyltitanium) dichloride in the presence of
MgBr2, Me3SiCl and Zn to give the racemic 1,2-diols in good
yield and with excellent diastereoselectivity (dl:meso > 96:4).
These results of Gansäuer are encouraging for the investigation
of asymmetric induction using enantiomerically pure metal-
locene catalysts.39

The nature of the active species and intermediates in these
pinacol coupling reactions, which are performed with the aid of
rather complicated systems, is not known. It is generally
proposed that the high stereoselectivity of benzaldehyde or
acetophenone coupling is due to the dimerization of ketyl
radicals oriented in a manner which minimizes steric inter-
actions between the phenyl groups (Fig. 2).

New insights into the mechanism
The nature of the active species

As noted above, there was apparently no doubt about the
involvement of pinacolate intermediates in the McMurry
reaction and the main questions rather concerned the nature of
the active species, and in particular its oxidation state. Despite
several indications that TiIII or TiII compounds could effect the

Fig. 2 Proposed intermediate for the diastereoselective coupling of
benzaldehyde; [Ti] = Cp2Ti (ref. 37) or rac-ethylenebis(h5-indenyltitan-
ium) (ref. 39).
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Na(Hg) or Li(Hg)reductive coupling of carbonyl substrates—Corey et al. re-
ported in 1976 that (C6Me6)Ti(AlCl4)2 was able to couple
acetone and cyclohexanone32—it has been long believed that
finely divided titanium particles were the active species in
McMurry reactions. This assumption was reinforced by the
studies of Geise on the TiCl3–M (M = Li, K, Mg) or TiCl3–
LiAlH4 systems,40 but it is now clearly established that the
presence of Ti0 is not a prerequisite for the McMurry
reaction.

Barteau found no evidence for the presence of Ti0 on reduced
TiO2 surfaces active for benzaldehyde coupling; X-ray photo-
electron spectroscopy revealed that the active site required for
gas–solid reductive coupling is an ensemble of Ti cations in the
+1, +2 and +3 oxidation states which collectively effect the four
electron reduction.29

A decisive contribution to these mechanistic investigations
was made by Bogdanovic and Bolte, who identified the nature
and mode of action of the active species in some classical
McMurry systems.31 The low-valent titanium species obtained
by reduction of TiCl3 with LiAlH4 was shown to be
[HTiCl(THF)0.5]x;41 this titanium hydride reacted with acet-
ophenone to give PhMeC§CMePh and behaved as a strong two
electron reductant. In contrast, the TiCl2·LiCl reagent proposed
by Eisch et al.42 acted as a one electron reductant in the coupling
of PhCOMe. Titanium(II) species were also involved in both the
ketone?pinacolate and pinacolate?alkene steps of the re-
ductive coupling of acetophenone with the TiCl3(DME)–
Zn(Cu) system; the nucleophilic mechanism proposed for this
reaction (Scheme 5) was supported by quantum mechanical
calculations.43 These coupling reactions were shown to proceed
by two consecutive steps: formation of the pinacolate inter-
mediates which occurred at room temperature, followed by
alkene synthesis at reflux temperature. Their progression was
determined after analysis of the products obtained by hydrolysis
of aliquots, and occurrence of pinacolate intermediates was
inferred from formation of 2,3-diphenylbutane-2,3-diol; how-
ever, such intermediates were not observed and characterized.
In fact, a very few metallopinacols were isolated from reactions
of organic carbonyl substrates with Cp2Ti(CO)2 or CpTiX2 (X
= Cl or Br) and no alkene was obtained from these
derivatives.44

Characterization of the pinacolate intermediates

Ephritikhine considered the reactions of ketones with the UCl4–
M(Hg) and TiCl4–M(Hg) systems (M = Li or Na). Uranium
and titanium complexes exhibit strong similarities in structure
and reactivity but uranium compounds have some advantages
over their titanium counterparts: they can be easily detected by
their highly-shifted paramagnetic NMR signals and they often
crystallize with less difficulty. Therefore, the chances of
isolating and characterizing the intermediates are greater. The
active uranium species in the UCl4–M(Hg) systems were shown
to be in the +3 oxidation state; it was demonstrated by
electrochemical studies that reduction of UCl4 into UCl42 was

rapidly followed by a chloride ion transfer from UCl42 to UCl4,
giving UCl3 and the anionic UIV complexes U2Cl92 and UCl52
which were then reduced at lower potentials.45

Reaction of benzophenone with UCl4 and Na(Hg) afforded
successively the mono- and bis-benzopinacolates
UCl2(O2C2Ph4) and U(O2C2Ph4)2(THF)2; the latter was charac-
terized by its X-ray crystal structure. These compounds gave
benzopinacol upon hydrolysis and were transformed into
tetraphenylethylene after reduction with Na(Hg).46 Several
metallopinacols were isolated from the reaction of acetone with
UCl4 and M(Hg) (Scheme 6); whatever the amalgam used, the
first intermediate was the dinuclear complex (UCl3L2)2(µ-

Scheme 5 Proposed mechanism for the reductive coupling of benzophenone with the TiCl3–Zn(Cu) system.

Scheme 6 Metallopinacols isolated from the reductive coupling of acetone
with the UCl4–M(Hg) systems (M = Li or Na).
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OCMe2CMe2O) (L = THF) resulting from dimerization of the
ketyl radical [Cl3UOCMe2]·; the crystal structure of the adduct
with L = OP(NMe2)3 was determined (see front cover). The
structure of the metallopinacols and their eventual transforma-
tion into Me2C§CMe2 were found to be strongly influenced by
the molar ratio of the reactants, the nature of the reducing agent
(M = Na or Li) and of the formed salt (NaCl or LiCl).47

Problems of reproducibility

The reductive coupling of acetone with the UCl4–Li(Hg) system
raised the problems of reproducibility. The alkene was formed
in almost quantitative yield when the reaction was carried out in
two consecutive steps: the pinacolization step at 20 °C and the
deoxygenation step at 65 °C. However, it was much less easy,
without extensive experience of the UCl4–Li(Hg) system, to
produce the alkene in a reproducible manner using a one pot
procedure. This discrepancy could be related to side reactions of
the different metallopinacols, which could be avoided only by
determining the right time for heating the reaction mixture.48 It
was thus pointed out that, in addition to the quality of the
reagents, experimental parameters like reaction time and
temperature, which are directly connected to the mechanistic
control of the reaction, would constitute major sources of non-
reproducibility. These parameters cannot always be easily
monitored in an heterogeneous medium.

Evidence of carbenoid intermediates

New facts emerged when Me2CO was replaced with Pri
2CO in

its reaction with the UCl4–Li(Hg) or TiCl4–Li(Hg) systems.49

The only coupling product was then Pri
2C§CPri

2 whereas a
large amount of 2,4-dimethylpent-2-ene was formed. Control
experiments showed that Pri

2C§CPri
2 did not result from the

deoxygenation of pinacolate intermediates; moreover, it was
found that Cl3TiOCPri

2CPri
2OTiCl3 was not stable, being

readily transformed into a mixture of TiCl3 and Pri
2CO. The

facile cleavage of the titanium pinacolates and the absence of
pinacol in the product mixture indicated that reductive coupling
of Pri

2CO would not proceed by dimerization of ketyl radicals,
whereas formation of 2,4-dimethylpent-2-ene revealed the
likely involvement of carbenoid intermediates.

These data put forward the dual nature of the mechanism of
these McMurry type reactions (Scheme 7). Contrary to the
generally accepted mechanism, metallopinacols are not the only
precursors to the alkene; if the ketyl radicals can be effectively
coupled into pinacolate intermediates, they can also be reduced
and deoxygenated into carbenoid species which provide the

alkene after further reaction with the ketone. The course of the
reaction, via the metallopinacol or the carbenoid intermediates,
is largely determined by the steric hindrance of the ketone; the
most hindered ketones would follow the carbenoid route
because of the difficult coupling of the ketyl radicals, and the
reversible cleavage of the pinacolic C–C bond.

Now it seems that some McMurry reactions could be re-
examined by considering the possible involvement of carbenoid
intermediates. If the formation of 2,4-dimethylpent-2-ene was
overlooked in the McMurry reactions of Pri

2CO, cyclohexene
was detected among the products of the reductive coupling of
cyclohexanone with the TiCl3–K system40 and the alkenes
RCH§CH2 (R = Me, Ph) were formed during the coupling of
acetone and acetophenone on reduced alumina;30 these alkenes
would indicate the occurrence of carbenes as intermediates,
even if such species could not be trapped with usual reagents.
Also, Barteau observed that during the coupling of PhCOMe on
reduced TiO2 surfaces, the pinacol product was evolved at much
higher temperature than PhCH§CH2; this result was interpreted
by the formation of pinacolate species at protected sites which
are difficult to reduce at low temperature,30 but it is possible that
pinacols and alkenes were produced in parallel rather than
sequential processes.50

Conclusion
The McMurry reaction represents a versatile transformation
which is irreplaceable in organic synthesis. However, the huge
interest and great success of this reaction conceal some
experimental problems which have to be related to the difficulty
in understanding the actual mechanism. Significant progress
has obviously been made during the last years in the
development of new reagents and methods leading to further
interesting applications of low-valent titanium complexes, but
these investigations also revealed that the course of the
McMurry reaction is more complicated than previously as-
sessed. The structure of the intermediates, pinacolate and/or
carbenoid species, is strongly dependent on the nature of the
carbonyl substrate, the titanium compound, the reducing agent
and the by-products. At each stage of the process, the present
intermediates can undergo side reactions which would affect the
eventual formation of 1,2-diols or alkenes and give rise to
problems of reproducibility. Other important aspects of the
mechanism, for example the deoxygenation of the pinacolate
intermediates and the role of additives in the stereoselectivity,
are even more obscure. No doubt these questions will not
discourage chemists, but rather incite them to consider the
fascinating McMurry reaction with a more critical view.

Scheme 7 The distinct mechanisms of the reductive coupling of acetone and diisopropyl ketone with the TiCl4–Li(Hg) system.
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Reaction of an imidotitanium complex, stabilized by a
tridentate diamidopyridine ligand, with the methyl acet-
ylenes MeC2Me and MeC2Ph led to C–H-activation of the
substrate and subsequent C–N coupling to give azatitana-
tetracycles which may be viewed as dimetallated enamines;
the same compounds were obtained in reactions with the
allenes Me(H)CNCNCH2 and Ph(H)CNCNCH2.

We have shown previously that the coordination of the
diamidopyridine ligand system developed previously by us1 to
titanium leads to stable monomeric imidotitanium complexes
such as 1.2 Compound 1 posseses labile pyridine and pyridyl
functionalities that, under appropriate reaction conditions, may
dissociate to yield an unsaturated and highly reactive imido
complex of the type hitherto generally only accessible via
irreversible thermolysis of certain precursors.3 The facile
accessibility and stability of 1 and its homologues has allowed
us to undertake a systematic investigation into their reactivity,
in particular C–N coupling with unsaturated hydrocarbons.

Heating compound 1 dissolved in neat but-2-yne or 1-phenyl-
propyne at 80 °C for 10 days in a sealed tube led to its complete
conversion to the novel complexes 2 and 3 (Scheme 1),
respectively which were isolated by direct crystallization from
the reaction mixture (yields: 2 73%, 3 70%).

Neither 2 nor 3 contain the auxiliary pyridine ligand present
in the starting material and the 1H and 13C NMR spectra indicate
a transformation of a methyl group of the acetylene sub-
strate.§Thus, new resonances for a metal bound CH2 group were
observed [d(1H/13C) 2: 1.77/62.4; 3: 2.03/63.6] as well as those
for an olefinic CH unit [d(1H/13C) 2: 4.76/86.7; 3: 5.86/96.4].
This led to the formulation of the reaction products as depicted
in Scheme 1. Unambiguous evidence for this new structural

type was obtained from a single crystal X-ray structure analysis
of 2 the result of which is depicted in Figure 1.¶

The coordination geometry of the molecule is distorted
trigonal bipyramidal. The two amido functions of the tripodal
ligand as well as the alkyl C-atom C(45) occupy the equatorial
sites while the pyridyl N-atom and the amido-N atom derived
from the imido ligand represent the axial ligating atoms. The
N(4)–Ti vector is significantly tilted towards the equatorial
plane [N(4)–Ti–C(45) 67.6(2)°] as a consequence of the small
bite angle of the coordinated chelating metalla-enamine. The
bond lengths and interbond angles within the C–N-coupled
organic fragment clearly support its interpretation as a metal-
lated enamine with C(45)–C(46) 1.515(9) Å and C(46)–N(4)
1.404(8) Å representing single bonds and C(46)–C(47) 1.338(9)
Å being consistent with a C–C-double bond. The {TiN-
(But)C(NCHR)CH2} metalla-azetidine fragment in 2 and 3 is the
first crystallographically authenticated example of this struc-
tural unit. Related oxo-metallacyclic species (i.e. metalla-
oxetanes) have only recently been fully characterized,
namely [Ti(h5-C5Me5)2{OC(NCH2)CH2}],4a [Mo(NBut)2-
Cl{OC(NCHPPh3)CPh2}],4b and [Ru(PMe3)4{OC(NCH-
But)CH2}].4c Interestingly, the latter two complexes have a Z-
configuration for the exocyclic CNC bond, whereas the
configuration in 2 and 3 is E, presumably due to the steric
influence of the N-tert-butyl group.

Although the conversion to the reaction products 2 and 3
proceeds slowly it is remarkably selective and could be
monitored by 1H NMR spectroscopy in C6D6. The fact that no
deuterium was incorporated into the products suggests that the

Scheme 1

Fig. 1 Molecular structure of [TiL(NBut)C(CH2)CHMe] 2. Hydrogen atoms
are omitted for clarity. Selected bond lengths (Å) and angles (°): Ti–N(3)
1.890(5), Ti–N(2) 1.903(5), Ti–N(4) 1.949(6), Ti–C(45) 2.149(7), Ti–N(1)
2.232(6), N(4)–C(46) 1.404(8), C(45)–C(46) 1.515(9), C(46)–C(47)
1.338(9), C(47)–C(48) 1.532(9), N(3)–Ti–N(2) 110.5(3), N(3)–Ti–N(4)
107.3(3), N(2)–Ti–N(4) 106.3(2), N(3)–Ti–C(45) 121.6(3), N(2)–Ti–C(45)
127.1(3), N(4)–Ti–C(45) 67.6(2), N(3)–Ti–N(1) 86.1(2), N(2)–Ti–N(1)
83.9(2), N(4)–Ti–N(1) 158.3(2), C(45)–Ti–N(1) 90.9(3), C(46)–C(45)–Ti
88.2(4), C(47)–C(46)–N(4) 131.3(7), C(47)–C(46)–C(45) 125.6(7), N(4)–
C(46)–C(45) 103.0(6), C(46)–C(47)–C(48) 123.7(8).
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hydrogen transfer involving the reaction medium does not take
place. A reasonable reaction mechanism based on these results
is depicted in Scheme 2.

In a first reaction step (formation of intermediate A) the Me-
group of the methyl acetylene adds across the TiNNR bond
generating an R(H)N-amido ligand and a Ti–alkyl unit.∑ Such
C–H bond activation reactions of transiently generated imido
compounds have been studied extensively by Wolczanski and
others in recent years.3 In a proposed second step, H atom
transfer to an acetylene C-atom leads to the re-formation of the
imido unit and a p-bonded allene ligand (B).** These fragments
couple in the third and final step to give the four-membered
azatitanacycle present in 2 and 3. Supporting evidence for this
third step was obtained independently by reacting compound 1
with 1-methylallene and 1-phenylallene, respectively. In both
cases the same reaction products (i.e. 2 and 3, respectively) as
those described above were obtained (Scheme 3). We would
like to point out that, alternatively, intermediate A may also be
directly converted to the metallacycle.

The reactions of 1 with MeC·CR and CH2NCNCHR to form
2 and 3 are the first examples of such transformations in
transition metal chemistry. Although reactions of imido com-
plexes with internal alkynes to form metallacycles
[LnM{N(R)C(R)NCR}] are known,7 no examples of the activa-
tion of sp3 C–H bonds in preference to forming the simple
cyclization products have been described.8 The reaction of 1
with allenes to form a metalla-azetidine is the first fully
characterized example of this type for imido complexes,
although very recently the reaction of [Ti(h5-C5Me5)2(O)(py)]
with allene to form [Ti(h5-C5Me5)2{OC( = CH2)CH2}] was
described.4a

In the more general context of organic synthesis via
organometallics, the remarkable products of a C–N coupling
reaction may be viewed as dimetallated enamines. In view of the
known chemistry of mono-metallated enamines9 as well as the
reactive patterns established for Ti–C units,10 a rich and varied
organic chemistry is expected to derive from these preliminary
results.
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Leverhulme Trust, the DAAD and the British Council. P. M. is
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¶ Crystal data for [TiL(NBut)C(CH2)CHMe] 2: C23H44N4Si2Ti, M =
480.70, monoclinic, space group C2/c, a = 28.721(7), b = 10.450(2), c =
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223(2) K, m = 0.410 mm21; Siemens P4 diffractometer, 4176 measured
data, semi-empirical absorption corrections (y-scans, relative Tmax 0.799
and Tmin 0.682), 3391 independent reflections, Rint = 0.0893, R1 0.0665,
wR2 = 0.0983 [I > 2s(I)], S = 0.0862. Hydrogen atoms were included in
calculated positions and anisotropic displacement parameters were assigned
to all other atoms. CCDC 182/1050.
∑ Since the reversible addition of alkynes to MNNR or MNO bonds is
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Following up two recent Chemical Communications on the
structure of the title compound, a theoretical study confirms
that the presence of 4,4A-dinitrobiphenyl as an impurity can
give rise to disordered crystals, resulting from a chain
inversion mechanism.

Recent issues of this journal have contained communications1,2

on the disordered crystal structure of 4-iodo-4A-nitrobiphenyl
(INB), in which the INB molecules pack as parallel and polar
ribbons (mm2). From the original viewpoint of designing
efficient nonlinear optical (NLO) materials,1 this type of
packing of dipolar entities represents an interesting and
relatively seldom case3 of a material in which all the bzzz axes of
the molecular hyperpolarisability b are aligned co-parallel.

The difficulties encountered initially by Sarma et al.1 in
obtaining a reliable structural model from X-ray data were
resolved more recently by Masciocchi et al.2 and Langley et al.4
through careful sample purification. In interpreting the data of
Sarma et al., the Milan group2 identified two possible causes of
defect formation in INB: (i) polarity inversion of single ribbons
(chains) of INB in the presence of 4,4A-dinitrobiphenyl (DNB)
impurity molecules (in analogy to 180° opposed polar macro-
domain formation in perhydrotriphenylene inclusion com-
pounds5); (ii) two dimensional polytypes, i.e. a defect para-
crystal composed of many fine grains. The effect of impurity
molecules on the NLO characteristics of a host crystal has been
demonstrated earlier by Weissbuch et al.6,7 Whilst the mecha-
nisms which permit the favourable creation of such defects at
growing crystal faces are mainly well understood,6,7 the
subsequent fates of these faults, and their distribution through-
out the structures of the resulting bulk crystals, often remain
elusive.

Here we discuss further using energetic arguments the
relative likelihood of intrinsic (180° orientational disorder) and
extrinsic [due to DNB and/or 4,4A-diiodobiphenyl (DIB)
impurities] defect formation in INB, and the likely true structure
of INB which results. Attachment processes during the
assembly of INB crystals are driven by the alignment of INB
into parallel chains, as well as collinear functional group

interactions (NO2···I, I···I) between molecules already attached
at the {001} surfaces and incoming INB, DNB or DIB
molecules (Fig. 1). The total attachment energy Eatt per
molecule in the +c or 2c direction contains contributions from
lateral and long-range interactions between chains, as well as
short-range collinear interactions between the terminal moie-
ties. With respect to the former, we can make a distinction
between Ep (parallel) and Eap (antiparallel), that is, the energies
corresponding to preferred and defect modes of lateral attach-
ment, respectively (Fig. 1). Values EAD , EDD for the terminal
intermolecular interaction energies of isolated, collinear NO2···I
(A···D) and I···I (D···D) synthons have been calculated to be
25.7 (3.4 Å) and 22.8 (4.0 Å) kJ mol21, respectively.8 The
NO2···O2N (A···A) intermolecular interaction is considered a
defect configuration of low occurrence6,8–9 because a positive
interaction energy EAA of ~ 10 kJ mol21 was estimated for a
van der Waals contact of 3.4 Å.8

Intrinsic defects, i.e. those resulting from 180° orientational
disorder during the assembly of a pure INB system, can occur at
the growing faces (Fig. 2). For growth along the +c and 2c
directions, there are two non-degenerate configurations for
defect attachments, represented by the energies DEdefect (+c or
2c). As a result of a Schottky-type calculation9 accounting for
the molar fraction x of orientational defects, we find that: (i) the
temperature of crystal growth can significantly affect the
concentration of defects; and (ii) a perfect seed crystal will
during growth segregate into two adjacent volumes containing
a different number of defects. The ratio of the orientational
defects within these two domains can be estimated using the
intermolecular interaction energies given above: x(+c)/x(2c) 
exp[(EAA 2 EDD)/RT]. Since the intermolecular interaction
NO2···O2N is strongly endothermic, x(+c)/x(2c) is expected to
vary between ca. 170 and 20 (300–510 K). Continuation of
growth along both c-directions after defect formation gives rise
to one of two different phenomena: healing (correction) of the
defect or chain inversion (Fig. 3). With each phenomenon there
are again associated two different energies, corresponding to the
two different growth directions +c and 2c [see eqn. (1)
below].

Fig. 1 Model representation of ordered and intrinsically disordered molecular chains of INB. This figure is used to illustrate the interaction energies (positive
or negative; represented by dashed lines) under consideration during packing. Definition of interaction energies: Ep · lateral and long-range interactions
between molecules (excluding collinear short-range contributions of terminal functional groups) whose dipoles are oriented co-parallel; Eap · same as Ep but
between dipoles oriented antiparallel; EAD, EDD, EAA · collinear intermolecular terminal functional group interactions A···D, D···D, A···A, respectively. A
and D are defined in the main text. Subsequent figures employ the symbol ? as a simplified representation of INB, corresponding to the intramolecular dipole
orientation O2N?I.
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Extrinsic defects can arise due to solid solution formation of
INB with DNB or DIB (Fig. 4). In the case of these
symmetrically disubstituted components, the preferred mode of
incorporation is driven only by the relative strengths of the
terminal functional group intermolecular interactions. At an
impurity level (in solution) of ca. 0.1, both DNB and DIB are
incorporated into the growing crystal structure with different
degrees of probability with respect to the +c and 2c directions.
From simplistic energy considerations it can be shown that
when healing intrinsic defects, DNB attaches preferentially to
defect sites along 2c whilst DIB attaches along +c. Conversely,
when DNB and DIB are the defects themselves, preferred
incorporations are along +c and 2c, respectively (Fig. 4).

Which of healing or chain inversion by INB molecules in the
next growth layer is the more probable is still, of course, a
function of both defect (DNB or DIB) and growth direction
(±c). At x1(DNB) ≈ x1(DIB), DIB can serve to heal the defects
created by DNB and vice versa.

In the realistic case reported by Masciocchi et al.2 a more
complicated situation arises: preferred attachments of DNB
present in the growth medium will occur along +c but healing by
INB in the next layer would involve unfavourable NO2···O2N
intermolecular interactions. If at this point we allow for an
inversion of single chains, the energy Einversion would at each
layer have to be lower than the energy of a configuration
providing healing by antiparallel attachments (Fig. 4). The
corresponding energy difference between is then given by eqn
(1).
DE(+c, DNB) · Einversion 2 Ehealing 

2 RTln x(+c) + 2EAD 2 EAA 2 EDD (1)
The logarithmic term refers to the concentration of intrinsic

defects in pure INB crystals from which an estimate of the
unknown difference Eap 2 Ep has been derived. Using the
calculated energy values given above it follows that chain
inversion is more stable [DE(+c) < 0] as long as the
concentration of intrinsic defects in pure INB crystals (300 K)
is larger than about 6 3 1024. A wR2 value of 0.032 (crystal 1
in ref. 2; see also ref. 4) sets an upper limit for x(+c) to a range
of a few percent. Although a lower limit cannot be extracted
from the present X-ray data, we consider it a reasonable
estimate that x(+c) is larger than ~ 6 3 1024 (DEdefect @ 18.6
kJ mol21).

In view of our calculations, we conclude that chain inversion
provides a mechanism to continue attachments at sites where
preferred intrinsic defects or substitutions by DNB have been
formed. Conversely, continuation of attachments at non-
preferred sites by DNB is more favoured by healing. Both
primary and secondary defect formation contribute to the
disordered structure of INB and possibly other structurally
similar materials (i.e. A,D-disubstituted rod-like molecules).
The main conclusion of this work is in agreement with the
experimental results and mechanistic proposition given by
Masciocchi et al.2 However, the true structure is such that about
one half (+c) of the crystal volume should show a significant
concentration of DNB defects continued by chain inversion,
whereas the other half (2c) should exhibit diffraction phenom-
ena similar to a well-ordered, monodomain crystal.

We thank Dr O. König (Molecular Simulations Ltd.,
Cambridge, UK) for the calculated interaction energies. This
work has been supported in part by the Swiss National Science
Foundation (project no. 21-50828.97).
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Fig. 2 Intrinsic orientational defect equilibrium at growing faces (+c, 2c) of
a polar crystal such as INB.

Fig. 3 Healing of defects versus chain inversion within the next growth layer
after occurrence of primary (intrinsic) defects.

Fig. 4 Influence of DNB (—) or DIB (Ô) impurities on subsequent growth
layers: (a) healing versus chain inversion after preferred incorporation of
DNB in the +c direction; (b) similar scheme for DIB, where in the 2c
direction favourable induction of a chain inversion may occur.
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A general screening method for enantiomer recognition is
introduced for the rapid preparation of novel chiral sta-
tionary phases for HPLC in which libraries of mixed chiral
selectors are immobilized on polymer beads and the resulting
chiral phases tested in the separation of racemic targets
followed by deconvolution to afford an optimized separation
medium.

Although it is well known that each enantiomer of a chiral
compound may exhibit different biological activities, a number
of commodity products and fine chemicals, such as drugs,
agrochemicals, flavors, fragrances, and pheromones, are cur-
rently used in the form of racemic mixtures.1 Therefore, the
general trend is to replace these mixtures with single enantio-
mers that can be obtained directly, either by an asymmetric
synthesis or by the resolution of racemates. In addition, for
newly designed drugs, it may be necessary to obtain both
enantiomers for pharmacological and toxicological studies.
Among the separation techniques, resolution by high-perform-
ance liquid chromatography (HPLC) utilizing chiral stationary
phases (CSPs) has advanced considerably in the past decade.
The preparation of CSPs capable of effective enantiomer
recognition is the key to this separation technique. Therefore,
many CSPs for HPLC have been prepared and about 100 have
been commercialized. Most are derived from various matrix-
bound chiral selectors including transition metal complexes,2
proteins,3 antibiotics,4 synthetic polymers and polysaccha-
rides,5 cyclodextrins and crown ethers,6 or the p–p donor–
acceptor complexes—‘brush’-type separation media—pio-
neered by Pirkle.7 Given the boundless structural and functional
diversity of chiral molecules, no CSP is ‘universal’ and the
separation of new targets may well mandate the development of
new optimized complementary CSPs. Our combinatorial meth-
ods are aimed at the rapid preparation of tailor-made CSPs
designed for a specific racemic solute.

Combinatorial chemistry is a very powerful tool for the
preparation of large numbers of related compounds in a short
period of time.8 Today, this approach is a well-established
technique used mainly to accelerate the drug discovery process.
Combinatorial methods have also recently been used for the
discovery of new materials.9 Attempts to use combinatorial
techniques in chromatography have focused on the field of the
affinity separations employing the well-known interactions of
peptides with target proteins. Typical screening methods have
been used to select the most specific affinant with the highest
binding constant from libraries of oligopeptides.10

We now report a combinatorial approach to the accelerated
preparation of highly selective chiral separation media for
HPLC based on chemically flexible ‘brush’-type chiral selec-
tors. The feasibility of our concept is demonstrated on model
systems that involve p-basic selectors since the starting
materials for these selectors are readily available in a large
variety of chemistries.

Our combinatorial approach involves the attachment of a
mixed library of potential selectors to an optimized polymer
support11 followed by on-column screening for enantioselectiv-
ity, and deconvolution to identify the single best selector. A
small library of amides is prepared by reaction of N-Boc-

protected L-amino acids with a mixture of aromatic primary
amines using an active ester coupling procedure (Scheme 1).†
After deprotection of the amino terminus, reaction of the mixed
amide library with 5 mm macroporous 4-nitrophenyl carbonate
activated poly(2-hydroxyethyl methacrylate-co-ethylene dime-
thacrylate) beads11 leads to a chiral separation medium (CSP 1)
with a multiplicity of polymer-bound selectors. Synthetic
polymer beads were used in this study because they provide
CSPs with higher selectivities than silica as a result of the
elimination of non-specific interactions.11,12 After packing
these beads into a HPLC column, selectivity is assayed by
injecting various racemates of chiral targets. Although the use
of columns with mixed selectors is normally not recommended
for actual enantioseparations13 it is ideally suited for our
combinatorial discovery of optimized selectors.

The feasibility of this ‘library-on-bead’ approach is demon-
strated with a small model library of 36 compounds prepared by
reaction of a mixture of three L-amino acids (valine, phenyl-
alanine and proline) with 12 aromatic amines
(3,4,5-trimethoxyaniline 1, 3,5-dimethylaniline 2, 3-benzyloxy-
aniline 3, 5-aminoindane 4, 4-tert-butylaniline 5, 4-biphenyl-
amine 6, 1-aminonaphthalene 7, 4-tritylaniline 8, 2-aminoan-
thracene 9, 2-aminofluorene 10, 2-aminoanthraquinone 11 and
3-amino-1-phenyl-2-pyrazolin-5-one 12) (Scheme 2).† Both
proline and dimethylaniline are included in the library design
since previous work had shown their value in the preparation of
efficient CSPs.11,12,14 Despite the presence of 36 mixed
selectors within the same column, CSP 1 separates DL-
(3,5-dinitrobenzoyl)leucine diallylamide‡ and other substituted
amino acid amides confirming the validity of the mixed selector
approach. To determine which of the 36 selectors is the most
powerful, a deconvolution process involving the preparation of
beads with a progressively smaller number of selectors was
used. Separation factors a = (t2 2 t0)/(t1 2 t0) where t0 is the
retention time of an unretained compound (column void volume
determined using 1,3,5-tri-tert-butylbenzene as a marker) and t1
and t2 are the retention times of the individual enantiomers were
calculated for all the separations to demonstrate the selectiv-
ity.

In the next step, each single amino acid was coupled
separately with the set of 12 amines resulting in three new
polymer-based CSPs (CSP 2–CSP 4). The highest separation
factor a of 13.7 was found for the proline-based column while

Scheme 1

Chem. Commun., 1998, 2559–2560 2559



the a values for the other two columns are close to 5. For the
preparation of the third set of columns (CSP 5 and CSP 6), two
proline based sub-libraries of selectors were prepared from two
six-member groups of amines (1–6 and 7–12) and the respective
columns exhibited selectivities of 13.6 and 7.3. In the next step,
the six amines present in the more selective column CSP 5 were
divided into two groups (1–3 and 4–6) and the columns CSP 7
and CSP 8 exhibited rather high a values of 17.4 and 14.9,
respectively. The separation results indicate that both groups of
three selectors include at least one with a very high selectivity.
CSP 7 that affords somewhat higher selectivity was further
deconvoluted. Three columns CSP 9–CSP 11 packed with
beads containing only individual selectors were prepared.
Although two of these columns (10 and 11) do not exhibit high
separation factors (2.5 and 3.6, respectively), an a value of 24.7
was achieved with CSP 9 that features dimethylaniline 2 as a
part of the proline selector. The rapid increase in the separation
factors reflects not only the improvement in the intrinsic
selectivities of the individual selectors, but also the effect of
increased loading with more efficient selectors since the overall
selector loading determined from nitrogen content remains
virtually constant at about 0.7 mmol g21 for all CSPs 1–12.
NMR spectra indicate that none of the selectors binds
preferentially to the support during the reaction of their
mixtures.

A classical ‘one column, one selector’ approach would
require the preparation and testing of 36 CSPs modified with
each individual selector. In contrast, our combinatorial scheme
documents that the parallelism advantage results in the
discovery of a novel highly selective CSP from the same group
of 36 selectors using only 11 columns, i.e. less than one third. In
addition, an unlimited number of racemates may be screened
through the various columns. The advantage of the mixed
selector column approach becomes even more convincing with
much larger sets of selectors. For example, a simple calculation
reveals that the use of all 20 natural amino acids with the same
12 amines would lead to a library of 240 selectors that could be
deconvoluted using only 17 columns. The question now arises
as to what is the highest number of selectors that may be used
simultaneously in the first column. It seems that there is no
limitation from a chemical point of view. However, in a

hypothetical situation in which only a single selector is active
and all of the compounds are attached to the beads in equal
amounts, the percentage of the active selector in the mixture
decreases rapidly and despite its high specific selectivity
(separation factor at a loading of 1 mmol g21), the actual
selectivity of a CSP with mixed selectors may be rather small
and may even vanish within the limits of experimental errors.
Although the sensitivity of the chromatographic screening may
somewhat limit this approach, the number of selectors that may
be screened in a single column is still impressive. Obviously,
the libraries of columns resulting from this approach may be
used time and again for the separation of the racemates of a
variety of chiral targets.

Funding of this research by the National Institute of General
Medical Sciences, National Institutes of Health (GM-44885) is
gratefully acknowledged. P. M. thanks the Swiss National
Science Foundation for a postdoctoral fellowship.

Notes and references
† The N-tert-butoxycarbonyloxy-protected (Boc) amino acids (7.0 mmol)
were dissolved in THF (35 ml), cooled and triethylamine (7.0 mmol) and
ClCO2Et (7.0 mmol) were added slowly by syringe. After stirring at 215 °C
for 1 h, a cold (215 °C) mixture of equimolar amounts of the desired
aromatic amines (total amount of amines = 7.0 mmol) in THF was
admixed. Stirring continued at 215 °C for 1 h and at room temperature
overnight. The organic phase was washed, dried over MgSO4 and
concentrated to afford the product. This product was dissolved in CH2Cl2
cooled to 0 °C, and treated with 1:1 mixture of TFA–AcOH for 12 h.
Extraction and drying under high vacuum afforded the deprotected product
mixture as a colored solid in near quantitative yield. Integration of the
individual 1H NMR signals for the amide hydrogen atoms of the compounds
indicates that all expected products were formed. Et3N (15 mmol) was
added to a slurry of 4-nitrophenyl carbonate-activated poly(2-hydroxyethyl
methacrylate-co-ethylene dimethacrylate) beads (1.6 g) (ref. 11) in THF at
0 °C. The solution of the selector mixture obtained from the deprotection
step in THF was added slowly to this suspension and stirring was continued
at room temperature for 3 h and then at 60 °C overnight to afford the chiral
stationary phases.
‡ The chiral stationary phases were slurry packed at a constant pressure of
15 MPa into 150 3 4.6 mm i.d. stainless steel columns. Chiral separations
were carried out in normal-phase mode using a 1:4 (v/v) hexane–CH2Cl2
mixture as the mobile phase.
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Adaptation of the polymer matrix has allowed high enantio-
selectivity to be achieved for the first time with a polymer-
supported chiral MnIII(salen) alkene epoxidation catalyst.

Previous attempts to immobolise Jacobsen’s chiral MnIII(salen)
asymmetric alkene epoxidation catalyst1,2 on polymer resins
have focussed on copolymerisation of distyryl derivatives of
chiral salen ligands, such that the Mn complex formed is
essentially localised on a crosslink.3,4 Perhaps not surprisingly
the steric restriction of this system has led to disappointingly
low levels of enantiocontrol in epoxidations. Our own first
attempt to develop a polymer-supported system was also rather
disappointing,5 but encouraged us to believe that providing the
following design criteria could be met, a highly active and
selective heterogeneous catalyst should result: (i) the local
molecular structure of the Mn complex should mimic precisely
the optimum structure of Jacobsen’s catalyst; (ii) the complex
should be attached by a single flexible linkage to the polymer
support to minimise local steric restriction; (iii) the catalyst
should be attached to the polymer with sufficiently low loading
to maximise site isolation of catalytic centres, hence minimising
the possibility of inactive oxo-bridged dimer formation; and (iv)
the morphology of the support should be such that no mass
transfer limitation arises, with all active sites freely accessible.
We now report on the synthesis and application of a number of
polymer-supported analogues of Jacobsen’s catalyst developed
on the basis of the above criteria.

Polymer resin catalysts P1–P5 were synthesised as shown in
Scheme 1 to yield Mn complex loadings (calculated from Mn
content determined by inductively coupled plasma absorption)
of 0.35, 0.17, 0.08, 0.34 and 0.22 mmol g21 respectively. The
styrene-based resins used to prepare P1 and P2 employed p-
acetoxystyrene as a functional co-monomer, commercial div-
inylbenzene (80% DVB grade) as the crosslinker, with styrene
itself making up the co-monomer balance. The methacrylate-
based resin forming the basis of P3 likewise used p-
acetoxystyrene as the functional co-monomer, ethane-1,2-diyl
dimethacrylate as the crosslinker, and methyl methacrylate as

the co-monomer balance. P4 was derived from a resin prepared
from p-hydroxyphenylmaleimide, divinylbenzene and styrene,
while P5 was synthesised from a resin made from 3-methacry-
loyoxy-2-hydroxybenzaldehyde,7 ethane-1,2-diyl dimethacry-
late and methyl methacrylate. Polymerisation compositions and
resin parameters are shown in Table 1. The yields of high
quality beads were good and along with subsequent chemical
derivatisation confirmed good incorporation of each functional

Table 1 Synthesis of resin precursors to polymer catalysts P1–P5a

Polymerisation conditions Resin

Precursor

Cross-
linker/
mol%

Co-
monomer
(%) Porogen

Monomer:
porogen
(v/v)

Yield
of beads
(%)

Bead
diameter
(% 200–
500 mm)

Average
pore
radius/nm

Surface
area/
m2 g21 Morphology

P1 1.6b 32c — — 57 39 — — Gel-type
P2 24b 32c 2-Ethylhexan-1-ol 1:1 95 67 5.9d 31 Porous
P3 68e 13c Toluene 1:1 84 58 0.9d 123f Porous
P4 60b 20g 2-Ethylhexan-1-ol–

DMF (7:3, v/v) 1:1 83 80 4.6d 227f Porous
P5 30e 25h 2-Ethylhexan-1-ol–

toluene (6:5, v/v) 1:1 73 60 6.5i 101f Porous
a All polymers made by suspension polymerisation using procedures already reported (ref. 8). b DVB. c p-Acetoxystyrene. d from N2 sorption,
BJH method (ref. 9) (Micromeritics Accursorb 2100E). e Ethane-1,2-diyl dimethacrylate. f From N2 sorption, BET method (ref. 10).
g p-Hydroxyphenylmaleimide. h 3-Methacryloyloxy-2-hydroxybenzaldehyde. i Hg intrusion porosimetry (Micromeritics Autopore 9220).

Scheme 1 Reagents and conditions: i, (R,R)-1,2-diaminocyclohexane,
CH2Cl2, room temp., 12 h; ii, 2,4-di-tert-butylsalicylaldehyde (ref. 6); iii,
CH2Cl2, room temp., 12 h; vi, Mn(OAc)2·4H2O, EtOH, air, reflux, 30 h,
then LiCl.
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co-monomer. In the case of the precursors to resin catalysts P1–
P3 the acetoxy group was cleaved with NH2NH2 and the sodium
salt of the liberated phenol reacted with 3-tert-butyl-5-chloro-
methyl-2-hydroxybenzaldehyde.4 The sodium salt of the phe-
nolic precursor to P4 was similarly derivatised. In all cases the
immobilised salicylaldehyde residues were further elaborated
as in Scheme 1. Interim elemental microanalysis of beads at
various stages of the catalyst synthesis, and model reactions
using 5-bromo-2-hydroxybenzaldehyde instead of the di-tert-
butyl analogue, confirmed the success of the stepwise synthesis
of the catalysts, and indicated typically !90% of salen ligands
to be attached pendantly (extensive details will be presented in
due course in a full paper11). Interestingly the reactions can be
monitored superficially by the succession of characteristic
colour changes of the beads; acetoxy resin, white; phenolic
resin, cream; phenoate resin, pale pink; salicylaldehyde resin,
sandy yellow; mono-Schiff-base resin, yellow; salen resin,
yellow; Jacobsen resin, dark brown.

Asymmetric epoxidations of 1-phenylcyclohex-1-ene were
carried out in CH2Cl2 at 0 °C using MCPBA as the oxidant, and
NMO as the activator. The conditions employed were typical of
those reported in the use of the soluble catalyst.6 The results
obtained are shown in Table 2. In the case of polymer catalysts
P4 and P5 both the yield and enantiomeric purity of the epoxide
product are very low. With P5 we believe this is so because
attachment of the chiral MnIII(salen) complex to the support is
via the position ortho to the phenolic OH on one of the aromatic
rings. The synthetic route to this species is facile, cost effective,
and offers a highly structurally pure polymer catalyst. We had
hoped the local steric restriction might reinforce the enantio-
selectivity. In practice this seems not to be so, and the local
congestion seems so high as to inhibit any significant approach
to the Mn centre, let alone an enantiocontrolled one. The poor
performance of P4 is less easily explained. The polymer matrix
from which this is derived was synthesised using 60 mol%
divinylbenzene crosslinker and 20 mol% p-hydroxyphenyl-
maleimide with a high level of porogen present (Table 1). The
porosity characteristics suggest that mass transfer to the interior
of this rather heavily crosslinked species should nevertheless be
quite good. Since styrene and maleimide display a high
tendency to form a 1:1 alternating copolymer structure, despite
the modest loading of functional co-monomer, these residues
may well therefore be in close proximity to each other in the
matrix. Consequently bimolecular deactivating reactions be-
tween Mn centres might be encouraged. Since the phenyl-
maleimide residue is likely to be a rather rigid segment in the
matrix backbone, both of these factors seem to have conspired
to produce low catalytic activity and selectivity. The perform-
ance of the gel-type styrene-based resin P1 is much better. The
enantioselectivity achieved (61% ee) is as good as any previous
data in the literature for polymer-supported species of this type,
and far better than our earlier attempt with a gel-type resin.5 In
the latter case the polymer catalyst also displayed low activity,
suggesting that deactivating dimerisation of the MnIII centres
was occurring. With catalyst P1 the Mn loading level and
morphological characteristics are not too different to our earlier

gel-type species, but the attachment to the polymer matrix is
quite different. Previously the linkage had been via an ether
group at the position meta to the phenolic OH on one of the
aromatic groups of the salen.5 With P1 the linkage is via an
oxymethylene at the position para to the phenolic OH. Bearing
in mind the sensitivity of these chiral salen ligands to the pattern
and nature of the substitution on the aromatic rings, this simple
change alone may well account for the improved catalytic
performance of the gel-type species P1. Interestingly, catalyst
P2 is chemically similar to P1 both in terms of the local
structure in and around the catalytic centres, the Mn loading,
and in terms of the longer range environment. It differs only in
having a (macro)porous morphology rather than a gel-type one.
Its dry porosimetry characteristics suggest mass transport
should be quite good. Both the activity and enantioselectivity
displayed by P2 are very similar to those of P1, and suggest that
further manipulations of the morphology of styrene-based
resins may not alone offer significant improvement in catalyst
activity and selectivity. Catalyst P3 displays comparable
activity to those of P1 and P2 under the conditions employed
but is significantly more enantioselective ( > 90% ee). Indeed
the enantiocontrol displayed mirrors that of the soluble catalyst.
The experimental ee is significantly higher than that reported to
date for any polymer-supported system, and suggests that
contrary to earlier findings a practical polymer-supported
Jacobsen’s catalyst may well be achievable. P3 is prepared from
a heavily crosslinked (macro)porous resin and has rather low
loading of Mn sites (0.08 mmol g21). The dry resin has a good
surface area and the porogen employed (toluene) is known to
generate rather small pores.12 Probably of key significance
however is that P3 is derived from a methacrylate-based resin
rather than a styrene-based one, although the immediate link to
the polymer is via a styryl residue. We believe that such a
matrix, although macroscopically rigid, has considerably im-
proved local mobility relative to a styrene-based analogue, and
of course is of significantly higher polarity. These two factors,
coupled with the rather low loading of catalytic sites (0.08
mmol g21), seem to be key in allowing rapid catalysis and a
stereochemical outcome that are essentially analogous to those
found with the soluble catalyst.

Notes and references
† Asymmetric epoxidation procedure. Resin beads (0.13 mmol Mn) were
poured into a solution containing NMO (15.79 mmol) dissolved in CH2Cl2
(25 ml) and evacuated (water pump) for ca. 1 min. Phenylcyclohex-1-ene
(3.16 mmol) and PhBr (2.04 mmol) were then added and the mixture was
cooled to 0 °C. MCPBA (6.32 mmol) was then added in four equal portions
over a 2 min period.
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E. W. Abel, F. G. A. Stone and E. Wilkinson, Pergamon, New York,
1995, vol. 12, p. 1097.

3 B. B. De, B. B. Lohray and P. K. Dhal, Tetrahedron Lett., 1993, 34,
2371; B. B. De, B. B. Lohray, S. Sivaram and P. K. Dhal,
Macromolecules, 1994, 27, 2191; Tetrahedron: Asymmetry, 1995, 6,
2105; J. Polym. Sci., Polym. Chem. Ed., 1997, 35, 1809.

4 F. Minutolo, D. Pini and P. Salvadori, Tetrahedron : Asymmetry, 1996,
7, 2293; F. Minutolo, D. Pini and P. Salvadori, Tetrahedron Lett., 1996,
37, 3375.

5 L. Canali, H. Deleuze and D. C. Sherrington, React. Funct. Polym.,
1998, in the press.

6 W. Zhang and E. N. Jacobsen, J. Org. Chem., 1991, 56, 2296.
7 Synthesis to be reported. See 4th. Year B.Sc. Report, E. Cowan,

University of Strathclyde.
8 P. D. Verweij and D. C. Sherrington, J. Mater. Chem., 1991, 1, 371.
9 E. P. Barrett, L. G. Joyner and P. D. Halinda, J. Am. Chem. Soc., 1951,

73, 373.
10 S. Branauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 1938, 60,

309.
11 L. Canali, E. Cowan, H. Deleuze, C. L. Gibson and D. C. Sherrington,

unpublished work.
12 D. C. Sherrington, Chem. Commun., 1998, 2275.

Communication 8/06841K

Table 2 Asymmetric epoxidation of 1-phenylcyclohex-1-ene using
MCPBA catalysed by polymer-supported chiral MnIII(salen) complexa

Epoxide

Catalyst Configuration Yield (%)b Ee (%)c Configurationd

Solublee S,S 72 92 (+)-(R,R)
P1 R,R 36 61 (2)-(S,S)
P2 R,R 47 66 (2)-(S,S)
P3 R,R 49 91 (2)-(S,S)
P4 R,R 5 5 (2)-(S,S)
P5 R,R 5 ~ 0 (2)-(S,S)
a See note †. b Determined by GC after 2 h using PhBr as internal
standard. c Determined by HPLC using Diacel CHIRACEL OJ column
(hexane–PriOH, 90:10, as eluent). d Absolute configuration confirmed by
polarimetry. e Jacobsen’s catalyst used as supplied from Aldrich.
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Application of Baylis–Hillman methodology in a novel synthesis of quinoline
derivatives
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Reaction of 2-nitrobenzaldehyde with vinyl carbonyl com-
pounds in the presence of 1,4-diazabicyclo[2.2.2]octane
affords Baylis–Hillman products, catalytic reduction of
which results in direct cyclisation to quinoline derivatives.

The Baylis–Hillman reaction has been the subject of two recent
reviews1,2 and continues to elicit attention.3,4 We have demon-
strated applications of this reaction in the synthesis of
substituted indolizines from pyridine-2-carbaldehydes5,6 and, in
analogous reactions of salicylaldehydes, have uncovered a
veritable cascade of transformations involving the formation of
chromene and coumarin derivatives.7,8 Extension of this general
methodology to 2-aminobenzaldehydes was expected to pro-
vide access to quinoline derivatives.

Numerous quinoline syntheses have been developed,9 includ-
ing the Friedlander synthesis (and modifications thereof) in
which use is made of 2-aminobenzaldehydes. A limiting factor
in the Friedlander methodology, however, is the relative
inaccessibility of substituted 2-aminobenzaldehydes. This lim-
itation, coupled with the fact that aldehyde electrophilicity is an
important factor in Baylis–Hillman reactions,10 prompted us to
explore the use of 2-nitrobenzaldehyde as an activated alter-
native to 2-aminobenzaldehyde, subsequent reduction of the
nitro group being expected to permit cyclisation via the
resulting amine. Quinolines have, in fact, been obtained
previously in yields of 27–30%, by passing mixtures of
2-nitrobenzaldehyde and various alcohols over a heterogeneous
catalyst at elevated temperature (300–320 °C).11 Here we report
preliminary results which clearly illustrate the potential of the
Baylis–Hillman approach to quinoline derivatives under re-
markably mild conditions.

Treatment of 2-nitrobenzaldehyde 1 with methyl vinyl ketone
(MVK) 2a, methyl acrylate 2b and ethyl acrylate 2c in the
presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) at, or

below, room temperature† afforded the expected Baylis–
Hillman products 3a–c (Scheme 1) in moderate to good yield
(68–85%). Several methods of reducing the nitro compounds
3a–c were examined, the most efficient proving to be catalytic
hydrogenation using a 10% palladium on carbon catalyst in
EtOH.‡ Reduction of compound 3a afforded, in 56% yield, a
product initially presumed to be 2,3-dimethylquinoline but
subsequently identified as the N-oxide 4.§ Hydrogenation of the
methyl ester 3b afforded two cyclised products, viz. 3-methyl-
2-oxo-1,2,3,4-tetrahydroquinoline 5 (22%) and the 4-hydroxy
analogue 6 (59%), the latter as a diastereomeric pair, which
could be readily dehydrated (in 70% yield) to the conjugated,
achiral 3-methyl-2-quinolinone 7. The a,b-unsaturated car-
bonyl moiety in the Baylis–Hillman products 3 is, of course,
susceptible to conjugate addition, and treatment of the ethyl
ester 3c with piperidine¶ led to the diastereomers 8, reduction of
which afforded the 2-quinolinone derivative 9;∑ in this case,
cyclisation of the corresponding amino intermediate may only
occur via acyl substitution. In principle, cyclisation of the
reduced, or partially reduced, intermediates may be expected to
involve either conjugate addition or nucleophilic attack at the
carbonyl carbon. In practice, the latter path appears to be the
dominant, if not exclusive, mode of cyclisation—somewhat
surprisingly, given the lack of regioselectivity exhibited by
salicylaldehyde analogues.7,8

Application of the methodology to the reaction of 2-nitro-
benzaldehyde with ethyl vinyl ketone afforded both 2-ethyl-
3-methylquinoline 10 (25%) and the N-oxide 11 (31%).

Scheme 1 Reagents and conditions: i, DABCO, CHCl3; ii, H2, Pd-C, EtOH; iii, piperidine, THF; iv, TsOH, toluene, reflux.
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Formation of the N-oxides 4 and 11 was established, in each
case, by FAB MS analysis. Further extension of the procedure
to the reaction of methyl vinyl ketone with 6-nitropiperonal
gave, amongst other products, the corresponding quinoline 12
(26%).

In summary, application of the Baylis–Hillman reaction to
2-nitrobenzaldehydes provides convenient access to substituted
quinoline derivatives which, in turn, constitute useful substrates
for further elaboration. The results of ongoing studies, aimed at
optimising reaction conditions for the selective formation of the
quinolines or their N-oxides and exploring the generality of the
method, will be reported fully in due course.

We thank the Foundation for Research Development (FRD)
and Rhodes University for generous financial support, the
University of Lagos, Nigeria, for study leave (to O. B. F.), Dr
W. E. Molema for assistance with NMR analysis and Dr L.
Fourie (University of Potchefstroom) for FAB MS data.

Notes and references
† In a typical Baylis–Hillman reaction, a solution of 2-nitrobenzaldehyde 1
(5.0 g, 33 mmol), methyl acrylate 2b (2.95 g, 34.2 mmol) and DABCO (0.18
g, 1.6 mmol ) was stirred in a stoppered flask for 3–7 d. [In the case of
methyl vinyl ketone 2a, the reaction was noticeably exothermic; use of
CH2Cl2 as solvent and cooling the mixture (ca. 0 °C) during addition of the
reactants resulted in a significantly cleaner product.] The solvent was
evaporated in vacuo and the residue chromatographed [flash chromatog-
raphy on silica; elution with hexane–EtOAc (3:1)] to give 3a (6.78 g;
85%).
‡ Hydrogenation was effected in EtOH at atmospheric pressure using a 10%
Pd-C catalyst (wet, Degussa type; as supplied by Aldrich Chemical Co.)
§ Selected data for 4, mp 123–125 °C (Found, by FAB MS, MH+:
174.09179. Calc. for C11H12NO+, 174.09189. ); dH(400 MHz; CDCl3) 2.45

(3H, s, 3-Me), 2.68 (3H, s, 2-Me), 7.45 (1H, s, 4-H), 7.51 (1H, t, 6-H), 7.63
(1H, t, 7-H), 7.68 (1H, d, 5-H), 8.68(1H, d, 8-H); dC(100 MHz; CDCl3) 14.7
(2-Me), 20.2 (3-Me), 119.6 (C-5), 125.1 (C-4), 127.1 (C-8), 127.7 (C-7),
128.1 (C-4a), 129.2 (C-6), 130.8 (C-3), 139.9 (C-8a), 146.4(C-2)].
¶ A mixture of 2c (0.5 g), piperidine (0.5 ml) and THF (5 ml) was stirred in
a stoppered flask for 24 h. Excess piperidine was evaporated in vacuo and
the residue was chromatographed [flash chromatography on silica; elution
with hexane–EtOAc (2:1)] to give 8 (0.61g, 85%).
∑ Compounds 6, 8 and 9, which appear to be new, and the known quinoline
derivatives 4, 5, 7, 10–12 were characterised by elemental (high resolution
MS) and 1H and 13C NMR spectroscopic analyses.
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2 D. Basavaiah, P. Darma Rao and R. S. Hyma, Tetrahedron, 1996, 52,

8001.
3 G. P. Black, F. Dinon, S. Fratucello, P. J. Murphy, M. Nielsen and H. L.

Williams, Tetrahedron Lett., 1997, 38, 8561.
4 L. J. Brzezinski, S. Rafel and J. W. Leahy, Tetrahedron, 1997, 53,

16423.
5 M. L. Bode and P. T. Kaye, J. Chem. Soc., Perkin Trans. 1, 1990,

2612.
6 M. L. Bode and P. T. Kaye, J. Chem. Soc., Perkin Trans. 1, 1993,

1809.
7 P. T. Kaye and R. S. Robinson, Synth. Commun., 1996, 26, 2085.
8 J. Bacsa, P. T. Kaye and R. S. Robinson, S. Afr. J. Chem., 1998, 51,

47.
9 See, for example, G. Jones, in Comprehensive Heterocyclic Chemistry,

ed. A. J. Boulton and A. McKillop, Pergamon, Oxford, 1984, vol. 2,
p. 395.

10 M. L. Bode and P. T. Kaye, Tetrahedron Lett., 1991, 21, 5611.
11 N. S. Koslov, Y. S. Chumakov and S. I. Kozintsev, Katal. Sint.

Prevrashch. Geterotsikl. Soedin., 1976, 57 (Chem. Abstr., 1978, 88,
22572).
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Redox-switchable polyester dendrimers incorporating both p-donor
(tetrathiafulvalene) and p-acceptor (anthraquinone) groups
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Received (in Liverpool, UK) 9th September 1998, Accepted 16th October 1998

The convergent synthesis of (TTF)x(AQ)y (TTF = tetra-
thiafulvalene; AQ = anthraquinone) polyester dendrimers is
reported; the molecules undergo clean amphoteric redox
behaviour with reversible switching between cationic and
anionic states being achieved under electrochemical control;
the higher generation system (TTF)8(AQ)4 displays an
intradendrimer charge-transfer interaction in solution.

Dendritic molecules1 which possess functional groups at the
exterior surface and/or embedded within their structure2 are of
current interest. In this context, dendrimers which carry
multiple cationic or anionic sites are attracting attention, due to
their potential applications as macromolecular polyelectrolytes,
catalysts and charge transfer materials. The charged sites may
be introduced into the structure in two conceptually different
ways: (i) during the synthesis, e.g. by using quaternary
ammonium linkages,3 by incorporating transition metals,4 or by
attaching polyanionic surfaces;5 or (ii) by electrochemical
redox processes or chemical doping of a neutral dendrimer
which contains redox-active groups.6 For these systems, the
redox centres may behave independently in multi-electron
processes (n identical non-interacting electroactive centres
giving rise to a single n-electron wave) or they may interact
intra- or inter-molecularly, in which case overlapping or
closely-spaced redox waves are observed at different potentials.
Representative electron donor groups are ferrocene,7 metal-
(bipyridyl)8 and tetrathiafulvalene (TTF),9 while interior an-
thraquinone (AQ)10 and peripheral naphthalene diimide11

groups have been used as electron acceptor units. Dendritic
systems containing both strong p-donor and p-acceptor groups
covalently bonded into their framework12 are especially
attractive targets as they should possess amphoteric redox
properties under electrochemical control,8b and may engage in
inter- and/or intra-molecular charge-transfer interactions.

Herein we report the prototype systems 8 and 9 containing
both TTF and AQ units, built around a benzene 1,3,5-triester
core. The synthesis of the (TTF)4 dendron 3 is shown in Scheme
1.† The reaction of phenol derivative 19a,d (2.1 equiv.) with
benzene-1,3,5-tricarbonyl chloride (1.0 equiv.) in the presence
of DMAP as base (CH2Cl2, 20 °C) afforded the carboxylic acid
derivative 2 (56% yield) after hydrolysis of the unreacted acid
chloride group during workup. Reaction of 2 with oxalyl
chloride in toluene afforded acid chloride derivative 3 (82%
yield). The synthesis of the (AQ)2 reagent 7 is shown in Scheme
2. 2-(Hydroxymethyl)anthraquinone 4 reacted with 5-(tert-
butyldimethylsiloxy)isophthalic acid 513 using the DMAP-
catalysed DCC method14 to form compound 6 in 55% yield.
Attempted desilylation of 6 using TBAF in THF resulted in
cleavage of the ester linkages;15 however, heating a solution of
6 in a mixture of THF–aq. HCl (1 M) gave the alcohol derivative
7 (81% yield) which was only sparingly soluble in most organic

Scheme 1 Reagents and conditions: i, benzene-1,3,5-tricarbonyl chloride,
DMAP, CH2Cl2, 20 °C, silica gel chromatography; ii, oxalyl chloride,
toluene 80 °C.

Scheme 2 Reagents and conditions: i, DCC, DMAP, CH2Cl2, 0–20 °C; ii,
HCl (1 M)–THF (7:1 v/v), 50 °C; iii, 3, DMAP, 1,4-dioxane, reflux.
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solvents. Esterification of 7 to afford G1 dendrimer 8 (60%
yield, after column chromatography on silica gel) was achieved
by reaction with acid chloride derivative 3 in the presence of
DMAP in refluxing 1,4-dioxane. Analogous iterative proce-
dures, starting with the known octa-TTF building block,9d gave
the (TTF)8(AQ)4 G2 system 9. Compounds 8 and 9 are soluble
in a range of organic solvents (e.g. CH2Cl2, CHCl3, THF,
dichlorobenzene and CS2): they darken on storage in air, and
can be stored for several weeks under vacuum in the dark at
0 °C.

The solution electrochemistry of 8 and 9 has been studied by
cyclic voltammetry (CV) in MeCN solution (Fig. 1). Scanning
anodically, 8 exhibits two reversible four-electron oxidation
waves to form, sequentially, the radical cation and dication of
each of the TTF moieties;16 scanning cathodically, two
reversible two-electron waves are observed, corresponding to
the reduction of each anthraquinone unit to the radical anion and
the dianion.17 Thus, 8 demonstrates clean amphoteric redox
behaviour with reversible switching between the +8, +4, 0, 22
and 24 charged states being achieved. The CV of 9 is very
similar (the +16, +8, 0, 24 and 28 states are clearly observed)
although the second TTF wave was slightly narrower than the
first wave, which was probably due to adsorption phenomena,
as observed previously with some higher generation sys-
tems.9d

An important difference between the G1 and G2 systems 8
and 9 is manifested in their UV–VIS spectra. Compound 9
shows a very weak (e < 250) broad absorption band in the l
460–750 nm region in MeCN, which is not present in 8. The
solvent dependency of this band and experiments at various
concentrations of 9 suggest that this low energy band arises
from intramolecular (rather than intermolecular) p–p charge-

transfer from TTF to anthraquinone units. Based on the different
redox potentials of these donor and acceptor moieties, the
degree of charge-transfer is expected to be small ( < 0.1)18 and
that it is observed only in 9 appears to be an interesting
consequence of the more densely packed structure of the higher
generation molecule.

In summary, an efficient route has been established to
polyester ‘co-block’ dendrimers containing both p-donor and
p-acceptor moieties at the periphery. A future direction will be
the incorporation into these structures of stronger p-acceptor
groups,18,19 in conjunction with TTF, enabling the study of
intramolecular charge-transfer interactions within a dendritic
microenvironment. Such materials could find applications in
the development of electrooptical switches.

This work was funded by EPSRC (W. D.) and Universidad
Complutense de Madrid (P. de. M.).

Notes and references
† All new compounds gave 1H NMR spectra, mass spectra (FAB or plasma
desorption) and analytical data which were entirely consistent with their
structures. Selected data for 8: dH(CDCl3) 9.16 (3 H, s), 8.42 (3 H, t, J 1.5),
8.39 (6 H, d, J 1.5), 8.22–7.85 (14 H, m), 7.06 (4 H, s), 6.72 (8 H, s), 5.54
(4 H, s) and 5.20 (8 H, s).
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Fig. 1 Cyclic voltammogram of 8 (MeCN, 20 °C, Bu4N+PF6
2 electrolyte,

Pt electrode, vs. Ag/AgCl, scan rate 50 mV s21).
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Selective ring opening cross metathesis of cyclopropenone ketal: a one step
synthesis of protected divinyl ketones
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Grubbs ruthenium complex efficiently catalyses ring open-
ing cross metathesis of cyclopropenone ketal and terminal
olefins to afford 1,4-divinyl ketone ketals in good yields.

Since the Grubbs and Schrock groups described new alkenyli-
dene-ruthenium and -molybdenum catalysts, olefin metathesis
has attracted increasing attention.1 The ring closing metathesis
(RCM) reaction using these catalysts has in particular been
studied, and syntheses of numerous cyclic structures (from five-
membered rings to larger rings) have been reported.2 In
addition, ring opening metathesis of cyclic olefins has been
widely used for the realisation of ‘living’ polymerisation.3
Recently, the combination of ring opening metathesis (ROM)
and selective cross coupling between strained bicyclic olefins
and monosubstituted olefins4,5 has shown another aspect of this
powerful reaction which adheres to the ‘atom economy’
concept.6 This was cleverly exemplified by Snapper in a very
short synthesis of viridiene from bicyclo[3.2.0]heptadiene and
butadiene.4 So far, an identical process starting from cyclopro-
penes has not been reported, probably because of the steric
hindrance of the substituents on the cyclopropenyl ring.7,8

In connection with our ongoing interest in the Nazarov
cyclisation reaction,9 an easy access to substituted divinyl
ketones was desirable. Considering ring opening cross met-
athesis promotes selective reaction, we initiated studies on the
synthesis of divinyl ketals from cyclopropenone ketals and
terminal olefins (Scheme 1).

Following observations of the high reactivity of allyl-
silanes,5,10 we initially employed 3 equiv. of allyltrimethyl-
silane and cyclopropenone propane-1,3-diyl ketal 111 with 1%
of Grubbs catalyst [Cl2(Cy3P)2RuNCHPh] (· [Ru]). The
reaction was completed in less than 15 min and led only to the
monomeric ring opening cross metathesis product 2i† in 86%
yield. Other possible cross metathesis or self metathesis by-
products were not detected. A subsequent attempt was run with
an equimolar ratio of the starting products, which provided an
identical yield and selectivity for the E configuration of the
created double bond (E:Z = 95:5). Moreover, we found that
0.04 mol% of catalyst was sufficient to complete this reaction in
2 h (Scheme 1).

In order to determine the scope and limitations of the
reaction, other terminal olefins were reacted under similar
conditions. The results are shown in Table 1.‡ With non-
functionalized terminal olefins, optimal yields were obtained
when benzene was used as solvent. High E selectivities were
observed in all cases. The reaction was found to be extremely
dependant on the substitution on carbon atoms 2 or 3 of the
terminal olefins. For example, the reaction between 2-me-
thylhexa-1,5-diene (Table 1, entry 5) and 1 occurred regio-

selectively on the monosubstituted olefin. On the other
hand, methallyltrimethylsilane, 3,3-dimethylbutene or vinyltri-

Scheme 1

Table 1 Ring opening cross metathesis of 1 with various olefins

Entry Alkene T/°C t/h Product
Yield (%)
(E:Z)

a Obtained as a separable 30:70 mixture of 2g and the Diels–Alder adduct
derived from 1 and butadiene (norcar-3-en-7-one propane-1,3-diyl ketal).
b 1 was recovered after work-up.
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methylsilane did not give metathesis products. The reaction was
also found to be sensitive to electronic effects. With allyl acetate
(Table 1, entry 11), no ring opening cross olefin metathesis
product was detected. Only the self metathesis reaction took
place, affording 1,4-diacetoxybut-2-ene.

In order to introduce a chiral center, we investigated reaction
between 1 and the inexpensive (R)-citronellene (Table 1, entry
8). Unfortunately, the expected triene was not obtained and,
instead, the reaction afforded 2h (in 52% yield) and 3-methylcy-
clopentene. To explain this result, which contrasts with the
others, we believe that product 2h is obtained via a cascade
reaction involving a ring opening cross metathesis12 associated
with a ring closing metathesis (Scheme 2). The above sequence
overcomes the limitation imposed by the substitution of olefins
and therefore, other 1,6-dienes could be use to introduce a
disubstituted alkenyl fragment.

To better understand the reaction mechanism, stoichiometric
ROM was performed in CDCl3 at room temperature and
examined by 1H NMR spectroscopy. This experiment showed
that cyclopropenone ketal 1 does not react with Grubbs catalyst.
As a consequence, an olefin must be present to promote the
metathesis reaction. This was illustrated by the reaction
performed with styrene (Table 1, entry 6) where the structure of
the active species is similar to that of the initial catalyst. Two
credible reaction sequences could summarise the catalytic
activity.5,13 Pathway 1 (Scheme 3) utilises substituted alkyli-
dene complex A, while the methylene complex B displays
metathesis activity in pathway 2. A reaction performed with
citronellene distinguished between the two mechanistic hypoth-

eses, as the formation of divinyl ketal 2h as the unique product
strongly supports pathway 1. Moreover, we believe that the
active catalytic species exhibits a structure different to the
starting catalyst. According to the Chauvin mechanism14

(formation of a metallacyclobutane followed by a cyclorever-
sion process) and following the rational studies of Grubbs,15

steric reasons could thus largely explain the E selectivity.
In conclusion, under Grubbs ruthenium complex catalysis,

cyclopropenone ketal reacts with terminal olefins via a ring
opening cross metathesis reaction to provide selectively
protected 1,4-divinyl ketones with a preferential E configura-
tion. Studies to extend this reaction to other cyclopropene
structures are currently underway and will be reported in due
course.

Notes and references
† Selected data for E-2i: dH(200 MHz, CDCl3) 5.78 (1H, dt, J 17.6, 7.8),
5,75 (1H, dd, J 17.6, 10.7), 5.34 (1H, dd, J 17.6, 1.9), 5.21 (1H, dd, J 17.6,
2), 5.20 (1H, dd, J 10.7, 2), 3.90 (4H, m), 1.70 (2H, m), 1.55 (2H, dd, J 7.8,
1.9), 0.01 (9H, s); dC(50.3 MHz, CDCl3) 139.5, 131.2, 128.1, 115.9, 98.9,
61.1(2C), 26.0, 23.0, 21.7 (3C)
‡ General procedure for the ring opening cross metathesis summarised in
Table 1: To a degassed solution of catalyst Cl2(Cy3P)2RuNCHPh (37 mg, 5
mol%) in anhydrous benzene (5 ml) was added a mixture of cyclopropenone
ketal 1 (0.1g, 0.9 mmol) and olefin (1.05 mmol) in solution of benzene (3
ml). Then the red solution was heated to reflux. The reaction was checked
by GC. After conversion was complete, the solvent was removed under
vacuum. The crude product was purified by column chromatography (silica
gel deactivated with Et3N; light petroleum–Et2O = 9:1). All new
compounds were fully characterised spectroscopically.
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A series of novel poly(propyleneimine) dendrimers function-
alized with 4, 8, 16 and 32 peripheral cobaltocenium
subunits were prepared and characterized with a special
focus on their electrochemical properties and binding
interactions with b-cyclodextrin.

The chemistry of dendrimers1 continues its fast development as
numerous research groups take advantage of dendrimer struc-
tural frameworks for a variety of applications.2 Recently, we
have reported3 on the preparation and properties of dendrimers
functionalized with multiple ferrocene sites on their surface and
shown that they may act as multisite, redox active guests3e for
inclusion complexation by cyclodextrins.4 Here we report the
preparation and characterization of four new dendrimers 1–4
having 4, 8, 16 and 32 peripheral cobaltocenium subunits.
While these positively charged dendrimers are not complexed
by b-cyclodextrin (b-CD) in aqueous media, their electro-

chemical reduction triggers the formation of high molecular
weight, multisite inclusion complexes with this host.

The new dendritic macromolecules 1–4 were synthesized by
condensation reactions of 1-chlorocarbonylcobaltocenium in
MeCN with poly(propyleneimine) dendrimers bearing 4, 8, 16
and 32 NH2 groups respectively, in the presence of Et3N. After
purification by repeated column chromatography (Sephadex
LH-20 with MeCN as eluent) all four organometallic den-
drimers were isolated as air-stable, yellow (1 and 2) or green
solids (3 and 4). Compounds 1–4 are soluble in solvents such as
MeCN and DMSO. The structures of the new dendrimers have
been straightforwardly established on the basis of 1H and 13C
NMR and IR spectroscopy, MS, and elemental microanalysis.

We have previously reported the voltammetric behavior of
cobaltocenium and carboxycobaltocenium in aqueous media as
well as their complexation by the host b-CD.5 We found that the
reduced form, cobaltocene, precipitates on the electrode surface
giving rise to strong distortions from the wave shape expected
for a reversible, one-electron reduction process. The electro-

Table 1 Half-wave potentials measured for the reduction of dendrimers 1–4
at 25 °C in several media

E/V

Dendrimer
0.1 M TBA+PF6

2/
MeCNa 0.1 M NaClb

0.1 M NaCl + excess
b-CDb

1 20.75 20.81 20.78
2 20.74 20.80 20.77
3 20.74 20.78 20.76
4 20.73 insoluble insoluble
a Measured by cyclic voltammetry vs. SCE. b Measured by normal pulse
voltammetry against a Ag/AgCl electrode.

Fig. 1 Cyclic voltammetric behavior on glassy carbon (0.08 cm2) of a
solution containing 0.5 mM 1, 0.1 M NaCl and (a) 0, (b) 5.0 and (c) 7.0 mM

b-CD, and (d) 10 mM b-CD + 6.0 mM Fc-N+Me3. Scan rate: 0.100 V s21. Scheme 1 Electrochemical activation of b-CD binding to dendrimer 1.
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chemical behavior of dendrimers 1–4 in 0.1 M NaCl is also
characterized by the deposition on the electrode surface of their
reduced forms, since electrochemical reduction of the periph-
eral cobaltocenium subunits transforms the highly charged
dendrimer structures into very hydrophobic ones. For each
dendrimer, all the cobaltocenium subunits are reduced around a
single half-wave potential value (see Table 1). A typical cyclic

voltammogram is shown in Fig. 1(a) (for 1). Although the
cathodic wave departs from the shape expected for a reversible
reduction process, the sharp anodic wave clearly reveals the
precipitation of the reduced form on the electrode surface.
Addition of b-CD to this solution gradually eliminates the sharp
anodic spike on the reverse scan [Fig. 1(b)]. In the presence of
a four-fold excess of host (compared to the total concentration
of cobaltocenium subunits in the solution), the cyclic voltam-
mogram exhibits a shape consistent with a fully reversible
process [Fig. 1(c)]. This finding clearly indicates the solubiliza-
tion of the reduced form of the dendrimer by formation of
inclusion complexes between the peripheral cobaltocene sub-
units and the freely diffusing b-CD hosts (see Scheme 1). In
order to further prove this point, we performed additional
experiments with a competing guest [(ferrocenylmethyl)trime-
thylammonium perchlorate, Fc-N+Me3·ClO4

2]. This ferrocene
derivative is an excellent guest for binding by b-CD6 and
competes with the dendrimer cobaltocene centers for the hosts
present in the solution. This is confirmed by the voltammogram
in Fig. 1(d), which shows that the addition of Fc-N+Me3 leads to
the behavior (sharp anodic peak) associated with the precipita-
tion of the reduced form of 1 on the electrode.
Although dendrimers 2 and 3 are less soluble than 1 in aqueous
media (probably due to the hexafluorophosphate counterions)
we performed voltammetric experiments with solutions con-
taining 0.05 mM dendrimer and obtained comparable results.
Dendrimers 1–3 in combination with b-CD constitute a novel
type of host–guest system in which the formation of multisite b-
CD–dendrimer complexes is driven by the reduction of the
dendrimers. These systems afford an example of high molecular
weight supramolecular assemblies which undergo association
upon ‘electrochemical activation’ of the guest.
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Dirección General de Enseñanza Superior e Investigación
Cientiífica (PB97-0001), the IBERDROLA Program for Visit-
ing Professors, NATO (CRG971544), and the U.S.–Spain Joint
Committee for Scientific and Technological Cooperation for
their generous support of this work. Gifts of cyclodextrins by
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The nitrogen nucleophile HN(OH)C(O)OBut reacts with
non-racemic chiral tricarbonylchromium(0) complexes of
benzylic ethers with retention of configuration to provide a
novel approach to non-racemic N-hydroxycarbamates and
amines.

We recently demonstrated that the benzylic methylene group in
tricarbonylchromium(0) complexes of benzyl ethers 1 may be
functionalised asymmetrically using the non-racemic chiral
base 2 (Scheme 1). Deprotonation followed by an electrophilic
quench gives the substituted ethers 3 in high yield and

enantiomeric excess.1 Moreover, deprotonation of 3 with the
achiral base ButLi followed by an electrophilic quench produces
the heavily substituted ethers 4 again in good yield and
enantiomeric purity.2 In view of the importance of amines as
natural products, pharmaceuticals, and chiral ligands for
asymmetric catalysis, we decided to determine whether or not
the reliable and robust chemistry used to generate 3 and 4 could
be exploited in the synthesis of chiral non-racemic amines. In
principle, this could be achieved by nucleophilic substitution
using a nitrogen nucleophile, but literature precedent was
unpromising: although substitution of a-oxygenated arene
tricarbonylchromium(0) complexes with acid/nucleophile com-
binations via a chromium-stabilised carbocation intermediate is
well established for carbon, hydrogen, and oxygen nucleo-
philes,3 the use of nitrogen nucleophiles is rare and inefficient.
Thus, reactions of NH3, MeNH2 and Me2NH with benzyl
alcohol complexes in the presence of HPF6 give low yields of
substitution products,4 and although introduction of nitrogen via
the Ritter reaction works well for complexes of primary
benzylic alcohols, it is inefficient for secondary alcohols and
fails for tertiary alcohols.5 We thus report herein that the
nitrogen nucleophile tert-butyl N-hydroxycarbamate facilitates
the introduction of nitrogen into a-oxygenated arene tricarbo-
nylchromium(0) complexes 3 and 4 and in doing so provides a
novel synthesis of non-racemic chiral N-hydroxycarbamates
and amines.

The first complex to be examined was (R)-5a (R1 = H, R2 =
Me),1 which was synthesised in high enantiomeric purity (99%
ee) from the tricarbonylchromium(0) complex of benzyl methyl
ether and MeI using the chiral base 2. Initial reactions of 5a with
a range of nitrogen nucleophiles (e.g. RNH2, R2NH, BocNH2,
BocNHR, BocNHOTBDMS) in the presence of HBF4·OMe2
were disappointing, providing only very low levels of nitrogen
incoroporation and complex mixtures of products. In contrast,Scheme 1

Table 1 Addition of HN(OH)C(O)OBut to ether complexes 5 and 7a

Entry Substrate R1 R2 Ee (%)b [a]D
c Product Yield (%) Ee (%)b [a]D

c

1 5a H Me 99 +53 6a 85 99 268
2 5b H Et 96 +66 6b 53 96 240
3 5c H Pri 98 +43 6c 43 91 +18
4 9a D Me 99 +53 10a 79 88 253
5 9b Et Me 99 210 10b 48 80 +6

a The experimental procedure for the conversion of 5a to 6a (entry 1) is typical: HBF4·OMe2 (0.20 cm3, 0.26 g, 2.0 mmol) was added dropwise to a
yellow solution of 5a (0.272 g, 1.00 mmol) in CH2Cl2 (10 cm3) at 240 °C under an atmosphere of nitrogen. To the resulting deep blue solution, a precooled
solution of HN(OH)C(O)OBut (0.532 g, 4.00 mmol) in CH2Cl2 (5 cm3) was added immediately via a cannula. The yellow mixture was stirred for 25 min
at 240 °C, after which saturated aqueous NaHCO3 (5 cm3) was added and the mixture allowed to warm to room temperature. Addition of water (5 cm3),
extraction with pentane (3 3 20 cm3), drying (MgSO4), filtration through Celite and solvent removal in vacuo gave a yellow solid. Column chromatography
[SiO2; Et2O–light petroleum (bp 40–60 °C) 1:5–1:1] gave 6a as a yellow solid (0.316 g, 85%). b Ees measured by HPLC (Chiralcel OD-H); accuracy ±1%.
c All values measured within the range 20–31 °C (c 0.5–1.0) in CH2Cl2.
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protonation of 5a at 240 °C with HBF4·OMe2 followed by
addition of commercially available tert-butyl N-hydroxycarba-
mate [HN(OH)C(O)OBut] gave the nitrogen substitution prod-
uct 6a in 85% yield. Moreover the ee of the novel† complex 6a
was measured by chiral HPLC‡ and found to be 99% (Table 1,
entry 1).

The absolute configuration of the nitrogen substitution
product 6a was determined by chemical correlation. Reduction
of the nitrogen–oxygen bond using TiCl3 in aqueous MeOH6

proceeded smoothly to give the novel complex 7 without loss of
stereochemistry (Scheme 2).§ Oxidative removal of the tri-
carbonylchromium(0) unit from 7 gave carbamate 8, the optical
rotation of which was essentially identical to a sample prepared
from authentic (R)-a-methylbenzylamine. Thus the absolute
configuration of 6a is R and the conversion of 5a to 6a proceeds
with retention of configuration, presumably via a chromium
stabilised carbocation.

In order to probe the effect on the nitrogen substitution
reaction of increasing steric hindrance around the benzylic
position, complexes 5b7 (R1 = H, R2 = Et) and 5c7 (R1 = H,
R2 = Pri) were prepared and reacted with HN(OH)C(O)OBut.
The reactions led to the novel products 6b and 6c in 53 and 43%
yield and 96 and 91% ee respectively (Table 1, entries 2 and 3).
Thus increasing steric hindrance leads to notable yield reduc-
tions and a small but significant stereochemical leakage. These
effects are attributed to a reduced rate of addition of the nitrogen
nucleophile to the intermediate carbocation, the increased
lifetime of the latter leading to byproducts and rotation about the
ipso carbon–benzylic carbon bond.

Subsequently, in order to test whether a,a-disubstituted
benzylic ethers may be used as substrates in the reaction,
complex 9a2 and the novel complex 9b were synthesised from

5a by ButLi deprotonation–electrophilic quench sequences.2
Reaction of 9a and 9b with HN(OH)C(O)OBut gave the novel
complexes 10a and 10b in 79 and 48% yield, 88 and 80% ee
respectively (Table 1, entries 4 and 5). Thus steric hindrance
around the tertiary carbocation generated in the conversion of
9b to 10b appears to reduce the rate of nucleophilic attack by
HN(OH)C(O)OBut allowing significant rotation around the
ipso carbon–benzylic carbon bond to occur and hence some loss
of enantiomeric purity. Finally, the deuterated product 10a was
converted into the labelled amine 11 in good overall yield and
without loss of enantiomeric purity (Scheme 3).¶
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The first banana-shaped molecules without Schiff-base
units, with broad regions of a ferroelectric switchable liquid
crystalline phase and low melting points, have been ob-
tained.

Ferroelectricity, resulting from a spontaneous macroscopic
electric polarization, is a property which was first reported by
Meyer1 to occur in a fluid, liquid crystalline phase. Until
recently, ferroelectricity in liquid crystals was based on a tilted
arrangement of homochiral molecules in layers (e.g. smectic C
phase) which generates C2v symmetry and allows the occur-
rence of a spontaneous electric polarization. In recent years such
ferroelectric liquid crystals have attracted considerable interest
because of their unique switching properties and their technical
applications, for example, in fast-switching electrooptical
devices.2 As predicted by theory, ferroelectricity is not
restricted to chiral tilted phases.3–5 In 1996 Niori et al.6 reported
on ferroelectricity in a smectic phase formed by bow-shaped
(‘banana-shaped’) non-chiral molecules. Later on, antiferro-
electric switching behavior was found for these compounds.7–9

Not only is the special electrooptical behavior of these non-
conventional liquid crystals of interest. These molecules also
represent a new subfield of thermotropic liquid crystals,
different from the classical types such as calamitic and disc-like
mesogens. Up to now, all banana-shaped liquid crystals which
exhibit (anti)ferroelectric switching behavior have had a rather
uniform structure. They usually comprise 1,3-phenylene bis-
benzoates incorporating at least one Schiff-base unit.6–9 There-
fore, a major drawback of these compounds is their limited
thermal, hydrolytic and photochemical stability. Furthermore,
these special mesophases occur at rather high temperatures.
Thus, the design of novel stable and low-melting materials is a
topical subject in liquid crystal research.

Here we describe the first banana shaped molecules without
Schiff-base units which have a ferroelectric switchable liquid
crystalline phase. This was achieved by combination of an
angular 3,4A-disubstituted biphenyl central unit with two phenyl
benzoate rigid cores via ester linkages. Thus the two halves of
these banana-shaped molecules are different.

The transition temperatures of the compounds 1–5 are
collected in Table 1.† Different mesophases were found
depending on the length of the alkyl chains and the temperature.
Compounds 1 and 2 with short terminal chains form only one
mesophase (M3). On cooling 1 from the isotropic liquid state at
157 °C batonnets are formed which coalesce into a mosaic-like
texture. This texture is identical with that reported for some
short chain banana-shaped Schiff-base derivatives,10 and is
designated an XB1 phase.‡ A similar texture was also observed
by cooling compounds 2–4 from the isotropic liquid.

However, in the case of compound 3 two additional phase
transition can be found on further cooling. At 147 °C a
nonspecific texture which immediately changes into a gray
schlieren texture is formed [see Fig. 2(a)]. This mesophase
always shows a distinct birefringence and no pseudoisotropic
regions can be obtained by shearing. Furthermore, this meso-

phase has a lower viscosity (comparable to conventional SA and
SC phases) than the phase M3. On heating, it directly turns into
the isotropic liquid phase at 152 °C without passing the high
temperature mesophase. This means that, probably for kinetic
reasons, the M3 phase can only be observed on cooling from the
isotropic state. On further cooling, at 86 °C the schlieren texture
turns into a mosaic-like texture with a significant increase of the
viscosity.

The same trimorphism was also found for 4, but only the
mesophases M1 and M2 were detected for the long chain
compound 5. Here, the M2 phase grows directly from the
isotropic liquid as spherulites with a fringe pattern, character-
istic of a helical structure [see Fig. 2(b)]. This texture is very
similar to the texture of the (anti)ferroelectrically switchable
mesophase (XB2 phase‡) of the banana-shaped Schiff-base
derivatives. Slight shearing of the sample gives rise to the same

Table 1 Phase transition temperatures of 1–5. Abbreviations: Cr =
crystalline solid, M1 = smectic low-temperature mesophase (probably SG

or SH), M2 = ferroelectrically switchable mesophase [XB2-phase,‡
probably arrangement shown in Fig. 1(a)], M3 = two-dimensionally
ordered (modulated smectic) mesophase [XB1-phase,‡ see arrangement in
Fig. 1(c)], Iso = isotropic liquid.a

Compound n T/°C

1 4 Cr 161 (M3 157) Iso
2 6 Cr 119 M3 158 Iso
3 8 Cr 85 M1 86 M2 152 Iso

(M2 147 M3 152 Iso)a

4 10b M1 79 M2 148 Iso
(M2 147 M3 148 Iso)a

5 12b M1 78 M2 156 Iso
a The phase sequence in parentheses is only observed on cooling
(determined by polarizing microscopy). b No crystalline phases have been
found yet.

Fig. 1 Selected possible arrangements of banana shaped molecules in their
mesophases: (a) polar biaxial smectic phases with ferroelectric alignment of
the layers, (b) antiferroelectric alignment of the layers, and (c) modulated
layer structure (ribbon phase). The molecules can be arranged perpendicular
to the layer plane (SA-like) or tilted (SC-like).
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gray schlieren texture as observed for the M2 phases of 3 and
4.

X-Ray studies of non-oriented samples of compound 3 have
been performed to support the phase characterization. The
diffraction pattern of the high temperature phase M3 (T = 150
°C) shows two reflections with d1 = 3.24 and d2 = 2.37 nm, in
addition to the diffuse outer scattering. These reflections point
to an undulated structure, which is already found in some
banana-shaped molecules and is designated as an XB1 phase.‡
In the case of compound 1, monodomains of the M3 phase were
obtained. On the basis of these oriented samples we can deduce
a two-dimensional rectangular centered cell for this phase [see
Fig. 1(c)]. Since the positions of the reflections in the M3 phase
are a linear function of the chain length, the high temperature
phases of compounds 1–4 can be assumed to belong to the same
type.

The phase transition from the M3 phase to the M2 phase is
indicated by an alternation of the pattern in the small angle
region. The positions of the two reflections fit now the ratio
d1:d2 = 1:0.5 (d1 = 2d2 = 3.74 nm, T = 120 °C), proving a
layer structure. The d value is essentially smaller than the length
of the molecule (L = 5.0 nm), describing a V-shaped molecule
with an angle of about 120° between the two half parts and an
all-trans conformation of the alkyl chains. This difference leads
to a tilt angle of about 41°. However a deviation of the chains
from the fully stretched conformation must be assumed, so that
the real tilt angle should be smaller than the estimated one. With
respect to this preliminary structure the phase under considera-
tion can belong to the type XB2 as reported for the Schiff-base
derivatives.‡ At further cooling into the low temperature phase
M1 the layer reflections are shifted only a very little, but in the
wide angle region several reflections appear. This pattern is
maintained down to room temperature. The kind of reflections

(number, position and intensity) resembles to those of highly
ordered smectic phases (SG or SH), but further studies are
necessary to prove this analogy. Remarkably, after the first
melting this compound does not crystallizes again, even after
storage for several weeks at room temperature. No crystalline
phases have been detected for 4 and 5.

Preliminary investigations of the switching behavior of the
M2 phase were performed with 4. The switching current was
examined in a 5 mm thick cell by the triangular wave method.
Fig. 3 shows the electric response (30 Hz) obtained in the M2
phase at 125 °C. It can be seen that only one current peak is
recorded during a half period, pointing to ferroelectric behavior.
This points to the phase structure shown in Fig. 1(a), but it
should be noted that only a schlieren texture can be obtained
between the glass surfaces of the cell. Therefore more detailed
electrooptical investigations with uniformly aligned samples
are necessary to confirm the precise structures of the switchable
mesophases.

This work was supported by the Kultusministerium des
Landes Sachsen-Anhalt. We thank C. Lischka (Department of
Physical Chemistry, University Halle) for help during the
electrooptical investigations.
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Fig. 2 Optical photomicrographs (crossed polarizers): (a) of 3 at the
transition from the high temperature mesophase M3 (left hand side) to the
M2 phase (schlieren-texture at the right hand side) at 147 °C; (b) of 5 at the
transition from the isotropic liquid to the M2 phase at 156 °C.

Fig. 3 Switching current response in the M2 phase of 4 obtained by applying
a triangular voltage (±50 V, 30 Hz, 125 °C).
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Synthesis of isocyanates from carbamate esters employing boron trichloride
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The conversion of carbamate esters to isocyanates and
diisocyanates of industrial importance is possible using BCl3
in the presence of Et3N; the reaction is simple in execution
and work-up, occurring under mild conditions and affording
isocyanates in excellent yields.

Presently, isocyanates are manufactured on a commercial scale
by reaction of phosgene with amine or amine salt precursors.1
As restrictions upon the use of very toxic materials such as
phosgene and other chlorine-containing compounds within the
chemical industry have become more rigorously enforced, there
has been increasing interest in developing alternative methods
for isocyanate production.2 One such method (Scheme 1)

involves the catalytic production of carbamate esters (by
reductive carbonylation of nitro derived compounds,3 or
oxidative carbonylation of amines4,3b), dealcoholysis of which
gives isocyanates. One of us showed recently that elimination of
alcohol from carbamate esters to yield isocyanates can be
facilitated using chlorocatecholborane in toluene, in the pres-
ence of Et3N (Scheme 2).5 This paper demonstrated that the way
in which the alcohol product is irreversibly removed from the
reaction solution, in the form of an alkyl catecholborate, is
pertinent to the significance of this method compared with those
which employ the thermal decomposition of carbamate esters,
in which recombination of the resulting isocyanate with alcohol
is possible.

Having demonstrated the use of chlorocatecholborane in this
type of reaction, we reasoned that simple boron halides, BX3 (X
= Cl, Br), may also be active as cheap alternatives. Addition-
ally, it has previously been shown that BX3 can be generated in
the production of benzyl esters by reaction of trialkyl borates
with benzylic halides and CO in the presence of catalytic
quantities of Pd0 or RhI.6 This offers the rather attractive option
of two concomitant processes achieving commercially valuable
ends together with constant recycling of boron.

Boron trihalides are known for their strong Lewis acid
character, and for their ability to cleave a wide variety of ethers,
acetals and esters under relatively mild conditions.7 In pursuit of
alternative methods of isocyanate production, we now report the
results of our work with BBr3 and BCl3 in facilitating the
conversion of carbamate esters to isocyanates of industrial
importance.

Treatment of a carbamate ester with 0.37 equiv. of BCl3 and
1.1 equiv. of Et3N, for 30 min in refluxing benzene, afforded the

Scheme 1

Scheme 2

Table 1 Conversions of carbamate esters to the corresponding isocyanates
using BCl3

Substratea Productb R 
Yield
(%)c

a Purities of the carbamate esters were assessed by 1H NMR analysis and
melting points. Reaction conditions: isocyanates: BCl3 (0.37 equiv.), NEt3
(1.1 equiv.), refluxing benzene, 0.5 h; diisocyanates: BCl3 (0.74 equiv.),
NEt3 (2.2 equiv.), refluxing benzene, 0.5 h. b Product isocyanates were
identified by GC–MS and GC analysis compared with authentic materials.
c Yields by GC analysis with tetradecane as the internal calibrant. d Mixture
of cis and trans isomers. e Yields of pure products isolated by vacuum
distillation, characterized by 1H NMR, 13C NMR, IR and MS analysis and
by comparison with authentic materials.
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isocyanate in good yield. In most cases, quantitative or near-
quantitative conversion to the product isocyanates was obtained
under these relatively mild reaction conditions for a series of
aryl, alkyl, alicyclic and tosyl carbamate esters. The reactions
were found to be highly selective with only the product
isocyanates, partially cleaved carbamate esters (where dicarba-
mate esters were employed as starting materials), or starting
materials being observed in the final solutions. The product
isocyanates can usually be easily isolated by evaporation of the
solvent and trialkyl borate under reduced pressure followed by
vacuum distillation at elevated temperature. For example,
toluene-2,4-diyl diisocyanate (TDI), para-phenylene diisocya-
nate (PDI) and 4,4A-methylenebis(phenyl isocyanate) (MDI),
which are large-scale raw materials for the manufacture of
polyurethane foams,8 can be isolated as spectroscopically pure
materials from their corresponding methyl carbamate esters in
70–79% yield. Toluene-2,4-diyl diisocyanate can also be
isolated in good yield from its methyl carbamate ester when the
reaction is performed in toluene (65% isolated yield) or hexanes
(41% isolated yield). Chlorinated solvents, however, are not
suitable media for this reaction. As expected, BCl3 is converted
to trialkyl borate (identifiable by GC–MS), observed after the
reaction, consistent with the reaction shown in Scheme 3.

BBr3, a stronger Lewis acid than BCl3, was also effective in
this reaction, with isocyanate yields being similar to those
quoted for BCl3 in Table 1. However, appreciable amounts of
amine were also produced in some cases bringing the selectivity
of this reagent into question.

It has previously been shown that PCl3, and other Lewis
acids, can effect the removal of OH from carbamate anions to
yield isocyanates by electrophilic, oxophilic dehydration.9

However, we found that PCl3, when used instead of BCl3, is
capable of less than ca. 5% conversion of carbamate esters to
isocyanates. Similar yields were attained with AlCl3, and TiCl4
was found to be totally inactive. It is conceivable that PCl3 can
react as an electrophile at nitrogen in this case, and a possible
reason for its overall inactivity is the inability to promote
cleavage of an alkoxy group from the resulting intermediate.

In conclusion, BCl3 is an excellent, efficient and economical
reagent for the synthesis of mono- and di-isocyantes in high
yield.

We are grateful to the Environmental Science and Technol-
ogy Alliance Canada (ESTAC) for support of this research.
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Carbohydrate based IMDA/aldol strategy towards the densely functionalized
trans-decalin subunit of azadirachtin
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L-Rhamnal is converted into an hex-2-en-4-ulo C-glycopyr-
anoside in which properly configured diastereomeric cen-
ters, asymmetric as well as geometric, are developed in the
pendant anomeric substitutent via a Claisen aldol addition,
and the resulting product proceeds via an IMDA reaction to
provide a highly functionalised terpene AB ring system.

The development of synthetic routes from carbohydrates to
densely functionalized carbocycles has been a sustained area of
interest in our research group.1,2 The intramolecular Diels–
Alder (IMDA) strategy depicted in Scheme 13,4 takes advantage
of the preferred b-D-face approach in reactions of pyranosidic
2-ene-4-ones. The desired (S)-configuration exists in b-d- and
a-L-derivatives, but either may be used since the sugar’s C5
stereocenter, whereby D or L is designated, does not survive in
the advanced retron 2. Thus a regioselective Baeyer–Villiger
oxidation of 3 permits its ready removal. This simplifying
retroanalysis also makes provisions for an array of functional
groups such as is found in the clerodane family of terpenes,5
exemplified by the ‘western half’ of the azadirachtins 1.6 An
IMDA approach, based on 4 with appropriate synthons at P, Q,
R, S, T and U, for this family of potent pharmacologically active
compounds,7 is therefore desirable.8

Dibromination of diacetyl L-rhamnal 5a, followed by dehy-
drobromination, gave the 2-bromo glycal 5b in 72–76% yield
(Scheme 2). Danishefsky’s version9 of the Ferrier rearrange-
ment10 gave a 76% yield of a-L-C-glycoside 6a (along with
19% of the corresponding b-anomer). The acetyl group was
replaced by TBDMS and a THF solution of the latter was mixed
with 5 equiv. of DMF, and then 6 equiv. of ButLi were added
slowly (ca. 2 h) at 278 °C to furnish, after aqueous work-up,
enal 6c in almost quantitative yield.

The trans-decalin subunit of azadirachtin 1, as well as of
related terpenoids, invariably possesses hydroxy and carbon
substituents at C3 and C4 respectively,6 positions that correlate
with C8 and C9 of the sugar IMDA precursor. These
functionalities could conceivably be furnished by an aldol
reaction. Accordingly, the aldehyde group of 6c was first
protected by acetalization. Cleavage of the terminal double
bond via OsO4 induced dihydroxylation followed by periodate
cleavage in two discrete steps, but not in the one-pot Lemieux–
Johnson protocol,11 gave aldehyde 6e in 85% yield.

Scheme 1

Scheme 2 Reagents and conditions: i, Br2, CH2Cl2; ii, A: one-pot, DBU,
76% + 14% of 5a, or B: work-up, then DBN, toluene–DMSO, 72% + 4% of
5a; iii, allyltrimethylsilane, BF3·Et2O, CH2Cl2, 0 °C to room temp.; iv,
NaOMe, MeOH; v, NaH, TBDMSCl, THF; vi, THF, DMF (5.0 equiv.),
278 °C, then ButLi (6.0 equiv.); vii, CSA, Me2C(OMe)2, reflux; viii, NMO,
1% OsO4, THF–H2O; ix, NaIO4, THF–H2O; x, Ac2O, Py, cat. DMAP,
CH2Cl2, 0 °C to room temp.; xi, HF·Py, THF, room temp.; xii, PCC, SiO2,
CH2Cl2, room temp.
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Our next task was to elaborate the anomeric C-substituent
into the required dienic tether. A Claisen-type aldol addition
with ethyl sorbate seemed an ideal approach. Indeed that an
8-hydroxy-9-ethoxycarbonyl addition product had formed was
apparent from NMR examination of the crude material.
Separation of the four diastereomeric aldol adducts was
achieved by (repeated) flash chromatography, and syn- and
anti-configuration were easily distinguished on basis of the
coupling constant between the protons attached to C8 and C9
(syn: 3J ~ 5.0 Hz, anti: 3J ~ 9.0 Hz). However, the absolute
configuration at C8 and C9 was assigned in retrospect upon
isolation of IMDA products 11–14 (Table1).

For proof-of-concept, the major component (assigned in
retrospect as 7a, vide infra) was acetylated and treatment of the
crude material with HF–pyridine in THF for one day at ambient
temperature effected desilylation as well as cleavage of the
rather acid-sensitive dimethyl acetal. Final activation was
accomplished by oxidation with PCC on silica gel to furnish the
corresponding aldehyde enone 9a in 76% yield for the whole
four-step sequence. Heating of 5a in toluene at reflux for 30 h
afforded a 23% yield of 11, the structure being confirmed
independently by NMR (Table 1) and X-ray analyses.

Conceivably, the efficiency of the IMDA step, as well as the
correct C3 configuration in the resultant product, could both be
ensured by fine-tuning the preparative procedures. Thus under
conditions A (Scheme 2) variations in the equivalents of
enolate, and the duration of the reaction revealed that rapid
equilibration was occuring at 278 °C (Table 2). Our studies
also showed (a) that compounds 7a+b, having the undesired
(8S)-configuration, were kinetically favored, and (b) that the

syn:anti ratios were generally poor. We therefore examined the
syn-selective protocol of Evans12 (conditions B) on 6e, and
were rewarded with a 61% yield of 8a+b in an 11:1 ratio.

Steric factors on the tether can substantially affect the course
of IMDA reactions.4,13 We were therefore pleased to see, from
the formation of 13 and 14 (Table 1), that the required (R)-
configuration at C8 of precursors 10a+b presents no obstacle to
the success of the IMDA reaction. Conceptually, either
configuration at C9 is acceptable in view of the future
quaternization at C4 of compounds 13 and 14. Furthermore, the
results in Table 1 suggest that selective formation of the IMDA
products may be possible by judicious choice of temperature
and duration of the reaction. The bulk of the C8-hydroxy
protecting group might also have a salutary effect.

These and other refinements for this IMDA/aldol approach to
compounds such as 1 are underway.

We are grateful to Professor A. T. McPhail of Duke
University for X-ray structure determination of 14, and to Dr
Ken Henry for insight and helpful suggestions. D. H. thanks the
Alexander von Humboldt Foundation for a Feodor Lynen
Fellowship. Partial support from the National Institutes of
Health (GM 51237) is acknowledged. Dedicated to the memory
of Professors H.-D. Scharf and D. H. R. Barton.
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Table 1 Influence of the configuration of C8 and C9 in the dienic tether on
the course of the IMDA reaction (E = CO2Et)

IMDA
precursor Conditions Yield Product 3J/Hz

Table 2 Diastereomeric product distribution in the aldol addition of 9b

Yield (%)

Method
Enolate/
equiv. t/min 7a 7b 8a 8b 7 : 8

Yield of
6e (%)

A 2.0 2 29 26 12 12 2.3 : 1 15
A 2.0 20 24 27 17 11 1.8 : 1 15
A 2.0 60 24 27 18 11 1.8 : 1 13
A 4.0 2 35 28 14 13 2.3 : 1 6
B 2.5 300 29 6 58 5 1 : 1.8 —
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High-temperature reaction of NbTe4 with KCN at 450 °C
and further crystallization from aqueous solution produces
an oxygen-centered tetranuclear niobium cubane-type com-
plex, isolated here as K6[Nb4OTe4(CN)12]·K2CO3·KOH·
8H2O, and characterized by X-ray crystallography.

Many small clusters of the electron poor transition metals in
groups 3 and 4 are stabilized by an interstitial atom, Z,1 which
serves as an electron donor to stabilize metal–metal bonds and/
or stabilizes the cluster by the formation of strong M–Z bonds.
A few examples of group 5 transition metal cluster complexes,
discrete and extended, containing interstitial atoms have been
reported, among them Nb4OTe9I4,2 Nb6I11H,3 [M6S17]42 (M =
Nb, Ta),4 [V4O(edt)2Cl8]22 (edt = ethane-1,2-dithiolate),5
[Nb4(m4-O)(m-Cl)4{m-(PhC)4}2Cl4]22,6 Ta4SiTe4

7 and
[Nb6SBr17]32.8

The metal atoms in the cuboidal cluster complexes [M4(m3-
Q)4Ln] (Q = S, Se, Te; L denotes ligating atoms with either
neutral or anionic ligands) with four m3-Q bridging chalcogen-
ide ligands generally have enough electrons to support metal–
metal bond formation. These cluster complexes are known for a
wide variety of transition metals, and they appear to be one of
the most important common basic structures of small-sized
transition metal cluster complexes.9 So far only one example of
a cubane-type niobium compound Nb4Se4I4 has been re-
ported.10 There are as yet no examples of cuboidal clusters
M4ZQ4 stabilized by an interstitial atom Z.

In the course of our study on the syntheses and reactivities of
solid-state molybdenum and tungsten chalcogenides, we re-
cently obtained new cyanocomplexes with cubane-type W4S4,
W4Se4, W4Te4 and Mo4Te4 cluster cores.11 Here we report the
synthesis and characterization of the first oxygen-centered
cubane-type complex [Nb4(m4-O)(m3-Te)4(CN)12]62. Tetra-
meric metal complexes which have a M4(m4-O)(m-L)6 core are
not uncommmon.2,12 These complexes are known for a wide
variety of metals with six m-bridging ligands, but they are not
known for tetranuclear clusters with four m3-bridging ligands
(cuboidal complexes).

Dark brown crystals of K6[Nb4(m4-O)(m3-Te)4(CN)12]·
KOH·K2CO3·8H2O (1)† were obtained in moderate yield by
high-temperature reaction of NbTe4 with KCN at 450 °C in a
sealed ampoule and further crystallization within 5–7 days from
aqueous solution. The source of oxygen was presumed to be
water/oxygen contamination of the ampoule/reagents. In related
studies it has already been reported that it was almost
impossible to obtain an oxide-free product even under rigorous
oxygen-free/anhydrous conditions.2,6,12d Furthermore, hydroly-
sis and oxidative degradation of KCN may explain the existence
of CO3

22 anions in the structure of 1.
Owing to the presence of H2O and CO3

22 intense bands were
observed in the IR spectra of 1 in KBr or Nujol. The
cyanocomplex can be easily identified since it exhibits n(CN) at
2095 cm21 and also a n(NbC)/d(NbCN) band at 410 cm21.11b,13

Another band in the low-energy region at 510 cm21 belongs to
the asymmetrical vibration of the Nb4O core.12c

The crystal structure of the compound K6[Nb4(m4-O)(m3-
Te)4(CN)12]·KOH·K2CO3·8H2O (1) contains two independent
cluster anions [Nb4Te4(m4-O)(CN)12]62 with similar geome-
tries (one of which is shown in Fig. 1), carbonate anion, some
K+ cations and solvent water.‡ One K+ and one O form a pair
(K···O of 2.7 Å) which is disordered over two positions with site
occupancies 0.643(8) and 0.357(8). The overall content of K+ in
the unit cell is 36 (9 per formula unit). The pH of the solution
during crystallization was greater than 7 and therefore the
carbonate anion must not be protonated (CO3

22, not HCO3
2).

This means that we have 7 K+ per cluster anion and oxygen
atoms which may be H2O or OH2. Quantum chemical
calculations on the diamagnetic compound 1 gave a total cluster
anion charge of 26 (see below). In accordance with this, we
assume that one of the independent oxygen atoms corresponds
to OH2 and the remainder to H2O. It is possible that OH2
corresponds to the oxygen in the disordered pair K+···O, since
their observed interatomic distance is close to that which is
found for K+···OH2 in KOH (2.57–2.83 Å14).

The cluster anion (Fig. 1) has a structure which is similar to
the well-known [M4Q4(CN)12]n2 cubane-type clusters (M =
Mo, W, Re, Q = S, Se, Te11,13,15). As usual, the metal and
chalcogen atoms form a distorted cube surrounded by 12
terminal CN ligands. The main difference is the presence of a
m4-oxygen atom in the center of the Nb4 tetrahedron with Nb–
m4-O distances at 1.941(7)–1.98(1) Å. The Nb–Nb distances
(3.189(2)–3.211(2) Å) are longer than in those compounds
which formally possess a Nb–Nb single bond.16

Quantum chemistry calculations for the cluster anion [Nb4O-
Te4(CN)12]62 were performed with the extended Hückel
method using the CACAO program.17 Frontier orbital energies
for 1 reveal a substantial gap (0.54 eV) between the 21e MO and
the top of the lower-lying non-bonding block as well as a large
(1.62 eV) 21e (HOMO)–18a1 (LUMO) separation (Fig. 2). The

Fig. 1 Anion in 1 (a.d.p. ellipsoids at 50% probability level). All Nb–Nb
bonds are omitted for clarity. Some geometrical parameters (Å): Nb–Nb,
3.189(2)–3.211(2), av. 3.202[7]; Nb–m4-O, 1.941(7)–1.98(1), av. 1.96[2];
Nb–m3-Te, 2.832(2)–2.859(1), av. 2.849[7]; Nb–C, 2.20(2)–2.29(1), av.
2.25[3], C–N, 1.11(2)–1.19(2), av. 1.15[3].
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formally non-degenerate 18a1 LUMO has both weak Nb–O
antibonding and Nb–Nb nonbonding character. The doubly
degenerate empty 22e MO, which is very close to 18a1 in
energy, has a similar bonding pattern. Similarly the degenerate
21e HOMO with a zero contribution of oxygen orbitals is
slightly Nb–Nb bonding. The contribution of Te, C and N
atomic orbitals in the frontier MOs is negligibly low. According
to a bond overlap population analysis Nb–Te bond orders are
approximately 1 and Nb–O bond orders are slightly less then 1,
generally supporting the model of the centered cubane-like
framework tightened with single bonds.

EHMO calculations are in agreement with simple qualitative
concepts. Counting oxygen and cyanide as O22 and CN2 and
the bridging Te groups as Te22 leads to the formulation
[(Nb4+)4(O22)(Te22)4(CN2)4]62, where four electrons are
shared by four Nb atoms in the tetrahedral Nb4 fragment.

Preliminary characterization of the redox behaviour of 1 was
performed by cyclic voltammetry (scanning interval: 2600 to
1000 mV vs. NHE in 0.1 M Na2SO4). The oxidation potential
occurring at 309 mV has quasi-reversible behaviour. Further
oxidation occurring at 900 mV is irreversible.

The authors are grateful to Dr. Davide Proserpio (University
of Milano) for the CACAO program package and Dr. M. N.
Sokolov for CV experiments. This work was supported by the
Russian Foundation for Basic Research (research grants
96-03-33018 and 96-03-32684) and an EU INTAS collabora-
tion (research grant 96-1256).

Notes and references
† Preparation of K6[Nb4OTe4(CN)12]·K2CO3·KOH·8H2O (1). NbTe4 was
synthesized directly from the elements.18 A mixture of NbTe4 (2.00 g; 3.31
mmol) and KCN (2.00 g; 30.7 mmol) was heated (450 °C; 48 h) in a sealed
Pyrex tube. The product of the reaction was added to 30 ml of water and the
mixture was refluxed for 2 h. After filtration, the green-brown solution was
allowed to stand at 20 °C for 5–7 days. During this time, the volume was
decreased to 3 ml. Dark brown crystals, together with some colourless
powder, were isolated by filtration, washed by 60% methanol in order to
remove the colourless powder, and dried in air. Yield 0.42 g of
K6[Nb4OTe4(CN)12]·K2CO3·KOH·8H2O (29%). Satisfactory elemental
analyses (C, H, N, K, Nb and Te) were obtained. The UV–VIS absorption
spectrum of 1 in H2O gave peak positions [l/nm (e/M21 cm21) per Nb4] at
450 (1300) and 564 (640). The magnetic susceptibility was measured at 300
K: cM = 2590 3 1026 cm3 mol21.
‡ Crystallography: a dark brown crystal of K6[Nb4(m3-Te)4(m4-O)-
(CN)12]·KOH·K2CO3·8H2O (1) (0.56 3 0.32 3 0.14 mm) was prepared as

described above. X-Ray structural analysis was carried out at room
temperature on an Enraf-Nonius CAD4 four-circle diffractometer (MoKa,
l = 0.7107 Å, graphite monochromator, standard techniques). Crystal
data: C13H17K9N12Nb4O13Te4, M = 1783.33, monoclinic, space group
P21/m, a = 12.4688(9), b = 22.658(4), c = 16.318(2) Å, b = 91.584(9)°,
U = 4608(1) Å3, Z = 4, Dc = 2.570 g cm23. A total of 8724 reflections
were collected up to 2qmax = 50°, of which 8316 were unique (Rint =
0.0144). Absorption corrections (m = 4.325 mm21) were applied by
integration from the crystal shape, transmission factors ranging from 0.5629
to 0.2942. The structure was solved by direct methods and refined by full-
matrix least-squares on F2 with an anisotropic approximation using
SHELX-97.19 Hydrogen atoms were not located. One of the potassium
cations and one oxygen atom appeared to be disordered. Their occupancy
factors were refined together with other parameters. Final R values: R1 =
0.0490, wR2 = 0.1151 for 5272 Fo! 4s(F), R1 = 0.0823, wR2 = 0.1347,
GOF = 1.022 for all unique data. CCDC 182/1068. See http://www.rsc.org/
suppdata/cc/1998/2579/, for crystallographic files in .cif format.
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Fig. 2 Extended Hückel MO results for 1. The corresponding LUMO and
HOMO are depicted on the right of the scheme. Only the cluster core
Nb4Te4O is shown for clarity.
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We report a simple and generic means of using a static
colloidal foam to create a novel porous material, having
porosity on the micrometer size scale, that arises from the
creation of an oriented crystal network.

The development of materials science over the last decade owes
much to our increased understanding of the structural and
stereochemical factors which drive molecular recognition1

processes in the creation of such supramolecular assemblies as
crystals,2 surfactant structures,3 and colloidal aggregates.4,5

This progress has been stimulated by the desire to understand
and mimic biomineralisation phenomena,6 to control morph-
ology and polymorphic form of molecular solids,7 and to
synthesise a new generation of functional materials having
nanoscale dimensions.8 One particularly elegant example of this
progress has been the discovery that monolayers of amphiphilic
molecules at the air/solution interface can be effective in
templating nucleation in supersaturated subphases. Thus, for
example the control of polymorphic form, crystal size and
orientation of calcium carbonate precipitating from aqueous
solution have been demonstrated9 as has10,11 the catalysed
nucleation of a-glycine as {010} pyramids and plates.

The application of this work either for large scale manu-
facture of particulate products or in the preparation of novel
materials has hardly been addressed,13 largely because it relies
on the use of a small scale, static interface between templating
monolayer and supersaturated subphase for its viability. In an
attempt to demonstrate the potential of this scientific discovery
in the preparation of materials we carried out the preliminary
experiments reported here in an attempt to make a macroporous
material. Control of porosity in the size range 1–100 nm has
been demonstrated previously15,16 but we believe the work
reported here to be the first to address porosity in the
micrometer size range.

The concept underlying this innovation is that since a foam
consists of a high surface area of gas bubbles dispersed in a
liquid then, with amphiphilic molecules located at the bubble
surfaces, the liquid lamellae separating the bubbles might be
used as locations for templated crystallisation. In experiments
with single air bubbles in supersaturated glycine solutions we
showed previously12 that, in the presence of an amphiphile
chosen to template the nucleation of glycine [e.g. (R)-leucine10]
and a surfactant appropriate for stabilising a foam, it was
possible to encapsulate a bubble with a crystalline layer of (010)
oriented glycine crystals. This oriented nucleation results from
the prochiral nature of the {010} faces and their stereochemical
relationship to (R)-leucine, which segregates at the air/solution
interface: it is consistent with earlier reports.10,11 If this effect
could be reproduced throughout the bulk of a stable static foam
then it should be possible to utilise such a methodology to create
a three dimensional material which has pore sizes correspond-
ing to the bubble size of the foam and a network of solid walls
composed of an interconnected array of ordered microcrystals.
Such a process is shown schematically in Fig. 1.

In order to realise this concept we first created a colloidal gas
aphron. This was achieved following the experimental method
of Sebba13 together with a combination of stabilising surfactant
and nucleation inducing template molecules. Thus, for example,

a solution of glycine containing 200 mm of either surfactant or a
50 : 50 wt% surfactant/template mixture was prepared at 60 °C
and agitated, so as to entrain air, for 15 min at 4500 rpm. This
produced a gas aphron with bubble sizes between 10 and 30 mm
and 90% volume fraction of air, which under static conditions
was stable for ca. 1 h. Cooling of this foam then initiated
supersaturation and subsequent crystallisation of the glycine.
We found that TTAB [CH3(CH2)13N(CH3)3Br] was a partic-
ularly effective surfactant for stabilising these aphrons while the
hydrophobic a-amino acids (R)-leucine and (R,S)-norleucine
were used to template the nucleation at the bubble surface.11

Control experiments were also carried out in which glycine
crystals were prepared by cooling a bulk saturated solution of
glycine containing the surfactant mixture. These gave crystals
with an (010) plate morphology, as expected from previous
work.10

When crystallised within the stable aphron containing a
templating molecule, glycine was found to nucleate at tem-
peratures between 8 and 15 °C higher than in corresponding
bulk solutions (the value depending on the level of super-
saturation which varied12 between 1.01 and 1.20 at 25 °C)
indicating that nucleation was catalysed. It was observed that
almost no three dimensional growth took place within the bulk
solution: glycine crystals grew around and out from the air-
solution phase boundaries. This led to the formation of a ‘solid
foam’, consisting of an interconnected glycine crystal network.
As crystallisation proceeded a point was reached at which the
gas aphron collapsed and liquid drained to the bottom of the
sample. This left a ‘skeleton’ comprising a solid framework of
oriented glycine crystals with pore sizes identical to, or slightly
larger than, the original aphron bubble sizes. This is seen in

Fig. 1 Schematic depiction of crystallisation in a gas aphron showing the
creation of an oriented crystal network and solid foam.
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Fig. 2(a), an optical micrograph, and Fig. 2(b), an electron
micrograph. Crystals of sizes between 10 and 50 mm are
oriented with their (010) facets bounding the pores. Two further
observations were evident from the work. Firstly, crystallisation

from a stable aphron was not in itself sufficient to create this
microstructure: if the templating molecule was not present the
oriented nucleation was lost and the foam and crystals collapsed
to an unoriented powder. Secondly, when the templating
molecule was present as a racemic mixture [(R,S)-norleucine in
this case] not only were crystals templated with (010)
orientation but growth was also inhibited in both directions
along the b-axis yielding thin plate-like crystals. As seen in Fig.
2(c) this again forms a solid foam but now with significantly
thinner walls.

It is our belief that this surprisingly simple experimental
methodology may now be extended, not only to other solid
phases such as fats, waxes, or inorganics but also to employ
alternative disperse phases.14 For example, we performed a
preliminary experiment crystallising glycine from aqueous
solution in the presence of hexane as the dispersed phase. In this
case the size scale of the final crystal network can be reduced
since oil drops in the size range 0.1–10 mm may be stabilised
and it appears that the oil droplets themselves may be
encapsulated by the crystal network. From this we conclude that
such structures may have significant potential not in the
conventional market place for porous structures, such as
catalysis and ceramics but in the equally important arena of
formulated products where the crystal network would impose
overall structural properties with the release of active compo-
nents such as agrochemicals, pharmaceuticals or cosmetics,
controlled by its porosity, wall thickness and encapsulation
properties.

The authors would like to acknowledge the support of
EPSRC through its ROPA programme.
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Fig. 2 a-Glycine crystal networks in solid foams prepared from super-
saturated aqueous solutions of glycine in a gas aphron using TTAB as a
stabilising surfactant and (R)-leucine [(a) and (b)] and (R,S)-norleucine as
templating molecules: (a) templated by (R)-leucine, an optical micrograph
(scale bar 150 mm), (b) templated by (R)-leucine, a scanning electron
micrograph, (c) templated by (R,S)-norleucine, and optical micrograph
(scale bar 100 mm).
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The elimination of hydrogen fluoride from N,NA-bis[(2,4,6-
tri-tert-butylphenyl)fluoroboryl]ethylenediamine 1 gives the
title compound 2 as a thermally very stable moiety; water is
easily added across the B·N triple bonds.

Iminoboranes R–B·N–RA1 and aminoiminoboranes R2N–B·N–
RA2 are now quite well known species,3 particularly due to the
work of Paetzold1 and Nöth.2 Iminoboranes are kinetically
stabilized species and their thermal and hydrolytic stability is
dependent upon the steric requirement of the substituents and
their resistance against intramolecular chemical attack from the
thermodynamically unstable (BN) triple bond. In the past we
have studied systematically the stabilization of these moieties
by the 2,4,6-tri-tert-butylphenyl (supermesityl, Mes*) group.4,5

If iminoboranes carrying the supermesityl group have the
methyl group as the other substituent, their stability against
dimerization is retained up to 100 °C. While if the other
substituent is ethyl, benzyl, phenyl, tert-butyl or trimethylsilyl
these iminoboranes will not dimerize, but upon heating will
rearrange to give the corresponding benzo[1]borolanes at
temperatures between 170 and 350 °C.

Our attempts to prepare a bis(imino)borane by HF-elimina-
tion from Mes*BF–NHNH–FBMes*6 upon treatment with
ButLi, MeLi or MN(SiMe3)2 (M = Li, Na) failed. Apparently
the two supermesityl groups are too large to permit the
necessary approach considering the short bond lengths in the
corresponding bis(imino)borane.

By using an ethylene bridge as a spacer to avoid excessive
steric interference we have now prepared the first bis(imino)-
borane, containing two isolated B·N triple bonds (Scheme
1).†

The bis(imino)borane 2 is thermally stable up to its melting
point of 311 °C. It neither dimerizes or oligomerizes nor reacts
in an intramolecular fashion to give a benzo[1]borolane
derivative. Heating above its melting point, however, delivers
several decomposition products, which we could not identify
until now. The 11B NMR signal for 2 is at d 5.9 (for
Mes*B·NMe, d 5.35) and the IR spectrum shows n (11BN) =
2020 and n (10BN) = 2066 cm21, typical for iminoboranes.5

Compound 2 reacts readily with water to yield the corre-
sponding N,NA-bis[(2,4,6-tri-tert-butylphenyl)hydroxyboryl]e-
thylenediamine derivative 3 (Scheme 2).‡

We are grateful to the Fonds der Chemischen Industrie for
financial support of this work.

Notes and references
† Preparative details and selected spectroscopic data for 1 and 2: All
reactions under dry nitrogen. Mes*BF2 was obtained as described.4

1: to 1.2 g (0.02 mol) ethylenediamine dissolved in 100 ml hexane, 17 ml
of a solution (23% in hexane) of BuLi (0.04 mol) were added with stirring.
The mixture was refluxed for 2 h and then cooled to 215 °C. To the stirred
suspension was added 11.8 g (0.04 mol) Mes*BF2 dissolved in 80 ml
hexane and the reaction mixture warmed to ambient temperature and then
refluxed (2 h). The solvent was removed under reduced pressure and volatile
byproducts removed at 160 °C (0.01 Torr). Sublimation in a three-bulb tube
yielded 6.9 g (57%) of yellowish 1, subl.p 240 °C (0.01 Torr) (air bath
temp.). After short path resublimation the mp was 208 °C. C38H64B2F2N2

(608.61): satisfactory analytical results. EIMS: m/z (%) = 608 (4) [M]+, 551
(3) [M 2 CMe3]+, 57 (100).

NMR data: 1H (CDCl3, SiMe4, 250 MHz) d 1.34 (s, 18H, CMe3 : 4), 1.43
(d, 6JHF 1.1 Hz, 36H, CMe3 : 2/6), 3.22 (m, 4H, CH2), 3.34 (br, d, 3JHF 17.6
Hz, 2H, NH), 7.40 (s, 4H : 3/5); 13C (CDCl3, TMS, 100.6 MHz) d 31.3
(CMe3 : 4), 33.0 (d, 5JCF 2.5 Hz, CMe3 : 2/6), 34.9 (CMe3 : 4), 37.5
(CMe3 : 2/6), 41.6 (d, 3JCF 2.1 Hz, CH2), 121.0 (3/5), 127.5 (br, 1), 149.8 (d,
5JCF 0.6 Hz : 4), 153.6 (d, 3JCF 2.1 Hz : 2/6); 11B (CDCl3, BF3·OEt2 ext.,
80.25 MHz) d 33.0; 19F (CDCl3, C6F6 int., 188.3 MHz) d 70.3.

2: to a suspension of 4.0 g (0.0066 mol) of 1 in 70 ml hexane, 9 ml of a
15% solution of ButLi in pentane (0.0132 mol) was added dropwise with
stirring at 0 °C. The pentane was distilled off and the reaction mixture
refluxed for 2 h. The solution was filtered through a pressure funnel, the
residue washed with three portions of hexane (20 ml each) and the solvent
distilled off under reduced pressure. By short path sublimation in a high
vacuum the remainder yields 1.5 g (41%) of colourless 2; mp 311 °C, subl.p
180 °C (0.0001 Torr) (bath temp.). 2 is only sparingly soluble in organic
solvents. C38H62B2N2 (568.55). Satisfactory elemental analyses were
obtained. EIMS: m/z (%) = 568 (2) [M]+, 511 (5) [M 2 CMe3]+, 284 (100)
[M/2]+; FDMS: m/z (%) = 568 (100). NMR data: 1H (CDCl3, SiMe4, 250
MHz) d 1.33 (s, 18H, CMe3 : 4), 1.57 (s, 36H, CMe3 : 2/6), 3.73 (s, 4H,
CH2), 7.33 (s, 4H : 3/5); 13C (CDCl3, SiMe4, 100.6 MHz) d 31.3 (CMe3 : 4),
31.9 (CMe3 : 2/6), 35.3 (CMe3 : 4), 36.7 (CMe3 : 2/6), 44.9 (CH2), 114.0 (br,
1), 119.6 (3/5), 152.4 (4), 159.1 (2/6); 11B (CDCl3, BF3·OEt2 ext., 80.25
MHz) d 5.9. IR: n (11BN) = 2020 cm21, n (10BN) = 2066 cm21 (in
KBr).
‡ Preparative details and selected spectroscopic data for 3: to a stirred
suspension of 2.0 g (0.0035 mol) of 2, suspended in 30 ml Et2O was added
1 ml H2O (0.055 mol, excess). The mixture was refluxed for 2 h and the
liquids removed under reduced pressure leaving colourless 3. Yield: 1.9 g
(91%), mp 221 °C; 3 is fairly soluble in THF. C38H66B2N2O2 (604.58).
Satisfactory elemental analyses were obtained. EIMS: m/z (%) = 604 (1)
[M]+, 547 (3) [M 2 CMe3]+, 302 (15) [M/2]+, 257 (100) [Mes*BO 2Me]+.
NMR data: 1H (THF-d8, SiMe4, 250 MHz) d 1.28 (s, 18H, CMe3 : 4), 1.44
(s, 36H, CMe3 : 2/6), 3.22 (m, 4H, CH2), 3.47 (m, br, 2H, NH), 6.46 (d, 4JHH

1.5 Hz, 2H, OH), 7.31 (s, 4H : 3/5); 13C (THF-d8, SiMe4, 100.6 Hz) d 31.8
(CMe3 : 4), 34.0 (CMe3 : 2/6), 35.4 (CMe3 : 4), 38.5 (CMe3 : 2/6), 43.2
(CH2), 121.4 (3/5), 134.8 (br, 1), 148.7 (4), 153.5 (2/6); 11B (THF-d8,
BF3·OEt2 ext., 80.25 MHz) d 32.7. IR: n (OH) = 3605 cm21 (in KBr). No
dehydration was observed up to the mp.

1 P. Paetzold, Adv. Inorg. Chem, 1987, 31, 123.
2 H. Nöth, Angew. Chem. Int. Ed. Engl., 1988, 27, 1603.
3 Gmelin Handbook of Inorganic and Organometallic Chemistry, 8th edn.,

1991, Boron Compounds 4th Suppl. Vol. 3a, pp. 160 and 210.
4 G. Elter, M. Neuhaus, A. Meller and D. Schmidt-Bäse, J. Organomet.

Chem., 1990, 381, 299.
5 G. Elter, M. Geschwentner and A. Meller, Z. Anorg. Allg. Chem., 1993,

619, 1474.
6 M. Geschwentner, G. Elter and A. Meller, Z. Naturforsch., Teil B, 1994,

49, 459.
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Intermolecular stretching force constants ks determined
from the rotational spectra of complexes B···XY, where B is
one of the Lewis bases CO, C2H2, C2H4, HCN, H2S and NH3
and XY is a dihalogen F2, Cl2, Br2, BrCl and ClF, are used
to establish a quantitative scale of gas-phase electro-
philicities EXY of the halogens.

The nature of the initial interaction of homo- or heteronuclear
diatomic halogen molecules XY with simple Lewis bases B in
chemically reactive mixtures of the two components is a matter
of fundamental interest in chemistry.1 It has recently proved
possible to isolate pre-reactive complexes of the type B···XY in
gaseous mixtures and then characterise them through their
rotational spectra by using a fast-mixing nozzle2 in combination
with a Fourier-transform microwave spectrometer.3,4 Thereby
precise values of several properties of the isolated species
B···XY become available, including its angular and radial
geometry, the strength of binding (as measured by the
intermolecular stretching force constant ks), and the extent of
electric charge redistribution within XY on complex formation.
The efficacy of the fast-mixing nozzle is such that even pre-
reactive complexes formed by NH3, CO, H2S, C2H2 or C2H4
with F2 or ClF can be detected,5–11 despite the rapid and violent
reactions that would attend mixing of the components under
normal conditions. Consequently, trends in the properties of
B···XY may be identified not only by variation of the Lewis
bases over a wide range of types but also by examining
complexes with halogens as reactive as fluorine and chlorine
monofluoride.

Such an approach has already revealed12 a remarkable
parallelism between the angular geometries of B···XY and
B···HX (X,Y = F, Cl or Br). Thus, the pair B···HX and B···XY
are isostructural for a given B over the range of XY and HX.
This parallelism establishes that some simple rules first
proposed for predicting angular geometries of hydrogen-
bonded species B···HX,13,14 and based on simple electrostatic
considerations, also apply to the halogen complexes B···XY.
The question then arises: Does the parallelism extend to other
properties?

Another property of B···HX complexes that was found to vary
systematically with B and HX is ks, which is the restoring force
per unit infinitesimal displacement of the hydrogen bond along
its dissociation co-ordinate and, therefore, one measure of the

strength of the interaction. In particular, it was discovered15,16

that ks could be partitioned between B and HX to define a
nucleophilicity NB of the proton acceptor region of B and the
electrophilicity EHX of HX. The relationship between NB, EHX
and ks was established to be15

ks = cNBEHX (1)

where c is constant. This empirical equation could be used to
predict ks of a large number of B···HX from a few NB and EHX
values. For the particular scales of nucleophilicities and
electrophilicities chosen, the value c = 0.25 N m21 was
appropriate. The advantage of the NB and EHX thereby
established is that they define the propensity of a molecule to
interact with either an electrophile or a nucleophile, re-
spectively, in the limit where one molecule probes the other
with only minor perturbation, and in isolation in the gas phase.
The empirical eqn. (1) has been rationalised on the basis of the
electrostatic model of the hydrogen bond elsewhere.15

The purpose of this communication is to examine whether the
ks values of B···XY complexes, where B is CO, C2H2, C2H4,
HCN, H2S or NH3 and XY is F2,Cl2, Br2, BrCl or ClF, obey eqn.
(1) and, if so, to establish a scale of electrophilicities EXY for
halogens and interhalogens. Another aspect of interest is
whether a common set of nucleophilicities NB applies to both
the B···HX and B···XY series.

Table 1 displays a matrix of ks values for the series of B···XY
defined earlier.5–11,17–32 All values were derived from centrifu-
gal distortion constants DJ or DJ established from analyses of
rotational spectra, the latter usually observed with the fast-
mixing nozzle/FT microwave spectrometer combination. Rela-
tionships between ks and DJ or DJ valid in the quadratic
approximation for rigid, unperturbed subunits B and HX or XY
have been derived by Millen for complexes of various
symmetries.33

To test the validity of eqn. (1) for the B···XY in Table 1, the
following procedure was used. First, the electrophilicity of BrCl
was arbitrarily assigned the value EBrCl = 9.0. Then EBrCl was
used with the ks values of all but one member of the series
B···BrCl and c = 0.25 N m21 to generate the nucleophilicities
NB for the Lewis bases B = CO, C2H2, C2H4, HCN and H2S.
This approach was not used for NNH3

because there is evidence
(see later) that H3N···BrCl (and H3N···ClF) involve significant

Table 1 Values of the intermolecular stretching force constant ks/N m21 for complexes B···XYa

XY

B F2 Cl2 Br2 BrCl ClF

CO — (1.3) 3.70b (3.6) 5.13c(5.2) 6.27d (6.3) 7.02e (6.9)
C2H2 — (2.0) 5.61f (5.4) — (7.8) 9.4g (9.5) 10.02h (10.3)
C2H4 — (2.2) 5.89i (6.0) — (8.7) 10.5j (10.6) 10.98k (11.5)
HCN 2.61l (2.3) 6.6m (6.2) — (9.1) 11.09n (11.0) 12.33o (12.0)
H2S 2.36 p (2.6) 6.3q (6.9) — (10.0) 12.07r (12.1) 13.34s (13.2)
NH3 4.7t (4.7) 12.71u (12.6) 18.5v (18.3) 26.7w (22.3) 34.3x (24.3)

a Values in italics in parentheses are calculated from the NB and EXY of Table 2 used in eqn. (1). b Ref. 18. c Ref. 24. d Ref. 26. e Ref. 7. f Ref. 19.
g Ref. 27. h Ref. 10. i Ref. 20. j Ref. 28. k Ref. 11. l Ref. 17. m Ref. 21. n Ref. 29. o Ref. 32. p Ref. 6. q Ref. 22. r Ref. 30. s Ref. 8. t Ref. 5. u Ref. 23. v Ref.
25. w Ref. 31. x Ref. 9.
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charge transfer in addition to a simple electrostatic inter-
action.

Next, the NB values so generated and recorded in Table 2
were used to establish EXY for XY = F2, Cl2, Br2 and ClF. For
example, the appropriate NB and ks pair was substituted into
eqn. (1) to give one EClF value for each member of the series
B···ClF. The mean value was then taken. Values of EF2

, ECl2,
EBr2

and EClF obtained in this way are included in Table 2 with
the set of nucleophilicities NCO, NC2H2

, NC2H4
, NHCN, NH2S and

NNH3
. For the series B···Cl2, B = NH3 was not used to give a

value of ECl2, but instead the mean value of ECl2 from the
remaining members was combined with ks of H3N···Cl2 to
define NNH3

. This approach was preferred because NNH3
could

not be satisfactorily obtained from H3N···BrCl, for reasons
alluded to earlier. Likewise, H3N···ClF was not used in the
evaluation of EClF.

As a check on the procedure, the NB and EXY of Table 2 were
employed in eqn. (1) to generate ks for all complexes implied in
Table 1. The predicted ks, shown in Table 1 in parentheses, are
in good agreement with the experimental values when available,
except for H3N···BrCl and H3N···ClF, whose large ks are
seriously underestimated. These disagreements can be under-
stood when the electric charge redistribution in the XY subunit,
as estimated from the halogen nuclear quadrupole coupling
constants, is considered for each member of the series B···Cl2,34

B···BrCl35 and B···ClF.12 Only a few hundredths of an electronic
charge is transferred from X to Y in most complexes except
H3N···BrCl and H3N···ClF and, in particular, it was shown to be
necessary to assume a significant contribution of the ionic
structure [H3NCl]+···F2 in a valence bond description of the
latter complex.9 Presumably a similar assumption is appropriate
to the strongly bound H3N···BrCl31 but all other B···XY can be
understood on the basis of the simple electrostatic model
without invoking such charge transfer.12,34,35

Some interesting conclusions about B···XY interactions are
available by reference to Tables 1 and 2. First, the fact that eqn.
(1) applies to the two series of complexes B···HX and B···XY
(with exceptions noted) suggests that the intermolecular binding
is of a common type in both. For B···HX, the hydrogen bond
interaction is well established to be of the simple electrostatic
type B···d+H–Xd2, where d+H interacts with a nucleophilic
region of B.13,14,36 Presumably, this is also the case for the
halogen complexes, with interactions of the type B···d+Xd

2

––
d
2Xd+

or B···d+X–Yd2. It is noteworthy that the order of the electric
quadrupole moments of the homonuclear dihalogens is F2 <
Cl2 < Br2, while BrCl and ClF have electric dipole moments of
similar magnitude.37 This order of electric moments is con-
sistent with the order F2 < Cl2 < Br2 < BrCl < ClF
established here for the electrophilicities EXY of the halogens
(see Table 2).

The second conclusion is that, with one exception, the
nucleophilicity NB obtained for each B from the experimental ks

of Table 1 and eqn. (1) is similar to that established from the
B···HX series. The exception is HCN. The NB and EHX from the
B···HX series are included in Table 2 for convenience.
Evidently, HCN is a better nucleophile with respect to the
hydrogen halides than to dihalogen molecules.

The author thanks the EPSRC for the award of a Senior
Fellowship.
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Table 2 Nucleophilicities NB and electrophilicities EXY of a series of Lewis
bases B and dihalogen molecules XY

Nucleophilicities NB

B CO C2H2 C2H4 HCN H2S NH3

This worka 2.8 4.2 4.7 4.9 5.4 9.9
Refs. 15 and 16b 3.4 5.1 4.7 7.3 4.8 11.5

Electrophilicities EXY
c or EHX

d

XY F2 Cl2 Br2 BrCl ClF HBr HCl HF
EXY or EHX 1.9 5.1 7.4 9.0 9.8 4.2 5.0 10.0
a Estimated by using the ks from Table 1 with eqn. (1) in the manner
described in the text. b Estimated from the ks of a series of B···HX
complexes and eqn. (1) (see refs. 15 and 16). c This work. d Ref. 15.
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Silica, exhibiting crystalline texture has been prepared from
aqueous solution at pH ca. 7 in the presence of intrasilica
biomolecules extracted from the primitive plant Equisetum
telmateia; some of the silica shows interplanar lattice
spacings of 3.5 Å and is present in lath-like objects up to ca.
20–30 nm wide and more than 100 nm in length; an electron
diffraction pattern obtained from this material also shows
interplanar spacings of 3.46, 2.13 and 1.70 Å suggesting that
the material might be quartz.

In the field of biomineralization where biological organisms are
able to regulate the formation of both crystalline and amorphous
composite mineral phases there is much interest in under-
standing how mineralization occurs.1 The process requires the
concentration of selected elements, the nucleation, growth and
moderation of growth of the mineral phase in predefined
locations at specific times during the lifetime of a particular
organism. Biominerals are usually composite phases containing
organic components such as membranes and/or proteins and
carbohydrates together with the mineral phase. The relationship
between the two is thought to be important in the regulation of
mineral composition, crystallographic phase and morphology.2
The organic phase is largely found external to the mineral phase
but low levels (ca. 0.03% by weight) of acidic proteinaceous
biopolymers can also be found intercalated within the mineral
phase, perhaps at crystal domain boundaries.3 The intercalated
biopolymers may have fundamental roles to play in nucleation
and/or crystal growth and their presence has also been shown to
have dramatic effects on the mechanical properties of crystal-
line biominerals.4 For amorphous biominerals such as silica,
biopolymers are also found in intramineral locations,5–7 how-
ever, their role in nucleation, particle growth and aggregation
remains unclear.

We are interested in extending our understanding of how
biosilicas with specific form8,9 are laid down and additionally
we are interested in the preparation of novel silica phases using
knowledge gained from the study of biological systems. To this
end we have extracted protein-containing biomolecules from
intrasilica locations in the branches of Equisetum telmateia5 and
used them in the study of silica precipitation at circumneutral
pH.† The biopolymer extract used in this study was released by
solubilization of the siliceous phase with buffered solutions of
HF following treatment of plant materials with a mixture of
concentrated nitric and sulfuric acids. The amino acid composi-
tion of this extract was rich in serine, glutamine/glutamic acid
and glycine and had associated with it a carbohydrate
component enriched in glucose and xylose. The ‘model’ system
used to study particulate silica precipitation utilized a cate-
cholato complex of silicon, K2[Si(C6H4O2)3]·xH2O as the
source of soluble silicon.10 At ca. physiological pH the complex
partially decomposes to yield orthosilicic acid which im-
mediately undergoes polycondensation reactions to relieve any
resultant supersaturation.

50 mM solutions of potassium silicon catecholate were used
with/without the biopolymer extract at 1% w/w, the pH of the
solution was lowered to ca. 7.0 by the addition of a
predetermined quantity of HCl and the concentrations of
orthosilicic acid measured as a function of time by a

colorimetric molybdenum blue method.11 Kinetic analysis of
the solution data was carried out in accordance with our
previous studies.12‡

The effect of the biosilica extracts on both the early
oligomerization reactions (e.g. the formation of dimers and
trimers of orthosilicic acid) and on particle growth by
precipitation/dissolution reactions was studied. Electron mi-
croscopy studies of the precipitates gave information on the
effect of solution additives on nucleation, particle growth and
aggregation.

Statistical analysis (students t-test and Mann Whitney U-
test)13 of the kinetic data‡ showed that the addition of 1% w/w
of the Equisetum telmateia intrasilica extract to the silica
oligomerization medium results in a ca. 22% increase in the rate
of trimer formation (the second reaction in the oligomerization
process). The rate constant for the addition of a monomer to an
oligomer larger than a trimer is statistically no different for
samples including the proteinaceous extract but the rate of
removal of monomers from oligomers is reduced by ca. 33%.
The effect of these changes is to increase the rate at which
orthosilicic acid is removed from solution and to reduce the
amount of silicon left in solution at the end of the experiment.
Fig. 1 shows the increase in the levels of oligomerized silica at
all sampling points. Electron microscopy of the precipitated
silica shows evidence for aggregates built up from small
particles ca. 1–2 nm in diameter, much smaller than is expected
for the ‘blank’ system (data not shown, see ref. 10 for an
example). Other structures present include ribbon-like (lath-
like) objects and curved loops which often show characteristic
fringes of ca. 3.50 Å. Energy dispersive X-ray analysis of all
such areas indicates that the material contains silicon and
oxygen.† The ribbon-like structures and loops, Fig. 2(a)–(c), are
found in all samples from 1 h after initiation of the precipitation
reaction. Samples taken at 48 h after the start of the experiment
occasionally exhibit order over distances > 600 nm in length
and ca. 20–30 nm in width. The images obtained suggest a ‘soft’
or perhaps ‘layered’ material (for an example, see ref. 14) but
the electron diffraction patterns obtained from some areas with
d-spacings of 3.46, 2.13 and 1.70 Å are compatible with quartz
[PDF 5-490], Fig. 2(d). X-Ray diffraction data could not be
obtained from silica collected by centrifugation 7 days after
initiation of the reaction (even after an extended scan over 8 h)
indicating that the silica sample prepared in the presence of the

Fig. 1 Plot of % of oligomerized silica (not detectable by the molybdate
method) vs. time.
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biopolymer extract contains only low levels of crystalline
material. No additional information was obtained from diffrac-
tion studies at low values of 2q suggesting that the siliceous
materials are not mesoporous, lamellar phases.

The presence of the protein-containing extract in the
oligomerizing mixture clearly had some effect on nucleation
with the formation of (a) smaller particles of silica (the majority
of fundamental particles are smaller than 2 nm in diameter as
opposed to particles up to 4 nm in diameter for the blank
system) and, (b) silica with a crystalline appearance. The
presence of the latter material from the earliest analysis point (as
assessed by electron microscopy) suggests that this material is
formed very early in the reaction profile and is not the result of
structural rearrangement with time.

Biopolymers can be removed from the silica precipitated in
the ‘model’ reaction system utilizing the same methods used for
their initial production. The levels of proline are decreased and
the levels of glycine are ca. doubled in the proteinaceous
material extracted from the ‘model’ silica precipitated materi-
als. The amino acid composition of the biopolymer extracts is
rich in amino acids known to form b-sheet or b-turn secondary
structures. For such structures, the spacing between successive
layers is a minimum of 3.5 Å when only glycine is involved but
may be 5.7 Å for chains rich in alanine as is found in the silk
protein fibroin.15 It is possible that the observed silica structures
are either crystalline silica formed de novo from aqueous
solution, or more likely, the observed structures are generated
by epitaxial matching of the organic and inorganic matrices
with the silica structure continuing to develop from the initial
biopolymer-controlled nucleation event. It is evident that in the
biological environment additional controls must be exerted
during the process of silica precipitation in order to prevent the
formation of crystalline phases as they are much more difficult
to mould into the macroscopic structures produced by living
organisms.

Further work will involve identification of the biopolymer
component(s) (preliminary studies have shown that the extracts
contain both high molecular weight proteins and low molecular
weight glycoproteins) which are most effective in the sponta-
neous generation of crystalline silica structures from super-
saturated solutions at room temperature, neutral pH and in the

absence of multicharged cations, conditions which would not be
expected to yield crystalline silica.11,16

Notes and references
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showed that the precipitated material contained Si and O together with
traces of K and Cl (N.B. the grids were not washed after sampling by
dipping). Crystalline structures as presented in this paper have not been
observed by transmission electron microscopy in any of our other model
precipitation experiments performed in the presence of a range of singly and
multiply charged metal ions, carbohydrates and proteins such as bovine
serum albumin, zein, concanavalin A and cytochrome c. Silica samples
were also analysed by powder X-ray diffraction; Siemens D500 dif-
fractometer operating in the range 2q = 1–80° by Professor Mark Weller
and Dr Adam Whitehead of Southampton University. The Visual Services
Department at The Nottingham Trent University are thanked for printing of
the electron micrographs for publication. BBSRC and Crosfield Chemicals
are thanked for their funding.

Amino acid composition of bioextract used in the precipitation
experiment (mol%); Asx; 8.9, Glx; 15.0, His; 3.5, Lys; 4.94, Arg, 1.54, Ser;
14.24, Thr; 3.91, Tyr; 1.30, Gly; 16.67, Pro; 9.60, Ala; 8.42, Val; 4.07, Leu;
4.3, Ile; 2.64, Phe; 0.98 Amino acid composition of biopolymers extracted
from ‘model’ system precipitated silica (mol%); Asx; 7.56, Glx; 12.3, His;
5.7, Lys; 2.73, Arg, 3.4, Ser; 12.92, Thr; 4.41, Tyr; 2.35, Gly; 30.46, Pro;
4.06, Ala; 6.95, Val; 2.94, Leu; 4.23, Ile; nd, Phe; nd. nd = not detected.
‡ Rate constants:13 blank system; k3 = 4.91 3 1026 mmol22 dm6 s21, k+

= 5.67 3 1024 s21, k2 = 1.19 3 1025 s21. With 1% biomolecule extracts;
k3 = 6.29 3 1026 mmol22 dm6 s21, k+ = 4.73 3 1024 s21, k2 = 7.97 3
1026 s21.
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Fig. 2 (a)–(c) Transmission electron microscopy data for unusual silica
structures precipitated in the presence of 1% w/w biopolymer extracts. All
images shown are from microscope grids prepared by the ‘dipping’ method.
Scale bars represent 10 nm; (d) electron diffraction pattern from (b). Pattern
was recorded using a camera length of 100 cm.
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Pt/NaY was prepared by the aqueous ion-exchange method
and investigated by EPR spectroscopy. After reduction with
H2 using a static system, an orthorhombic EPR signal was
observed with g1 = 2.531, g2 = 2.322, g3 = 2.062, coaxial
with the hyperfine components a1 = 64.9 G, a2 = 74.6 G, a3
= 72.6 G; this signal is assigned to Pt+ ions. Typical cation
sites for location in the supercages are excluded for
symmetry reasons.

Hetereogenous catalysts consisting of transition metal ions or
small clusters supported on zeolites play a key role in important
petrochemical reactions.1 Since the activity and the selectivity
of catalytic reactions depend on the size of clusters, character-
ization of the size, location, electronic and atomic structure by
techniques such as TEM, EXAFS, XRD, XPS, TPR, TPD, H2
chemisorption, 129Xe NMR, IR or electron paramagnetic
resonance (EPR) is indispensable. EPR has been shown to be an
important tool for the characterization of many transition metals
in zeolites.2 In many cases it is possible to distinguish between
different oxidation states, coordination numbers, complex
symmetries and crystal field strengths. It is of importance for a
further understanding of heterogenous catalysis to observe
changes of the catalytically active transition metal centers
during reactions. The site determines the accessibility by
reacting molecules. In view of the importance of Pt on zeolites
it is surprising that there have been no publications of EPR
studies until today.

Samples were prepared via ion-exchange at 343 K over 48 h
by dropwise addition of 0.003 M [Pt(NH3)4]Cl2 solution to NaY
slurry, resulting in a Pt loading of 4%. The exchanged zeolite
was filtered, washed with deionized water in order to remove
Cl2 ions, and dried at 296 K in air. Calcination was conducted
by heating Pt/NaY from room temperature to 563 K at 0.5 K
min21 in flowing O2 (270 ml min21 g21), and holding at 563 K
for 3 h. After this treatment platinum is located as PtO in the
supercages of Y zeolite as has been shown using X-ray methods,
electron microscopy and gas adsorption.3,4 The zeolite was
pumped at 523 K to remove water, and reduction was performed
by heating from 296 K to 563 K at 0.5 K min21 in a closed EPR
tube with different molar ratios of Pt : H2 (1 : 3 or 1 : 6), and
holding at the final temperature for 6 h. X-Band EPR spectra
were recorded on a Bruker EMX spectrometer in the tem-
perature range 4 K to 150 K in H2 atmosphere.

For reduction at a molar ratio of Pt : H2 = 1 : 6, no EPR
spectrum is observed. For a molar ratio Pt : H2 = 1 : 3, the EPR
spectrum at 4 K shows overlapping signals (Fig. 1). The spin
concentration corresponds to about 0.5% of the total Pt loading.
The main signal is orthorhombic with resolved 195Pt hyperfine
splitting (natural abundance 33.8%, I = 1

2). Simulation5 yields
the spin Hamiltonian parameters g1 = 2.531, g2 = 2.322, g3 =
2.062, a1 = 64.9 G, a2 = 74.6 G, a3 = 72.6 G with coaxial g-
and a-tensors. The orthorhombic symmetry allows us to exclude
the possibility that the species is located at a typical cation site,6
since axial symmetry should be expected for these sites. Going
to higher temperatures, the lines broaden and the intensity
decreases. Above 100 K only a very weak and broad spectrum
is observed. This behavior may be caused by dynamic effects,
for example by jump exchange of the observed species between
different sites. At this point we have no explanation for the

remaining minor features, which are superimposed mainly on
the central line.

Several EPR spectra of formal Pt(I) complex compounds with
organic ligands have been described.7 The general sequence of
g-values in all these spectra is g1 > g2 ≈ ge > > g3, and the
authors assign them to Pt+, in contrast to expectation since for a
d9 system all g-values should be larger than ge due to spin–orbit
coupling.8 Other authors9 assume that during electrochemical
preparation of these complexes a reduction of the organic
ligands occurs, leading to species which are better described as
PtII(L2) than as PtI(L). The present case is different since a
reduction of the zeolite lattice is more difficult than a reduction
of unsaturated organic ligands. Indeed, g-values in the sequence
g1 > g2 > g3 > ge indicate the presence of platinum in the
formal oxidation state of +1. For Pt3+ ions (d7) gi > ge is
expected as well as for all ions with a more than half filled d-
shell. Since we used an excess of hydrogen for the reduction of
PtO it is unlikely that Pt3+ is formed.

Axial EPR spectra of Pt+ ions with spin Hamiltonians
characterized by g∑ = 3.29, g4 = 2.261, a∑ @ 10 G and a4 =
229 G for an Ar matrix and g∑ = 3.13, g4 = 2.214, a∑ @ 10 G
and a4 = 311 G for a Kr matrix were reported.10 Compared
with the observed platinum species in Y zeolite, the g-
anisotropy of Pt+ was larger in the rare gas matrices because of
the weaker crystal field.

The 195Pt hyperfine splitting of about 70 G in NaY is
equivalent to an s-orbital contribution of 0.6%, which is similar
to the 1.4% for Pt+ in Ar and 1.9% in Kr matrices.10 The
formation of Pt clusters during reduction is a well known
process,12 but based on the isotropic hyperfine coupling
constant11 of about 12000 G for Pt0 a much higher s-character
is expected for neutral clusters. We therefore exclude the
possibility that the spectrum observed here represents clusters.
The contribution of d-orbitals of Pt+ in rare gas matrices is 54%
for Ar and 76% for Kr.10 The observed d-orbital contribution for
Pt+/NaY is only about 2%, possibly because of the contribution
of excited p-orbitals.10,13,14 Another possibility is the delocal-
ization of spin density to ligands since the d-orbital contribution
is smaller by about a factor 30 for Pt+ in NaY than for Pt+ in rare
gas matrices. On the other hand, the high g-value allows us to
exclude the possibility that the radical is localized on oxygen
since O·2 or O2

·2 have g-values near ge.15,16 A more attractive
interpretation is based on the assumption that one (or two) of the

Fig. 1 Simulation and X-band EPR spectrum of Pt/NaY observed at 4 K.
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hyperfine components is of negative sign, which is experimen-
tally not distinguishable. This leads to near-zero s-character and
somewhere of the order of 36% d-character, which is much
closer to the results reported for Pt+/Ar, and also compatible
with the high g-values.

The present results introduce a new, non-invasive tool for the
characterization of one of the most important catalysts. Further
EPR experiments aiming at a better understanding of reaction
mechanisms of heterogenous catalysis on Pt exchanged zeolites
are in progress. This includes other preparation conditions and
examinations of further zeolites which lead to Pt cations located
at different sites, for example in sodalite cages,3,4 and
consequently to other environments which can be studied by
EPR. Adsorption of organic compounds or oxidation may lead
to the disappearance of the observed EPR signals, and perhaps
to the appearance of other EPR active species. ESEEM
experiments may give more detailed information about the
nature of ligands around the observed species.

We thank M. Munzarová for valuable comments.
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160 °C, 3 d

benzene, -3 TlCl
(silox)2(O)Re Re(O)(silox)2 + .... (1)cis-ReOCl3(PEt3)2  +  3 Tl(silox)

4

[(silox)2ReO]2 (silox = tBu3SiO) contains a Re·Re bond and terminal oxo
ligands
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The preference for terminal rather than bridging {i.e.
[(silox)2Re]2(m-O)2} oxo ligands in C2 (silox)2(O)Re·Re-
(O)(silox)2 is electronic, not steric, in origin.

Use of the bulky siloxide tBuSiO2 (silox) ligand has enabled
investigations of several low coordinate, monomeric complexes
of groups 4–6,1–4 but metal–metal bond formation cannot
always be averted. [(silox)2MH2]2 (MIV = Nb, Ta)5 dimers
form upon reduction of (silox)2MCl3 under H2 when MV

trihydride derivatives were expected, and while sterically
protected (silox)2WNNtBu,4 an unusual three-coordinate WIV

derivative, was isolable, a less hindered WIII environment
encouraged triple-bond formation, i.e. (silox)2XW·WX(silox)2
(X = Cl, H, Me, Et).6 Attempts to extend the theme of low-
coordination to Re7 have instead resulted in the synthesis of C2
(silox)2(O)Re·Re(O)(silox)2, whose terminal oxo groups are an
apparent oddity.

In contrast to metatheses within groups 4–6, treatments of
various rhenium chlorides with Na(silox) were ineffective.
Utilization of Tl(silox), prepared via metathesis of Hsilox with
TlOEt, mitigated some of the undesired redox processes.
Addition of Tl(silox) to ReCl3(PEt3)3

8 (100 °C, 12 h, C6H6)
afforded orange (silox)ReCl2(PEt3)2 1 (60%), and a similar
treatment (100 °C, 2 d, C6H6) of Cl4ReL2 (L = THT,9 THF)10

gave the blue, trigonal bipyramidal (X-ray) ReV complex,
(silox)3ReCl2 2 (33%) upon chromatographic work-up in air.
Metathesis of Re3Cl9 with 3 equiv. Tl(silox) (100 °C, 12 h,
C6H6) provided dark green, Cs (X-ray) [(silox)ReCl]3(m-Cl)3 3
(85%); further incorporation of silox into 1–3 could not be
effected. 

Treatment of cis-ReOCl3(PEt3)2
11 with 3 equiv. of Tl(silox)

afforded orange (silox)2(O)Re·Re(O)(silox)2 4 [eq (1)] in
moderate yield (38%) after extensive trituration with hydro-

carbons and crystallization from THF. Two singlets in its 1H
NMR spectrum suggested C2 symmetry, and IR spectroscopy
revealed a moderate band at 944 cm21 tentatively assigned to
n(ReO). An X-ray diffraction study of 4 confirmed the
molecular C2 symmetry, terminal oxo and silox ligands, and
distorted tetrahedral geometry about each Re (Fig. 1). Inter-
silox angles O1–Re1–O4 [124.9(2)°] and O2–Re2–O3
[123.1(2)°] are significantly splayed due to a steric interaction.
While O4–Re1–Re2 110.8(2)° and O3–Re2–Re1 112.5(2)° are
relatively normal, they contrast with O1–Re1–Re2 [92.8(2)°]
and O2–Re2–Re1 [93.0(2)°], which cant toward more open
space between the silox and oxo groups. The d(Re·Re) of
2.3593(6) Å is long compared to common ReII d5–d5

(s2p4d2d*2) triple bonds and related C2 ditungsten species.12

The Re–oxo bond lengths of 1.690(5) and 1.729(6) Å are
slightly longer than average, but most comparisons are with oxo
ligands on higher valent derivatives,13,14 where shorter bonds
are expected. Two Re-silox distances are normal [d(Re1–O1) =
1.822(5), d(Re2–O2) = 1.819(5) Å], while the remaining Re1–

O4 [1.875(6) Å] and Re2–O3 [1.909(6) Å] linkages are quite
long due to the respective trans-influences of the O6 and O5 oxo
groups transmitted through the Re·Re bond.

(silox)2(O)Re·Re(O)(silox)2 4 was remarkably inert toward
simple donors (e.g. CO, py, alkenes), reducing agents (e.g. H2,
Me3SiH), common oxidants (e.g. I2, BrCH2CH2Br, pyO,
Me3NO, H2CCH2O, N2O) and heterocumulenes (e.g. CS2,
PhNNCNO), and reacted with a few substrates or reagents (e.g.
PhPH2, Na/Hg, O2) to give mixtures. Terminal rhenium–oxo
bonds have been noted to be strong and inert in mononuclear
complexes [cf. (MeC2Me)2RReO],14 yet aggregation via m-oxo
formation is common.15 Since 4 could have adopted a
[(silox)2Re]2(m-O)2 5 configuration without undue steric strain
{cf. [(silox)2W]2(m-CMe)2},16 calculations were employed to
assess the terminal oxo electronic structure preference. 

Fig. 2 illustrates truncated extended Hückel MO diagrams for
the model complex (HO)2(O)Re·Re(O)(OH)2 4A, which was
given the structural parameters of 4 and adjusted to be C2, and
[(HO)2Re]2(m-O)2 5A, whose optimized geometry [e.g. d(ReRe)
© 2.53 Å, d(Re–Ob) = 1.94 Å] was determined from density
functional theory (DFT). The EHMO calculations revealed 5A to
be ca. 4 eV less stable than the observed 4A system, with a very
small HOMO–LUMO gap of ca. 0.5 eV. The extreme
discrepancy in total energy is due to a tremendous increase of
Re–O and Re–Re p* character realized in the three highest
occupied orbitals of 5A. In the unbridged geometry 4A, the Re·Re
bond is comprised of the usual s- and two p-bonding orbitals,17

and while the d3 fragment MOs have a significant amount of
Re–O p*-character, it is largely dissipated upon forming the

Fig. 1 Molecular view of (silox)2(O)Re·Re(O)(silox)2 4. Selected (see text)
interatomic distances (Å) and angles (°): Si1–O1 1.629(5), Si2–O2
1.637(5), Si3–O3 1.704(6), Si4–O4 1.728(6); O1–Re1–O5 112.4(2), O4–
Re1–O5 109.8(2), O2–Re2–O6 115.9(2), O3–Re2–O6 104.6(3), O5–Re1–
Re2 104.9(2), O6–Re2–Re1 106.4(2), Re1–O1–Si1 156.9(4), Re1–O4–Si4
146.7(4), Re2–O2–Si2 153.3(4), Re2–O3–Si3 149.4(4).
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metal–metal bond. In the m-oxo version 5A, dimerization of the
(HO)2ReO fragments affords a Re–Re s-bonding (s) orbital
that is principally dz2 and a Re–Re p-bonding (p) orbital based
on dxy, but both have significant Re–O p* character, and the
latter is rendered virtually non-bonding relative to the fragment
MOs. Another Re–Re p-bonding orbital derived from dxz

contains so much Re–O p* character that it is destabilized
relative to a Re–Re p* orbital that is populated instead. The net
s2p2p*2 ordering describes a single Re–Re bond, and an
assessment of the core orbitals (not shown) indicates that the
Re–O antibonding p-interactions are not compensated enough
by the two additional Re–O s-interactions. Interestingly, the
calculated minimum energy configuration of 4A does not have a
classical ethane-like geometry,17 but optimizes with an HO–
Re–Re angle near 90°, as in the crystal structure of 4.

The cylindrical symmetry accorded the terminal oxos in 4
permits four significant p-bonds, whereas disruption of vir-
tually all Re–O p-bonding in the bridged form is poorly
balanced by additional s-interactions; the terminal oxo struc-
tural preference of 4 is electronic in character. Thermodynamic
preferences of [(EtC2Et)2(O)Re]2 over [(EtC2Et)2Re](m-O)(m-
EtC2Et)[Re(O)(EtC2Et)],18 and (RO)2(tBuC·)Re = Re(·C-
tBu)(OR)2

19 over m-alkylidyne bridged forms, may be similarly
ascribed. In compounds that lack additional terminal p-donors,
or contain two less electrons {e.g. d2-d2 [(Me3SiCH2)2Re]2(m-
CSiMe3)2},20 the bridged form of multiple metal–ligand bond
may prevail.15
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Notes and references
Selected analytical data: 1 (C6D6), dH d1.58 (12 H, br q, CH2), 7.00 (18 H,
br t, CH3), 8.07 (27 H, s, tBu); dC d10.31 (CH2), 48.78 (CMe3), 112.81
[C(CH3)3], 121.44 (CH3). Anal. Calc. for C24H57OSiP2Cl2Re, C, 40.7, H,
8.1. Found: C, 40.8, H, 8.3%. 2 (C6D6), dH 6.70 (br, tBu); dC 44.64
[C(CH3)3], 167.30 (CMe3); UV–VIS (CH2Cl2) 700 nm (e = 50 dm3 mol21

cm21), 577 [170, eB(3A2A) ? eA(3A2B)], 345 (3100), 283 (5900). Anal. Calc.
for C36H81O3Si3Cl2Re, C, 47.9, H, 9.0. Found C, 47.6, H, 8.6%. 3 (C6D6),
dH 1.12 (27 H, s, tBu), 1.17 (54 H, s, tBu); dC 22.51 (CMe3), 23.56
(2xCMe3), 30.37 [C(CH3)3], 30.62 [2xC(CH3)3]. Anal. Calc. for C36H81O3-
Si3Cl6Re3: C, 30.5; H, 5.7. Found: C, 31.1; H, 5.9%. 4 (C6D6), dH 1.26 (s,
tBu), 1.30 (s, tBu); dC 24.20 (CMe3), 24.86 (CMe3), 30.74 [C(CH3)3], 30.79
[C(CH3)3]. Anal. Calc. for C48H108O6Si4Re2: C, 46.6; H, 9.1. Found: C,
45.5, H, 8.6%.
Crystallographic data: 4. 4 THF, C64H140O10Re2Si4, M = 1554.58, Dc =
1.500 g cm23, m = 3.66 mm21; orthorhombic, space group Pca21, a =
22.927(5), b = 12.552(3), c = 23.922(5) Å, U = 6844(2) Å3, Z = 4, T =

293(2) K, 2923 independent reflections, R1 = 0.1024, GOF(F2) = 1.085%
CCDC 182/1073.
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Fig. 2 Truncated MO diagrams for (HO)2(O)Re·Re(O)(OH)2 4A and [(HO)2Re]2(m–O)2 5A, modeling (silox)2(O)Re·Re(O)(silox)2 4 and hypothetical
[(silox)2Re]2(m–O)2 5, respectively.
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Decarboxylation of an a-amino acid coordinated to cobalt(III): kinetic
stabilisation and molecular structure of a Co–C–N three-membered ring
incorporated into a cobalt(III) macrocyclic ligand complex†‡
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Photochemically-induced decarboxylation of a cobalt(III)
cyclam complex bearing two coordinated N-carboxymethyl
pendant arms results in kinetic stabilisation of the resulting
aminoalkyl three-membered Co–C–N ring, which has been
characterised by an X-ray crystal structure determination.

Cobalt(III) complexes containing chelated amino acids have
been subjected to intense investigation, with most attention
being paid to a-amino acid complexes. They have been used as
activating and protecting groups in peptide synthesis, and they
undergo a variety of useful reactions, many of which cannot be
achieved with non-complexed a-amino acids.1 These include
alkylation at the a-carbon, imine formation, and condensation,
oxidation and decarboxylation reactions.

The mechanism proposed for the photochemical decarbox-
ylation of cobalt amino acid complexes involves, in sequence,
excitation into the LMCT band, homolytic cleavage of the
cobalt–oxygen bond, loss of carbon dioxide and recombination
to produce a new cobalt(III)–carbon bond as part of a chelating
aminoalkyl group (Scheme 1).2,3 When the substrate contains a
b-amino acid the resulting aminoalkyl group comprises a four-
membered Co–C–C–N ring [Scheme 1(a)], and several such
examples have been structurally characterised.4 However, the
corresponding three-membered rings that would result from
decarboxylation of a chelated a-amino acid ligand [Scheme
1(b)] have proved to be more elusive.2 In just one case, the use
of the p-acids bipyridine or phenanthroline as the ancillary
ligands on cobalt led to isolable products containing three-
membered Co–C–N rings.5 The compound resulting from the
decarboxylation of the glycinato ligand in [Co(gly)(bipy)2]2+

was characterised by crystallography. Although the hydrogen
atoms in the cobalt aminoalkyl moiety were not located and the
structural and spectroscopic data were not fully reconciled, this
structure did serve to demonstrate the formation of a three-
membered ring by a decarboxylation reaction.

We have investigated kinetic stabilisation of the Co–C–N
three-membered ring. As part of our interest in reactions of
ligands coordinated to cobalt(III) we have prepared complexes
of macrocyclic and acyclic hexadentate ligands bearing pendant
coordinated a-amino acid groups.6,7 They are ideal substrates
for investigation of decarboxylation reactions, as the resulting
aminoalkyl group would be appended to a macrocyclic ligand.
One such candidate is [Co(1,4-bcc)]ClO4 (1,4-bcc = 1,4-bis-
(carboxymethyl)cyclam) which contains a cyclam-based tetra-
azamacrocycle bearing two N-carboxymethyl substituents.7 An

aqueous solution containing [Co(1,4-bcc)]ClO4 was irradiated
for 120 minutes at 0 °C, resulting in a colour change from pink
to pale orange. The product was purified by ion exchange
chromatography, isolated as the salt [Co(L1)]BPh4, and charac-
terised by elemental analysis, cyclic voltammetry, UV-visible,
1H and 13C{1H} NMR spectroscopy and an X-ray crystal
structure determination.§ The complex contains a substituted
cyclam macrocycle bearing one intact N-carboxymethyl arm,
but loss of CO2 from the other N-carboxymethyl group results in
a three-membered ring containing a cobalt s-alkyl group
(Scheme 2).

The molecular structure of the [Co(L1)]+ cation is shown in
Fig. 1. The four nitrogens of the cyclam ring remain coordinated
in the equatorial plane and the axial sites are occupied by an
oxygen of the one remaining N-carboxymethyl group and the
newly formed s-bonded CH2 group. The presence of the
strained three-membered Co–C–N ring results in very irregular
geometry around the cobalt atom, as exemplified by the O(1)–
Co–C(13) and N(1)–Co–C(13) angles. The C(13)–N(1) bond
length is shorter than the other C–N bond lengths in this
complex but is still within the range observed for a C–N single
bond (1.47 Å).8 Both hydrogen atoms on C(13) were located
crystallographically. The C(1)–N(1)–C(10) and H(13A)–
C(13)–H(13B) angles of 110.4(2)° and 108(3)°, respectively,
indicate sp3 hybridization at N(1) and C(13).

Relative to the precursor [Co(1,4-bcc)]+, the lengthening of
the Co–O(1) bond,4 the shift of the d–d bands in the UV-visible
spectrum9 and the more negative reduction potential observed
by cyclic voltammetry7 are all consistent with the presence of
the strong-field s-bonded alkyl ligand in [Co(L1)]+. The cation
has C1 symmetry and the 13C{1H} NMR spectrum exhibits a
unique signal for each of the 13 carbon atoms.

Scheme 1 Scheme 2
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Only two other structurally characterised examples of a Co–
CH2–NR2 ring have been reported, both incorporated into a
polydentate ligand, although they were prepared by quite
different routes to that reported here.10,11 In one of these
examples, the ring was formed by C–H activation of an N–CH3
group incorporated in a tetraaza macrocycle.11 We observe the
complementary reaction to this, wherein [Co(L1)]BPh4 under-
goes Co–CH2 bond cleavage upon heating in aqueous dilute
HCl. The product, [CoCl(L2)]+, was characterised by an X-ray
crystal structure determination§ and contains a chloro ligand
trans to the N-carboxymethyl pendant arm and an N–CH3 group
derived from the CH2 group (Scheme 2).

[Co(L1)]+ arises from the decarboxylation of a coordinated a-
amino acid. Its successful isolation is attributed to the fact that
the nitrogen atoms of the a-amino acid moieties in the [Co(1,4-
bcc)]+ precursor are attached to a macrocyclic ligand, resulting
in kinetic stabilisation of the aminoalkyl three-membered ring.
This complements the earlier report concerning the photo-
chemical decarboxylation of [Co(gly)(bipy)2]2+ in which stabi-
lisation of the Co–C–N three-membered ring in the product has
been attributed to the presence of the p-acid bipyridine ligands.2
Our result is general and we have isolated further examples of
Co–C–N three-membered rings resulting from photochemical
decarboxylation of cobalt(III) complexes containing coordi-
nated a-amino acid groups incorporated into other macrocyclic
ligands.

D. M. T. is grateful to The University of Auckland for the
award of a doctoral scholarship.

Notes and references
† This paper is dedicated to our colleague and friend Professor Warren
Roper on the occasion of his 60th birthday.
‡ See http://www.rsc.org/suppdata/cc/1998/2593/, for experimental data for
the complexes reported in this communication.
§ Crystal data: [Co(L1)]BPh4·p-xylene: Crystals were grown from
acetonitrile–p-xylene. C49H59BCoN4O2, M = 805.74, monoclinic, space

group P21/n, a = 14.8555(5), b = 17.4488(6), c = 17.2455(6) Å, b =
110.2770(10)°, U = 4193.2(2) Å3, F(000) = 1716, Dc = 1.276 g cm23, Z
= 4, m(Mo-Ka, l = 0.71073 Å) = 0.454 mm21. Intensity data were
collected to a q limit of 26° on a Siemens ‘SMART’ diffractometer12 at
203(2) K and corrected for absorption.13 The structure was solved from
Patterson and heavy-atom electron density maps14 and refined by full-
matrix least-squares analysis on F2 employing SHELXL93.15 All non-
hydrogen atoms were allowed to assume anisotropic motion. The two
hydrogen atoms on C(13) were located and individually refined. Other
hydrogens were placed in calculated positions and refined using a riding
model. Refinement converged to 0.0504 (Rw = 0.1356) for 6384 reflections
for which I > 2s(I).

[CoCl(L2)]ClO4 (see http://www.rsc.org/suppdata/cc/1998/2593/, for
molecular structure (Figure S1)): Crystals were grown from aqueous
solution. C13H27Cl2CoN4O6, M = 465.22, triclinic, space group P1̄, a =
8.456(2), b = 9.689(3), c = 12.161(6) Å, a = 90.95(3), b = 109.51(3),
g = 96.09°, U = 932.4(6) Å3, F(000) = 480, Dc = 1.650 g cm23, Z = 2,
m(Mo-Ka, l = 0.71069) = 1.245 mm21. Intensity data were collected to
a q limit of 25° on an Enraf-Nonius CAD-4 diffractometer16 at 292(2) K and
corrected for absorption.17 Structure solution as above. The riding model
was used for all hydrogens. Refinement converged to 0.0571 (Rw = 0.1546)
for 2561 reflections for which I > 2s(I). CCDC 182/1072. See http:/
/www.rsc.org/suppdata/cc/1998/2593/, for crystallographic files in .cif
format.
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Fig. 1 Molecular structure of [Co(L1)]BPh4. Selected bond lengths (Å) and
angles (°): Co–O(1) 1.993(2), Co–N(1) 1.920(2), Co–N(2) 1.993(2), Co–
N(3) 1.987(2), Co–N(4) 1.961(2), Co–C(13) 1.980(3), C(13)–N(1)
1.447(4), C(13)–H(13A) 0.93(4), C(13)–H(13B) 0.96(4), O(1)–Co–C(13)
143.90(12), N(1)–Co–C(13) 43.52(12), Co–N(1)–C(13) 70.44(17), Co–
C(13)–N(1) 66.06(15), O(1)–Co–N(1) 100.54(9).
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Electrochemical experiments at platinum microdisc elec-
trodes are shown to be possible in an environment of intense
microwave radiation and a considerable current enhance-
ment  observed  for  the  ferrocyanide/ferricyanide  redox
couple in aqueous 1 M KCl is shown to be Faradaic in nature
consistent with a rapid heating effect causing the tem-
perature in the liquid phase at the electrode/solution
interface to locally superheat.

By combining the use of a source of activation with the range of
known electrochemical methodology new types of experiments
and in some cases novel applications of electrochemistry, e.g. in
photoelectrochemistry and in sonoelectrochemistry, have been
developed. The interaction of microwave radiation with electro-
chemical systems, that is with redox and chemical processes at
solid/liquid and liquid/liquid interfaces, is to date unexplored,
although the interest in microwave enhanced chemistry1 and the
use of microwave radiation and microwave technology have
become widespread over the recent decades. The use of low
power microwave radiation in electrochemical systems is of
considerable importance in areas of research such as in-situ
electrochemical EPR2 (typically X-band, 9.5 GHz) and micro-
wave reflectance characterisation3 of semi-conducting elec-
trodes. The activation of the electrochemical system due to
absorption of microwave radiation can in these cases usually be
ignored due to the rather low intensities involved. However,
microwave radiation is known to interact not only with
molecules in the gas phase but also with condensed materials
and interfaces with sufficient dielectric loss, eA,4 and may
therefore be employed to activate an electrochemical system.

An 800 W, 2.45 GHz domestic multi-mode microwave oven
has been modified† to supply constant power or pulsed
microwave radiation of variable power and to allow an
electrochemical cell to be inserted into a high intensity region.
In Fig. 1 a schematic drawing of the experimental arrangement
is shown. In Fig. 2(a)–(c) voltammograms for the one electron
oxidation of 2 mM Fe(CN)6

42 at a 25 mm diameter Pt disc
electrode in aqueous 1 M KCl are shown. The observed limiting
current, Ilim = 6.4 nA, is slightly higher than that expected for
the known diffusion coefficient, D(Fe(CN)6

42) = 0.63 3 1029

m2 s21,5 presumably due to micro-electrode imperfection. The
expression for quasi-steady-state voltammetry at a microdisc

electrode6 has been shown to be Ilim = 4nFDcr. In this
expression n denotes the number of electrons transferred per
molecule, F, the Faraday constant, c, the concentration, and r,
the radius of the electrode. Pulsed microwave radiation can be
seen to induce current pulses which are superimposed on the
quasi-steady-state current response.

In Fig. 2(a) the effect of 24 W (absorbed microwave power,
see Table 1) microwave pulses of 0.6 s duration is shown.
Current pulses are observed at potentials well negative of those
of the current response in the absence of microwave radiation.
The equilibrium potential for the Fe(CN)6

42/32 redox couple is
known to be affected by the temperature and data for the
equilibrium potential–temperature dependence determined in
the same cell over a 70 °C range and with the temperature of the
reference electrode kept constant at 25 °C suggest a linear
dependence with dE/dT = 21.53 mV K21 consistent with
published data.7 Therefore at higher temperature the current
response for the oxidation of Fe(CN)6

42 is expected to occur at
a more negative potential in qualitative agreement with the

Fig. 1 Schematic representation of the electrochemical cell used for
experiments in the presence of microwave radiation.

Fig. 2 Voltammograms obtained for (a)–(c) the oxidation of 2 mM
Fe(CN)6

42 and (d) the reduction of 2 mM Fe(CN)6
32 in aqueous 1 M KCl

at a 25 mm diameter Pt disc electrode and with a scan rate of 10 mV s21;
0.6 s microwave pulses with (a) and (d) 24 W and (b) 16 W microwave
intensity.

Table 1 The rate of microwave heating of 5 cm3 water or aqueous solution
in the electrochemical cell placed in a high intensity area of the modified
microwave oven

Pure water 1 M aqueous KCl

Microwave
power level

Rate of
heating/
K s21

Absorbed
energya/W

Rate of
heating/
K s21

Absorbed
energya/W

A 0.15 4 0.26 7
B 0.40 10 1.0 24
C 0.77 18 1.7 41
D 1.1 28 3.4 83
E 1.8 43 4.7 113
a Calculation based on a calibration procedure in which joule heating
with a resistor is used to induce a temperature change.
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experimental observation [Fig. 2(a)]. From the current trace in
Fig. 2(a) it can be concluded that the temperature of the bulk
solution is not significantly affected by the pulsed microwave
radiation. The current immediately returns to the expected
value, Ilim, after each microwave pulse. The rate of heating
observed independently in an experiment monitoring the bulk
solution temperature was 1 K s21 for the 24 W microwave
intensity setting (see Table 1). Therefore it appears to be
possible that the intensity of the microwave radiation is
considerably higher at the electrode/solution interface com-
pared to the average intensity experienced by the solution phase.
A lower microwave intensity of 16 W induces a smaller current
response as shown in Fig. 2(b). More importantly, microwave
pulses of 24 W intensity applied to the reduction process of 2
mM Fe(CN)6

32 in 1 M KCl at a 25 mm diameter Pt disc
electrode [Fig. 2(d)] also induce current jumps superimposed on
the quasi-steady-state voltammetric response with complemen-
tary features. The cathodic current increases by a similar factor
compared to the increase of the anodic current [Fig. 2(a)] and
the shift of the half wave potential towards more negative
potentials upon irradiation with microwaves is apparent. From
this observation and from the linear dependence of both the
quasi-steady-state current and the microwave enhanced current
on the concentration of the redox reagent it can be concluded
that the observed current for the Fe(CN)6

42/32 redox couple in
1 M KCl in the presence of microwave radiation is purely
Faradaic.

In order to achieve a more quantitative description of the heat
pulse induced by microwave radiation at the electrode/solution
interface the temperature can be estimated potentiometrically
based on the equilibrium potential for a solution of 5 mM
Fe(CN)6

42, 5 mM Fe(CN)6
32, and 1 M KCl under zero current

condition. This measurement allows the temperature at the
electrode/solution interface to be measured simultaneously with
applying microwave pulses and data for the observed trend are
given in Table 2. These data are valid only for the 25 mm
diameter Pt disc electrode and cell geometry used in this set of
experiments. However, the data suggest an approximately linear
dependence of the microwave intensity absorbed by the bulk
solution and the heating induced by the microwave radiation
focused by the micro-electrode. Further, for short periods of
time superheating of the solution phase can be observed.

The diameter of the working electrode also is a crucial factor
in determining the magnitude of the heating effect. In
experiments with a 50 mm diameter Pt disc electrode higher
microwave intensities were required in order to give similar
temperature jumps compared to those observed at the 25 mm
diameter Pt disc electrodes. In experiments conducted with a 1
mm diameter Pt disc electrode the heating effect remained
negligible even at the highest microwave intensity settings. In
general, the temperature measured at the electrode strongly
depends on (i) the microwave intensity, (ii) the cell geometry
and positioning of the electrode, (iii) the type of solvent and
solute used and produced during the course of the electrode
reaction. The use of organic solvent systems is possible and the
parameter characterising the microwave absorption has been
shown to be the dielectric loss.4

The 0.6 s pulse which has been employed in the experiments
shown in Fig. 2 is sufficient for thermal equilibrium to be
achieved, at least locally at the electrode surface. With the
knowledge of the approximate temperature at the electrode/
solution interface it is possible to calculate the mass transport
limited current based on the temperature dependence of the
diffusion coefficient of Fe(CN)6

42. The limiting current
observed for the oxidation of 2 mM Fe(CN)6

42 in 1 M KCl

shows an Arrhenius type increase consistent with an activation
energy of 14.3 kJ mol21 and in agreement with Walden’s rule8

and literature data.5 The expected mass transport controlled
limiting current for the oxidation of 2 mM Fe(CN)6

42 at 120 °C
can be calculated to Ilim = 26 nA. In the corresponding
voltammogram [Fig. 2(a)] the observed limiting current is 50
nA and therefore higher. For a temperature of 90 °C the limiting
current for the oxidation of 2 mM Fe(CN)6

42 is expected to be
18 nA which is slightly lower than the experimentally observed
current in the presence of microwave radiation of 20 nA [Fig.
2(b)]. Therefore under conditions employed in Fig. 2 the
temperature jump induces a current response with transient
characteristics especially for very large temperature jumps.
Further indications for the non-steady-state behaviour are the
microwave induced anodic current in Fig. 2(d) at 0.22 V vs. Ag/
AgCl for the reduction of Fe(CN)6

32 and the maximum
observed at 0.24 V vs. Ag/AgCl for the microwave induced
current associated with the oxidation of Fe(CN)6

42 [Fig.
2(a)].

The time scale for a steady-state current to be achieved at a
microdisc electrode within e% has been shown9 to be
approximately te = 104r2/p3e2D. In this expression the time te
is related to the electrode radius, r, and the diffusion coefficient,
D. For a microdisc electrode of 25 mm diameter the expected
time scale for the transient current to settle within 5% of the
steady-state current is in the order of 2 s. Therefore the time
scale for current transient after a temperature jump is expected
to be larger compared to the time scale needed for the
temperature to settle.

It has been shown both that microwave activation is an
interesting new tool for enhancing and controlling processes in
electrochemical systems and that electrochemical detection
may be employed for microwave induced chemical processes.

Notes and references
† The intensity distribution in a Panasonic NN-3456 multi-mode microwave
oven with modified electric power supply and fitted with a water load was
mapped. A hole through the cavity wall extended by a 14.7 mm inner
diameter brass tube, 50 mm long, which acted as a waveguide below cutoff,
allowed a 1.41 cm diameter electrochemical cell to be inserted into a high
intensity region (Fig. 1). A special working electrode design with a range of
Pt disc electrodes of 25, 50, and 1000 mm diameter sealed into glass was
used to prevent both radiation from escaping through the inlet and sparking.
The lead-out from the micro-electrode was in the form of a helix made by
winding 0.19 mm diameter platinum wire on a 0.46 mm diameter mandrel
with 28 turns per cm. A test with a radiation meter (Apollo XI microwave
monitor, Apollo Ltd.) confirmed this design to act as a filter and to stop
microwave radiation from being conducted out of the cavity. In electro-
chemical experiments an Autolab PGSTAT 20 system (Eco Chemie, NL)
was used for recording voltammetric and microwave intensity data.
Reagents of analytical grade purity and demineralised water of conductivity
not less than 18 MW cm were used. If not stated otherwise experiments were
conducted under an inert atmosphere of argon and at a temperature of 25 ±
2 °C.
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Table 2 The temperature measured potentiometrically after ca. 0.2 s in a
solution of 5 mM Fe(CN)6

42, 5 mM Fe(CN)6
32, and 1 M KCl at a 25 mm

diameter Pt disc electrode when a 0.6 s pulse of microwave radiation is
applied

Microwave pulse intensity/W 7 16 24 33
Temperature/°C 60 ± 6 87 ± 9 120 ± 12 150 ± 15
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The synthesis of a new ligand with two phenanthrolines
bridged on their C3 carbon by a serinol is reported; Cu(3-
Clip-phen) cleaves DNA more efficiently than the parent
Cu(2-Clip-phen) bridged on the C2 carbon.

The redox activity of cuprous complexes of 1,10-phenanthro-
line (phen) is well known as artificial nuclease. They are able to
realise single-strand cleavages of DNA in the presence of H2O2
by oxidative attack on deoxyribose units from the minor groove
of DNA.1,2 CuI(phen)2 is significantly more reactive3 than
CuI(phen) but the association constant for the second phenan-
throline ligand is only 105.5 dm3 mol21 which is too low for a
biological use at submicromolar concentrations of these
complexes.4 For this reason, we have recently prepared Clip-
phen (renamed 2-Clip-phen in the present study, Scheme 1)
with two phenanthroline entities linked via their C2 carbon by a
short flexible arm in order to favor the 2 : 1 phen–Cu
stoichiometry.5 In the presence of a reductant and air, we
observed an increase of DNA cleavage activity on FX174 by a
factor two for Cu(2-Clip-phen) compared to Cu(phen)2. In
addition, the serinol bridge between the two phenanthrolines of
2-Clip-phen allowed further functionalisation on its primary
amino group with different possible vectors (polyamines,
intercalators, oligonucleotides) in order to increase or to
modulate the binding domain of these DNA cleavers. So, the
attachment of the natural polyamine spermine (a minor groove
binder) to 2-Clip-phen afforded a new conjugate with enhanced
nuclease efficiency.6

The bridging serinol was fixed on the C2 carbon of phen units
in 2-Clip-phen, near the chelating nitrogen atoms, in order to
decrease the length between the two phen entities. But, having
in mind that this substitution on C2 carbon has been observed to
disactivate the DNA cleavage activity of Cu–phen com-
plexes,1,7 we decided to prepare a new bis-chelating ligand,
3-Clip-phen, with the serinol bridge between the C3 carbons of
phen units. The 3-position is known to have fewer effects on
redox activity4 and may also allow the use of a small bridge like
serinol between the two phen units in order to favor a
mononuclear Clip-phen complex [CuII(Clip-phen)]2+. However
the C3 monosubstitution of the phen ligand, which limits steric

constraints for DNA interactions and for conformational
changes during the reduction of CuII to CuI, has been little
studied although a conjugate of acridine on the C3 carbon of
phen has been described to cleave DNA.8

The synthetic strategy used to prepare 3-Clip-phen was based
on the synthesis of the 2-Clip-phen parent compound. Two
equivalents of halogenated phenanthroline (600 mg, 2.3 mmol
of 3-bromophenanthroline prepared according to ref. 9) and one
equivalent of serinol (109 mg, 1.18 mmol) were stirred for 24 h
in dry DMF (14 mL) in presence of 9 equivalents of NaH (423
mg, 10.5 mmol of a 60% dispersion in mineral oil). At 0 °C,
2-Clip-phen was obtained in good yield, but 3-Br-phen gave
only 4% of 3-Clip-phen under the same conditions. The low
reactivity of 3-Br-phen for nucleophilic aromatic substitution
required warming of the reaction mixture.10 Unfortunately the
quantitative reduction of 3-Br-phen by NaH at 80 °C forced us
to choose intermediate heating conditions at 50 °C. Under these
conditions 3-Clip-phen was only obtained in 27% yield after
purification [addition of ethanol and water in the reaction
mixture in order to destroy the excess of NaH, then extraction
with chloroform, precipitation with hexane to remove unreacted
3-Br-phen and phen and a neutral alumina column (CHCl3 with
0–5% of methanol)].†

3-Clip-phen was metallated with one equivalent of CuCl2 and
its DNA cleavage activity was compared to that of [Cu(2-Clip-
phen)]Cl2. Relaxation of supercoiled FX174 DNA (form I) into
relaxed circular (form II) and linear (form III) conformations
was used to quantify the relative cleavage efficiency of these
copper complexes. The nuclease activity of these Cu(ii)
complexes (1 mM) was initiated by addition of 5 mM
mercaptopropionic acid (MPA) in the presence of air. Fig. 1
summarises the results obtained.‡

As expected, no degradation of DNA was observed in the
absence of reductant. The comparison of lanes 4 and 5 shows
that Cu(3-Clip-phen) complex exhibited a significantly higher
activity than Cu(2-Clip-phen) since all form I disappeared, to
give forms II and III (50% of the starting material) and a smear
(corresponding to multifragmented DNA), whereas form I was

Scheme 1 Structures of 2-Clip-phen and 3-Clip-phen. Numbering corre-
sponds to NMR assignments.

Fig. 1 Comparison of FX174 cleavage efficiency between 2-Clip-phen and
3-Clip-phen in the presence of CuCl2 and 5 mM MPA. Lane 1: control
DNA. Lane 2: 1 mM 2-Clip-phen and CuCl2 without MPA. Lane 3: 1 mM
3-Clip-phen and CuCl2 without MPA. Lane 4: 1 mM 2-Clip-phen and
CuCl2. Lane 5: 1 mM 3-Clip-phen and CuCl2. Lane 6: control DNA with 5
mM MPA. Lane 7: control DNA with 1 mM CuCl2 and 5 mM MPA. Lane
8: 1 mM 2-Clip-phen and 2 mM CuCl2. Lane 9: 1 mM 3-Clip-phen and 2 mM
CuCl2.
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still present for the same concentration of Cu(2-Clip-phen)
under identical conditions. Assuming a non-specific single-
strand cleavage of the DNA double-helix, as previously
observed for Cu(2-Clip-phen),6 the number of single-strand
breaks per FX174 DNA molecule was calculated according to
ref. 11. Cu(3-Clip-phen) gave 32 ± 4 single strand breaks per
FX174 DNA compared with 1.4 ± 0.2 for Cu(2-Clip-phen).
The comparison of lanes 5 and 9 shows also that Cu(3-Clip-
phen) gave the same number of single strand breaks when
metallated by 1 equivalent of copper salt [1 Cu for 2 phen
entities, corresponding to a Cu(3-Clip-phen) complex] or 2
equivalents of copper salt [1 Cu per phen entity, corresponding
to a putative Cu2(3-Clip-phen) compound] as expected for a
ligand able to chelate the same copper ion with its two phen
subunits.

In order to understand this high DNA cleavage activity of
Cu(3-Clip-phen), work on interactions of the complex with
DNA are in progress. New conjugates of 3-Clip-phen with DNA
binders are also in preparation in order to increase the nuclease
activity of this promising new family of DNA cleavers.

Dr Jean-Pierre Sauvage (Université Louis Pasteur, Stras-
bourg) is gratefully acknowledged by the authors for fruitful
discussions on phenanthroline reactivity which initiated the
preparation of 3-Clip-phen.

Notes and references
† 3-Clip-phen has been characterised by 1H NMR (250 MHz, CDCl3) d 9.14
(dd, 2H, J 4.3, 1.7 Hz, H9A), 8.96 (d, 2H, J 2.9 Hz, H2A), 8.20 (dd, 2H, J 8.1
and 1.7 Hz, H8A), 7.78 and 7.72 (AX, 2H, J 8.9 Hz, H5A, H6A), 7.60 (d, 2H,
J 2.9 Hz, H4A), 7.56 (dd, 2H, J 8.1, 4.3 Hz, H7A), 4.36 (m, 4H, H1), 3.82 (q,
1H, J 5.4 Hz, H2); MS (CDI, NH3): m/z (%) = 448 (M + H, 100), 268
(14.0), 252 (22.7), 197 (75.9); UV–VIS (MeOH) lmax/nm (e/dm3 mol21

cm21): 240 (59 500), 272 (44 100), 294 (23 900, sh), 314 (8200, sh), 328

(5700), 344 (3800). Anal. Calc. for C27H21N5O2·4 H2O: C, 62.42; H, 5.63;
N, 13.48. Found: C, 62.38; H, 5.09; N, 13.66%.
‡ Complexes were prepared as 1 mM solutions in DMF–water (2 : 3) then
diluted to 4 mM with water prior to the addition of 5–10 mL of a solution of
supercoiled FX174 DNA (7 nM, 40 mM in bp) in 80 mM sodium phosphate
buffer (pH 7.2), 100 mM NaCl and 20 mM MgCl2. After 30 min at room
temperature, DNA cleavage was initiated by addition of 5 mL of a 20 mM
aquous solution of mercaptopropionic acid and incubated at 37 °C for 1 h
prior to being loaded on a 0.8% agarose gel containing 1 mg mL21 of
ethidium bromide. Bands were located by UV light, photographed and
quantified by microdensity. The correction coefficient 1.47 was used for the
decrease in stainability of form I DNA versus forms II and III.12
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The X-ray structural analysis of the title compound revealed
the formation of segregated [Ni(dmit)2] (dmit = 2-thioxo-
1,3-dithiol-4,5-dithiolate) columns and dimeric K+

2[PEG]2
(PEG = pentaethylene glycol) supramolecular cations in the
crystal; the interaction between K+ and acyclic PEG was
found to be weaker that that between K+ and cyclic
polyether 18-crown-6.

Composite organic polymer electrolytes are promising candi-
dates for applications in high energy density electrochemical
batteries.1 Polyethylene oxide (PEO) derivatives especially
have been extensively examined as non-crystalline polymeric
ion-conducting materials. The crystal structure of a uniaxially
oriented PEO–NaI ionic conductor has been reported pre-
viously.2 The structure of a single crystal of PEO as an ion-
transport environment has not been reported. The classification
of the nature of the coordination in PEO–ion moieties will assist
in the construction of organic crystalline ionic conductors.

Organic p-molecular systems have a tendency to form a one-
dimensional columnar stack structure, in which electrons can
move along the stack through overlap of the p-systems.3 We
have been attempting to construct electron–ion hybrid conduct-
ing systems based on crystalline molecular conductors, and
have reported the formation of supramolecular cation (SC+)
structures within organic conductors.4 For example, a typical
cation complex of a cyclic polyether, K+(18-crown-6), can be
incorporated into a highly conducting [Ni(dmit)2] (dmit =
2-thioxo-1,3-dithiol-4,5-dithiolate) salt as K+(18-crown-
6)[Ni(dmit)2]3 with a room temperature conductivity (sRT) of
0.08 S cm21.5 We report here the incorporation of a cation
complex of an acyclic polyether as a new SC+ unit in a
[Ni(dmit)2] organic conductor, in which the potassium cation
is included within the cyclic pentaethylene glycol (PEG)
(Scheme 1).

Single crystals of K+(PEG)[Ni(dmit)2]3 were prepared by the
electrocrystallization method.† The unit cell contains three
crystallographically independent [Ni(dmit)2] units A–C and one
K+(PEG) unit. A segregated non-uniform [Ni(dmit)2] column is
observed with the stacking order of A–C–B along the c-axis; the
molecular planes of [Ni(dmit)2] are nearly parallel to the ab-
plane (Fig. 1). Each [Ni(dmit)2] molecule is connected by side-

by-side S···S interactions, forming a layer structure within the
ac-plane, and the K+(PEG) units exist in the interlayer space.
The plane of K+(PEG) is inclined at 45° to the b-axis. A weak
interatomic contact is found between the terminal sulfur of
[Ni(dmit)2] C and K+(PEG), K+···S(30) = 3.282(7) Å. This
distance is ca. 0.15 Å longer than the sum of the van der Waals
radius of S and the ionic radius of K+.6

The mean interplanar distances of [Ni(dmit)2] within a
column are 3.50 (A–B), 3.65 (A–C), and 3.45 Å (B–C) with
overlap modes of slipped metal–ring (A–B), metal–metal (A–
C), and metal–ring (B–C) types, respectively [Fig. 1(b)]. A

Scheme 1

Fig. 1 Crystal structure of K+(PEG)[Ni(dmit)2]3, (a) viewed along the
c-axis, (b) along the a-axis. (c) [Ni(dmit)2] layer viewed along the long axis
of [Ni(dmit)2] together with the numbering scheme of overlap integrals
(s1–s8).
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similar trimer structure was also observed in K+(18-crown-
6)[Ni(dmit)2]3 with an A–B–A stacking arrangement. Fig. 1(c)
shows the intermolecular interactions within the [Ni(dmit)2]
layer viewed along the long axis of [Ni(dmit)2]. The overlap
integrals (s1–s8 3 1023) were obtained by using extended
Hückel molecular orbital calculatons.7 Since the A–B inter-
action (s1 = 19.07) is significantly larger than A–C (s2 =
21.05) and B–C (s3 = 2.47), the [Ni(dmit)2] column mainly
consists of A–B dimers and weakly interacting C molecules
between the A–B dimers in the order –(A–B)–C–(A–B)–. In the
case of K+(18-crown-6)[Ni(dmit)2]3, the intratrimer s value
(sintra = 15.3) indicated the formation of tightly bounded A–B–
A trimers within the column. By replacing the SC+ unit of the
cyclic [K+(18-crown-6)] with the acyclic [K+(PEG)], the
stacking mode of [Ni(dmit)2] within the column is changed
from the trimer to the dimer.

Within the ab-plane, the [Ni(dmit)2] molecules form a sheet-
like structure of –A–A–A– and –B–C–B– arrangements along
the a-axis [Fig. 1(a)]. Owing to the symmetry of the LUMO of
[Ni(dmit)2], the interstack interactions along the a-axis are
small (s4 = 0.10 and s8 = 0.20), resulting in weak interactions
within the sheets. The interactions along the a + c direction (s5
= 0.50, s6 = 0.86, and s7 = 20.33) also do not effectively
increase the interstack interactions.

Fig. 2 shows the SC+ unit viewed along the orthogonal [Fig.
2(a)] and parallel [Fig. 2(b)] directions to the molecular plane of
K+(PEG). The SC+ unit has two K+(PEG) units which are
related by the inversion center, and are connected by two axial
K+ (K+)···O1A (O1) interactions [solid lines in Fig. 2(b)] to form
a dimerized K+

2(PEG)2 supramolecular cation. The K+ is
coordinated by six PEG oxygen atoms [dashed lines: K+···O1 =
3.00(1), K+···O2 = 2.90(1), K+···O3 = 2.81(1), K+···O4 =
2.86(1), K+···O5 = 2.90(1), K+···O6 = 2.77(2) Å] and an axial
oxygen of another PEG unit [solid lines: K+···O1 = 2.86(2) Å].
The average K+···O distance within the PEG unit (2.87 Å) is in
the same range as the sum of the van der Waals radius of oxygen
and the ionic radius of K+ (2.85 Å). In the case of K+(18-crown-
6), the average K+···O distance (2.804 Å) is ca. 0.07 Å shorter
than that in the acyclic K+(PEG) system, indicating a weaker
cation binding ability of the acyclic polyether relative to the
corresponding cyclic one due to the macrocyclic effect.8 The
weaker cation binding ability (10 0003) should be more
appropriate to ionic conductivity in the solid.

The K+(PEG)[Ni(dmit)2]3 salt showed semiconducting be-
havior over the temperature range 150–300 K, which is
consistent with the non-uniform dimerized stack of [Ni(dmit)2].
Fig. 3 shows the log(resistivity/W cm) vs. T21/K21 plots of (i)
K+(PEG)[Ni(dmit)2]3 and (ii) K+(18-crown-6)[Ni(dmit)2]3.5
The room temperature conductivity (sRT = 0.001 S cm21) is
two orders of magnitude lower that that of K+(18-crown-
6)[Ni(dmit)2]3 (sRT = 0.08 S cm21). The activation energy Ea
(0.17 eV) of the acyclic system is intermediate in range between
the high (0.28 eV) and low (0.12 eV) temperature semiconduct-
ing phases of K+(18-crown-6)[Ni(dmit)2]3.

In conclusion, the supramolecular cation of acyclic K+(PEG)
has been incorporated into the electrically conducting [Ni(d-
mit)2] salt. The coordination ability of PEG to K+ is smaller that
that of 18-crown-6 due to the loss of macrocyclic effect, which
helps to construct the ion-conducting field within the crystalline
solid. Attempts to insert shorter or longer polyethylene glycol
chains into the conducting [Ni(dmit)2] salts are now in progress
to construct ion-conducting paths.

This work was partly supported by a Grant-in-Aid for
Science Research from the Ministry of Education, Science,
Sports, and Culture of Japan.

Notes and references
† The constant current (1.5 mA) electrocrystallization of (n-Bu4N)[Ni(d-
mit)2] (19.6 mg), KClO4 (42.3 mg), and PEG (140 mg) in acetonitrile (18
ml) gave black-plate single crystals. The crystal data are as follows:
C28H20O6S30Ni3K, M = 1629.5, crystal dimensions 0.75 3 0.25 3 0.02
mm3, Rigaku AFC-7R diffractometer, Mo-Ka radiation (l = 0.71069 Å),
triclinic, space group P1̄ (no. 2), a = 12.700(5), b = 21.826(5), c =
11.166(7) Å, a = 91.40(3), b = 113.54(3), g = 99.14(3)°, U = 2788(2) Å3,
T = 298 K, Z = 2, Dc = 1.941 g cm23, F(000) = 1638.0, m(Mo-Ka) 22.41
cm21, Lorentz polarization and absorption corrections applied, 13374
reflections measured, 12797 independent reflections, 4391 reflections with
I > 3.00s(I) used in refinement. Calculations were performed using teXsan
crystallographic software packages with refinements based on F. Weighting
scheme employed: w = 1/s2(Fo). Solution by direct methods: non-
hydrogen atoms refined anisotropically, and no refinement of hydrogen
atoms. (Dr)max = 1.22 e Å23, (Dr)min = 20.97 e Å23, R = 0.080, RA =
0.083. CCDC 182/1061.
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Fig. 2 Supramolecular cation (SC+) unit of K+
2(PEG)2, (a) viewed along the

perpendicular direction to the K+(PEG) plane, (b) side view of K+(PEG)
dimer with the oxygen atom numbering scheme. Primes indicate atoms
generated by passing through the inversion center. Dashed and solid lines
indicate the K+···O interactions.

Fig. 3 Log(resistivity/W cm) vs. T21/K21 plots of (i) K+(PEG)[Ni(dmit)2]3

(2) and (ii) K+(18-crown-6)[Ni(dmit)2]3 (5).
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A visible light-induced desulfurization process for light oil,
effected by electron-transfer photooxygenation and liquid–
liquid extraction, allows the deep desulfurization of light oil
under moderate conditions and without hydrogen.

The desulfurization of light oil has become one of the urgent
problems of the world.1 In order to protect against environ-
mental contamination, the sulfur level in diesel fuels is presently
limited to 0.05 wt% in Japan and Europe, and this will certainly
be tightened in the near future. The current technology of
hydrodesulfurization (HDS), when adopted on an industrial
scale, can desulfurize aliphatic and acyclic sulfur-containing
compounds adequately. The above process, however, when
treating dibenzothiophene and its derivatives (DBTs),2–4 appar-
ently fails to reach the new specifications imposed by recent
Clean Air Regulations. Thus, to produce light oil containing a
very low level sulfur requires inevitably rather severe condi-
tions. For the development of an energy-saving desulfurization
process, a new approach is needed which isn’t limited to the
conventional HDS method.

As reported by Berthou and Vignier,5 DBTs in spilled crude
oil are sunlight-photooxidized to DBT sulfoxide (DBT-O) and
DBT sulfone (DBT-O2) in sea water. These sulfur-oxygenated
DBTs are highly polarized and are water-soluble. The applica-
tion of this photochemical oxidation to desulfurization has been
realized in our previous studies, using oil–water6,7 and oil–polar
solvent8 two-phase systems, and in which the desulfurization of
light oil to a sulfur content of less than 0.05 wt% has been
achieved successfully. However, UV irradiation was found to
be essential to oxidize DBTs and desulfurization hardly
progressed at wavelength of l > 400 nm.

Electron-transfer type photosensitizers, such as cyano-
substituted anthracene, differ from the usual energy-transfer
type photosensitizers, and act as the anode by absorbing the
wavelength of light equivalent to their lowest excitation energy.
The sulfur-containing compounds, having the free electron on
the S atom, are thought to be readily one-electron oxidized by
this type of photosensitizer. In this work, we consider such a
photoprocess applied to the indirect photooxygenation of DBTs
and thus to the desulfurization of DBTs in light oil.

A schematic electron-transfer process between 9,10-dicya-
noanthracene (DCA) and DBT in MeCN is shown in Fig. 1.
DCA has a relatively low reduction potential and can be excited
at wavelengths greater than 400 nm. DCA exhibits a strong,
blue fluorescence in both polar and non-polar solvents. This
blue fluorescence is quenched by adding DBT with the rate
constant of kq, DBT = 1.75 3 1010 L mol21 s21, and a yellow
fluorescence is then exhibited. Exciplex emission is observed
only in non-polar solvents, and not in MeCN and MeOH; this
suggests that dissociation of the ion pairs occurs only in the
most polar solvents.

An MeCN solution containing DBT and DCA was irradiated
to visible light of wavelength l > 400 nm (main emission peak:
406 nm), generated by a high-pressure mercury lamp with a 3
wt% NaNO2 solution filter.9 As shown in Fig. 2, only in MeCN
were the corresponding sulfoxide (DBT-O) and sulfone (DBT-
O2) photogenerated at high yield, whereas no reaction was

observed in protic solvents such as MeOH and PriOH or in non-
polar solvents. This behavior is expected for a process
proceeding via an intermediate ion pair, since such a pair will be
too poorly solvated in non-polar solvents to be separated. Other
photosensitizers such as p-benzoquinone or 1-cyanonaphtha-
lene are not applicable to this process, since the oxidation
potential of the former is lower than the reduction potential for
O2 and the latter is excited at wavelength shorter than 320 nm.
These findings suggest that DCA is the most suitable photo-
sensitizer for the photooxygenation of DBT, which seems to
proceed via the three steps shown schematically in Fig. 1. These
are (i) photoexcitation of DCA, (ii) one-electron oxidation of
DBT and one-electron reduction of O2 (generation of super-
oxide ion O2

·2) and (iii) combination of radical ion pairs (DBT·+

Fig. 1 (a) Electron-transfer process occurring in MeCN between DCA, DBT
and oxygen. (b) Schematic representation of the reaction route of DBT by
DCA sensitized photooxygenation.

Fig. 2 Time-course variation for the concentrations of (1) DBT, (7) DBT-O
and (Ω) DBT-O2 by DCA photosensitized reaction in MeCN. The initial
concentrations of DCA are (a) 0.02 and (b) 0.1 mM.
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and O2
·2). In alcoholic solvents, the oxygenation seems to be

prevented, owing to the shorter lifetime for O2
·2. Bacciochi

et al.10 have suggested the C–S cleavage mechanism for the
electron-transfer reaction of benzyl phenyl sulfide, but DBT
gave only the S oxidation product, as mentioned in the case of
diphenyl sulfide.11 This is attributable to a stabilization of the
C–S bond of DBT by thiophenic heterocycles. The rate of DBT
oxidation decreased with photoirradiation time, as shown in Fig.
2(a), since the DBT-O formed also quenches the DCA
fluorescence (kq, DBT-O = 7.37 3 109 L mol21 s21) and
competitive electron-transfer occurs. This problem can be
solved by adding a larger quantity of DCA [Fig. 2(b)]. The two
photoproducts of DBT, DBT-O and DBT-O2, are both highly
polarized and insoluble in non-polar light oil.12 Thus the
process has potential for the desulfurization of light oil.

The above photoprocess was applied to the desulfurization of
light oil containing ca. 0.18 wt% sulfur, which is below the
previous regulation in Japan (0.2 wt%). Light oil (50–200 ml)
and MeCN (200–350 ml) saturated with DCA were introduced
into the reaction vessel at MeCN:light oil volume ratios of 1:1,
3:1 or 7:1 v/v. The solutions were photoirradiated using a high-
pressure mercury lamp with a 3 wt% NaNO2 solution filter,
combined with air bubbling at atmospheric pressure.

Certain quantities of DBTs from the light oil in the light oil–
MeCN two-phase system transfer into the MeCN phase,
together with other aromatics. The photoirradiation of the two-
phase system thus causes the oxidation of the DBTs in the
MeCN, resulting in the successive removal of the DBTs from
the light oil phase.8 Fig. 3 shows the effect of the addition of
DCA on the time-course variation of the sulfur content in the
light oil, with respect also to variations in the MeCN:light oil
volume ratio. The data points, at an irradiation time of zero,

show the distribution equilibria for the sulfur contents in the
two-phase systems. Without DCA, the sulfur content was
reduced only slightly, since the light oil contains three-ring
aromatics which absorb visible light only weakly. The reduction
rate for the sulfur content was enhanced drastically however by
the addition of DCA. For an MeCN:light oil volume ratio of 3:1,
2 h of irradiation decreased the sulfur level to 0.05 wt%, and 10
h of irradiation decreased the value to 0.005 wt%, which is the
value presently strictly legislated in Sweden. Light oil contain-
ing such a low sulfur level has not been achieved so far by the
HDS method, even under severe operating conditions at 673 K.3
Thus, the present method is applicable as an energy-saving deep
desulfurization process to meet with the newest regulation for
sulfur content in light oil, and requires only air bubbling and
irradiation with visible light, avoiding the use of hydrogen and
high pressure.

The present study thus describes a novel desulfurization
process for light oil, effected by the combination of electron-
transfer photooxygenation and liquid–liquid extraction using an
oil–MeCN two-phase system. This could be developed as a
desulfurization process utilizing solar irradiation as a light
source. Work is in progress to develop the overall process,
including a method for subsequent recovery of DCA from the
resulting solutions.

The authors are grateful for financial support in the form of a
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Fig. 3 Time-course variation of sulfur content in light oil for differing
solution volume ratios: MeCN:light oil = (2,5) 1:1, (8,-) 3:1 and (Ω,:)
7:1; filled symbols = without DCA, open symbols = with DCA.
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The meso-octaethylporphyrinogen–sodium–lanthanide
complexes, [{(h5 : h1 : h5 : h1-Et8N4)M}Na(thf)2], in the
presence of Na metal and under a nitrogen atmosphere, fix
and reduce dinitrogen to the [N2]22 anion, as shown by the
isolation of the dinuclear complexes containing the [M(m-h2

: h2-N2)M] moiety [M = Pr, Nd].

Lanthanide metals can be particularly appropriate in the
exploitation of the electron-rich nature of the meso-octaalkyl-
porphyrinogen tetraanion. The ligand in turn can provide
between 8 and 24 electrons as it adapts the bonding mode of
each pyrrolyl anion from h1 to h5 based on the requirements of
the metal.1,2 The unique nature of this ligand, which has been
recently widely explored in early transition metal organo-
metallic chemistry, centers on its ability to function in a
bifunctional manner1,2 when bonded to acid metals, and through
its peculiar redox chemistry.3 These properties seem to be
particularly suitable for exploring the reactivity of lanthanide–
porphyrinogen complexes towards dinitrogen. Surprisingly,
only one dinitrogen–lanthanide derivative is known for sa-
marium.4

Herein we report dinitrogen complexes of Pr and Nd. The
synthesis of the unknown starting compounds 3 and 4 has been
carried out according to the sequence in Scheme 1. Owing to the
potential complication of using lithium, which could eventually
reduce N2,

4b all preparations and subsequent reactions involved
the use of sodium.

Complexes 3† (light-yellow crystals) and 4† (light-blue
crystals) can occur either in the monomeric or dimeric form,
depending on the solvent used during their crystallization. The
bonding mode of the lanthanide ion and the sodium cation has
been proved by an X-ray analysis on 4. Complexes 3 and 4 were
reduced in THF under a nitrogen atmosphere with sodium, in
the presence of small amounts of naphthalene and led to the
yellow, 5,‡ and green, 6,‡ microcrystalline solids, respectively.
Two different solid state forms of the N2 derivatives have been
obtained, depending on the crystallization solvents. Thus,
complexes 5 and 6, when recrystallized from dimethoxyethane
(DME) and dioxane, gave 7‡ and 8,‡ respectively.

The structures of 7§ and 8§ are shown in Figs. 1 and 2 along
with selected structural parameters. In both compounds, the
porphyrinogen is h5 : h1 : h5 : h1 bonded1,2 to the lanthanide ion.
Both compounds show two sodium cations h1 : h3 bonded to the
porphyrinogen and complete their hexacoordination with DME
in 7 or two dioxane molecules in 8. Two additional sodium
cations function as countercations in 7, while in 8 they interact
with N2. The N–N axis is perpendicular to the lanthanide–
lanthanide direction, displaying a m-h2 : h2 bonding mode.4a,5 In
both compounds 7 and 8, unlike in [{(h5-C5Me5)2Sm}2(m-h2 :
h2-N2)]4a [N–N, 1.088(12) Å] or [{UN(CH2CH2NSiBut-

Me2)3}2(m-h2 : h2-N2)] [N–N, 1.109(7) Å] the N–N distance is
in good agreement with a bielectronic reduction of N2.6 The
magnetic moments at 298 K of the complexes 3 and 5, 4 and 6,
are very close [meff = 3.53, 3; 3.44, 5; 3.29, 4; 3.18 mB, 6] and
they remain constant over a wide range of temperature (50–320
K). These results allows the assignment of the +III oxidation
state to all metal ions in 3–6, and rules out any significant
coupling between the two paramagnetic centres. In compounds

7 and 8 the lanthanide–N distances are relatively short and
comparable to those of amido derivatives.7 The rather short Na–
N(N2) distances support the interaction of the alkali cation with
an anionic form of N2. Unlike in [{(h5-C5Me5)2Sm}2(m-h2 : h2-
N2)] or in [{UN(CH2CH2NSiButMe2)3}2(m-h2 : h2-N2)], no loss
of N2 was observed, though complexes 5–8 were kept under
vacuum for a rather long time. Dinitrogen was evolved from 5

Scheme 1
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and 6 in the expected amount only after oxidation with I2. The
present report deals with some important issues and in particular
the use of an electron-rich ligand like porphyrinogen and its role
in the fixation of dinitrogen in a reduced form bound to
lanthanides like Pr and Nd, which are generally difficult to
reduce.
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in THF evolved 1.34 mmol of N2. The recrystallization of 6 from dioxane
gave crystals of 8, analyzed by X-ray diffraction.
§ Crystal data for 7: C104H176N10Na4O16Pr2, M = 2196.33, monoclinic,
space group P21/c, a = 20.1877(14), b = 19.2513(14), c = 29.745(2) Å, b
= 94.134(6)°, V = 11529.8(14) Å3, Z = 4, Dc = 1.265 g cm23, F(000) =
4640, l(Mo-Ka) = 0.71073 Å, m = 0.912 mm21; crystal dimensions 0.51
3 0.44 3 0.53. Diffraction data were collected on a KUMA CCD at 173 K.
For 16219 observed reflections [I > 2s(I)] the conventional R is 0.0687
(wR2 = 0.1668 for 22661 independent reflections). Crystal data for 8:
C124H200N10Na4Nd2O26, M = 2627.38, monoclinic, space group P21/c, a =
12.908(3), b = 15.537(2), c = 32.885(9) Å, b = 94.02(2)°, V = 6579(3)
Å3, Z = 2, Dc = 1.326 g cm23, F(000) = 2772, l(Mo-Ka) = 0.71070 Å,
m = 0.865 mm21; crystal dimensions 0.40 3 0.38 3 0.27. Diffraction data
were collected on a mar345 area detector at 173 K. For 8471 observed
reflections [I > 2s(I)] the conventional R is 0.0546 (wR2 = 0.1623 for
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suppdata/cc/1998/2603, for crystallographic files in .cif format.
¶ meso-Ethyl groups and sodium cations bonded to the periphery of
porphyrinogen have been omitted for clarity.
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Fig. 1 An XP drawing of complex 7. Selected bond distances (Å): Pr(1)–
h5(Pyr)av 2.605(6), Pr(1)–h1(Pyr)av 2.579(5), Pr(1)–N(9) 2.475(5), Pr(1)–
N(10) 2.414(5), Pr(2)–h5(Pyr)av 2.604(6), Pr(2)–h1(Pyr)av 2.576(5), Pr(2)–
N(9) 2.455(5), Pr(2)–N(10) 2.425(4), N(9)–N(10) 1.254(7). h5(Pyr)av

indicates the centroid of the pyrrolyl anion.¶

Fig. 2 An XP drawing of complex 8. Selected bond distances (Å): Nd(1)–
h5(Pyr)av 2.562(5), Nd(1)–h1(Pyr)av 2.550(4), Nd(1)–N(5) 2.511(4),
Nd(1)–N(5A) 2.508(4), Na(1)–N(5) 2.308(4), Na(1)–h1(Pyr)av 2.433(4),
N(5)–N(5A) 1.234(8). Prime denotes a transformation of 2x, 1 2 y, 2z.
h5(Pyr)av indicates the centroid of the pyrrolyl anion.¶
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hydrogenation of pyruvate: the structure of the 1:1 alkaloid–reactant complex
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The hydrogenation of ethyl pyruvate to (S)-ethyl lactate (up
to 70% ee) over a Pt/Al2O3 catalyst using a-isocinchonine as
a modifier strongly supports the structure of the inter-
mediate complex [cinchona alkaloid (open conformer)–
pyruvate 1:1 complex] of this type of reactions.

As is well known, one of the most important fields in
contemporary chemical research is the preparation of chiral
compounds. The potential of asymmetric catalytic processes is
especially high, since in this way large amounts of chiral
products can be prepared using catalytic amounts of chiral
modifier.1,2 As a result of industrial and economical require-
ments the major aim is to develop heterogeneous catalytic
asymmetric syntheses.3–6 In this respect, the hydrogenation of
pyruvates is one of the most frequently studied reactions.7,8

After optimization 959–97% ee10 was achieved over Pt/Al2O3
catalyst using cinchonidine (CD) as the modifier in the
preparation of (R)-ethyl lactate and 90%11 ee using cinchonine
(CN) for (S)-ethyl lactate (Scheme 1).

Since pyruvate hydrogenation is one of the two12,13 good ee
producing heterogeneous chiral hydrogenations (a-keto es-
ters,12 b-keto esters and 1,3-diketones13), extensive efforts have
been made to gain insight into the mechanism. Many mecha-
nistic details of the pyruvate hydrogenation are known,
however, there is no agreement concerning the structure of the
intermediate (CD–pyruvate 1:1 complex) responsible for chir-
ality. The intermediate complexes (depending on the reaction
conditions) published recently are summarized in Fig. 1.

As shown, there is no significant conceptional difference
between the structures in each groups [group I: Fig. 1(a),14

(b),15 (c),16 (f);17 group II: (d),18 (e)19]. The CD in all
intermediates in group I is in the ‘open’ conformation, while in
group II it is in the ‘closed’conformation. Between the two
groups, however, there is a huge difference. The intermediates
belonging to group I are anchored to the surface of the platinum
catalyst by a multicenter p-bond from the quinoline skeleton
and the conjugated sp systems of pyruvate. In contrast, the
structures belonging to group II are already formed in the
solution and the complex most likely adsorbs through the
conjugated sp system of the substrate and the non-bonding
electron pairs of the quinoline nitrogen due to the so-called
‘shielding effect’. It has been clearly proven7,8,15 that the
conformation of the modifier plays a determining role in the
chiral induction.

Here we provide new information about the structure of the
intermediate complex and experimental proof of whether the
‘closed’ conformation of the cinchona alkaloids is necessary for

chiral induction. For this reason, two cinchona alkaloids, CN
and a-isocinchonine (ICN) were selected as chiral modifiers.

Although the mechanistic proposals mentioned above are
related to the platinum–CD system,7,8,14,17,18 there is no reason
to assume that when using CN the mechanism should be
basically different.11,12,15 Fig. 2 illustrates the most stable

Scheme 1

Fig. 1 The structures of the cinchonidine–ethyl pyruvate intermediate
complexes.

Fig. 2 The conformations of cinchonine [(a) ‘open’ conformer, (b) ‘closed’
conformer] and (c) a-isocinchonine.
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conformations of CN [Fig 2(a)] and ICN [Fig. 2(c)] alkaloids
suggested and verified by combined NMR and X-ray analysis
and molecular mechanical calculations.20–22 Conformational
changes in CN are possible by rotation along the C(4A)–C(9) and
C(8)–C(9) bonds. [It should be noted that in the case of flat
adsorption of the quinoline skeleton on platinum, as already
pointed out,17,23 the C(4A)–C(9) rotation is hindered.] To realize
our aim mentioned above, ICN was selected because it cannot
rotate around C(8)–C(9). It is also known that ICN exists only
in ‘anti-open’ conformation.22

The enantioselective hydrogenation of ethyl pyruvate (EtPy)
was performed either in a conventional atmospheric hydro-
genation apparatus or in a Berghof Bar 45 autoclave at room
temperature (25 °C). The results are shown in Table 1.

As the HPLC–ESMS measurements revealed, the ICN
modifier did not revert back to CN, i.e. the cyclic ether structure
remained stable during the hydrogenations. As the results
clearly show the ICN modifier of fixed conformation showed
practically the same performance (conversion, ee) as CN during
the hydrogenations.

The proposed intermediate complex of the chiral hydro-
genation carried out in the presence of ICN is illustrated in
Fig. 3. It should be mentioned that only the existence of the
‘anti-open’ conformer was proven in solution;22 the formation
of the ‘syn-open’ conformer during the adsorption cannot be
excluded.

These experimental data strongly support the existence of the
structures in Fig.1(b) and (c) when working under acidic
conditions. Further measurements are necessary, however, to
distinguish between the two structures. Although the reaction
conditions are not fully optimized in the case of CN and ICN it
is unambiguously proven that the formation of a cinchona

alkaloids(closed)–EtPy complex is not a precondition for chiral
induction. On the other hand, extensive studies with respect to
cinchona-modified pyruvate hydrogenation in AcOH, accom-
panied by the present results, strongly supports the 1:1
adsorptive interaction model7,8 of Baiker, Blaser and co-
workers. In neutral solvents, the recently revised mechanistic
proposal by Wells17 and co-workers seems most likely.

Our results obtained with ICN suggest further mechanistic
studies of cinchona-modified asymmetric syntheses utilising
other cinchona alkaloids of rigid conformation. The results of
this work provide further proof of our earlier statement24 that
the conformation of the reactants is of crucial importance in
determining the selectivity of metal-catalyzed transforma-
tions.
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Table 1 Enantioselective hydrogenation of ethyl pyruvate over a 5% Pt/
Al2O3 catalyst (Engelhard 4759) in AcOH at room temperature [50 mg of
catalyst (as received), 5 mg of modifier, 5 ml of solvent and 0.25 ml of ethyl
pyruvate]a

Modifier H2 pressure/bar Conversion (%)
Ee (%)
(configuration)

CD 1 100 80 (R)
CD 50 100 90 (R)
CN 1 95 72 (S)
CN 50 98 67 (S)
ICN 1 94 67 (S)
ICN 50 98 69 (S)
a Analysis: ee (%) = 100{[R] 2 [S] (or [S] 2 [R])}/([R] + [S]), chiral
GC (HP 5890 GC-FID, 30 m long Lipodex-A column), HPLC-MS (HP1090
Ser.II HPLC-HP5989B MS with an HP5987A ES interface).

Fig. 3 The structures of a-isocinchonine–ethyl pyruvate intermediate
complexes [(a) ‘anti-open’ complex, (b) ‘syn-open’ complex].
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Two or four perfluorinated alcoholic functions were success-
fully introduced at the upper rim of calix[4]arenes, affording
a new type of neutral receptor for anion recognition;
preliminary binding studies indicate that the difunction-
alized receptors 3a and 3b are selective for Y-shaped
carboxylate ions over spherical anions which are, on the
contrary, more efficiently bound by the tetraalcohol 6.

Compared with cation complexation, anion recognition repre-
sents a less explored area of research, in spite of the important
role played by anionic species both in chemistry and biology.
However, very recently interest in this field has grown and
several new hosts which specifically recognize anions have
been synthesized.1 Most of the organic synthetic receptors for
anions are charged species2 or contain a metal center which
directly coordinates to the anion3 or increases the binding ability
of other functional groups.3 Nevertheless, neutral hosts which
complex anions via hydrogen bonding are known.4 So far
mainly amides5 and (thio)ureas6 or a combination of the two7

have been used as hydrogen bonding donor groups for the
synthesis of electroneutral organic receptors. These groups have
also been linked to calixarenes, at either the upper or lower rim,
for the synthesis of selective anion receptors. It is well known
that perfluoro alcohols are very good anion solvating agents,8
and that they can affect the kinetics of chemical processes by
specific anion solvation.9 Moreover Pirkle et al. used chiral
fluoro alcohols as chiral solvating agents and were able to
determine the enantiomeric compositions of chiral Lewis
bases.10 Surprisingly, nobody has exploited so far the fluoro
alcohol function as a binding site in the design of more complex
receptors for anions and polar organic molecules.

We explored the possibility of introducing two or four fluoro
alcohol functions at the upper rim of calix[4]arenes blocked in
the cone conformation, and report here our successful synthetic
results together with some preliminary anion binding properties
of the new ligands synthesized.

The difunctionalized anion receptors 3a,b are obtained by
two different methods (Scheme 1). Method A exploits the
known procedure reported in the literature for the synthesis of
simple fluoro ketones.11 The reaction of the dibromo-
tetrapropoxycalix[4]arene 16b with ButLi in dry THF gives the
diketone 2 in 18% yield. The subsequent reduction of 2 with
NaBH4 in dry MeOH gives the fluorinated calix[4]arene
dialcohol 3 as 1:1 mixture of 3a (RR, SS racemic mixture) and
3b (RS, SR meso). Better yields (85%) are obtained by Method
B, reacting the tetrapropoxy calix[4]arene dialdehyde 412 with
trifluoromethyltrimethylsilane in the presence of a catalytic
amount of TBAF.13 The two diastereoisomers 3a (racemic
mixture) and 3b (meso) can be separated by column chromatog-
raphy (SiO2, hexane–EtOAc 9:1) and their structure assigned by
NMR analysis in CDCl3.† The racemic mixture 3a and the meso
compound 3b are easily distinguished by the multiplicity of the
signals of the unsubstituted aromatic nuclei; 3a presents a C2
axis and gives three doublets of doublets, while 3b has a
symmetry plane and generates two doublets and two triplets.

Since it has been shown that calixarenes bearing strong
hydrogen bonding groups like (thio)urea14 form in apolar
solvents dimeric molecular capsules we have studied solvent

effects on 3a and 3b. The independency upon diluition of NMR
spectra in CDCl3 and the osmometric determination of the
molecular weight indicate that there are no intermolecular
hydrogen bonds and that 3a,b are monomeric in solution.
However a significant conformational rearrangement is ob-
served in the 1H NMR spectra of the diastereomeric mixture
passing from CDCl3 to [2H6]DMSO: the hydrogens ortho to the
trifluoromethyl alcohol give signals between d 6.2 and 6.6 in
CDCl3, whereas they are shifted to between d 7.1 and 7.3 in
[2H6]DMSO. On the contrary the signals of the unsubstituted
aromatic rings, which are between d 6.8 and 7.1 in CDCl3, shift
to the region between d 6.0 and 6.7 in [2H6]DMSO. This
behaviour is due to two different pinched cone conformations
adopted in CDCl3 and in [2H6]DMSO (Fig. 1). In CDCl3 the
upfield shift of the aromatic hydrogens of the nuclei bearing the
fluorinated alcohols indicates that an intramolecular hydrogen
bond is present between the two OH groups which keeps these

Scheme 1 Reagents and conditions: i, ButLi, CF3CO2Et, THF, 280 °C; ii,
NaBH4, MeOH; iii, CF3SiMe3, TBAF, THF; iv, 4 M HCl.

Fig. 1 The two pinched cone conformations adopted by 3a,b in (a) CDCl3
and (b) [2H6]DMSO.
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two functionalized aromatics in the shielding cone of the other
two. On the contrary in [2H6]DMSO the intramolecular
hydrogen bonding is prevented by solvation and the calixarene
adopts a piched cone conformation where the unsubstituted
aromatic rings are in the shielding cone of the other two.

We have also synthesized the calix[4]arene derivative 6
(Scheme 2), which bears four perfluorinated alcoholic functions
at the upper rim, by reacting the tetraacyl chloride 515 with
C6F5I and lithium in dry Et2O (yield 15%)† and, for compar-
ison, compound 7 (yield 95%).†

Preliminary binding studies using titration NMR experi-
ments‡ reveal that both receptors are able to complex anions in
CDCl3. Difunctionalized receptors 3a and 3b show selectivity
in the recognition of carboxylate over spherical anions with the
racemic compound 3a binding acetate anion (Kass = 435 M21)
more efficiently than the meso compound 3b (Kass = 200 M21).
Also in the case of a chiral guest like the anion of N-lauroyl-L-
phenylalanine we have observed a stronger association of the
racemic compound 3a (Kass = 165 M21) with respect to the
meso compound 3b (Kass = 40 M21), the latter probably giving
rise to unfavorable steric interactions. On the other hand the
tetrafunctionalized receptor 6 binds spherical anions such as
bromide (Kass = 480 M21) more efficiently than acetate anion
(Kass = 90 M21). Although these data may be negatively
affected by the presence of intramolecular hydrogen bonding, a
comparison with the data reported in the literature for the
interactions between anions and other hydrogen bonding donor
groups5,16 seems to indicate that the strength of the interaction
between the perfluorinated alcoholic functions and anions is
smaller than that of the same anions with urea or sulfonamide
groups, but comparable with carboxamides. The importance of
the perfluorinated groups for anion binding is however
indicated by the fact that compound 7 shows no interaction with
either bromide and acetate anions under the same conditions.

We are currently working on the synthesis of more rigid
calixarene receptors in order to avoid intramolecular hydrogen
bonding.

This research was supported by MURST (Supramolecular
Devices Project) and by CNR. We also thank C. I. M. (Centro
Interdipartimentale Misure) for the use of NMR and mass
spectrometry instruments.

Notes and references
† All new compounds were characterized by 1H (300 MHz) and 13C NMR
(75 MHz) spectroscopy, CI mass spectrometry, IR spectroscopy and
melting point. Selected data for 3a (RR, SS racemic mixture): mp 99–102
°C; dH(CDCl3) 0.93 (t, 6H, J 7.4, OCH2CH2CH3), 1.06 (t, 6H, J 7.5,
OCH2CH2CH3), 1.86–2.01 (m, 8H, OCH2CH2CH3), 3.16 (d, 2H, J 13.3,
ArCHeqAr), 3.18 (d, 2H, J 13.3, ArCHeqAr), 3.74 (t, 4H, J 7.1,
OCH2CH2CH3), 3.99 (t, 4H, J 7.6, OCH2CH2CH3), 4.42 [q, 2H, J 6.6,
ArCH(OH)CF3], 4.45 (d, 2H, J 13.3, ArCHaxAr), 4.46 (d, 2H, J 13.3,
ArCHaxAr), 6.31 (d, 2H, J 2.0, ArH), 6.58 (d, 2H, J 2.0, ArH), 6.81 (dd, 2H,
J 7.4, ArH), 6.93 (dd, 2H, J 7.4, J 2.0, ArH) and 6.95 (dd, 2H, J 7.4, 2.0,
ArH); dC(CDCl3) 9.7, 10.3 (q, OCH2CH2CH3), 22.7, 23.1 (t,
OCH2CH2CH3), 30.6, 30.7 (t, ArCH2Ar), 72.2 [qd, J 30, ArCH(OH)CF3],
76.3, 76.9 (t, OCH2CH2CH3), 122.1 (s, Ar para), 123.9 (q, J 275, CF3),
125.1 (d, ArH para), 128.0, 128.4, 128.7 (d, Ar meta), 133.7, 134.4, 135.6
(s, ArH ortho) and 156.7, 156.8 (s, Ar ipso); m/z (CI) 789 (90, M), 771 (100,
M 2 H2O) and 751 (80, M 2 2H2O). For 3b (RS, SR meso): mp 105–107
°C; dC(CDCl3) 0.92 (t, 6H, J 7.3, OCH2CH2CH3), 1.07 (t, 6H, J 7.3,
OCH2CH2CH3), 1.84–2.01 (m, 8H, OCH2CH2CH3), 3.15 (d, 2H, J 13.3,
ArCHeqAr), 3.19 (d, 2H, J 13.3, ArCHeqAr), 3.73 (t, 4H, J 7.0,

OCH2CH2CH3), 4.00 (t, 4H, J 8.7, OCH2CH2CH3), 4.43 [q, 2H, J 6.6,
ArCH(OH)CF3], 4.46 (d, 4H, J 13.3, ArCHaxAr), 6.22 (d, 2H, J 2.0, ArH),
6.55 (d, 2H, J 2.0, ArH), 6.84 (t, 1H, J 7.2, ArH), 6.85 (t, 1H, J 7.2, ArH),
6.98 (d, 2H, J 7.2, ArH) and 7.1 (d, 2H, J 7.2, ArH); dC(CDCl3) 9.8, 10.5 (q,
OCH2CH2CH3), 22.8, 23.3 (t, OCH2CH2CH3), 30.7, 30.9 (t, ArCH2Ar),
72.2 [qd, J 33, ArCH(OH)CF3], 76.4, 77.1 (t, OCH2CH2CH3), 122.1, 122.2
(s, Ar para), 123.9 (q, J 285, CF3), 125.1 (d, ArH para), 127.6, 128.7, 128.9
(d, Ar meta), 133.6, 134.2, 135.9 (s, ArH ortho) and 156.7, 157.0, 157.2 (s,
Ar ipso); m/z (CI) 789 (100, M), 771 (95, M 2 H2O) and 751 (65, M 2
2H2O). For 6: Yield 15%; mp 168–170 °C; dH(CDCl3) 1.02 (t, 12H, J 7.5,
OCH2CH2CH3), 1.92–1.99 (m, 8H, OCH2CH2CH3), 3.15 (d, 4H, J 13.0,
ArCHeqAr), 3.90 (br s, 4H, OH), 3.95 (t, 8H, J 7.6, OCH2CH2CH3), 4.52 (d,
4H, J 13.0, ArCHaxAr) and 6.64 (s, 8H, ArH); dC(CDCl3) 10.1 (q,
OCH2CH2CH3), 22.9 (t, OCH2CH2CH3), 31.3 (t, ArCH2Ar), 77.8 (t,
OCH2CH2CH3), 118.0 (s, Ph ipso), 126.1 (d, Ar meta), 134.4 (s, Ar ortho),
135.9 (s, Ar para), 137.6 (d, JCF 241, Ph meta), 141.0 (d, JCF 240, Ph para),
144.6 (d, JCF 241, Ph ortho) and 156.9 (s, Ar ipso); m/z (CI) 2040 (50, M)
and 2022 (100, M 2 H2O). For 7: Yield 95%; mp 103–104 °C; dH(CDCl3)
0.85 (t, 24H, J 7.2, CH2CH2CH2CH3), 0.98 (t, 12H, J 7.4, OCH2CH2CH3),
1.20–1.24 (m, 16H, CH2CH2CH2CH3), 1.53–1.64 (m, 16H,
CH2CH2CH2CH3), 1.86-2.0 (m, 16H, CH2CH2CH2CH3), 1.94 (m, 8H, J
7.4, OCH2CH2CH3), 3.13 (d, 4H, J 12.8, ArCHeqAr), 3.85 (t, 8H, J 6.9,
OCH2CH2CH3), 4.44 (d, 4H, J 12.8, ArCHaxAr) and 6.73 (s, 8H, ArH);
dC(CDCl3) 10.2 (q, OCH2CH2CH3), 14.0 (q, CH2CH2CH2CH3), 23.1 (t,
OCH2CH2CH3), 25.8 (t, CH2CH2CH2CH3), 31.4 (t, ArCH2Ar), 39.7 (t,
CH2CH2CH2CH3), 75.5 (t, OCH2CH2CH3), 76.5 (t, COH), 125.0 (s, Ar
meta), 134.0 (d, Ar para), 140.7 (s, Ar ortho) and 154.9 (s, Ar ipso); m/z (CI)
1090 (100, M 2 4H2O+H).
‡ Association constants (Kass) were determined by 1H NMR titration
experiments in CDCl3; stock solutions of host and guest in CDCl3 at
different concentrations were prepared and mixed together in the NMR tube
in various molar ratios. 1H NMR spectra were recorded at 300 K and the
chemical shift of some protons were plotted versus guest concentration.
Non-linear regression analyses allowed the determination of Kass (accuracy
±10%).
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Scheme 2 Reagents and conditions: i, RI, Li.
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Ti-beta catalyses the oxidation of small- and medium-sized
silanes to the corresponding silanols by aqueous (30%) H2O2
as oxygen donor with high conversions and excellent
selectivity (no disiloxane).

Although organosilanols have been of continual interest since
their discovery,1 only a limited number of methods for their
selective preparation are available. Sterically exposed silanols
are especially problematic as they readily dimerize with traces
of acid or base to the disiloxanes. Therefore, the commonly used
method, i.e. the hydrolysis of chlorosilanes,2 is only applicable
for sterically encumbered derivatives. Currently one of the best
methods of making silanols is the oxidation of silanes with
dioxiranes,3 but the disadvantage is that this reagent is used
stoichiometrically. Catalytic Si–H insertions have also been
reported for nickel, palladium, chromium, rhodium, and copper
complexes,4 but these reactions are either limited to special
substrates or produce disiloxanes in high amounts.

Recently we developed the first selective metal-catalysed
Si–H insertion by using the methyltrioxorhenium/urea–H2O2
adduct (MTO/UHP) oxidant5 and proposed that the observed
selectivity derives from oxidation in the urea channels (host–
guest chemistry), which suppresses the subsequent dimerization
of the silanol to the disiloxane. Since the redox molecular sieves
TS-1 and Ti-beta are known to catalyse efficiently a variety of
oxidations by H2O2,6–9 it was of interest to explore whether
such Ti-doped zeolites could serve as catalyst as well as host for
the selective oxyfunctionalisation of silanes without disiloxane

formation. Indeed, that this is the case is demonstrated herein
for Ti-beta, which effectively catalyses the selective oxidation
of silanes to silanols by H2O2. Most conveniently, our titanium
zeolite-catalysed Si–H insertions [eqn. (1)] may be conducted at
room temperature with H2O2, an environmentally benign
oxygen source since its reduction product is water.

The Ti-beta samples used throughout this study were
provided by Professor A. Corma, Valencia, Spain, with a Ti
content of 2 wt% (as TiO2) and an aluminium content of 0.29
wt%, and were cation-exchanged by 0.16 M aq. NaOAc. In a
typical experiment, the substrate (ca. 330 mmol) was dissolved
in 1 ml of MeCN, 1.1 equiv. of H2O2 (85% or 30% aq. solution)
was added while stirring, followed by 30–50 mg of titanium
catalyst. The slurry was stirred at ambient temperature (ca. 20
°C) for 24 h, subsequently the zeolite was removed by means of
a membrane filter (millipore HV, 0.45 mm pore size) and
washed three times with 2 ml of acetone. The product mixture
was analysed by capillary gas chromatography (Fisons HRGC
5160 Mega Serie, 30-m HP-5 capillary column, FID) and the
products were identified by comparing the GC retention times
with authentic samples. Conversions and mass balances were
calculated relative to an internal standard (Table 1).

Table 1 Conversions, mass balances and product selectivities of the oxidation of silanes 1 to silanols 2 by titanium catalysts

Entry Substrate Catalyst Oxygen source
Conversiona

(%)
Mass balancea

(%) Selectivityb 2:3

1 EtMe2SiH 1a Ti-beta 85% H2O2 95 68 > 99:1
2 PrMe2SiH 1b Ti-beta 85% H2O2 80 87 > 99:1
3 ButMe2SiH 1c Ti-beta 85% H2O2 85 63 > 99:1
4 PhMe2SiH 1d TS-1 85% H2O2 traces 86 > 99:1
5 PhMe2SiH 1d Ti-beta 85% H2O2 58 > 99 > 99:1
6 PhMe2SiH 1d Ti-beta 30% H2O2 61 > 99 > 99:1
7 PhMe2SiH 1d Ti-betac 30% H2O2 > 99 89 > 99:1
8 PhMe2SiH 1d Ti-beta (calc.) 85% H2O2 48 72 59:41
9 PhMe2SiH 1d Ti-betad 85% H2O2 35 80 85:15

10 PhMe2SiH 1d Ti(OPri)4
e tBuOOH 38 74 39:61

11 Et3SiH 1e Ti-beta 85% H2O2 74 71 > 99:1
12 Et3SiH 1e Ti-beta 30% H2O2 75 74 > 99:1
13 (+)-Me(a-Np)PhSiH (S)-1f Ti-beta 85% H2O2 — > 99 —

a Entries 1,2: determined by 1H NMR spectroscopy directly on the crude reaction mixture, error ±5% of the stated values; entries 3–10: mass balances
and conversions were determined by gas chromatography against an internal standard, error ±1% of the stated values; conditions for 2a: 35 °C
(8 min)?[30 °C min21]?100 °C (1 min)?[30 °C min21]?160 °C (2 min), flow 0.5 kg cm22, against toluene; for 2b: 40 °C (7 min)?[30 °C
min21]?100 °C (2 min)?[30 °C min21]?150 °C (5 min)?[30 °C min21]?240 °C (1 min), flow 0.5 kg cm22, against ethylbenzene; for 2c: 35 °C (14
min)?[30 °C min21]?240 °C (5 min), flow 1.0 kg cm22, against toluene; for 2d: 80 °C (4 min)?[30 °C min21]?130 °C (1 min)?[30 °C min21]?240
°C (1 min), flow 0.4 kg cm22, against n-hexadecane; for 2e: 40 °C (3 min)?[30 °C min21]?100 °C (1 min)?[30 °C min21]?160 °C (1 min), flow 1.2
kg cm22, against n-dodecane; entry 13: determined by HPLC analysis with Chiralcel® OD-H column with n-hexane–PriOH (9:1) as eluent and dimethyl
isophthalate as internal standard, error ±2% of the stated value. b Selectivities were determined by gas chromatography under the conditions and with the
internal standards specified in footnote a, error ±1% of the stated values. c Recycled catalyst. d Catalyst was stirred for 24 h with 1 equiv. H2O2 in MeCN
and recycled as described. e In the presence of diethyl L-tartrate.
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For our studies, two titanium-doped zeolites were used,
namely TS-1 (5.3 3 5.6 Å)10 and Ti-beta-Na (6.4 3 7.6 Å).10

Control experiments showed that no reaction occurred in the
absence of the titanium zeolite. This clearly indicates that the
oxidative species requires the titanium metal for the activation
of H2O2 and that direct oxidation of the silane by H2O2 does not
take place. For comparison with a homogeneous TiIV catalyst,
we employed the well-known Ti(OPri)4/ButOOH oxidant.

When Ti-beta was used as oxidation catalyst, good to
excellent conversions of the silanes 1a–e to the corresponding
silanols 2a–e were obtained (Table 1, entries 1–3,5–7,11,12). In
contrast, the conversion of the model substrate 1d with the
homogeneous system was lower by 20% (entry 10 compared to
entries 5,6). Notably, the silane 1f is not oxidised because it is
sterically too encumbered to enter the zeolite channels (entry
13). Steric hindrance is also the reason why the silane 1d is not
oxidised when the TS-1 zeolite is employed as catalyst (entry 4).
The latter results provide unequivocal evidence that these
oxidations take place inside the zeolite and not on the outer
surface. In addition, if any oxidation of the silanes were to occur
on the outer surface of the zeolite, significant amounts of the
corresponding disiloxane products should have been formed, in
analogy to the Si–H insertion in solution with Ti(OPri)4/
ButOOH (entry 10).

A major advantage of the Ti-beta/oxidant system for the
transformation of silanes to silanols is the fact that excellent
product ratios of silanol versus disiloxane were obtained for all
the silanes studied. This is in stark contrast to the silanol/
disiloxane product distributions which have been observed in
most previous studies.4 A further benefit is the fact that the 85%
aq. H2O2 solution may be substituted by 35% aq. H2O2 solution
without any loss of selectivity and reactivity (entry 5 vs. 6 and
entry 11 vs. 12).

Since the inorganic framework of the zeolite is quite resistant
to oxidative degradation, it was of interest to explore the
possibility of catalyst recycling. Indeed, we found that the Ti-
beta zeolite may be re-used several times by heating the filtered
catalyst at 240 °C for several hours. Interestingly, the recycled
catalyst showed even higher catalytic activity (entry 7). It is
known that calcination reduces the coordination number of the
lattice-bound titanium11 from 5 or 6 to 4, and thus it seemed
likely that the increase in activity is due to the loss of
coordinated water; thus more activated sites for H2O2 are
generated. However, an independently calcinated (ca. 500 °C)
sample of Ti-beta did not show enhanced catalytic activity
(entry 8); moreover, a lower silanol selectivity was observed
(59:41). Furthermore, when a sample of Ti-beta was stirred in
MeCN with 1 equiv. H2O2 for 24 h and recycled as described
above, a moderate silanol selectivity (entry 9) was obtained. We
propose that the increased catalytic activity is due to in situ
silylation of free OH groups in the zeolite lattice. The beneficial
effect of silylation on the enhancement of catalytic activity has
previously been reported for Ti-MCM-4112 and was assigned to
a change to a less polar zeolite interior. The lower silanol
selectivity in entries 8 and 9 might be caused by a higher zeolite
acidity due to loss of coordination water on calcination, which
would promote silanol dimerisation.

Recently, a peracid-type transition-state structure for the Ti-
beta-catalysed epoxidation of chiral allylic alcohols with H2O2

has been assessed.8 In analogy, we propose also for the Si–H
insertion a five-membered ring peracid-type geometry, as
shown in Fig. 1.

In conclusion, the well-known Ti-beta/H2O2 oxidant is an
excellent system for the catalytic conversion of silanes
selectively into silanols. This catalytic oxidation takes place
inside the zeolite channels and the observed selectivity (no
disiloxane) is due to prevention of the dimerization of the
silanol.
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Fig. 1 Proposed transition-state structure for the titanium-catalysed Si–H
oxidation.
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The title compounds 3 are formed in very high yield from a
one-pot sequential reaction of 1,3,2-dithiaphospholane PIII

derivatives 1, which are transformed into the corresponding
PIV compounds 2 by addition of elemental sulfur and finally
into fluoridodithioates 3 by TBAF.

Phosphorus dithioacids play an important role as reagents,
ligands and stereochemical probes in 31P NMR spectroscopy.1
Dithioacids containing a fluorine ligand attached directly to the
phosphorus atom are rare.2 The method of choice for the
preparation of simple phosphonofluoridodithioates is not appli-
cable for the preparation of phosphonofluoridodithioate mono-
esters derived from natural products. Unlike for nucleoside
phosphonofluoridate3a–c or phosphonofluoridothioate3d mono-
esters, there is only one synthetic method available for the
preparation of nucleoside phosphonofluoridodithioate mono-
esters.3e Stawinski and Bollmark have devised a synthesis of
nucleoside phosphonofluoridodithioate monoesters via oxida-
tion of nucleoside phosphonodithioate with I2 in pyridine in the
presence of TMSCl, followed by addition of triethylamine
trishydrofluoride (TAF) to give the nucleoside phosphono-
fluoridodithioate.3e

The importance of phosphoro-fluorine compounds in pure
and applied chemistry stimulated our interest in the synthesis of
phosphorus dithioacids with P–F bonds. Our studies on the
synthesis of phosphonodithioates from 3A-thiothymidine by
anhydro-ring opening of 2,3A-anhydrothymidine4 required an
efficient synthesis of O,O-disubstituted phosphonodithioic
acids. We now disclose a novel synthesis of the title compounds
3 containing a wide variety of substituents attached to the
phosphorus center (Scheme 1). Our method is based on
1,3,2-dithiaphospholane derivatives 1 which are readily avail-
able from ethane-1,2-dithiol and an appropriate PIII com-
pound.

The protocol we have developed involves two consecutive
reactions carried out in one pot: sulfurization of compound 1 to
form compound 2 and finally the reaction with TBAF to open
the dithiaphospholane ring with spontaneous elimination of
ethylene sulfide and formation of the desired acid 3 (Scheme 1).
The roots of this approach are derived from methodology
described by Stec.5

To illustrate the power and versality of this strategy several
examples are presented which include the fluoro dithioacids 3
containing alkyl and alkoxyl (nucleosidyloxy) moieties at-
tached to the phosphorus center. The first example comes from
nucleotide chemistry (Scheme 1).† The compounds 1a and 2a
have been prepared according to the modified procedure of
Okruszek and Olesiak.5b The condesation of 1 (R = NPri

2) with
5A-dimethoxytritylthymidine was performed in the presence of
TMSCl yielding 1a in very high yield.6†

According to this method O-cholesteryl phosphonofluor-
idodithioate 3b was obtained in quantitative yield (Scheme 1).‡
2-Cholesteryloxy-2-thioxo-1,3,2-dithiaphospholane 2b was the
first prepared by Stec and coworkers.7

An analogous synthetic pathway led to 3c§ starting from 1c
(Scheme 1). Synthesis of the 2-citronellyloxy-1,3,2-dithiaphos-
pholane 1c was achieved by the coupling of 1 (R = NPri

2) with
citronellol in the presence of TMSCl as activator.6

The phosphonofluoridodithioate 3d¶ can be conveniently
prepared from 1d, which is readily available from 1 (R = NPri

2)
via condensation with 2-cyanoethanol in the presence of
TMSCl. Compound 1d was transformed into 2d¶. Ring opening
with TBAF gave the dithioacid 1d (Scheme 1) which, after
removal in the presence of Et3N of the 2-cyanoethyl group, gave
the phosphonofluoridodithioic acid 4 [dP(CDCl3) 67.50(d);
dF(CDCl3) 20.42 (d, JP–F = 1108.96)].

The methylphosphonofluoridodithioate 3e∑ was prepared
from compound 1e8 (Scheme 1). The preparation of the latter
involves the condensation of ethane-1,2-dithiol with
methyl(dichloro)phosphine.

The same strategy allowed us to prepare a novel inorganic
structure, the cyanophosphonofluoridodithioate 3f** (Scheme
1). The cyano derivative 1f was prepared by the reaction 1 (R =
Cl) with trimethylsilyl cyanide.

In summary we have developed a novel, efficient and general
method for the synthesis of phosphonofluorodithioates 3.
Yields of the final products are very good, exceeding 95%. They
show high stability at ambient temperature and can be
conveniently converted into free acids by the action of toluene-
p-sulfonic acid. Acids 3 are strong nucleophiles and thus serve
as useful precursors to a wide variety of hitherto unknown
functionalized heteroatom systems and ligands. The new route
leading to phosphonofluorodithioic acids 3 described here is
noteworthy in its flexibility. It can also be extended to
analogues of 2 containing a PNSe group.

This work was supported by the German–Polish project
(POI-211-96).
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† The solvents were reagent grade and were distilled and dried by
conventional methods before use. NMR spectra were recorded on a Bruker
AC200 spectrometer (31P 81.014 MHz, H3PO4 external standard; 19FScheme 1 Reagents and conditions: i, S8, benzene; ii, TBAF, THF.
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188.15 MHz, CFCl3). The compounds 1a and 2a were prepared according
to the modified procedure of Okruszek and Olesiak [ref. 5(b)]. Typical
procedure for 1 (R = NPri

2): A solution of Pri
2NPCl2 (10 mmol) in dry THF

(10 ml) was added dropwise at room temperature under a nitrogen
atomosphere to the solution of ethane-1,2-dithiol (10 mmol) and Et3N (20
mmol) in dry THF (50 ml) with stirring for 2 h. After 2 h, Et3N·HCl was
filtered off and the filtrate evaporated in vacuo. The residue was distilled
under reduced pressure.

For 1a: A solution of 5A-DMTr-thymidine (10 mmol) in dry THF (10 ml)
was added dropwise at room temperature under a nitrogen atmosphere to a
solution of 1 (R = NPri

2) (10 mmol) and TMSCl (0.6 mmol) in dry THF (20
ml). After 1 h the mixture was evaporated in vacuo and the residue was
purified by column chromatography [dP(CDCl3) 150.67].

For 2a: To a solution of 1a in THF was added elemental sulfur, and the
mixture was stirred overnight at room temperature. The solvent was
evaporated and the residue was chromatographed using acetone–CH2Cl2 as
eluent to give pure 2a [dP(CDCl3) 122.65].

For 3a: To a solution of 2a (10 mmol) in dry THF was added a solution
of TBAF (11 mmol) in THF at room temperature. After 1 h the mixture was
evaporated in vacuo and the residue was purified by column chromato-
graphy [dP(CDCl3) 119.64 (d); dF(CDCl3) 24.92 (d, JPF 1103.74)].
‡ Selected data for 1b: dP(CDCl3) 147.24. For 2b dP(CDCl3) 118.33. For
3b: dP(CDCl3) 118.65 (d); dF(CDCl3) 23.36 (d, JPF 1096.38). Compounds
1b, 2b and 3b were prepared according to the procedure described in
note †.
§ Selected data for 1c: dP(CDCl3) 142.75. For 2c: dP(CDCl3) 120.53. For 3c
dP(CDCl3) 120.24 (d); dF(CDCl3) 28.53 (d, JPF 1094.22). Compounds 1c,
2c and 3c were prepared according to the procedure described in note †.
¶ Selected data for 1d: dP(CDCl3) 150.19. For 2d: dP(CDCl3) 123.34. For
3d: dP(CDCl3) 120.84 (d); dF(CDCl3) 26.07 (d, JPF 1096.30). Compounds
1d, 2d and 3d were prepared according to the procedure described in
note †.
∑ Selected data for 1e: dP(CDCl3) 42.78. Compound 1e was prepared as
described by Peake et al. (ref. 7). For 2e: dP(CDCl3) 90.58. For 3e:
dP(CDCl3) 129.8 (d); dF(CDCl3) 225.55 (d). Compounds 2e and 3e were
prepared according to the procedure described in note †.

** Selected data for 1f: dP(CDCl3) 10.71. Compound 1f was prepared by the
reaction of 1 (R = Cl) with TMSCN. For 2f: dP(CDCl3) 108.0. For 3f:
dP(CDCl3) 60.18 (d), dF(CDCl3) 241.01 (d, JPF 1070.1). Compounds 2f and
3f were prepared according to the procedure described in note †. For 2f, the
sulfurization procedure using B2S3 is superior to that employing elemental
sulfur.
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A significant effect of anion binding ureas on the product ratio in the
palladium(II)-catalyzed hydrocarbonylation of alkenes
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Hydrogen bonding of urea derivatives to the anionic ligands
X of (dppp)PdX2 catalysts significantly increases the hydro-
acylation of cyclopentene relative to the hydroformylation,
most probably due to a decreased coordination strength of
the anionic ligands.

Transition metal complexes are important homogeneous cata-
lysts for alkene polymerization1 and alkene/CO copolymeriza-
tion reactions.2 In the L2PdX2-catalyzed hydrocarbonylation of
alkenes with synthesis gas (CO/H2) either aldehydes (hydro-
formylation), ketones (hydroacylation), or polyketones (copoly-
merization) are formed. The type of reaction is determined
mainly by the coordination strength of the anionic ligands X in
L2PdX2.3 Only PdII catalysts with weakly coordinating anions
(e.g. X = TFA) show sufficient activity in such hydro-
carbonylation reactions. These catalysts are prepared by anion
metathesis reactions of L2PdX2 with the corresponding silver
salt (X = Cl)4 or Brønsted acid (X = OAc).5 Alternatively,
strong Lewis acids like methylalumoxane (MAO)6 or SnCl27

are added.
Our group has developed a variety of anion receptors based

on multiple hydrogen bonding to (sulfon)amides8 or (thio)ur-
eas,9 or coordination to a Lewis acidic uranyl center.10 These
anion receptors have been applied for anion-selective sensors
(CHEMFETs)11 and in membrane transport studies. Recently,
we have described the catalytic activity of anion receptors in
acyl transfer reactions.12

Here we show that N,NA-disubstituted urea derivatives 1–5

significantly influence the performance of the (dppp)PdX2
catalyst [dppp = 1,3-bis(diphenylphosphino)propane] in hy-
drocarbonylation reactions. The effect is attributed to the
interaction13 of the acidic urea protons with the counterions (X
= OAc, TFA, OTs) leading to a decrease in their coordination
strength. There are reports of hydrogen bonding to the anionic
ligands of transition metal complexes in the solid state.14 To the
best of our knowledge this is the first report in which hydrogen
bonding to the anionic ligands of a homogeneous catalyst alters
the product ratio of the reaction.15

As a model reaction we used the PdII-catalyzed hydro-
carbonylation of cyclopentene with synthesis gas in anisole.†
The mechanism for this reaction3 is depicted in Scheme 1.
Hydride 8 is formed by reaction of precatalyst (dppp)PdX2 with
H2. The rate of the subsequent exchange reaction of cyclo-
pentene for X depends strongly on the coordination strength of
the counterion to the Pd center.4,16 Migratory insertion gives the
s-alkyl–Pd complex 9 and consecutive CO insertion yields the
acyl–Pd intermediate 10. The formation of 10 from 8 is

monitored by the turnover number of CO (TONCO), i.e. the
number of CO insertions per Pd center. Intermediate 10 can
react further in two different ways, either giving cyclopentane-
carbaldehyde 11 or yielding one of the ketones 13–15 after
insertion of a second molecule of cyclopentene. In all cases 8 is
regenerated either by b-elimination or by oxidative addition of
HX to the Pd0 complex formed.

The selectivity for ketones increases from 14 to 98%
reflecting the decrease in coordination strength of the anionic
ligands X in the series of (dppp)PdX2 (X = TFA, OMs, OTs,
OTf, entries 1–4 in Table 1) with 6.0 3 102 < TONCO < 9.2 3
102 mol (mol Pd)21 h21. With (dppp)Pd(OAc)2 (entry 5) the
TONCO is reduced to 0.2 3 102 mol (mol Pd)21 h21 because of
the stronger coordinating acetate, and the selectivity for ketones
is 24%. Weaker coordinating anions may enhance the (intrinsic)
electrophilicity of the PdII center and, of course, these anions are
more easily displaced from the (fourth) coordination site which
facilitates the formation of intermediates 10 (increased TONCO)
and 12 (increased selectivity for ketones).

We found that in the presence of 0.6 mol% [7.5 equiv. with
respect to the (dppp)Pd(TFA)2 catalyst] of N,NA-diphenylurea 1
the selectivity for ketones increases from 14 to 25% (entry 6 in
Table 1), whereas the TONCO increases from 6.0 3 102 to 7.8
3 102 mol (mol Pd)21 h21.‡ With 0.6 mol% of the urea
derivatives 2 and 3, containing either one or two electron-
withdrawing substituents at the phenyl rings that will increase
the anion affinity of the urea moiety,17 the selectivity for
ketones shows a sharp increase from 14 to 49 and 61%,
respectively (entries 7 and 8). In both cases the TONCO is
similar to that in the presence of urea 1. Both N-butyl-NA-
phenylurea 4 and N,NA-dibutylurea 5 do not significantly change
the selectivity for ketones (entries 9 and 10), which is in
accordance with the much lower acidity and anion binding
strength of (di)alkyl ureas compared to diaryl ureas.18

The altered selectivities of the catalyst upon addition of
diarylureas 1 or 3 were also observed for the catalysts

Scheme 1 Catalytic cycle for the PdII-catalyzed hydrocarbonylation of
cyclopentene.
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(dppp)Pd(OAc)2 (entries 11 and 12) and (dppp)Pd(OTs)2
(entries 13 and 14). In both cases the stronger anion binding
urea 3 causes the largest change in the selectivity for ketones,
i.e. from 24 to 80% for (dppp)Pd(OAc)2 and from 54 to 95% for
(dppp)Pd(OTs)2. The TONCO is enhanced from 0.2 3 102 to 0.4
3 102 and from 8.2 3 102 to 10 3 102 mol (mol Pd)21 h21,
respectively. These results suggest that the observed increase in
ketone formation is the result of complexation of the anionic
ligands by the urea derivatives 1–3 via hydrogen bonding which
decreases the coordination strength of the counterions to the Pd
center.

Experiments carried out in the presence of a large excess of
tetrasubstituted urea 6, which is unable to bind anions via
hydrogen bonding, show that neither the selectivity for ketones
nor the TONCO is affected to a significant extent (entries 15–18
in Table 1). This excludes the possibility that the observed effect
is due to coordination of the urea carbonyl to the Pd center or to
a change in the polarity of the reaction medium.§

Our results show that hydrogen bond formation to the anionic
ligands X of (dppp)Pd catalysts can significantly change the
selectivity of the catalyst in the hydrocarbonylation of cyclo-
pentene with synthesis gas. Addition of N,NA-diarylureas 1–3
strongly favours hydroacylation with respect to hydroformyla-
tion. The maximum effect is observed with the stronger anion
binding urea 3.

We thank the Shell Research & Technology Centre, Am-
sterdam, for financial support and Professor Dr E. Drent and Dr
W. P. Mul for helpful discussions.

Notes and references
† Experimental procedure: Hydrocarbonylation experiments were per-
formed in a 100 ml autoclave at 110 °C. 10 ml anisole, 5 ml cyclopentene,
0.08 mol% of (dppp)PdX2 catalyst, and urea cocatalyst were brought under
a H2 atmosphere whereafter the autoclave was pressurized with 40 bar CO
and 40 bar H2. After a reaction time of 20 h the autoclave was cooled down
and the gas (pressure drop < 15 bar) was vented off. The products were
analysed by GC FID (CPSIL-5, 50 m).

‡ The amount of added N,NA-diphenylurea 1 correlates well with the
selectivity for ketones formed in the reaction and the TONCO. With varying
amounts (2–18 equiv.) of 1 as cocatalyst in the (dppp)Pd(TFA)2 catalyzed
reaction both the selectivity for ketones and the TONCO are increased. A
maximum of 37% and 8.9 3 102 mol (mol Pd)21 h21 was reached with 1.5
mol% (18 equiv.) of 1 (limited by the solubility of 1 in the reaction
medium).
§ Additional evidence for hydrogen bond formation of 1–5 to the anionic
ligands X of (dppe)PdX2 (X = Cl, TFA, OTs) was obtained by IR, 1H and
31P NMR spectroscopic studies in CDCl3 at room temperature (ref. 19).
Addition of 2 equiv. (dppe)PdCl2 to an 1 mM solution of N,NA-diphenylurea
1 (free N–H vibration at 3422 cm21) gave rise to an additional N–H stretch
frequency at 3330 cm21 in the FT–IR spectrum. The 1H NMR spectra of
ureas 1–5 show in all cases downfield shifts (0.40 > Dd > 0.15 ppm) for
the urea proton signals upon addition of 1 equiv. of (dppp)PdX2, which is
indicative for hydrogen bond formation. Furthermore the 31P NMR
resonances of the (dppe)PdX2 complexes shift over 1 ppm downfield upon
addition of 2 equiv. of 1. Similar downfield shifting of the 31P NMR
resonances is also observed upon weakening of the coordination strength of
the anions of (dppe)PdX2 (X = TFA: d 63.1; X = OTs: d 69.9). In contrast
to this the addition of 1,3-dimethyl-1,3-diphenylurea 6 to the Pd complexes
did not induce any significant shift of the 31P NMR resonances.
¶ The TONs based on conversion of cyclopentene (TON= ).can easily be
calculated from Table 1 according to TON= = TONCO 3 (1 +
selectivity).

1 H. H. Brintzinger, D. Fisher, R. Mülhaupt, B. Rieger and R. M.
Waymouth, Angew. Chem., Int. Ed. Engl., 1995, 34, 1143; P. Margl, L.
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Table 1 Selectivity for ketones and turnover number for the hydro-
carbonylation of cyclopentene with CO and H2 in the presence of urea
derivatives 1–6a

Entry Anion Receptorb
Selectivity
(%)c

TONCO/102 mol
(mol Pd)21 h21 d

1 OTf — 98 8.7
2 OTs — 54 8.2
3 OMs — 41 9.2
4 TFA — 14 6.0
5 OAc — 24 0.2
6 TFA 1 25 7.8
7 TFA 2 49 7.8
8 TFA 3 61 8.3
9 TFA 4 16 5.9

10 TFA 5 10 5.1
11 OAc 1 45 0.4
12 OAc 3 80 0.4
13 OTse 1 82 7.0
14 OTs 3 95 10
15 TFA 6 14 6.4
16 TFAf 6 12 5.8
17 OAc 6 25 0.3
18 OTs 6 51 9.6
a Cyclopentene (5 ml), anisole (10 ml), (dppp)PdX2 (0.08 mol%), 110
°C, 80 bar (CO:H2 = 1:1), analysis by GC FID, integrals were not corrected
for sensitivities. b 7.5 equiv. cocatalyst compared to Pd catalyst. c Percen-
tage of hydroacylation products (13–15) of the total amount of products
formed, accuracy ±2%. d Turnover number of CO determined as the sum of
TONs of all products 11, 13, 14 and 15; accuracy ±5% (see note ¶). e 10
equiv. cocatalyst 5. f 13 equiv. cocatalyst 6.
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Cross-conjugated trienes were synthesized by dimerization
of monosubstituted allenes in the presence of a catalyst
system consisted of Pd2(dba)3, p-nitrophenol, and P(p-
Tol)3.

Cross-conjugated trienes have attracted considerable interest in
polymer chemistry1 and theoretical chemistry2 as well as in
synthetic chemistry, and various methods have been developed
for the preparation of the parent 3-methylenepenta-1,4-diene
and its derivatives.3 Although catalytic dimerization of substi-
tuted allenes can directly provide such trienes, an effective
method has as yet not been developed. The dimerization
reaction of 3-methylbuta-1,2-diene was reported to give
2,5-dimethyl-3,4-bismethylenehex-1-ene, which was promoted
by a stoichiometric amount of a nickel(0) complex.4 The
reaction, however, gave a very low yield of the cross-
conjugated triene when other allenes were employed. Although
palladium complexes are known to catalyze dimerization of
propa-1,2-diene in the presence of water or amine giving
hydroxylated or aminated 2,3-dimethylbuta-2,3-diene,5 the
method was not applied to the synthesis of cross-conjugated
trienes. Described here is an efficient synthesis of the trienes by
catalytic dimerization of monosubstituted allenes, alka-
1,2-dienes. A novel combination of Pd2(dba)3 (dba = dibenzy-
lideneacetone), p-nitrophenol, and P(p-Tol)3 was employed for
the catalyst.

When undeca-1,2-diene 1 was treated with Pd2(dba)3 (5
mol%), P(p-Tol)3 (15 mol%) and p-nitrophenol (10 mol%) in
refluxing THF for 12 h, (9E,12E)-10-methyl-11-methylene-
icosa-9,12-diene 2 was obtained in quantitative yield (Table 1,
entry 5). The structure including the stereochemistry was
determined unambiguously by spectroscopic methods. Added
phenol played an important role, and no reaction took place in
its absence (entry 1). This reaction was effectively promoted by
phenol possessing an electron-withdrawing group (p-nitrophe-
nol) while the yield of 2 decreased when phenol, alkylphenol, or
methoxyphenol was used (entries 2–4). Considerable amounts
of adducts 3 or 4 derived from 2 and the phenols were formed
in the latter cases. Since AcOH also promoted the reaction
(entry 10), phenol appeared to function as the Brønsted acid.6
The dimerization reaction did not occur with sodium phenoxide
or tributyltin phenoxide. Use of P(p-Tol)3 was also essential,
and the reaction was retarded by the introduction of electron-
withdrawing substituents on the aromatic ring (entry 7).
Bidentate phosphines gave 1,3-diene without forming the
dimeric product (entries 8 and 9).

The dimerization reaction of other methylene-substituted
allenes under the above reaction conditions proceeded stereo-
selectively to give the cross-conjugated (E,E)-trienes in quanti-
tative yields (Table 2). With this catalyst system, a product–
catalyst ratio of 1000:1 could be reached (entry 2). Dimerization
of a methyne substituted allene, 1-cyclohexylpropa-1,2-diene,
was sluggish, although the stereoselectivity was retained (entry
8).

When 1 was dimerized in the presence of 1.0 equiv. of AcOD
( > 99 atom% D) or p-NO2C6H4OD (76 atom% D), the dimer
2-d was obtained in 78% yield (79 atom% D) and 93% (56

† Present address: Faculty of Pharmaceutical Sciences, Tokushima Bunri
University, Yamashiro-cho, Tokushima 770-8514, Japan.

Table 1 Effect of phenol and phosphine on the allene dimerization

Yield (%)

Entry R RA 2
recovered
1

3 and/
or 4

1 none p-Tol — 95 —
2 p-MeOC6H4 p-Tol 60 18 10
3 p-Tol p-Tol 54 7 9
4 Ph p-Tol 91 — 4
5 p-NO2C6H4 p-Tol 96 — —
6 p-NO2C6H4 Ph 89 — —
7 p-NO2C6H4 p-ClC6H4 57 20 —
8 p-NO2C6H4 dppea — 42 —b

9 p-NO2C6H4 dppfc — — —d

10 Ac p-Tol 74 — —
a 1,2-Diphenylphosphinoethane. b Undeca-1,3-diene was obtaiend in 36%
yield. c 1,1A-Bis(diphenylphosphino)ferrocene. d Undeca-1,3-diene was
obtained in 71% yield.

Table 2 Synthesis of cross-conjugated trienes by the allene dimerization
reaction

Entry Allene Yield (%)

1 C7H15CH2CH2NCNCH2 96
2 C7H15CH2CHNCNCH2 99a

3 C5H11CH2CHNCNCH2 96
4 ButMe2SiOCH2CH2CHNCNCH2 96
5 ButMe2SiO(CH2)2CH2CHNCNCH2 89
6 PhCH2CHNCNCH2 93
7 PhCH2CH2CHNCNCH2 99
8 c-C6H11CHNCNCH2 36b

a The reaction was carried out using 5 mmol of 1 in the presence of 0.1
mol% of Pd2(dba)3, 0.3 mol% of P(p-Tol)3 and 0.2 mol% of p-nitrophenol.
b Starting material was recoverd in 32% yield.
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atom% D) yield, respectively (Scheme 1). A 2H NMR
experiment revealed deuteration at the methyl group. A
considerable part of the proton was thus introduced from the
external proton source. In order to know the role of the adducts
3 and 4 in the reaction, the dimerization of 1 was conducted in
the presence of a catalytic amount of 3 (R = p-Tol) instead of
p-nitrophenol. After reacting for 12 h, only 32% yield of the
dimer 2 was obtained with 1 recovered in 60% yield.
Approximately 90% of the adduct 3 (R = p-Tol) was also
recovered unchanged. The result, compared to that of Table 1,
entry 3, indicated that the formation of 3 and 4 was not the major
process of the present catalytic reaction.

Although the dimerization reactions of propa-1,2-diene and
3-methylbuta-1,2-diene was studied to some extent,4,5 the
mechanism still remained unclear. Based on our experiments
and the results of the (R3P)3Ni-promoted stoichiometric
dimerization reaction of 3-methylbuta-1,2-diene, the following
working hypothesis was presented (Scheme 2). Since the nickel
reaction took place via a nickelacycle,4 it may be likely that the
present palladium-catalyzed dimerization involved a pallada-
cycle.7 The reductive elimination with concomitant proton
transfer from the d-carbon atom to the aA-carbon atom gave the
cross-conjugated triene. Our deuteration experiments showed
that the d-proton in the palladacycle was not transferred

intramolecularly. The process appeared to be catalyzed by
phenol.

Polymerization of the cross-conjugated trienes obtained in
the present study was also examined. Triene 2 was treated with
SnCl4 and ButCl in CH2Cl2 at 250 °C for 1 min.8 After aqueous
workup and purification by gel permeation chromatography,
soluble polymer was obtained in 30% yield (Mn = 1.9 3 104,
Mw/Mn = 1.93). Use of protic acid (H2SO4, HClO4, TfOH)
gave insoluble materials. The cationic conditions turned out to
be suitable for the polymerization of 2, and radical conditions
(AIBN, 80 °C), anion treatment (BunLi or ButLi, THF, 278 °C)
or thermal treatment (80 °C, 24 h, under argon or oxygen) gave
low molecular weight oligomers.

The dimerization reaction of 1 is representative. Under an
argon atmosphere, a mixture of Pd2(dba)3 (45.7 mg, 5 mol%),
P(p-Tol)3 (45.6 mg, 15 mol%), 1 (152 mg, 1.0 mmol) and p-
nitrophenol (13.9 mg, 10 mol%) in THF (5 ml) was heated at
reflux for 12 h. THF was then removed under reduce pressure,
and the residue was purified by flash chromatography (hexane)
over silica gel giving 2 (145.9 mg, 96%).

The authors thank Professor Tokuji Miyashita (Institute for
Chemical Reaction Sciences, Tohoku University) for obtaining
Mw and Mn values for the polymer. This work was supported by
grants from the Japan Society of Promotion of Science (RFTF
97P00302) and the Ministry of Education, Science, and Culture,
Japan.
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Scheme 1 Reagents and conditions: i, Pd2(dba)3 (5 mol%), P(p-Tol)3 (15
mol%), ROD (100 mol%), THF, reflux, 12 h; ii, Pd2(dba)3 (5 mol%), P(p-
Tol)3 (15 mol%), 3 (R = p-Tol) (10 mol%), THF, reflux, 12 h.

Scheme 2
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Site-directed mutagenesis experiments with W169F, W169H
and W489F for the squalene-hopene cyclase, and the
formation of 10 possessing the five-membered D-ring and a
tetrahydrofuran moiety as the enzyme product of the
analogue 8 with a hydroxy group, strongly suggest that a
ring expansion reaction from the five- to the six-membered
ring is responsible for the D-ring formation of hopene.

The cyclization of squalene 1 into pentacyclic triterpenes, hop-
22(29)-ene 2 and hopan-22-ol 3, is an outstanding reaction from
the point of view of both stereo- and regio-chemical specificity,
with the formation of five new carbon–carbon bonds and nine
new chiral centers.1 Oxidosqualene also undergoes the poly-
olefin cyclization analogous to squalene.1 Recent progress on
the two cyclases of squalene and oxidosqualene has spurred
mechanistic studies of the polycyclization reactions. Squalene-
hopene cyclase (SHC) is believed to fold the linear molecule 1
into an all pre-chair conformation 1a inside the enzyme cavity,
leading to 2 and 3 through the generation of a series of
carbocation intermediates (Scheme 1).2 Scheme 1 also shows
that the C- and D-rings are formed by anti-Markovnikov
closures. Site-directed mutagenesis experiments of SHC re-
vealed that both D-376 and D-377 were crucial for the
catalysis.3 Recently, an X-ray analysis of Alicyclobacillus
acidocaldarius SHC has been reported.4 We have independ-
ently succeeded in an overexpression of the SHC and reported
the first identification of the tryptophan residues 169 and 489 as
components of the active sites; substitution of these tryptophans
with valine and leucine by point mutations resulted in complete
loss of the enzyme activity.5 Here, we report that mutants of
W169F, W169H and W489F produce the normal cyclization
products 2 and 3 together with an abnormal tetracyclic product
4 consisting of a 6/6/6/5-fused ring system, the formation of 4
being in agreement with the Markovnikov rule. This finding
leads us to propose that a ring expansion reaction is involved in
the D-ring formation of 2 and 3.

Cell-free homogenates of the mutants prepared by site-
directed mutagenesis were incubated with 1 at optimal tem-
peratures (45 °C for W169F and W169H, and 53 °C for

W489F). The wild-type has a catalytic optimum at 60 °C and pH
6.0.3,5 A large scale incubation of 1 (150 mg) for 16 h with a
cell-free extract from a 6 l culture of W169F afforded 2, 3 and
4 (an oil) (100.5, 10 and 6 mg, respectively) after the separation
with a SiO2 column (hexane–EtOAc). The incubation of other
mutants conducted with the same quantities of 1 and cell-free
extracts as for W169F gave the following isolated yields: for
mutant W169H: 2 (73.5 mg), 3 (6.3 mg) and 4 (33.0 mg), and for
mutant W489F: 2 (36.8 mg), 3 (3.3 mg) and 4 (9.8 mg). Detailed
2D NMR analyses6 revealed that 4 had a dammarene skeleton
with an exomethylene group, but the 17-side chain had an a-
orientation (17-epi-dammarene). No other product was detected
in the reaction mixtures except for recovered 1.

Concomitant production of 4 together with the two normal
products 2 and 3 indicates that a common intermediate 5 is
being produced during the polyolefin cyclization process
(Scheme 2). Formation of the dammarene cation 5 having a
6/6/6/5-fused ring system is thermodynamically favored by
Markovnikov control. Proton elimination from the methyl
group would give 4 [path (b)], while the ring expansion process
from a five- to six-membered D-ring would give the hopanyl
C22-cation 7 via a disfavored anti-Markovnikov C-17 cation 6
[path (a)], the latter being formed after the ring expansion of 5
has been processed. The ring expansion competes with the
deprotonation. Steric factors also favor the formation of 5; given
that the cyclization reaction proceeds by adopting a pre-chair
conformation 1a for the D-ring construction, greater repulsion
would occur due to the 1, 3-diaxial arrangement between the
two methyls at the 15- and 19-positions (squalene numbering),
thus resulting in the less hindered conformation 1b.

A similar ring expansion has been proposed for the C-ring
formation in lanosterol biosynthesis, based on the trapping of

Scheme 1 Scheme 2
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the five-membered C-ring intermediate (a 6/6/5-fused ring)
from incubation experiments with substrate analogues.7 Incuba-
tion of the squalene analogue 8 (C27-OH), prepared via
treatment of H5IO6 with 2,3-oxidosqualene followed by
reduction with LiAlH4, with the wild-type SHC afforded 106

almost quantitatively (Scheme 3). Compound 9 and other
products were not detected. Formation of 10 strongly supported
the suggestion that the cyclization reaction proceeded via the
prefolded 8b (like 1b), but not through 8a (like 1a), and also
gave unequivocal evidence for the involvement of a discrete
metastable C-20 carbocation intermediate like 5 prior to the ring
expansion and further cyclization; the hydroxy group would
have attacked the tertiary C-20 cation thus produced due to its
highly nucleophilic nature, resulting in the formation of a
tetrahydrofuran ring in 10. A dammarene cation similar to 5 was
postulated for the cyclization mechanism of 2,3-dihydrosqua-
lene8 and 29-methylidene-2,3-oxidosqualene9 by SHC.

Since the mutants of W169V and W489L were completely
inactive,5 it appears that the tight binding to 1 comes from the
aromatic ring residue, not from the hydrophobic aliphatic
residues of SHC. To date, cation–p interactions induced by
aromatic moieties, resulting in the carbocation stabilization,
have been proposed for the catalysis and/or acceleration of the
polycyclization reaction.10 Kinetic values for the mutants were
compared with that of the wild-type.11 For the mutant W169F,
Km increased 17-fold, but Vmax remained unchanged. On the
other hand, for the mutant W489F, Km increased 5.5-fold, but
Vmax was only 14% of the wild type. These kinetic results imply

that the W169 would bind to 1 rather than stabilizing the
carbocation, while W489 may exhibit both binding and cation
stabilization, and also suggest that the higher electron density of
the p-electrons, the greater affinity to 1. The looser binding of
the phenylalanine or histidine residues to 1, near the D-ring, in
the mutant SHCs would lead to the longer lifetime of 5, as
inferred from the thermodynamic and steric preferences.
Compared to W169F, W169H significantly increased the
amount of 4 5.5-fold; the histidine residue may abstract a proton
from the 21-methyl [path (b)], indicating that the position of
W169 in the cavity may possibly be close to the 21-methyl of 5,
but further evidence is required to confirm this.
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Synthesis of novel ‘supercharged’ analogues of pyrophosphoric acid
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Syntheses of two novel halomethanetriyltrisphosphonic
acids are based on an improved preparation of methanetriyl-
trisphosphonic acid: pKas for their second acidic dissocia-
tions show they are ‘supercharged’ relative to pyrophos-
phoric acid, PPi, while X-ray crystallographic analysis of
fluoromethanetriyltrisphosphonic acid establishes its isos-
teric character relative to PPi.

Many of the functions of ATP in cellular chemistry have been
explored by nucleotide analogues containing phosphonate
moieties stable to hydrolysis.1 By contrast, the dinucleoside
5A,5AA-polyphosphates, also a ubiquitous component of all cells,
have biological functions that are not yet adequately under-
stood,2 although some of them (e.g. Ap5A,3 Ap5U,4 Ap5dT5)
have proved valuable as transition state mimics for investigation
of a range of kinases and show that multiplicity of anionic
charge is a major factor in protein affinity. We6 and others7 have
generated a variety of analogues of ATP and of diadenosine
5A,5AA-polyphosphates, ApnA, designed to resist specific or
general enzymatic hydrolysis, some of which have shown
promising therapeutic activity.8 In an ongoing programme to
synthesise analogues of nucleotides with enhanced affinity for
receptors9 and better charge correlation with transition states for
selected kinases,10 we have developed new organophosphorus
mimics of pyrophosphoric acid by the substitution of the carbon
of methylenebisphosphonic acid by anionic functions. These
species should have additional anionic charge relative to simple
methylenebisphosphonates and also when incorporated into
ATP and ApnA analogues.

We envisaged that methanetriyltrisphosphonic acid 3b and its
a-chloro 5 and a-fluoro 7 derivatives would best fulfil this
specification, firstly because the introduction of a third
ionizable phosphonate (PO3H2) group into methylenebisphos-
phonic acid 1 would be expected to deliver additional anionic
charge at physiological pH and secondly because it has been
well-established that a-halogenation can enhance the acidity of
an alkylphosphonic acid while retaining the stability of its P–C
bond to enzymatic cleavage.11 Since the published procedure12

for the preparation of hexaethyl methanetriyltrisphosphonate
proved of uncertain utility in our hands, we developed9 an
independent multi-step route to this compound, but this gave
only low yields of 3b. We here describe a significantly
improved synthesis of methanetriyltrisphosphonic acid and its
esters using a modification of Gross’s original procedure12 on
which we have established the preparation of novel chloro- and
fluoro-methanetriyltrisphosphonic acids. Their physical proper-
ties and X-ray structure analysis demonstrate that they are
‘supercharged’ analogues of pyrophosphoric acid having isos-
teric character relative to pyrophosphate.

Tetraisopropyl methylenebisphosphonate 1 was reacted with
diethyl chlorophosphite in the presence of NaHMDS (in
contrast to NaH) (Scheme 1).12 The reaction quickly reached
equilibrium when 4 equiv. of diethyl chlorophosphite and
NaHMDS were used to drive the equilibrium towards product 2.
Intermediate 2 was found to be unstable during either acidic
(AcOH quench) or basic (sat. NaHCO3 quench) work-up and
decomposed to give starting material 1. Therefore, it was
oxidised in situ with iodine in pyridine–THF–water to give the
desired product 3a in 72% yield.13 This provides a significant

improvement for the general synthesis of esters of methanetriyl-
trisphosphonic acid. When 3a was heated with TMSBr14 in
CH2Cl2 overnight at reflux, methanetriyltrisphosphonic acid
was isolated in 98% yield as its tris(tributylammonium) salt 3b
following solvolysis in the presence tri-n-butylamine. This
product was converted quantitatively into its trisodium salt by
precipitation from MeOH with NaI solution (0.5 M in ace-
tone).

Chloromethanetriyltrisphosphonate ester 4 was obtained in
97% yield after treatment of the methanetriyltrisphosphonate
ester 3a with NaOCl solution (Scheme 2).15 Deprotection of the
ester functions was achieved by refluxing with TMSBr and tri-
n-butylamine in CH2Cl2 in 98% yield. (The addition of 1.5
equiv. of base was necessary for clean deprotection of 4 to avoid
loss of phosphoric acid from the product 5, which we observed
under acidic conditions, as has been noted elsewhere16).

Fluoromethanetriyltrisphosphonate 6 was prepared from 3a
in 77% yield using perchloryl fluoride17 at 278 °C in the
presence of NaHMDS. Substituting N-fluorobis(benzene)-
sulfonimide for FClO3 gave no product even at room tem-
perature. Presumably this is a consequence of the extreme steric
hindrance to electrophilic substitution at the central carbon in
3a.

Deprotection of 6 was effected in quantitative yield under the
conditions used for 4 and the structure of product 7 (as its
trisodium salt) confirmed by X-ray crystallography (Fig. 1).
From the X-ray crystallographic data of fluoromethanetriyltri-
sphosphonate, it is clear that the P–C–P geometry (both the P–C
bond distance and the P–C–P bond angle)18 is close to that in

Scheme 1 Reagents and conditions: i, NaHMDS, (EtO)2PCl, toluene, room
temp.; ii, 0.5 M I2 solution in Py–THF–H2O (40:9:1); iii, Me3SiBr, CH2Cl2,
reflux overnight, then MeOH, Bu3N.

Scheme 2 Reagents and conditions: i, 4–20% NaOCl, NaHCO3, 0 °C, 1.5
h; ii, TMSBr, Bu3N, CH2Cl2, reflux overnight; iii, FClO3, NaHMDS, THF,
275 °C.
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methylenebisphosphonate salts7,19 while the overall phospho-
rus–phosphorus separation is very close to that observed for
methylenebisphosphonate and pyrophosphate salts, largely as a
result of compensation between a smaller P–C–P angle and
longer P–C bonds (Fig. 1). The crystal lattice of 7 can be
considered as a layered structure where one face of the anion co-
ordinates to the sodium ion layer whilst the other face interacts
via hydrogen bonding to the next anionic layer. This is
illustrated in the packing diagram (Fig. 2).

The pKas of these methanetriyltrisphosphonic acid analogues
together with those for a-sulfonylmethylenebisphosphonic acid
and a-carboxymethylenebisphosphonic acid9 were measured
under physiological conditions (37 °C, 0.152 M NaCl), which
called for deconvolution of titration curves for multiple
overlapping pKas. The ionic state of these trisphosphonates
calculated for pH 7.0 (Table 1) show clearly that all five species
are ‘supercharged’ at physiological pH. Methanetriyl-, chlor-

omethanetriyl- and fluoromethanetriyl-trisphosphonic acids
have at least one more negative charge than pyrophosphate at
pH 7.0. By comparison, a-sulfonylmethylenebisphosphonic
acid9 has a charge of 3.71 minus and a-carboxymethylenebis-
phosphonic acid9 3.3 minus at pH 7.0. It is to be expected that
this charge differential will be maintained or enhanced in
analogues of ATP and ApnA containing these trisphosphonates,
thereby underpinning the investigation of the role of anionic
charge in nucleotide binding to enzymes and receptors.

Syntheses of such supercharged analogues of ATP and of
ApnAs, determination of their physical characteristics, and
studies on protein binding is under active investigation. These
results also identify these trisphosphonic acids as strong
candidate ligands for calcium ion ligation and as potential bone
affinity agents.

We gratefully acknowledge financial support from BBSRC
(ROPA/MOLO4558).
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Fig. 1 A comparison of bond angles and bond distances in pyrophosphate,
methylenebisphosphonate and fluoromethanetriyltrisphosphonate salts
(left) and the X-ray crystallographic structure of the trisodium salt of 7
(right).

Fig. 2 Crystal packing diagram for 7 illustrating the layered structure and
the intermolecular interactions described in the text.

Table 1 Ionisation constants for polyphosphonic acids determined in the
range 3.5 < pH < 10.5 at 37 °C and 0.152 M NaCl

Entry pKa3 pKa4 pKa5
Net charge
at pH 7.0

Pyrophosphoric acid 6.6 9.4 — 2.72
Methanetriyltrisphosphonic

acid 3b —a 6.46 9.90 3.77
Chloromethanetriyltrisphos-

phonic acid 5 —a 5.92 9.08 3.92
Fluoromethanetriyltrisphos-

phonic acid 7 —a 5.77 8.86 3.95
a-Sulfonylmethylenebisphos-

phonic acidb —a 6.61 10.57 3.71
a-Carboxymethylenebisphos-

phonic acidb —a 7.24 10.11 3.35
a The first three ionisation constants were too low to be accessed in the
pKa titrations employed. pH titration curves were deconvoluted for multiple
overlapping pKa values using a programme written for an Apple Macintosh
computer. b Ref. 9.

2620 Chem. Commun., 1998, 2619–2620



X

O

O

N2

R Cl

O

X O

O

Cl

R

O

O

O

N2

R1

R1

X

O

O

N2

O

O

N2

Rh2(OAc)4

X = CH2, O, NMe
R = alkyl, phenyl, benzyl, vinyl, furyl

   

1  R1 = H
2  R1 = Me

3  X = O
2  X = NMe

5

O

O

N2
Cl

O
O

Cl

O

O

O

O

O Cl
+

Rh2(OAc)4

1 6  81% 7  0%

O

O

Cl

R4

O

X O

O

Cl

O

R3O

Cl

O R2

O

R1

R1

  8  R1 = H, R2 = Pr
  9  R1 = H, R2 = Ph
10  R1 = Me, R2 = Pr
11  R1 = Me, R2 = Bn
12  R1 = Me, R2 = (E)-prop-1-enyl
13  R1 = Me, R2 = 2-furyl

14  R3 = Me, X = O
15  R3 = Et, X = NMe

16  R4 = Et
17  R4 = Pr

96%
35%
92%
71%
70%
20%

35%
70%

74%
74%

Efficient synthesis of b-substituted a-chloro enones by rhodium(II)-catalyzed
reactions of cyclic diazodicarbonyl compounds with acid chlorides
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An efficient synthesis of a-chloro a,b-enones is achieved by
rhodium(II)-catalyzed reaction of cyclic diazodicarbonyl
compounds with a variety of acid chlorides in good yield.

a-Halo enones have been widely used as valuable and versatile
intermediates in the synthesis of a-carbon substituted enones1

and biologically active natural products.2 There are many
convenient methods available for the preparation of a-bromo
and a-iodo enones.3 However, these procedures are not suitable
for the preparation of a-chloro enones. a-Chloro enones are
typically prepared by an addition–elimination reaction of
enones with PhSCl,4 ring opening of dichlorocyclopropane with
aq. AcOH,5 and oxidative chlorination of enones with HCl/
MCPBA/DMF.6 Although several methods for the synthesis of
these compounds have been developed, their synthetic exploita-
tion has been limited by the difficulties in handing the required
strong acidic conditions, and side reactions involving over-
oxidation. The necessity for overcoming these serious problems
has prompted a search for new methods for the preparation of a-
chloro enones.

We have been interested in rhodium-catalyzed reactions of
diazodicarbonyl compounds with several substrates.7 Recently,
the rhodium-catalyzed reaction of diazocarbonyl compounds
with furans, pyrroles, alkynes and nitriles has been widely
studied by several groups.8 However, the rhodium-catalyzed
reaction of diazocarbonyl compounds with acid halides has not
been investigated. We report here a new and efficient synthesis
of b-substituted a-chloro enones utilizing rhodium(II)-catalyzed
reactions of cyclic diazodicarbonyl compounds with a variety of
acid chlorides.

The strategy that we have developed begins with the reaction
of cyclic diazodicarbonyl compounds 1–5 and acid chlorides
(ten-fold excess), which serve as a solvent and a reactant, in the
presence of 1 mol% of Rh2(OAc)4, as shown in Scheme 1.

Treatment of 2-diazocyclohexane-1,3-dione 1 with AcCl at
room temperature for 3 h gave the 3-acetoxy-2-chlorocyclohex-
2-enone 6 in 81% yield, without a trace of expected 1,3-dioxole

7 (Scheme 2).9 Support for the structural assignment comes
from spectroscopic analysis. The enone 6 is identified by the IR
carbonyl absorptions of the enone at 1693 cm21 and the vinyl
ester at 1777 cm21, and the 1H NMR peak of the methyl group
of the vinyl acetate as a singlet at d 2.26. Further support for the
structural assignment of 6 is obtained from its 13C NMR
spectrum, which clearly shows the expected eight carbons,
including the two carbonyl carbons of the enone at d 191.31 and
the vinyl ester at d 166.15.

Reaction of diazodicarbonyl compounds 1 and 2 with a range

of acid chlorides gave compounds 8–13. In all cases, only a
single product was seen. In particular, reaction of diazodicarbo-
nyl compound 2 with crotonyl chloride gave the enone 12 in
70% yield. In this reaction, no addition product to the CNC bond
could be detected. Reaction of diazodicarbonyl compounds 2
and 3 with acid chlorides such as PhCOCl, 2-furoyl chloride and
AcCl gave the expected enone 9 (35%), 13 (20%) and 14 (35%)
in low yields. This is likely to be due to the instability of
products. Importantly, our result is in clear contrast to that of
Alonso who reported that the copper(II)-catalyzed reaction of
acyclic methyl 2-diazo-3-oxobutyrate with carbonyl com-
pounds such as aldehydes or ketones afforded 1,3-dioxole
adducts in moderate yields.9

In order to extend the utility of this methodology, reactions of
more complex diazodicarbonyl compounds 3–5 with acid
chlorides were examined. In these cases, only a single product
was also detected. In particular, there is no direct precedent for
RhII-catalyzed reactions of diazodicarbonyl compounds 3–5Scheme 1

Scheme 2
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with other substrates such as alkenes, alkynes, furans, and
carbonyl compounds, so it is noteworthy that reaction of 3–5
with acid chlorides give the a-chloro enone 14–17 in 35–74%
yields.

Although the exact mechanism of the reaction is still not
clear, it is best described as shown in Scheme 3. The
diazodicarbonyl compound 5 first gives a carbenoid 18 (or a
carbene) by displacement of nitrogen by Rh2(OAc)4. Nucleo-
philic addition of acid chloride to the electrophilic carbenoid 18
yields an ylide 19, which subsequently undergoes intra-
molecular nucleophilic addition of oxygen to the carbonyl
group and the cleavage of the acyl–Cl bond to give product
16.

In conclusion, rhodium-catalyzed reaction of cyclic diazodi-
carbonyl compounds with a variety of acid chlorides offers a
simple and facile method for the synthesis of a-chloro a,b-
unsaturated ketones. Further application of this reaction will be
investigated, and is now in progress in our laboratory.

This work was supported by the Korea Science and
Engineering Foundation (981-0303-016-2).
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Using the troppPh ligand 1, stable monomeric d8-Ir+I, d9-Ir0

and d10-Ir2I complexes could be isolated and structurally
characterized; in all complexes, the metal centre lies within
a coordination sphere intermediate between a square plane
and a tetrahedron.

Upon stepwise reduction of a square planar d8-metal complex,
electrons are filled into metal–ligand antibonding orbitals,
which eventually will lead to structural distortion towards a
tetrahedron.1 Qualitative MO-arguments indicate, that strong s-
donors will induce a preference for a tetrahedral structure while
p-acceptor ligands may give rise to a more square planar
structure. In line with these predictions pioneering electro-
chemical and EPR studies by Pilloni et al.2 and Orsini and
Geiger3 showed that while d9-[Rh(cod)2] and d9-
[Rh{P(OR)3}4] probably have almost planar structures,
[Rh(PPh3)4] is likely to have a tetrahedral co-ordination.

Using the new ligand (dibenzo[a,d]cycloheptene-5-yl)diphe-
nylphosphine 1 (dibenzotropylidenyl phosphine = troppPh, the
superscript indicates substituents bonded to phosphorus),4,5 we
were able to isolate a series of stable mononuclear [Ir(troppPh)2]
complexes were the metal centre formally adopts a d8, d9, and
d10 valence electron configuration.

Thus, we prepared the lemon yellow pentacoordinated chloro
iridium complex [Ir(troppPh)2Cl] 3 and the orange–red tetra-
coordinated complex [Ir(troppPh)2]+ PF6

2 4 using standard
synthetic methods as shown in Scheme 1. Both the neutral
complex 3 and the cationic species 4 are easily reduced by
lithium or sodium metal in thf to give the deep green
paramagnetic iridium(0) complex 5 (meff = 1.7 mB). Further
reduction with sodium metal leads to the diamagnetic burgundy
red iridate complex [Na(thf)6]+ [Ir(troppPh)2]2 6. A compro-
portionation reaction between 6 and 4 is the preferred synthetic
method for radical 5, which is isolated in almost quantitative
yield because of its low solubility.†

X-Ray structural studies‡ for 4, 5 and 6 show structural
changes caused by the stepwise addition of two electrons
without changing either the number or the coordination mode of
the metal bound ligands.6

The structures of the d8-Ir cation 4 and that of d9-5 are
remarkably similar and are superimposed in Fig. 1. In both
compounds two phosphorus centres of each troppPh ligand are
coordinated in trans-positions at the iridium centre. The Ir–P
and Ir–C distances (see Table 1) lie within the expected range.

The iridium centres deviate significantly from square planar
arrangements even in the cation for which planar coordination is
expected.7 Also, the P–Ir–P angles a [4: 169.7(1)°; 5:
165.5(1)°] and (•)–Ir–P angles b [4: 143.5(5)°; 5: 149.5(5)°; (•)
= midpoint of the coordinated CNC unit] deviate significantly
from 180°. Furthermore, the interplane angles o (4: 38°; 5: 34°)
between the intersections of the P–M–(•) planes show this
distortion. A plot of the structure of the iridate anion of
[Na(thf)6]+ [Ir(troppPh)2]2 6 is shown in Fig. 2.

Both phosphorus centres now occupy mutually cis-positions
in the distorted coordination sphere which remains intermediate

Scheme 1

Fig. 1 Overlaid molecular structures of cation 4 (filled lines) and radical 5
(unfilled lines). Selected bond lengths and angles are given in Table 1.

Table 1 Selected bond lengths (Å), bond angles (°) and interplane angles o
(°) of 4, 5 and 6

Ir–P Ir–C4/C4A Ir–C5/C5A
C4/C4A–
C5/5A a/° b/° o

4 2.308(3) 2.18(1) 2.19(1) 1.42(2) 169.7(1) 143.5(5) 38.0
5 2.272(3) 2.21(1) 2.15(1) 1.46(2) 165.5(1) 149.4(5) 33.8
6 2.241(1) 2.171(6) 2.127(6) 1.472(9) 98.5(7) 101.0(4) 50.6

Fig. 2 Molecular structure of the anion of 6. Selected bond lengths and
angles are given in Table 1.
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between a square plane and a tetrahedron (o = 50.6°). Selected
structural data are also listed in Table 1. The Ir–P and Ir–C bond
distances do not show significant changes with the formal metal
oxidation state in [Ir(troppPh)2]+1/0/21 complexes. A slight
lengthening of the co-ordinated CNC bond [C4–C5 1.42(2) Å in
4 vs. 1.472(9) Å in 6] indicates increasing metal to ligand d–
p(p)-back-donation. Hence, the only significant change is found
in the interplane angle o which changes by about 15° towards a
more tetrahedral structure when d8-4 and d9-5 (o ≈ 36°) are
transformed into d10-6 (o ≈ 51°). Note that both centro-
symmetric planar structures (o = 0°) or tetrahedral structures
(o = 84°) are found in [M(troppPh)2]n complexes for M = Rh,
n = +1, or Co, n = 0, respectively.5,8 Hence, the structural
features of the iridium complexes described in this work are not
merely caused by steric requirements of the ligand. The Ir+1/Ir0

and Ir0/Ir21 redox couples are shifted to remarkably low
potentials. The cyclic voltammogram of 4 in a Bun

4NPF6–THF
(trace 1) and Bun

4NPF6–MeCN electrolyte (trace 2) is shown in
Fig. 3.

While in thf the Ir+I/Ir0 and Ir0/Ir2I redox couples (E11
2

=
20.97 V, DE = 149 mV; E21

2
= 21.426 V; DE = 165 mV)

appear separately, proving an overall stepwise EE mechanism,
a further cathodic shift of the second wave is observed in MeCN
leading to only one two-electron wave at E1,21

2
= 20.982 V (DE

= 91.4 mV).9 It will be now interesting to study the application
of tropp type complexes in electrocatalytic cycles running over
four formal oxidation states at the metal centre (i.e. Ir+III–
Ir2I).

This work was supported by the Swiss Science Foundation.
S. D. thanks the Gottlieb Daimler and Carl-Benz Foundation,
S. L. the DAAD for a grant.

Notes and references
† [Ir(troppPh)2Cl] 3: troppPh 1 (2.29 g, 6.074 mmol) and [Ir(cod)Cl]2 2 (1.02
g, 1,52 mmol) were dissolved in toluene (50 ml). The resulting yellow
solution was stirred for 2 h at ca. 70 °C. Compound 3 crystallised overnight
at room temp. to give a lemon yellow powder, 2.8 g (94.0%). 1H NMR
(CDCl3, 300 MHz, 25 °C, TMS) d 5.03 (t, JPH 3.5 Hz, 2H, CHP), 4.10 (m,
2H, CHNCH), 3.45 (q, 3JHH+PH 3.4 Hz, 2H, CHNCH); 31P NMR (CDCl3, 81
MHz) d 48.15 (s); 13C NMR (CDCl3, 75.43 MHz, 25 °C): d 49.9 (m, CHP),
48.7 (s, CHNCH), 43.9 (s, CHNCH). [Ir(troppPh)2]+PF6

24: KPF6 (130 mg,
0.706 mmol) was added to a solution of 3 (700 mg, 0.714 mmol) in 10 ml
thf. The reaction mixture was stirred for 4 h at room temp. forming an
orange–red suspension. Precipitates were filtered off and washed with thf
until only colourless KCl remained. The filtrate was concentrated to ca. 5 ml
and was layered with toluene. Compound 5 crystallized as orange–red
crystals (760 mg, 97.7%). 1H NMR (CD2Cl2, 300 MHz, 25 °C, TMS) d 5.89
(t, JPH 3.7Hz, 2H, CHP), 5.37 (t, 2H, 3JHH+PH 3.3 Hz, 4H, CHNCH); 31P

NMR (CD2Cl2, 81 MHz, 25 °C) d 71.44 (s); 13C NMR (CD2Cl2, 75.43
MHz, 25 °C) d 68.9 (s, CHNCH), 49.5 (t, JCP = 13.4 Hz CHP). UV–VIS:
lmax = 444 nm. [Na(thf)6][Ir(troppPh)2] 6: sodium (30.0 mg, 1.3 mmol) was
added to a solution of 2 (500 mg, 0.51 mmol) in 10 ml thf and the reaction
mixture was stirred for 48 h at room temp. The resulting deep red solution
was filtered from the precipitate which was washed several times with thf
until only colourless NaCl remained. The combined thf extracts were
concentrated to 3 ml and were layered with n-hexane (5 ml). Compound 6
crystallized as deep red crystals (690 mg, 96.6%). 1H NMR (thf-d8, 300
MHz, 25 °C, TMS) d 4.56 (d, JHP 9.5 Hz, 2H, CHP), 4.03 (m, 2H, CHNCH),
2.14 (m, 2H, CHNCH); 31P NMR (thf-d8, 81 MHz) d 82.7 (s); 13C NMR (thf
d8, 75.43 MHz, 25 °C) d 54.3 (m, CHP), 44.7 (m, CHNCH), 44.2 (m,
CHNCH). UV–VIS: lmax = 450 nm. [Ir(troppPh)2] 5: 3 (500 mg, 0.51
mmol) and 6 (714 mg, 0.51 mmol) were dissolved in thf (15 ml) and stirred
for 2 h at room temp. The resulting deep green solution was separated from
the precipitate. The latter was treated as before and the combined thf
extracts were reduced to 10 ml and layered with n-hexane (5 ml).
Compound 5 crystallized as black crystals (750 mg, 77.8%). UV–VIS: lmax

= 592 nm.
‡ Crystal data: 4·1.5thf: monoclinic, space group P21/n; a = 13.382(2), b
= 30.666(5), c = 15.611(2) Å, b = 108.913(1)°, V = 6060.5(16) Å3; Z =
4, Mo Ka radiation, 2qmax = 46.5°. 29467 reflections, 8718 independent
(Rint = 0.0981); direct methods; full-matrix least-squares refinement (based
on F2) with SHELXTL (Version 5.0); R1 = 0.0639, wR2 = 0.1471 (based
on F2) for 715 parameters and 5487 reflections with I > 2s(I). 5: twinned
black needles. By cutting larger crystals into smaller pieces, we obtained a
crystal, where one twin individium was dominant. The diffraction pattern of
this crystal could be indexed by neglecting weak reflections of the smaller
twin component and the structure could be solved successfully. Never-
theless, occasional overlapping of reflections of the twin components
affects the accuracy of the structure refinement as well as the resulting R-
values. Monoclinic, space group P21/n, a = 20.544(3), b = 9.359(1), c =
22.179(3) Å, b = 101.44(1)°; V = 4179.7(11) Å3; Z = 4, Mo Ka radiation,
2qmax = 49.4°. 19535 reflections, 7092 independent (Rint = 0.0543); direct
methods; full-matrix least-squares refinement (based on F2) with
SHELXTL (Version 5.0); R1 = 0.0683, wR2 = 0.1614 (based on F2) for
514 parameters and 5328 reflections with I > 2s(I). 6: orthorhombic, space
group Pcca; a = 23.777(4), b = 12.679(2), c = 23.819(4) Å; V =
7199.1(6) Å3; Z = 4, Mo Ka radiation, 2qmax = 55°. 37241 reflections,
7626 independent (Rint. = 0.0939); direct methods; full-matrix least-
squares refinement (based on F2) with SHELXTL (Version 5.0); R1 =
0.0467, wR2 = 0.0969 (based on F2) for 422 parameters and 3927
reflections with I > 2s(I). All non-hydrogen atoms were refined
anisotropically, hydrogen atoms were refined on calculated positions using
the riding model. In 4, PF6 and thf were refined as rigid bodies. In 5,
anisotropic displacement factors were restrained using SIMU and ISOR (see
SHELX-97 manual, W.S. Sheldrick, Göttingen University). CCDC
182/1078. See http://www.rsc.org/suppdata/cc/1998/2623/for crystallo-
graphic files in .cif format.

1 E. A. Halevi and R. Knorr, Angew. Chem., 1982, 94, 307; Angew. Chem.,
Int. Ed. Engl., 1982, 21, 288.

2 G. Pilloni, G. Zotti and S. Zecchin, J. Organomet. Chem., 1986, 317, 357
and references therein.

3 J. Orsini and W. E. Geiger, J. Elektroanal., Chem., 1995, 380, 83 and
references therein.

4 J. Thomaier, S. Boulmaâz, H. Schönberg, H. Rueegger H. Hillebrecht, H.
Pritzkow and H. Grützmacher New J. Chem., 1998, in press.

5 H. Schönberg, S. Boulmaâz, M. Wörle, L. Liesum, A. Schweiger and H.
Grützmacher, Angew. Chem., 1998, 110, 1492; Angew. Chem., Int. Ed.
Engl., 1998, 37, 1423.

6 See multi-electron reduction/oxidation of arene complexes were the
hapticity of the ligands changes: Ch. Elschenbroich and A. Salzer,
Organometallchemie, Teubner, Stuttgart, 1988, p. 366; W. J. Browyer,
J. W. Merkert, W. E. Geiger and A. L. Rheingold, Organometallics,
1989, 8, 191; W. J. Browyer and W. E. Geiger, J. Am. Chem. Soc., 1985,
107, 5657.

7 For tetrahedrally distorted d8-Rh complexes see: H. Schumann, M.
Heisler and J. Pickardt, Chem. Ber. 1977, 110, 1020; R. L. Harlow, S. A.
Westcott, D. L. Thorn and R. T. Baker, Inorg. Chem., 1992, 31, 323 and
references therein.

8 S. Deblon, H. Schönberg, H. Grützmacher and S. Loss, unpublished
work.

9 For the analysis of formally two electron processes see, for example:
D. T. Pierce and W. E. Geiger, J. Am. Chem. Soc., 1992, 114, 6063; K.
Hinkelmann and J. Heinze, Ber. Bunsenges. Phys. Chem. 1987, 91, 243.

Communication 8/07804A

Fig. 3 Cyclic voltammogram of 4 in th–Bun
4NPF6 electrolyte (trace 1) or

MeCN–Bun
4NPF6 electrolyte (trace 2); 298 K, 100 mV s21; Pt working

electrode (0.785 mm2/ Pt counter electrode/ Ag reference electrode,
ferrocene as internal standard for calibration (+0.352 V vs. Ag/AgCl).
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The equilibrium configuration of the very weakly bonded
pyridine…Ne complex has been deduced from its free jet
millimeter-wave spectrum; the three van der Waals motions
have  approximated  fundamentals  in  the  range  19–31
cm21 and the dissociation energy has been estimated to be
1.1 kJ mol21.

At very low pressures and temperatures, conditions similar to
those of interstellar space, rare gases (RG) form stable adducts
with various molecules.1 It can be questionable if these
processes are real chemistry, but we will see that the difference
with respect to ‘normal’ chemistry is quantitative rather than
qualitative. The combination of supersonic expansion with
spectroscopic techniques2 has allowed an extensive investiga-
tion of the chemistry of these adducts.

Jet cooled rotationally resolved spectra supply the most
detailed information on the dynamics (and thus on the binding
energy) of the van der Waals motions: the measured distortion
from a rigid rotor behaviour is in fact mainly due to the van der
Waals vibrations (see for example refs. 3–6).

Taking into account the van der Waals complexes between a
RG atom and an aromatic ring molecule investigated with such
techniques, about twenty complexes involve an Ar atom while
only one (benzene–Ne7) involves a Ne atom.1 This is likely to
be due to the lower interaction energy of Ne.

Most of these studies have generally been performed with
pulsed molecular beam microwave Fourier transform, as for
example benzene–RG7,8 (RG = Ne, Ar, Kr, Xe) and pyridine–
RG9,10 (RG = Ar, Kr). Recently a direct absorption technique,
free jet millimeter-wave absorption spectroscopy, has also been
applied to the investigation of such complexes, as, for example,
pyrimidine–Ar6 and pyridazine–Ar.11

Here we report the rotational spectrum of pyridine–neon
(PYR-Ne), investigated with the latter technique. Fig. 1 shows
PYR–Ne, PYR, the switching of the principal axes upon
formation of the adduct, and the van der Waals structural
parameters.

The Stark and pulse modulated free jet absorption millimeter-
wave spectrometer used in this study has already been described
elsewhere.12 The complex was formed by flowing neon at a
pressure of ca. 1.5 bar over the sample at room temperature, and
expanding the mixture through a pulsed nozzle (repetition rate
5 Hz) with a diameter of 0.35 mm, reaching an estimated

‘rotational’ temperature of ca. 7–8 K. Neon (99.995%) was
supplied by Linde, and pyridine by Aldrich. The accuracy of the
frequency measurements is about 0.05 MHz.

The first estimate of the rotational constants of PYR–Ne has
been based on a model similar to that of Fig. 1, with Ne
positioned 3.4 Å above the PYR plane, along the perpendicular
to the center of mass (c.m.), and with the r0 geometry of PYR as
in the isolated molecule.13 The spectrum has been assigned and
the 43 measured transitions (available upon the authors) have
been fitted with Watson’s ‘S’ reduced Hamiltonian (Ir repre-
sentation).14 Quartic and sextic centrifugal distortion parame-
ters where required to fit the spectrum, in accord with the large
amplitude inherent in the Ne motions. Only mb-type transitions
have been observed. Owing to the low value of the ma-dipole
component and to the high J values involved, ma-type transitions
were too much weak to be detected with our spectrometer.
Table 1 collects the determined parameters.

The three translational motions of the isolated Ne are
replaced by three low energy vibrational modes upon formation
of the complex. Because of the low energy and large amplitude
of these van der Waals motions, which bring Coriolis coupling
contributes to the moments of inertia, usual methods for
structure determination supply poor results. Here we will apply
a method which takes into account these effects. One of the van
der Waals motions can be considered the stretching between the
two centers of mass of the two constituent molecules, while the
remaining ones can be thought of as two internal rotations of Ne
around PYR.

The stretching (radial part of the Ne motions) can be, in a first
approximation, isolated from the other motions. For asymmetric
top complexes in which the stretching coordinate is near-
parallel to the inertial a-axis the stretching force constant (ks)
can be estimated by approximating the complex to a molecule
made of two rigid parts, by using equations of the type:3

ks = 16 p4 (mD RCM)2 [4BD
4 + 4CD

4 2

(BD 2 CD)2(BD + CD)2]/(hDJ) (1)

The subscript D denotes a dimer quantity, mD is the pseudo
diatomic reduced mass, RCM is the distance between the centers
of mass of the monomers (3.386 Å for PYR–Ne), and DJ is the
centrifugal distortion constant. ks, the corresponding harmonic
stretching fundamental (ns), the dissociation energy (EB) and
the equilibrium distance of Ne (re) from the center of mass of
PRM are reported in Table 2, and compared to the correspond-

Fig. 1 Geometry and principal axes system in PYR…Ne and PYR.

Table 1 Spectroscopic constants of pyridine–Ne (S-reduction, Ir-repre-
sentation)

A/MHz 3011.42(7)a d1/kHz 20.55(1)
B/MHz 1876.40(7) d2/kHz 20.029(2)
C/MHz 1858.03(7) HJ/Hz 21.8(3)
DJ/kHz 20.3(2) HJK/Hz 220.3(9)
DJK/kHz 90.7(6) HKJ/Hz 62(1)
DK/kHz 2105.2(2) HK/Hz 238.9(4)
Nb 43 sc/MHz 0.11

a Errors in parenthesis are expressed in units of the last digit. b Number
of transitions in the fit. c Standard deviation of the fit.
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ing values for the related complex PYR–Ar.4 EB and re have
been adjusted within a Lennard-Jones type potential in such a
way to reproduce ns and (B + C)0. A one-dimensional flexible
model15 has been used to calculate rotational and vibrational
energy levels. Fig. 2 shows the Lennard-Jones potential energy
curves for PYR–Ne and PYR–Ar.

As to the two Ne internal rotations their effects are reflected
either in the anomalous high values of the DJK and DK

centrifugal distortion parameters, as outlined in several of the
complexes of aromatic molecules with rare gases (see, e.g. refs.
4, 5, 11), and in the negative changes of the planar moments of
inertia Mxx and Myy (Fig. 1) in going from isolated PYR to PYR–
Ne. The procedure to extract the bends van der Waals potential
energy parameters from centrifugal distortion is rather complex
for low symmetry complexes as PYR–Ne. For this reason we
extracted this information for the Cs symmetry PYR–Ne
complex from the DMxx and DMyy values of Table 3. The planar
moments of inertia are defined and related to the rotational
constants through eqn (2):

Maa = Simiai
2 = h/(16p2) (21/A + 1/B + 1/C), etc. (2)

They represent the mass extension along the principal axes.
Their shifts on going from the isolated molecule to the complex
(Fig. 1) are shown in Table 3 for the PYR/PYR–Ne and PYR/
PYR–Ar systems. Owing to the axis switching upon formation
of the complexes the more consistent quantities DMxx, DMyy

and DMzz (Fig. 1) are reported there. The smaller value of DMzz

for PYR–Ne is in accord with the fact that Ne is lighter than Ar,
and closer to the ring center of mass. By contrast, it is difficult,
at first sight, to understand the negative value of DMyy, and why
this value for PYR–Ne is more negative than that of PYR–Ar. A
rather simple interpretation of this effect has been given for
pyrimidine–Ar,6 in terms of mass dispersion and vibrational
Coriolis couplings associated with the two bendings. The two
motions are considered local harmonic oscillations on one side
of the ring, by a model that describes the AA type mode in the xz
plane by the displacement X and the AB type displacement in the
y direction by Y:

V(X,Y) = (1/2) [kx (X 2 Xe)2 + kyY2] (3)

where Xe is the displacement, within the symmetry plane, of the
neon atom from the z axis at equilibrium. The calculations were

made by using the two-dimensional version of the above
mentioned flexible model,15 resolving the range (22.0 Å, +2.0
Å) into 21 mesh points for each of the X and Y displacements.
Xe, kx, and ky have been adjusted in order to reproduce DMxx and
DMyy. Since the two pieces of data do not allow one to estimate
more than two of the three parameters, we assumed kx = ky, a
condition nearly fulfilled for this kind of complexes.4 The
results are shown in Table 2. Although Xe = ±0.245 Å was
obtained, a comparison with other complexes4,6 suggests the
minus rather than the plus sign and yields Xe = 20.245 Å,
which means that the vertical on the ring plane passing through
the equilibrium position of the neon atom, at 3.316 Å above the
ring plane, is tilted by about 4.2° from the center of mass of the
ring towards the nitrogen atom. The ‘equilibrium’ values
discussed above refer to the limit situation without van der
Waals vibrations, but with half a quantum of each ring
vibrations. Despite the fact that Ne is much lighter than Ar, the
bend vibrational fundamental frequencies of 19.6 and 19.9
cm21, are considerably lower than the values of 34.1 and 34.5
cm21 for PYR–Ar,4 indicating that PYR–Ne is much floppier
than PYR–Ar (see Table 2 for a comprehensive comparison).

As a conclusion we can remark that Ne has a binding energy
to aromatic molecules which is about 1/3 of that of Ar, and
about two–three orders of magnitude smaller of that of normal
chemical bonds.

We thank Mr A. Millemaggi for technical help, and the
Ministero dell’Università e della Ricerca Scientifica e Tecnolo-
gica, and the CNR for financial support.
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Table 2 Parameters describing the van der Waals motions, geometry and
dissociation energy for PYR–Ne and PYR–Ar

PYR–Ne PYR–Ara PYR–Ne PYR–Ara

ks/N m21 0.92 3.05 nY/cm21 19.9 34.5
kX/N m21 0.12 0.39 Xe

b/Å 0.245 0.298
kY/N m21 0.12 0.38 re

b/Å 3.316 3.485
ns/cm21 31.1 44.2 fe

b/° 4.2 4.9
nX/cm21 19.6 34.1 EB/cm21 90 259
a From ref. 4. b The equilibrium position of the noble gas is shifted in the
direction from the center of mass of the ring towards the nitrogen atom,
forming an angle fe ( = 90 2 q of Fig. 1) with the perpendicular to the
ring.

Fig. 2 Lennard-Jones potential energy diagrams for the dissociation of
PYR…Ne and PYR…Ar.

Table 3 Shifts of planar moments of inertia (in uÅ2) in going from the
isolated molecule to the complex for PYR–Ne and PYR–Ar

PYR?PYR–Ne PYR?PYR–Ara

DMxx 21.838 21.081
DMyy 21.123 20.697
DMzz 186.775 335.404

a From data of refs. 12 and 13.
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The reaction of partially condensed silasesquioxanes of the
type [R1

7Si7O9(OH)2(OR2)] (R1 = c-C5H9, c-C6H11; R2 = H,
SiMe3) with either [Pt(dppe)(CO3)] or [Pt(dppe)Cl2]/Ag2O
leads to the formation of [R1

7Si7O9(OR2)O2Pt(dppe)], crys-
tallographically characterised for R1 = c-C5H9; R2 = SiMe3,
providing unprecedented routes to late transition metal
silasesquioxane complexes.

Currently, metallasilasesquioxanes are considered as the best
soluble models for silica-supported transition metal species and
an increasing number of examples of early transition metal
compounds based on these ligands is being reported.1 In
contrast, metallasilasesquioxanes involving late transition met-
als are considerably rarer, and to date no such examples of
mononuclear platinum group complexes have been charac-
terised crystallographically. Transmetallation reactions have
briefly been reported to give platinum silasesquioxane com-
plexes,1 though no experimental details were published and the
reported transmetallations suffer from requiring the use of
thallium or tetraalkylstibonium intermediates. Here we detail
two simple routes to platinum silasesquioxane complexes and
present the first example of an X-ray single crystal structure of
a mononuclear platinum metal silasesquioxane complex.

Platinum silasesquioxane complexes can be conveniently
prepared (Scheme 1) by utilising the reactivity of the acidic
silasesquioxane silanol groups2 with the carbonate functionality
in [Pt(dppe)(CO3)] [dppe = bis(diphenylphosphino)ethane].3
In all cases the reactions are slow with full conversion only
occurring after several days, but yields are good with no by-
products observed.† 31P{1H} NMR spectroscopy provides a
useful method for following the reactions, and resonances for
the silasesquioxane derivatives 3 and 4 occur in all cases upfield

and with larger 1J(PPt) coupling constants than for
[Pt(dppe)(CO3)].‡ Both chemical shifts and 1J(PPt) coupling
constants for 3 and 4 fall within a narrow range [d between 26
and 28, referenced to external 85% phosphoric acid, and 1J(PPt)
between 3730 and 3780 Hz]. The chemical shifts are similar to
those reported previously for [Pt(dppe)(OSiMe3)2] [d 27.1,
1J(PPt) 3595]4 and [Pt(dppe)(OMe)2] [d 28.5, 1J(PPt) 3342]5

though the coupling constant is somewhat larger, reflecting the
lower trans influence of the silasesquioxane. The reactivity of
[Pt(dppe)(CO3)] is in marked contrast to that of
[Pt(PPh3)2(CO3)], for which no reaction with 1 was observed
after several days. A similar pattern was observed in the reaction
of these platinum carbonates with ethane-1,2-diol, for which the
equilibrium constant was approximately 27 times greater for
[Pt(dppe)(CO3)] than for [Pt(PPh3)2(CO3)].6

A second useful preparative route utilises the reaction of the
silasesquioxane silanol groups with the chlorides on
[Pt(dppe)Cl2] in refluxing dichloromethane in the presence of
the base silver(I) oxide.7 Again the reaction is slow, though
more general than the carbonate route as it allows PMePh2
analogues of 3 and 4 to be prepared.

Single crystals of complex 3a were grown from the slow
diffusion of acetonitrile into a toluene solution, and the
molecular structure is shown in Fig. 1.§ The co-ordination
geometry around the platinum centre is distorted square planar,

Scheme 1 (i) [Pt(dppe)CO3)], CH2Cl2; (ii) [Pt(dppe)Cl2], Ag2O, CH2Cl2, D
(a, R = c-C5H9; b, R = c-C6H11).

Fig. 1 Perspective ORTEP plot of 3a. For clarity, thermal ellipsoids are
shown at 50% probability; no H and only C attached to Si and P are shown.
Selected interatomic distances (Å) and interbond angles (°) are: Pt–O(1)
2.031(6), Pt–O(2) 2.036(4), Pt–P(1) 2.195(2), Pt–P(2) 2.204(2), Si(1)–O(1)
1.573(6), Si(2)–O(2) 1.566(6), other Si–O 1.597(7)–1.647(7), O(1)–Pt–
O(2) 90.3(2), O(2)–Pt–P(1) 90.2(2), P(1)–Pt–P(2) 86.90(8), P(2)–Pt–O(1)
92.5(2), Pt–O(1)–Si(1) 146.2(4), Pt–O(2)–Si(2) 148.3(4), Si(3)–O(12)–
Si(8) 152.8(5), other Si–O–Si 140–170.
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with cis angles ranging from 86.9 to 92.5°. The Pt–O and Pt–P
distances compare well with those found in the isoelectronic
compound [Pt(dppe)(OCH3)2] [Pt–P = 2.222(3), 2.228(3) Å,
Pt–O = 2.037(7), 2.041(7) Å]5 with the slight shortening of the
Pt–P bonds in complex 3a with respect to [Pt(dppe)(OCH3)2]
again consistent with the lower trans influence of the sila-
sesquioxane. The Si–O distances in the platinum siloxy
functions [Si(1)–O(1) = 1.573(6) Å; Si(2)–O(2) = 1.566(6) Å]
are significantly shorter than those present in the silasesquiox-
ane skeleton [1.597–1.647 Å; typical 1.63 Å], while in the
silasesquioxane silanol 1a, these distances are 1.619(7) and
1.616(7) Å (vide infra). This bond shortening may be ascribed
to the absence of electron donation of the oxygen lone pairs to
the electron rich platinum centre which will lead to a stronger
Si–O bond by enhanced electron donation to silicon; this effect
is absent or the reverse in high oxidation state early transition
metal silasesquioxanes.8

In order to make a better evaluation of the structural features
of the silasesquioxane unit present in 3a, we determined the
molecular structure of the silasesquioxane disilanol 1a (Fig. 2);
single crystals were prepared by allowing acetonitrile to diffuse
slowly into a toluene solution of 1a.§ This disilanol was found
to be a monomeric compound that crystallises into two distinct
isomers that differ mainly by the orientations of the, highly
disordered, cyclopentyl units. Although the quality of the
structure determination is poor (R1 = 0.1423), the conforma-
tion of the Si/O skeleton of 1a can be discussed with regard to
that present in 3a. Such a comparison reveals that the Si/O
skeletons of both compounds are remarkably similar. For
instance, the intramolecular distance of the ligating oxygen
atoms O(1) and O(2) in 3a is 2.88(1) Å versus 2.67(1) Å in 1a,
while the intramolecular distance Si(1)–Si(3) in 3a, which can
be considered as a measure for the binding cavity, of 5.22(1) Å
is virtually equal to that of 5.21(1) Å measured in 1a. As a result,
one might conclude that the silasesquioxane diol is ideally pre-
organised for co-ordination to a Pt(II) centre following depro-
tonation.

We are currently investigating the reactivity of the hydroxyl
group in 4 and those of the known silasesquioxane tetrasilanol
(c-C7H13)6Si6O7(OH)4

9 with a view to preparing bimetallic
metallasilasesquioxanes.

H. C. L. A. thanks the Royal Netherlands Academy of Arts
and Sciences (KNAW) for a fellowship. This work was
supported in part (A. L. S., M. L.) by the Netherlands
Foundation for Chemical Research (SON) with financial aid
from the Netherlands Organisation for Scientific Research

(NWO). The British Council and NWO are thanked for
financial support to HCLA and ADB (Grant JRP313).

Notes and references
† A typical preparation (3a): Silasesquioxane 1a (294 mg, 0.304 mmol) was
added to a solution of [Pt(dppe)(CO3)] (200 mg, 0.306 mmol) in
dichloromethane (20 cm3) and the mixture stirred at room temperature
(typically 7 days). The solvent was removed under reduced pressure, the
crude solid washed with acetonitrile, and recrystallised from toluene–
acetonitrile to give colourless crystals of 3a (90% yield). (Anal. Found: C,
49.8; H, 6.25%; C62H96Si8O12P2Pt requires C, 49.8; H, 6.41%). Sila-
sesquioxane silanols 1b and 2a were prepared according to ref. 2 and 9,
respectively. The new silasesquioxane 1a was prepared by an identical
method as reported for 1b starting from 17.0 g of 2a, 25 mL of Et3N and
2.20 mL of Me3SiCl to give 13.6 g (75%) of 1a; 1H NMR (400 MHz,
CDCl3, 25 °C) d 4.22 (s, 2H, SiOH), 1.76–1.48 (m, 56H, C5H9), 1.49 (m,
7H, C5H9), 0.16 (s, 9H, SiMe3). 13C{1H} NMR (75 MHz, CDCl3, 25 °C) d
27.6–27.0 (CH2), 23.7, 22.7, 22.4, 22.3, 22.1 (1 : 2 : 2 : 1 : 1 for CH), 1.7
(SiMe3).
‡ Selected spectroscopic data: 3a: 1H NMR (400 MHz, CDCl3, 25 °C) d
8.06 (dq, 8H, Ph), 7.50 (t, 4H, Ph), 7.43 (m, 8H, Ph), 2.14 (m, 4H,
P(CH2)2P), 1.72 (m, 12H, C5H9), 1.50 (m, 28H, C5H9), 1.27 (m, 4H, C5H9),
1.12 (m, 12H, C5H9), 0.92 (m, 3H, C5H9), 0.81 (m, 2H, C5H9), 0.54 (m, 2H,
C5H9), 20.29 (s, 9H, SiMe3). 13C{1H} NMR (100 MHz, CDCl3, 25 °C) d
28.7 (CH2P), 28.5–26.4 (other CH2), 25.1, 24.2, 23.2, 23.0 (2 : 3 : 1 : 1 for
CH), 1.0 (SiMe3). 29Si{1H} NMR (79 MHz, CH2Cl2, 0.02 M Cr(acac)3, 25
°C) d 6.0 (SiMe3), 265.1, 266.3, 266.6, 268.7 (1 : 1 : 2 : 3). 31P{1H}
NMR (162 MHz, CDCl3, 25 °C) d 27.1 [1J(PPt) = 3773 Hz]. FAB-MS
1539 [M + H]+. 4a: 1H NMR (400 MHz, CDCl3, 25 °C) d 8.0 (m, 8H, Ph),
7.5 (m, 12H, Ph), 2.2 (m, 4H, P(CH2)2P), 1.9–0.8 (m, 63H, C6H9). 13C{1H}
NMR (100 MHz, CDCl3, 25 °C) d 29 (CH2P), 28.6–26.7 (other CH2), 25.10,
23.22, 23.11, 22.69, 22.60 (2 : 2 : 1 : 1 : 1 for CH). 31P{1H} NMR (162 MHz,
CDCl3, 25 °C) d 26.7 [1J(PPt) = 3730 Hz].
§ Crystal data for 3a: C64H96Si8P2O12Pt·C2H3N, Mr = 1580.22,
orthorhombic, space group Pccn (no. 56) with a = 47.997(4), b =
13.9845(11), c = 21.803(2) Å, V = 14634(2) Å3, Dc = 1.434 g cm23, Z =
8, F(000) = 6544, m(Mo-Ka) = 2.15 mm21, 13789 reflections measured,
12902 independent, (1.0° < q < 25.00°, w scan, T = 150 K, Mo-Ka
radiation, graphite monochromator, l = 0.71073 Å). Hydrogen atoms were
included in the refinement at calculated positions riding on their carrier
atoms. Refinement of 812 parameters converged at a final wR2 value of
0.1439, R1 = 0.0525 [for 7517 reflections with Fo > 4s(Fo)], S = 1.111.
Crystal data for 1a: C38H74Si8O12, Mr = 947.69, triclinic, space group P1̄
(no. 2) with a = 14.5232(12), b = 15.7325(8), c = 23.4701(15) Å, a =
102.358(5), b = 97.036(6), g = 92.941(5)°, V = 5182.2(6) Å3, Dc = 1.215
g cm23, Z = 4, F(000) = 2040, m(Mo-Ka) = 0.259 mm21, 17993
reflections measured, 17304 independent, (0.9° < q < 25.34°). Data
collection performed as described for compound 3a. The reference
reflections displayed a decay of 2%. Refinement of 669 parameters
converged at a final wR2 value of 0.4489, R1 = 0.1423 [for 7874 reflections
with Fo > 4s(Fo)]. CCDC 182/1064. See http://www.rsc.org/suppdata/cc/
1998/2627/, for crystallographic files in .cif format.
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Fig. 2 Perspective ORTEP plot of one of the independent molecules of 1a.
For clarity, thermal ellipsoids are shown at 50% probability; no H and only
C attached to Si are shown. Selected interatomic distances (Å) and
interbond angles (°) are: Si(11)–O(11) 1.650(8), Si(21)–O(21) 1.619(8),
other Si–O 1.579(10)–1.650(8), Si–O–Si 149–156.
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Ring-closing enyne metathesis can be used to prepare
alkenyl-substituted six- and seven-membered cyclic enol
ethers in moderate to good yield.

Over the past two decades, fused polycyclic ether natural
products, such as the brevetoxins and the ciguatoxins,1 have
attracted considerable attention because of their fascinating
structures and potent biological activities.2 Many of the natural
products of this type possess arrays of trans-fused six- and
seven-membered cyclic ethers, as exemplified by gambierol.3

Recently, we4 and others5 have found that ring-closing
metathesis reactions offer a powerful and general approach to
the synthesis of cyclic ether sub-units found in the brevetoxins
and ciguatoxins. We have demonstrated that the sequence of
ring-closing metathesis6 and hydroboration can be used to
prepare six- and seven-membered cyclic ethers4a and that ring-
closing metathesis of allylic ethers4b can be used to prepare
eight- and nine-membered cyclic ethers in excellent yield.

In connection with our continuing studies directed towards
the synthesis of the brevetoxins and the ciguatoxins, we became
interested in exploiting ring-closing enyne metathesis reactions
to complement the enol ether and allylic ether ring-closing
metathesis reactions that we have already developed.4 Our
interest in the use of ring-closing enyne metathesis reactions
was stimulated by recent promising reports from the groups of
Murai,7 Mori,8 and Barrett and Gibson9 who have described the
preparation of carbocycles and nitrogen heterocycles using
ruthenium-catalysed enyne metathesis reactions.

The general strategy for the preparation of sub-units of the
brevetoxins and ciguatoxins using a ring-closing enyne met-
athesis reaction is shown in Scheme 1. We envisaged subjecting
a suitably functionalised alkynyl ether 1 to a ruthenium-
catalysed ring-closing metathesis reaction to obtain the alkenyl-
substituted enol ether 2. Elaboration of this product (R3 = H) by
hydroboration or by reaction with 1O2 and hydrogenation of the
resulting cyclic peroxide,10 would provide the diol 3. Applica-
tion of the same reactions to the vinylsilane-substituted cyclic
enol ether 2 (R3 = SiR3) would afford the vinyl-substituted
cyclic ether 4 by Peterson elimination of the resulting b-
hydroxy silane.11 The pendant vinyl group of this compound
would then provide scope for construction of an additional
cyclic ether by a subsequent ring-closing metathesis reaction.

We wanted to ascertain whether alkynyl ethers would
undergo reaction with the Grubbs catalyst, Cl2Ru(PCy3)2-
CHPh,12 in contrast to enol ethers, which were unreactive to this
catalyst or the metal alkylidenes generated from it. We also
wanted to determine whether terminal alkynyl ethers would

undergo efficient ring-closing metathesis because there was
evidence to suggest that terminal alkynes are not generally good
substrates for this reaction.8,9

The alkynyl ethers required for our study were prepared from
the alcohols 5a and 5b, which are readily available from (R)-
2,3-O-isopropylideneglyceraldehyde (Scheme 2).4b,13 The cy-
clisation substrates 7a and 7b were prepared by an adaptation of
Greene’s method for the synthesis of alkynyl ethers.14 This
method involves deprotonation of an alcohol with KH and
reaction of the resulting alkoxide with Cl2CNCHCl to give a
mixture of dichloro enol ethers that are then converted to the
required alkynyl ether by treatment with n-butyllithium.14

Greene has demonstrated that this sequence of reactions can be
performed in a one-pot fashion without isolation and purifica-
tion of the intermediate dichloro enol ethers, and that it can be
used to convert hindered secondary alcohols into alkynyl
ethers.

Initially, we used Greene’s one-pot procedure to convert the
alcohols 5a and 5b to the required alkynyl ethers 7a and 7b.
However, only modest yields of the products were obtained, so
we opted to isolate the dichloro enol ethers produced upon
reaction of Cl2CNCH2 with the sodium alkoxides generated
from the alcohols 5a and 5b. Enol ether formation proceeded in
reasonable yield and the products 6a and 6b were isolated as
stable crystalline solids. Treatment of these dichloro enol ethers
with n-butyllithium provided the alkynyl ethers 7a and 7b in
very high yield. The yields over two steps, including isolation of
the intermediate dichloro enol ethers, were only marginally
lower those obtained by Greene when he used his one-pot
procedure for the preparation of related systems.14

Having prepared the ethers 7a and 7b, we then obtained the
other substrates of interest by alkylation of these terminal
alkynes. Thus, the substrates 8a and 8b were prepared by
deprotonation of the alkynyl ethers 7a and 7b followed
treatment with methyl iodide, and the silyl-substituted alkynyl

Scheme 1
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ether 9a was prepared by deprotonation of the alkyne 7a and
reaction of the resulting anion with trimethylsilyl chloride.

The ring-closing metathesis reactions of the alkynyl ethers
7–9 were explored (Scheme 2). Treatment of each substrate
with the Grubbs catalyst, Cl2Ru(PCy3)2CHPh,12 in CH2Cl2 at
reflux led to successful ring-closing metathesis and afforded the
alkenyl-substituted cyclic enol ethers 10–12 (Table 1).† The
highest yields for the ring-closing enyne metathesis reaction
were obtained upon cyclisation of the alkynyl ethers 7a and 8a
to give the six-membered cyclic enol ethers 10a and 11a.
Interestingly, the terminal alkynyl ether 7a underwent efficient
cyclisation, although a higher yield was obtained upon reaction
of the substrate 8a, containing a non-terminal alkyne. The silyl-
substituted alkynyl ether 9a also underwent cyclisation, but in
low yield; it is likely that the poor yield for this reaction can be
attributed to the steric bulk of trimethylsilyl substituent.8a

The ring-closing enyne metathesis reactions to produce
seven-membered cyclic enol ethers proved to be less successful
than those to produce the alkenyl-substituted dihydropyrans.
The reactions were slow, and prolonged reaction times were
required for complete reaction. There was little difference
between the yield obtained upon cyclisation of the terminal
alkynyl ether 7b to give the diene 10b and that obtained upon
cyclisation of the methyl-substituted substrate 8b to give the
diene 11b.

In all the enyne metathesis reactions, the ruthenium catalyst
was ‘pre-activated’ by the passage of ethene through the
solution of the catalyst prior to addition of the substrate, and
reactions were then performed under an atmosphere of ethene.
Inferior yields were obtained upon cyclisation of the substrates
7b and 8b when the reactions were performed in the absence of
ethene.

Our results show that ring-closing metathesis of alkynyl
ethers can be used to prepare alkenyl-substituted cyclic enol
ethers. Although the yields of seven-membered cyclic enol
ethers were low, we have demonstrated that the reaction is a
synthetically viable one for the preparation of alkenyl dihy-
dropyrans in good yield. We have also shown that the Grubbs
catalyst, Cl2Ru(PCy3)2CHPh,12 can be used for ring-closing
enyne metathesis of alkynyl ethers, which contrasts with the
lack of reactivity exhibited by this catalyst towards related enol
ethers.4a,15

The cyclic ethers 10a and 10b are potentially useful
enantiomerically pure chiral building-blocks for the synthesis of
sub-units of the brevetoxins and ciguatoxins. The elaboration of
these compounds (e.g. 2?3) is currently under investigation,
and the results of these studies will be reported in due course.

We thank the Engineering and Physical Sciences Research
Council for the award of a CASE Studentship (to D. B.) and the
University of Nottingham for financial support.

Notes and references
† Typical procedure for the ring-closing enyne metathesis of the substrates
7–9: The catalyst, Cl2Ru(PCy3)2CHPh (38 mg, 0.045 mmol, 10 mol%), was
dissolved in dry CH2Cl2 (60 mL) and a stream of ethene passed through the
solution for 10 min (the solution turned from purple to orange in colour). A
solution of the alkyne (0.45 mmol) in dry CH2Cl2 (5 mL) was added by
cannula to the solution of the catalyst under an atmosphere of ethene at room
temperature. The flask was then washed with further CH2Cl2 (3 mL) and
this was added to the reaction mixture. The mixture was then stirred under
a static atmosphere of ethene at reflux (4 h) or room temperature (21 h). On
completion of the reaction, the solvent was then removed in vacuo and the
residual material was purified by flash column chromatography on silica gel
(hexane–Et2O, 4:1 with 1% triethylamine) to afford the product as a
colourless solid.
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Scheme 2 Reagents and conditions: i, NaH, THF, rt, then CHClCCl2 (3
equiv.), 250 °C?rt; ii, n-BuLi, Et2O, 278 °C?rt; iii, n-BuLi, DMPU,
278 °C, Et2O, then MeI, 210 °C?rt; iv, n-BuLi, Me3SiCl, Et2O, 278
°C?rt; v, Cl2Ru(PCy3)2CHPh (10 mol%), CH2CH2 (10 min), CH2Cl2, rt or
reflux, 4 h or 14 h.

Table 1 Results of ring-closing enyne metathesis reactions of the alkynyl
ethers 7–9 catalysed by Cl2Ru(PCy3)2CHPh (10 mol%)

Substrate Reaction time/h Product Yield (%)a

7a 4b 10a 65
7b 14c 10b 33
8a 4b 11a 77
8b 14c 11b 27
9a 4b 12a 20
a Yield of isolated product after chromatography on silica gel. b Reaction
performed in CH2Cl2 at reflux. c Reaction performed in CH2Cl2 at room
temperature.
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The lack of significant hydrogen bonding by 2,4-difluoro-
toluene, an isostere of thymine, is confirmed by ab initio
calculations and force field modelling of nucleic acids.

Watson–Crick base-pairing is the information code which
directs replication, transcription and translation.1 Base-pairing
is produced by hydrogen-bonding which stabilizes the DNA
double helical structure.2 The free energy differences between
matched and mismatched base pairs in aqueous solution are
estimated to be in the range of 0.2 to 0.4 kcal mol21 for terminal
base pairs3 and 1 to 3 kcal mol21 for internal base pairs.4 In
1988, Echols and Goodman noted that the energy difference
between hydrogen bonding of matched and mismatched
terminal pairs is insufficient to account for the remarkably high
fidelity of Watson–Crick base pairing in DNA replication by the
DNA polymerase (104 to 105).5 It was proposed that the
geometry of the complex between the template and substrate on
DNA polymerase was more important than hydrogen bonding
in controlling polymerase fidelity.

In 1994, Kool and co-workers proposed that there is no
significant hydrogen bonding between adenine (A) and the

thymine (T) isostere, F.6 Nevertheless, numerous studies now
show that F can be readily incorporated in place of T by DNA
polymerase.7 In F, fluorines replace oxygens, and carbons
replace nitrogens. Much evidence has been amassed in accord
with the idea. 1H NMR and X-ray data indicated that F does not
H-bond with natural nucleotides in solution.8 Single nucleotide
insertion and ‘running start’ experiments demonstrated that F
expressed similar selectivity to T during the replication of a
DNA strand in the presence of Klenow fragment (KF) of
Escherichia coli DNA polymerase.7 The geometry of the
reaction complex, not hydrogen bonding, seems of principal
importance in the fidelity of the DNA polymerase.

However, Evans and Seddon proposed that the hydrogen
bonding between A and F still plays an important role in DNA
replication even with templates containing F.9 In their commu-
nication, ab initio RHF/6-31G**, semi-empirical AM1 and
PM3 calculations were presented which reveal large dipole
moments of the methyl derivative of 2,4-difluorotoluene 1 (1.86
D) in comparison to H2O (1.82 D). They suggested that the
polar nature of 2,4-difluorotoluene is important for hydrogen
bonding and hence, DNA replication. They reported the

electrostatic potential surfaces of 1 and N1-methylthymine 2
[Fig. 1(a)]. These are clearly similar, suggesting that F mimics
the shape, the charge distribution and hydrogen-bonding
patterns of T [Fig. 1(b)]. Evans and Seddon supported the
‘status quo’ concerning the major role of hydrogen-bonding on
replication fidelity, even with F.

We have reinvestigated these issues with quantum mechanics
and molecular mechanics, to test the ability of hydrogen-
bonding by F and the potential role in base-pairing interactions
in DNA.

It is well known that fluorinated olefins and aromatic
compounds are poor hydrogen bond acceptors. Fluorine has a
greater electronegativity and lower polarizability than oxygen,
which renders it a much poorer hydrogen bond acceptor. At the
MP2/TZV++(3d,1f,1p) level of theory, vinyl C(sp2)–F forms
hydrogen bonds with water with a strength of only 1.5 kcal
mol21, significantly lower than typical hydrogen bonds of 5 to
10 kcal mol21.10 F contains two aromatic C(sp2)–F moieties.
The hydrogen bonding strength of F with water should be even
less.

We recomputed 1 and 2 with semi-empirical PM3, ab initio
RHF/3-21G and RHF/6-31G** calculations.11 At the RHF/
6-31G** level, the electrostatic charges of fluorines in 1 are
both 0.21, and the dipole moment of 1 is 1.90 D. The
electrostatic charges of the oxygens in 2 are both 0.61, and the
dipole moment of 2 is 4.83 D. The dipole moment of the water
molecule has also been calculated using the RHF/6-31G**
method for comparison, giving a value of 2.15 D. In spite of the
representation displayed in Fig. 1(a), the fluorines of F and
oxygens of T have significantly different electrostatic charges.
The electrostatic potential range used in the published pictorial
representation for 1 is from 219 to +27 electron per atomic unit,
while it is from 246 to +51 electron per atomic unit for 2.

Fig. 1 The electrostatic potential surfaces of 1 and 2: (a) as presented in ref.
9 [the range of electrostatic potential shown in thymine is from red (246.0)
to blue (+50.5) and in difluorotoluene is from red (219.0) to blue (+27.3);
the units are electrons per atomic unit), (b) PM3 model and (c) RHF/
6-31G** model [both (b) and (c) using the same potential range (246.1 to
+50.5 from red to blue for RHF) for both structures from our calculations;
the units are electrons per atomic unit and charges are given in
parenthesis].
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Because of this, the color pictures in Fig. 1(a) provide the
incorrect impression that the electrostatic potentials are very
similar. When plotted on the same color scale [Fig. 1(b),(c)], it
is obvious that the electrostatic potential range of 1 is much
more limited than that of 2. Hydrogen bonds involving F will be
very weak, perhaps impossible to detect in solution. Indeed, this
is the conclusion of Kool et al. based upon experimental data.8
The dipole moment of 1 is also significantly smaller than 2,
even smaller than H2O. Since replication experiments are
performed in aqueous solution, DNA strands are solvated.
Hydrogen bonding between F and A is not competitive with
hydrogen bonding between solvent water molecules and A,
even if F can weakly complex with A in the gas phase.

Since the Evans–Seddon paper, others have tested the ideas
computationally.12,13 Meyer and Sühnel did calculations on
F–A and T–A complexes using the RHF, B3LYP and MP2
methods and the 6-31G** basis set.12 Without zero point
correction, the complexation energy for T–A is 11.7 kcal
mol21, significantly larger than the complexation energy for
F–A (23.8 kcal mol21).

However, in aqueous solvent, the loosely complexed F–A is
readily dissociated. Santhosh and Mishra did calculations on
F–A and T–A systems in a solvent cavity model (PCM) at the
4-31G level with AM1 geometries.13 The complexation energy
of F–A becomes repulsive (3.5 kcal mol21) in aqueous media,
while it is attractive for the T–A complex (211.1 kcal mol21).
The best distance for fluorine of F and nitrogen of A is 3.533 Å
(calculated from their graph), significantly longer than that of
T–A (3.0 Å). We performed RHF/6-31G* optimizations and
SCI-PCM solvent cavity model calculations on F–A and T–A
as well. With RHF/6-31G* optimized geometries, and SCI-
PCM solvation calculations at the RHF/6-31G* level, the
energy difference between F–A and uncomplexed A and F is
21.4 kcal mol21. This means that the F–A complex becomes
repulsive in aqueous solution, as Santhosh and Mishra
showed.13 The complexation energy for T–A in water is
computed to be 25.2 kcal mol21. F does not hydrogen bond
with A in aqueous solution.

We have also modelled the polydeoxynucleotides containing
F–A or T–A complexes. The AMBER* force field was
employed in these calculations.14 The charges on the oxygens in
T are 20.47 and 20.53, respectively, and the charges on the
fluorines in F are both 20.25. A strand of 3-nt DNA is shown
in Fig. 2. Whereas the distances between O4 of T and NH2 of A,
and between N3 of T and N1 of A, are computed to be 2.832 and
2.851 Å respectively, the distance between F4 of F and NH2 of
A is 3.316 Å, and the distance between C3 of F and N1 of A is
3.521 Å. These are 0.484–0.670 Å longer, a clear indication of
the absence of hydrogen-bonding in the small DNA oligomer.
Importantly, the distance between N3 of T and N1 of A
calculated with the AMBER* force field (2.851 Å) is close to
those measured from high resolution DNA X-ray structures
(2.82 ± 0.07 Å),12 and the distance between F4 of F and N1 of
A calculated with the AMBER* force field (3.521 Å) is close to
the value obtained from RHF/4-31G//AM1 calculations by
Santhosh and Mishra (3.533 Å).13

Force field calculations of a 12-nt DNA fragment with the
GB/SA* solvation model15 also show that there is no hydrogen-
bonding between F and A (Fig. 3). In DNA double helices, the

base pairs adjacent to F–A are strongly hydrogen bonded. This,
along with p-stacking to F and A, keeps the F–A base pair from
separating. Aqueous solvation also keeps DNA strands tightly
coiled. Even with the assistance from neighboring base pairs,
the F–A hydrogen bonding distances are still 0.6–0.7 Å longer
than those of T–A. All evidence suggests that there is no
hydrogen bonding between F and A. However, the p-stacking
and the shape of the whole DNA strands are not distorted
significantly with F in place of T. As a nearly perfect isostere,
F should be able to fit into the DNA template-polymerase-
substrate complex without disturbing the structure.

The experimental and theoretical studies support the conclu-
sion of Kool et al. that the hydrogen bonding of F–A is very
unlikely to play an important role in DNA replication.
Geometrical effects must account for the high fidelity of DNA
replication in the presence of polymerase.
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Fig. 2 Molecular modelling shows no obvious hydrogen bonding of F with
A.

Fig. 3 The structure of 12-nt DNA with A–T or A–F base pairs.
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Functionalised pendant-arm derivatives of [9]aneN3 have
been used as building blocks for the synthesis of inorganic
multi-dimensional networks in the presence of AgI.

Crystal engineering and the design of solid-state architectures
have become areas of increasing interest over recent years.1–4

Initially, attention was focused mainly upon the use of
supramolecular contacts (particularly hydrogen bonding and p–
p interactions) between suitable organic molecules to generate
multi-dimensional arrays and networks.1–3 More recently, the
design of three-dimensional inorganic coordination polymers
has become a rapidly expanding area4,5 with transition metal
ions such as CuI and AgI and multidentate ligands derived from
4,4A-bipy being used as building blocks for different network
topologies and structural motifs.6–8 Although subtle factors
such as p–p interactions between ligand units and/or the nature
of the anion may have profound effects on the topology of the
cationic coordination array, the design and synthesis of new
multidentate ligands that can be used as building blocks for the
construction of desired solid-state architecture is still the major
target.

Functionalised pendant arm derivatives of aza-crown ether
macrocycles have long been used as ligands for producing
complexes of low nuclearity and of high kinetic and thermody-
namic stability, with the coordinated transition-metal ion(s)
adopting specific coordination and redox properties which
make them relevant as models for metallobiosites or catalytic
reagents.9,10 The pendant groups are carefully chosen and are
often attached to the macrocyclic framework to give endocyclic
complexes. However, functionalised pendant arms have not
been previously intentionally attached onto aza-crown ether
rings for the purpose of assembling a multidentate ligand to be
used in the construction of three-dimensional exocyclic solid-
state architectures.

We report herein the synthesis† and coordination properties
of the new ligands L1 and L2 with AgI. We argued that nitrile
functionalised pendant arms would prevent these polydentate

ligands from encapsulating tetrahedral metal centres (AgI, CuI)
or forming sandwich complexes with them, but would promote
the formation of multinuclear or polymeric compounds.

Reaction of L1 with 1 molar equivalent of AgPF6 in MeCN at
room temperature gives colourless plate crystals following
partial removal of the solvent and diffusion of Et2O vapour into
the remaining solution. A single crystal X-ray determination‡
confirms the product to be a three-dimensional polymer,
{[Ag(L1)](PF6)}H 1. Each AgI ion is coordinated to six N-
donors in a distorted octahedral coordination geometry, with
one face taken up by the three N-donors of the triaza ring [Ag–N

2.523(4)–2.547(4) Å]. The remaining three positions are
occupied by the N-donors of nitrile groups belonging to three
different molecules of [Ag(L1)]+ [Ag–N 2.311(4)–2.486(4) Å]
(Figs. 1 and 2). A three-dimensional inorganic network is
therefore formed in which each molecule of L1 is a node linked
to four different AgI centres (Fig. 2) and each AgI ion represents
a six-connected junction via NCH2CN linkers to six other AgI

ions in the overall 3D single network. Six-connected single
networks at AgI consisting of a cationic frame linked by
molecular rods are very rare in the literature, the only reported
example being the complex [Ag(pyz)3]SbF6 which is topo-
logically related to the structures of ReO3 or Prussian blue.7c

Fig. 1 View of the coordination sphere around the AgI ion in the [Ag(L1)]+

cation with numbering scheme adopted. The nitrogen atoms N(13i), N(43ii)
and N(73iii) belong to three different symmetry related molecules of L1 [i =
x + 1/2, 2y + 3/2, z21/2; ii = x21/2, 2y+3/2, z21/2; iii = 2x+1/2, y+1/2,
2z+1/2]. Hydrogen atoms are omitted for clarity and displacement
parameters are drawn at 50% probability.

Fig. 2 View of part of the {[Ag(L1)]+}H three-dimensional polymer.
Counter-anions are omitted for clarity and chains running through the
structure are distinguished by the colour of their bonds.

Chem. Commun., 1998, 2633–2634 2633



Using the same synthetic procedure as for 1, colourless
crystals were obtained from the reaction of L2 with AgBF4 in
1:1 molar ratio in MeCN. Although analytical and mass
spectroscopic data for the product were consistent with the
stoichiometry [Ag(L2)]BF4, a single crystal structure determi-
nation was undertaken to ascertain the ligation and nuclearity of
the complex. The structure confirms the product to be a one-
dimensional zigzag polymer, {[Ag2(L2)2](BF4)2}H 2 in which
the repeating unit is the binuclear complex cation [Ag2(L2)2]2+

which lies across a crystallographic inversion centre (Fig. 3).
Each AgI ion in the binuclear fragment is coordinated to four N-
donors in a distorted tetrahedral geometry with N–Ag–N angles
ranging from 74.0(2) [N(4)–Ag(1)–N(7)] to 159.1(2)° [N(4)–
Ag(1)–N(44i), i = 2x + 1, 2y + 1, 2z] and Ag–N bond
distances from 2.192(6) [Ag(1)–N(44i)] to 2.504(5) Å [Ag(1)–
N(7)]. Three out of four N-donors are provided by the [9]aneN3
framework of a molecule of L2 and the fourth, which completes
the coordination sphere around the metal centre, belongs to the
nitrile group of a pendant arm of the symmetry related
[Ag(L2)]+ unit (Fig. 3). One of the remaining two pendant arms
of L2 interacts with a AgI centre of an inversion-related
[Ag2(L2)2]2+ binuclear fragment [Ag(1)–N(14ii) 2.779(7) Å, ii
= 2x + 2, 2y + 1, 2z] to give an infinite zigzag polymer along
the a axis (Fig. 4). Thus, simply altering the pendant arm length,
from C2 in L1 to C3 in L2, affords a different network motif for
the resultant coordination polymer.

The work described herein represents the first attempt to use
properly designed functionalised pendant-arm derivatives of
aza crown ethers as building blocks for the synthesis of
extended inorganic architectures. We have also shown that the
potential of this type of ligand can be increased further by the

fine-control over the nature of the resulting inorganic network
offered by varying the length of the pendant arms.

We thank the EPSRC for financial support.
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1119.
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467.
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1997.
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Fig. 3 View of the [Ag2(L2)2]2+ dinuclear cation with numbering scheme
adopted. Hydrogen atoms are omitted for clarity. Symmetry operation i =
2x+1, 2y+1, 2z.

Fig. 4 Packing diagram for the {[Ag2(L2)2]2+}H polymeric chain.
Counter-anions are omitted for clarity. Symmetry operation ii = 2x+2,
2y+1, 2z.
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The readily accessible enantiopure hydrobenzoin forms the
backbone of the new bidentate ligand BIPHOP-F that is
shown here to provide the chiral environment for a highly
enantioselective Fe–Lewis acid catalysed Diels–Alder reac-
tion between a,b-enals and dienes.

The high versatility of the Diels–Alder reaction in the synthesis
of six-membered ring compounds and the potential for the
control of up to four stereogenic centres make this transforma-
tion one of the key reactions in organic synthesis. Lewis acid
catalysis has further enhanced its scope. Recent focus in this
area has been on the use of chiral Lewis acids as catalysts and
both main group and transition metal Lewis acids have yielded
impressive results.1,2

Our earlier report in this area centred on the chiral Cp iron(ii)
Lewis acid 1 containing the electron poor C2-symmetric

bidentate phosphorus ligand CYCLOP-F derived from trans-
cyclopentane-1,2-diol 2.2a,3a While both enantiomers of 2 are
available by diastereoselective synthesis3b or enzymatic resolu-
tion,4 the synthesis of 2 in larger quantities is time consuming
and costly.

We here report on the new ligand BIPHOP-F (4) and on its
use in the Fe–Lewis acid catalysed Diels–Alder reaction.
Models suggested that hydrobenzoin 3 would be a good
candidate for replacement of the cyclopentanediol backbone. As
diol 3 is readily synthesised via Sharpless dihydroxylation,5 we
were surprised to find that its previous use in the synthesis of
bidentate phosphorous ligands is limited to a single report.6

Ligand 4† was prepared in near quantitative yield by reaction
of (R,R)- or (S,S)-hydrobenzoin [(R,R)-3 or (S,S)-3] with
bis(pentafluorophenyl)phosphorus bromide7 in the presence of
triethylamine. The Lewis acid catalyst 6 was obtained by
photolytic ligand exchange in [CpFe(CO)2Me] followed by
protolytic demethylation of complex 52a (Scheme 1). The
unsaturated Fe complex 6 was trapped in situ with either
acetonitrile, acrolein, or benzaldehyde to give, after precipita-
tion with hexane, complexes 7a–c, respectively.

Complex 7a is stable and is readily characterised. The
acetonitrile ligand is strongly bound and the complex does not
exhibit catalytic activity towards the Diels–Alder reaction
between enals and dienes. Complexes 7b and 7c are stable at
ambient temperature in the solid state and can be weighed out in
air without degradation. In CH2Cl2 solution, the aldehyde
ligands in 7b and 7c are labile and in the absence of excess free
aldehyde, the complexes slowly decompose at temperatures
above 220 °C. Both 7a and 7b can be used as precatalysts in

Diels–Alder reactions between a,b-enals and dienes (Table 1).
2,6-Di-tert-butylpyridine was added to scavenge residual acid
impurities that adversely affected enantioselectivities. We
subsequently found that 2,6-dimethylpyridine was equally
efficient.

The results in Table 1 show that exo/endo ratios, yields, and
enantiomeric excess obtained matched, and in some cases
slightly exceeded, those realised with catalyst 1. Increasing the
quantity of diene led to a faster reaction and to higher yields but
in some cases, e.g. the reactions between cyclopentadiene and
acrolein or a-bromoacrolein, resulted in a drop of enantiose-
lectivity. This presumably is due to the competitive uncatalysed
background reaction. The sense of asymmetric induction
observed is the same for both Lewis acids 1 and 6. Indeed, the
chiral catalyst sites are very similar. Fig. 1‡ shows the chiral
pocket of the catalysts 6 and 12a and the postulated position of
methacrolein in the transition state assembly.§ The diene
approaches the alkene Ca-si-face of the s-trans conformer of the
coordinated enal. The re-face is shielded by a pentafluoro-
phenyl ring of the ligand and the ligand backbone.

In summary, the new C2-symmetric bidentate phosphorus
ligand BIPHOP-F 4 derived from (R,R)- or (S,S)-hydrobenzoin
3 described here proved to be an effective ligand in the FeII

Scheme 1
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catalysed asymmetric Diels–Alder reaction of a,b-enals with
dienes and its ease of synthesis merits attention for other
applications in asymmetric catalysis.

We thank the Swiss National Science Foundation for support
of this work. (SNSF grants 20-045291.95 and 20-52478.97).
We also thank Ms Maria Mayor Lopez and Professor Jacques
Weber for carrying out computational studies on the catalysts.

Notes and references
† (S,S)-4: mp (toluene): 124 °C. [a]D

20 282 (CH2Cl2, c = 2.31).1H NMR
(C6D6, 400 MHz): d 6.89–6.82 (m, 4H, o-Harom), 6.81–6.68 (m, 6H, m,p-
Harom), 5.23–5.17 (m, 2H, CHOP). 31P NMR (C6D6, 162 MHz): d 87.2 (p,
J 40 Hz). IR (CH2Cl2): 1640m, 1517s, 1480s, 1380m, 1290m, 1202w,
1143w, 1091s, 980s, 919w, 882w, 800w, 638w, 585w. Elemental analysis:
Calc. for C38H20F20O2P2: C, 48.43; H, 1.28. Found: C, 48.37, H, 1.60%.
‡ The site of 1 was taken from the X-ray structure of  [(h5-C5H5)Fe-
(MeCN)(CYCLOP-F)][PF6].2a The site of 6 was modelled from the X-ray
structure of the complex [(h5-C5H4CF3)Fe(Me)(BIPHOP-F)] (8). The

synthesis of 8 and the X-ray structure determination will be reported in a
forthcoming full paper.
§ Based on accommodation of methacrolein in the chiral pocket with
geometry optimization by molecular mechanics (MM+) and EHMO.
Details will be reported in a forthcoming full paper.

1 For recent reviews, see: K. Narasaka, Synthesis, 1991, 1; H. B. Kagan
and O. Riant, Chem. Rev., 1992, 92, 1007;  U. Pindur, G. Lutz and C.
Otto, Chem. Rev., 1993, 93, 741; E. J. Corey and A. Guzman-Perez,
Angew. Chem. Int. Ed. Engl., 1998, 37, 389.

2 For asymmetric Diels–Alder reactions catalysed by chiral Cp– and
arene–transition metal Lewis acids, see: (a) E. P. Kündig, B. Bourdin
and G. Bernardinelli, Angew. Chem., Int. Ed. Engl., 1994, 33, 1856;
(b) D. Carmona, C. Cativiela, R. Garcı́a-Correas, F. J. Lahoz, M. P.
Lamata, J. A. López, M. P. López-Ram de Vı́u, L. A. Oro, E. San José
and F. Viguri, Chem. Commun., 1996, 1247; (c) D. L. Davies, J.
Fawcett, S. A. Garratt and D. R. Russell, Chem. Commun., 1997, 1351;
(d) D. Carmona, C. Cativiela, S. Elipe, F. J. Lahoz, M. P. Lamata, M. P.
López-Ram de Vı́u, L. A. Oro, C. Vega and F. Viguri, Chem. Commun.,
1997, 2351; (e) A. J. Davenport, D. L. Davies, J. Fawcett, S. A. Garratt,
L. Lad and D. R. Russell, Chem. Commun., 1997, 2347.

3 (a) E. P. Kündig, C. Dupré, B. Bourdin, A. Cunningham Jr. and D. Pons,
Helv. Chim. Acta, 1994, 77, 421; (b) A. F. Cunningham Jr. and E. P.
Kündig, J. Org. Chem., 1988, 53, 1823.
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1991, 49.
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Zhang, J. Org. Chem., 1992, 57, 2768; Z.-M. Wang and K. B. Sharpless,
J. Org. Chem., 1994, 59, 8302.
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7 M. Fild, O. Glemser and I. Hollenberg, Z. Naturforsch Teil B, 1966, 21,
920;  R. Ali and K. B. Dillon, J. Chem. Soc., Dalton Trans., 1990,
2593.
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54, 1481.

9 S. Hashimoto, N. Komeshima and K. Koga, J. Chem. Soc., Chem.
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Paquette, C. W. Doecke, F. R. Kearney, A. F. Drake and S. F. Mason,
J. Am. Chem. Soc., 1980, 102, 7228.
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Table 1 Diels–Alder reactions with complex 7ba

a The Diels–Alder reactions were carried out in freshly distilled CH2Cl2 (1
M solution) with 5 mol% precatalyst 7b and 5 mol% of 2,6-di-tert-
butylpyridine or 2,6-dimethylpyridine. Analogous results were obtained
with 7c. b exo/endo Ratio. c Isolated yield after flash-chromatography. d The
ee was determined by GC analysis of the diasteromeric acetals obtained by
reaction with (2R,4R)-pentanediol.8 The absolute configuration was
assigned by comparing the sign of [a]D

20 with literature values.8,9 e The
enantiomeric excess was determined from the 1H NMR spectrum in the
presence of the chiral shift reagent Eu(hfc)3. f The absolute configuration
was assigned by comparison with literature data.10 g Slow addition of the
diene (1 h). h The absolute configuration assigned is based on the
presumption of attack of the enal Ca-si-face (same as in the first three
examples in the Table). i The enantiomeric excess was determined by GC
analysis on a chiral column (MN FS-Lipodex E).

Fig. 1 (a) Coordination site of catalyst (R,R)-6, (b) coordination site of
catalyst (R,R)-1 and (c) catalyst (R,R)-1 + methacrolein. The diene approach
to the methacrolein Ca-si-face is indicated by the arrow.‡
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Cobalt(ii), zinc(ii) and cadmium(ii) salts react with the new
spacer ligand 2,2A-bi-1,6-naphthyridine 1 to give 2D-planar
(4,4) frameworks which interpenetrate such that each grid
window of each sheet has two other sheets passing through
it with all sheets being equivalent whereas copper(i)
tetrafluoroborate and 1 form a 21-helicoidal chain with
neigboring chains interlocking through an aromatic p–p
interaction.

The synthesis of interpenetrating nets and the elucidation of the
factors leading to a periodic entanglement is an area of
increasing interest.1 Many interpenetrating structures were
obtained from attempts to create porous solid bases on metal
coordination polymers.2 As nature tends to avoid vacuum,
identical copies of the frameworks with large openings
interpenetrate to fill this empty space rather than to create a
single network.3 In the design of metal–ligand networks rigid
and multidentate ligands with pyridine groups feature promi-
nently as building blocks.4 In our study of functionalized 2,2A-
bipyridine-type ligands5 we look here at the self-assembly
process of the new spacer 2,2A-bi-1,6-naphthyridine 16 with
various metal salts.

The choice of functionalized 2,2A-bipyridine building blocks
stems from the aim to supply functional groups within the inner
walls of a porous coordination polymer as is schematically
depicted in 2. Such functionalities should eventually interact
with organic guest molecules, e.g. through hydrogen bonding,
or allow for the anchoring of additional metal ions.

Spacer 1 reacts with cobalt chloride, zinc or cadmium
perchlorate in the presence of a slight excess of KSCN in water–
ethanol (1 : 1) to give well formed crystals in yields of 50% and

above. The products were investigated by single crystal X-ray
analysis† and correspond to the formula 2∞[M(NCS)2(m-1)2] (M
= Co, Zn, Cd) (matching the C,H,N analytical data‡). The three
M(ii) compounds are isostructural. The binaphthyridine ligand
assumes the s-trans conformation and bridges between the
metal centers. Four ligands of 1 are arranged around the metal
in a square-planar fashion and two trans (nitrogen-bound)
isothiocyanato ligands complete the octahedral metal coordina-
tion sphere. The bonded metal–1 arrangement leads to planar
(4,4) nets. Fig. 1 shows an individual metal–ligand grid. The
bridged metal–metal distances along the edges of the parallelo-
grams are around 15.76–16.05 Å and the distances along the
shorter and longer diagonals are 21.44–21.95 and
23.10–23.43 Å, respectively, depending on the metal. The 2D
framework from Fig. 1 is interpenetrated in an inclined mode1

by symmetry related, identical sheets to give an interlocked 3D
structure. The manner of interpenetration is such that each
window of each grid has parts of two other sheets passing
through it, which we would like to call a 2 3 2 interpenetration
(Figs. 2 and 3). It was surprising at first that the rings were large
enough and the binaphthyridine rods slim enough to allow the
passage of two sheets, when considering the van der Waals
surfaces of the aromatic system and the NCS group. A space-

† Dedicated to Professor Dr Bernt Krebs on the occasion of his 60th
birthday.

Fig. 1 View of a section of the planar individual metal–ligand network in
2∞ [M(NCS)2(m-1)2] (M = Co, Zn, Cd).

Fig. 2 Stereoview along b of the interpenetration of parts of two sheets
through a grid window in 2∞ [M(NCS)2(m-1)2] (M = Co, Zn, Cd).
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filling model then illustrated the close p–p contact of the
naphthyridine moieties (Fig. 4). The knots or metal centers of
the intersecting networks do not lie within the plane of the
pierced ring but above and below. The nets run either parallel to
the (021) or to the (02 2 1) plane. The inclination of the sheets
is almost perpendicular, the angle ranges from 92.9° for the
cobalt to 93.7° for the cadmium grids. A similar mode of
interpenetration was so far only reported in the structure of
[Cd(py)2{Ag(CN)2}2],7 for the more common type of a 1 3 1
interpenetration in (4,4) square grid sheets, the structure of
2∞[M(4,4A-bipy)2]SiF6 (M = Zn, Cd) is a typical example.8

The anellated arene substituents in the a position to the
bipyridine nitrogen donor atoms prevent the chelating coordina-
tion of two or three ligands of 1 with its bipyridine unit in an
octahedral complex. A bipyridine selectivity in 1 (cuproin
group) can, however, be expected towards copper(i). An X-ray
study† revealed that the reaction of 1 with [Cu(MeCN)4]BF4 in
MeCN–CH2Cl2 led to a compound of formula 1∞[Cu(MeCN)(m-

1)]BF4·0.5CH2Cl2. A 1D-coordination polymer (Fig. 5) origi-
nates from the chelation of the copper center by 1 in its s-cis
conformation together with the bridging action of the ligand to
the next metal through one of its exodentate nitrogen donors.
The distorted tetrahedral coordination sphere at copper is
completed by an acetonitrile ligand. The copper–ligand strand
assumes a helicoidal conformation following a 21 screw axis.
The neighboring parallel strands are of opposite helicity and
interlock (interdigitate) through p–p interactions of the ex-
tended aromatic binaphthyridine system.

We acknowledge the support by the Humboldt Foundation
(fellowship for H.-P. W.), the Fonds der Chemischen Industrie,
the DFG, and the graduate college ‘Unpaired Electrons’.

Notes and references
† Crystal data: 2∞[Co(NCS)2(m-1)2], orthorhombic, space group Cmca, a =
21.4385(17), b = 15.918(1), c = 8.3683(5) Å, V = 2855.8(3) Å3, Z = 4,
Dc = 1.6087, final R, wR values 0.0321, 0.0744 for 1334 independent
reflections with I > 2s(I).

2∞[Zn(NCS)2(m-1)2], orthorhombic, space group Cmca, a = 21.5003(19),
b = 15.925(1), c = 8.3967(5) Å, V = 2875.0(4) Å3, Z = 4, Dc = 1.6129,
final R, wR values 0.0269, 0.0744 for 1555 independent reflections with I >
2s(I).

2∞[Cd(NCS)2(m-1)2], orthorhombic, space group Cmca, a = 21.9537(13),
b = 16.027(1), c = 8.5477(5) Å, V = 3007.5(3) Å3, Z = 4, Dc = 1.6457,
final R, wR values 0.0235, 0.0606 for 1679 independent reflections with I >
2s(I).

1∞[Cu(MeCN)(m-1)]BF4·0.5CH2Cl2, monoclinic, space group C2/c, a =
22.4063(16), b = 8.1045(4), c = 22.5896(18) Å, V = 4029.8(5) Å3, Z = 8,
Dc = 1.624(2), final R, wR values 0.0358, 0.0797 for 2754 independent
reflections with I > 2s(I).

Data collection by the w-scan method, Mo-Ka radiation (l = 0.71073),
graphite monochromator, at 200 K on a STOE IPDS diffractometer.
Structure solution by direct methods (SHELXS-97)9 and refined by full-
matrix least-squares on F2 (SHELXL-97);9 all non-hydrogen positions
found and refined with anisotropic temperature factors. Graphics were
obtained with ORTEP3 and PLUTON for Windows.10 CCDC 182/1024.
See http://www.rsc.org/suppdata/cc/1998/2637/ for crystallographic files in
.cif format.
‡ Elemental analyses: 2∞[Co(NCS)2(m-1)2] calc. C 59.04, H 2.89, N 20.26;
found C 58.68, H 2.92, N 20.22%. 2∞[Zn(NCS)2(m-1)2] calc. C 58.49, H 2.89,
N 20.06; found C 58.16, H 2.81, N 20.00%. 2∞[Cd(NCS)2(m-1)2] calc. C
54.81, H 2.68, N 18.81; found C 54.95, H 2.74, N 19.10%. 1∞[Cu(MeCN)(m-
1)]BF4·0.5CH2Cl2 calc. C 35.96, H 2.03, N 11.10; found C 35.77, H 2.18,
N 11.08%.
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TON97: A. L. Spek, Acta Crystallogr., Sect. A, 1990, 46, C34. Windows
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Fig. 3 Stereoview along c of the schematic framework of 2∞[M(NCS)2(m-1)2]
(M = Co, Zn, Cd), with only the metal center and the central C–C unit of
the binaphthyridine moiety shown. Sheets of different inclination are drawn
with solid or dashed lines, respectively.

Fig. 4 Space-filling drawing of the interpenetration of parts of two sheets
through a grid window in 2∞[M(NCS)2(m-1)2] (M = Co, Zn, Cd).

Fig. 5 Section of the 21-helical coordination polymer of 1∞[Cu(MeCN)(m-
1)]BF4·0.5CH2Cl2. Anion and solvent molecule have been omitted for
clarity.
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Formal stereoselective synthesis of (±)-akagerine
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A stereoselective synthesis of pentacyclic dilactam 1, a
known precursor of the indole alkaloid akagerine, involving
addition of the enolate of 1-acetylindole 2 to 3-acetyl-
2-fluoropyridinium salt 3, cyclization of the resultant
1,4-dihydropyridine, elaboration of the (E)-ethylidene sub-
stituent and closure of the C ring by Pummerer reaction, is
reported.

Akagerine is a tetracyclic indole alkaloid isolated in 1975 from
Strychnos usambarensis1 and later from several Strychnos
species.2 This Corynanthean3 alkaloid has a peculiar skeleton
lacking the characteristic piperidine (D) ring and containing an
additional link between N-1 and C-17 (biogenetic numbering);4
consequently, it incorporates a perhydroazepine ring fused to a
tetrahydro-b-carboline unit. Akagerine has received little
attention from the synthetic standpoint: only one total synthesis
in the racemic series via dilactam 15 (Scheme 1) and one
enantioselective synthesis of (2)-akagerine6 through a com-
pletely different route have been reported to date.

We present here a short, stereoselective route to pentacyclic
dilactam 1. Our approach takes advantage of our previously
developed methodology for the synthesis of bridged indole
alkaloids, based on the addition of indole-containing enolates to
N-alkyl-3-acylpyridinium salts, with subsequent acid-promoted
cyclization of the resultant 1,4-dihydropyridine.7 Taking into
account the easy hydrolysis of the C–F bond in 2-fluoropyr-
idines,8 we thought that the use of a pyridinium salt bearing a
fluorine atom at the 2-position in the above two-step sequence
would lead to a bridged tetracyclic intermediate embodying the
required 2-piperidone moiety present in 1. On the other hand,
the closure of the C ring would be effected by electrophilic
cyclization of a thionium ion generated by Pummerer rearrange-
ment,9 taking advantage of the functionalized two-carbon
substituent present at the piperidone nitrogen.

The synthetic sequence is outlined in Scheme 2. Thus,
reaction of the enolate derived from 1-acetylindole 2 with
3-acetyl-2-fluoropyridinium salt 3 gave (25%) 1,4-dihydropyr-
idine 4,10 which underwent cyclization (58% yield) upon the
indole 2-position with concomitant cleavage of the C–F bond by
treatment with TsOH in the presence of LiI.11 The spectroscopic
data of the resulting tetracyclic lactam 512 clearly showed that
the acetyl carbonyl group was in an enolized form, presumably
with a Z double bond configuration.

The elaboration of the C-20 (E)-ethylidene double bond was
effected in a stereoselective fashion by conversion of the
1-hydroxyethylidene group of 5 into the corresponding triflate,

followed by Pd0 catalyzed reduction with Bu3SnH.13 Following
this protocol 6 was obtained in 45% overall yield from 5.

MCPBA oxidation of tetracyclic sulfide 6 gave the corre-
sponding sulfoxide (mixture of stereoisomers), which smoothly
underwent Pummerer rearrangement with TFAA in CH2Cl2 in
the presence of 2,6-di(tert-butyl)pyridine at room tempera-
ture.14 When the presumed acyloxy sulfide intermediate was
refluxed in CH2Cl2 the desired pentacyclic sulfide 7 (a single
diastereomer, undetermined configuration at C-6) was obtained
in 71% overall yield from 6.

Finally, desulfurization of 7 with Bu3SnH–AIBN gave the
desired pentacyclic dilactam 1 in 72% yield. The 1H NMR data
of 1 are in agreement with those previously reported.5,15 Taking
into account the previous work by Winterfeldt,5 the synthesis of
1 represents a formal total synthesis of (±)-akagerine.

Financial support from the DGICYT, Spain (project PB94-
0214) is gratefully acknowledged. Thanks are also due to the

Scheme 1

Scheme 2 Reagents and conditions: i, LDA, THF, 230 °C, 1.5 h; ii, C6H6,
TsOH, MeOH, LiI, room temp., 2 h; iii, Tf2O, 1,8-bis(dimethylamino)na-
phthalene, 230 to 210 °C, 1 h; iv, Bu3SnH, Pd(Ph3P)4, LiCl, THF, reflux,
1 h; v, MCPBA, CH2Cl2, 270 °C, 30 min; vi, TFAA, 2,6-di(tert-
butyl)pyridine, CH2Cl2, room temp., 30 min, then reflux, 1.5 h; vii,
Bu3SnH, AIBN, benzene, reflux, 1 h.
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Polyoxamic acid 4 is prepared by a short and efficient
process involving diastereochemically matched cycloaddi-
tion of 5-(S)-phenylmorpholin-2-one 1 with (S)-glycer-
aldehyde acetonide 2, followed by sequential hydrolysis and
hydrogenolysis of the adduct.

We have demonstrated the use of 5-(S)-phenylmorpholin-2-one
1† as a chiral template in the rapid, diastereo- and enantio-
controlled synthesis of b-hydroxy-a-amino acids.1 In this
process, the chiral azomethine ylide intermediate generated by
condensation with an aldehyde is trapped by excess of the
aldehyde to furnish a cycloadduct which can be subsequently
dismantled to lead to threo-(2S, 3R)-configured products of
high stereochemical integrity (Scheme 1).

In the cycloaddition step, stereochemical discrimination
arises from the chiral azomethine ylide reacting with an achiral
aldehyde dipolarophile. Utilizing a chiral aldehyde in such a
reaction therefore poses the question as to whether there might
be diastereochemical ‘match’ or ‘mismatch’ in either the ylide
generation step or the cycloaddition step between the chiral
reacting partners.

We now report an efficient synthesis of polyoxamic acid 4,2
the unique polyhydroxyamino acid constituting the side chain
moiety of the antifungal polyoxin antibiotics.3 The key
conversion in our synthesis involves reaction of 5-(S)-phenyl-
morpholin-2-one 1 with excess (S)-glyceraldehyde acetonide 2
(obtained from commercially available 5,6-O-isopropylidene-
L-gulono-1,4-lactone.4) in refluxing toluene with removal of
water.‡ It would appear that this combination of starting
materials leads to matched diastereocontrol as close examina-
tion of the crude product mixture isolated from reaction
between (S)-2 with 5-(S)-phenylmorpholin-2-one 1 indicated
the presence of only a single product. This could be isolated in
53% yield and showed spectroscopic features consistent with
those expected of a cycloadduct resulting from highly diastereo-
selective reaction of two equivalents of (S)-2 with (S)-1.

By analogy with our earlier rationale for stereocontrol in both
ylide generation and trapping steps, cycloaddition of the
aldehyde dipolarophile to the E-isomer of the azomethine ylide

from the face opposite the 5-phenyl substituent would be
predicted to furnish cycloadduct 3 (Scheme 2).1

Although a solid, crystals of sufficient quality for X-ray
structural analysis could not be obtained. A combination of
2-dimensional 1H NMR and NOE difference studies supported
the predicted stereochemical outcome of the cycloaddition step,
enhancements of signals corresponding to H2 and H3b on
irradiating H7 proving diagnostic of their mutual syn-relation-
ship, but the stereochemistry at C-9 remained unresolved.‡

Final confirmation of the stereochemical outcome of the ylide
generation and trapping sequence came by conversion of 3 to
polyoxamic acid as its natural (2S,3S,4S) enantiomer. Treatment
of the cycloadduct with aqueous methanolic HCl gave the
deketalized methyl ester which was not isolated but subjected
immediately to hydrogenolysis (H2, Pearlman’s catalyst, aq.
MeOH, TFA) leading to the isolation of a homogeneous
material in 95% overall yield with a specific rotation [a]D

24

+2.4 (c 1.0, H2O), [lit.,2d +2.2 (c 1.0, H2O)] and spectroscopic
data identical with those of authentic polyoxamic acid 4
(Scheme 3).§ In the same manner, the non-natural enantiomer

Scheme 1 Reagents and conditions: i, RCHO, solvent, reflux; ii, RCHO
(excess); iii, 1 M HCl, MeOH, reflux; iv, H2 (5 atm), Pd(OH)2/C, TFA (1
equiv.), aq. MeOH; v, basic ion-exchange resin.

Scheme 2 Reagents and conditions: i, (S)-glyceraldehyde acetonide 2 (3
equiv.), toluene, reflux.
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of polyoxamic acid was obtained by reacting (R)-glycer-
aldehyde acetonide (prepared by oxidative cleavage of
1,2:5,6-di-O-isopropylidene-D-mannitol5) with (R)-1, followed
by sequential degradation of the cycloadduct. Pure ent-
polyoxamic acid was isolated in excess of 50% yield over the
whole sequence, with a specific rotation, [a]D

24 22.5 (c 1.0,
H2O).

Having successfully prepared polyoxamic acid and its
enantiomer it was decided to investigate the synthesis of
diastereoisomers by employing the alternative combination of
reactant enantiomers. However, under the same conditions as
before, reaction of 5-(S)-phenylmorpholin-2-one 1 with (R)-2
resulted in a product mixture consisting of roughly equal
quantities of three products which were found to be diastereoi-
somers of 3 by spectroscopic analysis. Unfortunately none
could be isolated with sufficient purity to permit definitive
structural assignment, nor was it possible to separate the
deprotected acids at the ultimate stage of the synthetic route.
However, the observation of three cycloadducts indicates
diastereochemical mismatch in more than one element of the
ylide generation and trapping sequence, be it reactant ylide
geometry, diastereofacial control or exo/endo approach of the
dipolarophile.

In conclusion, we have demonstrated that diastereochem-
ically matched and mismatched reactions can occur in the
generation and trapping of azomethine ylides in which both
starting materials are chiral and have established a rapid
diastereocontrolled synthesis of polyoxamic acid via a

diastereochemically matched reaction of 5-(S)-phenylmorpho-
lin-2-one with (S)-glyceraldehyde acetonide. We are currently
investigating the scope of this process and applying it to the
synthesis of other enantiomerically pure b-hydroxy-a-amino
acids with additional stereogenic centres.

We thank the University of Reading for postgraduate support
under the R.E.T.F. framework (to S. M. R).
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Scheme 3 Reagents and conditions: i, 1 M HCl, MeOH, reflux; ii, H2 (5
atm), Pd(OH)2/C, TFA (1 equiv.), aq. MeOH; iii, basic ion-exchange
resin.
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Biosynthetic incorporation of isotopically labelled serines
into pramanicin 1 in Stagonospora sp. ATCC 74235 shows
that L-serine is incorporated as an intact entity with all four
bonds to the a-carbon retained; thus 1 is assigned the 5S
absolute configuration.

We have recently described the biosynthesis of pramanicin1 1
(Scheme 1) in Stagonospora sp. ATCC 74235.2 Eight acetate
units combine in the ‘head-to-tail’ manner typical of fatty acids
and polyketides3 prior to cyclization with the three-carbon
precursor corresponding to carbon atoms 4 to 6 in 1. The
resulting putative tetradeca-2,4-dienoyltetramic acid1 is then
presumably further modified to furnish 1. We demonstrated that
incorporation of DL-[1-13C]serine proceeded very efficiently:
only C-4 of 1 was labelled, suggesting that serine is the direct
amino acid precursor of 1. However, serine can be converted to
a number of metabolites in vivo, and we thus sought further
evidence for the proposed intact incorporation of a serine entity
into 1. We also wished to establish which enantiomer of serine
is utilised in the biosynthetic pathway and to correlate these
results with the as yet unknown absolute configuration of
pramanicin. Experiments directed toward these issues are
described herein.

Cultures of Stagonospora sp. ATCC 74235 were grown,†
precursors were added, and pramanicin was isolated as
described previously.1,2 Incorporations of L-[2,3,3-2H3]serine,
L-[1,2,3-13C3,15N]serine, and the separated D- and L-enantio-
mers of [2-2H,3-13C]serine‡ furnished samples of pramanicin
2–5, respectively (Scheme 2).

Pramanicin 2 derived from L-[2,3,3-2H3]serine exhibits two
resonances in the 2H{1H} NMR spectrum in MeOH. One signal
corresponds in chemical shift to one of the two diastereotopic
protons at C-6 (d 3.79), which is well separated from other
resonances in the proton NMR spectrum. The other deuterium
signal, somewhat larger than the first, correlates with the proton
chemical shift of the other C-6 proton and to that of H-5; these
two resonances are close in proton chemical shift (d 3.55 and
3.49, respectively), and the breadth of the signals in the
deuterium NMR spectrum precluded their resolution. These
resonances remained unresolved in acetone, but the spectrum in
DMSO, where the difference in shift between the two protons is
larger,2 did exhibit a clear shoulder, most notably when the
sample was heated to 85 °C to reduce viscosity and enhance 2H
relaxation. Nonetheless, we sought to clarify this result, and
thus 2 was converted to the mono-pivaloyl derivative 6
(pivaloyl chloride, TEA, 70 °C, 30 min, Scheme 2). In the
proton NMR spectrum of 6, the two C-6 protons are shifted

downfield by 0.58 and 0.51 ppm, relative to 1, while H-5 gives
a unique resonance which is shifted downfield by only 0.13
ppm. The deuterium NMR spectrum of 6 exhibited three
resonances, corresponding to the two H-6 (d 4.30 and 4.00), and
the H-5 (d 3.55) resonances [Fig. 1(A)].§ However, the D-5
signal intensity was significantly weaker than either of the D-6
resonances, and integration showed that only about 0.5
deuterons were present at this site.

These results clearly show that L-serine is a viable precursor
to pramanicin: a strong deuterium signal was observed although
the precise incorporation could not be measured in this
experiment. Further, there is no cryptic oxidation state change at
C-3 of serine since both of the diastereotopic deuterons at this
position are incorporated. The retention of some deuterium at C-
5, derived from H-2 of serine, is most readily explained by
direct incorporation of the L-enantiomer. The observed loss of
deuterium would arise from an incidental, reversible process
which results in net exchange of the a-proton. This solvent
exchange could conceivably be accomplished by the action of a
serine racemase;9,10 a transaminase (to interconvert serine and
3-hydroxypyruvate);9 serine hydroxymethyl transferase
(SHMT), which interconverts serine with glycine and methylene-
tetrahydrofolate (CH2-THF);9,11 or any of several enzymes
which catalyse b-elimination or b-replacement reactions on
serine or its derivatives.9 Extensive investigations of amino acid
racemases [whether double-base or pyridoxal phosphate (PLP)
dependent] have shown that this process invariably occurs with
substantial or complete loss of the substrate a-proton.10

However, the PLP-dependent SHMT catalyses several proc-
esses, including racemisation of alanine and the exchange of
both the prochiral a-protons of glycine, and thus this enzyme
could possibly lead to deuterium-labelled D-serine which could
then be incorporated into 1.

To resolve these issues, we next incorporated L-
[1,2,3-13C3,15N]serine. Analysis of the extensive coupling
pattern [Fig. 1(B)] in the 13C{1H} NMR spectrum of the derived
pramanicin 3 showed the labelling pattern of
[4,5,6-13C3,15N]pramanicin, derived from an intact serine
molecule, along with the [6-13C]- and [4,5-13C2,15N]-iso-

Scheme 1 Scheme 2
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topomers. The 15N NMR spectrum showed only a coupled
signal,¶ so all molecules labelled at C-2 are attached to 15N and
all enriched 15N atoms are adjacent to 13C. Thus there is no
detectable action of either transaminase or serine b-elimination
enzymes en route to 1. However, SHMT is present in this
microbial strain, and gives rise to the two non-intact iso-
topomers via cleavage of serine to [13C]CH2-THF and
[13C2,15N]glycine, followed by re-condensation of each frag-
ment with the corresponding unlabelled partner. Nonetheless,
the observation of substantial intact incorporation shows that
SHMT is not required for the biosynthesis of 1 from serine. The
results also exclude biosynthetic mechanisms in which the
polyketide component is produced as an amide, and subsequent
condensation with an a-keto acid leads to 1.

When the L-enantiomer of [2-2H,3-13C]serine was mixed
with DL-[1-13C]serine (32 mol%) as internal standard and
incorporated into 1, C-4 and C-6 [18 and 82%, respectively, of
total 13C incorporated, Fig. 1(C)] were labelled with carbon-13,
and the C-6 resonance exhibited a shifted signal (Dd 74 ppb,
28% of total C-6 enrichment) due to a b-deuterium isotope shift.
The corresponding D-[2-2H,3-13C]serine similarly mixed with
DL-[1-13C]serine gave product labelled with carbon-13 only at
the control site, C-4.∑ Thus, the D-enantiomer is not a significant
precursor for 1, while the C-3:C-2:H-2 unit of L-serine is
partially incorporated in an intact manner into C-6:C-5:H-5 of 1.
The remaining enrichment of the C-6 signal without concomi-
tant incorporation of deuterium can be accounted for by the
reversible action of SHMT.

In summary, L-serine is the true biosynthetic precursor for 1,
and is converted with all four atoms which are attached to the
a-carbon atom retained. SHMT is not required in the pathway.
These results are completely consistent with the proposed route
to 1 via an acyltetramic acid.1 The simplest conclusion is that
the absolute configuration of pramanicin at C-5 is the same as
that of L-serine, i.e. 5S; the remaining chiral centres in the
tetramic acid moiety of 1 are then defined by the work of
Schwartz et al.,2 who determined the relative configurations of

C-3 to C-5. The absolute configuration of the trans-epoxide
remains undetermined. There is no evidence for racemisation of
L-serine, or epimerisation of other biosynthetic intermediates in
the pathway to 1, which would lead to the opposite configura-
tion of 1, i.e. 5R. Although this possibility cannot be rigorously
excluded by these or indeed by other whole-cell isotope
labelling experiments, it would require the action of an enzyme
which alters the configuration yet proceeds with substantial
retention of the a-proton; there is little precedent for such an
activity.10 Further work on the pathway to the polyketide
moiety of 1, as well as the X-ray crystal structure of 1, will be
described shortly.

Financial support by the Natural Sciences and Engineering
Research Council of Canada is gratefully acknowledged. Part of
this work was undertaken through the Co-operative Education
Program, Hamilton-Wentworth Catholic District School Board,
St. Jean de Brébeuf High School, Hamilton.

Notes and references
† Stagonospora was cultured in liquid medium LCM (100 ml in 500 ml
Erlenmeyer flasks). Labelled serines (12–20 mg per culture flask) were
added as sterile solutions in water at 24 h intervals over days 2–6. After 7
days, work-up as previously described gave ca. 10 mg of 1 per flask.
‡ The samples of D- and L-[2-2H,3-13C]serine were prepared from DL-
[3-13C]serine using the pyridoxal-dependent exchange of the a-proton in
D2O as described for [2-2H]serine by Miles and McPhie (ref. 4), using some
of the modifications of de Kroon et al. (ref. 5), as well as those of Townsend
et al. (ref. 6), who prepared [2-3H,1-14C]serines; some minor modifications
designed to conserve the yield based on labelled serine were also used. For
the same reason, the resolution method of Velluz et al. (ref. 7) as modified
by Gorissen et al. (ref. 8) was used in preference to the multi-step chemical
and enzymatic resolution used by the former workers. All new compounds
and isotopomers gave satisfactory spectral data; for serine hydrochlorides,
[a]D

30: D, 29.0 ± 0.5; L, +10.0 ± 0.5 (c 1, H2O).
§ The measured shifts in the deuterium NMR spectrum are 0.005–0.006
ppm upfield of those in the proton spectrum; this can be ascribed to the
method of referencing the two spectra. Proton spectra in CD3OD are
referenced to CHD2OD at d 3.30, while the deuterium spectra in CH3OH are
referenced to natural abundance CH2DOH; the observed solvent nuclei thus
experience different isotope shifts.
¶ The 15N NMR spectrum was recorded in DMSO-d6, using polarisation
transfer by the INEPT sequence: d 2256.4 relative to CH3NO2 at d 0 (lit.2
2229.1, converted from a different external standard), dd (1J15N-1H 93 Hz,
lit.2 92 Hz, 1J15N-13C 9 Hz).
∑ A small enhancement (0.14%) at C-6 was observed; this may however be
accounted for by traces of the L-enantiomer present in the sample ( < 2%
required).

1 P. Harrison, D. W. Hughes and R. W. Riddoch, Chem. Commun., 1998,
273.

2 R. E. Schwartz, G. L. Helms, E. A. Bolessa, K. E. Wilson, R. A.
Giacobbe, J. S. Tkacz, G. F. Bills, J. M. Liesch, D. L. Zink, J. E. Curotto,
B. Pramanik and J. C. Onishi, Tetrahedron, 1994, 50, 1675.

3 For recent reviews, see: B. J. Rawlings, Nat. Prod. Rep., 1997, 14, 335;
1997, 14, 523; 1998, 15, 275.

4 E. W. Miles and P. McPhie, J. Biol. Chem., 1974, 249, 2852.
5 A. I. P. M. de Kroon, J. W. Timmermans, J. A. Killian and B. de Kruijff,

Chem. Phys. Lipids, 1990, 54, 33.
6 C. A. Townsend, A. M. Brown and L. T. Nguyen, J. Am. Chem. Soc.,

1983, 105, 919.
7 L. Velluz, G. Amiard and R. Heymes, Bull. Soc. Chim. Fr., 1954,

1015.
8 H. Gorissen, C. van der Maesen, A. Mockel, G. Journee and V. Libert,

in Synthesis and Applications of Isotopically Labelled Compounds
1991, ed. E. Buncel and G.W. Kabalka, Elsevier, New York, 1992, pp.
588–591.

9 For PLP-dependent enzymes, see: C. Walsh, Enzymatic Reaction
Mechanisms, W. H. Freeman, New York, 1977; Vitamin B6, Pyridoxal
Phosphate in Coenzymes and Cofactors, ed. D. Dolphin, R. Poulson and
O. Avramovi, Wiley, New York, 1986, vol. 1.

10 For a recent review, see: M. E. Tanner and G. L. Kenyon, in
Comprehensive Biological Catalysis, Academic Press, San Diego,
London, 1998, vol. 2, pp. 7–41.

11 For reviews of SHMT, see: L. Schirch, Adv. Enzymol. Relat. Areas Mol.
Biol., 1982, 53, 83; R. G. Matthews and J. T. Drummond, Chem. Rev.,
1990, 90, 1275.

Communication 8/07401A

Fig. 1 (A) 2H{1H} NMR spectrum of 6-pivaloylpramanicin 6 derived from
L-[2,3,3-2H3]serine: (a) natural abundance signals from MeOH solvent; (b)
diastereotopic deuterons at C-6; (c) 5-D. (B), (C) Partial 13C{1H} NMR
spectra of pramanicin 1 derived from (B) L-[1,2,3-13C3,15N]serine and (C)
L-[2-2H,3-13C]serine mixed with DL-[1-13C]serine. Left: C-4; centre: C-6;
right: C-5. For complete assignments, see ref. 1,2. Traces in (B) have the
same scaling for both axes, as do those in (C), but (B) and (C) have different
natural abundance peak heights. (d) 1J13C-4-13C-5 = 38 Hz; (e) natural
abundance signal; (f) 1J13C-5-13C-6 = 40 Hz; (g) enriched singlet from action
of SHMT on labelled CH22THF and unlabelled glycine; (h) coupled
signals from [4,5,6-13C3,15N]pramanicin from an intact serine unit,
1J13C-4-15N = 10 Hz; (i) signals for [4,5-13C2,15N]pramanicin from action of
SHMT on unlabelled CH22THF and labelled glycine; (j) natural abundance
signal plus coupled component; (k) enhanced singlet from [1-13C]serine; (l)
b-deuterium isotope shift, Dd 74 ppb.
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Synthesis and chemoselective activation of phenyl
3,5-di-O-benzyl-2-O,4-C-methylene-1-thio-b-D-ribofuranoside: a key synthon
towards a-LNA
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A bicyclic thiofuranoside (phenyl 3,5-di-O-benzyl-2-O,4-C-
methylene-b-D-ribofuranoside) was efficiently synthesized
and introduced as the key synthon in a method for
convergent synthesis of a- and b-LNA nucleosides; acid-
induced ring-opening reactions of the corresponding bicyclic
methyl furanoside are also described.

In the search for an ideal nucleic acid mimic, intensive research
towards conformationally restricted oligonucleotide analogues
has been carried out during the last years.1 We have recently
introduced LNA (Locked Nucleic Acid) as a novel class of
preorganized oligonucleotide analogues showing very inter-
esting properties.2–4† In our initial synthetic approaches,
monomeric b-configurated LNA nucleosides (e.g. the thymine
derivative 13, 5-methyl-2A-O,4A-C-methyleneuridine or
(1S,3R,4R,7S)-7-hydroxy-1-hydroxymethyl-3-(thymin-1-yl)-
2,5-dioxabicyclo[2.2.1]heptane, Scheme 2) were synthesized
by stereoselective condensation of appropriately protected 4-C-
hydroxymethyl-1,2-di-O-acetyl furanoses with silylated nucle-
obases and subsequent base-induced ring-closure and deprotec-
tion;2,3 linear syntheses of LNA nucleosides have also been
accomplished.5–7 Here, a novel synthetic strategy is introduced,
involving the use of a bicyclic carbohydrate precursor for
nucleobase coupling reactions thus revealing the first synthesis
of a-configurated LNA nucleosides. Our interest in these a-
anomers, and in a-LNA, was stimulated by reports that a-DNA,
in comparison with b-DNA, forms a more stable duplex with
complementary RNA.8,9

The protected 4-C-hydroxymethyl furanose 1 was synthe-
sized according to the known method3,10 and converted to the
methanesulfonate 2 in 99% yield (Scheme 1). This compound
was treated with HCl in MeOH–H2O (7 : 1 v/v) to give the
anomeric mixture of methyl furanosides 3 in 95% yield.
Treatment with NaH gave the two isomeric bicyclic methyl
furanosides 4 and 5 in 60 and 30% yield, respectively. The
structures of the two products were verified using NMR
experiments. Thus, mutual NOE contacts between H-1, H-2 and
H-3 verified the a-configuration of 5 and the absence of NOE
contacts between H-1 and H-3 verified the b-configuration of 4.
The coupling constants 3JH1,H2 and 3JH2,H3 were in both cases
extremely small ( ~ 0 Hz) confirming the bicyclo[2.2.1]heptane
structures. An attempt to use these bicyclic methyl furanosides
as precursors for synthesis of LNA nucleosides failed. Thus,
coupling of thymine to furanoside 4 using a modified Vor-
brüggen methodology11 [N,O-bis(trimethylsilyl)acetamide
(BSA) and Me3SiOTf in MeCN] afforded in 59% yield one
major product which was assigned as the ring-opened derivative
6 existing as a mixture of diastereoisomers.12 The considerable
ring strain in the bicyclic structure is a plausible explanation for
the favouring of the Lewis acid mediated ring-opening reaction
over the cleavage of the anomeric bond.

As an attempt to overcome this problem, better leaving
groups were introduced at the anomeric position (Scheme 1 and
2). In order to obtain a mixture of 1A-O-acetyl derivatives,
methyl furanoside 4 (and/or 5) was treated with 80% aq. AcOH

to give a deprotected intermediate, which was subsequently
acetylated. The latter reaction was slow and problematic giving
a major product in only 23% yield, which was assigned as the
pure b-anomer 7. NMR spectra of the deprotected intermediate
showed distinctive aldehyde signals suggesting ring strain and
the predominance of the monocyclic intermediate 4a to be
responsible for the slow and low-yielding conversion to
furanose 7. Summarizing, the strategies depicted in Scheme 1
are not convenient for synthesis of the bicyclic nucleosides.

Thioglycosides have been intensively investigated for glyco-
sylation reactions due to their ability to react with sulfur-
specific electrophiles, thereby creating sulfonium cations
readily displaced as leaving groups.13,14 In the case of phenyl
thioglycosides, there have been reports of nucleobase coupling
reactions yielding natural as well as modified nucleosides.15,16

Scheme 1 Reagents and conditions: i, MsCl, pyridine; ii, 20% HCl in
MeOH, H2O; iii, NaH, DMF; iv, thymine, BSA, Me3SiOTf, MeCN; v, 80%
AcOH; vi, Ac2O, pyridine; vii, Me3SiSPh, Me3SiOTf, CH2Cl2.
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Furthermore, oxidized phenylsulfenyl glycosides have been
used in glycosylations17 and in nucleobase coupling reac-
tions.18,19 Thioglycosides have been obtained from O-glyco-
sides,13 but treatment of the bicyclic methyl furanoside 4 with
Me3SiSPh and Me3SiOTf13 gave the ring-opened dithioacetal
derivative 8 in 61% yield (Scheme 1). However, after protection
of the methyl furanoside 3 to give 2A-O-acetyl derivative 9 in
97% yield (Scheme 2), the b-thiofuranoside 10 was obtained in
66% yield using Me3SiSPh and Me3SiOTf (25% of starting
material 9 was recovered). Only trace of the a-anomer of 10 was
detected due to the expected anchimeric assistance from the 2A-
O-acetyl group. The acetyl group was removed with methanolic
ammonia and direct ring-closure was very efficiently performed
using NaH affording phenyl 3,5-di-O-benzyl-2-O,4-C-methyl-
ene-b-D-ribofuranoside 11‡ in 95% yield.

Condensation of the bicyclic phenyl thiofuranoside 11 with
silylated thymine20 using NBS as a thiophilic activator13,16 gave
an inseparable mixture of anomeric nucleosides 12 (a:b ~ 2:1)
in 61% yield (or 100% yield based on the recovery of 39%
starting material). This mixture was directly deprotected by
hydrogenation to give the known b-LNA nucleoside 13 and its
a-LNA nucleoside analogue 14§ (in preliminary yields of 12
and 25%, respectively). The expected bicyclic structure of 14
was verified by mass spectrometry and NMR spectroscopy
which revealed, as for 13,2,3,5 negligible 3JH1A,H2A and 3JH2A,H3A
coupling constants ( ~ 0 Hz). Importantly, no ring-opening
reactions were detected using this nucleobase coupling method
taking advantage of the chemoselective cleavage of the
anomeric bond by NBS.

A general bicyclic thioglycoside synthon 11 for nucleobase
coupling reactions has been efficiently synthesized. The
applicability of thiofuranoside 11 has been demonstrated by the
synthesis of the known b-LNA nucleoside 13 and the first a-
LNA nucleoside 14, and analogous thioglycosides may prove

useful for convergent syntheses of other constrained bicyclic
nucleoside derivatives. The general use of 11 as a precursor for
synthesis of a- and b-LNA nucleosides is currently under
investigation.

The Danish Natural Science Research Council, The Danish
Technical Research Council and Exiqon A/S, Denmark, are
thanked for financial support.
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Scheme 2 Reagents and conditions: i, Ac2O, pyridine; ii, Me3SiSPh,
Me3SiOTf, CH2Cl2; iii, NH3, MeOH, then NaH, DMF; iv, thymine, HMDS,
then NBS, 11, 4 Å molecular sieves, CH2Cl2; v, H2, Pd(OH)2/C, EtOH,
CH2Cl2.
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Isovalent substitution of Mn(ii) for Mg(ii) in the oxide ion
conductor, La0.9Sr0.1Ga0.8Mg0.2O2.85, yields a new oxide ion
conductor which exhibits an ionic conductivity (s = 4.6 3
1022 S cm21 at 800 °C) that is comparable to the
conductivity of the Mg(ii) analogue; interestingly, the Mn(ii)
oxide has a lower activation energy for conduction (Ea =
0.47 eV) than the Mg(ii) oxide.

The strontium- and magnesium-substituted lanthanum gallate
perovskite, La0.9Sr0.1Ga0.8Mg0.2O32z I, first reported by
Ishihara et al.1 has turned out to be an excellent oxide ion
conductor2 that promises to replace yttria-stabilized zirconia
(YSZ) in solid oxide fuel cells (SOFCs) operating at relatively
low temperatures (600–800 °C).3,4 Besides providing an
optimal concentration of oxide ion vacancies, the exact role of
strontium and magnesium toward the high oxide ion con-
ductivity of phase I is unclear at present. While it is known1,5

that substitution of other cations (such as Ca, Ba, lanthanides)
for La/Sr adversely affects the ionic conductivity of I, the effect
of other divalent cations substituting for Mg(ii) in I has, to our
knowledge, not been investigated.† We considered that Mn(ii)
would be an effective replacement for Mg(ii) in I, in view of its
size‡ and stability under reducing conditions. Also a Mn(ii)-
derivative of I is likely to have a better compatibility as
electrolyte material in SOFCs using La12xSrxMnO3 (LSM) as
cathode material.6 Accordingly, we investigated Mn(ii)-substi-
tuted derivatives of I having the general formula, La12xSrx-
Ga12yMnyO32z II, for several values of x and y. Since Mn(ii) is
not stable under the normal synthetic conditions employed for
the preparation of I, we developed a special route for the
synthesis of members of II that involves preparation of a higher
valent Mn perovskite first, followed by its subsequent reduction
to the Mn(ii) phase in hydrogen. Stabilization of lower/unusual
oxidation states of transition metals under reducing conditions
has been reported for several perovskite-related oxides.7
Typical examples are stabilization of Ni(i) in LaNiO2, YSr5-
Ni3O8 and LaSrCrxNi12xO42y.

Our results, which are reported here, show that the Mn(ii)-
derivative of I is indeed an excellent oxide ion conductor whose
conductivity (s = 4.6 3 1022 S cm21 at 800  °C) is comparable
to that of I, but with a lower activation energy Ea for conduction
(Ea = 0.47 eV).

La12xSrxGa12yMnyOz II oxides were prepared for various
values of x and y between 0 < x, y @ 0.2 by reacting dry La2O3,
SrCO3, Ga2O3 and MnC2O4·2H2O in the required proportions at
1100 °C (12 h), 1400 °C (12 h) and 1450 °C (36 h) in air, with
intermittent grindings. At the last stage, the samples were made
into pellets (0.9 cm diameter and ca. 0.2 cm height) suitable for
electrical conductivity measurements. Powder X-ray diffraction
(XRD) patterns (Siemens-D5005 X-ray diffractometer, Cu-Ka
radiation) revealed formation of nearly single-phase perovskite-
like materials for x = 0.1; y = 0.2 (IIa) (Fig. 1) and x = 0.2;
y = 0.2 (IIb). All the major reflections could be indexed on a
rhombohedral perovskite cell, excepting the weak ones at d ≈
3.15 and 2.98 Å. These impurity reflections, which are likely
due to La4SrO7, are weaker in IIa than in IIb indicating that the
composition of IIa is closer to a single-phase perovskite than
IIb. This observation is consistent with the formation of a
single-phase perovskite in the Mg(ii) system for the composi-
tion La0.9Sr0.1Ga0.8Mg0.2O2.85.

1,8–10

Considering that manganese in these oxides would be in a
higher oxidation state, we investigated reduction of IIa and IIb
in a thermogravimetric (TG) balance (Cahn TG-131 system) in
flowing hydrogen (10 ml min21). Reduction occurs in two
stages (ca. 250 and 500 °C) with weight losses of 0.30 and
0.15%  respectively. These weight losses are consistent with the
compositions La0.9Sr0.1Ga0.8Mn0.2O2.92 for IIa and La0.9Sr-
0.1Ga0.8Mn0.2O2.85 for IIIa, where the oxidation state of
manganese is Mn(ii). The reduced sample (IIIa) is oxidized in
air back to the original stoichiometry in a single step around
200 °C. Accordingly, the average oxidation state of manganese
in the precursor oxide IIa is 2.7+, which would correspond to
the formula La0.9Sr0.1GaIII

0.8MnIII
0.14MnII

0.06O2.92. Powder
XRD patterns show that the reduced materials retain the
rhombohedral perovskite structure,§ albeit with a slight increase
in the unit cell parameters (Table 1), that is consistent with the
reduction of Mn(iii) to Mn(ii).

Ionic conductivity of both as-prepared (IIa and IIb) and
hydrogen-reduced samples (IIIa and IIIb) was measured on
sintered pellets coated with gold paste. Impedance data were
obtained in air (as-prepared samples) or in flowing argon
(reduced samples) at 100 Hz–15 MHz and 60–800 °C
employing a HP4194A Impedance/Gain-Phase Analyzer inter-
faced with an IBM-PC. For each sample, measurement was
made for at least two heating and cooling cycles. Impedance
plots at low temperatures could be resolved into two semi-
circles corresponding to the bulk and grain-boundary contribu-

Fig. 1 Powder XRD patterns (Cu-Ka) of (a) La0.9Sr0.1Ga0.8Mn0.2O2.92 IIa,
(b) La0.9Sr0.1Ga0.8Mn0.2O2.85 IIIa (reduction product of IIa) and (c)
La0.8Sr0.2Ga0.8Mn0.2O2.80 IIIb. Reflections due to impurity phase are
marked by asterisks.
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tions to the resistivity. We have uniformly obtained the
conductivity from the low-frequency intercept of the impedance
plots, that includes both bulk and grain-boundary contributions.
Accordingly, the values quoted here would correspond to a
lower estimate of the actual conductivity of the samples.

The Arrhenius plots of the conductivity of the III-series of
oxides are shown in Fig. 2. The conductivity (s) at 800 °C and
the activation energy (Ea) values obtained from the Arrhenius
plots are given in Table 1. We see that among the samples
investigated, sample IIIa, which is the Mn(ii) analog of the well
known oxide ion conductor, La0.9Sr0.1Ga0.8Mg0.2O2.85, shows
the highest conductivity of 4.6 3 1022 S cm21 at 800 °C. The
corresponding conductivity for the Mg(ii) oxide2 is ca. 1.0 3
1021 S cm21 at 800 °C. The Ea value for the Mn(ii) derivative
(0.47 eV) is however significantly lower than the corresponding
Ea for the Mg(ii) oxide2 (1.07 eV). Accordingly, we see that
isovalent substitution of Mn(ii) for Mg(ii) in the oxide ion
conductor, La0.9Sr0.1Ga0.8Mg0.2O2.85, produces a new oxide ion
conductor whose conductivity is of the same order of magnitude
as the Mg(ii) parent oxide, but lowers the activation energy Ea.
Interestingly, as-prepared samples (IIa and IIb) where man-
ganese occurs in a mixed-valent state [Mn(ii)/(iii)] also exhibit
considerable conductivity. Both ionic as well as electronic
contributions to the conductivity most likely exist in these
phases.

We have investigated the oxygen partial pressure dependence
of the conductivity of the sample IIIa. The results show a slight

increase in the conductivity at higher oxygen pressures [p(O2) >
1028 atm], indicating the appearance of a p-type electronic
contribution. We therefore believe that the conduction of the
Mn(ii) oxide reported here would be purely ionic only at low
oxygen partial pressures [p(O2) < 10210 atm].

In conclusion, we have shown that isovalent substitution of
Mn(ii) for Mg(ii) in ‘the most promising oxide ion conductor’,
La0.9Sr0.1Ga0.8Mg0.2O2.85 I yields a new oxide ion conductor
exhibiting a comparable conductivity with a lower activation
energy. The present work suggests that substitution of other
divalent cations such as Co(ii), Ni(ii), Zn(ii) and Cd(ii) in I is
worthy of exploration, especially to understand the role of ionic
radius and electronic configuration in determining s and Ea.

We thank the Indo–French Centre for the Promotion of
Advanced Research, New Delhi and the Department of Science
and Technology, Government of India for financial support of
this work. V. T. thanks the Council of Scientific and Industrial
Research, New Delhi, for the award of a research fellowship.
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Cr-substituted derivatives of I have recently been investigated: R. T. Baker,
B. Gharbage and F. M. B. Marques, J. Eur. Ceram. Soc., 1998, 18, 105.
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octahedral coordination in oxides; see R. D. Shannon, Acta Crystallogr.,
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§ Unlike the Mg(ii) oxide I, which crystallizes in an orthorhombic7 (Pnma)
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metry9], the Mn(ii) analog reported here adopts a rhombohedral (R3̄m)
perovskite structure.
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Table 1 Chemical composition, lattice parameters and ionic conductivity data for La12xSrxGa12yMnyOz perovskitesa

Lattice parametersb

Composition a/Å c/Å V/Å3 s800 °C/S cm21 Ea
c/(eV)

La0.9Sr0.1Ga0.8Mn0.2O2.85 (IIIa) 5.524(2) 13.360(7) 353.0(2) 4.60 3 1022 0.47 
La0.8Sr0.2Ga0.8Mn0.2O2.80 (IIIb) 5.525(1) 13.381(1) 353.7(1) 3.00 3 1022 0.57 
La0.9Sr0.1Ga0.8Mn0.2O2.92 (IIa) 5.518(1) 13.335(4) 351.6(2) 3.03 3 1022 0.38 
La0.9Sr0.1Ga0.8Mg0.2O2.85 (I) d 358.14e 1.00 3 1021 1.07f

a For comparison, the data for La0.9Sr0.1Ga0.8Mg0.2O2.85 I are also included. b Rhombohedral lattice parameters are given for the hexagonal setting.
c 60–800  °C. d The lattice parameters of I are a = 7.816, b = 5.539, c = 5.515 Å, b = 90.06° (ref. 10). e Equivalent volume. f Data taken from ref. 2.

Fig. 2 Arrhenius plots for the electrical conductivity of (a) La0.9Sr0.1-
Ga0.8Mn0.2O2.85 IIIa and (b) La0.8Sr0.2Ga0.8Mn0.2O2.80 IIIb. Closed and
open data points correspond to second heating and cooling cycles
respectively. The data for sample IIa are shown in the insert.
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Hemicyanine chromophores bearing long-chain alkyl sub-
stitutents on the donor and/or acceptor ends have been
prepared, and absorption and emission spectra of their
supramolecular complexes with amylose have been studied
in order to relate them to their supramolecular structures.

We have developed a novel strategy1 based on supramolecular
complexation of alkyl-substituted hemicyanine dyes (guest) by
amylose (host). This not only prevents chromophore aggrega-
tion but also provides many added advantages such as improved
thermal stability2 and enhanced hyperpolarizabilty.3 The unique
feature of this system is the development of a supramolecular
self-poling4 in solution-cast thin films.

Since the guest dye fluoresces strongly in the inclusion,1,5,6

the dye itself can be utilized as a probe to monitor the binding
interaction with the host amylose, depending on external
conditions such as temperature (thermochromism).7 Hemicya-
nine dyes have also been studied as potential voltage-sensitive
probes in biomembranes.8,9 The dyes exhibit a negative
solvatochromism,10,11 in that spectral shifts of absorption and
fluorescence, in response to the solvent polarity, occur to the
blue and to the red, respectively. However, in lipid membranes,
their spectral behavior is reversed, exhibiting a further blue-
shift beyond the absorption in water. This is interpreted to be
due to the differential solvation of the chromophore oriented in
a lipid bilayer.12 Here we discuss spectral properties of the
supramolecular chromophores (which are uniaxially oriented in
the host cavity) when they (dyes 1 and 2) are mono-functionally

derived by blocking one of the sensing partners (amino head and
pyridinium tail) with a long alkyl chain and retaining (deactivat-
ing) it inside the cavity, thereby allowing the other unit to
function for polar sensing. In this respect, one of the present
hemicyanine–amylose supramolecules, which contains dye 2,
can be regarded as a model of the dye probe imbedded in the
lipid bilayer. Spectral results are compared to demonstrate how
the chromophore structure is reflected in the sensing activity of
their supramolecular complex.

Visible absorption and emission spectra of dyes 1–3 in
various DMSO–water mixtures (without amylose) reveal sig-
nificantly different aggregation tendencies. While dye 1
exhibits negligible aggregation even at FDMSO = 0.2, spectral
data indicate that aggregation (ca. 420 nm) of dyes 2 and 3
occurs below FDMSO = 0.55 and 0.75, respectively. This
suggests that for the fixed alkyl chain length, substitution at the
amine end of the chromophore (relative to the pyridinium end)

has a greater influence on the overall hydrophobic character of
the molecule.

The spectral properties of dyes 1–3 in DMSO-rich mixtures
(FDMSO ! 0.75) containing amylose† are nearly identical to
those of comparable mixtures without amylose, since no
inclusion (only free dye state) occurs even in the presence of
amylose. However, significant differences due to the presence
of amylose are observed as the FDMSO of the solvent mixture is
decreased. In particular, a dramatic enhancement of fluorescent
emission (Fig. 1) is observed at FDMSO ≈ 0.6 for all three dyes,
indicative of supramolecular confinement of the chromophore
by the helical amylose.3 The greater fluorescence enhancement
due to the inclusion complexation of dyes 2 and 3 relative to 1
presumably reflects stronger binding of more hydrophobic
amino residue by amylose. For all three dyes, the full inclusion
of amylose is attained at FDMSO ≈ 0.5, as evidenced by the

Fig. 1 Integrated fluorescence intensity (480–760 nm) vs. FDMSO (volume
fraction of DMSO) for dyes 1–3 in DMSO–H2O mixtures with (5) and
without (8) added amylose: (a) dye 1, (b) dye 2 and (c) dye 3. [Dye] = 1.5
3 1025 M in all cases, and [Amylose] = 1.0 3 1023 M for solutions
containing amylose. Excitation wavelength = 425 nm.
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maximum fluorescence emission‡ of the supramolecular com-
plex. The gradual decrease in emission intensity of the included
dye in water-rich mixtures (FDMSO < 0.50) is not due to the
separation of the dye from the amylose inclusion. It can be
therefore attributed, as previously suggested,3 to conforma-
tional changes (i.e. swelling) of the amylose helix induced by
increasing the solvent polarity of the medium.

The characteristic free dye absorption (at ca. 475 nm) of dyes
1–3 undergoes a spectral shift (Fig. 2) upon complexation with
amylose. This is associated with the difference in intra-
molecular charge-transfer (ICT) transitions between the free
dye state and the inclusion state. The ICT band-shifts due to the
complexation of the dyes (1–3), which are determined by
comparing visible spectra of each dye in the fully-included and
free (unincluded) states, differ in both magnitude and direction,
depending on the dye structure. In view of the fluorescence
results (vide supra), a fully-included dye can be represented by
the spectra recorded at FDMSO = 0.5 in the presence of
amylose. However, it is difficult for dyes 2 and 3 to represent
the free dye state in the spectra recorded under identical solvent
condition (FDMSO = 0.5), due to aggregation of the dyes.
Alternatively, the free state of each dye can be best represented
by its spectrum recorded at FDMSO = 0.90, where no
aggregation occurs even in the presence of amylose (mentioned
above).

Thus, as shown in Fig. 2, complexation of dye 1 induces a 22
nm red-shift, but a 11 nm blue-shift is observed upon the
complexation of dye 2 under comparable conditions. In
contrast, the visible lmax for the inclusion state of dye 3 is red-
shifted by only 3 nm relative to the free dye. For dye 1, the
position of the alkyl substituent ensures that the charged
pyridinium group resides completely within the nonpolar host
cavity in the inclusion state. Exclusion of the pyridinium moiety
from solvent contact results in the red-shift in visible absorption
of the included dye relative to the free dye in this case. In

contrast, inclusion of dye 2 confines the alkyl-substituted amino
donor in the host cavity, while the pyridinium cation end resides
near the edge of the host, being in contact with the bulk solvent
polarity. This situation leads to a blue shifting of the absorption
band. The common feature in both cases is that the local
environment of the sensing units (amino donor and pyridinium
acceptor) is differentiated by inclusion formation. Unlike the
case of dyes 1 and 2, both the donor and acceptor moieties of
dye 3 are confined in the same environment in the inclusion.
This situation seems to have little influence on the ICT in the
excited state, leading to a negligible spectral shift.

In solutions of non-inclusion free dye, both the donor-head
and acceptor-tail of dye molecules are exposed to a homoge-
neous environment. The fact that hemicyanine dyes exhibit
negative solvatochromism (blue-shift of lmax with increasing
solvent polarity)10,11,13 and that charge-shift occurs in the
chromophore by excitation, suggests that the ground state is
more stable than the excited state, and that the pyridinium cation
in the ground state has a greater influence on the spectral shift
relative to the neutral amino donor in the excited state. The
opposite spectral shifts of the supramolecules can therefore be
interpreted as being due to the fact that, when the pyridinium
cation is exposed to a polar environment (dye 2 case), the
ground state has a stronger influence on ICT, whereas when it is
disposed in a nonpolar environment (dye 1 case), the excited
state has a stronger influence on ICT. Accordingly, the spectral
behavior of the present amylose–hemicyanine supramolecular
complex bearing dye 2 shows a close resemblance of the
membrane-embedded case, i.e. blue shifts in both absorption
and fluorescence spectra relative to the free molecular state.

In summary, the direction of absorption band-shift upon
inclusion of amphiphilic hemicyanine dyes by amylose has been
related to the dye structure. This is interpreted in terms of the
difference in local environments surrounding the sensing units
of the chromophore in the inclusion. The charged pyridinium
(acceptor) group, being more strongly influenced by the
environmental polarity, plays a dominant role in determining
the ICT band shift.

We gratefully acknowledge partial support from ONR,
DARPA/ETO and AFOSR (to O. K. K.), as well as the support
of the Naval Academy Research Council and ONR grant
N0001497WR20008 (to W. B. H.).
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Fig. 2 Visible spectra of dyes 1–3 in the free state (2) compared with those
of their inclusion complexes (···): (a) dye 1, (b) dye 2 and (c) dye 3. Free dye
spectra were recorded at FDMSO = 0.90. Spectra of included dyes were
recorded at FDMSO = 0.50, [amylose] = 1.0 3 1023 M and [dye] = 1.5 3
1025 M in all cases.
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Stable, enantiomerically pure alkenylboronic esters 2 are
conveniently prepared by direct hydroboration employing
the new 1,3,2-dioxaborolane 4; their highly diastereose-
lective cyclopropanation can be achieved.

Alkyl- and alkenyl-boronic esters are versatile intermediates in
organic syntheses, readily available via several well established
routes.1 Arguably, the direct hydroborations of alkenes and
alkynes using either catechol-2 or pinacolborane3 are the most
straightforward method to accomplish their preparation. How-
ever, the products are frequently water-sensitive2 or thermola-
bile4 and as such they are not always easy to handle, purify and
store. Recently, we reported on the high stability of boronates
formed by the condensation of alkenylboronic acids with diol
1,5 which was conveniently synthesized from dimethyl tartrate.6
The cyclopropanation of alkenylboronic ester 2 with CH2N2
(PdII catalyzed) was a high yielding process giving readily
separable cyclopropylboronic esters 3, albeit the diastereomeric
ratio was low.5

In order to improve the overall efficiency of these reactions,
we were not only interested in increasing the selectivity of the
cyclopropanation, but especially in omitting the somewhat
laborious sequence of alkyne hydroboration, hydrolysis and
condensation to give 2.3,7 In addition, boroxine formation5b,8

and their sluggish reaction with diol 1 made us look for
alternatives. We envisaged a direct hydroboration with a chiral
hydroborating reagent. Although several attempts to make use
of, for example, pinanediol failed in the past,3,9 we were
encouraged by the findings of Knochel et al. who utilized
pinacolborane under exceptionally mild conditions.3

The preparation of the hydroborating reagent 4 was straight-
forward (Table 1). On the other hand, hydroboration of alkyne
5 with 4 did not occur either at room temperature, or in refluxing
CH2Cl2. After hydrolysis, 1-hydroxy-1,3,2-dioxaborolane 6
was the only isolated product, whose structure was unequivo-
cally determined by X-ray crystallography† after recrystalliza-
tion from MeOH (formation of ester 7; Fig. 1). It was
established that the desired hydroboration could be achieved to
give 2 by heating the alkyne 5 with 4 neat at higher temperature
(120 °C).‡ The stable alkenylboronic ester 2a was directly
crystallized† from the reaction mixture (Fig. 2). Only traces of
a regioisomer ( < 1%) could be detected. It proved advantageous
to use two equivalents of alkynes in cases where the starting
materials, e.g. 5b,c, have relatively low boiling points and
consequently the reaction temperatures needed to be decreased
(90 °C). This was probably also the reason for the failure of all
attempts to hydroborate 3,3-dimethylbutyne 5d. Protected
propargyl alcohols are valuable starting materials that were also
successfully employed in this sequence. Both, tert-butyldi-

phenylsilyl (TBDPS) and tert-butyldimethylsilyl (TBDMS)
protected alcohols 5e,f gave microanalytically pure esters 2e,f
in good yield (66–83%). Increasing the reaction temperature,
which is compatible with high-boiling compounds like 5g, not
only decreased the reaction time, but also allowed for better
yields.

The following experiments proved that this method is rather
general. (1R,2R,3S,5R)-Pinanediol9 and (R)-1,1,2-triphenyl-

Table 1 Synthesis of highly stable alkenylboronic esters 2 via direct
hydroboration using the new reagent 4

Compound R T/°C
Yield of 2
(%)

a Ph 120 82
b n-C5H11 90 68
c Bun 90 70
d But 40–90 —
e TBDPSOCH2 120 66
f TBDMSOCH2 120 70
g TBDPSO(CH2)3 135 83

Fig. 1 Molecular structure of 7, obtained after hydrolysis of reagent 4
(furnishing 6) and recrystallization from MeOH.

Fig. 2 Molecular structure of 2a.
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ethane-1,2-diol10 furnished the corresponding alkenylboronic
esters 8 and 9 in good yield (81 and 67%), respectively.
Diastereoselective cyclopropanation using CH2N2 and
Pd(OAc)2 yielding cyclopropanes 10 and 11 was also possible
( > 95%), however, the diastereomeric ratio was relatively low
(Fig. 2; major diastereomers shown).§ Furthermore, we ob-
served that ester 11 slowly hydrolyzes on silica. While
cyclopropane 10 is perfectly stable under these conditions,
separation of diastereomers cannot yet be achieved. Under the
same, now optimized conditions (0 °C, slow addition and 5–10
mol% catalyst), we obtained cyclopropanes 3a and 3b in
superior selectivity (86:14 and 93:7) as white solids that were
easily separable from their diastereomers ( > 95%).

The reason for the good selectivity is not well understood.
Examining the X-ray structures of compounds 2a and 7 (Fig. 1
and 2), it is obvious that the conformation of the 1,3,2-dioxabor-
olane rings with the bulky substituents is in both cases very
similar, efficiently blocking three quadrants. This should also be
true for the reactive conformation and consequently one face of
attack should be favoured.

In summary, we have demonstrated that direct hydroboration
with chiral hydroborating reagents leads to enantiomerically
pure, highly stable alkenylboronic esters. These building blocks
should prove versatile for a plethora of further transformations,
e.g. cycloaddition reactions. We have shown that cyclopropana-
tion can easily be achieved in excellent yield and good
diastereomeric ratio. This short sequence furnishing enantio-
merically pure cyclopropylboronic esters should allow access to
a variety of different stereochemically homogeneous 1,2-di-
substituted cyclopropanes utilizing the vast synthetic potential
of boronic esters.1,5
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† Crystal data for 2a: C38H35BO4, Mr = 566.5, colourless, crystal size 0.7
3 0.4 3 0.2 mm, a = 10.031(2), b = 16.714(3), c = 18.736(2) Å, U =
3142.0(6) Å3, T = 293 K, orthorhombic, space group P212121, Z = 4, Dc

= 1.197 mg m23, m = 0.076 mm21. 2807 measured reflections, 2807
independent reflections. Refined by full-matrix least-squares on F2 for all
data weights to R = 0.057, wR = 0.094, S = 1.067, H atoms riding, max.
shift/error 0.001, residual rmax = 0.117 e Å23.

For 7: C31H31BO5, Mr = 494.4, colourless, crystal size 0.5 3 0.5 3 0.35
mm, a = 11.839(2), b = 8.6176(9), c = 13.7172(11) Å, b = 110.526(8)°,
U = 1310.7(3) Å3, T = 293 K, monoclinic, space group P21, Z = 2, Dc =
1.253 mg m23, m = 0.083 mm21. 3197 measured reflections, 3054
independent reflections. Refined by full-matrix least-squares on F2 for all
data weights to R = 0.050, wR = 0.095, S = 1.043, H atoms riding, max.
shift/error 0.001, residual rmax = 0.216 e Å23. CCDC 182/1066.
‡ Procedure for alkenylboronic ester 2a is representative: Diol 2 (4.55 g,
10.0 mmol) was carefully dried at 50 °C under reduced pressure for 1 h.
Under an atmosphere of nitrogen, CH2Cl2 (5 cm3) was added and the
solution cooled to 0 °C. BH3·SMe2 (1.2 cm3, 12 mmol, 10 M in SMe2) was
added dropwise with vigorous stirring, followed by refluxing the mixture
for 4 h. The solvent was removed, the reagent cooled to 0 °C and alkyne 5a
(2.2 cm3, 20 mmol) slowly added. The flask was closed with a septum,
slowly heated to 120 °C and kept at this temperature for 12 h. After cooling
to room temperature usual work-up and purification under standard
conditions followed [ref. 5(a)]. Alternatively, the product 2a could be
directly crystallized (MeOH–light petroleum) from the resulting oil,
furnishing a colourless solid (1.90 g, 3.40 mmol, 34%). From the remaining
mother liquor additional product 2a (2.70 g, 4.80 mmol, 48%) was obtained
after chromatography (silica, eluent: Et2O–pentane, 1:6). All spectra were
in agreement with published data [ref. 5(a)].
§ Diastereomeric ratios of cyclopropylboronic esters were determined by 1H
NMR analysis using a Bruker ARX-500 spectrometer. Conversion to
cyclopropanols with known configuration allowed the unambiguous
stereochemical assignment of the cyclopropanes [ref. 5(a)].

1 For general reviews on the syntheses of organoboranes and their
applications in organic syntheses: D. S. Matteson, Stereodirected
Synthesis with Organoboranes, ed. K. Hafner, C. W. Rees, B. M. Trost,
J.-M. Lehn and P. von Ragué Schleyer, Springer-Verlag, Heidelberg,
1995; A. Pelter, K. Smith and H. C. Brown, Borane Reagents, Academic
Press, London, 1988; H. C. Brown, G. W. Kramer, A. B. Levy and M.
M. Midland, Organic Synthesis via Boranes, Wiley, New York, 1975;
D. S. Matteson, The Chemistry of the Metal–Carbon Bond, ed. F.
Hartley and S. Patai, Wiley, Chichester, 1987, vol. 4, ch. 3; H. C. Brown,
E. Negishi and M. Zaidlewicz, Comprehensive Organometallic Chem-
istry: Organoborane Compounds in Organic Synthesis, ed. G. Wilk-
inson, F. G. A. Stone and E. W. Abel, Pergamon, Oxford, 1982, vol. 7;
H. C. Brown and P. K. Jadhav, Asymmetric Synthesis: Asymmetric
Hydroboration, ed. J. D. Morrison, Academic Press, Orlando, Florida,
1983, vol. 2.

2 H. C. Brown and S. K. Gupta, J. Am. Chem. Soc., 1971, 93, 1816; H. C.
Brown and S. K. Gupta, J. Am. Chem. Soc., 1972, 94, 4370; H. C. Brown
and S. K. Gupta, J. Am. Chem. Soc., 1975, 97, 5249; H. C. Brown and
J. Chandrasekharan, J. Org. Chem., 1983, 48, 5080.

3 C. E. Tucker, J. Davidson and P. Knochel, J. Org. Chem., 1992, 57,
3482.

4 D. S. Matteson, J. Am. Chem. Soc., 1960, 82, 4228; D. S. Matteson and
G. D. Schaumberg, J. Org. Chem., 1966, 31, 726.

5 (a) J. E. A. Luithle and J. Pietruszka, Liebigs Ann./Recl., 1997, 2297;
other diastereoselective cyclopropanations using enantiomerically pure
alkenylboronic esters: (b) T. Imai, H. Mineta and S. Nishida, J. Org.
Chem., 1990, 55, 4986; (c) J. Pietruszka and M. Widenmeyer, Synlett
1997, 977; racemic cycloproppylboronic esters: (d) S.-M. Zhou, Y.-L.
Yan and M.-Z. Deng, Synlett 1998, 198; (e) Z. Wang and M.-Z. Deng,
J. Chem. Soc., Perkin Trans. 1, 1996, 2663; (f) J. P. Hildebrand and S.
P. Marsden, Synlett 1996, 893; (g) P. Fontani, B. Carboni, M. Vaultier
and G. Maas, Synthesis 1991, 605; (h) P. Fontani, B. Carboni, M.
Vaultier and R. Carrié, Tetrahedron Lett., 1989, 30, 4815; (i) R. L.
Danheiser and A. C. Savoca, J. Org. Chem., 1985, 50, 2401; (j) Y. N.
Bubnov, O. A. Nesmeyanova, T. Y. Rudashevskaya, B. M. Mikhailov
and B. A. Kazansky, Tetrahedron Lett., 1971, 2153.

6 K. Nakayama and J. D. Rainier, Tetrahedron, 1990, 46, 4165.
7 H. C. Brown and J. B. Campbell Jr., J. Org. Chem., 1980, 45, 389;

H. C. Brown, N. G. Bhat and V. Somayaji, Organometallics 1983, 2,
1311.

8 NMR experiments and mass spectrometric investigations established
the trimeric nature. These compounds do not react directly with diol 1,
but must first be stirred with 1 equiv. of water in Et2O before refluxing
in the presence of molecular sieves to yield the alkenylboronic ester
2.

9 D. S. Matteson, K. M. Sadhu and M. L. Peterson, J. Am. Chem. Soc.,
1986, 108, 810; D. S. Matteson, P. K. Jesthi and K. M. Sadhu,
Organometallics, 1984, 3, 128; R. Ray and D. S. Matteson, J. Indian
Chem. Soc., 1982, 59, 119.

10 R. Devant, U. Mahler and M. Braun, Chem. Ber., 1988, 121, 397.

Communication 8/07163B

2652 Chem. Commun., 1998, 2651–2652



Dynamics of water molecules in a templated aluminophosphate: molecular
dynamics simulation of inelastic neutron scattering spectra

A. J. Ramirez-Cuesta,a,b P. C. H. Mitchell,*a A. P. Wilkinson,c S. F. Parkerd and P. Mark Rodgera

a Department of Chemistry, University of Reading, Reading, UK RG6 6AD. E-mail: scsmitch@reading.ac.uk
b Departamento de Fisica, Universidad Nacional de San Luis, 5700 San Luis, Argentina
c School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, Georgia 30332-0400, USA
d Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, UK OX11 0QX

Received (in Cambridge, UK) 29th September 1998, Accepted 30th October 1998

In the templated aluminophosphate, dl-[Co(en)3]Al3-
(PO4)4·3H2O, the water molecules mediate the template–
layer interaction: through a molecular dynamics simulation
of the water molecule dynamics we have assigned the
librational modes of water in the inelastic neutron scattering
spectrum to motions of water molecules in three different
environments.

In chemical self-assembly molecular sub-units spontaneously
form supramolecular frameworks. For zeolites and microporous
aluminium phosphates self-assembly is achieved using organic
molecules and coordination compounds as structure directing
templates.1 Recently the use of chiral cobalt complexes in
directed synthesis of layered aluminophosphates (ALPOs) has
been described. One such ALPO is dl-[Co(en)3]Al3-
(PO4)4·3H2O,† which consists of ALPO layers with [Co(en)3]3+

cations and water molecules in the interlayer region.2 We are
currently investigating the nature of the interactions between the
templating cations, the water molecules and the ALPO layers. A
question of current interest is whether the interlayer water
molecules have a structural role. Water is known to play an
important role in biological self assembly, for example by
stabilising biopolymer conformations through hydrogen bond-
ing:3 may water similarly mediate interaction between the
templating [Co(en)3]3+ cation and the ALPO layer? Although
X-ray crystallography located the oxygen atoms of the inter-
layer water molecules in our templated ALPO the positions of
the hydrogen atoms could only be inferred. We now describe
how a combination of inelastic neutron scattering (INS) and
molecular dynamics (MD) simulations has revealed the location
and hydrogen bonding interactions of the water molecules. The
water molecules, which have a structural role in the interlayer
region, occupy three different sites.

INS spectra of the templated ALPO, dl-[Co(en)3]Al3-
(PO4)4·3H2O, and the templating complex, [Co(en)3]Cl3, both
hydrated (2H2O) and anhydrous, were recorded on the TFXA
spectrometer at the Rutherford Appleton Laboratory ISIS
facility.4 The compounds (10 g) in aluminium foil sachets were
measured at 20 K over energy transfers in the range 16–4000
cm21. Molecular dynamics calculations were carried out on the
templated compound using the program DL_POLY.5 Initial
coordinates were taken from the X-ray crystal structure.1 The
force-field for interactions within the ALPO layers was adapted
from van Beest et al.6–8 while for the templating cation,
[Co(en)3]3+, we used Lennard-Jones (12–6) atomic potentials
with CHARMM parameters9 supplemented with partial charges
calculated using DGauss; water was modelled with the SPC
potential.10 Previously we had validated this force-field in
simulations of [Co(tn)3]Al3(PO4)4·2H2O.11†

We focus on the librational motions of the water molecules,
which occur in the region 250–1000 cm21. The calculated
density of states, G(w), was obtained as the Fourier transform of
the auto-correlation function åva(0)·va(t)Å of velocities va(t) for
atoms a,

G
N

e t ti t( ) ( ) ( )w a a

a

= ◊-

- •

•

ÚÂ1 1
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w v v d

where w is frequency.12 Experimentally, the density of states is
weighted by the scattering cross sections of the atoms and so is
completely dominated by hydrogen atom motions; thus calcula-
tions of G(w) are reported only for a = hydrogen.

The INS spectra of dl-[Co(en)3]Al3(PO4)4·3H2O,
[Co(en)3]Cl3 and [Co(en)3]Cl3·2H2O are shown in Fig. 1. The
main features of these spectra arise from H atoms, associated
with either ethylenediamine ligands or water molecules. Bands
arising from ethylenediamine, Fig. 1, were found to be
coincident in all three spectra. Thus the experimental spectrum
for water in the hydrated AlPO was obtained by subtracting the
[Co(en)3]Cl3 spectrum from the templated ALPO, dl-[Co-
(en)3]Al3(PO4)4·3H2O (with intensities normalised to the
ethylenediamine peak at 320 cm21). This spectrum is presented
in Fig. 2 along with a smoothed spectrum obtained by Gaussian
deconvolution of the experimental difference spectrum; peak
positions are listed in Table 1.

In Fig. 2 we also show the vibrational density of states for
water calculated from our molecular dynamics simulations.
There is a good correlation between the experimental and
calculated spectra. Both exhibit one broad and three sharp
peaks, and the positions of the latter are in good agreement. The
main discrepancy is that the broad peak is harder to resolve in
the experimental spectrum, and this subsequently affects the
comparison of relative intensities, so it has been considered as
a single feature. We conclude that the simulations reproduce the
essential features of the experiment, and so enable a more
detailed assignment of these peaks from the simulated motions
of the water molecules.

Fig. 1 Experimental INS spectra, (a) templated ALPO dl-[Co(en)3]Al3-
(PO4)4·3H2O, (b) dehydrated template [Co(en)3]Cl3 and (c) the hydrated
template [Co(en)3]Cl3·2H2O.
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To obtain a detailed assignment of the water frequencies, the
calculated spectrum has been decomposed into contributions
from librations about the three principal molecular axes
(defined in Fig. 3). From Table 1 it can be seen that the density
of states is dominated by librations around the x and z axes, with
no intensity in the y-axis librations. All three components do
exhibit three separate peaks, indicating three distinct environ-
ments for the water molecules. The main features of the broad
peak exhibit a more complex structure in the experiment as well
as in the simulation.

Our simulation of the structure of dl-[Co(en)3]Al3-
(PO4)4·3H2O in comparison with the INS spectrum has revealed
three different environments for the three water molecules. By
combining our analysis of the experimental INS spectrum and
molecular dynamics simulations we are able to locate the water
molecules, in particular the hydrogen atoms, in a way not
possible from the X-ray structure alone. These results now open

up the possibility of identifying how water mediated inter-
actions between the AlPO layers and the templating cation
determine the structure of the layered solid.

We thank EPSRC for financial support under grant GR/
K90463 and for allocation of computing time on the J90 Cray
supercomputer at the CCLRC Atlas Centre (P. C. H. M.). We
thank J. Kruger for the preparation of the AlPO sample.
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Fig. 2 Calculated (top) and experimental (bottom) difference spectra in the
300–650 cm21 region. Gaussians are indicated to show the four major
peaks.

Table 1 Experimental and calculated INS frequencies and relative
intensities for 300 < w < 650 cm21. Peak intensities have also been
decomposed into contributions from the three principal librational modes,
see Fig. 3

Simulation

Experiment Fractional contri-
bution to intensitya

Frequency/ Relative Frequency/ Relative
cm21 intensitya cm21 intensitya wx wy wz

328 0.16 326 0.19 0.00 0.05 0.95
376 0.13 387 0.18 0.24 0.04 0.72
400–575 0.51 420–550 0.50 0.34 0.02 0.64
599 0.20 599 0.13 1.00 0.00 0.00
a Integrated area under the peak.

Fig. 3 Three principal rotational/librational modes for water.
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Electroactive p-conjugated oligothienylenevinylenes end-
capped with dendritic branches of generation one to three
have been synthesized.

Thienylenevinylene oligomers (nTVs) have recently emerged
as a new class of extensively p-conjugated systems.1 Whereas
at a molecular level nTVs are interesting models of molecular
wires, they also open interesting potentialities as advanced
materials for electronic and photonic applications. Progress in
these areas implies a supramolecular control of interchain
interactions in order to develop at will either compact materials
with high electron mobility or, in contrast, single molecular
wires.

We report here the synthesis of monodisperse electroactive
nTVs end-capped with dendritic chains2 and preliminary results
on their electrochemical behavior. Previous examples of
incorporation of linear p-conjugated systems within dendritic
structures involved dendrimers with poly(p-phenylene)3 and
oligotriacetylenes4 cores.

In order to analyze the effect of progressive steric shielding of
the nTV system, Fréchet type dendrons5 of generation 1, 2 and
3 have been attached at both ends of a tetrathienylenevinylene
(4TV) derived from 3,4-dihexylthiophene to afford the target
compounds 1–3. While the construction of dendrons from
1-trifluoromethyl-4-bromomethylbenzene 5 is based on the
Fréchet type convergent approach,5 the originality of our
strategy lies in the conversion of each generation of dendron
into a phosphonate (Gn-W) with final assembly of the target
system via a two-fold Wittig–Horner olefination of dialdehyde
4 with phosphonates G1-W, G2-W and G3-W (Scheme 1).

Reaction between 5 and 3,5-dihydroxybenzyl alcohol in the
presence of K2CO3 and 18-crown-6 afforded the benzylic
alcohol of the first generation (G1-OH) which was then
converted into the bromomethyl derivative (G1-Br) by reaction
with PBr3. Repetition of the procedure followed by re-
crystallization at each step gave successively G2-Br and G3-Br
in high yields. Reaction of G1-Br and G2-Br with diethyl
phosphite in the presence of NaH led to phosphonates G1-W
and G2-W while G3-W was prepared by reaction of G3-Br
with phosphite (yields ! 90%). Compounds 1–3 were obtained
in 50–60% yield by double Wittig–Horner olefination of
dialdehyde 4 with phosphonates Gn-W. The target compounds
were fully characterized by 1H and 13C NMR analyses,
elemental analyses, FAB and MALDI-TOF mass spectrosco-
pies.†

Compounds 1–3 exhibit identical UV–VIS spectra with lmax
at 542 nm and emax = 100000. Owing to the extension of the
conjugation length by the grafting of two styryl groups, these
values are larger than those for the 4TV core and are close to
those for 6TV.1 All spectra exhibit a well-resolved vibronic fine
structure which indicates that the increase of Gn does not alter
the planarity and rigidity of the p-conjugated backbone.

Compounds 1–3 show identical cyclic voltammograms (CV)
with two reversible one-electron oxidation waves correspond-
ing to the formation of the cation radical and dication at redox
potentials E°1and E°2 of 0.53 and 0.65 V (Fig. 1). Both E°1and
E°2 values were fully independent of Gn. Furthermore, the
linear dependence of the intensity of the first anodic peak of
compound 3 vs. the square root of scan rate between 25 and
5000 mV s21 shows that the charge-transfer process between
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the electrode and the core electrophore is not subject to kinetic
limitation. This behavior contrasts with that of redox active

metal centers encapsulated in dentridic structures for which the
increase of Gn leads to a progressive decrease of the
reversibility of the oxidation and/or reduction process and to a
positive and/or negative shift of the corresponding potential.6
The independence of the electroactivity of the p-conjugated
system on Gn observed here may be related to the length of the
electrophore which prevents complete steric burial within the
dendritic structure. We also observed that the E°1 value for 3
was independent of substrate concentration in the range of 5
1025 to 5 1023 M. This result is consistent with an absence of
follow-up reaction of the cation radical such as formation of a p-
dimer;7 however, this hypothesis needs further confirmation.

Work is now underway to extend this approach to longer
nTVs and to analyze in more detail the effects of the dendritic
branches on inter-chain interactions.
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Scheme 1 Reagents and conditions: i, 3,5-dihydroxybenzyl alcohol,
K2CO3, 18-crown-6, acetone; ii, PBr3, toluene; iii, G1-W, G2-W,
HPO(OEt)2, NaH, THF, G3-W, P(OEt)3, reflux; iv, Gn-W, ButOK, THF.

Fig. 1 Cyclic voltammogram for 3 (1024 M) in 0.5 M Bu4NPF6/CH2Cl2, Pt
electrodes, scan rate 100 mV s21.
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The first solid-phase synthesis of oligothiophenes

Patrick R. L. Malenfant and Jean M. J. Fréchet*

Department of Chemistry, University of California, Berkeley, CA 94720-1460, USA.
E-mail: frechet@cchem.berkeley.edu

Received (in Cambridge, UK) 10th September 1998, Accepted 19th October 1998

The solid-phase synthesis of asymmetric oligothiophenes on
a chloromethylated macroporous resin, using an alternating
sequence of bromination and Stille coupling reactions, has
been used to afford oligomers up to the pentamer in excellent
yield and purity.

Polythiophenes1 and the related oligothiophenes2 have received
considerable attention due to their interesting optical and
electronic properties, as well as their high environmental
stability both in the neutral and oxidized state. Unfortunately,
the coupling reactions used to prepare oligothiophenes (i.e.
Kumada, Stille, Suzuki and Negishi)3 are plagued by undesir-
able side-reactions such as homocoupling and loss of function-
alization, thus making the purification and isolation of pure
oligomers in high yield a difficult task. The pioneering work of
Merrifield in the area of solid-phase synthesis has provided the
synthetic chemist with a powerful tool for the rapid and
frequently automated synthesis of oligomeric organic com-
pounds.4 Solid-phase synthesis is ideal for multi-step synthe-
ses4–6 since the isolation of intermediates is not required, and
rapid purification is easily achieved by simply washing
impurities and excess reagents away from the insoluble
polymeric support.

Most of the published work employing organometallic cross-
coupling reactions on solid supports has focused on one-step
syntheses leading to simple bis-aryl or vinyl-aryl compounds.7
Palladium mediated cross-couplings such as the Heck, Stille
and Suzuki reactions have become increasingly important for
the solid-phase synthesis of clinically useful compounds.8
Recently, palladium catalyzed cross-coupling reactions have
been employed9 independently by Moore and Tour to prepare
phenylacetylene oligomers on solid support. Herein, we report
the first solid phase synthesis of oligothiophenes in which an
alternating sequence of bromination and Stille coupling reac-
tions provides an efficient, high-yielding synthesis of oligothio-
phenes from the dimer to the pentamer with excellent purity.

The solid phase synthesis is depicted in Scheme 1. The 2,2A-
bithiophene-5-carboxylic acid moiety 1 was bound to a
macroporous Merrifield-type chloromethylated resin using a
standard nucleophilic displacement of the resin’s benzylic
chloride in DMF.10 While gel resins, in their swollen state, are
generally more reactive than their macroporous counterparts,
the latter have a more rigid structure with permanent pores that
allows their use in almost any solvent and may facilitate
reactions involving ionic or sparingly soluble species. There-
fore, the high crosslink density/constant-porosity of the macro-
porous resin is expected to render it less susceptible to both
fouling by low solubility by-products and potential side
reactions such as homocoupling that may accompany the
coupling step. Such side-reactions would increase the cross-
linking of a gel resin, limiting both swelling and reaction
conversion, while also reducing the ability to wash out any
trapped impurities. The use of a macroporous resin also allows
relatively high resin loadings while minimizing10b,11 the
potential for the site–site interactions that would lead to
attachment to multiple sites.12 A macroporous resin, Argopore-
Cl, with Merrifield-type ClCH2 functionality at a loading level
of 1.03 mequiv. Cl g21 met our needs. The extent of loading of
1 determined by cleavage of the dimer from the support using

NaOMe in THF was 0.73 mequiv. g21 suggesting that 84% of
the sites of the starting resin had been functionalized to 2. The
coupling step itself was readily monitored by FT-IR spectros-
copy as the CH2Cl peak at 1265 cm21 disappeared while a new
peak at 1712 cm21 corresponding to the bound bithiophene
ester 2 appeared. Bromination of 2 at the terminal a-position
using excess NBS in DMF, followed by coupling to 2-(tri-
methylstannyl)-4-octylthiophene13 using Pd(PPh3)2Cl2 in DMF
as the catalyst afforded the resin-bound trimer 4. A systematic
study involving the coupling step followed by cleavage and
quantitative analysis of the product showed that a minimum of
4 equiv. of stannane is required to maximize the conversion of
the dimer bromide 3 to the trimer. The monobromination of 4 to
the trimer bromide 5 using NBS in DMF was only accomplished
in high yield when a stoichiometric amount of NBS was used.
The use of an excess of NBS leads to a dibromination product,
as confirmed by EI-MS and HPLC analysis of the product
isolated after cleavage from the resin. 1H NMR analysis of the
cleaved product suggests that the second bromine atom is
introduced into the thiophene ring and not at the allylic position
of the octyl chain. Attempts at monitoring the bromination on
solid support by FT-IR proved fruitless as bands characteristic

Scheme 1 Reagents and conditions: a, NBS, DMF, room temp.; b,
2-(trimethylstannyl)-4-octylthiophene, Pd(PPh3)2Cl2, DMF, 80 °C; c,
NaOMe, THF, reflux, 1 h, then MeI, 18-C-6, reflux, 3 h.
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of the transformations are located in the fingerprint region and
thus overlap with strong resin background absorbance. Reaction
of trimer bromide 5 with 2-(trimethylstannyl)-4-octylthiophene
in DMF using Pd(PPh3)2Cl2 as the catalyst afforded the resin-
bound tetramer 6. A final iteration involving successive
activation and coupling steps finally afforded the resin bound
pentamer 8. All of the above reactions were performed without
stirring since the Argopore macroporous resins are very fragile
and are readily ground to a fine powder if magnetic stirring is
used. Destruction of the resin beads makes handling difficult
and leads to losses since resin fragments can make their way
through the filter during work-up.

Cleavage from the resin can be accomplished at any stage in
the synthesis, using NaOMe in THF,10c to afford the cleaved
oligomer as a mixture of the methyl ester and a lesser amount of
the sodium carboxylate product. In typical control experiments,
100–200 mg aliquots of the resins were subjected to cleavage
and the resulting methyl ester dissolved in CH2Cl2 was isolated
by filtration through silica prior to analysis by reverse phase
HPLC. Entries 1–7 in Table 1 represent a sequence in which the
synthesis of the pentamer was monitored at each step through
HPLC analysis of the cleaved ester products. Although this
HPLC analysis only allows an evaluation of the purity of the
cleaved ester product, our findings clearly suggest that all
reactions reached a high level of conversion. To accurately
measure the yield of pentamer 8e, the cleaved product mixture
(ester and carboxylate) was treated with MeI under phase
transfer conditions with 18-crown-6 to ensure conversion of the
sodium carboxylate fraction to its methyl ester derivative. This
transformation is conveniently accomplished directly as part of
the cleavage step even while the resin is still present. After
washing the resin with THF, CH2Cl2 and MeOH, concentration
of the organic phase in vacuo, and filtration of the CH2Cl2
solution through a short silica plug, pentamer 8e was isolated in
90% yield and in high purity as assessed by HPLC, 1H NMR
and elemental analysis.14 This high yield of pentamer is
remarkable considering that both the activation and coupling
steps are susceptible to side reactions and that no purification,
other than a simple filtration, was done after each of the six
steps.

Oligothiophene syntheses are notorious for the need of
extensive chromatographic purification and the ease of purifica-
tion with the solid-phase protocol is clearly an advantage over
the traditional solution phase purification methods. This solid-
phase synthesis approach, affording easy access to oligomeric
materials, complements our recently demonstrated13 solution-
phase fragment coupling approach in which brominated
asymmetric building blocks can be used to prepare longer
symmetric oligothiophenes in a single step. Finally, it should be
noted that cleavage from the resin affords oligomers with a

functional handle that may be exploited later to attach the
oligomers to a variety of substrates in order to exploit their
intrinsic properties or to impart such properties as enhanced
solubility and/or novel optical and electronic properties.13
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Table 1. Purity and yield of methyl ester oligothiophenes cleaved from the
resin

Entry Oligomer
HPLC puritya

(% yield)

1 Dimer 2e 98
2 Dimer bromide 3e 97
3 Trimer 4e 95
4 Trimer bromide 5e 95
5 Tetramer 6e 93
6 Tetramer bromide 7e 95
7 Pentamer 8e 89 (90)b

a Reverse phase HPLC analysis was performed by UV–VIS spectroscopy
at 254 nm using THF–ACN as the eluant. b The acid/ester cleavage product
was converted exclusively to the ester in situ by treatment with 18-C-6 and
MeI. Loading of the linker was determined by cleavage (0.73 mequiv. g21).
Yield of 8e (from 2) is based on the theoretical loading of 8 (0.486
mequiv. g21) itself calculated assuming quantitative conversion at every
step from 2 to 8.
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The coordination behaviour of chiral 2,2A:6A,2B-terpyridines
with silver(i) is solvent dependent; in acetonitrile, mono-
nuclear [Ag(L)(MeCN)]+ complexes are formed, whereas in
less coordinating solvents such as methanol or nitro-
methane, solid state tetranuclear bis(double helices)
[{Ag2L2}2]4+ are obtained.

It is well established that oligopyridines and related ligands
form helicates with a variety of metal centres.1–3 Although
copper(i) forms dinuclear double-helicates with 2,2A:6A,2B-
terpyridines (tpy),4,5 we have been unable to isolate analogous
silver(i) species.6 To date, the only oligopyridine system for
which solution equilibria between {ML}n species have been
established involves 2,2A:6A,2B:6B,2AAA:6AAA,2BB-quinquepyridines
and cobalt(ii).7 In the course of our studies on chiral helicates5,8

we have revisited the 2,2A:6A,2B–terpyridine–silver(i) system
and now show that both mononuclear and dinuclear double-
helical species may be isolated and that the equilibrium between
mono- and dinuclear species is solvent dependent.

The chiral ligands 1S-(2)-1 and 1R-(+)-2 (L)8 reacted with
Ag(O2CMe) in MeOH to give colourless solutions from which
white solids were precipitated by the addition of [NH4][PF6].
Both solutions and solids were photosensitive and turned yellow
and then brown upon several hours exposure to sunlight. The
electrospray mass spectra of these solids in MeOH or MeCOMe
exhibited peaks assigned to {AgL}, {AgL2} and {Ag2L2(PF6)}
whereas in acetonitrile, predominantly mononuclear species
were observed. Recrystallisation from MeOH, MeNO2 or
MeCN gave solids with a 1 : 1 ratio of silver to L but which were
qualitatively and quantitatively different. The 1H NMR spectra
of solutions of these solids were solvent dependent, although
identical spectra were obtained in a given solvent for both crude
and recrystallised materials. Reversible changes occurred upon
adding CD3CN to CD3OD solutions. The magnitude of these
changes suggested that different chemical species might be
present in solvents of varying donor ability and the spectra in
acetonitrile resembled those of the known [Ag(tpy)-
(MeCN)]+.6

The ligands are chiral and CD spectroscopy proved useful. In
[Ag(L)(MeCN)]+, the only source of chirality is the ligand and
the CD spectra of MeCN solutions of any of the solids are
compatible with this formulation; the spectra exhibit De values
of ± 2 mol–1 l cm–1 {[a]D (MeCN) = ± 60°, [M]D (MeCN) =
± 420°}, similar to those of the free ligands and with equal and
opposite responses for 1 and 2 compounds. We have previously

shown that related dicopper(i) double helicates are formed with
good diastereoselectivity for the P or M helicates and have CD
responses with characteristic bands at 320 nm allowing the
assignment of P or M helical chirality.5,8,9 Solutions in MeOH
or MeNO2 of the crystals obtained from MeNO2 showed equal
and opposite responses at 329 nm {De ± 20 mol–1 l cm21; [a]D
= ± 200°; [M]D = ± 2530°} for the compounds derived from 1
and 2; addition of MeCN to the MeOH solution resulted in a
decrease in the CD response and eventually the development of
the same spectrum as observed for pure MeCN solutions (Fig.
1). Similar changes were observed upon adding MeOH to
MeCN solutions. On the basis of these observations we propose
the formation of mononuclear [Ag(L)(MeCN)]+ species in
MeCN but of double-helical complexes in MeNO2 and MeOH;
the sign of the CD response at 329 nm5,8,10 and the observation
of only a single solution species by NMR in MeOH suggest
diastereoselective formation of M-[Ag2(1)2]2+ and P-
[Ag2(2)2]2+.

The recrystallisation of silver(i) complexes of simple
2,2A:6A,2B-terpyridines from MeCN leads to solvento species
[Ag(L)(MeCN)]+ 6 and this proved also to be the case with 1.
Fig. 2(a) shows the molecular structure of one of the two
mononuclear [Ag(1)(MeCN)]+ cations present in [Ag-
(1)(MeCN)][PF6]·Et2O. The silver is four coordinate and
bonded to the three nitrogen donors of 1 and an acetonitrile
molecule; the coordination geometry is distorted square planar
and the silver lies 0.13–0.15 Å out of the plane defined by the
three tpy nitrogen donors and the acetonitrile nitrogen donor lies
0.51–0.66 Å from this plane. The planar cations are stacked
within the lattice [Fig. 2(b)] with a zigzag arrangement of silver
centres (Ag···Ag = 5.277, 5.577 Å) resulting in efficient p-
stacking of the tpy domains. The zigzag structure results in p-
bonding interactions between silver and the central ring of the
tpy in the adjacent cations to give a sandwich structure
(Ag···centroid, 3.646, 3.514 Å).

X-Ray quality crystals of the product formed in MeNO2 were
obtained by the diffusion of Et2O into an MeCOMe solution.
The crystal structure of one of the cations found in the solid state

Fig. 1 CD spectra of MeOH solutions of the complexes formed with 2 and
1 and the effect of adding MeCN to the complex with 1.
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in the compound [Ag2(1)2][PF6]2·MeCOMe is presented in Fig.
3. Firstly, a disilver head-to-head double helicate is present with
Ag···Ag distances of 2.914–2.940 Å. Each silver is effectively
two coordinate with short Ag–N bonds (2.146–2.616 Å) to
terminal pyridine rings of each of two ligands and two longer
Ag···N contacts to the central rings (3.1–3.2 Å). However, the
structure is rather more complex; each of the double helicates
forms a short (3.107, 3.156 Å) tail-to-tail Ag···Ag contact with
a second dinuclear unit to give a tetranuclear unit. Each of the
dinuclear subunits possesses the same helical chirality (both M
in the case of Fig. 3). The tail-to-tail arrangement results in p-
stacking of the terminal pyridine rings of the two dinuclear
subunits (3.669–3.783 Å).

As discussed above, solution measurements indicated dia-
stereoselective formation of M-[Ag2(1)2]2+ and P-[Ag2(2)2]2+

helicates; however, in the solid state, there are two tetranuclear

units within the lattice, one of which has two P and the other two
M helicates as dinuclear subunits–a diastereomeric excess of
0%! This illustrates the subtlety of the interactions controlling
stereoselectivity in helicates. Although the formation of the
tetranuclear units can be understood in terms of the favourable
stacking and Ag···Ag interactions, the formation of both P and
M helices in the solid state (but not in solution) is unexpected.
A similar observation has been reported for mononuclear
complexes10 and it appears to be a consequence of a low energy
barrier for the interconversion of diastereomers combined with
crystal packing effects of the same order as the energy
difference between the diastereomers. There are no short
contacts between chiral substituents of adjacent tetranuclear
subunits.

In conclusion, we have now established that silver(i) behaves
in a similar manner to copper(i) and forms double helical
complexes with tpy ligands. However, the tendency for the
formation of Ag···Ag interactions results in a subsequent
aggregation process to give tetranuclear species.

We should like to thank the Schweizerischer Nationalfonds
zur Förderung der wissenschaftlichen Forschung and the
University of Basel for support.
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Fig. 2 (a) One of the [Ag(1)(MeCN)]+ cations and (b) the packing of cations
in the lattice of [Ag(1)(MeCN)][PF6]·Et2O. H-atoms omitted for clarity.

Fig. 3 The structure of the tetranuclear M,M-[Ag2(1)2]2+ cation in
[Ag2(1)2][PF6]2·MeCOMe. H-atoms omitted for clarity.
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The syntheses of C[{p-C6H4C·C}nH]4 (n = 1 ,2 ,3) and their
reactions with Co2(CO)8 have led to the formation of
starburst molecules with rigid, cluster-containing arms; up
to twelve cluster units have been incorporated. 

We are currently developing synthetic strategies for the
preparation of monodispersed dendritic and starburst molecules
containing metal centres,1–3 with a view to developing novel

materials. Here, we report initial studies on the synthesis of
metal-rich species containing low oxidation state carbonyl
clusters with precise spatial distribution. We hope to use
molecules of this type, which exhibit distinct onion-like shells
of ‘organic’ and ‘inorganic’ components, for the formation of
metal oxide nanospheres with precise dimensions.

Very recently, there has been active interest in the use of
multifunctional alkynes containing 1,3,5-triethynylbenzene

Scheme 1 Reagents and conditions: i, p-IC6H4C·CSiMe3; ii, NaOH (aq).

Fig. 1 Proposed structure of compound 6.

Scheme 2
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cores as building blocks for starburst systems.4–7 Here, we focus
on multifunctional alkynes radiating from a tetrahedral carbon
centre; the compound C(p-C6H4I)4

8 has previously been
recognised as a precursor for the assembly of nanostructures
such as organometallic tripodaphyrins.9,10 We report here the
reaction of alkynes 1–3, (prepared by a divergent strategy), with
dicobalt octacarbonyl to give starburst molecules 4–6 which
possess rigid, cluster-containing arms. The synthetic procedure
may be extended to allow the incorporation of any desired
number of alkyne substituents. Reactions between alkynes and
Co2(CO)8 are well established, and provide a useful means of
entry into this novel area.11–13 More recently, Diederich and
coworkers have shown that cyclic systems containing
{C2Co2(CO)6} units are stabilised with respect to the corre-
sponding polyalkynes.14,15

Compound 1 was prepared as previously reported,8–10 and
reaction of 1 with an excess of Co2(CO)8 gave 4 as a brown solid
in 46% isolated yield after chromatographic purification.† The
IR spectrum showed the expected absorptions in the carbonyl
region. In the 1H NMR spectrum, the change in the chemical
shift of the alkyne proton from d 3.06 in 1 to d 6.37 in 4 was
consistent with the incorporation of the RC·CH group into a
Co2(CO)6(RCCH) cluster unit. Both the 1H and 13C NMR
spectra were in accord with a symmetrical product, i.e. reaction
of all four alkyne functionalities with Co2(CO)8 and this was
supported by the observation in the MALDI-TOF mass
spectrum of a parent ion corresponding to 4.

Systematic growth of each polyyne chain from the carbon
core of 1 was achieved‡ by sequential divergent reaction as
shown in Scheme 1. Compounds 2 and 3 were characterised by
NMR spectroscopy and mass spectrometry. Reaction of each
alkyne generation with an excess of Co2(CO)8 (Scheme 2) gave
moderately good yields of compounds 5 and 6.§ The spectro-
scopic data for 5 and 6, and mass spectrometric data for 6 (no
parent ion could be obtained for 5) were fully in accord with
cluster formation at each of the alkyne functionalities of the
respective precursors. 13C NMR chemical shift correlations
across the series of compounds 1–6 provided additional support
for their formulation. A schematic representation of compound
6 is given in Fig. 1. In going from 3 to 6, each carbon
incorporated into a Co2C2-cluster core undergoes a change in
local geometry and the Cring–Ccluster–Ccluster–Cring is no longer
linear. Crystallographic determinations of [1,4-{Co2-
(CO)6CHC}2C6H4]16 and [Co2(CO)6C2Ph2]17 show the Cring–
Ccluster–Ccluster angles to be ca. 140°. We estimate from
molecular modelling studies that the radius of compound 6 is in
the range 1.6–2 nm.

We are currently extending these studies to higher genera-
tions and to the oxidative degradation of the compounds.

This work was supported by the Schweizerischer Natio-
nalfonds zur Förderung der wissenschaftlichen Forschung, the
University of Sydney (Eleanor Sophia Wood Travel Scholar-
ship, L. A. J.), and the University of Basel. We thank Dr W.
Amrein (ETH, Zürich) for obtaining mass spectrometric data
for 4.
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purified by column chromatography [SiO2, hexane:CH2Cl2 (1 : 1)] to give a
dark brown solid (33 mg, 46%). IR (CHCl3, cm21) nCO 2092s, 2057vs,
2027vs. 1H NMR (300 MHz, CDCl3) d 7.44 (d, 8H, J 8.1 Hz), 7.22 (d, 8H,
J 8.1 Hz), 6.37 (s, 4H); 13C NMR (101 MHz, CDCl3) d 199.4 (CO), 145.8,
135.5, 131.4, 129.5, 89.5 (Ccluster), 73.0 (Ccluster), 64.9 (Cquat); MS
(MALDI-TOF) m/z 1532 [M 2 CO]+.

‡ 2: Alkyne 1 (83 mg, 0.20 mmol), p-IC6H4C·CSiMe3 (251 mg, 0.837
mmol), CuI (15 mg, 0.080 mmol) and [(PPh3)2PdCl2] (56 mg, 0.080 mmol)
were stirred in dry, degassed NEt3 (10 ml) under argon for 42 h at 41 °C.
Chromatographic work-up [alumina, hexane–CH2Cl2 (4 : 1)] gave the TMS-
protected intermediate as a yellow crystalline solid; it was dissolved in THF
(30 ml), and 1 M NaOH (30 ml) added; the solution was stirred for 1 h at
room temperature. Water was added and after extraction with CH2Cl2, the
residue was purified by column chromatography [SiO2, hexane–CH2Cl2
(1:1)] to give a yellow crystalline product (107 mg, 66 %). 1H NMR (250
MHz, CDCl3) d 7.47–7.43 (m, 24H), 7.20 (d, 8H, J 8.3 Hz), 3.18 (s, 4H);
13C NMR (63 MHz, CDCl3) d 146.1, 132.1, 131.5, 131.2, 130.9, 123.6,
122.0, 121.1, 90.9 (Calkyne), 89.3 (Calkyne), 83.3 (Calkyne), 78.9 (Calkyne), 65.0
(Cquat); MS (MALDI-TOF) m/z 816 [M]+, 614 [M 2 2C6H4CCH]+, 413 [M
2 4C6H4CCH]+.

3: Alkyne 2 (47 mg, 0.058 mmol), p-IC6H4C·CSiMe3 (72.5 mg, 0.242
mmol), CuI (4.4 mg, 0.023 mmol) and [(PPh3)2PdCl2] (16.2 mg, 0.023
mmol) were stirred in dry, degassed NEt3 (5 ml) under argon for 12 h at
35 °C. Work-up similar to that for 2 gave a white crystalline solid (37 mg,
53 %). 1H NMR (250 MHz, CDCl3) d 7.50–7.44 (m, 40H), 7.22 (d, 8H, J
8.3 Hz), 3.18 (s, 4H); 13C NMR (75 MHz, CDCl3) d 146.1, 132.1, 131.6,
131.5, 131.2, 130.9, 123.5, 123.3, 122.1, 121.2, 91.0 (Calkyne), 90.9
(Calkyne), 90.7 (Calkyne), 89.6 (Calkyne), 83.2 (Calkyne), 79.0 (Calkyne), 65.0
(Cquat); MS (MALDI-TOF) 1217 [M]+, 915 [M 2 {C6H4C2}3H]+, 613 [M
2 2{C6H4C2}3H]+.
§ 5 and 6: As for 4. Isolated yields of 5 and 6 were 26 and 45% respectively.
5: IR (CHCl3, cm21) nCO 2089s, 2057vs, 2028vs. 1H NMR (250 MHz,
CDCl3) d 7.60–7.29 (m, 32H), 6.39 (s, 4H); 13C NMR (75 MHz, CDCl3) d
199.1 (CO), 145.7, 138.4, 137.3, 136.3, 131.6, 130.6, 129.6, 128.5, 91.7
(Ccluster), 91.3 (Ccluster), 89.1 (Ccluster), 72.8 (Ccluster), 65.0 (Cquat). 6: IR
(KBr pellet, cm–1) nCO 2090s, 2052vs, 2020vs. 1H NMR (300 MHz, CDCl3)
d 7.61–7.31 (m, 48H), 6.40 (s, 4H); 13C NMR (75 MHz, CDCl3) d 199.1
(CO), 145.7, 138.3, 138.1, 137.4, 136.3, 131.7, 130.7, 129.8, 129.7, 129.6,
128.6, 91.7 (Ccluster), 91.6 (Ccluster), 91.4 (Ccluster), 91.3 (Ccluster), 89.1
(Ccluster), 72.9 (Ccluster), 65.0 (Cquat); MS (MALDI-TOF) m/z 4653 [M]+.
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C-Glycosidation is of great significance in the organic synthesis
of optically active materials, since it allows the introduction of
carbon chains to sugar chirons and the use of sugar nuclei as a
chiral pool as well as a carbon source. Silylacetylenes are
sufficiently reactive to form ‘sugar acetylenes’ for the selective
introduction of various acetylenic groups in an alpha-axial
manner at the anomeric position of D-hexopyranose rings.
1,4-Anti induction, on the other hand, gives a different
stereochemical outcome in the case of C-glycosidation of
pentopyranose glycals. The mechanism of these reactions
includes oxonium cation intermediates in which stereoelec-
tronic and/or steric factors drive the direction of the incoming
silylacetylene. Bis-C-glycosidation allows the introduction of
sugars at both ends of some bis(trimethylsilyl)acetylenes. A
2,3-dideoxyglucose derivative provides the corresponding C-1
a-acetylenic compounds, which would increase the scope of C-
glycosidation with silylacetylenes. In sugar acetylenes, the
alkynyl group at the anomeric position of a pyranose ring is
epimerized via a hexacarbonyldicobalt complex by treatment
with trifluoromethanesulfonic acid. The three steps—cobalt
complexation, acidic transformation and decomplexation—
afford overall epimerization and thus one can obtain either the
a- or b-alkynyl C-glycoside as desired. Ring opening of a
dihydropyran derivative using Nicholas-type cation inter-
mediates is also part of this study. Several sets of decomplexa-
tion conditions for endo-type acetylene–cobalt complexes pro-

vide various olefins possessing potential utility for synthesis.
These methodologies have been utilized for the synthesis of
polyoxygenated natural products and derivatives.

Introduction
In target-orientated synthesis, continuous efforts have provided
organic chemistry with a considerable number of new synthetic
methodologies. These include new concepts for multistep
syntheses that achieve the desired target in a more straightfor-
ward manner. Syntheses of optically active natural products
have posed many problems despite there being numerous
methodologies available to the organic chemist. Sugars have
been used as chirons as well as carbon sources in many organic
syntheses.1 The induction of one or more stereogenic centers
onto a side chain extending from a sugar ring is another
application which has attracted much attention.2 We have
designed and developed C-glycosidation (alkynylation) as a key
reaction for the introduction of a carbon chain onto sugars.
Those alkynylated compounds are called ‘sugar acetylenes’ for
short,3 and they have been applied to syntheses of natural
products such as tautomycin4 and ciguatoxin.5
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C-Glycosidation with silylacetylene
During the course of our synthetic studies on okadaic acid,6 an
oxygenated marine natural product, we used the Hosomi–
Sakurai reaction for the coupling of allyltrimethylsilane and tri-
O-acetyl-D-glucal to prepare one of the starting materials.7 We
came across with a similar C-glycosidation under acidic
conditions with silylacetylenes instead of allylsilane (R =
SiMe3).8 The stereoselectivity of this reaction is excellent,
giving only the a-acetylene, and is better than that in the
allylsilane case (a:b = 96:4). C-Glycosidation with silylacety-
lenes allows a wide variety of substituents on the other end of
the acetylene, and the resulting alkynylated sugar derivatives
are of great potential utility as starting materials for natural
product synthesis in optically active form.9 Examples with
different substituents are listed in Table 1.8–10 In the reaction, R

has to be larger than Me to afford alkynylation in reasonably
good yield. The yield with R = H (entry 1) is almost 0%.10a On
the other hand, the stronger Lewis acid SnCl4 seems to work
better than TiCl4 in the case of R = SiMe3 (entries 3 and 4).
When R is a methylene group with an OAc moiety at the
terminal position, e.g. the reaction with prop-2-ynyl acetate
(entry 7), no alkynylated product is given. The yields of
products increase with the higher homologous acetates (entry
8–10). This is due to the moderating effect of the methylene
group(s) on the OAc moiety, which destabilizes the cationic
transition state. These results suggest that the mechanism of this
alkynylation reaction involves cationic charge development at
the 2A-carbon in the transition state. In case of the phenylthio
group (R = SPh, discussed later), the product is unstable with
the stronger acids, and high yield is observed only with milder
Lewis acid such as BF3·OEt2; the nucleophilicity of (phenyl-
thio)silylacetylene is high enough to yield the phenylthioethy-
nylation product in good yield.11

Possible mechanism of C-glycosidation and proof
of stereochemistry
This C-glycosidation includes eliminative formation of the
enonium ion (as shown in Scheme 1) to which silylacetylene
can coordinate from the a side. The stereochemistry should
largely be determined by the coordination between two p-
electron orbitals of the onium and acetylene groups, while the
stereoelectronic control allows the a-pseudo-axial orbital to
make the bond, as shown in Fig. 1.

In 2,3,4,6-tetra-O-acetyl-D-glucal the C-glycosidation took
place in a similar fashion to that in the tri-O-acetyl-D-glucal
cases above with silylacetylenes (Scheme 2).9 In this particular
reaction, as shown in 8 and 9 (Scheme 3), the primary products
are all unstable under the work-up conditions and/or silica gel
chromatography. The reaction mixture is immediately subjected
to hydride reduction (NaBH4 and CeCl3 in MeOH; or LiAlH4,
<240 °C), in which the reagent accelerates elimination of the
4-OAc group (8) and then attacks the resultant ketone from
opposite side of the axially oriented a-alkynyl group, thus
giving a 2a-hydroxy group.

Incidentally, reduction with LiAlH4 at higher temperature
(ca. 0 to 210 °C) is usually followed by hydroalumination of
the acetylene 8, resulting in the formation of trans olefin 10. The
acetylene group in 3 can be partially reduced into cis olefin 11
with diimide (Fig. 2). These partial reduction products give
NOEs in their NMR spectra between H-5 and H-1A to prove the

Table 1 Alkynylation of tri-O-acetyl-D-glucal with silylacetylenes

Entry R Lewis acid T/°C Yield (%)

1 H TiCl4 0 0
2 Me SnCl4 215 99
3 SiMe3 TiCl4 220 75
4 SiMe3 SnCl4 220 99
5 Bun TiCl4 220 68
6 CH2SPh TiCl4 220 15
7 CH2OAc TiCl4 220 0
8 (CH2)2OAc TiCl4 220 22
9 (CH2)3OAc TiCl4 220 36
10 (CH2)4OAc TiCl4 220 59

Fig. 1

Scheme 1

Scheme 2
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a stereochemistry of the original acetylene (Fig. 2).9 Hydro-
silylation of the benzylidene acetylene 21 (in Scheme 4) also
gives two products (12a and 13a), providing further evidence
for the stereochemistry; thus, similar NOEs are observed. These
benzylidene compounds have the bulky olefinic group in the a
axial position in 12 or the a equatorial position in 13, the latter
showing an NOE between H-1 and H-4 due to the boat
conformation of the tetrahydropyran ring.

Expansion of C-glycosidation to similar systems
In Table 2 other examples of C-glycosidation of 2,3-dideoxy-
glucose derivative 14 with silylacetylene are shown. The
acetylation of the glycoside is critical to provide the C-1 leaving
group which generates the oxonium ion, with which silyl
acetylenes can react to form the a sugar acetylene. Scheme 4
illustrates the preparation of these compounds in order to prove
the stereochemistry, and includes C-glycosidation of the
saturated pyran ring. In this case the C-1 OAc group in 14 is
necessary to provide a good leaving group, to generate the
oxonium cation 17 to which the silylacetylene coordinates.
After conversion to the corresponding 4,6-benzylidene deriva-
tive 21, its acetylene group was subjected to hydrosilylation to
provide a mixture of regioisomers 12a and 13a.12

Sugars at both ends of an acetylene
In the C-glycosidation of silylacetylenes with glucal type
compounds, both of the examples in Schemes 1 and 2 afford
different sugar products (R = SiMe3) bearing trimethylsilylace-
tylene moieties, respectively. But these silylacetylenes do not
react further with another equivalent of glycal. This lack of
reactivity is observed for prop-2-ynyl acetate (entry 7, Table 1);
thus no double C-glycosidation product was obtained in this
particular case, presumably due to the presence of an electron-

Scheme 3

Fig. 2

Scheme 4

Table 2 C-glycosidation of 2,3-dideoxyglucose derivative 14 with silyl-
acetylene 15

Yield
Entry Alkyne R T/°C Product (%)

1 15a SiMe3 0 16a 73
2 15b C°CSiMe3 0 16b 71
3 15c (Z)-CH§CHCl 0 16c 83
4 15d (Z)-CH§CHC°CSiMe3 278 16d 35
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withdrawing oxygen atom at the proparglic position, that
destabilizes the cationic intermediates. However, further exam-
ination of some other reactions provided several good examples
of double C-glycosidation between two glycals and bis(silylace-
tylene)s connected by longer carbon chains. Scheme 5(a) and
(b) show the first examples of disilylacetylenes with sugar rings
to both ends. The reaction process is stepwise, providing first
mono- and then di-glycosidation products. This fact suggests
that the second C-glycosidation is slower than the first,13 and
that it is possible to attach two different kinds of sugar ring, as
in Scheme 5(b) and (d). The silylacetylene moieties can also
form the ends of endiyne compounds [Scheme 5(c) and (d)].

Phenylthioacetylenes
Higher reactivity is observed for silylacetylenes carrying a
phenylthio group at the other end. The reagent 1-trimethylsilyl-
2-phenylthioacetylene is prepared from the lithium salt of
ethynyltrimethylsilane and S-phenyl benzenethiosulfonate.14 In
this case high yields are obtained with a weaker Lewis acid
catalyst such as BF3·OEt2 by stirring for 20 min in MeCN. In
Scheme 6(a) and (b)12,15 are demonstrated the first two
examples, with quantitative formation of the phenylthioacety-

lenes. Similar C-glycosidations are possible from O-glycosides
[Scheme 6(c)–(e)].4b,15,16 Most of these examples give high
yields with 1-trimethylsilyl-2-phenylthioacetylene in the pres-
ence of BF3·OEt2. Mechanistically, the phenylthio group can
provide electrons which help develope cationic charge at the
adjacent carbon in the transition state of the C-glycosidation.
The product, a phenylthioacetylenic sugar, does not react
further with BF3·OEt2, but does with SnCl4. The yields
dramatically drop with stronger Lewis acid catalyst (such as
SnCl4 or TiCl4) and/or by prolonging the reaction period.

Other interesting examples
Nicolaou et al. reported a similar example of silylacetylene
addition to methylated glucal acetate [34 in Scheme 7(a)].17

Williams demonstrated that bromide (in 36 and 38) is a better
leaving group, using an alkynyltin species and zinc chloride as
the Lewis acid catalyst [Scheme 7(b) and (c)].18 They reported
high a selectivity with hexose (37), but variable selectivity with
pentofuranose (39). Recently Veyrieres described the reaction
of 2-deoxy-2-azido-1-bromo compound 40 with an alkynyltin
species in the presence of silver tetrafluoroborate catalyst
[Scheme 7(d)].19 Martin found that the selectivity of the

Scheme 5

2668 Chem. Commun., 1998, 2665–2676



O

AcO

OAc
Me3Si SPh

O

AcO

OAc SPh

OAc

O

AcO

OAc
Me3Si SPh

O

OAc SPh

OAc

OAc
OH

O

OAc

R2 O

OAc SPh

Me3Si SPh

R1 R1

OR OEt OR

SPh
Me3Si SPh

Me Me

O

OTBDPS

OPri O

OTBDPS SPh
Me3Si SPh

Me Me

BF3•OEt2/CH2Cl2

(1) TMSOTf/CH2Cl2
(2)  NaBH4

BF3•OEt2/CH3CN

BF3•OEt2/CH3CN

BF3•OEt2/CH3CN

1
26 (84%)

6 27 (72%)

28 29

30 31

32 33  (61%)

(a)

(b)

(c)

(d)

(e)

R1 = Me, R2 = OEt
R1 = R2 = OAc

62% 

72%

R = CH2OAc
R = C(CH3)2OAc

64%
59%

O

AcO

OAc

OAc

Me
Me3Si Me

O

AcO

OAc
Me

Me

TiCl4/CH2Cl2

O

BnO

OBn

OBn

OBn

Br
PhBu3Sn

O

BnO

OBn

OBn

OBn

Ph

ZnCl2/CH2Cl2

O

OBnBnO

Br
BnO Bu3Sn R

O

OBnBnO

BnO

R

ZnCl2/CCl4

R = n-Hex
R = Ph
R = MOM

yield

45%
55%
66%

α:β

1:0
1:2.8
1:1

O

BnO

OBn

OBn

N3

Br RBu3Sn O

BnO

OBn

OBn

N3

R

AgBF4, MS-3
(CH2Cl)2

R = Oct
R = Ph
R = (CH2)2OBn

yield

62%
65%
46%

α:β

5:1
3:2
1:0

O OCHO

OTBDMS

RMe3Si

LA, CH2Cl2
–78 ˚C ~–20 ˚C

O

OTBDMS

R

O

OTBDMS

R

+

R = H

R = H

R = SiMe3

R = SiMe3

R = Me

R = Me

R = Pr

R = Pr

R = Ph

R = Ph

yield (%)

60

73

74

68

81

67

66

72

64

71

43

0

0

66

80

70

100

80

90

80

95

:

:

:

:

:

:

:

:

:

:

:

44

100

100

34

20

30

0

20

10

20

5

LA

TiCl4
SnCl4
TiCl4
SnCl4
TiCl4
SnCl4
TiCl4
SnCl4
TiCl4
SnCl4

34 35  (79%)

36 37  (61%)

38 39

40 41

42 43 44

(a)

(b)

(c)

(d)

(e)

reaction of (±)-1-formyl-2-alkoxypentopyranose with various
silylacetylenes varied with the substituent on the other end of
the acetylene moiety; thus, 1,2-syn and 1,2-anti selectivities
were observed as shown in Scheme 7(e).20

1,4-anti Selectivity of silylacetylene to
pentopyranoside
We expanded the C-glycosidation reaction to pentopyranose
derivatives such as di-O-acetyl-D-xylal 45 and di-O-acetyl-L-
arabinal 47 during the course of synthetic studies on the ABC
segment of ciguatoxin (CTX, see compounds 109–111), a
polyether marine natural product.21 This glycosidation provides
a single stereoisomer.22 During the CTX synthesis, this
stereogenic center is destroyed and is thus not significant in the
above mentioned synthesis (we did not even determine whether
the stereochemistry was a or b at first). Recently, the
stereochemical induction turned out to be in striking contrast to
the previous cases. Namely, tri-O-acetyl-D-glucal 1 and bis-
trimethylsilylacetylene react in the presence of a Lewis acid in
a highly stereospecific manner to give exclusively the a-axial
orientation in the product 3.9 The examples of silylacetylene
addition to hexopyranoglycals occur under various acidic
conditions but they all produce only the a-acetylene products
with 1,4-syn selectivities higher than 95%. On the other hand,
similar addition of silylacetylene to pentopyranoglycal diace-
tates (such as 45 and 47) and dipivalates (51 and 56) affords the
opposite results; thus, 1,4-anti stereochemistry is observed with
the exclusive products 46, 48, 49, 50, 53, 55, 57 and 58 in the
pentopyranose cases as shown in Table 3. Various nucleophiles
add to the same pentopyranose glycals to afford similar
results.23

Application of the Hosomi–Sakurai reaction to this system
provides the 1,4-anti products [Scheme 8(a) and (b)]. The
reaction of a vinylsilyl ether with 45 also affords a 1,4-anti
product 61 [Scheme 8(c)]. An oxygen nucleophile (propan-2-ol)
mainly yields a 1,4-anti product, although the syn:anti selectiv-
ity was 25:75 [Scheme 8(d)].23

Stereochemical control
Miljkovic et al. reported a 1,4-position stabilization effect for
the oxocarbenium intermediate in a hydrolysis of pentopyrano-
side24 [Scheme 9(a)]; thus, the benzyloxy group of 63 (R = Bn)
sits in an axial orientation [64(4ax) in Fig. 3] to stabilize the
oxocarbenium ion through space rather than in an equatorial
position 64(4eq). On the other hand, an acyloxy group such as
an acetyl group provided no stabilizing or even destabilizing

Scheme 6

Scheme 7
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effect during the hydrolysis. A similar explanation might be
possible in the enoxocarbenium ion 66 formed during pentose
C-glycosidation [Scheme 9(b)]. The suggestion that the reaction
proceeds via 66(4ax) and not 66(4eq) would explain the 1,4-anti
orientation, because the nucleophile silylacetylene would
approach from the a side (anti to the acetoxy group). An
alternative explanation may be due to orbital interaction; thus,

the axially orientated 4b-acetoxy group reduces the electron
density in the p-electron lobe at C-2 in the b-face, making the
anti-lobe at C-1 more reactive [66(orb)]. We must await further
experimental results before deciding which mechanism is
operative.

These results prompted us to do mixing experiments with
glucal and galactal derivatives (Scheme 10) in our laboratory to

Table 3 1,4-anti Selecvtivity in the reaction of silylacetylene with pentopyranoside

Entry Glycal Nucleophile Lewis acid (conditions) Major product Yield (%)

Scheme 8

Scheme 9

Fig. 3
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determine the relative rates of C-glycosidation in pentopyranose
systems, to thus avoid conformational problems. Glucals
always give higher yields than galactals in C-glycosidations,
even with the reaction being interrupted after only a short
reaction time [Scheme 10(a) and (b)]. When mixtures of the
4-acetoxy and 4-methoxy substituted glucals or galactals were
subjected to the C-glycosidation conditions [Scheme 10(c) and
(d)], the ratio of the products was 1:1. These results for the bond
formation process are striking different to those of the
hydrolysis case, although similar oxocarbenium ions are
involved. The mechanism and kinetics of these C-glycosida-
tions need to be studied further.

Epimerization of the C-1 alkynyl group on the
pyranose ring using an
acetylenehexacarbonyldicobalt complex
The stereoselectivity of these C-glycosidations with silylacety-
lenes exclusively leads to products with the a-axial orientation.
If an epimerization were possible which gave products with b
orientation, this methodology would be more useful, giving
access to both a and b configurations. Nicholas reported that
complexation of an alkynyl group with octacarbonyldicobalt
provides a hexacarbonyldicobalt complex which stabilizes the
carbocation at the proparglic position.25 Application of the
Nicholas reaction to a-sugar acetylenes under acidic conditions
would give the thermodynamically more stable b-equatorial
isomer at equilibrium under the reaction conditions.26 In fact the
overall process including cobalt complexation, acid epimeriza-
tion and oxidative decomplexation can take place as illustrated
in Scheme 11. Reagents often used for the decomplexation
include N-methylmorpholine N-oxide, cerium(IV) ammonium
nitrate, ferric nitrate, iodine etc. Among these oxidants, iodine
reacts very fast even at 0 °C to finish the reaction in 36 min,
providing the acetylene in quantitative yield even with large
excess of iodine. Often the last two steps can be carried out in
one pot.

Examples of epimerization of the a sugar acetylenes into b
ones are shown in Scheme 12(a) and (b), in which the
2,3-dehydro ring systems are involved with different acetylene
cobalt complexes. The ratios of equilibration in these cases are
1:4–6, rather low values which may be due to the single pairs of
1,3-diaxial interactions since they have an energy difference of
only ca. 1 kcal mol21. The saturated ring system in Scheme
12(c) gives a higher ratio (1:19) due to three pairs of 1,3-diaxial
interactions (Fig. 4). The ratios vary in Scheme 12(d) which
includes 3,4-en-2-ol system; the ratios increase in accordance
with the size of the alkoxy substituents. The major cause in this
case may be due to 1,2-strain, as shown in Fig. 5.26

Scheme 10

Scheme 11
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Conformational preferences are not the only necessary
factors for a high equilibrium ratio for the acetylene cobalt
complex. The bicyclic example shown in Scheme 12(e) may
have a rigid ring system, but the important thermodynamic
factor is once again a single 1,3-diaxial interaction, resulting in
a 1:7 ratio. Evidences of this 1,2-strain is clearly demonstrated
in Scheme 12(f), where the ring system does not have the carbon
corresponding to C-6. A Nicholas reaction makes the epimer-
ization possible.26

Opening of the pyranose ring and re-cyclization
The above epimerization via the cation intermediate is an
important characteristic of the cobalt complex in sugar
acetylenes. The same cation intermediate is potentially applica-

ble to medium ether ring formation and other useful protocols.
Oxepane ring formation from six-membered ether precursors is
usually impractical due to thermodynamic constraints. In
Scheme 13, oxepene 89 is planned to cyclize from 92 via the
cation 90 derived from the sugar acetylene hexacarbonyldico-
balt complex 91. The overall reaction is shown in Scheme 14;
opening of the ring of the 3,4-unsaturated glucose derivative 83
takes place under acetolysis conditions (TfOH in Ac2O at 240
°C) for a few hours to provide 93 as a diastereomeric mixture at
the C-3 position. The cis olefinic compound 93 is decomplexed
(94) and further manipulated via the protecting groups of the
hydroxy moieties (95), cyclizing into the corresponding ox-
epene compound 96. Decomplexation gives 97, which has syn-
trans stereochemistry.27

Ring opening also takes place with the 2,3-unsaturated
system, as shown in Scheme 15. In this case, acid treatment of
98 generates the enoxocarbenium ion at the anomeric position
(original sugar numbering C-1) and epimerization is followed
by ring opening (99). The process is different from the above
cases with 3,4-double bonds because the cis-2,3-unsaturated
system has the cation at the allylic position, which can
equilibrate into the more stable trans allylic cation, resulting in
the acetylation of the 7-hydroxy group. If this occurs, one can
make produce a spontaneous ring-recyclization by positioning a
nucleophilic hydroxy group at the other side of the acetylene
hexacarbonyldicobalt group.

Scheme 16 illustrates this plan; the substrate, unsaturated six-
membered 101, should transform into 104 via the cation
intermediates 102, in which the cis allylic cation at the C-1
position can equilibrate to the more stable trans allylic cation
103. The latter cannot re-cyclize back to 101 and waits for the
addition of the hydroxy group on the other side to afford 104
with various ring sizes, such as seven-, eight-, nine- and ten-
membered rings, depending upon the number of methylenes.

Scheme 12

Fig. 4

Fig. 5
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The multistep sequence of reactions (1?101) includes C-
glycosidation with silylacetylene, and Pd-catalyzed ene–yne
coupling with the cis vinyl iodide to provide the precursor
101.5

The resulting ring compounds (104) are a new type of
acetylene cobalt complex with the complex inside the ring
system; thus, the endo-complex cannot be decomplexed under
oxidative conditions as for the exo-complex. Finally, Rh-C was
found to be effective for the synthesis of the decomplexed
dienes 105–108 under high pressure H2.5 The carbons corre-
sponding to the original acetylene complex end up as the
olefinic carbons (except for the double bond transposition in the
seven-membered system). Incidentally, the rhodium catalyst
thus formed during the decomplexation of hexacarbonyldi-
cobalt fulfils the reductive function of the cobalt complex into

olefins, but did not reduce the double bonds under the reaction
conditions.

Application to ciguatoxin synthesis
Above methodologies have been developed for application to
the synthesis of ciguatoxin and gambiertoxins, potent toxins
causing marine ciguatera poisoning. When this synthesis was
started, the absolute configuration and part of the relative

Scheme 14

Scheme 13

Scheme 15

Scheme 16
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configuration had not been determined. Recently, Yasumoto
reported that the absolute configuration of ciguatoxin is that of
the opposite enantiomer.21 Various side chains are attached to
the 5 position of the A-ring, such as a 1,3-diene or 1-en-3,4-diol.
We have demonstrated the synthesis of the AB(C) ring system
with three possible side chains (109–111).23 The synthesis of
one of these compounds is shown in Scheme 17. The
silylacetylene moiety was attached to the bicyclic compound
54, which added to D-xylal 51 to afford the coupling product
anti-acetylene as a single stereoisomer 55. The cobalt complex
of 55 was treated with pivalic anhydride in the presence of
TfOH to afford the trans olefin (112). This was followed by
hydrolysis of the acetate protecting group to give the hydroxy

group (113) and then by a second treatment with acid to provide
the tricyclic compound (115) together with some isomeric
compound (114). Decomplexation of the endo-cobalt complex
was achieved to give 111 using Wilkinson’s catalyst under the
high pressure hydrogen atmosphere.5,23

Novel reductive decomplexation of acetylene
hexacarbonyldicobalt complex
Acetylene hexacarbonyldicobalt complexes28 have mostly been
used for the protection of triple bonds as well as for C–C bond

Scheme 17
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and C–O bond formation reactions,23,29 and thus they have been
applied to natural product syntheses.30 The most common
decomplexation is an oxidative procedure leading to the original
triple bond, but this is limited to the exocyclic cases as discussed
previously. In endocyclic complexes only decomplexation
under high pressure hydrogen using a Rh catalyst provides
olefinic cyclic ethers.5,23 Recently Kuwajima reported a Birch
reduction for such decomplexation.31 Here we describe two
additional decomplexation protocols applicable to either exo- or
endo-cyclic acetylene cobalt complexes, as shown in Scheme
18.32

The new method is applicable to either endo- or exo-
complexes to provide simple cis-olefins (with tri-n-butyltin
hydride) or cis-vinyl silanes (with trialkylsilanes or tri-
arylsilanes) at the original position of the acetylene (Scheme
18). Various examples using SnH are shown in Table 4. A

simple terminal acetylene–dicobalt complex is converted to a
terminal olefin (entry 1). Two examples of exo-complexes gave
cis-olefins (entries 2 and 3). endo-Complexes of seven- and
nine-membered rings are also shown (entries 4–7). Of particular
interest is the bis(hexacarbonyldicobalt) complex of the nine-
membered ring, which is only able to decomplex under these
conditions, since using rhodium under high pressure conditions
failed to give the diene.32 This method was applied to the
synthesis of ABC fragment 109 of gambiertoxin.33

Similarly the acetylene hexacarbonyldicobalt endo or exo
complexes can be converted into the corresponding cis-
vinylsilanes. In entries 1 and 2 in Table 5, alcohol (122) is
converted using triethyl- or triphenyl-silanes into cis-vinyl-
silanes as the silyl ethers. When this reaction is carried out in
EtOH–benzene, the corresponding alcohols (137, 138) are
obtained in free form. A symmetric precursor (139) affords a
single product (140). A sterically unequal acetylene 141 is
converted into a single hydrosilation product (142). The endo
complex 143 also gives a single product (144) in which the silyl
group is situated away from the neighboring substituent. Thus,
the hydrosilylation of cobalt complexes becomes synthetically
very useful.

Summary
This review describes new aspects of sugar acetylenes,
including their preparation (C-glycosidation with silylacety-
lene), epimerization and medium ring re-cyclization via acet-
ylene hexacarbonyldicobalt complexes. Expansion of these
synthetic concepts demonstrates some applicability to the
synthesis of ciguatoxin. New reactions have been developed for
decomplexation of the cobalt acetylene complexes, particularly
for both the endo- and exo-complexes. This chemistry will
further develop towards better synthetic methods for natural
product synthesis.

Scheme 18

Table 4 Decomplexation of acetylene hexacarbonyldicobalt with
Bun

3SnH

Entry Substrate Product Yield
(%)

Table 5 Decomplexation of acetylene hexacarbonyldicobalt with R3SiH

Entry Substrate Silane/solvent Product (% yield, ratio)
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A bis(tosyl)amidoruthenium(III) complex of 1,4,7-trimethyl-
1,4,7-triazacyclononane (Me3tacn) is prepared, and its
crystal structure revealed the two tosylamido ligands in a cis
configuration; the ‘[RuIII(Me3tacn)(NHTs)2(OH)] + Ag(I) or
PhINTs’ protocol can effect amidation of saturated C–H
bonds, and an electrophilic tosylimidoruthenium inter-
mediate is implicated based on Hammett correlation studies
and trapping experiments.

Amidation of saturated C–H bonds is an appealing route to
amides and amines.1 To our knowledge, only a handful of
catalytic systems involving [N-(toluene-p-sulfonyl)imino]phe-
nyliodinane (PhINTs) as a nitrogen source have been reported
for this transformation,2 and a highly reactive metal tosylimido
(MNNTs) species is usually postulated to be the active
intermediate. To date, few MNNTs complexes are known to
react with saturated C–H bonds.3 We reason that those MNNTs
species capable of acting on saturated C–H bonds would be
highly oxidizing and react readily with organic solvents
rendering their isolation and/or investigation difficult. A way to
tackle this problem would be to prepare structurally charac-
terized metal–tosylamido complexes. Through proton-coupled
oxidations, either chemically4 or electrochemically,5 it may be
feasible to in situ generate and study the highly reactive MNNTs
species from its tosylamido precursor. Herein is described the
first tosylamidoruthenium(III) complex that can mediate amida-
tion of saturated C–H bonds.

[RuIII(Me3tacn)(NHTs)2(OH)] (1; Me3tacn = 1,4,7-trime-
thyl-1,4,7-triazacyclononane) was prepared by reacting [(Me3-
tacn)RuIIICl3]6 (0.1 g, 0.26 mmol) with TsNHNa (0.4 g, 2.1
mmol) in methanol (20 cm3) at room temperature for 3 hours
and was isolated as a yellow crystalline solid.† Magnetic
susceptibility measurement gave meff = 1.8 mB, consistent with
a Ru(III) formulation. The infrared spectrum of 1 shows the N–H
stretch at 3400 cm21. Fig. 1 shows the structure of complex 1
established by X-ray crystallography.‡ The two tosylamido
ligands are in a cis configuration [N–Ru–N bond angle =
80.4(2)°]. The RuIII–N(tosylamido) distances of 2.072(5) and
2.140(5) Å are in between the related values of 2.025(1) Å in
[RuIV(Por)(NHTs)(pz)] (Por = porphyrinato ligand; pz =
pyrazolate)7 and 2.21(1) Å in [RuII(Et2dtc)(PPh3)2(CO)(NH-
SO2C6H2Pri

3-2,4,6)] (Et2dtc = N,NA-diethyldithiocarbamate).8
The observed Ru–OH distance of 1.947(4) Å is comparable to
the related value of 1.904(2) Å found for [RuIII(N2O2)(O-
H2)(OH)](ClO4)2 (N2O2 = 6,7,8,9,10,11,17,18-octahydro-
6,10-dimethyl-5H-dibenzo[e,n][1,4,8,12]dioxadiazacyclopen-
tadecine).9 The Ru–N–S angles of 144.3(3)° and 132.3(3)°
suggest that the nitrogen atom is sp2 hybridized.

We found that addition of weakly oxidizing AgClO4 to 1 in
acetonitrile gave a red species (lmax = 480 nm), which would
react with PPh3 to produce TsNNPPh3 and [RuII(Me3tacn)-
(MeCN)3](ClO4)2 quantitatively. Likewise, other oxidants such
as PhI(OAc)2 and (CPh3)(PF6) are equally effective for this
transformation. On the other hand, (1-cyclohexenyloxy)tri-
methylsilane was found to be converted to a-N-tosylamino-
cyclohexanone§ under ‘1 + AgClO4’ conditions comparable to
the related transformations by the ‘[(L)MnV·N] + (CF3CO)2O’

(L = Schiff base)10a and ‘Cu(I) + PhINTs’10b systems. These
findings imply that a reactive RuNNTs species might have been
generated upon chemical oxidation of 1 presumably via
oxidative deprotonation of the coordinated amido ligands.
Although attempts to isolate and characterize the RuNNTs
species of Me3tacn have proved futile, the ‘1 + Ag(I)’ protocol
was found to carry out facile C–H amidation of allylic and
aromatic hydrocarbons to afford the corresponding tosylamides
(RNHTs).

When cyclohexene (1 mmol) was treated with 1 (0.16 mmol)
and AgClO4 (0.2 mmol) in acetonitrile (5 cm3), a red solution
resulted. The red color slowly disappeared upon stirring for 3 h
at room temperature to form a yellow to brown solution with
metallic silver deposited at the bottom of the reaction vessel.
After GLC analysis, allylic toluene-p-sulfonamide was pro-
duced in 63% yield based on the Ru complex (Table 1).
Ethylbenzene, cumeme, indane and tetralin also reacted sim-
ilarly to afford the corresponding benzyl tosylamide derivatives
in 41–75% yield. It is noteworthy that adamantane can also be
converted to 1-adamantane tosylamide selectively in 59% yield
by the 1/AgClO4/MeCN system. In all cases, TsNH2 was
detected as well, and the ‘RNHTs + TsNH2’ production reached
a total of 200% for two tosylamido moieties per ruthenium
complex.

The effect of para-substituents (p-Y-C6H4CH2CH3; Y =
MeO, Me, H, F, Cl) on the amidation of ethylbenzene by
employing 1/AgClO4 conditions has been studied. The relative
rates (krel) were established under competitive conditions where
equimolar amounts of ethylbenzene and its substituted deriva-
tive were used. We found that both electron-donating and
-withdrawing substituents can promote the reaction, and a
straight line (R = 0.99) results using Jiang’s sJJ•11 and

Fig. 1 Molecular structure of [RuIII(Me3tacn)(NHTs)2(OH)] and atom-
numbering scheme. Significant bond distances (Å) and angles (°): Ru–N(1)
2.072(5), Ru–N(2) 2.134(5), Ru–O(1) 1.949(4), Ru–N(3) 2.131(5), Ru–
N(4) 2.190(5), Ru–N(5) 2.129(5), N(1)–S(1) 1.549(5), N(2)–S(2) 1.566(5);
N(1)–Ru–N(2) 80.2(2), O(1)–Ru–N(2) 92.0(2), O(1)–Ru–N(1) 96.2, O(1)–
Ru–N(3) 90.7(2), N(2)–Ru–N(4) 96.5(2), N(1)–Ru–N(5) 102.6(2), Ru–
N(1)–S(1) 144.6(3), Ru–N(2)–S(2) 132.5(3).
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Hammett s+ substituent constants, and rJJ• = +0.85 and r+ =
20.67 (¡rJJ•/r+¡ = 1.27) are obtained (Fig. 2). The correlation
suggests that the ruthenium-mediated amidation reaction should
involve a benzylic radical intermediate produced by H-atom
abstraction of ethylbenzene. The negative r+ value is indicative
of an electrophilic nature of the active ruthenium species. The
results of the correlation studies and the trapping experiments
imply that a highly oxidizing RuNNTs species was generated
upon oxidation of complex 1.

The amidation reaction can become catalytic when PhINTs
was utilized as the terminal nitrogen source and 1 as the catalyst
in acetonitrile at room temperature (see Table 1). The reaction
of hydrocarbon substrates with PhINTs in the presence of 2
mol% of 1 in acetonitrile afforded the corresponding amides in
moderate to good yields. Up to 75 turnovers could be achieved
for the amidation of ethylbenzene when a lower catalyst loading
(1 : PhINTs : ethylbenzene = 1 : 100 : 200) was employed.

We acknowledge support from The University of Hong Kong
and The Hong Kong Research Grants Council.
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Table 1 Ruthenium amidation of saturated C–H bonds

‘1 + Ag(I)’‘1 + PhINTs’

Entry Substrate Product
Yield
(%)a,b

Yield (%);
turnover
numberc,d

1 63 52; 29

2 59 50; 25

3 75 72; 48

4 41 30; 23

5 60 49; 25

6 52 45; 25

7 65 55; 37

a Reaction conditions: to an acetonitrile suspension (5 cm3) containing
hydrocarbon substrate (1 mmol) and 1 (0.16 mmol) was added AgClO4 (0.2
mmol); the resulting red solution was stirred for 3 h at room temperature.
Aliquots were analyzed by GLC for product identification and quantifica-
tion. b Yields are based on the amount of Ru complex used. c Reaction
conditions: an acetonitrile mixture (10 cm3) of hydrocarbon substrate (1
mmol) and 1 (2 mol%) was treated with PhINTs (6 mmol), and the reddish
brown solution was stirred at room temperature for 12 h. After rotary
evaporation to dryness, the amide product was extracted with diethyl ether.
Aliquots were taken from the organic extracts and analyzed by GLC for
product identification and quantification. d Yields are based on the amount
of PhI formed.

Fig. 2 Dual-parameter Hammett correlation studies for the ruthenium-
mediated amidation of para-substituted ethylbenzenes.
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Caesium/nanoporous carbon materials have a very high
affinity for hydrogen, breaking the extremely energetic C–H
bond in benzene and promoting its condensation to biphenyl,
opening a new class of chemical reactions to heterogeneous
catalysis.

Graphite intercalation compounds of alkali metals have been
extensively studied1 and shown to have very high affinity for
hydrogen. The compound C24K promotes deuterium exchange
with methane2 and hydrocarbons having acidity equal to or
greater than that of benzene.3 Béguin and Setton4 found C8K
could condense benzene to biphenyl at 298 K. However, these
materials are pyrophoric, have relatively low surface area, and
exfoliate at reaction temperature.5 In a previous paper6 we
revealed caesium entrapped in high-surface-area ( ~ 1000
m2 g21) nanoporous carbon is an excellent catalyst for double-
bond migration in olefins but, unlike alkali-metal graphite
intercalation compounds, is not pyrophoric and is thermally
stable towards desorption up to 773 K.

By preparing nanoporous carbon (NPC) from poly(furfuryl
alcohol)–poly(ethylene glycol) mixtures7–10 we obtain chem-
ically inert solids that contain nanopores,7,8 with sizes distrib-
uted around 0.5 nm, and transport pores11 with sizes distributed
around 10 nm that allow access to catalytic sites contained by
the nanopores.12 Since caesium’s atomic diameter (0.48 nm
covalent) is close to the mean nanopore size of the NPC, the
vapor of elemental caesium is rapidly and strongly adsorbed.6
By this means we have produced materials containing up to
42% caesium by weight.

Through magnetic-susceptibility measurements and electron-
paramagnetic-resonance spectroscopy studies6 of these Cs/NPC
materials, we have shown them to contain unpaired electrons.
Significantly, an identical g factor value of 2.0026 was
obtained† both for the free radicals in the carbon precursor, as
well as those present in material loaded with 15% Cs by weight.
The g-shift is roughly proportional to the mean spin–orbit
coupling constant, which in the case of caesium should be large.
The EPR data, however, are not indicative of such an effect.
Instead the g-value demonstrates that caesium’s orbitals do not
participate; hence, the electrons from caesium are donated to the
carbon. These two facts, along with their demonstrated ability to
promote the double-bond migration in olefins,6 suggest that the
Cs/NPC materials should have an affinity for hydrogen similar
to, or higher than, their purely graphitic analogues. In 1976, at
least two studies3,4 found that potassium graphite would couple
benzene to biphenyl. Béguin and Setton4 found that a proton
donor/acceptor solvent (THF) was required to promote the
reaction and that water was required to extract the biphenyl
product from the alkali-metal graphite. Matsuzaki and cowork-
ers13 performed a detailed study of the polymerization of
benzene over alkali-metal graphite compounds. Based on a
series of experiments, they proposed a polymerization mecha-
nism: two benzene radical anions C6H6

·2 form, then couple and
lose dihydrogen forming C12H10

22 the dianion of biphenyl, a
species they observed by Raman spectroscopy. This dianion
loses an electron to produce the biphenyl radical anion,

C12H10
·2, which reacts with another benzene radical anion to

propagate the chain and to produce polyphenyl. Finally,
caesium metal alone, when reacted with benzene in THF and
then washed with water, yielded 1,1A,4,4A-tetrahydrobiphe-
nyl.14

In our study, batch reactions‡ of benzene over a 10% Cs/NPC
produced biphenyl and terphenyl products. Fig. 1 displays
results of several experiments at various temperatures. From
these data the apparent first-order activation energy can be
calculated as 34 kJ mol21, indicating a coupling-limited, free-
radical reaction or that the reaction is taking place in the internal
diffusion limited regime. Table 1 displays the typical carbon
selectivity. Gas chromatography measurements of the vapor
phase over the products confirmed the presence of hydrogen.
Control experiments using pure NPC produced no detectable
biphenyl. Finally, long-term experiments (8 g benzene reacted
over 0.5 g 10% Cs/NPC at 450 °C for 72 hours)confirmed the
catalytic nature of the reaction, by acheiving over 5 turnovers,
based on the total molar caesium content.

To confirm the catalyst is not some form of caesium metal
that has leached into the liquid phase, we performed a second set
of experiments (Table 2), in which benzene was converted to
biphenyl in the vapor phase. A mixture of benzene in argon (5
mol%) was circulated over the catalyst at 450 °C and 2 bar.§ By
means of a continuous separation built into this recirculating
reactor, nearly 100% selectivity to biphenyl was achieved at

Fig. 1 In each experiment 8 g benzene was reacted for three hours over 0.5
g of a 10% Cs by weight catalyst: (2) indicates individual experiments, (-)
indicates average for a given temperature.

Table 1 Average carbon selectivity of reaction at 1–3% conversion of
benzene

Product Carbon selectivity (%)

Biphenyl 75
o-Terphenyl 4
m-Terphenyl 7
p-Terphenyl 14
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Cs°   +   NPC [Cs/NPC]*

2[Cs/NPC]* 2e–   + 2[Cs/NPC]+

2C6H6   +   2e– 2C6H6
• –

2C6H6
• – [C6H6–C6H6]2–

[C6H6–C6H6]2– [C6H5–C6H5]2–   +   H2

[C6H5–C6H5]2– C6H5–C6H5   +   2e–

2e–   +   2[Cs/NPC]+ 2[Cs/NPC]*

near 2.5% benzene conversion. In this manner 29.8 mmol of
benzene were converted to biphenyl in 96 hours over 1.46 mmol
of caesium supported on NPC. This amounts to more than 20
turnovers based upon the total molar caesium content of the
catalyst. The experiment was repeated twice with essentially the
same result. Again, a control experiment using pure NPC did
not produce detectable levels of biphenyl.

Since Cs/NPC can facilitate the breaking of the C–H bond in
benzene (460 kJ mol21), we conclude that the metal provides,
through its powerful electropositive nature, the electrons
necessary to initiate the process. The carbon mediates the
reaction by acting as the electron repository, stabilizing the
intermediate radical anions. In the mechanism proposed by
Matsuzaki and coworkers,13 hydrogen and electron transfer are
critical steps. The carbon may aid in these steps by promoting
the net redox chemistry. Protons generated in the reaction can
couple to produce dihydrogen with the carbon supplying the
electrons to mediate the process. Additionally, the electron
exchange between neutral benzene and the radical anion is
facile (Ea ≈ 12 kJ mol21),15 and the carbon may stabilize the
intermediate radical anions produced in this chemistry, making
the net chemistry catalytic rather than stoichiometric. A
plausible catalytic mechanism is shown in Scheme 1. Since the
EPR measurements indicate caesium promotes its electron into
the local carbon structure, in essence NPC acts as a macro
radical anion that may be thought of as [Cs+/NPC·2]. From this
vantage point we can begin to see why the material may be so
able to promote demanding redox chemistry.

Finally, we have previously shown that caesium, when
loaded at high ratios (2/1 Cs0/C w/w), promotes the rearrange-
ment of the amorphous NPC to nanotubes, polyhedra and other
crystalline structures;16 transmission electron microscopy¶ of
the catalyst before and after benzene treatment indicates that
approximately 5% (by volume) of the carbon has transformed to
ordered structures. This limited conversion of the amorphous
NPC as compared to previous work16 may be attributed to the
combined effects of lower caesium content and the competitive
reaction with benzene. In conclusion, since the phenyl radical
anion is extremely difficult to produce and especially consider-
ing that deuterium exchange with methane has been shown,2
these results indicate an entirely new class of radical chemistry
may be open to heterogeneous-catalytic exploration in the
future.

Notes and references
† EPR experiments were performed on a Bruker ER-200D electron-
paramagnetic-resonance analyzer at 298 K. The authors wish to thank Dr.
Paul Krusic and Mr. Steven Hill of the DuPont Company for their assistance
with these measurements.
‡ Batch reactions were performed in a stainless-steel, ‘tubing-bomb’ reactor
(2.54 cm o.d., 1.77 cm i.d. 15 cm long, capped with a hex nut and plug,
internal volume: 12 cm3). Catalyst and benzene were loaded in an argon-
atmosphere glove box. Extreme care was taken to eliminate air and water
contamination of the experiment. The reactor was sealed with a titanium
gasket, removed from the glove box and placed in a fluidized sand bath
maintained at the reaction temperature. After the desired reaction time was
reached, the reactor was quenched in water and the products were analyzed
by gas chromatography, confirmed by mass spectrometry.
§ A recirculating vaporizer/condenser reactor was constructed for the
experiments. Catalyst was loaded in an argon atmosphere glove box.
Extreme care was taken to eliminate air and water contamination of the
experiment. Argon cycled through the system at 1500 sccm in the following
order: bubbled through a temperature controlled (298 K) vessel containing
100 ml of benzene that was dried and deoxygenated over molecular sieves
and lithium ribbon; the benzene rich (5 mol%) argon passed through a flow
controller, a diaphragm pump and to the catalyst bed; the stream was heated
to 723 K and flowed through the catalyst bed (1.5 g of catalyst containing
15% by weight Cs, 0.025 s per pass contact time); the reacted stream then
returned to the bottom of the benzene vessel in which the biphenyl was
trapped due to its low vapor pressure (0.005 bar at 298 K) to repeat the cycle.
Products were analyzed by gas chromatography. No terphenyl was
detected.
¶ The control (untreated catalyst) and benzene treated samples were
prepared for transmission electron microscopic (TEM) studies by deposit-
ing them dry on carbon-coated Cu TEM grids. The grids were examined in
a JEOL 2000FX S/TEM fitted with a Noran energy dispersive spectroscopic
elemental analyzer. The control sample consisted of disordered appearing
carbon with the Cs dispersed uniformly throughout the support. While we
were not able to image individual particles of Cs on the carbon support,
elemental analysis confirmed the presence of Cs everywhere in the sample.
The used catalyst appeared similar to the control sample in microstructure
as well as elemental composition with the Cs dispersed uniformly
throughout the support. However, we observed a small fraction of the
carbon to have ordered to graphitic nanoparticles and microscopic sheets of
graphitic/turbostratic carbon during the benzene reaction process. No Cs
was detected in these ordered pockets of carbon. Based on the TEM
analysis, we estimate the amount of ordered carbon in the benzene-treated
sample to be approximately 5% on a volume basis.
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Table 2 Results of vapor-phase study

Benzene
charge/ml

Catalyst/
g

Cs0 in
catalyst
(%)

Benzene
conversion
(%)

Cs°
turnovers

Time/
h

100 1.5 15.0 2.40 20.43 96
50 1.0 14.9 2.60 16.70 72
50 1.1 15.8 2.75 15.15 72
50 1.0 0.0 0.00 — 96

Scheme 1 Plausible catalytic mechanism.
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Remote site deprotonation of a coordinated imidazole ligand
switches the reduction potential of coordinated iron over a
narrow pH range from +0.920 to 20.460 V.

A fundamental concept of coordination chemistry is that ligand
type may favour one oxidation state of a metal over another.
Thus p-acceptor ligands such as CO and PF3 stabilise low
oxidation states, whereas high oxidation states are favored by p-
donor ligands such as fluoride or anionic oxygen donors.
Implicit in this concept is the idea that chemical modification of
the ligand may change its ligating properties, and thereby
modify the reduction potential of the metal to which it is
coordinated. Protonation or deprotonation of the ligand at a site
remote from the metal–ligand bond is a simple, reversible
method of modification, and in this communication we show
how the deprotonation of a coordinated imidazole ligand can
influence dramatically the redox potential of iron bound to the
ligand as well as influencing the spin state.

Ligand 1 in acetonitrile forms the complex [Fe(1)2]2+

expected by analogy with the related benzimidazole ligand 2

whose complexes with iron(ii) have been studied previously.1–3

The dark red complex† showed a strong MLCT band in
methanol at 520 nm (e = 5900 l mol21 cm21). Upon treatment
with ButOK in methanol under nitrogen the solution became
dark purple and showed the red shift and increase in intensity
previously observed1,2 for [Fe(2)2]2+ upon deprotonation; at the
end points corresponding to [Fe(12H)2] the MLCT was at 536
nm (e = 6220 l mol21 cm21) and for [Fe(1 2 2H)2]22 538 nm
(e = 7620 l mol21 cm21). Admission of air to the basic solution
or addition of base in presence of oxygen gave a sky blue
solution showing two weaker bands at 588 nm (e = 870 l
mol21 cm21) and 730 nm (e = 790 l mol21 cm21) typical of
low spin iron(iii) coordinated by a diimine,4 and no Fe(ii)
MLCT. The blue complex could be isolated as a sodium salt‡
either from the iron(ii) complex after treatment with base or by
reaction of FeCl3 with 1 in presence of base. Elemental analysis
and ESMS  confirmed the presence of iron(iii), and X-ray
crystallography§ showed the expected pseudo-octahedral struc-
ture of the deprotonated complex [Fe(1 2 2H)2]2 (Fig. 1) and
showed only slightly shorter Fe–N bond lengths [Fe–Npy
1.920(6) Å, Fe–Nimid 1.935(7) Å] than those observed for
[Fe(2)2]2+.2

Since iron(ii) coordinated to unsaturated nitrogen hetero-
cyclic ligands is generally very hard to oxidise, the observation
of spontaneous oxidation by air was surprising, especially since
[Fe(2)2]2+ is not oxidised in  base. Cyclic voltammetry studies
in acetonitrile (glassy carbon electrode, 0.1 M NEt4ClO4
electrolyte , scan rate 200 mV s21) showed a reversible FeIII–
FeII wave at +0.920 mV vs. NHE for [Fe(1)2]2+,  typical for an
iron(ii)–diimine complex. Upon deprotonation however, the

FeIII–FeII wave shifted to 20.460 mV for [Fe(1 2 2H)2]2
confirming the dramatic shift in redox potential, and explaining
the observed sensitivity to oxidation by air. Reaction of iron(iii)
with two equivalents of 1 gave a yellow solution which
darkened on standing as a result of reduction to [Fe(1)2]2+. No
complex [Fe(1)2]3+ could be isolated, but a complex analysing
as [Fe(1)Cl3] analogous to that formed by 21 could be
isolated.

Magnetic moments measured in methanol solution by the
Evans method showed [Fe(1)2]2+ to have spin crossover
behaviour analogous to [Fe(2)2]2+ 1,3 with a room temperature
value of meff = 3.6 mB, falling close to zero at 200 K. The change
in UV–VIS spectrum of [Fe(1)2]2+ upon deprotonation at room
temperature is consistent with the transition to a fully low spin
state. [Fe(1 2 2H)2]2 in methanol gave meff = 1.92 mB
consistent with low spin Fe(iii), while a solution of stoichio-
metric composition [Fe(1)2]3+ gave meff = 6.3 mB, indicating
high spin Fe(iii). It is thus possible to switch the spin states by
pH changes.

Deprotonation of coordinated imidazole at the pyrrolic
hydrogen has been reported on many occasions5 and often
results in the imidazolate acting as a bridging ligand with
formation of binuclear species.6 For 1 2 2H this is impossible
as a result of steric hindrance from the pyridyl moiety, but the
basic nature of the deprotonated nitrogens is shown by the
strong hydrogen bonds formed between N3 and N5 and the
water molecules bound to sodium in [Fe(1 2 2H)2][Na-

Fig. 1 Structure of the [Fe(12 2H)2]2 ion. A crystallographic twofold axis
passes through the iron atom perpendicular to the pyridine–pyridine axis.
Ellipsoids are shown at the 40% probability level.
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(H2O)4]0.5[Na(MeCN)4(THF)2]0.5 [distances N···O 2.78(1) and
2.81(1) Å]. Potentiometric titration of a solution of [Fe(1)2]2+

[DMF–H2O (4 : 1), I = 0.1 M KNO3, in presence of air] with
KOH showed the loss of four protons with pK values (estimated
by a least squares fitting of the titration curve) of 8.19(5),
8.67(7), 9.86(10) and 9.92(9). These values should be inter-
preted with some caution since oxidation probably occurs
before dissociation of all the protons. After removal of two
protons the spectrum of the mixture is very similar to a
superposition of the spectra of [Fe(1)2]2+ and  [Fe(1 2
2H)2]2.The pKas are close to those previously reported for
imidazole bound to Fe(ii).5

We have found no reference to the effect of imidazole
deprotonation upon redox potential in the literature. Although
we would intuitively expect that the progressive introduction of
negative charge onto the ligand would favour the higher
oxidation state, the magnitude of the effect, some 1380 mV, is
much greater than we anticipated. Haga et al. have studied the
effect of deprotonation of coordinated benzimidazole ligands in
ruthenium and osmium complexes7 and has shown a shift of the
reduction potential to more negative values upon deprotonation
of ca. 300 mV per proton. This is broadly consistent with the
effect observed here for the removal of four protons. It is of
course well known that deprotonated pyrrolic ligands such as
porphyrins and phthalocyanines allow stabilisation of iron(iii)
in a low spin state.

In conclusion, we have shown that it is possible to switch the
redox potential of the iron(iii)/iron(ii) couple from strongly
oxidising to strongly reducing over a limited range of pH
(between 8 and 10). There is consequently a strong coupling
between electron and proton transfer: proton loss from the
ligand is followed by electron loss from iron(ii), and proton
capture by the ligand makes the iron(iii) oxidising. We believe
that this may be significant for biological oxygen chemistry,
where reduction of dioxygen is accompanied by proton transfer
to the dioxygen moiety, and oxidation of water requires
concomitant deprotonation. It is to be noted that in many
oxygen-reducing enzymes, iron is coordinated by imidazole
ligands from histidine residues,8 while in photosystem II the
manganese ions are equally thought to have imidazole in the
coordination sphere.9 In such systems deprotonation of the
imidazole might allow the attainment of a high oxidation state
for manganese; proton transfer from coordinated water to the
imidazole would then raise the oxidation potential of the metal
to a degree where oxidation of the coordinated oxygen would be
possible. Experiments to test this hypothesis are in progress.
Finally, we may note that the protonation–deprotonation
equilibrium also switches the spin state of the iron, and the
affinity of the ligand for the metal, notably in the Fe(iii) state.

Notes and references
† A solution of 110 (58 mg, 275 mmol) in a minimum of MeCN was added
to a solution of Fe(ClO4)2·6H2O (50 mg, 138 mmol) in a minimum of
MeCN. The red solution was evaporated to dryness, the solid dissolved in
2 ml of MeCN and diethyl ether was slowly diffused into the solution.
Orange–red crystals, 85 mg (122 mmol, yield 88%) of [Fe(1)2](ClO4)2·H2O.
ESMS: m/z 576.8 {[Fe(1)2](ClO4)+} (5%), 259.2 {[Fe(1)2](MeCN)2+}
(70%), 238.7 {Fe(1)2]2+} (100%). Calc. for C22H20N10Cl2O9Fe: C, 38.01;
N, 20.15; H, 2.90. Found: C, 38.35; N, 20.52; H, 3.08%.
‡ To a solution of [Fe(1)2](ClO4)2·H2O (43 mg, 63 mmol) in 3 ml MeOH
were added, slowly and under vigorous stirring, 2.42 ml of a freshly
prepared NaOH solution (0.102 M in MeOH, 252 mmol), then the solution
was filtered over Celite. The blue solution was evaporated to  dryness, the
solid dissolved in 6 ml of MeCN and some drops of MeOH and THF slowly
diffused into the solution. Blue crystals were separated and dried to give 29
mg (48 mmol, yield 78%) of Na[Fe(1 2 2H)2]·(H2O)2·THF ESMS: m/z
474.1 {[Fe(1 2 2H)2]21} (100%). Calc. for C26H26N10O3FeNa: C, 51.58;
N, 23.14; H, 4.33. Found: C, 51.74; N, 23.53; H = 4.64%.
§ Crystal data: [Fe(1 2 2H)2][Na(H2O)4]0.5[Na(MeCN)4(THF)2]0.5, M =
343.7, tetragonal, space group P42̄1/c1, a = 13.3185(5), c =  19.455(1) Å,
V = 3451.0(3) Å3, T = 200 K, Z = 4, m(Cu-Ka) = 4.039 mm21, 1661
observed reflections  [|Fo| > 4s0(Fo)], R = 0.051, Rw = 0.046. CCDC
182/1079. See http://rsc.org/suppdata/cc/1998/2681/for crystallographic
files in .cif format.
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ZnS nanocrystallites effectively enhanced photo-reduction
of chlorinated benzene derivatives in the presence of
triethylamine as a sacrificial electron donor under UV
irradiation (l > 300 nm), leading to selective and stepwise
dechlorination to give benzene at the final stage.

Photochemical detoxification of halogenated compounds, such
as PCB, dioxin, and DDT, has been attracting much attention
because this can be regarded as a promising process to eliminate
C–Cl bonds under environmentally relevant and mild condi-
tions. In particular, TiO2-catalyzed photoprocesses involving
oxidation and reduction in aqueous systems have been ex-
tensively investigated.1 In such systems, however, photo-
oxidation proceeds through the formation of hydroxyl radical
(HO•), leading to unavoidable formation of unknown photo-
products especially from polychlorinated compounds.2,3 Fur-
ther, the rate of such photodegradation often slows in the case of
polychlorinated compounds because they are electron-deficient
molecules, i.e. their oxidation potentials are very positive in
nature, showing resistance to the electrophilic attack of HO•.4
Therefore, reductive processes with semiconductors should be
investigated practically for the purpose of detoxification of
chemicals.5,6

In this paper, we show that photoreduction induces selective
dehalogenation of chlorinated benzene derivatives, providing
more favorable dehalogenation processes than the photo-
oxidative ones. In particular, ZnS nanocrystallites stabilized in
N,N-dimethylformamide (DMF)7 catalyze photoreduction of
chlorinated benzene derivatives, leading to their step-wise
dechlorination under UV-irradiation at ambient temperature.

A DMF solution of ZnS nanocrystallites was prepared by the
reaction of Zn(ClO4)2 with H2S under cooling with ice and
water as described elsewhere.7 Photoreactions were carried out
under cooling with water by UV irradiation of a DMF solution
(2 ml) containing a substrate (25 mM), ZnS nanocrystallites (2.5
mM in diatomic concentration as ZnS) and triethylamine (TEA,
1 M) in a Pyrex glass tube using a 500 W high pressure mercury
lamp. The reaction mixtures were analyzed by gas chromatog-
raphy with a fused silica capillary column (HiCap-CBP20, 25 m
3 0.2 mm, Shimadzu) using dodecane as an internal stan-
dard.

Fig. 1 shows time conversion plots of the photoreaction of
1,4-dichlorobenzene. The concentration of 1,4-dichlorobenzene
decreased during irradiation with and without ZnS nano-
crystallites. However, the rate of the conversion in the presence
of ZnS nanocrystallites was twice that at the beginning and
several times faster at the later stages than that in the absence of
ZnS crystallites. In parallel with the consumption of 1,4-di-
chlorobenzene the formation of chlorobenzene was observed
and benzene was formed at the final stage, i.e. after the
induction period of 1 h with the decreased rate of formation of
chlorobenzene, indicating that 1,4-dichlorobenzene is de-
chlorinated successively to benzene through chlorobenzene.
Hydrogen was formed competitively but in a small amount (2–3
mmol in 5 h) in the presence of ZnS nanocrystallites. No other
byproducts, such as biphenyl derivatives and chlorophenol,
were detected by GC analysis, showing a consistent material
balance between the consumed substrate and the products.

The dechlorination proceeded at a relatively high rate even
without ZnS nanocrystallites. The absorption spectrum meas-
ured for the mixture of 1,4-dichlorobenzene and TEA showed
the appearance of a shoulder at the long wavelength edge of the
absorption of 1,4-dichlorobenzene, suggesting the formation of
the exciplex between the two compounds. The formation of the
exciplex should contribute to the photochemical dechlorination
without the catalyst.8,9 On the other hand, the photocatalytic
dechlorination in the presence of ZnS nanocrystallites should
mainly proceed through the excitation of ZnS, since ZnS
nanocrystallites absorb most light in this region when they are
present in the system.

In our earlier report, ZnS nanocrystallites prepared in DMF
act as a photocatalyst for the two-electron reduction of CO2 to
HCOOH or CO in the presence of triethylamine.7 The photo-
generated electrons on ZnS nanocrystallites possess such a high
reducing power ( <22.2 V vs. SCE) that the substrates are
subject to successive two-electron reduction, causing the
stepwise dechlorination. This fact suggests that the anion
radicals first formed should be readily dechlorinated to the
radicals, which may undergo further reduction and protonation.
The electrons can be supplied by photooxidation of TEA. The
resulting TEA+• works as a proton source giving
[Et2NHCHCH3]• which can also function as a good electron
source in the system.7

In Table 1 are listed the conversions and the product
distributions for the photodechlorination of various chlor-
obenzene derivatives observed in the presence of ZnS nano-
crystallites with their reduction potentials.10,11 The distribution
of the products observed for the reactions of polychlor-
obenzenes well confirmed the successive and stepwise de-
chlorination reactions. For example, in the reaction of
1,2,3,4-tetrachlorobenzene, 1,2,4-trichlorobenzene formed
preferentially is dechlorinated at the 2 position giving 1,4-di-

Fig. 1 Time profile of the photocatalytic dechlorination of 1,4-di-
chlorobenzene by ZnS nanocrystallites. In the presence of ZnS: 1,4-di-
chlorobenzene (5), chlorobenzene (:), benzene (/), hydrogen (-); in the
absence of ZnS: 1,4-dichlorobenzene (2), chlorobenzene (Ω), benzene
(.), hydrogen (8).
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chlorobenzene as the predominant product in the isomers of
dichlorobenzene, and is further dechlorinated to benzene
through chlorobenzene.

The order of the photocatalytic dechlorination rates was
1,2,3-trichlorobenzene > 1,4-dichlorobenzene > 1,2,3,4-tetra-
chlorobenzene > 1,2,4-trichlorobenzene ≈ 1,3-dichloroben-
zene ≈ 1,2-dichlorobenzene > > chlorobenzene. This order is
roughly explained by the order of the redox potentials shown in
Table 1, in other words, ease of reduction of the substrates.

In conclusion, the reduction of polychlorobenzene photo-
catalyzed by ZnS nanocrystallites gives selective and succes-
sive dechlorination without formation of any unidentified
byproducts containing chlorine atoms. This photoreduction
should provide a new strategy for detoxification of hazardous
chlorinated aromatics under minimum-energy conditions.

This work was partly supported by Grants-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports, and Culture of Japan (Nos. 09490023, 09218236).
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Table 1 Dechlorination of various chlorobenzenes by ZnS–DMFa

Composition of reaction products/mol%

Substrateb
Ered

c/V
vs. SCE td/h

Conv.e
(%) ben m 1,2-di 1,3-di 1,4-di 1,2,3-tri 1,2,4-tri tetra

m 22.44 4.2 31 32 69 — — — — — —
1,2-di 22.22 4.0 59 4.3 64 41 — — — — —
1,3-di 22.20 4.0 56 2.9 58 — 44 — — — —
1,4-di 22.20 4.0 73 7.9 64 — — 27 — — —
1,2,3-tri 21.96 3.9 90 Trace 36 34 21 0 10 — —
1,2,4-tri 22.00 5.0 69 Trace 15 4.0 9 39 — 31 —
tetra 21.76 4.0 75 Trace 1.6 1.6 2 7.8 6.9 44 25
a Reaction solution containing substrate (25 mM), TEA (1 M) and ZnS (2.5 mM) in DMF was irradiated with UV light (l > 300 nm) under N2.
Abbreviations: ben, benzene; m, chlorobenzene; 1,4-di-, 1,4-dichlorobenzene; 1,3-di, 1,3-dichlorobenzene; 1,2-di, 1,2-dichlorobenzene; 1,2,3-tri,
1,2,3-trichlorobenzene; 1,2,4-tri, 1,2,4-trichlorobenzene; tetra, 1,2,3,4-tetrachlorobenzene. b Starting substrates. c From ref. 9 and 10; measured in DMSO
solution containing TEABr (0.1 M) as electrolyte. d Irradiation time. e Conversion of substrates.
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Stabilization of the merocyanine form of photochromic compounds in fluoro
alcohols is due to a hydrogen bond
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Fluoroalcohols [1,1,1,3,3,3-hexafluoropropan-2-ol (HFP),
2,2,2-trifluoroethanol (TFE) and 2-fluoroethanol (FE)],
acting as Lewis acids, stabilize the p-conjugated, colored
merocyanine forms of spiropyran and spirooxazine photo-
chromic compounds as metal ions do.

We1 and others2 have been interested in the interactions of metal
ions with photochromic compounds such as spiropyrans,
spironaphthoxazines, and chromenes for potential applications
in optical switching, memory and sensors. In these photo-
chromic compounds, light is used to cleave a single C–O bond
in the pyran or oxazine ring (so-called closed form) which
results in the creation of a relatively more polar species (so-
called open or merocyanine form). Metals influence this process
by associating with this now electron-rich oxygen atom in the
open form. It has been reported that 1,1,1,3,3,3-hexafluor-
opropan-2-ol (HFP) stabilizes the merocyanine form of poly-
mer-bound nitrospiropyran through a general effect of the
solvent’s ‘polarity’.3 We wondered if HFP and other fluoro
alcohols4 known as good H-bond donors could stabilize the
open form of spirooxazines in particular, and other similar
photochromics in general, and if so, do they work as the metal
ions do, through a specific Lewis acid/Lewis base inter-
action?

Compound 1, 1,3-dihydro-5-methoxy-1,3,3-trimethylspiro-

[2H-indole-2,3A-[3H]naphtho[2,1-b][1,4]oxazine] is purple at
room temperature at equilibrium without photolysis in HFP-d (2
atom% 1H on the hydroxy group). 1H NMR integration shows
that about 50% of 1 exists in the open form(s) 1A. 1H ROESY
spectra for these solutions have cross peaks between the solvent
hydroxy proton and the N-methyl protons in 1. There is also a
cross peak between the solvent hydroxy proton and the methoxy
methyl in the merocyanine form of the molecule 1A. There is
evidence for both so-called TTC5 and TTT isomers of 1A; cross
peaks are indicated as arrows in Fig. 1.

Compound 2 (1,3,3-trimethyl 5,6-dimethylspiro[2H-indole-
2,3A-[3H]pyrido[3,2-f][1,4]benzoxazine]6) also opens to the
merocyanine form(s) 2A in fluoro alcohols. Compound 2A
comprises 70 mol% in HFP, 15 mol% in TFE, 9 mol% in FE,
and 2 mol% in EtOH in the dark. A TFE-d3 (5 atom% 1H)

solution containing 2 is also purple at equilibrium at room
temperature, although it is only about 15% open form. A signal
is observed between the hydroxy proton of TFE and the 2A-
proton of 2A (ring proton ortho to the oxygen) in the 1H NOESY
spectrum. Furthermore, the resonance of the hydroxy proton of
TFE is deshielded (d 5.4) in comparison to pure TFE (d 5.2) as
shown in Fig. 2. When the solution is irradiated with UV
(300–400 nm) light, the resonance becomes more deshielded
(Fig. 2). We infer that TFE interacts with 2A via an H-bond to the
oxygen with rapid exchange on the NMR time scale (500 MHz).
Additionally, we note a signal between the N-methyl protons at
the indole group and the imine proton for 2A in the 1H NOESY
spectrum, while there are no signals between the imine proton
and the geminal methyl protons, nor are there signals between
the imine proton and the 2A-proton; thus, for 2A, TTC is the only
isomer in TFE. In a solution of 2 in HFP, which is 70% ring-
opened, there are several cross peaks (1H ROESY) indicating
the presence of both the TTC and TTT isomers. The cross peaks
are illustrated schematically in Fig. 3. There is also a cross peak
between the solvent hydroxy proton and the open-form N-
methyl protons, once again indicating a possible H-bond to the
former oxazine ring oxygen. If, as implied in the 1H NMR
studies, the stability of the open forms is due to H-bonding,
there should be additional manifestations of the H-bond on the
properties and spectroscopy of the compounds.

Fig. 1 (a) TTC and (b) TTT merocyanines 1A. Cross peaks in the 1H ROESY
spectrum used to assign the structure are shown as curved arrows. The cross
peaks of the bold H atoms are particularly diagnostic.

Fig. 2 1H NMR spectra (500 MHz) of the hydroxy proton of (a) TFE
equilibrated in the dark, and (b) the same solution measured after irradiation
with UV light. The TFE-d3 solution contains 2/2A (15 mM) and TFE (0.5
mM).

Fig. 3 (a) TTC and (b) TTT merocyanines 2A. Cross peaks in the 1H ROESY
spectrum used to assign the structure are shown as curved arrows.
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By perturbing a solution of 2/2A in TFE with the appropriate
wavelength range of light, excess 2 or 2A can be formed. Both
time courses can be analyzed as first order reactions within the
temperature range of 15–40 °C (Fig. 4). Both activation
energies are equal (25 ± 1 kcal mol21 2?2A, 25 ± 1 kcal mol21

2A?2), so the resulting difference is the enthalpy difference
between 2 and 2Awhich is 0 ± 1.4 kcal mol21. Typical values for
similar molecules are ca. 4 kcal mol21 in most solvents, from
the non-polar benzene and toluene to the polar EtOH and
MeCN.7 The difference of 4 kcal mol21 is consistent with the
enthalpy of an H-bond in general8 and with those between TFE
and various acceptors in noncompetetive solvents9 in partic-
ular.

If there is a specific H-bond formed as hypothesized, then
there should be a shift in the lmax of the long wavelength band
of the merocyanine.6 In common solvents, the long wavelength
band of the merocyanine is weakly solvatochromic (e.g. lmax in
toluene, MeCN and MeOH for 2A is 602 nm, EtOH, 605 nm,
ethylene glycol and 3-methyloxazolidin-2-one, 610 nm). How-
ever, in the fluoro alcohols there is considerable solvatochro-
mism (lmax values: HFP, 534 nm; TFE, 582 nm; FE, 590 nm).
The values of ET(30) as a benchmark for the strength of
hydrogen-bond donation and polarity of the fluoro alcohols are
also in the order HFP > TFE > FE [ET(30): 63.3, 59.8, 55.5
respectively].4f Furthermore, there is a good correlation be-
tween the energy of the long wavelength band of the
merocyanine and the logarithm of the equilibrium constants
(estimated as [2A]/[2] from the NMR data). Thus, changes in the
energy of the ground state, through solvent H-bonding to the
oxygen, influence the spectroscopy and the equilibrium con-
sistently.

We have performed ab initio calculations13,14 on all the
solvent molecules and the solute 2A. We also performed
preliminary calculations on the H-bonded complexes at the
semiempirical quantum level using PM3 parameterization. Full
geometry optimizations of the complexes with the solvents
HFP, TFE and FE were performed. The calculated H-bond
distance between the O of the 2A carbonyl and the H of the
hydroxy hydrogen of the solvent are 1.7729, 1.818 and 1.820 Å
for HFP, TFE and FE, respectively. The calculations support the
observed order in the effectiveness of the fluoro alcohols in
stabilizing the merocyanine form. Theory also shows very little
change in the O–H bond distances in the fluoro alcohols
(difference: complex-free solvent (Å) HFP: 0.014, TFE: 0.0163,
FE: 0.0058).

Finally, we note that the behavior in the Lewis acid solvents
differs dramatically from the behavior in the weak Brönsted
acid, glacial acetic acid (AA). A sample of 2/2A in AA, after a
considerable time, yields a band at 420 nm. This solution is not
photoactive. The band at 420 nm arises from protonated 2A with
TTT geometry [Fig. 3(b)].1b When a quantity of Et3N
equivalent to the AA is added to the solution, the band due to the
protonated form disappears. There is no significant absorbance
in the visible region. Illumination with UV light yields a
transient absorption peak at 610 nm, which is characteristic of 2A
in polar solvents.

The Lewis acid ZnII causes the ring opening reaction 2?2A.
The complex is stable, as is the solvate of HFP. The visible
wavelength is 538 nm, between that of HFP and TFE solutions.
Thus, the original hypothesis that Lewis acids of different sorts
similarly influence the structure and properties of the photo-
chromic species is confirmed.

We are grateful to Dr Barry van Gemert and Mr David
Knowles at PPG, Inc., Chemicals Division, for providing 1 and
2. This work was supported by the Office of Naval Research and
the National Science Foundation (CHE-9710213).
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Fig. 4 Kinetics of the opening and closing reactions of 2/2A in TFE (0.7 mM)
at 22 °C. Activation energies are in kcal mol21.
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The synthesis and characterisation of a novel microporous
niobium silicate (AM-11), an excellent catalysts for the
conversion of alcohols, are reported.

Recently, the synthesis of microporous framework titanium
silicates, displaying zeolite-type properties and containing
Ti(iv) usually in octahedral coordination, has attracted much
interest.1–4 As a natural extension of this work, we have
embarked on a systematic study aimed at preparing novel
microporous zirconium5 and niobium6 silicates. Here we report
the synthesis and structural characterisation of a novel micro-
porous niobium silicate denoted AM-11 (Aveiro-Manchester
microporous solid no. 11).

AM-11 was prepared in Teflon-lined autoclaves under static
hydrothermal conditions. An alkaline solution was made by
mixing 1.27 g tetraethylorthosilicate (Aldrich), 2.40 g ethanol,
6.40 g H2O, 1.68 g NaOH (Merck) and 0.53 g NaF (Aldrich). A
second solution was made by mixing 20.0 g H2O, 3.00 g oxalic
acid (Panreac), 1.00 g niobium oxalate (Niobium Products) and
stirred overnight. These two solutions were combined, seeded
with 0.1 g ETS-41 and stirred thoroughly. The pH (after a 1 : 100
water dilution) was adjusted to 10.2 by adding an ammonia
solution (25%, Merck). The gel, with a composition 1.0
Na2O : 1.0 SiO2 : 0.15 Nb2O5 : 240 H2O, was autoclaved for 15
days at 200 °C. The crystalline product was filtered off, washed
with distilled water and dried at ambient temperature, the final
product being an off-white microcrystalline powder.

AM-11 samples were characterised by powder X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), 93Nb, 29Si
and 23Na magic-angle spinning nuclear magnetic resonance
(MAS NMR), Raman spectroscopy, thermogravimetry (TG),
adsorption isotherms and catalytic tests.

SEM (not shown) reveals that AM-11 crystals are needles ca.
10 mm in length. Energy dispersive absorption of X-rays yields
Si/Nb and Na/Nb molar ratios of ca. 4.6 and 0.3, respectively.

The total AM-11 mass loss between 30 and 700 °C is ca.
16.5%. Two stages of dehydration are observed (not shown):
between 30 and 270 °C the solid loses ca. 10.5% while between
270 and 700 °C the mass loss is ca. 6%. The adsorption
behaviour of AM-11 was investigated in order to assess the
porosity of the material. Nitrogen and methanol adsorption
isotherms are both type I with maximum uptakes of ca. 0.15 and
0.11 g g21, respectively. Although the material is microporous,
the propane uptake was found to be negligible suggesting a very
small pore size. However, ethanol, n-propanol and 2-methylpro-
pan-1-ol have uptakes of ca. 0.6–0.7 g g21 at P/P0 = 0.5. This
conflicting behaviour may originate in the polarity of the
sorbate.

The powder XRD pattern of AM-11 is shown in Fig. 1, while
the d-spacings and intensities of the main reflections are
collected in Table 1. Peak intensities were altered by changing
the method of sample preparation indicating the occurrence of
preferred orientation effects. In situ powder XRD patterns
recorded under vacuum at temperatures up to 650 °C (not
shown) are similar to the pattern given by the parent hydrated
material. The water in AM-11 is zeolitic and its removal is not
permanent. This was confirmed by first heating a sample at 650
°C and then keeping it, for several hours, in contact with air at
room temperature. The powder XRD patterns and TG curves of

the parent and calcined hydrated materials were found to be
identical.

The 29Si MAS NMR spectrum of AM-11 [Fig. 2(a)] displays
a resonance at d 295.6, a group of (at least) three overlapping
peaks at d 2105.5, ca. 2106.7 and 2108.1 and a sharp signal
at d 2111.1. The attribution of these resonances is difficult
because, to the best of our knowledge, no systematic study is
available on the relationship between the 29Si NMR chemical
shift and the number of niobium polyhedra coordinating a given
silicon tetrahedron. Our previous study on synthetic analogues
of the mineral nenadkevichite, containing framework niobium,6
suggests that this relationship may be similar to that found for
titanium silicates where a systematic downfield chemical shift is
observed when increasing numbers of titanium polyhedra
coordinate a given silicon tetrahedron.7 We assign the peak at d
2111.1 to Si(4 Si, 0 Nb) environments. The resonances at d
2105.5, ca.2106.7 and 2108.1 are tentatively assigned to Si(4
Si, 0 Nb) or Si(3 Si, 1 Nb) environments,3 while that at d 295.6
is attributed to Si(3 Si, 1 Nb) or Si(2 Si, 2 Nb) sites.

The central-transition 93Nb MAS NMR spectrum [Fig. 2(b)]
of AM-11 contains a broad (full-width at half maximum,
FWHM, ca. 127 ppm) resonance centred at d 2100 relatively
to solid Nb2O5 (the other peaks are spinning sidebands).
Considering the few 93Nb NMR spectra reported for niobium

Fig. 1 Powder XRD pattern of AM-11.

Table 1 Powder XRD data of AM-11

d/Å I/I0 d/Å I/I0

11.861 64 3.421 63
8.964 4 3.279 7
7.114 14 3.165 85
6.841 80 3.080 15
6.489 3 2.959 100
6.337 3 2.873 23
5.923 34 2.810 7
4.941 15 2.715 5
4.474 61 2.584 36
4.243 6 2.523 8
3.940 17 2.475 18
3.860 6 2.323 12
3.827 8 2.237 20
3.750 12 2.198 6
3.571 43 2.125 20
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silicates containing hexa-coordinated niobium which give
resonances at ca. d 0,6 this value is slightly shifted to low
frequency. This may be due to a large quadrupole coupling
constant, (simulation of the static spectrum in Fig. 2(b) indicates
a rather large value, in excess of 26 MHz) which results in a
significant low-frequency shift. The FWHM of the static
spectrum is ca. 640 ppm. Hence, MAS narrows the NMR
resonance by a factor of five. Now, when second-order
quadrupole effects dominate, MAS only narrows the peaks by a
factor of ca. 3.6. We conclude that other line broadening

mechanisms, such as chemical shift anisotropy and dipolar
interactions are in operation.

The central-transition 23Na MAS NMR spectrum of AM-11
(not shown) contains a broad peak centred at d 26 with a faint
shoulder at ca. d 212 (relatively to aqueous NaCl).

The Raman spectrum of AM-11 (not shown) displays a main,
strong and sharp, band at 687 cm21 and several fainter bands in
the range 100–300 cm21. The former peak is typical of NbO6
octahedra in porous niobium silicates: the synthetic analogues
of nenadkevichite give a similar peak at 668 cm21 and weak
bands at 100–300 cm21.6

A preliminary charcterisation of the acid–base properties of
AM-11 was performed by means of isopropanol conversion, a
probe reaction which is tailored for both acidity and basicity.8
The main products of this catalytic process are propene and
acetone resulting from acid dehydration and base-catalysed
dehydrogenation respectively. The product distributions are
given in Table 2 and indicate that this material exhibits both
acidic and basic active sites in its as-synthesised form. Further
studies of the catalytic properties of AM-11 were carried out
using tert-butanol. From the results given in Table 2, it is
apparent that AM-11 dehydrates tert-butanol to isobutene with
remarkably high activity and selectivity. This finding coupled
with the large pore volume of this material point to its potential
in catalysis. Moreover, conventional ion-exchange experiments
may enhance both its basic and acidic properties.

In conclusion, we report the synthesis and characterisation of
AM-11, a novel microporous niobium silicate which is a
promising catalyst for the dehydration of alcohols. Work is in
progress in order to solve the crystal structure of this
material.

This work was supported by PRAXIS XXI and FEDER.
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Fig. 2 (a) 29Si MAS, (b) 93Nb MAS and static NMR spectra of AM-11,
recorded at 79.50 and 97.84 MHz on a Bruker MSL 400P spectrometer
using spinning rates of 5 and 32 kHz, respectively.

Table 2 Conversions and product distributions (wt%) of isopropanol and
tert-butanol over AM-11a

Isopropanolb tert-butanolc

Conversion 99.9 99.9
Propene 85.7
Acetone 14.2
Isobutene 98.9
C5–C9 1.0

a Catalyst activation at T = 400 °C and P = 1 atm for 3 h. b,c P = 1 atm,
WHSV = 2 h21, TOS = 60 min; b T = 350 °C, Ar carrier gas flow 10
ml min21; c T = 250 °C, Ar carrier gas flow 30 ml min21.
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Nickel(ii) phosphane complexes are able to hydrogenate oct-
1-ene to n-octane with high turnover numbers and high
selectivities at low temperature and moderate pressure.

From recent research it is known that the active site of the
enzyme hydrogenase contains nickel.1 This enzyme, present in
some bacteria, activates molecular hydrogen at atmospheric
pressure and room temperature. However, although nickel is
widely used as a heterogeneous catalyst for hydrogenation
reactions (Raney nickel), homogeneous hydrogenation catalysts
containing nickel are scarcely found in the literature.2 Yet,
homogeneous nickel catalysts are known for related reactions
like isomerisation, oligomerisation, polymerisation, hydro-
silylation and hydrocyanation.3

Herein we report on a novel homogeneous in situ nickel
catalyst for the hydrogenation of linear olefins. In this research
nickel(ii) acetate in combination with several diphosphane
ligands was tested on catalytic activity in the hydrogenation of
oct-1-ene (Scheme 1).

In our search for homogeneous nickel hydrogenation cata-
lysts, initially nickel(ii) salts in the absence of any ligands were
tested. Nickel(ii) acetate, without addition of ligand, showed
some hydrogenation activity at a reaction temperature of 373 K.
It has been reported that nickel(ii) acetate in methanol in
reductive reaction conditions at elevated temperatures may
form colloidal nickel,4 which is an active, but heterogeneous
hydrogenation catalyst. The presence of a black precipitate in
the reaction mixture after the hydrogenation reaction at 373 K
indicates that also in this case some colloidal nickel was formed.
However, this hydrogenation activity drops to zero when the
reaction temperature is lowered to 323 K; even after 20 h no
hydrogenation activity was observed and no colloidal nickel
was formed.

Subsequently, some didentate phosphane ligands were added
to nickel(ii) acetate, to investigate their influence on catalytic
activity.† The results of the hydrogenation reactions are
presented in Table 1.

Initially, two simple phosphane ligands, dppe and dppp (for
abbreviations see Scheme 1), were used (Table 1, entries 1 and

2). Whereas nickel(ii) acetate alone shows some hydrogenation
activity at 373 K (probably heterogeneous), the presence of
dppe or dppp leads to an unreactive complex. When dppe or
dppp is added to the green nickel(ii) acetate solution, almost
immediately a yellow complex is formed. The fact that the
colour of this solution does not change during the hydro-
genation experiment and that no black precipitate is observed,
indicates that the phosphane ligands prevent the formation of
colloidal nickel. As the simple phosphane ligands dppe and
dppp did not lead to active hydrogenation catalysts, it was
decided to use some more complex phosphane ligands, and
methoxyphenyl and cyclohexyl derivatives were selected
(Scheme 1).

First, o-MeO-dppe was tested in combination with nickel(ii)
acetate for hydrogenation activity at 373 K in methanol. The
formed catalytic species was very active, so that within 15 min,
all the oct-1-ene had reacted. Therefore the hydrogenation
reaction was performed at a lower temperature of 323 K (Table
1, entry 3). After 1 h the reaction mixture contained, besides n-
octane and unreacted oct-1-ene, also some isomerisation
products, mainly cis- and trans-oct-2-ene. The propane-bridged
analogue o-MeO-dppp was also tested on hydrogenation
activity in combination with nickel(ii) acetate (Table 1, entry 4).
With this ligand the activity is increased to 350 turnovers h21.
Furthermore, when ethanol is used as the solvent the activity
increased further to 410 turnovers h21 (Table 1, entry 5).

Application of the cyclohexyl ligand dcpe leads to a very
active catalyst (Table 1, entry 6). The reaction temperature had
to be lowered even further, to 298 K, to be able to follow the
reaction course. Even at this low temperature a high turnover
number of 460 after 1 h was reached. In contrast to the results
obtained with the ortho-methoxy ligands the propane-bridged
analogue dcpp leads to a somewhat less active catalyst with 350
turnovers h21 (Table 1, entry 7).

In order to establish the homogeneity of the catalysts, the
catalytic activity as a function of the amount of catalyst was
determined. Only in the case of a homogeneous catalyst is the
activity expected to be directly proportional to the catalyst
concentration. We performed this test with the in situ catalyst
formed with nickel(ii) acetate and o-MeO-dppe; we found that

Scheme 1 Structure of the ligands. dppe = 1,2-bis(diphenylphosphino)-
ethane, dppp = 1,3-bis(diphenylphosphino)propane, dcpe = 1,2-bis(dicy-
clohexylphosphino)ethane, dcpp = 1,3-bis(dicyclohexylphosphino)pro-
pane, o-MeO-dppe = 1,2-bis(di-ortho-methoxyphenylphosphino)ethane,
o-MeO-dppp = 1,3-bis(di-ortho-methoxyphenylphosphino)propane, m-
MeO-dppe = 1,2-bis(di-meta-methoxyphenylphosphino)ethane, m-MeO-
dppp = 1,3-bis(di-meta-methoxyphenylphosphino)propane, p-MeO-dppp
= 1,3-bis(di-para-methoxyphenylphosphino)propane.

Table 1 Nickel-catalysed hydrogenation of oct-1-enea†

Entry Ligand TONb T/K Solvent

1 dppe 0 373 EtOH
2 dppp 0 373 EtOH
3 o-MeO-dppe 220 323 MeOH
4 o-MeO-dppp 350 323 MeOH
5 o-MeO-dppp 410 323 EtOH
6 dcpe 460 298 MeOH
7 dcpp 350 298 MeOH
8 m-MeO-dppe 0 373 MeOH
9 m-MeO-dppp 0 373 EtOH

10 p-MeO-dppp 0 373 EtOH
a Reaction conditions: oct-1-ene/Ni = 500, Ni/ligand = 1, [Ni] = 0.005
M, t = 1 h, p(H2) = 50 bar. b Turnover number in mol n-octane per mol
Ni(OAc)2 after 1 h.
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the activity of the catalyst increased linearly (correlation
coefficient = 0.997) with the catalyst concentration. It is
possible that the reaction conditions, dihydrogen, electron-rich
phosphine plus an alcohol solvent, can cause reduction of
nickel, leading to a heterogeneous catalyst, but even when a
non-coordinating, electron-rich phosphine, such as tris(ortho-
methoxyphenyl)phosphine, is used under identical reaction
conditions, no hydrogenation activity is observed. These
results, in combination with the observation that pure nickel(ii)
acetate does not lead to an active catalyst under the reaction
conditions, lead to conclusion that genuine homogeneous
catalysts are observed here.

The positive effect of the ortho-methoxyphenyl and the
cyclohexyl groups in the diphosphane ligands on the hydro-
genation activity compared to dppe and dppp could be due to
either steric or electronic effects. Both the ortho-methox-
yphenyl group and the cyclohexyl group are weaker p-acceptors
than a simple phenyl group. As a consequence the basicity of the
phosphorus atoms in the corresponding diphosphane ligands is
higher, which will influence the electrophilic nature of the
nickel(ii) ion. This extra electron density at the metal increases
its ability to interact with dihydrogen. Furthermore, ortho-
methoxyphenyl and cyclohexyl groups are much more bulky
than the phenyl group.

In an initial attempt to separate electronic from steric effects
of the methoxyphenyl group the meta and para analogues of
these phosphane ligands were also tested for hydrogenation
activity in combination with nickel(ii) acetate (Table 1, entries
8, 9 and 10). None of the formed complexes showed any
hydrogenation activity even at higher reaction temperatures.
Only some isomerisation was observed in the case of p-MeO-
dppp. This indicates that the positive effect of the ortho-
methoxyphenyl groups on the hydrogenation activity is pre-
dominantly steric. It is known that the ligands dppe and dppp
can form bis(ligand) complexes with nickel such as in
[Ni(dppe)2][NO3]2.5 A positive influence because of steric
properties may be explained by a lower probability of the
formation of inactive bis(ligand) complexes with the bulkier
ortho-methoxyphenyl- or cyclohexyl-derived ligands. So far,
no X-ray structures of bis(ligand) complexes containing the
ortho-methoxyphenyl and the cyclohexyl groups in the diph-
osphane ligands have been reported.

It is assumed that the catalytic cycle for isomerisation at least
partly coincides with that of the hydrogenation reaction. With
some of the catalysts reported here, a considerable amount of
the oct-1-ene is initially isomerised; However, over time the
amount of these internal olefins also decreases suggesting that
either the catalyst is able to hydrogenate these or isomerisation

back to the terminal olefin occurs. Further investigations will
concentrate on elucidating the mechanism of the hydrogenation
reaction and isomerisation, with these nickel catalysts by
variation of the substituents on the phosphane ligand and by
changing the reaction conditions.

In conclusion, novel truly homogeneous nickel containing
hydrogenation catalysts are described, which show faster and
more selective catalytic activity compared to known homoge-
neous nickel containing hydrogenation catalysts.2 In the future,
a further improved nickel catalyst may replace the more
expensive rhodium and ruthenium catalysts which are currently
used. Even enantioselective nickel hydrogenation catalysis
complexes can be envisaged.

This research has been financially supported by the Council
for Chemical Sciences of the Netherlands Organization for
Scientific Research (CNWO). We thank Dr J. Reedijk and Dr E.
Drent for fruitful discussions. Shell International Chemicals
B. V. kindly provided some phosphane samples.

Notes and references
† In a typical experiment, 0.1 mmol nickel(ii) acetate tetrahydrate and 0.1
mmol of the ligand were mixed in 20 ml of dry solvent for 10 min at room
temperature under an argon atmosphere. For o-MeO-dppe or p-MeO-dppp
mixing was performed at elevated temperatures and/or for prolonged times,
until the ligand was completely dissolved. Solutions containing ligands o-
MeO-dppp, m-MeO-dppe or m-MeO-dppp had to be refluxed for 5 h. Then,
50 mmol of oct-1-ene was added to the yellow–orange solution and mixing
continued for 5 min. The mixture was transferred into the autoclave, under
oxygen-free conditions, and a hydrogen pressure of 50 bar applied. The
reaction was initiated by heating the autoclave to the desired temperature.
Samples were taken every 15 min over 1 h and were analysed using gas
chromatography.
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Chem., Sect. A, 1980, 19, 404; D. Chatterjee, H. C. Bajaj, S. B. Halligudi
and K. N.Bhatt, J. Mol. Catal., 1993, 84, L1.

3 Applied Homogeneous Catalysis with Organometallic Compounds, ed.
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Sections 2.3, 2.4, 2.5 and 3.2.14.
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Practical radical cyclisations leading to the construction of near-stereopure
quaternary carbon stereogenic centres
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The 2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl auxiliary is
effective in directing bromopropargyloxy additions to the
olefinic bonds of vinylogous esters/carbonates; in the pres-
ence of AIBN and 1-ethylpiperidinium hypophosphite, the
adducts undergo highly stereoselective reductive radical
cyclisations in which quaternary carbon stereogenic centres
are generated.

The control of the absolute stereochemical outcome of reactions
that generate quaternary carbon stereogenic centres is an
important requirement in synthesis which is receiving much
attention.1 For radical methodology to provide a contribution, it
is necessary to effect stereoselective additions of tertiary carbon
radicals to carbon-based radical acceptors or of carbon radicals
to tertiary olefinic acceptors. The ability to direct such radical
additions by the use of temporarily attached auxiliaries† would
offer notable synthetic versatility. To date, however, very few
examples of such processes have been reported.2

Recently, we have shown that vinylogous esters/carbonates
bearing the 2,3,4,6-tetra-O-acetyl-b-D-glucopyranosyl auxiliary
react with NBS and primary alcohols with excellent re-
gioselectivity, high anti stereoselectivity and reasonable facial
selectivity.3 For example, in reactions involving PrOH, the
olefins 1a–c gave rise to ca. 6:1 mixtures of the bromopropoxy
derivatives 2a–c and 3a–c (Scheme 1), from which the major
products 2a–c could be isolated in near-stereopure states and
satisfactory yields by fractional crystallisation. Seeking to
stereoselectively replace the bromine atoms by functional
carbon substituents, we have studied the radical reactivity of
bromides of type 4. We now report our findings.

As outlined in Scheme 2, it was envisaged that, in the
presence of a radical reducing agent, bromides of type 4 would
afford tertiary radicals of type 5 which would undergo 5-exo-dig
cyclisations and acceptance of hydrogen atoms to give products
of types 6 and/or 7. In an initial experiment, it was found that the
vinylogous ester 1a was converted into a 4:1 mixture of the
requisite bromide 4a and a diastereomer by the action of NBS
and propargyl alcohol; fractional crystallisation provided 4a,‡
mp 169–170 °C, [a]D 268 (c 0.54, CH2Cl2), in 54% yield.
When heated in toluene under reflux with AIBN and Bu3SnH,
4a was transformed into one major product (35% yield after
chromatography and crystallisation), mp 94–95 °C, [a]D 223
(c 0.25, CH2Cl2), that clearly possessed the structure 6a or 7a on
the basis of its analytical and spectral properties.

That the radical cyclisation product possessed the stereo-
structure 6a was established by an X-ray crystallographic
analysis of a derivative. Thus, catalytic hydrogenation (H2, 5%
Pd–C, EtOAc) afforded a 3:1 mixture of dihydro derivatives,

from which the major diastereomer, mp 151–152 °C, [a]D +40
(c 0.25, CH2Cl2), was isolated by fractional crystallisation. The
product possessed the stereostructure 8 on the basis of the X-ray
analysis§ (Fig. 1). Clearly, the radical 5a had undergone a
reductive cyclisation to give 6a rather than 7a. Moreover, there
was a preference for hydrogen addition to 6a to occur syn to the
acyl group. Finally, the presumed stereochemical outcome of
the initial bromopropargyloxylation reaction was substan-
tiated.

Numerous attempts were made to improve the efficiency of
the 4a?6a transformation and to avoid the handling of toxic
tin-based reagents. The use of AIBN and tris(trimethylsilyl)-
silane4 in toluene under reflux provided a cleaner raw product
but chromatography was still required to remove impurities; 6a
was then isolated in 65% yield. However the best result was
achieved when 4a was heated with AIBN and 1-ethylpiper-
idinium hypophosphite5 in toluene under reflux; the crude
product, obtained in essentially quantitative yield after work-up,
was very largely 6a.

The effectiveness of the overall technology was demon-
strated further by its application to the vinylogous ester 1b.
Thus, subjection of 1b to the action of NBS and propargyl
alcohol gave 4b‡ (47% yield after crystallisation), mp 133–134
°C, [a]D282 (c 0.25, CH2Cl2), which underwent the hypophos-
phite-induced reductive radical cyclisation to give largely 6b
almost quantitatively; crystallisation provided 6b,‡¶ mp
133–134 °C, [a]D 228 (c 0.28, CH2Cl2), in 61% yield.

The excellent stereoselectivity observed in the aforecited
radical cyclisations can be accommodated by an extension of a
stereoinduction model proposed by Giese.6 Thus, it is envisaged
that the cyclisation occurs by way of the conformer 9 in which
the acetal hydrogen atom is syn to the olefinic bond of the
delocalised radical. A prediction of this model is that the
stereochemical outcome is determined solely by the acetal
configuration and that the auxiliary plays no direct role in the
stereoinduction process.

The vinylogous ester 10a∑ was converted into the acetylenic
bromide rac-11a‡ (73% yield after chromatography) which

Scheme 1 Scheme 2
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underwent radical cyclisation to give compound rac-12a‡ (77%
yield after chromatography) [a comparative NOE difference
spectroscopic study on rac-12a and rac-13a (obtained by
equilibration of rac-12a using TsOH and MeOH) left little
doubt about the stereochemical assignments]. Similarly, 11b‡
(obtained in 78% yield after chromatography by bromopro-
pargyloxylation of 10b∑) afforded rac-12b‡ (74% yield after
chromatography). Clearly, the configuration of the acetal
stereocentre of the reactants rac-11a and rac-11b determines
the configuration of the quaternary carbon stereocentre of the
products rac-12a and rac-12b, providing strong support for the
stereoinduction model 9.

To complete the study, it was appropriate to remove the sugar
auxiliary from 6a and 6b and to determine the enantiomeric
purities of the products. In preliminary experiments, it was
shown that rac-12a and rac-12b could be oxidised (CrO3,
H2SO4, Me2CO, ultrasound)7 to the g-lactones rac-14a and rac-
14b,** the enantiomers of which were separable by GC.††

Under methanolysis conditions (TsOH, MeOH), 6a was
transformed into a 1:1 mixture of the methoxy derivatives 12a
and 13a‡ (84% yield after chromatography), [a]D2110 (c 0.16,
CH2Cl2), whereas 6b afforded a 3:1 mixture of the methoxy
derivatives 12b and 13b‡ (79% yield after chromatography),
[a]D2142 (c 0.30, CH2Cl2). Following Jones’ oxidation of the
mixtures, the g-lactones 14a and 14b** were isolated, each with
96% ee. Since the ee analyses were conducted on products that
had been obtained from raw samples of 6a and 6b, it is clear that
the hypophosphite-induced radical cyclisations displayed ex-
cellent stereoselectivities; moreover, the diastereomeric purities

of the precursors 4a and 4b were high. When a crystallised
sample of 6b was employed, the derived g-lactone 14b
possessed an ee of > 99%.

The aforecited findings are significant in the following
respects. In the presence of AIBN, 1-ethylpiperidinium hypo-
phosphite offers marked advantages over Bu3SnH or tris-
(trimethylsilyl)silane in effecting 5-exo-dig reductive radical
cyclisations‡‡ of acetylenic bromides. The high stereoselectiv-
ities observed in the radical cyclisations are striking; they can be
accommodated by a simple stereoinduction model dictated by
allylic strain considerations. As well as providing a further
illustration of the versatility of vinylogous esters/carbonates of
type 1 in asymmetric synthesis, the technology enables units
featuring quaternary carbon stereogenic centres with three
functional arms to be assembled in multigram quantities.

We thank the DTI and EPSRC for subsidisation of a
studentship (to D. S. W.) under the Link Asymmetric Synthesis
Programme. We are also grateful to P. D. Tiffin for relevant
preliminary studies and to Dr G. Potter for helpful advice.

Notes and references
† For examples of the use of chiral auxiliaries in radical reactions, see ref.
8.
‡ This compound displayed analytical and spectral properties that supported
its assigned structure.
§ Crystal data for 8: C23H34O12, M = 502.5, monoclinic, space group P21,
a = 6.425(6), b = 23.566(7), c = 17.545(7) Å, b = 90.36(4)°, Z = 4 (2
molecules per asymmetric unit), Dc = 1.256 g cm–3, F(000) = 1072,
m(Mo–Ka) = 1.05 cm–1, crystal size 0.30 3 0.25 3 0.25 mm. A total of
4328 reflections were measured, 4315 of which were unique (Rint = 0.067),
on a Siemens R3m/V diffractometer using the w/2q scan method (l =
0.71073 Å) at 293(2) K. The structure was solved by direct methods and
refined by full-matrix least-squares based on F2, with all non-hydrogen
atoms anisotropic and hydrogen atoms constrained in calculated positions.
The final cycle converged to R = 0.1280 and wR2 = 0.2431. CCDC
182/1081. The crystallographic data is available as a .cif file; see
http://www.rsc.org/suppdata/cc/1998/2691
¶ A solution of 4b (5.61 g, 10 mmol), 1-ethylpiperidinium hypophosphite
(8.99 g, 50 mmol) and AIBN (0.34 g, 2.0 mmol) in toluene (150 cm3) was
heated under reflux for 1 h. The resulting olive-green mixture was
concentrated and the residue was dissolved in CH2Cl2. The solution was
filtered through a pad of Celite and the filtrate washed with water (32) and
brine. Evaporation of the dried (MgSO4) organic phase left a white solid
(5.05 g) which was largely 6b. After crystallisation from PriOH, 6b (2.99 g,
61%) was isolated in a pure state.
∑ Compounds 10a and 10b were prepared by methylation (MeOTs, Me2SO)
of the corresponding sodium enolates [obtained by the method of Kaushal
et al. (ref. 9)].
** The yields of these products were low (10–18%).
†† The enantiomers were separated on a Chiraldex g-cyclodextrin
trifluoroacetyl column (heated from 100 to 160 °C at a rate of 1.5 °C
min21).
‡‡ This appears to be the first report of the use of 1-ethylpiperidinium
hypophosphite to effect such reactions.
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Experimental evidence of partially rate limiting ion-pair interconversion in a
base catalyzed 1,3-proton transfer reaction
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The relative rates for interconversion and reprotonation of
the ion-pair intermediates are of the same order of magni-
tude in the piperidine catalyzed ‘degenerate’ rearrangement
of 1,3-dimethylindene, as investigated using 1H and 2H
NMR spectroscopy by letting the 1,3-hydron transfer
reaction compete with isotope (1H/2H) exchange.

Many organic and biochemical reactions involve the transfer of
a proton from a carbon acid to a base. Hydrogen bonded
carbanions have been postulated as intermediates in essentially
all hydron transfer reactions from carbon acids.1 Therefore,
mechanistic interpretations of observed phenomena such as
kinetic isotope effects and enantioselectivities require detailed
knowledge of processes involving carbanion ion pairs. The
simple example shown in Scheme 1 illustrates this point (the
‘degeneracy’ of this rearrangement reduces the number of
different rate constants, thus simplifying the kinetic analysis).
Application of the steady-state approximation to the two
reactive ion-pair intermediates gives the relation [eqn. (1)]

k = k1/[2 + (k21/k12)] (1)

between the phenomenological rate constant k (which can be
determined experimentally) for this 1,3-proton transfer reac-
tion, and the mechanistic rate constants, k1, k21 and k12. If and
only if the interconversion of the ion pairs (k12) is much faster
than collapse back to a covalent entity (k21), can observed

effects on k be discussed straightforwardly in terms of the
proton abstraction step (k1). Thus, it is of great importance to
know the magnitude of the rate constant ratio (k21/k12).

Arguments for rapid interconversion (k12 > > k21) of the
intermediates arise from the fact that no covalent bonds are
formed or broken in this process, making it plausible that the
ammonium ion, once formed, should be able to slide between
the 1- and 3-positions with very low activation energy.
Evidence for the existence of two ion-pair intermediates not in
equilibrium with each other has, however, been presented by
Ahlberg and Thibblin.2,3 Thus, the assumption of rapid
interconversion of ion pairs has to be tested, if possible, for each
specific system.

Herein, we report on an experimental investigation aimed at
retrieving information about the relative rates referred to above.
The crucial point is that the 1,3-hydron transfer is allowed to
compete with isotopic exchange of the ‘mobile’ hydron
mediated by ammonium ion rotation within the ion pair.4–6 Our
system (Scheme 2) mimics the simple case given in Scheme 1.
1,3-Dimethylindene, in which a trideuteriomethyl group is
substituted for one of the methyl groups, was used as a substrate.
The CD3 group served only as a label making it possible to
distinguish between the 1- and 3-positions and to follow the
time evolution of the concentrations of all four species (I–IV)
by 1H and 2H NMR spectroscopy. The expected small
secondary isotope effects due to this labelling can be neglected

Scheme 1

Scheme 2
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in the present context. The reaction was run in benzene solution
and the secondary amine piperidine was used as base-catalyst
and (1H/2H) 2exchange agent. If the substrate is deuteriated in
the C1 position, the use of protic base results in incorporation of
protium in the dimethylindene due to rotation of the ammonium
ion within the ion pair. If the base is used in large excess, the 1H/
2H exchange is practically irreversible. The kinetics of this
protium incorporation, in the 1- and 3-positions respectively,
provides a measure of the relative rates of ion-pair equilibration
and collapse.

In Scheme 2 a mechanistic model for our system is depicted.
Starting at the upper left corner, the amine abstracts a deuteron
from 1,3-dimethylindene I and an ion-pair intermediate IP1 is
formed. Either the hydron transfer proceeds, via interconversion
to the ion pair IP2, to the rearranged product II without
deuterium/protium exchange, or a new ion pair IP3 is formed
through ammonium ion rotation (a direct route from IP2 to IP4
cannot be excluded, but the presence of such a route does not
influence our conclusions). Now, the ion pairs IP3 and IP4 can
interconvert, just as IP1 and IP2. If the ion-pair interconversion
is much faster than collapse, the two exchange products III and
IV will appear in equal amounts (or more precisely in the ratio
1.04, which is the magnitude of the secondary equilibrium
isotope effect, determined as the average from several kinetic
experiments) from the very start of the reaction. On the other
hand, if these products, III and IV, appear in unequal amounts,
the assumption of fast ion-pair interconversion is not valid.
Thus, by studying the kinetics of formation of the exchange
products III and IV, information can be obtained regarding the
relative rates of ion-pair interconversion and ion-pair col-
lapse.

The present kinetic data have been obtained from 1H and 2H
NMR spectra of quenched and concentrated samples, taken at
regular time intervals from the reaction mixture. The experi-
ments were performed in benzene solution at 20 °C. The
secondary amine piperidine was used as base catalyst, in an
excess of 45–50 equiv. of the substrate concentration. The use
of a large excess of base permits the 1H/2H exchange reaction,
to a good approximation, to be regarded as irreversible. In
principle it is possible to start from either of the four different
isotopically substituted 1,3-dimethylindenes but all kinetic
experiments reported here have started from the substrate
1-[2H3]methyl-3-methyl[1-2H]indene7–9 and protic piperidine.

In the kinetic procedure, the isotopically substituted 1,3-di-
methylindene (70–100 mg) was weighed into a calibrated 10 ml
volumetric flask. A stock solution of piperidine in benzene was
prepared in a volumetric flask which was then sealed with a
tight PTFE septum and a screwcap. Both flasks were thermo-
statted at 20.00 °C. The temperature was measured with a
calibrated mercury thermometer with an absolute accuracy of
0.02 °C. The temperature did not deviate more than 0.02 °C
from the average value during the kinetic runs and was thus
20.00 ± 0.04 °C. Base solution was withdrawn by means of a
nitrogen flushed syringe and the 10 ml flask was filled to the
mark. A clock was started when half of the base solution had
been added. The flask was sealed with a septum and a screwcap
and was then rapidly shaken and replaced in the thermostat bath.
Samples (1–1.5 ml) were taken at regular time intervals. The
reaction was quenched with 2–3 ml of 5 M HCl, which was
cooled to at least 210 °C. The organic phase was separated and
washed with brine and distilled water. The solution was
concentrated by evaporation and 2H NMR spectra were
recorded. Residual solvent was removed at reduced pressure,
the residue was dissolved in C2HCl3 (Ciba-Geigy, > 99.9
atom% 2H) and finally the 1H NMR spectra were recorded.
When the pure substrate was subjected to the work-up
conditions it was recovered unchanged.

The samples of the quenched reaction contain four different
isotopically substituted 1,3-dimethylindenes resulting from

rearrangement and exchange reactions (see Scheme 2). There
are three signals of interest in the NMR spectra: the signal at d
1.28 from the methyl group at the C1 position of the indene ring
system, the signal at d 2.13 from the methyl group at the C3-
position, and the signal at d 3.40 from the protium (deuterium)
at C1. Computer resolution of the 1H signals at d 1.28 was
performed using a curve fitting routine, to be able to solve for
the four unknown concentrations. The signal at this shift
consists of a doublet from IV, a singlet from II (see Scheme 2)
and also a signal from traces of protium in the trideuteriomethyl
group at the 1-position. Utilizing computer resolution the 1H
NMR spectrum is, in principle, sufficient for determination of
the content of each species. The 2H NMR spectra have been
recorded in order to allow for a double check of the relative
concentrations.

In Table 1 the results from a typical kinetic experiment are
displayed. In the beginning of the experiment (18% reaction)
the isotopically exchanged indene III, produced by collapse of
IP3, appear in the reaction mixture in a concentration almost
twice as high as that of indene IV, produced from IP4 ([III]/
[IV] = 1.97). The concentration ratio of the exchanged indenes
then gradually decreases towards the secondary equilibrium
isotope effect (for simplicity, the reversible piperidine catalyzed
rearrangement between III and IV has been omitted from
Scheme 2). The conclusion is thus that the assumption of fast
ion-pair equilibration is not valid for the system studied. This is
in accordance with recently published theoretical calculations
for a similar rearrangement.10 In that study it was found that the
relevant activation barriers were dependent of the structure of
the catalyzing base as well as on the solvent. A full account
including a detailed kinetic analysis of the present reaction
system will be published in due course.

Notes and references
1 D. J. Cram, Fundamentals of Carbanion Chemistry, Academic Press,

New York 1965, pp. 86–103.
2 A. Thibblin, S. Bengtsson and P. Ahlberg, J. Chem. Soc., Perkin Trans.

2, 1977, 1569.
3 A. Thibblin, Chem. Scr., 1983, 22, 182.
4 D. J. Cram and R. Gosser, J. Am. Chem. Soc., 1963, 85, 3890.
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6 G. Bergson and L. Ohlsson, Acta Chem. Scand., 1967, 21, 1353.
7 L. Ohlsson, I. Wallmark and G. Bergson, Acta Chem. Scand., 1966, 20,
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8 C. F. H. Allen and F. W. Sprangler, Org. Synth., 1955, Coll. Vol. 3,
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9 G. Bergson, O. Matsson and S. Sjöberg, Chem. Scr., 1977, 11, 25.
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Table 1 Relative concentrationsa of the four 1,3-dimethylindenes in the
reaction mixture at different tmies, in a piperidineb catalyzed rearrange-
ment/exchange experiment starting from 1-[2H3]methyl-3-methyl[1-2H]in-
dene I in benzene at 20 °C

t/s I II III IV III/IV

0 0.988 — 0.012 — —
1835 0.819 0.0237 0.104 0.0527 1.97
1690 0.718 0.0367 0.143 0.103 1.39
5400 0.643 0.0370 0.175 0.145 1.21
7200 0.586 0.0312 0.202 0.181 1.12
12600 0.428 0.0338 0.270 0.268 1.01
H 0.0102 0.00990 0.497 0.483 1.03

a The total concentration of substrate was 0.0677 M. The concentration is
normalized to 1 in the table. b [Piperidine] = 3.149 M.
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The complex [{Ru(bipy)2}3(m3-L)]3+ (H6L = hexahydroxy-
triphenylene), in which the tris-dioxolene bridging ligand is
formally in the tris-semiquinone oxidation state [sq,sq,sq],
undergoes three reversible ligand-centred oxidations to the
[q,q,q] state (q = quinone); it exhibits very strong NIR
absorption arising from Ru ? L charge transfer whose
maximum wavelength may be tuned over a wide range
according to oxidation state.

Compounds which absorb light strongly in the near IR (NIR)
region of the spectrum have numerous potential applications,
including (i) optical data storage devices, in which reading and
writing is performed by diode lasers; (ii) Q-switching of lasers,
whereby continuous low-energy output in the NIR region is
converted to very short, intense bursts; and (iii) photodynamic
therapy, which takes advantage of the relative transparency of
living tissue to NIR radiation.1 Prominent examples of such
compounds include nickel(ii)–dithiolene complexes2 and ex-
tended quinones.3 If the strong NIR absorption is not permanent
but may be switched on by some external perturbation, then the
compound is of additional interest as a switchable electro-
chromic dye; such compounds are relatively rare.4

The simple complex [Ru(bipy)2(sq)]+ (bipy = 2,2A-bipyr-
idine; sq = 1,2-benzosemiquinone monoanion) is of potential
interest in this regard, having a NIR transition at about 900 nm
(e ca. 104 dm3 mol21 cm21) arising from a Ru[dp] ? sq(p*)
MLCT process.5 It undergoes ligand-centred redox behaviour,
being oxidised to [Ru(bipy)2(q)]2+ (q = 1,2-benzoquinone) and
reduced to [Ru(bipy)2(cat)] (cat = catecholate dianion), in both
of which forms this NIR transition is absent.5 We have recently
been interested in the electrochemical and spectroscopic
properties of dinuclear complexes in which two such Ru(ii)
fragments are linked by bridging ligands containing two
dioxolene termini.6 We describe here the synthesis, electro-
chemical and UV–VIS–NIR properties of [{Ru(bipy)2}3(m–
L)]n+ (1n+, n = 3–6) in which three such redox-active Ru(ii)
fragments are linked in a triangular array by the bridging ligand
hexahydroxytriphenylene (H6L).7 Spectroelectrochemical anal-
ysis in four oxidation states reveals an exceptionally strong
absorbance in the NIR region which may be tuned over a wide
range according to oxidation state.

Reaction of hexahydroxytriphenylene7 with 3 equiv. of
[Ru(bipy)2(OH2)2]2+ (ref. 8) in refluxing ethanol–water–KOH
at reflux in air for 2 h, followed by precipitation of the complex
with NH4PF6 and chromatographic purification (alumina;
CH2Cl2–MeOH, 19 : 1 v/v), afforded in 50% yield [1][PF6]3
(Scheme 1) as a black solid. Characterisation was on the basis of
FAB mass spectrometry [m/z 1848 {70%, M 2 PF6}, 1703
{100%, M 2 2PF6}] and a satisfactory elemental analysis. The
+3 charge implies that each of the three dioxolene fragments is
in the semiquinone oxidation level (denoted sq-sq-sq) following
synthesis in air, which is to be expected.5,6 Individual
{Ru(bipy)2(sq)}+ units have one unpaired electron on the
semiquinone ligand, but when two such units are linked in a
para substitution pattern by a suitable conjugated bridge, the
two electrons pair up to give diamagnetic dinuclear complexes
with formation of an additional p-bond resulting in a quinonoi-
dal bridging ligand.6 In [1]3+ any two of the semiquinone sites
can be spin-paired, resulting in a monoradical.†

Cyclic and square-wave voltammetry of [1][PF6]3 was
performed in MeCN. If each dioxolene site showed the expected
cat/sq and sq/q interconversions characteristic of mononuclear
[Ru(bipy)2(sq)]+ then we would expect to see six redox
processes linking seven oxidation states of the bridging ligand
ranging from [cat,cat,cat] to [q,q,q]. Six waves were indeed
observed, whose potentials (from a square-wave voltammo-
gram) are +0.66, +0.36, 20.03, 20.43, 20.70 and 20.97 V vs.
ferrocene–ferrocenium. The approximately constant and quite
substantial spacing between these redox potentials is to be
expected given the proximity of the dioxolene sites to one
another.6 Of these six processes only the first four appeared
fully reversible (equal cathodic and anodic peak currents, DEp
60–80 mV) by cyclic voltammetry using a Pt-wire working
electrode (Fig. 1); the two processes at most negative potentials
showed stripping peaks on the return waves, characteristic of
absorption on the Pt electrode surface after generation of the
[cat,sq,sq] and more reduced oxidation states. Despite this it is
apparent that all seven oxidation states are in principle
accessible.

We therefore subjected [1][PF6]3 to a spectroelectrochemical
study in an OTTLE cell (MeCN, 230 °C) spanning the
oxidation states sq,sq,sq (13+), sq,sq,q (14+), sq,q,q (15+) and
q,q,q (16+). For all three interconversions clean isosbestic points

Scheme 1 Ru ° {Ru(bipy)2}2+.
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were observed, and after the final oxidation to [1]6+, re-
reduction regenerated exactly the spectrum of the starting [1]3+.
The results (Fig. 2) show that (i) the redox chemistry is indeed
ligand-centred, and (ii) the complex has exceptionally strong
absorption in the near-IR region whose absorption maximum
varies monotonically with oxidation state. It is helpful to recall
that for mononuclear [Ru(bipy)2(sq)]+, the MLCT transition at
900 nm shifts to ca. 640 nm on oxidation to [Ru(bipy)2(q)]2+.5
For [1]3+, the MLCT transition involving the delocalised
[sq,sq,sq] bridging ligand occurs at 1170 nm (e = 40 000
dm3 mol21 cm21). As the ligand is oxidised in steps to the
[sq,sq, q], then [sq,q,q] and finally [q,q,q] oxidation states this
absorption maximum moves in steps to 1083 (e = 74 000), 909

(e = 32 000) and finally 759 nm (e = 50 000
dm3 mol21 cm21). The ‘mixed-valence’ [sq,sq,q] and [sq,q,q]
states must therefore be delocalised, because a single transition
at a ‘weighted average’ position occurs in each case rather than
two separate transitions characteristic of distinct sq and q sites
in the bridging ligand. These transitions are remarkably intense
and broad: the absorption coefficients of 32 000–74 000
dm3 mol21 cm21 are comparable to those of commercially
useful NIR dyes,1,2 and the lower-energy three transitions have
long low-energy tails (extending to 1700 nm and over) such that
in these oxidation states the molecule is effectively a panchro-
matic NIR absorber. This complex therefore shows an unusual
combination of very strong NIR absorbance and tunability of
the absorption maximum over a wide range using four readily
accessible oxidation states.

We thank the EPSRC for Ph.D. studentships (A. M. B. and
R. L. C.).

Notes and references
† That [1][PF6]3 is a monoradical and not a triradical was confirmed both
experimentally and theoretically. An EPR spectrum (frozen MeCN solution,
77 K) has a near-symmetric signal at g = 2.017 characteristic of a
semiquinone-based monoradical with no evidence for Dms = 2 or Dms =
3 transitions. A MOPAC calculation on [L]32 in the [sq,sq,sq] state showed
that the three frontier orbitals involved in conversion between the
[cat,cat,cat] and [q,q,q] states are non-degenerate, such that the [sq,sq,sq]
state (as well as the [sq,q,q] and [sq,cat,cat] states) are monoradicals, whilst
the others are diamagnetic, as in Scheme 1.
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Fig. 1 Cyclic voltammogram of [1]3+ in MeCN, showing the stepwise
interconversions between the [cat,cat,cat] and [q,q,q] states of the bridging
ligand. Only the three most positive processes, from [sq,sq,sq] to [q,q,q], are
fully reversible at a Pt electrode.

Fig. 2 Electronic spectra of (a) [1]3+, (b) [1]4+, (c) [1]5+ and (d) [1]6+

(MeCN, 230 °C); * denotes a solvent-based IR overtone.
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Synthesis of a ferrocene bridged cyclam: a new redox-active macrocycle and
the structure of a nickel(ii) complex with strongly coupled metal centers
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The reaction of 1,1A-ferrocene-bis(methylenepyridinium)
with 1,4,8,11-tetraazacyclotetradecane-5,12-dione followed
by reduction of the product with LiAlH4 results in a
ferrocene bridged cyclam, which is a very efficient redox-
switch for transition metal ions due to the short iron-to-
metal ion distances.

Cyclam (1,4,8,11-tetraazacyclotetradecane) and its numerous
derivatives are among the most important macrocyclic ligands;1
its coordination chemistry is well explored2 and a number of
cyclam–metal complexes are catalytically active.3

We were interested in synthesizing a ferrocene-bridged
cyclam, since we anticipated that this would result in short
distances between the ferrocene iron and any metal ion
coordinated within the tetraaza-macrocycle. Consequently the
interactions between the different metal centers are expected to
be very strong and redox reactions at the ferrocene should have
a pronounced effect on the properties of cyclam and those of the
metal ions coordinated by it. This should add a new dimension
to the coordination chemistry of cyclam and allow the design of
new molecules for the electrochemical sensing of transition
metal cations4 and anions,5 redox-switched catalysis,6 the
redox-switched bonding of metal ions7 and biomimetic chem-
istry.8

However, partially substituted cyclams are less easily
available and only recently a very convenient synthesis utilizing
1,4,8,11-tetraazacyclotetradecane-5,12-dione was presented by
Guilard and coworkers.9 In order to generate the ferrocene
bridged cyclam, 1,1A-ferrocene-bis(methylenepyridinium) was
reacted with 1,4,8,11-tetraazacyclotetradecane-5,12-dione in
refluxing acetonitrile (Scheme 1).† After chromatographic
work-up two main products were isolated: the 1 + 1-addition
product (yield ca. 50%), the 2 + 2-addition product (yield ca.
24%) and a small amount of 3 + 3-product (ca. 5%). The total
yields and the ratios of the different oligomers depended on the
concentration of the reactants in the reaction mixture and it is
possible to raise the amount of the 2 + 2- and 3 + 3-product
significantly by decreasing the amount of solvent. Ferrocene-
cyclam 1 can be synthesized in 86% yield from the initial 1 +
1-product by reduction with LiAlH4. The 2 + 2-product can also

be reduced in this manner resulting in the respective cofacial
bis(ferrocene-cyclam) 2.

Initially we were interested in the electrochemical properties
of the ferrocene-cyclam and its transition metal complexes.
Table 1 lists redox data obtained by cyclic voltammetry in
acetonitrile from which it is obvious that the magnitude of the
redox shifts and hence the redox-switching effect per single
metal ion is enormous, when for example compared to the DE1⁄2
values of related ferrocenyl-substituted cyclams10,11 (DE1⁄2 <
100 mV) and is significantly larger than those of aminoferro-
cene metal complexes synthesized by us.12

To better understand the coordinating properties of 1 as well
as the origin of the extremely large redox shifts we attempted to
crystallize a metal complex of this ligand and were successful
with Ni(CF3SO3)2 (Fig. 1).‡ In the crystal, nickel is coordinated
in the center of the tetraazamacrocycle in a square-planar
environment, which is only slightly distorted, even though the
oxygen atom of an acetone molecule displays a weak contact to
Ni2+ [Ni1–O2 320.8(9) pm]. This square-planar geometry also
appears to be present in solution as evidenced by the
diamagnetic nature of the complex in acetonitrile. The stereo-

Scheme 1 Synthesis of the ferrocene bridged cyclam 1 and the (2 + 2)-
addition product 2.

Table 1 Electrochemical data of 1 and transition metal complexes as
determined by cyclic voltammetry in MeCN using NBu4PF6 as supporting
electrolyte vs. cobaltocene (E1

2
= 20.94 V) or ferrocene (E1

2
= +0.40 V)

reference

E1
2
/V(FeII–FeIII) DE1

2
/mV

1 +0.33 —
1·Co(CF3SO3)2 +0.69 +360
1·Ni(CF3SO3)2 +0.71 +380
1·Cu(CF3SO3)2 +0.74 +410
1·Zn(CF3SO3)2 +0.80 +470

Fig. 1 Crystal structure of 1·Ni(CF3SO3)2 (acetone molecule, counter ions
and hydrogen atoms omitted for clarity). Important bond lengths, in-
teratomic distances (pm) and bond angles (°): Ni–N1 195.9(4), Ni–N2
194.8(5), Fe1–Ni1 385.4(8), N1–Ni–N1a 166.1(3), N2–Ni–N2a 162.4(3),
N1–Ni–N2a 95.1(2), N1–Ni–N2 87.0(2).
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chemistry of 1·Ni(CF3SO3)2 in the solid state is trans-I
according to the Bosnich classification13 and consequently both
N–H vectors point approximately towards the ferrocene.
Another unusual feature of this crystal structure is the rather
short distance between iron and nickel [385.4(8) pm] and this
can easily explain why upon Ni2+-coordination the iron redox
potentials are perturbed drastically. The above mentioned
distance might be too long to account for a significant
interaction (other than electrostatic) between the metals, but it
once again raises the question about the possibility of bonding
interactions between the iron in ferrocene and metal cations.14

The fact that the ferrocene HOMO is predominantly localized
on iron has nurtured speculation about donor–acceptor type
interactions between the ferrocene iron and other metal ions.
Investigations of metal ion complexes of ferrocene-cyclam 1
could provide a more conclusive answer to this question. The
geometry of the ferrocene unit itself is essentially unremarkable
though not ideal as evidenced by the small tilt (6.4°) of the
respective planes of the two cyclopentadienyl rings; a more
significant distortion is observed in the methylene groups (C6,
C6a) which deviate from the respective cyclopentadienyl plane
by 10.5°.

In conclusion this communication offers a simple two step
synthesis of a redox-active cyclam ligand in which, owing to the
intimate coupling of the metal centers, redox reactions at the
ferrocene will strongly alter the coordination characteristics of
the ligand.

Notes and references
† Synthesis of ferrocene cyclam. A. 1,1A-ferrocene-bis(methylenepyr-
idinium) chloride tosylate (5.12 g, 9.02 mmol), 1,4,8,11-tetraazacyclo-
tetradecane-5,12-dione (2.06 g, 9.02 mmol) and Na2CO3 (7.0 g) were added
to acetonitrile (300 mL) and heated under reflux for 60 h. The cold reaction
mixture was filtered and the filtrate evaporated to dryness. The residue was
purified by chromatography (CHCl3–MeOH = 10 : 1) to yield ferrocene–
cyclamdione (2.0 g, 50%), 2 + 2-product (0.94 g, 24%) and 3 + 3-product
(ca. 0.20 g, 5%). EIMS: 438 (M+); 1H NMR (CDCl3) d 2.11–2.29 (m, 6H),
2.58–3.36 (m, 10H), 3.82–4.08 (m, 12H), 8.97 (s, NH), 9.02 (s, NH). B.
Ferrocene–cyclamdione (4.4 g, 10 mmol) was dissolved in a mixture of thf
(100 mL) and CHCl3 (200 mL). To the ice-cooled solution was added
LiAlH4 (7.6 g, 200 mmol) and stirring continued for 48 h. After careful
hydrolysis of excess LiAlH4 with water (70 mL), 15% aq. NaOH (200 mL)
were added and the product extracted with CHCl3. The organic layer was
separated, dried over MgSO4, filtered and the filtrate evaporated to dryness.
The residue was purified by chromatography (MeOH–Et2NH = 10 : 1) to

yield 3.5 g (86%) of 1. 1H NMR (CDCl3) d 1.40 (d, 14 Hz, 2H), 1.85 (d,
12 Hz, 2H), 2.14 (d, 11 Hz, 4H), 2.46–2.95 (m, 14H), 3.22 (td, 7 Hz, 3 Hz,
2H), 3.73 (s, 2H), 3.93–4.08 (m, 10H). 13C NMR (CDCl3) d 25.64, 47.02,
51.55, 53.40, 53.49, 58.20, 65.37, 65.76, 67.40, 70.26, 88.35. All
compounds have been characterized by elemental analysis and NMR
spectroscopy.
‡ Crystal data for 1: C27H40F6FeN4NiO7S2, M = 825.3, T = 293 K,
tetragonal space group P43212, a = b = 10.5735(15), c = 30.251(6) Å, V
= 3382.0(10) Å3, Z = 4, Dc = 1.621 g cm23, F (000) = 1704, m(Mo-Ka)
= 1.19 mm21, q-range: 2.7–25.97°, reflections (collected/unique): 3524,
3137, refinement: full matrix least squares on F2, data–parameters:
3137/219, final R-indices [I > 2s(I)]: R1 = 0.0452, wR2 = 0.110, largest
diff. peak and hole: +0.419, 20.370 e Å23. The structure was solved and
refined using the SHELX-97 program suite.15 CCDC 182/1077. See http:
//www.rsc.org/suppdata/cc/1998/2697 for crystallographic files in .cif
format.
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The paramagnetic complex anions [Fe(NS3)Cl]2 [NS3 =
N(CH2CH2S)3

32] and[Fe(NS3)(CO)]2 have been prepared
and structurally characterised; with FeCl2, [Fe(NS3)(CO)]2
gives the structurally characterised, linear, paramagnetic
cluster complex [Fe{Fe(NS3)(CO)-S,SA}2].

A number of metal sites in enzymes carry three sulfur-donor
ligands. These include the low-spin Fe centre of nitrile
hydratase,1 which is bound to three cysteine sulfur and two
amide nitrogen atoms, and the cofactor of molybdenum
nitrogenase, FeMoco, an MoFe7S9 cluster in which the six
central iron atoms are each coordinated by three sulfides.2 The
Mo atom in FeMoco is coordinated by three sulfides as well as
two oxygens from homocitrate and one histidine nitrogen2 and
it is thought that the vanadium atom in vanadium nitrogenase3

and one iron atom in the ‘iron-only’ nitrogenase4 are in similar
environments. We are particularly interested in models for the
trigonally S-coordinated Fe centres in the central portion of
FeMoco and the S3-coordinated Mo, V or Fe centres at the
histidine end of nitrogenase cofactor clusters. Following our
investigation of the nitrogen chemistry of vanadium coordinat-
ing the tetradentate tripodal ligand N(CH2CH2S)3

32 (NS3),5 we
report iron chemistry of this ligand which, because its ligation
involves three sulfur atoms, relates to the metal environments in
the enzymes mentioned above. In the course of this work we
have discovered a novel, paramagnetic carbonyl complex of
iron which acts as a chelate ligand, as described below.

The starting point of our iron chemistry is the Fe(iii) complex
anion [FeCl(NS3)]2 1, obtained as shown in Scheme 1, which
on reduction under CO gives the Fe(ii) anion [Fe(NS3)(CO)]2 2.
The NEt4 salts of 1 and 2 {also the vanadium complex
NEt4[VCl(NS3)]5} are isostructural; in both structures, the anion
lies disordered about a crystallographic mirror plane.† Figs. 1
and 2 show the iron atoms to have trigonal bipyramidal
geometry. In the solid state, both complexes are paramagnetic,
The NEt4 salt of 1 has meff = 5.87 mB, S = 5/2. Mössbauer data
at 77 K, (rel. natural Fe), are; isomer shift (IS) 0.37 mm s21 and
quadrupole splitting (QS) 1.00 mm s21. The NEt4 salt of 2 has
meff = 2.79 mB, S = 1; IS = 0.22, QS 0.99 mm s21. Comparison
of the anions in Figs. 1 and 2 shows that in the carbonyl 2 the
Fe–N distance [2.035(8) Å] and the average Fe–S distance
[2.278(3) Å] are shorter than the corresponding distances in the
chloride 1 [2.273(3) and 2.316(2) Å respectively], despite the
higher formal oxidation state of the metal in 1. This is probably
a consequence of the higher spin state of 1 and electron
withdrawal by CO in 2, and results in a relative distortion of the
trithiolate ligand; the mean S–Fe–N angle contracts from
87.8(1)° in 2 to 83.6(2)° in 1.

Paramagnetic CO complexes of iron are extremely rare and
as far as we are aware only two other examples, K[Fe{N(CH2-
CONPri)3}(CO)]6 3 and Et4N[Fe{P[C6H3S-2(Ph-3)]3}(CO)]7

4, are known. Both have similar magnetic and Mössbauer
properties to those of 2 but both have n(CO) at 1940 cm21, a
notably higher frequency than that of 2 (1885 cm21). Evidently
the FeNS3

2 site in 2 is more electron releasing to CO than are
the corresponding iron sites in 3 and 4.

Scheme 1 Reagents and conditions: i, N(SH)3 + Et4NCl in MeCN; ii, Na/
CO in MeCN; iii, FeCl2 (0.5 mol ratio) in MeCN or Me2SO. 

Fig. 1 The molecular structure of anion 1. The disorder about the mirror
symmetry plane is not shown; the atoms C(13aA), C(13b) and C(16) have
half occupancy of the sites shown. Selected molecular dimensions: Fe–
N(10) 2.273(3), Fe–Cl 2.3120(14), Fe–S(11) 2.3143(9), Fe–S(14)
2.3193(12) Å; N(10)–Fe–Cl 179.00(9), N(10)–Fe–S(average) 83.6(2)°.

Fig. 2 The molecular structure of anion 2 which has disorder similar to that
described in Fig. 1. Selected molecular dimensions: Fe–N(10) 2.035(8), Fe–
C(2) 1.720(14), C(2)–O(2) 1.154(14), Fe–S(11) 2.281(3), Fe–S(14)
2.272(2) Å; N(10)–Fe–C(2) 179.7(5), N(10)–Fe–S(av.) 87.8(1)°.
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The latter sites are sterically hindered and 3 and 4 are made
by CO addition to trigonal pyramidal iron-complex precursors.
We have not been able to isolate the monomeric precursor to 2,
[Fe(NS3)]2. Instead, we obtain as yet uncharacterised products
which appear to be multinuclear, probably because sulfur acts as
a bridging group in them. However, the bridging ability of its
sulfur ligands allows 2 itself to function as a ligand in a
controlled way. Thus treatment of 2 with FeCl2 (Scheme 1)
affords the novel green, paramagnetic, linear Fe3S4 carbonyl
cluster [Fe{Fe(NS3)(CO)-S,S’}2] 5 [n(CO) 1937 cm21. Möss-
bauer consistent with two different iron(ii) sites: IS = 0.60, QS
= 1.96 (intensity 1); IS = 0.22, QS = 1.17 mm s21 (intensity
2)]. 

The structure of 5 (Fig. 3)† shows that this complex is made
up from two trigonal bipyramidal Fe(NS3)(CO) units, each of
which bridges through two of its sulfur atoms to a central Fe,
which thus has distorted tetrahedral geometry and lies on a
crystallographic twofold symmetry axis. Within the Fe(NS3)-
(CO) units, the Fe-S distances involving the four bridging S
atoms are 2.256(1) and 2.268(1)Å, but those to the non-bridging
S atoms are shorter [2.214(1) Å]. The Fe-S distances about the
central Fe are 2.277(1) Å and 2.293(1) Å. All the iron atoms can
be regarded as formally in oxidation state two, but solid 5 has
meff = 1.54 mB per molecule at 20 °C showing considerable
electron coupling. The molecule is disordered with two distinct
sites for the O atoms of the CO ligands; the C–O distances are
1.131(12) and 1.22(2) Å, with corresponding Fe–C–O angles of
168.8(6) and 161.4(9)°.

We note that the C–O stretching frequencies in the IR spectra
of 2 (1885 cm21) and 5 (1937 cm21) are in the region of several
frequencies observed in stopped-flow FTIR studies of CO
complexes of Klebsiella pneumoniae nitrogenase (1880, 1906,
1936 and 1958 cm21).8

We also point out that treatment of the NEt4 salt of 1 with
NaN3 gives NEt4[Fe(NS3)N3], which has relevance to azide
inhibition of the iron site in nitrile hydratase.1 This and other
complexes of inhibitors of nitrile hydratase are under investiga-
tion, although MeCN appears to bind very weakly to the
FeNS3

2 site.

The shape of our iron cluster is reminiscent of those of the
linear trinuclear complexes [Et4N]3[Fe3S4(SPh)4]9 and
[Et4N]3[VFe2S4Cl4].10 We anticipate in our future work that 2
and related complex anions such as [Fe(NS3)(CNR)]2 will
function as ligands to allow assembly of a range of multi-
nuclear complexes of iron with other metals. Already, we have
obtained the analogue of 5, [Fe3(NS3)2(CNC6H11)2], [from
Fe(acac)3, NS3H3, and CNC6H11,11 and [Fe2Co(NS3)2(CO)2]
(by use of CoCl2 in place of FeCl2 in step iii of Scheme 1).

We thank the BBSRC for support of this work and Dr D. J.
Evans for Mössbauer spectroscopic measurements.

Notes and references
† Crystal data: NEt4 salt of 1: C14H32ClN2S3Fe, M = 415.9, orthorhombic,
space group Pbcm (no. 57), a = 8.7922(9), b = 14.3189(11), c =
15.9028(14) Å, V = 2002.1(3) Å3. Z = 4, Dc = 1.38 g cm23, F(000) = 884,
m(Mo-Ka) = 1.196 mm21, T = 293(2) K, l(Mo-Ka) = 0.71069 Å.

Crystals are black, irregular, hexagonal prisms. One, ca. 0.60 3 0.45 3
0.27 mm mounted on a glass fibre; photographic examination; Enraf-
Nonius CAD4 diffractometer (with monochromated radiation) for accurate
cell parameters (25 reflections, q = 10–11°, each centred in four
orientations) and diffraction intensities (2504 unique reflections to qmax =
28°, 1870 ‘observed’ with I > 2sI). Structure determined by automated
Patterson routines;12 refined (on Fo

2) by full-matrix least-squares methods13

to wR2 = 0.167 and R1 = 0.064 for all 2504 reflections weighted w = 1 /
[s2(Fo

2) + (0.1034P)2 + 0.48P] where P = (Fo
2 + 2Fc

2) / 3.
For the NEt4 salt of 2: C15H32N2OS3Fe, M = 408.5, orthorhombic, space

group Pbcm, a = 8.8530(7), b = 14.1800(11), c = 15.869(2) Å, V =
1992.1(3) Å3. Z = 4, Dc = 1.36 g cm23, F(000) = 872, m(Mo-Ka) = 1.07
mm21, T = 293 K, l(Mo-Ka) = 0.71069 Å. The crystal is a deep bluish-
green needle, ca. 0.50 3 0.12 3 0.11 mm; 1111 unique reflections to qmax

= 21°, 678 ‘observed’. Structure refined to wR2 = 0.170 and R1 = 0.089
for all 1111 reflections weighted w = 1 / [s2(Fo

2) + (0.0919P)2].
For 5: C14H24N2O2S6Fe3, M = 612.26, tetragonal, space group I41cd,

(no.110) a = b = 13.5324(4), c = 24.499(2) Å, V = 4486.2(3) Å3. Z = 8,
Dc = 1.81 g cm23, F(000) = 2496, m(Mo-Ka) = 2.49 mm21, T = 293 K,
l(Mo-Ka) = 0.71069 Å. Crystal is a black, irregular dodecahedron, ca.
0.28 3 0.24 3 0.24 mm; 1668 unique reflections to qmax = 30.0°, 1453
‘observed’. Structure refined to wR2 = 0.046 and R1 = 0.029 for all 1668
reflections weighted w = 1 / [s2(Fo

2) + (0.0066P)2]. CCDC 182/1083.
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Fig. 3 The molecular structure of 5, viewed down the twofold symmetry
axis through Fe(2). Selected molecular dimensions: Fe(1)–N(10) 2.052(3),
Fe(1)–C(1) 1.765(4), C(1)–O(1a) 1.13(1) (major component in disordered
carbonyl group), C(1)-O(1b) 1.22(2), Fe(1)–S(1) 2.2677(10), Fe(1)–S(2)
2.2563(10), Fe(1)–S(3) 2.2139(9), Fe(2)–S(1) 2.2774(9), Fe(2)–S(2)
2.2928(10), Fe(1)···Fe(2) 2.6663(5) Å; N(10)–Fe(1)–C(1) 175.67(13),
N(10)–Fe(1)–S(av.) 88.1(3), Fe(1)–S(1)–Fe(2) 71.84(3), Fe(1)–S(2)–Fe(2)
71.76(3), S(1)–Fe(1)–S(2) 107.79(3), S(1)–Fe(2)–S(2) 106.21(3), S(1)–
Fe(2)–S(2’) 105.93(3), S(1)–Fe(2)–S(1’) 121.89(6), S(2)–Fe(2)–S(2’)
110.50(6)°.
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Acetaldehyde hydration by zinc–hydroxo complexes: coordination number
expansion during catalysis

Xiaodong Xu, Ajay R. Lajmi and James W. Canary*

Department of Chemistry, New York University, New York, NY 10003, USA. E-mail: james.canary@NYU.edu

Received (in Bloomington, IN, USA) 17th August 1998, Accepted 6th November 1998

The complexes [Zn(tren)(OH)]+ and [Cd(Me6tren)(OH)]+

are excellent catalysts for the hydration of acetaldehyde
while the closely related complex [Zn(Me6tren)(OH)]+ does
not catalyze the reaction, consistent with the notion that zinc
ions require the ability to accommodate expanded coordina-
tion numbers in hydrolytic reactions such as those catalyzed
by the enzyme carbonic anhydrase.

Carbonic anhydrases are widely occurring Zn(ii) metalloen-
zymes that catalyze the interconversion of CO2 and HCO3

2.
The catalytic zinc ion in human carbonic anhydrase II is ligated
by three histidine residues and a water molecule in its resting
state. Most detailed mechanisms postulated for carbonic
anhydrases1 require expansion of the coordination sphere of the
zinc ion from four to five (or six) during the catalytic cycle for
addition of zinc-bound hydroxide to the CO2 with concomitant
polarization of the carbonyl group by zinc, and for associative
displacement of the bicarbonate product by water.2 Higher
coordination number intermediates are suggested by crystallo-
graphic analyses,3,4 but little functional data is available that
bears on the significance of this issue. In this paper, we test the
hypothesis that zinc ions require coordination number increases
in hydrolysis catalytic cycles, specifically the hydrolysis
reaction of acetaldehyde catalyzed by zinc complexes of the
synthetic ligands tris(2-aminoethyl)amine (tren) and tris(2-
dimethylaminoethyl)amine (Me6tren).

The hydration of acetaldehyde is catalyzed by carbonic
anhydrase and has also been studied extensively with several
synthetic catalysts and buffers.5,6 A plot of log(kcat) vs. pKa (kcat
= dkobs/d[ZnL]) yields a linear relationship suggesting that the
mechanism of the reaction is simple nucleophilic attack upon
the carbonyl. A simplified mechanistic scheme for the reaction
is shown in Scheme 1, with the zinc-hydroxo form of the

catalyst shown as the catalytically active species. Associative
exchange is generally observed for substitution reactions of zinc
complexes of these ligands;7 formation of intermediate 3
requires an expanded coordination sphere.

The ligands tren and Me6tren offer an opportunity to examine
this question since zinc complexes of tren can form six-
coordinate complexes but those of Me6tren cannot. In five-
coordinate complexes, both ligands adopt a C3-symmetric
conformation [Fig. 1(a)].8 However, in six-coordinate com-
plexes, tren adopts a Cs conformation [Fig. 1(b)] that is
sterically inaccessible to Me6tren due to the steric hindrance
caused by the bulky dimethylamino substituents. A search of the
Cambridge Structural Database9 yielded over 20 structures of
tetradentate complexes of Me6tren, all of which showed the
ligand in a C3-conformation while tren complexes showed both
five-coordinate (C3) and six-coordinate (Cs) complexes. Thus
the zinc ion in [Zn(Me6tren)(OH)]+ should be limited to

Scheme 1 Proposed mechanism for hydration of acetaldehyde catalyzed by
Zn(ii) or Cd(ii) complexes.

Fig. 1 C3 (a) and Cs (b) conformations observed for penta-coordination and
hexa-coordination. Steric hindrance in Me6tren precludes hexa-coordina-
tion.
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maximal five-coordination while in [Zn(tren)(OH)]+ six-coor-
dination should be readily achievable. Thus, intermediate 3
should be accessible only for the tren complex, and the Me6tren
complex should not catalyze the reaction.

The hydration rate of acetaldehyde in aqueous solution was
determined using stopped flow UV–VIS detection, monitoring
the decrease of the carbonyl band at 278 nm. The solution used
in this work was 10% aq. MeCN {0 °C, 0.1 M NaClO4;
[CH3CHO] = 36 mM, [[Zn(L)(OH)]+] = 0.25–5 mM}.5,10 The
results are shown in Fig. 2, where each data point represents 3–5
experiments at different catalyst concentrations, each run in
triplicate; The line is a non-linear least-squares fit of kAobs =
kcatc[Zn(L)OH]+ where c[Zn(L)OH]+ is the mole fraction of catalyt-
ically active species. The observed pH–rate profile for [Zn-
(tren)(OH)]+ reveals a point of inflection at pH 10.5 similar to
the published pKa.11 The log(kcat) is 2.84, consistent with that
predicted from the Brønsted analysis (2.9).6 However, for the
complex [Zn(Me6tren)(OH)]+, no catalysis was observed even
though it should be easily seen under these conditions
[predicted log(kcat) = 2.0].

It was reasoned that although the hydration reaction is not
catalyzed by [Zn(Me6tren)(OH)]+, it should be catalyzed by
[Cd(Me6tren)(OH)]+ complex since the Cd(ii) ion may have an
expanded coordination number due to its large ionic radius.8
The observed pH–rate profile is shown in Fig. 2. The pKa value
from curve fitting is 8.2 which compares favorably with that
determined by pH titration.12 The log(kcat) is 2.12 as expected
from the Brønsted relationship discussed above.

Based on the available data, the most likely explanation for
the inactivity of [Zn(Me6tren)(OH)]+ is the inability of water to
displace the hydrated acetaldehyde intermediate due to the
steric bulkiness of the ligand that prevents hexa-coordination of
the Zn(ii) ion. Formation of 2 should not be hindered by the

methyl groups in Me6tren as indicated by examination of
models and calculations of heats of formation (Spartan:
MNDO)13 of 2 and various similar compounds that failed to
show any significant steric interaction between the atoms of the
acetaldehyde and the ligand.

It is widely believed that one reason that enzymes maintain
low coordination numbers to catalytic zinc ions is to increase
the acidity of the zinc-bound water molecule.14–16 The implica-
tion of the present study is that zinc ions involved in hydrolytic
reactions require access to an expanded coordination sphere for
catalyst turnover. This requirement may be an additional reason
for the frequent observation of four-coordinate zinc ions in
crystal structures of resting state enzyme active sites, and higher
coordination numbers in corresponding enzyme-inhibitor
complexes.

We thank the National Institutes of Health (GM 49170) for
support of this work.
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Fig. 2 pH–rate profiles for [Zn(tren)(OH)]+ (5) and [Cd(Me6tren)(OH)]+

(/).

2702 Chem. Commun., 1998, 2701–2702



HN
N

O

NH2

O

HN

NH

NH

O

O

R

R

1 2

Z
N
H

CO2H

R1 H2N
N

Boc

R2

Z
N
H

H
N

O

R1

N
Boc

R2

H2N

H
N

O

R1

N
Boc

R2

O

O

N
H

H
N

O

R1

N
Boc

R2

O2N

HN
N

O

O

NH

R2R1

O2N O2CCl

+

3 4 5

68

9

i

iii

7

iv, v

ii

Solution and soluble polymer syntheses of 3-aminoimidazoline-2,4-diones
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3-Aminoimidazoline-2,4-dione derivatives have been syn-
thesized from a combination of a- and aza-amino acids by
both solution phase and soluble polymer supported ap-
proaches; this soluble polymer methodology combines clean
product isolation with recycling of the original matrix.

Molecular diversity based on combinatorial organic synthesis is
now being used for rapid lead generation in both drug discovery
and the development of biologically active compounds with
potential therapeutic value.1 Recently, solid-phase synthesis of
heterocycles bearing one or more nitrogen atoms such as
diketopiperazines,2 diazines,3 and hydantoins4 has received
considerable attention due to their medicinal importance.
Hence, development of strategies for the mixture/parallel
synthesis of additional heterocyclic structures either in solution
or on a polymer support is of key interest.

The synthesis and structure assignment of hexahydro-
1,2,4-triazine-3,6-dione 2, isomeric with 3-aminoimidazoline-
2,4-dione 1, has been rather cryptic for over 30 years.5–7 It has
been demonstrated6,7 that a hexahydro-1,2,4-triazine-3,6-dione
could be prepared by the reaction of N-[N-(phenylthiocar-
bonyl)glycyl]-NA-(benzyloxycarbonyl)hydrazine with lead ace-
tate.8 A similar cyclization of ethyl semicarbazinoacetate
[H2NNHC(O)NHCH2CO2Et] with NaOEt9 was discovered to
lead to 1 rather than 2. A more recent attempt10 to synthesize
1,2,4-triazine-3,6-diones by the reaction of hydrazine with a-
lactams gave mainly 1.11 If 1 or 2 could be made in a controlled

fashion they should make interesting targets for combinatorial
synthesis/drug discovery as they are structurally rigid, possess
ample hydrogen donor/acceptor functionality and contain two
points for diversity generation. Herein we describe our synthetic
approach to 3-aminoimidazoline-2,4-diones 1, our application
of this strategy to a soluble polymer support, and our ability to
design a methodology that allows regeneration of the resin.

As detailed vide supra examples relating to the controlled
syntheses of 3-aminoimidazoline-2,4-dione derivatives have
been sparse. In 1985, a concise one step synthesis from a-amino
acids and tert-butyl carbazate was reported by Lalezari,12

however, this report also detailed a major problem with this
synthetic tack which induced racemization of the product. To
avoid this unwanted racemization, our solution phase approach
utilized Et3N or Pri

2NH at room temperature for the cyclization
step, allowing optical activity‡ to be preserved.

As shown in Scheme 1, N-benzyloxycarbonyl protected
amino acids were used as convenient starting materials in the
solution phase synthesis. Thus, protected amino acids were
coupled with our previously described Boc-protected aza-
amino acids13 using DCC and DMAP in typically 95% yield.

After removal of the benzyloxycarbonyl (Z) group, nitrophenyl
chloroformate was introduced to generate an activated inter-
mediate for the cyclization reaction. Removal of the Boc group
was performed using TFA–CH2Cl2 (1:1), followed by cycliza-
tion in Et3N–CH2Cl2 (1:100 v/v) at 25 °C, and the desired
unracemized 3-aminoimidazoline-2,4-diones 9 were obtained
in approximately 75% yield.

With a sound solution phase strategy in hand we extended our
methodology to a soluble polymer supported synthesis. In this
scenario linear homopolymer [polyethylene glycol monomethyl
ether (MeO-PEG)] served as our carrier for polymer synthesis
and purification. We have demonstrated the advantages of using
liquid phase synthesis through the construction of both peptide/
small molecule combinatorial libraries14 and as a reagent/
catalyst support.15

Linker 10 was prepared via the oxidation of 4-(tert-
butoxy)benzaldehyde with Ag2O. This acid was coupled to
MeO-PEG5000-amine and upon deprotection with TFA gave
phenol 11 which was now ready for the first diversity step
coupling (Scheme 2). The amino acid was introduced in the
form of isocyanate 1216 and this building block was attached to
11 granting 13; the second point of diversity, Boc-aza-amino
acid 4 was added to deprotected 13 providing PEG-14. It should
be stressed that the unique physical properties of the MeO-PEG
homopolymer allowed each coupling/deprotection reaction to
be purified by precipitation of the modified homopolymer.
Furthermore, reaction progress was conveniently monitored by
1H and 13C NMR spectroscopy. Finally, after removal of the
Boc group, 14 could be base-cyclized and thus cleaved from the
support generating a variety of 3-aminoimidazoline-2,4-diones
in greater than 90% purity and in 62–80% yield (Table 1). The
structures of the products were confirmed by 1H, 13C NMR and
FAB mass as well as IR spectroscopy.§ For example, 1H NMR
analysis of 9d in [2H6]DMSO clearly shows a doublet at d 2.49
for NCH3 and a quartet for NH at d 5.43. Also, all of the
compounds showed distinct peaks in their IR spectra at 1775
and 1725 cm21 which is indicative of a 3-aminoimidazoline-
2,4-dione structure.5 Lastly, it was possible to regenerate PEG-
11 and reapply this material in another round of synthesis. This
was accomplished by simple treatment of the isolated reaction
PEG-11 with 1 M NaOH which in effect removed any previous

† Present address: Department of Chemistry, Silla University, 1-1 San,
Kwaebop-dong, Sasang-gu, Pusan, 617-736 Korea.

Scheme 1 Reagents and conditions: i, DCC, DMAP; ii, H2/Pd-C; iii, 7 (1.1
equiv.), Et3N (1.1 equiv.); iv, TFA–CH2Cl2 (1:1 v/v); v, dilution, Et3N (1.1
equiv.).
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materials that had accumulated during the synthesis of 9. We
could use this PEG-11 again without any significant reduction
in loading or yield, which was confirmed by 1H NMR
analysis.

In conclusion, we have shown both solution and liquid phase
methodologies for the controlled stepwise synthesis of 3-ami-
noimidazoline-2,4-diones. In our strategy we have provided a
method that allows for the incorporation of two points of
diversity which can be drawn from a large pool of building
blocks. Finally, our approach allows for polymer regeneration
and its reuse.
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Notes and references
‡ Optical rotation values for 9b,c,e–g,j are reported in their characterization
data (see below). In the case of 9b, there was no significant change in its
optical rotation value after a first and second recrystallization from EtOH.

This supports our assumption that there was no sign of racemization in our
synthetic scheme. {before recrystallization: [a]D

24 239.0 (c 1.06, MeOH),
after first recrystallization: [a]D
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182–185 °C; dH(CD3OD, 400 MHz) 3.99 (q, 1H), 2.55 (s, 3H), 1.27 (d, 3H);
dC(CD3OD, 101 MHz) 172.5, 155.1, 50.1, 34.9, 14.8; n(CHCl3)/cm21
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HRMS [FAB, (M + Na)+]: calc. 194.0905, found 194.0914; [a]D

24 273.0
(c 0.69, CHCl3). For 9d: dH(DMSO, 400 MHz) 8.17 (s, 1H), 5.53 (q, 1H),
3.97 (d, 1H), 2.49 (d, 3H), 1.77 (m, 1H), 1.18–1.34 (m, 2H), 0.90 (d, 3H),
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11.2, 8.0; n(CHCl3)/cm21 3024, 2986, 1774, 1718, 1214; HRMS [FAB,
(M+1)+]: calc. 186.1242, found 186.1239. For 9e: mp 210–213 °C;
dH(CDCl3, 400 MHz) 7.30 (m, 5H), 5.45 (br s, 1H), 4.26 (q, 1H), 4.23 (m,
1H), 3.28 (dd, 1H), 2.90 (dd, 1H), 2.58 (d, 3H) ; dC(CDCl3, 101 MHz)
170.6, 155.5, 134.6, 129.4, 128.9, 127.6, 61.0, 56.9, 37.8; n(CHCl3)/cm21

3011, 1762, 1724, 1227; HRMS [FAB, (M + 1)+]: calc. 220.1086, found
220.1094; [a]D

24 263.9 (c 0.39, MeOH). For 9f: mp 125–128 °C;
dH(CDCl3, 400 MHz) 7.30 (m, 5H), 7.16 (d, 2H), 6.86 (d, 2H), 5.24 (s, 1H),
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128.9, 127.7, 127.5, 113.8, 56.9, 55.2, 53.9, 37.8; n(CHCl3)/cm21 3011,
1755, 1737, 1215; HRMS [FAB, (M + Na)+]: calc. 348.1324, found
348.1335; [a]D

24 276.0 (c 0.42, MeOH). For 9g: dH(CDCl3, 400 MHz)
7.28 (m, 5H), 6.21 (s, 1H), 4.26 (q, 1H), 4.21 (m, 1H), 3.21 (dd, 1H), 2.94
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170.9, 156.1, 134.5, 129.5, 128.8, 127.5, 58.4, 56.8, 37.5, 26.6, 20.3;
n(CHCl3)/cm21 3440, 3023, 1774, 1731, 1214; HRMS [FAB, (M+H)+]:
calc. 262.1556, found 262.1563; [a]D

24266.7 (c 0.59, MeOH). For 9h: mp
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Scheme 2 Reagents and conditions: i, MeO-PEG-CH2CH2NH2, DCC,
DMAP; ii, TFA–CH2Cl2 (1:1 v/v); iii, 12, Et3N; iv, 4, DCC; v, dilution,
Pri

2NEt (1.1 equiv.), vi, 1 M NaOH.

Table 1 3-Aminoimidazoline-2,4-diones generated via Scheme 2

Compound R1 R2 Yield (%)a

9a H Me 62
9b Me Me 73
9c Pri Me 75
9d Bus Me 78
9e Bn Me 80
9f Bn p-MeOC6H4CH2 78
9g Bn Bui 74
9h Me H 60
9j Bui H 67
9k Bn H 67

a Yields are based on the conversion of 11 to 9 and are isolated yields.
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[CpFe(CO)2]2 catalyzes the reaction of nitroaromatics with
olefins under CO to produce allyl amines regioselectively; a
coordinated organonitrogen species is implicated as the
active aminating agent.

In contrast to oxygenation, synthetically useful methods for the
direct introduction of nitrogen into hydrocarbons (nitrogen-
ation) are few. Metal-mediated nitrogenation reactions have
been receiving increasing attention, as evidenced by recent
reports of metal-catalyzed aziridinations1 and hydroaminations2

of olefins, both of which involve addition to the double bond.
Processes for the direct allylic nitrogenation of hydrocarbons,
which could expand the scope of the commercially important
ammoxidation of propylene to acrylonitrile,3 also hold con-
siderable appeal. Recent efforts in this laboratory and others
have led to the development of Mo-4 and Fe-catalyzed5

reactions of olefins with aryl hydroxylamines, which provide N-
aryl-N-allyl amines in generally moderate yields and with
excellent regioselectivity. A novel azodioxide–iron complex
has been implicated as the active aminating agent in the allylic
aminations catalyzed by iron salts.5b

In order to enhance the synthetic utility of metal-catalyzed
allylic aminations and to further explore the reactivity of
coordinated organonitrogen species, we have been interested in
the use of more readily available prospective aminating agents,
including amines6 and, here, nitroorganics. The metal-catalyzed
reactions of nitroarenes and CO can produce various useful
organonitrogen compounds, including amines, urethanes, ureas
and isocyanates.7 We now report the discovery of a new allylic
amination system, which employs nitroarenes as aminating

agents and inexpensive [CpFe(CO)2]2 as the catalyst [eqn. (1)].
Initial experiments indicate that this system is distinct, both
mechanistically and chemoselectively, from the recently re-
ported Ru3(CO)12/(a-diimine)-catalyzed system for allylic
amination.8

The reactions of olefins with nitroarenes catalyzed by
[CpFe(CO)2]2 (5 mol%) were carried out in dioxane at 150–180
°C under 50–75 atm of CO.‡ Representative results for a
number of olefins and nitro compounds are summarized in
Table 1. The desired allyl amines were the only olefin-derived
products detected, generally constituting 75–95% of the volatile
N-containing products; N,N-diaryl ureas are the principal
byproducts.§ The yield of allyl amine depends markedly on the
structure of both the olefin and the nitro compound. Among the
small set of test olefins 1,1-disubstituted derivatives were
aminated most efficiently (entries 1,2) while 1,2-disubstituted,
trisubstituted and terminal olefins were aminated less efficiently
(entries 3–5). With unsymmetrical alkenes (entries 1–5) single
regioisomers were obtained which are derived from introduc-
tion of nitrogen at the less-substituted vinylic carbon with
double bond transposition, characteristic of ene reactions.9
Probing the structure/reactivity correlation of the nitroarene
component with a-methylstyrene (AMS) as the substrate

(entries 1, 6–9), nitrobenzene gave a nearly quantitative yield,
nitroarenes bearing electron-withdrawing groups gave moder-
ate yields, and nitroanisole afforded a poor yield of the
corresponding allyl amine.

Initial screening experiments demonstrated that the dinuclear
1 is the most active among several related complexes tested as
amination catalysts. In the reaction of nitrobenzene with AMS
(dioxane, 160 °C, 70 atm CO) neither bimetallic Cp2Mo2(CO)4
nor other mono-iron complexes, e.g. Fe(CO)5, CpFe(CO)2Br or
CpFe(CO)2(THF)+, produced appreciable quantities of allyl
amine. However, a 52% yield of the allyl amine from AMS was
obtained using CpFe(CO)2(h1-allyl) (2, 5 mol%) as (pre)-
catalyst. The documented ability of the two active (pre)-
catalysts, 1 and 2, to generate the CpFe(CO)2 radical10,11

suggests that this species may be involved in the catalytic
mechanism.

Given the unprecedented catalytic activity of 1 and the
distinctive regioselectivity of the amination reaction several
experiments were conducted to probe the nature of the actual
aminating species. Firstly, evidence was gathered indicating
that two potential reactive free organonitrogen species are not
involved. Nitrosobenzene, an established enophile,12 was
excluded as an intermediate since the amination of AMS by
nitrobenzene proceeded cleanly in the presence of the PhNO-
trapping agent, 2,3-dimethylbutadiene [eqn. (2)],13 with none of
the corresponding hetero-Diels–Alder adduct being produced.¶

† Present address: Department of Chemistry, University of Southwestern
Louisiana, Lafayette, LA 70504, USA.

Table 1 Allylic amination by nitroarenes catalyzed by [CpFe(CO)2]2

Entry Alkene Nitroarene Allylamine
Yielda,b

(%)

a GC yield, naphthalene standard. b New compounds were isolated and
characterized spectroscopically. c Isolated yield.
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Similarly, amination of AMS by 2-nitrobiphenyl afforded the
corresponding N-biphenyl-N-allyl amine exclusively [eqn. (3)],
but no detectable carbazole, the established product of intra-
molecular nitrene trapping.14 Together these results suggest that
a coordinated organonitrogen species serves as the active
aminating agent in the reactions catalyzed by 1.

More direct information on the iron species involved in the
catalytic reaction was obtained by examining a dark red
paramagnetic compound 3 which can be isolated from the
stoichiometric reaction of 1 with nitrobenzene in the absence of
olefin (dioxane, 100 °C, 75 atm CO, Scheme 1). Although we
have not yet established the structure of 3,∑ this compound
appears to be catalytically relevant since it both stoichiomet-
rically (in the absence of nitrobenzene) and catalytically (in the
presence of nitrobenzene) efficiently aminates AMS (dioxane,
160 °C, 60 atm CO, TON ca. 8). Moreover, 3 aminates AMS in
the presence of the nitrosobenzene trap, 2,3-dimethylbutadiene,
again suggesting that the nitrogen fragment is transferred in the
coordination sphere of the metal.

In summary, [CpFe(CO)2]2 has been found to be an effective
catalyst for the regioselective allylic amination of olefins by
nitroarenes. It is significant that iron-catalyzed reactions
involving nitroorganics and CO are rare.15 Moreover, the
differing chemoselectivity and trapping results between the
present system and the Ru3(CO)12/a-diimine-catalyzed amina-
tions8** suggests the involvement of distinctly different active
aminating agents. Further insight into the mechanism of this
new catalytic amination process, including the nature of the
active iron species involved, awaits the results of studies in
progress.

We are grateful for support provided by the National Science
Foundation (CHE 9610277). We also thank Professors F.
Ragaini and S. Cenini (Milan) for discussions and communica-
tion of their recent results prior to publication.

Notes and references
‡ General procedure: [CpFe(CO)2]2 (0.15 mmol), nitrobenzene (2.9 mmol),
olefin (3.8 mmol) and dioxane (10 ml) were placed in the glass liner of a
stainless steel autoclave under nitrogen. The autoclave was charged with
CO (900–1000 psi) and then heated at 160–180 °C for 22–24 h, during
which time aliquots were withdrawn via dip tube for GC analysis. The
autoclave was cooled, the solution was transferred into a Schlenk tube, and
the volatiles were removed in vacuo. The residue was triturated with light
petroleum–Et2O. The insoluble residue contained the N,N-diaryl ureas. The

extracts were chromatographed on silica gel using light petroleum–Et2O as
eluent to afford the allyl amine. New compounds were characterized by
NMR and MS analysis.
§ Small amounts of aryl amine (1–20%), azoarene (1–5%), and azoxyarene
(1–5%) were also detected by GC–MS analysis. Non-volatile N,N-diaryl
urea by-products were isolated by crystallization/chromatography.
¶ The hetero-Diels–Alder adduct was shown to be stable under the
conditions of the catalytic reaction.
∑ Selected data for 3: nmax(KBr)/cm21 2033 and 1965; EPR (CH2Cl2)/G
3525 (bs); m/z (FAB) 628, 471, 396, 342, 288, 195; the elemental analysis
of 3, while indicating the presence of C, H, N and Fe, suggests
contamination by an organic impurity.
** In the Ru3(CO)12/diimine-catalyzed reactions, aryl amines are the major
byproducts (ref. 8) and amination in the presence of dimethylbutadiene
affords substantial quantities of the hetero-Diels–Alder adduct. F. Ragaini
and S. Cenini, personal communication, 1998.
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A new solid peroxyacid based on organically modified silica
has been prepared and successfully applied to the epoxida-
tion of alkenes.

Peroxyacids are active straightforward epoxidation reagents
with wide application.2 They do not require catalysts and are
often excellent epoxidation reagents for unfunctionalised al-
kenes. Their use in epoxidation, however, is disputed because of
the requirement of at least stoichiometric amounts in the
reaction, resulting in the production of large amounts of acid
waste. Although recycling of these acids to peroxyacids is
possible by treatment with hydrogen peroxide in the presence of
concentrated acids, this is normally not attractive for present-
day homogeneous processes. An additional problem is that
some types of the more active peroxyacids are not stable and
therefore unsafe for use on a large scale. Because of these
drawbacks the use of peroxyacids is not popular in industry.3
The use of heterogeneous peroxyacids can deliver important
improvements with respect to workup, recycling and stability.
Heterogenisation of peroxyacids has, however, scarcely been
studied and in the literature only a few examples are known
where peroxyacids were supported on polystyrene resins.4–8

Although these polymer-supported peroxyacids are active
epoxidation reagents, their performance is poor due to the
electron-releasing effect of the polymer backbone and their
need for swelling. Furthermore, the close contact of easy
oxidisable polymer backbones with strongly oxidative peroxy-
acids can potentially be dangerous (explosive). We now report
a novel robust heterogeneous peroxyacid based on chemically
modified silica, which is an active, selective and effective
reagent for alkene epoxidation.

The preparation of the silica-supported peroxyacid is sum-
marised in Scheme 1. The preparation of the cyanoethyl silica
was partially based on a previously reported sol-gel method for
MCM-type silicas.9 Typically, tetraethyl orthosilicate (TEOS,
20.4 g, 98 mmol) and 2-cyanoethyltriethoxysilane (CETS, 21.3
g, 98 mmol) were added, separately, to a mechanically stirred
mixture of ethanol (104 ml), water (106 ml) and n-dodecyl-
amine (10 g, 54 mmol) at room temperature. A milky solution

was rapidly formed, followed by precipitation. The stirring was
continued for 21 h, yielding a thick white suspension. This was
filtered and n-dodecylamine was removed by heating the solid
at reflux in absolute ethanol (200 ml) for 3 h. This extraction
was repeated three times. The solid was then dried in a vacuum
oven at 95 °C for one night, yielding 15.2 g of a fine white solid
(CN-silica). The CN-silica (10.0 g) was hydrolysed by heating
it in 50% (v/v) aqueous sulfuric acid at 150 °C for 3 h. After
cooling to room temperature, the silica was filtered and washed
with an excess of water. Drying in a vacuum oven at 95 °C for
one night afforded 10.3 g of COOH-silica. To 1 g of the COOH-
silica were successively added methanesulfonic acid (3.0 g, 31
mmol) and hydrogen peroxide (70 wt% aqueous solution, 1.75
g, 36 mmol). This mixture was stirred at room temperature for
5 h. After this, the mixture was combined with 50 ml of water
and filtered. The residue was thoroughly washed with an excess
of water. The COOOH-silica (1) obtained was dried in a
desiccator over KOH under vacuum for one night. Approx-
imately 0.25 g of this desiccator-dried material was used to
determine the number of peroxyacid groups by reductive
titration with 0.1 M aq. Na2S2O3 in the presence of I2. Similarly
prepared were 2 (ratio CETS:TEOS = 1:2) and 3 [3-cyano-
propyltriethoxysilane (CPTS) instead of CETS, ratio
CPTS:TEOS = 1:1].

The epoxidation of cis-cyclooctene and cyclohexene to their
corresponding oxides was carried out as follows. To a solution
of the alkene (4 mmol) in 50 ml CHCl3 was added the remaining
part of the desiccator-dried COOOH-silica (0.75 g). This
mixture was stirred at 30 °C for 24 h, after which it was filtered.
The silica residue was washed with 25 ml CHCl3. The combined
filtrates were analysed by GC using 1,4-dichlorobenzene as an
internal standard.

Table 1 shows that the treatment of the COOH-silicas with
hydrogen peroxide in the presence of an acid resulted in
materials containing peroxy groups. We confirmed that these
were really supported peroxyacids by checking a blank silica.
When a silica comprising TEOS only was treated in a similar
way with hydrogen peroxide, no oxidation activity was found,
which rules out the possibility of physically adsorbed hydrogen
peroxide as the active reagent. Comparison of the peroxyacid
loadings of 1 and 2 shows an interesting phenomenon. Despite
the fact that the relative number of CETS groups in the synthesis
of 2 was decreased by a factor 2 with respect to that of 1, this
resulted only in a reduction of the number of peroxyacid groups

† See ref. 1

Scheme 1

Table 1 Epoxidation of cis-cyclooctene with silica-supported peroxyacids

Silica 1 2 3

Number peroxyacids/mmol g21 3.54 2.88 3.31
Specific surface area/m2 g21 a 426 1080 597
Conversion cis-cyclooctene (%) 55 57 62
Selectivity to cyclooctene oxide (%) 100 88 96
Efficiency of oxygen transfer (%)b 81 87 91
a Determined for the parent COOH–silica using the BET isotherm with
dinitrogen as adsorbate. b 100 3 (mmol epoxide formed)/(mmol COOOH
groups per g dried silica 3 exact amount COOOH-silica).
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in the final product by a factor of 1.2. This result may indicate
a better accessibility of the carboxylic groups in the precursor of
2, which is supported by its higher surface area.

Fig. 1 shows the DRIFT spectra of COOOH-silica 1 and its
precursors. The precursors display the expected bands for CN
(2252 cm21) and COOH (1715 cm21), respectively. Conver-
sion of the COOH group into its corresponding peracid resulted,
as expected,2 in a shift of the band for the carbonyl group to
higher frequencies (1760 cm21) and a spectrum consistent with
that found for peracetic acid.10 Interestingly, DRIFT also shows
that the supported peroxyacid is converted into its parent acid
during the epoxidation process (and neutralisation of the
unreacted groups by reductive titration). This indicates that
recycling is in principle possible.

Tables 1 and 2 show that the new COOOH-silicas were
capable of epoxidising cis-cyclooctene and cyclohexene with
high to excellent selectivities. In neither of the cases could by-
products be detected by GC. Table 2 also shows that by giving
spent COOOH-silica 2 another treatment with hydrogen
peroxide/methanesulfonic acid, we managed to fully recycle the
former number of peroxy groups, resulting in a silica which was
still capable of epoxidising cyclohexene. Comparison of the
oxygen transfer efficiencies of the silica materials with known
polymer systems shows that the silica materials were much
more effective in their transfer of oxygen to cis-cyclooctene.
For example, Harrison and Hodge found for their polymer-
supported peroxyacid (loading 3.5–4.0 mmol g21) a maximum

efficiency of 48% only.6 Despite the fact that we used an excess
of alkene in our epoxidation experiments, the peroxy oxygens
were not fully transferred to the substrate. Although decomposi-
tion of the supported peroxyacids may be responsible for the
loss of oxygens (reminiscent of epoxidation with conventional
peroxyacids2), we found in the case of 1, by reductive titration
of spent material, that the ‘missing oxygens’ could mainly be
attributed to unreacted peroxyacid groups, indicating the
presence of groups inaccessible to the alkene.

The new peroxyacid reagents have several important charac-
teristics including loadings and activities which approach those
found for conventional homogeneous peroxyacids (e.g. 70%
MCPBA ≈ 4 mmol g21). Also, these materials appear to be
stable under anhydrous conditions at room temperature (no loss
in activity on drying and on storing the dry material over at least
24 h). We are currently optimising the performance of above
mentioned supported peroxyacids. For this purpose, the effect
of solvent and temperature will be studied in detail. Preliminary
results show that epoxidation of a range of alkenes can be
achieved using the new solid peroxyacid, that these materials
are also effective in benign solvents such as EtOAc and that the
oxygen transfer efficiencies can be further enhanced by fine-
tuning of the silica synthesis and porosity.

We are grateful to the European Commission for a TMR
Marie Curie Grant (to J. A. E.), to the Royal Academy of
Engineering/EPSRC for a Clean Technology Fellowship (to
J. H. C.) and the Royal Society for a University Research
Fellowship (to D. J. M.).
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Table 2 Reagent recyclability in the epoxidation of cyclohexene with COOOH-silica 2

Cycle
Number
peroxyacids/mmol g21 Conversion (%) Selectivity (%)

Efficiency of
oxygen transfer (%)

0 2.95 57 77 81
1a 2.97 55 77 76

a The spent reagent of cycle 0 was removed by filtration, washed with CHCl3, dried and subsequently regenerated. The amounts of reactant used in the
regeneration process and epoxidation were adapted to the amount of spent reagent which remained after its recovery.

Fig. 1 DRIFT spectra of silica-supported peroxyacid 1 and its precursors:
(a) CN-silica, (b) COOH-silica, (c) COOOH-silica 1 and (d) spent
COOOH-silica.
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a-Carbonyl radical cyclization approach toward spiro[4.4]nonene: total
synthesis of dimethyl gloiosiphone A
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The total synthesis of dimethyl gloiosiphone A 2 was
achieved via an a-carbonyl radical spirocyclization.

Gloiosiphone A 1 and its dimethyl derivative 2 were isolated
from red marine algae Gloiosiphonia verticillaris.1 Crude lipid
collections of Gloiosiphonia verticillaris were found to exhibit
profound antimicrobial activity against several Staphylococcus,

Bacillus and Salmonella species. Since the causative agent 1
was not stable enough for isolation, the crude collections were
treated with CH2N2 to furnish the more stable dimethyl
derivative 2.

Compounds 1 and 2 comprise a new structural class featuring
a highly oxygenated spiro[4.4]nonene system. Due to their
potential antimicrobial activity and novel molecular skeleton,
these compounds are challenging synthetic targets. The first
total synthesis of dimethyl gloiosiphone A 2 has been achieved
recently by Paquette’s group.2 As an extension of our work on
the a-carbonyl radical cyclization reaction,3 we report herein
the total synthesis of 2 using an a-carbonyl radical cyclization
as the key step. The retrosynthetic analysis is outlined in
Scheme 1. The spirononene structure in 2 could be produced by
an a-carbonyl radical cyclization followed by appropriate
oxidation (4?3). The radical precursor iodo ketone 4 would be
generated according to our method4 from 5, which in turn could
be prepared from cyclopentanone 6 according to Yamashita’s
procedure.5

Treatment of cyclopentanone 6 with N,N-dimethylhydrazine
in the presence of TFA as catalyst furnished hydrazone 7
(Scheme 2). Deprotonation of 7 with BunLi at 0 °C followed by
alkylation with 5-iodopent-1-yne and hydrolysis yielded the
required ketone 5. Ketone 5 was sequentially treated with
HMDS/TMSI and NaI/MCPBA in THF to afford iodo ketone 4.

Treatment of 4 with Bu3SnH under standard conditions
furnished the required spirocyclic compound 8 in 50% yield. To
improve the yield, an atom transfer radical reaction was
adopted.6 Thus, irradiation of a benzene solution of ketone 4 at
reflux with a sun lamp in the presence of (Bu3Sn)2 (0.1 equiv.)
followed by reduction of the resulting vinyl iodide with Bu3SnH
(1.05 equiv.) using AIBN as initiator furnished spiro compound
8 in 87% overall yield.

We then focused our attention on the introduction of enol
ether moieties into 8. First, iodo ketone 9 was generated from 8
by the same method used for the transformation of 5?4
(Scheme 3).3 The iodo ketone 9 was then converted into
unsaturated ketone 10 via a modified version of Sato’s method.7
Accordingly, 9 was oxidized with DMSO at 70 °C followed by
addition of I2 (1 equiv.) to provide 10.

Compound 10 was subsequently methylated with NaH and
MeI to give methoxy iodo enone 11. Nucleophilic displacement
of iodide in 11 with NaOMe then furnished dimethoxy enone
3.

Allylic oxidation of 3 with SeO2 gave diketone 12 (60%)
(Scheme 4). Treatment of 12 with a catalytic amount of OsO4
with NMO as the co-oxidant gave dihydroxy ketone 13. Finally,
selective methylation of the primary alcohol with dimethyl
sulfate in presence of excess K2CO3 (10 equiv.) affordedScheme 1

Scheme 2 Reagents and conditions: i, H2NNMe2, 90%; ii, BunLi, 0 °C,
5-iodopent-1-yne, then 10% HCl, 1 h, 80%; iii, HMDS, TMSI, CH2Cl2, then
NaI, MCPBA, THF, 82%; iv, (Bu3Sn)2 (0.1 equiv.), sun lamp, C6H6, 1.5 h,
then Bu3SnH (1.05 equiv.), AIBN, C6H6, 87%.

Scheme 3 Reagents and conditions: i, HMDS, TMSI, CH2Cl2, then NaI,
MCPBA, THF, 82%; ii, DMSO, I2, 86%; iii, NaH, MeI, DMF, 95%; iv,
NaOMe (10 equiv.), MeOH, 92%.
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dimethyl gloiosiphone A 2. All spectral data for 2 are in good
agreement with those reported in the literature.1,2

In summary, a total synthesis of dimethyl gloiosiphone A 2
has been accomplished in a stereoselective manner in which an
a-carbonyl radical cyclization reaction was employed to
facilitate the construction of the key spiro[4.4]nonene skeleton.
Application of this versatile a-carbonyl radical cyclization
methodology toward the total synthesis of more complex
natural products is under current investigation.

We thank the National Science Council of the Republic of
China for financial support (NSC87-2113-M-007-043).
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Scheme 4 Reagents and conditions: i, SeO2, dioxane, reflux, 60%; ii, OsO4,
NMO, ButOH, THF, H2O, 87%; iii, K2CO3 (10 equiv.), Me2SO4, 75%.
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Molecular design of thermotropic liquid crystalline polyhydroxy amphiphiles
exhibiting columnar and cubic mesophases of the normal type
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The phase sequence Colh1–CubV1–SA–Colh2–CubI2, which
represents a major part of the theoretical lyotropic phase
diagram of detergent solvent systems, was realized for the
first time in a binary mixture of two thermotropic amphi-
philic liquid crystals without any solvent.

The molecular self-organization of amphiphilic molecules in
aqueous systems with formation of micelles and lyotropic
mesophases is a well known phenomenon.1 Different types of
lyomesophases can be detected depending on the amphiphile
structure,2 the concentration and the temperature. Beside the
layer-like lamellar phase (La, smectic A: SA) other mesophases
consisting of curved aggregates occur. Cylindrical aggregates
organize into hexagonal columnar phases (H, Colh) and
globular or non-globular spheroids can build cubic mesophases
(discontinuous cubic phases, CubI). Another type of cubic
mesophase consisting of two mutually interwoven networks of
branched cylinders (bicontinuous cubic mesophases, CubV)
occurs at the transitions between smectic and columnar phases.
For each of the non-lamellar mesophases two different types are
possible. Normal phases (type 1) have the stronger cohesive
forces located in the continuum surrounding the aggregates. In
the reversed (or inverse) phases (type 2) they are located inside
the aggregates.

Many amphiphilic molecules can form not only lyotropic
phases in aqueous systems, but also thermotropic mesophases
as pure materials.3 In particular, amphiphilic polyhydroxy
compounds3 and carbohydrate derivatives can have a wide
variety of different thermotropic mesophases.4 The formation of
large dynamic hydrogen bonding networks between the hy-
droxy groups and the micro-segregation of the hydrophilic and
the lipophilic parts of the individual molecules into separate
regions are important driving forces for their self-organization.
The kind of mesophase formed depends on the temperature and
the chemical structure of the amphiphiles. Double chain
compounds usually form columnar mesophases (Colh2) or
bicontinuous cubic mesophases (CubV2). Amphiphiles with
three long aliphatic chains, such as 1 (see Fig. 1), can form
micellar cubic mesophases built up from spheroidic closed
micelles (CubI2).5,6 Because the stronger cohesive forces
(hydrogen bonding) are located inside the aggregates sur-
rounded by the flexible alkyl chains the thermomesophases of
these molecules are similar to the reversed lyotropic meso-
phases of detergent solvent systems. Interestingly, most non-
lamellar thermomesophases of pure amphiphiles belong to the
reversed type.† In particular, the concept of taper-shaped
molecules7 is based on this type of molecular organization.

Therefore we set out to design novel amphiphilic poly-
hydroxy compounds which can organize to thermotropic
mesophases which represent analogues of normal lyotropic
systems. Their aggregates should consist of micro-segregated
lipophilic cores surrounded by polar shell regions providing
cohesive forces via dynamic hydrogen bonding. To achieve this,
we have synthesized the amphiphilic molecule 2‡ consisting of
two large hydrophilic polyhydroxy units and a single lipophilic
chain connected via an aromatic linking unit (2, Fig. 1).

Compound 2 was studied by polarizing microscopy and X-
ray diffraction. On heating, the material melts at 78 °C into a
birefringend mesophase with a non-specific texture. This
mesophase turns into the isotropic liquid state at 212 °C. On
cooling from the isotropic melt the formation of a spherulitic
texture can be observed at the same temperature. Immediately
after its occurrence optically isotropic domains appear and
rapidly coalesce to a highly viscous optically isotropic phase.
On further cooling a mosaic-like texture occurs at 202 °C. On
re-heating this texture remains without changes up to the
isotropization temperature at 212 °C. The X-ray diffraction
pattern of this birefringent phase is characterized by three sharp
reflexes in the small angle region and a diffuse scattering in the
wide angle region. The ratio of the positions of the small angle
reflections is 1:31/2:2, proving a hexagonal two-dimensional
lattice with a hexagonal lattice parameter of ahex = 4.66 nm at
T = 80 °C and ahex = 4.49 nm at T = 180 °C (hexagonal
columnar mesophase). The diameter of the columns (ca. 4.5
nm) is in good agreement with a radial arrangement of the
molecules (L = 3.0 nm in their most extended conformation) in
cylinders with the fluid alkyl chains assembled in their centers.
The number of molecules which should be arranged on average
in the cross-section of a 0.45 nm thick slice of the columns is
about 8.§

Fig. 1 Thermotropic phase transitions of 1 and 2. The transition
temperatures of 2 from the Colh1 phase to the CubV1 phase depend on the
cooling rate. Abbreviations: Cr = crystalline solid; Colh1 = normal
hexagonal columnar phase,; CubV1 = normal bicontinuous cubic phase;
CubI2 = reversed discontinuous cubic mesophase; Iso = isotropic liquid
state.
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The optically isotropic mesophase should be a cubic
mesophase as indicated by the optical isotropy, the high
viscosity and the cornered phase boundaries which occurring
during its growth. Proof of this using X-ray scattering was not
possible because of the high temperatures required. Remarkably
the cubic mesophase is only formed on cooling the sample from
the isotropic liquid state after passing the small range of a
columnar mesophase. It seems that the cubic phase is the
thermodynamical stable phase in the temperature range between
202 and 212 °C, however the formation of this three-
dimensionally ordered mesophase is hindered for kinetic
reasons, and its formation from the columnar phase is more
strongly hindered in the heating cycles.¶

The normal type of the mesophases of 2 was proven by means
of miscibility experiments.5b,d The phase diagram of 2 with the
triple chain amphiphile 15b is shown in Fig. 2. In the contact
regions of the hexagonal columnar mesophase of 2 with the
reversed micellar cubic phase (CubI2) of 1, the columnar phase
of 2 is lost and is completely replaced by the cubic mesophase.
In a concentration range between X1 = 0.1 and 0.4 a broad
region of a smectic A layer structure is found. The stability of
this mesophase is significantly higher than those of the
mesophases of the pure compounds. Upon a further increase of
the content of 1 a second columnar mesophase is induced.
Because the interface curvature changes continuously from left
to right, the induced columnar phase which is intermediate
between the SA and the reversed micellar CubI2 phase should be
a reversed columnar phase (Cohh2). Thus, in the contact region
between 2 and 1, five different mesophases can be observed:∑
Colh1–CubV1–SA–Colh2–CubI2. This sequence represents a
major part of the theoretical lyotropic phase diagram of
detergent solvent systems, which was realized for the first time
in a binary system of two different amphiphiles in the absence
of any solvent and is a proof of the normal type of the
mesophases of 2. Thus, with exception of normal cubic
mesophases consisting of spheroidic closed micelles (CubI1) all

the main mesophase types found in lyotropic systems were
successfully realized as their thermotropic closed analogues.∑

This work was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie.
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= molecular mass, h = 0.45 nm (diffuse scattering in the wide angle region
of the X-ray pattern).
¶ No prolonged heating is possible at these temperatures due to
decomposition.
∑ As in other binary mixtures of amphiphilic polyhydroxy compounds [ref.
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9 V. Vill, Habilitationsschrift, Hamburg, 1997, p. 35.

Communication 8/08271E

Fig. 2 Phase diagram of the binary system 1/2. The transition tem-
peratures observed in the heating scans (polarizing microscopy) are shown.
In the cooling scans a CubV1/Colhl dimorphism is found for the pure
compound 2 (Fig. 1) and the CubV1–Colh1 transition is shifted to lower
temperatures and lower concentrations of 1. A Ia3d cubic lattice is shown as
an example for the bicontinuous CubV1 phase (the cylinders are filled with
the alkyl chains). The CubI2 phase is described in ref. 5(c),(d). Abbrevia-
tions: SA = smectic A phase, Colh2 = reversed hexagonal columnar phase.
Other abbreviations, see Fig 1.
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A formal synthesis of both atropenantiomers of desertorin C
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Asymmetric synthesis of both enantiomers of 1,1A-(2A,4-
dihydroxy-6,6A-dimethoxy-2,4A-dimethylbiphenyl-3,3A-diyl)-
bisethanone allows the formal synthesis of both enantiomers
of   4,4A,7,7A-tetramethoxy-5,5A-dimethyl-6,8A- bicoumarin
(desertorin C).

The desertorins A 1, B 2 and C 3 are a family of unsymmetrical
coumarin dimers of fungal origin which are optically active on
account of restricted rotation about their stereogenic axes.1

Methylation of both desertorins A and B provides desertorin C
which on base hydrolysis yields the diketone 5.1 We have
previously synthesized desertorin C in racemic form using the
(±)-diketone 5 as the key intermediate.2 Subsequently the
absolute configuration of the desertorins was established as R
by an X-ray crystal structure determination of the bis-
bromobenzoate 4.3 We now describe a synthetic approach to
both enantiomers of desertorin C.

O-Methylorcinol 6 (Scheme 1) was protected as its tetra-
hydropyranyl ether 7 which on lithiation and subsequent
treatment with 1,2-dibromotetrafluoroethane and acidic work-
up gave the bromophenol 8,4 mp 71–72 °C, in 60% overall
yield. Mitsunobu reaction (Scheme 2) between this bromo-

Scheme 2 Reagents and conditions: i, TBDMSCl, imidazole, DMF, 25 °C, 15 h, 76%; ii, 8, Bu3P, DEAD, THF, 25 °C, 24 h; iii, Bu4NF, THF, 25 °C, 1 h;
iv, 13, Bu3P, DEAD, THF, 25 °C, 48 h; v, BuLi, Ar,THF, 278 °C, 1 h; vi, CuCN, TMEDA, 278 to 240 °C, 15 min; vii, O2, 278 °C, 3 h; viii, H2, Pd/C,
EtAc, 94%; ix, TsCl, C5H5N, 0 °C, 7 h, 78%; x, NaI, Me2CO, reflux, 5 h, 91%; xi, Zn, EtOH, reflux, 1 h, 80%; xii, PriBr, K2CO3, DMF, 45 °C, 48 h, 68%;
xiii, TFAA, AcOH, CH2Cl2, 25 °C, 7h, 69%; xiv, BCl3, CH2Cl2, 0 °C, 2 h; xv, MeI, K2CO3, DMF, 40 °C, 15 h.

Scheme 1 Reagents and conditions: i, TsOH, dihydropyran, THF, 0 °C, 20
h; ii, BuLi, Ar, THF, TMEDA, 25 °C, 4 h; iii, BrCF2CF2Br, 25 °C, 1 h; iv,
H+, H2O.
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phenol 8 and the mono(tert-butyldimethylsilyl)ether 10 of
1,4-di-O-benzyl-L-threitol 95 gave the ether 11 (68%) which on
deprotection afforded the alcohol 12 (90%). This alcohol was
caused to react in another Mitsunobu reaction with the
bromophenol 13.6 The resultant D-threitol derivative 14, mp
54–56 °C (45%), was subjected sequentially to lithiation,
copper(I) cyanide and dry oxygen after the manner of Lipschutz
et al.,7 which gave the cyclized product 15 (40%). Deprotection
was achieved by hydrogenolytic debenzylation and tosylation
of the resultant diol 16. The tosylate 17 was converted into the
iodide 18, mp 155–157 °C, which on reductive elimination with
activated zinc supplied the diol 19, mp 134–136 °C, [a]D

20227
(c 0.67, CHCl3).

In order for the intramolecular coupling 14?15 to occur the
aryloxy substituents in the intermediate higher order cyano-
cuprate7 are predicted to adopt, on account of the anomeric
effect, the gauche conformation depicted in Fig. 1. Hence the
axial configuration of the intermediate cyclic compound 15 is S
and that of the diol 19 is R. The diol appeared to be
enantiomerically pure since it was not resolved on HPLC on two
chiral columns8 nor did the 1H and 19F NMR spectra of the
derived Mosher diester show the presence of the other
enantiomer even in the presence of a lanthanide shift reagent.
The CD spectrum (MeCN) of the derived dibenzoate 21 showed
exciton splitting centred at l 226 nm with a positive first Cotton
effect (l 237 nm, De 24.3) and a negative second effect (l 215
nm, De 29.0) in keeping with the R configuration of the diol
19.9

Since O-methylorcinol 6 undergoes C-monoacetylation at
both positions ortho to the hydroxy group, the diol 19 was
isopropylated and the resultant ether 20 was acetylated with
AcOH and TFAA, which supplied an inseparable mixture of the

diketones 22 and 23. Selective dealkylation of this mixture with
BCl3 yielded the tetrol 24 (30%), mp 198–200 °C, [a]D

20 32.8
(c 0.86, Me2CO), dOH(CDCl3) 8.46, 8.54, 11.80 and 13.42, and
the triol 25 (35%), mp 120 °C decomp., [a]D

20 261.0 (c 1.05,
Me2CO), dOH(CDCl3) 8.36, 11.87 and 12.45. Methylation and
selective demethylation of the tetrol 24 gave the (S)-diketone 5
(69%), mp 147–149 °C (lit.,1 149–150 °C), [a]D

20 34.0 (c 0.94,
Me2CO),10 which had previously been obtained by basic
hydrolysis of desertorin C.1 The (R)-diketone 26 (82%), mp
145–146 °C, [a]D

20 253.0 (c 0.80, Me2CO),11 was obtained in
a similar fashion from the triol 25. Since the racemic diketone
has been converted into desertorin C this constitutes a formal
synthesis of both of the enantiomers of this metabolite.

Both the synthetic diketone 5 and the degradation product 5
appear to have undergone some racemisation, the former
presumably at the tetrol stage, and the latter under the harsh
conditions of the hydrolysis.

Notes and references
1 K. Nozawa, H. Seyea, S. Nakajima, S. Udagawa and K. Kawai, J. Chem.

Soc., Perkin Trans. 1, 1987, 1735.
2 M. A. Rizzacasa and M. V. Sargent, J. Chem. Soc., Perkin Trans. 1,

1988, 2425.
3 K. Kawai, M. Shiro and K. Nozawa, J. Chem. Res., 1995, 701.
4 G. I. Feutrill and R. N. Mirrington, Aust. J. Chem., 1972, 25, 1719.
5 E. A. Mash, K. A. Nelson, E. V. Densen and S. B. Hemperly, Org.

Synth., 1993, Coll. Vol. VIII, 155.
6 J. R. Cannon, T. M. Cresp, B. W. Metcalf, M. V. Sargent, G.

Vinciguerra and J. A. Elix, J. Chem. Soc. (C), 1971, 3495.
7 B. H. Lipschutz, F. Kayser and Z.-P. Lui, Angew. Chem., Int. Ed. Engl.,

1994, 33, 1842.
8 Pirkle type 1A and Chiralpak OT (+).
9 N. Harada and K. Nakanishi, Circular Dichroic Spectroscopy: Exciton

Coupling in Organic Spectrochemistry, University Science Books, Mill
Valley, 1983.

10 CD spectra: Degradation product l(MeOH)/nm 227 and 270 (De 7.7
and 26.5). Synthetic product l(MeCN)/nm 196, 216, 231, 275, 296 and
340 (De 10.4, 231.8, 18.3, 29.0, 3.8 and 1.9). The racemic diketone
was not resolved on HPLC nor was its 1H NMR spectrum resolved in the
presence of (S)-1-(anthracen-9-yl)-2,2,2-trifluoroethanol.

11 CD spectrum: l(MeCN)/nm 196, 216, 230, 276, 295 and 335 (De
219.8, 52.7, 233.5, 14.7, 27.5 and 25.2).
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Fig. 1 Newman projection along the 2,3-bond of the D-threitol 14 in the
conformation for the coupling reaction leading to 15.
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Electrophilic interaction of iodine with N-alkyl-1,4-dihy-
dropyridines 1 in the presence of secondary amines ster-
eoselectively leads to the corresponding trans-2,3-diamino-
1,2,3,4-tetrahydropyridines 2 in satisfactory yields
(79–94%); the method allows the synthesis of piperidine,
pyrrolidine, morpholine and piperazine derivatives.

Continuing our research on the development of new transforma-
tions of 1,4-dihydropyridines,1 we have recently described
some ‘non-biomimetic’ oxidations of these compounds, in
which the normal production of the corresponding pyridinium
salt is avoided.2–4 As a consequence, several unusual trans-
formations of these heterocyclic systems have emerged as
useful synthetic tools. For instance, the oxidative addition of
halonium ions (N-halosuccinimide or related alkoxyhalogen-
ations) was investigated, and the method was successful for the
preparation of 2-substituted 3-halo-1,2,3,4-tetrahydropyridines,
which, in turn, may be considered as valuable synthetic
intermediates.3 In these reactions, we observed the formation of
some byproducts, arising from the nucleophilic trapping of the
iminium ion produced in the interaction of the enamine moiety
with the halogenating agent. We reasoned that the use of
nitrogenated species in these processes would result in the
formation of interesting tetrahydropyridines bearing amino
substituents at positions 2 and 3 (Scheme 1).5

The use of amines as nucleophiles in this type of transforma-
tion is normally avoided,6,7 because of the easy oxidation of the
nitrogen atom or its coordination with the electrophile. We felt,
however, that this process could be dramatically reduced due to
the high reactivity of the enamine moiety present in dihydropyr-
idines 1, which may rapidly attack the halogen to form a 3-halo-
3,4-dihydropyridinium ion. In good agreement with our ex-
pectations, when dihydropyridine 1a8 was treated in THF
solution with iodine (3.5 equiv.) in the presence of an excess of
pyrrolidine, the 2,3-diaminotetrahydropyridine 2a† was stereo-
selectively formed in 87% yield (Scheme 2 and Table 1).‡ The
stereochemistry of the addition was ascertained by NMR
methods (including homo- and hetero-correlation techniques).
The small H2–H3 coupling constant observed suggests a trans
relationship between the two pyrrolidine groups and a major
conformation in which these substituents are axial (it should be
noted that in a tetrahydropyridine ring such a substitution
pattern displays no serious 1,3-diaxial interactions).

The formation of 2a§ could be rationalized by considering
the initial formation of a trans-2-amino-3-iodotetrahydropyr-
idine, which would undergo an internal nucleophilic substitu-
tion reaction followed by a stereoselective ring opening of the
resulting aziridinium ion promoted by a second equivalent of
the secondary amine.9

The reaction seems to be quite general, and works well with
different alkyl groups at the dihydropyridine nitrogen (methyl

and benzyl) and electron-withdrawing groups at the 3 position
(methoxycarbonyl and cyano). Several cyclic secondary
amines¶ were tested, including pyrrolidine, piperidine, morpho-
line and N-methylpiperazine, and the corresponding trans
vicinal diamines were isolated in good yields. It should be noted
that the diamination of olefins usually involves multistep
sequences and/or the use of expensive organometallic reagents.
The yields were slightly improved by adding solid Na2CO3 to
the reaction mixture, but efforts to reduce the amount of iodine
and/or secondary amine to stochiometric amounts resulted in
decreased yields, even after longer reaction times.

This remarkable process is also suitable for the formation of
cyclic adducts. Thus, when 1a was allowed to react with iodine
in the presence of N,NA-dimethylethylenediamine, the bicyclic
adduct 3 was obtained (80% yield) as a slightly unstable oil,
probably as a mixture of two isomers. Column chromatography
(SiO2, elution with CH2Cl2–EtOAc) allowed the purification of
the major component. The stereochemistry of the ring fusion in

Scheme 1

Scheme 2

Table 1 Vicinal diamination reactions from dihydropyridines 1

Entry Dihydropyridine Secondary amine Product Yield (%)

1 1a pyrrolidine 2a 87
2 1a piperidine 2b 90
3 1b pyrrolidine 2c 94
4 1b piperidine 2d 89
5 1b morpholine 2e 84
6 1c pyrrolidine 2f 79
7 1c 1-methylpiperazine 2g 86
8 1a MeNH(CH2)2NHMe 3 80
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the major isomer was determined to be cis,∑ as the coupling
constant between the ring fusion hydrogens is small (J < 1 Hz;
a trans-decalin type fusion would result in a much larger
coupling constant). This was confirmed by NOE and NOESY
experiments. The difference with respect to the previous acyclic
systems (where only trans products 2 were obtained) may
reflect the fact that, in the present case, the intramolecular
nucleophilic attack in the initially formed trans-2-amino-
3-iodotetrahydropyridine takes place faster from the remaining
secondary amino group to form the more stable 6-membered
ring. Alternatively, an aziridinium intermediate could undergo
ring-opening to give a 3-amino-3,4-dihydropyridinium cation,
which could be intramolecularly trapped by the remaining
secondary amino group.

The use of this methodology with enol ethers was tested next,
and when 3,4-dihydro-2H-pyran was treated with iodine and
pyrrolidine, an unstable compound was obtained (presumably
the corresponding 2,3-diaminotetrahydropyran), which decom-
posed during column chromatography to furnish the hemiacetal
4** (27%, non-optimized yield) as an anomeric mixture.10 It is
worth mentioning that cyclohexene failed to yield significant
amounts of the corresponding addition product11 on treatment
with iodine and pyrrolidine under the usual reaction conditions,
thus suggesting that only electron-rich olefins are good
substrates for this kind of oxidative additions.

In summary, we have described a new ‘non-biomimetic’
oxidation of 1,4-dihydropyridines that allows the vicinal
diamination of these substrates in an efficient and stereocon-
trolled manner.
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Notes and references
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‡ General procedure for oxidative diamination reactions. A solution of
iodine (3.5 mmol) in THF (50 ml) was added dropwise under N2 atmosphere
to a stirred suspension of dihydropyridine 1 (1 mmol), secondary amine (25
mmol), and Na2CO3 (95 mmol) in THF (50 ml) kept at 0 °C, and stirring was
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with EtOAc (3 3 75 ml). The combined organic extracts were washed with
aq. Na2S2O3 solution (100 ml, 0.5 M) and brine (100 ml), and dried
(Na2SO4). The solvent was removed under reduced pressure, and the

residue was purified by column chromatography (SiO2, elution with
CH2Cl2–EtOAc) to yield pure 2,3-diaminotetrahydropyridines.
§ Selected data for 2a: dH 7.39 (s, 1H, H-6), 3.66 (s, 3H, OCH3), 3.57 (br
s, 1H, H-2), 3.09 (s, 3H, NCH3), 2.59 (m, 10H), 2.30 (m, J 16.8, 4.4, 1.4, 1H,
H-4), 1.75 (m, 8H); dC 168.4 (CO), 144.9 (C-6), 93.1 (C-5), 78.0 (C-2), 58.4
(C-3), 51.8 (OCH3), 50.1, 50.0, 43.2 (NCH3), 22.9, 22.8, 20.5 (C-4).
¶ The use of primary amines (pentylamine, hexylamine, methylamine)
resulted in complex reaction mixtures, from which the desired products, as
well as the corresponding aziridines, were detected in trace amounts.
∑ Selected data for cis-3: dH 7.23 (s, 1H, H-6), 3.61 (s, 3H, OCH3), 3.13 (br
s, 1H, H-4a), 2.99 (s, 3H, NCH3), 2.86 (m, 1H, H-8a), 2.76 (m, 2H),
2.43–2.19 (m, 4H), 2.38 (s, 3H, NCH3), 2.22 (s, 3H, NCH3); dC 168.0 (CO),
144.3 (C-6), 94.4 (C-7), 78.6 (C-4a), 56.1 (C-8a), 50.6 (OCH3), 47.3, 42.2,
42.0, 41.9, 24.7 (C-8).
** Selected data for 4 (major anomer): dH 5.16 (d, J 3.3, 1H, H-2), 3.91 (m,
1H, H-6), 3.53 (m, 1H, H-6), 2.57 (m, 4H), 2.26 (m, 1H, H-3), 1.80–1.60 (m,
9H); dC (data for the major anomer) 91.4 (C-2), 64.1 (C-6), 58.9 (C-3), 50.9,
24.1 (C-5), 23.6, 23.0 (C-4). 
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Pyrazolylborate–zinc–thiolate complexes react under mild
conditions with methyl iodide, dimethylsulfate and trime-
thylsulfonium iodide, liberating the corresponding methyl
thioethers; the driving force for these reactions lies in the
high nucleophilicity of the zinc-bound thiolates and the low
donor quality of thioethers toward zinc.

Methylation of thiols is an essential biological process,1 being
required inter alia for the biosynthesis of methionine or during
DNA repair by the Ada protein. It is becoming evident that zinc
plays an important rôle in this process,2 being involved
catalytically in Ada,3 cobalamine independent methionine
synthase,4 or methanol–CoM–methyltransferase.5 A common
source of the methyl group is methyltetrahydrofolate, in the
form of a methylammonium cation. Frequently methylcobala-
mine is the methyl group transfer agent, but in the world of
plants which lacks vitamin B12 the methylating enzyme
catalyzes the direct alkyl transfer from the methyl source to the
thiol.

Model studies involving zinc complexes were published by
Walker and Lippard6 [reactions of Zn(SPh)4

22, LZn(SPh)3
2 or

L2Zn(SPh)2 with trimethyl phosphate] and by Darensbourg and
coworkers7 [reactions of a solvated tetradentate-N2S2 zinc
complex with iodomethane and dibromopropane]. In the former
case it was concluded that the thiolate dissociates from zinc
prior to alkylation, and in the latter case the intermediate
replacement of a thiolate ligand by a solvent molecule could not
be ruled out. We now present evidence for the intramolecular
alkylation of zinc bound thiolates and show how the ligand
environment of zinc as well as the nature of the thiolates and the
methylating agents affect the group transfer reactions.

Based on the proposal8 that in cobalamine independent
methionine synthase the reacting thiol homocysteine is acti-
vated as a protein–zinc–thiolate in a neutral or monoanionic
L3Zn–SR complex, we chose again substituted pyrazolylborates
Tp* to mimic the protein L3 environment, thereby ensuring that
the Tp*Zn thiolates are uncharged and that the zinc ion is
encapsulated by the 3-substituents of the Tp* ligands. Com-
plexes 1 and 2 were used as model compounds. Such complexes
form spontaneously from the corresponding Tp*Zn–OH com-
plexes (our ‘enzyme models’)9 and thiols at neutral pH,10 as
verified here for 1a and 1b. 2a and 2b, whose corresponding
TpMe,MeZn–OH complex is unstable, were prepared from
TpMe,MeZn–Cl and the sodium thiolates.†

All four complexes 1 and 2 reacted with methyl iodide in a
1:1 ratio in chloroform at room temperature according to
eqn. (1).‡ There can be no doubt that the methylations occur at

the zinc bound thiolates, the main pieces of evidence being the
non-polar reaction conditions and the fact that cationic
Tp*Zn•L complexes can exist only in the presence of very good
donor ligands and only in the absence of even weakly
coordinating anions.11 It was verified that the free thiols do not
react with methyl iodide under the given reaction conditions.
Furthermore, the intermediate existence of free thiolates was
deemed unlikely by an exchange experiment: replacement of
SEt2 in 1a by SCH2Ph2 to form 1b‡ is about 20 times slower
than methylation of SEt in 1a under the same conditions.
Preliminary kinetic data indicate that, as expected, the reactions
are bimolecular. Surprisingly, the reactions of 1a and 1b are
about ten times faster than those of 2a and 2b. This indicates
that the higher hydrophobicity around zinc in complexes 1 due
to encapsulation by the phenyl groups outweighs their lower
accessibility due to steric hindrance by the same phenyl groups
as a rate-determining factor. An important part of the driving
force for these reactions must be ascribed to the poor donor
quality of the resulting thioethers toward zinc. It is extremely
unlikely that they would form the above-mentioned cationic
Tp*Zn–L complexes, and we are actually not aware of any
structurally characterized zinc complex with a monodentate
thioether ligand.

Methylation reactions according to eqn. (1) were also
achieved with dimethylsulfate in chloroform.‡ Although dime-
thylsulfate is known to be a stronger methylating agent than
methyl iodide, it did not react faster here. This is further
evidence for the intramolecular nature of these methylations: in
a four-center Zn–S/C–X transition state of a bimolecular
reaction there is more driving force to proceed via a soft–soft
interaction (Zn–I) than via a soft–hard interaction (Zn–
OSO2OMe). In line with this the related Tp*Zn–OSO2Me
complexes11 were found to be difficult to handle. TpPh,MeZn–
OSO2OMe has so far been characterized only in solution, and
instead of TpMe,MeZn–OSO2OMe the complex (TpMe,Me)2Zn
was isolated, which is a known dismutation product of unstable
TpMe,MeZn–X complexes.12

In an attempt to apply more ‘natural’ methylating agents,
complex 1a was treated with trimethylsulfonium iodide as a
model for the biological methyl donor S-adenosyl methionine4

and with N-methylpyridinium iodide as a model for methyl-
tetrahydrofolate. These reactions required higher temperatures
and the more polar solvent acetonitrile for the ionic reagents. A
clean methylation was achieved with trimethylsulfonium io-
dide, leaving TpPh,MeZn–I. The N-methylpyridinium reagent
did not transfer a methyl group. When the more electrophilic
reagent 2-bromo-N-methylpyridinium iodide was used its
bromide substituent was replaced by the ethylthio group
according to eqn. (2). Thus the zinc bound thiolate of 1a is a
strong enough nucleophile to attack halopyridinium systems. In
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this case the remaining zinc species was a mixture of
TpPh,MeZn–Br and TpPh,MeZn–I.‡

The methylation reactions reported here are the closest
representations of their biological models yet, specifically of
cobalamine independent methionine synthase. The precursors
of the Tp*Zn thiolate complexes, the Tp*Zn hydroxide
complexes which exist at neutral pH and which may represent
the resting enzymes, incorporate the thiols spontaneously with
liberation of H2O, i.e. without pH effects. The thiolate
complexes react with neutral and ionic methylation reagents in
a sterically restricted situation reminiscent of that in the
enzymes. An important factor driving the reactions must be the
high nucleophilicity of the zinc bound thiolate groups, as we
previously found for the zinc bound hydroxide in analogous
Tp*Zn–OH complexes.9,13 Coupled with the low donor strength
of thioethers toward zinc, again analogous to the leaving
tendency of H2O from [Tp*Zn–OH2]+, this makes the methyla-
tion reactions facile and rapid.

At this stage of the investigation we see two challenges. One
concerns the choice of alkylating agents which should be closer
relatives of methyltetrahydrofolate or S-adenosyl methionine.
The other concerns the testing of a mechanistic implication of
the intramolecular alkylations by methyl iodide. A four-center
transition state Zn–O/E–O has been found likely for hydrolytic
cleavages of RnE(O)–X substrates by Tp*Zn–OH.14 If an
analogous Zn–S/C–I transition state is implied for the reactions
between Tp*Zn–SR and CH3–I, then this corresponds to front-
side attack of the nucleophile at the C-I unit which means
retention of configuration at carbon. A mechanistic investiga-
tion is indicated which should answer this question as well as
that of possible ionic intermediates of the methylation reactions.

This work was supported by the Deutsche Forschungsge-
meinschaft.
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The electrochemistry of tetramesityldisilene, Mes2SiNSiMes2
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The outcome of the controlled potential oxidation and
reduction of a disilene, tetramesityldisilene (TMDS), in-
dicates that the main silicon containing products involve
only one silicon atom and have the general structure
Mes2SiX(Y), X and Y being H, OH or F.

A great deal of progress has been made in disilene chemistry
since the isolation of the first stable disilene in 1981.1 Advances
in the chemistry of stable (and marginally stable) disilenes are
described in a recent review,2 and several other reviews
covering SiNSi double bonds have been published.3–6 The
disilenes are far more reactive than their alkene counterparts.
Even though the stable disilenes are sterically hindered, they are
remarkably reactive toward many electrophilic and nucleophilic
reagents, providing a complex and elaborate chemistry of the
SiNSi double bond.2–6

Information in the literature on the electrochemical behavior
of disilenes is very limited. To the best of our knowledge, the
only published work related to cyclic voltammetry measure-
ments.7 All tetraaryl- and dialkyldiaryl-disilenes investigated
exhibited one irreversible oxidation wave and one irreversible
reduction wave. The oxidation potentials were similar (0.4–0.5
V vs. SCE), indicating that the highest occupied molecular
orbital (HOMO) of each species lies at approximately the same
energy level. However, their reduction potentials were found to
be dependent on the substitution pattern, 22.0 to 22.2 V for
tetraaryldisilenes and about 22.6 V (vs. SCE) for dialkyldiar-
yldisilenes. These results indicate that the lowest unoccupied
molecular orbital (LUMO) of tetraaryldisilenes is lower in
energy than the LUMO of dialkyldiaryldisilenes,

The present communication reports for the first time results
of the controlled potential electrolysis of a disilene. Tetra-
mesityldisilene, Me2SiNSiMes2 (TMDS) was studied by both
anodic oxidation and cathodic reduction. The products obtained
upon electrochemical oxidation of TMDS in MeCN using
Bu4NPF6 as the supporting electrolyte are shown in Fig. 1.
Interestingly, all of the detected products contain only one
silicon atom. It seems that the anodic process invovles the
cleavage of both the p and s bonds. This behavior is remarkably
different from what has been observed by chemical oxidation.

For example, reactions of disilenes with the single-oxygen
transfer agents N2O or azoxybenzene8 give three-membered

rings of type I. Disilenes react with oxygen8,9 of the air to give
compounds I and/or 1,2-disiladioxetanes II; the latter undergo
rearrangement to cyclodisiloxanes III in a subsequent step.10

Upon comparing the results described in Table 1, column A (in
THF) with those in column B (in MeCN), in both cases, the
same six products were formed (1–6), but the ratio of products
which contain fluorine atoms (1–3) to those without fluorine
atoms (4–6) is higher in MeCN. When the electrolyte was
changed from Bu4NPF6–MeCN (column B) to Et4NBF4–
MeCN (column C), only five products were obtained (1–5), the
fluorinated ones becoming even more predominant. In Bu4-
NClO4–MeCN solution (column D), the reaction became more
selective to yield three products only, 4–6. Upon changing the
Pt anode material (column C) to glassy carbon (column E),
leavng all other conditions the same, the reaction became
somewhat less selective and yielded more non-fluorinated
products at the expense of the fluorinated ones. Evidently, the
preferred products in THF or in the presence of ClO4

2 are 5 and
6, whereas 3 is favored in the presence of BF4

2. The above
results indicate that solvent, electrolyte and anode material all
play a role in the product outcome upon electrochemical
oxidation of tetramesityldisilene.

Table 1 Product distribution from electrochemical oxidation of TMDS11

Yield (%)a

Product A B C D E Mass spectrum (EI) (m/z)

1 5 21 27 — 11 304(M+), 289(100%), 184, 120
2 6 26 11 — 13 286(M+), 271, 166, 120(100%)
3 15 17 40 — 36 302(M+), 287, 182, 120(100%)
4 13 17 5 13 11 268(M+), 253, 148(100%), 120
5 25 13 15 26 19 284(M+), 269, 164, 120(100%)
6 36 6 — 52 10 300(M+), 285, 180(100%), 120

a Yields reported are relative and estimated by GLC. A, Electrolyte solution 0.1 mol l21 Bu4NPF6–THF; working electrode: Pt. B, Electrolyte solution: 0.1
mol l21 Bu4NPF6–MeCN; working electrode: Pt. C, Electrolyte solution: 0.1 mol l21 Et4NBF4–MeCN; working electrode: Pt. D, Electrolyte solution: 0.1
mol l21 Bu4NClO4–MeCN; working electrode: Pt. E, Electrolyte solution: 0.1 mol l21 Et4NBF4–MeCN; working electrode: glassy carbon.

Fig. 1 Molecular structures of products obtained by anodic oxidation of
TMDS.
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A plausible mechanism which accounts for the formation of
all products in the electrochemical oxidation process is outlined
in the over simplified Scheme 1. The initially formed unstable
radical cation from TMDS is a highly reactive species and could
undergo a number of different reactions, i.e. reactions with
nucleophiles, abstraction of hydrogen atoms, cleavage, etc. For
example, the direct cleavage may lead to a radical cation A and
silylene G. The radical cation A may undergo an attack by PF6

2

(BF4
2 or HO2) anion to form the radical B, or abstract a

hydrogen atom (from solvent or electrolyte) to generate a
silylenium cation C, followed by a chemical reaction with a
nucleophile to yield D (products 2 and 5). Intermediate B could
undergo further anodic oxidation to the cation E, or abstract a
hydrogen atom from its surroundings to generate D. Cation E
may react with PF6

2 (BF4
2 or HO2) anion to form F (products

1, 3 and 6). It is noteworthy that the formation of some of the
products outlined in Fig. 1, as well as 4, could also originate
from silylene G.

Results of the controlled potential electrochemical reduc-
tion12 of TMDS in both THF and acetonitrile are shown in
Scheme 2. A major product found was mesitylene. As in the
anodic process, the silicon products (except for compound 8)
contain only one silicon atom, probably due to fragmentation of
the initial electrochemically generated anion radical. The same
four products (1, 2, 7 and 8) were obtained both in THF and
MeCN. However, an additional product, 4, was detected in
THF.

Surprisingly, some of the products (1, 2 and 4) observed by
the electrochemical reduction process are identical to those
obtained by the anodic oxidation. Therefore, it is reasonable to
suggest that these products could stem from the same inter-
mediate, which might be generated in both types of reactions.
Attempts to trap such intermediate and characterize its nature
are underway,

The electrochemical reduction of TMDS in MeCN–Bu4-
NClO4 (0.1 mol l21) solution was also attempted. The GLC
chromatogram indicated the formation of a very complex
mixture of products ( > 20 peaks!), which has yet to be analysed,
among which Mes2SiH2 and Mes2Si(H)(OH) could be de-
tected.

The authors are thankful to the Israel Science Foundation for
supporting this research through a grant.
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Scheme 1 Mechanism for the electrochemical oxidation of TMDS.

Scheme 2 Results of cathodic reduction of TMDS.
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Spectroscopic studies of the reaction of [Os3(CO)11MeCN)]
with para-thiocresol to form [Os3(m-H)(CO)10(m-SC6H4Me-
p)] indicate that the reaction proceeds via a two-step
consecutive process involving the intermediate [Os3(CO)11-
(MeC6H4SH-p)], in which there is an agostic Os–H–S
interaction.

Hydrodesulfurization (HDS) processes are used to remove
sulfur from organosulfur compounds in fossil fuels.1 These
catalytic processes are subject to intensive investigation
because of the widespread use of HDS and its economic and
environmental importance. Although structures of the active
components of HDS catalysts have been proposed,1 the exact
nature of the interaction between sulfur-containing hydro-
carbons and the catalyst(s), and the mechanism of the catalytic
reaction(s), have not been elucidated.

Friend et al.2 have studied the adsorption and desulfurization
of thiols on Mo(110) surfaces. The cleavage of the sulfur–
hydrogen bond to form a metal-bound thiolate has been found to
be rapid whereas the cleavage of the carbon–sulfur bond
appears to be the rate-limiting step. Several metal complexes
containing sulfur ligands have been synthesized as both
structural and functional models for HDS processes.3 We are
currently studying whether it is possible to monitor the initial
coordination of thiols to polynuclear metal complexes and to
relate these phenomena to HDS processes.4 Here we wish to
describe how the reaction between [Os3(CO)11(MeCN)] 1 and
para-thiocresol proceeds via the intermediate [Os3(CO)11-
(MeC6H4SH-p)] 2 to form the final product [Os3(m-
H)(CO)10(m-SC6H4Me-p)] 3. The intermediate (2) is proposed
to contain an agostic Os–H–S interaction; to our knowledge,
this is the first example of an agostic interaction involving a
thiol hydrogen.

Two resonances could be detected at high field when the
reaction of stoichiometric equivalents of 1 and para-thiocresol
was monitored by 1H NMR at ambient temperature. Fig. 1(a)
shows the variation of the intensities of the two signals with
time. There is a relatively rapid build-up of the resonance at d
24.81 followed by a slower decay of the intensity of this signal,
while there is a gradual build-up of the signal at higher field.
This implies that the resonance at lower field is due to an
intermediate which is gradually converted to the final product
with a resonance at d217.00. The high-field resonance may be
ascribed to the bridging hydride of the final product 3† by
comparison to previously known [Os3(m-H)(CO)10(m-SR)]
clusters.4,5 The shift of the second resonance occurs at lower
field than may be expected for a hydride coordinated to a
triosmium cluster;6 the signal is assigned to the thiol hydrogen
and it is suggested that the shift arises from an agostic
interaction of this hydrogen with one of the osmium atoms. The
T1 relaxation times for the two signals are similar, although not
identical, being 2.08 s for the intermediate 2 and 4.37 s for the
final species 3. Greater discrepancies in relaxation times for the
two signals have been observed for the same type of reaction
involving other thiols.7

It was possible to slow down the above reaction so that the
intermediate was the predominant species by mixing the
reactants and rapidly cooling the solution to 260 °C; at this
temperature, 2 was found to be stable for several hours. A 13C
NMR spectrum‡ of a carbon-13 enriched sample of 2 at 260 °C
showed that the intermediate possesses eleven carbonyls,
consistent with the proposed formula [Os3(CO)11(MeC6H4SH-
p)]. On the basis of the 13C–13C and 13C–1H coupling pattern,
several 13CO resonances have been assigned. Moreover, a 2D-
EXSY experiment showed that all CO ligands (except one at d
171.54) exchange pair-wise, suggesting the possible occurrence

Fig. 1(a) 1H NMR signal variations vs. time for compounds 2 and 3 in the reaction of 1 with RSH (ts = 236 s; RSH = para-thiocreosol; [1] = 0.012 M;
[RSH] = 0.053 M; [MeCN] = 0.054 M; solvent = CDCl3; T = 295.2 K). (b) Time dependence of the concentrations of the species 1–3.
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1  +  RSH [Os3(CO)11(RSH)]

2

kobs1

– MeCN

kobs2

– CO
3     (1)

of a sliding motion of the thiol moiety on the surface of the
cluster accompanied by two successive, one-step-only, merry-
go-round processes as depicted in Scheme 1. This exchange
process is reminiscent of that observed in the enantiomerization
of [Os3H(m-H)(CO)11].6 Further (indirect) evidence for an
agostic Os–H–S interaction could be derived from the reaction
of 1 with PhSeH which proceeds via an intermediate with a
characteristic 1H NMR resonance at d 25.4. This resonance
contains satellites due to 1H–77Se coupling and the value of the
coupling constant is unusually low (1JSeH = 38.1 Hz), which is
consistent with elongation of the Se–H bond.

The kinetics of the reaction of 1 with para-thiocresol were
measured by UV–VIS, IR and NMR spectroscopy. Two
consecutive reactions were observed in dichloromethane at
298.2 K. Analysis of the changes of the IR and 1H NMR spectra
during the course of the reaction showed that the processes
under study involve fast thiol addition to 1 and subsequent slow
cleavage of the S–H bond with concomitant dissociation of a
carbonyl ligand to yield the final product [eqn. (1)].

The first step could be observed by rapid-mixing UV–VIS
spectroscopy in the range 300–480 nm and the kinetics of the
two steps were studied spectrophotometrically at different
ligand concentrations under pseudo-first-order conditions. The
observed rate constants, kobs1 = (1.52 ± 0.1) 3 1022 s21 and
kobs2 = (1.09 ± 0.08) 3 1023 s21, were found to be independent
of ligand concentration. On the other hand, studies carried out in
the presence of different concentrations of free acetonitrile
indicated consecutive processes. Immediately after mixing the
reactants, the 1H NMR spectra showed the presence of
resonances belonging to the starting cluster 1, the intermediate
2 and the final product 3. The concentrations of the three species
were evaluated from the integrals of the signals at d 2.72 for
CH3CN in 1 and of the agostic hydrogen (2) and hydride (3)
resonances [cf. Fig 1(a)]. The time dependence of the concentra-
tions for the three species is shown in Fig. 1(b).

The dissociative natures of the transition states for both steps
are confirmed by the fact that (i) both rate constants are
independent of ligand concentration, (ii) the activation parame-
ters§ obtained from the temperature dependence of kobs1 and
kobs2 [cf. eqn. (1)] are consistent with a dissociative process, and
(iii) in the first step, the displacement of the acetonitrile by the
sulfur donor ligands is retarded by the addition of the free
leaving group; a plot of the rate constants for the para-
thiocreosol at different acetonitrile concentrations shows sat-
uration, with a curvilinear dependence on the concentration of
the entering thiol. Scheme 2 shows the overall mechanism
proposed for these reactions. The first step is a reversible
dissociation of acetonitrile from 1, to give a labile and
coordinatively unsatured intermediate, ‘[Os3(CO)11]’, which

undergoes either acetonitrile addition to form the starting cluster
or thiol addition to form the intermediate [Os3(CO)11(RSH)] 2.
The latter loses carbon monoxide to form the final compound
[Os3(m-H)(CO)10(m-SC6H4Me-p)] 3.¶ The mechanism depicted
in Scheme 2 appears to be general. Thus far, similar kinetics and
the same type of intermediate have been detected for all thiols
that we have reacted with [Os3(CO)11(NCMe)], including
ethanethiol, ortho- and meta-thiocresol, 2-naphthalenethiol and
tert-butylthiol.7
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Scheme 1 Proposed fluxional mechanism for ligand exchange in the
intermediate [Os3(CO)11(MeC6H4SH-p)] 2. This mechanism is in agree-
ment with the following pairwise exchange for all carbonyls except k, which
stays in the same magnetic environment: aÔ f, bÔ d, cÔ g, eÔ i,
hÔ j.

Scheme 2 Proposed mechanism for the formation of [Os3(m-H)(CO)10(m-
SC6H4Me-p)] 3 via the intermediate [Os3(CO)11(MeC6H4SH-p)] 2.
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CsFeSiO4: a maximum iron content zeotype
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The alkali-metal iron silicate, CsFeSiO4, has been syn-
thesised, using a gel decomposition method followed by high
temperature annealing, and shown to adopt the zeolite ABW
structure constructed from alternating FeO4 and SiO4
tetrahedra surrounding caesium.

Substitution of iron into zeolitic frameworks using hydro-
thermal methods has been investigated by several groups1–5 but
with limited success due to the difficulty of attaining purely
tetrahedral Fe(iii) in an aqueous environment. Levels of
tetrahedral iron that can be incorporated into the framework,
replacing aluminium, are generally restricted to a few percent
and octahedral iron species often block the zeolite pores. The
main motivation behind substitution of transition metal centres
(particularly Fe, Co, Mn and Cr) into frameworks lies in the
attempt to build selective redox catalysts by utilising the
channels inherent within zeolite structures. A secondary idea is
the possibility of producing new pigments by incorporating
coloured species into frameworks rather than intercalating
coloured species into the channels within frameworks.6–9

Some complex tetrahedra based iron silcate materials have
been previously reported in the literature: KFeSiO4 exists in
three forms,10 a-KFeSiO4 is orthorhombic but of unknown
structure, b-KFeSiO4 adopts the stuffed tridymite structure and
g-KFeSiO4 has the kaliophilite structure. Studies into the K2O-
Fe2O3-SiO2 phase field11,12 have also shown the existence of
iron leucite, KFeSi2O6, and iron feldspar, KFeSi3O8, which
show analogous polymorphism with their corresponding alu-
minium compounds.

A polycrystalline sample of CsFeSiO4 was prepared as
follows. Stoichiometric quantities of LUDOX (40% by weight
SiO2 in water, Aldrich) and Fe(NO3)3·9H2O (99.9%, Aldrich)
were dissolved in 50 ml of 2M HNO3. A 1.5-fold excess of
CsCO3 (99.9%, BDH) was then added to the solution; excess
was added to compensate for the high volatility of caesium salts
at the intermediate temperatures used in the experimental
procedure. 100 ml ethanol was added under constant stirring
followed by 10 ml of .880 ammonia solution, added dropwise.

A brown spongy material was seen to precipitate from the
solution as the ammonia was added, which partially re-
dissolved on addition of further ammonia solution. The mixture
was heated to dryness over a period of 12 h. The resultant solid
was then partially decomposed in an alumina crucible at a
temperature of 250 °C for a further 12 h. The brown powder
obtained was thoroughly ground and heated for a further 16 h at
600 °C, then 850 °C and finally 1000 °C. After each heat
treatment a powder X-ray diffraction (PXD) pattern was
collected, using a D5000 Siemens diffractometer (Cu-Ka1
radiation) operating in reflection geometry. The annealing at
1000 °C was repeated until there was no observable change in
the powder diffraction pattern. The final product was found to
be mustard yellow in colour. Data, for Rietveld analysis using
the GSAS suite of programs,13 were obtained over 16 h for the
2q range 10–110° using a step size of 0.02°.

The initial PXD pattern collected from CsFeSiO4 after
annealing at 600 °C was found to contain no discernible Bragg
reflections. The PXD pattern collected after annealing at 850 °C
showed a new phase to be present, although the diffraction
pattern was very weak. Repeated annealing at 1000 °C gave a
crystalline material with sharp Bragg reflections, which were
indexed on an orthorhombic unit cell using the PC program
TREOR90.14 Comparison of the PXD pattern with that
simulated for a material adopting the zeolite ABW structure
with the calculated lattice parameters gave very good agree-
ment. No evidence of leucite or feldspar type impurities were
found in the pattern.

Full Rietveld analysis was then performed using the structure
of the known ABW material LiAlSiO4

15 as the starting model
but with iron on the aluminium position and caesium replacing
lithium. In this model the silicon and aluminium positions are
distinct, i.e. the framework is ordered with alternating tetra-
hedral ions in accordance with Loewenstein’s rule.16 The
framework was refined, subject to some hard and soft
constraints; these constraints are necessary due to the in-

Fig. 1 Final Rietveld refinement profile of CsFeSiO4. The observed data are
crosses, the calculated pattern a solid line, the tick marks show the allowed
reflections and the lower line is the difference plot; Rwp = 6.85%, Rp =
5.24%, Re = 5.63% and RF**2 = 13.52% for 355 observations.

Table 1 Atomic coordinates for CsFeSiO4

Ui/Ue

Atom Site x y z Occupancy 3100

Cs 4a 0.2021(4) 0.495(5) 0.5009(9) 1.013(10) 3.44(14)
Si 4a 0.082(5) 20.018(19) 0.193(3) 1.0 2.30(28)
Fe 4a 0.417(3) 20.021(13) 0.314(2) 1.0 2.30(28)
O1 4a 0.092(3) 0.007(13) 0.014(2) 1.0 4.8(6)
O2 4a 20.007(10) 20.246(9) 0.261(10) 1.0 4.8(6)
O3 4a 0.019(9) 0.232(10) 0.262(10) 1.0 4.8(6)
O4 4a 0.229(3) 20.077(8) 0.276(6) 1.0 4.8(6)

Table 2 Cell and space group information

CsFeSiO4

Space group Pc21n
a/Å 9.5858(4)
b/Å 5.5538(3)
c/Å 9.0476(4)
V/Å3 481.67(4)
Z 4
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sensitivity of the technique for a caesium containing material.
The thermal factors of the oxygen sites were constrained to be
identical, as were those of the silicon and iron sites. The Si–O
and Fe–O bond lengths were refined with a soft constraint
(standard deviation of 0.005 Å) at 1.625 and 1.825 Å
respectively. The refinement converged smoothly to give the
excellent final profile fit illustrated in Fig. 1. Atomic data and

cell data are given in Tables 1 and 2. Refinement was also
attempted using the disordered framework ABW model of
CsAlTiO4

17 in the space group Imma but this gave much poorer
profile fit parameters and was discarded. The refined structure
is constructed of alternating SiO4 and FeO4 vertex linked
tetrahedra with the alkali-metal cation occupying the large
8-ring cavities parallel to the crystallographic b-axis. Channels
also exist along the a-direction (4-rings) and c-direction
(6-rings) as illustrated in Fig. 2.

The stability of the product material to moisture was studied
by stirring in deionised water for 3 days at 45 °C. Residual water
content was measured by thermogravimetric analysis (TGA)
using an STA1500 TGA/DSC. Elemental analysis was carried
out using a JEOL JSM-6400 SEM equipped with a TRACOR
series II energy dispersive X-ray analysis system. TGA showed
the as-made material to contain no residual water. Attempts
were made to hydrate the material by exposure to water vapour
for 3 days but subsequent TGA measurements showed no
weight loss up to 1000 °C indicating no water uptake. The
material was also found to be air and moisture stable. EDAX on
CsFeSiO4 showed the ratio of Cs : Fe : Si to be approximately
1 : 1 : 1 in accordance with that expected for an ABW product
stoichiometry.

Further, AFeTiO4 (A = Cs, Rb) have been synthesised using
the same experimental technique as dark brown powders.
Rietveld analysis on CsFeTiO4 using powder X-ray data show
this material also adopts the zeolite ABW structure and TGA
reveals no residual water within the structure. Attempts to
synthesise the germanium analogues have met with limited
success. Further structural characterisation of materials using
powder neutron diffraction data is planned to investigate the
framework ordering in detail.

CsSiFeO4, with a structure based on alternating FeO4
52 and

SiO4
42 tetrahedra, is the first framework material having the

maximum level of iron in a zeotype. The ability to incorporate
such high levels of iron is a result of templating at high
temperatures using caesium rather than in aqueous solution
where six coordinate iron is unavoidable and influences the
nature of the zeolite product.

The financial support of EPSRC is gratefully acknowl-
edged.
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Fig. 2 Representations of the structure of CsFeSiO4 along (a) [100], (b)
[010] and (c) [001] illustrating the channels. Dark tetrahedra represent SiO4,
light tetrahedra represent FeO4 and the black spheres are caesium.
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The direct application of a silent electrical discharge on an
ammonium-loaded zeolite as catalyst to remove NO in
excess oxygen results in a synergetic improvement of NOx
abatement at temperatures below 373 K.

The selective catalytic reduction (SCR) of NO using the
addition of reductants like NH3, urea, hydrocarbons, alcohols,
etc. has been studied intensively as a potential method to
remove NOx from exhaust gases with excess oxygen.1 Depend-
ing on the type of catalysts and the reductant used, SCR is
effective in a temperature range between 450 and 900 K.

In a recent publication, Richter et al.2,3 have described a
catalytic low-temperature conversion of NOx to N2 using NH4

+

ions fixed in zeolites as reductant. NO is converted in these
systems to N2 in excess oxygen even at temperatures as low as
373 K. The intermediate oxidation of NO to NO2 is believed to
be the key step limiting the reaction rate of the reaction
sequence. As we will show here, the abatement of NO in oxygen
excess can be significantly enhanced further by applying a silent
electrical discharge immediately on the ammonium-loaded
zeolite as catalysts.

For the experiments a reactor was used that enables a
dielectric barrier discharge (DBD) directly on the catalyst bed.
A glass tube as dielectric is surrounded by a copper grid as
ground electrode and contains an inner electrode, which
consists of a rod with equidistant steel discs leaving a gap to the
glass tube of 0.5 mm. Between these discs the catalyst can be
positioned. As catalyst, a mordenite with a Si : Al ratio of 11 was
used in the ammonium form. The mordenite has been shown to
be effective in the low temperature conversion of NOx, but also
other zeolites (e.g. Y, ZSM-5) could be used.2,3 The electric
discharge was initiated by a high-voltage pulse generator with
20 kV peak voltage, 20 ms rise time and a repetition rate up to
115 Hz. The gas composition (NO, NO2, N2O, HNOx) was
determined by an FTIR spectrometer equipped with a long-path
(20 m) gas cell (Perkin Elmer) and a NOx-analyser (ECO-
Physics). The energy deposited into the discharge was deter-
mined by integrating the voltage–charge traces monitored with
a digitising oscilloscope (Tektronics TDS 520 C).

Fig. 1 shows the dependence of the conversion of 500 ppm
NO in N2–O2 (5 vol%) on the applied energy both with and
without the catalyst. Without the NH4-mordenite, NO is partly
removed by reactions with the active species from the electric
discharge, but at the same time NO2 is formed and the overall
NOx concentration remains nearly constant. Using the catalyst
alone, part of the NO is removed already without an electric
discharge. This is due to the reaction described by Richter et al.3
and also by adsorption phenomena at 343 K. At 373 K ca. 400
ppm and at 423 K 450 ppm NO remain in the gas phase without
electric discharge. Applying additionally the DBD, a complete
conversion of NO without the formation of a significant amount
of NO2 was observed. For comparison it should be noted that
the energy input of 20 W h m23 is equivalent to an adiabatic
temperature increase of ca. 70 K.

The conversion of NO to N2 strongly depends on the oxygen
concentration in the gas. Fig. 2 shows this dependence again
with and without NH4-mordenite as catalyst. Whereas the
conversion without catalyst declines with increasing oxygen

concentration (the NO is converted to NO2 vide supra), the
behaviour in the presence of NH4-mordenite is just the opposite:
The conversion strongly increases with the oxygen content.
This is in line with the proposal3 of the intermediate oxidation
of NO to NO2 as the rate limiting step in the reaction
mechanism. The electric discharge obviously promotes this
intermediate NO-oxidation, resulting in an enhanced overall
reaction rate. 

To analyse the influence of the electric discharge in more
detail, the local position of the catalyst was varied in order to
have the discharge in front of, behind and directly on the
catalyst bed. Fig. 3 shows the effect of these combinations on

Fig. 1 NOx concentration after conversion of 500 ppm NO in N2–O2 (5
vol%) with (- : NO, 8 : NO2) and without (5 : NO, 2 : NO2) NH4-
mordenite as catalyst at 343 K and GSHV = 3000 h21.

Fig. 2 Conversion of 500 ppm NO into N2 at DBD (25 W h m23) without
(5) and with (-) NH4-mordenite as catalyst at 343 K and GSHV = 3000
h21.
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the NOx concentration. The application of the DBD behind the
catalyst (column 3) converts a part of the remaining NO to NO2
as should be expected (cf. column 2). If the DBD is applied in
front of the catalyst, the NO2 formed in the electric discharge
(cf. column 1) is converted by the catalyst to nitrogen (column
4). Finally, the in situ application of the discharge directly on the
catalyst bed results in a synergetic increase of the NO
conversion to a degree much higher than the sum of the
individual effects (column 5).

This synergy can be explained by the interaction of
discharge-induced plasmachemical reactions with the catalysis
on the zeolite. A silent electrical discharge in an oxygen-
containing gas mixture produces mainly oxygen radicals as
active species.4 Atomic oxygen leads to fast oxidation by the
three body reaction (1). In case of the discharge alone without

any catalyst, NO removal is limited because of back-reaction (2)
and only a part of NO can be converted to NO2 (Fig. 3, columns
1 and 3). In the presence of NH4-zeolite, however, NO2 is
removed from the gas stream by the fast catalytic reaction (3),3
thus preventing the undesirable back conversion (2) of NO2 to
NO.

NO + O + M ? NO2 + M (1)

NO2 + O ? NO + O2 (2)

NO + NO2 + 2 NH3? 2N2 + 3H2O (3)

The ammonia bonded to the zeolite is consumed during the
reaction with NOx, leaving the zeolite in the H-form. To
maintain the catalytic activity, the zeolite has to be reloaded
from time to time with gaseous NH3 or by ion exchange. Initial
experiments have demonstrated that this can be done without
loss of activity.

The authors thank M. Richter and R. Eckelt (Berlin) for
helpful discussions and for supplying the sample of the NH4-
mordenite. Prof. Dr. J. Leonhardt (Berlin) is acknowledged for
his encouragement of the work and for useful discussions. The
Bundesministerium für Bildung, Wissenschaft, Forschung und
Technologie (BMBF) is acknowledged for financial support
(13N7178).
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Fig. 3 NOx concentration after conversion of 500 ppm NO in N2–O2 (2
vol%): DBD, without catalyst (1); with NH4-mordenite, no DBD (2); DBD
behind the catalyst (3); DBD in front of the catalyst (4); DBD over the
catalyst (in situ) (5). Conditions at the catalyst: 343 K, GSHV = 3000 h21,
DBD: ca. 25 W h m23, NO: hatched, NO2: black.
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Remarkable stabilization of the anionic semiquinone radical of 6-azaflavin by
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An anionic semiquinone radical of 6-azaflavin (6-AzaFl) was
found to be stabilized by hydrogen bonding of a melamine
derivative bearing an N-phenylguanidinium ion in CHCl3,
but not by the correponding N-unsubstituted guanidinium
ion.

Flavin conenzymes such as FMN and FAD exhibit diverse
functions through interactions with apoproteins, in which
hydrogen bondings play important roles in the regulation of
redox prperties.1 Flavin semiquinone radicals are known to be
stable when bound to apoproteins, whereas non-bound semi-
quinone radicals are unstable due to disproportionation.2
Yoneda et al. reported that the anionic semiquinone radical of
flavin 6-carboxylate is stabilized by intramolecular hydrogen
bonding of the 6-CO2H group at the N(5) position even in
aqueous solution.3 This suggests that the hydrogen bonding to
the N(5) position is essential for stabilization of an anionic
semiquinone radical of flavin. This was tested by employing
6-AzaFl and a melamine derivative bearing an N-phenyl-

guanidinium ion 1 in CHCl3. We report herein that receptor 1 is
able to stabilize the anionic semiquinone radical of 6-AzaFl in
CHCl3, whereas receptor 2 is unable to stabilize it.

Receptor 1 was prepared by reaction of 2-butylamino-
4-diethylamino-6-(3-aminomethyl-benzylamino)-s-triazine4

with S-methyl-N-phenylisothiouronium iodide5 in EtOH, and 3
was prepared from dodecylamine and S-methyl-N-phenyl-
isothiouronium iodide, followed by counteranion exchange
with KPF6.† The pKa value of the guanidinium hydrogen of 1
was determined to be 10.7 by spectroscopic pH titration at 280
nm in buffer solutions containing 20% MeCN,‡ which is
considered to be lower than that of 2 by at least 1–2 pKa units.6§
The binding constant of 6-AzaFl·1 was determined spec-
trophotometrically [K = (5.3 ± 0.3) 3 103 dm3 mol21 in
CHCl3] as described previously.4 Despite of more acidic
guanidinium hydrogen of 1, the K value of 6-AzaFl·1 is smaller
than that of 6-AzaFl·2 [K = (1.4 ± 0.1) 3 105 dm3 mol21 in
CHCl3].4 This requires an explanation, since a more acidic H-

donor is known to give a larger binding constant for H-bonded
complexation.7 The thermodynamic parameters for the complex
formation (DH and TDS298: 227 and 26.0 kJ mol21 for
6-AzaFl·1; 234 and 25.0 kJ mol21 for 6-AzaFl·2)¶ indicated
that the complex formation is mainly controlled by the enthalpy
term. The 1H NMR study of the complexes implied steric
hindrance for complexation of 6-AzaFl and 1. Namely, as
shown in Fig. 1, the larger upfield shifts of C(7)-H of 6-AzaFl
upon addition of 1 rather than 2 suggest that C(7)-H is situated
in a position close enough to feel the ring current of the N-
phenyl ring of 1 due to the steric hindrance between C(7)-H and
the ortho-H of the N-phenyl ring.

Redox potentials of 6-AzaFl were determined by cyclic
voltammetry in CH2Cl2.8∑ In the absence of the receptors,
6-AzaFl showed a reversible redox couple (E1/2 = 2971 mV vs.
ferrocene/ferrcenium). Upon increasing the concentration of the
receptors, the redox potentials shifted in a positive direction in
both receptors, finally leading to fixed potentials; E1/2 = 2738
mV for 1 (5 equiv.), and 2767 mV for 2 (3 equiv.). The shifts
of the potentials due to the receptors (DE1/2) are 233 mV for 1
and 204 mV for 2, corresponding to stabilization of the 6-AzaFl
radical anion by 22 and 20 kJ mol21, respectively. It should be
noted that the cyclic voltammogram of 6-Aza-MeFl was not
affected by addition of 1.

Formation of a semiquinone radical of 6-AzaFl was detected
spectrophotometrically by employing the oxidation of dithio-
threitol (DTT) in CHCl3 under anaerobic conditions as shown in
Fig. 2. In the presence of 2 or a mixture of 3 (K = 180 ± 2 dm3

mol21) and 4 (K = 150 ± 6 dm3 mol21),4 the absorption
spectrum of 6-AzaFl [Fig. 2(a)] was changed to that of 2e-
reduced 6-AzaFl [Fig. 2(b)]. On the other hand, in the presence
of 1, the spectrum shown in Fig. 2(c) was observed, suggesting
formation of the anionic semiquinone radical of 6-AzaFl,2,9

which was confirmed to be stable for at least 48 h. With a large

Fig. 1 Changes of chemical shifts of C(7)H in CDCl3 upon addition of the
receptors at 25 °C: (5) 1, (2) 2.
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excess of DTT, the spectrum shown in Fig. 2(c) changed to that
shown in Fig. 2(b). The spectrum shown in Fig. 2(b) was found
to give that in Fig. 2(c) after O2 bubbling only with the receptor
1, suggesting formation of the radical by coproportionation of
reduced 6-AzaFl and oxidized 6-AzaFl, or direct electron
transfer from the reduced 6-AzaFl to O2.2b Plots of the amount
of the anion radical (absorption at 525 nm) vs. [1] allowed us to
calculate the binding constant as 7.7 3 105 dm3 mol21 which is
much larger than that of 6-AzaFl·1 due to stronger hydrogen
acceptability of the anionic radical (6-AzaFl·2) as shown in Fig.
3.

Formation of 6-AzaFl radical anion in the presence of 1 was
also confirmed by EPR spectroscopy in CHCl3 under anaerobic
conditions (Fig. 4). Although hyperfine lines could not be
obtained, a g value of 2.0040 is in reasonable agreement with
those obtained for other flavin radicals.

In summary, we have demonstrated that the acidity of a H-
donor of a receptor molecule plays a crucial role in the
stabilization of the anionic semiquinone radical of 6-azaflavin.
This is the first example showing that intermolecular hydrogen
bonds are able to stabilize the anionic semiquinone radical. The
receptor molecule could be regarded as an apoprotein model.
Furthermore the present results are of use for understanding the
functional groups at the active sites of flavoenzymes which give
a stable anionic semiquinone radical.

This work was supported in part by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Science,
Sports and Culture of Japan.

Notes and references
† Compound 1: Yield 54%, mp 178–179 °C (EtOH–diethyl ether).
Satisfactory elemental analyses and 1H NMR data were obtained.
Compound 3: Yield 70%, mp 63–65 °C. Receptors 2 and 4, and 6-azaflavins
were supplied from our previous study (ref. 4).
‡ MeCN was added to improve the solubility of 1.
§ The pKa for 2 could not be determined by spectroscopic pH titration
because of the lack of noticeable absorption changes, but was estimated to
be 12–13 (ref. 6).
¶ The thermodynamic parameters were calculated from the following data:
6-AzaFl·1; 9.1 3 103 dm3 mol21 (10 °C), 4.2 3 103 (20), 3.9 3 103 (30),
2.8 3 103 (40). 6-AzaFl·2; 1.5 3 105 dm3 mol21(20 °C), 1.1 3 105 (30), 7.2
3 104 (40), 5.0 3 104 (50).
∑ To compare the potentials, we used conditions similar to those of ref. 8.
[6-AzaFl] = 1.0 3 1023 mol dm23, [Bu4N+ClO4
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°C. Scan rate: 100 mV s21.
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Fig. 2 Absorption spectra of 6-AzaFl in the reaction with DTT. [6-AzaFl] =
5.0 3 1025 mol dm23, [DTT] = [Bu3N] = 5.0 3 1024 mol dm23 in the
presence of 1 or 2 (1.0 3 1024 mol dm23) in CHCl3 at 25 °C under N2; (a)
oxidized form, (b) reduced form, and (c) anionic semiquinone radical.

Fig. 3 Structure of 6-AzaFl·2 1.

Fig. 4 EPR spectrum of the radical generated by reaction of 6-AzaFl (5.0 3
1023 mol dm23) with DTT (5.0 3 1023 mol dm23) and Bu3N (5.0 3 1023

mol dm23) in the presence of 1 (5.0 3 1023 mol dm23) in CHCl3 at 25 °C
under N2.
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Synthesis and X-ray structure of a complex containing two (h3-allyl)MoII units
bridged by MoVIO4

22 and exhibiting an unusual type of aggregation
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Treatment of the [Mo(h3-C3H4Me)(bipy)(CO)2(Me2CO)]+

cation with an aqueous MoO4
22 solution enabled the first

structural characterisation of an (h3-allyl)MoO complex,
which aggregates to a dimer showing MoNO…H–C contacts
in the solid state.

Organotransition-metal chalcogenide complexes are notewor-
thy in representing a link between solid, more or less ionic,
metal chalcogenides and low-valent molecular organometallic
systems.1 Despite the potential importance of organomolybde-
num oxo systems containing molybdenum in the highest
oxidation states +5 and +6 as catalytic intermediates in
industrial processes,2 there are known as yet few model
complexes of this sort.

One example of heterogeneous catalysis where such species
might play a significant role entails the oxidation of propene to
acrolein using MoO3/Bi2O3 as the catalyst and this has gained
considerable technical importance. Nontheless, the reaction
mechanism has remained for the most part speculative. The
results of their experiments on isotopic enrichment lead
Grasselli and Burrington to suggest the intermediate formation
of symmetric p-allyl complexes (or the chemisorption of
delocalised allyl radicals) to Mo centres of the catalyst’s
surface.3 Furthermore recent investigations suggest that in
heterogeneous oxidation catalyses where Mo-oxides are em-
ployed the oxygen atoms found in the organic oxidation
products have their origin in previously bridging positions.4

So far there are no compounds existent in the literature which
could be regarded as functional models for the oxo molybde-
num p-allyl surface intermediates under discussion. Only few
allyl molybdenum compounds containing ligands with oxygen
donor functions of any kind have been synthesised and
characterised structurally,5 and none of those bear the terminal
or bridging O22 ligands characteristic to the catalyst.

We have shown that complexes with (h3-allyl)Mo units in
oxygen-rich coordination spheres containing RO2 ligands (R =
Me, H) can be obtained if cationic complexes with labile ligands
are employed as starting materials.6 Making use of the same
principles we have now achieved for the first time the synthesis
and structural characterisation of an allyl–Mo complex contain-
ing an O22 link to another Mo centre.

The interface reaction of a [Mo(h3-C3H4Me)(bipy)(CO)2-
(Me2CO)]BF4 1 solution in acetone—prepared by treatment of
[Mo(h3-C3H4Me)(bipy)(CO)2Cl] with AgBF4 as established for
the corresponding h3-C3H5 complex7—with a solution of
Na2MoO4 in water leads to the precipitation of a crystalline
maroon solid insoluble in all common organic solvents.
However, its elemental analysis suggested the composition
[{Mo(h3-C3H4Me)(bipy)(CO)2}2(m-MoO4)] 2† which had been
aimed at (Scheme 1).

An X-ray diffraction analysis‡ of a single crystal yielded the
structure shown in Fig. 1, which clearly proves the presence of
an O–MoO2–O moiety bridging two Mo(h3-C3H4Me)-
(bipy)(CO)2 units. One of the latter [Mo(3/4)] was disordered
through a rotation by 0.5° around the Mo(1)–O(2) axis and in
Fig. 1 for clarity only the Mo(4) fragment is shown. The Mo(3/
4)–O(2) and Mo(2)–O(1) distances [2.092(3) and 2.107(3) Å]
lie within a range characteristic for bonds of the molybdate unit

to other Mo centres (2.02–2.15 Å)8 indicating a real bonding
situation rather than a weak coordination of the MoO4

22 unit.
The Mo(1)–O(1/2) bridging distances [1.795(3) and 1.797(2)
Å] are also typical (1.75–1.85 Å) and the angles found within
the central unit of 2 are all very close to the perfect tetrahedral
angle. However, if just the solid state structure of the individual
molecule is considered it does seem surprising that the two
organometallic fragments coordinated to the MoO4

22 unit are
not oriented symmetrically with respect to the latter: Mo(1/2/4)
and O(1/2) are almost in a plane intersecting the C(13)–Mo(2)–
C(15) angle while the corresponding C(55)–Mo(4)–C(53) angle
of the other subunit escapes intersection by a rotation of this
fragment by ca. 90° around the Mo(4)–O(2) bond.

An explanation can be found if the structure as a whole is
considered: As obvious from Fig. 2 the molecules can pack very
efficiently through an internal rotation as described and this

Scheme 1

Fig. 1 Structural representation of [{Mo(h3-C3H4Me)(bipy)(CO)2}2(m-
MoO4)] 2. Selected bond lengths (Å) and angles (°): Mo(1)–O(3) 1.731(3),
Mo(1)–O(4) 1.739(3), Mo(1)–O(1) 1.795(3), Mo(1)–O(2) 1.797(3), Mo(2)–
O(1) 2.107(3), Mo(3/4)–O(2) 2.092(4); Mo(1)–O(1)–Mo(2) 156.8(2),
Mo(1)–O(2)–Mo(3/4) 150.8(2), O(3)–Mo(1)–Mo(4) 107.6(2), OC–Mo(2)–
CO 78.7(2), OC–Mo(3/4)–CO 76.2(5); averaged distances and angles:
Mo(2)–Cmeso 2.243(4), Mo(2)–Cterm 2.323(5), Mo–N 2.254(9), Mo–CO
1.97(1), OC–Mo–Ntrans 168.9(5), OC–Mo–Ncis 104.1(5).
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leads to symmetric dimeric aggregates. These show very short
MoNO…C distances suggesting that there are intermolecular
contacts between the protons of the bipy ligands and the MoNO
groups (compare Fig. 2 where the calculated H positions are
shown; the MoNO…H distances were calculated to lie between
2.39 and 2.77 Å). Of course the short C–H…ONMo distances
neither have to be indicative of attractive interactions,9 nor is the
presence of the corresponding contacts necessary to explain the
structural features observed, so that attention now focused on
the MoNO bonds. The MoNO bond lengths in d0 molybdenum
dioxo complexes usually fall in a narrow range and are not
strongly effected by the nature of the other ligands at the
metal.10 It has been shown, though, that classical H-bridging to
a HNEt4+ cation8c can selectively lengthen one of two MoNO
bonds in a MoO2 unit by ca. 0.03 Å. The MoNO distances
observed in 2 [1.731(3) and 1.739(3) Å] are certainly located at
the ‘tail’ of the d(MoNO) distribution and have to be described
as long, which may support the idea of attractive interactions.

Complex 2 is EPR silent and magnetic measurements showed
it to be diamagnetic at room temperature, which suggests the
presence of a hitherto unknown MoII–O–MoVI–O–MoII unit.
Few compounds possessing two oxo bridged Mo centres
differing in their oxidation states by two are known. An
organometallic representative involving a bridging MoO4

22

unit, too, is the complex [(CpMe
2MoIV)2(m-MoVIO4)2].8a In 2

the difference in oxidation states amounts to four, which is
unusual and had to find an explanation in the redox potentials of
the two subunits. Indeed—probably due to the strongly p-
accepting ligands—the [MoII(h3-C3H4Me)(bipy)(CO)2-
(Me2CO)]+ cation showed a reversible oxidation wave at a
potential as high as 0.88 V (vs. SCE), which cannot be reached
by molybdate11 and this fact allowed the isolation of 2.

The molybdate complex reported here contains p-allyl–Mo
fragments which are bonded via ‘pure’ oxygen bridges to MoVI

centres also providing MoVINO groups in close proximity. It
therefore already meets some of the requirements to serve as a
structural model complex for surface intermediates during
molybdenum oxide catalysed propene oxidation. However,
other important features like the high oxidation states of all
metal centres are still missing so that 2 is not suitable to simulate
the properties of these intermediates. Methallyl radicals are

released at 193 °C but no oxidation or allyl shift occurs,
probably due to the large intramolecular separation of the
coordinated allyl ligands from the oxo groups.

C. L. is grateful to the Deutsche Forschungsgemeinschaft for
a scholarship and C. B. acknowledges financial support through
the Landesgraduiertenförderung Baden-Württemberg. We also
wish to thank Professor Dr G. Huttner for his generous
support.

Notes and references
† 0.389 g (2 mmol) of AgBF4 in 15 ml acetone were added to a suspension
of 0.798 g (2 mmol) of [Mo(h3-C3H4Me)(bipy)(CO)2Cl] in 30 ml of acetone
via cannula. After 20 min of stirring the AgCl precipitated was removed by
filtering and the filtrate overlayered by a solution of 0.492 g (2 mmol)
Na2MoO4·H2O in a mixture of 10 ml of deoxygenated water and 15 ml of
acetone. At the interface crystals suitable for X-ray diffraction grew within
24 h. If the solution is stirred 2 precipitates immediately and almost
quantitatively. The precipitate is washed with water and thf and dried in
vacuo. Yield: 0.84 g (0.9 mmol, 95%). Anal. Calc. for C32H30Mo3N4O8: C,
43.35; H, 3.41; N, 6.35. Found: C, 43.50; H, 3.56; N 6.14%. Characteristic
bands in the IR spectrum (KBr/cm21): 1934s [n(CO)], 1851s [n(CO)],
914w, 876s, 838vs (br), 805s (sh), 734m [all n(Mo–O) and n(MoNO)].
‡ Crystal structure data for 2·0.5 Me2CO: C33.5H33N4Mo3O8.5, Mr =
915.46, triclinic, space group P1̄, Z = 2, a = 10.700(2), b = 13.361(3), c
= 13.654(3) Å, a = 71.98(3), b = 83.48(3), g = 69.02(3)°, V = 1733.20
Å3, 3.4 < 2q < 54°, Mo-Ka radiation, l = 0.71073 Å, w-scan, T = 200
K, m = 1.126 mm21, Dc = 1.754 g cm23, measured 15768, independent
6904, and observed reflections 4892, criterion: I > 2s(I), structure solved
by direct methods (program: SHELXS-97), refined versus F2 (program:
SHELXL-97) with anisotropic temperature factors for all non-hydrogen
atoms, 519 refined parameters with R = 0.039, residual electron density
(max./min.): 0.698/20.837 e Å23. CCDC 182/1069. See http://
www.rsc.org/suppdata/cc/1998/2729/ for crystallographic data in .cif
format.
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Fig. 2 Structural arrangement of the molecules of 2 in the unit cell. Selected
bond lengths (Å): O(3)–C(9A) 3.180, O(3)–C(8A) 3.279, O(4)–C(5A)
3.213, O(4)–C(8A) 3.421.
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Self-assembled thin films of metallo-supramolecular com-
plexes were prepared and characterized by synchrotron
based X-ray reflectivity and fluorescence techniques.

In recent years, layer-by-layer self-assembly has become a very
useful technique as an easy and inexpensive method for the
preparation of functional thin films.1 Monolayers and multi-
layers containing e.g. organics, polymers or nanoparticles have
been prepared providing a potential approach towards advanced
materials or devices with molecularly engineered properties.2
However, to date, this method has not been used for the defined
arrangement of special functional supramolecular units with
nanometer dimensions into ordered molecular architectures on
surfaces.3 Here, we report the successful extension of the self-
assembly technique to such metallo-supramolecular systems. 

We used metal–ligand interactions as non-covalent forces to
assemble well-ordered metallo-supramolecular architectures.
Such metal coordination arrays ([1 3 1] or [2 3 2] grid-type
architectures) based on transition metal ions with octahedral
coordination and terpyridine or 4,6-bis(6A-(2A,2B-bipyridyl))-
pyrimidine ligands were found to present interesting electronic,
magnetic, and structural properties, such as electronic inter-
actions between the metal centers and antiferromagnetic
transitions at low temperatures.4,5 These complexes are formed
by spontaneous self-assembly of the corresponding ligands and
suitable metal ions such as Co(ii), Cd(ii), Zn(ii) or Hg(ii) (see
Fig. 1 for [2 3 2] grids). Besides the design and synthesis of
‘isolated’ grid units, the ordered and stable arrangement of such
metallo-supramolecular architectures on surfaces or thin films
is of special interest. Two approaches were recently described:
(a) hydroxy-terminated grids could be organized on a water
trough using the Langmuir–Blodgett (LB) technique and
transferred onto substrates;6 (b) unfunctionalized ligands were
self-assembled in the presence of metal ions at the air–water
interface.7 However, both methods are rather complicated and

not applicable for larger areas. We used the self-assembly into
thin monomolecular films by adsorption onto polyelectrolyte
covered substrates. As model systems for the film growth we
chose the [1 3 1] Zn(ii) and [2 3 2] Cd(ii) complexes
(Fig.1).†

First we prepared a thin cushion of polyelectrolytes onto a
glass or silicon substrate using poly(ethyleneimine) hydro-
chloride (PEI) followed by the adsorption of a layer of
poly(styrenesulfonate) (PSS) which reversed the surface den-
sity (Fig. 2).‡ In the next step the supramolecular units were
adsorbed on the PSS layer. Owing to the counterions used the
complexes were not soluble in water. However, the procedure
could be also performed in acetone.§

To characterize the obtained layers we performed both
specular and non-specular X-ray reflectivity measurements:¶
Examples of the reflectivity profiles are displayed in Fig. 3 as a
function of vertical momentum transfer qz after normalization
by the Fresnel reflectivity RF(qz). The response is proportional
to the squared Fourier transform of the density gradient along
the interface normal8 and hence reflects the vertical film
structure. The three data sets are shifted by arbitrary factors for
clarity and correspond to films composed of the polyelectrolyte
layers PSS/PEI/Si (a) without any metal complexes, (b) with [1
3 1] Zn complexes, and (c) with [2 3 2] Cd complexes
adsorbed on top. The spacing of the minima is given by the
inverse 2p/d of the total layer thickness d, yielding (a) d = 30
Å, (b) 46 Å and (c) 66 Å, respectively. Note the large thickness
increase when [2 3 2] Cd grids are adsorbed, indicating an
upright position of the grids (see Fig. 2). The observed
differences in the oscillation amplitude reflects the different
density contrasts and interfacial widths. The most pronounced
fringes in Fig. 3(b) indicate particularly well defined interfaces
for the adsorbed [1 3 1] Zn complexes. A more complete data
analysis will be presented elsewhere.9 Similar curves have been
measured with [1 3 1] Cu(ii), [1 3 1] Hg(ii) and [1 3 1] Cd(ii)
adsorbed onto the polyelectrolytes. From the typical mass
densities of the adsorbed [1 3 1] metal complexes, molecular

Fig. 1 Schematic representation of the bis-terdentate ligands leading to the
formation of the [2 3 2] grid type complexes [Cd4L4]8+ (R1 = Ph, R2 =
Me). The terpyridine ligand (5,5B-dimethyl-2,2A:6A,2B-terpyridine) and the
complexes are not shown.

Fig. 2 Schematic drawing illustrating the build-up of the complex layers: (a)
[1 3 1] metal grids; (b) [2 3 2] metal grids. Si, PEI and PSS refer to silicon
substrate, poly(ethyleneimine) and poly(styrene-4-sulfonate), respectively.
The filled circles denote the metal ions.
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volumes of ca. 1700 Å3 can be inferred, yielding a mean
intermolecular distance of ca. 11 Å. This value is in good
agreement with the metal–metal distance in the crystals
indicating an essentially closed packed complex layer.10

Furthermore, to investigate the lateral structural parameters of
the complex layer (two-dimensional order) we performed
grazing incidence X-ray diffraction on the [2 3 2] Cd
complexes. However, as yet, we could not find a long-range
ordering within the layer.∑

Simultaneously to the specular reflectivity, the X-ray fluores-
cence of the metal ions in the complexes adsorbed on the surface
has been measured.** X-Ray fluorescence under grazing
incidence has been shown to be a very powerful tool of surface
chemical analysis. By means of the characteristic fluorescence
energies (Ka and Kb lines for Co, Cu, Zn, La for Hg) excitable
at an incident energy of 12.5 keV, this provides the most direct
proof of the complex adsorption. Moreover, the variation of the
fluorescence yield with ai contains quantitative information on
the position and width of the metal distribution with respect to
the substrate. A typical curve of the energy dispersive spectrum
for the [1 3 1] Zn complex is shown in Fig. 4.

At this stage, we use the data as additional, unequivocal proof
that the complexes of different types have been adsorbed.
Except for the peaks of the corresponding elements the spectra
were clean, indicating no contamination of other transition
metals or cross-contamination in sample preparation.

The present results demonstrate a simple entry to an ordered
arrangement of metallo-supramolecular systems on surfaces.
Using X-ray reflectivity we could establish the controlled

adsorption of one layer of metal complexes onto a PSS/PEI
substrate. Furthermore, the structures of the films have been
characterized by synchrotron based X-ray reflectivity and
fluorescence techniques. The layer-by-layer adsorption method
together with the described analytical techniques opens new
avenues for the construction of novel metallo-supramolecular
thin film materials which could find potential applications in the
preparation of various optical, electronic, or magnetic de-
vices.

This study was supported by the Bayerisches Staatsministe-
rium für Unterricht, Kultus, Wissenschaft und Kunst, the Fonds
der Chemischen Industrie and the Deutsche Forschungsge-
meinschaft (DFG).
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† The ligands were synthesized and characterized as described else-
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corresponding metal acetates in refluxing methanol or water exclusively
leads to the formation of the monomolecular or tetranuclear complexes
(isolated as PF6 salts and recrystallized twice from acetone–ether).
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KOH (glass) and a saturated KOH solution in ethanol (silicon), respectively,
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then kept in a 0.5% solution of poly(ethyeneimine) hydrochloride (PEI) for
20 min. Then the samples were rinsed in water followed by adsorption of a
layer of poly(styrenesulfonate) (PSS) in a 3 mg ml21 solution of PSS in
water. The samples were again washed with water.
§ The metal complexes were adsorbed on the PSS layer by immersing the
samples in 0.5 mg ml21 solutions of the complexes in acetone for ca. 20 min
and subsequent rinsing in acetone and water before drying (acetone did not
destroy the polyelectrolyte layers, as shown by ex situ and in situ
measurements).
¶ X-Ray experiments were carried out at the D4 bending magnet station of
the storage ring DORIS at HASYLAB/DESY with a monochromatic X-ray
beam of 12.5 keV. Typically, the reflectivity can be recorded over eight
orders of magnitude, after correction for diffuse scattering background.
∑ The surface diffuse scattering (non-specular scattering) has been measured
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** The X-ray fluorescence under grazing angles was recorded simultane-
ously with the reflectivity measurements. The detector was placed at 90°
opposite the sample surface at a distance of a few centimeters.
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Fig. 3 Typical X-ray reflectivity profiles R(qz)/RF(qz) of the self-assembled
films after normalization by the Fresnel reflectivity RF(qz). The three data
sets are shifted by arbitrary factors for clarity and correspond to films
composed of the polyelectrolyte layers PSS/PEI/Si (a) without any metal
complexes, (b) with [1 3 1] Zn complexes, and (c) with [2 3 2] Cd
complexes adsorbed on top. The curves reflect the laterally averaged density
profiles of the film along the interface normal (see text). The total film
thickness can be derived directly from the spacing of the minima.

Fig. 4 The successful adsorption of complexes is evidenced most directly by
the measured X-ray fluorescence. Typical spectra of monomolecular layers
are collected on the time scale of a few min. For the case of [1 3 1] Zn the
corresponding Ka and Kb emission lines are observed.
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Three novel low-dimensional organic/inorganic hybrid ma-
terials, assembled hydrothermally, are constructed from
diphosphopentamolybdate(vi) clusters linked through
{Cu(en)}2+ groups; the initial Mo/Cu and Mo/en ratios and
the use of F2 ions control the connectivity between the
phosphomolybdate clusters and {Cu(en)}2+ groups, and
hence the dimensionality of the solid architectures.

Self-assembly of inorganic molecular precursors in a quest for
supramolecular chemistry is one of the highly recognised areas
of chemical research. The significant contemporary interest in
the transition polyoxometalate–phosphorus based solid materi-
als1–5 reflects their diverse applications in the areas such as
catalysis, sorption and molecular electronics.6–9 These solids
are noted not only for their rich chemical reactivity and
structural complexity, but for their unique capability of
allowing a variety of chemical reactions to take place in the
intracrystalline region. It is evident that chemically robust
clusters of polyoxometalates can be assembled through charge
compensating cations forming extended structures, though the
mechanism by which the assembly is organised remains elusive.
A popular strategy in the realisation of materials engineering
involves combined applications of hydrothermal synthesis
method and structure-directing templates. The feasibility of this
strategy can be demonstrated by the advancement in porous
materials10 and the development of low-dimensional and
microporous transition metal phosphates.2–5

The chemistry of polyoxomolybdate–phosphorus has been
extensively studied due to their inherent potential for the
development of supramolecular chemistry.11 The recent
success in the hydrothermal assembly of low-dimensional and
microporous heteropolymolybdate-based hybrid materials
using transition metal coordination complexes suggests a novel
approach towards rational synthesis of metal oxide/organic
solids.12 As a continuation of our effort in the hydrothermal
assembly of polyoxomolybdate(vi)-based solid materials,13 we
seek to explore the assembly of phosphomolybdates in the
presence of Cu2+ and en under the influence of a F2 switch.
Here, we report the hydrothermal synthesis and structural
characterisation of three novel one- and two-dimensional hybrid
solids, [H2en]2[{Cu(en)(OH2)}Mo5P2O23]·4H2O 1, [H2en]-
[{Cu(en)2}Mo5P2O22(OH2)]·2H2O 2 and [{Cu(en)(Hen)}2-
Mo5P2O23]·3H2O 3.

Solids 1-3 were synthesised from the hydrothermal reactions
of MoO3·H2O, H3PO4, CuSO4·5H2O, en, H2O with and without
the use of F2 ions at 160 °C for 72 h.† The concentration of F2
ions in the initial mixtures was found to be critical for the
synthesis of 1. Solid 2 was obtained from similar reaction
mixtures to 1 in the absence of F2 ions. Solid 3 was obtained
from reaction mixtures containing much higher Cu2+ and en
concentrations in comparison to those of 1 and 2. In situ PXRD
studies‡ showed that the crystal structures of solids 1-3
remained intact until ca. 400 °C. The synthesis of the three
solids is sensitive to the specific reaction conditions such as the
Mo/Cu and Mo/en ratios, suggesting a kinetically controlled
crystallisation mechanism.

The structure of [H2en]2[{Cu(en)(OH2)}Mo5P2O23]·4H2O
1§ is constructed from linking of the [Mo5P2O23]62 clusters and
{Cu(en)(OH2)O2}2+ square pyramids into spiral-shaped chains
of [{Cu(en)(OH2)}Mo5P2O23]42 as shown in Fig. 1. The
geometry of the [Mo5P2O23]62 cluster11 can be described as a
ring of five distorted MoO6 octahedra with two PO4 tetrahedra
capped on each side. Two adjacent [Mo5P2O23]62 clusters are
connected through a {Cu(en)(OH2)}2+ unit via corner-sharing
interactions of the type PO–Cu with Cu–O 1.949(5), 2.014(5)
Å. The copper site is defined by two nitrogen donors from an en
molecule, two cis-oxo groups from two adjacent [Mo5P2O23]62

clusters and one oxygen donor from a H2O molecule. The axial
Cu–O bond [Cu-OH2 2.432(7) Å] is considerably longer than
the equatorial Cu–O bonds [Cu–O 1.949(5), 2.014(5) Å]
owning to Jahn–Teller distortion. The [{Cu(en)(OH2)}-
Mo5P2O23]42 chains align in parallel and are packed such that
each chain is circumscribed by two groups of four alike chains,
which are related by a pseudo 4-fold axis, giving rise to an
elongated cylindrical unit. As a result, pseudo-one-dimensional
channels are formed that are filled with the charge-compensat-
ing Hen2

2+ cations.
Modifying the reaction mixture of 1 by reducing the F2 ion

content leads to the co-crystallisation of solids 1 and 2.
Monophasic crystals of 2 are produced by removing F2 ions
from the reaction mixtures. Examination of the structure of
[H2en][{Cu(en)2}Mo5P2O22(OH2)]·2H2O 2§ reveals that it
consists of the [Mo5P2O22(OH2)]42 clusters11 linked through
the {Cu(en)2O2}2+ octahedra into a virtual one-dimensional
chain of [{Cu(en)2}Mo5P2O22(OH2)]22 as shown in Fig. 2.
Each [Mo5P2O22(OH2)]42 cluster is connected to two
{Cu(en)2O2}2+ octahedra through the two terminal oxo groups
of a common MoO6 octahedron forming weak interactions of
the type Cu–OMo with Cu–O 2.490(6), 2.503(6) Å. The two
axial Cu–O bonds of the {Cu(en)2O2}2+ octahedron are, as
expected, elongated. The adjacent chains of [{Cu(en)2}Mo5-
P2O22(OH2)]22 are in close contact forming pseudo-two-
dimensional layers through weak interactions of the type P…O
3.325(6) Å as shown in Fig. 2. The striking differences between
the structures of 1 and 2 lie in (i) the number of en molecules

Fig. 1 (a) A polyhedral and ball-and-stick packing view of the {[Cu(en)-
(OH2)}Mo5P2O23]42 chains of 1 showing the connectivity between the
[Mo5P2O23]62 clusters and {Cu(en)(OH2)O2}2+ square pyramids and
orientation of the chains. Octahedra and tetrahedra represent Mo and P
atoms respectively. Cu atoms are shown by large ahtched circles. (b) The
space-filling plot of the spiral-shaped chains of 1.
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participated in forming {Cu(en)}2+ building blocks and (ii) the
connectivity between [Mo5P2O23]62 clusters and {Cu(en)}2+

groups, namely, PO–Cu in 1 and MoO–Cu in 2. The packing of
chains gives rise to an elongated cylindrical unit in 1 and
pseudo-layers in 2. We believe that the strong coordination
effect of F2 ions plays a role in controlling the reaction between
Cu2+ center and the N donors of en molecules, and between
Cu2+ center and the O donors of [Mo5P2O23]62 clusters or H2O
molecules.

The solid architectures of 1 and 2 provide examples of
different ways of connecting [Mo5P2O23]62 clusters and
{Cu(en)}2+ groups. It suggests that further condensation of
[Mo5P2O23]62 clusters into higher dimensional solids through
the linkage of {Cu(en)}22 groups could be feasible. Reducing
the initial Mo/Cu and Mo/en ratios results in the successful
crystallisation of solid 3. The structure of [{Cu(en)(Hen)}2Mo5-
P2O23]·3H2O 3§ is constructed from [Mo5P2O23]62 clusters11

linked through {Cu(en)(Hen)}3+ groups into two-dimensional
layers of [{Cu(en)(Hen)}2Mo5P2O23] as shown in Fig. 3. Each
[Mo5P2O23]62 cluster is bonded to four {Cu(en)(Hen)}3+

groups through two PO4 tetrahedra and two MoO6 octahedra
forming two pairs of covalent interactions of the types Cu–OP
and Cu–OMo with Cu–O 1.952(2), 2.557(2) Å respectively.
The Cu2+ center of {Cu(en)(Hen)O2}3+ square pyramid re-
ceives contributions from three nitrogen donors belonging to
one and half en molecules, one oxygen donor from a PO4 unit
and one oxygen donor from a MoO6 unit with Cu–N 1.991(3),
2.011(3), 2.020(3) Å and Cu–O 1.952(2), 2.557(2) Å. This
results in the 12-membered rings (Mo4P4Cu4) of the [{Cu(en)-
(Hen)}2Mo5P2O23] layers of 3. Adjacent [{Cu(en)(Hen)}2-
Mo5P2O23] layers are separated by H2O molecules with small
interlamellar separation owing to the presence of extensive
network of H-bonds. The coexistence of Cu–OP and Cu–OMo
linkages plays a critical role in constructing the layer structure
of 3 which contrast strikingly to the Cu–OP and Cu–OMo

linkages in building up the chain structures of 1 and 2
respectively.

The successful isolation of solids 1–3 provides novel
examples of assembling phosphomolybdate clusters through the
templating effects of {Cu(en)}2+ groups for design of composite
oxide materials. It demonstrates that the use of hydrothermal
techniques is essential for the realisation of materials design.
The dimensionality of solid architectures is, to certain degree,
tailorable while the key leading to the success lies on the kinetic
aspect of assembly process. While the mineralising mechanism
of F2 ions remains debatable, its critical role in constructing
solid architectures is manifest. The present study reveals the
rich hydrothermal chemistry of the phosphomolybdate–Cu–en
system and the structural versatility evolving from altering
reaction kinetics. This highlights the feasibility of engineering
metal–organoamine–phosphomolybdate solids with potentially
interesting and useful properties.

We thank Nanyang Technological University, Singapore, for
financial support (Grant: RP 17/97XY).

Notes and references
† Synthesis: hydrothermal reactions were performed in PTFE-lined stainless
steel autoclave reactors (22 mL). Mole ratios of MoO3·H2O, H3PO4 (85
mass%), CuSO4·5H2O, en, H2O, F2 are 3 : 4 : : 2.3 : 500 : 13.3 for 1,
4.3 : 6.4 : 1 : 3.4 : 1730 : 0 for 2 and 1 : 2.3 : 1.8 : 3.8 : 460 : 0 for 3. 
‡ Powder XRD data: in situ PXRD patterns were collected on a Siemens
D5005 diffractometer with graphite-monochromated Cu-Ka radiation (l =
1.5418 Å). Heating was conducted in the temperature range RT–1000 °C
under vacuum.
§ Crystal data: C6H38N6CuMo5P2O28 1: Mw = 1247.60, monoclinic, space
group Cc. a = 14.821(3), b = 14.419(3), c = 16.132(5) Å, b =
109.087(5)°, V = 3258.0(14) Å3, Z = 4, Dc = 2.544 g cm23, m = 2.716
mm21, T = 296 K. R1 = 0.0267 for 3222 reflections. C6H32N6Cu-
Mo5P2O25 2: Mw = 1193.56, triclinic, space group P1̄. a = 10.6813(14), b
= 11.176(2), c = 12.852(2) Å, a = 75.568(13), b = 89.297(6), g =
86.545(8) °, V = 1483.1(4) Å3, Z = 2, Dc = 2.673 g cm23, m = 2.969
mm21, T = 296 K. R1 = 0.0496 for 5138 reflections. C4H20N4Cu-
Mo2.5PO13 3: Mw = 666.60, orthorhombic, space group Ibca. a =
11.478(4), b = 39.171(8), c = 15.226(6) Å, V = 6845(4) Å3, Z = 16, Dc

= 2.587 g cm23, m = 3.190 mm21, T = 296 K. R1 = 0.0246 for 3006
reflections. The structures were solved by direct methods and refined using
full-matrix least squares on F2 using SHELXTL. The H2O molecules of 2
and the C and N atoms of the en molecules of 2 and 3 are disordered. CCDC
182/1089. See http://www.rsc.org/suppdata/cc/1998/2733/ for crystallo-
graphic files in .cif format.
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Fig. 2 A polyhedral and ball-and-stick representation of 2 showing (i) the
connectivity between the [Mo5P2O22(OH2)]42 clusters and {Cu(en)2O2}2+

octahedra; (ii) the packing and orientation of the [{Cu(en)2}Mo5-
P2O22(OH2)]22 chains and the pseudo-layers formed as a result of
interchain interactions. Octahedra represent Mo atoms. P and Cu atoms are
shown by large heavy-crossed and heavy-shaded circles.

Fig. 3 A polyhedral and ball-and-stick representation of the [{Cu(en)(H-
en)}2Mo5P2O23] layer of 3 showing the connectivity between the
[Mo5P2O23}62 clusters and {Cu(en)(Hen)O2}3+ square pyramids and the
12-membered rings. Octahedral and tetrahedra represent Mo and P atoms
respectively. Cu atoms are shown by large dotted circles.
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Reaction of CoCl2·6H2O with pyrazine and disodium
terephthalate in water results in the formation of a neutral
cavity-containing rectangular grid, [Co(pyz)(terph)(H2O)2],
which includes a tightly bound aromatic as a guest;
classification of these frameworks also provides targets for
chemical synthesis.

In a recent report, we demonstrated the one-pot synthesis of a
cationic cavity-containing rectangular grid, [M(4,4A-bipy)(py-
ca)(H2O)2]+ 1 [where M = Co(ii) or Cd(ii); 4,4A-bipy = 4,4A-
bipyridine; pyca = pyridine-4-carboxylate], which self-as-
sembles in the solid state to form stacked layers.1 The stacking
exhibited by this framework yielded interconnected micro-
channels which include highly disordered neutral (i.e. solvent
H2O) and charged (i.e. NO3

2 ions) guest species. In this
contribution, we now extend the chemistry of these materials to
neutral frameworks and demonstrate, for the first time, the
ability of a cavity-containing rectangular grid, [Co(pyz)-
(terph)(H2O)2] 2 (where pyz = pyrazine, terph = 1,4-benzene-
dicarboxylate), to include an aromatic (i.e. pyz) as a guest. We
also demonstrate that it is possible to classify these and related
square grids based on simple charge considerations which we
anticipate will aid in the synthesis and sorting of these
compounds as new members of each family continue to
emerge.

There are, in principle, only four ways in which either a
cationic or neutral rectangular grid may be constructed using a
M2+ ion (M = transition metal) (Table 1).† In the first case,
both bridging ligands, in terms of charge, must be neutral. In the
second case, one bridging ligand must possess a 2 1 charge. In
the third case, both bridging ligands must possess a 2 1 charge.
Finally, in the fourth case, one bridging ligand must possess
a 2 2 charge. In each case, either a square planar or octahedral
metal center may be employed for the assembly process. In this
study, an example of case 4, which is based upon an octahedral
metal center, is presented. Notably, for a square grid, there are
only two ways in which such a framework may be constructed.
Either the bridging ligand must possess a 2 1 charge or be
neutral. This latter observation is due to the fact that only a
single bridging ligand may be used to construct a square grid
framework.

When a hot, aqueous solution (5 mL) of CoCl2·6H2O (238
mg, 1.0 mmol) was added to a hot, aqueous solution (4 mL) of
pyrazine (160 mg, 2.0 mmol) and disodium terephthalate (210
mg, 1.0 mmol) according to eqn (1), crystals of 2·pyz suitable
for X-ray analysis formed, after cooling, within a period of
approximately 1 week (yield 16.2 %, single product). The
formulation of 2·pyz was confirmed by single-crystal X-ray
analysis‡ and thermogravimetric analysis.

CoCl2·6H2O + 2 pyz + Na2(terph) ? 2·pyz (1)

A view depicting the metal ion coordination in 2 is shown in
Fig. 1. In a similar way to 1,1 the metal center is coordinated to
two trans m-pyz ligands, two trans m-terph ions, and two trans
water molecules that form a slightly distorted octahedral
coordination environment. As a result, a cavity-containing
rectangular grid has formed. Unlike 1, however, the anion
possesses a 22 charge and the framework is therefore neutral.
Notably, the grids lie parallel to the crystallographic ab plane

and exhibit intragrid M···M separations of 7.2 3 11.3 Å across
each pyz ligand and terph ion, respectively. In a similar way to
1, the anion participates in two O–H···O hydrogen bonds with
two coordinated water molecules [O···O 2.683(2) Å] such that
the carboxylate moieties of the ligand lie approximately
orthogonal to the MN2O2 plane.

As shown in Fig. 2, the bridging ligands of 2 have generated
a cavity with dimensions suitable to accommodate a molecule
of pyz. The included guest, which, in contrast to 1,1 is well
ordered, participates in p-p interactions (centroid···centroid
3.34 Å) and C–H···N hydrogen bonds6 (C···N 3.34 Å) with the
anion and bridging pyz ligand, respectively. Although aromatic
guest inclusion has been demonstrated in discrete7,8 and infinite
square assemblies,9,10 these observations illustrate, for the first
time, the ability of a rectangular framework to host an aromatic
guest.

A view depicting the extended structure of 2 is shown in Fig.
3. As in 11 and Cu(4,4A-bipy)(pyz)(H2O)2(PF6)2 3,2 the grids
self-assemble in the solid state such that they form stacked
layers. Notably, the grids of 2 interact by way of O–H···O
hydrogen bonds [O···O 2.808(3) Å], which involve coordinated
water molecules and carboxylate moieties of the terph ion, such
that adjacent layers lie offset. This, in turn, generates guest-

Table 1 Summary of rectangular grids

Case Metala Ligand I Ligand II Ref.

1 M2+ Neutral Neutral 2
2 M2+ 21 Neutral 1
3 M2+ 21 21 2

4 M2+ 22 Neutral 3, this study
a Square planar or octahedral transition metal center.

Fig. 1 A view of 2 depicting the coordination environment around the Co(ii)
metal centres. Selected interatomic distances (Å): Co(1)–O(1) 2.059(2),
Co(1)–O(3) 2.121(2), Co(1)–N(1) 2.190(3), Co(1)–N(2) 2.163(3),
O(2)···O(3) 2.683(2). All bond distances are within expected ranges. The
guest has been omitted for clarity.
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filled microchannels which run in an oblique direction with
respect to the layers. Interestingly, thermal analysis of 2·pyz
reveals that, in contrast to 1, the guest is tightly bound within the
lattice. The TGA trace displays a rapid weight loss of 20.0%
(calculated 19.1%), from 107 to 252 °C, which corresponds to
one molecule of pyz.§ The resulting material, [Co(pyz)-
(terph)(H2O)2], then slowly decomposes with loss of pyz and
the terph ion to yield the metal oxide.

The results reported herein illustrate the utility of using the
process of self-assembly for the construction of multi-compo-
nent host–guest architecture. By selecting appropriately func-
tionalized components, we have shown that it is possible to
extend the chemistry of rectangular grids involving bridging
pyridines/diazines and carboxylate moieties to neutral frame-
works. Considering the relatively small number of cavity-
containing rectangular frameworks which have been synthe-

sized to date (Table 1), it also now possible to target certain
grids, for chemical synthesis, which have not yet been
constructed (e.g. case 3), in which case members of each family
may display similar properties. We are also currently exploring
further inclusion properties of 2, with a view to determine
whether other aromatic guest molecules can be isolated within
the framework.

We are grateful for funding from the National Science
Foundation (NSF) and the Natural Sciences and Engineering
Research Council of Canada (NSERC) for a doctoral scholar-
ship (L. R. M.).

Notes and references
† To place our results in the context of those obtained to date, we limit our
discussion to M2+ ions (M = transition metal) and exclude anionic
frameworks.
‡ Crystal data for 2·pyz: monoclinic, space group C2/c, a = 11.415(1), b =
7.161(1), c = 20.585(2), b = 96.189(2), U = 1682.8(3) Å3, Dc = 1.66 g
cm23, Mo-Ka radiation (l = 0.71070 Å) for Z = 4. Least-squares
refinement based on 1496 reflections with Inet > 2.0s(Inet) (out of 1835
unique reflections) led to a final value of R = 0.039. Aromatic hydrogen
atoms were placed by modeling the moieties as rigid groups with idealized
geometry, maximizing the sum of the electron density at the calculated
hydrogen positions. Structure solution was accomplished with the aid of
SHELXS-864 and refinement was conducted using SHELXL935 locally
implemented on a Pentium-based IBM compatible computer. CCDC
182/1084.
§ For comparison, 1 exhibits an initial weight loss at 25 °C. Similar square-
based systems have been shown to exhibit initial guest weight losses below
70 °C.10–12
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Fig. 2 A space-filling model of 2·pyz. The guest is held within the cavity by
a combination of p–p interactions and C–H···N hydrogen bonds.

Fig. 3 A view depicting the O–H···O hydrogen bonds [O(2)···O(3) 2.808(3)
Å] which occur between the stacked layers of 2.
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Comparison of angular geometries, radial geometries and
intermolecular stretching force constants ks of the two series
of complexes B···F2 and B···HF, where B is H2S, HCN,
CH3CN, H2O, (CH2)2O or NH3, allows conclusions about the
nature of the interaction in B···F2 and the shape of the F
atom in F2.

The reactivity of elemental fluorine is legendary. It results from
the ease with which the F–F bond is broken, coupled with the
great strength of the bonds E–F (E = H,C or N) that are formed.
Hence, the reactions of F2 with many simple compounds are
highly exothermic. Once sufficient concentrations of F atoms
have been produced, presumably initially at surfaces and then
through the temperature rise as the reaction begins, self-
acceleration sets in through chain processes. Explosions can
then result. But what of the interactions of the difluorine
molecule F2 itself with other molecules B when the possibility
of reactions proceeding through fluorine atoms is precluded?

We have recently demonstrated that, by using a simple
device, the complexes B···F2 formed by simple Lewis bases B
with F2 may be isolated and characterised before any chemical
reaction can occur.1–6 The device is called a fast-mixing
nozzle.7 It consists of a pair of concentric, coterminal tubes of
circular cross section that issue into the evacuated Fabry–Pérot
cavity of a Fourier-transform microwave spectrometer.8 The
inner tube is a glass capillary of 0.3 mm internal diameter but
the outer is constructed from Teflon. A dilute mixture of F2 in
argon is pulsed via a solenoid valve down the outer tube while
the pure Lewis base B is flowed continuously into the vacuum
chamber through the glass capillary. The coaxial gas flows
undergo adiabatic expansion as they emerge from the tubes and

so molecules of B and F2 meet only when F2 is moving away
from surfaces at rate of ca. 5 3 104 cm s21, which is the
terminal speed of the gas pulse for argon as carrier gas.8
Complexes B···F2 so formed are rapidly cooled to their lowest
rotational and vibrational energy states and achieve collision-
less expansion in ca. 10 ms. Thereafter, the complexes are
effectively frozen and no chemical reaction is possible. The
B···F2 can then be characterised through their rotational
spectrum in the relatively long period before the gas encounters
a vessel wall, etc.

Analysis of the rotational spectrum of B···F2 leads to details
of the radial and angular geometry and to the strength of the
interaction, as discussed elsewhere for complexes B···HX.9
Sufficient B···F2 have now been characterised to allow general
conclusions about the nature of the interaction of F2 with simple
Lewis bases B. Table 1 summarises the radial and angular
geometries of the six complexes B···F2

1–6 and the six analogous
hydrogen-bonded complexes B···HF,10–16 where B is H2S,
HCN, CH3CN, H2O, (CH2)2O or NH3. Also included in Table
1 are the intermolecular stretching force constants ks. These are
available from the centrifugal distortion constants DJ or DJ for
weakly bound complexes in the quadratic approximation with
the assumption of rigid, unperturbed subunits B and F2 by using
expressions developed by Millen17 and provides one measure of
the strength of the B–F2 interaction.

Several general points emerge from Table 1. First, the
angular geometries of the pair B···F2/B···HF are isomorphous
for a given B. The detailed similarity within the pair for
H2O···XF (X = F or H), for H2S···XF and for (CH2)2O···XF, in
each of which the geometry is not dictated by the symmetry of
B, is remarkable. Although both  H2O···F2 and H2O···HF are

Table 1 Comparison of properties of complexes B···F2 and B···HF

Angular geometry r(Z···F)/Å ks/N m21

B Type Details (f/°) B···F2 B···HF s(Z)+s(F)a/Å B···F2 B···HF

H2S X = F f = 113(5)b 3.20(1)b 3.249c 3.20 2.36(4)b 12(2)d

X = H f = 91c

HCN HCN···X–F CHv(X = F and H)e,f 2.803(3)e 2.805(1)f 2.85 2.61(1)e 18.26(5)f

CH3CN CH3CN···X–F C3v(X = F and H)g,h 2.748(3)g 2.751(1)h 2.85 1.49(1)g 19.83(5)h

H2O Effectively planar, 2.719(4)i 2.684(16)k 2.75 3.63(7)i 25(2)l

C2v(X = F and H)i,j

(CH2)2O X = F f = 76(4)m 2.63(6)m 2.629(5)n 2.75 —o —o

X = H f = 72.0(2)n

NH3 H3N···XF C3v(X = F and H)p,q 2.708(7)p 2.71q 2.85 4.70(3)p 32.8q

a Sum of van der Waals radii from ref. 26; s(N) = 1.50 Å, s(O) = 1.40 Å, s(S) = 1.85 Å s(F) = 1.35 Å. b Ref. 5. c Ref. 10. d Ref. 11. e Ref. 3. f Ref.
12. g Ref. 2. h Ref. 13. i Ref. 4. j Ref. 14 and 18; k Refitted to rotational constants of H2

16O···HF, H2
18O···HF, D2

16O···DF from ref. 14. l Calculated from DJ

of ref. 15 by method of ref. 17. m Ref. 6. n Ref. 16. o Expressions in ref. 17 are not appropriate to calculation of ks from DJ for molecules of this geometry.
p Ref. 1. q Calculated from B0 or DJ values communicated to the author by B. J. Howard and P. R. R. Langridge-Smith (unpublished).
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recorded as effectively planar, H2O···HF has been shown18 to
have a small potential energy barrier (126 cm21) to the planar
C2v conformation that separates the two equivalent equilibrium
geometries of Cs symmetry having a pyramidal configuration at
O. The top of the barrier lies only slightly above the zero-point
energy level and the vibrational wavefunctions have C2v
symmetry. In view of the much weaker bond in H2O···F2, it is
likely that the barrier in this species is even lower. This
interpretation is reinforced by the fact that a low-lying
vibrational satellite attributed to internal rotation of the H2S
subunit is observed in H2S···F2 but not in H2S···HF, which is
rigidly pyramidal.

Secondly, we note from Table 1 that the ks for the B···F2 are
smaller than those of the B···HF by a factor of 6 to 8. Indeed, the
B···F2 are so weak that their ks values are closer to those of
B···Ar complexes. For example, ks = 3.6(4) N m21 and 2.18 N
m21 for oxirane···F2

6 and oxirane···Ar,19 respectively.
Thirdly, the distance r(Z···F) from the acceptor atom Z in B to

the nearest F atom is almost identical within a given pair B···F2/
B···HF.

What explanation can be offered for these observations? The
behaviour of the B···HF complexes was interpreted20,21 on the
basis of a simple electrostatic interaction of B and HF, i.e.
between unperturbed electric charge distributions. The angular
geometries of B···HF were first rationalised20 on the basis of the
simple rule which states that in the equilibrium geometry the
axis of the HF molecule coincides with the axis of a non-
bonding electron pair on the acceptor atom Z in forming a
hydrogen bond with B. This rule was subsequently given a
quantitative basis by a simple electrostatic model.22 The
variations of the ks in B···HF complexes has also been
interpreted in terms of an electrostatic interaction.23

The results in Table 1 suggest a similar approach for B···F2.
In that case, the fact that the leading term in the Taylor series
expansion of the electric charge distribution of F2, namely its
electric quadrupole moment Q = 2.76 3 10240 C m2, is very
small24 while HF has an electric dipole moment25 m = 1.8265
D (6.0925 3 10230 C m) ensures that the interaction
B···d+Fd–d–Fd+ will be much weaker than in B···d+H–Fd2. This is
borne out by the ks values of Table 1. Moreover, the nearly
spherical F2 electric charge distribution explains why the
magnitudes of ks for B···F2 are like those of B···Ar. Presumably,
the London dispersion interaction is more significant for B···F2
than for B···HF, for which the preponderant contribution is
electrostatic. In some ways F2 behaves like its united atom Ar in
complexes with B.

Evidently, the electrostatic part of the energy of interaction in
B···F2 is still definitive of the angular geometry and hence the
latter is of the same form for a given pair B···F2/B···HF.
Nevertheless, the weaker electrostatic term in the B···F2 is
consistent with a lower barrier to internal rotation of the H2S
subunit in H2S···F2 than in H2S···HF.

Given that the B···F2 interaction is weak, it seems likely that
the distance r(Z···F) will be determined by the sum of the van
der Waals radii s(Z) and s(F) of the atoms Z and F. Values of
s(Z) + s(F) generated from Pauling’s radii26 are given in Table
1. If a range of 0.05 Å is assigned to the Pauling radii, the
r(Z···F) for both B···F2 and B···HF are identical with the sum
s(Z) + s(F), since the mean difference Dr = {s(Z) + s(F)} 2
r(Z ···F) is only 0.07(6) for the B···F2 and 0.09(4) for the B···HF.
It was suggested earlier22 that the distance r(Z···F) in hydrogen-
bonded complexes can be taken as the sum of the van der Waals
radii of Z and F, in view of the lack of a repulsive electron shell
for the nearly bare proton d+H in HF. This is illustrated
graphically in Fig. 1, in which the netted spheres of appropriate
van der Waals radius drawn on the O and F atoms in the scale
diagrams of H2O ···F2 and H2O ···HF just touch in each case.

The fact that Dr is effectively zero for B···F2 suggests that F2
may not be ‘snub-nosed’ in the sense that Cl2 is, i.e. that the van
der Waals radius along the axis is not shorter than the value
perpendicular to it. For several B ···Cl2, the mean value of Dr is
found to be ca. 0.5 Å. Ab initio calculations of the type27 used

to establish the anisotropy of the van der Waals radius of Cl2
would settle this.

The author thanks the EPSRC for the award of a Senior
Fellowship.
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Fig. 1 Stick models of H2O···HF (upper) and H2O···F2 (lower) drawn to
scale, with the experimental intermolecular separations r(Z···F) given in
Table 1. The nets are spheres having the appropriate van der Waals radii (red
for oxygen, yellow for fluorine, white for hydrogen). The sphere for the H
of HF is not drawn, for the reason discussed in the text. For convenience,
both molecules are depicted as planar. Note that the van der Waals spheres
of oxygen and the inner fluorine atom just touch in each case.

2738 Chem. Commun., 1998, 2737–2738



    

Templated formation of multi-porphyrin assemblies resembling a molecular
universal joint

Martin R. Johnston,a Maxwell J. Gunterb and Ronald N. Warrener*a

a Centre for Molecular Architecture, Central Queensland University, Rockhampton, Queensland, 4702, Australia.
E-mail: r.warrener@cqu.edu.au

b Department of Chemistry, University of New England, Armidale, NSW, 2351, Australia

Received (in Cambridge, UK) 21st September 1998, Accepted 13th November 1998

The rigid bis-porphyrinic host 2 forms 1:1 complexes with
rigid 5,15-bis(4-pyridyl)porphyrins and both 1:1 and 2:1
complexes with tetrapyridylporphyrin 4, with the latter
complex providing a new example of a self-assembled system
containing an enclosed molecular environment.

Strategies for self-assembly are receiving increasing attention
for the construction of multichromophoric supramolecular
arrays involving porphyrins.1 In particular, metal ion co-
ordination utilising ligation of the metallated porphyrin nucleus
has proven efficient for positioning photoactive components.2,3

Systems exerting co-operativity between two or more non-
covalent interactions provide access to self-assembled arrays
with increased stability compared to systems relying on a single
interaction alone.3 The construction of such porphyrinic arrays
is a key to the development of synthetic models which mimic
the manner in which nature assembles the photoactive compo-
nents within the photosynthetic apparatus and produces charge
separation in high quantum yield.4

Here, we show that the rigid bis-porphyrin 2 can react with
rigid dipyridyl porphyrins to form 1:1 complexes, and that the
tetrapyridylporphyrin component 4 can form both 1:1 and 2:1
complexes;† the latter porphyrin array 7 has a shape and
mobility reminiscent of a universal joint.‡ While such a
structure is novel and aesthetically intriguing, its value is
conceptual; it may have interesting photophysical properties
and its formation suggests similar methodologies for the
assembly of other large covalent capsules.

Molecular modelling (AM1) revealed that a self-assembled
host–guest arrangement between bis-porphyrin 2 and rigid
dipyridyl rod 3 or tetrapyridyl rod 4 should be feasible, based on
the following dimensions: a porphyrin centre-to-centre distance
in 2 of 22 Å (Fig. 1); pyridine N–N distances in 5,15-dipyridyl
substituted porphyrins 3 and 4 of 15.7 and 15.5 Å, respectively;
and an average zinc porphyrin to pyridyl bond distance of 2.2
Å.7

Mixing equimolar amounts of rigid bis-porphyrin 2 [formed
from 18 by treatment with Zn(OAc)2 in CH2Cl2–MeOH] and
dipyridyl porphyrin rod 3§ (CDCl3 or CD2Cl2) resulted in the
formation of a 1:1 complex 5 (C2v). Examination by 1H NMR
spectroscopy revealed sharp resonances for 3 complexed on the
inside of 2 in which the resonances for 2 were slightly
broadened. Such broadening has been observed previously in
complexation studies involving 3,9 and in both cases these
signals were sharpened by cooling the solution to 263 K or
below.

The a- and b-pyridyl resonances of 3 within 5 are drastically
affected by the host porphyrin system’s magnetic anisotropy,
shifting upfield by 5.74 and 1.66 ppm respectively. In contrast,
the proton resonances of the fused carbocyclic framework in 5
are only slightly affected by the guest porphyrin (ca. Dd 0.14).
Such large pyridyl shifts are indicative of coordination of the
bis-pyridyl porphyrin guest with the bis-zinc porphyrin host.3

UV spectroscopic titrations carried out in CH2Cl2 at 298 K
(424 and 433 nm) yielded a Job plot with a maximum at x = 0.5,
confirming the 1:1 stoichiometry of complexation in 5. Analysis

of the titration data by non-linear least-squares revealed an
empirical association constant of ca. 108 M21. This association
constant is considerably stronger than that observed for pyridine
itself with a zinc porphyrin precursor (104 M21) indicating
strong chelation within 5.

When the dipyridylporphyrin guest was replaced by the
tetrapyridylporphyrin 4,10 the 1H NMR spectrum at 303 K for a
1:1 mixture of host 2 and guest 4 in CDCl3 revealed sharp

Fig. 1 Molecular modelling of the skeletal backbone of 1 reveals the overall
U-type geometry.
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resonances for 2 and, surprisingly, only a single resonance for 4,
the pyrrole NH (d 23.77, Dd 20.89 ppm). The resonances for
the protons of the norbornyl backbone of cavity molecule 2 are
again only slightly affected by the addition of 4 (ca. Dd 0.04
ppm), but the fact that those on the inside face of the backbone
are most affected is consistent with the formation of an internal
1:1 complex. Cooling this solution to 233 K produced a new set
of proton resonances where the resonances for a- and b-protons
of 4 now reflect their new complexed environment. Two unique
sets of resonances for the pyridyl ring protons were observed
with the most shielded set occurring at d 3.19 (Dd 25.9 ppm)
and 6.35 (Dd 21.8 ppm).

The second set of pyridyl ring protons for 4 in the 1:1
complex 6 are less shielded (viz. a Dd 20.2 ppm, b Dd 20.49
ppm) from the resonances of uncomplexed 4 and this smaller
shift is consistent with the uncoordinated pyridyl groups being
in a complexed environment such as 6. Saturation transfer
experiments revealed that the two sets of pyridyl ring proton
resonances undergo rapid exchange. The above data support 4
being complexed within the cavity of 2 yet with an uncoordi-
nated environment for the second set of pyridyl rings, as
illustrated in Scheme 1. The formation of the 1:1 complex in
solution is consistent with electrospray mass spectrometry of
the complex, which yielded peaks for 6 (m/z 1837 [M +
2H]2+).

We were intrigued by the possibility of encapsulating the
tetratopic guest 4 within two of the ditopic host units 2. 1H NMR
examination at 303 K of a solution containing a 2:1 ratio of 2 to
4 revealed a similar situation to the 1:1 case, i.e. complete
absence of any resonances for 4 except for the pyrrole NH
resonance (d 24.05 Dd 21.17 ppm) and small but significant
changes for the resonances of 2 (ca. Dd 0.09 ppm). Cooling the
solution to 233 K again yielded new resonances derived from
guest 4, i.e. two sets of resonances for the pyridyl protons of 4,
but now both sets of resonances indicate porphyrin coordination
(Dd a 25.76, 26.17 and b 21.67, 22.99 ppm). Furthermore,
two resonances were observed for the b-pyrrole resonances of 4
in 7 compared to a single resonance for uncomplexed 4.

We interpret these data as follows. The two a- and b-pyridyl
proton resonances are a result of the assymmetry enforced by
the horizontal and rotationally rigid positioning of 4 within 7.
The two b-pyrrole resonances can result from either of two
effects, (a) the formation of a distorted complex (Scheme 1)
where the complexation of the second equivalent of 2 is forced
to adopt an eccentric position owing to the steric interactions
between the tert-butyl substituents on the porphyrin subunits¶
and where the subunits are reciprocating slowly on the NMR
timescale, or (b) the result of slow NH tautomerism in the
central free-base porphyrin unit, with fast exchange between the
two possible eccentric conformations of 7.∑ We also note that
free-base 2 shows evidence of NH tautomerism at similar low
temperatures. In either case, the result is an intriguing

arrangement resembling a molecular scale mechanical universal
joint.

The concept of organising two host molecules around a
central template has been successfully employed by others to
create enclosed molecular environments.5,6 The ability of 2 to
act as a host for other porphyrinic guests opens the way for non-
covalent positioning of photoactive components and such
studies are underway in our laboratories.
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A direct and efficient synthesis of peri-hydroxy aromatic
compounds via a strong-base induced [4+2] cycloaddition of
homophthalic anhydrides with a-phenylsulfinyl enolizable
enones has been accomplished.

In the past two decades, considerable effort has been devoted to
the synthesis of biologically important polycyclic peri-hydroxy
aromatic compounds which include anthracyclines,1 freder-
icamycin A,2 granaticin,3 bostrycin,4 olivin5 and other poly-
cyclic antibiotics. Among the methods known for the construc-
tion of the key peri-hydroxy aromatic frameworks,6 the
strong-base induced [4+2] cycloaddition reaction of homo-
phthalic anhydrides to dienophiles7 continues to dominate, due
to the generality and efficiency of the reaction as well as ready
accessibility of the starting materials. An added advantage is the
direct synthesis of peri-hydroxy compounds in a single step.
The applicability of this methodology has already been realized
in the total synthesis of a variety of natural products such as
anthracyclines,1i,8 galtamycinone9 and dynemicin A.10 How-
ever, all these examples utilize non-enolizable dienophiles such
as quinone-type compounds or a,b-unsaturated esters.7b On the
other hand, the strong-base induced reaction of homophthalic
anhydride with enolizable enones such as cyclohex-2-en-1-one
or its b-substituted derivatives did not give any of the
cycloaddition products7b although in some cases the expected
product was obtained in low yield.11 This is probably due to
extensive enolization under the basic reaction condition, which
might in turn retard the cycloaddition step.

Since the discovery of this reaction by us in 1982,7a we have
been engaged in developing its variants and utilizing this
methodology for the synthesis of natural compounds. We have
now extended this reaction to enolizable enones. We reasoned
that the aforesaid problem could be readily overcome by the
introduction of a suitable functional group at the a-position of
the enone moiety which should be electron deficient in order to
increase dienophilicity and should also behave as a leaving
group, to provide directly the peri-hydroxy aromatic com-
pounds.

A number of functional groups such as Br, SPh, S(O)Ph,
SO2Ph were considered and among them, the sulfinyl group,
which fulfils the above-mentioned criteria, was found to be the
substituent of choice. Here we report an efficient, strong-base
induced [4+2] cycloaddition of various homophthalic anhy-
drides with a-sulfinyl substituted enones providing directly the
peri-hydroxy aromatic compounds in moderate to good
yields.

The homophthalic anhydrides 1a–d were prepared according
to the reported method.7 The strong-base induced reaction of
homophthalic anhydride 1a with 2-phenylsulfinylcyclopent-
2-en-1-one 2a was investigated in detail in order to optimize the
reaction conditions. Similar to our earlier work,7d we have
found that NaH is more suitable than other bases (ButOK, LDA
etc.). As can be seen from Table 1, among the various sets of
reaction conditions tried, use of 1.1 equiv. of NaH in refluxing
dioxane was adjudged the best, affording after acylation the
peri-hydroxy compound as its acetate 3a in good yield. In a

typical experiment, to a slurry of NaH in dry dioxane was added
a solution of homophtahlic anhydride 1a in dioxane. The
resulting slurry was stirred at room temperature for 30 min and
then for 20 min each at 80 °C and 120 °C (bath temperature).
Enone 2a was then added and the reaction mixture was stirred
for 20 min., cooled, quenched with aq. NH4Cl and extracted
with EtOAc. The crude reaction mixture, after evaporation of
the solvent, was treated with Ac2O and pyridine and left
overnight at room temperature. Column chromatography af-
forded the peri-hydroxy aromatic compound as its acetate 3a.
Subsequently, all the reactions were performed using the same
conditions, except for the final reaction time.

This base catalyzed [4+2] cycloaddition reaction was found
to be general for a range of substituted homophthalic anhydrides
1a–d as well as with different sulfinyl substituted enones 2a–e,
including that having an acetal functional group, affording the
respective products in moderate to good yields (Table 2).
Noteworthy is the success of the reaction with acyclic enone 2e,
which is a rewarding result given the report that no reaction was
observed between homophthalic anhydride and methyl but-
2-enoate.11a It is highly relevant that the reactions of homo-
phthalic anhydrides 1a and 1b with cyclohex-2-en-1-one and
cyclopent-2-en-1-one were not successful. The reactions under
identical conditions resulted only in complex mixtures and no
useful product could be isolated, indicating the possibility of a
base-induced enolization in these cases. Thus, it is clearly
evident that the sulfinyl group present at the a-position of the
enone moiety plays an important role in directing the course of
the reaction. Furthermore, the highlight of the reaction is the
rapid syn-elimination of the phenylsulfinyl moiety under the
reaction conditions, a unique characteristic of this functional
group,7d providing directly the peri-hydroxy aromatic com-
pounds in a single step. The advantages of the sulfinyl group are
emphasized by the fact that the strong-base induced reaction of
homophthalic anhydride with 2-bromocyclohex-2-en-1-one
was not successful. Reaction of 1a with 2-bromocyclohex-2-en-
1-one, under identical conditions for 7 h, afforded after
acylation acetate 3e in only 7% yield with the recovery of a
large amount of unreacted bromocyclohexenone. Use of an
additional equivalent of base (2.2 equiv.) in order to bring about
the trans-elimination of HBr from a possible non-aromatized
cycloadduct, did not lead to any significant improvement in the
yield. The reaction afforded, after 3 h, the acetate 3e in only
10% yield.

Table 1 Reaction of homophthalic anhydride 1a with the enone 2a in the
presence of NaH under various conditions

Entry Solvent T/°C Time
Yield of
3aa (%)

1 THF room temp. 25 h 20
2 THF reflux 15 min 41
3 1,2-diethoxyethane reflux 20 min 45
4 1,4-dioxane reflux 20 min 62
a Isolated yields after column chromatography
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The generality and efficiency of the reaction, ready availabil-
ity of the starting materials coupled with the unique activating
as well as leaving ability of the sulfinyl group renders this
method an attractive one for the synthesis of peri-hydroxy
aromatic compounds using enolizable enones. The application
of this methodology for the synthesis of natural products is in
progress and will be reported in a forthcoming paper.
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Table 2 NaH induced [4+2] cycloaddition reaction of various homophthalic anhydrides 1 with different sulfinyl substituted enones 2 in refluxing
dioxane

Homophthalic anhydride Dienophile Product

Entry 1 R1 R2 2 R3 R4 R5 t/min 3 Yield (%)a

1 1a H H 2a –CH2– H 20 3a 62

2 1b H SPh 2a –CH2– H 20 3b 58

3 1c H OMe 2a –CH2– H 20 3c 59

4 1d OBn H 2a –CH2– H 20 3d 56

5 1a H H 2b –(CH2)2– H 20 3e 70

6 1b H SPh 2b –(CH2)2– H 20 3f 58

7 1c H OMe 2b –(CH2)2– H 20 3g 62

8 1a H H 2c –(CH2)3– H 20 3h 60

9 1b H SPh 2c –(CH2)3– H 20 3i 52

10 1a H H 2d –(CH2)2– (CH2)2Xb 20 3j 63

11 1b H SPh 2d –(CH2)2– (CH2)2Xb 20 3k 57

12 1a H H 2ec Ph H H 90 3l 49

13 1b H SPh 2ec Ph H H 180 3m 48

14 1c H OMe 2ec Ph H H 210 3n 41
a Isolated yields after column chromatography. b X = 1,3-dioxan-2-yl. c E : Z = ca. 6 : 1 mixture.
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Cerium(IV) oxidative dimerisations of 4,4A-bis(trimethyl-
silyl)-2,2A:5A,2AA-terthiophene and the quaterthienyl analogue
1c gave the corresponding sexi- and octi-thiophenes; the
latter have been used to prepare a-linked hexadecithiophene
and tetracosithiophene derivatives.

The extreme insolubility of extended oligothiophenes renders
purification and spectral analysis increasingly difficult for
unsubstituted systems containing more than six a-linked
thiophene units. Only two literature citations can be found for
oligomers beyond octithiophene, namely decithiophene, ob-
tained by electrochemical oxidation of quinquithiophene and
characterised by absorption spectra in the solid state,1 and
dodecithiophene, identified as an impurity in crude samples of
octithiophene by mass spectroscopy.2 Oligo(alkylthiophenes)
bearing long-chain b-substituents are much more soluble, and
derivatives containing up to sixteen rings have been charac-
terised.3–5 The longest of these, an octadodecylhexadecithio-
phene, was obtained in 19% yield after coupling of the
corresponding lithiooctithiophene with CuCl2.5 We reasoned
that silylated oligomers should be soluble enough to aid
purification and, via electrophilic displacement of silicon,
subsequently afford straightforward access to the unsubstituted
analogues and other derivatives required for physical studies.
We describe here our results to date, culminating in the isolation
of the twentyfour-ring dodecakis(trimethylsilyl)tetracosithio-
phene 4d, the longest oligomer yet reported.

We obtained b,b-disilylated thiophenes 1b–e† by the
NiCl2(dppp)-catalysed couplings6 of 2 equiv. of the Grignard
reagent prepared from 2-bromo-4-trimethylsilylthiophene‡
with 2,5-dibromothiophene, 5,5A-dibromo-2,2A-bithiophene,
5,5A-dibromo-2,2A:5A,2AA-terthiophene and 5,5AAA-dibromo-
2,2A:5A,2AA:5AA,2AAA-quaterthiophene,‡ respectively. The yields
increase on moving from 1b to the quinquithienyl 1d, but the
very low solubility of both the sexithienyl 1e and the
dibromoquaterthienyl precursor rendered this route impractical
for the preparation of oligomers containing more than five
rings.

To circumvent this problem we turned our attention to
coupling the readily-soluble quaterthienyl 1c. We were en-
couraged by the observation that aged thin-layer chromato-
grams of 1c showed progressive formation of a lower Rf
component on re-elution. This was attributed (and subsequently
confirmed by comparison with pure samples) to photo-
oxidation of 1c to the dimer 4a on the silica surface. A reaction
of 1c with ceric ammonium nitrate gave moderate yields (ca.
15%) of 4a, the major product being 3,4AAA-bis(trimethylsilyl)-
5-nitro-2,2A:5A,2AA:5AA,2AAA-quaterthiophene (43%). When using
ceric ammonium sulfate as the oxidising agent the octithiophene
4a was isolated in up to 66% yield,§ with varying amounts of
the dodecithiophene 4b (4–7%) and hexadecithiophene 4c
(0.5–2%) as byproducts (Scheme 1). The high yield of dimer
obtained under these conditions is surprising, bearing in mind
that oxidation potentials for these systems should be inversely
related to the size of the oligomer.6,7 Cerium(IV) sulfate
oxidations were more rapid, but the relative proportions of 4b,c
and other higher molecular weight products increased with
respect to 4a. The oligomers 4a–c are bright yellow crystalline
solids which exhibit intense greenish fluorescence in dilute
solution. The UV–VIS absorption spectra show only a small
bathochromic shift on moving from 1c (lmax 389 nm) to 4c
(lmax 419 nm), in contrast to the n-dodecyl derivatives,5 which
move from yellow (lmax 379 nm) to violet (lmax 464 nm) along
the same sequence. In our series, the closer proximity of the
bulky silyl substituents to the point of coupling presumably
leads to a higher degree of twisting about every fourth a,aA-
linkage, reducing through-conjugation. This may be for-
tuitous—levelling the oxidation potentials of these systems and
hence suppressing their tendency to polymerise.

Coupling of the terthiophene 1b under conditions as
described above gave the sexithiophene 3a (48% yield) and the
nonithiophene 3b (11%) as major products,¶ along with higher
oligomers. This reaction proved more sluggish than that above,
probably as a consequence of the higher energy of the terthienyl
cation radical intermediate. A reaction of 4-trimethylsilyl-
2,2A:5A,2AA-terthiophene resulted in coupling in even lower yield

Scheme 1
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(8%), between the two a-positions adjacent to the b-silyl group;
the sexithiophene 1e and its 4,3AAA-disilyl isomer were not
detected. These observations are in line with a recent study on
the stabilising effect of progressive b-methylation on cation
radicals derived from 5,5A-dimethyl-2,2A-bithiophene.8 At-
tempts to dimerise 4,4A-bis(trimethylsilyl)-2,2A-bithiophene 1a
to 2 in like manner resulted in quantitative recovery of the
starting material.

The octithiophene 4a oligomerised on reaction with cer-
ium(IV) sulfate in 1,2-dichloroethane at room temperature to
give the sexadecithiophene 4c (35% yield), the tetracosithio-
phene 4d (11%), and a mixture of higher oligomers (ca. 20%)
after column chromatography on silica. The dotriacontithio-
phene 4e appears to be the major constituent of the residue,
corroborated by TLC studies of dimerisation attempts using 4c,
but we have not yet been able to isolate pure samples. The
relative insolubility of the higher oligomers of 4 has prevented
preparative separation by chromatography, while the more
soluble analogues 3 are not satisfactorily resolved beyond 3b.
We anticipate that replacement of either or both trimethylsilyl
substituents in 1c by more lipophilic alkylsilyl groups should
circumvent this problem and ultimately, via protodesilylation,
enable preparation of the parent systems. Preliminary studies
indicate that compounds 3a and 4a give quantitative yields of
analytically pure sexithiophene and octithiophene respectively,
on treatment with TFA in CH2Cl2.
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Reductive intramolecular cyclization of a-bromo silyl ethers mediated by
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A new SmI2-promoted intramolecular reductive cyclization
of b-(a-bromo siloxy) carbonyl compounds is reported.

In the last decade, SmI2 has become one of the most developed
reagents in organic synthesis due to the oxophilicity of
samarium metal and its powerful one election donor reactivity
with various functional groups.1 Reductions, reductive cycliza-
tions or coupling reactions using SmI2 have been intensively
studied. In particular, intramolecular reductive cyclizations
have brought noticeable results in the formation of highly
functionalized carbocycles1,2 and heterocycles.1,3 Barbier type
reactions,1c,4 Reformatsky type reactions,1c,5 pinacolic coupling
reactions1c,6 and ketone-olefin coupling reactions1b,c,7 have
been investigated for intramolecular reductive cyclization. Aryl
radical cyclization,8 halide induced cyclization,1b,c,9 and se-
quence cyclization1a,10 have also been reported. Of these
reactions, Barbier type reactions give excellent results for
cyclization with high stereoselectivity.1c

Intramolecular cyclizations of b-(a-bromo siloxy) alkenes or
alkynes or vinyl bromo siloxy derivatives via a free radical
process by treatment with Bu3SnH gave various useful cyclic
silyl ethers11 with high degrees of regio-, chemo- and stereo-
selectivity; the reaction products are potentially useful inter-
mediates which can be converted to triols by Tamao oxida-
tion.12

Although many attempts have been made to construct
functionalized carbocycles or heterocycles by ring closure of a
ketyl radical or anion with a ketene or alkyne, there is no
reported example of radical or anion cyclization of b-(a-bromo
siloxy) carbonyl derivatives mediated by SmI2. Matsuda and
co-workers examined cyclization of b-(a-bromo siloxy) car-
bonyl derivatives in sugar moieties, and demonstrated that no
cyclization occurred.13

We were intrigued by the possibility of another Barbier type
reaction, this time with b-(a-bromo siloxy) carbonyl substrates
using SmI2. The b-(a- bromo siloxy) carbonyl substrates were
prepared via two steps as shown in Scheme 1. The ketones were
condensed with aldehydes or ketones under typical aldol
conditions.14 For the preparation of a-substituted aldol prod-
ucts, Bun

2BOTf was used and the erythro product was obtained
as the major product. The resulting b-hydroxy ketone was
treated with bromomethyl(dimethyl)chlorosilane in the pres-
ence of pyridine at 0 °C to provide the desired product 1 in
excellent yields as shown in Scheme 1. Their structures were
identified by 1H and 13C NMR and mass spectroscopy.

Here we describe a new intramolecular reductive cyclizations
of b-(a-bromo siloxy) carbonyl compounds 1 with SmI2 in the
presence of HMPA to 2, as shown in Scheme 2.

In order to generalize the cyclization of b-(a-bromo siloxy)
carbonyl substrates, both acyclic (1a–j) and cyclic substrates
(1k–n) were subjected to the cyclizations under the optimized
reaction conditions [SmI2 (2.2 equiv.), HMPA (4 equiv.), THF,
278 °C]. The results obtained are summarized in Table 1.

Formation of two stereoisomers is possible; one is the syn
isomer, which has the R3 and OH groups pointing in the same
direction, and the other is anti isomer, which has the R3 and OH
groups pointing in opposite directions. As a result the syn
isomer 2 was obtained together with trace amount of the anti
isomer 3. The configuration of 2 (2f) was identified by 1H and
13C NMR and NOE experiments (Fig. 1) and mass spectros-
copy. The syn isomer conformation obtained could be explained
by steric hindrance in the transition state. In the four possible
transition states, conformation A seems to be the most favorable
due to steric effects, as suggested by Molander.9

In the absence of HMPA, the yield of 2 is low and desilylated
aldol products were obtained as the major product. Erythro or
threo cyclohexanone substrates gave the corresponding erythro
or threo products respectively in good yields. The substrate 1d
gave the desired cyclized product 2d (44%) together with olefin

Scheme 1 Reagents and conditions: i, LDA, THF, 278 °C; ii, Bun
2BOTf,

Pri
2NEt, THF, 278 °C; iii, R4CHO, 278 °C; iv, ClMe2SiCH2Br, pyridine,

CH2Cl2, 0 °C.

Scheme 2 Reagents and conditions: i, SmI2 (2 equiv.), HMPA (4 equiv.),
THF, 278 °C.

Table 1 Cyclization of siloxy derivatives using SmI2
a

Substrate R2 R1 R3 R4 t/min
Ratio
2:3

Yield
(%)b

1a H Ph H Et 10 > 99:1 61
1b H Ph H Pr 15 > 99:1 75
1c H Me H Pr 30 > 99:1 72
1d H Pri H Pr 30 > 99:1 44c

1e H Me H c-Hex 30 > 99:1 57
1f Me Et H Ph 30 95:5 65 (15)d

1g Me Et K Pr 30 90:10 67
1h Me Et H But 30 95:5 62
1i Me Ph H H 15 92:8 71
1j Me Ph H Ph 10 95:5 35
1k –(CH2)4– H Ph 10 > 99:1 74 
1l H –(CH2)4– Ph 10 > 99:1 69 
1m –(CH2)3– H Ph 10 > 99:1 80 
1n –(CH2)3– H Et 30 > 99:1 63 
a All reactions were carried out using SmI2 (2.2 equiv.) in THF and HMPA
(4 equiv.) at 278 °C. b Isolated yields. c Eliminated olefin was obtained in
ca. 20% yield. d The reaction was carried out in the absence of HMPA.
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4 (20%) which is formed by elimination of the siloxy moiety as
shown in Scheme 3.

In the reaction mechanism, there are two possible process; a
radical–radical coupling process and a samarium Grignard-type
anion process (Scheme 4). In the radical–radical coupling
reaction, 2 equiv. of SmI2 generates both a ketyl radical and an
alkyl radical which couple each other. On the other hand, the
organosamarium Grignard-type species, which could be gen-
erated from an alkyl radical by one more electron transfer from
SmI2, could add to the carbonyl group. Since the reactivity of
primary alkyl bromides with SmI2 is higher than that of
carbonyl groups, it can be considered that the organosamarium
Grignard-type process is more favorable.

The a-effect of the silicon moiety may also help to promote
the organosamarium pathway. Most of the reactions gave the
reduced aldol products in ca. 20% yield as a side product.
Formation of the aldol side product also supports the organosa-
marium pathway. If the reaction occurs via a diradical pathway,
the carbonyl moiety might be reduced to a b-OH moiety.
However, only the desilylated aldol products (up to 20%) were
obtained and confirmed.
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Fig. 1 NOE correlations of b-hydroxy cyclic silyl ether.

Scheme 3 Reagents and conditions: i, SmI2 (2.2 equiv.), HMPA (4 equiv.),
THF, 278 °C.

Scheme 4
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Synthesis and characterization of a novel bipolar polymer for light-emitting
diodes
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A novel bipolar light-emitting polymer containing both
efficient hole and electron injecting/transporting segments
exhibiting high thermal stability (Td = 445 °C), good
electrochemical reversibility, excellent thin film-forming
and light-emitting properties (bright yellow emission, a
rectification ratio greater than 105 and a low turn-on voltage
of 3.7 V) is reported.

For most of the conjugated polymers that are reported in the
literature, the hole injection/transport is more favorable than the
electron injection/transport due to the electron-richness of the
p-conjugated systems. To facilitate the electron injection,
metals with low work functions, such as calcium and magne-
sium, have been used as cathodes. However, the stability of the
resulting devices is severely compensated for by the sensitivity
of these metals to both oxygen and moisture. To circumvent
these problems, several approaches have been utilized, such as
synthesizing highly electron-affinitive polymers,1 inserting an
additional electron injecting/transporting layer between the
emitter and the cathode2 and blending small molecules into the
polymer matrix.3 Although some success has been achieved,
several deficiencies are associated with these methods. For
example, more tedious and complex multilayer structures were
needed to offset the poor hole injection of the highly electron-
affinitive polymers for achieving high device efficiency. In
addition, phase separation often occurs when the dopant
concentration is high. Recently, Bao et al.4 reported the results
of light-emitting polymers containing both electron and hole
transporting moieties that achieved efficient device perform-
ance. Thus, it is desirable to design and synthesize a bipolar
polymer that possesses both a hole injecting/transporting
segment and an electron-affinitive segment in order to enhance
the charge injecting/transporting ability. Polyquinolines (PQs)
are a class of heteroaromatic polymers that possess excellent
thermal stability, good thin film processibility, high electron
affinity and unique nonlinear optical properties.5,6 A blue
electroluminescent (EL) device using a fluorinated polyquino-
line (PQ-100) as the emitting layer has been reported that
possessed a very high turn-on voltage (50 V) due to difficulties
achieving efficient/balanced charge injection.7 On the other
hand, tetraphenyldiaminobiphenyl (TPD) has been widely used
as an excellent hole-transport material in fabricating small
molecule EL devices.8 In the hope of combining both the blue
light-emitting and good electron-affinitive properties of the bis-
quinoline and the efficient hole-injecting/transporting proper-
ties of the TPD into a single bipolar material to enhance the
overall performance of an EL device, we have copolymerized
these two functional moieties via a nucleophilic replacement
reaction/polycondensation. Here we report the excellent ther-
mal, electrochemical and EL results obtained from this
polymer.

The synthesis of the copolymer (TPD-PQE) is outlined in
Scheme 1. Compound 1 was synthesized (80% yield) from 4,4A-
diamino-3,3A-dibenzoyldiphenyl ether and 4-fluoroacetophe-
none.9 Compound 2 was synthesized (50% yield) from the
modified Buchwald coupling reaction10,11 between 4-anisidine
and 4,4A-dibromobiphenyl in the presence of tris(dibenzylide-
neacetone)dipalladium [Pd2(dba)3], 1,1A-bis(diphenylphosphi-

no)ferrocene (dppf) and NaOBut, followed by the addition of
1-bromo-4-butylbenzene and additional NaOBut. Compound 3
was obtained (72% yield) from 2 by a demethylation reaction.12

Polymerization between 1 and 3 was carried out in the presence
of K2CO3 in a NMP–toluene solvent mixture.13 The resulting
viscous polymer solution was precipitated into MeOH, fol-
lowed by Soxhlet extraction with MeOH to afford polymer 4
(78% yield). The chemical structures of monomers and polymer
were confirmed by 1H NMR and elemental analyses.

TPD-PQE was a pale-grey fibrous solid. As a result of the
two n-butyl groups attached on the TPD moiety, the TPD-PQE
was readily soluble in common organic solvents, such as
CHCl3, THF and cyclopentanone. The weight average molec-
ular weight (Mw = 58400 with a polydispersity index of 5.76)
was determined by gel permeation chromatography using THF
as eluent and polystyrene as standard.

The thermal properties of TPD-PQE were determined by
thermal gravimetric analysis (TGA) and differential scanning

Scheme 1 Reagents and conditions: i, conc. H2SO4, AcOH; ii, Pd2(dba)3,
dppf, toluene, NaOBut, 90 °C; iii, 4-BrC6H4Bu, NaOBut; iv, BBr3·SMe2,
ClCH2CH2Cl; v, K2CO3, toluene, NMP.
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calometry (DSC). The TPD-PQE possessed excellent thermal
stability with a glass transition temperature (Tg) of 196 °C, and
a Td (onset of the decomposition temperature) of 445 °C.

The energy levels of TPD-PQE were investigated by cyclic
voltammetry (CV). A thin film of the polymer was spin-coated
onto pre-cleaned indium-tin-oxide (ITO) glass as a working
electrode ( ~ 3 cm2) from a cyclopentanone solution (concentra-
tion ~ 3 mg ml21). The reference and counter electrodes were
Ag/Ag+ (non-aqueous) and Pt gauze, respectively. The experi-
ment was carried out under nitrogen with tetrabutylammonium
perchlorate in anhydrous MeCN (TBAP, 0.1 M) as the
supporting electrolyte. A typical CV curve is shown in Fig. 1.
Two redox-active moieties were revealed for the copolymers. It
is worth pointing out that the oxidative (p-doping) process was
highly reversible and the reductive (n-doping) process was
quasi-reversible for TPD-PQE. As a matter of fact, such a
bipolar ability is beneficial to the performance of LEDs. The
energy values of the lowest unoccupied molecular orbital
(LUMO) and the highest occupied molecular orbital (HOMO)
for TPD-PQE were calculated using the ferrocence (FOC) value
of 24.8 eV below the vacuum level.14 The onset potentials of
oxidation and reduction of TPD-PQE (Fig. 1) were determined
as +0.39 and 22.07 V vs. Ag/Ag+, corresponding to +0.27 and
22.19 V vs. FOC (EFOC = 0.12 V vs. Ag/Ag+). Thus, the
HOMO and LUMO levels and the HOMO–LUMO gap should
be 25.07, 22.61 and 2.46 eV, respectively. The optical Eg
calculated from the onset (426 nm) of the UV–VIS absorption
spectra of the spin-coated films for TPD-PQE was 2.91 eV.

To fabricate LED devices, copper phthalocyanine (CuPc),
tris(8-hydroxyquinoline)aluminium (Alq3) and Al layers were
evaporated in a vacuum (1026 Torr). Thin films of poly(9-
vinylcarbazole) (PVK) and TPD-PQE were spin-coated from a
1,2-dichloroethane solution and from a CHCl3 solution, which
were filtered through a 0.2 m Teflon filter before spin-coating.
Three types of LEDs with the structure of ITO/CuPc/TPD-PQE/
Al (A), ITO/PVK/TPD-PQE/Alq3/Al (B) and ITO/TPD-PQE/
Alq3/Al (C) were employed in this study. The thickness of the
TPD-PQE was the same ( ~ 35 nm) for all three types of LEDs,
while the thickness of CuPc, PVK, Alq3 and Al were ~ 35,
~ 40, ~ 50 and ~ 100 nm, respectively. The active area of the
resulting devices was 7.07 mm2. All of the fabrication processes

(except for vacuum evaporation) and measurements were
performed in air and at room temperature.

Fig. 2 shows the current–voltage characteristics of the LEDs.
Excellent diode behavior was found for these devices. The turn-
on voltage and rectification ratio were determined to be 3.7 V,
and 5.1 3 104 (at 4.5 V) for A, 21.0 V and 4.2 3 105 (at 30.0
V) for B, and 30.1 V and 6.0 3 104 (at 36.0 V) for C,
respectively. It is worth noting that, for these devices using PVK
or CuPc as hole injecting/transporting layers, the turn-on
voltages were decreased, while using Alq3 as an electron
injecting/transporting layer, the turn-on voltages were in-
creased. This indicated that the TPD-PQE polymer has a good
electron injecting/transporting ability. When the hole injecting/
transporting (PVK or CuPc) layers were introduced, the overall
charge injection/transport of the devices were balanced, which
led to the decrease of the turn-on voltages.

Fig. 3 shows the photoluminescence (PL) spectrum of a TPD-
PQE film and EL spectra of the LEDs. The PL spectrum of
TPD-PQE had an emission peak at 547 nm when it was excited
at 366 nm. The EL spectrum from device A is blue-shifted (lmax
= 530 nm) compared to the PL spectrum of the TPD-PQE. In
particular, its long wavelength side became much steeper. This
was due to partial absorption by CuPc in the 520–680 nm
region.15 The shape of the EL spectrum from device C is similar
to the PL spetrum of TPD-PQE, however, it is red-shifted to 568
nm. In the case of device B, the EL emission shows a peak at
570 nm with a shoulder at ~ 620 nm. The shoulder is probably
due to emission from aggregates of carbazole groups.19 Bright
light emission can clearly be seen under room light at forward
bias for all three types of LEDs.

In conclusion, a bipolar copolymer was synthesized and
characterized. This polymer showed high thermal stability,
good electrochemical reversibility and excellent thin film-
forming ability. In addition, very good LED performance was
obtained with a low turn-on voltage, high rectification ratio, and
bright light emission.
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Fig. 1 Cyclic voltammetry of TPD-PQE spun-coated on ITO glass in an
MeCN solution of TBAP (0.1 M) at a scan rate of 40 mV s21: (a) reduction
and (b) oxidation.

Fig. 2 Current–voltage characteristic for the light emitting devices. (a) ITO/
CuPc/TPD-PQE/Al A, (b) ITO/PVK/TPD-PQE/Alq3/Al B and (c) ITO/
TPD-PQE/Alq3/Al C.

Fig. 3 (2) Photoluminescence spectrum of TPD-PQE and electro-
luminescence spectra of (—) ITO/CuPc/TPD-PQE/Al A, (8) ITO/PVK/
TPD-PQE/Alq3/Al B and (Ω) ITO/TPD-PQE/Alq3/Al C.
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Catalytic enantioselective addition of (4-trimethylsilylbut-
2-ynyl)tributylstannane to aldehydes provides trimethyl-
silylmethylallenyl alcohols in high enantioselectivity which
can be converted with a second electrophile to the corre-
sponding dienyl alcohols.

There is considerable interest in the development of catalytic
process utilizing chiral Lewis acids to realize efficient and
practical asymmetric syntheses.1 In previous studies, we have
demonstrated that the utilization of molecular synergetic
reagents for catalytic asymmetric allylic transfer reactions
resulted in not only a significant increase in the reaction rate but
also a reduced dosage of chiral catalyst. Our approach involves
the use of BINOL–TiIV complex as a chiral promoter along with
Et2BSPri or Me3SiSPri as an accelerating synergetic reagent that
has recently shown to provide highly enantioselective versions
of allylic transfer reactions of achiral aldehydes such as
allylation,2 propargylation3 and allenylation.4 The efficiency of
this protocol in terms of enantioselectivity and catalytic ability
has encouraged us to apply the extension of this method to more
versatile systems which would expand the scope and utility of
allylic transfer reactions.5 Described herein is an extension of
the molecular accelerating strategy aimed at finding new
reagents and realizing useful and practical ways to advance new
levels of asymmetric synthesis. In this study we focus on the
addition of a bifunctional reagent to an aldehyde and subsequent
attack by a electrophile to form dienyl alcohols. The realization
of an efficient method in this reaction should be valuable
because many useful functional group transformations can be
foreseen for chiral alcohols.6 In the present research, the
following observations were made: (i) (4-trimethylsilylbut-
2-ynyl)stannane is effective as a new reagent; (ii) dramatic
solvent effects are observed when using PhCF3; (iii) the
efficient chemical transformation of homoallenylsilane into
dienyl alcohols.

Our initial studies began with 1,4-bis(tributylstannyl)but-
2-yne 1 as the allylic transfer reagent, which was prepared from
the reaction of Bu3SnLi (2 equiv.) with 1,4-dichlorobut-2-yne at
278 °C in THF.7 The chiral catalyst, BINOL–TiIV complex 3,
was prepared by the reaction of (S)-BINOL (BINOL = 2,2A-
dihydroxy-1,1A-binaphthol) and Ti(OPri)4 (2:1) in the presence
of 4 Å molecular sieves at 25 °C for 2 h.8 Initial reactions of 1
and 2 in the presence of chiral catalyst 3 afforded none of the
adduct 5 under various conditions. Fortunately, this lack of
reactivity was overcome by introducing synergetic reagent
Et2BSPri 4. Treatment of 1 with 2 (R = PhCH2CH2) and then
4 in the presence of 3 (10 mol%) at 220 °C for 20 h in CH2Cl2
afforded 5 along with undesired 6 in 58% combined yield in a
ratio of 2:1 as judged by 500 MHz 1H NMR analysis of the
crude product (Scheme 1). Treatment of 5 with 10% HCl in
THF cleanly gave dienyl alcohol 6 without loss of optical
purity. Using heptanal as substrate under the same conditions,
similar results were obtained but the formation of dienyl alcohol
6 still remained a problem. However, attempts at further

conversion with benzaldehyde gave very poor results ( < 10%
conversion, at 220 °C for 36 h).

The formation of dienyl alcohol 6 from 5 was attributed to the
acidic reaction media (PriOH with TiIV species).† We specu-
lated that the limited scope of the reaction and the side reaction
with 1 can be solved by introducing the relatively less bulky and
more stable silyl substituent instead of the stannyl group at C-4
on 1. The new reagent 7, a crucial compound in the present
research, was prepared from propargyltrimethylsilane by the
following sequences. Lithiation of propargylsilane with BuLi in
THF (278 °C, 1 h) followed by addition of paraformaldehyde
(278 to 220 °C, 2 h) gave (4-hydroxybut-2-ynyl)silane in 74%
yield after distillation.9 Treatment of (4-hydroxybut-2-ynyl)si-
lane with BuLi at 278 °C for 1 h in THF followed by reaction
with TsCl at 278 °C for 1 h and then 220 °C for 2 h gave the
corresponding tosylate which used in the next reaction without
isolation. Subsequent treatment of the tosylate with Bu3SnLi at
278 °C for 2 h afforded 7. Final purification of 7 was effected
by distillation (75–82% yield, bp 121–122 °C at 0.4 mmHg).‡
Initial experiments on the allylic transfer reaction of 7 with
various aldehydes promoted by 3 along with 4 under similar
conditions (220 °C for 18–24 h in CH2Cl2) afforded encourag-
ing but marginal results. Although no or trace amounts ( > 30:1)
of dienyl alcohols 6 were produced during the reaction, the
product yields for 8 ranged from 39 to 72% with 83–92% ee, as
indicated in Table 1. After exploring numerous sets of
conditions, we were delighted to find that the use of a,a,a-
trifluorotoluene (PhCF3) as solvent led to the best results in
terms of chemical yields and enantioselectivities.10 Under
optimal conditions, the allylic transfer reaction was carried out
according to the following procedure: The red–brown mixture
of (S)-BINOL–TiIV complex (10 mol%) was cooled to 220 °C,
and 2 (R = PhCH2CH2) was added. To this mixture was added
dropwise 7 (1.2 equiv.) in PhCF3 followed by 4 (1.2 equiv.) in
PhCF3 using a gas-tight syringe via a syringe pump over 1 h
along the wall of the flask while keeping the temperature below
220 °C. After 18 h at 220 °C, the mixture was quenched by the
addition of a saturated aqueous NaHCO3. After work up,
chromatography on Et3N treated silica gel gave 8 (R =
PhCH2CH2) in 78% yield with 97% ee. Additional experiments
with various aldehydes were carried out and representative

Scheme 1 Reagents and conditions: i, RCHO 2, (S)-BINOL–TiIV 3 (10
mol%), Et2BSPri 4, 220 °C, 20 h, CH2Cl2 [R = PhCH2CH2, 58% (68:32),
91% ee; R = C6H13, 55% (57:43), 88% ee]; ii, 10% aq. HCl, 0 °C, 2 h,
THF.
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results are summarised in Table 1. It is noteworthy that the
formation of bis-allylated diol was not detected. Also, reduced
dosage of chiral catalyst 3 (5 mol%) resulted in diminished
chemical yield and longer reaction time (2, R = PhCH2CH2,
220 °C, 36 h, 34%).

The absolute configuration of the predominating enantiomer
of the adducts 8 was unambiguously established after conver-
sion to 6 by comparison of their specific rotations with that of
known alcohols.11 The absolute sense of the asymmetric
induction parallels previous observations on catalytic allyla-
tions that employed the (S)-BINOL–TiIV catalyst.2–4

The adducts 8 are readily amenable to further conversion
with electrophiles to give the useful synthetic intermediates,
dienyl alcohols, with retention of enantiopurity, as described in
Scheme 2. For example, the alcohol 6 was obtained from the
reaction of 8 (R = PhCH2CH2) with acidic media in 78%
isolated yield (a 4:1 mixture of aqueous HF and HCl at 0 °C in
THF). Treatment of 8 (R = PhCH2CH2) with bromine (1.1
equiv.) in the presence of pyridine (5 equiv.) in CH2Cl2 at 278

°C for 1 h afforded 9 along with the corresponding silyl ether
(less than 10%) which was readily desilylated with Bu4NF in
THF (over all 71% yield).

In summary, this paper describes a new bifunctional reagent
for the catalytic asymmetric allylic transfer reaction in a very
general and efficient way which promises to be widely
applicable. We believe that the products can serve as synthetic
intermediates for the synthesis of chiral substances by selective
functional group transformations.

Generous financial support of this research by grants from the
Ministry of Education (BSRI 97-3420) and the Korea Science
and Engineering Foundation (KOSEF 97-0501-02-01-3) is
gratefully acknowledged.
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Table 1 Allylic transfer reactions of 7 with achiral aldehydesab

Entry R Solvent t/h Yield (%)c Ee (%)d

1 PhCH2CH2 CH2Cl2 18 62 92
2 PhCH2CH2 PhCF3 18 78 97
3 C6H13 CH2Cl2 18 60 90
4 C6H13 PhCF3 18 83 97
5 Ph CH2Cl2 24 39 84
6 Ph PhCF3 24 54 91
7 Me3SiC·C CH2Cl2 24 50 83
8 Me3SiC·C PhCF3 24 62 88
a All reactions were carried out at 220 °C in indicated solvent.
b BINOL:Ti(OPri)4 = 2:1 (10 mol%). c Yields refer to isolated and purified
products. d Ees were determined by preparation of (+)-MTPA ester
derivatives, analysis by 500 MHz 1H NMR spectroscopy, and comparison
with corresponding diastereomers which were prepared from (R)-BINOL-
TiIV.

Scheme 2 Reagents and conditions: i, aq. HF/HCl (4:1), 0 °C, THF (R =
PhCH2CH2, 78%; R = C6H13, 81%; R = Ph, 68%); ii, Br2 (1.1 equiv.),
pyridine (5 equiv.), 278 °C, 1 h, CH2Cl2, then TBAF, THF (R =
PhCH2CH2, 71%; R = C6H13, 74%).
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The previously unknown crystal structre of the low tem-
perature ordered phase of norbornene was solved from a set
of powder diffraction data with severe preferred orientation
collected on a laboratory X-ray diffractometer by first
predicting the starting model by means of molecular packing
analysis method, which was then refined against the
experimental data by means of Rietveld method.

Norbornene, bicyclo[2.2.1]-2-heptene, belongs to a family of
compounds which have a globular molecular shape, form
orientational disordered plastic crystals and undergo phase
transitions from high temperature disorderd phases to low
temperature ordered phases. During the phase transition, plastic
crystals usually shatter and it is very difficult to obtain single
crystals from the ordered phases. For norbornane (C7H12),1 the
crystal structure of the low temperature ordered phase was
solved by model building due to the special geometrical
arrangement of molecules in the unit cell and refined against
high-resolution synchrotron powder diffraction data. For nor-
bornadiene (C7H8),2 the crystal structure of the low temperature
ordered phase was solved from single crystal grown by means
of the in situ technique3 from solution. This technique, however,
failed so far for norbornene.

There is currently a major renaissance in the use of powder
diffraction techniques for determining crystal structures at
atomic resolution.4 In this paper, we report the crystal structure
of the low temperature ordered phase of norbornene (commer-
cial product) solved from powder diffraction data at 105 K on an
ordinary laboratory X-ray diffractometer (Siemens D5000, 7°
position-sensitive detector, curved graphite monochromator
and Cu-Ka1 radiation). The structure only exists in an ordered
form at low temperatures. The sample was sealed inside a
capillary (d = 0.3 mm) and data were collected in steps of
0.0166° from 10.40 to 110.40° in 2q, counting time 200 s per
step. Indexing based on a monoclinic unit cell (TREOR905) and
refinement of unit cell dimensions with the whole pattern gave:
a = 7.6011(7), b = 8.5985(8), c = 8.7290(8) Å, b =
97.313(3°), V = 565.87(9) Å3. Systematic absences suggested
that the possible space group was P21/c, although P21, P2, Pc,
P2/c could not be excluded for sure in the beginning. P2/m, Pm
and P21/m are excluded from symmetry considerations.

The sample has severe preferred orientation and contains a
little impurity of the hexagonal high temperature disordered
phase because not all of the sample has transformed into the
ordered phase when cooling through the phase transition point
at 145.3 K.6 Preferred orientation, a well known problem that
can seriously undermine structure solution attempts, is present
in this sample. Therefore, the conventional structure determina-
tion method7 did not succeed in this case, and we turned to
molecular packing analysis method.8 We first predicted struc-
ture models by molecular packing analysis method in possible
space groups, simulated the diffraction patterns which were
then compared to the experimental pattern. Subsequent Rietveld
refinement9 led to a final model.

The only inputs required by molecular packing analysis
method are the molecular structure and an intermolecular force
field. This method is used to predict the structure of crystals or
molecular clusters by energy minimization, based on a variety

of published force fields or a user-defined force field. The
intermolecular or nonbonded energy of the molecular assembly
is represented by a pairwise sum over atoms in different
molecules. Crystal lattice sums are accurately evaluated using
the accelerated convergence method.10 The structural variables
considered by the program are the rotations and translations of
several molecules, and selected internal rotations. Molecules
may be related by space group symmetry operations. In our
case, we constructed the molecular structure from norborna-
diene.2 The energy minimization was implemented using the
fixed unit cell dimensions and on different possible space
groups. Rotation and translation parameters of the independent
molecule were allowed to vary, while the symmetry-related
molecules moved in a dependent way. We just considered the
VDW energy term, because Coulomb energy is insignificant for
this compound. The final minimized energies are listed in Table
1. From this table, we can see that P21/c has the lowest packing
energy. These predicted models were used to simulate the
powder diffraction patterns, which are shown in Fig. 1. From
this figure, we can exclude the space groups P2, P21, and Pc.
When we tried to refine the structure in P2/c, it did not

Table 1 Molecular packing energies of the low temperature ordered phase
of norbornene assuming different space groups at fixed cell dimensions 

Space group P21/c P2/c Pc P21 P2

Packing energy/kJ mol21 256.2 243.9 232.7 219.1 22.4

Fig. 1 Simulated powder diffraction patterns from predicted models by
molecular packing analysis method on different space groups.
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converge. Therefore, we can conclude that the correct space
group of the low temperature phase of norbornene is P21/c.

The atomic coordinates of the model predicted by molecular
packing analysis method were input into the Rietveld refine-
ment program FULLPROF.11 A pseudo-Voigt profile function
was selected to describe the diffraction peak profiles. After
some cycles of refinement, the difference pattern between the
observed and calculated patterns shows obvious preferred
orientation along [111], which was modelled using Marsh–
Dollase function.12 At the beginning of refinement, only the
positions of the carbon atoms were refined with an overall
isotropic thermal parameter and without any constraints on the
bond distances. After some cycles, one C–C bond became
remarkably shorter than the other C–C bonds, indicating its

double bond characteristic. The positions of the hydrogen atoms
were generated using the SHELXTL utilities XP13 on the ideal
positions after each cycle of refinement of carbon atoms. Fig. 2
shows the Rietveld refinement pattern. The remarkably good fit
between the observed and calculated patterns supports the
structure model.14 Fig. 3 shows the molecular structure of the
low temperature ordered phase of norbornene.

In summary, from the successful structure determination of
norbornene, we wish to encourage the scientific community to
exploit the structural information which can be readily obtained
from powder diffraction data with inhouse techniques.

We gratefully acknowledge financial support by the Fonds
der Chemischen Industrie. One of the authours (J. M.) is
supported by the Alexander von Humboldt-Stiftung as a
Humboldt fellow.
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Fig. 2 Observed (plus marked line), calculated (solid line) and difference
patterns (at the bottom) for the low temperature ordered phase of
norbornene at 105 K. The short vertical lines mark the positions of possible
Brag reflections.

Fig. 3 Molcular structure of low temperature ordered phase of norbor-
nene.
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The simultaneous responses from a conductance sensor and
a gravimetric quartz crystal sensor can be combined as a
hybrid measurement which yields the analyte vapour’s
molecular density.

The measurement of odours is of importance in the monitoring
of industrial, bio-agricultural and environment processes.
Traditionally analytical methods, including gas chromato-
graphic mass spectrometry1 or optical measurements,2 have
made use of inherent physical characteristics of the vapour. In
other gas sensing systems, such as electronic noses,3–5 where
the instrumentation and methodology may be more simple,
there is often a lack of detailed mechanistic knowledge as to
what determines the sensor response. As a consequence, one of
the greatest challenges in artificial olfaction is the development
of a convenient sensor technology where the analytical response
results from an intrinsic molecular signature or property of the
gas. Here, we show how a hybrid device, comprising a
conductimetric and gravimetric sensor pair, can, through the
simple ratioing of their responses, determine the molecular
density of one or more vapour(s). The method that we propose
has an advantage over existing olfactory techniques in that it
generates quantitative physical information describing the gas
composition (analogous to, for example, an IR stretch).

Much work on the development of electronic noses3–9 has
focused on two distinct sensing methods, namely, conductivity
measurements based on chemoresistors3–5 and the (mass
sensitive) quartz crystal microbalance (QCM).6–9 In both
technologies, a transducing element is coated with a membrane,
which may be either an organic polymer, an inorganic oxide, or
simply a functionalised self assembled monolayer.3–9 Re-
sponses are measured, either by an increase in mass (as is the
case for a QCM), or by a change in electrical resistance
(exemplified by the chemoresistor) due to the interaction of the
gas with the overlayer. A notable difference, however, between
the two systems is the common use of non-conducting
overlayers in QCM sensors, and of conducting polymers or
metal oxides in the chemoresistor systems. 

Both the QCM9–11 and conductimetric techniques3–5 have
been expanded to utilise arrays of different sensors. Conse-
quently, commercial instruments have exploited signal process-
ing as a means of producing an olfactory image and hence
identifying the composition of an unknown vapour stream.12

A recent innovation has resulted in the manufacture of
conductimetric sensors, fabricated using a dispersion of carbon-
black13 or any other finely divided conducting material14 in a
non-conducting polymer (so forming a conducting membrane).
Sorbtion of a vapour into such a composite matrix causes a
change in the electrical resistance by influencing the length of
percolation paths between conducting particles within the
polymer film. A consequence of this methodology for sensor
fabrication has been to greatly extend the variety of polymers
and deposition methods which can be used in these sensor
systems. Additionally, by using these composites, interpretation
of the measured resistance changes becomes simplified through
the finding that changes in conductivity are linear with the
(single component) vapour phase concentration13 (below the
percolation threshold). Importantly, it has been proposed13,14

that the resistance change is proportional to the change in
polymer-composite’s volume, due to swelling. 

In producing our sensors, we have exploited the possibility of
measuring resistance changes in thin films of carbon black
composite materials at a conductimetric sensor, on exposure to
a range of vapours (due to changes in the polymer-volume)
whilst simultaneously determining increases in mass at a
similarly coated QCM (due to vapour sorbtion). Thus, we have
developed a device which is capable of determining the
molecular density of an odour (as a vapour’s mass divided by its
volume). This measurement, which can be determined by
ratioing the voltage outputs from the QCM and the conducti-
metric sensor pair using a simple potential divider, provides a
straightforward method to obtain an intrinsic physical signature
of a gaseous species.

In the series of experiments described below, conductimetric
sensors (Fig. 1, left) were fabricated as interdigitated electrodes
with gap sizes of either 20 or 40 mm and an effective length of
10 cm. These electrodes have the advantage that they can be
functionalised by spin coating (2000 rpm) or by an ink jet
printer, from a solution containing both dissolved polymer and
a carbon-black dispersion. The gravimetric (QCM) sensors
(Fig. 1, right) were 10 MHz AT cut quartz crystals (ICM Co.,
Oklahoma, USA) and were spin coated using a solution of the
polymer alone. Typical coating solutions contained 200 mg
poly(ethylene oxide) (Aldrich) with/or without 50 mg carbon
black (Cabot Co., Bilerica, USA), in 10 g of chloroform.

Vapours were passed over the sensor pair using a regulated
flow system enabling the simultaneous measurement of QCM
and conductimetric responses. Fig. 2 shows the changes in
frequency and resistance of the QCM and interdigitated sensors

Fig. 1 Schematic diagram of the two sensor types. The conductimetric
sensor (left) is a molecular volume sensitive transducer, consisting of two
interdigitated electrodes. The quartz crystal microbalance (right) is a mass
sensitive transducer, based on the change in resonant frequency of a quartz
crystal.
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on exposure to vapours of n-hexane, water and chloroform (at
different selected, partial pressures). As can be seen, chloroform
gives the largest frequency (mass) change for the given
resistance change, and hexane the smallest. Although the rate of
change of the response of the sensors is different for each
vapour, the time dependent responses of a conductimetric and
QCM sensor pair follow each other closely. Indeed, division of
the temporal responses from each of the sensors in the pair is
linear for a given gas, indicating that the output of the hybrid
device is constant for different amounts of sorbed vapour (the
actual amount of sorbed vapour can still be determined from the
individual conductimetric, or gravimetric responses).

Confirmation that the sorbtion of gas does lead to a volume
change in the sensing layer, as proposed by others,13,14 has been
investigated by simple neutron and X-ray reflectivity experi-
ments (not detailed here) showing that thin films of polymers
swell to as much as 150% of their original thickness on exposure
to suitable vapours.

To demonstrate the independence of the ratio of conducti-
metric to gravimetric responses, with amount of sorbed vapour,
we measured the percentage frequency change and percentage
resistance change for different vapour pressures of dichloro-
methane (9.2 mm–138 mm Hg). The relationship is linear over
the concentration range studied, although the non-zero intercept
obtained from an unconstrained best fit line may reflect the
influence of the bath gas (N2) on polymer swelling.

To examine the hypothesis that the sorbed species’ molecular
density can be calculated from a simultaneous measurement
dependent on the volume change in the conductance sensor and
a corresponding gravimetric measurement, we investigated a
hybrid device’s response to a variety of vapours generated from
volatile liquids. Fig. 3 illustrates the ratio of gravimetric change
to the polymer volume increase by showing the ratio of QCM
frequency change to interdigitated electrode resistance change
as a function of the density of the sorbed vapour. To
demonstrate that the hybrid sensor response was independent of
vapour–polymer interactions, the odours were chosen in order
to be representative of hydrophobic, hydrophilic, polar, non-
polar, and isotopically substituted molecules.  The wide range
of liquid densities covered by these species (0.78–1.59 g cm23)
further emphasises the versatile nature of the methodology in
monitoring different vapours, including light hydrocarbon gases
and heavier halogenated species. Ultimately, these techniques
may be extended to (volatile) metal complexes (e.g. UF6).

In conclusion, we have shown that by combining carbon-
black loaded polymer conductimetric and QCM sensors, we can

greatly augment the information obtained when compared with
the use of either one sensor material, or one measurement
system alone. This simplicity of signal processing is not found
in current array based conductimetric electronic noses, owing to
the numerous factors influencing conductivity mechanisms in,
for example, the family of poly(pyrroles).12 Although QCM and
chemoresistance measurements have previously been made
simultaneously,15,16 giving responses which are linear with
respect to the amount of (single component) vapour species
adsorbed, the magnitude and sign of their proportionality
coefficients are not readily related to the molecular species
involved. This clearly contrasts with the novel sensor configura-
tion that we have demonstrated here.

The authors wish to thank both MAFF and The Leverhulme
Trust for supporting this work.
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Fig. 2 Response of poly(ethylene oxide) coated (a) conductimetric and (b)
QCM sensors to n-hexane (13 mmHg), water (9 mmHg) and chloroform (6
mmHg) in nitrogen as a function of time. Between exposure to vapour
samples, the sensors were purged with dry nitrogen.

Fig. 3 A plot of [(Df/Df0)/(DR/R0)] vs. the vapour’s liquid density for a
range of different solvents, where f0 is the film’s dry mass, and R0 is its
initial resistance. The solvents were cyclohexane (r = 0.779 g cm23),
hexanol (0.814), toluene (0.865), THF (0.889), water (1.00), deuterium
oxide (1.10), dichloroethanene (1.26), dichloromethane (1.33), trichloro-
ethane (1.338), chloroform (1.49) and carbon tetrachloride (1.59). The
straight line is a linear regression fit to the data, (r2 = 0.99).
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A pronounced synergetic effect was found in the title
reaction when indium and cobalt ions were present simulta-
neously in zeolite ferrierite.

A number of catalysts have been tested in the SCR of NOx,
including mixed oxides, supported metals and zeolites of
different compositions.1 While the SCR of NO with olefins
proceeds usually smoothly on zeolite catalysts,2 it is much more
difficult to perform the title reaction using methane, a very
stable molecule, and to achieve the reduction of NO while
preventing total oxidation of the organic molecule by oxygen.
Li and Armor showed that methane can be successfully used as
a reductant of NO on Co2+, Mn2+ and Ni2+-exchanged
ferrierites.3 Ga and In/H-ZSM-5 were active catalysts in the title
reaction.4 Indium oxide supported on TiO2–ZrO2 showed
significant activity for reduction of NO with propene, but not
with methane, ethene, propane or alcohols.5 We wish to report
on the characterization and performance of Co2+ and/or In3+

containing ferrierite in the SCR of NO with CH4, in the presence
of excess oxygen.

Ferrierite was synthesized hydrothermally by using pyrrol-
idine (pyr) or piperidine (pip) and Ludox AS-40. The gels
having compositions of (10–12) SiO2 : (4.8–7.0) pyr :
(0.48–0.64) NaOH : 1.0 Al2O3 : (380–460) H2O and (11–12)
SiO2 : (4.0–6.0) pip : (6.5–7.5) NaOH : 1.0 Al2O3 : (160–220)
H2O have been homogenized for few hours and allowed to
crystallize in the Teflon-lined stainless-steel autoclaves under
autogenous pressure for 2–13 days at 160–200 °C. After
calcination at 550 °C ferrierite was ion-exchanged with
ammonium acetate (twice) and transformed into the hydrogen
form (H-FER) by calcination. The Si/Al ratio of H-FER (I) was
6.1 and BET (Ar) = 335.7 m2 g21; for H-FER (II) the Si/Al
ratio was 7.8 and BET = 321.1 m2 g21, respectively. XRD
showed both samples contained pure ferrierite phase (no
mordenite or other phases were present).

29Si MAS NMR spectra of both hydrogen forms were typical
for pure ferrierite phase,6 giving three signals at 2108.2,
2113.6 and 2117.5 ppm. A fourth weak signal was found at
2102.7 ppm. 27Al MAS NMR revealed that aluminium in all
the samples is present in tetrahedral positions. More detailed
discussion of silicon and aluminium NMR spectra of ferrierites
will be given elsewhere.

H-FER was modified further by Co(ii) and In(iii) ions using
standard and solid-state ion exchange (s.s.i.e.) procedures.7
Cobalt acetate (Merck, p.a.) was mixed with H-FER (I) in an
agate mortar and calcined in air (heating rate 50 °C h21) at 550
°C for 2.5 h to yield Co-FER (I) with Co/Al molar ratio of 0.27.
The sample In-FER (1) was obtained by ion exchange from
indium nitrate solution at pH = 2.1, washed, dried and calcined
in air at 550 °C for 2 h (In/Al = 0.12). Another catalyst was
prepared by grounding zeolite and indium(iii) oxide, heating in
He to 400 °C and reducing with hydrogen at this temperature for
2 h. The sample was cooled down to ambient temperature in the
He flow to give In-FER (2) with In/Al = 0.99. Finally, Co,In-
FER was prepared from the Co-FER (I) sample by applying the
additional s.s.i.e. procedure. Thus Co-FER (I) was ground with

In2O3, heated in the helium flow to 400 °C, reduced with
hydrogen for 2 h and cooled to room temperature in He. The
catalyst labelled Co,In-FER had Co/Al = 0.27 and In/Al =
0.23.

The catalytic tests were performed in the continuous flow
microreactor connected on-line with a gas chromatograph, at
GHSV = 10 000 h21. All the data in Tables 1–3 are related to
steady-state conditions. After these conditions were established
(ca. 2 h) no measurable loss of catalysts activity was observed
up to two days on stream (except H-FER).

The selective catalytic reduction (SCR) of NO by a
hydrocarbon molecule (here methane) in the presence of oxygen
proceeds according to eqn. (1):

2 NO + CH4 + O2? N2 + CO2 + 2 H2O (1)
In addition to reaction (1), at least two other parallel processes
can be envisaged. First, the hydrocarbon can be fully oxidized
by the molecular oxygen [eqn. (2)]:

CH4 + 2 O2? CO2 + 2 H2O (2)
Second, NO can be oxidized to NO2 instead of being reduced
[eqn. (3)]:

NO + 1/2 O2? NO2 (3)

Table 1 A comparison of the selective catalytic reduction (SCR) of NO on
indium forms of ferrierite. The oxidation of NO to NO2 without methane in
the feed is also shown (O)a

In-FER (1) In-FER (2)

TR/°C X Y O X Y O

250 24.4 tr. 17.0 6.3 4.7 0
300 28.0 3.1 21.4 14.4 8.1 18.9
350 23.9 4.2 19.5 8.9 11.3 8.1
400 21.6 8.2 15.0 4.1 14.2 6.4
450 28.3 15.7 12.7 2.3 32.2 0
500 39.4 24.8 9.5 4.9 50.1 0
525 40.5 38.6 9.4
a Reaction conditions: NO = 1000 ppm, CH4 = 2000 ppm, O2 = 4%, H2O
= 2500 ppm; GHSV = 10 000 h21; X = conversion of NO (mol%), Y =
conversion of methane (mol%) in the presence of NO, O = oxidation of NO
to NO2 (mol%) in the absence of methane.

Table 2 Selective catalytic reduction of NO on the hydrogen and cobalt
forms of ferrierite, in the presence of methane and oxygen; reaction
conditions as in Table 1

H-FER (II) Co-FER (I)

TR/°C X Y O X Y O

250 21.3 tr. 23.1
300 19.8 2.3 27.4 ~ 2 7.5 10.2
350 10.7 3.8 17.2 10.8 11.7 42.1
400 1.0 5.0 8.1 37.2 10.7 50.1
450 0 6.1 1.3 40.9 20.7 28.2
500 2.6 9.3 0 45.1 42.6 13.0
525 44.7 66.6 3.6
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Third, the partial reduction of NO to N2O may proceed.
However, in the presence of methane and ethene the yield of
N2O was low (up to 5%). Accordingly, the following three
reactions have been studied on ferrierite-based catalysts: (i) the
SCR of NO; (ii) the oxidation of NO to NO2 in the absence of
methane; and (iii) the combustion of CH4 to CO2 and H2O
(without NO in the feed).

On pure hydrogen form of ferrierite the conversion (X) of NO
at 250–300 °C was ca. 20% (Table 2). However, the zeolite
loses its activity relatively quickly ( < 1 h on stream). Moreover,
the conversion of NO decreases sharply with the temperature.
Above 400 °C the solid becomes essentially inactive. In the
absence of CH4 the oxidation of NO to NO2 proceeds at low
temperatures and above 450 °C is negligible (Table 2, column
O).

The activity of the catalysts containing indium shows much
more pronounced conversion in the temperature range 250–350
°C (Table 1). Contrary to the H-FER sample, the oxidation of
NO to NO2 was observed on In-FER (1) in the whole
temperature range studied, up to 525 °C. However, under the
SCR conditions, the oxidation of NO prevails only at tem-
perature 200–250 °C, while above 350 °C the SCR of NO was
the main process. The conversion level of NO does not exceed
ca. 40% at 500–525 °C. The sample In-FER (2) is much less
active; the oxidation of NO to NO2 above 350 °C becomes
negligible, while the total conversion of NO is nearly the same
as found for H-FER. Finally, the oxidation of methane on this
catalyst rises quickly with the temperature. As is seen from
Table 1, no simple parallelism exists between the ability of
catalysts to oxidize CH4 and its performance in the SCR of
NO.

The activity of pure Co-FER (I) under the same conditions is
similar to the In-FER (1) sample. The catalyst shows an ability
to oxidize NO (Table 2, column O). Thus summarizing,
moderate conversions of NO have been obtained on the
catalysts containing either cobalt or indium cations in the zeolite
matrix [In-FER (1), Co-FER (I)].

We have found, however, that when cobalt and indium ions
were present simultaneously in ferrierite, a very significant
synergetic effect was observed. The conversion of NO increases
sharply from 20 to 98% in the temperature range 300–425 °C
(Table 3, column X). It is also remarkable that on Co,In-FER no
NO2 was found in the effluents above 300 °C. As the conversion
of methane reveals, at 300–425 °C the SCR of NO proceeds
predominantly. This is confirmed further by a very low
combustion of methane in the absence of NO (for example,
combustion of CH4 without NO was < 1% at 300 °C and 6% at
400 °C). Above 400 °C the competition between reactions (1)
and (2) becomes more important. As a result the combustion of
methane by molecular oxygen increases with temperature. We
note, however, that even at 500 °C methane is still able to reduce
NO. Another interesting feature of the Co,In ferrierite is low
yield of N2O, decreasing continuously from 5.6% at 350 °C to
0% at 500 °C.

The activity of Co,In-FER catalyst was measured for
comparison purposes using ethene in the stream instead of

methane. The results are summarized in Fig. 1. Surprisingly, the
conversion of NO is lower at high temperatures when using
ethene as the reductant. Moreover, high ( > 90%) conversion of
NO on the Co,In-FER catalyst in the presence of methane was
observed in a broader range (400–500 °C). Two remarkable
features of our catalyst formulation are seen: (i) higher activity
at high temperatures when using methane as the reductant; and
(ii) still high activity in the de-NOx process with ethene.
Typical behaviour of other zeolite catalysts investigated by us
(mordenite and ZSM-5) was different: high activity in the
presence of ethene and lower when using methane.8

Finally, it is interesting to speculate on the surface species, as
revealed in Co,In-FER by ESCA. We found the following
concentrations of the catalyst components—Si : Al : O : In : Co
= 0.261 : 0.045 : 0.647 : 0.031 : 0.016. The Si/Al ratio was 5.8
(in bulk, 6.1 was found by atomic absorption). Analysis of
cobalt species gave Co(ii) : Co(iii) = 0.99. Upon heating to 400
°C, concentration of In and Co on the surface decreases to 0.023
and 0.013, respectively. This is in a very good agreement with
higher initial activity of the catalyst (75.2% at 300 °C) in
comparison with 65.5% steady-state value reached after 2 h on
stream. Distribution of Co ions in crystals is very homogeneous,
as seen by comparing Co/(Si+Al) = 0.038 (bulk) and 0.036
(surface). Contrary to this, even after heating at 400 °C the
surface of ferrierite is enriched with indium oxide species [In/
(Si+Al) = 0.064 (surface) and 0.033 (bulk)], at variance with
the case demonstrated for large crystals of H-ZSM-5.9

We are grateful to Dr. Jerzy Stoch for ESCA analysis. We
thank the State Committee for Scientific Research (KBN),
Warsaw, for support (grants no. 2P 303 053 07 and no. 2 P03B
077 13). 
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Table 3 Selective catalytic conversion of NO on Co,In-ferrierite, in the
presence of methane and oxygen. Reaction conditions as in Table 1

Co,In-FER

TR/°C X Y O

300 20.0 4.1 19.8
350 61.3 14.6 42.7
400 91.7 29.3 43.3
425 98.4 42.0 34.4
450 97.6 52.9 27.3
475 95.5 63.0
500 91.5 87.0 15.5

Fig. 1 Conversion of NO (mol%) on the Co,In-FER in the presence of
ethene (a) and methane (b).
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1,2-Bis(4,4A-dipyridinium)ethane: a versatile dication for the formation of
[2]rotaxanes with dibenzo-24-crown-8 ether
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The 1,2-bis(4,4A-dipyridinium)ethane dication threads
through dibenzo-24-crown ether (DB24C8) to form a
[2]pseudorotaxane which is easily stoppered to form [2]ro-
taxanes either by alkylation or coordination of a transition
metal complex.

To date, most [2]rotaxanes involving crown ethers have been
templated by either the stacking interactions between p-electron
rich and p-electron poor aromatic rings1 or hydrogen bonding
between secondary dialkylammonium ions and crown ether
oxygen atoms.2 We have recently demonstrated that various
1,2-bis(pyridinium)ethane dications 1a–d will thread through
the 24-membered crown ethers 24C8, B24C8 and DB24C8 to
form [2]pseudorotaxanes in which the major templating forces
are N+…O and C–H…O interactions.3 By adding various
substituents (X) to the 4-position of the pyridinium ring, it was
possible to prepare a series of interlocked molecules containing
DB24C8 with Ka values ranging from 105 dm3 mol21 for 1a to
1200 dm3 mol21 for 1d in MeCN solution.

We have now turned our attention to converting these
[2]pseudorotaxanes into permanently interlocked [2]rotaxanes.
Our strategy was to prepare an appropriate 1,2-bis(pyridin-
ium)ethane dication which could form a stable [2]pseudorotax-
ane and be easily stoppered to form a [2]rotaxane. In a
straightforward variation of our previous work, these criteria
were met by using 4,4A-bipyridinium units; X = 4-pyridine, 1e.4
The 1:1 interaction of 1e with DB24C8 resulted in formation of
the [2]pseudorotaxane 2 (Scheme 1) as identified by 1H NMR
spectroscopy, ESI-MS and an association constant of 920
dm3 mol21 measured at 298 K in MeCN. Spectroscopic data are
consistent with binding via N+…O interactions, C–H…O
hydrogen bonds and p-stacking analogous to that found in
solution for 1a–d and in the solid state, by X-ray crystallog-
raphy, for 1d (X = CO2Et).3

Two routes were used to convert the [2]pseudorotaxane 2 to
a permanently interlocked [2]rotaxane. First, 2 was alkylated at
the terminal, pyridine nitrogen atoms with bulky tert-bu-
tylbenzyl groups by vigorously stirring a two-phase MeNO2–
saturated NaBF4(aq) solution containing 1 equiv. of 1e, 6 equiv.

of tert-butylbenzyl chloride and 3 equiv. of DB24C8. The
[2]rotaxane 3 was isolated in 46% yield by extraction of the
product into CH2Cl2 (Scheme 2). Significant downfield shifts
(ppm) for a+ (0.34) and +NCH2 (0.33) protons were indicative
of C-H…O hydrogen bonding to crown ether O-atoms and
upfield shifts were observed for the a (0.03), b (0.28), b+ (0.27)
and crown aromatic protons (0.26, 0.50) indicating p-stacking
between the catechol and bipyridinium aromatic rings. An X-
ray crystal structure determination† of 3 verified the nature of
the interaction and an ORTEP diagram is shown in Fig. 1.

The [2]rotaxane, 3 exhibits N+…O interactions ranging from
3.41 to 4.50 Å and eight C–H…O hydrogen bonds with C…O
distances in the range 3.18–3.69 Å. The orange colour of the
solid material is consistent with charge transfer interactions
between the normally colourless crown ether and dipyridinium
fragments. The S-shaped conformation of the dibenzo-
24-crown ether molecule allows this p-stacking phenomenon to
occur through both intramolecular and intermolecular inter-
actions as shown in Fig 2.

In a metal–ligand, self-assembly reaction, the [2]pseudoro-
taxane 2 was used as a ligand and stoppered with organopalla-
dium fragments to form the metallo-[2]rotaxane 4. This was
done by simply mixing 1 equiv. of 1e, with 2 equiv. of
[Pd{C6H3(PhSCH2)2}(MeCN)]BF4 and 3 equiv. of DB24C8 in
MeCN solution. The 1H NMR spectrum of this solution showed
that the [2]rotaxane 4 was formed in quantitative yield. As for 3,
significant downfield shifts for a+ (0.41) and NCH2 (0.38)
protons were observed indicative of C–H…O hydrogen bond-
ing to crown ether O-atoms, while upfield shifts were observed
for the a (0.24), b (0.32), b+ (0.38) and crown aromatic protons
(0.31, 0.58) indicating p-stacking between the two sets of

Scheme 1 Formation of [2]pseudorotaxane 2 from the 1,2-bis(4,4A-
dipyridinium)ethane dication 1e and DB24C8. 2 is viewed along the
+NCH2CH2N+ vector in a Newman type projection emphasizing four of the
stabilizing C–H…O interactions.

Scheme 2 [2]Rotaxanes can be formed from 2 by adding ‘stopper’
groups.
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aromatic rings. An X-ray crystal structure determination of 4
verified the nature of the interaction and an ORTEP diagram is
shown in Fig. 3.

The [2]rotaxane, 4 shows a series of N+…O interactions
ranging from 3.51 to 4.90 Å and eight C–H…O hydrogen bonds
with C…O distances in the range 3.18–3.62 Å. The SPh rings of
the metal fragment do not interact with the rest of the molecule.
The organopalladium fragment is large enough to prevent
unthreading and acts as a stopper in the designed manner.

The ability of the 1,2-bis(4,4A-dipyridinium) dication to form
[2]rotaxanes using simple synthetic methodologies demon-
strates that this component has the potential to be an important
building block for the construction of more complex mechani-
cally linked systems such as [2+n]rotaxanes, molecular neck-
laces5 [n]MN and [n]catenanes.

We thank the Natural Sciences and Engineering Council of
Canada for financial support of this research.
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group P1̄, a = 13.9669(3), b = 17.0627(3), c = 17.0640(3) Å, a =
86.686(1), b = 80.281(1), g = 75.390(1)°, U = 3878.1(1) Å3, T = 293(2)
K, Z = 2, m = 0.104 mm21, 9521 independent reflections (Rint = 0.0293),
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Fig. 1 An ORTEP diagram of the [2]rotaxane 3 showing the basic
numbering scheme. N(2)+…O distances; O(1) 4.52, O(2) 3.79, O(3) 3.93,
O(4) 3.41, O(5) 3.55, O(6) 4.06, O(7) 3.80, O(8) 4.50 Å. N(3)+…O
distances; O(1) 3.43, O(2) 3.97, O(3) 4.05, O(4) 4.68, O(5) 4.64, O(6) 3.74,
O(7) 4.22, O(8) 3.65 Å. C–H…O bonds: C(19)…O(2) 3.33, C(20)…O(6)
3.62, C(24)…O(2) 3.69, C(28)…O(6) 3.18, C(22)…O(1) 3.29,
C(22)…O(7) 3.27, C(23)…O(3) 3.24, C(23)…O(5) 3.54 Å.

Fig. 2 A space-filling model showing the packing of two adjacent molecules
of 3 in the unit cell.

Fig. 3 An ORTEP diagram of the metal-capped [2]rotaxane 4 showing the
basic numbering scheme. N(2)+…O distances; O(1) 3.51, O(2) 3.78, O(3)
4.51, O(4) 4.85, O(5) 4.64, O(6) 3.80, O(7) 3.92, O(8) 3.55 Å. N(3)+…O
distances; O(1) 4.47, O(2) 3.68, O(3) 3.87, O(4) 3.54, O(5) 3.58, O(6) 3.86,
O(7) 4.48, O(8) 4.90 Å. C–H…O bonds: C(28)…O(2) 3.31, C(29)…O(6)
3.28, C(33)…O(2) 3.18, C(37)…O(6) 3.42, C(31)…O(3) 3.62,
C(31)…O(5) 3.44, C(32)…O(1) 3.44, C(32)…O(7) 3.51 Å.
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Glycosides of 2-deoxy and 2,6-dideoxy carbohydrates were
built up in high yields and with high stereoselectivity in 0.1
M LiClO4/Et2O mixtures; the glycosidations proceed under
neutral conditions and without need for an additional
promoter such as a strong Lewis acid, a heavy metal salt or
an alkylating reagent.

2-Deoxy and 2,6-dideoxy glycosides are important substruc-
tures of antitumor drugs, antibiotics active against Gram-
positive bacteria and drugs used in the treatment of cardiac
insufficiency. Owing to this biological relevance the develop-
ment of methods for the efficient and stereoselective construc-
tion of deoxyglycosidic linkages is of great relevance to organic
synthesis, medicinal and bioorganic chemistry.1 In comparison
to the synthesis of other glycosides this problem is particularly
challenging, since 2-deoxy glycosides are more acid-labile.
Furthermore no stereodirecting neighboring group adjacent to
the anomeric center is available that may direct the steric course
of the glycosidation reaction. To circumvent these problems for
deoxy glycoside synthesis, mostly electrophile-mediated addi-
tion of acceptor alcohols to the double bond of glycals followed
by reductive removal of the C-2 substituents introduced into this
position is employed.2 Alternatively, glycosyl donors with
2-substituents acting as a neighboring group3 or 1,2-anhy-
dropyranoses4 are used followed by reductive removal of the
2-substituent. Clearly, the application of direct methods for the
efficient construction of 2-deoxy and 2,6-dideoxy glycosides is
highly desirable.5 These transformations should proceed under
very mild and preferably neutral conditions without the use of
strong Lewis acids or other promoters such as toxic and
expensive heavy metal salts. We now report that trichloro-
acetimidates and fluorides of 2-deoxy and 2,6-dideoxy carbohy-
drates are activated under neutral conditions in solutions of
LiClO4 in Et2O to give the correspondig deoxyglycosides with
pronounced stereoselectivity and in high yields (Scheme 1).6

If benzyl-protected 2-deoxyglucosyl trichloroacetatimidate
17 was treated with 6-O-deprotected benzylated glucoside 5a in
Glycosides of 2-deoxy and 2,6-dideoxy carbohydrates were
built up in high yields and with high stereoselectivity in 0.1 M

LiClO4/Et2O mixtures; the glycosidations proceed under neu-
tral conditions and without need for an additional promoter such
as a strong Lewis acid, a heavy metal salt or an alkylating
reagent.solutions of metal perchlorates in different solvents, the
desired disaccharide 11 was formed smoothly. A brief survey of
the reaction conditions (solvent, metal perchlorate, other metal
salts, concentration of the salt) revealed that the best results
were recorded in 0.1 M LiClO4 in Et2O. Under these conditions
the desired glycoside was formed in 89% yield with a slight
preference for the a-anomer (Table 1, entry 1). At lower or
higher perchlorate concentration (0.03–0.5 M), in CH2Cl2, toluene or MeCN and in the presence of Ba(ClO4)2, Zn(ClO4)2

or Mg(ClO4)2, the yield was lower and the a/b selectivity
remained almost unchanged. LiClO4 could be replaced by
Li(NTf)2,8 LiBF4 or LiPF6; however in the presence of these
salts the results were not improved. Also the b-imidate
corresponding to 1 gave inferior yields and the a/b selectivity
remained unchanged. Therefore, all further reactions were
conducted with the a-anomer 1 in 0.1 M LiClO4/Et2O solutions.

Scheme 1 Reagents and conditions: i, 0.1 m LiClO4, 4 Å molecular sieves,
solvent, room temp.

Table 1 Results of the glycosylation reactions in LiClO4/Et2O mixtures
employing 2-deoxy and 2,6-dideoxyglycosyl donors 1–4 and glycosyl
acceptors 5–10 to give glycosides 11–21

Entry
Glycosyl
donor

Glycosyl
acceptor Product Yield (%)a

Anomeric
ratio (a :b)b

1 1 5a 11 89 1.5 : 1
2 1 6a 12 91c 2 : 1
3 1 7 13 57d 2.4 : 1
4 1 8a 14 78 1 : 1
5 1 9 15 37 only a
6 2 5a 11 65 13.4 : 1
7 2 6a 12 49 6 : 1
8 2 8 14 31 11.3 : 1
9 3 5b 16 49 8.1 : 1

10 3 6b 17 75 12.7 : 1
11 3 8b 18 66 only a
12 3 10 19 33 only a
13 4 5b 20 52 1 : 1.3
14 4 6b 21 61 9.5 : 1
a All glycosides were chromatographically purified and identified by 1H
NMR spectroscopy (250, 400 or 500 MHz). b Determined by integration of
the relevant signals in the 1H NMR spectra of the anomeric mixtures after
chromatographic purification. c 0.15 M LiClO4. d In CH2Cl2.
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Under these gentle conditions glycosyl donor 1 reacts with
galactose derivative 6a, serine imine 7 and cholesterol 8a to
give the desired glycosides 12–14 in high yields, while glucosyl
disaccharide 15 is obtained with lower yield (Table 1, entries
1–5). Thus 2-deoxyglycosyl imidate 1 is efficiently activated in
the absence of a strong Lewis acid. The rate-accelerating effect
of this reaction medium may be attributed to the ability of
LiClO4/Et2O solutions to stabilize polar or ionic transition
states or intermediates like glycosyl cations.6,9

Although with imidate 1 the desired glycosides were formed
in high yields the stereoselectivity remained low (Table 1,
entries 1–4, see, however, entry 5). Therefore other glycosyl
donors were investigated. Whereas use of the diethyl phosphite
analogous to 1 did not improve this situation, 2-deoxyglycosyl
fluoride 2 led to significantly higher anomer ratios. Glycosyl
donor 2 is also activated in 1 M LiClO4 in Et2O under very mild
conditions and reacts with selectively deprotected glucose 5a,
galactose 6a and cholesterol 8a to give glycosides 11, 12 and 14
in useful yields. However, in these cases the a-anomers are
formed with ratios ranging from 6:1 to 13.4:1 (Table 1, entries
6–8). Thus, by means of this method 2-deoxyglycosides can be
constructed under very gentle conditions and with pronounced
stereoselectivity.

In order to extend the scope of this very mild method,
glycosylation of 2,6-dideoxy carbohydrates was investigated.
Since in the case of 2-deoxyglucose the glycosyl fluoride had
shown the most advantageous results, deoxy-L-fucosyl fluoride
3 and D-digitoxosyl fluoride 4 were prepared7 and subjected to
the glycosidation reactions.† As glycosyl acceptors silyl ethers
5b, 6b and 8b were employed to facilitate the reactions by
formation of the very stable Si–F bond. Lactose derivative 10
was used to investigate if regioselectivity can be achieved.
Upon treatment of benzyl-protected 2-deoxyfucosyl fluoride
with glucose derivative 5b, galactosyl acceptor 6b, cholesteryl
silyl ether 8b and lactose derivative 10 in 0.1 M LiClO4 in Et2O,
glycosides 16–19 were smoothly formed in moderate to high
yields. In all cases the anomer ratio was gratifyingly high (Table
1, entries 9–12). Whereas the glucose and the galactose
disaccharides were obtained with a/b ratios of 8.1 to 12.7,
cholesteryl glycoside 18‡ and trisaccharide 19 were formed
with complete a-selectivity. Furthermore, the glycosylation of
lactose acceptor 10 proceeded with complete regioselectivity to
deliver exclusively the 4A-deoxyfucosyl trisaccharide. Thus,
under these reaction conditions glycosides of 2-deoxy-L-fucose
can be prepared with high selectivity and the method is
applicable to the construction of oligosaccharides.

D-Digitoxosyl fluoride 4 reacted with glucosyl and galactosyl
silyl ethers 5b and 6b under the mild conditions provided by the
LiClO4/Et2O systems to give the corresponding disaccharides
20 and 21 in satisfying yields (Table 1, entries 13 and 14).
Whereas with glucose acceptor 5b the anomers were formed in
nearly a 1:1 ratio, for galactose disaccharide 21 a high a/b ratio
was once more recorded.

In conclusion the results detailed above demonstrate that in
0.1 M LiClO4/Et2O mixtures glycosides of 2-deoxy and
2,6-dideoxy carbohydrates are formed in useful yields and with
high stereoselectivity. The glycosidation reactions proceed
under neutral conditions and without need for an additional
promoter usually applied in glycoside synthesis, i.e. a strong
Lewis acid, a heavy metal salt or an alkylating reagent.

This research was supported by the Deutsche Forschungsge-
meinschaft and the Fonds der Chemischen Industrie.
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Are vinylidenes possible intermediates in thermal rearrangements of
substituted cyclopropenes? A theoretical study†
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The thermally induced ring-opening reactions of substituted
cyclopropenes to the corresponding vinylidenes have been
investigated computationally; the alkyl-substituted singlet
vinylidenes have been found to lie in potential wells of 7–11
kcal mol21 (DFT calculations; 1 kcal = 4.184 kJ).

Vinylidenes, unsaturated carbenes of the type R2CNC:, have
received a great deal of attention during recent years. They have
been postulated as reactive intermediates in organic reactions1

and the simplest member of this family of compounds, H2CNC:,
was characterised by mass spectrometry2 and negative ion
photoelectron spectroscopy3 of the corresponding vinylidene
anion, H2CNC2·. These experimental as well as several
theoretical studies4 demonstrate that the singlet vinylidene,
H2CNC:, lies in a very shallow potential energy well and readily
rearranges to acetylene on the picosecond time scale.3b Thus,
the observation of a vinylidene species in the mass spectro-
metric studies was attributed to a long-lived, excited triplet
species.

Another experimental entry into the chemistry of vinylidenes
was predicted by Yoshimine and co-workers4b in a theoretical
study on the thermal ring opening of cyclopropene. Based upon
their calculations, the authors proposed that cyclopropene may
not only rearrange to propyne via a homolytic bond cleavage to
vinyl carbene and subsequent hydrogen migration (as pre-
viously assumed5), but that methylvinylidene also constitutes an
energetically viable intermediate. Recent experimental studies
on the pyrolysis of substituted cyclopropenes6 have furnished
the first experimental evidence for the involvement of vinyli-
dene carbenes as intermediates in the thermal rearrangements of
highly strained cyclopropenes. Hopf et al.6d found that isomeric
cyclopropenes can be thermally interconverted and proposed
that the common intermediates in these reactions are vinyli-
denes. However, to the best of our knowledge the only singlet
vinylidene that has been successfully trapped and characterized
is difluorovinylidene, F2CNC:, which was recently observed by
matrix isolation and theoretical studies.7

These interesting experimental results have prompted us to
investigate the possible intermediates in the thermal isomeriza-
tions (Scheme 1) of a number of substituted cyclopropenes
[Structures 1, 3 and 4, where R = RA = H (1a, 3a, 4a), R = H,
RA = CH3 (1b–4b) and R = RA = CH3 (1c–4c)] by means of

hybrid density-functional (B3LYP) and ab initio (CCSD(T))
methods.8

A schematic potential energy surface for the important
pathways leading to vinylidenes and the subsequent formation
of alkynes upon alkyl migration is shown in Fig. 1. Formation
of the corresponding vinylidenes occurs via a transition state
involving the simultaneous breaking of a bond and a hydrogen
shift, which for the reverse reaction is best described as an
intramolecular insertion of the vinylidene carbene into the C–H
bond (Fig. 2). Both types of substituted cyclopropenes, 1 and 2,
thus give rise to identical vinylidenes.

Our theoretical results (Table 1) indicate that the alkyl-
substituted vinylidenes 3a–c are all intermediates in the ring-
opening reactions of alkylcyclopropenes (1a–c and 2a–c). In the
case of dimethylvinylidene 3a, the symmetry-allowed 1,2-mi-
gration of a methyl group (TS3a) (with retention of its
configuration), lies 11.1 kcal mol21 above the vinylidene, while
the transition state for the cyclization reaction (TS1a) giving

† Details of the theoretical study are available from the RSC web page, see
http://www.rsc.org/suppdata/cc/1998/2761

Scheme 1 Thermally induced formation of vinylidenes (3) from cyclopro-
penes (1 and 2) and alkyne formation (4) via alkyl migration.

Fig. 1 Schematic singlet potential energy surface of alkyl-substituted
cyclopropenes (1, 2), vinylidenes (3), alkynes (4) and transition states
(TS1,TS2 and TS3).

Fig. 2 Intrinsic reaction coordinate (IRC) for the formation of dimethylviny-
lidene (3a) from 1-methylcyclopropene (1a) via TS1a (B3LYP/6-31G*).
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rise to the 1-methylcyclopropene is 12.5 kcal mol21 higher in
energy (all B3LYP results). The lowest exit channel for
ethylmethylvinylidene 3b lies 9.4 kcal mol21 above the
vinylidene and the lowest isomerization pathway of methyliso-
propylvinylidene 3c requires 7.3 kcal mol21. Thus all three
investigated vinylidenes correspond to minima on their energy
surfaces, substantiating the proposal that these reactive species
are indeed common intermediates in the isomerization of
cyclopropenes.6d

Overall, the good correlation of ab initio and density-
functional results lends confidence to the quality of our
thermochemical predictions. Further support for the reliability
of the B3LYP data comes from comparison of these results with
experimentally determined activation energies. The average
deviation of the calculated barrier heights from the experimen-
tally obtained values for the cyclopropene-to-vinylidene transi-
tion states TS1b–c and TS2b–c6d,9 is found to be 2.4 kcal mol21

at the B3LYP/6-31G* level and 0.1 kcal mol21 at the B3LYP/
6-311+G(2d,p) level. The results of the B3LYP/6-311+G(2d,p)
calculations lie within the experimental error bars. This means
that, given an average experimental error of 0.4 kcal mol21,6d,9

the relative error in the B3LYP/6-311+G(2d,p) must be smaller
than 0.5 kcal mol21. The deviation of the ab initio results
[CCSD(T)/6-31G*] from the experimental values is about 3.5
kcal mol21. Similar excellent agreement between activation
energies obtained with the B3LYP method and experimental
values has recently been noted for [3,3]-sigmatropic re-
arrangements.10

The experimentally observed formation of alkynes from
vinylidenes involves a rate-affecting alkyl migration. With
unsymmetrically substituted vinylidenes (3b–c) either a methyl
(TS3b-Me and TS3c-Me) or an alkyl (TS3b-Et and TS3c-Pri)
migration can occur. The calculations show that alkyl migration
TS3b-Et and TS3c-Pri is preferred over the methyl shift
(TS3b-Me and TS3c-Me), although the differences in the
activation energies for these processes are small [DEa(B3LYP)
= 1.7 and 1.2 kcal mol21, respectively]. This agrees with
experimental results from the pyrolysis of 13C-labelled cyclo-
propenes 1b and 1c,6e where the ratio of TS3b-Et and TS3b-Me
is found to be 3:1 and of TS3c-Pri and TS3c-Me is 1.4:1. The
reasons for these small energetic differences, although difficult
to pinpoint, most likely result from a combination of hyper-
conjugation, which stabilizes the three-centre two-electron
bonds in these transition states, and steric effects, leading to a
destabilization of the TS for the migration of higher substituted
alkyl groups.

We have also investigated the homolytic bond-cleavage that
gives rise to vinyl carbenes (5a and 5b) (Scheme 2). Although

this reaction is in some cases energetically preferred over
vinylidene formation, it leads to an energetic dead end.11

Subsequent hydrogen shifts of these vinyl carbenes that would
lead to the corresponding allenes or dienes are all found to lie
higher in energy than the corresponding vinylidene pathways
and the transition states for the direct formation of alkynes from
these conjugated carbenes all lie approximately 20 kcal mol21

above the transition states for the alkyne formation from the
corresponding vinylidenes.

These findings agree well with the experimentally observed
product distributions in the pyrolysis of various cyclopropenes
where the main decomposition channel was found to lead to
alkynes.6a–d,9

The theoretical results support the proposed mechanistic
pathway for the thermal ring-opening of highly strained
cyclopropenes, and demonstrate that alkyl-substituted singlet
vinylidenes correspond to intermediates that lie in potential
energy wells deep enough to allow their characterization by
spectroscopic methods. Experiments aimed at further character-
isation of these interesting sub-valent carbon species thus seem
promising. In contrast to previous assumptions, our theoretical
investigations indicate that vinyl carbenes are not intermediates
in the formation of alkynes from cyclopropenes.

N. G. kindly thanks Professor H. Hopf for his continuing
support and interest in our work and the DFG for a fellow-
ship.
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Table 1 Relative energies [in kcal mol21; B3LYP/6-311+G(2d,p) and
CCSD(T)/6-31G(d) level of theory] of alkylvinylidenes (3a–c) with respect
to their cyclopropene precursors (1a–c and 2b,c), their connecting transition
states (TS1a–c and TS2b,c) and the transition states for the alkyl migrations
leading to alkynes (TS3a–c)

1a 3a TS1a TS3a

B3LYP 225.9 0.0 12.5 11.1
CCSD(T) 229.2 0.0 15.0 13.0

1b 2b 3b TS1b TS2b TS3b-Me TS3b-Et

B3LYP 228.4 226.0 0.0 9.4 12.5 11.3 9.6
CCSD(T) 229.1 226.6 0.0 12.3 15.4 13.8 12.0

1c 2c 3c TS1c TS2c TS3c-Me TS3c-Pri

B3LYP 230.4 226.3 0.0 7.3 12.5 10.9 9.7
CCSD(T) 231.3 227.1 0.0 9.8 15.1 13.1 11.1

Scheme 2
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Stereoselective sulfoxidation of a-mannopyranosyl thioglycosides: the
exo-anomeric effect in action
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As a consequence of the exo-anomeric effect, and in contrast
to their b-anomers, a-thioglycosides undergo stereoselective
oxidation to give very predominantly the R-sulfoxides, as
revealed by X-ray crystallography.

The sulfoxide method is a very powerful tool for the formation
of glycosidic linkages to even very sterically hindered,
unreactive glycosyl acceptors.1–3 In most of the work described
in the literature b-thioglycosides are oxidized to mixtures of
sulfoxides,3–5 which are used as such in the coupling reaction.
In contrast, we have noted that a range of differentially
protected a-mannopyranosyl thioglycosides are oxidized with
excellent stereoselectivity to give essentially diastereomerically
pure sulfoxides. These may then be employed productively in
the efficient synthesis of b-mannopyranosides.6–9 We now
report the configuration of three a-mannopyranosyl sulfoxides,
as determined by X-ray crystallography and chemical correla-
tion, and discuss a possible reason for the stereoselectivity.

Initially, we noted that thioglycoside 1 was oxidized
stereoselectively by magnesium monoperoxyphthalate
(MMPP) in aqueous THF to give a single sulfoxide 8 in
excellent yield, but were unable to assign configuration.10

Similar results were obtained with MCPBA in CH2Cl2.
Subsequently, the same phenomenon was observed with
thioglycosides 2–7 and 15–17, giving the corresponding
sulfoxides 9–14 and 18–20.6–9,11,12 In view of the mechanism of
the stereoselective b-mannosylation process,9 in which the
sulfoxide simply serves as a convenient precursor to the actual
glycosylating species, the a-mannosyl triflate, the configuration
at sulfur is of no consequence. However, curiosity dictated that
we seek the origins of this unanticipated stereoselective
sulfoxidation. Eventually, we were rewarded by the growth of
single crystals of 20 (mp 109–111 °C) suitable for X-ray
crystallographic analysis from EtOH solution. In due course the
configuration at sulfur was revealed to be R (Fig. 1).

In an attempt to obtain an isomeric sulfoxide, 16 was
oxidized with NaIO4 and with Oxone, but in each case only 19
was obtained. It was therefore apparent that the stereoselectivity
was not a function of the reagent and, for example, hydrogen
bonding to the ring oxygen. We next submitted thioglycoside 21
to oxidation with MCPBA and again were rewarded by the
formation of one major sulfoxide ( > 10:1). Crystals suitable for
X-ray analysis were again obtained (mp 190 °C, EtOH) and the
structure consequently revealed to be 22 (Fig. 2), with the same
configuration at sulfur as 20. Again, a diverse range of oxidants
provided the same major sulfoxide. Treatment of 22 with NaH
and then BnBr in THF provided sulfoxide 10, albeit in only 35%
yield, so fixing its configuration at sulfur as R. Thus, we have
established that three of the eleven sulfoxides in question have
the same R-configuration and see no reason to doubt that the
remainder follow the pattern.

In view of the range of different oxidants and solvents
employed, each giving the same result, we conclude that the
stereoselectivity of the oxidation is dictated predominantly by

steric effects13 and the conformation imposed on the thioglyco-
sides by the exo-anomeric effect.14–16 Thus, as seen from the
Newman projection in Fig 3, in the conformation imposed by
the exo-anomeric effect the pro-R lone pair of the a-
thioglycosides is exposed to attack. On the other hand oxidation
of the pro-S lone pair would be substantially hindered by the
pyranose ring, and especially by the axial hydrogens, H-3 and
H-5. In the case of the b-thioglycosides, the two lone pairs are
less sterically differentiated and mixtures of sulfoxides result.

Finally, we note that the two crystalline sulfoxides both adopt
the same conformation (Fig. 1 and 2) about the C1–S bond,
which roughly mirrors that imposed on the original thioglyco-
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sides by the exo-anomeric effect. However, in this instance, it
seems likely that this is more a consequence of minimization of
repulsion between the C1–O5 and S–O dipoles.17
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Fig. 1 Structure of 20 showing crystallographic numbering scheme
adopted.

Fig. 2 Structure of 22 showing crystallographic numbering scheme
adopted.

Fig. 3
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A series of chiral thioether dervatives of ferrocenyl-oxazo-
lines, prepared with diastereoselectivities > 95 : 5, have been
shown to be highly efficient catalysts for a palladium
catalyzed allylic substitution reaction, with enantioselectiv-
ity of 81–98% ee, and the role of planar chirality in these
ligands was also discussed.

In the past few years, palladium catalyzed allylic substitutions1

have been used extensively in asymmetric carbon–carbon bond
formation to provide chemo-, regio-, diastereo-, and enantio-
selectivity.2 A variety of chiral ligands have been studied. In
addition to the widely used phosphine or phosphite ligands,
sulfur–nitrogen ligands have recently been proved to be
successful.3 For example, Williams explored thioether of
phenyloxazoline ligands for the palladium catalyzed allylic
substitution,13a,b good to excellent enantioselectivities were
obtained. Other groups also showed the high enantioselectivity
obtained with this type of N,S-bidentate ligand. Recently,
planar chiral bidentate ligands have been successfully applied in
many asymmetric reactions. The work of Fu and coworkers
showed that the single planar chiral bidentate ligands were
highly efficient catalysts for several asymmetric reactions.4 In
conjunction with our group’s interest on asymmetric sulfonium
ylide reaction5 and transfer hydrogenation with planar chiral
ferrocene derivatives6 as ligands, we disclose a preliminary
result of our studies on the synthesis of chiral thioether
derivatives of ferrocenyl-oxazoline and application in palla-
dium catalyzed allylic substitution. The role of planar chirality
in this reaction was also studied.

Recently, Ahn et al. have reported an efficient diastereo-
selective synthesis of chiral oxazolinylferrocene compounds.7
According to Ahn’s method and our own experience, a series of
chiral thioether derivatives of ferrocenyl-oxazoline were syn-
thesized as follows: oxazolinylferrocene 2 was treated with n-
BuLi and equimolar amount of TMEDA in Et2O at 278 °C for
2 h (Scheme 1), the resulting mixture quenched with electro-
philes (Me3SiCl, PhSO2SR' or R'SSR'), then usual work-up to

give the pure products. The diastereoselectivities of 3 and 5
determined by 300 MHz 1H NMR were > 95 : 5.

To assay the effectiveness of ligands and other factors in
palladium catalyzed alylic substitution, we chose the usual test
reaction, the reaction of 1,3-diphenylprop-2-enyl acetate with
the nucleophile derived from dimethyl malonate. Conditions A
[NaCH(CO2Me)2, THF, r.t.] or B [CH2(CO2Me)2, BSA,
LiOAc, DCM, r.t.] were used in the reaction (Scheme 2).

First, we investigated the effect of different salts on reaction
yields and enantioselectivies under condition B with the catalyst
derived from 3c and [Pd(h3-C3H5)Cl]2. The results are summa-
rized in Table 1, and it was found that ee values did not change
in the presence of the salts listed in Table 1 (88.1–89.9%), but
that the reaction time varied significantly (3–48 h). In view of
the reaction time, yield and ee value, the lithium acetate (Table
1, entry 4) was used throughout this work.

Using the above conditions, a variety of ligands and
conditions in the palladium catalyzed asymmetric allylic
substitutions are summarized in Table 2. The sense of
enantioinduction was determined by HPLC and confirmed by
specific rotation of the product methyl-2-carbomethoxy-
3,5-diphenylpent-4-enolate10 and was found to be S in all cases.
Comparing conditions A and B, we obtained higher enantiose-
lectivities with the latter, which is consistent with most
literature reports.1,2 From entries 1–6 we found that ligands 3b
and 3c are superior to 3a. The chiral thioether of ferrocenyl-
oxazolines derived from different amino alcohols show differ-
ent effectiveness for enantioselectivities. The results showed
that R = t-Bu (entries 9,10) is superior to R = i-Pr (entries 3,4)
or Bn (entries 7,8). Entry 11 showed that the palladium complex
with ligand 4 could mediate the allylic substitution reaction

Scheme 1 Reagents and conditions: a, See refs. 7–9; b, (1) n-BuLi,
TMEDA, Et2O 278 °C, 2 h; (2) PhSO2SMe or R'SSR' 67–91%; c, (1) n-
BuLi, TMEDA, Et2O, 278 °C, 2 h; (2) TMSCl 93%; d, (1) n-BuLi, Et2O,
278 °C, 2 h; (2) PhSSPh 70%; e, TBAF, THF, reflux, 6 h 88%.

Scheme 2 Condition A: NaCH(CO2Me)2, THF, r.t. Condition B;
CH2(CO2Me)2, BSA [N,O-Bis(trimethyl)acetamide], LiOAc, CH2Cl2, r.t.

Table 1 Asymmetric palladium catalyzed allylic substitution with different
salts under condition Ba

Entry Salt t/h Yield (%)b Ee (%)c

1 None 5 98 88.4 (S)
2 KOAc 48 96 88.1 (S)
3 NaOAc 48 85 88.2 (S)
4 LiOAc 3 98 89.9 (S)
5 Cs2CO3 5 98 89.4 (S)

a Reaction conditions: 2 mol% [Pd(h3–C3H5)Cl]2, 6 mol% 3c, 3 mol% salt,
300 mol% CH2(CO2Me)2, 300 mol% BSA. b Isolated yield based on the
1,3-diphenylprop-2-enyl acetate. c Determined by HPLC (chiralcel OJ
column). d Absolute configuration of product was assigned through
comparison of the sign of specific rotations with the literature data.10
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smoothly, while the bulkier trimethylsilyl group may decrease
the enantioselectivity of the product.

Compared with the palladium complexes of chiral thioethers
of phenyloxazoline ligands reported by Williams,3a the palla-
dium complexes with chiral thioethers of ferrocenyl–oxazolines
are more efficient. The allylic substitution reaction catalyzed by
the latter under our conditions is much faster and gives almost
quantitative yields.

In order to investigate the effect of planar chirality on the
absolute configuration and enantioselectivity of this reaction,
diastereoisomer 5 was also synthesized, and subjected to
palladium catalyzed allylic substitution. Under essentially
similar conditions (condition B), a similar enantioselectivity
(89.4% in entry 4 vs. 90.4% in entry 12, Table 2) and the same
absolute configuration was obtained. It seems that the absolute
configuration is governed mainly by the central chirality of the
oxazoline ring. (It seems that planar chirality plays a much less
important role in palladium catalyzed allylic substitution.) This
phenomenon was also found in our previous work on ruthe-
nium-catalyzed asymmetric transfer hydrogenation with ferro-
cene derived catalysts.6

In order to further clarify the role of the planar chirality in this
reaction, we may remove the central chirality on the oxazoline
ring. For this purpose, the single planar chiral thioether of
ferrocenyl-oxazoline (8) was designed and synthesized11

(Scheme 3). Ligand 8 was subjected to palladium catalyzed
allylic substitution under essential similar conditions as above
(condition B) but only 8.5% ee was obtained and the absolute
configuration is R. This result can explain why diastereosiomer

5 achieved only a little higher ee than ligand 3b (90.4% entry 12
vs. 89.4% entry 4 in Table 2); the planar chirality matched the
central chirality in 5 for the oxazoline ring whereas they are
mismatched in ligand 3. The ee obtained with ligand 8 was low
but did have an influence in this asymmetric allylic substitution
reaction. Furthermore, it is noteworthy to compare the reaction
rate of the reaction catalyzed by 3 with the counterpart of the
thioether of phenyloxazoline 9 (Table 3). For all the reactions
catalyzed by 9, the rates are much slower than those of the
ferrocene derivatives.12
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Table 2 Asymmetric palladium catalyzed allylic substitution with different
ligands

Reaction
Entry Ligand condition t/h Yield (%)a Ee (%)b

1 3a A 1 98 73.9 (S)
2 3a B 3 98 81.9 (S)
3 3b A 2 98 84.0 (S)
4 3b B 3 98 89.4(S)
5 3c A 2 98 83.9 (S)
6 3c B 3 98 89.9 (S)
7 3d A 2 98 81.1 (S)
8 3d B 5 98 87.8 (S)
9 3e A 12 98 95.6(S)

10 3e B 10 98 98.0 (S)
11 4 B 3 98 75.3 (S)
12 5 B 3 98 90.4 (S)

a Isolated yield based on the 1,3-diphenylprop-2-enyl acetate. b Determined
by HPLC (chiralcel OJ column). c Absolute configuration of product was
assigned through comparison of the sign of specific rotations with the
literautre data.10

Scheme 3 Reagents and conditions: a, (1) TFA, H2O, Na2SO4, THF; (2)
Ac2O, Py, CH2Cl2, 88%; b, (1) 2.5 M NaOH (aq), THF, 55 °C (2) H3O+,
85%; c, (1) (ClCO)2, NH2(CH2)2OH, Et3N, CH2Cl2, (2) TsCl, Et3N,
DMAP, CH2Cl2, 63%.

Table 3 Asymmetric palladium catalyzed allylic substitution with 3 and 9

Entry Ligand Conditionb t/h Yield (%) Ee (%)c

1 9aa A' 36 91 78
2 3b A 2 98 84.0
3 9aa B' 36 96 90
4 3b B 3 98 89.4
5 9ba B' 96 92 96
6 3e B 12 98 98.0

a 9a: R = i-Pr; 9b: R = t-Bu. b Condition A': [Pd(h3-

C3H5)Cl]2 (2.5 mol%), 9 (10 mol%), NaCH(CO2Me)2, THF, 20 °C.
Condition B': [Pd(h3-C3H5)Cl]2 (2.5 mol%), 9 (10 mol%), KOAc (3 mol%),
BSA, CH2(CO2Me)2,CH2Cl2, 20 °C. c Absolute configuration of product
was S for all cases.
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Computational methods based on the density functional
theory have been employed in the search for new ferromag-
netic molecules and several compounds are predicted to
exhibit stronger ferromagnetic coupling than the known
hydroxo-bridged complexes, especially remarkable is the
very strong coupling predicted for oxo-bridged Cu(ii) or
Ni(ii) dimers.

One of the strategies applied to obtain new materials with
interesting magnetic properties consists of increasing their
structural dimensionality by combining binuclear building
blocks to form chains, layers or tridimensional networks.1 The
choice of binuclear transition metal building blocks with
different exchange coupling patterns opens up a number of
possibilities in this area.2 Hence, the magnetic behavior of a
variety of such compounds has been explored during the last
decades3 with the aim of designing molecular magnets or
molecule-based magnets. However, the large number of known
antiferromagnetic complexes is in sharp contrast with the
paucity of ferromagnetic systems. Up to now, the search for
ferromagnetic coupling in binuclear transition metal complexes
has been based on the synthesis of heteronucler complexes with
strictly orthogonal singly-occupied molecular orbitals
(SOMOs) or of complexes with accidentally degenerate
SOMOs. Theoretical studies are therefore of great help in
establishing the factors that lead to such accidental degeneracy
in a given compound.

In recent work4,5 we have shown the ability of hybrid density
functional-Hartree–Fock methods to provide good numerical
estimates of the exchange coupling constant J (defined in the
Heisenberg hamiltonian H = 2JS1S2) by using the B3LYP
method6 implemented in the GAUSSIAN package,7 combined
with a modified broken-symmetry approach.8 The excellent
results obtained so far prompted us to apply such methodology
in search for new complexes with ferromagnetic behavior. A
reasonable starting point for this search is to chemically modify
Cu(ii) systems already known to behave ferromagnetically,
such as the hydroxo- or the end-on azido-bridged complexes. In
particular, the hydrogen atom of the hydroxo bridging group
offers a wider choice for chemical substitution. For hydroxo-
bridged Cu(ii) binuclear complexes, a classical correlation
between the experimental exchange constant and the Cu–O–Cu
bond angle q indicates that those complexes are antiferromag-
netic for q > 98°, but ferromagnetic for smaller angles.9 In our
previous work, we have shown that for these complexes the out-
of-plane shift (t) of the hydrogen atoms on the bridge also plays
a crucial role in determining the magnetic behavior, since the
ferromagnetic coupling increases with t.4,5

We started by analyzing the influence of the substituent at the
oxygen atom on the value of J, using the model compounds
[(NH3)2Cu(m-OR)2Cu(NH3)2] 1, with the bond angles q and t
fixed at 101 and 0°, respectively. From now on we will refer to
this particular structure as geometry A. In spite of the
antiferromagnetic character found for the hydroxo-bridged
complexes with this structure, we compare the calculated value
of J with that of the hydroxo derivative with the same geometry

as a criterion for selecting the best candidates. The calculated
exchange constants for the different models with geometry A10

are presented in Table 1, together with an indication of the
pertinent structural data for the related compounds found in the
Cambridge Structural Database (CSD).11 From the calculated
values of J some conclusions can be drawn: (1) all the alkoxo-
and phenoxo-bridged complexes show stronger antiferromag-
netic coupling than the hydroxo-bridged ones, in agreement
with the experimental results. (2) For the methoxo-bridged
compounds, substitution of the hydrogen atoms by alkyl groups
weakens the antiferromagnetic coupling. (3) In general, the
larger the electronegativity of the substituent, the stronger the
antiferromagnetic coupling (i.e., the values of 2J appear in the
order OF > OCR3 > OH ≈ OBR3 > OSiR3 ≈ OGeR3 >
OAlR3 > OLi), although there are a few exceptions to this rule.
The effect of substituents at a distance of two bonds cannot be
rationalized according to the same electronegativity criterion, as
seen for the two R groups in OSiR3 and OGeR3.

Table 1 Calculated coupling constants (cm21) for [(NH3)2Cu(m-OR)2-
Cu(NH3)2]n+ with structure 1 (n = 0, OR = O, OSO3, OBR3 and OAlR3;
n = 4 for OR = OPy; n = 2 for all other OR) in geometries A (q = 101°,
t = 0°) and B (q = 96°, t = 50°)

Jcalc

R A B Na q/° t/° Jexp

F 21855 0
Me 2778 14 98–104 2–48
BH3 2687 +273 0
Et 2669 31 96–105 2–44 21064/265
But 2617 2 102–103 22–29
Ph 2587 36 96–105 0–33 2852/2166
Py 2675 15 104–110 3–26 2855/2242
H 2493 246 15 94–105 0–62 2509/+172
GeH3 2331 +5 0
SiH3 2278 +19 0
Ge(OH)3 2259 236 0
COMe 2230 275 11 95–107 4–24
NO2 2221 258 1 106 13
Si(OH)3 2202 214 0
Al(OH)3 2134 +137 0
SO3 2108 +60 1 103 9
SOMe +8 2104 1 105 46
Li +100 +331 0
— +989 +782 0
a The experimental structural data have been obtained with the help of the
CSD.11 The number (N) indicates the structures with planar Cu2O2 rings. An
all electron double-z basis has been employed in the calculations.12
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Since the angles q and t adopted in the model structure A are
not expected to favor ferromagnetism, we selected the least
antiferromagnetic or most ferromagnetic compounds for further
exploration with a structure more likely to favor ferromagne-
tism. For them, a second set of calculations was performed with
q and t fixed at 96 and 50°, respectively (geometry B), and the
calculated coupling constants are also presented in Table 1. In
practically all cases, the new geometry results in a decrease of
the antiferromagnetic contribution, as expected for the smaller
energy gap of the SOMOs obtained by reducing q while
simultaneously increasing t.13 The exceptions (O and
OSOCH3) should be attributed to the fact that the energy
ordering of the SOMOs is inverted in these compounds. As a
consequence, the energy gap between these two orbitals
increases with the Cu–O–Cu bond angle and a stronger
antiferromagnetic contribution results.4 From the calculated
exchange coupling constants, one can conclude that the sulfato
and OX bridges with X = Li, BR3, AlR3, SiR3 or GeR3 could
yield ferromagnetic complexes. Especially remarkable is the
fact that the OBH3-bridged compound is made much more
ferromagnetic upon changing its geometry from A to B.
However, we could only detect one case of a related complex in
the literature, having an OB(R)NO bridge and quite large Cu–O
distances. In summary, our results indicate that copper(ii)
binuclear complexes bridged by oxygen bonded to an electro-
positive atom, such as an alkali, alkaline-earth, group 13 or
group 15 element, are good candidates to present a strong
ferromagnetic coupling. Notice that our prediction of ferromag-
netic systems is based on a particular set of structural
parameters (q = 96° and t = 50°). Thus, we are investigating
whether such structures are energetically feasible for the
selected compounds by optimizing model structures of increas-
ing complexity. Preliminary results show that the selected
systems adopt structures close to that corresponding to
geometry B and a strong ferromagnetic coupling should be
expected.

A particularly surprising result is the exceptionally strong
ferromagnetic coupling constants obtained for the oxo-bridged
complex of copper (+989 and +782 cm21 for geometries A and
B, respectively), as compared to the largest values reported in
the literature for azido- and hydroxo-bridged complexes (+170
and +172 cm21, respectively).14,15 To obtain a more realistic
model of an oxo-bridged complex, we have repeated the
calculations adding an NH3 ligand in the fifth coordination
position of each copper atom, whereupon the calculated
exchange constant for geometry B is reduced to +661 cm21,
exhibiting still a very strong ferromagnetic character, compara-
ble to the calculated value (+685 cm21) for the optimized
structure of the penta-coordinate copper model. In agreement
with the Hay–Thibeault–Hoffmann model,13 all the oxo-
bridged model calculations reveal a near-degeneracy of the two
SOMOs. Unfortunately, no oxo-bridged Cu(ii) complexes have
been described in the literature to the best of our knowledge. An
indication of the ability of the oxo bridge to induce ferromag-
netic coupling is provided by the m-aqua–m-oxo complex
described by Chaudhuri et al.,16 which is tautomeric to the
corresponding bis(m-hydroxo) complex. The latter presents a
coupling constant of 290 cm21 whereas the former shows a
ferromagnetic behavior with a singlet–triplet gap of +74 cm21.
Recently, Root et al. reported the structure of a trinuclear
complex containing a Cu3O2 core with two Cu(ii) and one
Cu(iii) ion showing a singlet–triplet gap of +14 cm21.17

Similar bis (m-oxo) complexes with transition metals other
than copper have been described, mainly with manganese18,19

and iron.20 In sharp contrast to our theoretical prediction for
copper, these complexes show antiferromagnetic coupling. To
verify our predictions against the experimental data for Mn and
Fe, we have studied the dependence of J on the angle q for the
model complex [(NH3)4M(m-O)2M(NH3)4], where M = Cu, Ni
or Mn. The results, represented in Fig. 1, show a parabollic
dependence of J on q, with the maximum value of J appearing
at smaller angles in the order Mn > Ni > Cu, similar to that we
previously found for the end-on azido-bridged complexes.21

The main difference is that for the azido complexes ferromag-
netic coupling is found for the three metals while the oxo-
bridged Mn(ii) complexes show antiferromagnetic behavior,
consistent with the available experimental data for the d5 Fe(iii)
oxo-bridged complex.20 The values of the optimized q angles
are also different for the two bridges with the same metal. Thus,
for the end-on azido complexes the order Mn > Ni > Cu was
found for such angle, whereas for the oxo-bridged complexes
the largest value is that for Cu. As a conclusion, Ni(ii) and Cu(ii)
complexes with an oxo bridge or with electropositive sub-
stituents at the bridging oxygen constitute interesting synthetic
goals for new potentially ferromagnetic systems.
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Fig. 1 Total exchange constants (n2J, where n is the number of unpaired
electrons per metal atom) for bis m-oxo complexes of Cu(ii), Ni(ii) and
Mn(ii) as a function of the bridging angle q. The outlined parts of the curves
correspond to those geometries within 3 kcal mol21 of the calculated energy
minima (1 cal = 4.184 J).
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Fractionation of a hexane extract prepared from the plant
Schoepfia californica was carried out by bioassay guided
fractionation, affording five inhibitors of DNA polymerase
b; four of these were shown to be anacardic acid and
structurally related derivatives, while the fifth was oleic
acid.

In addition to their role in DNA replication, at least three
eukaryotic DNA polymerases participate in the repair of
damaged DNA.1 Given that elements in our environment such
as sunlight and pollution provide a steady source of DNA
damage, the repair of damaged DNA must be essential to
maintain cell viability.2 There is, however, at least one context
in which DNA damage repair is not beneficial, namely
following the clinical administration of antitumor agents that
function by damaging DNA. The repair of DNA damage
inflicted by these agents on cancer cells must mitigate their
therapeutic potency.

DNA polymerase b is believed to have primary responsibility
for supporting short patch DNA base excision repair.3–5 This
pathway has specifically been implicated in the repair of DNA
damage caused by agents such as cis-platinum, bleomycin and
neocarzinostatin.3,4,6–8 To identify non-toxic compounds that
can block the function of DNA polymerase b selectively, and
which may thereby be able to potentiate the action of anticancer
agents such as bleomycin, we have surveyed plant extracts for
naturally occurring inhibitors of polymerase b.9 Presently we
describe five natural inhibitory principles from Schoepfia
californica that can potentiate the action of bleomycin and cis-
platinum.

A hexane extract prepared from the twigs, leaves and fruit of
Schoepfia californica was partitioned between hexane and
MeOH; the hexane phase contained most of the polymerase b
inhibitory activity. Successive bioassay-guided fractionations
on two silica gel columns and then by preparative silica gel TLC
afforded an active fraction that effected 94% inhibition of
polymerase b function at 5 mg ml21 vs. 38% inhibition for the
initial extract.† Fractionation (C8 column, 80% MeOH) then
afforded pure compounds 1–5; all were obtained as colorless
needles except 3, which was a colorless oil.

The structures were determined by spectroscopic analysis.
Compound 1 was found to have a molecular ion at m/z
374.2822, establishing the molecular formula as C24H38O3. The
13C NMR spectrum of 1 displayed six resonances (d 110.31,
115.87, 122.74, 135.38, 147.76 and 163.65) assigned to an
aromatic ring and a resonance at d 175.67 assigned to a
carboxylate carbon, thus accounting for five of the six units of
unsaturation implied by the molecular formula. The presence of
three aromatic resonances in the 1H NMR spectrum at d 6.77 (d,
J 7.5), 6.87 (d, J 7.5) and 7.36 (dd, J 7.5, 7.5) indicated that the
aromatic ring was trisubstituted; the multiplicities of the proton
resonances were consistent with a 1,2,3-trisubstituted benze-
noid system.‡

The chemical shift of the carboxylate at d 175.67 was typical
of a carboxylate attached to an aromatic ring; the downfield
shift of the aromatic H at d 7.36 (dd) suggested the para
relationship of this H to the carboxylate moiety. That the
remaining O atom was present as part of a phenolic substituent
was suggested by the downfield shift of one ring carbon (d

163.65). The ortho relationship of this OH to the ring
carboxylate was supported by the upfield shift of the ring C
atom (d 110.31), consistent with the known (d 12.7) shielding
effect of ortho phenolic OH groups.15

These data suggested that 1 was a 6-substituted salicylic acid;
the 1H and 13C NMR spectra were consistent with an
unbranched alkyl substituent containing a single double bond.
The double bond configuration was assigned as cis based on the
13C NMR resonances of the allylic carbon atoms.16 Determina-
tion of the olefin position was made by modification of
published procedures.17

The structure assigned to 1 was confirmed by chemical
synthesis, as outlined in Scheme 1. Ethyl 2-hydroxy-6-me-
thylbenzoate 618 was protected as the corresponding MEM
ether19 and the ethyl ester was saponified, affording carboxylic
acid derivative 7 as colorless prisms (71% yield). Treatment of
7 with LDA (2 equiv., THF), followed by admixture of (9Z)-
hexadec-9-enyl bromide at 0 °C,20 afforded homologated
salicylic acid derivative 8 (68% yield). MEM deprotection19

provided 114 as colorless needles (80% yield). The synthetic and
naturally derived samples were found to be identical as judged
by their behavior on silica gel TLC, and by their identical 1H
and 13C NMR and mass spectra, as well as their equal abilities
to inhibit DNA polymerase b (vide infra).

Compounds 2, 4, and 5 were found to have spectroscopic
properties most similar to 1. The structures were assigned in the
same fashion as for 1, a process facilitated by previous reports
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of each of these compounds.21 Verification of the structure
assignments was accomplished by total chemical synthesis of
each. The mass spectrum of 3 contained a molecular ion having
m/z 282. The 1H and 13C NMR spectra of 3 were found to be
identical with those of oleic acid.13

The activities of 1–5 as inhibitors of DNA polymerase b are
shown in Table 1. Compound 1 exhibited an IC50 of 1.4 mM in
the absence of bovine serum albumin (BSA). BSA reduced the
IC50 to 9 mM, undoubtedly reflecting the binding of 1 to this
(basic) protein. Unsaturated analogues 1 and 4 were found to
have the greatest potencies in the presence of BSA (9 and 19 mM,
respectively), and to be reproducibly more active than saturated
derivatives 2 and 5. Oleic acid, which is a simple fatty acid, was
active only at significantly higher concentration. Methylation of
the phenol or carboxylic acid moieties essentially eliminated
inhibitory activity as did conversion of the carboxylate of 5 to
the respective carboxamide, demonstrating that the anacardic
acids are specific inhibitors rather than simple denaturants.§

Compound 1 and a few structurally related species were
evaluated in more detail as DNA polymerase b inhibitors. In
both short and long term mammalian cell culture, these
compounds potentiated the action of DNA damaging agents
such as bleomycin (Table 2) and cis-platinum, and inhibited
bleomycin-induced unscheduled DNA synthesis. They also
blocked DNA polymerase b-mediated gap filling of a DNA
duplex substrate.12 Thus specific inhibitors of DNA polymerase
bmay well be able to potentiate the effects of the DNA damage
caused by clinically used antitumor agents that function at this
locus.
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mass spectrometry data. We thank Dr Akio Matsukage, Aichi
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supported by NIH Research Grant CA50771 from the National
Cancer Institute.
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Scheme 1 Reagents and conditions: i, MEMCl, Pri
2NEt; ii, ButOK, 61%

over 2 steps; iii, LDA; iv, (9Z)-hexadec-9-enyl bromide, 68% over 2 steps;
v, ZnBr2, 80%.

Table 1 Inhibition of rat liver DNA polymerase by 1–5 and structurally
related compoundsa

Compound IC50/mM

1 1.4b

1 9
2 30
3 72
4 19
5 25

a Determined as described in footnote †. b Determined in the absence of
bovine serum albumin.

Table 2 Potentiation of the cytotoxicity of bleomycin (BLM) by 1a

Compounds present Viable cells (% of control)

— 100
50 mM BLM 96
50 mM 1 98
50 mM BLM + 50 mM 1 68

a P388D, cells were cultured in suspension in the presence of the test
compounds for 6 h, then assessed for viability by trypan blue exclusion
staining.
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Metallacrown ethers of the type [PdX2{Ph2P-
(CH2CH2O)4CH2CH2PPh2-P,PA}]m (X = Cl, I) exhibit a
unique and reversible mode of molecular recognition in
which PdX2 units are incorporated into the metallacrown
ether ring via a ring-expansion reaction to form dimetalla-
crown ethers.

Molecular receptors are of interest as chemical sensors,
catalysts and models for complex biochemical receptors.1
Recently, molecules with multiple receptor sites have received
considerable attention. The multiple receptor sites can give rise
to unusual catalytic properties2 or allow the molecules to
function as highly selective sensors.3

Metallacrown ethers are a class of molecular receptors with
both crown ether- and transition metal-receptor sites.4,5 We now
report that the metallacrown ether [PdCl2{PPh2-
(CH2CH2O)4CH2CH2PPh2-P,PA}]m, 1,6 exhibits a unique mode
of molecular recognition in which the metallacrown ether ring is
expanded by the incorporation of a PdCl2 moiety. The product
of this reaction is the first reported example of a dimetallacrown
ether.

In a typical experiment, the metallacrown ether
[PdCl2{PPh2(CH2CH2O)4CH2CH2PPh2-P,PA}]m 1, which is
mixture of cis- and trans-monomers and cyclic n-mers,6 is
reacted with either [PdCl2(PhCN)2] or PdCl2. This reaction is
rapid with soluble palladium salts, i.e. PdCl2 in acetonitrile or
[PdCl2(PhCN)2] in dichloromethane, but takes place even when
the palladium salt is insoluble, i.e. PdCl2 in chloroform. Both
reactions give high yields of the dimetallacrown ether
[Pd2Cl2(m-Cl)2{PPh2(CH2CH2O)4CH2CH2PPh2-P,PA}]m, 2,

(Scheme 1). A similar reaction of 1 with either [PdCl2(PhCN)2]
or PdCl2 and excess NaI in an acetonitrile–dichloromethane
mixture gives a high yield of the dimetallacrown ether [Pd2I2(m-
I)2{PPh2(CH2CH2O)4CH2CH2PPh2-P,PA}]m, 3. The latter reac-
tion is of interest because it demonstrates that it is possible to
exchange the anion in the dimetallacrown ether without
exchanging the cation.

Comparison of the rates of PdCl2 binding by 1 and
[PdCl2(PPh2Et)2] 47 in chloroform-d solutions clearly demon-
strates the importance of the metallacrown ether receptor in 1.
After 20 h at ambient temperature, 1 is completely converted
into 2. In contrast, after 20 h at ambient temperature, only 10.5%
of 4 is converted into the corresponding dinuclear palladium
complex, [Pd2Cl4(PPh2Et)2].

The binding of PdCl2 by the metallacrown ether, 1, is strong
and reversible. It is not possible to remove the PdCl2 from 2 by
extracting chloroform-d solutions of 2 with 0.5 M aqueous HCl
solutions. However, the PdCl2 can be completely removed from
2 via chromatography, with the PdCl2 remaining on the silica
and 1 eluting from the column.

Chloroform-d solutions of 2 and 3 contain multiple reso-
nances in their 31P{1H} NMR spectra (Fig. 1) indicating that
these complexes, like 1, exhibit both geometrical and monomer/
n-mer equilibria in solution.6 The major resonance in the
31P{1H} NMR spectrum of 2 is assigned to the monomeric syn-
dimetallacrown ether 2b while the minor resonances are
assigned to n-meric dimetallacrown ethers 2a. This assignment
is supported by the decrease in ratio of the major resonance 2b
to the minor resonance 2a both as the concentration increases
(8.0/1 at 0.0175 M versus 4.3/1 at 0.0350 M) and as the

Scheme 1 Proposed equilibria for the dimetallacrown ethers. The relative species percentages were determined by integration of the quantitative 31P{1H}
NMR spectra and are given for both 0.0350 M and 0.0175 M solutions of 2 in chloroform-d and for both 0.0350 M and 0.0175 M solutions of 3 in (1 : 1)
dichloromethane/chloroform-d at 295 K.
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temperature decreases (11.3/1 for a 0.0175 M solution at 331 K
versus 8.0/1 for a 0.0175 M solution at 295 K).8 The assignment
of 2b as the syn isomer is based on the similarity of the chemical
shift of its 31P{1H} NMR resonance to those of syn-Pd2Cl4L2
(L = monodentate phosphine) complexes.9

The major resonance in the 31P{1H} NMR spectrum of 3 is
assigned to the monomeric anti-dimetallacrown ether 3c, and
the minor resonance is assigned to the syn-dimetallacrown ether
3b (Fig. 1). This assignment is supported by the increase in the
ratio of the major resonance 3c to the minor resonance 3b as the
polarity of the solvent decreases (1.8/1 in a 1 : 1 dichloro-
methane–chloroform mixture versus 2.4/1 in chloroform). The
very small, upfield resonances 3a appear to be due to n-meric

dimetallacrown ethers. The very different behavior of 2 and 3 in
solution demonstrates that the halide ligand has a surprising
effect on both the isomerization and n-merization equilibria in
dimetallacrown ethers.

The X-ray crystal structure of 3c,10 shown in Fig. 2, suggests
that this dimetallacrown ether could have quite different
receptor properties from those of the previously reported
metallacrown ethers, cis-[PtCl2{PPh2(CH2CH2O)4-
CH2CH2PPh2-P,PA}], 5, and trans-[Mo(CO)4{PPh2(CH2-
CH2O)4CH2CH2PPh2-P,PA}], 6.4d,4e The average cross-ring
oxygen–oxygen distance in 3c (O33–O36A and O33A–O36,
5.27 Å), which provides a measure of the ring size, is
intermediate between that in 5 (4.66 Å) and that in 6 (5.87
Å).4d,4e The angle of intercept between the least squares planes
through the ether oxygens (O33, O36, O33A, O36A) and that
containing the Pd2I2 fragment is 42° in 3c. In contrast, the angle
between the least squares planes through the ether oxygens and
the PtCl2 center in 5 is 60°. The smaller angle means that an
alkali metal cation in the dimetallacrown ether receptor site
would be in closer proximity to the transition metal center in 3c
(the distance from the centroid of the four ether oxygens to Pd1
is 4.984 Å). A bifunctional molecule, such as CO, could easily
coordinate to both the Pd and the alkali metal cation in the
dimetallacrown ether.
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Fig. 1 31P{1H} NMR spectra of 0.0175 M solutions of the dimetallacrown
ethers, 2 and 3, in chloroform-d at 295 K. {Spectral parameters: 31P{1H},
121.498 MHz, number of scans 256, line broadening 1.0 Hz, sweep width
2439.02 Hz, 30° inverse gated pulse, pulse delay 30 sec}.

Fig. 2 Molecular structure of 3c. For clarity the hydrogen atoms are
removed, and the complete molecule (two asymmetric units) is shown.
Selected bond lengths [Å] and angles [°]: Pd1–I1 2.667(1), Pd1–I2 2.602(1),
Pd1–I3 2.598(1), Pd1–P1 2.264(2), P1–C11 1.822(7), P1–C21 1.819(6),
P1–C31 1.815(7); I1–Pd1–I2 84.0(1), I1–Pd1–I3 91.3(1), I2–Pd1–I3
173.9(1), I1–Pd1–P1 177.4(1), I2–Pd1–P1 94.7(1), I3–Pd1–P1 90.1(1),
Pd1–I1–Pd1A 94.3(1), Pd1–I2–Pd1A 97.4(1), Pd1–P1–C11 115.1(2), Pd1–
P1–C21 113.6(2).
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